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INTRODUCTION

Phthalocyanines (Pc) have appealing electrical, opti-
cal or electrochemical properties that are the basis of a 
number of applications in emerging technologies [1–9]. 
Pc compounds can be deposited as thin fi lms compatible 
with microelectronics [10–12]. This opens the possibility 

to develop a number of devices. The methods used to pre-
pare thin fi lms based on phthalocyanines include casting, 
dip coating, screen printing, spin coating, ultrahigh va-
cuum evaporation, the Langmuir-Blodgett or the Layer 
by Layer technique, etc. Each method allows obtaining 
thin fi lms with particular structures and properties. Our 
group has paid special attention to the Langmuir-Blodgett 
(LB) technique that offers the possibility of controlling, 
in a very precise fashion, the organization in organic thin 
fi lms [13–16].
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Films of a number of different metallophthalocya-
nines (MPcs) have been studied by our group with a 
variety of central metal atoms, axial ligands, peripheral 
substituents, etc [17–19]. This versatility can be used to 
tune the properties of the Pc material in order to improve 
the  performance of the devices.

Most of the works have been carried out using sandwich 
type rare-earth complexes (LnPc2) where a lanthanide ion 
is coordinated with two phthalocyanine rings. The LnPc2 
complexes are neutral radical species in which the oxi-
dation state of the metal ion (+3) and overall electronic 
neutrality imply that at least one of the Pc rings is not in 
its usual oxidation state (Pc2-). The radical is essentially 
localized as a Pc.- species on one of the rings. Such com-
plexes, usually exhibit strong π-π interactions resulting 
in intriguing electronic and optical properties [8, 9, 20, 
21]. These double decker derivatives have an additional 
interest due to their remarkable semiconducting, redox 
and electrochromic properties. Double and triple decker 
heteroleptic analogues containing phthalocyaninato and 
porphyrinato ligands have also attracted our interest [22].

The earlier works of the group of Valladolid in the fi eld 
of phthalocyanines date from the beginning of the nine-
ties. They were focused to the preparation and structural 
characterization of thin fi lms based on a variety of phtha-
locyanines, paying special attention to lanthanide(III) 
bisphthalocyanines. The organization of these ordered 
fi lms could be established using spectroscopic tech-
niques, including UV-vis, FTIR and Refl ection Absorp-
tion Infrared Spectroscopy (RAIRS) [23]. In addition, in 
collaboration with the group of Prof. R. Aroca in Wind-
sor (Canada) important contributions to the analysis of 
single monolayers were carried out using Raman tech-
niques that included Surface Enhanced Raman Spectros-
copy (SERS) and Surface Enhanced Resonant Raman 
Spectroscopy (SERRS) [24–26].

Many efforts were devoted to the study of the rich 
electrochemical and sensing properties of LnPc2 fi lms. 
It was demonstrated that the reversible oxidation and 
reduction shown by LnPc2 thin fi lms was accompanied 
by reversible color changes that could be followed visu-
ally [27]. The electrochromism presented by a variety of 
LnPc2 derivatives was used to design an electrochromic 
display that changed the color from blue to green and 
then to red.

The absorption and desorption of gases modifi ed 
reversibly the spectroscopic, optical, semiconducting 
and redox properties of phthalocyanine thin fi lms. This 
opened the possibility of using these compounds as the 
sensing material in gas and liquid sensors [9, 28, 29].

The sensing properties of phthalocyanine thin fi lms 
have permitted development of resistive, optical and 
electrochemical sensors that have been used to construct 
an electronic nose (resistive sensors) and an electronic 
tongue (electrochemical sensors). Such systems have 
been used to evaluate the quality of a range of foods and 
beverages [9].

FILM FORMING METHODS

Thin fi lms based on phthalocyanines have been pre-
pared using different techniques. Depending on the 
method used, different fi lm morphologies can be obtained 
which have a pronounced effect on the properties of Pc 
fi lms. The main interest of our group is to obtain nano-
structured fi lms and for this purpose techniques such as 
the Langmuir-Blodgett (LB) (or the Langmuir Shaeffer 
(LS)) and the Layer by Layer (LbL) techniques have 
been employed. The structure and properties are com-
pared with those of fi lms obtained by casting, by vacuum 
sublimation or by spin coating.

Langmuir-Blodgett technique

This is a method of obtaining highly ordered thin fi lms 
and enables one to gain direct access to precise thick-
ness and orientation control at the molecular level [16, 
30]. LB fi lms are formed by spreading a solution of the 
fi lm forming molecule onto the clean water surface con-
tained in a Langmuir trough. After the evaporation of 
the solvent, the molecules are compressed using a bar-
rier. Upon compression, the molecules are oriented at 
the interface giving rise to an ordered monolayer. This 
fl oating monolayer can be transferred to a solid substrate 
by dipping the substrate perpendicularly to the water 
sub-phase. Repeated dippings allow multilayers to be 
obtained where the thickness can be controlled by the 
number of dipping cycles. Our group has prepared and 
studied LB fi lms of different phthalocyanines derivatives, 
including MPcs coordinated with different central metal 
ions [31–34] and LnPc2 coordinated with a range of rare 
earth elements and substituted peripherically with tertbu-
tyl , phenyl, bromide, terbutoxy, crown ether, groups, etc. 
[13, 14, 23, 29] containing different tetrapyrrole ligands 
(phthalocyaninate, porphyrinate or naphthalocyaninate) 
ligands have also attracted our interest due to their unique 
properties [35].

The rigidity of the fl oating monolayer can make diffi -
cult the transfer of the fl oating fi lm to the solid substrate. 
In those cases, two possible strategies can be followed. 
One possibility, used in collaboration with the group of 
Prof. L. Valli from the University of Lecce (Italy) and 
Prof. Jiang from the University of Jinang (China) is to use 
the Langmuir-Shaeffer (LS) technique. In this method, 
the fl oating monolayer is transferred by a vertical lift-
ing to the solid substrate [35]. A second strategy consists 
in mixing the phthalocyanine molecule with a fatty acid 
such as arachidic acid. The high amphiphilicity of the 
long chain fatty acid promotes the formation of ordered 
monolayers [15, 30, 36].

Mixed fi lms of phthalocyanines with other compounds 
can also been prepared. These mixed fi lms form compos-
ite materials whose properties are the combination of the 
two starting materials. In particular, our group has dedi-
cated some efforts to obtain mixed fi lms of MPcs with 
perylene derivatives. Such systems are of interest due to 
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the occurrence of energy transfer between a donor mol-
ecule (a perylene) and an acceptor molecule (a phthalo-
cyanine) [34].

Layer by Layer method (LbL)

Ordered multilayers have also been prepared by 
depositing alternatively bipolar cationic and anionic 
compounds or polyelectrolytes [37]. In a collaboration 
with Prof. O. Oliveira from the Institute of Physics of the 
University of Sao Paulo (Brasil) we have prepared LbL 
fi lms of a water soluble sulphonated phthalocyanine act-
ing as a polyanion and a protein (acting as a polycation). 
The infl uence of many factors such as the type of solvent 
used, the ionic strength, the pH, the concentration, the 
temperature of the solution and so on, in the structure and 
the spectroelectrochemical properties of the fi lms have 
been studied [38].

Other techniques

In most of our works the structure and properties of 
nanostructured fi lms have been compared with those of 
disordered fi lms prepared by casting or dip-coating from 
organic solutions, or by spin coating. Several works have 
been carried out using thin fi lms prepared by vacuum 
sublimation [17, 32].

STRUCTURAL CHARACTERIZATION 
OF THE THIN FILMS. SPECTROSCOPIC 
PROPERTIES

The fi rst step in the evaluation of Langmuir-Blodgett 
fi lms is the characterization of the fl oating Langmuir 
monolayers. The organization of the molecules in the 
fl oating fi lms can be evaluated by means of the surface-
area isotherms.

The typical surface-area isotherms of the Pc com-
pounds are illustrated in Fig. 1 for the lutetium bisphthalo-
cyanine (LuPc2) and the octaphenyl substituted derivative 
(LuPc2

8Ph). The limiting areas calculated from the slope 
of the curve indicate that usually, Pc molecules are 
arranged with the main molecular symmetry axis parallel 
to the water subphase, but showing a certain tilting angle 
[29–31]. Few examples of Pc molecules organized with 
the Pc ring lying fl at on the surface have been reported 
[39]. Brewster Angle Microscopy (BAM) can provide 
information about the homogeneity of the fl oating fi lms. 
Figure 2 shows the BAM images of the fl oating fi lm of 
a neat lutetium bisphthalocyanine octasubstituted with 
bromine groups (LuPc2

8Br) and the image of the fl oating 
layer formed by LuPc2

8Ph mixed with arachidic acid.
Ordered Langmuir fi lms can be transferred to solid 

substrates by the dipping method or the LS techniques. 

Fig. 1. Presure-Area isotherms of (a) LuPc2 and (b) LuPc2
8Ph

Fig. 2. Brewster Angle Microscopy images of a fl oating monolayer of a) LuPc2
8Br and b) LuPc2

8Br mixed with arachidic acid (1:10)
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Films are usually built by Z-type deposition with a trans-
fer ratio close to 1 at surface pressures of ca. 20–25 
mN.m-1. The structure of the fl oating monolayers is main-
tained when transferring the fi lms to the solid substrates. 
Thin fi lms can be characterized by a variety of techniques 
including X-ray diffraction or AFM [40–42]. However, 
our main efforts have been dedicated to the spectroscopic 
analysis.

The UV-vis spectra of LnPc2 are typically described 
by two main absorption bands that are assigned to π→π* 
transitions: the Q band centered at about 640–690 nm, 
which is responsible for the blue or green color of the 
compound, and the B band centered at about 320–350 nm 
(Fig. 3). The position of the Q band is modifi ed to some 
extent by the nature of the central ion and by the pres-
ence of substituents. Electron-donor groups cause a rise 
in the energy level of the HOMO that produces a red shift 
(bathochromic) of the Q band [43, 44].

LB fi lms show spectra similar to solutions, but a 
broadening of the bands, and a noticeable red shift in 
the positions of the maxima are observed. According to 
the exciton theory [45], this red shift indicates the for-
mation of J-aggregates in head-to-tail arrangement of 
transition dipoles. As illustrated in Fig. 3, the red shift 
is more pronounced in LB fi lms than in evaporated or 
cast fi lms indicating a spatially more extended coupling 
of chromophores in the same relative orientation [13, 15, 
29, 31].

In some LB fi lms the high degree of order produces 
a Davydov Splitting [23]. In such cases, the electronic 
absorption spectrum of the LB fi lm shows a broad 
absorption band with both red and blue shifted compo-
nents relative to the band observed in the spectrum of the 
material in solution.

Special attention has been paid to the near-infrared 
(NIR) region. LnPc2 and their derivatives show an intense 
band at 1400–1600 nm, in the near-infrared region 
[46–49]. This band has been attributed to an intramolec-
ular charge transfer, and disappears upon oxidation and 
reduction [50].

Our group has dedicated many efforts to the vibra-
tional characterization of the phthalocyanine fi lms. 

Transmission and refl ection-absorption infrared (RAIR) 
vibrational analysis is a powerful tool to determine the 
molecular alignment in Langmuir-Blodgett fi lms. The 
molecular orientation of the fi lms can be established by 
comparing the FTIR transmission spectra of the KBr 
pellet with the transmission FTIR and the RAIRS of the 
fi lms. The bands in the FTIR spectrum associated to out-
of-plane vibrations at 727 cm-1 are particularly impor-
tant for the discussion of the molecular orientation. In 
most of the LB fi lms based on phthalocyanines studied, 
the out-of-plane γ-C-H bending at 727 cm-1 is intense in 
the transmission spectrum and very weak in the RAIR 
spectrum [11–17]. This confi rms that the edge-on orga-
nization proposed for the Langmuir layers is preserved 
during transfer.

Vibrational properties of the fi lms have also been stud-
ied using Raman Spectroscopy. Conventional Raman 
spectroscopy suffers from low signal strength. As such 
it is not well suited to study Langmuir-Blodgett fi lms 
of few nanometers thick. The Surface Enhanced Raman 
Scattering (SERS) technique is designed to overcome this 
problem. In SERS the Raman signal is enhanced when 
the fi lm is deposited on the top of a fi lm formed by small 
metal particles (Cu, Ag or Au). Due to this enhancement, 
monolayer analysis and single molecule detection is fea-
sible [15, 51]. In Surface Enhanced Resonant Raman 
Scattering (SERRS), the laser line used is in resonance 
with the absorbance of the molecules, increasing the 
magnifi cation of the signals. In the case of Pc molecules, 
the Laser Line of 570 nm is in resonance with the Q band. 
This allows clean and intense spectra can be obtained 
from single monolayers [14, 17, 24–26, 52, 53].

STUDIES ON THE PROPERTIES OF THE 
FILMS

Electrochemical properties and electrochromism

Phthalocyanines are able to add or substract electrons 
while retaining molecular structure and stability, i.e. 
reversible redox behavior is common [1, 6, 9, 54–56]. 

Fig. 3. UV-vis spectra (left) and NIR (rigth) of (a) solution (b) evaporated fi lm and (c) LB fi lm of a LuPc2
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The electrochemical behavior of phthalocyanine solu-
tions has been studied by different authors in a variety of 
solvents and electrolytes. LnPc2 have a particularly rich 
redox and electrochemical behavior due to the accessibil-
ity of a range of oxidation states centered on the ligand 
[19, 57–60]. Our group has dedicated many efforts to the 
study of the electrochemistry of their thin fi lms when 
they are used as the working electrode in a conventional 
three electrode cell. In such studies, fi lms are immersed 
in a water solution where an electrolyte (typically KCl or 
KlO4) is added [8]. Figure 4 illustrates the electrochemi-
cal behavior of thin fi lms based on rare-earth bisphtha-
locyanines. The cyclic voltammograms present two 
redox pairs corresponding to the one reversible electron 
ring oxidation Ln(III)Pc2/Ln(III)Pc2

+
 and one electron 

ring reduction Ln(III)Pc2/Ln(III)Pc2
- of the phthalocya-

nine molecule. Oxidation of LnPc2 fi lms occurs at lower 
potentials as the ionic radius increases; the oxidation is 
facilitated by the presence of electron donating groups 
[19, 20, 28, 44, 57–62]. Interesting results have been 
obtained using crown ether substituted bisphthalocya-
nines. In that case, the oxidation is facilitated and two 
consecutive oxidations could be observed [37].

Voltammograms are stable and LB fi lms can be cycled 
up to thousand times without perceptible changes. In 
contrast, when using evaporated fi lms or cast fi lms, 
devices could be cycled only 5–10 times in a reproduc-
ible manner.

Changes in the oxidation state of LnPc2 are accom-
panied by changes in the electronic absorption spectra. 
The Q band that appears at ca. 660 nm in the neutral free 
radical form, shifts to ca. 640 nm in the reduced form. 
Upon oxidation the Q band splits into two bands at 550 nm 
and 700 nm. The color changes from green to blue or 
to red are so drastic that they can be followed with the 
naked eye. This electrochromism has been found in all 
the bisphthalocyanines and substituted bisphthalocya-
nines studied (Ln = Pr, Sm, Eu, Gd, Tb, Dy, Ho, Lu), and 
in their heteroleptic derivatives [63–65].

Semiconducting properties

LnPc2 were the fi rst intrinsic organic semiconductors 
described in the literature. They have particularly high 

intrinsic conductivities (σ = 10-6 – 10-3 S.cm-1 at T = 300 K) 
which are several orders of magnitude higher than MPcs 
(10-10 to 10-12 S.cm-1 at 300 K) [8, 66–69].

Their interesting electronic properties are due to their 
neutral radical state and to the strong electronic inter-
action between the two tightly bound Pc rings. Thus, 
measurements of the conductance can be achieved with 
higher precision than in MPcs.

The high density of intrinsically generated charge car-
riers is due to the fact that LnPc2 can be easily oxidized 
and reduced [70]:

2 LnPc2 ⇔ LnPc2
+ + LnPc2

-

[LnPc2
+] = [LnPc2

-] ≈ 9.1 × 1016 carriers.cm-3

These intrinsically generated anions and cations act 
as charge carriers. The values of conductivity depend 
weakly on the central metal atom. They also depend 
on the nature of the substituents attached to the ben-
zene ring. The presence of electron donor groups in the 
periphery of the aromatic ring decreases the conductivity 
while electron attractor groups increase the conductivity 
observed. The conductivity of phthalocyanines can be 
modifi ed by exposing the fi lms to oxidant and reducing 
gases. These changes are the basis of their use as resistive 
sensors [71, 72].

APPLICATIONS OF THIN FILMS BASED 
ON RARE EARTH BISPHTHALOCYA-
NINES. DEVELOPMENT OF DEVICES

The interesting properties found in fi lms of differ-
ent phthalocyanine derivatives, particularly in rare earth 
double decker compounds has permitted development of 
devices such as electrochromic displays and sensors.

Electrochromic displays

The rich electrochromic properties of LnPc2 deriva-
tives were recognized in 1970 [73] Since then, several 
electrochromic devices were developed and revieweved 
in reference 74. The systems showed certain limitations 
mainly related to the lifetime of the device and the nature 
of the electrolyte. Our group designed an electrochromic 
display [27]. The device was developed in collaboration 

Fig. 4. Cyclic voltammogram of (a) LuPc2 (b) LuPc2
8t

 LB fi lm immersed in KCl 0.1 M
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with DICRYL S.A., a Spanish company devoted to the 
development of displays based on liquid crystals. It 
was based on a Langmuir-Blodgett fi lm of the praseo-
dymium bisphthalocyanine complex. The design of the 
electrochromic display device is shown in Fig. 5. A very 
compressible adhesive was serigraphied onto the edge 
of an ITO covered glass, leaving a 1 cm orifi ce ready to 
be fi lled with the electrolytic solution. A dispersion of 
14 µm spacers was used to cover the ITO glass. A second 
ITO glass coated with the LB fi lm (20 monolayers) was 
placed against it. Using this method, a 14 µm separation 
between the two ITO glasses was obtained. The device 
was then fi lled with KClO4 0.1 M through the 1 cm ori-
fi ce, and the gap was sealed with an epoxy resin.

The in situ UV-vis spectra of the display showed color 
changes of blue-green, yellowish, and red, when a poten-
tial ranging from -2 V to +2 V is applied. The device 
based on Langmuir-Blodegtt fi lms was extremely stable 
and retain its coloration under open-circuit conditions.

Sensors

Phthalocyanines are among the most interesting 
organic molecules in the fabrication of chemical sensors 
because their electrical, optical or redox properties are 
extremely sensitive to the environmental conditions and 
the changes produced by the presence of other molecules 
can be monitored by different transduction methods 
[71, 72, 75–77]. This behavior has motivated an intense 
interest to investigate the sensing properties of phtha-
locyanines and to produce processable forms of these 
materials.

Optical gas sensors. The UV-vis spectra of thin fi lms 
of phthalocyanines can be modifi ed by exposing the fi lms 
to electron donor or acceptor gases such as NOx, Cl2 or 
NH3 [31, 78–81]. The changes of electronic absorption 
spectra caused by oxidant and reducing gases are stron-
ger in the case of the bisphthalocyaninate rare earth com-
pounds (LnPc2) [13, 23, 38, 52, 64, 82–86]. For instance, 
the exposure to NOx causes a shift in the Q band to 
higher wavelengths that produce a change in the color 
of the fi lms from green to red; the adsorption of NOx is 
reversible, and the original spectrum can be recovered 

several hours later. The exposure to electron donor gases 
such as ammonia produces a shift of the Q band to lower 
wavelengths and fi lms change their color to blue.

Thin fi lms based on LnPc2 have been used to detect 
other pollutant gases. A collaboration with Tabacalera (a 
Spanish company devoted to the fabrication of cigarettes) 
demonstrated that such optical devices could be used to 
detect tobacco smoke which is rich in ammonia (among 
other gases and particles) [87, 88].

LnPc2 have an additional interest as optical gas sensors 
because the intense band at 1400–1600 nm disappears 
upon the addition of oxidant or reducing gases [50] or 
upon exposure to vapors of volatile organic compounds 
(VOCs) such as alcohols, aldehydes, and esters (which 
are mainly responsible for odors in foods and beverages).
The reversible changes observed in the near-IR region 
occur at telecommunication wavelengths. This has made 
possible the development of fi ber optic sensors (in col-
laboration with Prof. Matias from the Engineers School 
of the University of Navarra (Spain)) where LuPc2 Lang-
muir-Shaeffer fi lms have been deposited at one end of the 
fi ber. The other end is connected to an optical detector for 
measuring the refl ected optical power that comes from 
the vapochromic material [89].

Changes in vibrational spectra (FTIR and Raman) also 
occur upon exposure to NOx. The interaction of NOx 
causes changes in the vibrational modes related to the 
isoindole moiety [83, 84]. These changes could also be 
used with sensing purposes.

Resistive gas sensors. Probably the most widely stud-
ied sensors have been the chemoresistive sensors that 
consist of thin fi lm assemblies that modify their con-
ductivity in the presence of small gas molecules [8, 72]. 
The high intrinsic conductivity of LnPc2 facilitates de 
measurements and increases the sensitivity. Usually, the 
experimental set up consists in the measurement of the dc 
conductivity across the surface of a Pc thin fi lm deposited 
onto planar interdigitated electrodes.

LnPc2 based sensors can easily detect electron donor 
or electron acceptor gases such as nitrogen oxides [90, 
91]. The high conductivity allows also detecting Volatile 
Organic Compounds such as alcohols, carbonyls, amines 
and esters which are not strong electron donor or electron 

Fig. 5. (a) UV-vis spectra of the PrPc2 device at different potentials. (b) Device cross-section
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acceptors [9, 84, 92–94]. The adsorption and desorption 
are readily achieved and these processes occur easily at 
room temperature. The changes in the conductivity are 
proportional to the concentration of gas in contact with 
the sensor. These results indicate the potential applica-
tions of LnPc2 Langmuir-Blodgett and evaporated fi lms 
in the detection of aromas of foods and beverages [95] 
or in environmental applications such as the detection 
of herbicides [96] or environmental tobacco smoke [88]. 
A hybrid system made from a polymer and a phtha-
locyanine can improve the performance of gas sensors, 
by combining the physical skills of the phthalocyanine 
and the mechanical properties of the polymer used as a 
 support [32].

Electrochemical sensors. Probably the main con-
tribution of our research group to the fi eld of sensors 
has been the development a novel type of voltammetric 
electrodes based on phthalocyanines. Electrodes based 
on MPc, LnPc2 and heteroleptic derivatives can be pre-
pared using traditional methods, such as the carbon paste 
electrode technique (CPE). In addition, phthalocyanines 
can be conformed as thin fi lms onto a conductive surface 
by using the Langmuir-Blodgett or the Layer by Layer 
techniques. When a voltage is applied, peaks associ-
ated to the oxidation-reduction electrode material can be 
observed. The shape and position of the peaks depend on 
the nature of the electrolytic solution (Fig. 6) [97, 98]. 
The selectivity is enhanced when the solution contains 
electroactive substances. In such case, voltammograms 
show peaks of two different origins: peaks associated 
to the oxidation-reduction of the analytes present in the 

solution and transient responses associated to the elec-
trode material. The important issue is that the interactions 
that occur between the electrode and the solution can 
improve tremendously the selectivity of the electrodes. 
Such interactions include the following aspects: i) the 
oxidant or reducing character of the solution can mod-
ify the oxidation potential of the electrodic material; 
ii) the electrocatalytic activity of the electrode material 
can facilitate the oxidation of the compounds solved in 
the test solution; iii) the response of the electrode mate-
rial is related to the ability of the sensors to allow the 
diffusion of the counterions between the solution and the 
bulk material, an infl ux necessary to preserve the macro-
scopic electroneutrality of the electrode. Due to the inter-
actions between the material electrode and the solution, 
the electrochemical responses obtained for each tested 
solutions are different and are the reason of the enhanced 
specifi city of the sensors (Fig. 6).

Development of electronic noses and electronic 
tongues based on phthalocyanines

During the last twenty years, the concept of “electronic 
nose” has been developed [99]. An “electronic nose” is a 
new class of instrument inspired by biological sensory 
systems able to analyze complex mixtures of gases. The 
system is based on an array of chemical gas sensors with 
a broad and partially overlapping selectivity towards the 
volatile compounds present in the headspace of a sam-
ple. The array of sensors is combined with computerized 
multivariate statistical data processing tools. An array of 

Fig. 6. Response of LuPc2 LB fi lm towards different solutions (a) KCl, (b) MgCl2, (c) citric acid (d) HCl and (e) NH3
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rare earth bisphthalocyanine sensors coupled with a data 
treatment system has been used to discriminate among 
VOCs belonging to the main families of odorant mol-
ecules (alcohols, carbonyls and esters) usually present 
in foods and beverages. This system has been able to 
 discriminate olive oils of different qualities [95].

A similar concept has been applied to the analysis of 
complex liquids. Such systems are known as “electronic 
tongues” and consist of an array of liquid sensors cou-
pled with a pattern recognition software. The fi rst work 
in this fi eld involved signal generation from potentiomet-
ric sensors. An array of tetraphenylporphyrins and phtha-
locyanines have been used as ionophores and shown an 
enhanced cross-sensitivity towards a range of metallic 
ions [100]. An array of voltammetric electrodes based 
on phthalocyanine compounds as the sensing units of an 
electronic tongue has been developed by our group. Such 
arrays are able to discriminate among simple solutions of 
basic tastes [97, 98] or antioxidants [35]. Our electronic 
tongue has been able to discriminate wines of different 
qualities, grape variety or among wines aged in different 
types of oak barrels [101–107]. Arrays of sensors pur-
posely dedicated to the analysis of oils have also been 
developed [108–110]

CONCLUSION

Phthalocyanines can be used to prepare thin fi lms using 
a variety of techniques. Nanostructured fi lms obtained 
using the Langmuir-Blodgett technique have a particu-
lar interest for a number of applications because of the 
control on the organization of the molecules. The unique 
physical and chemical properties of lanthanide bisphtha-
locyanines make this family of materials one of the most 
interesting candidates for the fabrication of electrochro-
mic displays and sensors. The role of phthalocyanines 
in sensing technologies is of particular importance in 
the fi eld of chemoresistive gas sensors working at room 
temperature, in fi ber optic sensors and in electrochemical 
sensors. Using lanthanide phthalocyanines, it has been 
possible to develop arrays of resistive sensors. Sensor 
arrays coupled with pattern recognition software have 
been used as an electronic nose able to discriminate odors 
coming from a variety of foods and beverages. Similarly 
rare earth bisphthalocyanines have been the basis of an 
electronic tongue based on voltammetric sensors.

Acknowledgements

Financial support from CICYT (Grant no. AGL2006-
05501/ALI) and Junta de Castilla y León. (VA-052A06) is 
gratefully acknowledged.

REFERENCES

 1. McKeown NB. Phthalocyanine Materials, Synthe-
sis, Structure and Function, Cambridge University 
Press, Cambridge, 1998.

 2. Leznoff CC and Lever ABP. Phthalocyanines, Prop-
erties and Applications, Vols. 1–4, VCH Publishers: 
New York, 1989–1996.

 3. Kadish KM, Smith KM and Guilard R. The Porphy-
rin Handbook, Vols. 15–20, Academic Press: San 
Diego, 2003.

 4. a) de la Torre G, Nicolau M and Torres T. Phtha-
locyanines: Synthesis, Supramolecular Organiza-
tion and Physical Properties, Academic Press: New 
York, 2001. b) Claessens CG, Hahn U and Torres 
T. Chem. Rec. 2008; 8: 75–97. c) de la Torre G, 
Claessens CG and Torres T. Chem. Commun. 2007; 
2000–2015.

 5. Simon J, Bouvet M and Bassoul P. In The Ency-
clopedia of Advanced Materials, Pergamon: 1994; 
pp 1680–1693.

 6. Jiang J, Kasuga K and Arnold DP. In Supamo-
lecular Photoactive and Electroactive Materials, 
Nalwa HS. (Ed.) Academic Press: New York, 2001; 
pp 113–210.

 7. Armstrong NR. J. Porphyrins Phthalocyanines 
2000; 4: 414–417.

 8. Bouvet M and Pauly A. In The Encyclopedia of 
Sensors, Vol. 6, Grimes CA, Dickey EC and Pishko 
MV. (Eds.) American Scientifi c Publishers: Steven-
son Ranch: CA, USA, 2006; pp 227–241.

 9. Rodríguez-Méndez ML. In Encyclopedy of Sensors, 
Vol. 9, Grimes CS, Dickey EC and Pishko MV. (Eds.) 
American Scientifi c Publishers: CA, USA, 2006, 
pp 111–134.

 10. a) Valli L. Adv. Coll. Interface Sci. 2005; 116: 13–44. 
b) Rella R, Serra A, Siciliano P, Tepore A, Valli L 
and Zocco A. Langmuir 1997; 13: 6562–6567.

 11. a) Souto J, de Saja JA, Rodríguez ML and Aroca R. 
Synthetic Metals 1993; 54: 229–235. b) Wang HY 
and Lando JB. Langmuir 1994; 10: 790–796. c) Su 
W, Jiang JZ, Xiao K, Chen YL, Zhao QQ, Yu G and 
Liu YQ. Langmuir 2005; 21: 6527–6531. d) Wöhrle 
D, Kreienhoop L, Schnurpfeil G, Elbe J, Tennig-
keit B, Hiller S and Schlettwein D. J. Mater. Chem. 
1995; 5: 1819–1829.

 12. Tredgold RH. Order in Thin Organic Films, Cam-
bride University Press: Cambridge, 1994.

 13. Gorbunova Y, Rodríguez-Méndez ML, Tomilova L 
and de Saja JA. Chem. Mater 1995; 7: 1443–1448.

 14. Rodríguez-Méndez ML, Souto J and de Saja JA. J. 
Raman Spectroscopy 1995; 26: 693–698.

 15. Del Caño T, Aroca R, Rodríguez-Méndez ML and 
Saja JA. Langmuir 2003; 19: 3747–3751.

 16. Cook M and Chambrier I. In The Porphyrin Hand-
book, Vol. 17, Kadish KM, Guilard R and Smith K. 
(Eds.) Academic Press: San Diego, 2003; pp 37–56.

 17. Rodríguez-Méndez ML, Aroca R and de Saja JA. 
Spectrochimica Acta 1993; 49A: 965–973.

 18. Tomilova LG, GorbunovA YG, Rodríguez-Méndez 
ML and de Saja JA. Mendeleev. Commun. 1994; 4: 
127–128.

00081.indd   800081.indd   8 7/2/2009   12:50:52 PM7/2/2009   12:50:52 PM

J.
 P

or
ph

yr
in

s 
Ph

th
al

oc
ya

ni
ne

s 
20

09
.1

3:
60

6-
61

5.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
Q

U
E

E
N

SL
A

N
D

 o
n 

04
/2

1/
13

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Copyright © 2009 World Scientific Publishing Company J. Porphyrins Phthalocyanines 2009; 13: 614–615

614 M.L. RODRIGUEZ-MENDEZ AND J.A. DE SAJA

 19. Rousseau R, Aroca R and Rodríguez-Méndez ML. 
J. Mol. Struct. 1995; 356: 49–62.

 20. Collins GCS and Schiffrin DJ. J. Electroanal. Chem. 
1982; 139: 335–369.

 21. Bouvet M. In The Porphyrin Handbook, Vol. 19, 
Kadish KM, Guilard R and Smith K. (Eds.) Aca-
demic Press: San Diego, 2003; pp 37–103.

 22. Jiang J, Xie J, Choi MTM, Yan Y, Sun S and Ng 
DKP. J. Porphyrins Phthalocyanines 1999; 3: 
322–328.

 23. Gorbunova Y, Rodríguez-Méndez ML, Kalashnikova 
IP, Tomilova L and de Saja JA. Langmuir 2001; 17: 
5004–5010.

 24. Aroca R, Pieczonka N and Kam AP. J. Porphyrins 
Phthalocyanines 2001; 5: 25–32.

 25. Clavijo RE, Battisti D and Aroca R. Langmuir 1992; 
8: 113–117.

 26. Rodríguez-Méndez ML, Kudrevich S, van Lier JE 
and de Saja JA. J. Raman Spectroscopy 1996; 27: 
649–655.

 27. Rodríguez-Méndez ML, Souto J, de Saja JA and 
Aroca R. J. Mater. Chem. 1995; 5: 639–642.

 28. de Saja JA and Rodríguez-Méndez ML. Adv. Coll. 
Interface Sci. 2005; 116: 1–11.

 29. Rodríguez-Méndez ML. Comm. Inorg. Chem. 2000; 
22: 227–239.

 30. Petty MC. Langmuir-Blodgett fi lms. An Introduction, 
Cambridge University Press: Cambridge, 1996.

 31. Souto J, de Saja JA, Gobernado MI, Rodríguez 
ML and Aroca R. Sens. Actuators B 1993; 15–16: 
306–311.

 32. Parra V, Vilar MR, Boufi  S, Battaglini N, Ferraria 
AM, Botelho do Rego AM, Rodriguez-Mendez 
ML, Fonavs E, Muzikante I and Bouvet M. Lang-
muir 2007; 23:3712–3722.

 33. Del Caño T, Parra V, Rodríguez-Méndez ML, Aroca R 
and de Saja JA. Appl. Surf. Sci. 2005; 246: 327–334.

 34. Del Caño T, Rodríguez-Méndez ML, Aroca R and 
de Saja JA. Mat. Sci. Eng. C 2002; 22: 161–165.

 35. Casili S, De Luca MA, Apetrei C, Parra V, Arrieta A, 
Valli L, Jiang J, Rodríguez-Méndez ML and de Saja 
JA. Appl. Surf. Sci. 2005; 246: 304–313.

 36. Peñacorada F, Reiche J, Katholy S, Brehmer L 
and Rodríguez-Méndez ML. Langmuir 1995; 11: 
4025–4030.

 37. Siqueira JR, Gasparotto LHS, Oliveira ON and Zuco-
lotto V. J. Phys. Chem. C 2008; 112: 9050–9067.

 38. Antunes P, Ferreira M, Oliveira ON, Rodríguez-
Méndez ML and de Saja JA. Book of Abstracts of 
the Fifth International Conference on Porphyrins 
and Phthalocyanines ICPP-5, 2008; 529.

 39. Rodríguez-Méndez ML, de Saja-González J, Souto J 
and de Saja JA. Sens. Actuators B 1996; 31: 51–55.

 40. Zhang Q, Huang D and Liu Y. Synt. Met. 2003; 137: 
989–990.

 41. Souto J, Rodríguez-Méndez ML, Peñacorada F and 
Reiche J. Mat. Sci. Engi. C 1997; 5: 59–60.

 42. Sivanesan A and John SA. Electrochim. Acta 2008; 
53; 6629–6635.

 43. Ishikawa N and Kaizu Y. J. Porphyrins Phthalocya-
nines 1999; 3: 514–521.

 44. Tomilova LG, Chernykh EV, Ovchinnikova A, 
Bezlepko EV, Mizin VM and Luk’yanets EA. Russ 
J. Optica i Spektroskopiya 1991; 70: 775–777.

 45. Kasha M, Rawls HR and El-Bayoumi MA. Pure 
Appl. Chem. 1965; 11: 371–392.

 46. Markovitsi D, Tran-Thi TH, Even R and Simon J. 
Chem. Phys. Lett. 1987; 137: 107–112.

 47. Ricardi G, Belviso S, Lelj F and Ristori S. J. Por-
phyrins Phthalocyanines 1998; 2: 177–188.

 48. Kostenich G, Babushkina T, Lavi A, Langzam Y, 
Malik Z, Orenstein A and Ehrenberg B. J. Porphy-
rins Phthalocyanines 1998; 2: 383–390.

 49. Berno B, Nazri A and Aroca R. J. Raman Spectros-
copy 1996; 27: 41–47.

 50. Rodríguez-Méndez M.L, Gorbunova Y and de Saja 
JA. Langmuir 2002; 18: 9560–9565.

 51. Pieczonka NPW and Aroca RF. Chem. Soc. Reviews 
2008; 37: 946–954.

 52. Souto J, Tomilova L, Aroca R and de Saja JA. Lang-
muir 1992; 8: 942–946.

 53. Souto J, Aroca R and de Saja JA. J. Raman Spec-
troscopy 1991; 22: 787–790.

 54. D’Souza F. J. Porphyrins Phthalocyanines 2002; 6: 
285–288.

 55. Lever ABP. J. Porphyrins Phthalocyanines 1999; 3: 
488–499.

 56. L’Her M and Pondaven A. In The Porphyrin Hand-
book, Vol. 16, Academic Press: San Diego, 2003; 
pp 117–169.

 57. Yilmaz I, Nakanishi T, Gurek A and Kadish KM. 
J. Porphyrins Phthalocyanines 2003; 7: 227–238.

 58. Nakanishi T, Yilmaz I, Nakashima N and Kadish 
KM. J. Phys. Chem. B 2003; 107: 12789–12796.

 59. Kadish KM, Nakanishi T, Gurek A, Ahsen V 
and Yilmaz I. J. Phys. Chem. B 2001; 105: 9817–
9821.

 60. L’Her M, Cozien Y and Courtot-Coupez J. J. Elec-
troanal. Chem. 1983; 157: 183–187.

 61. Konami H, Hatano M, Kobayasi N and Osa T. 
Chem. Phys. Lett. 1990; 165: 397–400.

 62. Bassoul P, Toupance T and Simon J. Sens. Actuators 
B 1995; 26–27:150–152.

 63. Rodríguez-Méndez ML, Aroca R and de Saja JA. 
Chem. Mater. 1992; 4:1017–1020.

 64. Rodríguez-Méndez ML, Aroca R and de Saja JA. 
Chem. Mater. 1993; 5:933–937.

 65. Nicholson MM and Pizzarello FA. J. Electrochem. 
Soc. 1979; 126: 1490–1495.

 66. Robinet S and Clarisse C. Thin Solid Films 1989; 
170: L51–L54.

 67. Simon J and Toupance T. In Comprehensive Supra-
molecular Chemistry, Vol. 10, Reinhoudt DN. (Ed.) 
Pergamon: Exeter, 1996.

00081.indd   900081.indd   9 7/2/2009   12:50:52 PM7/2/2009   12:50:52 PM

J.
 P

or
ph

yr
in

s 
Ph

th
al

oc
ya

ni
ne

s 
20

09
.1

3:
60

6-
61

5.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
Q

U
E

E
N

SL
A

N
D

 o
n 

04
/2

1/
13

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Copyright © 2009 World Scientific Publishing Company J. Porphyrins Phthalocyanines 2009; 13: 615–615

 NANOSTRUCTURED THIN FILMS BASED ON PHTHALOCYANINES 615

 68. Muzikante I, Fonavs E, Silinsh E, Fretigny C, Bou-
vet M, Simon J and Spirkovitch S. Mol. Cryst. Liq. 
Cryst. Sci. Technol. Sect. C 1998; 9: 301–331.

 69. André JJ, Holczer K, Petit P, Riou MT, Clarisse C, 
Even R, Fourmigué M and Simon J. Chem. Phys. 
Lett. 1985; 115: 463–466.

 70. Turek P, Petit P, André JJ, Simon J, Even R, Boud-
jema B, Guillaud G and Maitrot M. Mol. Cryst., 
Liq. Cryst. 1998; 161: 323–327.

 71. Guillaud G, Simon J and Germain JP. Coord. Chem. 
Rev. 1998; 1433: 178–180.

 72. Snow AW and Barger WR. In Phthalocyanines: Prop-
erties and Applications, Vol. 1, Leznoff CC and Lever 
ABP. (Eds.) VCH: New York, 1989; pp 341–392.

 73. Moskalev PN and Kirin IS. Russ. J. Inorg. Chem. 
1970; 15: 7–11.

 74. Monk PMS, Mortimer RJ and Rosseinsky DR. 
Electrochromism. Fundamentals and Applications, 
VCH: Weingheim, Germany, 1995.

 75. Spadavecchia J, Ciccarella G, Buccolieri A, Vasa-
pollo G and Rella R. J. Porphyrins Phthalocyanines 
2003; 7: 572–578.

 76. Ding X, Zhu H, Xu HJ and Jiang DP. J. Porphyrins 
Phthalocyanines 2002; 6: 366–370.

 77. Dunbar ADF, Richardson TH, McNaughton, Cadby 
A, Hutchinson J and Hunter CA. J. Porphyrins 
Phthalocyanines 2006; 10: 978–985.

 78. Zhu DG, Petty MC and Harris M. Sens. Actuators B 
1990; 2: 265–269.

 79. Capone S, Mongelli S, Rella R, Siciliano P and Valli 
L. Langmuir 1999; 15: 1748–1753.

 80. Hu WP, Liu YQ, Xu Y, Liu SG, Zhou SQ, Zeng PJ 
and Zhu DB. Sens. Actuators B 1999; 56: 228–233.

 81. Aroca R, Bolourchi H, Battsti D and Najafi  K. 
Langmuir 1993; 9: 3138–3141.

 82. Liang BJ, Zhang Y, Yuan CW, Wei Y and Chen W. 
Sens. Actuators B 1998; 46: 24–29.

 83. Souto J, Aroca R and de Saja JA. J. Phys. Chem. 
1994; 98: 8998–9001.

 84. Souto J, Rodríguez-Méndez ML, de Saja-González 
J and de Saja JA. Thin Solid Films 1996; 284–285: 
880–890.

 85. Richardson T, Smith VC, Toplaci A, Jiang J and 
Huang C. Supramol. Sci. 1997; 4: 465–470.

 86. Xie D, Jiang Y, Jiang J, Wu Z, Li Y and Liang BJ. 
Sens. Actuators B 2001; 77: 260–263.

 87. Rodríguez-Méndez ML, Souto J, Khoussed Y, Sarabia 
J, Aroca R and de Saja JA. Sens. Actuators B 1994; 
18–19: 89–92.

 88. Rodríguez-Méndez ML Gobernado-Mitre I, Souto 
J and de Saja JA. Sens. Actuators B 1995; 25: 
643–646.

 89. Bariain C, Arregui P, Rodríguez-Méndez ML and de 
Saja JA. Sens. Actuators B 2003; 93: 153–158.

  90. Trometer M, Even R, Simon J, Dubon A, Laval JY, 
Germain JP, Maleyson C, Pauly A and Robert H. 
Sens. Actuators B 1992; 8: 129–135.

  91. Pauly A, Blanc JP, Dogo S, Germain JP and Maley-
son C. Synth. Metals 1993; 55–57: 3754–3759.

  92. de Saja R, Souto J, Rodríguez-Méndez ML and 
de Saja JA. Mater. Sci. Eng. C 1999; 335: 151–154.

  93. Souto J, Rodríguez ML, de Saja JÁ and Aroca R. 
Int. J. Electronics 1994; 76: 763–769.

  94. Rodríguez-Méndez ML, Souto J, De Saja R, Mar-
tinez J and de Saja JA. Sens. Actuators B 1999; 58: 
544–551.

  95. Gutierrez N, Rodríguez-Méndez ML and de Saja 
JA. Sens. Actuators B 2001; 77: 437–442.

  96. Alvarez J, Souto J, Rodríguez-Méndez ML and de 
Saja JA. Sens. Actuators B 1998; 48: 339–343.

  97. Arrieta A, Rodríguez-Méndez ML and de Saja JA. 
Sens. Actuators B 2003; 95: 357–365.

  98. Apetrei C, Rodríguez-Méndez ML, Parra V, Gutier-
rez F and de Saja JA. Sens. Actuators B 2004; 103: 
145–152.

  99. Rock F, Barsan N and Weimar U. Chem. Rev. 2008; 
108: 705–725.

 100. Lvova L, Paolesse R, Di Natale C, Burgio M, Mar-
tinelli E, Pennazza G and D’Amico A. Sens. Actua-
tors B 2006; 118: 439–447.

 101. Parra V, Hernando T, Rodríguez-Méndez ML and 
de Saja JA. Electrochim. Acta. 2004; 49: 5177–
5185.

 102. Parra V, Arrieta A, Fernández-Escudero JA, 
Rodríguez-Méndez ML and de Saja JA. Sens. Actu-
ators B 2006; 118: 448–453.

 103. Apetrei C, Casilli S, de Luca S, Valli L, Jiang J, 
Rodríguez-Méndez ML and de Saja JA. Col. Surf. A 
2006; 284–285: 574–582.

 104. Parra V, Arrieta A, Fernández-Escudero JA, Iñiguez 
M, Rodríguez-Méndez ML and de Saja JA. Anal. 
Chim. Acta. 2006; 563: 229–237.

 105. Parra V, Arrieta A, Fernández-Escudero JA, García 
H, Apetrei C, Rodríguez-Méndez ML and de Saja 
JA. Sens. Actuators B. 2006; 115: 54–61.

 106. Apetrei C, Apetrei I, Nevares I, del Alamo M, Parra 
V, Rodríguez-Méndez ML and de Saja JA. Electro-
chim. Acta. 2007; 52: 2588–2594.

 107. Rodríguez-Méndez ML, Arrieta A, Parra V, Vegas 
A, Villanueva S, Gutierrez-Osuna R and de Saja JA. 
IEEE Sens. J. 2004; 4: 348–354.

 108. Apetrei C, Rodríguez-Méndez ML and de Saja J. 
Sens. Actuators B 2005; 111–112: 403–409.

 109. Apetrei C, Gutierrez F, Rodríguez-Méndez ML 
and de Saja JA. Sens. Actuators B 2007; 121: 567–
575.

 110. Apetrei C, Rodríguez-Méndez ML and de Saja JA. 
Electrochim. Acta. 2008; 53: 5867–5872.

00081.indd   1000081.indd   10 7/2/2009   12:50:52 PM7/2/2009   12:50:52 PM

J.
 P

or
ph

yr
in

s 
Ph

th
al

oc
ya

ni
ne

s 
20

09
.1

3:
60

6-
61

5.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
Q

U
E

E
N

SL
A

N
D

 o
n 

04
/2

1/
13

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Copyright of the works in this Journal is vested with World Scientific Publishing.  The
article is allowed for individual use only and may not be copied, further disseminated, or
hosted on any other third party website or repository without the copyright holder’s
written permission.

J.
 P

or
ph

yr
in

s 
Ph

th
al

oc
ya

ni
ne

s 
20

09
.1

3:
60

6-
61

5.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
Q

U
E

E
N

SL
A

N
D

 o
n 

04
/2

1/
13

. F
or

 p
er

so
na

l u
se

 o
nl

y.




