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Abstract

The interaction between some ambient reactive compounds and organic or inorganic thin layers can cause variations in the physical
properties of the chemically interactive layers. Molecules in the gas phase, which are adsorbed onto the surface or absorbed in the bulk of the
thin layer, generally modify the electrical or optical or mass properties of the gas-sensitive material giving rise to a number of different kinds
of chemical sensors based on different working principles. This work reports and discusses the experimental results obtained with optical
absorbance measurements in UV-Vis spectral range onto these optical sensitive layers in controlled atmosphere containing vapours. In
particular, very interesting results have been obtained by optical absorption measurements carried out in the region of the typical Q band of
phthalocyanines and a selectivity toward different vapours, depending both on the metal and the peripheral substituents of the macrocycle,
was found. The as-manufactured sensors have been arranged in an array configuration and examples of applications for “electronic optical
nose” to the analysis of some volatile organic compounds (VOC) which are of interest in food analysis are reported in this work.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Recently there is an increased awareness of the impor-
tance to detect specific volatile organic compounds (VOCs)
especially for indoor air quality control but also in food pro-
cessing industry. VOCs are widely used as ingredients in
household products. These compounds vaporize at normal
room temperatures, sometimes causing adverse health ef-
fects. Paints, varnishes, and wax all contain organic solvents,
as do fuels, and many cleaning, disinfecting, cosmetic, de-
greasing, and hobby products. These products can release
organic compounds while in use and, to some degree, when
they are stored. Moreover, foods emit mainly low molec-
ular weight alcohols and esters, but low molecular weight
aldehydes, ketones, amines and sulphur compounds are also
present. Alcoholic and non-alcoholic beverages, fish prod-
ucts and mould-attacked cereals also emit these compounds
[1–3].

The need of monitoring the level of specific polluting
compounds and VOCs in air constitutes a strong input for
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material science research for the synthesis of novel classes of
materials which can be used as active layers in solid state gas
sensors. A particular interested has been devoted to the class
of organic macrocycles-based films. Metallophthalocyanines
(MPc) and related compounds deposited in the form of thin
films are currently under intensive investigation to ascertain
their suitability as gas-sensing materials[4,5].

Simple methods to detect gases and/or vapours are based
on the measurement of some physical properties variations
of the active layer induced from the adsorption of the gas/
vapour molecules on its surface. In order to obtain a reli-
able chemical sensor, it is necessary to optimise the match-
ing between the reactive analytes in gas phase and a basic
optical and/or electronic gas-sensing device. In other words,
the interface between the ambient and the device, has to
transduce the chemical interaction with the surrounding in
an optical or electrical signal. Due to its crucial role in gas
sensing mechanisms, the sensing layer has to be profoundly
analysed in order to maximize the molecule captures pro-
cesses at the interface gas-surface and to understand which
variation in the physical properties can be more efficiently
used as gas detection principle: change in the mass of the
sensing layer; change in the electrical conductivity or in the
optical properties. The choice depends on the nature of the
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active layer, hence, it is important to study the sensitivity,
selectivity, reversibility and reproducibility of the adopted
gas-sensing mechanism[6].

Since about 5 years at the Institute for Microelectron-
ics and Microsystems of National Council of Researches
(IMM-CNR), Unity of Lecce, in collaboration with the
University of Lecce, extensive researches on the characteri-
zation and the gas-sensing properties of metallophthalocya-
nines and related compounds for applications in chemical
gas sensors have been carried out. These compounds are
just well known for their electrical properties and sensi-
tive chemical sensors making use of phthalocyanine have
been proposed for the detection of nitrogen dioxide[7,8].
In this work, four different MPc have been synthesized
and deposited as thin films by spin-coating onto quartz
substrates. Their utilization as sensing layers in chemical
gas sensors based on an a change of optical Vis-NIR ab-
sorption curves is here illustrated. The influence of both
the central metal element linked to the macromolecule
by a coordinate bond and the peripheral radicals on the
optical responses of the as-deposited MPc thin films to-
wards five different vapour organic compounds have been
analysed.

In particular, in our investigation we considered some
VOCs which are of interest in food analysis. The considered
analyte compounds are representative of different classes of
chemical species: amines, ketons and organic acids. Amines
are a group of biologically active and even toxic compounds
that are of great interest due to the environmental problems
manifested in agriculture where they are used in fertiliz-
ers, or in waste water where they result from the surfactant,
pharmaceutical and dye manufacturing industries. Amines
also play important role in food technology, the concen-
tration of amines is a quality criterion for food and bever-
ages, such as banana, cheese, fish, or wine. Ketones are also
present in flavour/fragrances related to many food products
such as cooking oils or natural bee honey[9,10] and are
also involved in fats deterioration processes[11]. But also
organic acids, are commonly present in foods, beverage and
medicines.
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Fig. 1. Chemical structures of phthalocyanines1–4.

2. Experimental

Four phthalocyanine derivatives (Fig. 1) were synthesized
by tetramerization reaction of phthalonitrile derivates ac-
cording to known methods[12] and NMR, FT-IR, UV-Vis
and LC/MS spectra confirmed that the desired compound
were obtained.

The presence of the peripheral substituents confers good
solubility in the most common organic solvents such as
methylene chloride, chloroform, acetone, THF, toluene[13].
In particular we found that 3.3 mg ml−1 1,1,1-trichloro-
ethane (or chloroform) solutions, spun at 2000 rpm on quartz
substrates (4 mm×18 mm sized, 1 mm thick), allowed good
reproducibility in terms of coating layer thickness (100 nm)
and sensing characteristics.

Absorption spectra of both the different MPc in chloro-
form solution and the spin-coated thin films were acquired
by using a VARIAN Cary 500 UV-Vis-NIR double beam
spectrophotometer and unpolarised light at nearly normal
incidence in the 300–800 nm spectral range (Fig. 2).

Moreover, the four MPC samples have been arranged in
array configuration and optical measurements in controlled
atmosphere have been carried out. A specific experimental
set-up realized at the Gas Sensor Laboratory of IMM-CNR
in Lecce gives us the possibility to acquire simultaneously
the array optical responses to gases and/or vapours in terms
of the absorption curves variations in the Vis-NIR spectral
range. It allows also to acquire the dynamic responses at dif-
ferent fixed spectral ranges where the response is maximum.
All the optical vapour-sensing tests were performed by us-
ing a filtered light source from AVANTES tungsten–halogen
lamp guided into an optical fiber and the absorption spectra
were collected and analysed using a commercial spectropho-
tometer AVANTES mod. MC2000. All the measurements
were carried out at room temperature and at normal inci-
dence of the light beam. The effect of the VOC vapours on
the absorption properties of the active layer was measured
in a dynamic pressure system implemented in our labora-
tory where dry air at ambient pressure was used as carrier
and reference gas. The spectrum A0 of each thin active layer
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Fig. 2. Vis-NIR absorption spectra of phthalocyanine1–4 in solution with chloroform compared with the corresponding absorption spectra of the
spin-coated phthalocyanine1–4 thin films.

was first measured in dry air flow and used as the standard
reference for the spectrum A of the film in the presence of
vapours. Four independent sensor cells have been realized
in a meander section of the principal stainless steel pipeline
of the gas/vapour transfer apparatus by turning Swagelock
pipe connections into suitable slots for sensors. For each
slot there are two connectors for the connections of two
optical fiber, one linked to the light source and the other to
the spectrophotometer. In this way all the sensors can be
exposed to the same gas or vapour concentration under the
same experimental conditions.

In particular, for the optical analysis of the volatile organic
compounds considered in this work, the corresponding liq-
uid VOC samples (10 ml) were introduced into 20 ml vials
kept at room temperature by a thermostatic tank. We con-
sidered the following VOCs: diethylamine, dibutylamine,
tert-butylamine, 2-butanone and acetic acid. The optical
sensor response (in terms of absorbance spectrum variation)

was obtained by means of a deviation of the dry air flow (to-
tal flow of 20 sccm) in the vial for collecting the headspace
and transferring in such a way the total flow (20 sccm of dry
air + saturated vapours) in the test chamber. The experiment
set-up is shown inFig. 3. The gas mixing station consists of
a mass flow controller (MKS INSTRUMENTS Mod. 647B)
equipped with two mass flow meters/controller (MFCs)
and a systems of stainless steel pipelines and switching
valves. The experimental procedure started by flowing dry
air through the sample chamber until a steady absorbance
reading was obtained. Next, the VOC saturated vapours con-
tained in the vial were transferred into the sensor test cells re-
alized in the meander pipe as described earlier; the obtained
concentration of the VOC saturated vapour depends on its
saturation pressure and the temperature at which the liquid
sample is kept. The absorbance spectra under exposure of
the saturated vapours of each VOC were recorded during a
period of time necessary to obtain a saturation signal and
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Fig. 3. Scheme of the experimental apparatus used for optical tests in controlled atmosphere.

calculate the response time of the sensors. The VOC vapour
was then turned off and the sample left to recover in air.
The restore at the initial value of the absorbance spectrum
confirmed the reversibility of the process. The process was
repeated for each of the VOCs considered in this work.

3. Results and discussion

The morphological aspects of these sensing layers have
been previously reported[14]. Scanning electron mi-
croscopy highlighted very different morphological structures
between the samples prepared by using the same method
and parameters. The samples present generally different
aggregates of about 1–5�m and in some cases this bubble
structure is uniformly distributed on all the film surface.
This results in a difference of Vis-NIR absorbance spec-
tra for films deposited also under the same conditions. In
other words, the absorbance spectra of films deposited un-
der the same deposition parameters could vary significantly
although the general trend in term of relative response to-
wards VOCs vapours is always the same. Notwithstanding,
it is obvious that a more careful control of the deposition
parameters, which may modify the film morphology, needs
in order to ensure a better reproducibility in the film prepa-
ration. At current, great efforts are devoting to this area of
investigation.

The Vis-NIR solution spectrum of Pc (1) is dominated by
the intense absorption QI and QII bands centered at 678 and
612 nm, respectively, whereas the spin-coated film shows a
broad band of the dimer or higher aggregates (Qd) at 637 nm
and the QI band centered at 678 nm. The solution spectrum

of ruthenium phthalocyanine (2) is sligthly red-shifted with
respect to the Pc (1) spectrum. It presents the QI band at
684 nm and a QII band at 616 nm. However, significant dif-
ferences have been found in the spin-coated film: (a) the
main absorption band is centered at 685 nm corresponding
to the QI band; (b) aggregated species produce a lower in-
tensity Qd band observed at 647 nm; (c) a red-shifted QII
band is also observed at 623 nm. It can be observed that
the variation of the metal ion gave rise to some interesting
variations in the molecular arrangements of the spin-coated
films. In fact, the zinc phthalocyanine (1), appears more ag-
gregated in the solid state than the ruthenium phthlocyanine
(2). As the peripheral substituents of the two phthalocya-
nines are unvaried these effects could be likely adduced to
the different chemical nature of the central metal atom. (Ph-
thalocyaninato)ruthenium (II) complexes typically tend to
yield stable axially coordinated bisadducts PcRuL2 [15] so
that a steric hindrance might be at the origin of a reduced
aggregation in the solid state. The chloroform spectrum of
the Pc (3) presents an intense QI band centered at 683 nm
and a QII band centered at 615 nm whereas the spin-coated
film Vis-NIR spectrum shows a very strong Qd absorption
band at 638 nm and a shoulder at 681 nm related with the
QI monomer band. The Pc (4) absorption spectrum shows
a broader absorbance both in the solution and in the solid
state. The former shows the QI band at 684 nm and the QII
band at 618 nm, while the latter is dominated by a strong Qd
band (615 nm) and a slight shoulder is detectable at 686 nm.

The optical vapour-sensing tests carried out in controlled
atmosphere showed that the spin-coated MPc thin films,
when exposed to the saturated vapours of some VOCs, have
different and appreciable optical variations in absorbance
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Fig. 4. Vis-NIR absorption spectra of the phthalocyanines1–4 in dry air and after exposure totert-butylamine vapours.

spectra respect to the absorbance spectra in dry air. In par-
ticular, we found that, for all the films, the intensity of the
absorbance peaks, corresponding to the typical QI and QII
optical bands of phtalocyanine macromolecules, varies in
presence of the VOC vapours. Different variations resulted
depending on the specific MPc and the VOC vapour. As an
example,Fig. 4shows the responses of the four MPc-based
opto-sensors towards the terbutylammine vapours. As one
can see, ZnPc thin film shows a more pronounced variation
in the QI and QII band respect to the other active layers.
Moreover, in some cases the shape of the absorbance curve
remains the same and there is only an equivalent increase in
the absorption intensity (MPc 2 and 3). In other cases the
QI band undergo to a more marked variation respect to the
QII band or vice versa (MPc 1 and 4). Each sensor showed
a different response pattern to the considered VOC vapours
but an only sensor cannot ensure a good selectivity. Conse-
quently, a more complex data analysis has been performed
by considering the four MPc layers as an array of four inde-
pendent sensors. First, for all the analysed sensing layers, the

sensor responses have been calculated asxi = Aanalyte/Aair,
where i = 1, . . . , 4 sensors,Aair and Aanalyte are respec-
tively the absorbance value in air and in presence of the
VOC vapours at the wavelength corresponding to the max-
imum change in the absorption, i.e. to the peaks of the QI
and QII bands. InFig. 5 the two-dimensional bar diagrams
report the response values (calculated asAanalyte/Aair) of the
MPc-based optosensor array to all the considered analytes,
respectively, for the QI (640 nm) and the QII (680 nm) bands.
As one can observe, by comparing the responses of each
phthalocyanine towards different vapours relatively to the
two dominant Q bands, the sensors behave differently from
each other. Is our opinion that the differences in responses
are due to the different affinity between the macromolecular
ring and the vapour molecules in the molecular sensing. In
fact, the sensors are fundamentally based on a optical tras-
duction detection principle where the charge transfer mech-
anism of the VOC molecules bonded to the organic sensing
layer depends on the presence of single monomers, dimers
or complexes in the structure of the spin-coated film.
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Fig. 5. Two-dimensional comparison histograms of the response calculated asAair/Aanalyte for phthalocyanines1–4 spin-coated thin films calculated taking
into account the variation of the absorption spectra corresponding to QI and QII absorption band.

In order to evaluate the discrimination power of the
MPc-based optosensor array for the considered VOCs,
the data have been elaborated by a simple statistical-
chemometric technique, i.e. the principal component anal-
ysis (PCA). PCA is a powerful unsupervised linear data
analysis technique widely used in gas-sensing area to ex-
tract the main relationships in the data matrix containing the
sensor responses and to obtain qualitative results for pattern
recognition. It projects the data in a new vectorial space
of lower dimensionality, where the new axis (i.e. the prin-
cipal components) are linear combinations of the original
axis (sensors) and orthogonal to each other. The principal
components are computed iteratively, in such a way that
the first PC is the one that carries most ‘information’ (or in
statistical terms: most explained data variance). The second
PC will then be orthogonal to the first one and will carry
the maximum share of the residual information (i.e. the
variance not taken into account by the previous PC), and so
on. Thus, only the first principal components (usually the
first two or three PCs) can be preserved because more rele-
vant, while the last PCs are assumed only to represent the
contribution of the noise to the data. Principal component
analysis operates a synthesis of the data, by removing re-
dundant information and reducing the data space dimension.
In a pictorial way, we can say that the principal components
give the directions in which the data cloud is stretched
most. By projecting the response data on the PCs vectorial
space (feature space), one can easily detect and analyse
groupings, similarities or differences between the samples.
Two samples can be considered similar if they have close
values for most variables, which means correspondingly
close coordinates in the feature space. This data projection
on the PCs space is, hence, useful for subsequent pattern

recognition analysis because in the feature space it is easy
to visualize clusters related to different chemical patterns.

In order to collect enough data to perform a PCA, 5 cycle
of VOC-sensing tests, consisting in an exposure to saturated
VOC vapours and in a subsequent recover in dry air, have
been carried out. Hence, five response values for each VOC
and each MPc films have been collected. This procedure
gave us also the possibility to check the good reproducibility
of the responses. Two different data matrixs containing the
normalized sensor responses (here calculated asAair/Aanalyte)
to all the VOCs have been built both for the data related
to the QI and QII bands. The sensor responses have been
normalized according to the following relationship:Xi,j =
logxi,j/

∑4
i=1logxi,j where i = 1, . . . , 4 sensors andj =

1, . . . , 5 samples, in order to limit the dependence of the sen-
sor response on vapour concentration. The two data sets have
been analysed independently by the principal component
analysis.Figs. 6 and 7show the score plots of PCA analysis
based on the array responses to the five considered analytes
both for the QI (640 nm) and QII (680 nm) absorption bands.
It is clear evident that a good discrimination among the dif-
ferent data clusters corresponding to the different analytes
was obtained for both the optical absorption bands. We can
note that over 98 and 92% of the total variance within the
data is contained in the first two principal components and
over 100 and 99% in the first three principal components,
respectively, for the QI and QII bands. We can also observe
that, in the PCA score plot related to the QI band, the clusters
of the amines are closer each other than in the PCA score
plot related to the QII band. Hence, we can deduce that the
PCA based on the QI band data better reflects the similar-
ities between data clusters related to the same general class
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Fig. 6. PCA three-dimensional score plot related to the responses of the array optical sensors corresponding to the QI absorption band.

of compounds and the differences among classes of different
compounds.

This can be understood looking at the correlation circles
(Figs. 8 and 9) for the two Principal Component Analysis.
The correlation circle is a two-dimensional plot helpful for
interpreting the correlations between the initial variables (i.e.
the sensors) and the new variables (i.e. the PCs) which are
linear combinations of the first ones: the closer a variable is
to an axis and to the circle, the higher the correlation with
the corresponding PC will be. It is also a way to plot the cor-
relations between the sensors: if two sensors are in opposite
quarters, they are negatively correlated; if two sensors are

Fig. 7. PCA three-dimensional score plot related to the responses of the array optical sensors corresponding to the QII absorption band.

perpendicular their correlation is close to 0; if two variables
are close, their correlation is close to 1. Hence, the principal
component analysis help us not only to visualize different
data clusters, but also to find out which sensors contribute
more to this differentiation and whether some sensors con-
tribute to this discrimination power in the same way (i.e. are
correlated) or independently of each other. Redundant sen-
sors (i.e. highly correlated sensors) give the same informa-
tive contribute about the data distribution, so that they can be
removed from the sensor array and/or from the data matrix.

The sensor RuPc (2) occupies about the same position
in the correlation circle graphs of the Principal Component
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of the phthalocyanines1–4 thin films.

Analysis related to the QI and the QII bands. By comparing
the correlation circles for the two independent PCA, a dif-
ferent position is, on the contrary, evident for the other two
sensors ZnPc (1), ZnPcSH (3) and CuPcOH (4). In fact, in
the PCA related to the QII band, the sensors ZnPcSH (3)
and CuPcOH (4) have both an high (close to 1) and positive
correlation with the first PC, hence they give a similar con-
tribute to the discrimination of the data along this direction
(Fig. 9). Moreover, they have little but opposite correlation
values with the second PC. On the contrary, in the PCA re-
lated to the QI band (Fig. 8), the sensor CuPcOH (4) has
high but opposite correlation with the first PC, while the sen-
sor ZnPcSH (3) changes quadrant by inverting its position
with that of ZnPc (1). This different behavior of sensors in
relation with the correlation values with the Pcs can explain
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Fig. 9. Correlation circle plot corresponding to the QII absorption bands
of the phthalocyanines1–4 thin films.

the differences between the PCA related to the two optical
absorbance bands. It can be also used as additive indica-
tive element for the comprehension of the different charge
transfer processes related to the two different optical transi-
tion processes (QI and QII ) in the vapour/sensor interaction
mechanisms.

4. Conclusions

Metallophthalocyanines have been shown to be useful as
the coating of quartz substrates for opto-chemical gas sen-
sors. Tests in controlled atmosphere showed a variation in the
Vis-NIR optical absorption spectra when the sensing layers
is exposed to different analytes of interest in the food analy-
sis. The responses are mainly dependent on the nature of the
metal and on the peripheral substituent of the basic molecule.
All these features make these organic compounds very inter-
esting for electronic optical nose applications. Preliminary
results of an electronic optical nose formed by four quartz
substrates covered with different phthalocyanines have been
reported. The results showed good aptitude of the optochem-
ical sensor array to distinguish the four analysed VOCs be-
longing to classes of compounds which are of interest in food
analysis. Nevertheless, further investigation have to be per-
formed in term of stability and reproducibility of the sensing
layers but also in term of threshold sensitivity.
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