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The possibility of generating distinct film properties from the same material is crucial for a number of
applications, which can only be achieved by controlling the molecular architecture. In this paper we demonstrate
as a proof-of-principle that ultrathin films produced from iron phthalocyanine (FePc) may be used to detect
trace amounts of copper ions in water, where advantage was taken of the cross sensitivity of the sensing units
that displayed distinct electrical properties. The ultrathin films were fabricated with three methods, namely
physical vapor deposition (PVD), Langmuir-Blodgett (LB), and electrostatic layer-by-layer (LbL) techniques,
where for the latter tetrasulfonated phthalocyanine was used (FeTsPc). PVD and LB films were more
homogeneous than the LbL films at both microscopic and nanoscopic scales, according to results from micro-
Raman spectroscopy and atomic force microscopy (AFM), respectively. From FTIR spectroscopy data, these
more homogeneous films were found to have FePc molecules oriented preferentially, tilted in relation to the
substrate surface, while FeTsPc molecules were isotropically distributed in the LbL films. Impedance
spectroscopy measurements with films adsorbed onto interdigitated gold electrodes indicated that the electrical
response depends on the type of film-forming method and varies with incorporation of copper ions in aqueous
solutions. Using principal component analysis (PCA), we were able to exploit the cross sensitivity of the
sensing units and detect copper ions (Cu2+) down to 0.2 mg/L, not only in ultrapure water but also in distilled
and tap water. This level of sensitivity is sufficient for quality control of water for human consumption, with
a fast, low-cost method.

Introduction

Phthalocyanines are semiconducting, organic molecules with
a general formula C32H16N8, which possess a centrosymmetric,
planar structure with various polymorphic forms.1 They are
hardly soluble in organic solvents, but solubility and process-
ability may be enhanced by incorporation of functional groups
to the macrocycle. The electrical and optical properties of
phthalocyanines are highly sensitive to the environment, espe-
cially in the case when they form bisphthalocyanines with a
metal complexed in the macrocycle.2,3 Among their many useful
properties are included chemical and thermal stability, photo-
conductivity, electrochromism, photochemical and photosyn-
thetic activities, luminescence,2-4 nonlinear optical character-
istics, and ability of optical storage.3,5 In industry, phthalocyanines
are widely used as dyes for textiles and for coating metallic
surfaces. There is now a surge on their use for devices, for
example, in photocopiers, solar cells, electrochromic displays,
fuel cells, light-emitting diodes, transistors, optical limiters, in
photodynamic therapy,6-18 and sensors.15,19-21

In several of the possible applications, one important require-
ment is to produce materials in the form of thin films, which
has been carried out for phthalocyanines with various methods,
including Langmuir-Blodgett (LB),22-26 electrostatic layer-by-

layer (LbL),27-30 physical vapor deposition (PVD),31,32 and
casting.33 For sensing, in particular, it has been shown that film
morphology and surface properties are relevant for the sensor
performance.20 While such dependence makes it difficult to
analyze experimental results for the sensors, it opens the way
to obtain distinct electrical and optical properties from the same
phthalocyanine molecule, but using different film-forming
methods or experimental conditions.

In this study, we selected iron phthalocyanine (FePc) to
produce LB and PVD films, while LbL films were fabricated
with tetrasulfonated iron phthalocyanine (FeTsPc). The tetra-
sulfonation in this case was essential to make the material water
soluble, as required for the LbL method. The film growth was
characterized using UV-vis absorption spectroscopy, and film
morphology was assessed at the microscopic level, with optical
microscope and micro-Raman spectroscopy, and at the nano-
scopic level with atomic force microscopy (AFM). The orga-
nization of the molecules in the films was probed with FTIR
absorption spectroscopy in the transmission and reflection
modes. As we shall show, the film properties varied with the
method of fabrication, and this allowed the cross sensitivity of
sensing units to be used in detecting trace amounts of copper
ions (Cu2+) in aqueous solutions, using impedance spectroscopy.

Experimental Methods

Fabrication of Ultrathin Films. The LbL films of FeTsPc
were grown from 5.0 mg/mL of PAH (Aldrich) and 5.0 mg/
mL of FeTsPc (Aldrich) aqueous solutions, prepared with
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ultrapure water (18.2 MΩ.cm) from a Milli-Q system model
Simplicity. The multilayer LbL films were made by immersing
the substrate alternately into the cationic poly(allylamine
hydrochloride) (PAH) and anionic (FeTsPc) solutions for 3 min.
After each deposition step, the films were rinsed with the
washing solution and dried in moderated air flow. The number
of bilayers and the substrate for each film used in distinct
characterization methods differed. Films with 15 bilayers were
adsorbed onto quartz for UV-vis absorption spectroscopy. For
FTIR spectroscopy, 30 bilayers were deposited onto ZnSe and
63 bilayers were adsorbed onto an Ag mirror for transmission
and reflection modes, respectively. For the measurements of
impedance spectroscopy, Au interdigitated electrodes were
coated with five bilayers of PAH/FeTsPc, while in AFM
measurements glass was covered with five bilayers. The reason
why different numbers of layers were used for characterizing
the LbL and LB films with distinct techniques was to match
with the sensitivity of these techniques.

The PVD films of FePc (Kodak) were grown using a Boc
Edwards vacuum system model Auto 306. The FePc powder
was placed into a metallic boat of Ta (melting point at 3014
°C), which is heated by an electrical current at 10-6 Torr. The
thickness of the FePc evaporated film was controlled with a
quartz crystal balance. The electrical current was adjusted slowly
to 2.2 A (10 V) until the boat reached 400 °C. This careful
electrical current adjustment is required for controlling the
deposition ratio and preventing the material from “blowing up”,
which leads to a loss of thickness and morphology control. PVD
films were grown with 10, 20, 30, 40, and 50 nm mass
thicknesses onto glass substrates for UV-vis absorption spec-
troscopy, 36 nm onto ZnSe and Ag mirror for FTIR spectros-
copy (transmission and reflection modes, respectively), 10 nm
onto Au interdigitated electrodes for impedance spectroscopy
and onto glass for AFM. The identical Raman spectra of both
powder and PVD films confirm that the chemical structure of
the FePc molecule is not affected during the evaporation process
(figure not shown).

The LB films of FePc were grown using a KSV Langmuir
trough model 2000. A solution with 3.1 mg of FePc (MW )
568.38 g/mol, Kodak) in 10 mL of chloroform (MW ) 119.38
g/mol, Merck) was spread onto ultrapure water with a microsy-
ringe. The monolayer thus formed at the air/water interface was
compressed with a barrier speed of 10 mm/min, and transfer
onto solid substrates was performed at a surface pressure of 25
mN/m, corresponding to the liquid-condensed state, thus forming
the so-called LB films (Y-type). Before immersing the substrate
into the water subphase, 15 min elapsed for drying the LB layer
deposited previously. When inside the water subphase, the
waiting time was 30 s. The substrate speed varied between 0.5
and 3.5 mm/min being manually adjusted during the deposition
to keep the cumulative transfer curve close to one. With this
procedure, one ensures not only that a similar amount of material
was transferred per layer but also that the material was
transferred homogeneously onto the substrate. The cumulative
transfer curve is given by the ratio between the area scanned
by the barriers to keep the surface pressure constant during LB
deposition and the covered area of the substrate. LB films were
deposited which contained 3, 5, 10, and 15 layers onto quartz
substrates for UV-vis absorption, 25 layers onto ZnSe and Ag
mirror for FTIR measurements (transmission and reflection
modes, respectively), 5 layers onto Au interdigitated electrodes
for impedance spectroscopy and onto glass for AFM.

Film Characterization Methods. The UV-vis absorption
spectroscopy was carried out using a spectrophotometer Varian

model Cary 50. The FTIR measurements were taken with a
spectrometer Bruker model Vector 22 equipped with DTGS
detector. FTIR spectra were recorded for FePc in KBr pellet
and FeTsPc cast film, used as references, with resolution of 4
cm-1 and 64, 256, and 512 scans. For the ultrathin films, namely
PVD, LB, and LbL films, N2 was purged to decrease CO2 and
water vapor interference. An accessory Bruker model A518/Q
was used with the incident IR light angle at 80° in the reflection
mode. The Raman spectra were obtained with a spectrograph
Renishaw model in-Via, which is coupled to a Leica optical
microscope allowing recording spectra point-by-point with
spatial resolution of ca. 1 µm2 using an objective of 50×
magnification, and CCD detector. The 633 nm laser line was
used, which is in resonance with FePc and FeTsPc UV-vis
absorption spectra, in order to achieve the so-called resonance
Raman scattering (RRS). The grating employed had 1800 L/mm
yielding a spectral resolution of ca. 4 cm-1. With an XYZ-
motorized stage, Raman images could be obtained by collecting
the spectra along an area or line previously chosen for the
mapping. The AFM images were collected using a Digital
Instrument model Nanoscope IV with a tip of silicon nitride,
spring constant of 0.12 N/m, and distance tip-sample surface
varying between 20 and 50 nm.

Impedance Spectroscopy. The impedance spectroscopy
measurements were carried out using a Solartron impedance
system model 1260A. The Au electrodes used in the sensing
units possess 50 fingers with 10 µm of width, 5 mm of length,
and 100 nm of height, with 10 µm of distance between each
finger. The capacitance values were recorded using an input
signal at 50 mV of amplitude with frequency interval between
1 Hz and 1 MHz. The measurements were performed in
ultrapure, distilled, and tap water and solutions of Cu2+ (from
CuCl2) at 0.2, 2.0, and 20.0 mg/L concentration (pH of ultrapure
water ) 5.6 (5.1 for 20.0 mg/L Cu2+); distilled water ) 6.8
(6.1 for 20.0 mg/L Cu2+); tap water ) 8.9 (7.4 for 20.0 mg/L
Cu2+)). These concentrations were chosen since 5.0 mg/L is
the standard threshold established by the Brazilian regulation
for an unacceptable concentration of Cu2+ in potable water.

The Au electrodes were covered with PAH/FeTsPc (LbL)
and FePc (PVD and LB) ultrathin films and immersed into each
liquid for 20 min to reach a stable electrical response. The
measurements were started in water (ultrapure or distilled or
tap) without Cu2+ ions. In the sequence, the measurements were
carried out in solutions with Cu2+ ions, from lower to higher
concentrated solutions. Between each measurement, the sensing
units were washed with ultrapure water and dried before
immersing into the initial water (ultrapure or distilled or tap)
to check if the capacitance value was close to those previously
measured at the same water background. Each measurement
was recorded at 23 °C with five sequential scanning procedures
over the whole frequency range.

Results and Discussion

Our goal in performing a detailed characterization of ultrathin
films from iron phthalocyanine produced with different tech-
niques is 2-fold. First, we wish to establish how experimental
conditions and film architecture may affect the final film
properties. Second, because our expectation - which was actually
fulfilled as shown in this section - is that diverse film properties
may emerge, we shall employ the ultrathin films as sensing units
with cross sensitivity to detect trace amounts of copper ions in
aqueous solutions.

Film Growth Assessed with UV-Visible Absorption
Spectroscopy. The growth of LbL, PVD, and LB films was
monitored with UV-vis absorption spectroscopy, whose spectra

15276 J. Phys. Chem. B, Vol. 112, No. 48, 2008 Volpati et al.



are shown in Figure 1 panels A, B, and C, respectively. The
molecular structures of FeTsPc and PAH are displayed in Figure
1A while that of FePc appears in Figure 1B. LbL films of PAH/
FeTsPc with up to 15 bilayers, PVD films of FePc with 10, 20,
30, 40, and 50 nm mass thickness, and LB films with 3, 5, 10,
and 15 layers were fabricated. In all cases a linear growth of
the absorbance with the deposited LbL bilayers, PVD mass
thickness, and LB layers was observed as shown in Figure 2
panels A, B, and C, respectively. This shows that the same
amount of material was transferred onto the substrates, within
the dispersion of the data obtained here.

The absorption in the UV-vis spectra of the PAH/FeTsPc
LbL films in Figure 1A is assigned to FeTsPc since PAH does
not absorb at this wavelength range. The characteristic bands
B at lower wavelengths and Q at higher wavelengths, which
are attributed to the electronic transitions HOMOfLUMO
(πfπ*),1 are also seen. FeTsPc is more aggregated in the LbL
film than in solution, as indicated by the red shift in the spectra
compared to the spectrum in solution. The Q-band in Figure
1B,C, between 500 and 900 nm in the spectra of FePc, displays
an overlapping of 3 main bands (shoulders) with maxima at
570, 630, and 710 nm for the PVD film and 590, 675, and 755
nm for the LB film. Usually, when there are only two bands in
the wavelength range considered above, the band at lower
wavelength is assigned to dimers while the other is attributed
to monomers.13 In our case, the third maximum and the
difference in energy between these maxima (within tenths of
eV) suggest transitions from the fundamental to different
vibrational levels of the first electronic excited state. Further-
more, the red shift in the maximum absorption for LB films in
relation to PVD films suggests distinct molecular organizations
and/or molecular aggregate formation (J and H types), although
the molecule is the same.25,26,32,34

Film Morphology at Micrometer and Nanometer Scales.
The morphology at micrometer and nanometer scales of LbL,
PVD, and LB films was investigated through micro-Raman
spectroscopy and AFM. Figure 3 panels A, B, and C show at
the top optical images and Raman mappings for the PAH/
FeTsPc LbL film with 20 bilayers, FePc PVD with 30 nm mass
thickness, and FePc LB with 21 layers, respectively. Marks were
made in the optical images in Figure 3A,B to indicate two lines
of 100 µm where Raman spectra were collected point-by-point
with a step of 1 µm. These lines are the 2-dimensional Raman
mappings where the brighter spots indicate stronger Raman
signals for the band at 750 cm-1 assigned to C-H wagging.25,26

All the 101 Raman spectra collected along that line are given
at the top right corner forming the 3-dimensional Raman
mappings. Figure 3C presents a similar result, but with the
Raman spectra collected along an area (instead of a line) of 50
µm x 50 µm with a step of 5 µm leading to a total of 121 spectra
(one of these spectra is shown at the top right corner in Figure
3C). Again, the brighter spots indicate a stronger Raman signal
for the band at 1515 cm-1 assigned to CdN pyrrole stretching,25,26

which is shown in the spectrum at the top right corner. Overall,
the FePc PVD and LB films seem to be the more homogeneous
at the micrometer scale while the LbL would be the less
homogeneous one accordingly to the optical images. However,
from the Raman mappings and considering that the Raman
signal intensities are proportional to the quantity of material, it
can be concluded that the PVD film is the most homogeneous
followed by LB and LbL films.

Figures 3 panels A, B, and C display at the bottom
topographic AFM images for the five-bilayer PAH/FeTsPc LbL
film, FePc PVD film with 10 nm mass thickness, and five-layer

Figure 1. UV-vis absorption spectra for (A) PAH/FeTsPc LbL films
for different number of bilayers and the UV-vis absorption spectrum
for FeTsPc aqueous solution (the scale in the Y-axis refers to LbL films);
(B) FePc PVD films for different mass thicknesses; (C) FePc LB films
for different number of layers. The molecular structures of FeTsPc and
PAH are given in the inset in panel A and FePc in panel B.
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FePc LB film, respectively. These samples were chosen to be
coincident in number of bilayers (LbL), thickness (PVD), and
layers (LB) with those investigated using impedance spectros-
copy in the sensing units. The AFM images at the right bottom
corner illustrate the film surface morphology with a profile
produced by scratching the films, which allowed determination
of the average thickness. The measurements revealed good
agreement between the thickness measured by AFM and by
quartz crystal balance in the PVD film growth. For the LbL
films an average thickness of 1 nm per bilayer was found,
consistent with the thickness measured by profilometry for a
PAH/FeTsPc LbL film with 55 bilayers.13 For the LB film the
average thickness was 1.8 nm per layer. The AFM images
feature molecular aggregates onto film surfaces, which are
analyzed in diameter and number of aggregates. While PVD
films exhibit the largest aggregates, followed by LB, and LbL
films, this trend is inverted with regard to the number of
aggregates.

Molecular Organization Investigated with FTIR Spec-
troscopy. The investigation of molecular organization in the
ultrathin films was carried out through FTIR in transmission
and reflection modes. Figure 4A displays the FTIR spectra for
the cast film of (PAH + FeTsPc) to be taken as reference
(transmission mode), and for the LbL films of PAH/FeTsPc with
30 bilayers onto ZnSe and 63 bilayers onto an Ag mirror, for
transmission and reflection modes, respectively. The similarity
between the FTIR spectra reveals that the LbL films are isotropic
with regard to molecular organization. The spectrum of an LbL
film is not merely a superposition of the spectra of the film
components (PAH and FeTsPcsfigure not shown, see ref 29
and references therein). Of particular relevance are the bands
at 1025, 1181, and 1213 cm-1 related to SO3 stretching, whose
relative intensity points to an intimate contact between NH3

+

groups in PAH and SO3
- groups in FeTsPc.29

Figure 4B shows the FTIR spectra for a PVD film of FePc
with 36 nm of mass thickness and FePc in KBr pellet as
reference. The bands at 729 cm-1 are attributed to C-H wagging
(FePc macrocycle out-of-plane), while the bands at 1117 and
1331 cm-1 are assigned, respectively, to C-H in-plane defor-
mation and CdC or CdN stretching (pyrrol), also in the plane
of the FePc macrocycle.25,26,31,32 The C-H wagging is relatively
intense in all the spectra (KBr pellet and PVD films), and
dominates the FTIR-reflection spectrum. This difference in the
relative intensity for the transmission and reflection modes
reveals anisotropy in the molecular organization of FePc in the
PVD films. Differences in the relative intensity also appear when
comparing the transmission and reflection FTIR spectra for the
LB film of FePc in Figure 4C, which point to anisotropic films
with predominance of the band at 729 cm-1 in the reflection
spectrum while the transmission mode is dominated by the band
at 1331 cm-1.

The molecular organization can be determined from the FTIR
spectra and the surface selection rules which take into account

basically two pieces of information:35-40 (i) the intensity (I) of
the infrared absorption for a fixed molecule in the space depends
on the scalar product between the electric field of the incident
radiation (Eb) and the transient dipole moment of each
vibrational mode of the molecule (µb′) such that I ) Eb µb′; (ii) in
transmission mode the incident electric field is parallel to the
substrate surface while in reflection mode it is polarized
perpendicularly to the substrate surface for the metal (Ag) and
incident angle (80°) used here. Therefore, the combination of
measurements in transmission and reflection modes allows the
molecular organization to be determined using FTIR bands
whose µb′ components are well established.

Considering the decrease in relative intensity of the band at
729 cm-1 in the FTIR-reflection spectrum of FePc PVD film,
and that this vibrational mode is perpendicular to the FePc
macrocycle plane, one can infer using the surface selection rules
that FePc molecules are tilted between 45 and 90° in relation
to the substrate (inset in Figure 4B). Using the same procedure
for the relative intensity of 729 cm-1 band for the FePc LB
film, the FePc molecules are found to be tilted between 0 and
45 ° in relation to the substrate (inset in Figure 4C). The higher
relative intensity in the FTIR-transmission spectrum for the LB
film of the 1117 and 1331 cm-1 bands, whose vibrational modes
are in the plane of the FePc macrocycle, corroborates the
molecular orientation of FePc. This difference in the molecular
orientation for FePc in PVD and LB films might be the reason
for the shift in the absorption bands in the UV-vis spectra of
Figures 1B and 1C.

It is interesting that the most homogeneous films, namely
PVD and LB films, are also organized with the molecules in a
preferential orientation, while the least homogeneous LbL films
have the molecules randomly oriented. This can be ascribed to
the type of film-forming technique or to the molecules used to
fabricate the films, as the LB and PVD films were produced
with FePc and the LbL films were obtained with FeTsPc. An
inspection through the literature for phthalocyanines films
indicates that both factors may be important. For PVD films,
Aroca and co-workers31,32,41,42 and other authors43-45 have
shown that the molecules are normally oriented preferentially,
but this orientation depends on the metal incorporated in the
phthalocyanine molecule as well as on experimental conditions
for film fabrication, such as rate of deposition and substrate
temperature. For LB and LbL films, there are fewer studies on
molecular orientation. Again, molecular orientation induced in
LB films depends on the metal and fabrication conditions, such
as surface pressure of deposition and dipper speed.46-53 In
contrast to the lack of orientation in the LbL films studied here,
Zucolotto et al.29reported preferential orientation for FeTsPc (the
same molecule of the present study), but with the films being
fabricated at a different pH. Because the pH of the solutions
employed in the adsorption process of the LbL films governs
the electrostatic interactions, film morphology may differ
substantially with a change in pH.29,30,54-57

Figure 2. (A) Absorbance at 645 nm vs number of LbL bilayers; (B) absorbance at 630 nm vs PVD mass thickness; (C) absorbance at 755 nm
vs number of LB layers.
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From the analysis above, we conclude that molecular orienta-
tion may be induced with any of the three film-fabrication
methods used here, which will depend on the choice of
molecules, metal incorporated, and experimental conditions.
While this poses difficulties for characterizing and interpreting
the data of ultrathin films, it also represents an opportunity to
exploit molecular control in the films, which may lead to
diversified properties for films obtained with the same materials.
Indeed, this is precisely what we have done in the present work,
using the films as sensing units, as discussed below.

Applying the Ultrathin Films as Sensing Units. One of the
most common applications of phthalocyanine films has been in
sensors for gases and liquids, especially because the optical and
electrical properties of these films are strongly dependent on
the environment.1-3,15,58 Several methods may be employed in

Figure 3. (A) Optical image (50×) superposed to the 2D-Raman mapping
(top left corner) and 3D-Raman mapping (top right corner) for PAH/FeTsPc
LbL film with 20 bilayers. Topographic AFM images for the PAH/FeTsPc
LbL film with five bilayers in 2-dimension (bottom left corner) and
3-dimension (bottom right corner revealing a profile produced by scratching
the film). (B) Optical image (50×) superposed to the 2D-Raman mapping
(top left corner) and 3D-Raman mapping (top right corner) for FePc PVD
film with 30 nm. Topographic AFM images for the FePc PVD film with
10 nm in 2-dimension (bottom left corner) and 3-dimension (bottom right
corner revealing a profile produced by scratching the film). (C) Optical
image (50×) superposed to the 2D-Raman mapping (top left corner) and a
Raman spectrum collected with the 633 nm laser line (top right corner) for
FePc LB film with 21 layers. Topographic AFM images for the FePc LB
film with five layers in 2-dimension (bottom left corner) and 3-dimension
(bottom right corner revealing a profile produced by scratching the film).

Figure 4. FTIR spectra (A) in the transmission mode for the (FeTsPc
+ PAH) cast film and 30-bilayer PAH/FeTsPc LbL film and in the
reflection mode for the 63-bilayer PAH/FeTsPc LbL film; (B) in the
transmission mode for the FePc in KBr pellet and 36 nm FePc PVD
film and in the reflection mode for the 36 nm FePc PVD film; (C) in
the transmission mode for the FePc in KBr pellet and 25-layer FePc
LB film and in the reflection mode for the 25-layer FePc LB film.

Distinct Molecular Architectures of Ultrathin Films J. Phys. Chem. B, Vol. 112, No. 48, 2008 15279

http://pubs.acs.org/action/showImage?doi=10.1021/jp804159h&iName=master.img-002.jpg&w=230&h=569
http://pubs.acs.org/action/showImage?doi=10.1021/jp804159h&iName=master.img-003.jpg&w=162&h=442


the sensors, which include impedance spectroscopy that is
applied here to assess the possible use of phthalocyanine films
in detecting trace amounts of Cu2+ ions in aqueous solutions,
just as a proof of principle.

Impedance spectroscopy measurements were taken with all
sensing units left soaking 20 min in the liquids prior to data
acquisition in order to get a stable electrical response. Measure-
ments in ultrapure water were taken before and after each data
set in Cu2+ solutions to rule out possible contaminations. A
careful washing of the sensing units under moderate stirring in
ultrapure water was made after exposing the sensor to Cu2+

ions. Figure 5 shows capacitance curves of a five-bilayer PAH/
FeTsPc LbL film immersed in water and Cu2+ solutions at 0.2,
2.0, and 20.0 mg/L prepared with ultrapure, distilled, and tap

water. Impedance curves with similar behavior were obtained
with 10 nm mass thickness PVD film and five-layer LB film of
FePc immersed in the same liquid samples, also illustrated in
Figure 5. There was a slight distinction between the lowest
concentrations (0.2 and 2.0 mg/L) with ultrapure water. The
same applied for tap and distilled water, but with a poorer
distinction probably due to the screening effect from a high
concentration of other ions in these samples. At 20.0 mg/L the
samples were clearly distinguished in all systems.

The data from impedance spectroscopy are rich in terms of
information that may allow one to distinguish between very
similar samples. A visual inspection of Figure 5 indicates that
the capacitance curves shift as the amount of ions in solution
varies, which may be caused by changing the Cu2+ ion

Figure 5. (A) Impedance spectroscopy measurements (capacitance vs frequency) for the five-bilayer PAH/FeTsPc LbL film on Au interdigitated
electrodes for different concentrations of Cu2+ in ultrapure water, distilled water, and tap water. (B) Impedance spectroscopy measurements (capacitance
vs frequency) for the 10 nm FePc PVD film on Au interdigitated electrodes for different concentrations of Cu2+ in ultrapure water, distilled water,
and tap water. (C) Impedance spectroscopy measurements (capacitance vs frequency) for the five-layer FePc LB film on Au interdigitated electrodes
for different concentrations of Cu2+ in ultrapure water, distilled water, and tap water.
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concentrations or the type of water used in the experiments.
The electrical response is also affected by changes in the films
adsorbed onto the interdigitated electrodes and in the electrical
double-layer formed at the film/aqueous solution interface.
Generally, at a fixed frequency within the 103-105 Hz range,
the capacitance increased with increasing ion concentration in
ultrapure and distilled water solutions. For tap water the
measured capacitance decreased with increasing ion concentra-
tion, apparently due to a shift to higher frequencies in the overall
curve when compared to the ultrapure and distilled water.
Through computational simulations using the equivalent electric
circuit proposed by Taylor and MacDonald,59 we confirmed this
shift in the capacitance curves. For an increase in the ion
concentration leads to a reduction in charge transfer and double-
layer resistances at the electrode/electrolyte interface, with a
concomitant increase in double-layer capacitance, right shifting
the curves, as observed experimentally.

It is clear that several features of the curves can be used in
distinguishing the samples. Furthermore, the electrical responses
from different sensing units may be combined with a statistical
method, which has been widely exploited in the so-called
electronic tongues,58 the most sensitive of which have been
obtained with impedance spectroscopy and ultrathin films.60-62

Indeed, we now take advantage of the varied response of the
sensing units made with the ultrathin films, as indicated in Figure
5, to verify the distinction ability for the various concentrations
of Cu2+ ions. We define ∆C as the capacitance difference
between measurements taken in water and 20.0 mg/L Cu2+

solutions, at 10 kHz for ultrapure water samples and 100 kHz
for distilled and tap water samples. These frequencies were
chosen so as to maximize distinction of the electric signals (see
Table 1). The largest changes appear for ultrapure water,
decreasing sequentially for distilled and tap water samples,
which actually follows the trend of increasing concentration of
impurities. Possibly, the high impurity level in tap water affects
Cu2+ detection as none of the films used have high specificity
to Cu2+ ions (possible screening effect allied with low specific-
ity). Principal component analysis (PCA) was used to statisti-
cally correlate the samples, whose results are shown in Figure
6. The PCA plot points to a better distinction for solutions made
with ultrapure water, probably because it is more susceptible
to change with small variations in the samples. Distinction was
nevertheless possible for distilled and tap water samples, even
at the lowest concentrations of Cu2+ measured.

Conclusions

The role of the ultrathin film architecture in the sensing unit
performance has been exploited. Ultrathin films of LbL of PAH/
FeTsPc and LB and PVD of FePc were fabricated using layer-
by-layer, physical vapor deposition, and Langmuir-Blodgett
techniques, respectively. The growth of the films was monitored
by UV-vis absorption spectroscopy, the morphology investi-
gated through AFM, and the molecular organization of the
phthalocyanines in the different films determined by the surface
selection rules applied to FTIR spectroscopy in the transmission
and reflection modes. The results showed a linear growth of all
the films with the number of layers deposited (LbL and LB) or
mass thickness evaporated (PVD). The morphology either at
micrometer or at nanometer scales revealed that the PVD and
LB films present a more homogeneous surface. Besides, in the
LbL films the molecules of FeTsPc are randomly organized
while in the PVD and LB films FePc has a preferential molecular
organization with the macro-ring being tilted in relation to the

Figure 6. PCA plot for the capacitance values presented in Figure 5A-C at 10 KHz for ultrapure water and at 100 KHz for distilled and tap
waters.

TABLE 1: Variation Capacitance Values (∆C) in pF
Collected at 10 kHz for Ultrapure Water and 100 kHz for
Distilled and Tap Water

water LB LbL PVD

ultrapure 17.70 21.30 23.10
distilled 4.80 12.00 11.20
tap 3.90 10.80 10.90
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substrate surface at different angles. The application of these
films in sensing units was carried out through impedance
spectroscopy. The measurements were made immerging the
sensing units into different types of water (ultrapure, distilled,
and tap) containing concentrations of Cu2+ below and above
drinking water limits. It was shown that a sensor array can be
established using sensing units with identical or similar materials
simply varying the architectures at nanometer scale of the
ultrathin films, revealing the importance of fabrication processes.
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