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The application of organic thin films as transducer elements in electronic devices has been widely

exploited, with the electrostatic layer-by-layer (LbL) technique being one of the most powerful

tools to produce such films. The conventional LbL method, however, is restricted in many cases

to water soluble compounds. Here, an alternative way to produce LbL films containing iron

phthalocyanine (FePc) in non-aqueous media (chloroform) is presented. This film fabrication

was made possible by exploiting the specific interactions between Fe and NH2 groups from PAH,

poly(allylamine hydrochloride) used as the supporting layer, leading to the formation of bilayers

structured as (PAH/FePc)n. We have also incorporated silver nanoparticles (AgNPs) in LbL films

with (PAH/FePc/AgNP)n trilayers, making it possible to achieve the surface-enhanced Raman

scattering (SERS) phenomenon. The molecular architecture of the LbL films was determined

through different techniques. The growth was monitored with UV-Vis absorption spectroscopy,

their morphology characterized by optical and scanning electron (SEM) microscopes, and their

molecular organization determined using FTIR. The electrochemical properties of the LbL films

were successfully applied in detecting dopamine in KCl aqueous solutions at different

concentrations using cyclic voltammetry. The results confirmed that the LbL films from FePc in

non-aqueous media keep their electroactivity, while showing an interesting electrocatalytic effect.

The SERS phenomenon suggested that FePc aggregates might be directly involved in the

maintenance of the electroactivity of the LbL films.

Introduction

The method of preparing alternating layers was initially

proposed by Iler1 in 1966 for positively and negatively charged

colloidal particles. Two decades later, Netzer and Sagiv2

developed an approach to build up multilayers based on

self-association and self-organization through chemical inter-

actions, generally covalent bonds. In the early 1990s, Decher

et al.3 reported the preparation of multilayer films through the

self-assembly process with the alternating adsorption of

anionic and cationic polyelectrolytes on charged surfaces,

which was extended in Rubner’s group by Ferreira et al.4 for

conjugated polyions and by Cheung et al.5 for conducting

polymers. The now referred to as the layer-by-layer (LbL)

technique has been applied for a wide range of systems

including different classes of materials.6–13 The vast majority

of such LbL films are based on electrostatic interactions

involving ionic species in aqueous media, which implies

restrictions to the materials that can be studied. This is the

case of phthalocyanines, for which the LbL technique is

basically applied to functionalized molecules that are soluble

in aqueous media. For instance, despite all the metallic

phthalocyanines (MPc’s) available, the most common found

forming LbL films are substituted FePc,14–17 NiPc,13,17,18

CuPc,19–21 and CoPc.22 Recently, Yang et al.23 reported the

use of LbL technique to produce films of cationic cobalt

tetraaminophthalocyanine (CoTAPc) and anionic tungsto-

phosphate anions (P2W18) in DMF media. However, the film

growth was still based on electrostatic interactions.

Phthalocyanines were discovered in 1907 but their chemical

structure was determined only in 1936 by Linstead. They are

formed by four isoindol units connected to each other by

nitrogen atoms. The substitution of central hydrogen atoms by

a metallic atom leads to the MPc’s as shown in Fig. 1 for FePc.

Among the diverse characteristics of the MPc’s, the high

thermal and chemical stability are highlighted.24 In addition,

the highly conjugated electronic structure with 18 p electrons

combined to properties such as electroactivity, semiconductivity,

photoconductivity, photochemical activity, electrochromism,

luminescence, non-linear optics, and optical storage lead to

great potentiality for diverse applications.25–32 Particularly

important is the possibility of forming thin films of phthalo-

cyanines through different techniques such as LbL,16,19

physical vapor deposition (PVD) either by thermal

evaporation33,34 or sputtering,35 Langmuir–Blodgett

(LB),36,37 electrodeposition,38 spin-coating,39 and casting,40
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since many organic devices use the element transducers in the

form of thin films. For instance, promising technological appli-

cations have been suggested for phthalocyanines in the form of

thin films for light emitting diodes,41 transistors,42 solar cells,19

liquid crystals,43 fuel cells,44 and sensors.45,46 In the case of FePc

specifically, we have shown recently its ability to form thin films

through LB, PVD, and LbLmethods.15 However, for producing

the LbL films a tetrasulfonated iron phthalocyanine (FeTsPc)

was required since FePc is water insoluble.

In the present work, a step forward is taken with the LbL

technique being used to produce thin films of FePc in

non-aqueous medium. The LbL films were grown as bilayers

of (PAH/FePc)n and trilayers of (PAH/FePc/AgNP)n; where

PAH is poly(allylamine hydrochloride) and AgNPs are silver

nanoparticles. The molecular architecture of the LbL films was

investigated through ultraviolet-visible (UV-Vis) absorption

spectroscopy (growth monitoring), Fourier transform infrared

(FTIR) absorption spectroscopy (molecular organization

and growth mechanism), scanning electron microscopy

(SEM-morphology), and micro-Raman technique (morphology

and growth mechanism). In addition to combining morpho-

logical and chemical information by coupling an optical

microscope to a Raman spectrograph, we could achieve the

surface-enhanced phenomenon for the LbL films containing

AgNPs. Finally, the electrochemical activity of phthalo-

cyanines was tested for the LbL films containing FePc using

cyclic voltammetry. The sensing capabilities and the electro-

catalytic effect were evaluated by analyzing the electrochemical

response of the LbL films toward different concentrations of

the neurotransmitter dopamine in aqueous solutions.

Experimental methods

Fabrication of LbL films

The (PAH/FePc)n LbL films were grown from 0.5 mg mL�1 of

PAH (Aldrich) in aqueous solution prepared with ultrapure

water (18.2 MO cm) from a Milli-Q system model Simplicity

and 0.5 mg mL�1 of FePc (Aldrich) in chloroform (CHCl3). In

addition, (PAH/FePc/AgNP)n LbL films were fabricated using

Ag colloidal solution obtained by reducing silver nitrate with

sodium citrate following the method proposed by Lee and

Meisel47 in 1982 and used as synthesized. The sodium citrate

(C6H5Na3O7�2H2O and MW = 294.1 g mol�1) and the silver

nitrate (AgNO3 and MW = 169.88 g mol�1) were bought

from Sigma-Aldrich. Basically, the Ag colloid is prepared by

dissolving 90 mg of silver nitrate in 500 mL of ultrapure water

and heated until boiling. Then the solution is stirred and

10 mL of an aqueous solution of sodium citrate at 1% w/v

(for instance, 0.1 g of sodium citrate in 10 mL of ultrapure

water) is added by dropping. The solution is kept boiling and

stirred for 1 h. The final concentration of the Ag colloid is

ca. 1.0 � 10�3 mol L�1. Following this method it is expected

that the colloidal Ag nanoparticles are negatively charged with

a zeta potential of ca. �45 mV at pH 5.6 (ultrapure water),48

present preferentially spherical shape (different structures such

as rods, prisms, hexagonal plates and some aggregates are also

found) with a size distribution in diameter ranging from 25 to

130 nm with a maximum distribution between 30 and

40 nm.49–52

The multilayer LbL films were made by immersing the

substrate for 3 min alternately into PAH and FePc solutions

in the case of bilayers and PAH, FePc, and Ag colloidal

solutions in the case of trilayers. After each deposition step,

the films were rinsed with ultrapure water and left drying in air

for another 3 min. The speed of withdrawal of the substrates

was controlled to be 8.5 mm min�1 using a mechanical dipper.

The number of bilayers (or trilayers) and the substrate for each

film differed depending on the characterization methods. It is

important to note that less than 3 min is already enough to

reach the equilibrium in terms of forming a FePc layer. We

have observed that the main factor that affects this equilibrium

is the speed of the substrate when it is removed from the FePc

solution. The faster evaporation of the chloroform when

compared to the water (usually used in the LbL technique)

might be in the origin of this effect. Films with 10 bilayers

(PAH/FePc) and 7 trilayers (PAH/FePc/AgNP) were grown

onto quartz for UV-Vis absorption spectroscopy while 10

bilayers and 10 trilayers were deposited onto a glass substrate

for SEM microscopy. In the latter, the glass substrates were

thermally treated at 600 1C for 2 h to minimize their rough-

ness, which was found below 10 Å. The cyclic voltammetry

experiments were carried for LbL film with 5 bilayers of

PAH/FePc and 5 trilayers of PAH/FePc/AgNP onto indium-

tin-oxide (ITO) substrates (ITO and LbL films with 5 bilayers

of PAH/FeTsPc fabricated in aqueous media were applied as

references). The reason why different numbers of layers were

used for characterizing the LbL films with distinct techniques

was to match with the sensitivity of these techniques. All the

substrates were previously cleaned using neutral detergent

being extensively washed with distilled water, then acetone

(10 min sonication), chloroform (10 min sonication), and

ultrapure water. This procedure was already sufficient to

activate the substrate surfaces for the adsorption of the PAH

layer avoiding using any other drastic treatments, such as

piranha solution (a mixture of concentrated sulfuric acid and

Fig. 1 UV-Vis absorption spectra for LbL films of PAH/FePc

containing different numbers of bilayers. The dashed line (---) is the

UV-Vis absorption spectrum of the FePc solution in chloroform. The

insets show the molecular structures of PAH (mer unit) and FePc and

the linear dependence of the absorbance at 760 nm as a function of

PAH/FePc deposited bilayers.
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hydrogen peroxide). It is important to comment that it is also

possible to grow the LbL film of FePc itself by dipping and

drying steps without using PAH. However, the preliminary

results that we have obtained point to a lower quality of these

FePc/FePc LbL films in terms of molecular architecture.

LbL film characterization methods

The UV-Vis absorption spectroscopy was carried out using a

spectrophotometer Varian model Cary 50. The Raman spectra

were obtained with both 514.5 and 633 nm laser lines using a

spectrograph Renishaw model in-Via, which is coupled to a

Leica optical microscope allowing recording spectra point-by-

point with a spatial resolution of ca. 1 mm2 using an objective

of 50� magnification, and equipped with a CCD detector

and 1800 grooves/mm diffraction grating yielding a spectral

resolution of ca. 4 cm�1. The Raman images were obtained by

collecting the spectra along an area or line previously chosen

using a XYZ motorized stage. The SEM images were recorded

using a FEI microscope, model Quanta 200F, under low

vacuum (1.0 Torr) and without metalizing the LbL film

surfaces. Cyclic voltammetry was carried out using an EG&G

PARC 263A potentiostat/galvanostat (M270 Software) with a

conventional three-electrode cell. The reference electrode was

a saturated Ag|AgCl/KCl electrode and the counter electrode

was a platinum plate. The LbL films were immersed into

0.1 M KCl aqueous solution with the dopamine (Aldrich)

being added at several steps leading to concentrations at 2.0 �
10�6, 3.0 � 10�6, 6.0 � 10�6, 1.0 � 10�5, 1.5 � 10�5,

2.5 � 10�5, 7.5 � 10�5, 9.2 � 10�5, 1.08 � 10�4, 1.25 �
10�4, 1.75 � 10�4 and 2.75 � 10�4 M. The cyclic voltammo-

grams were recorded from �1.0 up to +1.0 V at a scan rate of

100 mV s�1, and starting at 0.0 V.

Results and discussion

LbL film growth monitoring—UV-Vis absorption spectroscopy

The growth of the LbL film was monitored with UV-Vis

absorption spectroscopy, whose spectra are shown in Fig. 1

for (PAH/FePc)n. The molecular structures of FePc and PAH

and the UV-Vis absorption spectrum of FePc in chloroform

solution (dashed line) are also displayed. LbL films of

PAH/FePc up to 10 bilayers were fabricated and a linear

growth of the absorbance with the deposited layers is

observed, as indicated in the inset in Fig. 1 for the absorbance

at 760 nm vs. the number of deposited bilayers. This shows

that a similar amount of material is transferred onto the

substrate per deposited layer ensuring a uniform growth of

the LbL films. The features observed in the UV-Vis absorption

spectra are assigned to FePc since PAH does not absorb within

this wavelength range. The characteristic B band at shorter

wavelengths and Q band at longer wavelengths, which are

attributed to the electronic transitions HOMO - LUMO

(p electrons), can be clearly seen.24

The successful growth of LbL films containing FePc from

non-aqueous medium allowed us to take a step forward by

growing PAH/FePc LbL films containing AgNPs on top of the

FePc layers, thus producing LbL films with trilayers structured

as (PAH/FePc/AgNP)n. Fig. 2 shows the UV-Vis absorption

spectra up to 7 trilayers, which are basically composed by a

superposition of both FePc and AgNP UV-Vis spectra. This is

strong evidence that the AgNPs do not interact strongly with

PAH/FePc layers, which is desirable since the AgNPs

are incorporated aiming at the surface-enhanced Raman

phenomena.53,54 Furthermore, the insets (A) and (B) in

Fig. 2 indicate a linear growth of the absorbance vs. the

number of deposited layers for the bands at 410 nm (assigned

to AgNPs) and 760 nm (assigned to FePc) confirming that

both materials are adsorbed in a uniform, reproducible way

forming trilayer LbL films. Indeed, in the case of the band

at 410 nm, a linear regime starts at the 3rd bilayer. The

superposition of both AgNP and FePc UV-Vis absorption

spectra makes difficult a detailed discussion. However, it could

be mentioned that the adsorption of the AgNPs in a different

way before and after the 3rd trilayer might be related to the

better covered of the substrate. This effect was reported by

Goulet et al.55 using atomic force microscopy (AFM) images

when growing LbL films of dendrimers/AgNP. Because the

substrate is not fully covered for the first 2 bilayers, it plays a

different role before and after the 3rd bilayer. The same

trend observed for the band at ca. 410 nm in the LbL film

of PAH/FePc/AgNP was also observed by Goulet et al.55 and

Aoki et al.56 (LbL films of PAH/phospholipids containing

AgNPs).

The inset (C) in Fig. 2 uses the UV-Vis absorption spectra

for both Ag colloid and FePc in chloroform solution as

references. In the case of Ag colloid, the strong absorption

band with a maximum at 410 nm is assigned to the surface

plasmon of isolated AgNPs while the tail that extends to

longer wavelengths is attributed to the surface plasmon of

AgNP aggregates.57 The LbL films containing bi- or trilayers

were characterized through micro-Raman spectroscopy. The

arrows drawn in Fig. 2 at 514.5 and 633 nm indicate the lasers

used in the characterization with the Raman technique. The

laser line at 514.5 nm is out-of-resonance with FePc, leading

the conventional Raman scattering (RS), while the laser line at

633 nm is absorbed by the FePc, which allows recording of the

resonance Raman scattering (RRS) spectra whose cross

section can be improved until it is 106 that of RS.58 Besides,

both laser lines are absorbed by the AgNPs, which is a

necessary condition to achieve both surface-enhanced Raman

scattering (SERS) and surface-enhanced resonance Raman

scattering (SERRS).53,54

A complementary discussion considering the UV-Vis

absorption spectra can be made regarding phthalocyanine

aggregates. Usually, when there is a superposition of two

absorption bands in the wavelength range assigned to the Q

band in the UV-Vis spectrum, the band at shorter wavelength

is assigned to dimers or longer orders of aggregates, while the

band at higher wavelength is attributed to monomers.24,59,60 In

our case, Fig. 1 and 2 show a third maximum in the UV-Vis

absorption spectra of FePc either in the LbL films or in the

solution (Q band). The difference in energy between these

maxima (within tenths of eV) suggests transitions from the

fundamental to different vibrational energy levels of the first

electronic excited state.

This trend was also observed for the same FePc in LB and

PVD films.15 The monomers might be present in the LbL
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films, however, the formation of aggregates is clearly seen in

the optical and SEM images discussed further in Fig. 5 and 6.

In fact, the tendency of phthalocyanine aggregating itself

either through p–p interactions or bridged by O2 molecules

is reported in the literature.24,59,61–63 In the case of ref. 62 and

64, LbL films of Pc/Pc grown under certain experimental

conditions using the dip and dry process are reported taking

advantage of the self-attraction between the Pc molecules.

Also worth mentioning is the shift in the UV-Vis absorption

band maximum from 790 nm for FePc in solution to 760 nm in

the LbL film (either bi or trilayers). This could be related to the

formation of FePc aggregates and/or PAH-FePc interactions

when forming the LbL films. The latter seems to be a stronger

factor, since the aggregates might be already present in the

FePc solution. The concentration used here, which is similar to

those found in ref. 59, 61 and 62, and the width of the UV-Vis

absorption bands, which is practically the same for solution

and LbL films60 as shown in Fig. 1, indicate the presence of

FePc aggregates in the solution.

LbL film growth mechanism—SERS and SERRS

The LbL technique was initially conceived for the fabrication

of multilayers based on the electrostatic interactions of

oppositely charged polyelectrolytes,3 but it is now known that

other types of interaction can also be exploited. For the LbL

films produced here with FePc in a non-aqueous medium, the

electrostatic interactions between charged groups should not

be the dominant mechanism, in contrast to the PAH/FeTsPc

LbL films of ref. 16. As we shall show, there is evidence that

the interaction between the unprotonated amine donor groups

of PAH (NH2) and the coordinating metal of the phthalo-

cyanine (Fe) is the most important process. In a subsidiary

experiment, we failed to produce LbL films from PAH and

LuPc2 owing to the lack of interaction with Lu.

The interaction between PAH and FePc is clearly observed

in the Raman spectra in Fig. 3 recorded with the 633 nm laser

line for the FePc powder (RRS) and LbL films containing 2

bilayers of PAH/FePc (RRS). The assignments for the main

FePc Raman bands are given in Table 1 based on ref. 16, 65

and 66. The RRS spectra for the powder and PAH/FePc LbL

film differ in terms of the relative intensities for certain bands.

In addition, bands that are present in one spectrum are absent

in the other and vice-versa. From the assignments in Table 1,

several of these bands are directly related to changes in the

electronic surrounding of the Fe atom coordinated with the

macrocycle ring. This is the case of the bands at 945, 1017,

1180, 1339, 1403, 1519 and 1528 cm�1. This is evidence that

not only a chemical interaction involving PAH and FePc is

established, which allows the growth of the bilayer LbL films

(as suggested previously in the UV-Vis data), but also that this

interaction might take place between NH2 and Fe. This

interaction will be confirmed further on with the FTIR data.

It is worth mentioning that the differences between the RRS

spectra of PAH/FePc and FePc powder are much larger than

those reported for LbL films of PAH/FeTsPc grown in

aqueous media,16 which is in full agreement with the strong

interaction between PAH and FePc to form LbL films when

using non-aqueous medium. One could speculate that such

differences in the RRS spectra are due to possible differences

in the FePc molecular organization. However, this can be

discarded since the Raman spectra recorded for FePc in the

form of powder or forming distinct thin films such as LB and

PVD present a similar profile (Figure not shown). The powder

is found to have a random molecular organization while the

FePc molecules are well organized in LB and PVD films,

Fig. 2 UV-Vis absorption spectra for LbL films of PAH/FePc/AgNP containing different numbers of trilayers. The insets show the linear

dependence of the absorbance at (A) 760 nm and (B) 410 nm as a function of PAH/FePc/AgNP deposited trilayers and (C) the UV-Vis absorption

spectra for FePc solution in chloroform and for Ag colloid.
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though with distinct types of arrangement for each film.15

Another doubt that could be raised at this point is if the PAH

is indeed present in the PAH/FePc LbL films. The importance

of the PAH in the quality of the PAH/FePc LbL films was

mentioned in the Experimental section. Besides, two indirect

evidences of the presence of the PAH in the LbL films of

PAH/FePc are given in Fig. 1 and 2 of the ESI:w (i) the Raman

spectrum for a FePc/FePc LbL film, which was grown by

dipping and drying steps, is found to be very similar to the

FePc powder and pretty different from the PAH/FePc LbL

film (Fig. 1 in the ESIw); (ii) the signals of cyclic voltammetry

observed for PAH/FePc and FePc/FePc either in KCl or in

dopamine are different for both LbL films (Fig. 2w). Besides,

the PAH/FePc LbL film presented a stronger signal for

dopamine under the same experimental conditions. The

differences mentioned above either for Raman or cyclic

voltammetry comparing FePc/FePc and PAH/FePc must be

undoubtedly related to the presence of PAH in the LbL film.

In the case of SERRS, depending on the spot of the film,

distinct spectra are recorded. However, all of them, in a

general way, can be classified in two classes of SERRS spectra.

It is shown in Fig. 3 one constituent of each class for the LbL

film containing 2 trilayers of PAH/FePc/AgNP. These

different spectra are not found in the case of collecting RRS

at different spots of the LbL film containing 2 bilayers of

PAH/FePc. Therefore, the differences presented by SERRS

spectra from spot to spot of the LbL film must depend on the

dominant chemical species (FePc aggregates or FePc-PAH

linked molecules or a combination of both) that is closer to the

AgNPs reached by the incident laser. For instance, one of the

SERRS spectrum (A) recorded for the trilayer LbL film

presents a profile much closer to the RRS spectrum of the

FePc powder. The reason why this SERRS spectrum for the

film is similar to the RRS spectrum of FePc powder is because

the AgNPs that are adsorbed preferentially onto the layer

containing FePc aggregates. Since SERRS is highly distance

dependent,53,67,68 the SERRS spectrum preserves the charac-

teristic vibrational modes of FePc placed at the top of the

aggregates (the SERRS signal decreases for angstroms of

distance between the target molecules and metal nano-

particles). This also confirms that the interaction between

AgNPs and FePc in terms of forming a complex is very weak,

which is consistent with the UV-Vis data in Fig. 2, and with

the absence of significant interaction between AgNPs and

FePc in LB films (Figure not shown) or dip-coated films.69

On the other hand, the SERRS spectrum (B) in Fig. 3 with the

most distinct profile in relation to FePc powder suggests that

this kind of spectrum is collected from regions where the

FePc-PAH linked molecules might be the dominant chemical

Fig. 3 Raman spectra recorded with the 633 nm laser line for FePc

powder (RRS) and LbL films containing 2 bilayers of PAH/FePc

(RRS) and 2 trilayers of PAH/FePc/AgNP (SERRS). (A) and (B) refer

to SERRS spectra collected at different regions of the LbL films.

Table 1 Raman band center (cm�1) and assignments for FePc (powder and LbL films)

FePc Raman scattering—633 nm laser line

Powder PAH/FePc PAH/FePc/AgNP Assignments

594 594 594 Macrocycle vibration,16 ring breathing, N–Fe stretching, benzene expending65

685 685 685 Macrocycle vibration,16 C–N–C N–Fe stretching, pyrrole, expending,63 benzene deformation63

750 750 750 Macrocycle vibration,16 C–H out-of-plane bending65

781 781 781 Isoindole N–Fe stretching
838 838 838 Pyrrole N–Fe stretching, benzene expending, C–N–C in-plane bending65

945 N–Fe C–N–C in-plane bending, isoindole deformation6

958 958 958 Benzene breathing,16 C–H out-of-plane bending6

1010 1010 1010 C–H in-plane bending,65,66 benzene expending65

1017 1017 1017 N–Fe in-plane bending, ring stretching, benzene deformation65

1110 1110 1110 C–H in-plane bending,65,66 isoindole N–Fe stretching65

1135–1141 1135–1141 1135–1141 C–H in-plane bending16,65

1180 1180 1180 C–H in-plane bending, pyrrole N–Fe stretching65

1200–1223 1200–1223 1200–1223 C–H N–Fe in-plane bending, C–N–C stretching65

1276 1276 1276 C–H in-plane bending6,16

1308 1308 1308 Isoindole N–Fe stretching, C–H in-plane bending65,66

1339 1339 1339 Pyrrole stretching,16,66 isoindole N–Fe stretching, C–H C–N–C in-plane bending65

1403 1403 Isoindole stretching,16 C–N–C stretching, pyrrole expanding, C–H in-plane bending65

1430 1430 1430 Isoindole stretching,16 C–H in-plane bending, C–C stretching65

1450 1450 1450 Isoindole stretching,16,66 ring stretching, pyrrole N–Fe C–H in-plane bending65

1519 1519 1519 CQC, CQN pyrrole stretching,16 C–N–C stretching, pyrrole expanding, C–H in-plane bending62

1528 1528 1528 C–N–C stretching, pyrrole expanding,65,66 C–H in-plane bending65
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species closer to the AgNPs reached by the incident laser. The

AgNPs could also attach to the surface of PAH that is

uncovered by FePc. However, no spectrum is collected in this

case because PAH does not present a SERS signal.

With AgNPs mainly physisorbed onto the FePc layer, one

should expect enhanced SERS and SERRS signals due to

the electromagnetic field enhancement on the AgNP

surfaces.53,54,67 Indeed, Fig. 4 shows that the SERS spectrum

for 1 trilayer of PAH/FePc/AgNP is much more intense than

the Raman spectrum for 10 bilayers of PAH/FePc in LbL

films, with the 514.5 nm laser line under the same experimental

conditions. For the same Y axis scale, the Raman spectrum

(RS) is almost a horizontal line in comparison to SERS. As

discussed for SERRS, the SERS spectra also present

differences from spot to spot of the LbL film. However, when

the RS and SERS spectra collected with the same experimental

conditions are plotted in the same Y scale, the trend is the

same, shown in Fig. 4 (RS is basically a horizontal line). This

fact prompts one to estimate the enhancement factor involved

in this process. One way to do that is to consider the intensity

ratio between two bands that belong to SERS and RS spectra.

For instance, the intensity of the strongest SERS band at

1450 cm�1 is ca. 77 000 photons s�1 while in the RS the band

at 1450 cm�1 is indeed a shoulder whose intensity is ca.

70 photons s�1 (the intensity is considered as the height from

the top to the bottom of the band). Considering the intensity

ratio SERS/RS for this band, i.e. 77 000
70
ffi 1100 ffi 103

� �
, and

that the 10-bilayer LbL film might have 10 times more FePc

than the 1-trilayer LbL film, the enhancement factor is

estimated to be ca. 104.

The same estimation can be made for SERRS in relation to

RRS. Considering the same band at 1450 cm�1 for the SERRS

and RRS spectra in Fig. 3, the intensity ratio SERRS/RRS is

given by 62 300
4500
ffi 14

� �
. Besides, the RRS spectrum was

collected with a laser power 10 times higher than the SERRS

spectrum. Therefore, in this case, the enhancement factor is

estimated to be ca. 140 (D102). The higher enhancement

factor found for SERS in relation to SERRS is in agreement

with the model considering the electromagnetic mechanism.70

As previously mentioned, this is just a rough estimation,

especially if it is considered that in these LbL films both SERS

and SERRS spectra have different profiles from spot to spot.

However, in any case, the enhancement factors reported here

are pretty reasonable considering those that we have reported

for MPc’s using the same estimation procedure. For instance,

it was found enhancement factors around 104 for SERRS

recorded for PdPc2 PVD films,34 at ca. 300 for SERRS collected

for YbPc2 LB films37 and around 50 for SERRS recorded for

RhPc LB films.71 The SERS was not estimated for RhPc

and YbPc2 because the RS for the LB films on glass could

not be detected even with long collecting times and several

accumulations.

LbL film morphology—micro-Raman and SEM

The morphology of the LbL films was investigated at the

micrometre scale through micro-Raman and SEM techniques.

Fig. 5a presents the optical images for a LbL film containing

30 bilayers of PAH/FePc recorded with a digital camera

(macroscale) and an optical microscopy (microscale,

50� magnification). The image with a digital camera shows

a visually uniform film, with aggregates showing up at the

micrometre scale. The optical image in Fig. 5b was recorded

with an objective of 50� leading to a total magnification of

500� for a LbL film containing 10 bilayers of PAH/FePc. The

image presents the same pattern of aggregates shown in

the optical image in Fig. 5a. These aggregates are formed by

FePc molecules according to the Raman data. For instance,

Fig. 5c exhibits a line Raman mapping recorded with the

514.5 nm laser line (RS), which consists of 51 spectra collected

point-by-point along a line of 50 mm with step of 1 mm. The

change in the signal intensity along the line follows the

aggregate spatial distribution whose spectra shown in

Fig. 5d are characteristics of FePc in LbL films (both spectra

were chosen among those 51 collected). Superposed to the

optical image in Fig. 5b there is the mapped line whose

brighter spots represent the more intense signals of the Raman

band at 1519 cm�1.

Fig. 5e shows a SEM image recorded with magnification of

5000� revealing details of the molecular aggregates, which

have distinct sizes within micrometres. Similar SEM results

were found by Bertoncello et al.62 in LbL films containing

bilayers of copper tetrasulfonated phthalocyanine (CuTsPc)

structured as CuTsPc/CuTsPc. Fig. 5f brings a scheme relating

both the morphology and the PAH-FePc chemical interactions

when forming the LbL films. Since the pKa of PAH is around

8.3,72 both NH2 and NH3
+ groups are found at pH 5.5 used to

grow the LbL films. Considering this fact and the ability of

phthalocyanines to self-aggregate, the mechanism described

here proposes that the FePc already aggregated in the chloro-

form solution interacts preferentially with the sites of PAH

containing NH2 groups leading to the formation of even larger

aggregates on top of the PAH layer. Essential for the mecha-

nism proposed are the FePc-PAH interaction, which was

already inferred here in connection with the UV-Vis

absorption and Raman scattering, and the presence of FePc

aggregates in the chloroform solution confirmed by UV-Vis

absorption.

Fig. 4 Raman spectra recorded with the 514.5 nm laser line for LbL

films containing 10 bilayers of PAH/FePc (RS) and 1 trilayer of

PAH/FePc/AgNP (SERS).
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Concerning possible effects due to the incorporation of

AgNPs, in terms of the FePc aggregates the morphology of

the LbL films containing trilayers of PAH/FePc/AgNP is

similar to that of PAH/FePc LbL films, which was

expected since the interaction between FePc and AgNPs is

mainly driven by physical adsorption. Therefore, the major

difference is the presence of AgNPs as shown in the

SEM images in Fig. 6a and b recorded with magnifications

of 5000� and 50 000�, respectively. The AgNPs are adsorbed

onto the FePc layer either as isolated or aggregates, which is

consistent with the UV-Vis absorption data discussed in Fig. 2.

It is found that the isolated AgNPs have a preferentially

spherical-like shape with an average diameter at ca. 100 nm.

Besides, the AgNPs can vary in size from 40 nm (isolated)

until 300 nm (aggregated). The Fig. 6c shows a zoom of

the SEM image present in Fig. 6b where isolated and

aggregated AgNPs are seen in detail. Fig. 6d is a 3-dimensional

view of the SEM image shown in Fig. 6b revealing the

roughness of the surface of the LbL film covered by

containing AgNPs.

LbL film molecular organization—FTIR spectroscopy

The phthalocyanine molecules are known to possess molecular

organization when forming thin films.15,16,24,66 In a recent

work the molecular organization of FePc in PVD and LB

films and FeTsPc in LbL films (aqueous media) was

determined.15 Here, the molecular organization investigation

of FePc in the LbL film (non-aqueous medium) was carried

out through FTIR spectroscopy. Fig. 7 displays the FTIR

spectra for FePc in KBr pellet taken as reference and for LbL

film of PAH/FePc with 12 bilayers deposited onto ZnSe

and recorded in the transmission mode. The molecular

organization is determined combining the FTIR data and

the surface selection rules, which take into account basically

two pieces of information:66,73,74 (i) the intensity (I) of the

Fig. 5 (a) Optical images obtained using a digital camera for the LbL film containing 30 bilayers of PAH/FePc (top) and using an optical

microscope (50� magnification) for the LbL film containing 10 bilayers of PAH/FePc (down). LbL film containing 10 bilayers of PAH/FePc:

(b) optical image obtained using an optical microscope (500� magnification); (c) Raman line mapping built collecting spectra with the 514.5 nm

laser line along a line of 50 mm with step of 1 mm exhibited in 3 dimensions (superposed to the optical image in 5b there is the mapped line whose

brighter spots represent the more intense signals of the band at 1515 cm�1); (d) Raman spectra chosen from the line mapping shown in 5c; (e) SEM

image recorded with magnification of 5000�; (f) scheme representing the distribution of the FePc aggregates in the LbL films–the FePc aggregates

in the chloroform solution are adsorbed onto PAH layers driven by the interaction with the NH2 groups.
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infrared absorption for a fixed molecule in the space depends

on the scalar product between the electric field of the incident

radiation (~E) and the transient dipole moment (~m0) of each

vibrational mode of the molecule ) I = ~E�~m0; (ii) in the

transmission mode the incident electric field is parallel to the

substrate surface. The analysis is carried out considering some

key bands, i.e., those bands whose ~m0 is parallel (in-plane) or
perpendicular (out-of-plane) to the FePc macrocycle plane.

The bands considered were at 729 cm�1 attributed to C–H

wagging (out-of-plane), 751 cm�1 assigned to benzene

deformation (in-plane), and 1117 and 1331 cm�1 that are

attributed, respectively, to C–H bending (in-plane) and

CQC or CQN stretching (pyrrole), which is also in the plane

of the FePc macrocycle.16,34,65,66

The FTIR spectrum of the LbL film is seen to be dominated

by the FePc normal modes whose ~m0 is in the plane of the FePc

macrocycle. Therefore, the FePc is preferentially placed with

the macrocycle parallel to the substrate. This is confirmed by

the great similarity between the FTIR spectra of LbL and

LB15 films. In the latter, it was found that the FePc are tilted

between 0 and 451 in relation to the substrate. However, in the

case of the LbL film, the band at 751 cm�1 assigned to benzene

deformation (in-plane) is relatively more intense than that

found for LB films, suggesting the tendency of the FePc to

organize preferentially in a flat-on fashion. It is found in the

literature for thin films of phthalocyanines that the molecular

organization depends on both the preparation technique and

metal in the center of the Pc ring. In the case of PVD films,

experimental conditions such as deposition rate and substrate

temperature play a key role.34,66,75–77 For LB films there are

fewer studies on molecular orientation, and it is known that

transferring conditions such as surface pressure of deposition

and dipper speed can be determinant.78–81 In LbL films of

PAH/FeTsPc prepared in aqueous media, distinct molecular

organizations were found depending on the pH of the aqueous

solutions. FeTsPc acquired a preferential flat-on orientation at

pH 8.016 while it was randomly oriented at pH 5.5.15

Since the pH of the solutions used to fabricate the LbL films

governs the electrostatic interactions, it is expected that the

molecular organization in the film differs substantially with a

change in pH.82–84 However, in the case of PAH/FePc LbL

film (prepared in non-aqueous medium), the interaction

between the Fe and the pair of electrons of the NH2 might

play the main role on the FePc molecular organization. This is

supported by two facts: (i) in non-aqueous media the electro-

static interactions can be discarded and (ii) the final molecular

orientation coincides with the PAH/FeTsPc LbL film prepared

at pH 8.0 where both electrostatic and Fe–NH2 interactions

were important.16 Finally, FTIR results confirm the inter-

action between Fe and the NH2 group. With regard to the

Fe–NH2 interaction, the FTIR spectra in Fig. 7 are consistent

with the discussion based on SERRS and RRS in a previous

section. For instance, in the PAH/FePc LbL film the FTIR

bands related to the metal atom vibrations are suppressed or

modified. The band at 1727 cm�1 assigned to the metal-axial

ligand of FePc16 is very strong in the FePc KBr pellet but it is

vanished in the PAH/FePc LbL film. In addition, differences

in the relative intensity appeared between the spectra for FePc

powder and PAH/FePc LbL film in Fig. 7 for the following

bands related to the Fe atom surroundings:65,66 718 cm�1

(isoindol deformation, N–Fe stretching), 751 cm�1 (benzene

deformation, isoindol deformation, N–Fe stretching),

Fig. 6 SEM images recorded for LbL films containing 10 trilayers of PAH/FePc/AgNP with magnifications of (a) 5000� (scale = 20 mm) and

(b) 50 000� (scale = 2 mm). (c) Zoom of the SEM image shown in (b); (d) 3-dimensional view of the SEM image shown in (b).
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1305 cm�1 (N–Fe pyrrole C–N stretching, C–N C–H in-plane-

bending), 1378 cm�1 (C–H pyrrole in-plane-bending, C–Nm

C–C stretching), and 1413 cm�1 (C–H pyrrole in-plane-

bending, C–Nm C–C stretching), where Nm is the macrocycle

N atom (see Fig. 1).

LbL film electrochemical properties—cyclic voltammetry

In the last part of this work, the electrochemical and electro-

catalytic properties of the LbL films were studied by cyclic

voltammetry. Experiments were carried out in 0.1 M KCl

aqueous solution from �1.0 to 1.0 V at a scan rate of

100 mV s�1. Fig. 8a shows the voltammograms for LbL films

deposited onto ITO containing 5 bilayers of PAH/FePc and

5 trilayers of PAH/FePc/AgNP. The cyclic voltammogram of

a film consisting of 5 bilayers of PAH/FeTsPc (prepared

from aqueous solution) was also included in the study for

comparison. As observed in Fig. 8a, ITO electrodes modified

with LbL films show an irreversible cathodic peak at �0.7 V

whose intensity follows the sequence ITO o PAH/FeTsPc o
PAH/FePc o PAH/FePc/AgNP. This trend might be directly

related to the amount of phthalocyanine adsorbed onto the

ITO. The latter was observed by UV-Vis absorption spectro-

scopy (Figure not shown for PAH/FeTsPc). Besides,

considering the assignment of the peak at �0.7 V, according

to Chaves et al.85 this peak was observed for FeTcPc

(iron tetracarboxylated phthalocyanine) at pH 6 and it was

associated with the reduction process involving the macrocycle

ring of Pc. Corio et al.69 working with spectroelectrochemical

(SERS) for FePc have also assigned this peak to the Pc

macrocycle ring reduction; however due to the delocalization

of the p electrons of the Pc ring, a partial reduction of the

Fe(II) central ion was not discarded by them.

The electrochemical catalytic effect of the LbL films was

tested towards dopamine. Fig. 8b shows the voltammograms

recorded using the ITO-modified electrode with the LbL film

containing 5 bilayers of PAH/FePc immersed in solutions with

different concentrations of dopamine (from 2.0 � 10�6 M up

to 2.75 � 10�4 M). The curves are dominated by an anodic

peak with maximum at ca. 0.12 V associated with the

dopamine oxidation. The intensity of the peak associated with

dopamine is higher when using LbL films of PAH/FePc and of

PAH/FePc/AgNP deposited in a non-aqueous medium. This is

consistent with the better electrocathalytic activity shown by

the unsubstituted phthalocyanine. The electrocatalytic effect is

improved in the presence of AgNPs.

Fig. 8c shows the linear relationship (r2 = 0.983) between

the peak current and the dopamine concentration in the range

between 2.0 � 10�6 M and 9.7 � 10�5 M. The detection limit

calculated from IUPAC (3s criteria) was 0.86 � 10�6 M.

The limit of detection and quantification were calculated

statistically as follows: LD = k � SB/b, where SB is the

standard deviation of the blank, b is the sensitivity of the

method (determined as the slope of the calibration curve) and

k is a statistical constant (a value of 3 for LD is widely

accepted)86 that is consistent with the reported value for

LbL films of phthalocyanines.87

The intensity of the peak associated with the oxidation of

dopamine depends on the chemical nature of the LbL film

deposited onto the ITO electrode as shown in Fig. 8d. Films

formed by 5 bilayers of PAH/FePc produce a response similar

to that observed in films formed by 5 trilayers of PAH/FePc/

AgNP. The only difference lies in the sharp peak due to the

AgNPs at 0.16 V. The oxidation current of the anodic peak

potential associated with dopamine is higher when using the

film containing 5 bilayers of PAH/FePc than for ITO glass and

Fig. 7 FTIR spectra in the transmission mode for FePc in KBr pellet and PAH/FePc LbL film containing 12 bilayers. Insets: (A) zoom at the low

wavenumber region; (B) illustration of the surface selection rules; (C) FePc molecular organization in the PAH/LbL film.
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LbL film prepared from PAH/FeTsPc aqueous solution. This

result is of particular interest because previous work16 has

demonstrated that the LbL film of PAH/FeTsPc grown in

aqueous media and tested in acetonitrile solutions does not

show a response towards dopamine. This lack of response has

been attributed to the occurrence of Fe–NH2 interactions in

the film, which may hinder the interaction between dopamine

and Fe atoms. In our case, the cyclic voltammograms were

carried out in water and such a hindering effect was not

observed either in PAH/FePc or in PAH/FeTsPc films.

Besides, using water as electrolytic media, the improved

catalytic effect of the PAH/FePc films–when compared with

PAH/FeTsPc films–might be explained by the presence of

FePc aggregates as described in Fig. 5f. The macrocycles

approach each other through p–p interactions forming the

aggregates, which means that not all the FePc molecules are

interacting with PAH, consistent with the SERRS data

discussed in Fig. 3. Therefore, there are FePc molecules whose

Fe atoms can coordinate with dopamine molecules. In addition,

the LbL films of PAH/FeTsPc used in ref. 16 were fabricated

in an aqueous medium at pH 8.0. Under these conditions

aggregation is minimized as supported by the reported UV-Vis

absorption spectra, reinforcing our hypothesis of the role

played by FePc aggregates in the electroactivity of PAH/FePc

LbL films despite the Fe–NH2 interactions.

Conclusion

The LbL technique was successfully applied to produce thin

films using FePc in non-aqueous media either as bilayers of

(PAH/FePc)n or as trilayers of (PAH/FePc/AgNP)n. The

morphology revealed the presence of FePc aggregates in

the LbL film, which were previously formed in the FePc

chloroform solution. Although the presence of aggregates

at the micrometre scale may suggest a lack of control in

the fabrication of the PAH/FePc layers, the linear growth

evidenced by UV-Vis absorption data and the FTIR and

cyclic voltammetry results demonstrate that the properties

are well defined on average, leading to reproducible results.

In terms of molecular organization, the FePc are found to be

preferentially placed with the Pc ring parallel to the substrate

(flat-on). Furthermore, the AgNPs are found to physically

adsorb onto the FePc layers as isolates or aggregates, thus

allowing one to obtain both SERS and SERRS spectra.

The effectiveness of achieving the surface-enhanced pheno-

menon is demonstrated by enhancement factors of ca. 104 for

SERS and 102 for SERRS. The LbL films with bi- and

trilayers were effectively applied as a proof-of-principle in

the detection of dopamine in KCl aqueous solutions down

to 6 � 10�6 M using cyclic voltammetry. It is also revealed

that the electroactivity of FePc is maintained in the presence of

dopamine despite the Fe–NH2 interaction, for which the

FePc aggregates might play a key role. The films deposited

in non-aqueous medium display an increased sensitivity

towards dopamine and justify their use as catalysts and

electrochemical sensors. The micro-Raman and the FTIR data

revealed that the interaction between Fe and NH2 groups

of PAH is the main driving force for the growth of the LbL

films with FePc in non-aqueous media. This finding is

supported by a theoretical study of Tran and Kummel88

Fig. 8 Cyclic voltammograms recorded with 100 mV s�1 in 0.1 M KCl for (a) ITO and LbL films of (PAH/FeTsPc)5, (PAH/FePc)5 and

(PAH/FePc/AgNP)5; (b) LbL film of (PAH/FePc)5 in the presence of dopamine with concentrations from 2.0 � 10�6 up to 2.75 � 10�4 M;

(c) anodic current peak vs. dopamine molar concentration; (d) ITO and LbL films of (PAH/FeTsPc)5, (PAH/FePc)5 and (PAH/FePc/AgNP)5 in

the presence of dopamine at 2.75 � 10�4 M.
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who suggested a chemical adsorption of NH3 onto FePc films

through the Fe atoms.
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