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Abstract: This short review gives a concise overview of the impact of deposition methods on the
supramolecular arrangement of metallic phthalocyanine films and their applications. Primarily, an
introduction about the possible phthalocyanine molecular structures and derivatives obtained from
modification on the phthalocyanine rings was presented. The possibility of perfecting/improving the
supramolecular arrangement of metallic phthalocyanine (MPcs) films by using different deposition
techniques such as Langmuir-Blodgett (LB), Langmuir-Schaefer (LS), Layer-by-Layer (LbL), physical
vapor deposition (PVD) and electrodeposition was discussed in further details. Herein, we highlighted
some techniques used on the characterization of supramolecular arrangement (morphology, optical
properties, and molecular organization), including the impact on sensing applications. The main scope of
this short review is focused on the advances made in this research field in the last five years.

Key words: film deposition methods, metallic phthalocyanines, sensing applications, supramolecular

arrangement.

INTRODUCTION

Phthalocyanines (Pcs) are a class of compound
that display many applications, mostly related to
dyes and inks due to its intense color (Hakeim et
al. 2015). Four isoindole groups linked by nitrogen
atoms compose its structure (Figure 1a). Moreover,
the Pcs features their metallic version known
as metallophathalocyanines (MPcs), allowing
around 70 different metals to be attached to the
center of its structure (Figure 1b). For example,
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the incorporation of copper ion results in a CuPc.
The additions of peripheral groups along the Pc
structure alter some their properties. For instance,
the inclusion of sulfonic groups (Figure 1c¢) in its
structure enhances the solubility in water, thus
creating many other possibilities of applications
(Furini et al. 2013, Gomes et al. 2015, Xu et al.
2016). The substitution of hydrogen by halogen
atoms are a new approach to synthesis and
application of MPc (Figure 1d) (Alessio et al. 2014,
Basova et al. 2013, 2018). In addition, varieties of
metallo-bis-phthalocyanines (double-decker, MPc,
— Figure le) have been applied to the fabrication
of thin films towards sensing application, due
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to electrocatalytic properties and the specific
electronic structure (Alessio et al. 2014, Gay Martin
et al. 2012, Medina-Plaza et al. 2014a, Rodriguez-
Méndez et al. 2009). In double-decker structure
is common the incorporation of rare earth metals,
mainly elements of the lanthanide family. The
latter occurs because the availability of electrons
in 4f orbital gives possibilities of hybridization and
complexes creation with coordination number 8.
(Weiss and Fischer 2003).

Having such a variety of compounds produce
several distinguishable attributes such as thermal
and chemical stability, and prominent optical and
electrical properties, including semiconducting
behavior, which make it well likely to be used in
several devices (Fleetham et al. 2014, Takeda et
al. 2013). Most of the Pcs application is related to
dyes and pigments, and considering the relatively
inexpensive cost to synthesize in large scale, the
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SUPRAMOLECULAR ARRANGEMENT IN PHTHALOCYANINE FILMS

MPcs have been widely used in laboratories and
companies.

The optical versatility of the Pcs translates
directly on their recently optical applications
such as photovoltaic cells, photoreceptors, and
photodynamic therapy. Due to properties of the
chromophore such as an efficient light absorption
in the red visible wavelengths and photoconductive
characteristics (Andzelm et al. 2007). These
attributes are an outcome of the conjugated
macrocycle with a network of m-electrons, giving
the Pcs their high electron polarizability and
fast nonlinear response to electromagnetic fields
(Sheehy and DiMauro 1996).

The position that the molecules assume
after the deposition of a thin film affects some
properties, such effect is known as “supramolecular
arrangement”. Specially MPcs have attracted
considerable interest in the development of devices

Figure 1 - Chemical structure of (a) phthalocyanine (Pc), (b) metallophthalocyanine (MPc), (¢) phthalocyanine with

side groups (SO, attached its structure (MTsPc), (d) phthalocyanine with halogen substitution (MPcX

F), and (e) double-decker phthalocyanine (MPc,).
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and applications that take advantage on such
characteristic of organized thin films (Camacho et
al. 2014, Martin et al. 2018, Pavinatto et al. 2011,
Rubira et al. 2017). In this case, the properties are
directly related to the supramolecular arrangement,
which can be tuned by the deposition technique
(Martin et al. 2018, Volpati et al. 2008), MPc
molecule used (Del Cano et al. 2005, Usol’tseva
et al. 2014) as well as thermal treatment (Roy et
al. 2014). In this point of view, this short review
discussed further in details how different techniques
of film deposition such as Langmuir-Blodgett (LB),
Langmuir-Schaefer (LS), Layer-by-Layer (LbL),
and electrodeposition affects the supramolecular
arrangement and influence its performance in
sensor applications. Highlighting some of the most
relevant works developed throughout the last five
years.

TECHNIQUE OF DEPOSITION

The deposition methods applied to the formation
of the MPc and MTsPc films can tune the
supramolecular arrangement, which contributes
to the development of technological devices. Here
we describe techniques used to the fabrication of
thin films from MPc derivatives with the ability to
tune the supramolecular arrangement as well as the
effect on sensing applications.

LANGMUIR-BLODGETT AND LANGMUIR-
SCHAEFER

The Langmuir films consist of a nanostructured
monomolecular layer of molecules, generally
amphiphilic, floating on water surface. The
technique provides a packed and uniform interface,
due to the characteristics of the molecules spread
into the water surface. The way of transferring
the monolayer to a substrate generates different
arrangements. The deposition technique known
as Langmuir-Blodgett (LB) consists in the
vertical transposition of the film. Thus, the
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substrate is immersed or emerged from the surface
perpendicularly (Blodgett 1935), usually performed
with speed controlled dipper, providing different
arrangements depending on how the molecule
deposits (Petty 1996). The Langmuir-Schaefer
(LS) technique is a simpler method, which consists
of the transposition of the monolayer just by
touching the surface horizontally (Langmuir and
Schaefer 1937, 1938). Such a procedure is usually
performed manually.

LB and LS techniques are often used to MPc
with high solubility in volatile organic solvents
like chloroform. The last articles have shown in
general, the LB and LS films can provide similar
supramolecular arrangement to MPc films due to
the previous formation at the air/water interface
from Langmuir films (Alessio et al. 2014, Martin
et al. 2018, Rubira et al. 2017, Volpati et al. 2008).
Moreover, the supramolecular arrangement of
LB films from FePc can be tuned by the organic
solvent used in the solution preparation (Rubira et
al. 2017). The solvent contribution is mainly due to
the aggregation behavior of FePc, which is strongly
dependent on the organic solvent used, revealed
by using UV-VIS absorption spectroscopy. In
general, the MPcs are the molecules responsible
for the absorbance in visible spectral range.
The MPcs present two characteristic bands both
ascribed to m-m transitions (S and Q-bands)
(Wohrle 1993) The S-band are observed at a lower
wavelength and assigned to n-m transitions in the
Pc macrocycle ring. The Q-band is observed at
a higher wavelength and can be assigned to n-n
transitions of monomers and dimmers (Furini et
al. 2013, Martin et al. 2018, Medina-Plaza et al.
2014b, Wohrle 1993). Thus, levels of aggregation
can be monitored using the absorption of Q-band
by observing shifts in the spectra. In this aspect,
similar levels of aggregates were obtained using
the solvents CHCl,, CH,Cl,, and tetrahydrofuran
(THF), while in dimethylformamide (DMF) the
FePc aggregation is lower (Rubira et al. 2017).
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However, after one week the DMF also promotes
a high level of aggregation in solution. Besides,
the Q-band from UV-VIS spectra allied with
AFM images can provide information about the
aggregation level of MPc (Martin et al. 2018,
Medina-Plaza et al. 2014b). In work reported by
Rubira, R.J.G. et al. (Rubira et al. 2017) the FePc
LB films using DMF presented more homogeneous
surface morphology with lower roughness than
FePc LB film using CH,Cl,, as shown in the atomic
force microscopy (AFM) images (Figure 2).
Using morphological information (AFM
and/or optical images) combined with chemical
information from Ramanmapping, thehomogeneity,
as well as aggregation levels of MPcs films can be
determined (Furini et al. 2013, Medina-Plaza et al.
2014b, Rubira et al. 2017). Since Raman spectra
are collected point-by-point, the intensity or area
of a specific band (more intense band) varies
according to the homogeneity of the film surface.
Thus, Rubira, R.J.G. (Rubira et al. 2017) reports
a mapping of the high-intensity band at 1517 cm
ascribed to CNC stretching, and C—H deformation
of FePc LB films, showing that the aggregation
depends on the solvent used to the formation of
LB films. The dependence of solvents on the FePc
LB films sensing application was also observed.
The FePc/CH,CI, and FeP¢/DMF LB films were
applied as an electronic sensor to detection of
atrazine (an herbicide) (Rubira et al. 2017). The
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sensing units composed of LB film fabricated using
FePc in fresh DMF was similar to the aged DMF,
but differently than LB film with FePc in CH,C,
(Rubira et al. 2017). The results from IDMAP
projection (Interact Document Map) shows how
different the impedance spectra were, indicating
the effect of the supramolecular arrangement of this
films on sensing response (Figure 3). Besides, the
FePc LB films (independent of solvent) revealed
the high sensitivity of the sensor array detecting
atrazine, in a concentration lower than 10™"° mol/L.

In general, the MPc films presents molecular
aggregates due to the tendency of phthalocyanines
to aggregate themselves in solution, which can be
transferred to the substrate surface during the film
deposition (Martin et al. 2018, Rubira et al. 2017).
This tendency of self-aggregation in solution affects
the Langmuir films changing the extrapolated
area at the m-A isotherms to bigger values of
the mean molecular area and consequently the
supramolecular arrangement of LB and LS films
(Martin et al. 2018, Rubira et al. 2017, Volpati et
al. 2008). Thus, to decrease the aggregation level
as well as increase the flexibility or stability of
the MPc monolayers, amphiphilic molecules can
be mixed in solution or co-spread at air/water
interface. Thus, the LB and LS techniques can also
be used to the formation of mixed Langmuir films
composed by two or more compounds which can
be mixed at the solution or co-deposited at air/

LB film of FePc¢/DMF,, 4

solution of FePc in DMF prepared after one week). Reprinted with permission (Rubira et al. 2017).

An Acad Bras Cienc (2019) 91(4)

e20181201 4|14



MATEUS D. MAXIMINO et al.

mem Bare
FePc/DMF

m=== FePc/DMF, .4
m== FePc/CH,Cl,

-9
710010 i A
CH,Cl, '
y 15x10°2 S0x10°
Ix10?e \ gZAT °
v 0.10:10°

) 50x10°¢
0.10x10°

o

15x10° »

e © @100x10°

. by
0.10x10°* 1x10%

SUPRAMOLECULAR ARRANGEMENT IN PHTHALOCYANINE FILMS

win R T o

100x10°

15%10°°

Figure 3 - IDMAP projection obtained using capacitance measurements in the presence of atrazine for the

FePc films in different solvents.

water interface (Jones et al. 1987). In general, the
LB or LS mixed films based on phthalocyanines to
electronic devices applications are produced using
amphiphilic molecules as matrix and MPc as an
electron mediator. The mixture of the amphiphilic
molecules in the phthalocyanines Langmuir films is
necessary in some cases to improve the flexibility
or stability of the monolayers or the affinity to
the substrate, which facilities the transfer of the
film to the solid substrate forming LB or LS films
(Medina-Plaza et al. 2014b, Pavinatto et al. 2011,
Valli 2005).

Medina-Plaza et al. (Medina-Plaza et
al. 2014b) described the fabrication of co-
deposited films containing phthalocyanine
through the LB technique. These films
were composed by an amphiphilic matrix
of dimethyldioctadecylammonium bromide
(DODAB) and lutetium bisphthalocyanine
(LuPc,) co-spreading at air/water interface and
functionalized gold nanoparticles [(11-mercapto
undecyl)tetra(ethylene glycol)] (SAuNPs) at the
subphase under the floating films. The incorporation
of DODAB on LuPc, monolayer affects the area
per molecule occupied by LuPc,. The equimolar
mixture of LuPc,:DODAB causes a shift to the

An Acad Bras Cienc (2019) 91(4)

bigger area per molecule (240 A?) than LuPc, only
(90 A%), which can be ascribed to the repulsive
interaction between LuPc, and DODAB. Also, the
incorporation of SAuNPs promotes displacement
of area per molecule only with high LuPc,
proportion. Thus, the insertion of SAuNPs occurs
through the conjugation with the LuPc, molecules
(Medina-Plaza et al. 2014b). The BAM and TEM
measurements indicate a formation of a stable and
homogeneous mixed LB film (LuPc,:DODAB)
and the incorporation of SAuNPs showed a
uniform distribution. Raman spectra from the
Langmuir film showed a homogeneous deposition
was obtained for the mixture of LuPc,: DODAB
confirming the formation of the LB films with
phthalocyanine molecules uniformly distributed.
However, the incorporation of SAuNPs promotes
an increase of fluorescence making the Raman
mapping less defined. The latter, also confirm the
changes on supramolecular arrangement caused
by the co-deposition on LB films. In addition,
the molar proportion of LuPc /DODAB/SAuNp
affects the supramolecular arrangement and also
provides a synergistic electrocatalytic effect when
applied as hydroquinone sensor using cyclic
voltammetry. The increases of LuPc, and SAuNP
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amount on LuPc :DODAB/SAuNP LB films
improving the electrocatalysis of hydroquinone
detection as well as decreases the limit of detection.
The LuPc,:DODAB/SAuNP assembly with the
proportion of 1:1/500 showed the best sensing
results with a linear concentration range from 5.0
x 10° to 150 x 10° mol/L and a limit of detection
(4.60 x 10° mol/L) (Medina-Plaza et al. 2014b).

The Langmuir techniques also provide a
possibility of devices fabrication with a different
variety of composition and structure. Recently,
Sarkar and Suresh (2018) described LB films of
nickel octabutoxy phthalocyanine (NiPc(OBu),)
deposited on the HOPG (ordered pyrolytic
graphite) substrate and on the HOPG containing
a previous LB film of graphite oxide (GO) (Sarkar
and Suresh 2018). In that work, the arrangement
of MPc¢ films was influenced by the presence of
GO on the substrate surface, assuming a face-on
configuration (Sarkar and Suresh 2018). The MPc
films exhibit a preferential organization dependent
on the deposition technique, substrates and/or
substrate composition.

The molecular organization can be determined
considering the FTIR spectra combined with the
selection rules (Debe 1987), which has been widely
applied to determination of molecular organization
of MPc films (Alessio et al. 2012, 2014, Furini et
al. 2013, Martin et al. 2018, Rubira et al. 2017). In
short, this method is based on the scalar product
between radiation intensity (/) and electric field
(E) as 1« (i-E)Y1a (i E) being u the dipole moment
(Debe 1987). Thus, FTIR spectra are collected in
transmission and reflection mode, and the relative
band intensities ascribed to in-plane, and out-of-
plane vibrations are compared. In some cases,
comparison with MPc powder dispersed in KBr
pallet or as casting film is also used to characterize
the compounds (Furini et al. 2013, Martin et al.
2018).

In LB and LS films from FePc (Martin et al.
2018, Volpati et al. 2008), the band ascribed to C—H

An Acad Bras Cienc (2019) 91(4)
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wagging out-of-plane is dominant in reflection
mode, while the band ascribed to C—H in-plane
deformation are not observed. These changes
indicate a tilted organization with the Pc macrocycle
oriented between 0 and 45° with the surface
substrate. However, in the LB and LS films from
LuPc¢ Cl,, similar FTIR spectra in both transmission
and reflection mode indicates a random (non-
preferential) molecular organization, as reported
by Alessio et al. (2014). These results suggest
the MPc structure can influence the molecular
organization on LB and LS films. The evaluation
of LB and LS films of LuPc,Cl,, as a voltammetric
sensor to catechol detection, reported by Alessio et
al. (2014). Both LB and LS LuPc,Cl,, films showed
an electrocatalytic effect on oxidation potential of
catechol in comparison with cast LuPc,Cl,, film
and also with the unmodified electrode. This effect
can be attributed to the high number of active sites
derivates from the homogeneous layered structure,
which was tuned by the deposition techniques.
In addition, the arrangement provides a great
sensing response to catechol oxidation showing
a linear concentration range from 6.0 x 10° — 5.0
x 10™ mol/L and a limit of detection of 7.5 x 107
and 8.4 x 10” mol/L to LB and LS LuPc,ClL, film,
respectively (Alessio et al. 2014).

LAYER-BY-LAYER

One of the fastest and straightforward film
deposition technique available is the Layer-by-
Layer (LbL), due to its versatility and easy steps
of structuring the film. The LbL technique consists
fundamentally in the alternated immersion of a
substrate in a cationic and anionic solution (Decher
1997, Decher et al. 1992). The deposition occurs
due to electrostatic interactions between the
previously negatively charged substrate and the
positive ions in the first solution. The substrate
remains in the solution for a period, and then the
excess of material in removed by rising the substrate

e20181201 6|14
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in water. After that, the substrate is immersed in
the anionic solution for the same period and then
rinsed with water. Such procedure generates a
bilayer of positive and negative material, and it
can be repeated many times, not exactly in this
particular order. LbL technique is applied to MTsPc
(tetrasulfonated phthalocyanine) due to solubility
in water and the possibility of the assembly film
formation (Decher 1997, Decher et al. 1992). A
schematic example of LbL deposition using MTsPc
is shown in Figure 4. The LbL deposition using
MPc in an organic solvent is also reported through
specific interactions (Alessio et al. 2010, Fernandes
et al. 2011).

Besides, the LbL is a versatile deposition
technique, being the film thickness controlled
by the number of layers. The growth of the MPc
and MTsPc films can be monitored with UV-VIS
measurements using a Beer’s Law approximation

SUPRAMOLECULAR ARRANGEMENT IN PHTHALOCYANINE FILMS

(Alessio etal. 2017). It because a linear dependence
of the absorbance at a specific wavelength
(maximum absorption band) with the number of
layers or thickness is an indicative the same amount
of material is deposited at each layer/thickness.
Figure 5 shows examples of linear growth for LbL
films.

Also, the LbL technique is an alternative to
the development of mimetic biosensors through
assembly formation by electrostatic interaction
(Alessio et al. 2016). Alessio et al. (2016), describe
a structure of LbL films composed by bilayers
or trilayers combining PAH(poly(allylamine)
hydrochlorate), as cationic electrolyte, and FeTsPc
mixed with DPPG (1,2-dipalmitoyl-sn-3-glycero-
(phosphor-rac-(1-glycerol)) vesicles, and silver
nanoparticles (AgNPs) as anionic electrolyte. The
(PAH/FeTsPc+DPPG), and (PAH/FeTsPc + DPPG/
AgNP), arranged films showed a homogeneous
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Figure 4 - Schemes of PAH (mere), FeTsPc and DPPG molecular structures as well as the
LbL films deposition through the formation of an assembly of bi and tri-layers. Adapted with

permission (Alessio et al. 2016).
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Figure 5 - UV-VIS absorption spectra of (a) PAH/FeTsPc + DPPG LbL films from 2 to 30 bilayers and (b) PAH/FeTsPc + DPPG/
AgNP LbL film from 5 to 30 trilayers. Dashed curve represent the FeTsP + DPPG mixture in aqueous solution. Insets: increases
of UV-VIS absorption at 644 nm as a function of the number of (a’) bilayers or (b’) trilayers deposited onto a quartz substrate
(Alessio et al. 2016).

surface at the micro (Raman mapping) and catechol detection. This arrangement promotes a
nanoscales (AFM images), but the presence linear concentration range from 4.0 x 107 to 5.0 x
of AgNp small aggregates are observed. This ~ 10° mol/L with a limit of detection of 1.76 x 10~
assembly arrangement can provide an alternative mol/L. Both works previously cited (Alessio et
matrix to enzyme immobilization. Indeed, the use al. 2016, Maximino et al. 2016), applied the LbL
of lipid and/or vesicles to the production of LbL  films as a catechol sensor in tea samples, providing
films have opened a new research field to mimetic ~ results of polyphenol contents in agreement with
biosensing applications (Alessio et al. 2011, Aoki the Folin-Ciocalteu method (standard method to
et al. 2009). total polyphenol detection).

The sensing properties of PAH/FeTsPc can be The incorporation of MPc onto lipid matrix
tuned by the incorporation of anionic phospholipid by using LbL is an alternative to increases the
and metallic nanoparticles, as reported by Alessio sensing properties (Alessio et al. 2016, Furini et
et al. (2016). In that study, the electrocatalytic al. 2013). Furini (Furini et al. 2013) described
effect for catechol oxidation was higher to PAH/  the effect of NiTsPc concentration on DODAB
FeTsPc+DPPG/AgNp LbL arrangement with a (dioctadecyldimethylammonium bromide) vesicles
linear concentration range from 2x10° to 1.0x10™ formation as well as on the LbL films morphology
mol/L and limit of detection of 0.87x10° mol/L. and arrangement. In this case, differential scanning
Also, when applied as an electrochemical device, calorimetry (DSC) showed in the presence of
the presence of AgNp promotes a direct electron NiTsPc with a concentration higher than 0.2
transfer between FeTsPc and electrode surface mmol/L the DODAB vesicles are not formed
(Alessio et al. 2016). (Figure 6). The DODAB/NiTsPc LbL films from

The catechol detection was also achieved DODAB dispersion and 0.5 mmol/L of NiTsPc
by electrochemical measurements using PAH/  presented morphology with small clusters ascribed
FeTsPc LbL films (Alessio et al. 2016, Maximino  to NiTsPc aggregates, and no vesicles were
et al. 2016). Maximino et al. (Maximino et al. observed, with DODAB molecules immobilized in
2016) described the development of a fast and  the gel state. However, the DODAB/NiTsPc LbL
straightforward sensor using PAH/FeTsPc films to  films from DODAB dispersion and 0.05 mmol/L of
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NiTsPc were more homogeneous with the vesicles
polydisperse and immobilized on the subgel state
(Furini et al. 2013). The AFM images showed high
roughness to LbL films varying from 58.1 nm for
a simple LbL film composition (PEI/NiTsPc), to
82.2 nm for more complex LbL composition as
(PEI/Na+MMT/PEI/NiTsPc)5. Also, from Raman
mapping, the band at 1560 cm™ ascribed to C=N
and C=C stretching of isoindole group from
NiTsPc present on LbL films, showing a uniform
film surface morphology with the presence of
isolate aggregates. As proof-of-principle, Furini
et al. 2013 (Furini et al. 2013) also evaluated
the DODAB/0.5NiTsPc, DODAB/0.05NiTsPc,
PAH/0.05NiTsPc, and DODAB/0.05CuTsPc LbL
films asasensorarray using impedance spectroscopy
(IS) measurements to discriminate dopamine
concentrations. The Principal Component Analysis
(PCA) obtained from real capacitances in function
of dopamine concentration revealed a possibility
of discriminated dopamine concentration up to 107
mol/L.

The incorporation of clay is an alternative to
improve the electronic properties of MTsPc in the
LbL films through to synergistic effect (de Lucena
et al. 2018). Lucena, N.C. et al. (de Lucena et al.
2018) showed the incorporation of montmorillonite
clay (Na"MMT) and poly(ethylene imine) (PEI) on
the NiTsPc LbL films as a quadri-layer assembly
(PEI/Na+MMT/PEI/NiTsPc), and applied to
dopamine detection. Using AFM, FTIR and Raman
measurements, the authors conclude that the quadri-
layer assembly led to a synergistic effect on the
roughness. In this work, the sensing results indicate
that NiTsPc was responsible for the decrease of
dopamine oxidation potential, and also improve the
reproducibility, once the LbL arrangement in the
absence of NiTsPc showed a poor reproducibility.
The quadri-layer assembly (PEI/Na"MMT/PEI/
NiTsPc),, provides low limit of detection (1.39
x 10° mol/L) in comparison with the LbL films
composed only by clay (PEI/Na'MMT/) , (2.58 x
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10° mol/L) or NiTsPc (PEI/NiTsPc),, (1.71 x 10°
mol/L). This film was applied as dopamine sensor
in urine real samples showing a recovery between
94 — 111%.

PHYSICAL VAPOR DEPOSITION (PVD)

Physical vapor deposition (PVD) technique presents
many interesting properties, one of them is the high
homogeneity of the film produced (Hamburger and
Reinders 1917). Such homogenous film is achieved
by applying an electric current through a metal boat
(Ta boat for example) containing the molecule of
interest (which have to be thermally stable) and
under vacuum (chamber vacuum ~10~° Torr). The
current causes the boat temperature to increase up to
the interest molecule vaporizing state, which makes
it evaporate toward the substrate. Such evaporation
can be controlled by a shutter, which only allows
the film to be deposited after the evaporation rate
achieved uniform values. A crystal quartz balance
usually measures the evaporation rate.

In general, PVD films from MPc derivatives
showed an excellent supramolecular arrangement
to develop technological devices. Among the
supramolecular arrangement, the PVD films are
known for their high homogeneity, low roughness,
andinmostcasesexceptionalmolecularorganization
(Alessio et al. 2012, Volpati et al. 2008, Zanfolim et
al. 2010). For example, PVD films produce lower
roughness of 3.16 nm for CoPc film (Alessio et al.
2012) and 5.8 nm for the AICIPcF  film (Basova
et al. 2013) than LB, LS and LbL films. Besides,
depending on the experimental conditions, the LB
films can also provide MPc¢ films closed to PVD
films (FePc LB film with 5.3 nm, for example,
Figure 2) (Rubira et al. 2017).

The 101 spectra collected from the Raman
mapping proved no degradation of CoPc during
the thermal evaporation process and also confirm a
high homogeneity of the film (Alessio et al. 2012)
characteristic of PVD technique. In the case of
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Figure 6 - (a) Heating DSC thermograms for 1.0 nmol/L DODAB in the absence and presence up to 0.5 mol/L
NiTsPc. (b) Schematic representation of the possible structures of DODAB in the presence of NiTsPc solution
(ULV and non-vesicle structures). Reprinted with permission (Furini et al. 2013).

PVD CoPc films the most intense band, ascribed to
pyrrole stretching at 1463 cm™ was used to Raman
mapping (Figure 7).

In relation to molecular organization
determined from FTIR measurements (associated
with selection rule), as showed the Figure 8
(Alessio et al. 2012, Volpati et al. 2008, Zanfolim et
al. 2010), the MPc PVD films from CoPc, ZnPc and
FePc, showed an edge-on molecular organization,
with the Pc macrocycle tilted between 45° and 90°
in relation to the substrate surface. In the work of
Alessio et al. (2012) such molecular organization
allowed the AC conductivity at low frequencies to
increased about two orders of magnitude.

Phthalocyanine derivatives with a halogenated
substituent (MPc X , X = CI, F) have also been
used for the fabrication of thin films by using
PVD technique (Basova et al. 2013, 2018). Basova
et al. (2018) reported a PVD film of VOPcCI
(chlorosubstituted vanadyl phthalocyanine)
characterized with polarized Raman, UV-VIS
spectroscopy and X-ray diffractions. The results
discussed by the authors conclude that the
film is disordered and amorphous. However,
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such an arrangement of VOPcCl  PVD films
promotes charger transfer mobility similar to
an organized VOPc film (Del Cafio et al. 2005).
PVD films of AICIPcF , (chloroaluminium
hexadecafluorophthalocyanine) was also reported
by Basova et al. (2013). In opposition to the
VOPcCl (PVD film (Basova et al. 2018), the
PVD AICIPcF film showed an arrangement co-
facial parallel with molecules oriented vertically to
substrate surface (Basova et al. 2013). Both works
cited before states that not only the deposition
technique but also the structure of MPc (including
substituent and metallic center) could affect the
supramolecular arrangement.

ELECTRODEPOSITION

Electrodeposition is a well-known method to
deposit thin films into a conductor substrate/
electrode. The technique consists of a controlled
accumulation of metal or organometallic compound
over a conducting surface using electrolysis from a
conventional electrolyte (Paunovic and Schlesinger
2005). Deposition of the material is performed
mostly by potential cycling (potentiodynamic
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Figure 7 - (a) Optical image for a 60 nm CoPc PVD film and the line (1 pm), which represent the region used to record
the Raman mapping with a 1 um step (band intensity at 1463 cm™). (b) 101 Raman spectra recorded along mapping line.

Reprinted with permission (Alessio et al. 2012).
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Figure 8 - (a) FTIR spectra recorded from CoPc powder in KBr pellet and 60 nm PVD film deposited onto Ge
(transmission mode) and Ag mirror (reflection mode), (b) scheme of molecular organization proposed for CoPc

in PVD films. Reprinted with permission (Alessio et al. 2012).

(Chohan et al. 2015, Erdogmus et al. 2011, Martin
etal. 2016, 2018, Vishwanath and Kandaiah 2016).
Electrodeposited FePc films are formed through
interaction between the Pc macrocycle rings with
the formation of the m—m aggregates. However, the
deposition at a constant applied potential at —1.5
V promotes the formation of [Fe'Pc’]™ species,
which increases the negative charge on the Pc
macrocycle. This increase supports an increase in
n—7 interaction between the Pc macrocycle rings.

electrodeposition) or at a constant potential
(potentiostatic electrodeposition) (Martin et al.
2016). The range or fixed potential is applied
between the reference and working electrode and the
oxidations/reductions in the interface of electrode/
solution are responsible for film formation at the
working electrode surface.

The electrodeposition technique using cyclic
and constant potential method has been reported
as a tool for tuning the MPc films properties
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Figure 9 - Scanning electron micrograph of CuPc film on
the copper surface showing nanorod-like structures. The
inset shows a photograph of electrodeposited CuPc film on
copper electrode. Reprinted with permission (Vishwanath and
Kandaiah 2016).

Thus, the formation of [Fe'Pc’ ] species is a
fundamental step for FePc film formation (Martin
et al. 2016). In comparison with LB and LS films,
the FePc electrodeposited films are more compact,
both aggregation and roughness are lower, and
showed a flat-on organization (Martin et al. 2018).
The flat-on organization affords a decrease in
the energy gap (Eg) to 1.16 eV comparing to the
tilted organization (Eg = 1.30 eV from LS films)
(Martin et al. 2018). The electrodeposition of
MPc thin films through interaction between the Pc
macrocycle rings was also reported by S. Chohan,
I. N. Booysen, and A. Mambanda (Chohan et al.
2015). In that work, the films were electrodeposited
using cobalt phthalocyanines (CoPcs) tetra-
substituted peripherally by flavone or benzoxazole
moieties. The electrodeposition occurred at -0.9 V
with P¢*/Pc’ and Co"/Co' reducing and forming
aggregates. In both cases, the electrodeposition of
FePc (Martin et al. 2018) and CoPc (substituted)
(Chohan etal. 2015) promoted a decrease of Q band
absorbance, which is associated with the reduction
of MPc monomeric species. In the experiments, the
applied reduction potential to the electrodeposition
is associated with the d-orbitals accessible between

An Acad Bras Cienc (2019) 91(4)

SUPRAMOLECULAR ARRANGEMENT IN PHTHALOCYANINE FILMS

the HOMO/LUMO gap of Pc ring and consequently
with changes in the center metal of MPc (Chohan
et al. 2015). The electrodeposited FePc and CoPc
films also showed a decreases of oxidation potential
of dopamine to dopamine-ortho-quinone close
to 0.14 V in comparison with the glassy carbon
bare electrode (GCE), which shows the oxidation
potential of dopamine at 0.19 V (Chohan et al.
2015, Martin et al. 2016).

The co-electrooxidation is a new tool to
electrodeposition of MPc thin films on conductor
substrates. R. S. Vishwanath and Sakthivel Kandaiah
(Vishwanath and Kandaiah 2016) described
the electrodeposition of CuPc thin films from
electrooxidation of Li,Pc (dilithium phthalocyanine)
in an organic solvent using copper electrode. Thus,
the CuPc is electrodeposited at electrode surface
from the direct substitution of the metal center
from Li,Pc to CuPc. These films exhibit a nanorod
structure with a predominance of the a-phase, and
great applicability in photoelectrochemical hydrogen
evolution (Figure 9).
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