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Herein we study thin films of a recent kind of soluble axial substituted cis-bis-decanoate-tinIV phthalocyanine
(PcSn10) at the air/water interface, which were compressed isothermally and observed with Brewster Angle
Microscopy. The air/water interfacial behavior of the films suggests that there are strong interactions among
the PcSn10 molecules, which produces multilayers and 3D self-assemblies that prevent the formation of a
Langmuir monolayer. Langmuir–Blodgett deposits of these films on both mica (negatively charged) and
mild steel (positively charged) surfaces were developed. Information about the morphology of the film
was obtained by using atomic force microscopy. We found structural differences in the PcSn10 thin films de-
posited on both substrates, suggesting that a combination of π–π, σ–π and Van der Waals interactions are the
leading factors for the deposition, and consequently, for the control of supramolecular order. Our findings
provide insights in the design of phthalocyanine molecules for the development of highly ordered and repro-
ducible thin films.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Phthalocyanines (Pc) are well known macrocyclic compounds
which form ordered structures on different crystalline substrates [1,2].
These molecules are ideal for studies in fundamental and applied sci-
ence [3], because their electronic and structural properties can be
tuned by selective addition of a metal atom to the central cavity, or by
modifying their macrocyclic Pc2− molecular structure. Phthalocyanines
(Pc) and their metallic derivatives (MPc; see Fig. 1) have been studied
for their potential use as gas and liquid sensors [4–6], to improve stor-
age devices such as DVDs and CDs [7,8], for solar cells [9,10], for liquid
crystal displays [11,12], and as photosensitizers in photodynamic thera-
py for the treatment of varying diseases [13–17], among other applica-
tions [18].Many of thementioned applications rely on the production of
Pc and MPc thin films, and on their supramolecular assemblies on sur-
faces. As a consequence, there is an actual interest in the deposition of
these compounds on different substrates and the characterization of
these deposits. In this sense, current research is focused on design of
suitable compounds that enables the production of highly ordered and
reproducible films.

Several techniques have been used to prepare thinfilms, such as vac-
uum deposition, which is one of the most common methods used to
prepare inorganic thin films of an almost perfect structure [19–21]. On
+52 5526363845.
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the other hand, wet-process techniques such as spin-coating [22] and
layer by layer deposition [23,24] have attractedmuch attention because
they are suitable for producingwell ordered filmswith a low cost at am-
bient temperature and pressure. Another alternative method is Lang-
muir–Blodgett (LB) deposition [25–27], capable of producing highly
ordered films ofmonomolecular thicknesswith dense packed structure.
Since the pioneeringworks of Roberts et al. [28,29] as well as Snow [30]
and Barger [31], over the past 25 years, a number of reports [32–41]
have appeared dealing with the fabrication, characterization, and appli-
cation of LB films using soluble Pc. Different molecular designs have
been used with quite varied results [41–43]. Substitution of the metal
core in the Pc is a design variable, aswell asmodifications of Pcwith dif-
ferent hydrophobic groups in the eight outer, eight inner, or the whole
sixteen positions at the isoindolinic moieties. In general, the LB films
obtained by using these kinds of substitutions form arrangements
where molecules are stacked in columnar assemblies mainly set up by
strong molecular π–π interactions and in a lesser extent due to T-
shaped σ-π interactions [41–43].

Recently, in our group there were synthesized a series of tin phtha-
locyanines (SnPc), in which owing to the preference of a tin atom to
set bidentate linear carboxylate (from C6 to C18) moieties in cis dispo-
sition, resulted in SnPc compounds with a electron rich Pc face free of
organic substituents. Meanwhile on the opposite face, it is located the
Pc2− ligand with two carboxylate fragments, [44,45] where this occu-
pied face is partially crowded with hydrocarbon tails (see Fig. 1). This
approach enhanced the solubility of this substituted SnPc in organic sol-
vents, allowing their further spectroscopic characterization through
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Fig. 1. Molecular structure of cis-bis decanoate tin phthalocyanine (PcSn10).
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nuclear magnetic resonance (NMR), infrared (IR) and ultra violet-
visible (UV–vis) spectroscopies, and X-ray diffraction analyses [44,45],
which otherwise are unsuitable for most of the MPc. In particular, be-
cause of this enhanced solubility and their hypothesized capability to in-
teract with a metallic surface through the naked electron rich Pc face,
this dicarboxylate SnPc has been studied as a plausible corrosion inhib-
itor [44,45]. In this case, the hypothetical process of protection is that
the metallic surface would be covered with the naked face of the Pc
macrocycle besides receiving hydrophobic protection from the carbox-
ylate tails. The results of corrosion inhibition activity have shown inter-
esting tendencies [44,45]. However, there was not a clear picture of the
surface absorption mechanism of these molecules on metallic sub-
strates, e.g. cis-bis-decanoate-tinIV phthalocyanine (PcSn10, see Fig. 1)
has a concentration dependent corrosion inhibition behavior, stating
that at 1000 ppm its efficiency is 58.8%, meanwhile at 500 ppm it aug-
mented to 74.1%, which is counter sense to what is expected. For this
reason, this specific compound has been chosen in this article as a sub-
ject of study for interfacial and surface studies.

In the present study, PcSn10 films at the air/water interface and
the LB films transferred both onmica andmild steel are used to inves-
tigate how molecular structure correlates with the formation of thin
films and with surface adsorption at negatively and positively
charged substrates. At the air/water interface the films were com-
pressed isothermally and observed with Brewster Angle Microscopy
(BAM) [46,47], which allows monitoring the film formation, as well
as, the compression process. This technique has been used to charac-
terize monolayers of long chain carboxylic acids [48], porphyrins
[49,50], phospholipids, mixtures among the latter two [51,52], and
even protein monolayers [53,54]. In our case, it was not possible to
obtain Langmuir monolayers from all the PcSn10/chloroform spread-
ing solutions employed. However, reducing the solution concentra-
tion close to the monomolecular state, as was observed with UV–vis
spectra, resulted in a film at the air/water interface with a homoge-
neous condensed phase. These PcSn10 films were transferred on
mica and on mild steel surfaces by LB deposition, and subsequently,
they were studied with atomic force microcopy (AFM). The present
results indicated a difference in quality between the deposited films
on both substrates, where it seems that mica negative electrostatic
charge favors a better PcSn10 surface coverage.

2. Experimental work

2.1. Reagents

PcSn10 was synthesized through the microwave method reported
by Beltran et al. [44,45] and characterized accordingly. Spectroscopic
purity was determined using 1H NMR, it was found to be ca. 99%. To
increase this value, 0.5 g of PcSn10 was dissolved in 20 mL of high
performance liquid chromatography (HPLC) chloroform. This solu-
tion was applied into a preparative alumina plate and eluted with
HPLC chloroform. After Soxhlet extraction of the eluted fraction,
evaporation under reduced pressure produced an increment in the
purified compound as determined by thin layer chromatography
using chloroform as eluent. The spreading solutions were made
with chloroform (99% HPLC grade, Aldrich USA). The water subphase
for the Langmuir films was ultrapure deionized water (Nanopure-UV,
USA; 18.3 MΩ), which was filtered through a 0.22 μm membrane fil-
ter. UV–vis measurements of PcSn10 in chloroform solutions were
carried out through scans from 190 to 1100 nm (bandwidth 0.5 nm)
in absorbance mode using an Evolution 300 UV–vis spectrophotome-
ter (Thermoscientific Inc, USA). Spectral process and analysis were
recorded by using the vision Pro Thermo Electron UV–vis spectrome-
try software version 4.10.
2.2. Preparation of surfaces

The metal surfaces under investigation consisted of low carbon
steel sheets of the type G10100 using the unified number system.
The wt.% of impurities in Fe samples are: C=0.08–0.13%, Si=0.30–
0.60%, Mn=0.60–0.90%, P=0.030% max., S=0.035% max. Disk-
shaped specimens of 11 mm diameter and 0.25 mm thickness were
cut from an annealed steel sheet. Each sample was wet abraded
with silicon carbide paper to 1200 grit finish, mechanically polished
with alumina slurries (0.3 and 0.05 μm), and ultrasonically washed
in deionized water; afterwards, samples were rinsed in acetone and
ethanol, dried and kept in a desiccator before the experimental
tests. Muscovite mica pieces of a size ~1 cm2, for LB film deposition
and AFM analysis, were freshly cleaved previous to the experiment.
Before being used, both surfaces, mica and mild steel, were plasma
cleaned by radio frequency-generated in air/H2O plasma (~2 min at
~30 W, 13.33 Pa) in a Harrick Plasma Cleaner (PDC-23G, NY).
2.3. Films of PcSn10 at the air/water interface

Approximately 150–200 μL of a chloroform solution of PcSn10
(0.28 to 1.00 mg/mL) prepared the same day of the experiment was
spread onto a water subphase (pH=6.3) to form a film with an
area per molecule≥300 Å/molecule. After spreading the PcSn10 solu-
tion, a waiting time was needed until the pressure drop was negligi-
ble after solvent evaporation; typical waiting times were ca. 15 min.
Compression isotherms of the PcSn10 films were done at a rate of
60 cm2/min, on a computerized Nima LB trough (TKB 2410A, Nima
Technology LTD, England) using a Wilhelmy plate to measure the lat-
eral pressure, Π=γo−γ, i.e., the surface tension difference of the
clean subphase, γo, and that of the PcSn10 covered subphase, γ. Tem-
perature was kept constant at 21.0±0.2 °C with the aid of a water cir-
culator bath (Cole-Parmer 1268-24, USA). All experiments were
carried out in a dust-free environment. The film was observed with
BAM during all the compression process.
2.4. LB films of PcSn10

The PcSn10 films were transferred from the air/water interface
simultaneously to the mild steel disks and the mica surfaces, via
the vertical dipping method at a low speed (~1.5 mm min−1) by
using the Nima LB trough mentioned above. The lateral pressure
for transferring the monolayer was usually selected to be between
15 and 25 mN/m. AFM observations were performed just after
preparation.
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2.5. BAM

Air–water interface observations were performed in a BAM1 Plus
(Nanofilm Technologie GmbH, Germany) with a spatial resolution
ca. 4 μm. The BAM technique is based on the fact that the presence
of a film at the air/water interface modifies the local parallel reflectiv-
ity of the interface, when illuminated with a parallel polarized He–Ne
laser beam at the Brewster angle incidence (~53°). In this case, the
microscope receives the reflected beam that is analyzed by a polariza-
tion analyzer. Afterwards, the signal is then received by a CCD video
camera to develop an image of the film.

2.6. AFM observations

The PcSn10 LB films deposited on mica and on mild steel were an-
alyzed with a JSTM-4210 JEOL (JEOL, Japan) scanning probe micro-
scope with a 25×25 μm scanner. Samples under vacuum were
observed operating in non-contact dynamic mode (intermittent con-
tact) to obtain topographic and phase images. Non-contact silicon
cantilevers (Mickomash, OR) with a typical force constant of 40 N/m
were used. Calibration of the equipment was done by using calibrated
gratings (Mickomash, OR) in vacuum and in ambient pressure, previ-
ous to each sample measurement. The images were analyzed by using
the JEOL software.

3. Results and discussion

3.1. PcSn10 Langmuir films

Fig. 2 shows typical surface pressure vs. surface area (Π−A) iso-
therms at 21.0±0.2 °C for PcSn10 films deposited on a water subphase,
where different concentrations in the spreading solution were used.
These isotherms are similar to those obtained with alkoxy copper
phthalocyanine [55] and with amphiphilic octasubstituted phthalocya-
nines [56]. The measured isotherms of PcSn10 seem to have a similar
form, but there are some clear differences. As we can see in Fig. 2, in
each isotherm Π begins to increase at different area per molecule, Ao,
to form something similar to a condensed phase as used in the language
of Langmuir monolayers. This area density increases as the spreading
solution concentration decreases, i.e., from Ao~100 Å2/molec for
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Fig. 2. Isotherms for PcSn10 films at the water/air interface, at 21.0±0.2 °C, produced
with three different spreading solution concentrations: (○) 1.00 mg/mL, () 0.54 mg/
mL, (Δ) 0.28 mg/mL.
1.00 mg/mL to Ao~120 Å2/molec for 0.28 mg/mL of PcSn10. These
films become rigid in the range of ~60–80 Å2/molec. Here, the com-
pressibility of all films is approximately the same, with a typical com-
pressibility (κ=−1/A (∂A/∂Π)T) of ~2–5×10−2 m/mN. The limiting
areas per molecule, Alim, calculated by extrapolating the linear region
of the isotherms to zero pressure, are around 70 Å2/molec and 80 Å2/
molec for the developed films. The larger value is obtained for the less
concentrated PcSn10 spreading solution.

In general, the arrangements of the MPcs derivatives with organic
substituents on the air/water interfacemust dependmainly on a balance
between the combinations of Van der Waals, σ–π and π–π interactions
among theMPcmolecules, and the interactions of both, the surrounding
ring planes as well as the organic substituents with the water surface. It
has been found that when π–π interactions dominate, MPcs assemble
into rod like columnar aggregates with the Pc planes edge-on over the
air–water interface with a thickness corresponding to one Pc molecule
[41–43]. On the contrary, if an MPc ring (with particular polar substitu-
ents) plane interaction with the water interface is stronger, then it will
be placed with the aromatic rings laying flat upon the interface
[42,43,56]. In addition, with some particular non polar substituents it
has been found that the plane interaction with the water interface be-
comes weaker and the molecules could be slanted over it[41,43,55].

In our isotherms, Alim values are smaller than the area occupied by
the PcSn10 in the edge-on configuration, where the geometrical esti-
mate would give molecular areas from Alim~112 to 250 Å2/molec,
depending on how the tails conformations are, namely, coiled, interca-
lated, or extended, respectively. On the other hand, a PcSn10 ring
plane lying flat upon the air–water interface, would have a value near
Alim~160 Å2/molec, considering a rough geometrical estimate of the
PcSn10 molecule. However, this will be a non-favorable conformation
for PcSn10, since for this molecule there is another possible interaction
to be considered among the molecules because of its reduced symme-
try: the attractive tail–tail interaction (see Fig. 1). If this is the case, car-
boxylate tails would probably induce amore complicated conformation.
Since our experimental Alim are much lower than the geometrical edge-
on or flat upon values, this suggests that the PcSn10 film is actually a
multilayered structure. However, since it seems that Alim increases
when the PcSn10 spreading solution concentration decreases, appar-
ently the out-of-interface molecular organization declines. Taking into
account the above and since our experimental average Alim is of 75 Å2/
molec a possible conformation will be to consider a bilayer structure
where there is an inclined edge-on conformation maximizing the tail–
tail interaction. Here, if we consider a 160 Å2/molec as the area occupied
by the PcSn10 ring plane, this will give us an angle of inclination of ap-
proximately 46.7° (see Fig. 3).
Fig. 3. A possible model for the structure of a PcSn10 thin film at the air/water interface,
where only a bilayer is presented.
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Fig. 4. UV–vis measurements at different PcSn10/chloroform solution concentrations.
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To estimate how molecular interactions could affect the assembly
of PcSn10 molecules in solution, we performed UV–vis measurements
at 0.1 and 0.05 mg/mL PcSn10-chloroform solution concentrations.
The comparison of UV–vis spectra at these different concentrations
has been performed just in order to ascertain PcSn10 aggregation
behavior. The locations and shape of the Q-band (at ~680 nm) can
Fig. 5. BAM images for PcSn10 films at the water–air interface. In the columns, images wh
0.28 mg/mL. In the rows we present images of the film at different lateral pressures: a
Π=32 mN/m. c″) Collapse. The horizontal breadth corresponds to 850 μm.
be used to estimate the aggregation behavior of MPc [57]. As we
can observe in Fig. 4, both UV–vis spectra present absorption bands be-
tween 630 and 680 nm, which are similar to the ones found for ZnPc
[40,43]. These bands become more defined in the absorption band-
width and with less absorbance at the lower concentration (0.05 mg/
mL). This indicates that at low concentrations, the assemblies have a
small number of molecules, getting close to a single molecule state.
Hence, at the air–water interface, it is worth noticing that we are not
spreading single PcSn10 molecules but some type of aggregates.

BAM is a powerful technique that allows characterizing films forma-
tion at the air/water interfacewithout perturbing it. Tilting order phases
have been described with this technique [48]. BAM observations have
been done for metalloporphyrins [50] and in very few cases for Pc com-
pounds [58]. In Fig. 5, we observe BAM images of PcSn10 Langmuir films
obtained after depositing PcSn10 using different spreading solution
concentrations. The images present films at different area densities
and at different lateral pressures. The effect of varying the spreading so-
lution concentration on the films is clearly visible. Initially, we will de-
scribe the BAM images when the spreading solution is concentrated
(1.00 mg/mL, Fig. 5a–c). In Fig. 5a, we observe a uniform film in dark
gray and almost triangular shaped black domains that are thick micro-
metric crystals of PcSn10, which form and grow almost immediately
after the PcSn10/chloroform solution is spread on the water surface
(Π~0 mN/m). Fluid motion around these objects confirms their solid
character. In general, dark and bright regions in BAM images correspond
to phase coexistence in the films. One of them usually is similar to a two
dimensional monolayer gas phase (dark) and another to a monolayer
condensed phase (bright). Consequently, crystals should be very bright
when observed with BAM as it is usual in solids films at air/water inter-
face. The large reflectivity is due to their high density and thickness.
ere different spreading solution were used: a–c) 1 mg/mL. a′–c′) 0.54 mg/mL. a″–c″)
, a′, a″, b, and b′) At Π~0 mN/m. b″) At Π=15 mN/m. c) At Π=43 mN/m. c′) At

image of Fig.�4
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Curiously, in our case crystals are particularly dark. The most adequate
explanation for this irregular observation is related to the nature of
the PcSn10 molecules that form the crystals, which clearly absorb
light at ca. 600–700 nm (see Fig. 4) and hence absorb the light from
the laser beam coming from the microscope (HeNe laser, λ~632 nm)
resulting in black defined structures; here, as crystals thicken the light
absorption is larger, as observed from the spectra of Fig. 4. The forma-
tion of these crystals is not unexpected, because relatively big aggre-
gates are already present in the chloroform spreading solution, as
noticed in theUV–vis spectra of Fig. 4. Then,when the PcSn10molecules
are spread on the air/water interface, in principle they would avoid
interacting with the water phase by forming big clusters that maximize
their hydrophobic interactions and thusminimize the energy of the sys-
tem. In fact as time elapses, and evenwithout compressing the film, the
texture of the film changes, and apparently subsequent PcSn10 layers
cover the crystals (see Fig. 5b), which grow forming a film that seems
to be corrugated. When the film is compressed, these changes are
Fig. 6. AFM intermittent contact topographic images of: (a) bare mild steel, (c) PcSn10 LB
amplifications of the films at the left column, respectively. Films were deposited at 22 mN/
enhanced forming a film not really homogeneous, where different in-
tensities are observed in the image indicating that a multilayer is
formed (see Fig. 5c). By reducing the PcSn10 concentration in the
spreading solution to 0.54 mg/mL, fewer aggregates are present and
thinner films without micro-crystals are obtained as observed in
Fig. 5a′. In addition, here there are regions that are very similar to a
monolayer gas phase (black areas in Fig. 5a′–b′). Nevertheless, many
Fraunhofer rings [59] along bright domains of something similar to a
condensed phase reveal the presence of material outside the interface,
i.e., the film is not a monolayer. On compression, the gas phase contin-
uously decreases until a film covers all the field of view. However,
there are clear indications of material expelled, since we still observe
Fraunhofer rings and domains with large reflectivity, which are indica-
tions of a multilayer process in the film (see Fig. 5c′). The film with the
best quality is the one produced from the 0.28 mg/mL solution that is
shown in Fig. 5a″–c″. Here, we do not observe aggregates at this
resolution, instead a homogeneous condensed phase is observed in
films deposited on mild steel and(e) PcSn10 deposited on mica. b, d, and f) Measured
m from a 1 mg/mL solution.

image of Fig.�6
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coexistence with a film that is quite fluid and similar to a gas phase in
monolayers. At 15 mN/m, the film is in the condensed phase region
showing big homogeneous domainswith the samebrightness,which in-
dicates that the film has approximately the same thickness (Fig. 5b″).
When this film gets to the collapse, brighter and darker regions are pre-
sent that indicates regionswith different thickness, see Fig. 5c″. In gener-
al, all the LB deposits were made close to this surface pressure.

3.2. AFM observations of PcSn10 LB films

In Figs. 6, 7, and 8, we present AFM images of PcSn10 films LB
transferred on mica and on mild steel where spreading solutions
with different concentration were used to make the film at the air/
water interface. Fig. 6a and b presents topographic images of bare
mild steel revealing something like rough stripes that correspond to
the groves in the metal due to the polishing process (rough-
ness~3 nm). In Fig. 6c we present contact mode topographic images
of a PcSn10 film deposited on mild steel at Π~22 mN/m from a film
made with a 1.00 mg/mL spreading solution, and in Fig. 6d we pre-
sent an amplification made on the same film presented in 6c. Fig. 6c
and d shows the deposit of PcSn10 on mild steel following the rough-
ness of the metal. However, the quality of the film is relatively poor
due to the presence of large aggregates or small crystals of PcSn10.
If the large aggregates are not taken into account, the roughness of
both films is almost the same (~1.4 nm), which is lower than the
roughness found in mild steel. In Fig. 6e and f, we present AFM images
of a PcSn10 LB film deposited on mica, which was LB transferred si-
multaneously with the mild steel samples just described. For mica
surfaces, we observe approximately the same features than in the
metal deposit, except that they do not present the underlying rough-
ness of the metal. Here, we observe a film with large aggregates over
it that is similar to what we called the condensed phase in the film at
the air/water interface. The roughness in this case, without consider-
ing the big aggregates, is quite low (~0.3 nm).
Fig. 7. AFM intermittent contact topographic images of PcSn10 LB films dep
In Fig. 7a and b, we observe a PcSn10 film LB transferred on mild
steel at a Π~10 mN/m, from a film made with a 0.54 mg/mL spread-
ing solution. In the inset of Fig. 7a, we present a 15×15 μm image,
showing the transferred film covering the metal surface with aggre-
gates along all the field of view. a and b of Fig. 7 are actual amplifica-
tions of the film observed in the inset of Fig. 7a. Here, we can observe
that these aggregates form clusters along the surface. Why these ag-
gregates are formed on mild steel is not clear yet. A possibility could
be related to the formation of clusters in the film at the air/water in-
terface. Once the film is deposited on the metal surface, the interac-
tion between the members of the aggregates does not allow them
to disassemble to form a uniform film over the metal surface. There-
fore, the interaction among PcSn10 molecules apparently is larger
than that between the PcSn10 molecule and mild steel. The rough-
ness of the covering film in this case is ~26 nm, which is much larger
than the roughness of the films presented in Fig. 6. In contrast, when
the film was LB transferred onto mica (Fig. 7c), the transferred film
seems to be more smooth and flat, although it presents small aggre-
gates. In addition, it is not strange to find two kinds of regions with
a height difference between them of ~0.45 nm (see Fig. 7d). These
in-homogeneities probably correspond to regions with bad coverage
in the original film at the air/water interface.

In Fig. 8a, we observe a PcSn10 film LB transferred on mild steel at
Π~15 mN/m, which was made with a 0.28 mg/mL spreading solu-
tion. In this case, the film seems to be homogeneous and apparently
covers the metal surface up to ~100%, but without masking the
grooved surface of mild steel. The film maintains almost the original
roughness of the bare mild steel, which is 2.2 nm. The phase lag
image of the film (Fig. 8b), reveals that it is formed by two kinds of
domains probably structured differently. In Fig. 8c, we present two
images of the PcSn10 film but now LB transferred onto mica (figure
2×2 μm and inset 2.6×2.6 μm). Here, we observe a flat film with ir-
regular domains on it, which presents different sizes and almost the
same height. The inset in Fig. 8c shows a different area of the covered
osited on mild steel or mica at 10 mN/m from a 0.54 mg/mL solution.

image of Fig.�7


Fig. 8. AFM intermittent contact topographic and phase images of PcSn10 LB films deposited on mild steel (a, b) and mica (c, d) at 15 mN/m from a 0.28 mg/mL solution. Image from
another location (inset) and typical line height data is presented for the film deposited onmica. e and f) Amplifications of Fig. 8c, and averaged topographic profiles at specific points
on the wide line indicated in the figures.
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mica surface, where we found a homogenous large dark area coexist-
ing with the film with irregular domains. Fig. 8d presents a phase lag
image of the film depicted in Fig. 8c, where we observe an irregular
network arrangement with an intricate texture, revealing that the do-
mains determined by the topographic images have a different struc-
ture. Apparently, in this case the films at mica and mild steel surfaces
behave in the same way, but the roughness in the mild steel do not
allow to appreciate if they have the same structural quality. e and f in
Fig. 8 present averaged topographic profiles using a wide line, over per-
pendicular sections at specific locations of Fig. 8c. Fig. 8e presents an
image corresponding to the gap observed in the inset of Fig. 8c, and
the height profile along this gap. Clearly, we observe that the dark
areas in the images are not bare mica, because they appear slightly cov-
ered as revealed by the slope in the profile, and apparently, all the irreg-
ular bright domains are above that level. On the average the height
difference between these two levels is ~5 nm. This is a clear indication
that these irregular domains are made of multilayers. In Fig. 8f, we pre-
sent another image of a region in Fig. 8c with many domains and a
height profile. As in Fig. 8e, there are bright domains that are taller
than the dark domains. The dark domains approximately have the
same level of coverage along the entire image and seem to correspond
to what we called as the gas phase in the film generated at the air/
water interface. In the same way, the tall domains seem to correspond
to what we called the condensed phase, which actually are 3D multi-
layers. In this image, the difference between both levels (dark and
bright domains) is ~3.1 nm.

The results obtained through the analysis of the compression
isotherms, BAM and AFM images give some insight of the PcSn10 in-
terfacial adsorption process. Initially, although the air/water inter-
face could have played an important role in the displacement of

image of Fig.�8
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the PcSn10 bulk cluster size assembly equilibrium, this was not
clearly observed. In addition, the different films produced showed
different PcSn10 cluster sizes that must probably corresponded to
the original ones that were present in the different spreading solu-
tions used. Hence, it seems that up to this point the PcSn10 mole-
cules maximize their π–π, σ–π and Van der Waals interactions and
thus minimize the energy of the system by keeping their actual clus-
ter formation avoiding their interaction with the water phase (see
Fig. 3). These interactions seem to be present even when these
films were transfer onto solid substrates (see for example Figs. 6c,
7a and 8a). However, we do observe a difference in quality between
the films on mica and on mild steel surfaces where it seems that
mica favors a better surface coverage by the film. This behavior
could be related to the different electrostatic charge nature of the
surfaces. In one case, there is a repulsive electrostatic interaction
due to the dipole and quadrupolar character of the PcSn10 mole-
cules and the high negative charge density on mica (0.3 C/m2 or
one charge per 0.5 nm2) [60,61]. In the second case, there is an at-
tractive interaction between the PcSn10 molecules and the positive
charge of the mild steel surface [62]. The interaction in the former
case apparently is larger than in the latter. Even that it sounds con-
tradictory that PcSn10-mica repulsive interaction favors a better
surface coverage by the film, what is most probably happening is
that in order to avoid electronic repulsion the aromatic rings on
the PcSn10 molecules are a little bit displaced with respect to the
surface negative charges, and hence they form a stable layer of aro-
matic rings in close contact with the mica surface. An analog exam-
ple of this situation is present in graphite layers [63,64] and in the
stabilization of graphene composites [65,66].

4. Conclusions

The interfacial behavior of PcSn10 thin films on the air/water inter-
face, mica (negatively charged) and mild steel (positively charged)
surfaces suggests that although PcSn10 molecules were axially functio-
nalized to reduce the strongπ–π interactionspresent in non-substituted
Pc, they still produce multilayers and 3D self-assemblies preventing the
formation of monomolecular films. In addition, although the air/water
interface could have played an important role in the displacement of
the PcSn10 bulk cluster size assembly equilibrium, this was not clearly
observed. On the other hand, structural differences in the PcSn10 thin
films deposited on mica and on mild steel, suggests that combinations
of electrostatic (with the surface) and Van der Waals, σ–π and π–π in-
teractions (among the PcSn10 molecules) are the leading factors for
the deposition, and consequently, for the control of supramolecular
order. From the application point of view, an important surface cover-
age is accomplished during LB deposition using a low PcSn10 spreading
solution concentration, indicating that is possible to have a PcSn10 thin
film that can interactwith different surfaces. Taking into account our re-
sults, PcSn10 molecule is a good starting point in the molecular design
of axially substituted phthalocyanines for the development of highly or-
dered and reproducible thin films.
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