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Abstract
The morphology and microtexture of poly(o-ethoxyaniline) thin films deposited on the ITO substrate by electrodeposition were
investigated. Cyclic voltammetry and FTIR were used to characterize the molecular structure, while Atomic Force Microscopy
(AFM) technique was applied to obtain topographical images. The images were analyzed using commercial and free software.
Moreover, three new parameters such as surface entropy, fractal succolarity, and fractal lacunarity were evaluated using recently
developed theoretical models. The results showed that the morphology was affected according to the deposition cycles, while the
analysis of the molecular structure indicated an increase in the polymer’s conjugation, mainly from 5 to 15 cycles. Structures
related to the growth of poly(o-ethoxyaniline) were observed due to the increase in the number of deposition cycles. However,
films did not grow completely. The microtexture was homogenized as the number of cycles increased. Furthermore, topograph-
ical uniformity was high for all films. Percolation remained low for all films, showing that although the formation of films was not
completed, the microtexture of the material tended to homogenize as the film grew. These results revealed that the used tools can
quantify the surface parameters, which are of great interest for the study of the corrosive properties of polymeric thin films.
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Introduction

Conjugated polymers represent a special group of materials
widely studied and applied in various scientific and techno-
logical research [1], such as biomedical engineering [2],

chemical or biological sensors [3–5], catalysis or
electrocatalysis [6, 7], energy storage devices [8, 9] and anti-
corrosion coatings [10–12]. Among conjugated polymers,
polyaniline (PANI) and its derivatives have been attracting
significant interest due to its high conductivity, environmental
stability, easy obtaining process, low cost of raw materials,
and interesting technological applications [8, 13, 14]. Bilal
et al. verified that ring-substituted PANI derivatives can pro-
tect metals against corrosion [15]. Several routes of synthesis
using polymerization techniques in the aqueous and non-
aqueous medium have been proposed considering the varia-
tion of several parameters such as pH, oxidizing agents, reac-
tants concentration, temperature, time, and polymerization
conditions [16].

Poly(o-ethoxyaniline) (POEA) is a derivative of PANI and
its structural difference is the presence of the group (–
OCH2CH3) in the ortho position of the aniline rings [17].
POEA can be obtained by different synthesis methods, includ-
ing chemical [18–21] and electropolymerization [2, 22].
Nanofibers, nanorods, nanotubes, nanoflakes, and nano-
spheres [23, 24] have been obtained in chemical
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polymerization using different oxidants or additives. On the
other hand, the electrochemical polymerization represents a
simple method of consuming less energy, besides the resulting
film morphology can be controlled by varying the deposition
experimental conditions [25–27]. The influence of substituent
in the ortho-position of aniline ring can influence on the po-
lymerization process, decreasing the molar mass of the poly-
mer and requiring longer polymerization time. Furthermore,
the steric and electronic effects of aniline substituent influence
the electrical conductivity [19, 28].

Aiming at using conjugated polymers as corrosion surface
protectors, the formed film must present high strength, good
chemical stability, as well as wear resistance. Chaudhari et al.
synthesized strongly adherent POEA coatings on copper sub-
strates by electrochemical polymerization of o-ethoxyaniline
in aqueous salicylate solution by using cyclic voltammetry
and verified the efficient ability of these coatings as corrosion
protective coatings [29]. The evaluation of the corrosion pro-
tection performance of POEA coated copper by electrochem-
ical impedance spectroscopy has also been reported [30, 31].

Surface roughness is an important factor to be considered
both for thin films or as corrosion coatings, and it is signifi-
cantly influenced by several factors, including deposition pa-
rameters and type of substrate. Cena et al. [32], reported dif-
ferences in the morphological characterization of thin films of
polyaniline alternated with natural rubber, result that can be
modified adjusting the PANI solution’s pH. To date, fractal
theory [33, 34] and statistical methods [35, 36] have been used
to investigate surface morphology because roughness influ-
ences other surface properties such as tribology [37], wettabil-
ity, and hydrophobicity [38, 39]. According to Sedlaček, the
main used parameters for roughness evaluation [root mean
square (Sq), average roughness (Sa), skewness (Ssk) and kur-
tosis (Sku), do not generate enough information [40] consider-
ing patterning, spatial distribution, and fractals of surface mor-
phology [41, 42]. Using fractal geometry [43–45],
Mandelbort [46] presented a quantitative parameter describing
the surface, as well as its irregularities.

Atomic ForceMicroscopy (AFM) has beenwidely used for
the evaluation of conducting polymers, allowing information
about the structure and organization of thin films, surface
morphology, nanostructure, packing and conformation of
polymer chains, porosity, force profiles of specific chemical
interactions, roughness and mapping of electrical charge [20,
47, 48]. However, the AFM technique presents some advan-
tages, such as no need for recovering conductive samples nor
the use of a vacuum system. For this reason, this technique can
be applied to any material and allows simultaneous detection
of phase image and height [49]. The AFM technique was
carried out in this present work to evaluate the morphology
and mic ro t ex tu r e o f POEA f i lms ob t a i n ed by
electropolymerization. The influence of the electrodeposition
number cycles was evaluated and new parameters (surface

entropy, fractal succolarity, and fractal lacunarity) were ob-
tained using image processing. Additionally, Cyclic
Voltammetry and Fourier Transform-Infrared (FTIR) spec-
troscopy were performed to monitor the production of the
films and characterize their molecular structures.

Materials and methods

Chemicals and reagents

All reagents were of analytical grade. The o-ethoxyaniline
(OEA) monomer was purchased from Fluka and double-
distilled under reduced pressure. Acetone and isopropyl
alcohol were purchased from Synth (Brazil). Sulfuric acid
(98%) was purchased from Merck (Germany). Aqueous
solutions were prepared by using purified water from a
Milli-Q system.

POEA electrodeposition on ITO electrodes

All electrochemical procedures were performed using an
AUTOLAB PGSTAT 204 (Me th rohm Auto l ab ,
Netherlands), controlled with NOVA 2.1.2 electrochemical
analysis software. A conventional three-electrode system
was used with an indium tin oxide electrode (ITO) coated on
glass substrates (15Ω/sq., Lumtech) as the working electrode,
Ag/AgCl as the reference electrode (sat. KCl), and platinum as
the auxiliary electrode. The deposition area was delimited to
0,25 cm2 using an insulating adhesive tape coating. All exper-
iments were performed at room temperature without stirring.
To improve the reproducibility of the measurements and ob-
tain a good deposition, ITO substrates were ultrasonically
cleaned (Q3350 ultrasonic bath, QUIMIS) in deionized water,
acetone, and isopropyl alcohol, successively, for 15 min [50].
Afterward, the electrodes were dried using a nitrogen gas
stream.

The POEA electrodeposition was carried out in a
0.2 mol L−1 OEA and 1.5 mol L−1 H2SO4 solution, using
cyclic voltammetry from −0.2 to +1.2 V at a scan rate of
50 mV s−1 [2]. Figure 1 shows the characteristic behavior
of cyclic voltammograms for the electropolymerized
POEA on the ITO substrate. In this work, 4 samples were
electropolymerized with 5, 15, 20, and 25 cycles, respec-
tively, to evaluate the morphology of the different film,
besides the ITO substrate. Therefore, 5 samples were la-
beled as #1, #2, #3, #4, and #5, where the first one was
considered as the clean substrate. Finally, the samples
were removed from the electrolyte solution, washed using
distilled water, dried in air, and submitted to further
analysis.
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FTIR analysis

Fourier Transform-Infrared spectra were acquired using a
FTIR-Nicolet 6700 (Thermo Scientific). The films were
mounted on an attenuated total reflectance (ATR) accessory
equipped with ZnSe crystal prior to scanning. The spectra
were obtained with an accumulation of 100 scans and with a
resolution of 4 cm−1.

AFM imaging

An Innova AFM from Bruker (Santa Barbara, CA, USA) op-
erated on a taping mode was used for structural characteriza-
tion. A scan rate of 0.5 Hz was used, and the size of the
generated images was 5 × 5 μm2 at a resolution of 256 × 256
pixels using a silicon cantilever. The feedback control to ob-
tain the best possible images was adapted to each surface and
for all the applied scans. All measurements were performed in
air, at room temperature (296 ± 1) K and (40 ± 1) % relative
humidity. AFM images were analyzed using the
MountainsMap Premium software trial version 8.4.8872
[51], according to ISO 25178-2:2012 [52].

Roughness parameters

AFM images were analyzed using the WSxM 5.0 version
software (Nanotec Eletronica S. L.) [53]. The most relevant
parameters were determined by the software, such as average
roughness (Sa), root mean square roughness (Sq), surface
skewness (Rsk), and surface kurtosis (Rku), using the follow-
ing equations:

Sa ¼ ∬ Z x; yð Þj j:dx:dy ð1Þ

Sq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∬ Z x; yð Þj j2:dx:dy
q

ð2Þ

Rsk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∫∫a Z x; yð Þj j3:dx:dy
q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∫∫a Z x; yð Þj j2:dx:dy
q 3 ð3Þ

Rku ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∫∫a Z x; yð Þj j4:dx:dy
q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∫∫a Z x; yð Þj j2:dx:dy
q 4 ð4Þ

where Z(x,y) is the height function of the vertical profile [54].

Topographic homogeneity

Surface entropy used in the analysis of topographical unifor-
mity is a new superficial statistical parameter previously
discussed by Matos et al. [55]. This parameter determines
the uniformity of the height distribution of the topographical
profile of the films based on Shannon’s entropy. The AFM
images provided a 256 × 256 binary matrix associated with
the image pixels. This matrix was then inserted into
Shannon’s matrix equation, described by Nosonovsky as [56]:

H 2ð Þ ¼ −∑N
i¼1∑

N
j¼1pij:logpij ð5Þ

where pij is the probability of having or not discrepant pixels
in the universe at heights.

This model also considers the normalization of entropy.
For this, a boxplot defines that the non-uniform height stan-
dards would be 0 and the uniform standards 1. The pixels
whose values were 0 were considered non-accessible and the
others were accessible. Normalization was determined by the
standardization equation proposed by Matos et al. [55]:

Hmatr alt ¼ H 2ð Þ−H 2ð Þ
min

H 2ð Þ
max−H

2ð Þ
min

ð6Þ

where H 2ð Þ
max represents the surface with minimum uniform

patterns and H 2ð Þ
min represents the non-uniform pattern surface.

We focus on H 2ð Þ
max values that were represented by the H

symbol. The model was developed in the R language using
the free software Rstudio [57] (For more details see [55]).

Fractal parameters analysis

An object that behaves like fractal has its fractal parameters
well set to a fractal dimension (FD) value. The surface texture

Fig. 1 Cyclic voltammograms for the electropolymerized POEA in
0.2 mol L−1 OEA and 1.5 mol L−1 H2SO4 solution
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of an object is related to the its fractal geometry [46].
However, different objects can have the same texture, but
different fractal dimensions [58]. In this research, the fractal
dimension evaluated the complexity of the thin films, while
providing a qualitative analysis of the texture homogeneity.
For this reason, two other new parameters were measured and
discussed to complement the fractal dimension. FD was mea-
sured using the free software Gwyddion 2.55 [59].

The first parameter is known as fractal succolarity (FS).
This parameter defines the connectivity and intercommunica-
tion of the surface with a fluid medium through a mathemat-
ical model that determines the possible direction of fluid en-
trance through the analyzed topography. It is known as surface
percolation [60]. To determine this parameter, the model of
Talu et al. [61] was employed. This model considers the same
matrix used in the calculation of surface entropy. The average
value of the distribution of heights was determined as a way of
defining a limit value. The values below are named 0 and
above 1; pixels accessible to water have a value of 0 and pixels
inaccessible 1. After some computational routines, the FS
values were calculated according to Melo and Conci equation
[60]:

FS T kð Þ; dirð Þ ¼ ∑n
k¼1P0 T kð Þð Þ:PR T kð Þ; pcð Þ

∑n
k¼1PR T kð Þ; pcð Þ ð7Þ

where dir is the water inlet direction, T(k) is boxes of equal
sizes T(n), Po(T(k)) is the occupation percentage, PR is the
occupation pressure, and pc is the centroid’s position (x, y) of
pressure applied to the calculated box. The model also was
developed in the R language, using the free software Rstudio
[57].

Fractal lacunarity (FL) is a parameter that directly quan-
tifies texture homogeneity [58]. It is a parameter that divides
the image into a certain number of boxes, within which the
number of gaps is calculated. Initially, it is worth explaining
that this parameter is sensitive to scale, unlike the fractal di-
mension. The lacunarity must decrease depending on the size
of the box for the object to be considered fractal. The mea-
surements of this parameter were obtained according to the
model proposed by Salcedo et al. [62]. Again, the same binary
matrices extracted from the AFM images were used. The
model was developed in the Fortran 77 language and com-
piled using the free software Force 2.0 [63]. After some com-
putational routines recently described by Talu et al. [61], the
power-law developed by Lucena and Storic [64] was applied.

L rð Þ ¼ α:rβ ð8Þ
where L(r) is lacunarity, α, an arbitrary constant, and r is the
box size. The exponent β can be estimated as the angular
coefficient of the log (r) versus log [L(r)] curve. A

displacement of 1 was applied to the curve because the values
obtained for the lacunarity were small.

Results and discussion

FTIR analysis

Analysis of FTIR spectra basically showed the absorption
bands corresponding to the molecular structure of POEA.
Figure 2 shows the FTIR spectra of POEA electropolymerized
using 5, 10, 15, 20 and 25 cycles. The band located at
2361 cm−1 was related to the angular deformation of the func-
tional group –OCH2CH3 located at the ortho position of the
carbon rings [65]. The band at ∼1165 cm−1 was attributed to a
plane bending vibration of C–H [29]. The absorptions at 1579
and 1421 cm−1 were assigned to the quinoid and benzenoid
rings, respectively [29, 65]. The band at ∼1022 cm−1 was
attributed to the 1–4 substitution on the benzene ring [29].
Finally, the bands between 800 and 700 cm − 1 revealed the
occurrence of the 1–3 substitutions [29]. From 5 to 15 cycles,
spectra indicate an decrease of the intensity of the absorption
band at 1421 cm−1 associated with the benzenoid vibration, as
well as an increase of the intensity of the absorption band at
1579 cm−1 associated with –C = C– bands of vibration.
Furthermore, a red shift of the band located at 1165 cm−1

assigned to the plane bending vibration of C–Hwas observed.
From 20 to 25 cycles the intensities and position of the bands
did not change considerably. These results may suggest the
increase of POEA conjugation when the number of the
electropolymerization cycles increased, being more evident
from 5 to 15 cycles.

Fig. 2 FTIR spectra of POEA films
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AFM measurements analysis

The surface of a material is the region more reactive than the
bulk. It is the region where most of the reactivity phenomena
occur. The protection of surfaces against degradation by either
corrosive or erosive agents must consider the morphology and
uniformity of the surface parameters. Figure 3 shows the AFM
images of the used substrate and the thin films deposited by
electrodeposition as a function of the number of cycles.

These images revealed that the number of cycles affected
the surface morphology. While substrate #1 presented a small
peak surface, from #2 to #5, the rough peaks were larger. The
microstructure observed for ITO in Fig. 3a was similar to that
presented by Noppakuadrittidej et al. [66]. The growth of the

thin film occurred gradually, but not completely for the num-
ber of applied cycles. However, previously, Leite et al. [67]
reported that these rugged peaks are conductive islands asso-
ciated with the crystalline part of the POEA. These islands
were observed in all samples. This is in accordance with the
evolution of the polymer conjugation previously observed in
the evaluation of the molecular structure of POEA discussed
in section 3.1.

The coalescence of the smaller grains, formed initially due
to the electrolytic process, started from #4 and continued at #5,
as can be seen in Fig. 3d and e. This observation was also
made previously byMello et al. [21]. Despite the morphology
presenting typical structures of POEA, many vacancies were
observed, which are related to the growth process of the film

Fig. 3 Relevant 3-D AFM micrographs of samples: a #1, b #2, c #3, d #4, and e #5
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[20]. Associated with the growth of the film, the surface
roughness also gradually increased as a function of the num-
ber of cycles, as shown in Table 1.

The lowest roughness was recorded for substrate #1 and
this is following the results found in previous works [20, 68,
69]. The highest roughness was observed for #5 (233 nm),
which was also following the values reported for chitosan
based-films [70]. The increase of roughness was confirmed
for both Sa and Sq roughness, respectively. This phenomenon
can be also attributed to the growth of the film by the coales-
cence of the smaller particles.

The values of asymmetry (Rsk) and kurtosis (Rku) were
higher for substrate #1, as shown in Table 1. This shows that
the height distribution of the substrate was very asymmetric
and leptokurtic. The films height distribution presented posi-
tive asymmetry values and close to zero (#2 to #5). This
asymmetry revealed that the height distribution was practical-
ly homogeneous for all samples. However, all films also
showed a leptokurtic pattern, since kurtosis was greater than
3 [71]. Platykurtic patterns may be visualized perhaps if the
growth of the film was completed.

Surface microtexture

The furrows generated by the topographical profile and the
contour lines generated by the particles of the films are repre-
sented in Fig. 4. Certainly, this is an interesting qualitative
aspect of the surface microtexture obtained from the
MountainsMap software. These images can provide a qualita-
tive presentation of the surface microtexture through the fur-
rows [61]. Figure 4a shows the microfurrows generated for the
substrate surface. Some regions appeared with the presence of
deeper channels at the bottom. The contour lines in Fig. 4f
revealed how the surface was followed by differences between
peaks and valleys.

Figure 4b–e revealed that the difference between peaks and
valleys was strongly affected by the cycle number.
Considering smaller cycles, as in #2 and #3, the particles ag-
glomerated revealing large furrows. For larger cycles, there

was a more uniform distribution. This arrangement of the
furrows showed that coalescence promoted the casting of par-
ticles into more uniform structures. Theoretically, the appear-
ance of these evenly distributed microchannels can make it
difficult for fluids to penetrate the sample. This fact can be
associated with the possibility of protection against corrosive
agents.

The photosimulations shown in Fig. 4g, j presented a sim-
ulation of the behavior of the particles on the surface of the
thin films. For lower cycles, the particles were coalescing
(regions highlighted in blue). On the other hand, for higher
cycles, the particles were already more fused. In combination
with the topographical images in Fig. 4d, e, the peaks suffered
a flattening for these higher cycles (#4 and #5). This is prob-
ably a result of particle coalescence.

The quantitative parameters associated with the fur-
rows are shown in Table 2. The maximum depth of the
furrows increased according to the increase of the number
of cycles. Higher cycles resulted in maximum depths
twice that of lower cycling. The difference between peaks
and valleys for these films was greater because the num-
ber of particles that did not complete the coalescence was
smaller. Besides, the average depth of the furrows also
increased due to the increase in the number of cycles,
showing that this difference is not just an observation of
the extreme values. The average furrow density, in turn,
was higher for the substrate, while higher cycles resulted
in films with higher furrow e density per area.

The texture distribution of the films is shown in Fig. 5.
Textures presenting more random distribution exhibited a
strongly isotropic behavior. This occurs more for controlled
surfaces than for real ones, which are generally anisotropic
[72], such as wood [73]. Isotropy was lower for the substrate
than any film. Figure 5a revealed that the texture presented a
very random distribution, which was due to the great differ-
ence between the peaks and valleys.

Figure 5e shows that after 25 cycles the texture behaved
more organically than at lower cycling. However, when we
combined these results with the data in Table 3, the most
isotropic behavior occurred for #2 and the most anisotropic
for #4. Anisotropy does not necessarily mean that the material
has a homogeneous texture. Materials whose texture can be
adjusted according to a preferred direction can be of great
interest as corrosive protectors.

Texture directions allowed to evaluate sensible direc-
tions. Samples #2 and #3 exhibited preferred directions at
small angles (0.006748° and 0.003731°) for the third di-
rection. However, for samples #4 and #5, these values
were lower (0.006948° and 0.01703°) for the first direc-
tion. This change can be associated with the process of
crystallization of the material by the coalescent phases.
According to Heshmati et al. [74], phase coalescence in
a polymer is divided into static and dynamic processes.

Table 1 Main superficial parameters, Sa, Sq, Rsk, and Rku. The average
results were expressed as mean value and standard deviation

Sample Parameter

Sa (nm) Sq (nm) Rsk Rku

#1 5 ± 3 8 ± 3 9 ± 6 232 ± 182

#2 107 ± 11 134 ± 16 0.7 ± 0.5 3.4 ± 0.6

#3 114 ± 19 144 ± 20 1.0 ± 0.4 3.7 ± 0.8

#4 181 ± 31 227 ± 27 0.9 ± 0.4 4 ± 2

#5 190 ± 21 233 ± 20 0.9 ± 0.4 3.2 ± 0.8
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Fig. 4 Graphical representations of the furrows (#1 to #5 a–e) and lines contour (#1 to #5 f–j)
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Probably, for minor cycles, a dynamic process occurred,
while a static process was predominant for larger cycles.

Furthermore, in the second direction, the angles were ran-
dom so that this direction did not provide information about
the change in the texture of the thin films. However, the grain
crystallization process was not complete, indicating that the
texture of the films remained without completing their forma-
tion. Moreover, the more anisotropic behavior for higher cy-
cles allowed evaluating the formation of the material texture.

Fractal parameters analysis

The fractal behavior of thin films was assessed using ad-
vanced fractal parameters. Many studies have reported that
fractal theory can be a tool to evaluate the behavior of surface
texture [72, 73, 75–81]. The data of these measurements are
shown in Table 4.

The fractal dimension was performed by cube counting
method and evaluated the texture homogeneity, as made in
others works, e.g., [75, 82, 83]. The smallest measured fractal
dimension was #1, while the largest was #4. However, all
samples were similar. Therefore, this measure revealed a
semiregular behavior of the surface texture. Therefore, the
fractal dimension alone was not able to reveal which film
had the most homogeneous surface texture.

All films also presented strong topographical uniformity, as
H was found around 1 [84, 85]. The heights distribution was
approximately homogeneous, as discussed for the superficial
asymmetry, and the topographic uniformity to stabilize after
#3, since the values for #4 and #5 were the same. When a
surface exhibits H close to or equal to 1, the probability of
discontinuity points is lower [55]. This is positive because the
main problems related to corrosion or erosion of materials
occur due to surface or structural failures. Therefore, there
would be no points that allow flaws in the films, which was

Table 2 Parameters of samples
furrows Furrows parameter Samples

#1 #2 #3 #4 #5

Maximum depth (μm) 0.01914 0.2883 0.3050 0.6520 0.6573

Mean depth (μm) 0.005067 0.1521 0.1788 0.2445 0.2981

Mean density (cm/cm2) 51,565 17,643 20,591 34,090 31,914

Fig. 5 Representation of surface
texture directions of the more
relevant analyzed samples for a
#1, b #2, c #3, d #4, and e #5
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also observed by Talu et al. [61]. However, it is still important
to specifically evaluate the texture of the films. To obtain these
responses, the percolation of the films was assessed by fractal
succolarity and fractal lacunarity (Table 4).

According to Melo and Conci, the ideal fractal
succolarity to have a good percolation is 0.5 [60]. The
films presented values above 0.5. For the two largest cy-
cles, this value was above 0.6, showing that the films
presented an almost ideal percolation. These films were
expected to exhibit this characteristic because they must
be more resistant to the entrance of fluids, which may be
corrosive. Additionally, the texture of the material is also
dependent on these entrance directions because it can be
affected by the erosion caused by corrosive agents. If the
material has low percolation, it is more difficult for the
texture to change. On the other hand, Fig. 6 revealed that
the lacunarity decreased as a function of the box size for
all samples. The films behave like a fractal object, pre-
senting structures that are repeated along the surface, re-
gardless of the scale. The highest value of the lacunarity
coefficient was found in #1, while the lowest value oc-
curred in #3. However, the most adjusted model for the
lacunarity coefficient was observed for sample #5, as
shown in Fig. 6e.

According to Salcedo et al. when β value is lower,
the texture homogeneity is greater [62]. Moreover, Talu
et al. state that when texture distribution is more uni-
form, the surface microtexture texture is also homoge-
neous [61 ] . Th i s was obse rved in sample #3 .
Nevertheless, from # 3 to #5 the values remained in

the same decimal place, differing substrate #1 and film
#2. For this reason, the film formation process homog-
enized the film’s texture. While the fractal dimension
was not conclusive, the lacunarity quantitatively differ-
entiated the surface microtexture of the films. Thus, as
the number of cycles increased the texture of thin films,
it became more homogeneous. We can attribute the ho-
mogenization of the surface texture to the increase in
POEA conjugation for longer cycles. Probably, when
the conjugation increased the energy difference be-
tween the representative molecular orbitals decreased,
promoting a compaction of the structure and surface
microtexture of POEA thin films. The main effect of
this phenomenon was the closing of gaps in the surface,
which allowed a greater homogenization of the surface
texture.

Conclusions

In this work, we successfully synthesized POEA thin
films by electrodeposition on the ITO substrate to eval-
uate morphology and texture using image processing.
The molecular structure of thin films was studied using
cyclic voltammetry and FTIR. The AFM technique was
used to evaluate the morphology and microtexture of the
thin films through topographic images. Image processing
was performed using MountainsLab software. Molecular
structure revealed the presence of absorption bands com-
monly associated to the POEA, whose polymer’s conju-
gation increased for longer cycles. The images revealed
that the morphology of the films was affected by the
number of cycles applied to the electrodeposition.
Likewise, the microtexture changed when the number
of cycles increased. The microtexture revealed more iso-
tropic materials for smaller cycles and less isotropic ma-
terials for larger cycles. This behavior was associated
with the incomplete grain coalescence process. Besides,
new fractal parameters confirmed the change to
microtexture, quantifying the topography uniformity
and texture homogeneity. These new measurements used
to characterize the texture presented interesting results.

Table 3 Surface Texture Isotropy
(STI) and their respective direc-
tions for more relevant analyzed
samples

Sample First direction (°) Second direction (°) Third direction (°) STI (%)

#1 0.005959 45.02 161.5 17.81

#2 90 26.46 0.006748 86.28

#3 44.98 89.99 0.003731 83.29

#4 0.006948 45.02 153.5 67.51

#5 0.01703 26.49 44.99 72.71

Table 4 The results of Fractal Dimension FD, Topographic Entropy
(H), Fractal Succolarity (FS), and Lacunarity Coefficient (β). The
average results were expressed as mean value and standard deviation

Sample FD H FS β

#1 2.090 ± 0.008 0.96 ± 0.02 0.6 ± 0.1 0.0285

#2 2.130 ± 0.008 0.97 ± 0.04 0.6 ± 0.2 1.261e−5

#3 2.13 ± 0.03 0.95 ± 0.04 0.6 ± 0.1 5.786e−6

#4 2.25 ± 0.02 0.96 ± 0.05 0.63 ± 0.02 9.571e−6

#5 2.23 ± 0.03 0.96 ± 0.04 0.7 ± 0.1 6.565e−6
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The fractal dimension was not enough to report conclu-
sive results about texture, while fractal succolarity and
l a c un a r i t y p r e s e n t e d s u i t a b l e r e s u l t s o n t h e
microtexture’s homogeneity. Topographic entropy fur-
ther revealed that the height distribution of all films

was uniform. These results revealed that these tools can
be of great interest in the characterization of surfaces for
technological application. They represent important in-
formation because the texture of POEA thin films is of
great importance in the field of corrosion protection.

Fig. 6 Graphical representation of linear regression for the calculation of the lacunarity coefficient in a #1, b #2, c #3, d #4, and e #5
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