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a b s t r a c t

Poly(3-hexylthiophene) has been used in different photoelectrochemical devices as active material.
However, its efficiency regarding photo-conversion is low and the coupling with a second compound is
necessary to reduce the electron-hole recombination effect on the generation of photocurrent. The low
efficiency could be related to the organization of the polymer. In this work, we propose the use of
reduced graphene oxide as modifier to P3HT to enhance its photocatalytic properties. The results here
obtained strong suggest, both theoretically and experimentally, an important change in the polymer
chain organization from twisted to planar configuration. As consequence, an important increase in the
photoelectrochemical properties were observed. In the present case an improvement of over 50% in the
value of the photocurrent comparing the pure material and the binary one, processed under the same
conditions. In addition, the half-life of the charge carrier increased substantially from 0.781 ms to
9.54 ms. The results are promising because they demonstrate that a higher organization level of the
polymer chains increases the photocatalytic properties of the material. Furthermore, the theoretical
study not only explains why the properties are improved, but also leads to new understanding of the
electronic structure obtained in a binary material.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Conducting polymers have been receiving attention in the
development of optoelectronic devices due to their low cost,
environment-friendly features, mechanical flexibility, and high
active area [1e3]; such properties make them suitable materials for
organic photovoltaic (OPVs) solar cells [4e6]. Using the bulk-
heterojunction (BHJ) concept [7,8], the photo-induced electron
transfer from a conjugated polymer (donor) to an appropriate
acceptor of electrons in OPVs can have a large donor/acceptor
interface needed for the dissociation of the photo-generated exci-
tons [9], minimizing the electron/hole recombination [10,11].

Among conducting polymers, polythiophene and its derivatives
have been applied in different devices, such as capacitors [12],
electrochromic displays [13], organic transistors [14], photo-
electrochemical cells [15] and other optoelectronic devices [5].
Regarding optoelectronic devices, one of the most important ma-
terials is poly-3-hexylthiophene (P3HT) [16,17], generally used as
the electron donor. Due to its hexyl ring-substituent, P3HT has
superior processability and high degree of crystallinity [18]. In
addition, this compound presents high hole mobility, environ-
mental stability, and efficient light absorption in the visible range of
the solar spectrum [17,19,20]. All these properties are highly
dependent on the polymer chain organization and, then, they can
be improved by increasing the p-stacking and the polymer
regioregularity [21]. However, the synthesis of polymers with
highly organized chains is not a trivial process and the presence of
defects in the chains leads to high excitons recombination rates and
slows down the charge transport [22]. Thus, in order to minimize
the recombination rate and increase the charge transport one P3HT,
it has been used a donoreacceptor copolymers or blends by
incorporating electron-deficient and electron-rich building blocks
in the same backbone.

Nanostructured carbon materials were evaluated to be used as
electrons acceptors, among them fullerenes [8], particularly soluble
C60 derivatives [1,23]. It was described that the photovoltaic
characteristics of the composites (polymer/carbon material) have
optimized properties; in particular enhanced optical absorption in
the visible wavelength range, fast electron transfer and suitable
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dielectric constant, resulting in good electron mobility. Although
the record for the efficiency of OPVs has been obtained using
polymer/fullerene devices [24,25], Nardes et al. [26] reported an
improvement in the light absorption, and in consequence, in the
photocurrent generation, which was achieved using self-
organization of the individual components in a composite like
BHJ. It was described that, in the case of fullerene derivatives and
P3HT, the BHJ occurs only in the amorphous portion of the polymer
[27]. Graphene is a smart material that can be used as a flat surface
electron acceptor, it has been studied in several conversion and
energy storage devices [28e30]. Due to its p-conjugated and two
dimensional structure, graphene presents a set of properties that
relates to the fact that its electrons behave as massless quantum
particles [31]. In addition, graphene has high electron mobility at
room temperature, good electronic, optical and phonon properties,
as well as suitable thermal conductivity [19,32], making it an
interestingmaterial for application in solar cells [33]. Regarding the
use of graphene as material to develop electrochemical devices,
other interesting properties such as wide potential range, fast
charge transfer, and electrocatalytic activity have been described in
the literature [34]. In addition, it has an easily adaptable bandgap
because of its reduced thickness of a few nanometer units [35].

Here we report a theoretical and experimental study of the
conformational structure of P3HT after its interaction with reduced
graphene oxide (rGO) and the effects of this interaction on its
photoelectrochemical properties. The theoretical design is in
agreement with experimental studies that demonstrated that the
presence of rGO enhances the efficiency of photoconversion,
reducing the recombination effect and creating a synergistic effect
on the generation of photocurrent. Density Functional Theory (DFT)
was employed to calculate the P3HT/rGO composite structure
conformation; it is one of the most popular and versatile methods
available in condensed matter physics and physical and computa-
tional chemistry. Because of its popularity, this theory finds appli-
cations in chemical and materials sciences for the interpretation
and prediction of the behavior of complex systems in atomic scale.
The application of this theory to conductive polymers is not new
[36e40], it has been employed to estimate the properties of
conductive polymers from the growth of its oligomers [38,39].

As polymers are very large systems, it is common to reduce the
computational time by using a small representative fraction of the
structural whole [41]. By using ab initio TDDFT [42] (time-depen-
dent DFT), it is possible to calculate the excited states to understand
the electronic properties of the donor-aceptor combination. It is
also possible to develop a qualitative model for the charge transfer
between the two materials. In this work, the proposed theoretical
model was compared to experimental results in order to explain
the observed changes in the system in a qualitative form.
2. Experimental

2.1. Chemicals and solutions

All chemicals were of analytical grade and were used without
further purification. For polymer synthesis, 3-hexylthiophene
monomer, chloroform, anhydrous iron (III) chloride, hydrochloric
acid and EDTA were obtained from Sigma-Aldrich. The graphene
oxide synthesis required graphite powder (<20 m), sodium nitrate,
sulfuric acid, nitric acid, potassium permanganate and hydrogen
peroxide, all of them purchased from SigmaeAldrich. For electro-
chemical measurements, acetonitrile, lithium perchlorate and
perchloric acid used as the electrolyte were purchased from Sigma-
Aldrich. All aqueous solutions were prepared with pure water from
a Millipore Milli-Q system (resistivity closed to 18.2 MU cm).
2.2. P3HT and rGO synthesis

The P3HT synthesis has been extensively described in the
literature [43e46]. Based on these reports, in this work, the poly-
mer was obtained inside a drybox at 25 �C. A round-bottom flask
with anhydrous chloroform solution containing FeCl3, also anhy-
drous, and the monomer in the ratio of 4:1 was used. The poly-
merization reaction was carried out during 4 h with continuous
stirring. After this, methanol was added to the system to stop the
reaction and precipitate the polymer. The obtained powder was
filtered through a sintered glass funnel, washed with methanol,
acetone, HCl 10%, EDTA 10% and finally with ultra-pure water. After
this step, the product was dried in an oven at 60 �C for 24 h.

Graphene oxide (GO) was prepared from graphite using a
modified Hummer's method [47]. A mixture of graphite powder
(10.0 g) and sodium nitrate (10.0 g) was treated with 400.0 mL of a
concentrated solution of HNO3/H2SO41:3 (volume) under magnetic
stirring in an ice bath. Then, KMnO4 (50.0 g) was slowly added and
the mixture was left to react under vigorous stirring during 2 h.
Subsequently, the temperature of the mixture was increased to
60 �C and the reaction was allowed to continue at this temperature
under stirring for 30 additional minutes, before slowly adding
75.0 mL of H2O2 (30% v/v). Then, 100.0 mL of HCl solution (10% v/v)
and 900.0 mL of purified water were added to the mixture, which
was kept at 4 �C for 24 h. The light brownish supernatant was
collected and the GO was separated, by centrifugation at
10,000 rpm in an Eppendorf 5804 centrifuge, and dried by lyoph-
ilization during 24 h.

The reduced graphene oxide (rGO) was prepared using a hy-
drothermal system assisted by microwave using 100.0 mg of GO
and 80.0 mL of purified water. The mixture was submitted to the
microwave-assisted hydrothermal treatment at 160 �C for 15 min.
Due to the microwave hot spots, the GO was thermally reduced to
rGO. The obtained rGO was separated by centrifugation at
10,000 rpm and dried by lyophilization during 24 h.

Two P3HT film samples were prepared by a casting method, one
from a solution with the presence and the second in the absence of
rGO. 18.0 mg of P3HT was dissolved in 1.0 mL of 1,2,3,4-
tetrahydronaphthalene (tetralin) at 80 �C for 24 h with constant
stirring. The samples containing reduced graphene oxide were
obtained by adding 50% wt. of graphene and were later sonicated
for 30 min. Then, a volume of 10 mL of each solution was deposited,
each on a separate ITO substrate, and left to dry in vacuum desic-
cators for 12 h. A reduced graphene oxide film was used as a
reference sample (blank). Indium-doped tin oxide (ITO) recovered
glass with 10e15 U cm resistivity was used as substrate. Is impor-
tant to notice that w ith this procedure we can obtain a fully dis-
solved P3HT added amount, on the other hand the solubility of rGO
in tetralin is not complete, just part is dissolved, however the
remain amount is totally dispersed and still stable for several days.

2.3. Apparatus and procedures

Cyclic voltammetry (CV) experiments were performed using a
PGSTAT 302 Autolab electrochemical system (Eco Chemie,
Netherlands) monitored with NOVA software. The special electro-
chemical cell, endowed with a quartz window, was assembled with
a conventional three-electrode system: ITO plate modified with the
composite (P3HT/rGO) as the working electrode, Ag/AgCl electrode
in KCl solution (3.0 mol L�1) as the reference electrode and a Pt wire
as the auxiliary electrode. The CV measurements were recorded in
acetonitrile/0.1 mol L�1 LiClO4, in the potential range from 0.0
to þ1.0 V, using a scan rate of 10 mV s�1. Electrochemical imped-
ance spectroscopy (EIS) data were obtained using a PC-controlled
FRA2 (Eco Chemie, Netherlands), frequency response analyzer,



Fig. 2. Cyclic voltammetry experiments in ACN/LiClO4 0.1 mol L�1 with scan rate at
10 mV s�1, for the following films: (a) P3HT; (b) P3HT/rGO; (c) rGO. (A colour version of
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coupled to an Autolab potentiostat (model PGSTAT302, Eco Chemie,
Netherlands). The frequency of the AC wave was scanned between
10 kHz and 10 mHz (10 data points per decade), with a 10 mV rms
amplitude. All data were collected at open circuit potential. The
measurements were carried out in 0.1 mol L�1 HClO4 solution in
two different conditions: dark and under illumination of a 250 W
Xe lamp (100 mW cm2). The impedance spectra were analyzed and
the Randles equivalent circuit was used to fit the experimental
results and determine the equivalent electrical parameter values
for each experiment.

The morphological properties were determined by Scanning
Electron Microscopy (SEM) using a FEI model Inspect F50. The
spectroscopic characterization was made by Fourier transform
infrared spectroscopy with attenuated total reflectance (ATR-FTIR)
using a Bruker model Equinox 55 with samples in tetralin solution.

The time-dependent DFT theoretical study [42] (TD-DFT) was
used to calculate the electronic properties of the system as well as
the change in their geometries. A relaxation step was made using a
semi-empirical method with PM7 basis in MOPAC2012 software.
Then, geometrical optimizations were performed at Hartree-Fock
level by using the HF-3c geometrical Counterpoise (gCP) correc-
tion [48] for dispersive interactions. All ground state DFT calcula-
tions were performed in tetralin solvent, using the COSMO
solvation model [49], with the 3-21G [50,51] and 6-31G [52] basis
sets. The ORCA [53] 3.0.3 software package was used for all HF/DFT
geometry optimizations and the Gabedit software was used to
visualize the molecular orbitals of the systems.

The initial model built for geometry optimization was designed
based on themost likely possible interaction between the graphene
sheet and the oligomeric chain. Then, the oligomer of P3HT was
built starting from the monomer already optimized near to the
basal plane of graphene sheet, also previously optimized. After
building the P3HT and the rGO together, the composite was opti-
mized using HF-3c.

The dihedral angle sets the angle formed by two planes that
have a same vertex and it was measured following the scheme
presented in Fig. 1; the numeration was made from the tail to head
direction. For the situation in which two sulphur atoms of adjacent
aromatic rings are facing the same direction and are in the same
Fig. 1. Schematic representation of model construction for HF and DFT
plane than the two carbon atoms that bonds them, the value of this
dihedral is 0�.In the opposite situation, in which both point to
opposite directions, the dihedral will be 180�, as shown in Fig. 1
(top). In the case of the graphene sheet, the ‘dihedrals’ were
determined in the edges, so that the curvature of the graphene
plane over each edge matched the dihedral angle, which was
defined by two carbon atoms present in the “edges” of the sheet. In
the case of this work, the dihedral angle was used to describe how
far the planes formed in the structure must be aligned.

3. Results and discussion

3.1. Electrochemical characterization

In Fig. 2, a typical voltammograms for P3HT (curve a) in non-
aqueous solution is presented. A couple of redox processes
observed; the peak at þ0.80 V can be attributed to polymer
oxidation and the reduction peak observed at þ0.75 V can be
calculations. (A colour version of this figure can be viewed online.)

this figure can be viewed online.)
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related to the reduction process. These redox process are recog-
nized as P3HT fingerprints [54]. The composite material, P3HT/rGO
(curve b) has also presented the P3HT reversible peaks, but in the
oxidation process a shift of 95 mV towards more positive values is
observed. Another important change is a 2-fold increase in the
oxidation peak current. A surface area change or an electronic
interaction between the rGO and P3HT could explain such change.
The rGO film deposited on ITO was used as a blank (curve c); this
blank only shows small electrochemical activity in the potential
window investigated.

In order to elucidate the changes observed, a set of electro-
chemical impedance spectroscopy, EIS, experiments were carried
out. The interpretation of EIS data allows the splitting and
description of different parts of the system associated with both
electronic and ionic transport. P3HT spectra were fitted using a
modified Randles equivalent circuit, consisting of the cell resistance
(Rsol) in series with a parallel combination of a constant phase
element (CPE), considered as a pseudo-cacitance of the polymer
(Cmat), and the resistance of the polymer, Rpol. In the case of the
composite, it was necessary to add one more RC composition in
parallel after the first, as can be observed in the Bode Plot presented
in Fig. 3d. We have attributed these elements to the interaction
between the two components of the composite and, therefore, they
are here denominated as resistance and pseudo-capacitance of
charge separation, Rcs and Ccs, respectively. We have associated this
new process to the charge separation that occurs in the hetero-
junction interface. The time constant represented by the CPE can
Fig. 3. Nyquist and Bode plots for P3HT and composite films. Frequency range from 10 kHz to
be viewed online.)
be considered as it appears at very high frequencies, i.e., as fast as
expected for this kind of process.

Fig. 3a and b show the Nyquist plots for each compound in two
conditions: presence and absence of the light source. A significant
change is clearly observed for the semicircle size when the mate-
rials are under illumination, leading to the generation of photo-
current. The photocurrent magnitude provided by each material is
related to the amount of excitons formed by illumination, which in
turn can be understood as a drop in the resistance of the material
due to light irradiation. Thereby, the resistance value for P3HT
shows a decrease of 68.3%, and, for the composite, a decrease 75.0%,
as expected. Another important difference is the polymer resis-
tance values themselves. Under illumination, the composite resis-
tance is of about 5.42 kUwhereas P3HT alone has a value of 180 kU.
This difference can be explained by two major factors: first the
formation of the BHJ system. The P3HT has the behavior of a p-type
semiconductor and the rGO of a n-type [28]. It is assumed that
these characteristics promote a minimization in the electron/hole
recombination facilitating the charge transfer. The interaction be-
tween the P3HT chains and the rGO sheets is a second factor to
explain the observed changes. Since these are two aromatic mol-
ecules, a p-p stacking interaction is expected, which can bring an
enhancement of the aromaticity in the system, leading to a con-
jugated system with fast charge transfer. In addition to this is the
idea of an improvement in the charge carriers flow; comparing the
capacitance values, it is observed 19.3 mF sn�1 cm�1 and only
8.82 mF sn�1 cm�1 for P3HT and P3HT/rGO, respectively. There is,
10 mHz, OCP dc potential, ac perturbation of 10 mV. (A colour version of this figure can
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therefore, a significant decrease in these pseudo-capacitances.
Since this can be understood as the charge separation that occurs
within the material due to the different mobility values for each
charge carrier, an increase in the mobility of these carriers is a
possible outcome.

The improvement in the electrochemical response could also be
attributed to a morphology change, i.e., an increase in the electro-
active area of the composite material could occur. Therefore, in
Fig. 4, the morphologies of the materials are presented. A typical
P3HT morphology consisting of a porous structure, described as
sponge pattern [55], is observed. In Fig. 4b, it is observed that rGO is
not present in a single layer structure and that there are overlaps of
some layers. Also, it is clearly illustrated that rGO nanosheets are
wrinkled and folded. Evaluating the image of the P3HT/rGO com-
posite (Fig. 4c), it is possible to propose that P3HT covers the rGO
sheets. Additionally, the surface becomes less porous and, then, is
not expected that the change in the morphology is entirely
responsible for the changes in the electrochemical behavior.
3.2. Theoretical structural study

In order to understand the interactions between the substances
that lead to changes in the film properties, computational calcu-
lations were carried out using the HF/DFTmethod. As can be seen in
the optimized structure forP3HT in Fig. 5 (bottom), the helicoidal
structure is the lowest energy conformation for the polymer. In this
case, n monomeric units in the chain are twisted by 54� when
compared to the n-1 monomer. This conformation occurs because
of apolar hexyl substituents of the ring that tend to be directed
towards the apolar solvent, while the sulphur atoms, which are
polar, tend to be directed towards the inner portion of the structure
[38]. The conformation of the graphene sheet, as expected, is
extremely close to the plane, i.e. with dihedrals angles of less than
1�. Surprisingly, when the two materials interact by p-p stacking
the optimized geometry presents planar P3HT chains, wherein the
rings interacting with graphene now present a dihedral angle of
about 7�, while the graphene is curved slightly as if in order to wrap
the polymer chain.

In order to support the theoretical description above, ATR-FTIR
experiments were carried out for P3HT, rGO and P3HT/rGO; the
spectra are displayed in Fig. 5c. The important regions in the spectra
are highlighted and it is possible to qualitatively compare the
characteristic peaks attributed to P3HT and rGO. The first region
appears in the range from 3100 to 2700 cm�1 with wagging-like
vibration modes attributed to the sulphur atoms of the aromatic
rings of P3HT. Also, the low intensity bands in this region could be
attributed to the hybridized sp2 carbon. This same behavior
Fig. 4. FEG-SEM microscopy for each compound film in ITO substrate, 10 kx magnifica
appeared in the rGO spectrum, for which there are no sulphur
atoms expected in the structure. The second region, from 1700 to
600 cm�1, has three important singular bands. These bands are
related to C]C, S]O and C]O stretching. The coupling of the two
highlighted regions in the spectra are due to stretching bands and
can be described, for the P3HT spectrum, as out of plane twisting
modes of the aromatic rings. For the graphene sheet, the coupled
vibration mode can be understood as an oscillating movement. In
this sense, it is important to stress out the change observed when
comparing the pure compound with the composite. In the latter
case, it is only possible to compare thewavelength position for each
of the vibrational modes presented, but it is not possible to
compare their intensities because in the theoretical spectrum the
band intensities are attributed considering all of the vibrational
modes calculated for the system.

Analyzing the twisting movement of the aromatic rings for the
P3HT and the P3HT/rGO composite, it is observed that the band
intensity decreases for the composite, which could be attributed to
the suppression of the movement amplitude due to the strong
interaction between the polymer and graphene. As consequence,
the oscillating movement for graphene changes to a new kind of
vibrational mode, a clamping movement that promotes the wrap-
ping of the polymeric chain. On the other hand, an increase of the
aromaticity degree is clear; this occurs due to the strong p-p
interaction that appears in the newmaterial. Finally, comparing the
experimental and theoretical spectra for the composite, it is
possible to observe that all described vibration modes have
appeared in the theoretical spectrum, indicating that the new
composite was synthetized.

Fig. 5a and b show the Molecular Orbitals calculated from HF-3c
structural optimization for the composite. The strong p-p stacking
interaction can be proven bymeans of molecular orbitals calculated
by HF-3c, in which the six M.O. below the HOMO (HOMO-6) and
two M.O. above the LUMO (LUMOþ2) have p-symmetry. In addi-
tion, in each one of them there is overlap of the lobes of equal signs
for the structures of both graphene and the polymer. It is important
to stress out that the molecular orbitals of the polymer found with
all aligned lobes indicate an improvement in the aromaticity of the
polymer, which could explain the observed changes in the elec-
trochemical properties of the material. With the p-orbitals aligned,
there is a direct path with minimal charge transfer resistance, so
that the conduction of electrons across the polymeric chain is
facilitated. In addition, there is also an improvement in the effi-
ciency of charge separation, because the excitons created in one
component can be separated in the interface as electron-hole pairs,
which have a large half-life because the hole remains in the poly-
mer and the electron is collected by graphene.
tion and EHV level of 6 kV. (A colour version of this figure can be viewed online.)



Fig. 5. Optimized HF-3c composite structure with its important Molecular Orbitals; and the experimental ATR-FTIR for compounds in tetralin solution compared to the vibrational
spectrum of the composite. (A colour version of this figure can be viewed online.)

Fig. 7. Photocurrent response with time for P3HT (black line) and P3HT þ rGO (blue
line). 0.1 mol L�1HClO4, E ¼ �0.6 V versus Ag/AgCl/KCl3.0M. (A colour version of this
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A different result from TDDFT calculations is the visualization of
the electronic transitions in the molecular orbitals and, as conse-
quence, it is possible to infer from which state the photogenerated
charge is carried and to where it is transferred. Fig. 6a shows the
transition molecular orbitals below and higher than the bandgap of
the composite. These molecular orbitals have a main contribution
from the graphene molecules, which can be explained by the band
structure of this material [29,35]. Moreover, Fig. 6b and c show
transitions involving both materials, the transitions shown are to
the second and fifth excited states, respectively. This observation is
very important because due to the interaction between the two
materials, it is expected that the recombination effect will be less
expressive.

Therefore, using impedance data it is possible to calculate the
half-life for the charge carrier in eachmaterial following the Garcia-
Belmont method [56,57]. Thus, for P3HT the life-time is 0.781 ms
and for the composite it is 9.54 ms; so there is about 92% decrease
in the number of combinations per second for the new material
proposed. Moreover, even assuming that the thicknesses for the
two films are almost equal, the mobility of the charge carriers
further increases by about 10 times. We can attribute this obser-
vation to the strong interaction between these molecules that in-
crease the aromaticity of the photoactive material, which is also a
Fig. 6. Optimized HF-3c composite structure with its important transition Molecular Orbita
states. (A colour version of this figure can be viewed online.)
consequence of the p-p stacking interaction. Thus, it is expected
that there will be an increase in the photocurrent obtained for the
composite, since the recombination effect is a major problem with
ls, the red ones represent the donor electronic density and the blue ones the acceptor

figure can be viewed online.)
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this type of system.
Then, following the ideas described above, it was expected that

the system containing the composite material should present a
significant improvement in its photocurrent values. Fig. 7 shows
the current response for the polymer and for the composite as a
function of time. There is an increase of more than 2 times in the
amount of photogenerated current.

This result is in agreement with the photo EIS, where the
resistance value of the composite material is larger than that of
P3HT. Moreover, the theoretical results show a strong interaction
between the two molecules capable of changing the system
morphology. In summary, two different mechanisms can explain
the increase presented in Fig. 7: first, charge is generated in both
materials because of the semiconductor properties of each one of
them and, second, the charge is transferred in the BHJ interface
created. These mechanisms benefit from better intermolecular in-
teractions and increased interfacial area, which improve the het-
erojunction, promoted by the morphological changes observed for
the studied material.

4. Conclusions

In this work, in which practical aspects were correlated with
theoretical information, it was possible to understand which in-
teractions exist between a semiconductor material of the p-type
and another of the n-type when they form a bulk heterojunction.
On one hand, by means of experimental characterization tech-
niques, the intermolecular interactions were considered favorable
for the macro properties of the material formed. A significant in-
crease was observed in the electrochemical response, which led us
to think that the polymeric chains were more accessible to the
intercalation of ions and, thus, more easily passed to the oxidized
state. On the other hand, also improving the electrochemical
response as confirmed by electrochemical impedance measure-
ments, the response to light excitation has also presented a sig-
nificant gain. This type of response improvement was expected to
be the consequence of an increase in the area; however, as
confirmed by the SEM micrographs, the bulk film, which had
morphology similar to that of a sponge, was flat and almost without
pores. Thus, the system modeling contributed to show that the
electronic interactions between graphene and the polymer chains
change the way these are arranged in space, improving their
properties at the molecular level; this fact reflects in their macro-
scopic properties. Moreover, it was possible to confirm the accuracy
of the proposed model using the spectroscopic technique of ATR-
FTIR and again, it was possible to have a broader view of what
happens in the system in terms of suppression and displacement of
bands.
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