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Abstract

Poly(3-alkylthiophene) (P3ATs) have been extensively used in photovoltaic devices such
as a p-type organic Semiconductors. However, several electronic properties of P3ATs
present energy transfer inter- and intra-chains that have direct consequences on the
performance of optoelectronic devices. Traditionally electrochemical techniques, such
as cyclic voltammetry, chronoamperometry and chronocoulometry, have been applied
to process polymer thin films and unconventional spectroscopy techniques are used to
characterize the electronic properties. In the present work, we used an innovative tech-
nique called ellipsometry emission to investigate the optical properties of P3AT films.
We propose a new approach to study the electrochemical synthesize and unintentional
doping processes of polymeric systems. We showed a strong correlation between the
electrochemical synthesis and the optical properties controlling the film growth condi-
tions for P3ATs. The results obtained in the present study can be potentially utilized for
applications in organic devices, mainly in photovoltaic cells when the film deposition
and the optical properties control are relevant.

Keywords: poly(3-alkylthiophene), electrochemical synthesis, optical properties, energy
transfer, emission ellipsometry

1. Introduction

Over the last decades, semiconductor polymers have attracted considerable interest, partic-
ularly for the production of organic electroluminescent diodes (OLEDs) and organic photo-
voltaic cells (OPVs), in which they present high emission efficiency in the visible region and
UV-Vis absorption in the broad spectral window [1, 2]. Devices using conductive polymers
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exhibit some advantages over inorganic semiconductors. They are easily deposited on thin
solid films by low-cost techniques such as spin coating, casting or electrochemical [2, 3]. Among
the wide variety of conductive polymers, poly(3-alkylthiophene) (P3AT) has been studied due to
its various physical-chemistry characteristics, e.g., good chemical stability, solubility (making it
an easy deposition material on substrates) and has electrochromic and thermochromic charac-
teristics [4]. Besides these properties, the luminescence efficiency of this polymer has increased
significantly in the function of the alkyl chain length [5, 6]. Basically, P3ATs are the derivatives
of polythiophene (PT) which are obtained from the polymerization of thiophene (monomer), a
sulfur heterocyclic ring [7]. The precursor monomer of P3ATs, 3-alkylthiophene is also composed
of thiophene ring and alkyl groups, in compliance with the following combination [5]:

Co s (1)

where C is the carbon chemical element, H is the hydrogen chemical element and # is the
number of carbons that compose the molecule.

The P3ATs chemically synthesized presented an energy gap of around 1.93 eV (640 nm) [5, 6,
8-12]. Interestingly, this energy gap independent of the size of the alkyl lateral chain because
it is not conjugated. Therefore, the recombination of excited carriers occurs only in the main
conjugated polymer chain. However, the intensity of the emission band is directly related to
the alkyl chain [6]. Another important observation about the emission band intensity is the
anomalous temperature dependence [5].

Ohmori et al. [6] have observed luminescence intensity dependence in function of the length of
the alkyl chain. They used three P3ATs with different sizes of the alkyl chain. The P3ATs have tra-
ditionally been prepared by chemical synthesis from 3-AT monomers with FeCl, as a catalyst.
Chemical synthesis of P3AT polymer, using a standard way in the literature, was first obtained
by Yoshino et al. in 1984 [13]. In addition, Yoshino et al. [5] noted that the photoluminescence
intensity (PL) of P3AT films increases in the function of the sample temperature and decreases
after the melting point. This result has been discussed in terms of the effective conjugation
length, since the dynamics of the excited species are influenced by the occurrence of a twist
between the vicinity of the thiophene rings together with the interchain interaction. In the last
decade, the interest in the organic electronic devices has increased significantly; however, some
effects on their operation are not fully understood, in particular the interface effects of the sub-
strate/polymer and energy transfer of excited carriers [9, 14-16]. Since the physical-chemistry
properties and investigation of organic active layers, such as P3ATs thin solid films, can eluci-
date the development of new optoelectronic devices [16-18]. Interface effects cause significant
quenching of excited carriers and it is commonly investigated by conventional spectroscopic
techniques [15, 19], such as ultraviolet-visible absorption (UV-Vis), photoluminescence (PL),
photoluminescence excitation (PLE), vibrational spectroscopy (FT-IR and RAMAN) [8, 12, 20,
21] and the morphological technique of atomic force microscopy (AFM) [22-24]. In the case of
energy transfer processes of excited carriers, the analysis of polarization of emitted light can
be directly correlated with polymeric chain position parallel to the direction of the transition
dipole moment [25-27]. Moreover, we need to consider the effects of the deposition method.

In present work, we used the electrochemical synthesis for deposition of P3AT thin solid film
correlating with optical properties. We demonstrated an easy and efficient alternative method
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to control the processing of organic optoelectronic devices. In that context, Therézio et al. in [8]
show two distinct structures of the polymer chain morphology shifting the band gap to higher
energies, using an optical analysis of P3ATs films electrochemically prepared. Moreover, refer-
ence [9] also indicated that it is possible to analyze the polarization of the emitted light by the
supporting electrolyte effects on the emission properties of P3ATs films. The results conclude
quantitatively that the best-supporting electrolyte concentration for the P3ATs film's production
is 0.100 mol L. It is in absolute agreement of the electrolyte concentration used in the litera-
ture to P3ATs synthesis. Recently, Santana and coworkers [10, 12, 28, 29] have shown that the
P3ATs synthesis is possible using different supporting electrolytes, solvents and thicknesses.
Therefore, it was possible to correlate the growth conditions of the electrochemical synthesis
and optical properties to produce polymer films with possible application in optoelectronic
devices. We present the systematic study of two sets of poly(3-dodecylthiophene) (P3DDT)
films grown electrochemically with two different electrolytes. All thin films were deposited on
a transparent electrode FTO (fluorine-doped tin oxide) and cycles ranging from 1 to 10 cycles.
In addition, it was possible to obtain the emission optical characteristics in the function of the
amount of polymer deposited or the polymeric film thickness. We used, in the present investiga-
tion, UV-Vis absorption, photoluminescence and ellipsometry emission. As a result, we assign
the use of an alternative optical characterization to probe the organic semiconductors obtained
via electrochemical techniques [20, 23].

2. Electrochemical deposition in poly(3-alkylthiophenes) films

P3DDT samples were deposited on the FTO substrate by the electrochemical synthesis of 3-
dodecylthiophene (C, H,S) monomer in an electrolyte solution containing a solvent, salt and
monomer. In stoke solution, we used acetonitrile (CH,CN), monomer 3-dodecylthiophene
and lithium perchlorate (LiClO,) or tetraethylammonium tetrafluoroborate ((C,H,),NBF, or
Et NBF,) salts [9]. The concentrations used are 0.100 mol L for the support electrolyte (SE), 0.050
mol L' for the monomer and 0.040 mol L for Et NBF, or LiClO, electrolyte. The options for
the previous concentrations is based on the literature for poly(3-methylthiophene) and poly(3-
octylthiophene) [9, 10, 30-32]. The films grown in the present study are labeled in Table 1.

2.1. Cyclic voltammetry

The P3DDT films were electropolymerized and deposited on FTO substrates by cycles of
the voltammetry method (CV) using the IVIUM COMPACTSTAT potentiostat/galvanostat.
Alternatively, reference [9] presented additional deposition techniques of chronoamperometry
and chronocoulometry used to synthesize P3AT films [9]. Polymerization was accomplished
by continuous cycling the potential of the FTO electrode between +2.200 and -0.000 V for
Et,NBF, and +2.900 and -1.000 V for LiClO,. Electropolymerization scan rate was determined
at 0.050 V/s. Different sample thicknesses were obtained by increasing the number of cycles
in CV ranging from 1 to 10 for each electrolyte. In the electropolymerization CV technique,
we used standard-three-electrodes-cells: platinum auxiliary electrode, reference electrode con-
taining saturated demonized water solution of potassium chloride (KCI) and FTO-working
electrode. Electrodes were immersed in an electrolyte solution containing acetonitrile, mono-
mer 3-dodecylthiophene and inert salt under a controlled atmosphere using argon gas.
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Electrolyte Number of cycles Nomenclature used

Et,NBF, 1 EtNBFO1
2 EtNBF02
4 EtNBF04
6 EtNBF06
8 EtNBFO08
10 EtNBF10

LiClO, 1 LiClO01
2 LiClO02
4 LiClO04
6 LiClO06
8 LiClO08
10 LiClO10

Table 1. Label of P3DDT film in function of the cycles number and electrolyte.

Initially, the voltammetry cyclic synthesis, oxidate or reducte the polymer monomers bond-
ing its covalently increasing the main chain length and deposit the polymer via physical-
chemistry interaction with the working electrode. The polymer chain length formed in this
process occurs until the saturation limit of the chain is achieved. Then, in each CV cycle new
polymer chains are deposited on the previously deposited polymer layer. Figure 1 shows the
cyclic voltammogram for EtNBF10 (Figure 1a) and LiCIO10 (Figure 1b) films. We observe
that between the first and the last cycles, there are different maximum of reduction poten-
tials 0.56 and 0.32 V for EtNBF10 and 0.36 and 0.48 V for LiClO10, respectively. These ddp
differences indicate the film thickness and material deposited amount is increasing between
consecutive CV cycles [33].

The increase in number of electropolymerization cycles leads to the formation of various lay-
ers until the saturation point of the film. Assuming that in each cycle, the maximum voltage
of oxidation or reduction represents the cathode and anodic ionizing potential, respectively,
the difference in ionization potentials allows us to infer the energy gap (E,) of the material. It
is important to observe that the CV curves need to display only one oxidation or reduction
process, as in the case of P3DDT films, see Figure 1. This method was first introduced by
Eckhardt et al. [34] for organic semiconductor materials. Table 2 shows the oxidation and
reduction maximum values for all P3DDT films. Calculated E_ values increase from the first to
the last cycle regardless of the electrolyte since the resistance of the carriers is greater for the
additional P3DDT layer after each cycle, thus increasing film thickness [30, 33].

By comparing the values, shown in Table 2 for the energy gap, it can be observed that the films
with the Et,NBF, electrolyte require less energy for their formation. The increase in voltage
required for the formation of films and of energy is due to the presence of BF,” and CIO, anions
in the electropolymerization, which has great influence on the morphology, structure and



electrochemical polymer properties [7-9, 19, 20, 31]. In addition, great E_ can be correlated with
the high doping of P3DDT chains producing higher polymer quinone form. It was showed by
Therézio et al. [8, 19] studied that the energy gap in doped P3AT films increases. Therefore, in
our study, we also recommend the P3DDT films with lesser deposition cycles and lesser doped
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or lower gap energy which displays major polymer chains in the pristine form.
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Figure 1. Cyclic voltammetry of (a) EtNBF10 and (b) LiCIO10 films.
Film Cathodic maximum (V) Anodic maximum (V) Eg V)
EtNBF01 - 0.84 -
EtNBF02 1.25 0.80 0.45
EtNBF04 1.44 0.70 0.74
EtNBF06 1.62 0.68 0.94
EtNBF08 1.76 0.55 1.21
EtNBF10 1.82 0.55 1.27
LiClO01 2.40 0.84 1.56
LiCl1O02 2.55 0.68 1.87
LiClO04 2.61 0.64 1.97
LiCIO06 2.80 0.59 2.21
LiClO08 2.80 0.45 2.35
LiClO10 2.80 0.30 2.50

Table 2. Cathodic and anodic ionization potential for P3DDT films.
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3. Optical characterizations

3.1. UV-Vis absorption’

In the UV-Vis spectral range with maximum absorption centered at ~450 nm. For the EtNBF(02
film, a well-resolved absorbance band at ~775 nm is also observed. This band is the result of
the interaction between the BF,” anion and P3DDT polymer chains [8, 9, 20]. Similar results are
observed in different P3AT polymers [35-37]. To higher electropolymerization cycle number,
the band at ~775 nm is further evident (not shown), in which it is possible to correlate the cycle
number and UV-Vis absorption intensity to follow the polymer-grown deposition. Figure 2b
shows the absorption spectra for the LiCIO01 and LiClO02 films in the UV-Vis spectral range.
It observes in Figure 2b that the maximum absorption is approximated at ~400 nm for the
LiClO02 film, but it cannot be confirmed by the exact spectral position because of the absorp-
tion of the FTO substrate. The blue shift of the absorption maximum position in comparison
of absorbance spectra of the Et NBF, films should be considered due to the presence of two
different P3BDDT molecules morphologies or the diminish of the length of the polymer chains.
As a result, the decrease of the conjugation and the increase of the gap energy of the mate-
rial occur. That effect was recently reported by Therézio et al. [8, 12] to the P3AT derivative
where the maximum position and intensity of absorption change in function of the electrolyte.
Other castellation is the exposition of the film on the atmosphere environment that induces
relatively quick (days) polymer films degradation. Lower intensity and poorly resolved absor-
bance band at ~650 nm is observed in Figure 2b for LiCIO02 and thick films (not shown) due to
the interaction between the ClO, anions and the P3DDT molecules [8, 9, 12, 20, 31].
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Figure 2. UV-Vis spectra for P3DDT films with one and two electropolymerization cycles: (a) EtNBF01 and EtNBF02
films and (b) LiClO01 and LiCIO02 films.

*UV-Vis measurements were conducted using a spectrophotometer FEMTO XI 800, operating in the 190-900 nm range.
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3.2. Photoluminescence (PL)?

We consider several radiative contributions associated with different interactions to simulate
the emission spectra due to the presence of the anion in the electrolyte solution and polymer
chain [8, 9, 12, 31]. Basically, for P3ATs emission spectra we may approximate the line shape
considering quinone or oligomer structures (high energy) and pristine (low energy) structures.
The main structures present in these polymers such as the quinone and pristine structures
are shown in Figure 3. The result is the maximum shift or relative intensity change due to the
interaction of electron-vibrational modes of quinone or pristine structures [8, 19] or different
lengths of polymer chains [38].

LAY LN
\ /) \_/)

C12H25 C12H25

Figure 3. Scheme for P3DDT (a) pristine and (b) quinone structure.

Figure 4a and b shows the PL spectra of P3DDT film synthesized using both Et NBF, or
LiCIO, electrolytes, respectively. Note that the spectra are broad in the UV-Vis spectral range.
Figure 4a shows normalized PL spectra for P3DDT films grown using the Et NBF, electrolyte,
where the maximum of the emission redshift increased the number of cycles. This is due to
the presence of oligomers with smaller conjugation lengths [38] and quinone chains [8, 19].
In addition for EtNBF01-EtNBF04 films, it is possible the occurrence of polymer chains with
lower molecular weight and interface substrate/polymer, polymer/polymer and polymer/
electrolyte effects [14, 22]. By increasing the film thickness (>4 cycles), PL spectra shifted to
high wavelengths (redshift), it according the rise of in residence time in the electropolymeriza-
tion process in the presence of higher conjugated polymer chains and pristine structures [8, 9,
12]. Figure 4b shows the PL spectra of P3DDT films synthesized with LiClO,, presenting the
similar line shape characteristics observed in Figure 4(a). Film emission spectra utilizing that
electrolyte also display different radiative processes. In this case, we consider two different
configurations of P3DDT molecules, i.e., pristine or quinone structures [8, 9, 12]. The emission
line shape is practically identical to LiCIO01-LiClOO08 films. However, the PL spectra for the
thicker LiClO10 film is red shifted due to the new polymer structures created by the interac-
tion CIO, ion present in the solution [8, 12]. It is possible in the synthesis the presence of high

’PL measurements were obtained by exciting the samples with the 405 nm line of a diode laser at 4.0 mW (Laser Line-
iZi), vertically polarized in relation to the laboratory reference. The emission was detected and analyzed by a USB 2000
ocean optics spectrophotometer.
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polymer conjugation length or pristine structures [8, 9, 12]. Results are coherent with recent
observation of P3ATs when different electrolytes tend to influence the molecular polymer
structure [7, 33].
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Figure 4. PL spectra for P3DDT films formed with electrolyte (a) Et4NBF4 and (b) LiClO4. PL simulation for (c) EENBF10
and (d) LiClO10 films.

Figure 4(c) and (d) shows the spectra simulation for EtNBF10 and LiClO10 films, respectively,
using the multi-Gaussian function, following the procedure utilized for P3AT polymers [8, 9,
12, 13]. First, we consider the polymer chains without the presence of dopants and without
structural changes. Second, we introduce the contribution to the emission line shape of dop-
ants and possible new structural changes (Figure 3) [8], as established by the P3AT family [35-
37] in the energy range of polymeric chains or oligomers [38, 39]. Moreover, it was also added
bands due to the interaction of the electron-vibrational modes. The typical optically active
vibration mode is 1450 cm™ for the C=C group [37]. In Figure 4(c), the PL spectra centered at
~516 nm can be assigned to high conjugation polymer chains. The second band at ~584 nm is
due to quinone structures, which is the result of interaction between the salt and the polymer
chains. The band at ~638 nm is attributed to pristine without the salt-polymer interaction.
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Finally, the last one at ~678 nm is normally reported as the vibrational replica [35-37]. We
perform a similar procedure to simulate the spectra of P3DDT films processed with LiClO,
and the results are presented in Figure 4(d). Note in this case, the spectrum may be simulated
with only Gaussians curves [8, 12]. The emission band at ~572 nm is assigned to the interac-
tion between the electrolyte and the polymer chain forming mainly quinone structures and a
band at ~610 nm is due to the pristine structure. That result is agreement with the reports on
the P3ATs family [8, 9, 12, 19]. A similar simulation was performed for all samples analyzed
and the results are shown in Table 3. And it observed that the films synthesized with Et,NBF,
have vibrational replicas at 680 nm. The presence of the bands assigned to the quinone and
pristine structures is also evident for both electrolytes. As a result, it is possible to correlate the
maximum emission spectral position to the amount of these structures in the polymeric film.

Table 2 shows that the P3DDT band gap should change, increasing the number of the deposi-
tion cycles. However, data in Table 3 demonstrate that the emission of quinone or pristine
chains does not change the spectral position, respectively, at 569 + 7 and 631 + 8 nm for films
grown in Et NBF, and 538 + 9 and 588 + 7 nm for the films grown in LiClO,. The redshift in the
emission spectra is due to the emission bands of the pristine or quinone species. In addition,
the present result shows how the use of electropolymerization is able to synthesize regular
polymer chains, in which it is an important point when the reproducibility of polymeric lay-
ers is important, mainly to applied in an organic device area.

Films 1st oligomers band 2nd oligomers Quinone band Pristine band Vibrational replica
nm (eV) band nm (eV) nm (eV) nm (eV)
nm (eV)

EtNBF01 465 (2.66) 520 (2.38) 568 (2.18) 630 (1.96) 684 (1.81)
EtNBF02 461 (2.68) 515 (2.40) 556 (2.22) 610 (2.03) 674 (1.83)
EtNBF04 - 500 (2.47) 569 (2.17) 638 (1.94) 691 (1.79)
EtNBF06 - 499 (2.48) 566 (2.19) 625 (1.98) 683 (1.81)
EtNBFO08 - 512 (2.42) 575 (2.15) 632 (1.96) 675 (1.83)
EtNBF10 - 516 (2.40) 584 (2.12) 638 (1.94) 678 (1.82)
LiCl001 - - 540 (2.29) 589 (2.10) -
LiClO002 - - 539 (2.30) 588 (2.10) -
LiClO04 - - 537 (2.30) 587 (2.11) -
LiClO06 - - 535 (2.31) 579 (2.14) -
LiClO08 - - 534 (2.32) 576 (2.15) -
LiClO10 - - 572 (2.16) 608 (2.03) -

Table 3. Maximum of curves of the deconvolution in the PL spectra for EtNBFxx and LiClOxx films.
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3.3. Emission ellipsometry (EE)*

Recently, we demonstrated the correlation between polarized emission light and P3DDT
films grown using the electrochemical using emission ellipsometry technique [25, 26, 40].
Photoluminescence polarization reveal important properties of the material structure, e.g.,
anisotropy, which has immediate application in industry [41]. By using the ellipsometry tech-
nique, the polarization state of the emitted light can be determined by calculating the S, S,
S, and S, Stokes parameters. S is associated with the total light emitted amount, S, describes
the linearly polarized amount of light in the vertical or horizontal direction, S, describes the
linear polarization amount rotated by +45° or -45° and S, describes the circularly polarized
light to the right or left. These parameters are obtained by adjusting the intensity I of the equa-
tion [25, 40]:

I0) = [A+B.sin20)+ C.cos@0) + D sin(46)] )

where [ is the electric field intenssity, 0 is the a?gle between the axes of the quarter-wave
plate and of the polarizer, A = s -5,B=5,C=-5and D = -5, where S, S, S, and S, are the
Stokes parameters. In practice, the quarter-wave plate is rotated by discrete angles 0 such

that:
A = %il(n 0)
B = %il(m 6j>sin<2n6)
C= %21(11 6J.)cos(4n9) ©
D = %i I(n 6j>sin<4n 6],)

where N is the number of steps of the quarter-wave plate. Eq. [2] can be solved considering
the eight possible combinations of the harmonic functions (sine and cosine) and the total
intensity (parameter ). In other words, the minimum number of points for solving Eq. (2) is
N =9 or AG = 40° and, from the experimental point of view, the symmetry 1(0) = 1(6 +2n). The
new method to solve Eq. (2) was introduced by Basilio [42]. Stokes parameters are associated
with the degree of polarization (P) of the emitted light by [25, 40]:.

=

(8+5:+5))
P=-——" 4)
Moreover, it is also possible to obtain the dissymmetry factor g the circularly polarized light

emission degree and the anisotropy factor r, it is associated with molecular ordering of the

3The emission ellipsometry experiment was performed using the setup described by Alliprandini et al. [25-27]. The
samples were excited by a laser in 405 nm, and the emitted light was collected by a set of lenses and directed through
an achromatic quarter-wave-plate (Newport 10RP54-1), as a compensator and an achromatic polarizer (Newport 10LP-
VIS-B). The emission was detected and analyzed by an USB 2000 Ocean Optics spectrophotometer. The experiment was
performed by rotating the compensator in its own plane from 0 rad (0°) to ~6.28 rad (360°), with steps of ~0.17 rad (10°).
All measurements were performed at room temperature (~20°C) and under 10-4 Torr vacuum.
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polymer chains [22, 43]. These factors are obtained from the Stokes parameters in Egs. (5) and
(6). The use of the dissymmetry factor ¢ equation is conditioned to the referential adopted: the
vertical direction (y-axis) as a positive sign and the horizontal direction (x-axis) as a negative
sign.

SS

§= *23 5)
Sl

re —2 ©)
3+5_

<

3.3.1. Emission ellipsometry in P3DDT

The results presented in this section are dedicated to study the photophysical effects of P3AT
films. In addition, it is possible to correlate the energy transfer mechanisms [44, 45] and polar-
ization light states [22, 25-27]. Note that, in general, they are intrinsic characteristics semicon-
ductor polymers. Stokes parameters are directly related to the light polarization states and,
consequently, with factors related to orientation of the polymer chains in the films [25, 26], in
which it provides information about the samples molecular ordering along the polymer films.
In principle, the electrochemically synthesis by cyclic voltammetry does not show a molecular
order [9].

Figure 5 shows the parameters S /S, 5,/S, and S./S in the spectral range of P3BDDT emission
obtained from the EE data for EtNBF01 and EtNBF10 films. The Stokes parameter values are
virtually null in Figure 5a. It indicates that the light emitted by EtNBF01 films has random
polarizing directions, i.e., depolarized with high probability of energy transfer from the pho-
toexcited carriers in all directions of the polymeric film plane. It is important to remember
that the excitation polarization is linear in the vertical direction (laboratory referential) and
only chronophers with transition dipole in the parallel direction are excited. However, for
EtNBF10 film thickness, we observe, in Figure 4b significant variation for the S,/S and S,/S,
parameters. In principle, the films grown using electrochemical techniques have not molecu-
lar order [40], but they may have partially polarized emission when the excitation light is
linearly polarized [9, 24, 40, 43]. Another important observation is that the inversion signal of
the S /S, curve occurs simultaneously with the reversal of S,/S; curve. This may be explained,
according to Foster’s energy transfer process mechanism [44] by the excitation low molecular
weight chains or oligomers that have their transition electric dipole or part thereof aligned
with the excitation source, energy absorbing (405 nm). Thus, part of the absorbed light is
transferred via Forster processes to another polymer with larger conjugation length, pristine
and quinone structures, in a random direction, depolarized and decreasing the values of the
S,/S, factor close to zero above 525 nm. However, some excited oligomers and low molecular
weight chains may not energy transfer increasing the emission in the parallel direction of exci-
tation polarized light [9, 26]. It is observed in the S /S factor from 475 to 525 nm spectral range
due to the effects of the substrate-polymer or polymer-polymer interface [14, 22]. Finally, the
S./S, parameter indicates that the light emitted does not have significant right or left circular
polarization.
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Figure 5. EE curves for films (a) EtNBF01 and (b) EtNBF10.

Forster energy transfer occurs when two conditions are met [44, 45]. First (i), the distance
between the donor and the acceptor chromophores is up to ~ 10 nm, and (ii) second, paral-
lelism condition, i. e, the electric dipole moment of the donor and the acceptor is parallel
(aligned) or component of electric dipole moment of the acceptor is in the parallel direction
of electric dipole moment of the donor [44]. Thus, when conjugated polymer segments absorb
energy partially or totally is transferred to another, generally, higher conjugation polymer
degree due to the electronic-vibrational relaxation mechanism. During the transfer process,
the energy undergoes depolarization or rotational changes due to the misalignment of the
dipoles in the same direction of the polymer main chains. As a result, when there is an emis-
sion in another part of the polymer or different polymer chains, a different polarization com-
pared to the initial direction of the excitation polarization is obtained. Thus, the molecules,
whose dipole or parts of its components are aligned with the excitation source, transfer energy
to the polymers with greater conjugation lengths, causing an emission at lower energies. For
the thick film in Figure 5b, the oligomers show great probability to transfer energy to other
chains with greater conjugation lengths (quinone and pristine chains), parameter S /S ~0, see
spectral range assigned to oligomers between 475 and 525 nm. Similarly, Figure 6 shows the
EE curves for LiClO01 (Figure 6a) and LiClO10 (Figure 6b) films. Note that the emission of
these films has horizontal and linear polarization, S,/S; > 0 and polarization rotation to + 45°
in relation to the polarization of the excitation light S /S, < 0. Circular polarization emission
is not observed at 5./S ~0 to 500-675 nm. All samples processed using LiClO, have the same
EE curves characteristics (Figure 6). An explanation for the absence of reverse bias directions
and rotation observed for the films processed using the Et NBF, electrolyte is the preferential
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formation of polymer chains with smaller conjugation lengths. It is compatible with the lower
energy transfer at a higher spectral range <550 nm.
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Figure 6. EE curves for films (a) LiCIOO01 and (b) LiClO10.

The polarization degree P (Eq. (4)) indicates the amount of light that is polarized, without dif-
ferentiating between linearly or circularly polarized lights [25, 27, 40]. There are other two
important parameter to quantify the polarization: the anisotropy factor r (Eq. (6)) that may be
correlated with the direction of the polymer chains and the dissymmetry factor ¢ (Eq. (5)) asso-
ciated with the emission of the circularly polarized light [22, 40, 43]. The parameters P, r and g
are obtained directly from Stokes parameter values [22, 43]. Figures 5a and 7a show the polar-
ization degree parameters for the EtNBF10 film in the function of the emission wavelength,
presenting maximum at 495 and 630 nm. At 495 nm, we observe the signal inversion of S /S,
coinciding with the minimal value for S /S  curves. The dissymmetry factor g in the emission
spectral region is around ~5% or below, indicating that there is no emission of circularly polar-
ized light [44]. Figure 5b shows the polarization degree P, anisotropy factors r and dissymme-
try factor g for the LiClO10 film. We can observe that the polarization of the emitted light is high
(~28%) at a low wavelength region (<550 nm) addressed with oligomers decreasing monotonic
above 550 nm. The parameters r and g followed the spectral dependence of p. However, the
parameter g does not display significant values. On the other hand, r values in the spectral range
of oligomers emission are related to the decrease of energy transfer between adjacent polymer
chain, according to reference [26]. The dissymmetry factor g has no significant intensity.
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Figure 7. Polarization degree P, anisotropy factor » and dissymmetry factor g obtained from the Stokes parameters for
the (a) EtNBF10 film and (b) LiClO10 film.

4, Conclusions

We showed the strong correlation between the optical properties of a P3AT polymer and the con-
ditions of the polymer electrochemical growth, demonstrating that it is possible to control the
optical properties of polymeric films by controlling the growth conditions. For this, we use dif-
ferent electrolytes during the synthesis of polymeric films, which were linked to the number of
growing cycles, according to the cyclic voltammetry electrochemical technique. Electrochemical
synthesis is shown in efficient growth polymeric films when the concentrations of the reagents
are equilibrated, e.g., the concentration for electropolymerization of the P3DDT occurs homoge-
neously with 0.050 mol L monomer and 0.100 mol L of LiClO,. Furthermore, it is possible to
measure the energy gap E_for organic semiconductor directly from the cyclic voltammogram.

Through the UV-Vis results, it is possible to conclude that the electrolytes reacted differently
in this material, shifting the spectrum to other regions of absorption as occurs to electrolyte
change. PL results showed the existence of several contributions in each spectrum, in which
the highest intensity contributions, quinone and pristine are the result of two structures that
the polymer chains can take through the interactions between each electrolyte/polymer. These
contributions are able to shift the maximum emission in each spectrum when the film thickness
increases, and more effectively for the films containing Et NBF,. There are also contributions
resulting from the oligomers emission and the electron-phonon interactions. The EE demon-
strated energy transfer processes by the Forster mechanism, where the emission polarization
is observed and this has gradually changed with increasing emission wavelength. However,
it is an isotropic material when obtained for CV, shown by the anisotropy factor, r. These
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analyses show that the Forster energy transfer process occurs in this material and is responsible
for the emission throughout the spectral window. Furthermore, more accentuated emissions
polarization can be related to the oligomer emission.

Results show that the P3ATs deposited electrochemically has great potential for application in
optoelectronic organic devices since P3ATs optical properties can be easily adjusted by con-
trolling the deposition. In addition, results also showed the great light absorption capacity and
a broad spectral window for the P3DDT emission. Moreover, it is also observed the presence
of electron-phonon combination, which can contribute to the occurrence of energy transfer or
charge transfer significantly, enhancing the use of P3BDDT in optoelectronic devices, which
makes this promising material to form the active layer of multiple devices, such as organic
light emitting diodes (OLEDs), photovoltaics, photodetectors and mobile devices screens
(displays), among others.
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