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Abstract

In this work, poly(3-dodecylthiophene) (P3DDT) thin films were electrochemically synthesized using
tetraethylammonium tetrafluoroborate (EtsNBF4) electrolyte. After synthesis, the films were
deposited onto fluorine-doped tin oxide (FTO) substrates and subjected to optical and electrical
characterizations to investigate their photophysical and electronic properties. Optical analyses were
performed using ultraviolet-visible absorption spectroscopy (UV-Vis), photoluminescence
spectroscopy (PL), emission ellipsometry (EE) and Raman spectroscopy. The results revealed the
formation of distinct structures during the electropolymerization process, which significantly
affected the optical behavior observed in the UV-Vis and PL spectra. Furthermore, the EE
measurements provided insights into the impact of these structures on the polarization states of
emitted and transmitted light, on energy and charge transfer mechanisms, and on the photophysical
behavior of P3DDT. Variations in the degree of polarization (P), anisotropy factor (r), and asymmetry
factor (g) were analyzed as a function of the emission wavelength. The results confirm the potential
of P3DDT as an active layer in electroluminescent devices, as the emissive material used in the active
layer consisted exclusively of this polymer.

Keywords: electropolymerization; emission ellipsometry; conjugated polymers

1. Introduction

Conjugated polymers have attracted significant attention due to their semiconducting behavior
and potential applications in optoelectronic devices such as organic light-emitting diodes (OLEDs),
field-effect transistors, and solar cells [1-5]. Among these, the poly(3-alkylthiophene) (P3AT) family
stands out for its processability, thermal stability, and tunable optoelectronic properties resulting
from m-conjugated backbones and side-chain functionalization [6]. These materials exhibit
delocalized electronic structures that enable efficient charge transport and light emission, making
them promising candidates for the development of advanced organic devices.

Poly(3-dodecylthiophene) (P3DDT), a long-chain derivative of P3ATs, is of particular interest
due to its ability to form thin films with high degrees of molecular order and optical anisotropy [7,8].
However, most studies involving P3DDT have focused on chemically synthesized samples, whereas
investigations of films obtained via electrochemical polymerization remain limited [9].
Electrochemical synthesis offers several advantages, including fine control over film thickness and
morphology, reproducibility, and the direct deposition of films onto conductive substrates.
Furthermore, the nature of the supporting electrolyte used in the polymerization process plays a
crucial role in determining the oxidation potential, chain growth mechanism, and the final structural
and electronic characteristics of the film [10-12].

Despite its advantages, the impact of the supporting electrolyte on the photophysical and
vibrational behavior of electrochemically synthesized P3DDT films has not been extensively
investigated. A deeper understanding of how synthetic parameters influence energy gap values,
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polarization states of emitted light, and molecular ordering is essential for tailoring material
properties for specific applications. In this context, spectroscopic techniques such as UV-Vis
absorption, photoluminescence (PL), Raman spectroscopy, and emission ellipsometry (EE) provide
detailed insight into the relationship between synthesis conditions and optical performance [13-15].

This work aims to perform a comprehensive optical and vibrational characterization of
electrochemically synthesized P3DDT films using tetraethylammonium tetrafluoroborate (Ets<NBFa)
electrolyte. By combining PL, Raman, and EE analyses, we investigate how the number of
electropolymerization cycles influence molecular organization, optical anisotropy, and
photophysical behavior.

2. Experimental

In this study, P3DDT was obtained in the form of thin films deposited onto fluorine-doped tin
oxide (FTO) substrates. The films were synthesized electrochemically from the 3-dodecylthiophene
monomer (CisHz2sS) in an electrolytic solution. This solution consisted of a solvent, a supporting
electrolyte, and the monomer.

For the preparation of the electrolytic solution, acetonitrile (CH3CN) was used as the solvent,
combined with the 3-dodecylthiophene monomer at a concentration of 0.05 mol-L' and the
supporting electrolyte tetraethylammonium tetrafluoroborate ((C2Hs)sNBFs+ or Et«{NBF:) at a
concentration of 0.10 mol-L.

The synthesis of thiophene-based polymeric thin films is commonly achieved through either
chemical or electrochemical polymerization methods. In the present work, the electrochemical route
was employed. This technique consists of immersing electrodes in an electrolytic solution containing
the monomer, and applying a cyclic potential that initiates and controls the growth of the film. The
applied potential must be equal to or greater than the oxidation potential of the monomer in order to
promote polymerization via oxidative coupling and deposition of the polymer onto the working
electrode.

The films were electropolymerized onto fluorine-doped tin oxide (FTO) substrates using the
cyclic voltammetry (CV) technique, performed with an IVIUM COMPACTSTAT
Potentiostat/Galvanostat. Film thickness was controlled by varying the number of voltammetric
cycles applied to each sample. The electrochemical cell was composed of three electrodes: a platinum
auxiliary electrode, a reference electrode containing deionized water saturated with potassium
chloride (KCl), and the working electrode (FTO). The electrodes were immersed in an argon-purged
electrolyte solution consisting of acetonitrile (CHsCN), the 3-dodecylthiophene monomer, and an
inert supporting electrolyte at controlled concentration.

Figure S1 shows a typical CV curve, illustrating the electrochemical events involved in the
electropolymerization process. After the electrochemical synthesis process was completed, the
polymeric films were obtained, deposited onto FTO substrates. The films were characterized using
standard spectroscopic techniques. These included ultraviolet-visible absorption spectroscopy (UV-
Vis), photoluminescence spectroscopy (PL), Raman spectroscopy and emission ellipsometry (EE).

3. Discussion

The cyclic voltammetry (CV) synthesis of the P3DDT film was carried out through the
electrochemical oxidation of monomers in aqueous solution. In this technique, monomers near the
working electrode (WE) undergo oxidative coupling reactions, leading to the formation of polymer
chains that are progressively deposited onto the electrode surface. The length of the polymer chains
formed is limited by the saturation threshold of the growing chain. With each CV cycle, newly formed
chains are deposited atop the previously polymerized layer, resulting in a progressive increase in
film thickness.

Figure 1 shows the cyclic voltammogram for a P3DDT film synthesized with 10 cycles. The
voltammogram reveals a difference of 0.56 V in the oxidation potential and 0.32 V in the reduction

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1810.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2026 d0i:10.20944/preprints202601.1810.v1

3 of 15

potential between the first and last cycle. This shift in potential indicates continuous film growth
throughout successive cycles, leading to a thicker film [16]. As the number of electropolymerization
cycles increases, multiple polymer layers are formed until the film reaches a saturation point, beyond
which further chain deposition is no longer possible [17,18]. Table 1 shows the values of the potential
peak as a function of the number of the cycles for P3DDT10 film.
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Figure 1. Cyclic voltammogram for the film with 10 cycles. The insert shows the chemical structure of the P3DDT
monomer.

The anodic peak potential shifts from 0.84 V (1 cycle) to 0.55 V (10 cycles), indicating that the
oxidation of new monomers becomes progressively easier as the film grows. This behavior is
consistent with the p-type nature of polythiophenes, upon successive oxidation cycles, the polymer
layer becomes doped with positive charge carriers (polarons and bipolarons), increasing its electrical
conductivity and facilitating charge transport at the interface [19,20].

From the 8th cycle onwards, this value remains almost unchanged significantly, suggesting that
the process reaches a steady growth regime [21]. On the other hand, the cathodic peak shifts in the
opposite direction, moving to more positive values as the number of cycles increases (from 1.25 V at
2 cycles to 1.82 V at 10 cycles). This shift reflects the increasing difficulty of dedoping in thicker and
more dense films, where ion transport becomes more limited and doped states are more stabilized
[22,23]. The gradual increase in the potential difference between oxidation and reduction peaks
reinforces this interpretation, showing that film growth is accompanied by greater kinetic and mass
transport constraints [19,22].

Table 1. Cathodic and anodic ionization potentials for PSDDT10 synthesized with Et«NBFa.

Number of cycles Cathodic peak (V) Anodic peak (V)
1 - 0.84
2 1.25 0.80
4 1.44 0.70
6 1.62 0.68
8 1.76 0.55
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10 1.82 0.55

Figure 2(a) presents the UV-Vis absorption spectra of the film synthesized with 1
electropolymerization cycle. The main absorption band is centered around 450 nm and is attributed
to the rt-7t* electronic transition. For films obtained with a higher number of cycles, this band remains
present. Additionally, a broad absorption feature extending from ~775 to 810 nm emerges (see Figure
S2). This lower-energy band is commonly associated with polaronic states, originating from the
interaction between the BF+ counter-ion and the polymer backbone during the electropolymerization
process [10,12,24-26].
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Figure 2. (a) Absorption spectra for sample P3DDTO01 and (b) Determination of the optical gap using the Tauc
plot method.

Based on the UV-Vis absorption data, the optical bandgap (Es) associated with the m-mt*
transition was determined using the Tauc plot method, as shown in Figure 2(b). The extracted E;
values, summarized in Table 2, are very similar among the samples and are consistent with those
reported in previous studies [28,29]. In addition, the energy associated with the polaronic absorption
band was estimated by applying the Tauc analysis to the low-energy absorption region, yielding a
value of approximately 1.41+ 0.01 eV, as shown in Figure S3.

Table 2. Eg obtained from the Tauc plot.

Film Eg (eV)
P3DDTO1 223 + 0.02
P3DDT02 223 + 0.02
P3DDT04 239 + 0.02
P3DDT06 246 + 0.02
P3DDTO8 223 + 0.02
P3DDTI0 238 + 0.02

Figure 3(a) presents the normalized photoluminescence (PL) spectra of P3DDT films
electropolymerized with different numbers of cycles. The excitation wavelength was set at 450 nm,
in agreement with the maximum absorption band observed in Figure 2(a). All spectra exhibit broad
emission profiles, which are characteristic of polythiophenes and can be attributed to the distribution
of conjugation lengths and the coexistence of multiple emissive states along the polymer chains
[30,31].
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Figure 3. (a) Normalized PL spectra of the films and (b) Gaussian deconvolution of the PL spectrum for the film
P3DDT10.

The PL spectra show that increasing the number of electropolymerization cycles leads to a
progressive redshift of the emission maximum, indicating an increase in the effective conjugation
length and enhanced interchain interactions, including m-m stacking [12]. For instance, the film
synthesized with 10 cycles exhibits a broadened and red-shifted emission band centered around 600
nm, extending toward the near-infrared region. It should be noted that, for thicker films, the presence
of low-energy absorption features may also contribute to self-absorption effects, partially influencing
the spectral shape and the apparent redshift of the PL emission. Therefore, the observed redshift in
the PL spectra with increasing cycle number is likely governed by a combination of intrinsic
photophysical effects, including extended conjugation and aggregation, and extrinsic optical effects
related to self-absorption.

To better understand the nature of the emission, Figure 3(b) shows the deconvolution of the PL
spectra for the films obtained with 10 cycles. Gaussian fitting was used to resolve the different
contributions, following approaches reported for other polymers in the P3AT family [10,14,32]. The
analysis reveals four main components. The first, at ~516 nm, is associated with shorter conjugated
segments, consistent with oligomeric chain length limitation [33]. The second band, centered around
~584 nm, is assigned to quinoid structures formed by the interaction of the salt with the polymer
backbone as [10,34]. The third contribution, observed at ~638 nm, corresponds to pristine structures
with minimal interaction from counter-ions [10,14,34]. Finally, the feature near ~680 nm is attributed
to electron-phonon coupling processes, a relaxation mechanism also reported for other members of
the P3AT family [24,26]. For the other films see Figure S4 in supplementary materials. Evidence of
quinone structure formation is provided by Raman spectroscopy (Figure 5), where the bands at 1451
cm™ and 1461 cm™ are characteristic of bipolaron (radical dication) and polaron (radical cation) states,
respectively, which are strongly present in the quinone structures formed in poly (3-alkylthiophenes)
[12,33].

Table 3 summarizes the positions of all spectral contributions identified in the
photoluminescence spectra of the films. All contributions appear centered at similar wavelengths
regardless of the number of electropolymerization cycles, although their relative intensities vary, as
shown in Figure 3(b). These intensity variations affect the overall spectral shape, leading to shifts in
the emission maxima observed in the PL spectra. Additionally, a broad band centered around 680
nm is observed, which is attributed to electron-phonon interactions related to the energy dissipation
pathways of excited charge carriers [24,26]. The presence of this phonon-related band is consistent
with the vibrational structure identified in the UV-Vis spectra Figure S2.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 3. Representation of emission maxima from the deconvolution of PL spectra.

2nd Quinone  Pristine  Vibration

. oligomer bandnm bandnm alreplica
1st oligomers

Film s (eV) (eV) nm (eV)
band nm (eV)
band nm
(eV)
P3DDTO01 465 (2.66) 520 (2.38) 568 (2.18) 630 (1.96) 684 (1.81)
P3DDT02 461 (2.68) 515 (2.40) 556(2.22) 610 (2.03) 674 (1.83)
P3DDT04 - 500 (2.47) 569 (2.17) 638 (1.94) 691 (1.79)
P3DDT06 - 499 (2.48) 566 (2.19) 625(1.98) 683 (1.81)
P3DDT08 - 512 (2.42) 575(2.15) 632 (1.96) 675 (1.83)
P3DDT10 - 516 (2.40) 584 (2.12) 638 (1.94) 678(1.82)

Raman characterizations and adjustments of all emission spectra are presented in Figure 4.
Three dominant vibrational modes are detected at 1456 cm-!, 2786 cm-!, and 2875 cm-L. The first is
assigned to the Ca=C[3 symmetric stretching, whereas the other two correspond to C-H stretching
modes of the -CH; and -CHj3 groups present in the side chains of the polymer [13,35-37]. All samples
presented similar spectra. However, the intensity of the main peak decreased with increasing cycle
numbers, reaching a plateau after four cycles. This behavior can be associated with increasing film
thickness, which leads to a more compact organization of the polymer chains. Consequently, there is
a relative reduction in the contribution of some vibrational modes, in addition to additional effects
related to limited penetration of the exciting beam and self-extinction processes, resulting in a
stabilization of the observed intensity.
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Figure 4. Raman spectra of P3DDT films (1-10 cycles).

The modes at 1378 and 1450 cm! are sensitive to the Tt-electron delocalization [38]. The 1456 cm-
! band includes contributions from pristine, bipolaron (radical dication), and polaron band (radical
cation) at 1421, 1451, and 1461 cm!, respectively [12], which were resolved by Gaussian fitting (Figure
5).
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Figure 5. Normalized Raman spectrum deconvolution of P3DDT10.

The analysis of the emission spectra through the Fourier transform method allows for the
extraction of the Stokes parameters So, S1, S2 and Ss. These parameters are directly related to the
polarization states of light and, consequently, to factors associated with the orientation of polymer
chains within the samples shown in Equations 1(a)-1(d) [11,39,40].

So = E&, + Egy 1(a)
Sy = Egy — E§y 1(b)
S, = 2EoxEy,y, cos cos § I(c)
S3 = 2ExEg, sin sin § 1(d)

These parameters satisfy the following relation:
S¢>S?+S%2+52 (2)

This relationship provides valuable insight into the molecular ordering of the films. Although
conjugated polymer films synthesized electrochemically by cyclic voltammetry typically do not
exhibit long-range molecular organization [11], emission ellipsometry can detect subtle anisotropies
arising from partial chain alignment, aggregation, or film thickness variations. The Stokes parameters
thus serve as a powerful tool for evaluating the anisotropic optical behavior of the material and for
understanding how synthesis parameters, such as the choice of supporting electrolyte and the
number of electropolymerization cycles, influence film structure.

The parameter So is related to the total emitted light intensity; Si1 represents the component
linearly polarized along the horizontal or vertical axes; Sz corresponds to linear polarization at +45°
relative to the polarizer positioned before the spectrophotometer; and Ss denotes the portion of light
that is circularly polarized, either right or left-handed [11].

Figure 6 shows the emission ellipsometry (EE) spectra for P3DDT films electropolymerized with
1 and 10 cycles. The results are expressed as normalized Stokes parameters (S1/So, S2/So and Ss/So) as
a function of wavelength, enabling investigation of the polarization characteristics of the emitted
light.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. EE spectra of P3DDT films (a) P3DDT01 and (b) P3DDT10.

In Figure 6(a), the S1/So curve reaches values comparable to those of thicker films but remains
nearly constant across the emission range, while S2/Sostays close to zero and Ss/So is negligible. This
constant behavior suggests that the emission arises mainly from localized states, where
recombination is only weakly dependent on wavelength and energy transfer between domains is
limited. A similar behavior is observed for the 2 cycle film (Figure S5(a)), indicating that in the early
stages of growth interchain interactions are not yet efficient enough to promote wavelength-
dependent transfer. However, from 4 cycles onward (Figure S5), S1/So and S2/So exhibit clear spectral
inversions around 550-570 nm, revealing that the recombination dynamics become strongly
dependent on emission energy. In the 10 cycle film Figure 6(b), this spectral dependence is even more
pronounced, S1/So shifts from negative at shorter wavelengths to positive above ~550 nm, while Sz/So
follows the complementary behavior. Such evolution reflects the activation of interchain coupling
and energy transfer pathways in thicker films, leading to recombination processes that are
increasingly sensitive to the emission wavelength.

Figure 7 presents the polarization degree (P), anisotropy factor (r), and asymmetry factor (g)
calculated from the Stokes parameters for the 10 cycle films. In Figure 7(a), the film exhibits a high
polarization degree exceeding 30% across much of the spectral range, with a minimum near 560 nm.
The anisotropy factor (r) is positive at shorter wavelengths and tapers off with increasing wavelength,
suggesting strong in-plane alignment that becomes less pronounced in the red region. The
asymmetry factor (g) remains near zero, indicating that circular polarization is negligible, again
supporting the predominance of linear polarization, as expected for planar-aligned films [11]. The
polarization, anisotropy factor and asymmetry factor are defined as:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Polarization degree (P), anisotropy factor (r), and asymmetry factor (g) as a function of wavelength,

obtained from the Stokes parameters for P3DDT films electropolymerized with (a) 1 cycle and (b) 10 cycles.

|s2+52+52
p=—- (3)

So

ro=—5 (4)

g =23 (5)

To correlate the energy transfer process with the number of cycles, Figure 8 presents the
polarization degree dependence of the three emission species (oligomers, quinones, and pristine
chains) across all P3DDT samples. Where P =1 when the light is totally polarized, 0 <P <1 if the light
is partially polarized, and P = 0 when the light is totally unpolarized [11,41].
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Figure 8. Polarization degree (P) versus cycles numbers for three different species, oligomeric, quinone and

pristine chains.
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Maximum emission polarization is observed for the P3DDT films processed with 2 cycles,
suggesting an optimal structural ordering at this stage. In general, the three emissive species
(oligomers, quinones, and pristine polymer chains) exhibit comparable polarization behavior in both
curve profile and relative intensity as the number of cycles increases. However, the oligomer emission
displays a distinct deviation from this behavior after the eighth cycle, indicating a possible alteration
in molecular packing or energy transfer pathways specific to this species.

Following the method proposed by Therézio et al. and Schura et al [33,41], the photophysical
processes occurring in electrochemically synthesized P3DDT for 10 cycles are summarized in Table
4. t+ 2 and 7'+2 refers to HOMO and LUMO of the oligomeric chains, respectively; m+1 and m+1
refers to HOMO and LUMO of the quinone chains, respectively; and,  and 7" refers to HOMO and
LUMO of the pristine chains, respectively [33].

The emission polarization dynamics, revealed by the refined Si1/So spectrum, enable a more
accurate assignment of the photophysical processes. Initially, in the 480-505 nm region, the S51/So curve
exhibits a clear negative minimum (~-0.08), indicating that the emitted light is polarized
perpendicularly to the excitation polarization. This behavior is characteristic of disordered oligomeric
chains, which absorb the excitation but recombine in misaligned geometries, leading to emission
redirected orthogonally.

As the emission progresses through the 505-540 nm region, S1/So rises sharply toward zero. This
strong positive gradient reflects the transfer of excitation energy from the initial donor sites to more
ordered acceptor species. The transition is interpreted as internal conversion to doped quinonic
chains and possibly pristine domains. The absence of any peak structure in this region reinforces the
idea of a non-radiative, highly efficient, and delocalized energy redistribution.

Between 540 and 600 nm, S1/So stabilizes around ~0.065, forming a distinct plateau. This region
is attributed to polarized fluorescence from quinonic domains (7'+ 1 — 7 + 1 + hva), which maintains
partial alignment with the excitation direction. The presence of this plateau confirms that a fraction
of the transferred energy recombines radiatively in organized domains, consistent with partial
planarization or ordering within the film.

Beyond 600 nm, the plateau continues with minor variations, indicating the presence of longer,
pristine polymer chains and vibrationally coupled states that still exhibit measurable alignment ("
— 1 + hvp). These chains likely feature greater conjugation and reduced torsion, allowing retention
of the excitation polarization even after vibrational relaxation.

Table 4. Photophysical assignment of transitions probed with Aex =405 nm.

Rate and
Process Photophysical description .
assignment
Excitation
T+2+hvex — "+ 2 Oligomeric chains absorption energy is
absorbed (100%)
T+2—>mn+2+hve Polarized fluorescence 7%
Non-polarized fluorescence; or
internal conversion (oligomer)
w+2—>mn+2+hveorm"+2 > m+2or + vibrational relaxation; or 93%
mT+2—->m+lorm+2 - Internal conversion to quinone
chains; or internal conversion
for pristine chains
m+1— m+1+hvo Polarized fluorescence 5-6%
m+l—-mn+l+hvg orm+1—m+1lor Non-polarized fluorescence; or
) ] ) Up to 95%
w+1l - internal conversion (quinone
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chains) + vibrational relaxation;
or internal conversion to pristine

chains

T — 1+ hvp Fluorescence 6%

Internal conversion (quantum
T — mor ™ — 1+ hvp chains) + vibrational relaxation + Up to 94%

non-polarized fluorescence

The energy migration observed among oligomeric, quinonic, and pristine domains in
electropolymerized P3DDT films can be interpreted within the model of Forster Resonance Energy
Transfer (FRET) [42—44]. This non-radiative dipole-dipole mechanism explains the highly efficient
(~93%) energy redistribution inferred from polarization-resolved emission. The overlap between the
emission spectrum of the donor species (oligomers) and the absorption bands of acceptors (quinonic
and pristine chains), combined with the nanoscale proximity imposed by the film morphology,
satisfies the critical criteria for FRET. Moreover, the partial preservation of polarization (S1/So> 0)
indicates a favorable orientational factor between donor and acceptor dipoles, enhancing the Forster
transfer rate. The schematic energy diagram (Figure 9) illustrates this cascade transfer process,
highlighting how the initial excitation energy (Ei) is channeled toward lower-energy domains (Er)
before final radiative recombination. This behavior is particularly desirable in light-emitting

applications.
.\ Energy Transfer
E; Ef<E ® .
/2/‘/” i

Egap

O

O

Oligomer Quinone Pristine

Figure 9. Simplified schematic energy diagram for the P3DDT electrochemically synthesized.

4. Conclusions

Electropolymerized P3DDT films synthesized by cyclic voltammetry were systematically
investigated through a combination of UV-Vis absorption, photoluminescence, Raman spectroscopy,
and emission ellipsometry. The optical absorption revealed the characteristic m-m" transition near 450
nm and an additional broad band ~775 to 810 nm, associated with anion-polymer interactions or
polaronic states. The optical gap, determined by Tauc analysis, ranged from 2.23 to 2.46 eV, consistent
with values reported for polythiophenes. The photoluminescence response exhibited broad emission
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bands and a progressive redshift with increasing film thickness, resulting from increased conjugation
length, aggregation domains and self-absorption effects. Deconvolution of PL further indicated
contributions from oligomeric segments, quinoid and pristine structures, as well as electron-phonon
relaxation. Raman spectroscopy confirmed these structural features, highlighting the coexistence of
aromatic and charged species, while also showing intensity reduction with thicker films, consistent
with chain compactation. Emission ellipsometry provided deeper insight into the recombination
dynamics of the films. For the 1 and 2 cycles samples, S1/Soand S2/Soremained nearly constant across
the emission range, indicating that the emission originated mainly from localized states with limited
interchain coupling. However, from 4 cycles onward, Si/So and S:/So exhibited complementary
spectral inversions around 550-570 nm, a behavior that became more pronounced at 10 cycles. This
spectral dependence demonstrates that thicker films activate interchain interactions and energy
transfer pathways, leading to recombination processes increasingly sensitive to emission wavelength.
In all cases, Ss/Soremained negligible, confirming that the emission is confined to linear components.
Overall, the results demonstrate that cyclic voltammetry enables the controlled growth of P3DDT
films with tunable optical properties. The combination of extended conjugation and wavelength
dependent recombination processes highlights the potential of these materials for optoelectronic
applications, particularly in light-emitting devices, where controlling energy transfer mechanisms
may represent a valuable strategy for device optimization.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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