Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 16 mai 2024. Downloaded on 16.10.2025 11:39:37.

(cc)

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

An ambipolar PEDOT-perfluorinated porphyrin
electropolymer: application as an active material in
energy storage systems

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 15929

Elizabeth Bermudez Prieto,? Edwin J. Gonzélez Lépez,@ib Claudia A. Solis,@ia
Jhair C. Leon Jaramillo,}? Lorena P. Macor, ©2 Rodrigo E. Dominguez,©

Yohana B. Palacios,® Silvestre Bongiovanni Abel,® Edgardo N. Durantini, ©°

Luis A. Otero,® Miguel A. Gervaldo*?® and Daniel A. Heredia & *®

The development of functional organic materials is crucial for the advancement of various fields, such as
optoelectronics, energy storage, sensing, and biomedicine. In this context, we successfully prepared
a stable ambipolar perfluoroporphyrin-based polymeric film by electrochemical synthesis. Our strategy
involved the synthesis of a novel tetra-pentafluorophenyl porphyrin covalently linked to four 3,4-
ethylenedioxythiophene (EDOT) moieties. The resulting monomer, EDOT-TPPF;¢, was obtained through
a straightforward synthetic approach with a good overall yield. The unique molecular structure of EDOT-
TPPF¢ serves a dual function, with EDOT moieties allowing electropolymerization for polymeric film
formation, while the electron-acceptor porphyrin core enables electrochemical reduction and electron
transport. The electrochemical polymerization permits the polymer (PEDOT-TPPF;¢) synthesis and film
formation reproducible and controllable manner in one step at room temperature.
Spectroelectrochemical experiments confirmed that the porphyrin retained its optoelectronic properties

in a
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Accepted 29th April 2024 within the polymeric matrix after the electrochemical polymerization. The obtained polymeric material

exhibited stable redox capabilities. Current charge—discharge cycles and electrochemical impedance
DOI: 10.1039/d4ra00943b spectroscopy of the electrochemically generated organic film demonstrated that the polymer could be

rsc.li/rsc-advances applied as a promising active material in the development of supercapacitor energy storage devices.

different functionalities can be tailored for use in solar cells,**
sensors,> medical imaging,”® photodynamic therapy,®**
supercapacitors,*>** and other applications. Porphyrins are

1. Introduction

Structures based on porphyrins hold significant biological and

technical importance as they have crucial roles in light
absorption, oxygen transportation, redox reactions, and elec-
tron transfer processes."” Porphyrins possess exceptional
characteristics, including optical, magnetic, redox, and photo-
physical properties, making them highly valuable for a wide
range of applications. Chemically modified porphyrins with
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characterized by their highly stable aromatic macrocyclic
nature, abundant nitrogen atoms, and an extensive m-conju-
gated system. In recent years, research on organic polymers
based on aromatic macrocycles has shown rapid and diverse
advancements.""” In particular, porphyrin-based polymers
have received considerable attention because these polymers
usually retain the original outstanding optical and electrical
properties of the constituent porphyrin monomers, as well as
their structural adaptability.'® These polymers are widely used
in diverse fields, such as energy storage,"*° adsorption,'®**
separation,’'” sensing,” and optoelectronics,**** among
others. Specially designed porphyrin monomers can be used to
produce polymers with highly branched structures, primarily
through modifications at the four meso positions with poly-
merizable groups.>*® Tetradentate porphyrin-based polymers
can improve substance transport through the void spaces in the
polymeric matrix.** Additionally, porphyrin-based conducting
polymers can be designed for diverse purposes for the devel-
opment of electronic and optoelectronic devices, as either
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hypercrosslinked fully conjugated polymers or non-conjugated
redox polymers.*®>"®

Powdered polymers derived from porphyrins can exhibit
high porosity and a crystalline structure; however, they are often
difficult to manage and dissolve, limiting their practical appli-
cations. Traditional coating techniques such as spin coating,
dip coating, or layer-by-layer self-assembling encounter chal-
lenges in creating uniform films from these powdered
porphyrin polymers. Additionally, chemical polymerization
typically involves complex or multi-step procedures and chal-
lenging purification steps due to low solubility.>*** An innova-
tive approach to face this situation is to incorporate
electropolymerizable groups into porphyrin macrocycles. These
moieties participate in electrochemically induced coupling
reactions, producing novel polymeric materials with connected
macrocycles.*"** Electrochemical methods enable the direct
polymer synthesis and the fabrication of polymeric films on
conductive substrates in a single step, circumventing the chal-
lenges associated with the use of polymer powders obtained
from chemical polymerization.*® Electrochemical polymeriza-
tion is a versatile methodology used to create organic films over
metallic contacts or transparent conducting oxides. The elec-
trochemical process is simple, reproducible, and has clear
advantages over chemical polymerization and other deposition
techniques. Depending on the electrochemical method used, it
is possible to achieve precise control over film thickness.**?¢
Similarly, the morphology of the resultant films can be tailored
by adjustment of the experimental conditions and electro-
chemical parameters.**** Unlike chemical synthesis, electro-
polymerization is a one-step process, eliminating the need for
subsequent purification as only the monomer is present in the
solution. There is also a significant reduction in waste
production.® In addition, electropolymerization is conducted at
room temperature, providing an advantage over thermal evap-
oration methods that require materials with high thermal
stability. In many cases, polymers tend to decompose before
reaching the sublimation stage in the thermal evaporation
processes.

On the other hand, currently, many reports related to the
development of organic functional materials** involve the
synthesis of new compounds through complex synthetic path-
ways that require multiple steps, high-cost reagents, complex
reaction conditions, and/or reactions that result in low yields.
Although these processes frequently produce materials with
remarkable properties that are essential for the advancement of
state-of-the-art technologies,***** it is critical to recognize the
difficulties associated with this situation. Practical imple-
mentation, large-scale production, and commercialization of
the reported materials may be hindered, impeding the transi-
tion from laboratory to marketplace. Consequently, in pursuit
of practical applications, there is a pressing need to pivot
toward more straightforward, cost-effective synthetic
approaches that take into account both scalability and feasi-
bility. In response to this demand, we have developed a simple
synthetic procedure of two steps for the monomeric tetra-
dentate porphyrin that utilizes readily accessible, affordable,
and commercially available starting materials.
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In this work, we report for the first time the monomer
synthesis of a tetra-ethylenedioxythiophene (EDOT) modified
fluorinated porphyrin (EDOT-TPPF,;¢) and the subsequent
electrochemical synthesis of polymeric films (PEDOT-TPPF,g).
The design of this monomer combines the highly robust per-
fluorinated porphyrin, which has extraordinary photo and
chemical stability, with the versatile and widely used electro-
polymerizable EDOT group, which is an adaptable matrix to
generate electrodeposited polymers that show excellent stability
and redox properties.***® The presence of fluorine atoms in the
porphyrin macrocycle is known to enhance photostability,
influence redox characteristics, and increase singlet oxygen
generation.””** In this sense, fluorinated porphyrin-based
polymers have been utilized as oxygen carriers to enhance
photodynamic therapy, particularly in alleviating tumor
hypoxia.*”*>** Additionally, perfluorinated porphyrins have
found applications in developing active materials for oxygen
sensing,**> and fluorinated porous conjugated polyporphyrins
were applied in heterogeneous catalysis.*® The electrochemical
polymerization of EDOT-TPPF;¢ led to the synthesis and depo-
sition of electroactive polymeric films that were characterized by
UV-visible spectroscopy, cyclic voltammetry (CV), atomic force
microscopy (AFM), scanning electron microscopy (SEM) and
spectroelectrochemistry. PEDOT-TPPF; films were evaluated as
pseudocapacitive polymers through galvanostatic charge-
discharge (GCD) experiments and electrochemical impedance
spectroscopy (EIS). Our outcomes showed that these polymeric
films are promising materials that can be used in energy storage
devices. To the best of our knowledge, this work represents the
first electropolymerization of a perfluorinated porphyrin
substituted with EDOT, showcasing promising and potential
optoelectronic properties.

2. Experimental section

2.1. Synthesis

2.1.1. Synthesis of TPPF,,. 2,3,4,5,6-Penta-
fluorobenzaldehyde (1.50 g, 7.65 mmol) was dissolved in
dichloromethane (DCM, 320 mL), and then pyrrole (552 uL, 7.96
mmol) was added. The solution was purged with a pure argon
stream for around 15 minutes to remove the air. Afterward,
BF;-OEt, (118 uL, 0.96 mmol) was dropwise added, and the
mixture was stirred at room temperature (r.t.) for 44 h under
argon atmosphere. After that, 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) (1.38 g, 6.08 mmol) was added, and the
resulting solution was stirred at room temperature for another
2 h. The solution was concentrated under reduced pressure
until the volume was reduced by approximately half, after which
itwas passed through a short silica pad. The organic solvent was
removed in vacuo, and the crude product was purified by chro-
matography (silica gel, hexane/DCM, 7:3) to give the desired
macrocycle TPPF,, (1.25 g, 1.28 mmol, 67%) as a purple solid.
The NMR data for this porphyrin were consistent with the
literature. "H NMR (500 MHz, CDCl;) 6 8.92 (s, 8H, pyrrole-H),
—2.91 (s, 2H, pyrrole N-H). F NMR (500 MHz, CDCl;)
6 —136.44 to —136.56 (m, 8F), —151.21 (t, /] = 20.8 Hz, 4F),
—161.32 (td, J = 22.7, 7.5 Hz, 8F).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.1.2. Synthesis of EDOT-TPPF;s. TPPF,, (450 mg, 0.46
mmol) and hydroxymethyl EDOT (EDOT-OH, 396 mg, 2.30
mmol) were dissolved in anhydrous N,N-dimethylformamide
(DMF, 50 mL) and purged with argon. Subsequently, Cs,CO3
(6.19 g, 19.0 mmol) was added, and the mixture was purged with
argon for an additional 5 minutes. The resulting mixture was
then heated at 100 °C for 1 hour. Afterward, the reaction was
allowed to cool to room temperature and was diluted with DCM.
The solution was washed with water thrice, and the solvent from
the green organic phase was removed under reduced pressure.
The crude product was purified by chromatography column
(silica gel, DCM/hexane, 9:1) to afford the desired product
EDOT-TPPF;¢ (539 mg, 0.34 mmol, 74%). "H NMR (500 MHz,
CDCl;) 6 8.91 (s, 8H), 6.49 (d, J = 3.6 Hz, 4H), 6.47 (d, ] = 3.6 Hz,
4H), 4.85-4.81 (m, 4H), 4.81-4.73 (m, 8H), 4.54 (d, J = 12.0 Hz,
4H), 4.46 (dd, J = 11.7, 6.2 Hz, 4H), —2.90 (s, 2H). "°F NMR (500
MHz, CDCl;) 6 —138.01 (dd, J = 21.2, 5.8 Hz, 8F), —156.71 (dd, J
= 22.3, 7.5 Hz, 8F). MALDI-TOF [m/z] 1583.172 [M + HJ'
(1583.119 calculated for C,,H39F1N,015S,).

2.2. Spectroscopic properties

The UV-visible absorption spectra of EDOT-TPPF,;¢ and PEDOT-
TPPF,, were obtained in a diluted acetonitrile (ACN) solution
and a thin film electrodeposited on indium tin oxide (ITO),
respectively. The spectrum of EDOT-TPPF;¢ was recorded and
compared with that of TPPF,, at room temperature using
a quartz cuvette with a 10 mm path. The absorption spectrum
corresponding to PEDOT-TPPF;, on ITO was acquired by
placing the electrode in the spectrometer cell holder. For
background correction, a bare ITO electrode was utilized.
Fluorescence emission spectra of EDOT-TPPF;, and TPPF,,
were recorded in diluted ACN solutions at room
temperature, exciting the sample at the maximum of the Soret
band (Abs = 0.1).

2.3. Electrochemistry and electrodeposition

2.3.1. Chemicals for electrochemical experiments. ACN
and 1,2-dichloroethane (DCE), both anhydrous solvents, were
obtained from Sigma-Aldrich Co. and used as received. Tetra-
butylammonium hexafluorophosphate (TBAPFs) and tetrabu-
tylammonium  perchlorate  (TBAP), both salts for
electrochemical analysis, were purchased from Sigma-Aldrich
Co. and used without further purification.

Electrochemical measurements
described previously.”***3*5* CV, differential pulse voltammetry
(DPV), GCD tests, and EIS were performed at room temperature
with a Palm Sense 4 potentiostat. Electrochemical studies were
performed in a deaerated (with high purity argon) monomer
solution containing 0.1 M of the supporting electrolyte or only
with electrolyte—the last solution for the electrochemical
responses of the electropolymerized films. A three-electrode
system composed of a glassy carbon (GC) or ITO coated glass
working electrode, a platinum wire counter electrode, and
a silver wire quasi-reference electrode were utilized for electro-
chemistry experiments. Ferrocene was used as internal stan-
dard for reference potential calibration in organic media (vs.

were carried out as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Saturated Calomel Electrode, SCE). Fc/F¢' = 0.40 V vs. SCE.*
The ITO electrode substrates (Delta Technologies, nominal
resistance 8-12 Q per square) were cleaned sequentially in an
ultrasonic bath with acetone, ethanol, and deionized water and
dried before use.

The quantification of the electropolymerized material on the
ITO electrode was determined following the methodology out-
lined by Zhang et al and other researchers.>® This method
assumes that, after electropolymerization, any alterations in the
absorption coefficient of the porphyrin chromophore are
negligible.** Adopting the above-mentioned methodology
ensures a reliable estimation of the quantity of electro-
polymerized material by considering the minimal changes in
the absorption characteristics of the porphyrin chromophore.

2.4. X-ray diffraction (XRD)

XRD scanning of PEDOT-TPPF;¢ electrodeposited on ITO was
measured using a Panalytical X'Pert PRO X-ray Diffractometer
(30 mA and 40 kV) equipped with a Cu-Ka radiation source (A ~
1.54 A) at room temperature. The scans were performed in a 20

range of 10-60° at 1° min~".

2.5. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopic analysis of EDOT-TPPF;s, and PEDOT-
TPPF,¢ was performed in attenuated total reflectance mode
(ATR-FTIR) using a Nicolet 6700, Thermo Scientific Inc. device.
Spectra were recorded in the range of 400-4000 cm™’, per-
forming 64 scans with a resolution of 4 cm™' at room
temperature.

2.6. Spectroelectrochemical studies

Spectroelectrochemical measurements were carried out as
described previously.***” In situ UV-visible spectroelec-
trochemical measurements under potentiostatic control were
obtained using a Hewlett Packard UV-vis diode array spectro-
photometer at kinetic measurement mode by utilizing a three-
electrode configuration of an ITO modified with polymeric
film (see Fig. S11). A naked ITO electrode was used as a blank for
absorption background correction.

2.7. Surface characterization

2.7.1. Scanning electron microscopy. SEM images were
captured utilizing a field emission scanning electron micro-
scope (FE-SEM), specifically the Sigma Zeiss model. The accel-
eration voltage was set at 5 kV, and the signal was recorded
using an in-lens detector, while maintaining a working distance
of 4 mm. The samples were previously coated with a thin layer of
gold to prevent charging and mitigate material deterioration.

2.7.2. Atomic force microscopy. AFM measurements were
conducted using an Agilent Technologies SPM/AFM microscope
model 5500. The samples were scanned using intermittent
contact, specifically employing the Acoustic AC Mode. Silicon
cantilevers (Budget Sensors, TAP 150 AI-G) with a spring
constant of approximately 5 N m " and a resonant frequency of
around 150 kHz were utilized. Images were acquired by

RSC Adv, 2024, 14, 15929-15941 | 15931
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adjusting the oscillation frequencies of the cantilevers to be
slightly below their resonant frequencies. The scanning speed
was set at 0.45 lines per second. Topographical images were
generated from raw data values processed and analyzed using
the Gwyddion 2.62 software package.

2.8. GCD and EIS measurements

In order to evaluate the performance of the porphyrin films as
supercapacitive materials, GCD and EIS experiments were
carried out in a three-electrode configuration using a GC
working electrode modified with polymeric film, in TBAP/ACN
solution.

GCD-test was performed over a cell cycled between 0-(+1.0)
and 0-(—1.0) V at various current densities with chro-
nopotentiometry method. Before and after charge-discharge
experiments, PEDOT-TPPF;¢ film was evaluated by CV in the
supporting electrolyte solution until obtained repetitive
profiles.

The specific capacitance was calculated with respect to the
mass of the activated polymeric material using eqn (1).

—1 I
C(Fg')= dE/di 1)
where C, I and dE/d¢ are the gravimetric capacitance, dis-
charging current per mass unit applied to the electrode and the
slope during the voltage drop in the GCD experiment,
respectively.®®

EIS was performed using a range of 0.1-10° Hz with
a perturbation amplitude of 5 mV at an applied potential of
0.75 V.38

3. Results and discussion

3.1. Design, synthesis, and characterization of EDOT-TPPF,¢
monomer

As mentioned above, the development of simple synthetic
processes is paramount for advancing materials used in the
field of optoelectronics. The implementation of organic mate-
rials in real practical applications necessitates a transition to
less complex and more economical synthetic procedures. Thus,
we implemented a straightforward two-step synthesis approach,
utilizing readily accessible and affordable initial materials.

The synthesis of EDOT-TPPF, was carried out as shown in
Scheme 1. The first step involved an acid-catalyzed condensa-
tion reaction between pyrrole and pentafluorobenzaldehyde in
DCM at room temperature for 44 hours. After this period, the
hydrogenated tetrapyrrolic macrocycle was oxidized with DDQ
in a one-pot reaction, affording the tetra-aryl porphyrin TPPF,,
with a good yield of 67%.** This macrocycle is a versatile
building block that can be used to construct more complex and
elaborated materials by attaching additional moieties with the
desired properties.®*** Pentafluorophenyl (PFP) groups located
around the porphyrin ring can be regioselectively functional-
ized with a wide range of nucleophiles (alcohols, azide, thiols,
amines, etc.) through nucleophilic aromatic substitution (SyAr)
reactions.®*
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In a second step, the fluorinated template TPPF,, was sub-
jected to a regioselective SyAr with EDOT-OH. For this kind of
transformation using alcohols, it is common to employ KOH in
dry tetrahydrofuran, using an excess of alcohol to avoid the
formation of hydroxide.”® However, we opted for different
conditions. The functionalization of the flexible matrix TPPF,,
was carried out in DMF and using Cs,CO;.*® Thus, after one
hour of reaction, the alcohol was converted into the alkoxide,
and the substitution of the four para-fluoro atoms of the PFP
groups occurred. The EDOT-substituted porphyrin (EDOT-
TPPF,¢) was obtained with yields as high as 74% and good
reproducibility.

The molecular structure of EDOT-TPPF;¢ was fully eluci-
dated and determined by Fourier-transform infrared spectros-
copy (FT-IR), nuclear magnetic resonance (NMR) spectroscopy,
and matrix assisted laser desorption ionization - time of flight
(MALDI-TOF) spectrometry (Fig. S2-S8t). The tetrasubstituted
tetrapyrrolic macrocycle was confirmed in the first instance by
MALDI-TOF, which disclosed the incorporation of the four
EDOT moieties. The '"H NMR spectrum of EDOT-TPPF
combined the characteristic resonances of the EDOT unit,
together with the diagnostic protons corresponding to the
porphyrin ring. In the aromatic region, due to the symmetric
substitution of the tetrapyrrolic macrocycle, the eight B-pyrrolic
protons gave rise to a singlet at 6 = 8.91 ppm. The thiophene
protons appeared as two doublets at 6 = 6.49 and ¢ = 6.47 ppm
(/ = 3.6 Hz) due to the asymmetric substitution on the EDOT
ring. The integrals of these two signals were four each, con-
firming the incorporation of four EDOT units, and consistent
with the cruciform architecture of the porphyrin-core. In the
aliphatic region, the methylene and methine resonances
belonging to the dioxin ring are overlapped in the region
between 4.40 and 4.90 ppm, giving rise to complex multiples.
Finally, in the upfield region, a singlet at 6 = —2.90 ppm that
integrated for two is assigned to the inner NH protons of the
macrocycle. On the other hand, *°F spectrum of EDOT-TPPF
was used not only to confirm the tetra-substitution but also to
demonstrate the regioselectivity of the SyAr. The spectrum of
the tetra-substituted porphyrin exhibits a complete disappear-
ance of the triplet at 6 = —151.21 ppm corresponding to the
para-fluorine atoms. Furthermore, the doublet belonging to
meta-fluorine atoms exhibits a shift from 6 = —161.32 ppm in
TPPF,, to 6 = —156.71 ppm in EDOT-TPPF,¢. These fluorine
atoms near the nucleophile are more sensitive than the doublet
in the ortho position, which only presents a slight shift.*

At this point, we synthesized a meso-pentafluorophenyl-
substituted tetrapyrrole system that combines an electron-
withdrawing porphyrin core with four electropolymerizable
EDOT moieties in the periphery. We chose the TPPF,, nucleus
because the highly robust perfluorinated porphyrin exhibits
extraordinary chemical stability, water repulsion properties,
and undergoes two reversible reduction processes.®*”% The
attachment of EDOT moieties into this macrocycle offers an
innovative approach to participate in electrochemical coupling
reactions, creating a new polymeric material with inter-
connected porphyrin cores. EDOT polymers are characterized
by their electrochemical stability, ultrafast electron-transfer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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EDOT-TPPF, oS

Scheme1 Synthesis of EDOT-TPPF;6. Reagents and conditions: (a) BFs-OEt,, DCM, r.t., 44 h; (b) DDQ, DCM, r.t., 1.5 h, 67%; (c) EDOT-OH, DMF,

Cs,CO3, 70 °C, 4 h, 74%.

rates, and good hole-transporting and capacitive properties.*>*®

Thus, EDOT units in EDOT-TPPF,, can be employed for the
electrochemical production of polymeric films directly onto
conductive substrates in a single step, with the porphyrin core
serving as the n-type material and the PEDOT chain as the p-
type material.

3.2. Electrochemical characterization of EDOT-TPPF,¢

Comparative electrochemical studies of TPPF,, and EDOT-
TPPF;¢ were carried out using CV and DPV measurements in
order to determine their electrochemical properties. The anal-
ysis was performed on GC (Fig. 1a and b). TPPF,, CV presents
two quasireversible oxidations (DPV peaks at 1.38 and 1.63 V vs.
SCE) and two quasireversible reductions (DPV peaks at —0.89
and —1.31 V vs. SCE). These results are typical for free base
porphyrins, which usually show two well-defined reversible
single-electron macrocycle oxidations and reductions in

Current (nA)

20 b)
<
2
<

10 4
£
=1
(&

0 T T T T T T T

-15 -1.0 -0.5 0.0 05 1.0 15 20
Potential (V)
Fig. 1 (a) Cyclic voltammograms of TPPF,o (black dashed line) and

EDOT-TPPF;¢ (cyan continuous line) in a solution of DCE containing
supporting electrolyte (TBAPFg, 0.1 M). GC electrode, scan rate 0.100 V
s71 (b) DPV of TPPF,q clearly exhibiting the four redox processes.

© 2024 The Author(s). Published by the Royal Society of Chemistry

nonbinding solvents,* related to the formation of the corre-
sponding radical cation and dication, and radical anion and
dianion, respectively.””> However, it is known that peripheral
substitution in tetraphenyl porphyrins has a strong effect in
modulating their electron donor-acceptor capabilities. In the
present case, we observed that the TPPF,, oxidation occurs at
more positive (anodic) and the reduction at less negative
(cathodic) potentials compared to the values reported for tet-
raphenyl porphyrins without substituents. This is a conse-
quence of the electron-withdrawing effects characteristic of the
perfluorinated benzene rings.**’® On the other hand, EDOT-
TPPF,¢ exhibits similar quasireversible reductions but only one
irreversible oxidation peak at around 1.25 V (cyan voltammo-
gram in Fig. 1a), with a peak current value around four times
higher than the first reduction peak. It is known that EDOT is
oxidized at around 1.2 Vvs. SCE, showing an irreversible peak in
the first anodic scan;’*”* thus, the irreversible redox process can
be assigned to oxidation of the four EDOT units bounded to the
macrocycle in EDOT-TPPFe.

3.3. Electrodeposition of PEDOT-TPPF,, polymeric film

It is well-known that upon oxidation EDOT and its derivatives
give rise to unstable radical cations that subsequently react to
produce EDOT dimers, exhibiting these dimers easier oxida-
tions than the corresponding EDOT monomers.**”® Further-
more, EDOT dimers, trimers, and oligomers have the potential
to undergo radical coupling, leading to the formation of PEDOT
chains (Scheme S1+). Fig. 2a shows twenty repetitive CV anodic
scans for EDOT-TPPF,¢ in the —0.30 to 1.25 V potential range,
where increments in the oxidation-reduction currents are
detected with each new cycle, typical of the growing of an
electroactive film over the GC electrode.””” To confirm the
formation of a film, the electrochemical response of the elec-
trode was obtained in a solution containing only supporting
electrolyte (Fig. 2b). The electrochemical response of PEDOT-
TPPF,¢ film is characterized by the presence of two reduction
processes (—0.85 and —1.40 V) and one broad oxidation
between 0.20 and 1.10 V with a peak potential at around 0.50 V
(Table 1). The two redox systems at negative potentials can be
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Fig.2 (a) First (black), 2nd—19th (grey) and 20th (cyan) cyclic voltammograms of EDOT-TPPFy¢. Scan rate: 0.100 V s~%. The measurements were
done in DCE containing TBAPF¢ using a CG working electrode. (b) Electrochemical response of the electropolymerized film PEDOT-TPPFy¢ at
0.100 V571, (c) Relationship between the peak currents vs. different scan rates (0.025, 0.050, 0.075, 0.100, 0.150, 0.200 V s~%). Data were taken at
the potentials of the oxidation and reduction peaks of (b). (d and e) One hundred CV cycles of the film for: (d) oxidation and (e) reduction

processes. Scan rate 0.100 V s7%

associated with the reductions of the porphyrin macrocycle,
generating the corresponding radical anion and dianion.**7*
The broad oxidation can be due to the oxidation of new EDOT
dimer, trimer, or long chains which were formed by the
coupling of EDOT radical cations, generated during continuous
cycling.”®”¢ Superimposed in this broad oxidation might be also
involved the oxidation of the porphyrin macrocycle.”®” A

, cyan lines: first and 100th cycle. (b—e) In ACN containing only support electrolyte (TBAP).

similar electrochemical response has been reported for a film
obtained after electropolymerization of a EDOT-trimer mono
substituted porphyrin monomer.” The peak currents for the
redox systems present a linear relationship with the scan rate
(Fig. 2¢), which indicates an electroactive product irreversibly
adsorbed over the electrode surface. The assessment of the
stability of the polymeric material during oxidation and

Table 1 Spectroscopic properties, redox potentials of TPPF,o, EDOT-TPPF;6 monomer and PEDOT-TPPFy¢ electrodeposited polymer.

Conditions: DCE/0.10 M TBAPF, scan rate = 0.100 V s *

Wavelength (nm) Potentials?
Oxidation Reduction
Compound Soret Q; Qu Qur Qv I I 1 I
TPPF,, 406° 634¢ 580° 534° 503° 1.38° 1.63¢ —0.89° —1.31°
PEDOT-TPPF,¢ 415 643 589 546 509 0.60“ — —1.00¢ —1.55%
0.50” —0.85° —1.4°
EDOT-TPPF, ¢ 410° 635° 583¢ 538° 504° 1.25% — —1.00% —1.45%
—0.94° -1.37°

“ peak potential. » Half wave potential. ¢ Solution in ACN. ¢ Potential vs. SCE. ¢ DPV potentials.
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reduction processes was evaluated through the application of
continuous CV cycles. Fig. 2d and e show one hundred super-
imposed cycles for both oxidation and reduction processes,
respectively. The noteworthy outcome is the absence of any
substantial evidence indicating a marked decrease in the
current values over the cycles. This observation shows that the
organic material remains resilient, exhibiting no signs of
dissolution or structural alterations throughout the CV, thereby
maintaining its electrochemical activity intact.

3.4. Characterization of the ambipolar polymeric film.
Spectroscopic properties

Spectroscopic and spectroelectrochemical experiments were
conducted to verify the formation of the films, investigate their
electro-optical properties, and thoroughly analyze the revers-
ibility linked to the redox processes. Specifically, these experi-
ments were carried out by depositing PEDOT-TPPF films onto
semitransparent ITO electrodes. This experimental setup
allowed a detailed exploration of the characteristics and
behaviors of the films, offering valuable insights into their
electrochemical and optical responses. The semitransparent
nature of the ITO electrodes facilitated the examination of the
changes in the electronic spectra of the organic polymer in
response to electrochemical stimuli. The formation of PEDOT-
TPPF;6¢ film on ITO electrode was performed by applying
repetitive CV anodic scans for EDOT-TPPF;¢ in DCE-TBAPF,
(Fig. 3a). It can be seen that during anodic cycling, increases in
oxidation-reduction currents are detected, indicating the
formation and deposition of the film over the oxide semi-
conductor. This is a non-trivial result, as the nature of the
electrode is changed. The voltammetric response of the elec-
trode (Fig. 3b) is similar to that obtained on GC electrode (Fig.
2b), which presents two redox systems at negative potential
values and a broad oxidation. In this case, the peak currents for
the redox systems are also linear with the scan rate, confirming
the formation of a film over the ITO electrode.

Photophysical properties of EDOT-TPPF;, monomer and
PEDOT-TPPF,, electrodeposited polymer were studied and
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compared in diluted solution and thin solid films, respectively.
Fig. 4 displays UV-visible absorption spectra of EDOT-TPPF;¢ in
ACN solution and PEDOT-TPPF, electrode obtained by placing
it in the spectrometer cell holder, both at room temperature.
The main absorption characteristics are presented in Table 1.
The monomer EDOT-TPPF,¢ presents the characteristic spec-
trum of symmetrical free base porphyrin, with a strong
absorption in the blue region that belongs to the Soret band
(Amax = 410 nm). Additionally, the four characteristic Q bands of
the substituted porphyrin are observed in the red region
(between 500 and 650 nm).*>” The sharp electronic transition
for the Soret band indicates that the monomer is not aggregated
in that solvent. Furthermore, it is worth mentioning that the
absorption spectrum of EDOT-TPPF;, closely resembles that of
TPPF,, (see Fig. 4). The Soret band of EDOT-TPPF,¢ exhibits
a slight bathochromic shift of ~4 nm, which is a consequence of
the auxochromic effect generated by the oxy substituents.*>*
These outcomes disclose that the external substitution of the

1.04

0.8

0.6

0.4

Normalized absorbance

0.2
A 7~ A
0.0 T T T T T T
300 400 500 600 700

Wavelength (nm)

Fig.4 Absorption spectra of TPPF,q (black dashed line), EDOT-TPPF;¢
monomer (black continuous line) in ACN and PEDOT-TPPF,¢ elec-
trodeposited polymer on ITO (cyan continuous line).
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(a) First (black), 2nd—-9th (grey) and 10th (cyan) cyclic voltammograms of EDOT-TPPF;¢. The measurements were done in DCE containing

TBAPFg (0.1 M) using an ITO working electrode. (b) Electrochemical response of the electropolymerized film PEDOT-TPPF;¢ in ACN containing

only TBAP (0.1 M). Scan rate: 0.100 V s,
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PFP groups does not significantly affect the porphyrin-based
chromophore. Similarly, the fluorescence emission spectra of
TPPF,, and EDOT-TPPF,, in ACN presented a close resem-
blance (Fig. S91). Both compounds exhibited the characteristic
red fluorescence emission of the pentafluorophenyl-substituted
porphyrins, with two emission bands centered around 635 and
700 nm.*"”?

Regarding the PEDOT-TPPF;¢ polymer, the UV-visible
absorption spectrum exhibits similar spectroscopic features to
the monomer EDOT-TPPF;, revealing that the optical proper-
ties of the porphyrin-based chromophore are conserved in the
polymeric chain. As it can be observed, the electronic transi-
tions corresponding to the tetrapyrrolic macrocycle are clearly
defined. The electronic transitions of the porphyrin in the
polymer resemble those of the monomer in solution, with well-
defined Soret and Q bands. This result not only validates the
presence of tetrapyrrolic macrocycle in the film but also
demonstrates that the molecular structure of the porphyrin core
is maintained intact throughout the electrodeposition process.
It is worth noting that there is a broadening and a slight red-
shift of the bands of approximately 5 nm compared to the
monomer EDOT-TPPF; in solution, indicating a weak interac-
tion of the porphyrin cores in the polymeric chain. This is not
trivial data since the solid state represents a highly aggregated
system.

XRD experiment conducted for PEDOT-TPPF,¢ reflects an
amorphous nature of the obtained material (Fig. S101). This
result agrees with PEDOT-based polymeric materials in litera-
ture, where a broad diffraction halo is reported at ca. 25°.%°%
This could be indicative of interchain planar ring stacking of
the polymer. Additionally, low peaks can be found due to the
presence of the electrolyte, but they do not correspond to the
PEDOT-TPPF,¢ structure. In order to get more information
about the polymerization mechanism and the chemical struc-
ture of the polymer, FT-IR spectra of EDOT-TPPF,, monomer
and PEDOT-TPPF,, film were obtained (Fig. S117). It can be
seen that EDOT-TPPF,, monomer presents two bands at around
1184 and 891 cm ™, associated with =C-H in-plane and out-of-
plane deformation vibrations of the EDOT units, while these
bands are absent in the spectra of PEDOT-TPPF,¢ film. The
disappearance of these two peaks indicates an efficient
coupling of the EDOT units through the o positions, which
supports the proposed polymerization mechanism.*

3.5. Spectroelectrochemical characterization

As already mentioned, spectroelectrochemical studies allow us
to obtain information about the chemical structure of the
polymer and the redox species involved during the oxidation
and reduction processes. The spectra at the different applied
potentials were plotted as AAbs (subtracting the absorption
spectrum at 0.00 V) and are shown in Fig. 5a and b. When the
film is oxidized, at applied potentials between 0.00 and 0.40 V,
no changes are observed, while at more positive values, the
bleaching of the Soret band and two new positive bands at
around 440 and 630 nm are detected. The observed spectral
changes are predominantly originated from changes in the
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porphyrin nucleus present in the polymer. Moreover, the
observation of clear isosbestic points evidently shows that the
formed species are generated by oxidation of the tetrapyrrolic
ring, meanwhile the full reversibility of the obtained spectra
after film reduction is in agreement with the stable electro-
chemical response observed after hundreds of successive CV
cycles. The new absorption band developed during oxidation
agrees with the presence of porphyrin radical cation in the
polymeric film (Fig. 5a).5*% On the other hand, a similar spec-
troelectrochemical response is observed in the negative poten-
tial range (Fig. 5b). Before the film is reduced (0.00 and —0.80
V), there are no changes in the absorption values, but at more
negative applied potentials, two new positive bands appear
around 440 and 570 nm, accompanied by the bleaching of the
Soret band. The absorption bands developed during the
reduction processes are comparable to those reported and
assigned to the radical anion of the porphyrin macrocycle.®
Therefore, considering the electrochemical, spectral, and
spectroelectrochemical data, it is possible to confirm the unal-
tered presence of the porphyrin macrocycle as photoactive and
electroactive centers embedded in the polymeric matrix. The
porphyrins are covalently bonded to each other by EDOT
dimers, trimers, or longer chains.

3.6. Surface analysis of the polymeric films

SEM images were acquired to examine the morphological
characteristics of the PEDOT-TPPF,¢ films. Fig. 6a and
b displays images of the bare ITO electrode and the PEDOT-
TPPF;¢ film, respectively. The porphyrin film uniformly covers
the entire ITO surface, presenting a nearly smooth surface
formed by the agglomeration of fused spherical particles
measuring about 10-20 nm (as also observed in AFM images,
Fig. 6¢ and d) that follows the roughness pattern of ITO. The
small spherical particles interconnect to form a network,
creating a three-dimensional structure with void spaces. These
void spaces within the film can create extensive contact areas
between the liquid electrolyte and the film surface, establishing
pathways for effective ion diffusion and migration.

The surface morphologies of the resulting polymer films
were further analyzed using AFM. Fig. 6c and d depict typical
acoustic AC mode AFM height images of the electrodeposited
film on ITO. Consistent with previous reports on electrochem-
ically generated porphyrin films from tetradentate monomers,
globular-like microstructures are evident in the analyzed
films.>® This observed microstructure appears to result from the
nucleation and subsequent growth processes, leading to
a homogeneous decoration of the ITO surface. In agreement
with this observation, the calculated root mean square rough-
ness (Sq) of PEDOT-TPPF;, film is a little higher (1.9 & 0.4 nm)
than that of bare ITO (1.2 £ 0.2 nm). Fig. 6d illustrates that the
polymer surface is highly homogeneous, completely covering
the electrode.

3.7. Galvanostatic charge-discharge tests of the film

Owing to the film's reversible oxidation and reduction
processes, with high cyclic stability, it can be anticipated that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Difference absorption spectra, AAbs, of: PEDOT-TPPF;¢ film deposited over ITO electrode obtained at different applied potentials: (a) 0.4
(black line), 0.9 to 1.4 (gray lines) and 1.5 V (cyan line); (b) —0.8 (black line), —0.9 to —1.3 (gray lines) and —1.4 V (cyan line). All measurements were
conducted in ACN (0.10 M TBAP) at 20 mV s™%.

the polymer pseudo-capacitive behaviour could render it suit- as an active material for supercapacitors, we conducted GCD
able as an active component in the development of super- experiments at varied current densities in a three-electrode
capacitor devices.®” To examine the effectiveness of the polymer configuration (ACN 0.10 M, TBAP). The oxidation onset and

a) b)

Fig.6 SEM images of (a) bare ITO and (b) PEDOT-TPPF;¢ film. Scale bars are 1 um. (c) AFM images of ITO electrode surface (scan size 1 x 1 um)
registered after electrodeposition of porphyrin film. (d) Three-dimensional representation of the electrode surfaces measured by AFM. Films
were grown cycling in the same conditions of the exhibited in Fig. 3.
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cutoff potentials were within the range of 0.0-1.0 V (Fig. 7a),
while the reduction onset and cutoff potentials were within the
range of 0.0 to —1.0 V (Fig. 7b), after the initial reduction peak,
as observed in the CV experiments. During the oxidation
processes, the voltage undergoes a rapid vertical ascent within
the 0 to 0.4 V range. The energy stored in this interval, attributed
to the electronic double-layer capacitance, is considered negli-
gible.?®* On the other hand, within the potential range of 0.4-
1.0V, the responses display a quasi-triangular charge-discharge
behavior at various current densities, arising from the pseudo-
capacitance associated with the reversible redox processes
observed in the polymeric material.>>**° The charge and
discharge curves exhibit nearly symmetrical patterns, indicative
of a rapid and reversible electron exchange.’* Furthermore, with
increments in the current density, both charge and discharge
times experience notable reductions. However, it is noteworthy
that even at elevated current regimes of up to 50 A g, the film
exhibits a specific capacitance retention of approximately 75%,
as illustrated in Fig. 7c. Likewise, in the reduction process,
charge-discharge curves exhibited similar behavior (Fig. 7b and
c), with quasi-triangular performances, but displaying fast
potential changes at applied potential close to the redox peak,
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in agreement with the observed in CV experiments. PEDOT-
TPPF, exhibits maximum specific capacitances of 140 F g™*
and 330 F g~ (calculated from the discharge curves) for the
oxidation and reduction processes, respectively, at a current
density of 10 A g~ . These values are inferior to those reported
for supercapacitors based on hydrogen-bonded metal porphyrin
frameworks,*> but similar to the values reported for electro-
generated porphyrin polymers.>®%>%7:%

The observed asymmetry in GCD during the n-doping
process (Fig. 7b) could be originated in the leakage process
resulting from oxygen reduction reaction. n-doped polymers are
less common due to their low stability in the doped state and
their tendency to be de-doped by transferring electrons to
ambient oxygen.”

Additionally, to further explore into the polymeric material
electronic behavior analysis, we conducted EIS experiments in
a three-electrode configuration (ACN 0.10 M, TBAP). Fig. 7d
exhibits the Nyquist plot that we obtained for a thin film elec-
trode generated in the same condition as the one depicted in
Fig. 2a. The gathered data was fitted through the Randles
equivalent circuit, illustrated in the inset of Fig. 7d, using the
EIS Spectrum Analyzer software. The equivalent circuit includes
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(a) Oxidation and (b) reduction galvanostatic charge/discharge cycles of PEDOT-TPPF,¢ at different current densities. (c) Capacitance

retention % of PEDOT-TPPF;¢ (oxidation in blue squares and reduction in blue circles) (d) Nyquist plot of PEDOT-TPPF,¢ at 1.0 V. PEDOT-TPPF4¢
film was deposited on an GC electrode. All measurements were conducted in ACN containing 0.10 M TBAP.
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an ohmic resistance (Rgs), an interfacial charge transfer resis-
tance (Rcr), and two constant phase elements: Cpp, which
represents an electric double-layer capacitance, and Cps, which
represents the pseudocapacitance of the electrode. The
diffusion-controlled process into the electrode was simulated
with a Warburg element (Z,). The plot shows two regions. At
high frequency, an equivalent series resistance (Rgg) is observed
as a semicircle intercepting the real axis at 160 Q. This repre-
sents the ionic and electronic resistance of the electrolyte and
electrode, as well as the contacts. At low frequency, the Nyquist
plot second region shows the electrode capacitive behavior
through a nearly vertical line. The fitted data provided a gravi-
metric capacitance of 120 F g™, similar to the value obtained
from charge-discharge experiments.

4. Conclusions

This work presents the synthesis of a new fluorinated
porphyrin, EDOT-TPPF,¢, and the subsequent electrochemical
synthesis of polymeric films, PEDOT-TPPF;s,. The monomer
design combines the robust perfluorinated porphyrin, known
for its exceptional photo and chemical stability, with the
versatile and widely used electropolymerizable EDOT group.
The electrochemical polymerization of EDOT-TPPF,¢ generated
electroactive polymeric films that showed promising pseudo-
capacitive behavior in energy storage devices. Various tech-
niques were used to characterize the films. These presented
gravimetric capacitances of 140 F ¢~ and 330 F g~ ' for the
cathodic and anodic processes, respectively, at a current density
of 10 A g7, To the best of our knowledge, this is the first time
that a perfluorinated porphyrin substituted with EDOT is elec-
tropolymerized, representing an important advancement in the
field of electroactive polymeric materials.
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