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Abstract: According to numerous previous reports, a Z-scheme with two photon absorbers is the most
promising strategy to achieve artificial photosynthesis, but in addition to two efficient catalysts—one
for oxygen evolution, the other for CO, reduction—two different and complementary semiconducting
sensitizers are required. Here we present the synthesis of two bipyridine-functionalized terthiophenes,
which can be electropolymerized to give photoactive p-type semiconductors the capability to perform
as photocathode in photoelectrochemical cells for water photosplitting or artificial photosynthesis.
Indeed the bipyridine moiety in their structure allows the binding of transition metal carbonyl
complexes employed in CO; reduction, and their band-gap is suitable for the coupling with
wide band-gap semiconductors, which have already found application as photoanodes. Finally,
they are characterized by photogenerated charge carrier density between 1.1 and 1.4 x 10" cm~3,
with first-order recombination constant of 0.7-1.8 x 1072 s~!. These figures are of the same order
of magnitude of their inorganic counterparts and would therefore guarantee photoconductivity of
the device and the activation of the organometallic catalysts with which they should be coupled to
function as photocathodes for CO, reduction.

Keywords: polythiophene; electrochemistry; semiconductor; p-type

1. Introduction

Energy availability at a low cost is a fundamental requisite to maintain the complex society to
which we are accustomed. However, environmental sustainability must also be taken into account [1].
Thus, increasing efforts in recent decades have been dedicated to increase energy efficiency, to reduce
the energy demand maintaining at least constant the quality of life and to improve the competitiveness
of renewable sources such as solar, geothermal and wind power, with significant increase in cumulative
capacity and market shares as results [2-5].

In this perspective, artificial photosynthesis represents an important resource, because, converting
solar power into chemicals can be complementary to battery technologies and photovoltaics in order
to mitigate its intermittent nature and to allow its storage and transportation without needing
a power grid. The most promising strategy is to mimic nature to a certain extent, utilizing a
Z-scheme (as shown in Figure 1 [6-10]) involving the presence of two absorbers—photoanode and
photocathode—and possibly decoupling the tasks of photon absorption and electron transfer, with the
surface functionalization of the absorber with a suitable catalyst. Compared to natural photosynthesis,
the electronic transport chains are usually simplified and involve a smaller number of intermediate
steps. Though simpler, this design is prone to recombination, which usually represents the main path
for energy losses [11,12].
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While the photoanode could reasonably be an inorganic n-type semiconductor decorated with an
oxygen-evolving catalyst, for which numerous recent reports are available, [13-16] the photocathode
should be a p-type semiconductor with a rather reducing potential of the conduction band (CB).
Moreover, to guarantee a non-negligible photovoltage of the device, its energy gap should be
at least 1.5 eV to maintain the valence band (VB) potential more positive than the photoanode
conduction band (Figure 1). If CO, has to be reduced and converted to CO (or to HCOOH, CH30H,
or CHy), then the coupling to molecular organometallic complexes belonging to the families of
[Re(CO)s(bpy-R)C1] [17,18], [Mn(CO)3(bpy-R)Br] [19], Fe porphyrins [20], and [Cu(bpy-R),] [21] must
be envisaged, and a covalent bonding with the photocathode material appears to be one of the
most effective strategies. Semiconductive polymers are therefore an appealing solution to produce
photocathode materials because of the possibility of functionalization with covalent bonds, ensuring
fast electron transfer to the catalytic moiety, and because of the tunability of their energy gap and CB
and VB potentials, thanks to structure modification through molecular engineering [22,23].

Recent works reported large photocurrents, also in aqueous environments [24,25] and encouraging
photon efficiency for polyanilines (PANI), polythiophenes and other classes of materials and
provided solutions for the main drawbacks of this class of materials, namely low-charge carrier
mobility and poor photo- and electrostability [26], which were already reported in the early
1990s by Kalaji et al. [27]. In this context, Hursan and coworkers [28] demonstrated the CO,
photoelectrochemical reduction employing PANI as photocathode, reporting promising photocurrent
enhancement under CO;-saturated electrolyte and without the employment of an organometallic
catalyst. The mechanism proposed involves the binding of CO, with the PANI aminic nitrogen
forming a carbamate, followed by reduction to alcohols. Although inorganic p-type semiconductors
are becoming more available, thanks to the research in photocathodic dye sensitized solar cells, [29]
they are less adaptable than their organic counterparts.

-2 —

€O,/ COy

1 Reduction Catalyst
; Q-

Cc0,/CO
B .
0 — 1 Photopgtential

Photocathode
p-type Semiconductor

Potential (V vs RHE)

19 H0/0,

-9
Oxidation Catalyst

+
h

3- Photoanode
n-type Semiconductor

Figure 1. Z-scheme for artificial photosynthesis involving an n-type semiconductor decorated with
an oxidation catalyst as the photoanode and a p-type semiconductor functionalized with a reduction
catalyst as the photocathode. Egr is the quasi-Fermi level under irradiation for electrons and holes
in the photoanode and photocathode, respectively, and the photopotential of the device is given by
the difference between these two potentials. The standard potentials for the reactions reported are:
CO, +e~ — CO,~ E% = —1.9 V vs. RHE (Reversible Hydrogen Electrode); CO, + 2H* + 2~ — CO +
H,O E? = —0.53 V vs. RHE; O, + 4H* + 4e~ —2H,0 E = 1.23 V vs. RHE [17,30].
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Among organic polymers, polythiophenes are of particular interest because their properties can
be tuned with functionalized with different groups [31] and their band-gap is usually around 2 eV, [32]
which is optimal in the case of the coupling with wide band-gap semiconductors, such as TiO,, WOs3,
BiVOy, and to a lesser extent, hematite [33]. In this way, light absorption is guaranteed for both cell
compartments and a sufficient driving force would also be assured to activate the molecular catalyst
responsible for CO; reduction. Furthermore, Re complexes with a terthiophene-containing ligand have
demonstrated high activity in CO, reduction, even when immobilized, with remarkable turn-over
number larger than 500, demonstrating the feasibility of a polythiophene-based photocathode for CO,
reduction [34].

In the present work, we report the synthesis of two bipyridine-functionalized terthiophene
monomers and of their homopolymers and copolymers with thiophene, which we characterized at
their photoelectrochemical properties with particular attention. Our aim was to perform a functional
characterization, simulating as much as possible the working conditions of the real device, probing
the photoactivity of the material and its charge carrier dynamics in the dark and under irradiation.
The energy gap, photogenerated charge carrier density and recombination constant of the materials
here prepared and investigated are very close to inorganic semiconductors such as TiO;, and therefore
very promising in the perspective of the application as a photocathode in devices performing
artificial photosynthesis.

2. Materials and Methods

2.1. Chemicals

All chemicals were purchased from Aldrich or Fluka and were used without further purification;
all reactions were performed under Ar atmosphere, in 20 mL vials that were crimped and
sealed with polytetrafluoeoethylene (PTFE) septa caps. The reactions were monitored by GC-MS
(Gas-Chromatography-Mass-Spectrometry) and/or thin layer chromatography (TLC) using silica gel
as stationary phase on plastic sheets and eluents as reported for the purification in every procedure.
The products were purified using a Biotage Isolera automated medium pressure purification system,
equipped with UV detector (using variable/fixed wavelength and a Diode array, from 200 to 400 nm),
working with silica stationary phase. The eluents used for the purifications are indicated, for every
product, in the proper synthetic procedure.

NMR (Nuclear Magnetic Resonance) spectra were recorded in CDCl; with a Bruker Avance
200, working at 200 MHz for 'H. Chemical shifts were reported in parts per million (8) using
tetramethylsilane (TMS) and residual solvent peaks as a reference.

GC-MS were recorded with a Thermo Finningan Trace GC instrument equipped with a
Zebron-5MS fused silica column of Phenomenex (30 x 0.25 mm i.d., 0.25 um film thickness), injector
temperature of 250 °C, split flow of 10 mL min~!, carrier gas helium at constant flow of 1.2 mL-min~".
Electrospray ionization-MS experiments were performed with a Thermo Fisher Scientific LCQ
Advantage Max ion-trap mass spectrometer, equipped with an Electrospray ionization source.

2.2. Morphology

The morphology of the films was studied with AFM (Atomic Force Microscopy) technique by
means of a Park System XE-100 microscope.

2.3. Organic Synthesis

The synthetic details are reported in the Supplementary Materials (SM). The syntheses were
performed by adapting literature methods [35-37].
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2.4. UV-Visible Spectroscopy

To evaluate the electronic band-gaps of the thin films synthesized UV-Vis transmittance spectra
were recorded using a Cary 100 UV-Vis spectrophotometer, version 9.00 (Varian). Spectra were
registered in the 200-900 nm range (1.4-6.2 eV) at a scan rate of 300 nm min~! with a step size of
0.5 nm; the UV source changeover was set up at 350 nm.

2.5. Electrochemical Tests

The electrochemical experiments were carried out with a standard photoelectrochemical set-up
composed of a computer-controlled potentiostat, AUTOLAB PGSTAT12, equipped with the FRA2
module for electrochemical impedance spectroscopy (EIS), and a 150 W LOT Oriel Xe arc lamp as
radiation source. Irradiance on the electrode surface was 17 W m~2 in the UV and 255 W m~2 in the
visible. The electrochemical cell was a conventional three-electrode cell. The counter and reference
electrodes were a Pt sheet and an Ag/AgCl/TEACI (0.1 M in acetonitrile) electrode, respectively.
If needed the electrolytic solution was purged with nitrogen gas. Transparent conductive supports
(Corning® EXG alkaline earth boro-aluminosilicate glass, 25 x 25 x 1.1 mm, Indium Tin Oxide coated
on one surface, Rs = 9-15 ohms, Transmission > 80%) were obtained from Delta Technologies Ltd.
(Loveland, CO, USA).

3. Results

3.1. Organic Synthesis

Because the electropolymerization of thiophene or terthiophene monomers is an easy process to
produce films of conductive polythiophenes, we prepared terthiophene monomers, side-functionalized
with a bipyridine ligand. Two model compounds were chosen. The first is a compound where an alkyne
spacer is connecting the 3/-position of the terthiophene with the 4-position of the bipyridine, TABP
(TerthiopheneAlkynylBisPyridine, 4). The second is a compound where the bipyridine is directly linked
on the 3'-position of the central thiophene of the terthiophene chain, TBP (TerthiopheneBisPyridine,
6). The needed 4-bromo-2,2"-bipyridine was prepared by adapting literature protocols to obtain
an optimized pathway (Figure S1 in SM) The protocol was performed on a 50 g scale of starting
2,2'-bipyridine.

The two monomer compounds were prepared by adapting literature methods to the synthetic
strategy (Figure 2). The starting point was based on the identification of a common intermediate to be
used for the synthesis of both compounds. The key intermediate is the 3'-bromo-2:2’,5’:2”-terhiophene
(1). Its preparation was derived from references [37,38]. The synthesis, based on a Suzuki reaction
between the 2,3,5-tribromothiophene and the 2-thiopheneboronic acid, is straightforward but delicate,
because a careful control of the ratio of reactants is necessary. The control of reaction temperature and
time was needed to avoid fully substitution of the three bromine atoms. The maximum yield obtained
was around 43%, when the reaction was performed under MW heating at 130 °C for 30 min.

The strategy to obtain compound 4 starts from 1, which was reacted with a Sonogashira
protocol with the 2-methyl-3-butyn-2-ol, giving 2, which was deprotected by reaction with KOH
in toluene:methanol, to give the alkyne 3. This compound was finally used to obtain the final TABP (4)
using again a Sonogashira reaction. TBP was prepared by reacting 1 with BuLi and trimethylborate,
giving 5 [39,40] which was not isolated and by a following Suzuki reaction with 4-bromo-2,2’-bipyridine
to obtain the final compound 6. The yield of 4 was about 6% over four steps, while for 6 was about
13%. Since these two compounds were found to be able to form rhenium complexes, whose polymers
gave very good carbon dioxide reduction performance [34] and due to the results of the present
paper, we also worked on the optimization of the synthetic pathway and yield, obtaining substantial
improvements [41,42].
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Figure 2. Synthetic pathway for terthiophene monomers TABP(4) and TBP(6): (i) Pd(PPhs)4,
DME, 1.5 M Na,CO3;, MW (Microwaves), 130 °C, 24h; (ii) 2-methyl-3-butyn-2-o0l, Pd(PPhj3),,
Cul, diisopropylamine (DIPA), Argon, reflux, 20 h; (iii) KOH, Toluene:MeOH 1:1, reflux; (iv)
4-bromo-2,2-bipyridine, Pd(PPhg),, Cul, DIPA, Argon, reflux, 24 h; (v) Lithium diisopropylamide
(LDA), tetrahydrofuran (THF), trimethylborate, —78 °C, 1 h, tort 1 h, rt 4 h; (vi) 4-bromo-2,2'-bipyridine,
(PPhs)4, dimethoxyethane (DME), 1.5 M Na,CO3, MW, 120°C, 30 min.

3.2. Electrosynthesis

Electrosyntheses of PT (polythiophene), PTABP, PTBP and their copolymers were performed
using two strategies, both yielding homogeneous thin films. The first method consisted in cycling
electrode potential (by Cyclic Voltammery, CV) in a range where monomer oxidation occurs, leading to
the formation of polymers with high enough molecular mass to become insoluble in the electrolyte and
deposit onto the working electrode surface. The current increased with every new cycle performed
(Figure 3) demonstrating that the polymer deposited was not acting as a current blocking layer, but was
conductive instead, allowing further growth of the polymeric film. With increasing scan number an
increasing portion of the anodic current is due to polymer charging and oxidation, in addition to
polymerization reaction, and this is the reason why we also observed the increase of the cathodic
current with increasing scan number owing to polymer reduction and discharge. With increasing
scan number we therefore observed the growth of the contribution of a capacitive current to an
approximately constant faradaic component.

Instead of cycling the potential, in the second approach it was maintained at a constant value
and the polymerization current was recorded (Figure S3 in SM). As we already observed for the
first method, the polymer is conductive and its formation does not cause the current drop to zero at
positive potential, even if a decrease with reaction time is observed. In both cases, the duration of the
experiment can be modulated to deposit controlled amounts of polymers. We studied films obtained
from the accumulation of charge in the range 2.5-25 mC, corresponding in the cases of PTABP and
PTBP to 10-120 pg deposited and, estimating the thin film bulk density as 0.8 g cm 3, average film
thickness ranging from 30 to 330 nm. It is more difficult to estimate the electrodeposited mass of the
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copolymers and the film thickness, since their composition is not known with accuracy and can only
be estimated (see SM for details).
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Figure 3. Electropolymerization of 2 mM TABP in 0.1 M TBAPF in acetonitrile/CH,Cl, 1:1; transferred
charge: 2.7 mC, PTABP mass deposited: 12 ug, estimated average film thickness: 38 nm.

3.3. Morphology

Even though characterized by different roughness, all the thin films synthesized present similar
morphological patterns, namely islands in relief with diameter ranging from 100 nm to 1000 nm, where
the electropolymerization process has been particularly effective (Figure 4 and Figures 54-58 in SM).
The elevation of the blocks, their shape and density differ in each sample. They are almost overlapping
parallelepipeds in PT, while their shape becomes more irregular in PTBP, PTABP and P(TABP-co-T)
and almost spherical in P(TBP-co-T). The polymers containing TABP are less rough and flatter, while
PTBP and P(TBP-co-T) are rougher with the most prominent blocks. Thanks to this rough and porous
morphology the films have significantly larger surface area compared to the geometric area of the
conductive support. This can result in higher current density when an external bias is applied and in
larger amounts of accumulated charge at the surface, i.e., improved capacitance, which can be further
translated into increased charge carrier density upon irradiation, providing that their recombination
kinetics is sufficiently slow.

3.4. UV-Vis Spectroscopy

The band-gap energy E; of the PTs synthesized was evaluated with Tauc theory. Equation (1)
relates the optical absorption coefficient o and the photon energy hv: [43]

ohv = A (hv — E)" 1)

where h is the Planck constant, v is the photon’s frequency, A is a proportionality constant and n takes
values from 0.5 to 3, depending on the nature of the transition. In the case of a direct allowed transition
n = 0.5. All the PTs synthesized are characterized by the presence of a direct band-gap, as witnessed
by the linear behavior of the square of ahv as a function of the photon energy (Tauc plot of Figure 5,
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Table 1). Because of the large sub-band absorption, we employed the method proposed by Makula
and coworkers [44] to obtain the band-gap, which is approximately 2.25-2.45 eV for PTABP, PTBP,
while their copolymers with thiophene, P(TBAP-co-T) and P(TBP-co-T), and PT have lower band-gap,
namely 1.9-2.05 eV. We found a second linear region for PTABP and PTBP, which can be extrapolated
at around 1.5-1.6 eV, indicating the presence of localized states at those energy values. On the other
hand in the copolymers this second region of linearity is less pronounced, as we found in the case of
PT (Figure 5), even though sub-band absorption is not negligible.

Figure 4. AFM topography of (a) PTABP, (b) P(TABP-co-T), (c) PTBP, (d) P(TBP-co-T) and (e) PT films
electrosynthesized in potentiodynamic conditions.
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Figure 5. Evaluation of the electronic band-gap of the materials studied in the present work.

Table 1. Band-gap energy Eg for the samples investigated in the present work.

Sample Eg (eV, £0.05)
PTABP 2.25
PTBP 2.45
P(TABP-co-T) 1.90
P(TBP-co-T) 2.05
PT 2.05

3.5. Electrochemistry

In CV we observed a peak in the anodic scan at 0.4 V vs. Ag/AgCl for PTABD, 0.5 V for
P(TABP-co-T) and 0.8 V for PTBP (Figures 6-8). The presence of this peak is not detectable in PT
(Figure S9 in SM), nevertheless, also in this case, the current density increases with increasingly
anodic potential, even though an anodic current peak is never reached, and above 1.2 V vs. Ag/AgCl
polymer degradation occurs, with the complete loss of the CV structure previously observed and
of the photoactivity. We attributed its presence to high density of localized states at slightly higher
energy than the VB, in agreement with the consistent sub-band absorption observed, while the further
increase of the current recorded at more positive potential can be attributed to both valence band and
shallower trap states and corresponds to polymer oxidation, which ultimately leads to its degradation.
The stepwise oxidation of polythiophenes was already observed [45,46]. This behavior was explained
in terms of the successive formation of polarons initially, then bipolarons and, eventually, oxidation to
the metallic state (see Discussion section). We also detected two marked cathodic peaks at —0.6 and
—0.7 V vs. Ag/AgCl for PTBP (Figure 7) and a less evident peak at —1.2 V vs. Ag/AgCl for PTBAP.
None of these features is observable in the case of P(TBAP-co-T) and PT.
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Figure 6. Cyclic voltammetry of electropolymerized PTABP at 0.5 V s~ scan rate in 0.1 M NaClOy in
acetonitrile. The Eg value measured with UV-Vis spectroscopy is reported together with the assignment
proposed for the anodic peak at 0.4 V vs. Ag/AgCL
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Figure 7. Cyclic voltammetry of electropolymerized TBP at 0.2 V s~! scan rate in 0.1 M NaClOy in
acetonitrile. The Eg value measured with UV-Vis spectroscopy is reported together with the assignment
proposed for the anodic peak at 0.8 V vs. Ag/AgCL
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Figure 8. Cyclic voltammetry of electropolymerized P(TABP-co-T) at different scan rates in 0.1 M
NaClOy in acetonitrile. The Eg value measured with UV-Vis spectroscopy is reported together with the
assignment proposed for the anodic peak at 0.8 V vs. Ag/AgCl.

Further decreasing the potential polymer degradation occurs similarly to what was already
observed in the anodic direction. The polymers containing TABP and TBP demonstrated marked
photoactivity as witnessed by the sudden rise of the open circuit potential (OCP) under irradiation
(Figure 9 and Figure S11 in SM). When irradiation is interrupted the OCP relaxes to the dark value over
timescale of hundreds of seconds. The trend can be replicated many times. If the chronopotentiometry
measurement is carried out immediately after the electrosynthesis, the OCP in the dark is located at
more positive values and the onset of the photopotential is superimposed to this descending trend
(Figure 10 and Figure S12 in SM), i.e., the photopotential (the difference between the OCP upon
irradiation and in dark conditions) becomes larger with increasing time, and, therefore, with the
stabilization of the dark OCP. The photoactivity of PTABP and PTBP and of the copolymers is further
confirmed thanks to EIS and photocurrent measurements. In EIS we observed a reduction of the
real and imaginary components of electrochemical impedance under irradiation (Figure 515 in SM).
Photocurrents of PTABP and PTBP are in the order of 3-8 uA cm~2 depending on the applied
potential, and more than 60% is retained after one hour of irradiation (Figure S16 in SM). These
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values are similar, even though slightly lower compared with previous reports on polythiophenes and
inorganic semiconductors such as ZnO and TiO; [24,28,47]. Considering the porous morphology of PT
electrodes, their capacitance will not behave ideally, and therefore the Mott-Schottky plots will deviate
significantly from linearity, impeding the extraction of flat band potential and donor density with this
strategy [48,49].
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Figure 9. Chronopotentiometry of electropolymerized PTABP in 0.1 M TBAPF; in acetonitrile/CH,Cl, 1:1.
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Figure 10. Chronopotentiometry of electropolymerized P(TABP-co-T) in 0.1 M NaClOy in acetonitrile
recorded immediately after electrosynthesis.

4. Discussion

Cyclic voltammetry is a tool to probe localized and extended states, conduction and valence
band of semiconducting electrodes, indeed when the potential is swept toward positive values, the
Fermi level in the semiconductor is displaced toward the valence band, while it is forced toward the
conduction band when the potential in swept in the negative direction. When the applied potential
forces the Fermi level inside the band-gap the current density recorded is in the order of 1 pA cm ™2
or less, because the resistivity of the material is high, while the density of states (DoS) is very low at
those potential values. At energy levels close to the bands, the DoS usually increases exponentially
because of the presence of localized states, and the increase becomes more pronounced when the
applied potential crosses the conduction/valence band edges (Figure 11) [50]. Nonetheless, it is not
easy to determine the position of the band edges by CV, because the band pinning regime cannot be
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assured when trap states are populated, i.e., when the applied potential, and indeed the Fermi level,
is about to reach the band edge, leading to uncertainty in the exact determination of the band edge
energy. Conversely, the determination of localized state energy is more precise, especially in the case
of deep traps. If there are no redox couples in solution the charge carriers promoted in semiconductor
localized states due to the external bias are not transferred to solution, and, especially if the scan rate s
is high, trap states can be reversibly populated and depopulated, leading to reversible voltammograms.
In this case from the CV current it is possible to obtain the electrode chemical capacitance, which can
be related to the DoS of the semiconductor, thanks to Equation (2):

p(E) = iy dE @

In which p is the density of monoelectronic states in the potential range dE per semiconductor
unit volume, A is the geometric surface of the electrode, d its thickness, i is the CV current, s the
scan rate.

Current Density (mA cm )
05 0.0 05
| 1 | ~-3.0

Potential (V vs Ag/AgCl)
T
B
(2]
(A®) ABuauz uosoalg

DoS ~-5.5

Figure 11. Schematic representation of the DoS (Density of States) and of the inferred representation of
the extended and localized states in the case of PTABP as deducted from CV and UV-Vis spectrum.

4.1. Band-Gap of PT Homo- and Copolymers

Even though an accurate determination of the band-gap Eg is cumbersome, we can compare
the value measured with UV-Vis spectroscopy and superimpose it to the CV of the corresponding
material (Figures 6-8 and Figure S9 in SM). For the materials considered in the present work we can
observe that the Eg measured with UV-Vis spectroscopy is almost 1 eV larger than the difference
between the onset of anodic and that of cathodic current. Therefore we can assign the current from the
onset for at least 300400 mV to localized states in proximity of valence and conduction bands. These
localized states can be assigned to the creation of polarons and bipolarons, which are located inside the
band-gap, up to 700 mV from the VB edge [51]. The abundances found with UV-Vis are in very good
agreement with this assignment, with even a second region of linearity at lower energy for PTABP and
PTBP, which is not detected in the case of PT and copolymers (Figure 5), even though in the case of
P(TABP-co-T) the spectrum slightly deviates from the sigmoidal shape exhibited by P(TBP-co-T) and
PT, and its CV displays an anodic peak at 0.8 V, which is absent in the case of PT (Figure S9 in SM).
Localized states could also arise because of 2-3’and 3-3’ binding between adjacent thiophene moieties,
which can be present in all the homo- and copolymers synthesized.

4.2. Chronopotentiometry Measurements

OCP measurement is a powerful tool for the characterization of semiconducting electrodes,
because it can reveal photoactivity, discriminate between n-type and p-type semiconductors and,
eventually, quantify the photogenerated majority carrier density. The photoactivity is present in all the
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films synthesized, as witnessed by the difference between dark potential and its value upon irradiation,
even though in the case of PT the effect is very limited (Table 2), probably because the undoping
process for this polymer is significantly slower and the charge carrier density is already large, in the
order of 10" cm~2 (Figure S10b). Since in all cases the OCP equilibrates at more positive values
compared to dark conditions, we can conclude that the samples considered in this work are p-type
semiconductors. Indeed, in the case of p-type semiconductors under irradiation electrons are trapped
and transferred to solution species faster than photoholes, which accumulate and shift the quasi Fermi
level, and consequently the OCP, to more positive potential. On the other hand, irradiating n-type
semiconductors leads to electron accumulation and to a negative shift of the OCP [52,53]. Steady
state is achieved in approximately 100 s, because charge carriers generation and their loss reach the
same rate when a certain pp, is obtained. Since we excluded electron and hole scavengers from the
electrolyte, charge carrier loss is mainly due to recombination. From a more quantitative point of
view, PTBP has the most pronounced photopotential (860 mV), while PTABP and P(TABP-co-T) are
characterized by smaller values, 280 mv and 430 mV, respectively. Larger photopotential values do
not automatically correspond to larger photogenerated charge carrier density, because to convert the
photopotential into photohole polaron density it is necessary to consider cyclic voltammetry [52].
As already mentioned earlier in the discussion, when CV is carried out at sufficiently high scan rate,
and there are no redox species in solution, p(E) obtained can be used to convert the OCP recorded into
photohole density in every instant, i.e., allowing the transformation of the E vs. t plots into ppp, vs. t
plots, with Equation (3):
Elight _

1 i
Pph = cAd / s4F ®)

Edark

In which ppy, is the photogenerated hole polaron density. In this way we were able to obtain
the charge carrier density corresponding to the potential obtained under steady state irradiation
(Table 2), and we were also able to build the plot of p,, vs. time, as demonstrated in Figures S13
and S14 in SM. The Pph values obtained are in the order of 101° cm~3, which is in the same order of
magnitude of the photoelectron density recorded in the case of TiO, [52]. The marked differences
between samples observed in photopotential, ranging from 280 mV to 860 mV, are levelled considering
Pph- All the samples investigated are characterized by densities of the same magnitude, in the range
1.1—1.4 x 10! em~—3, which is reasonable, considering the structural similarities. We can therefore
assume that the photoactivity, which was observed also for PT containing other electron withdrawing
substituents, such as the nitrostyryl group [54,55] is not limited by the bipyridine moiety, while the
triple bond of the TABP moiety does not seem to play a crucial role for the material photoactivity.

When irradiation is interrupted, the OCP decreases and tends to equilibrate to its dark value.
This process is due to recombination, and we were able to obtain the recombination constant knowing
Pph as a function of the time (Figures 513 and 514 in SM) during photopotential decay. We assumed
that recombination is a first order process [52] and we obtained the recombination constant k; from
Equation (3):

(e L 9P
pph dt

Since photohole polaron reactivity depends on the energy of the localized state populated,
with shallow traps being more oxidant and reactive than deep traps, k; is expected to depend on E,

®)

and therefore also on ppy. This dependence is more pronounced in the case of PTBP (Table 2), in which
we observed a 6-fold increase of k; passing from p,, =5 X 108 ecm—3 to Pph=1X 10" cm 3, while in
the case of PTABP and P(TABP-co-T) the increase was limited to approximately 15%. Since the ppp,
recorded under steady state conditions is the result of a balance between charge carrier generation
and their recombination, in agreement with this consideration we observed anticorrelation between k;
values and ppp, under steady state irradiation. When the OCP measurement is carried out immediately
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after the electropolymerization, as in Figure 10, we noted that in the first 2000 s of the measurement the
OCP was even more positive than under steady state irradiation at the end of the experiment. Moreover
OCP showed an almost exponential decay until it stabilized, in dark conditions, at approximately
—0.4 V vs. Ag/AgCl Since this phenomenon was observable only if the experiment was carried
out immediately after the electrosynthesis we attributed it to the fact that the polymer right after the
synthesis is heavily doped, but the nature of this doping is uniquely electrochemical, and therefore
very labile, as witnessed by the dark OCP decay in the first 2000 s of the experiment (Figure S12 in SM),
which corresponds to an equivalent decay of charge carriers (Figure S13 in SM). This measurement
gives also an estimate of the flat-band potential, which is located between 0.435 and 0.485 V vs.
Ag/AgCl. Indeed at potentials more positive than the flat-band the photopotential is negative, because
the semiconductor is in accumulation, whereas only when the OCP becomes more negative than the
flat-band is the semiconductor in depletion, the most usual situation for a semiconductor-solution
interface, and the photopotential is positive, as expected for p-type semiconductors.

Table 2. Photovoltage AV, photohole polaron density pp,, and recombination constant k; evaluated
at two different pyp, for the samples investigated in the present work.

Sample AVph (V) Pph (10 cm—3) k(1073 )2 Kk (@0 3s P
PTABP 0.28 4 0.02 12+0.1 15+1 179 +0.7
PTBP 0.86 + 0.03 11402 1842 110 4 20
P(TABP-co-T) 0.43 + 0.01 14+0.1 70408 8.0 4+ 0.4

2at5 x 108 em™3,P at 1 x 10! em~3, photohole polaron density (see the text below).

5. Conclusions

We demonstrated the synthesis of two bipyridine-functionalized terthiophenes that can be
electropolymerized giving p-type photoactive organic semiconductors, as witnessed by the OCP
measurements in the dark and upon irradiation. The electrosynthesis is responsible for the oxidation
of the polymers, resulting in high levels of doping; up-to 2 x 10?° cm~3, where the material develops
an accumulation layer and can be considered as a degenerate semiconductor. This high level of doping
fades to less than 1 x 107 cm™~3
undoping are reversible up to a certain level, beyond which over-oxidation occurs. The increase in

in approximately one hour. We demonstrated that doping and

OCP during steady state irradiation corresponds to the generation of charge carrier density in the
range 1.1-1.4 x 10! cm~3, depending on the material. Charge carrier density is in the same order
of magnitude of the photoelectron density observed in the case of TiO,, and similar consideration
holds for the pseudo-first order recombination constant of photogenerated charge carriers determined
combining OCP measurement and CV. The resistance of the resultant organic semiconductor, as probed
with EIS, is of the same order of magnitude of inorganic counterparts (e.g., TiO,) and is decreased
upon irradiation, further confirming the photoactivity of the compounds and their suitability for
implementation in a photoelectrochemical device.
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