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Abstract: A new heteroarylene-vinylene donor-acceptor low bandgap polymer, the
poly(DEHT-V-BTD), containing vinylene-spaced efficient donor (dialkoxythiophene) and
acceptor (benzothiadiazole) moieties, is presented. Electropolymerization has been carried
out by several electrochemical techniques and the results are compared. In particular,
the pulsed potentiostatic method was able to provide layers with sufficient amounts of
material. Cyclic voltammetries showed reversible behavior towards both p- and n-doping.
The HOMO, LUMO, and bandgap energies were estimated to be —5.3, —3.6 and 1.8 eV,
respectively. In situ UV-Vis measurements have established that the presence of the
vinylene group stabilizes the formation of polaronic charge carriers even at high doping levels.

Keywords: donor—acceptor—-donor monomer; conducting polymer; electropolymerization;
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1. Introduction

Low bandgap polymers are promising materials for their possible use in a wide range of
applications, in particular as donor p-conducting layers in bulk-heterojunction (BHJ) solar cells, wherein
they are commonly used in combination with fullerene derivatives such as [6,6]-phenyl-Cs;-butyric
acid methyl ester (PCBM) as acceptor n-conducting materials [1]. In such application, the polymer
energy levels need to be finely tuned in order to have efficient BHJ properties. In particular, optimized
design rules dictate that: (1) the bandgap of the polymer should be equal or lower than 1.8 eV
in order to efficiently absorb the solar radiation up to the low energy portion of the spectrum;
(2) the energy of the Lowest Unoccupied Molecular Orbital (LUMO) of the polymer should be higher
(with a minimal offset of 0.3 eV) than that of PCBM in order to ensure efficient charge separation;
(3) the Highest Occupied Molecular Orbital (HOMO) of the polymer should be as low as possible
in order to have a high open circuit voltage, being this proportion to the difference between the energy
of the LUMO PCBM and HOMO polymer. In order to reach an optimal trade-off between these
requirements, recent design rules suggest that optimal donor polymers should have bandgap energies
in the range of 1.3—1.9 eV [1]. One of the most promising approaches to induce these properties is a
molecular design of monomeric precursors with donor-acceptor constituting units [2]. The resulting
polymer will thus consist of alternating m-electronrich donor (D) and m-electronpoor acceptor (A)
moieties along the backbone [3—6]. A large variety of D groups have been so far proposed. Amongst
these, 3,4-ethylendioxythiophene (EDOT) has been often used due to its outstanding chemical stability
and good transport properties [7].

In spite of the large variety of D—A polymers, relatively few examples are known for
vinylene-linked (V) conjugated polymers, where the D and A fragments are separated by an ethenylic
spacer. Indeed, superior photovoltaic performances in terms of both conductivity and control of the
energy levels can be enabled by inserting vinylene spacers into the structure between the D and A
groups [8]. We have recently designed and investigated new polymers starting from D—A—D monomers,
wherein the D and A units were separated by a vinylene group [9,10]. In particular, we have used
pyrrole [9] and EDOT [10] as donor heteroaromatic fragments and pyridine as the acceptor units. In
these works we have shown how it is possible to reach optimal design requirements for BHJ devices
starting from very simple and commonly used heteroaromatic units, with a fine tuning arising from the
proper substitution pattern around the central pyridine ring. However, the electrochemical properties of
our previous pyridine-based polymers did not show evidence of a full reversible electrochemical
reduction process (n-doping). In order to increase the electron-withdrawing character of the central
acceptor group, we have decided to design a new vinylene-spaced D—A—-D monomer where the
pyridine ring has been replaced by the 2,1,3-benzothiadiazole (BTD) ring, which has triggered a
considerable interest in recent years as an acceptor unit due to its strong electron-withdrawing capacity
and ready availability of commercial precursors [11-13]. As a donor unit we first turned our attention
on the EDOT ring. Unfortunately, the corresponding (EDOT-V-BTD) monomer showed poor
solubility in most solvents. For this reason, we replaced EDOT with a 3,4-bis(2-ethylhexyloxy)thiophene
(DEHT) ring, which has similar electronic properties but a larger solubility in organic solvents and
improved filming properties thanks to the presence of two branched side alkyl chains [13]. We have
thus designed and prepared the (DEHT-V-BTD) monomer (Figure 1). In the present contribution we
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report the preparation and characterization of the new monomer, its electrochemical polymerization,
and the electrochemical and spectroelectrochemical properties of the resulting polymeric layers. In
particular, the poly(DEHT-V-BTD) energy levels and the nature of the charge carries formed during
the oxidation and the reduction of the layers are discussed in comparison with the poly(2,5-pyridine-V-
pyrrole) [9] and poly(2,5-pyridine-V-EDOT) [10].

Figure 1. The monomer (DEHT-V-BTD).

2. Experimental Section
2.1. Monomer Preparation

All reagents were obtained from commercial suppliers at the highest purity grade and used without
further purification, except for POCI; that was distilled prior to use. Anhydrous solvents were
purchased from Sigma Aldrich and used without further purification. Extracts were dried over Na;SO4
and filtered before the removal of the solvent by evaporation. Flash chromatography was performed
with Merck grade 9385 silica gel 230-400 mesh (60 A).

3,4-Bis(2-ethylhexyloxy)thiophene-2-carbaldehyde (2). POCl; (2.7 mL, 4.4 g, 29 mmol) was added
dropwise to ice-cold DMF (1.2 mL, 1.1 g, 15 mmol). The solution was stirred for 20 min and
the obtained white solid was dissolved in dry 1,2-dichloroethane (60 mL). A solution of
3,4-bis(2-ethylhexyloxy)thiophene (1) [13] (5.00 g, 14.7 mmol) in 1,2-dichloroethane (10 mL) was
then added dropwise and the mixture refluxed for 1 h. The reaction mixture was allowed to cool to
room temperature and then poured onto a saturated ice-cold solution of AcONa (50 mL). The resulting
mixture was stirred at reflux for 1 h and then extracted with CH,Cl, (100 mL). The organic layer
were thoroughly washed with water, dried, and the solvent was evaporated under vacuum to afford the
product as a yellow-brown oil (5.20 g, 14.1 mmol, 96%), which was used for the next step without
further purification; '"H-NMR (CDCl3) & 9.99 (s, 1H, CHO), 6.61 (s, 1H, thiophene), 4.28-4.18
(m, 2H, diastereotopic OCH, protons), 3.86 (d, J = 5.9 Hz, 2H, diastereotopic OCH, protons),
1.77-1.63 (m, 2H, CH of alkyl chains), 1.56-1.37 (m, 16H, remaining CH, of alkyl chains),
0.96-0.84 (m, 12H, CH3 of alkyl chains).
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3,4-Bis(2-ethylhexyloxy)-2-vinylthiophene (3). n-Butyllithium (2.5 M in hexane, 5.6 mL, 14.0 mmol)
was added via syringe to a solution of methyltriphenylphosphonium bromide (5.00 g, 14.0 mmol) in
THF (100 mL) at 0 °C. A solution of aldehyde (2) (5.20 g, 14.0 mmol) in THF (20 mL) was added
dropwise at —78 °C and the resulting mixture was allowed to warm up to room temperature and stirred
for 12 h. The mixture was then poured into water (150 mL) and extracted with CH,Cl, (2 x 50 mL).
The organic layer was washed with brine, dried, and evaporated to dryness to leave a residue which
was purified by column chromatography (cyclohexane:dichloromethane = 7:3) affording the practically
pure product as a yellow oil (4.55 g, 12.4 mmol, 89%); "H-NMR (CDCls) & 6.84 (dd, Jians = 17.6 Hz,
Jis = 11.0 Hz, 1H,), 5.99 (s, 1H, thiophene), 5.45 (dd, Juyans = 17.6 Hz, Jeem = 0.8 Hz, 1H,
B-Z-vinyl proton to thiophene), 5.05 (dd, Jes = 11.0 Hz, Jeem = 0.8 Hz, 1H, B-E-vinyl proton to thiophene),
3.99-3.92 (m, 2H, diastereotopic OCH, protons), 3.87-3.81 (m, 2H, diastereotopic OCH, protons),
1.77-1.69 (m, 1H, CH of alkyl chain), 1.69-1.61 (m, 1H, CH of alkyl chain), 1.61-1.25
(m, 16H, remaining CH; of alkyl chains), 0.98—0.88 (m, 12H, CHj of alkyl chains).

DEHT-V-BTD. A solution of tris(o-tolyl)phosphine (7 mg, 0.024 mmol) and Pd(OAc), (1 mg,
0.006 mmol) in dry DMF (5 mL) was added dropwise to a solution of 4,7-dibromo-2,1,3-
benzothiadiazole (90 mg, 0.307 mmol), derivate (3) (250 mg, 0.683 mmol), and triethylamine (0.7 mL)
in dry DMF (20 mL) at 80 °C under an argon atmosphere. After stirring for 12 h at 100 °C the reaction
mixture was poured into water (25 mL) and extracted with CH,Cl, (3 x 50 mL). The combined organic
layers were treated with aqueous 1.2 N HCI (10 mL), washed with brine (3 X 10 mL), dried, and evaporated
to dryness in vacuum to leave a residue which was purified by column chromatography
(cyclohexane:dichloromethane = 7:3) to give the pure product (72 mg, 0.083 mmol, 27%) as a red jelly;
'H-NMR (CDCl3) 6 8.28 (d, J = 16.2 Hz, 2H, B-vinyl proton to benzothiadiazole), 7.55 (s, 2H,
benzothiadiazole), 7.28 (d, J = 16.2 Hz, 2H, a-vinyl proton to benzothiadiazole), 6.12 (s, 2H,
thiophene), 4.08 (d, J = 9.9 Hz, 4H, diastereotopic OCH, protons), 3.87 (d, J = 5.4 Hz, 4H,
diastereotopic OCH; protons), 1.85-1.20 (m, 36H, CH and remaining CH; of alkyl chains), 1.08—0.80
(m, 24H, CHj of alkyl chains); HRMS-ESI: m/z calculated for CsoH77N,04S; (M + H) + 865.50455,
found 865.50515; calculated for CsoH76N>,NaO4S; (M + Na) + 887.48649, found 887.4868.

2.2. Optical Characterization

Absorption and emission spectra were recorded using a V-570 Jasco spectrophotomer
(Jasco, Easton, MD, USA) and a Jasco FP 6200 spectrofluorometer (Jasco, Easton, MD, USA),
respectively. The spanned wavelength range was from 300 to 900 nm. The optical bandgaps of the
monomer and polymer were calculated on the low energetic edge of the corresponding
absorption spectra.

2.3. Electropolymerization and Electrochemical Characterizations

Thin films of poly(DEHT-V-BTD) were grown on Fluorine Tin Oxide (FTO, 15 Q/square)
by electrochemical polymerization using cyclic voltammetry (CV), potentiostatic (PS), and
pulsed-potentiostatic (PPS) techniques starting from saturated monomer solutions (100 mg in 25 mL)
in the supporting electrolyte (0.1 M electrochemical grade tetrabutylammonium hexafluorophosphate
in anhydrous acetonitrile). Electrodepositions were performed in a three-electrode cell with FTO
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(area about 1 cm?), Ag/AgCl wire, and Pt flag, as working, pseudoreference, and counter electrode,
respectively. A similar cell was used for the electrochemical characterization (CV) of polymers
using the deposed layer as working electrode; all the CVs were performed at 50 mV-s '. The Ag/AgCl
pseudo-reference was calibrated before each measurement using ferrocene solution and all the
potentials are reported vs. the Fc'/Fc couple. All the electrochemical measurements were performed in
an Ar filled glove box ([O2] < 1 ppm). The spectroelectrochemical measurements in the
near-infrared/Vis range (1100 > A > 340 nm) were performed using the same cell arrangement in a
sealed optical cuvette. Each spectrum acquisition was performed under bias potential which was applied
before the spectrum acquisition for a time long enough to drive the system into a stationary state. The
HOMO-LUMO determination was carried out using the current onset of the stable CV traces [14]
using a vacuum level of —4.5 eV for the Standard Hydrogen Electrode (SHE) [15] and a redox
potential of 0.69 V vs. SHE for the Fc'/Fc in ACN [16].

3. Results and Discussion
3.1. Synthesis and Optical Properties of the Monomer

The monomer DEHT-V-BTD was obtained according to the synthetic route reported in Figure 2.
3,4-Bis(2-ethylhexyloxy)thiophene [13] (1) was converted by Vilsmeier formylation to the
corresponding aldehyde (2), which was then condensed with the methyltriphenylphosphonium bromide
to give the 2-vinyl derivative (3). The desired monomer was finally obtained by the Heck
palladium-catalyzed cross-coupling reaction between (3) and the 4,7-dibromo-2,1,3-benzothiadiazole.

Figure 2. Synthesis of monomer DEHT-V-BTD.
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Figure 3 depicts the normalized absorption and emission spectra of the monomer DEHT-V-BTD.
The monomer has two absorption bands, one at higher energies (peak at 326 nm) related to local
transitions of the heteroaromatic units, and one at lower energies (peak at 480 nm) associated to the
charge transfer (CT) transition from the electron-rich donor thiophene ring to the BTD acceptor.
Upon excitation at the latter absorption peak, an emission band was recorded with a maximum at about
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600 nm. The 0-0 transition energy (2.3 eV), calculated from the intercept of the normalized absorption
and emission spectra, is slightly higher than the corresponding optical band gap (Table 1).

Figure 3. Absorption (continuous line) and emission spectra (dashed line) of monomer
DEHT-V-BTD in CHCls.

normalized intensity
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Table 1. Optical (CHCI;) and electrochemical (CH3CN) properties of DEHT-V-BTD
and poly(DEHT-V-BTD).

E‘gapopt ? Eonsetox b HOMO ¢ lzonsetred b LUMO ¢ Egapel ¢

Species
P [eV] [Vl [eV] [V] [eV] [eV]
DEHT-V-BTD 2.2 0.33 =5.5 - — —
Poly(DEHT-V-BTD) 1.8 0.15 -53 -1.60 -3.6 1.7

Notes: * Optical bandgap (calculated on the low energetic edge of the absorption spectrum); ° Vs. Fc/Fc';
¢ HOMO and LUMO energies calculated as reported in the Experimental Section; ¢ Difference between
HOMO and LUMO energies.

3.2. Electrochemical Behavior

The electrodeposition process represents an efficient technique to prepare conducting polymers
since it enables charge and morphology control. Figure 4 compares the three different electrochemical
techniques that we have applied to growth poly(DEHT-V-BTD) at the FTO surface, namely cyclic
voltammetry (CV, Figure 4a), the potentiostatic (PS, Figure 4b), and the pulsed potentiostatic (PPS)
method (Figure 4c,d). The electrochemical characterization in monomer free solution of the resulting
layers is described in Figure 5. The electropolymerization reaction was firstly investigated by the
potentiodynamic CV technique (Figure 6a). During the first scan the onset of the oxidation process is
around 0.33 V and the peak lies at 0.47 V. In the cathodic branch one peak appears at around —0.24 V,
due to the reduction of the fresh formed layer. Since the oligomer oxidation takes place at lower
potential than the monomer polymerization, the onset of the second cycle anodic process (around 0.06 V)
is lower than in the first scan. Further cycling shows an increase of current due to the oligomers
p-doping redox process, pointing out the cycle by cycle growth of the film at the electrode surface.
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Figure 4. Polymerization of DEHT-V-BTD by different electrochemical techniques:
(a) three cyclic voltammetry (CV) cycles; (b) potentiostatic (PS) at 0.39 V for 100 s:
current/time (black) and charge/time (red) profiles;

pulsed-potentiostatic (PPS): current/time (black) and potential/time (red) profiles; and

(d) PPS: current/time (black) and charge/time (red) profiles.
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Figure 5. CVs (20 mV/s) of different poly(DEHT-V-BTD) in monomer free solution:
sample obtained by: (a) CV; (b) PS; (c¢) and (d) PPS.
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Figure 6. Spectroelectrochemistry in different potential regions of a poly(DEHT-V-BTD)
film prepared by PPS: (a) oxidation of the neutral polymer; (b) reduction of the oxidized
polymer; (¢) reduction of the neutral polymer; and (d) oxidation of the reduced polymer.
OCP refers to the open circuit potential spectrum.
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The electrochemical characterization of the resulting film in monomer-free electrolyte (Figure 5a)
shows an oxidation process which becomes stable after the first cycle with an onset at —0.07 V.
Upon inverting the potential wave, the current drops immediately to negative values, as expected for
semiconducting polymeric materials. Forcing the potential to more negative values a second current
wave can be observed at —1.80 V, attributed to oligomers reduction (n-doping) which appears as a
partially reversible process when the potential is stepped back in the anodic direction. However,
the film appears to be very thin (see also the current density value) and spread in a non-homogeneous
manner onto the FTO substrate; the optical quality was not considered good enough for further
electro-optical characterizations.

In order to improve the polymerization process and the layer homogeneity as well as to increase the
amount of active material, both potentiostatic (PS) and the pulsed potentiostatic techniques (PPS) were
carried out for the polymerization process. In the PS method a single potentiostatic pulse (0.39 V vs. Fc)
was applied for 100 s. The corresponding current output is shown in Figure 4b together with the
nominal charge density as calculated according to the Faraday law. The applied potential was chosen
close to the peak position observed in the monomer CV (Figure 4a). The corresponding initial current
density (>20 pA/cm?) is in agreement with the current observed by CV. However, the current drops
to very low values (<5 pA/cm?) after few seconds and the corresponding charge growth results very
slow. The obtained layers show electrochemical properties similar to the CV samples (Figure 5b)
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though thinner (see the corresponding current densities in Figure 5), and present an even worse
homogeneous character than the polymer produced by CV. We have previously observed that
vinylene-spaced monomers are more difficult to electropolymerize compared to conventional D-A-D
systems [10]. Moreover, the polymerization of D-A—-D monomers is intrinsically more arduous
compared to simpler heteroaromatic rings, since the radical cation formed during the first oxidative
step can delocalize the unpaired electron on the central acceptor group, causing an additional kinetic
barrier for the successive chemical coupling step at the terminal sites. This effect increases as the
electron-withdrawing power of the central acceptor unit is stronger. Indeed, the pyridine-EDOT
donor-acceptor polymers were electropolymerized using the PS technique [10]. To overcome such
problems and produce homogeneous and thicker layers, we have therefore decided to apply the pulsed
potentiostatic method (PPS). A detailed discussion of the application of pulsed techniques to the
growth of conducting polymers has been reported [17].

In PPS mode (see Figure 4c for the first six steps) the potential was first set to a value higher than
the oxidation potential onset of the monomer (0.39 V, close to the current maximum in CV) for a
specific period of time (5 s) and then switched to a lower value, where no monomer oxidation can take
place (—0.66 V, 5 s). The lower potential value was chosen in order to change to oxidation state of the
polymer and to promote morphological rearrangements in the polymeric backbone, which may be
beneficial for the successive steps of polymer formation [17]. The process was iterated 100 times in
order to grow a sufficient amount of polymer. Figure 4d shows the current output together with the
nominal polymerization charge density as calculated from the Faraday law, considering that the
polymer growths only during the higher voltage step, whereas the lower voltage step does not affect
the polymerization charge. The calculated deposition charge is 13.7 mC/cm? (100 iterations), which is
much larger than that which would be achievable by a normal PS deposition. Figures 5c shows the
electrochemical behavior in the full potential range. The current density is higher than the layers
produced by CV or PS as expected from the larger deposition charge. The CV profiles stabilize after
five cycles and clearly show the p- and n-doping processes which take place above 0.15 V
(current peak lying at 0.36 V) and below —1.6 V (current peak at —1.84 V), respectively. During the
first cycles, the p de-doping process (the polymeric backbone switches from the positive to the neutral state)
shows a weak charge trapping effect at around —0.30 V. This peak disappears after five cycles,
suggesting that a morphological rearrangement occurs in the layer. If the potential is scanned in the
p- and n-doping regions separately (see Figure 5d), the CV profiles are stable since the first cycle and
the charge trapping effect does not disappear. The reduction of the neutral poly(DEHT-V-BTD)
towards the negative charged state and its re-oxidation is characterized by redox sharp peaks separated
by ~100 mV, showing the localized character of the generated charged species and the efficient
reversibility of the process. The charge related to the low potential process (<—1.5 V) is about
1.5 times higher than that of the high potential process (>—0.5 V). Albeit the value maybe is strongly
affected by the measurement cutoffs, this finding may be due to the fact that the cathodic process
requires one electron per each monomeric unit while the p-doping process involves more units. The
hysteresis of the anodic process is usually related to the strong conformational change taking place
when the neutral chain is oxidized, while the reduction has more molecular character being the inserted
charge localized on the acceptor groups. The HOMO and LUMO values obtained from CV were
calculated to be —5.3 and —3.6 eV, respectively, with a band gap of 1.7 eV. Table 1 summarizes the



Polymers 2013, 5 1077

optical and electrochemical findings in terms of energy levels for both the monomer and the
corresponding polymer obtained by PPS.

3.3. In Situ UV-Vis Spectroscopy

In order to better elucidate the nature of the doping processes of the polymers and get deeper details
on the involved charge carriers, we have performed in situ UV-Vis spectroscopy (spectroelectrochemistry).
When the neutral backbone organic chain is oxidized, polaronic species are firstly formed. In
oligothiophene based systems, one polaronic transition is localized in the range 750-1000 nm,
depending on the extensions of chain lengths [18]. As the oxidative process proceeds, bipolaronic
states are obtained. The aforementioned transition decreases in intensity while a new absorption band
appears at lower energies (>1500 nm). The spectroelectrochemical characterization was performed on
the PPS obtained layer at various bias potentials (Figure 6) after several stabilization CV cycles in
monomer free solution. The end point of the last CV cycle was chosen so to drive the polymer in the
neutral state. In the corresponding spectrum (Open Circuit Potential, OCP, curve in Figure 6a) two
main absorption processes were recorded in the Vis region at 515 and at a value below 340 nm. Both
transitions are also present in the spectrum of the monomer. The high energy band may be attributed to
the to a simple m-n* transition which is polarized along the chain axis of the molecule. As expected,
the CT band is bathochromically shifted on going from the monomer to the oligomeric layer because
of increased m-conjugation path and decreased HOMO-LUMO gap. However, the small shift of the
long-wavelength absorption band from the monomer to the “polymer” suggests that oligomers with a
low number of units have been generated during electropolymerization.

The optical bandgap, estimated from the low energetic edge of main absorption band (515 nm) in
the OCP spectrum, is in agreement with the electrochemical value. When oxidative potentials are
applied, a new band appears at 740 nm, ascribed to the formation of polaronic states inside the
bandgap, and the CT transition at 515 nm decreases in intensity (Figure 6a). Curiously, further
oxidation processes increase the polaronic rather than the bipolaronic bands. This behavior, not
present in the case of conventional D—A-D polymers, has been previously observed though never
highlighted [5,10,12,19,20]. Thus the presence of vinylene spacers either apparently inhibits the
formation of bipolaronics bands or shifts them at lower energy. Anyhow, the absorption due to
polaronic species does not decrease with the increase of the doping level. The optical change upon
oxidation is reversible; in fact, upon reducing the oxidized layer to its neutral state the optical spectrum
accordingly changes (Figure 6b). The reduction of the neutral layer at potential close to the CV
cathodic current onset (—1.61 V) results in a lower intensity of the CT band located at 515 nm and in
the formation of a new weak transitions at lower energies (690 nm, see Figure 6¢), which is attributed
to the formation of negatively charged polarons. As in the case of the p-doping process, the further
reduction of the system towards the CV cathodic peak (—1.8 V) is followed by a significant increase
of the intensity of this band, with no evidence of the formation of negative bipolaronic species.
The reversibility of the process is also confirmed by the spectra evolution during layer re-oxidation
(Figure 6d). The very faint color change observed (poor electrochromic properties, i.e., very low optical
contrast) is due to two main reasons: the low layer thickness (the maximum relative change in the
absorption values is just 0.03 in Figure 6) and the range (A > 750 nm) of the largest optical changes.
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4. Conclusions

A new monomer, containing an unprecedented combination of strong donor (DEHT),
acceptor (BTD), and vinylene spacer, has been prepared to get insights into vinylene-linked
donor-acceptor-donor low bandgap semiconducting polymers. The monomer showed an optical energy
gap of 2.2 eV and an onset for oxidation at 0.33 V vs. Fc. The corresponding polymers were obtained
by electrochemical polymerization using cyclic voltammetry either under potentiostatic conditions or
by the pulse potentiostatic technique. The latter proved to be an efficient method to produce layers
with sufficient amounts of material and reversible electrochemical and spectroelectrochemical
characteristics. The polymer shows HOMO, LUMO, and bandgap energies of —5.3, —3.6, and 1.7 eV,
respectively. These values are promising for an efficient use as a p-conducting layer in BHJ
photovoltaic devices in combination with PCBM. In comparison with vinylene-linked donor-acceptor
polymers carrying the pyridine ring as the m-electron poor moiety, the new polymer exhibits a
significantly lower LUMO level, thanks to the presence of the stronger acceptor BTD group compared
the pyridine ring (see Table 2). The lower LUMO energy yields a more proper offset of 0.7 eV respect
to the LUMO of PCBM (measured under same conditions), which thus results in a potential lower
energy loss between the absorbed photon and the device voltage. In addition, the lower LUMO energy
allows for a smaller bandgap, which might yield a more efficient light harvesting and, accordingly,
a higher device current. Efforts are under way to synthesize via the chemical route and investigate the
corresponding polymer in a BHJ photovoltaic cell in order to assess the promisingly good current and
voltage parameters.

Table 2. Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied Molecular
Orbital (LUMO), and bandgap energies of poly(DEHT-V-BTD), in comparison with other
D-A-D vinylene-linked polymers and PCBM.

Species HOMO [eV] LUMO [eV] Bandgap [eV]
PCBM -4.3
poly(DEHT-V-BTD) =53 -3.6 1.7
poly(2,5-pyridine-V-PEDOT) * -5.2 -3.2 2.0
poly(2,5-pyridine-V-pyrrole) ° —5.4 -3.2 2.2

Notes: * From [10]; ® From [9].

Spectroelectrochemical studies have established that charge polaronic species are formed at a low
doping level and are stable in the full potential range during the layer oxidation and reduction steps, a
behavior which seems closely related to the specific chemical nature of the monomeric building block.
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