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ABSTRACT: Two heteroarylene-vinylene donor—acceptor polymers, P(2,6-Py-V-EDOT) and P(2,5-Py-
V-EDOT), containing vinylene-spaced simple donor (EDOT) and acceptor (pyridine) moieties, are pre-
sented. The central pyridine ring of the repeating unit is either 2,6- or 2,5-substituted, leading to different
structural and electronic properties of the monomers. Polymers were obtained by either oxidative electro-
polymerization or Yamamoto coupling and fully characterized by NMR, UV—vis absorption, GPC, TGA,
DSC, electrochemistry, and spectroelectrochemistry. Detailed ab initio computations have been performed
for the monomers and model oligomers for analyzing their optical and electronic properties. GPC showed
that isolated polymers obtained via Yamamoto poly coupling have low molecular weights, likely due to
solubility issues. The electrochemical polymerizations led to p- and n-dopable polymers, with 2,5-Py-V-
EDOT yielding more reversible n-doped process. The energetic positions revealed HOMO (—5.1 and —5.0 eV),
LUMO (—3.4¢eV), and narrow bandgap (1.6 and 1.7 eV) energies closely matching materials-design rules for
optimized organic photovoltaic devices. Preliminary investigation in photovoltaic devices in combination
with C7;—PCBM afforded relatively modest power conversion efficiencies of ~0.5% (AM 1.5G, 100 mW/cm?),

which were attributed to the low molecular-weight of the polymers accessible via the chemical route.

Introduction

Low-bandgap polymers have recently received considerable inter-
est for their applications in organic electronics and optoelectronics,’
including éohotovoltaics 23 electrochromics,* and field-effect
transistors.” It is now apparent that a successful design strategy to
obtain narrow bandgap conjugated polymers is represented by the
donor—acceptor concept,’” where alternating donor electron-rich (D)
and acceptor electron-poor (A) fragments are combined in the
polymeric backbone to form a conjugated D—A copolymer.>**~'°
In D—A systems the low-bandgap feature originates from the fact
that strong D groups raise the highest occupied molecular orbital
(HOMO) level and A groups lower the lowest unoccupied molecular
orbital (LUMO) level, making oxidation and reduction easier,
respectively. The proper choice of D and A groups and their
combination together with s-spacers of different nature afford
tunable optical, electrochemical, and photovoltaic properties over
a wide range.

In the effort of pursuing new performing systems a variety of D
and A groups have been so far proposed including highly sophis-
ticated species. Curiously, some of most simple efficient D and A
moieties have not received much interest. A significant number of
the reported examples have relied on the donor capacities of
electron-rich tthéphCnC derivatives, including 3,4-ethylenedioxythio-
phene (EDOT).**! Poly(3 4-ethylenedioxythiophene) (PEDOT)
has a number of interesting properties for practical applications,
such as high stability and conductivity of the oxidized form'* and a
suitable low-bandgap of 1.7 eV for use as a donor polymer in
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phOtOVO]tdlC cells.* Furthermore, the EDOT ring is known to
give efficient electropolymerization.'> As far as A groups are
concerned, the use of the m-deficient pyridine ring (Py) as an
acceptor has been restricted to very few examples,® including
EDOT—Py** " or EDOT—bipyridine'®® based polymers, de-
spite the fact pyridine is the parent system of the vast class of the
heteroaromatic z-deficient rings (azines)." In add1t10n the elec-
tronwithdrawing capacity of pyridine is highly ranked,'*!* and its
properties have been extensively exploited in molecular materials
for many technological fields, such as nonlinear optics.">'® Finally,
vinylene(V)-spaced D—A low-bandgap copolymers attracted our
attention because of their very limited investigation in compar-
ison to their counterparts with direct D—A aromatic ring linkage.
Swager, Epstein and co-workers have developed vinylene-linked
donor—acceptor polymers with alkoxybenzene rings as donors
and 2,5-pyridine moieties as an acceptor, pioneering the use of
nitrogen-based aromatic ring as alternatives of conventional
poly(p-phenylenevinylene) (PPV) systems.!” During the progress
of the present work a report was published on vinylene-linked
D—A polymers in which Reynolds and co-workers pointed out
the fact that this class of polymers is still largely unexplored
because of the synthetic challenges.”® Indeed, we believe that
vinylene-linked conjugated polymers might carry a series of
relevant advantages over the more conventional systems, includ-
ing planarization between adjacent aromatic units and ethenylic
spacers, extended m-conjugation, efficient delocalization, and,
accordingly, reduced bandgaps and enhanced optical properties
in the low-energy spectral region.

Organic photovoltaics (OPV) based on polymer-fullerene
bulk-heterojunction (BHJ) cells have attracted increasing atten-
tion in the scientific community during the past few years for its

© 2010 American Chemical Society



Article

Macromolecules, Vol. 43, No. 23, 2010 9699

Scheme 1. Type I and Type II D—A—D Polymers Investigated in This Work*
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“ Arrows indicate electron flow of the donor—acceptor behavior in the neutral polymers.

promise of a low-cost power source.” The BHJ cell is typically
composed by an intimate blend between a p-type donor poly-
meric semiconductor and a n-type acceptor fullerene derivative
such as C4;—PCBM ([6,6]-phenyl-C61-butyric acid methyl esterg
or C;;—PCBM ([6,6]-phenyl-C71-butyric acid methyl ester).'
The fundamental mechanism of a OPV cell is a 4-step process: (1)
absorption of light by the polymeric semiconductor and genera-
tion of excitons (bound electron—hole pairs); (2) diffusion of
excitons toward the polymer—fullerene interface; (3) dissociation
of excitons at the interface due to the high electron affinity of the
fullerene component and generation of free charge carriers; (4)
transport and collection of charge carriers to their respective
electrodes. Since only fullerene derivatives have been reported so
far to give highly efficient OPV cells, the route for more
performing devices goes through the optimization of the donor
semiconducting polymer. The strategies to improve OPV power
conversion efficiencies (PCEs) imply higher short-circuit current
densities (Jy.), mainly by reducing the bandgap of polymers so as
to harvest more sunlight, and higher open-circuit voltages
(Vo). Being V. proportional to the difference LUMOpcpy —
HOMO,o1ymer this value can be increased by lowering the
HOMO of the polymers.'? Accordingly, the efficiency limitations
of OPV cells have been recently discussed in terms of HOMO/
LUMO and energy gap E, energies.'” Namely, material-design
rules involve the following: (1) a LUMOpjymer €nergy higher
than that of the LUMOpcpp, With an ideal minimal offset of
0.3 eV, which corresponds to a value of —4.0 eV (or higher)
assuming —4.3 eV for LUMOpcgy; (2) a bandgap in the range
of 1.2—1.7 eV for efficient light harvesting extension to the
low-energy portion of the solar emission; (3) accordingly, a
HOMO,g1ymer energy of ca. —5.2 to —5.7 eV. Recently, record
efficiencies higher than 7% were achieved by using a donor low-
bandgap polymer (PBDTTT—CF? or PTB7*') made of alternat-
ing electron-rich benzodithiophene and electron-poor thienothio-
phene fragments. For this polymer the HOMO, LUMO and
bandgap energies were determined®' to be —5.2, —3.3, and 1.8 eV,
respectively, consistent with the above design rules.

On the basis of these premises we have decided to investigate
the first examples of heteroarylene-vinylene D—A conjugated
polymers where D is the electron-rich five-membered EDOT ring
and A the six-membered pyridine ring. Polymers have been
synthesized via oxidative electropolymerization and Yamamoto
polymerization, and fully characterized in their optical, electro-
chemical, charge carrier mobility, and photovoltaic properties.
DFT/TDDFT computations have been performed for the mono-
mers and model oligomers for analyzing their optical and
electronic properties. By using such design we demonstrate how
it is possible to access new low-bandgap semiconducting poly-
mers with tailored HOMO/LUMO and energy gap energies close
to the design rules for efficient components in OPV.

Results and Discussion

Design of Polymers. We have designed two pyridylene—
vinylene (Py—V) donor—acceptor copolymers: 2,6-pyridylene—
vinylene polymers, where the central pyridine ring of the
repeating unit is 2,6-substituted (type I), and 2,5-pyridylene—
vinylene polymers, where the pyridine ring is 2,5-substituted
(type II) by the two electron-rich fragments (Scheme 1). With
respect to the central heteroaromatic ring the two donor-
vinylene moieties are in meta and para position in type I and
1T polymers, respectively. Therefore, only type IT polymers have
a formally 7-conjugated backbone, whereas a cross-conjugation
framework is associated with the former type. The most intrigu-
ing difference between the two types of polymers relies in the
fact that each donor group is directly conjugated to the pyridine
nitrogen acceptor site in type I systems, whereas only one D
group can delocalize its electron pair to the nitrogen atom in
type II polymers."* Thus, three stable resonance structures can
be written to describe the repeating unit in the former polymer as
a consequence of the intramolecular charge transfer (ICT) from
D to A, while only two structures are possible in the latter case.
We therefore expect different properties for the two types of
macromolecules. As a donor group we have relied on the
favorable described properties of the EDOT ring. On this basis
we have investigated the D—A—D type I polymer P(2,6-Py-V-
EDOT) and type II polymer P(2,5-Py-V-EDOT) (Scheme 2).

Synthesis of Monomers and Polymers. The syntheses of the
monomers 2,6-Py-V-EDOT and 2,5-Py-V-EDOT are shown
in Scheme 2. 2,6-Py-V-EDOT was obtained through a one-
pot double Horner-Emmons condensation of tetraethyl
2,6-bis(methanephosphonate)pyridine (1)** with two equivalents
of 3 ,4-ethylenedioxythiophene-2-carbaldeyde® using potassium
tert-butoxide as a base. Similarly, a Horner-Emmons condensa-
tion between tetraethyl 2,5-bis(methanephosphonate)pyridine
(2) and 3.4-ethylenedioxythiophene-2-carbaldeyde afforded in
good yields the isomer 2,5-Py-V-EDOT. In contrast to the 2,6-
bis(phosphonate) pyridine derivative 1, the analogous 2,5 de-
rivative 2 was not previously reported in the literature. We readily
obtained 2 in almost quantitative yields by refluxing 2,5-bis-
(bromomethyl)pyridine® in neat triethylphosphite. The starting
reagent 2,5-bis(hydroxymethyl)pyridine was prepared as pre-
viously described.”

The polymers P(2,6-Py-V-EDOT) and P(2,5-Py-V-EDOT)
were synthesized by two different routes: oxidative electropoly-
merization and Yamamoto coupling (Scheme 2). The Yamamo-
to coupling polymerization was carried out on the corresponding
dibromoderivatives 3 and 4, obtained by bromination of the
monomers with NBS in DMF, using bis(1,5-cyclooctadiene)-
nickel(0) (Ni(cod),) as a catalyst.

Although our target was the use of as simple as possible
constituting fragments (i.e., unsubstituted EDOT), in view of
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Scheme 2. Synthesis of 2,6-Py-V-EDOT and 2,5-Py-V-EDOT and Corresponding Polymers P(2,6-Py-V-EDOT) and P(2,5-Py-V-EDOT)
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1: 2,6-derivative 2,6-Py-V-EDOT: 2,6-derivative 3: 2,6-derivative
2: 2.5 derivative 2,5-Py-V-EDOT: 2,5-derivative 4: 2.5 derivative

the investigation of the new polymers in BHJ photovoltaic
cells we have also planned the synthesis of the corresponding
more soluble monomer 2,6-Py-V-ProDOT, where the
EDOT group has been replaced by the dialkylated derivative
of poly(3,4-propylenedioxythiophene) (ProDQT)%?:10f-26
(Scheme 3). The ProDOT monomer was prepared similarly
to their EDOT counterparts by Horner—Emmons condensation
of tetraethyl bis(methanephosphonate)pyridine 1 and 3,4-(2,
2-dihexylpropylenedioxy)thiophene-2-carbaldehyde.”® Unfortu-
nately, our efforts to get the polymer P(2,6-Py-V-ProDOT) by
oxidative electropolymerization or Yamamoto coupling failed.
In fact, the low adhesion onto FTO coated glass substrates of the
growing polymers, likely due to the presence of the two alkyl
chains and to the high solubility in the electrolyte solution,
prevented the formation of good quality films by electrochemical
polymerization. With regard to the Yamamoto synthesis the
bromination of 2,6-Py-V-ProDOT under the same conditions as
for the synthesis of 3 afforded a complex mixture of products,
from which the desired precursor of the Yamamoto coupling
could not be isolated. For these reasons and in order to compare
homogeneous polymers as obtained by the two different routes
(oxidative electropolymerization and Yamamoto coupling) we
have decided to continue our investigation exclusively on the EDOT
derivatives, despite their lower solubility in organic solvents.
NMR Spectroscopy of Monomers. The "H NMR spectra in
different solvents and temperatures of the monomers 2,6-Py-
V-EDOT and 2,5-Py-V-EDOT are shown in Figures 1 and 2,
respectively. Traces of some minor byproduct, that could be
likely identified as the Z,Z isomer (coupling constant J =
12.8 Hz for the vinyl protons) and the monocondensation
product (as derived from anisochronous pyridine § protons),
were recorded in the "H NMR spectrum of 2,6-Py-V-EDOT
in DMSO. Unfortunately, these minor impurities could not
be completely removed by recrystallization or flash chroma-
tography. As expected the spectra of the two isomeric
monomers have a different number of signals depending
on the molecular symmetry. More importantly, the two
spectra diverge depending on the nature (type-I vs type-II;
see Scheme 1) of the monomer. Indeed, in 2,6-Py-V-EDOT
the two zwitterionic resonance structures ZW—A and
ZW—B (Scheme 4) are equivalent; both EDOT rings are
involved, to the same extent, in the ICT to the acceptor

Ni(cod),, bpy, cod
electropolymerization DMF

P(2,6-Py-V-EDOT): 2,6-derivative
P(2,5-Py-V-EDOT): 2,5-derivative

Scheme 3

g 5%0
CeH1s CeH4

CeH1s 3 CgHyz
2,6-Py-V-ProDOT

pyridine nitrogen atom. In 2,5-Py-V-EDOT the picture is
rather different since now the oxygen lone pair of only one
EDOT ring can be directly delocalized to the pyridine
nitrogen atom, and therefore only one stable zwitterionic
limit formula (ZW) can be written (Scheme 4). It is therefore
expected that the bond between C(2) of the EDOT ring and
the adjacent ethenylic spacer should have a higher double-
bond character for the directly conjugated donor heterocycle
(ring A in Scheme 4) than for the second nonconjugated
EDOT ring (ring B). In turn, this leads to hindered rotation
around the former bond and to the possible presence of two
geometric isomers with different chemical shifts.

The NMR analysis elegantly confirms the whole picture.
The "H NMR spectrum of 2,6-Py-V-EDOT (Figure 1) does not
show any important broadening of the signals and hence no
hindered rotation. In contrast, one of the two EDOT—vinylene
moieties in 2,5-Py-V-EDOT clearly shows broadening of the
proton signals, evidence of hindered rotation between EDOT
C(2) and the vinylene unit. The broad signals are clearly assigned
to the acceptor-conjugated EDOT ring A according to previous
discussion. The broadening effect is more evident as the polarity
of the solvent increases (CH,Cl, — DMSO0), as a consequence of
the higher contribution of the zwitterionic form and thus of the
larger rotational barrier along the EDOT C(2)-vinylene bond.
Variable-temperature dependent experiments in DMSO have
confirmed the presence of the rotameric equilibria in 2,5-Py-V-
EDOT.

Optical and Electrochemical Characterization of Mono-
mers. The monomers 2,6-Py-V-EDOT and 2,5-Py-V-EDOT
show a strong ICT absorption band in the Vis spectral region
and no near-IR absorption. They both present a fluorescence
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Figure 1. 'H NMR spectrum of monomer 2,6-Py-V-EDOT in DMSO at 25 °C (aromatic region).
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Figure 2. 'H NMR spectra of monomer 2,5-Py-V-EDOT in CDCl, (25 °C) and DMSO (25 and 100 °C) (aromatic region).

emission, with modest fluorescence quantum yields. Table 1
lists the main optical data of the two monomers in solution.
The absorption and emission spectra of the two monomers
are shown in Figure 3. Spectra were also recorded upon
addition of a large excess of Et;N to check against pyridine
protonation.

As can be seen from the optical data, the 2,5-substitution
pattern around the central pyridine core, corresponding to a
para relative position of the two EDOT—vinylene donor
substituents, induces a bathochromic shift by 69 nm and a
hyperchromic effect with respect to the 2,6-derivative (meta
substitution). Such bathochromic effect decreases the esti-
mated optical bandgap and 0—0 transition energy by 0.2 eV
on going from 2,6-Py-V-EDOT to 2,5-Py-V-EDOT.

Cyclic Voltammetry (CV) was performed on monomer
solutions to determine polymerization potentials and cur-
rents (see also Supporting Information). Both 2,6-Py-V-
EDOT and 2,5-Py-V-EDOT show, during the first oxidative
scan, a two-step oxidative process with the first peak at 0.80
and 0.55 V, respectively. During the first cathodic scan a small
negative current is recorded, which was ascribed to the reduction
of the freshly formed polymer layer onto the FTO surface. From
the second scan the curves are more complicated due to the
overlap of the polymer and the monomer (or oligomer) oxida-
tive processes. The HOMO values for the monomers (Table 1)
were obtained from the CV first oxidative branch (onset of the
oxidation processes). The LUMO energies were estimated by
the HOMO values by adding the 0—0 transition energies.
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Scheme 4. Neutral and Zwitterionic Resonsance Structures of 2,6-Py-V-EDOT and 2,5-Py-V-EDOT

2,5-Py-V-EDOT

Table 1. Optical (CHCIl;) and Electrochemical (CH;CN) Properties of the Monomers 2,6-Py-V-EDOT and 2,5-Py-V-EDOT

compd Amax(@b8) [M]  Aopser (abs) [nm]  Egop™ " [eV]  Amax(em)® [nm]  Eg—g)’ [eV]  Eonee™*[V] HOMO/[eV] LUMO* [eV]
2,6-Py-V-EDOT 334(31 200) 425 2.9 434 (0.07) 3.0 0.60 —5.8 —2.8
2,5-Py-V-EDOT 403 (41 500) 460 2.7 486 (0.11) 2.8 0.40 —5.6 —-2.8

“Extinction coefficient ¢ [mol~" L cm™'] in parentheses. ® Optical bandgap (calculated on the low energetic edge of the absorption spectrum).
¢ Fluorescence quantum yield @ in parentheses (DMSO); coumarin 540A was used as a standard (® = 0.58 in EtOH). 40—0 Transition energy estimated
from the intercept of the normalized absorption and emission spectra. ¢ Vs. Fe/Fct.” HOMO energies are derived from the electrochemical data based on
the assumption that the Fc/Fc ™ redox couple is 5.2 eV relative to vacuum. ¢ Estimated from HOMO and 0—0 transition energy.

—— Abs 2,6-Py-V-EDOT
—— Abs 2,5-Py-V-EDOT
............ Em 2,6-Py-V-EDOT
e B 2,5-Py-V-EDOT

max

i

wavelength (nm)

Figure 3. Normalized absorption and emission spectra of 2,6-Py-V-
EDOT and 2,5-Py-V-EDOT in CHCl,.

In conclusion, NMR, optical, and electrochemical data
converge in demonstrating the structural and electronic
different behavior of the two monomers induced by the
different substitution pattern on the central electron-accep-
tor moiety, hence predicting different properties of the
corresponding polymers, in agreement with one of the main
scopes of this work. Ab-initio computations confirm the
described experimental behavior (vide infra).

Chemical Characterization and Optical Properties of Poly-
mers. The polymers obtained via Yamamoto coupling were
submitted to "H NMR spectroscopy (Supporting Information),
UV—vis spectroscopy, GPC, DSC, and TGA characterization

1.0 —— P(2,6-Py-V-EDOT) CHCl,
—— P(25-Py-V-EDOT) CHCI,
- - - P(2,6-Py-V-EDOT) film
—_ - - - P(2,5-Py-V-EDOT) film
=
&
% 0.5-
o
<
0.0- ——==- -

400 500 600 700 800
Wavelength (nm)

Figure 4. Absorption spectra of P(2,6-Py-V-EDOT) and P(2,5-Py-V-
EDOT) measured in CHCI; solution (solid line) and as thin film (dashed
line).

(see Experimental Section). UV—vis spectra of polymers mea-
sured both in CHCI; solution and as thin films are shown in
Figure 4. Absorption spectra were also recorded, with no
deviation, in the presence of a base (Et;N) to rule out proton-
ation of the pyridine nitrogen. Optical data, molecular weights,
thermal transitions, and thermal stability data of chemically
obtained P(2,6-Py-V-EDOT) and P(2,5-Py-V-EDOT) are col-
lected in Table 2.

The GPC data revealed that the isolated species (CHCl;
fraction) obtained via Yamamoto coupling have rather low
molecular-weights. This is due to the presence of unsubstituted
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Table 2. Structural and Optical Properties of P(2,6-Py-V-EDOT) and P(2,5-Py-V-EDOT), Obtained Via Yamamoto Polymerization, in CHCl3
Solution and as Thin Film

CHCI; solution film
Mwu Mn}7 av no. Of lmax ;['Ollsel E‘gupopI ¢ }'mux lonsel lfgz\}f)opl ¢ Tg‘l Tdf
[kgmol™"] [kgmol™'] PDI® repeatunits [nm] [nm] [eV] [nm] [nm] [eV] [°C]  [°C]
P(2,6-Py-V-EDOT) 5.21 5.04 1.03 12 353 650 1.9 364 760 1.6 110 240
P(2,5-Py-V-EDOT) 2.33 2.27 1.03 6 415 615 2.0 424 770 1.6 265

“Weight-average molecular weight obtained by GPC. ® Number-average molar mass obtained by GPC. ¢ Polydispersity index (PDI = M, |M,).
4Optical bandgap (calculated on the low energetic edge of the absorption spectrum). ¢ Glass transition temperature determined by DSC.” Decomposi-

tion temperature determined by TGA (5% weight loss).

Table 3. Electrochemical Properties of Electrochemically Polymerized P(2,6-Py-V-EDOT) and P(2,5-Py-V-EDOT), in 0.1 M
(TBA)PF4 CH3CN Solution”

polymer Eonset™ [V] HOMO [eV] Eonsel [V] LUMO [eV] Egop™C" [eV]
P(2,6-Py-V-EDOT) —0.23 —=5.0 —1.80 —34 1.6
P(2,5-Py-V-EDOT) —0.11 —=5.1 —1.78 —3.4 1.7

“ All potentials are reported vs Fc/Fc" and HOMO and LUMO energies are derived from the electrochemical data based on the assumption that the
Fc/Fc™ redox couple is 5.2 eV relative to vacuum. ? Electrochemical bandgap, obtained from the difference between the reduction and the oxidation

potential onset (or LUMO and HOMO energies).

EDOT rings which led to polymers with limited solubility. In
particular, only the fraction of P(2,5-Py-V-EDOT) correspond-
ing to ~6 repeat units could be isolated. In fact, relatively large
quantities of solid remained in the Soxhlet extraction thimble
after chloroform extraction. This solid, although endowed with
significantly red-shifted absorption spectrum, thus suggesting
the presence of higher molecular weight species, was not soluble
in any solvent and could not be used for the subsequent
investigation. P(2,6-Py-V-EDOT) was alternatively prepared
by Horner—Emmons polycondensation of tetraethyl 2,6-bis-
(methanephosphonate)pyridine (1)** with 2,2'-bis(3,4-ethylene-
dioxy)thienyl-5,5'-bis(carbaldehyde)?” but even lower molecu-
lar weight species could be isolated. As previously described, our
efforts for preparing more soluble derivatives were not success-
ful (vide infra).

The 'H NMR spectra of the polymers (Supporting
Information) are in good agreement with the GPC molecular
weight data. In fact, broad bands have been recorded for the
higher molecular weight polymer P(2,6-Py-V-EDOT). In con-
trast, rather sharp signals with full assignment (Figure SI18,
Supporting Information) were obtained for the 2,5-derivative,
in agreement with a hexamer structure. The low average
number of repeat units likely explains the small bathochromic
shift (12 - 19 nm) of the absorption peak (CHCl; solution) of
the Yamamoto polymers with respect to the corresponding
monomers, although their optical bandgaps significantly de-
crease from 2.9 and 2.7 eV (Table 1) to 1.9 and 2.0 eV (Table 2)
in P(2,6-Py-V-EDOT) and P(2,5-Py-V-EDOT), respectively.
We must then conclude that the Yamamoto polymers, when
investigated in solution, could not be considered low bandgap
polymers, being their optical gaps equal or close to the value of
2.0 eV. However, when measured as thin films, absorption
peaks are further red-shifted by ~10 nm and optical bandgaps
are lowered to 1.6 eV, in excellent agreement with the electro-
chemical bandgaps obtained on the electrochemically poly-
merized species (1.6 and 1.7 eV) (Table 3), as described in the
following section. Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were performed to
evaluate the thermal stability and thermal transitions of the
Yamamoto products. P(2,6-Py-V-EDOT) and P(2,5-Py-V-
EDOT) exhibit satisfying stability with an onset decomposition
temperature (5% weight loss) at 240 and 265 °C, respectively.
This level of thermal stability is adequate for applications in
OPVs and other optoelectronic devices. P(2,6-Py-V-EDOT)
shows a glass transition temperature (7) of 110 °C, whereas no
glass transition-like feature was observed in the DSC scans of

P(2,5-Py-V-EDOT), again in agreement with its oligomeric
nature.

Electrochemical Characterization of Polymers. Thin films
of P(2,6-Py-V-EDOT) and P(2,5-Py-V-EDOT) were ob-
tained by electrochemical polymerization onto FTO coated
glass substrates starting from solutions of the corresponding
monomers. The new polymers were characterized by CVin a
monomer-free electrolyte solution by varying the potential
scanning in the p-doping zone between +0.28 and —0.86 V
and in the n-doping zone between —0.76 and —2.05 V. The
potential ranges were carefully selected in order to maximize the
layer stability by measuring the charge flow in both anodic and
cathodic CV branches. CV curves of P(2,6-Py-V-EDOT) and
P(2,5-Py-V-EDOT), prepared under galvanostatic conditions
at0.1 mA cm~2and 7mC cm ™2, are shown in Figure 5 both for
the p- and n-doping potential region (fifth scan) in monomer-
free electrolyte solutions. Further CV cycles did not show any
significant current change.

Both polymers exhibit a reversible p-doping/dedoping
process with onset potentials at —0.1/—0.2 V vs Fc/Fc™.
Sharp charge trapping like-peaks have been recorded in CV
of P(2,5-Py-V-EDOT) as well.' In contrast, the n-doping
behavior, taking place at onset potential of ca. —1.8 V vs Fc¢/
Fc*, was different depending on the type (I vs II) of the
polymer. The optical characterization of the monomers has
pointed out that the 2,5-pyridine (para substitution) core
allows for better conjugation between the donor EDOT
fragments with respect to the 2,6-pyridine core. As a con-
sequence of the more efficient m-conjugation pattern, the
reduction of P(2,5-Py-V-EDOT) was partially reversible,
whereas no anodic current was observed for P(2,6-Py-V-
EDOT) (Figure 5b). In summary, the type II monomer 2,5-
Py-V-EDOT is able to yield polymers with higher conjugated
n-doped states, the doping process of which is more rever-
sible.

The electrochemical properties (onset of oxidation and
reduction potential) and derived HOMO, LUMO and band-
gap energies of P(2,6-Py-V-EDOT) and P(2,5-Py-V-EDOT)
are collected in Table 3. HOMO/LUMO energies in compar-
ison with those of PCBM are pictorially summarized in
Figure 6. Despite the fact the two monomers—and corre-
sponding polymers—show somewhat different optical and
electrochemical (see n-doping behavior) properties, the oxi-
dation and reduction potential onsets and, accordingly,
derived HOMO and LUMO energies, are very similar to
each other. As expected, polymerization raises the HOMO
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Figure 6. HOMO, LUMO, and bandgap energies (eV) of P(2,6-Py-V-
EDOT) and P(2,5-Py-V-EDOT) in comparison with reference poly-
mers as the donors and PCBM as the acceptor.

and lowers the LUMO energies with respect to the mono-
mers (Table 1). The LUMO energies are identical in the two
polymers and both higher than that of PCBM by more than
0.3 eV (minimal offset), fitting one of the main requirements
for use in OPVs.

The recorded HOMO and LUMO values can be compared
with those of the most commonly used donor polymers in BHJ
photovoltaic cells: poly[2-methoxy-5-(3,7-dimethyloctyloxy)-
para-phenylene]vinylene) (MDMO—PPV) and poly(3-hexyl-
thiophene) (P3HT).> The HOMO, LUMO, and bandgap
energies of MDMO—PPV and P3HT are included in Figure 6.
It can be easily seen that the HOMO energy is higher in P(2,6-
Py-V-EDOT) and P(2,5-Py-V-EDOT) than in P3HT (and
MDMO-PPV), due to the stronger electron-rich nature of
EDOT with respect to the alkylthiophene ring in P3HT. At the
same time the presence of the acceptor pyridine group lowers
the LUMO energies with respect to the all-donor MDMO—
PPV and P3HT polymers. The net result is a decrease of the
bandgap energy by up to 0.6 eV. We can therefore conclude
that the new polymers fit very well the energy levels require-
ments for enhanced performances in BHJ solar cells using
PCBM as acceptor, namely LUMO energies sufficiently higher
than LUMOpcgMm and bandgaps equal or lower than 1.7 eV.
Interestingly, the estimated molecular orbitals and bandgap
energies of both P(2,6-Py-V-EDOT) and P(2,5-Py-V-EDOT)
are very similar to those of donor copolymer PBDTTT—CF?*
or PTB7,?! which holds the current record efficiency in polymer
solar cells.

Spectroelectrochemistry was performed on the stable
polymers P(2,6-Py-V-EDOT) and P(2,5-Py-V-EDOT) at
various applied potentials (Figure 7). The recorded spectra
are similar for both polymers, with three main absorption peaks
present in the visible region at ca. 350, 530, and 730 nm.
When oxidative potentials are applied, an increase of the
absorption peak at 730 nm was observed. Typically, absorption
in this region is due to localized polaronic states formed by
partial oxidation of the neutral polymers.'> However, the
formation of the bipolaronic low energy band was not recorded
even at the highest applied oxidation potentials. This can be due
to uncomplete oxidation of the polymeric chains and breaking
of the conjugated donor—donor path due to the presence of the
acceptor groups along the backbone. In other terms, the
polymers are prone to store less positive charge with respect
to full donor conducting polymers.

DFT/TDDFT Calculations. To gain insight into the struc-
tural, electronic, and optical properties of the investigated
systems, we performed DFT/TDDFT calculations, includ-
ing solvation effects, on the monomers 2,6-Py-V-EDOT and
2,5-Py-V-EDOT and their selected oligomers (2,6-Py-V-
EDOT), and (2,5-Py-V-EDOT),,, with the aim to simulate
experimental properties of the polymeric species. The theo-
retical study of a polymeric system can be performed via two
different approaches: (i) by considering the infinite polymer as a
periodic system, and (ii) by analyzing extended systems with
increasing but finite dimension. Here, we chose the second
approach, where the polymer is studied with a growing up
approach starting from the principal monomeric unit. This
“cluster” approach® allows us to exploit all the computational
machinery developed for isolated systems, including the calcu-
lation of excited states using the time-dependent DFT and to
include solvation effects in a simple yet effective way, by means
of the polarizable continuum model (PCM).*

Geometry optimization in vacuo of the monomers was
performed by the B3LYP functional using both 3-21G* and
6-31G* basis sets, finding minimal differences between the
two data sets. The use of reduced basis sets is very important
for the description of the extended oligomeric systems,
whereby a large number of atoms need to be considered
and thus a large associated computational overhead. The
optimized geometries of representative systems are shown in
Figure 8. The optimized structures are planar in all cases,
apart from the EDOT groups which have a tridimensional
geometry.

On the optimized geometries of the monomers and oligo-
mers, composed by up to six monomeric units (n = 6), we
performed TDDFT excited state calculations (Table 4). For
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Figure 7. Spectroelectrochemistry of (a) P(2,6-Py-V-EDOT) and (b) P(2,5-Py-V-EDOT) on FTO in monomer-free 0.1 M (TBA)PF¢/CH;CN
electrolyte at consecutive applied potentials. Left, a: (a) open circuit potential, (b) +0.6, (c) +0.2, (d) —0.5, (¢) —1.7, (f) —0.5, and (g) 0.6 V vs Fc/Fc™.
Right, b: (a) open circuit potential, (b) +0.5, (c) +0.2, (d) —0.5, (e) +0.2, (f) +0.5, (2) 0, (h) —0.5, (i) = 1.0, (j) —1.5, and (k) =2.0 V vs Fc/Fc". The break
along the wavelength axis between 8§00 and 900 nm is due to the change between visible and IR detectors.

the 2,6-Py-V-EDOT and 2,5-Py-V-EDOT monomers, ab-
sorption maxima are measured at 3.71 and 3.08 eV, respec-
tively. By using the B3LYP functional, we calculated lowest
excitation energies in vacuo (solution) of 2.95 (2.80) eV and
2.91 (2.79) eV, respectively. This discrepancy was traced
back in our previous work>® to an incorrect description of
the excited states with a strong delocalization of 7 electrons.
In the same work, we found that B3LYP provides accurate
ground state geometries, whereas the MPWI1K functional,
which has an increased percentage of Hartree—Fock ex-
change, provides excitation ener%ies in much closer agree-
ment with experimental values.*** Therefore, we repeated
TDDFT calculations for 2,6-Py-V-EDOT and 2,5-Py-V-
EDOT finding lowest excitation energies (Table 4), in ex-
cellent agreement with the experimental values.

Concerning the electrochemical properties, there are two
ways to estimate the oxidation/reduction potentials: (i) the
vertical approximation due to the Koopmans theorem, i.e.,
by taking the negative of the HOMO and LUMO single particle
eigenvalues, and (ii) by moving forward to the simple single
orbital energies and calculating the real oxidation and reduc-
tion Gibbs free energy differences, which are the quantities
effectively corresponding to the measured adiabatic oxida-
tion and reduction potentials, involving geometrical relaxation
of the oxidized and reduced species. Both approaches have their
merits, with Koopmans theorem offering a simple but approx-
imate computational procedure, requiring only a calculation on
the neutral species. The calculation of Gibbs free energies, on
the other hand, is accurate but computationally very intensive,
requiring calculation of geometries and vibrational frequencies
in vacuo and geometries in solution, for both the neutral,
cation, and anion species. We have tested both approaches
for the monomers and trimers, the latter being the largest
systems for which calculation of Gibbs free energies is possible
within a reasonable computer overhead.

The computed B3LYP/6-31G* HOMO and LUMO levels
0f2,6-Py-V-EDOT and 2,5-Py-V-EDOT are listed in Table 4
(n = 1) (see Figure 10 for isodensity contour plots). For 2,5-
Py-V-EDOT, calculation of the oxidation potentials at the
B3LYP/6-311++G** level leads to a value of 5.26 eV (to be
compared to a corresponding HOMO value of —5.33 eV).
For the 2,6-Py-V-EDOT monomer, we have not been able to
calculate the corresponding Gibbs free energy of oxidation, due
to technical problems with the solvation model. We notice that
the calculated single particle HOMO values are in reasonable
agreement with the experimental estimates (Table 1). Most
notably we are able to reproduce the ca. 0.2 eV HOMO

stabilization occurring in 2,6-Py-V-EDOT compared to 2,5-
Py-V-EDOT. It is worthy noting that for 2,5-Py-V-EDOT the
calculation of the Gibbs free energy difference leads to an
estimate of the oxidation potential of —5.15 eV, in slightly
better agreement with the experimental value than the single
particle approximation. Overall, both approaches seem to be
adequate to describe the investigated systems, especially con-
sidering the somewhat uncertain conversion between relative
measured electrochemical potentials and absolute values re-
ferred to the vacuo. A comparison between calculated LUMOs
and the corresponding experimental estimates is not possible
for the monomers, since the experimental data are a combina-
tion of electrochemical and optical data.

Having established the relative accuracy of our computa-
tional set up, we then adopted the selected hybrid level of
theory to extended our investigations to the whole oligomer
series, from the dimer (n = 2) to the hexamer (n = 6)
(Table 4). We computed a strong reduction of the excitation
energy moving from the monomer to the dimer (ca. 1 eV) and
a smaller decrease from the dimer to the hexamer. As
reported in the literature,’' using a linear fit and plotting
the excitation energy against 1/n we can extrapolate the
values of the infinite polymer as the intercept with ordinate
axes (Figure 9). The calculated extrapolated values of
the absorption energies in solution (Table 4, fit n = 1-—5) are
consistent with the experimental absorption onsets, located
at ca. 2 eV for both systems, although it is quite difficult to
compare these values due to the different absorption shapes
experimentally recorded for the two systems.

Concerning the oxidation potentials, we notice that a
rather drastic reduction of such quantities is observed on
going from the monomer to the oligomeric species, with
differences of ca. —0.8 eV, in agreement with the trend of
measured quantities. Considering extrapolated HOMOs
values, we retrieved the same 0.2 eV difference in oxidation
potential between P(2,6-Py-V-EDOT) and P(2,5-Py-V-
EDOT) as found for the monomers. Calculation of the
oxidation Gibbs free energy differences for n = 3 leads to
values of 4.71 and 4.57 ¢V for P(2,6-Py-V-EDOT) and P(2,5-
Py-V-EDOT), respectively, with a trend analogous to that
observed for the monomers. Similarly, LUMO energies are
computed to decrease by up to 0.5—0.6 eV as the number
of units increase. The extrapolated LUMO values in
THF (Table 4) can be compared to the calculated (n = 3)
reduction Gibbs free energy difference of 2.59 and 2.46 eV for
P(2,6-Py-V-EDOT) and P(2,5-Py-V-EDOT), respectively.
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Figure 8. Optimized geometries of 2,6-Py-V-EDOT and 2,5-Py-V-EDOT monomers and oligomers.

By combining the calculated information and comparing
with experimental data we conclude that the calculated oxida-
tion/reduction potentials are too positive, even though a nice
correlation between calculated and experimental data can be
obtained, especially for P(2,5-Py-V-EDOT), for which an
almost rigid upshift of calculated quantities of ca. 0.9 eV is
calculated (remember however the conversion between electro-
chemical potentials and absolute energy values), providing
essentially the same HOMO—LUMO gap as experimentally
found. The situation is definitely less clear for P(2,6-Py-V-
EDOT), for which the computed HOMO and LUMO energies
are higher by 0.6 and 1.2 eV, respectively, leading to a predicted
HOMO—-LUMO gap of 2.2 eV compared to the experimental

value of 1.6 eV. This difference is not related to the ground state
geometries, since the same behavior has been retrieved con-
sidering Hartree—Fock and, for the monomers and dimers,
MP2 optimized geometries (Supporting Information), and
might be due to an intrinsic limitation of DFT in describing
charge-delocalization in the specific case of P(2,5-Py-V-EDOT).

Photovoltaic Properties. The potential of semiconductors
P(2,5-Py-V-EDOT) and P(2,6-Py-V-EDQOT) as donor materi-
als in OPV devices was investigated in BHJ solar cells using
C7;—PCBM as the acceptor. The devices were fabricated with
the standard configuration of glass/ITO/PEDOT:PSS/DO-
NOR:PCBM/LiF/Al. The active layer films were spin-coated
from chloroform solutions in ambient conditions (chloroform
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Table 4. Calculated HOMO,“ LUMO,* and Excitation Energies” of (2,6-Py-V-EDOT), and (2,5-Py-V-EDOT),

(2,6-Py-V-EDOT),

(2,5-Py-V-EDOT),

n excitation energy [eV]  HOMO [eV] LUMO [eV] [eV] excitation energy [eV] HOMO [eV] LUMO [eV] E,,,[eV]
1 3.67 =517 —1.65 3.52 3.11 —4.97 -1.92 3.06
(3.79) (—5.00) (—1.47) (3.53) (3.23) (—4.81) (—1.74) (3.07)
2 2.69 —4.68 —2.03 2.65 2.40 —4.55 —2.21 2.34
(2.79) (—4.57) (—1.81) (2.66) (2.48) (—4.36) (—2.02) (2.35)
3 2.61 —4.63 —2.05 2.58 222 —4.44 —2.30 2.14
(2.67) (—4.42) (—1.83) (2.59) (2.28) (4.25) (—2.10) (2.15)
4 2.57 —4.61 —2.06 2.55 2.15 —4.4 —2.34 2.06
(2.62) (—4.40) (—1.84) (2.56) (2.20) (—4.20) (—2.13) (2.07)
5 2.55 —4.60 =2.07 2.54 2.11 —4.37 —2.36 2.02
(2.59) (—4.38) (—1.84) (2.55) (2.15) (—4.17) (—2.14) (2.03)
6
(—4.38) (—1.84) (2.55) (—4.20) (—2.18) (2.02)
fitn = 1-5 2.16 —4.41 -2.21 2.20 1.82 —4.20 —2.48 1.72
(2.19) (—4.17) (—1.97) (2.20) (1.84) (—3.99) (—2.26) (1.73)
fitn = 1-6
(—4.20) (—1.95) (2.25) (—4.01) (—2.26) (—1.74)

“HOMO and LUMO energies in THF (in vacuo in parentheses) calculated at the BILYP/6-31G level on the B3LYP/3-21G* optimized geometries.
> TDDFT excitation energies calculated at the BILYP/3-21G* level with the MPW 1K functional.
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Figure 9. Calculated trends of HOMOs and LUMOs values (bottom)
and of lowest excitation energies (top).

was found to be the optimum solvent). Device fabrication
details are given in the Experimental Section. Figure 11 shows
the current density—voltage plots for the optimized devices
measured under AM 1.5G illumination. The corresponding
photovoltaic parameters and PCEs are summarized in Table 5.

The performance is clearly dependent both on the donor
material and on the blend composition. For both polymers,
the highest efficiencies were achieved for devices based on 1:4
blend w/w ratio and without additional thermal treatments.
Further increasing the PCBM content in the polymer blends
led to a significant decrease of the short circuit current
densities, thus resulting in lower PCEs. The blended films
exhibited substantial poor FF values which were probably
due to the low molecular weights of the polymers, thus
resulting in film-forming qualities with limited nanoscale
morphologly, phase separation, and thereby electrical
properties. % Several efforts to optimize the thin-film mor-
phology were carried out but without significant improvements.

Active layer thermal annealing over the range 50—100 °C,
and for different times, invariably resulted in extensive film
degradation, adversely affecting J., FF, and consequently the
overall device performance. Moreover, higher-boiling point
solvents (e.g., toluene, chlorobenzene, and o-dichlorobenzene)
were used to spin-cast the blends but poor quality films were
obtained as a consequence of the lower solubility of the poly-
mers in these solvents. The most continuous and most electri-
cally uniform films were here obtained from chloroform
solutions, resulting in the best OPV performance. In order to
evaluate, and eventually prevent, the possible detrimental che-
mical interactions between PEDOT:PSS (acidic properties) and
the pyridine rings (basic sites) of the donors, that can influence
the hole extraction efficiency, we investigated the performances
of devices fabricated using MoO; as an alternative anode
interfacial layer. Several groups have demonstrated that metal
oxides (e.g., NiO,, MoQO3, and V,0s) can be efficiently used in
OPVs to replace PEDOT:PSS as an anode interfacial layer.*
Here, we investigated the performance of vapor deposited
MoOs (~5, 10, or 15 nm) as a buffer layer in devices made with
the best P(2,5-Py-V-EDOT):C7;—PCBM blend ratio (1:4 wt/wt)
(see Figure S23 and Table S12 in the Supporting Information).
In this device architecture, the most efficient solar cells (~5 nm
MoQ;) exhibited V. (0.55 V) and FF (35%) values nearly
identical to those obtained for the PEDOT:PSS-based devices
(Table 5), while the J,. dropped from 2.43 to 1.75 mA/cm®. As a
result, the PCE decreases from 0.46 to 0.34% for PEDOT:PSS
and MoOj; based devices, respectively, highlighting a more
efficient hole extraction process, and overall device perfor-
mance, by using the standard device architecture (glass/ITO/
PEDOT:PSS/DONOR:PCBM/LIiF/Al).

Open-circuit voltages were slightly lower than those obtained
for other low-band gap materials.* Note that the difference in
Ve values of the BHJ solar cells based on P(2,5-Py-V-EDOT):
C7;—PCBM and P(2,6-Py-V-EDOT):C;;—PCBM is ~0.1 V,
in agreement with the different HOMO energy levels of the
polymers. The higher currents obtained by the devices based on
P(2,5-Py-V-EDOT) correlate well with the better light harvest-
ing of the pristine polymer film, in respect to the analogue
P(2,6-Py-V-EDOT), in the region of the absorption spectra
between 350 and 500 nm, where Al . 1s 60 nm (Figure 4). In
general, the current densities displayed from the entire set of
BHI solar cells were relatively low considering the optimum
optical band gap of the donors. It is worth noting that the
amount of absorbed photons depends not only on the onset
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Figure 10. Isodensity plots of HOMOs and LUMOs for 2,6-Py-V-EDOT and 2,5-Py-V-EDOT monomers and trimers.
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Figure 11. J—V curves under illumination of (A) P(2,5-Py-V-EDOT):C;;—PCBM and (B) P(2,6-Py-V-EDOT):C;;—PCBM with different weight

ratios.

wavelength (E,°™) but also on the intensity of the absorption.

In particular, the low absorption coefficient of the polymers, in
the longer wavelength region of the spectra (> 500 nm), might
contribute to the relatively low generated photocurrents.
Indeed, a strong dependence of the absorption intensity, as
well as other parameters such as hole mobility, optimum
annealing temperature, ideal morphology, and thus ultimately
OPYV performance, on the molecular weight of the polymer has
been recently demonstrated for P3HT.** We therefore believe
that enhanced absorption coefficients and improved photocur-
rents could be achieved by increasing the molecular weight
of the polymers. Moreover, longer-chain polymers could also
strongly affect the nanoscale morphology of the active layer
favoring exciton separation and charge transport processes
with a possible improvement of the photocurrent and the fill
factor. In order to optimize the light harvesting of the blend
films C;;—PCBM was used as the acceptor, thanks to the much
greater absorption in the visible region.*> The resulting en-
hancement in the absorption spectra of the blends, in respect to
the pristine polymers, is shown in Figure 12, where the polymer:
C;1—PCBM blended films clearly exhibit both a broad absorption
band and an improved absorption coefficient along the entire
spectrum.

Table 5. Photovoltaic Parameters of the Devices Based on
P(2,5-Py-V-EDOT) and P(2,6-Py-V-EDOT) with C;;—PCBM
as the Acceptor with Various Weight Ratios

ratio” Ve Jee FF? PCE

polymer [wt/wt] [V] mA/em?]  [%]  [%]
P(2,5-Py-V-EDOT) 1:3 0.50 1.87 32030
1:4 0.53 2.43 36 046

1:5 0.54 1.46 37 0.29

1:6 0.50 1.44 32 023

P(2,6-Py-V-EDOT) 1:3 0.42 0.87 30 0.11
1:4 0.45 1.18 32 0.17

1:5 0.43 0.75 31 0.10

1:6 0.42 0.59 32 0.08

“Polymer:C,—PCBM ratio. ° Fill factor.

It is known that film microstructure and morphology
greatly affect OPV efficiency. We investigated the morpho-
logical differences in the polymer/PCBM blend films by
tapping-mode AFM. Figure 13 shows topographic images
of as-cast P(2,5-Py-V-EDOT):C;;—PCBM (1:4 wt/wt ratio)
and P(2,6-Py-V-EDOT):C;;,—PCBM (1:4 wt/wt ratio) films
which afforded the best OPV performance. The images
reveal rms surface roughness (o) of ~1.11 and ~0.74 nm
for P(2,5-Py-V-EDOT):C;;—PCBM and P(2,5-Py-V-EDOT):
C7,—PCBM films, respectively, confirming a smooth and



Article

e P(2,5)-PY-V-EDOT
= P(2,5)}-Py-V-EDOT:CPCBM (1:3)
—— P(2,5)-Py-V-EDOT:CrPCBM (1:4)
—— P(2,5)-Py-V-EDOT:C+PCBM (1:5)

04

Abs

0,0

400 500 600 700 800
Wavelength (nm)

Macromolecules, Vol. 43, No. 23, 2010 9709

—— P(2,6)-Py-V-EDOT
e P(2,6)-Py-V-EDOT:C{PCBM (1:3)
—— P(2,6)-Py-V-EDOT:CPCBM (1:4)
e P(2,6)-Py-V-EDOT:CiPCBM (1:5)

0,4

Abs

400 500 600 700 800
Wavelength (nm)

Figure 12. Absorption spectra for pristine polymers, P(2,5-Py-V-EDOT):C,;—PCBM, and P(2,6-Py-V-EDOT):C;;—PCBM (1:3, 1:4, and 1:5 wt/wt)

thin films spin-coated from chloroform solution on glass substrates.

Figure 13. AFM images of as-cast P(2,5-Py-V-EDOT):C;;—PCBM (1:4 wt/wt ratio) (left) and P(2,6-Py-V-EDOT):C;;—PCBM (1:4 wt/wt ratio)
(right) films spin-coated on glass substrates from chloroform solutions. The scan size of the images is 5 x 5 um.

continuous surface. The thin films seem to have similar mor-
phologies but with different domain size. In fact, the P(2,5-Py-
V-EDOT):C;;—PCBM film (Figure 13, left) exhibits smaller
features with respect to the P(2,6-Py-V-EDOT):C,,—PCBM
film (Figure 13, right), which might be attributed to a more fine
microstructure due to a smaller aggregation of the components.
Since the morphological properties of the blends of the two
polymers are similar, the observed electrical differences should
then be mainly ascribed to differences on the electronic struc-
ture, HOMO—LUMO energies, and optical properties.

Hole Mobility. Hole mobility represents an important param-
eter for the conjugated polymer donor photovoltaic materials.
Recently, it has been reported that unbalanced charge carriers
mobilities, extremely low or extremely high, can contribute
to losses in power conversion efficiency by a variety of
mechanisms.>® As a reference, the electron and hole mobilities
of the P3BHT:PCBM blend which yielded the best photovoltaic
performance were in the range of 107 °—10"%and 10™*—107"°
em® V' 57! respectively.”’ Here we measured the hole
mobility of the two polymer:C7;;—PCBM blend films by space
charge limited current (SCLC) model.*® Hole-only devices
with a structure of ITO/PEDOT:PSS/polymer:PCBM/Au
were fabricated. The method for evaluating charge carrier
mobility in BHJ photovoltaic cells involves fitting the experi-
mental dark J—V curves to the Mott—Gurney equation

J = 9/8ueeyV?/L3

where J is the current density, u is the mobility, ¢ is the relative
permittivity of the blend (assumed to be 3), & is the permittivity
of vacuum, L is the thickness of the blend layer, and V' is the
voltage. The effective voltage across the sample is obtained by

subtracting both the built-in voltage (77, (the difference in the
work function of the anode and the cathode), and the voltage
drop (V,s) due to the ITO/PEDOT:PSS series resistance and
contact resistance (~15 Q) from the applied voltage. According
to the Mott—Gurney equation, the hole mobilities obtained at
the optimum blend composition 51:4 wt/wt for both polymers)
are ~1.9 x 10"*and ~2.1 x 10~*em® V"' s~ ! for P(2,5-Py-V-
EDOT):C;;—PCBM and P(2,6-Py-V-EDOT):C;,—PCBM
based devices, respectively. The resulting curves were plotted as
log(J'"?) vs V, as shown in Figure S24 (Supporting Information).
These results indicate an efficient hole transport across the active
layer in agreement with the measured mobilities for the P3HT/
PCBM blends.

It is known that reaching high charge carrier mobility and
efficient light harvesting by the active materials is the general
route for improving the short circuit current in a BHJ solar
cell.* Thus, the good hole mobility obtained at the optimum
blend composition of P(2,5-Py-V-EDOT) and P(2,6-Py-V-
EDOT) highlight the potential of this heteroarylene—
vinylene D—A—D skeleton for photovoltaic applications.
In fact, we believe that polymers with higher molecular
weight could yield improved PCEs by enhancing the optical
absorption as well as improving electrical and morphological
parameters.

Conclusion

A new class of heteroarylene—vinylene donor—acceptor—
donor polymers is presented. The design has been based on the
use of very simple and parent donor (EDOT) and acceptor
(pyridine) heteroaromatic rings. In addition, donor and acceptor
moieties have been linked through a ethenylic spacer in order to



9710  Macromolecules, Vol. 43, No. 23, 2010

exploitincreased planarization along the 7z backbone and efficient
7 delocalization with respect to the most common approach in the
literature endowed with direct aryl—aryl connection. The central
pyridine acceptor core has been linked to the terminal
EDOT-vinylene groups via two different substitution patterns
(2,6-pyridine and 2,5-pyridine, corresponding to a meta cross-
conjugated and a para conjugated pattern, respectively) in order
to investigate their effects on optical and energetic properties.
Indeed, the corresponding monomers showed different UV—vis,
NMR, and electrochemical properties. Polymers have been pre-
pared by both electrochemical and chemical routes. Unfortu-
nately, the Yamamoto poly coupling route afforded low
molecular weight polymers, most likely due to solubility issues
associated with the unsubstituted nature of the donor/acceptor
heteroaromatic fragments. As a consequence we note that the two
synthetic routes did not lead exactly to the same polymers, as
confirmed by the different absorption spectra (Figures 4 and 7).
The presence of low-energy bands in the electrochemical polymers
suggests the presence of higher molecular-weight species endowed
with more extended conjugated frameworks. On the other hand
the high-energy absorption profile is very similar in electroche-
mical and Yamamoto polymers. More importantly, the measured
electrochemical bandgaps, obtained from the difference between
the reduction and the oxidation potential onset (Table 3), and the
optical bandgaps, calculated on the low energetic edge of the
absorption spectra of the Yamamoto polymers as thin films, are
identical (1.6—1.7 eV), supporting the similar nature of the species
obtained by the two synthetic approaches, with the different
molecular weights being the most noticeable deviation. This
observation reiterates the necessity of further optimizing the
polymerization conditions, in combination with more soluble
donor and acceptor units, in order to achieve high molecular
weight chemical polymers.

By keeping in mind this, however we note that the oxidative
electropolymerization leads to polymeric films with optimal
HOMO, LUMO, and low bandgap energies, in agreement with
materials design rules for efficient donor polymers in OPV
devices and almost identical to those of record donor polymers.
These data suggest that the design based on vinylene-spaced
simple donor and acceptor heteroaromatic rings could be effi-
ciently exploited for the prepararation of new efficient materials.
The relatively modest performances of BHJ photovoltaic cells
here obtained for the polymers of the chemical route are mostly
due to their small molecular weight. Indeed, the ideal morphol-
ogy in P3HT-based OPV cells is formed when the polymer
molecular weight is in the range 30000—70000.2** Improved
efficiencies are expected from these systems once new chemical
routes will be envisaged for the synthesis of more soluble and
higher molecular weight polymers. Studies are currently under
way to build new heteroarylene—vinylene donor—acceptor poly-
mers carrying new heteroaromatic units endowed with higher
molecular weights.

Experimental Section

Materials and Methods. Synthesis, NM R, and Optical Char-
acterization of Monomers. NMR spectra were recorded on a
Bruker AMX-500 instrument operating at 500.13 ('H) and
125.77 (*3C) MHz. J-MOD and 2D HSQC (heteronuclear
single-quantum correlation) experiments were performed to
assign '*C chemical shifts. Coupling constants are given in Hz.
High resolution mass spectra (HRMS) were recorded using a
Bruker Daltonics ICR-FTMS APEX II spectrometer equipped
with an electrospray ionization (ESI) source. Flash chromatogra-
phy was performed with Merck grade 9385 silica gel 230—400
mesh (60 A). Reactions were carried out under nitrogen in oven-
dried glassware and monitored by thin layer chromatography
using UV light (254 and 365 nm) as a visualizing agent. All
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reagents were obtained from commercial suppliers at the highest
purity grade and used without further purification, except for
POCI; which was distilled and N-bromosuccinimide (NBS)
which was recrystallized prior to use. Anhydrous solvents were
purchased from Sigma-Aldrich and used without further purifica-
tion. Extracts were dried over Na,SO, and filtered before removal
of the solvent by evaporation. Melting points are uncorrected.
Absorption and emission spectra were recorded on a V-570
Jasco spectrophotomer and a FP6200 Jasco spectrofluorimeter,
respectively.

Chemical Characterization of Polymers. Transition temperatures
were determined by differential scanning calorimetry (DSC) using
a Mettler Toledo DSC 821 instrument with a heating and cooling
rate of 15 °C/min under nitrogen. Thermogravimetric analyses
(TGA) were performed with a Mettler Toledo TGA/DSC STARe
system at a heating rate of 10 °C/min under nitrogen. Gel
permeation chromatography (GPC) analyses were recorded on
a Waters 1515 separation module using polystyrene as a standard
and THF as an eluant.

Electrochemical and Spectroelectrochemical Experimental
Details. The electrolyte was prepared from tetrabutylammo-
nium hexafluorophosphate ((TBA)PF,, anhydrous, >99.0%,
Fluka), and acetonitrile, (CH3;CN, anhydrous 99.8% Aldrich),
used as received. All the chemicals and the electrolyte were
stored and used in a glovebox (drybox) filled with Argon ([O,] <
1 ppm). Polymer deposition (see details below) was carried out
in a three-compartment cell with a Pt flag as counter, a Ag/AgCl
wire as pseudoreference, and a fluorine tin oxide (FTO) as the
working electrode with an exposed area of 1 cm?. The same cell
was used for polymer characterization using the deposed layer
as working electrode. The Ag/AgCl pseudoreference was cali-
brated before each measurement using 1 mM ferrocene (Fc)
solution in the electrolyte against a glassy-carbon working
electrode; the resulting Ej ), . varies between 0.3 and 0.4 V.
All potentials are reported vs Fc/Fc™. For the electrochemical
measurements, a potentiostat PARSTAT2273 was used. All the
electrochemical measurements were performed in the glovebox.
The spectroelectrochemical measurements were performed
using the same cell arrangement in a sealed optical cuvette. A
Jasco V-570 UV—vis—near IR was used as spectrophotometer
in the NIR/visible spectra (1100 = 4 = 340 nm) under several
applied potentials. The potential was applied before the spec-
trum acquisition for a time long enough to drive the system to a
stationary state, and it was maintained during the measure-
ments.

Computational Investigation. All the calculations have been
performed with the Gaussian 03 program package.*® A 3-21G*
and 6-31G* basis set were used for geometry optimizations. A
6-31G*, 6-314+G*, and 6-311++G** basis set were used for
single point energy calculations. For all calculation we used a
continuum polarizable model (PCM) to describe the solvation
effects. For the optical properties, the computational set up
was calibrated in order to reproduce the absorption maxima of
the reference 2,6-Py-V-EDOT and 2,5-Py-V-EDOT monomers.
In previous papers on similar high-conjugated systems, we found
a considerable red-shift of the lowest (intense) TDDFT excitation
energy, calculated by the B3LYP functional,*®® compared to the
experimental absorption maxima. This shift was as large as
0.6—0.8 eV and was related to the inaccurate description of
charge-transfer excited states in highly delocalized systems.*'**
Moreover, further red-shifts were calculated by introducing
solvation effects. To overcome this limitation we used here the
B3LYP functional for geometry optimizations and the MPW1K
functional,*® containing 42% of Hartree—Fock exchange, for
TDDFT excitation energies.*® The increased amount of Hartree—
Fock exchanges ensures a correction of the self interaction
error typical of conventional functionals and also improves the
long-range exchange behavior. The MPWIK excitation energies
are in much better agreement with the experimental values than
B3LYP values. As far as the electrochemical properties are
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concerned, we proceeded with a open-shell calculation on the
cationic and anionic form of the monomer (n = 1) and oligomer
(n = 3) for geometry optimization and single point energy in
solvent. To determinate the AGy req We needed to obtain AGgry
energy in vacuo and thermal contribution for each species
involved in the ox/red process (neutral, cationic, and anionic
compounds). AG,, is obtained from the differences between the
total free energy in solution and the energy in vacuo at the same
geometry. For the thermal contribution, we performed a very
onerous frequency calculations at 6-31G* and 3-21G* geometry,
which were added to the energy in vacuo at different basis-set
obtaining the free energy in vacuo.

Fabrication and Characterization of Polymer Photovoltaic Cells.
The polymer photovoltaic devices consisted of a thin film
of a polymer blend P(2,5-Py-V-EDOT) or P(2,6-Py-V-EDOT)
with C;;—PCBM, sandwiched in-between a transparent anode
(indium tin-oxide, ITO) and a metal cathode (LiF, Al). Before
device fabrication, the glass substrates coated with ITO (R, 4—8 Q2)
were cleaned sequentially by ultrasonic treatment in detergent,
deionized water, acetone, and isopropyl alcohol. At the end of the
cleaning procedure the substrates were dried with nitrogen gas
and placed in an oxygen plasma chamber for 10 min. A poly(3,
4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS)
(Baytron P) layer of about 100 nm thick was spin-coated at
2000 rpm (120 s) from an aqueous solution onto ITO coated glass
substrates, followed by baking at 120 °C for 1 h. Alternatively, a
MoO;j interlayer was thermally evaporated on the precleaned ITO
substrate at ~10~® Torr. The P(2,5-Py-V-EDOT):C;;—PCBM
and P(2,6-Py-V-EDOT):C;,—PCBM solutions were prepared in
dry chloroform at various polymer:PCBM weight ratios (solution
concentration: 16 mg/mL). The mixture solution was then stirred
for several hours at 40 °C and then spin-coated at 6000 rpm (30 s)
on top of the baked PEDOT:PSS layer. The thickness of the
polymer/C,;;—PCBM blends is ~80 nm. To complete the device
fabrication, in the glovebox, LiF/Al (0.6 nm/70 nm) cathodes were
next deposited sequentially without breaking vacuum, with a
chamber pressure of ~10~° Torr. The active area of the device
was approximately 6 mm?. The current—voltage (I— V) character-
istics were recorded by a Keithley 236 source-measure unit in the
dark (for hole-only devices) and under simulated AM 1.5G
irradiation (100 mW/cm?) using a xenon lamp based solar simu-
lator (Abet Technologies Sun 2000 Solar Simulator). All devices
were tested in oxygen and moisture free nitrogen environment
inside a glovebox ( <0.1 ppm of O, and H,0O). The thicknesses of
the various films were measured by a profilometer. Atomic force
microscopy (AFM) images were taken with a Solver Pro (NT-
MDT) scanning probe microscope in tapping mode. Absorption of
thin films was measured using a JASCO spectrometer.

Synthesis of Monomers and Polymers. 2,6-Bis[2-(3 4-ethylene-
dioxythien-2-yl)-ethen-1yl|pyridine (2,6-Py-V-EDOT). Tetraethyl
2,6-bis(methanephosphonate)pyridine (1)** (0.36 g, 0.94 mmol),
3 4-ethylenedioxythiophene-2-carbaldehyde® (0.322 g, 1.88 mmol),
and -BuOK (0.226 g, 2.00 mmol) were dissolved in 20 mL of
anhydrous THF under a nitrogen atmosphere. The reaction mixture
was stirred overnight at room temperature and was poured into ice
cold water (50 mL). After adding AcOEt (25 mL) the organic layer
was separated, washed with brine (2 x 20 mL), dried, and evapo-
rated to dryness to leave a yellow-orange oil which was washed with
Et,0O to give the product as a yellow solid (0.290 g, 0.705 mmol,
75%): mp 136—137 °C (EtOH); Ap.x (DMSO) = 334 nm (¢ =
38000 £ 600 mol ' L em ™ '); "H NMR (DMSO-d;) 6 7.68 (d, 2H,
J =158),7.67(t, 1H,J = 7.8),7.30 (d, 2H, J = 7.7), 6.89 (d, 2H,
J = 15.8), 6.66 (s, 2H), 4.38—4.34 (m, 4H), 4.28—4.25 (m, 4H); °C
NMR (DMSO-dg) 6 154.45 (C), 141.99 (C), 140.69 (C), 137.38
(CH), 12491 (CH), 121.57 (CH), 12043 (CH), 115.17 (C),
99.71 (CH), 64.88 (CH,), 64.37 (CH,). HRMS-ESI m1/z: calced for
[M + H]" 412.06718, found 412.06807; calcd for [M + NaJ*t
434.04912, found 434.04995.

2,6-Bis| 2-(5-bromo-3 4-ethylenedioxythien-2-yl)-ethen-1yl\pyridine
(3). NBS (0.250 g, 1.405 mmol) was added in one portion to a
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solution of 2,6-bis[2-(3,4-ethylenedioxythien-2-yl)-ethen-1yl]pyridine
(2,6-Py-V-EDOT) (0.290 g, 0.704 mmol) in DMF (30 mL) pre-
viously cooled to —5 °C. The reaction mixture was allowed to
warm gradually to room temperature. After overnight stirring, the
mixture was poured into cold water (50 mL). Collection of the
formed precipitate yielded the product as a brown solid with (0.320 g,
0.562 mmol, 80%), mp = 230 °C (Et,0); '"H NMR (DMSO-d;) ¢
7.68 (t, 1H, J = 15.8), 7.63 (d, 2H, J = 15.8), 7.32 (d, 2H, J =
7.7), 6.85 (d, 2H, J = 15.8), 4.42—4.37 (m, 4H), 4.36—4.32 (m,
4H); '*C NMR (DMSO-dg) 0 154.65 (C), 141.20 (C), 140.53 (C),
137.99 (CH), 125.91 (CH), 121.16 (CH), 120.04 (CH), 115.97 (C),
86.88 (Cg), 65.41 (CH,), 65.35 (CH,). HRMS-ESI m/z: caled for
Co1H16°BraNO,S, [M + H]" 567.88820, found 567.88871 (47%);
caled for CoHis 'Br¥'BrNO,S, [M + H]* 569.88615, found
569.88652 (100%); caled for CoH;¢¥'BroNOsS, [M + HJ*
571.88410, found 571.88455 (50%).

Tetraethyl 2,5-Bis(methanephosphonate)pyridine (2). 2,5-Bis-
(bromomethyl)pyridine®* (900 mg, 3.40 mmol) was dissolved in
triethylphosphite (8 mL) and the resulting mixture was refluxed
for 3 h. The solvent was distilled under reduced pressure and the
resulting residue was isolated as a colorless oil by flash column
chromatography (silica gel, AcOEt/MeOH 8:2) (1.18 g, 3.12
mmol, 91%); "H NMR (CDCl;) 6 8.45 (s, 1H), 7.64 (d, 1H, J =
8.0), 7.35(d, 1H, J = 8.0), 4.20—3.95 (m, 8H), 3.40 (d, 2H, J =
20.8), 3.10 (d, 2H, J = 20.8), 1.25 (t, 12H, J = 7.0).

2,5-Bis|2-(3 4-ethylenedioxythien-2-yl)-ethen-1yl|pyridine (2,5- Py-
V-EDOT). t-BuOK (0.785 g, 7.00 mmol) was added to a solution
of tetraethyl 2,5-bis(methanephosphonate)pyridine (2) (1.30 g, 3.34
mmol) and 3,4-ethylenedioxythiophene-2-carbaldehyde® (1.16 g,
6.82 mmol) in anhyd THF (30 mL) under a nitrogen atmosphere at
0 °C. The mixture was stirred overnight at room temperature. Ethyl
acetate (20 mL) and water (100 mL) were added and the formed
yellow precipitate was collected as the pure product (0.650 g, 1.58
mmol, 46%): mp 201—203 °C (dec). A further amount of product
was obtained by separating the organic layer, which was washed
with brine (3 x 30 mL), dried, and the solvent evaporated under
reduced pressure to leave the raw product (0.250 g), which is then
purified by flash column chromatography (silica gel, petroleum
benzene/ethyl acetate 2:8); A0 (DMSO) = 410 nm (¢ = 85700 &
1700 mol ' L em™"); 'TH NMR (CD,CL,) 6 8.59 (d, 1H, J = 2.1),
7.78 (dd, 1H,J = 8.2, 1.5),7.71 (d, 1H, J = 15.8),7.31 (d, IH, J =
8.2),7.23(d, IH,J = 16.2),6.97(d, I1H,J = 15.8),6.87 (d, IH, J =
16.2), 6.35 (s, IH), 6.31 (s, 1H), 4.37—4.32 (m, 4H), 4.29—4.25 (m,
4H); 3C NMR (CDxCl,) 6 153.83 (C), 147.77 (CH), 142.39 (C),
142.36 (C), 140.91 (C), 140.14 (C), 132.58 (CH), 131.39 (C), 124.20
(CH), 122.31 (CH), 122.15(CH), 121.83 (CH), 119.55 (CH), 116.66
(C), 116.56 (C), 99.37 (CH), 98.57 (CH), 65.17 (CH»), 64.93 (CH»).
HRMS-ESI m/z: caled for [M + H]™ 412.06718, found 412.06740;
caled for [M + Na] ™ 434.04912, found 434.04949.

2,5-Bis[ 2-(5-bromo-3 4-ethylenedioxythien-2-yl)-ethen-1yl|pyridine
(4). NBS (0.215 g, 1.208 mmol) was added in one portion to a
solution of 2,5-bis[2-(3.,4-ethylenedioxythien-2-yl)ethen-1yl]pyridine
(2,5-Py-V-EDOT) (0.250 g, 0.608 mmol) in DMF (30 mL) pre-
viously cooled to —5 °C. The reaction mixture was allowed to warm
gradually to room temperature. After stirring overnight the mix-
ture was poured into cold water (50 mL) to give a precipitate, which
was collected affording the product as a yellow solid (0.276 g, 0.485
mmol, 80%), mp =238 °C (Et,0); unfortunately, even by trying
several runs a side-product (ca. 10%) was always present in the
final product; the mixture was used without further purification in
the next polymerization step; '"H NMR (DMSO-dg, 100 °C) 6 8.62
(d,1H,J = 1.6),7.86(dd, IH,J = 8.2,2.2),7.57(d, 1H, J = 15.8),
7.39(d, 1H,J = 8.2),7.19(d, I1H,J = 16.2),6.86 (d, 1H, J = 14.6),
6.83 (d, 1H, J = 15.7), 4.40 - 4.30 (m, 8H); >*C NMR (DMSO-dq,
100 °C) 6 152.99 (C), 147.40 (CH), 140.37 (C), 140.30 (C), 139.46
(C), 138.75 (C), 132.14 (CH), 13043 (C), 125.03 (CH), 122.56
(CH), 121.21 (CH), 120.07 (CH), 118.19 (CH), 115.73 (C), 115.46
(C), 85.58 (C), 84.90 (C), 64.48 (2 CH»), 64.39 (CH,), 64.33 (CH,).
HRMS-ESI m/z: caled for Co H, ¢ *BraNO4S, [M + H] ™ 567.88820,
found 567.88853 (44%); caled for Co1Hy6 " Br*' BrNO4S, [M + H] ™
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569.88615, found 569.88637 (100%); caled for CoH 6 BryNO,S,
[M + H]" 571.88410, found 571.88418 (50%).

P(2,6-Py-V-EDOT) via Yamamoto Coupling. A solution of 2,6-
bis[2-(5-bromo-3,4-cthylenedioxythien-2-yl)-ethen-1yl|pyridine (3)
(0.500 g, 0.88 mmol) in anhydrous DMF (25 mL) was bubbled with
argon for 30 min and then heated to 60 °C. A solution of bis-
(1,5-cyclooctadiene)nickel(0) (Ni(COD),) (0.304 g, 1.10 mmol),
2,2 -bipyridine (0.175 g, 1.124 mmol), and freshly degassed 1,5-
cyclooctadiene (0.110 mL, 0.895 mmol) in DMF (9 mL) was stirred
at 60 °C for 30 min and then added to the monomer solution
dropwise via cannula. The reaction mixture was stirred at 60 °C for
72 h, cooled to room temperature, and poured into ice-cold MeOH
(300 mL). The formed precipitate was collected by filtration into a
Soxhlet thimble and extracted with MeOH for 24 h, n-hexane for
24 h, and finally CHCl; for 24 h. The CHCIj; fraction was washed
with hot 0.01 M EDTA solution (25 mL) (pH = 3—4),hot 0.01 M
EDTA solution (25mL) (pH = 8—9), and water (50 mL). The solid
was then dried under vacuum to give the polymer (0.121 g, 0.30
mmol, 34%) as a dark brown solid.

P(2,5-Py-V-EDOT) via Yamamoto Coupling. A solution of 2,5-
bis[2-(5-bromo-3,4-ethylenedioxythien-2-yl)-ethen-1yl]pyridine (4)
(1.00 g, 1.76 mmol) in anhyd DMF (50 mL) was bubbled with
argon for 30 min and then heated to 60 °C. A solution of bis-
(1,5-cyclooctadiene)nickel(0) (Ni(COD),) (0.608 g, 2.20 mmol),
2,2'-bipyridine (0.350 g, 2.248 mmol), and freshly degassed 1,5-
cyclooctadiene (0.220 mL, 1.79 mmol) in DMF (18 mL) was stirred
at 60 °C for 30 min and then added to the monomer solution
dropwise via cannula. The reaction mixture was stirred at 60 °C for
24 h, cooled to room temperature, and poured into ice-cold MeOH
(600 mL). The formed precipitate was collected by filtration into a
Soxhlet thimble and extracted with MeOH for 24 h, n-hexane for
24 h, and finally CHCI; for 24 h. A very dark brown solid (0.300 g),
not soluble in any solvent, was recovered from thimble. The CHCl3
fraction was washed with hot 0.01 M EDTA solution (50 mL)
(pH = 3—4),hot0.01 M EDTA solution (50 mL) (pH = 8—9), and
water (110 mL). The solid was then dried under vacuum to give the
polymer (0.257 g, 0.63 mmol, 36%) as a dark brown solid.

2,6-Bis{2-[3,4-(2,2-dihexylpropylenedioxy)thien-2-yl]-ethen-1yl}-
pyridine (2,6-Py-V-ProDOT). Tetraethyl 2,6-bis(methanephos-
phonate)pyridine® (0.113 g, 0.30 mmol), 3,4-(2,2-dihexylpropyle-
nedioxy)thiophene-2-carbaldehyde® (0.200 g, 0.57 mmol), and
-BuOK (0.081 g, 0.72 mmol) were dissolved in anhyd THF
(10 mL) under a nitrogen atmosphere. The reaction mixture was
stirred overnight at room temperature, then was poured into ice
cold water (20 mL) and Et,O (15 mL) was added. The organic
layer was separated, washed with brine (2 x 10 mL), dried, and
evaporated under reduced pressure to leave the practically pure
product as a yellow oil (0.146 g, 0.19 mmol, 66%); '"H NMR
(CDCl3)07.71(d,2H, J = 16.0), 7.54 (t, 1H,J = 7.9),7.19 (d, 2H,
J =1.5),6.89 (d,2H, J = 16.0), 6.37 (s, 2H), 3.96 (s, 4H), 3.87 (s,
4H), 1.45—1.36 (m, 8H), 1.35—1.20 (m, 32H), 0.94—0.84 (m, 12H);
3C NMR (CDCl3) 6 155.53 (C), 149.88 (C), 148.00 (C), 136.50
(CH), 125.62 (CH), 122.77 (CH), 120.97 (C), 119.33 (CH), 103.44
(CH), 77.74 (CH,), 77.56 (CH,), 43.77 (C), 31.96 (CH,), 31.73
(CHp), 30.13 (CH,), 22.79 (CH,), 22.64 (CH,), 14.06 (CH,).
HRMS-ESI m/z: caled for [M + H]" 776.47463, found 776.47445;
caled for [M + Na]* 798.45657, found 798.45585.

Electrochemical Synthesis of Polymers. Thin films of P(2,6-
Py-V-EDOT) and P(2,5-Py-V-EDOT) were made on FTO by
electrochemical polymerization. The monomers were dissolved
to have a concentration of 1 mM, respectively, in the supporting
electrolyte. Monomers 2,6-Py-V-EDOT and 2,5-Py-V-EDOT
were investigated also by Cyclic Voltammetry (CV) at 50mVs ™ 'in
order to determine polymerization potential and currents (see
Supporting Information). Chronopotentiometry under Galvano-
static (GS) conditions was used for the formation of the polymer
films suitable for characterization; the deposition conditions were
0.1 mA cm 2 and 7 mC cm 2. After deposition the films were
washed with a large amount of the electrolyte to remove any trace
of the residual monomers. Following previously reported data,*
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the films were not allowed to dry. Layers made following the
aforementioned protocol gave stable electrochemical response in
CV scans. Thicker films (up to 25 mC cm ™) were also produced
having both higher CV current densities and better electrochromic
response, although properties were unstable after a few redox cycles.
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