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ABSTRACT: A series of soluble H-terminated conjugated oligomers
incorporating 3,4-ethylenedioxythiophene (EDOT) combined with a
small number of thiophene units and ranging in length from four to eight
EDOT/thiophene groups was prepared with the ultimate goal to
investigate if facile formation of a reactive trication radical species
would enable electrochemical polymerization of such long-chain
oligomers. Spectroscopic and electrochemical studies of the oligomers
revealed some general dependencies of their electronic properties on the
total number and position of EDOT groups. It was the number of consecutive EDOT units rather than total number of these
units which was found to have the most profound effect on electronic energy gap and conjugation length. This influence
originates from the especially strong planarization induced in the conjugated backbone by the incorporation of EDOT units. In
contrast, incorporation of thiophene units was found to result in loss of the conformational stabilization. This phenomenon was
analyzed using the natural bond orbital computational approach, which revealed the predominantly hyperconjugative nature of
the EDOT-induced conformational stabilization. Whereas shorter oligomers, in agreement with the general consensus, were
found to be inert toward electrochemical polymerization due to low reactivity of electrochemically generated cation radical and
dication species, the longest oligomer showed an unprecedentedly efficient electropolymerization to yield a stable thin film of an
electroactive polymer. The efficient electropolymerization of the long-chain oligomer was found to be in agreement with the
formation of a reactive trication radical species. The electronic and spectral properties of the resulting semiconducting polymer
film were studied by various electrochemical and spectroelectrochemical methods, as well as conductive probe AFM technique,
and revealed a number of unusual features (such as electrical rectifying switching behavior) consistent with the possibility of
increased molecular order in this material.
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■ INTRODUCTION

Organic π-electron conjugated thiophene-based oligomers
attract much attention due to their potential applications in
thin-film organic electronic and optoelectronic devices.1−15

Although numerous efforts have been directed toward
modification of electronic (i.e., optical and electrochemical)
properties of such oligomers for use in devices, only limited
attempts have been made to employ presynthesized oligomers
as monomers in preparation of conjugated polymers.16−19 The
possibility of using longer oligomers instead of more conven-
tional small molecule monomers would allow access to
thiophene copolymers that incorporate functional units in a
well-defined precisely controlled manner, rather than in a
randomly distributed fashion, with the purpose of modification
and fine-tuning of electronic properties of thin-film materials
derived from such copolymers.20−22 In addition, using precisely
defined oligomers allows increasing versatility and efficiency of
macromolecular design.
The majority of previous efforts to use oligomers in

conjugated copolymer preparations utilized chemical polymer-
ization methods (such as transition metal catalyzed coupling
routes); and much fewer studies were devoted to electro-

chemical polymerization. Electropolymerization is a simple and
common approach for in situ preparation of both electrode-
attached and free-standing polythiophene thin films.23−25 The
main advantage of electropolymerization is that it allows direct
conversion of monomers into semiconducting polymer thin
films ready for use in electronic devices, without the need first
to prepare soluble polymers as required in solution-based thin
film fabrication processes. Therefore, it makes unnecessary
“decorating” the polymer with bulky solubilizing side groups,
which often increase disorder and result in lowering
conjugation length in thin-film organic materials, as well as
have detrimental effect on their photo- and thermal
stability.26,27 Using long-chain conjugated oligomers instead
of small molecule monomers for electropolymerization would
have an additional advantage that it could produce thin-film
materials consisting of more monodisperse polymer chains,
with fewer coupling or conformational defects of the
conjugated polymer backbone, thus yielding materials with
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better electronic characteristics. The simple basis for this
conjecture is that making polymers from long-chain monomers
requires fewer coupling steps. For example, using octithiophene
as a monomer would require only 10 coupling steps to achieve
a polymer with 80 thiophene units, whereas it would require 80
steps if thiophene were used as the monomer. In fact, studies of
electropolymerization with various length oligothiophenes have
been attempted as early as nearly two decades ago.28−30 Those
studies, however, were complicated by generally low electro-
polymerization rates with longer thiophene oligomers (begin-
ning with terthiophene) mostly due to the insufficient reactivity
of intermediate oligothiophene cation radicals stabilized by
extended conjugation, and resulted in low quality of electro-
polymerized thin films. Indeed, α-terthiophene, α-quarter-
thiophene, and α-quinquethiophene were all found to be very
poorly electropolymerizable, yielding products mainly resulting
from dimerization of the initially formed cation radicals.31−34

On the other hand, a longer monomer, dialkyl-substituted
sexithiophene, was found to undergo very efficient electro-
chemical coupling to produce very high quality polythiophene
films (although it was not clear if the coupling actually went
beyond simple dimerization).35 Also, a series of oligothio-
phenes ranging from 2 to 16 thiophene units was reported to
efficiently electropolymerize in the solid state.36 Replacing
thiophene with its 3,4-ethylenedioxythiophene (EDOT)
analogue was found to increase oligomers’ electropolymeriz-
ability. Thus, terEDOT37 and ter(3,4-phenylenedioxythio-
phene)38 readily undergo electrochemical polymerization to
form conducting polymer thin films. Despite some differences
in interpretation of literature results on this subject, there seems
to be a general consensus that long conjugated oligomers are
poorly (if at all) electropolymerizable because of the increased
stabilization of their extended cation radicals, which prevents
further coupling toward the formation of polymers.
On the basis of analysis of the general electropolymerization

mechanism and literature data, we hypothesized that whereas
not sufficiently long oligomers are indeed not electro-
polymerizable because of the reasons described above, longer
conjugated thiophene oligomers may be readily electro-
polymerizable. In such a case, the polymerization would
occur through the intermediacy of a more reactive trication
radical species. It is well-established that in the case of extended
conjugated oligomers, trication radical species can be formed
upon electrochemical oxidation, albeit only at high positive
potentials.39−41 The higher reactivity of a trication radical (as
compared to a cation radical species formed from the same
oligomer) does facilitate oxidative coupling of oligomers and
their subsequent polymerization; this was, for example,
observed in the electrochemical coupling of terfluorene.42

Although formation of trication radical in relatively short
conjugated oligomers is possible only at prohibitively high
potentials beyond the practically useful electrochemical range,
the more extended conjugation in sufficiently long-chain
oligomers can decrease this potential to somewhat lower
values.43 This simple qualitative analysis leads to the hypothesis
that gradual increasing of the oligomer’s length beginning from
a small molecule will first make it unreactive toward
electrochemical polymerization because of the progressively
increasing stabilization of the cation radical species, but further
lengthening will make it polymerizable because of the easier
formed reactive trication radical.
To test this hypothesis, we decided to prepare a series of

uniformly built oligomers based on 3,4-ethylenedioxythiophene

(EDOT) building block and study in detail their properties and,
in particular, electrochemical reactivity. The EDOT-incorporat-
ing oligomers were selected over purely thiophene-based
analogues because of the absence (or steric inaccessibility) of
β-hydrogens in EDOT oligomers that would preclude
undesired α−β coupling during polymerization, since such a
coupling could complicate the correct interpretation of
electropolymerization results.44 Also, the presence of EDOT
units (especially at terminal positions) in oligomers was
expected to additionally facilitate electropolymerization.45−47

Although a number of soluble EDOT-incorporating oligomers
have been described to date, most of them possessed aryl, alkyl,
or bulky silyl end-capping groups at the terminal α positions to
improve their solubility and increase stability, and therefore
were not electropolymerizable.48−51 In order to be electro-
polymerizable, a compound should have no substituents at both
terminal α-positions (H-terminated). To the best of our
knowledge, longer EDOT-based H-terminated oligomers have
not been described yet. Therefore, for the present study we
prepared and characterized a series of H-terminated oligomers
1−5 ranging in length from 4 to 8 thienyl units in their
conjugated backbone (Figure 1).

■ EXPERIMENTAL SECTION
Materials and Methods. All reactions were performed under an

atmosphere of dry nitrogen. Melting points were determined in open
capillaries and are uncorrected. Column chromatography was
performed on silica gel (Sorbent Technologies, 60 Å, 40−63 μm)
slurry packed into glass columns. Tetrahydrofuran (THF), dichloro-
methane, ether, and toluene were dried by passing through activated
alumina, and N,N-dimethylformamide (DMF) − by passing through
activated molecular sieves, using a PS-400 solvent purification system
from Innovative Technology, Inc. The water content of the solvents
was periodically controlled by Karl Fischer titration (using a DL32
coulometric titrator from Mettler Toledo). All other solvents were
additionally purified and dried by standard techniques. Tetrabuty-
lammonium hexafluorophosphate was obtained from Aldrich and used

Figure 1. Molecular structures of oligomers 1−5.
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after recrystallization from ethanol, other reagents and solvents were
obtained from Aldrich and Alfa Aesar and used as received. Indium tin
oxide (ITO) coated glass slides with 8−12 Ohm/sq. surface resistivity
were purchased from Delta Technologies, Ltd. Au-coated glass slides
(100 nm Au on top of 5 nm Cr layer) were purchased from EMF, Inc.
Interdigitated microelectrodes (Au electrodes on glass support) were
purchased from ABTECH Scientific, Inc. UV−visible spectra were
recorded on Varian Cary 50 UV−vis spectrophotometer. Fluorescence
studies were carried out with a PTI QuantaMaster4/2006SE
spectrofluorimeter. Fluorescence quantum yields were determined
relative to methanol solutions of Acridine Yellow (Φ = 0.5752) as
standard. All electrochemical and spectroelectrochemical experiments
were performed using an Autolab PGSTAT 302 bipotentiostat from
Eco Chemie. 1H NMR spectra were recorded at 250 MHz, and are
reported in ppm downfield from tetramethylsilane. High resolution
mass spectra were obtained at the LSU Department of Chemistry
Mass Spectrometry Facility using an ESI method, and a peak matching
protocol to determine the mass and error range of the molecular ion.
Ab initio and DFT computations were performed on Intel Xeon dual-
processor computer with Linux OS using Gaussian 0353 computational
package.
Synthesis. Synthetic procedures including complete analytical

characterizations are provided in the Supporting Information section.
Electrochemical Measurements. Electrochemical measurements

were performed using an Autolab PGSTAT 302 potentiostat with a
bipotentiostat module. Unless otherwise noted, all experiments were
carried out using a three-electrode system with polymer-modified
ITO/glass or Au/glass working electrode (electrode area ∼1.3 cm2) or
interdigitated microelectrode, Ag/AgNO3 nonaqueous reference
electrode, and a Pt gauze counter electrode. The reference electrode
was checked against ferrocene standard every time before and after the
experiments were performed, and the measured potentials were
corrected based on the Fc/Fc+ redox potential value. All experiments
were carried out in 0.1 M Bu4NPF6 solution in CH2Cl2 as supporting
electrolyte.
Preparation of Electrode Substrates for Electropolymeriza-

tion. Rectangular ITO-covered glass slides (approximately 1.1 × 2.5
cm) were ultrasonicated in CH2Cl2 for 20 min, followed by rinsing
with acetone and deionized water. The precleaned slides were
subjected to an RCA-type cleaning procedure by keeping in a water
−30% H2O2 − 30% aqueous NH3 (5:1:1) mixture at 70 °C for 1 h.
The substrates were then rinsed with copious amount of deionized
water and dried in N2 flow at room temperature for 2 h. Au/glass
slides were rinsed with MeOH, and successively ultrasonicated in
MeOH, acetone, isopropanol (10 min in each solvent), rinsed with
deionized water, MeOH, and dried in N2 flow at room temperature for
2 h.
Preparation and Electrochemical Characterization of Poly-

mers. Electrodeposition of polymers poly(5) and PEDOT was
accomplished through 5 scans in CV mode using an Au/glass or ITO/
glass substrate as a working electrode in 1 mM solution of monomers
5 or bisEDOT, respectively, in 0.1 M Bu4NPF6 in CH2Cl2, at the
scanning rate of 0.1 V s−1. After polymerization was complete, the
sample was rinsed with copious amount of CH2Cl2 and dried in N2

flow. The substrate was placed in a monomer-free electrolyte for CV
characterization that included 10 successive scans at the scanning rate
of 0.1 V s−1. At the end of the last scan, the sample was left at the
standby potential of −1.0 V to ensure leaving the polymer in an
electrochemically undoped state. The sample was washed with copious
amount of CH2Cl2 and dried in N2 flow.
Spectroelectrochemistry. Spectroelectrochemical experiments

were conducted using a rectangular quartz cuvette (path length 1
cm) with a polymer-modified ITO/glass working electrode placed
inside the cuvette, Pt gauze counter electrode attached around the
walls inside the cuvette with a rectangular hole against the sample, and
Ag/Ag+ nonaqueous working electrode which was checked against Fc/
Fc+ standard immediately before and after measurements. The
supporting electrolyte was 0.1 M Bu4NPF6 in CH2Cl2. Absorption
spectra were recorded in 0.1 V potential increments.

Atomic Force Microscopy. Tapping mode and conductive probe
images were acquired with an Agilent 5500 AFM/SPM system
equipped with Picoscan v5.3.3 software. Rectangular cantilevers from
Nanosensors (Lady’s Island, SC) were used for tapping mode
characterizations, at a driving frequency of 167 ± 3 kHz. Conductive
probe AFM (CP-AFM) was used to map the sample conductance
while operating in contact mode. The nosecone of the scanner
contained a preamp module with 1 nA V−1 sensitivity for CP-AFM.
Conductive tips with an average force constant of 6 N m−1 were used
for simultaneous current and contact-mode imaging (MikroMasch
CSC11/Ti−Pt, San Jose, CA). The tip coating consisted of a 10 nm
layer of Pt on a sublayer of 20 nm Ti, which was coated on both the tip
and reflective side of the cantilever. The resulting radius of the tip with
the coating was ∼40.0 nm. Topographic and current images were
acquired simultaneously with a DC bias voltage range of ±10 V
applied to the samples, using a scan rate of 3.0 nm s−1 for 512 lines/
frame. The set point was chosen at a minimum value to prevent
damage to the film and the cantilever. Estimates of surface coverage
were made with UTHSCA Image Tool.54 The percentage of colored
pixels provided a relative estimate of surface coverage. The AFM
current images were converted to grayscale bitmaps and a threshold
value was selected visually for estimates of the percentages of black and
white pixels.

X-ray Crystallography. Diffraction data were collected at T = 90
K on a Nonius KappaCCD diffractometer equipped with Mo Kα
radiation (λ = 0.71073 Å) and an Oxford Cryostream cooler. Crystal
data for 1: Orange plates, C36H46O4S4, Mr = 670.97, monoclinic space
group P21/c, a = 22.433(3), b = 4.9502(5), c = 16.387(2) Å, β =
111.351(4)°, V = 1694.8(4) Å3, Z = 2, ρcalcd = 1.315 g cm−3, μ = 0.319
mm−1, 41590 measured data, R = 0.056 (F2 > 2σ), Rw = 0.145 for 6073
unique data (4216 observed) having θ < 32.5°, and 194 refined
parameters. Comments: The molecule lies on an inversion center, thus
the central S−C−C-S torsion angle is exactly anti. The terminal
thiophene units are nearer to syn, with torsion angle 15.1(2)°. One of
the 2-ethylhexyl groups is disordered into two conformations, only one
of which is illustrated in Figure 2.

■ RESULTS AND DISCUSSION
Synthesis and Structure of Oligomers. Purely oligoE-

DOT compounds are practically insoluble, indeed according to
literature data,37 even the trimer (terEDOT) has very low
solubility in organic solvents. In the course of the present study,
we have initially prepared hexaEDOT which was found to be
completely insoluble in any solvent, and its identity could only
be established by mass-spectral experiments. Therefore, it was
necessary to introduce a minimal number of solubilizing groups
into the oligomers. Although it could be more appropriate to
add solubilizing alkyl substituents to the ethylenedioxy
fragment of an EDOT unit, this would require substantially
more complex synthetic preparations. Also, oligomers combin-
ing both EDOT and thienyl units have been shown to possess
interesting electronic properties,48 therefore it would be
conceivable to study possibility of preparing semiconducting
polymers from such oligomers. Thus, each EDOT oligomer 1−

Figure 2. Molecular structure and conformation of tetramer 1 derived
from single-crystal X-ray data.
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5 was chosen to incorporate one or two β-(2-ethylhexyl)thienyl
units. This provided sufficient solubility even to the longest
oligomers, while still mostly preserving the oligoEDOT nature
of them. The convergent synthetic approach chosen to prepare
the oligomers (vide infra) resulted in some oligomers
(compounds 1, 2, and 4) being terminated with β-(2-
ethylhexyl)thienyl rather than EDOT units. Although this
potentially could affect their electrochemical polymerization
ability relative to the EDOT-terminated oligomers 3 and 5, our
computational analysis indicated that it might have only a
minor influence. In particular, we carried out gas-phase
geometry optimizations of the neutral oligomers 1 and 5, as
well as their cation radicals, at the B3LYP/6-31G* level (this
level of theory was proven satisfactory for accurate computa-
tional treatment of π-electron conjugated oligomers55). The
highest occupied molecular orbital (HOMO) in the neutral
molecules and the spin density in the cation radicals showed
similar distribution in both oligomers, without any significant
differences between terminal β-(2-ethylhexyl)thienyl units in 1
and EDOT terminal units in 5 (see Figure S2 in the Supporting
Information). Thus, at least at this level of theoretical
treatment, we could not observe any major effect of the two
alternative terminal groups on the oligomers’ electrochemical
reactivity.
The oligomers were prepared by traditional convergent

synthesis where some of the shorter oligomers were used as
precursors for the longer ones (see the Supporting Information
for details). Regiochemistry of 2-ethylhexyl substituents in
tetramer 1, which was critical for correct assigning the structure
for the oligomers 3 and 5, was additionally proven by single
crystal X-ray analysis (Figure 2). In this structure, the
completely coplanar central EDOT units were in anti
conformation with respect to each other, and the dihedral
angle between the terminal thienyl and EDOT units was 15°. It
is generally accepted that incorporating EDOT units into a
conjugated oligothiophene system gives rise to intramolecular
noncovalent interactions resulting in self-rigidification and
planarization of the conjugated system.56 Interestingly, the
terminal thienyl units were found to exist in the less
thermodynamically favorable syn conformation with EDOT
units. Theoretical calculations at B3LYP/6-31G* level revealed
that this conformation is slightly (∼1.3 kcal mol−1) less stable
than the corresponding all-anti conformation. It has been
proposed,48,57 that anti orientation of adjacent EDOT units is
additionally stabilized by the attractive through-space inter-
actions between S and O atoms of the two EDOT groups, as
compared to similar oligothiophenes. Indeed, in the X-ray-
derived structure we found a relatively short (2.93 Å) S···O
distance between two central EDOT units, which was
substantially shorter than the sum of the van der Waals radii
of the S and O atoms (3.35 Å), and might be an indication of
the existence of such interactions. By analogy, similar
interactions between the S atom of a terminal thienyl unit
and the O atom of the adjacent EDOT unit could provide
stabilization for an all-anti conformation in 1. On the other
hand, a relatively short (2.57 Å) distance between hydrogen in
the β position of a terminal thienyl ring and the oxygen of an
adjacent central EDOT unit (Figure 2) could indicate existence
of a weak C−H···O hydrogen bond, providing a means for
alternative stabilization of the experimentally observed syn
conformer.
Since remarkably stabilized planarized conformation is a

general feature of EDOT-containing oligomers, we decided to

investigate the origin of the conformational stabilization by
performing full geometry optimization (at B3LYP/6-31G*
level) and analysis utilizing the Natural Bond Orbital (NBO)
method,58 which proved to be a useful theoretical tool in
deciphering intramolecular donor−acceptor and hyperconjuga-
tive interactions. For the anti oriented central EDOT groups,
NBO analysis did not find any substantial interactions between
filled orbitals at the S atom of one EDOT group and
antibonding orbitals involving O atoms of another EDOT
group (which would reflect stabilizing S···O interactions).
Instead, a pair of hyperconjugative interactions between almost
antiperiplanar orbitals σS1−C2 → σ*S1′‑C2′ and σS1′‑C2′ → σ*S1−C2
with an interaction energy (determined as a second order
perturbation) ranging between 4.0 − 4.2 kcal mol−1 per
interaction was found to strongly stabilize this anti
conformation (Figure 3A). Similarly strong hyperconjugative

stabilization was found between the anti-oriented terminal
thiophene and the central EDOT units in the all-anti conformer
(average interaction energy for σS1−C5 → σ*S1″‑C2″ and σS1″‑C2″
→ σ*S1−C5 around 4.2 kcal mol

−1, Figure 3B). In addition to the
hyperconjugative interactions, strong electrostatic attraction
between oppositely charged S and O atoms of the adjacent
EDOT groups (NBO charges +0.45 for S and −0.53 for O)
likely provides extra stabilization for the planar anti
conformation of the two central EDOT units. Therefore, this
additional electrostatic stabilization is probably the major
reason behind the enhanced backbone planarity and rigidity
when EDOT units are introduced into thiophene oligomers
and polymers.
For the experimentally found conformation with syn

orientation of the terminal thiophene and central EDOT
units, the hyperconjugative interactions between significantly
less antiperiplanar orbitals (σC2−C3 → σ*S1″‑C2″ and σS1″‑C2″ →
σ*S1−C5, Figure 3C) provide noticeably lower stabilization, as
compared to the compound in an all-anti conformation, with a
stabilization energy ranging from 2.7 to 3.2 kcal mol−1 per

Figure 3. NBO analysis of stabilizing hyperconjugative interactions (A,
B) in the all-anti conformer of 1, and (C) in the experimentally found
conformation with syn orientation between terminal thienyl and
EDOT groups. The computations were performed at B3LYP/6-31G*
level.
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interaction. The difference between the interaction energies
roughly accounts for the computed 1.3 kcal mol−1 higher
stability of the all-anti conformer. Although the energy
difference between the two conformers is really small and can
be easily overcome by the gain from better intermolecular
organization in single-crystalline phase, it does confirm the
prevalence of the hyperconjugatively stabilized all-anti con-
formation for EDOT-containing oligomers and poly-
mers.48,49,56,59

Optical and Electrochemical Properties of Oligomers.
Absorption and fluorescence spectra of oligomers 1 − 5 in
CH2Cl2 solution and in spin-cast thin films are shown in Figure
4, and the data are summarized in Table 1. As expected,
absorption and emission maxima shift bathochromically with
increasing length of oligomers. The magnitude of the shift
depends both on the total length and on the number of the
adjacent EDOT units; thus, the biggest relative shift between a
pair of oligomers differing by one thienyl/EDOT unit (34 nm)

was observed on going from 1 (two adjacent EDOT groups) to
2 (four adjacent EDOT units). At the same time, increasing the
oligomer’s length without increasing the number of adjacent
EDOT units showed a smaller effect on the position of the
absorption maximum, even with increasing the total number of
(nonadjacent) EDOT groups. This observation illustrates the
major role of adjacent EDOT units in enforcing a planarized
and more rigid molecular conformation with more extended π-
electron conjugation, whereas on the other hand, incorporation
of a thienyl group between EDOT units results in enhancing
rotational/vibrational freedom, which detrimentally affects
conjugation length. Although shorter compounds 1 and 2
showed typical for rigid systems well-resolved vibronic structure
in absorption and emission spectra, longer oligomers displayed
featureless bands due to inhomogeneous broadening caused by
increased conformational freedom.60 Furthermore, all
oligomers except pentamer 2 showed no substantial inter-
molecular electronic interactions in solid films as evidenced by

Figure 4. Normalized absorption (left) and fluorescence (right) spectra of oligomers 1−5 in CH2Cl2 solution (top row) and in thin film (bottom
row).

Table 1. Spectroscopic and Electronic Properties of Oligomers 1−5

solutiona thin film

compd λabs, nm (ε, × 104, M−1cm−1) λem, nm (Φ, %) λabs (nm) λem,(nm) Epa1/Epa2, (V)
b EHOMO (eV)c ELUMO (eV)d Eg

opt (eV)e Eg
DFT (eV)f

1 422 (4.81) 464 (11) 427 477 0.38/0.85 −5.09 −2.47 2.62 2.90
2 456 (5.85) 505 (17) 430 600 0.01/0.62 −4.72 −2.32 2.40 2.63
3 461 (2.50) 527 (14) 469 569 0.22/0.56 −4.93 −2.66 2.27 2.52
4 467 (6.58) 556 (22) 476 590 0.05/0.50 −4.76 −2.58 2.18 2.38
5 485 (7.83) 567 (15) 490 575 0.09/0.50 −4.80 −2.64 2.16 2.32

aMeasured in 1 μM solutions in CH2Cl2.
bFirst and second anodic oxidation peak potentials, measured in a standard three-electrode cell for 1 mM

solutions in 0.1 M Bu4NPF6 in CH2Cl2 using a Pt button electrode and Ag/Ag+ reference electrode. cCalculated using formula EHOMO = −(Epa1 +
4.71) (eV). dCalculated based on the corresponding values of EHOMO and Eg

opt. eDetermined as long wavelength onset of absorption spectra.
fCalculated at B3LYP/6-31G* level of theory based on gas-phase geometry optimized with the same method.
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the similarity between their solution and spin-cast thin-film
spectra (Figure 4). The absence of aggregation features in thin-
film spectra can be seen as an indication of a significant
rotational freedom of the thienyl units, leading to existence of
nonplanar, conformationally twisted species in solid films. On
the other hand, four consecutively connected EDOT units in
pentamer 2 induce a very rigid and planar molecular geometry,
facilitating formation of low-emissive aggregated species in the
solid state, with typical broadening of the absorption spectrum,
and an almost 100 nm bathochromically shifted featureless
emission band. As the absorption maximum continuously
bathochromically shifted from tetramer 1 to octamer 5, so did
the energy bandgap Eg

opt showed continuous increase (Table
1). The number of consecutively connected EDOT units,
rather than total number of EDOT units, had the most
profound effect on the energy gap. Hence, the relative
difference was biggest between tetramer 1 and pentamer 2,
whereas it became more modest on transition to higher
oligomers, even despite an increase in the total number of
EDOT groups. To gain insight on the dependence of the
energy gap on structural features of the oligomers, computa-
tional geometry optimizations were carried out at B3LYP/6-
31G* level of theory on gas phase molecules in the all-anti
conformation of thienyl and EDOT units. The calculations
produced stable planar geometries, even for the longest
oligomer 5. The energy gap values Eg

DFT calculated assuming
planarized geometry were in good agreement with exper-
imentally determined optical energy gaps Eg

opt (Table 1) and
showed a quantitative trend to decrease with an increasing
number of EDOT/thienyl units. This supports the idea of a
relatively planar geometry of oligomers 1−5 in dilute solutions.
The electrochemical properties of oligomers 1−5 were

studied by cyclic voltammetry (CV) in dichloromethane
solutions. All oligomers showed two successive reversible
one-electron reduction processes corresponding to formation
of a radical cation and dication (Table 1 and Figure 5). The
relatively low values of the oxidation potentials (especially for
the longest oligomer 5) indicated strong stabilization of the
oxidized species. Paralleling the tendency in the optical energy
gap change, the electrochemical HOMO energy determined
from the first anodic oxidation peak Epa1 showed strong
dependence on the number of consecutively connected EDOT
units. Thus, the HOMO energy significantly increased upon
transition from 1 to 2, but dropped noticeably on transition
from 2 to 3, and showed some smaller increase for 4 and 5.
Electrochemical Polymerization. In good agreement with

our initial hypothesis, the shorter oligomers 1−4 were found to
be nonelectropolymerizable upon repeated CV scanning over a
broad potential range (Figure 5A), whereas the longest
oligomer 5 turned out to electropolymerize very efficiently.
The polymerization of 5 could be carried out potentiodynami-
cally both on flat Au and indium tin oxide (ITO) working
electrodes, to yield mechanically and electrochemically stable
dark-blue (when polymerization was stopped at −1.4 V to get
electrochemically undoped material) films of polymer poly(5).
Successive potential cycling of an octamer 5 solution led to
development of a new sharp redox peak at E1/2 −0.47 V (vs
Ag/Ag+ reference electrode), representing a reversible redox
process of the newly deposited poly(5) (Figure 5B, C).
Comparison of absorption spectra of an undoped film of
poly(5) with those of monomer 5 and of the reference
polyEDOT (PEDOT) polymer prepared by electropolymeriza-
tion of bisEDOT61 indicated an extended conjugated nature of

poly(5) (thus proving poly(5) is a real polymer) (Figure 6A).
The deposited poly(5) films were found to be electrochemi-
cally stable and did not show significant changes upon
successive CV scanning (Figure 5C). This served as a proof
that poly(5) was a long and oxidatively stable polymer (rather
than a mixture of short-chain electrochemically unstable
oligomers, which would continue to polymerize in the solid
film) and suggested a high extent of electronic delocalization.
The sharp well-defined reversible peak for anodic oxidation
likely reflected a relatively narrow distribution of conjugation
lengths in this polymer owing to fewer coupling steps required
to obtain a high molecular weight polymer from the long-chain
monomer 5. The peak current was found to show linear
dependence on the scan rate, to indicate that the electroactive
poly(5) films were strongly adhered to the electrode surface.

Figure 5. Cyclic voltammograms (5 successive scans) of oligomers (A)
3 and (B) 5, and (C) polymer poly(5) on flat Au electrode.
Experimental conditions: concentration 1.24 mM (3) and 1.0 mM (5)
in 0.1 M Bu4NPF6 in CH2Cl2, scanning rate 0.1 V s−1. Dash traces in
each plot correspond to the first scan. In addition, plot C shows in situ
conductivity data of poly(5) as thin film prepared by electro-
polymerization on interdigitated Au microelectrodes; experimental
conditions: 0.1 M Bu4NPF6 in CH2Cl2, scan rate 5 mV s−1.
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The facile electropolymerization of oligomer 5 was
remarkable considering strong stabilization of its cation radical
as evidenced by the low value of Epa1. Thus, it is very likely that
formation of the more reactive trication radical was responsible
for the facility of electropolymerization of 5. Indeed, the
experimentally observed third anodic oxidation peak Epa3 at
0.93 V in the cyclic voltammogram of 5 could be assigned to
the trication radical formation (Figure 5B); this peak was not
present in the CV data for shorter oligomers 1−4, and the low
value of its potential was in agreement with our initial
hypothesis and with previous literature data.43 To prove the
key role of possible formation of trication radical upon reaching
Epa3 in effecting polymerization, we carried out a series of
experiments where the positive end potential of CV scanning
range was increased from 0.6 V (well above the potential
required to form cation radical and dication species of 5 but
well below the 0.93 V potential required to form the trication
radical) to 1.3 V in 0.1 V steps. There was no polymer
formation observed in the experiments where the end potential
was set below 0.9 V, however, deposition of the semiconducting
polymer film began in the experiments when the positive end
scanning potential reached the value of 0.9 V of the Epa3. The
best quality polymer film was obtained when CV potential was
cycled in the range from −1.0 to 1.0 V; a further increase in the
positive end potential resulted in lower quality polymer,
probably because of the electrochemical degradation of poly(5)

at higher potentials. This observation supports the requirement
to form reactive trication radical as the species responsible for
the electropolymerization of the long-chain oligomer 5.

Spectroscopic and Electrochemical Characterization
of Poly(5). In the electrochemically undoped, insulating state,
poly(5) showed a broad π−π* transition in the range of 400−
800 nm (Figure 6A), with the optical bandgap determined from
the onset of absorption estimated at 1.6 eV, which agrees well
with the bandgap values found both experimentally and
computationally for PEDOT polymers.62,63 While the magni-
tude of the optical bandgap primarily reflects a significant
extent of intramolecular π-electron conjugation, the presence of
well-defined vibronic structure (as opposed to broad featureless
absorption band typically found in PEDOT polymers64) serves
as a strong indication of an enhanced molecular order along the
conjugated backbone in the polymer’s thin layer.65−67

Furthermore, the long wavelength onset of the absorption
band for poly(5) was found to be noticeably steeper than that
of PEDOT polymer prepared by electropolymerization of
bisEDOT in similar conditions (Figure 6A). These details are
consistent with a more narrow distribution of conjugation
lengths in the thin film of poly(5), which facilitates
predominantly band-edge electronic transitions and is charac-
teristic of more ordered and better aligned conjugated polymer
chains.68,69

In spectroelectrochemical studies, absorption spectra of the
electrodeposited film of poly(5) were first obtained in the fully
reduced (undoped) state of the polymer, and then were
recorded as the potential was gradually stepping up toward
oxidized (polaron and bipolaron) states (Figure 6B). The
polymer demonstrated complete reversibility of spectral
changes upon multiple switching between oxidized and reduced
forms. As the potential was stepped up, the π−π* transition
band of the neutral state was observed to gradually decrease,
and was replaced first with a broad band centered around 900
nm corresponding to polaronic transition, which, in turn, was
superseded at higher potentials by an intense bipolaronic band
positioned in the near-IR region. An interesting feature was that
poly(5) exhibited almost a threshold, in a narrow potential
interval, electrochromic switching between colored reduced and
almost UV/vis transparent oxidized forms. This spectroelec-
trochemical behavior of poly(5) was consistent with its narrow
anodic redox peak found in CV experiments (Figure 5C). It
could be attributed to the more ordered polymer backbone
organization in the thin film of poly(5), with lesser defects,
more planarized conformation of the polymer chains and more
narrow distribution of conjugation lengths. Indeed, generation
of cation radical (polaron) and bipolaron species with their
quinoidal structure requires planarization of the conjugated
polymer backbone; therefore the initially more planar
molecular geometry of poly(5) would greatly facilitate the
charge carrier formation.
In situ conductivity measurements were carried out with thin

films of poly(5) electrodeposited on interdigitated micro-
electrodes (Figure 5C).70,71 The value of maximum con-
ductivity found in these experiments (around 400 S cm−1),
although it should be treated cautiously because of serious
intrinsic limitations of the in situ measurements, was in
agreement with the values reported for electrodeposited
PEDOT polymers.64 Interestingly, polymer poly(5) showed
practically no hysteresis for forward and reverse switching. The
absence of hysteresis was in good correlation with the narrow
insulating−conducting state switching interval found for this

Figure 6. (A) Absorption spectra of thin film polymer poly(5) and
reference thin films of PEDOT and monomer 5. (B) Spectroelec-
trochemistry of poly(5) prepared by potentiodynamic electro-
polymerization on ITO-coated glass slides from a 1 mM solution of
monomer 5 in 0.1 M Bu4NPF6 in CH2Cl2; the potentials were
measured vs Ag/Ag+ quasi-reference electrode.
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polymer in the spectroelectrochemical experiments and agrees
with the low impediment for charge carrier formation and
transport along better organized semiconducting polymer
chains.
An important issue to address at this point is the influence of

2-ethylhexyl solubilizing side chains on the optical and
electrochemical properties of poly(5). It is well-documented
that thiophene polymers prepared from the monomers
incorporating relatively long n-alkyl side chains exhibit some
properties consistent with the higher ordering along the
conjugated backbone and longer conjugation length.66,72−74

In particular, such polymers commonly show sharper redox
peaks in electrochemical data, as well as distinct vibronic
structure in absorption spectra in the undoped state. Whereas
the complex nature of this phenomenon is not completely
understood, it is likely to originate from the interactions
between long hydrophobic n-alkyl substituents. Such inter-
actions, along with the rigid nature of the polythiophene
conjugated backbone, enforce mesogenic behavior of the solid
polymer material, therefore increasing ordering and planariza-
tion of the conjugated backbone. This phenomenon was
recently proven by X-ray diffraction experiments for the case of
solution-processed films of poly(didodecylphenylene-
dioxythiophene)s,66 and it is also likely to be valid for the
electropolymerized films. Because molecule of 5 possesses two
alkyl chains, we could not rule out that a similar “alkyl chain
effect” might play role in the distinct electrochemical and
spectral properties of poly(5). However, in our design of
monomer 5, we incorporated only the minimal number of side
chains−two per monomer−just enough to make it soluble.
Thus, unlike all the previous cases where there was at least one
long n-alkyl group per each thiophene unit (and in some cases
there were even two side chains per thiophene unit66), the
polymer poly(5) incorporates only one alkyl chain per four

thiophene units. Such a small “fraction” of side chains may not
be enough to enforce mesogenic properties in the poly(5)
films. In such a case, the unusual electrochemical and
spectroscopic features of poly(5) may be explained by higher
molecular order and more narrow distribution of conjugation
lengths imposed by the long-chain nature of oligomeric
monomer 5. With the data currently available, we cannot
exclude either explanation (or possibility of simultaneous
contribution of both effects). The issue is still open at this
point; preparing an analogue of 5 with only one solubilizing
alkyl chain and comparative studies of the properties of the
resulting polymer would be helpful in further discussion, and
will be done in the course of future studies.

Atomic Force Microscopy (AFM) and Conductive
Probe AFM (CP-AFM) Studies. Scanning probe microscopy
was a powerful tool to gain insight into morphology of thin
layer of poly(5). A comparison of the surface morphologies of
the films of poly(5) and PEDOT (prepared by electro-
polymerization of bisEDOT monomer) potentiodynamically
electrodeposited on atomically flat Au surface is presented side-
by-side in Figure 7. Simple visual inspection of the tapping
mode topography and phase images for the two samples
revealed distinct differences in the morphologies of the films.
The film of PEDOT showed a uniform distribution of relatively
small, tightly packed globular domains with lateral dimensions
ranging from 120 to 260 nm (Figure 7A). In contrast, deeper
trenches and greater corrugation were characteristic for the film
of poly(5), with the discontinuous and less regular, as
compared to the PEDOT surface, distribution of irregularly
shaped domains (ranging in lateral dimension from 60 to 450
nm). These topographs clearly illustrate the morphological
difference between the two films, and likely reflect the
difference in molecular organization of these films.

Figure 7. Views of the surface morphology of the electropolymerized films using tapping mode AFM. (A) Topography image of PEDOT (4 × 4
μm2); (B) simultaneously acquired phase image for A. Zoom-in views (1.5 × 1.5 μm2) of (C) topography and (D) corresponding phase image of
PEDOT thin film. (E) Topograph of thin film poly(5) (4 × 4 μm2); (F) matching phase image; (G) close-up view for thin film poly(5) (1.5 × 1.5
μm2); (H) phase image for G.
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Conductive probe (CP-AFM) imaging was previously used
to characterize the surface topography and map the conductive
domains of the electropolymerized films.75−78 Current images
can be simultaneously acquired with topography by applying a
bias voltage to a conductive or semiconductive substrate, and
measuring the current with a conductive probe when the tip is
placed in contact with the surface of the polymer film.
Characterization using CP-AFM for the electropolymerized

film of poly(5) and its comparison with electrodeposited
PEDOT film are presented in Figure 8. For this study, the
polymer films were initially obtained in an electrochemically
reduced (undoped) state by keeping the electrodeposited films
in supporting electrolyte solution at −1.0 V (vs Ag/Ag+). The
details of the surface morphology of the films were not as
clearly resolved for the CP-AFM topograph of Figure 8 when
compared to the images with tapping mode shown in Figure 7,
because the conductive probe is coated with thin layers of
titanium and platinum, causing it to be blunt. However, the
surface features were still resolvable with the metal-coated tip.
Profiles of current−voltage (I−V) measurements were also
acquired at specific sites within the images, and representative
I−V plots for three locations of each film are displayed in
Figure 8. These plots revealed remarkable differences between
the two polymers. The PEDOT film showed homogeneous and
nearly invariant conductivity throughout the entire sample and

exhibited noticeably similar symmetry for the positive and
negative bias ranges (Figure 8B). This film was conductive
throughout the measured voltage levels, demonstrating nearly
linear Ohmic conductivity profiles, normally observed for
electrodeposited semiconducting polymers.79−81

In contrast to the Ohmic conductivity of PEDOT, the thin
film of poly(5) showed an unusual CP-AFM conductivity
pattern. Within the current image, significant changes for the
onset of current conduction were observed for the bright versus
dark areas of the image (Figure 8C). A representative I−V plot
acquired within the dark area is shown with the black line,
whereas example profiles acquired at locations within the
brighter areas are colored blue and red (Figure 8D). For the
negative bias range, the polymer film remained insulating until
highly negative potentials (the onset of conduction occurred
between −4 and −7 V depending on the location on the
surface), and the transition from nonconducting to conducting
form was sharp and exponential. For the positive bias range, the
film remained insulating until the threshold potential ranging
between 1.8 to 2.5 V was applied (depending on the location of
the tip placement) after which the sample would become highly
conductive and the I−V profile changed to a steep, almost
vertical line. Such rectification behavior (rectification ratio
∼200 at ±3 V bias for point a in Figure 8C) was typically found
for inorganic semiconductor-metal interfaces,82 but is not

Figure 8. Conductive probe characterizations of PEDOT and poly(5) electropolymerized films. (A) Current image of PEDOT (800 × 800 nm2)
acquired with a sample bias of −2 V. Locations are indicated for acquired I−V spectra (a, red line; b, black line; c, blue line). (B) Overlay of I−V
profiles for the tagged areas in image A; (C) Current image of poly(5) (800 × 800 nm2) acquired with a sample bias of +0.1 V. (D) Plot of I−V
measurements at the marked areas in image C.
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typical for organic semiconducting polymer films. Thus, the
film of poly(5) behaved as a bias-controlled rectifying switch,
sharply changing from insulator to conductor at moderate
positive but not negative threshold potentials. This complicated
behavior lacks precedents for organic semiconducting polymer
films, although similar switching behavior was recently observed
in highly organized single-crystalline nanoneedles of conducting
polypyrrole, polyaniline, and PEDOT.83,84 Although the
detailed understanding of this phenomenon requires further
experimental and theoretical studies, the sharp insulator−
conductor transition may indeed reflect an increased molecular
organization, and/or higher ordered bulk morphology of the
thin-film poly(5). Indeed, whereas typical molecular rectifiers
(Aviram-Ratner diodes) possess the interconnected donor−
acceptor (D-A) pairs,85 it has been recently shown that this is
not the only possibility, and organic compounds without an
intramolecular D−A junction can also show asymmetric
conduction patterns.86 One (more common) case involves
formation of Schottky barriers at metal electrode − organic
interfaces (similar to inorganic semiconductor−metal inter-
faces); this possibility should, however, be ruled out for poly(5)
because the chemically similar PEDOT polymer was found to
form purely Ohmic contacts at exactly the same experimental
conditions. Another, more rarely observed situation of
rectifying behavior arises when the organic molecules are
placed asymmetrically in the metal−molecule−metal junc-
tion.87,88 For the case of a bulk conducting film, this means a
uniform orientation of the polymer molecules, at least in the
area of the AFM tip contact. Thus, the experimentally found
rectifying bias-switch behavior of poly(5)’s thin films as
compared to the Ohmic behavior of the films of PEDOT
may reflect more ordered organization in the former. The
observed location-dependent variations in the turn-on switch-
ing bias are possibly due to differences in the extent of
molecular order, as well as π-electron conjugation, degree of
polymerization, etc., between various domains of the poly(5)
thin film. With limited experimental data available, no rigorous
conclusion regarding the reasons for this unusual electrical
behavior can be drawn at this time, and more experiments will
have to be done to gain better understanding of this
phenomenon.

■ CONCLUSIONS
A series of soluble EDOT-based H-terminated oligomers
ranging in length from four to eight EDOT/thiophene units
was prepared and analyzed by experimental and computational
techniques. Both experimentally observed and computed
properties of the oligomers were consistent with highly
conjugated predominantly planar solution conformation
(mostly due to hyperconjugative intramolecular interactions
as revealed by computational NBO analysis) allowing for high
stabilization of cation radical intermediates. Despite the
increasing stabilization of the reactive cation radical species in
extended π-electron conjugated oligomers, the longest oligomer
5 was found to be easily electropolymerizable yielding stable
semiconducting polymer film. This electrodeposited film
showed some interesting and unusual optical and electrical
properties consistent with the possibility of improved molecular
order along the conjugated backbone, decreased number of
defects in its π-electron conjugated system along with longer
and more uniform effective conjugation length, and more
narrow distribution of chain lengths (lower polydispersity). The
efficient electropolymerization of 5 was in good agreement with

our initial hypothesis that a reactive trication radical species can
be readily formed in sufficiently long oligomers, therefore
making them electropolymerizable. Thus, extending oligothio-
phene length beyond certain limit apparently brings them to an
“island of reactivity” toward electropolymerization. While
synthetic preparation of long-chain oligomers for fabrication
of polymer thin films by electropolymerization is a cost- and
labor-intensive process, the possibility to use these oligomers to
make semiconducting polymer materials with advanced
electronic properties may in some instances outweigh the
cost of their synthesis. Further studies on the generality of the
trication radical induced electropolymerization of long-chain
conjugated oligothiophenes, as well as comparison of properties
of resulting polymer films, require preparation and studies of
even longer EDOT-containing and purely thiophene oligomers,
which is currently underway in our laboratory.
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