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Synthetic strategies to access both regiorandom and regioregular polythiophenes containing electron-
withdrawing carboxylate substituents have been developed. Although these polymers have extended
conjugation lengths, they provide better oxidative doping stability than conventional polythiophenes due
to the lowering of the HOMO energy levels by approximately 0.5 eV. These materials are highly crystalline
and exhibit very smallπ-π-stacking distances in the solid state. High charge mobilities are observed as
a result of the close ordering of the polymer chains, and top-contact organic thin-film transistors (OTFTs)
fabricated entirely in air had measured mobilities averaging 0.06 cm2/V‚s with on/off ratios>105. Off
currents in these devices remained low over a period of months, demonstrating the low propensity of
these materials toward p-doping by molecular oxygen.

Introduction

Organic semiconducting polymers have been the subject
of intense study in recent years because they have shown
potential as alternatives to inorganic semiconductors for low-
cost optoelectronic devices, such as organic thin-film
transistors1-4 and photovoltaic cells.5-9 Among these poly-
mers, polythiophenes are the most commonly used due to
their high charge carrier mobility. In particular, regioregular
polythiophenes have shown the highest hole mobilities
reported for any soluble polymeric system.10-12 This high

mobility is due in part to structural regularity, which leads
to the formation of highly ordered lamella with cofacially
stacked polymer backbones. The resulting smallπ-π-
stacking distances (3.8 Å) enables efficient charge carrier
hopping.4,13

A shortcoming associated with most commonly used
organic semiconducting polymers is their sensitivity to air.
This problem has been particularly noticeable when these
materials are used as the active layer in organic thin-film
transistors (OTFTs). It is generally believed that conjugated
polymers are susceptible to p-type doping by interaction with
ambient oxygen, resulting in larger off-currents and thus
lower on/off ratios, as well as a positive shift in the threshold
voltage for the transistor devices fabricated from these
materials.14,15Therefore, when using polymer semiconductors
such as poly(3-hexylthiophene) (P3HT), rigorous precautions
must be taken during material processing and device fabrica-
tion to exclude environmental oxygen. These precautionary
measures add to the cost of manufacturing, off-setting the
appeal of polymer transistors as economical alternatives to
silicon technology. Therefore, the development of semicon-
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ducting polymers with high charge mobility as well as air
stability is still needed.

The stability of organic semiconducting polymers toward
oxidative doping is related to their ionization potentials, i.e.,
their highest occupied molecular orbital (HOMO) levels from
vacuum. Therefore, lowering the HOMO energy level would
improve environmental stability by minimizing the level of
p-doping by ambient oxygen. This can be achieved by a
number of methods, such as reducing the effective conjuga-
tion length to inhibit delocalization. Copolymers of thiophene
with fluorene16 have been shown to increase the air stability.
Similarly, the incorporation of a thieno[2,3-b]thiophene12 or
a naphthalene unit17 into the polymer backbone has been
shown to afford greater environmental stability as well. Other
research groups have taken the approach of increasing the
rotational freedom of the backbone to reduce theπ-overlap,
which has also been an effective method for increasing
stability.11,18

Another attractive method that has yet to be fully explored
is to reduce the HOMO energy level of a semiconducting
polymer through the incorporation of electron-withdrawing
substituents. Most of the currently known polythiophene
analogues contain either alkyl side chains or electron-
donating substituents. Reports of polythiophenes with electron-
withdrawing substituents are very few, presumably due to
their difficult synthesis.19,20 Polythiophenes with electron-
withdrawing ester groups attached at the 3-position, namely
poly(alkyl thiophene-3-carboxylates), have been synthesized
by the Pomerantz group using the Ullmann coupling21,22 or
Kumada coupling reactions.23 These polymers have shown
high oxidation potentials due to the electron-withdrawing side
chains, however, until now they have exhibited poor charge
transport properties.

In this paper, we report new polythiophenes containing
electron-withdrawing alkyl carboxylate substituents that
exhibit high charge mobility. We have found that the
regularity of the alkyl carboxylate substitution in our
polythiophene can induce and facilitate molecular self-
assembly in a fashion similar to that exhibited by regioregular
P3HT10 and poly(3,3′′′-dialkylquaterthiophene)s (PQTs).11

Due to the electron-withdrawing properties of the carboxylate
substituents, our polymers have lower HOMO energy levels
and therefore provide better oxidative doping stability than
conventional solution-processible polythiophenes such as
P3HT. Herein we describe the synthesis and characterization
of these polymers in detail and report on their performance
when used as the active layer in organic thin film transistors
(OTFTs).

Results and Discussion

Synthesis.As shown in Scheme 1, an alternating copoly-
mer of 2,2′-bithiophene and dialkyl 2,2′-bithiophene-4,4′-
dicarboxylate was prepared, giving a regioregular, ester-
functionalized polythiophene (5). Dodecyl 2-bromothiophene-
3-carboxylate (2) was prepared using a modified literature
procedure.21,22,24Compound2 was transformed into didode-
cyl(5,5′-dibromo-2,2′-bithiophene-4,4′-dicarboxylate) (3) by
an efficient palladium-catalyzed coupling reaction promoted
by AgF, which was recently reported by the Mori group for
the construction of symmetrical oligothiophenes.25 The
polymer was then synthesized via Stille-coupling polycon-
densation between3 and 5,5′-di(trimethyltin) bithiophene (4)
to produce5 in high yield. This method for polymerization
affords greater synthetic versatility than oxidative polymer-
ization with FeCl3,11 allowing a variety of monomers to be
copolymerized with3. This route also avoids the necessary
dedoping and extensive removal of residual FeCl3 from the
polymer.26

The regioregularity of polymer5 was analyzed using1H
NMR (See Supporting Information). Only three types of
aromatic protons can be seen in the spectrum, which confirms
the structural symmetry and the regular arrangement of the
side-chains in the polymer. Although polymer5 has poor
solubility in organic solvents at room temperature, it is very
soluble in warm (>45 °C) chloroform, toluene, or 1,2-
dichlorobenzene (o-DCB), which enables its solution pro-
cessing. Size exclusion chromatography (SEC) data was
obtained by first preparing a solution of the polymer in
o-DCB and then diluting with THF. Calibration against
polystyrene standards gave a number-average molecular
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Scheme 1. Synthesis of the Regioregular Polythiophene 5
Functionalized with Dodecyl Carboxylates
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weight (Mn) of 6000 (Mw ) 7500) with a polydispersity of
1.2. Similar molecular weights were measured using MALDI-
TOF mass spectrometry.

The design of polymer5 was based on several consider-
ations: (1) The electron-withdrawing carboxylate side chains
should increase the ionization potential of the polythiophene,
(2) long alkyl (i.e. dodecyl) carboxylates are expected to
enhance the solubility of the polymer, and (3) the side chains
of the copolymer oriented symmetrically in the same
direction in the extended polymer conformation are regularly
spaced fairly far apart, similar to that of regioregular PQTs.
This structural regularity coupled with the distance between
adjacent alkyl chains should enable5 to self-assemble and
achieve intermolecular side-chain interdigitation in the
condensed phase, therefore giving rise to three-dimensional
lamellarπ-stacking and high charge mobility.

For the purpose of comparison, a regiorandom alternating
copolymer of thiophene and dodecyl thiophene-3-carboxylate
(9) was also synthesized using an analogous synthetic
approach (Scheme 2) described previously by our group.27

The 1H NMR of polymer 9 (See Supporting Information)
displays five types of aromatic protons, which can be
assigned to three types of regio-isomers (HH, HT, TT),
confirming the regiorandom side chain distribution in the
polymer. Polymer9 also has poor solubility in common
organic solvents at room temperature, but it is very soluble
in warm solvents such as chloroform, toluene, and dichlo-
robenzene. SEC data was obtained in the same manner as
used with polymer5, giving a number-average molecular
weight of 4600 (Mw ) 6600) with a polydispersity of 1.4.

UV-Vis Characterization. Absorption spectra of poly-
mer 5 in o-DCB at various temperatures are displayed in
Figure 1. At temperatures exceeding 50°C, polymer5 shows
a single absorption band at 2.56 eV (λmax ∼ 489 nm). Below
50 °C, however, the low-energy vibronic bands, especially
the lowest energy (0-0) band (617 nm), become more
pronounced. This thermochromic transition at relatively high
temperatures (∼45 °C), suggests that the polymer has a very
strong propensity forπ-stacking. Similar spectral changes
have been observed upon cooling solutions of neutral poly-
(3-alkylthiophenes).28,29Experimental and theoretical studies

on various polythiophene derivatives and their related
oligomers seem to indicate that such well-resolved red-shifted
spectra obtained upon cooling correspond toπ-stacked
aggregated chain segments, which can originate from both
inter- and intrachain stacking interactions.30-33

These low-energy vibronic states are also apparent in spun-
cast films of polymer5, as shown in Figure 2a. This vibronic
splitting, similar to that seen in other regioregular poly-
thiophenes,10,11 indicates the formation of highly ordered
structures of lamellarπ-stacked aggregates in the solid state.
We found that the film processing conditions can signifi-
cantly affect the solid-state absorption of polymer5. When
cast from chloroform, the lowest-energy vibronic band (0-
0) is about 2.07 eV (∼600 nm). However, switching the
casting solvent too-DCB shifts this band to 2.0 eV (617
nm). Further annealing of this film at 100°C increases the
absorbance of the film and gives rise to an even more
prominent lowest energy band in the spectrum. This signifi-
cant bathochromic shift can be explained by the relative
volatility of the casting solvents. Dichlorobenzene has a much
lower volatility than chloroform, which provides a longer
equilibration time for the self-assembly of the polymer chains
and thus promotes better ordering within the film via
π-stacking. The absorption bands for polymer5 have a very
large bathochromic shift when compared to those of the poly-
(alkyl thiophene-3-carboxylates) reported in the literature,
indicating an increased conjugation length.21,22

Although polymer9 shows a regiorandom conformation,
as indicated by NMR, its absorption spectrum is similar to
that of polymer5, as shown in Figure 2b. This observation
is very different from the substantial absorption contrast
between the regioregular poly(3-alkylthiophenes) and their
regiorandom counterparts.10 Presumably, as an alternating
copolymer, polymer9 can avoid direct head-to-head cou-
pling, which would significantly disrupt the planar backbone
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Scheme 2. Synthesis of the Regiorandom Alternating
Copolymer 9

Figure 1. Solution UV-vis spectra of polymer5 in o-DCB at various
temperatures.
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conformation as observed in regiorandom poly(3-alkylth-
iophenes). Solid-state films of polymer9 exhibited vibronic
splitting similar to that of polymer5, suggesting that it is
also likely to form orderedπ-stacked aggregates. In contrast,
when polymer9 was drop-cast fromo-DCB, its absorption
spectrum did not exhibit a significant bathochromic shift from
that of a film cast from chloroform (Figure 2b), as was
observed for polymer5.

Cyclic Voltammetry. CV results (vs Ag/AgCl) are shown
in Figure 3 for films made by dipping the working electrode
in a solution of each polymer ino-DCB, before and after
annealing at 150°C. Both polymer5 and 9 show good
reversible scans (omitted for clarity) with small fluctuations
in peak height stopping after the second cycle. Reversibility
is seen for both oxidation and reduction reactions for both
polymers, which demonstrates the electrochemical stability
of the polymers even in their ionic states.

The HOMO and LUMO levels of the polymers can be
estimated using this CV data.EHOMO ) -Eox - 4.4 eV and
ELUMO ) -Ered - 4.4 eV, whereEox andEred are the onset
potentials of the oxidation and reduction peaks (vs SCE),
respectively, and the 4.4 eV relates the SCE reference to
vacuum.34 Onset potentials were calculated as the intersec-
tions between two tangent lines extrapolated from the
background baseline and the rising peak line.

As seen in Table 1, there is only a slight difference in
energy levels between polymers5 and9 when the films are
unannealed. These data support our hypothesis arising from

the UV data that although polymer9 is regiorandom, its
alternating architecture prevents steric interactions between
the alkyl chains and allows the polymer backbone to adopt
a planar conformation. Upon annealing, polymer5 exhibits
a small decrease in the HOMO level by 0.14 eV, while the
LUMO stays the same, resulting in an increase in the band
gap to 2.35 eV. Polymer9, however, exhibits a small
decrease in both the HOMO and LUMO levels upon
annealing, leaving the band gap relatively unchanged.

Both polymers show band gap energies similar to that of
P3HT, even though their energy levels are significantly
lower. These data suggest that while electron-withdrawing
groups added to conjugated polymer backbones do in fact
lower HOMO and LUMO levels, both energy levels are
affected by approximately the same magnitude. A lower
HOMO level suggests that our new polymers should have a
better oxidative stability than traditional P3HT.

DSC Analysis.Differential scanning calorimetry (heating
at 5 °C/min) was employed to monitor any thermal transi-
tions. As shown in Figure 4, both polymers have distinct
endothermic transitions. The regioregular polymer5 exhibits
a rather broad melt to isotropic phase at 220°C, and the

(34) Bredas, J. L.; Silbey, R.; Boudreaux, D. S.; Chance, R. R.J. Am.
Chem. Soc.1983, 105, 6555-6559.

Figure 2. UV-vis spectra of films of polymers (a)5 and (b)9 cast from
o-DCB and CHCl3. Spectra from films cast fromo-DCB then annealed at
100 °C are also given.

Figure 3. CV vs Ag of polymers (a)5 and (b)9 before and after annealing
at 150°C.

Table 1. Electrochemical Properties of Polymers 5 and 9 before and
after Annealing at 150 °C as Compared to P3HT

energy levels (eV)

polymer HOMO LUMO
band gap

(eV)

P3HT -5.30 -2.95 2.35
5 -5.68 -3.47 2.21
annealed -5.84 -3.49 2.35
9 -5.69 -3.47 2.23
annealed -5.74 -3.54 2.20

Carboxylate-Functionalized Polythiophenes Chem. Mater., Vol. 17, No. 20, 20054895



alternating copolymer9 displays a sharper transition at 210
°C. Both polymers also show large exotherms upon cooling,
where polymer9 crystallizes 10°C lower than polymer5.
These endo- and exotherms are reversible over many cycles
and are independent of the heating and cooling rate.

X-ray Diffraction (XRD) Analysis. To evaluate the
crystallinity of polymers5 and9, XRD measurements were
taken of thick drop cast films that were annealed at 120°C.
As shown in Figure 5, polymer5 exhibited distinct diffraction
peaks at 2θ ) 4.17° and 8.37°, corresponding to an interchain
lamellar d-spacing of 21.2 Å. A third peak at 2θ ) 24.6°
corresponds to aπ-π-stacking distance of 3.62 Å. This
π-π-stacking distance falls in the region typically observed
in regioregular polythiophenes (3.5-3.8 Å), and is 0.1 Å
closer than theπ-π-stacking distance observed in the
structurally similar analogue PQT-12.11 However, the inter-
chain spacing between the individual polymer chains is
higher than that observed in PQT-12. This increased spacing
could be due to the ester functionality, which could force
the alkyl chains to adopt a more vertical orientation.
However, the precise orientation of the alkyl chains cannot
be determined with XRD data alone, so further evaluation
is needed to get an accurate view of the side chain
conformations.

Polymer9 exhibited much weaker diffraction peaks at 2θ
) 3.49° and 7.15°, corresponding to an interchain lamellar
d-spacing of 25.3 Å. The third broad peak at 2θ ) 24.8°
corresponds to aπ-π-stacking distance of 3.59 Å. Even
though this polymer is regiorandom, the polymer backbone
remains very planar in the solid-state, resulting in aπ-stack-

ing distance comparable to that observed in the regioregular
polymer5. This observation is also consistent with the UV-
vis and CV data described above. However, the regiorandom
nature of the side chains does manifest in a larger interchain
lamellar distance.

AFM Film Imaging. The film morphology of both
polymers was examined with AFM. Films were prepared by
dissolving 2-3 mg/mL of polymer ino-DCB (heated to 80
°C) and then spin-casting at 1000 rpm on SiO2 wafers. This
film preparation method is analogous to that used below to
construct the OTFT devices, thus enabling a correlation of
the film morphology with the measured charge mobilities.
To observe the effect of annealing on film topology, the films
were annealed for 20 min at a range of temperatures both
below and above the melting point observed in the DSC
experiments. Controlling the rate of cooling of the samples
did not produce significantly different morphologies; there-
fore, images presented here were taken from films cooled
rapidly to room temperature. Also, no change in the AFM
images was observed when the SiO2 substrate was modified
with octadecyltrichlorosilane (OTS), suggesting that the
substrate does not influence the surface topology of the
polymers.

The morphologies of the regioregular polymer5 films
annealed at different temperatures are shown in Figure 6.
As cast, the films are relatively disordered but begin to
smooth and order intoπ-stacked crystalline domains as the
temperature increases to 200°C. Above the melting point
of 220 °C, a drastic change in morphology is seen with the

Figure 4. Differential scanning calorimetry of polymers5 and9 heating
and cooling at 5°C/min.

Figure 5. Thick film XRD analysis of polymers5 and9 deposited from
o-DCB and annealed at 120°C. Figure 6. AFM images of films of polymer5 on SiO2 annealed for 20

min at the temperatures indicated and then cooled to room temperature.
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appearance of rodlike crystalline domains. This type of
morphology is similar to that seen when annealing PQT-
1235 or low molecular weight P3HT36 and is indicative of
the crystallization of highly ordered, cofaciallyπ-stacked
polymer backbones. A higher resolution scan of the film
heated to 250°C, shown in Figure 7, reveals that the width
of these rods (∼100 nm) is much larger than the expected
length of the polymer calculated from the molecular weight
(∼10 repeat units) 13 nm). This suggests that the individual
polymer chains are aggregating to form larger domains.

As seen in Figure 8, the alternating copolymer9 gave rise
to very similar morphology changes with temperature.
Annealing at 200°C produces relatively smooth crystal
nodules, but heating above the melting point results in rodlike
structures. The widths of the rods seen in this polymer are
much smaller than that seen for polymer5 and roughly
correspond to the calculated length of a single polymer chain
(∼25 repeat units) 17 nm). Therefore, the regiorandom
nature of this polymer results in the crystallization of long
rods consisting of single polymer chain lamella rather than
larger aggregates, as seen in the regioregular polymer5.

Electrical Characterization. OTFT devices were fabri-
cated on low resistivity n-type silicon wafers, using thermally
grown SiO2 or SiO2 treated with OTS as the dielectric, in
bottom and top contact geometries. All device fabrication
procedures were done in air. The active semiconducting layer
was applied by spin-casting 2-3 mg/mL solutions in
anhydrouso-DCB (heated to 80°C) at 1000 rpm. The films
were annealed at temperatures between 100 and 250°C in
air. For top contact devices, gold contacts were patterned
on top of the films using various shadow masks, giving
channel lengths from 5 to 40µm and widths from 200 to
400 µm. Devices were tested in an ambient or nitrogen
atmosphere as p-type OTFTs in the accumulation regime.

Table 2 lists the average hole mobilities and on/off ratios
measured over 5-10 devices for both polymers under a
variety of processing conditions and device geometries. The
standard deviations in the mobility values were less than
(0.001, unless noted otherwise.

Maximum mobilities measured for polymer9 in bottom
contact devices were∼0.003 cm2/V‚s with on/off ratios
ranging from 104 to 106. Top contact devices have slightly
higher average mobilities of∼0.006 cm2/V‚s but with lower
on/off ratios ranging from 103 to 104. Varying the processing
conditions such as concentration and spin speed has very
little effect on the mobility. Annealing the films at a
temperature of 150°C results in an order of magnitude
increase in mobility and on/off ratio, but only slight increases
are seen when the films are annealed above this temperature.
Even though both of the polymers tested have similar
conjugation lengths, energy levels, and morphology, in all
cases the regioregular polymer5 was found to have mobilities
superior to thaose of polymer9. Decreased crystallinity as
compared to polymer5, apparent in the XRD spectra, could
be a cause for this diminished charge mobility.

(35) Zhao, N.; Botton, G. A.; Zhu, S. P.; Duft, A.; Ong, B. S.; Wu, Y. L.;
Liu, P. Macromolecules2004, 37, 8307-8312.

(36) Kline, R. J.; McGehee, M. D.; Kadnikova, E. N.; Liu, J. S.; Fre´chet,
J. M. J.AdV. Mater. 2003, 15, 1519-1522.

Figure 7. Higher resolution AFM (a) height and (b) phase image of polymer
5 annealed at 250°C for 20 min.

Figure 8. AFM images of polymer9 annealed at the temperatures indicated.
The lower image shows an enlarged height cross section of the film annealed
at 250°C.

Table 2. Average Hole Mobilities (µ) and on/off Ratios over 5-10
Devices for OTFTs Made with the Polymers Indicateda

unannealed 150°C 200°C

µ
(cm2/V‚s)

on/
off

µ
(cm2/V‚s)

on/
off

µ
(cm2/V‚s)

on/
off

Polymer5
bottom contact 0.0013 105 0.0077 106 0.0093 106

2 weeks in air - - 0.0069 105

4 months in air - - 0.0038 105

top contact
untreated SiO2 - - 0.064 105

SiO2 treated with OTS 0.0081 103 0.030 104 0.053 105

after 2 months in air - - 0.017 105

Polymer9
bottom contact 0.0004 104 0.0020 105 0.0032 106

4 months in air - - 0.0008 105

top contact
untreated SiO2 - - 0.0040 103

SiO2 treated with OTS 0.0009 102 0.0059 103 0.0063 104

2 months in air - - 0.0013 102

P3HT
top contact 0.0064 103

after 1 week in air 0.0063 10

a Regiorandom and regioregular polythiophenes containing electron-
withdrawing carboxylate substituents were found to provide better oxidative
doping stability than conventional polythiophenes, due to lower HOMO
energy levels. Off currents in OTFT devices stored in air for months
remained low, demonstrating the low propensity of these materials toward
p-doping by molecular oxygen.
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Varying the processing conditions and device structure
resulted in the same trends in charge mobility for the
regioregular polymer5. As seen in Table 2, an increase in
the average mobility from 0.0013 to 0.0077 cm2/V‚s can be
achieved in bottom contact devices by annealing the sample
at 150°C prior to testing. Further increases are measured
when the annealing temperature is increased to 200°C,
giving an average mobility of 0.0093( 0.002 cm2/V‚s. This
enhancement in mobility coincides with the formation of
larger crystal domains observed upon annealing. Above the
melting point of the polymer (not shown), an order of
magnitude decrease in mobility is observed due to the
formation of segregated rods consisting ofπ-π-stacked
polymer lamella, which inhibit efficient charge transfer.36,37

Mobility values can be pushed even higher by constructing
top-contact geometry devices. Depositing the polymer on
untreated SiO2 or OTS-treated SiO2 achieves similar results.
Mobilities averaging 0.064( 0.02 and 0.053( 0.01 cm2/
V‚s, respectively, were measured when films were annealed
at 200°C. In all cases, devices routinely exhibited on/off
ratios in excess of 105, demonstrating low propensity for
doping by oxygen during the preparation of these devices
in air.

The stability of the polymer devices stored in air was tested
over time. Devices were stored in an ambient atmosphere,
where they were not exclusively protected from light but
did spend the majority of the time in the dark. As listed in
Table 2, bottom contact devices exposed to air for up to 4
months showed a drop in mobility of∼60% for polymer5
and ∼75% for polymer9. In both cases, the on/off ratios
lose an order of magnitude in the first weeks of exposure
and then stay relatively constant at 105. Operation of these
devices in air instead of nitrogen resulted in nearly identical
threshold voltages, mobilities, and on/off ratios ranging from
105 to 106 (see Supporting Information). Top contact devices
using OTS-treated SiO2 faired similarly when exposed to
air for up to 2 months. Polymer5 exhibited a measured drop
in mobility of ∼70%, and polymer9 decreased by∼80%.
In this configuration, the on/off ratio stays constant at 105

for polymer5 but decreases to 102 for polymer9. The origin
of the drop in on/off ratio in this particular configuration
has not been determined.

Transfer characteristics of OTFTs using polymer5 as the
semiconductor were monitored as a function of air exposure.
Figure 9a,b illustrates that very low off currents are retained
in bottom and top contact devices, even after months of
exposure, confirming the oxidative stability of this polymer.
Although the off current stays low in these devices, the
saturation current decreases by about 75% in bottom contact
devices (after 4 months) and about 40% in top contact
devices (after 2 months). Also, large variations and an overall
negative increase in threshold voltage (ranging from-10 to
-25 V) were seen, particularly in the bottom contact devices,
indicating a change in trap density within the films.38

Changes in threshold voltage due to p-doping by oxygen

shifts the threshold to positive voltages, but in this case a
negative shift is observed. This type of behavior is difficult
to interpret, and has previously been attributed to many
effects, such as trapping at the dielectric-semiconductor
interface,39,40the formation of bipolarons within the semicon-
ductor,41-43 or degradation of the semiconducting material.
The transfer characteristics do not change upon repeated
testing, indicating that a long-term stress effect is induced
in the polymer rather than a transient bias effect. Reannealing
the devices at 200°C decreases the off current but does not
reduce the threshold shift, ruling out moisture effects. Some
recovery in the threshold voltage was seen when a positive
bias was applied to the transistor (see Supporting Informa-
tion) or after operating the device in white light, but the
original threshold values could not be restored. Further
investigation into the exact nature of this threshold shift is
underway.
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Figure 9. Transfer characteristics of devices made with polymer5 as a
function of time in the air. (a)Vg vs Id (inset showsVg vs Id

1/2) for bottom
contact devices withL ) 10 µm andW ) 300 µm atVd ) -35 V. (b) Vg

vs Id (inset showsVg vs Id
1/2) for top contact devices withL ) 40 µm and

W ) 400 µm at Vd ) -35 V.
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Testing a solution of polymer5 that had been made 4
months prior gave further confirmation of the stability. No
precautions were taken to exclude oxygen during storage,
and the solution was not fully protected from light. Top-
contact device performance, shown in Figure 9b, was similar
to those devices made with fresh polymer solutions. Charge
mobilities up to 0.051 cm2/V‚s with on/off ratios of 105 were
obtained.

Finally, devices were constructed using regioregular P3HT
for comparison. Top contact devices were fabricated on
untreated SiO2, and the P3HT was deposited by spin-casting
a 10 mg/mL solution in chloroform at 1000 rpm. All
processing was done in the air. Initial testing of these devices
produced mobility values of 0.006 cm2/V‚s with on/off ratios
∼103. These devices were stored under the same conditions
as the other polymers, but after only 1 week severe doping
occurred where on/off ratios dropped to less than 10. Transfer
characteristics of these devices are shown in Figure 10. While

our new polythiophene analogue does show some long-term
environmental effects, these effects are greatly reduced as
compared to those of P3HT.

Conclusion

We have explored a new method for increasing the stability
of polythiophenes toward oxidative doping by lowering the
HOMO energy level through the addition of electron-
withdrawing alkyl carboxylate substituents. The regioregular
ester-functionalized polythiophenes were found to have high
charge mobilities up to 0.07 cm2/V‚s with low off currents
even when OTFT devices were fabricated entirely in air. This
ability to tune the HOMO and LUMO levels of poly-
thiophenes by introducing electron-withdrawing substituents
while still maintaining good charge mobility will allow
optimization of devices such as organic photovoltaics and
sensors. These polymers are being utilized in ongoing
projects in our laboratory to optimize the charge-transfer
efficiency between the organic and inorganic phase in hybrid
solar cell devices. These materials are also interesting
candidates for organic sensors, since they are stable to the
environment and possess interesting functional groups that
may aid in their sensing ability.
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Figure 10. Transfer characteristics of a bottom-contact device of regio-
regular P3HT. Plots ofVg vs Id andVg vs Id

1/2 for a device withL ) 20 µm
andW ) 400 µm at Vd ) -35 V.
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