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ABSTRACT: We report the synthesis of polythiophene derivatives that contain decylthiophenyl side
chains, using synthetic strategies that achieve high organic semiconductor field effect mobilities by enhancing
the ;r-conjugation in the side-chain conjugated s;/stem With increased charge densities, we obtained high field
effect mobilities, up to 0.050 and 0.003 cm~/(V s) from poly(3.4”’-di(decylthiophenyl) sexithiophene)
(PDTST) and poly(3.4""’-di(decylthiophenyl) quaterthiophene) (PDTQT), respectively. PDTQT and PDTST
are characterized by UV—vis, DSC, AFM images, and GIXD patterns. Increased conformational rotation in
the main backbone, caused by intramolecular repulsion between neighboring thiophene units, lowers the
HOMO level and introduces remarkable chemical stability in the presence of air as well as increases
processability due to high solubility. The high solubility and oxidative stability of PDTST and PDTQT
indicate that these side-chain conjugation system strategies have the potential for improving other thiophene-

based semiconducting polymers.

Introduction

Polymeric organic semiconductors have been extensively stu-
died for several years. Among them, conjugated polythiophenes
(PTs) are one of the most promising materials because of their
good solubility as well as high electrical performance.' Despite
these good characteristics, PT-based organic field effect transis-
tors (OFETs) have some disadvantages that hinder their use as
replacements for Si transistors; for example, they have low field
effect mobilities, high off-currents, poor oxidative stabilities, and
low uniformity.” To overcome these limitations, a wide range of
structural modifications has been tried, focusing particularly on
the control of the effective length of conjugation to achieve a
balance between sufficient s-conjugation, which yields a high
field effect mobility, and nonexcessive conjugation, which yields
strong resistance to oxidative doping. Regioregular P3HT thin
films have been shown to have a lamellar structure with a high
coplanarity and rigidity of the polymer backbone, induced by
side-chain substitutions at each thiophene unit. High coplanarity
can result in both highly delocalized s-conjugation along the
main backbone and a 2D lamellar structure with strong inter-
chain stacking. Although high crystallinity and a field effect
mobility of 0.1 cm?/(V s) may be attributed to coplanarity,
coplanarity also introduces susceptibility to photoinduced oxi-
dative doping.® Recently, Ong et al.® reported that poly(3,3"'-
dialkylquaterthiophene) (PQT), which has two unsubstituted
thienyl moieties between each alkyl-substituted thiophene ring,
is characterized by increased torsional deviations resulting in
improved oxidative stability. Although the specific mechanisms
are different, fluorene and thienothiophene blocks were deployed
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between thiophene units in the main backbones of poly(9,9'-
n-dioctylfluorene-alt-bithiophene) (F8T2) and poly(2,5-bis(3-
dodecyl-thiophene-2-yl)thieno[3,2-b]thiophene) (PBTTT) to cut
down the intramolecular conjugation to several repeatlng units
and finally to obtain increased oxidative stability.* Two polymers
also successfully showed high field effect mobilities of up to 0.02
(F8T2) and 0.7 cm?/(V s) (PBTTT), which means they were in a
good balance on the control of the intramolecular conjugation.*
Poly(2,5-bis(2-thienyl)-3,6-dialkylthieno[3,2-b]thiophene) (PTAT),
which allows for more conformational rotation of the thienyl unlts
compared with PBTTT, also showed a high mobility of 0.25 cm?/
(V s) with a much lower highest-occupied molecular orbital
(HOMO) level.

In addition to the introduction of structural modifications to
the main chain, there also have been some efforts to change the
structure of the side chains.® Regioregular P3HT with chiral alkyl
side chains, bulky side chains, and carboxylic side chains were
reported to yield poor electrical performances because of hin-
dered self-organization by the side chains.®® Hou et al.” intro-
duced phenylene vinyl moieties into the side chains of a thiophene
backbone polymer with the intention of inducing extended
m-conjugation in the side chains. This conjugated side chain
system may guarantee strong intermolecular interactions as a
result of the extension of electron delocalization through the side
chain, similar to the delocalization present in the main backbone.
Because of the high coplanarity and extended m-conjugation
induced by the vinylene unit, Hou et al. reported that poly[3-
(5-octyl-thienylene-vinyl)-thiophene] (POTVT) films revealed
higher HOMO levels and a small bandgap of 1.77 eV, which
were advantageous for the absorption cross-section of organic
photovoltaics but introduced crucial weaknesses in the stability
of organic thin film transistors (OTFTs).” Recently, poly(3,3"'-
hexylated-thiophenyl terthiophene) and poly(3,3”-hexylated-
bithiophenyl terthiophene) were also reported to yield small
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bandgaps of 1.98 of 1.77 eV, with 2.5% power conversion
efficiencies in polymer-based solar cells and relatively low field
effect mobilities of 3.5 x 10#to 4.6 x 10~ because of the back-
bone distortion introduced by too many alkyl-thiophene side
chains.®

Here we designed poly(3,4"'-di(decylthiophenyl) quaterthio-
phene)) (PDTQT) and poly(3,4"’-di(decylthiophenyl) sexithio-
phene) (PDTST) for use in high-performance OTFTs to increase
the z-electron density per repeating unit and lower the HOMO
level. PDTQT contains two unsubstituted thienyl moieties be-
tween each decylthiophene-substituted thiophene ring. PDTST
structure alternates between two and four unsubstituted thienyl
moieties between each decylthiophene-substituted thiophene
ring. Both PDTQT and PDTST have high sz-electron densities
per repeating unit compared with the reported PQT derivatives. It
is also expected that the oxidative stabilities of PDTQT and
PDTST are increased, not only because these polymers avoid
excessive m-conjugation by the insertion of unsubstituted thienyl
moieties in the main backbone chain but also because the back-
bone distorts through the sulfur interactions between decylthio-
phene side chains and adjacent unsubstituted core thiophenes in
the main backbone. It is possible that intramolecular repulsion,
induced by the electronegative sulfur atoms, could introduce
additional torsional distortion and curtail the sw-conjugation
along the main backbone. UV—vis absorption spectra and cyclic
voltammetry indicated that the HOMOs of both polymers were
lower than those of other well-known semiconducting polymers.
The OTFT fabricated using PDTST, with a lower density side
chain, showed a much higher field effect mobility of 0.050 cm?/
(V s) than the field effect mobility of PDTQT (0.003 cm?/(V s)).
Moreover, the polymers’ high electrical characteristics were
stable over the course of 30 days of exposure to air; even after
90 days, the field effect mobilities of the polymers were measured
at >80% initial values.

Synthesis

2-Decylthiophene. 2-Decylthiophene was synthesized ac-
cording to published procedures with a yield of 79%, pro-
ducing a colorless oil with bp 120 °C at 0.6 Torr. '"H NMR
(300 MHz, CDCls, 6): 7.17—7.15 (m, 1H), 6.99—6.96 (m, 1H),
6.85—6.84 (m, 1H), 2.92—2.87 (t, 2H), 1.76—1.71(m, 2H)1.5—
1.2 (m, 14H), 0.99—0.95 (t, 3H)

2-Bromo-5-decylthiophene. N-Bromosuccinimide (NBS)
(26 g, 147 mmol) was added to the solution of 2-decylthiophene
(30 g, 137 mmol) in CHCI; and acetic acid (1:1, 200 mL) at
0 °C. The reaction mixture was stirred for 2 h at room tem-
perature and added to a 1 M NaOH aqueous solution. After
extraction with methylene dichloride, the organic layer was
removed and dried over magnesium sulfate. The product was
obtained by distillation, bp 160 °C at 0.6 Torr. '"H NMR (300
MHz, CDCL, 6):6.9—6.8 (d, 1H), 6.56—6.55(d, 1H), 2.79—2.72
(t,2H), 1.7—1.6(m, 2H), 1.5—1.2 (m, 14H), 0.99—0.95 (t, 3H)

5-Decyl-2,3'-bithiophene. Mg (1.64 g, 67.47 mmol) was
activated in ether, 2-bromo-5-decylthiophenethiophene (20.46
g, 67.47 mol) was added, and the reaction was stirred for 3 h.
3-bromothiophene (10 g, 61.33 mol) and Ni(dppf)Cl, were
added to the mixture at 0 °C. After being stirred for 12 h at
room temperature, the reaction was quenched with water and
extracted with methylene dichloride. The crude product was
purified by column chromatography, eluted with hexane, then
recrystallized from MeOH. Yield: 13 g, 72%. 'H NMR (300
MHz, CDCls, 6): aromatic (C—H), 7.38—7.33 (m, 3H), 7.08—
7.07(d, 1H), 6.78—06.76 (d, 1H), aliphatic (C—H) 2.9—2.8 (t, 2H),
1.8—1.3 (m, 2H), 1.4—1.3 (m, 14H), 1.0—0.9 (t, 3H).

2'-Bromo-5-decyl-2,3'-bithiophene.  5-Decyl-2,3'-bithio-
phene (5 g, 16.31 mmol) was dissolved in 50 mL of dimethyl-
formamide (DMF). NBS was added to the solution at 0 °C,
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and the mixture was stirred for 2 h at room temperature. The
reaction was quenched with water and extracted with ether.
The crude product was purified by column chromatography
and eluted with hexane. Yield: 5.9 g, 94%.

'H NMR (300 MHz, CDCl;, d): aromatic (C—H),
7.32—7.31 (d, 1H), 7.27—7.25 (d, 1H), 7.14—7.12 (d, 1H),
6.80—6.79 (d, 1H), aliphatic (C—H) 2.88—2.83 (t, 2H),
1.77—1.72 (m, 2H), 1.42—1.32 (m, 14H), 0.96—0.92 (t, 3H).

3-(5-Decylthiophene-2-yl)-2-(5-(5-(3-(5-decylthiophene-
2-yl)thiophene-2-yl)thiophene-2-yl)thiophene-2-yl)thiophene
(DDT). 2'-Bromo-5-decyl-2,3'-bithiophene (6.5 g (16.86
mmol)) and 3.32 mL (6.75 mmol) of 5,5-bis(tributyl-
stannyl)-2,2’-bithiophene were dissolved in toluene. After
degassing, 0.23 g (0.2 mmol) Pd(PPhs), was added to the
solution, which was stirred at 100 °C for 24 h. The reaction
mixture was extracted with methylene dichloride. The
crude product was purified by column chromatography
and eluted with hexane. Yield: 2.3 g, 49% "H NMR (300
MHz, CDCls, d): aromatic (C—H), 7.28—7.25 (m, 2H),
7.15—=7.13 (d, 2H), 7.05—7.02 (m, 4H), 6.92—6.91 (d, 2H),
6.70—6.69 (d, 2H), aliphatic (C—H) 2.83—2.78 (t, 4H),
1.72—1.63 (m, 4H), 1.37—1.27 (m, 28H), 0.91—0.87 (t, 6H).

5-Bromo-2-(5-(5-(5-bromo-3-(5-decylthiophene-2-yl)thio-
phene-2-yl)thiophene-2-yl)thiophene-2-yl)-3-(5-decylthiophene-
2-yl)thiophene (BDDT). NBS (0.25 g, 1.42 mmol) was slowly
added to the mixture of DDT (0.5 g, 0.64 mmol), which was
dissolved in DMF at 0 °C. After the mixture was stirred for 5 h,
the reaction was terminated by the addition of 2 M HCI. The
organic layer was extracted with ether and dried over MgSO,.
The crude product was purified by column chromatography,
eluted with hexane, and recrystallized from acetone. Yield:
0.4 g, 68%. "H NMR (300 MHz, CDCls, 6): aromatic (C—H),
7.28—7.25 (m, 2H), 7.28 (2, 2H), 7.1—6.98 (m, 4H), 6.89—6.88
(d,2H), 6.69—6.67 (d,2H), aliphatic (C—H) 2.81—2.76 (t, 4H),
1.72—1.62 (m, 4H), 1.36—1.27 (m, 28H), 0.92—0.87 (t, 6H).

Poly(3,4'"’-di(decylthiophenyl) sexithiophene) (PDTST).
BDDT (1 g, 1.07 mmol) and 5,5'-bis(tributylstannyl)-2,2’-
bithiophene (0.53 g, 1.07 mmol) were dissolved in toluene
(30 mL). After degassing, Pd(PPhj3), was added to the
mixture and stirred for 48 h at 80 °C. Subsequently, 2-bro-
monaphtalene was injected to the reaction mixture with a
small amount of catalysts for end-capping, and the reaction
was stirred for 6 h. After precipitation from chloroform/
methanol, the desired polymer was obtained. Yield: 60%. '"H
NMR (300 MHz, CDCls, 0): aromatic (C—H), 7.1—6.8
(br, 14H), aliphatic (C—H), 2.7 (br, 4H), 1.6—0.9 (br, 38H).

Poly(3,4""'-di(decylthiophenyl) quaterthiophene) (PDTQT).
DMF (5 mL) and toluene (3 mL) were added to the mixture
of Ni(COD) (0.44 g, 1.61 mmol), COD (0.17 g, 1.61 mmol),
and BPY (0.25 g, 1.61 mmol) at 60 °C under a nitrogen
atmosphere. Subsequently, 0.5 g (0.54 mmol) of BDDT
dissolved in 20 mL of dried toluene was added, and the
reaction was maintained at 80 °C for 48 h. 2-Bromonaphta-
lene was injected to the reaction mixture with small amount
of catalysts for end-capping, and the reaction was stirred
for 6 h. After precipitation from chloroform/methanol,
the desired polymer was obtained. Yield: 50%. '"H NMR
(300 MHz, CDCl;, 9): aromatic (C—H), 7.5—6.5 (br, 10H),
aliphatic (C—H), 3.0—2.5 (br, 4H), 1.5—0.5 (br, 38H).

Results and Discussion

The syntheses of PDTQT and PDTST are described in Scheme 1.
5-Decyl-2,3'-bithiophene was prepared from 2-bromo-5-de-
cylthiophene and 3-bromothiophene by the Grignard reaction
with good yields. Stille coupling of 2-bromo-5'-decyl-2’,3-bithio-
phene to 5,5-bis(tributylstannyl)-2,2'-bithiophene, followed
by bromination, gave monomer 1. Subsequent dehalogenative
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Scheme 1. Synthetic Routes of PDTST and PDTQT
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coupling polymerization, for the synthesis of PDTQT, was
carried out in the presence of a slight excess of Ni(COD),
(COD: 1,5-cyclooctadiene) and a catalytic amount of 2,2'-dipyr-
idyl, with refluxing in toluene and DMF (1:1). PDTST was
synthesized from the Stille coupling of monomer 1 to bis-
(tributylstannyl)-2,2'-bithiophene in the presence of Pd(PPhs)s
in toluene at 80 °C. The 2-bromonaphthalene was injected in the
reaction mixture of polymerizations with end-capping reagent.
The end-capping of terminal thiophene groups is expected to
prevent oxidation of the generated radical cations.” The obtained
polymers were purified by multiple precipitation and Soxhlet
extractions, which afforded the final polymers as orange-red
solids. PDTQT and PDTST showed high solubility in common
organic solvents such as chloroform, methylene chloride, and
toluene, whereas many semiconducting polymers for OFET
showed limited solubility. This high solubility, which is very
important for the practical application of OFET, might come
from the slightly twisted conformation by introduction of de-
cylthiophene. Gel permeation chromatography (GPC) analysis
determined the number-average molecular weight (M) to be
12700 with a polydispersity index of 1.68 for PDTQT and M, =
7500 with a polydispersity index of 1.48 for PDTST, against
polystyrene standards.

Figure 2 shows the UV—vis absorption and PL spectra of
PDTQT and PDTST both in chloroform solution and in the film
state. The obtained PDTQT and PDTST showed a broad
absorption band. The side chain & — 7* transitions appeared
near 300 nm for both PDTST and PDTQT, whereas the con-
jugated main chain & — &* transitions appeared at 540 and
507 nm in the film state and 493 and 472 nm in solution, respec-
tively. PDTQT exhibited a higher energy absorption maximum at
472 nm compared with 493 nm for PDTST, even though PDTQT
had a much more densely conjugated side chain. This observa-
tion suggests that intramolecular conjugation of PDTQT may be

Intramolecular
repulsion

Side-chain
conjugation

)

Figure 1. Schematic structure of the side chain conjugation polymer.

hindered by conformational distortions of the main backbone
because of the presence of the side chains. For both polymers, a
relatively small red shift of 40 nm in the absorption spectra, upon
going from the solution to the thin-film state, was observed, in
contrast with the observation of a large red shift of the regiore-
gular P3HT (100 nm) and PQT (75 nm). The red shift from
solution to film was also observed in the PL spectra of PDTQT
and PDTST (PDTST, 67 nm; PDTQT, 58 nm). In UV—visible
spectra, a vibronic absorption shoulder at 610 nm, indicative
of an ordered microcrystalline polymer structure, was weakly
observed in PDTST but not in PDTQT.!® Therefore, both
PDTST and PDTQT appeared to form low crystallinity, nearly
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amorphous film structures. This conclusion was also supported
by atomic force microscopy (AFM) images, grazing incidence
X-ray diffraction (GIXD) patterns, and differential scanning
calorimetry (DSC) curves. The polymers’ optical and electro-
chemical properties are summarized in Table 1.

The HOMO levels of PDTST and PDTQT were determined
from the cyclic voltammograms (vs Ag/AgCl) illustrated in
Figure 3. From the onset of the oxidation potentials, each
HOMO level was calculated from the equation, Epxomo =
—(Eon®™ + 4.4). As shown in Table 1, relatively low HOMO
levels of —5.21 and —5.27 eV were measured, which could be
explained by the presence of conformational distortion enhanced
by intramolecular repulsion. Unsubstituted core thienyl moieties
in each repeating unit of the polymer chain allowed additional
torsional deviation relative to most planar polymers, for example,
regioregular P3HT(—4.8 eV).!"® In addition, the interaction
between electronegative sulfur atoms in the decylthiophene side
chains and in most adjacent unsubstituted core thiophenes is
expected to increase these deviations, as depicted in Figure I.
Considering that the lower HOMO level of polymer generally
engenders higher oxidative stability, the curtailed intramolecular
mr-conjugation along the main backbone can be expected to give
better air-stability of resulting devices.

Structural analysis by GIXD and AFM were obtained to
investigate the molecular ordering and film morphology of these
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Figure 2. UV—vis absorption and PL spectra for PDTST and PDTQT
in chloroform solutions and in the film state.
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polymers. GIXD analysis was performed at the 10C1 beamline
(wavelength, 1.54 A) of the Pohang Accelerator Laboratory
(PAL). Each film was prepared by spin coating the polymer onto
a Si/SiO, substrate modified by octyltrichlorosilane (OTS) to
develop a molecular ordering similar to that of FET devices.
Figure 4 shows the out-of plane GIXD pattern. Each sample
exhibited obvious diffractions at 260 = 3.35° (PDTST) and 3.6°
(PDTQT), which corresponded to interlayer  spacings of 26.34
and 24.18 A, respectively. By comparison with the interlayer d
spacings of other polymers containing side chains of similar
length to the polymers discussed here, for example, PQT-12
(18.5 A) and regioregular poly(3-dodecylthiophene) (27.2 A)
the PDTST and PDTQT polymers appeared to self-assemble into
crystalline structures via intermolecular side chain end-to- end
interactions instead of by a side-chain interdigitated structure.’

This mechanism may be favored by the bulky pendant side
chains, which can limit polymer chain mobility during self-
assembly. Another diffraction center was detected near 26 =
20.5°, in a direction parallel to the substrate. (See Figure S2 in the
Supporting Information.) This second diffraction center corre-
sponded to a m—u stacking distance of 4.3 A, which is a rela-
tively long distance for charge carrier trdnsPort compared with
38 A for PQT and regioregular P3HT.*'' This observation
supports the conclusion that PDTST and PDTQT experience

PDTST

PDTQT

Current (mA)

"5 1.0 -05 00 05 10 15
Potential (V vs Ag/Ag?)

Figure 3. Cyclic voltammograms for PDTST and PDTQT films.

PDTST

26.34A
(100)

PDTST PDTQT

Intensity (log)
Intensity (log)

5 10 15 20 5 10 15 20

Intensity (counts)

5 10 15 20 25
20(°)

Figure 4. Out-of-plane GIXD patterns for PDTST and PDTQT spin-
coated onto ODTS-pretreated dielectric surfaces (inset: the same
patterns on the log scale).

Table 1. Optical and Electrochemical Properties of PDTST and PDTQT

optical properties

electrochemical properties

uv }'ma\xso1 uv lmuxmm PL ﬂ'muxso1 PL Amaxmm Egopl El/2ox EHOMO E] /’Zred ELUMO
polymer (nm) (nm) (nm) (nm) (eV) (eV) (V) (V) (eV) E; 5 (eV)
PDTST 493 540 585 652 1.94 0.86 —5.21 —0.79 —3.61 1.65
PDTQT 472 507 580 638 2.01 0.92 —527 —0.83 —3.57 1.75
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Figure 5. Atomic force microscopy height images for (a) as-spun films
of PDTST, (b) as-spun films of PDTQT, (c¢) films of PDTST that had
been thermally annealed at 100 °C, and (d) films of PDTQT that had
been thermally annealed at 100 °C.

more torsional deviations than other semiconducting polymers,
which may pose an obstacle to superior device performance.
However, in terms of processability, this longer 7— stacking
distance can be a great merit because high solubility could be
achieved despite the low density of side chain substitution. As
shown in the GIXD pattern, PDTST was more crystalline than
PDTQT, which displayed an isotropic nodular morphology in
AFM imaging (Figure 5), even after thermal annealing. In sharp
contrast, the morphology of PDTST changed from a nodule-like
structure to a structure of higher crystallinity, after thermal
annealing, by developing fibril crystalline domains. It is likely
that a more distorted conformation of PDTQT would hinder the
effective packing of polymer chains in the 7—z stacking direction.

Time-of-flight (TOF) photocurrent measurements were per-
formed to study the bulk transport properties of PDTST and
PDTQT. The TOF devices were prepared by drop-casting each
polymer, dissolved in a 1 wt % chloroform solution, onto a
transparent indium tin oxide (ITO)-coated glass. Onto the 8 um
polymer film (measured by a surface profiler, Alpha step 500,
Tencor), a thin Al layer was deposited as the top electrode.
Figure 6d depicts the current—voltage (I—V) characteristics
under varying electric field strength. As the bias applied to
the device varied from 200 to 500 V, the drift mobility at 2.5 x
10~* ecm?/(V s) could be calculated from the equation u = d/Et,
where dis the thickness of the film, Eis the applied electric field on
the device, and ¢, is the photocurrent transient time measured
from the kinks shown in Figure 6d."* From this value, which was
very similar to that of regioregular P3HT (2 x 10~* cm?/(V s)),
the PDTST and PDTQT polymers were determined to be
sufficiently good hole transport materials.'>

The thin film transistor (TFT) performance was characterized
using a bottom-gate top-contact device geometry. Onto the
heavily n-doped Si/SiO, substrate, spin-coated films of PDTST
and PDTQT were prepared using p-xylene (PDTST) and chloro-
form (PDTQT) as solvents. Between the substrate and polymer
film, a variety of surface modifications were preintroduced; for
example, pretreatment with octadecyltrichlorosilane (ODTS),
octyltrichlorosilane (OTS), and hexamethyldisilazane (HMDS)
produced a hydrophobic dielectric surface with more edge on
structure of polymer chain. The source and drain electrodes were
thermally evaporated (to a thickness of 100 nm) through a
shadow mask, yielding channel widths and lengths of 1500 and
150 um, respectively. Field effect mobilities were measured in the
saturation regime using the relationship ug, = (2IpsL)/(WC-
(Ve— Vin)?), where Ing is the saturation drain current, C is the
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Figure 6. Field effect transistor device characteristics under ambient air
with PDTST and PDTQT semiconductors: Transfer characteristics of
(a) PDTST and (b) PDTQT, (c) Output characteristics of PDTST, and
(d) time-of-flight photocurrent transients of PDTST.

Table 2. OFET Device Characteristics for PDTST and PDTQT

surface mobility threshold on/off
polymer modification (em?/(V s)) voltage (V) ratio
PDTST ODTS 5.1%x1072 -7.9 10°
OTS 2.6 x 1072 -11.9 10*
HMDS 1.8x 1072 —14.7 10*
bare 7.3% 1073 -55 5% 10°
PDTQT  ODTS 3.0x 1072 —16.8 10°
OTS 63%x107* —14.8 10°
HMDS 1.7x107* -8.6 10°
bare 3.7x107° -3.1 10°

capacitance of the oxide dielectric, V,, is the gate bias, and Vy, is
the threshold voltage. The mobilities and on/off ratios of the two
polymers are summarized in Table 2. Highly crystalline PDTST
was found to yield an electrical performance that was superior to
that of the low-crystalline PDTQT. As shown in Figure 6a,b,
PDTST revealed tygical transfer curves, a highest saturation
mobility of 0.025 cm?/(V s), and an on/off ratio of 10°, from the
ODTS-pretreated device. PDTQT exhibited a one-order-of-mag-
nitude-lower hole mobility of 0.003 cm?/(V s) and an on/off ratio
of 5 x 10°. Thermal annealing at 100 °C for 30 min raised the hole
mobility of PDTST to 0.050 cm?/(V s). In contrast, thermal
annealing afforded a worse device performance for PDTQT. The
increased mobility of PDTST may have resulted from the
increased degree of crystallinity produced by thermal annealing,
as verified by AFM and GIXD. PDTQT polymer chains were
thought to be incapable of developing crystalline domains during
thermal treatment because of the density of the bulky side chains
and the substantially distorted conformation of the polymer
backbone. Additionally, better device performance was observed
for the more hydrophobic surfaces, such as ODTS, and OTS, as
shown in Figure S3 of the Supporting Information.

We tested the oxidation stability of our FET devices. Prepared
devices were pretreated with ODTS and were not thermally
annealed. Stability tests were performed under ambient air
(~40% humidity) conditions in the dark for 1 month, and the
electric characteristics were subsequently measured. To make
reliable results, regioregular P3HT commercially purchased from
Aldrich Chemical was also tested. In addition to the low HOMO
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Figure 7. Stability of OFET devices: transfer curves after exposure to
ambient air for (a) PDTST, (b) PDTQT, and (c¢) P3HT. (d) Change in
mobility and on/off ratios for PDTST.

level, because the end-capping units were substituted at the
terminal thiophene group, as described in the Synthesis section,’
high air-stability was observed. In contrast with the poor air
stability in P3HT shown as Figure 7c, no degradation in perfor-
mance was observed after 30 days of exposure to air (Figure 7).
Even after 90 days, the device retained >80% of its initial
mobility, and the threshold voltages and on/off ratios were nearly
the same as the initial values measured in PDTST. PDTQT also
exhibited remarkable oxidative stability with a high oxidative
potential.

In conclusion, we have modified two polythiophene derivatives
to obtain extended z-conjugation in the side chain. PDTST and
PDTQT showed high solubility and high performances as OFET
devices, affording field effect mobilities of 0.050 and 0.003 cm?/
(V s), respectively. Also, both polymers exhibited good oxidative
stability over the course of 90 days of exposure, possibly made by
the low HOMO levels derived from intramolecular repulsion.
The advantages of these side-chain-modified polythiophene de-
rivatives, with respect to FET performance and stability, suggest
that these polymers represent a class of promising solution-
processable polymeric semiconductors. Such side chain modifi-
cations are also expected to yield high solubility and oxidative
stability as well as improved electrical performance when adopted
in other semiconducting polymers.
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