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Abstract: A series of three thiophene-
naphthalene-based asymmetric oligom-
ers—5-decyl-2,2":5',2":5",2""-quaterthio-
phene (DtT), 5-decyl-5"-(naphthalen-2-
y1)-2,2":5' 2" -terthiophene (D3TN), and
5-(4-decylphenyl)-5'-(naphthalen-2-yl)-
2,2'-bithiophene (DP2TN)—was syn-
thesized by Suzuki cross-coupling reac-
tions. The long alkyl side chains im-
proved both the solubility of the
oligomers in solvents and their tenden-

measurements suggested that DtT,
D3TN, and DP2TN form H-type aggre-
gates with a face-to-face packing struc-
ture. In addition, the three oligomers
were found to adopt vertically aligned
crystalline structures in films deposited
on substrates, as revealed by grazing-
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incidence wide-angle X-ray scattering.
These oligomers were used as the
active layers of p-type organic field-
effect transistors, and the resulting de-
vices showed field-effect mobilities of
33x1073 ecm?V7!is™! for DtT, 1.6x
102em*V's™" for D3TN, and 3.7x
102 cm?V~'s™! for DP2TN. The differ-
ences in transistor performances were
attributed to the degree of m overlap
and the morphological differences de-

cy to self-assemble. UV/Vis absorption

Introduction

During the last decade, numerous conjugated organic
oligomers and polymers have been synthesized for use as
active materials in organic electronic devices related to low-
cost semiconductor applications, such as smart cards, display
drivers, and identification tags, which could replace their
high-cost inorganic counterparts."! The physical or chemical
properties of organic oligomers and polymers can be tuned
through molecular design and functionalization, and this is
one of the most appealing aspects of these compounds.”
Many classes of conjugated oligomers and polymers have
been synthesized and their electrochemical properties inves-
tigated,” and they were found to display high perform-
ance and chemically stable conjugated systems.™
Thiophene-based oligomers, in particular, are considered
to be promising candidates for organic semiconducting ma-
terials because they form a variety of intra- and intermolec-
ular interactions due to the high polarizability of the elec-
trons of their sulfur atoms. The packing structures of thio-
phene-based oligomers result in high field-effect mobili-
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termined by the molecular structures.

ties.”) Many reports have focused on the use of thiophene-
based oligomers as the active layers in organic thin-film
transistors (OTFTs).! In the field of OTFTs, most studies
have focused on thiophene-based oligomers with symmetric
structures because they yield superior device performan-
ces."l By contrast, thiophene-based oligomers with asymmet-
ric structure have not been fully investigated, and many
challenges remain in improving the film morphology and
device performance.

We recently reported that asymmetric thiophene-based
oligomers with cyclohexyl end groups could exhibit decent
field-effect mobility values.®! Previously, we found that
asymmetric oligothiophene derivatives tended to form H-ag-
gregates, whereas symmetric derivatives tended to form J-
aggregates. The field-effect mobilities of H-aggregated
asymmetric molecules were found to be much higher than
those of J-aggregated symmetric molecules. Cyclohexyl end
groups are bulky substituents that generate steric hindrance
and induce the formation of H-aggregates by pushing the
molecules apart.’ Such bulky side groups thus prevent close
packing of the molecular backbones. Thus, decreasing the
steric hindrance in asymmetric molecules is expected to pro-
mote efficient molecular packing in the H-aggregated struc-
tures and further enhance device performance.

In the present study, we designed and synthesized three
asymmetric alkylated thiophene-naphthalene oligomers
with the aim of improving the intermolecular ordering in
the thin-film state: 5-decyl-2,2":5',2":5"”2""-quaterthiophene
(DtT),  5-decyl-5"-(naphthalen-2-yl)-2,2":5',2"-terthiophene
(D3TN), and 5-(4-decylphenyl)-5'-(naphthalen-2-yl)-2,2'-bi-
thiophene (DP2TN). The lipophilic alkyl chain at the o posi-
tion of the oligothiophene was expected to reduce the steric
hindrance relative to the cyclohexyl group and facilitate
self-organization and molecular packing between adjacent
molecules by van der Waals interactions.'”l UV/Vis absorp-
tion and grazing-incidence wide-angle X-ray scattering
(GIWAXS) analyses indicated that DtT, D3TN, and DP2TN
tend to form H-aggregates with vertical orientation on sub-
strates. The ratio of H- to J-aggregates and the distinct dif-
ferences among the film morphologies in the three oligom-
ers were correlated with high field-effect mobilities of up to
3.7x102cm*V~'s™" in OTFTs based on DP2TN. These
values represent a twofold improvement over those reported
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previously for asymmetric oligothiophenes with cyclohexyl
groups under identical conditions of fabrication and meas-
urement.!

Results and Discussion

Synthesis and characterization: The synthetic strategy is il-
lustrated in Scheme 1. The asymmetric thiophene—naphtha-
lene oligomers DtT, D3TN, and DP2TN were synthesized
by palladium-catalyzed Suzuki cross-coupling reactions.
Compounds 3 and 4 were prepared from the 2,2-bithiophene
(1), which was prepared according to the literature.’ 2-De-
cylthiophene (5) was synthesized by the reaction of ortho-
lithiated thiophene with 1-bromodecane and was used for
the synthesis of the boronic ester 6.°° 4-Bromodecylbenzene
(7) was readily available by Friedel-Crafts acylation of bro-
mobenzene, followed by a Wolff-Kishner reduction."'! Com-
pound 7 was then esterified with 2-isopropyl-4,4,5,5-tetra-
methyl-1,2,3-dioxabolane in the presence of nBuLi to give 8.

1) nBuLi, THF, -78°C
—_—

2) 1-Bromodecane, 97%

OO
1

1) nBuLi, THF, -78°C

o OO I
‘< -

—_—

CH,Cl,, 68%

Compound 9 was synthesized by a Suzuki cross-coupling re-
action between 2-bromonaphthalene and boronic ester 4.
Subsequent bromination with N-bromosuccinimide gave 10.
The target materials DtT, D3TN, and DP2TN were synthe-
sized by Suzuki cross-coupling reactions in the presence of
Aliquat 336 as a phase-transfer catalyst in toluene in yields
of 75, 65, and 70%, respectively. The structures of com-
pounds DtT, D3TN, and DP2TN were confirmed by
"H NMR, IR, and HRMS analysis. They exhibited good sol-
ubilities in organic solvents, such as chlorinated solvents,
THEF, and toluene, at room temperature.

Thermal and electrochemical properties: The thermal be-
havior of the compounds was investigated by thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC) under a nitrogen atmosphere. The TGA and DSC re-
sults are shown in Figures S1 and S2 in the Supporting Infor-
mation and are summarized in Table 1. A weight loss of 5%
was observed at T5,=281, 246, and 346°C for DtT, D3TN,
and DP2TN, respectively. Thermogravimetric analysis re-

NBS

S H _78°
CioHa1 1) nBuLi, THF, -78°C Coabla 1) nBuLi, THF, -78°C
\ / 2) o W o C1oHas CioHat

>/O\B/ 80%
5 \
(0]

Br [Pd(PPhs),], 2M Na,CO4

+4

[Pd(PPh3)4], 2M Na,CO3
Toluene/H,0, Aliquat 336, 90°C

Compound 3 + Compound 4

>’°‘B 75%

S, S NBS S S Br
D ———
Toluene/H,0, Aliquat 336, 90°C,75% QO \ / \ / DMF, 50% OO \ / \ /
9 10

s s ] S_~CioHay
YWAYAYAW

DT 75%
s s S\, —Cioter
Compound 6 OO \ / \ / \ /
—_—
D3TN  65%
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== OO
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Scheme 1. Synthesis of DtT, D3TN, and DP2TN.
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Table 1. Physical properties of DtT, D3TN, and DP2TN.
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Equation (1) describes the energy of a system as a

Compound s [Nm] Tl Tsa E, HOMO LUMO function of the molecular configuration. A shift in

solution®  film'"! [°C]* [eV]  [eV] [eV]I!  the peak positions can indicate the nature of the
DtT 397 268, 339 160/281 255 —5.29 —2.74 molecular packing structure in the film state. A
D3TN 400 261 93/246  2.48 —5.33 285  blueshift in the main absorption peaks in the UV/
DP2TN 388 254, 280, 313 246/345 2.51 -5.35 —2.84

[a] Measured in a dilute CHCI; solution. [b] Measured in film state on quartz-crystal
substrate. [c] Obtained from DSC and TGA measurements under N, at a heating rate
of 10°Cmin". [d] Estimated from the onset of the absorption spectra (E,=1240/
Aonse)-  [€] Calculated by using the empirical equation: HOMO =—(4.44E onser)-

[f] Calculated by using the relation LUMO =HOMO +E,.

vealed the oligomers had sufficient thermal stability for use
in OTFT applications. The DSC data revealed major endo-
thermic melting peaks at 93°C for D3TN and 246°C for
DP2TN, and the corresponding major exothermic crystalli-
zation peaks were observed at 73°C for D3TN and 243°C
for DP2TN. For DtT, the two endothermic peaks (130,
160°C) corresponded to the major exothermic crystallization
transitions (85, 156°C).

The electrochemical behavior of the asymmetric thio-
phene—naphthalene oligomers was investigated by cyclic vol-
tammetry. The cyclic voltammograms of the oligomers were
recorded in a 1.0x107°m CHCI, solution containing 0.1m
Bu,NCIO,. The HOMO energy levels of DtT, D3TN, and
DP2TN were estimated classically from E,, ;.. to be —5.29,
—5.33, and —5.35 eV, respectively, from the relation Eyomo/
eV=—(Eponsei+4-4).1 The correlation between the
HOMO level and optical bandgap energy E, of each UV/
Vis absorption spectrum (E,= Eyomo—Erymo) Was used to
calculate the LUMO energy levels as —2.74, —2.85, and
—2.84 eV, respectively (see Figure S3 in the Supporting In-
formation). The optical bandgaps E, and HOMO and
LUMO energy levels of DtT, D3TN, and DP2TN are listed
in Table 1.

UV/Vis absorption spectroscopy: The UV/Vis absorption
spectra of DtT, D3TN, and DP2TN in chloroform and in
thin films are shown in Figure 1 and are summarized in
Table 1. The absorption peaks of all three compounds in the
thin-film state were found to be blueshifted relative to the
peaks observed in the solution state. These spectral shifts
were thought to be due to formation of H-aggregate-type
molecular packing structures!™™ and are correlated with the
particular molecular packing structures and the potential en-
ergies associated with the intermolecular interactions.' The
potential energy of interaction between two molecules is a
function of their relative dipole configurations and orienta-
tions, assuming that the molecules can be approximated as
point dipoles." A simplified expression for the potential
energy of interaction between two dipoles is given by Equa-
tion (1) because, as shown in Figure S4(a) of the Supporting
Information, w; - ¥ = y;rcos @ and , - r = p,7 cos 6.1

ot L (uen)(een) sl = cos’6) )
dmeyr’ 4gueyrd dgeyr’
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Vis absorption spectrum of the solid state relative
to the peaks of a dilute solution could indicate a
tendency for the molecules to stack in parallel, and
a red shift in the UV/Vis absorption spectra could
indicate a tendency for the molecules to stack in a
head-to-tail arrangement." The exciton theory pre-

—as—solution (b) |

)

A —s—solution
. —o— film

-(a) !\

—o—film

-
R
H 220

N
/

Abs. Intensity (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

200 300 400 500 600 700 800
Wavelength (nm)

(c). —=—solution
—o—film

-

200 300 400 500 600 700 800
Wavelength (nm)

Figure 1. UV/Vis absorption spectra of a) DtT, b) D3TN, and c) DP2TN
in chloroform solution or the film state.

dicts that the excitonic state of a molecular aggregate will
be split into two energy levels due to the interactions be-
tween adjacent dipoles. One state will be higher and the
other lower than the energy of the monomer system, as
shown in Figure S4(b) in the Supporting Information, de-
pending on the interaction between the transition dipoles.!"”!

The spectral shifts observed in thin films of DtT, D3TN,
and DP2TN arose from changes in the energy levels due to
the molecular packing geometry. The degree of m overlap
between neighboring molecules is believed to be central to
enhancing the field-effect mobilities of molecular semicon-
ductors."”! H-aggregates show a large degree of m overlap
between contiguous molecules as a result of the face-to-face
packing structure. Specific molecular configurations were
identified by deconvoluting the observed absorption peaks
by using the software program Peakfit, supplied by Jandel
Sci. The best-fit mode was selected for baseline fitting, and
resolved UV/Vis absorption peaks were determined by fit-
ting two mixed Gaussian-Lorentzian peaks. The optimal sol-
ution was selected on the basis of the R? value of the fit and
yielded R*>0.98 for all peaks (see Figure S5 in the Support-
ing Information). The structural models were determined on
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the basis of the following two considerations: 1) the magni-
tude of the absorption peak shift observed in the thin films
relative to the solution state, and 2) the fraction of peaks
that were blueshifted. Deconvolution of the absorption
peaks observed in the film state revealed that the magnitude
of the peak shift and the fraction of blueshifted peaks were
similar in D3TN and DP2TN (Table 2). The integral of the

Table 2. Data of resolved UV/Vis absorption spectra.

DtT D3TN DP2TN
peak fraction peak fraction peak fraction
[nm] [%] [nm] [%] [nm] [%]
267 411 258 35.4 254 35.0
342 26.0 284 23.6 281 27.1
391 15.0 316 14.1 308 12.7
442 9.21 344 10.6 328 10.6
496 5.46 379 7.57 360 4.84
527 321 415 5.36 388 4.16

457 3.39 419 3.14
451 2.38

area under the deconvoluted peaks revealed that the frac-
tions of molecules present in the H-aggregate state in the
DtT, D3TN, and DP2TN films were 67.1, 91.27, and
90.24 %, respectively. Thus, the degree of H-aggregation in
the DtT film was not as high as in the other two materials
(Table 2 and Figure S5 in the Supporting Information). In
other words, the lattices composed of DtT included fewer
H-aggregated crystalline structures than those of the other
two materials.

The microstructures of the three designed semiconductors
were further investigated by examining the molecular pack-
ing structures by GIWAXS. The GIWAXS data for the
three semiconductors suggested that the packing structures
in all three films were consistent with an orthorhombic crys-
tal structure. As shown in Figure 2 and Figure S6 in the Sup-
porting Information, D3TN and DP2TN formed a molecular
packing structure that was more ordered than that formed
by DtT. The XRD patterns for the D3TN and DP2TN films
showed much more developed diffraction patterns, including
high-order peaks, compared to DtT and reported previously
quaterthiophenes with cyclohexyl groups (CE4T and
CB4T)."¥! This investigation implied that D3TN and DP2TN
show more extensive long-range intermolecular interactions

Figure 2. GIWAXS patterns for thin films prepared from a) DtT, b) D3TN, and c¢) DP2TN.
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or a higher degree of molecular ordering than DtT and
asymmetric quaterthiophenes with cyclohexyl groups.!"”

More detailed information about the crystalline structures
of the DtT, D3TN, and DP2TN films was obtained by ex-
tracting the out-of-plane and in-plane scattering profiles
from the GIWAXS patterns (Figure 2) along the «; direction
at 260;,=0° and the 26; direction at a;=0.16°. The out-of-
plane scattering profiles revealed interlayer distances in the
DtT, D3TN, and DP2TN films of 28.8, 32.1, and 32.7 A, re-
spectively (Supporting Information Figure S6). The theoreti-
cal molecular lengths (derived by using the HyperChem
software package) were 27.8, 29.9, and 30.7 A, respectively.
A comparison of the values obtained from the GIWAXS
analysis and those obtained from the theoretical calculations
suggested that DtT, D3TN, and DP2TN were vertically
aligned in a face-to-face packing structure on the sub-
strate.' The in-plane scattering profiles of DtT, D3TN, and
DP2TN (Figure S6(d) of the Supporting Information) re-
vealed that the (010) peak in the patterns of the DtT film
(observed at 18.26°) corresponded to a m—m stacking dis-
tance of 4.35 A. In the D3TN film (observed at 18.69°), this
peak corresponded to a m—m stacking distance of 4.25 A, and
in the DP2TN film (observed at 18.54°) to a m—m stacking
distance of 4.28 A [

OTFT behavior: The potential utility of the three oligomers
as organic semiconductors was tested by fabricating top-con-
tact OTFTs based on these materials by using a solution
process. As shown in Figure 3, OTFT devices composed of
DtT, D3TN, and DP2TN showed typical p-channel respons-
es, and the output curves showed saturation behavior. The
field-effect mobilities of the devices were 3.3x
102 em?*Vist  (I/lz=513%x10°) for DtT, 1.6x
102 em?* Vst (I/1,4=5.70x10°) for D3TN, and 3.7x
102em? Vs (1,,/1,4+=>5.70x 10°) for DP2TN in the satura-
tion regime. Structural and morphological analyses based on
the UV/Vis absorption spectrum, GIWAXS studies, and
AFM measurements revealed differences between the
OTFT behaviors.

As the number of molecules stacked in parallel increased,
producing a large total area corresponding to a high degree
of m-overlap, the hole movement among adjacent molecules
improved.'"” The large m-overlap area in the H-type aggre-
gates produced higher field-effect mobilities in the devices
prepared from these materials.
The crystalline DtT thin films
included a lower fraction of H-
aggregated crystalline structures
and a higher fraction of J-ag-
gregated crystalline structures
compared to the D3TN and
DP2TN films, and thus DtT is
engaged in less intermolecular
rt overlap. Much more devel-
oped diffraction patterns were
observed from the D3TN and
DP2TN films than from the

Chem. Eur. J. 2013, 19, 14052 -14060
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- " § £ 300x10" _/'/ —e—-45V trap formation and limit
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= y / 3 £ / —v—-15V H-aggregated films.
3 Ly / < 3 i ~o-V, =0V
g fz / 3 § g 3.0x10" I
< 10 v /' / 11-50x10 % " /' : Conclusion
E Y / I..
- “'4 / Vp=-100V 0-0—_« KRR Three novel thiophene-naph-
10 0 0 -30 60 -90 0.00 e thalene-based asymmetric
Vs (V) 0 -15 -30 -45 -60 oligomers were synthesized in
Vo (V) an effort to improve the per-
10°; -8.0x10° . formance of solution-processed
7(e) a.50x10° () pa— OTFTs prepared from these
. s = I materials by introducing appro-
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g F £ £ Joop bility of the synthesized oligom-
£ 107" / 2.0x10° s S 1.50x10° . g—— ers in common organic solvents
i Hl- / £ < ./'..'° and the wettability on octyltri-
P /,/ Vo=-100V =/.‘ chlorosilane-treated SiO,. The
10 30 0 -30 -60 .90 0.00 | M molecular aggregation type and
Ve (V) 0 -15 -30 -45 -60 crystalline packing structures of
Vo (V) the oligomers were investigated

Figure 3. Transfer and output characteristics of OTFTs based on DtT (a and b), D3TN (c and d), and DP2TN

(e and f).

DtT film along the out-of-plane direction, that is, D3TN and
DP2TN showed more extensive long-range intermolecular
order than DtT. The n—m stacking distance in DtT was
slightly longer than those observed in D3TN and DP2TN;
therefore, DtT displayed a lower field-effect mobility than
D3TN and DP2TN.

The surface morphologies of the DtT, D3TN, and DP2TN
films were studied by AFM (Figure 4). The AFM images of
the DtT and D3TN films exhibited a multi-separated small-
crystalline structure, whereas the DP2TN film morphology
exhibited large terracelike crystalline structures that re-
vealed several continuous layers and partial layer-by-layer
growth. The charge-carrier transport properties of an OTFT

Chem. Eur. J. 2013, 19, 14052 -14060

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

by optical, morphological, and
crystallographic analyses. Adja-
cent molecules in the DtT,
D3TN, and DP2TN films stacked in a parallel fashion in the
thin-film state, and this indicated the formation of H-aggre-
gates. The linear alkyl group promoted the formation of H-
aggregates by reducing steric hindrance relative to the bulky
cyclohexyl end-capping groups. The self-organization among
molecules and the crystallinity in the thin films were im-
proved relative to previously reported asymmetric oligomers
with cyclohexyl side groups. The DP2TN-based OTFT yield-
ed the highest field-effect mobility (3.7x1072cm?>V~'s™!)
among the three H-aggregated compounds, twice the value
obtained from the previously reported asymmetric thio-
phene-based oligomers with cyclohexyl end groups.
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Figure 4. Height-mode AFM images of a)the DtT film, b) the D3TN
film, and c) the DP2TN film. The vertical scales in a), b), and c) repre-
sent 30, 20, and 40 , respectively.

Experimental Section

Materials: All reagents and solvents were purchased from Aldrich, Alfa,
Acros, or Lancaster. THF and diethyl ether were distilled over sodium in
the presence of benzophenone to remove residual water.”?! Toluene was
distilled over calcium hydride prior to use to ensure that it was anhy-
drous. Chloroform, dichloromethane, and methanol were used without
further purification. Spectroscopic-grade chloroform (Aldrich) was used
to measure the UV/Vis absorption spectra of the samples. The reagents
bithiophene, 2-(5-decylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane, and 2-(4-decylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane were
synthesized according to known procedures.*"!

Measurements: The 'H NMR spectra were recorded on a Bruker AM-
200 spectrometer. Chemical shifts are reported in parts per million (ppm)
with TMS as internal standard. IR spectra were measured with a Bomen
Michelson series FTIR spectrometer. A Jeol JMS-700 high-resolution
mass spectrometer (HRMS) was used to obtain the mass spectra of the
samples. The UV/Vis absorption spectra were measured at room temper-
ature with a Shimadzu UV-2201 double-beam spectrophotometer on
thin-film samples deposited on quartz crystal substrates by a spin-coating
method. The melting points were determined by using an Electrothermal
Mode 1307 digital analyzer and are uncorrected. Thermogravimetric
analysis (TGA) was performed under nitrogen with a TA Instruments
2050 thermogravimetric analyzer. Samples were heated at a 10°Cmin™!
from 30 to 700°C. Differential scanning calorimetry (DSC) studies were
carried out under nitrogen by using a TA Instruments 2100 differential
scanning calorimeter. Samples were heated from 30 to 300°C at
al0°Cmin~'. Cyclic voltammograms (CV) of the samples were recorded
by using an Epsilon E3 instrument at room temperature in a 0.1M solu-
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tion of tetrabutylammonium perchlorate (Bu,NCIO,) in acetonitrile

under a nitrogen atmosphere at a scan rate of 50 mVs~.

Synthesis of 5-decyl-2,2’-bithiophene (2): n-Butyllithium (1.6M in hexane,
11.3 mL, 18.04 mmol) was added dropwise to a solution of 2,2'-bithio-
phene (1, 3.0 g, 18.04 mmol) in THF (75mL) at —78°C over 20 min.
After 1h, 1-bromodecane (3.95 mL, 18.04 mmol) was added to the solu-
tion. The reaction mixture was then warmed to room temperature, stirred
for another 2 h, and poured into water. The mixture was extracted with
diethyl ether and dried over magnesium sulfate, and the solvent of the or-
ganic layer was evaporated. The crude product was purified by column
chromatography on silica gel with hexane as eluent to give a blue oil.
Yield: 5.6g (97%). '"HNMR (300 MHz, CDCly): 6=7.21-7.20 (d, 1H,
J=42Hz), 7.16-7.15 (d, 1H, J=2.58 Hz), 7.05-7.02 (m, 2H), 6.74-6.72
(d, 1H, J=3.4 Hz), 2.84 (t, 2H, J=7.6 Hz), 1.77-1.69 (m, 2H), 1.40-1.35
(m, 17H), 0.96 ppm (t, 3H, J=5.8 Hz); *C NMR (75 MHz, CDClL,): 6 =
145.4, 138.0, 134.8, 127.7, 124.7, 123.7, 123.4, 123.0, 32.0, 31.7, 30.2, 29.7,
29.6, 29.5, 29.4, 29.2, 22.8, 14.2 ppm; EIMS: m/z (%): 306 (100) [M*].
Synthesis of 5-bromo-5'-decyl-2,2’-bithiophene (3): 5-Decyl-2,2'-bithio-
phene (2, 0.72 g, 2.35 mmol) was dissolved in dichloromethane (12 mL)
and cooled over an ice bath. N-Bromosuccinimide (0.42 g, 2.35 mmol)
dissolved in chloroform (10 mL) was added dropwise to the reaction mix-
ture. The reaction mixture was then warmed to room temperature, stirred
for another 1h, and poured into water. The mixture was extracted with
dichloromethane and dried over magnesium sulfate, and the solvent of
the organic layer was evaporated. The crude product was purified by
column chromatography on silica gel with hexane as eluent to give a blue
oil. Yield: 0.62 g (68%). '"H NMR (300 MHz, CDCl;): 6=6.99 (t,2H, J=
3.2 Hz), 6.90-6.87 (d, 1H, /=3.8 Hz), 6.74-6.73 (d, 1H, J=3.5Hz), 2.84
(t, 2H, J=7.6 Hz), 1.77-1.69 (m, 2H), 1.40-1.35 (m, 17H), 0.96 ppm (t,
3H, J=5.8Hz); "CNMR (75MHz, CDCL): 6=145.8, 139.7, 133.9,
130.5, 124.8, 123.7, 123.0, 110.2, 32.2, 31.8, 30.2, 29.7, 29.6, 29.5, 29.4, 29.2,
22.8,14.2 ppm; EIMS m/z (%): 386 (100) [M*].

Synthesis of 2-(2,2-bithiophen-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane (4): n-Butyllithium (2.5M in hexane, 24.1 mL, 60.15 mmol) was
added dropwise to a solution of 2,2'-bithiophene (1, 10 g, 60.154 mmol) in
THF (120 mL) at —78°C and the mixture stirred for 1 h. 2-Isopropoxy-
4,45 ,5-tetramethyl-1,3,2-dioxaborolane (12.0 mL, 60.15 mmol) was added
to the reaction mixture dropwise over 20 min. The reaction mixture was
then warmed to room temperature, stirred for 3 h, and poured into water
(150 mL). The reaction mixture was extracted with diethyl ether and
dried over magnesium sulfate, and the solvent of the organic layer was
evaporated. The crude product was purified by column chromatography
on silica gel with hexane as eluent to give a blue oil. Yield: 9.2 g (53%).
'H NMR (300 MHz, CDCl;): 6=7.59-7.58 (d, 1H, J=3.6 Hz), 7.29-7.25
(m, 3H), 7.06-7.03 (m, 1H), 1.39 ppm (s, 12H); "CNMR (75 MHz,
CDCly): 6=1442, 138.0, 137.3, 128.0, 125.1, 125.0, 124.4, 84.2, 24.8 ppm;
EIMS m/z (%): 292 (100) [M™*].

Synthesis of S-decyl-2,2':5',2":5",2"'-quaterthiophene (DtT): Sodium car-
bonate solution (2m, 4 mL) and then Aliquat 336 (1.2 g, 2.96 mmol) were
added to a mixture of 3 (0.88 g, 2.28 mmol) and 4 (0.67 g, 2.30 mmol) in
toluene (16 mL). The reaction mixture was deoxygenated with a stream
of nitrogen, and [Pd(PPh;),] (0.13 g, 0.11 mmol) was added under nitro-
gen at room temperature. The reaction mixture was heated to 90°C for
2 d, cooled to room temperature, and poured into methanol (30 mL). The
precipitate was filtered off and washed with water and 5% HCI. The
crude solid was washed sequentially with water, methanol, and acetone.
The crude product was purified by Soxhlet extraction (silica gel, toluene)
and recrystallized from toluene to give a pale yellow-green powder.
Yield: 0.8 g (75%). '"HNMR (300 MHz, CDCLy): 6=7.25-7.23 (d, 1H,
J=5.12Hz), 7.20-7.19 (d, 1H, J=2.81 Hz), 7.11-7.00 (m, 6H), 6.71-6.70
(d, 1H, J=3.49 Hz), 2.84 (t, 2H, J=7.56 Hz), 1.73 (m, 2H), 1.29 (m,
14H), 0.92 ppm (t, 3H, J=6.6 Hz); EIMS m/z (%): 470 (100) [M™*];
HRMS (ESI) caled. for CyqHsS, [M*]: 470.123; found: 470.1229.
Synthesis of 5-(naphthalen-2-yl)-2,2’-bithiophene (9): Sodium carbonate
solution (2M, 24 mL) and then Aliquat 336 (12.8 g, 31.7 mmol) were
added to a solution of 2-bromonaphthalene (5.05 g, 24.39 mmol) and
compound 4 (7.2 g, 24.63 mmol) in toluene (150 mL). The reaction mix-
ture was deoxygenated with a stream of nitrogen, and [Pd(PPh,),] (1.4 g,
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1.22 mmol) was added under nitrogen at room temperature. The reaction
mixture was heated to 90°C for 3 d under nitrogen, cooled to room tem-
perature, and poured into methanol (30 mL). The precipitate was filtered
off and washed with water and 5% HCI. The crude solid was washed se-
quentially with water, methanol, and acetone. The crude product was pu-
rified by Soxhlet extraction (silica gel, toluene) and recrystallized from
toluene to give a pale yellow powder. Yield: 50g (70%). 'H NMR
(300 MHz, CDCl;): 0=38.06-8.05 (d, 1H, J=1.2 Hz), 7.89 (s, 1H), 7.86 (s,
1H), 7.83-7.82 (d, 1H, J=1.6 Hz), 7.78-7.43 (dd, 1H, J=1.8, 1.8 Hz),
7.52-7.48 (m, 2H), 7.39-7.37 (d, 1H, J=3.8 Hz), 7.28-7.24 (m, 2H), 7.22—
721 (d, 1H, J=3.8 Hz), 7.10-7.07 ppm (m, 1H); "CNMR (75 MHz,
CDCLy): 6=128.6, 128.0, 127.9, 127.7, 126.7, 126.0, 124.7, 124.5, 124.1,
124.0, 123.7 ppm; EIMS: m/z (%): 292 (100) [M*].

Synthesis of 5-bromo-5"-(naphthalen-2-yl)-2,2’-bithiophene (10): Com-
pound 9 (2.49 g, 8.07 mmol) was dissolved in DMF (15 mL), the solution
cooled over an ice bath, and NBS (1.45 g, 8.15 mmol) in DMF (10 mL)
added dropwise under nitrogen. The reaction mixture was then warmed
to room temperature, stirred for 15h, and poured into methanol
(30 mL). The precipitate was filtered off and washed with water and 5%
HCI. The crude solid was washed with water, methanol, and acetone. The
crude product was purified by recrystallization from toluene to give a
yellow powder. Yield: 1.50 g (50%). '"HNMR (300 MHz, CDCl;): 6=
8.06 (s, 1H), 7.90-7.84 (m, 3H), 7.76 (dd, 1H, J=38.64, 1.75 Hz), 7.57—
7.47 (m, 2H), 7.38 (d, 1H, J=3.84 Hz), 7.16 (d, 1H, J=3.78 Hz), 7.04 (d,
1H, J=3.84 Hz), 7.01 ppm (d, 1H, J=3.81 Hz); EIMS m/z (%): 371
(100) [M™].

Synthesis of 5-decyl-5"-(naphthalen-2-yl)-2,2":5',2"-terthiophene (D3TN):
Sodium carbonate solution (2™, 4 mL) and then Aliquat 336 (0.33 g,
0.81 mmol) were added to a solution of 10 (0.6 g, 1.62 mmol) and 6
(0.62 g, 1.78 mmol) in toluene (16 mL) under nitrogen. The mixture was
deoxygenated with a stream of nitrogen, and [Pd(PPh;),] (37 mg,
0.032 mmol) was added under nitrogen at room temperature. The reac-
tion mixture was heated to 90°C for 2 d under a nitrogen atmosphere.
The reaction mixture was cooled to room temperature and poured into
methanol (30 mL). The precipitate was filtered off and washed with
water and 5% HCIL. The crude solid was washed with water, methanol,
and acetone. The crude product was then purified by Soxhlet extraction
(silica gel, toluene) and recrystallized from toluene to give a pale orange
powder. Yield: 0.54 g (65%). '"HNMR (300 MHz, CDCL;): 6=8.05 (s,
1H), 7.89-7.83 (m, 3H), 7.77-7.73 (m, 1H), 7.52-7.50 (m, 2H), 7.39-38
(d, 1H, J=3.82 Hz), 7.20-7.19 (d, 1H, J=3.80 Hz), 7.14-7.13 (d, 1H, J=
3.76 Hz), 7.05-7.04 (d, 1H, J=3.78Hz), 7.03-7.02 (d, 1H, J=
3.56 Hz)6.72-6.71 (d, 1H, J=3.56 Hz), 2.84 (t, 2H, J=7.57 Hz), 1.71 (m,
2H), 1.29 (m, 14H), 0.93 ppm (t, 3H, J=6.67 Hz); EIMS m/z (%): 514
(100) [M*]; HRMS (ESI) caled for C;,HiS, [M7T]: 514.1823; found:
514.1825.

Synthesis of 5-(4-decylphenyl)-5'-(naphthalen-2-yl)-2,2’-thiophene
(DP2TN): Sodium carbonate solution (2M, 24 mL) and then Aliquat 336
(0.36 g, 0.88 mmol) were added to a solution of 10 (0.65 g, 1.75 mmol)
and 8 (0.66 g, 1.93 mmol) in toluene (16 mL) under nitrogen. The mixture
was deoxygenated with a stream of nitrogen, and [Pd(PPhs),] (46 mg,
0.04 mmol) was added under nitrogen at room temperature. The mixture
was heated to 90°C for 2 d under a nitrogen atmosphere. The reaction
mixture was cooled to room temperature and poured into methanol
(30 mL). The precipitate was filtered off and washed with water and 5%
HCI. The crude solid was washed with water, methanol, and acetone. The
crude product was purified by Soxhlet extraction (silica gel, toluene) and
by recrystallization from toluene to give a pale orange powder. Yield:
0.57¢g (70%). '"HNMR (300 MHz, CDCL,): 6=8.06 (s, 1H), 7.89 (m,
3H), 7.78-7.75 (d, 1H, J=8.19 Hz), 7.56-7.46 (m, 4H), 7.39-7.38 (d, 1H,
J=2.68 Hz), 7.23-7.22 (d, 51H, J=5.10 Hz), 2.67 (t, 2H, J=7.44 Hz),
1.68 (m, 2H), 1.29 (m, 14H), 0.92 ppm (t, 3H, /=6.18 Hz); EIMS m/z
(%): 508 (100) [M*]; HRMS(ESI) calcd for C3HsS, [M*]: 508.2258;
found: 508.2256.

Device fabrication: Top-contact OTFTs were fabricated on a common
gate of highly n-doped silicon with a 300 nm-thick thermally grown SiO,
dielectric layer. The cleaned substrates were modified with a hydrophobic
octyltrichlorosilane (OTS) monolayer by dipping the substrates in an sol-
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ution of OTS in toluene at room temperature for 90 min.”® In ambient
air, solutions of the organic semiconductors were spin-coated at 2000 rpm
from 0.7 wt% chloroform solutions to form thin films with a nominal
thickness of 3040 nm, as confirmed by using a surface profiler (Alpha
Step 500, Tencor). Gold source and drain electrodes were evaporated on
top of the semiconductor layers (100 nm). For all measurements, we used
channel lengths (L) of 160 um and channel widths (W) of 1600 um. The
electrical characteristics of the FETs were measured in air by using
Keithley 2400 and 236 source/measure units. Field-effect mobilities were
extracted in the saturation regime from the slope of the source-drain cur-
rent. XRD studies were performed using the 3C beamline at the Pohang
Accelerator Laboratory (PAL). The measurements were carried out with
a sample-to-detector distance of 136 mm. Data were typically collected
for ten seconds by using an X-ray radiation source of A=0.138 nm and a
2D charge-coupled detector (CCD, Roper Scientific, Trenton, NJ, USA).
The incidence angle a; of the X-ray beam was set to 0.14°, which is inter-
mediate between the critical angles of the films and the substrate (o
and a.y).
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