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ABSTRACT: A new tetracyclic 4,9-dialkyl angular-shaped
naphthodiselenophene (4,9-α-aNDS) was designed and
synthesized. The naphthalene core in 4,9-α-aNDS is formed
by the DBU-induced 6π-cyclization of an (E)-1,2-bis(3-
(tetradec-1-yn-1-yl)selenophen-2-yl)ethene intermediate fol-
lowed by the second PtCl2-catalyzed benzannulation. This
synthetic protocol allows for incorporating two dodecyl groups
regiospecifically at 4,9-positions of the resulting α-aNDS. An
ordered supramolecular self-assembly formed via noncovalent
selenium−selenium interactions with a short contact of 3.5 Å was observed in the single-crystal structure of 4,9-α-aNDS. The
distannylated α-aNDS building block was copolymerized with Br-DTFBT and Br-DPP acceptors by Stille cross coupling to form
two new donor−acceptor polymers PαNDSDTFBT and PαNDSDPP, respectively. The bottom-gate/top-contact organic field-
effect devices using the PαNDSDTFBT and PαNDSDPP semiconductors accomplished superior hole mobility of 3.77 and 2.17
cm2 V−1 s−1, respectively, which are among the highest mobilities reported to date.

■ INTRODUCTION

Ladder-type conjugated structures with rigid and coplanar
molecular frameworks feature longer effective conjugation,
narrow optical bandgap, and strong intermolecular π−π
interactions which are ideal characteristics for organic field-
effect transistors (OFETs).1−19 Acenedithiophenes, made up of
linearly fused benzene rings with two terminal thiophenes, are
particularly superior building blocks due to their coplanar
structures, facile functionalization, and high charge mobility.
Benzodithiophene (BDT)-incorporating donor−acceptor (D-
A) copolymers have achieved high-efficiency solar cells,20−25

whereas anthradithiophene (ADT) derivatives have shown high
mobilities in p-type OFETs26−32 More recently, growing
research effort is directed toward the synthesis and molecular
properties of naphthodithiophenes (NDT) having versatile
isomeric structures.33−37 In addition to the linear-shaped
NDTs, angular-shaped NDTs (aNDT) can have two α-
aNDT and β-aNDT isomers (see Chart 1). Takimiya and
Osaka et al. first incorporated alkyl chains into an α-aNDT to
ensure the solubility of the resulting polymers for solution-
processable transistors and solar cells.38,39 We recently
described a synthetic strategy to introduce two alkyl groups
at 4,9- or 5,10-positions of both α-aNDT and β-aNDT.40 It has
been demonstrated that the isomeric geometry of the NDT
moiety governs the polymeric packing and ordering, which
ultimately affects the macroscopic device performance.41,42

Compared to the dialkyl β-aNDT-based analogues, the D-A
copolymers incorporating dialkyl α-aNDT units exhibited more

linear polymer backbones, thereby leading to the superior
photovoltaic efficiency and transistor mobility.41,42

Selenophene generally has similar chemical and physical
properties with thiophene in the chalcogenophene family.
However, selenophene possesses several distinct and promising
features that are desirable for developing a new generation of
organic semiconductors.43−55 Theoretical and experimental
results suggest that polyselenophene adopts more quinoidal
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Chart 1. Chemical Structures of α-aNDT, β-aNDT, α-aNDS,
β-aNDS, 4,9-Didodecyl α-aNDT and 4,9-Didodecyl α-aNDS
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character and thus less backbone twisting than polythiophene,
resulting in longer effective conjugation length and stronger
intermolecular interactions.56−58 Higher polarizability of
selenium might induce intermolecular selenium−selenium
(Se−Se) interaction59,60 or selenium−aromatic interaction61

in the selenophene-containing molecules. Consequently, the
selenophene-based materials have been demonstrated to show
enhanced light-harvesting ability and improved charge carrier
mobility in comparison with the corresponding thiophene-
based counterparts. These beneficial features prompt us to
further develop a dialkylated angular-shaped naphthodiseleno-
phene (aNDS) by replacing thiophene in aNDT with
selenophene. Despite the synthesis of the bare aNDS
derivatives has been sporadically described, its utilization in
polymer semiconductors has never been explored due to the
poor solubility as well as the fact that functionalization of
selenophene derivatives is synthetically more challenging.62,63

To impart solubility for diverse applicability, it is of importance
to implant alkyl solubilizing groups into the aNDS framework.
In this research, we present a useful methodology to synthesize
successfully the 4,9-didodecyl α-aNDS monomer (simplified as
4,9-α-aNDS in Scheme 1) where the placement of the side
chain on the central naphthalene moiety and the geometry of
the fused thiophenes can be regiospecifically controlled. Its
distannylated monomer was copolymerized with the Br-
DTFBT and Br-DPP acceptors to form two new alternating
donor−acceptor copolymers , PαNDSDTFBT and

PαNDSDPP, respectively. Their molecular properties and
transistor characteristics will be presented and discussed.

■ RESULTS AND DISCUSSION

Synthesis. The synthetic route for α-aNDS is shown in
Scheme 1. Bromination of selenophene (1) yielded 2,5-
dibromoselenophene (2). Lithiation of 2 by n-BuLi to react
with trimethylsilyl chloride (TMSCl) resulted in compound 3.
Treatment of 3 with lithium diisopropylamide (LDA) followed
by quenching with N-formylpiperidine furnished compound 4.
McMurry coupling of 4 in the presence of TiCl4/ZnO afforded
the dimerized compound 5 with E-form olefin configuration as
the major product in 58% yield. Sonogashira coupling reaction
of compound 5 with tetradec-1-yne yielded compound 6 in
almost quantitative yield. In the presence of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) with microwave irradi-
ation, compound 6 underwent an intramolecular benzannula-
tion to form compound 7. The mechanism involves propargyl-
allenyl isomerization followed by 6π-electrocyclization/aroma-
tization.37,64 PtCl2-catalyzed benzannulation of 7 via a 6-endo-
dig fashion afforded 4,9-α-aNDS with two dodecyl groups
regiospecifically at the 4,9-postions. 4,9-α-aNDS was further
stannylated to yield the target Sn-4,9-α-aNDS monomer in a
high yield of 95%. Sn-4,9-α-aNDS was polymerized with Br-
DTFBT and Br-DPP monomers to form two alternating
donor−acceptor copolymers , PαNDSDTFBT and
PαNDSDPP, respectively (Scheme 2).

Scheme 1. Synthetic Route toward Sn-4,9-α-aNDS

Scheme 2. Synthesis of PαNDSDTFBT and PαNDSDPP Donor−Acceptor Copolymers
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Single-Crystal Structure Analysis of 4,9-α-aNDS. The
chemical structure of 4,9-α-aNDS is unambiguously confirmed
by its single-crystal X-ray crystallography and is shown in
Figure 1. An ordered supramolecular self-assembly is

established along the b axis through noncovalent selenium−
selenium (Se−Se) interactions with a short contact of 3.5 Å,
which is smaller than the sum of van der Waals radius for two
Se (2 Å for one Se). To the best of our knowledge, this is the
first time that the Se−Se noncovalent interactions can be
observed in a selenophene-containing molecule. It should be
noted that the corresponding 4,9-α-aNDT molecule does not
have similar sulfur−sulfur interactions in its single-crystal
structure,40 suggesting that the high polarizability of selenium
might be an important characteristic to induce such
interactions.
Theoretical Calculations Based on the Single-Crystal

Structure. The crystal packing of 4,9-α-aNDS reveals that the
direction of π stacking is in line with the a unit-cell axis and
Se−Se short contacts are in plane with the b axis (Figure 2a).
Extended transition state-natural orbitals for chemical valence
(ETS-NOCV) analysis65−67 was then performed to gain insight
into the dimeric intermolecular interactions along the a and b
axes in the 4,9-α-aNDS single-crystal structure, named as ta and
tb (Figure 2b), respectively. The ETS-NOCV results calculated
at the BP86-BJDAMP/TZP level of theory are summarized in
Table 1. The magnitude of interaction energy (ΔEint) is utilized
to quantify the strength of intermolecular interactions. Under
this theoretical framework, ΔEint is the sum of Pauli repulsion
(ΔEPauli), electrostatic interaction (ΔVelst), orbital interaction
(ΔEoi), and dispersion (ΔEdis). Through computational
decomposition of ΔEint, the estimation of each contribution
was obtained. More information about ETS-NOCV is
described in the Supporting Information. As listed in Table 1,
ΔEint (ta) (−38.60 kcal mol−1) is much larger than ΔEint (tb)
(−6.76 kcal mol−1), suggesting that the intermolecular
interactions along the π stacking is greater than those along
the b axis containing Se−Se short contacts. For both ta and tb,
the major contribution comes from the dispersion term rather
than the electrostatic or orbital interaction, which is consistent

with the direct interaction model, proposed by Sherrill and co-
workers, accounting for the π stacking of aromatics.68−70 The
computational results in Table 1 reveal that the ΔEdis (64%)
contributes most significantly in tb. The observation of the
unique Se−Se short contacts in the 4,9-α-aNDS single-crystal
structure is highly associated with the high polarizability of
selenium to induce stronger dispersion force.
Visualization of the Se−Se orbital interactions can be realized

by the deformation-density operation in ETS-NOCV. Figure 3
displays two deformation-density contributions that describe
the Se−Se bonding. The green area stands for the electron-
density accumulation, whereas the red area denotes the
electron-density depletion. Figure 3a depicts the electron
donation from the Se−C bond in one 4,9-α-aNDS molecule
into the Se atom in the adjacent 4,9-α-aNDS molecule.
Conversely, Figure 3b represents the electron donation from Se
in one 4,9-α-aNDS into the Se−C bond in the other molecule.
The overall stabilization energy for the Se−Se orbital
interactions is estimated to be −1.52 kcal mol−1 (−0.82 kcal
mol−1 + −0.70 kcal mol−1).

UV−vis Absorption. The absorption spectra of 4,9-α-
aNDS and 4,9-α-aNDT small molecules are shown in Figure 4.
Despite the similar absorption profiles, 4,9-α-aNDS exhibited a
more bathochromic absorption maxima at 279 nm than 4,9-α-
aNDT at 288 nm, which may result from the better electron
delocalization ability of selenophene. The optical band gaps
(Eg

opt) calculated from the absorption edges are determined to
be 3.35 eV for 4,9-α-aNDT and 3.28 eV for 4,9-α-aNDS. The
absorption spectra of polymers PαNDSDTFBT and
PαNDSDPP in solutions and thin films are shown in Figure
5. PαNDSDTFBT showed an absorption maximum at 617 nm,
whereas PαNDSDPP using stronger electron-withdrawing DPP
acceptor exhibited the apparent bathochromic shift of the
intramolecular charge transfer (ICT) band at 751 nm in the
solution. PαNDSDTFBT exhibited ca. 50 nm red-shifted λmax
from solution to solid state, whereas PαNDSDPP is essentially
unchanged. This result implies that PαNDSDTFBT might has
stronger interactions in the solid state. The optical band gaps
(Eg

opt) calculated from the absorption edges of the solid state
spectra are determined to be 1.60 eV for PαNDSDTFBT and
1.39 eV for PαNDSDPP.

Figure 1. Single-crystal structure and molecular packing of 4,9-α-
aNDS by X-ray crystallography.

Figure 2. (a) Illustration for crystal packing of 4,9-α-aNDS; (b) ta, two
4,9-α-aNDS molecules in the orange rectangle; tb, two 4,9-α-aNDS
molecules in the green rectangle. Deep orange, selenium; gray, carbon;
hydrogen are omitted for clarity.
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Thermal Properties. The thermal stability of two polymers
was measured by thermogravimetric analysis (TGA).
PαNDSDTFBT and PαNDSDPP showed sufficiently high
decomposition temperatures (Td) of 408, and 414 °C,
respectively (Figure 6).

Electrochemical Properties. Cyclic voltammetry (CV)
was used to examine the electrochemical properties and
evaluate the HOMO/LUMO levels and the electronic band
gaps of 4,9-α-aNDS and 4,9-α-aNDT and the polymers (Table
2 and Figure 7). The two polymers showed reversible and
stable processes in the oxidative scans, which are important
prerequisites for organic OFET and PSC applications. The
HOMO energy levels are estimated to be −5.78 and −5.74 eV
for 4,9-α-aNDS and 4,9-α-aNDT; and −5.41 and −5.43 eV for
PαNDSDTFBT and PαNDSDPP, respectively. It is worth
noting that compared to other DPP-based polymers, the
HOMO level of PαNDSDPP is relatively low which is
attributed to the lower-lying HOMO level of the 4,9-α-aNDS
(−5.78 eV). On the other hand, the LUMO energy levels are
approximately located at −3.56 eV for PαNDSDTFBT and
−3.84 eV for PαNDSDPP.

Transistor Characteristics. The OFET mobilities of the
two α-aNDS-based polymers were measured by fabricating the
OFET bottom-gate/top-contact devices with evaporated gold
source/drain electrodes (40 nm in thickness). The devices were
modified with a self-assembled octadecyltrichlorosilane
(ODTS) monolayer on the SiO2 as the gate dielectric. The
output and transfer plots of the devices showed typical p-type
OFET characteristics (Figure 8 and Table 3).
The hole mobilities are calculated from the transfer

characteristics of the devices in the saturation regime. After
thermal annealing at 200 °C for 10 min, PαNDSDPP exhibited
a prominent mobility of 2.17 cm2 V−1 s−1. More encouragingly,
PαNDSDTFBT delivered an even higher hole mobility of up to
3.77 cm2 V−1 s−1.

Grazing Incidence X-ray Scattering (GIXS). The
polymeric orientation and packing in the thin-films annealed
at 200 °C for 10 min were investigated by grazing-incidence X-
ray scattering (GIXS). In-plane 1D diffraction patterns of the
polymer thin films are shown in Figure 9a. PαNDSDPP showed
(100) and (200) peaks that are assignable to a lamellar d-
spacing (dl) of ca. 24 Å corresponding to the interdigitation of
side chains between two polymeric backbones. Meanwhile,

Table 1. BP86-BJDAMP/TZP ETS-NOCV Analysis of the Dimeric Intermolecular Interactions in kcal mol−1 along the a and b
Unit-Cell Axes in the 4,9-α-aNDS Crystal Structurea

direction ΔEint ΔEPauli ΔVelst ΔEoi ΔEdis
ta −38.60 22.11 −8.78 (14%) −6.48 (11%) −45.45 (75%)
tb −6.76 7.18 −2.34 (17%) −2.65 (19%) −8.95 (64%)

aPercentage of total stabilization is given in parentheses.

Figure 3. Contours of deformation density (isosurface density =
0.0004 au) contributions describing the Se−Se orbital interactions
observed in the crystal packing of 4,9-α-aNDS. (a) Electron donation
from the Se−C bond in 4,9-α-aNDS into the Se in the other molecule.
(b) Electron donation from Se in one 4,9-α-aNDS into the Se−C
bond in the other molecule. Green area stands for the electron-density
accumulation; red area denotes the electron-density depletion. For
clarity, hydrogens and part of aliphatic side chains are omitted.

Figure 4. Absorption spectra of 4,9-α-aNDS and 4,9-α-aNDT in
chloroform with concentration of ca. 5 × 10−6 M.

Figure 5. Normalized absorption spectra of PαNDSDTFBT and
PαNDSDPP in ortho-dichlorobenzene solutions and thin films.

Figure 6. Thermogravimetric analysis of PαNDSDTFBT and PαNDS-
DPP at a ramping rate of 10 °C/min.
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PαNDSDPP also showed a weak peak at qz = 1.69 Å−1

corresponding to π-stacking between two facing conjugated
backbones with a distance (dπ) of ca. 3.7 Å. On the other hand,

PαNDSDTFBT exhibited much stronger in-plane (100) and
(200) peaks that correspond to a shorter lamellar d-spacing (dl)
of ca. 17 Å than that of PαNDSDPP. To gain more insight on
the polymer conformation and intermolecular packing,
theoretical calculations were conducted on two model
compounds composed of two D-A repeating units, denoted
as 2NDSDPP and 2NDSDTFBT. The optimized geometries of
2NDSDPP and 2NDSDTFBT were thus utilized to fit the
ordered lamellar packing through the side-chain interdigitation
(Figure 9b,c). It is found that the two branched 2-hexyldecyl

Table 2. Summary of the Intrinsic Properties of the Polymers

λmax (nm)

materials Mn (kDa) PDI (Mw/Mn) oDCBc
film HOMO (eV) LUMO (eV) aEg

ele (eV) bEg
opt (eV) Td (°C)

4,9-α-aNDS 288 −5.78 −2.50 3.28
4,9-α-aNDT 279 −5.74 −2.39 3.35
PαNDSDTFBT 33.3 1.29 437, 582, 617 432, 604, 665 −5.41 −3.56 1.85 1.60 408
PαNDSDPP 107.1 3.94 419, 691, 751 422, 686, 748 −5.43 −3.84 1.59 1.39 414

aEg
ele was determined from cyclic voltammetry by subtracting the HOMO energy value from the LUMO energy value. bEg

opt was estimated from the
onset of UV−vis absorption in the solid state. oDCB is ortho-dichlorobenzene.

Figure 7. Cyclic voltammograms of (a) 4,9-α-aNDS and 4,9-α-aNDT in the chloroform; (b) PαNDSDTFBT and PαNDSDPP in the thin films at a
scan rate of 100 mV/s.

Figure 8. Typical output curves (a, c) and transfer plots (b, d) of the OFET devices based on PαNDSDTFBT and PαNDSDPP, respectively.

Table 3. OFET Characteristics of the Polymer Thin Films

copolymer Ion/off Vth (V) mobility (cm2 V−1 s−1)

PαNDSDTFBT 104−105 −1.38 3.77 (2.77 ± 0.35)a

PαNDSDPP 104−105 −9.60 2.17 (2.06 ± 0.05)a

aAverage value of 10 devices with standard deviation.
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groups at the thienyl units connected to the central FBT unit
stretch out at the opposite directions in order to avoid the steric
hindrance. Such backbone conformations and side-chain
arrangements enable PαNDSDTFBT to have closer lamellar
packing in comparison with PαNDSDPP. The thin film GIXS
patterns revealed that both polymers have ordered packing
structures, leading to the high mobility of 3.77 cm2 V−1 s−1 for
PαNDSDTFBT and 2.17 cm2 V−1 s−1 for PαNDSDPP.

■ CONCLUSIONS
We have successfully synthesized a new angular-shaped and α-
form naphthodiselenophene conjugated architecture (4,9-α-
aNDS) with two dodecyl groups substituted at 4,9-positions.
The naphthalene core in 4,9-α-aNDS is constructed by a DBU-
induced 6π-cyclization of an (E)-1,2-bis(3-(tetradec-1-yn-1-
yl)selenophen-2-yl)ethene intermediate followed by a PtCl2-
catalyzed benzannulation. 4,9-α-aNDS shows a more red-
shifted absorption spectrum and stronger intermolecular
interactions than the corresponding 4,9-α-aNDT analogous.
Single-crystal structure reveals that 4,9-α-aNDS is self-
assembled by the noncovalent Se−Se interactions with a
short contact of 3.5 Å due to the high polarizability of selenium.
To the best of our knowledge, this is the first time that the Se−
Se interactions have ever been observed in a selenophene-
containing molecule. The distannylated α-aNDS was copoly-
merized by Stille cross-coupling with the Br-DTFBT and Br-
DPP acceptor to form two new donor−acceptor copolymers
PαNDSDTFBT and PαNDSDPP, respectively. The bottom-
gate/top-contact OFET devices using PαNDSDTFBT and
PαNDSDPP semiconductors achieved the eminent mobility of
3.77 and 2.17 cm2 V−1 s−1, respectively. This work
demonstrates that the new 4,9-dialkyl α-aNDS is a superior
building block for making a variety of promising solution-
processable semiconductor materials.

■ EXPERIMENTAL SECTION
General Measurements and Characterization. 1H and 13C

NMR spectra were measured using a Varian 400 MHz instrument
spectrometer and obtained in deuterated chloroform (CDCl3) with
TMS as internal reference unless otherwise stated, and chemical shifts
(δ) are reported in parts per million. Absorption spectra were taken on
a HP8453 UV−vis spectrophotometer. Thermal gravimetric analyzer
(TGA) was measure on a PerkinElmer Pyris Instrument with heating
rate of 10 °C/min from 50 to 750 °C after preheating at 110 °C for 10
min. Electrochemical cyclic voltammetry was conducted on a CH
instruments electrochemical analyzer. A carbon glass was used as the

working electrode, Pt wire was used as the counter electrode, and Ag/
Ag+ electrode (0.01 M AgNO3, 0.1 M TBAP in acetonitrile) was used
as the reference electrode in a solution of dichloromethane with 0.1 M
TBAPF6 (tetrabutylammonium hexafluorophosophate) at 100 mV/s.
CV curves were calibrated using ferrocene as the standard, whose
HOMO is set at −4.8 eV with respect to zero vacuum level. The
HOMO energy levels were obtained from the equation HOMO =
−(Eoxonset−E(ferrocene)onset + 4.8) eV. The LUMO levels were obtained from
the equation LUMO = −(Eredonset − E(ferrocene)

onset + 4.8) eV. The molecular
weights of the polymers were determined by a Viscotek VE2001 GPC,
and polystyrene was used as the standard and THF as the eluent.
GIXS experiments were conducted at National Synchrotron Radiation
Research Center on beamline BL23A in Taiwan. The samples were
irradiated with an X-ray energy of 10.09 keV (λ = 1.23 Å) at a fixed
incident angle of 0.08° through a coupled double crystal Si(111)/
multilayer (Mo/B4C) monochromator, and the GIXS patterns were
recorded on a 2D image detector (Pilatus 1M-F area detector). The
polymer films for GIXS measurement were prepared under the same
condition used for the OFET device. 4,9-Didodecyl α-aNDT,42 2,5-
dibromoselenophene (2) and 2-bromo-5-trimethylsilylselenophene
(3)71 were synthesized as reported.

Synthesis of 3-Bromoselenophene-2-carbaldehyde (4). To an
anhydrous THF (110 mL) solution of 3 (5.00 g, 17.72 mmol) was
added lithium diisopropylamide (LDA) (9.75 mL, 2 M) slowly at −78
°C. After stirring for 1.5 h at −78 °C, N-formylpiperidine (2.36 mL,
21.27 mmol) was added and stirred for 30 min at −78 °C. The mixture
was warmed to rt and stirred for 2 h, and then was quenched by the
saturated NH4Cl solution. The organic layer was separated and the
aqueous layer was extracted with EA (20 mL × 3). The combined
organic layer was dried over anhydrous MgSO4. After filtration, the
solvent was removed under vacuum. The residue was purified by
column chromatography on silica gel (hexane/EA = 20/1) to give a
brown solid 4 (3.23 g, yield: 77%). 1H NMR (CDCl3, 400 MHz): δ
9.87 (s, 1 H), 8.40 (d, J = 6.4 Hz, 1 H), 7.42 (d, J = 6.4 Hz, 1 H). 13C
NMR (CDCl3, 100 MHz): δ 184.4, 142.0, 140.3, 134.9, 120.9. HRMS
(ESI, C5H3BrOSe + H): calcd, 238.8611; found, 238.8602.

Synthesis of (E)-1,2-Bis(3-bromoselenophen-2-yl)ethane (5). To a
three-necked round-bottomed flask with anhydrous THF (88 mL),
TiCl4 (3.48 mL, 31.52 mmol) was slowly added and the mixture was
stirred at 0 °C for 15 min. Zinc powder (4.12 g, 63.04 mmol) was then
added portion-wise, and the reaction mixture was refluxed for 1h. After
cooling to 0 °C, compound 4 (5.00 g, 21.01 mmol) and pyridine (2.54
mL, 31.52 mmol) were added. The mixture was refluxed for 12 h, and
then quenched by water (50 mL) and hydrochloric acid (1 M, 10 mL).
The mixture was extracted with EA (20 mL × 3). The combined
organic layer was dried over anhydrous MgSO4. After filtration, the
solvent was removed under vacuum. The residue was purified by
column chromatography on silica gel (hexane/EA = 10/1) to give a
yellow solid 5 (2.70 g, yield: 58%). 1H NMR (CDCl3, 400 MHz): δ
7.81 (d, J = 6.0 Hz, 2 H), 7.21 (d, J = 6.0 Hz, 2 H), 7.07 (s, 2 H). 13C

Figure 9. (a) GIXS in-plane patterns of PαNDSDPP and PαNDSDTFBT thin films. The schematic dimeric structures of (b) 2NDSDPP and (c)
2NDSDTFBT to simulate the lamellar packing of PαNDSDPP and PαNDSDTFBT.
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NMR (CDCl3, 100 MHz): δ 140.8, 133.8, 128.6, 125.0, 112.5. HRMS
(APPI, C10H6Br2Se2): calcd, 443.7165; found, 443.7154.
Synthesis of (E)-1,2-Bis(3-(tetradec-1-yn-1-yl)selenophen-2-yl)-

ethane (6). To a deoxygenated solution of compound 5 (2.60 g,
5.86 mmol) in THF (50 mL) and diisopropylamine (50 mL) was
added Pd(PPh3)2Cl2 (1.03 g, 1.46 mmol, 25 mol %), CuI (280 mg,
1.46 mmol, 25 mol %), PPh3 (380 mg, 1.46 mmol, 25 mol %) and
tetradec-1-yne (3.42 g, 17.57 mmol). The mixture was stirred at 80 °C
for 12 h, and filtered by Celite. The resulting mixture was added to the
saturated NH4Cl solution, and extracted with EA (10 mL × 3). The
combined organic layer was dried over anhydrous MgSO4, filtered, and
concentrated in vacuum. The residue was purified by column
chromatography on silica gel (hexane) to give a yellow solid 6 (3.81
g, yield: 97%). 1H NMR (CDCl3, 400 MHz): δ 7.68 (d, J = 5.6 Hz, 2
H), 7.27 (s, 2 H), 7.18 (d, J = 5.6 Hz, 2 H), 2.46 (t, J = 7.0 Hz, 4 H),
1.66−1.63 (m, 4 H), 1.52−1.48 (m, 4 H), 1.37−1.26 (m, 36 H), 0.88
(t, J = 6.8 Hz, 6 H). 13C NMR (CDCl3, 100 MHz): δ 149.8, 133.1,
126.9, 124.8, 124.2, 95.1, 76.4, 31.9, 29.68, 29.67, 29.64, 29.56, 29.3,
29.2, 29.0, 28.8, 22.7, 19.7, 14.1. HRMS (APPI, C38H56Se2 + H): calcd,
673.2788; found, 673.2793.
Synthesis of 5-Dodecyl-6-(3-(tetradec-1-yn-1-yl)selenophen-2-yl)-

benzo[b]selenophene (7). To a deoxygenated N-methyl-2-pyrroli-
done (NMP, 10 mL) solution of compound 6 (1.00 g, 1.49 mmol) was
added 1,8-diazabicycloundec-7-ene (DBU) (0.45 mL, 2.98 mmol).
The reaction was refluxed in the focused microwave instrument under
270 W for 1 h, and then cooled to rt. The resulting mixture was diluted
with water (20 mL), and extracted with EA (10 mL × 3). The
combined organic layer was washed with brine solution (5 mL) and
dried over anhydrous MgSO4. After filtration, the solvent was removed
under vacuum and the residue was purified by column chromatog-
raphy on silica gel (hexane) to give a yellow solid 7 (0.91 g, yield:
91%). 1H NMR (CDCl3, 400 MHz): δ 7.97 (d, J = 6.0 Hz, 1 H), 7.90
(d, J = 6.0 Hz, 1 H), 7.88 (s, 1 H), 7.71 (s, 1 H), 7.53 (d, J = 6.0 Hz, 1
H), 7.32 (d, J = 6.0 Hz, 1 H), 2.77 (t, J = 8.0 Hz, 4 H), 2.17 (t, J = 7.0
Hz, 4 H), 1.37−1.10 (m, 40 H), 0.91−0.87 (m, 6 H). 13C NMR
(CDCl3, 100 MHz): δ 150.8, 142.3, 138.8, 137.7, 132.5, 131.9, 129.3,
128.8, 127.9, 127.4, 125.3, 123.9, 91.4, 33.5, 31.95, 31.94, 30.96, 29.7,
29.6, 29.5, 29.46, 29.43, 29.40, 29.38, 29.1, 28.6, 22.71, 22.70, 19.3,
14.1. HRMS (APPI, C38H56Se2 + H): calcd, 673.2796; found,
673.2793.
Synthesis of 4,9-Didodecylnaphtho[1,2-b:5,6-b′]bis(selenophene)

(4,9-α-aNDS). To a deoxygenated toluene (10 mL) solution of
compound 7 (200 mg, 0.30 mmol) was added PtCl2 (3.97 mg, 0.015
mmol), and stirred at 120 °C for 36 h. The resulting mixture was
filtered by Celite, and concentrated under vacuum. The residue was
purified by column chromatography on silica gel (hexane), and
recrystallized from CH2Cl2/MeOH to give a slight yellow needle 4,9-
α-aNDS (42 mg, yield: 20%). 1H NMR (CDCl3, 400 MHz): δ 8.17 (d,
J = 6.0 Hz, 2 H), 7.94 (s, 2 H), 7.77 (d, J = 6.0 Hz, 2 H), 3.41 (t, J =
8.0 Hz, 4 H), 1.92−1.86 (m, 4 H), 1.64−1.59 (m, 4 H), 1.44−1.27 (m,
36 H), 0.88 (t, J = 6.8 Hz, 6 H). 13C NMR (CDCl3, 100 MHz): δ
139.8, 135.9, 135.8, 130.4, 129.4, 128.1, 125.0, 36.6, 31.9, 31.1, 29.9,
29.7, 29.6, 29.4, 22.7, 14.1. HRMS (APPI, C38H56Se2 + H): calcd,
673.2798; found, 673.2793.
Synthesis of (4,9-Didodecylnaphtho[1,2-b:5,6-b′ ]bis-

(selenophene)-2,7-diyl)bis(trimethylstannane) (Sn-4,9-α-aNDS). To
an anhydrous THF (7.5 mL) solution of 4,9-α-aNDS (120 mg, 0.18
mmol) was added n-butyllithium (0.22 mL, 2.5 M) slowly at −78 °C.
After stirring for 30 min at −78 °C, trimethyltin chloride (0.72 mL, 1
M) was added. The mixture was warmed to rt and stirred for 12 h, and
then quenched with the saturated NH4Cl solution (10 mL). The
organic layer was separated and the aqueous layer was extracted with
EA (5 mL × 3). The combined organic extract was washed with brine
solution (10 mL) and dried over anhydrous MgSO4. After filtration,
the solvent was removed under vacuum, and the residue was
recrystallized from CH2Cl2/MeOH to give a slight yellow needle
Sn-4,9-α-aNDS (170 mg, yield: 95%). 1H NMR (CDCl3, 400 MHz): δ
7.93 (s, 2 H), 7.92 (s, 2 H), 3.43 (t, J = 7.8 Hz, 4 H), 1.93−1.85 (m, 4
H), 1.66−1.58 (m, 4 H), 1.43−1.27 (m, 36 H), 0.88 (t, J = 6.8 Hz, 6
H). 13C NMR (CDCl3, 100 MHz): δ 144.0, 141.1, 140.4, 136.4, 136.0,

130.0, 124.3, 36.6, 31.9, 31.0, 29.8, 29.7, 29.66, 29.6, 29.4, 22.7, 14.1,
−7.97. HRMS (FAB, C44H72Se2Sn2): calcd, 1000.2008; found,
1000.2005.

Synthesis of Copolymer PαNDSDTFBT. To a 50 mL round-
bottomed flask were added Sn-4,9-α-aNDS (140 mg, 0.14 mmol), Br-
DTFBT (132.5 mg, 0.14 mmol), Pd2(dba)3 (5.15 mg, 0.0056 mmol),
tri(o-tolyl)phosphine (13.69 mg, 0.045 mmol) and dry chlorobenzene
(5.8 mL). The mixture was degassed, and the reaction was carried out
in the focused microwave instrument under 270 W at 180 °C for 50
min. To end-cap the resultant copolymer, tributyl(thiophen-2-
yl)stannane (26.22 mg, 0.07 mmol) was added to the mixture, and
the microwave reaction was continued for 10 min under 270 W.
Subsequent to the addition of tributyl(thiophen-2-yl)stannane,
another end-capping reagent, 2-bromothiophene (12.37 mg, 0.076
mmol) was added, and the reaction was continued for another 10 min.
The mixture was added into methanol dropwise. The precipitate was
collected by filtration and washed by Soxhlet extraction with acetone
and hexane sequentially for 3 days. The crude polymer was dissolved
in hot chloroform, and the residual Pd catalyst and Sn metal was
removed by Pd-thiol gel and Pd-TAAcOH (Silicycle Int.). After
filtration and removal of the solution, the polymer was redissolved in
THF and reprecipitated by methanol. The resultant polymer was
collected by filtration, and dried under vacuum to afford a dark-blue
fiber-like solid (200 mg, 98%, Mn = 33 300, PDI = 1.29). Anal. Calcd
for C84H122F2N2S3Se2 (a repeating unit of PαNDSDTFBT): C, 69.48;
H, 8.47; N, 1.93. Found: C, 67.49; H, 8.22; N, 1.76.

Synthesis of Copolymer PαNDSDPP. To a 50 mL round-bottomed
flask were added Sn-4,9-α-aNDS (134 mg, 0.134 mmol), Br-DPP
(137.1 mg, 0.134 mmol), Pd2(dba)3 (4.93 mg, 0.0054 mmol), tri(o-
tolyl)phosphine (13.1 mg, 0.043 mmol) and dry chlorobenzene (5.6
mL). The mixture was degassed, and the reaction was carried out in
the focused microwave instrument under 270 W at 180 °C for 50 min.
To end-cap the resultant copolymer, tributyl(thiophen-2-yl)stannane
(25.09 mg, 0.067 mmol) was added to the mixture, and the microwave
reaction was continued for 10 min under 270 W. Subsequent to the
addition of tributyl(thiophen-2-yl)stannane, another end-capping
reagent, 2-bromothiophene (11.84 mg, 0.073 mmol) was added, and
the reaction was continued for another 10 min. The mixture was added
into methanol dropwise. The precipitate was collected by filtration and
washed by Soxhlet extraction with acetone and hexane sequentially for
3 days. The crude polymer was dissolved in hot chloroform, and the
residual Pd catalyst and Sn metal was removed by Pd-thiol gel and Pd-
TAAcOH (Silicycle Int.). After filtration and removal of the solution,
the polymer was redissolved in hot chloroform and reprecipitated by
methanol. The resultant polymer was collected by filtration, and dried
under vacuum to afford a dark-green fiber-like solid (203 mg, 98%, Mn

= 373 900, PDI = 1.97). Anal. Calcd for C92H140N2O2S2Se2 (a
repeating unit of PαNDSDPP): C, 72.31; H, 9.23; N, 1.83. Found: C,
70.00; H, 9.07; N, 1.66.

Bottom-Gate/Top-Contact OFET Devices. An n-type heavily
doped Si wafer with a SiO2 layer of 300 nm and a capacitance of 11
nF/cm2 was used as the gate electrode and dielectric layer. The
substrates were cleaned by ultrasonication in deionized water, acetone
and isopropyl alcohol for 15 min each, and then dried using a N2

stream. After exposed to UV/ozone for 20 min, the substrates were
modified with an octadecyltrichlorosilane (ODTS) self-assembled
monolayer. Thin films (40−60 nm in thickness) of polymers were
deposited on ODTS-treated SiO2/Si substrates. The thin films were
annealed at 200 °C for 10 min. Gold source and drain contact (40 nm
in thickness) were deposited by vacuum evaporation on the organic
layer through a shadow mask. Electrical measurements of OTFT
devices were carried out at room temperature in air using a 4156C,
Agilent Technologies. The field-effect mobility was calculated in the
saturation regime by using the equation Ids = (μWCi/2L)(Vg − Vt)

2,
where Ids is the drain-source current, μ is the field-effect mobility, W is
the channel width (1 mm), L is the channel length (100 μm), Ci is the
capacitance per unit area of the gate dielectric layer, Vg is the gate
voltage and Vt is threshold voltage.
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