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ABSTRACT: The p-type organic semiconductor (OSC) material tetrathieno[2,3-
a:3′,2′-c:2″,3″-f:3‴,2‴-h]naphthalene (2TTN) and its alkyl-substituted derivatives
Cn-2TTNs (n = 6, 8, and 10) have been developed based on the results of theo-
retical calculation-inspired investigation. A hole mobility for amorphous Cn-2TTNs
(10−2−10−3 cm2 V−1 s−1) was accurately predicted by using a novel statistical method
in which the geometric mean of the mobilities for many individual small molecular
flocks in an amorphous solid was obtained by using molecular mechanical molecular
dynamics simulations and quantum chemical calculations. The simulation also suggests
that upon increasing the length of alkyl chains in Cn-2TTNs the mobilities become
smaller as a consequence of a decrease in transfer integral values. Cn-2TTNs are
synthesized in a microflow reactor through photoreactions of the corresponding
precursors. Cn-2TTNs are then utilized in the fabrication of organic field-effect
transistors (OFETs). Although spin-coated thin films of Cn-2TTNs are crystalline, the
hole mobilities (10−2−10−3 cm2 V−1 s−1) of trial OFETs decrease upon elongation
of the alkyl chains. This finding parallels the results of theoretical simulation. The simulation method for amorphous solids
developed in this effort should become a useful tool in studies aimed at designing new OSC materials.

■ INTRODUCTION

Organic semiconductors (OSCs) are employed in various
electronic applications including organic light-emitting diodes,1

organic photovoltaic cells,2 and organic field-effect transistors
(OFETs).3 In the past two decades, many polycyclic aromatic
compounds have been developed as high-performance OSC
materials.4 In addition, the results of several studies show that
the performance of these materials is controlled by solid-state
molecular orientation governed by intermolecular interactions
(e.g., π−π, CH−π, and S−S interactions). Actually, some one-
dimensional π-electronic systems5 exhibit high charge carrier
mobilities as a result of their close-packed crystalline structures.
For example, dinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]thiophene
(DNTT)5f and 2,7-diphenyl[1]benzothieno[3,2-b][1]-
benzothiophene (DPh-BTBT)5h are known to be high-
performance OSC materials (Chart 1). Recently, a number of
new OSC materials possessing two-dimensional π-electronic
systems6 have been described. These materials show high
mobilities owing to the existence of extensive intermolecular
π−π overlap in the solid state.7 However, the solubilities of

these two-dimensional materials in organic solvents are low,
and as a result, it is difficult to prepare them in thin film forms
by using solution processes. Therefore, it is necessary to
introduce conformationally flexible substituents8 such as long
alkyl chains to overcome the solubility problem.
Methods involving photoinduced 6π-electrocyclization fol-

lowed by dehydrogenation have been employed to prepare
cyclic, extensively conjugated π-electron systems.9 By using this
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Chart 1. Molecular Structures of DNTT, DPh-BTBT, and
3TTN
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approach, we previously prepared tetrathieno[3,2-a:2′,3′-
c:3″,2″-f:2‴,3‴-h]naphthalene (3TTN) from tetra(thien-3-yl)-
ethane.10 The results of this effort led to the conclusion
that 3TTN meets two requirements for serving as a p-type
OSC material, including high stability against molecular
oxygen and a columnar crystal-packing structure that enables
efficient intermolecular π−π interactions. In this connection,
tetrathieno[2,3-a:3′,2′-c:2″,3″-f:3‴,2‴-h]naphthalene (2TTN,
Scheme 1),11 a structural isomer of 3TTN, is also an attractive

candidate as OSC materials. However, no reports exist
describing the properties of the parent 2TTN as an OSC
material. In contrast, the involvement of 2TTN in formation of
charge-transfer complexes with 7,7,8,8-tetracyanoquinodime-
thane11 and a determination of high electron-donating ability
of its derivatives12a,b leading to a unique crystal packing
structure12c have been reported.
Below, we describe the results of an investigation in which

several features of 2TTN and Cn-2TTNs (n = 6, 8, and 10)
were explored. First, theoretical simulations of the amorphous
solid structures along with the application of a novel statistical
method provided insight into the hole mobilities of these
compounds. Next, an efficient method for the synthesis of
Cn-2TTNs, using microflow photochemical reactions, was
developed.13 Finally, Cn-2TTNs were employed in the
fabrication of OFET devices. The hole mobilities of trial top-
gate bottom-contact OFET devices were found to correlate well
with the results of theoretical mobilities.

■ RESULTS AND DISCUSSION
Hole-Transporting Simulation of 2TTN and Cn-2TTNs

in Amorphous Solid Structures. The availability of an
accurate theoretical method to investigate OSC characteristics
in the amorphous solid structure would accelerate the
development of OSC materials. Driven by this goal, we devised
a method to estimate the hole mobility (μam) of 2TTN and
Cn-2TTNs in an amorphous solid structure (Figure 1) using
molecular mechanical molecular dynamics (MM-MD) simu-
lations14 and quantum-chemical calculations15 (HF/6-31G).
The simulated amorphous solid structures of these compounds
were determined in the following manner. The initial ordered
configuration of 480 (= 6 × 5 × 16) molecules of 2TTN and
Cn-2TTNs in a unit cell was generated by using the leap
module of the AMBER 9 package,16 in which MM force fields of
the molecules are generated by using the antechamber module.
An MM-MD simulation was performed for 2 ns at a temperature
of 1000 K to generate random configurations under periodic
boundary conditions. The time step in this simulation was taken
as 1 fs. Then, the system was gradually cooled to 300 K for a

period of 1 ns. The density (D) of the constructed amorphous
solid structure was calculated to be ca. 1.0−1.5 g cm−3 (Table 1),
which is reasonable for an organic material.

From a microscopic viewpoint, hole transport in the thin film
of 2TTN (or Cn-2TTNs) involves continuous single-electron
transfer (SET) from 2TTN (or Cn-2TTNs) to 2TTN•+

(or Cn-2TTNs
•+). For molecular flocks consisting of a given

focused molecule and ca. 30 surrounding partner molecules within
a 5 Å radius, the rate constant (W) for SET in each molecular pair
can be described by using the Marcus equation (eq 1)17
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where t is a transfer integral18,19 for the molecular pair, h is
Planck’s constant, λRE is reorganization energy,20 kB is the
Boltzmann constant, T is the temperature, and ΔG is the Gibbs
free energy change associated with SET. To conserve computa-
tional costs, the amorphous solid structures were regarded as
being homogeneous. As a result, ΔG associated with hole
transfer is 0. Furthermore, μam is taken to be the geometric mean
of the modified Stokes−Einstein equation (eq 2)21
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Scheme 1. Formations of 2TTN and Cn-2TTNs by Using
Sequential Photoinduced 6π-Electrocyclization−
Dehydrogenation Reactions

Figure 1. Method for preparation of the simulated amorphous solid
structure of C6-2TTN: (a) initial ordered configuration, (b) random
configuration, and (c) amorphous solid structure. The transfer integral
(t) between adjacent molecules in molecular flocks (orange circles).

Table 1. Densities (D), Hole Mobilities (μam), and Transfer
Integrals (t) between Adjacent Molecules of 2TTN and
Cn-2TTNs in Simulated Amorphous Solid Structures

compd D (g cm−3) μam
a (cm2 V−1 s−1) tb,c (meV)

2TTN 1.49 4.6 × 10−2 30.7
C6-2TTN 1.06 2.1 × 10−2 20.2
C8-2TTN 1.01 9.3 × 10−3 18.7
C10-2TTN 0.99 1.8 × 10−3 12.9

aObtained as the geometric mean. bCalculated by using HF/6-31G.
cObtained as the arithmetic mean.
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where N is the number of molecular flocks, e is the elementary
charge, and r is the distance between molecular centroids. The
local structure in the amorphous solid phase is rather rigid and
disordered at room temperature. The transfer integrals are
dominantly affected not only by overlap integrals but also by the
relative configurations for two molecules. Therefore, the hole
mobility evaluated with calculated transfer integrals between two
molecules are reluctant to converge when the simple averaging
technique within a very limited pair of molecules is used. Note
that μam values for several OSC materials, estimated by using the
geometric mean, were recently found22 to correlate well with
experimentally determined hole mobilities. Using this approach,
we found that μam values are calculated to be 4.6 × 10−2, 2.1 ×
10−2, 9.3 × 10−3, and 1.8 × 10−3 cm2 V−1 s−1 for 2TTN, C6-, C8-,
and C10-2TTNs, respectively. The values tend to decrease as the
length of the alkyl chain in these substances increases as a
consequence of a reduction of t. The results suggest that among
Cn-2TTNs, the one with shortest C6 alkyl chain (C6-2TTN) has
the highest mobility and, thus, is the best candidate for an OSC
material.
Syntheses of the 2TTN and Cn-2TTNs. A general method

was devised for synthesis of 2TTN and Cn-2TTNs (Scheme 2).

The precursors tetra(thien-2-yl)ethene (2TTE) and Cn-2TTEs
were prepared from di(thien-2-yl) ketone (2DTK) and
Cn-2DTKs, respectively, by using McMurry coupling reac-
tions.11,23 Photoirradiation of a solution of 2TTE and I2 in
C6H6 for 15 h, using a batch reactor with a 300 W high-pressure
mercury lamp through a Pyrex cutoff filter (λEX ≥ 313 nm),
gives rise to formation of 2TTN in a 35% yield (Table 2, entry 1).
Alternatively, 2TTN is produced in a 56% yield when a solution
of 2TTE in CH2Cl2 containing p-chloranil (p-CA)

9b,c serving as
an electron acceptor is subjected to the same photoreaction
conditions (entry 2). Photoreaction of C6-2TTE in CH2Cl2
containing p-CA, using a microflow reactor22 equipped with a
300 mW UV−LED lamp (λEX = 365 nm) through a quartz
glass, generates C6-2TTN in a 60% yield (entry 3). In contrast,

a similar reaction using a batch reactor also formed C6-2TTN
but in only a 40% yield (entry 4). In addition, photoreactions
(80 W medium-pressure mercury lamp through a Pyrex cutoff
filter, λEX ≥ 313 nm) of C8- and C10-2TTE in CH2Cl2 solutions
containing p-CA using the microflow reactor also produce
C8- and C10-2TTNs in 73% and 36% yields, respectively.
The results show that these photoreactions take place more
efficiently when a microflow rather than a traditional batch
reactor is employed (entries 5−8).

Physical Properties of 3TTN, 2TTN, and Cn-2TTNs. The
physical properties of TTNs were assessed to gain insight into
their possible use as OSC materials. Differential scanning
calorimetry (DSC) measurements22 were utilized to elucidate
their thermal properties. The results show that 2TTN does not
undergo phase transition in the range of 40 to 350 °C,
suggesting that this substance has high thermal stability. This
observation contrasts with that obtained from studies of 3TTN,
which show that a small endothermic peak occurs in the scan
at ca. 280 °C (solid−solid phase transition) and a large
exothermic peak exists at ca. 330 °C (thermal decomposition).
DSC traces of Cn-2TTNs are shown as endothermic peaks at
ca. 100 and 115 °C (both solid−liquid phase transitions) and
exothermic peaks at ca. 80 and 105 °C (liquid−solid phase
transitions).
The solubilities of 3TTN and 2TTN in CH2Cl2 are poor,

owing to the fact that these substances contain only rigid
π-electron-delocalized skeletons. In contrast, Cn-2TTNs
possessing four alkyl groups are more soluble in CH2Cl2 than
2TTN is. However, the solubility in this solvent decreases as
the length of the alkyl chains in Cn-2TTNs increases.
Electrochemical properties22 of TTNs were evaluated by

using cyclic voltammetry and UV−vis absorption spectroscopy.
The HOMO energy (EH) of 3TTN and 2TTN were estimated
to be −5.59 and −5.43 eV (Table 3), respectively, based
on their respective anodic onset potentials (EAO = +1.23 and
+1.07 V vs SCE). This finding indicates that these substances
should have a high stability against molecular oxygen.6b Indeed,
UV−vis absorption spectra of 3TTN and 2TTN remain
unchanged when aerated CH2Cl2 solutions containing these
substances at room temperature stand in the dark for 48 h.22

The EH values are nearly the same as those of E′H obtained by
using a quantum chemical calculation [B3LYP/6-31G(d,p)].
The HOMO−LUMO energy gap (ΔEH−L) of 3TTN (3.31 eV),
estimated from the absorption edge wavelength (λAB,edge),
is larger than that of 2TTN (3.26 eV). The difference be-
tween ΔEH−L of 3TTN and 2TTN arises from differences in

Scheme 2. Syntheses of 2TTE and Cn-2TTEs

Table 2. Photoreaction of 2TTE and Cn-2TTEs

entry starting material system λEX (nm) add time product yield (%)

1a 2TTE batch ≥313b I2 15 hc 2TTN 35
2d 2TTE batch ≥313b p-CA 12 hc 2TTN 56
3d C6-2TTE microflow 365e p-CA 1 minf,g C6-2TTN 60
4d C6-2TTE batch ≥313b p-CA 6 hc C6-2TTN 40
5d C8-2TTE microflow ≥313h p-CA 1 minf,g C8-2TTN 73
6d C8-2TTE batch ≥313b p-CA 3 hc C8-2TTN 58
7d C10-2TTE microflow ≥313h p-CA 1 minf,g C10-2TTN 36
8d C10-2TTE batch ≥313b p-CA 3 hc C10-2TTN 24

aIn C6H6.
bA 300 W high-pressure mercury lamp with a Pyrex cutoff filter. cIrradiation time. dIn CH2Cl2.

eA 300 mW UV−LED lamp through a
quartz glass. fResidence time. gFlow rate, 0.4 mL min−1. hA 80 W medium-pressure mercury lamp with a Pyrex cutoff filter.
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their EH values because their LUMO energy values (EL = −2.28
and −2.15 eV, respectively) are nearly equal. The EH, ΔEH−L,
and EL values of Cn-2TTNs are almost the same as that of the
parent 2TTN owing to the feeble electron-donating ability of
the alkyl groups.
The absorption maxima of 2TTN (297 nm) and 3TTN

(286 nm) are derived from respective HOMO → LUMO+1
and HOMO → LUMO+2 electronic transitions [TD-B3LYP/
6-311+G(d,p)]. The EH and EL of Cn-2TTNs are nearly the
same as those of the parent 2TTN because electronic effects
exerted by the alkyl groups are negligible. Consequently, the
solubilities of Cn-2TTNs are improved without influencing
their electronic properties by incorporation of alkyl side chains.
To gain an understanding of the hopping hole-transport

process, λRE related to SET from the neutral species to the cor-
responding radical cation were calculated by using (U)B3LYP/
6-31G(d,p). The results show that λRE of 3TTN and 2TTN are
0.14 and 0.12 eV, respectively, suggesting that these substances
should serve as suitable hole-transporting materials. On the
other hand, the λRE of DNTT and DPh-BTBT are calculated to
be 0.12 and 0.23 eV, respectively. Consequently, 3TTN and
2TTN could be promising molecular frameworks for hopping
hole transport from the point of view of λRE. The λRE values of
Cn-2TTNs are higher than that of 2TTN because the electron-
donating ability of the alkyl group is overestimated.
X-ray Crystallographic Analysis of 2TTN. X-ray

crystallographic analysis of 2TTN (Figure 2)24 was carried

out by using a single-crystal obtained by recrystallization from
toluene−n-hexane. The analysis shows that 2TTN has a slightly
twisted structure in the crystalline state. An S−S contact
(d1 = 3.43 Å) is observed between adjacent 2TTN molecules
arranged in an edge-to-edge manner; however, the t1

18 (B3LYP/
6-31G) is calculated to be only 0.1 meV. On the other hand,
molecules, having π−π overlap and a short separation distance
(d2 = 3.41 Å) between the dithienobenzene moieties are
arranged in a face-to-face manner. Strong intermolecular π−π
interactions exist in molecular columns of this substance,
and t2 is calculated to be 17.5 meV. van der Waals contacts
(d3 = 2.62 Å and d4 = 2.57 Å) are present between hydrogen
atoms and π-plane in adjacent molecules arranged in an edge-
to-face manner. The t3 and t4 values, calculated to be 24.3
and 28.4 meV, respectively, are relatively large owing to
the existence of CH−π interactions. On the other hand,
X-ray crystallographic analyses were not carried out on the
derivatives Cn-2TTNs because suitable single crystals could not
be generated.

Thin-Film Properties of Cn-2TTNs and the Corre-
sponding Solution-Processed OFET Devices. Thin-film
properties of Cn-2TTNs were investigated to estimate their
solution-processed OFET characteristics. The films were
prepared from toluene solutions of Cn-2TTNs (1 wt %) by
using spin-coating on glass substrates. The root-mean-square
roughness (Rq) of the thin films formed from C6-, C8-, and
C10-2TTNs are estimated to be 10.5, 8.7, and 18.1 nm
(Table 4), respectively, by using atomic force microscopy
(AFM) (Figure 3, left). Inspection of polarized microscope
images demonstrates that the thin films are polycrystalline
(Figure 3, right). Annealing the films at ca. 100 °C causes the
formation of multigrain aggregates of Cn-2TTNs on the glass
substrate.22 Note that thin films prepared from chloroform,
chlorobenzene, and 1,2-dichlorobenzene solutions of Cn-2TTNs
(1 wt %) were found to be inhomogeneous.
On the basis of the results of out-of-plane X-ray diffraction

(XRD) measurements (Figure 4a), C6-2TTN appears to be
oriented normal to the glass substrate (edge-on orientation) in
the thin film (Figure 5). The out-of-plane d-spacing (dout) for
C6-2TTN of 16.68 Å, obtained from the only XRD peak, is
lower than the calculated molecular length [l = 20.36 Å,
B3LYP/6-31G(d,p)] of this substance in which all alkyl chains
are arranged in a linear manner. C8- and C10-2TTNs have also
orientations in thin films that are similar to that of C6-2TTN.
Furthermore, the results of in-plane XRD measurements
(2θ = ca. 23 deg, Figure 4b) show that the din values increase
as the length of the alkyl chains in Cn-2TTNs increases.
To evaluate p-type OFET characteristics of Cn-2TTNs

(Figure 6), top-gate bottom-contact devices25 were fabricated
by using the spin-coating method. The OFET devices of C6-,
C8-, and C10-2TTNs exhibit moderate hole mobilities (μOFET)

Table 3. Anodic Onset Potentials (EAO), HOMO Energies (EH and E′H), Absorption Edge Wavelengths (λAB,edge),
HOMO−LUMO Energy Gaps (ΔEH−L and ΔE′H−L), LUMO Energies (EL and E′L), and Reorganization Energies (λRE) of
3TTN, 2TTN, and Cn-2TTNs

compd solubility (g L−1) EAO
a (V vs SCE) EH

b (eV) E′Hc (eV) λAB,edge
a (nm) ΔEH−Ld (eV) ΔE′H−Lc (eV) EL

d (eV) E′Lc (eV) λRE
c (eV)

3TTN 0.2 +1.23 −5.59 −5.44 375 3.31 4.01 −2.28 −1.43 0.14
2TTN 0.1 +1.07 −5.41 −5.47 390 3.26 4.08 −2.15 −1.39 0.12
C6-2TTN 10.4 +1.05 −5.39 −5.00 395 3.14 4.13 −2.25 −0.87 0.28
C8-2TTN 10.4 +1.05 −5.39 −5.00 395 3.14 4.14 −2.25 −0.86 0.31
C10-2TTN 5.3 +1.05 −5.39 −4.92 395 3.14 3.99 −2.25 −0.93 0.29

aIn CH2Cl2.
bEH (eV) = −e[EAO (V vs SCE)] − 4.38 (eV). cCalculated with (U)B3LYP/6-31G(d,p). dΔEH−L (eV) = hc/eλAB,edge. EL = EH + ΔEH−L.

Figure 2. Single-crystal packing structure of 2TTN. Distances
(d, dashed line) and transfer integrals (t, double-headed arrow)
between neighboring molecules of 2TTN.
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of 3.7 × 10−2, 1.0 × 10−2, and 2.4 × 10−3 cm2 V−1 s−1 in the
saturation regions, respectively. Other values including on/off
ratios, subthreshold swings, and threshold voltages are also
moderate. These results indicate that the OFET properties of
Cn-2TTNs become less favorable as the alkyl groups become
longer. This phenomenon is a result of an increase in Rq
values,26 a decrease in hole injection efficiency, and extension
of the din-spacing. The observed trend is similar to that seen in
inspection of simulated hole mobilities, μam, of Cn-2TTNs, even

though some differences in structure exist between the actual
thin films and the simulated amorphous solids.

■ CONCLUSION
In the study described above, 2TTN and Cn-2TTNs were
developed based on the results of theoretical calculation-
inspired investigation. The hole mobility simulations were
carried out on amorphous solid structures of 2TTN and
Cn-2TTNs. Moderate hole mobilities, μam, of these compounds
were estimated by using an MM-MD simulation on 480 mole-
cules (14000−57600 atoms) and quantum-chemical calcula-
tions. The μam values were found to decrease as the length of
alkyl chains increases, a probable result of decreasing t. Then
Cn-2TTNs were synthesized by using microflow photochemical
reactions of Cn-2TTEs with p-CA in CH2Cl2. 2TTN and
Cn-2TTNs appear to have properties that are required for them
to serve as hole-transporting materials. Key in this regard is that
their HOMO energies are suitable for hole injection and their
stabilities in the presence of molecular oxygen are high. The
formed polycrystalline film consists of grain and its boundary
(i.e., amorphous solid); the latter controls the net mobility.
Therefore, it is appropriate to simulate the mobility in the

Table 4. Surface Roughness (Rq), d-Spacings (dout and din), Calculated Molecular Lengths (l), Hole Mobilities of Trial OFET
Devices (μOFET), On/Off Ratios (Ion/Ioff), Subthreshold Swings (SS), and Threshold Voltages (Vth) of Cn-2TTNs

compd Rq (nm) dout (Å) din (Å) la (Å) μOFET (cm2 V−1 s−1) Ion/Ioff SS (V dec−1) Vth (V)

C6-2TTN 10.5 16.68 3.81 20.36 3.7 × 10−2 106 2.0 −30
C8-2TTN 8.7 17.33 NDb 25.22 1.0 × 10−2 105 2.4 −34
C10-2TTN 18.1 17.33 3.91 30.07 2.4 × 10−3 104 7.9 −31

aObtained by using single-point calculations with B3LYP/6-31G(d,p). bNot determined.

Figure 3. AFM images (left) and polarizing micrographs (right) of
spin-coated thin films prepared from toluene solutions of (a) C6-,
(b) C8-, and (c) C10-2TTNs (1 wt %, respectively) at room tem-
perature.

Figure 4. XRD pattern of C6-2TTN obtained by using (a) out-of-
plane and (b) in-plane scans.

Figure 5. Plausible edge-on orientation model using C6-2TTN in
which all alkyl chains are arranged in a linear manner in the crystalline
thin film.

Figure 6. OFET characteristics of C6-2TTN: (a) output char-
acteristics, and (b) transfer characteristics in the saturation region at
a drain voltage of −60 V. Spin-coated thin films were prepared from
toluene solutions (1 wt %) at room temperature.
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amorphous solid structures. In addition, the simulation of the
amorphous solid structure is scientifically more important than
that of the single crystal. Fabricated trial top-gate bottom-
contact OFET devices constructed using Cn-2TTNs were
found to exhibit moderate p-type characteristics. However, as
the length of alkyl chains in Cn-2TTNs becomes longer, the
μOFET values tend to become less desirable, a finding that
correlates the results arising from theoretical simulations. This
behavior might be a consequence of a decrease in hole injection
efficiency and an increase in surface roughness and din-spacing
of the spin-coated thin films.
The theoretical simulation method described here appears

to be an ideal approach to determining hole mobilities of
thin films (macroscopic) based on SET in a pair of molecules
(microscopic) in a highly reliable manner. Although the
annealing−cooling method was employed for simulated
construction of amorphous solid structure, other protocols
such as those involving nuclear and surface growth are
applicable to these types of systems. An appropriate choice of
methods should enable simulation of the characteristics of thin
films prepared by vapor deposition and/or solution-casting.
Utilization of quantum mechanical and MM-MD simulation
methods should become an important tool in the development
of OSC materials.

■ EXPERIMENTAL SECTION
General Methods. Melting points are reported uncorrected.

1H and 13C NMR spectra were recorded at 300 and 75 MHz,
respectively. Chemical shifts (δ) are reported in ppm using the signal
of tetramethylsilane as an internal standard. Low- and high-resolution
(LR- and HR-) fast-atom bombardment (FAB) mass measurements
were carried out in a positive mode with 3-nitrobenzyl alcohol (NBA)
as the matrix. Mass measurements were also carried out with an
LR-atmospheric solid analysis probe (ASAP) method. IR spectra were
collected with transmission (KBr pellets) or attenuated total reflection
(ATR) methods. Photoreactions using a batch system were carried out
by using irradiation from a 300 W high-pressure mercury lamp through
a Pyrex cutoff filter. Microflow photoreactions were carried out by
using a microflow reactor equipped with a syringe pump, a
thermostage, a stainless used steel microchannel (width 1 mm ×
depth 0.5 mm × length 915 mm), and a 300 mW UV−LED lamp unit
with a quartz glass or an 80 W medium-pressure mercury lamp unit
with a Pyrex cutoff filter. DSC measurements were carried out on a
differential scanning calorimeter. Cyclic voltammetry was performed
on an electrochemical analyzer. AFM images were recorded with a
scanning probe microscope. XRD measurements were carried out
on a high-resolution diffractometer equipped with a Cu Kα radiation
source. The OFET electrical characteristics were analyzed using a
source meter.
Materials and Solvents. THF and diethyl ether were dried with

Nikko Hansen GlassContour solvent-dispensing systems prior to use.
For spectroscopic analyses, solvents of spectroscopic grade were used
as purchased. For fabrication of OFET devices, acetone and
2-propanol (purity: 99.7% and 99.5%, respectively, Kanto Chemical
Co., Inc.) and anhydrous toluene (purity: 99.8%, Sigma-Aldrich
Co., Inc.) were used as purchased. Other solvents used for syntheses
were purified and dried via the usual methods. Other reagents and
solvents were used as purchased unless otherwise noted. Column
chromatography was performed with silica gel (neutral, 60N, Merck).
Trial Fabrication of Top-Gate Bottom-Contact OFET Devices

and Their Characterizations. The top-gate bottom-contact OFET
devices based on Cn-2TTNs were fabricated on a glass substrate under
ambient air. Source and drain electrodes (Cr/Au = 3 nm/30 nm) were
deposited on the glass substrate by using vacuum evaporation through
a metal shadow mask with the channel length (L) of 100 μm and the
channel width (w) of 2000 μm. The glass substrates were washed
sequentially with acetone and 2-propanol in ultrasonic baths and then

cleaned with an UV/O3 cleaner for 2 h. The toluene solutions of
Cn-2TTNs (1 wt %) as semiconductor materials were spin-coated onto
the treated glass substrates at room temperature in ambient air to
form thin films, which then were dried for 1 h. CYTOP (Asahi Glass
CTL-809M, ca. 550 nm on C6- or C8-2TTN films, ca. 700 nm on
C10-2TTN film) as a gate insulator was similarly spin-coated to create
thin films, which then were dried under vacuum at room temperature
for 1 h. A gate electrode (Al) was then deposited on the CYTOP.
OFET electrical characteristics were measured in an N2-filled glovebox
at room temperature. The field-effect mobility, μOFET, was calculated
using eq 3 in the saturation region

μ
= −I

C w

L
V V

2
( )D

OFET i
G th

2
(3)

where Ci is the capacitance per unit area for the gate insulator, ID is the
drain current, and VG is the gate voltage.

General Procedures of Preparation of Photoreaction
Precursors. The experimental manipulation and physical data of
2DTK are previously reported.9c C6-2DTK was prepared from
C6-2TH,

27a n-BuLi, and N,N-dimethylcarbamoyl chloride as described
below. C8- and C10-2DTKs were synthesized by using a similar
procedure.

Bis(5-n-hexylthien-2-yl) Ketone (C6-2DTK). To a dry THF (100 mL)
solution containing C6-2TH (5.05 g, 30 mmol) was added dropwise
1.60 M n-hexane solution of n-BuLi (18.8 mL, 30 mmol) under argon
at −78 °C. The mixture was stirred for 1 h. After addition of
N,N-dimethylcarbamoyl chloride (1.38 mL, 15 mmol), the mixture
was stirred for 1 h at −78 °C and warmed to room temperature. After
being stirred for 15 h, the reaction was quenched with 1 N aq HCl.
The resultant mixture was extracted with diethyl ether (30 mL × 3).
The combined organic layers were washed with water and brine and
dried over anhydrous Na2SO4. Concentration of the organic layer
under reduced pressure gave residual yellow oil that was subjected to
column chromatography [silica gel, n-hexane/EtOAc = 10 (v/v)].
The obtained solid was subjected to recrystallization from n-hexane−
EtOH to give C6-2DTK (4.90 g, 13.5 mmol, yield 90%) as colorless
needles: mp 69−70.5 °C; 1H NMR (300 MHz, CDCl3) δppm 0.88
(t, J = 6.8 Hz, 6H), 1.26−1.38 (m, 12H), 1.69 (tt, J = 7.4, 7.4 Hz, 4H),
2.84 (t, J = 7.4 Hz, 4H), 6.85 (d, J = 3.8 Hz, 2H), 7.71 (d, J = 3.8 Hz,
2H); 13C NMR (75 MHz, CDCl3) δppm 14.4 (2C), 22.7 (2C), 28.9
(2C), 30.7 (2C), 31.5 (2C), 31.6 (2C), 125.5 (2C), 134.4 (2C), 140.5
(2C), 155.4 (2C), 176.4; IR (KBr) ν/cm−1 1606 (CO); HR-mass
(FAB, NBA) m/z calcd for [C21H30OS2]

+ = 362.1738, found
362.1712.

Bis(5-n-octylthien-2-yl) Ketone (C8-2DTK). C8-2DTK was prepared
from C8-2TH

27b (5.89 g, 30 mmol), 1.60 M n-hexane solution
of n-BuLi (20.1 mL, 32 mmol), and N,N-dimethylcarbamoyl chloride
(1.38 mL, 15 mmol) and purified by using column chromatography
[silica gel, n-hexane/EtOAc = 20 (v/v)] and recrystallization from
EtOH to give pale yellow needles (4.64 g, 11.1 mmol, yield 74%): mp
43−46 °C; 1H NMR (300 MHz, CDCl3) δppm 0.88 (t, J = 6.5 Hz, 6H),
1.26−1.38 (m, 20H), 1.72 (tt, J = 7.5, 7.5 Hz, 4H), 2.86 (t, J = 7.5 Hz,
4H), 6.85 (d, J = 3.6 Hz, 2H), 7.71 (d, J = 3.6 Hz, 2H); 13C NMR
(75 MHz, CDCl3) δppm 14.3 (2C), 22.9 (2C), 29.3 (2C), 29.4 (2C),
29.5 (2C), 30.8 (2C), 31.6 (2C), 32.1 (2C), 125.6 (2C), 133.5 (2C),
140.6 (2C), 155.5 (2C), 178.5; IR (ATR) ν/cm−1 1614 (CO);
HR-mass (FAB, NBA) m/z calcd for [C25H38OS2]

+ = 418.2364, found
418.2360.

Bis(5-n-decylthien-2-yl) Ketone (C10-2DTK). C10-2DTK was pre-
pared from C10-2TH

27b (8.98 g, 40 mmol), 2.42 M n-hexane solution
of n-BuLi (18.2 mL, 44 mmol), and N,N-dimethylcarbamoyl chloride
(1.84 mL, 20 mmol) and purified by using column chromatography
[silica gel, n-hexane/EtOAc = 10 (v/v)] and recrystallization from
EtOH to give yellow needles (7.55 g, 15.9 mmol, yield 79%): mp
69.5−70.5 °C; 1H NMR (300 MHz, CDCl3) δppm 0.88 (t, J = 6.9 Hz,
6H), 1.27−1.34 (m, 28H), 1.69 (tt, J = 7.2, 7.2 Hz, 4H), 2.86 (t, J =
7.2 Hz, 4H), 6.84 (d, J = 3.9 Hz, 2H), 7.71 (d, J = 3.9 Hz, 2H);
13C NMR (75 MHz, CDCl3) δppm 14.2 (2C), 22.8 (2C), 29.3 (2C),
29.5 (2C+2C), 29.7 (2C), 29.8 (2C), 30.8 (2C), 31.6 (2C),
32.1 (2C), 125.5 (2C), 133.4 (2C), 140.6 (2C), 155.4 (2C), 178.4;
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IR (ATR) ν/cm−1 1605 (CO); HR-mass (FAB, NBA) m/z calcd for
[C29H46OS2]

+ = 474.2990, found 474.2967.
2TTE was synthesized by using a McMurry coupling reaction of

2DTK, as described below. Cn-2TTEs were synthesized by using a
similar procedure.
Tetra(thien-2-yl)ethene (2TTE). To a dry THF solution (40 mL)

at 0 °C under argon was quickly added TiCl4 (0.49 mL, 4.4 mmol).
After the solution was stirred for 30 min, activated zinc powder
(0.62 g, 9.5 mmol) and pyridine (0.36 mL, 4.5 mmol) were added, and
then the mixture was warmed to room temperature. After 2 h of
stirring, a THF solution (10 mL) of di(thien-2-yl) ketone (0.77 g,
4.0 mmol) was added. The mixture was stirred for 19 h at 80 °C,
quenched with aq Na2CO3, and filtered through Celite. The mixture
was extracted with EtOAc (50 mL × 1), and the extract was washed
with water and brine and dried over anhydrous Na2SO4. Concen-
tration of the organic layer under reduced pressure gave a residue that
was subjected to column chromatography (silica gel, eluted by
CHCl3). The obtained solid was subjected to recrystallization from
CHCl3−EtOH to give 2TTE (0.43 g, 1.19 mmol, yield 60%) as orange
crystals: mp 196−199 °C; 1H NMR (300 MHz, CDCl3) δppm 6.87
(dd, J = 3.6, 1.2 Hz, 4H), 6.95 (dd, J = 5.6, 3.6 Hz, 4H), 7.32 (dd, J =
5.6, 1.2 Hz, 4H); 13C NMR (75 MHz, C6D6) δppm 126.6 (4C), 126.8
(4C), 130.1 (4C), 130.4 (4C), 144.6 (2C); IR (KBr) ν/cm−1 3120,
3083, 3071, 1793, 1543, 1425, 1349, 1236, 1195, 1129, 1074, 1051,
851, 779, 749, 705, 620; LR-mass (ASAP, relative intensity) m/z 357
([M + H]+, 31), 81 (C4HS

+, 100).
Tetrakis(5-n-hexylthien-2-yl)ethene (C6-2TTE). C6-2TTE was

prepared from bis(5-n-hexylthien-2-yl) ketone (1.09 g, 3.0 mmol)
and purified by using column chromatography (silica gel, n-hexane)
and recrystallization from EtOH to give yellow needles (0.70 g,
1.01 mmol, yield 68%): mp 57−58 °C; 1H NMR (300 MHz, CDCl3)
δppm 0.88 (t, J = 6.6 Hz, 12H), 1.20−1.40 (m, 24H), 1.62 (tt, J = 7.5,
7.5 Hz, 8H), 2.73 (t, J = 7.5 Hz, 8H), 6.59 (d, J = 3.6 Hz, 4H), 6.65
(d, J = 3.6 Hz, 4H); 13C NMR (75 MHz, CDCl3) δppm 14.3 (4C), 22.8
(4C), 28.9 (4C), 30.4 (4C), 31.8 (4C + 4C), 123.7 (4C), 127.5 (4C),
129.7 (4C), 142.0 (4C), 148.3 (2C); IR (KBr) ν/cm−1 2959, 2916,
2848, 1459, 1226, 1134, 1028, 806, 782; HR-mass (FAB, NBA) m/z
calcd for [C42H60S4]

+ = 692.3578, found 692.3541.
Tetrakis(5-n-octylthien-2-yl)ethene (C8-2TTE). C8-2TTE was pre-

pared from bis(5-n-octylthien-2-yl) ketone (2.50 g, 6.0 mmol) and
purified by using column chromatography (silica gel, n-hexane) and
recrystallization from CHCl3−EtOH to give a pale yellow powder
(1.15 g, 1.43 mmol, yield 48%): mp 67.5−68 °C; 1H NMR (300 MHz,
CDCl3) δppm 0.88 (t, J = 6.6 Hz, 12H), 1.20−1.40 (m, 40H), 1.62
(tt, J = 7.5, 7.5 Hz, 8H), 2.73 (t, J = 7.5 Hz, 8H), 6.59 (d, J = 3.6 Hz,
4H), 6.65 (d, J = 3.6 Hz, 4H); 13C NMR (75 MHz, CDCl3) δppm 14.1
(4C), 22.7 (4C), 29.1 (4C), 29.3 (4C), 29.4 (4C), 30.2 (4C), 31.6
(4C), 31.9 (4C), 123.5 (4C), 126.8 (4C), 129.5 (4C), 141.7 (4C),
148.1 (2C); IR (KBr) ν/cm−1 2953, 2916, 2847, 1764, 1529, 1465,
1254, 1130, 1024, 806, 784; HR-mass (FAB, NBA) m/z calcd for
[C50H76S4]

+ = 804.4830, found 804.4871.
Tetrakis(5-n-decylthien-2-yl)ethene (C10-2TTE). C10-2TTE was

prepared from bis(5-n-decylthien-2-yl) ketone (0.95 g, 2.0 mmol)
and purified by using column chromatography [silica gel, n-hexane/
EtOAc = 5 (v/v)] and recrystallization from CHCl3−EtOH to give a
yellow powder (0.42 g, 0.46 mmol, yield 46%): mp 71−73.5 °C;
1H NMR (300 MHz, CDCl3) δppm 0.88 (t, J = 6.6 Hz, 12H), 1.20−
1.40 (m, 56H), 1.62 (tt, J = 7.5, 7.5 Hz, 8H), 2.73 (t, J = 7.5 Hz, 8H),
6.59 (d, J = 3.6 Hz, 4H), 6.65 (d, J = 3.6 Hz, 4H); 13C NMR (75 MHz,
CDCl3) δppm 14.3 (4C), 22.9 (4C), 29.3 (4C), 29.6 (4C + 4C), 29.8
(4C), 29.9 (4C), 30.4 (4C), 32.0 (4C), 32.1 (4C), 123.7 (4C), 127.1
(4C), 129.7 (4C), 142.0 (4C), 148.2 (2C); IR (ATR) ν/cm−1 2953,
2916, 2849, 1559, 1465, 1026, 805, 782; HR-mass (FAB, NBA) m/z
calcd for [C58H92S4]

+ = 916.6082, found 916.6067. Anal. Calcd for
C58H92S4: C, 75.92; H, 10.11; S, 13.98. Found: C, 75.18; H, 9.99.
General Procedure for Photocyclization−Dehydrogenation

Reactions. 2TTN was synthesized by using two methods (A and B),
as described below. Cn-2TTNs were also synthesized by using two
methods (B and C).

Tetrathieno[2,3-a:3′,2′-c:2″,3″-f:3‴,2‴-h]naphthalene (2TTN).
Method A (Photoreaction of 2TTE in the Presence of I2 Using a
Batch Reactor). A C6H6 (175 mL) solution containing 2TTE
(250 mg, 0.70 mmol) and I2 (360 mg, 1.42 mmol) in a Pyrex test
tube was irradiated with a 300 W high-pressure mercury lamp for 15 h
at room temperature. After the formed precipitate was separated by
filtration, the filtrate was diluted with aq Na2S2O3, washed with water
and brine, and dried over anhydrous Na2SO4. Concentration of the
organic layer under reduced pressure gave a residue that was combined
with the precipitate and subjected to sublimation (200 °C, 2.6 mmHg)
to give 2TTN (87 mg, 0.25 mmol, yield 35%) as a pale yellow powder:
mp > 300 °C; 1H NMR (300 MHz, CDCl3) δppm 7.89 (d, J = 5.4 Hz,
4H), 8.05 (d, J = 5.4 Hz, 4H); IR (KBr) ν/cm−1 3094, 3078, 1370,
1260, 1084, 884, 724, 641; LR-mass (ASAP, relative intensity) m/z
353 ([M + H]+, 13), 81 (C4HS

+, 100). 13C NMR spectrum of 2TTN
was not able to be obtained due to its poor solubility in CDCl3.

Method B (Photoreaction of 2TTE in the Presence of p-CA Using
a Batch Reactor). A CH2Cl2 (60 mL) solution containing 2TTE
(22 mg, 61 μmol) and p-CA (33 mg, 129 μmol) in a Pyrex test tube
was irradiated with a high-pressure mercury lamp for 12 h at room
temperature. Concentration of the organic layer under reduced
pressure gave a residue that was subjected to column chromatography
(silica gel, n-hexane). The obtained solid was subjected to
recrystallization from toluene−n-hexane to give 2TTN (12 mg,
0.034 mmol, yield 56%) as colorless needles.

2,5,8,11-Tetra(n-hexyl)tetrathieno[2,3-a:3′,2′-c:2″,3″-f:3‴,2‴-h]-
naphthalene (C6-2TTN) (Method B). C6-2TTN was prepared by
photoirradiation (the high-pressure mercury lamp, 6 h) of a CH2Cl2
(100 mL) solution containing C6-2TTE (364 mg, 0.50 mmol) and
p-CA (256 mg, 1.0 mmol) and purified by using column chro-
matography (silica gel, n-hexane) and recrystallization from toluene−
EtOH to give a pale yellow powder (138 mg, 0.20 mmol, yield 40%):
mp 119−122 °C; 1H NMR (300 MHz, CDCl3) δppm 0.92 (t, J =
7.2 Hz, 12H), 1.37−1.50 (m, 24H), 1.92 (tt, J = 7.5, 7.5 Hz, 8H), 3.13
(t, J = 7.5 Hz, 8H), 7.60 (s, 4H); 13C NMR (75 MHz, CDCl3) δppm
14.1 (4C), 22.6 (4C), 29.0 (4C), 30.9 (4C), 31.6 (4C + 4C), 119.4
(4C), 119.8 (4C), 131.7 (4C), 132.9 (4C), 147.1 (2C); IR (KBr)
ν/cm−1 2951, 2927, 2855, 1558, 1462, 1362, 1261, 817, 729; LR-mass
(FAB, NBA) m/z 688 (M+). Anal. Calcd for C42H56S4: C, 73.20; H,
8.19; S, 18.61. Found: C, 73.19; H, 8.33.

Method C (Photoreaction of C6-2TTE in the Presence of p-CA
Using a Microflow Reactor). A CH2Cl2 (8 mL) solution containing
C6-2TTE (28 mg, 0.040 mmol) and p-CA (20 mg, 0.080 mmol) in a
Pyrex gastight syringe was passed through a flow channel in a
microflow reactor under irradiation using 300 mW UV−LED lamps
through a quartz glass for 1 min (flow rate, 0.4 mL min−1) at room
temperature. The reaction mixture was concentrated under reduced
pressure, and the obtained residue was subjected to column chro-
matography (silica gel, n-hexane). Recrystallization of the obtained
solid from toluene−EtOH gives C6-2TTN (16 mg, 0.024 mmol, yield
60%) as a pale yellow powder.

2,5,8,11-Tetra(n-octyl)tetrathieno[2,3-a:3′,2′-c:2″,3″-f:3‴,2‴-h]-
naphthalene (C8-2TTN) (Method B). C8-2TTN was prepared
by photoirradiation (high-pressure mercury lamp, 3 h) of a CH2Cl2
(100 mL) solution containing C8-2TTE (162 mg, 0.20 mmol) and
p-CA (100 mg, 0.40 mmol) and purified by using column
chromatography (silica gel, n-hexane) and recrystallization from
toluene−EtOH to give a pale yellow powder (93 mg, 0.12 mmol,
yield 58%): mp 110−112 °C; 1H NMR (300 MHz, CDCl3) δppm 0.90
(t, J = 6.6 Hz, 12H), 1.20−1.40 (m, 40H), 1.82 (tt, J = 7.2, 7.2 Hz,
8H), 2.96 (t, J = 7.2 Hz, 8H), 7.51 (s, 4H); 13C NMR (75 MHz,
CDCl3) δppm 14.3 (4C), 23.1 (4C), 29.7 (4C), 29.8 (4C), 31.2 (4C),
31.8 (4C), 32.0 (4C), 32.3 (4C), 120.1 (4C), 120.7 (4C), 132.6 (4C),
133.8 (4C), 147.2 (2C); IR (KBr) ν/cm−1 2950, 2925, 2853, 1557,
1465, 1362, 1260, 819, 727; LR-mass (FAB, NBA) m/z 800 (M+).
Anal. Calcd for C50H72S4: C, 74.94; H, 9.06; S, 16.01. Found: C,
74.58; H, 9.10.

Method C. C8-2TTN was also prepared by photoirradiation (a 80 W
medium-pressure mercury lamp with a Pyrex cutoff filter, 1 min) to a
CH2Cl2 (4 mL) solution containing C8-2TTE (33 mg, 0.041 mmol)
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and p-CA (20 mg, 0.080 mmol) and then purified by using column
chromatography (silica gel, n-hexane) and recrystallization from
toluene−EtOH to give a pale yellow powder (24 mg, 0.030 mmol,
yield 73%).
2,5,8,11-Tetra(n-decyl)tetrathieno[2,3-a:3′,2′-c:2″,3″-f:3‴,2‴-h]-

naphthalene (C10-2TTN) (Method B). C10-2TTN was prepared by
photoirradiation (the high-pressure mercury lamp, 3 h) of a CH2Cl2
(50 mL) solution containing C8-2TTE (184 mg, 0.20 mmol) and
p-CA (98 mg, 0.40 mmol) and then purified by using column
chromatography (silica gel, n-hexane) and recrystallization from
toluene−EtOH to give pale yellow powder (44 mg, 0.05 mmol,
yield 24%): mp 106−107 °C; 1H NMR (300 MHz, CDCl3) δppm 0.87
(t, J = 6.9 Hz, 12H), 1.22−1.35 (m, 56H), 1.92 (tt, J = 7.7, 7.7 Hz,
8H), 3.12 (t, J = 7.7 Hz, 8H), 7.60 (s, 4H); 13C NMR (75 MHz,
CDCl3) δppm 14.3 (4C), 22.9 (4C), 29.5 (4C), 29.6 (4C), 29.7 (4C),
29.8 (4C + 4C), 31.1 (4C), 31.8 (4C), 32.1 (4C), 119.7 (4C), 120.0
(4C), 131.9 (4C), 133.2 (4C), 147.3 (2C); IR (KBr) ν/cm−1 2950,
2925, 2850, 1559, 1465, 1366, 1259, 821; LR-mass (FAB, NBA) m/z
914 (M+). Anal. Calcd for C58H88S4: C, 76.25; H, 9.71; S, 14.04.
Found: C, 76.07; H, 10.01.
Method C. C10-2TTN was also prepared by photoirradiation (the

medium-pressure mercury lamp, 1 min) to a CH2Cl2 (6 mL) solution
containing C10-2TTE (28 mg, 0.030 mmol) and p-CA (15 mg,
0.060 mmol) and then purified by using column chromatography
(silica gel, n-hexane) and recrystallization from toluene−EtOH to give
a pale yellow powder (9 mg, 0.011 mmol, yield 36%).
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