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Impact of molecular planarity on electronic devices in 

thienoisoindigo-based organic semiconductors 

Takefumi Odajimaa , Minoru Ashizawaa,*, Yuichi Konosua ,  Hidetoshi 
Matsumotoa, and Takehiko Moria,b 

Influence of molecular planarity on field-effect-transistor and photovoltaic-cell performance 

in thienoisoindigo derivatives has been studied.  Thienoisoindigo derivatives end-capped 

with benzothiophene TII(SB)2 and benzofuran TII(OB)2 together with benzothiophene-

capped isoindigo II(SB)2 are prepared, and their electronic properties are investigated.  The 

crystal structures of TII(SB)2 and TII(OB)2 are determined by single-crystal X-ray structure 

analyses.  The redox and optical measurements as well as the molecular orbital calculation 

indicate that thienoisoindigo-based molecules TII(SB)2 and TII(OB)2 have higher HOMO 

levels and smaller band gaps than II(SB)2.  The single-crystal structure analysis reveals that 

TII(SB)2 and TII(OB)2 have flat form, well agreeing with the structure optimized by the 

density functional theory (DFT) calculation, and TII(SB)2 and TII(OB)2 form slipped one-

dimensional stacks with the alkyl chains extending out of the molecular plane.  As an active 

layer of organic field-effect transistors, TII(SB)2 and TII(OB)2 show one order of 

magnitude larger p-type carrier mobility than that of II(SB)2.  It is noted that TII(SB)2 and 

TII(OB)2 fabricated on a tetratetracontane (TTC) modified substrate show balanced 

ambipolar properties (µh ≈ µe ≈ 10-2 cm2V-1s-1), where the carrier balance comes from well 

delocalized frontier molecular orbitals (FMOs).  The photovoltaic properties of TII(SB)2, 

TII(OB)2, and II(SB)2 are investigated in bulkheterojunction devices using PC71BM. The 

devices show a photovoltaic efficiency up to 2.4% for TII(OB)2 and 1.4% for TII(SB)2.   

The device performance is closely associated with the flat structure of the thienoisoindigo 

unit, which effectively minimizes the steric interference of the benzothiphene and 

benzofuran units to facilitate the slipped co-facial π- π stacking.   

 

Introduction  

Organic semiconductors have gained much attention due to the 
applications to large area, flexible, and low-cost electronic 
devices, such as organic field effect transistors (OFETs), 1-4 
light emitting diodes (OLEDs),5,6 and photovoltaics (OPVs).7-10  
To date, tremendous research efforts have been devoted to 
develop high-performance small-molecule and polymer organic 
semiconductors, in which the field-effect mobility over 1 
cm2/Vs, and OPV devices with power conversion efficiency 
exceeding 9% have been attained.11-14 In particular, materials 
showing ambipolar transport, where both electron and hole 
transports are possible, have been investigated extensively due 
to the application to OPV and ambipolar transistors.  As 
ambipolar organic semiconductors, polymers containing 
chemically bonded donor (D) and acceptor (A) units have 
advantages in realizing desirable donor and acceptor abilities by 
designing the D and A parts independently.  Representative 
electron accepting units are rylene diimide (naphthalene 
diimide and perylene diimide),15,16 benzothiadiazole,17 
benzobisthiadiazole,18,19 and diktopyrolopyrrole.20-22  The 

excellent semiconducting properties of these molecules are 
associated with the widely extended frontier molecular orbitals 
(FMOs) with low-lying LUMO level, and molecular rigidity to 
form strong intermolecular packing. In addition, the alkyl chain 
substitution enhances the intermolecular interactions and the 
solubility in common organic solvents.   
Recent D-A type polymers have shown excellent ambipolar 
properties because it is possible to achieve considerable 
intermolecular D-D and A-A interactions due to the segregated 
π-π stacking, In these D-A type polymers, the π-π stacking is 
expected from the X-ray diffraction, but in order to investigate 
the detailed molecular arrangement, we have to investigate the 
crystal structure of the monomer unit.  However, ambipolar 
transistor performance of small molecules is still lower than 
those of polymers in general.  Recently, ambipolar transistor 
properties have been reported in indigo derivatives.23,24  Indigo 
is a dye produced from such plants as Indigofera tinctoria and 
Isatis tintora, which have been cultivated for at least four 
thousands of years for coloring textiles.25  The structural isomer, 
isoindigo, has been also extensively studied as FET and OPV 
materials due to the easiness of the chemical modification.26-29
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Scheme 1  Molecular structures of 1-3. 
 
Isoindigo is slightly twisted owing to the steric repulsion 
between the phenyl proton and the carbonyl oxygen.  This 
twisted structure shortens the conjugation length and loosens 
the molecular packing.  An attempt to remove this drawback is 
to replace the benzene ring with thiophene, in which the short 
oxygen-sulfur interaction of thienoisoindigo enhances the 
planarity.  To date, a few thienoisoindigo copolymers with 
various electron-rich units have been reported as FET materials, 
where the hole mobilities are in the 10-1-10-4 cm2V-1s-1 range.30-

32 A copolymer composed of thienoisoindigo and 
benzothiadiazole units has been reported to show balanced 
ambipolar charge transport with both types of carrier mobilities 
exceeding 0.1 cm2V-1s-1.33   In this context, it is interesting to 
explore the properties of thienoisoindigo-based small molecules 

from the viewpoint of the influence of the molecular planarity 
on the device properties. This has prompted us to investigate 
thienoisoindigo-based small molecules end-capped with 
benzothiophene or benzofuran, in which planar thienoisoindigo 
component is expected to enhance the π-π intermolecular 
interaction for carrier transport.   These end groups are 
previously combined with electron accepting groups such as 
thienyldiketopyrolopyrrole  and pyridalthiazole groups, and the 
excellent OPV performance has been reported.34-38 
Herein we report synthesis and properties of new small 
molecules 1 and 2, where a thienoisoindigo unit is capped with 
benzothiophene or benzofuran (Scheme 1).  These molecules 
are regarded as a minimal unit of the D-A type polymers, and 
we can investigate the molecular structures by using the crystal 
structure analysis.  We also investigate the isoindigo analogue 3 
in order to examine the effect of molecular planarity on the 
OFET and OPV properties (Scheme 1).  Alkyl chains are 
introduced to enhance the solubility in organic solvents for 
facilitating the solution-process device fabrication. OFET and 
OPV properties of 1-3 are discussed in view of electronic 
structure, thin film morphology, and charge transport property.  
 

Results and Discussion 

Molecular Orbital Calculation  

To examine electronic structures of 1-3, density functional 
theory (DFT) calculations using Gaussian 09 program based on 
the B3LYP/6-31G*(d,p) level have been performed.39 For 
simplifying the calculation, the alkyl groups are replaced with 
methyl groups. Figure 1 shows optimized molecular structures 
and the calculated HOMO and LUMO orbitals of 1-3.  The 
optimized molecular geometries of 1 and 2  

 
Fig. 1 Optimized molecular geometries and the calculated distributions of HOMO and LUMO of 1-3 obtained from the DFT calculations.
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Scheme 2 Synthesis of 1-3. 
 
are almost flat, while 3 is non-planar; the benzothiphene ring is 
twisted from the isoindigo (II) unit with the dihedral angles of 
23.9°, and the II plane is bent by  11.3°.  The calculated HOMO 
and LUMO levels are -5.05 eV and -3.13 eV for 1, -5.04 eV 
and -3.13 eV for 2, and -5.36 eV and -2.87 eV for 3, 
respectively. The HOMO and LUMO of 1 and 2 are delocalized 
over the π-conjugated skeletons, whereas, especially, the 
LUMO of 3 is mainly concentrated on the central II moiety.  
These calculations demonstrate how the π-conjugation lengths 
of 1 and 2 increase due to the molecular planarity.  As a result, 
the HOMO-LUMO gaps of 1 and 2 (1.91~1.92 eV) are smaller 
than that of 3 (2.49 eV).   

Synthesis and Thermal properties  

Synthesis of 1-3 is outlined in Scheme 2. The brominated 
compounds 4 and 5 were prepared according to the previous 
reports.33, 40 In order to improve the solubility and film forming 
ability, branched 2-ethylhexyl groups were introduced. The 
molecules 1-3 were prepared through the Suzuki-Miyaura coupling 
of 4 and 5 with benzothiophene and benzofuran boronic acid using 
Pd(PPh3)4 catalyst in toluene-ethanol.41  The obtained 1-3 were 
soluble in common organic solvents.  Chemical structures and purity 
were fully characterized by 1H-NMR, mass spectroscopy, and 
elemental analysis. Thermal properties have been investigated by 
thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) analysis (Fig. S1).   In these molecules 1-3, the 
decomposition temperatures defined at 5% weight loss in TGA are 
higher than 350 °C due to the high thermal stability.  The melting 

points determined by the onset of the endothermic peaks in the 
heating runs of DSC are 290 °C for 1, 292 °C for 2, and 250 °C for 3.  
The higher crystallization temperatures are defined in the cooling 
runs of DSC; those of 1 and 2 (260-270 °C) are higher than that of 3 
(220 °C) probably because the longer π-conjugated structure, which 
prefers tight intermolecular π-π stacking.  The thermal 
measurements suggest the possibility that the film morphology of 1-
3 is improved by the thermal annealing.   

Electrochemical and optical properties 

The electrochemical and optical properties of 1-3 have been 
investigated by cyclic voltammetry (CV) and UV-vis absorption 
spectra as summarized in Table 1.  As shown in Fig. 2, 1 and 2 
exhibit clearly separated two reversible oxidation couples and one 
partly reversible reduction wave.  In 3, however, both the oxidation 
and reduction waves are quasi-reversible.  According to the 
empirical formula: EHOMO = -e(Eox1

1/2 + 4.8) eV and ELUMO = -
e(Ered

1/2 +4.8 eV),42 the HOMO levels of 1-3 are determined as 
shown in Table 1.  The LUMO energies of 1-3 are almost the same.  
1 and 2 have by about 0.6 V higher HOMO levels than 3 due to the 
electron donating character of the thiophene ring. The resulting high 
HOMO levels reduce the HOMO-LUMO gaps Eg in 1 and 2 (Table 
1). These estimations are in basic agreement with the DFT 
calculations.   

The UV-vis absorption spectra of solution and thin-film 1-3 are 
shown in Fig. 3. It is clear that both 1 and 2 have almost identical 

absorption profiles.  In solutions of 1 and 2, two absorption bands of 
310 - 450 nm and 500 - 770 nm are observed.  In contrast, 3 shows  

 
Fig. 2 Cyclic voltammograms of 1-3 measured in 0.1 M Bu4NPF6 in CH2Cl2 
at a scan rate of 100 mV-1. 
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Table 1 Electrochemical and optical properties 

Compound 
Eox1

1/2 
(V)a 

E ox2
1/2 

(V)a 
Ered

1/2 
(V)a 

ΕΗΟΜΟ 

(eV) 
ΕLUMO 

(eV) 
Eg, CV 
(eV) 

λabs, max
sol. 

(nm)b 
λabs, max

film 

(nm) 
Eg, op 
(eV)c 

1 0.54 0.93 -1.17 -5.06 -3.34 1.72 384, 649 397, 643 1.64 

2 0.53 0.87 -1.17 -5.05 -3.34 1.71 361, 650 370, 645 1.64 
3 1.14 1.29 -1.15 -5.66 -3.36 2.00 318, 441, 560 323, 449 1.86 

aVersus Ag/AgNO3 in CHCl3 with 0.1 M n-Bu4NPF6, grassy carbon working electrode, scan rate 100 mVs-1 at room temperature, where Fc/Fc+ is 0.28 V.41  
bMeasured in 10-5 M CHCl3 solutions. cEstimated from solution absorption onset. 
 
three absorption bands at 318 nm, 441 nm, and 560 nm.  Compared 
with 3, the long-wavelength absorption of 1 and 2 is obviously 
coming from the TII unit.  In addition to an increase of the π-
conjugation length originating from the flat molecules, this is 
associated with the push-pull character from the electron-rich 
thiophene to the electron-poor carbonyl group of the TII unit.  In the 
thin films, the main absorption bands become broader and the 
absorption edge is red-shifted due to the shoulder appearing in the 
long-wavelength region.  This indicates considerable intermolecular 
interaction and aggregation in the solid state.  From the absorption 
edges of 1-3 in solution, the corresponding optical energy gaps are 
estimated to be1.64 eV for 1 and 2 whereas 1.86 eV for 3, which are 
consistent with the electrochemical results (Table 1). 

 

 

Fig. 3 Normalized UV/Vis absorption spectra of 1-3 for (a) CHCl3 solutions 
(10-5 M), and (b) thin films spin-coated from CHCl3 solutions.

X-ray single-crystal structure analysis  

X-ray structure analyses of 1 and 2 have been performed for 
single crystals grown by slow diffusion of hexane into CH2Cl2 
solutions of 1 and 2.  The molecular and crystal structures are shown 
in Fig. 4, and the crystallographic data are listed in Table 2.  
Molecules 1 and 2 crystallize in the triclinic system with a space 
group P(-1), in which a half molecule is crystallographically 
independent, and a unit cell contains one molecule located on an 
inversion center.  The π-frameworks of 1 and 2 have planar 
geometry, agreeing with the DFT calculation, and the alkyl chains 
extend out of the molecular plane (Figs. 4(a) and 4(d)).  As shown in 
Figs. 4(b) and 4(e), 1 and 2 make a slipped one-dimensional π-
stacking, where an isoindigo part is basically located on another 
isoindigo part to form a "segregated" stack.  In order to realize the 
co-facial segregated molecular packing, the planar π-framework is as 
important as the alkyl chains.  The interplanar distance along the 
stack is 3.64 Å for 1 and 3.53 Å for 2. The one-dimensional stacks 
are separated by the alkyl chains, leading to poor electronic coupling 
between the adjacent stacks.  Transfer integrals estimated from the 
molecular orbital calculation also indicate highly one-dimensional 
transport; the HOMO transfer integrals along the stacks are  ta =  43 
meV for 1 and ta =  130 meV for 2,  and the LUMO transfer integrals 
are ta = 26 meV for 1 and ta =  61 meV  for 2, and other interstack 
transfers are negligible.43 The smaller transfers in 1 are ascribable to 
the slightly larger interplanar distance of 1 and the resulting loose 
molecular packing within the stack, because the intermolecular 
overlap modes along the π-stacking in 1 and 2 are almost the same 
(Figs. 4(c) and 4(f)); the slip distances are 3.88 Å for 1 and 3.71 Å 
for 2 along the molecular long axis, and 0.38 Å for 1 and 0.87 Å for 
2 along the molecular short axis.  
 

Table 2 Crystallographic data of 1 and 2   

 1 2 

Chemical formula C44H46N2O2S4 C44H46N2O4S2 

Crystal System triclinic triclinic 
Formura weight 763.10 730.98 
Shape black needle black needle 
Space group P(-1) P(-1) 
a / Å 5.21365(13) 5.1386(4) 
b / Å 12.5465(3) 11.8573(9) 
c / Å 16.7656(4) 16.4469(12) 
α / ° 110.3188(14) 105.425(5) 
β / ° 92.1751(15) 90.708(4) 
γ / ° 106.1216(14) 98.541(4) 
V / Å3 976.95(5) 953.88(13) 
Z 1 1 
Dcalc / g cm-3 1.297 1.272 
Data / parameters 3510/215 3410/205 
Goodness of fit on F2

0 2.539 1.098 
R1

a /Rwb 0.1344 /0.4030 0.1274/0.4022 
Reflections used 3510(I > 2.00σ) 3410(I > 2.00σ) 

a

001 FFFR c ∑−∑= . b ( ) 2/12
0

2

0 ][ wFFFwR cw ∑−∑=
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Fig. 4 (a) Molecular structure and (b) packing motif, and (c) overlap mode of 1. (d) Molecular structure, (e) packing motif, and (f) overlap mode of 2.
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Table 3 Summary of FET characteristicsa 

Compound SAM 
Mobility 

(cm2 V-1 s-1)a 
Vth 

(V)a 
on/off 
ratioa 

1 Bare µh = 3.5 × 10
-3 -2.4 102 

 HMDS µh = 3.8 × 10
-3 -1.6 102 

 OTMS µh = 2.0 × 10
-2 16 102 

 TTCc µh = 2.2 × 10
-2 -5.2 103 

  µe = 3.2 × 10
-2 -6.4 103 

2 Bare µh = 3.4 × 10
-3 -25 103 

 HMDS µh = 4.5 × 10
-3 -1.5 103 

 OTMS µh = 5.4 × 10
-3 1.0 104 

 TTCc µh = 5.8 × 10
-3 1.0 102 

  µe = 1.0 × 10
-2 -5.1 103 

3 Bare µh = 2.7 × 10
-4 -55 102 

 HMDS µh = 5.5 × 10
-4 -40 103 

 OTMS µh = 5.4 × 10
-3 -9.9 104 

 TTCc µh = 3.5 × 10
-3 -8 104 

  µe = 6.5 × 10-3 11 104 

aAverage values for more than nine devices. All devices are measured under 
ambient conditions.    The devices on TTC modified substrates showing 
ambipolar behavior are measured under vacuum. 
 

Field-effect transistor performance 

For comparing the FET properties, the FET devices with a 
bottom-gate and top-contact configuration were fabricated under the 
identical conditions; 1-3 were vapor deposited on Si/SiO2 substrates 
modified with various self-assembled monolayer (SAM) treatments.  
The results are summarized in Table 3.   Devices made of 1-3 exhibit 
basically p-channel transistor characteristics.  Figure 5(a) shows p-
channel output characteristics of 1 with the hole mobility of 0.020 
cm2V-1s-1.   The TII-based transistors of 1 and 2 show that the hole 
mobilities ranging from 10-3 to 10-2 cm2V-1s-1 with the on/off current 
ratios of 102 – 104.  These values are one order of magnitude larger 
than those of the II-based 3, and are comparable with those of the 
thienoisoindigo copolymers containing the D-A configuration.  The 
p-channel threshold voltages of 1 and 2 are found to be positively 
shifted compared to 3 for the same SAM treatments (Bare, HMDS, 
and OTMS).   This observation is related to the high HOMO levels 
of 1 and 2.   The HOMO and LUMO energy levels of 1 and 2 are 
located within the required region to exhibit ambipolar properties.44 
For the TTC modified devices, ambipolar behavior is observed 
similarly to the indigo device.23, 24, 45 Figs. 5(b) and S2 demonstrate 
typical ambipolar behavior of 1 with the hole mobility of 0.022 
cm2V-1s-1 and the electron mobility of 0.032 cm2V-1s-1.  The 
balanced motilities are associated with the appropriate HOMO and 
LUMO levels together with the delocalized FMO distribution.   

Morphology of thin films 

Figure 6 shows XRD patterns and AFM images of thin films of 1-
3 for the TTC-modified substrates.  Results for other SAM modified 
substrates are included in Figs S3 and S4.   All XRD show sharp 
peaks corresponding to the d-spacings of 15-16 Å, which are slightly 
smaller than the c axies of the single-crystal X-ray structures.  The 
single-crystal structures suggest that the molecules form a layered 
structure separated by the alkyl chains.  Then the c axis is 
approximately perpendicular to the substrate, and the long axis of the 
π-skeleton is parallel to the substrate.  The comparatively high 
mobility of 1 and 2 is associated with the stacking structure of the 
planar π-framework.  The XRD indicates that 3 forms a similar 
 

 
 

Fig. 5 (a) Transfer characteristics for TTC modified device and (b) p-
channel output characteristics for OTMS modified device of 1. 
 
layered structure, though the core π-skeleton of 3 is expected to 
be nonplanar in view of the DFT calculation. The thin-film 
morphology of 1 and 2 largely depends on the SAM treatments, 
where the height and size of grains increase in the order of Bare 
< HMDS < OTMS< TTC (Figs. 6 and S3).  The thin film of 3 
consists of largely separated domains, which are probably 
related to the low mobility.  It is noteworthy that the crystalline 
domains of the film of 1 fabricated on the TTC substrate is 
composed of characteristic fibrils highly ordered along the 
same orientation and small spherical grains (Fig. 6(d)). These 
small grains of 1 are also observed on HMDS substrate (Fig. 
S4(b).  Therefore, the comparatively high mobility of 1 is 
probably due to the ordered fibril-like structures. 

Solar cell performance 

The bulkheterojunction OPVs of 1-3 were fabricated; the device 
structure was represented by ITO / PEDOT : PSS/ [molecules 1-3 : 
PC71BM] / LiF / Al.  The device performance was investigated under 
a AM 1.5 G illumination of 100 mW/cm-2.  The active layer was 
spin-coated from the chloroform solution, where the concentration of 
the donor material was 10 mg/ml.  The optimized donor and acceptor 
ratio was determined to be 3 : 2 by varying the acceptor percentage.  
The obtained films were annealed at different temperatures (as cast, 
80 ºC, 110 ºC, and 150 ºC) to optimize the device performance.  The 
device of 3 did not show noticeable response under the investigated 
conditions.   The I-V curves and the external quantum efficiency 
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Fig. 6 XRD patterns of (a) 1, (b) 2, and (c) 3. AFM images of thin films of (d) 1, (e) 2, and (f) 3, thermally evaporated on TTC modified substrates. 
 

 
Fig. 7 (a) Photocurrent density-voltage (J-V) curves under illumination of 
AM 1.5G, 100 mWcm-2 and EQE curves of 1 and 2 under the optimized 
conditions. 

(EQE) spectra of the OPV devices made of 1 and 2 are shown in Fig. 
7.  Table 4 summarizes the extracted photovoltaic parameters, 
including the short-circuit current density (Jsc), the open-circuit 
voltage (Voc), the fill factor (FF), and the power conversion 
efficiency (PCE).  These OPV devices show the best PCE of 1.5%  
for 1 and 2.4%  for 2.  The Voc of these devices is explained by the 
HOMO levels of 1 and 2 (-5.0 eV from Table 1) and LUMO level (-
4.0 eV) of PC71BM according to the equation, Voc = (1/e)(EHOMO, 

donor – ELUMO, acceptor)-0.3 V).34 46-49   As shown in Fig. 7(b), devises of 
1 and 2 exhibit a significantly broad photo-response curves ranging 
from 400 to 850 nm. The EQE curves contain two structures at 300-
500 nm and 500-850 nm corresponding to the UV-vis absorption 
peaks of the films of 1 and 2 (Fig. 3(b)). The EQE of 2 is higher than 
that of 1 over the almost all wavelength, then higher Jsc values of 2 
are obtained, and this is the reason that 2 shows better PCE than 1.  
The morphology of the active layer is a key factor to determine the 
photovoltaic performance.  Since the electronic structure of 1 and 2 
are quite similar, the different response is expected to come from the 
different morphology of the blended thin films. 
The blended films of 1-3 are investigated by AFM (Fig. 8) and 
XRD (Fig. S5) before and after the annealing.  With increasing 
the annealing temperature, the domain size increases. The 
poorly connected grains of the blended films of 3 annealed at 
80 ºC, 110 ºC, and 150 ºC would be related to the absence of 
the solar cell performance.  Comparing the blended films of 1 
and 2, larger grains of 1 are considered to be more preferable 
for the charge transport, and afford the improved Jsc values.  
With increasing the annealing temperature, 1 and 2 show 
maximum PCE at 110 ºC (Table 4).   When the temperature is 
further increased to 150
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Table 4   Photovoltaic properties of the OPVs made of 1-3 and hole and electron motilities measured by the SCLC method.

Compound Annealing JSC 

(mA/cm2) 
VOC 

(V) 
FF PCE 

(%) 
µh 

(cm2/Vs) 
µe 

(cm2/Vs) 

1 As-cast 2.18 0.65 0.29 0.4 4.0×10-7 2.8×10-7 
 80 4.76 0.64 0.40 1.2 1.5×10-6 2.1×10-6 
 110 5.16 0.64 0.46 1.5 2.7×10-6 1.1×10-6 
 150 4.09 0.62 0.52 1.3 1.5×10-5 2.3×10-5 
2 As-cast 4.68 0.70 0.36 1.1 2.1×10-6 4.2×10-6 
 80 6.18 0.68 0.39 1.6 1.3×10-5 3.6×10-5 
 110 7.26 0.67 0.49 2.4 1.8×10-5 4.7×10-6 
 150 5.79 0.68 0.48 1.9 3.5×10-5 1.2×10-4 
3 As-cast N/A - - - 1.9×10-9 4.2×10-6 
 80 N/A - - - 1.5×10-6 5.5×10-6 
 110 N/A - - - 8.3×10-7 4.3×10-6 
 150 N/A - - - 1.0×10-6 4.3×10-6 

Fig. 8  AFM images of the bulkheterojunction active layers at increasing annealing temperature of (a)-(d) for 1 and (e)-(h) for 2, and (i)-(l) for 3. 
 
ºC, the domain size becomes too large to the efficient charge 
separation, in agreement with the decreasing PCEs. In order to 
investigate the vertical carrier transport of the organic photovoltaic 

(OPV) devices, we have measured the hole- and electron-mobilities 
for the blended films of 1-3 using the space-charge limited current 
(SCLC) method.  The SCLC curves are obtained using hole-only and 
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electron-only devices with the structures of  ITO / PEDOT:PSS / 
molecules 1-3: PC71BM / Au for a hole device and Al / molecules 1-
3: PC71BM / LiF / Al for an electron device, and the mobilities are 
estimated using the Mott-Gurney equation (Table 4).50, 51 The 
measured SCLC hole motilities are in the order of 10-7 - 10-5 cm2V-

1s-1 for 1, 10-6 - 10-5cm2V-1s-1 for 2, and 10-9 - 10-6 cm2V-1s-1 for 3, 
and  electron motilities are in the order of 10-6 - 10-5 cm2V-1s-1 for 1, 
10-6 - 10-4cm2V-1s-1 for 2, and 10-6 cm2V-1s-1 for 3. When compared 
under the identical annealing conditions, the low hole mobility of the 
films of 3 account for the absence of the OPV performance in 3.  It is 
noted that 2 shows higher hole mobilities than those of 1 under the 
same annealing conditions.  These higher values are responsible for 
the improved device performance of 2.  The d-spacings of the XRD 
profiles in the blended films (Fig. S5) are almost the same as the 
evaporated pure 1-3 films as shown in Figs. 6 and S3. Molecules 1-3 
show similar crystalline order even in the blended films.  Among the 
XRD profiles, the blended films of 2 display a clearest diffraction 
peak (Fig. S5), to indicate that 2 forms a highly crystalline film 
contributing to the enhanced hole mobility observed in the SCLC 
measurement.  The SCLC measurements demonstrate that the 
blended films with the hole mobility in the order of 10-7 cm2V-1s-1 
show OPV characteristics, but those less than 10-7 cm2V-1s-1 do not 
show OPV characteristics.  The estimated mobility suffers from a lot 
of microscopic factors such as the extent of interfacial traps, the 
molecular crystalline order, and the phase separation with the 
PC71BM part.  The comparatively low mobility limit for the OPV 
operation seems to be related to the balance to the electron mobility.    
As discussed from the viewpoint of the molecular planarity, the 
chemical modification of the central molecular framework 
drastically changes the performance of the FET and OPV 
devices by modifying the thin film morphology coming from 
the long-range molecular order.  In addition to tuning the 
electronic structure, the design of molecular planarity is an 
important factor to improve the device performance. 

Experimental 

General 

All the chemicals and solvents were of reagent grade unless 
otherwise indicated.  All reactions were carried out under an argon 
atmosphere.  The 1H-NMR and 13C-NMR spectra of the materials 
were recorded with a JEOL JNM-AL300 spectrometer (300 MHz) in 
CDCl3 and tetramethylsilane was used as the internal standard.  MS 
spectra were obtained with Shimadzu QP-5000 for EI-MS.  MALDI-
TOF mass spectrometry was performed using Shimadzu MALDI-
AXIMA time of flight mass spectrometer.  Microanalyses were 
performed at the Microanalysis Center, Tokyo Institute of 
Technology. 

Molecular orbital calculation 

Molecular orbital calculations were carried out using the Gaussian 
09 program based on the B3LYP/6-31G*(d,p) .39  

Material synthesis 

Dibromothienoisoindigo 4 and dibromoisoindigo 5 were 
prepared according to the previous report.33, 40 

Synthesis of compound 1 

A mixture of compound 4  (0.49 g, 0.75 mmol), benzothienylboronic 
acid (0.33 g, 1.87 mmol) Pd(PPh3)4 (0.086 g, 0.075 mmol), 
aliquat336 (2 drops), and sodium carbonate (0.29 g, 2.76 mmol) in 
toluene (40 ml), ethanol (5 ml), and water (5 ml) was heated under 

reflux for 24h and cooled.  After quenching with water (50 ml), the 
aqueous layer was extracted with dichloromethane three times.  The 
combined organic layer was washed with water and dried over 
anhydrous MgSO4.  After evaporation of the solvent, the crude 
product was purified by silica gel column chromatography using 
dichloromethane/hexane (2:1 v/v) as eluent, and recrystallization 
from toluene afforded 1 as a dark brown solid (0.29 g, 51%).  Slow 
diffusion of hexane into a chloroform solution of 1 gave dark brown 
needles suitable for single-crystal X-ray analysis.  M.p. = 290 °C 
(DSC).  1H NMR (300 MHz, CDCl3): δ 7.80 (d, J = 6.9 Hz, 2H), 
7.75 (d, J = 5.7Hz, 2H), 7.63 (s, 2H), 7.37-7.33 (m, 4H), 6.96 (s, 2H), 
3.72 (d, J = 7.8 Hz, 4H), 1.87-1.78 (m, 2H), 1.44-1.32 (m, 16H), 
0.99-0.91 (m, 12H). MS (MALDI-TOF) m/z: 762.24 (M+). 
Elemental analysis: Calcd for C44H46N2O2S4: C, 69.25; H, 6.08; N, 
3.67.  Found: C, 69.11; H, 5.97; N, 3.61. 

Synthesis of compound 2 

Quantities were as follows: compound 4 (0.33 g, 0.50 mmol), 
benzofuranyllboronic acid (0.18 g, 1.11 mmol), Pd(PPh3)4 (0.058 g, 
0.05 mmol), aliquat336 (2 drops), and sodium carbonate (0.20 g, 
1.86 mmol).  Purification by silica gel column chromatography and 
recrystallization gave a dark brown solid of 2 (0.22 g, 60%).  Slow 
diffusion of hexane into a chloroform solution of 2 gave dark brown 
needles suitable for single-crystal X-ray analysis.  M.p. = 292 °C 
(DSC). 1H NMR (300 MHz, CDCl3): δ 7.58 (d, J = 7.3 Hz, 4H), 7.49 
(d, J = 7.7 Hz, 4H), 7.35-7.21 (m, 4H), 7.13 (s, 2H), 7.06 (s, 2H), 
3.76 (d, J = 7.5 Hz, 4H), 1.93-1.87 (m, 2H), 1.53-1.25 (m, 16H), 
0.99-0.91 (m, 12H). MS (MALDI-TOF) m/z: 730.29 (M+). 
Elemental analysis: Calcd for C44H46N2O4S2: C, 72.30; H, 6.34; N, 
3.83; O, 8.75; S, 8.77.  Found: C, 72.12; H, 6.27; N, 3.80; O, 8.45; S, 
8.52. 

Synthesis of compound 3 

Quantities were as follows: compound 5 (1.29 g, 2.00 mmol), 
benzothienylboronic acid (0.71 g, 4.00 mmol), Pd(PPh3)4 (0.12 
g, 0.20 mmol), aliquat336 (2 drops), and sodium carbonate 
(0.78 g, 7.40 mmol).  Purification by silica gel column 
chromatography and recrystallization gave a dark brown solid 
of 2 (0.22 g, 60%).  M.p. = 250 °C (DSC). 1H NMR (300 MHz, 
CDCl3): δ 9.22 (d, J = 9.0 Hz, 2H), 7.66 (d, J = 9.0 Hz, 2H), 
7.50-7.35 (m, 8H), 7.10 (s, 2H), 3.76 (d, J = 5.2 Hz, 4H), 1.97-
1.88 (m, 2H), 1.42-1.38 (m, 16H), 0.99-0.93 (m, 12H). MS 
(MALDI-TOF) m/z: 762.04 (M+). Elemental analysis: Calcd for 
C48H50N2O2S2: C, 76.73; H, 6.71; N, 3.73; O, 4.26; S, 8.54.  
Found: C, 76.73; H, 6.71; N, 3.73; O, 4.51; S, 8.29. 

Thermal properties 

Differential scanning calorimetric (DSC) measurements were 
performed with SII EXSTAR DSC-6100.  Thermogravimetric 
analyses (TGA) were performed using SII EXSTA TG/DTA 7300.  
The heating rate was 5 °C / min for the DSC measurements and 
10 °C / min for the TGA measurements in nitrogen.  For the DSC 
measurements, the second heating-cooling cycles were analyzed.   

Redox and optical properties 

Cyclic voltammetry (CV) was performed with a ALS / CH 
Instruments Electrochemical analyzer Model 700C.  The 
measurement was performed in a dichloromethane solution 
containing the present compound (0.2 mM) and tetra-n-
butylammonium hexafluorophosphate (0.1 M) as a supporting 
electrolyte by the use of a glassy carbon working electrode, a 
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platinum counter electrode, and an Ag / AgNO3 electrode as a 
reference electrode at a scan rate of 100 mV/s.  UV-vis 
absorption spectra in a 10-5 M chloroform solution were 
recorded with a Jasco V-630 spectrometer.  From the half-wave 
oxidation and reduction potentials  Eox

1/2 and Ered
1/2, the  

HOMO and LUMO levels were estimated by assuming the 
ferrocene/ferrocenium energy level to be -4.8 eV below the 
vacuum level.42  The optical HOMO-LUMO energy gaps Eg, op 
were estimated from the low-energy band edge of the 
absorption spectra. 

X-ray single crystal structure analysis  

The crystal structures were determined from single-crystal X-ray 
diffraction data.   The measurements were made on a RIGAKU R-
AXIS RAPID II imaging plate with Cu-Kα radiation from a rotation 
anode source with a confocal miltilayer X-ray mirror (RIGAKU 
VM-spider, λ = 1.54187 Å).  The structures were solved by the 
direct method (SHELX-97).52  The structures were refined by the 
full-matrix least-squares procedure by applying anisotropic 
temperature factors except for several atoms owing to the poor 
crystal quality.  The positions of hydrogen atoms were calculated.   

Transistor fabrication and  thin-film characterization.   

The OFET devices were fabricated on a heavily doped n+-Si wafer 
with a 300 nm thermally grown SiO2 dielectric layer.  After 
treatment with piranha solution for 15 min and washing by 
ultrasonicationor with ultrapure water for 10 min three times, the 
substrates were dried in an oven at 150 °C for 1h.  The substrate 
were subjected to the SAM treatments.  For hexamethyldisilazane 
(HMDS) treatment,  the washed substrates were exposed in a HMDS 
vapor at 150 °C for 1 h.  The substrates were washed three times 
with acetone for 20 min to remove excess HMDS on the substrate.  
For the octyltrimethoxysilane (OTMS) treatment, an OTMS solution 
(3 mM) in 1,1,2-trichloroethane (TCE) were spin-coated on the 
washed substrate, followed by exposure in an NH3 vapar at room 
temperature for 24h.  The substrate were rinsed with ultrapuire water 
and sonicated with toluene to remove excess OTMS on the substrate, 
and dried under vacuum.  For the TTC treatment,  TTC was 
thermally evaporated to form 20 nm TTC layer on the washed 
substrate.  OFETs with top-contact source and drain (S/D) Au 
electrodes were fabricated.  All organic semiconductors were 
thermally deposited under vacuum of ca. 1.0 × 10-4 Pa, where the 
resulting thickness was 50 nm.  Au electrodes were thermally 
deposited under vacuum on the top of the active layer using a 
shadow mask with  the channel length (L) of 50-200 µm and the 
width (W) of 1 mm.  Characteristics of the OFET devices were 
measured at room temperature in air with a Keithley 4200 
semiconductor parameter analyzer under the ambient conditions.  
For the detection of ambipolar performance, the measurement was 
carried out under vacuum.  The field-effect mobility (µ) was 
calculated in the saturation region using an equation, IDS = 
µ(WCi/2L)(VG-Vth)

2, where IDS is the drain current, Ci is the 
capacitance of the SiO2 dielectric layer, and VG and Vth are the gate 
and threshold voltages, respectively.  The capacitance including the 
TTC layer on an SiO2 substrate were calculated to be 1.25 ×10-8 
Fcm-2.53,54 Current on/off ratio (Ion/ Ioff ) was determined from the 
minimum and the maximum of IDS.   X-ray diffraction (XRD) 
measurements were carried out on a Phillip X-PERT MPD-OEC 
with Cu Kα radiation (λ = 1.541 Å).  Atomic force microscopic 
(AFM) images of the thin films on OFET and OPV were obtained by 
using a SII Nanonavi SPA-400 scanning probe microscope with SII 
SI-DF40 cantilever. 

Solar cell fabrication. 

All solar cells were fabricated using the same fabrication procedure 
as follows; the indium tin oxide (ITO)-coated glass substrate was 
thoroughly cleaned by ultrasonication in neutral and alkaline 
detergent, ultrapure water, acetone, and isopropyl alcohol.   After 
complete drying, the ITO-coated glass was treated with UV-ozone.  
PEDOT:PSS (CleviosTM P AI4083, Heraeus) was spin-coated to a 
thickness of 30 nm, dried at 180 °C for 15 min in air and then 
transferred to an argon-filled glove box.  A mixture of TII or II-
based molecule and PC71BM in chloroform were spin-coated on the 
top of PEDOT:PSS layer at 2000 rpm for 45 sec leading to a 
thickness typically 100 nm.  The cells were then thermally annealed 
on a hotplate at 80, 110, and 150 °C for 15 min.  Subsequently, the 
electron transport layer (LiF, 0.7 nm) and the metal electrode (Al, 
130 nm) were deposited by thermal evaporation under high vacuum 
condition (< 10-6 Torr).  The active area of the cell is 4 mm2.  The 
current density-voltage (J-V) characteristics of the cell were 
measures using a Keithkey 2400 source measure unit.  The solar cell 
performance was measured employing an air mass 1.5 global 
(AM1.5G) solar simulator (OTENTO-SUN III, Bunkoh-Keiki) with 
as irradiation intensity of 100 mWcm-2.  The illumination intensity 
was calibrated by a standard Si photodiode detector with KG-5 filter, 
and no additional mask was used under the illumination.  The 
external quantum (EQE) spectra were measured using a MTE-1500 
solar cell measurement system (Bunkoh-Keiki) including a Xe 
source, a monochrometer, an optical chopper and a lock-in amplifier, 
and a standard Si photodiode with KG-5 filter for monochromatic 
power-density calibration.   

Hole and electron mobility measurement by the SCLC method. 

To determine hole and electron mobilities, two types of devices, 
which were composed of ITO / PEDOT:PSS (30 nm) / molecules 1-
3: PC71BM (100 nm) / Au and Al / molecules 1-3: PC71BM (100 nm) 
/ LiF (7nm) / Al for the hole and electron mobility measurements, 
respectively, were fabricated.  The mobility was determined by 
fitting the dark current to  the space-charge-limited currents (SCLC) 
model described by the equation:50,51 

 J = (9/8) ε0εrµ(V2/L3)  (1) 
where J is the current density, εr is the relative permittivity and 
assumed as approximately 3.0, ε0 is the permittivity of free space, µ 
is the mobility, V is the effective voltage, and L is the thickness of 
the active layer.  The mobility was calculated from the slope of the 
J1/2 vs. V curves. 

Conclusions 

In summary, we have designed three organic semiconductors 1-
3 composed of the central TII or II unit end-capped with 
benzothiophene or benzofuran units.  The DFT calculation as 
well as the redox and optical measurements show that the TII-
based 1 and 2 have an almost planar structure and a higher 
HOMO level with a small energy gap compared with the II-
based 3.  These structural and electronic features are 
characteristic of the TII unit.  From the single-crystal structure 
analyses of 1 and 2, the π-frameworks of the TII-based 1 and 2 
show high planarity as predicted by the DFT calculation, and 
form slipped one-dimensional stacks.   The OFETs of 1-3 show 
typical p-channel properties.  Charge-carrier motilities of 1 and 
2 are one order of magnitude higher than that of 3.   Notably, 
the OFETs of 1 and 2 on TTC-modified substrates exhibit well 
balanced ambipolar performance resulting from the 
delocalization of the FMOs.  The OPVs of 1 and 2 show 
photovoltaic performances with PCE up to 2.4% for 2 and 1.5% 
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for 1, whereas the device of 3 does not work.  The planar 
structure of the TII unit obviously changes the molecular 
packing and the thin-film morphology, and consequently 
improves the OFET and OPV properties. The present study 
provides a better understanding of structure-property 
relationship for the development of small-molecule organic 
semiconductors.    
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