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Abstract

Chapter 1. General Introduction.
   Organic field-effect transistors (OFET) have recently attracted much attention 
because of such possibilities as  flexible, low-cost, low processing temperature, 
and large-area fabrication. Performances of the OFETs reported so far are in fact 
lower than that their potential applications required. Development of semicon-
ductors has been needed. 
   The Ph.D thesis focused on a series of small π-conjugated molecules that have 
long alkyl chains along the π-core. The alkylated molecules  presented here were 
investigated in terms of molecular design, syntheses, device characteristics, 
solid-state structures, theoretical electronic properties, and application to flexible 
devices. This work involves interdisciplinary fields of research. 

Chapter 2. Development of Heteroaromatic-Fused TTFs as Organic Semi-
conductors for Solution Processible Field-Effect Transistors
   A series of alkylated molecules based on a tetrathiafulvalene (TTF) framework 
were designed as  solution-processible p-channel organic semiconductors. The 
TTF derivatives  that have long alkyl or alkylthio groups showed high solubilities 
and good FET responses, which can be attributed to well-ordered layer-by-layer 
structures in the thin films as  in the crystal structures. The alkyl chain plays an 
important role for the self-organizing ability. Correlation between the solid-state 
structures and the FET characteristics are clearly demonstrated by experimental 
and theoretical analyses.

Chapter 3. Evaluation of C10-DNTT as a Organic Semiconductor for High 
Performance Thin-Film Transistors
   Although the development of semiconductors based on the TTF framework did 
not afford superior materials, the molecular design strategy was applied to other 
small π-conjugated molecules  to give several high performance materials. One of 
the materials, alkylated dinaphto[2,3-b:2’3’-f]thieno[3,2-b]thiophene (DNTT), is 
a vacuum-processed semiconductor that shows excellent performances and air-
stability. The author contributed to accurate and practical evaluations of FET 
characteristics  of the alkylated DNTT by means of improving device-
configurations and changing substrates. High performance OFETs on plastic sub-
strates demonstrated in the context can be regarded as a successful exemplifica-
tion of prototypical OFET applications. Structural difference of the thin films de-
pending on substrates are also examined.
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要約
第一章：序論
   有機電界効果トランジスタ（OFET）は、 高い柔軟性や大面積・低コスト・低温など
での素子作製の可能性を有するため、近年注目を集めている。しかしその特性は実用
的な要求に答えられるものではなく、より一層力を入れた有機半導体材料の開発が望
まれている。本論文では、π骨格に長鎖アルキル基を導入した一連の低分子材料に着目
し、分子設計や合成、FET特性、固体構造、理論的電子特性、フレキシブル素子への
応用などについて調査した。本研究は有機合成化学や有機構造化学、半導体物理など
の学際的な研究分野を取り扱う。

第二章： ヘテロ芳香族縮環TTFを用いた溶液プロセス可能な有機トランジスタ半導体
材料の開発 
　テトラアチアフルバレン（TTF）を母骨格とした一連のアルキル基を置換した分子を
溶液プロセスp型有機半導体として設計した。長鎖誘導体は高い溶解性と良好なFET特
性を示した。構造解析からこれらの分子は薄膜中で秩序高い層状構造を形成してお
り、それがFET特性に寄与していると示唆される。アルキル基は溶解性だけでなく自
己組織化能にも重要な役割を果たしていることが明らかになった。本文中では理論的
な解析により、これらの構造と物性との相関を明確に示した。

第三章：高性能有機半導体アルキルDNTTの評価および応用
　第二章で述べたTTFを骨格とする化合物群自体は高性能材料とは成り得なかった
が、これらの分子設計は他の低分子骨格に適用され、いくつかの高性能材料を与え
た。その中の一つであるアルキルDNTTは、非常に高い移動度と大気安定性を示す。筆
者は、素子構造の改善や基板を変更することによって、アルキルDNTTのFET特性の正
確かつ応用的な評価に取り組んだ。本文中で示されるプラスチック基板上の高性能ト
ランジスタは、OFETの応用を鑑みた試験的な成功例と考えられる。また、基板による
薄膜構造の変化についても調査し、わずかな結晶性や薄膜の表面形状などの違いが特
性に影響していることが示唆された。
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Zusammenfassung
Kapitel 1. Allgemeine Einführung

Organischen Feldeffekttransistoren (OFET) wird aufgrund ihrer vorteilhaften Eigen-
schaften seit einiger Zeit erhöhte Aufmerksamkeit gewidmet. Zu diesen Vorteilen zählt 
z. B. ihre Flexibilität, sie sind kostengünstig, besitzen geringe Verarbeitungstemperatu-
ren und sind zur Massenfertigung geeignet. Jedoch ist die Leistungsfähigkeit von 
OFETs geringer als es ihre potentielle Einsatzzwecke erfordern würden, weshalb eine 
Weiterentwicklung dieser Halbleiter notwendig ist.

Die vorliegende Doktorarbeit beschäftigt sich mit kleinen πkonjugierten Molekülen 
mit langen Alkylketten in der πEbene. Die vorgestellten aklylierten Moleküle werden 
hinsichtlich Moleküldesign, Synthese, Eigenschaften, Strukturen, theoretische elektron-
ische Eigenschaften und Anwendungen für flexible Bauteile untersucht. Über dies 
hinaus schließt die vorliegende Arbeit interdisziplinäre Forschungsbereiche mit ein.

Kapitel 2. Entwicklung von heteroaromatisch kondensierten TTFs als organische 
Halbleiter für lösungsverarbeitete Feldeffekttransistoren

Mehrere alkylierte Moleküle auf Basis von Tetrathiafulvalene (TTF) Systemen wur-
den konzipiert als lösungsverarbeitet organische pKanal Feldeffekttransistoren. Die TTF 
Derivate langer Alkyl- oder AklylthioGruppen weisen hohe Löslichkeiten und gute FET 
Eigenschaften auf, welche auf die geordneten Schichtenstrukturen der Dünnschichten 
sowie der Kristallstrukturen zurückzuführen sind. Die Alkylketten nehmen hierbei eine 
entscheidende Rolle in der Fähigkeit zur Selbstorganisation ein. Zusammenhänge 
zwischen Festkörperstrukturen und den FET Charakteristiken werden durch experimen-
telle sowie theoretische Analysen eindeutig demonstriert.

Kapitel 3. Bewertung von C10DNTT als organische Halbleiter für Hochleistungs-
Dünnschicht-Transistoren

Obwohl die Entwicklung von Halbleitern, welche auf TTF Anordnungen basieren, 
keine hochwertige Materialien bieten, wurde das molekulare Design auf andere kurze 
πkonjugierte Moleküle angewendet, um verschiedene Hochleistungsmaterialien zu er-
halten. Eines der Materialien, alkyliertes Dinaphto[2,3-b:2’3’-f]thieno[3,2-b]Thiophen 
(DNTT), ist ein vakuumverarbeiteter Halbleiter und weist exzellente Leistungsfähigkeit 
und Luftbeständigkeit auf. Der Autor trägt zur präzisen und praktisch orientierten Bew-
ertung von FET Charakteristiken alkylierter DNTTs bei. Hierbei wird Bezug auf Ver-
besserung der Bauelementstruktur sowie auf Wechsel zu anderen Trägermaterialien ge-
nommen. HochleistungOFETs auf Kunststoffträgermaterialien konnten in diesem Zu-
sammenhang erfolgreich als prototypische OFET Anwendungen demonstrativ einge-
setzt werden. Ferner wurden strukturbedingte Unterschiede der Dünnschichen in 
Abhängigkeit von Trägermaterialien untersucht.

Translation: S. Maikowske, Germany
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   Impact of Organic Field-Effect Transistor. Some people may not realize what  a “transistor” 
is in their daily life. However, it  is significantly an important  technology that dominate our 
environment.1 For example, personal computers, displays, mobile phones, RFID tags, and other 
intelligent  electronic equipments. Most transistors around us are made of silicon, especially 
silicon-oxide-semiconductor field-effect  transistor (MOS-FET).2 On the other hand, organic 
field-effect  transistors (OFETs) have been recently attracted much attention of many academic 
and industrial research groups owing to the fascinate possibilities for being flexible, stretchable, 
large-area manufacturable, low-cost, light-weight, and ecological.3 Although OFETs will not be 
able to displace silicon-based FETs, it  will be indispensable technology which can produce plas-
tic electronics by combining flexible polymer substrates (Figure 1.1.1).4,5 

   Current Position of OFETs among Thin-Film Transistors. Most  OFETs can be classified 
into the thin-film transistor (TFT) by its configuration or device structure.6 Organic thin-film-
based transistors (OTFTs) are often compared with hydrogenated amorphous silicon TFTs 
(a-Si:H-TFTs), because their mobilities and the targeting applications are very close (Table 
1.1.1).7 However, the rivals are competing in this field, e.g. carbon nanotube TFTs (CNT-TFTs) 
and amorphous metal oxide TFTs (a-MO-TFTs) in addition to the conventional smaller Si-based 
TFTs.8 Although the mobilities of OFETs are somewhat  inferior to those of the other TFTs, 
OTFTs have several advantages over the other TFTs, e.g., the bending radius, both p- and n-
channel operations, and easy processability. In fact, demonstration of electronics applications of 
OTFTs to rollable display, flexible complementary circuits for inverters (CMOS), and pressure-
sensors have been reported actively (Figure 1.1.2).9-11
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Figure 1.1.1. Images of plastic electronics 
(Morph, published by Nokia in 2008). 
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Figure 4 |Ultraflexible organic circuits. a, Photograph of a polyimide substrate with functional organic TFTs and circuits wrapped around a cylinder with a
radius of 300 µm. b, Circuit diagram, photograph and electrical transfer characteristics of a complementary inverter (composed of a pentacene p-channel
TFT and a F16CuPc n-channel TFT) operated with a supply voltage (VDD) of 2V. The TFTs have a channel length of 20µm. The transfer characteristics were
measured in the flat state and while the inverter was bent into a radius of 300µm. There is no discernible change in characteristics during bending.
c, Circuit diagram, photograph and output signals of a five-stage complementary ring oscillator operated with a supply voltage (VDD) of 3V in the flat state
and while bent into a radius of 300 µm. The circuit oscillates with a signal delay per stage of 4.5ms, both in the flat state and during tight bending.
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Figure 1.1.2. (a) A rollable display demonstrated by Sony in 2009. 
(b) An ultra flexible integrated circuit reported by Sekitani et al. in 
2010. 



   Issues for Developing OFETs. The features of OFETs described above are very fascinating. 
The virtual performances organic semiconductors are, however, fairly insufficient  for industrial 
applications. For instance, solution-processible materials, which is capable of low-cost  and 
large-area device fabrication, show much lower mobilities than those required for application to 
large OLED displays (Figure 1.1.3).12 Likewise, OFET has many issues to be improved: (i) mo-
bility (ii) on-off ratio (iii) operating voltage (threshold voltage) (iv) air-stability (v) bias-stress 
stability (vi) processability (solubility) (vii) accessibility (material-cost) (viii) flexibility, and 
(ix) reproducibility. In this work, I have focused on two particular issues; one is development  of 
solution-processible organic semiconductors, and the other is evaluation of high performance 
organic semiconductors. 

   Development of Semiconductors. Most of the 
above issues can be solved by finding superior or-
ganic semiconductors.13 In other words, design and 
synthesis of organic compounds is considered to 
be the most  challenging and intrinsic subject for 
developing OFETs. For this reason, I have mainly 
studied to develop organic semiconductors based 
on a tetrathiafulvalene (TTF) framework, espe-
cially heteroaromatic-fused TTFs as potential 
compounds for solution-processible and high mo-
bility OFETs (Figure 1.1.4, described in Chapter 2).
   The benchmark material in the series of the 
heteroaromat-fused TTFs is dithiophene-
tetrathiafulvalene (DT-TTF).14 OFETs based on 
single-crystals of DT-TTF showed mobilities up to 1.4 cm2/Vs. The other heteroaromatic-fused 
TTFs are designed as an isoelectronic structure or a structural isomer of DT-TTF that can be 
introduced alkyl chains along the long molecular axis; alkyl- or acyl-substituted pyrrolo[3,4-
d]fused TTFs (1  and 2) and alkylthio-substituted thieno[2,3-d] TTFs (3).15,16 The solubilizing 
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alkyl chains along the π-core are expected not  to interfere the π-π and/or S-S intermolecular 
interactions (section 2.2 - 2.4).
   Since it  is important  to clarify the relationship between FET  characteristics and the thin-film 
structures for understanding molecular design strategies for superior organic semiconductors, 
the molecular orientation in both bulk-single crystals and the thin film of the heteroaromatic-
fused TTFs were elucidated by X-ray diffractions (XRDs). In addition, theoretical studies were 
carried out  to evaluate electronic structures in the solid states more quantitatively (section 2.5). 
These results were compared to each other in the present heteroaromatic-fused TTFs and those 
of high performance semiconductors in other class. An advantage or disadvantage of the TTF 
framework are discussed.

   Evaluation of Semiconductors.
   Dinaphto[2,3-b:2’3’-f]thieno[3,2-b]thiophene (DNTT) 
is the vacuum-processed semiconductor that  gives high 
performance and highly air-stable organic thin-film tran-
sistors (OTFTs) developed in Takimiya’s group (Figure 
1.1.5).17-21 Alkylated DNTT, having long alkyl chains 
along the DNTT core, is the semiconductors developed 
according to the same molecular design strategy as the 
heteroaromatic-fused TTF. Although the alkylated DNTT 
is insoluble, the vacuum-processed organic OFETs based 
on the alkylated DNTT showed superior performance than the ones based on DNTT. The very 
high performance of C10-DNTT  required improvement of our conventional FET  device structure 
for evaluation of characteristics more accurately and more practically. In chapter 3, as the sec-
ond part  of the thesis, I made effort to develop our device structure to evaluate the alkylated 
DNTT. I first improved the device geometry by defining the shadow mask for patterning of both 
organic layer and source-drain electrodes layer to evaluate alkylated DNTT  as a high 
performance new semiconductor (section 3.2).22 Second I tried to fabricate and evaluate of 
polymer dielectrics. The performances of dielectrics were examined by evaluation of character-
istics of DNTT-based OTFTs on the dielectrics (section 3.3). Finally high performance alkylated 
DNTT-based OFETs on plastic substrates were demonstrated (section 3.4).23 It  is also important 
to clarify the correlation between FET  characteristics and solid-state structures, I examined 
structural difference between on the polymer dielectrics and on the Si/SiO2 dielectrics. These 
works were very challenging because designing device structures and fabrication and charac-
terization of polymer dielectrics were the first attempts in Takimiya’s group. 

   The two approaches. Even though the two chapters seem to be different, each study gave 
important  result for developing OFETs (Figure 1.1.6). The first development of semiconductors 
based on TTF derivatives afforded the superior molecular design strategy with long alkyl chains 
both as solubility and self-assembling group. The high crystallinity of the series of TTF allowed 
systematic analysis of the crystal structures, which enable to elucidate of relationship between 
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the structures and the mobilities clearly. In the second part  of my thesis, I established the ad-
vanced evaluation system. which proved DNTT  with long alkyl chains to be high performance 
even on the plastic substrates. Furthermore, structural analysis indicate the performance can still 
be improved by control morphologies. The interdisciplinary study through the two approaches 
should be essential for developing OFET materials.

1. General Introduction

4



   History. Without exceptions, organic semiconductors consist  of π-compounds because π-
orbitals (conjugated p- and/or d-orbitals) can electronically interact with neighboring molecules 
with van der Waals interaction. This character realizes both electronic transport  and mechanical 
elasticity simultaneously. A numbers of interesting π-compounds were already synthesized be-
fore 1980s such as phthalocyanines and polythiophenes.24,25 Nevertheless, examination of appli-
cation to organic field-effect  transistors (OFETs) had been very limited, and the field-effect mo-
bilities (µFETs) of such FET  characteristics were quite low (µFET <10-5 cm2/Vs) (Figure 
2.1.1).26,27 This is because the characteristics of OFETs are very sensitive to the purity and the 
molecular arrangement  of semiconductors on the substrates, and thus researchers had to wait 
establishment of the standard OFET  fabrication techniques which includes vacuum-deposition 
(= vapor-deposition in vacuum) techniques and ultra smooth dielectric surface, e.g. heavily 
doped silicon with thermally grown silicon oxide (Si/SiO2) substrate (surface roughness < 0.1 
nm).28

     P3AT and Pentacene. High performance devices (µFET > 10-3 cm2/Vs) based on alkyl-
polythiophene (P3AT) and pentacene in the late of 1980s accelerated the investigations of 
OFETs (Figure 2.1.2).29 P3AT  is the most common polymer material, which had been attracting 
many researchers due to the processability.30-38 The crystalline thin films of P3AT can be fabri-
cated with solution-process such as drop-cast, spin-coating, dip-coat, and printing. These proc-
esses allows low-cost  and large-area fabrication of devices. The µFET of P3AT was increased up 
to ~0.1 cm2/Vs by improving regio-regularity of the polymers39 Recently developed thiophene-
containing co-polymer-based materials showed µFET ~1 cm2/Vs (Figure 2.1.3).40-46 The µFETs of 
the polymer-based OFETs are, however, generally lower than those of vacuum-deposited small-
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Figure 2.1.4. Examples of organic semiconductors based on π-conjugated molecules. 
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molecules-based OFETs. The drawbacks of polymer materials include dispersion of molecular 
weight, low purity, and synthetic limitation. In addition, difficulties to control properties and 
analyze structures of polymer-based thin films are disadvantages as a research subject. 
   On the other hand, pentacene, is the most  common organic semiconductors at present, gave 
one of the highest  performance OFETs which showed µFET of ~3 cm2/Vs.26,29,47,48 The perform-
ances of pentacene-based devices were improved in this decade by means of optimizing fabrica-
tion process of the thin films and chemical modification of the dielectric surface. The advan-
tages of the small π-conjugated molecules are easy purification and possibility for fine tuning in 
properties, such as solubility, ionization potential, energy gap of a highest  occupied molecular 
orbital (HOMO) and a lowest unoccupied molecular orbital (LUMO) by modification of mo-
lecular structure (see Appendix).49,50 In fact, great numbers of extended π-compounds have been 
reported to be promising organic semiconductors, which shows diversity of possible structures 
for developing new superior organic semiconductors (Figure 2.1.4 and 2.1.5).51-55 Small mole-
cules are also convenient for a research subject  because their molecular arrangement can be ana-
lyzed in detail by means of X-ray diffractions (XRDs) of both thin films and bulk single 
crystals.52
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Figure 2.1.5. Representative TTF derivatives for OFET materials reported so far. Described values are the highest 
reported mobilities of the thin-film-based OFETs fabricated by vacuum-deposition (vac), spin-coating (spin), dip-
coating (dip), drop-coat (drop), and single-crystal OFETs (crystal). They roughly are sorted with four groups, A is 
the TTF with substituents, B is TTF annulated with sulfur-containing five or six membered rings, C is six mem-
bered aromatic-fused TTFs, and D is TTF annulated with saturated rings. 
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   High potential of small π-compounds was evidenced by single-crystal-based OFETs.19,56-60 
The single-crystal OFET  is expected to provide idealized semiconductor channels of perfectly 
ordered molecules. Takeya et al. reported the prominent  µFETs of ~30 cm2/Vs in rubrene single 
crystals.61-62

    Soluble Small π-Conjugated Semiconductors. One drawback of high performance materi-
als based on small π-compounds is necessity of vacuum-process. Although soluble precursors of 
pentacene and  phthalocyanine have been developed (4, Figure 2.1.6a), the performance of the 
devices were lower than the parent  vacuum-deposited ones.53,63-66 Approach to develop solution 
processible small molecules by introducing solubilizing substituents into π-cores has been in-
vestigated by several research groups.67 Anthony et al. have reported that a series of soluble 
acene-based semiconductors that  have bulky solubilizing groups along the short-axis direction 
of an acene-core (Figure 2.1.6b).68-70,49 Bis(triethylsilylethynyl)-substituted anthradithiophene 
(5) gave high performance OFETs with µFETs up to 1 cm2/Vs.69 The molecules form thin films 
that arranged with brick-wall-like π-stacking on a substrate, which could give two-dimensional 
conducting layer. However, when the substituent or the π-core is alternated slightly, the ar-
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rangement is drastically changed into 1D π-stacking that showed lower µFETs in most cases. 
This fact indicates that it  is difficult  to control molecular orientation with this molecular design 
strategy.
   The other strategy to introduce soluble substituents is to use long aliphatic chains along a π-
core long-axis direction (6, Figure  2.1.6c). The anthradithiophene core with alkyl chains has 
been reported as a good example.71 Although the µFETs (~0.02 cm2/Vs bycasting) are lower than 
those of 5-based OFETs, it is reported that  the molecule formed layer-by-layer structure on a 
substrate to give conducting layers parallel to the substrate. I considered that the self-organizing 
ability of this molecular design would be necessary for fabrication of thin films from solution. 
Additionally, the resulting layer-by-layer structure allows aggregation of the π-cores with her-
ringbone fashion, which is expected to give 2D intermolecular interaction. This thesis focused 
on the latter molecular design for solution-processible semiconductors. 
   General explanation to understand the terms of the molecular short  and long axis, π-stacking, 
herringbone, and their intermediate structure are illustrated in Figure 2.1.7 and 2.1.8.72,73

   TTF derivatives. Because the long alkyl chains have small steric bulkiness, the molecules are 
expected to be closely packed in the solid state. However, it is also expected to give not  very 
high solubility. Several similar π-compounds that have long alkyl chains have been reported as 
vacuum-process materials.74-76,129 Thus choice of π-core will play an important role for not only 
mobility but also solubility in this molecular design. Among the varieties of potential structures 
for organic π-cores, a tetrathiafulvalene (TTF) framework is attractive for following reasons 
(Figure 2.1.9a). TTF is well-known skeleton as an excellent molecular donor which give con-
ductors and superconductors (Figure 2.1.9c).77 With increasing interests in OFETs, TTF deriva-
tives have been examined as promising candidates for p-type semiconductors (Figure 
2.1.5).14,78-94 Impressive FET  characteristics have been reported by using ring-fused TTFs such 
as thiophene, benzene, pyridine, cyclopentane, and related nitrogen-containing aromatic moie-
ties. The highest  µFET among the TTF derivatives have been reported using hexamethylene-TTF 
(HM-TTF) both in single-crystal-based devices (~7 cm2/Vs)87 and in thin-film-based devices 
(~3 cm2/Vs).88 Although their characteristics show have small on-off ratios (~103), the high po-
tential of the TTF framework have been shown obviously. The key feature of TTF is strong in-
termolecular interaction via four sulfur atoms where HOMO coefficients largely located (Figure 
2.1.9b). Furthermore, TTF derivatives are somewhat soluble compared with other extended π-
compounds because of the small π-core. Considering the benefits of the strong cohesive charac-
ter of the TTF cores, I have identified TTF as a promising π-conjugated core for use as soluble 
semiconducting materials for OFETs. 

   Heteroaromatic-fused TTFs for Solution-Processible Semiconductors. It  is possible to de-
sign the TTF with two long alkyl chain in such a way that  the resulting molecules can assume a 
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Figure 2.1.9. Introduction of tetrathiafulvalene (TTF): (a) Chemical structure (b) Distribution 
of HOMO coefficients (c) Fundamental electronic character of TTF as a donor. 
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stretched structure along the TTF long axis direction, where introduced alkyl chains would not 
hinder intermolecular π-π or S-S interactions. When the mono-substitution on each 1,3-dithiole 
ring is carried out, however, cis/trans isomerization caused by rotation of the central double 
bond in the TTF core readily occurs.95,96 The formation of a mixture of two isomers having very 
different  molecular shapes are not optimal for the formation of highly ordered molecular arrays 
in the thin-film state.80 Another strategy for introduction of alkyl chains is tetra-substitution on a 
TTF core.81,92 It also could result  in large steric bulkiness which could disturb close packing in 
solid state and/or causes liquid crystalline character around room temperature. These may bring 
poor thermal stability and device operation.94 
   The heteroaromatic-fused TTFs shown in Figure 2.1.10 are considered to be good skeletons 
that are amenable to di-substitution of alkyl chains along the molecular long-axis direction with 
avoiding the problems discussed above, i.e., steric hinderance of S-S interaction and problem-
atic structural disorders caused by cis/trans isomerization will not occur. In this series, 
dithiophene-tetrathiafulvalene (DT-TTF) has been reported as a high performance 
semiconductor.14 The single-crystal OFETs based on DT-TTF showed µFETs ~1.4 cm2/Vs. Al-
though the DT-TTF can not be substituted with alkyl groups along the π-cores, bis(pyrrolo[3,4-
d])tetrathiafulvalene (PyTTF, 1), which is isoelectronic structure of DT-TTF, can be modified 
with alkyl chains easily on the N atoms. Bis(thieno[2,3-d])tetra-thiafulvalene (αDT-TTF) also 
can be modified with alkyl chain at the α-positions of the fused thiophene rings with keeping the 
same thiophene moieties as DT-TTF.97 Each molecular feature will be explained in each intro-
duction of the following sections. 
   In this chapter, synthesis, properties, FET characteristics, and solid-state structures of the 
heteroaromatic-fused TTFs with various length of alkyl substituents are described. After de-
scription of the experimental results, theoretical analysis of the molecular structures and single-
crystal structures will be carried out  to correlate between the FET  characteristics and the struc-
tures and to discuss the potential of the present semiconductors. 
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   Introduction. Bis(pyrrolo[3,4-d])TTF (PyTTF, 1, Figure 2.2.1) is 
first focused as a solution-processible skeleton among the 
heteroaromatic-fused TTFs. As mentioned in section 2.1, PyTTF 
seems to be an identical system that confirm the strategy for soluble 
OFET  semiconductors based on the TTF core structure. Unsubsti-
tuted (1a), methyl (1b), and n-butyl (1c) PyTTF derivatives as 
electron donors for conducting materials were already synthesized 
via efficient synthetic route in 2000.98,99 

   Synthesis and Characterization. The parent PyTTF (1a) was synthesized via the reported 
route (Scheme 2.2.1, Route A). The synthesis using tosyl protecting group on the intermediate 
(11) gave PyTTF reproducibly. However, there are three problematic steps in this route; first, 
dimethyl acetylenedicarbonate (reaction of 7 to 8) is expensive for use as the starting material. 
Second, reduction of 8  to 9 is not reproducible, and the third, toxic Hg(OAc)2 is required for the 
synthesis of 12 from 11. As a result  of search for another synthetic route to the key intermediate 
of 12, I successfully found a new route by combining several efficient  reactions (Route B).100-102 
Route B can afford 12 in an improved total yield (22 % to 31 %) with fewer steps (6 steps to 5 
steps) and easier purification procedures.103 From the key intermediate (12), the parent PyTTF 
(1a) was synthesized with gram scale in one batch successfully. N-alkylated PyTTFs with vari-
ous chain lengths were then prepared by reaction of 1a with alkyl halides (Scheme 2.2.2). All 
alkyl derivatives were isolated as stable yellow powders or crystals and fully characterized by 
spectroscopic and elemental analysis. 
   To evaluate the solubilizing effect  of the introduced alkyl groups, the solubilities of 1b-g were 
determined semi-quantitatively (see Experimental Procedures). Although the methyl derivative 
(1b) was virtually insoluble in toluene, elongation of the alkyl groups enhanced the solubility, as 
expected. However, in compounds with very long alkyl groups (i.e., 1f with n-cetyl groups and 
1g  with n-icosyl groups), the solubility was decreased (Table 2.2.1). These results indicate that 
elongation of the alkyl groups enhances the affinity to solvents by enhancing solubility but that 
very long alkyl groups, such as the n-icosyl group, facilitate strong intermolecular hydrophobic 

2.2 Bis(N-alkyl-pyrrolo[3,4-d])tetrathiafulvalenes (N-alkyl-PyTTFs)
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interactions between the groups, consequently reducing the solubility of the molecules. The in-
creased hydrocarbon-like character in the molecules are also seen in the melting points which 
dramatically decrease with increment of alkyl chain lengths. 
   Among the PyTTFs investigated in this study, unsubstituted (1a), n-butyl (1c), n-octyl (1d), n-
dodecyl (1e), and n-cetyl (1f) derivatives afforded single crystals of high quality that  could be 
fully characterized by single-crystal XRD. (The crystallographic data are listed in Table A1 in 
Appendix). Figure 2.2.2 shows the molecular structures of 1c-f, where the PyTTF cores are al-
most flat in all compounds but  the alkyl groups have different  conformations. The n-butyl 
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Table 2.2.1. Synthetic yields and properties of N-alkyl-PyTTFsTable 2.2.1. Synthetic yields and properties of N-alkyl-PyTTFsTable 2.2.1. Synthetic yields and properties of N-alkyl-PyTTFsTable 2.2.1. Synthetic yields and properties of N-alkyl-PyTTFsTable 2.2.1. Synthetic yields and properties of N-alkyl-PyTTFsTable 2.2.1. Synthetic yields and properties of N-alkyl-PyTTFs

RR yield/ % mp / ºC solubility
/ g L-1

sublimation
at ~10-3 Pa

1b CH3 79 252 < 0.001 ✓ 
1c n-C4H9 71 198 10 -
1d n-C8H17 75 164 29 -
1e n-C12H25 61 127 50 -
1f n-C16H33 79 122 4 -
1g n-C20H41 53 121 0.4 -

in toluene at r.t.in toluene at r.t.in toluene at r.t.in toluene at r.t.in toluene at r.t.in toluene at r.t.

R-Br or R-I 
NaH

N-alkyl-PyTTF
S

S
N

S

S
NR R1a

Scheme 2.2.2. Synthesis of N-alkyl-PyTTF.
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Figure 2.2.2. Molecular structures of 1c (a), 1d (b), 1e (c), and 1f (d).
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groups in 1c, taking an all-anti conformation, lie on the same plane as that of the PyTTF core, 
whereas the n-octyl groups in 1d take a partial gauche conformation, and at the second methyl-
ene carbon from the nitrogen atoms in the pyrrole rings, the CH2 moiety is normal to the PyTTF 
plane, while the rest of the n-octyl groups lie on almost the same plane as that of the PyTTF 
core. These molecular structures most likely minimize the space required, enabling dense pack-
ing in bulk crystals (vide infra). In contrast  to the fairly flat  molecular structures of 1c and 1d, 
1e  and 1f form stretched and doubly bent  molecular structures in which the n-dodecyl groups in 
1e  and the n-cetyl groups in 1f take a staggered, all-anti conformation that minimizes the steric 
energy in the aliphatic chains.

   Deposition of Thin Films by Spin-Coating and Evaluation of FET Devices. As previously 
mentioned, PyTTF derivatives with alkyl chains longer than n-butyl (except 1g) were soluble 
enough to be spun from various solvents (e.g., dichloromethane, chloroform, THF, toluene, and 
chlorobenzene). Among these solvents, toluene enabled the reproducible formation of homoge-
neous thin films of 1c-f by spin-coating on the Si/SiO2 substrate. In contrast, homogeneous thin 
films of 1g, which has n-icosyl groups and showed a low solubility in toluene at room tempera-
ture, were obtained only when a warm solution of 1g in chlorobenzene (ca. 80 °C) was used. On 
the top of the thin-films, gold source and drain electrodes are deposited to give top-contact 
OFETs (Figure 2.2.3). 
   Evaluation of the devices was carried out  under ambient conditions without any precautions 
taken to eliminate air and moisture. Table 2.2.2 summarizes the FET characteristics of the de-
vices evaluated immediately after fabrication.* The data were obtained by averaging several de-
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* The devices were degraded gradually under ambient conditions, owing to the low oxidation potentials (i.e., high HOMO levels) of 
1c-1g. See section 2.3.

Table 2.2.2  FET characteristics of devices based on 1a-g on the Si/SiO2 
substrate.
Table 2.2.2  FET characteristics of devices based on 1a-g on the Si/SiO2 
substrate.
Table 2.2.2  FET characteristics of devices based on 1a-g on the Si/SiO2 
substrate.
Table 2.2.2  FET characteristics of devices based on 1a-g on the Si/SiO2 
substrate.
Table 2.2.2  FET characteristics of devices based on 1a-g on the Si/SiO2 
substrate.
Table 2.2.2  FET characteristics of devices based on 1a-g on the Si/SiO2 
substrate.

RR processa OFETbOFETbOFETb
RR processa

Vth / V µ /cm2V-1s-1 Ion/Ioff

1a H vac no field-effectno field-effectno field-effect
1b CH3 vac 40 5×10-5

1c n-C4H9 spin 30 2×10-5 101

1d n-C8H17 spin no field-effectno field-effectno field-effect
1e n-C12H25 spin 20 6×10-3 102

1f n-C16H33 spin 10 8×10-3 104

1g n-C20H41 spin 8 1×10-2 104

a spin = spin-coat, vac = vacuum-deposition.  b Typical value. Devices are 
top-contact configurations with Au electrodes. W and L are 1500 and 50 µm, 
respectively.  

a spin = spin-coat, vac = vacuum-deposition.  b Typical value. Devices are 
top-contact configurations with Au electrodes. W and L are 1500 and 50 µm, 
respectively.  

a spin = spin-coat, vac = vacuum-deposition.  b Typical value. Devices are 
top-contact configurations with Au electrodes. W and L are 1500 and 50 µm, 
respectively.  

a spin = spin-coat, vac = vacuum-deposition.  b Typical value. Devices are 
top-contact configurations with Au electrodes. W and L are 1500 and 50 µm, 
respectively.  

a spin = spin-coat, vac = vacuum-deposition.  b Typical value. Devices are 
top-contact configurations with Au electrodes. W and L are 1500 and 50 µm, 
respectively.  

a spin = spin-coat, vac = vacuum-deposition.  b Typical value. Devices are 
top-contact configurations with Au electrodes. W and L are 1500 and 50 µm, 
respectively.  

Figure 2.2.4. FET characteristics of 1g (n-icosyl) (a) output and 
(b) transfer characteristics at Vd = -60 V.  
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Figure 2.2.3. Schematic representation of 
OFET devices. 



vices independently fabricated with each compound. OFETs using spin-coated thin-film of 1c 
with short alkyl groups showed poor responses with very small field-effect  modulation of drain-
current; thus, field-effect  mobility (µFET) and on-off ratio (Ion/Ioff) are very low. OFETs based on 
1d showed no current modulation on gate bias application, and thus, the FET  parameters of the 
devices were not determined. Similarly, OFETs based on 1a and 1b fabricated by vacuum-
deposition showed no and poor field-effect responses, respectively. 
   In sharp contrast, 1e-based devices showed a typical p-channel FET response with µFET = 6.8 
× 10-3 cm2/Vs and Ion/Ioff = 2 × 102. Spin-coated thin films of 1f and 1g with long alkyl groups 
also acted as semiconducting channels in the devices, and the µFETs of these devices were in the 
order of 10-2 cm2/Vs with Ion/Ioff 104 (Figure 2.2.4 and Table 2.2.2). These FET  characteristics 
are fairly good for solution-processible OFET devices and comparable to OFETs based on 
poly(3-hexylthiophene) tested in our laboratory. 

   Evaluation of Molecular Ordering by XRD Studies of Thin Films and Bulk Single  Crys-
tals. Figure 2.2.5 shows the XRD patterns of thin films of 1c-g deposited on an Si/SiO2 sub-
strate by spin-coating. Since all the spin-coated films (except 1c) showed a series of peaks as-
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1c (n-butyl)
d = 10.2, 8.5 Å

1d (n-octyl)
d = 12.6 Å

1e (n-dodecyl)
d = 21 Å

1f (n-cetyl)
d = 27 Å

1g (n-icosyl)
d = 33 Å

0 5 10 15 20 25 30
2θ/θ

Figure 2.2.5. XRD patterns of thin-films of 1c-g.

Table 2.2.3. Interlayer spacing (d-spacing) of thin-film of 1a-gTable 2.2.3. Interlayer spacing (d-spacing) of thin-film of 1a-gTable 2.2.3. Interlayer spacing (d-spacing) of thin-film of 1a-gTable 2.2.3. Interlayer spacing (d-spacing) of thin-film of 1a-gTable 2.2.3. Interlayer spacing (d-spacing) of thin-film of 1a-g

RR d-spacinga / Å δd b / Å c-axisc / Å 

1a H no peak - 9.7
1b CH3 no peak - -
1c n-C4H9 10.2 , 8.5 - 8.1
1d n-C8H17 12.6 4.0 12.6
1e n-C12H25 21.0 8.5 23.8
1f n-C16H33 26.8 5.8 26.9
1g n-C20H41 32.3 5.5 -

a d = layer distance, determined on the basis of the (001) peaks in the 
XRD patterns. b Increment of d-spacing (δd ) by elongation of alkyl 
groups with the addition of four CH2 units; δd = d0 - dn-1. c In the single-
crystal unit cell. 1b and 1g did not form single-crystals sufficient for 
analysis.

a d = layer distance, determined on the basis of the (001) peaks in the 
XRD patterns. b Increment of d-spacing (δd ) by elongation of alkyl 
groups with the addition of four CH2 units; δd = d0 - dn-1. c In the single-
crystal unit cell. 1b and 1g did not form single-crystals sufficient for 
analysis.

a d = layer distance, determined on the basis of the (001) peaks in the 
XRD patterns. b Increment of d-spacing (δd ) by elongation of alkyl 
groups with the addition of four CH2 units; δd = d0 - dn-1. c In the single-
crystal unit cell. 1b and 1g did not form single-crystals sufficient for 
analysis.

a d = layer distance, determined on the basis of the (001) peaks in the 
XRD patterns. b Increment of d-spacing (δd ) by elongation of alkyl 
groups with the addition of four CH2 units; δd = d0 - dn-1. c In the single-
crystal unit cell. 1b and 1g did not form single-crystals sufficient for 
analysis.

a d = layer distance, determined on the basis of the (001) peaks in the 
XRD patterns. b Increment of d-spacing (δd ) by elongation of alkyl 
groups with the addition of four CH2 units; δd = d0 - dn-1. c In the single-
crystal unit cell. 1b and 1g did not form single-crystals sufficient for 
analysis.



signable to (00l) reflections, it  is clear that  well-oriented crystalline films were formed in the 
spin-coated film. In contrast, the vacuum-deposited film (1a-b) showed no peaks, indicating 
amorphous structure.  Calculated d-spacings based on the first-layer line are listed in Table 
2.2.3. For the thin film of 1c, there exist  two intense peaks at 2θ = 8.7º and 10.4º, which corre-
spond to d-spacings of 10.2 and 8.5 Å, respectively, indicating the existence of two crystalline 
phases or two different orientations normal to the substrate surface.
  The calculated d-spacings were increased with the elongation of the alkyl groups, which can be 
qualitatively understood by considering that  longer molecules form thicker layers. However, 
focusing on the increment of the d-spacing (δd) by the addition of four CH2 units, a large in-
crease of d-spacing from 1d to 1e  is noticeable, which may correspond to a change of molecular 
orientation. Interestingly, the trend of FET characteristics is also drastically changed at this 
point, and thus, we speculate that the change of molecular orientation in the thin film and the 
FET characteristics can be correlated.
   To gain further insight into the relationship between molecular orientation and FET character-
istics, we examined the structures of 1c-f in bulk single crystals. By comparing the d-spacings 
with the cell parameters of the bulk single crystals (Table 2.2.3), I noticed a similarity between 
d-spacings and crystallographic c-axes in the bulk single crystals, indicating that  the preferred 
orientation normal to the substrate in the thin films is the c-axis for all the compounds.

   Molecular Orientation  in Bulk Single Crystals. Regardless of the length of alkyl groups, 
the crystal structures of 1c-f are similar to one another, that  is, a layer-by-layer structure consist-
ing of alternately stacked aliphatic layers and PyTTF layers (Figures 2.2.6 and Figure 2.2.7). 
However, detailed examination of the molecular packing revealed that intermolecular interac-
tions, and consequently intermolecular overlaps, are very much dependent on the compounds 
and dominate the carrier transport  properties of FET  devices. Interestingly, these four crystal 
structures can be classified into two groups from the viewpoint of molecular arrangement: one is 
1c and 1d with a monoclinic space group (Figure 2.2.6), and the other is 1e  and 1f with a tri-
clinic space group (Figure 2.2.7).
   In the PyTTF layers of the former two crystal structures with relatively short  alkyl groups (1c 
and 1d), the molecules tilt markedly from the c-axis (Figure 2.2.6, left), resulting in the forma-
tion of very thin active semiconducting layers where no stacking of the TTF cores exists owing 
to the slipping of molecules along the molecular long-axis direction (Figure 2.2.6, right). There-
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(a)

(b)

c

a

Figure 2.2.6. Molecular arrangement in single crystal of 1c (a) and 1d (b): side view of molecular layers (b-axis 
projection, left) and projections of one layer normal to the PyTTF plane (right). Side-by-side S-S short distances 
indicated by dashed lines are 3.63 Å for 1c and 3.36 Å for 1d.



fore, molecular overlap along the a-axis direction is very small, although there are intermolecu-
lar side-by-side interactions through S−S contacts in the b-axis direction (3.63 Å for 1c and 3.36 
Å for 1d). 
   In contrast, in the PyTTF layers of the latter group (1e and 1f), both well-overlapped π-
stacking between PyTTF moieties in the a-axis direction and transverse intermolecular interac-
tion through S−S contacts (3.43 Å for 1e and 3.40 Å for 1f) was observed (Figure 2.2.7). This 
indicates that  these two compounds have typical two-dimensional (2-D) TTF conducting layers, 
as observed in many highly conducting charge-transfer TTF salts. The existence of 2-D con-
ducting layers on the substrate is considered to be one of the critical prerequisites to realizing 
high-performance OFET  devices.104,105 From these structural features, it  appears that  the FET 
characteristics of the present  PyTTF-based OFETs are well-explained by the electronic nature of 
the semiconducting layer. 
   For inspection of poor crystallinity of thin films of unsubstituted PyTTF (1a) and methyl de-
rivatives (1b), molecular orientation in crystal of 1a was examined (Figure 2.2.8). The arrange-
ment of 1a consist of two different  layers which stacked alternately along the a-axis, neither of 
which has efficient  overlap between the π-core. It is very differed from those of the alkylated 
PyTTFs where repeated layer-by-layer structures were formed. The structure and the poor FET 
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(a)

(b)

Figure 2.2.7. Molecular arrangement in single crystal of 1e (a) and 1f (b): side view of mo-
lecular layers (left) and projections of one layer normal to the PyTTF plane (right). Side-by-
side S-S short distances indicated by dashed lines are 3.43 Å for 1e and 3.40 Å for 1f.



characteristics of 1a and 1b indicate that the alkyl groups bring the PyTTF the self-assembling 
character to form 2-D layer-by-layer structure on the substrate from solution. 

   Summary. The present  study on N-alkyl-substituted PyTTFs (1c-g) gave a good demonstra-
tion in which PyTTFs as are potential compounds for OFET applications. The structural analy-
ses clarified the effect  of N-alkyl groups in PyTTF system, which enhance not only solubility 
but also self-organizing ability in thin film that  suitable for FET operation. Molecules 1e-g, 
which have long alkyl groups, tend to take 2-D molecular ordering both in the bulk single crys-
tals and in the thin films, whereas 1c and 1d with relatively short  alkyl groups also oriented 
layer-by-layer structure but  have no efficient  overlap of π-core. 1a and 1b did not form oriented 
structure. The present performance are not  best  among recently reported high performance 
solution-process OFETs (up to µFET = 0.01 cm2/Vs on the 1g). However, an important conclu-
sion that can be drawn from the present study is that  an appropriate combination of a π-
conjugated core based on a small molecule with long alkyl groups can provide organic semi-
conductors capable of affording high-quality thin films with a well-organized 2-D molecular 
array.

Experimental Procedures
   General. All chemicals and solvents were of reagent grade unless otherwise indicated. DMF was dis-
tilled from CaH2 under reduced pressure. THF was distilled before use. Acetonitrile and hexane were dis-
tilled from CaH2 under N2 gas-flow. Trimethylphosphite was treated with sodium for 24 h, then distilled 
in an inert atmosphere onto activated molecular sieves 4 Å. o-Chloranil was recrystallized from toluene. 
NMR spectra were obtained in deuterated solvents with a JEOL Lambda 400 spectrometer operating at 
400 MHz for 1H and at 100 MHz for 13C with tetramethylsilane as internal reference; chemical shifts (δ) 
were reported in parts per million. EI-MS spectra were obtained on a Shimadzu QP-5050A spectrometer 
using an electron impact ionization procedure (70 eV). MALDI-TOF-MS spectra were obtained on a 
Shimadzu KRATOS KOMPACT MALDI spectrometer. The molecular ion peaks of the sulfur-containing 
compounds showed a typical isotopic pattern, and all mass peaks are reported based on 32S. 
   Synthesis of N-alkyl-PyTTF:
   Bis(N-n-octylpyrrolo[3,4-d])tetrathiafulvalene (1d). Bis(pyrrolo[3,4-d])tetrathiafulvalene (1a) (434 
mg, 1.54 mmol) was dissolved in dry DMF (50 mL), cooled to 0 °C, and degassed by an argon stream for 
15 min. 1-Bromooctane (2.19 g, 15.4 mmol) was added to the mixture, and then sodium hydride (0.485 g, 
11.1 mmol) washed with dry hexane was added in one portion. The mixture was stirred for 1.5 h at 0 °C. 
Brine (200 mL) was added, and the resulting yellow precipitate was collected by filtration, washed with 
water, and dried in vacuo. The yellow solid was collected and purified by column chromatography (silica 
gel, CH2Cl2) to give 1d as a yellow solid (Rf = 0.7). Recrystallization from hexane gave analytically pure 
1d as yellow needles (380 mg, 75%): mp 165.5- 166.5 °C; 1H NMR (CDCl3) δ = 0.87 (t,  J = 7.0 Hz, 6H), 
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Figure 2.2.8.  Single-crystal structure of parent PyTTF (1a): (a) a molecule and (b) view along b-axis.  The 
crystal consists of two layers of (c) and (d) that stacked alternately along the a-axis.
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(b)

(c)

(d)



1.26 (m, 20H), 1.71 (m, 4H), 3.79 (brs, 4H), 6.43 (s, 4H); 13C NMR (DMSO-d6) δ = 13.9, 22.0, 25.9, 
28.5,  30.8,  31.1, 49.8, 113.2,  116.5, 118.9; MS (EI, 70 eV) m/z = 506 (M+); Anal. calcd for C26H38N2S4: 
C, 61.61; H, 7.56; N, 5.53. Found: C, 61.60; H, 7.54; N, 5.54.  CV: Eox1/2 = +0.33 V, +0.75 V vs Ag/AgCl.
   Bis(N-n-dodecylpyrrolo[3,4-d])tetrathiafulvalene (1e). The title compound was synthesized in a simi-
lar manner to 1d to give yellow needles (hexane) in 61% yield: mp 126.5-127.5 °C; 1H NMR (CDCl3) δ 
= 0.88 (t, J = 7.0 Hz, 6H), 1.25 (m, 36H), 1.71 (m, 4H), 3.79 (brs,  4H), 6.43 (s, 4H); 13C NMR (C6D6) δ = 
14.4,  23.2, 26.7, 29.5, 29.9 (×2), 30.08, 30.14 (×2), 31.5, 32.4, 50.3, 112.3, 119.3, 120.8; MS (EI, 70 eV) 
m/z = 618 (M+); Anal. calcd for C34H54N2S4: C,  65.96; H, 8.79; N, 4.53. Found: C, 65.94; H, 9.08; N, 
4.53. CV: Eox1/2 = +0.34 V, +0.75 V.
   Bis(N-n-cetylpyrrolo[3,4-d])tetrathiafulvalene (1f). A yellow powder from hexane; 79% yield; mp 
120.0-121.0 °C; 1H NMR (CDCl3) δ = 0.88 (t, J = 6.8 Hz, 6H), 1.25 (m, 52H),  1.57 (m, 4H), 3.79 (brs, 
4H),  6.49 (s, 4H); 13C NMR (C6D6) δ = 14.4, 23.1, 26.7, 29.5,  29.9 (×2), 30.08, 30.16 (×2), 30.22 (×4), 
31.5,  32.4, 50.4, 112.3, 119.4, 120.8; MS (EI,  70 eV) m/z = 730 (M+); Anal. calcd for C42H70N2S4: C, 
68.98; H, 9.65; N, 3.83. Found: C, 68.97; H, 9.69; N, 3.86. CV: Eox1/2 = +0.33 V, +0.75 V.
   Bis(N-n-icosylpyrrolo[3,4-d])tetrathiafulvalene (1g). A yellow powder from hexane; 53% yield; mp 
120.7-121.7 °C; 1H NMR (CDCl3) δ = 0.88 (t, J = 6.8 Hz, 6H), 1.25 (m, 68H), 1.71 (m, 4H), 3.79 (t, J ) 
6.8 Hz, 4H), 6.43 (s,  4H); 13C NMR (100 MHz, C6D6) δ  = 14.3, 23.1, 26.8, 29.5,  29.82, 29.84, 30.05, 
30.13 (× 2), 30.21 (× 8), 50.4, 112.3, 119.6,  120.9; MS (MALDI-TOF) m/z = 842.51 (M+); Anal.  calcd for 
C50H86N2S4: C, 71.20; H, 10.28; N, 3.32. Found: C, 71.06; H, 10.25; N, 3.21. CV: Eox1/2 = +0.34 V, +0.76 
V vs Ag/AgCl.
   Synthesis forward to PyTTF:
   Potassium O-isopropyl dithiocarbonate (13). KOH grains (22.4 g, 400 mmol) was placed into a 1,000 
mL three-neck flask and dissolved in iPrOH (600 mL) with heating ca.  60 °C for 30 min. After the grains 
were dissolved completely, the solution was cooled down below 0 °C using ice-NaCl bath,  and CS2 was 
added slowly over 10 min. Then the ice-bath are removed, the reaction mixture was stirred with a me-
chanical stirrer overnight (ca. 12 h). The resulting light-yellow solids were collected by filtration by ice-
cooled iPrOH to give 13 (ca. 55 g, >80%). 1H NMR (400 MHz, DMSO-d6) δ  = 1.156 (d, J = 6.4 Hz, 6H), 
5.450 (sept, J = 6.4 Hz, 1H).
   2-Oxo-1-methylpropyl O-isopropyl dithiocarbonate (14). EtOH (500 mL) was pour into a 1,000 mL 
three-neck flask, and degassed by reducing pressure using water aspirator for 10 min.   After an addition 
of 13 (24.2 g, 0.139 mol), the suspension was cooled down to 0 °C. 3-chloro-2-butanone (14.77 g, 14 mL, 
0.139 mol) was added and allowed to stir overnight (ca. 16 h) at room temperature. The resulting mixture 
was filtrated (× 2) to remove the KOH salt. The filtrated solution was evaporated in vacuo and then re-
dissolved in CH2Cl2 (300 mL), which was washed with water (300 mL × 3), saturate NaClaq (300 mL × 
1), and dried with MgSO4. Evaporation in vacuo gave 14 as orange oil (27.3 g, 95%).1H NMR (400 MHz, 
CDCl3) δ  = 1.394 (d, J = 6.3 Hz, 3H), 1.398 (d, J = 6.3 Hz, 3H), 1.470 (d, J = 7.3 Hz, 3H), 2.316 (s, 3H), 
4.427 (q, 7.3 Hz, 1H), 5.729 (sept, J = 6.3 Hz, 1H).
   3,4-Dimethyl-1,3-dithiole-2-one (15). Under N2 atmosphere, 14 (27.3 g, 0.132 mol) was added into 
conc. H2SO4 (150 mL) at 0 °C before stirred for ca. 1.5 h at 75 °C. At the conclusion of the reaction, the 
mixture was cooled to room temperature and poured into ice (500 mL) and stirred for a while. The result-
ing black solution was extracted with CH2Cl2 (200 mL × 1, 100 mL × 2), combined organic phase was 
washed with water (200 mL × 3), saturated NaCl aq (200 mL), then dried with MgSO4. After evaporation 
distillation under reduced pressure (135 °C,  12 mmHg) afforded 15 as colorless crystals (18.1 g, 94 %). 
1H NMR (60 MHz) δ = 2.12 (s). 
   4,5-Bis(bromomethyl)-1,3-dithilole-2-one (16). Under N2 atmosphere, 15 (14.6 g, 100 mmol) and 
NBS (35.6 g,  200 mmol) was placed in a 100 mL three-neck flask with CCl4 (50 mL), was irradiated with 
halogen lump for ca.  1 h. The resulting mixture was evaporated to remove the CCl4 and dissolved in 
CH2Cl2. The solution was washed with saturated NaHCO3 aq (400 mL × 1),  water (300 mL ×3) and sat. 
NaClaq (300 mL × 2), it was dried with MgSO4. Recrystallization from CHCl3/hexane gave 16 as white 
solids (1st crystallization.: 14.5 g, 48 %, 3rd and 4th crystallization.: 2.91 g,  10 %, total: 17.4 g , 57 %). 
1H NMR (400 MHz) δ = 4.39 (s).
   4,6-Dihydro-N-tosyl-(1,3)-dithiolo[4,5-c]pyrrole-2-one (12). Under nitrogen atmosphere, 16 (9.12 g, 
30 mmol) was dissolved in DMF (600 mL) and deaerated by argon stream for 10 min. Finely ground so-
dium tosylaminde (12.2 g, 63 mmol) was added into the solution at 0 °C: the resulting solution immedi-
ately turned yellow in color. After 10 min, ice-bath was removed, and the solution was stirred for addi-
tional 50 min at room temperature. Then the solution was poured into saturated NaCl aqueous solution (1 
L), whereupon a precipitated solid was collected by filtration and washed with water. The solid dried in 
vacuo was dissolved into CH2Cl2, and the solution was filtrated to remove impurity and then purified by 
column chromatography (silica-gel,  CH2Cl2,  Φ 6 cm × 6 cm, Rf = 0.4) to give a practically pure sample as 
white solid (7.10 g, 76 %). Mp 175.6–176.2 °C (174.0–174.5 °CS2) ; 1H NMR (400 MHz, CDCl3) δ = 
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2.45 (s, 3H), 4.49 (s, 4H), 7.37 (d, J = 8.2 Hz, 2H), 7.75 (d, J = 8.2 Hz, 2H); MS (EI, 70 eV) m/z = 313 
(M+); IR (KBr) ν = 1694 cm–1 (C=O). 
   N-tosyl-1,3-dithiolo[4,5-c]pyrrolo-2-one (17). Synthesis of 17 with DDQ was carried out according to 
paper with 97 %.99 Here synthesis of 17 with cheaper o-chloranil reagent are described. Under nitrogen 
atmosphere, a mixture of 12 (5.33 g, 17 mmol) and o-chloranil (20.9 g,  85 mmol) in o-dichlorobenzene 
(40 mL) was stirred at 195 °C until all the starting material was consumed (ca. 1.5 h). The reaction mix-
ture was concentrated in vacuo,  and the resulting solid was dissolved in CH2Cl2 (100 mL) and filtrated 
through a Celite pad (1.5 cm). The filtrate was washed consecutively with 10 % sodium hydroxide aque-
ous solution (200 mL × 2) and saturated NaCl aqueous solution (200 mL × 3), and then dried over 
MgSO4. 17 was purified by column chromatography (silica-gel, CH2Cl2, Φ 6 cm × 5 cm, Rf = 0.5) and 
recrystallization from toluene/hexane as a white solid (4.02g, 76 % up to the second crops). Mp 179.3–
179.8 °C (178.5–179.0 °CS2); 1H NMR (400 MHz ,  CDCl3) δ = 2.44 (s,  3H), 7.23 (s, 2H), 7.34 (d, J = 8.4 
Hz, 2H), 7.79 (d, J = 8.4 Hz, 2H); MS (EI, 70 eV) m/z = 311 (M+); IR (KBr) ν = 1716 cm–1 (C=O). 
   OFET Device Fabrication. Fabrication of OFET devices was carried out in ambient conditions. Top-
contact OFET devices were fabricated on a heavily doped n+-Si (100) wafer, with a 200 nm thermally 
grown SiO2 (Ci ) 17.3 nF cm-2) as dielectric layer. A semiconductor layer was deposited on the substrate 
by spin-coating for soluble compounds (1c - 1g) and by vacuum-deposition (~3 × 10-3 Pa) for insoluble 
compounds (1a - 1b). Toluene was used as the spin-coating solvent except for n-icosyl PyTTF (1g) which 
was dissolved in hot chlorobenzene (~80 ºC) due to relatively low solubility. On top of the organic thin-
films gold (80 nm thick) was deposited through a shadow mask. Characteristics of the OFET devices 
were measured at room temperature in air, and µFET was extracted from a drain current (Id) of transfer 
characteristics in saturation regime using the equation 
Id = (WCi/2L) µFET (Vg - Vth)2 

where Ci is the capacitance of the SiO2 insulator, and Vg and Vth are the gate and threshold voltages, re-
spectively. 
  For devices based on P3HT, commercial poly(3-hexylthiophene) (purchased from Aldrich) was used for 
device fabrication. 0.5 wt% solution of P3HT in chlorobenzene was spun on the OTS-treated Si/SiO2 sub-
strates (1000 rpm, 30 sec.),  followed by the same procedure.32 The FET characteristics are shown in Fig-
ure 2.2.9.

Commercial poly(3-hexylthiophene) (purchased from Aldrich) was used for device fabrication.
S3

 0.5 wt% 

solution of P3HT in chlorobenzene was spun on the OTS-treated Si/SiO2 substrates (1000 rpm, 30 sec.), 

and on top of the thin films, gold source and drain electrode were vacuum deposited through the shadow 

mask.  

S5 

From FET characteristics shown in Figure S3, field-effect mobility (!FET) was determined to be 0.02 cm
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Figure S6. FET characteristics of P3HT-based OFET: output (left) and transfer (light) characteristics.  
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Figure 2.2.9. FET characteristics of spin-coated rrP3HT on 
bare Si/SiO2 substrates. Typical extracted µFET is ca. 0.02 cm2/
Vs. 

   Solubility Determination. To a precisely weighed sample (ca. 5 or 10 mg), toluene was added in in-
crements of 0.1 mL, and the resulting mixture was shaken and sonicated at room temperature (20-25 °C). 
The total amount of toluene required to dissolve the entire solid sample was converted into solubility (g/
L)
   X-ray Diffraction (XRD) Measurements. XRD measurements of thin films fabricated on the Si/SiO2 
substrate were obtained with a Rigaku RINT 2200 diffractometer with a Cu KR source (λ = 1.541 Å) in 
air. The d-spacings were calculated by the Bragg equation: λ  = 2dsinθ. Single-crystal X-ray structural 
analyses were conducted on a Rigaku Rapid-S Imaging Plate (Mo Kα radiation, λ = 0.71069 Å, graphite 
monochromator, T = 200 K, and 2θmax = 55.0°) for 1c-f, and on a Rigaku MSC Mercury CCD (Mo Kα 
radiation,  λ = 0.71075 Å, graphite monochromator, T = 294 K, 2θmax = 55.0°) for 1a. Detail crystallo-
graphic data are shown in Table A1 (in Appendix). The structure was solved by direct methods 
(SIR92)106. Non-hydrogen atoms were refined anisotropically, and hydrogen atoms were included in the 
calculations but not refined.107 All calculations were performed using the crystallographic software pack-
age TeXsan.108

   Cyclic voltammetry (CVs).  CVs were recorded on a Hokuto Denko HA-301 potentionstat and a Ho-
kuto Dneko HB-104 function generator in benzonitrile containing tetrabutylammonium hexafluorophos-
phite (TBAPF6, 0.1 M) as the supporting electrolyte, at a scan rate of 100 mV/s. Counter and working 
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electrodes were made of Pt, and the reference electrode was Ag/AgCl. Cyclic voltammograms of 1c-g are 
shown in Figure 2.2.10. Oxidation potentials of 1c-g were identical with in experimental error (Figure 
2.2.10 and Table 2.2.4). 1a showed slightly lower oxidation potential than those of 1c-g.

Figure 2.2.10. Cyclic voltammograms of 1c-g. 

Table 2.2.4. Oxidation potentialsTable 2.2.4. Oxidation potentialsTable 2.2.4. Oxidation potentialsTable 2.2.4. Oxidation potentials
oxidation potentiala / Voxidation potentiala / Voxidation potentiala / V

onset E1
1/2 E2

1/2

1a -0.15 -0.06 0.39
1c-g -0.18 -0.11 0.31

a vs. Fc/Fc+. a vs. Fc/Fc+. a vs. Fc/Fc+. a vs. Fc/Fc+. 
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   Introduction. N-alkyl-substituted TTF were successfully developed as solution-processible 
semiconductors, as described in section 2.2 (1, Figure 2.3.1a). The fabricated FET devices with 
the spin-coated thin-films of 1g showed µFETs as high as 0.01 cm2/Vs in air. Although their FET 
performances were relatively good for solution-processed OFETs without intensive optimization 
in device fabrication, their sensitivity to ambient air was a severe drawback: shortly after expo-
sure to air, off-current of the OFETs rose significantly (Figure 2.3.2). The poor stability in air is 
likely due to their low oxidation potentials (E1/2 = -0.11 V vs. Fc/Fc+), in other words, the 
higher-lying energy level of the highest  molecular occupied orbital (HOMO) makes 1 suscepti-
ble to air oxidation.109,110

   In order to stabilize 1-based organic semiconductors, I intended to introduce electron-
withdrawing groups on the nitrogen atom instead of rather electron-donating N-alkyl groups. 
Molecular orbital calculations predicted that N-acyl-substituted PyTTFs (2) would have a lower 
HOMO energy level than that  of 1with keeping the large HOMO coefficients on the sulfur at-
oms (2.3.1b).111 In this section, I describe the synthesis of N-acyl-PyTTFs and the characteris-
tics of FET devices using their vapor-deposited thin-films. 

  Synthesis and Characterization. The N-alkylation of the parent PyTTF (1a) was easily done 
by the reaction of 1a  with alkyl halide in the presence of sodium hydride.15 Analogously, intro-
duction of acyl substituents on 1a was first attempted under a similar condition using acyl chlo-
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Table 2.3.1. Properties of synthesized 2a-c.Table 2.3.1. Properties of synthesized 2a-c.Table 2.3.1. Properties of synthesized 2a-c.Table 2.3.1. Properties of synthesized 2a-c.Table 2.3.1. Properties of synthesized 2a-c.Table 2.3.1. Properties of synthesized 2a-c.

RR yield / % solubility
/ g L-1

sublimation
at ~10-3 Pa

2a CH3 methyl 60 <10-4 ✓
2b n-C5H11 hexanoyl 56 0.010 ✓ 
2c n-C12H25 dodecanoyl 74 0.002 -
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calculated HOMOs by DFT method (B3LYP/6-31G(d)).111 The calculated 
HOMO energy levels are ca. -4.2 eV for 1 and -4.9 eV for 2. 

1a: R = H
1b: R = CH3
1c: R = n-C4H9
1d: R = n-C8H17
1e: R = n-C12H25
1f:  R = n-C16H33 
1g: R = n-C20H41

Figure 2.3.2. FET characteris-
tics  of N-n-icosyl-substituted 
PyTTF (1g), R = n-C20H41) de-
pending on the duration of expo-
sure to ambient conditions.



rides. The reaction, however, gave a complex mixture, and the acylated 2 was not isolated. Con-
current hydrochloric acid may react  with the TTF part, inducing decomposition of the TTF 
framework. Instead of acyl chloride, the use of acid anhydrides turned out  to give 2 successfully 
in reasonable isolated yields (Scheme 2.3.1). Thus, N-acetyl- (2a), n-hexanoyl (2b), and n-
dodecanoyl-PyTTF (2c) were obtained. All new derivatives were fully characterized by spectro-
scopic and combustion analyses.
    Unambiguous structural determination of N-n-hexanoyl derivative 2b was achieved by 
single-crystal X-ray analysis (see Experimental Procedures for detail). In the crystal structure, 
two crystallographically independent  molecules exist (Figure 2.3.3). Although the conforma-
tions of n-C5H11 chains in two molecules are different, the central core parts of the molecules 
are similar to each other: the carbonyl moieties are in the same plane that the PyTTF part de-
fines, indicating that the conjugation effectively extends to the N-acyl moieties. 

   Oxidation Potential. Cyclic voltammograms of 2 showed two reversible oxidation couples 
typical for the TTF derivatives (Figure 2.3.4). As expected, the oxidation peaks of 2a-c (E11/2 = 
+0.25 V vs. Fc/Fc+) were shifted positively by more than 0.35 V compared with those of N-
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Figure 2.3.3. Molecular structure of 2b in the single crystal. Two crystallographically independent molecules 
exist. 

Figure 2.3.4. Cyclic voltammograms of (blue line) 
N-alkylated-PyTTF (1c-g) and (red line) N-hexanyl-
PyTTF (2b).

Figure 2.3.5.  AFM images of evaporated thin films 
of (a) 2a on HMDS-treated substrate and (b) 2b on 
ODTS-treated substrate (Tsub = rt). 

(a) (b)

(a) (b)

Figure 2.3.6.  XRD patterns of evaporated thin films of 
2a on HMDS-treated substrate (a) and 2b on ODTS-
treated substrate (b) (Tsub = 100 °C). 



alkyl-PyTTFs (1c-g), indicating a significant  decrease of the energy level of the HOMO 
(EHOMO). The EHOMOs of 2a-c were estimated from the onset of first oxidation waves (Eonset = 
+0.15 V) to give EHOMO = -4.95 eV below the vacuum level, which is almost comparable with 
that of DT-TTF (EHOMO = -4.98 eV).112,113  

   Solubility and Fabrication of Thin-Films, and their Morphologies. In contrast  to the 
highly soluble N-alkyl-PyTTFs (1c-g), the solubilities of N-acyl-PyTTFs (2a-c) even with the 
long alkyl chains were very poor: the solubilities in toluene at  room temperature were 0.01 g/L 
for 2b and 0.002 g/L for 2c, which were lower than those of 1c-g by more than two orders of 
magnitude. Although the reason for extremely low solubility of 2a-c are not clear, I speculate 
that incorporation of the electron-negative carbonyl groups in the conjugation of PyTTF core 
and thus induced planer and rigid molecular structure confirmed by X-ray structural analysis. 
   Poor solubility of 2a-c in organic solvents prevented deposition of thin-films by solution-
process. Instead, vacuum-deposition of 2a-c gave homogeneous thin-films with metallic luster 
on Si/SiO2 substrates except  for 2c, which thermally decomposed during the deposition. The 
thin-films consist  of well-ordered polycrystalline grains as confirmed by the atomic force mi-
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Figure 2.3.7. Molecular arrangement of 2b in crystal. (a) b-Axis  projection to show layer-by-layer structure along 
c-axis. (b) a-axis projection. Stacking columnar structure along the a-axis. Black dash lines show inter columnar 
hydrogen bond like C=0•••H-C contacts  (2.62 Å). Green dash line show S-S inter columnar contacts shorter than the 
sum of Van der Waals radii (3.40 ~ 3.57 Å). (c) Molecular long-axis projection to show many S-S contacts (d) View 
along normal to the π-plane. Overlap of π-core appears small. 
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croscopy (AFM) images (Figure 2.3.5). Such morphology is generally a prerequisite for high-
performance OFETs.114-116 
   The XRD measurements of the thin-films of 2a and 2b indicate that the films have crystalline 
order in the direction of the substrate normal (Figure 2.3.6). The calculated interlayer distances 
(d-spacing) are 17.0 Å for 2a and 22.6 Å for 2b. The d-spacing of 2b is almost the same as the 
length of the crystallographic c-axis in the bulk single crystal, which suggests that molecular 
arrangements in the thin-film and in the bulk single-crystal are similar to each other. 

   Molecular Arrangement in  the Bulk Single-Crystal. The molecular arrangement  of N-
hexanoyl-PyTTF (2b) consists of layer-by-layer structure along crystallographic c-axis as seen 
in the structures of the long alkyl-substituted PyTTFs (Figure 2.3.7a). The overlap of π-cores is 
relatively small (Figure 2.3.7d). However, all four sulfur atoms in the TTF core contact with 
those of the neighboring molecules, indicating strong intermolecular interactions via S-S con-
tacts (Figure 2.3.7b and c). Although all hydrogen atoms are not refined analytically, the hydro-
gen bond like intermolecular interaction between the pyrrole-H and the acyl-C=O are present, 
which may contribute the dense packing between the TTF cores. 
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Table 2.3.2. FET characteristics of 2a- and 2b-based devicesa. Table 2.3.2. FET characteristics of 2a- and 2b-based devicesa. Table 2.3.2. FET characteristics of 2a- and 2b-based devicesa. Table 2.3.2. FET characteristics of 2a- and 2b-based devicesa. Table 2.3.2. FET characteristics of 2a- and 2b-based devicesa. Table 2.3.2. FET characteristics of 2a- and 2b-based devicesa. 
compd substrateb Tsub / ºC µFET / cm2 V–1 s–1 Ion/Ioff Vth / V

2a HMDS rt 2.5 × 10–2 104 –25
60 6.4 × 10–4 5 × 103 1.0
100 5.2 × 10–2 103 –11

OTS rt 5.1 × 10–4 104 –8.0
60 5.5 × 10–3 104 –8.0
100 2.1 × 10–3 103 3.0

ODTS rt 1.8 × 10–4 103 1.0
60 6.9 × 10–2 5 × 104 –14
100 3.7 × 10–3 5 × 102 2.0

2b HMDS rt 2.2 × 10–2 5 × 103 –15
60 2.2 × 10–2 104 –7.0
100 6.8 × 10–2 104 –8.0

OTS rt 3.3 × 10–2 104 –10
60 7.6 × 10–2 105 –3.0
100 6.2 × 10–2 5 × 104 –2.0

ODTS rt 1.5 × 10–2 104 –11
60 4.4 × 10–2 5 × 105 –9.0
100 8.1 × 10–2 5 × 105 –4.0

a Top-contact  configuration with W  and L were 1500 µm and 50 µm respectively. b SiO2 
surface were treated with alkylsilyl reagents. See Experimental Procedures. 
a Top-contact  configuration with W  and L were 1500 µm and 50 µm respectively. b SiO2 
surface were treated with alkylsilyl reagents. See Experimental Procedures. 
a Top-contact  configuration with W  and L were 1500 µm and 50 µm respectively. b SiO2 
surface were treated with alkylsilyl reagents. See Experimental Procedures. 
a Top-contact  configuration with W  and L were 1500 µm and 50 µm respectively. b SiO2 
surface were treated with alkylsilyl reagents. See Experimental Procedures. 
a Top-contact  configuration with W  and L were 1500 µm and 50 µm respectively. b SiO2 
surface were treated with alkylsilyl reagents. See Experimental Procedures. 
a Top-contact  configuration with W  and L were 1500 µm and 50 µm respectively. b SiO2 
surface were treated with alkylsilyl reagents. See Experimental Procedures. 
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Figure 2.3.8. FET characteristics of 2b-based  OFETs. (a) Output characteristic. (b) Transfer char-
acteristics with the dependence of duration of exposure to the ambient conditions. 



   FET characteristics.  On the top of the evaporated thin-films, gold source and drain elec-
trodes were thermally deposited through a shadow mask to define the channel of the transistors 
with a length (L) of 50 or 100 µm and width (W) of 1.5 mm, respectively. The OFET  devices 
were evaluated under ambient conditions, and the 2a- and 2b-based devices showed normally-
off FET  characteristics (Figure 2.3.8). Extracted FET mobilities from the saturation regime are 
up to 0.05 cm2/Vs for 2a-based devices and 0.08 cm2/Vs for 2b-based devices, respectively (Ta-
ble 2.3.2). 
  As already mentioned, the 1g-based OFETs suffered from severe air-oxidation: although the 
fresh device showed typical normally-off FET characteristics, off-current  increased significantly 
after exposure to air for 2 h by more than two orders of magnitude (Figure 2.3.2). In contrast, 
the present 2a- and 2b-based devices show improved air-stability. As shown in Figure 2.3.8b, 
the devices showed typical normally-off FET  responses even after exposure to ambient  lab con-
ditions for more than 30 h. This stabilization can be accounted for the lowered HOMO energy 
level of 2 caused by introduction of the electron-withdrawing acyl groups on the PyTTF core. 

   Summary. I successfully synthesized N-acyl-PyTTFs (2) and evaluated the FET  devices 
based on their vapor-deposited thin-films. The electron-withdrawing acyl groups introduced 
brought about lower HOMO energy level than those of N-alkyl-PyTTFs (1c-g), which contrib-
utes to stabilization of 2a and 2b-based FET devices under ambient conditions without degrad-
ing the FET  characteristics. These results indicate that the tuning of the energy level of HOMO 
is important in developing air-stable p-channel organic semiconductors.
   

Experimental Procedures
  General: All chemicals and solvents are of reagent grade unless otherwise indicated. DMF was distilled 
from CaH2 under reduced pressure. Melting points were measured with Yanaco MR approximately. Nu-
clear magnetic resonance spectra were obtained in deuterated chloroform with a JEOL Lambda 400 spec-
trometer operating at 400 MHz for 1H and 100 MHz for 13C or a JEOL EX 270 spectrometer operating at 
270 MHz for 1H and 68 MHz for 13C with TMS as internal reference; chemical shifts (δ) are reported in 
parts per million. EI-MS spectra were obtained on a Shimadzu QP-5050A spectrometer using an electron 
impact ionization procedure (70 eV). The molecular ion peaks of the sulfur-containing compounds 
showed a typical isotopic pattern, and all the mass peaks are reported based on 32S. 
    Synthesis of N-acyl-PyTTFs: 
   Bis(N-methylpyrrolo[3,4-d]tetrathiafulvalene (2a).  Under N2 atomosphere, anhyd DMF (30 mL) 
solution of 1a (1 mmol) in a 100 mL round-bottom flask was degassed by N2 stream for 15 min. Acetic 
anhydride (7.7 mL, 7 mmol) was added, subsequently sodium hydride (168 mg, 7 mmol, washed with 
hexane) was added in one portion at 0 °C.  The yellow forming solution was allowed to continue stirring 
for approximately 18 h. The resulting mixture was poured into brine (100 mL) and filtrated with water, 
then dried in a decicator.  The solid was washed with MeOH to give a analytically pure compound of 2a 
(298 mg, 81 %). Sample for device fabrication was purified by sublimation under reduced pressure: cold-
finger sublimation gave 98 mg from 238 mg (41 %), and subsequent temperature-gradient vacuum subli-
mation to give yellow crystals (40 mg from 72 mg (56 %). Mp > 300 °C; 1H NMR (270 MHz, DMSO-d6, 
35 °C) δ  = 1.358 (s),  7.479 (s); MS (EI, 70 eV) m/z = 366 (M+), 324 (M+ - COCH2), 282 (M+ - 
(COCH2)2); IR (C=O) 1708 cm-1; Anal. calcd for C14H10N2O2S4: C,45.88, H, 2.75, N, 7.64%. Found for 
C, 45.86; H, 2.75; N, 7.64%.
   Bis(N-n-hexanoylpyrrolo[3,4-d])tetrathiafulvalene (2b). Under N2 atmosphere,  1a (0.5 mmol) in a 50 
mL round-bottom flask was dissolved in anhyd DMF (30 mL), cooled to 0 °C, and degassed by argon 
stream for 15 min. Hexanoic anhydride (1.07 g, 1.16 mL, 5 mmol) was added, and then sodium hydride 
(120 mg, 5 mmol, washed with hexane) was added in one portion. The foaming, yellow mixture was 
stirred for 1 h at 0 °C and then allowed to warm up to room temperature. The mixture was poured into 
brine (150 mL). The formed sticky and olive-color precipitates were collected by filtration, and washed 
with water, and then dried in a decicator. The olive-color solids were dissolved in heated CHCl3 and fil-
trated using a celite (1 cm) in hot. Recrystallization from CHCl3 gave 16 as olive-color solids (133 mg, 56 
%). Higher purified sample was obtained by temperature-gradient vacuum sublimation (source tempera-
ture: 220 °C under ~10-3Pa) as yellow solids (83 mg from 127 mg, yield of sublimation: 65 %).  Mp. 166.7 
- 168.2 (with decomposition); 1H NMR (400 MHz, CDCl3 at 50°C) δ  = 0.917 (t, J = 6.8 Hz, 6H), 

2.3 Bis(N-acyl-pyrrole[3,4-d])tetrathiafulvalenes (N-acyl-PyTTFs)

24



1.3568/1.3653/1.3745/1.3812/1.3928 (m, 7H), 1.772 (t,  J = 7.4 Hz, 4H), 2.715 (t, J = 7.4 Hz, 4H), 7.109 
(bs, 4H); 13C NMR (400 MHz, CDCl3 at 50°C) δ  = 14.0, 22.5, 24.5, 34.3, 52.0, 109.7, 121.3, 126.7; MS 
(EI, 70 eV) m/z = 478 (M+), 380 (M+ - COC5H11), 282 (M+ - 2×COC5H11): Anal. calcd for C22H26N2O2S4: 
C, 55.20; H, 5.47; N, 5.85; S, 26.79%. Found: C, 55.02; H, 5.58; N, 6.12; S, 26.67%. IR 1699 cm-1.
   Bis(N-n-dodecanoyl[3,4-d])tetrathiafulvalene (2c). Under N2 atmosphere,  anhyd DMF (50 mL) 
solution of a 1a (0.5 mmol) in a 100 mL round-bottom flask was degassed by argon stream for 15 min. 
Lauric anhydride (1.34 g,  3.5 mmol) was added and the vessel was warmed up (~40 °C) to dissolve the 
reagent, then cooled to room temperature before sodium hydride (84 mg, 3.5 mmol, washed with hexane) 
was added in one portion. The foaming and yellow mixture was stirred for 3 h at room temperature. After 
addition of sodium hydride (~80 mg) it was allowed to stir overnight (ca. 16 h) at room temperature. The 
resulting forming and  yellow reaction mixture was poured into brine (100 mL) and filtrated with water, 
and then the solids were dried in a decicator. The yellow solids were reprecipitated from PhCl / hexane, 
and pass through flash column-chromatography in hot (selite - silica-gel – selite three layers, CHCl3) fol-
lowed by recrystallization from PhCl to give yellow crystals (238 mg, 74%). Mp. 147.7 - 149.6 °C; 1H 
NMR (270 MHz, CDCl3,  at 50 °C) δ  = 0.880 (t, J = 6.7 Hz, 6H),  1.269 (m),  1.763 (t, J = 6.9 Hz, 3H), 
2.712 (t, J = 7.1 Hz, 3H), 7.107 (s,  3H); MS (EI, 70eV) m/z = 646 (M+); IR (KBr) 1697 cm-1; Anal.  calcd 
for C34H50N2O2S4: C, 63.11; H, 7.79, N, 4.33. Found for C, 63.11, H, 7.62, N, 4.31.
   Lauric anhydride (Dodecanoic anhydride) (CH3(CH2)10CO)2O). A mixture of lauric anhydride (5.01 
g, 0.25 mmol) and acetic anhydride (5.01 g,  50 mmol, 4.7 mL) was refluxed over 2 h. Then the leaving 
acetic anhydride and forming acetic acid were distilled out under atmospheric pressure and then reduce 
pressure at ~170 °C. A white solid, obtained by cooling down the remaining solution to room tempera-
ture,  was recrystallized from Et2O (room temperature → ~50 °C). Lauric anhydride was collected by fil-
tration using a Büchner funnel and washing with cooled Et2O as colorless plates (4.31 g, 90 %). 1H NMR 
(270 MHz, CDCl3) δ  = 0.879 (t, J = 6.4 Hz, 6H), 1.258 (m, 32 H), 1.655 (quint, J = 7.2 Hz, 4.2H), 2.441 
(t, J = 7.4 Hz,  4H); 13C NMR (400 MHz, CDCl3) δ  = 14.2,  22.8, 24.3, 29.0,  29.4, 29.5 29.68, 29.70, 32.0, 
35.4; mp 42.0 - 42.5 °C; MS (EI, 70eV) m/z = 382 (M+, < 1 %), 183 (C11H23CO+, 100 %).
   X-ray diffraction (XRD) measurement of  thin-films and single-crystal. XRD patterns of spin-coated 
thin films deposited on Si/SiO2 substrates were obtained with a Rigaku RiNT-2200 diffractometer with a 
Cu Kα source (λ = 1.541 Å) in air. The d-spacings were calculated by the bragg equation: λ = 2dsinθ. Sin-
gle crystals of N-n-hexanoyl-PyTTF (2b) suitable for structural analysis were obtained by vapor 
sublimation. The single-crystal analysis was made on Rigaku MSC Mercury CCD. The structure was 
solved by direct methods (SIR92).106 Non-hydrogen atoms were refined anisotropically, and hydrogen 
atoms were included in the calculations but not refined.107 All calculations were performed using the crys-
tallographic software package TeXsan.108 Detailed condition and crystallographic data are listed in Table 
A1 (in Appendix).
   Cyclic voltammograms (CVs). CVs were recorded on a Hokuto Denko HA-301 potentiostat and a 
Hokuto Denko HB-104 function generator in dichloromethane containing tetrabutylammonium 
hexafluorophosphate (Bu4NPF6,  0.1 M) as supporting electrolyte at a scan rate of 100 mV/s. Counter and 
working electrodes were made of Pt, and the reference electrode was Ag/AgCl. All the potentials were 
calibrated with the standard ferrocene/ferrocenium redox couple (E1/2 = +0.46 V measured under identical 
conditions). Oxidation potentials of 2a–2c were identical with in experimental error. 
   Atomic Force Microscopy (AFM). The AFM images were measured with a Molecular Imaging Pico-
Plus microscope in air. 
   Device fabrications and evaluations. OFETs were fabricated in a top-contact configuration on a heav-
ily doped n+-Si (100) wafer with 200-nm-thick thermally grown SiO2 (Ci = 17.3 nF cm–2).  The surface of 
the SiO2 dielectrics was treated with silane-based self-assembled monolayer (SAM) reagents with follow-
ing methods; the substrates with an octyltrichlorosilane (OTS)- or octadecyltrichlorosilane (ODTS)- was 
obtained by immersing the Si/SiO2 substrate in 0.1 M OTS or ODTS in toluene at 60 °C for 20 min. 
HMDS (hexamethyldisilazane)-treatments were carried out by exposing the SiO2 to HMDS vapor at room 
temperature in a box under nitrogen for 12 h. A thin film (50 nm thick) of N-acetyl- (2a) or N-n-hexanoyl-
PyTTF (2b) as the active layer was vacuum-deposited on the Si/SiO2 substrates under a pressure of ~2 × 
10–3 Pa. Substrate temperature (Tsub) was varied at rt, 60 ºC, and 100 ºC. Deposition rate was ~1.0 Å s–1.  
On top of the organic thin film, gold (80 nm) as drain and source electrodes was deposited through a 
shadow mask. For a typical device, the drain-source channel length (L) and width (W) are 50 or 100 µm 
and ca.  1.5 mm, respectively. The characteristics of the OFET devices were measured at room tempera-
ture in air with a Keithley 4200 semiconductor parameter analyzer. Field-effect mobility (µFET) was calcu-
lated in the saturation regime (Vd = –60 V) of the Id using the following equation: Id = (W Ci/2L) µFET (Vg 
– Vth)2, where Ci is the capacitance, and Vg and Vth are the gate and threshold voltages, respectively. Cur-
rent on/off ratio (Ion/Ioff) was determined from the Id at Vg = 0 V (Ioff) and Vg = –60 V (Ion). The µFET data 
reported in Table 2.3.2 are values from more than 10 different devices.  

2. Development of Heteroaromatic-fused TTFs

25



  Introduction. Pyrrolo[3,4-d]tetrathiafulvalenes (PyTTFs, 1 and 2, Figure 2.4.1) described in 
section 2.2 and 2.3 were developed as solution processible p-type semiconductors. N-alkyl-
PyTTF with long alkyl chains (1g) is highly soluble and form a crystalline thin-film that ar-
ranged with layer-by-layer structure.15 N-hexanoyl-PyTTF (2b) that  showed improved air-
stability and mobilities in air, however, were low solubility.16 The field-effect  mobilities (µFETs) 
up to ~0.08 cm2/Vs of PyTTFs-based OFETs are lower than that  of DT-TTF. That is regarded as 
the prototypical compound of the heteroaromatic-fused TTF (µFET = ~1.4 cm2/Vs in single-
crystal OFETs).14 In fact, OFETs based on vacuum-deposited thin-films of DT-TTF showed per-
formances with µFETs up to 0.3 cm2/Vs (see Experimental Procedures, Figure 2.4.9). The supe-
rior performances of DT-TTF to those of the PyTTFs impelled me to investigate thieno[2,3-
d]TTF (αDT-TTF, 3a), an isomer of DT-TTF, which could be platform for introducing alkyl 
chains at the α-positions (C(α)) of the thiophene (Figure 2.4.2). 
   3a  has been reported as a donor material as an unseparable mixture of the cis/trans isomers 
depending on the direction of the thiophene because of the easy rotation of the central double 
bond of the TTF core promoted by a protonation of the bond to give the isomer.97,118-120 For this 
reason, αDT-TTF should contains two cis/trans isomers rings in the solid state. Nevertheless, 
relative positions of the α-carbon atoms in the two isomers should not  be changed so much 
(Figure 2.4.3a). This is because the α-carbons are on the apex of the five-membered ring, as was 
reported for 5-hexylthiophene-fused porphyrazines (C6H2Pc) by Miyazaki et al. (Figure 
2.4.3).117 Indeed C6H2Pc has well-ordered direction of the hexyl groups substituted at the α-
carbons, in spite of the completely disordered thiophene moieties (Figure 2.4.3b and c). In addi-
tion, strong intermolecular interaction can be expected regardless of the direction of the thio-
phene rings, because the HOMO coefficients of 3a are mostly located on the TTF core (Figure 
2.4.2, right). 
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   In this section, I describe syntheses, solid-state structures, and FET  characteristics of αDT-
TTFs substituted with alkyl chains.

   Synthesis. According to the reported procedure,97 3a was synthesized (Scheme 2.4.1). I first 
tried to synthesize methyl-substituted αDT-TTF from 3a  as a model alkylating reaction. Methy-
lation of 3a, however, did not proceeded via a lithiation reaction followed by a reaction with 
methyl iodide (Scheme 2.4.2). Since chemical instability of the TTF skeleton was thought to 
cause the failure, I methylated intermediate 19 or 20. Although the  lithiation reaction of 20 did 
not gave methylated compound, the reaction of 19 gave the desired methylated compound 21 
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RR solubilitya

/ g L-1
sublimation
at ~10-3 Pa

3a H 1 ✓
3b Me <0.1 ✓
3c S-C8H17 25 -

a in toluene at r.t.a in toluene at r.t.a in toluene at r.t.a in toluene at r.t.



(Scheme 2.4.3). Subsequent  conversion to the ketone (22) and the following coupling reaction 
successfully gave methyl-substituted αDT-TTF (3b). The similar reaction was then carried out 
using octyl iodide to synthesize the octyl derivative (Figure 2.4.4). The reaction, however, af-
forded a mixture of octyl-substituted compound (23) and the compound that seems to be n-
octylthio-substituted compound (24) as a byproduct  together with a large amount  of unidentifi-
able polymeric product. This result suggests that  the reaction involves unintended decomposi-
tion such as a ring-opening reaction and an attack to the substrates to give intermediate like 25 
and 26, which reacts with the octyl iodide reagent  to give 24. This result indicates that  the lithi-
ated 19 is not  so reactive and tends to decompose via the ring-opening reaction to form elemen-
tal sulfur. At the same time, the thiolate intermediate 25 may be stable and reactive enough to 
afford 24. Therefore, I added elemental sulfur into this reaction mixture, which resulted in a 
successful synthesis of 24 with an acceptable yield (56 %). The following reactions from 24 
gave n-octylthio-substituted αDT-TTF (3c). 3c is highly soluble in contrast to virtually insoluble 
3b (Table 2.4.1).
  
  Disorder in Crystal  Structures. 3a-c afforded single crystals that could be fully characterized 
by X-ray analysis (Figure 2.4.4). All molecular structures have disordered thiophene moieties, 
as seen in the other thiophene-fused crystals.14b,121 The two thiophenes with different direction 
are drawn with two methods: the structures of 3a and 3b are depicted as the trans isomers where 
occupancies of the S and C(β) are mixed up with each other, and the structure of 3c is shown 
with superimposing the two thiophene rings. Although the crystal analysis do not inform 
whether the cis isomers are contained or not, this trans-form-based disordered model gave de-
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Figure 2.4.4. Molecular structures  of (a) 3a, (b) 3b, and (c) 3c illustrated with ther-
mal ellipsoids at 50 % probability. The structures of different  direction of thiophene 
rings are included in the trans form structure for 3a and 3b, and superimposed on the 
each thiophene site for 3c. 
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cent result for crystallographic analysis (see Table A1 in Appendix). Probabilities of the differ-
ent directions of thiophene ring are 30%, 50%, and 33% for 3a, 3b, and 3c, respectively. In spite 
of these disorders of the thiophene rings, 3a-c are highly crystalline as evidenced by the ease of 
crystallization from solution. The n-octyl groups of 3c is directed to anti-conformation with 
small disorders, which allows the well-ordered packing structure in the solid state (vide infra). 

   Molecular Arrangement in  the  Bulk Single-Crystals. In the single crystal of 3a, molecular 
trimer units are packed in a herringbone like manner (Figure 2.4.5a). The molecules of 3b are 
packed in a so-called “slipped herringbone-like packing” with completely no overlapped π-core, 
although short  S-S contacts are observed (Figure 2.4.5b). As a result, neither arrangement of 3a 
nor 3b has an effective conducting layer. In contrast, the molecules of 3c in the crystal are regu-
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Figure 2.4.5. (a) Molecular arrangement of 3a with c-axis projection (left) and depiction of one trimer-unit (right). 
(b) Arrangement of 3b with view along the molecular short axis (left) and projection of one layer normal to the π-
plane (right).  (c) Arrangement of 3c with b-axis projection (left), the molecular-long axis  projection (middle, alkyl 
moieties are omitted), and normal to the π-plane (right). Green dash lines show S-S short contacts of 3.47 Å for 3b 
and 3.46 Å for 3c. 



larly packed to form a layer-by-layer (alkyl - π-core - alkyl) structure (Figure 2.4.5c). The 
change in the  molecular arrangements in the single crystals of 3a-c are similar to those of 
PyTTFs (1), where the long alkyl groups play an important  role in constructing a desirable 
structure for carrier transport as discussed in the previous section 2.2. The π-cores in the crystal 
of 3c are interacted with each other in all neighboring molecules via side-by-side short  S-S con-
tacts (3.46 Å) (Figure 2.4.5, middle). Since 3c takes the herringbone packing, the direct  overlap 
of π-core is relatively small, the motif of which is similar to that of 2b showing moderately high 
mobility (Figure 2.3.7). 

  Thin-Film Fabrication. A thin film of 3b could not be fabricated by spin-coating method be-
cause of the low solubility (Table 2.4.1). Thin films of 3b were fabricated by vacuum-deposition 
on Si/SiO2 substrates to give lustrous films of 3b. Although 3a has relatively good solubility (~1 
g/L in toluene at room temperature), fabrication of thin films with spin-coating method was not 
possible. Thin films of 3a were fabricated by vacuum-deposition, which gave clouded films, 
which implies that, however, homogeneous thin films were not obtained. In contrast, highly 
soluble 3c can be spin-coated at room temperature to give lustrous thin films of 3c on the bare 
Si/SiO2 substrate from 0.6 wt % toluene or benzene solution.  

  Orientations and Morphologies of Thin Films. The thin-films of 3a-c showed sharp XRD 
peaks assignable to crystallographic (00l) reflections, indicating formation of crystalline thin 
films (Figure 2.4.6). The peak positions of (001) and calculated d-spacings are listed in Table 
2.4.2. The d-spacing of spin-coated 3c film is 34 Å, which corresponds to the crystallographic c-
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axis of the bulk crystal (34.06 Å). This correspondence indicates formation of the layer-by-layer 
structure in the thin film as in the bulk crystal. On the other hand, the d-spacings of the thin 
films of 3a and 3b are different  from any of the lengths of crystallographic axes, indicating that 
the structures of 3a and 3b in thin films are different from those of the bulk crystals. The d-
spacings are almost equal to the molecular lengths, which implies that molecules stand upright 
to the substrate to form crystalline films with different  arrangement  from those in the bulk crys-
tals.  
   Surface morphologies of the thin-film were studied by an atomic force microscopy (AFM) to 
examine quality of the films (Figure 2.4.7). The AFM image of thin film of 3a  deposited on the 
bare Si/SiO2 substrate shows large crystalline grains with very large height  differences (ca. 400 
nm), indicating that  non-uniform crystalline grains form. This is certainly due to too high crys-
tallinity of 3a. The AFM image of deposited thin film of 3b shows crystalline grains with lower 
height differences (ca. 180 nm) than that of 3a. This indicates that the uniformity of thin-film is 
improved, although the surface is fairly rough. In contrast, the AFM image of spin-coated 3b 
film shows a relatively smooth surface with ca. 40 nm in step height. In general, uniform crys-
talline film is essential for a FET channel to achieve better performances.122

   FET Characteristics. OFET devices were fabricated by deposition of gold source-drain elec-
trodes on top of the thin films to give top-contact devices (see Experimental Procedures). The 
OFETs based on 3a and 3b showed no field-effect  responses. Non-uniformity of the thin films 
should be responsible for the former, whereas the lack of π-overlap in the molecular orientation 
as discussed above is supposed for the latter. On the other hand, 3c-based OFETs showed typi-
cal p-channel FET  characteristics under ambient conditions (Table 2.4.2, Figure 2.4.8). The ex-
tracted µFETs are up to 0.2 cm2/Vs, which are higher than those of PyTTF derivatives (1g and 
2b) and are almost  comparable to those of devices based on DT-TTF fabricated by vacuum-
deposition. The 3c-based FETs are, however, suffered from heavily normally-on behavior (Vth = 
~50 V), probably owing to its relatively low oxidation potential (vide infra). 
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Table 2.4.2. Interlayer distance of XRD pattern and FET characteristics of 3a-c and DT-TTF.Table 2.4.2. Interlayer distance of XRD pattern and FET characteristics of 3a-c and DT-TTF.Table 2.4.2. Interlayer distance of XRD pattern and FET characteristics of 3a-c and DT-TTF.Table 2.4.2. Interlayer distance of XRD pattern and FET characteristics of 3a-c and DT-TTF.Table 2.4.2. Interlayer distance of XRD pattern and FET characteristics of 3a-c and DT-TTF.Table 2.4.2. Interlayer distance of XRD pattern and FET characteristics of 3a-c and DT-TTF.Table 2.4.2. Interlayer distance of XRD pattern and FET characteristics of 3a-c and DT-TTF.Table 2.4.2. Interlayer distance of XRD pattern and FET characteristics of 3a-c and DT-TTF.

RR processa
XRD patternsXRD patterns OFET characteristicseOFET characteristicseOFET characteristicse

RR processa
2θd / º d-spacing / Å Vth / V µ / cm2V-1s-1 Ion/Ioff

3a H vac 6.8 13.0 - - -
3b Me vac 6.9 12.8 - - -
3c S-C8H17 spinb 2.6 34 57 0.19 102

DT-TTFDT-TTF vacc 6.7 13.1 3 0.3 105

a vac = vacuum-deposition, spin = spin-coat. b from 0.4 wt % toluene solution. c SiO2 surface was treated with 
HMDS. d (001) peak in XRD pattern.  e Typical value on top-contact devices with W = 50 µm and L= 1500 µm.
a vac = vacuum-deposition, spin = spin-coat. b from 0.4 wt % toluene solution. c SiO2 surface was treated with 
HMDS. d (001) peak in XRD pattern.  e Typical value on top-contact devices with W = 50 µm and L= 1500 µm.
a vac = vacuum-deposition, spin = spin-coat. b from 0.4 wt % toluene solution. c SiO2 surface was treated with 
HMDS. d (001) peak in XRD pattern.  e Typical value on top-contact devices with W = 50 µm and L= 1500 µm.
a vac = vacuum-deposition, spin = spin-coat. b from 0.4 wt % toluene solution. c SiO2 surface was treated with 
HMDS. d (001) peak in XRD pattern.  e Typical value on top-contact devices with W = 50 µm and L= 1500 µm.
a vac = vacuum-deposition, spin = spin-coat. b from 0.4 wt % toluene solution. c SiO2 surface was treated with 
HMDS. d (001) peak in XRD pattern.  e Typical value on top-contact devices with W = 50 µm and L= 1500 µm.
a vac = vacuum-deposition, spin = spin-coat. b from 0.4 wt % toluene solution. c SiO2 surface was treated with 
HMDS. d (001) peak in XRD pattern.  e Typical value on top-contact devices with W = 50 µm and L= 1500 µm.
a vac = vacuum-deposition, spin = spin-coat. b from 0.4 wt % toluene solution. c SiO2 surface was treated with 
HMDS. d (001) peak in XRD pattern.  e Typical value on top-contact devices with W = 50 µm and L= 1500 µm.
a vac = vacuum-deposition, spin = spin-coat. b from 0.4 wt % toluene solution. c SiO2 surface was treated with 
HMDS. d (001) peak in XRD pattern.  e Typical value on top-contact devices with W = 50 µm and L= 1500 µm.
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   Oxidation Potentials. In order to estimate molecular electronic structures, oxidation poten-
tials of the thiophene-fused TTFs were measured with cyclic voltammetry (Table 2.4.3). First 
oxidation potential of 3a (E11/2 = +0.03 V vs Fc/Fc+) is lower by 0.27 V than that of DT-TTF 
(E11/2 = 0.30 V). This large difference indicates that  the electronic structure of 3a  markedly dif-
fers from that of DT-TTF. The lower oxidation potential of 3a may related to the resonance 
structure where TTF moiety can obtain 6π-aromaticity in the cationic state, in contrast  to that  of 
DT-TTF that may become 10π-aromaticity or break aromaticity of thiophene moiety in the cati-
onic state.
   The methyl groups increase the oxidation potential of 3a slightly by 0.07 V (E11/2 of 3b = 
-0.04 V). On the other hand, the oxidation potential of 3c (E11/2 = 0.03 V) is almost equal to that 
of the 3a, indicating electronically neutral character of alkylthio group in this case, as a conse-
quence of compensation of the inductive effect by the resonance effect. The energy level of the 
HOMO (EHOMO) of 3c estimated from the oxidation onsets are -4.77 eV. This value is, unfortu-
nately, higher than that  of DT-TTF (EHOMO = -4.98 eV) and N-acyl-substituted PyTTF (2b, 
EHOMO = -4.95 eV) which showed good air-stability in their devices. This higher EHOMO (low 
oxidation potential) is presumably responsible for the normally-on characteristics of the OFET 
devices. The low oxidation potential makes the molecule susceptible to the air-oxidation similar 
to that observed for the N-alkyl-PyTTF (1g).

  Summary. The methyl (3b)- and n-octylthio (3c)-substituted αDT-TTF were successfully syn-
thesized. Single-crystal X-ray analysis revealed small positional disorders in the α-positions of 
the thiophene rings and the n-octylthio groups of 3c, which promotes well-ordered layer-by-
layer molecular arrangement in the solid state. This can be understood by considering hydro-
phobic interaction between the alkyl chains. In the structure, the TTF core of 3c are interacted 
with all neighboring ones via the short S-S contacts, which is similar to that of DT-TTF. The 
solution-processed OFETs based on 3c showed high µFETs up to 0.2 cm2/Vs, which is compara-
ble to those of vacuum-processed DT-TTF-based OFETs. The heavily normally-on behavior of  
3c-based devices can be attributed to its lower oxidation potential caused by the different  con-
tribution of the fused thiophene ring to the electronic structure of the whole molecules. Further 
improvement of molecular design strategy is required to keep the HOMO energy level lower.

Experimental Procedures
   Synthesis:
   General: All chemicals and solvents are of reagent grade unless otherwise indicated. DMF was distilled 
from CaH2 under reduced pressure.  THF was distilled from Na before use. Trimethylphosphite was 
treated with sodium for 24 h, then distilled in an inert atmosphere and stored with activated molecular 
sieves 4 Å. Melting points were not collected.  Nuclear magnetic resonance spectra were obtained in deu-
terated chloroform with a JEOL EX 270 spectrometer operating at 270 MHz for 1H with TMS as internal 
reference; chemical shifts (δ) are reported in parts per million. EI-MS spectra were obtained on a Shi-
madzu QP-5050A spectrometer using an electron impact ionization procedure (70 eV). The molecular ion 
peaks of the sulfur-containing compounds showed a typical isotopic pattern, and all the mass peaks are 
reported based on 32S.

2.4 Bis(thieno[2,3-d])tetrathiafulvalenes (αDT-TTFs)

32

Table 2.4.3. Oxidation potentiala and the estimated HOMO levels.Table 2.4.3. Oxidation potentiala and the estimated HOMO levels.Table 2.4.3. Oxidation potentiala and the estimated HOMO levels.Table 2.4.3. Oxidation potentiala and the estimated HOMO levels.Table 2.4.3. Oxidation potentiala and the estimated HOMO levels.Table 2.4.3. Oxidation potentiala and the estimated HOMO levels.Table 2.4.3. Oxidation potentiala and the estimated HOMO levels.Table 2.4.3. Oxidation potentiala and the estimated HOMO levels.
RR onset E11/2 E21/2 ∆E EHOMOb / eV

3a H -0.05 0.03 0.38 0.35 -4.75
3b Me -0.12 -0.04 0.32 0.36 -4.68
3c S-C8H17 -0.04 0.03 0.34 0.31 -4.77

DT-TTF 0.18 0.30 0.63 0.33 -4.98
a Vs Fc/Fc+. b E1/2 (Fc/Fc+) = -4.8 eV under vacuum level as a criteria.a Vs Fc/Fc+. b E1/2 (Fc/Fc+) = -4.8 eV under vacuum level as a criteria.a Vs Fc/Fc+. b E1/2 (Fc/Fc+) = -4.8 eV under vacuum level as a criteria.a Vs Fc/Fc+. b E1/2 (Fc/Fc+) = -4.8 eV under vacuum level as a criteria.a Vs Fc/Fc+. b E1/2 (Fc/Fc+) = -4.8 eV under vacuum level as a criteria.a Vs Fc/Fc+. b E1/2 (Fc/Fc+) = -4.8 eV under vacuum level as a criteria.a Vs Fc/Fc+. b E1/2 (Fc/Fc+) = -4.8 eV under vacuum level as a criteria.a Vs Fc/Fc+. b E1/2 (Fc/Fc+) = -4.8 eV under vacuum level as a criteria.



   5-Metylthieno[2,3-d]-1,3-dithiole-2-thione (21). Under N2 atmosphere, thieno[2,3-d]-1,3-dithiole-2-
thione (19) (952 mg, 5 mmol) was dissolved in THF (35 mL). The mixture was then cooled down to -80 
ºC before addition of 0.5 M lithium diisopropyl amide (LDA) in THF (12 mL, 6 mmol).  Iodomethane 
(1.87 mL, 30 mmol) was added and stirred for 30 min,  the mixture was kept stirring for  2 h at 60 ºC. 
After quench the reaction by addition of water, the resulting mixture was extracted by CH2Cl2 (50 mL × 
4). The organic layer was washed with sat. NaClaq (75 mL) and dried with anhydrous MgSO4. Yellow 
solids, obtained by evaporation of the solvent, were purified by column-chromatography (SiO2, CH2Cl2/
hexane=1:1, Rf = 0.79) to give yellow crystals of 21 (797 mg, 78 %). 1H-NMR (270 MHz, CDCl3, TMS) 
δ 6.76 (q, J = 1.16 Hz, 1 H), 2.58 (d, J = 1.15 Hz, 3 H).
   5-Metylthieno[2,3-d]-1,3-dithiole-2-one (22). Mercury (Ⅱ) acetate (3.73 g, 11.7 mmol) was added to a 
solution of compound 21 (797 mg, 3.9 mmol) in CHCl3 (150 mL), and the mixture was stirred for 6 h at 
rt. The resulting mixture was filtered though celite, and the filtrate was evaporated. The resulting yellow 
solids was purified by column-chromatography (SiO2, CH2Cl2/Hexane = 1:1, Rf = 0.79) to give 22 as 
white crystals (636 mg). 1H-NMR (270 MHz, CDCl3, TMS) δ 6.79 (q, J = 1.20 Hz, 1 H), 2.56 (d, J = 1.23 
Hz, 3 H). 
   (Z)/(E)-Bis(5,5’-dimethylthieno)[3,4-d]tetrathiafulvalene (3b). Under N2 atmosphere, 22 (636 mg, 
3.38 mmol) was added into trimethylphoshite (5 mL). The coupling reaction was completed by refluxing 
mixture at 140 ºC for 2.5 h. After cooling down the mixture, the trimethylphoshite was removed by 
evaporation in vacuum. The resulting red solids were purified by column-chromatography (SiO2, CS2, Rf 
= 0.85) followed by recrystallization from toluene/hexane. 3b   was obtained as red crystals (175 mg, 30 
%). 1H-NMR (270 MHz, CDCl3, TMS) δ 1.26 (s), 6.55 (bs). DI-MS (70 eV, EI) m/z = 344 (M+). 
   5-octylthiothieno[2,3-d]-1,3-dithole-2-thione (24). Under N2 atmosphere, 0.5 M LDA in THF (5.5 
mL, 2.75 mmol) was added to a solution of 19 (480 mg, 2.5 mmol) in THF (23 mL) at 0 ºC. Subsequently 
elemental sulfur (88 mg, 2.75 mmol) was added to the mixture and stirred for 10 min at 0 ºC, which is 
followed by addition of iodooctane (2.7 mL, 15 mmol).  The reaction mixture was warmed up ~60 ºC and 
then kept stirring for 2 h. After that, the reaction was quenched by addition of water. The mixture was 
extracted with CH2Cl2 (50 mL ×  4). The resulting organic phase was washed with NaClaq (75 mL) and 
dried with anhydrous MgSO4. Evaporation of the solvent gave red solids,  which was purified by column-
chromatography (SiO2, CH2Cl2 / hexane = 1:4, Rf = 0.65). 3c was obtained as red crystals (477 mg, 57 %). 
1H-NMR (270 MHz, CDCl3, TMS) δ 7.07 (s, 1H), 2.84 (t, 2H) 1.54~1.65 (m, 7H) 0.88 (t, 3H)
   5-Octylthiothieno[2,3-d]-1,3-dithiole-2-one (27). Mercury (Ⅱ) Acetate (1.36 g, 4.3 mmol) was added 
to a solution of 24 (477 mg, 1.43 mmol) in CHCl3 (160 mL), and the solution was stirred for 2 h at rt. The 
resulting mixture was filtered though celite, and subsequent evaporation gave yellowy solids. The crude 
product was purified by column-chromatography (SiO2, CH2Cl2 = 1:1, Rf = 0.65) to give compound 27 as 
brown oil (454 mg, 95 %). 1H-NMR (270 MHz, CDCl3, TMS) δ 7.07 (s, 1H), 2.84 (t, 2H) 1.54 - 1.65 (m, 
7H) 0.88 (t, 3H). 
   (Z)/(E)-Bis(5,5’-dioctylthiothieno[2,3-d])tetrathiafulvalene (3c). Under N2 atmosphere, 27 (430 mg, 
1.35 mmol) was added to trimethylphoshite (3 mL). After reflux of the mixture at 140 ºC for 2.5 h, the 
solvent was evaporated to give red solids. The solids were purified by column-chromatography (SiO2, 
CS2,  Rf = 0.85) followed by recrystallization from cool toluene/hexane. 3c was obtained as orange 
crystals (146 mg, 36 %) For device fabrication,  the product was recrystallized twice. MS (70 eV, EI) m/z 
= 604 (M+). 1H-NMR (270 MHz, CDCl3, TMS) δ 7.07 (s, 1H),  2.84 (t, 2H) 1.54 - 1.65 (m, 7H) 0.88 (t, 
3H). 
   X-ray diffraction (XRD) measurements of  thin-films and single-crystals. XRD patterns of spin-
coated thin films deposited on Si/SiO2 substrates were obtained with a Rigaku RiNT-2200 diffractometer 
with a Cu Kα source (λ = 1.541 Å) in air.  The d-spacings were calculated by the Bragg equation: λ = 
2dsinθ.  The single crystal XRDs were measured on a Rigaku Rapid-S Imaging Plate with graphite mono-
chromated (2θmax = 55º) Mo Kα source (λ = 0.71069 Å) for 3a and 3b. The X-ray analysis of crystal of 3c 
was made on Rigaku DSC imaging plate system by using Si-monochrommated synchrotron (λ  = 1.00000 
Å) at beam line BL8B of Photon Factory (PF) in High Energy Accelerator Research Organization (KEK). 
Detailed crystallographic data are listed in Table A1 (p62).  The structure was solved by direct methods 
(SIR92).106 Non-hydrogen atoms were refined anisotropically, and hydrogen atoms were included in the 
calculations but not refined.107 Calculations were performed using the crystallographic software package 
TeXsan108 and Yadocari software 
package for 3a-b and 3c, respec-
tively.
   Atomic Force Microscopy 
(AFM). The AFM images were 
measured on a Molecular Imaging 
PicoPlus microscope in air.  
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Table 2.4.4.  FET characteristics of 3c. Table 2.4.4.  FET characteristics of 3c. Table 2.4.4.  FET characteristics of 3c. Table 2.4.4.  FET characteristics of 3c. Table 2.4.4.  FET characteristics of 3c. Table 2.4.4.  FET characteristics of 3c. 
solvent wt % rpm Vth / V µ /cm2V-1s-1 Ion/Ioff

toluene 0.6 2000 57 0.19 102

2.0 4000 55 0.15 101

benzene 0.6 2000 66 0.27 101

2.0 4000 77 0.14 101



   Device Fabrications and Evaluations. OFETs were fabricated in a top-contact configuration on a 
heavily doped n+-Si (100) wafer with 200-nm-thick thermally grown SiO2 (Ci = 17.3 nF cm–2).   The 50 
nm in thickness of thin films of 3a, 3b, and DT-TTF were fabricated on the substrates by vacuum-
deposition with room substrate temperature and deposition rate of ~1.0 Å/s. The thin films of 3c was fab-
ricated by spin-coating from the 0.6 and 2.0 wt % of benzene or toluene solution with the spin-coat rate of 
2000 and 4000 rpm, respectively (Table 2.4.4).  The OFET devices was fabricated by deposition of gold 
source-drain electrodes on the thin films. The channel width (W) and length (L) are 50 µm and 1500 µm, 
respectively. The characteristics of the OFET devices were measured in air with a Keithley 4200 semi-
conductor parameter analyzer. Field-effect mobility (µFET) was calculated in the saturation regime (Vd = –
60 V) of the Id using the following equation: Id = 
(WCi/2L) µFET (Vg – Vth)2, where Ci is the capaci-
tance, and Vg and Vth are the gate and threshold 
voltages, respectively.  The FET characteristics of 
3c-based devices fabricated with different spin-coat 
conditions are described in Table 2.4.4. The charac-
teristics are averaged values of more than three de-
rives. The FET characteristics of DT-TTF was 
shown Figure 2.4.9. The extracted µFETs are up to 
0.3 cm2/Vs on the HMDS treated substrates.
   Molecular orbital (MO) calculation. Geometry 
optimization and normal mode MO calculation of 
3a-c were carried our by the DFT method at the 
B3LYP/6-31G(d) level using the Gaussian03 
program.111 The HOMO of 3c (alkyl moiety is con-
verted to methyl group) is depicted in Figure 2.4.10.
　　　Cyclic voltammetry (CV). CVs were recorded on a 
Hokuto Denko HA-301 potentionstat and a Hokuto Dneko HB-
104 function generator in 10-3 M benzonitrile solution contain-
ing 0.1 M Bu4N+PF6- as a supporting electrolysis with scan rate 
is 100mV/s,  by using Pt work/counter electrodes and Ag/AgCl 
reference electrode. All the potentials were calibrated with the 
standard ferrocene/ferrocenium (Fc/Fc+) redox couple (E1/2 = 
+0.43 V measured under identical conditions). Cyclic voltam-
mogram of 3a-c and DT-TTF are shown in Figure 
2.4.11. 

　　　
   UV-Vis absorption spectrum. UV-Vis spectra of 3a-
c in dichloromethane solution are recorded on Shimazu 
UV-3100 spectator. The spectra are shown in Figure 
2.4.12. 
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Figure 2.4.9. FET characteristics of thin-film-based DT-TTF 
devices on the HMDS treated SiO2 substrate: (a) output (b) 
transfer characteristics. 

Figure 2.4.10. HOMO of methylthio-
substituted αDT-TTF estimated by single point 
calculation based on the crystal structure of 3c 
with DFT (B3LYP/6-31G*) method.
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Figure 2.4.11. Cyclic voltammograms of 3a-c and DT-
TTF.
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Figure 2.4.12. UV-Vis spectra of 3a-c, DT-TTF, and TTF.  



  Introduction. 
   The synthesis, properties, and structures of the heteroaromatic-fused TTFs substituted with 
long alkyl groups were described in section 2.2 - 2.4. The correlation between the FET  charac-
teristics and the structures of the TTF derivatives clearly demonstrated that such molecular de-
sign as the TTF π-cores with long alkyl group successfully give solution processible organic 
semiconductors. 
  The two-dimensional (2-D) electronic structures via π-π and/or S-S interactions between the 
TTF-cores may be realized in the solid states for the present TTF derivatives, which results in 
relatively good FET  characteristics, e.g., N-n-cetyl-PyTTFs (1f), N-n-hexanoyl-PyTTF (2b) and 
n-octylthio-αDT-TTF (3c) (Figure 2.5.1). Nevertheless, the µFETs of the derivatives are lower 
than those of recently developed superior semiconductors such as pentacene,47,123  

dinaphtho[2,3-b:2´,3´-f]thieno[3,2-b]thiophene (DNTT),17 2,7-didodecyl[1]dibenzothieno[3,2-
b][1]benzothiophene (C12-BTBT),124,125 and hexamethylenetetrathiafulvalene (HM-TTF)88 (Fig-
ure 2.5.2). The FET characteristics of these materials are summarized in Table 2.5.1. 
   Among these superior µFET semiconductors, the solution-processible C12-BTBT  are developed 
along with the same molecular design strategy as the present heteroaromatic-fused TTFs. There-
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2.5 Correlation between Electronic Structure in Solid State and Field-Effect Mobility
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Table 2.5.1.  Summary of FET characteristics of the heteroaromatic-fused TTFs 
and high performance materials reported recently. 
Table 2.5.1.  Summary of FET characteristics of the heteroaromatic-fused TTFs 
and high performance materials reported recently. 
Table 2.5.1.  Summary of FET characteristics of the heteroaromatic-fused TTFs 
and high performance materials reported recently. 
Table 2.5.1.  Summary of FET characteristics of the heteroaromatic-fused TTFs 
and high performance materials reported recently. 
Table 2.5.1.  Summary of FET characteristics of the heteroaromatic-fused TTFs 
and high performance materials reported recently. 
Table 2.5.1.  Summary of FET characteristics of the heteroaromatic-fused TTFs 
and high performance materials reported recently. 

processa TFT characteristicsbTFT characteristicsbTFT characteristicsb
processa

Vth / V µ / cm2V-1s-1 Ion/Ioff

1d N-n-octyl-PyTTF spin -      no field effect     --      no field effect     --      no field effect     -
1f N-n-cetyl-PyTTF spin 10 0.008 104

2b N-hexanoyl-PyTTF vac -4 0.08 105

3b methyl-αDT-TTF vac -      no field effect     --      no field effect     --      no field effect     -
3c n-octylthio-αDT-TTF spin 50 0.2 102

DT-TTF vac 3 0.3 105

pentacene vac -11 0.30 108

DNTT vac -10 2.9 107

C12-BTBT spin -20 1.7 108

HM-TTFc vac 27 3.6 103

a vac = vacuum-deposition, spin = spin-coat. b All top-contact configuration with Au 
electrodes (W = 1500 µm, L = 50 µm)  measured in air. c Reported value.88 
a vac = vacuum-deposition, spin = spin-coat. b All top-contact configuration with Au 
electrodes (W = 1500 µm, L = 50 µm)  measured in air. c Reported value.88 
a vac = vacuum-deposition, spin = spin-coat. b All top-contact configuration with Au 
electrodes (W = 1500 µm, L = 50 µm)  measured in air. c Reported value.88 
a vac = vacuum-deposition, spin = spin-coat. b All top-contact configuration with Au 
electrodes (W = 1500 µm, L = 50 µm)  measured in air. c Reported value.88 
a vac = vacuum-deposition, spin = spin-coat. b All top-contact configuration with Au 
electrodes (W = 1500 µm, L = 50 µm)  measured in air. c Reported value.88 
a vac = vacuum-deposition, spin = spin-coat. b All top-contact configuration with Au 
electrodes (W = 1500 µm, L = 50 µm)  measured in air. c Reported value.88 
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Figure 2.5.1. Structures of the 1f, 2b, and 3c (top) with their molecular arrangement viewed along the 
molecular-long axis with space-filling model (bottom, alkyl(thio) moieties are omitted for clarity). 
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Figure 2.5.2. Structure of high performance organic semiconductors recently reported. 



fore, it  should be very interesting to see the difference in the packing structure in qualitatively. 
In order to clarify the difference in the electronic structures of π-cores at  the molecular level and 
then correlate the crystal structures and transport  properties in OFETs, molecular orbitals 
(MOs), reorganization energy (λ), and transfer integrals (t) in bulk single crystal structure are 
calculated for the heteroaromatic-fused TTFs together with the high performance OFET 
materials.126-128 The theoretically determined electronic structures are correlated to experimen-
tally determined electrochemical and optical properties to confirm the suitability of the calcula-
tions. Comparisons of the electronic structures will give insight  into understanding the 
performance of the TTF-based semiconductors and will give a new design strategy for better 
materials. 

   Oxidation Potential and UV-Vis Spectra. Figure 2.5.3, Table 2.5.2 summarized the elec-
tronic properties of the heteroaromatic-fused TTFs experimentally by measuring their cyclic 
voltammetries and UV-Vis absorption spectra. As already described in the previous sections, 
oxidation potential of the 1f and 3b are low, which makes their devices susceptible to air-
oxidation. 2b-based OFETs showed improved air-stability because of the higher oxidation po-
tential. The HOMO energy level (EHOMO) of 2b estimated from first  oxidation onset  is ca. -4.95 
eV.112 Nevertheless, the EHOMO of 2b is still higher by more than 0.4 eV than those of DNTT  and 
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TTF

Table 2.5.2. HOMO and LUMO levels estimated experimentally from CV and UV-Vis spectra.Table 2.5.2. HOMO and LUMO levels estimated experimentally from CV and UV-Vis spectra.Table 2.5.2. HOMO and LUMO levels estimated experimentally from CV and UV-Vis spectra.Table 2.5.2. HOMO and LUMO levels estimated experimentally from CV and UV-Vis spectra.Table 2.5.2. HOMO and LUMO levels estimated experimentally from CV and UV-Vis spectra.Table 2.5.2. HOMO and LUMO levels estimated experimentally from CV and UV-Vis spectra.Table 2.5.2. HOMO and LUMO levels estimated experimentally from CV and UV-Vis spectra.Table 2.5.2. HOMO and LUMO levels estimated experimentally from CV and UV-Vis spectra.Table 2.5.2. HOMO and LUMO levels estimated experimentally from CV and UV-Vis spectra.Table 2.5.2. HOMO and LUMO levels estimated experimentally from CV and UV-Vis spectra.
oxidation potentiala / Voxidation potentiala / Voxidation potentiala / V EHOMOb

/ eV
abs / nmabs / nm ΔEgc

/ eV
ELUMOd

/ eVonset E1
1/2 E2

1/2

EHOMOb

/ eV λmax λedge

ΔEgc

/ eV
ELUMOd

/ eV
1f N-n-cetyl-PyTTFe -0.18 -0.11 0.31 -4.62 284 481 2.58 -2.04
2b N-n-hexanoyl-PyTTF 0.15 0.22 0.59 -4.95 337 449 2.76 -2.19
3b methyl-αDT-TTF -0.12 -0.04 0.32 -4.68 306 550 2.25 -2.43
3c n-octylthio-αDT-TTF -0.04 0.03 0.34 -4.76 300 520 2.38 -2.39

DT-TTF 0.18 0.30 0.63 -4.98 312 521 2.38 -2.60
TTF -0.18 -0.11 0.34 -4.62 311 500 2.48 -2.14
pentacene -0.17 - - -4.97 - 600 2.06 -2.91
DNTTf 0.64 0.75 - -5.44 401 420 2.95 -2.49
C12-BTBTg 0.7 0.89 NA -5.5 NA NA 3.5 -2.0
HM-TTFh NA -0.19 0.29 -4.5 NA NA NA NA

a vs. Fc/Fc+. b EHOMO = -4.8 - onset voltage (eV). c Eg = 1240 / λedge.  d ELUMO = EHOMO + Eg. e The same as that of 1c.  
f -h referred from the reports17,124,88. 
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a vs. Fc/Fc+. b EHOMO = -4.8 - onset voltage (eV). c Eg = 1240 / λedge.  d ELUMO = EHOMO + Eg. e The same as that of 1c.  
f -h referred from the reports17,124,88. 

a vs. Fc/Fc+. b EHOMO = -4.8 - onset voltage (eV). c Eg = 1240 / λedge.  d ELUMO = EHOMO + Eg. e The same as that of 1c.  
f -h referred from the reports17,124,88. 

a vs. Fc/Fc+. b EHOMO = -4.8 - onset voltage (eV). c Eg = 1240 / λedge.  d ELUMO = EHOMO + Eg. e The same as that of 1c.  
f -h referred from the reports17,124,88. 

a vs. Fc/Fc+. b EHOMO = -4.8 - onset voltage (eV). c Eg = 1240 / λedge.  d ELUMO = EHOMO + Eg. e The same as that of 1c.  
f -h referred from the reports17,124,88. 

a vs. Fc/Fc+. b EHOMO = -4.8 - onset voltage (eV). c Eg = 1240 / λedge.  d ELUMO = EHOMO + Eg. e The same as that of 1c.  
f -h referred from the reports17,124,88. 

a vs. Fc/Fc+. b EHOMO = -4.8 - onset voltage (eV). c Eg = 1240 / λedge.  d ELUMO = EHOMO + Eg. e The same as that of 1c.  
f -h referred from the reports17,124,88. 

a vs. Fc/Fc+. b EHOMO = -4.8 - onset voltage (eV). c Eg = 1240 / λedge.  d ELUMO = EHOMO + Eg. e The same as that of 1c.  
f -h referred from the reports17,124,88. 

a vs. Fc/Fc+. b EHOMO = -4.8 - onset voltage (eV). c Eg = 1240 / λedge.  d ELUMO = EHOMO + Eg. e The same as that of 1c.  
f -h referred from the reports17,124,88. 



C12-DNTT. DNTT-based devices do not degrade at  least  six or more months under ambient con-
ditions. This fact  indicates that  the introduction of electron-withdrawing carbonyl group to the 
TTF framework is insufficient  for lowering the EHOMO to fully air-stable level. Further devel-
opment of methods for introducing strongly electron-deficient moieties into the TTF π-core 
should be required83,75

   UV-Vis spectra of the TTF derivatives are shown in Figure 2.5.3. Most  of the TTF derivatives 
have weak absorptions on their shoulders, which is ascribed to forbidden HOMO-LUMO exci-
tations as seen for the parent  TTF.129 Optical HOMO-LUMO energy gaps (∆Eg) were estimated 
from the edge of the weak absorption, and then the energy level of the LUMOs (ELUMOs) are 
estimated by using EHOMOs and ∆Egs.113 Among the present  TTF derivatives, 2b shows an ex-
traordinary spectrum, which has no shoulder. Because the same spectra were obtained in the 
different  solvents or concentrations for 2b, the HOMO-LUMO excitation of 2b is thought  to be 
allowed, and has become the main peak (λmax = 337 nm). Thus the ELUMO of 2b was estimated 
from the absorption edge and the EHOMO to be -2.19 eV, which is lower than that  of 1f reasona-
bly. Since no further information for the electronic structure related to the FET  characteristics 
was obtained form the experimental analyses, theoretical calculations were carried out  as fol-
lows. 

   Molecular Electronic Structures: MO  Calculation. Molecular orbital (MO) calculation 
were carried out to examine shapes and 
energy levels of frontier orbitals, which 
related to the electron transport  proper-
ties. It  should be noted that molecular 
structure experimentally determined by 
X-ray analysis were used for initial mo-
lecular coordinates except  for 2b. This 
approach is very important for TTF de-
rivatives, because the geometrical optimi-
zation of TTF molecules by DFT  calcula-
tion often results in bended molecular 
shapes, which is far away from real mo-
lecular in the solid states.130   

   The calculated EHOMOs are in good 
agreements with the experimental results, 
indicating the calculations give the decent 
results (Table 2.5.3). The tendency of the 
calculated ELUMOs is also consistent  with 
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(a) (b) (c) (d) (e) (f)

Figure 2.5.5. Coefficients of HOMO of (a) pentacene (b) DNTT, (c) BTBT, and (d) HM-TTF. 

(a) (b) (c) (d)

Figure 2.5.4. Coefficients of LUMO (top) and HOMO (bottom) of (a) 1f, (b) 2b, (c) 3b, (d) 3c, (e) DT-TTF, and 
TTF (f). 

Table 2.5.3.  Calculated frontier orbitalsa.Table 2.5.3.  Calculated frontier orbitalsa.Table 2.5.3.  Calculated frontier orbitalsa.Table 2.5.3.  Calculated frontier orbitalsa.
EHOMO / eV ELUMO / eV

1f N-n-cetyl-PyTTF -4.22 -0.56
2b N-n-hexanoyl-PyTTF -4.92 -1.24
3a αDT-TTF -4.66 -2.32
3b methyl-αDT-TTF -4.51 -1.01
3c n-octylthio-αDT-TTFb -4.63 -1.27

DT-TTF -4.94 -1.19
TTF -4.52 -0.95

pentacene -4.60 -0.94
DNTT -5.18 -1.81
C12-BTBT -5.40 -1.14
HM-TTF -4.32 -0.72

a Based on DFT with B3LYP/6-31G(d) basis set. The alkyl 
groups are inverted to methyl groups for ease of calculations. 
All molecules were kept in planar geometry while calculation. 
b single-point calculation.  

a Based on DFT with B3LYP/6-31G(d) basis set. The alkyl 
groups are inverted to methyl groups for ease of calculations. 
All molecules were kept in planar geometry while calculation. 
b single-point calculation.  

a Based on DFT with B3LYP/6-31G(d) basis set. The alkyl 
groups are inverted to methyl groups for ease of calculations. 
All molecules were kept in planar geometry while calculation. 
b single-point calculation.  

a Based on DFT with B3LYP/6-31G(d) basis set. The alkyl 
groups are inverted to methyl groups for ease of calculations. 
All molecules were kept in planar geometry while calculation. 
b single-point calculation.  



experimental results, although the absolute values are different from experimental results be-
cause the DFT calculation does not consider a configured interaction in an excited state.131 
   The MO calculation together with time-dependent DFT calculation supports the allowed 
HOMO-LUMO excitation of 2b (HOMO → LUMO: oscillator strength = 0.51 at 377 nm)131, 
which consistent  with the distinct absorption spectra for 2b, probably reflecting the LUMO 
shape of 2b which fairly differed from those of the other TTF derivatives (Figure 2.5.4). 
   On the other hand, the calculated HOMOs of the TTF derivatives are similar to each other, 
where the coefficients are largely on the sulfur atoms. All the derivatives thus could strongly 
interact  intermolecularly via S-S contacts in solid states. Note that  the large HOMO coefficients 
on the sulfur atoms and/or on the periphery of the molecules are also found in the high µFET ma-
terials (Figure 2.5.5).132 
   The overview of molecular electronic structures indicates capability of the heteroaromatic-
fused TTF to realize high µFET comparable to those of the state-of-the-art materials, whereas the 
air-stability should be no good.

  Parameters in Charge-Transport in OFETs. Understanding the theory of charge-transport in 
OFETs is necessary for further evaluation of the electronic properties in the solid state.133 It  is 
rationally believed that  carrier transport in the majority of organic semiconductors can be classi-
fied into the hopping model.134 The hopping µFET can be expressed by135

µFET =
qd 2

kBT
kET …(1)

 
kET = t 2 π

kBTλ
exp −

ΔE − λ( )2
4λkBT

⎛

⎝⎜
⎞

⎠⎟
…(2)

where q is the number of charge, d is intermolecular distance, ħ is Plank constant, kB is Boltz-
mann constant, T is temperature, kET is electron-transfer rate, t is transfer integral (intermolecu-
lar electronic coupling), λ  is reorganization energy, and ∆E is site-energy difference of initial 
and final state (which also depend on t).136 The eq (2) is so-call the Marcus equation,137 which 
expresses that µFET depends on λ and t.
  Hopping process can be depicted as a model picture where an electron (or hole) is transferred 
from one molecule to the neighboring one. Figure 2.5.6 explains the transfer reaction when the 
carrier is hole (p-type). After the charge transfer, relaxation of the structure of each molecule 
(+1 charged and neutral) allows the molecule to take each optimal geometry of each charged 
state. The reorganization energy for hole (λh) correspond to the sum of the two structural relaxa-
tion energies (λh  = λrel(1) + λrel(2)).138,139 These two portions are typical nearly identical (λh ≈ 2 
λrel). The λ  in fact gives a measure of energy loss (or hopping efficiency). More strictly, λ  in-
cludes intermolecular reorganization energy, that  is polarization energy and molecular vibration 
of surrounding molecules.136 However, the intermolecular λ  can be neglect  because the value is 
expected to be much smaller than the intramolecular λ. That  is why I consider only the intra-
molecular λ. Here I estimated intramolecular λh values on a isolated molecule based on the same 
DFT method (B3LYP/6-31G(d). The λh values of the compounds are compared with each other 
in order to evaluate the hole transport ability.
   On the other hand, transfer integral (t) is electronic coupling between two molecules. The t is 
an energy gain when a charge is delocalized (or transferred) between two molecular orbitals. 
The meaning of t is similar to a resonance integral (β) when two atomic orbitals give molecular 
orbital on the basis of linear combination of atomic orbitals (LCAO) approximation. Here I con-
sider hole mobility, thus the t related to hole transport  is important. That  value can be estimated 
by considering interaction of HOMO of neutral dimer (tHOMO, Figure 2.5.7). 
   The calculation of tHOMOs in dimers in the crystals are based on DFT  with the PW91 func-
tional and Slater-type triple-ζ plus polarization (TZP) basis set  by using a Amsterdam Density 
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F u n c t i o n a l ( A D F ) p r o g r a m 
package.138-141 The ADF program gave 
plausible results as compared to the 
program based on the extend Hückel 
method developed by Mori et al.142,143 
The extend Hückel program tends to 
overestimate tHOMO in the case of 
sulfur-containing compounds (see 
Supporting Information). It should be 
mentioned that  the tHOMOs in this re-
port  are absolute values, |tHOMO|. The 
phase (+ or -) are neglected in order to 
discuss the strength of electronic cou-
pling simply.

   Reorganization energy. The calculated λh of the TTF derivatives (> 250 meV) are higher than 
those of pentacene and DNTT (< 130 meV) (Table 2.5.4). This is responsible for the general 
electronic character of TTF core, that is, the TTF has non-aromatic structure in the neutral state 
and gain aromaticity in the cation state. Thus, the structural difference between the neutral and 
cationic states should be large. In addition, 2b has larger λh (350 meV) than those of the other 
TTF derivatives, which is attributable to its large structural freedom caused by single bond in 
the conjugation. The high λhs of the TTF compounds could cause low µFETs of the 
heteroaromatic-fused TTFs. HM-TTF and C12-BTBT, nevertheless, also have high λhs ~250 
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Table 2.5.4. λh on isolated moleculesa.  Table 2.5.4. λh on isolated moleculesa.  Table 2.5.4. λh on isolated moleculesa.  Table 2.5.4. λh on isolated moleculesa.  Table 2.5.4. λh on isolated moleculesa.  
λrel(1) / meV λrel(2)/ meV λh / meV

1f N-n-cetyl-PyTTF 137 143 280
2b N-n-hexanoyl-PyTTF 180 170 350
3b methyl-αDT-TTF 130 125 255
3c n-octylthio-αDT-TTF -b-b-b

DT-TTF 125 127 252
TTF 142 137 279
pentacene 48 49 97
DNTT 67 63 130
C12-BTBT 120 119 239
HM-TTF 137 147 284

a calculated based on DFT with B3LYP/6-31G(d) basis set. b could 
not be calculated a appropriate value owing to take boat conforma-
tion during the calculation. 

a calculated based on DFT with B3LYP/6-31G(d) basis set. b could 
not be calculated a appropriate value owing to take boat conforma-
tion during the calculation. 

a calculated based on DFT with B3LYP/6-31G(d) basis set. b could 
not be calculated a appropriate value owing to take boat conforma-
tion during the calculation. 

a calculated based on DFT with B3LYP/6-31G(d) basis set. b could 
not be calculated a appropriate value owing to take boat conforma-
tion during the calculation. 

a calculated based on DFT with B3LYP/6-31G(d) basis set. b could 
not be calculated a appropriate value owing to take boat conforma-
tion during the calculation. 
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Figure 2.5.6. Explanation of hopping model and reorganization energy. 
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PROGRAM ADF (Amsterdam density functional)

METHOD
Slater-type orbital approximation

Triple-! polarization (TZP) basis set

LEVEL GGA:PW91

Atomic Orbital " Molecular Obital.

Molecular Obital " Band in crystal

!

t

t of HOMO

Figure 2.5.7. Explanation of calculation of a transfer integral. (a) A dimer is picked up from 
a crystal structure (b) Schematic image of the interaction of HOMOs in a crystal structure. 

(a) (b)



meV. These fact  indicate relationally small contribution of λh to µFET, which may related to small  
λh in actual solid state, because molecules are embedded into surrounding molecular lattice.130 

   Transfer Integrals in Crystal Structures. The calculated tHOMO values are shown in figures 
of crystal structures viewed along the molecular-long axis direction (Figure 2.5.8 - 2.5.9). In-
termolecular interactions related to FET characteristics can be expressed with interactions be-
tween the surrounding six molecules for most  cases. In addition, the six interactions frequently 
include the identical pair(s) owing to the crystallographic symmetry. Thus, the interaction can 
be explained, in general, with two transverse (S-S) directions and one perpendicular (π-staking) 
direction. 
   For 1d that  gives no FET  response with low Id current, very small tHOMOs (< 22 meV) are 
found in all directions (Figure 2.5.8a). In contrast, the large tHOMOs (87 meV) is found along the 
π-staking direction (designated as p) for 1f that give moderate µFETs (Figure 2.5.8b). These re-
sults are reasonable to consider the relation between the structure and properties of the FET 
characteristics. This result  also indicates very weak electronic interactions at  the transverse di-
rection, in which S-S short contacts are present (q = 17 meV for 1d, q  = 3 meV for 1f). The 
small interaction is probably explained for the slipping π-cores along the molecular long-axis, 
and thus HOMOs on the sulfur atoms do not spread over the molecules in such direction. The 
calculation asserts that not all S-S short contacts give electronic interaction. 
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   In the structure of 2b, moderate tHOMOs (25 - 45 meV) in all direction are calculated in the 
herringbone-like structure (Figure 2.5.8c). The isotropic electronic coupling within the π-core 
layer ought  to form 2-D conducting layer parallel to the substrate. This is contrasted to the struc-
ture of 1f which has 1D intermolecular interaction. With considering the better µFETs of 2b than 
those of 1f, 2-D electronic structure is suitable for thin-film OFETs.14b This is in good agree-
ment with the 2-D electronic structure in pentacene film (Figure 2.5.10a). 
   Calculation of transfer integrals of thiophene-fused TTFs also show good agreement  with the 
FET  characteristics (Figure 2.5.9). Very small tHOMOs (< 12 meV) were calculated for 3b that 
gives no FET characteristics. In contrast, moderately large tHOMOs (q  and r = 54 meV) in 3c 
were calculated along the transverse directions. Similar tHOMOs were calculated in the DT-TTF 
packing structure along the π-π interaction (p = 55 meV), in addition to moderate transverse 
interaction (q and r = 34 meV). The 2-D electronic interaction with moderately large tHOMOs for 
3c and DT-TTF is consistent with their good µFETs ~0.3 cm2/Vs.
   On the other hand, the high performance materials such as pentacene, DNTT, C12-BTBT, and 
HM-TTF has generally larger tHOMOs than those in the present heteroaromatic-fused TTF (Fig-
ure 2.5.10). Pentacene and C12-BTBT have the moderately large tHOMOs (ca. 50 - 65 meV) in all 
directions in the solid states. DNTT  has large tHOMOs along the two directions  (p = 71m eV and 
q = 91 meV). Pentacene, C12-BTBT, and DNTT  are estimated to form 2-D conducting layers 
with strong electronic coupling. For HM-TTF, a very large tHOMO (q = 105 meV) along the 
transverse direction and a moderate tHOMO (p  = 40 meV) along the π-staking direction are calcu-
lated, indicating the formation of a 1-D-like quasi 2-D electronic structure (vide infra). 
   Regardless of the kind of material, the present  calculations of tHOMOs indicate that  tHOMOs in 
the solid state is well-correlated with µFETs of OFETs, having polycrystalline thin-film channel 
with grain boundaries. First, a 2-D  semi-conducting layer is necessary for high µFETs, which is 
achieved by tHOMOs more than 20 meV along more than two directions. In other words, field-
effect  response in the thin-film-based OFETs seems to require tHOMO at  least  ~20 meV, which 
might  be boarder region of whether carriers hop or not between molecules beyond the energy 
barrier such as λh and or other carrier traps. Second, stronger electronic coupling give higher 
µFET, in which a ca. 60 meV of tHOMO in one direction appears to correspond to µFETs 1 cm2/Vs. 

   Discussion for Developing Semiconductors for OFETs. The experimental and theoretical 
evaluations suggest that the lower mobility of the OFETs based on the heteroaromatic-fused 
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TTFs than that based on the high performance semiconductors is ascribed to the smaller tHOMO 
values in the solid states. The tHOMOs are much smaller than those expected from the existence 
of short S-S contacts for 2b, 3c, and DT-TTF. I suggest that  their packing fashion (can be classi-
fied into θ-type, Figure 2.1.8) is disadvantageous to take electronic coupling between TTF 
cores. On the basis of these results and consideration, I shall suggest a strategies for molecular 
design of TTF-based materials as follows.
   DNTT type: herringbone packing. High performance acene and heteroacene-based semicon-
ductors are packed in herringbone fashion. The densely packed herringbone structure driven by 
the CH-π pseudo-hydrogen bonds should be one of the most promising strategy for large tHOMOs 
with neighboring molecules to give 2-D semi-conducting layers. In general, a molecule having 
benzene ring tend to take the herringbone structure. For instance, naphthalene-fused TTF (28) is 
packed in the herringbone fashion in the solid state (Figure 2.5.11a).91 The calculated tHOMOs, 
nevertheless, are moderate with ~50 meV in all directions. In this case, fused benzene rings 
probably perturb the S-S interactions sterically. Accordingly, the µFETs of OFETs based on 28 
are up to 0.4 cm2/Vs, which indicate that  the strategy for herringbone structure seems to be un-
suitable for TTF derivatives. 
   HM-TTF type: π-stacking. It is remarkable that HM-TTF has the large tHOMOs (105 meV). The 
large tHOMO is found in the S-S contact direction, in spite of the longer S-S distance (3.55 Å) 
than those in 2b or 3c. This fact  indicates the importance of relative position of the π-cores (vide 
supra for 1d and 1f). In addition, the highly conductive charge-transfer salts based on TTF de-
rivative so far reported are often packed with π-stacking structure (so-call β-sheet structure) 
rather than the herringbone-like θ-type structure.73,143 Therefore, the π-stacking structure seems 
to be suitable for TTF derivatives to realize high µFET. For the formation of π-stacking structure, 
introducing bulky substituents into a molecule is one of the potential strategies (see Figure 
2.1.6).49 On the other hand, the other strategy includes annulation of electron-deficient  moiety 
such as nitrogen-containing ring. For instance, quinoxaline-fused TTF (29) formed π-staking 
structure (Figure 2.5.11b). This molecular design strategy is in agreement  with decrease in 
EHOMO for improving air-stability. However, polarization in molecules often gives low solubili-
ty75 and unpredictable structures in the solid state owing to local interaction between electron-
donating and accepting moieties.72,144 In fact the OFETs based on 29  showed the moderate µFETs 
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(0.2 cm2/Vs), relating to the packing slipped along to the molecular long axis. A molecular 
structure should be designed carefully. 

   Summary. The electronic structure of the heteroaromatic-fused TTFs are determined experi-
mentally and theoretically. Evaluations on molecular characteristics relating to hole transport in 
terms of coefficients and energy levels of HOMO and reorganization energy suggest that  the 
energy level should be decreased to obtain air-stable operation, and relatively high λh can be at-
tributed to low µFET. However, the molecular electronic structures are not correlated with µFET 
strongly. On the other hand, calculated electronic structures in the solid state, transfer integrals 
for HOMO (tHOMO), indicated that the µFETs of thin-film-based OFETs can be well-correlated to 
the tHOMOs. The tHOMOs larger than ~25 meV in more than two direction seem to be a critical 
factor for high performance materials as indicated by 2b, 3c, and DT-TTF. The tHOMOs in 2b, 3c, 
and DT-TTF are, however, lower than those of the state-of-the-art high performance materials. 
This result  means that  the intermolecular interaction between TTF cores is rather smaller than 
those expected from the packing structure, where S-S short contacts and/or π-stacking are pre-
sent. It  indicates that  the present heteroaromatic-fused TTF core is not  suitable for the present 
molecular design. Another molecular design strategy is necessary for developing further better 
TTF-based semiconductors.

Supporting Information
   Transfer Integrals calculated based on an Extend Hückel method. Transfer integrals in 1f, 2b, and 
DT-TTF were calculated by using a program developed by Mori et al., which are shown in Table 2.5.4. 
The program calculates overlap integral for HOMO,  and then transfer integrals (tHOMOs) are calculated by 
the following equation: tHOMO = -10 × SHOMO (eV). Parameters in the extend Hückel calculation is shown 
in Table 2.5.5.
   The calculated tHOMOs show similar tendency with those calculated by DFT method. The value of tHO-

MOs,  however, tends to have large values in the direction of side-by-side S-S directions. For instance, 1f 
was calculated to be relatively large interaction (53 meV) in the direction of S-S contact (designated by 
q), in contrast to quite few value (3 meV) calculated by the DFT method.
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Table 2.5.4  Transfer integrals calculated by  
extend Huckel program
Table 2.5.4  Transfer integrals calculated by  
extend Huckel program
Table 2.5.4  Transfer integrals calculated by  
extend Huckel program

molecule contacta t (meV)

1f p -135
q 53
r 0.08

2b p -40
q -45
r -47
s -45

DT-TTF p 30
q 47
r 50

a Contact directions are equal to 2.5.8 and 2.5.9.a Contact directions are equal to 2.5.8 and 2.5.9.a Contact directions are equal to 2.5.8 and 2.5.9.

Table 2.5.5.  Parameters in extend Huckl transfer integral calculationsTable 2.5.5.  Parameters in extend Huckl transfer integral calculationsTable 2.5.5.  Parameters in extend Huckl transfer integral calculationsTable 2.5.5.  Parameters in extend Huckl transfer integral calculations
atom orbital Slater exponent ζ ionization potential

S 3s 2.122 -1.47
3p 1.827 -0.808
3d 1.5 -0.4

O 2s 2.275 -2.38
2p 2.275 -1.09

N 2s 1.95 -0.191
2p 1.95 -0.990

C 2s 1.625 -1.573
2p 1.625 -0.838

H 1s 1.0 -1.0



  I designed, synthesized, and characterized a series of heteroaromatic-fused TTFs as semicon-
ductors for OFETs (Figure 2.6.1, with the highest µFETs obtained). This study successfully dem-
onstrated the promising molecular design for solution-processible semiconductors (1 and 3). 
The small and cohesive TTF-cores with long alkyl chains along the π-core are highly soluble, 
and formed layer-by-layer structures on the substrates with spin-coat process. The longer alkyl 
derivatives showed the better FET  characteristics than those of short or unsubstituted deriva-
tives, which completely agreed with the well-ordered layer-by-layer structure of the latter suit-
able for OFET operations. In the solid-state structures, 2-D intermolecular interactions between 
the TTF-cores via π-π and/or S-S interactions can be observed. In addition, the hydrophobic in-
teraction between the long alkyl chains effected the large overlaps between the TTF-cores.     
   On the other hand, the drawbacks of the heteroaromatic-fused TTFs are mainly two fold; in-
compatibility of solubility with air-stability (2) and the relatively low µFETs of the devices as 
compared to those of the state-of-the-art high performance semiconductors. The elucidation of 
the electronic structures indicates that the weaker electronic couplings between the TTF-cores in 
the solid states than expected from the 2-D packing structures is most likely responsible. How-
ever, the strategy described here is utilized in other π-cores, and gave the high performance 
semiconductors for both solution-process124 and vacuum-process22 (Chapter 3). Although 1-3 
were not used in the following study owing to the inferior performances, TTF derivatives are 
still excellent  candidates for high performance semiconductors and very interesting as research 
subjects.
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Figure 2.6.1. Heteroaromatic-fused TTFs with their µFETs as high as obtained. 



2. Development of Heteroaromatic-fused TTFs

45



  Organic thin-film transistors (OTFTs) have attracted interest  because of the possibility for real-
izing flexible electronic devices.5 Among the many organic semiconductors reported so far, pen-
tacene is the most  common organic semiconductors as it  shows the highest field effect mobility 
(µFET > 3.0 cm2/Vs).48,145-147 On the other hand, Takimiya’s group has developed several new 
heteroacene-based organic semiconductors that  show high µFET in the TFT configuration: 2-7-
diphenyl[1]benzothieno[3,2-b]benzothiophene (DPh-BTBT, 2.0 cm2/Vs),148 dinaphto[2,3-b:
2’3’-f]thieno[3,2-b]thiophene (DNTT)17, and alkylated BTBTs (Cn-BTBT, 3.9 cm/Vs)124 (Figure 
3.1.1). 
   DNTT has been reported as the high performance and air-stable vacuum-processed organic 
semiconductor. Flexible transistors and integrated circuits based on DNTT  have been reported.18 
Some people call DNTT  as post-pentacene due to the reproducible and the stable high 
performance. On the other hand, Cn-BTBT  was developed along with the same molecular 
design-strategy as the heteroaromatic-fused TTFs (comparison of the characteristics was dis-
cussed in section 2.5), which has long alkyl chains along the π-core. The alkyl chains can act  as 
the driving force for molecular ordering in solid state owing to the van der Waals intermolecular 
interaction between the alkyl groups, or the so-called molecular fastener effect, that  renders the 
semiconducting core to pack tightly, thereby enhancing carrier mobility (Figure 3.1.2).125 The 
application of the molecular design strategy to the DNTT framework is considered to be a 
promising approach for much higher performances and solution-processible organic semicon-
ductors.
   M. J. Kang in Takimiya’s group synthesized di-n-alkyl-substituted DNTT  (Cn-DNTT) and 
investigated their basic properties and characteristics. Although Cn-DNTT has low solubility, 
vacuum-processed Cn-DNTT-based TFT devices showed higher performances than those based 
on DNTT. In particular, di-n-decyl-DNTT (C10-DNTT) gives the highest mobility over 5 cm2/
Vs at  least. However, our conventional device configuration is somewhat  inappropriate in 
evaluating such high mobility organic semiconductors as C10-DNTT, owing to over estimation 
of drain-current (Id) thereby field-effect mobility (µFET). Furthermore, TFT characteristics of 
C10-DNTT-based devices on plastic substrates should be interesting. Although many of organic 
semiconductors that show high performances on the silicon substrates have been reported so far, 
demonstrating high performance OTFTs with µFETs over 1 cm2/Vs on flexible substrates is very 
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Chapter 3
 Evaluation of C10-DNTT as a Organic Semiconductor

 for High Performance Thin-Film Transistors 

3.1 Introduction for Alkylated DNTT

Figure 3.1.2. Schematic representation of the molecular 
orientation on Si/SiO2 substrates (a) for DNTT (b) for alky-
lated DNTT. 
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Figure 3.1.1. Structure of the 
heteroacene-based semiconductors. 



limited; pentacene is in fact almost  only the semiconductor that  well evaluation on plastic sub-
strates.  
   In this chapter, evaluation of a high performance C10-DNTT  semiconductor is described: first, 
I improved the device structure by designing new shadow masks, and determined the µFETs on 
the silicon substrate. Second, I established fabrication and evaluation system of polymer dielec-
trics on the plastic substrates. Finally, the high performance C10-DNTT-based OTFTs on plastic 
substrates are demonstrated.
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   Designing Shadow Mask. Our conventional top-contact/bottom-gate device with a parallel S/
D electrode configuration is fabricated by deposition of gold source-drain electrode through a 
shadow mask on the organic thin film coated over the substrate (Figure 3.2.1). The conventional 
device system is easy to fabricate many devices in one deposition (12 arrays, 3 devices of each 
array). However, it  has some problems. First, fringe current  may give overestimation of µFET 

(Figure 3.2.2).149 Second, large areas of electrodes (~1.5 mm2 for each) often brigs large off-
current and frequently give rise breakdown when voltage is applied to the device.150 Third, the 
channel is defined with tungsten wires, which gives inaccurate channel width (W) and (L). The 
rough shadow mask also prohibits fabrication of multi-layer electrodes, e.g., a MoO3 injection-
layer beneath the Au electrode.151 
   I designed a new device structure shown in Figure 3.2.3 to address these issues. This device 
geometry needs two masks; for the organic layer and for the S-D electrodes. The organic mask 
defines the organic layers in a square shape. The width of organic layer regulates the width of 
channel region W of a device with this comb-type electrode structure. Therefore, overestimation 
of µFETs caused by the fringe current can not occur with this device geometry. The separated 
organic layer also contributes lowering the off-current  (Ioff) because it  can exclude leakage cur-
rents generated in the other organic region. The area of S-D electrode of this device (~0.6 mm2 
for each) is smaller than that  of our conventional one, which contributes to reduce Ioff signifi-
cantly and prevent  dielectric breakdown. In particular, the Ioff can be minimized when gate-
electrodes are patterned, which is quite important for fabrication of devices on polymer dielec-
trics (see section 3.3 and 3.4). On one substrate, 10 devices can be fabricated by using the mask 
with various L (20, 40, 90, 140, and 190 µm, measured) and W (1500 µm) dimensions, which 
allows evaluation of the contact and channel resistance of the devices separately. Eight  squares 
(2 mm × 2 mm dimension) on the side of the pattern are metal-insulator-metal (MIM) devices 
for capacitance-measurement and metal-insulator-semiconductor-metal (MIS) devices for I-V 
characteristics of semiconductors, respectively. The shadow mask is made of stainless (SUS304-
H). Its moderately magnetic character allows the mask to stick to a substrate that  placed on a 
piece of strong neodymium magnets. This is important  for ease of the fabrication of devices and 
preventing a damage to the mask during the peeling.

3.2 Evaluation on Silicon Substrates 
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3.2 Evaluation on Silicon Substrates

Figure 3.2.1. Schematic representation of the conven-
tional OFET device (a) structure (b) top-view of source-
drain electrodes. Channel width (W) and length (L) are 
1500 µm and 50 µm, respectively.
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Figure 3.2.2. Schematic image fringe current.  

Figure 3.2.3. New designed device. Shadow area rep-
resents organic layer.
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  Characteristics of DNTT-based OTFTs. In order to examine the new shadow mask, I fabri-
cated the OFET  devices with DNTT  using both conventional mask (old ones) and newly de-
signed mask (new ones, Figure 3.2.4). The old ones showed typical p-type performances with 
µFETs up to 2.2 cm2/Vs on the octyltrichlorosilane (OTS)-treated Si/SiO2 substrates (Table 3.2.1, 
see Experimental Procedures, Figure 3.2.8). On the other hand, the new ones L = 40 µm fabri-
cated by the same conditions gave µFETs up to 2.1 cm2/Vs and on-off ratio (Ion/Ioff) of ca. 109  

(Table 3.2.2, in bold). Although the calculated µFETs of both devices are similar to each other, 
the device-to-device deviation regarding to the µFETs and the threshold voltages (Vth) of the new 
ones are smaller, and Ion/Ioff of the new ones are higher by ~102 than those of the old ones (Table 
3.2.2). Additionally, the drain-current (Id) of the new one increased rapidly in the transfer char-
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Table 3.2.1 Characteristics of DNTTa-based OFET devices fabri-
cated by the conventional mask (W = 1500 µm, L = 50 µm).
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Table 3.2.1 Characteristics of DNTTa-based OFET devices fabri-
cated by the conventional mask (W = 1500 µm, L = 50 µm).
substrate b L / µm Vth / V µ / cm2V-1s-1 Ion/Ioff

bare Si/SiO2 c 50 -10 ~ +6 0.015 ~  0.57 103

OTS 50 -16 ~ -4 1.2 ~ 2.2 107

ODTS 50 -18 ~ 0 0.48 - 1.1 106

HMDS 50 -32 ~ -10 0.59 ~ 1.0 106

β-PTS 50 +5 ~ +26 0.034 ~ 0.011 105

PTS 50 +2 ~ +11 0.029 ~ 0.055 105

a Purified by sublimated twice after the Soxhlet extraction. Deposition 
rate (Rdep) was 1.5 ~ 2.0 Å/s.  b Tsub = 60 ºC, except for c at r.t.. See Ex-
perimental Procedures for treated reagents. 

a Purified by sublimated twice after the Soxhlet extraction. Deposition 
rate (Rdep) was 1.5 ~ 2.0 Å/s.  b Tsub = 60 ºC, except for c at r.t.. See Ex-
perimental Procedures for treated reagents. 

a Purified by sublimated twice after the Soxhlet extraction. Deposition 
rate (Rdep) was 1.5 ~ 2.0 Å/s.  b Tsub = 60 ºC, except for c at r.t.. See Ex-
perimental Procedures for treated reagents. 

a Purified by sublimated twice after the Soxhlet extraction. Deposition 
rate (Rdep) was 1.5 ~ 2.0 Å/s.  b Tsub = 60 ºC, except for c at r.t.. See Ex-
perimental Procedures for treated reagents. 

a Purified by sublimated twice after the Soxhlet extraction. Deposition 
rate (Rdep) was 1.5 ~ 2.0 Å/s.  b Tsub = 60 ºC, except for c at r.t.. See Ex-
perimental Procedures for treated reagents. Figure 3.2.4. (a) Schematic represen-

tation of the device (b) a top view of 
the TFTs.
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Table 3.2.2. Characteristics of DNTTa-based OFET devices fabricated by the 
new mask (W = 1500 !m).

substrate b L / !m Vth / V µ / cm2V-1s-1 Ion/Ioff

bare Si/SiO2 
c 20 -6 ~ -8 0.6 ~ 0.8 108

40 -7 ~ -9 0.4 ~ 0.5 108

90 -7 ~ -8 0.3 ~ 0.4 107

140 -7 ~ -8 0.4 ~ 0.5 107

190 -7 ~ -8 0.4 ~ 0.5 107

OTS 20 -11 ~ -14 4.4 ~ 7.1 109

40 -4 ~ -7 1.9 ~ 2.1 109

90 -7 1.3 ~ 1.9 109

140 -7 1.3 ~ 1.4 108

190 -5 ~ -7 1.4 ~ 1.5 109

ODTS 20 +6 ~ +8 0.2 106

40 +1 ~ +4 0.1 106

90 -13 ~ +1 0.1 ~ 0.2 106

140 -6 ~ +1 0.1 ~ 0.2 107

190 +1 ~ +3 0.1 106

HMDS 20 -6 ~ -5 0.9 ~ 1.1 108

40 -8 ~ -6 0.6 ~ 0.7 107

90 -7 ~ -9 0.6 ~ 0.7 108

140 -6 ~ -7 0.6 ~ 0.7 109

190 -4 ~ -6 0.6 ~ 0.7 109

a DNTT was sublimated twice after the Soxhlet extraction. b Tsub = 60 ºC, except 
for c at r.t. Rdep = 1.5 ~ 2.0 Å/s.

a DNTT was sublimated twice after the Soxhlet extraction. b Tsub = 60 ºC, except 
for c at r.t. Rdep = 1.5 ~ 2.0 Å/s.

a DNTT was sublimated twice after the Soxhlet extraction. b Tsub = 60 ºC, except 
for c at r.t. Rdep = 1.5 ~ 2.0 Å/s.

a DNTT was sublimated twice after the Soxhlet extraction. b Tsub = 60 ºC, except 
for c at r.t. Rdep = 1.5 ~ 2.0 Å/s.

a DNTT was sublimated twice after the Soxhlet extraction. b Tsub = 60 ºC, except 
for c at r.t. Rdep = 1.5 ~ 2.0 Å/s.

SD
Organic

(a) (b)

W L

(1500 !m) (40 ~ 190 !m)

(Au) (Au)

Figure 3.2.4. (a) Schematic representation of the device (b) a top view of the TFTs.

Figure 3.2.5. Characteristics of DNTT-based OTFT on OTS-treated Si/SiO2 substrates 
fabricated by the new designed mask. (a) Transfer (b) Output characteristics.
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Table 3.2.2. Characteristics of DNTTa-based OFET devices fabri-
cated by the new mask (W = 1500 µm).

substrate b L / µm Vth / V µ / cm2V-1s-1 Ion/Ioff

bare Si/SiO2 c 20 -6 ~ -8 0.6 ~ 0.8 108

40 -7 ~ -9 0.4 ~ 0.5 108

90 -7 ~ -8 0.3 ~ 0.4 107

140 -7 ~ -8 0.4 ~ 0.5 107

190 -7 ~ -8 0.4 ~ 0.5 107

OTS 20 -11 ~ -14 4.4 ~ 7.1 109

40 -4 ~ -7 1.9 ~ 2.1 109

90 -7 1.3 ~ 1.9 109

140 -7 1.3 ~ 1.4 108

190 -5 ~ -7 1.4 ~ 1.5 109

ODTS 20 +6 ~ +8 0.2 106

40 +1 ~ +4 0.1 106

90 -13 ~ +1 0.1 ~ 0.2 106

140 -6 ~ +1 0.1 ~ 0.2 107

190 +1 ~ +3 0.1 106

HMDS 20 -6 ~ -5 0.9 ~ 1.1 108

40 -8 ~ -6 0.6 ~ 0.7 107

90 -7 ~ -9 0.6 ~ 0.7 108

140 -6 ~ -7 0.6 ~ 0.7 109

190 -4 ~ -6 0.6 ~ 0.7 109

a DNTT was sublimated twice after the Soxhlet extraction. Rdep = 1.5 ~ 
2.0 Å/s. b Tsub = 60 ºC, except for c at r.t. 
a DNTT was sublimated twice after the Soxhlet extraction. Rdep = 1.5 ~ 
2.0 Å/s. b Tsub = 60 ºC, except for c at r.t. 
a DNTT was sublimated twice after the Soxhlet extraction. Rdep = 1.5 ~ 
2.0 Å/s. b Tsub = 60 ºC, except for c at r.t. 
a DNTT was sublimated twice after the Soxhlet extraction. Rdep = 1.5 ~ 
2.0 Å/s. b Tsub = 60 ºC, except for c at r.t. 
a DNTT was sublimated twice after the Soxhlet extraction. Rdep = 1.5 ~ 
2.0 Å/s. b Tsub = 60 ºC, except for c at r.t. 

Figure 3.2.5. Characteristics of 
DNTT-based OTFT on OTS-treated 
Si/SiO2 substrates fabricated by the 
new designed mask. (a) Transfer (b) 
Output characteristics.



acteristics (Figure 3.2.5), which is better than those of the old ones. The characteristics of the 
devices with L = 20 µm, however, lack reproducibility. The short L devices frequently gave high 
Ioff (~108) and short circuits (the S-D electrodes are connected). These fact  indicates that such a 
small gap by 20 µm is difficult to achieve reproducibly with the technique using the shadow 
mask, although the extracted µFETs up to 7 cm2/Vs in the devices with L = 20 is very interesting. 
I concluded that  the newly designed mask could give reliable devices, except for the ones with L 
= 20 µm.

   Characteristics of C10-DNTT-based OTFTs.  C10-DNTT-based OFET devices were fabri-
cated for several times under the conditions that Kang optimized; substrate temperature (Tsub) of  
60 ºC and deposition rate (Rdep) of ca. 0.1 Å/s. Table 3.2.3 and Figure 3.2.6 summarize the char-
acteristics of the devices. The C10-DNTT-based devices showed higher performances than those 
of DNTTs with µFETs more than 2 cm2/Vs regardless of the dielectric surfaces; bare, OTS, octa-

3.2 Evaluation on Silicon Substrates 
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Figure 3.2.6. Distribution map of the extracted µFETs of C10-DNTT-based OTFTs. 
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Table 3.2.3. Characteristics of C10-DNTT-based OTFT devices fabricated by 
the new mask (W = 1500 µm)a.

substrate L / µm Vthb / VVthb / V µFETb / cm2V-1s-1 Ion/Ioff

bare Si/SiO2 40 -20 ~ -13 [-16] 2.3 ~ 2.7 [2.9] 109

90 -17 ~ -7 [-13] 2.0 ~ 3.7 [2.8] 108

140 -15 ~ -10 [-13] 2.3 ~ 3.4 [2.8] 109

190 -16 ~ -7 [-12] 2.2 ~ 3.3 [2.8] 108

OTS 40 -17 ~ -3 [-9] 2.0 ~ 3.9 [3.0] 109

90 -15 ~ -3 [-9] 2.8 ~ 3.2 [3.0] 109

140 -14 ~ -3 [7] 2.5 ~ 3.4 [3.0] 108

190 -12 ~ 3 [-6] 2.5 ~ 3.7 [3.4] 109

ODTS 40 -24 ~ -6 [-14] 3.4 ~ 4.9 [4.0] 109

90 -19 ~ -3 [-13] 4.2 ~ 6.5 [5.7] 1010

140 -21 ~ +1 [-12] 4.9 ~ 7.6 [6.9] 1010

190 -15 ~ +1 [-5] 6.6 ~ 7.8 [7.3] 109

HMDS 40 -20 ~ 0 [-13] 2.3 ~ 3.5 [2.9] 109

90 -12 ~ -1 [-8] 1.8 ~ 2.8 [2.3] 109

140 -9 ~ -1 [-6] 1.8 ~ 3.1 [2.5] 109

190 -7 ~ +1 [-4] 2.3 ~ 3.1 [2.6] 109

a Tsub = 60 ºC, Rdep = 1.5 ~ 2.0 Å/s. C10-DNTT was sublimed twice before use. 
bAverage values are in the parentheses. 
a Tsub = 60 ºC, Rdep = 1.5 ~ 2.0 Å/s. C10-DNTT was sublimed twice before use. 
bAverage values are in the parentheses. 
a Tsub = 60 ºC, Rdep = 1.5 ~ 2.0 Å/s. C10-DNTT was sublimed twice before use. 
bAverage values are in the parentheses. 
a Tsub = 60 ºC, Rdep = 1.5 ~ 2.0 Å/s. C10-DNTT was sublimed twice before use. 
bAverage values are in the parentheses. 
a Tsub = 60 ºC, Rdep = 1.5 ~ 2.0 Å/s. C10-DNTT was sublimed twice before use. 
bAverage values are in the parentheses. 
a Tsub = 60 ºC, Rdep = 1.5 ~ 2.0 Å/s. C10-DNTT was sublimed twice before use. 
bAverage values are in the parentheses. 



decyltrichlorosilane (ODTS), and hexamethylenedisilazane (HMDS)-treated Si/SiO2. It is inter-
esting to note that  the devices on ODTS-treated substrate showed pronounced increase of µFET 
with increasing L, the µFET reaches more than 7.0 cm2/Vs, and the highest observed µFET is 7.8 
cm2/Vs with quite small hysteresis in the saturate region (Figure 3.2.7). This very high mobility 
difference can be ascribed to better molecular ordering on the ODTS substrate, effectively re-
ducing the channel resistance between the S and D electrodes. In case of the short L devices on 
the ODTS-treated substrates, it is expected that  relatively large contact-resistance limits the Id of 
the on-state, resulting in the lower µFETs calculated from the device characteristics.152 These 
unique characteristics are in good agreements with those of devices fabricated by Kang, which 
showed µFETs up to 7.9 cm2/Vs. With the good reproducibility we concluded that  C10-DNTT-
based OFET devices show very high µFETs close to 8 cm2/Vs, which are among the highest re-
ported for organic thin-film-based transistors.153,154      

   Summary. I designed the shadow masks for patterning S-D electrodes and organic layers. The 
DNTT-based OTFTs fabricated with the new mask showed better performances reproducibly 
than those fabricated with the conventional mask. The OTFTs based on C10-DNTT  were fabri-
cated with the new mask, and the performances of the devices with µFETs up to 8 cm2/Vs were 
definitely characterized, which is among the highest  mobilities of thin-film-based OFETs. The 
present  results indicate that the combination of a π-extended heteroacene core with long alkyl 
groups is promising approach to develop superior organic semiconductors. 

Experimental Procedures
   Fabrication of  OTFT devices: OTFTs were fabricated in a top-contact configuration on a heavily 
doped n+-Si (100) wafer with 200-nm-thick thermally grown SiO2 (Ci = 17.3 nF cm–2). The surface of the 
SiO2 dielectrics was treated with silane-based self-assembled monolayer (SAM) reagents with following 
methods: the Si/SiO2 substrate was washed in acetone and isopropanol with sonication for ca. 5 min and 
then exposed in UV/O3 for 15 min. Subsequently the substrate was immersed in a toluene solution of 0.1 
M octyltrichlorosilane (OTS) or octadecyltrichlorosilane (ODTS) at 60 °C for 20 min.155 HMDS 
(hexamethyldisilazane)-treatment was carried out by exposing the substrate to HMDS vapor at room tem-
perature in a box under nitrogen for 12 h. A thin film of DNTT or C10-DNTT (ca. 50 nm in thick, counted 
with a quartz oscillator) as the active layer was vacuum-deposited on the Si/SiO2 substrates under a pres-
sure of ~2 × 10–3 Pa, substrate temperature (Tsub) at 60 ºC, and deposition rate (Rdep) of 1.5 ~ 2.0 Å/s for 
DNTT  and 0.1 Å/s for 10-DNTT. On top of the organic thin film, gold (80 nm) was deposited through the 
shadow mask to give S-D electrodes. The characteristics of the OTFT  devices were measured at room 
temperature in air with a Keithley 4200 semiconductor parameter analyzer.  Field-effect mobility (µFET) 
was calculated in the saturation (Vd = −60 V) or linear regime (Vd = −5 V) of the Id using the following 
equation,
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Saturation regime: Id = (WCi /2L)µFET (Vg – Vth)2

Linear regime: Id = Vd (WCi /L)µFET (Vg – Vth)
where Ci is the capacitance, and Vg and Vth are the gate and threshold voltages, respectively.
   Typical characteristics of DNTT-based OTFT devices with the conventional device structure is shown 
in Figure 3.2.8.
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Serial No. Subst. 
Vg 

(V) 
Id 

(A) 
Vth 

(V) 
!FET 

(cm2/Vs) 
Ion/Ioff 

ID081017_ 02-1 -50 2.9×104 -23 1.6 104 
ID081017_ 02-2 -50 1.7×104 -30 1.6 107 
ID081017_ 02-3 No field-effect 
ID081017_ 03-1 -50 4.7×104 -7 1.3 104 
ID081017_ 03-2 -50 2.6×104 -23 1.4 106 
ID081017_ 03-3 -50 2.9×104 -17 1.1 107 
ID081017_ 04-1 No field-effect 
ID081017_ 04-2 -50 3.2×104 -9 0.72 5×104 
ID081017_ 04-3 

OTS-8 
(080430Doi) 

-50 1.8×104 -9 0.46 106 
ID081017_ 05-1 -50 7.5×104 -13 2.1 106 
ID081017_ 05-2 -50 4.6×104 -13 1.4 106 
ID081017_ 05-3 -50 4.6×104 -16 1.6 106 
ID081017_ 06-1 -50 5.7×104 -9 1.3 106 
ID081017_ 06-2 -50 7.9×104 -7 1.6 106 
ID081017_ 06-3 -50 7.6×104 -9 1.8 106 
ID081017_ 07-1 -50 8.1×104 -10 2.0 106 
ID081017_ 07-2 -50 5.9×104 -12 1.6 107 
ID081017_ 07-3 

OTS-8 (UV) 
(081014Doi) 

-50 6.1×104 -12 1.6 106 
ID081017_ 09-1 No field-effect 
ID081017_ 09-2 -50 2.4×104 -12 0.63 5×105 
ID081017_ 09-3 -50 3.6×104 -14 1.1 5×105 
ID081017_ 10-1 -50 2.1×104 -11 0.55 106 
ID081017_ 10-2 -50 7.2×106 -2 0.012 102 
ID081017_ 10-3 -50 3.0×104 -11 0.78 107 
ID081017_ 11-1 -50 1.1×104 -20 0.48 105 
ID081017_ 11-2 -50 1.8×104 -16 0.59 102 
ID081017_ 11-3 

HMDS  
(unknown) 

-50 4.8×106 -6 0.009 105 
ID081017_ 13-1 -50 1.2×104 -32 1.4 106 
ID081017_ 13-2 -50 1.3×103 -20 5.8 5×105 
ID081017_ 13-3 -50 4.9×104 -25 3.2 106 
ID081017_ 14-1 -50 4.5×104 -13 1.3 104 
ID081017_ 14-2 -50 3.8×104 -12 1.0 5×105 
ID081017_ 14-3 -50 2.3×104 -12 0.59 102 

ID081017_ 15-1 -50 3.0×104 -10 0.71 106 
ID081017_ 15-2 -50 3.4×104 -10 0.81 106 
ID081017_ 15-3 

HMDS(UV) 
(081013Doi) 

-50 3.7×104 -10 0.90 5×106 

OTS-8 

OTS-8 (UV) 

HMDS 

HMDS (UV) 

以前とは別のサンプルを使用。 

デバイス作製直前に追加の昇華精製。 

作製時湿度 60% 

蒸着速度：1.0 - 1.2 Å/s  
基板洗浄法：単蒸留アセトン(10min) - iPrOH (10min) - 120°C bake  
今週の目玉：(UV) ＝SAM処理の際、UV-オゾン処理を取り入れた処理基板。 

・ SAM作製時に UVオゾン洗浄を取り入れた処理基板を用いて作製した FET素子は、そう
でないものと比較してに安定して高い特性を示すような気がする。 

・ OTS-8ではトランスファー特性における電流の立ち上がりが悪い素子が多かった。 
・ HMDS(UV)で瞬間最大風速 6が観測された。offは高めだが、特性図はきれい。 

Vd = -40 V

Vg = -60 V

-50 V

-40 V

Figure 3.2.8. Transfer (a) and output (b) characteristic of a 
DNTT-based OTFT.
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Introduction. 
  The gate dielectric material plays a crucial 
part in the OFET operation, because charge-
carriers move in a few layer close to the in-
terface between the gate dielectric and the 
semiconductor.114-116 In addition, the molecu-
lar arrangement in the first few layers are 
much influenced by the structure and surface en-
ergy of the dielectric.156,157 The gate dielectric 
requires such characteristics as (i) high dielectric 
constant  (k) (= relative permittivity, εr) (ii) low 
leakage current, (iii) smooth surface, (iv) low 
surface energy, (v) absence of carrier-trap (vi) 
stability, and (vii) mechanical flexibility.158 Over 
the past  decade, a wide range of dielectric mate-
rials have been developed (Table 3.3.1 and 
3.3.2).28,159 
   The commercially available Si/SiO2 is the most 
reliable test  bed for organic semiconductors as it 
was readily available from conventional Si tech-
nology. The SiO2 has an excellent  smooth surface 
(roughness < 0.1 nm), stability, low leakage cur-
rent, and high-k. The Si/SiO2 gate-dielectric is, 
however, much differed from possible applica-
tions of OFETs because of its less flexibility.
   Flexible dielectrics have been developed based on both inorganic and organic materials. The 
surface-modified alumina on aluminum (Al/AlOx) with self-assembled monolayers (SAM) is 
one of the superior inorganic flexible dielectric.48 DNTT-based OTFT devices on the Al/AlOx 
showed 0.3 cm2/Vs with low-operating voltage according to Klauk et al.18 The fabrication of the 
dielectrics, however, requires vacuum-process and special techniques similar to the other inor-
ganic dielectrics. 
   On the other hand, organic dielectrics are expected as inexpensive and flexible gate-dielectrics 
because a variety of solution-processible polymer insulators have been demonstrated. In gen-
eral, OTFT devices on the polymer dielectrics show higher µFETs compared to those of inor-
ganic ones.160  Also, polymer dielectrics are compatible with general plastic substrates. 
   In this section, I examined several polymer dielectrics to OTFTs; Cytop, polyimide, and 
parylene N (Figure 3.3.1). The fabrication of the polymer dielectrics followed by evaluations of 
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Table 3.3.1. Classification of gate-dielectrics.Table 3.3.1. Classification of gate-dielectrics.Table 3.3.1. Classification of gate-dielectrics.
material general features

Gate dielectrics

Inorganic High-k (high polar)

Gate dielectrics Organic (polymers) Low-k (non-polar)Gate dielectrics SAM High-k, low-voltageGate dielectrics
Ionic liquid Very high-k, liquid
Multi-component

3.3 Fabrication of Polymer Dielectric films

Table 3.3.2.  Dielectric constant (k) of various 
gate insulators. 
Table 3.3.2.  Dielectric constant (k) of various 
gate insulators. 

compound k
Inorganic

SiO2 3.9
Si3N4 7
Al2O3 9
ZrO2 23
HfO2 24
Ta2O5 25
TiO2 58

Organic
polyvinylalcohol (PVA) 3.3
polyvinylphenol (PVP) 3.5
poly(methyl methacrylate) (PMMA) 3.5
polyimide 3.5
palylene N 3.1
palylene C 2.7
CytopTM 2.1

polymer dielectric

glass

Au
DNTT

Au

ITO

Figure 3.3.2. Device structure.
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Figure 3.3.1. Structure of Parylenes and Cytop. The structure of the 
polyimide in this work is unknown. 
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the dielectrics by means of measuring the insulating characteristics, capacitance, and TFT  char-
acteristics of DNTT-based devices on the dielectrics are described (Figure 3.3.2).  
  Parylene N. Parylenes (di-p-xylenes) are commercially available coating precursors that has in 
three forms: parylene N, C, and D.161-163 The monomer pyrolyzes in high temperature (~ 650ºC) 
and then polymerizes at room temperature. under ~10 Pa to give a transparent film on a sub-
strate, which has low air- and water-permeability. Parylenes have frequently been used as di-
electrics in top- or bottom-gate transistors or as protecting layer in devices.164.165 
   I built  up an apparatus, and ca. 400 nm in thick of transparent  parylene films on indium-tin 
oxides (ITO) glass substrates were fabricated. The parylene films showed Ci of ~10 nF/cm2 (k = 
~4.7). The DNTT-based OTFTs with the parylene films, however, showed poor characteristics 
owing to the large gate-leakage current  density (Jleak) over 10-7 A/cm2 at -40 V (Figure 3.3.3a). 
One device showed an appreciable characteristic with µFET of 2 × 10-3 cm2/Vs and Ion/Ioff of 
~103 (Figure 3.3.3b). The low performances are responsible for low quality of the parylene 
films. Fabrication procedure should be improved. 
  

3.3 Fabrication of Polymer Dielectric films
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 Cytop. Cytop™ is the fluoropolymer developed by Asahi Glass Chemical. Since Cytop pro-
vides highly hydrophobic surface (low surface energy), transparent, and low-k dielectric film, 
several researchers have reported high performance OTFTs on Cytop films.166-174 The OTFTs on 
Cytop include DNTT-based bottom-gate devices that showed µFETs up to 0.2 cm2/Vs.175 
   Cytop films were fabricated by spin-coating followed by annealing process (see Experimental 
Procedures). Various thickness of Cytop films were prepared by changing concentration (9 % - 
3 %). All films showed typical dielectric constant  of k = ~ 2.0 nF/cm2. The Cytop dielectrics 
with relatively larger thickness (1460 and 510 nm) showed good insulating properties with Jleak 
< 10-7 A/cm2 at 100 V, although thinner ones (310 and 110 nm) showed poor characteristics with 
large Jleaks up to 10-3 A/cm2 at Vg < 100 V  (Figure 3.3.4). 
   The OTFTs were fabricated by deposition of DNTT  on the Cytop layer followed by deposition 
of gold S-D electrodes. The OTFTs on 1460 nm- thick of Cytop dielectrics showed good µFETs 
up to 0.7 cm2/Vs and IonIoff ~106 (Table 3.3.3). The OTFT devices on the 510 nm of Cytop/ITO-
glass also showed good performances with µFETs ~0.9 cm2/Vs. The characteristics on the Cytop 
dielectrics, however, have positively higher turn-on voltage (> +30 V) and large sub-threshold 
swing (> 10 V/dec) than those on the Si/SiO2 (Figure 3.3.5). The OTFTs on the thinner Cytop 
films (310 nm and 110 nm) showed large Id in the subthreshold regions. The devices on 110 nm 
of Cytop were no field-effect  response at  all. This is attributable to low quality (many pin-holes, 
etc) of the Cytop films. Realizing TFTs characteristics on polymer dielectrics as good as those 
on the SiO2 dielectric is more difficult than expected.

3. Evaluation of C10-DNTT

55

10-12

10-10

10-8

10-6

0

1 10-3

2 10-3

3 10-3

4 10-3

-60 -40 -20 0 20 40 60

40 µm
90 µm
140 µm
190 µm

-I d / 
A

(-Id ) 1/2 / A
1/2

V
g
 / V

V
d 

= -40V

0.7 cm2/Vs

0.6 cm2/Vs

0.1 cm2/Vs

0.07 cm2/Vs

L =

Figure 3.3.5. Transfer characteristics of DNTT-based 
OTFTs on Cytop films of 1460 nm in thickness.

Table 3.3.3. OFET characteristics of DNTTa on Cytop films fabricated on 
ITO glass substrate.
Table 3.3.3. OFET characteristics of DNTTa on Cytop films fabricated on 
ITO glass substrate.
Table 3.3.3. OFET characteristics of DNTTa on Cytop films fabricated on 
ITO glass substrate.
Table 3.3.3. OFET characteristics of DNTTa on Cytop films fabricated on 
ITO glass substrate.
Table 3.3.3. OFET characteristics of DNTTa on Cytop films fabricated on 
ITO glass substrate.
Table 3.3.3. OFET characteristics of DNTTa on Cytop films fabricated on 
ITO glass substrate.
conc.b d / nm Lc / µm Vth / V µFET / cm2V-1s-1 Ion/Ioff

9 1460 40 -25 0.05 - 0.07 105

90 -19 0.12 - 0.13 106

140 -20 0.59 106

190 -8 0.09 - 0.69 106

6 510 40 -30 0.004 - 0.02 106

90 -20 0.67 - 0.82 106

140 -29 0.82 - 0.83 108

190 -24 0.85 - 0.91 107

5 310 140 -16 0.06 105

3 110 no field-effect responseno field-effect responseno field-effect responseno field-effect response
a DNTT layer was deposited at Tsub = 60 ºC, Rdep = 1.0 Å/s, thickness ca. 500 Å. 
b Dissolved in fluoro CTL-180v.  c W = 1500 µm. 
a DNTT layer was deposited at Tsub = 60 ºC, Rdep = 1.0 Å/s, thickness ca. 500 Å. 
b Dissolved in fluoro CTL-180v.  c W = 1500 µm. 
a DNTT layer was deposited at Tsub = 60 ºC, Rdep = 1.0 Å/s, thickness ca. 500 Å. 
b Dissolved in fluoro CTL-180v.  c W = 1500 µm. 
a DNTT layer was deposited at Tsub = 60 ºC, Rdep = 1.0 Å/s, thickness ca. 500 Å. 
b Dissolved in fluoro CTL-180v.  c W = 1500 µm. 
a DNTT layer was deposited at Tsub = 60 ºC, Rdep = 1.0 Å/s, thickness ca. 500 Å. 
b Dissolved in fluoro CTL-180v.  c W = 1500 µm. 
a DNTT layer was deposited at Tsub = 60 ºC, Rdep = 1.0 Å/s, thickness ca. 500 Å. 
b Dissolved in fluoro CTL-180v.  c W = 1500 µm. 
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   Polyimide. Polyimide is one of the popular insulating materials widely used in electronics, 
because of their high chemical resistance and mechanical properties.176-179 Although high curing 
temperature (~300 ºC) prevented application to TFTs for the decades, recent  progress in poly-
mer technology makes it possible to commercialize a class of polyimide precursors, which can 
be cross-linked at  temperature as low as 180 ºC. Someya et al have reported high performance 
pentacene-based OTFTs on polyimide gate-dielectrics with mobilities up to 1 cm2/Vs.180 The 
OTFTs are integrated into complex electronics devices.165 
   Polyimide films were fabricated on ITO-glass substrates by spin-coating polyimide precausor 
followed by annealing procedure ~180 ºC. Thickness of the polymide films are measured to be 
880 nm to 410 nm depending on the spin rates (see Experimental Procedures, Table 3.3.11), all 
of which showed typical k (ca. 3.1) and high insulating properties with Jleak < 10-7 A/cm2  at  Vg < 
100 V (Figure 3.3.6).   
   Independent of the channel length (L) and dielectric thickness, DNTT-based OTFTs on the 
polyimide dielectrics showed high performances with µFETs of ca. 0.5 cm2/Vs, IonIoff of ~107 

(Table 3.3.4, Figure 3.3.7). Large turn-on voltage (Von) up to +30 V were observed in all charac-
teristics, which were shifted positively after allowing the device to stand in ambient air (Figure 
3.3.8). The shift  was recovered by annealing the device in N2 atmosphere at ~100ºC. The result-
ing transfer characteristics of annealed devices were better than those of fresh devices. The Von 
shift can be explained by absorption of impurities such as H2O and O2.160
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Table 3.3.4.  Characteristics of DNTT-based OTFTs on 
polyimide dielectrics.a
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polyimide dielectrics.a
Table 3.3.4.  Characteristics of DNTT-based OTFTs on 
polyimide dielectrics.a
Table 3.3.4.  Characteristics of DNTT-based OTFTs on 
polyimide dielectrics.a
Table 3.3.4.  Characteristics of DNTT-based OTFTs on 
polyimide dielectrics.a

d / nm L b / µm Vth / V µFET / cm2V-1s-1 Ion/Ioff

870 - 880 40 -2 - +17 0.40 - 0.53 107

90 +7 - +18 0.44 - 0.56 107

140 +4 - +18 0.38 - 0.67 107

190 0 - +22 0.27 - 0.63 107

490 - 500 40 0 - +6 0.45 - 0.55 108

90 +5 - +10 0.41 - 0.50 107

140 +9 - +11 0.43 -0.44 107

190 +3 - +12 0.08 - 0.50 107

405 - 410 40 +2 - +6 0.38 - 0.52 107

90 +3 - +5 0.30 - 0.55 107

140 +4 - +8 0.24 - 0.53 108

190 +4 - +8 0.45 - 0.50 107

a top-contact configuration.  DNTT was deposited with Tsub = 60 
ºC and Rdep = ca. 1.0 Å/s. b W = 1500 µm,
a top-contact configuration.  DNTT was deposited with Tsub = 60 
ºC and Rdep = ca. 1.0 Å/s. b W = 1500 µm,
a top-contact configuration.  DNTT was deposited with Tsub = 60 
ºC and Rdep = ca. 1.0 Å/s. b W = 1500 µm,
a top-contact configuration.  DNTT was deposited with Tsub = 60 
ºC and Rdep = ca. 1.0 Å/s. b W = 1500 µm,
a top-contact configuration.  DNTT was deposited with Tsub = 60 
ºC and Rdep = ca. 1.0 Å/s. b W = 1500 µm,

Figure 3.3.7. Transfer (a) and output characteristics (b) of DNTT-based TFT 
on the polyimide dielectric. The extracted µFETs in saturate region are 0.67 cm2/
Vs, 0.55 cm2/Vs, 0.43 cm2/Vs, 0.40 cm2/Vs, and 0.49 cm2/Vs in devices with L 
of 20 µm, 40 µm, 90 µm, 140 µm and 190 µm, respectively.

10-13

10-11

10-9

10-7

10-5

10-3

0

0.005

0.01

0.015

0.02

0.025

0.03

-80 -60 -40 -20 0 20 40

04-1(20µm)
04-5(90µm)
04-3(40µm)
04-7(140µm)
04-9(190µm)

-I d / 
A

V
g
 / V

(-Id ) 1/2 / A
1/2

V
d
 = -60 V

0

1 10-4

2 10-4

3 10-4

4 10-4

5 10-4

-80 -60 -40 -20 0

04-2 (20µm) output 

-I d / 
A

 

V
d
 / V

V
d
 = -80V

-60V

-40V

-20 V, 0 V

(a) (b)

10-12

10-10

10-8

10-6

10-4

10-2

-80 -60 -40 -20 0 20 40

fresh
5day later
100ºC anneal

-I d / 
A

 

V
g 

/ V

V
d
 = -60V

5 d

Figure 3.3.8. Transfer character-
istics of DNTT devices on the 
polyimide being stored for 5 days, 
followed by annealing in N2 at-
mosphere at 100 ºC. 



   Thin-film structures. The surface morphologies and the crystallinity were investigated by X-
ray diffraction (XRD) and atomic force microscopy (AFM), respectively. The XRD patterns of 
DNTT  films showed the same sharp reflections which assignable to crystallographic (00l) dif-
fractions on ITO/Cytop, ITO/polyimide, and OTS-treated Si/SiO2 (Figure 3.3.9). The intensities 
of peaks are, however, in the order of OTS > polyimide > Cytop, indicating crystallinity of the 
thin films are slightly different with this order. On the other hand, the AFM images showed that 
ca. 100 nm size crystalline grains grew on the surfaces on all dielectrics (Figure 3.3.10). These 
structures indicates the difference of the characteristics of devices depending on the dielectrics 
may be attributed the the difference of the crystallinity of the films and subtle structural differ-
ence of dielectric and organic layer near the interface. 

   Summary. Three kind of polymer dielectrics, Parylene N, Cytop and polyimide, were fabri-
cated on the ITO-glass substrates and evaluated their properties including TFT characteristics of 
DNTT-based devices on the dielectrics. Fundamental techniques of fabrication/evaluation of 
polymer dielectrics were established. 
   Parylene N showed poor performances as the gate-dielectric and consequently poor TFT  char-
acteristics. In contrast, Cytop and polyimide showed good dielectric properties and TFT charac-
teristics with high µFETs of up to 0.9 cm2/Vs and 0.5 cm2/Vs, respectively. The Cytop-based 
OTFTs showed higher µFETs and air-stability, however, which also showed low-reproducibility 
and large subthreshold swing, especially short  channel devices. On the other hand, the 
polyimide-based OTFT showed steady µFET and Ion/Ioff  values regardless of the thickness of di-
electric films or L of the devices. I thus decided to use polyimide as a dielectric material for fab-
rication of flexible C10-DNTT devices on plastic substrates in section 3.4, although relatively 
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Figure 3.3.10. AFM images of thin films of DNTT on (a) Cytop 
(b) OTS-treated SiO2 (c) polyimide.

(a) (b) (c)

Figure 3.3.9. XRD patterns of thin films of DNTT on Cytop, polyimide, and OTS-treated Si/
SiO2. d-Spacings calculated from first peak are 16.3 Å.
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high curing temperature (~180 ºC) of polyimide could be a potential problem in the application 
to a flexible substrate. 

Experimental Procedures
   Fabrication of dielectric films:
   Parylene N: The parylene N was placed on a quartz glass tube, and reduced pressure under ~5 Pa. The 
tube near the sample was heated slowly from 80 ºC to 170 ºC over ca. 1h while the tube far from the sam-
ple was heated to 660 ºC. 
   Cytop: Glass plates coated with indium-tin oxides (ITO-glass) were used for substrates. The ITO were 
patterned as gate-electrodes (see Section 3.4). The Cytop dielectrics were simply fabricated on the ITO-
glass substrates by spin-coating of Cytop as purchased (CTL-809M, 9%) or diluted with the attached 
fluorocarbon-based solvent for spin-coating (CTL-180v). Cytop films are also fabricated on Si/SiO2 sub-
strates for comparison. The spin-coated Cytop were cured at 50 ºC for 1 h, 80 ºC 1h, and 120 ºC 2 h in 
nitrogen atmosphere. 
   The Cytop films with some different thicknesses from 1460 nm to 110 nm were obtained from different 
concentration of Cytop solvent from 9 % to 3 % (Table 3.3.10)
Table 3.3.10 Properties of Cytop dielectricsTable 3.3.10 Properties of Cytop dielectricsTable 3.3.10 Properties of Cytop dielectricsTable 3.3.10 Properties of Cytop dielectricsTable 3.3.10 Properties of Cytop dielectrics

conc. spin rate d  / nm Ci / nF cm-2 k
9%

500 rpm 10s
1000 rpm 30 s

1460 1.3 2.1
6% 500 rpm 10s

1000 rpm 30 s
510 3.4 2.0

4.5%
500 rpm 10s

1000 rpm 30 s 310 5.5 1.9
3%

500 rpm 10s
1000 rpm 30 s

110 14.6 1.8

   Polyimide.  The polyimide precursor (KEMI-TITE CT4112, Kyocera Chemical) was spin-coated onto 
the gate-patterned ITO-glass substrates with vairous spin rate: 1000 rpm (2 s) then 2000 rpm  (58 s), 2000 
rpm (2 s) then 4000 rpm (58 s), and 3000 rpm (2 s) then 6000 rpm (58 s) (Figure 3.3.11). The substrates 
were cured at 80 ºC for 1 h, 120 ºC 1h, and 180 ºC 1h under nitrogen atmosphere to give the transparent 
polyimide films. 
Table 3.3.11 Properties of Polyimide DielectricsTable 3.3.11 Properties of Polyimide DielectricsTable 3.3.11 Properties of Polyimide DielectricsTable 3.3.11 Properties of Polyimide Dielectrics

spin rate d / nm Ci  / nF cm-2 k
2000 rpm 870 - 880 2.9 - 3.2 2.8 - 3.2
4000 rpm 490 - 500 5.4 - 5.6 3.0 - 3.1 
6000 rpm 405 - 410 3.1 3.1

   Fabrication of  OTFT devices. DNTT was deposited for 50 nm onto the dielectrics under the condi-
tions of Tsub = 60 ºC and Rdep = ~2.0 Å/s.  Au S-D electrodes were deposited with Rdep = ~2.0 Å/s through 
the shadow mask to give top-contact OTFT devices and MIM devices for measurement of characteristics 
dielectrics.
   Dielectric characteristics. A film capacitance (Ci) was measured on a ITO-dielectric-Au structure 
which fabricated together with OTFT  devices by using a Keithley 4200-SCS Semiconductor analyzer. 
Standard measurement condition are DC bias 0 V, presoak 0 V, frequency 10 kHz, AC voltage 30 mV 
RMS, sampling interval 0.5 s, sampling number 10 in voltage bias mode. The frequency (f) should ap-
proximately be equal to the sweep speed (S) of gate-voltage (Vg) of the transfer characteristics measure-
ment. e.g.,  if Vg is swept from 40 V to -80 V in 2 sec,  S would be 60 V/s. The 60 V/s corresponds to f = 1 
kHz when AC = 30 mV RMS. Hint is (60 [V/s]) = (15 m[V]) / ((1 / 4f)[s]).  Average of measured value 
(CDUT) is divided by the area of electrode (2.90 (±0.04) × 10-3 cm2) to give Ci. The dielectric constant is 
estimated by k = (Ci • d) / ε0, where ε0 = permittivity of vacuum (= 8.85 ×  10-14 F/cm), d = film thickness 
(cm). 
   Ci of SiO2 (200 nm) were measured first for certification of the system. The resulting Ci = 16.1 nF/cm2 
is most likely as a value of SiO2, although the value is different with 17.3 nF/cm2 that usually I employed.
   Measurement of Insulating Properties. The measurement was carried out by connection of one side 
of a MIM device with the prober that usually used as gate, and another side of the MIM device with the 
prober that used as source (ground). Electric field (E) in leakage characteristics is calculated by 

E =
Vg
d

where Vg is the applied voltage [V],  d is film thickness [cm]. 

   Current density (J) is calculated by 
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J =
Ig
S

where Ig is the gate current [V],  S is area of electrode, 2.90×10-3 [cm2].

  Thickness Measurement. Thickness of film (d) are measured with an AMBOS Stylus profilometer.  
The general measurement conditions are speed 0.20 mm/sec, range 100 microns, stylus force 0.5 mg. 
   Atomic Force Microscopy (AFM). The AFM images were measured on a SII nanocute with cyclic-
contact dynamic force mode (DFM).
  X-ray diffraction (XRD). Thin-film XRD were measured on a Rigaku Ultima Ⅵ X-ray diffractometer 
with Cu Kα source (λ = 1.541 Å) in air.  The d-spacings were calculated by the Bragg equation: λ  = 
2dsinθ.
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  Introduction. The technology of the organic thin film transistors (OTFTs) has been attracted 
much attention, because of their potential applications as a key device for the future plastic 
electronics.3,8 One of the important features of OTFTs that can differentiate from ordinary 
silicon- or metal oxide-based TFTs is lower processing temperature (<200 ºC) than those for the 
inorganic-based TFTs (several hundreds degree), which allows OTFT to be fabricated on plastic 
films.  In fact, fabrication of OTFTs on the plastic substrates has been investigated actively, and 
their applications to various devices including the drivers for flexible displays,164,10b bendable 
sensors,165,181 sheet-like scanners, rewritable braille sheets,179,182 and so on, have been 
demonstrated.
   Most  of these plastic OTFTs have employed pentacene (Figure 3.4.1),145-147,180 the standard 
vapor-processible organic semiconductor, as the active material that  enables good performance 
with mobility as high as ~ 3 cm2/Vs.48,8 However, the lack of air-stability and durability of 
pentacene itself is an apparent  drawback for actual plastic electronics applications.183 On the 
other hand, dinaphto[2,3-b:2’3’-f]thieno[3,2-b]thiophene (DNTT), developed as an air-stable 
and high performance organic semiconductor with mobility of up to 3.0 cm2/Vs, is an attractive 
alternative,17 and recently flexible, low-voltage OTFTs and circuits based on DNTT  as the 
active semiconducting material have been realized.18 In addition, very recently further material 
improvement  in terms of the mobility has been achieved based on the DNTT  structure: 
alkylation of DNTT  core turned out  to be quite effective to enhance mobility,124,125 and 
optimized di(n-dodecyl)-DNTT (C10-DNTT, Figure 3.4.1)-based devices on Si/SiO2 substrates 
reaches up to 8 cm2/Vs.22 

In the final section of this chapter, I describe C10-DNTT-based TFTs fabricated on the 
polyimide gate dielectrics coated over polycarbonate (PC) substrates along with the parent 
DNTT-based TFTs on the same substrate for comparison (Figure 3.4.2). The C10-DNTT-based 
devices showed excellent performances with mobility as high as 2.4 cm2/Vs and Ion/Ioff grater 
than 107 under ambient conditions.
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Figure 3.4.2. Schematic device structure of TFTs 
fabricated on PC substrates. 

Figure 3.4.3. Device fabrication process. 
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   Methodology. A PC film coated with indium-zinc oxide (IZO) layer was cut  into pieces of 2 
× 2 cm squares (Figure 3.4.3).184 The IZO layer was patterned for gate electrodes by etching 
process: the substrates that protected by capton tape were immersed in diluted aqua regia (HCl : 
H2O : HNO3 = 1 : 4 : 0.08) for ~10 sec. After removal of the capton tape, the substrates were 
washed with with water, acetone, and isopropanol. Polyimide precursor (KEMI-TITE CT4112, 
Kyocera Chemical)180 was spin-coated on PC plastic substrates, edge of which had been pro-
tected by capton tape for gate-contact for measurement. The spin rate was 1000 rpm for 10 s 
and 4000 rpm for 30 s. The spin-coated substrates were immediately placed on a hot plate for 
~10 min at  ~80 ºC. The substrate was then annealed at  180 ºC for 1 h under nitrogen atmos-
phere, giving the transparent polyimide film (ca. 600 nm thickness). 
   C10-DNTT and DNTT were synthesized according to the reported procedures and purified by 
vacuum gradient-sublimation.17,22 Vacuum deposition of the materials (60 nm thickness) on the 
substrate with 60 ºC of substrate temperature (Tsub) and 0.1 Å/s of deposition rate (Rdep) gave a 
uniform semiconducting layer. On top of it, vapor deposition of gold (80 nm thickness) through 
a shadow mask defined the source and drain electrodes, giving OTFT  devices with a top-
contact, bottom-gate configuration having a constant channel width (W) of 1500 µm and various 
channel lengths (L) of 40 ~ 190 µm. The TFT characteristics are evaluated with a Keithley 
4200-SCS semiconductor characterization system. Mobility was calculated from the transfer 
curves in the saturate regime by using the following equation:  
µFET = (2 · Id · L) / [W· Ci · (Vg - Vth)2] 
where µ is mobility, Id is source-drain current, Ci is capacitance of dielectric, and Vg is gate-

source voltage. The thickness (d) and capacitance (Ci) of the dielectrics for each device were 
measured with an AMBIOS Stylus Profilometer and Keithley 4200-CVU, respectively. 
Experimentally decided Ci values showed good agreement with the value estimated from the 
thickness of the polyimide layer and reported εr value. 
  The atomic force microscopy (AFM) images were measured on a SII nanocute with cyclic-
contact  dynamic force mode (DFM). Thin-film X-ray diffraction (XRD) were measured on a 
Rigaku Ultima Ⅵ X-ray diffractometer with Cu Kα source (λ = 1.541 Å) in air.

  Thin film morphology. Crystallinity and surface morphology of the C10-DNTT layer 
deposited on the polyimide gate dielectric were investigated with X-ray diffraction (XRD) and 
atomic force microscopy (AFM), respectively. The XRD patterns (Figure 3.4.4) clearly testify 
that a crystalline C10-DNTT thin film formed on the polyimide gate dielectric and the molecular 
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Figure 3.4.5. AFM images of C10-DNTT thin 
films:  (a) on a PC/polyimide substrate and (b) a 
Si/SiO2 substrates.

Figure 3.4.4. XRD patterns of C10-DNTT thin films: (a) on 
a PC/polyimide substrate and (b) a Si/SiO2 substrates. The 
calculated d-spacing = 3.8 nm. 



arrangement is basically the same with that  on the Si/SiO2 substrate. Although the first  XRD 
peak, i.e., the 001 reflection is clearly observed on the polyimide layer, higher reflections are 
quite broad and weak (Figure 3.4.4a), whereas the thin film on the Si/SiO2 substrate shows clear 
peaks up to 003 reflections (Figure 3.4.4b). This indicates that the crystallinity of the thin film 
on the polyimide layer is lower than that  on the Si/SiO2 substrate, which is presumably caused 
by the larger roughness of the former than the latter.

AFM images show that wire-like crystalline grains grew on the polyimide layer, whereas 
relatively lager domains with rod-like crystals are observed for the thin film on the Si/SiO2 

(Figure 3.4.5). This morphological difference can be again ascribed to the surface roughness of 
the substrates. Rather flat and smooth surface of Si/SiO2 can induce the formation of larger 
domains, whereas the polyimide surface with large roughness can facilitate rapid nucleation, 
resulting in different surface morphologies. 

   TFT characteristics. The C10-DNTT-based TFTs on the polyimide gate dielectrics showed 
decent  p-channel FET  responses under ambient  conditions (Figure 3.4.6). Mobilities extracted 
from the saturation regime at  the drain (Vd) and gate voltage (Vg) of –60 V were higher than 0.5 
cm2/Vs, regardless of the channel lengths (L) (Table 1). Noticeable channel length (L) depend-
ence of the mobility was observed, as was the case for the devices on the Si/SiO2 substrates, and 
the devices with longer L tend to give higher mobility. The highest mobility among the fresh 
devices on the polyimide gate is ~1.5 cm2/Vs at L = 190 µm, which is about one fifth of the best 
device fabricated on the Si/SiO2 substrate (7.9 cm2/Vs). It  is highly likely that the reduced 
mobility of the devices on the polyimide gate is ascribed to the reduced crystallinity of the thin 
film as described above, which may cause higher channel resistance owing to the increase the 
grain boundary, in other words, the large numbers of carrier traps in the channel region. Similar 
reduction of the mobility caused by changing the substrate and gate dielectric from the Si/SiO2 
to PC/polyimide was also observed for the unsubstituted DNTT-based TFTs: the mobility as 
high as 3.1 cm2/Vs on the Si/SiO2, whereas 0.5 cm2/Vs on the present  PC/polyimide substrate. It 
is thus rational to consider that the surface roughness of the gate dielectric causing the limited 
crystallinity of the semiconducting layer is one of the major reasons for reducing the mobility. 
On the other hand, even on such less ideal substrate surface, the present C10-DNTT-TFTs 
showed quite high mobility, clearly indicating the good potential of C10-DNTT  molecule as an 
organic semiconductor. It  should be also noted that pentacene TFTs fabricated on the identical 
PC/polyimide substrate showed mobilities up to 0.24 cm2 cm2/Vs, which is one order of 
magnitude lower than those of the C10-DNTT-TFTs. 

Another noticeable differences of the TFT  characteristics of the present  devices compared 
with those on the Si/SiO2 substrate are positive turn-on voltage (~ +20 V) and sluggish increase 
of Id in the subthreshold region. Although the actual reasons for these non ideal behaviors are 
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Figure 3.4.6. Transfer characteristics of C10-DNTT-TFTs: (a) fresh devices and (b) annealed devices at 100 ºC. 



not clear, it  is generally believed that they are attributed to the residual dopant and carrier traps, 
respectively, in the interface between the semicondcuting layer and the dielectric layer. Since 
such non-ideal characteristics are often improved by thermal annealing after the device 
fabrication,176 we tested a thermal treatment (~100 ºC) of the devices under nitrogen. Figure 
3.4.5 shows the transfer characteristics of the annealed devices; although no significant 
improvements of the Id increase in the subthreshold region was observed, increase of mobility 
and reduction of off-current were observed.  

I also checked the stability of the present C10-DNTT-TFTs. Different from the 
pentacene-based OTFTs, the C10-DNTT-TFTs showed good stability during storage under 
ambient lab conditions: no apparent  reduction was observed in the mobility and Ion/Ioff ratio 
after 30 days without any encapsulations, although slight Vth shift was observed. 

   Summary. In summary, I have successfully fabricated C10-DNTT-TFTs on the PC/polyimide 
plastic substrate. The devices showed good p-channel characteristics with the mobility over 2.4 
cm2/Vs and Ion/off of 107 under ambient  conditions. Although the present  mobility is somewhat 
reduced compared to those of the C10-DNTT-TFTs on the Si/SiO2 substrates, which may be 
caused by reduced crystallinity of the semiconducting layer on the polyimide gate dielectric as 
confirmed by the AFM and XRD measurements, the mobility itself is quite high for so far 
reported OTFTs fabricated on the plastic substrate. Further process optimizations as well as 
applications of C10-DNTT  to other flexible substrate/gate dielectrics are now underway in our 
group.
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   I successfully evaluated C10-DNTT  as a high performance 
semiconductor showing mobilities (µFETs) up to 8 cm2/Vs on 
Si/SiO2 substrates and 2.4 cm2/Vs on PC/polyimide sub-
strates (Figure 3.5.1). 
   The high µFETs were obtained reproducibly with the newly 
designed device configuration. Channel length (L) depend-
ence was observed in the TFT characteristics of the C10-
DNTT-based devices, which indicates contact  resistance 
limits the µFET significantly in the short  L devices. In contrast, DNTT  showed almost no L de-
pendence, in spite of almost the same HOMO energy level of DNTT  as that of C10-DNTT. The 
structural difference in the solid state may affect the charge-injection characteristics.
  The DNTT and 10-DNTT-based OTFT  devices on the PC/polyimide substrates gave the µFETs 
up to 0.6 cm2/Vs and 2.4 cm2/Vs, respectively. Apparently higher µFETs of C10-DNTT-based de-
vices than those of DNTT-based devices indicate the important role of the long alkyl chains for 
achieving high µFETs, which enhances 2-D electronic interaction between the π-cores even on 
the polymer dielectrics. Formation of the crystalline films was elucidated by the XRDs. How-
ever, the slightly increasing disorder in the films of DNTT  and C10-DNTT on the polyimide can 
be attributed to the lower µFETs as compared to those on the SiO2 dielectric.
   The present  performances and air-stability of the OTFTs based on C10-DNTT on bare Si/SiO2 
and PC/polyimide substrates is comparable or superior to those of pentacene. However, the con-
tact  resistance limiting TFT characteristics and the low solubility limiting fabrication process 
should be improved.185 Further active development of organic semiconductors will be expected. 
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Figure 3.5.1. Picture of the C10-
DNTT-based OTFT on the plastic 
substrate.  



Closing Remarks

  I have developed small π-conjugated molecules with long alkyl chains for thin-film-

based OFETs, in terms of the molecular design, synthesis, FET characteristics, struc-

tural analysis, theoretical analysis, and application to flexible devices. I believe this in-

terdisciplinary studies contribute to development of organic semiconductors. The FET 

characteristics were well-correlated with the electronic structures in the layer-by-layer 

structures, which may give new ideas for designing organic semiconductors. The suc-

cess of this study is come from the study of TTF derivatives that gave the good molecu-

lar concept followed by application of the concept to the high performance DNTT π-

cores. The result could not be achieved only by myself. The collaboration should be es-

sential for the development of materials and devices.

Closing Remarks
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   P- and n-channel  operations. Energy levels of frontier orbitals, namely, a highest  occupied 
molecular orbital (HOMO) or a lowest unoccupied molecular orbital (LUMO) of an organic 
semiconductor, determine the p- or n-channel FET operation. The frontier energy-levels also 
affect  the air-stability of the FET characteristics (Figure A1). The energy levels are determined 
from the electronic potential of the compound in solutions. Work functions (Φ) (Fermi energy, 
εF) of metal electrodes and energy levels of HOMO or LUMO should be close for smooth car-
rier injection. 
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Appendix 

A1. OFET Operation

Figure A1. Relationship between energy levels of frontier orbitals of organic semiconductors and stable/unstable 
p- or n-type operation of OFETs in air. Work functions (= εF) of metals are also depicted.

b)



   Relationship Between  Molecular Structures and HOMO-LUMO energy levels. The 
HOMO and LUMO levels of the π-compounds are changed linearly with increase in the exten-
sion of π-conjugation (Figure A2). The relationship can be confirmed by molecular orbital 
calculations.111 It  is noted that an energy level in a solid state increases somewhat (polarization 
energy, Pc or Ph) due to formation of a small band structure. Thus an ionization potential in a 
gas state (IPg) is different from that in a solid state (IPc).
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Figure A2. Energy band structure of the acene compounds. The calculation is based on DFT method at B3LYP/6-
31(d) level.111 



   Common Name vs IUPAC Name. The compound and name of tetrathiafulvalene (TTF) is 
widely known, however, the name of TTF is not  admit by IUPAC (International Union of Pure 
and Applied Chemistry) nomenclature. Structure of TTF is named by IUPAC as “2,2’-bis(1,3-
dithiolylidene)”(Figure A3a), which derived from the name of “1,1’-bi(cyclopenta-2,4-diene-1-
ylidene)” (Figure A3b). 
  Other name of TTF is traditionally given by “∆2,2’-bi-1,3-dithiole”, where ∆ expresses that the 
same structures are connected by double bond at the numbering positions. It  is frequently used 
when naming quinoidal compounds.  The names of thiophene-fused TTFs are in Figure A4.
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A2. Nomenclature of tetrathiafulvalene derivatives
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common 1 α-dithiophene-tetrathiafulvalene (αDT-TTF)
common 2 (Z)/(E)-bis(thieno[2,3-d])tetrathiafulvalene
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IUPAC (Z)/(E)-2-(thieno[2,3-d]-1,3-dithiole-2-ylidene)thieno[2,3-d]-1,3-dithiole
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Figure A4. Nomenclatures of TTF derivatives.
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Development of 
Small !-Conjugated Molecules 

with Long Alkyl Chains 
for Organic Field-Effect Transistors

（長鎖アルキル基を導入した低分子トランジスタ材料の開発）

D083606　土井伊織
工学研究科
物質化学システム専攻
応用有機化学研究室

Presentation for Ph.D Defense
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I. Doi et al,  Chem. Mater. 2007, 19, 5230.

I. Doi et al,  Chem. Lett. 2008, 37, 1088.

 Kang et al,  Adv. Mater. in press.

I. Doi et al, Cur. Appl. Phys. submitted.

Development of Heteroaromatic-Fused TTFs as Organic 
Semiconductors for Solution Processible Field-Effect Transistors

General Introduction 

CHAPTER 1 

Evaluation of C10-DNTT as Organic Semiconductors for High 
Performance Thin-Film Transistors 
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CHAPTER 1 CHAPTER 1 

General Introduction 

CHAPTER 2 CHAPTER 2 

Development of Heteroaromatic-Fused TTFs as Organic Semiconductors for 
Solution Processible Field-Effect Transistors

2.1 Introduction for Organic Semiconductors

2.2 Bis(N-alkyl-pyrrolo[3,4-d])tetrathiafulvalenes (N-alkyl-PyTTFs)
I. Doi et al,  Chem. Mater. 2007, 19, 5230.

2.3 Bis(N-acyl-pyrrolo[3,4-d])tetrathiafulvalenes (N-acyl-PyTTFs)
I. Doi et al,  Chem. Lett. 2008, 37, 1088.

2.4 Bis(thieno[2,3-d])tetrathiafulvalenes (!DT-TTFs)

2.5 Correlation between Electronic Structure in Solid State and Field-Effect Mobility

2.6 Conclusion for Chapter 2

CHAPTER 3CHAPTER 3

Evaluation of C10-DNTT as Organic Semiconductors for High Performance 
Thin-Film Transistors 

3.1 Introduction for Alkylated DNTT 

3.2 Evaluation on Silicon Substrates              Kang et al,  Adv. Mater. in press.

3.3 Fabrication of Polymer Dielectrics

3.4 Evaluation on Plastic Substrates            I. Doi et al, Cur. Appl. Phys. submitted.

3.5 Conclusion for Chapter 3
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Pentacene

!FET = ~ 3 cm2/Vs 

(vacuum-process）

Organic field-effect transistors with single and double pentacene layers

Suyong Jung and Zhen Yaoa!

Department of Physics, Texas Materials Institute, and Center for Nano- and Molecular Science
and Technology, The University of Texas at Austin, Austin, Texas 78712

!Received 17 August 2004; accepted 20 December 2004; published online 16 February 2005"

We report the characterization of field-effect transistors fabricated within individual grains of single

and double pentacene layers grown on silicon oxide. Field-effect mobilities are found to increase

with increasing gate voltage and exhibit a thermally activated form for the temperature dependence.

These characteristics can be explained by the multiple trapping and release model. The mobilities of

double-layer devices are one order of magnitude higher than those of single-layer devices. Possible

origins of the traps are discussed. The geometry of these ultrathin devices makes them suitable for

sensing applications. © 2005 American Institute of Physics. #DOI: 10.1063/1.1865331$

Improving the performance of organic field-effect tran-

sistors !OFETs" has been a challenge to the development of
the emerging organic electronics. Recent work has focused

on OFETs based on single crystals.
1
While such studies are

useful to elucidate the fundamental transport mechanism and

the ultimate performance limit in organic semiconductors,

practical devices are mostly based on thin films where the

film morphology and the organic–insulator interface play an

important role in device performance. It has been shown that

accumulated charge carriers in thin-film OFETs are restricted

to a few layers of organic molecules at the interface with the

gate insulator.
2,3
Thus investigation of the charge transport

process at the level of a few molecular layers and a few

crystalline grains represent a most direct way to understand

the effect of microstructures and the gate–insulator interface

on the transport properties. Frisbie et al. have fabricated

OFETs with single grains of sexithiophene a few molecular

layers in thickness.
4
Charge mobilities in these devices were

a few orders of magnitude lower than bulk thin-film devices,

which is attributed to the poor bottom contact which forms

the bottleneck to charge transport. Dinelli et al. have studied

the carrier mobility in ultrathin sexithienyl FETs as a func-

tion of film coverage and found that the mobility is domi-

nated by the first two organic layers at the interface.
5
How-

ever, their devices consist of many grains and the effect of

grain boundaries was not separated out.

In this letter, we report on the fabrication and character-

ization of top-contact FETs based on individual grains of

single and double pentacene layers grown on silicon dioxide

using physical vapor deposition. The charge carrier mobility

at room temperature extracted from the FET measurement is

0.01–0.04 and 0.10–0.20 cm2/V s for single- and double-

layer devices, respectively. The mobility increases with in-

creasing gate voltage and shows a thermally activated form

as a function of temperature, consistent with the multiple

trapping and release model.
6
These characteristics underline

the importance of the organic–insulator interface. These ul-

trathin devices are remarkably sensitive to ambient condi-

tions, which suggests that they may be suitable for sensing

applications.

Ultrathin pentacene films are deposited on silicon diox-

ide !thickness %560 nm" thermally grown on highly doped

silicon wafers, which are employed as gates in FET measure-

ments. Before deposition, the substrates are ultrasonically

cleaned in nitric acid, acetone, and isopropanol and subse-

quently annealed in a flow of Ar and H2 at 900 °C for

30 min. Thorough cleaning is necessary to reduce nucleation

centers promoting growth of large pentacene islands,

whereas the H2 annealing is known to reduce trap density at

the Si/SiO2 interface.
7
The starting pentacene source mate-

rial is purified multiple times by temperature gradient subli-

mation. Figure 1!a" shows the schematic of our growth setup.
The physical vapor deposition is carried out in a 1-in.-diam

glass tube placed in a horizontal tube furnace using nitrogen

as a carrier gas. Nitrogen is first flown for a few hours to

dispense air and moisture from the growth tube. The source

material is then heated up slowly, first to 200 °C at

2 °C/min, then to 230 °C at 5 °C/min. The sublimed mol-

a"
Electronic mail: yao@physics.utexas.edu

FIG. 1. !a" Schematic of physical vapor deposition setup. !b"AFM image of

a pentacene monolayer sample and a line scan height profile. !c", !d" AFM
images of pentacene films with almost complete monolayer and double-

layer coverage. !e", !f" AFM images of typical single- and double-layer

devices.

APPLIED PHYSICS LETTERS 86, 083505 !2005"

0003-6951/2005/86"8!/083505/3/$22.50 © 2005 American Institute of Physics86, 083505-1
Downloaded 17 Jan 2011 to 133.41.91.74. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

Jung et al., Appl. Phys. Lett. 2005, 86, 083505-3.  

2D semiconducting layer parallel to the substrates 
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Heteroaromatic-fused TTFs

Tan et al., Appl. Phys. Lett. 2009, 94, 263303.

Klauk et al., J. Appl. Phys. 2002, 92, 5259-5263.  

Kelley et al., J. Phys. Chem. B 2003, 107, 5877.   

Tan et al., Chem. Mater. 2007, 19, 3018.  
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ion, Ni(dppp)Cl2 is believed to act as an initiator rather than a
catalyst, and therefore this limits polymerization to one end of
the polymer chain. The prediction of the mechanism as liv-
ing is supported by two experimental results: first, the degree
of polymerization of rrP3ATs has been found to increase with
monomer conversion and can be predicted by the molar ratio
of the monomer to the nickel initiator; second, addition of var-
ious Grignard reagents (R!MgX) at the end of polymerization
results in end-capping of rrP3AT with an R! end group as
described below.27,28 Furthermore, we have successfully
achieved a chain extension of rrP3ATs. Sequential addition of
monomer 6 with R ) dodecyl following the polymerization of
6 with R ) hexyl gave poly(3-hexylthiophene)-b-poly(3-dode-
cylthiophene) (15) as shown in Scheme 4.26 This result
strongly indicates the living nature of the polymerization
system.

Supramolecular Structure in rrP3ATs. A fascinating
structural feature of HT rrP3ATs that differs completely from
regioirregular P3ATs is the supramolecular ordering driven by
the self-assembly of planar polymer backbones. X-ray study
has revealed a well-ordered lamellar structure with an inter-
layer spacing of ∼16.0 Å for rrP3HT and very close π-π
stacking of facing polymer backbones with a distance of∼3.8
Å.14 Atomic-force microscopy (AFM) study on thin films of
rrP3ATs show well-organized nanofibril morphologies of dif-
fering dimensions (Figure 3).

Recently, several groups (including ours) have demon-
strated that rrP3HTs form various morphologies depending on
molecular weight.29,30 AFM studies have shown that low
molecular weight rrP3HTs are likely to form isolated

nanofibrils, while high molecular weight rrP3HTs are likely to
form more closely packed nanofibrils indicating better inter-
domain connectivity. Further investigation by our group has
demonstrated that the width of the nanofibrils as well as the
charge carrier mobility in FETs increase as the molecular
weight increases; this correlates with the average contour
length of polymer chains. However, it is interesting to note
that both the nanofibril width and the mobility saturate at
higher molecular weight, which is believed to be due to the
“chain folding” of the rrP3HT backbones. These structural stud-
ies, accomplished through careful control of molecular weight
of the polymers, have allowed better understanding the cor-
relation of the polymer structure with physical properties and
device performance.

HT Regioregular Polythiophenes with
Functionalized Side Chains
The initial purpose of introducing side chains on the PT back-
bones was to improve solubility and hence processability.
However, it has been established that the introduction of var-
ious kinds of functionalized side chains can also change the
materials’ electrical and optical properties. A large number of
side chain functionalized HT regioregular poly(3-substituted
thiophene)s (rrPTs) have been synthesized (Table 1).

Heteroatom-Containing Groups. Introducing electron-
donating groups, such as alkoxy or alkylthio groups, with the
heteroatom directly connected to the ring in the 3-position of
thiophene is expected to decrease the band gap by raising
their HOMO level, which leads to low oxidation potentials and
a highly stable conducting state. rrPTs with alkoxy substitu-

SCHEME 4. Synthesis of Poly(3-hexylthiophene)-b-poly(3-dodecylthiophene) by Chain Extension through Sequential Monomer Addition

FIGURE 3. AFM phase images of rrP3HT thin films on FET devices: Mn ) 12000 (left); 21000 (right).

Advances in Regioregular Polythiophenes Osaka and McCullough

1206 ACCOUNTS OF CHEMICAL RESEARCH 1202-1214 September 2008 Vol. 41, No. 9

Lamella structure (2D conducting layer) 

Osaka et al.,  Acc. Chem. Res. 2008, 41, 1202.  

Alkyl／"-" intermolecular interactions

Drawbacks

Ph.D defense：Development of !-Conjugated Molecules with Long Alkyl Chains for OFETs

REPRESENTATIVE SOLUTION-PROCESSIBLE

 ORGANIC SEMICONDUCTOR



Slideshow for Ph.D defense

78

13

!-core

!FET = ~1.0 cm2/Vs

J. E. Anthony et al., J. Am. Chem. Soc. 2005, 127, 4986.
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   ex. Anthra-dithiophene core

TIPS group in acene core

SMALL MOLECULES WITH SOLUBLE SUBSTITUENTS (1)
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!-core

!FET = ~0.01 cm2/Vs (solution-cast)
           ~0.15 cm2/Vs (vacuum)

H.T. Karz et al., J. Am. Chem. Soc. 1998, 120, 664.

(E/Z isomers)

Layer-by-layer

Si/SiO2 substrate

alkyl 

!-core 

alkyl

Low solubility

Adv. Mater. 2007, 19, 1864-1868.  

µFET = 0.03 cm2/Vs (vacuum process)

µFET = 10-4 cm2/Vs (solution process)µFET = 0.1 cm2/Vs (vacuum process)
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Adv. Mater. 2003, 15, 917.

Self-organizing ability
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SMALL MOLECULES WITH SOLUBLE SUBSTITUENTS (2)
   ex. Anthra-dithiophene core

TETRATHIAFULVALENE (TTF) 

15

S

S S

S

!FET = 0.4 cm2/Vs
Yamashita et al., JACS. 2005, 

127, 10142.

Small !-core・aggregation (S atoms)

Large coefficient on the sulfur atoms
⇒ strong intermolecular interaction

Donor in organic conductors

S

S

S

S

S

S

DT-TTF

!FET (crystal) = ~1.4 cm2/Vs
Rovira et al., JACS, 2004, 126. 984.

S

S

S

S

HOMO

S

S

S

S

!FET = 0.11 cm2/Vs
Mori et al., Chem. Lett. 2005, 34, 392.

TTF-based Semiconductors

（Herringbone like）

S-S & !-! contacts

Ph.D defense：Development of !-Conjugated Molecules with Long Alkyl Chains for OFETs
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!-core

S

S

S

S

Chem. Mater. 2006, 18, 4724.

S

S S

S

S

SS

S

S

S

S

S

C6H13

C6H13C6H13

C6H13

Chem. Comm. 2006, 2750.

!FET = ~0.02 cm2/Vs (solution)

!FET = ~0.08 cm2/Vs (solution, dip)

Tetra-substitution perturbs S-S interactions

causes disorder in thin film

S S

S S

S S

S S

- e-

+ e-

- e-

+ e-

S S

S S

6! 6!

6!

S

S

S

S

R

R

S

S

S

SR R

cis/trans equilibrium in solution

Attention

The solution electrochemical properties of1–3 were investigated

by cyclic voltammetry (CV). The results are summarized in Table 1.

Similar to type A compounds,7,8 1–3 exhibit four sequential quasi-

reversible one-electron transfer steps, ultimately yielding the fully

oxidized tetravalent cation. Their HOMO levels obtained from the

CV data are about 24.9 eV. The results (see Table 2) of

thermogravimetric analysis (TGA) and differential scanning

calorimetry (DSC) indicate that 1–3 have good thermal stability,

after melting; the onset decomposition occurred at about 300 uC.
The longer alkyl chains resulted in a lower melting point (Tm, from

201 to 163 uC), but the onset decomposition temperature (Td),

from 296 to 301 uC, was slightly enhanced. The HOMO–LUMO

gaps of 1–3 are near to 2.9 eV (Table 2), estimated from the

absorption edges in CH2Cl2, indicating good redox stability.13

As compared with most mono-TTFs5f used for OFETs, 1–3

have more extended p-conjugation, which can increase intermo-

lecular p–p interactions. On the other hand, they bear four

terminal alkyl chains (carbon atoms, 4, 6 or 8), which not only

ensure the solubility of the molecules but also facilitate the stacking

of central C14S12 skeletons by van der Waals interactions of the

alkyl chains.14 These structural characteristics of 1–3 are expected

to improve the mobilities of their FET devices. Thin films (30–

50 nm) of 1–3were deposited on SiO2/Si substrates by spin-coating

the solutions (1, 2 in CHCl3 and 3 in 1,2-dichlorobenzene for its

lower solubility in CHCl3, 0.6–0.8 wt%). An n-type Si wafer with a

SiO2 layer of 450 nm and a capacitance of 10 nF cm22 was used as

the gate; gold source and drain contacts (50 nm) were deposited on

the organic layer through a shadow mask, affording a bottom-gate

configuration. The channel length (L) and width (W) were 50mm
and 3 mm, respectively. The FET measurements were carried out

at room temperature in air using a semiconductor parameter

analyzer. To our knowledge, these devices are the first examples of

solution processed thin film OFETs based on TTFs and of

oligomeric TTF-based OFETs.

The FET characteristics are summarized in Table 2. Fig. 2

shows the output characteristics of the device based on2. All three

devices showed p-type behavior and the field-effect mobilities were

estimated from the linear regime.15 The device based on 2

(Scheme 2, R 5 n-C6H13) afforded the highest mobility of

0.02 cm2/Vs, which is quite high among the solution processed thin

film FET devices based on small organic molecules.16 The

dependence of field-effect mobility on alkyl chain length was

also found for poly(3-alkylthiophene)-based FET devices, in which

the poly(3-hexylthiophene)-based devices showed the highest

mobilities.17 The threshold voltage of these devices is relatively

high (39, 54 and 17 V for1–3, respectively), indicating the existence

of rich carriers in the active layer under zero gate voltage, which

might be one of the main reasons for the low on/off current ratios.

To improve the FET performance, optimization of fabrication

techniques and synthesis of new benzene-fused bis-TTF

compounds with higher function are now in progress.

Fig. 1 Molecular structure (top) and stacking structure (bottom) of1, in

which the H atoms are omitted for clarity.

Table 1 Half-wave potentials of 1–3 vs. Ag/AgCl in CH2Cl2 with
0.1 M n-Bu4NPF6 as supporting electrolyte (scan speed 5 50 mV/s)

Compound
E1

1/2

(V)
E2

1/2

(V)
E3

1/2

(V)
E4

1/2

(V)
HOMOa

(eV)

1 0.52 0.71 1.07 1.20 24.87
2 0.52 0.72 1.07 1.19 24.86
3b 0.56 0.80 1.09 1.24 24.91
a Calculated based on HOMO 5 2(Eox

onset + 4.4) eV. b Measured in
CHCl3 due to the poor solubility of 3 in CH2Cl2.

Table 2 Physical properties of 1–3

Compound Tm (uC) Td (uC)
Band
gap (eV)

Mobility
(cm2/Vs) Ion/Ioff

1 201 296 2.88 5 6 1023 102

2 174 299 2.87 2 6 1022 102

3 163 301 2.86 6.7 6 1025 103
Fig. 2 Drain current versus drain voltage as a function of gate voltage

for FETs based on 2 at room temperature.

This journal is ! The Royal Society of Chemistry 2006 Chem. Commun., 2006, 2750–2752 | 2751
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!-core

HETEROAROMATIC-FUSED TTFs

17

S

S

N

S

S

NR R

S

S

S S

S S

R R

S

S

S S

S S

R R

Heteroaromatic-fused TTF + Long alkyl chains
•Solubility

•S-S & !-! intermolecular interactions

•Small steric disorder by cis/trans isomerization

Cn-PyTTF

Cn-AcPyTTF

DT-TTF

SCn-"DT-TTFs

!FET = 1.4 cm2/Vs

S

S

N

S

S

NR R

S

S

N

S

S

N

O

R O

R

S

S

S S

S S

RS SR

S

S

S

S

S

S

1

2 3

isoelectronic structure

same thiophene ring
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 J. Becher et al., J. Org, Chem. 2000, 65, 5794.Previous 6 step 22 %

Inorg. Chem. 2001, 40, 1902. Tetrahedron Lett. 1973, 2553.
Tetrahedron Lett. 1989, 134.

Tetrahedron Lett. 1994, 269.

18

Improved: 5 step 31 %

Cn-PyTTF： SYNTHESIS (1) 

Ph.D defense：Development of !-Conjugated Molecules with Long Alkyl Chains for OFETs
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SYNTHESIS (2) 

N
S

S
O Ts

2.0 eq. DDQ 
PhCl, reflux, 2 h

P(OMe)3

120 °C, 5 h S

S
N Ts

S

S
NTs

97% 82%
N

S

S
O Ts

NaOMe
THF-MeOH

reflux, 30min

quant.

S

S
N H

S

S
NH

R-Br or R-I , NaH S

S
N R

S

S
NR

53 - 79 %

RRR
yield 
/ %

solubility
/g L-1

C1 CH3 79 <0.01

C4 n-C4H9 71 10

C8 n-C8H17 75 29

C12 n-C12H25 61 50

C16 n-C16H33 79 4

C20 n-C20H41 53 0.4

Cn-PyTTF

in toluene at rt.
19

High solubility
• C16 ＆ C20: Low

PyTTF
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spin-coat
deposition Au

Top-contact type
W=1500, L =50 !m
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R
FET characteristicsFET characteristics

R
! /cm2V-1s-1 Ion/Ioff

H no field-effectno field-effect

C1 CH3 5"10-5

C4 n-C4H9 2"10-5 101

C8 n-C8H17 no field-effectno field-effect

C12 n-C12H25 6"10-3 102

C16 n-C16H33 8"10-3 104

C20 n-C20H41 0.01 104

Solution-Processible　(> n-C4H9)

From toluene solutions

2000 rpm 
30 sec 

THIN-FILM FABRICATION & FET CHAR. 

organic thin film

Longer alkyl chains
⇒　higher performances

Ph.D defense：Development of !-Conjugated Molecules with Long Alkyl Chains for OFETs

THIN-FILM XRDs

R d-spacing / Å !FET / cm2Vs-1

C4 n-C4H9 10.2 ; 8.5 2"10-5

C8 n-C8H17 12.6 -

C12 n-C12H25 21.0 6"10-3

C16 n-C16H33 26.8 8"10-3

C20 n-C20H41 32.3 0.01

200

400

600

800

1000

1200

2 4 6 8 10 12

In
te

n
s
it
y
 (

a
.u

.)

2!"!

(001)

(002) (003)
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Crystalline thin films

Large interlayer distance (d-spacing) : High mobility

d-Spacing = Crystallographic c-axis !!!!!! similar structure

Ph.D defense：Development of !-Conjugated Molecules with Long Alkyl Chains for OFETs
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c

Small "-" overlaps

!FET = no field-effect

C8-PyTTF

Large "-" overlapsC16-PyTTF

!FET =  0.008 cm2/Vs

MOLECULAR ARRANGEMENTS IN SINGLE-CRYSTAL

Ph.D defense：Development of !-Conjugated Molecules with Long Alkyl Chains for OFETs

SUMMARY OF Cn-PyTTF

stored in air
10

-9

10
-8

10
-7

10
-6

10
-5

10
-4

-60 -40 -20 0 20

2h

-I
d
 /

 A

V
g 

/ V

Low oxidation potential causes
（E1

1/2(vs. Fc/Fc+) = -0.11 eV）

23

Cn-PyTTFs
S

S

N

S

S

NR R

S

S

N

S

S

N

O

R O

R

S

S

S S

S S

R R

S

S

S

S

S

S

b

a
Solution

Longer alkyl chains＝Higher mobility

Low air-stability

#-# & S-S

R = C20: !FET = 0.01 cm2/Vs

HOMO

O2 in air e-

-4

-5E
 / 

e
V

-4.6
estimated from CV

Hydrophobic 
interactions

layer-by-layer structure

oxidation
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EHOMO 

-4.9 eV

MO calc. (DFT:B3LYP/6-31G*) 

S

S

N

S

S

N

O

R O

R

S

S

N

S

S

NR R

• Air-stability

Cn-PyTTF

24

Cn-AcPyTTF

Cn-AcPyTTF

（exp. -4.6 eV)

-4.2 eV

Oxidation potentials

N-Acyl groups

Introduction of EDW 
groups

Ph.D defense：Development of !-Conjugated Molecules with Long Alkyl Chains for OFETs
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R name yield (%) solubility (g L-1)

C1-AcPyTTF CH3 acetyl 60    < 5!10-4

C5-AcPyTTF n-C5H11 hexanoyl 56       1!10-2

C11-AcPyTTF n-C11H23 dodecanoyl 74       2!10-3

R Cl

O

NaH or Et3N

R O

O

R

O

NaH

S

S

N

S

S

N

O

RO

R

S

S

NH

S

S

HN

PyTTF

Cn-AcPyTTF

25

Insoluble
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SYNTHESIS

-4

-5
AcPyTTFPyTTF

 -4.95
 -4.62

S

S

N

S

S

NC16H33 C16H33

Cn-PyTTF
S

S

N

S

S

N

O

C5H11 O

C5H11

Cn-AcPyTTF

26
Oxidation potential increases +0.3 eV 

OXIDATION POTENTIALS

HOMO level

E
H

O
M

O
 /

 e
V

Std：EFc/Fc+ = -4.8 eV 
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30h

-I
d
 /
 A

V
g 

/ V

Vd = -60V
         R         R !FET /cm2V-1s-1 Ion/Ioff

C1: CH3 ~ 0.05 a 104

C5: n-C5H11 ~ 0.08 b 105

C11 n-C11H23 no field effectno field effect

cf: N-n-alkyl-PyTTF ~ 0.01 104

a HMDS-treated SiO2, Tsub=100ºC.  b ODTS-treated SiO2 Tsub=100ºC  a HMDS-treated SiO2, Tsub=100ºC.  b ODTS-treated SiO2 Tsub=100ºC  a HMDS-treated SiO2, Tsub=100ºC.  b ODTS-treated SiO2 Tsub=100ºC  a HMDS-treated SiO2, Tsub=100ºC.  b ODTS-treated SiO2 Tsub=100ºC  

vacuum-
deposition

Au
W = 1500
L = 50

top-contact OFET

10
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2h
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/ V

Alkyl

Acyl

27

C5-AcPyTTF
Improve mobility and air-stability

FET CHARACTERISTICS
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THIN-FILM XRDs

In
te

n
si

ty
 /

 a
.u

.

(001)

(002) (003) (006) (007)

Si/SiO2
vacuum dep.

28Crystalline thin films for C1 & C5

C11-AcPyTTF

C5-AcPyTTF

C1-AcPyTTF

d-spacing / Å

23

17

-

Thin film (~50 nm)

Ph.D defense：Development of !-Conjugated Molecules with Long Alkyl Chains for OFETs

22.9 Å

c

Formula C22H26N2O2S4

System triclinic

Lattice a = 4.914(4) Å
b = 10.260(8) Å
c = 22.87(2) Å
" = 96.18(1)°
# = 91.54(1)°
$ =90.84(1)°

R merge 7.2%

S-S short contacts 
3.30 - 3.57 Å

29

MOLECULAR ARRANGEMENT IN SINGLE-CRYSTAL

Herringbone + S-S contacts

C5-AcPyTTF

Ph.D defense：Development of !-Conjugated Molecules with Long Alkyl Chains for OFETs

%-core

30

isoelectronic structure

same thiophene ring

S

S

N

S

S

NR R

S

S

N

S

S

N

O

R O

R

S

S

S S

S S

RS SR

S

S

S

S

S

S

SUMMARY OF Cn-AcPyTTF

!

Layer-by-layer structure

!FET ~0.08 cm2/Vs

Air-stability

Cn-PyTTF

Cn-AcPyTTF

DT-TTF

Cn-"DT-TTF

Heteroaromatic-fused TTFs

Solubility

2D conducting layer
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"-core

THIOPHENE-FUSED TTF
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S

R

RR

R

Miyazaki et al., J. Mater. 
Chem. 2009, 19, 5913.

Small disorders
in alkyl moieties
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(Follows)

Cn-!DT-TTF can be expected

Cn-PyTTF

Cn-AcPyTTF

DT-TTF

Cn-!DT-TTF

S S

S S

S S

S S

- e-

+ e-

- e-

+ e-

S S

S S

6! 6!

6!

cis/trans isomerization

Attention

Heteroaromatic-fused TTFs

same thiophene ring

isoelectronic structure

0.3 cm2/Vs 
(vacuum-process)
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T. Otsubo et al., J. Org. Chem. 1998, 63, 8865.

R

R = OH

R = OTHP

O , Camphorsulfonic acid

94 %

S

S
S

OTHP

1) n-BuLi
2) S
3) CS2

THF

S, MeSCN

S

S
S

R

SMe

R = OTHP
R = OH
R = OTs

HClaq 94 %
TsCl / Pyrridine 82 %

78 %

NaI

S

S
S

S

S

S
O

S

Hg(OAc)2 DDQ

S

S
O

S

P(OMe)3

61 %

74 % 64 % 40 % S S

S

S

S S

(40%)!-DT-TTF
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S

S S

S

S

S

Me Me

BuLi or LDA

C8H17Br or MeI

THF -80ºC

trace

S S

S

S

S S

S

S SS

SS

C8H17C8H17

!DT-TTF

SYNTHESIS (1)

!DT-TTF

!-DT-TTF 

Cn-!DT-TTF 
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 M+ + 32 (sulfur) 

C1-!DT-TTF

S

S

S

S

S

S

S

S

S S

S

S
O

S

Hg(OAc)2

Me
S

S S

S

S

S
Me Me

P(OMe)3

S

S
S

S

LDA
MeI

S

S
S

S
Me

78 % 87 % 30 %

LDA

C8H17-I

THF S

S

S

S

C8H17

S

S

S

S

SC8H17

S

S
S

S
S

S

S
O

S
S

Hg(OAc)2

CHCl3

S

S S

S

S

S
S S

P(OMe)3
C8H17 C8H17

C8H17 C8H17
S

S
S

S

1) LDA
2) S
3) C8H17I

56 % 95 %

36 %

Synthesized octylthio (SC8) derivative

Methyl derivative

Could not isolate octylated compound

SC8-!DT-TTF

Alkylation of intermediate

Addition of Elemental Sulfur
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SYNTHESIS (2)

Containing a different direction of thiophene

Formula C26H36S8

System monoclinic

Lattice a = 10.326 Å

b = 4.214 Å

c = 34.056 Å

! = 94.81 º

R-factor 8.6%

34

MOLECULAR STRUCTURE IN SINGLE CRYSTAL

SC8-!DT-TTF

Small disorder in alkyl moiety

C(!) and alkyl moieties are not disordered
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S S

S

S

S S

S

S S

S

S

S

Me Me

S

S S

S

S

S

OctS SOct

c* =  33.9 Å

S-S 3.47 Å

35

SC8-!DT-TTF

C1-!DT-TTF
!DT-TTF

Herringbone like

MOLECULAR ARRANGEMENT IN SINGLE-CRYSTAL

Long alkylthio chains ⇒　Layer-by-layer
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Thin films fabricated by spin-coating

S

S S

S

S

S

OctS SOct

36
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spin-coating

Benezene 0.6 wt %
2000 rpm 30 sec

THIN-FILM FABRICATION & XRD

Crystalline thin films formed.

SC8-!DT-TTF
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AFM & FET CHAR.

S S
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S

S S S

S S
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S

S

Me Me

S

S S
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S

S

OctS SOct

no field effect no field effect
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!FET = ~0.2 cm2/Vs

Normally-on 

FET

AFM

400 nm

Step

 height

180 nm 40 nm

SC8-!DT-TTFC1-!DT-TTF!DT-TTF
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On Si/SiO2 Top-contact type
W=1500, L =50 #m

S

S S

S

S

S

S SC8H17 C8H17

S

S S

S

S

S

Me Me

E1/2(Fc/Fc+) = -4.8 eV 

HOMO

-4.75 -4.70 -4.75

-5.0

-4

-5 3a
(H)

3b
(Me)

3c
(octylthio) DT-TTF

S S

S

S

S S

C1-!DT-TTF

SC8-!DT-TTF
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S

S

S

S

S

S

DT-TTF

RR onset E1
1/2 E2

1/2 "E EHOMO / eV

3a H -0.05 0.03 0.38 0.35 -4.75

3b Me -0.12 -0.04 0.32 0.36 -4.68

3c SC8H17 -0.04 0.03 0.34 0.31 -4.77

DT-TTF 0.18 0.30 0.63 0.33 -4.98

Low oxidation potential（High EHOMO)

-4.95

Acyl

PyTTF

!DT-TTF

E
H

O
M

O
 /

 e
V
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OXIDATION POTENTIALS

S

S

S

S S

S S

S R

S

S SS

SS

RR

R = Me or SC8H17

SUMMARY OF !DT-TTF
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Solution-process

Layer-by-layer
Structure

EHOMO = -4.75 eV

S

S S

S

S

S

S SC8H17 C8H17

SC8-!DT-TTF

Small disorder

Long alkylthio chains ⇒ solubility & Self-organization

S-S & $-$ 2D interaction

!FET = ~ 0.2 cm2/Vs (> PyTTFs, " DT-TTF)

Low oxidation potential
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$-core

Si/SiO2 substrate

alkyl 

$-core 

alkyl

Air-stability & MobilitySolubility & Layer-by-layer

⇒ $-core⇒ Molecular design

S

S

N

S

S

NR R

S

S

S

S

S

S

S

S

N

S

S

N

O

R O

R

S

S

S S

S S

RS SR

C16-PyTTF 

!FET = 0.008 cm2/Vs

C16-AcPyTTF

!FET = 0.08 cm2/Vs

SC8-!DT-TTF

!FET = 0.2 cm2/Vs

DT-TTF

!FET = 0.3 cm2/Vs
1

2 3

SUMMARY OF EXPERIMENTAL RESULTS

Heteroaromatic-fused TTFs
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2 cm2/Vs (solution-process)
Ebata et al. JACS 2007, 129, 15732.

$-core

S

S

S

S

BTBT

DNTT

8 cm2/Vs (vacuum-process)
Kang et al. Adv. Mater. in press.

$-core

2.4 cm2/Vs 
on Polyimide/PC

Doi et al. Cur. Appl. Phys., submitted.

no Thin Films

3 cm2/Vs 
(vacuum-process)

Yamamoto et al. JACS 
2007, 129, 2224.

LONG ALKYL CHAINS + HETEROACENE "-CORE

CHAPTER 3Air-stability & high mobility

Difference from heteroaromatic-TTFs !?

Layer-by-layer structure
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 -4.95 -4.98
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CORRELATION OF AIR-STABILITY

-4

-5

Cn-PyTTF

 -4.62

Higher energy levels for TTF derivatives

-4.75

-5.5 -5.4

Cn-AcPyTTF SCn-!DT-TTF DT-TTF Cn-BTBT

DNTT

HOMO energy levels

E
H

O
M

O
 /

 e
V

S

S

N

S

S

NR R

S

S

N

S

S

N

O

R O

R

S

S

S S

S S

S SR R

S

S

S

S

S

S

S

S

S

S

R
R

-5.5

-4.5

Air-stable

1 2 3
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CORRELATION OF MOBILITY

a

b

c

Typical Herringbone fashion
S-S 3.54 Å

S

S

C12H25C12H25

How was the strong S-S interaction !?

Packing of C12-BTBT
S-S !-!

!

!

!

!
!

!

Heteroaromatic-fused TTFs

S

S

N

S

S

NR R

S

S

N

S

S

N

O

R O

R

S

S

S S

S S

S SR R

S

S

S

S

S

S

3.40 Å

< 3.57 Å

3.46 Å

3.55 Å

It is necessary to evaluate electronic structure quantitatively.

(DNTT is similar)

2 cm2/Vs
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MECHANISM OF ELECTRON-TRANSFER

S S

S S

S S

S S

S S

S S

S S

S S

e
-

+Hopping Model

 

k
ET

= t
2 !
!k

B
T"

exp #
$E # "( )

2

4"k
B
T

%

&
'

(

)
*

Electronic Transfer rate kET  
(Marcus Theory)

Portion for energy gain

Two major parameters

Portion for energy loss

t：transfer integral

!：reorganization energy 

Calculate t & ! in following slides

To evaluate electronic structure / properties relating to hole transport quantitatively

A hole is considered to be 
transfered via overlap of orbitals.

Mechanism in well-ordered organic semiconductors
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REORGANIZATION ENERGY (!)

!
rel

(1)

!
rel

(2)

Neutral

+1

Ground

+1 optimizedE

for hole !
h
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!
h
= !

(1)

rel
+ !

(2)

rel

DEFINITION：Sum of two relaxation energy

B3LYP/6-31G(d), Gaussian 03 program

An isolated molecule in vacuum
Keep planer conformation

S S

S S

S S

S S

Energy-loss when a hole 
transfers to the 
neighboring one 
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Compound Structure !h (meV) "FET (cm2/Vs)

C16-PyTTF 280 0.008

C5-AcPyTTF 350 0.08

SC8-"DT-TTF -a 0.2

DT-TTF 253 0.3

C12-BTBT 239 2

DNTT 130 3

Aromaticity

Non-aromaticity

S S

S S

S S

S S

TTFs have large values

a Alkylthio derivative has large value because of taking a boat form

S

S

N

S

S

NR R

S

S

N

S

S

N

O

R O

R

S

S

S S

S S

S SR R

S

S

S

S

S

S

S

S

S

S

R
R

Acyl derivative : the largest value

1

2

3
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REORGANIZATION ENERGY (!)

TRANSFER INTEGRAL (t)
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Program ADF (Amsterdam density functional)

Function
Slater-type orbital approximation
Triple-# polarization (TZP) basis set

Level GGA:PW91

Calculate t of dimers in single-crystal structure

1

2

H1s H1s

1#

2"

1#*

HOMO
1

HOMO

2

HOMO-1(dimer)

2t

HOMO(dimer)

$2$1

Electronic coupling between 
neighboring molecules
Evaluation of strength of electronic 
bonding

Neglect phases (+ or -)

e1 = 〈$1|%|$1〉
t12 = 〈$1|%|$2〉 

t12

eff =
t12 -

1

2
(e1 - e2 )S12

1 - S12

2

Overlap integral

Similar to a resonance integral ($)
when the AO forms MO

Analogy：H2分子
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tHOMO (meV)tHOMO (meV)
p 14
q 17a

tHOMO (meV)tHOMO (meV)
p 87a

q 3b

r 1

S

S

N

S

S

NC16H33 C16H33

S

S

N

S

S

NC8H17 C8H17
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C8-PyTTF C16-PyTTF

a !-! 3.57 Å. b S-S 3.40 Å.
a S-S 3.37 Å

c

p

p

rq

q
r

no field-effect (solution)
0.008 cm2/Vs (solution)

q
q

qq

p

p

TRANSFER INTEGRAL tHOMO

1-D

2D electronic interaction = higher mobility

tHOMO (meV)tHOMO (meV)
p 33a

q 25a

r 45b

s 43b

S

S

N

S

S

N

O

C5H11 O

C5H11

C5-AcPyTTF

p

q

r

s

rp

q

s

c

0.08 cm2/Vs (vacuum)

2-D
 b S-S 3.40 - 3.57 Å.

S-S short contact S-S contact Electronic Interaction
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tHOMO (meV)tHOMO (meV)
p 14a

q 54b

r 53b

S

S

S

S

S

S

tHOMO (meV)tHOMO (meV)
p 55a

q 34b

r 34b

S

S SS

SS

SSC8H17 C8H17

DT-TTF
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b S-S 3.46 Å. b S-S 3.55 Å.

q

q

r

p

p

r

p

q

q

r

r

p

Moderate t in two directions ⇒ 2D conducting layer 

2-D2-D

0.2 cm2/Vs (solution) 0.3 cm2/Vs (vacuum)

Values are larger than those in PyTTFs 
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TRANSFER INTEGRAL tHOMO

a S-S 3.54 Å. 
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tHOMO (meV)tHOMO (meV)
p 71
q 91a

r 14b

S

S

p

p

q q

r
r

tHOMO (meV)tHOMO (meV)
p 62a

q 46

S

S

C12H25C12H25

q

q

q

q
p

p

a

2-D 2-D

2 cm2/Vs (solution) 3 cm2/Vs (vacuum)
C12-BTBT DNTT

 a CH-! 2.78 Å. b CH-! 2.73 Å 

t (50 ~ 90 meV) in two directions
⇒ Stronger interactions than those in TTF derivatives
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TRANSFER INTEGRAL tHOMO
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compd. structure
tHOMO (meV)tHOMO (meV)tHOMO (meV)

!FET (cm2/Vs)compd. structure
perp side1 side2

!FET (cm2/Vs)

C16-PyTTF 87 3 1 0.008

C5-AcPyTTF 29a 45 43 0.08

SC8-!DT-TTF 14 54 53 0.2

DT-TTF 55 34 34 0.3

C12-BTBT 62 46 46 2

DNTT 71 91 14 3

S

S

N

S

S

NR R

S

S

N

S

S

N

O

R O

R

S

S

S S

S S

S SR R

S

S

S

S

S

S

S

S

S

S

R
R

SUMMARY OF 

TRANSFER INTEGRALS

t ＝correlates with mobility（dimensionality & abs value）

縦
横2

横1

S-S contact direction

Not all S-S contact give electronic interactions 

1

2

3

Ph.D defense：Development of !-Conjugated Molecules with Long Alkyl Chains for OFETs

52

tHOMO (meV)tHOMO (meV)

p 40a

q 105b

r 28

S

S

S

S

p

p

q q
r

r

a !-! 3.6 Å. b S-S 3.55 Å.

HM-TTF

Thin films： 3 cm2/Vs (vacuum)

Crystal： 8 cm2/Vs 

Chem Mater. 2007, 19, 6382.
J. Mater. Chem. 2009, 19, 6548.

EX. OF EFFECTIVE S-S INTERACTION IN TTF

Quasi 2-D

3.46 Å (SC8-!DT-TTF).

"-Orbital expands the "-plane 
normal (anisotropic)

S-S interaction
• Distance
• Position Both needed.
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Si/SiO2 substrate

alkyl 

"-core 

alkyl

"-core

S

S

S

S

tHOMO = ~50 meV

• Low oxidation potentials（air-stability）
• Large "h & small t in the Herringbone like packing 

(mobility)

Good Molecular Design Strategy

Correlation: FET Char. & Structures

• 2D electronic interaction in layer-by-layer structures

!　DNTT＆BTBT

S

S
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Chapter 2

Chapter 3

SUMMARY

Compd. Solubility

◯
"

◯

Air-stability

"

"

◯

Mobility

0.01

0.08

0.2

cm2/Vs
Layer-by-layer

◯
◯
◯

Correlated electronic Structure EHOMO
t values/dimensionality

Cn-PyTTF

Cn-AcPyTTF

SC8-!DT-TTF

"h values

Long alkyl chains + heteroaromatic-fused TTFs 

8 cm2/Vs on Si/SiO2

2.4 cm2/Vs on PC/polyimide ~0.4 cm2/Vs

(vacuum-proces)

(solution-process)

~2.1 cm2/Vs

1

2

3

Heteroacene core + Long alkyl chains 

Long alkyl chains along a small !-conjugated molecule promote 
formation of 2D conducting layers which suitable for thin-film-based 
OFETs owing to its hydrophobic interaction. 
The resulting semiconductors showed high characteristics even on 
plastic substrates.
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