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Abstract 
 

The development of organic field-effect transistors for application in organic electronic 

devices has attracted considerable interest due to their ease of design and solution 

processability in thin film and device fabrication.  For p-type semiconductors, a number of 

small molecules with π-conjugated system have been studied due to their advantages of a well-

defined molecular structure and high purity.  Among them, thienoacenes have been receiving 

great attention because of their excellent organic semiconducting properties.  With the addition 

of appropriate substituents, structurally rigid π-conjugated organic molecules exhibit 

significant properties required for high-performance organic semiconductors, such as 

controllable solubility and optical absorption capability.  Therefore, not only the development 

of π-conjugated small molecules, but also the introduction of side chains into the potential 

backbones is necessary to achieve higher FET performance.   

This doctoral Thesis focuses on the investigation of regioisomeric effects on intrinsic 

electronic and charge transport properties and engineering side chain effects on the 

physicochemical properties.  Based on this, the Author designed, synthesized, and 

characterized π-conjugated derivatives with different types of side chains, aiming at the 

efficient development of high-performance organic semiconductors.  In addition, an array of 

novel isomers with seven fused rings and a π-extended conjugated system was designed and 

synthesized.  By characterizing these isomerism properties, a better understanding of the effect 

of positional isomers of thiophene on the semiconducting properties is proposed to comprehend 

the structure-property relationship.   

 

Chapter 2.  Synthesis and Physicochemical Properties of 2,7-Disubstituted 
Phenanthro[2,1-b:7,8-b’]dithiophenes 

Chapter 2 reports on the design, synthesis, and physicochemical properties of 

phenanthro[2,1-b:7,8-b’]dithiophene (PDT-2) derivatives with five alkyl (CnH2n+1; n = 8, 10, 

12, 13, and 14) or two decylthienyl groups at 2,7-positions of the PDT-2 core.  Systematic 

investigation revealed that the alkyl length and the type of side chain have a great effect on the 

physicochemical properties.  In alkylated PDT-2, the solubility gradually decreased with 

increasing chain length.  For instance, C8-PDT-2 exhibited the highest solubility (5.0 g/L) in 

chloroform.  Additionally, PDT-2 substituted with 5-decylthienyl groups showed poor 

solubility in both chloroform and toluene, whereas PDT-2 substituted with 4-decylthienyl 
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groups resulted in higher solubility.  Furthermore, the UV-vis absorption of PDT-2 derivatives 

substituted with decylthienyl groups showed red-shift, indicating the extension of their π-

conjugation length.  This study reveals that modification of the conjugated core with alkyl or 

decylthienyl side chains may be an efficient strategy to change their physicochemical 

properties and may lead to the development of high-performance organic semiconductors.   

 
 

Chapter 3.  Effect of Positional Isomerism of Picenodithiophene Derivatives on 

Semiconducting Properties 

Thienoacenes are well known as the key to high-performance semiconductors, and are 

ladder- shaped thiophene-containing π-conjugated molecules with an acene structure in which 

the benzene rings are replaced by thiophene rings.  The π-extended system of linear 

thienoacenes enhances the intermolecular overlap in the solid state resulting in high mobility.  

Moreover, the introduction of sulfur-containing π-conjugated system not only extends the π-

conjugated system but also increases the transfer integrals and lowers the reorganization energy 

due to the formation of favorable orbital overlap via CH−π, S−S, and S−π interactions between 

neighboring molecules in the solid state. However, the introduction of the thiophene rings into 

the acene backbone generates a various number of regioisomers.  Therefore, investigation of 

the regioisomeric effect on intrinsic electronic and charge transport properties is crucial 

because understanding the structure-property relationship can be directly related to 

rationalization of molecular design and fabrication of efficient devices.   
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This Chapter reports on the design, synthesis, physicochemical and FET properties of 

piceno[3,2-b:10,11-b']dithiophene (PiDT-3), a positional isomer of piceno[4,3-b:9,10-

b’]dithiophene (PiDT-1).  Solubility studies showed that PiDT-3 has low solubility in common 

organic solvents due to its large conjugated system, but its solubility was improved to 0.5 g/L 

in hot o-dichlorobenzene solution.  The UV-vis absorption spectrum of PiDT-3 showed a clear 

red-shifted behavior due to the increased π-conjugation compared to PiDT-1.  OFET devices 

based on PiDT-3 on chlorosilane-treated substrates showed a low mobility of 10−4 cm2 V−1 s−1.  

When the SAM was changed from chlorosilanes to FOTS, the mobility of PiDT-3 reached 1.8 

× 10−2 cm2 V−1 s−1.  However, the hole mobility of PiDT-3 was found to be lower than that of 

PiDT-1, even though the surface was modified with different types of SAMs.  This may be 

attributed to the change in the morphology and the molecular packing of the thin film due to 

the increase in the molecular dipole moment of in PiDT-3.   

 

Chapter 4.  Synthesis and Physicochemical Properties of Picenodithiophene Isomers: 

Investigation of the Effects of the Position of the Sulfur Atoms 

In general, π-conjugated thiophene rings not only stabilize the HOMO by slightly reducing 

the π-delocalization, but also form favorable orbital overlap between neighboring molecules in 

the solid state via CH−π, S−S, and S−π interactions, resulting in high transistor performance.  

However, the incorporation of sulfur atoms into the π-core raises new issues regarding 

molecular isomerism.  The position of the sulfur atom greatly affects the transition dipole of 

the molecule, which in turn affect the physicochemical properties as well as the molecular 

packing. Therefore, investigating the effects of the position of the sulfur atom in π-conjugated 

isomers is extremely important for understanding the structure–property relationship.   

 



 vii 

This Chapter presents the synthesis and physicochemical properties of two isomers of PiDT 

derivatives with different sulfur atom positions, namely, piceno[3,4-b:10,9-b’]dithiophene 

(PiDT-2) and piceno[2,3-b:11,10-b’]dithiophene (PiDT-4).  The UV-vis absorption spectrum 

of PiDT-2 showed a clear blue-shifted behavior compared to that of PiDT-1, while the 

positional isomers of the sulfur atom, PiDT-3 and PiDT-4, exhibited maximum absorption at 

almost the same wavelength.  In addition, the fluorescence spectrum of PiDT-2 was distinctly 

red-shifted compared to that of PiDT-1, and that of PiDT-4 was blue-shifted compared to that 

of PiDT-3.  These results highlight that the difference in the position of the sulfur atom in the 

PiDT core has an important effect.  
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Chapter 1 
 
 

General Introduction 
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1-1 Introduction of Organic Field-Effect Transistors 

Since 1986, when Tsumura, Koezuka, and Ando first developed an organic field-effect 

transistor (OFET) that could recognize current gain by an in-situ polymerized 

polythiophene transistor,1 organic semiconductors have gained a great deal of attention 

as potential materials for the development and production of next-generation organic 

electronics.  To date, academic and industrial research centers have made tremendous 

engineering advances to investigate the device architectures.  Most of the improvements 

in OFET technology can be attributed to synthetic chemists who understand the 

requirements of electrical devices and have developed materials that can be used for 

device fabrication.2  The first OFET devices were fabricated by polymerizing insoluble 

films of polyacetylene and polythiophene directly onto a substrate, and had at a low 

mobility of 10−5 cm2 V−1 s−1.  In 1988, Assadi, et al. were the first to apply polythiophene, 

a soluble organic polymer materials, to OFETs.3  At present, organic semiconductors are 

promising alternatives to inorganic semiconductors because their performance exceeds 

that of amorphous silicon thin-film transistors.  The mobility of small-molecule single-

crystal field-effect transistors is as high as 42 cm2 V−1 s−1, while the mobility of polymer 

thin-film transistors reaches up to 102 cm2 V−1 s−1, meeting the requirements for industrial 

production.4   

Compared to inorganic semiconductors, organic semiconductor materials offer a wide 

range of advantages, including a wide range of sources, the ability to be incorporated into 

printable and flexible electronics, and the ability to improve chemical and physical 

properties through molecular design, thereby making it possible to create high-

performance organic semiconducting devices.2,5  The introduction of side chains usually 

affects the intermolecular packing in the solid state or thin film morphology, leading to 

the appropriate solubility and improving the charge transport properties to realize high-

performance devices.6  According to the data, research in the field of OFETs is mainly 

focused on the following aspects: 1) Design and synthesis of novel organic semiconductor 

materials with suitable solubility for fabrication by solution processes and good packing 

in the solid state to achieve high field-effect mobility.  2) Optimization of device 

fabrication techniques, e.g., incorporation of doping and interface engineering to improve 

thin film microstructure and exploring of new device configurations.  3) Elucidation of 

the mechanisms of charge transport and the factors that affect device performance.   
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In general, charge carriers move from the channel parallel to the interface of the gate 

dielectric.  When a drain-to-source voltage is applied, a current is formed between the 

source and drain electrodes, which can be regulated by the gate voltage.  The gate is 

separated from the channel by an insulator, which generates a capacitor for charge 

transport in the channel.  In the conventional configurations of OFET devices, the top-

contact configuration has the advantage that the internal structure of the thin film and the 

interface between the organic layer and the insulating layer are relatively uniform, thus 

avoiding any negative impact on the device performance.  Typically, it can be divided 

into four configurations: top-contact bottom-gate, bottom-contact bottom-gate, top-gate 

bottom-contact, and top-gate top-contact, as shown in Figure 1-1.   

 

 

Figure 1-1. Device configurations. 

 

It is well known that device configuration plays a very important role in device 

performance.  Top contact is the most widely reported configuration as it exhibits better 

performance than bottom contact.  When small molecules are deposited on the substrate 

or metal, the structure of the crystal of the source/drain interface becomes more complex 

and may be subjected to local damage during evaporation.  In the contact configuration 
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(Figure 1-2), the molecules stand on the substrate and form a uniform molecular packing 

due to the polarizability of the highest electron cloud.  However, when the small 

molecules land on the metal, the potential energy of the first layer of electron cloud, which 

is in direct contact with the metal, is the lowest.  This leads to a lateral orientation of the 

molecules in the source and drain contact region, a packing quite different from that 

obtained between the channels.  Such disorder phenomena are detrimental to charge 

transfer.7   

 

Figure 1-2. Top contact vs. bottom contact. 

 

Self-assembled monolayers (SAMs) are an efficient method to design surface states in 

both top-contact and bottom-contact configurations.  Molecules applied in SAMs are 

usually composed of three parts: a head group that selectively binds to the material, a 

backbone that governs molecular ordering; and a tail that influences the topography of 

the interface.8  When a SAM binds to a surface under ideal conditions, it forms a single, 

densely packed, highly ordered monolayer (Figure 1-3).  Suitable SAM engineering, and 

the devices resulted in significantly improved contacts and better performance than 

untreated devices.   
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Figure 1-3. Simulated SAM packing on a substrate. 

 

1-2 Organic Semiconductor Materials  

Conceptually, organic semiconductors have the advantage of being structurally 

versatile and their properties can be easily functionalized through molecular design.  A 

large number of π-conjugated semiconducting materials have been developed for use in 

OFET.  Organic semiconductors are typically composed of small molecules or polymers 

consisting of a basic group of conjugated monomer building blocks, as shown in Figure 

1-4.  The unique properties of organic semiconductors depend on the combination of 

different elements.  The study of such structure-property relationships has attracted the 

attention of many scientists.   

 

 

Figure 1-4. Some of the more common repeating functional units in organic semiconductors.   

6XEVWUDWH +HDG�JURXS%DFNERQH7HUPLQDO�JURXS
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Small molecule semiconductors have been widely used in OFETs, because they are 

easy to purify and can readily form crystalline thin films for the fabrication of high-

performance devices.  Polycyclic aromatic hydrocarbons (PAHs) are a potential catalogue 

of ideal transistor behavior for use in OFET.9,10  Typical acenes and fused arenes of 

aromatic hydrocarbons as seen in Figure 1-5.  Linear acene-type pentacene has been 

reported to have high FET mobilities of 35 cm2 V−1 s−1.  The π extended systems of linear 

acenes strengthens the intermolecular overlap in the solid state, resulting in high mobility.  

However, pentacene has a relatively high lying highest occupied molecular orbital 

(HOMO) and narrow bandgap, which makes it unstable to oxidize and rapidly degrades 

under ambient conditions.11  In contrast, phenacenes, an isomeric derivative, are 

considered as potential molecules for high-performance p-type OFETs.  The phenacene-

type PAHs, picene, with benzene rings fused in a zigzag arrangement, showed very high 

mobility up to 20.9 cm2 V−1 s−1 and high stability12 due to the low-lying HOMO energy, 

but the relatively high ionization potential prevented smooth hole injection, resulting in a 

rather high threshold voltage.13,14,15   

 

 

Figure 1-5. Chemical structures of acenes and phenacenes.   

 



7 
 

 

Single crystals are an almost perfect example with high molecular order, low number 

of defects, and intrinsic charge transport properties compared to organic thin films.16  

Structural anisotropy is also one of the most important properties of single crystals.  

Charge carriers in organic semiconductors must travel from one molecule to its neighbor 

through a channel.17  Therefore, the charge transport properties of the crystal are highly 

dependent on the packing properties of the molecules themselves.  To date,  some of the 

highest mobilities of ~40 cm2 V−1 s−1 have been found in pentacene and rubrene-based 

organic single crystal field effect transistors.18,19  In particular, single crystal OFETs are 

not affected by grain boundaries, which makes them useful for studying intrinsic material 

properties.  It has also been suggested that increasing the transfer integral or lowering the 

reorganization energy can be effective in increasing the mobility.  In 2004, the anisotropy 

of rubrene single crystals was investigated using a four-point measurement system and a 

free-space dielectric (Figure 1-6).  The hole mobility in the b-axis direction of the rubrene 

single crystal was ~13 cm2 V−1 s−1, while that in the a-axis direction was ~5.5 cm2 V−1 

s−1, indicating a clear anisotropic characteristic.20  Moreover, field-effect transistors using 

rubrene single and parylene as dielectric demonstrated strong anisotropy with a maximal 

mobility of 13 cm2 V−1 s−1.21   

 

 

Figure 1-6. Chemical structures of rubrene 

 

1-3 Thienoacenes-Based Organic Field-Effect Transistors 
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Thienoacenes are well known as the key to high-performance semiconductors, and 

ladder-type thiophene-containing π-conjugated molecules with acene structures in which 

the benzene rings are replaced by thiophene rings.22  The introduction of sulfur atoms into 

the acene backbone relatively enhances the intermolecular interaction in the solid state 

and allows for fine tuning of the HOMO and lowest unoccupied molecular orbital (LUMO) 

energy levels.  As mentioned above, pentacene exhibits outstanding charge transport 

properties, but it can easily be oxidized in the ambient environment.  However, the 

HOMO energy level of pentathienoacene is −5.3 eV, which is lower than the −5.0 eV of 

pentacene.23  This lowering of the HOMO energy level indicated that pentathienoacene 

is more stable than pentacene.  As a result, the crystal packing structure of 

pentathienoacene had a π-stacked structure, which is completely different from that of 

pentacene, which has a herringbone structure.  In 2005, it was found that increasing the 

number of fused thiophene rings in thienoacenes from five to seven, improved their 

stability over acenes (Figure 1-7).24   

 

 

Figure 1-7. Chemical structures of pentathienoacene and heptathienoacene.   

 

Similarly, the end-capped thiophene ring in thienoacenes also has different properties 

from those of acenes.  Bao and co-workers have reported unsymmetrical linear acene 

derivatives containing end-fused thiophene units.25,26  Tetraceno[2,3-b]thiophene showed 

slight higher ionization potential (5.17 eV) and wider energy band gap than pentacene 

(5.14 eV).  As a result, it was found to be more stable than pentacene.  The optical bandgap 

of pentaceno[2,3-b]thiophene in solid state was 1.58 eV, compared to 1.96 eV for 

tetraceno[2,3-b]thiophene and 2.51 eV for anthra[2,3-b]thiophene, indicating that it is 

more stable than pentacene.  However, the field-effect mobilities were measured to be 

0.15 cm2 V−1 s−1 for anthra[2,3-b]thiophene, 0.47 cm2 V−1 s−1 for tetraceno[2,3-

b]thiophene, and 0.57 cm2 V−1 s−1 for pentaceno[2,3-b]thiophene, respectively (Figure 1-
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8).  These values were similar to that for pentacene under the same measurement 

conditions.   

 

 

Figure 1-8. Chemical structures of asymmetric thienoacenes.   

 

Shortly thereafter, a large number of thienoacenes have been developed and evaluated 

as organic semiconductors, such as benzothieno[3,2-b]benzothiophene (BTBT)27 and 

dinaphtho[2,3-b:2,3-f]thieno[3,2-b]thiophene (DNTT) (Figure 1-9).28  In 2007, Takimiya 

and co-workers reported benzene end-capped thienothiophenes and π-extended 

heteroarenes with six fused aromatic rings, as BTBT and DNTT, respectively.  These 

alkylated BTBT derivatives showed high solubility in common organic solvents and spin-

coated films exhibited mobility over 0.1 cm2 V−1 s−1.  C13-BTBT showed the highest FET 

performance with a mobility of up to 2.75 cm2 V−1 s−1.  On the other hand, DNTT, based 

on vacuum-deposited thin films on OTS-treated SiO2/Si substrates, exhibited mobility up 

to 2.9 cm2 V−1 s−1 and on/off ratio of 107.  Moreover, single crystals devices showed 

mobility as high as 8.3 cm2 V−1 s−1 and on/off ratios up to 109.29   
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Figure 1-9. Chemical structures of BTBT, DNTT and DATT derivatives.   

 

The synthesis of BTBT dates back to 1995, where harsh conditions were applied and 

the reaction was conducted using the flash vacuum pyrolysis (FVP) of a phosphorus 1 at 

850 oC to afford BTBT in 36% yield via tandem radical cyclization (Scheme 1-1).30  

Subsequently, a relative friendly method was developed by Sashida et al.31 who used 2,2-

dibromodiphenylacetylene (2) as starting material and prepared the desired product in 49% 

yield through a double intramolecular ring formation pathway.  Another method including 

the double intramolecular cyclization of disodium 4,4’-dinitrostilbene-2,2’-disulfonate 

(4), yielded the 2,7-diamino compound 5 in three steps.  Further diiodination of 

compound 5 followed by palladium-catalyzed Suzuki-Miyaura coupling reaction of 

phenyl boronic acid with 2,7-diiodo[1]benzothieno[3,2-b][1]benzothiophene (6) gave 

DPh-BTBT in 52% yield.32  

 

Scheme 1-1. Synthetic routes of BTBT and DPh-BTBT 
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DNTT was first synthesized in 2007 by Takimiya and co-workers as shown in Scheme 

1-2.28  2-Naphthaldehyde (7) was used as a starting material to obtain 3-methylthio-2-

naphthaldehyde (8) in presence of lithium N,N,N′-trimethylethylenediamide and excess 

n-BuLi, followed by addition of  dimethyl disulfide.  The McMurry reaction of compound 

8 with titanium tetrachloride and zinc formed the alkene (9) in 80% yield.  Finally, 

treatment with iodine produced the desired product between the two naphthalene rings, 

giving DNTT as thermally stable yellow crystals in 85% yield.   

 

Scheme 1-2. Synthetic routes of DNTT 
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In general, the introduction of an aromatic fused ring into the backbone results in dense 

packing structure in the solid state due to a large π-conjugated system and thus a greater 

overlap of intermolecular orbitals.  In 2011, a highly π-extended dianthra[2,3-b:20,30-

f]thieno[3,2-b]thiophene (DATT) was selectively synthesized and applied in OFET.33  

The synthetic route of DATT as shown in Scheme 1-3 was used to obtained compound 

11 quantitively starting from 2-methoxyanthracene (10).  Subsequently, a 2-methoxy 

functionalization reaction was conducted to form the triflate compound 12, which was 

further utilized in a palladium-catalyzed Migita-Kosugi-Stille coupling reaction with 1,2-

bis(tributylstannyl)ethene to yield compound 13.  Finally, an excess of iodine was used 

to accelerate the cyclization reaction to give DATT in 50% yield.   

 

Scheme 1-3. Synthetic routes of DATT 
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As shown in Figure 1-10, the HOMO energy levels of BTBT, DNTT and DATT were 

estimated from MO calculations.  In the HOMO of BTBT, a large coefficient is found to 

occupy on the sulfur atoms.  This geometry may be beneficial for the overlap of 

intermolecular orbitals in the solid state.  Due to the large atomic radius of the sulfur 

atoms, the sulfur atoms play an important role in promoting the intermolecular HOMO 

overlap, leading to a more effective π-orbital overlap.  The diacene-fused 

thienothiophenes are made by attaching a fused acene to the end of thienothiophenes, 

called diacene-fused thienothiophenes, the HOMO energy level increases and the 

HOMO–LUMO energy gap downshifts due to the extension of the π-conjugated system.  

Compare with BTBT, the both sides end-capped benzene rings could rise the HOMO 

energy level of DNTT from −5.58 eV to −5.18 eV and decrease the LUMO energy from 

−1.26 eV to −1.81 eV, respectively.  Furthermore, as expected, the HOMO energy level 

gradually increases with decreasing LUMO energy level in DATT, resulting in a narrow 

band gap.  From the calculations of the frontier molecular orbital energy levels, it is found 

that the reorganization energy of DATT is smaller than that of BTBT and DNTT.  

Although the performance of BTBT and DNTT was also investigated in OFET devices, 

this loss of  reorganization energy indicates the promising utilization of DATT as an 

organic semiconductor in the OFET field.   

 

 

Figure 1-10. Calculated frontier orbitals of BTBT, DNTT, and DATT at the DFT B3LYP/6-31 

g(d) level.33   



14 
 

In 2013, Okamoto and co-workers reported a V-shaped thienoacenes.34   They started 

the synthesis of dinaphtho[2,3-b:2’,3’-d]thiophene (DNT-V) from 2-

methoxynaphthalene and succeeded in obtaining dinaphthalene compound 14 by 

homocoupling reaction (Scheme 1-4).  Subsequently, compound 14 was demethylated to 

give compound 15.  Finally, Newman–Kwart rearrangement was conducted in the 

presence of N,N-dimethylcarbamothioic chloride to further obtain the target product 

under heating conditions.   

 

Scheme 1-4. Synthetic routes of DNT-V and its derivatives 

 

 

Although the HOMO energy level of DNT–V was –5.68 eV, the introduction of alkyl 

side chains had negligible effect on the HOMO energy level, resulting in a similarity of 

–5.57 eV for C10-DNT-VV and –5.64 eV for C10-DNT-VW, respectively.  All of these 

DNT-V derivatives adopted the typical herringbone packing motif in the solid state.  The 

intermolecular interaction analysis of each molecule was performed using transfer 

integrals (t) in all directions, as shown in Figure 1-11.  Indeed, the alkylated DNT-VW 

derivatives showed relatively lager transfer integrals in the HH direction.  These 

calculated results are reasonable in comparison with properties of FETs.  The alkylated 

DNT-V derivatives have suitable solubilities and can be utilized to fabricate solution-

processed OFET devices.  As a result, the C6-DNT-VW exhibited a high mobility of 9.5 

cm2 V−1 s−1.   
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Figure 1-11. Packing structure of C6-DNT-VW together with transfer integrals.34 

 

Subsequently, Okamoto and co-workers used a similar synthetic strategy to develop 

the N-shaped molecular structure of dinaphtho[2,3-d:2’,3’-d′]benzo[1,2-b:4,5-

b’]dithiophene (DNBDT-N).35  The calculated HOMO geometry showed that the electron 

distribution is delocalized throughout the π-system of the molecule.  The contribution of 

sulfur atoms was found to be significant, leading to effective intermolecular orbital 

overlap (Figure 1-12).  The HOMO energy of DNBDT-N was found to be −5.51 eV, 

which is relatively higher than that of DNT-V due to the π-extended system.  The 

alkylated DNBDT-N derivatives were also found to be highly soluble in common organic 

solvents.  Therefore, the solution-processed OFET crystals of C10-DNBDT-NWs 

exhibited high hole mobility of 16 cm2 V−1 s−1 at small threshold voltage.  These results 

suggest that C10- DNBDT-NW may have potential application in flexible displays and 

RF-ID tags in the future.36,37   

 

 

Figure 1-12. Chemical structure and HOMO coefficient of DNBDT-N.38 
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Both DNT-V and DNBDT-N showed a bent-shaped molecular structure from single 

crystal analysis.  Such a bent-shaped molecular structure was found to suppress the 

molecular motion and stabilize the crystal phase.  However, in chryseno[2,1-b:8,7-

b’]dithiophene (ChDT), it was found that π-conjugated system could be extended to 

achieve a zigzag molecular shape.39  The synthetic routes for ChDT and its functional 

derivatives can be summarized in Scheme 1-5.  Starting from the naphthalene compound 

18, compound 19 can be efficiently synthesized by halogen–metal exchange, 

transmetalation, and Negishi cross-coupling reactions.  Further deprotection and 

cyclization reactions led to the synthesis of ChDT in high yields.  The ChDT core was 

successfully functionalized with alkyl side chains and 4-decylthiophen groups to obtain 

C10-ChDT and C10-Th-ChDT, respectively.  The ionization potential of ChDT was 

determined to be 5.84 eV.  However, the introduction of the 4-decylthiophen group can 

not only reduce the ionization potential but also increase the solubility of C10–Th–ChDT.  

In the evaluation of single-crystals OFET devices, the parent ChDT exhibited a hole 

mobility of 3.1 cm2 V−1 s−1, while the C10-ChDT showed a relatively smaller mobility of 

2.6 cm2 V−1 s−1.  However, a very high mobility (10 cm2 V−1 s−1) was observed for C10-

Th-ChDT.  To explain these results, transfer integrals and intermolecular electronic 

couplings were calculated.  All ChDT derivatives showed a herringbone packing motif, 

but the tilt angles were different.  C10–ChDT had the largest tilt angle (89°) and a lying 

structure among these derivatives, indicating smaller transfer integrals compared to the 

parent ChDT.  On the other hand, the calculated effective mass m* in the column direction  

of C10-Th-ChDT was smaller than that of the parent ChDT.  This is attributed to the 

smaller effective mass of C10-Th-ChDT, resulting in higher mobility.   

 

Scheme 1-5. Synthetic routes of ChDT and its derivatives.  
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Recently, Nishihara’s group reported piceno[4,3-b:9,10- b’]dithiophene (PiDT-1) with 

seven fused rings and a π-extended conjugated system.40  From the 4-formylthiophene 

compound 21, compound 22 was synthesized by palladium-catalyzed reaction with 2,7-

dibromophenanthrene (Scheme 1-6).  The final product was obtained by subjecting 

dialdehyde compound 22 to successive epoxidation and Friedel−Crafts-type 

intramolecular cycloaromatization reactions.  The thin-film OFETs of PiDT-1 derivatives 

were investigated using a typical bottom-gate-top-contact configuration device.  The 

results show that C8-PiDT-1 exhibited the highest mobility of 2.36 cm2 V−1 s−1 among 

these derivatives.  This effective charge transport phenomenon may be attributed to the 

small grain size of C8-PiDT-1 and the formation of a flat monolayer on the substrate.   

 

Scheme 1-6. Synthetic routes of PiDT-1 and its derivatives.   
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1-4 Effect of Regioisomerism on Semiconducting Properties 

From the previous discussion, the fused thiophene ring in thienoacenes can not only 

enhance the intermolecular interaction but also reduce the reorganization energy in the 

solid state, resulting in high charge transport performance.  However, the introduction of 

thiophene rings into the acene backbones creates a new problem because it generates 

various regioisomers, such as syn/anti-isomers and positional isomers, etc.  Technically, 

the purification of regioisomers of thienoacenes has been the extremely difficult due to 

their similar molecular structure and polarity.  In particular, anthradithiophene (ADT) 

(Figure 1-13), as an isoelectronic analogue of pentacene, syn- and anti-ADT mixtures 

showed field-effect mobility up to 0.09 cm2 V−1 s−1.41   Through the great efforts of 

scientists, pure ADT isomers were prepared by developing new synthetic routes for the 

syn- and anti-isomers, respectively.  The anti-ADT exhibited a relatively high hole 

mobility of 0.12 cm2 V−1 s−1, which is 10 times higher than that of syn-ADT.42  This 

peculiar phenomenon is attributed to the increased homogeneous orientations in the anti-

isomers and the energy loss during intermolecular relaxation in syn-isomers.   

 

 

Figure 1-13. Chemical structures of syn- and anti-ADT.   

 



19 
 

In 2017, Yasuda and co-workers reported dialkylated syn- and anti-

thienobisbenzothiophene (TBBT), in which the central benzene ring of ADT core was 

replaced by a thiophene ring to form the TBBT core.43  The synthetic route of TBBT-8 

isomers is depicted in Scheme 1-7.  Both syn- and anti-isomers were synthesized using 

dibenzothiophene (24) as starting material.  The diiodination or dibromination of 

dibenzothiophene was conducted in sequence to form the corresponding compounds 26 
and 29, respectively.  Subsequent Sonogashira–Hagihara coupling reactions with 1-

decyne followed by cyclization on both sides afforded syn- and anti-TBBT-8 in good 

yields.  The HOMO energy levels of syn- and anti-TBBT-8 in the thin films were found 

to be −5.45 and −5.60 eV, respectively.  Single-crystal OFETs of syn-TBBT-8 exhibited 

hole mobility up to 10.1 cm2 V−1 s−1, which is 20-fold higher than that of anti-TBBT-8.  

This high mobility can be attributed to the molecular orientation in the solid state.  In the 

case of syn-TBBT-8, a typical 2D herringbone packing motif is obtained, which is 

advantageous for charge transport.  On the other hand, anti-TBBT-8 showed the 1D-like 

charge transport properties, resulting in lower hole mobility.   

 

Scheme 1-7. Synthetic routes of syn- and anti-TBBT-8.   
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In general, the introduction of sulfur-containing π-conjugated systems can not only lead 

to the formation of favorable orbital overlap via CH-π, S-S, and S-π interactions between 

adjacent molecules in the solid state, but also extend the π-conjugated system, increase 

the transfer integrals, and lower the reorganization energy.  The DNT isomers presented 

from different as the position of the sulfur atom (Figure 1-14).  The single crystal OFET 

device based on DNT-V exhibited a high mobility of 1.5 cm2 V−1 s−1.34  Similarly, a closed 

value of 1.6 cm2 V−1 s−1 was observed in the case of DNT-W.44  These high hole mobilities 

might be attributed to the large orbital coefficients of the sulfur atoms and the more 

favorable molecular packing motifs.  However, in the single crystal of DNT-U, the 

contribution of the sulfur atom is small, and hole mobilities down to 0.15 cm2 V−1 s−1 

were observed, which is one order of magnitude lower than the former two isomers.45  

These results highlight the fact that different isomers can lead to dramatic changes in 

semiconducting properties.   
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Figure 1-14. Chemical structures of DNT isomers and their corresponding HOMO 

coefficients.34,44,45 

 

In fact, molecular symmetry indirectly affects charge transport by molecular packing 

to a great extent.  However, regioisomers often have different shapes and electronic 

structures even though they have the same symmetry, which may result in different 

molecular packing in solids.  In particularly, DNTT and its structural isomers exhibited 

different charge carrier properties in the crystal structures.46  DNTT employs a 

herringbone packing motif, which is known to be an efficiency molecular arrangement 

for charge transport.  However, while DNTT-2 has a π-stack structure, DNTT-3 exhibited 

a sandwich-type herringbone motif (Figure 1-15).  The mobility of the thin-film OFET 

devices in DNTT-2 (2.6 ×10−2 cm2 V−1 s−1) and DNTT-3 (8.6 ×10−2 cm2 V−1 s−1) is 

relatively lower than that in DNTT.  Such a large difference may be attributed to the 

surface morphology and molecular orientation in the solid state.  Large grains in the 

needle-like and plate-like crystalline were observed in DNTT-2 and DNTT-3, which may 

have interfered with the charge transport.  In addition, DNTT showed higher device 

performance as a result of calculating larger transfer integrals from the single crystal 

configuration.   
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Figure 1-15. Chemical structure of the three DNTT isomers and their molecular packing.46 

 

In the case of the isomer DNTT-2, the herringbone packing motif is undesirable 

because it reduces the face-to-edge interaction.  However, very recently, Yasuda and co-

workers have reported a series dialkylated DNTT-2 derivatives.47  The synthetic route to 

the target dialkylated DNTT-2 derivatives is described in Scheme 1-8.  Indeed, the 

introduction of long alkyl side chains can significantly enhance the molecular order in the 

solid state and increase the intermolecular interactions between adjacent molecules.  

Therefore, C10-DNTT-2 exhibited a high hole mobility of 11 cm2 V−1 s−1 in solution-

processed OFET devices.  This high hole mobility can be attributed to the uniaxial 

orientation of the single crystalline domains in the C10-DNTT-2 thin film.   

 

Scheme 1-8. Synthetic routes of dialkylated DNTT-2 derivatives.   
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Previously, the Nishihara’s group reported the OFET properties of phenanthro[1,2-

b:8,7-b’]dithiophene (PDT-1) and phenanthro[2,1-b:7,8-b’]dithiophene (PDT-2).48,49  

Both isomers can be viewed as a substitution of the end-fused benzene rings of picene 

with thiophenes, but the position of the sulfur atoms to the thiophene rings is different.  

The 2,9-didodecyl-substituted PDT-2 showed relatively higher mobility (5.4 cm2 V−1 s−1) 

than the isomer C12-PDT-1 (2.2 cm2 V−1 s−1), which can be attributed to the effective 

intermolecular HOMO overlap and enhanced charge transport of C12-PDT-2 (Figure 1-

16).50,51  These studies are very important for the investigation of regioisomeric effects 

on intrinsic electronic and charge transport properties, because understanding the 

structure–property relationship can be directly used to rationalize molecular design and 

efficient device fabrication.   

 

 

Figure 1-16. Chemical structures of C12-PDT isomers and their corresponding HOMO 

coefficients.51   
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1-5 Effects of Side Chains on Semiconducting Properties 

Organic semiconductors with high charge mobility have been discussed above.  Among 

them, many π-conjugated backbones have been investigated to improve the performance 

of devices.  However, the solubility of organic π-conjugated systems is significantly 

reduced due to the strong π-π interaction, so it is usually required to introduce flexible 

side chains to obtain sufficient solubility.  On the other hand, side alkyl chains not only 

enhance the solubility of π-conjugated backbones in organic solvents, but also affect the 

interchain packing, crystallinity and morphology of thin films.6  Furthermore, 

heteroatoms and functional groups are introduced into the side chains of the conjugated 

backbones, which do not contribute directly to the charge transport of organic 

semiconductors, but have a  significant impact on device performance.52-54  In addition, 

side-chain modification as a molecular design strategy seems to be promising for further 

development of high-performance organic semiconductors.   

Alkyl chains are the most commonly used side chains in conjugated molecules.  The 

effect of the side chain on solubility may be due to additional van der Waals interactions 

between the alkyl chain and the solvent.55  Alkyl chains attached to the conjugated 

backbone affect solubility, with shorter alkyl chains generally having poor solubility and 

preventing the formation of crystalline thin films.  Conversely, increasing the length of 

the alkyl chain may increase the total cohesive energy, decrease the π-π stacking distance, 

and consequently increase the mobility.56  However, increasing the length of the alkyl 

chains form bulky sterics that interfere with intermolecular π-π interactions, resulting in 

decreased charge transport.  In the investigation of thienoacene molecules, as mentioned 

above, the introduction of two solubilizing alkyl groups in the long axis direction of the 

backbone BTBT molecule may promote intermolecular interactions.27  For n = 5-9, the 

solubility in chloroform was improved by increasing the alkyl chain length (Figure 1-17).  

The hole mobility of molecules with an even number of chains also show better 

performance.  Clearly, the hole mobility is not only affected by parity effect but also by 

chain length effect.  However, the solubility in chloroform decreased for n > 10, and the 

solubility decreased further as the length of the alkyl chains increased.  This result may 
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be due to the increase in wan der Waals interaction between the alkyl chains.  The 

solution-processed FET devices with the BTBT derivatives all exhibited a hole mobility 

of more than 0.1 cm2 V−1 s−1.  The hole mobility was significantly improved by increasing 

the number of carbons in the alkyl chain.  This may be due to the enhancement of 

intermolecular charge transport by increasing the length of the alkyl chains.  On the other 

hand, the hole mobility of the herringbone packing system increases with the length of 

the alkyl chains, that is, the length of the alkyl chain has a positive effect on the charge 

transport.   

 

 

Figure 1-17. Molecular structures, solubility in chloroform, and device performances of Cn-

BTBT 

 

From the above discussion, it is well known that BTBT is the most famous molecule 

among the organic semiconductor materials.  In the chemical structure of BTBT, positions 

5 and 10 are usually substituted with heteroatoms, for instance, selenium and tellurium 

(Figure 1-18).57  The other positions are modified by alkyl chains or functional groups, 

e.g., 2,7, 1,6 and 3,8-functionalization.58  The 2,7-functionalization often results in 

herringbone packing and high hole mobility in thin film and single crystals.59  In contrast, 

when side chains are introduced at the 1,6-, 3,8-, and 4,9-positions, a π-π stacking 

structure appears instead of herringbone packing.58  On the other hand, unsymmetrical 

and monosubstitution BTBT derivatives have also been developed.  The side chains 
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containing not only alkyl groups but also functional groups and methoxyl groups are used 

to tune the intermolecular interactions in the solid state.60   

 

 

Figure 1-18. Functionalization of BTBT at different position.   

 

Appropriate introduction of alkyl chains into the conjugated backbone may improve 

stacking and increase electronic coupling in molecular aggregates.  Takimiya and co-

workers reported two isomeric dimethyl derivatives of DNTT.  2,9-DMDNTT shows a 

3D-herringbone packing motif, while 3,10-DMDNTT shows a normal layered 

arrangement (Figure 1-19).61  The thin film OFETs of 2,9- DMDNTT and 3,10-

DMDNTT displayed good mobility of 0.8 and 0.4 cm2 V−1 s−1, respectively.  Their 

mobility is lower than that of the parent DNTT, which can be attributed to the difference 

in molecular packing.  In the parent DNTT, large intermolecular overlaps, and the well-

ordered 2D structure facilitates carrier transport.  2,9-DMDNTT has a similar molecular 

arrangement to DNTT in the thin film, but presence of a methyl group results in a closer 

intermolecular overlap, leading to lower mobility.   
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Figure 1-19. Chemical structure of DMDNTT isomers and their molecular packing.61   

 

In the case of Ph-BTBT-Cn, the solubility in organic solvents, chlorobenzene, anisole, 

and toluene is shown in Figure 1-20.62  The change in solubility is similar depending on 

the chain length.  The solubility increases gradually from carbons 1 to 3, but decreases 

sharply at carbons 4 and then from carbons 5 to 14.  This result indicates the parity effect.  

The chain-chain interaction is also due to hydrophobic interaction, the so-called fastener 

effect.   

 

 

Figure 1-20. alkyl chain length affects the solubility of Ph-BTBT-Cn.62 
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To gain a deeper understanding of the parity effect, a new linear 5,5’-bis(4-

alkylphenyl)-2,2’-bithiophene (P2TP) derivatives was developed.63  Bao and co-workers 

found a clear parity effect in both the long unit cell axis b and the tilt angle of the P2TP 

core (Figure 1-21).  For odd-length derivatives, P2TP core is nearly perpendicular to the 

substrate due to the short b-axis and small tilt angle.  In contrast, for molecules of the 

even length, the b-axis is longer and the molecular tilt is significantly larger, with a tilt 

angle around 20°.   Mechanistic studies using simulation calculations show that this 

odd−even phenomenon is caused by the large energetic advantage of each set of Cn-P2TP 

molecules to be oriented at characteristic tilt angle.   

 

 

Figure 1-21. Cn-P2TP molecular tilt angle by simulations on SAMs.63 

 

The odd-even effect also causes large variations in the packing of the crystals, as shown 

in Figure 1-22.56  There are two types of orientations of BTTT derivatives from 7 to 12 

carbons.  In the case of alkyl chains containing an even number of carbon atoms, the 

molecule crystalizes with the BTTT motif mainly aligned in the same direction.  On the 

other hand,, in the case of alkyl chains with an odd number of carbons, each layer is 

twisted.  Such a change is attributed to the distinctive interlayer interaction, which is 

favorable for increasing the cohesive energy of the system.  The twisted of BTTT moieties 
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can be attributed to the difference in the orientation of the terminal ethyl groups due to 

the tilt angle of the side chain.   

 

 

Figure 1-22. BTTT derivatives with two different types of orientations.56 

 

The introduction of branched alkyl chains into the conjugated backbone is expected to 

affect the intermolecular interactions and electronic properties.  A series of DNTT 

derivatives with branched alkyl groups, such as 2-ethylhexyl, 3-ethylheptyl, and 4-

ethyloctyl groups were synthesized and characterized (Figure 1-23).64  Among them, the 

dialkylated DNTT derivatives showed a high solubility of 16 g L−1 in hot toluene.  The 

solubility of the branched DNTT derivatives was significantly higher in both chloroform 

and toluene.  However, the branched DNTT derivatives showed inferior transistor 

characteristics and mobility.  In addition, the two branched alkyl chains disrupted the 

intermolecular order in the solid state, resulting in poor overlap of the intermolecular 

orbitals.  In contrast, when one branched alkyl group was introduced into the DNTT core, 

the mobility was up to 0.5 cm2 V−1 s−1 while maintaining the solubility.  The device 

performance of the monoalkylated DNTT derivatives was found to be inferior to that of 

the dialkylated DNTT derivatives.  This lower mobility may be attributed to the fact that 

the orientation of the molecules in the solid state has a shorter d-spacing than the 

molecular length.  This may be due to the inability of the molecules to exhibit edge-on 

orientation.  The introduction of the branched groups into DNTT core suppresses the 

intermolecular interaction and causes repulsion in the packing motif.   
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Figure 1-23. Branched DNTT derivatives.   

In 2016, Geerts and co-workers reported four dodecyl-substituted BTBT isomers, in 

which the alkyl groups introduced into 1,6, 2,7, 3,8, and 4,9-positons of BTBT core, 

respectively (Figure 1-24).58  Although compound 37 exhibited a typical layer-by-layer 

herringbone packing, compounds 36, 38, and 39 showed strong π-π interactions in the 

solid state.  Therefore, transfer integrals were observed for compound 37, and larger 

transfer integrals along the π-stacking direction were calculated for compound 39 (129 

meV).  In general, the packing of the molecule has a strong influence on the mobility as 

well as the ionization potential.  Furthermore, the C-C contacts corresponding to π-π 

interactions are as low as 0.2% in compound 37 and up to 5.5% in compound 36.  These 

interactions are responsible for the difference in ionization potentials.  Compound 37 

exhibited a much lower ionization potential in the solid state.  These results highlight the 

importance of the effect of the position of the alkyl chain.   

 

 

Figure 1-24. Chemical structure and molecular packing of the four isomers.58 

 

Besides alkyl side chains, functional groups also play an important role in the 

substitution effects of small molecules.  In 2017, Takimiya and co-workers reported 
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methylthio groups as substituted side chains at the α or β positions of benzo[1,2-b:4,5-

b’]dithiophene (BDT) core, α-MT-BDT and β-MT-BDT, respectively (Figure 1-25).65  

These isomers have similar molecular electronic properties with an energy gap of about 

3.4 eV.  However, β-MT-BDT showed a lower HOMO energy level of −5.45 eV than that 

of α-MT-BDT (−5.30 eV).  In the single crystal structure, α-MT-BDT has a herringbone 

packing structure, but it is separated into two polymorphs.  In the major polymorph, the 

steric hindrance causes the molecule to slip along the long molecular axis, which reduces 

the overlap of intermolecular orbitals.  In contrast, β-MT-BDT displayed a π-stacking 

motif in the solid state and has more than twice as much transfer integral as α-MT-BDT.  

In fact, changing the position of the methylthio group from the α to β-position could have 

a significant impact on the packing structure because it interferes with the herringbone 

arrangement in the solid state and the CH-π intermolecular interaction.   

 

 

Figure 1-25. Chemical structure of MT-BDT isomers and the crystal structures of (a and b) α-

MT-BDT and (c) β-MT-BDT.65 

 

The introduction of sulfur or nitrogen atoms between the alkyl chain and the conjugated 

backbone can be an efficient strategy for designing high-performance organic 

semiconductors.  Zhang and co-workers reported indeno[1,2-b]fluorene-6,12-dione (IFD) 

bearing butyl, butylthio, and dibutylamino side chains, as shown in Figure 1-26.66  The 

HOMO energy level of BT-IFD elevated from −6.0 eV to 5.6 eV by the replacing the 

butyl chains to butylthio groups.  This result may be due to the weak electron-donating 
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nature of the sulfur group.  On the other hand, when the dibutylamino groups were 

introduced into the backbone, the HOMO energy level increased to −5.0 eV, which may 

be attributed to the strong electron-donating property of the nitrogen atom.  In the single 

crystal structures, the sulfur and nitrogen atoms of the BT-IFD and DBA-IFD molecules 

were found to be electron-donating and increase the local polarity.  Therefore, the BT-

IFD and DBA-IFD molecules exhibited a 2D molecular packing motifs.  The OFETs 

based on BT-IFD and DBA-IFD showed hole mobility of 0.71 and 1.03 cm2 V−1 s−1, 

respectively.  In contrast, no field effect was observed in the B-IFD devices, which could 

be attributed to the large injection barrier.   

 

 

Figure 1-26. Chemical structure of IFD derivatives 

 

1-6 The Aims of This Research  

As described above, many organic semiconductors with high charge mobility has been 

reported by molecular design and synthesis and device fabrication.  However, the 

electronic performance of organic semiconductor depends mainly on the molecular 

structure, packing, film morphological and topological properties.  Understanding these 

structure–property relationships is directly related to rationalization of molecular design 

and efficient fabrication of devices.   

In Chapter 2, the Author presents sequence of PDT-2 derivatives with five different 

alkyl (CnH2n+1; n = 8, 10, 12, 13, and 14) or two different decylthienyl groups introduced 

at 2,7-positions of the PDT-2 core.  The results showed that the alkyl length and the type 
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of side chain had a significant effect on the physicochemical properties.  UV-vis 

absorption and fluorescence measurements indicate that the modification of the 

conjugated core with alkyl or decylthienyl side chains can change its physicochemical 

properties and may lead to the development of high-performance organic semiconductors.   

In Chapter 3, the Author aims to better understand the effect of positional isomerism 

of thiophenes on semiconducting properties and to comprehend their structure–property 

relationship.  Based on previous work on PiDT-1, newly synthesized PiDT-3, which has 

seven fused aromatic rings with thiophene groups on both ends.  As a comparison, thin 

film OFETs based on PiDT-3 were investigated using different types of SAM.  This 

development is essential for the study of regioisomeric effects on physicochemical and 

charge-transport properties.   

Based on the studies in Chapter 3, the positional isomer of PiDT were efficiently 

synthesized in Chapters 4 and 5.  In addition, some physicochemical properties were 

investigated for application in OFET devices.   

 
  



34 
 

1-7 References 

1. Tsumura, A.; Koezuka, H.; Ando, T., Macromolecular electronic device: Field-

effect transistor with a polythiophene thin film. Appl. Phys. Lett. 1986, 49, 1210-

1212. 

2. Dong, H.; Fu, X.; Liu, J.; Wang, Z.; Hu, W., 25th anniversary article: key points for 

high-mobility organic field-effect transistors. Adv. Mater. 2013, 25, 6158-6183. 

3. Assadi, A.; Svensson, C.; Willander, M.; Inganäs, O., Field-effect mobility of 

poly(3-hexylthiophene). Appl. Phys. Lett. 1988, 53, 195-197. 

4. Yuan, Y.; Giri, G.; Ayzner, A. L.; Zoombelt, A. P.; Mannsfeld, S. C.; Chen, J.; 

Nordlund, D.; Toney, M. F.; Huang, J.; Bao, Z., Ultra-high mobility transparent 

organic thin film transistors grown by an off-centre spin-coating method. Nat. 

Commun. 2014, 5, 3005. 

5. Wang, C.; Dong, H.; Hu, W.; Liu, Y.; Zhu, D., Semiconducting pi-conjugated 

systems in field-effect transistors: a material odyssey of organic electronics. Chem. 

Rev. 2012, 112, 2208-2267. 

6. Lei, T.; Wang, J.-Y.; Pei, J., Roles of Flexible Chains in Organic Semiconducting 

Materials. Chem. Mater. 2013, 26, 594-603. 

7. Kymissis, I.; Dimitrakopoulos, C. D.; Purushothaman, S., High-Performance 

Bottom Electrode Organic Thin-Film Transistors. IEEE Trans. Electron Devices 

2001, 48, 1060-1064. 

8. Casalini, S.; Bortolotti, C. A.; Leonardi, F.; Biscarini, F., Self-assembled 

monolayers in organic electronics. Chem. Soc. Rev. 2017, 46, 40-71. 

9. Anthony, J. E., Functionalized Acenes and Heteroacenes for Organic Electronics. 

Chem. Rev. 2006, 106, 5028-5048. 

10. Anthony, J. E., The larger acenes: versatile organic semiconductors. Angew. Chem. 

Int. Ed. 2008, 47, 452-483. 

11. Jurchescu, O. D.; Baas, J.; Palstra, T. T. M., Effect of impurities on the mobility of 

single crystal pentacene. Appl. Phys. Lett. 2004, 84, 3061-3063. 

12. Mitsuhashi, R.; Suzuki, Y.; Yamanari, Y.; Mitamura, H.; Kambe, T.; Ikeda, N.; 

Okamoto, H.; Fujiwara, A.; Yamaji, M.; Kawasaki, N.; Maniwa, Y.; Kubozono, Y., 

Superconductivity in alkali-metal-doped picene. Nature 2010, 464, 76-79. 



35 
 

13. Okamoto, H.; Kawasaki, N.; Kaji, Y.; Kubozono, Y.; Fujiwara, A.; Yamaji, M., 

Air-assisted High-performance Field-effect Transistor with Thin Films of Picene. 

J. Am. Chem. Soc. 2008, 130, 10470-10471. 

14. Kobayashi, N.; Sasaki, M.; Nomoto, K., Stable peri-Xanthenoxanthene Thin-Film 

Transistors with Efficient Carrier Injection. Chem. Mater. 2009, 21, 552–556. 

15. Klauk, H.; Zschieschang, U.; Weitz, R. T.; Meng, H.; Sun, F.; Nunes, G.; Keys, D. 

E.; Fincher, C. R.; Xiang, Z., Organic Transistors Based on 

Di(phenylvinyl)anthracene: Performance and Stability. Adv. Mater. 2007, 19, 

3882-3887. 

16. Jiang, H.; Hu, W., The Emergence of Organic Single-Crystal Electronics. Angew. 

Chem. Int. Ed. 2020, 59, 1408-1428. 

17. Wang, Y.; Sun, L.; Wang, C.; Yang, F.; Ren, X.; Zhang, X.; Dong, H.; Hu, W., 

Organic crystalline materials in flexible electronics. Chem. Soc. Rev. 2019, 48, 

1492-1530. 

18. Jurchescu, O. D.; Popinciuc, M.; van Wees, B. J.; Palstra, T. T. M., Interface-

Controlled, High-Mobility Organic Transistors. Adv. Mater. 2007, 19, 688-692. 

19. Takeya, J.; Yamagishi, M.; Tominari, Y.; Hirahara, R.; Nakazawa, Y.; Nishikawa, 

T.; Kawase, T.; Shimoda, T.; Ogawa, S., Very high-mobility organic single-crystal 

transistors with in-crystal conduction channels. Appl. Phys. Lett. 2007, 90, 102120. 

20. Aleshin, A. N.; Lee, J. Y.; Chu, S. W.; Kim, J. S.; Park, Y. W., Mobility studies of 

field-effect transistor structures basedon anthracene single crystals. Appl. Phys. Lett. 

2004, 84, 5383-5385. 

21. Zeis R.; Besnard C.; Siegrist T.; Schlockermann C.; Chi X.; C., K., Field Effect 

Studies on Rubrene and Impurities of Rubrene. Chem. Mater. 2006, 18, 244-248. 

22. Takimiya, K.; Shinamura, S.; Osaka, I.; Miyazaki, E., Thienoacene-based organic 

semiconductors. Adv. Mater. 2011, 23, 4347-4370. 

23. Xiao, K.; Liu, Y.; Qi, T.; Zhang, W.; Wang, F.; Gao, J.; Qiu, W.; Ma, Y.; Cui, G.; 

Chen, S.; Zhan, X.; Yu, G.; Qin, J.; Hu, W.; Zhu, D., A Highly π-Stacked Organic 

Semiconductor for Field-Effect Transistors Based on Linearly Condensed 

Pentathienoacene. J. Am. Chem. Soc. 2005, 127, 13281-13286. 



36 
 

24. Zhang, X.; Cote, A. P.; Matzger, A. J., Synthesis and Structure of Fused 

Oligothiophenes with up to Seven Rings. J. Am. Chem. Soc. 2005, 127, 10502-

10503. 

25. Tang, M. L.; Okamoto, T.; Bao, Z., High-Performance Organic Semiconductors: 

Asymmetric Linear Acenes Containing Sulphur. J. Am. Chem. Soc. 2006, 128, 

16002-16003. 

26. Tang, M. L.; Mannsfeld, S. C. B.; Sun, Y.-S.; Becerril, H. A.; Bao, Z., 

Pentaceno[2,3-b]thiophene, a Hexacene Analogue for Organic Thin Film 

Transistors. J. Am. Chem. Soc. 2009, 131, 882–883. 

27. Ebata, H.; Izawa, T.; Miyazaki, E.; Takimiya, K.; Ikeda, M.; Kuwabara, H.; Yui, 

T., Highly Soluble [1]Benzothieno[3,2-b]benzothiophene (BTBT) Derivatives for 

High-Performance, Solution-Processed Organic Field-Effect Transistors. J. Am. 

Chem. Soc. 2007, 129, 15732-15733. 

28. Yamamoto, T.; Takimiya, K., Facile Synthesis of Highly π-Extended Heteroarenes, 

Dinaphtho[2,3-b:2 ′ ,3 ′ -f]chalcogenopheno[3,2-b]chalcogenophenes, and Their 

Application to Field-Effect Transistors. J. Am. Chem. Soc. 2007, 129, 2224-2225. 

29. Haas, S.; Takahashi, Y.; Takimiya, K.; Hasegawa, T., High-performance 

dinaphtho-thieno-thiophene single crystal field-effect transistors. Appl. Phys. Lett. 

2009, 95, 022111. 

30. Aitken R. A.; Bradbury C. K.; Burns G.; Morrison, J. J., Tandem Radical 

Cyclisation in the Flash Vacuum Pyrolysis of 2-Methoxyphenyl and 2-

Methylthiophenyl Substituted Phosphorus Ylides. Synlett 1995, 1, 53-54. 

31. Sashida, H.; Yasuike, S., A simple one-pot synthesis of [1]benzotelluro[3,2-

b][1]benzotellurophenes and its selenium and sulfur analogues from 2,2 ′ -

dibromodiphenylacetylene. J. Heterocycl. Chem. 1998, 35, 725-726. 

32. Takimiya, K.; Ebata, H.; Sakamoto, K.; Izawa, T.; Otsubo, T.; Kunugi, Y., 2,7-

Diphenyl[1]benzothieno[3,2-b]benzothiophene, A New Organic Semiconductor 

for Air-Stable Organic Field-Effect Transistors with Mobilities up to 2.0 cm2 V-1 s-

1. J. Am. Chem. Soc. 2006, 128, 12604-12605. 

33. Niimi, K.; Shinamura, S.; Osaka, I.; Miyazaki, E.; Takimiya, K., Dianthra[2,3-

b:2',3'-f]thieno[3,2-b]thiophene (DATT): synthesis, characterization, and FET 



37 
 

characteristics of new pi-extended heteroarene with eight fused aromatic rings. J. 

Am. Chem. Soc. 2011, 133, 8732-8739. 

34. Okamoto, T.; Mitsui, C.; Yamagishi, M.; Nakahara, K.; Soeda, J.; Hirose, Y.; Miwa, 

K.; Sato, H.; Yamano, A.; Matsushita, T.; Uemura, T.; Takeya, J., V-shaped organic 

semiconductors with solution processability, high mobility, and high thermal 

durability. Adv. Mater. 2013, 25, 6392-6397. 

35. Mitsui, C.; Okamoto, T.; Yamagishi, M.; Tsurumi, J.; Yoshimoto, K.; Nakahara, 

K.; Soeda, J.; Hirose, Y.; Sato, H.; Yamano, A.; Uemura, T.; Takeya, J., High-

performance solution-processable N-shaped organic semiconducting materials with 

stabilized crystal phase. Adv. Mater. 2014, 26, 4546-4551. 

36. Kubo, T.; Hausermann, R.; Tsurumi, J.; Soeda, J.; Okada, Y.; Yamashita, Y.; 

Akamatsu, N.; Shishido, A.; Mitsui, C.; Okamoto, T.; Yanagisawa, S.; Matsui, H.; 

Takeya, J., Suppressing molecular vibrations in organic semiconductors by 

inducing strain. Nat. Commun. 2016, 7, 11156. 

37. Watanabe, S.; Sugawara, H.; Häusermann, R.; Blülle, B.; Yamamura, A.; Okamoto, 

T.; Takeya, J., Remarkably low flicker noise in solution-processed organic single 

crystal transistors. Commun. Phys. 2018, 1, 37. 

38. Okamoto, T.; Yu, C. P.; Mitsui, C.; Yamagishi, M.; Ishii, H.; Takeya, J., Bent-

Shaped p-Type Small-Molecule Organic Semiconductors: A Molecular Design 

Strategy for Next-Generation Practical Applications. J. Am. Chem. Soc. 2020, 142, 

9083-9096. 

39. Yamamoto, A.; Murata, Y.; Mitsui, C.; Ishii, H.; Yamagishi, M.; Yano, M.; Sato, 

H.; Yamano, A.; Takeya, J.; Okamoto, T., Zigzag-Elongated Fused pi-Electronic 

Core: A Molecular Design Strategy to Maximize Charge-Carrier Mobility. Adv. Sci. 

2018, 5, 1700317. 

40. Hyodo, K.; Toyama, R.; Mori, H.; Nishihara, Y., Synthesis and Physicochemical 

Properties of Piceno[4,3-b:9,10-b']dithiophene Derivatives and Their Application 

in Organic Field-Effect Transistors. ACS Omega 2017, 2, 308-315. 

41. Laquindanum, J. G.; Katz, H. E.; Lovinger, A. J., Synthesis, Morphology, and 

Field-Effect Mobility of Anthradithiophenes. J. Am. Chem. Soc. 1998, 120, 664-

672. 



38 
 

42. Mamada, M.; Katagiri, H.; Mizukami, M.; Honda, K.; Minamiki, T.; Teraoka, R.; 

Uemura, T.; Tokito, S., syn-/anti-Anthradithiophene derivative isomer effects on 

semiconducting properties. ACS Appl. Mater. Interfaces 2013, 5, 9670-9677. 

43. Oyama, T.; Mori, T.; Hashimoto, T.; Kamiya, M.; Ichikawa, T.; Komiyama, H.; 

Yang, Y. S.; Yasuda, T., High-Mobility Regioisomeric 

Thieno[f,f ′ ]bis[1]benzothiophenes: Remarkable Effect of Syn/Anti Thiophene 

Configuration on Optoelectronic Properties, Self-Organization, and Charge-

Transport Functions in Organic Transistors. Adv. Electron. Mater. 2017, 1700390. 

44. Mitsui, C.; Okamoto, T.; Matsui, H.; Yamagishi, M.; Matsushita, T.; Soeda, J.; 

Miwa, K.; Sato, H.; Yamano, A.; Uemura, T.; Takeya, J., Dinaphtho[1,2-b:2′,1′-

d]chalcogenophenes: Comprehensive Investigation of the Effect of the Chalcogen 

Atoms in the Phenacene-Type π-Electronic Cores. Chem. Mater 2013, 25, 3952-

3956. 

45. Nakahara, K.; Mitsui, C.; Okamoto, T.; Yamagishi, M.; Soeda, J.; Miwa, K.; Sato, 

H.; Yamano, A.; Uemura, T.; Takeya, J., Investigation of Hole Transporting 

Properties in Thin-Film and Single-Crystal Organic Field-Effect Transistor Based 

on Dinaphtho[2,1-b:1',2'-d]thiophene. Jpn. J. Appl. Phys. 2013, 52, 05DC10. 

46. Yamamoto, T.; Shinamura, S.; Miyazaki, E.; Takimiya, K., Three Structural 

Isomers of Dinaphthothieno[3,2-b]thiophenes: Elucidation of Physicochemical 

Properties, Crystal Structures, and Field-Effect Transistor Characteristics. Bull. 

Chem. Soc. Jpn. 2010, 83, 120-130. 

47. Yamaguchi, Y.; Kojiguchi, Y.; Kawata, S.; Mori, T.; Okamoto, K.; Tsutsui, M.; 

Koganezawa, T.; Katagiri, H.; Yasuda, T., Solution-Processable Organic 

Semiconductors Featuring S-Shaped Dinaphthothienothiophene (S-DNTT): Effects 

of Alkyl Chain Length on Self-Organization and Carrier Transport Properties. 

Chem. Mater. 2020, 32, 5350-5360. 

48. Nishihara, Y.; Kinoshita, M.; Hyodo, K.; Okuda, Y.; Eguchi, R.; Goto, H.; Hamao, 

S.; Takabayashi, Y.; Kubozono, Y., Phenanthro[1,2-b : 8,7-b’]dithiophene: a new 

picene-type molecule for transistor applications. RSC Adv. 2013, 3, 19341-19347. 

49. Hyodo, K.; Nonobe, H.; Nishinaga, S.; Nishihara, Y., Synthesis of 2,9-dialkylated 

phenanthro[1,2-b:8,7-b′]dithiophenes via cross-coupling reactions and sequential 



39 
 

Lewis acid-catalyzed regioselective cycloaromatization of epoxide. Tetrahedron 

Lett. 2014, 55, 4002-4005. 

50. Kubozono, Y.; Hyodo, K.; Mori, H.; Hamao, S.; Goto, H.; Nishihara, Y., Transistor 

application of new picene-type molecules, 2,9-dialkylated phenanthro[1,2-b:8,7-

b′]dithiophenes. J. Mater. Chem. C 2015, 3, 2413-2421. 

51. Kubozono, Y.; Hyodo, K.; Hamao, S.; Shimo, Y.; Mori, H.; Nishihara, Y., 

Transistor Properties of 2,7-Dialkyl-Substituted Phenanthro[2,1-b:7,8-

b']dithiophene. Sci. Rep. 2016, 6, 38535. 

52. He, P.; Tu, Z.; Zhao, G.; Zhen, Y.; Geng, H.; Yi, Y.; Wang, Z.; Zhang, H.; Xu, C.; 

Liu, J.; Lu, X.; Fu, X.; Zhao, Q.; Zhang, X.; Ji, D.; Jiang, L.; Dong, H.; Hu, W., 

Tuning the crystal polymorphs of alkyl thienoacene via solution self-assembly 

toward air-stable and high-performance organic field-effect transistors. Adv Mater 

2015, 27, 825-830. 

53. Back, J. Y.; An, T. K.; Cheon, Y. R.; Cha, H.; Jang, J.; Kim, Y.; Baek, Y.; Chung, 

D. S.; Kwon, S. K.; Park, C. E.; Kim, Y. H., Alkyl chain length dependence of the 

field-effect mobility in novel anthracene derivatives. ACS Appl. Mater. Interfaces 

2015, 7, 351-358. 

54. Kawabata, K.; Usui, S.; Takimiya, K., Synthesis of Soluble Dinaphtho[2,3-b:2',3'-

f]thieno[3,2-b]thiophene (DNTT) Derivatives: One-Step Functionalization of 2-

Bromo-DNTT. J. Org. Chem. 2020, 85, 195-206. 

55. Ma, Z.; Geng, H.; Wang, D.; Shuai, Z., Influence of alkyl side-chain length on the 

carrier mobility in organic semiconductors: herringbone vs. pi–pi stacking. J. Mater. 

Chem. C 2016, 4, 4546-4555. 

56. Burnett, E. K.; Ai, Q.; Cherniawski, B. P.; Parkin, S. R.; Risko, C.; Briseno, A. L., 

Even–Odd Alkyl Chain-Length Alternation Regulates Oligothiophene Crystal 

Structure. Chem. Mater. 2019, 31, 6900-6907. 

57. Wang, C.; Abbas, M.; Wantz, G.; Kawabata, K.; Takimiya, K., “Heavy-atom 

effects” in the parent [1]benzochalcogenopheno[3,2-b][1]benzochalcogenophene 

system. J. Mater. Chem. C 2020, 8, 15119-15127. 

58. Tsutsui, Y.; Schweicher, G.; Chattopadhyay, B.; Sakurai, T.; Arlin, J. B.; Ruzie, C.; 

Aliev, A.; Ciesielski, A.; Colella, S.; Kennedy, A. R.; Lemaur, V.; Olivier, Y.; Hadji, 

R.; Sanguinet, L.; Castet, F.; Osella, S.; Dudenko, D.; Beljonne, D.; Cornil, J.; 



40 
 

Samori, P.; Seki, S.; Geerts, Y. H., Unraveling Unprecedented Charge Carrier 

Mobility through Structure Property Relationship of Four Isomers of 

Didodecyl[1]benzothieno[3,2-b][1]benzothiophene. Adv. Mater. 2016, 28, 7106-

7114. 

59. Minemawari, H.; Tanaka, M.; Tsuzuki, S.; Inoue, S.; Yamada, T.; Kumai, R.; 

Shimoi, Y.; Hasegawa, T., Enhanced Layered-Herringbone Packing due to Long 

Alkyl Chain Substitution in Solution-Processable Organic Semiconductors. Chem. 

Mater. 2017, 29, 1245-1254. 

60. Higashino, T.; Ueda, A.; Mori, H., Di- and tetramethoxy 

benzothienobenzothiophenes: substitution position effects on the intermolecular 

interactions, crystal packing and transistor properties. New J. Chem. 2019, 43, 884-

892. 

61. Kang, M. J.; Yamamoto, T.; Shinamura, S.; Miyazaki, E.; Takimiya, K., Unique 

three-dimensional (3D) molecular array in dimethyl-DNTT crystals: a new 

approach to 3D organic semiconductors. Chem. Sci. 2010, 1, 179–183. 

62. Inoue, S.; Minemawari, H.; Tsutsumi, J. y.; Chikamatsu, M.; Yamada, T.; Horiuchi, 

S.; Tanaka, M.; Kumai, R.; Yoneya, M.; Hasegawa, T., Effects of Substituted Alkyl 

Chain Length on Solution-Processable Layered Organic Semiconductor Crystals. 

Chem. Mater. 2015, 27, 3809-3812. 

63. Akkerman, H. B.; Mannsfeld, S. C.; Kaushik, A. P.; Verploegen, E.; Burnier, L.; 

Zoombelt, A. P.; Saathoff, J. D.; Hong, S.; Atahan-Evrenk, S.; Liu, X.; Aspuru-

Guzik, A.; Toney, M. F.; Clancy, P.; Bao, Z., Effects of odd-even side chain length 

of alkyl-substituted diphenylbithiophenes on first monolayer thin film packing 

structure. J. Am. Chem. Soc. 2013, 135, 11006-11014. 

64. Sawamoto, M.; Kang, M. J.; Miyazaki, E.; Sugino, H.; Osaka, I.; Takimiya, K., 

Soluble Dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene Derivatives for Solution-

Processed Organic Field-Effect Transistors. ACS Appl. Mater. Interfaces 2016, 8, 

3810-3824. 

65. Wang, C.; Nakamura, H.; Sugino, H.; Takimiya, K., Methylthionated benzo[1,2-

b:4,5-b']dithiophenes: a model study to control packing structures and molecular 

orientation in thienoacene-based organic semiconductors. Chem. Commun. 2017, 
53, 9594-9597. 



41 
 

66. Fan, Z.-P.; Li, X.-Y.; Luo, X.-E.; Fei, X.; Sun, B.; Chen, L.-C.; Shi, Z.-F.; Sun, C.-

L.; Shao, X.; Zhang, H.-L., Boosting the Charge Transport Property of Indeno[1,2-

b]fluorene-6,12-dione though Incorporation of Sulfur- or Nitrogen-Linked Side 

Chains. Adv. Funct. Mater. 2017, 27, 1702318. 

 
  



42 
 

 



 
 
 
 
 
 

Chapter 2 
 

 
Synthesis and Physicochemical Properties of 2,7-Disubstituted 

Phenanthro[2,1-b:7,8-b’]dithiophenes   
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2-1. Introduction  

Generally, by adding appropriate substituents, structurally rigid π-conjugated organic 
molecules exhibit significant properties required for high-performance organic semiconductors, 
such as controllable solubility and optical absorption capability.1-5  In order to improve the 
transistor properties, tremendous engineering progress has been made in the technology of 
modifying the π-conjugated backbone in molecular design.6-12  Typically, side chains are 
introduced to affect intermolecular packing and thin film morphology, and to provide 
appropriate solubility, resulting in high-performance devices.13-17  Linear alkyl groups are the 
most commonly used side chains for π-conjugated organic molecules.18  Proper installation of 
the alkyl chain on the conjugated backbone can improve stacking in molecular aggregates and 
enhance electronic coupling.19  In terms of the solubility of organic semiconductors, van der 
Waals interactions between the side chains and the solvent and the vibrational motion of the 
side chains may reduce the intermolecular interactions between π-conjugated molecules.20-22  
Furthermore, the effects of chain lengths, substitution position, parity effect, and chirality on 
the carrier mobility were investigated using different π-conjugated systems.22-36   

Our group has reported the synthesis of PDT by Suzuki-Miyaura coupling of 3-formyl-2-
thienylboronic acid with 1,4-dibromobenzene followed by epoxidation and Lewis acid-
catalyzed regioselective cycloaromatization.37  The introduction of two n-dodecyl groups along 
the longitudinal direction of the molecular axis into PDT (C12-PDT) resulted in a high 
crystallinity of its thin film, which exhibited a mobility of 2.2 cm2 V−1 s−1, (i.e., one order of 
magnitude higher than the parent PDT thin-film mobility (1.1 × 10−1 cm2 V−1 s−1)).38  This 
synthetic protocol can also be applied to the synthesis of the isomer of PDT, i.e., PDT-2.39  
Similarly, the synthesized 2,7-didodecyl-substituted PDT-2 (C -PDT-2) exhibited higher hole 
mobility (5.4 cm2 V−1 s−1) than C12-PDT, with a high-k gate dielectric.  This can be attributed 
to the better geometry of HOMO and NHOMO (Figure 2-1).   

 

 

Figure 2-1. Chemical structures of PDT-1 and PDT-2.   
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Based on these results, it can be deduced that the introduction of different sequences of alkyl 
or decylthienyl groups at the 2,7-positions of the PDT-2 core may control the crystallinity, 
solubility, and HOMO energy level, leading to improved transistor properties.  In this Chapter, 
the Author reports the design, synthesis, and physicochemical properties of a series of 2,7-
disubstituted PDT-2 derivatives (Figure 2-2).   

 

 

Figure 2-2. Chemical structures of PDT-2 derivatives 
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2-2. Result and Discussion 
 
2-2-1. Theoretical calculation of MOs of PDT-2 derivatives 

From the molecular design point of view, the molecular orbitals of representative PDT-2 
derivatives were calculated by density functional theory (DFT) using Gaussian 09 package 
with B3LYP/6-31G(d) as basis, and the molecular structure of C10-PDT-2 was optimized as 
shown in Figure 2-3.  The molecular has a highly symmetrical structure and a coplanar 
backbone, suggesting that the alkylated derivatives in PDT-2 is less polar.  On the other hand, 
the coplanar backbone implies that it inherits the π conjugate features of the parent PDT-2.   

 

 

Figure 2-3. Optimized molecular structure of C10-PDT-2.   

 

The calculated LUMO and HOMO distributions of PDT-2, C10-PDT-2, Th1-PDT-2, and 
Th2-PDT-2 are shown in Figure 2-4.  The LUMO energy of the parent PDT-2 was −1.32 eV.  
With the introduction of decyl groups, the LUMO energy level of C10-PDT-2 increased from 
−1.32 eV to −1.15 eV.  However, when the decylthienyl groups was introduced as a side chain, 
the LUMO energy levels of Th1-PDT-2 and Th2-PDT-2 decreased to −1.59 eV and −1.61 eV.  
These results can be attributed to the π extension of the thiophene groups.  However,, the 
substitution position of the decyl chains in the thiophene units has a slight effect on the LUMO 
energy levels.   
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Figure 2-4. Calculated LUMO and HOMO distributions of PDT-2, C10-PDT-2, Th1-PDT-2, and Th2-
PDT-2.   

 

Previous studies by our group showed that the molecular conformations was closely related 
to the distribution of HOMO and NHOMO, but the length of the alkyl side chains had 
negligible effect on the HOMO and NHOMO coefficients.  The HOMO and NHOMO of PDT-
2, C10-PDT-2, Th1-PDT-2 and Th2-PDT-2 are shown in Figure 2-5.  With the introduction of 
the decyl groups, the HOMO level of C10-PDT-2 increased from −5.49 eV to −5.29 eV, which 
is the same tendency as that of C12-PDT-2.39  In contrast, the energy difference between HOMO 
and NHOMO and the large electron density localized at the sulfur atom remained unchanged.  
It is expected that the sulfur-dominated orbitals contribute significantly to the electronic 
coupling.  Theoretical calculations of PDT-2 and C10-PDT-2 indicate that their HOMO and 
NHOMO coefficients are delocalized throughout the π-framework.  In Th1-PDT-2 and Th2-
PDT-2, the HOMO energies were greatly increased by the introduction of decylthienyl groups, 
reaching −5.08 and −5.17 eV, respectively. This result could be attributed to the extension of 
the π-conjugated system and the electron-donating effect of the thienyl group.  Compared to 
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Th1-PDT-2, Th2-PDT-2 showed a small increase in HOMO energy level. The difference in 
the size of these increases may be attributed to the degree of dihedral angles between the PDT-
2 core and the thienyl group.   

 

 
Figure 2-5. Calculated HOMO and NHOMO distributions of PDT-2, C10-PDT-2, Th1-PDT-2, and 

Th2-PDT-2.   

 

For a deeper and more detailed discussion, the dihedral angle (ψ) between the PDT-2 core 
and the decylthienyl groups was calculated as shown in Figure 2-6.  Th1-PDT-2 has a dihedral 
angle 10º smaller than that of Th2-PDT-2 (15°), resulting in more efficient electron 
delocalization due to extended π-conjugation and a significant decrease in the electron density 
of the sulfur atom in the PDT-2 core.  To explain the difference in the dihedral angle 
dependence on the substitute position of the decyl group, the bond lengths of the terminal 
thiophene ring of the PDT-2 core and the thienyl moiety between Th1-PDT-2 and Th2-PDT-2 
were calculated as shown in Table 2-1.  These bond lengths can be attributed to the different 
π-conjugation motifs.  Therefore, this slightly different bond length may result in steric 
repulsion between the PDT-2 core and the decylthienyl groups, resulting in a slightly different 
dihedral angle.   
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Table 2-1. Calculated bond lengths of Th1-PDT-2 and Th2-PDT-2 using the DFT with the B3LYP/6- 

31(d) level.   

 
Bond 

lengths 
(Å) 

1 2 3 4 5 6 7 8 9 10 11 

Th1-PDT-
2 1.75 1.41 1.43 1.37 1.77 1.45 1.76 1.38 1.42 1.37 1.75 

Th2-PDT-
2 1.75 1.41 1.43 1.37 1.76 1.45 1.76 1.37 1.43 1.37 1.74 
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Figure 2-6. Optimized molecular structures and calculated dihedral angles of Th1-PDT-2 (top) and 

Th2-PDT-2 (bottom).   

 

 

2-2-2. Synthesis of the PDT-2 core 

According to our group’s efficient synthetic protocol developed in PDT-2, the palladium-
catalyzed Suzuki-Miyaura coupling reaction, a key step in this strategy, is depicted in Scheme 
2-1.  To a solution of 2-formyl-3-thiopheneboronic acid 1 in THF under an argon atmosphere, 
a catalytic amount of PdCl2(dppf)·benzene, aqueous potassium hydroxide, and 1,4-
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dibromobenzene (2) were added at room temperature.  The resulting reaction mixture was 
stirred at 80 °C for 8 h, quenched with water, and extracted with chloroform.  The combined 
organic layers were washed with brine and dried over magnesium sulfate.  Filtration and 
evaporation afforded a pale yellow solid.  Further washing with ethyl acetate gave product 3 in 
65% yield as a yellow solid.    

 

 

Scheme 2-1. Suzuki-Miyaura coupling reaction.   

 

Next, compound 3 was subjected to epoxidation reaction in anhydrous acetonitrile solution 
under an argon atmosphere (Scheme 2-2).  Trimethylsulfonium and powdered potassium 
hydroxide were added to this mixture at room temperature.  The reaction mixture was stirred 
at 70 °C for 3 h, quenched with water, and extracted with chloroform.  The combined organic 
layers were washed with brine and dried over magnesium sulfate.  Further filtration and 
evaporation afforded the product 4 in 89% yield as a yellow solid.   

 

 

Scheme 2-2. Epoxidation reaction.   

 

Subsequently, Lewis acid-catalyzed intramolecular cycloaromatization of compound 4 was 
conducted in the presence of indium chloride under an argon atmosphere at room temperature 
(Scheme 2-3).  The reaction mixture was stirred at 100 °C for 24 h, quenched with water, 
poured into methanol, and a pale yellow solid was precipitated.  The suspension was filtered 
and the solid was dried under vacuum to afford crude PDT-2 as a yellow solid. Further 
purification by vacuum sublimation gave pure PDT-2 as a white solid.   
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Scheme 2-3. Lewis acid-catalyzed intramolecular cycloaromatization.   

 

2-2-3. Synthesis of PDT-2 derivatives 

To obtain a series of PDT-2 derivatives, dibromo PDT-2 compound 5 was initially prepared 
by using PDT-2 as starting material (Scheme 2-4).  Thus, PDT-2 was treated with n-
butyllithium in anhydrous THF solution under an argon atmosphere at − 78 °C.  After stirring 
at room temperature for 1 h, the mixture was cooled to −78 °C and bromine was added dropwise.  
The mixture was stirred at room temperature overnight, quenched with water, and poured into 
methanol to precipitated a pale yellow solid.  The suspension was filtered and the solid was 
dried under vacuum to afford the product 5 as a brown solid.   

 

 

Scheme 2-4. Dibromination of PDT-2.   

 

With dibromo PDT-2 (5) in hand, alkylated PDT-2 derivatives were successfully synthesized 
by Suzuki-Miyaura coupling reaction (Scheme 2-5).  A series of terminal alkenes, each with a 
different carbon number, were used as alkyl side chain sources.  First, intermediate 
alkylboranes were generated in the presence of 9-BBN dimer at room temperature.  Then the 
reaction mixture was stirred at 60 °C for 1 h.  After cooling to room temperature, Pd(dba)2, 
[HPtBu3]BF4, powdered potassium hydroxide, and compound 5 were added in the proper order.  
The reaction mixture was stirred at 85 °C for 6 h, quenched with water, and extracted with 
chloroform.  The combined organic layers were washed with brine and dried over magnesium 
sulfate.  Filtration and evaporation afforded a brown solid.  The residue was purified by column 
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chromatography on silica gel and recrystallized with acetone to give the target dialkylated 
PDT-2 derivatives as a white solid.   

 

 

Scheme 2-5. Suzuki-Miyaura coupling reactions of dibromo PDT-2.   

 

The synthetic route to the desired decylthiophene substituted PDT-2 derivatives is shown in 
Scheme 2-6.  Using a Pd-catalyzed Migita-Kosugi-Stille coupling reaction, compound 5 was 
reacted with (5-decylthiophen-2-yl)- or (4-decylthiophen-2-yl)tributylstannane in anhydrous 
N,N-dimethylformamide.  Lithium chloride was used as an additive to make the catalyst 
Pd(PPh3)4 more active.  The reaction mixture was stirred at 100 °C for 10 h and then quenched 
with an aqueous solution of potassium fluoride at room temperature.  The resulting suspension 
was extracted with chloroform.  The combined organic layers were washed with brine and 
dried over magnesium sulfate.  Filtration and evaporation yielded a brown solid.  The residue 
was purified by column chromatography on silica gel followed by recrystallization with 
acetone to give the target product decylthienyl-substituted PDT-2 derivatives as a yellow solid.   

 

 

Scheme 2-6. Migita-Kosugi-Stille coupling reactions of dibromo PDT-2.   
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2-3. Physicochemical Properties of PDT-2 Derivatives 

 

2-3-1. Determination of solubility of PDT-2 derivatives 

In order to gain some insights into the effect of the side chains on the physical properties of 
the five alkyl-substituted PDT-2 derivatives (Cn-PDT-2) obtained, the solubility of these 
derivatives in several organic solvents at room temperature were measured.  These compounds 
have poor solubility in hexane and polar solvents such as acetonitrile and methanol.  The 
correlation between alkyl carbon number and solubility of dialkylated PDT-2 derivatives in 
chloroform and toluene is shown in Figure 2-7.  To a precisely weighed sample (ca. 2 mg), 0.2 
mL of chloroform or toluene was added, and the resulting mixture was shaken and sonicated 
at room temperature.  The total amount of solvent required to dissolve the entire solid sample 
was converted to solubility.  As predicted, the length of the side chains had significant effect 
on the solubility in chloroform, and the solubility gradually decreased as the chain length 
increased.  C8-PDT-2 exhibited superior solubility in chloroform, with a solubility of 5.0 g/L, 
10-fold higher than that of C14-PDT-2. This may be due to the difference in hydrophobic 
interaction of each molecule.   

 

 

Figure 2-7. Correlation between the number of carbons in the alkyl chains of Cn-PDT-2 and solubility 

in chloroform (brown) and toluene (green) at room temperature.   
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Next, more detailed data of solubility including alkylated PDT-2, Th1-PDT-2 and Th2-PDT-
2 are summarized in Table 2-2.  Obviously, the solubility of all derivatives in chloroform was 
higher than that in toluene.  In particular, the solubility of C8-PDT-2 in chloroform was more 
than 10 times higher than that in toluene.  On the other hand, Th2-PDT-2 displayed relatively 
high solubility in both chloroform and toluene.  Surprisingly, compared with the solubility of 
C10-PDT-2, the solubility of Th2-PDT-2 in toluene was increased about four-fold by the 
insertion of thienyl groups.  In contract, the substitution of 5-decylthienyl and 4-decylthienyl 
groups showed a significant change in solubility, which may be attributed to the difference in 
dihedral angle between the PDT-2 core and the thiophene ring, as shown in Figure 2-6.  Th1-
PDT-2 showed a slightly smaller dihedral angle (ψ = 10°) to enhance the overlap of 
intermolecular π-orbital and poor solubility, whereas Th2-PDT-2 (ψ = 15°) exhibited higher 
solubility in both chloroform and toluene.   

 
Table 2-2. Solubility of PDT-2 derivatives in chloroform and toluene at room temperature.   

Compounds Solubility in chloroform (g/L) Solubility in toluene (g/L) 

C8-PDT-2 5.00 0.50 

C10-PDT-2 3.33 0.47 

C12-PDT-2 1.25 0.25 

C13-PDT-2 1.00 0.12 

C14-PDT-2 0.77 0.11 

Th1-PDT-2 0.15 0.07 

Th2-PDT-2 2.67 2.00 

 

2-3-2. UV-vis absorption characteristics of PDT-2 derivatives 

 

The optical properties of PDT-2 derivatives were investigated by UV-vis absorption spectra 
in chloroform solution (Figure 2-8 a) and in the solid state (Figure 2-9).  The detailed data 
including absorption maximum (λmaxabs), absorption edges (λedge), optical band gap (Egopt), and 
Stokes shifts are summarized in Table 2-3.  Figure 2-8 shows the absorption spectra of PDT-2 
derivatives.  The absorptions of the dialkylated PDT-2 derivatives is nearly identical, with 
strong peaks at 257, 276, 304, 324, and 339 nm, suggesting that the length of the alkyl chain 
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has a negligible effect on the optical properties.  In comparison, the parent PDT-2 shows a 
broad absorption band at about 272 nm, but not at 257 nm (Figure 2-8 b).  Additionally, the 
introduction of the alkyl chain results in a small redshift at 324 and 339 nm due to its electron-
donating properties.   

 

 

 

Figure 2-8. Absorption spectra of PDT-2 derivatives (a) and parent PDT-2 (b) in chloroform.   

 

 

 

(b) 
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Table 2-3. Absorption spectra data of PDT-2 derivatives in chloroform.   

Compounds λmaxabs (nm) λedge (nm) Egopt (eV) Stokes 
shift (cm−1) 

PDT-2 251, 271, 302, 318, 333 366 3.39 305 

C8-PDT-2 257, 276, 304, 324, 339 370 3.35 297 

C10-PDT-2 257, 276, 304, 324, 339 370 3.35 297 

C12-PDT-2 257, 276, 304, 324, 340 370 3.35 297 

C13-PDT-2 257, 276, 304, 324, 339 370 3.35 297 

C14-PDT-2 256, 276, 304, 324, 339 369 3.36 297 

Th1-PDT-2 263, 293, 365, 384 404 3.07 979 

Th2-PDT-2 263, 292, 362, 380 397 3.12 1063 

 

All Cn-PDT-2 showed a very weak absorption at 365 nm, which corresponds to the S0 → S1 
transition of a picene-type molecule.  To explain these phenomena, the time-dependent density 
functional theory (TD-DFT) of C10-PDT-2 in chloroform was calculated at B3LYP/6-31G(d) 
level (Table 2-4). It is clear from TD-DFT calculations that the molar absorption coefficients 
(ε) are less than 1000 M−1 cm−1 because such transitions are forbidden.  The calculated 
absorption at 495nm corresponds to the absorption at 365 nm in the experiment.  The value of 
oscillator strength was calculated to be 0.0000, suggesting that the transition of HOMO to 
LUMO is forbidden.  However, large oscillator strength was obtained at 252 and 254 nm, 
corresponding to the experimental absorption at 257 nm, with the strongest absorption in 
chloroform.   

 

Table 2-4. Absorption bands of C10-PDT-2 in chloroform and assigned transitions according to time 

dependent density functional theory (TD-DFT) calculations (PCM, chloroform/B3LYP/6-31G(d)).   

λexp (nm) λ (oscillator strength) assignmenta 

365 495 (f = 0.0000) HOMO → LUMO 

414 (f = 0.0000) HOMO → LUMO+1 

HOMO−1 → LUMO 
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HOMO−2 → LUMO 

366 (f = 0.0000) HOMO−1 → LUMO 

HOMO−2 → LUMO 

339 342 (f = 0.6486) HOMO → LUMO 

HOMO−1 → LUMO+1 

324 333 (f = 0.0044) HOMO−1 → LUMO 

HOMO → LUMO+1 

304 297 (f = 0.0046) HOMO−2 → LUMO 

289 (f = 0.1720) HOMO−1 → LUMO 

HOMO → LUMO+1 

276 280 (f = 0.4097) HOMO−2 → LUMO+2 

HOMO−1 → LUMO+1 

270 (f = 0.1520) HOMO−1 → LUMO+1 

HOMO−2 → LUMO+1 

257 254 (f = 0.2567) HOMO → LUMO+3 

252 (f = 1.2477) HOMO−1 → LUMO+2 
a Major contributions.   

 

On the other hand, the broad absorption bands of Th1-PDT-2 and Th2-PDT-2 were red-
shifted to 365 and 362 nm, respectively, and the absorption intensity was significantly 
increased compared to dialkylated PDT-2 molecules.  This result is due to the longer π-
conjugation length of PDT-2.  The strong absorption band with λmax at about 380 nm could be 
attributed to the π-π* transition, as predicted by TD-DFT calculations (Tables 2-5 and 2-6), 
and its lower energy absorption is attributed to the HOMO → LUMO transition.  The longest 
absorption edge of Cn-PDT-2 was located at about 370 nm, resulting in a band gap of more 
than 3.3 eV.  Th2-PDT-2 exhibited the longest absorption edge of λedge at 404 nm and the 
calculated Egopt band gap was 3.07 eV.  The UV-vis absorption spectra showed that the thienyl 
groups significantly reduced the band gap of PDT-2 backbone.  This side chain effect can be 
explained by the electron-donating nature of the thienyl groups.  On the other hand, the red-
shifted absorption edge and lower band gap were also attributable to the extended conjugated 
side chains attached to the PDT-2 backbone.   
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Table 2-5. Absorption bands of Th1-PDT-2 in chloroform and assigned transitions according to time 

dependent density functional theory (TD-DFT) calculations (PCM, chloroform/B3LYP/6-31G(d)).   

λexp (nm) λ (oscillator strength) assignmenta 

384 407 (f = 1.2884) HOMO → LUMO 

365 360 (f = 0.4835) HOMO−1 → LUMO 

HOMO → LUMO+1 

345 (f =0 .3924) HOMO−1 → LUMO+1 

293 300 (f = 0.3637) HOMO−3 → LUMO 

HOMO−2 → LUMO+1 

286 (f = 0.2605) HOMO−1 → LUMO+2 

263 259 (f = 0.7836) HOMO−2 → LUMO+2 
a Major contributions.   
 
Table 2-6. Absorption bands of Th2-PDT-2 in chloroform and assigned transitions according to time 

dependent density functional theory (TD-DFT) calculations (PCM, chloroform/B3LYP/6-31G(d)).   

λexp (nm) λ (oscillator strength) assignmenta 

380 400 (f = 1.2615) HOMO → LUMO 

362 353 (f = 0.3728) HOMO−1 → LUMO 

HOMO → LUMO+1 

337 (f = 0.3689) HOMO−1 → LUMO+1 

292 296 (f = 0.3494) HOMO−3 → LUMO 

HOMO−1 → LUMO+2 

281 (f = 0.2918) HOMO−3 → LUMO 

HOMO−1 → LUMO+2 

263 259 (f = 0.7712) HOMO−2 → LUMO+2 
a Major contributions.   

 

The UV-vis absorption spectra in the solid-state were also investigated (Figure 2-9) and the 
corresponding absorption data are summarized in Table 2-7.  Thin films of PDT-2 derivatives 
were prepared by spin-coating from a hot chloroform solution (ca. 0.5 wt%).  In the case of 
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dialkylated PDT-2 derivatives, they formed a heterogeneous thin films.  In contrast, the thin 
films of Th1-PDT-2 and Th2-PDT-2 were homogeneous and structureless.  This indicates that 
Th1-PDT-2 and Th2-PDT-2 have better film formation properties than dialkylated PDT-2 
derivatives and are suitable for OFETs by solution process.  On the other hand, the absorption 
spectra of the PDT-2 derivatives were broader and the vibrational peaks were red-shifted 
compared to the spectra in solution, suggesting the formation of intermolecular π-π stacking in 
the solid-state.  In thin films, the maximum absorption peaks of C8-, C10-, C12-, and C13-PDT-
2 showed almost the same wavelength without any significant difference in shape, indicating 
that the effect of the alkyl chain length (n = 8, 10, 12, and 13) on molecular packing is negligible.  
However, it is worth noting that C14-PDT-2 exhibits strong and obvious absorption peaks at 
335, 352, and 371 nm, and its spectral shape is different from other alkylated derivatives, 
suggesting the formation of an orderly crystalline structure.   

 

 
Figure 2-9. UV-vis absorption spectra of PDT-2 derivatives in thin film 
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Figure 2-10. UV-vis absorption spectra of parent PDT-2 in thin film 

 

Table 2-7. Absorption spectra data of PDT-2 derivatives in thin film 

Compounds λmaxabs (nm) 

PDT-2 282, 292 

C8-PDT-2 263, 287, 296, 349 

C10-PDT-2 263, 288, 297, 349 

C12-PDT-2 263, 289, 297, 350 

C13-PDT-2 263, 289, 300,351 

C14-PDT-2 262, 302, 335, 352, 371 

Th1-PDT-2 258, 323, 389 

Th2-PDT-2 244, 319, 368, 389 

 

 

 

2-3-3. Fluorescence emission characteristics of PDT-2 derivatives 
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The fluorescence spectra of PDT-2 derivatives in chloroform are shown in Figure 2-11.  All 
dialkylated PDT-2 derivatives showed the same emission maximum wavelengths and similar 
emission peak shapes.  In addition, the fluorescence spectra measured using an excitation 
wavelength of 276 nm exhibited strong intensity at 386 nm.  Furthermore, Cn-PDT-2 also 
exhibited the same Stokes shift of 297 cm−1, but the fluorescence of Th1-PDT-2 and Th2-PDT-
2 showed more than 3-fold higher Stokes shift than the others.  The increase in Stokes shift 
was attributed to the introduction of flexible decylthienyl groups into the PDT-2 backbone, 
leading to a decrease in the rigidity and coplanarity of the molecular. Notably, both Th1-PDT-
2 and Th2-PDT-2 displayed significant fluorescence properties in chloroform, with Th1-PDT-
2 emitting fluorescence bands at 399 and 422 nm and Th2-PDT-2 emitting bands at 396 and 
418 nm, excited at 365 and 362 nm, respectively.   

 

Table 2-7. Fluorescence spectra data of PDT-2 derivatives.   

Compounds λmaxem (nm) 

PDT-2 364, 382, 402 

C8-PDT-2 369, 386, 406 

C10-PDT-2 369, 386, 406 

C12-PDT-2 369, 387, 406 

C13-PDT-2 369, 386, 406 

C14-PDT-2 369, 387, 407 

Th1-PDT-2 399, 422 

Th2-PDT-2 396, 418 
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Figure 2-11. Fluorescence spectra of PDT-2 derivatives.   
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2-4. Thin-Film Transistor Characteristics 

In order to evaluate the charge transport properties, bottom-gate, top-contact OFET devices 
were fabricated by vacuum deposition of PDT-2 derivatives on Si/SiO2 substrates. The surfaces 
of the Si/SiO2 substrates were modified with a self-assembled monolayer (SAM).  The active 
layer of PDT-2 was formed at a deposition rate of 0.5 Å s−1 and sequential thermal annealing 
was performed under heating conditions for 30 min in an inert atmosphere to obtain a thin film 
with a highly ordered packing structure.   

 

 

Figure 2-12. Illustration of the configuration of the device 

 

2-4-1. Fabrication of OFET devices based on PDT-2 derivatives 

A typical bottom-gate, top-contact OFET devices were fabricated as follows.  All processes 
except substrate cleaning were performed under a nitrogen atmosphere.  A heavily doped n-Si 
wafer with 200 nm thick thermally grown SiO2 (Ci = 17.3 nF cm−2) as the dielectric layer was 
used as the substrate.  The Si/ SiO2 substrates were carefully cleaned by ultrasonication with 
acetone and isopropanol for 10 min each.  After drying, they were irradiated with UV-O3 for 
20 min and then treated with a solution of 0.1 M octyltrichlorosilane (OTS) in anhydrous 
toluene.  On the other hand, the cleaned substrates were placed in a sealed container in the 
presence of a few drops of hexamethyldisilazane (HMDS), kept in a glove box overnight, and 
then washed with boiling isopropanol.  The active layers (thickness = 50 nm) were deposited 
on the treated substrate by vapor deposition at a rate of 0.5 Å s−1.  Thermal annealing was 
performed at 100 °C for 30 min on a hot plate in a glove box.  After treatment, F4-TCNQ (2 
nm-thick) and gold electrodes (50 nm thick) were deposited on top of the active layer through 
a shadow mask under reduced pressure (5 × 10−5 Pa).  The length (L) and width (W) of the 
channel were 100 µm and 2000 µm, respectively.  The current-voltage characteristics of the 
OFET devices were measured at room temperature in air using a Keithley 6430 sub-
femtoampere remote source meter in combination with a Keithley 2400 measure-source unit.  
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The field-effect mobilities in the saturation regime of ID were calculated using the following 
equation:  

ID = (WCi/2L)μ(VG − Vth)2 

where Ci is the capacitance of the SiO2 insulator; ID is the source-drain current, and VD, VG, 
and Vth are the source-drain, gate, and threshold voltages, respectively.  The current on/off ratio 
(Ion/off) was determined from the minimum ID around VG = −60 V.   

 

2-4-2. Transistor performance 

All fabricated devices showed typical p-channel transistor behavior under ambient 
conditions in the dark.  The FET parameters of C10-PDT-2 and C12-PDT-2 including field-
effect hole mobility (μ), threshold voltage (Vth), and on-off ratio (Ion/off) using different SAMs 
are summarized in Table 2-8.  Figure 2-13 shows some of the commonly used SAMs and the 
structure of F4-TCNQ.  Initially, Thin film of C10-PDT-2 deposited using OTS as SAMs with 
Tanneal of room temperature showed a hole mobility of 0.064 cm2 V−1 s−1 and a relative high 
threshold voltage around −54 V, which was estimated from the saturation regime.  However, 
after annealing at 100 oC, C10-PDT-2 devices exhibited a slightly reduction of the mobility may 
be due to the negative effect of annealing on the surface structure of the thin film.  Compared 
with C10-PDT-2, by increasing the alkyl chain length, C12-PDT-2 with HMDS devices showed 
the rase of the mobility to 0.074 cm2 V−1 s−1, also reduced the absolute value of the threshold 
voltage from 54 V to 29 V.  However, this mobility was extremely lower than that of previously 
reported C12-PDT-2 devices (5.4 cm2 V−1 s−1), which was using a gate dielectric with a high-k 
value.  As the fabrication processes and other PDT-2 derivatives have not been fully optimized 
yet, further improvement of the field-effect mobility is expected.  We believe that PDT-2 
derivatives with high hole mobility and low threshold voltage in the solid state are promising 
p-type semiconducting materials for OFETs.   

 

Table 2-8. FET parameters of fabricated OFET devices based on PDT-2 derivatives.   

Compound SAM Tanneal (oC) µ (cm2 V−1 s−1)a,b Vth (V)b Ion/off 

C10-PDT-2 OTS as depo. 0.064 (0.032) −57 (−54) 105 

 OTS 100 0.043 (0.029) −60 (−57) 105 
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C12-PDT-2 HMDS as depo. 0.074 (0.055) −32 (−29) 105 

a Calculated with the saturated regime. b Average values are shown in parentheses.   

 

 

Figure 2-13. Some of common SAMs and F4-TCNQ. 

 

 

Figure 2-14. Transfer curves of OFET device based on C10-PDT-2 on OTS treated substrate, 
as depo. (a), annealing at 100 °C (b)  

 

Cl Si ClCl

6

OTS

N
H

SiSi

HMDS

F F

F F
NC

NC CN

CN

F4-TCNQ



 67 

 

Figure 2-15. Transfer (a) and output curves (b) of OFET device based on C12-PDT-2 on HMDS 

treated substrate. 
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2-5. Summary 

In summary, a variety of alkyl and decylthienyl-substituted PDT-2 derivatives have been 
successfully synthesized and characterized.  The Author found that the length of the alkyl chain 
and type of side chain have a great effect on the physicochemical properties.  For dialkylated 
PDT-2 molecules, the solubility gradually decreased with increasing carbon number due to the 
increase in hydrophobic interactions.  Those substituted with a 5-decylthienyl group exhibited 
poor solubility in both chloroform and toluene, whereas those substituted with a 4-decylthienyl 
group resulted in high solubility.  All of these alkylated PDT-2 derivatives exhibited short-
range absorption maxima, suggesting that the effect of the change in alkyl chain length on 
photophysical properties is negligible.  The introduction of a decylthienyl group as a 
conjugated side chain can slightly decrease the band gap and increase the HOMO energy level. 
In the solid state, all PDT-2 derivatives showed broadened and red-shifted absorption 
compared to the solution, indicating the formation of an ordered thin film.  Among them, C14-
PDT-2 exhibited the strongest absorption peaks, suggesting the formation of a well-ordered 
crystal structure.  On the other hand, Th1-PDT-2 and Th2-PDT-2 showed more homogeneous 
and structureless than the dialkylated PDT-2 derivatives, and thus showed more suitable film-
forming properties for solution-processed OFETs.  Thus, the PDT-2 derivatives obtained in 
this work is expected to be a high-performance p-type semiconductor for OFET materials.  
Preliminary investigation found that C10-PDT-2 and C12-PDT-2 exhibited the hole mobility of 
0.064 cm2 V−1 s−1 and 0.074 cm2 V−1 s−1, respectively.  Since the fabrication processes and 
other PDT-2 derivatives have not been fully optimized yet, further evaluation of these 
derivatives is underway in our laboratory for application as OFETs.   
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2-6. Experimental Sections 

 

2-6-1. General instrumentation and chemicals 

Unless otherwise noted, all reactions were carried out using standard Schlenk techniques 
under an argon atmosphere.  Glassware was dried in an oven (130 °C) and heated under reduced 
pressure prior to use.  Materials obtained from commercial suppliers were used without further 
purification.  Solvents were used as eluents for all other routine operations and were purchased 
from commercial suppliers and used without further purification.  Merck precoated TLC plates 
(silica gel 60 GF254, 0.25 mm) were used for all thin layer chromatography (TLC) analyses.  
Silica gel column chromatography was performed using silica gel 60 N (spherical, neutral, 40–
100 μm) from Kanto Chemicals Co. Ltd.  NMR spectra (1H and 13C{1H}) were recorded on a 
Varian INOVA-600 (600 MHz).  Chemical shifts were recorded in ppm downfield from 
tetramethylsilane (TMS) using solvent resonance as internal standards (7.26 ppm for CDCl3, 
6.00 ppm for 1,1,2,2-tetrachloroethane-d2).  Chemical shifts for 13C{1H} NMR were recorded 
in ppm downfield using CDCl3 (77.16 ppm), 1,1,2,2-tetrachloroethane-d2 (73.78 ppm) as 
internal standards.  Infrared spectra were recorded on a SHIMADZU IRPrestige-21 
spectrophotometer and reported in wavenumbers (cm−1).  UV-vis absorption spectra were 
measured using a Shimadzu UV-2450 UV-vis spectrometer.  Fluorescence spectra were 
measured using a SHIMADZU RF-5300PC.  High-resolution mass spectrometry (HRMS) was 
measured on a JEOL JMS-700 MStation (double-focusing mass spectrometer).  Elemental 
analyses were carried out using a Perkin-Elmer 2400 CHN elemental analyzer at Okayama 
University.  Geometry optimization and normal-mode calculations were performed at the 
B3LYP/6-31G(d) level using the Gaussian 09, Revision D. 01, program package.   

Unless otherwise noted, materials obtained from commercial suppliers were used without 
further purification.  Thiophene (Wako), 3-bromothiophene (TCI), n-buthyllithium (TCI), p-
toluenesulfonic acid (TCI), ethylene glycol (TCI), tributyl borate (TCI), trimethylsulfonium 
iodide (Aldrich), potassium hydroxide (Nacalai Tesque), indium chloride (TCI), 9-
borabicyclo[3.3.1]nonane (Aldrich), 1-octene (TCI), 1-decene (TCI), 1-dodecene (TCI), 1-
tridecene (TCI), 1-tetradecene(TCI), and tributyltin chloride (TCI) were used as received.   

 

2-6-2. Experimental procedures for the synthesis of PDT-2 core. 
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Synthesis of 3-bromothiophene-2-carbaldehyde 

 

To a solution of LDA in THF (1 M) (14 mL, 100 mmol) was added dropwise 3-
bromothiophene (16.3 g, 100 mmol) in 200 mL of THF at 0 °C.  The mixture was stirred for 1 
h, then DMF (7.7 mL, 100 mmol) was added at 0 °C and the mixture was allowed to warm up 
to room temperature.  After stirring for 4 h, water (100 mL) was added to the mixture and the 
mixture was extracted three times with diethyl ether.  The organic phases were collected, dried 
over magnesium sulfate, filtered, and concentrated under vacuum.  The product was purified 
by column chromatography on silica gel using hexane/ethyl acetate (50:1) as eluent to give the 
title compound in 93% yield as a yellow oil.  The spectroscopic and mass data were identical 
to those reported previously.40   

 

Synthesis of 2-(3-Bromothiophene-2-yl)-1,3-dioxolane 

 

To a solution of 3-bromothiophene-2-carbaldehyde (19.1 g, 100 mmol) in toluene (200 mL) 
were added ethylene glycol (22.2 mL, 400 mmol) and p-TsOH (860 mg, 5 mmol).  The mixture 
was refluxed for 12 h using a Dean-Stark apparatus.  After cooled to room temperature, the 
reaction mixture was quenched with sat. NaHCO3 aqueous solution and extracted with EtOAc.  
The combined organic layers were washed with brine, dried with MgSO4, and concentrated in 
vacuo.  The residue was purified by silica gel column chromatography using hexane/ethyl 
acetate (50:1) as eluent to give the title compound in 96% yield as a yellow oil.  1H NMR (300 
MHz, CDCl3, rt): δ 3.99-4.06 (m, 2H), 4.14-4.19 (m, 2H), 6.14 (s, 1H), 6.97 (d, J = 5.1 Hz, 
1H), 7.31 (d, J = 5.1 Hz, 1H).   

 

Synthesis of 2-formyl-3-thiopheneboronic acid (1) 
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To a solution of 2-(3-Bromothiophene-2-yl)-1,3-dioxolane (21.1 g, 90 mmol in anhydrous 
ether (100 ml)) was added dropwise (10 min) n-butyllithium in hexane (68 ml, 108 mmol) at 
−70 ºC.  After stirring for 10 mins, butyl borate (30ml, 112.5 mmol) in anhydrous ether (20 ml) 
was added in a single portion.  The reaction mixture was stirred at −70 oC for 4 h and then left 
to come to room temperature. 1 M hydrochloric acid was added, and the mixture was left to 
stand for 1 h with stirring.  The aqueous phase was extracted with diethyl ether and the 
combined ethereal phases were washed with aqueous sodium bicarbonate solution, dried over 
Mg2SO4 and evaporated under reduced pressure.  The residue was purified by recrystallization 
from ethanol and water to give the title compound (1) in 71% yield as a white solid.  The 
spectroscopic and mass data were identical to those reported previously.39   

 

Synthesis of 3,3’-(1,4-phenylene)-bis(thiophene-2-carboxaldehyde) (3) 

 

To a solution of 2-formyl-3-thiopheneboronic acid 1 (2.53 g, 16.5 mmol) in THF (150 mL) 
in a 300-mL 2-necked round-bottomed flask were added PdCl2(dppf)·benzene (607 mg, 0.75 
mmol), 3 M aqueous KOH (15 mL, 48 mmol), and 1,4-dibromobenzene 2 (1.8 g, 7.5 mmol) at 
room temperature under an argon atmosphere.  The resulting reaction mixture was stirred at 
80 °C for 8 h, quenched with water (100 mL), and extracted with chloroform (80 mL x 3).  The 
combined organic layers were washed with brine and dried over MgSO4.  Filtration and 
evaporation afforded a pale yellow solid.  Washing with ethyl acetate gave the product 3 (1.45 
g, 65%) as a yellow solid.  The spectroscopic and mass data were identical to those reported 
previously.39   

 

Synthesis of 3,3’-(1,4-phenylene)-bis[2-thiophene-(2-oxirane)] (4) 

B(OH)2
S

CHO1) nBuLi (1.1 equiv)
Et2O, rt, 10 min.

2) B(OnBu)3 (1.25 equiv)
-70 °C, 4 h, then, rt

4 N HCl aq.
Br

S

O
O

71%
1
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To a solution of dialdehyde 3 (1.2 g, 4 mmol) in anhydrous acetonitrile (80 mL) in a 200-
mL 2-necked round-bottomed flask were added trimethylsulfonium iodide (2 g, 9.6 mmol) and 
powdered KOH (1.2 g, 22 mmol) at room temperature under an argon atmosphere.  The 
reaction mixture was stirred at 70 °C for 3 h, quenched with water (100 mL), and extracted 
with chloroform (80 mL × 3).  The combined organic layers were washed with brine and dried 
over MgSO4.  Filtration and evaporation afforded the product 4 (1.16 g, 89%) as yellow solid.  
The spectroscopic and mass data were identical to those reported previously.39 

 

Synthesis of phenanthro[2,1-b:7,8-b']dithiophene (PDT-2) 

 

To a solution of epoxide 4 (261 mg, 0.8 mmol) in anhydrous 1,2-dichloroethane (40 mL) in 
a 50 mL Schlenk tube equipped with a magnetic stir bar was added indium chloride (35 mg, 
0.16 mmol) at room temperature under an argon atmosphere.  The reaction mixture was stirred 
at 100 °C for 24 h, quenched with water (5 mL) and poured into MeOH and a pale yellow solid 
was precipitated.  The filtration of the suspension and drying of the solid under vacuum 
afforded PDT-2 (188 mg, 65%) as a pale yellow solid.  The spectroscopic and mass data were 
identical to those reported previously.39   

 

2-6-3. Experimental procedures for the synthesis of PDT-2 derivatives. 

 

Synthesis of 2,9-dibromophenanthro[2,1-b:7,8-b']dithiophene (5) 
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To a solution of PDT-2 (145 mg, 0.5 mmol), in anhydrous THF (15 mL) in a 20 mL Schlenk 
tube equipped with a magnetic stir bar was added dropwise n-butyllithium (1.6 M in hexane, 
690 μL, 1.1 mmol) at −78 °C under an argon atmosphere.  The reaction mixture was stirred for 
1 h at room temperature, then cooled to −78 °C and bromine (62 μL, 1.2 mmol) was added 
dropwise.  The reaction was stirred at room temperature overnight, quenched with water (5 
mL), and poured into MeOH to afford a precipitate of a pale yellow solid.  The suspension was 
filtered and the solid was dried under vacuum to yield 5 (210 mg, 96%).  The spectroscopic 
and mass data were identical to those reported previously.39   

 

General procedure for the palladium-catalyzed Suzuki-Miyaura coupling of 

compound 5 with Alkylboranes. 

 
 

To a solution of 1-alkene (0.9 mmol) in anhydrous THF (6 mL) in a 20 mL Schlenk tube 
was added 9-BBN dimer (0.45 mmol) at room temperature under argon.  The reaction mixture 
was stirred at 60 °C for 1 h.  Then, Pd(dba)2 (26 mg, 0.045 mmol), [HPt-Bu3]BF4 (26 mg, 0.09 
mmol), powdered KOH (101 mg, 1.8 mmol), and compound 5 (134 mg, 0.3 mmol) were added 
sequentially at room temperature.  The reaction mixture was stirred at 85 °C for 6 h, quenched 
with water (10 mL), and extracted with chloroform (30 mL × 3).  The combined organic layers 
were washed with brine and dried over MgSO4.  Filtration and evaporation yielded a brown 
solid.  The residue was purified by column chromatography on silica gel (hexane: chloroform 
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= 2:1), and then recrystallized with acetone to give the target dialkylated PDT-2 derivative as 
a white solid.   

 

2,7-Dioctylphenanthro[2,1-b:7,8-b’]dithiophene (C8-PDT-2):  

 

55% yield. Rf = 0.79 (hexane:chloroform = 2:1). Mp = 263–264 °C. FT-IR (KBr, cm−1): 
2956 (m), 2920 (s), 2873 (m), 2850 (s), 1465 (w), 1195 (w), 823 (w), 796 (s).  1H-NMR (600 
MHz, CDCl3, rt): δ 8.61 (d, J = 9.0 Hz, 2H), 8.37 (s, 2H), 8.00 (d, J = 9.0 Hz, 2H), 7.74 (s, 
2H), 3.04 (t, J = 7.8 Hz, 4H), 1.81–1.86 (m, 4H), 1.43–1.47 (m, 4H), 1.35–1.39 (m, 4H), 1.26–
1.34 (m, 12H), 0.88 (t, J = 7.2 Hz, 6H); 13C{1H} NMR (150 MHz, CDCl3, rt): δ 147.4, 137.4, 
136.9, 127.8, 126.6, 123.0, 121.1, 119.1, 119.0, 32.0, 31.7, 31.2, 29.5, 29.39, 29.36, 22.8, 14.3.  
Anal. Calcd for C34H42S2: C, 79.32; H, 8.22. Found: C, 79.03; H, 8.24.   

 

2,7-Didecylphenanthro[2,1-b:7,8-b’]dithiophene (C10-PDT-2):  

 

60% yield. Rf = 0.79 (hexane: chloroform = 2:1). Mp = 243–244 °C. FT-IR (KBr, cm−1): 
2954 (m), 2918 (s), 2872 (m), 2846 (s), 1463 (m), 1192 (w), 835 (w), 821 (s), 792 (s).  1H-
NMR (600 MHz, CDCl3, rt): δ 8.37 (s, 2H), 8.61 (d, J = 9.0 Hz, 2H) 8.00 (d, J = 9.0 Hz, 2H); 
7.74 (s, 2H), 3.04 (t, J = 7.2 Hz, 4H), 1.81–1.86 (m, 4H), 1.43–1.47 (m, 4H), 1.35–1.38 (m, 
4H), 1.26–1.32 (m, 20H), 0.88 (t, J = 7.2 Hz, 6H); 13C{1H} NMR (150 MHz, CDCl3, rt): δ 
147.4, 137.4, 136.9, 127.7, 126.6, 123.0, 121.1, 119.1, 119.0, 32.1, 31.7, 31.2, 29.8, 29.7, 29.6, 
29.5, 29.3, 22.8, 14.3.  Anal. Calcd for C38H50S2: C, 79.94; H, 8.83. Found: C, 79.82; H, 9.05.   

 

2,7-Didodecylphenanthro[2,1-b:7,8-b’]dithiophene (C12-PDT-2):  

 

SS

C8H17 C8H17

SS

C10H21 C10H21

SS

C12H25 C12H25
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67% yield. Rf = 0.79 (hexane: chloroform = 2:1). Mp = 233–234 °C. FT-IR (KBr, cm−1): 
2954 (m), 2918 (s), 2870 (m), 2846 (s), 1463 (m), 1199 (w), 839 (w), 821 (s), 792 (s), 723 (w).  
1H-NMR (600 MHz, 1,1,2,2-tetrachloroethane-d2, 80 °C): δ 8.63 (d, J = 9.0 Hz, 2H), 8.41 (s, 
2H), 8.04 (d, J = 8.4 Hz, 2H), 7.78 (s, 2H), 3.09 (t, J = 7.2 Hz, 4H), 1.90 (m, 4H), 1.53 (m, 
4H), 1.44 (t, J = 7.2 Hz, 4H), 1.32–1.39 (m, 28H), 0.92–0.95 (m, 6H); 13C{1H} NMR (150 
MHz, 1,1,2,2,-tetrachloroethane-d2, 80 °C): δ 147.4, 137.2, 136.7, 127.5, 126.4, 122.8, 120.8, 
118.7, 118.7, 31.7, 31.3, 30.9, 29.44, 29.42, 29.41, 29.3, 29.2, 29.1, 29.0, 22.4, 13.9.  Anal. 
Calcd for C42H58S2: C, 80.45; H, 9.32. Found: C, 80.63; H, 9.51.   

2,7-Ditridecylphenanthro[2,1-b:7,8-b’]dithiophene (C13-PDT-2):  

 

42% yield. Rf = 0.79 (hexane: chloroform = 2:1). Mp = 224–225 °C. FT-IR (KBr, cm−1): 
2954 (w), 2918 (s), 2872 (w), 2848 (s), 1463 (w), 1199 (w), 821 (m), 792 (m).  1H-NMR (600 
MHz, 1,1,2,2-tetrachloroethane-d2, 80 °C): δ 8.63 (d, J = 9.0 Hz, 2H), 8.41 (s, 2H), 8.04 (d, J 
= 8.4 Hz, 2H), 7.78 (s, 2H), 3.09 (t, J = 7.2 Hz, 4H), 1.90 (m, 4H), 1.53 (m, 4H), 1.44 (t, J = 
7.2 Hz, 4H), 1.32–1.39 (m, 32H), 0.92–0.95 (m, 6H); 13C{1H} NMR (150 MHz, 1,1,2,2,-
tetrachloroethane-d2, 80 °C): δ 147.4, 137.2, 136.7, 127.5, 126.4, 122.8, 120.8, 118.7, 118.7, 
31.7, 31.3, 30.9, 29.5, 29.44, 29.43 (2 carbons), 29.3, 29.2, 29.1, 29.0, 22.4, 13.9.  Anal. Calcd 
for C44H62S2: C, 80.67; H, 9.54. Found: C, 80.39; H, 9.33.   

2,7-Ditetradecylphenanthro[2,1-b:7,8-b’]dithiophene (C14-PDT-2):  

 

62% yield. Rf = 0.79 (hexane: chloroform = 2:1). Mp = 216–217 °C. FT-IR (KBr, cm−1): 
2954 (m), 2918 (s), 2870 (m), 2846 (s), 1462 (m), 1197 (w), 821 (m), 792 (m).  1H-NMR (600 
MHz, 1,1,2,2-tetrachloroethane-d2, 80 °C): δ 8.62 (d, J = 9.0 Hz, 2H), 8.40 (s, 2H), 8.04 (d, J 
= 9.0 Hz, 2H), 7.78 (s, 2H), 3.10 (t, J = 7.2 Hz, 4H), 1.90–1.93 (m, 4H), 1.52–1.56 (m, 4H), 
1.43–1.47 (m, 4H), 1.35–1.41 (m, 36H), 0.95–0.97 (m, 6H); 13C{1H} NMR (150 MHz, 1,1,2,2,-
tetrachloroethane-d2, 80 °C): δ 147.3, 137.2, 136.7, 127.5, 126.4, 122.8, 120.8, 118.7, 118.7, 
31.7, 31.3, 30.9, 29.49, 29.48, 29.46, 29.44 (2 carbons), 29.35, 29.2, 29.11, 29.06, 22.5, 13.9.  
Anal. Calcd for C46H66S2: C, 80.88; H, 9.74. Found: C, 80.51; H, 9.60.   

 

SS

C13H27 C13H27

SS

C14H29 C14H29
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General procedure for the palladium-catalyzed Migita-Kosugi-Stille coupling of 

compound 5 with (decylthiophene-2-yl)tributylstannane.   

 

To a solution of compound 5 (140 mg, 0.31 mmol) in anhydrous DMF (7 mL) in a 20 mL 
Schlenk tube were added LiCl in THF (0.5 M, 1.56 mL, 0.78 mmol), (decylthiophene-2-
yl)tributylstannane (0.78 mmol), and Pd(PPh3)4 (36 mg, 10 mol %) under argon.  The reaction 
mixture was stirred at 100 °C for 10 h, then quenched with an aqueous solution of potassium 
fluoride at room temperature.  The resulting suspension was extracted with chloroform (50 mL 
× 3).  The combined organic layers were washed with brine and dried over MgSO4.  Filtration 
and evaporation yielded a brown solid.  The residue was purified by column chromatography 
on silica gel (hexane: chloroform = 10:1) and recrystallized with acetone to give the target 
product Th1-PDT-2 as a yellow solid.   

 

2,7-Bis(5-decylthiophene-2-yl)phenanthro[2,1-b:7,8-b’]dithiophene (Th1-PDT-2):  

 
52% yield. Rf = 0.60 (hexane: chloroform = 10:1). Mp = 239–240 °C. FT-IR (KBr, cm−1): 

2954 (w), 2920 (s), 2850 (m), 1465 (w), 1190 (w), 819 (w), 792 (s).  1H-NMR (600 MHz, 
CDCl3, rt): δ 8.63 (d, J = 9.0 Hz, 2H), 8.43 (s, 2H), 8.04 (s, 2H), 8.01 (d, J = 9.0 Hz, 2H), 7.20 
(d, J = 1.8 Hz, 2H), 6.77 (d, J = 1.2 Hz, 2H), 2.82–2.90 (m, 4H), 1.73–1.75 (m, 4H), 1.29–1.43 
(m, 28H), 0.89 (t, J = 7.2 Hz, 6H); 13C{1H} NMR was not obtained due to its poor solubility. 
HR-MS (FAB+): Calcd for C46H55S4 [M + H] 735.3181. Found: 735.3185.   

 

2,7-Bis(4-decylthiophene-2-yl)phenanthro[2,1-b:7,8-b’]dithiophene (Th2-PDT-2):  

 

SS

SS
C10H21C10H21

SS

SS
C10H21C10H21
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61% yield. Rf = 0.60 (hexane: chloroform = 10:1). Mp = 150–151 °C. FT-IR (KBr, cm−1): 
2954 (w), 2916 (s), 2848 (s), 1460 (w), 1188 (w), 844 (w), 794 (s).  1H-NMR (600 MHz, CDCl3, 
rt): δ 8.59 (d, J = 9.0 Hz, 2H), 8.38 (s, 2H), 8.05 (s, 2H), 7.98 (d, J = 9.0 Hz, 2H), 7.21 (d, J = 
1.8 Hz, 2H), 6.92 (d, J = 1.2 Hz, 2H), 2.64 (t, J = 7.2 Hz, 4H), 1.65–1.70 (m, 4H), 1.24–1.41 
(m, 28H), 0.89 (t, J = 7.2 Hz, 6H); 13C{1H} NMR (150 MHz, CDCl3, rt): δ 144.5, 138.2, 137.7, 
137.3, 136.9, 127.9, 127.0, 126.5, 123.2, 120.9, 120.3, 120.0, 117.9, 32.1, 30.7, 30.6, 29.80, 
29.78, 29.6, 29.52, 29.51, 22.9, 14.3.  HR-MS (FAB+): Calcd for C46H55S4 [M + H] 735.3181. 
Found: 735.3185.   
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2-6-4. Charts of NMR Spectra 
 

 
1H NMR (600 MHz) spectrum of C8-PDT-2 (CDCl3, rt). 

 

 
13C{1H} NMR (150 MHz) spectrum of C8-PDT-2 (CDCl3, rt).   
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1H NMR (600 MHz) spectrum of C10-PDT-2 (CDCl3, rt). 

 

 
13C{1H} NMR (150 MHz) spectrum of C10-PDT-2 (CDCl3, rt). 

 

-2-101234567891011121314
f1	(ppm)

-50

0

50

100

150

200

250

300

350

400

450

500

550

3
.0
1

10
.4
1

2.
29
2.
27

2.
17

2.
0
1

0
.9
5

0
.9
1

0
.9
2

1.
0
0

0
.8
6

0
.8
8

0
.8
9

1.
26
1.
27
1.
27
1.
27
1.
28
1.
29
1.
29
1.
3
0

1.
3
1

1.
3
2

1.
3
5

1.
3
6

1.
3
7

1.
3
8

1.
4
3

1.
4
4

1.
4
4

1.
4
4

1.
4
5

1.
4
5

1.
4
6

1.
4
7

1.
8
1

1.
8
2

1.
8
2

1.
8
3

1.
8
4

1.
8
4

1.
8
5

1.
8
5

1.
8
6

3
.0
2

3
.0
4

3
.0
5

7.
26

7.
74
8
.0
0

8
.0
1

8
.3
7

8
.6
0

8
.6
2

-100102030405060708090100110120130140150160170180190200210220230
f1	(ppm)

-100

0

100

200

300

400

500

600

700

800

900

1000

1100

14
.3

22
.8

29
.3

29
.5

29
.6

29
.7

29
.8

3
1.
2

3
1.
7

3
2.
1

76
.9

77
.2

77
.4

11
9
.0

11
9
.1

12
1.
1

12
3
.0

12
6
.6

12
7.
7

13
6
.9

13
7.
4

14
7.
4



 80 

 
1H NMR (600 MHz) spectrum of C12-PDT-2 (TCE-d2, 80 °C). 

 

 
13C{1H} NMR (150 MHz) spectrum of C12-PDT-2 (TCE-d2, 80 °C). 
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1H NMR (600 MHz) spectrum of C13-PDT-2 (TCE-d2, 80 °C). 

 

 
13C{1H} NMR (150 MHz) spectrum of C13-PDT-2 (TCE-d2, 80 °C). 
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1H NMR (600 MHz) spectrum of C14-PDT-2 (TCE-d2, 80 °C). 

 

 
13C{1H} NMR (150 MHz) spectrum of C14-PDT-2 (TCE-d2, 80 °C). 
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1H NMR (600 MHz) spectrum of Th1-PDT-2 (CDCl3, rt). 

 
 
The 13C{1H} NMR spectrum of Th1-PDT-2 could not be measured due to its low solubility.   
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1H NMR (600 MHz) spectrum of Th2-PDT-2 (CDCl3, rt). 

 

 
13C{1H} NMR (150 MHz) spectrum of Th2-PDT-2 (CDCl3, rt). 
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Effect of Positional Isomerism of Picenodithiophene Derivatives on 

Semiconducting Properties   
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3-1. Introduction 

A number of π-conjugated semiconducting materials have been developed for use in OFETs 

so far.1-10  Among them, thienoacenes have received great attention due to their excellent 

organic semiconducting properties.11-17  The π-extended systems of linear thienoacenes 

enhance the intermolecular overlap in the solid state, resulting in high mobility.18-21  Moreover, 

the introduction of a sulfur-containing π-conjugated system not only extends the π-conjugated 

system, but also increases the transfer integrals and lowers the reorganization energy due to the 

formation of favorable orbital overlap through CH−π, S−S, and S−π interactions between 

adjacent molecules in the solid state.22,23  However, the introduction of thiophene rings into the 

acene backbone poses a new problem because it generates a various number of regioisomers, 

such as stereoisomers and regioisomers, etc (Figure 3-1).24-31   

 

 

Figure 3-1. Some of the syn/anti-isomers and positional isomers.   

 

Recently, our group has reported piceno[4,3-b:9,10-b’]dithiophene (PiDT-1) with seven 

fused rings and a π-extended conjugated system.32  Thin-film OFETs of these PiDT-1 
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derivatives were investigated using device with a typical bottom-gate-top-contact 

configuration.  As a result, C8-PiDT-1 exhibited the highest mobility of 2.36 cm2 V−1 s−1 among 

these derivatives.  This effective charge transport phenomenon can be attributed to the small 

grain size of C8-PiDT-1 and the formation of a flat monolayer on the substrate.  However, the 

absolute threshold voltage of PiDT-1 showed high values because of the deep HOMO energy 

level.  The investigation of regioisomeric effects on intrinsic electronic and charge transport 

properties is crucial because understanding the structure-property relationship can be directly 

used to rationalize molecular design and to fabricate efficient devices.  In this Chapter, the 

Author reports on the design, synthesis, physicochemical and FET properties of piceno[3,2-

b:10,11-b']dithiophene (PiDT-3), a positional isomer of PiDT-1, as shown in Figure 3-2.  The 

aims of this study are to better understand the effect of positional isomers of thiophene on the 

semiconducting properties and to comprehend the structure-property relationships.   

 

 

Figure 3-2. Modification of picene backbone. 
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3-2. Results and Discussion  
3-2-1. Theoretical calculations 

The density functional theory (DFT) calculations of the positional isomers using Gaussian 

09 package with a basis set of B3LYP/6-31G(d) could well demonstrate that each isomer is 

well characterized in terms of the energy levels of the frontier orbitals.  The calculation results 

clearly demonstrated that there is a remarkable difference between PiDT isomers with the 

LUMO, HOMO, HOMO−1, and HOMO−2 energy levels.  Figure 3-3 shows the molecular 

orbitals and the corresponding energy levels of picene, PiDT-1 and PiDT-3.  The HOMO level 

of PiDT-3 increased from −5.49 eV to −5.29 eV with the change in the position of the thiophene 

rings, similar to the elevation from picene to PiDT-3.  However, the electron density 

distributions in the HOMO of PiDT-3 inherits the same large delocalization feature as that of 

picene and PiDT-1, but the HOMO geometry is slightly different, resulting in a higher energy 

level of HOMO in PiDT-3.  The electron density distributions in the HOMO indicate that sulfur 

atoms play an important role in the intermolecular interactions due to their larger atomic radius.  

The large contribution of sulfur atoms to the HOMO orbitals in PiDT-3, which is almost the 

same as that of PiDT-1, implies that the potent orbital overlap in the solid state leads to effective 

charge transport.  Moreover, the larger electron density distributions in the LUMO of PiDT-3 

is reduced from −1.38 eV to −1.50 eV by changing the orientation of the thiophene rings, 

indicating an extension of π-conjugation and a smaller energy bandgap.  Interestingly, the 

electron density distributions of HOMO−1 and HOMO−2 are almost inverted between the two 

positional isomers, indicating the influence of the position of thiophene.   
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Figure 3-3. Calculated LUMO, HOMO, HOMO−1, and HOMO−2 distributions of picene, PiDT-1 

and PiDT-3.   

 

3-2-2. Retrosynthetic analysis of PiDT-3 

Retrosynthetic analysis of PiDT-3 (Figure 3-4) confirms two synthetic strategies, including 

a f, h bond cleavage in strategy 1 and a d, i bond cleavage in strategy 2, corresponding to the 

precursor 1 and precursor 2, respectively.  From dialdehyde synthon 1 or 2, the target product 

PiDT-3 can be obtained via epoxidation and Lewis acid-catalyzed intramolecular 

cycloaromatization.  However, due to the selectivity of the intramolecular cycloaromatization 
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of synthon 1 or 2, PiDT-3 can be isomerized.  Therefore, computational methods would be 

utilized to identify the available synthetic routes.   

 

 

 

Figure 3-4. Retrosynthetic analysis of PiDT-3.   

 

From the viewpoint of synthetic route design, the molecular electron densities of the reaction 

precursors were calculated by density functional theory (DFT) using the Gaussian 09 package 

with B3LYP/6-31G(d) as the basis.  Figure 3-5 shows the predicted precursor 2 and the 

corresponding optimized structure with the electron density.  Generally, Lewis acid-catalyzed 

Fridel-Crafts type intramolecular cycloaromatization reactions occur selectively at carbon 

positions with high electron density in the aromatic ring.  In the case of precursor 2, carbon-24 

is the expected reacting position, but carbon-21 displays a higher Mulliken charge than carbon-

24, implying a higher electron density at carbon-21.  Therefore, the Fridel-Crafts type 

intramolecular cycloaromatization reaction would give undesired products.   
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Figure 3-5. Optimized structure of precursor 2 with Mulliken charges.   

 

To our delight, strategy 1 has been found to be an available synthetic route.  Figure 3-6 

shows the predicted precursor 3 and the corresponding optimized structure with the calculated 

electron density.  The precursor 3 exhibited a Mulliken charge of −0.269 at the C12 position, 

which is higher than that of C15.  These calculated results imply that the high electron density 

of carbon-12 leads to a more favorable Fridel-Crafts type intramolecular cycloaromatization 

reaction, which produces the desired product PiDT-3.   
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Figure 3-6. Optimized structure of precursor 3 with Mulliken charges.   

 

In planning the synthesis of precursor 1, two synthons are identified.  That is, the 

nucleophilic benzene anion 5 and the electrophilic benzothiophene cation 4.  The 

corresponding synthetic equivalents are shown in Scheme 3-1 and reacted by Suzuki-Miyaura 

coupling reaction to produce the desired precursor 1.   

 

 

Scheme 3-1. Retrosynthetic analysis of precursor 1 and its corresponding synthetic equivalents.   

 

3-2-3. Synthesis of PiDT-3 
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Initially, the newly developed synthetic routes for PiDT-3 started with commercially 

available 1,4-phenylenediboronic acid (7), but 5-bromobenzo[b]thiophene-6-carbaldehyde (6) 

was an unknown compound and needed to be prepared first.   

The dibromination reaction was carried out under neat conditions using terephthalaldehyde 

as starting material (Scheme 3-2).  Terephthalaldehyde was added to a stirred concentrated 

sulfuric acid solution and heated to 60 °C.  N-Bromosuccinimide was added portionwise over 

15 min, and the solution was heated at 60 °C for 5 h, then was poured onto ice and the white 

precipitate was filtered off.  The resulting solid was dissolved in dichloromethane and extracted 

with sat. NaHCO3, washed with brine, and dried over anhydrous MgSO4.  The product was 

further purified by recrystallization with chloroform to give 2,5-dibromo-1,4-

benzenedicarboxaldehyde (9) in 65% yield as a white solid.   

 

 

Seheme 3-2. Dibromination reaction.   

 

Next, compound 9 was subjected to the thiophene annulation reaction using ethyl 2-mercap-

toacetate as a sulfur source to form ethyl 5-bromo-6-formylbenzo[b]thiophene-2-carboxylate 

(10).   However, the center-symmetric compound 9 has a double functional group, which may 

cause a double thiophene annulation reaction.  To avoid this side reaction, one equivalent of 

ethyl 2-mercap-toacetate was utilized in the presence of 3 equivalents of potassium carbonate 

in DMF, as shown in Table 3-1 (Entry 1).  As a result, no desired product was obtained, because 

of the high temperature, the debromination product 11 was detected in 13% yield.   As predicted, 

when the temperature was lowered to 25 oC, the yield of compound 10 increased to 25%.  

Replacement of potassium carbonate with the organic base triethylamine under the identical 

reaction conditions resulted in a slight increase in the yield of compound 10.  Interestingly, the 

yield of compound 10 correlates positively with the increase in temperature from entry 3 to 

entry 5.  Finally, decreasing the amount of base to avoid the overreaction at 100 oC produced 

the desired product 10 in 74% yield.  Further purification was carried out by Kugelrohr short-

path distillation apparatus to yield a pale yellow solid.   
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Table 3-1. Optimization of thiophene annulation reaction 

 

Entry Base Temp. (oC) 10 (%) 11 (%) 

1 K2CO3 155 0 13 

2 K2CO3 25 25 0 

3 Et3N 25 30 0 

4 Et3N 70 53 0 

5 Et3Na 100 74 0 

a 2 equiv.   

 

The hydrolysis of ether 10 can be easily manipulated under mild conditions as shown in 

Scheme 3-3.  Aqueous KOH solution was added dropwise to a suspension of ether 10 in ethanol 

and the reaction mixture was stirred for 5 min at room temperature.  After stirring the reaction 

mixture for 5 h, it was concentrated in vacuo and acidified with 1M HCl at 0 °C to produce a 

pale yellow precipitate, which was filtered and dried under vacuum to afford the 5-bromo-6-

formylbenzo[b]thiophene-2-carboxylic acid (12) in 95% yield as a pale yellow solid.   

 

 

Scheme 3-3. Hydrolysis reaction 

 

The synthetic equivalent 6 was obtained by decarboxylative reaction and was initially tested 

at high temperature in the presence of copper powder (Table 3-2).  Similar to the thiophene 
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annulation reaction described above, a side reaction, i.e. debromination reaction, occurs at high 

reaction temperature, resulting in the formation of compound 13 as a by-product.   

 

Table 3-2. Optimization of decarboxylative reaction 

 

Entry Reaction conditions 6 (%) 13 (%) 

1 Cu (3 equiv), quinoline, 185 oC, 30 min 10 30 

2 Cu (3 equiv), quinoline, 150 oC, 3 h 17 20 

3 Cu (3 equiv), quinoline, 150 oC, overnight 12 25 

4 Cu2O (30 mol %), DMF, 140 oC, 15 h 0 0 

 

In order to avoid side reactions, the decarboxylative reaction was conducted in two steps: 

first, the silver compound was generated under ambient conditions, and then the 

decarbonylative reaction proceeded in the absence of base (Scheme 3-4).  That is, the 

carboxylic acid 12 was partially dissolved in water prior to the dropwise addition of a solution 

of NaOH in H2O.  The mixture was stirred at 40 oC for 30 min until all the solids were dissolved 

in the solution.  Then, a solution of AgNO3 in H2O was added dropwise to instantly form the 

desired silver compound 14.  The mixture was filtered and washed with H2O and cold acetone.  

The resulting solid was dried in vacuum to afford silver compound 14 as a black solid.   

 

 

Scheme 3-4. Formation of silver compound 14.   
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Next, H2O was added as the proton source to the solution of silver compound 14 in DMF 

(Scheme 3-5).  The mixture was stirred at 110 oC for 1 day, then cooled to room temperature, 

and the precipitated solid was filtered off, washed with chloroform and extracted with 

chloroform.  After evaporation, the product was purified by silica gel column chromatography 

to give compound 6 in 70% yield as a white solid.   

 

 

Scheme 3-5. Decarbonylative reaction 

 

However, the total yield of this two-step reaction was 63%, indicating that the one-step 

decarboxylative reaction is more advantageous as an efficient synthetic strategy.  Considering 

this point, the Author next examined the one-step decarboxylative reaction under acidic 

reaction conditions (Scheme 3-6).  Ag2CO3 and AcOH were added to a solution of carboxylic 

acid 12 in anhydrous DMSO at room temperature.  The reaction mixture was stirred at 120 oC 

for 12 h, then cooled to room temperature and quenched with water.  The precipitated solid 

was filtered off, then extracted with chloroform.  The combined organic layers were washed 

with brine and dried over anhydrous MgSO4.  Filtration and evaporation afforded a yellow 

solid.  Further purification was carried out by silica gel column chromatography to give 

compound 6 in 84% yield.   

 

 

Scheme 3-6. One-step decarboxylative reaction.   

 

Next, using 5-bromobenzo[b]thiophene-6-carbaldehyde (6), the Suzuki-Miyaura coupling 

reaction of 1,4-phenylenediboronic acid (7) with 6, a key step in the strategy 1, was conducted 

under mild conditions using a palladium catalyst as shown in Scheme 3-7.  1,4-

Phenylenediboronic acid, Pd(PPh3)4, and K2CO3 were added to a solution of 5-
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bromobenzo[b]thiophene-6-carbaldehyde in DMF and deionized water at room temperature.  

The reaction mixture was stirred at 90 °C for 1 day, then cooled to room temperature, quenched 

with water, and extracted with chloroform.  The combined organic layers were washed with 

brine and dried over anhydrous MgSO4.  Filtration and evaporation afforded a yellow solid.  

Further purification by silica gel column chromatography gave compound 1 as a pale yellow 

solid.   

 

 

Scheme 3-7. Suzuki-Miyaura coupling reaction.   

 

Compound 1 was further subjected to epoxidation reaction in benzonitrile under an argon 

atmosphere (Scheme 3-8).  Trimethylsulfonium and powdered potassium hydroxide were 

added to this mixture at room temperature.  The reaction mixture was stirred vigorously at 

70 °C for 2 days, quenched with water, and extracted with chloroform.   The combined organic 

layers were washed with brine and dried over magnesium sulfate.  The filtrate was concentrated 

under reduced pressure to give the crude product as a yellow solid.  This crude mixture contains 

the formation of benzamide, which interferes with the Lewis acid-catalyzed intramolecular 

cycloaromatization.  Therefore, it was purified by silica gel column chromatography with Et3N 

(1%) to afford compound 15 as a white solid.   

 

 

Scheme 3-8. Epoxidation reaction.   

 

Subsequently, the Lewis acid-catalyzed intramolecular cycloaromatization of compound 15 

was conducted in the presence of indium chloride under an argon atmosphere at room 

temperature (Scheme 3-9).  The reaction mixture was stirred at 100 °C for 1 day, quenched 
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with water, poured into methanol and a pale yellow solid was precipitated.  The suspension 

was filtered and the solid was dried under vacuum to afford crude PiDT-3 as a brown solid.  

Further purification by vacuum sublimation gave pure PiDT-3 as a yellow solid.   

 

 

Scheme 3-9. Lewis acid-catalyzed intramolecular cycloaromatization reaction.   
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3-3. Physicochemical Properties of PiDT-3 
3-3-1. Determination of solubility of PiDT-1 and PiDT-3 

To bring out the potential of PiDT derivatives in the aspect of solution processability, 

solubility tests in several organic solvents at room temperature, 60 oC and 100 oC were 

conducted.  The results showed that both PiDT-1 and PiDT-3 had poor solubility in hexane and 

polar solvents such as acetonitrile and methanol.  The solubility of PiDT derivatives in four 

different solvents at room temperature is shown in Figure 3-7.  Initially, the solubility of PiDT-

3 in chloroform, toluene and o-dichlorobenzene (DCB) was compared to that of PiDT-1.  

Obviously, the solubility of PiDT-1 in these solvents is higher than that of PiDT-3, in 

particularly in toluene, there is significant difference in solubility.  In the case of DCB, the 

solubility of PiDT-1 increased to 0.042 g/L.  In contrast, the solubility of PiDT-3 in 1,1,2,2-

tetrachloroethane (TCE) was better than that of PiDT-1.  This result can be attributed to the 

change in the dipole moment by tuning the position of the thiophene ring in the PiDT core.  

The dipole moments of PiDT-1 and PiDT-3 were calculated by density functional theory (DFT) 

using the Gaussian 09 package with a basis set of B3LYP/6-31G(d) (Figure 3-8).  Comparing 

the dipole moments between PiDT-1 and PiDT-3, it is evident that there is an isomerism effect 

due to the change in position of the fused thiophene, such that the dipole moment of PiDT-3 is 

slightly higher than that of PiDT-1.   

 

 

Figure 3-7. Correlations between solvents and solubilities at room temperature.   
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Figure 3-8. Dipole moments of PiDT-1, PiDT-3, and several solvents.   

 

As predicted, the solubility of PiDT-3 was as excellent as that of PiDT-1 when tested in 

chloroform, toluene, TCE, and DCB at 60 oC or 100 oC, as shown in Figure 3-9.  However, 

PiDT-3 exhibited higher solubility in DCB at 100 oC, with a solubility of 0.5 g/L, 4-fold higher 

than that of PiDT-1.   

 

 

Figure 3-9. Correlations between solvents and solubilities at 60 oC (chloroform) or 100 oC (toluene, 

TCE, DCB).   
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3-3-2. Optoelectronic properties of PiDT-3 

 

The UV-vis absorption spectra of PiDT-3 and the PiDT-1 in chloroform solution and in thin 

film are shown in Figure 3-10 and Figure 3-11, respectively.  Moreover, the fluorescence 

spectra of PiDT-3 in chloroform are shown in Figure 3-12.  Detailed data including absorption 

maximum wavelength (λmaxabs), absorption edges (λedge), and optical bandgaps (Egopt) are 

summarized in Table 3-3.  The molar absorption coefficients of PiDT-1 and PiDT-3 were not 

determined due to their low solubility.  The maximum absorption wavelength of PiDT-3 was 

323 nm, which was red-shifted by 17 nm compared to PiDT-1 due to the increase in π-

conjugation caused by positional isomerism.  The optical bandgap of PiDT-3, obtained from 

the weak absorption at 416 nm, which corresponds to the S0 → S1 transition of the picene-type 

molecule, was estimated to be 2.95 eV from the absorption edge.  This calculated bandgap is 

lower than that of PiDT-1, indicating that the thiophene rings migrating into the PiDT core may 

significantly lower the bandgap value.  This positional isomerism effect may be attributed to 

the electron-donating nature of the thiophene unit, which increases the π-conjugation in the 

direction perpendicular to the long axis of the PiDT-3 core.   

 

 

Figure 3-10. Absorption spectra of PiDT-1 and PiDT-3 in solution.   

 

Table 3-3. Absorption spectra data of PiDT-1 and PiDT-3 in chloroform.   
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Compounds λmaxabs (nm) λedge (nm) Egopt (eV) 

PiDT-1 306, 330, 339, 368 393 3.16 

PiDT-3 323, 340, 350, 369, 394 421 2.95 

 

The UV-vis absorption spectra in the solid state were also investigated as shown in Figure 

3-11.  The thin films of PiDT-3 were formed on a quartz glass substrate by vapor deposition at 

a rate of 0.1 Å s−1.  The absorption spectra of PiDT-3 were broader than those in solution and 

the vibrational peaks were red-shifted compared to those in solution, suggesting the formation 

of intermolecular π-π stacking in the solid state.  However, PiDT-3 displayed absorption at 429 

nm, which was lower than that of PiDT-1 at 401 nm, suggesting that its crystallinity was 

inferior to that of PiDT-1.   

 

 

Figure 3-11. Absorption spectra of PiDT-1 and PiDT-3 in thin film.   

 

As shown in Figure 3-12, the fluorescence spectra of PiDT-3 in chloroform were measured.  

The shape of emission peak of PiDT-3 was similar to that of PiDT-1, but the emission 

maximum wavelength was red-shifted.  The fluorescence spectra of PiDT-3 measured 

exhibited a strong intensity at 419 nm at an excitation wavelength of 350 nm.  Additionally, 

the corresponding emission data and Stokes shifts are summarized in Table 3-4.  PiDT-1 
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exhibited a Stokes shift of 132 cm−1, whereas PiDT-3 showed a Stokes shift of 172 cm−1.  The 

increase in the Stokes shift is due to the positional isomerism of the thiophene rings leading to 

an increase in the dipole moment of PiDT-3.   

 

 

Figure 3-12. Fluorescence spectra of PiDT-1 (left) and PiDT-3 (right).   

 

Table 3-4. Emission spectra data and Stokes shift of PiDT-1 and PiDT-3 in chloroform.   

Compounds λmaxem (nm) Stokes shift (cm−1) 

PiDT-1 390, 412, 437 132 

PiDT-3 419, 444, 472 172 

 

Finally, to investigate the electrochemical properties of PiDT-3, cyclic voltammetry (CV) 

was measured in dichloromethane.  Figure 3-13 shows the obvious reduction process and the 

reversible oxidation process; the estimated HOMO energy levels of PiDT-3 was −5.49 eV from 

the onset of the oxidation peaks.   
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Figure 3-13. Cyclic voltammograms of PiDT-3 in dichloromethane solution.   
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3-4. Thin-Film Transistor Characteristics 

In order to evaluate the charge transport properties, bottom-gate, top-contact OFET devices 

were fabricated by vacuum deposition of PiDT-3 on Si/SiO2 substrates. The surfaces of the 

Si/SiO2 substrates were modified with a self-assembled monolayer (SAM).  The active layer 

of PiDT-3 was formed at a deposition rate of 0.1 Å s−1 and sequential thermal annealing was 

performed under heating conditions for 30 min in an inert atmosphere to obtain a thin film with 

a highly ordered packing structure.   

 

3-4-1. Fabrication of OFET devices based on PiDT-3 

A typical bottom-gate, top-contact OFET devices were fabricated as follows.  All processes 

except substrate cleaning were performed under a nitrogen atmosphere.  A heavily doped n-Si 

wafer with 500 nm thick thermally grown SiO2 (Ci = 6.9 nF cm−2) as the dielectric layer was 

used as the substrate.  The Si/ SiO2 substrates were carefully cleaned by ultrasonication with 

acetone and isopropanol for 10 min each.  After drying, they were irradiated with UV-O3 for 

20 min and then treated with a solution of 0.1 M octyltrichlorosilane (OTS) or 

octadecyltrichlorosilane (ODTS-C) in anhydrous toluene.  On the other hand, the cleaned 

substrates were placed in a sealed container in the presence of a few drops of 

hexamethyldisilazane (HMDS), kept in a glove box overnight, and then washed with boiling 

isopropanol.  In addition, the sealed container with perfluorotriethoxysilane (FOTS), 

octadecyltriethoxysilane (ODTS-E) or β-phenethyltrimethoxysilane (β-PTS) was kept in an 

oven at 120 °C for 3 h, and then the substrates were washed with boiling isopropanol to form 

SAMs.  The active layers (thickness = 30 nm) were deposited on the treated substrate by vapor 

deposition at a rate of 0.1 Å s−1.  Thermal annealing was performed at 50, 80, 100, 110, 150, 

and 200 °C for 30 min on a hot plate in a glove box.  After treatment, gold electrodes (50 nm 

thick) were deposited on top of the active layer through a shadow mask under reduced pressure 

(5 × 10−5 Pa).  The length (L) and width (W) of the channel were 100 µm and 2000 µm, 

respectively.  The current-voltage characteristics of the OFET devices were measured at room 

temperature in air using a Keithley 6430 sub-femtoampere remote source meter in combination 

with a Keithley 2400 measure-source unit.  The field-effect mobilities in the saturation regime 

of ID were calculated using the following equation:  

ID = (WCi/2L)μ(VG − Vth)2 



 112 

where Ci is the capacitance of the SiO2 insulator; ID is the source-drain current, and VD, VG, 

and Vth are the source-drain, gate, and threshold voltages, respectively.  The current on/off ratio 

(Ion/off) was determined from the minimum ID around VG = −100 V.   

 

3-4-2. Transistor performance 

All fabricated devices showed typical p-channel transistor behavior under ambient 

conditions in the dark.  The FET parameters of PiDT-3 including field-effect hole mobility (μ), 
threshold voltage (Vth), and on-off ratio (Ion/off) using different SAMs are summarized in Table 

3-5.  Figure 3-14 shows some of the commonly used SAMs.  Initially, the devices fabricated 

using OTS as SAMs had a hole mobility of 5.1 × 10−4 cm2 V−1 s−1 and a relative high threshold 

voltage around −47 V, which was a significant energy barrier due to the deep HOMO energy 

level of PiDT-3.  However, after annealing at 50 or 80 oC, PiDT-3 with OTS devices exhibited 

almost the same mobility, but at 110 oC, the mobility was a bit lower.   These results may be 

due to the negative effect of annealing on the surface structure of the thin film.  When ODTS-

C was used as SAM, low mobility of less than 1 × 10−6 cm2 V−1 s−1 was obtained, which may 

be due to disordered molecular packing caused by the different orientation of aliphatic chains 

in SAM.  To our delight, by changing the SAM from ODTS-C to ODTS-E, the mobility 

increased to 3.1 × 10−3 cm2 V−1 s−1.  Actually. there is no significant difference between 

ethoxysilanes and chlorosilanes, when they act as SAM, but the slightly distinct physical 

properties may explain the improved mobility of FETs.  While ethoxysilanes is more stable 

and can easily operate under ambient conditions, chlorosilanes are easily decomposed by 

humidity.  On the other hand, the Si-O-Si bond network in ethoxysilanes has good 

intermolecular interaction and facilitates the well-ordered SAM orientation.33  When FOTS, 

HMDS, and β-PTS were used as SAMs to enhance the OFET properties, the mobility of PiDT-

3 increased to more than 1 ×10−2 cm2 V−1 s−1, which is an order of magnitude higher than that 

of ODTS-E.  The use of polar FOTS as SAM not only increased the hole mobility but also 

reduced the absolute value of the threshold voltage from 58 V to 43 V, which ascribe to the 

strong electron affinity of the terminal groups of SAM.34  The devices based on PiDT-3 on 

HDMS-treated substrates showed a high mobility of 1.5 × 10−2 cm2 V−1 s−1.   This result 

highlightes the important role of HMDS in functionalizing the hydrophobic of the substrate 

surface by forming silanol bonds on the substrate surface, leading to an ordered orientation.35  

Finally, the use of β-PTS is believed to lead to the formation of π-π interactions between the 

phenyl terminal groups of adjacent SAM molecules, leading to a more closely packed surface.  

The mobility after annealing did not show any significant increase but a slightly decrease, 
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suggesting that annealing has little effect on the mobility of PiDT-3 devices.  However, the 

lower hole mobility than that of PiDT-1 (0.84 cm2 V−1 s−1) on ODTS-C-modified substrate is 

due to the fact that PiDT-1 shows a good polycrystalline film and highly ordered packing 

structure, resulting in a higher hole mobility.   

 

Table 3-5. FET parameters of fabricated OFET devices based on PiDT-3.   

SAM Tanneal (oC) µ (cm2 V−1 s−1)a,b Vth (V)b Ion/off 

OTS as depo. 1.5 × 10−3 (5.1 × 10−4) −80 (−47) 104−105 

 50 6.7 × 10−4 (5.0 × 10−4) −71 (−50) 104−105 

 80 1.3 × 10−3 (5.1 × 10−4) −76 (−54) 104−105 

 110 4.3 × 10−4 (2.8 × 10−4) −73 (−30) 103−105 

ODTS-C as depo. 3.4 × 10−4 (2.4 × 10−4) −74 (−51) 102−104 

 100 3.9 × 10−4 (3.1 × 10−4) −74 (−56) 103−104 

 150 2.1 × 10−6 (1.3 × 10−6) −15 (−14) 103−104 

 200 4.7 × 10−7 (2.2 × 10−7) −65 (−43) 103 

ODTS-E as depo. 4.4 × 10−3 (3.1 × 10−3) −55 (−37) 105−107 

 110 1.6 × 10−3 (1.5 × 10−3) −61 (−58) 104−106 

FOTS as depo. 1.8 × 10−2 (1.6 × 10−2) −53 (−43) 105−108 

 110 1.2 × 10−2 (9.2 × 10−3) −54 (−43) 106−107 

HMDS as depo. 1.5 × 10−2 (1.0 × 10−2) −61 (−51) 105−107 

 110 7.3 × 10−3 (6.2 × 10−3) −61 (−51) 106−107 

β-PTS as depo. 1.2 × 10−2 (8.6 × 10−3) −58 (−45) 104−107 

 110 1.0 × 10−2 (6.6 × 10−3) −54 (−48) 105−106 
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a Calculated with the saturated regime. b Average values are shown in parentheses.   

 

 

Figure 3-14. Some of common SAMs 
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Figure 3-15. Transfer curves of OFET device based on PiDT-3 on ODTS-C treated substrate, 

as depo. (a), annealing at 100 °C (b), and OTS treated substrate (c).   

 

 

Figure 3-16. Transfer (a) and output curves (b, c) of OFET device based on PiDT-3 on ODTS-E 

treated substrate, as depo. (b), annealing at 110 °C (c).   
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Figure 3-17. Transfer (a) and output curves (b, c) of OFET device based on PiDT-3 on FOTS treated 

substrate, as depo. (b), annealing at 110 °C (c).   
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Figure 3-18. Transfer (a) and output curves (b, c) of OFET device based on PiDT-3 on HMDS treated 

substrate, as depo. (b), annealing at 110 °C (c).   

 

 

Figure 3-19. Transfer (a) and output curves (b, c) of OFET device based on PiDT-3 on β-PTS treated 

substrate, as depo. (b), annealing at 110 °C (c).   
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3-5. Thin-Film Investigation  

 

To better understand the relatively low transistor properties of PiDT-3 based on various 

SAM treated devices, the thin-film morphologies and molecular packing structures were 

investigated using grazing incidence wide-angle X-ray scattering (GIWAXS) and atomic force 

microscopy (AFM).  As shown in Figure 3-20a, the diffraction pattern of the thin film on the 

FOTS-treated substrate showed three series of reflections in the qz axis direction.  The 

interlayer distance was calculated to be 17.16 Å, which was almost consistent with the 

longitudinal molecular length computed from the optimized structure of PiDT-3 (16.3 Å), that 

indicate the presence of an edge-on orientation to the substrate.  Furthermore, three 

characteristic reflections were observed in-plane at a peak center position of qxy = 1.23 Å−1, qxy 

= 1.68 Å−1 and qxy = 1.92 Å−1 for PiDT-3 thin film on FOTS SAM, respectively.  This 

corresponds to a typical herringbone packing in the in-plane direction, implying a highly 

ordered 2D layer-by-layer structure perpendicular to the substrate.   

 

 

Figure 3-20. GIWAXS images of the thin films of PiDT-3 on FOTS (a) and OTS (b)-treated Si/SiO2 

substrate. 

 

Similarly, thin film on ODTS-E-treated substrate exhibited weak diffraction peaks along the 

qxy axis direction, suggesting their herringbone structure and lowly crystalline nature (See 

Figure 3-21).  These results indicate that one of the reasons for higher mobility of PiDT-3 on 

FOTS than that on ODTS-E due to the relatively higher crystallinity of thin film on FOTS.  

However, the thin films on OTS showed clearly π−π stacking peaks in the out-of-plane 

direction and weak diffraction peaks simultaneously along the qxy axis direction (Figure 3-20b), 
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these diffuse halo diffraction peaks suggested that the thin film is amorphous with low 

crystallinity, resulting in relatively lower mobility of thin film on OTS. 

 
 

 
Figure 3-21. GIWAXS images of the thin films of PiDT-3 on OTS, ODTS-C, ODTS-E, FOTS, 

HMDS, β-PTS-treated Si/SiO2 substrate. 

 

The thin film morphologies were examined via atomic force microscopy (AFM), as shown 

from Figure 3-22a to 3-22f for thin films on different type of SAM, from Figure 3-22g to 3-22l 

for the thin films after annealing process.  The thin films on virous SAM exhibited quite 

different AFM images with large root-mean-square roughness (Rrms) values.  The thin film on 

FOTS showed a minimum roughness of 6.7 nm at room temperature, while the films have 

increased roughness of 10.1 after annealing at 110 oC, simultaneously a few dark spots were 

observed.  Obviously, clear grain boundaries were observed in the thin film on HMDS with the 

increase of the domain size, which resulted in slightly lower mobility in comparison with FOTS.  

However, in the thin film surface based on β-PTS, large domain size was observed with a Rrms 
value of 10.9, which inhibit effective carrier transport.  Furthermore, all the thin films showed 

poor quality, resulting in relatively low mobility. 
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Figure 3-22. AFM topographic images of thin films based on PiDT-3 on OTS as deposited (a) and after 

annealing at 110 oC (g), ODTS-C as deposited (b) and after annealing at 100 oC (h), ODTS-E as 

deposited (c) and after annealing at 110 oC (i), FOTS as deposited (d) and after annealing at 110 oC (j), 

HMDS as deposited (e) and after annealing at 110 oC (k), β-PTS as deposited (f) and after annealing at 

110 oC (l). 
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3-6. Summary  

In summary, the Author has successfully synthesized seven aromatic ring-containing 

piceno[3,2-b:10,11-b']dithiophene (PiDT-3) and systemically investigated their optical and 

electrical properties as well as FET performance.   

Initially, PiDT-3 was synthesized by Suzuki-Miyaura coupling reaction of 1,4-

phenylenediboronic acid with 5-bromobenzo[b]thiophene-6-carbaldehyde as a key step. 

Subsequently, epoxidation and Lewis acid-catalyzed intramolecular cycloaromatization 

reactions were carried out to yield PiDT-3.  In solubility tests, PiDT-3 displayed poor solubility 

in most common organic solvents due to its large conjugated system, but hot o-dichlorobenzene 

solution shows an improvement in solubility up to 0.5 g/L.  There was a significant difference 

in solubility compared to PiDT-1, suggesting that this is due to isomerism influence by the 

thiophene ring that has migrated to the PiDT backbone.  The UV-vis absorption spectra of 

PiDT-3 showed a clearly red-shifted behavior due to the increased π-conjugation compared to 

PiDT-1.  The OFET devices based on PiDT-3 on the chlorosilane-treated substrate showed a 

low mobility of 10−4 cm2 V−1 s−1.  The mobility of PiDT-3 reached 1.8 × 10−2 cm2 V−1 s−1 when 

the SAM was changed from chlorosilanes to FOTS.  However, the hole mobilities of PiDT-3 

was found to be lower than that of PiDT-1 despite the surface modification with different types 

of SAMs.  This could be attributed to the change in the morphology of the thin film and the 

molecular packing due to the increase in the molecular dipole moment of in PiDT-3.  In order 

to achieve higher FET performance, it is necessary to investigate not only the influence of 

isomerism, but also the introduction of side chains into the PiDT-3 backbone, as well as the 

design and synthesis of novel organic materials with sulfur-containing π-extended systems.  

These engineering strategies are currently in progress in our laboratory.   
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3-7. Experimental Sections 
3-7-1. General instrumentation and chemicals 

Unless otherwise noted, all reactions were carried out using the standard Schlenk technique 

under an argon atmosphere.  Glassware was dried in an oven (130 °C) and heated under reduced 

pressure prior to use.  Materials obtained from commercial suppliers were used without further 

purification.  Solvents were used as eluents for all other routine operations and were purchased 

from commercial suppliers and used without further purification.  Merck precoated TLC plates 

(silica gel 60 GF254, 0.25 mm) were used for all thin layer chromatography (TLC) analyses.  

Silica gel column chromatography was performed using silica gel 60 N (spherical, neutral, 40–

100 μm) manufactured from Kanto Chemicals Co. Ltd.  NMR spectra (1H and 13C{1H}) were 

recorded on a Varian INOVA-600 (600 MHz).  1H NMR chemical shifts were recorded in ppm 

for the residual signals of the deuterated solvents used (7.26 ppm for CDCl3, 2.50 ppm for 

DMSO-d6).  Chemical shifts for 13C{1H} NMR were recorded in ppm for the signals of the 

deuterated solvents used, i.e., CDCl3 (77.16 ppm), DMSO-d6 (39.52 ppm).  Infrared spectra 

were recorded on a SHIMADZU IRPrestige-21 spectrophotometer and reported in 

wavenumbers (cm−1).  UV-vis absorption spectra were measured using a Shimadzu UV-2450 

UV-vis spectrometer.  Fluorescence spectra were measured using a SHIMADZU RF-5300PC.  

High resolution mass spectrometry (HRMS) was measured on a JEOL JMS-700 MStation 

(double-focusing mass spectrometer).  Elemental analyses were carried out using a Perkin-

Elmer 2400 CHN elemental analyzer at Okayama University.  The geometry optimization and 

normal-mode calculations were performed at the B3LYP/6-31G(d) level using the Gaussian 

09, Revision D. 01, program package.   

Unless otherwise noted, materials obtained from commercial suppliers were used without 

further purification.  Terephthalaldehyde (TCI), N-bromosuccinimide (Aldrich), ethyl 2-

mercaptoacetate (TCI), 1,4-phenylenediboronic acid (TCI), trimethylsulfonium iodide 

(Aldrich), potassium hydroxide (Nacalai Tesque), and indium chloride (TCI) were used as 

received.   

 

3-7-2. Experimental procedures for the synthesis of PiDT-3 

2,5-Dibromo-1,4-benzenedicarboxaldehyde (9) 
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To a stirred concentrated sulfuric acid (80 mL) was added terephthalaldehyde 8 (8 g, 59.6 

mmol) and heated to 60 °C.  N-bromosuccinimide (23 g, 131 mmol) was added portionwise 

over 15 min and the solution was heated at 60 °C for 5 h.  The solution was poured on ice and 

the white precipitate was filtered off.  The solid was dissolved in dichloromethane, extracted 

with sat. NaHCO3, washed with brine, and dried over anhydrous MgSO4.  Further purification 

by crystallization from chloroform yielded the title compound 9 (11.3 g, 65% yield).   

1H-NMR (600 MHz, CDCl3, rt): δ 10.34 (s, 2H), 8.15 (s, 2H); 13C{1H} NMR (150 MHz, CDCl3, 

rt): δ 190.0, 137.5, 135.1, 125.6.   

 

Ethyl 5-bromo-6-formylbenzo[b]thiophene-2-carboxylate (10) 

 

To a solution of 2,5-dibromo-1,4-benzenedicarboxaldehyde 9 (2.92 g, 10 mmol) in 

anhydrous DMF (40 mL) in a 50 mL Schlenk tube equipped with a magnetic stir bar was added 

triethylamine (2.78 mL, 20 mmol) dropwise at room temperature under an argon atmosphere. 

Then ethyl 2-mercaptoacetate (1.1 mL, 10 mmol) was added dropwise at 0 °C.  The reaction 

mixture was stirred at 100 °C for 12 h, then cooled to room temperature, quenched with water, 

and extracted with chloroform (100 mL × 2).  The combined organic layers were washed with 

brine and dried over anhydrous MgSO4.  Filtration and evaporation afforded a yellow solid.  

Further purification was carried out by a Kugelrohr short-path distillation to yield the title 

compound 10 (2.3 g, 74%) as a pale yellow solid.   

Mp = 128–130 °C.  FT-IR (KBr, cm−1): 2980 (w), 2872 (w), 1714 (s), 1694 (s), 1580 (s), 1551 

(m), 1504 (s), 1443 (m) ,1366 (m), 1288 (m), 1240 (s), 1165 (s), 1061 (s), 951 (m), 895 (m), 

756 (m).  1H-NMR (600 MHz, CDCl3, rt): δ 10.47 (s, 1H), 8.43 (s, 1H), 8.14 (s, 1H), 7.99 (d, J 
= 1.2 Hz, 1H), 4.44 (q, J = 7.2 Hz, 2H), 1.43 (t, J = 7.2 Hz, 3H); 13C{1H} NMR (150 MHz, 

CDCl3, rt): δ 191.5, 161.9, 143.9, 141.1, 140.4, 130.9, 130.1, 128.7, 125.2, 121.8, 62.4, 14.4.  

Anal. Calcd for C12H9BrO3S: C, 46.02; H, 2.90. Found: C, 46.05; H, 2.96.   
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5-Bromo-6-formylbenzo[b]thiophene-2-carboxylic acid (12) 

 

To a suspension solution of ethyl 5-bromo-6-formylbenzo[b]thiophene-2-carboxylate (10) 

(6.2 g, 20 mmol) in ethanol (160 mL) in a 300 mL flask equipped with a magnetic stir bar was 

added dropwise aqueous KOH (3.4 g, 60 mmol) solution in water (20 mL) over 5 min at room 

temperature.  The reaction mixture was stirred for 5 h, then concentrated in vacuo, and acidified 

with 1 M HCl at 0 °C to produce a pale yellow precipitate, which was filtered and dried under 

vacuum to afford the title compound 12 (5.4 g, 95%) as a pale yellow solid.   

Mp > 270 °C.  FT-IR (KBr, cm−1): 3447 (m), 3428 (m), 3420 (m), 3374 (m), 3362 (m), 3071 

(s), 2997 (s), 2980 (s), 2963 (s), 2953 (s), 2866 (s), 2592 (s), 1693 (s), 1686 (s), 1678 (s), 1582 

(s), 1547 (s), 1504 (s), 1441 (w), 1423 (w), 1373 (s), 1292 (s), 1271 (s), 1242 (s), 1190 (m), 

1070 (s), 953 (s), 891 (s), 845 (m), 758 (s), 714 (s).   1H-NMR (600 MHz, CDCl3, rt): δ 10.31 

(s, 1H), 8.61 (s, 1H), 8.43 (s, 1H), 8.12 (s, 1H); 13C{1H} NMR (150 MHz, CDCl3, rt): δ 191.3, 

162.8, 143.9, 141.3, 140.4, 130.4, 130.3, 128.9, 126.1, 120.3.  Anal. Calcd for C10H5BrO3S: C, 

42.13; H, 1.77. Found: C, 42.23; H, 1.89.   

 

5-Bromobenzo[b]thiophene-6-carbaldehyde (6) 

 

To a solution of carboxylic acid 12 (1.4 g, 5 mmol), in anhydrous DMSO (30 mL) in a 50 

mL Schlenk tube equipped with a magnetic stir bar were added Ag2CO3 (1.6 g, 6 mmol.) and 

AcOH (0.34 mL, 6 mmol) at room temperature under an argon atmosphere.  The reaction 

mixture was stirred at 120 oC for 12 h and then cooled down to room temperature, quenched 

with water.  The precipitate solids were filtered off and extracted with chloroform (30 mL × 2).  

The combined organic layers were washed with brine and dried over anhydrous MgSO4.  

Filtration and evaporation afforded a yellow solid.  Further purification was carried out by 
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silica gel column chromatography eluting with hexane/ethyl acetate (20:1), to give the titled 

compound 6 (1 g, 84%) as a white solid.  

Rf = 0.34 (hexane:ethyl acetate = 10:1).  Mp = 85-87 °C.  FT-IR (KBr, cm−1): 3335 (w), 3096 

(w), 3076 (s), 2853 (m), 2762 (w), 1678 (s), 1576 (s), 1441 (m), 1375 (s), 1308 (s), 1217 (s), 

1171 (s), 1067 (s), 953 (m), 868 (s), 851 (s), 802 (s), 762 (s), 715 (w), 700 (s), 600 (w).  1H-

NMR (600 MHz, CDCl3, rt): δ 10.46 (s, 1H), 8.45 (s, 1H), 8.07 (s, 1H), 7.74 (d, J = 5.4 Hz, 

1H), 7.34 (d, J = 5.4 Hz, 1H); 13C{1H} NMR (150 MHz, CDCl3, rt): δ 191.9, 145.0, 139.2, 

133.7, 129.1, 128.3, 124.9, 123.2, 121.6.  Anal. Calcd for C9H5BrOS: C, 44.84; H, 2.09. Found: 

C, 44.79; H, 1.94.   

 

5,5’-(1,4-Phenylene)-bis(benzo[b]thiophene-6-carboxaldehyde) (1) 

 

To a solution of 5-bromobenzo[b]thiophene-6-carbaldehyde 6 (1.06 g, 4.4 mmol) in DMF 

(30 mL) and deionized water (4 mL) in a 50 mL Schlenk tube equipped with a magnetic stir 

bar were added 1,4-phenylenediboronic acid 7 (330 mg, 2 mmol), Pd(PPh3)4 (231 mg, 0.2 

mmol) and K2CO3 (1.1 g, 8 mmol) at room temperature under an argon atmosphere.  The 

reaction mixture was stirred at 90 °C for 1 day and then allowed to cool to room temperature, 

quenched with water, and extracted with chloroform (100 mL × 2).  The combined organic 

layers were washed with brine and dried over anhydrous MgSO4.  Filtration and evaporation 

afforded a yellow solid.  Further purification was carried out by a silica gel column 

chromatography (eluent: hexane/chloroform/ethyl acetate = 10:5:1), to give the titled 

compound 1 (700 mg, 88%) as a pale yellow solid.  

Rf = 0.26 (hexane:ethyl acetate = 5:1).  Mp = 281-282 °C.  FT-IR (KBr, cm−1): 3011 (w), 2847 

(m), 2754 (w), 1682 (s), 1589 (s), 1443 (m), 1391 (s), 1307 (s), 1231 (w), 1171 (s), 1067 (w), 

867 (s), 808 (m), 762 (m), 712 (m).  1H-NMR (600 MHz, CDCl3, rt): δ 10.16 (s, 2H), 8.64 (s, 

2H), 7.94 (s, 2H), 7.78 (d, J = 5.4 Hz, 2H), 7.57 (s, 4H), 7.47 (d, J = 5.4 Hz, 2H); 13C{1H} 

NMR (150 MHz, CDCl3, rt): δ 191.9, 143.6, 140.8, 139.4, 138.1, 132.7, 130.5, 130.4, 125.6, 

124.1, 123.3.  HRMS (FAB+): Calcd for C24H15O2S2 [M + H] 399.0513; found, 399.0502. 
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5,5’-(1,4-Phenylene)-bis[6-benzo[b]thiophene-(2-oxirane)] (15) 

 

To a solution of Me3SI (147 mg, 0.72 mmol) and KOH powder (92 mg, 1.65 mmol) in 

benzonitrile (30 mL) in a 50 mL Schlenk tube was added 5,5’-(1,4-phenylene)-

bis(benzo[b]thiophene-6-carboxaldehyde) 1 (120 mg, 0.3 mmol) at room temperature under an 

argon atmosphere. The reaction mixture was vigorously stirred at 70 °C for 2 days. Then the 

mixture was cooled to room temperature, poured into water (30 mL), and extracted with 

chloroform (30 mL × 3). The combined organic layers were washed with brine and dried over 

MgSO4. The filtrate was concentrated under reduced pressure and the crude product was 

purified by silica gel column chromatography (eluent: hexane/chloroform/ethyl acetate = 

10:5:1) with Et3N (1%) afforded the titled compound 15 (90 mg, 70%) as a white solid.  

Rf = 0.3 (hexane:ethyl acetate = 5:1).  Mp = 212-213 °C.  FT-IR (KBr, cm−1): 3051 (m), 3030 

(m), 2997 (m), 1719 (w), 1520 (m), 1456 (w), 1379 (m), 1317 (w), 1171 (w), 1061 (w), 868 

(m), 837 (s), 820 (w), 781 (w), 752 (w), 723 (w), 656 (m), 600 (m).  1H-NMR (600 MHz, 

CDCl3, rt): δ 7.89 (m, 2H), 7.83 (m, 2H), 7.57 (m, 4H), 7.50 (d, J = 6.0 Hz, 2H), 7.38 (d, J = 

5.4 Hz, 2H), 4.00 (m, 2H), 3.18 (m, 2 H), 2.89 (m, 2H); 13C{1H} NMR (150 MHz, CDCl3, rt): 

δ 139.6, 139.5, 139.4, 137.88, 137.86, 133.4, 132.2, 132.03, 132.01, 129.7, 128.8, 127.8, 127.5, 

124.7, 124.6, 123.8, 118.24, 118.21, 52.42, 52.38, 51.3.  HRMS (EI+) Calcd for C26H18O2S2 

[M]+ 426.0748; found, 426.0733. 

 

 

Piceno[3,2-b:10,11-b']dithiophene (PiDT-3) 

 

To a solution of 5,5’-(1,4-phenylene)-bis[6-benzo[b]thiophene-(2-oxirane)] 15 (236 mg, 

0.55 mmol) in anhydrous 1,2-dichloroethane (20 mL) in a 50 mL Schlenk tube, was added 
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InCl3 (25 mg, 0.11 mmol) at room temperature under an argon atmosphere. The reaction 

mixture was stirred at 100 oC for 1 day. Then the mixture was cooled to room temperature, 

quenched with water (10 mL) and poured into methanol (100 mL). The resulting precipitates 

were collected by filtration and was rinsed with water (30 mL), hexane (30 mL), and acetone 

(30 mL). The crude product was purified by vacuum sublimation (source temperature: 270 oC 

under ~10–1 Pa) to give the titled compound PiDT-3 (102 mg, 47%) as a yellow solid. 

Mp > 270 °C. FT-IR (KBr, cm−1): 3098 (m), 3073 (m), 1748 (w), 1499 (w), 1404 (m), 1260 

(m), 1053 (w), 880 (s), 826 (s), 802 (s), 777 (m), 750 (s), 683 (s), 606 (w), 590 (w). 1H NMR 

(600 MHz, CDCl3, rt) was not obtained due to poor solubility; nor was 13C{1H} NMR (150 

MHz, CDCl3, rt).  Anal. Calcd for C26H14S2: C, 79.97; H, 3.61. Found: C, 79.98; H, 3.67.   
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3-7-3. Charts of NMR Spectra 

 
1H NMR (600 MHz) spectrum of compound 9 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 9 (CDCl3, rt).   



 129 

 
1H NMR (600 MHz) spectrum of compound 10 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 10 (CDCl3, rt).   
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1H NMR (600 MHz) spectrum of compound 12 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 12 (CDCl3, rt). 
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1H NMR (600 MHz) spectrum of compound 6 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 6 (CDCl3, rt). 
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1H NMR (600 MHz) spectrum of compound 1 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 1 (CDCl3, rt). 
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1H NMR (600 MHz) spectrum of compound 15 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 15 (CDCl3, rt). 
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Chapter 4 
 
 

Synthesis and Physicochemical Properties of Picenodithiophene Isomers: 
Investigation of the Effects of the Position of the Sulfur Atoms   
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4-1. Introduction  

The development of organic field-effect transistors for application in organic electronic 

devices has attracted a great deal interest due to their easy design and high solution 

processability in thin film and device fabrication.1-7  A number of π-conjugated small molecules 

have been studied as p-type semiconductors due to their advantages of a well-defined 

molecular structure and high purity.8-11  In general, π-conjugated thiophene rings not only 

stabilizes HOMO by slightly reducing the π-delocalization, but also forms favorable orbital 

overlap between neighboring molecules in the solid state via CH−π, S−S, and S−π interactions, 

resulting in high transistor performance.12-18  However, the incorporation of sulfur atoms in the 

π-core raises a new issue regarding molecular isomerism (Figure 4-1).14, 19, 20  The position of 

the sulfur atoms greatly affects the molecular transition dipole, which in turn affects the 

physicochemical properties as well as molecular packing.21-26  Therefore, investigating the 

effects of the position of the sulfur atom in π-conjugated isomers is extremely important for 

understanding the structure–property relationship.   

 

 

Figure 4-1. DNT isomers. 

 

Previously, our group has reported the OFET properties of phenanthro[1,2-b:8,7-

b’]dithiophene (PDT-1) and phenanthro[2,1-b:7,8-b’]dithiophene (PDT-2) (Figure 4-2).  Both 

isomers can be viewed as the substitution of the end-fused benzene rings of picene with 

thiophenes, but the position of the sulfur atoms relative to the thiophene rings is different.  The 

2,9-didodecyl-substituted PDT-2 exhibited relatively higher mobility (5.4 cm2 V−1 s−1) than the 

isomer C12-PDT-1 (2.2 cm2 V−1 s−1), which can be attributed to the effective intermolecular 

HOMO overlap and enhanced charge transport of C12-PDT-2.27-29   
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Figure 4-2. PDT isomers. 

 

These studies highlight the importance of investigating the effect of sulfur position on charge 

transport properties, as understanding the structure–property relationship can be directly used 

for rationalizing molecular design and efficient device fabrication.  In this Chapter, the Author 

reports the synthesis and physicochemical properties of two isomers of PiDT derivatives with 

different sulfur positions, namely, piceno[3,4-b:10,9-b’]dithiophene (PiDT-2) and piceno[2,3-

b:11,10-b’]dithiophene (PiDT-4) (Figure 4-3).   

 

 

Figure 4-3. PiDT isomers. 
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4-2. Results and Discussion  
4-2-1. Theoretical calculations 

The density functional theory (DFT) calculations of the positional isomers using Gaussian 

09 package with a basis set of B3LYP/6-31G(d) show a distinct feature of each in terms of the 

energy levels of the frontier orbitals.  The calculation results revealed a remarkable difference 

between the PiDT isomers with the LUMO, HOMO, HOMO−1 and HOMO−2 energy levels 

(Figure 4-4).  As explained in Chapter 3, compare to PiDT-1, the HOMO level of PiDT-3 

increases from −5.49 to −5.29 eV with the change in the position of the thiophene rings.  On 

the other hand, the HOMO level of PiDT-2 slightly increases from −5.49 eV to −5.41 eV due 

to the effect of the position of sulfur.  Although PiDT-3 and PiDT-4 are similar π-conjugated 

geometry, their HOMO level energies are found to be closed due to the different positions of 

sulfur atoms.  The electron density distributions of the HOMO indicate that the sulfur atoms 

play an important role in the intermolecular interaction due to its larger atomic radius.  In the 

case of PiDT-1, the large contribution of the electron density of sulfur atoms in the HOMO 

indicates a potent orbital overlap in the solid, resulting in effective charge transport.  In PiDT-

1, the HOMO was located on the sulfur atom, whereas in PiDT-2, the HOMO was delocalized 

on the sulfur-carbon bond.  In PiDT-2, electron density contribution of sulfur atoms in HOMO 

was relatively low, and the transfer integrals between the HOMOs of neighboring molecules 

was reduced.  The π-delocalization of PiDT-2 agrees well with the HOMO shape of PiDT-1, 

suggesting that the orbitals overlap in the solid.  However, the incorporation of the sulfur atoms 

at different positions in the PiDT core in PiDT-2 results in slight increase in the aromatic π-

delocalization and HOMO energy level compared to PiDT-1due to positional influence.  

Moreover, the difference between the HOMO and HOMO-1 energy levels of PiDT-1, and the 

HOMO-1 geometry is similar to each other as nodal planes.  On the other hand, PiDT-4 

exhibited a HOMO energy level of −5.33 eV, which is slightly decreased compared to PiDT-3 

due to the change in sulfur position.  Additionally, both two isomers are believed to generate 

the effective intermolecular orbital overlap as well as the large coefficients on the sulfur atoms, 

despite similar HOMO geometry.  It should be noted that PiDT-4 has the smallest energy level 

difference between HOMO and HOMO-1 and the largest energy level difference between 

HOMO-1 and HOMO-2 compared to the other isomers.  In contrast, the shapes of the molecular 

orbitals of PiDT-3 and PiDT-4 were clearly different from those of PiDT-1 and PiDT-2, 

because the former has a typical phenacene-type molecule as an isoelectronic counterpart to 

the latter, which corresponds to the electronic structure of the acene-containing molecule.   
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Figure 4-4. Calculated LUMO, HOMO, HOMO−1 and HOMO−2 distributions of PiDT-1 isomers.   

 

4-2-2. Synthetic strategy for PiDT-2 

Thanks to the sequential synthesis of PiDT-3 in Chapter 3, the retrosynthetic analysis of 

PiDT-2 could be performed based on this efficient synthetic strategy, as shown in Figure 4-5.  

From dialdehyde synthon 1, PiDT-2 can be obtained via epoxidation and Lewis acid-catalyzed 

intramolecular cycloaromatization reactions.   

 

 



 144 

Figure 4-5. Retrosynthetic analysis of PiDT-2 

 

In planning the synthesis of precursor 1, two synthons are identified.  That is, the 

nucleophilic benzene anion 3 and the electrophilic benzothiophene cation 2. The corresponding 

synthetic equivalents are shown in Scheme 4-1 and reacted by Suzuki-Miyaura coupling 

reaction to produce the desired precursor 1.   

 

 

Scheme 4-1. Retrosynthetic analysis of precursor 1 and its corresponding synthetic equivalents 

 

Initially, the synthetic equivalent 4 was prepared using 4-methoxybenzenethiol (6) as 

starting material (Scheme 4-2).  To a stirred solution of compound 6 in DMF, potassium 

carbonate and bromoacetaldehyde diethyl acetal (7) were added in one portion each.  After 

stirring under reflux for 6 h, the mixture was distributed in water and extracted three times with 

Et2O.  The organic layers were separated, washed with a saturated solution of NH4Cl, water 

and brine, dried over anhydrous MgSO4, and concentrated under reduced pressure.  The 

resulting residue was purified by silica gel chromatography to afford compound 8 in 97% yield 

as a yellow oil.  This product was used without further purification.   

 

 

Scheme 4-2. Synthesis of compound 8. 
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Thiophene annulation was conducted in the presence of polyphosphoric acid (Scheme 4-3). 

Polyphosphoric acid was added to an anhydrous toluene solution of 1-[(2,2-

diethoxyethyl)thio]-4-methoxybenzene (8).   The reaction mixture was heated at reflux 17 h 

under an inert atmosphere, then colded to room temperature and a solution of 4 M KOH was 

added until neutral.  Extraction with Et2O provided the organic phases.  The combined organic 

layers were washed with brine, dried over anhydrous MgSO4 and concentrated under reduced 

pressure.  The residue was purified by column chromatography on silica gel to afford 16% of 

compound 9 as a white solid.  This low yield is owing to the strong electron-donating nature 

of the methoxy group substituted at the phenyl moiety.   

 

 

Scheme 4-3. Thiophene annulation reaction. 

 

Next, introduction of the aldehyde group in 5-methoxybenzothiophene 9 (Scheme 4-4).  To 

a anhydrous CH2Cl2 solution of compound 9, a CH2Cl2 solution of tin chloride was added 

dropwise at 0 ºC under an argon atmosphere.   Subsequently, dichloromethyl methyl ether was 

added dropwise at 0 ºC.  The mixture was allowed to warm to room temperature and stirred 

overnight.  The mixture was quenched with saturated NaHCO3 at 0 ºC and stirred at room 

temperature for 2 h.  After extraction with CH2Cl2, the organic layer was washed with brine, 

dried over MgSO4, and concentrated.  The residue was purified by column chromatography on 

silica gel to afford compound 10 in 87% yield as a white solid.   

 

 

Scheme 4-4. Synthesis of compound 10. 
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The demethylation reaction was conducted in the presence of BBr3 (Scheme 4-5).  To a 

solution of 5-methoxybenzothiophene-4-carboxaldehyde (10) in dichloromethane, after 

cooling to −70 °C, a solution of BBr3 in dichloromethane was added dropwise under an argon 

atmosphere at a temperature below −60 °C.  The reaction was kept for 30 min and then slowly 

warmed up to rt over 16 h.  The reaction was quenched with MeOH at −50 ºC, separated by 

dilution with H2O and extracted with dichloromethane.  The combined organic phases were 

then washed with saturated NaHCO3 and brine, dried over MgSO4, filtered and concentrated 

under reduced pressure.  The resulting residue was purified by column chromatography on 

silica gel to afford compound 11 in 83% yield as a yellow solid.   

 

 

Scheme 4-5. Demethylation reaction. 

 

Subsequently, the synthetic equivalent 4 was synthesized by triflation reaction (Scheme 4-

6).  To a solution of 5-hydroxybenzothiophene-4-carboxaldehyde (11) in CH2Cl2 and 4-(N,N-

dimethylamino)pyridine (DMAP), trifluoromethanesulfonic anhydride (Tf2O) was slowly 

added at 0 °C under an argon atmosphere.  The reaction mixture was stirred at 0 °C for 30 min.  

The resulting mixture was warmed to room temperature and stirred for additional 1 h.  The 

reaction progress was monitored by GC.  After completion of the reaction, saturated NaHCO3 

was added and the aqueous layer was extracted.  The combined organic layers were washed 

with 1 M HCl and the aqueous layer was back-extracted and combined with the organic layer.  

The combined organic layers were washed with brine, dried over MgSO4, concentrated in 

vacuo and purified by column chromatography on silica gel to afford compound 4 in 90% yield 

as a pale yellow solid.   

 

10

S

MeO
CHO

11

S

HO
CHO
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Scheme 4-6. Triflation reaction 

 

Next, the Suzuki-Miyaura coupling reaction of 1,4-phenylenediboronic acid (5) with 

compound 4 was conducted under mild conditions using 4-formylbenzo[b]thiophen-5-yl 

trifluoromethanesulfonate (4) and palladium catalyst as shown in Scheme 4-7.  To a DMF and 

deionized water solution of compound 4, 1,4-phenylenediboronic acid, Pd(PPh3)4 and K2CO3 

were added at room temperature under an argon atmosphere.  The mixture was stirred at 90 °C 

for 12 h, then cooled to room temperature, quenched with water, and extracted with chloroform.  

The combined organic layers were washed with brine and dried over anhydrous MgSO4. 

Filtration and evaporation afforded a yellow solid.  Further purification was carried out by a 

silica gel column chromatography to give compound 1 in 88% yield as a pale yellow solid.   

 

 

Scheme 4-7. Suzuki-Miyaura coupling reaction.   

 

Compound 1 was further subjected to epoxidation reaction in benzonitrile under an argon 

atmosphere (Scheme 4-8).  Trimethylsulfonium and powdered potassium hydroxide were 

added to this mixture.  The reaction mixture was stirred vigorously at 70 °C for 1.5 days.  The 

mixture was then cooled to room temperature, poured into water, and extracted with 

chloroform.  The combined organic layers were washed with brine and dried over MgSO4.  The 

filtrate was concentrated under reduced pressure and the crude product was purified by silica 

gel column chromatography using Et3N to afford compound 12 in 84% yield as a white solid.  
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Scheme 4-8. Epoxidation reaction.   

 

Finally, Lewis acid-catalyzed intramolecular cycloaromatization of compound 12 was 

conducted in the presence of indium chloride at room temperature under an argon atmosphere 

(Scheme 4-9).  The reaction mixture was stirred at 100 °C for 1 day, quenched with water and 

poured into methanol to precipitate a pale yellow solid.  The suspension was filtered and the 

solid was dried under vacuum to afford crude PiDT-2 as a brown solid.  Further purification 

by vacuum sublimation gave pure PiDT-2 as a yellow solid.   

 

 

Scheme 4-9. Lewis acid-catalyzed intramolecular cycloaromatization reaction.   

 

4-2-3. Synthetic strategy for PiDT-4 

According to the efficiently synthetic strategy for PiDT-2 and PiDT-3, a similarly 

retrosynthetic analysis of PiDT-4 including two synthons, a nucleophilic benzene anion 3 and 

an electrophilic benzothiophene cation 14 is performed as shown in Scheme 4-10.  The 

corresponding synthetic equivalents are reacted by Suzuki-Miyaura coupling reaction to 

produce the desired precursor 13.   
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Scheme 4-10. Retrosynthetic analysis of precursor 13 and its corresponding synthetic equivalents.   

 

Initially, the synthetic equivalent 15 was prepared under neat conditions using m-xylene (16) 
as starting material (Scheme 4-11).  To an ice-cold solution of iodine in m-xylene under neat 

conditions, bromine was added dropwise over 4 h under no light, stirred at room temperature 

for 1 day, and then 20% aqueous KOH was added.  The mixture was shaken under slight heat 

retention until the yellow color disappeared, then cooled.  The aqueous layer was decanted and 

the remining solid was washed with water and recrystallized with absolute ethanol to give the 

desired product 17 in 51% yield as a white solid.   

 

 

Scheme 4-11. Dibromination reaction. 

 

To convert the methyl group to an aldehyde groups, the perbromination of compound 17 
was preferentially conducted in the presence of excess of N-bromosuccinimide (NBS) to form 

the precursor bis(dibromomethyl)benzene 18 (Scheme 4-12).  To a stirred solution of 1,5-

dibromo-2,4-dimethylbenzene (17) in DCE, benzoyl peroxide and NBS were added in one 

portion.  The mixture was heated to 95 oC and an additional portion of benzoyl peroxide was 

added.  The reaction mixture was stirred at 95 oC for 12 h and then cooled to room temperature.  

The precipitated solid was filtered and washed with hexane.  The combined filtrates were 

concentrated under reduced pressure and purified by flash column chromatography to give the 

desired product 18 in 95% yield as a white solid.   
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Scheme 4-12. Perbromination reaction. 

 

Subsequently, hydrolysis of the dibromomethyl unit to aldehyde group was performed in the 

presence of AgNO3 aqueous solution (Scheme 4-13).  To a solution of 1,5-dibromo-2,4-

bis(dibromomethyl)benzene (18) in acetonitrile was added a solution of AgNO3 in deionized 

water.  The resulting mixture was refluxed under argon for 12 h.  The precipitated solid was 

filtered and washed with acetonitrile.  The combined filtrates were concentrated under reduced 

pressure and purified by crystallization from acetonitrile to yield the desired product 19 in 87% 

yield as a white solid.   

 

 

Scheme 4-13. Synthesis of 1,5-dibromo-2,4-benzenedicarboxaldehyde (19). 

. 

Next, 1,5-dibromo-2,4-benzenedicarboxaldehyde (19) was subjected to thiophene 

annulation using ethyl 2-mercap-toacetate as a sulfur source to form ethyl 6-bromo-5-

formylbenzo[b]thiophene-2-carboxylate (20) (Scheme 4-14).  To a solution of compound 19 
in anhydrous DMF, triethylamine was added dropwise at room temperature under an argon 

atmosphere.  Then, ethyl 2-mercaptoacetate was added dropwise at 0 °C.  The reaction mixture 

was stirred at room temperature for 12 h, then quenched with water and extracted with 

chloroform.  The combined organic layers were washed with brine and dried over anhydrous 

MgSO4.  Filtration and evaporation afforded a yellow solid.  Further purification by short-path 

distillation gave compound 20 in 67% yield as a pale yellow solid.   
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Scheme 4-14. Thiophene annulation reaction. 

 

The hydrolysis reaction of ether 20 can be easily manipulated under mild conditions as 

shown in Scheme 4-15.  Aqueous KOH was added dropwise to a suspension of ether 20 in 

ethanol for 5 min at room temperature.  After stirred the reaction mixture for 5 h, it was  

concentrated in vacuo and acidified with 1 M HCl at 0 °C to produce a pale yellow precipitate, 

which was filtered and dried under vacuum to afford the 6-bromo-5-formylbenzo[b]thiophene-

2-carboxylic acid (21) in 92% yield as a pale yellow solid.   

 

 

Scheme 4-15. Hydrolysis reaction 

 

The decarboxylative reaction was carried out under an acidification reaction condition to 

obtain the synthetic equivalent 15 (Scheme 4-16).  Ag2CO3 and AcOH were added to a solution 

of carboxylic acid 21 in anhydrous DMSO at room temperature.  The reaction mixture was 

stirred at 120 oC for 12 h, then cooled to room temperature and quenched with water.  The 

precipitated solid was filtered and extracted with chloroform.  The combined organic layers 

were washed with brine and dried over anhydrous MgSO4.  Filtration and evaporation afforded 

a yellow solid.  Further purification was carried out by silica gel column chromatography to 

give compound 15 in 81% yield.   

 

 

Scheme 4-16. Decarboxylative reaction. 
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Next, 6-bromobenzo[b]thiophene-5-carbaldehyde (15) was used for the palladium-catalyzed 

Suzuki-Miyaura coupling reaction of 1,4-phenylenediboronic acid (5) with 15 under mild 

conditions as shown in Scheme 4-17.  1,4-Phenylenediboronic acid, Pd(PPh3)4, and K2CO3 

were added to a solution of 6-bromobenzo[b]thiophene-5-carbaldehyde in DMF and deionized 

water at room temperature.  The reaction mixture was stirred at 90 °C for 1 day, then cooled to 

room temperature, quenched with water, and extracted with chloroform.  The combined 

organic layers were washed with brine and dried over anhydrous MgSO4.  Filtration and 

evaporation afforded a yellow solid.  Further purification by silica gel column chromatography 

gave compound 13 as a pale yellow solid.   

 

 

Scheme 4-17. Suzuki-Miyaura coupling reaction. 

 

Compound 13 was further subjected to epoxidation reaction in benzonitrile under an argon 

atmosphere (Scheme 4-18).  Trimethylsulfonium and powdered potassium hydroxide were 

added to this mixture at room temperature.  The reaction mixture was stirred vigorously at 

70 °C for 1 days, quenched with water, and extracted with chloroform.   The combined organic 

layers were washed with brine and dried over magnesium sulfate.  The filtrate was concentrated 

under reduced pressure to give the crude product as a yellow solid.  This crude mixture contains 

the formation of benzamide, which interferes Lewis acid-catalyzed intramolecular 

cycloaromatization.  Therefore, it was purified by silica gel column chromatography using 

Et3N (1%) to afford compound 22 as a white solid.   

 

 

Scheme 3-18. Epoxidation reaction.   
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Finally, Lewis acid-catalyzed intramolecular cycloaromatization of compound 22 was 

conducted in the presence of indium chloride at room temperature under an argon atmosphere 

(Scheme 4-19).  The reaction mixture was stirred at 100 °C for 1 day, quenched with water, 

poured into methanol to precipitate a pale yellow solid.  The suspension was filtered and the 

solid was dried under vacuum to afford crude PiDT-4 as a brown solid.  Further purification 

by vacuum sublimation gave pure PiDT-4 in 41% yield as a yellow solid.   

 

 

Scheme 4-19. Lewis acid-catalyzed intramolecular cycloaromatization reaction.   
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4-3. Physicochemical Properties of PiDT isomers 
4-3-1. UV-vis absorption of PiDT isomers 

The UV-vis absorption spectra of the newly synthesized isomers PiDT-2 and PiDT-4 are 

shown in Figure 4-6 along with the previously discussed PiDT-1 and PiDT-3.  Detailed data 

including absorption maximum wavelength (λmaxabs), absorption edges (λedge), and optical 

bandgaps (Egopt) are summarized in Table 4-1.  However, the molar absorption coefficients of 

PiDT isomers could not be determined due to their low solubility.  The maximum absorption 

wavelength of PiDT-2 was 296 nm, which is 10 nm blue-shifted compared to PiDT-1, 

suggesting that the difference in the position of the sulfur atom in the PiDT core has a 

significant effect on the coefficients of π-conjugation.  However, PiDT-3 and PiDT-4, the are 

isomers with different sulfur atom positions, exhibited almost the same maximum absorption 

wavelength, which may be due to the negligible change in π-conjugation in the direction 

perpendicular to the long axis of the PiDT core.  On the other hand, the bandgaps of PiDT-3 

and PiDT-4 are smaller than those of the isomers PiDT-1 and PiDT-2, which may be attribute 

to the splitting of the energy levels and is expected to result efficient orbital overlap formation 

in the solid state.   

 

 

Figure 4-6. Absorption spectra of PiDT isomers in solution.   

 

Table 4-1. Absorption spectra data of PiDT isomers in chloroform.   
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Compounds λmaxabs (nm) λedge (nm) Egopt (eV) 

PiDT-1 306, 330, 339, 368 393 3.16 

PiDT-2 296, 309, 345, 396 3.13 

PiDT-3 323, 340, 350, 369, 394 421 2.95 

PiDT-4 322, 353 400 3.02 

 

4-3-2. Fluorescence emission of PiDT isomers 

The fluorescence spectrum of PiDT-3 in chloroform was measured as shown in Figure 4-7.  

The detailed data including the emission maximum wavelength (λmaxem) and Stokes shift are 

summarized in Table 4-2.  As a result, the fluorescence spectrum of PiDT-2 was clearly red-

shifted compared to that of PiDT-1, and the fluorescence spectrum of PiDT-4 was blue-shifted 

compared to PiDT-3.  This result indicates that the π-conjugation geometry of PiDT isomers is 

strongly correlated with the position of the sulfur atoms.  Furthermore, the fluorescence of 

PiDT-2 and PiDT-4 is characterized by an increase in the dipole moment and a broadening of 

the Stokes shift due to the positional isomerism of the sulfur atom.   

 

 

Figure 4-7. Fluorescence spectra of PiDT isomers 
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Table 4-2. Emission spectra data and Stokes shift of PiDT isomers in chloroform.   

Compounds λmaxem (nm) Stokes shift (cm−1) 

PiDT-1 390, 412, 437 132 

PiDT-2 400, 422, 447 974 

PiDT-3 419, 444, 472 172 

PiDT-4 407, 431, 451 430 
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4-4. Summary  

In summary, the Author has successfully synthesized seven aromatic ring-fused piceno[3,4-

b:10,9-b’]dithiophene (PiDT-2) and piceno[2,3-b:11,10-b’]dithiophene (PiDT-4) and 

systemically investigated their optical properties.   

Initially, PiDT-2 was synthesized by Suzuki-Miyaura coupling reaction using 1,4-

phenylenediboronic acid with 4-formylbenzo[b]thiophen-5-yl trifluoromethanesulfonate as a 

key step. Subsequently, epoxidation and Lewis acid-catalyzed intramolecular 

cycloaromatization reactions were carried out to yield PiDT-2.  On the other hand, following 

the efficiently synthetic strategies of PiDT-2 and PiDT-3, PiDT-4 was synthesized by the same 

protocol, and the pure desired compound was successfully obtained after vacuum sublimation.  

As a result, the UV-vis absorption spectrum of PiDT-2 showed a clear blue-shifted behavior 

compared to that of PiDT-1, while the sulfur atom positional isomers, PiDT-3 and PiDT-4, 

exhibited maximum absorption at almost the same wavelength.  In addition, the fluorescence 

spectrum of PiDT-2 was clearly red-shifted compared to that of PiDT-1, while PiDT-4 was 

blue-shifted compared to PiDT-3.  These results highlight that the difference in the position of 

the sulfur atom in the PiDT core has an important impact.  In our laboratory, further 

investigation of these isomers based on FET devices is currently in progress.   
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4-5. Experimental Sections 
4-5-1. General instrumentation and chemicals 

Unless otherwise noted, all reactions were carried out using the standard Schlenk technique 

under an argon atmosphere.  Glassware was dried in an oven (130 °C) and heated under reduced 

pressure prior to use.  Materials obtained from commercial suppliers were used without further 

purification.  Solvents were used as eluents for all other routine operations and were purchased 

from commercial suppliers and used without further purification.  Merck precoated TLC plates 

(silica gel 60 GF254, 0.25 mm) were used for all thin layer chromatography (TLC) analyses.  

Silica gel column chromatography was performed using silica gel 60 N (spherical, neutral, 40–

100 μm) manufactured from Kanto Chemicals Co. Ltd.  NMR spectra (1H and 13C{1H}) were 

recorded on a Varian INOVA-600 (600 MHz).  1H NMR chemical shifts were recorded in ppm 

for the residual signals of the deuterated solvents used (7.26 ppm for CDCl3, 2.50 ppm for 

DMSO-d6).  Chemical shifts for 13C{1H} NMR were recorded in ppm for the signals of the 

deuterated solvents used, i.e., CDCl3 (77.16 ppm), DMSO-d6 (39.52 ppm).  Infrared spectra 

were recorded on a SHIMADZU IRPrestige-21 spectrophotometer and reported in 

wavenumbers (cm−1).  UV-vis absorption spectra were measured using a Shimadzu UV-2450 

UV-vis spectrometer.  Fluorescence spectra were measured using a SHIMADZU RF-5300PC.  

High resolution mass spectrometry (HRMS) was measured on a JEOL JMS-700 MStation 

(double-focusing mass spectrometer).  Elemental analyses were carried out using a Perkin-

Elmer 2400 CHN elemental analyzer at Okayama University.  The geometry optimization and 

normal-mode calculations were performed at the B3LYP/6-31G(d) level using the Gaussian 

09, Revision D. 01, program package.   

 

4-5-2. Experimental procedures for the synthesis of PiDT-2 and PiDT-4 

1-[(2,2-Diethoxyethyl)thio]-4-methoxybenzene (8).  

 

In a reaction flask, 4-methoxybenzenethiol (6) (14.02 g, 100 mmol) was dissolved in DMF 

(100 mL), potassium carbonate (30.4 g, 220 mmol) and bromoacetaldehyde diethyl acetal (7) 

(23.6 g, 120 mmol) were added, and the mixture was stirred under reflux (153 oC) for 6 h.  The 
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mixture was then dispersed in water and extracted three times with Et2O.  The organic layer 

was separated, washed with a saturated solution of NH4Cl, water and brine, dried over 

anhydrous MgSO4, and concentrated under reduced pressure.  The resulting residue was 

purified by silica gel chromatography (hexane/ethyl acetate = 10:1) to afford compound 8 as a 

yellow oil in 97% yield.  This product was used without further purification.   

Rf = 0.4 (hexane/ethyl acetate = 10:1).  1H-NMR (600 MHz, CDCl3, rt): δ 7.38 (q, J = 2.4 Hz, 

2H), 6.83 (m, 2H), 4.59 (t, J = 5.4 Hz, 1H), 3.79 (t, J = 2.4 Hz, 3H), 3.63 (m, 2H), 3.52 (m, 

2H), 3.02 (d, J = 6 Hz, 2H), 1.18 (t, J = 7.2 Hz, 6H).   

 

5-Methoxybenzothiophene (9).  

 

To a solution of 1-[(2,2-diethoxyethyl)thio]-4-methoxybenzene (8) (24.8 g, 97 mmol) in 

anhydrous toluene (700 mL) in a reaction flask was added polyphosphoric acid (35.7 g, 157.5 

mmol).  The reaction mixture was heated at reflux for 17 h under an inert atmosphere, cooled 

to room temperature, and a solution of 4 M KOH was added until neutral.  The combined 

organic layers extracted with Et2O (100 mL × 3) were washed with brine and dried over 

anhydrous MgSO4, and concentrated under reduced pressure.  The residue was purified by 

column chromatography on silica gel (hexane only) to afford compound 9 in16% yield as a 

white solid.   

Rf = 0.32 (hexane only).  1H-NMR (400 MHz, CDCl3, rt): δ 7.74 (d, J = 8.8 Hz, 1H), 7.45 (d, 

J = 5.6 Hz, 1H), 7.28 (dd, J = 6.4, 2.4 Hz, 2H), 7.01 (dd, J = 8.8, 2.8 Hz, 1H), 3.88 (s, 3H); 
13C{1H} NMR (101 MHz, CDCl3, rt): δ 157.6, 140.8, 132.3, 127.6, 123.7, 123.2, 114.8, 105.7, 

55.7. 

 

5-Methoxybenzothiophene-4-carboxaldehyde (10).  
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To a solution of 5-methoxybenzothiophene (9) (2.58 g, 15.7 mmol) in anhydrous CH2Cl2 

(32 mL), SnCl4 (63 mL, 31.4 mmol, 0.5 M solution in CH2Cl2) was added dropwise at 0 ºC 

under an argon atmosphere.   Subsequently, dichloromethyl methyl ether (2.13 mL, 23.55 

mmol) was added dropwise at 0 ºC.  The mixture was allowed to warm to room temperature 

and stirred overnight.  The mixture was quenched with saturated NaHCO3 at 0 ºC and stirred 

for 2 h at room temperature.  After extraction with CH2Cl2, the organic layer was washed with 

brine, dried over MgSO4, and concentrated.  The residue was purified by column 

chromatography on silica gel (hexane/ethyl acetate = 10:1) to afford compound 10 in 87% yield 

as a white solid.   

Rf = 0.2 (hexane/ethyl acetate = 10:1).  1H-NMR (600 MHz, CDCl3, rt): δ 10.74 (s, 1H), 8.42 

(dd, J = 5.4, 0.6 Hz, 1H), 8.02 (d, J = 9.0, 1H), 7.68 (d, J = 5.4 Hz, 1H), 7.08 (d, J = 9.0 Hz, 

1H), 4.00 (s, 3H); 13C{1H} NMR (150 MHz, CDCl3, rt): δ 190.3, 162.2, 138.7, 134.0, 132.0, 

130.0, 124.3, 118.5, 109.7, 56.7.  

 

5-Hydroxybenzothiophene-4-carboxaldehyde (11).  

 

After cooling to −70 °C, to a solution of 5-methoxybenzothiophene-4-carboxaldehyde (10) 

(2.6 g, 13.5 mmol) in dichloromethane (36 mL) was added a solution of BBr3 (54 mL, 54 mmol, 

1 M solution in DCM) dropwise below −60 °C over Ar.  The reaction mixture was kept for 30 

min, then slowly warmed to room temperature for 16 h. (Checked by TLC; hexane/ethyl acetate 

= 3:l).  The reaction was quenched with MeOH (8 mL) at −50 ºC, diluted with H2O (80 mL), 

separated, extracted with dichloromethane (50 mL × 2).  The resulting organic phases were 

combined, washed with saturated NaHCO3 (50 mL) and brine (50 mL), dried with MgSO4, 

filtered, concentrated under reduced pressure, and the residue was purified by column 

chromatography on silica gel (hexane/ethyl acetate = 30:1) to afford compound 11 in 83% yield 

as a yellow solid.   

Rf = 0.2 (hexane/ethyl acetate = 20:1).  1H NMR (600 MHz, CDCl3, rt): δ 11.97 (s, 1H), 10.55 

(s, 1H), 7.96 (d, J = 9.0 Hz, 1H), 7.76 (d, J = 9.0 Hz, 1H), 7.72 (d, J = 5.4 Hz, 1H), 7.02 (d, J 

= 9.0 Hz, 1H); 13C{1H} NMR (150 MHz, CDCl3, rt): δ 193.9, 162.1, 140.6, 132.1, 131.7, 131.6, 

118.4, 115.9, 113.8. 
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4-Formylbenzo[b]thiophen-5-yl trifluoromethanesulfonate (4).   

 

To a solution of 5-hydroxybenzothiophene-4-carboxaldehyde (11) (445 mg, 2.5 mmol) in 

CH2Cl2 (15 mL) and 4-(N,N-dimethylamino)pyridine (DMAP, 610 mg, 5 mmol) in a 50 mL 

Schlenk tube with a magnetic stirred bar was slowly added trifluoromethanesulfonic anhydride 

(Tf2O) (590 uL, 3.5 mmol) at 0 °C under an argon atmosphere.  The reaction mixture was 

stirred for 30 min at 0 °C.  The resulting mixture was warmed to room temperature and stirred 

for another 1 h.  The progress of the reaction was monitored by GC.  After completion of the 

reaction, saturated NaHCO3 (50 mL) was added and the aqueous layer was extracted with DCM 

(3 × 30 mL).  The combined organic layers were washed with 1 M HCl (20 ml), and the aqueous 

layer was back-extracted with DCM (2 × 30 mL) and combined with the organic layer.  The 

combined organic layers were washed with brine, dried over MgSO4, concentrated in vacuo, 

and purified by column chromatography on silica gel (hexane/ethyl acetate = 20:1) to afford 

compound 4 in 90% yield as a pale yellow solid.   

Rf = 0.2 (hexane/ethyl acetate = 10:1).  1H-NMR (300 MHz, CDCl3, rt): δ 10.61 (s, 1H), 8.46 

(dd, J = 5.4, 0.6 Hz, 1H), 8.19 (dd, J = 9.0, 0.6 Hz, 1H), 7.87 (d, J = 5.4 Hz, 1H), 7.40 (d, J = 

8.7 Hz, 1H). 

 

5,5’-(1,4-Phenylene)-bis(benzo[b]thiophene-4-carboxaldehyde) (1) 

 

To a solution of 4-formylbenzo[b]thiophen-5-yl trifluoromethanesulfonate (4) (680 mg, 2.2 

mmol) in DMF (15 mL) and deionized water (2 mL) were added 1,4-phenylenediboronic acid 

(166 mg, 1 mmol), Pd(PPh3)4 (115 mg, 0.1 mmol) and K2CO3 (550 mg, 4 mmol) at room 

temperature under an argon atmosphere.  The reaction mixture was stirred at 90 °C for 12 h, 

then cooled to room temperature, quenched with water, and extracted with chloroform (100 
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mL × 2).  The combined organic layers were washed with brine and dried over anhydrous 

MgSO4.  Filtration and evaporation afforded a yellow solid.  Further purification was carried 

out by a silica gel column chromatography (eluent: hexane/chloroform/ethyl acetate = 10:5:1) 

to give compound 1 in 88% yield as a pale yellow solid.   

Rf = 0.26 (hexane:ethyl acetate = 5:1).  1H NMR (600 MHz, CDCl3, rt): δ 10.22 (s, 2H), 8.53 

(d, J = 5.4 Hz, 2H), 8.19 (d, J = 7.8 Hz, 2H), 7.78 (d, J = 5.4 Hz, 2H), 7.57 (s, 4H), 7.51 (d, J 

= 8.4 Hz, 2H); 13C{1H} NMR (150 MHz, CDCl3, rt): δ 192.9, 144.3, 141.2, 138.3, 137.7, 131.3, 

130.7, 128.01, 127.98, 126.8, 124.5.  HRMS (FAB+): Calcd for C24H15O2S2 [M + H] 399.0513; 

found, 399.0508. 

 

5,5’-(1,4-Phenylene)-bis[4-benzo[b]thiophene-(2-oxirane)] (12) 

 

To a solution of Me3SI (49 mg, 0.24 mmol) and KOH powder (31 mg, 0.55 mmol) in 

benzonitrile (10 mL) in a 20 mL Schlenk tube was added 5,5’-(1,4-phenylene)-

bis(benzo[b]thiophene-4-carboxaldehyde) 1 (40 mg, 0.1 mmol) at room temperature under an 

argon atmosphere.  The reaction mixture was stirred vigorously at 70 °C for 1.5 days.  The 

mixture was then cooled to room temperature, poured into water (30 mL), and extracted with 

chloroform (20 mL × 3).  The combined organic layers were washed with brine and dried over 

MgSO4.  The filtrate was concentrated under reduced pressure and the crude product was 

purified by silica gel column chromatography (eluent: hexane/chloroform/ethyl acetate = 

10:5:1) using Et3N (1%)to afford the title compound 12 in 84% yield as a white solid.   

Rf = 0.3 (hexane:ethyl acetate = 5:1).  1H-NMR (600 MHz, CDCl3, rt): δ 7.93 (d, J = 8.4 Hz, 

2H), 7.85 (dt, J = 5.4, 0.6Hz, 2H), 7.56 (d, J = 5.4 Hz, 2H), 7.50 (s, 4H), 7.38 (d, J = 8.4 Hz, 

2H), 4.36 (m, 2H), 3.00 (m, 2 H), 2.69 (m, 2H); 13C{1H} NMR (150 MHz, CDCl3, rt): δ 140.0, 

139.8, 138.54, 138.51, 137.76, 137.73, 129.5, 129.2, 127.6, 126.5, 126.4, 123.2, 122.4, 52.1, 

49.4.  HRMS (EI+) Calcd for C26H18O2S2 [M]+ 426.0748; found, 426.0720. 

 

Piceno[3,4-b:10,9-b’]dithiophene (PiDT-2) 
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To a solution of 5,5’-(1,4-phenylene)-bis[4-benzo[b]thiophene-(2-oxirane)] 12 (213 mg, 0.5 

mmol) in anhydrous 1,2-dichloroethane (40 mL) in a 50 mL Schlenk tube was added InCl3 (22 

mg, 0.1 mmol) at room temperature under an argon atmosphere.  The reaction mixture was 

stirred at 100 oC for 2 days.  The mixture was then cooled to room temperature, quenched with 

water (10 mL) and poured into methanol (100 mL).  The resulting precipitates were collected 

by filtration and washed with water (30 mL), hexane (30 mL), and acetone (30 mL).  The crude 

product was purified by vacuum sublimation (source temperature: 300 oC under ~10–1 Pa) to 

give the title compound PiDT-2 in 44% yield as a yellow solid.   

Mp > 270 °C.  1H NMR (600 MHz, CDCl3, rt) was not obtained due to poor solubility; nor was 
13C{1H} NMR (150 MHz, CDCl3, rt).  Anal. Calcd for C26H14S2: C, 79.97; H, 3.61. Found: C, 

79.83; H, 3.24.   

 

 

1,5-Dibromo-2,4-dimethylbenzene (17) 

 

To an ice-cold solution of iodine (254 mg, 1 mmol) in m-xylene (16) (12.2 mL, 100 mmol) 

was added bromine (13.8 mL, 270 mmol) dropwise over 4 h under no light.  After stirring at 

room temperature for 1 day, 20% aqueous KOH (200 mL) was added.  The mixture was shaken 

under slight heat retention until the yellow color disappeared, then cooled.  The aqueous layer 

was decanted and the remining solid were washed with water (4 × 50 mL) and recrystallized 

with absolute ethanol to give the desired product 17 in 51% yield as a white solid.   

1H-NMR (600 MHz, CDCl3, rt): δ 7.68 (s, 1H), 7.10 (s, 1H), 2.31 (s, 6H); 13C{1H} NMR (150 

MHz, CDCl3, rt): δ 137.0, 135.1, 132.7, 122.2, 22.4. 

 

1,5-Dibromo-2,4-bis(dibromomethyl)benzene (18) 
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To a stirred solution of 1,5-dibromo-2,4-dimethylbenzene (17) (5.02 g, 19 mmol) in DCE 

(190 mL) were added benzoyl peroxide (230 mg, 0.95 mmol) and N-bromosuccinimide (NBS) 

(27 g, 152 mmol) in a single portion.  The mixture was heated to 95 oC and an additional portion 

of benzoyl peroxide (690 mg, 2.85 mmol) was added.  The reaction mixture was stirred at 95 
oC for 12 h and then cooled to room temperature.  The precipitated solid was filtered off and 

washed with hexane (50 mL).  The combined filtrates were concentrated under reduced 

pressure and purified by flash column chromatography eluting with hexane/ethyl acetate (10:1) 

to give the desired product 18 in 95% yield as a white solid.   

Rf = 0.70 (hexane:ethyl acetate = 10:1).   

1H-NMR (600 MHz, CDCl3, rt): δ 8.66 (s, 1H), 7.71 (s, 1H), 6.97 (s, 2H); 13C{1H} NMR (150 

MHz, CDCl3, rt): δ 141.3, 135.8, 133.6, 121.2, 37.8. 

 

1,5-Dibromo-2,4-benzenedicarboxaldehyde (19) 

 

To a solution of 1,5-dibromo-2,4-bis(dibromomethyl)benzene (18) in acetonitrile (250 mL) 

was added a solution of AgNO3 (15.3 g, 90 mmol) in deionized water (50 mL).  The resulting 

mixture was heated to reflux under argon for 12 h and the precipitated solid was filtered off 

and washed with acetonitrile (50 mL).  The combined filtrates were concentrated under reduced 

pressure and purified by crystallization from acetonitrile to yield the desired product 19 in 87% 

yield as a white solid.   

1H-NMR (600 MHz, CDCl3, rt): δ 10.31 (s, 2H), 8.38 (s, 1H), 8.03 (s, 1H); 13C{1H} NMR (150 

MHz, CDCl3, rt): δ 189.8, 138.9, 133.3, 132.3, 131.2.   

 

Ethyl 6-bromo-5-formylbenzo[b]thiophene-2-carboxylate (20) 
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To a solution of 1,5-dibromo-2,4-benzenedicarboxaldehyde (19) (2.34 g, 8 mmol) in 

anhydrous DMF (40 mL) in a 50 mL Schlenk tube equipped with a magnetic stir bar was added 

dropwise triethylamine (3.3 mL, 24 mmol) at room temperature under an argon atmosphere.  

Then ethyl 2-mercap-toacetate (0.88 mL, 8 mmol) was added dropwise at 0 °C.  The reaction 

mixture was stirred at room temperature for 12 h, then quenched with water, and extracted with 

chloroform (100 mL × 2).  The combined organic layers were washed with brine and dried 

over anhydrous MgSO4.  Filtration and evaporation afforded a yellow solid.  Further 

purification was carried out in a Kugelrohr short-path distillation apparatus, yielding the title 

compound 20 in 67% yield as a pale yellow solid.   

Mp = 139–140 °C.  FT-IR (KBr, cm−1): 2980 (w), 3001 (w), 2926 (m), 2855 (w), 1709 (s), 

1688 (s), 1589 (s), 1512 (s) ,1408 (s), 1258 (s), 1244 (s), 1132 (s), 1055 (s), 984 (m), 752 (m).  

1H-NMR (600 MHz, CDCl3, rt): δ 10.44 (s, 1H), 8.41 (s, 1H), 8.13 (s, 1H), 8.08 (s, 1H), 4.43 

(q, J = 7.2 Hz, 2H), 1.42 (t, J = 7.2 Hz, 3H); 13C{1H} NMR (150 MHz, CDCl3, rt): δ 191.5, 

162.0, 148.2, 138.1, 136.6, 130.7, 130.5, 127.4, 127.3, 123.6, 62.3, 14.4.  HRMS (FAB+): Calcd 

for C12H10BrO3S [M + H] 312.9534; found, 312.9518. 

 

6-Bromo-5-formylbenzo[b]thiophene-2-carboxylic acid (21) 

 

To a suspension of ether 20 (7.5 g, 24 mmol) in ethanol (190 mL) in a 300 mL flask equipped 

with a magnetic stir bar was added KOH (4.04 g, 72 mmol) solution (24 mL) dropwise for 5 

min at room temperature.  The reaction mixture was stirred for 5 h, then concentrated in vacuo 

and acidified with 1 M HCl at 0 °C to produce a pale yellow precipitate, which was filtered 

and dried under vacuum to afford the title compound 21 in 92% yield as a pale yellow solid.  

Mp > 270 °C.  FT-IR (KBr, cm−1): 3352 (w), 3071 (s), 3057 (s), 2980 (s), 2868 (s), 2770 (s), 

2716 (s), 2675 (s), 2629 (s), 2579 (s), 2558 (s), 2494 (s), 2328 (w), 1689 (s), 1678 (s), 1666 (s), 

1585 (s), 1543 (s), 1508 (s), 1422 (s), 1300 (s), 1267 (s), 1240 (s), 1192 (s), 1136 (s), 1093 (s), 
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1055 (w), 982 (s), 910 (m), 868 (w), 797 (s), 758 (s), 714 (s).  HRMS (FAB+): Calcd for 

C10H6BrO3S [M + H] 284.9216; found, 284.9192. 

 

6-Bromobenzo[b]thiophene-5-carbaldehyde (15) 

 

To a solution of carboxylic acid 21 (1.25 g, 4.4 mmol) in anhydrous DMSO (30 mL) in a 50 

mL Schlenk tube equipped with a magnetic stir bar were added Ag2CO3 (1.46 g, 5.3 mmol.) 

and AcOH (0.3 mL, 5.3 mmol) at room temperature.  The reaction mixture was stirred at 120 
oC for 12 h, then cooled to room temperature, and quenched with water.  The precipitate solid 

was filtered off, washed with chloroform (20 mL), then extracted with chloroform (30 mL × 

2).  The combined organic layers were washed with brine and dried over anhydrous MgSO4. 

Filtration and evaporation afforded a yellow solid.  Further purification was carried out by 

silica gel column chromatography eluting with hexane/ethyl acetate (20:1) to give the title 

compound 15 in 81% yield as a white solid.   

Rf = 0.34 (hexane:ethyl acetate = 10:1).  Mp = 114-115 °C.  FT-IR (KBr, cm−1): 3076 (w), 

2860 (w), 1680 (s), 1580 (s), 1427 (m), 1400 (m), 1300 (w), 1219 (m), 1136 (m), 1063 (m), 

974 (m), 899 (m), 854 (w), 750 (s), 696 (s).  1H-NMR (600 MHz, CDCl3, rt): δ 10.46 (s, 1H), 

8.38 (s, 1H), 8.15 (s, 1H), 7.53 (d, J = 5.4 Hz, 1H), 7.42 (d, J = 5.4 Hz, 1H); 13C{1H} NMR 

(150 MHz, CDCl3, rt): δ 192.1, 146.6, 139.0, 129.9, 128.9, 127.1, 125.4, 124.8, 121.1.  Anal. 

Calcd for C9H5BrOS: C, 44.84; H, 2.09. Found: C, 44.66; H, 1.81.   

 

6,6’-(1,4-Phenylene)-bis(benzo[b]thiophene-5-carboxaldehyde) (13) 

 

To a solution of 6-bromobenzo[b]thiophene-5-carbaldehyde (12) (530 mg, 2.2 mmol) in 

DMF (15 mL) and deionized water (2 mL) in a 50 mL Schlenk tube equipped with a magnetic 

stir bar were added 1,4-phenylenediboronic acid (5) (166 mg, 1 mmol), Pd(PPh3)4 (115 mg, 
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0.1 mmol) and K2CO3 (553 mg, 4 mmol) at room temperature.  The reaction mixture was stirred 

at 90 °C for 1 day, then cooled to room temperature, quenched with water, and extracted with 

chloroform (100 mL × 2).  The combined organic layers were washed with brine and dried 

over anhydrous MgSO4.  Filtration and evaporation afforded a yellow solid, which was further 

purified by a silica gel column chromatography (eluent: hexane/chloroform/ethyl acetate = 

10:5:1) to give the titled compound 13 in 85% yield as a pale yellow solid.   

Rf = 0.26 (hexane:ethyl acetate = 5:1).  Mp > 270 °C.  FT-IR (KBr, cm−1): 3076 (m), 2843 (w), 

2758 (w), 1638 (s), 1591 (s), 1443 (s), 1400 (m), 1310 (w), 1277 (w), 1136 (m), 1061 (w), 978 

(m), 831 (m), 706 (m), 521 (w).  1H-NMR (600 MHz, CDCl3, rt): δ 10.16 (s, 2H), 8.55 (s, 2H), 

8.01 (s, 2H), 7.76 (d, J = 5.4 Hz, 2H), 7.57 (s, 4H), 7.52 (d, J = 5.4 Hz, 2H); 13C{1H} NMR 

(150 MHz, CDCl3, rt): δ 192.3, 145.1, 140.2, 139.2, 138.0, 131.0, 130.5, 128.8, 124.8, 124.5, 

124.0.  Anal. Calcd for C24H14O2S2: C, 72.34; H, 3.54. Found: C, 72.67; H, 3.34.   

 

6,6’-(1,4-Phenylene)-bis[5-benzo[b]thiophene-(2-oxirane)] (14) 

 

To a solution of Me3SI (196 mg, 0.96 mmol) and KOH powder (124 mg, 2.2 mmol) in 

benzonitrile (40 mL) in a 50 mL Schlenk tube was added aldehyde 13 (160 mg, 0.4 mmol) at 

room temperature.  The reaction mixture was stirred vigorously at 70 °C for 1 day.  The mixture 

was then cooled to room temperature, poured into water (30 mL), and extracted with 

chloroform (30 mL × 3).  The combined organic layers were washed with brine and dried over 

MgSO4.  The filtrate was concentrated under reduced pressure and the crude product was 

purified by silica gel column chromatography (eluent: hexane/chloroform/ethyl acetate = 

10:5:1) using Et3N (1%) to afford the title compound 22 in 89% yield as a white solid.   

Rf = 0.3 (hexane:ethyl acetate = 5:1) with Et3N (1%).  Mp = 209-211 °C.  FT-IR (KBr, cm−1): 

3074 (s), 3049 (s), 3028 (s), 1684 (s), 1593 (w), 1514 (s), 1447 (s), 1381 (s), 1314 (m), 1250 

(m), 1146 (w), 1086 (w), 1056 (w), 1005 (m), 949 (s), 899 (m), 870 (s), 843 (s), 818 (m), 760 

(s), 733 (m), 706 (w), 602 (s).  1H-NMR (600 MHz, CDCl3, rt): δ 7.89 (d, J = 3.6 Hz, 2H), 7.83 

(s, 2H), 7.57 (s, 4H), 7.50 (d, J = 6.0 Hz, 2H), 7.37 (d, J = 4.8 Hz, 2H), 3.99 (m, 2H), 3.17 (m, 

2 H), 2.89 (m, 2H); 13C{1H} NMR (150 MHz, CDCl3, rt): δ 139.41, 139.38, 137.73, 137.71, 
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132.1, 129.7, 127.5, 124.0, 123.54, 123.51, 119.34, 119.31, 52.4, 52.3, 51.3.  HRMS (EI+) 

Calcd for C26H18O2S2 [M]+ 426.0748; found, 426.0740. 

 

Piceno[2,3-b:11,10-b']dithiophene (PiDT-4) 

 

To a solution of epoxide 22 (105 mg, 0.27 mmol) in anhydrous 1,2-dichloroethane (25 mL) 

in a 50 mL Schlenk tube was added InCl3 (12 mg, 0.054 mmol) at room temperature.  The 

reaction mixture was stirred at 100 oC for 1 day.  The mixture was cooled to room temperature, 

quenched with water (10 mL) and poured into methanol (100 mL).  The resulting precipitate 

was collected by filtration and washed with water (30 mL), hexane (30 mL), and acetone (30 

mL).  The crude product was purified by vacuum sublimation (source temperature: 250 oC 

under ~10–1 Pa) to give the title compound PiDT-4 in 41% yield as a yellow solid.   

Mp > 270 °C.  FT-IR (KBr, cm−1): 3030 (w), 2309 (w), 1435 (m), 1391 (m), 878 (m), 822 (m), 

737 (m), 673 (s).  1H NMR (600 MHz, CDCl3, rt) was not obtained due to poor solubility; nor 

was 13C{1H} NMR (150 MHz, CDCl3, rt).  Anal. Calcd for C26H14S2: C, 79.97; H, 3.61. Found: 

C, 79.60; H, 3.25.   
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4-5-3. Charts of NMR Spectra 

 
1H NMR (600 MHz) spectrum of compound 8 (CDCl3, rt). 
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1H NMR (400 MHz) spectrum of compound 9 (CDCl3, rt). 

 
13C{1H} NMR (101 MHz) spectrum of compound 9 (CDCl3, rt).   
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1H NMR (600 MHz) spectrum of compound 10 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 10 (CDCl3, rt).   
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1H NMR (600 MHz) spectrum of compound 11 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 11 (CDCl3, rt).   
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1H NMR (300 MHz) spectrum of compound 4 (CDCl3, rt). 
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1H NMR (600 MHz) spectrum of compound 1 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 1 (CDCl3, rt).   
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1H NMR (600 MHz) spectrum of compound 12 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 12 (CDCl3, rt).   
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1H NMR (600 MHz) spectrum of compound 17 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 17 (CDCl3, rt).   
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1H NMR (600 MHz) spectrum of compound 18 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 18 (CDCl3, rt).   
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1H NMR (600 MHz) spectrum of compound 19 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 19 (CDCl3, rt).   
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1H NMR (600 MHz) spectrum of compound 20 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 20 (CDCl3, rt).   
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1H NMR (600 MHz) spectrum of compound 15 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 15 (CDCl3, rt).   
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1H NMR (600 MHz) spectrum of compound 13 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 13 (CDCl3, rt).   
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1H NMR (600 MHz) spectrum of compound 22 (CDCl3, rt). 

 
13C{1H} NMR (150 MHz) spectrum of compound 22 (CDCl3, rt). 
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This doctoral dissertation focuses on elucidating of regioisomeric effects on the intrinsic 

electronic and charge transport properties and the engineering side chain effects on the 

physicochemical properties.  However, the electronic performance of organic semiconductors 

depends mainly on their molecular structure, packing, film morphological, and topological 

properties.  Understanding these structure–property relationships is directly related to 

rationalization of molecular design and efficient device fabrication.  Based on this, an array of 

π-conjugated derivatives with different types of side chains were designed, synthesized, and 

characterized for the efficient development of high-performance organic semiconductors.  In 

addition, a novel array of isomers, with seven fused rings and a π-extended conjugated system 

has been designed and synthesized.  The investigation of the isomerism properties suggests a 

better understanding of the effect of positional isomers of thiophene on semiconducting 

properties and an understanding of the structure-property relationship.   

 

Chapter 2.  Synthesis and Physicochemical Properties of 2,7-Disubstituted 

Phenanthro[2,1-b:7,8-b’]dithiophenes 

In Chapter 2, the Author presents a sequence of PDT-2 derivatives with five different alkyl 

(CnH2n+1; n = 8, 10, 12, 13, and 14) or two different decylthienyl groups introduced at 2,7-

positions of the PDT-2 core.  Systematic investigation revealed that the alkyl length and the 

type of side chain had a significant effect on the physicochemical properties.  For alkylated 

PDT-2, solubility gradually decreased with increasing carbon number due to the increase in 

hydrophobic interactions.  Those substituted with a 5-decylthienyl group exhibited poor 

solubility in both chloroform and toluene, whereas those substituted with a 4-decylthienyl 

group resulted in high solubility.  All of these alkylated PDT-2 derivatives exhibited short-

range absorption maxima, suggesting that the effect of the change in alkyl chain length on 

photophysical properties is negligible.  The introduction of decylthienyl groups as conjugated 

side chains can slightly reduce the bandgaps and increase the HOMO energy levels.  In the 

solid state, the absorption of all PDT-2 derivatives is broadened and red-shifted compared to 

the solution, indicating the formation of an ordered thin film.  Among them, C14-PDT-2 

exhibited the strongest and sharpest absorption peaks, suggesting the formation of a well-

ordered crystalline structure.  On the other hand, Th1-PDT-2 and Th2-PDT-2 were found to be 

more homogeneous and structureless than dialkylated PDT-2 derivatives, and thus more 

suitable for film formation and solution-processed OFETs.  UV-vis absorption and 

fluorescence measurements indicated that the modification of the conjugated core with alkyl 
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or decylthienyl side chains could change its physicochemical properties and may lead to the 

development of high-performance organic semiconductors.   

 

Chapter 3.  Effect of Positional Isomerism of Picenodithiophene Derivatives on 

Semiconducting Properties 

This Chapter reports on the design, synthesis, physicochemical and FET properties of 

piceno[3,2-b:10,11-b']dithiophene (PiDT-3), a positional isomer of piceno[4,3-b:9,10-

b’]dithiophene (PiDT-1).  Initially, PiDT-3 was synthesized by Suzuki-Miyaura coupling 

reaction of 1,4-phenylenediboronic acid with 5-bromobenzo[b]thiophene-6-carbaldehyde as a 

key step.  Subsequently, epoxidation and Lewis acid-catalyzed intramolecular 

cycloaromatization reactions were carried out to yield PiDT-3.  As a result, the HOMO level 

of PiDT-3 increased from −5.6 eV to −5.5 eV with the change in the position of the thiophene 

rings.  The calculated electron density distributions of the HOMO indicates that the sulfur atom 

plays an important role in the intermolecular interaction due to its large atomic radius.  The 

large contribution of the sulfur atom to the HOMO orbitals in PiDT-3, which is almost the 

same as that of PiDT-1, implies that the potent orbital overlap in the solid state leads to effective 

charge transport.  Solubility studies showed that the solubility of PiDT-3 in common organic 

solvents was low due to its large conjugated system, but the solubility was improved to 0.5 g/L 

in hot o-dichlorobenzene solution.  There was also a significant difference in solubility 

compared to PiDT-1, which may be due to isomerism influence caused by the thiophene ring 

migrated to the PiDT backbone.  The UV-vis absorption spectrum of PiDT-3 showed a clear 

red-shifted behavior due to the increase in π-conjugation compared to PiDT-1.  OFET devices 

based on PiDT-3 on chlorosilane-treated substrates showed a low mobility of 10−4 cm2 V−1 s−1.  

When the SAM was changed from chlorosilanes to FOTS, the mobility of PiDT-3 reached 1.8 

× 10−2 cm2 V−1 s−1.  However, the hole mobilities of PiDT-3 was found to be lower than that 

of PiDT-1, even though the surface was modified with different types of SAMs.  This may be 

attributed to the change in the morphology of the thin film and the molecular packing due to 

the increase in the molecular dipole moment of PiDT-3.   

 

Chapter 4.  Synthesis and Physicochemical Properties of Picenodithiophene Isomers. 

Investigation of the Effects of the Position of the Sulfur Atom 

In this Chapter, the synthesis and physicochemical properties of two isomers with different 

sulfur atom positions, namely, piceno[3,4-b:10,9-b’]dithiophene (PiDT-2) and piceno[2,3-
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b:11,10-b’]dithiophene (PiDT-4) are presented.  Initially, PiDT-2 was synthesized by Suzuki-

Miyaura coupling reaction of 1,4-phenylenediboronic acid with 4-formylbenzo[b]thiophen-5-

yl trifluoromethanesulfonate as a key step.  Subsequently, epoxidation and Lewis acid-

catalyzed intramolecular cycloaromatization reactions were carried out to obtain PiDT-2.  On 

the other hand, following an efficient synthetic strategy for PiDT-2 and PiDT-3, PiDT-4 was 

synthesized by the same protocol and successfully obtained the pure desired compound after 

vacuum sublimation.  As a result, the UV-vis absorption spectrum of PiDT-2 showed a clear 

blue-shifted behavior compared to that of PiDT-1, while the positional isomers of the sulfur 

atom, PiDT-3 and PiDT-4, exhibited maximum absorption at almost the same wavelength.  In 

addition, the fluorescence spectrum of PiDT-2 was clearly red-shifted compared to that of 

PiDT-1, while that of PiDT-4 was blue-shifted compared to that of PiDT-3.  These results 

highlight that the difference in the position of the sulfur atom in the PiDT core has an important 

impact.   

 

Future Perspective 

From the results in Chapter 2, it is revealed that modifying the conjugated core with alkyl or 

decylthienyl side chains can change the physicochemical properties and may lead to the 

development of high-performance organic semiconductors.  Therefore, the investigation of 

FET devices based on PDT-2 derivatives is highly desired.  In order to achieve higher FET 

performance, it is necessary to investigate not only the effect of isomerism, but also the 

introduction of side chains into the PiDT-3 backbone and the design and synthesis of novel 

organic materials with the sulfur-containing π-extended systems.  In the future, research on 

PiDT isomers based on FET devices could be improved for higher performance.   
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