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Chapter 1
General introduction

1-1  Organic electronics

Features of organic electronics'*

Organic electronics have fascinating features hardly found in the conventional electronics. That is
organic electronics have been promising in terms of their low-cost, low-temperature and fast
manufacturability in addition to their compatibility with various kinds of substrates that are thin, large
in area, transparent or mechanically flexible. To achieve them, wet processes such as roll-to-roll
solution printing is very effective (Figure 1). If such processes are established, the devices such as
flexible displays, sensors and solar cell etc. could be manufactured like newspapers. Then, organic
electronics will create a big market and contribute to the development of industry and society.

However, the research and development of organic electronics is not fast compared with conventional
inorganic electronics. One of the reasons is that organic electronics is an interdisciplinary area that
incorporates chemistry (material), physics (device), engineering (process), etc. Nevertheless,
researches tend to keep themselves in their own research fields. Therefore, in order to accelerate the
research on organic electronics, it is important to simultaneously ' _\ Y ‘Q
study materials, devices and processes as much as possible.
Based on this idea, | have been engaged in the research on

materials, devices and processes and set the theme of doctor

thesis aiming at practical application of organic electronics.
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Figure 1. OPV module (a), OTFT-based flexible display (b).



Representative three applications of organic semiconductors®

There are three typical device applications in organic electronics: organic light emitting diode
(OLED), organic thin film transistor (OTFT) and organic photovoltaic cell (OPV), and their schematic
device architectures are shown in Figure 2. The basic working mechanism of each device is as follows.
In OLED, electrons and holes are injected by applying a voltage between the electrodes, and photons
are generated by excitons created by recombining electrons and holes in light emitting layer. In OTFT,
the carriers are injected to the channel by applying a voltage to the gate electrode, and the flow of
current between the source and drain electrodes is controlled. In OPV, excitons are generated by light
absorption, and then the excitons are separated at the interfaces between p- and n-type materials into
holes and electrons, which flow to the electrodes to generate electricity. Among them, research on
OLED has progressed to the stage of commercialization.

On the other hand, from the viewpoint of molecular design, the design principal of the active materials
in different devices are also largely different as the function of materials and device architectures are
largely different. For example, in OLED and OPV, the mobility of the material is not critically
important, since the direction of carrier flow is the film-thickness direction (typically, several hundreds
nm). Thus, for example, the materials for OLEDs should be nonplanar shape, which gives amorphous
film enabling uniform light emission in the entire thin film. On the other hand, in OTFT, the mobility
of the material is very important, since the direction of carrier flow is the horizontal in the film with
typical channel length of several tens of um, so the material is required to have planar molecular

structures realizing good crystallinity.

g OLED OTET OPV
N Al OOOOO ‘,‘l - )
o, Pentacene 'y
Alq 3 Transparent electrode Active layer Pcs1BM Transparent electrode

Active layer
Electrode & Substrate

‘ Active layer Insulater
Electrode & Substrate Electrode & Substrate

Figure 2. Schematic device architectures of OLED, OTFT and OPV.
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Classification of the materials®

Various materials with different functions have been developed, and diverse molecular designs have
been proposed. The diversity of molecular design is also a major feature of organic electronics. Organic
semiconductors can be classified according to the type of carrier, molecular aggregation state,
molecular weight, suitable deposition process as well as the application. Regarding the type of carrier,
organic semiconductor are basically intrinsic semiconductors, and thus the carrier type is determined
by matching between the work function of the electrode and the HOMO or LUMO energy level of the
organic semiconductors. Regarding the molecular aggregation state, it can be roughly divided into
amorphous and crystalline material. Amorphous materials are preferred in OLED, where film
uniformity is important, whereas crystalline materials are preferred in OTFT specialized for carrier
transport. Regarding the molecular weight, there are small-molecule material and polymer material,
and the polymer is generally defined as a macromolecule with the molecular weight greater than 10,000
and materials with in-between molecular weights are often called oligomer. Thin-film deposition
processes are classified into two; wet processes, where the active layers were deposited from the
solution, and dry processes, where the thin-films are formed by vapor deposition. Conventionally, as
the wet process materials, polymers with good film forming nature from solution have been
investigated, but in recent years, small molecules has also attracted widely, and in fact, many small-

molecular materials showing high performances by wet process have been reported.
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Representative film-forming methods®

As mentioned above, the film-forming methods can roughly be classified into “wet process” and “dry
process”, but the aforementioned features of organic electronics is realized by “wet process” which
can form the film from solution. Compared with vapor deposition (dry process), in wet process, the
choice methods and parameters to be optimized in the film formation tend are quite large, and such
methods and parameters have a large influence on the device performance. In fact, the importance of
a comprehensive understanding of the physical principles of various wet processes is now increasingly
realized in the community. An overview of typical wet processes are shown in Figure 4. Of these,
particularly important and widely used are “drop-casting” and “spin-coating”. “Drop-casting” is a
facile quasi-equilibrium process and involves the casting of an organic semiconductor solution and the
subsequent evaporation of the solvent to precipitate and deposit either individual crystals or a thin film.
“Spin-coating” is a commonly used wet-process to form organic semiconductor thin films of
effectively uniform thickness. The solution is dropped onto a substrate, and the substrate is accelerated
to a high angular velocity to simultaneously spread the liquid and evaporate the solvent. The thickness
of the wet film is inversely related to the spin speed and also depends on the solution concentration
and viscosity. Besides this, there are “inkjet-printing”, “blade-coating”, “spray-coating” and “stamp-
printing” etc. and it is important to select an appropriate method and deposition parameters according

to the feature of the materials and devices. In this study, | was mainly using “spin-coating”, which is

the simplest wet process widely used at lab level.
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1-2  Organic thin-film transistor (OTFT)

Device architecture and operating principle’

Thin-film transistor (TFT) is a kind of field-effect transistor (FET), and with an organic
semiconductor material as an active layer, it is called as organic thin-film transistor (OTFT). As shown
in Figure 5a, components necessary for OTFT are a supporting substrate, a gate electrode, a gate
insulator, an active layer and source/drain electrodes. The arrangement of each components depends
on the device architecture to be applied. There are various architectures for OTFT device, but in
evaluating the performance of the material, a bottom-gate/top-contact (BGTC) type is convenient, in
which a heavy-doped silicon substrate with a thermal oxide (SiO) film is used as the supporting
substrate, the gate electrode, and gate insulator (SiO2). Normally, in the evaluation of OTFTs, the
source electrode is connected to the ground, and a voltage is applied to the gate and drain electrode to
measure the drain current (the current between the drain and source electrodes). The operating
principle is described below.

(1) When gate voltage (Vy) is applied, carriers are injected from the source electrode into the organic
semiconductor layer to form a channel, and next, when drain voltage (Va) (< V) is applied, drain
current (lg) increase linearly. (Linear region) (Figure 5b)

(2) When Vq (= Vy) is applied, there is no potential difference between the gate and drain electrodes,
so that the channel near the drain electrode disappears. (Pinch-off point) (Figure 5c)

(3) When V4 (> Vy) is further applied, the voltages is used to expand the space charge layer in the

vicinity of the drain electrode. Therefore, I4 does not increase. (Saturation region) (Figure 5d)
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Figure 5. Architecture of BGTC-type OTFT (a), Output characteristics in each Vg region (b) — (d).



Actually, the channel is formed only when Vg exceeds the threshold voltage (V) due to the influence
of trap level existing at the interface, so the effective value of Vg is Vg — V. Overall above situation

can be expressed as follows (eq. 1), and the carrier mobility can be estimated.

w 2
la = Cibper 5 (Vg = Ven) eq. 1

This eq. 1 is field-effect mobility evaluation formula in saturation region used in characteristics

evaluation of OTFTs.

Required performances**

The performances required for materials in the wet processed OTFTs are;
(1) High mobility (At least 1 cm?/Vs or more)
(2) Good coating suitability (Solubility and film formability, etc.)
(3) Good stability (Environmental [air, light, etc.], electrical, thermal, etc.)
(4) Low voltage drivability (At a few volts)
(5) Good circuit design suitability (Vi is close to 0 V, high on/off ratio, no hysteresis, small variation,

etc.).

To produce commercial devices, all these requirements must be achieved simultaneously. There are
many reports on materials achieved some of these requirements, but few materials can achieve all at
the same time. Although (1), (2) and (3) largely depend on the organic semiconductor of the active
layer, it is known that (4) and (5) greatly depend not only on the organic semiconductor but also the

interface between the electrode and organic-layer, or insulating- and organic-layer.



1-3  Dinaphtho[2,3-b:2",3'-f]thieno[3,2-b]thiophene (DNTT)

Concept of DNTT

Pentacene has been used as the standard OTFT material for a long time®, but its environmental
stability is not good,” and thus it is disadvantageous as a practical material. This is due to the benzene
rings fused linearly, which increase and decrease the HOMO- and the LUMO- energy level,
respectively, simultaneously. As a result, the band gap is greatly reduced inducing decomposition paths
through the photo excitation, and the high-lying HOMO energy level can cause air-oxidation, both of
which reduce significantly the stability. Because of these instability, the pentacene-based OTFTs show
an increase in off-current, a decrease in mobility, and a shift in threshold voltage.

On the other hand, [1]benzothieno[3,2-b][1]benzothiophenes (BTBT) having a thieno[3,2-b]thiophene
core in the center of molecule succeeded in keeping low-lying HOMO (Figure 6).8 It is reasonable to
consider that BTBT is an isoelectronic structure with chrysene when compared with tetracene and
chrysene having the same number of fused aromatic rings and it is experimentally confirmed that
BTBT and chrysene have similar absorption edges and oxidation potentials as well.” In such a bent pi-
electron system, it is know that even though the number of fused rings increases, the changes in HOMO
and LUMO level are small. As a result, the decrease in band gap can be suppressed. Further increase
of fused rings enhances the overlap of the HOMO orbitals between molecules in the solid state and

also improves thermal stability. This is the design strategy for DNTT.*°
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Basic properties and device characteristics of DNTT%-!2

A typical characteristics of a DNTT-based OTFT fabricated by vapor-deposition is shown in Figure
7b. The mobility is about 3 cm?/Vs at maximum with clear switching behaviors and low off-current
and small hysteresis. Also, because the HOMO energy level of DNTT is low, the OTFT operates
without degradation in atmospheric environment. The excellent characteristics of the DNTT-based
OTFT devices can be explained by the packing structure elucidated by the singe crystal X-ray
structural analysis; two-dimensional herringbone structure with the large orbital overlap is the key
(Figure 7d, e). Characteristically, the sulfur atoms in DNTT interact effectively between the molecules,
and the HOMO coefficient is on the sulfur atoms so that they effectively contribute to increase the
overlap of orbitals between the molecules (Figure 7a, e). Furthermore, from the thin film XRD, DNTT
molecules form the lamella structure, in which the DNTT molecules stand almost perpendicular to the
substrate, and herringbone structure in the in-plane direction (Figure 7f). As a result, a semiconductor
channel with a well-balanced two-dimensional electronic structure is formed, which is consistent with

the mobility-anisotropy experiments on the single-crystal transistors.**
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Figure 7. Molecular structure and calculated HOMO orbital of DNTT (a), typical transfer
characteristics (b), crystal structure of DNTT: b-axis projection (c), herringbone packing (d),

intermolecular HOMO overlap (e), XRDs (thin film and powder simulation) of DNTT (f).
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Applications of DNTT to OTFT research

Since DNTT has excellent OTFT characteristics and atmospheric stability as described above, DNTT
has been widely applied as a standard OTFT material replacing pentacene for basic study'®?* and
application research.? 2> As examples of application of DNTT, Klauk and co-workers reported logic
circuits driving at low voltage on the alumina insulator (Figure 8a).?> ?" Someya and co-workers
reported DNTT-based thermally-stable (up to sterilization temperature) OTFTs for medical
applications?® and also ultra-thin organic transistors (ca. 2 um) that can be crimped (Figure 8b).?° In
addition, by combining these state-of-the-art technologies based on DNTT, Sakurai and co-workers
reported a sheet-like transistor array capable of monitoring the electromyogram just by attaching on
the skin, where DNTT is used as active layer material of the transistors (Figure 8c).*

Although DNTT is an ideal material as a vapor deposition material, DNTT has a critical drawback;
namely, DNTT is virtually insoluble in common organic solvents, which prevents application of DNTT

into wet-processes.
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Figure 8. Examples of applied research on DNTT. Low-voltage organic circuits on banknote (a),
reprinted with permission from ref 27. Copyright 2011 Wiley-VCH. Ultra-lightweight sensor sheet (b),
reprinted with permission from ref 29. Copyright 2013 Nature Publishing Group. Electromyogram

sensor array (c), reprinted with permission from ref 30. Copyright 2014 IEEE.
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1-4  This thesis

In this doctoral thesis, | studied solubilization of DNTT, which is very useful as a vapor deposition
OTFT material as mentioned above, and attempted to demonstrate high mobility, excellent stability,
low voltage drivability, and transistor characteristics suitable for circuit design required for practical
application through the wet processes. | also tried to apply the DNTT core to soluble p-type OPV
material because solution-processable DNTT derivatives are also attractive for other organic
electronics devices.

In Chapter 2, | describe solubilization of DNTT by introducing a branched alkyl group such as 2-
ethylhexyl. | further investigate the influence of the number of substituents and the difference in
branching position in the branched alkyl group to OTFT characteristics, and selected the most
promising DNTT derivative (2-(4-ethyloctyl)-DNTT, 2-EO-DNTT) as a wet-processable material.

In Chapter 3, with 2-EO-DNTT selected in Chapter 2, optimization of spin-coating conditions to
achieve further better device performances are discussed. In addition, | tested device stabilities
(environmental, electrical, and thermal stabilities), and low-voltage operations, and finally | can
demonstrate that all the superior characteristics demonstrated in the vapor-processed DNTT-based
OTFTs (high stability, high mobility, low-voltage operation) are realized simultaneously by wet-
processed devices with 2-EO-DNTT.

In Chapter 4, as a feasibility study, attempts to apply soluble DNTT derivatives into p-type OPV
materials are described. Through this study, | demonstrated the possibilities and issues of future small
molecular p-type OPV materials, focusing on the fact that the DNTT core has a deep HOMO level,
which can realize high Vo in OPV devices.

In Chapter 5, | summarize all the experimental work | have carried out, and discuss the future

potential of soluble DNTTs as concluding remarks of this doctoral thesis.
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Chapter 2

Synthesis of solution-processable DNTT derivatives

2-1  Introduction

In chapter 2, | have examined a new approach to make DNTT derivatives soluble in organic solvents,

in order to apply the superiority of DNTT as the promising core structure for organic semiconducting

materials. To achieve this, the primary question is how to solubilize the DNTT core with keeping the

semiconducting properties. Several solubilizing modifications preserving the semiconducting

characteristics of rigid, insoluble organic semiconducting cores have been reported. For example, to

introduce long alkyl groups’? or bulky substituents®® such a way that the substituents do not block,

rather inforce, the intermolecular interaction between the semiconducting cores in the condensed phase

(Figure 1a, b). Another method could be a so-called “precursor” approach®® where a precursor with a

non-planar, deformed structure, being different from the original semiconducting =-conjugated

systems, for example, a Diels-Alder cycloaddition adduct, can react thermally or photochemically after

solution-deposition at the precursor stage on the substrates to reproduce active semiconducting

material (Figure 1c).
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Figure 1. Representative three solubilization strategies of aromatic fused polycyclic small molecules
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Development of soluble DNTT derivatives via introduction of long alkyl groups was already
examined (Figure 2).%° However, the resulting alkylated DNTTs (C,-DNTTSs) were not very soluble
in ordinary organic solvents at room temperature, and thus only a limited solution process technique
under specific conditions allows to fabricate solution-processed OTFT** which is in sharp contrast to
highly soluble dialkylated [1]benzothieno[3,2-b][1]benzothiophenes (Ch-BTBTs),* lower homologues
of Co-DNTTSs, which can afford various solution-processed OTFT showing very high mobilities up to
43 cm? V1 5711215 On the other hand, Kimura and coworkers have successfully developed a new
soluble DNTT precursor (5,14-N-phenylmaleimide-dinaphtho[2,3-b:2’,3'-f]thieno [3,2-b]thiophene)
for solution-processed high-performance OTFT with good environmental stability.'®” Although the
precursor approach to soluble DNTTs was quite successful, the synthesis of the precursor requires less

effective Diels-Alder reactions with low yields and the reactions need heating at around 200 °C.

o
N—Ph
13 14 1

A0 T Sivs

10
908 s g 0

9 S 5 4 S S

8 7 6

DNTT C1o-DNTT DNTT precursor

Figure 2. Molecular structures of DNTT, alkylated DNTTs (C,-DNTTs), and DNTT precursor.

In this chapter, | have reexamined the alkylation approach to soluble DNTTs by employing branched
alkyl groups, and found that introduction of branched alkyl group on DNTT can enhance solubility.
Furthermore, mono-substituted DNTTs with modest solubilities can afford solution-processed OTFT
with mobility higher than 0.1 cm? V-1 s™1. Here I report their synthesis, electronic properties, thin film

structures and OTFT characteristics.
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2-2  Results and discussion

2-2-1  Molecular design and synthesis

It has been widely demonstrated and commonly recognized that branched alkyl groups, such as 2-
ethylhexyl, can effectively enhance solubility when they are attached on =-extended organic
semiconducting oligomers and polymers. On the other hand, the placement of branched alkyl groups
would influence intermolecular interaction between the m-conjugated cores and hence electronic
properties of the resulting thin films. For this reason, the number, shape, and size of branched alkyl
groups should be carefully tuned.’®*® With these background, | have designed several DNTT
derivatives (Figure 3) in order to know effects from the molecular structures. The first branched alkyl
group | have examined is 2-ethylhexyl (EH) group and tried to establish their effective synthetic
methods, both for the di-substituted 2,9-bis(2-ethylhexyl)-DNTT (1a) and mono-substituted 2-(2-
ethyhexyl)-DNTT (2a). Then, | modify the structure of branched alkyl group by changing the
branching position in the trunk part of the group from the second (EH) to the third (3-ethylhepthyl,
EHep) or fourth (4-ethyloctyl, EO) carbon atom. As a result, | have synthesized three 2,9-dialkyl- (1)

and 2-alkyl DNTT derivatives (2) as follows.

Di-substituted Mono-substituted

branched alkyl DNTT derivatives branched alkyl DNTT derivatives
~3

n=1
S S
SR SessEy
S S

n=1~3
n=1~3
: 2-EH-DNTT(2a)
: 2-EHep-DNTT(2b)
: 2-EO-DNTT(2c)

-5 3 5
o n
WN =

Figure 3. Molecular structures of branched alkyl DNTT derivatives.

The synthesis of DNTT and its derivatives had been investigated and established a general method
starting from 6-substituted 2-methoxynaphthalene derivatives, which can be reliably converted into

2,9-disubstituted DNTT derivatives.?’ For the synthesis of branched-alkylated DNTTs (1 and 2), I thus
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first synthesized the corresponding 6-alkyl-2-methoxynaphthalenes (3a—c, Scheme 1). Depending on
the branching position in the alkyl groups, three different approaches were employed. For the synthesis
of the 2-ethylhexyl derivative (3a), the standard Kumada-Tamao coupling? using the corresponding
Grignard reagent and 6-brmomo-2-methoxynaphthalene can effectively afforded the desired 6-
ethylhexyl derivative (Scheme 1a). On the other hand, the synthesis of the 3-ethylheptyl derivative
(3b) was initiated from commercial 6-methoxy-2-naphthaldehyde, which was reacted with 2-
ethylhexyl magnesium, in situ generated from 1-bromo-2-ethylhexane, to give the corresponding
benzylic alcohol intermediate. The alcoholic functionality was then efficiently removed by ionic
deoxygenation with triethylsilane in the presence of trifluoroacetic acid to afford 6-ethylheptyl-2-
methoxynaphthalene (3b, Scheme 1b).?%?® Further increase of a carbon atom between the naphthalene
core and the branching carbon atom in the alkyl group was achieved by Sonogashira coupling
between 6-bromo-2-methoxynaphthalene and 4-ethyloct-1-yne, in situ generated from the

corresponding 1-trimethylsilyl derivative,”?° followed by hydrogenation (Scheme 1c).

/\/r\mgar
SeUsel
N[CI -(dppp)

76% 3a

5 OG

(b)

MgBr oM OMe
Ohe _EbSH
oy —
CF,CO.H
OHC 4% En 3z

5%
(c) /\/j/\

dppt Cl,

Ohle
[So SN gL M
Br TBAF, Et;N

90%
89%

Scheme 1. Synthesis of 6-alkyl-2-methoxynaphthalenes (3a—c).
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Following the reported procedure,?’ these 6-alkyl-2-methoxynaphthalenes (3) were readily converted
into 2,9-dialkyl-DNTTs in good yields via the five-step reactions consisting of a methylthiolation at
the 3-position to give 4 and a functional conversion of the 2-methoxy group into the corresponding
trifluoromethanesulfonyloxy derivative (6), followed by a coupling reaction with 1,2-
bis(trimethylstannyl)ethene to give the precursor (7), which was finally converted into DNTT
derivatives (1) via the iodine-promoted thieno[3,2-b]thiophene formation reaction (Scheme 2). Note
that the syntheses of di-substituted DNTT derivatives were quite effective to afford very good yields

for all the compounds.

1) BuLi TH0
R” ‘ ‘ R’ l ' :SCH3 R .‘ .s :qm ! ! SCH;
3aR= 2-ethylhexyl 4a: 86% 5a: 95% 6a: 82%
B - 4b: 79% 5b: 92% 6b: 96%
3b: R = 13-
R = 3-ethylheptyl 4c: 90% 5c: 98% 6c: 98%

3c: R = 4-ethyloctyl

Bus Snf\,SnBng HSCS 0‘
__PdPPha)s = O‘ OG
—_—
SCH4

R
7a: 87% 1a: 69%
7b: 89% 1h: 55%
7c: 68% 1¢: 56%

Scheme 2. Synthesis of 2,9-dialkyl DNTTs (1a—c) from 6-alkyl-2-methoxynaphthalene (3).
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For the synthesis of mono-substituted DNTTSs, | examined two different approaches, targeting 2-(2-
ethylhexyl)-DNTT (2a) as a model case from 6a (Scheme 3). The first approach was the consecutive
thiophene-annulation reaction, which has been demonstrated to be quite effective for the synthesis of
unsymmetrical BTBT derivatives and related compounds.?” Starting from 6a, a trimethylsilyl (TMS)-
protected acetylene moiety was introduced via Stille or Sonogashira coupling reaction, and the
resulting acetylene derivative (8) was reacted with 2-naphthylsulfenylchloride, in situ generated from
2-naphthalenethiol and N-chlorosuccinimide (NCS) followed by the treatment of tetrabutylammonium
fluoride (TBAF) to give 7-(2-ethylhexyl)-3-(2-naphthylthio)naphtho [2,3-b]thiophene (9).2% After
conversion into the bromide (10), the intramolecular aryl-aryl coupling catalyzed by
bis(triphenylphosphine)palladium(ll) dichloride afforded desired 2a in a 13% total yield via a four-
step reaction from 6a.

The second approach was to use non-selective coupling reaction between two different 3-methylthio-
2-(trifluoromethanesulfonyloxy)naphthalenes (6) and 1,2-bis(trimethylstannyl)ethene followed by the
iodine-promoted thieno[3,2-b]thiophene formation reaction (Scheme 3). The first coupling reaction of
6a and 6d afforded the unsymmetrical intermediate (11a) together with two symmetrical byproducts.
Chromatographic purification can effectively isolate desired 11a in a 44% yield, which was effectively
converted into the corresponding DNTT derivative (2a) in an almost quantitative yield, resulting in the

total yield of 44% via only two steps from 6a.

TMS—=

Pd(PPhs),Cl 1 HS
)2k ) O 1) Bulj
Cul 2)
o EtaN NCS 9 X=H Br, Cl
cl cl
Shle SMe Z}TBAF OG N—x 10: X = Br cl” Br
87% 78%

Ba; R = Z-ethylhexyl 44%

Pd(PPh,),Cl,

I NaQAc

SCH3 42%

44%
H3CS
S g
Pd(PPhs )4 SCHs quantltatwe

Scheme 3. Two different approaches to the synthesis of 2-(2-ethylhexyl)-DNTT (2a).
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In order to effectively use 6a, which is the most precious intermediate in the syntheses of 2a, the first
selective approach was initially thought to be more desirable than the second, because the second one
should go through the non-selective, random coupling, where the maximum yield of the unsymmetrical
intermediate is 50%, provided that the reactivity of two substrates are identical. In the actual synthesis,
however, it turned out that the fast selective approach has several drawbacks, including low isolated
yield in each reaction, particularly the final step (42% isolated yield) and formation of a unexpected
byproduct, naphthalene disulfide, which was very difficult to remove from the reaction mixture, in the
second step. In contrast, although the yield of the unsymmetrical product in the first non-selective
coupling reaction was 44%, the well-established iodine-promoted thienothiophene formation can
proceed almost quantitatively, resulting in a quite efficient synthesis of the desired 2a. From these
comparisons, | have concluded that the second non-selective approach is more practical than the first
one, and other derivatives with different alkyl groups were accordingly synthesized via the second
approach (Scheme 4). Purification of the DNTT derivatives was done by recrystallization and gradient

sublimation under reduced pressure to give analytical and device grade samples.

O'I'F
SCH3
OTf ~_SnBu H,CS
B 510 948
N b O "
R SCH,
SCH;

d(PPhs)
6b: 3-ethylheptyl & 2b: 79;%
6c. 4-ethyloctyl ::‘Ib ;ig:ﬁ 2c 92%
c

Scheme 4. Synthesis of 2-(3-ethylheptyl)- (2b) and 2-(4-ethyloctyl)- DNTT (2c).
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2-2-2  Molecular and thin film properties

Molecular properties, such as solubility, melting points, oxidation potentials (Figure 4a), absorption

spectra (Figure 4b), and expected HOMO energy levels and HOMO-LUMO energy gaps, of new

DNTT derivatives together with parent DNTT and C10-DNTT as references are summarized in Table

1. Solubilities of the present DNTT derivatives are, as expected, enhanced significantly, especially for

the di-substituted derivatives (1a—c). For example, comparted to the solubility of C1o-DNTT in toluene

(0.070 g L ™! at 50 °C in toluene), solubilities of new derivatives are higher by ca. 10-100 times under

the identical conditions. The HOMO energy levels (Exomos) and energy gaps (Egs) of the derivatives

evaluated by the solution electrochemistry and absorption spectra in solution are almost the same with

those of the parent DNTT and C1o-DNTT, indicating no significant electronic perturbation from the

branched alkyl groups.

Table 1. Molecular properties of new DNTT derivatives

Solubility/ g L2 DSC
M.p. Eonset/peak EHomo A peak/edge Eg
Compound peaks
CHCls; toluene /°C Joc IAVA /eVe© /nm?  JeVe
la 6.2/10 4.6/8.0/16 231 232 1.11/1.32 -5.3 402/416 3.0
1b 1.5/4.6 1.2/2.7/8.0 175 176,211 1.14/1.32 -5.3 402/416 3.0
1c 6.2/78  >15/>15/>15 210 214 1.08/1.32 -5.3 402/417 3.0
2a 1.0/2.4 0.90/1.4/5.3 334 332 1.14/1.34 -5.3 402/417 3.0
2b 0.72/1.3  0.62/1.0/3.1 368 >350 1.12/1.34 -5.3 402/419 3.0
2c 1.1/1.5 0.73/1.1/2.7 345 >350 1.15/1.35 -5.3 402/417 3.0
DNTT' -/< 0.06 -/-1< 0.06 >400 >350 1.11/1.05 -5.4 402/416 2.9
Ci1o-DNTTY  -/<0.06  -/0.070/0.86 310 - 1.08/- 5.4 402/- 2.9

2Solubilities were determined as concentration of saturated solution. Data were obtained at rt and 50 °C in chloroform, and at rt, 50, and 100 °C in toluene.

bV vs Ag/AgCl. Pt as working and counter electrodes, PhCN as solvent, Bu;NPFs (0.1M) as supporting electrolyte, scan rate = 0.1 V s, All the potentials

were calibrated with the Fc/Fc* (Ey, = +0.60 V measured under identical conditions). ¢ Estimated with a following equation: Eyomo = —(4.20 + Eonser). ¢ In

chloroform solution. ¢ Calculated from Aedge. f Data from reference 29. 9 Data from reference 9.
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Figure 4. Cyclic voltammograms (a), absorption spectra in chloroform solution (b).

Thin films of the new DNTT derivatives can be deposited by spin-coating from their hot chloroform
solution (ca 0.2 wt%). The optical properties of thin films were significantly dependent on the number
and shape of branched alkyl group. Figure 5 shows photoelectron yield spectroscopy in air (PESA)
and absorption spectra recorded by using the spin-coated thin films. It is noticeable that ionization
potentials (IPs) and absorption spectra of the thin films are largely dependent on the number of alkyl
groups and also the branching position in the alkyl group (Table 2). In particular, IP of la was
determined to be 5.7 eV, which is significantly larger by 0.3 eV than that of DNTT. This can be
explained by its reduced intermolecular interaction in the thin film state caused by two 2-ethylhexyl
groups at the close proximity to the DNTT core. Such a drastic effect could be mitigated by changing
the branching position; IPs of 1b and 1c were 5.3 and 5.5 eV, respectively. It is reasonable to consider
that the effect caused by the branched-alkyl groups depends on the distance between the branching
carbon atom to the DNTT core. In addition, odd-even effect of the branching carbon may exist, which
could alter the direction of the branched alkyl groups pointing towards the inside (the DNTT core
direction, 1a and 1c) or the outside (1b). In sharp contrast, all the mono-substituted derivatives (2a—)

showed IPs of around 5.1 eV, which is close to that of C1o-DNTT (4.9 eV).°
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Table 2. Thin film properties of DNTT derivatives.

Compound IP/eV?® A peadedge/ NMP  EgleVe©

la 5.7 420/435 2.8

1b 5.3 4241447 2.8

1c 5.5 429/446 2.8

2a 5.1 443/471 2.6

2b 5.1 446/474 2.6

2C 5.1 445/470 2.6
DNTT ¢ 5.4 4471473 2.6
C10-DNTT ¢ 4.9 470/483 2.6

3 Determined by photoelectron yield spectroscopy in air (PESA) using the spin-coated thin films on ITO substrates ® Measured on the spin-coated thin

films on the quartz substrates. ¢ Calculated from Aedge. ¢ Data from reference 29. ¢ Data from reference 9.

The absorption spectra also appeared to reflect the intermolecular interaction in the thin film state.
Among the alkylated derivatives, 1a with the largest IP showed a most blue shifted peak (Amax: 420
nm), whereas the absorption peaks in the 1b- and 1c- thin films were slightly red-shifted (around 424-
429 nm). In sharp contrast, much pronounced red shifts were observed for the mono-substituted
derivatives (2a—c) showing absorption peaks at around 445 nm, regardless of the alkyl groups. By
comparing with these thin film absorption spectra with those of DNTT and C1o-DNTT (Table 2), it can
be concluded that, as discussed based on the IP data, 2a—c with one alkyl group intermolecularly

interact in the thin film state to larger extent than 1a—c with two alkyl groups.

50
(a) 9
L ]
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1a ¢ =
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o ® 2a 3
g % e
Sl *2 . 3
> ® 2 4 S
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o e <
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°
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Figure 5. PESA (a) and absorption spectra (b) of the spin-coated thin films.
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2-2-3

TFT fabrication and characterization

Thin-film transistor devices based on di-substituted derivatives (1la—c)

Thin film transistors with a bottom-gate top-contact configuration were fabricated by using spin-

coated thin films. Table 3 summarized the device metrics obtained for la—c. Although the

performances of TFT are dependent on the alkyl groups, the device performances are generally poor

compared with those of the parent DNTT or C1o-DNTT. In particular, no clear response was observed

for the 1a-based OTFT. On the other hand, the best device characteristics was obtained for 1b, with

hole mobility of 0.011 cm? V-1 st and lonorr of 10° (Figure 6). The best mobility value is lower than

those for DNTT or C1o-DNTT by more than two orders of magnitude, indicating that the branching in

the two attached alkyl groups is not promising approach to soluble DNTT-based organic

semiconductors, which is consistent with the physicochemical properties of the thin films state as

discussed above.

Table 3. Characteristics of OTFT based on di-substituted DNTT derivatives.

Compound SAM

Spin-coating

Vapor deposition

wul cm?vista Vil Vo oot gl cm2V ST Vg IV oerr
la untreated 0.011 (0.0088) -33 ~ 104
HMDS 0.026 (0.018) -34 ~10°
No response
OTS 0.010 (0.0060) -39 ~ 106
ODTS

1b untreated 1.4 (0.59) x 103 -25 ~10° 6.1(5.00x10* 26 ~ 106
HMDS 1.1 (0.57) x 102 28 ~10° 69(14)x10*% 28  ~10°
OTS 9.8 (5.4) x 103 28 ~107 34(22)x10°% 43  ~10°

ODTS 5.5 (2.6) x 103 26 ~10°
1c untreated 5.1(4.0)x10° -25 ~10° 1.7(1.7)x10°3 -25 ~ 107
HMDS 1.1 (4.4) x 10 ~19  ~10° 19(14)x10°  -25  ~10°
OTS 1.6 (0.85) x 105 21 ~10* 22(11)x10%® 36  ~107

ODTS 5.7 (2.7) x 10°® 21 ~10°

2 Typical values obtained from more than 6 devices. The values in parentheses are average value.
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Figure 6. Typical transfer and output characteristics of OTFT devices with the spin-coated thin films

of 1a (a) and 1b (b, ¢), 1c (d, e).
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Thin-film transistors based on mono-substituted derivatives (2a—c)

In sharp contrast to the poor semiconducting characteristics of devices based on la-c, mono-
substituted ones (2a—c) afforded devices with decent transistor characteristics. With spin-coated thin
films, 2a—c gave nicely performed devices with mobility as high as 0.3 cm? V- st and lono Of ~107
(Table 4, Figure 7). Interestingly, 2b-based devices from several runs of device fabrications showed
mobility of up to 1.6 cm? V-1 st with lonott of 10° (Figure S3), though the reproducibility was not very
good. This can be related to the relatively low solubility of the mono-substituted derivatives, which
caused lower uniformity of the spin-coated thin films, resulting in larger valuation of device

characteristics.

Table 4. Characteristics of solution-processed OTFT based on mono-substituted DNTT
derivatives (2a—c).

Compound SAM ulcm?Vigta Vin/ V lonoff
2a untreated 0.36 (0.27) -11 ~ 10’
HMDS 0.11 (0.066) 6.4 ~10°

OTS 0.12 (0.032) 11 ~ 108

ODTS 0.021 (0.015) 5.9 ~ 10

2b untreated 0.11 (0.064) -8.3 ~10°
HMDS 0.28 (0.11) -4.4 ~ 108

OTS 0.086 (0.046) -7.8 ~ 106

ODTS 0.19 (0.091) -9.2 ~10°

2c untreated 0.55 (0.16) -8.6 ~10°
HMDS 0.28 (0.13) -15 ~ 108

OTS 0.075 (0.029) 0.30 ~ 10*

ODTS 0.16 (0.056) -9.0 ~ 10

2 Typical values obtained from more than 6 devices. The values in parentheses are average value.

28



0.01 ( ) 0.06
a V =-19V
0.001 "o
. p=0.21cm”/Vs{ 0.05
10 I /1 =~10°
on off
10° f 4 0.04
-6 o
10 oz
< N
\'U -7 0'03 \B
- 10 >_.
10°® 0.02
10°
o 0.01
10™" 0
60 -50 -40 -30 20 -10 0 10 20
VIV
g
0.01 0.06
vV =-10V
0001 | (C) "
. p=0.11cm"/Vs] go5
10 I /1 =~10*
on off
10° 0.04
< 10° —
~o 003
- 10 >
10 0.02
0.01
0

60 -50 -40 -30 20 10 0O 10 20
VIV
g
0.01 0.06
V =-13V
0.001 (e) th )
p=0.14cm”/Vs | 905
-4
10 I /1 =~10°
on off
10° [ 0.04
< 10°[
=, 0.03
T o107 L
10° [ 0.02
10°
o 0.01
10 FV =-60V
10'11 1 1 1 1 1 1 0
60 -50 40 -30 20 -10 0 10 20
VIV
g

Figure 7. Typical transfer and output characteristics of OTFT devices with the spin-coated thin films

of 2a (a, b) and 2b (c, d), 3c (e, ).
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These promising performances of mono-substituted derivatives impelled us to further confirm their
potential as high performance organic semiconductors. | thus fabricated OTFT devices by using the
vapor deposited thin films of 2a—c (Figure 8, Table 5). Vapor deposition in fact afforded thin films with
much better uniformity in their appearance, and the device characteristics were rather reproducible.
By optimizing the substrate temperature during deposition of thin film and surface treatment of the
Si/SiO; substrates, the device performances were clearly improved. The extracted mobilities form the
saturation regime are higher than those recorded for the solution processed devices; the mobilities for
2b- and 2c¢- based devices reached to 2.5 cm? V1 s and lonorr 0f ~107, which are almost comparable
to that of the parent DNTT-based devices.?’ These results indicated that the present mono-substituted

DNTT derivatives have high potential as solution-processable organic semiconductors.
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Table 5. Characteristics of vapor-processed OTFTs based 2a—.

Compound 2a 2b 2c

Tsun/ / Vin/ / Vin/ / Vin/
jg SAM cm? \!/l*1 sla \t; o cm? \A/t*1 sta \t; oo cm? \il sta \t; ot
untreated : 0.33(0.26) 13 ~10%i 0.90(0.45) -6.1 ~10°} 0.19(0.10) -17 ~10°
HMDS | 0.70(0.41) -15 ~107: 0.67(0.56) -39 ~107: 0.17(0.17) -13 ~10°
" OTS 0.72(055) 12 ~10": 1.4(0.92) -33 ~10": 0.38(0.18) -12 ~10°
ODTS | 048(0.33) -13 ~10°: 0.95(0.59) -3.1 ~10%} 0.43(0.32) -16 ~10°
untreated i 0.38(0.30) -6.0 ~10°} 0.48(0.41) -092 ~10°i 0.26(0.21) -75 ~107
HMDS | 0.78(0.41) -7.9 ~10°: 0.79(0.64) -15 ~10%: 0.58(0.38) -7.9 ~10°
%0 OTS 0.86(0.58) 6.9 ~10": 0.85(0.73) -059 ~10"i 1.1(0.66) -4.1 ~107
ODTS | 054(0.40) -4.8 ~107i 0.73(0.65) -1.1 ~10%: 1.2(0.86) -9.1 ~107
untreated i 0.46(0.32) -9.4 ~107} 0.68(0.55) -7.6 ~10°:i 0.66(0.51) -13 ~ 108
HMDS : 0.60(0.53) -12 ~107i 0.73(0.66) -4.2 ~10"; 0.82(0.65) -13 ~10°
100 oTS 15(.1) 11 ~107i 14(12) 46 ~10": 27(1.8) -15 ~10%
oDTS 15(0.82) -12 ~10"i 13(12) 27 ~107i 28(24) -19 ~10°
untreated i 0.53(0.46) -9.2 ~10%: 0.81(0.52) 6.8 ~107: 1.2(11) -74 ~107
HMDS { 1.1(057) -24 ~10°i 15(12) -10 ~10"i 14(1.0) -51 ~10¢
150 oTS 1.1(0.84) 12 ~100i 25(19) -16 ~10"; 29(2.3) 11 ~10°
OoDTS 1.0(0.65 -16 ~100i 23(L7) 15 ~10°; 25(2.3) 11 ~10°
untreated i 0.53(0.39) -19 ~10°} 1.6(0.71) -17 ~10°i{ 15(L1) -95 ~10
HMDS | 075(0.62) -21 ~10%: 20(12) -19 ~10"i 18(1.2) -11 ~107
20 OTS 1.0(0.73) -18 ~10°: 22(14) -20 ~107i 3.4(16) -11 ~10
oDTS 1.0(0.70) —22 ~10°: 1.7(L1) -16 ~107i 25(20) -16 ~108

a Typical values obtained from more than 6 devices. The values in parentheses are average value.
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Figure 8. Typical transfer and output characteristics of OTFT devices with the vapor-deposited thin

films of 2a (a, b) and 2b (c, d), 3c (e, f).
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2-2-4  Detailed analysis of thin films

The poor device characteristics of di-substituted DNTT derivatives can be rationalized by their
ordering nature in the thin film state elucidated by thin film XRD measurements (Figure 9a, b). In the
out-of-plan XRDs, although the thin films showed peaks up to the second- (1a), third- (1b), or third-
(1c) order, respectively, the extracted d-spacings, ca 16 A (1a), 23 A (1b), and 25 A (1c) are definitely

shorter than the calculated molecular lengths, ca. 28-29, 31-32, 33-34 A for 1a, 1b, and 1c, respectively

(Figure 9c).
4 d  =544° (162 A) (a) { (b)
- 001 3 e s T
r = F 1a
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o 8 r
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= d_ =360°(24.5A) 1
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26/ degree 20y / degree

Figure 9. Out-of-plane (a) and in-plane (b) XRD of la-c-thin films on the Si/SiO> substrate and

estimated molecular lengths of 1a—c (c) with the branched alkyl groups.

These results on the out-of-plan XRDs clearly mean that the molecules in the thin film do not stand
perpendicular against the substrate surface, i.e., not the edge-on molecular orientation, which is a
common feature for high performance organic semiconductors such as pentacene and DNTT. Besides
the different molecular orientation from the edge-on, their in-plane XRDs showed no clear peaks,
indicating that the ordering nature of the molecules in the transverse direction on the substrate surface
is also poor. The poor ordering nature in the thin film state is qualitatively consistent with the optical
properties of their thin films (Figure 5). From these experimental results, | conclude that introduction
of two branched alkyl groups at the both end of DNTT core is not promising strategy to develop high-

performance soluble organic semiconductors.
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By contrast, the promising device characteristics of mono-substituted DNTT derivatives should be
related to the packing structure in the thin film state. | attempted to prepare single crystals of 2a—c, but
crystals with sufficient quality for X-ray single crystal analysis could not be obtained. Alternatively, |
measured thin film XRDs of spin-coated thin films (Figure 10). Being sharply contrast to those of 1a—
c (Figure 9), all the thin films of 2a—c showed a series of peaks assignable to lamella structures in the
out-of-plane XRDs, which is typical for the thin films of parent DNTT or C1o-DNTT acting as the
decent semiconducting layer. The interlayer spacings (d-spacings) are 25.8, 27.1, and 28.3 A for 2a,
2b, and 2c, respectively (Figure 10a). These d-spacings are slightly longer than estimated molecular
lengths of the derivatives (22.6, 23.5, and 24.9 A, respectively), and thus it is speculated that there
exists the molecules pointing in the opposite directions, i.e. “anti-parallel” or “staggered” orientation,

with the edge-on manner in each lamella layer.
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Figurel0. Out-of-plane (a) and in-plane (b) XRD of 2a—c-thin films on the Si/SiO> substrate and

estimated molecular lengths of 2a—c (c) with the liner alkyl groups.

In the in-plane XRDs of the three compounds, on the other hand, clear three peaks in 26y =15 to 30°
regime are observed (Figure 10b), which are typical for in-plane XRDs of thin films of organic
semiconductors with the herringbone arrangement in each lamella layer. This feature in the in-plane
XRD is quite similar to parent DNTT and other related materials.>° Provided that the crystallites in the

thin film belong to monoclinic space groups or ones with higher symmetry and have the preferred
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orientation along the normal to the substrate as the crystallographic c-axis as in the case of DNTT, the
three peaks can be indexed as 110, 020, and 120, respectively.®" *? This assignment then provides the
ab unit cell of each compound as depicted in Figure 11. Speculated sizes of the ab cells,a=ca. 6.2, b
=8.0 A (Table 6), are almost identical for three compounds with in the experimental errors and slightly
larger in the b-axis direction than those of DNTT (a = 6.187, b = 7.662 A), implying that the large
branched alkyl groups may slightly push the DNTT cores away apart from the adjacent molecules.
Nevertheless, it is interesting to point out that even with such large alkyl groups, the molecules
crystallize into the herringbone packing, indicating fairly strong cohesive nature of the DNTT core. As
a result, the high performance thin film transistors based on 2a—c can be explained by the structural

point of view.

Table 6. Structural parameters of ab-cell extracted from XRDs.

compound  d-spacing®/ A Molecular length (1) / A alAc b/ Ad
2a 25.8 21.4 6.2 8.0
2b 27.3 22.4 6.2 8.0
2C 28.3 23.6 6.2 8.0
16.3 15.3 6.1 7.7
DNTT
(16.21(1)) ® (15.35)° (6.187(4))°  (7.662(6))°

Calculated interlayer spacing from the 001 reflection. ® Obtained from molecular geometries optimized by the DFT calculations (B3LYP/6-31G*). Value
in parentheses for DNTT is obtained from single crystal X-ray analysis. ¢ Length of the crystallographic axis in the stacking direction estimated from the
in-plane XRD data. Value in parentheses for DNTT is obtained from single crystal X-ray analysis. ¢ Length of crystallographic b-axis (the side-by-side

direction) estimated from the in-plane XRD data. Value in parentheses for DNTT is obtained from single crystal X-ray analysis. ¢ See reference 29.

Figure 11. Predicted packing structure of 2a:
Schematic picture of the crystallographic
ab-cell with herringbone molecular packing.
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2-3  Conclusion of chapter 2

Aiming to develop DNTT-based solution-processable organic semiconductors, | have examined
introduction of branched alkyl groups, such as 2-ehtylhexyl, 3-ehtylheptyl, and 4-ethyloctyl group. As
expected, solubility of newly developed DNTT derivatives were markedly improved, and particularly
the di-substituted DNTT derivatives (1a—c) showed solubility as high as 16 g L™ in hot toluene.
However, judging from the very poor transistor characteristics with lower mobility by more than two
orders of magnitude than that of parent DNTT, 1a—c were proved useless as an active semiconducting
material in solution-processed OTFT. Structural evaluation based on their thin-film XRD revealed that
they afforded thin films with poor crystalline order compared with that of parent DNTT. This means
that the intermolecular ordering in the thin film state was weaken by two branched alkyl groups,
resulting in poor intermolecular orbital overlap in the thin film state.

In sharp contrast, the introduction of one branched alkyl group on the DNTT core did not lower
solubility considerably and yielded good semiconducting characteristics: OTFT devices fabricated
with the spin-coated thin films can work properly showing mobilities of up to 0.5 cm? V- s, and ones
fabricated with vapor deposition afforded mobility as high as 2.5 cm? V-1 s1, indicating their potential
as solution processable high-performance organic semiconductors. It is quite intriguing that the mono-
substitution keeps the structural characteristics of parent DNTT and other related high performance
DNTT derivatives in the thin film state; the lamella structure with the herringbone packing motif on
the substrate confirmed by thin-film XRDs, which strongly support the high mobility of their thin-film
OTFTs. As a result, introduction of one branched alkyl group at the 2-posiotion of DNTT can enhance
the solubility with keeping decent semiconducting characteristics.

Among the derivatives with different branching positions of the alkyl groups, 2-ethylhexyl derivative
(2a) having the branching position closest to the DNTT core afforded slightly inferior device
characteristics compared with 3-ethylheptyl (2b) and 4-ethyloctyl derivatives (2c) in the vapor-
processed OTFT, indicating that the close proximity of the branching position can decrease the

intermolecular orbital overlap in the solid state. Although there may be slight differences in the device
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characteristics depending on the branched alkyl groups, the most important knowledge | obtained from
the present study is that such a simple modification as the introduction of one branched alkyl group on
a largely m-extended thienoacene core, which can be accomplished by synthesis, is a promising strategy
for the development of solution-processable organic semiconductors. This design strategy cannot be
synthetically a big task, and thus it would be applicable to many other organic semiconductors based

on the naked thienoacenes and related compounds for solution-processable organic semiconductor.
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2-4  Experimental section and References

Synthesis

General: All chemicals and solvents are reagent grade unless otherwise indicated. Tetrahydrofuran
(THF), N, N-dimethylformamide (DMF) and toluene were purified with standard procedures prior to
use. All reactions were carried out under nitrogen atmosphere unless otherwise mentioned. Melting
points were uncorrected. *H and *3C NMR spectra operated at 400 and 100 MHz, respectively, were
obtained in deuterated chloroform (CDCls) with TMS as the internal reference; chemical shifts (8) are
reported in parts per million (ppm). EI-MS spectra were obtained using an electron impact ionization

procedure (70 eV).

6-(2-Ethylhexyl)-2-methoxynaphthalene (3a).

To a solution of 6-bromo-2-methoxynaphthalene (10 g, 42 mmol), Ni(dppp)Cl2 (2.3 g, 4.2 mmol) in
THF (100 mL) was added at 0 °C 2-ethylhexylmagnesiumbromide solution in diethyl ether, prepared
from 2-ethylhexyl bromide (36 g, 168 mmol) and Mg (4.1 g, 172 mmol) in diethyl ether (170 mL),
and the resulting mixture was stirred at rt for 6h. The mixture was diluted with water and filtered to
remove unreacted Mg and other solid precipitates. The filtrate was extracted with diethyl ether and the
combined extracts were washed with brine, dried (MgSOs), and concentrated in vacuo. The
concentrate was purified by column chromatography on silica gel eluted with hexane/dichloromethane
to give 6-(2-ethylhexyl)-2- methoxynaphthalene (3a) as a pale yellow oil (7.6 g, 69%). 'H NMR §
0.85-0.91 (m, 6H), 1.23-1.36 (m, 8H), 1.64 (spt, J = 6.0 Hz,1H), 2.59-2.71 (m, 2H), 3.91 (s, 3H),
7.09-7.14 (m, 2H), 7.27 (dd, J= 8.5, 1.8 Hz, 1H), 7.50 (br. s, 1H), 7.65 (d, J = 7.1 Hz, 1H), 7.67 (d, J
= 8.2 Hz, 1H); *C NMR § 11.0, 14.3, 23.2, 25.6, 29.0, 32.5, 40.3, 41.2, 55.5, 105.8, 118.7, 126.6,
127.3, 128.7, 129.0, 129.2, 133.0, 137.3, 157.2; EI-MS m/z = 270 [M*]; HR-MS (EIl) Calcd for

C19H260 [M*]: 270.1984, found: 270.1978.
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6-(3-Ethylheptyl)-2-methoxynaphthalene (3b).

To a solution of 6-methoxyl-2-naphthaldehyde (1.0 g, 5.4 mmol) in THF (20 mL) was slowly added
at 0 °C 2-ethylhexylmagnesiumbromide solution in diethyl ether, prepared from 2-ethylhexyl bromide
(3.1 g, 16 mmol) and Mg (410 mg, 17 mmol) in diethyl ether (20 mL), and the resulting mixture was
stirred at rt for 5 h. The mixture was diluted with water and filtered to remove unreacted Mg and other
solid precipitates. The filtrate was extracted with diethyl ether and the combined extracts were washed
with brine, dried (MgSOgs), and concentrated in vacuo. The concentrate was purified by column
chromatography on silica gel eluted with hexane/dichloromethane to give 6-(3-ethyl-2-
hydroxyheptyl)-2-methoxynaphthalene (0.67 g, 42%) as a pale yellow oil, which was used to the next
reaction without further purification. *H NMR & 0.80—0.93 (m, 6H), 1.15-1.50 (m, 9H), 1.61-1.88 (m,
2H), 1.82 (d, J = 3.2 Hz, 1H), 3.92 (s, 3H), 4.83—4.95 (m, 1H), 7.10-7.18 (m, 2H), 7.46 (dd, J = 8.5,
1.6 Hz, 1H), 7.71 (s, 1H), 7.72 (d, J = 3.7 Hz, 1H), 7.74 (d, J = 3.2 Hz, 1H); 3C NMR & (10.5, 10.7),
14.3, 23.3, (25.6, 26.3), (28.7, 28.8), (32.6, 33.1), (35.5, 35.6), 43.3, 55.5, (73.0, 73.0), 105.8, 119.1,
(124.6, 124.7), 124.8, 127.3, 128.9, 129.5, 134.2, (140.5, 140.6), 157.8; EI-MS m/z = 300 [M"]; HR-
MS (APCI) Calcd for C20H2802 [M*]: 300.20838, found: 300.20816.

Trifluoroacetic acid (11 g, 100 mmol) was added into a solution of 6-(3-ethyl-1-hydroxyheptyl)-2-
methoxynaphthalene (3.0 g, 10 mmol) in dichloromethane (50 mL). After the mixture was cooled to
0 °C, triethylsilane (1.6 mL, 10 mmol) was added, and the reaction mixture was stirred at the same
temperature for 30 min. The resulting mixture was the diluted with water and extracted with
dichloromethane. The combined organic layer was washed with brine, dried (MgSO4), and
concentrated in vacuo. The concentrate was purified by column chromatography on silica gel eluted
with hexane to give 3b (2.3 g, 82%) as a pale yellow oil. *H NMR § 0.84—0.95 (m, 6H), 1.21-1.43 (m,
9H), 1.58-1.68 (m, 2H), 2.66-2.74 (m, 2H), 3.91 (s, 3H), 7.09-7.14 (m, 2H), 7.30 (dd, J = 8.5, 1.6 Hz,
1H), 7.54 (s, 1H), 7.65 (d, J = 3.2 Hz, 1H), 7.67 (d, J = 4.6 Hz, 1H); 3C NMR § 11.0, 14.3, 23.3, 25.9,
29.1, 32.9, 33.3, 35.4, 38.7,55.4, 105.8, 118.7, 126.2, 126.8, 128.1, 129.0, 129.3, 133.0, 138.7, 157.2;

EI-MS m/z = 284 [M*]; HR-MS (APCI) Calcd for C2oH260 [M + H]*: 285.22159, found: 285.22129.
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6-(4-Ethyloctyl)-2-methoxynaphthalene (3c).

Tetrabutylammonium fluoride (1 M in THF, 84 mL, 84 mmol) was added to a solution of 2-bromo-6-
methoxynaphthalene (5.0 g, 21 mmol), 4-ethyl-1-trimethylsilyloct-1-yne (13.3 g, 64 mmol),
Pd(dppf)Cl2-CH2Cl (3.4 g, 4.2 mmol), and Cul (800 mg, 4.2 mmol) in toluene (100 mL) at rt. After
the mixture was stirred at rt for 1 h, triethylamine (100 mL) was added, and the resulting mixture was
stirred at 70 °C for 18 h. After cooling to rt, the mixture was diluted with water and extracted with
hexane. The combined extracts were washed with brine, dried (MgSOs), and concentrated in vacuo to
give 6-(4-ethyloctyn-1-ly)-2- methoxynaphthalene (15.3 g, 89%) as a colorless oil, which was directly
utilized in the next hydrogenation reaction without further purification. 'H NMR § 0.86—1.00 (m, 6H),
1.24-1.39 (m, 4H), 1.42-1.55 (m, 5H), 2.43 (d, J = 5.5 Hz, 2H), 3.91 (s, 3H), 7.08 (d, J = 2.3 Hz, 1H),
7.13 (dd, J = 9.1, 2.3 Hz, 1H), 7.42 (dd, J = 8.4, 1.3 Hz, 1H), 7.63 (d, J = 8.4 Hz, 1H), 7.66 (d, J = 9.1
Hz, 1H), 7.82 (br s, 1H); *3C NMR § 11.4, 14.3, 23.1, 23.5, 26.3, 29.2, 33.0, 39.1, 55.5, 81.9, 88.9,
105.9, 119.3 (x2), 126.7, 128.7, 129.2, 129.5, 130.9, 133.8, 158.1; EI-MS m/z = 294 [M*]; HR-MS
(El) Calcd for C21H260 [M*]: 294.1984, found: 294.1985.

A solution of 6-(4-ethyloctyn-1-ly)-2-methoxynaphthalene (15.3 g, crude product) and 10 wt % Pd/C
(2.8 g, 2.6 mmol) in THF (150 mL) was purged with hydrogen gas, and the mixture was stirred at rt,
and the progress of hydrogenation was traced by GC-MS analysis. The catalyst was then filtered off
and the filtrate was concentrated in vacuo. Column chromatography of the residue on silica gel eluted
with hexane gave 3c as a colorless oil (12.5 g, 90%). *H NMR & 0.77-0.93 (m, 6H), 1.12-1.41 (m,
11H), 1.60-1.73 (m, 2H), 2.66-2.77 (m, 2H), 3.91 (s, 3H), 7.08-7.14 (m, 2H), 7.30 (dd, J = 8.5, 1.6
Hz, 1H), 7.54 (s, 1H), 7.65 (d, J = 4.1 Hz, 1H), 7.68 (d, J = 4.6 Hz, 1H); 3C NMR § 11.0, 14.3, 23.3,
26.0, 28.8, 29.1, 33.0, 33.1, 36.5, 38.9, 55.4, 105.8, 118.7, 126.3, 126.7, 128.0, 129.0, 129.3, 133.0,
138.3, 157.2; EI-MS m/z = 298 [M*]; HR-MS (EI) Calcd for CaiH300 [M*]: 298.2297, found:

298.2303.
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6-(2-Ethylhexyl)-3-methylthio-2-methoxynaphthalene (4a).

To a solution of 6-(2-ethylhexyl)-2-methoxynaphthalene (3a, 7.0 g, 26 mmol) in THF (40 mL) was
added a 1.6 M hexane solution of n-BuLi (33 mL, 53 mmol) at 0 °C. After the mixture was stirred for
1 h at rt, dimethyldisulfide (4.6 mL, 51 mmol) was added to the solution at 0 °C and the resulting
mixture was stirred for 1 h at rt. The mixture was poured into a saturated aqueous ammonium chloride
solution and was extracted with hexane. The combined extracts were washed with brine, dried
(MgSO4) and concentrated in vacuo to give crude 6-(2-ethylhexyl)-3- methylthio-2-
methoxynaphthalene (4a) contaminated with the 1-methylthio isomer (<10%, based on *H NMR
spectra), which was purified by column chromatography on silica gel eluted with hexane to give
practically pure 4a as a colorless oil (46%). 'H NMR § 0.82—0.93 (m, 6H), 1.20-1.39 (m, 8H),
1.58-1.69 (m, 1H), 2.54 (s, 3H), 2.58-2.70 (m, 2H), 3.99 (s, 3H), 7.06 (s, 1H), 7.21 (dd, J = 8.5, 1.6
Hz, 1H), 7.41 (s, 1H), 7.45 (s, 1H), 7.62 (d, J = 8.2 Hz, 1H); 13C NMR & 11.0, 14.3, 14.7, 23.2, 25.6,
29.1, 32.6, 40.3, 41.2, 56.0, 104.8, 123.0, 126.1, 126.3, 127.7, 129.5(x2), 130.5, 137.8, 154.2; EI-MS

m/z = 316 [M*]; HR-MS (El) Calcd for C20H2s0S [M*]: 316.1861, found: 316.1864.

6-(3-Ethylheptyl)-3-methylthio-2-methoxynaphthalene (4b).

The title compound was prepared in the same manner as 4a. Colorless oil. 74% isolated yield. *H NMR
$0.83-0.96 (M, 6H), 1.21-1.44 (m, 9H), 1.57-1.70 (m, 2H), 2.53 (s, 3H), 2.63-2.77 (m, 2H), 3.99 (s,
3H), 7.05 (s, 1H), 7.24 (dd, J = 8.5, 1.6 Hz, 1H), 7.41 (s, 1H), 7.49 (s, H), 7.62 (d, J = 8.2 Hz, 1H); °C
NMR & 11.0,14.3,14.7,23.3, 25.9, 29.0, 32.9, 33.3, 35.3, 38.7, 56.0, 104.8, 123.0, 125.0, 126.5, 127.1,
129.5, 129.6, 130.5, 139.2, 154.2; EI-MS m/z = 330 [M*]; HR-MS (APCI) Calcd for C2:H310S [M +

H]*: 331.20901, found: 331.20905.

6-(4-Ethyloctyl)-3-methylthio-2-methoxynaphthalene (4c).
The title compound was prepared in the same manner as 4a. Colorless oil. 65% isolated yield. *H NMR

5 0.77-0.93 (m, 6H), 1.15-1.39 (M, 11H), 1.59-1.73 (m, 2H), 2.53 (s, 3H), 2.71 (t, J = 7.8 Hz, 2H),
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3.99 (s, 3H), 7.05 (s, 1H), 7.24 (dd, J = 8.2, 1.8 Hz, 1H), 7.41 (s, 1H), 7.49 (s, 1H), 7.62 (d, J = 8.2 Hz,
1H); 13C NMR & 11.0, 14.3, 14.7, 23.3, 26.0, 28.8, 29.1, 33.0, 33.1, 36.6, 38.9, 56.0, 104.8, 123.0,
125.1, 126.4, 127.1, 129.5, 129.6, 130.6, 138.9, 154.2; EI-MS m/z = 344 [M*]; HR-MS (EI) Calcd for

C22H320S [M*]: 344.2174, found: 344.2166.

6-(2-Ethylhexyl)-3-methylthio-2-hydroxynaphthalene (5a).

To a solution of 6-(2-ethylhexyl)-3-methylthio-2-methoxynaphthalene (4a, 17 g, 54 mmol) in
dichloromethane (150 mL) was added dropwise a dichloromethane solution of BBr3 (ca. 4 M, 2.7 mL,
110 mmol) at —78 °C. After the stirring was maintained for 5 h at room temperature, the mixture was
poured onto crashed ice. The resulting mixture was extracted with dichloromethane. The combined
organic layers were washed with brine, dried (MgSOs), and concentrated in vacuo. The concentrate
was purified by column chromatography on silica gel to give 6-(2-ethylhexyl)-3-methylthio- 2-
hydroxynaphthalene (5a, 15 g, 95%) as a colorless oil. *H NMR § 0.85-0.91 (m, 6H), 1.20—1.38 (m,
8H), 1.58-1.70 (m, 1H), 2.42 (s, 3H), 2.57-2.70 (m, 2H), 6.56 (s, 1H), 7.25 (dd, J = 8.2, 1.8 Hz, 1H),
7.28 (s, 1H), 7.45 (s, 1H), 7.60 (d, J = 8.2 Hz, 1H), 7.93 (s, 1H); 3C NMR § 10.9, 14.3, 20.0, 23.2,
25.6, 29.0, 32.5, 40.2, 41.1, 109.1, 124.2, 126.3, 126.8, 129.2, 129.4, 133.6, 133.7, 137.5, 152.2; El-

MS m/z = 302 [M*]; HR-MS (EI) Calcd for C19H260S [M*]: 302.1704, found: 302.1701.

6-(3-Ethylheptyl)-3-methylthio-2-hydroxynaphthalene (5b).

The title compound was prepared in the same manner as 5a. Pale yellow oil. 92% isolated yield. *H
NMR § 0.83-0.95 (m, 6H), 1.19-1.44 (m, 9 H), 1.58-1.68 (m, 2 H), 2.41 (s, 3H), 2.64-2.75 (m, 2 H),
6.55 (s, 1H), 7.27-7.32 (m, 2 H), 7.49 (s, 1H), 7.61 (d, J = 8.2 Hz, 1H), 7.94 (s, 1H); 3C NMR & 11.0,
14.3, 20.1, 23.3, 25.9, 29.0, 32.9, 33.2, 35.2, 38.7, 109.2, 124.2, 125.7, 126.5, 128.9, 129.3, 133.6,
133.7,139.0, 152.2; EI-MS m/z = 316 [M"]; HR-MS (APCI) Calcd for C20H290S [M + H]*: 317.19336,

found 317.19296.
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6-(4-Ethyloctyl)-3-methylthio-2-hydroxynaphthalene (5c).

The title compound was prepared in the same manner as 5a. Pale yellow oil. 98% isolated yield. *H
NMR § 0.77-0.93 (m, 6H), 1.15-1.37 (m, 11H), 1.59-1.71 (m, 2 H), 2.41 (s, 3H), 2.70 (t, J = 7.6 Hz,
2H), 6.56 (s, 1H), 7.27-7.32 (m, 2H), 7.49 (s, 1H), 7.61 (d, J = 8.7 Hz, 1H), 7.94 (s, 1H); 3C NMR 5
11.0, 14.3, 20.0, 23.3, 26.0, 28.7, 29.1, 33.0, 33.0, 36.5, 38.9, 109.2, 124.2, 125.8, 126.4, 128.8, 129.3,
133.6, 133.7, 138.6, 152.2; EI-MS m/z = 330 [M*]; HR-MS (EI) Calcd for C21H300S [M*]: 330.2017,

found: 330.2023.

6-(2-Ethylhexyl)-3-methylthio-2-(trifluoromethanesulfonyloxy)-naphthalene (6a).

To a solution of 3-methylthio-6-(2-ethylhexyl)-2-hydroxynaphthalene (5a, 15 g, 50 mmol) and
triethylamine (21 mL, 149 mmol) in dichloromethane (100 mL) was added trifluoromethanesulfonic
anhydride (13 mL, 74 mmol) at 0 °C. After stirring for 3 h at room temperature, the mixture was diluted
with water, and the resulting mixture was extracted with dichloromethane. The combined organic
layers were washed with brine, dried (MgSOas), and concentrated in vacuo to give practically pure 6-
(2-ethylhexyl)-3-methylthio-2- (trifluoromethanesulfonyloxy)naphthalene (6a, 20 g, 92%) as a
colorless oil. 'H NMR & 0.84-0.94 (m, 6H), 1.23-1.36 (m, 8 H), 1.59-1.72 (m, 1H), 2.59 (s, 3H),
2.63-2.75 (m, 2H), 7.33 (dd, J = 8.5, 1.6 Hz, 1H), 7.54 (s, 1H), 7.63 (s, 1H), 7.68 (s, 1H), 7.71 (d, J =
8.7 Hz, 1H); ®*C NMR § 10.9, 14.2, 15.8, 23.1, 25.5, 29.0, 32.5, 40.4, 41.1, 118.8 (q, Jcr = 321 Hz),
119.3, 126.3, 126.4, 127.6, 129.0, 129.6, 130.8, 133.0, 141.9, 144.9; EI-MS m/z = 434 [M"]; HR-MS

(El) Calcd for CaoH2s5F303S, [M*]: 434.1197, found: 434.1197.

6-(3-Ethylheptyl)-3-methylthio-2-(trifluoromethanesulfonyloxy)-naphthalene (6b).

The title compound was prepared in the same manner as 6a. Colorless oil. 96% isolated yield. *H NMR
$ 0.84-0.95 (m, 6H), 1.20-1.44 (m, 9 H), 1.59-1.69 (m, 2H), 2.59 (s, 3H), 2.69-2.80 (m, 2H), 7.36
(dd, J = 8.5, 1.6 Hz, 1H), 7.57 (s, 1H), 7.63 (s, 1H), 7.68 (s, 1H), 7.72 (d, J = 8.2 Hz, 1H); 3C NMR 5

10.9, 14.3, 15.9, 23.3, 25.9, 29.0, 32.8, 33.5, 35.1, 38.7, 118.8 (q, Jcr = 321 Hz), 119.3, 125.2, 126.4,
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127.8, 128.5, 130.0, 130.8, 133.1, 143.2, 144.9; EIMS m/z = 448 [M*]; HR-MS (APCI) Calcd for

C21H27F303S; [M + H]*: 448.13482, found: 448.13486.

6-(4-Ethyloctyl)-3-methylthio-2-(trifluoromethanesulfonyloxy)-naphthalene (6c).

The title compound was prepared in the same manner as 6a. Colorless oil. 98% isolated yield. *H NMR
§ 0.77-0.94 (m, 6H), 1.12-1.40 (m, 11H), 1.60-1.74 (m, 2H), 2.59 (s, 3H), 2.75 (t, J = 7.6 Hz, 2H),
7.36 (dd, J = 8.5, 1.6 Hz, 1H), 7.57 (s, 1H), 7.63 (s, 1H), 7.68 (s, 1H), 7.72 (d, J = 8.7 Hz, 1H); °C
NMR 6 11.0, 14.3, 15.9, 23.3, 26.0, 28.5, 29.1, 32.9, 33.0, 36.6, 38.9, 118.8 (q, Jcr = 321 Hz), 119.3,
125.4, 126.5, 127.8, 128.5, 129.6, 130.8, 133.1, 142.8, 145.0; EI-MS m/z = 462 [M*]; HR-MS (El)

Calcd for C22H29F303S, [M™]: 462.1510, found: 462.15009.

trans-1,2-Bis(6-(2-ethylhexyl)-3-methylthionaphthalen-2-yl)-ethene (7a).

To a deaerated solution of 6-(2-ethylhexyl)-3-methylthio-2-(trifluoromethanesulfonyloxy)
naphthalene (6a, 1.5 g, 3.4 mmol) and trans-1,2-bis(tributylstannyl)ethene (1.0 g, 1.7 mmol) in DMF
(27 mL) were added Pd(PPhs)s (160 mg, 0.13 mmol) and lithium chloride (140 mg, 3.4 mmol). The
mixture was heated at 90 °C for 24h in the dark and then diluted with water. The mixture was extracted
with chloroform. The combined extracts were washed with brine, dried (MgSQO4), and concentrated in
vacuo. The concentrate was passed through a silica gel pad eluted with hexane to give trans-1,2-bis(6-
(2-ethylhexyl)-3-methylthionaphthalen-2-yl)-ethene (7a, 880 mg, 87%) as a yellow oil. *H NMR &
0.80-0.97 (m, 12H), 1.19-1.41 (m, 16 H), 1.60-1.74 (m, 2H), 2.58 (s, 6H), 2.61-2.74 (m, 4H), 7.26
(dd, J = 8.6, 1.5 Hz, 2H), 7.49 (s, 2H), 7.59 (s, 2H), 7.64 (s, 2H), 7.75 (d, J = 8.2 Hz, 2H), 8.06 (s, 2H);
13CNMR §11.0, 14.3, 16.6, 23.2, 25.6, 29.1, 32.6, 40.6, 41.2, 124.1, 125.0, 126.2, 127.7, 128.0, 128.4,
130.2, 133.6, 134.4, 135.8, 140.4; EI-MS m/z = 596 [M*]; HR-MS (EI) Calcd for CaoHs2S2 [M*]:

596.3510, found: 596.3500.
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trans-1,2-Bis(6-(3-ethylheptyl)-3-methylthionaphthalen-2-yl)-ethene (7b).

The title compound was prepared in the same manner as 7a. Yellow oil. 89% isolated yield. 'H NMR
§ 0.86-0.95 (m, 12H), 1.21-1.44 (m, 18H), 1.60—1.71 (m, 4H), 2.58 (s, 6H), 2.68—2.77 (m, 4H), 7.28
(dd, J = 8.5, 1.6 Hz, 2H), 7.52 (s, 2H), 7.58 (s, 2H), 7.64 (s, 2H), 7.76 (d, J = 8.7 Hz, 2H), 8.05 (s, 2H);
BC NMR § 11.0, 14.4, 16.6, 23.3, 25.9, 29.1, 32.9, 33.5, 35.1, 38.7, 124.1, 125.0, 125.0, 127.4, 127.9,
128.3, 130.2, 133.7, 134.4, 135.8, 141.8; EI-MS m/z = 624 [M*]; HR-MS (APCI) Calcd for C42Hs7S>

[M + H]*: 625.38962, found: 625.39008.

trans-1,2-Bis(6-(4-ethyloctyl)-3-methylthionaphthalen-2-yl)-ethene (7c).

The title compound was prepared in the same manner as 7a. Yellow oil. 83% isolated. *H NMR §
0.76-0.95 (m, 12H), 1.15-1.40 (m, 22H), 1.59-1.77 (m, 4H), 2.58 (s, 6H), 2.74 (t, J = 7.6 Hz, 4H),
7.28 (dd, J = 8.7, 1.4 Hz, 2H), 7.52 (s, 2H), 7.59 (s, 2H), 7.64 (s, 2H), 7.76 (d, J = 8.2 Hz, 2H), 8.05
(s, 2H); 3 C NMR § 11.0, 14.3, 16.6, 23.2, 26.0, 28.6, 29.1, 33.0, 33.1, 36.8, 38.9, 124.1, 125.0, 125.2,
127.4,127.9, 128.4,130.2, 133.7, 134.4, 135.8, 141.4; EI-MS m/z = 652 [M*]; HR-MS (EI) Calcd for

CuasHe0S2 [M*]: 652.4136, found: 652.4147.

2,9-Bis(2-ethylhexyl)dinaphtho[2,3-b:2",3’-f Jthieno[3,2-b]-thiophene (1a).

A mixture of 7a (400 mg, 0.67 mmol) and iodine (5.3 g, 21 mmol) in chloroform (20 mL) was refluxed
for 14 h and then was poured into aqueous sodium hydrogen sulfite (20 mL). The mixture was extracted
with chloroform (30 mL) and the combined extracts were washed with brine, dried (MgSOa), and
concentrated in vacuo. The residue was washed with hexane to give the title compound (260 mg, 69%)
as a yellow solid. Analytical and device grade samples were obtained by twice vacuum gradient
sublimation. M.p. 231 °C; 'H NMR & 0.83-0.98 (m, 12H), 1.22-1.44 (m, 16H), 1.64—1.79 (m, 2H),
2.67-2.81 (m, 4H), 7.36 (dd, J = 8.5, 1.6 Hz, 2H), 7.66 (s, 2H), 7.94 (d, J = 8.7 Hz, 2H), 8.31 (s, 2H),
8.33 (s, 2H); ®*CNMR § 11.0, 14.3, 23.2, 25.7, 29.0, 32.6, 40.6, 41.1, 119.9, 121.9, 126.6, 128.1, 128.1,

130.0, 131.7, 131.9, 133.5, 139.8, 140.9; EI-MS m/z = 564 [M*]; HR-MS (EI) Calcd for CasHasSz
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[M*]: 564.2884, found: 564.2877.

2,9-Bis(3-ethylheptyl)dinaphtho[2,3-b:2’,3"-f Jthieno[3,2-b]-thiophene (1b).

The title compound was prepared in the same manner as 1a. Yellow solid. 92% isolated yield. M.p.
185 °C; 'H NMR § 0.87-0.95 (m, 12H), 1.26-1.45 (m, 18H), 1.63-1.78 (m, 4H), 2.73-2.86 (m, 4H),
7.39 (dd, J = 8.5, 1.6 Hz, 2H), 7.70 (s, 2H), 7.95 (d, J = 8.7 Hz, 2H), 8.31 (s, 2H), 8.33 (s, 2H); 13C
NMR & 11.0, 14.3, 23.3, 26.0, 29.1, 32.9, 33.6, 35.1, 38.8, 119.9, 121.9, 125.5, 127.6, 128.3, 130.0,
131.8, 131.9, 133.5, 141.0, 141.2; EI-MS m/z = 592 [M*]; HR-MS (APCI) Calcd for C4oH49S> [M +

H]*: 593.32702, found: 593.32721.

2,9-Bis(4-ethyloctyl)dinaphtho[2,3-b:2’,3"-f Jthieno[3,2-b]-thiophene (1c).

The title compound was prepared in the same manner as 1a. Yellow solid. 69% isolated. M.p. 210 °C;
IH NMR § 0.81-0.92 (m, 12H), 1.20-1.42 (m, 22H), 1.65-1.78 (m, 4H), 2.80 (t, J = 7.6 Hz, 4H), 7.39
(dd, J = 8.5, 1.6 Hz, 2H), 7.70 (s, 2H), 7.95 (d, J = 8.7 Hz, 2H), 8.31 (s, 2H), 8.33 (s, 2H); 3C NMR &
11.0, 14.3, 23.3, 26.0, 28.6, 29.1, 33.0, 33.1, 36.8, 38.9,119.9, 121.9, 125.6, 127.6, 128.2, 130.0, 131.8,
131.9, 133.5, 140.8, 140.9; EI-MS m/z = 620 [M*]; HR-MS (EI) Calcd for C42Hs2S, [M*]: 620.3510,

found: 620.3497.

6-(2-Ethylhexyl)-3-methylthio-2-(2-(trimethylsilyl)ethyn-1-yl)-naphthalene (8).

A mixture of 6a (280 mg, 0.64 mmol), trimethylsilylacetylene (190 mg, 1.9 mmol), Cul (12 mg, 0.064
mmol), PPhs (17 mg, 0.064 mmol), and Pd(PPhs)2Cl> (23 mg, 0.032 mmol) in toluene (3 mL) and EtsN
(3 mL) was heated at 70 °C for 20 h. After cooling, the mixture was diluted with water and extracted
with toluene. The combined organic layers were washed with brine, dried (MgSQOs), and concentrated
in vacuo. The residue was purified by column chromatography on silica gel with hexane, to give 8
(210 mg, 87%) as a pale yellow oil. *H NMR § 0.31 (s, 9 H), 0.79-0.94 (m, 6H), 1.18—1.38 (m, 8H),

1.57-1.71 (m, 1H), 2.54 (s, 3H), 2.57-2.69 (m, 2H), 7.19 (dd, J = 8.5, 1.6 Hz, 1H), 7.37 (s, 1H), 7.43
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(s, 1H), 7.59 (d, J = 8.2 Hz, 1H), 7.90 (s, 1H); 3C NMR § 0.1, 10.9, 14.3, 15.3, 23.1, 25.6, 29.0, 32.5,
40.5, 41.1, 100.4, 102.6, 118.9, 121.4, 126.2, 127.3, 127.7, 129.0, 132.6, 133.7, 138.2, 141.4; EI-MS

m/z = 382 [M*]; HR-MS (EI) Calcd for C24H34SSi [M*]: 382.2150, found: 382.2156.

7-(2-Ethylhexyl)-3-(2'-naphthylthio)naphtho[2,3-b]thiophene (9).

To a solution of 2-naphthalenethiol (88 mg, 0.55 mmol) in dichloromethane (5 mL) was added N-
chlorosuccinimide (74 mg, 0.55 mmol) at 0 °C, and the resulting mixture was stirred at rt for 20 min
to in situ prepare 2-naphthylsulfenyl chloride in dichloromethane. The 2-naphthylsulfenyl chloride
solution was then added to a solution of 8 (150 mg, 0.39 mmol) in dichloromethane (5 mL) at 0 °C,
and the resulting mixture was further stirred for 1.5 h at rt. The mixture was poured into water and
extracted with dichloromethane. The combined organic layers were washed with brine, dried (MgSOa),
and concentrated in vacuo. The concentrate was dissolved in THF (5 mL) and to the solution was
added a solution of tetrabutylammonium fluoride (1 M in THF solution, 0.26 mL, 0.26 mmol). The
mixture was stirred for 1 h, diluted with water, and extracted with hexane. The convened extracts were
dried (MgSOg4) and concentrated in vacuo. The concentrate was purified by column chromatography
on silica gel eluted with hexane to give 9 (110 mg, 44%) as a yellow oil. *H NMR & 0.82—-0.93 (m,
6H), 1.17-1.39 (m, 8H), 1.60-1.75 (m, 1H), 2.62—2.78 (m, 2H), 7.26 (dd, J = 8.5, 1.6 Hz, 1H), 7.32
(dd, J = 8.6, 1.9 Hz, 1H), 7.35-7.46 (m, 2H), 7.59-7.66 (m, 3H), 7.68 (d, J = 8.7 Hz, 1H), 7.71-7.77
(m, 1H), 7.79 (d, J = 8.5 Hz, 1H), 7.80 (s, 1H), 8.28 (s, 1H), 8.32 (s, 1H); 3C NMR & 11.0, 14.3, 23.2,
25.6, 29.0, 32.6, 40.6, 41.0, 120.9, 121.5, 123.7, 125.8, 125.9, 125.9, 126.3, 126.7, 127.3, 127.9(x2),
128.5, 128.8, 129.8, 131.6, 131.9, 133.8, 133.9, 134.0, 137.1, 138.2, 139.8; EI-MS m/z = 454 [M™];
HR-MS (EI) Calcd for CaoH30S2 [M*]: 454.1789, found: 454.1797.
2-Bromo-7-(2-ethylhexyl)-3-(2"-naphthylthio)naphtho[2,3-b]-thiophene (10).

9 (170 mg, 0.37 mmol) was dissolved in THF (5 mL) and to the solution was added n-BuL.i (1.6 M
hexane solution, 0.58 mL, 0.93 mmol) at —78 °C. The mixture was stirred at room temperature for 1 h

and then cooled to —78 °C. 1,2-dibromotetrachloroethane (240 mg, 0.74 mmol) was added, and the
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resulting mixture was stirred at room temperature for 19 h. Then, the reaction mixture was diluted with
water and extracted with hexane. The combined organic layers were washed with brine, dried (MgSOa4)
and concentrated in vacuo. The concentrate was purified by column chromatography on silica gel with
hexane to give 10 (150 mg, 78%) as a yellow oil. *H NMR & 0.83-0.91 (m, 6H), 1.21-1.36 (m, 8H),
1.61-1.72 (m, 1H), 2.61-2.77 (m, 2H), 7.23-7.31 (m, 2H), 7.34-7.46 (m, 2H), 7.57-7.76 (m, 3H),
7.67 (d, J = 8.7 Hz, 1H), 7.79 (d, J = 8.7 Hz, 1H), 8.19 (s, 1H), 8.27 (s, 1H); 3C NMR & 10.9, 14.3,
23.2, 25.6, 29.0, 32.5, 40.6, 41.0, 119.9, 122.0, 124.9, 125.5, 125.5, 125.8, 126.4, 126.7, 127.3, 127.9,
128.2, 128.4, 129.0, 130.0, 131.8, 131.9, 133.0, 133.9, 137.1, 137.5, 140.2; EI-MS m/z = 532 [M*];

HR-MS (EI) Calcd for C3oH29BrS; [M*]: 532.0894, found: 532.0875.

2-(2-Ethylhexyl)dinaphtho[2,3-b:2",3'-f Jthieno[3,2-b]thiophene (2a).

To a deaerated solution of 10 (87 mg, 0.16 mmol) and sodium acetate (27 mg, 0.32 mmol), in N,N-
dimethylacetamide (10 mL) was added Pd(PPhs).Cl> (12 mg, 0.016 mmol). The mixture was stirred
for 12 h at 140 °C and diluted with water. The resulting precipitate was collected by filtration, and the
crude product was washed with methanol and dried. The residue was purified by column
chromatography on silica gel eluted with chloroform to give 2-(2-ethylhexyl)dinaphtho [2,3-b:2’,3'-
f Jthieno[3,2-b]thiophene (2a) as a yellow solid (72 mg, 42%). M.p. 334 °C; *H NMR & 0.84-0.97 (m,
6H), 1.21-1.41 (m, 8H), 1.66-1.80 (m, 1H), 2.75 (d, J = 6.9 Hz, 2H), 7.35 (dd, J = 8.5, 1.6 Hz, 1H),
7.45-7.56 (m, 2H), 7.66 (s, 1H), 7.86-7.96 (m, 2H), 7.97-8.06 (m, 1H), 8.29 (s, 1H), 8.31 (s, 1H),
8.33 (s, 1H), 8.39 (s, 1H); *C NMR § 11.0, 14.2, 23.2, 26.0, 29.2, 32.9, 40.9, 41.3, 120.1, 120.2, 122.0,
122.6, 125.8, 126.0, 126.7, 127.5, 128.2, 128.3, 128.5, 130.2, 131.6, 131.7, 132.0, 132.8, 133.5, 133.9,
134.2, 140.6, 140.6, 141.1; EI-MS m/z = 452 [M"]; HR-MS (EI) Calcd for C3oH2sS, [M™]: 452.1632,

found: 452.1619.
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trans-1-(6-(2-Ethylhexyl)-3-methylthionaphthalen-2-yl)-2-(3-methylthionaphthalen-2-yl)ethene
(11a).

To a solution of 6-(2-ethylhexyl)-3-methylthio-2-(trifluoromethanesulfonyloxy)-naphthalene (6a, 140
mg, 0.31 mmol), 3-methylthio-2-(trifluoromethanesulfonyloxy)naphthalene (6d, 100 mg, 0.31
mmol),? and trans-1,2-bis(tributylstannyl)ethene (210 mg, 0.34 mmol) in DMF (10 mL) was added
Pd(PPhs)s (19 mg, 0.016 mmol) and lithium chloride (26 mg, 0.62 mmol). The mixture was heated at
100 °C for 20 h in the dark and then diluted with water. The mixture was extracted with toluene, and
the combined extracts were washed with brine, dried (MgSOa) and concentrated in vacuo. The residue
was passed through a silica gel pad eluted with hexane to give 11a (66 mg, 44%) as a yellow oil. *H
NMR & 0.85-0.92 (m, 6H), 1.19-1.42 (m, 8H), 1.60-1.76 (m, 1H), 2.59 (s, 3H), 2.59 (s, 3H),
2.64-2.75 (m, 2H), 7.26 (dd, J = 8.0, 1.8 Hz, 1H), 7.37-7.48 (m, 2H), 7.50 (s, 1H), 7.60 (s, 1H),
7.61-7.71 (m, 3H), 7.72-7.90 (m, 3H), 8.06 (s, 1H), 8.09 (s, 1H); 3C NMR & 11.0, 14.3, 16.5, 16.6,
23.2,25.6, 29.1, 32.6, 40.6, 41.2,124.2, 124.4,125.1, 125.3, 125.8, 126.2, 126.6, 126.7, 127.8, 128.0,
128.1,128.2, 128.9, 130.2, 131.7, 133.5, 133.7, 134.3, 135.2, 135.8, 136.1, 140.5; EI-MS m/z =484

[M*]; HR-MS (EI) Calcd for C32HzsS2 [M*]: 484.2258, found: 484.2255.

trans-1-(6-(3-Ethylheptyl)-3-methylthionaphthalen-2-yl)-2-(3-methylthionaphthalen-2-yl)ethene
(11b).

The title compound was prepared in the same manner as 11a. Yellow oil. 39% isolated yield. *H NMR
$0.83-0.97 (m, 6H), 1.20-1.46 (m, 9 H), 1.58-1.72 (m, 2H), 2.58 (s, 3H), 2.58 (s, 3H), 2.68-2.77 (m,
2H), 7.28 (dd, J = 8.5, 1.6 Hz, 1H), 7.36-7.48 (m, 2H), 7.52 (s, 1H), 7.58 (s, 1H), 7.60-7.70 (m, 3H),
7.71-7.88 (m, 3H), 8.05 (s, 1H), 8.08 (s, 1H) ; 3 C NMR § 11.0, 14.3, 16.5, 16.6, 23.3, 25.9, 29.0, 32.9,
33.5, 35.1, 38.7, 124.1, 124.3, 125.1, 125.1, 125.2, 125.7, 126.5, 126.7, 127.4, 127.9, 128.0, 128.2,
128.9, 130.1, 131.7, 133.5, 133.8, 134.3, 135.2, 135.9, 136.0, 141.8; EI-MS m/z = 498 [M"]; HR-MS

(El) Calcd for C3sH3sS, [M*]: 498.2415, found: 498.2424.
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trans-1-(6-(4-Ethyloctyl)-3-methylthionaphthalen-2-yl)-2-(3-methylthionaphthalen-2-yl)ethene
(11c).

The title compound was prepared in the same manner as 11a. Yellow oil. 39% isolated yield. *H NMR
§ 0.78-0.95 (m, 6H), 1.15-1.41 (m, 11H), 1.62—1.76 (m, 2H), 2.58 (s, 3H), 2.59 (s, 3H), 2.74 (t, J =
7.6 Hz, 2H), 7.29 (dd, J = 8.2, 1.4 Hz, 1H), 7.38-7.48 (m, 2H), 7.52 (s, 1H), 7.59 (s, 1H), 7.61-7.71
(m, 3H), 7.71-7.89 (m, 3H), 8.06 (s, 1H), 8.08 (s, 1H); 3C NMR 5 11.0, 14.3, 16.5, 16.6, 23.3, 26.0,
28.6, 29.1, 33.0, 33.1, 36.8, 38.9, 124.2, 124.4,125.1, 125.2, 125.2, 125.7, 126.5, 126.7, 127.4, 127.9,
128.0, 128.2, 128.9, 130.2, 131.7, 133.5, 133.8, 134.3, 135.2, 135.8, 136.1, 141.5; EI-MS m/z = 512

[M*]; HR-MS (EI) Calcd for CasHaoS2 [M*]: 512.2571, found: 512.2570.

2-(2-Ethylhexyl)dinaphtho[2,3-b:2",3"-f ]Jthieno[3,2-b]thiophene (2a).

A mixture of 11a (300 mg, 0.62 mmol) and I> (5.3 g, 21 mmol) in chloroform was stirred at 70 °C for
7 h and then poured into agueous sodium hydrogen sulfite (20 mL). The mixture was extracted with
chloroform, and the combined extracts were washed with brine, dried (MgSO4), and concentrated in
vacuo. The concentrate was washed with hexane to give 2a (280 mg, quantitative) as a yellow solid.
The spectroscopic data of the product obtained by this method were identical with those obtained for

the previous method.

2-(3-Ethylheptyl)dinaphtho[2,3-b:2",3"-f Jthieno[3,2-b]thiophene (2b).

The title compound was prepared in the same manner as 2a. Yellow solid. 79% isolated yield. M.p.
368 °C; 'H NMR & 0.84-0.99 (m, 6H), 1.22-1.42 (m, 9H), 1.62-1.79 (m, 2H), 2.72-2.88 (m, 2H),
7.37 (dd, J = 8.5, 1.6 Hz, 1H), 7.45-7.56 (m, 2H), 7.68 (s, 1H), 7.87-7.96 (m, 2H), 7.98-8.04 (m, 1H),
8.29 (s, 1H), 8.31 (s, 1H), 8.32 (s, 1H), 8.38 (s, 1H); 3C NMR § 11.0, 14.2, 23.3, 26.2, 29.2, 33.1, 33.8,
35.2, 39.0, 120.1, 120.2, 122.0, 122.6, 125.6, 125.8, 126.0, 127.5, 127.7, 128.4, 128.5, 130.2, 131.6,
131.7,132.0,132.1, 132.7, 133.5, 134.2, 141.1, 141.4; EI-MS m/z = 466 [M*]; HR-MS (APCI) Calcd

for Ca1H1S, [M + H]*: 467.18617, found: 467.18637.
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2-(4-Ethyloctyl)dinaphtho[2,3-b:2",3"-f Jthieno[3,2-b]thiophene (2c).

The title compound was prepared in the same manner as 2a. Yellow solid. 92% isolated yield. M.p.
358 °C; 'H NMR & 0.81-0.94 (m, 6H), 1.19-1.41 (m, 11H), 1.67-1.82 (m, 2H), 2.81 (t, J = 7.8 Hz,

2H), 7.38 (dd, J = 8.7, 1.8 Hz, 1H), 7.46-7.55 (m, 2H), 7.69 (s, 1H), 7.88-7.97 (m, 2H), 7.98-8.05 (m,
1H), 8.30 (s, 1H), 8.32 (s, 1H), 8.33 (s, 1H), 8.39 (s, 1H); BC NMR 6 11.1, 14.2, 23.3, 26.2, 28.6, 29.3,
33.2, 33.3, 36.9, 39.1, 120.1, 120.2, 122.0, 122.6, 125.7, 125.8, 126.0, 127.5, 127.7, 128.3, 128.5,
130.2, 131.6, 131.7, 132.0, 132.1, 132.8, 133.5, 134.2, 141.0, 141.1, 141.1; EI-MS m/z = 480 [M™];

HR-MS (El) Calcd for CaHaxS2 [M*]: 480.1945, found: 480.1953.
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Physicochemical properties

UV-vis absorption spectra were measured in chloroform solution (concentration: 10™° M) on a
Shimadzu UV-3600 spectrometer. Cyclic voltammograms (CVs) were recorded on an ALS
Electrochemical Analyzer Model 612D in benzonitrile containing tetrabutylammonium
hexafluorophosphate (BusNPFg, 0.1 M) as supporting electrolyte at a scan rate of 0.1 Vs . Counter
and working electrodes were made of Pt, and the reference electrode was Ag/AgCl. All the potentials
were calibrated with the standard ferrocene/ferrocenium redox couple (Fc/Fc™: Ei, = +0.60 V
measured under identical conditions). X-ray diffractions of thin films deposited on the Si/SiO>
substrate were obtained with a Rigaku Ultima IV diffractometer with a Cu Ka source (A = 1.54187 A)

in the air.
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Fabrication and characterization of OTFTs.

OTFT devices based on 1 and 2 were fabricated in a top-contact-bottom-gate (TCBG) configuration
on a heavily doped n*-Si (100) wafer with a 200 nm thermally grown SiOz (Ci = 17.3 nF cm™2). The
substrate surfaces were treated with hexamethyldisilazane (HMDS), octyltrichlorosilane (OTS) or
octadecyltrichlorosilane (ODTS) as reported previously.?® Thin films as the active layer were spin-
coated from chloroform solution (0.2—0.8 wt %) under ambient conditions or vacuum- deposited (50
nm thick, monitored by quartz oscillator) on the Si/SiO> substrates maintained at various temperatures
(Tsub) at a rate of 1 As™* under a pressure of ~1073 Pa. The thickness of the spin-coated thin films was
ca. 40—-80 nm evaluated by a surface profiler. On top of the organic thin film, gold films (80 nm) as
drain and source electrodes were deposited through a shadow mask. For a typical device, the drain-
source channel length (L) and width (W) are 40 wum and 3000 pum, respectively.

Characteristics of the OTFT devices were measured at room temperature under ambient conditions
with a Keithley 4200 semiconducting parameter analyzer. Field-effect mobility (uret) was calculated

in the saturation (V4 = Vg = —60) of the 14 using the following equation

w 2
la = Cibtrer 57 (Vg — Vin)
where C; is the capacitance of the SiO> dielectric layer, and V4 and Vi are the gate and threshold
voltages, respectively. The current on/off ratio (lon/lofr) Was determined from the lqg at Vg = 0 V (lofr)

and Vg = —60 V (lon). The pret data were typical values from more than 6 devices.
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Differential scanning calorimetry of 1 and 2
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Figure S1. Differential scanning calorimetry (DSC) profiles of 1 and 2.

Digital microscope images of spin-coated thin films of 2

Temperature / °C

Figure S2. Digital microscope images of spin-coated thin films of 2.
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Transfer and output characteristics of 2b-based solution processed OTFT showing mobility of up to

1.6 cm?Vlst
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Figure S3. Transfer and output characteristics of 2b-based solution processed OTFT.
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Chapter 3
Improvement of solution-processed OTFT using 2-EO-DNTT

3-1 Introduction

Among the mono-substituted branched alkyl DNTT derivatives shown in Chapter 2, 2-EO-DNTT
(Figure 1a) which is introduced 4-ethyloctyl group at the 2-position on DNTT core showed mobility
of up to ca. 0.5 cm? Vs by spin-coating and 3 cm? Vs by vapor-deposition. The solubility of this
2-EO-DNTT is ca. 3 g L to heated chloroform (it’s equivalent to 0.2 wt%). In the results of XRD
measurements on SiO/Si substrate (Figure 1e), the diffraction peaks for out-of-plane direction were
observed with series of peaks which are assignable to lamella structures, while, for in-plane direction
were observed with three distinct peaks which are typical for small-molecular organic materials
forming herringbone arrangement. Judging from these results, 2-EO-DNTT is believed to form
packing structure which is similar to parent DNTT on the substrate.>? Therefore, 2-EO-DNTT is
considered to have a potential as solution-processable small-molecular high-performance organic

semiconductor material if the film is formed under optimal condition.**
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Figure 1. Molecular structure of 2-EO-DNTT (a). Top view (b) and bird’s-eye view (c) of SPM
topography image of vapor-deposited thin film (Tsus = 150 °C). Cross-sectional profile of the red line

in Figure 1b, ¢ (d). Out-of-plane, In-plane of vapor-deposited thin film and powder XRDs (e).
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In Chapter 3, | tried to improve OTFT characteristics using 2-EO-DNTT by spin-coating and
succeeded in showing the mobility of up to 2.6 cm? Vs by changing the spin-coating manners and
solvents. Subsequently, I checked the OTFT stabilities (environmental, electrical, and thermal), and
low-voltage operations using gate-insulator with thin AIOx and phosphonic acid SAM. As mentioned
in Chapter 1, stabilities and low-voltage drivability of OTFT materials are very important to produce
commercial devices. However, OTFT materials that meet all the criteria mentioned above are still

limited.

3-2  Results and discussion

3-2-1  Search for optimal spin-coat conditions

As described in Chapter 2, thin-film deposition of 2-EO-DNTT was carried out by spin-coating,
where a hot chloroform solution of 2-EO-DNTT (50 pL of 0.2 wt % solution at the boiling temperature)
was dropped onto the octyltrichlorosilane (OTS)-modified Si/SiO, substrate, and then the substrate
was spun at 3000 rpm for 30 seconds (method 1). The resulting thin film consisted of crystalline grains
(Figure 2a) and acted as the active layer in the TFT devices showing mobilities in the order of 101
cm? V-1 s 1 (Figure 2d, g).

I then examined a different deposition procedure; the identical semiconductor solution was dropped
onto the spinning substrate (3000 rpm).® When the 50 pL solution was dropped at once (method 2),
the resulting films seemed to have smoother surface and lower thickness than the ones obtained by the
method 1 (Figure 2b). The mobilities of the OTFTs with the films were lower by one order of
magnitude than those obtained from the devices fabricated by the method 1 (Figure 2e, h). In contrast,
when the solution was dropped in several portions (50 pL, typically 8 drops, method 3), the films with
apparently larger thickness were obtained (Figure 2c). Surprisingly, the TFTs with the films as the

active layer showed significantly enhanced mobilities of up to 2.1 cm? V-t s (Figure 2f, i).
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Figure 2. Optical microscope images of spin-coated thin films by the method 1-3, respectively (a-c).
Transfer (d-f) and output characteristics (g-i) of TFTs consisting of the thin films fabricated by method

1-3, respectively.

In order to understand the cause for the significantly different TFT characteristics depending on the
spin-coating methods, I first carried out the X-ray diffraction (XRD) measurements of the thin films
(Figure 3). All the films fabricated by the different methods showed almost identical XRD patterns
both in the out-of-plane and in-plane measurements, indicating that the molecular orientation and the
packing structure are not affected by the methods. | then examined the thin films by scanning probe

microscopy (SPM) with the dynamic force mode (DFM): as shown in Figure 4, the step-and-terrace
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structure was clearly observed for all the films, and the step heights, ca. 2.8 nm, are virtually the same
as the lamella d-spacing observed in the out-of-plane XRDs (2.84 nm). This also supports the result of
the XRD measurements; i.e., no actual differences in the packing structure and molecular orientation

in the thin films fabricated by the different spin-coating methods.
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Figure 3. Out-of-plane (a) and in-plane (b) XRDs of 2-EO-DNTT spin-coated thin films fabricated by

the method 1-3. Schematic picture of molecular orientation on the substrate (c).
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Figure 4. Scanning probe microscopy (SPM) images with dynamic force mode (DFM) of thin films

fabricated by the method 1 (a,d,g), 2 (b,e,h), and 3 (c,f,i), respectively. Topography images (a-c).

Bird’s-eye view (d-f). Cross-sectional profiles along the red lines in a-c (g-i).

Although the optical microscope images in low magnification (Figure 2a—c) are not quite helpful to
detect the actual difference between the films fabricated by the different methods, characteristic
features in each film were observed in the highly magnified optical microscope images (x850, Figure
5a—c); the density of the crystallites in the films are significantly different, and the surface of the

substrate does not seem to be covered completely in the films fabricated by the method 1 and 2.
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Figure 5. High-magnification images of scratched region of the thin films fabricated by the method 1

(a,d,9), 2 (b,e,h), and 3 (c,f,i), respectively. Confocal optical microscope images (a-c). Confocal laser

scanning microscope images (d—f). Cross-sectional profiles of the blue lines in d—f (g—i).
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Confocal laser microscope images with much higher magnification (x10625, Figure 5d-f) together
with the cross-sectional profile of the scratched area of the thin films (Figure 5g—1) further confirm the
different density of crystallites in the films; the films fabricated by the method 1 and 2 have the “sea-
island” structure, where the crystallites (islands) are observed on the substrate surface or very thin
layer of the semiconducting material (sea). In contrast, it is clearly observed that the much dense film
was formed by the method 3, where the thickness of the film is ca. 150 nm (Figure 5i). From these
results it can be concluded that the coverage of the channel region by the semiconductor, in other words,
the connectivity of the crystallites, is the key for the TFT performances.

It is interesting to note that even though all the film fabrications were carried out with the same
amount of solution, the quality of the resulting films is largely dependent on the method for the supply
of the semiconductor solution. In the present experiments, the surface energy of the substrate seems to
be low, as it was modified with the OTS-SAM, which could make the nucleation of the semiconducting
crystallites slow on the substrate.” This can explain the poor coverage of the substrate by the
semiconducting crystallites in the films deposited by the method 1 and 2. On the other hand, the
repetitive supply of the semiconducting solution in small portions can allow nucleation in each drop
of the solution, and the crystallites formed by the early stage can be the core for crystal growth in the
subsequent drops of the solution. These assumptions were further confirmed by observing the films in

each additional drop of the semiconductor solution (Figure 6).
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Figure 7. Characteristics of OTFTs fabricated with the spin-coated thin films of 2-EO-DNTT from toluene (a),

chlorobenzene (b), and 1,2-dichloroethane (c), respectively.
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Through the careful inspection of the films, it is concluded that the method 3 is a reliable way to
fabricate a thin-film of 2-EO-DNTT for TFTs. Further optimization by the same spin-coating method
with toluene, chlorobenzene, 1, 2-dichloroethane, and 1, 1, 2-trichloroethane was also tried (Figure 7).
When the film deposition was carried out with 1, 1, 2-trichloroethane as the solvent, the film uniformity
was further improved, and the resulting OTFTs showed slightly higher mobility, up to 2.6 cm? V1s™
(average of 12 devices, 2.4 cm? V1 s, Figure 8), with the optimized amount of solution and spinning
rate (Figure 9). The higher boiling point of 1, 1, 2-trichloroethane (114 °C) than chloroform (61 °C)
likely allowed better nucleation and crystal growth on the substrate, which decreases inhomogeneous
area that does not contribute to efficient carrier transport.® ° Such high mobilities of up to 2.6 cm? V!
s1, large on/off ratios, and small dependence of mobility on the gate voltage (Figure 8b) are almost
comparable to those obtained from the vapor-deposited DNTT-based TFTs. This impelled us to test
the device stability, to confirm the utility of 2-EO-DNTT as a solution processable organic

semiconductor and to evaluate the effect of the branched alkyl groups on the devices stability.
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Figure 9. Mobilities of 2-EO-DNTT-based TFTs depending on the solution amount and spinning rate

during deposition (a—c). Summarized TFT characteristics (d—f).

3-2-2  Investigation of device stability

2-EO-DNTT itself is a chemically stable compound, similar to parent DNTT (Figure 10). On the
other hand, the 2,9-didecyl-DNTT (C1o-DNTT)-based TFTs were reported to be not thermally stable,
owing to its complicated thermal behaviors observed in DSC.'% ! In contrast, 2-EO-DNTT did not
show any thermally induced phase transition other than the melting point in DSC (Figure 10c). It is

thus interesting to elucidate thermal stability of the 2-EO-DNTT-TFTs for further utilization in various

device applications.

68



b —1cycle c
( ) — 10 cycles 4 ( )
— 100 cycles
2 | cooling
_—
- z
g Eo
€ 3 T
£ & . | heating
o
t -4
rys )
10 °C/min 355 °C
0250 360 3|50 460 450 08 Ojg ‘i 1 j1 1 j2 1 13 1.4 100 e 200 20 w00 350 400

Wavelength / nm Temperature / °C

Potential / V

Figure 10. UV-vis spectra of 2-EO-DNTT in air-saturated chloroform solution (a). Multi-scan cyclic
voltammograms of 2-EO-DNTT (V vs Ag/AgCl). Pt as working and counter electrodes, PhCN as
solvent, BusNPFs (0.1 M) as supporting electrolyte, scan rate = 1 V s™* (b). Differential scanning

calorimetry (DSC) profile of 2-EO-DNTT (c).

I first carried out the shelf life time test under ambient conditions (Figure 11a): although a slight
decrease of on-current and a small shift of threshold voltage (Vin) were observed after six months
storage, the overall transfer characteristics were still maintained, and therefore | concluded that
environmental stability of the device is mostly the same with that of the DNTT-based devices.? For the
cycle test, in which on- and off- state were continuously switched, also showed no significant
degradation after 3000 cycles (Figure 11b).

On the other hand, thermal treatment of the device at 250 °C for 30 minutes in air induced obvious
degradation of the device characteristics; the on-current (Vg = —60 V) and consequently the mobility
were decreased by more than one order of magnitude, whereas thermal treatment up to 200 °C for 30
minutes caused a slight and gradual decrease in on-current and mobility (Figure 11c, d). This is sharply
contrasted to the parent DNTT-based devices, which can retain the excellent device characteristic up
to 100 °C, but thermal treatment at 160 °C or higher brought significant degradation of the device
performances.*” It has been also reported that the C1o-DNTT-based devices degrade at much lower
temperature (~110 °C), owing to the thermal transitions as mentioned above. For DNTT, on the other

hand, although no thermal transitions up to 400 °C was detected in DSC,? subtle changes in the
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molecular orientation on the substrate was observed at 160 °C or higher temperature in the in-plane

XRD, which was explained to be the cause for the thermal degradation of the DNTT-based TFTs.*
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Figure 11. Transfer characteristics of 2-EO-DNTT-based TFTs with different aging time (a), on-off

cycles (b), and thermal treatments at different temperatures (c). Summarized TFT characteristics upon

thermal treatments (d).

Compared to the not so good thermal stability of the DNTT- and C1o-DNTT-based devices, the 2-EO-
DNTT-based ones are said to be stable, almost comparable to 2,9-diphenyl-DNTT (DPh-DNTT)-based
ones,™** which is one of the most thermally stable OTFTs at high temperatures.'* ** The good thermal
stability of DPh-DNTT-based devices was explained by the stiffness of the packing structure of the
material in the thin-film state. Although the exact packing structure of 2-EO-DNTT was not elucidated
yet, it was suggested that the molecule has the anti-parallel or staggered orientation in the thin-film

state based on the thin-film XRD analysis, indicating'® that such “inter-locked” structure can resist the
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thermal agitation, resulting in stabilization of the molecular packing in the thin-film state. In fact, both
the out-of-plane and in-plane XRD patterns were not changed up to 200 °C. However, the thermal
treatment at 250 °C abruptly diminished the all the peaks in both the out-of-plane and in-plane XRDs
(Figure 12), which is consistent with the degradation of TFT characteristics by the thermal treatment
at 250 °C. To further investigate the cause for the degradation, | checked the thermal behaviors of 2-
EO-DNTT both in the form of the thin film and powder sample; it turned out that even under the
ambient pressure, 2-EO-DNTT in the thin-film form slowly sublime at 250 °C. Furthermore, | noticed
gradual thermal degradation of the powder sample of 2-EO-DNTT in air (Figure 13); bright yellow
powder of pristine 2-EO-DNTT turned into brown in color at around 200 °C, and by further heating to
the melting temperature (ca. 355 °C), the sample became a black solid. These thermal behaviors of 2-
EO-DNTT in air are qualitatively consistent with the degradation of TFT characteristics by thermal
annealing. | thus conclude that gradual thermal decomposition in air and sublimation of 2-EO-DNTT

at the ambient pressure are the cause for the degradation of its TFT devices.
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Figure 13. Thermal behavior of powder sample of 2-EO-DNTT.

71



3-2-3  Low voltage operation of OTFTs

As mentioned in the introductory part, the state-of-the-art applications of the DNTT-TFTs rely on the
low-voltage-operable TFTs fabricated on the AlOy/phosphonic acid-SAM-based gate dielectric. For
further application of the present solution-processed 2-EO-DNTT-TFTs, it is important to elucidate its
amenability to the AlOx/phosphonic acid-SAM gate dielectric for low-voltage operation.'?!?? | thus
first prepared the Al/AlOyx gate electrode/dielectric on the glass substrates by anodization of vapor-
deposited aluminum electrodes,”® and then the electrode surface was modified with
octadecylphosphonic acid (ODPA) and 1H,1H,2H,2H-heptadecafluorodecyl phosphonic acid (FDPA)
by immersing the substrate with the electrode/gate dielectric in their solution (see Experimental section
for detail). The measured capacitance per area of the dielectric was reasonably large, 276 and 310 nF
cm~2 for ODPA- and FDPA-SAM, respectively (Figure 14). | then fabricated the thin films on these
gate dielectrics by the aforementioned procedure with the 2-EO-DNTT solution in 1,1,2-

trichloroethane.
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Figure 14. Cross-sectional illustration of the capacitor of the gate insulator (a). Capacitance

measurements of the gate insulators with ODPA-SAM (b) and FDPA-SAM (c).
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Delightedly, the devices showed typical TFT characteristics at low-voltage (-3 V), and the mobilities
extracted from the saturation regime were higher than 1.0 cm? V1 s for the devices with both
AlO,/ODPA- and FDPA-SAM gate insulators (Figure 15). Notably, on the AlOx/FDPA-SAM gate
insulator, typical TFT characteristics, almost negligible hysteresis, small Vi close to 0 V, and linear
onset in the output curves at the low drain voltage (Vaq) region, were confirmed, which is likely ascribed
to low carrier-trap density at the interface between the substrate surface modified with the SAM and
the organic semiconductor.?**® On the other hand, the on-off current ratios were relatively small
compared to those obtained from the TFTs on the Si/SiO- substrate; this is likely due to leakage current
between the gate and drain electrode owing to the device configuration with relatively large overlap
of the source/drain and gate electrodes (red dotted lines in Figure 15c, €), which will be improved by

minimizing the overlap.
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Figure 15. Molecular structures of ODPA (a) and FDPA (b). Transfer (c) and output (d) characteristics
of 2-EO-DNTT-based TFTs fabricated on the AIOx/ODPA-SAM gate insulator. Transfer (e) and output
(F) characteristics of 2-EO-DNTT-based transistors fabricated on the AlO«/FDPA-SAM gate insulator.

Red dotted lines in (c) and (e) are the gate leak current. Summarized TFT characteristics of 2-EO-

DNTT-based TFTs fabricated on the AIOx/SAM ().
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The excellent device characteristics on the AlOx/phosphonic acid SAM were also rationalized by the
molecular orientation and packing structure in the thin-films state elucidated by the thin-film XRD
measurements. As shown in Figure 16, there is no virtual difference in the XRDs both for the out-of-
plane and in-plane measurements between the thin films on the AlOy/phosphonic acid SAMs and
Si/Si02 modified with OTS. This indicates that 2-EO-DNTT affords the identical molecular ordering
structure on both substrate that is favorable for effective carrier transport. It should be also noted that
solution-processed OTFTs that can operate at lower driving voltage than £5 V have been still limited,
2129 and therefore the present methods for fabricating 2-EO-DNTT-based TFTs are likely promising
as a practical technology, which enables the fabrication of solution-processed TFTs with high mobility,

environmental and thermal stability, and low-voltage operation under ambient conditions.
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Figure 16. Out-of-plane (a) and in-plane (b) XRDs of 2-EO-DNTT spin-coated thin films on

Si/SiO2/OTS, Al/AlOx/ODPA and Al/AlOx/FDPA substrates.
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3-3  Conclusion of chapter 3

By optimizing the deposition conditions of thin films of a soluble DNTT derivative, 2-EO-DNTT
with one 4-ethyloctyl group as a solubilizing substituent, the performances of its solution processed
OTFTs were greatly improved with the mobility of up to 2.6 cm? V! s71, which is almost comparable
to the ones reported for the vapor-processed DNTT-based TFTs. Moreover, almost the same
environmental, operational, and thermal stabilities for the solution-processed 2-EO-DNTT-TFTs as
those for the DNTT-based TFTs were achieved. In addition to the comparable performances, | also
confirmed that the solution-processed 2-EO-DNTT-TFTs can be fabricated on the AIO/SAM gate
dielectrics that enables low-voltage operation as low as 3 V with keeping the TFT performances. These
results indicate that the importance of deposition conductions in the solution process; control of
nucleation and crystal growth are a key to forming the continuous semiconducting channel, in which
the desirable molecular orientation and packing structure of the 2-EO-DNTT molecules are realized.
Through all these optimizations of deposition conditions and subsequent device applications and
evaluations, | can conclude that 2-EO-DNTT is a solution-processable alternative for the vapor-

processed parent DNTT.

75



3-4  Experimental section, supporting data and references

Fabrication and characterization of OTFTSs.

2-EO-DNTT was synthesized according to the reported procedure. OTFT devices based on 2-EO-
DNTT were fabricated in a top-contact-bottom-gate (TCBG) configuration on a heavily doped n*-Si
(100) wafer with a 200 nm thermally grown SiO> (Ci = 17.3 nF cm™2) or a glass substrate with the Al
gate-electrode and gate-insulator consisting of AlOx with phosphonic acid SAM. The surface of the
SiO;, substrates were modified with OTS-SAM as previously reported.*® Thin films of 2-EO-DNTT as
the active layer were deposited by spin-coating (0.2 wt% solution in chloroform or 1,1,2-
trichloroethane) under ambient conditions. On top of the thin films, gold films (80 nm thick) as the
drain and source electrodes were vapor-deposited through a shadow mask, and then the OTFTs were
annealed at 100 °C for 10 min in air. For a typical device, the drain-source channel length (L) and
width (W) are 40 and 1500 pm, respectively.

Characteristics of the OTFT devices were measured at room temperature under ambient conditions
with a Keithley 4200 semiconducting parameter analyzer. Field-effect mobility (uret) was extracted
from the characteristics in the saturation regime (TFTs on the SiO> substrate: Vq =—60 V, TFTs on the

AlOy/phosphonic acid SAM: Vq = —3 V; Vq: drain voltages) with the following equation;
w 2
la = Cibtrer 57 (Vg — Vin)
where C; is the capacitance per unit area of the SiO2 or AlOy dielectric layer, and Vg and Vi, are the
gate and threshold voltages, respectively. The current on/off ratio (lon/lof) Was determined from the Ig

at the maximum (lon) and minimum (loff) values. The urets reported in this paper were typical values

from more than 6 identical devices.
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Stability tests of the OTFT devices

The shelf lifetime tests were carried out as follows: The fabricated OTFT devices were stored in a
polystyrene box under ambient conditions, and the OTFT characteristics were measured at ca. 1 and 6
months after fabrication of the devices. For evaluation of operational stability of the devices, the Vg
was repeatedly applied from +20 to —60 V at the Vq = —60 V up to 3000 cycles. For evaluation of
thermal stability, the devices were heated on a hotplate at temperatures of 100, 150, 200 and 250 °C
for 30 min and then allowed to cool to room temperature. The device characteristics were evaluated at
room temperature. All the thermal process and measurements were carried out under ambient

conditions.

Preparation of the AlO,/phosphonic acid SAM gate insulator

Schematic representation of the fabrication of AlOx/phosphonic acid SAM gate dielectrics is shown
in Figure S1. The Al gate electrodes (1.8 mm wide, ca. 40 nm thick) were deposited by thermal
evaporation through a shadow mask at a pressure of 10~ Pa and a deposition rate of 3 nm s on glass
substrates (Corning EAGLE XG glass), which was cleaned with O2-plasma (30 min at 18 W, 700
mTorr) prior to the deposition. The AlOx layer was then formed by potentiostatic anodization in a 10
mM citric acid solution, which was prepared with ultrapure water (18 MQ cm). The Al gate electrodes
on the glass substrate as the working electrode (anode) and a Pt rod as the counter electrode were
immersed in the solution. Between the electrodes, anodization voltage of 14.5 V was applied until the
current was dropped to ca. 30 pA. It took ca. 3 min. in our experimental settings. After surface
activation with Oz-plasma (30 min at 18 W, 700 mTorr), the substrates were dipped into a 2 mM
solution of octadecylphosphonic acid (ODPA) or 1H,1H,2H,2H-heptadecafluorodecyl phosphonic
acid (FDPA) in isopropyl alcohol for more than 12 h to form the SAMs. Typical capacities of gate

dielectric layers were ca. 276 and 310 nF cm for the AIO/ODPA and AlO,/FDPA SAM, respectively.
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Procedure and configuration of the alumina and phosphonic acid SAM insulating film

(a)
Vacuum-evaporating Al Anodic oxidation was performed Soaking substrate in IPA solution of SAM
after O,-plasma treatment to form the alumina layer after O,-plasma treatment

\\.\ ’\‘\ el
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oA [
Glass substrate Glass substrate Glass substrate

Finally, gold was deposited
to form the source and drain electrodes

By spin-coating,
the active layer was formed

Organic layer
SAM
Alumina
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Figure S1. Procedure for the fabrication of AlOx/phosphonic acid SAM gate dielectric (a) and

photographs of the substrate with the gate electrode/gate dielectric and OTFTs (b).
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Bias stress test of the TFT on SiO» substrate
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Figure S3. Drain current of the TFT as a function of time during bias stress (a). Transfer

characteristics of the TFT measured before and after bias stress (b).

Stability tests of 2-EO-DNTT-based OTFTs on AlOx/phosphonic acid SAM gate dielectrics
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Chapter 4
Di-substituted branched-alkyl DNTT as p-type semiconductor for OPV

4-1  Introduction

Similar to OTFT devices, organic photovoltaic cells (OPV) are also the device expected to be
manufactured on a large area and at low coat by wet process.' Recently, the power conversion
efficiency (PCE) has exceeded 10%.>° The most studied and successful OPV system is composed of
conjugated polymers as the electron donor and fullerene derivatives as the acceptor, which is known
as polymer—fullerene bulk heterojunction (BHJ) solar cells.”

Small molecules with favorable optical and electronic properties have also been reported for use in
the BHJ devices.>®*> Especially, the n-type non-fullerene small molecules which can absorb long-
wavelength light are actively studied because fullerene derivatives have lots of drawbacks such as the
limited light absorption, instability in air, and typically higher production costs.'‘° On the other hand,
p-type polymers have some problems related to the reproducibility of their synthesis, purification, and
typically higher production costs than small molecules.***” Considering the practical use of OPV
devices, the material system that makes use of the advantages of non-fullerene and small molecule
would be an important topic.

For these reasons, | came up with an idea of applying soluble DNTT derivatives to p-type

semiconductor for OPVs, because DNTT core has excellent hole transporting capability and stability

(Figure 1).
o o.Dm%" " Can soluble DNTT derivatives be used
R it by, St in p-type BHJ OPV material?

S 2.EQ-DNTT

Figure 1. Schematic illustration of the concept of chapter 4.
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The OPV components and their arrangement depend on the device architecture. In the case of inverted
type (Figure 2a) used in this chapter, it consists of transparent substrate (glass), ITO electrode, electron
transporting layer (ZnOy), active layer (p/n-BHJ), hole transporting layer (MoOx) and Ag electrode.

The simple operating principle is described below (Figure 2b).*

(1) Sunlight is absorbed by the p/n-BHJ layer and exciton is generated. (Light absorption)

(2) The exciton diffuses and reaches the p/n interface. (Exciton diffusion)

(3) The exciton is separated into hole and electron. (Charge separation)

(4) The hole and electron reaches each electrode by drift or diffusion. (Charge transport)

(5) The hole is trapped in the electrode with large work function and electron is trapped in the electrode

with small work function. (Charge collection)

(a) ®)
¥ !

Glass substrate
ITO

Figure 2. Schematic illustration of OPV architecture based on inverted type (a) and photovoltaic

conversion mechanism (b).

84



For the evaluation of OPV, the current value is measured as a function of the bias voltage under
irradiation with simulated sunlight (100 mW/cm?). From the current density-voltage curve as shown
in Figure 3, open-circuit voltage (Voc), short-circuit current density (Jsc), and fill factor (FF) are

estimated and also energy conversion efficiency (PCE) is calculated using eq. 1.

5
o
E Vmax
< °T i
E
~ PCE = Voc X Jsc X FF eq. 1
2 5
2
5
E Jmax
£-10- ®
3 FF =
Jsc Tmax Vinax/JTe Voe - Figure 3. Typical J-V characteristics of OPV.
-15 —sc
02 0 02 04 06 08 1
Voltage / V

According to eg. 1, it is necessary to simultaneously improve three factors to achieve high PCE values.
Vo, as empirically expressed eq. 2, correlates with the energy gap between HOMO level of p-type
material and LUMO of n-type (Figure 4).2%?° Therefore, it is effective to develop material having low-

lying HOMO level for p-type or high-lying LUMO for n-type for achieving high Vo (> 1 V).

LUMO

1
Voc = E (lEHOMO,donorl - |ELUMO,acceptor|) —-03 €q. 2

norl

0,acceptor I

HOMO

Figure 4. Energy diagram of p-/n-type material interface.
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Jsc is expressed by eq. 3,42 where 4, e, h, ¢, EQE and S represent the wavelength of the irradiation
light, elementary charge, Planck’s constant, light velocity, external quantum efficiency and irradiation

light intensity, respectively.

Jsc = f {i—i x EQE(A) X S(A)} da eq.3
In order to improve Js, it is necessary to raise the EQE which is the product of the efficiency for each
elemental process shown in Figure 2a, as expressed by following eq. 4.
EQE(A) =14 Mep Ncs Ner Nee eq.4

Here, 14 ,Mep, Ncs »Ner and nee represent light absorption efficiency, exciton diffusion efficiency,
charge separation efficiency, charge transport efficiency and charge collection efficiency, respectively.
Therefore, it is effective to expand the absorption region, increase the mobility and optimize the
morphology.

Although FF is related to the resistance value of the device, carrier mobility, film morphology, etc.,
these factors interact with each other complicatedly.?®>?* Therefore, a reliable strategy for improving
FF has not been established yet.

Considering the above factors, | have planned to develop small molecular p-type materials with
optimum HOMO level to achieve high Vqc; with this approach, the parameter to tune is the HOMO
energy level, not related to film morphology that is difficult to control from the molecular design. Then,
Jsc and FF should be improved by further optimization of the molecular design.

In this chapter, | fabricated BHJ-OPV using soluble DNTT derivatives which are expected to show
high Vo because of their deep HOMO levels. Actually, unsubstituted DNTT worked as the p-type
material in hetero-junction (HJ) solar cells with Ceo fabricated by vapor-deposition, and the solar cell
was reported to give high Vo than the corresponding solar cell consisting of pentacene with much
high-lying HOMO level.?> My trial in this chapter is a kind feasibility study to confirm whether it is
possible or not to achieve high V¢ with the DNTT-based donor materials and to get insights into further

molecular design strategy for novel small-molecule donor material.
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4-2  Results and discussion

First of all, | fabricated BHJ OPV using 2-EO-DNTT and PCs1BM to confirm whether it worked as
a solar cell. For the device architecture, inverted type was applied, and the active layer was formed by
spin-coating from a hot chloroform solution with p:n = 1:1 and concentration of 3 g/ L. As a result,
the OPV of 2-EO-DNTT and PCes1BM did not work as a solar cell (Figure 5). The reasons for this
unsuccessful results can be explained by the fact that 2-EO-DNTT has high crystallinity and low
solubility, which makes the films non-uniform, resulting in the short-circuiting between the abode and

cathode electrodes.

50

Current density / mA cm-2
0
o o

N
o
?

-150 T T T T T T
02 0 02 04 06 08 1 12
Voltage / V

Figure 5. J-V characteristics of 2-EO-DNTT/PCe1BM mixed film.

Then, I employed 2,9-BEO-DNTT, the disubstituted DNTT derivative reported in Chapter 2. Because
2,9-BEO-DNTT has good solubility, the thin film with low crystallinity can be obtained and has deep
IP value of 5.5 eV, although the mobility is not so high (ca. 10°° cm?/Vs).?® When the OPVs were
fabricated by spin-coating from a hot chloroform solution with p:n = 1:1 and the concentrations of 3,
6,9, 12 or 15 g/ L, they worked as a solar cell under the condition with 9 g/ L or higher (Table 1). As
expected, the Voc was higher than 1 V and also the FF was relatively good as 0.58 at the maximum. Jsc
was, however, very low as 1.65 mA cm at the maximum, and hence the PCE was 0.91% at the

maximum (Figure 6a).
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Table 1. Characteristics of OPV based on 2,9-BEO-DNTT and PCe1BM.

Concentration /gL~ Vo !V JSC/mAcm_2 FF PCE/%  Ave. film thickness / nm

3 No OPV characteristics Difficult to measure
6 0.54 0.76 0.39 0.16 60
9 0.90 1.01 0.44 0.40 104
12 1.01 1.40 0.58 0.82 221
15 1.01 1.65 0.55 0.91 226

The results in the table were extracted from several OPV devices.

50
(a) (b)
(C) — 2,9 BEO-DNTT
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5 £
= -1 g
_'_5_ = 30 g
= 2 - L
5 ;
T, Jgo=1.65mAcm2 w204 5
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3 Ll FF =0.55 104 <
PCE=0.91%
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Figure 6. J-V curve (a) and EQE spectra (b) of 2,9-BEO-DNTT/PCs1BM OPV. UV-vis absorption

spectra of 2,9-BEO-DNTT, PCe1BM and mixed thin film (c).

As one reason for low Js, the absorption spectra of 2,9-BEO-DNTT and PCesBM are limited in
relatively short wavelength region (~ 500 nm) and not complementary, and thus they cannot absorb
sunlight sufficiently (Figure 6b, c). Furthermore, even in the absorbing region, the EQE is about 20%
at the maximum, which is considered that there are some problems in exciton diffusion or charge
transport (Figure 6b). In order to improve the EQE, optimization of the p/n ratio was attempted, but it

was not so effective (Table 2, Figure 7).

88



Table 2. Characteristics of OPV based on 2,9-BEO-DNTT and PCes1BM with different p/n ratio.

piratio Vo /V J_/mAcm’ FF PCE/% Ave.film thickness /nm

2:1 1.03 1.05 0.45 0.48 256
15:1 1.00 1.66 0.48 0.81 188
1:1 1.00 1.44 0.55 0.79 217
1:15 1.02 1.05 0.64 0.69 166
1:2 1.01 0.83 0.61 0.51 170

The results in the table were extracted from several OPV devices.

(a) 1 (b) 50
o 0+ 20
£
o
< -14
E < 304
é‘ 2] -~
2 &
3 Jsg = 1.05 mA cm-2 w20
€ -3
g Voc =1.02V
3 ] FF = 0.64 101
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Figure 7. J-V curve (a) and EQE spectra (b) of 2,9-BEO-DNTT/PCe:BM OPV with p/n ratio of 1:1.5.

Since the Vo as high as 1V is quite appealing, | then tried to improve Jsc by changing the n-type
materials to realize complementary light absorption in the whole visible region. So, | searched for
suitable n-type material having optical absorption spectrum and molecular energy level suitable to 2,9-
BEO-DNTT, which are two key factors for realizing the efficient light harvesting and generation of
free charges. As shown in Figure 8, PNDTI-BTz is considered to be suitable for both light absorption

and molecular energy level.?’
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Figure 8. Chemical structure of PNDTI-BTz (a), molecular energy diagrams of PNDTI-BTz and 2,9-

BEO-DNTT (b), UV-vis absorption spectra of PNDTI-BTz and 2,9-BEO-DNTT thin film (c).

As a result, Voc was 0.88 V at maximum, which was a reasonable value expected from the molecular
energy levels. However, Jsc was quiet low, ca. 0.3 mA/cm?, and EQE was also very low, ca. 3% at the
maximum (Table 3, Figure 9). Judging from the onset and shape of EQE spectrum, it can be seen that
both 2,9-BEO-DNTT and PNDTI-BTz contribute to photocurrent generation, but very low EQE
implies that the system has problems in exciton diffusion or charge transport, similar to the 2,9-BEO-

DNTT/PCe1BM system.

Table 3. Characteristics of OPV based on 2,9-BEO-DNTT with PNDTI-BTz.

Rotation speed / rpm V. /V JSC/mAcm'2 FF  PCE/% Ave. film thickness / nm

500 0.67 0.32 0.39 0.08 119
1000 0.39 0.30 0.43 0.05 145
1500 0.88 0.29 0.43 0.11 128
2000 0.87 0.25 0.42 0.09 106

The results in the table were extracted from several OPV devices.
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Figure 9. J-V curve (a) and EQE spectra (b) of 2,9-BEO-DNTT/PNDTI-BTz BHJ OPV.

As one of the reasons for this poor nature of the DNTT-based p-type materials for OPV devices, |
should point out that DNTT derivatives have a planar molecular core optimized for OTFT,?® which is
not suitable for transporting carriers in the vertical direction. In fact, Rajaram et al. reported solar cells
with n-type materials based on perylene diimide (PDI), which is one of most widely studied n-type
semiconductors for OFET applications. When the planar PDI derivatives with high crystallinity was
used, Jsc was very low, whereas twisted PDI dimer with low crystallinity gave higher Js.?° This
approach, i.e., deformation of the planar structure of DNTT and related materials is expected to
improve the transport properties in the vertical direction in OPV devices, which will be an interesting
strategy for novel small molecular p-type OPV materials.

With this molecular design guideline, I invented a molecule as shown in Figure 10a. By using 9,9'-
spirobi[9H-fluorene] (SF) core, the planarity of the molecule as a whole can be easily destroyed.*° The
reasons for choosing [1]benzothieno[3,2-b][1]benzothiophene (BTBT) instead of DNTT were
following; BTBT is easily accessible and is mono-brominated,* and has higher solubility and deeper
HOMO level.*? In fact, the target molecule called SF-BTBT, has HOMO and LUMO levels of ca. —

5.2 and —1.6 eV, respectively, according to the DFT calculations (Figure 10b, c).
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Figure 10. Chemical structure of invented molecule (a) and optimized structure and HOMO (b) and

LUMO (c) orbital by DFT calculation. DFT calculation is carried out using the B3LYP functional

and 6-31G** basis set.

As trial experiments, | synthesized SF-BTBT4 from 2,2',7,7'-tetrakis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9,9'-spirobi[fluorene] (1) using palladium-catalyzed Suzuki-Miyaura cross
coupling reaction as shown in Scheme 1. Unexpectedly, SF-BTBTs was found to be soluble in
chloroform, even though any alkyl group is not introduced.®* SF-BTBT} is expected to be an interesting

archetypical material as small-molecule p-type material for OPV by wet process.

S
Br O 7 O
PdCly(dppf) CH,Cly

K3PO4 aq.
B —
toluene

THF

1 120 °C, 12h SF-BTBT4

Scheme 1. Synthesis of SF-BTBT4 by Suzuki-Miyaura cross coupling reaction.
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4-3  Conclusion of chapter 4

The feasibility study was conducted by using soluble DNTTs to fabricate BHJ OPV by spin-coating,
expecting high Voc (> 1 V). As aresult, 2-EO-DNTT which is mono-substituted DNTT derivative, was
unable to form a homogeneous film due to its low solubility and high crystallinity, and the thin films
did not work as the active layer in the solar cells. On the other hand, 2,9-BEO-DNTT, di-substituted
DNTT derivative, was able to form a homogeneous film and work as the active layer affording OPVs
with high V (ca. 1 V), when PCe1BM was used as n-type semiconductor. FF was also higher than 0.6,
which is moderate value for OPVs reported so far. However, Jsc was very low, 1.65 mA/cm? at the
maximum, so the PCE was as low as 0.91% at the maximum. In the case of the cells with PNDTI-BTz,
a narrow-bandgap n-type polymer that affords complementary light-absorption, Jsc was not improved.
Although 2,9-BEO-DNTT afforded high Vo in the solar cells, this molecule may have problems of
exciton diffusion or charge transport. For future molecular design guidelines for novel small molecular
p-type OPV materials, to break the planarity of molecules would be the key, and based on this idea, a
synthetic demonstration was made; SF-BTBT4 with non-planar molecular structure with four BTBT
electron donor units was synthesized. Because of the limitation of time, | cannot fabricate SF-BTBTs-
based OPV devices. However, its relatively high solubility, which was an unexpected outcome from
actual synthetic trials, should be the positive implication for the future success of this kind of molecules

for OPV applications.
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4-4  Experimental section, supporting data and references

Fabrication and characterization of OPVs.

ITO substrates were pre-cleaned sequentially by sonicating in a detergent bath, de-ionized water,
acetone, and IPA at rt, and in a boiled IPA bath, each for 10 min. Then, the substrates were subjected
to UV/ozone treatment at rt for 20 min. The pre-cleaned ITO substrates (masked at the electrical
contacts by Kapton tape) were coated with ZnO precursor by spin-coating (5000 rpm, 30 s, 80 pL) a
precursor solution prepared by zinc acetate dihydrate (275 mg) and ethanolamine (0.078 mL) in 2.5
mL of 2-methoxyethanol stirring for 3 h. They were then baked in air at 170 °C for 30 min, then
sonicating in acetone and IPA, and in a boiled IPA bath, each for 10 min.

The active layer was deposited in a glove box by spin-coating hot chloroform solution containing
2,9-BEO-DNTT and PCs1BM or PNDTI-BTz for 30 s. The thin films were transferred into a vacuum
evaporator connected to the glove box, and MoOx (7.5 nm) and Ag (100 nm) were deposited
sequentially through a shadow mask by thermal evaporation under ~10~° Pa, where the active area of
the cells was 0.16 cm?,

J-V characteristics of the cells were measured with a Keithley 2400 source measure unit in nitrogen
atmosphere under 1 Sun (AM1.5G) conditions using a solar simulator (SAN-EI Electric, XES-40S1,
1000 W m~). The light intensity for the J-V measurements was calibrated with a reference PV cell
(Konica Minolta AK-100 certified by the National Institute of Advanced Industrial Science and
Technology, Japan). EQE spectra were measured with a Spectral Response Measuring System (Soma
Optics, Ltd., S-9241). The thickness of the active layer was measured with an AlphaStep® D-100

surface profiler (KLA Tencor).
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Synthesis
2,2',7,7'-tetrakis(benzo[b]benzo[4,5]thieno[2,3-d]thiophen-2-ylI)-9,9'-spirobi[fluorene] (SF-BTBT.)

Chemical Formula: CgqH40Sg
Molecular Weight: 1269.7043
m/z: 1268.0896 (100.0%), 1269.0929 (87.6%),
1270.0963 (37.9%), 1270.0854 (36.2%),
1271.0887 (31.7%),

2-bromo BTBT (31 mg, 0.096 mmol), PdCl2(dppf) CH2Cl> (1.0 mg, 0.0012 mmol) and 1M K3PO4
ag. (0.14 mL, 0.14 mmol) were added to toluene (2.5 mL) and THF (1.5 mL) mixed solution of 1 (10
mg, 0.12 mmol). After Ar bubbling for 3 min, the mixture was stirred for 12 h at 120 °C under the Ar.
Then, the mixture was cooled to r.t. and added to a large amount of methanol. The resulting precipitate
was collected by filtration and was washed with water, methanol and ethyl acetate to give crude SF-
BTBT4 (5 mg, 33%) as powder.

FD-MS m/z = 1268 [M*]; HR-MS (FD) Calcd for CaiHaoSs [M*]: 1268.0896, found: 1268.0836.
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Chapter 5

Concluding remarks

This doctoral thesis entitled “Development of Soluble DNTT Derivatives and Application to Organic
Devices” describes the development of soluble OTFT and OPV materials using DNTT core by organic
synthesis, device fabrication and evaluation in series. As mentioned in Chapter 1, the performances
required for materials in the wet processed OTFTs are; (1) High mobility, (2) Good coating suitability,
(3) Good stability, (4) Low-voltage drivability, and (5) Good circuit design suitability. All these
requirements must be achieved simultaneously to produce commercial devices by wet process.

In Chapter 2, I tried to solubilize DNTT by introducing branched alkyl groups. Then I confirmed that
di-substituted branched alkyl DNTT derivatives only showed poor OTFT characteristics because of
their poor crystalline order in the thin films, although they have high solubility. On the other hand,
mono-substituted branched alkyl DNTT derivatives did not lower solubility considerably and yielded
good OTFT characteristics with the mobilities of up to 0.5 cm? V! s by spin-coating thanks to their
high crystalline order in the thin films. | also studied the correlation between different branching
positions in the branched alkyl group and the OTFT characteristics. As a result, the different branching
positions gave slight differences in solubility and melting point due to odd-even effect, but do not
significantly affect the OTFT characteristics. From these results, | can conclude that this simple design
strategy as the introduction of one branched alkyl group on a largely n-extended thienoacene core is a
promising strategy for the development of wet-processable organic semiconductors. In addition, |

selected 2-EO-DNTT as the most promising DNTT derivative for a wet-processable material.
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In Chapter 3, with 2-EO-DNTT selected in Chapter 2, optimization of spin-coating conditions to
achieve better device performances were discussed. In addition, | tested device stabilities
(environmental, electrical, and thermal stabilities), and low-voltage operations. As a result, 2-EO-
DNTT-based devices can show the mobility of up to 2.6 cm? V! s by optimizing the spin-coating
manners and solvents. In addition, OTFT of 2-EO-DNTT had similar environmental, electrical and
thermal stability to those of OTFTs based on parent DNTT. Furthermore, OTFT of 2-EO-DNTT
fabricated on the AlOx and phosphonic acid SAM insulating film can be operated at low-voltage (<-3
V) and showed mobilities higher than 1 cm? V! s at -3 V. From these results, | can say that 2-EO-
DNTT is a wet-processable material that is comparable to the vacuum-processable parent DNTT in
terms of high mobility, good stability and low-voltage drivability.

In Chapter 4, as a feasibility study, | attempted to apply soluble DNTT derivatives into p-type OPV
semiconductor. To demonstrate the possibilities and issues of small molecular p-type OPV
semiconductor, | focused on a deep HOMO level of DNRR derivatives, which can realize high Vo in
OPV devices. The best result was obtained from 2,9-BEO-DNTT, which is di-substituted branched
alkyl DNTT derivative as shown in Chapter 2; OPVs combined with PC¢:BM showed high Vo (ca. 1
V), though the Jsc (1.65 mA/cm? at the maximum) and PCE were very low (0.91%) at the maximum.
The poor characteristics in Jsc and PCE can be ascribed to problems associated with exciton diffusion
and/or charge transport. To solve this problems, it is necessary to change the molecular design for
improving vertical carrier transport. For future developments, | designed and synthesized one

candidate molecule.
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As mentioned in the general introduction of Chapter 1, organic electronics is an interdisciplinary area
that incorporates chemistry (material), physics (device), engineering (process), etc., and there are
various obstacles to achieve practical use. In order to accelerate the research on organic electronics, it
is important to simultaneously study materials, devices and processes as much as possible. Furthermore,
it is also important to find a universal concept such as effective synthesis method, molecular design
guideline and physical principle, etc.

In this doctor thesis, | presented molecular design guideline of introducing one branched alkyl group
to solubilize DNTT and high mobilities in wet process by deepening my comprehension of spin-
coating. Additionally, by applying soluble DNTT derivatives to OPV devices, it was found that high
Voc Was achieved, which would be a useful knowledge for future development of small molecular p-
type OPV materials. Further improvements of the device characteristics are required for
industrialization, so we have to progress material design, synthesis, device fabrication and evaluation.

I hope this thesis will contribute to industrialization of organic electronics in the near future.
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