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Preface 

It was even before beginning of the author’s very first year of the undergraduate course at 

Kyoto University that he decided to be supervised by Prof. Shunsaku Kimura. He had 

already decided to do a research on organic semiconductors for electronic and optical 

devices, because he was deeply impressed by researches on conducting polymers, which led 

to a Nobel Prize winning accomplishment by Prof. Hideki Shirakawa and his colleagues. 

The author was certain that such organic compounds could suggest new solutions for 

computing devices. Prof. Kimura’s ambition was just on the line, but even more challenging 

and exciting: he was trying to apply biomaterials, especially helical peptides (HPs), to build 

up optical and electronic devices. Four years later, the author was in Prof. Kimura’s office 

selecting his research theme with other students. No hesitation was there to decide to pick 

up the theme for this dissertation. The following contents are accomplishments with the 

author’s firm determination to acquire a Ph. D degree with this theme under Prof. Kimura’s 

supervising. 

All of the researches in this dissertation have a common starting point: conjugate 

oligo(phenyleneethynylene) (OPEs) and HPs to obtain molecules of novel characters. It 

seems unwise to confine limited building blocks. In addition, the two compounds have been 

studied well for decades. Such confinement is, however, turned out to be effective in 

finding a way to exploit OPEs and HPs. The following descriptions show that there are still 

some new features in these well-studied compounds. The author finally found that HPs can 

tune the properties of OPEs in unique ways. This dissertation will tell the readers that 

discovery of a new functional molecule is not always equal to seeking new molecular 

skeletons or way of substitutions, but it can be just trying new combination of well-known 



Preface vi 

functional structures. 

The dissertation also deals with synthetic schemes of the OPE-HP conjugates as well 

as the properties of the conjugates. The schemes have been optimized over countless 

number of trials. These will be helpful for those who challenge synthesizing complex 

compounds based on HPs and OPEs. 

The contents of each chapter are nearly identical to corresponding articles. The 

introduction of each chapter is revised so that development of the author’s research can be 

easily followed by the readers. 

The author cited a considerable amount of articles on OPEs and HPs in General 

Introduction. They are chronologically introduced so that the development of the researches 

becomes clear to the readers. The author hopes General Introduction as well as each of the 

chapters will help the readers in locating the historical position of the dissertation and 

inspire them with their own researches. 
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General Introduction 

Learning molecular designing from creatures 

Better materials make our physical life easier. This has been true since human beings began 

creation of tools. Iron enabled our ancestors to construct a society of far higher productivity 

than ever before. Papers drastically raised both quality and quantity of our knowledge. 

Synthetic fibers and resins have made our lives much more comfortable. Science and 

technology on materials are thus essential to maintain and improve our civilization. 

Organic materials are currently among of the most promising materials. As well as 

further progress of traditional organic materials such as polymers, the application range of 

organic materials is expanding to the area where inorganic materials have exclusively 

dominated. This is observed as a rapid development of semiconductors and biomedical 

materials based on organic materials. One reason for such expansion is our requirement for 

more energy efficient and environmentally benign products. Organic semiconductor devices 

are thought to consume less power than inorganic ones and can be free from harmful 

inorganic elements. Organic medical materials can be highly biocompatible since our body 

is mainly organic. Another reason is splendid development on organic synthesis in the last 

century, which followed the year of development of the Grignard reagents.1 Inventors of the 

Diels-Alder reaction,2–4 the Ziegler-Natta catalyst,5–7 hydroboration,8,9 the Wittig 

reaction,10–12 solid state synthesis,13,14 the concept of retrosynthesis,15–17 asymmetric 

catalysts,18–22 olefin metathesis,23–25 and cross coupling reactions26–28 are laureates of the 

Nobel prize.  

To secure the development of organic materials, a plenty of strategies in molecular 

designing have been iinvented. However, no matter what reactions we take, we have used 
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only three strategies to design organic molecules. Creation of novel skeletons is one of them. 

Alternation of atomic arrangements can drastically change properties of a compound.29 A 

famous example is fullerene.30–32 Even though it is composed only of carbon and hydrogen, 

the topology distinguishes it from that of other π-conjugate compounds. Fullerene 

derivatives are now gathering great attention as stable electron-acceptors in organic 

electronics33,34 and photovoltaic cells,35–38 and carriers of small atoms, molecules, or ions.39 

The second strategy is substitution. It has been the first choice for chemist to select 

substituents to obtain compounds of desired solubility, reactivity, or electronic state. 

Systematic analysis of electronic effect of substituents has thus been one of the main 

concerns in organic chemistry since Hammett firstly reported the relationship of 

substituents and reactivity in aromatic compounds in 1935.40–42 Not only substituting a 

hydrogen with a functional group but also a carbon with a heteroatom is frequently adopted. 

The third one is combination of two or more skeletons. Many kinds of copolymers have 

been synthesized since their properties are different from that of the mixtures of polymers 

composed of corresponding monomers. Molecular devices and machines, a recent trend in 

organic functional materials, are mostly made of several skeletons each of which has a 

specific role.43 

Then, a question would arise: is there another way for molecular designing? To have 

an answer, it is wise to be aware that not only has human intelligence been in quest of better 

organic materials, but also creatures have also continuously been searching for them. After 

billions of years of evolution, creatures acquired materials which support the state-of-the-art 

mechanisms to maintain their lives. Their strategies on molecular design include ours: 

diversity of skeletons are used for vitamins; more than twenty groups exist as substituents 

on the α-carbon of amino acids; and biopolymers such as polysaccharides and DNAs 

containing several types of skeletons as monomer units. 
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Another strategy do creatures adopt to design molecules: alignment of relatively rigid 

secondary structures. Proteins are good examples.44 Diversity and relative rigidness in 

three-dimensional structures are characteristics of proteins. Muscles, skins, enzymes, ion 

channels, and other countless numbers of body parts consist of them. Tens of thousands of 

protein structures have been determined up to date.45 The basic structures to construct 

proteins are, however, highly limited: helices, sheets and loops. Diversity in spatial 

alignment of the basic structures emerges diversity in structure and function of proteins. 

Helices and sheets are potentially multifunctional, and it is their positions in a protein that 

determines which function should be expressed. 

It is the author’s objective to demonstrate the effectiveness of this strategy, a rarely 

adopted way in artificial molecular designing, on fabricating diverse functional molecules. 

This strategy enables fabrication of a wide range of functional molecules from limited 

numbers of simple secondary structures. Not do skeletons and substituents dominate the 

cardinal functions in this strategy. They just give variations to functions. It is some of 

intrinsic functions of the basic structures expressed according to the alignment of the 

structures that determine the nature of the compound. In other words, several compounds of 

highly different properties can be prepared just by alternating the relative positions of the 

structural components. This strategy is thus advantageous against the other strategies. 

In this dissertation, HPs and OPEs are adopted as basic structures for creation of 

diverse noble organic optical and electronical materials. This choice has three reasons. 

Firstly, both compounds take clear and simple structures: a helix structure for a HP and a 

rod structure for a OPE. Secondly, the synthesis methods on the both compounds are well 

established: liquid-phase and solid-phase synthesis for peptides and Sonogashira cross 

coupling for OPEs. Thirdly, they have several functional characters. For HPs, those are 

dipole, chirality, and self-assembling ability. For OPEs, those are optical and electronic 
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characters originated from semiconductor-like electronic structure. Details will be discussed 

in the following two sections. 

Helical peptides 

History. HPs have gathered attentions from molecular biologists and chemists since 

suggestion of 310-helical structure by Taylor46 and by Huggins47 in 1940s and the structure 

of an α-helix was determined by Pauling et al. in 1951.48 The main interests of molecular 

biologists are location of the HPs in a protein and their functions.49,50 Countless of protein 

crystals are analyzed by X-rays and NMR. One of the greatest achievements using this 

approach is the discovery on the mechanism of ion selectivity in potassium ion channels by 

R. MacKinnon.51–53 The core of the channel is found to be consisted of several helices. 

Rigid-rod structure of helix is indispensable for building up a channel and aligning carbonyl 

oxygens at a specific point to select potassium ions. Studies on interaction of HPs with cell 

membrane have been another great interest.54–57 Helical structure is suitable to pierce a lipid 

bilayer membrane. 

Chemists have focused on finding out how and why some peptides form a certain helix 

(310-, α-, or π-helix).58,59 Relationship between 310-helix and α-helix is especially of high 

importance.60 310-helix is less stable than α-helix but the two helices shares most of their 

regions in the Ramachandran map. It is thus suggested that 310-helix is an intermediate in 

α-helix folding.61–63 One of the trends in the study is using Aib in the sequences since Aib 

can promote a helical structure due to steric interactions involving the two methyl groups on 

the α-carbon. Karle et al.,64–66 Toniolo et al.,67,68 and Kimura et al.69 have synthesized Aib 

containing oligopeptides to determine the condition of transition of helices from 310- to 

α-helical structure. Recent study by Toniolo et al. showed a homo-peptide of (αMe)Val 

makes a reversible 310-/α-helix transition.70 
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Some chemists are ambitious for fabricating well stabilized HPs from short peptides. 

One of the tactics is introducing intra-bridges over side chains. The bridges can be a salt 

bridge,71 an ionic bond,72 a disulfide bond,73 a hydrogen bond,74,75 and a covalent bond.76–80 

Secondary interactions such as aromatic–aromatic interactions,81 cation-π interactions,82,83 

hydrophobic interactions84,85 are also utilized. Another strategy presented by Arora et al. is 

replacing one of the intramolecular hydrogen bonds in α-helix with a covalent bond (named 

hydrogen bond surrogate or HBS helices).86,87 Fujita et al. applied their technique of 

coordination chemistry to construct a hydrophobic cavity which induce α-helix to a short 

peptide having two hydrophobic residues.88–91 

These stabilized helices can be used to fundamental research and control of the gene 

expression. Verdine et al. demonstrated upregulation of p53 expression and activation of the 

apoprotic siglnal92 and repression of Notch-mediated93 gene expression with adequately 

designed helices stabilized by olefin methathesis reaction between side chains. Arora et al. 

succeeded in synthesizing a HBS helix that has strong affinity to Bci-xL.94 Recently, they 

designed HBS helices which inhibit gp41-mediated cell fusion95 and transcription of 

hypoxia inducible genes in cell culture,96 respectively. 

Dipole. One of the earliest reviews on the nature of the helix dipole was reported by A. 

Wada in 1976.97 W. G. J. Hol elucidated that the electric field generated from the dipole of 

a HP has three important contributions to protein functions.98–100 He introduced three 

instances in his paper for Nature in 1978.98 The first point is on bindings. Negatively 

charged groups interact favorably with the helix field and bind at the N-terminus of a HP. 

The second point is on attraction. He pointed out that a long-range attraction of charged 

substrates is possible especially by proteins which contain several helices running parallel to 

each other. The third point is on reaction rate. The helix field affects the transfer of protons 

away from side chains at the N-terminus of a helix. The effect of dipole on photosynthesis 
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was also discussed.99 

Even though such important roles of the dipole in HPs have been widely 

acknowledged for decades, little researches are there on positively utilizing the dipole of 

HPs to fabricate functional materials and molecules. In contrast, molecular dipole has 

gathered great attention in the field of organic a NLO materials based on π-conjugate 

chemistry since 1980s.101 Aligning π-conjugate molecules of large dipole, which has large 

hyperpolarizability, in the same orientation is essential to obtain NLO effect, but this 

alignment is generally unfavorable since dipole–dipole (D–D) interaction forces two dipoles 

to be antiparallel. Würthner et al. recognized that this character can be applied to a great 

resource for supramolecular chemistry.102,103 They demonstrated supramolecular 

polymerization and hierarchical self-organization using dipolar merocyanine dye 

assemblies.104,105 

Inspired by such prevalence in proteins and motivated by novelty in artificial 

compounds, the author set his mind on utilizing the dipole of HPs. Two ways on exploiting 

dipole can be suggested. One is D–D interaction. The author puts emphasis on difference of 

D–D interaction from a simple electrostatic interaction, which just attracts or expels charged 

matters. A molecule utilizing the dipole of HPs has already been proposed.106 The molecule 

named Tri9 is consisted of three HPs of nonamer. Each HP is connected to a benzene ring 

at the side chain of the central residue Lys via amide bond. This structure forces the three 

helices to be on the same plane due to D–D interaction both in solution and on substrate. 

The other is an electric field. A HP can be utilized as a nano-electric field generator. 

This electric field can modulate the electronic structure of a π-conjugate compound when 

the helix is closely bonded to it (see the next section for details). 

Chirality. Chirality, one of the main goals for chemists to manipulate, is another character 

of HPs. Owing to successful asymmetric synthetic procedures, polymers, oligomers, and 
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supramolecules of chiral structures are now easily accessible. Its applicability for functional 

materials is well proved by biomaterials such as DNAs and polypeptides. Countless number 

of artificial helical polymers/oligomers of high functionality have been reported so far.107 

Some of the helical compounds even show dynamic inversion in response to environmental 

stimuli such as solvents108–110 and temperature.111–113 

Compared with these carefully designed helices, two advantages of HPs can be pointed 

out. One is an established relationship between chirality of monomer and helix sense. Some 

of helical structures, including homopolymer of asparatic acid, show inversion in helix 

sense. Such a character may be attractive, but be cautious about enantiopurity. Most of HPs 

take right-handed sense when they are consisted of amino acid of L-form, and left-handed 

sense when D-form. This well proved facts are a solid base for constructing a chiral 

structure. The second point is that even short peptides can fold themselves to take a 

relatively stable helical structure. Most of helical structures are designed to be polymeric, 

and their structural stabilities are out of knowledge when they are oligomers. Thus, HPs is 

more secure to be used for short chiral building blocks for complicated functional molecules 

and for supramolecules. 

This dissertation tries fabricating chiral π-conjugate molecules using the chirality of a 

HP. Attention toward chiral π-conjugate molecules is now increasing because it can directly 

emit and absorb a light of circular polarization. Circularly polarized light is otherwise 

generated by transmitting linearly polarized light though a 4/λ filter or reflecting 

non-polarized light from a cholesteric liquid crystal, which both greatly reduces original 

light intensity. 

Self-assembly. Self-assembling ability of HPs is also a highly attractive feature. Two 

functional structures can be fabricated using this ability: one is molecular assemblies such 

as colloids, vesicles, and tubes, and the other is SAMs. 
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Molecular assemblies have recently gathering attentions as a smart carrier of drugs and 

imaging substances.114,115 Peptides are one of the most adopted building blocks because 

peptides can be both hydrophobic and hydrophilic, and biocompatible.116,117 HPs are not 

common as a building block for amphiphilic copolymer since intermolecular hydrogen bond 

found in β-sheet seems attractive for building up molecular assemblies. Recent studies, 

however, show that the morphology of molecular assembly prepared from hydrophobic 

HP–polysarcosine amphiphilic polymers can be precisely controlled by preparation 

temperature and mixing ratio of right-handed HP polymer and left-handed HP 

polymer.118–122 This is one of successful ways of utilizing multiple aspects of HPs in an 

integrated way.  

In this dissertation, however, SAMs are chosen as a target to utilize the self-assembly 

nature of HPs. This is because fundamental studies and applications for organic molecular 

optical and electronic devices using SAMs have been well established. One of the 

characters of SAMs is that they are essentially a nanostructure: fabrication of a SAM is a 

bottom-up method using organic molecules, which means it usually requires several 

nanometers in thickness and several square nanometers in area at least. Another advantage 

is that they can be stably formed through covalent bonds on various surfaces such as 

metals,123 metal oxides, silica, and ITO substrates by changing the linker moiety. This 

promises a wide range of applications such as organic/molecular memories,124–126 

opto-electronic devices,127–129 and sensors for biomolecules130 (biochips). 

SAMs of HPs have been studied well. The first phase of the study on HP-SAMs was 

developing procedures to fabricate a well oriented layer. The oldest examples of HP 

monolayers were presented by Whitesell et al.131,132 They have synthesized α-helices 

directly on a gold surface by using amino acid N-carboxyanhydride, whose polymerization 

was initiated by amino groups immobilized on the gold substrate. The orientation of the 
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HPs was, however, found to be random. To overcome this problem, Kimura et al adopted 

HPs of (Ala-Aib)n sequence since they discovered that these HPs form a well packed 

monolayer at air/water interfaces as a result of self-assembly.133–135 They found that 

oriented HP-SAM of (Ala-Aib)n can be prepared on gold using interaction between 

ammonium ion and 18-crown-6,136 electrostatic interaction between ammonium ion and 

carboxylate,137 and automatically forming covalent bond between gold and sulfur.138 One of 

characteristic features of HP-SAMs is that the tilt angle of the HPs in the SAM can be easily 

determined by IR-RAS measurements.138,139 This provides us solid bases for discussion on 

the structure of HP-SAMs. 

In the next phase, the interest split to fundamental and applicational aspects. Typical 

fundamental researches were revealing electron transfer/transport mechanism through HPs. 

Regarding a gold substrate on which SAMs form as an electrode, electron transfer rate and 

conductivity of various compounds including alkyl chains,140–148 and π-conjugate 

oligomers149–152 have been determined. In a typical procedure for electron transfer over 

organic molecules, is analyzing redox-active SAMs on an electrode with electrochemical 

methods.153 In electron transport experiments, conductance of single or several molecules is 

determined by STM or conductive AFM on SAMs,154 and STM break junction.155 From the 

experiments for alkanethiol and π-conjugate oligomers, the electron transfer/transport was 

interpreted on the basis of the electron tunneling mechanism. The same measurements for 

HPs, however, proposed a controversy:156 some concluded that the electron transfer is based 

on the electron tunneling mechanism just as alkanethiol and π-conjugate oligomers, others 

on the electron hopping mechanism as DNAs.157 Recent studies on (Ala-Aib)n-Fc, where n 

= 4–40, revealed that both mechanisms are responsible when n = 8 and 16, and the hopping 

mechanism becomes prominent when n > 24.158–160 Conductance measurements at a single 

molecule level have also been carried out. The conductance of HPs is found out to be larger 
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than alkanethiols but smaller than π-conjugate molecules.161–163  

In application of HP-SAMs, dipole, easiness of functionalization, and stability of 

helical structure were utilized as well as self-assembling behavior. An electron transfer 

study of HP-SAMs revealed that the dipole of HP positively influence on the electron 

transfer rate.164 Motivated by this finding, a HP-SAM acting as a photodiode of switchable 

photocurrent direction was fabricated.165 HPs have also been utilized as a scaffold to align 

functional groups in SAMs.166–168 HPs having naphthyl units at every three residues of its 

sequence were fabricated. The naphthyl groups linearly align along a helix since the peptide 

sequence was designed to take 310-helix structure. Enhanced photocurrent generation by the 

electron hopping through the naphthyl groups was clearly observed in the SAMs. The 

photoresponsive SAM was prepared from a compound where two HPs were connected with 

an azobenzene moiety.169,170 Due to photosensitive behavior of the azobenzene unit and 

rigidity of HPs, the structure of the SAMs can be repeatedly switched by light irradiation. 

In this dissertation the author tried to construct SAMs of some HP-OPE conjugates 

owing the comprehension on characterization and application of HP-SAMs described above. 

Molecules in a SAM are surrounded in different environments and take a different 

conformation from that in solution. It is thus studies of SAMs can be a good way to 

discover new aspects of a conjugate of OPEs and HPs. 

Oligo(phenyleneethynylene)s 

Overview. OPEs are among the most frequently utilized π-conjugate compounds for nano 

electronic material or optical material. Two reasons are there for merits of using OPEs. One 

is synthetic easiness and flexibility in molecular design. OPEs are easily prepared by the 

Sonogashira cross coupling reaction. Desired OPE derivatives are prepared just by selecting 

appropriate substituted benzenes as the building blocks. The other is their simple linear 
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rigid-rod structure. This feature is essential for building blocks for nano devices because it 

enables precise design of the devices. 

Even though they have rigidness, OPEs have structural arbitrary: the benzene rings 

rotate almost freely. In dilute solutions, the rotation barrier of benzene ring is about 1 kcal 

mol−1. 171–173 It is therefore a convolution of each property of multiple conformations that 

what we normally observe in spectroscopy. This makes the compound unique and inspires 

physical chemists to come up with some elegant experiments to determine the 

conformation–property relationship. 

In the following two sections, development of OPE studies are briefly reviewed. The 

first section focuses on researches using OPEs as a nano electronic material. OPEs have 

significantly contributed both to fundamental studies on metal–molecule–metal junctions 

and to the development of molecular electronics. The second section reviews researches on 

optical properties of OPEs. Answering how multiconformer nature of OPEs contributes to 

the spectra has been the main topic. Studies for application of OPEs using their high 

fluorescence quantum yield are also introduced. 

Nano Electronic Material. Organic electronic materials have been made of π-conjugate 

polymers since discovery of high conductivity in doped polyacetylenes. 

Poly(phenyleneethynylenes) (PPEs) are, however, not widely acknowledged as a candidate 

of electronic materials. It is derivatives of poly(p-phenylenevinylenes) (PPVs) and 

polythiophenes (PTs) that are traditionally utilized in organic semiconductors174 and 

opto-electronic devices such as LEDs175 and photovoltaic devices.176–178 Although various 

PPEs have been synthesized and systematically characterized in 1990s179 and some PPEs 

were suggested for application to LEDs in late 90s,180–182 PPEs slipped away from the 

candidates of polymeric electronic and optical materials. 

In contrast, OPEs have attracted a great attention as a candidate of molecular 
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electronics devices at the same period.183 The fever commences in 1995 when a group led 

by Tour and Weiss revealed that an OPE was a highly conducting single molecular electric 

wire.184 This finding made OPEs as an archetype of molecular wires. The following decade 

saw fundamental researches on molecular electronics based on OPEs both in experimental 

and in theoretical ways.185 Such studies were recognized as of high importance for 

development of molecular electronics in around 2000 because there had been no 

comprehensive understanding on electronic phenomenon in a metal–molecule–metal 

junction, which is essential for designing molecular electronics devices. OPEs are an ideal 

compound in such studies because of their simple linear rigid-rod structure. Indeed, 

oligophenylenes are also popular as a molecular wire but OPVs are not, even though they 

have higher conductivity and electron transfer rate than OPEs.150,151,186–189 OPEs and other 

linear π-conjugate compounds have been frequently used as a bridge of two electronic 

active moieties in complex molecular systems.190–193 

Several examples for research on the junction are as follows. Kushmerick et al. 

conducted charge transport studies on OPEs using a simple crossed-wire tunnel junction 

technique.194 They prepared two OPEs: One was a symmetrical OPE, which has two thiol 

groups at the both ends, and the other was asymmetrical one, which has one thiol group at 

one end. The experiments showed that the nature of metal–molecule contacts showed a 

definitive effect on the I–V character and also that such an effect can be understandable in a 

quantitative way. Allara et al. figured out the effect of local environment on molecular 

conduction using an OPE derivative.195 They clearly demonstrated that the I–V curves of an 

OPE-SAM and those of individual OPE molecule are totally different. Haiss et al. 

developed an approach to monitor the electrical properties of single-molecule junctions, 

which involves precise control of the contact spacing and tilt angle of the molecule.196 They 

found that the tilt angle dependence of the electrical conductance is a good prove to 



   xxv 

determine the position of the Fermi energy. Zhao et al. theoretically revealed that geometry 

relaxation under an external electric field between two metal electrodes is essential for an 

accurate prediction of electron transport character using a metal–OPE–metal junction.197 

Researches for the intrinsic electron transport character of molecules are also of great 

interest. Determining conductivity, electron transport mechanism, and length dependence of 

conductivities are of the primary interests. I–V curves of several alkane thiols of different 

length were investigated and fitted with theoretical models.198 The studies revealed that the 

Simmons model199,200 was successful for theoretical fitting of the experimental I–V curves, 

suggesting that the direct electron tunneling mechanism is dominant in molecular 

conduction. This methodology was immediately applied to π-conjugate wires and the fitting 

values were compared.143,186,187 It was found that the electron attenuation factor of 

conductivity against molecular length, β, of π-conjugate wires is about the half of that in 

alkane molecules. Recent studies revealed that such interpretation is valid only when the 

molecular length is less than several nanometers.152,201 When the length is more than that, 

the hopping mechanism becomes dominant. This is also applicable to the OPE wire.202  

Through the conduction measurements, existence of multiple conformers is found to 

have a strong influence on the conductivity of OPEs. Tour et al. reported that the 

conductance of OPE-SAMs decreased at low temperatures because OPEs took a twisted 

conformation.183 The detailed calculations on electron transfer through OPE-SAMs was 

conducted by Newton et al. They found that the large conformational distribution due to 

rotation of benzene rings had a significant impact on the kinetics of electron transfer 

through the SAM.203 Theoretical analysis by Tomfohr and Sankey revealed that rotation of 

the middle ring had 3-order-impact on conductance.204 

Another interest was substitution effect on electron conducting characters. OPEs were 

suitable as a framework of molecular wire in this study because of synthetic flexibility. 
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Tour et al. are among the earliest groups who paid attention to OPEs in this sense. They 

have synthesized various OPE derivatives and examined their electronic properties.183 Some 

of the OPEs were found to function not just as a wire but as electronic devices, such as 

random-access memories205 and NDR devices.206–208  

Optical Materials. Both PPEs and OPEs were picked out for studies on their 

conformation–property relationship in optical properties. One of the oldest researches was 

accomplished by Le Moigne et al.209 They alternately polymerlized two 

phenyleneethynylene monomers having an amino group and a carboxyl group on the phenyl 

ring, respectively, so that the polymer took a coplanner conformation by intramolecular 

hydrogen bond between neighboring phenyl rings. They confirmed that such planner 

conformation enables efficient electronic delocalization throughout the backbone. The 

following several years saw controversy of the aggregation effect and the conformational 

effect on spectral changes of PPEs/OPEs induced by environmental changes such as 

concentration, temperature, fluidity and phase transitions. While early researches tended to 

focus on the aggregation effect,210–214 the conformational effect was gradually considered to 

have more contribution.171,215 

It was Bunz and Garicia-Garibay’s group which gave a comprehensive story of the two 

effects on spectra of PPEs/OPEs.216 They used an OPE having no substitutions, which is 

namely 1,4-bis(phenylethynyl)benzene. After a series of photophysical measurements and 

AM1 calculations, they concluded that a relatively modest shift of ca. 20–30 nm in 

absorption spectra with preserved vibronic structure of the monomer and high emission 

quantum yield was due to planarization of the OPE. On the other hand, aggregation resulted 

in larger shifts and loss of vibronic structure. 

In the same year, Swager et al. suggested an elegant method for deconvoluting the two 

effects.217 They spread PPEs having hydrophobic, hydrophilic or both side chains on 
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air/water interface and narrowed the area monitoring the absorption and emission spectra. 

According to hydrophobicity of the side chain, some PPEs aggregated with their phenyl 

rings twisted from the neighboring ones and others took a coplananer conformation, 

aggregating each other in a face-to-face manner. The research clearly revealed that twist in 

the main chain of PPEs resulted in ca. 20 nm hypsochromic shift, while cofacial aggregation 

in emergence of sharp aggregation band at ca. 10 nm longer than the original maximum 

absorption wavelength. 

Yang et al. synthesized pentiptycene-derived OPEs.172,218 These OPEs do not take the 

coplanar conformation due to interference of bulky side chains. They concluded that 

twisting in backbone resulted in a hypsochromic shift both in absorption and in fluorescence 

spectra, which is consistent with the report by Bunz et al. In contrast, the fluorescence 

quantum yield is reported to be higher in a twisted conformation in Yang’s article. They 

also reported that fluorescence profiles of twisted OPEs were independent of chain length. 

This phenomenon is explained by localized excited states upon excitation should be 

confined in a common segment. 

Zhao et al. recently revived the hydrogen bond strategy to obtain fixed coplanar 

conformation.219 The article reports that the backbone planarization results in bathochromic 

shift of ca. 40 nm, which is far larger than the value reported by Bunz et al. 

Researches on PPEs/OPEs for application have also been active for recent two decades. 

A reasonable application of such compounds is fluorescence chemosensors because they 

have relatively high fluorescence quantum yield.220 Swager is one of the pioneers. His first 

target was paraquat, which is one of the most widely used herbicides in the world. His 

group introduced a crown ether in the main chain of PPEs.221,222 When paraquat is captured 

by a crown ether, electron transfer quenching occurs. The electron transfer quenching with a 

combination of photoenergy migration became a standard for the following sensors. Some 
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PPEs modified with crown ethers showed fluorescence quenching under potassium ion rich 

environment. Potassium ions induced aggregation of PPEs, which enhanced interchain 

excimer formation and reduced fluorescence intensity. Another example suggested by 

Swager is trapping an analyte compound such as trinitrotoluene (TNT) in cavities in a 

pentiptycene-derived PPE based film.223,224 TNT is an electron deficient compound due to 

three nitro groups on the benzene ring. TNTs accepted electrons from photoexcited PPEs, 

resulting in quenching. Harada et al. has designed cyclodextrin-grafted PPEs. The polymer 

recognized adamantane derivatives and reduced or changed its fluorescence intensity. 

Conjugation 

The purpose of the theme is to obtain a compound of a novel character as a result of 

combination of corresponding specific characters of HPs and OPEs which are described 

above. Both HPs and OPEs have a rigid rod shape. The way of conjugation is therefore 

limited: H-character type (two moieties are connected at the center of each), O-character 

type (two moieties are connected at the both ends of each), and linear type. T-character type 

is also possible, but not adopted in this theme because orthogonal alignment of two 

functions generally yield little synergy effect. Seven researches on those conjugates have 

done (Figure 1). Each of seven chapters in this dissertation deals with each of the researches, 

respectively. Those chapters are classified into three parts. 

Part I contains Chapter I and II. This part deals with researches on conformation 

stabilization using D–D interaction. In Chapter I, H-type conjugation was adopted so that 

D–D interaction between two moieties emerges. A peptide nonamer 

(Ala-Aib)2-Glu-(Ala-Aib)2 and an OPE on which nitro group was introduced at an end was 

conjugated at the center of each (OPEn9). Two moieties were found to take antiparallel 

conformation in solution and in LB film. When the OPE moiety is under the electric field 
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generated by the HP moiety, its HOMO–LUMO gap decreases. This phenomenon has been 

proposed theoretically,197,225–227 but not confirmed by experiments. π–A isotherm of OPEn9 

at air/water interface reveals that OPEn9 does not irreversibly aggregate even when the 

area of the interface is compressed upto 20 mN m−1, which is contrasting to BA8M and an 

OPE without the HP. A stable oriented LB film is thus available from OPEn9 due to this 

nature and intermolecular D–D interaction. Based on optical spectroscopy and ab initio 

calculations, the electronic structure of the OPE moiety and structure of the LB film are 

discussed. 

In Chapter II, the OPE part is extracted to be a pseudotriangle where one side was 

disconnected. Two HPs, (Ala-Aib)2-Orn-(Ala-Aib)2, are introduced at the scission site 

(f-OPEBE). When intramolecular D–D interaction works, f-OPEBE takes a pseudotriangle 

conformation by formation of a complex of the two HPs. The conformation should be chiral 

because association of two right-handed HP results in formation of a chiral complex.. The 

purpose of this chapter is thus not just utilization of dipole of HPs but also chirality of them. 

Figure 1. Seven ways for conjugation of OPE and HP. 
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Indeed, induced Cotton effect was observed at absorption region of the π-conjugate system 

in chloroform, suggesting a left-handed chiral arrangement of the pseudotriangle structure 

of the π-conjugate system. The chiral pseudotriangle structure is considered to be formed by 

association of two HPs due to D‒D interaction in chloroform.  

Part II contains Chapter III and IV. This part deals with cyclic conjugate of OPE and 

HP. Sinxe they hoave two connection points of the OPE moiety and the HP moiety, 

chirality can expand from the HP to the OPE moiety. In Chapter III, O-character type 

conjugation of OPE with no electron-donating or accepting substitutes and HP was designed. 

The compound, C-OPE10, was synthesized by the macrocyclization method normally used 

for cyclic peptide synthesis. The conformation and the optical properties of the cyclic 

conjugate were studied by CD, absorption, and fluoresence spectroscopies. In the cyclic 

conjugate, the rotational motion around the molecular axis of the OPE moiety was hindered 

to take a chirally twisted conformation, which is a distorted form from the coplanar 

conjugated structure, as revealed by observation of an induced negative Cotton effect of the 

OPE moiety. Molecular simulation using TD-DFT indicated a right-handed twist 

conformation of the OPE moiety for the negative Cotton effect. This conjugate therefore 

provides a new way to obtain a π-conjugated compound having a main-chain chirality. The 

optical properties of the OPE moiety taking the twist conformation in the cyclic conjugate 

are also discussed in depth. 

In Chapter IV, the chirality introducing design demonstrated in the previous chapter 

was applied to an OPE based D–π–A system. The OPE moiety of a novel conjugate, 

SSA8=OPE was twisted by clamping both ends of the OPE with a HP. The induced twist in 

OPE was in a right-handed way. SSA8=OPE showed a weaker HOMO–LUMO band in the 

absorption spectrum than that of a reference compound AcOPE (no the helix bridge). The 

fluorescence quantum yield of SSA8=OPE was extremely low (0.0045–0.0165), which was 
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in contrast to AcOPE with a moderate quantum yield of 0.355. The fluorescence life times 

of SSA8=OPE and AcOPE were nearly the same. TD-DFT calculations 

(B3LYP/6-31G(d,p) level) on a twisted conformation of the D–π–A system qualitatively 

reproduced CD spectra and UV spectra of a weak oscillator strength of the HOMO–LUMO 

transition. Upon twisting the D–π–A system, the oscillator strength of the HOMO–LUMO 

transition is thus reduced. 

Part III contains Chapter V, VI, and VII. This part deals with linear conjugate of OPE 

and HP. They form well-ordered SAMs since the OPE moiety does not disturb interaction 

between HPs. In Chapter V, HPs and an OPE were linearly conjugated. This configuration 

is suitable for fabricating a SAM. By studying absorption spectra of the OPE moiety of the 

SAMs of the conjugates, electric field effect on an OPE moiety was investigated. The HPs 

have a generalized formulation of (Ala-Aib)n or m, which are connected to OPE in series of 

(Ala-Aib)n-OPE-(Ala-Aib)m abbreviated by 2nOPE2m, (n, m) = (4, 0), (4, 4), (8, 0), (8, 4), 

(8, 8). The conjugates having one or two hexadecapeptides formed well-packed and 

vertically oriented SAMs on gold as revealed by IR-RAS, CV, and ellipsometry. Absorption 

spectra of the OPE moiety in the SAMs showed a bathochromic shift of ca. 25 nm from a 

reference SAM of the conjugate of 11-mercaptoundecanoic acid and OPE (C11OPE). The 

shift is consistent with the DFT calculations, showing that an external electric field directed 

along the molecular axis diminishes the HOMO–LUMO gap of OPE. The author thus 

concludes that the electric field generated by the peptide dipoles effectively modulate the 

electronic structure of the OPE moiety in the SAMs. 

In Chapter VI, an electronic conduction behavior of 8OPE, a compound used in the 

previous chapter was examined. This experiment is inspired by some STS measurements 

conducted by Kimura’s group,161–163,228,229 not by an intention to utilize the three characters 

of HPs described above. 8OPE molecules were embedded in a SAM of C10 on gold 
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substrate. The I–V profiles of 8OPE showed an asymmetric character in terms of the bias 

dependence when the STM tip was put closely on the molecule, while those of C10 retained 

a symmetric character irrespective of the STM tip position. The OPE moiety therefore acts 

as a ‘molecular lead’ due to the strong electron coupling between the closely positioned tip 

and the π-conjugate system. 

In Chapter VII, linear conjugate of a HP and a D–π–A was synthesized. SHG from the 

D–π–A moiety was utilized for determining tilt angle and its distribution of stereocomplex 

and enantiopure HP-SAMs. A stereomixed SAM of a left-handed helical conjugate (D17) 

and a right-handed helical one (L17) showed four times larger SHG intensity than a 

stereomixed SAM of a left-handed helical D17 and a right-handed HP without the D–π–A 

chromophore (LA16), which agrees well with dependence of SHG intensities on the surface 

densities of the D–π–A chromophore. The SHG intensities of enantiopure SAMs of D17 

and L17 are, however, 47% and 27% of that of a stereomixed SAM of D17 and L17, 

respectively. These differences can be explained only after taking a larger distribution of the 

tilt angle of the chromophore in the enantiopure SAMs than in the stereomixed SAM of 

D17 and L17. On the basis of these analyses, it is concluded that a stereomixed SAM of a 

left-handed helix and a right-handed helix constitutes a well-ordered structure, where the tilt 

angle of the HP from the surface normal and its distribution are small, due to stereocomplex 

formation. 

The studies clearly demonstrates that the author’s strategy yields compounds of 

unprecedented characters. These compound are not just interesting but useful for answering 

some fundamental questions on photophysical characters of OPE such as electric field and 

twisting effects. These accomplishments thus will contribute to the development of 

functional molecular design and fundamental researches on π-conjugate compounds. 
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Introduction 

Recent development of supramolecular chemistry230–232 and foldamer chemistry233,234 

requires precise control of total structure. It is obviously impossible to accomplish this only 

with covalent bonds. Secondary interaction such as hydrophobic interactions, 

hydrogen-bonds, electrostatic interactions, and CH–π interactions have been used for 

regulation of the artificial molecular structures. Most of these ideas are inspired by highly 

organized biomolecular structures such as cell membrenes and proteins. Interaction 

generated from dipole, which is utilized in proteins as described in General Introduction, 

has, however, rarely intentionally utilized. Recently, Kimura’s group have successfully 

utilized another noncovalent interaction, D–D interaction, for construction of a planar 

triangle geometry where three helices were circularly arranged in a head-to-tail manner.235 

This chapter discusses on the dipole effect on stabilizing molecular conformation as 

well. The author reports here another example of a conformational regulation by D–D 

Figure I-1. Schematic illustration of a D–D interaction in OPEn9 (left top) and 

chemical structure of OPEn9 (left bottom) and OPEnAc (right).  
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interaction between two different types of dipolar components in a single molecule. A novel 

conjugate of a helical nonapeptide and a nitro-substituted OPE is synthesized (OPEn9, 

Figure I-1). Both components have different magnitudes of dipoles. The peptide consists of 

an alternating sequence of Ala and Aib with an interruption of a Glu at the center of the 

sequence. The OPE component is connected to the peptide via the Glu. A disulfide group is 

attached to the N terminal of the peptide component for immobilization to gold in the case 

of formation of a SAM. The HP and the OPE with the nitro substitution have dipoles of ca. 

20 D and ca. 3.5 D, respectively. It is expected that the peptide and the OPE components 

may take the antiparallel arrangement by the D–D interaction (Figure I-1) to form a planar 

structure. A reference compound without the peptide moiety is also prepared (OPEnAc, 

Figure I-1). Previous theoretical studies predicted that the HOMO–LUMO gap of a 

π-conjugate system is influenced by an external electric field.197,225–227 Inconsistency of the 

absorption band of OPEn9 with that of OPEnAc is thus a sign that the OPE moiety of 

OPEn9 is under effect of the electric field generated by the helix dipole. The author studied 

the electronic structure of the OPE in the conjugate in various environments of solution, LB 

layers on fused quartz, and a SAM on gold using absorption spectroscopy. The films of 

OPEn9 were characterized with IR-RAS and ellipsometry. On the basis of these 

measurement data, the author discusses the dipole effects of the peptide in those 

environments to demonstrate the utility of D–D interaction for regulating the molecular 

structure. 

Experimental 

Material. OPEn9 and OPEnAc were synthesized according to Scheme I-1. The peptide 

component of OPEn9 was synthesized by the conventional liquid-phase method. The OPE 

component of OPEn9 and OPEnAc was synthesized by the Sonogashira coupling. THF 
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used as the solvent in the Sonogashira coupling was distilled over calcium hydride and 

butylated hydroxyl toluene. The other reagents were used as purchased. All intermediates 

were identified by 1H NMR spectroscopy and some of them were further confirmed by 

FAB-MS. 

Spectroscopy in solution. The CD spectrum was measured at a residue concentration of 0.2 

mM with an optical cell of a 0.1 cm optical path length. UV-vis absorption spectra were 

recorded at a concentration of less than 10 mM. 

Quantum calculation. ab initio Calculations were carried out using the DFT with B3LYP 

method236 with the 6-31G(d,p)237 basis set. The geometry of OPEnAc was initially 

Scheme I-1. Synthetic scheme of OPEnAc and OPEn9. 
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generated, and the geometry was optimized by the DFT method and the frontier orbitals 

were visualized. The optimized geometry under no external electric field was checked by a 

frequency analysis. It was confirmed there is no imaginary frequency number. The 

geometry was re-optimized under various external electric fields (109 V m−1 at maximum) 

along the long axis to see its effect on the frontier orbital distributions. The direction of the 

electric fields (from positive to negative) is the same as the direction of the dipole moment 

of the OPE moiety (from negative to positive). 

Preparation of LB layer. Langmuir layers of OPEn9, OPEnAc, and BA8M were 

prepared at the air/water interface, and the π–A isotherms were studied. Milli-Q water was 

used for the subphase. A chloroform solution of each compound (0.3–0.5 mM) was spread 

onto the water subphase by a microsyringe. The solvent was allowed to evaporate for at 

least 15 min prior to compression, and then the molecules spread on the surface were 

compressed at a rate of 0.1 cm2 s−1. The Langmuir layer was transferred onto a gold 

substrate (for IR-RAS and ellipsometry) or a slab optical waveguide of fused quartz (for 

UV-Vis absorption spectroscopy) by the vertical dipping method at a rate of 0.005 mm s−1 

to prepare the LB layers. The surface pressures at transfer were 10 or 20 mN m−1 for 

OPEn9 (LB10, LB20) and 5 mN m−1 for OPEnAc. 

Preparation of SAM. A gold substrate was prepared by vapor deposition of chromium and 

then gold (300 and 2000 Å for IR-RAS and ellipsometry measurement, and 10 and 80 Å for 

UV-Vis absorption measurement, respectively) onto a slide glass by a metal deposition 

system. The SAM was prepared by incubating the gold substrate in a chloroform solution of 

OPEn9 (0.1 mM) for 24 h. After incubation, the substrate was rinsed thoroughly with 

chloroform to remove physisorbed molecules and dried under a stream of nitrogen gas and 

in vacuum. 
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IR-RAS. IR-RAS of the layers on gold was performed on an infrared spectrometer with a 

reflection attachment. The incident angle was set at 85° for the LB layers and 80° for the 

SAM, respectively, from the surface normal. The number of interferogram accumulations 

was more than 200. The tilt angles of the helix axis from the surface normal were 

determined from the amide I/II absorbance ratio by using an equation in the literature.139,138 

Ellipsometry. The thicknesses of the layers on gold were determined by an 

autoellipsometer with a helium–neon laser (632.8 nm) at an incident angle of 65°. The 

complex optical constant of the monolayer was assumed to be 1.50 + 0.00i. The thickness of 

the monolayer was calculated automatically by an equipped program. The thicknesses were 

measured on 5 different spots on the surface and the data were averaged. The typical 

standard deviation was ca. 1 Å. 

UV-Vis absorption. The UV-Vis absorption spectrum of the OPEn9 SAM prepared on 

gold was recorded on a spectrometer with a substrate sample holder attachment at the 

normal incidence. The absorption spectra of the LB layers prepared on a slab optical 

waveguide were recorded by a surface and interface spectrometer. The incident angle of the 

probe light was set at 17–18° from the surface, and the accumulation number of data was 10. 

The tilt angles of the long axis of the OPE from the surface normal were determined by the 

measurements with p and s polarizers inserted between the incident light and the sample. 

The tilt angles were determined from the absorbances for p and s polarized lights using an 

equation from the literature.238 

Synthesis 

General procedure for the liquid-phase peptide coupling reaction. To a two-neck RBF 

charged with argon or nitrogen were added a carboxyl acid, an amine, and DMF. The flask 
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was cooled to 0 °C. A concentrated DMF solution of DCC and HOBt or of HATU was 

added to the mixture. HOAt was also added when the reaction rate is supposed to be slow. 

TEA or DIEA was then added to the mixture. The mixture was stirred at the designated 

temperature for the designated period under argon or nitrogen atmosphere. The mixture was 

concentrated in reduced atmosphere. The residue was purified by one or combination of the 

following three methods: (1) take up with EtOAc or chloroform and successively wash with 

4 wt % aq NaHCO3 (3×), brine, 4 wt % aq KHSO4 (3×), and brine, followed by drying of 

the organic layer over MgSO4 or Na2SO4; (2) purify by silica gel column chromatography; 

or (3) purify by Sephadex LH-20 chromatography. 

General procedure for the Sonogashira coupling reaction. To a two-neck RBF were 

added an arylhalide. The flask was charged with argon. A palladium catalyst 

(Pd(II)(PPh3)2Cl2 or Pd(II)(PhCN)2Cl2) and Cu(I)I were added to the mixture. The solvent 

(THF or 1,4-dioxane) was added to the mixture and the mixture was stirred slowly. An 

alkyene was then added to the mixture. DIEA or DIA was the added. When 

Pd(II)(PhCN)2Cl2 was used, tri-tert-butylphosphine was added. The mixture was stirred 

under argon atmosphere at the designated temperature for the designated period. The 

solvent was removed in reduced atmosphere. The residue was purified by column 

chromatography (silica gel). 

1. To a 500 mL RBF equipped with a water-cooled Dimroth condenser were added 

2,5-dibromoaniline (10 g, 39.8 mmol), acetic anhydrate (40 mL), and water (40 mL). The 

mixture was refluxed for 4.5 h and poured into 400 mL of water. The precipitation was 

collected with a filter and dried in vacuum. 10.8 g (92% yield) of the desired product was 

obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 2.24 (3 H, s, COCH3), 7.11 (1 H, dd, aromatic), 7.39 
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(1 H, d, aromatic), 7.56 (1 H, br s, aromatic), 8.59 (1 H, br s, ArNHCOCH3). 

2. See the general procedure for the Sonogashira coupling reaction. 1 (10.14 g, 37.2 mmol), 

Cu(I)I (0.66 g, 3.46 mmol), Pd(II)(PPh3)2Cl2, (1.46 g, 2.08 mmol), and DIEA (24.1 mL, 138 

mmol) were mixed in THF (150 mL) in a 500 mL three-neck RBF equipped with a 

water-cooled Dimroth condenser and a dropping. The mixture was heated up to 75 °C in 

argon atmosphere. To the mixture was added a 40 mL of a THF solution of phenylacetylene 

(4.08 mL, 37.2 mmol) from the dropping funnel over 15 h, and the solution was stirred at 

the elevated temperature for 45 h. The residue was purified with column chromatography 

(EtOAc/hexane = 1/3), but it was insufficient for complete separation of the desired product 

and a byproduct, 2.5-di(ethynylphenyl)acetanlide. Crude mixture of 5.32 g was used in the 

next reaction without additional purification. 

3. See the general procedure for the Sonogashira coupling reaction. Crude 2 (5.32 g, see 

above), TMSA (5.1 mL, 36 mmol), Cu(I)I (323 mg, 1.7 mmol), Pd(II)(PPh3)2Cl2 (713 mg, 

1.0 mmol), and DIEA (11.8 mL, 98 mmol) were reacted in THF (50 mL) in a 300 mL 

two-neck RBF with a water-cooled Dimroth condenser at 70 °C for 3 days. The residue was 

purified by column chromatography (EtOAc/hexane = 1/3). 2.53 g (22% yield) of the 

desired product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 0.25 (9 H, s, (CH3)3SiCC), 2.24 (3 H, s, CH3CONH), 

7.16 (1 H, dd, aromatic), 7.40 (4 H, m, aromtaic), 7.72 (2 H, m, aromatic), 7.91 (1 H, br s, 

CH3CONH), 8.53 (s, 1H, aromatic). 

FAB-MS (DTT/TG): m/z = 332.19 (calcd for C21H22NOSi [M + H]+, 332.14). 

4. To a 500 mL RBF equipped with a water-cooled Dimroath condenser were added 3 (2.20 

g, 6.64 mmol), THF (120 mL), 1.2 M hydrochloric acid (120 mL). The mixture was 

refluxed for 12 h and the solvent was removed under reduced pressure. The residue was 
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purified by column chromatography (silica gel, eluants: dichloromethane/hexane = 1/1 v/v, 

and then dichloromethane). Due to some side reactions, the product was not completely 

purified by column chromatography. The crude product was used in the next step without 

further purification. 

5. See the general procedure for the peptide coupling reaction. 4 (500 mg, 1.73 mmol), 

Boc-Glu-OMe (1.13 g, 4.32 mmol), HATU (2.46 g, 6.49 mmol), and DIEA (1.69 mL, 9.73 

mmol) were reacted in DMF (40 mL) in a 100 mL RBF at 60 °C for 12 h. The residue was 

purified by methods 1 and 2 (EtOAc/hexane = 1/3). 560 mg (61% yield) of the desired 

product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 0.244 (9H, s, Si(CH3)3), 1.38 (9 H, s, C(CH3)3), 

2.49–2.04 (2 H, m, GluCγ), 2.57 (2 H, m, GluCβ), 3.73 (1 H, s, OCH3), 4.40 (1 H, s, GluCα), 

5.21 (1 H, s, urethane-NH), 7.17 (2 H, dd, aromatic), 7.39–7.42 (4 H, m, aromatic), 

7.51–7.54 (2 H, m, aromatic), 8.01 (1H, s, amide-NH), 8.52 (1 H, s, aromatic). 

FAB-MS (NBA): m/z = 532.3 (calcd for C30H36N2O5Si M+, 532.24). 

6. To deprotect of the trimethylsilyl group of 5, to a 100 mL RBF were added 5 (560 mg, 

1.05 mmol), potassium carbonate (435 mg, 3.15 mmol), MeOH (20 mL), and 

dichloromethane (20 mL). The solution was stirred under argon atmosphere for 0.5 h, and 

poured into water and then extracted with EtOAc. The organic layer was washed with brine 

(3×). The brine solution was washed with EtOAc (3×). The combined organic layer was 

dried over MgSO4 and concentrated under reduced pressure. The residue was purified by 

column chromatography (silica gel, eluent: EtOAc/hexane = 1/4 v/v). The product was 

obtained as a white solid (300 mg, 62%). Subsequently, the deprotected product (300 mg, 

0.65 mmol), 4-iodonitroaromatic (650 mg, 260 mmol), Pd(II)(PPh3)2Cl2 (27 mg, 40 mmol), 

Cu(I)I (12 mg, 65 mmol), and DIEA (0.45 mL, 26 mmol) were reacted in THF (25 mL) at 
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40 °C for 20 h as the general procedure for the Sonogashira coupling reaction. The residue 

was purified by column chromatography (silica gel, eluents: EtOAc/hexane = 1/2, 1/1, and 

then chloroform/MeOH = 10/1 v/v). 294 mg (78% yield) of the desired product was obteind. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.39 (9 H, s, C(CH3)3), 2.05–2.54 (2 H, m, GluCγ), 

2.56–2.62 (2 H, m, GluCβ), 3.74 (1 H, s, OCH3), 4.42 (1 H, s, GluCα), 5.21 (1 H, s, 

urethane-NH), 7.27 (1 H, d, aromatic), 7.40–7.42 (3 H, m, aromatic), 7.50 (1 H, d, aromatic), 

7.55–7.57 (2 H, m, aromatic), 7.97 (2 H, d, aromatic), 8.10 (1 H, s, amide-NH), 8.23 (2 H, d, 

aromatic), 8.66 (1 H, s, aromatic). 

FAB-MS (NBA): m/z = 582.1 (calcd for C33H31N3O7 M+, 582.11). 

7. The methoxy group on 6 (100 mg, 17 mmol) was deprotected by treatment with 1 N aq 

NaOH (0.35 mL) in a mixed solvent of dichloromethane, MeOH, and 1,4-dioxane. After 4 h 

of stirring at RT, the solution was neutralized with 1 N hydrochloric acid and the solvent 

was removed under reduced pressure. The residue was washed with Et2O. The deprotected 

product (100 mg, 170 mmol), a hydrochloric acid salt of HA4M (100 mg), HATU (100 mg, 

22.9 mmol), and DIEA (100 mL, 61 mmol) were reacted in DMF (1 mL) in a 30 mL RBF at 

0 °C for 1 day as the general procedure of the peptide coupling reaction. The residue was 

purified by methods 1 and 2 (chloroform/MeOH = 75/1, 50/1, 40/1, and 30/1 v/v). 86 mg 

(58% yield) of the desired product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.52–1.36 (27 H, m, AibCβ, Boc, AlaCβ), 2.18 (2 H, 

m, GluCβ), 2.72 (2 H, m, GluCγ), 3.68 (3 H, s, OCH3), 4.10–4.13 (2 H, m, AlaCα), 4.43 (1 H, 

t, GluCα), 6.37 (1 H, s, GluNH), 6.72 (1 H, d, AlaNH), 6.96 (1 H, d, AlaNH), 7.23 (1 H, m, 

aromatic), 7.30–7.33 (3 H, m, aromatic), 7.32–7.52 (3 H, m, aromatic), 7.71 (2 H, d, 

aromatic), 8.12 (1 H, s, aromatic), 8.24 (2 H, d, aromatic), 8.60 (1 H, s, ArNHCO(CH2)2). 

FAB-MS (NBA): m/z = 894.4 (calcd for C47H56N7O11 [M + H]+, 894.40). 
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OPEnAc. The trimethylsilyl group of 3 (100 mg, 0.30 mmol) was deprotected by treatment 

with potassium carbonate (83.4 mg, 0.60 mmol) in a mixed solvent of MeOH (5 mL) and 

dichloromethane (5 mL) for 1 h. The reaction solution was then pored into water and 

extracted with EtOAc. The organic layer was washed with brine (3×) and dried over MgSO4. 

The solvent was removed under reduced pressure and the residue was dried in vacuum. The 

deprocted product, p-iodonitroaromatic (150 mg, 0.60 mmol), Pd(II)(PPh3)2Cl2 (12.7 mg, 18 

mmol), Cu(I)I (5.8 mg, 30 mmol), and DIEA (0.21 mL, 1.2 mmol) were reacted in THF (5 

mL) as the general procedure of the Sonogashira coupling reaction. The solution was stirred 

at 0 °C for 1 h and then at RT for 2 h. The residue was taken up with dichloromethane and 

washed with 4% aq KHSO4 (3×) and the brine. The organic layer was dried over MgSO4. 

The product was then purified by a silica gel column chromatography (silica gel, 

dichloromethane) and Sephadex LH20 column chromatography (DMF). 20 mg (17% yield) 

of the desired product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 2.28 (3 H, s, NHCOCH3), 7.27 (1 H, s, aromatic), 

7.41 (3 H, m, aromatic), 7.41–7.55 (4 H, m, aromatic) 7.68 (2 H, d, aromatic), 7.98 (1 H, br 

s, NHCOCH3), 8.23 (1 H, d, aromatic), 8.67 (1 H, br s, aromatic). 

FAB-MS (TDD/TG): m/z = 381.2 (calcd for C24H17N2O3 [M + H]+, 381.12). 

OPEn9. The Boc group on 7 (88 mg, 96 mmol) was deprotected by treatment with 

TFA/anisole for 0.5 h. The obtained product was washed with Et2O. The product was added 

to a test tube with SSA4H (95 mg, 185 mmol), HATU (105 mg, 277 mmol), and DIEA (72 

mL, 416 mmol) in DMF (10 mL) in a test tube at RT for 27 h as the general procedure for 

the peptide coupling reation. The residue was purified by method 3 (DMF), then by method 

2 (chloroform/MeOH = 75/1, 50/1, and 10/1 v/v), and finally by method 3 (DMF). 25 mg 

(40% yield) of the desired product was obtained. 
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1H NMR (400 MHz, CDCl3): δ (ppm) 1.36–1.52 (45 H, m, AibCβ, Boc, AlaCβ), 1.67–1.69 

(4 H, m, SSCH2CH2CH(CH2)3CH2CO), 1.89–1.92 and 2.45 (1 H, m, 

SSCH2CH2CH(CH2)3CH2CO), 2.35 (4 H, m, GluCβ and SSCH2CH2CH(CH2)3CH2CO), 

2.63–2.75 (2 H, m, GluCγ), 3.11–3.16 (2 H, m, SSCH2CH2CH(CH2)3CH2CO), 3.54 (1 H, m, 

SSCH2CH2CH(CH2)3CH2CO), 3.60 (3 H, s, OCH3), 3.88 (1 H, m, AlaCα), 3.99 (1 H, m, 

AlaCα), 4.15 (2 H, m, AlaCα, GluCα), 4.23 (1 H, m, AlaCα), 6.98–6.99 (2 H, m, AlaNH, 

AibNH), 7.14(1 H, d, AlaNH), 7.24 (1 H, m, aromatic), 7.34–7.40 (2 H, m, aromatic, 

AlaNH, AibNH), 7.43 (1 H, s, AibNH), 7.48 (2 H, d, aromatic), 7.53–7.55 (2 H, m, 

aromatic), 7.65–7.66 (3 H, m, aromatic, GluNH), 7.73 (1 H, s, AibNH), 7.83 (1 H, d, 

AlaNH), 8.22 (2 H, d, aromatic), 8.32 (1 H, s, aromatic), 8.59 (1 H, s, ArNHCO(CH2)2). 

FAB-MS (NBA): m/z = 1294.5 (calcd for C64H84N11O14S2 [M + H]+, 1294.5). 

Results and discussion 

Spectroscopy in solution. A CD spectrum of OPEn9 in TFE was recorded (Figure 

I-2). The spectrum shows a sharp negative Cotton effect at 203 nm and a broad shoulder at 

224 nm. This pattern indicates that the peptide of OPEn9 takes right-handed 310-helical 

conformation239 despite the bulky OPE moiety is introduced at the side chain. An Ala-Aib 

Figure I-2. CD spectrum of OPEn9 in TFE. 
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repetitive sequence having no more than eight residues favors 310-helical conformation in 

aprotic and less polar solvents.240 The peptide moiety of OPEn9 thus takes 310-helical 

conformation in THF and chloroform, which are aprotic and less polar than TFE. In the 

layers, the peptide moiety takes the same conformation since they are prepared from a 

chloroform solution. 

UV-Vis absorption spectra of OPEn9 and OPEnAc in chloroform were recorded 

(Figure I-3a). Both spectra have a broad peak with no vibration structure, which is a typical 

feature of OPE having a strong electron acceptor such as a nitro group.241,242 OPEn9 shows 

λmax at 364 nm, which corresponds to a red-shft of 4 nm from that of OPEnAc a 360 nm. 

This red shift was not observed in DMF (Figure I-3b), where the dipole effect of the peptide 

component should be weakened due to the high dielectric constant of the medium and 

presumably deformation of the helical structure by DMF, which acts as hydrogen-bond 

donor as well as acceptor. It is considered that an electric field generated by the HP dipole 

(Figure I-1 top) influences the electric structure of the OPE to induce the red-shift. To 

balidate this interpretation, ab initio calculations were performed. 

Quantum Calculations. The geometry of OPEnAc was energetically optimized, and 

Figure I-3. UV-vis absorption spectra of OPEn9 and OPEnAc: (a) chloroform, 

and (b) in DMF. 
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the electronic structure was determined under various electric fields by the DFT method on 

the B3LYP/6-31G(d,p) level. The spatial distributions of the HOMO and LUMO under no 

electric field and 1 × 109 V m−1 are shown in Figure I-4, respectively. In the absence of 

electric field (Figure I-4 top), the HOMO is localized on the left side of the molecule and 

the LUMO on the other side having a nitro group. When an electric field is applied (Figure 

I-4 bottom), this localization of the frontier orbitals is further enhanced; the contributions of 

the carbon atomic orbitals to the right phenyl ring to the HOMO are reduced, whereas the 

contributions of the carbons to the other phenyl rings are increased. The opposite behavior 

is observed for the LUMO, that is, the LUMO is further localized towards the left side 

carrying the nitro group. This orbital localization is also confirmed by a significant change 

in the magnitude of the dipole. The dipole increases from 3.75 D to 8.52 D upon applying 

an electric field of 1 × 109 V m−1 These results suggest that the electronic structure of the 

OPE component is sensitively responsive to an external electric field applied on it. 

The energies of the frontier orbitals are plotted against the strength of the electric field 

Figure I-4. Spatial distributions of the HOMO (left) and LUMO (right) of OPEnAc 

in the absence of electric field (top) and under applying an electric field of 1 × 109 

V m−1. 
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in Figure I-5. The energies of the HOMO and LUMO are 5.77 and 2.18 eV, respectively, in 

the absence of an electric field. The HOMO energy level increases linearly with increase of 

the electric field, while the LUMO energy linearly decreases. Accordingly, the 

HOMO–LUMO gap reduces upon applying the electric field (Figure I-5). This behavior 

agrees well with the results reported by other groups.197,226,243 The magnitude of the HP 

dipole is about 20 D. The distance between the two components in the conjugate is 

estimated to be 0.9 nm by a molecular modeling. With using these values, the electric field 

generated by the peptide dipole is calculated to be 2.5 × 108 V m−1 at the center of the OPE 

component in case that the two dipole components are arranged in the antiparallel 

orientation. According to the ab initio calculation (Figure I-5), the HOMO–LUMO gap 

decreases by 0.15 eV upon applying an electric field of 2.5 × 108 V m−1. On the other hand, 

the experimental HOMO–LUMO gap reduction in chloroform is found to be only 0.03 eV, 

which is smaller than the calculated value. This discrepancy may be explained by rotational 

availability around the linker between the two components. The stabilization energy by the 

D–D interaction in the conjugate is calculated to be 6.2 kJ mol−1 in vacuum and 1.3 kJ mol−1 

in chloroform (the dielectric constant of chloroform is taken to be 4.8), which is smaller 

Figure I-5. Calculated energies of the HOMO (open triangle, left axis) and LUMO 

(open square, left axis) and HOMO–LUMO gap (filled circle, right axis) of 

OPEnAc. 
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than the thermal energy of 2.5 kJ mol−1 at 300 K. It is thus considered that the two 

components are allowed to rotate around the linker over the small energy barrier in 

chloroform. It is therefore reasonable that the observed difference of the HOMO–LUMO 

gaps between OPEn9 and OPEnAc becomes smaller than the calculated value, because all 

the molecules do not necessarily take the antiparallel conformation at a certain moment. 

Nevertheless, to our best knowledge, this is the first experimental observation of the electric 

field effect on the OPE electronic structure. 

π–A Isotherm analysis. Figure I-6a shows the π–A isotherm of OPEn9 at the air/water 

interface. Interestingly, the isotherm shows a phase transition around a molecular area of 

2.2–1.3 nm2
 molecule−1 and a surface pressure of 16 mN m−1. The phase transition occurs 

reversibly either in the compression or the expansion process. We consider that this phase 

transition is due to the bilayer formation of the horizontally oriented conjugate on the 

subphase (Figure I-7b) as described in the next section. On the other hand, as shown in 

Figure I-6b, each model compound for the components of OPEn9, OPEnAc, and BA8M 

does not show such a phase transition. The hysteresis observed in the isotherm of OPEnAc 

may be due to the strong stacking tendency of the OPE by π–π interaction.171,244,245
 The 

peptide component of OPEn9 thus functions to avoid π–π stacking of the OPE upon 

Figure I-6. π–A Isotherms: (a) OPEn9; and (b) OPEnAc, BA8M, and their 

mixture at the air/water interface. 
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compression on water. Furthermore, the bilayer of the conjugate does not show corruption 

upon compression of molecular area down to 1 nm2 molecule−1
 with raising the surface 

pressure up to 20 mN m−1, which makes a vivid contrast with a mixture of OPEnAc and 

BA8M (1/1 mol/mol) showing a very low surface pressure of 5 mN m−1
 upon compression 

to the corresponding surface area. The conjugate thus forms a stable layer, suggesting that 

the conjugate takes a regular structure. 

Characterization of the layers. The Langmuir layer was transferred on gold or fused 

quartz surfaces (slab optical waveguide) by the vertical dipping method to prepare the LB 

layers. The surface pressures at transfers of the OPEn9 monolayer were set at 10 or 20 mN 

m−1
 (the layers are named LB10 and LB20, respectively). The transfer ratios of the films 

were near unity (1.0–1.1). In addition, OPEn9 SAM was prepared by immersion of a gold 

substrate into a chloroform solution of OPEn9. IR-RAS measurements were carried out to 

study the molecular orientation of the peptide moiety in the OPEn9 LB layers (LB10 and 

LB20) and the OPEn9 SAM prepared on gold. The spectra are shown in Figure I-8. The 

amides I and II are observed at ca. 1670 and 1540 cm−1, respectively. The tilt angles of the 

Figure I-7. Schematic representations of the top view of proposed molecular 

alignments of the (a) monolayer (LB10) and (b) bilayer (LB20) of OPEn9 on a 

aqueous subphase or on a solid surface. 
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helix axis from the surface normal are determined from the amide I and II absorbance ratios 

to be 73° for the LB10, 69° for the LB20, and 56° for the SAM, respectively (Table I-1). 

These results indicate that the peptide has a horizontal orientation to the surface in the LB 

layers even upon compression, while random orientation in the SAM. Structural irregularity 

of the SAM may be explained by the mismatch of the component lengths between the HP 

and the OPE. The HP is too short for the OPE to take a vertical orientation on gold. 

The layer thicknesses were determined by ellipsometry to be 9 Å for LB10 and 23 Å 

for LB20, respectively. These values are consistent with the interpretation of monolayer and 

bilayer formation of the conjugate with taking horizontal orientation, when we consider the 

following points; (i) the diameter of a 310-HP with the repeating Ala-Aib sequence is 9.4 

Å.158 (ii) the OPE component should show a thinner thickness than the peptide component, 

(iii) both components are tilted slightly from the surface. 

UV-vis Absorption spectroscopy of layers. To study the electronic structure of the 

OPE in the layers, the UV-vis absorption spectra were measured. The spectra are 

summarized in Figure I-9. The OPEn9 SAM shows absorption maxima at 335 nm. A 

Table I-1. λmax (nm) of thickness (Å), and tilt angles of the HP and the OPE in 

various environments. 

 Thickness (Å) 
Peptide tilit 

angle (°) 

OPE tilt angle 

(°) 
λmax (nm) 

OPEnAc in 

chloroform 
⎯ ⎯ ⎯ 360 

OPEnAc LB ⎯ ⎯ 75 ± 2.0 382 ± 1.9 

OPEn9 in chloroform ⎯ ⎯ ⎯ 364 

OPEn9 LB10 9 ± 0.5 73 74 ± 5.4 347 ± 4.6 

OPEn9 LB20 23 ± 0.6 69 74 ± 3.5 358 ± 5.7 

OPEn9 SAM 24 ± 0.8 56 ⎯ 335 
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red-shift of 10 nm in the LB10 layer (λmax = 347 nm) and a further shift of 10 nm in the 

LB20 layer (λmax= 358 nm) are observed. As the π–A isotherm indicates that there is no π–π 

stacking among the OPE components in the OPEn9 layer, we consider the red-shift as a 

result of the electric field effect of the peptide dipole on the OPE component in the 

antiparallel arrangement. To obtain information on the orientation of the OPE component, 

the tilt angles of the OPE long axis from the surface normal were determined by absorption 

anisotropy measurements using p and s linearly polarized incident lights (Table I-1). The tilt 

angles are obtained as 73° for LB10 and 69° for LB20, respectively, indicating that the OPE 

component has a horizontal orientation similar to the HP component. In the LB10 layer, the 

two components have a similar horizontal orientation to the surface. Under this geometrical 

constraint, the two components in the conjugate should favor the antiparallel arrangement. 

Furthermore, head-to-tail arrangement in the layer may be prevailing because of 

stabilization of D–D interaction as depicted in Figure I-7a. This type of head-to-tail 

arrangement was previously reported in a LB monolayer of a 24mer HP.246 The red-shift of 

10 nm is thus caused by the electric field generated by the peptide dipoles neighboring the 

Figure I-8. IR-RAS spectra of the OPEn9 LB10 and LB20 layers, and SAM on a 

gold surface. 
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OPE. In the LB20 layer, the conjugates are piled up to double with keeping the horizontal 

and the antiparallel arrangement (Figure I-7b). The electric field strength around the OPE 

thus becomes double to induce another red-shift of 10 nm. On the other hand, in the SAM, 

the peptide components orient randomly on the surface. Although the orientation of the 

OPE component in the SAM could not be measured, it is plausibly considered that the 

relative orientation of the OPE to the peptide is random because of random distribution of 

the surrounding dipoles. 

Another possible explanation for the red-shift of the OPE component in the LB10 and 

LB20 layers might be due to the π–π stacking of the OPE. Indeed, in the cases of the 

OPEnAc LB layer and cast film, large red-shifts of 47 and 59 nm, respectively, from the 

λmax in the OPEn9 SAM were observed (Figure I-9). As described in General Introduction, 

optical spectra of OPEs are convolution of multiple structures. When OPEs are stacked to 

each other, the OPEs take only coplanar conformation, which have the lowest 

HOMO–LUMO transition energy.216 In the LB layer of OPEnAc, the red-shift is a result of 

this. Hu et al. clarified this relation of λmax with the coplanarity recently.219 However, this 

reason is considered to be excluded from the explanation of the red shift in the OPEn9 

layers, because π–π stacking of the conjugate in those layers is not significant as revealed by 

the reversible π–A isotherms, which is described in the previous section. 

Conclusion 

A novel conjugate of OPE and a HP was synthesized and studied on the dipole effect 

of the HP on the electronic structure of the OPE and a D–D interaction in regulation of the 

molecular structure. In chloroform, the conjugate showed a red-shifted absorption compared 

to a reference OPE derivative, indicating that the electric field effect of the HP dipole on the 

electronic structure of the OPE in the conjugate appeared, where both components favored 
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the antiparallel arrangement due to the D–D interaction. This interpretation was supported 

by ab initio calculations. In the LB layers of the conjugate, the red-shifts of the λmax became 

larger than that in chloroform because of the additive dipole effects from the HPs 

neighboring the OPE. Interesting character of the stabilized conjugate is also observed in 

the π–A isotherm. OPEn9 forms a stable and ordered film under compression, whereas 

AcOPE, BA8M, and a mixture of the two aggregate. Such character is applicable for 

fabrication of aggregation-free and oriented π-conjugate films. 

Figure I-9. UV-vis absorption spectra of OPEnAc and OPEn9 in the layers. 
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Introduction 

This chapter deals with formation of a large chiral π-conjugate using D–D interaction and 

chirality of HPs in a concerted way. Synthesis of large functional molecules with a specified 

conformation has been a challenging work, because single molecule can elicit its own 

function by itself as demonstrated in the field of molecular electronics. Foldamers have 

been developed along the purpose on the basis of knowledge of protein folding.247,234 

Although foldamers are a powerful framework, they are designed generally with taking 

steric constrains and hydrogen bonds into consideration. In the present study, the author 

adopted another strategy of association of two HPs with help of D–D interaction for 

formation of chiral pseudotriangle structure of a π-conjugate system. 

Dipole of HPs induces strong interaction with other dipolar molecules and ionic 

species, which contributes to several protein functions.98,99 Ishikawa et al. have utilized D‒

D interaction to construct specified conformation such as a planar triangle structure 

containing three HPs235 and a H-shaped conjugate of a HP and an OPE with an electron 

Figure II-1. Chemical structure of f-OPEBE. 
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withdrawing group (see Chapter I). In the latter case, the two dipolar moieties took 

antiparallel orientation, and the absorption band of OPE shifted to longer wavelength due to 

electric field generated by the helix dipole. 

The molecular structure synthesized here is shown in Figure II-1. A triangle-like 

structure, OPEBE, is composed of OPEs (sides) and biphenylenes (corners). One of the 

three OPE sides in a triangle shape is disconnected in the middle, and each of the two 

terminals is connected to the side chain of Orn of nonapeptide, 

Boc-(Ala-Aib)2-Orn-(Ala-Aib)2-OMe. The OPEBE moiety is a kind of helicene, which 

shows chirality of helical sense. When two HPs associate together, the OPEBE moiety may 

take a chiral helical structure due to a specific torsion between two right-handed HPs. On 

the other hand, the OPEBE moiety will become a racemate of a mixture of a right-handed 

and a left-handed helical structures or a disordered structure upon disrupter of the two helix 

bundle structure because each side can rotate freely along the single bond in the biphenyl 

groups at the corners.  

Experimental 

Material. f-OPEBE was synthesized according to Schemes II-1 and 2. f-OPEBE was 

finally purified by HPLC (Showdex KD-2002.5) using DMF. See Chapter I for the general 

procedures of the compound identification methods. MALDI-MS was used for 

identification of f-OPEBE. 

Optical Spectra. A cell of 0.1 cm optical path length was used when CD spectra of peptide 

absorption region was recorded. Otherwise, a cell of 1 cm optical path length was used for 

all optical spectroscopy. 
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Synthesis 

General procedure of Sonogashira cross coupling: Three sets of reagents and a solvent 

for the coupling were used: (1) Cu(I)I, Pd(II)(PPh3)2Cl2, and DIA (solvent); (2) Cu(I)I, 

Pd(II)(PPh3)2Cl2, DIEA, and THF (solvent); (3) Cu(I)I, Pd(II)(PhCN)2Cl2, DIA, 

tri(tert-butyl)phosphine, and 1,4-dioxane (solvent). The procedure of the reaction is 

common: To a two-neck RBF were added an arylhalide. The flask was charged with argon. 

Scheme II-1. Synthetic scheme of OPEBE. 



  Synthesis 29 

A palladium catalyst and Cu(I)I were added to the mixture. The solvent was added to the 

mixture and the mixture was stirred slowly. An alkyene was then added to the mixture. 

When set 2 or 3 was used, an amine and the phosphine (only in set 3) were added. The 

mixture was stirred under argon atmosphere at the designated temperature for designated 

time. The solvent was removed in reduced atmosphere. When the set 1 was used, the 

residue was taken up with chloroform and washed with water. The organic layer was dried 

over Na2SO4. For the all sets, the residue was finally purified with column chromatography 

(silica gel). 

2. See the general procedure for the Sonogashira coupling with set 3. 1 (2.00 g, 5.38 mmol) 

TMSA (2.23 mL, 16.1 mmol), Cu(I)I (645 µmol, 122 mg), Pd(II)(PhCN)2Cl2 (247 mg, 645 

µmol), DIA (4.4 mL, 32.3 mmol), and tri(tert-butyl)phosphine (261 mg, 1.29 mmol) were 

reacted in 1,4-dioxane (10 mL) at RT for 24 hr. The residue was purified by column 

chromatography (chloroform/hexane = 1/2 and 2/3). 2.11 g (88% yield) of the desired 

product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 3.90 (s, 6H, OCH3), 6.99 (d, 2H, aromatic), 7.44 (dd, 

2H, aromatic), 7.62 (d, 2H, aromatic). 

EI-MS: m/z = 406.2 (calcd for C18H12Br2O2 M+, 406.20). 

3. The trimethylsilyl group on 2 (2.50 g, 6.15 mmol) was removed by treating with 

potassium carbonate (3.40 g, 24.6 mmol) in a mixture of MeOH (20 mL) and 1,4-dioxane 

(20 mL). According to the general procedure for the Sonogashira cross coupling wit set 2, 

the product was reacted with 1,4-diiodobenzene (6.07 g, 18.4 mmol), Cu(I)I (233 mg, 1.23 

mmol), Pd(II)(PPh3)2Cl2 (516 mg, 736 µM), and DIEA (8.6 mL, 49 mmol) in THF at RT for 

20 hr. The residue was purified by column chromatography (chloroform/hexane = 1/2 and 

1/1). 1.1 g (26% yield) of the desired product was obtained. 
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1H NMR (400 MHz, CDCl3): δ (ppm) 3.92 (s, 6H, OCH3), 7.29 (d, 4H, aromatic), 7.50 (dd, 

2H, aromatic), 7.67–7.70 (m, 6H, aromatic). 

EI-MS: m/z = 666.0 (calcd for C30H20I2O2 M+, 665.96). 

5. To an oven dried 50 mL two-neck round-bottomed flask, which was charged with argon, 

were added THF (15 mL) and a 1.0 M THF solution of isopropylmagnesium bromide (3 mL, 

3.0 mmol). The mixture was cooled to 0 °C and a 1.6 M hexane solution of butyllithium 

(3.8 mL, 6.0 mmol) was added. The mixture was cooled to –78 °C and a THF solution of 

1.3-diiodobenzene (2.0 g/9 mL, 6.0 mmol). The mixture was stirred for 30 min at –78 °C 

and titanium(IV) tetrachloride (1.0 mL, 9.1 mmol) were added. The mixture was gradually 

warmed up to 0 °C and stirred for 1 hr. The mixture was then poured into saturated aqueous 

Scheme II-2. Synthetic scheme of f-OPEBE. 
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solution of ammonium chloride and extracted with ethyl acetate (3×) and dried over 

anhydrous sodium sulfate. 829 mg (4.06 mmol, 67%) of the desired product was obtained. 

1.1 g (26% yield) of the desired product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.17 (t, 1H, aromatic), 7.48 (d, 1H, aromatic), 7.69 

(dd, 2H, aromatic), 7.88 (d, 1H, aromatic). 

EI-MS: m/z = 405.79 (calcd for C12H8I2 M+, 405.87). 

6. See the general procedure for the Sonogashira cross coupling with set 1. 5 (560 mg, 1.38 

mmol), 3-methyl-1-butyn-3-ol (163 µL, 1.38 mmol), Cu(I)I (1.31 mg, 6.9 µmol), and 

Pd(PPh3)2Cl2 (5.4 mg, 13 µmol) in DIA (6 mL) at RT for 2 hr. The residue was purified by 

column chromatography (chloroform). 195 mg (60% yield) of the desired product was 

obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.64 (s, 6H, CH3), 2.09 (s, 1H, OH), 7.17 (t, 1H, 

aromatic), 7.35–7.60 (m, 5H, aromatic), 7.67 (t, 1H, aromatic), 7.92 (t, 1H, aromatic). 

EI-MS: m/z = 362.01 (calcd for C17H16O M+, 362.02). 

7. See the general procedure for the Sonogashira cross coupling with set 1. 6 (195 mg, 538 

µmol), TMSA (89 µL, 646 µmol), Cu(I)I (0.51 mg, 2.7 µmol), and Pd(II)(PPh3)2Cl2 (2.1 mg, 

5.44 µmol) were reacted in DIA (6 mL) at RT for 2 hr. The residue was purified by column 

chromatography (chloroform). 123 mg (69% yield) of the desired product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 0.27 (s, 9H, Si(CH3)3), 1.64 (s, 6H, CH3), 2.09 (broad, 

1H, OH), 7.34–7.52 (m, 6H, aromatic), 7.68 (s, 1H, aromatic), 7.72 (s, 1H, aromatic). 

EI-MS: m/z = 332.14 (calcd for C22H24OSi M+, 332.16). 

8. To a 100 mL two-neck round-bottomed flask with a Dimroath condenser were added 7 

(1.57 mg, 4.57 mmol), toluene (60 mL), and a dry powder of NaOH (18.28 mg, 457 µmol). 

The mixture was heated up to ca. 120 °C and stirred overnight under nitrogen atmosphere. 
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The mixture was then filtered over a pad of silica. The filtrate was dried in vacuum. 1.05 g 

(84% yield) of the desired product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 0.27 (s, 9H, Si(CH3)3), 3.16 (s, 1H, CCH), 7.37–7.71 

(m, 8H, aromatic). 

EI-MS: m/z = 274.13 (calcd for C19H18Si [M+], 274.12). 

9. See the general procedure for the Sonogashira cross coupling with set 1. 8 (550 mg, 2.0 

mmol), tert-butyl 3-iodobenzoate (792 mg, 2.61 mmol), Cu(I)I (19 mg, 100 µmol), and 

Pd(II)(PPh3)2Cl2 (84 mg, 200 µmol) were reacted in a mixture of DIA (5 mL) and THF (5 

mL) at RT for 3 d. The residue was purified by column chromatography 

(chloroform/hexane =1/2). 396 mg (44% yield) of the desired product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 0.27 (s, 9H, Si(CH3)3), 1.61 (s, 9H, OC(CH3)3), 7.38‒

7.77 (m, 10H, aromatic), 7.96 (d, 1H, aromatic), 8.15 (s, 1H, aromatic). 

EI-MS m/z = 450.20 (calcd for C30H30O2Si M+, 450.20). 

10. 9 (396 mg, 0.88 mmol) was dissolved in a mixture of MeOH (3 mL) and 

dichloromethane (3 mL). To the solution was added K2CO3 (485 mg, 3.51 mmol). The 

mixture was stirred for 2 h. The mixture was poured into water and extracted with 

dichloromethane (3×). The organic layers were dried over sodium sulfate. The solvent was 

removed in vacuum. The product was obtained in quantitative yield. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.62 (s, 9H, OC(CH3)3), 3.11 (s, 1H, CCH), 

7.41–7.68 (s, 7H, aromatic), 7.70 (d, 1H, aromatic), 7.77 (d, 2H, aromatic), 7.96 (d, 1H, 

aromatic), 8.15 (s, 1H, aromatic). 

11. See the general procedure for the Sonogashira cross coupling with set 1. 8 (550 mg, 2.00 

mmol), phenacyl 3-iodobenzoate (953 mg, 2.61 mmol), Cu(I)I (19 mg, 100 µmol), and 
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Pd(II)(PPh3)2Cl2 (84 mg, 200 µmol) were reacted in a mixture of DIA (5 mL) and THF (7 

mL) at RT for two days. The residue was purified by column chromatography 

(chloroform/hexane =1/2, 1/1, and then 2/1). 328 mg (0.64 mmol, 32%) of the desired 

product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 0.27 (s, 9H, SiC(CH3)3), 5.61 (s, 2H, OCH2COPh), 

7.36–7.64 (m, 10H, aromatic), 7.72 (s, 1H, aromatic), 7.76 (d, 2H, aromatic), 7.98 (d, 2H, 

aromatic), 8.11 (s, 1H, aromatic), 8.34 (s, 1H, aromatic). 

12. To a 50 mL round-bottomed flask were added 11 (328 mg, 0.63 mmol), acetic acid (37 

µL), 1 M THF solution of TBAF (383 µL, 0.38 mmol), and THF (10 mL). The mixture was 

stirred at 0 °C for 3.5 h. The mixture was passed through a pad of silica with chloroform. 

The solvent was removed in vacuum. The product was obtained in quantitative yield. 

1H NMR (400 MHz, CDCl3): δ (ppm) 3.11 (s, 1H, CCH), 5.61 (s, 2H, OCH2COPh), 

7.39–7.63 (m, 10H, aromatic), 7.76 (m, 3H, aromatic), 7.98 (d, 2H, aromatic), 8.11 (d, 1H, 

aromatic), 8.34 (s, 1H, aromatic). 

EI-MS: m/z = 440.18 (calcd for C31H20O3 M+, 440.14). 

13. See the general procedure for the Sonogashira cross coupling with set 2. 3 (701 mg, 1.05 

mmol), 10 (332 mg, 0.88 mmol), Cu(I)I (16 mg, 87 µmol), Pd(II)(PPh3)2Cl2 (36 mg, 52 

µmol), and DIEA (612 µmol, 3.51 mol) were reacted in THF (3 mL) at RT for two days. 

The residue was purified by column chromatography (chlorform/hexane = 2.5/1 then 3/1). 

243 mg (265 µmol, 30%) of the desired product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.61 (s, 19H, OC(CH3)3), 3.95 (s, 3H, OCH3), 3.96 (s, 

3H, OCH3), 6.96 (d, 2H, aromatic), 7.30 (d,2H, aromatic), 7.40–7.56 (m, 13H, aromatic), 

7.68–7.72 (m, 5H, aromatic), 7.80 (d, 2H, aromatic), 7.96 (s, 1H, aromatic), 8.16 (s, 1H, 

aromatic). 
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FAB-MS (NBA): m/z = 916.3 (calcd for C57H41IO4 M+, 916.21). 

OPEBE. See the general procedure for the Sonogashira coupling with set 2. 13 (243 mg, 

0.67 mmol), 12 (281 mg, 0.63 mmol), Cu(I)I (5 mg, 26 µmol), Pd(II)(PPh3)2Cl2 (11 mg, 15 

µmol), and DIEA (185 µmol, 1.06 mol) were reacted in THF (3 mL) at 50–60 °C for two 

days. The residue was purified by column chromatography (chloroform/hexane = 2/1 then 

1/1).  Additionally, the product was purified by preparative TLC (chloroform/hexane = 

3/1). 231 mg of a crude product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.61 (s, 9H, Boc), 3.97 (s, 3H, OCH3), 5.61 (s, 2H, 

COOCH2COPh), 6.97 (d, 2H, aromatic), 7.41–7.30 (m, 29H, aromatic), 7.56–7.73 (m, 8H, 

aromatic), 7.95–7.98 (m, 3H, aromatic), 8.40–8.51 (m, 2H, aromatic). 

FAB-MS (NBA): m/z = 1228.5 (calcd for C88H60O7 M+, 1228.43). 

OPEBE′. OPEBE (111 mg, 90 mmol) was dissolved in 3 mL of 4 N HCl/dioxane. The 

solution was stirred for two days. The soluvent was evaporated in vacuum. Removal of the 

tert-butyl group was confirmed by 1H NMR and FAB-MS. The product was then dissolved 

in DMF (1 mL). 340 µL of 1 M THF solution of TBAF was added to the solution and 

stirred for 20 h. The solution was poured into 4 wt % aq KHSO4 and extracted with 

chloroform. The organic layer was washed with brine and dried over Na2SO4. The organic 

layer was concentrated in reduced atmosphere. The residue was washed with MeOH (2×) 

and dried in vacuum. Removal of the Pac group was confirmed by 1H NMR and FAB-MS. 

The product was not pure enough, but used in the next step. 

f-OPEBE. See the general procedure for the peptide coupling reaction in Chapter 1. 

OPEBE (80 mg, 75 µmol), Boc-(Ala-Aib)2-Orn-(Ala-Aib)2-OMe (300 mg, 344 µmol), 

HATU (172 mg, 454 µmol), HOAt (62 mg, 454 µmol), and DIEA (132 µL, 758 µmol) were 

reacted in DMF at room temperature for three days. The mixture was purified by Showdex 
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KD-2002.5 using DMF as the eluent. The product was re-precipitated form 

chloroform/iPr2O/hexane. 71 mg (34% yield) of the desired product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.35–1.62 (m, 96H, Boc, AlaCβ, AibCβ, OrnCβ), 2.00 

(m, 4H, OrnCγ), 3.49 (m, 4H, OrnCδ), 3.65 (s, 6H, COOCH3), 3.86 (m, 2H, AlaCα, OrnCα, 

or the both), 3.96 (s, 6H, Ar-OCH3), 4.05 (m, 6H, AlaCα, OrnCα, or the both), 4.35 (m, 2H, 

AlaCα, OrnCα, or the both). See Figure A-II-1 in Appendix for the spectram 

MALDI-MS (HR, 2,5-dihydroxylbenzoic acid): m/z = 2784.3482 (calcd for C154H182N20O28 

[M + Na]+, 2784.3397). 

Results and discussion 

Optical spectra. The absorption, fluorescence, and excitation spectra of f-OPEBE in 

MeOH and chloroform are shown in Figure II-2. Absorption spectra of f-OPEBE have 

several bands of nearly identical peak intensity in the 260–330 nm region. In contrast, a 

typical OPE absorption spectrum shows a main band around 320 nm with some subbands of 

weak intensities.216 The inconsistency suggests that the OPEBE moiety may be composed 

of several discontinuous π-conjugate segments which sizes are shorter than an OPE unit, 

even though OPEBE as a whole has a possibility to constitute a long π-conjugate system. 

Segmentation of the π-conjugate system is also suggested from excitation spectra. As shown 

in Figure II-2b, the patterns of the excitation spectra are different from those of the UV 

spectra. The main peaks in the region of 270–300 nm in the absorption spectra become 

weak shoulders in the excitation spectra where the peak of a maximum intensity appears at 

350 nm. The difference can be explained by segmentation of the OPEBE moiety, which 

comprises long and short π-conjugate segments. The photoenergy absorbed by the short 

segments should be transferred to the long π-conjugate segment which absorbs a light of 

350 nm and fluoresces at 400 nm. Noticeably, the fluorescence spectra show only one 
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emission band with a high quantum yield (0.93 in MeOH, see Chapter IV for the 

method).218 No aggregation is suggested based on no spectral change except intensity with 

varying the conjugate concentration form 3.3 × 10−6 M to 2 × 10−5 M (Appendix, Figure 

A-II-2–4). 

CD spectra. CD spectrum of f-OPEBE in MeOH shows negative Cotton effects at 

204 nm and a shoulder around 224 nm (Figure II-3), which are assigned to a typical pattern 

for a right-handed 310-helical structure.239 The molar ellipticity (θ = 7.1 × 103 deg cm2 mol−1 

residue−1 at 204 nm) is agreeable with a previously report on a similar nonapeptide,235 

indicating conjugation with the OPEBE moiety has no effect on helix formation. CD spectra 

in THF and 1,4-dioxane also show a negative Cotton effect without a shoulder around 224 

nm (Figure II-3), suggesting formation of 310-helix bundle due to helix association in these 

solvents of low dielectric constants.248,249 

Conformation of f-OPEBE. CD spectra of the absorption region of the OPEBE 

moiety in various solvents are shown in Figure II-4. In chloroform and dichloromethane 

Figure II-2. Optical spectra of f-OPEBE in MeOH (solid) and chloroform (dash): 

(a) absorption spectra at 1.0 × 10−5 M for MeOH and 1.4 × 10−5 M for 

chloroform; (b) fluorescence and excitation spectra at 3.3 × 10−6 M for MeOH 

and 4.5 × 10−6 M for chloroform . The excitation wavelength was 350 nm. 
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solutions, negative and positive Cotton effects are observed at 290 nm and 250 nm, 

respectively. The OPEBE moiety thus takes a chiral structure in these solvents. Appearance 

of the induced Cotton effects in the relatively short wavelength region indicates that the 

chirality originates from the short π-conjugate segment. The exciton coupling with a pattern 

of a positive Cotton effect at shorter wavelength and a negative Cotton effect at longer 

wavelength suggests the chirality of a left-handed helix in the OPEBE moiety. The strength 

of the Cotton effect is linearly related with concentration of f-OPEBE in the range of 

3.3–20 × 10−6 M, suggesting intermolecular association is not the reason for the chirality 

(Appendix, Figure A-II-3, 4). Further, no Cotton effect in the OPEBE’s absorption region is 

observed in MeOH, even though the peptide moieties take a 310-helical conformation 

(Figure II-3). The chirality in the OPEBE moiety is thus not a result of addition of HP to the 

OPEBE moiety. Taken together, association of the two helices of f-OPEBE in chloroform 

and dichloromethane is a plausible interpretation to induce the chirality of the OPEBE 

moiety. Indeed, NOESY spectrum shows proximity of AlaCβ protons and AibCβ protons in 

Figure II-3. CD spectrum of f-OPEBE in MeOH (black), THF (blue) and 

1,4-dioxane (red) at 4.9–6.6 × 10−5 M. 
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chloroform-d but not in MeOH-d3, supporting association of the two helices in chlorofom 

and not in MeOH (Appendix, Figure A-II-5, 6). The association of the two helices may be 

driven by D‒D interaction in chloroform of a low dielectric constant of 4.8, but the 

interaction is not operative in MeOH of a dielectric constant of 33. In THF and 1,4-dioxane, 

the induced Cotton effect of the OPEBE moiety was small. Since solubility of f-OPEBE in 

these solvents is not so high, aggregation may occur as shown in Figure II-3 to obscure the 

induced Cotton effect. 

Stability of the conformation. Stability of the association of the two helices was 

further studied. The addition of a left-handed helix of Boc-(D-Ala-Aib)4-OMe (ten 

equivalents) to a chloroform solution of f-OPEBE did not change the intensity of the 

induced Cotton effect of the OPEBE moiety, indicating no inhibition effect of the helix 

peptide on the two helices association (Appendix, Figure A-II-7). However, the intensity of 

the induced Cotton effect reduced the intensity to one fourth with increasing temperature 

from 30 °C to 80 °C in 1,2-dichloroethane (Appendix, Figure A-II-8). The intensity was 

regained when the temperature was set back to 30 °C, indicating that the association of the 

Figure II-4. CD spectra of f-OPEBE in various solvents at 2 × 10 −5 M.  
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two helices is thermodynamically stable. 

Conclusion 

A conjugate of phenyleneethynylenes and two HPs was prepared. The conjugate, 

f-OPEBE, takes a chiral triangle structure when dissolved in chloroform or 

dichloromethane due to association of two HPs induced by intramolecular D‒D interaction. 

A careful choice of solvent is necessary for observation of intramolecular D‒D interaction 

which exceeds over other interactions. 
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Introduction 

This chapter deals with chirality introduction on an OPE by clipping it with a HP. As 

described in General Introduction, benzene rings of OPEs rotate nearly freely. This 

character inspired chemists to determine precise conformation–property relationship by 

photophisical studies. Some OPEs and PPEs are designed to take a coplanar conformation 

or a twisted conformation. There are, however, no OPEs which have a main chain chirality. 

The author thus challenged to fabricate a chiral OPE by conjugating it with a HP. The 

author synthesized a novel OPE-peptide cyclic conjugate C-OPE10 as well as a linear 

conjugate L-OPE10 as a reference compound (Figure III-1). OPE having two carboxyl 

groups was bridged by a helical decapeptide composed of alternating Ala and Aib. The 

Figure III-1. Chemical structures and schematic presentations of (a) C-OPE10 

and (b) L-OPE10. 
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molecular length of a helical decamer is estimated to be 1.5–2 nm, which is close to that of 

OPE (1.7 nm). The HP should be effective not only for restriction of the rotational motion 

in OPE but also for induction of a chiral twist on it. The conformation of the peptide 

decamer and the OPE moiety were studied by circular dichroism (CD) spectroscopy, and 

the electronic structures of the OPE moiety were discussed on the basis of absorption and 

emission spectroscopies. For detailed discussion on CD measurements, ab initio 

calculations were performed using TD-DFT. 

Experimental 

Materials. C-OPE10 and L-OPE10 were synthesized according to Scheme III-1. See 

Chapter I for general procedure of peptide and OPE synthesis and compound identifying 

ways. The purity of the final compounds was further analyzed by HPLC (COSMOSIL 

5C18-AR, eluant: CH3CN/H2O/TFA = 45/55/0.05 for C-OPE10; CH3CN/H2O = 90/10 for 

L-OPE10; flow rate: 1 mL/min; monitor at 355 nm).  

Spectroscopy in solution. CD spectra were measured using optical cells of a 0.1 and 1 cm 

optical path length. An optical cell of a 1 cm optical path length was used in both absorption 

and emission spectroscopic measurements. 

Quantum calculation. Details are described in Chapter I. No imaginary frequency number 

was outputted from the optimized structure. TD-DFT method was used for absorption and 

electric circular dichroism simulations on B3LYP/6-31G(d,p) level. Ten excited states were 

solved in the calculations. 

Synthesis 

Compounds 2–4, and 6 were synthesized by conventional liquid phase peptide coupling (see 
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the general procedure in Chapter I). 

5. Compound 4 (630 mg, 0.852 mmol) was treated with HBr/AcOH. The HBr salt was 

washed with diethlether. The deprotcetd peptide was coupled with 3-iodobenzoic acid (434 

mg, 1.75 mmol) in DMF in the presence of HATU (1.33 g, 3.5 mmol), and DIEA (914 µL, 

5.25 mmol) by the general procedure for the peptide coupling reaction for 30 h. The residue 

was purified by methods 1 and 2(chloroform/MeOH = 30/1) and washed with iPr2O. 448 

Scheme III-1. Synthetic scheme of L-OPE10 and C-OPE10. 
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mg (61% yield) of the desired product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.37–1.60 (m, 20H, AibCβ, AlaCβ, OrnCβ), 1.81 (m, 

2H, OrnCγ), 2.06 (s, 3H, Ac), 3.51 (m, 2H, OrnCδ), 4.07 (m, 1H, AlaCα), 4.35 (m, 1H, 

AlaCα), 4.44 (m, 1H, OrnCα), 5.30 (dd, 2H, OCH2COPh), 6.78–6.83 (m, 2H, OrnNHδ, 

AibNH), 7.07–7.13 (m, 2H, AlaNH, OrnNHα), 7.15-7.21 (m, 2H, AlaNH, aromatic), 7.32 (s, 

1H, AibNH), 7.50 (m, 2H, aromatic), 7.62 (m, 1H, aromatic), 7.85 (d, 1H, aromatic), 

7.8–7.96 (m, 3H, aromatic), 8.18 (s, 1H, aromatic). 

FAB-MS (matrix: NBA): m/z = 835.3 (calcd for C36H48IN6O9 [M + H]+, 835.24). 

7. To 6 (1.3 g, 1.88 mmol) in MeOH was added Pd/C (260 mg). The reaction mixture was 

kept stirring under a H2 atmosphere for 24 h. Another portion of Pd/C (50 mg) was added to 

the mixture and stirred for another 26 h. The catalyst was filtered off, and the filtrate was 

concentrated under reduced pressure. The peptide was coupled with 3-iodobenzoic acid 

(592 mg, 2.39 mmol) in DMF in the presence of HATU (1.51 g, 3.98 mmol), and DIEA 

(0.832 µL, 4.78 mmol) by the general procedure for the peptide coupling reaction for 14 h. 

Additional portions of HATU (600 mg, 1.6 mmol) and DIEA (554 µL, 3.2 mmol) were 

added to the mixture and stirred for 24 h. The residue was purified by methods 1 and 

2(chloroform/MeOH = 50/1) and washed with iPr2O. 451 mg (35% yield) of the desired 

product was obtained. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.37–1.68 (m, 27H, AibCβ, Boc, AlaCβ), 1.72 (m, 2H, 

OrnCγ), 1.98 (m, 2H, OrnCβ), 3.37 (m, 2H, OrnCδ), 3.69 (s, 3H, OCH3), 3.93 (m, 1H, 

AlaCα), 4.21 (m, 1H, AlaCα), 4.50 (m, 1H, OrnCα), 6.42 (s, 1H, AlaNH), 7.12 (m, 1H, 

aromatic), 7.31 (m, 1H, OrnNHCα), 7.35 (s, 1H, AibNH), 7.54 (S, 1H, OrnNHCδ), 7.60 (d, 

1H, AlaNH), 7.76 (d, 1H, aromatic), 7.92 (d, 1H, aromatic), 8.22 (s, 1H, aromatic). 

FAB-MS (matrix: NBA): m/z = 789.3 (calcd for C32H50IN6O9 [M + H]+, 789.26). 
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8. See the general procedure for the Sonogashira coupling reaction. 7 (308 mg, 390 µmol), 

1,4-diethynylbenzene (59 mg, 468 µmol), Pd(II)(II)(PPh3)2Cl2 (16.5 mg, 23.4 µmol), Cu(I)I 

(7.4 mg, 39 µmol), and DIEA (272 µL, 1.56 mmol) were reacted in THF for 2 h. The 

residue was purified by a column chromatography (chloroform/MeOH = 30/ 1), giving 130 

mg (165 µmol, 42%). 

1H NMR (400 MHz, CDCl3) δ (ppm) 1.35-1.57 (m, 27H, AibCβ, Boc, AlaCβ), 1.75 (m, 2H, 

OrnCγ), 2.00 (m, 2H, OrnCβ), 3.17 (s, 1H, HCCPh), 3.48 (m, 2H, OrnCδ), 3.71 (s, 3H, 

OCH3), 3.92 (m, 1H, AlaCα), 4.17 (m, 1H, AlaCα), 4.52 (m, OrnCα), 4.99 (s, 1H, AlaNH), 

6.40 (s, 1H, AibNH), 7.01 (s, 1H, AibNH), 7.31–7.40 (m, 2H, OrnNHα, aromatic), 

7.42–7.51 (m, 5H, AlaNH, aromatic), 7.58 (d, 1H, aromatic), 7.88 (d,1H, aromatic), 8.18 (s, 

1H, aromatic). 

FAB-MS (matrix: NBA) m/z = 787.4 (calcd for C42H55N6O9 [M + H]+, 787.40). 

L-OPE10. See the general procedure for the Sonogashira coupling. 8 (110 mg, 140 µmol), 

5 (140 mg, 167 µmol), Pd(II)(II)(PPh3)2Cl2 (5.9 mg, 8.4 µmol), Cu(I)I (2.7 mg, 14 µmol), 

and DIEA (97 µL, 560 µmol) were reacted in THF for 3 h. The residue was purified by a 

Sephadex LH20 column (eluant: DMF). 106 mg (48% yield at most) of the desired product 

was obtained. HPLC: retention time = 6.377 min (93%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.35–1.59 (m, 45H, AibCβ, Boc, AlaCβ), 1.59–1.90 

(m, 8H, OrnCβ, OrnCγ), 2.07 (s, 3H, Ac), 3.40-3.55 (m, 4H, OrnCδ), 3.71 (s, 3H, OCH3), 

3.92 (m, 1H, AlaCα, or OrnCα), 4.06 (m, 1H, AlaCα, or OrnCα), 4.14 (m, 1H, AlaCR, or 

OrnCα), 4.36 (m, 1H, AlaCα, or OrnCα), 4.42 (m, 1H, AlaCα, or OrnCα), 4.51 (m, 1H, AlaCα, 

or OrnCα), 5.20 (s, 1H, AlaCα, or OrnCα), 5.30 (dd, 2H, OCH2COPh), 6.53 (s, 1H, NH), 

6.88 (s, 1H, NH), 7.00 (d, 1H, NH), 7.35–7.95 (m, 21H, NH, and aromatic). 

FAB-MS (matrix: NBA): m/z = 1493.9 (calcd for C78H101N12O18 [M + H]+, 1493.73). 



  Results and discussion 49 

C-OPE10. L-OPE10 (74 mg, 49 µmol) in MeOH (200 µL) and 1,4-dioxane (200 µL) was 

treated with 1 N aq NaOH (60 µL) at 0 °C without stirring for 4 h. The mixture was 

neutralized with 2 N aq HCl and concentrated under reduced pressure. The product was 

treated with TFA (730 µL) in the presence of anisole (73 µL) at 0 °C for 1 h. The mixture 

was concentrated under reduced pressure, and the residue was washed with Et2O. The 

identification was carried out by FAB-MS. To the TFA salt of the peptide in DMF were 

added HATU (205 mg, 539 µmol) and HOAt (73 mg, 539 µmol). The mixture was kept 

stirring under a nitrogen atmosphere at 0 °C. To the solution was added a DMF solution of 

DIEA (0.1 M, 10.8 mL) over 1.5 h. The temperature was then gradually raised to RT and 

the mixture was stirred for 24 h. Additional portions of HATU (41 mg, 108 µmol), HOAt 

(14.7 mg, 108 µmol), and DIEA (28 µL, 162 µmol) were added to the mixture at 0 °C 

followed by 33 h of stirring at RT. The mixture was concentrated under reduced pressure 

and purified by a Sephadex LH-20 column for two times (eluent: DMF and MeOH) and 

preparative TLC (eluent: chloroform/MeOH 10/1). Finally, the product was solidified with 

hexane. 10 mg (14% yield at most) of the desired product was obtained. HPLC: retention 

time ) 4.713 min (∼100%). 

1H NMR (400 MHz, MeOH-d4) δ (ppm) 1.35–1.57 (m, 36H, AibCα, AlaCα), 1.75–1.98 (m, 

8H, OrnCβ, OrnCγ), 2.04 (s, 3H, Ac), 3.48 (m, 4H, OrnCδ), 3.69 (s, 3H, OCH3), 3.92-4.04 

(m, 3H, AlaCα, or OrnCα), 4.13-4.17 (m, 1H, AlaCα, or OrnCα), 4.29 (m, 1H, AlaCα, or 

OrnCα), 7.49–8.10 (m, 12H, aromatic). 

FAB-MS (matrix: NBA): m/z = 1257.7 (calcd for C65H85N12O14 [M + H]+, 1257.62). 

Results and discussion 

Conformation of peptide. To investigate the conformation of the peptide moieties of 

L-OPE10 and C-OPE10, CD spectra were recorded in MeOH at RT (Figure III-2a). The 
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spectrum of L-OPE10 showed a weak positive Cotton effect around 220 nm, suggesting 

that two moieties of the peptide pentamers in L-OPE10 take a disordered conformation,250 

although some pentamers consisted of Ala and Aib residues are known to take a 310- or an 

α-helical structure.251 

On the other hand, C-OPE10 clearly showed a double-minimum pattern (peaks at 208 

and 222 nm), which is characteristic of an α-helical structure.250,252 Otoda et al. have 

investigated on the critical length for transition from a 310- to an α-helix of 

Boc-(Ala-Aib)n-OMe to be eight residues on the basis of X-ray analysis of the crystalline 

structures.69 The present observation for the peptide decamer in C-OPE10 is in agreement 

with the previous finding. 

Although the CD spectrum of C-OPE10 showed the clear pattern of α-helix, the 

structure was not so stable. The helix content was determined as 23% and decreased further 

upon raising temperature from 10 to 50 °C (Figure III-2b). These facts indicate that the 

α-helical structure is most dominant in the decamer but has only a little advantage in 

stabilization against other structures.138,164,161,158 Because the molar ellipticity per residue of 

Figure III-2. CD spectra of (a) C-OPE10 (solid) and L-OPE10 (dot), and (b) 

temperature dependence of CD spectra of C-OPE10 with raising from 10 (blue) 

to 50 °C (orange; every 10 °C). 
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the C-OPE10 (ca. −1 × 104 deg cm−2 dmol−1 residue−1 at 222 nm) was close to that of the 

free dodecamer of five repeats of the Ala-Aib alternating sequence,138 the decapeptide 

moiety was not stabilized in its helical structure despite the connection of a rigid rod-shaped 

OPE like a molecular splint. One reason for failure in stabilization of the helical structure 

should be unsuitable geometry for the OPE moiety to bridge the two points of the peptide 

with taking α-helical structure. The distance between the two terminal residues of the 

Figure III-3. Normalized absorption and emission spectra in MeOH: (solid) 

C-OPE10, and (dot) L-OPE10. 

Figure III-4. CD spectra of C-OPE10 and L-OPE10 in MeOH. 
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α-helical decapeptide may be longer than the OPE counterpart, because the side chains of 

the two terminal residues make a dihedral angle of about 80° around the helix axis and are 

not straight along the helix axis. Another reason for instability in the α-helix may be 

competition between 310- and α-helical structures. When the temperature was raised to 

50 °C, the peak at 222 nm nearly disappeared and became a shoulder, which is close to the 

typical CD spectrum pattern for 310-helical structure.239 

Characterization of the OPE moiety. Absorption and emission spectra of C-OPE10 

and L-OPE10 in MeOH were measured (Figure III-3). The absorption spectra of C-OPE10 

and L-OPE10 showed well-resolved vibrational bands at 373, 340, and 320 nm, which is 

typical for OPE with a few functional groups.253,216,254 No sharp band at the longer 

wavelength was observed in both absorption spectra under the present conditions (ca. 15 

Figure III-5. Geometries of the model compounds: A gray ball represents a 

carbon atom, white represents hydrogen, red represents oxygen, and blue 

represents nitrogen. 
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µM for both C-OPE10 and L-OPE10). The emission spectra of the both compounds also 

showed clear vibrational bands as the absorption spectra. The mirror image symmetry 

between absorption and emission spectra was broken similarly to the other reports on 

PPE/OPEs216,255 as well as PPVs244,256,257 and PPPs.258 When the two absorption spectra 

were normalized by the intensity at 320 nm, C-OPE10 shows nearly identical absorption 

and emission spectra with L-OPE10. There are two possible interpretations for the identical 

spectra: one is the helix bridge does not hinder the free rotation of the aromatic groups 

around the ethynylene axis, and the other is the fixed conformation of the OPE moiety by 

the helix bridge happens to show similar spectra to the average conformation of the OPE 

moiety in L-OPE10, where nearly frictionless rotation is allowed around the ethynylene 

axis.173,217 We conclude the latter interpretation is applied to the present case as following. 

To investigate the conformation of the OPE moiety, CD spectra were recorded in the 

absorption region of the OPE (260–360 nm). A negative Cotton effect was observed with 

C-OPE10 (Figure III-4), whereas no peaks with L-OPE10. CD spectra of π-conjugate 

polymers such as PPE,259 PPV,260 and PPP261,262 have been examined for the purpose of 

fabrication of circularly polarized electroluminescence materials. Cotton effects of those 

compounds appeared upon formation of chiral aggregation due to the chirality introduced in 

aliphatic side chains. This chiral aggregation is, however, not the case for C-OPE10, 

because no aggregation band in the absorption spectrum was observed in the present 

concentration range (13–16 µM). Both C-OPE10 and L-OPE10 were homogeneously 

dissolved in MeOH. Therefore, the negative induced CD of C-OPE10 should reflect a twist 

conformation of the OPE moiety upon bridging by a right-handed helix. As far as we know, 

this is the first example to prepare a π-conjugated compound having main chain chirality by 

bridging the twisted OPE terminals with a chiral helix, which is distinctly different from the 

previous report by Fiesel et al. who have also synthesized soluble PPPs having main-chain 



Chapter III: Chirally Twisted Oligo(phenyleneethynylene) by Cyclization with α-Helical 
Peptide 

54 

chirality.263 

The negative Cotton effect of C-OPE10 shows little change with increasing 

temperature, which is a sharp contrast to the peptide moiety. The reason may be due to the 

flexible linker between the OPE moiety and the HP to buffer the influence of the thermal 

fluctuation of the HP on the OPE moiety, but the detail remains to be solved. 

Quantum calculations. The conformation of the OPE moiety is further studied by ab 

initio calculations on model compounds. To start with, geometry 1 (Figure III-5) was 

prepared by optimization with the DFT method on the B3LYP/6-31G(d,p) level. The 

vibration analysis revealed that 1 located at a local minimum in the energy potential. The 

dihedral angles of the three phenyl rings of 1 were less than 1°. Geometries 2, R15, and L15 

Figure III-6. Computed (a) absorption and (b) CD spectra of geometries 1 (dot), 

R15 (solid), and L15 (dash). The absorption and CD spectra of 2 are nearly 

identical to those of 1. The absorption spectra of R15 and L15 are also 

identical. 
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(Figure III-5) were prepared by changing the dihedral angles between the phenyl rings from 

1. Geometry 2 is a coplanar conformation, where two substituents of the OPE moiety were 

located at the same side. Geometry R15 has a dihedral angle of 15° between two adjacent 

phenyl rings in a right-handed way, whereas L15 in a left-handed way. Single-point 

calculation on the four geometries were performed using TD-DFT method using 

B3LYP/6-31G(d,p) basis set. The predicted absorption and CD spectra are shown in Figure 

III-6. The maximum absorption wavelength is 364 nm for 1 and 2, and 361 nm for R15 and 

L15. This reflects that the π-conjugation is weakened in R15 and L15 because the coplanar 

geometry of 2 is twisted. The calculated CD spectra of R15 and L15 show a negative and 

positive Cotton effect at the maximum absorbance wavelength, respectively (Figure III-6b). 

It is thus concluded that the OPE moiety in C-OPE10 should take the right-handed 

conformation. However the calculated ellipticity of R15 (−3.3 × 104 deg cm2 dmol−1) is five 

times larger than the measured value (ca. −6 × 103 deg cm2 dmol−1). CD spectra of 2 were 

calculated with varying the dihedral angles from 5 to 90° (Figure III-7). The Cotton effect at 

the maximum absorption wavelength increases as the twisting angle increases from 0 to 60°. 

Figure III-7. Calculated CD spectra on right-hand twisted geometries with 

varying the dihedral angles between two phenyl rings around the molecular axis. 
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If the twist angle is more than 60°, the negative Cotton effect starts decreasing sharply and 

finally drops down to zero at 90°, where chirality disappears. When the measured molar 

ellipticity is compared with the computed ones, the twisted angle is estimated to be less than 

5°. This estimation, however, is not reliable due to the imprecision of the calculated 

intensity. At the moment, the twisted angle is considered to be less than 15°. 

Conclusion 

Novel HP-OPE conjugates C-OPE10 (cyclized) and L-OPE10 (linear) were prepared. 

From CD measurements, the decapeptide moiety in C-OPE10 was revealed to take 

α-helical structure, whereas two pentamers in L-OPE10 took random structure. Observation 

of the induced negative Cotton effect of the OPE moiety in C-OPE10 indicated a twisted 

conformation of the OPE moiety in C-OPE10 because two phenyl rings were bridged by 

the α-helical decapeptide. Calculations showed a right-handed twist conformation of the 

OPE moiety. We provide here a new method to prepare a π-conjugated compound having 

main-chain chirality by bridging the OPE with a chiral helix. Such compounds will be 

applied for interesting chiroptical materials. 
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Introduction 

This chapter deals with a photophysical study of an OPE based D–π–A system. The main 

interest is the twisting effect on HOMO–LUMO transition of the OPE. Twisting effects on 

OPEs with no electron donor and acceptor have been studied extensively (see General 

Introduction). However, the effects on a OPE based D–π–A system have not. The author 

thus applied the idea of twisting an OPE by clipping a HP, which is demonstrated in the 

previous chapter to challenge this issue. The author revised the molecular design of a cyclic 

conjugate between OPE and HP to increase the twist between phenyl rings, SSA8=OPE 

(Figure IV-1). The molecular arrangement of the OPE and the HP moieties becomes close 

together by using short linking chains, which is designed to increase the tilt in the 

conformation due to large steric hindrance. Eight out of nine residues of the peptide moiety 

consist of an alternating sequence of Ala and Aib to promote a helical structure. Asp is 

chosen as the N-terminal residue to introduce a connection part with lipoic acid, which is 

capable of being immobilized on gold, however, for the future study. In the OPE moiety, an 

N,N-diethylamino group and a nitro group are introduced as an electron donor and an 

Figure IV-1. Schematic presentation of SSA8=OPE and chemical structures of 

SSA8=OPE and AcOPE. 
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acceptor, respectively, to build a D–π–A system. Absorption spectroscopy, fluorescence 

spectroscopy, CD spectroscopy, and fluorescence lifetime measurements are used to reveal 

the effect of the chiral twist on OPE optical properties, especially on oscillator strength of 

the HOMO–LUMO transition. A reference compound, AcOPE, which has no peptide 

bridge, is also synthesized and optically characterized as well. Quantum calculations based 

on DFT are also carried out to have detailed insights on the electronic structures and 

transitions of the OPE. 

Experimental 

Materials. SSA8=OPE and AcOPE were synthesized according to Schemes IV-1 and IV-2. 

Peptides of an alternating sequence of Ala and Aib were synthesized by the conventional 

liquid-phase method. The OPE moiety was synthesized by the Sonogashira coupling. See 

Chapter I for the general procedures of peptide and OPE synthesis and compound 

Scheme IV-1. Synthetic scheme of 1. 
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identification methods. The purity of the final products were checked by HPLC (Cosmosil 

Chorester) using MeOH and chloroform/MeOH (1/1) as an eluent for SSA8=OPE and 

AcOPE, respectively. The final products were characterized by high resolution mass 

spectrometry. 

Optical spectra. CD spectra were recorded with an optical cell with 0.1 cm optical path 

length for the measurement of the peptide moiety and with 1 cm for the OPE moiety. An 

optical cell of 1 cm optical path length was used in absorption, fluorescence, and emission 

spectroscopy measurements. The excitation wavelength was set at 360 nm for all 

fluorescence spectra. The monitor wavelength was set at 460 nm for all excitation spectra. 

Scheme IV-2. Synthetic scheme of SSA8=OPE and AcOPE. 
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The accumulation number was four for both fluorescence and excitation spectra. The 

absorbance of the solutions was kept below 0.1 when the fluorescence and excitation 

spectra were recorded, otherwise specified. Fluorescence quantum yield was calculated on 

the basis of Parker–Rees method:264 Quantum yield (Φ) is correlated with that of a reference 

(Φr) by 

 , (IV-1) 

where K, I, n, and A were absorbance at the excitation wavelength, intensity of excitation 

light, refractive index, and area of fluorescence signal, respectively. As a reference, a 

solution of quinine sulfate in 0.1 M sulfuric acid (absorbance of less than 0.1) was used. 

The quantum yield of the solution was set to be 0.544 for excitation at 360 nm. 

Fluorescence lifetime measurement. A home built laser apparatus was used for the 

measurements of fluorescence decay curves. A pulse laser of 710 nm from a mode lock 

Ti:sapphire laser, which was excited by a continuous laser of 532 nm from a diode laser, 

was used as the light source. The pulse laser was introduced into a pulse selector to convert 

to a pulse laser of 355 nm and 8 MHz. This light was used as the excitation light. The 

fluorescence light was passed through a monochromator to select a light of 460 nm, which 

was detected by a photomultiplier. The sample solutions were degassed by bubbling 

nitrogen for 15 min before the measurements. 

Quantum calculation. See Chapter III for the details of the geometry optimization and 

TD-DFT calculations. 

Synthesis 

4-bromo-2-nitro-N,N-dimethylaniline B. To a 1000 mL RBF were added 
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4-bromo-N,N-diethylaniline (6.0 g, 26.3 mmol), water (780 mL), and acetic acid (78 mL). 

NaNO2 in water (2.0 g/130 mL) was added to the mixture dropwise. The mixture was 

stirred overnight and extracted with dichloromethane (3×). The organic layer was washed 

with brine and dried over anhydrouns magnesium sulfate. The solvent was then removed in 

reduced atmosphere. The product was purified by column chromatography (silica gel, 

chloroform/hexane 1/2). 3.37 g (47% yield) of the product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 1.08 (6H, t, (CH3CH2)N), 3.14 (4H, q, (CH3CH2)N), 

7.01 (1H, d, aromatic), 7.47 (1H, dd, aromatic), 7.80 (1H, d, aromatic). 

EI-MS: m/z = 272.01 (calcd for C10H13BrN2O2 M+, 272.02). 

2-nitro-4-trimethylsilylethynyl-N,N-diethylaniline C. See the general procedure for the 

Sonogashira coupling reaction. B (2.45 g, 8.97 mmol), TMSA (5.0 mL, 35.88 mL), 

Pd(II)(II)(PhCN)2Cl2 (344 mg, 897 µmol), Cu(I)I (171 mg, 897 µmol), 

tri-tert-butylphosphine (363 mg, 1.79 mmol), and DIA (3.78 mL, 26.91 mmol) were reacted 

in 1,4-dioxane (8 mL) at 55 °C for one day. The residue was purified by column 

chromatography (chloroform/hexane = 1/2, then 1/1). 2.5 g (95% yield) of the desired 

product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 0.23 (s, 9H, (CH3)3Si), 1.14 (t, 6H, (CH3CH2)2N), 

3.19 (q, 4H, (CH3CH2)2N), 6.99 (d, 1H, aromatic), 7.42 (dd, 1H, aromatic), 7.79 (s, 1H, 

aromatic). 

EI-MS: m/z = 290.17 (calcd for C15H22N2O2Si M+, 290.15). 

4-(4′-iodophenylethynyl)-2-nitro-N,N-diethylaniline D. The trimethylsilyl group of C 

(2.90 g, 10.0 mmol) was removed with potassium carbonate in a mixture of MeOH (60 mL) 

and dichloromethane (60 mL, see synthesis of G for details). By the general procedure for 

the Sonogashira coupling reaction, the deprotected product (2.20 g, 10.1 mmol), 
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1,4-diiodobenzene (13.3 g, 40.32 mmol), Pd(II)(II)(PPh3)2Cl2 (424 mg, 604 µmol), Cu(I)I 

(191 mg, 1.0 mmol), and DIEA (7.04 mL, 40.3 mmol) were racted in THF (15 mL) at 40 °C 

for two days. The residue was purified by column chromatography (chloroform/hexane = 

1/2 then 1/1). 4.0 g (95% yield) of the desired product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 1.14 (t, 6H, (CH3CH2)2N), 3.22 (q, 4H, (CH3CH2)2N), 

7.04 (d, 1H, aromatic), 7.22 (d, 2H, aromatic), 7.48 (dd, 1H, aromatic), 7.68 (d, 2H, 

aromatic), 7.89 (s, 1H, aromatic). 

EI-MS: m/z = 420.03 (calcd for C12H14N2O2 M+, 420.24). 

2-amino-(4′-iodophenylethynyl)-N,N-diethylaniline E. To a 200 mL RBF were added D 

(500 mg, 1.2 mmol), tin chloride dihydrate (2.7 g, 11.9 mmol), THF (6 mL), and EtOH (0.6 

mL). The mixture was stirred for 3 hr. 15 mL of 50 wt % aq KOH was added to the mixture 

and a precipitation was filtered off. The filtrate was extracted with dichloromethane and 

dried over magnesium sulfate. By removing the solvent in vacuum, 400 mg (86% yield) of 

the desired product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 0.96 (t, 6H, (CH3CH2)2N), 2.96 (q, 4H, (CH3CH2)N), 

4.07 (s, 2H, ArNH2), 6.89–6.97 (m, 3H, aromatic), 7.21 (d, 2H, aromatic), 7.66 (d, 2H, 

aromatic). 

EI-MS: m/z = 390.1 (calcd for C18H19IN2 M+, 390.06). 

2-amino-(4 ′ -4 ″ -trimethylsilyllethynylphenylethynyl)-N,N-diethylaniline F. See the 

general procedure for the Sonogashira cross coupling reaction. E (3.71 g, 9.51 mmol), 

TMSA (2.63 mL, 19.0 mmol), Pd(II)(II)(PPh3)2Cl2 (400 mg, 570 µmol), Cu(I)I (181 mg, 

0.95 mmol), and DIEA (5.54 mL, 38 mmol) were reacted in THF (10 mL) at RT for 36 hr. 

The residue was purified by column chromatography (chloroform/hexane = 1/1). 2.81 g 

(81% yield) of the desired product was obtained. 
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1H NMR (CDCl3, 400 MHz): δ (ppm) 0.25 (s, 9H, (CH3)3Si), 0.99 (t, 6H, (CH3CH2)2N), 

2.96 (q, 4H, (CH3CH2)2N), 4.06 (s, 1H, ArNH2), 6.89-6.97 (m, 3H, aromatic), 7.41 (s, 4H, 

aromatic). 

EI-MS: m/z = 360.20 (calcd for C23H28N2Si M+, 360.20). 

2-amino-(4′-4″-ethynylphenylethynyl)-N,N-diethylaniline G. To a 100 mL RBF were 

added F (2.81 g, 7.79 mmol), MeOH (12 mL), dichloromethane (12 mL), and potassium 

carbonate (2.15 g, 15.6 mmol). The mixture was stirred under nitrogen atmosphere for 2 hr. 

The mixture was then poured into 4 wt % aq KHSO4 and extracted with dichloromethane. 

The organic layer was washed with brine and dried over magnesium sulfate. The solvent 

was removed in reduced atmosphere. 2.15 g (7.40 mmol, 95%) of the desired product was 

obtained. CATION: the product easily dimerizes under ambient condition. Use it 

immediately after production or store it in a freezer. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 0.99 (t, 6H, (CH3CH2)2N), 2.96 (q, 4H, (CH3CH2)2N), 

3.15 (s, 1H, ArCCH), 4.07 (s, 1H, ArNH2), 6.89-6.97 (m, 3H, aromatic), 7.44 (s, 4H, 

aromatic). 

5-bromo-2-nitrobenzoic acid phenacyl ester I. To a 50 mL two-neck RBF were added 

4-bromo-2-nitrobenzoic acid (H, 1.30 g, 5.28 mmol), phenacyl bromide (1.58 g, 7.93 mmol), 

DMF (10 mL), and TEA (1.45 mL, 10.57 mmol) at 0 °C. The mixture was stirred at RT 

under nitrogen atmosphere for 20 hr and the solvent was removed in reduced atmosphere. 

The residue was purified by column chromatography (silica gel, chloroform). 1.67 g (86% 

yield) of the desired product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 5.61 (2H, s, OCH2COPh), 7.51−7.55 (2H, m, 

aromatic), 7.63 (1H, t, aromatic), 7.80 (1H, dd, aromatic), 7.89 (1H, d, aromatic), 7.94−7.96 

(2H, m, aromatic), 8.10 (1H, d, aromatic). 
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FAB-MS (NBA): m/z = 364.03 (calcd for C15H11BrNO5 [M + H]+, 363.97). 

1. See the general procedure for the Sonogashira cross coupling reaction. G (1.07 g, 3.71 

mmol), I (1.52 g, 4.17 mmol), Pd(II)(II)(PhCN)2Cl2 (85 mg, 222 µmol), Cu(I)I (42 mg, 222 

µmol), tri(tert-butyl)phosphine (110 µL, 445 µmol), and DIA (1.56 mL, 11.1 mmol) were 

reacted in 1,4-dioxane (5 mL) at 40 °C for two days. The precipitation was filtered off and 

the filtrate was concentrated in reduced atmosphere. The residue was purified by column 

chromatography (silica gel, chloroform). 1.60 g (75% yield) of the desired product was 

obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 1.00 (6H, t, (CH3CH2)2N), 2.96 (4H, q, (CH3CH2)2N), 

4.08 (1H, s, ArNH2), 5.62 (2H, s, OCH2COPh), 6.91–6.99 (3H, m, aromatic), 7.51-7.53 (6H, 

m, aromatic), 7.65 (1H, t, aromatic), 7.75 (1H, dd, aromatic), 7.96 (2H, d, aromatic), 8.02 

(1H, d, aromatic), 8.07 (1H, d, aromatic). 

EI-MS (HR): m/z = 571.2102 (calcd for C35H29N3O5 M+, 571.2107). 

2. See the general procedure for the peptide coupling reaction. 1 (717 mg, 1.25 mmol), 

Boc-Asp-OtBu (725 mg, 2.51 mmol), HATU (1.43 g, 3.76 mmol), HOAt (512 mg, 3.76 

mmol), and DIEA (876 µL 5.02 mmol) were reacted in DMF (5 mL) at 60 °C for three days. 

The residue was purified by methods 1 and 2 (chloroform/MeOH = 50/1). 400 mg (40% 

yield) of the desired product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 0.94 (6H, t, (CH3CH2)2N), 1.42 (9H, s, Boc), 1.46 

(9H, s, OtBu), 2.90−3.10 (6H, m, AspCβ, (CH3CH2)2N), 4.44 (1H, s, AspCβ), 5.61 (2H, s, 

CH2Ph), 5.73 (1H, d, AspNH), 7.12 (1H, m, aromatic), 7.22 (1H, m, aromatic), 7.50−7.60 

(6H, m, aromatic), 7.62 (1H, m, aromatic), 7.73 (1H, dd, aromatic), 7.94−8.06 (4H, m, 

aromatic). 

FAB-MS (NBA): m/z = 842.4 (calcd for C48H50N4O10 M+, 842.35). 



Chapter IV: Dipole Effects on Molecular and Electronic Structures in a Novel Conjugate of 
Oligo(phenyleneethynylene) and Helical Peptide 

66 

3. 2 (400 mg, 474 µmol) was dissolved in a mixture of 4 N HCl/dioxane (4 mL) and toluene 

(2 mL) at 0 °C. The mixture was stirred for 3 hr at 0 °C, followed by evaporation of the 

solvent. The residue was washed with iPr2O. By the general procedure for the peptide 

coupling reaction, the product, D,L-lipoic acid (195 mg, 947 µmol), HATU (540 mg, 1.42 

mmol), and DIEA (413 µL, 2.37 mmol) were reacted in DMF (4 mL) at RT for 30 hr. The 

residue was purified by methods 1 and 2 (chloroform/MeOH = 50/1). 426 mg (90% yield) 

of the desired product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 0.96 (6H, t, (CH3CH2)2N), 1.47 (11H, m, OtBu, one 

of SSCH2CH2CH(CH2)3CH2), 1.87 (4H, m, two of SSCH2CH2CH(CH2)3CH2), 1.89, 2.42 

(1H, m, SSCH2CH2CH(CH2)3CH2), 2.25 (2H, m, SSCH2CH2CH(CH2)3CH2), 2.93 (4H, m, 

(CH3CH2)2N), 3.13 (4H, m, AspCβ, SSCH2CH2CH(CH2)3CH2), 3.52 (1H, m, 

SSCH2CH2CH(CH2)3CH2), 4.76 (1H, s, AspCα), 5.63 (2H, s, OCH2COPh), 6.72 (1H, d, 

AspNH), 7.14 (1H, m, aromatic), 7.50−7.60 (6H, m, aromatic), 7.74 (1H, m, aromatic), 7.76 

(1H, dd, aromatic), 7.96−8.08 (4H, m, aromatic), 8.61 (1H, s, ArNH). 

FAB-MS (NBA): m/z = 931.4 (calcd for C51H55N4O9S2 [M + H]+, 931.3). 

4. The OtBu group on 3 (74 mg, 80 µmol) was removed by treating it with 4 N HCl/dioxane 

at RT for 5 hr and then with a 1/1 (v/v) mixture of TFA/anisole (10/1, v/v) and 

dichloromethane for 4 hr. By the general procedure for the peptide coupling reaction, the 

product was coupled with a hydrochloric salt of HA4M (45 mg, 118 µmol) using HATU 

(90 mg, 237 µmol), DIEA (109 µL, 395 µmol), and DMF (1 mL). The mixture was stirred 

for 15 hr at RT. The residue was purified by the methods 1 and 2 (chloroform/MeOH = 50/1, 

then 10/1). 20 mg (17 µmol, 21% yield) of the desired product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 0.96 (6H, t, (CH3CH2)2N), 1.48-1.65 (20H, m, AlaCβ, 

AibCβ, one of SSCH2CH2CH(CH2)3CH2), 1.87 (4H, m, two of SSCH2CH2CH(CH2)3CH2), 
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1.89, 2.42 (2H, m, SSCH2CH2CH(CH2)3CH2), 2.25 (2H, m, SSCH2CH2CH(CH2)3CH2), 

2.93 (4H, m, (CH3CH2)2N), 3.13 (3H m, AspCβ, SSCH2CH2CH(CH2)3CH2), 3.52 (1H, m, 

SSCH2CH2CH(CH2)3CH2), 3.69 (3H, s, OCH3), 4.10 (s, 1H, AlaCα), 4.40 (s, 1H, AlaCα), 

4.77 (s, 1H, AspCα), 5.63 (s, 2H, OCH2COPh), 6.80–7.0 (m, 3H, AspNH, AlaNH), 7.14 (m, 

1H, aromatic), 7.50−7.60 (m, 6H, aromatic), 7.74 (m, 1H, aromatic), 7.76 (dd, 1H, 

aromatic), 7.96−8.08 (m, 4H, aromatic), 8.49 (s, 1H, ArNH). 

FAB-MS (NBA): m/z = 1201.5 (calcd for C62H73N8O13S2 [M + H]+, 1201.5). 

5. 4 (91 mg, 75 µmol) was dissolved in a mixture of 1,4-dioxane (1.1 mL) and 

dichloromethane (400 µL) and a 1 N aq NaOH (151 µL) was added. The mixture was 

stirred at 0 °C for 2.5 hr. Dilute hydrochloric acid was added until the pH of the solution 

reached to 1. The solvent was removed in reduced atmosphere. The residue was washed 

with iPr2O. By the general procedure for the peptide coupling reaction, the product, 

Boc-(Ala-Aib)2-NH2(CH2)2NH2 (155 mg, 328 µmol), HATU (86 mg, 227 µmol), and DIEA 

(106 µL, 605 µmol) were reacted in DMF (1 mL) at RT for two days. The residue was 

purified by method 2 (MeOH) then 1.11 mg (95% yield) of the desired product was 

obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 0.96 (6H, t, (CH3CH2)N), 1.18−1.39 (51H, m, 

SSCH2CH2CH(CH2)3CH2, AlaCβ, AibCβ, Boc), 1.83, 2.39 (2H, m, 

SSCH2CH2CH(CH2)3CH2), 2.18 (2H, m, SSCH2CH2CH(CH2)3CH2) 2.90 (4H, q, 

(CH3CH2)N), 3.12 (2H, m, SSCH2CH2CH(CH2)3CH2), 3.30−3.96 (12H, m, 

SSCH2CH2CH(CH2)3CH2, NH(CH2)2NH, AspCβ, AlaCα), 4.03 (2H, m, AlaCα), 4.31 (2H, m, 

AlaCα), 4.68 (2H, m, AspCα), 7.20−7.30 (10H, m, NH and aromatic), 7.40−7.60 (7H, m, 

NH and aromatic), 7.72−7.87 (3H, m, NH and aromatic), 8.26 (1H, s, aromatic), 8.84 (1H, s, 

aromatic). 
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FAB-MS (NBA): m/z = 1559.9 (calcd for C75H104N14O17S2Na [M + Na]+, 1559.7). 

6. Compound 5 (110 mg, 71 µL) was dissolved in a mixture of MeOH (300 µL) and 

dioxane (300 µL). To the solution 1 N aq NaOH (143 µL) was added dropwise and the 

mixture was stirred for 1.5 days. 1 N hydrochloric acid was added to the mixture until the 

pH reached to 1. The solvent was then removed in reduced atmosphere. The production of 

the methyl group deprotected compound was checked with FAB-MS. The product was then 

treated with TFA/anisole (1.1 mL/0.11 mL) at 0 °C for 3 hr. The product was dried in 

vacuum and washed with Et2O. The production of compound 6 was checked with FAB-MS. 

SSA8=OPE. To a 50 mL RBF were added compound 6 (110 mg, 72 µL), DMF (35 mL), 

HATU (273 mg, 720 µmol) and HOAt (147 mg, 1.1 mmol) and the flask was charged with 

argon. The mixture was then cooled to 0 °C and DMF (15 mL) solution of DIEA (250 µL, 

1.1 mmol) was slowly added to the mixture over 3 hr. The mixture was then stirred at RT 

under argon atmosphere for three days. The solvent was removed in reduced atmosphere, 

and the residue was purified with column chromatography (Sephadex LH-20, MeOH as 

eluent). Then the product was taken up with chloroform and washed with 4 wt % aq 

NaHCO3, brine, 4 wt % aq KHSO4, and brine. Then the organic layer was dried over 

anhydrous sodium sulfate. The product was again purified with column chromatography 

(Sephadex LH-20, MeOH as eluent). Finally, the product was purified with HPLC 

(Cosmosil Cholester, MeOH as eluent). 15 mg (15 % yield) of the desired product was 

obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 0.96 (6H, t, (CH3CH2)2N), 1.21−1.68 (42H, m, 

AlaCβ , AibCβ , SSCH2CH2CH(CH2)3CH2), 1.83, 2.36 (2H, m, SSCH2CH2CH(CH2)3CH2), 

2.20 (2H, m, SSCH2CH2CH(CH2)3CH2), 2.96 (4H, q, (CH3CH2)2N), 3.07 (2H, m, 

SSCH2CH2CH(CH2)3CH2), 3.25, 3.63 (2H, m, NHCH2CH2NH), 3.29−3.40 (3H, m, AspCβ, 
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SSCH2CH2CH(CH2)3CH2), 3.84−4.00 (5H, m, AlaCα × 3, NH(CH2)NH), 4.07 (1H, m, 11 

AlaCα), 4.78 (1H, s, AspCα), 6.81 (1H, s, NH), 7.14–7.16 (2H, m, NH × 2), 7.22 (1H, s, 

aromatic), 7.33 (1H, s, NH), 7.40–7.46 (8H, m, aromatic, NH × 4), 7.62 (1H, d, aromatic), 

7.83 (2H, br, NH), 7.88 (1H, d, aromatic), 7.94 (1H, s, NH), 8.14 (2H, br, NH × 2), 8.22 

(1H, s, aromatic), 8.55 (1H, s, aromatic), 8.89 (1H, s, aromatic). 

FAB-MS (HR, NBA): 1404.6417 (calcd for C69H92N14O14S2 M+, 1404.6359). 

AcOPE. To a test tube compound 1 (10 mg, 17 µmol), dichloromethane (2 mL), TEA (12 

µL), and acetic anhydrate (5 µL) were added and the mixture was stirred for 16 hr. MeOH 

(500 µL) was added to the mixture and the solvent was removed in reduced atmosphere. 

The product was washed with Et2O. 2.5 mg (25% yield) of the desired product was obtained. 

The purity was checked with HPLC (Cosmosil Cholester, chloroform/MeOH 1/1 as eluent). 

1H NMR (CDCl3, 400 MHz) δ (ppm) 0.97 (6H, t, (CH3CH2)2N), 2.21 (3H, s, NHCOCH3), 

2.94 (4H, (CH3CH2)2N), 5.63 (2H, s, OCH2COPh), 7.13 (1H, d, aromatic), 7.24 (1H, dd, 

aromatic) 7.51−7.54 (6H, m, aromatic), 7.65 (1H, t, aromatic), 7.75 (1H, dd, aromatic), 7.96 

(1H, d, aromatic), 8.02 (1H, d, aromatic), 8.07 (1H ,d, aromatic), 8.61 (1H, d, aromatic), 

8.87 (1H, s, aromatic). 

FAB-MS (HR, DTT/TG): 614.2298 (calcd for C37H32N3O6 [M + H]+, 614.2291). 

Results and discussion 

Absorption spectra. Absorption spectra of SSA8=OPE and AcOPE are recorded in 

MeOH, chloroform, DMF, and DMSO (Figure IV-2a). The absorbances of SSA8=OPE in 

all these solvents are correlated linearly with the concentrations according to the 

Lambert–Beer law in the range of 3.5–40 µM (Appendix, Figure A-IV-1), and the 

extinction coefficient is found to be 2.8 × 104 M−1 cm−1 in MeOH. 
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The maximum absorption wavelengths of SSA8=OPE (329–344 nm) are shorter than 

those of AcOPE (355–363 nm) in these solvents. SSA8=OPE and AcOPE, respectively, 

show a peak shift toward longer wavelength as the solvent polarity increases (a 

bathochromic shift). 

Fluorescence and excitation spectra. Fluorescence and excitation spectra of 

SSA8=OPE are recorded in the four solvents (Figure IV-2b). The fluorescence of 

SSA8=OPE in MeOH increases the intensity linearly with the concentration up to about 32 

µM (Appendix, Figure A-IV-2), indicating no aggregation of SSA8=OPE in this 

concentration range. The reference compound, AcOPE, also shows a medium fluorescence 

intensity and a linear relationship of UV absorptions with concentrations in chloroform 

(Figure A-IV-1), indicating that no aggregation of AcOPE takes place in chloroform. In 

contrast, fluorescence of AcOPE in DMF and DMSO is nearly quenched, suggesting 

aggregation of AcOPE in these solvents. 

Figure IV-2. (a) Absorption spectra of SSA8=OPE (solid line) and AcOPE 

(dashed line) in MeOH (orange), chloroform (green), DMF (blue), and DMSO 

(red). (b) Fluorescence and excitation spectra of SSA8=OPE in MeOH (orange), 

chloroform (green), DMF (blue), and DMSO (red). The black lines show 

fluorescence and excitation spectra of AcOPE in chloroform. 
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The maximum wavelengths of fluorescence of SSA8=OPE are 436, 452, 465, and 476 

nm in chloroform, MeOH, DMF, and DMSO, respectively. The fluorescence band of 

SSA8=OPE in chloroform is blue-shifted significantly from that of AcOPE (maximum at 

468 nm). In contrast, the solvatochromic effect is not observed clearly in the excitation 

spectra of SSA8=OPE (maximum at 345–358 nm in these solutions). When the excitation 

spectra are compared between SSA8=OPE and AcOPE (maximum at 360 nm), blue-shift is 

not so obvious as that in florescence spectra. The Stokes shifts of 100–120 nm are observed 

for both compounds. This is a sharp contrast to nonsubstituted PPE/OPEs, which showed 

generally small Stokes shifts.265,266,253 The florescence and excitation spectra of SSA8=OPE 

are resolved as a single Gaussian shape, indicating that only one electronic transition is 

involved in florescence and excitation processes. This is also true for florescence of AcOPE, 

but the excitation spectrum of AcOPE shows two bands, suggesting that two electronic 

transitions contribute to the florescence of AcOPE. 

The quantum yield of SSA8=OPE is the lowest in MeOH and increases gradually in 

the order of DMSO < DMF < chloroform, however, much smaller than that of AcOPE in 

chloroform (Table IV-1). The quantum yield of AcOPE is significantly reduced when 

measured in DMF and DMSO because of the molecular aggregation as described before. 

CD spectra. The conformation of SSA8=OPE in MeOH is investigated by CD 

Table IV-1. Fluorescent quantum yield of SSA8=OPE and AcOPE. 

 SSA8=OPE AcOPE 

solvent MeOH chloroform DMF DMSO chloroform DMSO* 

QY 0.0045 0.0168 0.0157 0.0127 0.358 0.0080 

* AcOPE molecules associate with each other in this solution, which is suggested by an 
extra emission band at around 600 nm. 
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spectroscopy (Figure IV-3). Two negative Cotton effects are observed at 206 and 224 nm 

(Figure IV-3a). This double minimum pattern is assigned to α-helical structure.250,252 The 

ellipticity of the largest negative peak was −18000. The α-helix content fα is estimated to be 

38% from the molar ellipticity at 222 nm.250 The OPE moiety shows a negative Cotton 

effect at 357 nm and positive Cotton effects at 303 and 272 nm in CD spectrum (Figure 

IV-3b). These CD signals originate from a single molecule but not from chiral aggregates, 

because the intensities are independent of SSA8=OPE concentrations (Appendix, Figure 

A-IV-3). The absolute intensity of the Cotton effect at 303 nm after correction by 

absorbance increases with varying the solvent in the order of DMSO < MeOH < chloroform 

< DMF (Figure IV-4). 

Fluorescence Lifetime. Fluorescence decay curves of SSA8=OPE and AcOPE are 

evaluated in chloroform, which avoids aggregation effects of these compounds, as described 

before (Appendix, Figure A-IV-4). The lifetimes are not determined precisely due to the 

fast fluorescence decay for our apparatus. However, the lifetimes of SSA8=OPE and 

AcOPE are similar and about 2 ns on the basis of the time required for a decrease to half 

Figure IV-3. CD spectra of SSA8=OPE in MeOH in the range of (a) 190–260 and 

(b) 250–450 nm. 
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intensity and the pulse width of the excitation laser. 

DFT Calculations. A model structure M1, which has the same chemical structure as 

AcOPE but the phenacyl ether is replaced by an amide, is generated and optimized. 

Coplanar conformation is adopted for M1 as a representative of all conformations because 

the conformation should mostly contribute to the fluorescence due to extended 

π-conjugation. In addition to M1, its partial structures of the electron donor part (Donor) 

and the electron acceptor part (Acceptor) are also subjected to electronic structure  

calculation. The orbital energy levels and spatial distributions of corresponding wave 

functions of HOMO − 3 to LUMO + 3 orbitals of M1, Donor, and Acceptor are illustrated 

in Figure IV-5. The spatial distribution of the HOMO (orbital number 126) of M1 is nearly 

the same as that of the Donor because there are no orbitals in the Acceptor near the energy 

of the HOMO of the Donor. Similarly, the LUMO (orbital number 127) of M1 is nearly the 

same as the Acceptor. The frontier orbitals are thus localized in both ends of the OPE. In 

contrast, the HOMO − 1 and LUMO + 1 are delocalized over the whole π-conjugate system 

because the energies of the HOMO − 1 of the Donor and the HOMO of the Acceptor, and 

Figure IV-4. CD spcectra of SSA8=OPE (colored line) and AcOPE (black line, in 

chloroform. 
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the LUMO of the Donor and the LUMO + 1 of the Acceptor are close to each other, 

respectively. 

The electronic transitions of M1 with the lowest five excitation energies are listed in 

Table IV-2. The HOMO–LUMO transition (126 → 127) energy, which appears as a 

shoulder in the calculated absorption spectrum (Figure IV-6a), is by ca. 0.7 eV less than the 

Table IV-2. TD-DFT calculation results on the lowest five excitation states of M1. 

Orbital C* C2* 
Excitation energy 

(eV) 
Oscillator 
strength 

126 → 127 0.863 0.47 
2.57 

(481 nm) 
0.84 

123 → 127 

125 → 127 

0.661 

−0.187 

0.44 

0.03 

3.29 

(376 nm) 
0.09 

123 → 127 

125 → 127 

126 → 128 

0.199 

0.603 

0.225 

0.03 

0.36 

0.07 

3.32 

(373 nm) 
0.86 

125 → 127 

126 → 128 

−0.229 

0.613 

0.05 

0.37 

3.51 

(353 nm) 
0.47 

114 → 127 

120 → 127 

121 → 127 

0.147 

−0.161 

0.644 

0.02 

0.03 

0.41 

3.57 

(347 nm) 
0.004 

*The configuration interaction expansion coefficient C is normalized as the summary of 
C2 is 1/2. 
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observed transition energy of AcOPE in chloroform. 

The excitation energy from HOMO − 1 to LUMO transition (125 → 127), which is the 

main band in the calculated spectra, is also underestimated, but less prominently, by ca. 0.2 

eV from the observed transition energy. As a result, the separation of the shoulder and the 

peak is larger in the calculated spectrum than the observed spectrum of AcOPE. The 

calculated oscillator strengths qualitatively explain the observed spectrum; the oscillator 

strength of the HOMO → LUMO transition is weaker than that of HOMO − 1 to LUMO 

transition (125 → 127). 

Figure IV-5. Energy level and spatial distribution of HOMO − 3 to LUMO +3 

orbitals of M1 (middle), Donor (left), and Acceptor (right) according to the DFT 

calculations. 
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Several conformations of M1 are generated with varying the dihedral angles of 

adjacent phenyl rings of the optimized structure of M1 at 15, 30, 45, 60, and 90° in a 

right-handed way (R15–R90: for example, R45 takes a dihedral angle of 90° between the 

first phenyl ring and the third phenyl ring), and their optical spectra are calculated by 

TD-DFT (Figure IV-6). The absorption band shifts toward shorter wavelength and the 

shoulder diminishes with the increase of the twist in the OPE. The maximum absorption 

wavelength shifts from 367 nm (M1) to 311 nm (R90). The shift becomes the largest 

between R45 and R60. The oscillator strength of the shoulder, which corresponds to the 

HOMO–LUMO transition, decreases dramatically from 0.84 in M1 to 0.0003 in R90 

(Figure IV-6b). This result reveals that the twist in the main chain has a strong effect on the 

oscillator strength. In the twisted conformations, R15–R60, the absorption band with the 

strong oscillator strength around 350 nm is mainly composed of the HOMO to LUMO + 1 

transition (126 → 128) or the HOMO − 1 to LUMO transition. R90 has no shoulder and 

absorption band due to a mixture of several transitions in the region over 300 nm. 

CD spectra of all the conformations with the twist in a right-handed way by TD-DFT 

calculations possess a negative Cotton effect at the longer wavelength and a positive one in 

the shorter wavelength, which agrees with the observed CD spectrum of SSA8=OPE in 

chloroform (Figure IV-4). The negative Cotton effect is assigned mainly to the 

HOMO–LUMO transition, HOMO − 1 to LUMO transition, and HOMO to LUMO + 1 

transition in the calculations. When the phenyl rings are positioned in a left-handed way, the 

transitions generate a positive Cotton effect (Appendix, Figure A-IV-5). Interestingly, the 

Cotton effect appears even at the twist angles of 0 (M1) and 90° (M90), indicating that the 

amide groups on the OPE do not take coplanar orientation with the phenyl rings in the 

optimized structures (molecular geometries as shown in Figure IV-5). On the other hand, 

R45 has the intrinsic axial chirality. 
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Conformation of the Peptide Moiety. CD spectrum of SSA8=OPE in MeOH shows 

a double minimum pattern, which is assigned to a right-handed α-helical structure (Figure 

IV-3a). A previous study on the helical structure of peptide oligomers having an alternating 

sequence of Ala and Aib concludes that α-helical structure is prevailing when the peptide is 

composed of more than eight residues, while the shorter peptides favor a 310-helical 

structure.69 On the other hand, Ishikawa et al.235 reported that a nonapeptide, 

Figure IV-6. (a) Absorption spectra, (b) the oscillator strength of the 

HOMO–LUMO transition vs dihedral angle plot, and (c) CD spectra of M1 and 

R15–R90 obtained by the TD-DFT calculations. 
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(Ala-Aib)4-Lys-(Ala-Aib)4, takes a 310-helical structure. Further, another nonapeptide, (Ala- 

Aib)8-Ala, is also reported to take a 310-helical structure by Yoshida et al.267 Taken together, 

nonapeptides composed of multiple repeats of alternating Ala and Aib do not necessarily 

take an α-helical structure as the present case. Rather, we think the peptide moiety of 

SSA8=OPE takes the α-helical structure in the present case under the spatial constraint of 

the rigid OPE bridge between both peptide termini. 

Usually, HPs are considered to reduce helical content in DMF and DMSO because 

these solvents are strong hydrogen bond acceptors to break the intramolecular hydrogen 

bonds of the α-helical structure. The conformation of the peptide moiety in DMF and 

DMSO cannot be evaluated directly by CD measurements. However, on the basis of the fact 

that the OPE moiety is shown to take a chiral conformation similarly in all the solvents 

examined here (Figure IV-4), the peptide moiety should keep the α-helical structure even in 

DMF and DMSO, meaning that this cyclic conjugate of the peptide and OPE has a rigid 

structure by the cyclic constraint. The peptide moiety cannot unwind the helical structure 

because the rigid rod-shaped OPE clamps firmly the both termini of the peptide moiety. 

Oscillator Strength of HOMO–LUMO Transition. Fluorescence quantum yield of 

SSA8=OPE in chloroform is significantly lower than that of AcOPE. On the other hand, 

the fluorescence life times of SSA8=OPE and AcOPE are similar (ca. 2 ns). In chloroform, 

SSA8=OPE and AcOPE are molecularly dispersed under high dilution as described before, 

representing no molecular collision nor molecular association leading to fluorescence 

quench. Under these conditions, fluorescence quantum yields, fluorescence life times, the 

rate constants for fluorescence, kf, and internal conversion, knr, are simply related to provide 

the rate constants as follows: for SSA8=OPE, kf = 0.005 ns−1 and knr = 0.495 ns−1; for 

AcOPE, kf = 0.17 ns−1 and knr = 0.33 ns−1. 

The kf of SSA8=OPE is 0.03-fold smaller than that of AcOPE. The small kf and the 
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low quantum yield of SSA8=OPE suggest the small oscillator strength of the 

HOMO−LUMO transition because of the correlation of kf ≈ ν2f,268 where ν and f are the 

energy gap between the ground state and the excited state and the oscillator strength of the 

HOMO−LUMO transition, respectively. This interpretation is consistent with the small 

oscillator strength of the HOMO−LUMO transition obtained by the DFT calculations. Only 

slight increase of knr suggests quenching effect by high concentration or clipping of peptide 

are not responsible for the decrease of the quantum yield, as previously reported.269,166 

Conformation of the OPE Moiety. Even though the OPE takes multiple 

conformations due to the nearly free rotation of the benzene rings around the molecular axis 

at RT, the following discussions are subjected to the calculations on some characteristic and 

typical conformations, R15–R90 and M1, to concisely explain the difference of the spectra 

of SSA8=OPE and AcOPE. 

The observed CD spectra of SSA8=OPE (Figure IV-4) show a negative Cotton effect 

at 330–400 nm and a positive Cotton effect at 270–330 nm in all the solvents. This CD 

pattern is agreeable with the TD-DFT calculations on CD spectra of the conformations, 

R15–R90, with a right handed twist in the OPE (Figure IV-6c). The TD-DFT calculations 

on absorption spectra of conformations, R15–R90, are carried out (Figure IV-6a). With 

increase of twist in the OPE, the HOMO–LUMO transition band decreases its intensity to 

undetectable level, which is due to the decrease of the oscillator strength (Figure IV-6b). 

Taken together, SSA8=OPE should take the twisted form. The benzene ring at the center is 

still possible for free rotation, but the twisting effects are valid whatever angles the ring 

takes (see below for the effect of other twisted conformations on discrepancy between 

excitation and absorption spectra). 

On the other hand, AcOPE should exist as a mixture of all possible conformations as 

no confinements are introduced. Among them, M1 structure is the most energetically stable 
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conformer, which contributes mostly to the fluorescence spectrum of AcOPE. It is thus 

reasonable to represent the electronic structure of AcOPE with M1 when discussing the 

discrepancy in optical characters between SSA8=OPE and AcOPE. With this interpretation, 

the shoulder around 380 nm in the absorption spectra of AcOPE (Figure IV-2a) is assigned 

to the HOMO−LUMO transition and appears at the shorter wavelength by 0.7 eV than that 

of the HOMO−LUMO transition band determined by the DFT calculation (Table IV-2). The 

strongest peaks in Figure IV-2a are assigned to HOMO to LUMO + 1 transition and HOMO 

− 1 to LUMO transition for SSA8=OPE and AcOPE, respectively, because these 

transitions possess the highest oscillator strength in the twisted form (R15–R60) and the 

M1 structure, respectively. 

The florescence of the two compounds in Figure IV-2b is assigned to the LUMO to 

HOMO transition as described before. The bathochromic shift observed in the fluorescence 

spectra of SSA8=OPE (Figure IV-2b) as well as that in absorption spectra (Figure IV-2a) 

are well explained by the polarized property of the excited states, as shown by localization 

of the LUMO orbital at the acceptor moiety (Figure IV-5). 

The excitation spectra are interpretable similarly to the absorption data, where a 

shoulder of the HOMO−LUMO transition appears for AcOPE but disappears for 

SSA8=OPE. The main peak in the excitation spectra is assigned to the HOMO − 1 to 

LUMO or the HOMO to LUMO + 1 transition. Compared with the absorption spectra, the 

excitation spectra of SSA8=OPE show relatively weaker intensity at the shorter wavelength 

region (Figure IV-2). The discrepancy is explainable on the basis of the assignment of the 

absorption to highly twisted conformations which have low f leading to less contribution to 

fluorescence. Such discrepancy is not the case with the spectra of AcOPE because the 

dominant conformations such as M1 are fluorescence active species. 

In all the optical spectra, the peaks of SSA8=OPE appear at shorter wavelengths than 
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the corresponding peaks of AcOPE. The blue shifts are consistent with our interpretation 

that the planner conformations, which have extended π-conjugation, are excluded from the 

allowed conformers of SSA8=OPE, and twisted conformers with less electron couplings 

between π-orbitals217,172 are remained in SSA8=OPE. 

The dihedral angle of the phenyl rings at the both ends of the OPE moiety can be 

discussed on the basis of the fluorescence quantum yield and the intensity of Cotton effects 

as follows. The quantum yield in MeOH is 1/4-fold of those in the other solvents including 

DMF. The dielectric constants of MeOH and DMF are nearly the same (32 and 38, 

respectively), suggesting that the change in the conformation twist is the primary factor for 

the decrease of the quantum yield in MeOH. This consideration is supported by the 

observation that the intensities of the Cotton effects in MeOH are smaller than those in 

other solvents. When we consider chirality of OPE, the molecular chirality disappears at the 

dihedral angles of 0 and 90° between the first and the third phenyl rings because of free 

rotation of the second phenyl ring around the molecular axis. The conformation of the OPE 

at the dihedral angle of 90° is a highly twisted structure, which should give a low quantum 

yield because the oscillator strength is low. It is thus considered that SSA8=OPE should 

take a twisted conformation with a dihedral angle of 45–90° in MeOH. In other solvents, the 

dihedral angle should become smaller than that but larger than 15° for the case of the 

previous chapter. 

Effect of Substituents of Electron Donor and Acceptor. Photophysical properties of 

twisted OPEs without any electron donors and acceptors have been studied in detail by 

Yang’s group.172,218 The latest work concluded that the optical characters of a conformer of 

all twisted geometry are dominated simply by the longest π-conjugate segment. The 

fluorescence quantum yield was explained on the basis of the torsion-induced localization 

of excitation and the intrachain energy transfer. However, the presence of an electron donor 



Chapter IV: Dipole Effects on Molecular and Electronic Structures in a Novel Conjugate of 
Oligo(phenyleneethynylene) and Helical Peptide 

82 

and acceptor group in the current D–π–A type OPE makes the explanation different. The 

intramolecular electron transfer in the twisted form takes place upon photoexcitation, which 

should make the optical transition difficult to occur because of the poor orbital overlap due 

to the loss of the oscillator strength of HOMO–LUMO transition. 

With the introduction of the donor and acceptor groups to OPE, fluorescence intensity 

changes sensitively with change in the conformation twist. The D–π–A type OPE is 

therefore useful as a molecular sensor, which is now under investigation. 

Conclusion 

A novel D–π–A system based on OPE cyclized with a nonapeptide SSA8=OPE as 

well as a D–π–A system having no peptide moiety (AcOPE) were synthesized. The CD 

spectra showed that the peptide moiety of SSA8=OPE takes a right-handed α-helical 

structure in MeOH. Due to the chirality in the peptide moiety, the dihedral angle of the 

phenyl rings at both ends of the OPE moiety is fixed to be 45–90° in MeOH and more than 

15° in a right-handed way in the other solvents. This twist in the main chain of the OPE 

moiety drastically decreases the oscillator strength of the HOMO–LUMO transition, which 

causes the decrease in fluorescence quantum yield and the absence of the HOMO–LUMO 

transition band in absorption and excitation spectra. These views are supported qualitatively 

by DFT calculation of ground state and excited state of geometry M1 and its derivative 

geometries R15–R90. It is therefore expected that a D–π–A system of OPE is a very 

sensitive sensor when the OPE part responds to the stimuli with changing the twisting angle 

between the phenyl ring. 
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Introduction 

This chapter deals with a systematic research on the external electric field effect on an OPE. 

This topic has been only approached by theoretical method so far. For example, Li et al. 

have systematically calculated the effect of electric field on polyacetylene, indicating that 

the HOMO–LUMO gap decreases when applying electric field along the molecular axis.226 

A similar result was obtained with OPE by Yin et al.197 In Chapter I, the author synthesized 

OPEn9 a H-character type conjugate of a HP and an OPE. The OPE moiety of OPEn9 

clearly shows a bathochromic shift due to electric field effect of the peptide dipole both in 

solution and in film. This is believed to be the first example of the experimental research on 

this issue. 

In Part II, OPE and the HP were linked side by side. Since the HP generates the 

electric field differently between the side and the terminal of the helix, we changed the 

arrangement of OPE and the helix from side-by-side to a series geometry. HPs have a large 

Figure V-1. A schematic illustration of a SAM on a gold surface (top) and 

chemical structure (bottom) of HP-OPE conjugates (2nOPE2m). 
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dipole along the helix axis to which direction OPE is attached as shown in Figure V-1. This 

linear conjugate has an advantage of forming a well-ordered SAMs on a surface due to 

intermolecular interaction at HP moiety. This is not the case of OPEn9, which forms 

random SAM (see Chapter I). The solvent free condition realized in SAMs is ideal for 

measurement of the electric field effects because dielectric constants are generally higher in 

solvents than in SAMs. By measuring absorption spectra of the SAMs of the conjugates 

with different helix lengths at one end or both ends of the OPE moiety, the effect of the 

electric field generated by the HPs on the electronic structure of an OPE is studied. A 

conjugate of 11-mercaptoundecanoic acid with OPE (C11OPE) is also synthesized as a 

reference compound. ab initio Calculations are conducted using the DFT method to obtain a 

thorough discussion on the electric field effect on the electronic state of the OPE moiety. 

Experimental 

Materials. The novel compounds consisted of HPs and OPE (2nOPE2m) were synthesized 

according to Scheme V-1. A conjugate of 11-mercaptoundecanoic acid with OPE 

(C11OPE) was synthesized according to Scheme V-2. See Chapter I for the general 

procedures of peptide and OPE synthesis and the compound identification methods. 

Spectroscopy in solution. CD spectra were measured at residue concentrations of 3–6 × 

10−5 M with an optical cell of a 0.1 cm optical path length. Absorption spectra were 

recorded at a concentration of ca. 10−5 M. No accumulation was conducted. The emission 

spectra were recorded using the same solution prepared for the absorption spectroscopy. 

The accumulation number was eight in maximum. An optical cell of a 1 cm optical path 

length was used both in absorption and emission spectroscopy measurements. 

Quantum calculation. Details are described in Chapter I. The optimized geometry under 
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no external electric field was checked by frequency analysis. It was confirmed there was no 

imaginary frequency number. The geometry was reoptimized under various intensities of 

external electric field (up to 1 × 109 V m−1) along the long axis to see its effect on the 

energy of frontier orbitals. The direction of the electric field was parallel to the molecular 

axis. 

Preparation of SAM. A gold substrate was prepared by vapor deposition of chromium and 

then gold (300 and 2000 Å for IR-RAS) and ellipsometry measurement, and 10 and 80 Å 

Scheme V-1. Synthetic scheme of 2nOPE2m. 
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for absorption measurement, respectively) onto a slide glass or a fused quartz. The SAMs 

were prepared by incubating the gold substrate in an EtOH solution of the HP-OPE 

conjugates (0.1 mM) for 24 h. A chloroform solution (0.1 mM) was used for 

C11OPE-SAM preparation. To prepare a SAM of 16OPE16, the incubation was carried out 

at 50 °C, otherwise at RT. After incubation, the substrate was rinsed thoroughly with MeOH 

to remove physisorbed molecules and dried under a stream of nitrogen gas and in vacuum. 

Chloroform was used for rinsing the SAM of C11OPE. For C11OPE-SAM, gas-phase 

deposition of C12 into defects of the SAM was conducted by exposing the SAM to C12 

saturated atmosphere at 70 °C for 2 h. 

Characterization and spectroscopy of the SAMs. Details of IR-RAS and ellipsometry is 

described in Chapter I. The relative density of the SAMs was estimated by comparison of 

the intensity of amide I, which was corrected to fit an assumption that all of the SAMs take 

tilt angle of 55°, (random orientation). The blocking experiment by CV to assess the 

monolayer defects was carried out in an aq K4[Fe(CN)6] (1 mM) and KCl (1 M). 

Orientation determination of the OPE moiety in SAMs. Absorption spectra of the SAMs

Scheme V-2. Synthetic scheme of C11OPE.	
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 were recorded with a substrate sample holder attachment. Incident light was depolarized. 

Incident angles were changed from 0 to 50° by a step of 10°. The absorbances of the OPE 

moiety having a tilt angle of θ in the SAMs for p-polarized and s-polarized incident light 

(Ap and As, respectively) are described in the following equations 

 , (V-1a) 

  (V-1b) 

where ϕ is the effective incident angle in the SAMs, which have a relationship of the Snell’s 

law, that is, nfilm sin ϕ = nair sin ϕexp (where nfilm and nair are the refractive indices of the 

SAMs and air, respectively), to the equipment incident angle ϕexp. Therefore, for 

no-polarized incident light, the absorbance is 

 A(θ, ϕ) = Ap + As (V-2) 

Since the transition dipole of the π–π* absorption of OPE has the direction parallel to the 

molecular axis, the orientation of the OPE moiety in the SAMs is determined by plotting the 

area of absorption versus the incident angle and fitting the plots with the eq V-2 using the 

method of least-squares. 

Synthesis 

4-bromophenyacetic acid methyl ester (1). To a 100 mL RBF were added MeOH (30 mL) 

and thionyl chloride (8 mL) at 0 °C. 4-bromophenylacetic acid (2.00 g, 9.30 mmol) was 

then added and the mixture. The mixture was stirred at RT for two days, followed by 

concentration and dryid in vacuum. 2.13 g (99% yield) of the desired product was obtained 

as a liquid. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 3.58 (2H, s, ArCH2CO2CH3), 3.69 (3H, s, 
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ArCH2CO2CH3), 7.15 (2H, d, phenyl), 7.45 (2H, d, phenyl). 

Methyl 4-(trimetylsilylethynyl)phenylacetic acid methyl ester(2). See the general 

procedure for the Sonogashira coupling reaction. 1 (2.00 g, 8.73 mmol), TMSA (2.42 mL, 

17.5 mmol), Pd(II)(PPh3)2Cl2 (368 mg, 0.52 mmol), Cu(I)I (166 mg, 0.87 mmol), and DIEA 

(6.1 mL, 35 mmol) were reacted in THF (15 mL) at 70 °C and stirred for two days. The 

residue was purified by the column chromatography (chloroform/hexane = 1/2, then 1/1). 

The product (1.9 g) was used in the next step without further purification even though it 

contained some unreacted 1. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 0.24 (9H, s, (CH3)3Si), 3.61 (2H, s, ArCH2CO2CH3), 

3.69 (3H, s, ArCH2CO2CH3), 7.18 (2H, d, phenyl), 7.41 (2H, d, phenyl). 

4-ethynylphenylacetic acid methyl ester (3). To a 100 mL RBF were added the mixture of 

1 and 3 obtained above, THF (40 mL) and acetic acid (490 mL). The mixture was cooled to 

0 °C and 1 M of TBAF (8.5 mL) was added dropwise. The mixture was stirred at 0 °C for 

10 min and poured into water. The mixture was extracted with dichloromethane. The 

organic phase was washed with water (3×) and brine (2×). Then the organic phase was dried 

over MgSO4 and dried in vacuum. A mixture of 3 and 1 was obtained as a liquid. The 

mixture was used in the next step without further purification. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 3.06 (1H, s, terminal alkyne), 3.61 (2H, s, 

ArCH2CO2CH3), 3.69 (3H, s, ArCH2CO2CH3), 7.22 (2H, d, phenyl), 7.43 (2H, d, phenyl). 

4-((N-(tert-Butoxycarbonyl)-aminomethyl)bromobenzene (4). To a 100 mL RBF were 

added a hydrochloric acid salt of 4-bromobenzylamine (5.00 g, 22.5 mmol), 

di-tert-butyldicarbonate (7.36 g, 33.7 mmol), TEA (9.19 mL, 67.4 mmol), anhydrous DMF 

(20 mL) and water (5 mL) at 0 °C. The mixture was stirred at 0 °C for 10 min and 

concentrated in vacuum. The residue was purified by recrystallization from an 
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EtOAc/hexane system. The product (3.85 g, 60%) was obtained as a crystal. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 1.45 (9H, s, Boc), 4.26 (2H, d, ArCH2NH), 4.84 (1H, 

s, ArCH2NH), 7.15 (2H, d, phenyl), 7.44 (2H, d, phenyl). 

4-(N-(tert-Butoxycarbonyl)-aminomethyl)trimethylsilylethynylbenzene (5). See the 

general procedure for the Sonogashira coupling reaction. 4 (2.52 g, 8.81 mmol), 

trimethylsilyacetylene (2.44 mL, 17.6 mmol), Pd(II)(PPh3)2Cl2 (370 mg, 0.53 mmol), Cu(I)I 

(167 mg, 0.88 mmol),  and DIEA (6.1 mL, 35 mmol) were reacted in THF (15 mL) at 

80 °C for two days. The residue was purifed by column chromatography 

(chloroform/hexane = 1/1, then 2/1). 2.40 g (89% yield) of the desired product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 0.24 (9H, s, (CH3)3Si), 1.45 (9H, s, Boc), 4.30 (2H, d, 

ArCH2NH), 4.81 (1H, s, ArCH2NH), 7.20 (2H, d, phenyl), 7.42 (2H, d, phenyl). 

4-(N-(tert-Butoxycarbonyl)-aminomethyl)ethynylbenzene (6). To a 100 mL RBF were 

added 5 (2.40 g, 7.91 mmol), potassium carbonate (2.19 g, 15.82 mmol), MeOH (10 mL), 

and dichloromethane (10 mL). The mixture was stirred for 1.5 hr and poured into water. 

The product was extracted with dichloromethane and the organic layer was washed with 

brine. The organic layer was dried over MgSO4 and dried in vacuum, yielding the product 

as a solid (1.62 g, 88%). 

1H NMR (CDCl3, 400 MHz): δ (ppm) 1.46 (9H, s, Boc), 3.05 (1H, s, terminal alkyene), 

4.31 (2H, d, ArCH2NH), 4.85 (1H, s, ArCH2NH), 7.23 (2H, d, phenyl), 7.45 (2H, d, 

phenyl). 

4-(4′-(N-(tert-Butoxycarbonyl)-aminomethyl)phenylethynyl)iodobenzene (7). See the 

general procedure for the Sonogashira coupling reaction. 1,4-diiodobenzene (6.93 g, 21.0 

mmol), 6 (1.62 mL, 7.00 mmol), Pd(II)(PPh3)2Cl2 (294 mg, 0.42 mmol), Cu(I)I (133 mg, 

0.70 mmol), DIEA (4.88 mL, 28 mmol) were reacted in THF (25 mL) at RT for one day. 
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The mixture was purified by column chromatography (chloroform/hexane = 2/1, then 4/1). 

1.8 g (60% yield) of the desired product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 1.46 (9H, s, Boc) 4.32 (2H, d, ArCH2NH), 4.85 (1H, 

s, ArCH2NH), 7.23 (2H, d, phenyl), 7.26 (2H, d, phenyl), 7.48 (2H, d, phenyl), 7.68 (2H, d, 

phenyl). 

4-(4′-(4″-(N-(tert-Butoxycarbonyl)-aminomethyl)phenylethynyl)phenylethnyl)phenylac

etic acid methyl ester (8). See the general procedure for the Sonogashira coupling reaction. 

7 (1.80 g, 4.15 mmol), unpurified 3 (1.50g), Pd(II)(PPh3)2Cl2 (181 mg, 0.26 mmol), Cu(I)I 

(82 mg, 0.43 mmol), and DIEA (3 mL, 17 mmol) were reacted in THF (20 mL) at RT for 

one day. The mixture was purified by column chromatography (chloroform). 1.47 g (71% 

yield) of the desired product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 1.46 (9H, s, Boc) 3.65 (2H, s, ArCH2CO), 3.71 (3H, s, 

OCH3), 4.33 (2H, d, ArCH2NH), 4.86 (1H, s, ArCH2NH), 7.27 (4H, d, phenyl), 7.48–7.49 

(8H, m, phenyl). 

FAB-MS (matrix; DTT/TG) m/z = 479.24 (calcd for C31H29NO4 M+ 479.21). 

4-(4′-(4″-(aminomethyl)phenylethynyl)phenylethnyl)phenylacetic acid methyl ester (9). 

To a 50 mL RBF were added 8 (700 mg, 1.46 mmol), chloroform (10 mL), TFA (7 mL), 

and anisole (0.7 mL) at RT. The mixture was stirred for 45 min and concentrated under 

reduced pressure. The residue was washed with Et2O (3×). The TFA salt of the product was 

obtained as a solid with a high yield. 

1H NMR (MeOH-d4, 400 MHz): δ (ppm) 3.70 (5H, s, ArCH2CO and OCH3), 4.15 (2H, d, 

ArCH2NH), 7.31 (2H, d, phenyl), 7.49 (2H, d, phenyl), 7.53 (4H, s, phenyl), 7.62 (2H, d, 

phenyl). 

FAB-MS (matrix; DTT/TG) m/z = 380.2 (calcd for C26H22NO2 [M + H+], 380.16). 
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8OPE. See the general procedure of the peptide coupling reaction. A TFA salt of 9 (660 mg, 

1.34 mmol), SSA8H (1.95 g, 2.31 mmol), HATU (1.70 g, 4.47 mmol), and DIEA (1.21 mL, 

6.92 mmol) were racted in DMF (10 mL) at RT for 10 hr and another HATU (300 mg, 0.79 

mmol) and DIEA (200 µL, 1.2 mmol) were added at 0 °C. The mixture was stirred at RT for 

14 hr. The mixture was purified by method 2 (chloroform/MeOH = 25/1, then 20/1). 500 

mg (31% yield) of the desired product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 1.34–1.62 (38H, m, AlaCβ, AibCβ, 

SSCH2CH2CHCH2CH2CH2CH2CO), 1.65 (4H, m, SSCH2CH2CHCH2CH2CH2CH2CO), 

1.92 (1H, m, one of SSCH2CH2CH(CH2)3CH2CO), 2.33 (2H, m, 

SSCH2CH2CH(CH2)3CH2CO), 2.46 (1H, m, one of SSCH2CH2CH(CH2)3CH2CO), 3.15 (2H, 

m, one of SSCH2CH2CH(CH2)3CH2CO), 3.55 (1H, m, SSCH2CH2CH(CH2)3CH2CO), 3.64 

(s, 2H, ArCH2CO2CH3), 3.71 (s, 3H, ArCH2CO2CH3), 3.85 (1H, m, AlaCα), 3.95 (2H, m, 

AlaCα × 2), 4.36 (2H, m, AlaCα and one of CONHCH2Ar), 4.58 (1H, m, one of 

CONHCH2Ar), 6.34 (1H, d, amideNH), 6.58 (1H, d, amideNH), 7.28–7.53 (20H, m, 

amideNH and Ar), 7.78 (1H, s, amideNH). 

FAB-MS (HR) (matrix: NBA) m/z = 1214.5385 (calcd for C62H82N9O11S2Na [M + Na]+, 

1214.5395). 

8OPE-H. To a test tube were added 8OPE (500 mg, 420 µmol), dioxane (1.8 mL), MeOH 

(1.8 mL), and 1 N aq NaOH (830 µL). The mixture was stirred at 40 °C for 30 min and at 

RT at 30 min. The completion of the reaction was checked by TLC. 2 N aq HCl were then 

added for neutralization. The mixture was concentrated under reduced pressure. The residue 

was taken up with chloroform and washed successively with 4% aq KHSO4 (2×) and brine. 

The organic layer was dried over Na2SO4 and in vacuum. 

8OPE8. See the general procedure of the peptide coupling reaction. A HCl salt of HA8M 
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(233 mg, 336 µmol), 8OPE-H (220 mg, 186 µmol), HATU (107 mg, 280 µmol), and DIEA 

(130 µL, 746 µmol) were reacted in DMF (2.5 mL) at RT for one day and another portion 

of HATU (30 mg, 80 µmol) and DIEA (50 µL, 300 µmol) were added at 0 °C. The mixture 

was stirred at RT for 12 hr. The mixture was purified by method 3 (MeOH) and washed 

with Et2O. 300 mg (88% yield) of the desired product was obtained. 

1H NMR (CD3CN, 400 MHz): δ (ppm) 1.15–1.62 (78H, m, AlaCβ, AibCβ, 

SSCH2CH2CH(CH2)3CH2CO), 1.90 (1H, m, one of SSCH2CH2CH(CH2)3CH2CO), 2.28 (2H, 

m, SSCH2CH2CH(CH2)3CH2CO), 2.42 (1H, m, one of SSCH2CH2CH(CH2)3CH2CO), 3.11 

(2H, m, one of SSCH2CH2CH(CH2)3CH2CO), 3.55 (1H, m, SSCH2CH2CH(CH2)3CH2CO), 

3.58 (s, 3H, CH2CO2CH3), 3.60 (dd, 2H, ArCH2CO2CH3), 3.80–4.28 (8H, m, AlaCα), 

4.32–4.53 (2H, m, CONHCH2Ar), 7.08–7.85 (29H, m, AlaNH, AibNH, and aromatic). 

FAB-MS (HR) (matrix: NBA/DTT) m/z = 1838.8976 (calcd for C90H129N17NaO19S2 [M + 

Na]+, 1838.8990). 

16OPE. See the general procedure of the peptide coupling reaction. A TFA salt of 9 (100 

mg, 202 µmol), SSA16H (240 mg, 163 µmol), HATU (80 mg, 228 µmol), and DIEA (85 

µL, 490 µmol) were reacted in DMF (8 mL) for 16 hr. The residue was purified by method 

3 (MeOH) and washed with iPr2O. 200 mg (67% yield) of the desired product was obtained. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 1.34–1.62 (78H, m, AlaCβ, AibCβ, 

SSCH2CH2CH(CH2)CH2CO), 1.92 (1H, m, one of SSCH2CH2CH(CH2)3CH2CO), 2.40 (2H, 

m, SSCH2CH2CH(CH2)3CH2CO), 2.46 (1H, m, one of SSCH2CH2CH(CH2)3CH2CO), 3.15 

(2H, m, SSCH2CH2CH(CH2)3CH2CO), 3.55 (1H, m, SSCH2CH2CH(CH2)3CH2CO), 3.64 (s, 

2H, ArCH2CO2CH3), 3.70 (s, 3H, ArCH2CO2CH3), 3.94 (7H, m, AlaCα × 7), 4.33–4.50 (3H, 

m, AlaCα and one of CONHCH2Ar) 7.29 (4H, m, amideNH and aromatic), 7.42–7.94 (23H, 

s, amideNH and aromatic), 8.31 (1H, s, amideNH). 
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FAB-MS (HR) (matrix: NBA) m/z = 1838.8962 (calcd for C90H129N17O19S2Na [M + Na]+, 

1838.8990). 

16OPE-H. To a test tube were added 16OPE (100 mg, 55 µmol), dioxane (220 µL), MeOH 

(300 µL), and 1 N aq NaOH (110 µL). The mixture was stirred at 40–45 °C for 7.5 hr. 2 N 

HClaq were then added for neutralization. The mixture was concentrated in reduced 

pressure and dried in vacuum. The residue was used in the next step without further 

purification. 

16OPE8. See the general procedure of the peptide coupling reaction. A HCl salt of HA16M 

(58 mg, 83 µmol), 16OPE-H (100 mg, 56 µmol), HATU (32 mg, 83 µmol), and DIEA (34 

µL, 194 µmol) were reacted in DMF (1.5 mL) for one day. The residue was purified by 

method 3 (MeOH) and washed with Et2O. 70 mg (51% yield) of the desired product. 

1H NMR (MeOH-d4, 400 MHz): δ (ppm) 1.21–1.72 (114H, m, AlaCβ, AibCβ, 

SSCH2CH2CH(CH2)3CH2CO), 1.90 (1H, m, one of SSCH2CH2CH(CH2)3CH2CO), 2.34 (2H, 

m, SSCH2CH2CH(CH2)3CH2CO), 2.47 (1H, m, one of SSCH2CH2CH(CH2)3CH2CO), 

3.57–3.70 (6H, m, SSCH2CH2CH(CH2)3CH2CO, CH2CO2CH3, ArCH2CO2CH3), 3.93–4.24 

(12H, m, AlaCα), 4.39–4.52 (2H, m, CONHCH2Ar), 7.34–7.51 (12H, m, aromatic). 

FAB-MS (HR) (matrix: NBA) m/z = 2463.2527 (calcd for C118H177N25O27S2Na [M + Na+], 

2463.2585). 

16OPE16. See the general procedure of the peptide coupling reaction. 16OPE-H (75 mg, 

41 µmol), a hydrochloric acid salt of HA16M (86 mg, 62 µmol), HTAU (24 mg, 62 µmol), 

HOAt (11 mg, 81 µmol), and DIEA (25 mL, 145 µmol) were reacted in DMF (1 mL) at RT 

for two days. The mixture was purified by method 3 (MeOH). 60 mg (47% yield) of the 

desired product was obtained. 

1H NMR (MeOH-d4, 400 MHz): δ (ppm) 1.0–1.7 (150H, m, AlaCβ, AibCβ, 
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SSCH2CH2CH(CH2)3CH2CO), 1.90 (1H, m, one of SSCH2CH2CH(CH2)3CH2CO), 2.35 (2H, 

m, SSCH2CH2CH(CH2)3CH2CO), 2.46 (1H, m, one of SSCH2CH2CH(CH2)3CH2CO), 3.15 

(2H, m, SSCH2CH2CH(CH2)3CH2CO), 3.5–3.7 (6H, m, SSCH2CH2CH(CH2)3CH2CO, 

COOCH3, ArCH2CONH), 3.9–4.2 (18H, m, AlaCα, NHCH2Ar), 7.3–7.6 (12H, aromatic). 

FAB-MS m/z = 3088.6 (calcd for C146H225N33O35S2Na [M + Na]+, 3087.6). 

S-acetyl-11-mercaptoundecanoic acid. To a 20 mL RBF were added 

11-mercaptoundecanoic acid (200 mg, 915 µmol), acetic anhydrate (255 µL, 2.75 mmol), 

DIEA (479 µL, 2.75 mmol) and dichloromethane (2 mL) at 0 °C. The mixture was stirred 

for 7 hr and poured into 4% aq KHSO4 The organic layer was washed with the acidic 

solution (3×) and brine. The organic layer was dried over Na2SO4 and concentrated under 

reduced pressure. The residue was purified by column chromatography (silica gel, 

chloroform/MeOH/acetic acid = 200/5/3). 160 mg (67% yield) of the desired product was 

obtained. 

1H NMR (CDCl3 400 MHz): δ (ppm) 1.27 (12H, br, aliphatic), 1.54–1.67 (4H, m, aliphatic) 

2.31 (3H, s, OCH3), 2.44 (2H, t, aliphatic), 2.86 (2H, t, aliphatic). 

C11OPE. See the general procedure of the peptide coupling reaction. 

S-acetyl-11-mercaptoundecanoic acid (53 mg, 200 µmol), a TFA salt of 9 (38 mg, 76 µmol), 

HATU (106 mg, 303 µmol), and DIEA (88 µL, 506 µmol) were reacted in DMF (600 mL) 

at RT for 4 hr and MeOH was added to the mixture. The precipitate was collected using a 

centrifuge. The precipitate was washed with MeOH (3×). The precipitate was purified by 

method 2 (chloroform/EtOAc = 4/1). Re-precipitation from chloroform/hexane gave the 

product as a solid (10 mg, 20%). 

1H NMR (CDCl3 400 MHz): δ (ppm) 1.27 (12H, br, aliphatic), 1.54–1.67 (4H, m, aliphatic) 

2.22 (2H, t, aliphatic), 2.31 (3H, s, OCH3), 2.86 (2H, t, aliphatic), 3.62 (2H, s, 
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ArCH2COOCH3), 3.68 (3H, s, COOCH3), 4.44 (CONHCH2Ar), 7.26 (4H, m, aromatic), 

7.47 (8H, m, aromatic). 

FAB-MS m/z = 622.5 (calcd for C39H44NO4S [M + H]+ 622.3). 

Results and discussion 

CD spectroscopy. CD spectra were recorded in a MeOH solution (Figure V-2). 8OPE, 

which has a 8 mer peptide moiety, shows a sharp negative Cotton effect at 203 nm and a 

broad shoulder at 224 nm. This pattern is typical for right-handed 310-helical conformation 

as previously reported.106,158
 16OPE shows a negative Cotton effect of a double-minimum 

pattern (peaks at 208 and 222 nm), indicating an α-helical structure in accordance with the 

previous reports.250,252
 These results suggest that the attachment of an OPE moiety to the C 

terminal of a helix does not influence its helical structure. In contrast, the ellipticity per 

residue of 8OPE8 or 16OPE16 becomes smaller than 8OPE or 16OPE, suggesting that 

OPE at the N terminal may destabilize the helical structure. The reason remains to be solved 

Figure V-2. CD spectra of HP-OPE conjugates in MeOH. 
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out. 

Absorption and fluorescence measurements in chloroform solution. Absorption 

and emission spectra of the OPEs were recorded in chloroform (Figure V-3). All of the 

absorption spectra show well-resolved vibrational bands, which is typical for OPEs with a 

few substituents.216,253,254 No aggregation band is observed in all the absorption spectra, and 

λmax of these compounds are observed in a small range from 325.5 to 326.8 nm. On the 

other hand, the emission spectra differ significantly among the conjugates, as the 

fluoresence intensity longer than 380 nm becomes stronger with the increase of the total 

number of the residues (from above to bottom in Figure V-3). These emissions are assigned 

to excimer because the profiles of the excitation spectra are the same as those of the 

absorption spectra. Since the excimer formation is promoted in the longer peptides, 

association of the peptide moieties in solution should be involved in the excimer formation 

probably due to the D–D interaction. However, the association is fragile, because the 

emission around 450 nm in 16OPE16 was decreased by shaking the solution. 

Quantum calculation. The effect of electric field on the electronic structure of OPE is 

evaluated by ab initio calculations. p-Di(p-methylphenylethynyl)benzene was selected as 

the model compound. The HOMO–LUMO gap of the model compound decreases in a 

quadratic manner with the increase of intensity of electric field (Figure V-4). This quadratic 

relationship is consistent with the previous calculation on polyacetylenes by Li et al. using 

the Hartree-Fock method with a basis set of 6-31G*.226 The electric field of 1 × 109 V m−1 

induces dipole of 4 D in the OPE moiety. It should be pointed out that this quadratic 

relationship is also applicable for π-conjugates without substituents. Generally, the 

HOMO–LUMO gap of OPEs having a push-pull substituent pair decreases linearly with the 

increase of the intensity of electric field. For example, the author has reported the 

HOMO–LUMO gap of OPE with a nitro group at the end and an acetoamide group at the 
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center decreases linearly with the increase of the intensity of electric field when the electric 

field directs to assist the polarization along the push-pull axis (see Chapter I). This linear 

relationship is also predicted by Yin et al. for OPE connected with clusters of gold using the 

DFT with a basis set of LANL2DZ.197 OPEs with substituents are more susceptible to 

electric field than OPE alone. Indeed, our calculations show that the HOMO–LUMO gap 

decreases by 0.2 eV for OPE alone but by 0.5 eV for the OPE with nitro and acetoamide 

groups under applying electric field of 1 × 109 V m−1. In the present study, we chose OPE 

without substituents and designed the OPE moiety isolated from the peptide moiety with an 

intervening methylene linker, just because our objective is to evaluate the electric field 

effect on the electronic structure of nonpolarized OPE. 

Figure V-3. Normalized absorption and fluorescence spectra of the OPE 

derivatives. 
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Blocking evaluation of SAMs by CV. The molecular packing of the SAMs on a gold 

surface were examined by blocking experiments using CV in aq K4[Fe(CN)6] (1 mM) and 

KCl (1 M) at a scan rate of 0.1 V s−1 (Figure V-5). All the SAMs, including the SAM of 

C11OPE and C12 (C12/C11OPE), show small redox peaks of ferricyanide/ferrocyanide, 

indicating that the SAMs have small defects.158,270,271 The C11OPE SAM contained many 

defects, but the quality of the SAM was improved by exposure to an atmosphere of 

saturated C12.271 

Spectroscopic evaluation of SAMs. IR-RAS measurements of the conjugate SAMs 

on a gold surface were carried out to determine the molecular tilt angles and their surface 

densities (Figure V-6). The obtained tilt angles and densities are summarized in Table V-1. 

Amide I and II bands appear around 1680 cm−1
 and 1540 cm−1, respectively. In the 

C12/C11OPE SAM, amide II band at 1550 cm−1
 is observed, but amide I band is faint, 

suggesting that C=O bond of C11OPE should take an orientation parallel to the gold 

surface due to intermolecular hydrogen bonds as reported in the SAMs of amide group 

containing alkanethiols.272–274
 A sharp band at 1520 cm−1

 is assigned to the stretching mode 

Figure V-4. Computed value of the HOMO–LUMO gap of 

p-di(p-methylphenyleneethynyl)benzene under several strength of electric 

fields. 
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of the OPE moiety.275,276
 The tilt angles from the surface normal of the HP moieties in the 

SAMs are ca. 55° in the 8OPE and 8OPE8 SAMs, and ca. 35° in the 16OPE, 16OPE8, and 

16OPE16 SAMs (Table V-1). 

The tilt angles of the OPE moieties in the SAMs are calculated from the absorption 

spectra obtained with varying incident angles. By fitting the data with eq V-2, the OPE 

moieties in the SAMs of the six HP-OPE conjugates are revealed to take tilt angles in the 

range of 55–70°. These larger tilt angles than those of the helical moieties can be explained 

Figure V-5. Blocking experiments by CV measurements. 

Figure V-6. IR-RAS spectra of the SAMs on a gold surface. 



  Results and discussion 103 

in two ways. The OPE moieties may overlap partially with large tilting to obtain 

stabilization energy due to the intermolecular van der Waals interaction and π–π stacking, 

even though they are separated more than 1 nm by α-HPs.188,270
 Another explanation may be 

head-to-tail association of the OPE moieties with taking near to horizontal orientation due 

to the polarized OPEs by electric field of α-HPs. 

The relative molecular densities of the SAMs are also determined from IR spectra with 

taking the density of the 16OPE SAM as a reference (Table V-1). The densities of the 

8OPE and 8OPE8 SAMs are 1.24- and 1.14-fold higher than that of the 16OPE SAM, 

respectively, probably because of taking different types of helices between the 8mer and 

16mer peptides, 310- (diameter of 0.8 nm) and α-helices (diameter of 1.1 nm), respectively. 

On the other hand, the densities of the 16OPE8 and 16OPE16 SAMs are lower than that of 

the 16OPE SAM, even though they take an α-helical structure similarly. This observation is 

explainable from the bent conformation in the middle part of 16OPE8 and 16OPE16 in the 

SAMs, as shown that the OPE moiety tilts largely from the surface normal by 55–65°, 

whereas the average tilt angle of two helix moieties keeps ca. 35°. The molecular packing in 

Figure V-7. Absorption spectra of the SAMs at an incident angle of 0° from the 

surface normal. 
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the 16OPE8 and 16OPE16 SAMs are therefore loose. This interpretation is consistent with 

the observation that the thicknesses of the 16OPE8 SAM of 34.0 Å and the 16OPE16 SAM 

of 39.6 Å increased just by 1.5 and 7.1 Å from that of the 16OPE SAM, 32.5 Å (Table V-1), 

despite of connection of the 8mer and 16mer peptides, respectively, to 16OPE. 

Absorption spectra of the SAMs recorded with an incident angle of 0° from the surface 

normal are shown in Figure V-7. λmax values of the spectra are summarized in Table V-1. λmax 

values of the conjugate SAMs in a range from 323.1 to 327.0 nm are shifted significantly to 

longer wavelengths than that of the C12/C11OPE SAM at 300.7 nm. The electric field in 

the SAM generated by the peptide dipole is considered to influence the electronic structure 

of the OPE moiety as predicted by the DFT calculation described above. In the calculation, 

the HOMO–LUMO gap of the OPE moiety quadratically decreased with the increase of the 

electric field intensity (Figure V-4). The observed bathochromic shifts correspond to ca. 0.3 

eV decrease of the HOMO–LUMO gap, which is theoretically explained by applying an 

Table V-1. Summary of characterization results of the SAMs. 

SAM 
thickness 

(Å)a 

helix tilit 

angle (°)b 

relative 

densityc 

OPE λmax 

(nm) 

Energy 

(eV) 

C12/C11OPE 29.8 ± 0.6 N/A N/A 300.7 ± 0.7 4.11 

8OPE 18.4 ± 0.8 55 ± 2.5 1.24 323.1 ± 1.6 3.82 

8OPE8 25.3 ± 0.5 (60 ± 2.9)d 1.14 326.0 ± 0.1 3.79 

16OPE 32.5 ± 2.3 32 ± 1.7 1 327.0 ± 0.6 3.78 

16OPE8 34.0 ± 1.3 (35 ± 0.3)d 0.84 324.8 ± 0.0 3.81 

16OPE16e 39.6 ± 0.5 (35 ± 0.1)d 0.85 326.7 ± 0.1 3.78 

(a) measured by ellipsometory, (b) calculated from IR absorbance of amide I and II, (c) 

calculated from IR absorbance of amide I, (d) apparent mean value of the two helices, (e) 

prepared at 50 °C. 
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electric field of ca. 1.4 × 109
 V m−1

 to the OPE. 

The 310-helical structure of the 8mer peptide generates dipole of 20 D, which means 

that partial charges of 1.06 × 10−19
 C are separated by the helix length of 16 Å. The 

susceptible intensity of the electric field at the center of the OPE moiety (19 Å), which is 

connected to the 8mer peptide, is calculated to be 2 × 109
 V m−1

 according to the Coulomb’s 

law (Figure V-8 top), which is in a good agreement with ca. 1.4× 109 V m−1
 obtained above. 

This discussion is based on comparison of the conjugates with C11OPE, which is used 

as a reference compound for sensing the environmental change around the OPE moiety. 

This is because λmax is well-known to change with the environmental change from solution to 

the SAM. Indeed, λmax of C11OPE at 300.7 nm shifted significantly from that at 320 nm in 

chloroform. 

Large hypsochromic shifts in absorption band of OPE derivatives in the SAM on a 

gold surface277,278
 and Langmuir–Blodgett monolayer189,279–281

 have been reported and 

Figure V-8. Magnitude of electric field on the OPE in a simplified model. 
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explained by the exciton coupling of transition dipoles (H-aggregation). Generally, exciton 

coupling of two coplanar inclined transition dipole is described as 

  (V-3) 

where ∆E is a exciton band splitting, M is a transition moment, r is the distance between the 

transition dipoles, and α is the angle between polarization axes and the line of dipole 

centers.282
 In the present SAMs, the molecular orientation of the OPE moiety was ca. 50°, 

which results in a negative value in ∆E, a bathochromic shift, according to the eq V-3. 

Furthermore, the absorption spectrum of the OPE moiety in the SAM of C12/C11OPE was 

unchanged by dilution of C11OPE with the addition of C12 (Figure V-9), which denies the 

presence of intermolecular interaction between the OPE moieties in the SAM. We therefore 

concluded that the large hypsochromic shift in our experiment is not due to the exciton 

coupling but due to the environmental changes such as desolvation in the SAM leading to 

the absence of stabilization by solvation to the excited state of the π-conjugate. 

In the C11OPE SAM, a minor fraction of OPE moieties takes a face-to-face stacking 

as indicated by a weak absorption around 355 nm with a following tailing (Figure V-7). 

Figure V-9. Absorption spectra of the SAM of C11OPE on a gold surface under 

0–36 h of of immersion in 1 mM chloroform solution of dodecanethiol at 60 °C. 



  Conclusion 107 

This shift is ascribed to aggregation due to the π–π stacking among the OPE moieties, which 

is often observed for OPEs and PPEs in their solid phase.171,217,244,259,283
 

The λmax values of the 16OPE8 and 16OPE16 SAMs are comparable with that of the 

16OPE SAM despite the presence of the additional helix moiety in the conjugate. The 

additional helix effect is not clearly observed probably because of the low molecular 

densities and poor orientation of the peptides in these 16OPE8 and 16OPE16 SAMs. 

Conclusion 

Novel conjugates of OPE with HPs were synthesized and their SAMs on a gold surface 

were characterized to experimentally demonstrate the effect of electric field on the 

electronic structure of the π-conjugate system. The HP moieties take 310-helical structure 

(for 8mer) or α-helical structure (for 16mer), which is confirmed by CD spectroscopy in 

MeOH solutions. The characterizations of the SAMs by IR-RAS, ellipsometry, and 

blocking experiment show that the SAMs of 16OPE, 16OPE8, and 16OPE16 have a 

vertical orientation of the peptide moieties while 8OPE and 8OPE8 a random orientation. 

The OPE moiety takes tilt angle of 55–70°. Absorption spectra of the SAMs show that the 

λmax of the OPE moiety in the SAMs of HP-OPE conjugates is longer than that of C11OPE, 

a conjugate of 11-mercaptotundecanoic acid and the OPE moiety, by ca. 25 nm. DFT 

calculations show that the HOMO–LUMO gap of an OPE decreases as electric field along 

the molecular axis is applied and the ca. 25 nm of bathochromic shift in the absorption 

corresponds to the effect of an electric field of 1.4 × 109 V m−1. This value of the electric 

field agrees with the value obtained from a simple point charge model using the Coulomb’s 

law. Other factors leading to a bathochromic shift of the absorption spectra such as 

planarization of the OPE moiety are not plausible in the present case. It is therefore 

concluded that the bathochromic shift in the absorption spectra of the SAMs of the 
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conjugate is due to the effect of the electric field originated from HP moieties. 
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Introduction 

This chapter introduces a novel application of an OPE on molecular conductance. The 

conjugate used is 8OPE, a compound synthesized in Chapter V. Kimura’s group have 

reported on the molecular conductance of various HPs measured with the latter method. 

HPs showed asymmetric profiles in the I–V curves.162,163,228 However, there is one drawback 

in this method, which is the presence of a gap between the molecule and the STM tip. The 

asymmetric contact in a metal–molecule–metal junction is reported to contribute to an 

asymmetric profile in the I–V curve.194,284 To eliminate the asymmetric effect of the 

measurement configuration, we proposed to attach a gold nanoparticle as a molecular 

terminal to the peptide end to confirm the intrinsic molecular rectification behavior of the 

HPs.162 The asymmetric profiles of HPs are due to the dipole effect on the molecular 

conduction, where a large dipole moment along the helix should influence on the current 

oppositely on the direction through the HPs. The STS method has an advantage compared 

Figure VI-1. (a) Chemical structure of 8OPE. (b) Schematic representation of 

STM observation of a mixed SAM of 8OPE and C10 (8OPE/C10). 
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with the break junction method for the asymmetric molecules, because molecules can be 

immobilised directionally on electrode. In the case of the gold nanoparticle method, 

however, it is necessary for the molecule to have thiol groups at both terminals with 

different protecting groups, which requires cumbersome synthetic procedures. Instead of 

using a gold nanoparticle as a molecular terminal, the author proposes here a molecular lead 

of a conjugate molecule attached to the HP end. As a result, the author found out the tip 

position effect on the molecular conductance. 

8OPE is selected because the length of the HP moiety is compatible for insertion into 

C10 (Figrue VI-1b). 16OPE in 1-hexadecanethiol conducts too little current for reliable 

STS measurements. Since the OPE moiety is rich in π-electrons, the molecule–tip coupling 

should become strong when the STM tip is positioned very close to the molecular terminal. 

When this is the case, the molecule–electrode coupling is tunable by changing the gap 

distance between the molecule and the STM tip that can be controlled with varying the set 

current. 

To verify this hypothesis, 8OPE was inserted into a SAM of C10 on a gold substrate 

(8OPE/C10, Figure VI-1b). The peptide in the alkanethiol SAM system is chosen, because 

a single helix or a bundle of helices are observable by STM measurements under this 

condition.162,228,229 Further, the peptide moiety is buried in the C10 SAM and the OPE 

moiety is exposed over the SAM as a molecular lead to be accessible with the STM tip 

where the molecular length of C10 is ca. 15 Å and that of 310-helix of the octapeptide 

having lipoic acid at the N-terminus is ca. 24 Å.158 

Experimental 

Materials. 8OPE was synthesized as described in Chapter V. The other reagents are used 

as purchased. 
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SAM preparation. A gold substrate was prepared by vapor deposition of gold on a mica 

substrate. The SAM of C10 was prepared by incubation of the gold substrate in a 3 mM 

EtOH solution of C10 for 24 h. The C10-SAM coated substrate was rinsed thoroughly with 

EtOH and dried with a blow of nitrogen. The substrate was then immersed into a 0.1 mM 

chloroform/EtOH (1/1, v/v) solution of 8OPE for 24 h, followed by thorough rinsing with 

chloroform/EtOH (1/1, v/v) and EtOH, and drying with a nitrogen blow. The obtained 

sample (8OPE/C10) was stored under high vacuum (10−8 Pa). 

STM measurement. The STM measurements were performed under high vacuum (10−8 Pa) 

at RT. All images were obtained in the constant current mode and recorded at high 

impedances (50 GΩ or higher). An electrochemically polished tungsten was used as the 

STM tip. 

Fitting with the Simmons equation. The Simmons equation is expressed as 
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 (VI-1) 

where e is the charge of an electron, ħ is Planck’s constant divided by 2π, d is the tunneling 

distance, φ is the barrier height, V is the applied bias, and m is the mass of an electron. C is 

the proportionality constant. α is a unitless adjustable parameter used in the fitting 140,144,145. 

Fittings were applied to the ±1.0 V region. By using this equation, nonlinear least-squares 

fitting was performed to fit eq VI-1 to the experimental results with four parameters, d, φ, α 

and C. At low bias, eq VI-1 can be approximated as 
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The right term in this equation is not a exponential function strictly with d. Considering, 

however, that the exponential factor dominates in the equation, eq VI-2 can be regarded as I 

≈ exp(−βd) with 

 
      

€ 
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2(2m)1/ 2


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 (VI-3) 

where β is the structure dependent attenuation factor. Thus, β values can be calculated by 

using φ and α values obtained from the fitting. 

Results and discussion 

STM images. A STM image of 8OPE/C10 is shown in Figure VI-2a, where pit 

structures of C10-SAM are observed as dark spots with a diameter of ca. 100 Å. Bright 

spots having heights of 5–10 Å (based on the STM image) over the C10 matrix were also 

observed. The physical height of the spots was inaccessible since the imaged height is 

influenced not only by the physical height itself but also by local density of sates (LDOS). 

Figure VI-2. STM images of (a) 8OPE/C10 recorded under the conditions of 

bias of 1 V and set current of 19 pA and (b) C10 SAM without insertion of 8OPE 

molecules under the conditions of 0.9 V and 9.8 pA. The red bars represent 5 

nm.  
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The STM images of a C10-SAM without 8OPE insertion showed no such bright spots 

(Figure VI-2b). Thus the bright spots are assigned to 8OPE inserted into the C10 matrix. 

Most of the spots are considered to be a cluster of 8OPE molecules as previously 

reported.161,163 This interpretation explains why the bright spots are observed as isotropic 

circles despite of a rectangular shape of OPE as illustrated in Figure VI-1. The strip 

structure in the C10 matrix having ca. 2 nm of line distance (Figure VI-2a) is a typical 

structure of alkanethiol SAM having relatively lower surface density.148,285 Before insertion 

of 8OPE molecules, the C10-SAM showed √3 × √3 structure (Figure VI-2b). Insertion of 

8OPE molecules and exposure to vacuum atmosphere should have induced the molecular 

reorganisation on the surface. In 8OPE/C10, C10 molecules declined more than in the pure 

C10-SAM but not completely lied down on the surface. The tilt angles of 8OPE and C10 

may be aligned in the mixed SAM. 

STS measurements. STS measurements were carried out to obtain I–V curves of 

8OPE and C10, respectively (solid lines in Figure VI-3 see Figure A-VI-1 in Appendix for 

the I–V curves with standard deviation). The I–V curves of 8OPE were acquired by placing 

the tip on the bright spots, while those of C10 on the area where no bright spots were 

observed. Two kinds of the tip–sample configurations were attained by choosing either set 

current of 5.5–6 pA (Figure VI-3a and b) or 19 pA (Figure VI-3c and d) under bias of 1 V. 

The feedback electric circuit was turned off to fix the molecule–tip distance during the 

voltage sweeps. The bias voltage was applied to the sample with taking the grounded tip as 

zero. The applied bias from zero to +2 V and from zero to #2 V was separately swept. More 

than 100 scans of I–V curves were collected for each sweep direction. I–V curves showing 

fluctuation of more than 40 pA, current response of less than 4 pA in the whole bias sweep, 

and no bias response were abolished. Before the measurements, the sample was imaged for 

several hours to confirm no thermal drift during the STS measurements. The data on the 
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bright spots which kept being observed for several scans were collected, and the others were 

abolished since they were regarded as physisorbed on gold. 

I–V curve analysis. To analyze the I–V curves of C10 and 8OPE in depth, the I–V 

curves were fitted with the Simmons equation (eq VI-1), which is the simplest model for 

tunneling behavior through a rectangular barrier in the metal–insulator–metal system 

Figure VI-3. Curve fitting of the averaged experimental data of I#V curves with 

the Simmons equation (eq III-1). (a) C10 and (b) 8OPE under the conditions of 

baias of 1 V and set current of 5.5–6 pA, and (c) C10 and (d) 8OPE under the 

conditions of 1 V and 19 pA. Solid and dotted lines represent the experimental 

data and the fitting curve, respectively. 
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(Dotted lines in Figure VI-3 and Table VI-1).199,200 In the case of the low set current of 

5.5–6 pA (a wide molecule–tip gap), the calculated curves are successfully fitted only with 

slight deviations of larger current in the negative sample bias for the both compounds 

(Figure VI-3a and b). The φ value of 3.31 eV and the β value of 1.36 Å−1 for C10 are within 

the values reported in the previous studies (ϕ  = 1.1 Å−1 is widely accepted for the alkane 

chains.145 β = 1.36 Å−1 is larger than that due to the gap effect and the curve fitting with 4 

parameters). The weakly asymmetric profile is repeatedly reported.145,146,229 The I–V curve 

of C10 obtained under the high set current of 19 pA (a narrow molecule–tip gap) (Figure 

VI-3c) is fitted consistently with the equation.  

The ϕ value of 2.40 eV and β of 0.85 Å−1 for 8OPE are good agreement with previous 

reports (β = 0.66 Å−1 by Kimura et al.163 and 0.75 Å−1 by Sisido et al.286). β of 0.85 Å–1 for 

8OPE is larger than these values probably due to the presence of lipoic acid between the 

helix moiety and gold 229. Under set point of 19 pA, the curve fitting is unsuccessful for the 

I–V curve of 8OPE (Figure VI-3d) because of the asymmetric profile. 

Although the I–V curves are similar between 8OPE and C10 at the wide molecule–tip 

gap (Figure VI-3a and b), the molecular conductance of 8OPE is larger than that of C10 

when we take account of the longer molecular length of 8OPE than C10. This observation 

is consistent with the previous report,162 which is explainable by the smaller distance decay 

coefficient of electron tunneling, β, for HPs than that for alkane chains. 

Under the configuration of the narrow molecule–tip gap (Figure VI-3c), the I–V curve 

of C10 becomes fully symmetric, which is curve-fitted completely. On the other hand, the 

I–V curve of 8OPE shows three times larger current at +1 V than at #1 V (Figure VI-3d), 

which tendency is opposite to that under the condition of the wide molecule–tip gap (Figure 

VI-3b). 

Origin of asymmetry. The asymmetric curves can be interpreted comprehensively 
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with considering two points: the relative energy level difference of the molecular orbitals 

(especially the HOMO and the LUMO) from the Fermi levels of two electrodes, EF1 (for the 

substrate) and EF2 (for the tip), and asymmetric contact of the molecule with two  

electrodes.287 Electrostatic potential drop at the molecule–tip contact is generally considered 

to be large because of the poor electronic coupling between the molecule and the tip. 

The HOMO level (6.5 eV) of the amide group is closer to the Fermi level of the 

electrodes (5.1 eV for gold and 4.55 eV for tungsten288) than the LUMO level (1.2 eV).289 

The HOMO level should be therefore used for electron transfer through the molecule. When 

this is the case, the current will become larger with more positive electrode level than the 

neighboring HOMO level because of larger transmission probability.146,290 In the case of 

8OPE with a narrow molecule–tip gap, to contrary to the general consideration described 

above, the potential drop may be larger at the gold substrate side than the tip side. Then, the 

energy gap between HOMO and EP
F1 will become larger than that between HOMO and En

F2 

(Figure VI-4b). The current is thus larger at the positive bias, which successfully explains 

the asymmetric I–V curve of 8OPE under the narrow molecule–tip gap (Figure VI-3d). In 

the case of the wide molecule–tip gap, the potential drop at the tip side may be as large as 

the gold substrate side because of the wide vacuum gap (Figure VI-4a), resulting in the 

Table VI-1. Summary of fitting paramaters to the Simmons equation (eq VI-1). 

Condition (A) +1 V, 5.5−6 pA, (B) +1 V, 19 pA. 

sample condition d (nm) f (eV) α C × 1016 β (Å−1) 

A 1.50 3.31 0.72 1.15 1.36 
C10 

B 1.50 3.95 0.70 11.02 1.43 

A 2.40 3.00 0.48 3.41 0.85 
8OPE 

B 2.37 3.81 0.44 13.82 0.87 
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reversed weakly asymmetric I–V curve (Figure VI-3b). 

The interpretation of the small potential drop at the tip side in the potential profile in 

the case of the narrow molecule–tip gap is explainable by a strong electronic coupling of the 

molecule–tip contact (Figure VI-4b), even though there is a gap between the molecule and 

the tip. Probably, the OPE moiety of 8OPE is exposed out of the C10 matrix, enabling the 

efficient electronic coupling between π-electrons delocalised over the whole area of the 

OPE moiety (ca. 80 Å2) and the tungsten tip. This strong coupling should make the potential 

drop small. 

Change of the molecule–tip electron coupling by controlling the tip–molecule distance 

should be therefore the reason for the drastic change in the I–V curves of 8OPE. There are 

many reports on porphyrins, showing that the electronic coupling between large π-conjugate 

crowds and metal electrode is highly dependent on their distance.291 Generally, the 

π-conjugate skeleton of a porphyrin is precisely imaged with STM when the compound is 

Figure VI-4. Illustration of the Fermi energy levels of electrodes and the 

electrostatic potential distribution at the molecule–electrode contacts for the 

negative (solid line) and positive (dot line) sample biases under the tip position 

fixed (a) at bias of 1 V and set current of 5.5–6 pA (a wide molecule–tip gap) and 

(b) at bias of 1 V and set current of 19 pA (a narrow molecule–tip gap). The arrow 

at between two diagrams directs toward the negative side of the potential.  
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deposited on a metal surface.292 In the case of Cu-tetra-3,5-di-tert-butyl-phenyl porphyrin, 

however, the porphyrin moiety is not imaged. The four di-ter-butyl-phenyl (DBP) groups 

are rotated out of the plane of the porphyrin ring (near to a right angle) because of steric 

repulsion, resulting in an electronic decoupling of the delocalised π-orbital of porphyrin 

from the metallic surface.293 The situation is unchanged even when the tilt angle of DBP 

group is reduced to 10° from the main ring.294 In the present study, the critical point for 

establishing the electron coupling should exist between the two tip positions examined here. 

When the coupling between the OPE moiety and the tip is established, the potential 

drop is the smallest at the junction. Recent ab initio calculations show potential drop is large 

in the order of vacuum gap > C–H bond > Au–S bond ≈ aromatic moiety.295–297 Therefore, 

the potential drop at the tip side should become smaller than that between the gold substrate 

and the helix moiety. The OPE moiety is thus considered as a molecular lead of the HP 

moiety. 

Conclusion 

The asymmetric behavior in I–V curves of 8OPE, a HP with an OPE as a molecular 

lead, was switched by controlling STM tip position from the OPE moiety. The switching 

behavior can be explained by the potential drop between the molecular lead of the OPE 

moiety and the tip, which is explained by change in electron coupling between them with 

the gap variation. The OPE moiety can be a good molecular lead when the STM tip is 

positioned closely to the OPE. 
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Introduction 

This chapter deals with a SHG study to reveal the seteromixing effect on SAM quality. HPs 

have been reported to form densely packed SAMs with vertical orientation on gold 

surface.270,159,271,298,156,299,300,160,164–166 Most of the HP-SAMs fabricated so far were generally 

prepared by using a right-handed helix. Recently Ueda et al. showed that a mixture of a 

right-handed helix and a left-handed helix formed a sheet self-assembly in a buffer solution, 

where a right-handed helix and a left-handed helix were aligned side-by-side with 

perpendicular orientation against the sheet surface. Electron diffraction from the sheet 

clearly showed the helices took a crystalline structure of a square lattice due to 

stereocomplex formation.121,122 This finding prompted us to prepare a helix-SAM with using 

a mixture of a right-handed helix and a left-handed helix. 

Usually HP-SAMs are characterized by molecular tilt angles from the surface normal, 

Figure VII-1. Chemical structures of L17, D17, LA16, and DA16. 
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which are analyzed by IR-RAS.136,138,137,301 However, the tilt angle obtained from RAS 

reflects the average value of the SAM with no information on distribution of the tilt angle. 

Here, the author utilize SHG to obtain deep insights on the molecular alignment in the 

helix-SAMs. Taking assumptions of C∞v and predominant hyperpolarizability of βz′z′z′ about 

a chromophore in a SAM, non-vanishing components of second-order sensitivity of a SAM 

χ are related with βz′z′z′ as eqs VII-1 and VII-2, 

  (VII-1) 

  (VII-2) 

where Ns and θ represent surface density and tilt angle from surface normal, respectively. χ 

components depend on mean values of cos3 θ and cos θ, suggesting that information on 

distribution of θ can be obtained by SHG measurements. 

 The author designed compounds L17 and D17 (Figure VII-1). These compounds are linear 

conjugates of a D–π–A moiety with a high β value and a HP. The D–π–A moiety is a 

diphenylacetylene having a diethylamine group as an electron donor and a nitro group as an 

electron acceptor at the both ends. The peptide moiety is composed of 17 amino acids. 

Alternating sequence of D-Ala and Aib was adopted for D17. L-Ala instead of D-Ala was 

used for L17. This sequence is known to take a stable α-helical structure, which is essential 

for formation of well-packed and oriented SAMs. The D–π–A moiety was connected on the 

C-terminal of the peptide moiety through amide linkage at the ortho position of the 

diethylamino group. p-Formylbenzoic acid was introduced at the N-terminal of the peptide 

moiety as a linker to the fused quartz substrate covered with APS. Right- and left-handed 

HPs without the D–π–A moiety, LA16 and DA16, respectively, are also synthesized. Five 

types of SAMs, D17/L17-SAM, D17-SAM, L17-SAM, D17/LA16-SAM, and 

L17/DA16-SAM were prepared on fused quartz substrates. On the basis of analysis of SHG 
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from these SAMs, structural differences (molecular density, θ, and distribution of θ) of their 

SAMs are discussed. 

Experimental 

Materials. D17 and L17 were synthesized according to Scheme VII-1. HPs without the 

D–π–A compounds, LA16 and DA16 (see Figure VII-1) as well as the peptide moiety of 

D17 and L17 were synthesized by the conventional liquid-phase method. The purity of the 

final products was checked by HPLC (COSMOSIL 5C18-AR-300 for D17 and L17, and 

COSMOSIL Cholester for DA16 and LA16). See Chapter I for the general procedures of 

peptide and OPE synthesis and the compound identification methods. 

Preparation of self-assembled monolayer. Five types of SAMs (D17/L17-SAM, 

D17-SAM, L17-SAM, D17/LA16-SAM, and L17/DA16-SAM) were prepared by the 

following procedures: (1) Fused quartz substrates (12 × 40 × 1 mm) were washed with a 

mixture of 28% aq of ammonia, 30% aq of hydrogen peroxide, and water (1/1/5, v/v/v) at 

70 °C for 30 min. The substrates were then rinsed with water; (2) The substrates were 

immersed in a 1 wt % toluene solution of 3-aminopropyl trimethoxysilane at 60 °C for 10 

min and immediately rinsed successively with toluene, a mixture of toluene and MeOH (1/1, 

v/v), and MeOH, followed by nitrogen blow for drying; (3) The coated substrates were 

immersed in a 0.1 mM 1,2-dichloroethane solution of D17 or L17 for preparation of 

D17-SAM or L17-SAM, respectively, for 24 hr at 70 °C. For D17/L17-SAM, a 

1,2-dichloroethane solution of a mixture of D17 and L17 (0.1 mM for each) were used for 

immersion. L17/DA16-SAM and D17/LA16-SAM were similarly prepared with using the 

corresponding solutions. After immersion, the substrates were washed with MeOH and 

dried with nitrogen blow. 
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Optical measurements. CD spectra were measured with optical cells of 0.1 and 1 cm 

optical path length. Absorption spectra of solutions were recorded with an optical cell of 1 

cm optical path length. 

Second harmonic generation measurements: For the SHG measurements, s- or 

p-polarized fundamental light was focused on the sample with an incident angle of 45°, 

using a convex lens (f = 100 mm) after passing through an SH-cut filter to eliminate the 

SHG light from the various optical components. The p-polarized SHG light generated at the 

sample was filtered by a fundamental cut filter to remove intense fundamental light and was 

detected by a photomultiplier tube (Hamamatsu photonics: R7154) after passing though a 

monochromator (Shimadzu: SP-120). The signals were averaged by a Boxcar integrator 

(Stanford Research: SR-250). A light source ranging from 560 nm to 660 nm (0.92 eV) was 

obtained using an optical parametric oscillator (OPO: Continuum Surelite OPO) pumped by 

the third-harmonic light of a Q-switched Nd-YAG laser (Continuum: SureliteII-10). 

Synthesis 

The following descriptions are for D17. L17 were synthesized similarly using L-Ala instead 

of D-Ala. 

4-bromo-2-amino-N,N-diethylaniline (2): To a 500 mL RBF were added 

4-boromo-N,N-diethynylaniline (1, 1.53 g, 6.71 mmol), deionized water (210 mL), and 

acetic acid (21 mL). To the mixture 20 mL of aqueous solution of sodium nitrite (601 mg, 

8.72 mmol) were added dropwise. The mixture was stirred overnight and extracted with 

dichloromethane (3×) and the organic solution was dried over MgSO4. The product was 

purified with column chromatography (silica gel, chloroform/hexane = 1/3). 1.0 g (61% 

yield) of the desired product was obtained. 
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1H NMR (CDCl3 400 MHz): δ (ppm) 0.96 (6H, t, (CH3CH2)2N), 2.90 (4H, q, (CH3CH2)2N), 

7.01 (1H, d, aromatic), 7.48 (1H, dd, aromatic), 7.79 (1H, d, aromatic). 

EI-MS: m/z = 271.99 (calcd for C10H13O2N2Br M+, 272.0). 

2-amino-4-bromo-N,N-diethylaniline (3): To a 100 mL RBF were added 2 (1.13 g, 4.1 

mmol) and tin(II) chloride dihydrate (3.15 g, 16.55 mmol) in 8 mL of concentrated 

hydrochloric acid. The mixture was stirred for 30 min and 5 N aq NaOH was added until the 

mixture reached pH = 10. The mixture was extracted with dichloromethane (3×) and the 

combined organic layers were washed with brine. The organic layers was then dried over 

MgSO4 and concentrated in reduced atmosphere. The residue was purified by column 

chromatography (silica gel, chloroform/hexane = 1/3 then 1/2). 800 mg (80%) of the desired 

product was obtained. 

1H NMR (CDCl3 400 MHz): δ (ppm) 0.96 (6H, t, (CH3CH2)2N), 2.90 (4H, q, (CH3CH2)2N), 

4.14 (2H, s, (NH2), 6.78–6.88 (3H, m, aromatic). 

EI-MS: m/z = 242.1 (calcd for C10H15N2Br M+, 242.0). 

Scheme VII-1. Synthetic scheme of D17 and L17. 
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4: See the general procedure for the peptide coupling reaction. 3 (1.16 g, 4.85 mmol), 

Boc-D-Ala-OH (918.25 mg, 4.85 mmol), HATU (2.40 g, 6.31 mmol), DIEA (1.72 mL, 9.71 

mmol) were reacted in DMF (7 mL) at RT for 14 hr. The residue was purified with methods 

1 and 2 (EtOAc/hexane = 1/4). 1.04 g (52%) of the desired product was obtained. 

1H NMR (CDCl3 400 MHz): δ (ppm) 0.94 (6H, t, (CH3CH2)2N), 1.44–1.47 (12H, (CH3)3C, 

AlaCβ), 2.90 (4H, q, (CH3CH2)2N), 4.45 (1H, s, AlaCα), 5.10 (1H, s, Boc-NH), 7.02 (1H, d, 

aromatic) 7.18 (1H, dd, aromatic), 8.64 (1H, d, aromatic). 

FAB-MS: m/z = 413.13 (calcd for C18H28BrN3O3 [M + H]+, 414.2). 

5: See the general procedure for the Sonogashira cross coupling reaction. 4 (1.00 g, 2,41 

mmol), Pd(II)(PhCN)2Cl2 (37.0 mg, 96.54 mmol), TMSA (467 µL, 3.38 mmol) Cu(I)I (13.8 

mg, 72 µmol), tri(tert-butyl)phosphate (48.8 mg, 241 µmol), and DIA (847 µL, 6.03 mmol) 

were reacted in 1,4-dioxane (1.5 mL) at 40–45 °C for 1 d. The residue was purified by 

column chromatography (silica gel, chloroform) 941 mg (97%) of the desired product was 

obtained. 

1H NMR (CDCl3 400 MHz): δ (ppm) 0.22 (9H, s, (CH3)3Si), 0.92 (6H, t, (CH3CH2)2N), 

1.44–1.47 (12H, (CH3)3C, AlaCβ), 2.90 (4H, q, (CH3CH2)2N), 4.35 (1H, s, AlaCα), 5.06 (1H, 

s, Boc-NH-), 7.06 (1H, d, aromatic), 7.17 (1H, d, aromatic), 8.56 (1H, s, aromatic) 9.30 

(Ala-NH-Ar). 

FAB-MS: m/z = 432.4 (calcd for C23H38N3O3Si [M + H]+, 431.3). 

6: 5 (941 mg, 2.18 mmol) was treated with potassium carbonate (903 mg, 6.54 mmol) in a 

mixture of MeOH (30 mL) and dichloromethane (30 mL) for 2 hr. The mixture was 

extracted with dichloromethane (3×) and the organic layer was washed with brine, followed 

by drying in vacuum. According to the general procedure for the Sonogashira cross copling 

reaction, the product was reacted with 4-iodonitrobenzene (1.08 g, 4.34 mmol), 
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Pd(II)(PPh3)2Cl2 (91 mg, 130 µmol), Cu(I)I (41 mg, 216 µmol), DIEA (1.45 mL, 8.68 

mmol) at 0 °C for 1 hr. The residue was purified by column chromatography 

(chloroform/EtOAc = 45/1 then 40/1). 580 mg (56%) of the desired product was obtained. 

1H NMR (CDCl3 400 MHz): δ (ppm) 0.96 (6H, t, (CH3CH2)2N), 1.44–1.47 (12H, (CH3)3C, 

AlaCβ), 2.96 (4H, q, (CH3CH2)2N), 4.37 (1H, s, AlaCα), 5.02 (1H, s, Boc-NH-), 7.16 (1H, d, 

aromatic), 7.27 (1H, d, aromatic), 7.64 (2H, d, aromatic), 8.21 (2H, d, aromatic), 8.67 (1H, 

d, aromatic), 9.34 (Ala-NH-Ar). 

FAB-MS: m/z = 481.3 (calcd for C26H33N4O5 [M + H]+, 481.2). 

7: The Boc group was deprotected by treatment with 4 N HCl/dioxane, followed by 

washing with iPr2O. Accoring to the general procedure for the peptide coupling, the 

deprotected product was reacted with Boc-(D-Ala-Aib)4-OH (420 mg, 307 µmol), HATU 

(186 mg, 491 µmol), DIEA (241 µL, 1.39 mmol) in DMF at RT for 24 hr. The residue was 

purified by method 3 (MeOH). 400 mg (73% yield) of the desired product was obtained. 

1H NMR (CDCl3 400 MHz): δ (ppm) 0.93 (6H, t, (CH3CH2)2N), 1.3–1.5 (84H, m, (CH3)3C, 

AlaCβ, AibCβ), 2.99 (4H, q, (CH3CH2)2N), 3.90–4.0 (7H, m, AlaCα), 4.33 (1H, m, AlaCα), 

4.71 (1H, m, AlaCα), 5.48 (1H, s, Boc-NH), 6.79 (1H, s, NH), 7.06 (1H, s, NH), 7.27–7.80 

(17H, m, NH and aromatic), 8.20 (2H, d, aromatic), 8.51 (1H, s, NH), 9.31 (1H, s, NH). 

FAB-MS: m/z = 1730.1 (calc. for C82H129N20O21 [M + H]+, 1730.0). 

D17. 7 (200 mg, 115 µmol) was treated with TFA/anisole (2 mL/200 µL) in 

dichloromethane (1 mL) at 0 °C for 4 hr. Then another TFA/anisole (1 mL/100 µL) was 

added and further treated at 0 °C for 3 hr. The mixture was concentrated under reduced 

atmosphere and washed with iPr2O. The product was dried in vacuum. According to the 

general procedure for the peptide coupling reaction, the product was reacted with 

4-formylbenzoic acid (56 mg, 380 µmol), HATU (239 mg, 630 µmol), and DIEA (220 µL, 
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1.26 mmol) in DMF (1 mL) at RT for 28 hr The residue was purified by method 3 (MeOH) 

160 mg (72% yield) of the desired product was obtained. Further purification was 

conducted by a reversed phase HPLC (MeOH/water = 9/1) before the product was used for 

measurements. 

1H NMR (CDCl3 400 MHz): δ (ppm) 0.95 (6H, t, (CH3CH2)2N), 1.3–1.5 (75H, m, AlaCβ, 

AibCβ), 2.98 (4H, q, (CH3CH2)2N), 3.96 (6H, br, AlaCα), 4.23 (2H, br, AlaCα), 4.46 (1H, br, 

AlaCα), 7.04 (1H, m, aromatic), 7.16 (1H, m, aromatic), 7.3–8.2 (26H, m, NH, aromatic), 

9.16 (1H, s, NH), 9.94 (1H, s, CHO). 

FAB-MS: (HR) m/z = 1761.9301 (calc. for C85H125N20O21 [M + H]+, 1761.9328). 

Results and discussion 

UV and CD spectroscopy. Absorption spectra of D17 and L17 were recorded in a 

MeOH solution (Figure VII-2). The two spectra are completely identical to each other. Two 

of the three bands at 352 and 246 nm are absorption bands mainly from the D–π–A moiety, 

whereas the other one at 204 nm is assigned to the π–π* transition band of the peptide 

Figure VII-2. Absorption spectra of D17 and L17 in MeOH. 
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moiety.302,303 The molecular extinction coefficients of the three bands are 1.8 × 104, 3.4 × 

104, and 7.7 × 104, respectively. 

CD spectra of D17 and L17 are shown in Figure VII-3. The peptide moiety (Figure 

VII-3 left) of L17 shows two peaks of negative Cotton effects at 208 and 224 nm, which are 

typical for a right-handed α-helical structure.250,252 The molar ellipticity of the peak was ca. 

2.0 × 104, which is agreeable with those of (Ala-Aib)8 and (Leu-Aib)8 reported 

previously.158,229 The spectrum of D17 is a mirror image exactly of that of L17 as expected, 

showing that D17 takes a left-handed α-helical structure. 

Induced Cotton effect of the D–π–A moiety is observed around 350 nm (Figure VII-3 

right). In the spectrum of L17, a negative broad peak at 350 nm and a positive sharp peak at 

260 nm appear. The spectrum of D17 around 350 nm is also the mirror image of that of L17. 

TD-DFT calculations support that the induced Cotton effect originates from a twist in the 

D–π–A moiety. 

Preparation of SAMs. The peptide SAMs were prepared on fused quartz substrates 

via Shiff-base formation between amino groups of APS layer on the fused quartz substrates 

Figure VII-3. CD spectra of D17 and L17 in MeOH. 
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and formyl groups of the N-terminal of the peptides. Concentrations of peptides in a 

1,2-dichloromethane solution is critical for the quality of the SAMs. When the 

concentrations are too high, SAMs are covered by physisorbed molecules as well. SHG 

from D17-SAM and L17-SAM prepared from 0.5 and 0.1 mM solutions were checked, 

which showed reasonable SHG intensities. The condition of 0.1 mM solution is thus 

adopted. 

Second-order susceptibility of the D–π–A moiety. The SHG intensities from the 

D17/L17-SAM and Y-cut quartz as a function of the light incident angle ϕin (−30 < ϕin < 30) 

were recorded under the p–p setup (Figure VII-4). The wavelength of the incident light was 

560 nm. Maker fringes were not clearly observed for the both samples because of 

insufficient monochrome laser light and out of focus on the samples. 

The relative SHG light intensity from the SAM against the Y-cut quartz in the p–p set 

up, Ir(2ω)p–p, is expressed as 

  (VII-3) 

Figure VII-4. The SHG signals of D17/L17-SAM with a fitting line using eq 

(VII-3). 
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where Azzz = sin θoutsin2 ϕin, Axzx = cos ϕoutsin ϕincos ϕin, Azxx = sin ϕoutcos2 ϕin, nairsin ϕin = 

nsilicasin ϕout, nair = 1, nsilica = 1.5, χq is the second-order susceptibility of the Y-cut quartz 

(=0.6 pm/V), and dq is the thickness of the Y-cut quartz (20 µm). Note that the Fresnel 

factors are excluded in the all three A components since they have little contribution. 

Assuming normal distribution having a standard deviation (SD, σ) of 0.2 rad (12°), 41° of a 

mean value of the tilt angle θ, and Ns = 8.4 × 1017 m−2 (14 × 1017 mol/cm−2),270 βz′z′z′ is 

calculated to be 1.3 × 10−37 m4/V (3.0 × 10−28 esu), which is in the range of typical values 

for the D–π–A compounds (1–5 × 10−28 esu).304,305 

Relative intensity of the SHG signal. SHG intensities of all the SAMs were recorded 

under the p–p setup (I(2ω)p–p, Table VII-1). The wavelength and angle of the incident light 

were 660 nm and 45°, respectively. The SHG intensities of the SAMs are sufficiently larger 

than that of the quartz substrate treated by APS at this wavelength. When the SH intensities 

are compared among the stereomixed SAMs of the right-handed helix and the left-handed 

helix, the SHG intensity of D17/L17-SAM becomes four times larger than those of 

D17/LA16-SAM and L17/DA16-SAM, where the latter two SAMs are an equimolar 

mixture of the HPs with the D–π–A chromophore and without. This observation is 

understandable since the SHG intensity is related with square of the surface density of the 

SHG chromophore Ns according to the eqs VII-1–3.306–308 At the same time, the SAM 

structures of the tilt angle and its distribution of the SHG chromophore are considered to be 

similarly reserved among the SAMs composed of a mixture of the righ-handed helix and the 

left-handed helix irrespective of the SHG chromophore concentration. The scaffolds of the 

stereomixed right-handed and the left-handed HP SAMs are therefore very effective to align 

regularly the chromophores attached to the helices.  

When the SHG intensity is compared between the enatiopure SAM and the 

stereomixed SAM, the SHG intensities of D17-SAM and L17-SAM become about half and 
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one-fourth of that of D17/L17-SAM, respectively, despite of the D–π–A chromophore 

being attached all to the HP in these SAMs. A plausible explanation for the difference is 

suggested that the surface density of the D–π–A chromophore of the enantiopure SAMs 

may be smaller than that of the stereomixed D17/L17-SAM due to the different tilt angle θ 

of the D–π–A chromophore. In the present system, the quartz substrate is used, which 

cannot be subjected to the IR-RAS to obtain information of the tilt angle of the helix from 

the surface normal. On the basis of our experience, however, the tilt angle of helices became 

smaller with mixing a HP with the opposite helical sense, supporting this explanation. 

Another factor contributing to the second-order susceptibility of a SAM can be the 

local field factor f. f is generally described by the Lorentz–Lorenz correction, f = (n2 + 2)/3, 

where n is the refractive index at the optical frequency. The correction, however, presumes 

Table VII-1. Observed and calculated SH intensity of the SAMs. 

 D17/L17 D17 L17 D17/LA16 L17/DA16 

I(2ω)p–p (a)  

(relative, experimental) 
100 47 27 25 24 

I(2ω)s–p/I(2ω)p–p 

(experimental) 
0.21 0.23 0.23 0.23 0.23 

σ 

(rad, assumption) 
0.2 0.5 0.5 0.2 0.2 

θ(b) 

(deg, calculation) 
41 59 59 41 41 

Ns 

(relative, assumption) 
1.0 0.87 0.67 0.5 0.5 

I(2ω)p–p (c) 

(relative, calculation) 
100 47 27 25 25 

(a) the value of D17/L17-SAM is set to be 100; (b) calculation of eq. VII-4 (shown in Figure VII-5a) 

with the assumption of σ; (c) products of the term |(Azzzχzzz + Azzzχzzz + Azzzχzxx)|2 in eq VII-3 (showen 

in Figure VII-5b and Ns assumed. Normalized to the value of D17/L17. 
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a crystal structure, which is not the case of the SAMs. This factor is thus ommited from eq 

VII-3. 

Morecular orientation and its distribution. SHG measurements were conducted to 

obtain information on θ and σ using an incident light of 560 nm. Under the assumptions of 

the C∞v symmetry of the D–π–A moiety and βz′z′z′ as the major nonlinear optical molecular 

polarizability, the ratio of SHG signals can be expressed as 

  (VII-4) 

where I(2ω)s–p and I(2ω)p–p represent the intensities of p-polarized SHG light obtained from 

s-polarized incident light and p-polarized incident light, respectively.309 The SHG signal 

ratios are thus dependent on θ and its distribution σ. Indeed, Figure VII-5a shows the 

calculated curves of eq VII-4 with different σ (σ = 0.01–0.5 rad), showing that the ratio 

monotonically increases as θ increases, and decreases as σ increases. Figure VII-5b shows 

calculated SHG intensity of eq VII-3 as a function of θ with different σ. (Note that ϕin = 45°, 

and the term of 1/(χqdq)2 is omitted for simplicity.) The curves show again the decrease of 

the SHG intensity with the increase of σ. 

Two kinds of experimental values, I(2ω)p–p and I(2ω)s–p/I(2ω)p–p, are not enough to 

determine uniquely the three parameters, θ, σ, and Ns, of the SAMs. The author therefore try 

to find out the self-consistent set of these values with reasonable assumptions. First 

assumption is to set σ values of 0.2 and 0.5 for the stereomixed and the enantiopure SAMs, 

respectively. As described before, the author found out the stereomixed SAMs were 

composed of more vertically oriented helices than the enantiopure SAMs, suggesting the 

smaller θ value and the smaller σ value of the stereomixed SAMs than the enatiopure SAMs. 

With using the experimental values of I(2ω)s–p/I(2ω)p–p and these σ values, θ values were 



  Results and discussion 135 

determined from eq VII-4 (Table VII-1). Second assumption is to set the relative values of 

Ns of 1.0, 0.87, 0.67, 0.5, and 0.5 for D17/L17, D17, L17, D17/LA16, and L17/DA16 

SAMs, respectively. These values are in agreeable with the previous interpretation that the 

stereomixed SAMs should have similar structural paprameters of θ and σ, and the helices in 

the enantiopure SAMs should more tilted with smaller Ns. As listed at the first and sixth 

rows in Table 1, the experimental result can be well explained by the calculation under 

these assumptions. On the other hand, when the author assume the same σ value of 0.2 for 

all the SAMs, θ is estimated to be 41° for all the SAMs, and the relative molecular densities 

should be 0.68 and 0.51 for D17-SAM and L17-SAM, respectively. However, the density of 

0.51 is too sparse to form the helical SAMs with θ of 41°. The stereomixed SAMs therefore 

should be composed of more vertically oriented helices with smaller θ and σ than those of 

the enatiopure SAMs, even though the σ values used here do not have quantitative accuracy.  

The above conclusion is supported by the observation of the stereomixed helical 

membrane recently reported by Ueda et al.121,122 They prepared a sheet-shaped molecular 

Figure VII-5. Calculated curves of SHG intensity vs θ assuming the normal 

distribution of δ = 0.01–0.5 rad in molecular orientation: (a) calculation of eq 

VII-4 and (b) calculation of the term |(Azzzχzzz + Azzzχzzz + AzzzΧzxx)|
2 in eq VII-3. 
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assembly from a mixture of right-handed and left-handed helices in the hydrophobic blocks 

of amphiphilic peptides. TEM observation clearly showed a square lattice arrangement of 

the helices in the sheet-shaped membrane, whilst the enantiopure membrane was less 

ordered. Taken together, a mixture of right-handed and left-handed helices has a strong 

tendency to form a well ordered structure with stacking side-by-side to be a checkered 

pattern. 

Conclusion 

Novel linear conjugates of HPs and a D–π–A chromophore, D17, and L17, were 

synthesized. SHG measurements of the five kinds of SAMs, D17/L17-SAM, D17-SAM, 

L17-SAM, D17/LA16-SAM, and L17/DA16-SAM were carried out. β of the D–π–A 

moiety in D17/L17-SAM is estimated to be 1.3 × 10−37 m4/V (3.0 × 10−28 esu), which is 

comparable to the reported values of D–π–A compounds. I(2ω)p–p
 values of the enantiopure 

SAMs were as low as 47% and 27% of that of the D17/L17-SAM. Not only the tilt angle θ 

but also its distribution σ become smaller in the stereomixed SAMs than the enantiopure 

SAMs. The stereocomplex formation between the right-handed helix and the left-handed 

helix should be the reason for the regular structure of the stereomixed SAMs. 
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Concluding Remarks 

The dissertation deals with researches on the compounds obtained by conjugating OPEs and 

HPs. Each of the conjugates showed unprecedented characters, which can be realized only 

by neither. Such characters are applicable to fundamental studies of OPEs and HP-SAMs. 

In Chapter I, a H-character type conjugate, OPEn9, was synthesized and characterized. 

The OPE moiety and HP moiety are found to take the antiparallel conformation in 

chloroform solution and a LB layer due to D–D interaction. The effect of external electric 

field generated by the HP moiety influences the electronic structure of the OPE moiety, 

narrowing the HOMO–LUMO gap. This effect is also confirmed by DFT calculations. This 

finding is predicted by previous computational researches but experimentally observed for 

the first time in this research. OPEn9 does not aggregate easily, which is in contrast to the 

each moiety. This character enables OPEn9 to form a well-ordered alignment in a LB 

monolayer assisted by intermolecular D–D interaction. D–D interaction is proved to be 

effective in regulating alignment of two relatively large moieties. 

In Chapter II, an OPE based pseudotriangle with two HPs was synthesized (f-OPEBE). 

The OPEBE moiety makes no Cotton effect in methanol, suggesting the compound take 

random conformation. In contrast, in chloroform and dichloromethane, Cotton effect is 

observed in the absorbing region of the OPEBE. Association of two HP driven by 

intramolecular D–D interaction should induce a chiral pseudotriangle conformation of the 

OPEBE. In, THF and 1,4-dioxane, where dielectric constant is less than dichloromethane, 

CD spectra of the peptide absorbing region shows a negative Cotton effect but no shoulder 

around 224 nm. This indicates that HPs aggregate by intermolecular interaction in these 

solvent. Indeed, far weaker Cotton effect is observed in the OPEBE absorbing region in 
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these solvents. D–D interaction between HPs are found to be effective not only in inducing 

a specific conformation but also inducing chirality in the conformation. 

In Chapter III, an O-character conjugate, or a macrocycle, of an OPE and a HP is 

synthesized. The both ends of the OPE and HP moieties were clipped. Due to right-handed 

helicity in the HP moiety, the OPE is twisted in a right-handed way. This twist was 

confirmed by CD spectroscopy and by interpretation of TD-DFT calculations. Clipping the 

both side of an OPE with a HP is proved to be a good way to introducing the main-chain 

chirality in a OPE. 

In Chapter IV, the main-chain twisting conjugation designed in Chapter III was revised 

and applied to twist an OPE based D–π–A moiety. SSA8=OPE, the conjugate of the OPE 

moiety and a HP, showed the Cotton effect at the absorption range of the HP moiety and the 

OPE moiety. The dihedral angle of the phenyl rings at both ends of the OPE moiety is fixed 

to be 45–90° in MeOH and more than 15° in a right-handed way in the other solvents. Due 

to the twist, the oscillator strength of the HOMO–LUMO transition is considerably 

decreased, resulting in the decrease in fluorescence quantum yield and the absence of the 

HOMO–LUMO transition band in absorption and excitation spectra. The oscillator strength 

of the HOMO–LUMO transition of the D–π–A is found to be highly sensitive to the 

alignment of the donor part and the acceptor part even if the two parts are separated by a 

free rotating p-diethynylphenyl group. 

In Chapter V, linear conjugates, 2nOPE2m, were synthesized for a systematic research 

on the external electric field effect on an OPE. The SAMs of 2nOPE2m were prepared on a 

gold surface. The absorption spectra of the SAMs show a bathochromic shift of ca. 25 nm 

from the reference C11OPE-SAM. DFT calculations show that the HOMO–LUMO gap of 

an OPE decreases as electric field along the molecular axis is applied and the ca. 25 nm of 

bathochromic shift in the absorption corresponds to the effect of an electric field of 1.4 × 
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109 V m−1. This value of the electric field agrees with the value obtained from a simple 

point charge model using the Coulomb’s law. Other factors leading to a bathochromic shift 

of the absorption spectra such as planarization of the OPE moiety are not plausible in the 

present case. The external electric field generated from HP-SAMs is thus useful tool for 

controlling the electronic structure of a π-conjugate system. 

In Chapter VI, 8OPE, one of the linear conjugates designed in Chapter V, was inserted 

in a SAM of C10 and STS measurements were performed. The I–V curves is symmetric 

when the tip–molecule distance is far but asymmetric when the distance is close. In contrast, 

no asymmetric curves were recorded form the STS measurements of C10. The switching 

behavior can be explained by the potential drop between the molecular lead of the OPE 

moiety and the tip. Since the OPE moiety is exposed on the C10-SAM and has delocalized 

π-electrons, the moiety can electronically couple with the tip, resulting in small potential 

drop in the interface when the tip–OPE distance is close. The OPE moiety can be a good 

molecular lead when the STM tip is positioned closely to the OPE. 

In Chapter VII, two linear conjugates of a D–π–A and a HP (D17 for left-handed helix 

and L17 for right-handed helix) were synthesized. SHG signal of enantiopure SAMs, 

D17-SAM and L17-SAM, are 47% and 27% of that of a stereocomplex SAM, 

D17/L17-SAM. Intensity ratio of p–p and s–p polarized setup was 0.23 for all the SAMs. 

On the basis of these experimental results and assumptions that molecular tilt angle has 

normal distribution θ and the standard deviation of the molecular tilt angle is 0.2 rad for 

D17/L17-SAM and 0.5 rad for the enantiopure SAMs, θ is calculated to be 41° for 

D17/L17-SAM and 59° for the enantiopure SAMs. Molecular density of D17-SAM and 

L17-SAM is calculated to be 87% and 67% of D17/L17-SAM, respectively. HPs in a 

stereocomplex SAM are thus more vertically and uniformly oriented than in an enantiopure 

SAM. Linear conjugate of a D–π–A and a HP is useful for investigation of structure of 



 Concluding Remarks 140 

HP-SAMs using SHG. 

There results clearly validate the idea of conjugating two functional moieties. This idea 

is not limited to OPEs and HPs but can be extended to many other functional organic 

structures. The author believes that the dissertation suggests a novel viewpoint in organic 

molecule designing and will contribute in our quest for new materials. 
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Appendix 

Figure A-II-1. 1H NMR spectrum of f-OPEBE in chloroform-d. 
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Figure A-II-2. Optical spectra of f-OPEBE in methanol at 2–20 × 10−6 M: (a) 

absorption spectra, and (b) fluorescence (excited at 355 nm) and excitation spectra 

(fluorescence at 410 nm). 

 

 

 

 

 

Figure A-II-3. Optical spectra of f-OPEBE in dichloromethane: (a) absorption 

spectra at 2.6–26 × 10−6 M, (b) fluorescence (excited at 355 nm) and excitation 

spectra (fluorescence at 405 nm) 2.6–26 × 10−6 M, and (c) circular dichroism 

spectra at 9–35 × 10−6 M. 
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Figure A-II-4. Optical spectra of f-OPEBE in methanol: (a) absorption spectra at 

4.5–26 × 10−6 M, (b) fluorescence (excited at 355 nm) and excitation spectra 

(fluorescence at 405 nm) 4.5–26 × 10−6 M, and (c) circular dichroism spectra at 

9–35 × 10−6 M. 
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Figure A-II-5. NOESY of f-OPEBE in chloroform-d. A little amount of methanol 

was added to shift a peak of water from 1.56 ppm to 1.7 ppm 
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Figure A-II-6. NOESY of f-OPEBE in methanol-d4. 



 Appendix 164 

 

Figure A-II-7. Circular dichroism of f-OPEBE in chloroform with the addition of ten 

equivalents of Boc-(D-Ala-Aib)4-OMe (red) and without (black). 

 

 

 

 

 

 

Figure A-II-8. Circular dichroism spectra of f-OPEBE in 1,2-dichloroethane with 

varying temperature in the range of 30to 80 °C (2.6 × 10−5 M). 
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Figure A-IV-1. Absorption spectra of SSA8=OPE in chloroform, DMF, and DMSO, 

and that of AcOPE in chloroform in various concentrations. 
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Figure A-IV-2. Fluorescence and excitation spectra of SSA8=OPE in MeOH in the 

concentration of 3.5–32 mM. 

 

 

Figure A-IV-3. Absorption vs. ellipticity plot of SSA8=OPE in MeOH. 



   167 

 

 

Figure A-IV-4. Fluorescence decay curves on SSA8=OPE and AcOPE in 

chloroform. 

 

 

 

Figure A-IV-5. Circular dichroism spectra obtained with TD-DFT calculations on 

left-handed twisted structure of M1. Four twisted geometries having dihedral angle 

of 15°, 30°, 45°, and 60° between adjacent benzene rings were generated (named 

L15, L30, L45, and L60, respectively) and lowest ten excited states were calculated 

for each geometry. 
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Figure A-VI-1. I–V curves of 8OPE (red) and C10 (blue) by STS measurements at 

conditions of (a) +1 V, 5.5–6 pA and (b) +1 V, 19 pA. The distribution of the curves 

shows the standard deviation. 
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