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Abstract 

 

 This thesis describes the sequential construction of bis(terpyridine)iron (Fe(tpy)2) complex 

wires on hydrogen-terminated silicon electrodes and the evaluation of their electrochemical 

properties.  

 In Chapter 1, general introductions about molecular devices, fabrication methods for 

nano-size structures, typical combinations of substrate and molecule for self-assembled 

monolayer formation, and multilayer formation using coordination reaction are described. In 

addition, the description of the electrochemical properties for bis(terpyridine)metal complex 

systems which have been investigated in our laboratory is included. 

 In Chapter 2, the stepwise construction of Fe(tpy)2 complexes on hydrogen-terminated 

silicon electrodes via the four types of anchor ligands, the quantitative evaluation of their 

electron transfer rate constant (kET) values between silicon electrodes and the formed 

complexes are described. The results of cyclic voltammetry, X-ray photoelectron spectroscopy, 

and atomic force microscope confirm the fabrication of bis(terpyridine)iron complex. The kET 

values estimated from chronoamperograms reveal that the anchor ligands including phenylene 

unit give the greater kET values in spite of their longer distances. This phenomenon is 

elucidated by the molecular orbitals and energy levels estimated by the DFT calculation. 

 In Chapter 3, a hydrogen-terminated silicon surface is modified by Pd-catalyzed reaction 

developed in our laboratory, and the anchor ligand is immobilized via the covalent 

silicon-arene bond. The Fe(tpy)2 complex is formed by the stepwise complexation, and the kET 

value is estimated by chronoamperometry. The result exhibits that the direct silicon-arene 

junction gives the superior charge transport than that of silicon-vinylene junction formed by 

the hydrosilylation reaction.  

 In Chapter 4, the stepwise construction of Fe(tpy)2 multilayer wires terminated by ferrocene 

moiety or triarylamine moiety, their redox behavior and the elucidation of electron transport 

mechanism are described. The increase of estimated coverage of Fe(tpy)2 with the number of 

coordination cycles confirms the stepwise elongation of Fe(tpy)2 wires. The cyclic 

voltammetry measurements for terminal redox units show the slow electron transport between 

the ferrocene unit and the electrode while the superior electron transport is observed for 

triarylamine moiety. From the energy level relationship among silicon band structure, Fe(tpy)2 

unit and terminal redox species, the different electron transfer behavior are elucidated. 

 In Chapter 5, concluding remarks of this thesis are described. 
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1-1 Molecular electronic devices 

 

 In the past decades, the shrink of electronic device size has been progressed and its 

performance has been improved. For example, although the world fastest supercomputer in 

1993, CM-5/1024, had the 131 GFLOPS theoretical calculation performance and recorded the 

59.7 GFLOPS in LINPAC performance, the CPU for desktop computer released in 2011 from 

Intel, Core i7 3930K, has the 153.6 GFLOPS theoretical calculation performance. However, 

in order to achieve its high performance and low energy consumption, the increase of the 

transistor density and the shrink of the smallest circuit size have still been continued. It is 

expected that the smallest circuit size will reach several nano meter in a near future. This size 

is close to the limit of microfabrication, and the appearance of a new fabrication technique for 

nano-scaled electric systems is desired. 

 A molecular electronic device is one of the next generation electronic device candidates. In 

1974, the molecule which is expected to work as a rectifier was propounded by Aviram and 

Ratner 
1)

 (Figure 1-1-1). In 1980s, Carter made a proposal the basic idea of the molecular 

device design and fabrication 
2)

. Based on their proposal, various molecules which can work 

as a switch 
3)

, a memory 
4)

, and a rectifier 
5)

 have been propounded, synthesized, and 

evaluated their conductive property and electric performance (Figure 1-1-2).  

 The important feature of molecular electronic devices is not only the shrink of device size 

but also the expression of the additional property derived from a component molecule. This 

feature will allow us to construct a multi-functional device in a small space. 

 

 

 

Figure 1-1-1. Molecule working as a rectifier propounded by Aviram and Ratner 
1)

. 
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Figure 1-1-2. Molecules working as electric components 
3a, 3c, 3d, 4a, 4d, 5a, 5c, 5d)

. 
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1-2 Top-down method and bottom-up method 

 

 In order to fabricate nano-size structures, a number of preparing methods have been 

developed. These methods are classified into top-down method and bottom-up method 

(Figure 1-2-1). In the top down method, a nano- or micro-scaled structure is produced by the 

etching or lithography processes. Photolithography is the most established method, and used 

in the present manufacturing process. However, the limitation of processable size is 

approaching because this method requires the photo irradiation for the patterning process, and 

a short wavelength light is needed in order to construct a small size pattern. Electron beam 

(EB) lithography is a powerful technique to make a nanometer scale pattern. However, it is 

not suitable for the volume production because of its long process time. In addition, these 

lithography techniques require special facilities such as an isolated clean room and vacuum 

chambers. 

In the bottom-up method, a structure is constructed from tiny components such as atoms, 

molecules and nanoparticles. Self-assembly (or self-organization) is the typical strategy in the 

bottom-up method. In this method, a target structure is constructed automatically by the 

interactions among components and environments. And, assemble processes can progress not 

only in the vacuum state but also in solutions. It allows us to progress the preparation in 

simple equipment. Hence, it is suitable for the large-scale production. Although the 

self-assembly approach has not yet had established theories and techniques, a lot of 

researchers are putting great effort into the realization of structure construction with 

self-assembly. Scanning probe microscope (SPM) can operate both of the top-down process 

and the bottom-up process. For example, it can make a patterned structure by the scratching a 

soft material on a substrate with SPM probe 
6)

. This is included in the top-down approach. As 

the bottom-up process, we can manipulate the position of molecules or atoms on a substrate 

by STM tip 
7)

. However, the large-scale production is difficult with these methods because 

they require a long process time. Among these methods, self-assembly is a candidate of the 

next generation production technique for nano-scale structure construction.  
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Figure 1-2-1. Typical top-down and bottom-up methods for nano-scale structures. 
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1-3 Surface modification with self-assembled monolayer (SAM) 

 

 One of the approaches for the realization of molecular-based electronic devices is the 

electrode surface modification with functional molecules. In the past decades, the preparation 

of micro- and nano-scale patterned electrodes has been established. These kinds of electrodes 

can be used as a substrate of molecular devices. In addition, the molecules attached on the 

surface can communicate with electrode by the electron transfer. It means that the input and 

output signals can be transported rapidly. Because of above reasons, the surface modification 

is attractive to create molecular electronic systems. 

 Various surface modification methods have been developed and reported, such as 

Langmuir-Blodgett (LB) film 
8)

, chemical vapor deposition (CVD) 
9)

, spin coating 
10)

, 

electropolymerization 
11)

 and self-assembled monolayer (SAM). Among them, SAM is one of 

the most important methods for surface modification. It forms a uniform structure via a 

chemical bond between a molecule and an electrode by a simple process. These features are 

suitable for the large-scale production, the durability of devices, and the rapid signal 

transmission. 

 The typical preparation method of SAMs is composed of two processes. At first, a substrate 

surface is cleaned and activated. And then, it is immersed in a solution of molecules including 

the functional group which can react with substrate surface. The molecules are fixed on a 

surface via a chemical bond. The SAMs can be formed on various substrates such as metals 

(Au, Ag, and Pt), semiconductors (Si, Ge, GaAs, InP, and SiC), oxide compounds (indium tin 

oxide (ITO), TiO2) and carbons (highly oriented pyrolytic graphite (HOPG), grassy carbon 

(GC), diamond and graphene) (Table 1-3-1). The fabricated SAMs are usually densely packed, 

and have the functions such as redox activity, photoluminescence, pH activity, 

photoisomerization, chemical reactivity, and hydrophobicity/hydrophilicity. Therefore, it is 

expected that SAM-modified substrates can work as molecular-based systems including field 

effect transistors (FETs), memories and sensors.  

 The SAMs on gold electrode are the most reported systems. Because gold has high 

conductivity and high chemical stability, it is suitable for the evaluation of redox behavior and 

conductivity of SAMs. The SAMs on an Au surface is commonly fabricated via Au-S bond. 

Therefore, thiols 
12)

, disulufides 
13)

, R-SAc (Ac: acetyl)
 14)

, R-Thio (Thio: thiophenyl)
 15)

 and 

R-SCN 
16)

 can be used for the SAM formation. Additionally, an R-Py (Py: pyridinyl)
 17)

 can be 

applied to the modification. These compounds can also form SAMs on noble metals such as 

Ag 
20)

 and Pt 
21)

. In recent days, the SAM fabrication via Au-C bond 
18, 19)

 has been attracted 

to produce a chemically stable and highly conductive system. 

Indium tin oxide (ITO) is indium oxide doped a small amount of tin oxide. The important 
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properties of ITO are the electron conductivity and the high transparency of the visible light 

derived from the band gap of 3.7 eV. Therefore, ITO is used as a transparent electrode for a 

liquid crystal display, an organic light-emitting diode and a photovoltaic cell. In the field of 

SAM formation, ITO has often been chosen as an electrode for the research of a photocurrent 

generation or photoisomerization of SAMs. ITO can be modified with R-SiX3 (X = OMe, OEt, 

Cl)
 22)

, phosphoric acid 
23)

, and carboxylic acid 
24)

. These regents can be used for modification 

of oxidized surface including TiO2 
25)

 and SiO2 
26)

. 

Silicon is the most popular semiconductor in the electronics field due to the established 

industrial processes for the ultra-high-purity wafer production, the suitable band gap (1.12 

eV) for the electric devices working at room temperature, and the controllable electric 

properties by the species and concentration of the doping agents. As the substrates of SAMs, 

the three types of silicon surface are often used. The first is oxidized silicon (SiO2). The 

modification of SiO2 is achieved by R-SiX3 (X = OMe, OEt, Cl) reagents
 26)

. However, these 

SAMs include an insulating layer between silicon and molecules which will prevent electron 

transport between them. In order to connect silicon surface and molecules directly, the first 

modification method for the second type of surface, hydrogen-terminated silicon was reported 

by Linford and Chidsey 
27)

. Until the present day, the various modification methods for 

H-terminated silicon have been developed. Among them, the hydrosilyration reaction with 

alkenes and alkynes by thermal- or photo-activation attracts a great deal of attention because 

it forms the direct covalent Si-C bond between silicon and the confined molecules exclude the 

insulating layer 
28)

. This connection is stable due to its large binding energy, and it is expected 

that this junction is suitable for the electron transport evaluation. Other SAMs via Si-C bond 

was prepared by using organometallic compounds such as Grignard reagents and R-Li 

compounds 
29)

. These reagents are important to form SAMs which are difficult to be prepared 

by hydrosilylation reaction such as methyl or aryl groups directly bonded on silicon surface. 

Recently, our group developed the new surface modification method which allows us to 

fabricate the SAMs immobilized by the direct Si-aryl bond 
30)

 in the presence of Pd catalyst 

and base. As other reagents which can form SAMs on hydrogen-terminated silicon, R-OH, 

R-CHO and R-SH are known 
31)

. These SAMs are confined via Si-O-C bond or Si-S-C bond. 

The last well-known surface is halogen-terminated silicon. These kinds of surface can be 

achieved by the exposure of H-terminated silicon to a halogen source such as PCl5, Cl2, Br2 

and NBS 
32)

. The surface is often used for the modification by organometallic reagents 

(Grignard reagent, and R-Li)
 33)

, amines and alcohols 
34)

.  

The modification method of other semiconductors including Ge 
35)

, GaAs 
36)

, InP 
37)

, and SiC 
38)

 have been developed in recent years. Ge has the higher electron mobility than Si. This 

feature is useful to provide high-speed electric circuit systems. In addition, the band gap of Ge 
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is smaller than Si. Therefore, it is expected that the electric devices composed of Ge can run at 

the lower voltage and decrease energy consumption. The surface modification of Ge can be 

achieved by the similar reagents for Si modification. R-SiX3 can modify oxidized surface, 

alkenes and thiols can modify hydrogen-terminated Ge surface, and Grignard reagents and 

thiols can be used for halide-terminated surface. On the other hand, SiC has the large band 

gap, and the high durability at severe operating environments. Recently, the SiC transistor 

which is available at 20,000 V was reported 
39)

. The HF etching of SiC gives an 

OH-terminated surface while an H-terminated surface is produced in the case of Si and Ge. 

The surface modification of these materials with alkenes and alkynes can be achieved. 

However, the structure of confined molecule on an OH-terminated SiC is different from that 

on H-terminated Si and Ge. In the case of alkenes, the reaction progresses according to 

Markovnikov’s rule on SiC surface while an anti-Markovnikov structure is given on Si and 

Ge surface. Alkynes also show the similar trend, but a mixed structure is given on SiC (Figure 

1-3-1).  

 Carbon is often used as an electrode because of its high chemical durability. In addition, a 

diamond electrode having the wide potential window and the small electric double layer 

current, and new carbon materials including graphene and carbon nanotube which are 

expected to exhibit novel phenomena have attracted a great deal of attentions. Thus, the 

development of the modification methods for carbon surface has been continued. As the 

typical techniques, hydrogen-terminated or halogen-terminated carbon surface can be 

modified by the compounds known as the regents for the SAM preparation on Si and Ge, such 

as alkenes, thiols and Grignard regents 
40, 42)

. Other regents, R-I and R-N=N-R are also 

utilizable 
41)

. As a particular case, the modification of the sp
2
-conjugated carbon surface such 

as graphene and carbon nanotube can be achieved by -conjugated carbon structure 

compounds (i.e. pyrene) 
43) 

(Figure 1-3-2). 

 Diazonium salts are important compounds because they can form an organic film 

immobilized via a covalent bond on the various substrates
44)

. The most popular method is the 

electrografting method, which fabricates a molecular film on a substrate by the reduction of 

diazonium compound on substrate surface. For this process, not only diazonium salts but also 

Ar-NH2 compounds are available using the in-situ conversion to diazounium salt in the 

present of NaNO2. Usually, the surface modified with diazonium salts has a multi-layered 

organic film because the polymerization via radical reaction occurs on the surface.  
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Table 1-3-1. Examples of molecule-substrate combinations for SAM formation 

Substrate Molecule Ref. Substrate Molecule Ref. 

Au 

R-SH 12 

Halogen-Si 

Grignard 33(a, b) 

R-S-S-R 13 R-Li 33(c, d) 

R-SAc 14 R-NH2 34(a, b) 

R-Thio 15 R-OH 34(c) 

R-SCN 16 Oxidized Ge R-SiX3 35(a, b) 

R-Py 17 
H-Ge 

Alkenes 35(c, d) 

Alkynes 18 R-SH 35(e) 

NHC 19 
Halogen-Ge 

Grignard 35(f, g) 

Ag R-SH 20 R-SH 35(h, i) 

Pt 

R-SH 21(a) GaAs R-SH 36 

R-NC 21(b) InP R-SH 37 

R-Py 21(c) 

SiC 

Alkenes 38(a, b) 

ITO 

R-SiX3 22 Alkynes 38(c) 

R-PO(OH)2 23 R-Si(OMe)3 38(d, e) 

R-CO2H 24 

H-C 

Alkenes 40 

TiO2 

Alkenes 25(a) R-I 41(a) 

R-PO(OH)2 25(b) R-N=N-R 41(b) 

R-CO2H 25(c) 

Halogen-C 

Alkenes 42(a) 

Oxidized Si R-SiX3 26 Grignard 42(b) 

H-Si 

Alkenes 28 R-SH 42(c) 

Alkynes 28 X = Cl, OMe, or OEt  

Ac = Acetate 

NHC = N-heterocyclic carbene 

Py = Pyridinyl group  

Thio = Thiophenyl group 

Grignard = Grignard reagent, R-MgCl or R-MgBr 

Grignard 29(a, b) 

R-Li 29(c, d) 

R-I 30 

R-OH 31(a, b) 

R-CHO 31(c, d) 

R-SH 31(e, f) 
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Figure 1-3-1. Surface modification of H-terminated silicon and germanium and OH-terminated SiC with 

(A) alkenes and (B) alkenes 
38a, c)

. 

 

 

 

Figure 1-3-2. Modification of sp
2
-conjugated carbon surface with a molecule including -conjugated 

anchor 
43b)

. 
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1-4 Multilayer construction 

 

 In order to construct a higher-level functionalized molecular system, a molecule which has 

multiple functions is required. However, synthesis of such kinds of molecules requires 

complicated processes and thus high cost. One of the resolutions is the multilayer fabrication 

on SAMs using molecules having a simple structure and function. We can introduce various 

functional molecular components in a molecular structure. Additionally, it is expected that 

molecules connected in series in a multilayer structure will exhibit multiple functions even if 

a molecular component only has one function.  

 For the realization of tailor-made molecular systems, the multilayer construction method 

which can produce the desired structure is required. The layer-by-layer method is one of the 

answers. In this method, a substrate modified by a SAM or a polymer are used as a foundation. 

The substrate is immersed in solutions containing component molecules sequentially until a 

desired structure is constructed. It allows us to control the number of the layers and array of 

components by the repeated or consecutive immersion process. The typical examples are click 

chemistry between an azide and a triple bond 
45)

, the imine bond formation 
46)

, electrostatic 

interaction 
47)

, and also coordination reaction are often used (Figures 1-4-1, 1-5-1). The 

stepwise construction of multilayer structure using the coordination reaction is the attractive 

method because we can add the high-functionality to a structure by the electronic, magnetic 

and photophysical properties derived from the formed metal complex and introduction of 

functional ligands. 

 

 

 
Figure 1-4-1. Layer-by-layer fabrication of multilayer on a substrate by the click chemistry, the imine bond 

formation and the electrostatic interaction. 
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1-5 Stepwise coordination method for multilayer construction 

 

The stepwise fabrication of metal complex multilayer structure is achieved by the sequential 

immersion into solutions of a metal ion and a bridging ligand (Figure 1-5-1). Various 

combinations of metal ions and ligands can be used for the stepwise coordination method. For 

example, Zr(IV) or Ti(IV)/phosphoric acid,  carboxylic acid and hydroxamic acid 
48)

, M(II) 

or M(III)/2,2’:6’,2’’-terpyridine (tpy) 
49)

, Pd(II), Ag(I) or Cu(II)/pyridine 
50)

 and other 

combinations 
51)

 have been reported. Usually, metal salts are chosen as a component of metal 

complex multilayers; however, metal complexes and metal clusters can also participate in the 

layer-by-layer formation because they can also provide coordination sites. For instance, the 

researches which utilized trinuclear ruthenium cluster 
52)

, binuclear complex 
53)

, and 

ruthenium-coordinated phthalocyanine 
54)

 have been reported. Most of researches have 

focused on the construction of multilayer systems. However, some of recent researches have 

evaluated the function and property of metal complex multilayers.  

 Lambert and McGimpsey’s group evaluated the effect of metal ion on the photocurrent 
55)

. 

They prepared the pyrene-containing multilayer using Cu(II), Co(II), and Fe(III), and 

measured their photocurrent generation behavior in the coexistence of methylviologen for 

cathodic current and in the coexistence of triethanolamine for the anodic current. The largest 

cathodic photocurrent was observed in the Cu(II) complex system while the Fe(III) complex 

system exhibits the largest anodic photocurrent (Figure 1-5-2(A)). 

 The effect of the number of layers on the generated photocurrent has been evaluated by 

Dong and coworkers 
49c, 52b, 54)

. Usually, the photocurrent increases in accordance with the 

number of layers. However, the thicker layer shows the smaller photocurrent than that of thin 

layer due to the internal resistance of multilayer structure (Figure 1-5-2(B)). 

 Thompson and coworkers succeeded to improve the photocurrent by the construction of 

hetero porphyrin system 
56)

. They prepared three types of multilayer systems, POR3/PV3, 

ZOR3/PV3 and ZOR2POR/PV3, and evaluated their photocurrent generation ability in the 

presence of methyl viologen. Their quantum yields were estimated at 2.4 % for POR3/PV3, 

2.3 % for ZOR3/PV3 and 3.5 % for ZOR2POR/PV3. The reason of higher quantum yield for 

the hetero porphyrin structure, ZOR2POR/PV3, was considered that the photo-induced charge 

separation was improved because the effective array of ZOR and POR having different redox 

potentials and the suitable optical energy gaps of wire components (Figure 1-5-2(C)). 

 Lin and Kagan connected the 60-80 nm gold electrode gap with the Rh cluster wire prepared 

by the layer-by-layer fashion, and measured its I – V curve 
57)

. In the collected curve, the only 

first scan exhibits the negative differential resistance. The authors speculated that this 

phenomenon derived from the oxidation of Rh cluster units (Figure 1-5-3(A)). 
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 The charge trapping behavior was reported in the hetero metal complex systems by van der 

Boom and his coworkers 
58)

. When they introduced an Os complex layer on the 8.0 nm Ru 

complex layer, the Os complex showed the sharp catalytic oxidation peak without the 

reduction wave while the Ru complex gave the reversible redox wave. On the other hand, the 

Ru complex layer on the thick Os complex layer exhibited the sharp reduction peak and the 

deformed oxidation wave derived from the Ru complex while the reversible redox couple of 

the Os complex was shown. These phenomena were expressed by the electron transport via 

the lower layer (Figure 1-5-3(B)). 

 As just described, we can find that the layer thickness and the array of metal complexes and 

ligands have the significant effect on the function and property. 

 

 

Figure 1-5-1. Stepwise coordination process on a substrate. 
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Figure 1-5-2. Examples of metal complex multilayer systems for photocurrent generation 
55, 54b 56)

. 

 

 

Figure 1-5-3. (A) Multilayer structure for I – V curve measurement by Lin and Kagan 
57)

, and (B) pattern 

diagrams of hetero metal complex multilayer systems for electrochemical measurement by van der Boom 

and coworkers 
58)

. 
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1-6 Bis(terpyridine)metal complex wire 

 

 Our group has constructed bis(terpyridine)metal complex (M(tpy)2) oligomer wires on gold 
59)

, ITO 
60)

 and silicon 
61)

 electrodes, and evaluated their electrochemical properties and 

electron transport ability. 

In the M(tpy)2 wires on gold electrodes, we have focused on the electron transfer mechanism 

and their long-range electron transport ability. We can separate M(tpy)2 wires to three 

components; anchor unit, bridging unit, and terminal unit. The effect of each component on 

the electron transport ability has been evaluated based on the equation 1.  

 

𝑘ET =  𝑘ET
0 exp(−𝛽𝑑𝑑)      (1) 

 

Where, kET is the electron transfer rate constant, kET
0
 is the kET at d = 0, d

 is the attenuation 

factor, and d is the distance between donor and accepter. In the case of our systems, d means 

the wire length from gold electrode to a terminal redox active species. Small d
 means the 

distance dependency of kET is weak. In other words, a molecular wire having small d
 can 

transport electrons effectively. The M(tpy)2 wires evaluated in our laboratory have d
 = 0.008 

– 0.07 Å
−1

 for Fe(tpy)2 and d
 = 0.002 – 0.004 Å

−1
 for Co(tpy)2 (Table 1-6-1). These values 

are smaller than the usual molecular wires such as alkyl chain, oligo(phenylene ethynylene) 

wire, oligophenyene, peptide chain and other molecular wires (Table 1-6-2). Therefore, 

M(tpy)2 wire systems have the superior long-range electron transportability (Figure 1-6-1(A)). 

On the other hand, the anchor unit and the terminal unit play an important role in the kET
0
 

values while their effect on the d
 value is small. 

 The electron transfer mechanism in M(tpy)2 wires was elucidated by the current decays in 

chronoamperograms and the numerical simulation of branched Fe(tpy)2 wires. The sequential 

hopping mechanism, which the electron hops between the closest iron complex units, was 

assumed, and the theoretical current decay was predicted. The calculated decay curve 

consisted with the experimental current decay. Hence, the electron transport mechanism was 

considered as the sequential hopping (Figure 1-6-1(B)). 

 In the research of M(tpy)2 wires on ITO electrodes, the effect of metal ions on the 

photocurrent generation behavior was investigated. The M(tpy)2 wires were prepared using 

Fe(II), Co(II) and Zn(II), and porphrin moiety was introduced at the termini of the wires. 

Their photocurrent measurement was performed in a Na2SO4 aqueous solution in the presence 

of triethanolamine, and the Co(tpy)2 wire exhibited the largest quantum efficiency because the 

Co
2+/+

 level between the ground state and S1 state of porphyrin worked as the effective 

photo-electron transfer pathway (Figure 1-6-2). 
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In my master course, I constructed Fe(tpy)2 wires on hydrogen-terminated silicon(111)  

electrodes and investigated their electrochemical behaviors. On the highly-doped n-type 

silicon surface, Fe(tpy)2 wires exhibited the reversible redox couple in the dark and under 

illuminated condition. When the wires were prepared on the moderately-doped n-type silicon, 

they showed the irreversible redox wave in the dark while the reversible redox wave 

accompanying the negative redox potential shift appeared under Xe-lamp irradiation. This 

photoresponsive redox behavior has not been observed in the M(tpy)2 wire systems on gold 

electrode. Therefore, it is considered that the band structure of silicon contributes to this 

characteristic electrochemical phenomenon (Figure 1-6-3). 
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Table 1-6-1. Attenuation factor (d
) values of M(tpy)2 complex wires 

59e)
 

M Bridging ligand d
 / Å

−1
 M Bridging ligand d

 / Å
−1

 

Fe 

 

0.012 Fe 

 

0.031 

Fe 

 

0.015 Co 

 

0.002 

Fe 

 

0.07 Co 

 

0.004 

Fe 

 

0.008    

 

 

Table 1-6-2. Examples of attenuation factor (d
) values for molecular wires 

62)
 

Molecular wire d
 / Å

−1
 Molecular wire d

 / Å
−1

 

Alkyl chain  ≈ 1  Oligo(phenylene ethynylene)  0.2 – 0.34  

DNA  0.2 – 1.8  -stacked benzene  0.63  

Peptide chain  0.32 – 0.46  Viologen wire  0.006  

Oligophenylene  0.2 – 0.77  Porphyrin wire 0.034 

Acenes  0.2 – 0.5  Oligosilane 0.27 

Olefin ≥ 0.2 Ru complex 0.012 – 0.021 
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Figure 1-6-1. (A) Bis(terpyridine)metal complex wires which have the smallest d
 value on gold electrode, 

Fe(tpy)2 : 0.008 Å
−1

, Co(tpy)2 : 0.002 Å
−1 59e)

, (B) pattern diagram of branched Fe(tpy)2 wire on gold 

electrode and its electron transfer model 
59c)

. 

 

 

Figure 1-6-2. Porphyrin-terminated M(tpy)2 wire on ITO electrode 
60)

. 

 

 

Figure 1-6-3. Structure of Fe(tpy)2 wire on hydrogen-terminated silicon electrode and its photoresponsive 

electrochemical behavior, cyclic voltammograms measured under Xe light irradiation (red solid line) and in 

the dark (black solid line). Adapted from Ref. 61 with permission from The Royal Society of Chemistry. 
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1-7 Aim of the thesis 

 

 The realization of molecular electric devices has been attracted as one of the candidate 

methods for the next generation nano-scale electric device construction. Among of the various 

fabrication methods, the SAM formation and multilayer construction on electrode classed in 

the bottom-up method are significant because it allows us to produce higher-level 

functionalized molecular systems and manipulate their property by the control of molecular 

array and the introduction of functional molecules.  

 Gold has been often chosen as a substrate for SAM formation because its high conductivity 

and chemical stability is suitable for the electric and electrochemical evaluation of SAMs. 

However, most of present electric devices are composed of semiconductors. Among them, 

silicon is the most popular material due to the suitable band gap for the electric devices 

working at room temperature, the controllable electric property of silicon by the dopant 

density and species, the large amount of reserve, and the established purification procedure 

for silicon ingot production. Therefore, the electrochemical evaluation of SAMs and 

multilayers on silicon substrate is important to realize molecular electronic systems. 

 Therefore, I employed silicon as an electrode for SAM formation and performed the 

construction of Fe(tpy)2 wire and their electrochemical measurement in order to unveil their 

electrochemical phenomena on a semiconductor. According to my previous research, the 

Fe(tpy)2 wires constructed on hydrogen-terminated silicon exhibit the different 

electrochemical behavior including the photoresponsive redox reaction and the dependency 

on the dopant density which have not been observed in the M(tpy)2 systems on gold electrode. 

Hence, silicon, especially its band gap, will affect the electrochemical properties including the 

redox behavior and electron transport phenomenon. In this thesis, the electron transfer rate 

constant between Fe(tpy)2 complex and silicon was evaluated quantitatively, and the effect of 

anchor ligands was investigated. In addition, the investigation of the electron transport 

behavior for Fe(tpy)2 multilayer wires and the elucidation of their electron transport 

mechanisms were performed. 
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Quantitative evaluation of anchor ligand effect 

on the electron transfer rate constant 
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2-1 Introduction 

 

In molecular devices, a junction between an electrode and a molecule has an important role 

in the electron transport property. The establishment of an effective junction is required to 

realize a high performance molecular system.  

One of the evaluation methods for electron transport ability is the conductivity measurement 

using the break junction technique 
1)

, the electrode-molecule-electrode sandwiched devices 
2)

, 

and the conductive AFM 
3)

. From these measurements, not only the conductivity of molecules 

but also I − V properties and the effect of molecule-electrode junction can be obtained. The 

conductance difference between Au-S and Au-C bonds is one of the important examples. The 

Au-C bond shows the higher conductivity than that of Au-S bond while the Au-S bond has 

been often used to form SAMs on gold electrode 
4)

. Therefore, the recent development of 

SAM formation methods using Au-C bond (Chapter 1, Table 1-3-1) is significant to construct 

effective charge transport systems. However, the recent report shows that we can decrease the 

contact resistance between an electrode and a molecule confined via Au-S bond. The 

replacement from thiolate anchor to carbodithioate anchor improves the single molecular 

conductance 
5)

. The junction effect of anchor unit on the conductance for SAMs on silicon 

electrode was also reported recently. Harada and his coworkers prepared aromatic SAMs 

linked by three bond types (Si-O-Ph, Si-CH2-CH2-Ph, and Si-CH=CH-Ph), and found that 

Si-O-Ph showed the higher conductivity in I – V curves measured by Hg-SAM-Si junction 
6)

. 

Although the conductance measurement by metal-molecule-metal junction is a powerful tool, 

the obtained results are sometimes influenced by the measurement condition such as the 

bonding state between a molecule and STM tip 
7)

, and the set point of SPM tip 
8)

. Another 

approach for the evaluation of electron transport property is electrochemical measurement of 

redox active SAMs. Usually, the measurement is performed in an electrolyte solution, and 

molecules in SAMs can take a relaxed structure in this situation. Therefore, it is expected that 

the collected result will show the electron transport property of molecule in a spontaneous 

state.  

 Some articles about the electron transfer rate constant (kET) of SAMs on silicon have been 

reported. Ferrocene SAMs have often been used to estimate the electron transfer rate constant 

values 
9)

, and their values were reported as 5.5 − 10
5
 s

−1
. Yzambart and coworkers fabricated a 

tetrathiafulvalene (TTF) SAM and determined its kET values as 270 s
−1

 for the TTF/TTF
•+

 and 

400 s
−1

 for the TTF
•+

/TTF
2+

 in the sample prepared at 45 °C 
10)

. The kET value of porphyrin 

SAMs and its dependency on the surface coverage was estimated as (0.5 − 5) × 10
5
 s

−1
 by AC 

voltammetry 
11)

. 

 Although the estimation of kET values for various redox active SAMs on silicon has been 
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reported as shown above, the measurement conditions, the evaluation methods, and the 

molecular structure connecting an electrode and a redox center were different from one report 

to another. In addition, the number of systematic researches for kET values is small. In order to 

estimate the anchor unit effect on the electron transport, the one redox moiety linked by 

various anchor molecules is required, and the measurement conditions and methods should be 

consistent. In this section, the Fe(tpy)2 complex was confined via 4-type anchor ligands on 

hydrogen-terminated silicon(111) electrode, and their kET values were estimated by the 

potential-step chronoamperometry (PSCA) technique. As anchor molecules for the 

investigation of molecular structure, 4’-ethynyl-2,2’:6’,2”-terpyridine (A
1
) without a 

phenylene bridge and 4’-(4-ethynylphenyl)-2,2’:6’,2”-terpyridine (A
2
) including a phenylene 

bridge. They are confined on a hydrogen-terminated silicon surface via Si-C covalent bond by 

hydrosilylation. Along with these two anchor ligands, 4’-hydroxyl-2,2’:6’,2”-terpyridine (A
3
) 

and 4-(2,2':6',2''-terpyridin)-4'-yl-phenol (A
4
) immobilized via Si-O-C bond were used to 

evaluate the effect of the bonding type on the electron transfer. 

 

  



- 32 - 

 

2-2 Experimental section 

 

General 

 4’-Ethynyl-2,2’:6’,2”-terpyridine (A
1
) 

12)
 was synthesized according to the literature in our 

laboratory. 4’-Hydroxyl-2,2’:6’,2”-terpyridine (A
3
) was purchased from Wako Pure Chemical 

Industry. P-type silicon (111) wafer (B-doped, ≤ 0.005cm) was purchased from E&M 

Corporation. Toluene was purified by Ultra Solvent Purifier 6-S (Nikko Hansen) or distilled 

with CaH2. 1,4-Dioxane was purchased from Kanto Chemical and distilled with CaH2. A 

40 % NH4F solution was purchased from Stella Chemifa Corporation. 

4,4''''-(1,4-Phenylene)bis(2,2':6',2''-terpyridine) (L) and Fe(BF4)2·6H2O were purchased from 

ALDRICH. HPLC-grade solvents (ethanol, chloroform and dichloromethane) were purchased 

from Kanto Chemical and used as received. Milli-Q water was prepared by a Milli-Q 

purification system (Millipore).  Tetra-n-buthylammonium perchloride (
n
Bu4NClO4, TBAP) 

was purchased from TCI, recrystallized from ethanol, and dried under vacuum. 

 

Synthesis of A
2
 

 4’-(4-Ethynylphenyl)-2,2’:6’,2”-terpyridine (A
2
) was synthesized according to the literature 

13)
. The compound was obtained as a colorless powder. 597.2 mg (31 %). 

1
H NMR (400 MHz, 

CDCl3)  (ppm): 8.74-8.73 (m, 4H), 8.68 (d, J = 8.0 Hz, 2H), 7.91-7.89 (m, 4H), 7.64 (d, J = 

8.3 Hz, 2H), 7.36 (ddd, J = 7.6, 4.9, 1.2 Hz, 2H), 3.19 (s, 1H).  

 

Synthesis of A
4
 

 4-(2,2':6',2''-Terpyridin)-4'-yl-phenol (A
4
) was synthesized according to the literature 

14)
. The 

compound was obtained as a colorless powder. 549.8 mg (84 %). 
1
H NMR (400 MHz, 

DMSO-d6)  (ppm): 8.75 (ddd, J = 4.9, 1.7, 1.0 Hz, 2H), 8.66-8.64 (m, 4H), 8.02 (td, J = 7.8, 

2.0 Hz, 2H), 7.78 (d, J = 8.8 Hz, 2H), 7.51 (ddd, J = 7.3, 4.9, 1.0 Hz), 6.96 (d, J = 8.5 Hz, 2H). 

FAB-MS m/z = 326 [M+H
+
]. 

 

Stepwise fabrication of Fe(tpy)2 complex on Si electrodes 

 A silicon wafer was immersed in Piranha solution (a mixed solution of conc. H2SO4 and 

H2O2 aq., the ratio was 3:1) for 10 minutes at 120 °C, and an oxidized surface was formed. 

(Piranha solution should be handled very carefully with suitable protectors because of its very 

strong oxidizing ability.) The oxidized Si wafer was stored in Milli-Q water. Just before use, 

the wafer was dried by Ar blow, and cut in ca. 1.5 cm × 1.5 cm pieces. The cut wafers were 

immersed in a 40 % NH4F solution for 10 minutes at room temperature, and a 

hydrogen-terminated surface was prepared. The hydrogen-terminated Si was immersed in a 1 
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mM solution of an anchor ligand solution (A
1
 and A

2
: toluene, A

3
 and A

4
: 1,4-dioxane), and 

refluxed for 1 hour under an inert atmosphere. After the reaction, the wafers were rinsed 

ultrasonically with toluene or 1,4-dioxane (the same solvent used for the anchor ligand 

modification), ethanol and Milli-Q for 5 minutes each. The terpyridine-terminated substrates 

were dipped in a 0.1 M Fe(BF4)2∙6H2O ethanol solution for 1 hour at room temperature, 

rinsed with Milli-Q and ethanol, and dried by N2 blow. Finally, in order to form Fe(tpy)2 

complex, the iron-terminated wafers were immersed in a 0.1 mM chloroform solution of L for 

overnight at room temperature, washed with chloroform and dried by N2 flow (Figure 2-2-1). 

 

Electrochemical measurement 

 Electrochemical measurements (cyclic voltammetry and chronoamperometry) were 

performed with an ALS 650DT electrochemical analyzer using an Ag
+
/Ag (Ag wire immersed 

in an acetonitrile solution including 10 mM AgClO4 and 0.1 M Bu4BClO4) reference electrode, 

a platinum wire as a counter electrode and a modified silicon substrate as a working electrode. 

All potential values written in this thesis refer to the potential of Ag
+
/Ag reference electrode. 

The electrode area was defined by O-ring as 0.264 cm
2
. In order to make an ohmic contact, 

In-Ga alloy was rubbed on a silicon substrate, and a copper plate was attached. All 

measurements were carried out in a 1 M Bu4BClO4-dichloromethane solution under dark at 

room temperature. 

 As for potential-step chronoamperometry (PSCA), the redox potential (E
0
’) of [Fe(tpy)2]

3+/2+
 

was calculated as the average of oxidation peak potential and reduction peak potential. At first, 

the applied potential was kept at E
0
’− (: overpotential), and then the potential was jumped 

to E
0
’+ in order to observe the oxidation current decay with time. Next, the potential E

0
’− 

was applied to observe the reduction current decay with time. In order to obtain the average 

and standard deviation values of the electron transfer rate constant (kET), more than 5 samples 

were measured. 

 
1
H NMR spectroscopy and FAB-MS 

 
1
H NMR spectra were collected by a JNM-AL400 spectrometer (400 MHz) (JEOL). 

FAB-MS were recorded with JMS-700P (JEOL). 

 

X-ray photoelectron spectroscopy 

 All XPS measurements were performed with PHI5000 VersaProbe (ULVAC‐PHI). A 

monochromatic Al K (100 W) was used as the X−ray source. A peak for the Si 2p of Si(0) at 

99.2 eV was used as a reference for the peak position calibration. 
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Atomic force microscopy 

 Agilent5500 equipped with PPP-NCL probe (Nanoworld) was used for AFM measurements. 

All images were recorded using AC-AFM measurement technique under ambient condition. 

 

DFT calculation 

 Gaussian 09 
15)

 was used for DFT calculations at the B3LYP/TZVP level. In order to 

decrease the calculation cost, Si(111) surface was mimicked by tris(silyl)silyl (-Si(SiH3)3) 

group, and L was replaced to 2,2’:6’,2”-terpyridine in the model molecules, Si-A
x
Fetpy (x = 

1 − 4) (Figure 2-2-2). The analytical frequency calculation for all optimized structures except 

Si-A
2
Fetpy were performed to confirm the completion of the optimize calculation. Due to the 

limitation of our calculation resource, the numerical frequency calculation was performed for 

Si-A
2
Fetpy. In the estimation of the molecular orbital and energy, the solvation of 

dichloromethane was included by using the built-in package in Gaussian 09. 
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Figure 2-2-1. Structure of anchor ligands (A
x
, x = 1- 4) and bridging ligand (L), and fabrication process of 

Si-A
x
FeL; (i) modification of hydrogen-terminated silicon with A

x
, (ii) coordination of Fe

2+
 ion, and (iii) 

coordination of L. 

 

 

Figure 2-2-2. Structures of simplified molecules for the DFT calculation, Si-A
x
Fetpy (x = 1 − 4). 

  



- 36 - 

 

2-3 Characterization of Fe(tpy)2 complex on Hydrogen-terminated Si(111) 

 

2-3-1 Cyclic voltammetry 

  

Cyclic voltammetry was performed to estimate surface coverage values of Si-A
x
FeL (x = 1 − 

4). All samples showed a reversible redox waves at 0.830 ± 0.003 V for Si-A
1
FeL, 0.812 ± 

0.005 V for Si-A
2
FeL, 0.825 ± 0.009 V for Si-A

3
FeL and 0.820 ± 0.011 V for Si-A

4
FeL 

(Figure 2-3-1 (A)-(D)). When this wave derives from the surface confined redox active moiety, 

the linear relation between the peak current (Ip) and the scan rate ( is expressed in 

accordance with equation 1 
16)

, 

 

𝐼p =
𝑛2𝐹2𝐴𝛤

4𝑅𝑇
𝜈      (1) 

 

where n is the number of electrons involved in the reaction, F is Faraday constant, A is the 

surface area,  is the surface coverage value, R is the gas constant, and T is temperature. 

 The Ip –  plots for all samples exhibit the proportional relation. Therefore, these redox 

waves derive from the immobilized species (Figure 2-3-1 (E)-(H)). The surface coverage 

values were estimated from the integration of oxidation peak area as (4.7 ± 0.5) × 10
−11

 

molcm
−2

 for Si-A
1
FeL, (4.3 ± 0.6) × 10

−11
 molcm

−2
 for Si-A

2
FeL, (4.4 ± 0.9) × 10

−11
 molcm

−2
 

for Si-A
3
FeL and (3.3 ± 0.7) × 10

−11
 molcm

−2
 for Si-A

4
FeL. It is known that the kET value 

shows the dependency on  value when the coverage is small 
11)

, while the kET value is 

constant in a redox active SAM having a high surface coverage value (> 10
−11

 molcm−2) 
11, 17)

. 

The surface coverage values estimated in this research are almost constant, and included in 

the high coverage range. Therefore, the influence of surface packing level on kET values 

should be negligible in the discussion of anchor ligand effect on the electron transfer.  

 

 

  



- 37 - 

 

 

Figure 2-3-1. Cyclic voltammogrums for Si-A
1
FeL (A), Si-A

2
FeL (B), Si-A

3
FeL (C) and Si-A

4
FeL (D), 

and Ip –  plot for for Si-A
1
FeL (E), Si-A

2
FeL (F), Si-A

3
FeL (G) and Si-A

4
FeL (H).  
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2-3-2 XPS measurement 

  

In order to investigate the chemical components on the silicon surface, XPS measurements 

were performed. In the narrow range spectra of Si 2p, the large peak of Si 2p3/2 derived from 

silicon wafer was observed at 99.2 eV in each sample. The peak of Si 2p1/2 is overlapped with 

the Si 2p3/2 signal. The additional peak derived from oxidized silicon is also found around 103 

eV. It is considered that this oxidation mainly processed during the deposition steps of Fe
2+

 

ion and L in the ambient condition. In the high resolution spectra of Fe 2p, N 1s and F 1s 

regions, each sample showed the peaks at the same binding energy position (Fe: 709.6 ± 0.2 

eV for 2p3/2, 722.2 ± 0.3 eV for 2p1/2, N 1s: 400.1 ± 0.1 eV, and F 1s: 686.6 ± 0.1 eV) (Figure 

2-3-2). The ratio of nitrogen and iron (N/Fe) was estimated and shown in Table 2-3-1. The 

calculated values were slightly larger than the theoretical ratio (N/Fe = 9). The reason of these 

larger values can be explained by the existence of metal-free terpyridine units, and the 

photoelectron from iron was prevented because an iron exists at the internal of the molecular 

structure. These series of the results supported the existing of Fe(tpy)2 moieties on the 

surfaces. 

 

 

Table 2-3-1. Abundance ratio of N and Fe, and the N/Fe ratio. 

 N / % Fe / % N/Fe 

Si-A
1
FeL 90.2 9.8 9.2 

Si-A
2
FeL 90.9 9.1 10 

Si-A
3
FeL 90.8 9.2 9.9 

Si-A
4
FeL 90.5 9.5 9.5 
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Figure 2-3-2. X-ray photoelectron spectra of Si 2p, Fe 2p, N 1s, and F 1s regions for Si-A
1
FeL (A), 

Si-A
2
FeL (B), Si-A

3
FeL (C) and Si-A

4
FeL (D). 
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2-3-3 AFM measurement  

 

 The AFM measurements were performed to obtain the topological information of silicon 

surface. Pristine hydrogen-terminated silicon showed a flat surface. However, a typical 

step-terrace structure was not obtained because its high doping density affected the 

hydrogen-termination process 
18)

. After the modification, the surface geometries were 

significantly changed. The unchanged flatness suggested that the Fe(tpy)2 complexes were 

fabricated without aggregation, polymerization and oligomer formation of Fe(tpy)2 in the 

horizontal direction (Figure 2-3-3). 

 

 

Figure 2-3-3. AFM topography images for hydrogen-terminated silicon (A), Si-A
1
FeL (B), Si-A

2
FeL (C), 

Si-A
3
FeL (D) and Si-A

4
FeL (E).  
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2-4 Estimation of electron transfer rate constant 

  

The electron transfer rate constant (kET) values between Fe(tpy)2 and silicon electrode were 

estimated by potential-step chronoamperometry (PSCA). The relation between the current 

decay derived from the Faradaic current (I) and kET was expressed by equation 2 
19)

. 

 

𝐼 =  𝐼0exp (−𝑘ET𝑡)   (2) 

 

Where, t is the time after applying potential, and I0 is the current at t = 0. Based on this 

equation, kET values can be estimated from the linear slope in the ln I – t plot (Equation 3). 

 

ln 𝐼 =  − 𝑘ET𝑡 + ln 𝐼0   (3) 

 

The kET has the dependency on the overpotential expressed by Marcus theory (Equation 4)
 20)

. 

 

𝑘ET = 𝜐𝜌𝑘B𝑇 ∫
𝑒𝑥𝑝{−(

𝑘B𝑇

4𝜆
)[𝑥−

𝜆±𝑒𝜂

𝑘B𝑇
]

2

}

1+exp (𝑥)

∞

−∞
𝑑𝑥   (4) 

 

Here,  is the electronic coupling,  is the electronic state density of metallic electrode,  is 

the reorganization energy,  is overpotential and kB is Boltzmann constant. According to 

equations 3 and 4, the slope in ln I – t plot depends on the overpotential. 

 On the other hand, the current decay recorded in a chronoamperogram includes the current 

decay derived from the electric double layer (IDL), and it can be approximated by equation 5. 

 

𝐼DL =  
∆𝐸

𝑅sol
𝑒𝑥𝑝 (−

𝑡

𝑅sol𝐶DL
)   (5) 

 

Here,E is the potential difference, Rsol is the resistance of electrolyte solution, and CDL is the 

capacitance of electric double layer. The natural logarithm of IDL is expressed by the 

following equation. 

 

ln 𝐼DL =  − 
1

𝑅sol𝐶DL
𝑡 + ln 

∆𝐸

𝑅sol
   (6) 

 

As shown in equation 6, the slope in ln IDL – t does not exhibit the dependency on the 

overpotential. In addition, the current decay of the electric double layer is usually very rapid. 
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Therefore, we can obtain the kET value from the linear decay region which shows the 

overpotential dependency in the ln I – t plot. 

 The representative chronoamperograms and ln I – t plots for Si-A
x
FeL are shown in Figures 

2-4-1 and 2-4-2. The current decays depending on the overpotential are observed in all 

chronoamperograms, and the linear decay regions are also observed in the ln I – t plots. From 

the slope in ln I – t plots, the kET values for Si-A
x
FeL were estimated. 

 

 

Figure 2-4-1. Representative chronoamperograms (I – t plots) and ln I – t plots for oxidation current of 

Si-A
1
FeL (A), Si-A

2
FeL (B), Si-A

3
FeL (C) and Si-A

4
FeL (D). 
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Figure 2-4-2. Representative chronoamperograms (I – t plots) and ln I – t plots for reduction current of 

Si-A
1
FeL (A), Si-A

2
FeL (B), Si-A

3
FeL (C) and Si-A

4
FeL (D). 
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 The obtained kET values were corrected as a Tafel plot (ln kET –  plot, Figure 2-4-3). 

Si-A
2
FeL showed the larger kET values than those of Si-A

1
FeL in the scanned overpotential 

range in spite of their greater distance between the redox active center and the electrode (13.3 

Å for Si-A
2
FeL and 8.97 Å for Si-A

1
FeL from DFT calculation, Figure 2-4-4). Si-A

4
FeL and 

Si-A
3
FeL also exhibited similar trend (11.7 Å for Si-A

4
FeL and 7.42 Å for Si-A

3
FeL from 

DFT calculation, Figure 2-4-4). The former one had the larger kET values than those of the 

latter one. This means that the anchor ligands containing phenylene moiety (A
2
 and A

4
) gave 

the faster electron transport than that produced by non-phenylene anchor ligands (A
1
 and A

3
). 

The electron transfer rate constant for  = 0 V (k
0

ET) was estimated by the linear fitting of 

Tafel plot in | | ≤ 0.25 V region. The estimated ln k
0

ET values for Si-A
2
FeL and Si-A

4
FeL 

which have a phenylene-containing anchor are 5.74 ± 0.15 and 6.17 ± 0.29 respectively. On 

the other hand, the ln k
0

ET values for Si-A
1
FeL and Si-A

3
FeL are 5.45 ± 0.11 and 5.53 ± 0.15 

respectively (Table 2-4-1). As a result, the longer-distance anchor ligands A
2
 and A

4
 gave the 

superior electron transport than the short anchor ligands A
1
 and A

3
.  

From the comparison between Si-A
1
FeL and Si-A

3
FeL, or Si-A

2
FeL and Si-A

4
FeL, there is 

a trend that the Fe(tpy)2 complexes immobilized via Si-O-C give slightly greater kET values 

than those of Si-C bonded complexes in spite of the disconnection of -conjugation. The first 

possible reason of this phenomenon is the distance between the iron center and the electrode. 

A
2
 and A

4
 have shorter distance than A

1
 and A

3
 (Table 2-4-1). The second reason is the bond 

angle of Si-O-C bond. It is considered that Si-A
1
FeL and Si-A

2
FeL stand perpendicularly 

because a vinylene moiety substituted its trans-position forms a 180° dihedral angle. However, 

the bond angles of Si-O-C bond in the calculated structure (Si-A
x
Fetpy (x = 3, 4)) are 135.5° 

and 134.7° respectively. Therefore, it is expected that Si-A
3
FeL and Si-A

4
FeL are tilted about 

45° from the vertical direction. In addition, the redox active site, Fe(tpy)2 complex, exists at 

the middle of molecular layer. When the redox reaction occurs, the access of a counter anion 

from an electrolyte solution is required to keep the neutral charge of whole molecule. In the 

case of the tilted structures, Si-A
3
FeL and Si-A

4
FeL, the redox center is exposed to an 

electrolyte solution and it makes the access of a counter anion to the metal complex easy. 

When the structure stands vertically, the bridging ligand (L) prevents an counter anion 

approaching to the Fe(tpy)2 moiety (Figure 2-4-5). Therefore, it is considered that the tilted 

structure formed by Si-O-C bond produces the slightly larger kET values in Si-A
3
FeL and 

Si-A
4
FeL. However, the recent research by Harada and coworkers advocates that phenyl ring 

SAM linked via the Si-O-C bond stands almost perpendicularly 
6)

. Hence, there is a 

possibility that Si-A
3
FeL and Si-A

4
FeL might have the vertical structure. In addition, the 

SAM anchored by Si-O-C bond exhibits the higher conductance than that of Si-C bonded 

SAMs. According to the local density of states calculation and the Löwdin charge analysis by 
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Fagas and coworkers 
21)

, the oxygen linker shows the larger charge transfer to the surface 

silicon and the shift in conduction band states producing the high conductivity for Si-O-Ph 

SAM observed in Harada’s report. The same effect might be able to apply to the Si-A
x
FeL 

systems. 

 

 

Figure 2-4-3. Tafel plots for Si-A
x
FeL (x = 1 − 4). 

 

 

Table 2-4-1. ln k
0
ET values and distances between iron center and silicon surface for Si-A

x
FeL (x = 1 − 4). 

Distance was estimated from the optimized structure of Si-A
x
Fetpy (x = 1 − 4).  

 ln (k
0

ET / s
−1

) d / Å 

Si-A
1
FeL 5.45 ± 0.11 8.97 

Si-A
2
FeL 5.74 ± 0.25 13.3 

Si-A
3
FeL 5.53 ± 0.15 7.42 

Si-A
4
FeL 6.17 ± 0.29 11.7 
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Figure 2-4-4. Optimized structures of Si-A

x
Fetpy (x = 1 − 4). 

 

 

Figure 2-4-5. Estimated structures of Si-A
1
FeL (A) and Si-A

3
FeL (B) on silicon and counter anion 

approaching to them. 
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2-5 DFT calculation 

  

 In order to elucidate the electron transfer phenomena observed in Si-A
x
FeL, the DFT 

calculation was performed. In the superexchange charge transport mechanism, it is considered 

that the molecular orbital of bridging unit mixes to the orbitals of a donor and an accepter, and 

contribute to the electron transport 
22)

. Therefore, the information about the molecular orbital 

of bridging unit may help us to consider the electron transport kinetics for Si-A
x
FeL. 

The structures of Si-A
x
Fetpy (x = 1 − 4) were optimized by the DFT calculation in the 

B3LYP/TZVP level (Figure 2-5-1). According to the estimated molecular orbitals, the HOMO, 

HOMO−1, HOMO−2 of Si-A
x
Fetpy are composed of the t2g orbitals derived from Fe 3d 

orbitals. The HOMO−3 orbitals delocalize over the whole of anchor ligand, and connect iron 

center and silicon atom. Therefore, the HOMO−3 will mix to the HOMO orbital and the 

electronic state of electrode when the superexchange hole transport event occurs. In this 

scheme, a small energy gap between the HOMO and HOMO−3 (E = EHOMO − EHOMO−3) 

will make a strong coupling, and improve the hole superexchange transport because the mixed 

HOMO−3 will enhance the electronic interaction between the Fe(tpy)2 moiety and the 

electrode. According to the calculation, Si-A
2
Fetpy and Si-A

4
Fetpy showed the smaller E 

values than those of Si-A
1
Fetpy and Si-A

3
Fetpy (Table 2-5-1). Therefore, Si-A

2
FeL and 

Si-A
4
FeL realized the superior electron transport behavior. Although it seems to be difficult 

for HOMO−3 to interact with HOMO because its energy level is far from that of HOMO, the 

deep HOMO level contributing to the electronic communication between two redox active 

species is sometimes suggested in a mixed valence molecule 
23)

. Therefore, the electronic 

interaction between HOMO and HOMO−3 is possible.  

 In addition, the LUMO orbitals of Si-A
1
Fetpy and Si-A

2
Fetpy are delocalized over the 

anchor ligands, and seem to be able to mediate the electron transport. However, in these 

molecular systems, the energy of LUMO is far from HOMO level, and the electric coupling 

should be very weak. Furthermore, the thermal or photo excitation from HOMO to LUMO or 

the valence band to the conduction band cannot occur because all measurements were 

performed at room temperature under dark condition. Hence, the effect of LUMO orbitals is 

negligible. 
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Figure 2-5-1. Molecular orbitals and energy levels for Si-A
x
Fetpy (x = 1 − 4). 

 

 

Table 2-5-1. Energy levels of EHOMO, EHOMO-3 and E values for Si-A
x
Fetpy (x = 1 − 4) 

 ELUMO / eV EHOMO / eV EHOMO-3 / eV E / eV 

Si-A
1
Fetpy − 3.43 − 6.91 − 7.54 0.63 

Si-A
2
Fetpy − 3.37 − 6.66 − 7.10 0.44 

Si-A
3
Fetpy − 3.27 − 6.86 − 7.80 0.94 

Si-A
4
Fetpy − 3.27 − 6.63 − 7.15 0.52 
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2-6 Conclusion 24) 

 

 In Chapter 2, the Fe(tpy)2 complexes were fabricated on hydrogen-terminated silicon(111) 

substrates by the stepwise coordination technique. The preparation of the complexes was 

confirmed by cyclic voltammetry, X-ray photoelectron spectroscopy and atomic force 

microscopy. The quantitative evaluation of electron transfer rate constant was performed by 

potential-step chronoamperometry. The obtained result exhibits that the anchor ligands 

including phenylene bridge (A
2
 and A

4
) had the greater kET values in spite of their longer 

distance between the iron center and the silicon electrode. According to the DFT calculations, 

the small energy differences between HOMO and HOMO−3 levels were found in Si-A
2
Fetpy 

and Si-A
4
Fetpy. It is considered that they make the electron coupling between Fe(tpy)2 and 

the electrode, and contribute to promote the electron transfer. The observed slightly greater 

kET values in the Si-O-C bridged systems (Si-A
3
FeL and Si-A

4
FeL) might be derived from 

the shorter distance between the iron center and electrode, the tilted structure or the electronic 

state formed by the existence of an oxygen atom.  
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Chapter 3 
 

 

Comparison of electron transport ability for 

phenylene bridege and vinylene bridge 
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3-1 Introduction 

 

 As shown in Table 1-3-1 in Chapter 1, various silicon surface modification methods have 

been developed by many researchers. Among them, hydrosilylation reaction is one of the 

most important methods because the reaction using alkynes gives the vinylene bridge keeping 

-conjugation from silicon electrode to the molecule. Therefore, it is expected that these 

molecules have the greater electron transportability. Based on this idea, the phenylene bridge 

which has larger -conjugation system than vinylene bridge will show the superior charge 

transport ability. However, the methods which allow us to fabricate the directly-immobilized 

Si-aryl structure have been limited to the organometallic reagents such as R-Li and R-MgBr, 

and diazonium salts. In addition, organometallic reagents sometimes confine an available 

functional group for the SAM formation due to their high reactivity, and diazonium salts often 

cause the multilayer formation because of low controllability of radical reaction. 

 Our group has developed the coupling reaction between iodoarenes and hydrosilnaes 

catalyzed by Pd(0) or Rh(I) under the coexistence of a base 
1)

 (Figure 3-1-1(A)). This reaction 

allows us to synthesize the Si-aryl compounds without the protection of reactive functional 

group under a mild condition. Recently, our group applied this reaction to the 

hydrogen-terminated silicon and germanium surface modification, and reported the uniformed 

SAM formation and the introduction of various functional molecules on the surface by the 

Pd-catalyzed reaction (Figure 3-1-1(B))
 2)

. We succeeded in the construction of 10-layered 

Fe(tpy)2 complex wire based on this Si-aryl bond formation reaction. In this report, we 

reported the success of the directly-bonded Si-aryl SAM formation by the newly-developed 

method whereas the difference of its charge transport ability has not been examined yet. 

 In this chapter, 4-iodophenyl-2,2’:6’,2’’-terpyridine SAM was prepared on a 

hydrogen-terminated silicon(111) surface by the Pd-catalyzed reaction, and Fe(tpy)2 complex 

was prepared using the stepwise coordination reaction. Its kET value was evaluated 

quantitatively by PSCA, and compared with those of Fe(tpy)2 complexes confined by the 

traditional modification method. Especially, the difference between phenylene bridge and 

vinylene bridge was focused.  
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Figure 3-1-1. (A) Metal-complex-catalyzed arylation reaction for hydrosilane. (B) Direct immobilization 

of aryl compounds on hydrogen-terminated silicon surface by palladium-catalyzed reaction
 2)

. 
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3-2 Experimental section 

 

General 

 Potassium hydroxide, ammonia solution, triphenylphosphine and ethanol were purchased 

form Wako Chemicals. 2-Acethylpyridine was purchased from TCI. 4-Iodobenzaldehyde and 

Pd(P
t
Bu3)2 were purchased from Aldrich. 1,4-Dioxane was purchased from Kanto Chemicals 

and distilled from CaH2. N,N-diisopropylethylamine was purchased from TCI, distilled from 

CaH2 and stored over KOH. Other compounds and solvents are described in the experimental 

section of chapter 2. 

 

Synthesis of 4-iodophenyl-2,2’:6’,2-terpyridine (A
5
) 3) 

 A KOH aqueous solution (10 M, 0.8 mL) was added to an ethanol solution (12 mL) of 

2-acetylpyridine (0.97 g, 0.9 mL, 8 mmol). After stirring at room temperature for 30 minutes, 

4-iodobenzaldehyde (0.926 g, 4 mmol) was added, and the mixture was heated. Ethanol (18 

mL) and NH3 aq (6 mL) were sequentially added, and the mixture was refluxed for 40 hours. 

During the reaction, NH3 aq (6mL) was added twice. After cooling to room temperature, a 

precipitation was collected, and washed with water and ethanol. The obtained powder was 

purified by the recrystallization from ethanol. 657.1 mg (38 %). 
1
H NMR (400 MHz, CDCl3) 

(ppm) 8.73 (d, J = 4.1 Hz, 2H), 8.70 (s, 2H), 8.68 (d, J = 8.0 Hz, 2H), 7.89 (td, J = 7.6 Hz, 

2.0 Hz, 2H), 7.85 (d, J = 8.5Hz, 2H), 7.65(d, 8.8Hz, 2H), 7.37 (ddd, J = 7.4 Hz, 4.6 Hz, 1.2 

Hz, 2H), FAB-MS m/z = 436 [M+H
+
]. 

 

Preparation of Fe(tpy)2 complex on Si electrode 

 A silicon(111) wafer (B-doped, P-type, ≤ 0.005 cm) was dipped into a Piranha solution at 

120 °C for 10 minutes to form an oxidized surface, and stored in Milli-Q water. Just before 

use, the silicon substrate was dried by Ar flow, and cut in ca. 1.5 cm × 1.5 cm pieces. The 

hydrogen-terminated surface was prepared by the immersion into a 40 % NH4F solution for 

10 minutes at room temperature. The hydrogen-terminated substrate was immersed in a 

1,4-dioxane solution containing 8 mM A
5
, 0.08 mM Pd(P

t
Bu3)2 and 0.31 M 

i
Pr2EtN, and 

refluxed for 3 hours under inert atmosphere. After the reaction, the substrate was 

ultrasonically rinsed by a 1 M 1,4-dioxane solution of PPh3, 1,4-dioxane, ethanol and Milli-Q 

water for 5 minutes for the each step, and then dried by Ar blow. The modified substrate was 

immersed into a 0.1 M Fe(BF4)2 ethanol solution for 1 hour at room temperature, washed with 

Milli-Q and ethanol, and then dried. Finally, the immersion into a 0.1 mM chloroform 

solution of L gave the silicon substrate modified with Fe(tpy)2 complex. The substrate was 

rinsed by chloroform, and dried by N2 flow (Figure 3-2-1). 
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Preparation of reference sample 

 The reference sample (Si-A
2
) was prepared by the thermal hydrosilylation reaction. The 

pre-oxidized silicon(111) substrate (B-doped, P-type, ≤ 0.005 cm) was dipped into a 40 % 

NH4F solution for 10 minutes at room temperature. After rinse with Milli-Q water and drying 

with N2, the substrate was immersed into a 1 mM toluene solution of A
2
 and refluxed for 3 

hours under an inert atmosphere. Then, the modified silicon was ultrasonically washed with 

toluene, ethanol and Milli-Q for 5 minutes sequentially, and dried by Ar blow. 

 

X-ray photoelectron spectroscopy 

 XPS measurements were performed with PHI5000 VersaProbe (ULVAC‐PHI) and a 

monochromatic Al K (100 W or 25 W) X-ray source. For the binding energy calibration, the 

peak of Si 2p for Si(0) was assigned at 99.2 eV. 

 

Electrochemical measurement 

 Cyclic voltammograms and chronoamperograms were collected by an ALS650DT 

electrochemical analyzer using an Ag
+
/Ag reference electrode, a looped Pt counter electrode 

and modified silicon as a working electrode. In-Ga alloy was rubbed on a silicon surface, and 

copper plate was attached to establish ohmic junction. All measurements were performed in a 

1 M TBAP dichloromethane solution in the dark to eliminate the photo irradiation effect at 

room temperature. 

 

DFT calculation 

 The simplified molecule (Si-A
5
Fetpy) shown in Figure 3-2-2 was used to reduce the 

calculation cost. After the structure optimization by Gaussian 09 using B3LYP/TZVP level, 

the analytical frequency calculation was performed to confirm the termination of optimization. 

The solvation of dichloromethane was included using built-in package in Gaussian 09 in the 

estimation of molecular orbital and energy levels. 
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Figure 3-2-1. Stepwise fabrication process of Fe(tpy)2 complex on hydrogen-terminated silicon(111) 

surface with anchor ligand A
5
.  

 

 

 

Figure 3-2-2. Simplified structure for DFT calculation (Si-A
5
Fetpy). 
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3-3 Results 

 

3-3-1 Surface modification of H-terminated Si(111) with 4-iodophenylterpyridine 

 

 2,2’:6’,2’’-Terpyridine is known as a tridentate ligand having a high affinity to various metal 

ions
 4)

. During the surface modification process, the anchor ligand including terpyridine 

moiety (A
5
) and palladium ion coexist in a solution. Therefore, there is a possibility that a 

palladium ion is captured by a terpyridine moiety and the coordination of ferrous ion in the 

stepwise coordination process is prevented. In order to check the whether a metal-free 

terpyridine exists on the silicon surface, X-ray photoelectron spectra of the silicon substrate 

modified with A
5
 (Si-A

5
) were collected. As a reference surface, A

2
 was immobilized on 

silicon surface by hydrosilylation reaction without any metal catalyst (Si- A
2
).  

 Focusing on the N 1s region, the single peak derived from nitrogen atom in the terpyridine 

moiety is observed at 399.6 eV (Figure 3-3-1(A)). The binding energies for Pd
2+

-coordinated 

terpyridine and metal-free terpyridine in SAM are reported as ca. 401.1 eV and ca. 399.5 eV 

respectively 
5)

. Hence, the binding energy of appeared peak suggests that terpyridine on 

surface is non-coordinating state. In addition, the observed peak position conforms to the N 1s 

peak for Si-A
2
. From these results, the terpyridine on silicon electrode connected by the 

Pd-catalyzed reaction exists as the metal-free state. 

 In P 2p region, one broad peak was observed around 134 eV (Figure 3-3-1(B)). However, the 

peaks derived from PPh3 (130.6 eV)
 6)

 and triphenylphosphine oxide (132.7 eV)
 6)

 were not 

observed. Therefore, the significant amount of phosphine compound did not remain on the 

surface. It is considered that this broad peak is derived from the surface plasmon of single 

crystal silicon because the binding energy of this broad peak almost confirms the binding 

energy for plasmon peak of silicon 
7)

 (Figure 3-3-1(C)). 
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Figure 3-3-1. XP spectra of N 1s for Si-A
5
 (purple solid line) and Si-A

2
 (red solid line) (A), P 2p for Si-A

5
 

(B), and survey spectrum of Si 2p and Si 2s region of Si-A
5 
(C). Red dot line and orange dot line exhibit the 

main peak positions of Si 2p and Si 2s, respectively. The binding energies of plasomon peaks (Pl) (green 

dot line and blue dot line) were estimated by the following equation, EPl = Emain + 17n. Here, EPl is the 

binding energy of plasmon peak, Emain is the binding energy for main peak (Si 2p or Si 2s), and n = 1, 2. 

The small peak close to Si 2p derives from SiO2. An XP spectrum of Si-A
2
 was collected by a 

monochromatic Al K 25 W X-ray source. 
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3-3-2 Electrochemical evaluation of Fe(tpy)2 complex on silicon 

 

 The cyclic voltammetry measurement was performed to estimate the surface coverage of 

Si-A
5
FeL. The reversible redox couple derived from [Fe(tpy)2]

3+/2+
 was shown at the 0.832 ± 

0.003 V vs. Ag
+
/Ag (Figure 3-3-2(A)), and the proportional relationship between the peak 

current and the scan rate revealed that the redox wave comes from the surface confined 

species (Figure 3-3-2(B)). The estimated surface coverage values was (4.0 ± 1.2) × 10
−11

 

molcm
−2

. This value is similar to those of Si-A
x
FeL (x = 1 − 4), therefore Si-A

5
FeL can also 

attend the discussion of the anchor ligand effect on the kET values. 

 The kET values were estimated by PSCA in accordance with the method described in Chapter 

2. Both of oxidation and reduction current exhibited the dependency on the overpotential in 

chronoamperograms. In addition, the linear decay depending on the overpotential was 

observed in the ln I – t plots (Figure 3-3-3). Hence, the kET values were estimated from the 

slope in ln I – t plots. The Tafel plot (ln kET –  plot) for Si-A
x
FeL (x = 1, 2, 4, and 5) is 

shown in Figure 3-3-4. The Si-A
5
FeL gave the greater kET value that of Si-A

1
FeL. The almost 

same kET value as those of Si-A
2
FeL and Si-A

4
FeL indicates the superior electron transfer 

kinetics. This result suggests that a phenylene bridge directly immobilized on silicon surface 

has the higher electron transport ability than a vinylene bridge formed by hydrosilylation 

reaction. In order to investigate the contribution of phenylene unit, DFT calculation was 

performed. 

 

 

Figure 3-3-2. Cyclic voltammograms for Si-A
5
FeL in a 1 M Bu4NClO4/CH2Cl2 solution in the dark (A), 

and the dependency of peak current on scan rate (B). 
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Figure 3-3-3. Chronoamperograms and ln I – t plots of oxidation current (A) and reduction current (B) for 

Si-A
5
FeL in a 1 M Bu4NClO4/CH2Cl2 solution in the dark. 

 

 

 

Figure 3-3-4. Tafel plots for Si-A
1
FeL (blue circles), Si-A

2
FeL (red circles), Si-A

4
FeL (orange circles), 

and Si-A
5
FeL (purple circles). 
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3-3-3 DFT calculation 

 

 The molecular orbitals of Si-A
5
Fetpy were calculated by DFT calculation (B3LYP/TZVP 

level), and HOMO−3 level has the delocalized orbital spread from iron center to silicon atom 

(Figure 3-3-5). Hence, it is expected that this orbital also contribute to make the strong 

electronic coupling and promote the electron transport behavior. The estimated energy 

difference between HOMO and HOMO−3 (E) is 0.45 eV, and its value is also close to the 

E values for Si-A
2
Fetpy (0.44 eV) and Si-A

4
Fetpy (0.52 eV). The orbital energy 

comparison between Si-A
1
Fetpy and Si-A

5
Fetpy is the most important to investigate the 

effect of the directly bonded Si-aryl system. The orbital structures of Si-A
1
Fetpy and 

Si-A
5
Fetpy are similar, and the HOMO, HOMO−1 and HOMO−2 levels derived from t2g of 

Fe 3d orbitals are constant. However, the energy levels of HOMO−3 derived from anchor 

molecules are drastically different. The HOMO−3 level of Si-A
5
Fetpy were risen by the 

exchange of anchor unit structure from vinylene to phenylene which makes the expansion of 

-conjugation. Therefore, the E value decreased from 0.63 eV for Si-A
1
Fetpy to 0.45 eV for 

Si-A
5
Fetpy (Figure 3-3-5 and Table 3-3-1). It produces the stronger electron coupling 

between iron center and silicon mediating the hole superexchange. From this result, we can 

expect that the phenylene moiety immobilized directly on silicon is more suitable as an 

anchor ligand for the effective electron transport than a vinylene-bridged anchor moiety. 
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Figure 3-3-5. Energy levels and molecular orbitals for Si-A
1
Fetpy and Si-A

5
Fetpy. 

 

Table 3-3-1. Energy levels of HOMO, HOMO−1, HOMO−2, HOMO−3 and E values for Si-A
1
Fetpy and 

Si-A
5
Fetpy. E = EHOMO − EHOMO−3 

 Si-A1Fetpy Si-A5Fetpy 

HOMO − 6.91 eV − 6.91 eV 

HOMO−1 − 6.96 eV − 6.95 eV 

HOMO−2 − 7.04 eV − 7.04 eV 

HOMO−3 − 7.54 eV − 7.36 eV 

E 0.63 eV 0.45 eV 

 

  



- 65 - 

 

3-4 Conclusion 

 

 The Fe(tpy)2 complex was constructed on a hydrogen-terminated silicon surface by the 

stepwise coordination method and the Pd-catalyzed Si-aryl bond formation reaction 

developed in our laboratory. The terpyridine-terminated surface was evaluated by XPS, and 

revealed that the terpyridine moiety is the metal-free state and it can work as the coordination 

cite for the sequential complexation process. The Si-A
5
FeL showed the reversible redox 

couple derived from [Fe(tpy)2]
3+/2+

, and its kET value was greater than that of Si-A
1
FeL but 

almost same with Si-A
2
FeL and Si-A

4
FeL. The energy level comparison between Si-A

1
FeL 

and Si-A
5
FeL by DFT calculation indicated that the expansion of -conjugation by the 

exchange of the bridging moiety structure in anchor ligands from vinylene to phenylene raise 

the HOMO−3 level, and decreased the E value contributing to the promotion of the greater 

kET value by the stronger electronic coupling. This result suggests that the directly 

immobilized arene moiety on silicon can work as a more suitable junction for the superior 

electron transport system than the vinylene bridge formed by hydrosilylation method.  
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Chapter 4 
 

 

Electron transport behavior of Fe(tpy)2 wire 

on silicon electrode 
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4-1 Introduction 

 

 The knowledge about the electron transport mechanism in molecular wire will be required 

for the design of effective electron transfer system in molecular devices. Our group has 

constructed linear and dendritic bis(terpyridine)iron complex oligomer wires on gold 

electrode, and unveiled their electron transfer mechanism by the numerical analysis of the 

current decay in chronoamperograms 
1)

. The electrons are transported by the sequential 

hopping between the neighboring metal complex units in a wire, and this mechanism 

contributes to the superior long-range electron transport ability and the characteristic 

asymmetry current decay of terminal redox active moiety. In addition, we reported that the 

ferrocene moiety introduced at the dendritic metal complex wires showed the unsymmetric 

oxidation and reduction current decay, and clarified its behavior using the sequential electron 

hopping model 
2)

 (Figure 4-1-1). 

 However, most of present electronic devices are composed of semiconductors. Therefore, the 

analysis of electron transport behavior for molecules on semiconductors has an important role 

of molecular electronics. Especially, silicon is the major material in the electronics field, and 

it has often been chosen as a substrate of SAMs to evaluate their redox behaviors and 

conductive properties. The redox active SAMs on silicon sometimes show the different 

electrochemical behaviors from those of SAMs on metallic substrate. For instance, p-type 

redox active species such as ferrocene, whose HOMO levels are observed in cyclic 

voltammetry, confined on n-type silicon is strongly affected by the specification of substrate 

and photoirradiation 
3)

. In the dark, samples on lowly-doped silicon give no redox wave or 

only show the cathodic wave while the light-illuminated samples exhibit the reversible redox 

wave with the negative shift of redox potential. On the other hand, samples on p-type silicon 

and highly-doped n-type silicon exhibit the similar redox behavior like SAMs on metal 

electrodes 
4)

. When an n-type species such as methyl viologen is confined on silicon electrode 

in order to observe their LUMO levels, the inversion phenomenon is observed. Wrighton and 

coworkers modified silicon surface with N,N’-dialkyl-4,4’-bipyridinium polymer and reported 

its redox behavior 
5)

. On n-type silicon, its reversible redox behavior was similar with that on 

Pt electrode. However, on p-type silicon, no cathodic peak was observed while the redox 

wave appeared with the positive potential shift under light illumination. However, there are 

some reports of n-type molecules on n-type silicon which did not exhibit the reversible redox 

wave 
6)

. At the current moment, although it is difficult to explain their redox behavior 

perfectly, the band gap of silicon is the key of these characteristic behaviors. 

 When silicon is used as an electrode for Fe(tpy)2 wires, it is expected that their electron 

transport from the terminal redox active moiety will be affected by the band structure of 
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silicon. In this chapter, the multilayered Fe(tpy)2 wires were constructed on 

hydrogen-terminated p-type silicon electrode, and two types of redox active molecules having 

different redox potentials were introduced at the termini of wires to investigate the electron 

transport behavior of Fe(tpy)2 wires by cyclic voltammetry (Figure 4-1-2). From the collected 

voltammograms, the electron transport mechanism was elucidated.  

 

 

Figure 4-1-1. Sequential hopping electron transport model for Fe(tpy)2 wire including terminal ferrocene. 

The rate constants for each step are denoted as k±l (l = 1 − 3). k±1 : electron transfer between electrode and 

Fe(tpy)2, k±2 : second-order electron self-exchange rate constant between the neighboring Fe(tpy)2 units, 

k±3 : electron transfer between ferrocene and Fe(tpy)2. 

 

 

Figure 4-1-2. Structure of Fe(tpy)2 wire described in this chapter. 
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4-2 Experimental section 

 

General 

 4’-[4-(Ferrocenyl)phenyl]- 2,2’:6’,2’’-terpyridine (T
1
) 

7)
 and 4-iodophenylferrocene 

8)
 were 

synthesized in our laboratory according to the literature. Other compounds and solvents are 

described in the experimental section of Chapter 2. 

 

Synthesis of T
2
 

 4’-[4-(N,N-Di-p-anisylamino)phenyl]-2,2’:6’,2’’-terpyridine (T
2
) was synthesized by the 

modified method of reference 9. 4’-[4-Aminophenyl]- 2,2’:6’,2’’-terpyridine was used as a 

reagent instead of aniline. The compound was obtained as a brown powder. 93.6 mg (35 %) 
1
H NMR (400 M Hz, CDCl3)  (ppm): 8.72 (d, J = 3.9 Hz, 2H), 8.68 (s, 2H), 8.66 (d, J = 8.0 

Hz, 2H), 7.87 (td, J = 7.8 Hz, 2.0 Hz, 2H), 7.74 (d, J = 8.8 Hz, 2H), 7.34 (ddd, J = 7.6 Hz, 4.6 

Hz, 0.8 Hz, 2H), 7.11 (d, J = 8.8 Hz, 4H), 7.02 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.8 Hz, 4H), 

3.82 (s, 6H). FAB-MS m/z = 537 [M+H
+
]. 

 

Synthesis of 4-ferrocenylphenol 

 4-Ferrocenylphenol was synthesized according to the literature 
10)

. The compound was 

obtained as an orange powder. 470 mg (17 %). 
1
H NMR (400 MHz, CDCl3)  (ppm): 7.36 (d, 

J = 8.8 Hz, 2H), 6.77 (d, J = 8.8 Hz, 2H), 4.63 (s, 1H), 4.56 (t, J = 2.0 Hz, 2H), 4.26 (t, J = 1.8 

Hz, 2H), 4.04 (s, 5H). 

 

Preparation of Fe(tpy)2 multilayers 

 A silicon(111) wafer (B-doped, P-type, ≤ 0.005 cm) treated with Piranha solution was cut 

in ca. 1.5 cm × 1.5 cm pieces, and immersed in a 40 % NH4F solution for 10 minutes at room 

temperature to prepare hydrogen-terminated surface. The activated Si substrates were dipped 

in a 1 mM toluene solution of 4’-(4-Ethynylphenyl)-2,2’:6’,2”-terpyridine (A
2
), and refluxed 

for 1 h under an inert atmosphere. After the reaction, the modified substrates were 

ultrasonically rinsed with toluene, ethanol and Milli-Q water for 5 minutes each, and then 

dried by N2 blow. The substrates were immersed in a 0.1 M Fe(BF4)2∙6H2O ethanol solution 

for 1 hour at room temperature, washed with Milli-Q and ethanol sequentially, and dried by 

N2 blow. The iron-terminated substrates were immersed in a 0.1 mM chloroform solution of L 

at room temperature for overnight, rinsed with chloroform, and dried by N2 blow. These two 

processes (dipping in a Fe
2+

 ion solution and an L solution) were repeated for n−1 times. 

After the repeat of coordination cycles, the substrates were dipped in 0.1 M Fe(BF4)2∙6H2O 

ethanol solution for 1 hour at room temperature. After rinsing and drying, the substrates were 
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immersed in a chloroform solution of a terminal ligand (T
1
 or T

2
) for overnight at room 

temperature, washed with chloroform and dried by N2 blow (Figure 4-2-1). 

 

Preparation of reference samples 

 As reference samples, ferrocene SAMs (Si-C6H4Fc and Si-OC6H4Fc) were prepared in 

accordance with the following process. A pre-treated silicon(111) substrate was 

hydrogen-terminated by the immersion into a 40% NH4F solution. In order to prepare 

Si-C6H4Fc, the substrate was washed with water and dried, then immersed in a 1,4-dioxane 

solution containing 8 mM 4-iodophenylferrocene, 0.08 mM Pd(P
t
Bu3)2, and 0.31 M 

diisopropylethylamine. The substrate was refluxed for 20 hours under an inert atmosphere. 

The modified silicon was ultrasonically rinsed with 1,4-dioxane, ethanol and water for 5 

minutes each, and then dried by N2 blow (Figure 4-2-2(A)). For Si-OC6H4Fc preparation, the 

hydrogen-terminated silicon was immersed and refluxed in a 1 mM 1,4-dioxane solution of 

4-ferrocenylphenol for 20 hours under an inert atmosphere. After reaction, the substrate was 

rinsed using the same process for Si-C6H4Fc (Figure 4-2-2(B)). 

 

Electrochemical measurement 

 Electrochemical measurement was performed by ALS electrochemical analyzers. An Ag
+
/Ag 

reference electrode, a looped Pt counter electrode and a modified silicon substrate as a 

working electrode were used. In-Ga alloy was rubbed on a silicon substrate to make an ohmic 

contact between silicon and a copper plate. All data were collected in a 1 M 

Bu4NClO4/CH2Cl2 solution under dark condition. 

 The redox potential of ferrocene was measured using a glassy carbon as a working electrode, 

an Ag
+
/Ag reference electrode and a rolled Pt counter electrode with a tailor-made cell. The 

redox potential was defined as an average value of the oxidation peak potential and the 

reduction peak potential, and calculated at 0.13 V vs. Ag
+
/Ag in a 1 M Bu4NClO4/CH2Cl2 

solution at room temperature. 
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Figure 4-2-1. Preparation process of Fe(tpy)2 multilayer wires on a hydrogen-terminated silicon. 

 

 

 

Figure 4-2-2. Structures of Si-C6H4Fc (A) and Si-OC6H4Fc (B). 
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4-3 Fabrication of Fe(tpy)2 wires on hydrogen-terminated silicon 

 

4-3-1 T
1
-terminated wire 

 

 The T
1
-terminated wires (Si-A

2
(FeL)n−1FeT

1
, n = 1 − 3) were prepared on H-terminated 

silicon(111) surfaces by the stepwise coordination method. The cyclic voltammograms (CVs) 

were collected to evaluate the surface coverage values and the electron transport properties of 

Fe(tpy)2 complex wires on silicon electrodes. In CVs for Si-A
2
(FeL)n−1FeT

1
, the reversible 

redox couples derived from [Fe(tpy)2]
3+/2+

 were observed, and the peak currents (Ip) were 

proportional to the scan rates (). This linear relation suggests that these redox waves come 

from the surface-confined species (Figure 4-3-1). The estimated surface coverage values () 

increasing with the number of layers indicated Fe(tpy)2 wire was elongated layer-by-layer 

(Figure 4-3-2). Focusing on the redox behavior of T
1
, the large separation between the 

oxidation peak and reduction peak was observed with increase of the scan rate. In addition, 

the peak shape became broader and unclear with increasing the number of the layer. These 

redox behaviors suggest that the electron transport from T
1
 is slow. The peak current and scan 

rate did not show the proportional relation, and a part of peak currents could not be estimated 

from the CVs collected at the high scan rates due to the unclear redox wave. Therefore, the  

value for T
1
 was estimated from the CV recorded at a scan rate of 25 mVs

−1
 because it is 

expected that the voltammogram collected at a slow scan rate gives the most closest value 

comparing with the actual  value. Although the immobilization of T
1
 cannot be confirmed 

from the Ip −  plot, the fabrication of target structures is advocated by two results. One is the 

growth of Fe(tpy)2 surface coverage values. The other is the constant surface coverage values 

of T
1
 in each layer. If T

1
 was not introduced at the top of the wires, the  values of Fe(tpy)2 

cannot increase. In addition, the 1-layer samples will not exhibit the redox wave derived from 

Fe(tpy)2 complex because they cannot form Fe(tpy)2 complex without the introduction of T
1
. 

In addition, if T
1 

is taken into the wires randomly, T
1
 will show various  values or the larger 

values than the expected values (1/n times of the  value for Fe(tpy)2).  

 This characteristic ferrocene redox behavior has been only observed in the Fe(tpy)2 system 

on silicon electrode. The CV measurements for Fe(tpy)2 wires on gold electrode including the 

same bridging ligand and terminal ligand (T
1
) exhibited the reversible redox wave even at the 

fast scan rate and at the top of the long wires 
11)

. And, the ferrocenyl group immobilized on 

the same specification p-type silicon(111) electrode via Si-C bond (Si-C6H4Fc) or Si-O-C 

bond  (Si-OC6H4Fc) whose electron transport occurs by the superexchange mechanism also 

showed the reversible redox wave and the linear relation between Ip and (Figure 4-3-3). 

These results suggest that this reversible redox wave derives from the surface confined 
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species, and the electron transport between electrode and ferrocene moiety is significantly 

rapid within the measured scan rate. In addition, ferrocene moieties immobilized on p-type 

silicon surface via various molecular wires have exhibited the reversible redox wave 
12)

. From 

these instances, it is considered that both of the electronic property of silicon electrode and the 

sequential hopping electron transport contribute to the observed characteristic electrochemical 

response.  

 

 

 

Figure 4-3-1. Cyclic voltammograms for Si-A
2
FeT

1
 (A), Si-A

2
(FeL)1FeT

1
 (D), and Si-A

2
(FeL)2FeT

1
 (G), 

enlarged cyclic voltammograms of T
1
 in Si-A

2
FeT

1
 (B), Si-A

2
(FeL)1FeT

1
 (E), and Si-A

2
(FeL)2FeT

1
 (F), 

and Ip -  plots for Si-A
2
FeT

1
 (C), Si-A

2
(FeL)1FeT

1
 (F), and Si-A

2
(FeL)2FeT

1
 (I). 
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Figure 4-3-2. Cyclic voltammograms for Si-A

2
(FeL)n−1FeT

1
 at a scan rate of 500 mVs

−1
 (A), and the 

surface coverage values of Si-A
2
(FeL)n−1FeT

1
 (B). 

 

 

 

Figure 4-3-3. Representative cyclic voltammograms recorded at scan rates of 25 to 1000 mVs
−1

 for 

Si-C6H4Fc ( = (4.3 ± 0.9) ×10
−11

 molcm
−2

) (A) and Si-OC6H4Fc ( = (2.0 ± 0.4) ×10
−10

 molcm
−2

) (C), 

and the relation between peak current and scan rate for Si-C6H4Fc (B) and Si-OC6H4Fc (D). 
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4-3-2 T
2
-terminated wire 

 

 The T
2
-terminated wires (Si-A

2
(FeL)n−1FeT

2
, n = 1 − 4) were fabricated on the silicon 

substrates by the sequential complexation process. In order to estimate surface coverage 

values and evaluate electron transport behavior, CV measurements were performed. Up to n = 

3, both of Fe(tpy)2 complex and T
2
 showed the reversible redox waves, and the linear 

relationships of the peak currents and the scan rates for Fe(tpy)2 and T
2
 suggest the 

T
2
-terminated wires were confined on H-terminated silicon substrates. The 4-layered sample 

showed the linear dependency of peak current on scan rate for [Fe(tpy)2]
3+/2+

 redox couple and 

the oxidation peak of T
2
 while the cathodic peak of T

2
 strayed from the linear relation in the 

high scan rate region (Figure 4-3-4). Focusing on the redox peak of T
2
 in Si-A

2
(FeL)3FeT

2
, 

the anodic peak and cathodic peak showed the asymmetric shape and its peak current ratio 

(Ipa/Ipc) of anodic peak current (Ipa) and cathodic peak current (Ipc) is 1.4 at a scan rate of 1000 

mVs
−1

. Ideally, a surface-confined reversible redox moiety gives the symmetric redox wave 

and the Ipa/Ipc = 1. In the cyclic voltammograms for Si-A
2
(FeL)n−1FeT

2
 collected at a scan rate 

of 1000 mVs
−1

, the symmetric redox waves were observed up to n = 3. In addition, the Ipa/Ipc 

values were 1.1 for n = 1 and 2, and 1.2 for n = 3 (Figure 4-3-5). It is considered that this 

decrease of reversibility for the 4-layered wire occurred by the charge trapping phenomenon 
13)

. This result suggests that T
2
 was introduced at the top of multilayered Fe(tpy)2 wire and the 

electron from T
2
 is transported via the metal complex wire. However, the effect of the charge 

trapping is not significant strong in the case of Si-A
2
(FeL)3FeT

2
 because the cyclic 

voltammograms at a scan rate of 1000 mVs−
1
 collected by the consecutive potential scan did 

not show a significant change (Figure 4-3-6). It means that all of the oxidized species were 

reduced within the scanned potential range. 

The surface coverage values of Fe(tpy)2 complex increased linearly while those of T
2
 give 

the almost constant values (Figure 4-3-7). This series of results suggests that the linear growth 

of Fe(tpy)2 complex wires and the introduction of T
2
 at the tip of the wires. From the above 

results, the construction of target T
2
-terminated Fe(tpy)2 wires was confirmed. 
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Figure 4-3-4. Cyclic voltammograms for Si-A
2
FeT

2
 (A), Si-A

2
(FeL)1FeT

2
 (D), Si-A

2
(FeL)2FeT

2
 (G), and 

Si-A
2
(FeL)3FeT

2
 (J), Ip –  plots of [Fe(tpy)2]

3+/2+
 redox couple for Si-A

2
FeT

2
 (B), Si-A

2
(FeL)1FeT

2
 (E), 

Si-A
2
(FeL)2FeT

2
 (H), and Si-A

2
(FeL)3FeT

2
 (K), and Ip –  plots of T

2
 for Si-A

2
FeT

2
 (C), 

Si-A
2
(FeL)1FeT

2
 (F), Si-A

2
(FeL)2FeT

2
 (I), and Si-A

2
(FeL)3FeT

2
 (L). 
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Figure 4-3-5. (A) Cyclic voltammograms for T
2
 in Si-A

2
FeT

2
 (blue solid line) and in Si-A

2
(FeL)3FeT

2
 

(red solid line) at a scan rate of 1000 mVs−
1
, and (B) dependency of Ipa/Ipc ratio on the number of 

layer, n. 

 

 

 

Figure 4-3-6. (A) The dependency of cyclic voltammograms for T
2
 in Si-A

2
(FeL)3FeT

2
 at a scan rate of 

1000 mVs−
1
 on the scan cycles, 1st cysle (blue solid line), 2nd cycle (red solid line) and 3rd cycle (green 

solid line). The 2nd cycle and the 3rd cycle are almost overlapped. 
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Figure 4-3-7. Cyclic voltammograms for Si-A
2
(FeL)n−1FeT

2
 at a scan rate of 500 mVs

−1
 (A), and the 

surface coverage values of Si-A
2
(FeL)n−1FeT

2
 (B). 
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4-4 Comparison of electron transport behavior 

 

The electron transport behavior from T
2
 is drastically different from the case of T

1
. The 

cyclic voltammograms of the terminal ligands in a 1-layered T
1
-terminated wire (Si-A

2
FeT

1
) 

and a 3-layered T
2
-terminated wire (Si-A

2
(FeL)2FeT

2
) collected at scan rates of 25 mVs−

1
 and 

1000 mV s−
1
, are shown in Figure 4-4-1. Although T

1
 shows a reversible redox couple at 25 

mVs−
1
 potential sweep, large peak separation (Ep = 0.13 ± 0.01 V) is observed at 1000 mVs−

1
. 

On the other hand, the Ep value of T
2
 is only 0.021 ± 0.002 V at 1000 mVs−

1
 in spite of its 

longer distance from the electrode. This result means that the electron transport between T
2
 

and silicon is superior to that of T
1
-terminated wire. 

 

 

Figure 4-4-1. Cyclic voltammograms for Si-A
2
FeT

1
 (A) for Si-A

2
(FeL)2FeT

2
 (B) at scan rates of 25 mVs−

1
 

(red solid line) and 1000 mVs−
1
 (green solid line). 
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4-5 Electron transport mechanism of Fe(tpy)2 wire on silicon electrode 

 

 The electron transport in Fe(tpy)2 wire is composed of the three electron transport steps. The 

first one is the electron transfer between an electrode and the closest Fe(tpy)2 unit from an 

electrode (ET1). The others are the electron transfer between the neighboring Fe complexes 

(ET2), and that between the Fe complex and a terminal ligand (ET3) (Figure 4-5-1). Among 

them, ET2 and ET3 should exhibit the same behavior with that observed in Fe(tpy)2 wires on 

gold electrode because these structures are not changed. It is considered that ET1 is strongly 

affected by the change of electrode from gold to silicon. Therefore, the ET1 process is mainly 

focused in the following elucidation of electron transport mechanism. 

 

 

Figure 4-5-1. Electron transport model for Fe(tpy)2 wire. 

 

The observed different redox behavior of the terminal redox species at the top of Fe(tpy)2 

wire can be elucidated from the energy levels of the wire components and the band structure 

of silicon electrode. The energy levels of silicon conduction band edge and valence band edge 

are − 4.05 eV and − 5.17 eV from the vacuum level respectively 
4b)

. For the connection of the 

vacuum energy level and the redox potentials, the vacuum level of ferrocene HOMO level, − 

4.8 eV is useful 
14)

. The redox potentials of wire components, T
1
, T

2
 and Fe(tpy)2 are 0.04 V, 

0.33 V, and 0.68 V vs. ferrocenium/ferrocene respectively. Therefore, their approximate 

vacuum energy levels can be estimated as − 4.8 eV, − 5.1 eV and − 5.5 eV, respectively. From 

these values, the energy diagram can be drawn (Figure 4-5-2). 

 Before the modified p-type silicon electrode contacts the electrolyte solution, the Fermi 

energy level (EF) exists close to the valence band edge (Figure 4-5-3(A)). After contact with 

the electrolyte solution, the Fermi energy of silicon is aligned with the Fermi energy level of 

the solution (Figure 4-5-3(B)). In the case of metal electrode, the Fermi energy level can 

move freely. However, the Fermi energy of silicon cannot move like metal does because no 

levels in the forbidden band. Therefore, the energy level near the interface of silicon and the 

electrolyte solution is pinned, and the deformation of band structure occurs to make the same 
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Fermi energy with that of the solution. In the cyclic voltammetry measurement, the applied 

potential (Eapp) is equal to the Fermi energy level of electrode. It means that the Fermi energy 

level of silicon is moved by the potential sweep and the degree of the band deformation state 

is also changed. 

 The estimated band structures of silicon when the CV measurements of T
x
 are performed as 

shown in Figure 3-5-4. At first, the case of the electron transport from T
1
 is considered. The 

HOMO level of T
1
 exists in the middle of the band gap and far from the valence band edge. In 

this situation, it is considered that the band structure is largely bended to realize the alignment 

of the Fermi energy with the HOMO level of T
1
. As a result, the large potential barrier is 

formed. In addition, the valence band and Fe(tpy)2 units are occupied by electrons. These 

factors prevent the electron transport from T
1
, and give the large Ep value indicating the 

slow electron transport. On the other hand, the redox potential of T
2
 is close to the valence 

band edge. This potential position is close to the initial state of silicon band structure before 

the contact with the electrolyte solution, and the much more relaxed deformation of the band 

than the case of T1. In addition, the applied potential is also close to the energy levels of 

Fe(tpy)2 complexes, and a part of them can be oxidized and make the electron pathway. It is 

expected that they can contribute to produce the superior electron transport from T
2
. 
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Figure 4-5-2. Vacuum level energies of the band edge of silicon and the wire components. 

 

 

 

Figure 4-5-3. P-type silicon band structure before contact with an electrolyte solution (a) and after making 

connection (b). 
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Figure 4-5-4. Energy diagrams for Si-A
2
(FeL)n−1FeT

1
 (a) and Si-A

2
(FeL)n−1FeT

2
 (b), and mechanisms of 

electron transport from T
x
.  



- 85 - 

 

 In the above description, the vacuum level of ferrocene HOMO level is set at −4.8 eV. 

However, the various values have been reported such as −4.6 eV, −5.1 eV, −5.39 eV and −5.4 

eV 
4b, 15)

. Here, the elucidation of the energy diagram is performed using −5.1 eV as a 

ferrocene HOMO level as an example. The vacuum energy levels of T
1
, T

2
 and Fe(tpy)2 are 

calculated ats −5.1 eV, −5.4 eV and −5.8 eV, respectively (Figure 4-5-5). In this situation, the 

HOMO level of T
1
 is very close to the valence band edge. Therefore, when the redox reaction 

of T
1 

takes place, the silicon band structure is almost flat. However, the valence band is 

occupied by electrons and prevents the electron transport from T
1 

via Fe(tpy)2 units because 

the large energy barrier is formed between silicon and Fe(tpy)2 complex. In the case of T
2
, 

both of T
2 

and Fe(tpy)2 HOMO levels exist in the valence band. It means that the Fermi 

energy level also exists within the valence band. Therefore, the valence band is unoccupied 

state, and the easy injection of the electron transported from T
2
 to electrode contributes the 

superior electron transport (Figure 4-5-6). 

 

 

 

Figure 4-5-5. Vacuum level energies of the band edge of silicon and the wire components. 
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Figure 4-5-6. Energy diagrams for Si-A
2
(FeL)n−1FeT

1
 (A) and Si-A

2
(FeL)n−1FeT

2
 (B), and electron 

transport mechanisms from T
x
.  
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4-6 Conclusion 

 

 In Chapter 4, the stepwise preparation of bis(terpyridine)iron complex wires including T
1
 or 

T
2
 at the termini, the qualitative comparison of electron transfer rate and the elucidation of 

electron transport mechanism were described.  

 The fabricated wires were evaluated by cyclic voltammetry, and the increase of surface 

coverage values for Fe(tpy)2 complex and the constant value of T
x
 in accordance with the 

number of the layers revealed that the desired structures were obtained. The T
1
-terminated 

wires gave the reversible redox couple derived from Fe(tpy)2 and the largely-separated redox 

peaks for T
1
 suggesting the slow electron transport. The reversible redox waves for Fe(tpy)2 

and T
2
 were observed in T

2
-terminated wires, indicating the rapid electron transport. This 

difference of electron transport behavior was explained based on the energy levels of silicon 

band structure, T
x
 and Fe(tpy)2. In the case of T

1
-terminated wires, the slow electron transport 

occurs by the potential barrier due to the band edge deformation and the valence band and 

Fe(tpy)2 units occupied by electrons. The reason of superior electron transport in 

T
2
-terminated wires is the small potential barrier and the electron pathway produced by the 

partially oxidized Fe(tpy)2 units. In addition to the above reasons, the sequential hopping 

mechanism is also related to the characteristic electron transport behavior observed in 

T
1
-terminated wires. 
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5 Concluding remarks 

 

 In this thesis, the sequential construction of bis(terpyridine)iron (Fe(tpy)2) complex wire on 

hydrogen-terminated silicon(111) surface and their electrochemical property were described.  

 

 In Chapter 2, the Fe(tpy)2 complexes linked via the four types of anchor ligands (Si-A
x
FeL, 

x = 1 − 4 ) were prepared on p-type hydrogen-terminated silicon electrodes by the stepwise 

coordination reaction. The obtained results from cyclic voltammetry, X-ray photoelectron 

spectroscopy and atomic force microscope confirmed the construction of Fe(tpy)2 on silicon 

surface. The quantitative evaluation of the electron transfer rate constant (kET) between an 

electrode and a Fe(tpy)2 complex was achieved by potential step chronoamperometry (PSCA). 

The estimated kET values exhibited that the anchor ligands including a phenylene bridge in 

their structure (Si-A
2
FeL and Si-A

4
FeL) have the superior electron transfer ability in spite of 

their longer distance between the iron center and silicon electrode. This phenomenon was 

explained by the small energy difference between HOMO level and HOMO−3 level by the 

DFT calculation for the simplified structures. 

 

 In Chapter 3, the Fe(tpy)2 complex (Si-A
5
FeL) was prepared on silicon substrate via the 

direct Si-arene bond formed by the Pd-catalyzed coupling reaction. The construction of 

Fe(tpy)2 complex was confirmed by the reversible redox wave derived from [Fe(tpy)2]
3+/2+

 in 

the cyclic voltammogram and the proportional dependency of peak current on scan rate. The 

kET values for Si-A
5
FeL obtained by PSCA was greater than that of Si-A

1
FeL which has the 

Fe(tpy)2 unit linked with the electrode via vinylene bridge. This promotion of electron transfer 

came from the energy rise of HOMO−3 level in Si-A
5
Fetpy due to the expansion of 

-conjugation making the small energy difference between HOMO and HOMO−3 levels.  

 

 In Chapter 4, the redox active terminal ligands were introduced at the top of Fe(tpy)2 wires 

on silicon electrode. From the redox behavior of the terminal redox site, the electron transport 

behavior of Fe(tpy)2 wires were elucidated. The sequential elongation of the wires were 

confirmed by the increase of coverage values of Fe(tpy)2 estimated from the integration of the 

redox wave with the number of coordination cycles. The large separation of oxidation peak 

and reduction peak of T
1
 in Si-A

2
(FeL)n−1FeT

1
 suggested that the slow electron transport 

between T
1
 and electrode. The T

2
 in Si-A

2
(FeL)n−1FeT

2
 showed the reversible redox wave 

with the small peak separation even in the elongated wires and indicated the superior electron 

transport. This difference of electron transport behavior was elucidated from the energy levels 

of silicon band structure and HOMO levels for Fe(tpy)2 and the terminal ligands. 
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 These results show that the electron transport behavior of molecular systems on 

semiconducting electrode are affected by their molecular structure, the junction structure, the 

energy levels of wire components and the electronic state of electrode. These insights will 

show the way to design molecular wires on semiconductor and contribute to the achievement 

of molecular electric devices transporting electron effectively. 
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