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Understanding electron transport at the single molecule level is of primary importance in utilizing a single
molecule as an electronic component. Recently, there have been significant advances in the measurement of
electron transport through a single molecule, and a large variety of molecules with unique electronic functions,
e.g., wires, diodes, switches, and transistors, has been reported. Functional nanoelectronic devices can be realized
by the controlled organization via self-assembly processes, where individual molecules are organized through
noncovalent interactions between each other. These chemical interactions should allow not only the structural
robustness of the molecular assemblies, but also a suitable electrical connection between the constituent molecules.
Thus, the next challenge lies in measuring electron transfer between single molecules interacting with each other
noncovalently. However, rather little is currently known about the electron transfer properties through the
noncovalent interactions at the single-molecule interface, and even at the macroscopic scale.

In the present research, molecular tips of scanning tunneling microscopy (STM) were utilized to develop novel
methodologies for quantification of electron transfer through noncovalent interaction between single molecules.
The molecular tips have been used to overcome poor chemical selectivity of conventional STM. In addition to this
advantage, these functionalized tips are also expected to provide a unique means of detecting intermolecular
electron transfer given the fact that the electron tunneling takes place between a single molecule on the tip and

another adjacent single molecule on a sample surface.



The present doctoral thesis consists of six chapters.

Chapter 1 is Introduction, which describes the background of the present research and related previous studies.
The purpose and contents of the thesis are also provided.

Chapter 2 describes quantification of electron transfer through a hydrogen bond between single molecules. In
this work, STM tips were modified with self-assembled monolayers of w-carboxyl alkanethiol to prepare the
molecular tips. A gold substrate was also modified with ®-carboxyl alkanethiol, and the molecular tip was brought
into proximity with this sample surface. The electron transfer between the tip and sample molecules were
measured while keeping the tip—sample distance constant by freezing the feedback loop of STM. The resulting
current—time plot showed current jumps and consecutive plateaus. In the present measurement, the tip and sample
molecules have carboxyl groups at their free ends, and the current jumps were attributed to hydrogen bond
formation between these terminal carboxyl groups. The current increase brought on by the current jump, therefore,
reflects electron transfer through the hydrogen bond interaction between the two single molecules. Surprisingly,
the conductance of the hydrogen-bonded single molecules was found to be larger than that of the single molecule
fully connected with covalent ¢ bonds. The first-principle calculations were carried out to qualitatively examine
the origin of the superior conductivity of the hydrogen-bonded molecular junction. A prominent peak in the
density of states projected onto the central region was found near the Fermi level for the hydrogen-bonded
molecular junction while such a peak was absent for the covalently connected molecular junction. Because
valence band structures affect the tunneling current through molecular junctions, the higher conductivity of the
hydrogen-bonded junctions was attributed to the prominent peak in the projected density of states.

Chapter 3 concerns electron transfer through coordination bond interaction between single molecules. The
w-carboxyl alkanethiol was again used as tip and sample molecules to explore the effect of the metal coordination
on the single-molecule conductance. Without a metal ion in the measurement solution, the molecular tip formed a
hydrogen bond with the sample molecule through the carboxyl groups, and facile electron transfer took place as
demonstrated in Chapter 2. In the presence of the metal ion, two kinds of electron transfer were detected. One of
them was through the hydrogen bond between the carboxyl groups. Another electron transfer was attributed to
electron transfer through a sandwich coordination molecular junction where the molecules on the tip and substrate
coordinate with the metal ion. In Chapter 2, it was demonstrated that a hydrogen bond between single molecules
can conduct electrons better than a covalent o bond does. This chapter demonstrates that further facilitation of
electron transfer occurs through metal-coordination bond interaction. These observations deepen our
understanding of electron transfer between single molecules. Furthermore, the electron transfer induced by metal
coordination was exploited in the construction of potential molecular switches activated by a single metal ion.

Chapter 4 deals with quantitative exploration of electron transfer from a single electron donor to a neighboring
another single electron acceptor. Specifically, electron transfer in a single noncovalent porphyrin—fullerene dyad
was measured by utilizing an STM tip functionalized with fullerene, prepared by chemical modification of the Au
tip with a fullerene derivative. In the single-molecule conductance measurements, linking groups, such as thiols,

which couple the sample with the electrodes, are mandatory and currently the subject of extensive research in the



field of molecular electronics. Against this situation, this study introduced a novel method for electrical connection
of a sample molecule to a Au substrate, i.e., ligation-mediated coupling. This protocol facilitates the detection of
electron transfer without the use of a linking group and, thus, without chemical modification of the sample
porphyrins. Combination of the fullerene molecular tip and ligation-mediated coupling enabled quantitative
characterization of the conductance of the single fullerene—porphyrin assembly. It has been demonstrated that a
porphyrin—fullerene pair exhibits a rectification property; this characteristic renders the molecular assembly
particularly attractive in molecular electronics. Herein, the rectification was successfully quantified. The present
study opens up a way for quantitatively exploring rich electronic properties of a supramolecule at the
single-molecule level.

Chapter 5 demonstrates the application of the detection of intermolecular electron transfer to single-molecule
sensing. Single-stranded DNA was utilized as a probe tip for single-molecule DNA detection. Hybridization
occurred between the DNA tip and the target DNA adsorbed on the Au substrate during the conductance
measurements so that the resulting double-stranded DNA bridges the gap between the Au tip and substrate.
Subsequently electrons were transferred through the single DNA molecular junction. It was concluded that a DNA
tip enables single-molecule DNA detection based on electron transport induced by the in situ hybridization during
the current measurements. Furthermore, it was found that the presence of a single-base mismatch or methylated
nucleobase in the DNA duplex results in significant decrease in the DNA conductance. These results demonstrate
that the DNA tips offer a single-molecule sensitive, rapid, and low cost methodology for single-molecule genetic
diagnosis through direct electrical detection.

Chapter 6 is Conclusion. This chapter summarizes the whole results in the doctoral thesis and provides their

prospects.
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