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Abstract of Thesis

Nowadays, scientific issues have been focused on nanotechnology and properties of particular particle transport
phenomena, and thus, atomistic-scale computations have been utilized in various research fields of physics,
chemistry, biology, materials sciences, and engineering applications. In this thesis, we have developed a
theoretical model to distinguish electrical conductance of molecular species in terms of current-voltage (I-V)
characteristics. A novel method to evaluate non-equilibrium electronic processes is proposed, which may
overcome a computational barrier limited in ground states. Some numerical results from ab initio computations
are also demonstrated, focusing on the orientation of molecules to the electrode surfaces in non-equilibrium
transport processes, such as single-molecule junctions and oxygen reduction reactions (ORR). Our theoretical
model is developed based on the Heisenberg uncertainty principle and numerical procedures in density
functional theory. Further computations have been carried out to investigate a relationship between the
orientation of dipole moment and energy levels in molecules under the external electric field.

Firstly, the present method is applied to a single-molecule junction in deoxyribonucleic acid (DNA) sequencing
technique by using nano-gapped sensing electrodes, where four types of DNA bases can be identified by
tunneling current measurement associated with the unique conduction property of each base. Sequential
identification of DNA bases by measuring their electrical conductance is one of the most interesting topics,
because it is expected to reduce the time and cost for sequence analyses for gene therapy, safety of foods, and
criminal investigations. In the present study, electric current responses are evaluated as a function of rotation
angles defined along a chemical bond between the sugar and base. It is found that orientations of molecular
orbitals to the electric fields result in differences in the dipole moments and in the energy changes. As a result,
the computed electrical conductance is in reasonable agreement with the previous results from both
experimental and theoretical approaches by other groups.

In another topic, we apply our developed method to ORR observed in proton exchange membrane fuel cells that
have attracted significant attention as an alternative energy source, owing to their low operating temperature
and applicability in both stationary and portable uses. Such clean energy sources are expected to be a promising
solution to overcome several problems in the worldwide energy crisis and environment pollution. For the wide
area use, however, the most critical problem is the high production cost and the high overpotential which is
principally caused by ORR. The ORR is a complicated interfacial reaction which includes various possible
intermediate pathways depending on the adsorption and dissociation of molecules. There have been numerous
studies about ORR wusing various computational methods; however, previous works seem to propose
contradictory conclusions due to the different computational procedures and limitations in different frameworks.
Although most of the results may usefully provide the detail of ORR mechanism and discuss the possibility of
each pathway regarding to the activation energies, non-equilibrium electronic process has not been explained
enough. In this study, focusing on the interaction between dissociatively adsorbed molecules and catalyst
surface, the I-V characteristics are evaluated for each possible adsorption pathway. Our model can sense the
difference in the geometrical configurations from the viewpoint of non-equilibrium electronic process.
Furthermore, the ab initio molecular dynamics simulations are performed to simulate the dynamical behavior of
an adsorbed molecule to the modeled surface, and electrical profiles are also proposed as a novel approach to

describe the charge transport in ORR.
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