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Annual Review 2014 FROM THE DIRECTOR-GENERAL

The Institute for Molecular Science (IMS) is one of the world’s core research facilities for
molecular science and is also a center for inter-university joint research in Japan. It sets an
extremely wide range of research goals, from understanding the behavior of individual
molecules to that of collective molecular processes on the scale of life forms and in space.
Currently, the IMS is engaged in five (four plus one) areas of research: Theoretical and
computational molecular science, Photo-molecular science, Materials molecular science, and
Life and coordination-complex molecular science. A new research Center of Integrated
MOlecular Systems (CIMOS), the fifth research division of IMS, has started from April, 2013
to develop the highly functional molecular systems such as molecular rhythms, sensing and
response, and even self-repair. In addition to these research divisions, IMS has six Research

facilities and centers; UVSOR Facility, Laser Research Center for Molecular Science,
Instrument Center facilitated with various molecular detectors, for example, 920MHz and
800MHz NMR, and Equipment Development Center. IMS also operates the Research Center for Computational Science and
Okazaki Institute for Integrative Bioscience (OIIB), jointly with National Institute for Physiological Sciences and National

Institute for Basic Biology in the same campus.

This Annual Review 2014 is a summary of research activities during September 2013—August 2014. The individual research
groups at IMS are making steady progress in basic research on molecular structures, reactions and functions demonstrating
“novel molecular capabilities,” as reported in this Review. In addition to these individual activities, IMS conducts the five special
programs in the institute basis; (i) a computational chemistry program of TCCI (Theoretical and Computational Chemistry
Initiative) as a part of CMSI (Computational Materials Science Initiative) in HPCI (High Performance Computational
Infrastructure), (ii) Nano science project, called Nanotechnology Platform from July 2012. (iii) Extreme photonics in
collaboration with RIKEN, (iv) COE of molecular and materials simulations as a joint program of NINS, and (v) Photon Frontier
Network Consortium for Photon Science and Technology in collaboration with Japan Atomic Energy Research Institute, Osaka
University and Kyoto University. With two IMS own international programs for Asia, namely, EXODASS (EXchange prOgram
for the Development of Asian Scientific Society) and Asian Core, IMS has invited active young scientists from various East
Asian countries to carry out collaborative researches. EXODASS Program is the post-JENESYS starting from 2011, and aims to
provide the opportunity of internship for young researchers (e.g., master’s and doctoral students and postdoctoral researchers)
from Asian countries to stay in IMS laboratories related to the basic research for environmental and energy problems. Asian
Core program also has now become IMS’s own project, continuing to strengthen the tie among the four key institutes of
Chemical Physics in Asia, namely, KAIST in Korea, IAMS in Taiwan, ICCAS in China and IMS in Japan.

Many new faculty members have joined the IMS faculty in the period of September 2013—August 2014. Dr. Satoshi Kera
from Chiba University, an expert of photoelectron spectroscopy and developing functional organic materials, has started his new
position as a full professor of Photo-Molecular Science III section. Dr. Ryota Iino from the University of Tokyo, an expert on the
single-molecule biophysics, especially, on molecular machines and molecular motors, is now a full professor of Okazaki Institute
for Integrative Bioscience and also of Life and Coordination-Complex Molecular Science division. Three new associate
professors have also joined our faculty in the same period; both Dr. Nobuyasu Koga from Washington University and Dr. Genki
Kobayashi from Kanagawa University become members of Research Center of Integrative Molecular Systems, and Dr. Norie
Momiyama from Tohoku University a member of Life and Coordination-Complex Molecular Science division. Professor Koga
conducts the protein design by using computational and experimental approaches. Professor Kobayashi is developing effective
synthesis methods of oxyhydrides, and to find a new functional materials providing hydride conductivity and novel electronic
property. Professor Momiyama is exploring novel synthetic methods to develop highly functional chiral organic molecules.

IMS is continuing to employ a new scientific perspective with the newly founded CIMoS research center, mentioned above,
and by trying to establish a new center (“precision multiscale measurement and analysis center”) to develop the precision
measurement and analysis methods to explore the spatiotemporal (time and spatial) development of multiscale molecular

systems. We do expect your advice and support for creating this new era of molecular science.

vl

OHMINE, Iwao
Director-General, Institute for Molecular Science

September, 2014
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Graduate Programs

IMS is one of the leading national research institutes for natural science. For graduate
education, IMS has two departments of The Graduate University of Advanced Studies
[SOKENDAI]: Department of Structural Molecular Science and Department of Functional
Molecular Science. One year is divided into two terms, the first semester (April-to-September)
and the second semester (October-to-March).

The graduate education at IMS focuses on the molecular sciences. Each graduate student

e
il

can study molecular science under guidance of the IMS faculty members in the following areas: Photochemistry and

photophysics, Materials science, Coordination chemistry and catalysis, Biochemistry and biophysics, and Theoretical and
computational molecular science.

In the 1st and 2nd years of the 5-year doctoral course, the programs emphasize the general science education in English and
the laboratory rotation at three different research groups lasting about one month each. By providing such opportunities, the
program seeks to help students develop extensive knowledge on physical sciences and high degree of professional quality as well
as to help them prepare for the education in their 3rd to Sth years of the 5-year doctoral course: (1) Basic Course (standard
course), (2) The Advanced Research Course (studying abroad for 3 months), (3) Project Research Course (plan, develop, and
execute large-scale research projects), (4) Development Research Course (internship at a company).

Young scientists and graduate students from abroad are also encouraged to visit IMS through several opportunities such as
the IMS Open Campus and Lecture in May, Summer Training Program in August, and Asian Winter School in addition to IMS
International Internship Program as shown below.

International Collaboration and Exchange Programs

Many foreign researchers and students stay for 1-12 months in IMS to collaborate with us in the field of molecular science,
and stay for 1-2 weeks to use various kinds of research equipments in our research facilities such as the UVSOR Facility and
Equipment Development Center. IMS has own budget to carry out these international exchange and collaboration programs, and
covers part of research expenses and travel expenses for visitors from abroad. They can use our guest house.

Exchange/Collaboration program Duration of Stay Eligibility

Long-term 3-12 months Professors, Associate Professors and other

IMS visiting faculty program errmling posiiom

Short-term* 1-3 months
Long-term >6 months

IMS international internship program Ph.D. students and PostDoc.
Short-term* 1-6 months

IMS facility user program 1-2 weeks Professors, Researchers, and Ph.D. students

* We preferentially invite researches and students from MOU partnership institutions

International Symposia

We organize several kinds of international symposia based on screening of several submitted proposals. In addition, we have
international collaborative symposia with MOU partners at IMS or at MOU partner’s country.
Program Purpose

An international conference with distinguished foreign researchers
Okazaki Conference by focusing on an emerging field as a fundamental issue in the field

International of molecular science and related research area

Symposia and

Workshop Mini-International Workshop A small international workshop on a specific field
Asia/Oceania IMS Workshop Workshop with Asian and Oceanian researchers and students
IMS Workshop (General)

Workshop on timely topics in molecular science, organized as a
IMS Workshop in cooperation with a specified  collaborative effort between outside and IMS researchers.

IMS Worksh:
R research community

IMS Workshop in cooperation with graduate students ~ Workshop and other related activities planned by graduate students



RESEARCH ACTIVITIES
Theoretical and Computational Molecular Science

It is our goal to develop new theoretical and computational methods based on quantum mechanics and statistical mechanics
to predict and understand the structures, chemical reactions, and functions of molecules in gas and condensed phases
including nano- and bio-systems.



RESEARCH ACTIVITIES

Theoretical Studies on

Heterogeneous

Condensed Phase Dynamics

Department of Theoretical and Computational Molecular Science

Division of Theoretical Molecular Science |

Education
1988 B.S. Keio University
1990 M.E. Kyoto University

Professional Employment
1990
1994
1998
2005
2006

SAITO, Shinji
Professor
[shinji@ims.ac.jp]

Keywords

Nonlinear intermolecular interactions cause complicated
motions in condensed phases, e.g. liquids and biological
systems. These motions are spatially and temporally hetero-
geneous with a wide range of time and spatial scales and yield
both static and dynamic properties of the systems. In particu-
lar, heterogeneity plays important role in strongly-interacting
systems, e.g. supercooled and ionic liquids, and biological
systems. The spatio-temporal non-uniform motions known as
dynamic heterogeneity are considered to be a clue to under-
stand supercooled liquids and glass transition. Furthermore,
heterogeneous reaction rates have been found in biological
systems. Therefore, understanding of spatio-temporal hetero-
geneous dynamics is essential to the elucidation of the struc-
ture, thermodynamics, dynamics, and functions of the systems.

We have been investigating inter- and intra-molecular
dynamics of water by third-order nonlinear spectroscopy
which provide the detailed dynamics that are not available
from conventional IR spectroscopy. We examined two-dimen-
sional IR spectra and the energy relaxation and revealed the
molecular mechanism of the ultrafast energy relaxation, which
is one of dynamical features of water, i.e. the fast energy
relaxation is caused by the nonlinear strong coupling between
the libration motion and other intra- and inter-molecular
vibrational motions.

We have also investigated the dynamics of supercooled
liquids. We quantified the lifetime of dynamic heterogeneity
by introducing the three-time correlation function of density

Selected Publications

» T. Yagasaki and S. Saito, Acc. Chem. Res. 42, 1250-1258 (2009),
Annu. Rev. Phys. Chem. 64, 55-75 (2013).

e S. Imoto, S. Xantheas and S. Saito, J. Chem. Phys. 139, 044503 (7
pages) (2013).

1995 Ph.D. The Graduate University for Advanced Studies

Member
Assistant Professor
MORI, Toshifumi
IMS Fellow
ONO, Junichi
Secretary
KONDO, Naoko

Technical staff, Institute for Molecular Science

Research Associate, Nagoya University

Associate Professor, Nagoya University

Professor, Institute for Molecular Science

Professor, The Graduate University for Advanced Studies

Spatio-Temporal Heterogeneous Dynamics, Liquids, Proteins

fluctuation, which is sensitive to the time evolution of dynamic
heterogeneity. Our systematic analysis for various systems
shows that the lifetime of dynamic heterogeneity is intimately
related to configurational entropy and thus the temperature
dependence of lifetime of dynamic heterogeneity is more
sensitive to the fragility than that of o-relaxation time
determined by one-time correlation function. In addition to the
analysis of dynamic heterogeneity with multi-time correlation
function, we have examined the molecular origin of anoma-
lous temperature dependence of isobaric specific heat of water.
The time scale involved in isothermal specific heat has been
analyzed by analyzing complex specific heat. We examined
the emergence of correlated motion in terms of the wave-
number (k) dependent complex specific heat and the shell-wise
energy fluctuation.

Currently, we are investigating how slow motions, which
are involved in functions, are induced in biological molecules.

Figure 1. Schematic figure of rugged energy landscape (center) in
supercooled water (left) and a biomolecule (right).

e K. Kim and S. Saito, J. Chem. Phys. (Special T opic on Glass
Transition) 138, 12A506 (12 pages) (2013).

» S. Saito, I. Ohmine and B. Bagchi, J. Chem. Phys. 138, 094503 (7
pages) (2013).
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1. Anomalous Dynamics of Supercooled
Water in “No Man’s Land”

There exists no experimental study on dynamics of super-
cooled water between 155 K and 232 K, though several
conjectures have been put forward. We carry out extensive
molecular dynamics simulations from room temperatures
down to as low as 130 K. Relaxation times are found to vary
over twelve orders of magnitude in traversing this range, with
occurrence of multiple anomalies. Structural, dynamical and
thermodynamic properties all show a crossover, around 225 K,
to a different, low density liquid state with different dynamical
properties. On further cooling, this low density liquid again
undergoes a dynamical transition around 197 K region where
the density reaches its minimum, the dynamical heterogeneity
starts to decrease after reaching maximum, and Stokes-Einstein
relation, which is violated above 197 K, is recovered below
197 K. The temperature dependence of the relaxation times
reveals three distinct branches, with discontinuities around 225
K and 197 K. From analysis of clusters of liquid-like and ice-
like molecules, we attribute the latter anomalies to a pseudo-
spinodal decomposition where the clusters of liquid-like
molecules become fragmented (as if in a reverse percolation
transition) and the small high density liquid droplets get
surrounded by the dominant low density liquid. The third low
temperature branch that appears below 197 K is studied here
for the first time and is quite distinct from previous two
branches. The relaxation time of this low temperature branch
grows rapidly and the fitted relaxation time is projected to
cross the 100 s mark around 135 K. We find that the number of
defects in the liquid-like clusters serves as a good order
parameter to describe this rapid growth. The approach to the
amorphous ice is driven both by the rapid disappearance of the
liquid-like droplets (below 180 K) and a simultaneous slow
down of relaxation.

] 100 =
i ot it on 3 I B cusioe

Figure 2. Snapshots of supercooled liquid water at (a) 250, (b) 220,
and (c)180 K. (d) Relationship between the number of molecules in a
liquid-like cluster and the relaxation times of translational (red curve)
and rotational (blue curve) motions. A liquid-like cluster consists of
HB defects and their first hydration molecules. Colored molecules in
(a)—(c) are liquid-like clusters.

2. Theoretical Study on Excited States of
Bacteriochlorophyll a in Solutions with
Density Functional Assessment

We investigate the excited-state properties of bacterio-
chlorophyll a (BChl a) in triethylamine, 1-propanol, and
methanol by using the quantum mechanical and molecular
mechanical (QM/MM) reweighting free energy SCF method,
which is an efficient geometry optimization method of a QM
subsystem on a QM/MM free energy surface. We employ the
time-dependent density functional theory for the excited-state
electronic structure calculations with several density func-
tionals. However, no prevalent functional can reproduce the
experimental results, i.e. the absorption and reorganization
energies of BChl a in solutions. We optimize the parameter L
in the range-separated hybrid functionals to reproduce the
differences of the absorption energies in three solvents. The
CAM-B3LYP functional with L = 0.20 can also reproduce the
reorganization energies in triethylamine almost quantitatively.
We examine the origin of the difference of the absorption
energies in the three solutions. It is considered that the density
functional with an adjusted parameter is essential to the
understanding of the excited-state properties of BChl a in
proteins and also the mechanism of the photosynthetic systems.

Figure 3. Functional dependence of the change in electrostatic
potential of BChl a on the Qy excitation in 1-propanol. The electro-
static potential distribution is calculated at the ground-state optimized
geometry. Positive and negative values are shown by red and blue

colors, respectively.

References

1) S. Saito, I. Ohmine and B. Bagchi, to be published.

2) M. Higashi, T. Kosugi, S. Hayashi and S. Saito, J. Phys. Chem. B
(2014), in press.
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Theory for Optical Near-Field Response and
its Application to Functional Nanodevices

Department of Theoretical and Computational Molecular Science
Division of Theoretical Molecular Science |

Education
1991 B.S. Tohoku University

Professional Employment
1995
1999
2004

Studies

NOBUSADA, Katsuyuki
Associate Professor
[nobusada@ims.ac.jp]

Keywords

Optical response of molecules is undoubtedly essential for
understanding their physicochemical properties. In conven-
tional theoretical approaches to optical response of molecules,
two conditions are usually assumed: (i) Wavelength of inci-
dent light is considered to be much longer than molecular size,
i.e., dipole approximation. Thus, a target molecule is well
approximated by a point dipole and the dipole feels a uniform
electromagnetic field. (ii) Electric polarization in a molecule
induced by incident-light excitation inevitably generates a new
electromagnetic field, referred to as an “optical near-filed,”
according to Maxwell’s equations. However, such a self-
consistent light-matter (LM) interaction between electron and
electromagnetic field dynamics is ignored. Recent develop-
ment of nanofabrication and nano-optical techniques requires
a more general optical response theory fully taking account of
nonuniform and self-consistent light-matter (LM) interactions.

We have developed a generalized theoretical description of
full (nonuniform and self-consistent) LM interactions with the
aim of understanding the optical near-field excitation dynam-

Selected Publications

¢ K. Nobusada and K. Yabana, “Photoinduced Electric Currents in
Ring-Shaped Molecules by Circularly Polarized Laser Pulses,”
Phys. Rev. A75, 032518 (7 pages) (2007).

* T. Iwasa and K. Nobusada, “Nonuniform Light-Matter Interaction
Theory for Near-Field-Induced Electron Dynamics,” Phys. Rev. A
80, 043409 (11 pages) (2009).

Member
Assistant Professor
IIDA, Keniji
Post-Doctoral Fellow
NODA, Masashi
KOIZUMI, Kenichi
Secretary
YAMADA, Mariko

1998 Ph.D. The University of Tokyo

Assistant Professor, Institute for Molecular Science

Assistant Professor, Hokkaido University

Associate Professor, Institute for Molecular Science
Associate Professor, The Graduate University for Advanced

Optical Near-Field, Light-Matter Interaction, Nanodevices

ics in nanostructures of more than ten-nanometers in size.
Electron dynamics in nanostructures interacting with an electro-
magnetic field is described by the time-dependent Kohn-Sham
(TDKS) equation based on minimal coupling Hamiltonian
with Coulomb gauge. On the other hand, electromagnetic field
dynamics is represented by the microscopic Maxwell’s equa-
tions. The nonuniform LM interaction is taken into account in
the vector potential and the self-consistent LM interaction is
described by solving the electron and electromagnetic field
coupled equations self-consistently. The coupled equations are
solved numerically by using our developed computational
program (GCEED: Grid-based Coupled Electron and Electro-
magnetic field Dynamics). Our computational approach is
based on a finite-difference method in real-time and real-
space. Since the approach employs very simple algorithms, it
is very suitable for massively parallelized computations. We
have achieved the parallelized calculations with more than
660,000 cores in the K computer (Kobe RIKEN), which is one
of the worldwide leading supercomputers.

¢ Y. Kubota and K. Nobusada, “Exciton—Polariton Transmission in
Quantum Dot Waveguides and a New Transmission Path due to
Thermal Relaxation,” J. Chem. Phys. 134, 044108 (8 pages) (2011).
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1. Massively-Parallel Electron Dynamics
Calculations in Real-Time and Real-Space:
Toward Applications to Nanostructures of
More Than Ten-Nanometers in Size')

A highly efficient program of massively parallel calcula-
tions for electron dynamics has been developed in an effort to
apply the method to optical response of nanostructures of
more than ten-nanometers in size. The approach is based on
time-dependent density functional theory calculations in real-
time and real-space. The computational code is implemented
by using simple algorithms with a finite-difference method in
space derivative and Taylor expansion in time-propagation.
Since the computational program is free from the algorithms
of eigenvalue problems and fast-Fourier-transformation, which
are usually implemented in conventional quantum chemistry
or band structure calculations, it is highly suitable for mas-
sively parallel calculations. Benchmark calculations using the
K computer at RIKEN demonstrate that the parallel efficiency
of the program is very high on more than 60,000 CPU cores.
The method is applied to optical response of arrays of Cgg
orderly nanostructures of more than 10 nm in size. The com-
puted absorption spectrum is in good agreement with the
experimental observation.

The present computation is one of the largest first-prin-
ciples calculations of photoinduced electron dynamics in
nanostructures. It is highly expected that nanostructures of up
to ~50 nm in size with a quantum confinement effect are
promising materials in developing next-generation quantum
devices with valuable functions. The first-principles calcula-
tions of excitation dynamics in such huge nanostructures are
really unprecedented in molecular and material science. The
present computational approach paves a new way of theo-
retically designing these devices at a real nanoscale.

2. First-Principles Computational
Visualization of Localized Surface Plasmon
Resonance in Gold Nanoclusters?

We have studied the cluster-size dependence of localized
surface plasmon resonance (LSPR) for Au, clusters of up to n
= 1414 (3.9 nm in diameter) by performing first-principles
photoinduced electron dynamics calculations. The maximum
cluster size is unprecedentedly large in comparison with those
addressed in previous, fully quantum mechanical, calculations
of optical response in real cluster systems. The computations
enable us to see that LSPR gradually grows and its peak
position redshifts (blueshifts) with increasing (decreasing)
cluster size. These computed results are in good agreement
with experimental observations. The localized surface charge
distributions are visualized in real space, vividly illustrating
the conduction electrons oscillate in a collective manner. From
the visualization, LSPR has proven to be discernible at n ~
146, although the optical responses for Au,(n < 146) are still

mostly in a quantum regime because a quantum confinement
effect remains predominant. The charge oscillation occurs in
two regions, the outermost surface region and the inner region.
The surface charge responds in synchronization with the
applied laser field, whereas the inner charge oscillates locally
around each gold atom in a direction opposite to the surface
charge distribution. This is clear evidence of a screening effect
caused by the d-electrons. The present quantum mechanically
accurate description of LSPR in gold nanoclusters provides
valuable information when utilizing the properties of LSPR in
developing plasmonic functional devices.

Figure 1. Photoinduced densities of LSPR for Au, (n = 54, 560, and
1414).

3. Nonsuperatomic [Au23(SCesH11)16]
Nanocluster Featuring Bipyramidal Auqs
Kernel and Trimeric Au3(SR)4 Motif3)

We report the X-ray structure of a cyclohexanethiolate-
capped [Au23(SR)16]™ nanocluster (counterion: tetraoctyl-
ammonium, TOA*). The structure comprises a cuboctahedron-
based bipyramidal Aujs kernel, which is protected by two
staple-like trimeric Au3(SR)4 motifs, two monomeric Au(SR);
and four plain bridging SR ligands. Electronic structure analy-
sis reveals nonsuperatomic feature of [Auz3(SR)16]™ and con-
firms the Aujs kernel and surface motifs. The Au;s kernel and
trimeric staple motif are unprecedented and offer new insight
in understanding the structure evolution of gold nanoclusters.

References

1) M. Noda, K. Ishimura, K. Nobusada, K. Yabana and T. Boku, J.
Comput. Phys. 265, 145-155 (2014).
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Computational quantum chemistry, that is, practicing
quantum chemical theory using computers, is now considered
to be a powerful means to provide detailed analysis of chemi-
cal phenomena. The focus of our group is to develop methods
and algorithms of molecular electronic structure calculations,
which are capable of supplying electronic-level interpretation
and reliable prediction of chemical characters, reactivity,
energetics, and spectroscopic properties of molecular systems.
Also, we are interested in applying the methods to challenging
chemical systems. Recently, we have developed advanced
multireference methods to describe highly-correlated many-
electron wavefunction, which cannot be qualitatively accounted
for with mean-field or one-electron theory (e.g., density
functional theory). The multireference wavefunction need be
represented with a quantum superposition of multiple electron
configurations; however, this gives rise to a high computa-
tional expense because the degree of the superposition is in
general exponentially dependent on the system size. We
approach the multireference problems using the density matrix
renormalization group (DMRG), which is originally a method
of condensed matter physics to solve strong correlation phe-
nomena in physical models. We developed an efficient imple-
mentation for adapting DMRG to quantum chemical calcula-
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Figure 1. (a) Algorithm of density matrix renormalization group
(DMRG) and (b) Its application to manganese cluster.

tion, in which the DMRG is exploited to describe static
correlation in combination with the complete active space
(CAS) model. Our DMRG-based methods have shown to be
capable of handling very large correlation space, which far
exceeds the limitation of conventional methods. We have
further introduced a scheme to additively account for dynamic
correlation on top of active-space DMRG wavefunction. Using
these methods, we carried out chemical applications to multi-
reference electronic systems, ranging from organic material
molecules, such as radicals of graphene nanoribbons, to
transition metal complexes, such as tetranuclear manganese
cluster.

ribbons Studied by Ab Initio DMRG Theory,” J. Chem. Theory
Comput. 9, 401-407 (2013).

* Y. Kurashige, G. K-L. Chan and T. Yanai, “Entangled Quantum
Electronic Wavefunctions of the MnsCaOs Cluster in Photosystem
IL,” Nat. Chem. 5, 660-666 (2013).
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1. Radical O-O Coupling Reaction in
Diferrate-Mediated Water Oxidation Studied
with Multireference Wave Function Theory

Recently, the water oxidation catalyzed by potassium
ferrate KoFeO4 was investigated on the basis of experimental
kinetic isotope effect analysis assisted by density functional
calculations, revealing the intramolecular oxo-coupling mecha-
nism within a di-iron(VI) intermediate, or diferrate [Sarma et.
al., J. Am. Chem. Soc. 134, 15371 (2012)]. Here, we reported a
detailed examination of this diferrate-mediated O—O bond
formation using scalable multireference electronic structure
theory. High-dimensional correlated many-electron wave func-
tions beyond one-electron picture were computed with ab
initio DMRG method along the O-O bond formation pathway.
The necessity of using large active space arises from the
description of complex electronic interactions and varying
redox states both associated with two-center antiferromagnetic
multivalent iron—oxo coupling. Dynamic correlation effects on
top of the active space DMRG wave functions were additively
accounted for by complete active space second-order perturba-
tion (CASPT2) and multireference configuration interaction
(MRCI) based methods, which were recently introduced by
our group. These multireference methods were capable of
handling the double shell effects in the extended active space
treatment. The calculations with CAS(36e,320), which is far
over conventional limitation, provide a quantitatively reliable
prediction of potential energy profiles and confirmed the
viability of direct oxo coupling. (Figure 2).

2. Toward Reliable Prediction of Hyperfine
Coupling Constants Using Ab Initio Density
Matrix Renormalization Group Method?

The DMRG method was used in conjunction with the
CASCI and CASSCF methods to evaluate hyperfine coupling
constants (HFCCs) for a series of diatomic 2X radicals (BO,
CO*, CN, and AlO) and vinyl (C,H3) radical. The electron
correlation effects on the computed HFCC values were sys-
tematically investigated using various levels of active space,
which were increasingly extended from single valence space
to large-size model space entailing double valence and at least
single polarization shells. In addition, the core correlation was
treated by including the core orbitals in active space. Reason-
ably accurate results were obtained by the DMRG-CASSCF
method involving orbital optimization, while DMRG-CASCI
calculations with Hartree-Fock orbitals provided poor agree-
ment of the HFCCs with the experimental values. To achieve
further insights into the accuracy of HFCC calculations, the
orbital contributions to the total spin density were analyzed at
a given nucleus, which is directly related to the FC term and is
numerically sensitive to the level of correlation treatment and
basis sets. This work serves as the first study on the perfor-
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Figure 2. Diferrate-mediated O—O bond formation was studied using
ab initio DMRG theory with large-size active space CAS(36e,320) in

conjunction with dynamic correlation correction.

mance of the ab initio DMRG method for HFCC prediction.

3. Flexible Nuclear Screening Approximation
to the Two-Electron Spin—Orbit Coupling
Based on Ab Initio Parameterization®

The derivation, implementation, and validation of a new
approximation to the two-electron spin—orbit coupling (SOC)
terms was reported. The approximation, referred to as flexible
nuclear screening spin—orbit (FNSSO), is based on the effec-
tive one-electron spin—orbit operator and accounts for two-
electron SOC effects by screening nuclear charges. A highly
flexible scheme for the nuclear screening is developed, mainly
using parameterization based on ab initio atomic SOC calcu-
lations. Tabulated screening parameters are provided for
contracted and primitive Gaussian-type basis functions of the
ANO-RCC basis set for elements from H to Cm. A model to
correct for the effect of spin—orbit splitting of transition metal
d orbitals on their SOC matrix elements was introduced. The
method is applied to a representative set of molecules, and
compared to exact treatment and other approaches at the same
level of relativistic theory. The calculated SOC matrix elements
are in very good agreement with their “exact” values; devia-
tion below 1% is observed on average.
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Keywords

We develop the accurate electronic structure theories and
investigate the photochemistry and catalysis theoretically.
Currently, our focuses are following research subjects.

(1) Coupled cluster theory for excited states of large system

We develop the coupled cluster theories and their efficient
computational algorithm aiming at large-scale calculations of
molecular excited states. We also develop the basic theories
and methodologies that are useful for fundamental chemistry
and applied chemistry; for example, PCM SAC-CI method for
effectively describing the solvent effects on excited states,
CAP/SAC-CI method for locating metastable resonance states,
general-R method for multiple excited states, and active-space
method for efficiently describing complex electronic states.

(2) Heterogeneous nanocluster catalysis

Metal nanoclusters supported by metal oxides or polymers
achieves highly efficient catalytic reactions. We study the
catalytic activity of these complex systems by means of
quantum chemical calculations and informatics theories. We
have elucidated the importance of the perimeter sites at hetero-
junction of Ag nanocluster supported by alumina surface in
terms of Hy activation, the mechanism of methanol oxidation
on Au:PVP and the unique coupling reactions on Au/Pd:PVP.
We proceed these works in the project of Elements Strategy

Selected Publications

* R. Cammi, R. Fukuda, M. Ehara and H. Nakatsuji, “SAC-CI
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Initiative for Catalysts and Batteries (ESICB).
(3) Photophysical chemistry

Our accurate electronic structure theories are applied to
wide varieties of theoretical studies and sometimes in coopera-
tion with experiments on the photophysical properties and
excited-state dynamics of nano-bio systems like photo-electronic
devices, photofunctional molecules, and biosensors. Target
molecules include nanocarbons like fullerenes, near-IR absorb-
ing phthalocyanine congeners, dye-sensitized solar cells,
organometallic compounds for artificial photosynthesis, bio-
logical chemosensors, and bio-imaging probes.
(4) Theoretical spectroscopy

New quantum states, single-site and two-site double-core
hole states, have been observed owing to the recent develop-
ment of free electron laser and coincidence spectroscopy. We
have proposed new chemical concept regarding the physical
properties or relaxation processes of these quantum states in
cooperation with experiments. We also perform accurate
theoretical analysis for the state-of-the-art molecular spectros-
copy; for example, the electronic transitions in the FUV region
by ATR-FUV spectroscopy and the excited-state relaxation
processes by pump—probe spectroscopy.

¢ M. Ehara and T. Sommerfeld, “CAP/SAC-CI Method for Calcu-
lating Resonance States of Metastable Anions,” Chem. Phys. Lett.
537, 107-112 (2012).

e P. Hirunsit, K. Shimizu, R. Fukuda, S. Namuangruk, Y. Morikawa
and M. Ehara, “Cooperative H, Activation at Ag Cluster/6-Al,03
Dual Perimeter Sites: A DFT Study,” J. Phys. Chem. C 118, 7996—
8006 (2014).
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1. Perturbative PCM SAC-CI Method

Ultraviolet-visible spectroscopies of molecules are com-
monly measured in solutions. Polar solvents are often used for
solubility; solvent effects on the spectra are, therefore, consid-
erable. Quantum chemical methods are useful for assigning
and understanding the spectra and excited-state properties. For
efficient calculations of the electronic excitations and absorp-
tion spectra of molecules in solutions, a perturbative approx-
imation of the state specific polarizable continuum model
(PCM) symmetry-adapted cluster configuration interaction
(SAC-CI) method is proposed. This first-order PCM SAC-CI
method considers the solvent effects on the energies of excited
states up to the first-order with using the zeroth-order wave-
functions. This method can avoid the costly iterative procedure
of the self-consistent reaction field (SCRF) calculations. The
first-order PCM SAC-CI calculations well reproduce the
results obtained by the iterative method for various types of
excitations of molecules in polar and nonpolar solvents. The
first-order contribution is significant for the excitation ener-
gies. The results obtained by the zeroth-order PCM SAC-CI,
which considers the fixed ground-state reaction field for the
excited-state calculations, are deviated from the results by the
iterative method about 0.1 eV, and the zeroth-order PCM
SAC-CI cannot predict even the direction of solvent shifts in
n-hexane for many cases.
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Figure 1. The observed and SAC-CI simulated absorption spectra of
W(CO)4(bpy).

The first-order PCM SAC-CI is applied to studying the
solvatochromisms of (2,2’-bipyridine)tetracarbonyltungsten
[W(CO)4(bpy), bpy = 2,2’-bipyridine] and bis(pentacarbonyl
tungsten)pyrazine [(OC)sW(pyz)W(CO)s, pyz = pyrazine].
The SAC-CI calculations reveal the detailed character of the
excited states and the mechanisms of solvent shifts. The
energies of metal to ligand charge transfer (MLCT) states are

* IMS International Internship Program

significantly sensitive to solvents. The first-order PCM SAC-
CI well reproduces the observed absorption spectra of the
tungsten carbonyl complexes in several solvents.

2. H; Activation on Ag/Al;03 Dual
Perimeter Sites

The catalytic activity of supported metal nanoparticles
depends on the metal-support interaction and metal size.
Supported silver nanoparticles have been the focus of research
because of their characteristic catalytic activity. This work
aims to theoretically elucidate the role of the interface perim-
eter site between the Ag cluster and alumina support for Hj
dissociation by applying the periodic density functional theory
(DFT) calculations.

H, dissociation by Ag clusters supported on the 8-Al,03
(110) surface has been investigated using DFT calculations.
The crucial role of the dual perimeter site of Ag cluster and
the surface oxygen (O) site of the alumina support is demon-
strated with three theoretical models: anchored cluster, iso-
lated cluster, and anchored cluster on hydroxylated alumina.
The heterolytic cleavage of Hj at the silver—alumina interface,
yielding AgH% and O-H®, is thermodynamically and kineti-
cally preferred compared with H, cleavage at two Ag atomic
sites on top of the Al,O3z-supported Ag cluster and the homolytic
cleavage of Hj on the isolated Ag cluster. The hydroxylation at
the O site of the alumina reduces the Hj dissociation activity,
which indicates that the interfacial bare O site is indispensible.
It is concluded that the interfacial cooperative mechanism
between the Ag cluster and Lewis acid-base pair site (bare
Al-O site) is essentially relevant for the Hy activation over
Ag-loaded Al,O3 catalysts.
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Figure 2. Ag;3 cluster on 8-Al,03(110) surface. A model for investi-
gating Hj activation mechanisms with DFT calculations.
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Biomolecules such as proteins and peptides have compli-
cated free-energy landscape with many local minima. The
conventional canonical-ensemble molecular dynamics (MD)
simulations tend to get trapped in a few of the local-minimum
states. To overcome these difficulties, we have proposed new
generalized-ensemble algorithms, such as replica-permutation
method. We apply these methods to proteins and peptides and
try to predict the native structures of proteins as in Figure 1.

RASDS A

] 40 8l 120 6C
i

L} §

Figure 1. Time series of protein folding simulation.
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We are also interested in amyloid fibrils, which are insol-
uble aggregates of misfolded fibrous proteins and associated
with more than 20 human neurodegenerative diseases (Figure
2). For example, Alzheimer’s disease is related to amyloid-f3
(AP) peptides. To overcome these diseases, it is essential to
understand amyloid genesis and disruption. We perform such
MD simulations of amyloid fibrils.
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Figure 2. Snapshot of amyloid fibril.

¢ Y. Mori and H. Okumura, “Pressure-Induced Helical Structure of a
Peptide Studied by Simulated Tempering Molecular Dynamics
Simulations,” J. Phys. Chem. Lett. 4,2079-2083 (2013).

¢ H. Okumura, “Temperature and Pressure Denaturation of Chignolin:
Folding and Unfolding Simulation by Multibaric-Multithermal
Molecular Dynamics Method,” Proteins 80, 2397-2416 (2012).
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1. Amyloid Fibril Disruption by Ultrasonic
Cavitation: Nonequilibrium Molecular
Dynamics Simulations

There are some experimental reports that cavitation dis-
rupts amyloid fibrils. However, it is still unknown how the
cavitation or bubble in water disrupts the amyloid fibrils at
atomic level. In order to answer this problem, we performed
nonequilibrium molecular dynamics simulations of an A
fibril in explicit water.) We used twelve AB(17-42) peptide
molecules, 10169 water molecules, and twelve sodium ions as
counter ions. The simulation was started from the experimen-
tally-known amyloid oligomer structure in the amyloid fibril.
To express supersonic wave, sinusoidal pressure was applied
between —100 MPa and 300 MPa. Snapshots of this simulation
are illustrated in Figure 3. When the pressure was decreased to
a negative value of —100 MPa from a room pressure, a bubble
formation was observed around the transmembrane region, in
which all the amino acid residues were hydrophobic. Even
after the bubble size increased, the secondary structures of the
oligomer were maintained. When the pressure was increased
to a positive value, the bubble shrank and collapsed, and the
oligomer was disrupted. At this time, most water molecules
attacked the hydrophilic residues in nontransmembrane region.
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Figure 3. Snapshots of the non-equilibrium MD simulation of the
amyloid-f fibril in explicit water.

2. Development of Hamiltonian Replica-
Permutation Method

We propose the Hamiltonian replica-permutation method
(RPM) (or multidimensional RPM) for molecular dynamics
and Monte Carlo simulations, in which parameters in the
Hamiltonian are permuted among more than two replicas with
the Suwa-Todo algorithm.?) We apply the Coulomb RPM,
which is one of realization of the Hamiltonian RPM, to an
alanine dipeptide and to two amyloid-B(29-42) molecules.
The Hamiltonian RPM realizes more efficient sampling than
the Hamiltonian replica-exchange method. We illustrate the
protein misfolding funnel of amyloid-B(29—42) and reveal its
dimerization pathways.

3. Manifold Correction Method for the
Nosé-Hoover and Nosé-Poincaré Molecular
Dynamics Simulations

We introduce the manifold correction method to MD
simulations with the Nosé-Hoover and Nosé-Poincaré ther-
mostats.?) The manifold correction method was originally
developed in astronomy, as an accurate numerical method for
many body systems. Because the Nosé-Hoover thermostat is
not a symplectic algorithm, the quantity which is conserved
analytically is not conserved but increases in actual MD
simulations. Using the manifold correction method, this quan-
tity is completely conserved, and it makes the MD simulation
stable. Because the conservation of this quantity is required in
the proof that the Nosé-Hoover thermostat gives the canonical
ensemble, the manifold correction method guarantees to
provide the correct statistical ensemble. Although the time
development of the Nosé-Poincaré thermostat is described as a
symplectic algorithm, if the interatomic potential energy is
truncated, the Nosé-Poincaré thermostat is no longer symplectic.
In this case, the Hamiltonian increases, and temperature
cannot be controlled. Applying the manifold correction method
to the Nosé-Poincaré thermostat, the Hamiltonian becomes
conserved and temperature can be appropriately controlled.
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We currently focus on the projects
both on ultrafast photoinduced electron
energy transfer in the excited state in
solution and on ionic liquids (ILs). The
project on photoinduced electron energy
transfer processes in the excited state
in solution is aimed at the development
of a theoretical method to describe
electron energy transfer including sol-

ISHIDA, Tateki
Assistant Professor

vent motion and dynamics. On the other
hand, ILs’ projects concentrate the study of dynamical proper-
ties on ionic liquids using molecular dynamics simulation
technique.

1. The Theoretical Investigation of
Photoinduced Electron Energy Transfer
Processes in the Excited State in Solution

We have developed a procedure for tracing the time-
dependent evolution of the electronic structure of a solute
molecule in solution, coupling an electronic structure theory
with solvent motion. We have extended this method for inves-
tigating electron energy transfer processes in the excited state

in solution. It is shown that the coupling between solvation
dynamics and a fast intramolecular electron energy transfer is
likely to play an important role in the emergence of photo-
induced unique functionalities in biochemical and metal
complex systems.

2. Investigations of Dynamical Properties
on lonic Liquids™?)

We focus on, in particular, the dynamical properties on
ionic liquids (ILs). With molecular dynamics simulation, it
have been found out that ILs indicate unique collective dynam-
ics. We have investigated interesting dynamical heterogeneity
in ILs at room temperature. Also, we have studied spatial
heterogeneity.
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New Frontier of Hybrid Stochastic and Deterministic Electronic Structure Approaches

The vast majority of ab initio electronic structure methods are on the basis of deterministic disciplines,
in which a compactification of an N-factorial CI expansion is of main interest. Nevertheless, the way to
calculate strongly correlated systems with quasi-degeneracy and general excited states accurately still

remains open. These objectives are of significant importance for entangled electronic states involving
photoinduced phenomena in biochemistry and energy conversion processes in chemistry. We have recently developed the model
space quantum Monte Carlo (MSQMC) method crossing the effective Hamiltonian formalism and full configuration interaction
(FCI) QMC [ST, J. Chem. Phys. 138, 164126 (2013)]. The method sidesteps the negative sign problem in QMC arising from
quasi-degeneracy transcending the storage limitation for CI vectors. Promising results are obtained for the FCI potential energy
curves of various excited states for C, N, and O molecules [Y. Ohtsuka and S7, unpublished (2014)]. The method has been also
applied to the oxygen evolving center of the photo system II for low-lying spin states.

Visiting Professor

n TAKADA, Shoji (from Kyoto University)

==
ek Computational Studies of Biomolecular Systems
W I am studying in the area of computational molecular biophysics, primarily focusing on protein
/8 structure and dynamics. Even though thousands of X-ray crystal structures may provide impression that

biomolecules are rigid material, in reality they are nano-scale molecules that work under thermal noise and,

as such, they are dynamic. Given many crystal structures as snapshots, my ultimate goal is to understand
dynamical functions of these molecules via computational analysis. Specifically, my current research includes 1) protein folding
and conformational dynamics, 2) biomolecular motors, and 3) gene dynamics, together with 4) methodology development used in
these topics. Protein folding and conformational dynamics is a basis to understand all the protein functions. Many proteins
undergo substantial conformational change upon binding to their partner molecules, which form a molecular switch. How these
molecular switch is regulated is, in my view, one of the most fundamental problems in protein science.

Visiting Associate Professor
SUGIMOTO, Manabu (from Kumamoto University)

Computational Molecular Science for Chemical Design and Engineering
The quantum chemical method is a powerful and insightful tool for analyzing and predicting molecular
structures and chemical phenomena. Our group is interested in applying electronic-structure methods for

investigating molecular functions that are of practical importance. Our on-going research is twofold: One is
direct application of the quantum methods. Recently we have been studying spectral properties of
supramolecular metal-ion sensors in collaboration with experimentalists. We have been successful to reveal the electronic
mechanism for metal-ion sensing. We are also studying photochemical water splitting by graphitic carbon nitride. Its chemical
property is expected to provide rich information for designing artificial photosynthesis. Another research is for development of
chemoinformatics through which one would be able to learn, understand, investigate, predict, and design molecules and their
chemistries. We are developing a system on the basis of our original electronic-structure database and new search engines. Our
contribution is intended to enrich usefulness and uniqueness of Computational Molecular Science.
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RESEARCH ACTIVITIES
Photo-Molecular Science

We study the interaction between molecules and optical fields with its possible applications to active control of molecular
functionality and reactivity. We also develop novel light sources to promote those studies. Two research facilities, the Laser
Research Center for Molecular Science and the UVSOR, closely collaborate with the Department.

The core topics of the Department include ultrahigh-precision coherent control of gas- and condensed-phase molecules,
high-resolution optical microscopy applied to nanomaterials, synchrotron-based spectroscopy of core-excited molecules and
solid-state materials, vacuum-UV photochemistry, and the development of novel laser- and synchrotron-radiation sources.
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There is much demand for the studies of local optical
properties of molecular assemblies and materials, to under-
stand nanoscale physical and chemical phenomena and/or to
construct nanoscale optoelectronic devices. Scanning near-
field optical microscopy (SNOM) is an imaging method that
enables spatial resolution beyond the diffraction limit of light.
Combination of this technique with various advanced spectro-
scopic methods may provide direct probing methods for
dynamics in nanomaterials and nanoscale functionalities. It
may yield essential and basic knowledge to analyze origins of
characteristic features of the nanomaterial systems. We have
constructed apparatuses of near-field spectroscopy and micros-
copy for excited-state studies of nanomaterials, with the
feasibilities of nonlinear and time-resolved measurements. The
developed apparatuses enable near-field measurements of two-
photon induced emission, femtosecond time-resolved signals,
and circular dichroism, in addition to conventional trans-
mission, emission, and Raman-scattering. Based on these
methods, we are investigating the characteristic spatiotemporal
behavior of various metal-nanostructure systems and molecu-
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lar assemblies. Typical examples are given in Figure 1. We
succeeded in visualizing wave functions of resonant plasmon
modes in single noble metal nanoparticles, confined optical
fields in noble metal nanoparticle assemblies, and so forth.

Figure 1. (Left four panels) Near-field transmission images of gold
nanorod (20 nm? x 510 nm%). The wavelengths of observation were
647, 679, 730, and 830 nm from left to right. The spatial oscillating
features were attributed to the square amplitudes of the resonant
plasmonic wave functions. (Right) Near-field two-photon excitation
image of dimers of spheric gold nanoparticles (diameter 100 nm)
observed at 785 nm. The arrows indicates incident light polarization.
Dotted circles represent approximate positions of the particles.

Jpn. 86, 397-413 (2013).

* H. Okamoto and K. Imura, “Near-Field Optical Imaging of Enhanced
Electric Fields and Plasmon Waves in Metal Nanostructures,” Prog.
Surf. Sci. 84, 199-229 (2009).



1. Plasmon-Mode Analysis of Gold
Nanodisks?

Spatial and spectral properties of plasmons in noble metal
nanoparticles are strongly influenced by the geometry of the
particles. We previously demonstrated that standing wave
functions of plasmon modes of gold nanorods (1-dimensional
system) could be visualized by near-field microscopy. In the
present study we visualized plasmon-modes for gold nano-
disks (2-dimensional system) fabricated by the electron-beam
lithography lift-off method. Near-field transmission spectrum
of a single nanodisk exhibited multiple plasmon resonances in
the visible to near-infrared region. Near-field transmission
images observed at these resonance wavelengths show wavy
spatial features depending on the wavelength of observation,
which are much more complicated than those of the 1-dimen-
sional rods. Theoretical analysis is indispensable to clarify the
origins of the spatial features of the modes. For this purpose,
numerical simulations with a novel theoretical formalism
based on spatial correlation between electromagnetic funda-
mental modes inside and outside of the disc were performed.
Simulated images reproduced the observed spatial structures
excited in the disc.

Compared with other electromagnetic simulation methods
frequently used for the analysis of plasmons, such as finite-
difference time-domain (FDTD) method, the present method is
advantageous in its capability of mode-based analysis of the
electromagnetic fields. Mode-analysis of the simulated images
indicates that the spatial features observed in the transmission
images originate mainly from a few fundamental modes of the
disc. The relative phases of the collective oscillation of elec-
trons in the lobes observed near-field images were also clari-
fied by this analysis.
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Figure 2. Observed (a—c) and simulated (d—f) near-field transmission

images of gold nanodisks (thickness 35 nm).! The diameters of the
disks were 400 nm (a,d) and 800 nm (b,c.e,f). The wavelengths of
observation and calculation were 780 nm (a,d), 710 nm (b), 790 nm
(c), 705 nm (e), and 765 nm (f).
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2. Strong Nanoscale Local Optical Activity
in 2-D Chiral Metal Nanostructures

Nanostructures with chiral shapes show optical activity.
Chiral metal nanostructures are expected to yield particularly
strong optical activity arising from plasmon resonances. We
recently developed a near-field circular dichroism (CD) imaging
system with 100-nm-scale spatial resolution.

In the present work, we measured near-field CD images of
S-shaped gold nanostructures and compared the results with
the macroscopically obtained CD spectrum.? Local CD sig-
nals of both handedness coexisted in the individual nano-
structures, and the spatial distribution of the CD reflected the
chiral symmetry of the nanostructure (Figure 3). When inte-
grated over the entire nanostructure, the local CD signal was
approximately 1% of the maximum of the local CD signal,
which approximately coincided with the macroscopic CD
signal. This indicates that there are possibly prominent nano-
scale local CD signals even if only a tiny CD signal is observed
macroscopically. We also studied developing optical activity
with increasing chirality.?) We measured 2-D nanostructures
composed of two symmetrically arranged C-shaped partial
structures with various distances between them, which formed
an “S” structure when the two partial structures were con-
tacted. The chirality formed with the two partial structures
caused an enhanced local optical activity when the partial
structures were close enough to each other, even without a
physical contact between them.
(b}
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Figure 3. Near-field CD images of “S” shaped gold nanostructures
(thickness 35 nm) observed at 785 nm (a) and the line profiles along
the curves of the structures (b).2)
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Molecules are vital existence. In a gas-phase ensemble at
room temperature, they are, in an average, flying away by a
few hundred meters, making turns almost reaching to 10'!
times, and shaking themselves more than 10!3 times within the
duration of only one second. The ultimate goal this research
group has been aiming to is to capture the lively figures of
molecules moving in such a dynamic manner and to have a
perfect command over the molecular motions. Here lasers with
ultimate resolution in time and energy domains are employed
complementally and cooperatively for this purpose.

When a gaseous molecular sample is irradiated by an
intense nonresonant ultrashort laser pulse, the rotation of the
molecules is coherently excited to create a rotational quantum
wave packet (WP). We developed a method to explore the
nonadiabatic excitation in a quantum-state resolved manner
and applied it to diatomic and symmetric-top molecules. It has
been shown that the state distribution is a useful experimental
source for verifying the excitation process. When a pair of
excitation pulses is implemented, partial control of rotational-
state distribution has been achieved. In a favorable case, the
double-pulse excitation has enabled us to reconstruct experi-
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mentally a rotational WP thus created. The sense of rotation
can also be controlled, yielding to a rotational WP exhibiting
angular-momentum orientation.

Nonadiabatic interaction with an intense ultrashort laser
field can also coherently excite vibration of molecule. We have
succeeded in creating and observing WPs pertinent to inter-
molecular vibrations of several molecular clusters in their
vibronic ground states.

In the course of the control over molecular motion with
high-resolution lasers, we constructed an optical parametric
amplifier (OPA), to realize rapid adiabatic passage (RAP),
which drives coherent population transfer from an initial
quantum state to a target state with 100% efficiency. The laser
system is consisted with BiBO crystals, which are seeded by a
phase-modulated cw beam in the 1,040-1,070 nm region.
Two-stage pre-amplification by Yb-doped fibers are imple-
mented for stable injection to the OPA. The frequency chirp in
the OPA pulse was actively controlled. Down/up chirps with
up to 500 MHz shift were demonstrated. The output pulse
energy was ~40 mJ, which is sufficient for two-photon RAP.

Rev. Lett. 103, 223002 (4 pages) (2009).
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1. New lon-Imaging Apparatus for Molecular
Wave-Packet Dynamics Studies

To characterize the rotational wave-packet dynamics, ion
imaging is one of the direct and powerful methods. In a
conventional 2D ion imaging with a typical camera-based
technique, only a 2D projection of the 3D particle distribution
is observed. When the particle distribution is cylindrically
symmetric, the original 3D distribution can be reconstructed
from the 2D projection by utilizing a mathematical procedure
(e.g., inverse Abel transformation). However, we sometimes
encounter non-Abel-invertable cases, such as unidirectional
molecular rotation. Although 3D imaging techniques could be
successfully applied for such a case, a 2D detector has many
advantages over a 3D detector: Higher multi-hit capability,
lower cost, and simpler setup.

In this study, we designed and built up a new 2D ion
imaging apparatus. We installed a 2D imaging unit (MCP/
screen/camera) and a repeller plate electrode in the middle of
the flight tube of a typical imaging apparatus. A jet-cooled
gaseous molecular sample was irradiated by the output of a
Ti:Sapphire laser. The molecules were multiply ionized and
then exploded within the laser duration (Coulomb explosion).
The ion fragments were first accelerated perpendicularly to the
laser propagation direction. At the time when the ions of
interest arrived at the repeller, a fast high voltage pulse was
applied to the repeller to push the ions perpendicularly to the
imaging unit.

For dynamics studies, we carried out time-resolved pump—
probe experiments on N, molecules by using circularly polar-
ized light as a probe to explode molecules of all orientation
angles. Pump pulse used was a linearly polarized light (800
nm, 120 fs, ~50 TW/cm?), which induced rotational wave-
packet dynamics. Figure 1 shows selected 2D polar plots for
the Coulomb exploded fragment distribution of N3*, recorded
at various delay time between the linearly polarized pump and
the circularly polarized probe pulses. This delay-dependent
anisotropic distribution of the fragments directly correlates to
the 2D slice of the molecular-axis probability distribution in
the 3D laboratory frame, and the clear manifestation of spatio-
temporal propagation of the rotational wave packet created by
an impulsive strong laser field.
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Figure 1. Delay-time dependent 2D distribution of Coulomb exploded
N3+ fragments.

Owing to the multi-hit counting (ca. up to 150 events) for
a single camera shot in the present imaging setup, we could
record the snapshots with the time increment as small as 66.7
fs, within reasonable total data accusation time of 5 hours for
20 ps duration

2. Consideration of Coherent Population
Transfer by Actively Phase-Controlled
Nanosecond Laser Pulses

We have considered possible application of the newly
developed ns OPA to advanced coherent population transfer
and coherent control including chiral discrimination.

The constructed OPA is designed to produce the chirped
signal and idler waves, of which energy difference is in the
range of 0—400 cm™!. Thus, by using the two beams as pump
and Stokes pulses for stimulated Raman excitation, we will
realize coherent population transfer in low-frequency Raman
transitions. We numerically verified the robustness in the
population transfer efficiency against the change of pulse
intensity.

The amplification bandwidth of the constructed OPA is ca.
20 cm~!. Multiple seeding beams can be amplified if their
frequencies are covered in the OPA bandwidth, and multiple
signal and idler waves with frequency chirp can be derived.
This affords us to realize multiple chirped adiabatic Raman
passage (CARP) within a single ns pulse operation. We numeri-
cally examined a ladder climbing coherent population transfer,
J=0—-2—>4—> 6 — 8, via CARP (Figure 2). As shown in
the right panel, almost 90% of the initial population can be
transferred to the final target state by setting the chirp rate and
the seeding frequencies appropriately.

The seeding beam can be phase-modulated at up to 40
GHz. The relative optical phase between the carrier (®;) and
the side band (m,) is precisely adjusted to that of the modu-
lating microwave (MW) frequency (®3). Then, we can inter-
fere constructively or destructively the stimulated Raman
excitation pathway driven by ®; and ®; with the dipole
transition pathway by 3. Among such quantum-control sce-
narios, the most interesting may be the realization of chiral
discrimination. Here we numerically examined CARP excita-
tion coupled with a resonant MW field and confirmed almost
perfect enatio-selective population control.
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Figure 2. Rotational ladder climbing by multiple CARP process
within a single-pulse OPA operation. (Light): Schematic energy levels
and CARP transitions. (Right): Population change for five rotational

levels involved.
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It is observed in a double-slit experiment by Tonomura
and coworkers that single electrons recorded as dots on a
detector screen build up to show an interference pattern, which
is delocalized over the screen.!) This observation indicates that
a delocalized wave function of an isolated electron interacts
with the screen, which is a bulk solid composed of many
nuclei and electrons interacting with each other, and becomes
localized in space. This change, referred to as “collapse” in
quantum mechanics, is often accepted as a discontinuous
event, but a basic question arises: When and how the delocalized
wave function becomes localized? Our dream is uncovering
this mystery by observing the spatiotemporal evolution of a
wave function delocalized over many particles interacting with
each other. Having this dream in mind, we have developed
coherent control with precisions on the picometer spatial and
attosecond temporal scales. Now we apply this ultrafast and
ultrahigh-precision coherent control to delocalized wave
functions of macroscopic many-particle systems such as an
ensemble of ultracold Rydberg atoms and a bulk solid, envis-
aging the quantum-classical boundary connected smoothly.
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Figure 1. Schematic of the many-body system of ultracold Rydberg

atoms.?)

Laser-Driven Molecule,” Phys. Rev. Lett. 104, 180501 (2010).
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Bismuth,” Nat. Commun. 4, 2801 (2013).



1. All-Optical Control and Visualization of
Ultrafast Two-Dimensional Atomic Motions
in a Single Crystal of Bismuth3

In a bulk solid, optical control of atomic motion provides a
better understanding of its physical properties and function-
alities. Such studies would benefit from active control and
visualization of atomic motions in arbitrary directions, yet, so
far, mostly only one-dimensional control has been shown.
Here we demonstrate a novel method to optically control and
visualize two-dimensional atomic motions in a bulk solid. We
use a femtosecond laser pulse to coherently superpose two
orthogonal atomic motions in crystalline bismuth. The relative
amplitudes of those two motions are manipulated by modulat-
ing the intensity profile of the laser pulse, and these controlled
motions are quantitatively visualized by density functional
theory calculations. Our control-visualization scheme is based
on the simple, robust and universal concept that in any physi-
cal system, two-dimensional particle motion is decomposed
into two orthogonal one-dimensional motions, and thus it is
applicable to a variety of condensed matter systems.
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Figure 2. Crystal unit cell structure of Bi and the orientation of the
Ajg (longitudinal) and E; (transverse) phonon motions.
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Figure 3. Traces of the atomic motions within a unit cell of Bi. Each
trace represents the trajectory within the time window from 0.82 to

10.48 ps.

2. Ultrafast Coherent Control of an
Ultracold Rydberg Gas?

We employ an ensemble of ultracold Rb atoms as a model

system to mimic a bulk solid. The model system offers longer
coherence lifetime and more tunable parameters such as
interatomic distance and interactions than a bulk solid. Since
the interatomic distance is not shorter than submicrometers in
this model system, longer than that of a bulk solid by more
than three orders of magnitude, we generate Rydberg elec-
tronic wave-packets in those Rb atoms to induce interatomic
interactions. Moreover these interactions can be actively tuned
by changing the principal quantum numbers of Rydberg levels
to be excited; the higher quantum numbers give larger diam-
eters of Rydberg orbitals and hence stronger interactions.
Briefly, a picosecond laser pulse produces Rydberg electronic
wave-packets in laser-cooled Rb atoms. We measure the
temporal evolution of those Rydberg wave-packets. We also
measure the interferogram of two Rydberg wave-packets
generated in each atom with a phased pair of picosecond laser
pulses, whose delay is scanned in steps of attoseconds. Those
temporal evolutions and interferograms of Rydberg wave-
packets are measured as a function of the atom density, which
can be converted to an atom—atom distance. We have observed
that the interferogram is phase-shifted when we change the
atom density. This observation suggests that the interatomic
interactions have been induced by Rydberg wave-packets in
Rb atoms. We plan to load these ultracold Rydberg atoms into
an optical lattice to have better-defined interatomic configura-
tions, as shown in Figure 1. Our ultrafast coherent control of
an ultracold Rydberg gas could lead to the development of a
novel simulator of quantum many-body dynamics.

3. Theoretical/Numerical Study on Strong-
Laser-Induced Interference in the B State
of |24)

In the B state of I, strong-laser-induced interference (SLI)
was recently observed in the population of each vibrational
eigenstate within a wave packet, which was initially prepared
by a pump pulse and then strongly modulated by an intense
femtosecond near-infrared (NIR) laser pulse. It was suggested
that the interference as a function of the time delay occurs
between the eigenstate reached by Rayleigh scattering and that
by Raman scattering. To verify this mechanism and further
discuss its characteristics, we theoretically/numerically study
the SLI by adopting a two-electronic-state model of Ir. Numeri-
cal simulation reasonably reproduces the experimental signals
and confirms the theoretical consequences, which include the
n-phase shifts between Stokes and anti-Stokes transitions and
(practically) no contribution from the energy shifts induced by
the NIR pulse.
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Soft X-rays cannot pass through air or through liquid
water due to photoabsorption processes of Na, Oz, and H,O
molecules. Such strong interaction of soft X-rays can be used
in highly sensitive chemical state analysis of thin samples by
X-ray absorption spectroscopy (XAS).

Soft X-rays with photon energies of 100-700 eV excite 1s
inner-shell (K-shell) electrons of chemically important light
elements such as C, N, and O to unoccupied states of mol-
ecules. The 1s electron is localized and bound by an atom in
the system but is slightly affected by surrounding atoms and
chemical bonds. Therefore, we can select a 1s electron in each
atom in molecules by choosing different X-ray energies, and
know each atomic component in the unoccupied state in the
system. The excited electron in the unoccupied state is also
affected by chemical environments. The intermolecular inter-
action effect is often less than 0.1 eV; therefore, a highly
resolved soft X-ray spectrometer is necessary.

In order to realize in situ and in operando chemical state
analysis revealing local electronic structures and weak inter-
molecular interactions in molecular systems such as organic
solids, liquids, aqueous solutions, and molecular clusters, we
are developing and improving several kinds of sample cells,
detection systems, and spectro-microscopic techniques in
X-ray absorption spectroscopy (XAS) for resonant excitation,
and resonant and non-resonant X-ray photoelectron spectros-
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copy (XPS). We are also using resonant and non-resonant
X-ray emission spectroscopy (XES) and angle-resolved photo-
electron spectroscopy (ARPES).

Sample thickness should be optimized below 1 um to get
optimal absorbance in XAS. For inhomogeneous samples, the
10 nm-scale spatial resolution is necessary. It is also important
to reduce the radiation damage of samples due to strong light-
matter interaction in the soft X-ray region.

Highly brilliant soft X-rays for the chemical state analysis
are available as synchrotron radiation from in-vacuum undula-
tor-type insertion devices even on low-energy electron storage
rings; e.g. 0.75 GeV UVSOR in IMS. In addition to experi-
mental and instrumental developments at UVSOR-III BL3U,
BL4U and BL6U, we are developing an original ab initio
quantum chemical program package GSCF, which is optimized
to calculation of molecular inner-shell processes.

L? |:n

Figure 1. The C 1s excitation energy in interacting benzene molecules
is dependent and selective on chemically different atomic sites.
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1. In Operando Soft X-Ray Absorption
Spectroscopy with Potential Modulation
Applied to Electrochemical Reaction

In order to investigate local structures of electrolytes in
electrochemical reactions under the same scan rate as a typical
value 100 mV/s in cyclic voltammetry (CV), we have developed
an in operando observation system for electrochemical reactions
by soft X-ray absorption spectroscopy (XAS) with a potential
modulation method. XAS spectra of electrolytes are measured
by using a transmission-type liquid flow cell with built-in
electrodes. The electrode potential is swept with a scan rate of
100 mV/s at a fixed photon energy, and soft X-ray absorption
coefficients at different potentials are measured at the same time.
By repeating the potential modulation at each fixed photon
energy, it is possible to measure XAS of electrochemical reac-
tion at the same scan rate as in CV. As shown in Figure 2, we
have successfully measured the Fe 2p (L-edge) XAS spectra of
aqueous iron sulfate solutions and the change in valence of Fe
ions at different potentials in the Fe redox reaction.

Figure 2. 3D plots of Fe 2p XAS spectra in the electrochemical
reaction of aqueous iron sulfate solution under CV (100 mV/s scan).

2. In Situ Soft X-Ray Absorption
Spectroscopy Applied to Hydration
Reaction of Cyanopyrazine on Titanium
Oxide Catalyst

In situ observation of liquid substrate conversion in solid—
liquid heterogeneous catalytic reactions is difficult due to
disturbance of the solvent and substrate itself. In this work, the
hydration reaction of cyanopyrazine to produce pyrazinamide
on TiO; catalyst (PzCN + H,O — PzCONH;) has been suc-
cessfully measured by the C K-edge and N K-edge XAS in
transmission mode. Spectral change in both the C K-edge and
N K-edge XAS, due to decreasing reactants PZCN and increas-
ing products PZCONHy, is clearly observed in spite of the
coexistence of bulk liquid components PzCN, H,0 and solvent
EtOH. The time dependence indicates that the hydration is the
first order reaction. This result is also consistent with the linear
relationship found in the Arrhenius plot, which is obtained
from temperature dependent XAS measurements.
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Figure 3. C K-edge (red) and N K-edge (blue) XAS spectra for the
catalytic hydration reaction from cyanopyrazine to pyrazinamide.

3. Orbital-Specific Valence-Band
Dispersion in a-Phase Crystalline Films of
Cobalt Phthalocyanine

The valence band structure of o-crystalline cobalt phthalo-
cyanine (CoPc) films grown on Au(111) is investigated by
using angle-resolved photoemission spectroscopy (ARPES).
The time-dependent photo-induced change in the ARPES
peaks is noticed in shape and energy of the highest occupied
molecular orbital (HOMO, C 2p) and HOMO-1 (Co 3d) of
CoPc, and is misleading the interpretation of the electronic
properties of CoPc films. By successfully avoiding such
serious radiation damage, the clear valence-band dispersion
has been first observed, showing that orbital-specific behaviors
are attributable to the interplay of the intermolecular - and
n—d interactions. The HOMO band dispersion by 0.1 eV gives
the lower limit of the hole mobility for o-CoPc of 28.9 cm?
V-Is~l at 15 K. The non-dispersive character of the splitted
HOMO-1 bands indicates that the localization of the spin state
is a possible origin of the antiferromagnetism.
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Figure 4. Intermolecular E(k ) in the o.-CoPc film on Au(111) at 15 K.
(a) hv-dependent normal-emission ARPES spectra. (b) E(k) map with
the tight-binding fitting for the HOMO-band dispersion (red curve).
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Functional organic materials (FOM) have recently attracted
considerable attention both for fundamental research and
device applications because of peculiar properties not found in
inorganics and small molecules. However the mechanisms and
its origin of various device characteristics are still under
debate. Scientific mysteries would be raised because people
have believed that electronic structure of FOM would be
conserved as in an isolated molecule for solid phases due to
van der Waals interaction. To reveal characteristics of FOM
the key investigation would be on precise experiments on the
electronic structure at various interfaces, including organic—
organic and organic—inorganic (metal/semiconductor) con-
tacts. In these systems, the impacts of weak interaction on the
electronic structure would be appeared as small intensity
modulation of photoemission fine features depending on
adsorption and aggregation on the surface. By recent develop-
ment in the instrumental we can assess hidden fine structures
in the electronic states, e.g. electron—phonon coupling, quasi-
particle states, weak band dispersion and dynamic electronic
polarization. To elucidate what really happens for the FOM at
the interface upon weak interaction, an evaluation on the
wave-function spread of the electronic states would be very
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important because the interface states for the physisorbed
systems are described to be a delocalized molecular orbital
state depending on the strength of weak electronic coupling
(hybridization).
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Figure 1. Wide variety in the feature of ultraviolet photoelectron
spectra (UPS) for the HOMO band region taken for pentacene mol-
ecule in various aggregations (gas-phase, lying monolayers, standing
monolayer, and disordered film).
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1. Impact of Intermolecular Interaction on
the Reorganization Energy of Molecules?)

Organic semiconductors are molecular solids with specific
charge transport properties due to weak intermolecular inter-
action. The transport properties of organic single crystals and
organic thin films are far from being adequately understood.
Important subjects still to be understood are related to molecu-
lar and lattice vibrations (phonons) and their coupling to a
charge carrier. The electron—phonon interaction depends on
the molecular structure and their packing motif and therefore it
can impact both molecular site energies and transfer integrals.
The overall strength of local electron—phonon coupling observed
in highly-resolved UPS is given by the relaxation energy
between neutral and ionized states, and the reorganization
energy associated.

We investigated the impacts of perfluorination on the
electronic structure of pentacene (PEN) monolayer on graphite
and hole—vibration coupling, which is specified by the re-
organization energy and the binding energy of molecular
polaron. We demonstrate that electron-withdrawing property
of F atom mediates increase in spatial spread of highest-
occupied molecular orbital (HOMO), which contributes sig-
nificantly to increase in the vibronic-satellite intensity, and
then leads to significant increase in reorganization energy. This
contribution is much larger than an opposite contribution by
lowering of vibration energies by perfluorination of PEN.
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Figure 2. Comparison of HOMO band between gaseous Hel UPS

(triangles) and angle-integrated UPS (circles) for the monolayer of

perfluoropentacene (PFP) (a) and PEN (b), compared with convoluted

curves by the single mode analysis of vibration coupling.

2. Mechanism of Energy-Level Alignment:
Gap States Induced by Inert Gas
Exposure?

Energy level alignment (ELA) at organic-substrate and
organic—organic interfaces is a crucial issue for any organic-
based device, given that the interface electronic structure

controls the charge injection process in the organic semi-
conductor. Despite considerable effort, however, there still
remains a mystery why some organic semiconductors, such as
PEN, always show p-type charge transport property while
some others, such as Cgp, show n-type property without heavy
intentional doping, that is the transport property seems to be
determined by molecule itself. Therefore, a consensus on ELA
mechanism has yet to be reached.

We examined the energy distribution of density-of-gap
state (DOGS) of the order of 10!° states eV-'cm™3, which is
comparable to DOGS detected by electrical measurements, in
an organic layer by means of ultralow background, high
sensitivity UPS technique. We investigate PEN deposited on
Si0,/Si(100) and Au(111) substrates at 295 K. The impact of
exposure to 1-atm of inert Ny atmosphere on the PEN elec-
tronic properties is evaluated. Despite the absence of chemical
interaction between N, and PEN molecules, the DOGS and
ELA at the PEN/SiO; interface are strongly modified by the
exposure to Ny gas. This effect is ascribed to the structural
disorder caused by N> molecules penetrating into the PEN
film. A similar effect is observed upon exposure to Ar, while
in case of O exposure, the DOGS formation is accelerated,
presumably because of the difference in the chemical prop-
erties of the gas molecules.

The present results demonstrate that structural disorder has
a significant impact on the electronic properties and interfacial
ELA. This is related to the nature of organic semiconductor
crystals, which consists of low-symmetry molecules held
together by weak intermolecular forces. The results also have
great practical significance, as they show that organic layer
processing in inert atmosphere does affect the electronic
structure of the organic semiconductor, a point which had not
been understood so far.
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Figure 3. (a) DOS (log scale plot) of as-deposited, Na-exposed, and
Os-exposed PEN film on SiO; by Xel-UPS. (b) Xel-UPS of as-
deposited PEN film on Au(111) before and after N, exposure.
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UVSOR is a synchrotron light source to provide low
energy synchrotron light ranging from terahertz wave to soft
X-rays. Although it was constructed about 30 years ago, its
performance is still in the world top level. This is the result of
the continuous effort on improving the machine. Our research
group have been developing accelerator technologies toward
producing bright and stable synchrotron light, such as high
brightness electron beam optics, novel insertion devices or
state-of-the-art beam injection technique. We have been also
developing novel light source technologies toward producing
synchrotron radiation with various characteristics such as free
electron laser, coherent synchrotron radiation and laser Compton
gamma-rays. We are also investigating future light sources for
the facility, such as a diffraction limited light source or a linac-
based free electron laser source.
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1. Light Source Technology Developments
Based on Laser and Synchrotron and Their
Applications to Molecular Science

We have demonstrated that coherent synchrotron radiation
of various properties could be generated in an electron storage
ring by using an external laser source. This research was
supported by the Quantum Beam Technology Program of JST/
MEXT. Under this support, a new experimental station has
been constructed. The generation of coherent synchrotron
radiation at the new site was successfully demonstrated in
collaboration with Lille Univ. and Nagoya Univ. Some basic
researches on coherent synchrotron radiation have been con-
ducted with an ultrafast terahertz detector in collaboration
with Karlsruhe Institute of Technology, Lille Univ., Nagoya
Univ. and Kyoto Univ. Applications using coherent synchro-
tron radiation are under preparation. Some basic researches on
the optical vortex beam have been started in collaboration with
Hiroshima Univ.

Figure 2. Twin Polarization-variable Undulators for Coherent Syn-
chrotorn Radiation generation.

Laser Compton scattering is a method to produce mono-
chromatic and energy-tunable gamma-ray pulses. Laser pulses
are injected to the storage ring and are scattered by the relativ-
istic electrons circulating in the ring. We have developed a
method to produce ultra-short gamma-ray pulses and have
demonstrated a photon-induced positron annihilation lifetime
spectroscopy experiment, in collaboration with AIST. We have
started constructing a system to produce intense gamma-rays
by using an optical cavity, in collaboration with Kyoto Univ.

Award

2. Accelerator Technology Developments
for Synchrotron Light Source and Free
Electron Laser

The UVSOR facility has been operational as a national
synchrotron light source for lower energy photons from the
terahertz wave to the soft X-rays. The machine was born as a
low energy second generation light source and now it is 30
years old. However, the accelerators have been upgraded
continuously. We have succeeded in introducing a specially
designed electron beam optics intended to higher brightness.
‘We have succeeded in commissioning six undulators. We have
succeeded in introducing a novel operation mode called Top-
up operation, in which the electron beam intensity is kept
quasi-constant at a high beam current, 300 mA. As the result
of all these efforts, now, the machine is the brightest synchro-
tron light sources among the low energy machines below 1
GeV.

We continue upgrading the machine, year by year. In
2014, one old undulator at BL5U was remodeled. Now it has
become capable of producing any polarization, such as hori-
zontal and vertical linear polarizations and left and right

circular polarizations. The non-linear focusing forces pro-
duced by such undulators make significant effects on the beam
injection and storage. We are developing correction scheme
for these non-linear effects.

= . e B

Figure 3. Remodeling of Variable Polarization Undulator at BL5U.
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Keywords

Strongly correlated electron materials has attracted more
attentions in the last few decades because of their unusual and
fascinating properties such as high-T. superconductivity, giant
magnetoresistance, heavy fermion and so on. Those unique
properties can offer a route toward the next-generation devices.
We investigate the mechanism of the physical properties as
well as the electronic structure of those materials by using
angle-resolved photoemission spectroscopy (ARPES), a pow-
erful tool in studying the electronic structure of complex
materials, based on synchrotron radiation.
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Figure 1. The symmetrized ARPES spectra of heavily underdoped
Bi2212 at (A) the tip of the Fermi Arc region and (B) the antinodal
region. Their corresponding locations on the Fermi surface are shown
in the inset of (A).
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1. ARPES Study on High-T. Cuprate
Superconductors

Two decades after the discovery of first high temperature
superconductors, the microscopic mechanism of high-T. super-
conductivity remains elusive. In conventional superconductors,
it has been well established that electrons form so-called
Cooper pairs to give rise to superconductivity. The pair binding
manifests itself as an energy gap in many spectroscopic mea-
surements. This energy gap, known as superconducting gap,
appears at the superconducting transition temperature T, where
the resistance also vanishes. For high temperature super-
conductors, the story is more complicated. Over a wide region
of compositions and temperatures, there exists an energy gap
well above T.. This energy gap is called “pseudogap,” because
there is no direct correlation to the superconducting transition.
The origin of this pseudogap and its relation to the super-
conducting gap are believed to hold the key for understanding
the mechanism of high-T. superconductivity—one of the out-
standing problems in condensed matter physics. In this regard,
we performed ARPES measurements on the highly underdoped
cuprate superconductor BipSryCa;_,Y,CuyOg45 (Bi2212) to
clarify the doping dependence of the gap structure. Through a
systematic study of heavily underdoped Bi2212 samples with
T, = 30, 40, and 50K, two distinct energy gaps along the Fermi
surface were identified in different parts of the momentum
space: A small gap along with a sharp coherence peak near the
nodal region and a relatively large gap near the antinodal
region. Remarkably, these two energy gaps exhibit opposite
trends with doping as shown in Figure 1A and 1B. Panel A
displays the data taken at the tip of the “Fermi-Arc”—the
region along the Fermi surface where a coherence peak is
observed, while panel B shows the data from the antinodal
region. As indicated by the shaded area, the gap associated with
the Fermi Arc region is reduced as the doping level and T,
decrease, while the gap in the antinodal region increases. The
complete doping evolution of these two energy gaps is summa-
rized in panel C. The doping dependence of the gap magnitude
in the antinodal region (black circles and dashed line) is consist-
ent with the well-studied pseudogap behavior. The unexpected
doping evolution of the gap in the Fermi Arc region (colored
symbols and solid line), on the other hand, is the new discovery
of this work. Based on these observations, we proposes a
picture of two energy gaps coexisting in different regions of the
momentum space. The gap associated with the Fermi Arc
region is most likely the superconducting gap as evidenced by
the existence of a coherence peak in ARPES spectra and a
positive correlation between the gap magnitude and T.. The
pseudogap in the antinodal region may, however, arise from
another mechanism such as Umklapp scattering by the anti-
ferromagnetic correlations or competing states, such as stripes,
polaronic behavior, or a charge-density-wave. This two-gap
scenario not only provides natural explanation of the new
ARPES results, but also resolves the contradictory results on
the superconducting gap deduced from different experimental
techniques.

This two-gap scenario has two important implications that
could be important for developing a microscopic theory of
high-T. superconductivity. First, the pseudogap near the
antinodal region in these deeply underdoped samples is unlikely
a precursor state of the superconducting state, as had been
suggested previously. Instead, it is more likely a state that
competes with the superconducting state. Second, these data
suggest that the weakened superconductivity in the under-
doped regime arises not only from the loss of phase coherence
associated with the decrease in the superfluid density but also
due to the weakening of the pairing amplitude. In this case, a
mechanism for the superconducting gap reduction could be
related to the shrinkage of the coherent Fermi surface with less
doping, leading to a smaller phase space for pairing.

2. Development of New Spin-Resolved
ARPES

UVSOR Facility in Institute for Molecular Science equips
two public undulator-beamlines for ARPES, one is BL5U in
the photon energy hv region of 20-200 eV and the other BL7U
of hv = 640 eV. Since the monochromator of BL5U is an old-
style spherical grating type SGMTRAIN constructed in 1990s
and the throughput intensity and energy resolution are poor, the
beamline was planned to be replaced to state-of-the-art mono-
chromator and end station. Then we designed a new spin and
angle-resolved photoemission spectroscopy instrument with
variable photon energy and polarization. We employed a Monk-
Gillieson-type variableline-spacing plane-grating mono-
chromator covering the photon energy of 20-200 eV. The end
station shown in Figure 2 will equip a VLEED spin detector for
spin-resolved ARPES. The beamline is constructed in FY2013-
FY2014 and will be opened to users from FY2015.

Figure 2. Picture of the new spin-resolved ARPES end station of
BL5U, UVSOR-III.
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The detailed comprehension of the electronic structure of
molecules is an important step toward understanding the
chemical and physical properties of matter, and also provides a
link between atomic and solid-state physics. Information on
photoexcitation, photoionization, and photodissociation pro-
cesses derived from molecular spectroscopy is of fundamental
importance, and also useful in various scientific disciplines,
including astrophysics, planetary sciences, radiation chem-
istry, and biology.

Synchrotron radiation combined with a suitable mono-
chromator is a powerful research tool for systematic investiga-
tions of outer- and inner-shell excitation and ionization pro-
cesses in molecules, because the spectral range matches the
binding energies of the valence and core electrons of the
elements which form molecules of physical and chemical
interest, namely low-Z molecules. In order to promote inner-
shell electrons of low-Z molecules efficiently, it is indis-
pensable to utilize monochromatized synchrotron radiation in
the soft X-ray region.

Inner-shell excited states of low-Z molecules relax mainly
through Auger decay, leading to the formation of highly
excited singly or multiply charged molecular ions with outer-
shell holes. These molecular ions are in general quite unstable,
and immediately break apart into fragment ions and neutrals.
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The electronic relaxation and dissociation processes are cou-
pled, and depend on the electronic and geometrical structure
of the molecules.

The major aim for investigating molecular inner-shell
excitation is to determine what happens to molecules fol-
lowing the excitation and ionization of an inner-shell electron
by using various spectroscopic techniques to define the initial
photoexcitation process itself, and to characterize and cor-
relate the electrons, ions, neutrals, and metastables that are
produced as a result.

Figure 1. Schematic representation of the potential energy curves
associated with the inner-shell excitation and subsequent de-excitation

processes.
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1. Decay Processes Following Sulfur 2p
Photoexcitation in OCS Studied by High-
Resolution Two-Dimensional Electron
Spectroscopy

In the current study, angle-resolved two dimensional (2D)
electron spectroscopy,!) where resonant Auger-electron spectra
are recorded as a function of the photon energy, has been
applied to the de-excitation processes in the S 2p excitation
region of OCS, with previously unprecedented resolution.
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Figure 2. 2D maps of resonant Auger electron spectra after the S
2p3pn — m* excitation of OCS, measured at horizontal (a) and vertical
(b) directions relative to the electric vector of the incident radiation.

The 2D measurements were performed on the soft x-ray
beam line BL6U at UVSOR. The undulator radiation was
monochromatized by a variable included angle, varied line-
spacing plane grating monochromator. For 2D electron spec-
troscopy, the monochromator bandwidth was set to AEp;, ~20
meV at hv = 165 eV. The kinetic energy of the emitted elec-
trons was measured by a hemispherical electron energy ana-
lyzer (MBS-A1) placed at a right angle with respect to the
incident photon beam direction. The direction of the electric
vector was set to be either parallel (horizontal) or perpen-
dicular (vertical) to the axis of the electrostatic lens of the
analyzer. The energy resolution of the analyzer was set to AEy
~15 meV.

Figure 2 shows 2D maps of resonant Auger electron
spectra following the S 2p3/, — * resonant excitation of OCS
measured in the horizontal (a) and vertical (b) directions. The
diagonal lines can be attributed to valence photoelectron lines,
and clearly show vibrational side bands indicating that the net

energy resolution is much better than 50 meV.

Clear island-like structures elongated in the vertical direc-
tion can be seen in both Figure 2(a) and Figure 2(b) in the
kinetic energy region from 144 to 148 eV. In sharp contrast to
the valence photoelectron lines, these structures do not show
strong anisotropic angular distributions. To our knowledge, no
detailed assignments have previously been given to them. In
order to understand the origins of the structures, sophisticated
theoretical calculations are highly desired.

2. Lifetime Broadening of Atomic Lines
Produced upon Ultrafast Dissociation of
HCI and HBr?

The excitation of a core electron to the lowest unoccupied
antibonding orbital in a molecule reduces the molecular bond
strength and in general populates a dissociative state. When
the timescales of the nuclear motion and of the core-hole
relaxation are similar, this leads to a peculiar situation which
has been named ‘ultrafast dissociation.” Here, the excited state
starts to dissociate, and electronic decay can occur at any point
during the dissociation, up to the point where dissociation can
be considered as completed. The first evidence for such a
process was reported in 1986 by Morin and Nenner.?

In the present study we revisit ultrafast dissociation fol-
lowing Cl 2p3p; excitation in HCI and Br 3ds/; excitation in
HBr. The improved experimental resolution allows us to
observe in detail the line-widths of both the atomic and
molecular peaks. The atomic peaks are observed to be broader
than the molecular vibrational peaks which are due to direct
photoionization. We suggest that this broadening is due to the
lifetime of the neutral, core-excited C1* or Br* atomic frag-
ment and can be retrieved from our experimental data.

The experiments were carried out at BL6U. The kinetic
energies of electrons emitted perpendicular to the photon
beam direction were measured by the MBS-A1. The energy
resolution was set to ~12 meV or ~6 meV. The degree of linear
polarization of the incident light was calibrated by measure-
ments with rare gazes and found to amount to 90-100%. The
direction of the electric vector was set to be either parallel or
perpendicular to the axis of the electrostatic lens of the analyzer.

After careful analysis of the experimental data, the
Lorentzian broadenings of the atomic peaks in HCI and HBr
were found to be 96+5 meV and 91+5 meV, respectively. We
suggest that these values correspond in good approximation to
the lifetimes of the 2p3;, hole in the C1* atom and the 3ds;
hole in the Br* atom.
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Keywords

“Micro Solid-State Photonics,” based on the micro domain
structure and boundary controlled materials, opens new horizon
in the laser science. The engineered materials of micro and/or
microchip solid-state, ceramic and single-crystal, lasers can
provide excellent spatial mode quality and narrow linewidths
with enough power. High-brightness nature of these lasers has
allowed efficient wavelength extension by nonlinear frequency
conversion, UV to THz wave generation. Moreover, the quasi
phase matching (QPM) is an attractive technique for compen-
sating phase velocity dispersion in frequency conversion. The
future may herald new photonics.

Giant pulse > 10 MW was obtained in 1064nm microchip
lasers using micro-domain controlled materials. The world
first laser ignited gasoline engine vehicle, giant-pulse UV (355
nm, 266 nm) and efficient VUV (118 nm) pulse generations
have been successfully demonstrated. Also, few cycle mid-IR
pulses for atto-second pulses are demonstrated by LA-PPMgLN.
We have developed new theoretical models for the micro-
domain control of anisotropic laser ceramics. These functional
micro-domain based highly brightness/brightness-temperature
compact lasers and nonlinear optics, so to speak “Giant Micro-
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Figure 1. Giant micro-photonics.

photonics,” are promising. Moreover, the new generation of
micro and/or microchip lasers by using orientation-controlled
advanced ceramics can provide extreme high performances in
photonics.

Photonics,” Opt. Mater. Express 1, 1040-1050 (2011).
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1. Timing Jitter Control of a Passively
Q-Switched Nd:YVO,4/Cr4+:YAG Laser by
the Use of a Coupled Cavity

Timing jitter was measured in Nd:YVO4/Cr:YAG pas-
sively Q-switched laser. Primary results with coupled cavity as
shown in Figure 2 showed reduction of timing jitter by one
order of magnitude down to 450 ns (2¢ value), 40 wJ pulse
energy and 2.5 ns pulse duration.
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Figure 2. Schematic view of the Nd:YVO4/Cr*:YAG passively
Q-switched laser.

2. Highly Accurate Interferometric
Evaluation of Thermal Expansion and
dn/dT of Optical Materials

Thermo-mechanical and -optical properties of Y3Al5012
(YAG), YVOy4, and GdVO4 were evaluated with high accuracy.
Evaluation procedure that was established by authors enabled

T T
Tat % Md YW, (1000 -cut
t=0. 214mm
Ordinary polarization
= —||=
5 Fies. =0, 12mm
£
2
"E modu latlen desth=iBy
E & 15C
= & J0°C
& 45C
& 60°C
I I 1
1062 1063 1064 1065 106E

Wavelength (nm)
Figure 3. Temperature dependence of interferometric fringes in
Nd:YVOj,.

* Present Address; China Academy of Engineering Physics

to suppress evaluation errors less than 2%, by means of the
detection of temperature deviations in interferometric fringes
on transmittance as shown in Figure 3.

Measured thermal expansion coefficient for YAG, [100]-
YVOy, [001]-YVOy4, [001]-GdVO4, and [001]-GdVO4 were
6.13, 1.76, 8.24, 1.19, and 7.26 x 107%/K at room temperature.
Temperature coefficients of refractive index for YAG, YVO; in
ordinary and extraordinary polarization, and GdVOy in ordi-
nary and extraordinary polarization at room temperature for
the wavelength of 1.06 um were 12.1, 15.5, 8.41, 15.2, and
9.92 x 10-9/K, respectively.

This work was ranked the fourth place in TOP-10 down-
loaded articles in June 2014 from OSA’s Optical Materials
Express.

3. Improvement of Laser-Beam Distortion
in Large-Aperture PPMgLN Device by
Using X-Axis Czochralski-Grown Crystal

Large-aperture periodically poled Mg-doped LiNbO3 device
using X-axis Czochralski-grown MgLN crystal was proposed
to avoid a laser-beam distortion problem, as shown in Figure
4. Availability of periodic poling in 5-mm-thick MgLN and
compatibility of wavelength-conversion characteristics in
QPM-OPO were evaluated by comparing with conventional
arrangement using Z-axis-grown crystal.
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Figure 4. PPMgLN device fabricated from (a) Z-axis CZ-grown
crystal, and (b) X-axis CZ-grown crystal.
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Keywords

Light is very common in daily life, on the other hand, light
has many interesting physical properties, for example, con-
stancy of velocity, wave-particle duality, etc. The study of light
is still important in modern physics.

Light is electro-magnetic field, same as radio wave, how-
ever, the measurement of the waveform of light is not easy
task even in the 21% century. The difficulty comes from the
extremely fast oscillation of the light wave. The oscillation
frequency of light wave is the order of hundred terahertz (THz
=102 Hz), in other words, the oscillation period of light wave
is the order of femtosecond (fs = 10719 s).

In 2013, we have developed a new method for the mea-
surement of light wave. It is called FROG-CEP, frequency-
resolved optical gating capable of carrier-envelope phase
determination. Our method does not need attosecond pulses,
even self-referencing is possible. The electric field oscillation
of infrared light with the period of several femtoseconds were
clearly measured with the method as is shown in Figure 1.

Currently, amplitude modulation and phase modulation are
common encoding techniques in optical communication. If we
can encode information in the shape of the light wave itself,
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Figure 1. Infrared light waveforms measured with FROG-CEP. The
phase difference between the two infrared pulses was clearly

measured.

the communication speed becomes 3 orders of magnitude
faster. We believe that our method, FROG-CEP, becomes very
important to realize such communication technology.

Other than FROG-CEP, ultrabroadband mid-infrared con-
tinuum generation through filamentation and single-shot
detection of ultrabroadband mid-infrared spectra have been
realized in our laboratory. We are developing such cutting
edge technologies for ultrafast laser science.

Infrared Spectra by Chirped-Pulse Upconversion with Four-Wave
Difference Frequency Generation in Gases,” Opt. Express 21,
18249-18254 (2013).

* T. Fuji, “Single-Shot Broadband Mid-Ir Spectra Measured in the
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(2013).

* Y. Nomura, H. Shirai and T. Fuji, “Frequency-Resolved Optical
Gating Capable of Carrier-Envelope Phase Determination,” Nat.
Commun. 4, 2820 (11 pages) (2013).



1. Frequency-Resolved Optical Gating
Capable of Carrier-Envelope Phase
Determination (FROG-CEP)-2)

Recent progress of the coherent light synthesis technology
has brought the generation of single-cycle pulses within our
reach. To exploit the full potential of such a single-cycle pulse
in any applications, it is highly important to obtain the full
information of its electric field.

There has been a method to measure the oscillation of
light wave using attosecond (as = 107'8 s) pulses (attosecond
streaking, [Science 305, 1257]), however, a huge high vacuum
system is necessary for the measurement since attosecond
pulses, which are in XUV region, are absorbed in air.

Here, we propose a novel pulse characterization scheme,
which enables us to determine not only the intensity and phase
profiles of ultrashort pulses but also their absolute carrier-
envelope phase values without using attosecond pulses. The
method is based on a combination of frequency-resolved
optical gating and electro-optic sampling.

We have demonstrated the method by characterizing phase-
stable sub-single-cycle 7 fs infrared pulses generated through
filamentation®# by using a 30 fs reference pulse, which is
much longer than the period of the carrier-wavelength of the
characterized pulse. We have also demonstrated that the
method has the capability of single-shot measurements. The
self-referencing possibility of the method has been also dis-
cussed with numerical simulations. The results of our numeri-
cal simulations have clearly shown that it is possible to retrieve
few-cycle 800 nm pulses with the absolute CEP information
by self-referencing. It has turned out that approximately one
octave spectrum and reasonable compression quality are
necessary for the self-referencing, which is rather reasonable
requirement for the waveform characterization of few-cycle
pulses whose CEP becomes important. In principle, the con-
cept has no limitation to characterize few-cycle pulses on
measurable pulse duration or applicable wavelength regions
thanks to the self-referencing possibility.
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Figure 2. Experimental results of FROG-CEP. (a) The XFROG trace
and (b) EOS signal measured in the experiment (blue dashed curve).
The red solid curve shows the electric field reconstructed from the
experimental data.
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2. Sub-50-fs Pulse Generation from
Thulium-Doped ZBLAN Fiber Laser
Oscillator®

Passively mode-locked fiber lasers operating around 1 wm
and 1.5 um have been extensively studied over the past dec-
ades. In recent years, thulium-doped fiber lasers have attracted
significant attention because they extend the operating wave-
length toward 2 um region, which will be useful for various
fields such as medical applications, remote sensing, micro-
machining, high harmonic generation, and mid-infrared gen-
eration. In particular, broad emission spectra of thulium-doped
fibers make them ideal candidates for ultrashort pulse sources
in this wavelength region. However, it is not trivial to obtain
ultrashort pulses from fiber lasers where the effect of the
dispersion from long fibers is quite significant.

An interesting approach would be using fibers made of
materials with less dispersion. Fluoride glass known as ZBLAN
(ZrF4—BaF,-LaF3-AlF3-NaF) has high transmittance in the
mid-infrared region. The property of low absorption suggests
that it also has low dispersion in the mid-infrared region.
However, the property has been overlooked and no previous
work has utilized ZBLAN fibers for developing ultrafast laser
oscillators.

In this work, we have developed a passively mode-locked
laser oscillator based on thulium-doped ZBLAN fibers pumped
by a cw Ti:sapphire laser. Output pulses with the average
power of 13 mW are obtained at the repetition rate of 67.5
MHz with the pump power of 140 mW. Thanks to low dis-
persion of ZBLAN, the spectra of the output beam was as
broad as 300 nm at 30 dB below the peak. The generated
pulses was compressed down to 45 fs, which is the shortest
pulses generated from laser oscillators operating around 2 pum
wavelength region to the best of our knowledge.
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Figure 3. Measured pulse shape (Left). Measured spectral profile
(Right, filled blue curve) and phase (Right, dashed red curve).
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Dissociative Photoionization Studies of
Fullerenes and Carbon Nanotubes and Their
Application to Dye-Sensitized Solar Cells
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We have observed the dissociative
photoionization of the fullerenes. We

studied the mechanisms and Kinetics of
C, release reactions from the fuller-

d b
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enes on the basis of the yield curves
and the scattering velocity distributions

of the fragments. We now intend to
apply the above gas phase spectros-
copy to functional materials such as
carbon nanotubes (CNTs). Addition-
ally we utilize the CNT to a catalytic counter electrode in dye-
sensitized solar cells (DSSCs). This research aims at under-
standing the electron transfer phenomena from CNTs both in
gas phase and in condensed phase.

1. Mass Resolved Velocity Map Imaging of

Doubly Charged Photofragments from Cgo and C7q
We have obtained 2D velocity images of the fragments

from Cgp and C79. The 2D velocity images of fragments were

found to be convolutions of isotropic center-of-mass velocity
acquired by the C; emission and anisotropic velocity of Cgg in
the parent molecular beam.

2. Gas Phase Spectroscopy of CNTs

We have started to build a vacuum apparatus for the gas
phase spectroscopy of CNTs. With the apparatus we will first
perform experiments using the fullerenes and then improve the
apparatus to achieve experiments using CNTs.

3. Development and Evaluation of CNT
Catalytic Counter Electrodes for DSSCs

To improve photovoltaic energy conversion efficiency of
the DSSC, the rate of charge transfer reaction on the counter
electrode is important. We prepared the counter electrodes
using commercial CNT aqueous dispersions. We have started
the impedance spectroscopy of the CNT electrodes in order to
elucidate the effect of series resistance of the electrodes on the
performance of DSSC.

In-situ Soft X-Ray Spectromicroscopic Study
of Chemical and Biological Systems

UVSOR Facility

Division of Beam Physics and Diagnostics Research

We have constructed a scanning
transmission X-ray microscope (STXM)
beamline in the soft X-ray region at
BL4U in the UVSOR-III facility.!?
One of the advantages of the STXM is
a high tolerance for environments of
samples. For example, vacuum is not

OHIGASHI, Takuiji
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required for samples and even the sam-
ples in water can be observed by using
soft X-rays in the water window region
(282 ~ 539 eV). This advantage enables the STXM to perform
in-situ observation easily combined with a long working
distance. Hence, we have been developing in-sifu sample cells
for the STXM measurement.

A schematic image of cross section of a liquid flow sample
cell is shown in Figure 1. This sample cell uses two silicon
nitride membranes of 100 nm thick as windows sealed by two
O-rings. Liquid flows between a gap of the two membranes by
using a tubing pump. Then, the gap width (i.e. thickness of the
liquid) can be tuned by the pressure of helium gas in a main
STXM chamber. As a test measurement, by changing the

liquid from pure water to ethanol simply, their absorption
spectra around oxygen 1s were measured (Figure 2). Recently,
a window membrane with gold electrodes pettern was developed
and in-situ measurement of electro-chemistry was performed.
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Figure 1. A liquid flow Figure 2. Transmission spectra of pure

cell in section. water and ethanol.
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Visiting Professors

Strong Coupling of Single Atoms to Photonic Crystal Cavity Field

We have investigated photonic crystal structures which enable modification of propagation properties of
an electromagnetic field and also tight confinement of the field to a tiny resonator. Accordingly the field
strength inside the resonator is much enhanced and therefore the field can be strongly coupled to a quantum
emitter such as a quantum dot even at a single photon level. Such a nanostructure device would be suitable
for applications in optical communication and future quantum information processing in terms of its
scalability. We have studied the strong coupling of the cavity field with a quantum dot and also the Purcell effect. Recently we
have been interested in adopting a single cold atom as a quantum emitter, which shows much longer coherence time and therefore
would be desirable for future application. Cold atoms are first loaded into a magneto-optical trap and then one of them is captured
in tightly-focused optical tweezers. A movable lens-positioner can translate the position of the focal point, thereby transferring
the trapped atom to the vicinity of the photonic crystal cavity. With this technique, the strong coupling of the single atom with the
cavity field will be studied.

Visiting Professor
A NODA, Susumu (from Kyoto University)
-

Visiting Professor
ITO, Atsushi (from Tokai University)

-

X-Ray Spectromicroscopy of Biomedical Specimens

Soft X-ray microscopy has a great advantage over other microscopies in the mapping of light elements
or molecules containing such elements at high resolution. The mapping is realized with soft X-ray scanning
microscope (STXM) using an unique imaging method X-ray spectromicroscopy which utilizes distinctive
spectral features of elements and molecules, that is, absorption edges and XANES profiles observed in the
vicinity of the absorption edge. To apply to biomedical specimens, XANES profiles have been surveyed for
a variety of biomolecules such as DNA, proteins (histone and albumin), sulfur-containing amino acids, calcium-containing
biomolecules and iron-containing proteins at the C-K, N-K, O-K, S-L, Ca-L and Fe-L absorption edges in the soft X-ray region.
One of the most interesting and useful results obtained in this survey is that DNA and histone, a nuclear protein, exhibited
significantly different spectra at the N-K edge, suggesting the possibility to image DNA and proteins in cellular nuclei separately.
We are now interested in the time dependence of distribution pattern of DNA and proteins in nuclei that undergo apoptosis.

Visiting Associate Professor
HATSUI, Takaki (from RIKEN SPring-8 Center)

- 1 Atomistic Dynamics in Metal-Semiconductor-Oxide (MOS) Transistor

- This year, we have investigated on the static behavior of MOS transistors. MOS transistors are widely
used in semiconductor industry. One of the bottlenecks in achieving the lower power consumption is
random telegraph noise. In order to avoid the malfunctioning arising from the noise, the supply voltages
should be higher than the optimal condition, resulting higher power consumption. The noise behavior in
this study was investigated by manufacturing a transistor-element group of a fully-depleted silicon-on-
insulator (FD-SOI) MOS transistors at a technology node equivalent to 350 nm node. The FD-SOI CMOS transistors haves a
substrate terminal where we can externally control the vertical field in MOS channel. The low frequency drain-source noise
around 100 Hz was measured at different substrate voltages. For a transistor (L = 0.4 um/W = 1.0 um) with high RTS noise was
selected. At the substrate voltage of 0 V, the transistor shows prominent RTS noise; current shows two distinct levels with a
difference of 1 x 10~® A. At lower substrate voltage of —5 V, the RTS noise completely disappeared. Traditionally, this
phenomenon was explained in terms of a defect in channel and channel depth within a classical band theory. In this study, this
phenomenon was interpreted within an atomistic model based on quantum mechanics.
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Materials Molecular Science

Extensive developments of new functional molecules and their assemblies are being conducted in three Divisions of
Electronic Structures, Electronic Properties, and Molecular Functions, and one division for visiting professors and associate
professors, in an attempt to discover new phenomena and useful functions. The physical (electric, optical, thermal and
magnetic) properties on new functional materials, the chemical properties like enzymes, catalysis and photochemistry, the
exploitation of new spectroscopic methods for materials molecular science, and technological applications like fuel cells, solar

cells and field effect transistors are investigated in this department.
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Keywords

For the developments of novel functional materials, it is
quite important to exploit new characterization methods based
on advanced technology simultaneously. Novel materials and
devices often require spatial and/or time resolved analysis to
optimize their qualities. In our group, we have been exploiting
spectroscopic methods for material and surface science using
synchrotron radiation and lasers.

The first topic is the spectroscopic analysis systems of
magnetic thin films. In 2006, we successfully invented a novel
magnetic nanoscope using ultraviolet magnetic circular di-
chroism photoelectron emission microscopy, which allows us
to perform real-time and ultrafast magnetic imaging to investi-
gate magnetic dynamics. We have also constructed in situ
x-ray magnetic circular dichroism (XMCD) system using a
ultrahigh vacuum superconducting magnet and a liq. He
cryostat. The XMCD apparatus is widely open for public
usage and many researchers even from abroad visit every year.
We are currently interested in metal phthalocyanine mono-
layers on nonmagnetic and ferromagnetic surfaces, whose
electronic and magnetic properties are tunable by changing the
central metal atom and/or modifying the ligand. Our recent
achievement concerning vanadyl phthalocyanine will be pre-
sented in the next page.

The second topic is the exploitation of ambient pressure
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hard x-ray photoelectron spectroscopy (XPS) for polymer
electrolyte fuel cells (PEFC) under working conditions. We
have successfully installed ambient pressure (up to 3000 Pa)
hard x-ray photoelectron spectrometer (Figure 1). We have
designed in situ fuel cells under working conditions and have
successfully recorded Pt 3d XPS (Figure 1) of Pt/C and
PtCo/C cathode catalysts in PEFC.

Furthermore, we have just started the third topic of the
picosecond time resolved x-ray absorption fine structure
(XAFS) spectroscopy. The installation of a picosecond laser
system was completed and the performance test using a short-
lived photoexcited metal complex was successful.

Figure 1. Ambient pressure hard x-ray photoelectron spectrometer (left)
and typical Pt3d spectra from the Pt/C cathode catalyst in PEFC (right).
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and T. Yokoyama, Phys. Rev. B 79, 172404 (2009).
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1. Structural and Magnetic Properties of
Submonolayer Vanadyl Phthalocyanine'-?

Controlling a wide range of functionalities of metal com-
plexes on substrate surfaces for the applications such as
molecular spintronics, molecular devices, and molecular
catalysis is of special importance. Metal phthalocyanine
(MPc) is one of the most promising materials. Although
extensive studies on late 3d transition metal Pc monolayers on
metal surfaces have been reported, much less investigations
have been conducted on early 3d transition metal Pcs. We have
studied structural and magnetic properties of vanadyl phthalo-
cyanine VOPc on Si(111) and Ag(111) single crystal surfaces
and also ferromagnetic ultrathin Fe, Co and Ni films grown
epitaxially on Cu(001), by means of soft x-ray absorption
spectroscopy and x-ray magnetic circular dichroism using our
synchrotron radiation facility UVSOR-III and other surface
scientific methods.

Figures 2(a) and 2(b) show the N and O K-edge x-ray
absorption spectra of 10 monolayer (ML) VOPc on Si(111),
0.6 ML VOPc on Si(111) and 1 ML VOPc on Ag(111). From
these spectra, it is concluded that the adsorbed submonolayer
VOPc is lying flat on both the surfaces and that on Si(111) the
VOPc molecule adsorbs with the oxygen downward configur-
ation due to the formation of the Si—~O-V bond, while on
Ag(111) the oxygen-up configuration is preferred because of a
stronger interaction between Ag and the Pc m/m* orbitals. This
is the first experimental proof for the oxygen-down configura-
tion of MOPc on semiconductor surfaces, consistent with the
theoretical prediction on the VOPc/GaAs system.

Figure 3 shows the V and Fe L-edge XMCD spectra of
monolayer VOPc on 3 ML Fe films grown epitaxially on
Cu(001). The Fe film exhibits perpendicular magnetic easy
axis. The V Lyj-edge signals are found to be reversed com-
pared to the Fe ones; namely the V magnetic moment is
antiparallel to the magnetic field. This indicates that the
magnetic interaction between VOPc and Fe is antiferro-
magnetic even under +5 T. The V L-edge spectra of VOPc on
the Co film (not shown) reveal that the interaction between
VOPc and Co is again antiferromagnetic, though the coupling
seems to be considerably weaker. On the contrary, VOPc on
the Ni films exhibits inherent paramagnetism without notice-
able magnetic interaction between VOPc and Ni. This is
consistent with a previous theoretical study that concluded
much longer spacing between MPc and Ni than Fe and Co.
The present observation of antiferromagnetic coupling between
MPc and the ferromagnetic films is quite rare and VOPc
should be a possible candidate for molecular magnetic devices
to preserve or enhance the ferromagnetism of the substrate
metals. Since VOPc itself seems to show the perpendicular
easy axis with respect to the molecular plane, this molecule
could be also suitable for perpendicular magnetic anisotropy.
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Figure 2. (a,b) N K-edge (a) and V L- and O K-edge x-ray absorption
spectra of multilayer VOPc on Si(111), 0.6 ML VOPc on Si(111) and
1 ML VOPc on Ag(111). (c) Schematic structural views of adsorbed
VOPc on Ag(111) and Si(111) surfaces.
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Figure 3. (a,b) V and Fe L-edge x-ray magnetic circular dichroism
spectra of monolayer VOPc on 3 ML Fe films grown on Cu(001)
recorded at 7= 5 K and H = +5 T. (c) Schematic views of antiferro-

magnetic interaction between VOPc and the Fe film.
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Keywords

Magnetic resonance measurements are advantageous for
studying fundamental electronic properties and for under-
standing the detailed electronic structures of molecular based
compounds. Developing an understanding of the electronic
phases and functionality of these materials enables us to
perform systematic investigations of low-dimensional, highly-
correlated electron systems and functional materials. Com-
petition between the electronic phases in molecular-based
conductors has attracted much attention. The investigations of
such electronic phases by magnetic resonance measurements
are important to understanding unsolved fundamental problems
in the field of solid state physics, and to explore novel func-
tionalities in the field of material science.

In this study, we performed broad-line NMR and ESR
measurements on molecular-based conductors to understand
electron spin dynamics and functionality in low-temperature
electronic phases.
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Figure 1. Solid state broad-line NMR system (above). Multi-
frequency pulsed ESR system (below).
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1. Magnetic Resonance Investigation of
Self-Doped Type TTFCOO and TTPCOO
Family Salts

'"H-NMR and High-Field ESR measurements were carried
out for self-doped type organic conductors, ammonium tetra-
thiapentalene carboxylate (TTPCOO),[(NH4*)1_(NH30),]
(hereafter we abbreviated as TTPCOONH4 system), which are
developed by NIMS group. While the pristine TTPCOOH
molecules are closed-shell, self-doped type carrier is generated
by substitution of the end group of (NH3%) with (NH4*!),
which is regarded as a charge-reservoir. The m-extended
system, TTPCOO, possessed a uni-axial g-tensor, indicating
2D isotropic structure such as herring-bone-like donor arrange-
ments. NMR-relaxation rate shows the Korringa relation
temperature dependence, and the ESR linewidth follows Elliot
mechanism. These facts are apparent evidences of stable
metallic state.
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Figure 2. Temperature dependence of the 'H-NMR spin-lattice
relaxation rate T;~! for TTPCOO system. T-linear Korringa-like

behavior down to 5 K indicates a stable metallic state.

Figure 2 shows the temperature dependence of the spin—
lattice relaxation rate of TTPCOONH4 system. A pronounced
peak behavior observed at around 160K shows frequency
dependence and is apparently originated from the proton
motion. Since the relaxation of molecular motion is rapidly
suppressed as lowering temperature, the nuclear spin relaxa-
tion at low temperatures (i.e. below 100 K) is mainly caused
by the electron spins. In the low-temperature region, the 'H
NMR spin-lattice relaxation rate, 77!, of TTPCOONH4
system shows 7-linear Korringa-like behavior down to 5 K.
This observation clarifies that this system is metallic. It is

contrast to the 1D spin diffusive relaxation behavior (~79-)
observed in a semiconductor (TTFCOO),[(NH4*1)_(NH3%),].
The continuous 7-linear behavior of 7,~! down to 5 K also
shows that there is no low-dimensional instability and anti-
ferromagnetic (SDW) transitions at low temperatures. No
obvious line shift and line broadening with temperature also
supports this scenario. These facts indicate that substitution of
mainframe from TTF to © extended TTP is essential key to
realize a stable metallic state by means of reduction of elec-
tron correlation (Coulomb repulsion) and dispersion force.

2. Time-Resolved ESR Spectroscopy
Investigation of Photoconduction
Mechanism in Covalent Organic Framework
(COF) Materials

Covalent organic framework (COF) materials are porus
crystalline materials. They attracted much attention because of
their functionalities. Recently, a variety of COF materials
based on the Donor—Acceptor (D-A) system have been devel-
oped. Jiang and coworkers synthesized a variety of D—A type
COFs such as NDI-ZnPc, PyDI-ZnPC and ZnPc-NDI-HHTP.
While molecules are connected by tight covalent bonds within
the two-dimensional layers, the molecules stack to form one-
dimensional columns perpendicular to the planes. They show
pronounced photo-conducting behavior. The possible photo-
conduction origin is the electron transfer between donor and
acceptor. However, the detail mechanism is an open question.
We performed time-resolved photo-excited ESR spectroscopy
for a series of D-A type COF materials to investigate the
photo-conduction mechanism. After photo-excitation to D-A
type COFs, an ESR signal originated from the charge-sepa-
rated state was observed, which could not be observed in
isolated molecules. As for ZnPc-NDI-COF, we can observe
the charge-separated ESR signal even at R.T., indicating long
lifetime of the photo-excited carriers. Actually, the lifetime of
the photo-excited charge-separated states in ZnPc-NDI-COF
are estimated as 865 us at 80 K and 1.8 us at 280K.
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Keywords

Organic solar cells have been intensively studied due to
many advantages like flexible, printable, light, low-cost,
fashionable, etc. We have been focused on the establishment
of “bandgap science for organic solar cells.” We believe that
the following features are indispensable. (a) Organic semi-
conductors purified to sub-ppm level, at least seven nines (7N;
0.1 ppm), should be used. (b) A ppm-level doping technique
should be developed. (¢) Every individual organic semi-
conductor should be capable of displaying both n- and p-type
characteristics by impurity doping alone, i.e., complete pn-
control should be developed. (d) Unintentional and un-
controllable doping by oxygen and water from air should be
completely eliminated. (e) The doping technique should be
applicable not only to single organic semiconductor films, but
also to codeposited films consisting of two kinds of organic
semiconductors since a key element for exciton dissociation in
organic solar cells is having a co-deposited films.

Recently, we have showed that in principle, almost all
single organic semiconductors can be controlled to both n-type
and p-type by doping alone, similar to the case of inorganic
semiconductors (Figure 1). This can be regarded as a founda-
tion for the construction of high efficient organic solar cells.

Selected Publications

* M. Hiramoto, M. Kubo, Y. Shinmura, N. Ishiyama, T. Kaji, K.
Sakai, T. Ohno, M. Izaki and M. Hiramoto, “Bandgap Science for
Organic Solar Cells,” Electronics 3, 351-380 (2014).

* M. Kubo, K. Iketaki, T. Kaji and M. Hiramoto, “Conduction Type
Control of Fullerene Films from n- to p-Type by Molybdenum

Organic Semiconductors, Organic Solar Cells, Doping

Blacinen and hola
transpon matarials
4

bl ]
OPFY malesials
10 -fullerenes |I |4|I|:-r_'y|| lines 331 13 .
== ! J!-
= LE7 !
- 151
i‘.m s
H o
1 e
g u.h Ealy th 4 !- - 3 |
T e T T
=50 - o S
= [FRNF] . . f [3]
Cu Ex ) ¥ * CHP
i e M /’J‘_-, +n
= > = -\... L
9F T

Figure 1. Energy diagrams of various organic semiconductor films.
The black, red, and blue lines show the energetic position of Ef for
non-doped, acceptor dopant (MoO3)-doped, and donor dopant
(Cs2C0O3)-doped films. The doping concentration is 3,000 ppm. Er
values for MoO3 and CsyCO3 films (100 nm) are also shown.
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1. lonization Sensitization of Doping in
Co-Deposited Organic Semiconductor
Films

We have developed the pn-control technique by impurity
doping for co-deposited films? such as Cgo:HsPc (fullerene:
metal-free phthalocyanine) since a key element for exciton
dissociation in organic solar cells is having a co-deposited
films. During the course of these studies, we made accurate
estimates of the carrier concentrations generated by impurity
doping by means of Kelvin band-mapping,? from which we
found evidence of higher doping efficiencies for co-deposited
films compared to those for the respective single films.

Figure 3 shows the dependence of the doping efficiency on
the doping concentration for Ceo:HpPc and their component
films. The doping efficiency is defined by the ratio of the
carrier concentration created to the molecular concentration of
Cs2C0O3. The doping efficiencies of single films of Cgp and
HjPc are around 10%. In contrast, those of the co-deposited
films of Cgo:HoPc are around 50%. Thus, we conclude that the
doping efficiency was significantly enhanced in the co-
deposited films.
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Figure 2. Dependence of doping efficiency on Cs,CO3 doping
concentration for Cgp:HaPc co-deposited films and their component
films.

By making contact with Cep, since the electron transfer
from the conduction band of H,Pc to that of Cgg (Figure 4(a),
blue arrow) occurs accompanied with energetic relaxation (0.7
eV), the electron concentration in HyPc decreases. Due to the
shift in equilibrium, the electrons liberated from the donor
levels accelerate, i.e., the ionization rate (doping efficiency)
for donors increases only in the HyPc region. Figure 4(b)
shows the cross sectional energy structures of charge separat-
ing HyPc/Cgp superlattice after contact. In this model, the
H>Pc regions act as electron supplying layers to the Cegp
regions. The Cg regions act as electron transporting high-
ways. Based on this model, we expected that the total ioni-
zation rate in HyPc:Cgp co-deposited films would increase
further by increasing the HyPc ratio and obtained the ioniza-
tion rate of 97% at a HyPc:Cgg ratio of 99:1.
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Figure 3. (a) Energy diagrams of Cs»CO3-doped HyPc and Cgg single
films before contact. CB, VB, and AEp denote the conduction band,
the valence band, and the activation energy of the donors, respectively.
(b) Cross sectional energy structure of a CspCO3-doped HyPc/Cgg
superlattice model after contact.

2. Mapping of Band-Bending for Organic
pn-Homojunctions

A precise band-mapping for organic pn-homojunctions,
which have various balance of doping concentration between
p- and n-type layers, was performed by measuring the film
thickness dependence of the work function from both sides of
the pn-homojunction interface using a Kelvin probe. Band-
bending including the simultaneous development of depletion
layer in underlying n-type layer induced by the deposition of
p-type layer, and vice versa, should be taken into account for
the precise fitting based on the Poisson equation. Validity of
the conventional theory of space charge layer suggests that the
dopants are spatially fixed even in the organic semiconductor
films. The present result allows the precise design of the
built-in potential in the organic solar cells.
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Figure 4. Energy band diagram of the p*n*-homojunction. VL, Ef,
VB, and CB denote the vacuum level, Fermi level, the valence band
and the conduction band, respectively.
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Two-dimensional (2D) polymers and their layered frame-
works (covalent organic frameworks: COFs) are a class of
crystalline porous materials that allow an atomically precise
integration of organic components into a 2D or 3D periodicity.
The COF materials are different from conventional polymers
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and typical porous meta-organic framework in the aspects
structure, synthesis, and functions and have emerged as a new
platform for designing advanced materials, including gas
adsorption, catalysts, semicoductors, light-emitters, and active
materials for batteries and polymer solar cells. We have
pioneered the field of COFs by exploring molecular topol-
ogies, building blocks, linkages, and functions and applications.
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Figure 1. The first semiconducting 2D COF.
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1. Azine-Linked 2D Polymers and COFs

To discover new covalent bonds for the construction of
crystalline and permanent porous organic frameworks remains
challenging in the field of reticular chemistry. Successful
attempts to achieve COFs have been limited to few covalent
bonds, including boronate, boroxine, borosilicate, imine,
triazine, hydrazone, and squaraine linkages. Among them,
only few examples of COFs have been reported to show
enough high thermal and chemical stabilities, which however,
are crucial for applications. In this context, to explore a robust
linkage for the synthesis of COFs that meet the requirement in
crystallinity, porosity, and stability is of critical importance for
the further advancement of the field from the viewpoints of
both basic research and technological application.

Figure 2. (A) Schematic representation of the Synthesis of the azine-
linked COF (Py-Azine COF). (B) Top and side views of the AA
stacking structure of the Py-Azine COF (sky blue: tetraphenylpyrene
unit, red: nitrogen, H atoms are omitted).

Herein, we report the development of a new covalent bond
based on the azine linkage for the synthesis of COFs that
exhibit high crystallinity, high porosity, and robust chemical
stability (Figure 2, Py-Azine COF). Condensation of hydrazine
with 1,3,6,8-tetrakis(4-formylphenyl)pyrene under solvo-
thermal conditions affords highly crystalline two-dimensional
covalent organic frameworks. The pyrene units occupy the
vertices and the diazabutadiene (—C=N-N=C-) linkers locate
the edges of rohmbic-shaped polygon sheets, which further
stack in an AA-stacking mode to afford periodically ordered
pyrene columns and one-dimensional microporous channels.
The azine-linked frameworks feature permanent porosity with
high surface area and exhibit outstanding chemical stability.
By virtue of the pyrene columnar ordering, the azine-linked
frameworks are highly luminescence, whereas the azine units
serve as open docking sites for hydrogen-bonding interactions.
These synergestic functions of the vertices and edges units
endow the azine-linked pyrene frameworks with extremely
high sensitivity and selectivity in chemosensing, for example,
the selective detection of 2,4,6-trinitrophenol explosive. We
anticipate that the extension of the present azine-linked strat-
egy would not only increase the structural diversity but also
expand the scope of functions based on this highly stable class
of covalent organic frameworks.

2. Pore Surface Engineering for
Constructing Donor—Acceptor COFs

Two strategies have been established for the synthesis of
donor-acceptor COFs. By using electron donor and acceptor
as monomers, we have developed a covalent methodology for
the synthesis of donor—acceptor COFs, whereas the skeletons
are built from alternately linked donor and acceptor T-arrays
and leave open channels unused. As an alternative way, we
and other groups have explored a supramolecular approach by
spatially confining electron acceptors within the open channels
of electron-donating frameworks. Clearly, the former approach
requires a planar conformation of the monomer units and is
not applicable to the zero-dimensional molecules, such as
buckyballs, a class of widely utilized electron acceptors. The
second approach based on physical filling can load buckyballs;
however, it encounters a problem on the fullerene elution from
the channels.

Figure 3. Surface engineering of pore walls for covalent linking of
fullerenes to constitute donor—acceptor systems.

In this work, we developed a method for converting the
open lattice of COFs into photoelectric structures in which
electron-accepting buckyballs were spatially confined within
the nanochannels via covalent anchoring on the channel walls
(Figure 3). The donor—acceptor heterojunctions trigger photo-
induced electron transfer and allow charge separation with
radical species delocalized in the m-arrays, whereas the charge
separation efficiency was dependent on the buckyball content.
This new donor—acceptor strategy explores both skeletons and
pores of COFs for charge separation and photoenergy
conversions.
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Keywords

In order to elucidate functions of molecules, characteriza-
tion of molecules is the first step. There are varieties of
important molecules which are insoluble to any solvent and
functional at amorphous state. Solid state NMR enables to
obtain variety of information for such molecules at atomic
resolution without significant restrictions and damage of
molecules. Thus solid state NMR is one of the essential tools
for the characterization of those molecules.

We have been working on the methodology and hardware
developments of solid state NMR and their applications such
as structural biology and material science. We study for
characterization of biomolecules such as peripheral membrane
proteins and organic molecules such as natural products and
synthetic polymers. Characterizations of several molecular
materials in addition to biomolecules are under investigations
with several corroborators using solid state NMR.
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1. Molecular Proximity Revealed by Solid
State NMR

Molecular proximity is one of the important information to
characterize structure and functions of various molecules.
However, the isotope enrichments of those samples are diffi-
cult or limited. Thus, low sensitivity natural abundant isotopes
must be observed. Furthermore, so far many of developed
solid state NMR techniques have been designed for the study
of isotope enriched sample. Thus methodology developments
and analysis optimized for natural abundant samples are quite
important.

We have been exploring to reveal molecular proximity of
biomolecules and synthetic polymers without isotope enrich-
ment based on different approaches.

'H detection is one of the possibilities in order to over-
come sensitivity issue for the observation of natural abundant
samples. However, solid organic samples possess 'H homo-
nuclear dipolar coupling which results in significant broad-
ening of spectra. Thus unlike solution NMR, it has been
difficult to observe 'H high resolution spectra for organic
solids. However, high speed MAS technique has made a
remarkable progress in the past decade. It enables to observe
high resolution 'H spectra only by using MAS and gives
reliable isotropic chemical shifts.

We have attempted to reveal molecular proximity by
observing high resolution 'H spectra using ultra high speed
MAS under ultra high field. With collaborators, we have
successfully revealed molecular packing in silk fibroin based
on accurately determined 'H position in model peptide which
obtained from the analysis of cross peak growing for 'H-
homonculear double quantum-single quantum correlation
spectral?)

As an alternative approach, so far CRAMPS technique

at various mixing time.

which utilize multiple pulse (MP) 'H homonuclear dipolar
decoupling under magic angle spinning has been used to
observed high resolution 'H spectra under magic angle spin-
ning. In this technique, averaging cycle of 'H homonuclear
dipolar interaction based on MP must be short enough com-
pare to the MAS rotation period in order to avoid interference
between spin and sample rotations. Thus high power RF field
is required for 'H to satisfy above requirements. Furthermore,
MP also scales down isotropic chemical shifts of 'H simul-
taneously. Thus careful calibrations of experimental param-
eters are essential in order to observe correct isotropic chemi-
cal shifts. Using CRAMPS approach for 'H dimension, it is
possible to obtain high resolution 'H-!3C heteronuclear corre-
lation spectra under moderate speed MAS.

We are currently investigating intermolecular proximity of
cage molecules with collaborator. By using 'H-!3C hetero-
nuclear correlation experiments under high field, it enables to
detect intermolecular 'H-13C heteronuclear correlation based
on heteronuclear dipolar couplings. Compared to 'H-inter-
molecular correlation approach mentioned above, detectable
distance range are limited and sensitivity is lower, however
13C detection enables well resolved sharp signals.

2. Proton Localization in ZnO Nanorods
Revealed by In-Situ 'H-Magic Angle
Spinning Solid State NMR Spectroscopy?

ZnO nanorods can be grown using aqueous solution.
Unique shape of ZnO nanorods are studied for various appli-
cations such as biosensors, piezoelectric generators, dye-
sensitized solar cells. Aqueous-grown ZnO nanorods might
contain various kinds of impurities from source materials.
Considering aqueous-growth of ZnO nanorods, we pay atten-
tion on incorpolated hydrogen atoms, which can act as shallow
donors.

In this study, local environments of protons incorporated
in aqueous grown ZnO nanorods at different temperatures and
approaches were studied prepared by collaborator by in-situ
'H-magic angle spinning solid state NMR spectroscopy. We
found out that the amount of protons incorporated in ZnO
nanorods were increased toward increase of temperature of
hydrothermal synthesis. However those for annealed samples
at 500 °C after thermal synthesis release protons toward
increase of temperature of hydrothermal synthesis. Further-
more, protons incorporated in ZnO nanorods prepared by
either hydrothermal synthesis using autoclave or microwave
irradiations exhibited different proton concentrations and
adsorptive activities. Those results indicate that adsorptive
activity of protons incorporated in ZnO nanorods may vary
depending on the preparation procedures.
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Development of Novel Heterocyclic
Compounds and Their Molecular
Assemblies for Advanced Materials

Safety Office

Heterocycles containing sulfur
and/or nitrogen atoms are useful as
components of functional organic ma-
terials since heteroatoms in their rings
are helpful to stabilize ions or ion-radi-
cal species. In addition, intermolecular
interactions caused by heteroatom con-

TOMURA, Masaaki
Assistant Professor

tacts can be expected to form unique
molecular assemblies. In this project,
novel functional organic materials based
on various heterocycles were synthesized and their physical
and structural properties were investigated.

1. Synthesis, Structure and Physical
Properties of N-Boc-Pyrrole Derivatives for
Organic Semiconductors

Planar m-conjugated molecules have been attracted much

attention from the viewpoints of development of organic
semiconductor devices.!) To improve their low solubility, we
synthesized several N-tert-butoxycarbonyl (Boc)-2,5- diaryl-
pyrrole derivatives as precursors of organic semiconductors for
the fabrication of solution-processed field-effect transistors.
These compounds have nonplanar structures due to a steric
hindrance between Boc group and aryl ones. Elimination of
Boc group from the soluble precursors by annealing quantita-
tively afforded insoluble N-H-2,5-diarylpyrroles with planar
structures. We investigated their spectral and electrochemical
changes toward a film fabrication technology.

Reference
1) K. Ono, J. Hashizume, H. Yamaguchi, M. Tomura, J. Nishida and
Y. Yamashita, Org. Lett. 11, 4326-4329 (2009).

Multifunction Integrated Macromolecules
for Molecular-Scale Electronics

Safety Office

Recently a single electron tunnel
device (SET) has attracted much atten-
tion as an ultra-low-power device. In
this project, to establish an innovative
fabrication process for SET systems,
we have been developing step- wise
synthetic protocols for mono-mo-

TANAKA, Shoji
Assistant Professor

lecular single-electron tunnel devices
(MOSET) and their integrated circuits.

1. Systematic Chemical Modulation of
Molecular Wires

We have already elucidated the details of steady-state
long-distance molecular conduction through a series of mo-
lecular wires 1. As a next step, we have planed to develop the
design principle for precise and wide-range control of elec-
tron-transport characteristics of single molecular wires. For
this purpose, we have modulated the electronic structure of the

wires 1 by systematic chemical modifications. Figure 1 shows
the typical examples. The measurement of single molecular
conductance of these wires is still in progress.
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Visiting Professor
TAKENOBU, Taishi (from Waseda University)

Electronic Phase Control of Molecular Materials by Electric Double Layer Transistors
Charge carrier control is one of the key issues in the development of solid state physics and novel
functional devices. Most famous device is field-effect transistor, in which material conductivity is

controlled by accumulated charges at semiconductor/insulator interface. Beyond the simple enhancement of
conductivity, high charge carrier accumulation can realize various phenomena, such as phase transition,
magnetic ordering, and superconductivity. Electric double layers, formed at solid/electrolyte interfaces, induce extremely large
electric fields, huge specific capacitance and high density charge accumulation, and, as the results, this method opens new route
for novel functionalities. Because molecular materials have large variety of electronic and magnetic properties, we are
investigating the physical properties of ionic liquid/molecular materials interfaces and are developing the method to combine
single crystals of molecular solid with electric double layer transistors to discover novel phase transitions and functional devices.

Visiting Associate Professor
NAKANISHI, Takashi (from National Institute for Materials Science)

Self-Assembly Controlled Soft Materials of Multifunctional Spin-Active Molecules
Because of optoelectronic properties and single magnet molecule behavior, phthalocyaninato rare-earth
metal double-decker complexes have received much attention. These complexes are expected to have

application in spintronics as well as in electrochromic and optoelectronic devices. In our work we apply the
concept of soft materialization to the double-decker phthalocyanines to achieve control over self-assembly
and phase transition of the material. Our aim is to obtain solvent-free soft materials, including room temperature liquids and
liquid crystals, with tunable intermolecular interactions and magnetic, electrochromic, and photoconductive properties. One kind
of double-decker phthalocyanine is chosen as a “functional, spin-active unit” and multiple branched long-alkyl chains are
attached as substituents. The synthesis, spectroscopy and electrochemistry, ESR analyses of these materials as well as their
thermotropic behavior are deeply evaluated and further analysis such as electrochromic and photoconductive properties are
currently under way.

Visiting Associate Professor
NEGISHI, Yuichi (from Tokyo University of Science)

Creation of Functionalized Metal Nanoclusters and Highly Activ e Photocatalytic Materials Using
Thiolate-Protected Magic Gold Clusters
Advances in developments in nanotechnology have encouraged the creation of highly functionalized

nanomaterials. Because of their nanoscale size (< 2 nm), thiolate-protected gold clusters (Au,(SR),,)
exhibit size-specific physical and chemical properties not observed in bulk metals. Therefore, they have
attracted attention as functional units or building blocks in nanotechnology. The highly stable, magic Au,(SR),, clusters possess
great potential as new nanomaterials. We are studying the following subjects related to magic Au,(SR),, clusters: (1) establishing
methods to enhance their functionality, (2) developing high-resolution separation methods and (3) utilizing the clusters as active
sites in photocatalytic materials. Through these studies, we aim to create highly functional metal nanoclusters and apply them as
highly active photocatalytic materials.
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Department of Life and Coordination-Complex Molecular Science is composed of two divisions of biomolecular science, two
divisions of coordination-complex molecular science, and one adjunct division. Biomolecular science divisions cover the
studies on functions, dynamic structures, and mechanisms for various biomolecules such as sensor proteins, membrane-
anchored proteins, biological-clock proteins, metalloproteins, glycoconjugates, and molecular chaperone. Coordination
complex divisions aim to develop molecular catalysts and functional metal complexes for transformation of organic molecules,
water oxidation and reduction, and molecular materials such as molecular wires. Interdisciplinary alliances in this department
aim to create new basic concepts for the molecular and energy conversion through the fundamental science conducted at
each division. During this year, associate professors Toshi Nagata, Hidehiro Sakurai (Research Center of Integrative
Molecular Systems), Hiroshi Fujii (Okazaki Institute for Integrative Bioscience), who had joined this department under
concurrent appointments, were promoted to move out from IMS. Dr. Norie Momiyama was recruited to be an associate
professor of the Division of Complex Catalysis in June 2014. Dr. Ryota lino was also recruited as a full professor of the
Okazaki Institute for Integrative Bioscience in June, and simultaneously offered a concurrent appointment of this department.
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Keywords

Transition metal ions and metalloproteins play crucial
roles in meeting the energy demands of the cell by playing
roles in intermediary metabolism and in signal transduction
processes. Although they are essential for biological function,
metal ion bioavailability must be maintained within a certain
range in cells due to the inherent toxicity of all metals above a
threshold. This threshold varies for individual metal ions.
Homeostasis of metal ions requires a balance between the
processes of uptake, utilization, storage, and efflux and is
achieved by the coordinated activities of a variety of proteins
including extracytoplasmic metal carriers, ion channels/pumps/
transporters, metal-regulated transcription and translation
proteins, and enzymes involved in the biogenesis of metal-
containing cofactors/metalloproteins. In order to understand
the processes underlying this complex metal homeostasis
network, the study of the molecular processes that determine
the protein—metal ion recognition, as well as how this event is
transduced into a functional output, is required. My research
interests are mainly focused on the elucidation of the struc-
ture—function relationships of the biological systems in which
a heme molecule takes part in maintaining cellular homeostasis.

Heme shows many biological functions. The most popular
function is to be used as a prosthetic group in heme proteins.
Heme proteins show a variety of functions including oxygen
transport/storage, electron transfer, oxidase, peroxidase, oxy-
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genase, catalase, and dehydratase. In addition to these func-
tions, a new function of hemeprotein has been found recently,
which is a sensor of diatomic gas molecules or redox change.
In these heme-based sensor proteins, the heme acts as the
active site for sensing the external signal such as gas mol-
ecules and redox change. Heme also shows a novel biological
function as a signaling molecule for transcriptional and trans-
lational regulation. In these systems, heme-sensing proteins
sense a heme molecule to regulate biological processes. We
are now working on the heme-based gas sensor proteins,
heme-dependent transcriptional regulation, and bacterial heme
transport systems.
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Figure 1. Structures of (A) the heme-transport protein HmuT, (B) the
heme-sensing transcriptional regulator HrtR, and (C) the heme-based
sensor protein Aer2.
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1. Molecular Mechanism for Heme-
Mediated Inhibition of 5-Aminolevulinic
Acid Synthase 11

Mammalian 5-aminolevulinic acid synthase 1 (ALAS1),
an isozyme expressed in all cell types, catalyzes the first
reaction in the heme biosynthetic pathway in mitochondria.
Heme regulates ALASI function at multiple levels including
the regulation of transcription, translation, mitochondrial
import, protein degradation and enzyme activity to maintain
intracellular heme concentrations at appropriate range. In this
study, we elucidated the molecular mechanism of heme-
mediated regulation of enzymatic activity for rat ALASI.
ALASI1 has three putative heme regulatory motifs (HRMs),
two of which were found to be the ferric heme binding sites in
ALAS1. Though the electronic absorption and resonance
Raman spectroscopy have demonstrated that '19Cys and 527Cys
are ferric heme binding sites in ALAS1, heme binding to
110Cys and 327Cys was not responsible for heme-mediated
inhibition of ALASI activity. Rather, ALAS1 activity will be
inhibited by heme binding with hydrophobic interactions to
the succinyl-CoA binding pocket. The heme binding to the
HRMs in ALAS1 was found not to be responsible for heme-
mediated inhibition of ALASI activity. Though heme binding
to 110Cys and/or 32’Cys in the HRMs is not involved in the
feedback regulation of ALASI activity, it would be respon-
sible for the oxidative modification of ALAS1 that might
regulate the heme-mediated proteolysis.

We also found that protoporphyrin IX (PpIX), a reaction
intermediate of heme biogenesis, inhibited ALAS1 activity
more efficiently compared with heme, indicating the presence
of multiple pathways for the feedback regulation of ALASI1
activity. The intracellular accumulation of PpIX, which may
be caused by unbalance between PpIX synthesis and iron
chelation to PpIX to produce heme, causes severe damage to
cells. Thus, it makes sense that PpIX functions as an effector
of the feedback regulation of ALASI to shut down its activity
to prevent from accumulation of PpIX under iron limitation.

2. Heme-Binding Properties of HupD
Functioning as a Substrate-Binding Protein
in a Heme-Uptake ABC-Transporter System
in Listeria monocytogenes?

Iron is an essential element for all organisms, which is
used as a component of iron-containing proteins such as
hemoproteins and iron-sulfur proteins responsible for a variety
of biological processes. Pathogenic bacteria need to thieve iron
from host organisms for their growth. Since heme iron involved
in hemoglobin is the most abundant iron source for pathogenic
bacteria infected in vertebrate, these bacteria have evolved
sophisticated acquisition systems of heme from their host

organisms.

Recently, it is reported that a Gram-positive pathogen L.
monocytogenes that cause listeriosis has three Fur-regulated
heme-uptake systems: the srtB region coding sortase-anchored
proteins and a putative ABC transporter, the fhu and hup
operons coding putative ABC transporters for ferric hydroxa-
mates and hemin respectively. An ABC-type transporter sys-
tem HupDGC is the primary heme transporter system and is
most crucial to virulence for L. monocytogenes. HupD, the
substrate-binding protein in the HupDGC transporter, is reported
to be specific for heme, but the detailed properties of HupD for
heme-binding remains to be elucidated. In this work, heme-
binding properties of HupD from L. monocytogenes were
characterized by spectroscopic and mutagenesis studies.

Titration of apo-tHupD with hemin revealed that apo-
HupD takes up 1 mol equivalent of heme to form a 1:1 com-
plex, as shown in Figure 2. UV-vis absorption, EPR, and
resonance Raman spectroscopy have revealed that HupD binds
a heme with two histidine residues as the axial ligand. '95His
and 2°His are identified as the axial ligands by site-directed
mutagenesis. HupD is the first example of the heme-binding
protein having bis-histidine coordination environment among
heme-binding proteins working in the bacterial heme acqui-
sition systems. While mutation of 25°His to Ala resulted in a
loss of heme-binding ability of HupD, the HIO5A variant of
HupD retained heme-binding ability with lower heme-binding
affinity compared with wild type. These results suggest that
25%His is an essential ligand for heme acquisition by HupD and
that 19His might be responsible for the regulation of heme-
binding affinity of HupD during heme transport process.
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Figure 2. Spectral changes upon titration of apo-HupD with hemin.
Inset: Titration curve of hemin binding to apo-HupD measured at 413
nm in 50 mM Tris-HCI (pH 7.4).
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Living systems are characterized as dynamic processes of
assembly and disassembly of various biomolecules that are
self-organized, interacting with the external environment. The
omics-based approaches developed in recent decades have
provided comprehensive information regarding biomolecules
as parts of living organisms. However, fundamental questions
still remain unsolved as to how these biomolecules are ordered
autonomously to form flexible and robust systems (Figure 1).
Biomolecules with complicated, flexible structures are self-
organized through weak interactions giving rise to supra-
molecular complexes that adopt their own dynamic, asym-
metric architectures. These processes are coupled with expres-
sion of integrated functions in the biomolecular systems.

Toward an integrative understanding of the principles
behind the biomolecular ordering processes, we conduct
multidisciplinary approaches based on detailed analyses of
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Figure 1. Formation of supramolecular machinery through dynamic
assembly and disassembly of biomolecules.

dynamic structures and interactions of biomolecules at atomic
level, in conjunction with the methodologies of molecular and
cellular biology along with synthetic and computational
technique.
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1. Dynamic Orchestration of Proteasomes

Recently accumulated evidence has demonstrated that the
assembly of the eukaryotic 26S proteasome is not due to
spontaneous self-organization but due to an ordered process
assisted by several proteins called ‘proteasome assembly
chaperones’ that transiently associate with the assembly
intermediates at certain steps in the proteasome assembly
pathway.

To provide structural basis for quaternary structure forma-
tion of the proteasome and its consequent activation, we
conducted structural study by employing X-ray crystallography
and NMR spectroscopy. By inspection of our structural data, a
working model is proposed in which the proteasome assembly
chaperones Pba3-Pba4 and Nas2 act as molecular matchmakers
and offer checkpoints, respectively, during the proteasome
formation (Figure 2).1:?) The proteasome assembly chaperones
can be potential therapeutic targets for drug discovery.”

We also performed conformational characterization of an
intrinsically disordered protein in complex with an archaeal
proteasome activator, PbaB, by NMR spectroscopy combined
with small-angle neutron scattering using an inverse contrast
matching method.¥
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Figure 2. 3D models of (A) the proteasome a-ring complexed with
the Pba3—-Pba4 heterodimer and (B) the proteasome ATPase ring
complexed with Nas2.

2. Functional Mechanisms of Glycans

The carbohydrate chains displayed on proteins play pivotal
roles in a variety of molecular recognition events on cell
surfaces as well as in intracellular environments. The inter-
molecular interaction systems involving the carbohydrate
moieties could be potential therapeutic targets for various
diseases.

In the early secretory pathway, N-glycans serve as tags
recognized by cargo receptors having lectin activities. Our
crystallographic data provide structural basis for disparate
sugar-binding specificities in the homologous cargo receptors
ERGIC-53 and VIP36, the former of which shows a broader

Awards

specificity and lower binding affinity to the high-mannose-
type oligosaccharides, irrespective of the presence or absence
of the nonreducing terminal glucose residue at the D1 arm
(Figure 3).%

Dystroglycanopathy is a major class of congenital mus-
cular dystrophy that is caused by a deficiency of functional
glycans on o-dystroglycan (0-DG) with laminin-binding
activity. We demonstrated that a product of a recently iden-
tified causative gene for dystroglycanopathy, AGO61, is
indispensable for the formation of laminin-binding glycans of
o-DG. Furthermore, our results indicate that functional a-DG
glycosylation was primed by AGO61-dependent GlcNAc
modifications of specific threonine-linked mannosyl moieties
of a-DG. These findings provide a key missing link for
understanding how the physiologically critical glycan motif is
displayed on a-DG and provides new insights on the patho-
logical mechanisms of dystroglycanopathy.®
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Figure 3. Structural models of the lectin domains of (A) ERGIC-53 and
(B) VIP36 with monoglucosylated high-mannose-type oligosaccharides.
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Activity of life is supported by various molecular machines
made of proteins and nucleic acids. These biological molecu-
lar machines show high performance such as reaction speci-
ficity and energy conversion efficiency, and are superior to
man-made machines in some aspects.

One of the representatives of the molecular machines is
linear and rotary molecular motors (Figure 1). Molecular
motors generate mechanical forces and torques that drive their
unidirectional motions from the energy of chemical reaction or
the potential energy.

We will unveil operation principles of biological molecular
motors and machines with single-molecule techniques based
on optical microscopy. We will also try to create new bio-
logical molecular motors and machines to understand their
design principles. Our ultimate goal is controlling living
organisms with created molecular machines.
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Figure 1. A linear molecular motor chitinase. Chitinase moves on the
substrate crystalline chitin unidirectionally and processively, driven by
the energy of hydrolysis of the chain end of the chitin.
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1. Rotary Dynamics of Enterococcus hirae
V;-ATPase')

V-ATPases are rotary molecular motors that generally
function as proton pumps. We characterized the rotary dynam-
ics of the V| moiety of Enterococcus hirae V-ATPase (EhV|,
Figure 2A) using single-molecule analysis employing a load-
free probe (Figure 2B). EhV| rotated in a counterclockwise
direction, exhibiting two distinct rotational states, namely
clear and unclear, suggesting unstable interactions between the
rotor and stator. The clear state was analyzed in detail to
obtain kinetic parameters. The rotation rates obeyed Michaelis-
Menten kinetics with a maximal rotation rate (Vy,x) of 107
revolutions/s and a Michaelis constant (K;,) of 154 uM at 26
°C. At all ATP concentrations tested, EhV| showed only three
pauses separated by 120°/turn, and no substeps were resolved,
as was the case with Thermus thermophilus V1-ATPase (TtV).
At 10 uM ATP (<<K,,), the distribution of the durations of the
ATP-waiting pause fit well with a single-exponential decay
function. The second-order binding rate constant for ATP was
2.3 x 106 ML 51, At 40 mM ATP (>>K,;,), the distribution of
the durations of the catalytic pause was reproduced by a
consecutive reaction with two time constants of 2.6 and 0.5
ms. These kinetic parameters were similar to those of TtVj.
Our results identified the common properties of rotary cataly-
sis of V-ATPases that are distinct from those of F-ATPases
and furthered our understanding of the general mechanisms of
rotary molecular motors.
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Figure 2. (A) Crystal structure of EhVy. (B) Left, Schematics of the

single-molecule rotation assay of EhV;. Right, Example of the rotary

motion.

2. Mechanism of Different Susceptibilities
of Cellulose I, and lll; to Hydrolysis by a
Linear Molecular Motor Cellulase?

A cellulase, Trichoderma reesei Cel7A (TrCel7A) is a
linear molecular motor that directly hydrolyzes crystalline
celluloses into water-soluble cellobioses. It has recently drawn

attention as a tool that could be used to convert cellulosic
materials into biofuel. However, detailed mechanisms of
action, including elementary reaction steps such as binding,
processive hydrolysis, and dissociation, have not been thor-
oughly explored because of the inherent challenges associated
with monitoring reactions occurring at the solid/liquid inter-
face. The crystalline cellulose Iy and Il were previously
reported as substrates with different crystalline forms and
different susceptibilities to hydrolysis by 7rCel7A. We observed
that different susceptibilities of cellulose Iy, and IIIj are highly
dependent on enzyme concentration, and at nanomolar enzyme
concentration, 7rCel7A shows similar rates of hydrolysis
against cellulose Iy and IlIl;. Using single-molecule fluo-
rescence microscopy and high-speed atomic force microscopy,
we also determined kinetic constants of the elementary reac-
tion steps for 7rCel7A against cellulose Iy and III;. These
measurements were performed at picomolar enzyme concen-
tration in which density of 7rCel7A on crystalline cellulose
was very low. Under this condition, 7rCel7A displayed similar
binding and dissociation rate constants for cellulose I, and IIIy
and similar fractions of productive binding on cellulose Iy, and
[II;. Furthermore, once productively bound, 7rCel7A proces-
sively hydrolyzes and moves along cellulose Iy and Il with
similar translational rates. With structural models of cellulose
I and III;, we proposed that different susceptibilities at high
TrCel7A concentration arise from surface properties of sub-
strate, including ratio of hydrophobic surface and number of
available lanes (Figure 3).
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Figure 3. A model of different susceptibilities of cellulose I, and I
to hydrolysis by 7rCel7A.
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Metalloproteins are a class of biologically important
macromolecules, which have various functions such as oxygen
transport, electron transfer, oxidation, and oxygenation. These
diverse functions of metalloproteins have been thought to
depend on the ligands from amino acid, coordination struc-
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1. Oxygen-Atom Transfer from
lodosylarene Adducts of a Manganese(lV)
Salen Complex: Effect of Arenes and
Anions on I(III? of the Coordinated
lodosylarene!

This paper reports preparation, characterization, and reac-
tivity of iodosylarene adducts of a manganese-(IV) salen
complex. In order to systematically investigate steric and
electronic factors that control reactivity and selectivity, we
prepared iodosylarene adducts from iodosylbenzene, iodo-
sylmesitylene, 2,4,6-triethyliodosylbenzene, and pentafluoro-
iodosylbenzene. We also investigated the effect of anions on
I(III) by using chloride, benzoate, and p-toluenesulfonate.
Spectroscopic studies using 'H NMR, electron paramagnetic
resonance, infrared spectroscopy, and electrospray ionization
mass spectrometry show that these iodosylarene adducts are
manganese(IV) complexes bearing two iodosylarenes as exter-
nal axial ligands. Reactions with thioanisole under the pseudo-
first-order conditions show that the electron-withdrawing
pentafluorophenyl group and the p-toluenesulfonate anion on
I(IIT) significantly accelerate the oxygen-atom transfer. The
high reactivity is correlated with a weakened I-OMn bond, as
indicated by IR spectroscopy and mass spectrometry. Stoichi-
ometric reactions with styrenes show that both enantio-
selectivity and diastereoselectivity are dependent on the arenes
and anions on I(II) of the coordinate iodosylarenes. Notably,
the pentafluorophenyl group and the p-toluenesulfonate anion
suppress the cis-to-trans isomerization in the epoxidation of
cis-B-methylstyrene. The present results show that iodosylarene
adducts of manganese(IV) salen complexes are indeed active
oxygen-atom-transfer reagents and that their reactivity and
selectivity are regulated by steric and electronic properties of
the arenes and anions on I(III) of the coordinated iodosylarenes.

2. Di-p-oxo Dimetal Core of Mn'V and TilV
as a Linker Between Two Chiral Salen
Complexes Leading to the Stereoselective
Formation of Different M- and P-Helical
Structures?

Because of restricted rotational freedom along the metal—
metal axis, a di-u-oxo dimetal core could be an excellent
building block to create dinuclear compounds with well-
defined stereochemistry, but their stereoselective synthesis
remains a challenge. We herein report the formation of di-u-
oxo dimanganese(IV) complexes with tetradentate salen ligands
bearing different degrees of steric bulk, in order to study
stereochemical aspects of the dimerization reaction that poten-
tially generates multiple stereoisomers. X-ray crystallography
shows that the di-u-oxo dimanganese(IV) complex with salen,
where salen is (R,R)-N,N’-bis(3,5-di-tert-butylsalicylidene)-
1,2-cyclohexanediamine, adopts a unique structure in which
two salen complexes are arranged in an M-helical fashion.
According to the solution study using 'H, 2H NMR, and
circular dichroism spectroscopies, the dimerization reaction is
highly diastereoselective in the presence of the tert-butyl
group at the 3/3° position as a determinant steric factor. In
contrast, the di-y-oxo dititanium(IV) complex with the same
salen ligand was previously reported to afford an opposite
P-helical dimer. The present DFT study clarifies that a less-
covalent Ti—-O bonding causes a distortion of the di-u-oxo
dititanium(IV) core structure, generating a completely differ-
ent framework for interligand interaction. The present study
provides a solid basis to understand the stereochemistry for the
formation of the di-u-oxo dimetal core.
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Exploring the boundary between a living and non-living
matter is one of the most challenging problems for scientists.
In order to understand a cell, which is a minimum unit of life,
synthesis of an artificial cell from supramolecular chemical
approach is a plausible strategy. By using a giant vesicle (GV),
which is a supramolecular assembly of amphiphiles, as com-
partment, we constructed an artificial cellular system in which
self-reproduction of GV and the amplification of internal DNA
were combined. Such a constructive approach would be a
powerful method of elucidating not only the boundary but also
the origin of life.

In our laboratory, we aim to construct the following arti-
ficial cells: An artificial cell having a cycle of proliferation and
an artificial cell which can be self-organized according to its
environment.
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1. An Artificial Cell Incorporating a
Proliferation Cycle

One of the approaches for exploring the origin of life or
elucidating of the functions of life is construction of an
artificial cell from chemical approach.!2 We have constructed
artificial cell which has three basic elements of a cell; infor-
mation (DNA), compartment (giant vesicle: A supramolecular
assembly of amphiphiles) and metabolism (synthetic cata-
lyst).> The proliferation of the artificial cell was consisted of
amplification of DNA and self-reproduction of GV. This
vesicle is consisted of phospholipids, cationic synthesized
molecules and cationic catalysts. Here, we added some phos-
pholipids to the GVs for resistance of highly ionic medium
and high temperature. First, we encapsulated template DNA
and PCR reagents into the GVs and performed polymerase
chain reaction to the GV dispersion and then the internal DNA
was amplified. Second, we added a precursor of the GV
membrane lipid molecule to the GV dispersion subjected to
thermal cycles. After addition of the precursor, the GV pro-
liferated accompanying with amplified DNA. From flow
cytometric analysis, we found that the division of the GVs was
accelerated by the amount of the amplified DNA in the GVs.
We speculated that this complex formed by synthetic catalyst
and the amplified DNA acted as an active scaffold of hydroly-
sis of membrane lipid precursor. This result means that infor-
mation and compartment were combined.

However, this system ceased at the 2nd generation of GV
because it does not have a cycle of growth and division. Now,
we are constructing the recursive GV system with proliferation
cycles, collaborating with Sugawara group (Kanagawa
University). By using our vesicular transport system,* the 2nd
generation of GVs which have no PCR reagents after self-
reproduction was replenished by fusing with the conveyer GVs
encapsulating the PCR reagents. The replenished GV can
amplify the internal DNA and yield 3rd generation of the GV
after addition of membrane lipid precursor. This system would
lead to an evolvable artificial cellular system.

2. An Artificial Cell Incorporating a Cross-
Catalysis System

A cell is a self-organized system which is able to maintain

its state due to metabolism. The previous artificial cellular
system have been so robust that it can self-reproduce only
specific state in the any environments.

We aim to realize a new artificial cellular system in which
the GV self-organize its own composition spontaneously
according to the environment. In order for GV to self-reproduce
and self-maintain, it is necessary to combine metabolism and
compartment. We are constructing an artificial cell incorporat-
ing a cross-catalysis system. In this system, the GV was
reproduced by the catalyst which catalyze the production of
the GV membrane lipid molecule. The GV membrane pro-
vides the field where the catalyst is synthesized. In addition,
by changing the packing parameter of the catalysts on the
membrane, the GV collapse when the number of the catalyst
increased substantially. This means that the artificial cell
incorporating the negative feedback is realized.

A+B >
Synthesis of Catalyst (Catalyst)

Contribution

Catalvms
Assemble
h\rdrophoblc Membrane Synthems of
environment molecule Membrane molecule

Figure 2. Scheme of new artificial cellular system. The membrane
molecules of the GV was synthesized by the catalyst produced in the
GV.
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Membrane proteins are important for homeostasis and
signaling of living cells, which work as ion channel, ion pump,
various types of chemical and biophysical sensors, and so on.
These proteins are considered as one of important targets for
biophysical studies. Our main goal is to clarify molecular
mechanisms underlying functions of the channels, transporters
and receptors mainly by using stimulus-induced difference
infrared spectroscopy, which is sensitive to the structural and
environmental changes of bio-molecules.

We applied attenuated total reflection Fourier-transform
infrared (ATR-FTIR) spectroscopy to extract ion-binding-
induced signals of various kinds of membrane proteins. For
example, KcsA is a potassium channel, which is highly selec-
tive for K* over Na*, and the selectivity filter binds multiple
dehydrated K* ions upon permeation. Shifts in the peak of the
amide-I signals towards lower vibrational frequencies were
observed as K* was replaced with Na* (Figure 1). These
vibrational modes give us precise structural information of the
selectivity filter. Moreover, by changing concentrations of K*
in buffer solutions, we can estimate affinity of the selectivity
filter for K* ions.

Recently, we have developed a rapid-buffer exchange
apparatus for time-resolved ATR-FTIR spectroscopy, which
can be utilized for studying dynamics of structural transition in
membrane proteins.
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Figure 1. (top) X-ray crystal structure of a potassium ion channel,
KcsA. (bottom) The ion-exchange induced difference infrared spectra
of KcsA with different potassium ion concentration. The amide I
bands are mainly originated from the carbonyl groups of the selec-
tivity filter of KcsA.
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1. Formation of Host—Guest Complexes on
Gold Surface Investigated by Surface-
Enhanced IR Absorption Spectroscopy)

Surface-enhanced infrared absorption with attenuated total
reflection (ATR-SEIRA) is a powerful tool for studying molecu-
lar systems at the monolayer level.

Ionophores capture guest ions selectively and carry them
across interfaces efficiently. One of crown ethers, 18-crwon-6
(18C6) is one of well known ionophores for a potassium ion.
Molecular mechanisms of the ion selectivity of 18C6 have
been investigated by SEIRA spectroscopy as a cooperative
research with Assoc. Prof. Inokuchi in Hiroshima University.

Thiol derivatives of 18C6 [2-(6-mercaptohexyloxy)methyl-
18-crown-6 (18C6-C10C¢-SH) and 2-(mercaptomethyl)-18-
crown-6 (18C6-C1-SH)] were synthesized and chemisorbed on
a gold surface (Figure 2). Aqueous solutions of MCI salts (M
= alkali metals) were put on it to form M**18C6-C;0Cg and
M*+18C6-C; complexes. Infrared spectra of these complexes
in the 2000-900 cm~! region were obtained by SEIRA
spectroscopy.

As a result, the SEIRA spectra of 18C6 with K* are very
similar to those with Rb* and Cs*, but largely different from
those with Li* and Na*. Moreover, it was demonstrated that
the affinity for K* is higher than those for other alkali cations.
Obtained results proved that SEIRA spectroscopy is a power-
ful method to examine the structure of host-guest complexes
and the solvent effect on them in solutions.
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Figure 2. (left) Schematic figures of crown ethers immobilized on the
gold surface through a S—Au bond. (right) SEIRA spectra of crown
ethers 18C6-C10C6 (a) and 18C6-C1 (c) recorded after addition of
0.1 M KCI solution. The absorption spectra of the crown ethers (b)
and (d) were recorded by a conventional ATR-FTIR method. This
figure is reproduced from ref. 1.

Awards

2. Deformation of 3-Sheet Structures of the
GroEL Apical Domain Induced at Sub-
Micellar Detergent Condition?

SEIRA spectroscopy is a useful tool to analyze protein
structure as well. GroEL is a chaperonin which refolds dena-
tured proteins with a cofactor GroES by utilizing hydrolysis
energy of ATP. Dr. Jin Chen, who was an IMS research
assistant professor in Prof. Kuwajima’s Group in Okazaki
Institute for Integrative Bioscience, studied the property of
GroEL for formation of protein nanofibers at sub-micellar
detergent condition. To understand the molecular mechanism
of the fiber formation, SEIRA analysis on the GroEL apical
domain was performed (Figure 3).

The data clearly showed SDS-dependent deformation of
B-sheet structures in the GroEL apical domain, which would
promote the formation of the nanofiber in the later stage.
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Figure 3. (a) The SEIRA spectra of GroEL apical domain recorded in
SDS solution (0, 0.5, and 1 mM). The amide I bands are analyzed by
band fitting method. (b) The effect of SDS on the secondary structures
of GroEL apical domain. (c¢) The X-ray crystal structure of GroEL
apical domain. This figure is adapted from ref. 2.
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Keywords

Our research interests lie in the development of transition
metal-catalyzed reaction systems toward ideal (highly effi-
cient, selective, green, safe, simple, efc.) organic transforma-
tion processes. In one active area of investigation, we are
developing the heterogeneous aquacatalytic systems. Various
types of catalytic organic molecular transformations, e.g.
carbon—carbon bond forming cross-coupling, carbon—hetero-
atom bond forming reaction, aerobic alcohol oxidation, efc.,
were achieved in water under heterogeneous conditions by
using amphiphilic polymer-supported transition metal com-
plexes and nanoparticles (Figure 1), where self-concentrating
behavior of hydrophobic organic substrates inside the amphi-
philic polymer matrix played a key role to realize high reac-
tion performance in water.
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Figure 1. Typical Examples of Heterogeneous Aquacatalyses using
Amphiphilic Polymer-Supported Metal Complexes and Metal
Nanoparticles.
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1. A Palladium-Nanoparticles and Sillicon-
Nanowire-Array Hybrid: A Platform for
Catalytic Heterogeneous Reactions?)

We report the development of a silicon nanowire array-
stabilized palladium nanoparticle catalyst, SINA-Pd. Its use in
the palladium-catalyzed Mizoroki-Heck reaction, the hydroge-
nation of an alkene, the hydrogenolysis of nitrobenzene, the
hydrosilylation of an o,f-unsaturated aldehyde, and the C-H
bond functionalization reactions of thiophenes and indoles
achieved a quantitative production with high reusability. The
catalytic activity reached several hundred-mol ppb of palla-
dium, reaching a TON of 2,000,000.
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Figure 2. The Mizoroki-Heck reaction, the hydrogeneation of an
alkene, the hydrogenolysis of nitrobenzene, the hydrosilation of an
o,B-unsaturated aldehyde, and the C-H bond functionalization reac-
tions of a thiophen and a indole catalyzed by SiNA-Pd.

2. Direct Dehydrative Esterification of
Alcohols and Carboxylic Acids with a
Macroporous Polymeric Acid Catalyst?

A macroporous polymeric acid catalyst was prepared for
the direct esterification of carboxylic acids and alcohols that
proceeded at 50-80 °C without removal of water to give the
corresponding esters with high yield. Flow esterification for
the synthesis of biodiesel fuel was also achieved by using a
column-packed macroporous acid catalyst under mild con-
ditions without removal of water.
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Figure 3. Direct dehydrative esterification of alchols and carboxylic

acids with a macroporous polymeric acid catalyst.

3. Asymmetric Sonogashira Coupling with
a Chiral Palladium Imidazoindole
Phosphine Complex?®)

The asymmetric Sonogashira coupling of 1-(2,6-dibromo-
phenyl)naphthalene or 4,16-dibromo[2,2]paracyclophane with
various terminal alkynes was carried out with a palladium
complex of a homochiral imidazoindole phosphine, a deriva-
tive of a (3R,9aS)-2-aryl-[3-(2-dialkylphosphanyl)phenyl]
tetrahydro-1H-imidazo[1,5a]indol-1-one, to give the corre-
sponding axially chiral monoalkynylated biaryl products with
up to 72% enantiomeric excess.
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Figure 4. Asymmetric Sonogashira coupling with a chiral palladium
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imidazoindolephosphine complex.
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Keywords

The field of molecular catalysis has been an attractive area
of research to realize efficient and new transformations in the
synthesis of functional molecules. The design of ligands and
chiral molecular catalysts has been recognized as one of the
most valuable strategies; therefore, a great deal of effort has
been dedicated to the developments. In general, “metal” has
been frequently used as the activation center, and confor-
mationally rigid, and C»- or pseudo C, symmetry has been
preferably components for the catalyst design. To develop new
type of molecular catalysis, we have focused on the use of
hydrogen and halogen atom as activation unit, and have
utilized conformationally flexible components in the molecu-
lar design of catalyst, which had not received much attention
until recently. We hope that our approach will open the new
frontier in chiral organic molecules from chiral molecular
chemistry to chiral molecular science.
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Figure 1. Hydrogen bonding network in chiral bis-phosphoric acid
catalyst derived from (R)-3,3’-di(2-hydroxy-3 -arylphenyl)binaphthol.
Hydrogen bond acts as activation unit for the substrate in asymmetric
reaction space and controls atropisomeric behavior in naphthyl-phenyl

axis.
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1. Bronsted Acid Catalyzed Asymmetric
1,3-Alkyl Migration of 1,2,2-Substituted
Butenyl Amines: Asymmetric Synthesis of
Linear Homoprenylamines

Allylation of imines with allylic metal reagents has been
one of the most valuable tools to synthesize enantioenriched
homoallylic amines. Due to the inherent nature of allylic metal
reagent, however, regioselectivity has been a long-standing
subject in this area. To develop the synthetic reaction for
enantioenriched linear homoprenylic amines, we discovered
chirality transferred 1,3-alkyl migration of 1,2,2-substituted
butenyl amines in the presence of trifluoromethyl acetic acid,
and developed it as synthetic method for variety of enantio-
enriched linear homoprenylic amines.? In sharp contrast, Ollis
et al. previously reported that chirality was significantly
dropped in 1,3-alkyl migration of N,N-dimethyl-1-substituted-
3-buten-1-amine.? To the best our knowledge, our discovery is
the first example of chirality transferred 1,3-alkyl migration
and the new entry of the synthetic methodology for the linear
enantioenriched homoallylic amines.

a) Our Discovery 1 Asymmeetric 1,3-Alkyl Migration
I ; CF 00,

X w
™ . &
5 N x7 o ¥ ] f‘:
"‘"... u'u' Ar 4 LEE - HNl“- h:‘:,.,.,
W CTE ST o e
H :
PPN peEw b Condmaiion b Ae-Gope -
b) Previows Report by Ollis
e
. ;
- S ey M
("IN, Mo - MNJ\. .:-— -—“,:.N' =
. = s
Cgtaalhy ses Eacmma:
[l = 47"

JC5 Prin [ 1980, 1455
Figure 2. 1,3-Alkyl migration of I-substituted-3-buten-1-amine. a)

Our discovery, b) Previous report by Ollis et al.

2. Design of C1 Symmetric Chiral Bis-
Phosphoric Acid: Catalytic Enantio-
selective Diels—Alder Reaction of Acrolein
with Amidodienes

We recently developed (R)-3,3’-di(2-hydroxy- 3-arylphenyl)
binaphthol derived pseudo-C, symmetric chiral bis-phosphoric
acid which efficiently catalyzed enantioselective Diels—Alder
reaction of o,B-unsaturated aldehydes with amidodienes.>) Two
cyclic phosphoric acid motifs introduced between the Cnapn(2)
and Ca(2) positions and between the Cnapn(2’) and Car(2)
positions represents a characteristic feature of our catalysts. On
the basis of our early hypothesis and recent results, the intra-
molecular hydrogen bonding between two acidic moieties seems
to be deeply related to control an atropisomeric behavior of
catalyst structure; however, none of systematic study have been
employed with respect to the importance of hydrogen bond in
the molecular design of chiral catalysts.

We designed a new C; symmetric chiral bis-phosphoric
acid that possesses an electron-withdrawing group at the
Chaph(3)—Car(3), Car(5).¥ We found that (i) the stereo-
dynamic behavior of atropisomeric biaryls was controlled by
the intervention of hydrogen bond, (ii) the requisite catalyst

activity was served by the electronic effect at the Cnapn(3’)-
Car(3), and (iii) the precise distinction of asymmetric reaction
space was realized by the different substitution at the Cnapn(3)—
Car(3) and the Cnapn(37)-Car(3).

|4:| e Y ) j:
Pl g0, M 0,0
e (9 B
S el
( 5 Y e J .:“::: ¥ -

Vi ort Gt

T} Camnlieg ie ey e Brhiwion of strepitemers birgh
W) Achievement of regelie catakpl sctivity
[l preche distingtion of syy=metnic reachon e

Figure 3. Molecular design of chiral C; symmetric bis-phosphoric acid.

3. Halogen Bond Donor Catalyzed
Allylation Reaction of Isoquinoline with
Allylsilatrane

Halogen bonds are attractive non-covalent interactions
between terminal halogen atoms in compounds of the type
R-X (X = Cl, Br, I) and Lewis bases LB. It has been known
that strong halogen bonds are realized when “R” is highly
electronegative substituents such as perfluorinated alkyl or aryl
substituents. We recently developed synthetic methodology for
perfluorinated aryl compounds, and applied it for the develop-
ment of chiral Brgnsted acid catalysts. On the basis of our
achievements, we have examined it to develop halogen bond
donor catalyzed allylation reaction.

We found that pentafluoroiodebenzene was able to cata-
lyze the allylation reaction of isoquinoline with allylsilatrane
to give the corresponding product in good yield.>

[+]
. &N
o
Troetl K- {10 mals) 2
l - - X
THF THF g
*C-rl, 08K S0 IEH '~
wie Kl 0 136 wald
¥ F
& v ' v
. LF
PRO b K [ e ol | i F
r "
s yiakd 1% 6%

Figure 4. Halogen bond donor catalyzed allylation reaction. Com-
parison with Brgnsted acid/hydrogen bond donor catalyst.
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Keywords

Artificial photosynthesis is a solar energy conversion
technology that mimics natural photosynthesis, and considered
to be one of the next big breakthroughs in energy. Our group
studies the development of functional metal complexes toward
the realization of artificial photosynthesis. Specific areas of
research include (i) synthesis of ruthenium-based molecular
catalysts for water oxidation and carbon dioxide reduction, (ii)
creation of cluster catalysts for multi-electron transfer reac-
tions, (iii) mechanistic investigation into water oxidation
catalyzed by metal complexes, (iv) application of proton-
coupled electron transfer toward multi-electron transfer reac-
tions, (v) electrochemical evaluation of the activity of molecu-
lar catalysts for water oxidation and carbon dioxide reduction,
(vi) electrochemical measurement of metal complexes in
homogeneous solutions under photoirradiation, and (vii)
development of reaction fields via self-assembly of molecular
catalysts.
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Figure 1. An overview of our work.
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1. Electrochemical Response of Metal
Complexes in Homogeneous Solution
under Photoirradiation?)

Photoinduced electron transfer (PET) is a key process in
reactions that convert light energy to electrical or chemical
energy, both in natural and artificial systems. The efficiency of
PET, which largely affects the performance of these systems,
is correlated with the redox properties of the photoexcited
molecule, which transfers electrons or holes during the PET
reaction. Hence, determining the redox potentials of photo-
excited molecules is of great significance not only for under-
standing the mechanisms of PET reactions but also for achiev-
ing highly efficient light-energy conversion systems. Electro-
chemical analysis under photoirradiation should enable the
measurement of the redox potentials of excited species. How-
ever, reports of the direct electrochemical detection of photo-
excited molecules have been limited to only a few examples in
which specialized photoelectrochemical instrumentation was
required. This limitation may be due to the difficulty to avoid
the complication of voltammogram profiles that arises from
the unintended side effects of photoirradiation, such as tem-
perature increases and enhanced mass transfer. Thus, the redox
potentials of excited states have more commonly been indi-
rectly estimated using the 0-0 transition energy (Eqo) or the
quenching rate constant (kq). Therefore, the establishment of a
versatile methodology for electrochemical measurements
under photoirradiation will provide new insights into PET
phenomena.

To establish a simple method for directly determining the
redox potentials of the photoexcited states of metal complexes,
electrochemical measurements under several conditions were
performed. The electrochemical response was largely influ-
enced not only by the generation of photoexcited molecules
but also by the convection induced by photoirradiation, even
when the global temperature of the sample solution was
unchanged. The suppression of these unfavourable electro-
chemical responses was successfully achieved by adopting
well-established electrochemical techniques. Furthermore, as
an initial demonstration, the photoexcited state of a Ru-based
metal complex was directly detected, and its redox potential
was determined using a thin layer electrochemical method.

Figure 2. Schematic illustration of electrochemical measurement of a
metal complex under photoirradiation.

Award

2. Phosphine-Substituted Ruthenium(ll)
Polypyridine Complexes with a Single
Labile Ligand?

Ruthenium(II) polypyridine complexes with a single labile
ligand have been widely studied as catalysts for many chemi-
cal reactions including water oxidation, CO; reduction, and
photoinduced chemical conversions. One of the key strategies
in developing ruthenium polypyridine catalysts with novel
properties and reactivities is the introduction of phosphine
ligands because their 6-donating and m-accepting abilities can
influence electronic structures of the ruthenium center. How-
ever, few studies examining substitution of phosphine for
pyridine moiety have been reported; there have been only a
few works of diphosphine-coordinated ruthenium(II) poly-
pyridine complexes, and no crystal structures have been
reported. Thus, the investigation of phosphine-substituted
ruthenium(II) polypyridine complexes with a single labile is
important not only for the design and development of new
catalysts but also for an understanding of their basic properties.

We report the synthesis, structural characterization, and
electrochemical and spectroscopic properties of a series of
ruthenium(II) polypyridine complexes containing 8-(diphenyl-
phosphanyl)quinoline (Pqn), trans(P,MeCN)-[Ru(trpy)(Pqn)
(MeCN)](PFg), (trans-PN) and cis(P,MeCN)-[Ru(trpy)(Pqn)
(MeCN)](PF¢)2 (cis-PN), or 1,2-bis(diphenylphosphanyl)
benzene (dppbz), [Ru(trpy)(dppbz)(MeCN)](PFe)2 (PP). Effects
of the number and position of phosphine donors on the struc-
tures and electronic properties were investigated on the basis
of comparisons with [Ru(trpy)(bpy)(MeCN)](PF¢)> (NN). The
electrochemical measurements of these complexes showed
distinct behavior in their reduction reactions; reduction of
cis-PN resulted in cis—trans isomerization to trans-PN, and
that of PP proceeded via a two electron-transfer reaction. The
mechanism of these electrochemical behaviors was explained
in conjunction with the liberation of a monodentate labile
ligand.
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Figure 3. Cyclic voltammograms showing redox-induced cis—trans

isomerization from cis-PN to trans-PN.
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Visiting Professor
KATO, Masako (from Hokkaido University)

Construction of Photofunctional Metal Complexes and the Elucidation of Their Properties
In our research group, we focus on the creation of photofunctional metal complexes.

Fabrication of new multichromic materials: Platinum(II) complexes exhibit characteristic luminescence

by assembling. Taking advantage of the characteristic metallophilic interactions between Pt ions, our

laboratory have developed new Pt(II) complexes with diimine or cyclometalating ligands exhibiting unique
multichromic behaviors. Fabrication of novel 3d-metal complexes with intense luminescence: In order to effectively utilize
elements, it is important that common metals should be used to fabricate materials with strong emissivity. We have developed
various Cu(I) complexes exhibiting intense luminescence. Fabrication of new photocatalysts based on r edox-active organic
ligands: The strategy of our group to contribute to the energy issues is to construct novel photocatalytic systems using common
metals instead of precious metals. By using a redox-active ligand, o-phenylenediamine, we found a simple metal-complex system
for photochemical hydrogen evolution without extra photosensitizers.

Visiting Associate Professor
YORIMITSU, Hideki (from Kyoto University)

Synthesis of n-Conjugated Molecules by Means of Organometallics
Porphyrins are an important class of compounds that occur in nature, playing the vital roles in
- M 2 biologically important phenomena such as oxygen transport, oxygen storage, and photosynthesis.
f Additionally, they constitute useful functional molecules in the field of advanced organic material sciences

including organic photovoltaics. These important functions largely rely on their highly conjugated, 187
electronic, aromatic core. Peripheral functionalizations of the core have hence been attracting considerable attentions since they
effectively alter the electronic and steric natures of the parent porphyrins to create new m-rich molecules and properties. Along
this line, we have been interested in the following topics. 1) Catalytic selective direct arylation of porphyrin periphery, 2)
Oxidative fusions of meso-(diarylamino)porphyrins and the properties of nanoazagraphene products, 3) Generation and reactions
of porphyrinyl Grignard reagents, 4) Synthesis and properties of porphyrin oligomers.

Visiting Associate Professor
KAMIKUKBO, Hironati (from Nara Institute of Science and Technology)

Excited-State Proton Transfer in Photoactive Yellow Protein

2 Green fluorescent protein (GFP) has been used as an effective tool in various biological fields. The
large Stokes shift resulting from an excited-state proton transfer (ESPT) is the basis for the application of
GFP. The chromophore of GFP is known to be involved in a hydrogen-bonding network. Previous X-ray
crystallographic and FTIR studies suggest that a proton wire along the hydrogen-bonding network plays a
role in the ESPT. In order to examine the relationship between the ESPT and hydrogen-bonding network within proteins, we
prepared an artificial fluorescent protein using a light-sensor protein, photoactive yellow protein (PYP). Although PYP emits little
fluorescence, we succeeded to reconstitute an artificial fluorescent PYP (PYP-coumarin) by substituting the pCA with its trans-
lock analog 7-hydroxycoumarin. Spectroscopic studies with PYP-coumarin revealed that the chromophore takes an anionic form
at neutral pH, but is protonated by lowering pH. Both the protonated and deprotonated forms of PYP-coumarin emit intense
fluorescence, as compared with the native PYP. In addition, both the deprotonated and protonated forms show identical Apax
values in their fluorescence spectra, indicating that ESPT occurs in the artificial fluorescent protein.



RESEARCH ACTIVITIES
Research Center of Integrative Molecular Systems

The mission of CIMoS is to analyze molecular systems in nature to find the logic behind the sharing and control of
information between the different spatiotemporal hierarchies, with the ultimate goal of creating novel molecular systems on

the basis of these findings.
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Keywords

Circadian (approximately 24 h) clocks are endogenous
time-keeping systems encapsulated in living cells, enabling
organisms to adapt to daily fluctuation of exogenous environ-
ments on the Earth. These time-keeping systems, found ubiqui-
tously from prokaryotes to eukaryotes, share the three char-
acteristics. First, the circadian rhythmicity of the clocks
persists even without any external cues (self-sustainability).
Second, the period is little dependent on ambient temperature
(temperature compensation). Third, the phase of the clock can
be reset by external stimuli such as lightning, humidity, or
temperature so as to be synchronized to the external phase
(synchronization).

KaiC, a core protein of the circadian clock in cyano-
bacteria, undergoes rhythmic structural changes over approxi-
mately 24 h in the presence of KaiA and KaiB (Kai oscillator).
This slow dynamics spanning a wide range of both temporal
and spatial scales is not well understood, and is central to a
fundamental question: What determines the temperature-com-
pensated 24 h period? The Kai oscillator reconstitutable in
vitro is advantageous for studying its dynamic structure through
a complementary usage of both X-ray crystallography and
solution scattering, its transient response by using physico-
chemical techniques, and its molecular motion through a

Selected Publications
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collaborative work with computational groups (Figure 1).

Our mission is to explore the frontier in molecular science
of the cyanobacterial circadian clock from many perspectives.
This Annual Report summarizes our recent activities.
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Figure 1. Circadian dynamics of cyanobacterial clock protein KaiC.
The C1 and C2 domains in each protomer of KaiC are drawn as red
and blue spheres, respectively. Expansion and contraction motions of
the C2 ring (B, C) in solution serves as a timing cue for assembly/
disassembly of KaiA and KaiB (D), and is interlocked with its C1
ATPase udder a control of negative-feedback regulation (A).

Nohara, T. Ishida, Y. Maéda, T. Kondo and S. Akiyama, EMBO J.
30, 68-78 (2011).
* S. Akiyama, Cell. Mol. Life Sci. 69, 2147-2160 (2012).
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Annual Review 2014

1. Tracking the Ticking of Cyanobacterial
Clock Protein KaiC in Solution®

The ATPase activity of KaiC alone is strongly correlated
with the oscillatory period of the Kai oscillator. This correla-
tion suggests that the ATPase activity of KaiC is one of the
period-determining factors of the Kai oscillator. Therefore, the
determination of the structural change of KaiC interlocked
with the ATPase activity is of great of importance.

To track the dynamic transition of KaiC, we recorded the
time evolution of intrinsic tryptophan (Trp) fluorescence from
KaiC contained in the Kai oscillator. KaiC is a dumbbell-shaped
molecule composed of tandemly duplicated N-terminal (C1) and
C-terminal (C2) domains. Six protomers are assembled into a
hexamer to attain a double-doughnut shape. Two tryptophan
(Trp) residues located in the protomer—protomer interface of the
C2 domain can serve as a sensitive probe to monitor the poten-
tial structural transition of the C2 ring. The intensity of the Trp
fluorescence from KaiC revealed a rhythmic fluctuation with the
period of approximately 24 h (Figure 1, panel C). This is the
first experimental evidence that demonstrated a dynamic struc-
tural transition of the C2 ring of KaiC in solution.

Concomitantly with the Trp-fluorescence dynamics, KaiC
underwent a periodic change in its phosphorylation state
(Figure 1, panel B). KaiC has the two phosphorylation sites,
i.e., Ser431 and Thr432, in the C2 domain, and both residues
are phosphorylated and then dephosphorylated in a programmed
sequence during the phosphorylation cycle as follows: KaiCS/
pT — KaiCpS/pT — KaiCpS/T — KaiCS/T (where ‘S’ repre-
sents Ser431, ‘pS’ represents phosphorylated Ser431, ‘T’
represents Thr432, and ‘pT’ represents phosphorylated Thr432).
Interestingly, the Trp fluorescence was maximized at the
timing when the KaiCpS/T state was populated (Figure 1,
panels B and C). The result suggests the Trp fluorescence is an
excellent measure of the phosphor-coupled transition of the C2
ring in KaiC.

2. Visualization of Dynamic Structural
Changes of KaiC Using Small-Angle X-Ray
Solution Scattering Technique'3)

To visualize the C2-ring dynamics confirmed by tracking
Trp fluorescence, we measured the small-angle x-ray scat-
tering (SAXS) from KaiC in solution. To obtain the SAXS
data of biological samples in solution, one must first record the
scattering intensity of the sample and then that of the matching
buffer in the separate experiment, and finally find the differ-
ence between two intensities. The cuvette used for conven-
tional SAXS experiments has only a single observation cham-
ber in order to ensure the qualitative subtraction of the scat-
tering contributed by the solvent molecules. On the other
hand, the use of the single-chamber cuvette makes both the
experiment and analysis time-consuming.

To record the SAXS pattern of KaiC both efficiently and
qualitatively, we designed and constructed an eight-chamber
cuvette (octuplet cuvette), each chamber of which was fabri-
cated so uniformly to ensure the inter-chamber subtraction.

Award

The developed cuvette enabled us to acquire SAXS dataset of
KaiC roughly 10 times faster without any significant degradation
of data quality.

On the basis of the obtained SAXS data, we built low-
resolution models of the KaiC hexamer. The overall shape is
almost unchanged in the transition from KaiCS/pT to KaiCpS/
pT, whereas the radius of the C2 ring is dramatically enlarged
in the subsequent transition from KaiCpS/pT to KaiCpS/T. The
expanded C2 ring is partly contracted in the transition from
KaiCpS/T to KaiCS/T, and is further contracted in the subse-
quent transition from KaiCS/T to KaiCS/pT. The present
model suggests that KaiC ticks through expanding and con-
tracting motions of the C2 ring.

The dynamic motion of the C2 ring uncovered throughout
our study is chronobiologically meaningful, we believe, in
terms of the elucidation of the key conformational change
tightly coupled to the period-determining ATPase of KaiC.
Our group is trying to improve spatio-temporal resolution of
the experiments so as to draw a more dynamic and detailed
picture of KaiC ATPase.

3. Instrumentation for the Molecular Origin of 24
Hour Period in Cyanobacterial Circadian Clock

How can biological-clock systems be so slow and stable?
It is important to revisit the biological and structural back-
grounds for the slowness and specificity both experimentally
and theoretically. For this purpose, much effort has been
focused on designing dedicated instrumentations for the molecu-
lar origin of the circadian period. We have made considerable
improvements of instrument stability, signal-to-noise ratio,
time resolution, temperature control, automated high-through-
put measurements each for fluorescence tracking system,!
auto-sampling device (unpublished work), HPLC (unpublished
work), FTIR (unpublished work) and so on. Using the developed
device, we recently succeeded in site-specific monitoring of
conformational change of KaiC in solution, and also in identi-
fying a core process of generating circadian periodicity in
cyanobacterial circadian clock.*)

4. Bio-SAXS Activity in IMS

We have supported motivated SAXS users so that they can
complete experiments smoothly and publish their results.>
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Keywords

Protein molecules spontaneously fold into unique three-
dimensional structures specified by their amino acid sequences
from random coils to carry out their functions. Many of
protein studies have been performed by analyzing naturally
occurring proteins. However, it is difficult to reach funda-
mental working principles of protein molecules only by ana-
lyzing naturally occurring proteins, since they evolved in their
particular environments spending billions of years. In our lab,
we explore the principles by computationally designing pro-
tein molecules completely from scratch and experimentally
assessing how they behave.

Protein design holds promise for applications ranging
from catalysis to therapeutics. There has been considerable
recent progress in computationally designing proteins with
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new functions. Many of protein design studies have been
conducted using naturally occurring protein structures as
design scaffolds. However, since naturally occurring proteins
have evolutionally optimized their structures for their func-
tions, implementing new functions into the structures of
naturally occurring proteins is difficult for most of cases.
Rational methods for building any arbitrary protein structures
completely from scratch provide us opportunities for creating
new functional proteins. In our lab, we tackle to establish
theories and technologies for designing any arbitrary protein
structures precisely from scratch. The established methods
will open up an avenue of rational design for novel functional
proteins that will contribute to industry and therapeutics.
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(2013).
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1. Principles for Designing Ideal Protein
Structures

Understanding the principles for protein folding is com-
plicated by energetically unfavorable non-ideal features—for
example kinked o-helices, bulged B-strands, strained loops
and buried polar groups—that arise in proteins from evolu-
tionary selection for biological function or from neutral drift.
Here, we uncovered the principles for protein folding by
designing “ideal” protein structures, which are stabilized by
completely consistent local and non-local interactions. We
discovered a set of rules relating local backbone structures
(secondary structure patterns) to tertiary motifs (Figure 1 left),
which were identified using a combination of folding simula-
tions and analyses of naturally occurring proteins. Building
backbone structures according to the rules (Figure 1 top right)
and placing side chains stabilizing the backbone structures, we
can readily design the proteins that have funnel-shaped folding
energy landscapes leading into the target folded state. Using

Rules relating local backbone structures

this approach, we designed sequences predicted to fold into
ideal protein structures consisting of o-helices, B-strands and
minimal loops, using the Rosetta program. Designs for five
different topologies were found to be monomeric and very
stable and to adopt structures in solution nearly identical to the
computational models (Figure 1 bottom right). These results
suggest that the tertiary folded structures are determined by
the local backbone structures rather than the details of amino
acid sequences.
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Photosynthesis provides the energy source for essentially
all living things on Earth, and its functionality has been one of
the most fascinating mysteries of life. Photosynthetic conver-
sion of the energy of sunlight into its chemical form suitable
for cellular processes involves a variety of physicochemical
mechanisms. The conversion starts with the absorption of a
photon of sunlight by one of the light-harvesting pigments,
followed by transfer of electronic excitation energy to the
reaction center, where charge separation is initiated. At low
light intensities, surprisingly, the quantum efficiency of the
transfer is near unity. A longstanding question in photo-
synthesis has been the following: How does light harvesting
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deliver such high efficiency in the presence of disordered and
fluctuating dissipative environments? Why does not energy get
lost? At high light intensities, on the other hand, the reaction
center is protected by regulation mechanisms that lead to
quenching of excess excitation energy in light harvesting
proteins. The precise mechanisms of these initial steps of
photosynthesis are not yet fully elucidated from the standpoint
of molecular science. Particularly, recent observations of long-
lived beating phenomena in two-dimensional electronic spec-
tra of photosynthetic pigment-protein complexes stimulated a
huge burst of activity in an interdisciplinary community of
molecular science and quantum physics.!
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1. Impacts of Protein-Induced Fluctuations
upon Quantum Mechanically Mixed
Electronic and Vibrational States in
Photosynthetic Energy Transfer and 2D
Electronic Spectra

Initially, 2D electronic spectroscopic experiments were
conducted for the Fenna-Mathews-Olson (FMO) complexes
isolated from green sulfur bacteria at a cryogenic temperature,
77 K and revealed the presence of quantum beats lasting for
660 fs. [Engel, et al. Nature 446, 782-786 (2007).] However,
it is generally thought that the coherence at physiological
temperatures is fragile compared to that at cryogenic tem-
peratures because amplitudes of environmental fluctuations
increase with increasing temperature. To clarify this issue, a
theoretical examination on lifetimes of electronic coherence in
the FMO complex. Consequently, it was predicted that elec-
tronic coherence in the FMO complex might persist for 700 fs
and 300 fs at 77 K and 300 K, respectively.?) These theoretical
predictions were consistent with the initial experimental
observation at a cryogenic temperature and newer experi-
mental results at physiological temperatures of the FMO
complex. However, Panitchayangkoon et al. [Proc. Natl. Acad.
Sci. U.S.A. 107, 12766-12770 (2009).] showed that quantum
beats in the FMO complex persist for at least 1.5 ps at a
cryogenic temperature, while the theoretical model did not
produce electronic coherence with lifetime of 1.5 ps. Hence,
signatures of nuclear vibrational contributions in 2D spectros-
copy have attracted great interest of late, in particular to
interpret the oscillatory transients observed for light-har-
vesting complexes that persist much longer than predicted
electronic dephasing times. Several independent publications
have alluded to nuclear vibrational effects as an explanation
for the long-lived beatings.

In photosynthetic pigment-protein complexes, the Huang-
Rhys factors of chlorophyll/bacteriochlorophyll molecules are
generally thought small, suggesting that the photophysics
therein is primarily electronic in nature, rather than vibra-
tional. Indeed, the recent 2D electronic experiments on BChl
molecules in solution did not find significant vibrational
coherences. Concerning this point, Christensson et al. [J.
Phys. Chem. B 116, 7449-7454 (2012).] proposed that reso-
nance between electronic and Franck-Condon active vibra-
tional states serves to create vibronic excitons, i.e. quantum
mechanically mixed electronic and vibrational states. Such
states have vibrational characters and have enhanced transition
dipole moments owing to intensity borrowing from the strong
electronic transitions. Along this line it was discussed that
coherent excitation of the vibronic excitons produces oscilla-
tions in 2D signal that exhibit picosecond dephasing time.
Tiwari, Peters, and Jonas pointed out that the excitonically
mixed electronic and vibrational states lead to an enhancement
of the excitation of vibrational coherences in the electronic
ground state as well. [Proc. Natl. Aca. Sci. U.S.A. 110, 1203—
1208 (2013).] It was also argued that this effect could explain
the long-lived oscillations in the FMO complex.

The quantum mechanically mixed electronic and vibra-
tional states or the vibronic excitons are plausible as an
explanation for long-lived spectral beatings in 2D electronic
spectra. However, a question naturally arises concerning the
interplay between the vibronic resonance and fluctuations in
electronic energies induced by the environmental dynamics. In
general, energy eigenstates due to quantum mixing of the
electronic and vibrational excitations are obtained via diago-
nalization of the Hamiltonian comprising the Franck-Condon
transition energies and electronic interactions. It should be
noticed that these are independent of any information on the
environment such as temperature, reorganization energy, and
fluctuations. Concerning this point, Ishizaki and Fleming?
characterized the impact of the surrounding environments
upon the quantum delocalization with the use of the con-
currence. They visually demonstrated that smaller electronic
coupling, larger reorganization energy, and higher temperature
cause the dynamic localization, even in the case that two
electronic states resonate in a coupled homo-dimer. Recently,
Ishizaki® explored the influence of timescales of the environ-
ment-induced fluctuations upon the quantum mixing between
electron donor and acceptor molecules in photo-induced
electron transfer reaction. It was demonstrated that fast fluc-
tuation and correspondingly fast solvation destroys the quan-
tum mixing between the donor and acceptor in the vicinity of
the crossing point of the diabatic free energy surfaces, leading
to a diabatic reaction, whereas slow fluctuation sustains the
quantum mixing and prompts the electron transfer reaction in
an adiabatic fashion. Therefore, it is natural to raise a question
of whether dynamic interaction with the electronic and vibra-
tional states and the environment will change the nature of the
quantum mechanically mixed electronic and vibrational states.

The main purpose of this project is to explore impacts of
environment-induced fluctuations upon the quantum mechani-
cally mixed electronic and vibrational states through calcu-
lations of electronic energy transfer dynamics and 2D elec-
tronic spectra. Further, we investigated to what extent vibra-
tional modes play a role in electronic energy transfer dynamics
under the influence of the environment-induced fluctuations.
We found that the quantum mechanically mixed electronic and
vibrational states does not paly an important role in photo-
synthetic energy transfer dynamics contrary to the prediction
by the community although they induced longer-lived quan-
tum beats in 2D electronic spectra of photosynthetic light
harvesting pigment-protein complexes.
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Due to great development on experimental technologies, it
is possible to capture quantum dynamics in some physical and
chemical systems. On the other hand, all experiments are in
principle open and dissipative systems. Up to now, the well
explained experiments are approximated to the equilibrium
situation. However, by recent technological development,
some experiments reach to a transition from equilibrium to
non-equilibrium situations. While there are the well-known
tools on the non-equilibrium situations; the linear response
theory and the Keldysh Green function method, this analysis
cannot basically catch dynamical situations. Our goal is to
construct the time-resolved theoretical models included the
non-equilibrium situations. However, the quantum measure-
ment theory is needed on measuring quantum dynamics,
especially considering the measurement back action. Our
current activities are to resolve how sensitive (quantum)
measurement can we carry out in principle, to build up some
toy models on quantum dynamic and to explain unique quan-
tum-mechanical phenomena using precise quantum-state engi-
neering technology.
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Figure 1. Example of the complex but regular phenomena from the
simple law; the discrete-time quantum walk, which is a mathematical
toy model to be defined as a quantum-mechanical analogue of the
random walk. The probability distribution is depicted in the left top
panel. This main distribution is called Hofstadter’s butterfly to show
the multi-fractal structure.
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1. Quantum Measurement with Higher
Order Gaussian Modes')

We propose a stereographical-visualization scheme for a
polarization state by two-dimensional imaging of a weak value
with a single setup. The key idea is to employ Laguerre
Gaussian modes or an optical vortex beam for a probe state in
weak measurement. Our scheme has the advantage that we can
extract information on the polarization state from the single
image in which the zero-intensity point of the optical vortex
beam corresponds to a stereographic projection point of the
Poincaré sphere. We experimentally perform single-setup
weak measurement to validate the stereographical relationship
between the polarization state on the Poincaré sphere and the
location of the zero-intensity point.

2. Quantum Measurement Sensitivity
without S queezing Technique?

The weak measurement was proposed in the context of the
time-symmetric quantum measurement without collapsing the
quantum state. The weak value as the measurement outcome
of the weak measurement can exceed the eigenvalue. By this
fact, the signal can be amplified. This is called the weak-value
amplification. To study the invisible region under the standard
technique, there are several studies on the weak-value amplifi-
cation. Here, the following question arises. How can the signal
maximize? To solve this problem, the probe wave function
should be changed from the Gaussian distribution, which is
originally used. We show the probe wave function to maximize
the shift while this mode is not the propagation mode in light.

3. Discrete Time Quantum Walk as
Quantum Dynamical Simulator?®)

Constructing a discrete model like a cellular automaton is a
powerful method for understanding various dynamical systems.
However, the relationship between the discrete model and its
continuous analogue is, in general, nontrivial. As a quantum
mechanical cellular automaton, a discrete-time quantum walk
is defined to include various quantum dynamical behavior.
Here we generalize a discrete-time quantum walk on a line into
the feed-forward quantum coin model, which depends on the
coin state of the previous step. We show that our proposed
model has an anomalous slow diffusion characterized by the
porous-medium equation, while the conventional discrete-time
quantum walk model shows ballistic transport.

Awards

4. Aharonov-Bohm Effect with Quantum
Tunneling?

A quantum tunneling is also one of the unique quantum
mechanical phenomena. However, nobody has yet measured a
tunneling particle. There are still many quantum mysteries.
While we have known that a tunneling particle can be coupled
to an electromagnetic field, we have not yet demonstrated a
coupling between a tunneling particle and a vector potential of
the electromagnetic field. This effect is called the Aharonov-
Bohm effect.

Our experimental setup done in Urabe group, Osaka Uni-
versity uses an ion trap system. The ion trap system is one of
the great candidates to implement a quantum computer and a
quantum simulation. Especially, a linear Paul trap, which is also
used in our experiment, has the high scalability under the one-
dimensional quantum system due to the great development of
quantum information technology. While the two-dimensional
structure of ions is very difficult to be cooled down in the linear
Paul trap, we found that we can manipulate the almost ground
state of the ion rotational motion by the laser cooling technique.
This is a new quantum technology to implement a two-dimen-
sional quantum simulation and a quantum computation used in
a liner Paul trap. Then, we realized the almost ground state of
rotational mode of three calcium ions arranged to a triangular
structure. The distance between two ions is 6.8 micro meter.
This ground state has the two structures, upward and downward
triangles. This can be taken as the quantum rotor, which is often
used in molecular science such as a diatomic molecule, with a
quantum tunneling region. We confirmed that this transition is
led by quantum tunneling even in the large tunneling region.
Since we cannot distinguish clockwise and anticlockwise transi-
tions, this system can be taken as the double-slit experiment.
Changing the strength of the magnetic field, we showed that the
transition probability was oscillated. This oscillation can be
predicted by Aharonov-Bohm effect.
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Recently, the demands for advanced electrochemical devices
providing high energy density have been growing because of
the expansion in application and a need for diversification of
energy sources. In order to achieve the requirement, it will be
essential not only to improve the existing devices such as
lithium secondary batteries and fuel cells, but also to develop a
novel energy storage/conversion system (Figure 1). In other
words, a development of a novel electrochemical device
possessing excellent battery performances that would be
required in future is not an extension of the research on the
existing devices. On the basis of these backgrounds, we are
tackling two research topics; (i) improvement of battery
performance with controlling the interface between electrode
and electrolyte in lithium secondary batteries (ii) the explora-
tion of novel ion conductive phenomena in solid.

(i) Control of the Cathode/Electrolyte-Interface in Lithium
Batteries for Enhancement of the Performance

A surface modification of the cathode materials for lithium
batteries with other metal oxides or phosphate is suggested as
an effective method to inhibit the capacity degradation for
lithium batteries. The main role of the surface modification
layer has been considered the protection of a surface crystal-
linity of cathode materials from side reactions with electrolyte,
but it has not been fully understood. To clarify the role of a
surface modification, we examine the crystal structure of the
modified cathode material, the chemical bonding state of
coating layer and deterioration behavior of the cathode material
using ex situ X-ray diffraction, transmission electron micro-
scope and Hard X-ray photoelectron spectroscopy.

(i) Synthesis and Property of Hydride Conductive Oxyhydride
We focus on hydride ions (H™) as a new mobile ion.
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Figure 1. The concept of our research toward the realization of new
electrochemical device.

Hydride ion conductors are the new frontier materials in the
research field of solid-state ionics and electrochemistry. In-
deed, hydride ion conduction is particularly attractive for elec-
trochemical devices such as fuel cells and batteries, because
hydride ions have suitable ionic radii as mobile ions and
strong reducing properties. The ionic radii of hydride ions are
similar to oxide and fluoride ions, which may provide high
ionic conduction in the crystal lattice. The standard potential
for H/H; at about —2.3 V is comparable to the value of -2.4 V
for Mg/Mg?+; therefore, energy storage/conversion devices
effectively utilizing a H™ conduction phenomenon and the
redox reaction of H/H; are expected to show high energy
density. However, the ionic conducting characteristics of
hydride H™ ions are not established yet and the interplay
between elementary H™ mobility, lattice structure, functional
properties and materials synthesis are mostly lacking. Although
a possibility of H™ conduction was indicated in several materials,
the conclusive evidence for pure hydride ion conduction has
not been provided yet, due to difficulties in identifying hydride
ions. Recently, our group reported for the first time pure H™
conductivity in new oxyhydrides. We try to synthesis new H~
conductive materials on the basis of our previous works.
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Organic molecules are attracting recent attention as new
ingredients of electronic circuits. Their functionalities have
been developed considerably, but are still to be explored and
advanced. Our group focuses on a development of organic
electronics in the next era by providing new mechanism and
concepts of the device operation and fabrication. For example,
an electronic phase transition is utilized for the ON/OFF
switching of our field-effect-transistor (FET). This special
FET is called an organic Mott-FET, where the conduction
electrons in the organic semiconductor are solidified at the
OFF state because of Coulomb repulsion among carriers.
However, these solidified electrons can be melted by applying
a gate voltage, and show an insulator-to-metal transition
so-called Mott-transition to be switched to the ON state.
Because of this phase transition, a large response of the device
can be achieved, resulting in the highest device mobility ever
observed for organic FETs. At the same time, Mott-transition
is known for its relevance to superconductivity. Not only in
organic materials but also in inorganic materials such as
cuprates, Mott-transition is frequently associated with super-
conducting phase at low temperature. Indeed, our organic FET
shows an electric-field-induced superconducting transition at
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low temperature.

Another approach to the future electronics is a three-
dimensional (3D) patterning of molecular devices using crys-
tal engineering. Because each molecule can be designed to
show different functionalities, it should be attractive to con-
struct nano-structured devices by self-assembly. We are espe-
cially focusing on a development of supramolecular nanowires
that allow 3D periodic wiring in nano-scale. By encapsulating
a 1D array of conducting molecules in a channel formed inside
3D supramolecular network, it is possible to construct a
sheathed nanowires aligned in a periodic order as shown in
Figure 1.

Figure 1. Crystal structure of supramolecular nanowire.
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1. Field-Induced Superconductivity in an
Organic Mott-FET")

K-(BEDT-TTF)Cu[N(CN);]Br (k-Br) is an organic Mott-
insulator at room-temperature, but turns into metallic and
superconducting states at low temperature. In our previous
works, a tensile strain from FET substrate altered its ground
state into a Mott-insulating state, when its thin (100-300 nm)
crystal was laminated on top of SiO,/Si** substrate and cooled
down to low temperature. In those experiments the electronic
state at low temperature became completely insulating because
of the tensile strain that originates in mismatching of thermal
expansion coefficients between k-Br (30 ppm/K) and Si sub-
strate (2 ppm/K). However, one can anticipate from the 7-P
(temperature vs. pressure) phase diagram that mixed electronic
state between superconducting and Mott-insulating states can
be realized when the tensile strain is much weaker. To achieve
such a mixed state (or, percolate-superconducting state) in the
device, where phase-separation occurs between superconducting
and Mott-insulating states, we have chosen Nb-doped SrTiO3
as a back-gate substrate because of its larger thermal expan-
sion coefficient (ca. 10 ppm/K) than Si. An aluminum oxide
layer was grown by atomic layer deposition technique to form
a gate dielectric on the substrate. After lamination of k-Br on
the substrate, the Mott-FET device which showed a weakly
insulating behavior at low temperature was fabricated (Figure
2).

Upon application of a positive gate voltage, the resistivity
goes down and weakly metallic behavior is observed at Vg > 2
V. By further increasing the gate voltage up to 8 V, the device
shows a sudden drop of resistivity around 5 K, which can be
attributed to superconductivity. Taking into account of bistable
IV characteristics observed in the low resistance region, the
above transition can be understood as a percolation transition
of superconducting islands that is induced by the electrostatic
doping of electrons. The transition temperature increases as
the gate voltage rises and saturates around Vg = 11 V. This
result is the first example of field-induced superconductivity in
organic materials, and can be utilized for uncovering a phase
diagram of organic Mott system in the simultaneous control of
band filling and band width.
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Figure 2. Device schematic (left) and temperature dependency of
resistance at various gate voltages (right).
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2. Strain-Tunable Organic FET with
Strongly Correlated Electron Systems?

Organic materials are soft and can be stretched even at low
temperature. Our organic Mott-FETs are also soft enough to
be compressed or expanded with a plastic substrate and show a
band-width-controlled Mott/superconducting transitions. This
kind of lattice modulation has been demonstrated in our recent
experiments by mechanically pushing a poly-ethylene naph-
thalate (PEN) substrate covered with gold gate electrode and
parylene-C dielectric from the back side (Figure 2). The
organic Mott-insulator k-(BEDT-TTF)Cu[N(CN),]Cl1 (k-Cl)
laminated on top of the substrate exhibited superconductor-to-
insulator transition by bending the substrate where the surface
has an effect of tensile strain in a longitudinal direction. The
strain necessary for this transition is only 0.3% while the
resistance change reached ten orders of magnitude, which
demonstrates high sensitivity of the Mott-insulator. The phase
diagram obtained by simultaneous scans of strain and tem-
perature well reproduces that of hydrostatic pressure. This
means that one-dimensional tensile strain corresponds to an
effective negative pressure in K-Cl system.

Then, a field-effect was examined by applying a gate
electric field. The transfer characteristics at higher tensile
strain showed only moderate device mobility of around 5 cm?%/
Vs. When the system was forced to stay in a mixed phase
state, where superconducting and Mott-insulating phases
coexist, however, the electric-field-effect maximized to show
device mobility up to 5900 cm?/Vs. This high response of the
device can be attributed to an increase of superconducting
fraction at application of gate voltage. In order to examine the
above hypothesis, we have applied a magnetic field up to 7 T.
Indeed, the field-effect has been considerably suppressed
because the superconducting phases are destroyed by the
magnetic field. This electric-field-induced superconductivity
seems to originate from a decrease of Coulomb repulsion
among carriers by electrostatic doping effect.

(BEDT-TTF = bis(ethyelenedithio)tetrathiafulvalene)
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Figure 3. Side-view schematic for flexible organic Mott-FET device.
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Our research focuses mainly on two topics in inorganic
and organometallic chemistry: i) Synthesis and structural
elucidation of a new class of transition metal complexes; ii)
elucidation of reaction patterns and mechanism of reactive
transition metal complexes. Novel synthetic methods are
developed to realize a new class of transition metal complexes.
Some transition metal complexes are converted to more reac-
tive forms, and their reaction mechanisms are elucidated. The
research leads to development of fundamental concepts of
transition metal chemistry.

The “sandwich” structure is one of the fundamental struc-
tural motifs for transition metal complexes. Most of sandwich
complexes contain a mononuclear metal moiety between
parallel cyclic unsaturated hydrocarbon ligands. On the other
hand, it had been difficult to synthesize a stable sandwich
complex in which a metal assembly are sandwiched between
two cyclic unsaturated hydrocarbons. Recently, our group
discovered that multinuclear sandwich complexes exist as the
stable and isolable molecules (Figure 1). These findings
expand the structural concept of sandwich compounds from
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zero-dimension to one- and two dimensions, and provide a
new opportunity to develop a new class of organo-metal
cluster compounds. Multinuclear sandwich complexes showed
unique chemical properties stemming from their (n-conjugated
unsaturated hydrocarbon)-(multinuclear metal) hybrid structures.
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Figure 1. The concept of dimensionally extended sandwich structures
and some examples of the multinuclear sandwich complexes.
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1. Chemistry of Multinuclear Sandwich
Complexes

Synthesis and Structural Elucidation of Bis-Cyc lo-
octatetraene Trimetal Sandwich Complexes

Our group has made research efforts to establish the
generality of the metal sheet sandwich compounds. We have
shown that several unsaturated hydrocarbon ligands such as
[2.2]paracyclophane, cycloheptatriene, cycloheptatrienyl, and
some polycyclic arenes behave as the excellent binders for
triangular trimetal sheets.>"® Particularly, it has been shown
that seven-membered unsaturated hydrocarbons, i.e., tropylium
and cycloheptatriene, serve as an excellent facial uz-binder for
the triangular M3L3 core (M = Pd, Pt) (Scheme 1). However, it
has not been verified whether larger m-conjugated carbocycles
are able to form a simple triangular trimetal sandwich complex.

ASM—L M~
L/é L—M—=M—_
==

M= Pd, Pt M=Pd

Scheme 1. The tropylium- and cycloheptatriene sandwich complexes.

1,3,5,7-Cyclooctatetraene (COT) is a potentially useful
eight-membered carbocyclic ligand for metal sheet sandwich
complexes, in view of its greater number of C=C bonds and a
flexible electron-donating/back-donating nature. A recent
finding by Grubbs et al. represents the versatility of the COT
ligand, i.e., a homoleptic trimetal tris-COT complex, Fes(u-
COT);, was isolated through a catalytic method.” Here, we
successfully synthesized the first discrete bis-COT trimetal
sandwich complexes.®)

The bis-cyclooctatetraene Pd3 sandwich complex [Pda(us-
CsHg),L][BF4]> (1-CH3CN) was obtained by the reaction of
[Pd2(CH3CN)gl[BF4]2 and Pda(dba); in the presence of cyclo-
octatetraene (COT), followed by treatment with CH3CN (eq.
1). Recrystallization in an aerobic condition gave a single
crystal of 1-H20. The structure of 1-H,0O was determined by
X-ray diffraction analysis. The cyclooctatetraene ligands
coordinate to an isosceles Pdj triangle (Pd1-Pd2 = 2.7321(8)
A; Pd2-Pd3 = 2.7359(8) A; Pd1--Pd3 = 3.0604(8) A) through
a w3-n°>n%n3 mode. The sandwich structure seems to be
related with that of a diphenyloctatetraene Pd; chain sandwich
complex [Pd3;{Ph(CH=CH),Ph},]?* which exhibits the same
u3-n>m2n3 coordination mode.?

A deep purple PPh3 complex [Pd3(u3-COT)2(PPh3)][BF4]>
(1-PPh3) or a PCy3 complex [Pd3(u3-COT)2(PCy3)]1[BF4l>

1@.,__& @ I

r e

L—I:I—PJ—L * 13 Pogidbajy ';."'-'I’—"".. L |.—|l|| 't
o i CHLH 3 i) L P
L " CHyy, £L. =
[P T s

TCNCH = Of Ol

* IMS International Internship Program

(1-PCy3) was obtained by treatment of 1-CH3CN with PPh3
or PCys (1 equiv.). In solution, 1-CH3CN and 1-PPhj showed
a sharp singlet NMR signal for CgHg protons or carbons at 25
°C. Lowering the temperature down to —90 °C of the related
compound resulted in significant broadening of the resonance
for the CgHg protons, suggesting the dynamic fluxional rota-
tion of the cyclooctatetraene ligands on the Pds core.

The reactivity of 1-CH3CN with several coordinating
substrates were investigated, and the results were summarized
in Scheme 2, showing the substitutionally labile nature of the
u3-COT ligands in the bis-COT Pd3 sandwich complex.
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| 2 COT, —CHyCN

2BFy”
1-CH;CN

CD3NO,, rt.
—COT, ~CH,CN

CD4CN, rt.
~COT, -"Pd"

§|2+
| Pd
e
Pd N\
N\
L
2BF

Scheme 2. Facile dissociation of the COT ligand in [Pd3(u3-CgHg)z
(CH3CN)][BF4]2 (1-CH3CN).

2. Reaction Mechanism of Highly Reactive
Metal Complexes

One of our main interests is in the elucidation of the
reaction patterns and mechanisms of highly reactive transition
metal complexes in relevance to catalysis. Synthetic and
structural chemistry of the arenes and hetero-arenes transition
metal complexes are now ongoing in our laboratory, and

several new aspects have been gained recently.10-11)
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Graphene and curved graphenes have been extensively
investigated by both chemists and physicists because of their
unique structures and properties. Cgp fullerene is spherical and
has the positive Gaussian curvature. Carbon nanotubes (CNTs)
have the cylindrical structures with the zero Gaussian curva-
ture. The introduction of curvatures to graphene changes the
dimensionality and electronic properties. For example, graph-
ene is a two-dimensional zero-gap semiconductor with the
ambipolar character (both p- and n-types). Cgo is a zero-
dimensional n-type semiconductor, and CNTs are one-dimen-
sional p-type semiconductors or metals. It is interesting to see
how the curvature influences the structure and properties of the
graphene molecule. We are currently working on the synthesis
of aromatic saddles and belts.
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Figure 1. Schwarzite P192 (left) as a hypothetical 3D graphene with
the negative Gaussian curvature. Tetrabenzo[8]circulene (right) as a
repeating molecular unit for Schwarzite P192.
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1. Tetrabenzo[8]circulene: Aromatic
Saddles from Negatively Curved
Graphene)

An aromatic saddle was designed from the hypothetical
three-dimensional graphene with the negative Gaussian curva-
ture (Schwarzite P192). Two aromatic saddles, tetrabenzo[8]
circulene (TB8C) and its octamethyl derivative OM-TB8C,
were synthesized by the Scholl reaction of cyclic octaphenylene
precursors. The structure of TB8C greatly deviates from
planarity, and the deep saddle shape was confirmed by single-
crystal X-ray crystallography. There are two conformers with
the S4 symmetry, which are twisted compared to the DFT
structure (Dag). The theoretical studies propose that the inter-
conversion of TB8C via the planar transition state (125 kcal
mol!) is not possible. However, the pseudorotation leads to a
low-energy tub-to-tub inversion via the nonplanar transition
state (7.3 kcal mol™'). The ground state structure of TB8C in
solution is quite different from the X-ray structure because of
the crystal-packing force and low-energy pseudorotation.
OM-TBS8C is a good electron donor and works as the p-type
semiconductor.

Figure 2. Single-crystal X-ray structure of TB8C from the side. The
thermal ellipsoids are shown at 50% probability.

2. Synthesis and Physical Properties of a
Ball-Like Three-Dimensional n-Conjugated
Molecule?

Curved m-conjugated molecules with closed and three-
dimensional (3D) structures, such as fullerenes and carbon
nanotubes, have been the subject of intensive research due to
their potential applications in molecular electronics. However,
basic molecular skeletons of 3D molecules are limited because

of the lack of a rational and selective synthetic method by
organic synthesis. We report the synthesis of a 3D m-conju-
gated molecule based on the platinum-mediated assembly of
four molecules of a stannylated trisubstituted benzene deriva-
tive forming a hexanuclear platinum complex with an octa-
hedral shape, from which reductive elimination of platinum
gave the target molecule. As many supramolecular transition
metal-ligand complexes with 3D cages and polyhedral struc-
tures have been synthesized by self-assembly of ligands and
metals, the current assembly/reductive elimination strategy
could provide a variety of new 3D m-conjugated molecules
with different structures and topologies, which are challenging
to obtain using conventional synthetic methods.

3. Synthesis, Characterization, and
Properties of [4]Cyclo-2,7-pyrenylene:
Effects of Cyclic Structure on the
Electronic Properties of Pyrene
Oligomers?®)

A cyclic tetramer of pyrene, [4]cyclo-2,7-pyrenylene ([4]
CPY), was synthesized from pyrene in six steps and 18%
overall yield by the platinum-mediated assembly of pyrene
units and subsequent reductive elimination of platinum. The
structures of the two key intermediates were unambiguously
determined by X-ray crystallographic analysis. DFT calcu-
lations showed that the topology of the frontier orbitals in [4]
CPY was essentially the same as those in [8]cyclopara-
phenylene ([8]CPP), and that all the pyrene units were fully
conjugated. The electrochemical analyses proved the electronic
properties of [4]CPY to be similar to those of [8]CPP. The
results are in sharp contrast to those obtained for the corre-
sponding linear oligomers of pyrene in which each pyrene unit
was electronically isolated. The results clearly show a novel
effect of the cyclic structure on cyclic T-conjugated molecules.
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Bowl-shaped m-conjugated compounds including partial
structures of the fullerenes, which are called “buckybowls,”
are of importance not only as model compounds of fullerenes
but also as their own chemical and physical properties. For
example, in solution they show the characteristic dynamic
behavior such as bowl-to-bowl inversion. On the other hand,
they sometimes favor stacking structure in a concave-convex
fashion in the solid state, giving excellent electron conduc-
tivity. Furthermore, some buckybowls are conceivable to
possess the bowl-chirality if the racemization process, as equal
as bowl-to-bowl inversion, is slow enough to be isolated. Very
few buckybowls has been achieved for preparation mainly due
to their strained structure, and no report on the preparation of
chiral bowls has appeared. In this project, we develop the
rational route to the various buckybowls with perfect chirality
control using the organic synthesis approach.

We also investigate to develop novel catalytic properties of
metal nanoclusters. We focus on the following projects: Prepa-
ration of size-selective gold nanoclusters supported by hydro-
philic polymers and its application to aerobic oxidation cata-
lysts: Synthetic application using metal nanocluster catalyst:
Development of designer metal nanocluster catalyst using the
highly-functionalized protective polymers.
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Figure 1. Dynamic behavior (bowl-inversion) of buckybowls and the
concept of the bimetallic metal nanoclusters catalysts.
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1. Correlation between Bowl-Inversion
Energy and Bowl Depth in Substituted
Sumanenes

The correlation between the bowl-inversion energy and the
bowl depth for sumanenes monosubstituted with an iodo,
formyl, or nitro group was investigated experimentally and by
theoretical calculations. The bowl-inversion energies of the
substituted sumanenes were determined experimentally by
two-dimensional NMR exchange spectroscopy measurements.
Various density functional theory methods were examined for
the calculation of the structure and the bowl-inversion energy
of sumanene, and it was found that PBEO, ®B97XD, and
MO06-2X gave better fits of the experimental value than did
B3LYP. The experimental value was well reproduced at these
levels of theory. The bowl structures and bowl-inversion
energies of monosubstituted sumanenes were therefore calcu-
lated at the ®B97XD/6-311+G(d,p) level of theory. In both the
experiments and the calculations, the correlation followed the
equation AE = acos*0, where a is a coefficient, AE is the bowl-
inversion energy, and cos® is the normalized bowl depth,
indicating that the bowl inversion follows a double-well
potential energy diagram.

(A)

Energy E
Bow Inversion Energy AE

Reaction Coordinate x Coordinate x, with minimum energy

Figure 2. (A) Double-well potential of bowl-inversion and (B)

correlation between bowl-inversion and bowl depth.

2. Columnar/Herringbone Dual Crystal
Packing of Pyrenylsumanene and its
Photophysical Properties

A single crystal of pyrenylsumanene was found to exhibit
both columnar and herringbone crystal packing. The sumanene
moieties form unidirectional columnar structures based on -7
stacking while the pyrene moieties generate herringbone
structures due to CH-m interactions. The absorption and
emission maxima of pyrenylsumanene were both red-shifted
relative to those of sumanene and pyrene, owing to the exten-
sion of m-conjugation. Monomer emission with high quantum
yield (0.82) was observed for pyrenylsumanene in solution,
while excimer-type red-shifted emission was evident in the
crystalline phase.

Awards
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Figure 3. Side view of columns with a herringbone packing of the
pyrene moiety due to CH—x interactions.

3. Bimetallic Gold/Palladium Alloy
Nanoclusters: An Effective Catalyst for
Ullmann Coupling of Chloropyridines
under Ambient Conditions

An efficient method for the Ullmann coupling of chloro-
pyridines catalyzed by poly(N-vinylpyrrolidone) (PVP)-stabi-
lized bimetallic Au/Pd alloy nanoclusters (NCs) under ambient
conditions is demonstrated. The reaction does not occur with
either gold or palladium single-metal clusters alone, nor with a
physical mixture of the two metals. The experimental results
indicate that the inclusion of Au as a nearest heteroatom is
crucial to initiate the coupling and its composition up to 50% is
essential to accelerate the reaction. Unlikely to the conven-
tional transition metal catalysis, 2-chloropyridine was found to
be highly reactive as compare to 2-bromopyridine. From the
UV-vis and ICP-AES, significant amount of leached Pd(II) was
observed in the coupling with 2-bromopyrdine as compared
with 2-chloropyridine, indicating the leaching process might be
a crucial factor to diminish the reactivity of the coupling.

N ~
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X=cCl o — accelerate the Ullmann
(spillover) coupling reaction
’N
& g’ o c? —
X Br
(Ieachlng ——
O—Pd path B S e retard the Ullmann
" N Br coupling reaction

Figure 4. Mechanistic illustration of the activity of Au/Pd clusters in
the Ullmann coupling with 2-chloro- or 2-bromo-pyridine. Path A
represents the activation and path B represents the deactivation
process.
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The Institute includes five research facilities. This section describes their latest equipment and activities. For further
information please refer to previous IMS Annual Review issues (1978-2013).
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Outline of UVSOR

Since the first light in 1983, UVSOR has been successfully
operated as one of the major synchrotron light sources in
Japan. After the major upgrade of the accelerators in 2003,
UVSOR was renamed to UVSOR-II and became one of the
world brightest low energy synchrotron light source. In 2012,
it was upgraded again and has been renamed to UVSOR-IIIL.
The brightness of the electron beam was increased further.
Totally, six undulators were installed. The storage ring is
operated fully in the top-up mode, in which the electron beam
intensity is kept constant.

The UVSOR accelerator complex consists of a 15 MeV
injector linac, a 750 MeV booster synchrotron, and a 750 MeV
storage ring. The magnet lattice of the storage ring consists of
four extended double-bend cells with distributed dispersion
function. The storage ring is normally operated under multi-
bunch mode with partial filling. The single bunch operation is
also conducted about two weeks per year, which provides
pulsed synchrotron radiation (SR) for time-resolved experiments.

Eight bending magnets and six undulators are available for
providing SR. The bending magnet with its radius of 2.2 m
provides SR with the critical energy of 425 eV. There are
fifteen beam-lines operational. They can be classified into two
categories. Eleven of them are the so-called “Open beam-
lines,” which are open to scientists of universities and research
institutes belonging to the government, public organizations,
private enterprises and those of foreign countries. The other
three beam-lines are the so-called “In-house beamlines,”
which are mainly used by the research groups within IMS. We
have 1 soft X-rays (SX) station equipped with a double-crystal
monochromator, 7 EUV and SX stations with a grazing inci-
dence monochromator, 3 VUV stations with a normal inci-
dence monochromator, 2 (far) infrared station equipped with
FT interferometers and 1 beam-line for light source develop-

ment without monochromator.

Figure 1. UVSOR electron storage ring and synchrotron radiation

beam-lines.

Collaborations at UVSOR

Variety of investigations related to molecular/material
science is carried out at UVSOR by IMS researchers. In
addition, many researchers outside IMS visit UVSOR to
conduct their own research works. The number of visiting
researchers per year tops about 800, whose affiliations extend
to 60 different institutes. International collaboration is also
pursued actively and the number of visiting foreign research-
ers reaches over 80, across about 10 countries. UVSOR invites
new/continuing proposals for research conducted at the open
beamlines twice a year. The proposals from academic and
public research organizations (charge-free) and from enter-
prises (charged) are acceptable. The fruits of the research
activities using SR at UVSOR are published as a UVSOR
ACTIVITY REPORT annually.



Recent Developments

In spring, 2013, we had two month shut-down for a re-
construction work at an undulator beam-line BL5U. The
undulator at BL5U, which had been constructed about 20
years ago, was remodeled. Now it has become capable of
producing any polarization, such as horizontal and vertical
linear polarizations and left and right circular polarizations.

The endstation of BL5U has started to be renewed to
perform higher energy resolution ARPES experiments. This
endstation will have new capability to obtain spin- and spatial-
dependence of the electronic structure of solids using new spin
detector and micro-focused beam. This beam-line will be open
for users from 2015.

Figure 2. Current situation of new ARPES beam-line BL5U.

Reserch Highlight

Solid-state functionalities of organic molecules are gov-
erned not only by individual molecular properties but also by
their intermolecular interactions. This concerted interplay
dominates a key process of the electric conduction in func-
tional molecular systems. In this work, we have investigated
the intermolecular energy-vs-momentum E(k) relation, origi-
nating from the molecular stacking periodicity, of sub-100-
meV scale in metal phthalocyanine (MPc) crystalline films.
The small E(k) relation of MPc with different terminal groups
and central metals are sensitive and essential to characterize
the intermolecular interaction in terms of the intermolecular
distance, the molecular conformation, and the orbital symmetry.

Figure 3 shows the emission angle (0) dependence of the
angle-resolved photoemission (ARPES) spectra and its inten-
sity map for the flat-lying monolayer and crystalline films of
ZnPc on Au(111) at 15 K. For the monolayer, the dispersive
and non-dispersive peaks appear around the binding energy
(Ep) of 0 ~ 0.32 eV and 0.74 eV, respectively. The parabolic
dispersion at E, = 0 ~ 0.32 eV is derived from the Shockley
State (SS) of the Au(111) surface, which is modified by the
complex interplay of molecule—substrate interactions. The
non-dispersive peak at Ep, = 0.74 eV is derived from the
highest occupied molecular orbital (HOMO) of C 2p (m)
character in ZnPc. The observed HOMO-peak intensity shows

a sharp 6 dependence with the maximum at 6 = 34°. This is
due to the reflection of the spatial electron distribution of
HOMO. For the ZnPc crystalline film, the SS band of Au(111)
is suppressed and the HOMO peak is stabilized as Ep, ~ 1.3 eV.
Since the ZnPc molecule deposited on Au(111) shows the
Stranski-Krastanov growth, the quite weak substrate signal of
EFr appears and is utilized for the energy calibration for the
precise E(k) measurement. The 6 dependence of the HOMO-
peak intensity in the ZnPc crystalline film is almost the same
as that in the ZnPc monolayer; that is, the molecular orien-
tation indicates the layer-by-layer growth in the crystalline
domain and induces orbital delocalization. Indeed, the HOMO
peak of the ZnPc crystalline film shows a small dispersive
behavior with 8. Such a dispersive behavior is not observed in
the monolayer film and is related to the delocalized band
formation.

In order to investigate the k component along the m-n
stacking direction (k ), we measured the normal emission
ARPES as a function of the photon energy (Av) for crystalline
films of various MPc (H,Pc, MnPc, CoPc, ZnPc, and Fi4ZnPc)
on Au(111) at 15 K. From this systematic experiment, we
revealed quite small but different E(k ) relations. The transfer
integral (¢1) of the C 2p band is found to be dependent on the
intermolecular distance (a;) with the 75+5 meV/A relation.
Furthermore, we observed the different dispersion phase and
periodicity, depending on the terminal group and central metal
in MPc, which originate from the site-specific intermolecular
interaction induced by substituents.?
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Figure 3. The 6 dependence of the ARPES spectra (hv = 45 eV) and

its intensity map for the monolayer and crystalline films of ZnPc on
Au(111)at 15 K.

Reference
1) H. Yamane and N. Kosugi, Phys. Rev. Lett. 111, 086602 (2013).
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The Center aims to develop new experimental apparatus
and methods to open groundbreaking research fields in molecu-
lar science, in collaboration with the Department of Photo-
Molecular Science. Those new apparatus and methods will be
served as key resources in advanced collaborations with the
researchers from the community of molecular science. The
main targets are (1) advanced photon sources covering wide
energy ranges from terahertz to soft X-day regions; (2) novel
quantum-control schemes based on intense and ultrafast lasers;
and (3) high-resolution optical imaging and nanometric micros-

Laser Research Center for Molecular
Science

copy. The center also serves as the core of the joint research
project “Extreme Photonics” between IMS and RIKEN.

Two of full-time associate professors and their research
groups belong to the Center. The groups promote research
projects targeting mainly on developments of novel laser light
sources for molecular science. The Center also possesses
several general-purpose instruments for laser-related measure-
ments, and lends them to researchers in IMS who conduct
laser-based studies, so as to support and contribute to their
advanced researches.

Figure 1. (left) A Fringe-Resolved Autocorrelation (FRAC) apparatus for sub-10 fs pulse characterization designed in the Center. (upper right)

Spectral Phase Interferometry for Direct Electric-Field Reconstruction (SPIDER) and (lower right) Frequency-Resolved Optical Gating (FROG)

apparatuses for general-purpose ultrashort pulse characterization.
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Instrument Center was organized in April of 2007 by
integrating the general-purpose facilities of Research Center
for Molecular Scale Nanoscience and Laser Research Center
for Molecular Science. The mission of Instrument Center is to
support the in-house and external researchers in the field of
molecular science, who intend to conduct their research by
utilizing general-purpose instruments. The staffs of Instrument
Center maintain the best condition of the machines, and
provide consultation for how to use them. The main instru-
ments the Center now maintains in Yamate campus are: Nuclear
magnetic resonance (NMR) spectrometers (JEOL JNM-ECA
920, INM-ECA 600, and JNM-LAS500, JNM-ECS400, and
Bruker AVANCES800), matrix assisted laser desorption ioni-
zation (MALDI) mass spectrometer (Voyager DE-STR), pow-
der X-ray diffractometer (Rigaku RINT-Ultima III), circular
dichroism (CD) spectrometer (JASCO JW-720W1I), differential
scanning calorimeter (MicroCal VP-DSC), and isothermal
titration calorimeter (MicroCal iTC200), scanning electron
microscope (SEM; JEOL JEM-6700F(1), JED-2201F), focused
ion beam (FIB) machine (JEOL JEM-9310FIB(P)), elemental
analyzer (J-Science Lab Micro Corder JM10). In the Myodaiji
campus, the following instruments are installed: Electron spin
resonance (ESR) spectrometers (Bruker E680, ES00, EMX
Plus), NMR spectrometer (Bruker AVANCE600), super-
conducting quantum interference devices (SQUID; Quantum
Design MPMS-7 and MPMS-XL7), powder X-ray diffracto-
meter (MAC Science MXP3), solution X-ray diffractometer

(JEOL JNM-ESA600).

Figure 2. Pulse ESR for Q-band
(Bruker E680).

(Rigaku NANO-Viewer), single-crystal X-ray diffractometers
(Rigaku Mercury CCD-1, CCD-2, RAXIS IV, and 4176F07),
thermal analysis instruments (TA TGA2950, DSC2920, and
SDT2960), fluorescence spectro-photometer (SPEX Fluorolog2),
X-ray fluorescence spectrometer (JEOL JSX-3400RII), UV-
VIS-NIR spectro-photometer (Hitachi U-3500), Raman micro-
scope (Renishaw INVIA REFLEXS532), excimer/dye laser
system (Lambda Physics LPX105i/LPD3002), Nd*: YAG-
laser pumped OPO laser (Spectra Physics GCR-250/Lambda
Physics Scanmate OPPO), excimer laser (Lambda Physics
Complex 110F), and picosecond tunable laser system (Spectra
Physics Tsunami/Quantronix Titan/Light Conversion TOPAS),
SEM (Hitachi SU6600), electron spectrometers for chemical
analysis (ESCA) (Omicron EA-125), high-resolution trans-
mission electron microscope (TEM; JEOL JEM-3100FEF), and
FTIR spectrometer (Bruker IFS 66v/S). In the fiscal year of
2013, Instrument Center accepted almost 140 applications
from institutions outside IMS. Instrument Center also main-
tains helium liquefiers in the both campus and provides liquid
helium to users. Liquid nitrogen is also provided as general
coolants used in many laboratories in the Institute. The staffs
of Instrument Center provide consultation for how to treat
liquid helium, and provide various parts necessary for low-
temperature experiments. Instrument Center supports also the
Inter-University Network for Common Utilization of Research
Equipments.

Figure 3. Raman microscope
(Renishaw INVIA REFLEX532).

Figure 1. 600 MHz NMR spectrometer
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Equipment Development Center
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Director

Technical Associate
Technical Associate
Technical Associate
Technical Associate
Technical Associate
Technical Associate
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Technical Associate
Technical Associate
Technical Fellow
Secretary

Researches and developments of novel instruments de-
manded in the forefront of molecular science, including their
design and fabrication, are the missions of this center. Technical
staffs in the two work sections, mechanics and electronics, are
engaged in developing state-of-the-art experimental instruments
in collaboration with scientists. We expanded our service to
other universities and research institutes since 2005, to contri-
bute to the molecular science community and to improve the
technology level of the center staffs. A few selected examples
of our recent developments are described below.

ARM-Microcontroller-Based Rotary
Solenoid Driver

WA laser-shutter device, which can block a laser beam
synchronizing with external control signals as trigger, is one of
the basic elements in optical systems. In this work, we have
developed a driver unit to control a shutter device, which consists
of a bi-stable rotary-solenoid and a shutter plate, operated with
TTL level trigger at a repetition rate up to 10 Hz (Figure 1).

Specifications of the driver are as follows: First, it detects
the rising edge of the trigger, then, generates a Phase-A output
to drive the rotary solenoid clockwise with a predetermined
duration. Next, it detects the falling edge of the trigger, and
generates a Phase-B output to drive the solenoid counter-
clockwise with a predetermined duration. The tunable ranges
of Phase-A and -B durations are from 1 ms to 99 ms with the
step of 1 ms.

Conventionally, we used a combination of standard logic
ICs for driving a circuit synchronized with a trigger. In this
case, we adopted the module of LPC1114FBD48/302, the ARM
microcontroller by NXP.
We set one of the pins of
ARM module as an input,
and set interrupts on both
edges of the trigger (rising
and falling). ARM module
identifies rising or falling

edge in the interrupt han-

dler, and outputs Phase A

or Phase B. (Figure 2).
The duration of the

Figure 1. Photo of the rotary sole-

noid driver.

each output is adjustable
with a rotary encoder
which is connected to the
ARM module. Increasing
or decreasing of the value
is performed by detecting
the rotation direction of

the rotary encoder. The

Figure 2. The input—output charac-

value is displayed on a
LCD by another ARM
module. We adopted 12C
for communication between two ARM modules.

teristics of the rotary solenoid driver.

Cathode Plug for Superconducting
Electron Emitter

A new electron source is required for the development of
next generation synchrotron radiation system. A cathode plug
that will be used for photo-cathode with back-side irradiation
has been fabricated (Figure 3). The plug is designed to be able
to hold a photo-cathode substrate on the top, and can be fixed
with screw on the cathode holder. The photo-cathode sub-
strate, whose size is 5 x 5 x 0.5 mm’, is requested to stay in
the same plane with the plug’s top-edge plane, and therefore
cannot be fixed by using a holding plate mounting on it. At the
same time, fixing of the substrate by side-holding makes it
bending and inclining, which arises another undesirable prob-
lems. In order to address these issues, we have designed a new
substrate-holding cathode plug with elastic parallel hinge
structure. The tightness of the hinge was optimized to meet the
best result of finite-element-method calculation by ANSYS
program (Figure 4), so that accurate fixing of photo-cathode
substrate has finally been achieved.

Figure 3. Cathode plug

Figure 4. Analysis result for the elastic

for electron emission. hinge calculated by ANSYS.
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Research Center for Computational Science provides
state-of-the-art computational resources to academic research-
ers in molecular science and related fields, e.g. quantum
chemistry, molecular simulations, and solid state physics. The
computer systems consist of Fujitsu PRIMERGY RX300,
PRIME HPC FX10 and PRIMERGY CX250, SGI UV2000.
713 users in 185 project groups from a wide range of molecu-
lar science have used in 2013. Large scale calculations, for
example the formation of fullerenes, conformation searches
using non-Boltzmann ensemble methods, and nonlinear spec-
troscopy of liquids, have been performed with the systems. The
Center also provides a number of application programs, for
example Gaussian 09, GAMESS, Molpro, AMBER, and
NAMD. The Center offers the Quantum Chemistry Literature
Database, which has been developed by the Quantum Chemistry

Figure 1. Fujitsu PRIMERGY CX300.

Database Group in collaboration with staff members of the
Center. The latest release, QCLDB II Release 2013, contains
130,782 data of quantum chemical studies. Detailed informa-
tion on the hardware and software is available on the web site
(http://ccportal.ims.ac.jp/).

In addition to the provision of computational resources,
the Center contributes to the so-called next-generation super-
computer project which is conducted by the government. In
2010, Computational Material Science Initiative (CMSI) was
established, after the research field which consists of molecu-
lar science, solid state physics, and material science was
selected as one of the research fields which scientific break-
throughs are expected by using the next-generation super-
computer. The Center contributes to CMSI by providing up to
20% of its computational resource.

Figure 2. SGI UV2000.
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The main purpose of Okazaki Institute for Integrative
Bioscience (OIIB) is to conduct interdisciplinary, molecular
research on various biological phenomena such as signal
transduction, differentiation and environmental response.
OIIB, founded in April 2000, introduces cutting edge method-
ology from the physical and chemical disciplines to foster new
trends in bioscience research. OIIB is a center shared by and
benefited from all three institutes in Okazaki, thus encouraging
innovative researches adequately in advance of academic and
social demands. OIIB has started the research programs,
“Okazaki ORION Project” and “BioNEXT Program” from
2014. The research groups of three full professors and one
associate professor who have the position in IMS join OIIB to
be involved in these research projects. The research activities
of these groups are as follows.

Aono group is studying the bioinorganic chemistry of
metalloproteins that show a novel function. They elucidated
the structure and function relationships of the heme-based
sensor proteins in which a heme was the active site for sensing
gas molecules such as CO and O,. They are also studying the
structure and function relationships of transcriptional regu-
lators and metal transport proteins that are responsible for
metal homeostasis in bacteria. Iino group is studying operation
mechanism of molecular machines using single-molecule
techniques based on optical microscopy. Especially they focus
on new rotary and linear molecular motors. In this year, they
directly visualized rotation of a rotary molecular motor
Enterococcus hirae V1-ATPase, and determined kinetic param-
eters for all elementary reaction steps of a linear molecular
motor Trichoderma reesei Cel7A. They also applied single-

molecule techniques to a synthetic molecular rotor double-
decker porphyrin, and directly visualized the rotary motion for
the first time. Kato group is studying structure, dynamics, and
interactions of biological macromolecules using nuclear mag-
netic resonance (NMR) spectroscopy, X-ray crystallography,
and other biophysical methods. In particular, they conducted
studies aimed at elucidating the dynamic structures of glyco-
conjugates and proteins for integrative understanding of the
mechanisms underlying their biological functions. In this year,
they successfully elucidated the working mechanisms of
proteasome assembly chaperones, Nas2 and Pba3—-Pba4, the
carbohydrate recognition modes of the cargo receptor com-
plex, ERGIC-53-MCFD2, and the functional role of a product
of a recently identified causative gene for dystroglycanopathy,
AGOG61. Fujii group is studying molecular mechanisms of
metalloenzymes, which are a class of biologically important
macromolecules having various functions such as oxygen
transport, electron transfer, oxygenation, and signal trans-
duction, with synthetic model complexes for the active site of
the metalloenzymes. In this year, they studied molecular
mechanisms of metalloenzymes relating to monooxygenation
reactions and denitification processes. Kurihara group is
studying an artificial cell based on a giant vesicle constructed
from organic chemical approach. Their goal is to realize an
artificial cell in which elements such as information, container
and metabolism interact each other. In this year, they studied
cross-catalytic vesicular system: A vesicle is reproduced by
the catalyst which was synthesized in the vesicle, i.e. inter-
action between container and metabolism.
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The Safety Office was established in April 2004. The
mission of the Office is to play a principal role in the institute
to secure the safety and health of the staffs by achieving a
comfortable workplace environment, and improvement of the
working conditions. In concrete terms, it carries out planning,
work instructions, fact-findings, and other services for safety
and health in the institute. The Office is comprised of the
following staffs: The Director of the Office, Safety-and-Health
Administrators, Safety Office Personnel, Operational Chiefs
and other staff members appointed by the Director General.

The Safety-and-Health Administrators patrol the labo-

ratories in the institute once every week, and check whether
the laboratory condition is kept sufficiently safe and com-
fortable to conduct researches. The Office also edits the safety
manuals and gives safety training courses, for Japanese and
foreign researchers.

A management system for chemical substances (mainly
for commercial chemicals) was launched in May 2014 and has
been steered by the Office. This office acknowledged a task
force chaired by Prof. Yamamoto, which has drawn the speci-
fications of the system up.
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The Technical Division is an organization of the technical
staff which supports research facilities of IMS. The technical
staffs are assigned to support the research by using their profes-
sional skills of mechanical engineering, electrical engineering,
instrumental analysis, optical technology, computer engineering,
cryogenic technology, and the SOR technology, efc.

In addition, the Technical Division supports IMS facilities

SHIMODE, Ayako Technical Fellow

MIZUNO, Hisayo Secretary
NAKANE, Junko Secretary
HAGIWARA, Hisayo Secretary
NAGASONO, Hisayo Secretary
SUZUKI, Satomi Secretary
Information Office
OHHARA, Kyoko Secretary
TSURUTA, Yumiko Secretary
KAMO, Kyoko Secretary

by managing Safety Office, Research groups, Public Affairs
Office, Archives and Information Office.

The annual meeting for technical staff of research Institute
and Universities was organized in 1975 and since then the
meeting has been regularly held every year. We aim toward a
higher technology and exchange discussion concerning the
various technical problems related to our technology.




Special Research Projects

IMS has special research projects supported by national funds. Six projects in progress are:

(a) The Ministry of Education, Culture, Sports, Science and Technology

HPCI Strategic Program “The Strategic Program for Innovation Research (SPIRE)”

Field 2 “New Materials and Energy Creation”

“Construction of Innovative High Performance Computing Infrastructure (HPCI)”

(b) Extreme Photonics
() MEXT Nanotechnology Platform Program
Platform of Molecule and Material Synthesis

(d) Inter-University Network for Efficient Utilization of Research Equipments

(e) Consortium for Photon Science and Technology (C-PhoST)

These five projects are being carried out with close collaboration between research divisions and facilities. Collaborations

from outside also make important contributions. Research fellows join these projects.

(a) The Ministry of Education, Culture, Sports, Science and Technology
HPCI Strategic Program “The Strategic Program for Innovation Research (SPIRE)”

Field 2 “New Materials and Energy Creation”

“Construction of Innovative High Performance Computing Infrastructure (HPCI)”

HPCI strategy programs “SPIRE” aims to promote sci-
entific research using “K-computer” at RIKEN Advanced
Institute for Computational Science. In the strategic filed 2 of
SPIRE, the Institute for Solid State Physics (ISSP) of the
University of Tokyo, Institute for Molecular Science (IMS),
and Institute for Material Research (IMR) of Tohoku University
were selected as strategic organizations. The project started in
September 2010 for “Computational Material Science: Turning
the Headwaters of Basic Science into a Torrent of Innovations
in Functional Materials and Energy Conversion” as a strategic
target. To promote the activities of the strategic organizations,
a new community “Computational Materials Science Initiative
(CMSI)” consisting of research fields of condensed matter
physics, molecular science and materials science was launched.

Theoretical and Computational Chemistry Initiative (TCCI)
at IMS completed the activities of the 2013 fiscal year: (1)
TCCI continued to contribute on making “Road-Map for
Computational Science” to clarify the requests for post-K
computers, such as computing speed, memory size, and other
specifications, (2)TCCI organized the fourth TCCI workshop,
the third symposium for communicating with experimental
chemists, and the other one for industry—academic partnership,
(3)TCCI also sponsored the seventeenth summer school of

Molecular Simulations,
two TCCI winter col-
leges (molecular simu-
lations, and quantum
chemistry), and one
workshop for massively
parallel programming,
(4)Research Center for
Computational Science
(RCCS) continued to
provide a part of its

computing resources to
the SPIRE project as
one of the actvities of
TCCI, and (5)TCCI and
RCCS started to promote several software developed in “Next

protein computed with the MC-MOZ
method.

Generation Integrated Nanoscience Simulation Software
Development” project, which had been completed by the end
of FY 2011.

In the following years, TCCI is going to pursue the activ-
ities above and promote the research using K-computer and
the computational molecular science field.
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(b) Extreme Photonics

Institute for Molecular Science has a long-standing tra-
dition of promoting spectroscopy and dynamics of molecules
and molecular assemblies. Accordingly, photo-molecular
science is one of the major disciplines in molecular science.
This field is not confined in the traditional spectroscopy, but
makes solid basis for other disciplines including nanoscience
and bioscience, efc. Therefore, continuing developments in
spectroscopy and microscopy are vital to enhance our abilities
to elucidate more complex systems in time and spatial domains.

(1) Development of new light sources
TAIRA, Takunori Micro Solid-State Photonics
FUIJI, Takao
KATOH, Masahiro

(2) Development of new spatio-temporally resolved spectroscopy
OKAMOTO, Hiromi

In order to achieve full developments of photo-molecular
science, we need to pursue three branches in developing:
(1) new light source, (2) new spatio-temporally resolved
spectroscopy, and (3) new methods to control atomic and
molecular dynamics. Since 2005, we have started the program
in collaboration with the RIKEN
institute. Currently 6 groups in IMS are involved in this

of “Extreme Photonics”

program, and the specific research titles are as follows:

Coherent Synthesis of Femtosecond Pulses over the UV-IR Range
Coherent Synchrotron Radiation

Development of Extreme Time-Resolved Near-Field Spectroscopy

(3) Development of new methods to control atomic and molecular dynamics

OHMORI, Kenji
OHSHIMA, Yasuhiro

(c) MEXT Nanotechnology Platform Program
Platform of Molecule and Material Synthesis

Since July 2012, Nanotechnology Platform Program sup-
ported by Ministry of Education, Culture, Sports, Science and
Technology has been conducted in order to promote public
usage of various nanotechnology facilities. This program will
continue until March 2022 and consists of three platforms of
nanostructure analysis, nanoprocessing, and molecule and
material synthesis, together with the management center of the
platforms. Each platform constitutes of about ten organizations
all over Japan. IMS conducts a representative core organi-
zation of the Molecule and Material Synthesis Platform. All
the organizations in this platform are shown in Figure. In this
platform, to promote green and life innovation researches
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List of Supports in IMS (FY2013)

Supporting Element

Platform Management

Organization Management in IMS

UVSOR Scanning Transmission X-Ray Microscopy
Synchrotron L . .
Radiation X-Ray Magnetic Circular Dichroism
Microstructure Fabrication
300kV Transmission Electron Microscopy
Electron . .. . .
. Field Emission Scanning Electron Microscopy
Microscopy
Focus Ion Beam Processing
Electron Spectroscopy for Chemical Analysis
Electron Spin Resonance
Molecular Superconducting Quantum Interference Device
Properties
Microscopic Raman Spectroscopy
Fourier Transform Far Infrared Spectroscopy
920 MHz NMR Solutions & Solids
High Field NMR
gt 800 MHz Solutions, Cryostat Probe
600 MHz Solids
Organic Thin Film Solar Cells
i Organic Field Effect Transistors
Molecular
Synthesis Molecular Catalysts
Mo?:c(illar Functional Organic Synthesis
Device Large Scale Quantum Mechanical Calculations
Fabrication

Magnetic Thin Films

Responsible Persons Charging Persons

T. Yokoyama, Y. Kaneko, .
Y. Funaki, Y. Toyama,

M. Inoue
T. Yokoyama M. Yokota, K. Nakane
N. Kosugi T. Ohigashi, Y. Inagaki
M. Katoh T. Yokoyama Y. Takagi, M. Uozumi,
Y. Uemura
M. Katoh LS N. Takada, T. Kondou
M. Aoyama
T. Ueda
Y. Ohshima
S. Nakao
N. Kosugi M. Sakai
T. Nakamura
M. Fujiwara
Y. Ohshima
H. Yamamoto M. Uruichi
K. Kato, T. Yamaguchi
) K. Nishimura M. Nakano
Y. Ohshima K. Kato T. Yamaguchi
K. Nishimura
M. Hiramoto T. Kaji
M. Suda,
H. Yamamoto M. Urichi
M. Tada S. Muratsugu
T. Yokoyama H. Sakurai S. Higashibayashi
M. Ehara R. Fukuda
T. Yokoyama Y. Takagi, M. Uozumi,
Y. Uemura

(d) Inter-University Network for Efficient Utilization of Research Equipments

It is highly important to improve the supporting environ-
ment for research and education in the field of science and
engineering. Nowadays, advanced research instruments are
indispensable for conducting research and education in high
standard. To install such sophisticated instruments, significant
amount of budgets is necessary. In 2007, for constructing a
national-wide network to provide the easy access to high-level
equipments to researchers and students in universities all over
Japan, the 5 year project “Functioning of Inter-University
Network for Efficient Utilization of Chemical Research Equip-
ments,” was launched. The network maintains an internet
machine-time reservation and charging system by the help of
equipment managers and accounting sections in each univer-
sity. 73 national universities all over Japan have been par-
ticipating to the network. They are grouped into 12 regions

and in each region the regional committee discusses and
determines the operation of regional network system with the
hub university chairing. There is no barrier for every user to
access to any universities beyond his/her regional group. From
2009, the registered equipments are open to the researchers
and students of every public and private universities. Since
2010, the project name has been changed as “Inter-University
Network for Efficient Utilization of Research Equipments,”
still keeping the original strategy and stable functioning. In
June 2014, the number of user registrants amounts to more
than 9000 in 147 universities/institutions covering more than
2300 laboratories in Japan. Usage of the network reaches to a
few thousands per month since April 2010, and keeps growing
in numbers.
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(e) Consortium for Photon Science and Technology (C-PhoST)

In order to establish strong bases in the research and
education in optical science, a new 10-year program ‘Photon
Frontier Network™ has been started in 2008 by the Ministry of
Education, Culture, Sports, Science and Technology (MEXT).
Consortium for Photon Science and Technology (C-PhoST) is
the one of two research consortia of Photon Frontier Network.
It is composed of 4 Core Organizations headed by Principal
Investigators (written in parentheses): Osaka University (R.
Kodama), JAEA (A. Sugiyama), Kyoto University (S. Noda)

and Institute for Molecular Science (K. Ohmori). The major
strength of this Consortium is the collaboration between the
specialists in three fields: High power lasers, semiconductor
lasers, and coherent control. Emphasis is placed in the educa-
tion to foster young researchers capable of taking leaderships
in scientific projects through participation to the forefront
researches taking place at C-PhoST and also participation to
international collaboration activities.



Okazaki Conference

The 73" Okazaki Conference

Coherent and Incoherent Wave Packet Dynamics

(October 30—November 2, 2013)

Organizers: M. Shapiro (Univ. British Columbia), K. Ohmori
(IMS), Y. Ohshima (IMS)

The topics discussed at the Coherent and Incoherent Wave
Packet Dynamics colloquium are at a forefront of a number of
rapidly expanding interdisciplinary areas of research, spanning
atomic, molecular, and optical physics, condensed-matter
physics, chemical physics, physical chemistry, quantum optics,
and quantum information, with the number of groups interested
in applying coherent control to such diverse areas of research
increasing rapidly from year to year. Of particular interest will
be the implementations of recent technological breakthroughs
in molecular and laser science, which offer new ways of
creating and manipulating molecular processes using quantum
effects.

The main objectives of the workshop are: 1) To discuss
strategies of making progress in subfields which have so far
resisted the application of coherent control. 2) To advance
innovative future technologies, and in particular the develop-
ment of new optical tools to exercise control on the nano-
scale. 3) To discuss ways of enhancing the interactions between
theoreticians and experimentalists that are absolutely crucial
for making progress in such an interdisciplinary field. 4) To
lay the foundation for a strong and vibrant hub of activity in
coherent control across the Pacific, which will facilitate the
exchange of UBC and Japanese scientists and students and the
organization of joint workshops and conferences. 5) To make
the public more aware of the tremendous potentials of coherent
control, and UBC’s leadership in this field.

As for the public event, the participants enjoyed an excur-
sion to Asuke village, which is a historical village that used to
be a hub of salt trading along “Sanshu Highway” in Edo era.
They also enjoyed Samurai performance played by a volunteer
group in Okazaki. These events helped participants to develop
their personal friendships.

Listed below is the list of invited speakers.

Prof. Ilya Averbukh (Weizmann Institute of Science)

Prof. Thomas Baumert (University of Kassel)

Prof. Jianshu Cao (Massachusetts Institute of Technology)
Prof. Akihito Ishizaki (Institute for Molecular Science)
Prof. Ronnie Kosloff (The Hebrew University of Jerusalem)
Prof. Roman Krems (The University of British Columbia)
Prof. Robert J. Levis (Temple University)

Prof. Valery Milner (The University of British Columbia)
Prof. Takamasa Momose (The University of British Columbia)
Prof. Kazutaka Nakamura (Tokyo Institute of Technology)
Prof. Ed Narevicius (Weizmann Institute of Science)

Prof. Keith Nelson (Massachusetts Institute of Technology)
Prof. Yasuhiro Ohshima (Institute for Molecular Science)
Prof. Hiromi Okamoto (Institute for Molecular Science)

Dr. Leonardo Pachon (University of Toronto)

Dr. Benjamin Sussman (National Research Council, Canada)
Prof. Matthias Weidemuller (University of Heidelberg)

The colloquium yielded a coherent control network across
a variety of disciplines raging from atomic physics to bio-
sciences. It has also laid the foundation for a strong and
vibrant hub of activity in coherent control across the Pacific
between UBC and Japanese scientists, and has made the
public more aware of the tremendous potentials of coherent
control and UBC’s leadership in this field.

The invited speakers gave excellent lectures on the fron-
tiers of a variety of disciplines ranging from AMO physics,
nano-sciences, condensed matter physics, and biosciences
from a viewpoint of quantum coherence. There was a good
balance between experimentalists and theoreticians. Such
arrangement of speakers activated interdisciplinary discussion
among all the participants to discuss each subject for its new
perspective and concept, and to further promote coherent
control network across those various disciplines.

Examples of innovative approaches or creative ways of
knowing that were developed or expanded through this Collo-
quium are as follows.

1) New schemes of optical control and observation of molecu-
lar rotation, strong-laser induced molecular dissociation and
ionization, high bit-rate information processing with molecular
vibration, formation of ultracold molecules, and ultracold
molecular collisions.

2) Exploring many-body physics with ultracold Rydberg gases
and ultracold molecules in an optical lattice.

3) Optical control of collective motion in condensed phases
such as plasmon, coherent phonons, and photo-induced phase
transitions in bulk solids and nano-materials.

4) Exploring the role of coherence in biological systems such
as photosynthesis and circadian rhythm.

The colloquium generated a new research model in which
coherent control, which has originally been developed for
isolated small molecules, is now being applied to many-body
systems ranging from strongly correlated ensembles of ultra-
cold atoms and molecules to biological systems such as
photosynthesis. Such active control offers a new possibility for
better understanding of those complicated many-body phe-
nomena than that obtained by passive observation.
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The colloquium has demonstrated a possibility of new
collaborations of two different disciplines such as ultracold
physics and ultrafast coherent control, quantum optics and
photosynthesis, and quantum information processing and
molecular science. It has also promoted collaborations in each
discipline among top researchers of Canada, USA, Europe,
Israel, and Japan.

Although we initially planned to simulate the exchange of
idea and concepts between participants belonging to different
research fields, the varieties and diversities of the topics
discussed in the colloquia were far more extended than we
expected. Some representative examples, exhibiting the pres-
ent state-of-the-art status of coherent control, includes: Crea-
tion of a uni-directionally rotating molecular ensemble with its
internal energy reaching to hundred times of thermal ensem-
bles, bimolecular reaction with finely tuned collisional energy
ranging from a few tens of K to mK, and spatio-temporal
tracking of excitation-energy transfer from a single ultracold
Rydberg atom to surrounding ground-state atoms. Still, the
discussions were not simply scattered into each specific
problems, but always linked to a common concept, i.e., coher-
ent/incoherent nature of the systems under discussions. It was

impressive to observe unexpectedly intensive exchange of
thoughts between the researchers with different disciplines.

At the beginning, we had always to spend some times to
clarify the difference in meaning of the same words or terms
among the people with different research backgrounds, before
we were able to find out the bottom line of the discussions we
shared in the colloquia. After managing this little bit time-
consuming process, it became possible to extract the similarity
in the underlying physics and the uniqueness of each system,
from apparently different two phenomena observed in sepa-
rated fields, e.g., energy transfer in ultracold atoms and bio-
systems. It was also of much appreciation to find out plenty of
possibilities of state-of-the-art new technology developed in
some research field transferable to a far remote scientific area,
for instance, ultrafast laser technology to be implemented in
ultracold atomic physics and coherent control of molecular
degrees of freedom into quantum information processing.

This article was r eprinted from Wall Colloquia Abroad
Report, Peter Wall Institute for Advanced Studies, The Univer -
sity of British Columbia.




Joint Studies Programs

As one of the important functions of an inter-university research institute, IMS facilitates joint studies programs for which

funds are available to cover the costs of research expenses as well as the travel and accommodation expenses of individuals.

Proposals from domestic scientists are reviewed and selected by an interuniversity committee.

(1) Special Projects

A. Development of Polarized Quantum Beam
Sources and their Applications to Molecular Science

KATOH, Masahiro (IMS)

KOBAYASHI, Kensei (Yokohama Natl. Univ.)
YAMAMOTO, Naoto (Nagoya Univ.)
AKITSU, Takashiro (Tokyo Univ. Sci.)
OHGAKI, Hideaki (Kyoto Univ.)

KURIKI, Masao (Hiroshima Univ.)
TOYOKAWA, Hiroyuki (AIST)

KIMURA, Shin-ichi (Osaka Univ.)

By using particle accelerator technologies, polarized quan-
tum beams of various kinds can be produced, which can be
powerful tools for molecular science. In this joint study
program, we have been developing techniques to produce
polarized quantum beams and exploring their applications.
The major part of the researches has been carried out in the
UVSOR facility.

We have succeeded in producing intense circular polarized
UV and VUV radiation by using polarization-variable undu-
lators and free electron lasers. We successfully demonstrated
that they could be a powerful tool for the investigations on the
photon induced chirality on the bio-molecules.!?) Towards
higher intensity polarized photon beams, we developed a new
undulator system called optical klystron and installed it in the
ring (Figure 1). The ordinary undulator radiation is useful for
experiments that requires wide tunability of the wavelength
from UV to VUV but does not require very high intensity.
Some experiments on the base metal complexes utilizing these
polarized lights have started by the Tokyo Univ. Sci. team. We
have successfully demonstrated the generation of coherent
VUV radiation by using the undulator and an external laser,
based on Coherent Harmonic Generation (CHG) technique.
The CHG radiation is also polarization variable and has much
higher peak intensity than the ordinary undulator radiation. A
combined use of the CHG radiation and coherent terahertz
radiation, which is generated simultaneously, is under
preparation.

We successfully demonstrated the generation of polarized
gamma-rays by using a technique called Laser Compton
Scattering (LCS) in collaboration with AIST. Laser photons
are injected to the electron beam and are scattered off, and
they are converted to gamma-rays via inverse Compton scat-

tering process. The polarity of the gamma-rays can be changed
by changing that of the laser photons. We have successfully
demonstrated that these gamma-ray photons can be used for
the photon-induced positron annihilation lifetime spectros-
copy.?) The possible applications utilizing their polarization
are being explored.

In Nagoya University, a polarized electron source has been
developed based on an electron gun technology using the
GaAs photocathode. The spin polarization higher than 90%
has been demonstrated.”) In collaboration with the Nagoya
University team, we have been developing a spin polarized
electron source at UVSOR. Some experiments on the chirality
of the bio-molecules has been started. An inverse photo-
electron spectroscopy system is being developed in collabo-
ration with Osaka University team.

Based on the results on this joint study program, several
research projects have started, based on other grants, such as
Astrobiology program of CNSI, NINS, Grant-in-Aid for Sci-
entific Research, and so on.

Figure 1. Twin Polarization-variable Undulator System at UVSOR-IIIL.

References

1) J. Takahashi, H. Shinojima, M. Seyama, Y. Ueno, T. Kaneko, K.
Kobayashi, H. Mita, M. Adachi, M. Hosaka and M. Katoh, /nt. J.
Mol. Sci. 10, 3044-3064 (2009).

2) H. Nishino, M. Hosaka, M. Katoh and Y. Inoue, Chemistry 19,
13929-13936 (2013).

3) Y. Taira, H. Toyokawa, R. Kuroda, N. Yamamoto, M. Adachi, S.
Tanaka and M. Katoh, Rev. Sci. Instrum. 84, 053305 (2013).

4)N. Yamamoto, X. G. Jin, A. Mano, T. Ujihara, Y. Takeda, S.
Okumi, T. Nakanishi, T. Yasue, T. Koshikawa, T. Ohshima, T. Saka
and H. Horinaka, J. Phys.: Conf. Ser. 298, 012017 (2011).
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B. Development of a Power Delivery IC for
Wavelength Selective Organic Solar Cells

MIYAMOTO, Jun-ichi (Chubu Univ.)
HIRAMOTO, Masahiro (IMS)

KAIJI, Toshihiko (IMS)

SATO, Motoyasu (Chubu Univ.)
ITOH, Hibiki (Chubu Univ.)

KATO, Akira (Chubu Univ.)

The present project aims at new solar cell system sym-
biotic with plants. The system uses mainly green-yellow
wavelength region, unnecessary for the photosynthesis. One of
the research elements is a development of a photocurrent
extraction system with a small loss from circuit network
connecting the vast number of cells. The system is realized by
the Integrated Circuits, based on a new concept, named as a
Power Delivery IC (PDIC).

The PDIC block diagram is shown in Figure 1. The volt-
age drop of the transfer-gate depends on the current flow. But
it can be designed to be smaller by enlarging the transistor
width. It means that the power of each solar cell can be taken
out with little loss in comparison with a conventional one. The
transfer-gate goes OFF, when the generated voltage of a cell
drops below the reference voltage, preventing the power loss
toward the non-active cell. The PDIC also notifies the loca-
tions of non-active cells outside, by outputting the memory
data. Since the non-active cells are easily detected, they can be
replaced in order to sustain whole system performance.

The PDIC was designed, and was fabricated with the
0.18um CMOS process. The PDIC timing chart is shown in
Figure 2, obtained by the actual chip evaluation. Note that the
circuits consume the DC power only during the period of
activating comparators (MONEN = high.). It is easy to make
the PDIC power consumption negligibly small, since the
climate changing speed is very slow as an order of second, or
even millisecond.

Dye Sensitized Solar Cells (DSSC) are connected to the 4
stage PDIC for power generation system. Figure 3 depicts AC
and DC characteristics of the output, PWSUM (power sum-
mation). It is shown that in case of 4 active cells, the PWSUM
drivability increases and the power is accumulated by PDIC.
Actually, because of the performance variation among cells,
the total drivability did not exactly equal to 4 times of one cell
active case.

The PDIC concept has been successfully verified by evalu-
ating the actual chip. The device concept can be applied not
only to DSSC, but also to organic solar cells. In other words,
the PDIC, the combination IC of analog & digital circuits and
power transistors, enables to accumulate low-density energy
source, widely spread over in nature, effectively.

This work is supported by VLSI Design and Education
Center, the University of Tokyo in collaboration with Synopsys,
Inc., and Cadence Design Systems, Inc.
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Figure 1. Block Diagram of PDIC. The interface with each Solar Cell
is not a conventional blocking diode but a CMOS transfer-gate. The
comparator detects whether a cell is active or not, by comparing the
generated voltage by a Solar Cell with the reference voltage. The
information is stored in the memory, which controls the gate of
transfer-gates. The electric power obtained by each active cell is
accumulated on the internal capacitor.
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Figure 2. PDIC Timing Chart. At first, the RESET turns all the
transfer-gates OFF. Then, the MONEN (Monitor Enable) makes
comparator active, and the status of a Solar Cell is loaded in the
memory at the LOAD timing. In the Figure, because only one cell is
active, DOUT goes high only when the address of the SC, (A0, Al)
equals to (0, 0). The accumulated power appears on the PWSUM

(Power Summation).
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Figure 3. DC (a) and AC (b) Characteristics of PDIC connected to
DSSC in both cases of 4 active cells (PWSUM_0123) and just one
active cell (PWSUM_0). The PWSUM waveforms correspond to those
in Figure 2 between 6 us and 6.2 us.



(2) Research Symposia

Dates

Oct. 3- 4,
2013

Oct. 25-26,
2013

Nov. 18-19,
2013

Nov. 25-27,
2013

Dec. 18-19,
2013

Mar. 12-13,
2014

Sep. 27,
2014

Jun. 15,
2014

Jul. 21-23,
2014

Theme

Photo-Controllable Electronic Phases in Molecular Conductors

Future Materials Initiative from 7-System Figuration
with Multi-Discipline Integration

Developing New Ideas Based on the History of Rhodopsin Studies

IMS Asian International Symposium Korea-Japan Seminars on Biomolecular
Sciences—Experiments and Simulations

Survey and Perspective of Material Science by Advanced ESR Studies

Structure and Function of Metal Clusters and Coordination Polymers

Molecular Science in the Cell Nucleus

Preparation Meeting for 54™ Young Researchers Society for Molecular Science,
2014 Summer School

12t ESR Summer School

(3) Numbers of Joint Studies Programs

Categories Oct. 2013—Mar. 2014  Apr. 2014-Sep. 2014

(From Oct. 2013 to Sep. 2014)

Chair

YAMAMOTO, Hiroshi

ISOBE, Hiroyuki
SAKURALI, Hidehiro

IMAMOTO, Yasushi
FURUTANI, Yuji

KATO, Koichi

OTA, Hitoshi
NAKAMURA, Toshikazu

NORO, Shin-ichiro
MURAHASHI, Tetsuro

URISU, Tsuneo
FURUTANI, Yuji
SAITO, Shinji

FUKUDA, Masahiro
FURUTANI, Yuji

TANAKA, Ayaka
NAKAMURA, Toshikazu

Total

Regular NanoPlat Regular NanoPlat Regular NanoPlat Sum

Special Projects 0 1

Research Symposia 6 1

Research Symposia for Young Researchers 0 2

Cooperative Research 32 24 30 32
Instrument Center 17 43 14 54

Use of Facility Equipment
Development 4 4 3 9
Center

Use of UVSOR Facility 70 30 67 22

Use of Facility Program of the Computer

Center

1 1
7 7
2 2
62 56 118
31 97 128
7 13 20
137 52 189
185% 185%

* from April 2013 to March 2014
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Collaboration Programs

(a) International Inter-Institutional Collaboration Symposia

Several international symposia and workshops in molecu-  organized with our MOU partners for international collabora-
lar science are held in IMS and in Japan. Some workshops are  tion in the MOU partner’s country as well as in Japan:

Program Coordinator Date Place

Okazaki Conference OHMORYI, Kenji (IMS) 2013.10.30-11.2 IMS
“Coherent and Incoherent Wave Packet Dynamics” OHSHIMA, Yasuhiro (IMS)

SHAPIRO, Moshe

(Univ. British Columbia, Canada)

Workshop at German Science Days in Kyoto RUHL, Eckart 2013.10.26 Kyoto University
“Use of Accelerator-Based Photon Sources: Present  (Freie Univ. Berlin, Germany)

State and Perspectives” KOSUGI, Nobuhiro (IMS)

ESR Workshop at Institute for Molecular Science NAKAMURA, Toshikazu (IMS) 2013.10.28-29 IMS

—Toward International Cooperation—

Joint IMS-KU (Kasetsart Univ. Thailand) Workshop HANNONGBUA, Supa 2014.1.5-1.6 Kasetsart University,
“Joint IMS-KU Workshop on Molecular Sciences (KU, Thailand) Bangkok, Thailand
towards Green Sustainability” EHARA, Masahiro (IMS)

IMS Asian International Symposium AONO, Shigetoshi (IMS) 2013.11.25-11.27 IMS

6™ Japan-Korea Seminars on Biomolecular JEONG, Hawoong

Science—Experiments and Simulations” (KAIST, Korea)

KATO, Koichi (IMS)
KUWAJIMA, Kunihiro
(SOKENDAI)

LEE, Jooyoung

(KIAS, Korea)

SOKENDAI Asian Winter School MASAOKA, Shigeyuki (IMS) 2013.12.10-12.13 IMS

“Innovations and Challenges in Molecular Science: YANALI, Takeshi (IMS)

From Basics to Cutting-Edge Researches” SAKURALI, Hidehiro (IMS)

EXODASS Mini Symposium SAKURALI, Hidehiro (IMS) 2013.12.11 MS

IMS Asian CORE (with ICCAS, KAIST, IAMS) UOZUMI, Yasuhiro (IMS) 2014.2.24-2.26 Institute of Atomic and
“Asian CORE Winter School on Frontiers of CHEN, Kuei-Hsien (IAMS) Molecular Sciences,
Molecular, Photo- and Material Sciences” TAKAHASHI, Kaito (IAMS) Academia Sinica,

Taipei, Taiwan

Meeting with MOU Partner SAKURALI, Hidehiro (IMS) 2014.2.25 IMS
“CU (Chulalongkorn Univ., Thailand)-IMS Faculty

Exchange Meeting”

Meeting with MOU Partner SAKURAL, Hidehiro (IMS) 2014.3.3 MS

“NTU (Nanyang Technological Univ., Singapore)-
IMS Faculty Exchange Meeting”
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(b) IMS International Internship Programs and SOKENDAI International Lecture & Training

Courses

Category

IMS International Internship Program
(EXODASS program incl.)

SOKENDAI Asian Winter School (2013.12.10-2013.12.13)

(c) IMS International Collaboration

Category

International Joint Research Programs

International Use of Facilities Programs

(d) MOU Partnership Institutions

IMS has concluded academic exchange and agreements
with overseas institutions.
The agreements encourage

Institution

The Korean Chemical Society, Physical Chemistry Division [Korea]
Institute of Atomic and Molecular Sciences (IAMS) [Taiwan]

Institute of Chemistry Chinese Academy of Science (ICCAS) [China]
Korea Advanced Institute of Science and Technology (KAIST) [Korea]

Ecole Nationale Supérieure de Chimie de Paris (ENSCP) [France]

Indian Association for the Cultivation of Science (IACS) [India]

Freie Universitét Berlin (FUB) [Germany]

Number of People
Overseas Domestic
33" -
29 14
* from Sep. 2013 to Aug. 2014
Number of People
59
34

* from Sep. 2013 to Aug. 2014

* Exchange of researchers
* Internship of students
* Joint research symposia

Period Accept Send
2010.11-2014.11 11 0
2011.2-2017.2 0 18
2008. 9-2018.9 1 0
2012. 9-2016. 9 0 0
2009.10-2014.10 10 1
2014.10-2019.10
2013. 3-2017.3 4 1
2013. 6-2016. 6 7 1

* from Sep. 2013 to Aug. 2014

Academic Exchange Agreement with Overseas Universities/Institutes (SOKENDALI) as follows ;

Institution

Chulalongkorn University, Faculty of Science [Thailand]

Kasetsart University, Faculty of Science [Thailand]

Mabhidol University, Faculty of Science [Thailand]

Nanyang Technological University, College of Science [Singapore]

University of Malaya, Faculty of Science [Malaysia]

Period Accept Send
2010.4-2015.10 16 4
2011.3-2016.3 3 0
2014.3-2019.3 3 1
2014.3-2019.3 1 1
2014.3-2019.3 10 1

* from Sep. 2013 to Aug. 2014
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UOZUMI, Yasuhiro
Life and Coordination-Complex
Molecular Science

YANALI, Takeshi
Theoretical and Computational
Molecular Science

TAIRA, Takunori
Laser Research Center
for Molecular Science

FURUTANI, Yuji
Life and Coordination-Complex
Molecular Science

SAKURAI, Hidehiro
Research Center of Integrative
Molecular Systems

SHIKANO, Yutaka
Research Center of Integrative
Molecular Systems

KURASHIGE, Yuki
Theoretical and Computational
Molecular Science

NAGASAKA, Masanari

Photo-Molecular Science

KAIJI, Toshihiko
Materials Molecular Science

YAMAGUCHI, Takumi
Life and Coordination-Complex
Molecular Science

The Commendation for Science and Technology by the Minister of Education, Culture,
Sports, Science and Technology (Research Category)
“Development of Fine Organic Molecular Transformations with Water-Compatible
Heterogeneous Catalysts”

The 2013 Young Scientist Awards of the Japan Society for Molecular Science
“Development and Its Application of Multireference Electronic Structure Theory Based
on Ab Initio Density Matrix Renormalization Group”

IEEE Fellow
“Contributions to the Field of Solid-State Lasers and Nonlinear Optics, in Particular
Micro Solid-State Photonics”

The 2013 Young Scientist Awards of the Japan Society for Molecular Science
“Elucidation of Molecular Mechanisms of Membrane Proteins by Using Infrared
Spectroscopy”

Chemical Society of Japan Award for Creative Work
“Non-Planar n-Conjugated Compound “Buckybow]” Based on Synthetic Organic
Chemistry”

Resarch Award, Research Foundation for Opto-Science and Technology
“Theoretical Study on Quantumness of Photon using Weak Measurement Theory”

Morino Foundation for Molecular Science (2014)
“Development of Quantum-Chemical Density-Matrix Renormalization Group Theory and
Applications to Metalloenzymes”

Young Scientist Award of the Japanese Society for Synchrotron Radiation Research
“Local Structural Analyses of Molecular Systems and Development of In-Situ Observation
Methods by Soft X-Ray Spectroscopy”

2013 M&BE Award for Young Researcher
“Co-Evaporant Induced Crystalline Donor: Acceptor Blends in Organic Solar Cells”

Presentation Award, The 7 Symposium on Biofunctional Chemistry
“Paramagnetic NMR Analyses of Conformational Dynamics of Oligosaccharides by
Introducing of a Lanthanide-Probe”
The 3™ NINS Prize for Young Scientists
“Elucidation of Conformational Dynamics and Functional Mechanisms of Oligosaccharides
by Nuclear Magnetic Resonance Spectroscopy”



Visitors from abroad are always welcome at IMS and they have always played an important role in the research activities of

the Institute. The foreign scientists who visited IMS during the past year (September 2013—August 2014) are listed below.

(1) Attendance at an Okazaki Conference

Prof. Baumert, Thomas
Prof. Sussman, Benjamin J.
Prof. Avebukh, Ilya

Prof. Cao, Janshu

Prof. Kosloff, Ronnie

Prof. Krems, Roman

Prof. Levis, Rovert J.

Dr. Milner, Valerie

Prof. Momose, Takamasa
Prof. Wridemuller, Matthias
Mr. Han, Alex

Dr. Pachon, Leonardo

Prof. Narevicius, Edvardas
Prof. Nelson, Keith

(2) IMS Councillor
Prof. Fleming, Graham
Prof. WALES, David John

Prof. Hitchcock, Adam
Prof. O'Halloran, Thomas

Univ. Kassel

Natl. Res. Council Canada
Weizmann Inst. of Sci.
Massachusetts Inst. of Tech.
Hevrew Univ. of Jerusalem
Univ. of British Columbia
Temple Univ.

Univ. of British Columbia
Univ. of British Columbia
Univ. of Heidelberg

Univ. of British Columbia
Univ. of Toronto

Weizmann Inst. of Sci.
Massachusetts Inst. of Tech.

Univ. of California, Berkeley
Univ. of Cambridge

McMaster Univ.
Northwestern Univ.

(3) IMS Visiting Professor or Associate Professor from Abroad

Prof. Aziz, Emad

Freie Univ. Berlin

(4) JSPS Post-Doctoral or Ronpaku Fellow

Mr. Di Molfetta, Giuseppe
Dr. Hua, Duy Huu

(5) IMS Visiting Scientist
Prof. Rueh, Eckart

Prof. Flesch, Roman

Dr. Kuechler, Sarah

Dr. Lin, Ming-Wei

Dr. Hsu, Yao-Chen

Dr. Shiu, Hung-Wei

Dr. Lai, Yu-Ling

Mr. Qin, Zhisheng

Ms. Jia, Ti Tee

Dr. Aruua, Ruben Dario

Mr. Kim, Hyo Sung

Prof. MacLachan, Mark J.
Prof. Stepien, Marcin Lukasz
Prof. Benerji, Natalie Renuka
Prof. Siegel, Jay S.

Prof. Kruger, Anke

Prof. Wu, Jishan

Mr. Son, Yeong Seop

Mr. Tungjitgusongun, Vithawas
Ms. Tien, Yeh Tien

Mr. Impeng, Sarawoot

Ms. Li, Binbin

Univ. Pierre and Marie Curie
Kansas State Univ.

Freie Univ. Berlin
Freie Univ. Berlin
Freie Univ. Berlin

Natl. Synchrotron Radiation Res. Cent.
Natl. Synchrotron Radiation Res. Cent.
Natl. Synchrotron Radiation Res. Cent.
Natl. Synchrotron Radiation Res. Cent.

McMaster Univ.

Univ. Malaya

Univ. of Tasmania
POSTECH

Univ. of British Columbia
Univ. of Wroslaw

Ecole Plytechnic Federal of Lausanne
Tianjin Univ.

Univ. Wurzburg

Natl. Univ. of Singapore
POSTECH

Mahidol Univ.

Natl. Chiao Tung Univ.
Kasesart Univ.

Nanyang Technological Univ.

Germany
Canada
Israel
US.A.
Israel
Canada
US.A.
Canada
Canada
Germany
Canada
Canada
Israel
US.A.

US.A.
UK.

Canada
U.S.A.

Germany

France
U.S.A.

Germany
Germany
Germany
Taiwan
Taiwan
Taiwan
Taiwan
Canada

Malaysia
Australia
Korea
Canada
Poland
Switzerland
China
Germany
Singapore
Korea
Thailand
Taiwan
Thailand
Singapore

Oct. *13-Nov. "13
Oct. *13-Nov. "13
Oct. *13-Nov. "13
Oct. *13-Nov. "13
Oct. *13-Nov. "13
Oct. *13-Nov. "13
Oct. *13-Nov. "13
Oct. *13-Nov. ’13
Oct. ’13-Nov. ’13
Oct. ’13-Nov. ’13
Oct. *13-Nov. ’13
Oct. *13-Nov. ’13
Oct. *13-Nov. ’13
Oct. ’13-Nov. ’13

Oct. ’13
Nov. '13
Mar. ’14-Apr. 14
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