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Many-body molecular systems, such as (supercooled)
liquids and biomolecules, exhibit complex fluctuations. Further-
more, in these systems, various physical properties and bio-
logical functions are created and chemical reactions proceed
under the fluctuations. We aim to elucidate the properties,
functions, and reactions by investigating fluctuations and
dynamics of the many-body molecular systems.

We investigate fluctuations and dynamics of liquids by
developing computational methods for multi-dimensional
nonlinear spectroscopy that can reveal detailed dynamical
infomation not available from conventional linear spectros-
copy. Consequently, we revealed the molecular origins of
ultrafast energy relaxation and time evolution of inhomo-
geneous fluctuations in liquid water. In supercooled liquids,
rare and non-uniform structural changes, called dynamic
heterogeneity, are induced by fluctuations. We elucidated the
relationship between the lifetime of the dynamic heterogeneity
and the fragility using the three-time correlation function of
density fluctuations.

We study the molecular origin of anomalous properties of
liquid water. We revealed that the anomalies of liquid water
are related to the structural and dynamical instabilities hidden
in the experimentally inaccessible region and the physical
reason of the low glass transition temperature of liquid water.
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We currently investigate how rare but persistent structural
relaxation of liquid water proceeds towards the glass transition
temperature.

Complex conformational fluctuations and changes can be
observed in biomolecular systems. Such conformational dynam-
ics are considered to be essential for biological functions. We
examine the relationship between fluctuation and biomolecular
function found in the robust circadian rhythm of the clock
protein KaiC and the efficient excitation energy transfer in
photosynthetic systems. We investigate dynamic effects of
enzymatic reactions, and find the importance of prearranged
states for the rare but persistent enzymatic reactions. Further-
more, we examine dynamic disorder in conformational changes
of proteins at the molecular level.

Figure 1. Snapshot of two-state model in supercooled water con-
sisting of high- and low-density liquids (left) and schematic of 2D free
energy surface for enzymatic reaction (right).
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1. Dissecting the Dynamics during
Enzyme Catalysis: A Case Study of Pinl
Peptidyl-Prolyl Isomerase?)

Free energy surfaces have played a central role in studying
protein conformational changes and enzymatic reactions over
decades. Yet, free energy barriers and kinetics are highly
dependent on the coordinates chosen to define the surface, and
furthermore, the dynamics during the reactions are often
overlooked. Our recent study on the Pinl-catalyzed isomeri-
zation reaction has indicated that the isomerization transition
events remarkably deviate from the free energy path, high-
lighting the need to understand the reaction dynamics in more
detail. To this end, here we investigate the reaction coordi-
nates that describe the transition states of the free energy and
transition pathways by minimizing the cross-entropy function.
We show that the isomerization transition events can be
expressed by the concerted changes in the improper torsion
angle { and nearby backbone torsional angles of the ligand,
whereas the transition state of the free energy surface involves
changes in a broad range of coordinates including multiple
protein-ligand interactions. The current result supports the
previous finding that the isomerization transitions occur
quickly from the conformational excited states, which is in
sharp contrast to the slow and collective changes suggested
from the free energy path. Our results further indicate that the
coordinates derived from the transition trajectories are not
sufficient for finding the transition states on the free energy
surfaces due to the lack of information from conformational
excited states.

2. An Alternative Interpretation of the Slow
KaiB-KaiC Binding of the Cyanobacterial
Clock Proteins?

The biological clock of cyanobacteria is composed of
three proteins, KaiA, KaiB, and KaiC. The KaiB-KaiC bind-
ing brings the slowness into the system, which is essential for
the long period of the circadian rhythm. However, there is no
consensus as to the origin of the slowness due to the pre-
binding conformational transition of either KaiB or KaiC. In
this study, we propose a simple KaiB—KaiC binding scheme in
a hexameric form with an attractive interaction between
adjacent bound KaiB monomers, which is independent of
KaiB’s conformational change. We then show that the present
scheme can explain several important experimental results on
the binding, including that used as evidence for the slow
conformational transition of KaiB. The present result thus
indicates that the slowness arises from KaiC rather than KaiB.

3. Site-Dependent Fluctuations Optimize
Electronic Energy Transfer in the Fenna-
Matthews-Olson Protein3

Light absorbed by light-harvesting antennae is transferred
to the reaction center (RC). The excitation energy transfer
(EET) to the RC is known to proceed with nearly perfect
quantum yield. However, understanding of EET is still limited
at the molecular level. Here, we examine the dynamics in the
Fenna—Matthews—Olson (FMO) protein by developing an
efficient molecular dynamics simulation that can properly
describe the electronic properties of bacteriochlorophylls. We
find that the FMO protein consists of sites with heterogeneous
fluctuations extending from fast to slow modulation. We also
find that efficient EETs are facilitated by site-dependent
fluctuations that enhance the resonance condition between
neighboring sites with large site energy differences and cir-
cumvent exciton trapping on the pathway to the RC. Knowl-
edge of site-dependent fluctuations is an important component
of understanding optimization of EET in photosynthetic
systems.

4. Molecular Mechanism of Acceleration
and Retardation of Collective Orientation
Relaxation of Water Molecules in Aqueous
Solutions¥

The collective orientation relaxation (COR) of water
molecules in aqueous solutions is faster or slower with the
increase in concentration of the solutions than that in pure
water; for example, acceleration (deceleration) of the COR is
observed in a solution of sodium chloride (tetramethyl-
ammonium chloride) with increasing concentration. However,
the molecular mechanism of the solution and concentration
dependence of the relaxation time of the COR has not yet been
clarified. We theoretically investigate the concentration depend-
ence of the COR of water molecules in solutions of tetra-
methylammonium chloride (TMACI), guanidinium chloride
(GdmCI), and sodium chloride (NaCl). Based on the Mori-
Zwanzig equation, we identify two opposing factors that
determine the COR of water molecules in any aqueous solu-
tion: The correlation of dipole moments and the single-mol-
ecule orientation relaxation. We reveal the molecular mecha-
nism of the concentration dependence of the relaxation time of
the COR in the TMACI, GdmCI, and NaCl solutions in terms
of these two factors.
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Quantum many-body interaction is a source of novel
physical properties in the condensed matters. In our group, we
develop theoretical methods by combining quantum field
theory and density functional theory, and carry out collabora-
tive research with experimental groups. As specific targets, we
focus on magnetism in nanostructure and energy dissipation.

For magnetism in nanostructure, we are interested in the
Kondo effect and spin—orbit interaction. The Kondo effect
arises from the interaction between the localized spin and
conduction electrons, which forms a characteristic many-body
state so called the Kondo singlet state. The spin—orbit inter-
action originating from relativistic effect constrains the direc-
tion of magnetic moment to specific direction. We investigate
the possibility of novel physical phenomena induced by these
interactions in the nanostructure and molecules on surfaces.

For energy dissipation, we focus on the effect of electron—
phonon interaction. The electron-phonon interaction is one of
the most fundamental interactions in the condensed matter
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physics, and the quantitative evaluation in realistic materials is
highly demanding. We adopt the ab-initio calculation to
analyze the signal of electron—phonon coupling in surface
spectroscopy and thermal properties in various kind of solids.

Figure 1. Schematic image of the theoretical method developed in
our group.
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1. Superconductivity in Chemically Doped
2D Materials

Layered materials have been investigated for a long time
owing to their tunable features, which enable various applica-
tions. Amongst them, superconductivity has recently attracted
considerable attention. Although several types of 2D super-
conductors have been experimentally and/or theoretically
investigated, most of them are metallic/semimetallic materials,
such as metal atomic layers on semiconductor surfaces, lay-
ered materials such as FeSe and NbSe;, and electron-doped
graphene. The other class of 2D superconductors is doped 2D
semiconductors or insulators.

We focused on hexagonal boron nitride (h-BN) as a candi-
date for a 2D superconductor. Bulk h-BN has a wide bandgap
of approximately 6 eV, and it exists in the monolayer form.
Although the application of h-BN as an inert and atomically
flat insulating layer to realize novel 2D-material-based elec-
tronics has been widely investigated, its possibility as a
superconductor has been untapped until recently. In our previ-
ous study, we reported that a Li-intercalated h-BN bilayer
became a phonon-induced superconductor with a T. of up to
25 K, thereby indicating that both the phonon properties and
electron—phonon coupling (EPC) in doped h-BN are appropri-
ate for realizing superconductivity.)) However, the fabrication
of a superconducting Li-intercalated h-BN bilayer is experi-
mentally challenging, as the stacking order of the h-BN sheets
must differ from that of the original bulk structure to attain a
high T¢. To seek a promising candidate for an h-BN-based
superconductor with a more experimentally feasible structure
than the bilayer structure, we investigated the properties of
doped monolayer h-BN by using ab-initio calculation of
electron—phonon interaction.

Consequently, we reveal that Sr- and Ba-doped monolayer
h-BN and Ca-doped monolayer h-BN with 3.5% tensile strain
are energetically stable and become superconductors.?) The esti-
mated T¢s from McMillan-Allen-Dynes formula are approxi-
mately 5.83, 1.53, and 10.7 K, respectively. Interestingly, the T¢s
for the Ca-, Sr-, and Ba doped graphene are lower than 0.5K.

To clarify the difference between h-BN and graphene, we
analysed the electronic band structure depicted in Figure 2.
The projection of the DOS from the adsorbate s-orbital onto
the electronic-band structures indicated the presence of
adsorbate bands that crossed the Fermi level in all systems.
These bands correspond to the interlayer state reported in
previous studies. In doped graphene systems, the interlayer
state is crucial for determining T.. However, the similarity in
the interlayer state between doped graphene and h-BN indi-
cates that the T in these systems is governed by other factors.
Other than the interlayer states, several bands that originated
from h-BN and graphene orbitals crossed the Fermi level.

These band structures around the Fermi level resulted in
Fermi surfaces of different shapes and positions, as depicted in
Figure 3. In both the h-BN and graphene cases, the Fermi
surface around the K point originates from the interlayer state,
and those around the T point correspond to the band from the
h-BN or graphene states. The shape of the Fermi surfaces from
the interlayer states resembled each another in both the doped
h-BN and graphene cases, except for the size of the pocket.

Figure 2. Electronic band dispersions and DOS for doped h-BN and
graphene.

However, the shapes of the inner Fermi surfaces around the T’
point between the doped h-BN and graphene cases differed
significantly. In the doped h-BN case, the inner Fermi surface
exhibited a snowflake-like shape, but it was hexagram-like in
the doped graphene case. The projection of the k-resolved
EPC (Ax) shows that the electron—phonon interaction in the
inner Fermi surface is crucial for determining T.. Compared
with doped graphene, the doped h-BNs exhibited greater Ay in
general in the Brillouin zone. The most prominent enhance-
ment in Ax was observed around the T point.

Figure 3. Fermi surfaces and k-resolved EPC projected on Fermi
surface in doped h-BN and graphene.

The enhancement in Ay around the T point in the Ca-doped
h-BN is attributed to the spatial distribution of the wave-
function of the electronic states induced by the lower symme-
try compared to the graphene case. These results indicate that
instead of tuning the interlayer state, reducing the symmetry
and introducing strong adsorbate—substrate interactions are
alternative strategies to increase the T of doped 2D semi-
conductors/insulators.

Other Ongoing Projects:

- Geometric Spin—0Orbit Coupling and Chirality-
Induced Spin Selectivity

- Ab-Initio Calculation of Heat Generation in
Semiconductors

References

1) N. H. Shimada, E. Minamitani and S. Watanabe, Appl. Phys.
Express 10, 9 (2017).

2) N. H. Shimada, E. Minamitani and S. Watanabe, J. Phys.: Condens.
Matter 32, 435002 (2020).




14

RESEARCH ACTIVITIES

Theoretical Studies of Chemical Dynamics
In Condensed and Biomolecular Systems

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

Education
2008 D.S. Kyoto University

Professional Employment

2006 JPSP Research Fellow, Kyoto University

2008 JPSP Postdoctoral Fellow for Research Abroad, University of
California, Berkeley

2010 Postdoctoral Fellow, Lawrence Berkeley National Laboratory

2012 Research Associate Professor, Institute for Molecular
Science

2013 Fellow 2012-2013, Wissenschaftskolleg zu Berlin

2016 Professor, Institute for Molecular Science
Professor, The Graduate University for Advanced Studies
Visiting professor, Nagoya University

Awards

2015 10™ Condensed-Matter Science Prize, Japan

2016 10 Young Scientist Award of the Physical Society of Japan

2016 18" Sir Martin Wood Prize

2017 The Commendation for Science and Technology by the Minister
of Education, Culture, Sports, Science and Technology
The Young Scientists’ Prize

ISHIZAKI, Akihito
Professor
[ishizaki@ims.ac.jp]

Member
Assistant Professor
NGUYEN, Thanh Phuc

Post-Doctoral Fellow
FUJIHASHI, Yuta
Secretary
AKABA, Atsuko

2020 JSPS Prize
2020 Japan Academy Medal

Keywords

Quantum dynamic phenomena are ubiquitous in molecular
processes, and yet remain a challenge for experimental and
theoretical investigations. On the experimental side, it has
become possible to explore molecules on a time scale down to
a few femtoseconds. This progress in ultrafast spectroscopy
has opened up real-time observation of dynamic processes in
complex chemical and biological systems and has provided a
strong impetus to theoretical studies of condensed phase
quantum dynamics.

Essentially, any quantum systems can never be regarded
as “isolated systems.” Quantum systems are always in contact
with “the outside world,” and hence their quantum natures are
sometimes sustained and sometimes destroyed. In condensed
phase molecular systems, especially, quantum systems are
affected by the huge amount of dynamic degrees of freedom
such as solvent molecules, amino acid residues in proteins,
and so forth. Balance between robustness and fragility of the
quantum natures may dramatically alter behaviors of chemical
dynamics and spectroscopic signals. Therefore, theoretical
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tools to adequately describe (1) dynamical behaviors of quan-
tum systems affected by the huge amount of dynamic degrees
of freedom and (2) the interaction with radiation fields should
be developed.
For this purpose, our research group has been tackling the
following subjects:
(1) Developments of condensed phase quantum dynamic
theories
(2) Quantum theories to describe dynamical and transport
processes in materials and biological systems
(3) Theoretical investigations on measurement and control
with the use of atomic-molecular-optical (AMO) physics
approaches.
In recent years, specifically, special attention is devoted to the
subject (3). We have been examining whether ideas and
concepts in the field of quantum science and technology would
provide novel control knobs that supplement classical param-
eters in conventional spectroscopic tools such as frequencies
and time delays.

Ratchet for Ultrafast Long-Range Electron—-Hole Separation in
Condensed Phases,” Phys. Rev. Lett. 121, 647 (2018).

Y. Fujihashi, R. Shimizu and A. Ishizaki, “Generation of Pseudo-
Sunlight via Quantum Entangled Photons and the Interaction with
Molecules,” Phys. Rev. Res. 2, 023256 (2020).

* A. Ishizaki, “Probing Excited-State Dynamics with Quantum
Entangled Photons: Correspondence to Coherent Multidimensional
Spectroscopy,” J. Chem. Phys. 153, 051102 (2020). [Editor’s Pick]
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1. Precise Determination of Excitation Energies
Based on Exciton-Polariton Measurements

The precise determination of the excitation energies in
condensed-phase molecular systems is important for under-
standing system-environment interactions as well as for the
prerequisite input data of theoretical models used to study the
dynamics of the system. The excitation energies are usually
determined by fitting of the measured optical spectra that
contain broad and unresolved peaks as a result of the thermally
random dynamics of the environment. Herein, we proposed a
method for precise energy determination by strongly coupling
the molecular system to an optical cavity and measuring the
energy of the resulting polariton. The effect of thermal fluctua-
tions induced by the environment on the polariton was also
investigated, from which a power scaling law relating the
polariton’s linewidth to the number of molecules was obtained.?

2. Controlling the Nonadiabatic Electron
Transfer Reaction Rate through Molecular
Vibration Polaritons

Recent experiments showed that the chemical reaction rate
is modified by strongly coupling a nuclear vibration mode to
the single mode of an optical cavity. Herein we investigated
how the rate of an electron-transfer reaction depends on the
molecule-cavity coupling. We found two main factors that
determine the modification of the reaction rate: The relative
shifts of the energy levels induced by the coupling and the
mixing of the ground and excited states of molecular vibration
in the ground state of the hybrid molecule-plus-cavity system
through which the Franck-Condon factor between the initial
and final states of the transition is altered. The effect of the
mixing of molecular vibrational states on the reaction rate is,
however, suppressed in a system containing a large number of
molecules due to the collective nature of the resulting polari-
ton, and thus should be observed in a system containing a
small number of molecules. In contrast, the effect of the
relative shifts of the energy levels should be essentially
independent of the number of molecules coupled to the cavity.)

3. Generation of Pseudo-Sunlight via
Quantum Entangled Photons and the
Interaction with Molecules

Light incident upon molecules triggers fundamental pro-
cesses in diverse systems present in nature. However, under
natural conditions such as sunlight illumination, it is impossible
to assign known times for photon arrival due to continuous
pumping, and therefore the photoinduced processes cannot be
easily investigated. In this work, we demonstrated theoretically
that the characteristics of sunlight photons, such as photon
number statistics and spectral distribution, can be emulated
through a quantum entangled photon pair generated with para-
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metric down-conversion (PDC). We showed that the average
photon number of sunlight in a specific frequency spectrum,
e.g., the visible light, could be reconstructed by adjusting the
PDC crystal length and pump frequency, and thereby the
molecular dynamics induced by the pseudo-sunlight could be
investigated. The entanglement time, which is the hallmark of
quantum entangled photons, can serve as a control knob to
resolve the photon arrival times, enabling investigations on
real-time dynamics triggered by pseudo-sunlight photons.*)

4. Probing Excited-State Dynamics with
Quantum Entangled Photons

Quantum light is a key resource for promoting quantum
technology. One such class of technology aims to improve the
precision of optical measurements using engineered quantum
states of light. In this study, we investigate transmission
measurement of frequency-entangled broadband photon pairs
generated via parametric down-conversion with a mono-
chromatic laser. It is observed that state-to-state dynamics in
the system under study are temporally resolved by adjusting
the path difference between the entangled twin beams when
the entanglement time is sufficiently short. The non-classical
photon correlation enables time-resolved spectroscopy with
monochromatic pumping. It is further demonstrated that the
signal corresponds to the spectral information along anti-
diagonal lines of, for example, two-dimensional Fourier-
transformed photon echo spectra. This correspondence inspires
us to anticipate that more elaborately engineered photon states
would broaden the availability of quantum light spectroscopy.®)

5. Prerequisites for Relevant Spectral
Density and Convergence of Reduced
Density Matrices at Low Temperatures

Hierarchical equations of motion approach with the Drude-
Lorentz spectral density has been widely employed in investi-
gating quantum dissipative phenomena. However, it is often
computationally costly for low-temperature systems because a
number of Matsubara frequencies are involved. In this work,
we examined a prerequisite required for spectral density, and
demonstrated that relevant spectral density significantly reduced
the number of Matsubara terms to obtain convergent results
for low temperatures.?)
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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 catalysis

Metal nanoclusters supported by metal oxides or polymers
achieve 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 H, 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
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Our accurate electronic structure theories are applied to
wide varieties of theoretical studies and sometimes in coopera-
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biological chemosensors, and bio-imaging probes.
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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
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1. Theoretical Design of Photofunctional
Molecular Aggregates for Optical
Properties: An Inverse Design Approach?

Properties of molecular aggregates are defined by their
composition and structure. It is becoming possible to control
these elements via advances in experimental techniques, and
therefore the design guidelines are demanded for developing
efficient optical materials. Here we propose a theoretical
design approach for photofunctional molecular aggregates
using an inverse design framework, the linear combination of
atomic potentials (LCAP). The Frenkel exciton model coupled
with the LCAP is introduced for designing systems with
desired optical properties by gradient-guided optimization
searches in terms of constituent molecules in chemical space
of molecular aggregates. We have applied this approach to
design one-dimensional molecular aggregates having locally
maximized absorption and/or circular dichroism (CD) inten-
sities as an example. By exploring a small fraction of the vast
chemical space of 1028 possible systems varying in composi-
tion and structure, we successfully obtained the optimal
aggregates. The optimal structure—photofunction relationships
were investigated from the designed systems. The present
method is useful to design photofunctional molecular aggre-
gates and accelerate optical material discoveries.

Figure 1. Schematic representation of the inverse design of photo-
functional molecular aggregates with desired optical properties.

2. Importance of the Pd and Surrounding
Site in Hydrosilylation of Internal Alkynes
by Pd-Au Alloy Catalyst?

Hydrosilylation is one of the key reactions in the forma-
tion of carbon-silicon bonds, where the addition of Si-H
bonds occurs across the unsaturated bond in organic com-
pounds. The Pd-Au alloy catalyst has been developed for the
hydrosilylation of internal alkynes as well as o, B-unsaturated
ketones under mild conditions. Herein, density functional
theory calculations were utilized to study the mechanism of
the hydrosilylation reaction of internal alkynes on the Pd—Au
catalyst. The calculated energy profiles show that the reaction
follows the Chalk—Harrod mechanism. The Pd site acts as the
adsorption site and the reactive center as observed in experi-
ments. The surrounding Pd—Au bridge and Au sites are also
relevant for the bond activation and accepting the substrates or

Award

intermediates during the reaction, which is characteristic in the
Pd-Au alloy catalysts and not available in the homogeneous
catalyst. The present picture of the relevance of the Pd atomic
site and its surrounding Pd—Au bridge or Au sites will be
useful for developing the alloy catalysts for the related cata-
lytic reactions.

Figure 2. Hydrosilylation on the Pd-Au Alloy Catalyst.

3. Theoretical Study on 3P NMR Chemical
Shifts of P-Modified CHA Zeolites®

The modification of zeolites with phosphorus is a widely
adopted method to tune the acidity and consequently the
catalytic properties in terms of activity, shape selectivity, and
hydrothermal stability. The 3IP MAS NMR spectra of phos-
phorus-modified chabazite (P-CHA) zeolites have been observed
during the hydrothermal treatment to probe the structural
changes of phosphorus species in zeolites. Theoretical calcu-
lations on the 3P and 2’Al NMR chemical shifts have been
systematically performed to disclose the possible phosphorus
species of intra- and extra-framework and the structural changes
during the hydrothermal treatment. The present theoretical
results provide useful information regarding the 31P NMR
chemical shifts in P-CHA, which will significantly improve
the 3P NMR assignments in future experiments.

Figure 3. 3P NMR chemical shifts of P-CHA zeolites.
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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.

Figure 1. Time series of protein folding simulation.

Selected Publications
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We are also interested in protein aggregates such as spheri-
cal substances called oligomers and acicular substances called
amyloid fibrils (Figure 2). These protein aggregates cause more
than 30 kinds of diseases. For example, Alzheimer’s disease is
thought to be caused by aggregated amyloid-p (AB) peptides.
To overcome these diseases, it is essential to understand the
aggregate genesis and disruption of AP peptides. We perform
such MD simulations of oligomers and amyloid fibrils.

Figure 2. Snapshot of an Ap amyloid fibril.

» S. G. Itoh and H. Okumura, “Replica-Permutation Method with the
Suwa-Todo Algorithm beyond the Replica-Exchange Method,” J.
Chem. Theory Comput. 9, 570-581 (2013).
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120, 6555-6561 (2016).
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1. Molecular Dynamics Simulations of
Amyloid-B(16-22) Peptide Aggregation at
Air—Water Interfaces

The formation of AP oligomers is accelerated at hydro-
philic-hydrophobic interfaces, such as the cell membrane
surface and air-water interface. To understand the effects of
the interface on oligomerization at the atomic level, we per-
formed MD simulations of aggregation of AB(16-22) peptides
at air-water interfaces.!) First, 100 randomly distributed
APB(16-22) peptides (Figure 3(a)) moved to the interface
(Figure 3(b)). The high concentration of peptides then accel-
erated their aggregation and formation of antiparallel 3-sheets.
Two layers of oligomers were observed near the interface. In
the first layer from the interface, the oligomer with less
B-bridges exposed the hydrophobic residues to the air. The
second layer consisted of oligomers with more B-bridges that
protruded into water. They are more soluble in water because
the hydrophobic residues are covered by N- and C-terminal
hydrophilic residues that are aligned well along the oligomer
edge. These results indicate that amyloid protofibril formation
mainly occurs in the second layer.

Figure 3. (a) Initial conformation of 100 AB(16-22) peptides (blue)
and water molecules (red) with air-water interfaces. (b) Side view of
the final conformation of AB(16-22) peptides. The water molecules
are not shown here. The blue frames indicate the air-water interfaces.

2. Development of Replica Sub-Permutation
Method for Efficient Molecular Dynamics
Simulations

We proposed an improvement of the replica-exchange and
replica-permutation methods, which we call the replica sub-
permutation method (RSPM).? Instead of considering all
permutations, this method uses a new algorithm referred to as
sub-permutation to perform parameter transition, as in Figure
4. The RSPM succeeds in reducing the number of combi-
nations between replicas and parameters without the loss of
sampling efficiency. For comparison, we applied the replica
sub-permutation, replica-permutation, and replica-exchange
methods to a B-hairpin mini protein, chignolin, in explicit
water. We calculated the transition ratio and number of tun-
neling events in the parameter space, the number of folding—
unfolding events, the autocorrelation function, and the auto-
correlation time as measures of sampling efficiency. The
results indicate that among the three methods, the proposed
RSPM is the most efficient in both parameter and confor-
mational spaces.

Figure 4. This image shows sub-permutation candidates for a four-
replica system. The replica sub-permutation method succeeds in
improving sampling efficiency both in parameter and conformational
spaces.
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Organic molecules can assemble into an ordered structure
by non-covalent interactions, forming various types of aggre-
gates. Molecular aggregates can exhibit remarkable optical
and electronic properties that are not observed in isolated
molecules. We study optoelectronic properties and quantum
dynamics of molecular aggregates. More specifically, we
focus on energy and charge transfer dynamics, energy con-
versions, and structure-property relationship. Our research
also include the developments of theoretical and compu-
tational methods.

It is still challenging to simulate quantum dynamics of
energy or charge transfer in condensed systems. An exciton or
electron wave functions can be delocalized over many mol-
ecules by intermolecular electronic couplings. By contrast, the
wave functions can be localized because of the static disorder
and interactions with nuclear degree of freedom. Therefore,
successful theoretical descriptions require the inclusions of
electronic couplings, static disorder, and electron-phonon or
electron-vibration interaction. We develop a method to simu-
late quantum dynamics in condensed phase by combining
molecular dynamics simulations, electronic structure theories,
and quantum dynamics methods, as shown in Figure 1. Elec-
tronic states of an aggregate are obtained from a large-scale
electronic structure calculation, and the model Hamiltonian for
an exciton or a charge carrier is derived. The model Hamiltonian

Selected Publications
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Lett. 7, 1374-1380 (2016).

Exciton, Energy and Charge Transfer, Organic Semiconductors

Figure 1. A combine approach to quantum dynamics in molecular
aggregates.

is used for simulating energy or charge dynamics by a quan-
tum dynamics method, which incorporates finite-temperature
effects and electron-vibration interactions. The combined
computational approach allows for bottom-up descriptions of
energy or charge transfer dynamics in realistic molecular
aggregates.

We currently investigate electronic states and quantum
dynamics at organic interfaces. We also develop the many-
body perturbation theory to predict electronic levels at higher
accuracy.

e T. Fujita and Y. Mochizuki, “Development of the Fragment
Molecular Orbital Method for Calculating Nonlocal Excitations in
Large Molecular Systems,” J. Phys. Chem. A 122, 3886-3898
(2018).
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1. Development of FMO-Based Exciton
Model within GW/BSEYD

Organic optoelectronic devices based on m-conjugated
molecules or polymers have attracted considerable attention
due to their attractive features. Predicting the electronically
excited states is essential for understanding the optoelectronic
processes governing the device operation and for rationally
designing novel materials. However, accurate calculations of
electronic states of organic materials which contain a lot of
organic molecules or polymers are still challenging task.
Successful theoretical descriptions require an accurate quan-
tum mechanical method. In addition, the effects of polarizable
environment must be appropriately taken into account.

In this study, we present the large-scale GW/Bethe-
Salpeter equation (BSE) method that enables the computations
of delocalized excited states in large molecular assemblies.
The many-body Green’s function method within the GW
approximation can offer practical schemes to calculate elec-
tronic states within reasonable accuracy. However, the appli-
cations of GW and GW/BSE to large systems were difficult
because of their considerable computational times. Here, we
develop large-scale GW/BSE method for large systems based
on the fragment molecular orbital methods. We have proposed
the fragmentation approximations of total polarization func-
tions and ACOHSEX approximation that neglects the dynami-
cal polarization of surrounding fragments. We have confirmed
that the FMO-GW/BSE method enables accurate calculations
of localized electronic states in large systems. Furthermore,
the FMO-GW/BSE method was combined with the exciton
model to calculate delocalized excited states in molecular
aggregates. In the exciton model, the excited-state Hamiltonian
for an entire system is calculated in the diabatic basis and then
diagonalized to approximate the adiabatic excited states. The
FMO-based exciton model utilizes the fragment configuration
state functions (CSFs) for intrafragment excited states and for
interfragment charge-transfer states, and the excited-state
Hamiltonian at the GW/BSE level is calculated in the basis of
fragment CSFs. We have shown that the results of unfragmented
calculations can be reasonably reproduced; thus, the present
FMO-GW/BSE method can offer efficient and practical schemes
for investigating realistic molecular aggregates.

2. Reuvisiting the Electronic Structure of
PEN/Cgo Bilayer Heterojunctions?

Molecular orientations and interfacial morphologies have
critical effects on the electronic states of donor/acceptor
interfaces and thus on the performance of organic photovoltaic
devices. Here, we investigate the charge-transfer (CT) states in
pentacene(PEN)/Cg interfaces as model systems and highlight
the polarization and delocalization effects. The effects of
polarization and delocalization on the interfacial CT states are

schematically represented in Figure 2. In a gas phase (Figure 2
(a)), the energy of the CT state is given by the highest-
occupied molecular orbital (HOMO) energy of a donor mol-
ecule, the lowest-unoccupied molecular orbital (LUMO) energy
of an acceptor molecule, and the Coulomb interaction between
the electron and the hole. The solid-state polarization effects
reduce the energy gap between the donor HOMO and the
acceptor LUMO (Figure 2 (b)) and weakens the e-h inter-
action. In a solid phase, the electron or hole wave function can
be delocalized over multiple acceptor or donor molecules, and
delocalized CT states can be formed (Figure 2 (c)). This
charge delocalization can further shift the energy gap and

(a) Gas (b) Solid(+polarization) (c) Solid(+delocalization)
LUMo
—o—
——
HOMO
CT (gas) Localized CT Delocalized CT
Aol @

hole / electron

Figure 2. Schematics of solid-state effects on the interfacial charge-
transfer states.

possibly weaken the e-h interaction.

In this study, we explore the energy levels and CT states at
the organic donor/acceptor interfaces on the basis of the
fragment-based GW/BSE approach. The face-on and edge-on
orientations of pentacene/Cgo bilayer heterojunctions have
employed as model systems. The FMO-GW/BSE calculations
were performed for the local interface structures in the face-on
and edge-on bilayer heterojunctions, which contain approxi-
mately 2,000 atoms. Calculated energy levels and CT state
absorption spectra are in reasonable agreements with those
obtained from experimental measurements. We found that the
dependence of the energy levels on interfacial morphology is
predominantly determined by the electrostatic contribution of
polarization energy, while the effects of induction contribution
in the edge-on interface are similar to those in the face-on.
Moreover, the delocalized CT states contribute to the main
absorption peak in the edge-on interface, while the face-on
interface features relatively localized CT states in the main
absorption peak. The impact of the interfacial morphologies
on the polarization and charge delocalization effects is analyzed
in detail.
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Functional dynamics plays an important role when bio-
molecular machines fulfill their functions. Motor proteins
move on the rail or rotate relative to the stator unidirectionally
by using chemical energy. Transporter proteins transport their
substrates across the membrane by changing their confor-
mation between the inward-open and outward-open states. We
aim to clarify molecular mechanism of these precise, yet
dynamic nano-machines developed by nature.

Functional dynamics of biomolecular machines involve
wide spectrum of intricate motions and reactions. In order to
understand such dynamics, we need a multiscale approach to
cover full range of these motions and reactions. Conventional
atomistic molecular dynamics (MD) simulations alone cannot
cover millisecond-long (or even longer) functional dynamics,
especially for a large system like typical biomolecular machines.
Thus, we use techniques like importance sampling, coarse-
graining, and statistical/kinetic modeling to tackle this problem.

We have been working on biomolecular motors such as
ATP synthase and chitinase. ATP synthase is a rotary motor
that produces most of ATP required in the cell. It is composed
of two rotary motors: F, and F1. Fo motor is embedded in the
membrane driven by proton gradient, while F; motor is driven
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by ATP hydrolysis reaction. We studied how rotation of F is
caused by elementary steps such as product release from the
catalytic site. Chitinase is a new type of molecular motor that
uses hydrolysis energy of single chitin chain, a polysaccharide,
for its unidirectional motion. The sliding motion of chitin
chain into the catalytic site of chitinase was studied by atomistic
simulations. We also developed a novel framework to estimate
chemical-state-dependent free energy profile and diffusion
coefficient from single-molecule trajectories.

Transporters are membrane proteins that transport their
substrates across the membrane. We have studied Na*/H*
antiporter that exchanges sodium ions and protons inside and
outside the cell. The ion-transport cycle was simulated in
atomic detail with the transition path sampling technique. The
simulations predicted the mutation that can speed up the ion
transport, which was confirmed by experiments. Another
membrane-associated protein, F-BAR protein Pacsinl that
remodels the membrane, is our interest too. The curvature
induction and sensing of Pacsinl on the membrane was stud-
ied by multiscale MD simulations using both all-atom and
coarse-grained models.

Kuhlbrandt and G. Hummer, “Mechanism of the Electroneutral
Sodium/Proton Antiporter PaNhaP from Transition-Path Shooting,”
Nat. Commun. 10, 1742 (2019).

* M. I. Mahmood, H. Noguchi and K. Okazaki “Curvature Induction
and Sensing of the F-BAR Protein Pacsinl on Lipid Membranes via
Molecular Dynamics Simulations,” Sci. Rep. 9, 14557 (2019).
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1. Mechanism of Unidirectional Motions of
Chitinase

Processive cellulase and chitinase recently have been cast
new light as a different type of biomolecular motors that use
hydrolysis energy of polysaccharides for their unidirectional
movements. We used single-molecule trajectories to estimate
an underlying diffusion model with chemical-state-dependent
free energy profile.) To consider nonequilibrium trajectories
driven by the chemical energy consumed by biomolecular
motors, we developed a novel framework based on a hidden
Markov model, wherein switching among multiple energy
profiles occurs reflecting the chemical state changes in motors.
The chemical-state-dependent free energy profile underlying
the burnt-bridge Brownian ratchet mechanism of processive
chitinase was determined.?)

2. Mechanism of Na*/H* Antiporter and
Engineering of a Faster Transporter

Na*/H* antiporters control pH and Na* concentration in
the cell by exchanging sodium ions and protons across lipid
membranes. They belong to the cation/proton antiporter (CPA)
superfamily, and prevail in all domains of life. The archaeal
Na*/H* antiporters PaNhaP from Pyrococcus abyssi and
MjNhaP1 from Methanocaldococcus jannaschii as well as
human NHE1, which is linked to a wide spectrum of diseases
from heart failure to autism and has no structure solved yet,
are electroneutral antiporters of the CPAL family, exchanging
one proton against one sodium ion. As a model system in
mechanistic studies of electroneutral Na*/H* exchange, we
studied the transport mechanism of PaNhaP.?)

Na*/H* antiporters use the gradient of either sodium ion or
proton to drive the uphill transport of the other ion (Figure
1A). The conformational transition of the transporter makes
the ion-binding site accessible from either side of the mem-
brane in the alternating manner. For PaNhaP, the inward-open
conformation was obtained by X-ray crystallography, while
the outward-open conformation is not known experimentally.
We modelled the outward-open conformation by MDFF flex-
ible fitting to the low-resolution outward-open structure of the
homologous MjNhaP1 from cryo-EM, followed by the long
equilibrium MD simulations. It was shown that the transporter
domain moves ~3.5 A in the direction normal to the mem-
brane to take the outward-open state (Figure 1B).

The inward-open and outward-open conformations
described above only provides the end points of the ion-
transport. The transition dynamics between the two states is
central to the transport mechanism, revealing at once rate-
limiting steps, substrate pathways, and the opening and clos-
ing of the gate preventing ion leakage. However, with ion
exchange occurring on a timescale of seconds at ambient
conditions, regular MD simulations are far too slow to resolve
transitions. Instead, we can resort to importance sampling of
transition dynamics. To sample unbiased transition paths

between the inward- and outward-open states, we used tech-
niques from the transition path sampling.

In analysis of the transition paths, we found hydrophobic
gates above and below the ion-binding site, which open and
close in response to the domain motions (Figure 1C). From the
reaction coordinate analysis, it was shown that open-close
motion of the outside gate (1le163-Tyr255) is a rate-limiting
step of the alternating-access conformational change. Based
on this result, we weakened the outside gate by mutating the
residues to both alanine. It was expected that this mutation
lowers the barrier and makes the ion transport faster. It was
confirmed by experiments that the ion-transport speed of the
mutant is indeed twice faster than the wild-type transporter.

Figure 1. (A) PaNhaP dimer structure. (B) Comparison of the
transporter domain between the inward-open (blue) and outward-open
(red) states. (C) The outside (purple) and inside (orange) gates found
in the transition paths.
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1. Investigations of Dissolu-

tion and Decomposition Mechanisms of a
Cellulose Fiber in lonic Liquids?) with
Molecular Dynamics Simulation

We studied dissolution and decomposition mechanisms of
cellulose (lg) polymers in ILs. In order to investigate motion
of cellulose fibers and intermolecular interactions between
cellulose molecules and cationic and anionic species in ILs,
we carried out molecular dynamics simulation. We employed
the 1-ethyl-3-methylimidazolium acetate IL solvent for target
system. It was found out that the intermolecular interaction
energy between cellulose polymers in the IL are reduced,
comparing with that in water. Also, our results suggest that the

enhancement of the flexibility of rigid cellulose chains trig-
gered by the breakage of intrachain H-bonds due to anions
starts decomposition processes accompanied by dissolution
processes due to the intercalation of cations, synergistically,
and, then, both dissolution and decomposition processes are
executed simultaneously.

2. Researches on Statical and Dynamical
Properties of lonic Liquids: Molecular Origin of
Low-k Peak of ILs and Dynamical Heterogeneity

We have investigated the molecular level origin of low-k
peak (< 0.5 Ang.™1) in the structure factor in ILs. In particular,
we found out that the structure factor of heterocyclic ring parts
in cations largely contribute to low-k peak in ILs. Also, we are
going to carry out the study of dynamical properties of ILs,
dynamical heterogeneity in ILs at room temperature with
molecular dynamics simulation procedure.
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Visiting Professor
MORI, Hirotoshi (from Chuo University)

Electronic Structure Informatics for Designing Functional Liquid Materials
Mixed liquids exhibit various chemical functions depending on their composition and mixing ratio.
Contrary to its fundamental scientific importance, however, the chemistry of mixing is an area where
molecular level knowledge is not still enough. With the backgrounds, we have been challenging the
predictive chemistry of functional liquid materials by developing a novel ab initio molecular simulation
method with conventional computational cost (Effective fragment potential molecular dynamics; EFP-MD) and a data science
approach. In fiscal 2020, we worked on the prediction of Henry’s constant values related to the absorption of various industrial
exhaust gases for non-agqueous mixed solutions (mixed ionic liquids, ionic liquids/organic solvent mixtures) which supports
environmental chemical engineers shortly. We will proceed with our research aiming at the construction of statistical
thermodynamic theory for real systems that predict mixed thermodynamics.

Visiting Professor
YANASE, Youichi (from Kyoto University)

Theoretical Study of Exotic Quantum Phases
We are working on theoretical studies of exotic quantum phases such as unconventional super-
conductivity, parity-violating antiferromagnet, quantum liquid crystal, and topological state of matter. In
particular, my recent interest focuses on quantum phases lacking global or local space inversion symmetry.
For instance, we classified such quantum phases in terms of multipole moment with the use of group
theory, and explored emergent electromagnetic responses, such as magnetopiezoelectric effect and chiral photocurrent.
Furthermore, a rigorous and gauge-invariant formulation of multipole moment was given by the thermodynamic definition, which
is directly related to the magnetoelectric effect. Superconductivity induced by multipole fluctuations was clarified. To develop the
functionality of superconductors, we showed a giant superconducting Edelstein effect in topological superconductors. By
considering a light-matter interaction, we proposed laser-induced topological superconductivity in TMD.

Visiting Associate Professor
HIGASHI, Masahiro (from Kyoto University)

Theoretical Study on the Excited-State Reactions in Condensed Phases
We are theoretically investigating chemical reactions and physical properties in condensed phases such
as solutions and proteins. In particular, we are focusing on the excited-state reaction dynamics in
condensed phases. Theoretical studies on the excited-state reaction dynamics of large systems is still one of
most challenging tasks due to the high computational cost of electronic structure calculations for excited
states and adequate statistical samplings required for molecular dynamics simulations. To overcome this difficulty, we have been
developing several efficient methods combining electronic structure calculations and molecular dynamics simulations. Recently,
we analyzed the excitation energy transfer in a light-harvesting complex by using our developed methods. The calculated
excitation energies of pigments and their fluctuations are in quantitative agreement with the experimental ones. It is found that
the fluctuations of pigments are largely affected by the individual protein environments and that the efficient excitation energy
transfer is achieved by the site-dependent fluctuations.
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Photo-Molecular Science

We study the interaction of atoms and molecules with optical fields with its possible applications to
active control of atomic and molecular functionality and reactivity. We also develop novel light sources
to promote those studies. Two research facilities, the Center for Mesoscopic Sciences and the
UVSOR Synchrotron Facility, closely collaborates with the Department.

The core topics of the Department include attosecond coherent control of gas- and condensed-
phase atoms and 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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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.l) This observation indicates that
a delocalized wave function of an isolated electron interacts
with the screen, which is composed of many nuclei and
electrons interacting with each other, and becomes localized in
space. This change, referred to as “collapse” in quantum
theory, is often accepted as a discontinuous change, but a
basic question arises: When and how the delocalized wave
function becomes localized? Our objective is uncovering this
mystery by observing the spatiotemporal evolution of a wave
function delocalized over many particles interacting with each
other. Having this objective 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
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array of ultracold rubidium (Rb) Rydberg atoms, as depicted
schematically in Figure 1, envisaging the quantum-classical
boundary connected smoothly.

Figure 1. Metal-like quantum gas. A schematic of the many-body
system of ultracold Rydberg atoms, where electronic wave functions
spatially overlap between neighboring atoms.27)

fast Two-Dimensional Atomic Motions in a Single Crystal of
Bismuth,” Nat. Commun. 4, 2801 (2013).

* N. Takei et al., “Direct Observation of Ultrafast Many-Body
Electron Dynamics in an Ultracold Rydberg Gas,” Nat. Commun. 7,
13449 (2016).

e C. Liu et al., “Attosecond Control of Restoration of Electronic
Structure Symmetry,” Phys. Rev. Lett. 121, 173201 (2018).
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Electrons in an Atomic BEC and Mott-Insulator Lattice,” Phys.
Rev. Lett. 124, 253201 (2020).



1. Development of an “Ultrafast Quantum Simula-
tor” by Optical Control with Precisions on the Atto-
second Temporal and Submicron Spatial Scales®9

Quantum many-body problems are at the heart of a variety of
physical functionalities including superconductivity and magnet-
ism in solid materials. It is extremely hard, however, to solve such
quantum many-body problems. In solving the Hubbard model with
1000 particles, for example, the diagonalization would take 10 to
the power of 573 years even with the world’s fastest super-
computers. In this project, we develop a novel quantum simulator
that can simulate quantum many-body dynamics for more than
1000 particles within one nanosecond, combining our two unique
experimental resources: “coherent control with attosecond preci-
sion”® and “a strongly-correlated ultracold Rydberg gas.”®

We have completed a standard hardware of this ultrafast
quantum simulator composed of an array of ultracold Rb atoms
trapped in an optical lattice and excited to Rydberg levels with a
coherent picosecond (ps) laser pulse, as schematically illustrated
in Figure 2.3467) The broad bandwidth of the ps laser pulse has
allowed us to excite the atoms in the neighboring lattice sites to
Rydberg levels simultaneously for the first time. With this stan-
dard hardware, we have succeeded in creating an exotic electronic
state with spatially overlapping wave-functions as shown sche-
matically in Figure 2.7) The degree of spatial overlap is actively
tuned with ~50 nanometer precision. This exotic metal-like quan-
tum gas under exquisite control opens up a completely new
regime of many-body physics for simulating ultrafast many-body
electron dynamics dominated by Coulomb interactions.”)

Figure 2. Schematic of the standard hardware
of the ultrafast quantum simulator.34.7)

We have also completed a readout
interface of our ultrafast quantum simu-
lator, which is the time domain Ramsey
interferometry of ultracold Rydberg

atoms with attosecond precision, whose contrast is almost
100% as shown in Figure 3.5 The phase and visibility of this
Ramsey interferogram are highly sensitive to the nature and
strength of many-body interactions among the Rydberg atoms.

Figure 3. Time domain
Ramsey interferometry of
ultracold 8’Rb atoms with
attosecond precision to be
used as a readout interface of
the ultrafast quantum simula-
tor. Population of the 422Ds;, Rydberg state is plotted as a function of the
delay t between two laser pulses, where 1o ~ 50 ps. Adopted from Ref. 5).

2. Application of an “Ultrafast Quantum
Simulator” to Quantum Computing®

We are developing a cold-atom based quantum annealer with
the hardware of the ultrafast quantum simulator.2®) The cold-atom
annealer has advantages against the one with the superconducting
qubits. Those advantages include scalability and efficiency. All to all
connections among physical bits necessary for quantum annealing
could also be easier with cold atoms than superconducting qubits.

So far we have developed arbitrary two dimensional optical
trap arrays for cold atoms, which are necessary for quantum
annealing,19 in tight collaborations with Hamamatsu Photonics K.
K.3) Their examples are shown in Figure 4, the world’s smallest
arbitrary trap arrays whose nearest neighbor distance is only ~1
micron, which used to be typically ~4 micron in previous works.1%)

We have recently succeeded in loading a single atom into
each trap of those arbitrary arrays, and reassembling those
atoms with an optical tweezer. Accordingly we can prepare an
array of atoms we desire, as exemplified in Figure 5.

Figure 4. Examples
of the world’s smallest
arbitrary arrays of
optical traps.?)

Kagome lattice Hexagonal (Honeycomb) lattice

Before reassembly After reassembly

Figure 5. Assembly of an arbitrary
array of single Rb atoms.

3. Engineering Quantum Wave-Packet Dispersion with
a Strong Nonresonant Femtosecond Laser Pulse!?

A non-dispersing wave packet has been attracting much inter-
est from various scientific and technological viewpoints. However,
most quantum systems are accompanied by anharmonicity, so that
retardation of quantum wave-packet dispersion is limited to very
few examples only under specific conditions and targets. Here we
demonstrate a conceptually new and universal method to retard or
advance the dispersion of a quantum wave packet through “pro-
grammable time shift” induced by a strong non-resonant femto-
second laser pulse. A numerical simulation has verified that a train
of such retardation pulses stops wave-packet dispersion.

Our ultrafast quantum simulator operates with atomic Rydberg
levels,39) whose level structure is anharmonic, so that its wave
packet is dispersed and broadened quickly. The new control
method for wave-packet dispersion developed here would serve
as an enabling technology for our ultrafast quantum simulator to
enhance its functionality for quantum simulation and computing.
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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 the origin of various device characteristics are still under
debate. Scientific discussions have been redundant because of
long-standing beliefs that the electronic structure of FOM
would be conserved as in an isolated molecule even for solid
phases due to the weak van der Waals interaction. To reveal
characteristics of FOM, it is essential to investigate precisely
the electronic structure at various interfaces, including organic—
organic and organic—inorganic (metal/semiconductor) contacts.
Recently we realized that the weak electronic interaction
manifests itself as small intensity modulations of fine struc-
tures in photoelectron spectra, depending on the adsorption
and aggregation conditions on the surface. Thanks to recent
instrumentation improvements, we can assess hidden fine
features in the electronic states, e.g. electron—phonon cou-
pling, quasi-particle states, very small densities of gap states,
narrow band dispersion, and dynamic electronic polarization.
To elucidate what really impacts on the electronic states of the
FOM in their assembly as well as at the interface upon weak
interaction, an evaluation of the wave-function spread of the
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electronic states is very important because the interface states
are described as a delocalized molecular orbital state depend-
ing on the strength of weak electronic coupling (hybridiza-
tion). Observing modifications of electron wave functions
upon weak electronic coupling as well as strong electron—
phonon coupling is a central issue on our agenda.
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Figure 1. Overview of our agenda. A rich assortment of surface and
interface structures of FOM to provide complicated spectral features
of ultraviolet photoelectron spectroscopy.
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1. The Role of Initial and Final States in
Molecular Spectroscopies: A Case Study
of DBP12)

Interpreting experimental spectra of organic semi-
conductor films is challenging, and understanding the relation-
ship between experimental data obtained by different spectro-
scopic techniques, UPS, IPES, 2PPE and optical absorption
requires a careful consideration of the initial and final states
for each process. We present a coherent framework that is
capable of treating on equal footing most spectroscopies. We
develop a simple model for the expected energy level posi-
tions by the spectroscopies and relate them to the energies of
molecular states. Molecular charging energies in photoionization
processes, as well as adsorption energies and the screening of
molecular charges due to environmental polarization, are
taken into account as the main causes for shifts of the mea-
sured spectroscopic features. We explain the relationship
between these quantities, as well as with the transport gap, the
optical gap and the exciton binding energy.?

Our considerations serve as a model for weakly interacting
systems where wave function hybridizations between adjacent
molecules are negligible as demonstrated for DBP films on
graphite.?)

Figure 2. a) Scheme of the typical spectroscopic processes in UPS,
2PPE, IPES, and optical absorption in relation to the initial and final
states. b) Thickness dependences of Xel-UPS and IPES (LEIPS) of
DBP films on graphite. The energy positions of bilayer (BL) are shifted
from wetting layer (WL) of monolayer. The figure is after ref 1,2).

2. Impacts of Electrostatic Interactions on
the Energy Levels of Organic
Semiconductor Blends®

Halogenation of conjugated molecules represents a power-

ful approach to tune the electronic structure of molecular thin

* IMS-11PA Program
T IMS with Osaka University (Cadet Program)

films through inductive effects and long-range intermolecular
electrostatic interactions. We provide a comprehensive experi-
mental and theoretical analysis of the prototypical blend formed
by pentacene (PEN) and perfluoropentacene (PFP) to relate
structure with electronic properties. We find a mixed-stack
structural motif in standing and lying orientations depending on
the substrate nature. In the standing orientation, the ionization
potential lies in between the values of the pure components, in
line with the established picture of averaged molecular quadru-
pole moments. For the lying orientation, however, we experi-
mentally observe an ionization potential lower than both pris-
tine values, which seems at odds with this simple rationale.
Electrostatic simulations based on the knowledge of the atomis-
tic structure of the films capture the complex experimental
scenario for both orientations. In particular, the ultralow ioniza-
tion potential of films formed by lying molecules is identified as
a signature of the monolayer structure, where quadrupolar
interactions are responsible for a difference of ca. 0.4 eV in the
highest occupied molecular orbital energy as compared to
thicker films with the same molecular orientation.

Figure 3. (a) UPS of blends PEN/PFP films of lying orientation on
graphite. The spectra of PEN and PFP monolayers are shown as
reference. b) Calculated energy levels of PEN:PFP layers; black and
green bars correspond to the IPs of PEN and PFP, respectively. The
calculated intensity (bar height) depends on the depth z of the ionized
layer from the surface in Figure 3c). The figure is after ref 3).

3. Other Activities in UVSOR

We have conducted beamline R&D and user supports in
collaboration with other universities. Experiments using photo-
electron momentum microscope is started at BL6U.4

References

1) T. Kirchhuebel, O. L. A. Monti, T. Munakata, S. Kera, R. Forker
and T. Fritz., Phys. Chem. Chem. Phys. 21, 12730-12747 (2019).

2) T. Kirchhuebel, S. Kera et al., J. Phys. Chem. C 124, 19622-19638 (2020).

3) G. D’Avinol, S. Kera et al., Chem. Mater. 32, 1261-1271 (2020).

4) F. Matsui et al., Jpn. J. Appl. Phys. 59, 067001 (2020).



32

Light Source Developments by Using
Relativistic Electron Beams

UVSOR Synchrotron Facility

Division of Advanced Accelerator Research

Education
1982 B.S. Tohoku University

1997 Ph.D. Tohoku University

Professional Employment

1986 Reseach Associate, National Laboratory for High Energy

Physics

Member
Assistant Professor
FUJIMOTO, Masaki

Post-Doctoral Fellow
SALEHI, Elham

Graduate Student
KIMURA, Shinnosuke*
KOSUGI, Naoki*
NAKAO, Kaito*

HORI, Haruki*

2000 Associate Professor, Institute for Molecular Science
2004 Professor, Institute for Molecular Science

Professor, The Graduate University for Advanced Studies
2019 Professor, Hiroshima University

Project Professor, Institute for Molecular Science

KATOH, Masahiro
Project Professor
[mkatoh@ims.ac.jp]

Keywords

UVSOR is a synchrotron light source providing low energy
synchrotron light ranging from terahertz wave to soft X-rays.
Although it was constructed about 30 years ago, its perfor-
mance is still in the world top level among low energy syn-
chrotron light sources. This is the result of the continuous
effort on improving the machine. Our research group has been
developing and introducing new accelerator technologies
toward producing bright and stable synchrotron light, such as
low emittance electron beam optics, novel insertion devices or
state-of-the-art beam injection technique. We have been devel-
oping novel light sources, such as free electron laser, coherent
synchrotron radiation, optical vortices and laser Compton
gamma-rays. We have been investigating beam physics which
would be the basis of the future developments of the facility.
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Figure 1. UVSOR-III Electron Storage Ring and Synchrotron Radia-
tion Beamlines.
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1. Light Source Technology Developments
Based on Laser and Synchrotron

We have been developing light source technologies at the
UVSOR-III electron storage ring using a dedicated experimen-
tal station BL1U, which was constructed under the support of
Quantum Beam Technology Program of JST/MEXT aiming to
develope novel light sources and exploring their applications.
The BL1U is equipped with two undulators which constitute
an optical klystron, a laser system which is synchronized with
the accelerator beam and a dedicated beamline consisting of
mirrors and a monochromator whose arrangement can be
flexibly changed according to the types of the experiments.

In these years, we are focusing on generation of spatially
structured light, such as optical vortex beams and optical
vector beams from undulators, in collaboration with Hiroshima
Univ. and Nagoya Univ. We have succeeded in producing such
novel photon beams and are exploring their applications. More
recently, we have started exploring the possibility utilizing the
temporal structure of undulator radiation, in collaboration with
Saga Light Source and Toyama Univ. So far, we have been
demonstrated the coherent controls of atoms by using radiation
from two undulators arranged in tandem. It has been widely
believed that such experiments were possible only with pre-
cisely controlled laser beam. Our results may open a new
research field on the application of synchrotron radiation.

We have been developing a laser Compton scattering
gamma-ray source at BL1U, which is capable of producing
monochromatic and energy-tunable gamma-rays. Now we are
exploring their applications such as isotope imaging based on
nuclear fluorescence resonance in collaboration with Kyoto
Univ., AIST and QST, photon-induced positron annihilation
lifetime spectroscopy in collaboration with Yamagata Univ.
and AIST and an experimental verification on Delbruck scat-
tering in collaboration with QST, AIST and Kyoto Univ.
Theoretically we have proven that vortex photons carrying
orbital angular momentum can be produced by non-linear
Compton scattering of circularly polarized photons. We are
planning its experimental demonstration at BL1U in collabo-
ration with AIST.

Figure 2. Twin Polarization-variable Undulators/Optical Klystron at
UVSOR-III.

2. Accelerator Technology Developments
for Electron Synchrotrons

We carried out several upgrade plans on UVSOR electron
synchrotron since 2000. We designed a special beam optics
intended to higher brightness. We designed necessary accel-
erator components, reconstructed the accelerator and commis-
sioned it. We have designed six undulators and have success-
fully commissioned them. Moreover, we have been continu-
ously introducing new technologies such as the top-up opera-
tion in which the electron beam intensity is kept quasi-con-
stant at a high beam current, 300 mA, and the novel beam
injection scheme with a pulsed sextupole magnet. As the result
of all these efforts, now, the machine is one the brightest
synchrotron light sources among the low energy machines
below 1GeV in the world.

Currently, the storage ring is stably operated for many of
the users, however, the requirements from the users for the
stability is getting higher and higher. We are improving
cooling water system and developing various feedback sys-
tems. As a near-term upgrade plan, we are considering replac-
ing some of the undulators to fit the changes of the users’
requirements on the wavelength. For a long-term plan, we
continue the design studies on the new low emittance optics of
the present synchrotron and on new accelerator systems such
as a linear accelerator based free electron laser or a diffraction
limited storage ring light source.

We are collaborating with Nagoya University Synchrotron
Radiation Research Center (NUSR) for the accelerator tech-
nology developments. Accelerator magnets based on per-
manent magnets are being developed, which would contribute
to the power consumption saving in the future plan. Various
high brightness electron sources are being developed and
tested. New beam diagnostic technologies toward beam stabi-
lization are being developed. Several PhD students from the
University are involved in these studies.

We are also collaborating with Accelerator Research
Laboratory at KEK for the compact Energy Recovery Linac
(cERL) project, which is a novel electron accelerator toward a
diffraction-limited synchrotron light source and a free electron
laser.

Figure 3. UVSOR BL1U experimental station for source develop-
ment studies.
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Keywords

Our group develop new electromagnetic wave sources
using a high energy electron beam. In the UVSOR-III electron
storage ring at the Institute for Molecular Science, a 750-MeV
electron beam can be generated. Electromagnetic waves in a
wide frequency range from ultraviolet waves to gamma-rays
are emitted by interacting the electron beam with magnetic
fileds and lasers.

Laser Thomson (Compton) scattering is a method to gen-
erate a high energy gamma-ray by the interaction between a
high energy electron and a laser. We have developed ultra-
short pulsed gamma-rays with the pulse width of sub-ps to ps
range by using 90-degree laser Thomson scattering (Figure 1).
We applied this ultra-short pulsed gamma-rays to gamma
induced positron annihilation lifetime spectroscopy (GiPALS).
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A positron is an excellent probe of lattice defects in solids and
of free volumes in polymers at the sub-nm to nm scale.
GIiPALS enables defect analysis of a thick material in a few
cm because positrons are generated throughout a bulk material
via pair production. Our group is conducting research on
improving the properties of the material by using GiPALS.

Figure 1. Schematic illustration of 90-degree laser Thomson scattering.
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1. Gamma-Induced Positron Annihilation
Lifetime Spectroscopy (GiPALS)

Positron lifetime spectrum is calculated by measuring the
time difference between a reference signal and a detector
output for the annihilation gamma-rays, which is emitted when
a positron annihilates with an electron inside material. A
reference signal is the output of a photodiode located near the
injection position of a laser. A BaF, scintillator and a photo-
multiplier tube is utilized to detect the annihilation gamma-
rays. Two detectors are arranged at 180 degrees because two
annihilation gamma-rays are generated at 180-degree direc-
tion. The annihilation gamma-rays are generated to whole
solid angle. Therefore array detectors are effective to increase
the count rate of the annihilation gamma-rays and to reduce
the measurement time. We have developed the array detector
using 10 detectors with a help of Equipment Development
Center (Figure 2).

Figure 2. Positron lifetime measurement system using 10 detectors.

Users can currently utilize GiPALS at BL1U in UVSOR-
I1. A result of defect analysis for a GAGG scintillator was
published in 2020.9

We plan to change the laser injection position to increase
the ultra-short pulsed gamma-ray intensity in the next fiscal
year. In the current laser injection position, the opposite side
of the laser injection window is the vacuum duct. Thus, the
laser hits the vacuum duct and generates gas. This gas induces
the background gamma-rays, which is generated by the inter-
action with an electron beam. As a result, the laser cannot be
tightly focused and therefore the intensity of the gamma-ray is
weak. The laser can be focused down to few tens of micro-
meters at the new laser injection position. We estimate that the
intensity of the gamma-rays will be increased more than 20
times.

On the other hand, we are planning to develop other mea-
surement technique for the annihilation gamma-rays, such as a
three-dimensional distribution imaging technique for defects,
spin polarized positrons generated from circularly polarized
gamma-rays, and age-momentum correlation (AMOC).

2. Short Wavelength Optical Vortices

An optical vortex is an electromagnetic wave with a

helical phase structure. When an optical vortex beam is viewed
in a plane transverse to the direction of propagation, an
annular intensity profile is observed due to the phase singu-
larity at the center axis. An important consequence of the
optical vortex is that it carries orbital angular momentum
(OAM) due to the helical phase structure.

While fundamental and applied research on optical vorti-
ces using visible wavelength lasers is widely studied, much
less has been done in ultraviolet, X-rays, and gamma-rays
energy ranges. We have proposed for the first time a method to
generate a gamma-ray vortex using nonlinear inverse Thomson
scattering of a high energy electron and an intense circularly
polarized laser.? In our method, the circularly polarized laser
is important because the helical phase structure arises from the
transverse helical motion of the electron inside the circularly
polarized laser field. When peak power of a laser achieves
terawatt class, high harmonic gamma-rays are generated. Only
gamma-rays more than the first harmonic carry OAM. High
harmonic gamma-rays show the annular intensity distribution
due to this characteristic.

There are few facilities in the world, where can carry out
the experiment for the nonlinear inverse Thomson scattering
using an intense circularly polarized laser in terawatt class.
We carried out the experiment at Kansai Photon Science
Institute in Japan, where a 150 MeV microtron and a petawatt
laser are available. Although we were not able to achieve the
measurement of an annular intensity distribution of high
harmonic gamma-rays, we plan to continue the experiment
this year.

On the other hand, optical vortices in the ultraviolet
wavelength range can be generated using a helical undulator.
Similar with a nonlinear inverse Thomson scattering, an
electron obeys a helical trajectory inside an undulator. There-
fore, high harmonic radiation emitted from a helical undulator
forms the helical phase structure.

Generation of an optical vortex from a helical undulator
has been demonstrated at UVSOR-I1I. Recently, we newly
revealed that undulator radiation with the phase structure can
be generated from an elliptically polarized undulator. We
derived the analytic expressions for the emitted electric fields
were fully derived and the radiation’s phase structure was
found to change according to polarization. Average phase
gradients of the undulator’s radiation were measured using a
double slit interferometer. The measured phase gradients of
the first through third harmonics were compared with the
calculated results. The results were submitted to the journal.
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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). ARPES
is a powerful experimental technique, directly measuring the
energy (E) and momentum (k) relation, namely the band
structure of solids. In the last quarter of a century, the energy
resolution and angular resolution of ARPES have improved
almost three order of magnitude better, which makes us
possible to address the fine structure of the electronic structure
near the Fermi level: Superconducting gap, kink structure and
so on. The main target materials of our group is high-T,
superconductors, such as cuprates and iron pnictides and use
UVSOR-I1II as a strong light source.

Our group is also developing high-efficiency spin-resolved
ARPES system. Spintronics is a rapidly emerging field of
science and technology that will most likely have a significant
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impact on the future of all aspects of electronics as we con-
tinue to move into the 21%t century. Understanding magnetism
of surfaces, interfaces, and nanostructures is greatly important
for realizing the spintronics which aims to control and use the
function of spin as well as the charge of electrons. Spin-
resolved ARPES is one of the most powerful experimental
techniques to investigate the magnetic properties of such
materials.
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1. Quantitative Comparison between
ARPES and ERS on Multilayer Cuprates
Superconductor?)

It has been well known that one of the most efficient ways
to increase the critical temperature (T¢) of high-T. cuprate
superconductors (HTSCs) is to increase the number of neigh-
boring CuO; planes (n). T, of the optimally doped region
(Te:max) generally increases from single layer (n = 1), double
layer (n = 2), to triple layer (n = 3) and then decreases for n >
4. In order to explain the n dependence of T, several mecha-
nisms have been proposed. However, it has been unclear which
parameter governs the n dependence of T¢.max because of the
lack of detailed knowledge about the electronic structure of the
multilayer cuprates. In this study, we have performed angle-
resolved photoemission spectroscopy (ARPES) and electronic
Raman scattering (ERS) to clarify the electronic structure of
optimally doped triple-layer Bi,Sr,Ca,CusO10+5 (Bi2223)
which has the highest T¢:max (~110 K) among Bi-based HTSCs.

Since the superconducting gap in the cuprates has a d-wave
symmetry, we need k-selective experimental probes. Although
ARPES and ERS are the most powerful k-selective probes, the
gap sizes estimated from these two techniques are not always
identical. To clarify the origin of the discrepancy, we have
examined a direct comparison of ARPES and ERS through the
Kubo formula analysis. In a previous study on the double layer
Bi2212, we proved that this method is valid and advantageous.?

In ERS study on optimally doped Bi2223, we found that
B1g spectra, which is sensitive to the antinodal region in the
k-space, showed double peaks as shown in Figure 1a (blue
curve). This is the first observation of multiple peaks in Bygq
spectra in HTSCs. On the other hand, ARPES study on Bi2223
reveals two Fermi surfaces (FSs), which can be attributed the
FS closer to the T point to that of the outer CuO, plane (OP)
and the other to that of the inner CuO; plane (IP), assuming
that the doping level is higher in the OP than in the IP. From
those observations, we think that the double peak in ERS is
originated from two different bands which form different FSs
observed by ARPES.

To confirm our interpretation of the double peak, we
calculated the Raman spectra from the ARPES, using the
Kubo formula. For triple layer compounds, by separating the
IP and OP bands of ARPES, we can calculate their separate
contribution to the Raman spectra, and verify if the two Bygq
Raman peaks truly originate from the two separate bands. The
ARPES intensities for the IP and OP bands were separated by
a Gaussian fit of the energy distribution curves using three
Gaussian peaks, one for the IP and OP band each and one for
the high energy incoherent intensity that originates from the
strong correlations effects in the antinodal part of the k-space.

The calculated Byg and Bpg Raman spectra for the opti-
mally doped Bi2223 are compared with the experimental ones
in Figure 1. One can find that the calculated spectra from the
ARPES data successfully reproduce the experimental Raman
spectra. The striking result is that, in the B1q configuration, the
IP and OP bands exhibit peaks at different energies that are
close to the experimental Byg peak energies. Here the OP peak

position is slightly underestimated, which may be due to the
fact that a small portion of the antinodal part of the momentum
space is missing in our input ARRPES data. By summing the
separate contribution of IP and OP, we obtain a thick orange
line. A rather good correspondence of the calculated and
experimental IP and OP peaks provides strong proof that the
double B;g Raman peak truly originates from the two separate
bands of Bi2223 and, therefore, that it is a signature of the
double superconducting gap of this material.

This results clarify systematic doping dependence of
superconducting gaps of IP and OP in ERS, which reveals that
the both the pair-breaking energy and the gap ratio are larger
in triple layer cuprates than in single and double layer cuprates
(not shown).

Figure 1. Comparison of the Raman spectra calculated from the
ARPES (orange cruve) and the experimentally observed Raman
spectra (blue curve) for Big (a) and Byg (b) polarizations. The red and
green curves are obtained from the ARPES data for the OP and IP,
respectively. In the total curve IP+OP (thick orange), the contributions
both from IP and OP are taken into account

2. Development of Low Temperature 6-Axis
Manipulator for High-Resolution ARPES

We have developed low temperature 6-axis manipulator
for high energy resolution ARPES measurements and
achieved one of the lowest temperature 6-axis manipulators in

the synchrotron
radiation facili-
ties in the world.
To achieve lower
temperature, we
have started com-
putational ther-
mal simulation.

Figure 2. Modeling and simulation of thermal analysis for 6-axis
manipulator.
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The demand for photoelectron
micro-spectroscopy and spectro-
microscopy to characterize the elec-
tronic properties of microstructures is
growing rapidly. Photoelectron spec-
troscopy resolved in three-dimensional
momentum space with a microscopic
field of view is realized by combining
a so-called Momentum Microscope
(MM) with a soft X-ray synchrotron radiation source. We built
a new MM station at BL6U,1) an undulator-based soft X-ray
beamline. This station opens the door to direct observation of
the Fermi surface of um-sized crystals, which was difficult
with conventional ARPES-type hemispherical analyzers.

MATSUI, Fumihiko
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1. Momentum Microscope

As shown in Figure 1, the system consists of a photo-
emission electron microscope (PEEM) lens, a hemispherical
deflection analyzer as an imaging-type energy filter, and a 2D
detector with a CMOS camera. The details of the specification
evaluation result are described elsewhere.!) In brief, the
energy resolution of the analyzer was estimated to be 20 meV
at pass energy of 20 eV. The spatial resolution in the micros-
copy mode was evaluated to be about 50 nm. The momentum
resolution of 0.012 A~ has been achieved. The position of
sample stage facing to the analyzer is precisely controlled by a
hexapod. Samples can be cooled down to 8 K and heated up to
400 K.

Since a high voltage is applied between the sample and the
PEEM lens, it is essential that the sample be flat. We have
developed a technique to cleanly cleave sub-mm-sized crystals
in the ultra-high vacuum condition. Figure 2 shows a valence
band measurement with a wide k acceptance of 6 A1 in
diameter.

Figure 1. Schematic drawing of the momentum microscope.)

2. Original Electron Analyzers

Furthermore, we are aiming at highly efficient and com-
prehensive measurement of spin distribution as the final goal.
Omnidirectional photoelectron acceptance lens (OPAL)2)
together with Projector for electron spectroscopy with collimator
analyzer (PESCATORA)? enables photoelectron holography
measurement of the full hemisphere. Moreover, we invented
Right angle deflection imaging analyzer (RADIAN)? for spin
vector analysis with k/r-space resolution. We are expanding
the MM system based on our original device developments.

Figure 2. (a) Photoelectron angular distribution and (b) band disper-
sion of the cleaved graphite crystal surface.

Figure 3. (a) Photograph of the omnidirectional photoelectron
acceptance lens (OPAL). (b) 1-keV electron trajectory at the sample
surface. (c) Performance of electrons emitted in full hemisphere.?)
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Local Structural Analyses of Liquids by Soft
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Soft X-ray absorption spectroscopy
(XAS) is an element specific method
to reveal local structures of liquids
with the K-edges of light elements (C,
N, and O). We have investigated local
structures of several liquids by using a
liquid flow cell for XAS in transmis-
sion mode.? In this year, we have de-
veloped two techniques for applying
XAS to the low energy region below
200 eV including K-edges of Li and B and L-edges of Si, P, S,
and Cl, as described below.

NAGASAKA, Masanari
Assistant Professor

1. Development of Soft X-Ray Transmission
Argon Gas Window

XAS in the low energy region is difficult since transmitted
soft X-rays mostly consist of high order X-rays due to the low
transmission of first order X-rays. We have proposed the soft
X-ray transmission argon gas window that removes high order
X-rays by the absorption of Ar L-edges (240 eV).2)

2. Development of Photoelectron Based
Soft X-Ray Detector

We have developed a photoelectron based soft X-ray
(PBSX) detector that removes high order X-rays.®) In this
detector, the Au 4f photoelectrons emitted by first order
X-rays are separated from those by the high order X-rays
using a difference in kinetic energy of photoelectrons.
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Development of a Surface-Sensitive
Detection Method for Scanning Transmission

X-Ray Microscopy
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A scanning transmission X-ray
microscope (STXM) obtains 2-dimen-
sional X-ray absorption of a sample to
obtain chemical status. Generally, the
STXM gives us integrated (bulk) infor-
mation of the sample along a path of
the X-ray. Alternative approach of the
STXM is to detect secondary electron
from the sample by using a channel-
tron. The detection of the secondary
electron enables us to obtain information of near surface of the
sample because of escape depth of the secondary electrons
around a few nm. Additionally, this technique overcomes a
main difficulty of the STXM by measuring a thick sample
which cannot be penetrated by the X-rays.

A channeltron is used as a detector for the secondary
electron and is placed upstream of the sample. This optical
system can obtain an X-ray transmission image and a second-

OHIGASHI, Takuji
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ary electron image simultaneously. As a test sample, a thin
section of blended polymer on a copper grid was measured.
The energy of the X-ray was 400 eV and the dwell was 500
ms per pixel. In Figure 1(b), an empty space indicated by a
dotted circle also shows higher signals of the secondary
electron than those from the blended polymer. This problem is
under discussion.

Figure 1. (a) An X-ray transmission image and (b) a secondary
electron image of a thin section of blended polymer on a copper grid.
Scale bars are 5 pm.
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We study soft matters such as
liquid-crystal materials with soft x-ray,
whose energy region covers K-edge
energies of carbon, nitrogen and oxy-
gen. Soft matters exhibit their intriguing
properties due to mesoscopic physical
structures by self-organizations. To
understand properties of soft matters,
we need to investigate their structure
in the mesoscopic scale.
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1. Development of Resonant Soft X-Ray
Scattering Measurements

Resonant soft x-ray scattering measurements can probe
mesoscopic structures and periodic spatial variations of the

orientation of molecules with both elemental and chemical
environment sensitivity and have orders of magnitude scat-
tering intensity enhancement over conventional small angle
(non-resonant) x-ray scattering, which is sensitive only to the
electron density modulations.

In this year, we developed an equipment for resonant soft
X-ray scattering measurements. Since soft x-rays are strongly
absorbed by air, all soft x-ray paths should be in high vacuum.
In addition, a thickness of sample must be less than 1 microm-
eter to obtain transmitted scattered lights.

We were successful in developing the equipment and now
confirmed vacuum test and sample holder test. Our equipment
can probe structures in the range from 62 A to 170 A. A first
sample will be liquid-crystal materials which show a twisted
structure. The experiments will be performed at BL3U of
UVSOR in September 2020.
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Visiting Professor
FUKUI, Ken-ichi (from Osaka University)

lonic Liquid/Organic Semiconductor Interfaces for Efficient Carrier Transport
Local analyses of electrolyte/organic semiconductor electrode interfaces at controlled electrode
potentials are of fundamental importance to understanding the origin and properties of the electric double
layer (EDL) at the interfaces, which is necessary for their application to EDL-organic field effect transistors
(OFETS). lonic liquids (ILs) gated EDL-OFETSs can be operated with ultralow voltage (~0.1 V), however,
ILs sometimes cause operational instability due to their unusual interface structuring. By using an IL (EMIM-FSA) and ruburene
crystal, IL-derived bias stress was observed, which increased operational voltage of the EDL-OFET by 33% in 2 h.
Electrochemical FM-AFM and molecular dynamics (MD) simulation revealed that the formation of structured IL layer on the
surface of hole-injected rubrene; anions in the IL monolayer probably trapped hole carriers by orienting their polar parts.
Application of higher magnitude of OFF-state gate voltage immediately reset the IL-derived bias stress by separating the anion—
hole pairs, but the same shift occurred in the same time scale by the local structural change of the interface.

Visiting Professor
SHIMADA, Kenya (from Hiroshima University)

High-Resolution Angle-Resolved Photoemission Study of Correlated Materials
In order to understand the physical properties of solids, we are studying the electronic structures by
means of high-resolution angle-resolved photoemission spectroscopy (ARPES) using synchrotron
radiation. We have also developed an ARPES system using an ultraviolet laser (hv = 6.36 eV) to pursuit
ultimate spatial, energy, and angular resolutions (<10um, <1meV, <0.05°). By combining synchrotron
radiation and laser ARPES measurements as well as extensive density functional theory (DFT) calculations, we could elucidate
the termination dependent electronic structures of an antiferromagnetic topological insulator MnBisTe;. The topological surface
state is gapped for quintuple-layer (QL) termination but gapless for the septuple-layer (SL) termination. The spin texture is
expected to be different for both terminations. While the DFT calculations reasonably reproduce the s-p electron bands, it is still
challenging to predict magnetic 3d electronic bands. In the case of oxygen adsorbed Fe(100) surface states, we found significant
deviations from the DFT results due to momentum- and orbital-dependent electron correlation effects.

Visiting Associate Professor
KATSUKI, Hiroyuki (from Nara Institute of Science and Technology)

Coherent Control in Condensed Systems
My research is focused on the ultrafast dynamics and coherent control in the condensed systems,
especially in strongly coupled systems. We have recently demonstrated the ultrafast visible-pump THz-
probe measurement of the carrier dynamics in a thin film of CHsNH3PbBrs. As the pump photon energy
changes around the bandgap, we can observe the drastic change of the THz transmission intensity. The
results are analyzed based on the efficiency of the Auger-like process which is only observable for free carriers, and it is shown
that the thermal excitation of the excitons to generate free carriers in the conduction band is not efficient in this material.

We are interested in a vibrational strong-coupling system in which a mid infrared photon is mixed with molecular vibrational
quanta and forms a polaritonic quasi-particle. This phenomenon accompanies the local deformation of the potential surface,
which can modulate the wave packet motion on the potential. Our final goal is the control of the wave packet motion and the
photochemical reaction based on the modulation of the potential surface.



RESEARCH ACTIVITIES _
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 batteries, photocatalysts, fuel cells, solar cells and field effect transistors are
investigated in this department.




44

RESEARCH ACTIVITIES
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Keywords

For the developments of novel functional materials, it is
quite important to exploit simultaneously new analytical
methods based on advanced technology. 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
mainly synchrotron radiation (SR) and partly lasers.

The first subject in our group is the spectroscopic analysis
systems of magnetic thin films. In 2006, we successfully
invented a novel magnetic nanoscope using ultraviolet mag-
netic circular dichroism (UV MCD) photoelectron emission
microscopy (PEEM), which allows us to perform real-time
and ultrafast magnetic imaging to investigate magnetic dynam-
ics. We have also constructed in situ x-ray magnetic circular
dichroism (XMCD) system using an ultrahigh vacuum super-
conducting magnet and a lig. He cryostat, which is installed at
Beamline 4B of the IMS SR facility UVSOR-III. The XMCD
measurement system contains ultrahigh vacuum sample prepa-
rations chamber, with which one can clean substrates (sub-
strate single crystals etc.), deposit materials (metallic and
molecular magnets etc.) and characterize the samples using
low energy electron diffraction, reflection high energy electron
diffraction and Auger electron spectroscopy. The apparatus is
extensively open for public usage and many domestic and
foreign researchers visit us every year.

The second subject is the exploitation of ambient pressure
hard x-ray photoelectron spectroscopy (HAXPES) for polymer
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electrolyte fuel cells (PEFC) under working conditions. Although
usually photoelectron spectroscopic measurement is done
under ultrahigh vacuum, recent material science requires
ambient pressure measurements under working conditions. In
2017, we succeeded in real ambient pressure (10° Pa) HAXPES
measurements for the first time using Beamline 36XU of
SPring-8. This work was supported by the NEDO Fuel Cell
project.

The third subject is the pico- and femtosecond pump-and-
probe time resolved measurements using x-ray. Time-resolved
x-ray absorption fine structure spectroscopy of photocatalysts
WO3 and BiVO,4 was performed and we have investigated
those local geometric and electronic structures. Time-resolved
measurement can be also applied to investigate the dynamics
of magnetic materials with XMCD and other magneto-optical
effects. We captured XMCD spectra of the photoinduced
transient state. The real space image of magnetic domains can
be retrieved from the diffraction patterns. We succeeded in
capturing diffraction from magnetic domains and now con-
sidering the possibility of its application for time- and space-
resolved imaging.

Recently, new assistant professors Drs. Koitaya and
Yamamoto joined our group. We will further perform surface
physics and chemistry researches for materials science includ-
ing methodological exploitation using synchrotron radiation
and lasers.

* Y. Takagi et al., Appl. Phys. Express 10, 076603 (2017).
e Y. Uemura et al., Chem. Commun. 53, 7314 (2017).

» Y. Takagi et al., Acc. Chem. Res. 51, 719 (2018).

e L.Yuetal., J. Phys. Chem. C 123, 603 (2019).



Annual Review 2020

1. Quick Operando Ambient Pressure Hard
X-Ray Photoelectron Spectroscopy for
Reaction Kinetic Measurements of Polymer
Electrolyte Fuel CellsV

Polymer electrolyte fuel cells (PEFCs) are currently one of
the most promising electrochemical energy conversion and
storage technology. To achieve more highly efficient PEFC
with longer life time, a continuous supply of more powerful
materials and a further detailed understanding of the electro-
chemical properties of PEFC are essentially important. We
have been investigating the degradation and poisoning mecha-
nisms of PEFC using near ambient pressure operando HAXPES
of PEFC under working conditions. To study catalytic reaction
mechanisms, it is generally quite important to investigate
reaction kinetics with time-resolved experimental techniques.

In this work, we have designed and constructed a quick
operando ambient pressure hard x-ray photoelectron spec-
troscopy (HAXPES) measurement system for the investi-
gations of reaction kinetics in electrochemical cells under
working conditions. The HAXPES measurements can be
performed at typical pressures of 1x10% Pa (maximum 1x10°
Pa) with the typical time resolution of ~200 ms. To accumu-
late time-resolved spectra with sufficient signal-to-noise ratios,
repeated cycles of the chemical reactions are conducted based
on the repeated-cycle time-tagged method, requiring the
identity of each event and the time trigger. As demonstrative
experiments, we have successfully observed time-resolved
operando Pt 3ds, and S 1s HAXPES from the Pt/C cathode
catalyst of PEFCs. In the Pt 3ds;, HAXPES, we have evalu-
ated the reaction kinetics of the Pt oxidation/reduction pro-
cesses at the cathode upon abrupt change of the cathode-
anode bias voltage between 0.4 and 1.2 V. In the S 1s HAXPES
for measurements of S species poisoning fuel cells, we have
studied the contaminated anionic S adsorption and desorption
kinetics on the Pt nanoparticles at the cathode. The results are
comparatively discussed with previous findings.

Figure 1. (left) Schematic view of the quick operando HAXPES
measurement system installed at hard x-ray undulator station BL36XU
of SPring-8. (right) Examples of time dependence of the HAXPES
results. The upper panel depicts the Pt oxidation process upon an
abrupt step of the bias voltage. The lower panel gives the Pt-adsorbed
S desorption process upon a similar bias voltage variation.

2. Photoinduced Anisotropic Distortion as
the Electron Trapping Site of WO3 Studied
by Ultrafast W L;-Edge X-Ray Absorption
Spectroscopy with Full Potential Multiple
Scattering Calculations?

Understanding excited states of photocatalysts is signifi-
cant to improve their activity for water splitting reaction.
X-ray absorption fine structure (XAFS) spectroscopy using
X-ray free electron lasers (XFEL) is a powerful method to
address dynamic changes in electronic states and structures of
photocatalysts in the excited state in ultrafast short time scales.
The ultrafast atomic-scale local structural change in photo-
excited WO3 was observed by W L; edge XAFS spectroscopy
using an XFEL. An anisotropic local distortion around the W
atom could reproduce well the spectral features at a delay time
of 100 ps after photoexcitation based on full potential multiple
scattering calculations. The distortion involved the movement
of W to shrink the shortest W-O bonds and elongate the
longest one. The movement of the W atom could be explained
by the filling of the dyy and d orbitals, which were originally
located at the bottom of the conduction band with photo-
excited electrons.

Figure 2. Schematic view of the ultrafast dynamics of WO3 after
ultraviolet laser excitation studied by the x-ray free electron laser.

Figure 3. Experimental and calculated time-dependent W Lj-edge
XAFS spectra of WO3. Significant more distortion of the local
structure around W in the photoexcited state is elucidated.
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Interfacial water is ubiquitous in nature and plays crucial
roles in a variety of disciplines, including physics, chemistry
and biology. In such a symmetry-breaking system, not only
adsorption geometry but also anisotropic molecular orientation
(H-up/H-down configuration) is a key structural parameter that
determines unique physicochemical properties of interfacial
water systems. Nevertheless, orientation of water molecules,
i.e. configuration of hydrogens, in the interfacial hydrogen-
bond network is extremely hard to investigate with traditional
experimental techniques such as electron diffraction, grazing
X-ray scattering and even scanning prove microscopy, because
hydrogen has only a single electron and responds extremely
weakly to the probes of these techniques. Therefore, the
determination of molecular orientation of interfacial water has
been an experimental challenge.

We have used recently developed heterodyne-detected
sum-frequency generation spectroscopy for unveiling molecu-
lar orientation of interfacial water system. The remarkable
feature of this technique is that Imy® SFG spectra (x@: The
second-order nonlinear susceptibility) obtained by the hetero-
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dyne detection exhibit positive or negative sign for net orienta-
tion of OH with hydrogen pointing away (H-up) or toward
substrate (H-down), respectively. Thus, the heterodyne-detected
Imy@ SFG has a great advantage to direct observation of
water orientation that cannot be investigated through other
traditional experimental methods. With this sophisticated
molecular spectroscopy technique, we have conducted a series
of pioneering research on unique structures and physico-
chemical properties of hydrogen bonds of interfacial water
molecules.

Figure 1. Infrared-visible sum-frequency-generation (SFG) spectros-
copy of water molecules on solid surface.

most Surface of Crystalline Ice Between 120 and 200 K,” Phys.
Rev. B 99, 121402(R) (2019).

» F. Kato et al., “Direct Experimental Evidence for Markedly Enhanced
Surface Proton Activity Inherent to Water Ice,” J. Phys. Chem. Lett.
11, 2524-2529 (2020).
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1. Direct Evidence for Markedly Enhanced
Surface Proton Activity of Crystalline lceV

Hydrated protons on the ice surfaces critically influence
physical and chemical properties of ices. They are generated
solely by the thermal ionization of water molecules (H,0 &
H* + OH") in pure water molecular systems. Therefore, the
proton activity inherent to water ice is determined by the
amount and mobility of hydrated protons derived from the
autoionization. Considerable discussions have been made, yet
not been settled, on whether the activity of hydrated protons is
substantially enhanced at the surface of water ice.

Very recently, we succeeded in directly and quantitatively
demonstrating for the first time that the proton activity is
significantly enhanced at the surfaces of low-temperature ice.
On the basis of simultaneous experimental observation of the
H/D isotopic exchange of water molecules at the surface and
in the interior of double-layer crystalline-ice films composed
of H,O and D,0O (Figure 2), we reported three major dis-
coveries of the unique enhancement of surface proton activity:
(1) proton activity proved by the H/D exchange at the topmost
surface is at least three orders of magnitude higher than in the
interior even below 160 K; (2) the enhanced proton activity is
dominated by autoionization process of water molecules rather
than proton transfer process at ice surface; (3) as a conse-
quence of surface promoted autoionization, the concentration
of surface hydrated protons is more than six orders of magni-
tude higher than that in the bulk.

We also found that the cooperative structural fluctua-
tions2-4) allowed in the undercoordinated surface molecules
but inhibited in the fully coordinated interior molecules facilit-
ate the autoionization and dominate the proton activity at the
ice surface. Because the lower limit of temperature of the
earth’s atmosphere is ~120 K around the mesopause, the
surface of crystalline ice on earth is unlikely to be solidly
ordered but would inevitably be highly fluctuated. In nature,
such dynamic features facilitate the autoionization of water
molecules and thus enhance the proton activity at the surface
of crystalline ice.

Figure 2. Simultaneous observation of the H/D isotopic exchange of
water molecules at the surface and in the interior of double-layer ice
films composed of H,0 and D-,0.

2. Thickness Dependent Homogeneous
Crystallization of Ultrathin Amorphous Ice®

The crystallization mechanism and kinetics are fundamen-

Awards

tally important for thermal stability of amorphous materials.
The crystallization of amorphous materials is generally trig-
gered by spontaneous creation of crystalline nuclei. Two
processes are distinguishable in terms of the place where
crystallized nuclei are formed: Heterogeneous nucleation at
the surface of material or the interface with the other material,
and homogeneous nucleation in the bulk. In general, the
surface and interface of amorphous thin films serve as nuclea-
tion sites. Therefore, it has been traditionally believed that
crystallization of amorphous ice thin films also proceeds via
the heterogeneous nucleation.

We have focused on the ultrathin films of amorphous ice
grow on Pt(111) substrate and systematically investigated the
crystallization process by varying the thickness of the films
from a few nm to several tens of nm. Simultaneously monitor-
ing the crystallization processes at the surface and in the
interior of ice films, we found that the crystallization proceeds
via homogeneous nucleation irrespective of the film thickness.
This discovery overturned the conventional idea that the
crystallization of amorphous ice thin films is initiated by
heterogeneous nucleation. Furthermore, we found that the
crystallization Kinetics and temperature of amorphous ice thin
films are highly modulated depending on the thickness of the
film (Figure 3), although crystallization itself proceeds via the
homogeneous nucleation mechanism. The structural analysis
of hydrogen bonds based on vibrational spectroscopy revealed
that the strength of hydrogen bonds in the thermodynamically
most relaxed amorphous ice films (the state just before crys-
tallization) changes significantly with the film thickness,
which shows an evidence of a peculiar size effect.

Figure 3. Thickness dependence of the distribution of O-H:--O
hydrogen bond length (O), crystallization rate (A) and temperature
(<) of the amorphous ice thin films on Pt(111).
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Organic solar cells have been intensively studied due to
many advantages like flexible, printable, light, low-cost,
fashionable, etc. Last year, we proposed a novel concept of the
structure of organic solar cell, namely, a lateral multilayered
junction (Figure 1). An essential point is that the photo-
generated holes and electrons are laterally transported and
extracted to the respective electrodes. We also investigated the
reduction of open-circuit voltage loss in organic solar cells by
using high-mobility organic semiconductors (Figure 2). On the
other hand, we have been focused on the research on the ppm-
level doping effects in organic semiconductor films and
organic single crystals for organic solar cells. So far, we have
reported complete pn-control, doping sensitization, ppm-level
doping effects using an extremely low-speed deposition tech-
nique reaching 1079 nm s, in organic single crystals mea-
sured by the Hall effect, which shows a doping efficiency of
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24%, and enhancement of open-circuit voltage of organic solar
cells by doping. These results can be regarded as a foundation
for the construction of high efficient organic solar cells.
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Figure 1. Lateral multilayered junction which can replace the
blended junction.
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1. Reduction of Open-Circuit Voltage Loss
in Organic Solar CellsV

Reducing the energy loss in output voltage is critically
important for further enhancing the efficiency of organic solar
cells. In this work, we showed that the organic solar cells with
high mobility and highly crystalline donor and acceptor materials
can reduce an open-circuit voltage (Voc) loss.

Two-layer cells consisting of C8-BTBT and C,-PTCDI
(Figure 2(a)), which acts as the donor and acceptor were
fabricated. Vo increases in the order of C3 < C6 < C8 of
Cn-PTCDI (Figure 2(a)) and reached to thermodynamic
(Shockley—Queisser) limit (Figure 2(b), red dots). Simulta-
neously, electron mobility increases by the suppression of
molecular vibration of m-stacking due to the increase of
crystallinity by fastener effect by increasing the chain length
(C3 < C6 < C8). Vqc increase can be reasonably explained by
the suppression of non-radiative (vibrational) recombination
from CT (charge transfer) exciton (D*/A~) to ground state
(D/A) (Figure 2(c)).

By using the high mobility (band conductive) organic
semiconductors, high efficient organic solar cells would be
realized by reducing Vo loss.

@

(b)

()

Figure 2. (a) J-V characteristics of C8-BTBT/C,-PTCDI cells. (b)
Voc vs. CT state energy. (c) Non-radiative recombination from CT
state to ground state.

2. Ultra-Thick Blended Layer up to 10 um
in Organic Solar Cells?

Blended layer thickness of organic solar cells made with
small molecules has limitation up to the order of a few
hundred nm which is still not enough to absorb whole solar
light. In this work, we succeeded to operate the organic solar
cells having 10-um-thick photoactive blended layer, consisting
of zinc phthalocyanine (ZnPc), and fullerene (Cegp).

A method of co-evaporant induced crystallization) was
used for the deposition of ZnPc:Cgo codeposited films.
Co-evaporant molecule (polydimethylsiloxane; PDMS) acts as
a liquid in the vacuum, which induces the crystallization and
phase separation of the codeposited film. The cross-sectional
image of co-deposited films with a co-evaporant show the
columnar structures of ZnPc and Cgg which offer the vertical
transport routes for holes and electrons (Figure 3, inset).

With co-evaporant, short-circuit photocurrent (Jsc) and fill
factor (FF) showed almost constant value up to the surprising
blended layer thickness of 10 um (Figure 3, blue diamonds).
However, without co-evaporant, they steeply decreased within
several hundred nm (Figure 3, green crosses). Photocurrent
density of 20 mAcm=2 and the conversion efficiency (PCE) of
4.3% were observed. Whole solar light absorption by ultra-
thick blended layer fabricated by co-evaporant will open the
way to realize the high efficient small-molecular type organic
solar cells.

Figure 3. Dependence of cell performance on blended layer thick-
ness. Inset: Phase separated columnar structure made by co-evaporant
induced crystallization.
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In order to elucidate functions of molecules, characteri-
zation of the molecule is the first step. There is a variety of
important molecules, which are insoluble in any solvents and
functional at amorphous state. Solid-state NMR enables us to
obtain a variety of information at atomic resolution without
damage to molecules and significant restrictions. Thus, solid-
state NMR is one of the essential tools for the characteri-
zations of those molecules.

We have been working on methodology and hardware
developments of solid-state NMR and their application to
structural biology and materials science. We study characteri-
zation of membrane proteins and peptides, organic materials,
natural products and synthetic polymers. Characterization of
those molecules based on solid-state NMR is underway through
collaborations with several research groups.
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1. Development of Solid-State NMR Probe

We have built a variety of solid-state NMR probes such as
static and MAS H-X double resonance probes for 400 MHz
NMR, and a variable temperature 1H-X double resonance
MAS probe for 920 MHz ultra-high field NMR so far. Most of
these probe buildings were achieved through major modifi-
cations of commercial probes. During the past few years, we
have been working on building an original solid-state NMR
probe which is fully compatible with commercial instruments
currently used.

We have built original narrow bore solid-state NMR 1H-X
(“X” indicates variable resonant frequency) double resonance
magic angle spinning (MAS) probe for 2.5 mm outer diameter
(0.D.) sample tube used for 400 MHz (9.4 T) NMR spectrom-
eter. The developed probe was built with originally designed
parts except for spinning and spinning rate detection modules
which were purchased from NMR company. The capacitive
matching network design composed of commercially available
non-magnetic variable capacitors was used. Balun type elec-
tric circuit was incorporated into *H channel, in which reduces
to half the effective voltage of tuning capacitor and also
minimize antenna effect of rf coil and rf inhomogeneity,
especially at high field. Low frequency X channel was enabled
to change largely its tunable frequency range to observe
various nuclei by exchanging additional non-magnetic capaci-
tors from bottom of the probe. The used network design may
be compatible at higher fields by changing the parts related to
resonant frequency.

Currently, the designs of individual parts are further
updated and parts positions in the probe are further optimized
to improve performance of the probe and access to the parts
for the maintenance of the probe. H-13C-15N triple resonance
MAS probe was re-designed based on improved 1H-X double
resonance probe and is under building. We would like to
replace two NMR modules purchased from NMR company to
original ones. Therefore, we are currently attempting to design
original spinning module for 4 mm sample tube in which a
little bit easier than that for 2.5 mm sample tube. Probe
developments enable to reduce cost for acquiring probes and
open up possibilities to design new experiments which are
tightly related to specifically designed hardware. In near
future, we would like to incorporate special functions into our
original probes.

2. Structural Characterization of Amyloid B
Protein Oligomer Promoted on Lipid
Bilayers Using Solid-State NMR

Amyloid B (AB) protein is disordered in solutions under
diluted conditions, however it conforms insoluble amyloid
fibrils, which are found in senile plaque as a hallmark of
Alzheimer’s disease. Although molecular structures of amy-

loid fibrils have been determined, its molecular process for
fibrillation in vivo has not been clarified yet. However, accu-
mulated evidences suggest that the fibrillation process may be
promoted on neuronal cell membrane. Especially, it has been
reported that AP specifically interacts with ganglioside GM1
which is one of the key lipids in lipid raft. Therefore, GM1
embedded into lipid bilayers composed of neutral lipid DMPC
may be regarded as the most simplified model neuronal cell
membrane. In order to clarify the role of GM1 in the fibril-
lation process, first, we have successfully determined the
oligomeric structure of A (1-40) induced on DMPC bilayers
based on solid-state NMR.1) We have been collaborated with
Prof. Kato group in IMS for those AR studies.

In the current study, AB (1-40) oligomer induced on lipid
bilayers consisting of GM1 and DMPC have been attempted to
characterize using solid-state NMR. All of essential solid-state
NMR experiments such as 13C-homonuclear- and, 13C-15N
heteronuclear correlation experiments for signal assignments
and dipolar coupling based 13C-homonuclear correlation
experiments to obtain distance information were completed.

As reported in last report, analysis of secondary structure
of AP based on the chemical shifts of assigned signals revealed
that disordered N-terminus followed by two B-sheet structures
from middle region to C-terminus, in which differ from the
one induced on DMPC bilayers.

During a year, the signal assignments were reconfirmed
and dipolar coupling based 13C-homonuclear correlation
experiments were performed for the sample of [U-13C,15N] AB
diluted with natural abundant AP at various mixing times to
differentiate intra- and intermolecular correlations. Then intra-
and intermolecular distance information was extracted through
the analyses of those NMR data. By considering the result of
paramagnetic relaxation enhancements (PRE) experiments as
reported last year, promising intermolecular packing model
was successfully obtained from the NMR data.

Currently, precise molecular structure of A together with
intermolecular packing configuration is under investigations
based on NMR data with combination of computational sci-
ence through collaboration with Prof. Okumura group in IMS.

3. Structural Characterizations of
Molecular Materials Using Solid-State NMR

We have also been working on collaboration works with two
other research groups, Prof. Yoshito Tobe in Osaka university
and Prof. Nobuyuki Nishi in Aichi university of education for the
characterizations of newly designed molecular materials based
on solid-state NMR. Those projects are underway.
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Chemical energy conversion/storage using electrochemical
devices such as fuel cells and batteries will become increas-
ingly important for future sustainable societies. As ion trans-
port in solids is key for determining the performance of these
devices, an improved understanding of the characteristics of
existing electrode and electrolyte materials is required. For
example, crystal structure, thermal stability, and reaction
mechanisms are important to enhancing battery performance.
Furthermore, the development of novel ion conduction phe-
nomena through the synthesis of a new class of substances
will be expected to lead to the creation of novel battery
systems. In this context, | have concentrated my research
efforts into two main areas: (i) Studies into the reaction
mechanisms of cathodic materials for lithium secondary bat-
teries; and (ii) The synthesis of new materials exhibiting
hydride ion (H™) conductivity and the development of a novel
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battery system utilizing both the H~ conduction phenomenon
and the H~/H, redox reaction.

Figure 1. The concept of our research toward the realization of new
energy storage/conversion devices.
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1. Study on H- Conductive Oxyhydrides!—>)

lonic charge carriers include a variety of species, such as
Li*, H*, Ag*, Cu*, F-, and 0%, and their conductors have
found applications in energy devices such as fuel cells and
batteries. A hydride ion (H™,) is an attractive charge carrier
because it exhibits promising features for fast ionic con-
duction; namely, monovalence, suitable ionic size similar to
that of F~ and O2-, and high polarizability. Furthermore, its
strong reducing properties with a standard redox potential of
H=/H, (-2.3 V) which is close to that of Mg/Mg?* (-2.4 V)
may be applied in energy storage/conversion devices with
high energy densities. In 2016, we synthesized a series of
KoNiF4-type oxyhydrides, Lap—x—ySrx+yLiH1-x+yO3-y, Which
are equipped with anion sublattices that exhibit flexibility in
the storage of H~, 02-, and vacancies (Figure 2 upper) and
demonstrated pure H™ conduction properties in the oxy-
hydrides. The Li-based oxyhydrides acted as solid electrolytes
and the all-solid-state Ti/Lap-yx—ySry+yLiH1-yx+yO3-y/TiH> cell
showed a redox reaction based on hydrogen storage/desorption
on the electrodes, which is a first battery reaction using H™
conduction phenomena.

Figure 2. Crystal structures of H™ conductive oxyhydrides Lap-y-ySrx+y
LiH;-y+yO3-y (x=0,y =0, 1, 2) and Ba,MHO3 (M = Sc, Y).

More recently, we synthesized novel H™ conductive oxy-
hydrides, Ba,MHO3 (M = Sc, Y), with the KoNiF4-type struc-
ture and confirmed its unique site selectivity for H™. In accord-
ance with the electrostatic valence rule, it was found that the
hydride ions in BapMHO3 selectively occupied the rock-salt
layer, in contrast to those of the observed isostructural Li-
based oxyhydrides that preferentially occupy the perovskite
layer (Figure 2). The cation size at the octahedral center

Award

influences the anion arrangement within the rock salt layer,
and in the Y-oxyhydride, the complete ordering of H/O led to
the formation of the [BayH>] layers. These results indicate that
anion ordering in oxyhydrides could be tuned by appropriate
element substitutions, which is a new insight for designing H™
conducting materials.

2. High-Performance of Li-Rich Layered
Cathode Materials through A>,O3-Surface
Modification®

Controlling the cathode/electrolyte interface by surface
modification of cathode materials with metal oxides or phos-
phate is being explored as a possible strategy for improving
the electrochemical performance of such materials. We syn-
thesized Al,O3-coated Li[Ligp 2Nig.18C00.03Mng 58] O2 and inves-
tiated the crystal structure, the chemical bonding state from
bulk to surface, and the influence of the surface modification
on the electrochemical performance by X-ray diffraction, hard
X-ray photoelectron spectroscopy (HAXPES), and galva-
nostatic charge/discharge reaction. It revealed that the surface-
modification layer was composed of Li-Al oxides and Al
oxides and that a LiM1_yAlxO2 (M = transition metals) inter-
layer was formed between the modification layer and the
Li[Lig.2Nig.18C00.03Mng 58]O2 particles (Figure 3). The cycling
performance of the Li-rich layered oxide was enhanced by the
surface modification with Al,O3. A discharge capacity of
more than 310 mA h-1 and excellent cycling stability at 50 °C
were achieved by the combination of the gradual Li-insetion/
de-insertion process (stepwise precycling treatment) and the
surface-modification.

LiM, ,AlLO, interlayer

A|203 layel Al203-coated Li[Lio.2Nio.18Co0.03Mno.58]O2

Arb. Unit.)

Aloxides

% Li-Al oxides

Li[Lig sNig, 15C00.05MNo 6102

Intensity

1568 1566 1564 1562 1560 1558 1556
Binding Energy E/eV

Figure 3. Schematic illustration and Al 1s HAXPES spectra of the 2
wt% Al,O3-coated Li[Lig 2Nig.18C00.03Mng 58]O2 particle.
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RESEARCH ACTIVITIES

Clarification of the Energy Conversion
Mechanism at the Surface and Interface by
Scanning Probe Microscopy

Instrument Center

Surface and interface are the places
for energy conversion processes in
physics, chemistry, and biology. The
detailed mechanism of such energy
conversion processes is yet to be clari-
fied. The reaction at the interface be-
tween the electrode and electrolyte of
rechargeable batteries are a typical sys-
tem of the energy conversion. At the
interface in lithium ion battery, which
is most widely used rechargeable battery,?) the energy transfer
is proceeded by the insertion and extraction of the carrier ions
at the interface during the charge and discharge reactions.
Also, at the interface, the carrier ions, counter ions, solvents,
additives, and crystal structures of the electrode surface forms
characteristic structures that induce different properties from
the material bulk. Traditionally, the reaction mechanism at the
interface has been discussed based on electrochemical mea-
surements. However, the nature of the interface is still unclear
due to the difficulty of the analysis of the buried interface.

MINATO, Taketoshi
Senior Researcher

Figure 1. The scanning probe microscope system for the analysis of
electrochemical reactions installed in the instrument center of Institute
for Molecular Science.

Scanning probe microscopy (SPM) is an excellent tech-
nique to analyze the geometric, mechanical, electric, and
electronic properties at the surfaces and interfaces. Thus, it has
been employed for the analysis of the energy conversion
processes. SPM can directly access to the buried interfaces
such as the interface between electrode and electrolyte and has
abilities to provide important information to clarify the reac-
tion mechanism. In 2020, two specially designed SPMs have
been launched at the instrument center of the Institution for
Molecular Science. One is designed for the analysis of the

geometric, mechanical, electric, and electronic properties at
the surface and interface under photo excitation or magnetic
field with high resolution. The another is solely designed for
the analysis under electrochemical reactions (Figure 1). Using
the two SPM systems, both the physical properties and the
reaction mechanism of the energy conversion processes at the
surface and interface could be clarified.

Figure 2. A Faraday current mapping on SiN/Pt obtained by scanning
electrochemical microscopy in 5 mM hexamine RuClz and 0.1 M
KNOj3 aqueous solution. Cantilever: Pt; counter electrode: Pt, refer-
ence electrode: Ag, sample potential: 0.1 V (vs reference), image
size: 25 pm x 6 pm.

In electrochemical devices, the local distribution of the
reactions at the interface between the electrode and electrolyte
strongly influences the device performances. The direct obser-
vation of the local distribution at the interface provides impor-
tant information that aids the understanding of the reaction
mechanism of the system. Using the SPM system with the
specially designed cantilever having Pt tip, the local distri-
bution of the electrochemical reactions was visualized. Figure
2 shows an example of the mapping of the electrochemical
reaction on SiN/Pt in hexamine RuCls electrolyte. The bright
area shows the area with higher Faraday current than the dark
area. The higher Faraday current is caused by the redox
reactions of Ru ions in the electrolyte. From the simultaneous
observation of the mechanical properties of the electrode
surface using the SPM, the bright and dark areas are assigned
to the regions of Pt and SiN, respectively. The results reveal
the high reactivity of the Pt in the reaction. Employing this
technique in the present and innovative battery systems,1-3)
the local distribution of the reactions in the batteries can be
visualized. This will avail more vital information for the
design of new energy devices.
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Visiting Professor
KISHINE, Jun-ichiro (from The Open University of Japan)

Theoretical Studies on Chiral Material Science
We focus on chirality-induced phenomena in solids. (1) Magnetic response of a highly nonlinear
soliton lattice in a monoaxial chiral helimagnet: We presented a theory of nonlinear magnetic response of a
chiral soliton lattice state in a monoaxial chiral helimagnet under an oscillating magnetic field. (2) Tensile
deformations of the magnetic chiral soliton lattice probed by Lorentz transmission electron microscopy:
We considered the case of a chiral soliton lattice subjected to uniaxial elastic strain. We found that the strain induced anisotropies
give rise to three distinct non-trivial spin textures, depending on the nature of the strain, and we show how these states may be
identified by their signatures in Lorentz transmission electron microscopy (TEM). (3) Chirality-Induced Spin-Polarized State of a
Chiral Crystal: Chirality-induced spin transport phenomena are investigated at room temperature without magnetic fields in a
monoaxial chiral dichalcogenide CrNb3Sg. We found that spin polarization occurs in these chiral bulk crystals under a charge
current flowing along the principal ¢ axis.

Visiting Associate Professor
FURUKAWA, Ko (from Niigata University)

Advanced ESR Study of Molecule-Based Functional Materials
To develop the high-efficiency molecule-based device, it’s vital to clarify the mechanism of the
functional molecules/materials. We investigate the mechanism of the solid-state functional materials in
terms of advanced electron spin resonance (ESR) spectroscopy such as high-field/high-frequency ESR,
time-resolved ESR, pulsed-ESR and so on. Recently, our themes are following three (1) spin dynamics
study of molecule-based materials with the complex function combined to photoconductivity and photo-induced magnetic
properties, (I1) operand ESR study of the alternative catalyst for oxygen reduction reaction (ORR) in fuel cell, and (l11) The ESR
study aimed to investigate the paddy soil environments and to identify the rice cultivar from the trace metal in the rice bran.

Visiting Associate Professor
OSHIMA, Yugo (from RIKEN)

Microscopic Studies of the Bilayer-Type Molecular Ferromagnet (Et-4BrT)[Ni(dmit)2]> by ESR
Recently, a novel type of ferromagnet has been developed by Kusamoto Group and Yamamoto Group
in IMS. The novel molecular ferromagnet (Et-4BrT)[Ni(dmit),]2, where dmit is 1,3-dithiol-2-thiole-4,5-
dithiolate and Et-4BrT is ethyl-4-bromothiazolium, takes a bilayer structure, and becomes ferromagnetic
below 1 K. We are considering that this ferromagnet is the first realization of the Nagaoka-Penn
ferromagnetism, where the ferromagnetism is achieved by the light hole-doping of the insulating Ni(dmit),
layer owing to the internal dipole moment of the monovalent cation Et-4BrT. In collaboration with Kusamoto Group and
Yamamoto Group, we have investigated the microscopic electronic state of (Et-4BrT)[Ni(dmit)2]2 by high-frequency ESR. We
have found that ESR lineshape largely changes below 30 K, which is probably due to the effect of doping from the cation site.
We are now developing an ESR sample holder for field-effect transistors (FETS), so that we can control precisely the electrical
doping of (Et-4BrT)[Ni(dmit),]2 by means of FET structure, and investigate its change of magnetic properties by ESR
spectroscopy.




RESEARCH ACTIVITIES
Life and Coordination-Complex

Molecular Science

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 proteins, biological-clock
proteins, metalloproteins, glycoconjugates, molecular chaperone, and motor proteins. Coordination-
complex divisions aim to develop molecular catalysts and functional metal complexes for
transformation of organic molecules, water oxidation and reduction, and molecular materials with
photonic-electronic-magnetic functions. Interdisciplinary alliances in this department aim to create
new basic concepts for the molecular and energy conversion through the fundamental science
conducted at each divisions.
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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 focused on the elucidation of the structure and
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function relationships of metalloproteins responsible for the
regulation of biological homeostasis.

I am also working on gas sensor proteins. Gas molecules
such as Oz, NO, CO and ethylene are present in the environ-
ment and are endogenously (enzymatically) produced to act as
signaling molecules in biological systems. Sensing these gas
molecules is the first step in their acting as signaling molecules.
Sensor proteins are usually required. Input signals generated
by gas sensing have to transduce to output signals that regulate
biological functions. This is achieved by biological signal-
transduction systems. Recognition of the cognate gas molecules
is a general mechanism of functional regulation for gas sensor
proteins. This induces conformational changes in proteins that
controls their activities for following signal transductions.
Interaction between gas molecules and sensor proteins is
essential for recognition of gas molecules. Metal-containing
prosthetic groups are widely used. In my research group, our
research focuses on transition metal-based gas-sensor proteins
and the signaling systems working with them.

“Probing the Role of the Heme Distal and Proximal Environment in
Ligand Dynamics in the Signal Transducer Protein HemAT by
Time-Resolved Step-Scan FTIR and Resonance Raman Spec-
troscopy,” Biochemistry 56, 5309-5317 (2017).
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Aono, “Structural Characterization of Heme Environmental Mutants
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Int. J. Mol. Sci. 17, 829 (2016).
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HmuT Responsible for Heme Transport to the Heme Transporter in
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1. Molecular Mechanisms for Biosynthesis
and Maturation of Hydrogen Sensing
Regulatory Hydrogenase

Regulatory hydrogenase (RH) that acts as a Hj sensor
consists of two subunits, a large subunit containing the Ni-Fe
dinuclear complex and a small subunit containing iron-sulfur
clusters. Though the Ni-Fe dinuclear complex in the large
subunit is assumed to be the active site for H, sensing by RH,
the molecular mechanisms of biosynthesis and maturation of
the Ni-Fe dinuclear complex are not clear yet.

CO and CN~ ligands are coordinated to the Fe in the Ni-Fe
dinuclear complexe in RH. These CO and CN~ are bio-
synthesized and assembled into the metal clusters, for which
several accessory and chaperone proteins are required, as
shown in Figurel. In 2019, we have determined the crystal
structure of HypX, which catalyzes CO biosynthesis for the
ligand of the Ni-Fe complex in RH, to find that HypX adopt
coenyzme A (CoA) as a cofactor for CO biosynthesis using
formyl-tetrahydrofolate as a substrate to form formyl-CoA,
and that formyl-CoA is the reaction intermediate to form CO.

Figure 1. Reaction scheme of the biosynthesis and maturation of the
Ni-Fe dinuclear complex for the active site in RH.

CO produced by HypX is used as a ligand of the iron in
the NiFe(CN)2(CO) center of NiFe hydrogenases. The Fe
(CN)2(CO) unit of the NiFe dinuclear center is assembled in
the HypC/HypD complex as a scaffold. The binding site of the
Fe(CN)2(CO) unit is proposed to be located at the bottom of a
tunnel ca. 20 A deep inside from the protein surface in the
HypC/HypD complex, to which Fe is initially bound and then
CN~ and CO ligands bind to the Fe. If CO produced by HypX
is diffused into solvent, it will be inefficient for the assembly
of the Fe(CN)2(CO) unit in the HypC/HypD. It may be a
solution to utilize CO produced by HypX effectively is that
HypX and HypC/HypD form a complex. The SEC analyses
reveal the formation of HypC/HypD and HypC/HypD/HypX
complexes as described below.

HypC (10.4 kDa in monomer) and HypD (45.0 kDa in
monomer) are eluted from a Superdex75 column with an
apparent mass of 21.6 kDa and 35.5 kDa, respectively, indicat-
ing that HypC and HypD exist as a homo-dimer and monomer
in solution, respectively. The mixture of HypC and HypD is
eluted with an apparent mass of 76.4 kDa. Though this result
indicates the formation of the complex between HypC and
HypD (probably (HypC),HypD complex), its quaternary struc-
ture is not clear at present. The mixture of HypC, HypD, and

HypX was eluted from a Superdex200 column with an apparent
mass of 119.7 kDa, suggesting the formation of the 1:1:1
complex of HypC, HypD, and HypX. The structural charac-
terization of this complex is now in progress.

2. Structural Basis for Heme Transfer
Reaction in Heme Uptake Machinery from
Corynebacteria

Corynebacteria including Corynebacterium diphtheriae
and Corynebacterium glutamicum, which are classified as a
high GC content Gram-positive bacteria (Actinomycetes),
adopt a different heme uptake machinery (Hta/Hmu system). It
consists of the membrane-bound heme binding/transport pro-
teins (HtaA and HtaB) and the ABC-type heme transporter
system (HmuTUV). HtaA and HtaB consist of two and one
CR (Conserved Region) domains, respectively, which are
responsible for heme binding/transport. In this study, we have
determined the crystal structures of HtaA and HtaB from C.
glutamicum to understand the structural basis of the heme-
uptake in Corynebacteria.

Though these interactions and the overall structure are
conserved among HtaA and HtaB, the orientation of heme is
different from one another. Good fitting of the model into the
electron density of heme was obtained with the single orienta-
tion of heme for HtaA. On the other hand, assuming a 1:1
mixture of two orientations of heme was needed to obtain
good fitting for the electron density of heme in HtaB. Thus,
heme is accommodated with a mixture of two different orien-
tations in HtaB unlike HtaA. The difference of the heme
orientation suggests that heme transfer reaction between HtaA
and HtaB proceeds through the HtaA/HtaB complex formation.

We also determined the crystal structure of the apo-form
of H434A-HtaA at a resolution of 2.0 A. Though the holo-
form of H434A-HtaA is a monomer, the apo-form of this
variant was dimer. The N-terminal region (Ser364-Gly391)
including the B1 strand and the o1 helix in each protomer are
separated from the core region and each B1 strand is swapped
between two protomers to form a domain-swapped dimer
(Figure 2).

Figure 2. The structure of the apo-form of H343A-HtaA. The chains
A and B are shown in orange and light green, respectively. A dotted
line in the chain B is a disordered region including the o2 helix.

The structure of the domain-swapped dimer of apo-HtaA
would be a model of a reaction intermediate for the heme
transfer. In the domain-swapped dimer, the chain A would be
a model of the holo-HtaA because it is superimposable to the
structure of the holo-HtaA. The chain B in the domain-swapped
dimer would be a model of the apo-HtaB in the holo-HtaA/
apo-HtaB complex.
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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. Conformational Dynamics of Post-
Translational Protein Modifiers

A majority of proteins encoded in genomes of limited size
are post-translationally diversified by covalent modifications
such as glycosylation and ubiquitination. The modifiers, i.e.,
glycans and ubiquitin (Ub) chains, carry distinct biological
information in forms of “glycocode” and “Ub code,” respec-
tively, which are read out by specific interacting proteins.
Because these modifiers possess considerable degrees of
motional freedom, we develop methodologies for charac-
terizing their conformational dynamics in solution by NMR
spectroscopy.

Our NMR analyses enabled the quantification of popu-
lations of individual conformers of Lys48-linked Ub chains,
which serve as tags for proteasomal degradation. The data
indicate that the most distal Ub unit in the Ub chains is the
most apt to expose its interaction surface with the Ub-recog-
nizing proteins. We also demonstrate that a mutational modifi-
cation of the distal end of the Ub chain can remotely affect the
solvent exposure of the interaction surfaces of the other Ub
units, suggesting that Ub chains could be unique design
frameworks for the creation of allosterically controllable
multidomain proteins.?)

We also developed an approach to improve the protein-
binding affinity of an oligosaccharide by remodeling its con-
formational space in the precomplexed state. In this approach,
based on NMR-validated molecular dynamics simulations, we
created an oligosaccharide analogue with an increased popula-
tion of on-pathway metastable conformers that were originally
very minor but exclusively accessible to the target protein
without steric hindrance (Figure 2).2)

Figure 2. Remodeling of the oligosaccharide conformational space in
the prebound state to improve lectin-binding affinity.

2. Integrative Biophysical Approaches to
Exploring Protein Assembly Dynamics

The integrative biophysical approaches we have been

Awards

developing in collaboration with several research groups in
EXCELLS and our external research network could be suc-
cessfully applied to a variety of biomolecular assembling
systems, yielding fruitful results in the past year, as sum-
marized below (Figure 3).

We revealed that the two functionally unannotated archaeal
proteins, PbaA and PF0014, are co-assembled into a unique
ancient Greek tholos-like architecture, offering a novel frame-
work for designing functional protein cages.®) We successfully
visualized the dynamic process by which the antibodies bound
to antigens in membranes spontaneously assemble to form a
hexameric ring structure, thereby recruiting complement
component C1q on the membrane, which is the initial step of
complement-mediated cell lysis.*) Assembly of amyloid B
(AB) under microgravity conditions were explored using the
International Space Station, showing that the A fibrillization
process significantly slowed down in the microgravity envi-
ronment, giving rise to distinct morphologies of ApB.%

Furthermore, we demonstrated that the cargo receptor
complex responsible for the intracellular transportation of
blood coagulation factors V and VIII recognizes 10-amino
acid sequence built into these glycoproteins as a “passport” in
the secretory pathway.®) The secretion levels of recombinant
glycoproteins were significantly increased simply by tagging it
with the passport sequence. Our findings offer a potentially
useful tool for improving the production yields of recombinant
glycoproteins of biopharmaceutical interest.

Figure 3. Integrative biophysical approaches to exploring protein
assembly dynamics. The simulated model structure of the PbaA/PF0014
complex superimposed onto the cryo-EM map (a), high-speed AFM
image of 1gG hexamers formed on membrane (b), distinct morphologies
of AB fibrils formed under microgravity conditions (c).
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Activity of life is supported by various molecular machines
made of proteins. Protein molecular machines are tiny, but
show very high performance, and are superior to man-made
machines in many aspects. One of the representatives of
protein 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 electrochemical poten-
tial across the cell membrane.

We unveil operation principles of molecular motors with
advanced single-molecule functional analysis. With the help
of site-saturation mutagenesis and robot-based automation, we
also engineer non-natural molecular motors to understand their
design principles.
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Figure 1. Protein molecular machines. (Left) A linear molecular
motor chitinase A. (Center and Right) Rotary molecular motors
F1-ATPase and V1-ATPase, respectively.
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1. Small Stepping Motion of Processive
Dynein Revealed by Load-Free High-Speed
Single-Particle Tracking?

Cytoplasmic dynein is a dimeric motor protein which
processively moves along microtubule. Its motor domain
(head) hydrolyzes ATP and induces conformational changes
of linker, stalk, and microtubule binding domain (MTBD) to
trigger stepping motion. Here we applied scattering imaging of
gold nanoparticle (AuNP) to visualize load-free stepping
motion of processive dynein (Figure 2). We observed artifi-
cially-dimerized chimeric dynein, which has the head, linker,
and stalk from Dictyostelium discoideum cytoplasmic dynein
and the MTBD from human axonemal dynein, whose structure
has been well-studied by cryo-electron microscopy. One head
of a dimer was labeled with 30 nm AuNP, and stepping motions
were observed with 100 ps time resolution and sub-nanometer
localization precision at physiologically-relevant 1 mM ATP.
We found 8 nm forward and backward steps and 5 nm side
steps, consistent with on- and off-axes pitches of binding cleft
between af3-tubulin dimers on the microtubule. Probability of
the forward step was 1.8 times higher than that of the back-
ward step, and similar to those of the side steps. One-head
bound states were not clearly observed, and the steps were
limited by a single rate constant. Our results indicate dynein
mainly moves with biased small stepping motion in which
only backward steps are slightly suppressed.

Figure 2. (Top) Schematic of single-molecule imaging of dynein
motion. (Middile) Typical trajectory of motion. (Bottom) Distribution
of step size in on- and off-axis.

Awards

2. Single-Molecule Imaging Analysis
Reveals the Mechanism of a High-
Catalytic-Activity Mutant of Chitinase A
from Serratia marcescens?

Chitin degradation is important for biomass conversion
and has potential applications for agriculture, biotechnology,
and the pharmaceutical industry. Chitinase A from the Gram-
negative bacterium Serratia marcescens (SmChiA, Figure 3) is
a processive enzyme that hydrolyzes crystalline chitin as it
moves linearly along the substrate surface. In a previous study,
the catalytic activity of SmChiA against crystalline chitin was
found to increase after the tryptophan substitution of two
phenylalanine residues (F232W and F396W), located at the
entrance and exit of the substrate binding cleft of the catalytic
domain, respectively. However, the mechanism underlying
this high catalytic activity remains elusive. In this study,
single-molecule fluorescence imaging and high-speed atomic
force microscopy were applied to understand the mechanism
of this high-catalytic-activity mutant. A reaction scheme
including processive catalysis was used to reproduce the
properties of SmMChiA WT and F232W/F396W, in which all of
the Kkinetic parameters were experimentally determined. High
activity of F232W/F396W mutant was caused by a high
processivity and a low dissociation rate constant after pro-
ductive binding. The turnover numbers for both WT and
F232W/F396W, determined by the biochemical analysis, were
well-replicated using the kinetic parameters obtained from
single-molecule imaging analysis, indicating the validity of
the reaction scheme. Furthermore, alignment of amino acid
sequences of 258 SmChiA-like proteins revealed that trypto-
phan, not phenylalanine, is the predominant amino acid at the
corresponding positions (Phe-232 and Phe-396 for SmChiA).
Our study will be helpful for understanding the kinetic mecha-
nisms and further improvement of crystalline chitin hydrolytic
activity of SmChiA mutants.

Figure 3. (A) Structural model of SmChiA bound to crystalline
chitin. (B and C) Side and bottom views of aromatic amino acid
residues (cyan and pink) and bound chitin (yellow) in the catalytic
cleft of SmChiA and OfChi-h.
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The cell is the smallest unit of life, and the first simple
cells evolved from simple molecular assemblies on prebiotic
earth. To understand this transition from non-living to living
structures, we use a supramolecular chemical approach. As
shown in Figure 1, the key elements of a cell are a com-
partment, information, and a catalyst (i.e., metabolism). We
have attempted to construct a chemically based artificial cell
endowed with these three elements.

In our laboratory, we constructed two types of artificial
cells by using giant vesicles (GVs) as the compartment. The
first, developed in collaboration with the Sugawara group
(Kanagawa Univ.), is an artificial cell that can proliferate from
generation to generation. We have improved this model by
constructing a recursive vesicular artificial cell system with
proliferation cycles. After self-reproduction, these second-
generation GVs contain no PCR reagents by consuming and
therefore cannot reproduce for a second time. However, the
reagents can be replenished by using the vesicular transport
system and changing the pH of the dispersion, resulting in the
fusion of the GVs with conveyer GVs bearing the PCR reagents.
After the PCR reagents are replenished, the GV can self-
reproduce again. This system could lead to an evolvable
artificial cellular system. The second type of artificial cell
contains a catalyst-producing system. The GV system can

Selected Publications
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generate catalysts and membrane molecules by transforming
their respective precursors. The catalysts that are produced
facilitate the proliferation of the GVs.

We are now tackling the creation of artificial cells that
mimic cellular dynamics, such as cytoskeleton formation
within the cell.

Figure 1. Atrtificial cell model. Materials containing heritable infor-
mation are enclosed within a compartment. The reactions in the two
replicating systems (compartment and information) are accelerated by
appropriate catalysts The reactions in the two replicating systems are
accelerated by appropriate catalysts.

Reproducing Artificial Cell with a Modification-Active Lipo-
Deoxyribozyme,” Micromachines 11, 606 (2020). doi:10.3390/
mi11060606



1. Construction of a LLPS-Droplet Based
Model Protocell

In the prebiotic era, cooperative interaction between self-
producing molecular aggregates and peptide polymers led to
the emergence of primitive cells. Although the advanced
membrane provides a field for catalytic reaction, it remains a
mystery how cooperation between polymers and molecular
aggregates occurred even in membraneless organisms like
coacervate droplets. Since a coacervate droplet as a model of
early life was created by Oparin about 100 years ago, inter-
esting primitive cell models using coacervate droplets have
been created. However, construction of the self-reproduction
of coacervate droplets and the spontaneous formation of
peptides, which are the constituents of the coacervate droplets
has not been realized in the same environment. In the present
study, we designed and synthesized a molecule that has both a
peptide and a droplet formation site to enable the formation of
the coacervate droplets. We attempted to construct a liquid—
liquid phase-separated droplet that self-reproduces by con-
structing a reaction system in which a peptide is produced by
spontaneous polymerization of an amino acid derivative in
water.

We synthesized an amino acid derivative (monomer) with
two cysteine reactive sites at the N-terminus and a thioester at
the C-terminus that spontaneously polymerizes in water to
form a peptide. In order to prevent undesirable oxidation, a
monomer precursor was obtained by crosslinking monomers
with disulfide. After the addition of a reducing agent (dithio-
threitol, DTT) to the monomer precursor solution, we observed
the formation of droplets. We then added more precursor and
DTT and examined the changes in particle size. The mean
particle size increased and decreased rapidly immediately after
the addition, confirming the self-reproducibility of the formed
droplets. When the precursor and DTT were continuously
added every 20 hours, the particle size of the droplets fluctu-
ated recursively, indicating autocatalytic self-reproduction of

the formed liquid-liquid phase-separated droplets. A detailed
analysis of the particle size distribution measurements based
on dynamic light scattering revealed that the growth of the
droplets can be classified into two stages: The initial auto-
catalytic droplet formation and the fusion of the droplets. This
autocatalytic droplet formation in this system is considered to
be due to a physical mechanism: When a molecular assembly
is created as the dehydration condensation proceeds and it
forms a hydrophobic field, the assembly functions as a site for
promoting dehydration condensation, thereby allowing the
autocatalytic dehydration condensation to proceed. The behav-
ior of the interface formed by this chemical reaction replicates
the autocatalytic self-reproduction that might have occurred in
droplets formed by liquid-liquid phase separation on the
primitive, prebiotic earth.

Furthermore, we conceived that this liquid-liquid phase
separation droplet would be useful as a place to integrate
biomolecules representing other origin-of-life hypotheses
(e.g., RNA world, lipid world, etc.). Therefore, we attempted
to investigate whether this droplet would incorporate those
biomolecules. We added 20 mer RNA fragments, DNA frag-
ments, and phospholipids to the droplets. By fluorescence
microscopy observation and Raman microspectroscopy, it was
found that the droplet was consisted of the hydrophobic center
region and the hydrophilic peripheral region. The highly
hydrophobic lipids were concentrated in the central region of
the droplets and highly hydrophilic nucleic acids concentrated
in the peripheral region. This hydrophilic and hydrophobic
property was clear compared to the empty droplets. We sus-
pect that the water contained in the hydrophilic region may
have been replaced by nucleic acids.

In the future, we aim to construct the Droplet World
Hypothesis by inducing the emergence of the primordial cell
membrane via an internal chemical reaction or by functionally
expressing biologically active molecular species, such as
ribozymes, inside the droplet.
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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, etc.) organic transforma-
tions. In particular, we have recently been developing the
heterogeneous aquacatalytic systems, continuous flow cata-
lytic systems, and super active catalysts working at ppm-ppb
loading levels. Thus, for example, a variety of palladium
catalysts were designed and prepared promoting carbon-
carbon bond forming reactions at ppm-ppb loading levels
(Figure 1).
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Figure 1. Typical Examples of Pd-Catalyzed Carbon-Carbon Bond
Forming Reactions with ppm-ppb Loading Levels of an NNC-Pincer
Pd Comples.

Amphiphilic Palladium Pincer Complex,” Angew. Chem., Int. Ed.
50, 4876-4878 (2011).

e Y. Uozumi, Y. Matsuura, T. Arakawa and Y. M. A. Yamada,
“Asymmetric Suzuki-Miyaura Coupling in Water with a Chiral
Pallasium Catalyst Supported on Amphiphilic Resin,” Angew.
Chem., Int. Ed. 48, 2708-2710 (2009).

* Y. M. A. Yamada, T. Arakawa, H. Hocke and Y. Uozumi, “A
Nanoplatinum Catalyst for Aerobic Oxidation of Alcohols in
Water,” Angew. Chem., Int. Ed. 46, 704-706 (2007).

e Y. Uozumi, Y. M. A. Yamada, T. Beppu, N. Fukuyama, M. Ueno
and T. Kitamori, “Instantaneous Carbon—Carbon Bond Formation
Using a Microchannel Reactor with a Catalytic Membrane,” J. Am.
Chem. Soc. 128, 15994-15995 (2006).



1. Arylation of Terminal Alkynes by Aryl
lodides Catalyzed by a Parts-per-Million
Loading of Palladium Acetate?)

Avrylation of terminal alkynes (16 varieties) by aryl iodides
(28 varieties) was achieved with a mol ppm loading level of
palladium catalyst, where a variety of functional groups
including heteroarenes were tolerated. Thus, the arylations
were carried out in the presence of palladium acetate at ppm
loadings and potassium carbonate in ethanol at 80 °C to give
the corresponding internal alkynes in good to excellent yields.
Synthesis of 2-phenyl-3-(phenylalkynyl)benzofuran was
achieved by iterative use of the alkyne arylation under mol
ppm catalytic conditions. Reaction-rate analysis, transmission
electron microscopic (TEM) examination of the reaction
mixture, and mercury-amalgamation test were performed to
gain insight into the active species of the highly active ppm
catalytic species. TEM examination of the reaction mixture
revealed that palladium nanoparticles were generated in situ
under the reaction conditions, and their cluster size was
variable during the catalytic reaction. A variation in size of
palladium particles suggested that the composition-decom-
position process of Pd aggregates should take place in situ via
monomeric palladium(0) species and/or fine palladium(0)
clusters, which might be real catalytic species in this reaction.

Figure 2. Arylation of Terminal Alkynes with a mol ppm Loading
Level of a Palladium Catalyst.

2. Second-Generation meta-Phenolsulfonic
Acid-Formaldehyde Resin as a Catalyst for
Continuous-Flow Esterification?

A second-generation m-phenolsulfonic acid—formaldehyde
resin (PAFR 11) catalyst was prepared by condensation poly-
merization of sodium m-phenolsulfonate and paraformalde-
hyde in an aqueous H»SO4 solution. This reusable, robust acid
resin catalyst was improved in both catalytic activity and
stability, maintaining the characteristics of the previous gen-
eration catalyst (p-phenolsulfonic acid—formaldehyde resin).
PAFR 1l was applied in the batchwise and continuous-flow
direct esterification without water removal and provided
higher product yields in continuous-flow esterification than

any other commercial ion-exchanged acid catalyst tested.

Figure 3. Continuous-Flow Esterification of Carboxylic Acid with
Alcohols Using PAFR Il Catalyst.

3. The Hiyama Cross-Coupling Reaction at
Parts Per Million Levels of Pd: In Situ
Formation of Highly Active Spirosilicates
in Glycol Solvents®

A palladium NNC-pincer complex at a 5 molppm loading
efficiently catalyzed the Hiyama coupling reaction of aryl
bromides with aryl(trialkoxy)silanes in propylene glycol to
give the corresponding biaryls in excellent yields. This method
was applied to the syntheses of adapalene and a biaryl-type
liquid-crystalline compound, as well as to the derivatization of
dextromethorphan and norfloxacin. ESI-MS and NMR analy-
ses of the reaction mixture suggested the formation of penta-
coordinate spirosilicate intermediates in situ. Preliminary
theoretical studies revealed that the glycol-derived silicate
intermediates formed in situ are quite reactive silicon reagents
in the transmetalation step.

Figure 4. Hiyama Cross-Coupling Catalyzed by ppm Palladium
NNC-Pincer Complex in Glycol Solvents.
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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 catalyst framework has been preferably com-
ponents for the catalyst design. To develop new type of molecu-
lar catalysis, we have focused on the use of hydrogen and
halogen atom as activation unit, and have utilized non-covalent
interactions as organizing forces of catalyst framework in the
molecular 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 molecu-
lar 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. Brgnsted Acid Catalyzed Asymmetric
Rearrangement: Asymmetric Synthesis of
Linear Homoallylic Amines

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 homoallylic amines, we discovered
chirality transferred formal 1,3-rearrangement of ene-aldimines
in the presence of Brgnsted acid, and developed it as synthetic
method for variety of enantioenriched linear homoallylic
amines.t) Furthermore, we studied details of reaction mecha-
nism and succeeded catalytic asymmetric version of this
rearrangement.?) To the best our knowledge, our discovery is
the first example of asymmetric formal [1,3]-rearrangement
and the new entry of the synthetic methodology for the linear
enantioenriched homoallylic amines.

2. Design of Chiral Brgnsted Acid Catalyst

Chiral Brgnsted acid catalysis has been recognized as one
of the useful tools in asymmetric synthesis. We have contrib-
uted to this area by focusing on the use of perfluoroaryls and
C1-symmetric design.

Perfluorinated aryls have emerged as an exquisite class of
motifs in the design of molecular catalysts, and their electronic
and steric alterations lead to notable changes in the chemical
yields and the stereoselectivities. However, unfortunately, the
distinctive potential of perfluorinated aryls has not been fully
exploited as design tools in the development of chiral Brgnsted
acid catalysts. We developed the perfluoaryls-incorporated
chiral mono-phosphoric acids as chiral Brgnsted acid catalysts
that can deriver high yields and stereoselectivities in the
reactions of imines with unactivated alkenes. We have described
the first example of a diastereo- and enantioselective [4+2]
cycloaddition reaction of N-benzoyl imines, as well as the
enantioselective three-component imino—ene reaction using
aldehydes and FmocNH,.?

We have developed (R)-3,3’-di(2-hydroxy- 3-arylphenyl)
binaphthol derived chiral bis-phosphoric acid which efficiently
catalyzed enantioselective Diels—Alder reaction of acroleins
with amidodienes.*> We demonstrated that two phosphoric
acid groups with individually different acidities can play
distinct roles in catalyst behavior through hydrogen bonding
interactions. Hence, we were interested to explore whether a
combination of different acidic functional groups, in particular
an aryl phosphinic acid-phosphoric acid, would function as an
efficient Brgnsted acid catalyst. We developed a Brgnsted acid
with two different acidic sites, aryl phosphinic acid-phosphoric
acid, and its catalytic performance was assessed in the hetero-
Diels—Alder reaction of aldehyde hydrates with Danishefsky’s
diene, achieving high reaction efficiency.®) Furthermore,
molecular design of a chiral Brgnsted acid with two different

acidic sites, chiral carboxylic acid—cyclic mono-phosphoric
acid, was identified as a new and effective concept in asym-
metric hetero-Diels—Alder reaction of 2-azopyridinoester with
amidodienes.”

Figure 2. Chiral carboxylic acid—phosphoric acid-catalyzed azo-
hetero-Diels—Alder reaction.

3. Design of Catalysis with Halogen Bond
for Carbon—Carbon Bond Forming
Reactions

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 LBs. 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 metho-
dology for perfluorinated aryl compounds, and applied it for
the development of chiral Brgnsted acid catalysts. On the basis
of our achievements, we have examined it to develop catalysis
with halogen bond for carbon—carbon bond forming reactions.

We found that perfluorinated iodoaryls are able to catalyze
the Mukaiyama Mannich-type reaction and allylation reaction.®)
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The molecules with open-shell electronic states can exhibit
unique properties, which are difficult to achieve for conven-
tional closed-shell molecules. Our group develops new open-
shell organic molecules (= radicals) and metal complexes to
create novel photonic-electronic-magnetic functions.

While conventional closed-shell luminescent molecules
have been extensively studied as promising components for
organic light-emitting devices, the luminescent properties of
radicals have been much less studied because of its rarity and
low chemical (photo-)stability. We have developed a novel
luminescent organic radical PyBTM, which is highly stable at
ambient condition and in the photoexcited state. We have also
discovered that (i) PyBTM-doped molecular crystals exhibit
photoluminescence with a room-temperature emission quan-
tum yield of 89%, which is exceptionally high in radicals, and
(ii) the doped crystals show drastic changes in the emission
spectra by applying a magnetic field. This is the first obser-
vation of the magnetoluminescence in organic radicals. Our
studies provide novel and unique insights in molecular pho-
tonics, electronics, and spintronics, and also contribute to
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developing applied science for light-emitting devices.

Our group focuses on strongly-interacted spins in molecu-
lar crystals. The anisotropic assembly of open-shell molecules
in crystalline states enables unique molecular materials with
exotic electrical and magnetic properties, such as super-
conductors, ferromagnets, and quantum spin liquids.

Figure 1. (a) Molecular structure of PyBTM and its characteristics.
(b) Schematic photoexcitation-emission processes. (c) Emission in
CHyCly. (d) Emission of PyBTM-doped molecular crystals. (e) Con-
trolling emission by magnetic field.
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1. Construction of Supramolecular Two-
Dimensional Network Mediated via Sulfur’s
c-Holes in Conducting Molecular Crystals

Metal bis(dithiolato) complexes are attractive class of
multi-functional molecular systems showing magnetic, con-
ducting, and optical properties, such as superconductivity,
ferromagnetism, quantum spin liquid, and NIR absorption.
These properties depend highly on the arrangement of mol-
ecules in the solid state; therefore, controlling the arrangement
(i.e., crystal structure) plays a crucial role for achieving novel
or desired properties. We have focused on a 6-hole bond as an
efficient noncovalent supramolecular interaction to control the
arrangement of metal bis(dithiolato) complexes, with a goal of
developing exotic magneto-conducting phenomena in molecu-
lar system. The c-hole bond is observed between electron-
deficient region on an atomic surface, so-called c-hole, and an
electron-rich moiety in a molecule. Halogen and chalcogen
atoms possess one and two c-holes capable of forming supra-
molecular bonds with high directionality. We have developed
novel conducting molecular solids based on platinum bis
(dithiolato) complex anion radicals, (Et-4XT),[Pt(mnt)2]s (X
= Br, |; Et-4BrT = ethyl-4-bromothiazolium, Et-4IT = ethyl-4-
iodothiazolium, mnt = maleonitriledithiolato).1:2 In their
crystal structures, Xcation'**Nanion and Scation'**Nanion ©-hole
bonds (i.e., halogen bond and chalcogen bond) were detected
between the cation and the lone pairs of —CN moieties in the
anion, forming a two-dimensional (2D) supramolecular net-
work. The arrangement of the ions was similar in the two
compounds (X = | and X = Br), while the orientation of the
cations and the stacking manner of the anions along the
direction perpendicular to the 2D supramolecular network
were different (Figure 2). Such structural differences are
attributed to the strength of the halogen bond, which is greater
in iodine than in bromine, and resulted in distinct differences
in their physical properties. For example, stronger trimeri-
zation of the anions in (Et-41T)2[Pt(mnt)2]s enhanced anti-
ferromagnetic interaction between the spins on the anions.
These results suggest that sulfur-mediated chalcogen bonds
can be robust enough to dominate the primary arrangement of

Figure 2. Chemical and crystal structures of (Et-4XT),[Pt(mnt),]3 (X
=Br, I).

Award

molecules and the resulted physical properties, even in the
presence of the other noncovalent intermolecular interactions
or even upon the atomic replacements. Sulfur-based chalcogen
bonds would be effective to realize desired structures and
properties in molecular materials, while understanding the
hierarchy of the noncovalent interactions operated in the
crystal would be important for the precise crystal engineering.

2. Magnetoluminescence as Unique
Photofunctions of Open-Shell Molecules

Controlling the spin state of open-shell molecules is a
promising strategy for developing unique photochemical and
photophysical properties, which are difficult to realize with
conventional closed-shell molecules. We have shown that
PyBTM doped into aH-PyBTM molecular crystals demon-
strates new luminescent properties for organic radicals attrib-
uted to interplay between spin and luminescence.? Crystals
containing 10 wt% PyBTM displayed PyBTM monomer- and
PyBTM excimer-centered emissions and magnetic-field-sen-
sitive luminescence, i.e., magnetoluminescence. We have re-
vealed that changes in spin multiplicities of aggregated radicals
contribute to the magnetic-field effect. To date, magneto-
luminescence of stable radicals has been observed only in a few
pure organic radicals. We are developing novel PyBTM-ligated
metal complexes to expand the variety of materials showing
magnetoluminescence behaviour, with a goal of realizing novel
spin-sensitive photofunctions. We succeeded in observing
excimer-like emission and magnetoluminescence behaviour in
PyBTM-ligated zinc complexes doped into host crystals (Figure
3). Detailed investigations are in progress.

Figure 3. (left) Emission spectra of PyBTM-ligated zinc complex
doped into host crystals at 4.2 K under magnetic fields. (right)
Difference emission spectra (A intensity) under magnetic fields
compared with the spectrum under 0 T.
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Keywords

Aromatic compounds are potentially useful as functional
electronic materials. However, the controlled synthesis and
assembly of three-dimensional complex molecules are still
very difficult, especially for the crystal engineering of organic
molecules. This group aims to create novel topological and
reticular organic structures by using synthetic organic chem-
istry and geometric insights.

To achieve our purpose, this group will start electron-
diffraction crystallography (MicroED) for the rapid structure
determination of organic compounds. While X-ray crystallog-
raphy is a general and reliable method for structure determina-
tion, it requires ~0.1 mm single crystals and making such
crystal sometimes needs tremendous times and efforts. Since
electron beam have much higher diffraction intensity than
X-ray, structural analysis can be performed even with ultra-
small crystals (1 pm or less). There are many fields such as
covalent organic crystals with a three-dimensional structure
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n-Conjugated Molecules, Molecular Topology, 3D Network Polymer

and molecules with complex molecular topologies, where
structural analysis has not been sufficiently developed.

Figure 1. Design and synthesis of m-conjugated organic molecules
(top); Development of novel molecular topology (bottom left); Con-
struction of three-dimensional network polymers (bottom right).
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1. Synthesis and Reactivity of Highly
Strained Belt-Shaped Polycyclic Aromatic
Hydrocarbons

We performed the synthesis of novel m-conjugated mol-
ecules with high strain energies and the investigation of its
structural properties.24)

The synthesis of cycloiptycene derivatives was achieved
in each one step from (6,6)carbon nanobelt (Figure 2).% It was
revealed that the carbon nanobelt was reacted as a diene in the
Diels—Alder reaction with arynes and alkynes. Structures of all
products were identified by X-ray crystallography to confirm
that the Diels—Alder reactions took place at the six central
benzene rings of the carbon nanobelt. DFT calculations indi-
cated that the release of strain energy is the driving force to
proceed the Diels—Alder reaction. By using this method, we
have successfully synthesized cyclotetracosiptycene, the largest
iptycene ever synthesized.

Figure 2. Diels—Alder reaction of (6,6)carbon nanobelt with alkynes
and arynes for the formation of cycloiptycene derivatives.

The synthesis, structure, and properties of methylene-
bridged [6]cycloparaphenylene ([6]CPP), a nonalternant aro-
matic belt, were investigated (Figure 3).2 This belt-shaped
methylene-bridged [6]CPP, in which each phenylene unit is
tethered to its neighbors by methylene bridges, was con-
structed through 6-fold intramolecular nickel-mediated aryl-
aryl coupling of triflate-functionalized pillar[6]arene in 18%
isolated yield. As compared to the analogous [6]CPP, the
methylene bridges coplanarize neighboring paraphenylene
units and enhance the degree of m-conjugation, which results
in a significant decrease in energy gap. Moreover, the incorpo-
ration of small molecules in the defined pocket of methylene-
bridged [6]CPP makes it an attractive supramolecular archi-
tecture. Methylene-bridged [6]CPP is characterized by high
internal strain energy reaching 110.2 kcal mol™1, attributed to
its restricted structure. This work not only exhibits an efficient

Figure 3. Synthesis of a nonalternant aromatic belt.

strategy to construct a new family of aromatic belt, but also
showcases their properties, which combine the merits of CPPs
and pillararenes.

2. Development of a Direct Octagon-
Forming Annulation Reaction by Palladium
Catalyst

The discoveries of new forms of carbon have always
opened doors to new science and technology. In 1991, three-
dimensional (3D) periodic carbon crystals with negative
Gaussian curvatures that consist of six- and eight-membered
rings were proposed. To realize these 3D periodic carbon
crystals, methods for creating polyaromatic structures embed-
ding eight-membered rings must be developed. Here the two
annulative coupling reactions that form an eight-membered
ring through catalytic C-H functionalization are reported
(Figure 4).1) Bay-chlorinated polyaromatics undergo either
annulative dimerization or cross-coupling with biphenylene in
the presence of a palladium catalyst to form various hitherto
inaccessible polyaromatics embedding an eight-membered
ring. The threefold annulative cross-coupling of 1,5,9-tri-
chlorotriphenylene allowed construction of a highly curved
nanocarbon. The present work not only demonstrates the
potential of annulative coupling for constructing octagonal
nanocarbons but also provides a conceptual pathway for the
synthetic realization of 3D periodic carbon crystals.

Based on this result, our group has started the Joint
Research Program in IMS with Murakami group. Our group
will support the rapid structural determination of targeted
n-conjugated molecules, their synthetic intermediates, as well
as active species of transition metal catalysts.

Figure 4. Palladium-catalyzed octagon-forming annulation reaction.
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Visiting Professor
FUKAZAWA, Aiko (from Kyoto University)

Renaissance of Nonbenzenoid n-Conjugated Systems toward Functional Materials
The work of our group has focused on exploring functional organic compounds with unusual with
superb optical and/or electronic properties, based on the molecular designs of novel w-conjugated scaffolds
as well as unusual functional groups. In particular, we have recently proposed a rational design of stable yet
unusual m-conjugated systems based on the characteristics of nonbenzenoid hydrocarbons, i.e., dehydro-
annulenes, non-alternant hydrocarbons, and fulvalenes, by the fusion of (hetero)arenes with small magnitude of aromaticity. In
this year, we have succeeded in synthesizing several thiophene-fused antiaromatic m-systems, such as dithieno[a,e]pentalenes and
their nitrogen-doped analogues. These thiophene-fused antiaromatics exhibit high thermal stability even without bearing bulky
substituents while retaining pronounced antiaromatic character. These features give rise to characteristic long-wavelength
absorption as well as aggregation behavior of these compounds.

Visiting Professor
WATANABE, Rikiya (from RIKEN)

Single Molecule Physiology
Our study aims to understand cellular functions using a bottom-up approach from the single molecule
level. To achieve this, we are attempting to elucidate the mechanism by which individual biomolecules or
their networks function in a precise manner, by developing novel single-molecule techniques using
multidisciplinary approaches, including biophysics, bioMEMS, and chemical biology. In addition, we are
developing a methodology to investigate correlations between genetic mutations, dysfunctions, and diseases with single molecule
sensitivity, which would provide new insights for biological as well as pharmaceutical studies.

Visiting Associate Professor
UEDA, Akira (from Kumamoto University)

Development of Purely Organic Molecular Materials with Unique Structural/Electronic Properties
Design and synthesis of novel molecular materials have been a central issue for the development of
molecular science. Our group has continuously focused on purely organic molecular materials with unique
crystal/electronic structures and physical properties. Very recently, we have succeeded in the development
of a novel neutral radical molecular conductor with a partially charge-transferred structure. Interestingly,
this material forms a two-dimensional conducting layer like BEDT-TTF salts, resulting in a much higher electrical conductivity
than that of the conventional neutral radical conductors. These results suggest that this material is a possible candidate of a purely
organic single-component molecular metal or superconductor. The magnetic properties and phase transition behavior of this
material are of interest and thus will be investigated in the near future.
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Living organisms on Earth evolved over time to adapt to
daily environmental alterations, and eventually acquired endog-
enous time-measuring (biological clock) systems. Various
daily activities that we perform subconsciously are controlled
by the biological clock systems sharing three characteristics.
First, the autonomic rhythm repeats with an approximately
24-hour (circadian) cycle (self-sustainment). Second, the
period is unaffected by temperature (temperature compen-
sation). Third, the phase of the clock is synchronized with that
of the outer world in response to external stimuli (synchroni-
zation). We seek to explain these three characteristics, and
consider the biological clock system of cyanobacteria to be an
ideal experimental model.

The major reason that cyanobacteria are considered to be
the ideal experimental model is that the core oscillator that
possesses the three characteristics of the clock can be easily
reconstructed within a test tube. When mixing the three clock
proteins KaiA, KaiB, and KaiC with ATP, the structure and
enzyme activity of KaiC change rhythmically during a circa-
dian cycle. Taking advantage of this test tube experiment, we
used an approach combining biology, chemistry, and physics
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to elucidate the means by which the clock system extends
from the cellular to atomic levels.

Among the three Kai proteins, KaiC is the core protein of
the oscillator. In the presence of KaiA and KaiB, KaiC revelas
the rhythm of autophosphorylation and dephosphorylation;
however, the cycle of this rhythm depends on the ATPase
activity of KaiC independent of KaiA or KaiB. For example,
when the ATPase activity of KaiC doubles as a result of amino
acid mutations, the frequencies of both the in vitro oscillator
and the intracellular rhythm also double (the cycle period is
reduced to half). This mysterious characteristic is called a
transmural hierarchy, in which the cycle (frequency) and even
the temperature compensation both in vitro and in vivo are
greatly affected (controlled) by the function and structure of
KaiC.

How are the circadian activities and temperature compen-
sation features encoded in KaiC and then decoded from it to
propagate rhythms at the cellular level? We are committed to
better understanding biological clocks and other dynamic
systems through the chemistry of circadian rhythm, structure,
and evolutionary diversity.

Osako, J. Wolanin, E. Yamashita, T. Kondo and S. Akiyama,
Science 349, 312-316 (2015).
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Annual Review 2020

1. Structure: Atomic-Scale Origins of
Clock Slowness in Cyanobacterial
Circadian Clock System?2)

To identify the structural origins of slowness encoded in
KaiC, its N-terminal ATPase domain was analyzed using
high-resolution x-ray crystallography.l) Water molecules are
prevented from attacking into the ideal position (Figure 1) for
the ATP hydrolysis by a steric hindrance near ATP phosphoryl
groups. In addition, this hindrance is surely anchored to a
spring-like structure derived from polypeptide isomerization.
The ATP hydrolysis, which involves access of a water mol-
ecule to the bound ATP and reverse isomerization of the
polypeptide, requires a much larger amount of free energy
than for typical ATP hydrolysis. The atomic structure explains
why the ATPase activity of KaiC is so much lower (by 100- to
1,000,000-fold) than that of typical ATPases.?)

Figure 1. Structural basis for steady slowness. The steric barrier prevents
access of a water molecule to the catalytic site (indicated by a black dot).

2. Rhythm: Transmural Hierarchy in
Cyanobacterial Circadian Clock System3-5)

KaiC ATPase is of particular interest here, as it finely
correlates to the frequencies of in vivo as well as in vitro
oscillations. This unique property has inspired us to develop
an ATPase-based screening for KaiC clock mutants giving
short, long, and/or temperature-dependent periods.® A devel-
oped HPLC system with a 4-channel temperature controller
has reduced approximately 80% of time costs for the overall
screening process (Figure 2).

Figure 2. Development of a quick ATPase assay system.

How is the intra-molecular slowness encoded in KaiC
(Figure 1) transmitted to the inter-molecular interactions with
other Kai proteins? To address this question, a tryptophan
residue was introduced in the N-terminal ring of KaiC as the
fluorescent probe for KaiBC complex formation.®) Our kinetic
data indicated that KaiB exclusively selects the post-ATP-
hydrolysis state of KaiC to form the KaiBC complex. This
process follows a mechanism called conformational selection
(CS), in which proteins (KaiC) first undergoes a structural
change to form a specific intermediate. Ligands (KaiB) are
then recognized specifically through the intermediate state to
form a tight ligand-protein complex. The CS mechanism is

elegantly designed in KaiC so that the slow intra-molecular
ATPase reaction in KaiC can be the rate-liming step of the
overall KaiBC complex formation.

We also collaborated with Drs. Ito-Miwa and Kondo
(Nagoya University) to identify a series of KaiC mutations
altering circadian periods dramatically, from 0.6 to 6.6 d.5)

3. beyond Evolutionary Diversity1:6)

In the presence of KaiA and KaiB, the ATPase activity of
KaiC oscillates on a 24-hour cycle. KaiC is not capable of
maintaining a stable rhythm on its own, but its activity was
observed to fluctuate with reduced amplitude over time (Fig-
ure 3A). We have identified a signal component that is similar
to damped oscillation, and propose that it encodes the specific
frequency, equivalent to a 24-hour cycle.?)

Figure 3. Damped oscillation of KaiC ATPase activity (A) and
evolutionary diversity of cyanobacteria (B).

The habitats of cyanobacteria are diverse, so the space of
their sequence is immense.®) Furthermore, some KaiA and
KaiB genes are missing in several strains of cyanobacteria.
This is understandable to some extent if KaiC possesses the
specific frequency. Given our current understanding of this
phenomenon, what specific frequencies are possessed by KaiC
homologues in other species and ancestral cyanobacteria?
(Figure 3B) If you strain your ears, the rhythms of the ancient
Earth may be heard from beyond evolutionary diversity.

4. Bio-SAXS Activity in IMS?)

We have supported SAXS users so that they can complete
experiments smoothly and publish their results.”
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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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1. Principles for Designing Ideal Protein
Structures

We uncovered the principles for protein folding by design-
ing “ideal” protein structures, which are stabilized 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), which were
identified using a combination of folding simulations and
analyses of naturally occurring proteins. Building backbone
structures according to the rules, and placing side chains
stabilizing the backbone structures, we can readily design the
proteins which have funnel-shaped folding energy landscapes
leading into the target folded state. Using this approach, we
have succeeded in designing ideal protein structures for five
different topologies. These results suggest that the local
backbone structures determine the tertiary folded structures
rather than the details of amino acid sequences.

Rules relating local backbone structures
to tertiary structures
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Figure 1. Rules relating local backbone structures to tertiary motifs.

2. Control over Overall Shape and Size in
De Novo Designed Proteins

To achieve fine control over protein shape and size within
a particular topology, we have extended the design rules by
systematically analyzing the codependences between the
lengths and packing geometry of successive secondary struc-
ture elements and the backbone torsion angles of the loop
linking them. We demonstrated that the control is afforded by
the resulting extended rule set by designing a series of proteins

within the same fold but considerable variation in secondary
structure length, loop geometry, B-strand registry, and overall
shape. These extended design principles would provide the
foundation for custom design of protein structures performing
desired functions.

3. Robust Folding of De Novo Designed
Ideal Protein Even with Most of the Core
Filled with Valine

De novo designed ideal proteins, which are stabilized
completely consistent local and non-local interactions, exhibit
a remarkable property of extremely high thermal stability,
compared with naturally occurring proteins. Whereas non-
local interactions such as tight hydrophobic core packing have
been traditionally considered to be crucial for protein folding
and stability, the rules suggest the importance of local back-
bone structures in protein folding. We studied the robustness
of folding of de novo designed proteins to the reduction of the
hydrophobic core, by extensive mutation of large hydrophobic
residues (Leu, lle) to smaller ones (\Val) for one of the designs.
Surprisingly, even after 10-residue mutations from all of Leu
and lle to Val, a mutant with most of the core filled with Val
was found to not be a molten globule and fold into the same
backbone structure as the original design, with high stability.
These results highlight the significance of local backbone
structures for the folding ability and high thermal stability of
designed proteins.

Figure 2. Experimental characterizations of the design with most of
the core filled with Val.
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Chemical reactions of polyatomic molecular systems pro-
ceed on complex potential energy surfaces (PESs) with a vast
degree of freedom of nuclear coordinates. For understanding
molecular mechanisms underlying the chemical reactions, it is
essential to map out the PESs and visualize how the molecules
migrate and change its structure thereon. To this end, it is
necessary to track the change of the electronic/vibrational
structure of the molecule from the reactant all the way down to
the product, with temporal resolution as high as possible.

We develop and apply advanced ultrafast laser spectros-
copy based on state-of-the-art optical technology to study
chemical reaction dynamics of the condensed-phase molecular
systems. In particular, we exploit unique methodologies using
sub-10-fs pulses (e.g., ultrafast time-domain Raman spec-
troscopy and multidimensional electronic/vibrational spectros-
copy), and track the molecular dynamics from the electronic
and structural viewpoints, throughout the chemical reaction
with an exquisite temporal resolution. Our particular interest
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rests on elucidating sophisticated molecular mechanisms that
underlie the reactions of functional molecular systems such as
photoreceptor proteins, molecular assemblies, and metal com-
plexes. On the basis of new insights that can be gained from
our unique spectroscopic tools, we aim to establish a new
avenue for the study of chemical reaction dynamics.

Figure 1. Setup for advanced ultrafast spectroscopy based on sub-
10-fs pulses.
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1. Realtime Observation of the Structural
Changes upon Photoinduced Tight Bond
Formation

Realtime observation of chemical bond formation and
subsequent nuclear rearrangements is one of the ultimate goals
of chemical science. Nevertheless, such attempts have been
long hampered by a technical difficulty to trigger bond for-
mation at well-defined, desired timing. The dicyanoaurate
complex trimer (JAu(CN)27]3) is the best suitable system in
order to achieve this aim because the tight covalent Au-Au
bonds are formed upon photoexcitation. Despite the apparent
simplicity of the system, however, recent time-resolved studies
failed to construct a consistent picture of its structural dynamics.

We used femtosecond time-resolved impulsive stimulated
Raman spectroscopy to track ultrafast structural dynamics of
the [Au(CN)27] trimer upon the photoinduced Au-Au bond
formation. This ultrafast “time-resolved time-domain” Raman
technique allows us to monitor the change of the vibrational
structure on the femtosecond timescale by inducing and observ-
ing coherent molecular vibrations at arbitrary timings with
ultrashort pulses. The obtained femtosecond time-resolved
Raman data reveal that the Au-Au stretching vibration at ~90
cm™1 exhibits a gradual frequency upshift in a few pico-
seconds, demonstrating a continuous bent-to-linear structural
change on the triplet-state potential energy surface upon the
Au-Au bond formation. This comprehensive ultrafast spec-
troscopic study settles the controversy on this prototypical
molecular assembly.?)

Figure 2. Schematic illustration of the structural changes in
[Au(CN),7]5 upon photoinduced tight Au-Au bond formation.

2. Femtosecond Polarization Switching of
the [CrCo] Dinuclear Complex Crystal

Polarization switching has been considered a promising
key operating principle of next-generation sensors and memory
devices. Ferroelectric compounds have been extensively studied
as promising candidates because they exhibit polarization
switching upon application of the external electric field or
heating. However, the speed (and thus efficiency) of the
polarization switching in these materials is often limited by the
change in the molecular structure, which occurs on the pico-
seconds or longer time scale. Also, the polarization state of the

Awards

ferroelectric compounds is, in many cases, dependent on their
domain structure, making it difficult to realize large polariza-
tion at the macroscopic scale.

The crystal of the [CrCo] dinuclear complex has been
shown to exhibit polarization switching upon the photo-
induced phase transition.2) Because the molecular orientation
is well defined inside the crystal and the phase transition is
accompanied by the charge transfer that does not require the
change in the molecular structure, it has potential to realize the
fast polarization switching at the macroscopic scale.

We studied photoinduced polarization switching dynamics
in the crystal of the [CrCo] dinuclear complex by ultrafast
pump-probe spectroscopy in the visible and mid-infrared
regions. Our data clearly show that the photoinduced polariza-
tion switching is an ultrafast process with a time constant of
280 fs, demonstrating itself as the fastest polarization switch-
ing material realized using the metastable state. Moreover, the
pump-probe data in the visible region reveal pronounced
appearance of coherent nuclear wavepacket motion with a
frequency as low as 22 cm™, which we attribute to a lattice
vibrational mode. The pronounced non-Condon effect for its
resonance Raman enhancement implies that this mode couples
the relevant electronic states, thereby facilitating the ultrafast
polarization switching.?

Figure 3. Schematic illustration of the change in the spin state
associated with the phase transition. b) Time-resolved absorption
spectra obtained after photoexcitation with the 9-fs pulse centered at
520 nm. ¢c) Temporal profiles of the transient absorption signals.
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Keywords

Organic molecules are attracting recent attention as new
ingredients of electronic circuits. Our group focuses on the
development of organic electronics in the next era by provid-
ing 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. In the operation, 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 electric
response of the device can be achieved, resulting in the highest
device mobility ever observed for organic FETSs. In addition to
this high performance, the Mott-FET is interesting in terms of
superconductivity. Because the Mott-transition sometimes
accompanies superconducting phase in between metal and
insulator, modulation of gate electric field at low temperature
may induce superconductivity. In fact, we have achieved first
example of field-induced superconductivity in an organic FET.
By combining a strain effect that can tune the bandwidth, this
type of electric-field-induced superconducting transition can
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be utilized for mapping the phase diagram around the Mott-
insulator as shown in Figure 1.

Another approach to the future electronics is the develop-
ment of spintronic devices based on chirality of organic
material. We aim to implement chirality-induced spin selec-
tivity (CISS) effect into molecular devices that can generate
spin-polarized current. This type of device is expected to
realize spintronics devices without magnet or topological
insulator.

Figure 1. Phase diagram surrounding a Mott-insulator. SC denotes
superconductor, while U and W are on-site Coulomb repulsion and
bandwidth, respectively.
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1. Current-Induced Spin-Polarization in a
Chiral Crystal CrNb3Sgl:?

CISS effect has remarkable ability which generates highly
polarized spin current even with light element molecules.
However, its extension to inorganic chiral materials has not
been well investigated. Moreover, detection of CISS effect in
metals that show ohmic response is quite interesting because
one can discuss the CISS-based spin polarization in terms of
band theory if metallic CISS effect in linear response regime
is observed. So far, however, CISS experiments have been
investigated only in tunnelling conduction regime.

We detected CISS-based spin transport phenomena in a
monoaxial chiral dichalcogenide CrNbsSg. This material has
chiral structure and metallic conduction, so that we could
perform CISS experiments with metallic conduction regime.
Spin polarization was detected in this chiral bulk crystal under
a charge current flowing along the principal ¢ axis at room
temperature without magnetic field. The detection was made
by an inverse spin Hall signal which is induced on the tung-
sten electrode that absorbs polarized spin from the chiral
crystal (Figure 2). An inverse response was also observed
when applying the charge current into the detection electrode,
which implied an inverse CISS effect. The signal sign reversed
in the device with the opposite chirality, which is consistent
with the symmetry required for CISS effect. Furthermore, the
spin signals were found over micrometer length scale in a
nonlocal configuration. Such a robust generation and pro-
tection of the spin-polarized state can be discussed based on a
one-dimensional model with spin-momentum locking.

In addition to the above experiments, we also detected
bulk magnetization generated by applying electric current to
the crystal. When the current amplitude was swept from

Figure 2. Detection of spin polarization in a chiral metal CrNb3Se.
By applying electrical current (), electron spins are polarized along
the current direction by CISS effect. Then the spin current is diffused
into W electrode () and generate a voltage by inverse spin Hall
effect (®).

Award

negative to positive, the current-induced magnetization changed
linearly. Directly detecting such magnetization by magne-
tometry enables one to estimate the number of spin-polarized
electrons. Using this number, we evaluated the spin polariza-
tion rate within the framework of Boltzmann’s equation and
found that spin polarization generated by CISS effect was
enhanced by 10° times inside this material. It seemed that
effective magnetic field generated by CISS could reach 108 T
at high current density, which again confirmed the robustness
of CISS effect. We also observed that the current-induced
magnetization increased in the vicinity of the phase boundary
between paramagnetic and forced ferromagnetic phases, which
could be attributed to the spin fluctuation associated with the
phase transition.

2. Anomalous Superconducting Phase in

an Organic Field-Effect Device3

We have achieved simultaneous control of bandwidth and
bandfilling for organic Mott-insulators by using field effect
device that can control the lattice strain to the organic crystal
to observe the phase diagram for superconducting state. A new
superconducting field-effect transistor (FET) in the vicinity of
bandwidth-controlled Mott transition has been developed
using molecular strongly correlated system x-(BEDT-TTF),
Cu[N(CN)2]Br laminated on CaF; substrate. This device
exhibited significant cooling-rate dependence of resistance
below about 80 K, associated with glass transition of terminal
ethylene group of BEDT-TTF molecule, where more rapid
cooling through glass transition temperature leads to the
decrease in bandwidth. We demonstrated that the FET prop-
erties such as ON/OFF ratio and polarity can be changed by
utilizing cooling rate. Therefore, this is another device that can
control both bandwidth and bandfilling of an organic Mott-
insulator simultaneously, to find phase diagram associated
with superconducting and Mott-insulating phases. By analyz-
ing the FET behaviors of the device at different cooling rates,
an enhanced superconducting state at exactly half-filling was
discovered.

[BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene]
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In the past few decades, great progress in experimental and theoretical methods to analyze
structures, dynamics, and properties of single-component (or single hierarchical) molecules and
nanomaterials has been made. Now we should also direct our attention to properties and
functions of multi-hierarchical molecular systems. We develop innovative methods of
measurements and analysis for molecular and materials systems to elucidate the processes that
trigger the functions and reactions of the systems in the mesoscopic regime, that is the regime
where micro and macroscopic properties influence each other.
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Studies of local optical properties of molecular assemblies
and materials are key to understanding nanoscale physical and
chemical phenomena, and for construction of nanoscale func-
tional devices. Nano-optical methods, such as scanning near-
field optical microscopy (SNOM), enable optical imaging with
spatial resolution beyond the diffraction limit of light. Combi-
nation of nano-optical techniques with various advanced
spectroscopic methods may provide a methodology to analyze
nanoscale functionalities and dynamics directly. It may yield
essential and basic knowledge to understand origins of char-
acteristic features of the nanomaterial systems. We have
constructed nano-optical (near-field and far-field) spectro-
scopic and microscopic measuring systems, for the studies on
excited-state properties of nanomaterials, with the feasibilities
of nonlinear and time-resolved measurements. The developed
apparatuses enable nano-optical measurements of two-photon
induced emission, femtosecond time-resolved signals, and
chiro-optical properties (as typified by circular dichroism), in
addition to conventional transmission, emission, and Raman-
scattering. Based on these methods, we are investigating the
characteristic spatial and temporal behavior of various metal-
nanostructure systems and molecular assemblies. Typical
examples are shown 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. In recent few years, we have suc-

Selected Publications

* H. Okamoto, “Local Optical Activity of Nano- to Microscale
Materials and Plasmons,” J. Mater. Chem. C 7, 14771-14787
(2019).

* H. Okamoto, T. Narushima, Y. Nishiyama and K. Imura, “Local

Visiting Scientist
WU, Yi-Ju*
Technical Fellow
ISHIKAWA, Akiko
Secretary
NOMURA, Emiko

2020 The Commendation for Science and Technology by the MEXT
Awards for Science and Technology Research Category

ceeded in observing plasmon wave packet propagation dynam-
ics with ultrafast time-resolved near-field imaging, local chiro-
optical properties of chiral and achiral metal nanostructures,
and so forth. We also developed far-field high-precision
circular dichroism microscope that facilitate chirality analysis
of materials in a wide range of research areas. The information
on nano-optical properties of the materials are also relevant to
exploration of novel optical manipulation principles, which is
another research topic of the research group.

Figure 1. (Left four panels) Near-field transmission images of gold
nanorod (20 nmP x 510 nmlb). 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 the incident light polari-
zation. Dotted circles represent approximate positions of the particles.

Optical Responses of Plasmon Resonance Visualized by Near-Field
Optical Imaging,” Phys. Chem. Chem. Phys. 17, 6192-6206 (2015).
» H. Okamoto and K. Imura, “Visualizing the Optical Field Structures
in Metal Nanostructures,” J. Phys. Chem. Lett. 4, 2230-2241 (2013).
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1. Roles of Superchirality and Interference
in Chiral Plasmonic Biodetection?)

Chiral plasmonic nanostructures enable <pg detection and
characterization of biomaterials. The sensing capabilities are
associated with the chiral asymmetry of the near fields, which
locally can be greater than equivalent circularly polarized
light, a property referred to as superchirality. However, sensing
abilities do not simply scale with the magnitude of super-
chirality. We show that chiral molecular sensing is correlated
to the thickness of a nanostructure. This observation is recon-
ciled with a previously unconsidered interference mechanism
for the sensing phenomenon. It involves the “dissipation” of
optical chirality into chiral material currents through the
interference of fields generated by two spatially separated
chiral modes. The presence of a chiral dielectric causes an
asymmetric change in the phase difference, resulting in asym-
metric changes to chiroptical properties. Thus, designing a
chiral plasmonic sensor requires engineering a substrate that
can sustain both superchiral fields and an interference effect.

Figure 2. Simulated CD spectra for gammadions of h =5 nm, 30 nm,
and 100 nm when light is incident upon their top (blue) and bottom
(red) faces. Top three: Encapsulated by an achiral layer. Their mean is
shown in black and is ~0 in all cases. Bottom three: Encapsulated by a
chiral layer. The mean of the two incidences is shown in black.

2. Spectral Properties of Chiral Electro-
magnetic Near Fields Created by Chiral
Plasmonic Nanostructures?

The surface-enhanced chiral-optical spectroscopy is based
on the interaction of chiral molecules with chiral electro-
magnetic near field localized on a chiral plasmonic nano-
structure. It is of fundamental importance to reveal the spectral
characteristics of chiral near fields for maximizing the chiral
interaction. We investigated relations between near field and
far field polarization characteristics of the chiral plasmonic
nanostructures, using electromagnetic simulations. We found
that spectral features of chiral near fields created by the
nanostructures intercorrelate with those of far field optical
rotation. This finding may provide us a method to characterize
and design the chiral near field.

Award

Figure 3. Simulated far-field circular dichroism ngg (blue) and
optical rotation O (red) spectra (top) and near-field circular dichroism
nne spectrum (bottom) of a gold gammadion-shaped nanostructure
(width 450 nm) by the finite-difference time-domain method.

3. Circularly Polarized Two-Photon-Induced
Luminescence from Plasmonic Two-
Dimensional Chiral Au Nanostructures®

A chiral nanostructure, which exhibits optical activity,
absorbs different amounts of left-handed circularly polarized
(LCP) and right-handed circularly polarized (RCP) light. In this
work, we report the observation of dissymmetry between two-
photon-induced LCP and RCP photoluminescence from plas-
monic two-dimensional (2D) chiral Au nanostructures. Under
excitation by linearly polarized femtosecond pulses from a
mode-locked Ti:sapphire laser with a low incident power of 3
mW, the 2D chiral plasmonic nanostructure yields circularly
polarized two-photon-induced photoluminescence (TPIPL) due
to resonance with a chiral multipolar plasmon mode of the
nanostructure. The handedness of the circularly polarized
TPIPL was dependent on the handedness of the chiral plas-
monic nanostructure. The chiral nature of TPIPL may find
potential applications in optical devices, sensing of chiral
molecular environments in biological systems, and so forth.

Figure 4. (a,b) Left- and right-circularly polarized TPIPL spectra of
the chiral nanostructures. Insets: SEM and TPIPL microscopic images
of the left- (a) and right-handed (b) chiral gold nanostructures. (c) Dis-
symmetry factor (g) spectra of TPIPL for the chiral and achiral
nanostructures. (d) CD spectra of the chiral nanostructures.
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As the succeeding organization of former Laser Research
Center for Molecular Science, Center for Mesoscopic Sciences
continues development of new experimental apparatus and
methods to open groundbreaking research fields in molecular
science, in collaboration with other departments and facilities.
Those new apparatus and methods will be served as key
resources in advanced collaboration with the researchers from
the community of molecular science. The targets cover:

- novel quantum-control schemes based on intense and ultra-
fast lasers

- novel optical imaging and nanometric microscopy and
spectroscopy

- novel method of analysis for mesoscopic phenomena

and so forth.

The Center also possesses several general-purpose instru-
ments for laser-related measurements (commercial as well as
in-house developed), and lends them to researchers in IMS
who conduct laser-based studies, so as to support and con-
tribute to their advanced researches.



RESEARCH ACTIVITIES
Division of Advanced Molecular

Sclience

The division consists of two sections. In the first one, scientists of the first water are invited as
"distinguished professors," and the environment, in which they can devote themselves to their own
research, is provided. The research in this section should be the last word in the field of molecular
science.

In the second section, we invite researchers in the universities performing unique researches in
the field of molecular science as cross-appointment faculty members, and provide the research
environment to enable research activity with advanced facilities in IMS.
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Keywords

We are designing new self-assembled molecular systems
based on coordination chemistry, and apply the molecular
system to various research fields. One of these examples is a
molecular system called “crystalline sponge (CS).” The CS is
a porous crystal, which can accommodate various kinds of
small molecules, and align the accommodated molecules
neatly in its inner space. Actually, we can observe the struc-
ture of the small molecules neatly aligned in the CS by the
X-ray crystallography (Figure 1). Therefore, we can use the
CS for the structure elucidation of the small molecules. This
technique developed by us is called “CS method.” The CS
method has a potential to accelerate the various kinds of
researches, in which the structure elucidation of novel com-
pounds is required.

Selected Publications

* Y. Inokuma, S. Yoshioka, J. Ariyoshi, T. Arai, Y. Hitora, K.
Takada, S. Matsunaga, K. Rissanen and M. Fujita, “X-Ray Analysis
on the Nanogram to Microgram Scale Using Porous Complexes,”
Nature 495, 461-466 (2013).

Self-Assembly, Nano-Space, Coordination Chemistry

Figure 1. One example of the crystalline sponge method analysis
result. Orange molecules are accommodated molecules, and green one
is a framework of the crystalline sponge.

* D. Fujita, Y. Ueda, S. Sato, N. Mizuno, T. Kumasaka and M.
Fujita, “Self-Assembly of Tetravalent Goldberg Polyhedra from
144 Small Components,” Nature 540, 563-566 (2016).



Annual Review 2020

1. The CS Method Accelerates an Attempt
to Create Artificial Natural Products

The natural products, compounds isolated from nature,
exhibit great structural diversity and complexity. Such diver-
sity and complexity of the natural products are generated by
enzymatic reactions in organisms such as plants and bacteria.
The enzymes can convert simple substrates into complex
natural products. The natural products can be utilized for many
kinds of purposes, such as medicines, industrial materials, and
so on. Therefore, it can be said that the natural products are
attractive resource for the exploration into useful compounds.
However, recently, it becomes difficult to obtain new natural
products with novel structures, because almost all types of
natural products, which can be easily isolated, are considered
to be already found through long history of natural product
chemistry.

One way to solve this problem is a chemo-enzymatic
approach. In this approach, we prepare unnatural synthetic
substrates. Then, the substrates are converted into complex
artificial molecules by enzymes, which is involved in the
biosynthesis of natural products. In this way, we can expand
the diversity of small molecules, using the biosynthetic mecha-
nism of the natural products. One of the bottle-necks of this
approach is the structural elucidation of the enzyme products,
because the products often possess complex and unexpected
structures. We consider that the CS method can solve this
problem, since this method enables rapid structural elucidation
of small molecules.

2. The CS Method Analysis of Artificial
Indole-Containing Compound?

Figure 2. A) Reaction catalyzed by TleB in nature. B) Enzyme
reaction to produce 1 and 6 from unnatural substrate 5.
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We elucidated a structure of a compound 1 generated by
reaction using a biosynthetic enzyme, TleB, which is involved
in a biosynthesis of 2 (Figure 2). In nature, TleB accepts 3 as a
substrate and produce 4 (Figure 2A). However, it was found
that unnatural substrate 5 could also be accepted by TleB, and
1 and 6 were generated (Figure 2B). Even though the structure
elucidation of 6 could be accomplished by the NMR, MS, and
single-crystal X-ray diffraction study, that of 1 could not be
determined by the conventional methods. Therefore, we sub-
jected 1 to the CS method, and succeeded in the structure
elucidation.

3. The CS Method Analysis of Artificial
Natural Products Produced by Enzymatic
Cyclization Reaction?

One of the important reactions to form basic skeletons of
the natural products is a cyclization reaction. When a chemi-
cally synthesized unnatural substrate 7 was converted by an
enzymatic cyclization reaction, 8 was generated (Figure 3). 8
has a novel structure, but its structure could not be determined
by the NMR analysis. Thus, the structure of 8 was revealed by
the CS method.

Figure 3. Enzyme reaction to produce 8 from 7.
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Keywords

Physical and chemical properties of solids, such as con-
ductivity, magnetism, superconductivity and chemical reac-
tions, and also life phenomena, such as redox and photo-
synthesis, originate from microscopic electronic and molecular
vibrations and/or molecular movements based on quantum
mechanics in materials and their interactions. To clarify the
microscopic states provides us not only the knowledge of the
origins of the physical properties and life phenomena but also
the clarification of hidden functionalities. The information is
useful for the creation of novel functional properties. To
visualize the microscopic state, we also develop novel spec-
troscopic techniques using synchrotron radiation, high brilliant
electron beams, and other so-called quantum beams. Recently,
we have successfully developed a novel electron spectroscopy,
namely resonant electron-energy-loss spectroscopy, as shown
in Figure 1, to detect element-specific plasmons. Based on the
obtained information of electronic structures, we are aiming to
develop novel physical properties of new materials.
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Figure 1. Resonant electron-energy-loss spectroscopy (rEELS)
apparatus developed by our group. The apparatus consists of a high-
brilliant spin-polarized electron gun and a photoelectron spectrometer.
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1. Non-Trivial Surface States of Samarium
Hexaboride at the (111) SurfaceV

The peculiar metallic electronic states observed in the
Kondo insulator, samarium hexaboride (SmBg), has stimulated
considerable attention among those studying non-trivial elec-
tronic phenomena. However, experimental studies of these
states have led to controversial conclusions mainly to the
difficulty and inhomogeneity of the SmBg crystal surface.

In this work, the detailed electronic structure of SmBg is
revealed by angle-resolved photoelectron spectroscopy mea-
surements of the three-fold (111) surface, where only two
inequivalent time-reversal-invariant momenta (TRIM) exists.
We observe the metallic two-dimensional state was dispersed
across the bulk Kondo gap. Its helical in-plane spin polariza-
tion around the surface TRIM indicates that SmBg is topol-
ogically non-trivial, according to the topological classification
theory for weakly correlated systems. Based on these results,
we propose a simple picture of the controversial topological
classification of SmBg.

We expect that this discovery could provide a new, fertile
playground for the following researches about the concert
effect between electron correlation and topology. It would also
be applicable for future spintronic technologies.

Figure 2. (a) Crystal structure of SmBg. A shaded area is the (111)
surface studied in the current work. (b) Surface electronic structure of
SmBg obtained by angle-resolved photoelectron spectroscopy. Bright
area represents the electrons with corresponding wavenumber (Fermi
surface). A solid hexagon is the zone boundary determined from
surface periodicity.

2. Relaxation Dynamics of [Re(CO)2(bpy)
{P(OEt)3}2](PFs) in TEOA Solvent Measured
by Time-Resolved Attenuated Total
Reflection Terahertz Spectroscopy?

To reveal highly efficient photocatalytic properties of an

artificial photosynthesis material [Re(CO)2(bpy){P(OEt)s}-]
(PFs), we have directly observed the photo-induced relaxation
dynamics and reductive quenching process of the photo-
excited state on a photosynthesis material in Triethanolamine
(TEOA) solvent as an electron donor by time-resolved attenu-
ated total reflection spectroscopy in the terahertz (THz) region.
The spectrum of the complex in TEOA has an intermolecular
vibrational mode between the complex and TEOA molecules,
which reflects the precursor of the reductive quenching pro-
cess. The intermolecular vibrational mode has three-step
relaxation process in a picosecond timescale after photo-
excitation, where firstly the triplet metal-to-ligand charge
transfer excited state is vibrationally cooled down, secondly
the distance between Re and TEOA is reduced by the rotation
of TEOA molecules due to dipole—dipole interaction acceler-
ated by heat transfer, and finally electrons transfer from TEOA
to Re. These observations provide us the detailed information
of the electron transfer process of photocatalytic properties of
[Re(CO)2(bpy){P(OEt)3}2](PFs) in TEOA solvent.

Figure 3. The schematic figures of the temporal evolution from | to
111 of the interaction between photocatalyst [Re(CO),(bpy){P(OEt)s}2]*
as a photocatalyst and TEOA molecules as reductants.
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For future sustainable development, we promote research
development of advanced catalysts based on element strategy
criteria. Non-precious metal such as iron, nickel, cobalt, and
cupper catalysts are investigated for synthetic transformation
of various organic molecules related to pharmaceutical and
photoelectronic materials. To elucidate the precise catalytic
properties and mechanism, X-ray absorption spectroscopy
(XAS) and various radiant right spectroscopies provided at
UVSOR are used, where development of a solution-phase in
situ XAS spectroscopic techniques and system will be inten-
sively conducted for the study of homogeneous organometallic
catalysts. Multidisciplinary research covered on DFT and
XAS spectroscopy is also conducted to achieve an efficient
structural determination technique being never accessible by
the conventional XAS-based structural analysis. Using these
cutting-edge spectroscopic technologies, we aim to promote
innovative catalyst research which enable us highly efficient
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transformation of extremely unreactive organic molecules
such as simple aromatic compounds, CO», and biomass into
valuable functional materials.

Figure 1. Investigation of iron-catalyzed cross-coupling reactions
based on DFT-XAS analysis.
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1. DFT-XAS-Based Mechanistic Investiga-
tion of Pd/Cu-Catalyzed Dehydrogenative
Coupling of Dimethyl Phthalatel:2

Pd-catalyzed oxidative coupling reaction of phthalate
esters is a well-known industrial process for the production of
biphenyl compounds which can be readily converted into
biphenyl tetracarboxylic dianhydride (BPDA), being an impor-
tant monomer of polyimides. Equation 1 shows a typical

procedure of the oxidative coupling, where dimethyl phthalate
3 readily couples in the presence of catalytic amounts of
Pd(OAc), 1a and Cu(OAc);, 2a to afford the corresponding
biphenyls 4 and 5. Despite the widespread use of this process,
the precise reaction mechanism had still remained unclear due
to the severe reaction condition and the complex Pd/Cu hetero-
bimetallic catalyst system including paramagnetic Cu(ll)
species, both which hamper the conventional analysis based
on solution-phase NMR. To solve such problems in mechanis-
tic study of homogeneous catalysis, we conducted to use XAS
which enables element specific analysis to determine the
oxidation state and the geometry of catalytic species.3%
Recently, we have succeeded to elucidate the mechanism of
Pd/Cu-catalyzed oxidative coupling of dimethyl phthalate as
shown in Scheme 1. The oxidation states and the local coordi-
nation geometries of catalytic intermediates 1d, 1c, and 2a
were determined under the stoichiometric conditions of each
reaction path. DFT- and single crystal X-ray structural analy-
sis adequately provided the precise molecular structure of

Scheme 1. Investigation of iron-catalyzed cross-coupling reactions
based on DFT-XAFS analysis.

these intermediates. This research is first to provide a clear
answer to the long-term debate on the reaction mechanism in
the last three decades and demonstrated that XAS is the
powerful tool for the mechanistic study on homogeneous
transition-metal-catalyzed reactions, being difficult by means
of the conventional solution-phase NMR analysis.

2. XAFS-Based Structural Study on
Flexible Organometallic Systems®~")

Generally, organometallics bearing highly flexible molecu-
lar structure make it difficult to prepare a single crystal with
sufficient size and quality for X-ray crystallography. We
conducted DFT-XAS-based structural analysis of such flexible
molecule. Recently, Prof. Uemura and Benjamin found a
flexible MOF prepared from [Zny(BDC)2(DABCO)], and
polystyrene which has a polymer-threaded multi-layered
structure after removing the DABCO pillar ligand. The polymer-
threaded extremely flexible molecular scaffolds showed no
clear diffraction pattern except for a broad peak. To determine
the molecular structure of this flexible MOF system, we
carried out Zn K-edge and O K-edge XAS. A DFT-based
simulation of both XAS spectra clearly demonstrated that
[Zn,(BDC)2]n-monolayer was preserved well in the turbo-
stratic phase without DABCO pillar.

Another successful application was achieved in the struc-
ture determination of rotaxane-linked iron porpyrin dimer in
which two units of iron-porpyrin or phtalocyanine were inter-
locked through highly flexble quadruplet axials. Fe K-edge
XAS-based structural analysis supproted with DFT-MD-based
simulation succefully provides the precise local coordionation
geometry of iron centers in highly flexible supramolecular
system.
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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: The world first laser ignited car, highly efficiency
broad frequency conversions from the wavelength of 118nm
VUV until 300-500um THz waves, and so on. In addition, the
quasi phase matching (QPM) is an attractive technique for
compensating phase velocity dispersion in frequency con-
version. Lately, we propose a new architecture to realize a
monolithic multi-disk laser by the surface activated bonding
(SAB). This multiple thin-disk or chip gain medium for
distributed face cooling (DFC) structure can manage the high-
power and high-field laser with high-gain compact system.
Besides, QPM-structured crystal quartz constructed by multi-
plate stacking could be promising as a high-power and reliable
VUV frequency conversion devices. These downsized and
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Figure 1. TILA consortium toward “Laser Science and Innovation”
by micro solid-state photonics.

modularized tiny integrated lasers (TILA) promise the
extremely high-brightness lasers to open up the new science,
such as laser driven electron accelerator toward table-top
XFEL, and innovation by the compact power laser (Figure 1).
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1. Polarity Inversion of Crystal Quartz
Using a Quasi-Phase Matching Stamp?

Stress-induced polarity inversion of crystal quartz using a
quasi-phase matching (QPM) stamp is proposed for a QPM
frequency conversion quartz device (Figure 2). Fabrication of
QPM structure in x-cut quartz plate could be realized using the
periodically patterned QPM stamp. Also, second-harmonic
532 nm generation with 16.8 kW peak intensity was demon-
strated using a QPM quartz device with QPM period of 124
um (3rd-order QPM) to confirm its polarity-inverted structure
(Figure 3).

Figure 2. (a) Set up for the QPM stamp method, (b) Etched periodic
pattern in x-cut plate.

Figure 3. (a) Set up for SHG experiment, (b) SHG characteristics
using a QPM quartz.

2. High Peak-Power Near-MW Laser Pulses
by Third Harmonic Generation at 355 nm in
Cas(BO3)sF Nonlinear Single Crystals?

In this work, the performance of Cas(BO3)sF (CBF) single
crystals (Figure 4) was investigated for the third harmonic
generation at 355 nm. A high energy conversion efficiency of
16.9% at 355 nm was reached using a two-conversion-stage
setup. First, using a high peak power, passively Q-switched
Nd3*:YAG/Cr#*:YAG microlaser based gain aperture in micro-

Figure 4. Ca(BOg)sF crystal growth by TSSG
method using 20 wt% LiF flux.

Figure 5. Experimental data on THG for uncoated CBF crystal and
comparison with LBO crystal (anti-reflection coating) in terms of
output UV energy (a) and of conversion efficiency (b).

* Present Address; Yunnan University

MOPA, the second harmonic at 532 nm was achieved with
lithium triborate (LBO) crystal, reaching 1.35 MW peak
power. On a second step, laser pulses at 355 nm were generated
using a 5 mm-long CBF crystal growth by TSSG method with
energy, pulse duration and peak power of 479 pJ, 568 ps and
0.843 MW, respectively (Figure 5). These results are currently
the highest reported for CBF material.

3. Remote Laser Analysis Technique in
Harsh Environment34

In this study, a compact fiber-optic laser-induced breakdown
spectroscopy (LIBS) system was developed using a microchip
laser (MCL) with a monolithic Nd:YAG/Cr:YAG composite
ceramic, for remote analysis of hazardous environments, such as
nuclear reactor cores (Figure 6). Short duration laser pulses
exhibiting a near-Gaussian beam profile were obtained. The
output properties of the laser, such as pulse energy, repetition
rate, temporal shape, and beam profile, were measured in view
of their applicability to LIBS analysis and were found suitable
for the purpose of this research (Figure 7). Spectra of zirconium
metal were obtained, and signal intensity was further enhanced
by applying multi-burst mode irradiation to the target. The
results of this study reveal that the fiber-optic microchip-laser
induced breakdown spectroscopy system is advantageous for
efficient remote analysis of hazardous environments and is
suitable for analyzing the inside of nuclear reactor cores.

Figure 6. Concept of remote laser analysis
technique (LIBS) in harsh environment,
such as nuclear reactor cores of Fukushima.

Figure 7. Instead of high power laser fiber delivering system, we have
developed a fiber-optic microchip-laser induced breakdown spectros-
copy system for efficient remote analysis of hazardous environments.
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