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Our research centers on complex fluctuations in condensed
systems, including supercooled liquids and biomolecules.
These fluctuations significantly influence various properties,
functions, and reactions. By investigating the dynamics and
fluctuations in these molecular systems, we aim to uncover the
molecular origins of these properties, functions, and reactions.

We have pioneered advanced computational methods for
multi-dimensional nonlinear spectroscopy, enabling us to
elucidate the molecular basis of ultrafast energy relaxation and
the temporal evolution of nonuniform fluctuations in liquid
water that conventional linear spectroscopy has not revealed.
Additionally, we have delved into the dynamical heterogeneity
of supercooled liquids, characterized by slow, inhomogeneous
structural changes driven by fluctuations. Using a three-time
correlation function, we unveiled the dynamic coupling of
structural fluctuations across different time scales in proteins.

Our research has also focused on the anomalous properties
of water, establishing a link between these anomalies and
previously hidden structural and dynamical characteristics.
Recently, we developed a novel analytical method for studying
dynamical disorder based on stochastic process theory, eluci-
dating the mechanisms behind slowing structural changes as
systems approach the glass transition.
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In the realm of biomolecular systems, structural fluctua-
tions and conformational changes are crucial for functions.
Our studies on enzymatic reactions underscore the importance
of specific prepared conformational states that facilitate these
reactions. Furthermore, we have probed the molecular origins
of dynamic disorder within protein conformational dynamics,
revealing the complexity of these processes. Our investiga-
tions also extend to the molecular mechanisms underlying
efficient excitation energy transfer in photosynthetic systems.

Through these efforts, we are engaged in a broad spectrum
of theoretical and computational studies to unravel the dynami-
cal phenomena that govern condensed-phase systems.

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).

pages) (2018), S. Saito and B. Bagchi, J. Chem. Phys. 150, 054502
(14 pages) (2019), S. Saito, J. Chem. Phys. 160, 194506 (13 pages)
(2024).

* J. Ono, Y. Matsumura, T. Mori and S. Saito, J. Phys. Chem. B
(Perspective) 128, 20-32 (2024).

» S. Saito, M. Higashi and G. R. Fleming, J. Phys. Chem. B 123,
9762-9772 (2019).



Annual Review 2024

1. Conformational Dynamics in Proteins:
Entangled Slow Fluctuations and
Nonequilibrium Reaction Events®

Proteins exhibit conformational fluctuations and changes
over various time scales, ranging from rapid picosecond-scale
local atomic motions to slower microsecond-scale global confor-
mational transformations. In the presence of these intricate
fluctuations, chemical reactions occur and functions emerge.
These conformational fluctuations of proteins are not merely
stochastic random motions but possess distinct spatiotemporal
characteristics. Moreover, chemical reactions do not always
proceed along a single reaction coordinate in a quasi-equilib-
rium manner. Therefore, it is essential to understand spatiotem-
poral conformational fluctuations of proteins and the conforma-
tional change processes associated with reactions. In this Per-
spective, we shed light on the complex dynamics of proteins and
their role in enzyme catalysis by presenting recent results
regarding dynamic couplings and disorder in the conformational
dynamics of proteins and rare but rapid enzymatic reaction
events obtained from molecular dynamics simulations.

2. Locating Transition States by a Variational
Reaction Path Optimization with an Energy-
Derivative-Free Objective Function?

Locating transition states is essential for understanding
molecular reactions. We propose a double-ended transition state
search method by revisiting a variational reaction path opti-
mization method known as the MaxFlux method. Although its
original purpose is to add temperature effects to reaction paths,
we conversely let the temperature approaches zero to obtain an
asymptotically exact minimum energy path and its correspond-
ing transition state in variational formalism with an energy-
derivative-free objective function. Using several numerical
techniques to directly optimize the objective function, the
present method reliably finds transition states with low com-
putational cost. In particular, only three force evaluations per
iteration are sufficient. This is confirmed in a variety of molecu-
lar reactions where the nudged elastic band method often fails.

3. Unraveling the Dynamic Slowdown in
Supercooled Water: The Role of Dynamic
Disorder in Jump Motions®)

When a liquid is rapidly cooled below its melting point
without inducing crystallization, its dynamics slow down sig-
nificantly without noticeable structural changes. Elucidating the
origin of this slowdown has been a long-standing challenge.
Here, we report a theoretical investigation into the mechanism
of the dynamic slowdown in supercooled water, a ubiquitous
yet extraordinary substance characterized by various anomalous
properties arising from local density fluctuations. Using molecu-
lar dynamics simulations, we found that the jump dynamics,
which are elementary structural change processes, deviate from
Poisson statistics with decreasing temperature. This deviation is
attributed to slow variables competing with the jump motions,
i.e., dynamic disorder. The present analysis of the dynamic
disorder showed that the primary slow variable is the displace-

ment of the fourth nearest oxygen atom of a jumping molecule,
which occurs in an environment created by the fluctuations of
molecules outside the first hydration shell. As the temperature
decreases, the jump dynamics become slow and intermittent.
These intermittent dynamics are attributed to the prolonged
trapping of jumping molecules within extended and stable low-
density domains. As the temperature continues to decrease, the
number of slow variables increases due to the increased coopera-
tive motions. Consequently, the jump dynamics proceed in a
higher-dimensional space consisting of multiple slow variables,
becoming slower and more intermittent. It is then conceivable
that with further decreasing temperature, the slowing and
intermittency of the jump dynamics intensify, eventually culmi-
nating in a glass transition.

4. Effect of Counterions on the Structure
and Dynamics of Water near a Negatively
Charged Surfactant: A Theoretical Vibrational
Sum Frequency Generation Study?

Charged aqueous interfaces are of paramount importance in
electrochemical, biological, and environmental sciences. The
properties of aqueous interfaces with ionic surfactants can be
influenced by the presence of counterions. Earlier experiments
involving vibrational sum frequency generation (VSFG) spec-
troscopy of aqueous interfaces with negatively charged sodium
dodecyl sulfate (Na™DS™ or SDS) surfactants revealed that the
hydrogen bonding strength of the interfacial water molecules
follows a certain order when salts of monovalent and divalent
cations are added. It is known that cations do not directly
participate in hydrogen bonding with water molecules, rather
they only influence the hydrogen-bonded network through their
electrostatic fields. In the current work, we have simulated the
aqueous interfacial systems of sodium dodecyl sulfate in the
presence of chloride salts of mono and divalent countercations.
The electronic polarization effects on the ions are considered at
a mean-field level within the electronic continuum correction
model. Our calculations of the VSFG spectra show a blue shift
in the presence of added countercations whose origin is traced to
different relative contributions of water molecules from the
solvation shells of the surfactant headgroups and the remaining
water molecules in the presence of countercations. Furthermore,
the cations shield the electric fields of the surfactant headgroups,
which in turn influences the contributions of water molecules to
the total VSFG spectrum. This shielding effect becomes more
significant when divalent countercations are present. The
dynamics of water molecules are slower at the interface than the
bulk. The interfacial depth dependence of various dynamical
quantities shows that the interface is structurally and dynami-
cally more heterogeneous at the microscopic level.
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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 some-
times 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 spec-
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troscopic signals. Therefore, theoretical tools to adequately
describe (1) dynamical behaviors of quantum 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.
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1. Dynamics of a Quantum System
Interacting with White Non-Gaussian Baths:
Poisson Noise Master Equation

Quantum systems are unavoidably open to their surround-
ing degrees of freedom. The theory of open quantum systems is
thus crucial to understanding the fluctuations, dissipation, and
decoherence of a quantum system of interest. Typically, the
bath is modeled as an ensemble of harmonic oscillators, which
yields Gaussian statistics of the bath influence on the quantum
systems. However, there are also phenomena in which the bath
consists of two-state systems, spins, or anharmonic oscillators;
therefore, the non-Gaussian properties of the bath become
important. Nevertheless, a theoretical framework to describe
quantum systems under the influence of such non-Gaussian
baths is not well established. Here, we develop a theory to
describe quantum dissipative systems affected by Poisson noise
properties of the bath, because the Lévi-Itd decomposition
theorem asserts that Poisson noise is fundamental in describing
arbitrary white noise beyond Gaussian properties. We introduce
a quantum bath model that allows for the consistent description
of dissipative quantum systems. The obtained master equation
reveals non-Gaussian bath effects in the white noise regime,
and provides an essential step toward describing open quantum
dynamics under the influence of generic baths.!

2. Pathway Selectivity in Time-Resolved
Spectroscopy Using Two-Photon
Coincidence Counting with Quantum
Entangled Photons

Ultrafast optical spectroscopy is a powerful technique for
studying the dynamic processes of molecular systems in con-
densed phases. However, in molecular systems containing many
dye molecules, the spectra can become crowded and difficult to
interpret owing to the presence of multiple nonlinear optical
contributions. In this work, we theoretically propose time-
resolved spectroscopy based on the coincidence counting of
two entangled photons generated via parametric down-conver-
sion with a monochromatic laser. We demonstrate that the use
of two-photon counting detection of entangled photon pairs
enables the selective elimination of the excited-state absorption
signal. This selective elimination cannot be realized with
classical coherent light. We anticipate that the proposed spec-
troscopy will help simplify the spectral interpretation of com-
plex molecular and material systems comprising multiple
molecules.?

3. A Coarse-Grained Description of
Anharmonic Lattice Environments Affecting
the Quantum Dynamics of Charge Carriers

Lattice softness has a significant impact on charge carrier
dynamics in condensed matter systems. Examples include the
remarkable carrier lifetimes and defect tolerances of hybrid
organic-inorganic perovskites. Recent studies suggest the

contribution of quartic anharmonicity of the lattice vibrations.
The quartic anharmonicity can be discussed with a double-
well potential, and the transition between the two minima can
be coarse-grained as a two-state jump stochastic process. Such
a stochastic approach is typically employed to describe fluc-
tuations introduced into a system by two-state transitions in
the surroundings. To investigate charge transport in materials,
however, it is crucial to describe not only the fluctuations but
also the dynamic lattice distortion associated with charge
transport. Therefore, there is a need for a theory to describe
the charge carrier dynamics proceeding alongside the lattice
distortion dynamics. In this study, we present a theory that
describes quantum dynamics under the influence of an envi-
ronment with two stable states, termed a bistable environment.
The theory describes the effects of fluctuations and dissipation
induced from the bistable environment in a reasonable man-
ner, and the effects exhibit a different temperature dependence
than the widely employed Gaussian environment. The physical
implication of this temperature dependence is provided in
terms of the environmental dynamics. The results of this study
are expected to provide a step forward in describing charge
carrier dynamics in materials with lattice softness and pro-

nounced lattice anharmonicity.?)

4. Network Analysis with Quantum
Dynamics Clarifies Why Photosystem Il
Exploits both Chlorophyll a and b

In land plants, chlorophyll-a and chlorophyll-b in light-
harvesting proteins are responsible for absorbing solar energy.
While the individual characteristics of these pigments are well-
understood, the advantages of their coexistence have not been
fully elucidated. Here, we presented a principled framework
based on complex network analysis and quantum dynamics to
investigate and quantify the features of this coexistence during
excitation energy transfer in a photosystem II supercomplex. By
using model networks with diverse chlorophyll compositions,
our analysis revealed that the excited energy preferentially
flows through specific domains, where excessive energy can be
controlled, solely in those supercomplexes with a natural
chlorophyll-a/b ratio, resulting in a moderate charge separation
yield. Our findings suggested that light-harvesting proteins with
the natural chlorophyll-a/b ratio are optimized to safely and
efficiently capture light energy across various light intensities.
By leveraging our framework, we could gain valuable insights
into the mechanisms by which light-harvesting proteins harvest
light energy and adapt to changing environmental conditions.®
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We develop the useful electronic structure theories and
investigate the photochemistry and catalysis theoretically.
Currently, we focus on the following research subjects.

(1) Inverse design and theory for complex electronic states

We are interested in improving the various functions of
molecular systems. Inverse design approach can optimize the
functions in the “functional space.” Recently, we adopted the
inverse design approach and succeeded in maximizing various
photofunctions of the molecular aggregates and molecule-
nanoparticle systems. We also work on developing electronic
structure theories for complex electronic states such as CAP/
SAC-CI method for locating metastable resonance states.

(2) Nanocluster and heterogeneous catalysts

We proceeded the national project of Element Strategy
Initiatives for Catalysts and Batteries (ESICB) where we
focused on the developments of the platinum-group metal
(PGM) reduced or PGM-free catalysts. We elucidated the
mechanism of various three-way catalysts like PGM-free
tandem catalyst. We also investigated the nanocluster and
heterogeneous catalysts for the fuel cells and fine chemicals
like Pt sub-nanoclusters for oxygen reduce reaction (ORR),
Pd-Au alloy nanoparticle for hydrosilylation, Niobium oxide
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surface for direct synthesis of various amides and imides.
(3) Functions of C-centered Au(I) based clusters

We theoretically investigate the various functions of metal
nanoclusters. In the recent project, we worked on C-centered
Au(I) based clusters such as chiral induction of CAulg cluster
with monodentate N-heterolytic carbene (NHC) ligands, intense
photoluminescence (PL) of CAu'sAg!, (n = 2-4) clusters and
its biological application, vapochromism of CAulg cluster, and
the generation of CAu's cluster and its red-shifted PL as well
as catalytic activity.

(4) Photoluminescence of modified single-walled carbon
nanotubes (SWNTs)

In the series of works, we have investigated the selective
photoluminescence (PL) from photofunctional molecular
systems. Introducing the quantum defects into single-walled
carbon nanotubes (SWNTs) enhances their PLs with red-
shifted peaks. Previously, we proposed the substitution rule
using Clar-sextet theory. Recently, we have achieved the
control of near-IR PL by the stepwise chemical functionaliza-
tion, the selective E¥* PL (~1,200 nm) by tether alkyl func-
tionalization, and the PL in telecommunication wavelength
(>1,300 nm) by perfluoroalkyl functionalization.
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location in Cells,” Nat. Commun. 13, 4288 (2022).
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1. Elucidating Electronic Structure of
Anion-Templated Silver Nanoclusters by
Optical Absorption Spectroscopy and
Theoretical Calculations?

Electronic structures of anion-templated silver nano-
clusters (Ag NCs) have not been well understood compared
with conventional template-free Ag NCs. In this work, we
developed three new anion-templated Ag NCs, that is [S@
Agi7L15(PPh3)s]°, [S@AgisL16(PPh3)s]%, and [Cl@AgsLis
(PPh3)s][PPh4], where L = 4-chlorobenzene methanethiolate
for which single-crystal X-ray crystallography revealed that
they have S@Ages, S@Ag10, and CI@Ag) cores, respectively.
Investigation of their electronic structures by optical spec-
troscopy and theoretical calculations elucidated the following
unique features; (1) their electronic structures are different
from those of template-free Ag NCs described by the super-
atomic concept; (2) optical absorption in the range of 550-400
nm for S2-templated Ag NCs is attributed to the charge
transitions from S2 -templated Ag-cage orbitals to the s-shaped
orbital in the S~ moiety; (3) the Cl™-templated Ag NCs can be
viewed as [ClI@AgisL16(PPh3)s]°[PPh4]? rather than the ion
pair [Cl@AgsL16(PPh3)g] [PPhs]*; and (4) the singlet-coupled
singly occupied orbitals are involved in the optical absorption
of the Cl"-templated Ag NC.
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Figure 1. Photophysical properties and electronic states of [Cl@
AgigL16(PPh3)g][PPhy].

2. Single-Gold Etching at the Hypercarbon
Atom of C-Centred Hexagold(l) Clusters?)

Etching is an excellent top-down synthesis method for
controlling the structures and chemical and physical properties
of nanomaterials. Chemical etching at the atomic level is a
particularly challenging task for the precise synthesis of nano-
sized metal clusters. The synthesis of metal clusters containing
smaller metal nuclei and potential surface vacancies will
further elucidate the details of structure—function relationships
and facilitate future materials design. In this work, we report
the successful single-gold etching at a hypercarbon centre in
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Figure 2. Schematic diagram of single-Au etching at a hypercarbon center.

gold(I) clusters. Specifically, C-centred hexagold(I) clusters
protected by chiral N-heterocyclic carbenes were etched with
bisphosphine to yield C-centred pentagold(I) (CAuls) clusters.
The CAuls clusters exhibit an unusually large bathochromic
shift in luminescence, which is reproduced theoretically. The
etching mechanism was experimentally and theoretically
suggested to be a tandem dissociation-association-elimination
pathway. Furthermore, the vacant site of the central carbon of
the CAuls cluster can accommodate AuCl, allowing for post-
functionalisation of the C-centred gold(I) clusters.

3. Optimization of Metal-Support
Cooperation for Boosting the Performance
of Supported Gold Catalysts for the
Borylation of C-O and C-N Bonds?®

Supported metal catalysts have interfacial sites between
metal nanoparticles and their supports, where multiple catalytic
elements can work in cooperation to efficiently promote inter-
molecular reactions. In this work, we performed kinetic and
theoretical studies to elucidate the effect of metal-support
cooperation for the borylation of C—O bonds by supported gold
catalysts and revealed that the Lewis acid density of the supports
determined the number of active sites at which metal nano-
particles (NPs) and Lewis acid at the surface of the supports
work in cooperation. DFT calculations revealed that strong
adsorption of diborons at the interface between Au NPs and
supports and lowering the LUMO level of adsorbed diboron
were responsible for efficient C—O bond borylation. Supported
Au catalysts with the optimized metal-metal oxide cooperation
sites, namely Au/a-Fe;O3 catalyst, showed excellent activity for
C—0 bond borylation, and also enabled the synthesis of organo-
boron compounds by using continuous flow reactions. Further-
more, Au/o-Fe;O3 showed high activity for direct C—-N bond
borylation without the transformation of amino groups to ammo-
nium cations. The results described herein suggest that the
optimization of metal-metal oxide cooperation is beneficial for
taking full advantage of the potential performance of supported
metal catalysts for intermolecular reactions.
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Figure 3. Borylation of C-O and C-N bonds on the supported gold
catalysts: Optimization of metal-support interaction.
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Biomolecules such as proteins and peptides have a 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 the replica-permuta-
tion method. We apply these methods to proteins and peptides
and try to predict the native structures of proteins, as in Figure 1.
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Figure 1. Time series of protein folding simulation.
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We are also interested in disease-related biomolecules. For
example, protein aggregates such as spherical substances called
oligomers and acicular substances called amyloid fibrils (Figure
2) cause more than 30 kinds of diseases. Alzheimer’s disease is
thought to be caused by aggregated amyloid-B (AP) 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 AB amyloid fibril.
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CoV-2,” Biophys. J. 120, 3615-3627 (2021).

* S. G. Itoh, M. Yagi-Utsumi, K. Kato and H. Okumura: “Key
Residue for Aggregation of Amyloid-p Peptides,” ACS Chem.
Neurosci. 13, 3139-3151 (2022).



Annual Review 2024

1. Why Is Arginine the Only Amino Acid
that Inhibits Polyglutamine Monomers
from Taking on Toxic Conformations?

Polyglutamine (polyQ) diseases are devastating neuro-
degenerative disorders characterized by abnormal expansion
of glutamine repeats within specific proteins. The aggregation
of polyQ proteins is a critical pathological hallmark of these
diseases. Arginine was identified as a promising inhibitory
compound because it prevents polyQ-protein monomers from
forming intra- and intermolecular B-sheet structures and
hinders polyQ proteins from aggregating to form oligomers.
Furthermore, such an aggregation inhibitory effect was not
observed in other amino acids. However, the underlying
molecular mechanism of the aggregation inhibition and the
factors that differentiate arginine from other amino acids, in
terms of the inhibition of the polyQ-protein aggregation,
remain poorly understood. We performed replica-permutation
MD simulations to elucidate the molecular mechanism by
which arginine inhibits the formation of the intramolecular
B-sheet structure of a polyQ monomer.!) We found that the
intramolecular B-sheet structure with more than four B-bridges
of the polyQ monomer with arginine is more unstable than
without any ligand and with lysine. We also found that argi-
nine has 1.6-2.1 times more contact with polyQ than lysine. In
addition, we revealed that arginine forms more hydrogen
bonds with the main chain of the polyQ monomer than lysine.
More hydrogen bonds formed between arginine and polyQ
inhibit polyQ from forming the long intramolecular -sheet
structure. It is known that intramolecular B-sheet structure
enhances intermolecular -sheet structure between proteins.
These effects are thought to be the reason for the inhibition of
polyQ aggregation. This study provides insights into the
molecular events underlying arginine’s inhibition of polyQ-
protein aggregation.
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Figure 3. Arginine inhibits polyQ-proteins from forming intra- and

o

intermolecular B-sheet structures. However, lysine, which also has a
positive charge, does not have such an effect.
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2. Dissociation Process of Polyalanine
Aggregates by Free Electron Laser
Irradiation

Polyalanine (polyA) disease-causative proteins with an
expansion of alanine repeats can be aggregated. Although
curative treatments for polyA diseases have not been explored,
the dissociation of polyA aggregates likely reduces the cyto-
toxicity of polyA. Mid-infrared free electron laser (FEL)
successfully dissociated multiple aggregates. However, whether
the FEL dissociates polyA aggregates like other aggregates has
not been tested. We applied MD simulation to follow the
dissociation process by FEL.2 We successfully observed how
the intermolecular B-sheet of polyA aggregates was dissoci-
ated and separated into monomers with helix structures upon
FEL irradiation. After the dissociation by FEL, water mol-
ecules inhibited the reformation of polyA aggregates. We
recently verified the same dissociation process using FEL-
treated amyloid-B aggregates. Thus, a common mechanism
underlies the dissociation of different protein aggregates that
cause different diseases, polyA disease and Alzheimer’s disease.
However, MD simulation indicated that polyA aggregates are
less easily dissociated than amyloid-f aggregates and require
longer laser irradiation due to hydrophobic alanine repeats.
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Figure 4. Snapshots of polyA amyloid fibril during a nonequilibrium
MD simulation. Snapshots (A) before FEL irradiation, (B) after 1000
pulses, (C) after 1100 pulses, (D) after 1300 pulses, (E) after 1400
pulses, and (F) after 2000 pulses.
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Keywords

Biomolecular machines, such as molecular motors and
transporters in the cell, are known to change their structure
when they function. For example, ATP synthase, which synthe-
sizes ATP in mitochondria, is a molecular motor that uses
chemical energy to rotate unidirectionally. Transporters, which
transport substrate molecules across the cell membrane, per-
form substrate transport by changing their structure between
inward-open and outward-open states relative to the mem-
brane. We aim to elucidate the mechanisms of these elaborate
and dynamic nanomachines created by nature at the atomic and
molecular levels and to control their functions based on our
findings.

We would like to understand the mechanisms of bio-
molecular machines by “seeing” the motion of biomolecular
machines at the moment they function at the molecular level on
a computer. However, this is not an easy task because bio-
molecular machines are huge molecules, and their functioning
time scale is slow (for a molecular scale) at milliseconds or
longer. Conventional atomistic molecular dynamics (MD)
simulations cannot cover millisecond-long dynamics, espe-
cially for a large system like typical biomolecular machines.
Therefore, we have developed and applied methods such as
coarse-grained modeling and enhanced sampling to capture the
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motion at the moment of function.

We have been working on biomolecular motors such as
ATP synthase. ATP synthase is a rotary motor that produces
most of the ATP required in the cell. It is composed of two
rotary motors: F, and Fi. The F, motor is embedded in the
membrane and driven by a proton gradient, while the F; motor
is driven by the ATP hydrolysis reaction. We clarified how the
rotation of the F; motor is driven by a key chemical step, Pi
release after the ATP hydrolysis reaction, by accelerating
atomistic MD simulations with external forces.!

Transporters are membrane proteins that transport their
substrates across the membrane. We have studied a Na*/H*
antiporter, which exchanges sodium ions and protons inside
and outside the cell. The ion transport process by the Na™/H"
antiporter was simulated in atomic detail with a transition path
sampling technique to capture the moment of the ion transport.
The simulations predicted the mutation that could speed up ion
transport. The mutation was tested in experiments and shown
to speed up the ion transport twice faster than the wild type.
Therefore, we succeeded in controlling the function of the
transporter based on the mechanism obtained from simulations

by creating the faster transporter.?)

Sodium/Proton Antiporter PaNhaP from Transition-Path Shooting,”
Nat. Commun. 10, 1742 (2019).

* R. Kobayashi, H. Ueno, K. Okazaki and H. Noji, “Molecular
Mechanism on Forcible Ejection of ATPase Inhibitory Factor 1 from
Mitochondrial ATP Synthase,” Nat. Commun. 14, 1682 (2023).
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1. Mechanism of Oxalate Transporter

Oxalate is contained in our daily food, such as spinach and
nuts. Excess amounts of oxalate form insoluble salts with
calcium ions, causing kidney stone disease. Oxalobacter
formigenes, an oxalate-degrading bacterium that lives in the
intestine, absorbs oxalate as its sole carbon source and
excretes formate, a metabolic degradation product. As a result,
Oxalobacter formigenes contributes to reducing the risk of
kidney stone disease by lowering the oxalate level. The oxa-
late transporter (OxIT) in the bacterium’s membrane is respon-
sible for oxalate uptake and formate efflux. The crystal struc-
tures of the two different conformations taken by OxIT during
its transport cycle have been determined by our collabo-
rators.>) One structure is in the outward-open conformation,
while the other is in the occluded conformation with the bound
oxalate.

We have identified the inward and outward gates of OxIT
using MD simulations from the experimental structures.’) An
unresolved inward-open conformation was obtained by per-
forming accelerated MD simulations, in which boost potential
was applied to residues around the inward gate (Figure 1A).
The obtained inward-open conformation was validated by an
additional simulation observing the substrate formate binding
from the inside of the membrane (Figure 1B). The contact
analysis was performed to identify key interactions that change
during the conformational change (Figure 1C). The residues
that break contacts include D280 at the cytoplasmic side. The
S162 and T258 formed a contact at the periplasmic side.

Then, we used the state-of-the-art structural prediction Al
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Figure 1. (A) Accelerated MD simulations discover an inward-open
conformation. (B) Formate density in the inward-open state. (C)
Contact analysis to identify important residue pairs. (D) AlphaFold

structures for wild type and mutants.®)
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AlphaFold2 to see how mutations of the identified residues
affect AlphaFold prediction (Figure 1D). While AlphaFold
predicted only the outward-open conformations with the wild-
type sequence, the mutation D280L or S162C/T258C made
AlphaFold also predict the inward-open conformation. These
mutations likely stabilize the inward-open conformation.

2. Integration of AlphaFold with MD
Simulation

The computational cost of all-atom MD simulations for
biomolecular machines is so high that direct simulation of the
functional motions is impossible. We introduce a method that
integrates AlphaFold with MD simulation to overcome this
difficulty.> This method first generates broad structures by
AlphaFold with reduced MSA depth, including multiple stable
conformations and intermediates. Then, MD simulations are
conducted from these structures to cover the broad conforma-
tional space that is involved with the function. The method
was tested with the transporter protein NarK. It successfully
uncovers a missing conformational state and transition dynam-
ics between stable states.

3. Machine Learning of Reaction
Coordinates

It is a challenging task to identify reaction coordinates for
biomolecular systems with many degrees of freedom. Unlike
order parameters or collective variables, a reaction coordinate
should describe the progress of a reaction between two meta-
stable states. We have developed a machine learning method
to identify reaction coordinates based on the committor
function.2:®) We have applied a deep neural network and
Explainable Artificial Intelligence (XAI) for this problem.
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TSUCHIMOCHI, Takashi (from Shibaura Institute of Technology)

Theoretical and Computational Chemistry for Degenerate Electronic Structures

Our research focuses on quantum chemistry to compute the electronic structure of materials. We are
particularly interested in chemical systems where electrons are strongly correlated with each other, making
them notoriously difficult to compute with traditional approaches due to either the inappropriate treatment
of quantum entanglement or prohibitively large computational costs. To tackle this conundrum, we have

proposed several methodologies based on symmetry-breaking of the underlying wave function as well as its restoration by means
of symmetry-projection. While these methods primarily fall within the realm of wave function theory, we are integrating these
concepts into the more affordable density functional theory. Recently, we have also been extensively exploring the potential of
quantum computer to address such challenging electronic structures; we have proposed novel quantum-classical hybrid
algorithms for accurately determining both ground and excited states in fermionic systems.
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Visiting Professor

FUJII, Keisuke (from Osaka University)

Theoretical Research on the Fundamentals and Applications of Quantum Computers

Our research interests include theoretical foundations and applied research related to quantum
computing. The development of quantum computer hardware has made remarkable progress in recent
years. Quantum computers with 50 to over 100 qubits have already been realized and quantum computers
can be used from the cloud. However, current quantum computers are known as noisy intermediate-scale

quantum computers (NISQ), suffering from noise. In the future, it is hoped to realize a larger-scale quantum computer and a
fault-tolerant quantum computer (FTQC) with quantum error correction. Our group is investigating how quantum computers of
the scale currently realized can be used for useful tasks, such as machine learning and quantum many-body simulations, by
mitigating noise. At the same time, we are also analyzing what physical systems can be used to construct a large-scale FTQC and
how much resources are needed to solve problems of practical interest.

Visiting Associate Professor

ABE, Minori (from Hiroshima University)

We have developed relativistic quantum chemistry software to compute molecular electronic structures
involving heavy atoms. The CASPT2 method is employed in our program to treat multireference electron
correlation effects, and relativistic effects are accurately incorporated by connecting to the DIRAC
software. Our program was used to elucidate the ground and excited electronic states of several actinide
compounds, such as UO,2" and Cm(phen),3*. Our calculated excitation energies agree with experimental

data and previously reported theoretical results. We will make our program publicly available on GitHub.
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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 collaborate with the Department.

The core topics of the Department include attosecond coherent control for the development of
ultrafast quantum computers and simulators, chiro-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.! 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 atto-
second temporal scales. Now we apply this ultrafast and
ultrahigh-precision coherent control to delocalized wave
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functions of macroscopic many-particle systems of an array of
ultracold rubidium (Rb) Rydberg atoms, as depicted schemati-
cally in Figure 1 and named “ultrafast quantum simulator,”
envisaging the quantum-classical boundary connected smoothly.
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Figure 1. Metal-like quantum gas. A schematic of the many-body
quantum simulator with ultracold Rydberg atoms, named “ultrafast
quantum simulator,” where electronic wave functions spatially overlap
between neighboring atoms.?
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1. Development of an “Ultrafast Quantum
Simulator” by Optical Control with
Precisions on the Attosecond Temporal
and Submicron Spatial Scales?-7)

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 experimen-
tal resources: “coherent control with attosecond precision”?)
and “a strongly correlated ultracold Rydberg gas.”*9

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.>®) 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. Recently in 2023, quantum
magnetism has successfully been simulated with this standard
hardware assembled with ~30,000 Rb atoms.®) Our novel
scheme above has accelerated the simulation speed by three
orders of magnitude compared to previous quantum simulators
of magnetism. Moreover, we have succeeded in simulating the
formation dynamics of “quantum entanglement,” which is
difficult to measure in actual magnetic materials, on the
timescale of several hundred picoseconds.

Very recently in 2024 we have revealed the quantum
entanglement between electronic and motional states in our
“ultrafast quantum simulator,” generated by the repulsive
force due to the strong interaction between Rydberg atoms as
seen in Figure 2.7 We have also proposed a new quantum
simulation method including repulsive force between particles.

We continue upgrading this ultrafast quantum simulators,
generously supported by the Q-LEAP program of the MEXT
of Japan.

0.5 micron

2. Development of an Ultrafast Quantum
Computer with Cold Atoms8:10:11)

We develop a novel quantum computer with two dimen-
sional arrays of ultracold Rb atoms trapped in optical tweezers.
These atomic qubits are manipulated with an ultrafast laser for
the first time, leading to a completely new quantum computer
we refer to as an “ultrafast quantum computer.” With this
ultrafast quantum computer, we succeeded in executing a con-
trolled Z gate,® accelerating a two-qubit gate (a fundamental
arithmetic element essential for quantum computing) of cold-
atom quantum computers by two orders of magnitude. It is also
two orders of magnitude faster than the noise from the external
environment and operating lasers, and thus can be isolated from
the noise. Moreover, this ultrafast two-qubit gate is faster than
the fast two-qubit gate demonstrated recently by “Google Al
Quantum” with superconducting qubits.?) We are currently
improving key enabling technologies for optical tweezers and
operating lasers.!%:1D

We continue upgrading this ultrafast quantum computers,
generously supported by the Moonshot program of the Cabinet
Office of Japan.
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Figure 2. Conceptual diagram of the quantum entanglement between electronic and motional states in our ultrafast quantum simulation of

magnetic material.”) Atoms in the optical lattice, trapped at a distance of 0.5 micron, are excited to the Rydberg state by the ultrafast excitation

technique. Interaction between close Rydberg atoms results in the repulsive force, leading to the quantum entanglement between electronic and

motional states of the atoms.
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Keywords

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. Surface Characterization of 2D Covalent
Organic Frameworks?

Two-dimensional (2D) covalent organic frameworks (COFs)
fabricated through on-surface synthesis were investigated as a
honeycomb nanopore template for the growth of 3d-transition-
metal nanoclusters (NCs) with a size of 2 nm on a metallic
substrate. The evolution of these NCs and their electronic
characteristics were studied employing scanning tunneling
microscopy/spectroscopy (STM/STS), angle-resolved ultra-
violet photoelectron spectroscopy (ARUPS), and X-ray photo-
electron spectroscopy (XPS) under an ultrahigh-vacuum (UHV)
condition at room temperature. The 2D COFs were synthe-
sized on Cu(111) substrate utilizing 1,3,5-tris(4-bromophenyl)
benzene (TBB) precursors, which engendered a honeycomb
nanopore array of approximately 2 nm in size. In contrast to
the behavior observed in the Co/Cu(111) system producing
bilayer-stacking nanoclusters measuring 10-20 nm, STM
imaging of Co/COFs/Cu(111) revealed the growth of Co NCs
of approximately 1.5 nm within a single COF nanopore. This
growth occurred without forming a monolayer film beneath
the COFs, providing direct evidence that the 2D COFs on
Cu(111) can effectively entrap Co atoms within the nanopore,
giving rise to Co NCs (Figure 2). The spectroscopy measure-
ments, STS, ARUPS, and XPS, confirmed the different local
densities of states for Co NCs and COFs, corroborating the
coexistence of Co NCs and COFs on the surface.
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Figure 2. (a) UHV-STM topographic images obtained on the surface
of TBB film grown on Cu(111) at 300 K with a schematic model of
honeycomb lattice formation via the Ullman reaction. (b) STM

topographic image of the ordered 2D-COFs islands on Cu(111) after
the thermal annealing in UHV. The inset in the bottom panels denotes
the FFT map. The figure is after ref 1).

2. Electronic Structure and Many-Body
Interactions of Low-Mobility Carriers in
Perylene Diimide Derivative?)

Despite the rapid progresses in the field of organic semi-
conductors, aided by the development of high-mobility organic
materials, their high carrier mobilities are often unipolar, being
sufficiently high only for either electrons or holes. Yet, the
basic mechanisms underlying such significant mobility asym-

* IMS International Internship Program with Kasetsart University

metry largely remains elusive. We perform the ARUPS to
reveal the occupied band structures and the many-body inter-
actions for low-mobility hole carriers in a typical n-type
semiconductor perylene diimide derivative (PTCDI-C8). The
50-nm thick PTCDI-C8 film consists of many needle-like
crystallites, each of which are several hundreds of nanometres
along its long axis by AFM, where the long axis of the crys-
tallites was determined to be the crystallographic n-m stacking
direction. The band dispersion is observed clearly even for
random orientation of the molecular plane by thanks to large
anisotropic nature of the BZ structure. The observed HOMO
band by ARUPS exhibits strong renormalization to the calcu-
lated DFT results based on the single-particle electronic state
(Figure 3). The analysis including many-body interactions
elucidate that the significant mass enhancement can be under-
stood in terms of strong charge—phonon coupling, leading to
an important mechanism of polaron band transport of low
intrinsic carrier mobility in organic semiconductor.
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Figure 3. Second derivative plot of a simulated HOMO band disper-
sion with hole-intramolecular vibration coupling (a) and the observed

HOMO by Hell ARUPS (b).

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 are developing at BL6U.?)
The perspectives required for future light-source facility have
been discussed with communities.?
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UVSOR is a synchrotron light source providing low energy
synchrotron light ranging from terahertz waves to the soft
X-rays. Although it was constructed nearly 40 years ago, its
performance is still in the world top level particularly among
the low energy synchrotron light sources. This is the result of
the continuous efforts on improving the machine. Our research
group has been developing and introducing new accelerator
technologies toward producing brighter synchrotron light with
high stability, such as low emittance electron beam optics,
novel insertion devices or state-of-the-art beam injection
scheme. We have been developing novel light source tech-
nologies, 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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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 (Figure 2), a laser system which is syn-
chronized with the accelerator beam and a dedicated beamline
consisting of mirrors and a monochromator whose arrange-
ment can be flexibly changed according to the types of the
experiments (Figure 3).

In collaboration with Hiroshima Univ. and Nagoya Univ.,
we have succeeded in producing spatially structured syn-
chrotron radiation such as vortex beam and vector beam, and
we are exploring their applications.

We have been exploring the possibility utilizing the tem-
poral structure of undulator radiation, in collaboration with
Saga Light Source and Toyama Univ. We have succeeded in
the coherent controls of atoms and in observing ultrafast
change of an electronic state of an atom by using radiation
from two undulators arranged in tandem. We have started
developing state-of-the-art technology to observe ultrafast

Figure 2. Twin Polarization-variable Undulators/Optical Klystron at
UVSOR-IIL
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Figure 3. UVSOR BLI1U experimental station for source develop-

ment studies.

properties of synchrotron radiation, in collaboration with
Toyota Technological Institute.

In these years, we are interested in the quantum nature of
synchrotron radiation photons. We have established a tech-
nique to store only one electron in the synchrotron. We are
working on experimental studies on photon emission from a
single electron.

We have been developing a laser Compton scattering
gamma-ray source at BL1U, which is capable of producing
monochromatic and energy-tunable gamma-rays.

We continue experimental studies on the origin of the
homochirality of biomolecules using intense circularly polar-
ized undulator radiation at BL1U, in collaboration with
Yokohama National Univ. and Hiroshima Univ. Recently we
have started a new project on this subject, which includes
specialist of plasma physics from NIFS.

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 developed necessary accel-
erator components, reconstructed the accelerator and com-
missioned it. We have constructed and commissioned six
undulators successfully. Moreover, we have been continuously
introducing new accelerator technologies such as the top-up
operation in which the electron beam intensity is kept quasi-
constant at a high beam current, 300mA, 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, however, the
requirements from the users for the higher brightness is getting
stronger, because new light sources and upgrade plans are
being realized all over the world. We had seeked a possibility
to reduce the emittance with the present magnet configuration.
So far, we have found a few beam optics which would give
lower emittance around 10 nm. However, they are not com-
patible with the operation of the narrow gap undulators. Then,
we started a design study on a new light source facility.
Currently we are focusing on designing a synchrotron with the
electron energy of 1 GeV and the circumference of around 70
m. In parallel, we are designing a magnetic lattice which has
same beam energy and circumference as the present machine
but would give lower emittance.

We are collaborating with Nagoya Univ., Hiroshima Univ.
and KEK Photon Factory and are developing new accelerator
technologies for the future plan. Accelerator magnets based on
permanent magnets are being developed, which would con-
tribute to the power consumption saving. New pulsed multi-
pole magnet is also being developed to realize a novel beam
injection scheme.
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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.

Inverse Thomson (Compton) scattering is a method to
generate 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 inverse Thomson scattering (Figure
1). This ultra-short pulsed gamma-rays were applied to gamma-
ray-induced positron annihilation pectroscopy (GiPAS). A posi-
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tron is an excellent probe of atomic scale defects in solids and
of free volumes in polymers at the sub-nm to nm scale. GiPAS
enables defect analysis of a thick material in a few cm because
positrons are generated throughout a bulk material via pair

production.
Laser o
Ultra-short 5’1'J|‘~L'ki
Cramma-ray
Figure 1. Schematic illustration of 90-degree inverse Thomson

scattering.
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1. Gamma Ray-Induced Positron
Annihilation Spectroscopy (GiPAS)

In GiPAS, defect analysis is performed by measuring the
energy spectrum and emission time distribution (positron life-
time spectrum) of annihilation gamma rays, which are generated
when a positron annihilates with an electron inside material.
Gamma-ray-induced positron annihilation lifetime spectroscopy
(GiPALS) is a technique that measures the time difference
distribution between a reference signal and a detector output of
annihilation gamma rays. The reference signal is the output of a
photodiode placed near the collision point between the electron
beam and the laser, which detects the laser just before it gener-
ates gamma rays. A BaF; scintillator and a photomultiplier 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 direction.

A digital oscilloscope is used to store the waveforms of the
photodiode and the BaF; detector, and calculate the time
difference distribution. One digital oscilloscope for four BaF;
detectors is used as a pair of detection systems. The annihila-
tion 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.
A detection system with eight detectors and two digital oscil-
loscopes was constructed (Figure 2). Time resolution is 140 ps
in full width at half maximum, which is high despite the use of
a 52-mm thick BaF; scintillator. The count rate is 20 cps.

Figure 2. Gamma-ray-induced positron annihilation lifetime spec-

troscopy system using eight detectors and two digital oscilloscope.

Currently, user applications of GiPALS are underway at
BL1U of UVSOR, and users from universities, research insti-
tutes, and private companies are using the system. Measure-
ments of samples under special environments such as stress
loading, high temperature, gas atmosphere, laser irradiation,
hydrogenation, etc., which are difficult to measure with con-
ventional methods, are being performed.

Meanwhile, we are also developing gamma-ray-induced spin-
polarized positron annihilation spectroscopy using circularly
polarized gamma rays. If the electron spins of a sample are
ordered in a particular direction and the positrons are also spin-
polarized, the Doppler broadening spectra of annihilation gamma
rays and the positron lifetime will change. The spin-polarized

Award

positrons are generated from the circularly polarized gamma rays
inside a sample. From this change, it is possible to obtain infor-
mation about the electron spins around defects in magnetic
materials. To demonstrate the principle of circularly polarized
gamma-ray-induced spin-polarized positron annihilation spectros-
copy, a pure iron sample is mounted between permanent magnets
and the positron lifetime and Doppler broadening are measured.
We have not been able to measure the difference in positron
lifetime due to the helicity inversion of circularly polarized
gamma rays, but we will continue our research and development.

2. Measurement of Gamma-Rays
Generated by Using Polarized Lasers

Inverse Compton scattering of a polarized laser by ener-
getic electrons is an excellent method to generate polarized
gamma rays. The development and use of linearly and circu-
larly polarized gamma rays have been conducted. The polari-
zation state of linearly and circularly polarized lasers is homo-
geneous across their cross sections. However, it is possible to
produce lasers with spatially variant polarization states. An
example is the axially symmetric polarization state, referred to
as an axially symmetric polarized laser or a cylindrical vector
beam. Although the polarization characteristics of gamma rays
produced by linearly or circularly polarized lasers have been
theoretically clarified, that of gamma rays generated by axially
symmetric polarized lasers have not. If gamma rays with novel
polarization characteristics can be generated, it is possible to
develop new ways to use gamma rays.

The spatial distribution of the gamma rays, which reflects
the polarization characteristics, was measured with a two-
dimensional CdTe imaging sensor. Gamma rays were generated
through 90-degree collisional inverse Compton scattering
between an electron beam and an axially symmetric polarized
laser. The results showed that the spatial distribution of gamma
rays generated from axially symmetric polarized lasers was
changed compared to that of linearly or circularly polarized
gamma rays. Comparing the linearly polarized gamma rays with
those generated by the axially symmetric polarized laser, a node
that appears at an outer scattering angle along the polarization
axis of the linearly polarized gamma ray was absent in the
gamma ray generated by the axially symmetric polarized laser.
Compared to the circularly polarized gamma rays, the gamma
rays generated by the axially symmetric polarized laser showed
a spatial distribution that was slightly expanded in a specific
direction rather than concentric, while the circularly polarized
gamma rays showed a concentric spatial distribution. This was
thought to be due to the relatively intense polarization com-
ponent of the axially symmetric polarized laser. These results
suggested that axially symmetric polarized lasers generate
gamma rays with different polarization states. In the near future,
a polarimeter of gamma rays will be constructed to investigate
the spatial polarization distribution of gamma rays.
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Imagine cherry blossom petals fluttering down. Under a
uniform gravitational field, the slight asymmetry of the petals
creates anisotropy in the airflow, causing the petals to rotate.
Capturing the movement of this dynamic 3D-structure as a
cinema is important for understanding the physics behind this.

When electrons in a material are excited by photons, they
are emitted into the vacuum as photoelectrons. Interestingly,
the angular distribution of these photoelectrons shows a truly
beautiful holographic pattern derived from the motion of
valence electrons and the arrangement of atoms in the material.
Photoelectron momentum microscope (PMM) is an analyzer
that can instantaneously image the behavior of electrons of
material and device surfaces. PMM combines imaging-type
photoelectron spectroscopy and microscopy techniques to
visualize the electronic state (band dispersion, composition,
and spin polarization) in reciprocal lattice space of a selected
um-sized area. We have constructed the world’s first dual
beamline (soft x-ray; SX and vacuum ultraviolet; VUV) PMM
system at the IMS UVSOR synchrotron facility!

What we are currently very interested in is chiral phase
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transition phenomena, for example. The layered material TaS;
exhibits an attractive behavior in which it undergoes a phase
transition to a chiral structure at low temperatures and its
electrical conductivity changes by two orders of magnitude.
We succeeded in capturing a video of the hysteresis change in
the valence band dispersion during this phase transition. The
results serve as a benchmark experiment for in situ observa-
tion of material responses to various external fields.
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Figure 1. Photoelectron momentum microscope station at UVSOR
synchrotron facility. Multimodal measurements hold the key to
unlocking the mysteries of the electronic properties of materials.
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1. Visualization of Phase Transition and
Phase Separation

The most distinctive advantage of PMMD is its snapshot-
style of measuring photoelectron constant energy intensity
distribution pattern in real and reciprocal spaces. Recently, we
succeeded in the development of on-the-fly scans for tempera-
ture-dependent Fermi surface and valence band measurements
during phase transitions, taking advantage of the rapid acquisi-
tion (seconds to minutes) of photoelectron patterns.

1T-TaS;, which exhibits various phase transitions in struc-
tural and electronic properties, has fascinated researchers for
more than half a century. However, despite many angle-
resolved photoelectron spectroscopy (ARPES) studies on
1T-TaS;, the basic understanding of charge density wave
(CDW) formation is far from a common consensus. As for the
mechanism of the metal-insulator transition, the Mott insu-
lator model, band insulator model, and one-dimensional metal
model have been so far proposed.

In order to solve the mystery of CDW formation in 1T-TaS,,
we conducted the following photoemission measurements.?)
(i) Band-dispersion mapping from selected um-scale chiral
CDW domains, (ii) characterization of 3D CDW nesting
vectors by complete Brillouin-zone-dispersion measurements
and (iii) on-the-fly observation of valence band and core-level
photoelectron spectra during temperature changes.

Figure 2 shows a series of 1T-TaS; valence band cross
sections scanned in 2D real space in the low-temperature
CDW phase. Here, a domain boundary between two different
twin domains is recognized. Typical areas of domains are tens
to hundreds of um?2. We exploited the microscopic capabilities
of PMM to analyze the electronic structure of selected single
domains. By measuring the valence band pattern during tem-
perature change in real time, the hysteresis behavior of the
phase transition was visualized in detail.

L
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Figure 2. Valence band photoelectron patterns of 1T-TaS; surface in
the low-temperature CDW phase. The field of view for the ARPES

snapshot measurements was a few pum in diameter.

2. Analyzing Polarization of Atomic Orbitals
and Electron Spins

The combination of PMM with synchrotron SX and VUV
undulators paves the way for comprehensive characterization
of atomic orbitals in the Fermi surface and valence band on
the um scale.’)

Figure 3 shows the 2D momentum (ky, ;) distribution of
photoelectron intensity of the Au(111) at the Fermi level.?)
Figures 3(a) and (b) show the 2D patterns measured using
p-polarized SX light from BL6U, while s-polarized VUV light
from BL7U is used in the case of Figures 3(c) and (d). In both
conditions, the photoelectron pattern in the entire Brillouin
Zone is covered. Shockley surface state centered at the I" point
as small circular contours (Figure 3(a)) is clearly observed
with p-polarized excitation with splitting due to spin—orbit
coupling (Figure 3(b)), but these features exhibit very weak
intensity for normal incidence light (Figure 3(c)). The Shockley
surface state mainly comprises 6s and 6p. orbitals. In the
normal-incidence geometry, the transition-matrix element
from the initial s and p, orbitals becomes 0 at the photo-
emission direction orthogonal to the excited electric vector
(Figure 3(d)). The relationship between the orbital angular
momentum and the effects of the transition matrix elements
can be directly investigated using this normal incidence
geometry.

Finally, our main goal is to employ these techniques with
spin polarization sensitivity. We have just started obtaining
spin-polarized valence band dispersion data for typical materials
having spin polarized surface states.
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Figure 3. Fermi surface of Au(111) surface measured using grazing
incident SX (a,b) and normal incident VUV (c,d) beam. (b,d) The
Shockley surface state at the center is zoomed and analyzed. Parabolic
band dispersion with splitting due to spin—orbit coupling, i.e. Rashba
effect, is well resolved.
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Keywords

Strongly correlated electron materials have attracted more
attentions in the last few decades because of their unusual and
fascinating properties such as high-7, 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 (£) 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 pos-
sible to address the fine structure of the electronic strucature
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-III 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 215 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 (Figure 1).

Figure 1.
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1. Evidence of Strong Violation from Fermi
Arc Picture in Heavily Underdoped Bi2212

Understanding the complex nature of cuprate super-
conductors, especially the origin of their high superconducting
transition temperature (7;), is one of the greatest challenges in
condensed matter physics. An early experimental observation
in this regard is the famous Uemura plot. It shows that the 7¢
in the high-7, cuprate superconductors is correlated with the
muon spin relaxation rate o that is proportional to the super-
fluid density divided by the effective mass (o¢ o ng/m”). This
relation holds not only for all high-7, cuprate superconductors
but also for many other superconductors. While there have
been various attempts at a theoretical explanation of the
Uemura relation, a connection to other experimentally probed
properties of cuprates is still lacking.

ARPES is a powerful experimental technique, directly
measuring 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, especially the superconducting
(SC) gap. Indeed, the first direct experimental evidence of
d-wave symmetry of the SC gap has been reported by ARPES,
where the SC gap follows the d-wave order parameter A(k) =
Ag(coska — coskya)/2, here a is the lattice constant. In ARPES
field, 7. of cuprates has been believed to be explained by
so-called “Fermi arc” picture. According to this picture, Fermi
arc is a region where the SC gap closes above T¢ in the
momentum space and the “effective SC gap” Agc can be
defined by the gap magnitude at the edge of the Fermi arc as
shown in Figure 2 (a). Since Agc and 7, show linear correlation
among different doping and even among different families of
cuprates as shown in Figure 2 (d), this picture is well accepted

(a) (b)

as a phenomenological model to explain 7 in cuprates.

Recently, we have studied heavily underdoped Bi2212,
whose T¢ is only 30 K but still high-7¢, and found strong
violation from the Fermi arc picture. In this doping, there is
almost no temperature dependence of the SC gap across T as
shown in Figure 2 (b)—(c). Therefore, Agc should be extremely
small (~1 meV) and should not be enough to explain 30 K of
T.. To understand the origin of the superconductivity in this
doping, we have performed new way of ARPES analysis,
where information of the spectral weight difference across 7,
can be estimated. Interestingly, this new analysis shows that
the doping dependence of the spectral weight along the Fermi
surface quantitatively scales with the superfluid density (and
T¢) for a wide range of carrier concentrations (not shown). Our
new results represent the first evidence showing the close
relationship between the superfluid density and 7;, from ARPES.
Our results also show that the whole Fermi surface contributes
to superconductivity and the superfluid density can be more
important than the SC gap. This is completely new idea to
understand high-T, superconductivity from ARPES.

Since it is well known that ARPES intensity strongly
depends on the matrix element, which can be changed by
measurement geometry, polarization, photon energy and so on,
our spectral weight analysis should be affected by the mea-
surement conditions. To make sure that our observation is
universal, we have to perform many ARPES studies by chang-
ing measurement geometry, polarization and photon energy.
To perform measurements with different measurement geom-
etry, a low temperature 6-axis manipulator is necessary, since
measurement geometry should be able to be changed to study
the same sample surface with different geometries. We are
using our home-made 6-axis manipulator which is one of the
lowest temperature 6-axis manipulators in the world to com-

plete this study.
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Figure 2. (a) Temperature and doping dependence of SC gap in cuprates and Fermi arc picture. (b) Temperature dependence of ARPES spectra

along Fermi surface of heavily underdoped Bi2212. (c¢) Temperature dependence of SC gap obtained by the leading-edge position. (d)

Comparison of the effective SC gap in different families of cuprates including current study.
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Soft X-Ray Spectro-Microscopy and Scattering
for Life Science—beyond Organelle Mapping

UVSOR Synchrotron Facility
Division of Advanced Photochemistry

Beside running the user programs
using the BL4U at the UVSOR, which
is a STXM (Scanning Transmission
X-ray Microscopy) beamline. STXM

| A is one of the x-ray based spectro-micros-

s ’é:": copy techniques providing us a label-

F A free chemical mapping for a wide vari-
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ety of sciences like energy materials,
environmental and earth science, and
many in the industrial science as well.
1 want to push this technique applying for a life science,
especially with soft x-rays, which has been studied by mainly
hard x-ray regimes such as protein crystallography and small
angle scattering at the synchrotron radiation facilities so far.
One of the most effective soft X-ray microscopes, the
so-called soft X-ray tomography (SXT), can offer unparalleled
3D organelle mapping of entire biological cells larger than 10
micrometres. The SXT uses a fixed photon energy, just before
the O K-edge absorption at 520 eV, to observe the hydrated
sample using the “water window” energy region. This allows
us to see the absorption contrast of the biological sample,
which comes from the carbon and nitrogen content inside
them. The distinctive LAC (linear absorption coefficient) at
520 eV of each organelle enables the delineation of these
structures. | intend to extend this analysis by employing the
full potential of the SXAS (soft X-ray absorption spectros-
copy) technique, which allows for the utilisation of a range of
photon energies. The utilisation of SXAS-based spectro-
microscopy and spectroscopy-scattering enables the differen-
tiation of analogous organelles and oxidation states of metal/
ion within cellular structures. In order to establish this meth-
odology, two key steps must be taken: Firstly, a basic spectral
interpretation of organelles must be conducted, and secondly,
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the sample preparation and specimen environment must be
optimised. It is of particular importance to refrain from any
modifications of the samples and to maintain the native states
of the cells, including the loss of metals or ions, throughout
both the sample preparation and the data collection process, in
order to prevent radiation damage.

In the current year, I conducted a collaborative research
project on Ramazzottius varieornatus, a tardigrade that is
renowned for its anhydrobiotic capabilities, enabling it to
survive in harsh, arid environments. My colleague prepared
the thin section samples embedded in resin for a comparative
morphometric analysis of their microscopic anatomy using
both scanning electron microscopy (SEM) and STXM. Figure
1 (a) illustrates a representative optical microscope image. In
order to enhance contrast, a staining agent must be applied to
the sample prior to conducting a SEM analysis. However, it
offers a higher spatial resolution than other techniques. In
comparison, STXM is a label-free method that provides a
lower spatial resolution, yet still achieves a reasonable resolu-
tion of tens of nanometres. Figure 1 (b) depicts a STXM
transmission raw image collected at the protein characteristic
photon energy. Figure 1 (c) presents a RGB composite map,
comprising the three STXM images acquired at distinct pho-
ton energies. The images provide insight into the structural
and compositional characteristics of different organelles and
biological molecules.

These results prove the STXM’s capabilities. However,
there is still work to be done to fully understand the images
and extract all the information they contain. One possible
approach is the cryogenically vitreous ice-covered sample
prepared by the plunge-freeze method. This is currently
regarded as the gold standard for such sample preparation in
the fields of Cryo-EM and Cryo-SXT.

Figure 1. (a) The optical microscope images of the stained tardigrade thin section tissue samples. (b) The STXM transmission image of the

tardigrade thin section tissue sample. (30 x 30 um). (¢) The RGB composite map of the tardigrade samples obtained by the STXM images at the

three different photon energies. (16 x 14 um).
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Development of Resonant Soft X-Ray
Scattering Spectroscopy for Soft Matter

UVSOR Synchrotron Facility
Division of Advanced Photochemistry

Soft matter, such as liquid-crystal
and polymer, is essential in various
technological applications. Interesting
soft matter properties come from their
mesoscopic structures and dynamics.
Small-angle X-ray and Neutron Scat-
tering (SAXS/SANS) are powerful tools
for revealing mesoscopic structures.
However, since SAXS is sensitive to

IWAYAMA, Hiroshi
Senior Researcher

modifications of electron densities, their
contrast difference between similar chemical species is weak.

Resonant soft X-ray scattering (RSoXS) is an emerging
characterization technique for mesoscopic structural analysis.
Soft matter molecules mainly consist of light elements such as
carbon, nitrogen, and oxygen, whose X-rays resonant energies
are in the soft X-ray region. Resonant scattering is strongly
sensitive to its element, chemical species and the molecular
alignment relative to polarization vector. In particular, molecu-
lar alignment sensitivity enables us to investigate twisted
structure of soft matter in mesoscopic scale.

This year, we developed a new RSoXS spectrometer. The
feature of the new spectrometer is that a soft X-ray detector
can be rotated along a scattering angle in vacuum. Compared
to X-rays used for SAXS measurements, wavelengths of soft
X-rays are much longer. Since a scattering vector, ¢, is propor-

Figure 1. Schematic draw of a new RSoXS spectrometer.

tional to sin(0)/A, where 20 and A are scattering angle and a
wavelength of soft X-ray, a scattering angle becomes wider
compared to SAXS. For examples, to analyze the structure
from 5 nm to 500 nm, we need to measure the scattering angle
20 from 0.5 to 60 degrees. To achieve this wide scattering
angle measurement, we developed a new RSoXS spectrom-
eter, where a soft X-ray detector can be rotated along the 20 in
the vacuum chamber, as shown in Figure 1.

For the performance evaluation, we investigated twisted
bend (TB) liquid-crystal molecules with the new RSoXS
spectrometer. The TB liquid-crystal phase is the newest nematic
phase, only identified in 2011. There are many outstanding
mysteries about the nature of its nanoscale organization and
behavior. Our collaborators elucidate how the number of
monomer units in a linear TB oligomer influences the structure
of its nanoscale helix, an important TB phase structure—
property relationship.) Figures 2 show a schematic view of
TB liquid-crystal molecules and a scattering image at a photon
energy of 285 eV (A ~ 4.3 nm), which is corresponding to
carbon K-edge resonance. We find a sharp diffraction ring
corresponding to the half-pitch periodicity of the helical
filaments (d ~ 128 nm (¢ ~ 0.005 A™!)). We also confirmed
that the detector can be rotated along 260 and we can measure
scattering angles from 0 to 60 degrees. We started to analyze
molecular orientation orders of liquid-crystal molecules and
crosslinked structures of polymers with the spectrometer.

() Twisted bend liquid crystal

malecules /; *

(b} R5aXS images at carbon K-edge

- [ s Pus wrm

Figure 2. (a) Schematic view of twisted bend liquid crystal mol-
ecules. (b) Scattering image at a photon energy of 285 eV.
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Soft X-Ray Absorption Spectroscopy for
Observing Chemical Processes in Solution

Department of Photo-Molecular Science
Division of Photo-Molecular Science lll

Soft X-ray absorption spectros-
copy (XAS) observes local structures
of liquids with different light elements.
We have developed liquid cells and
devices with precise absorbance con-
trol and observed several chemical pro-

cesses in solution by using operando
NAGASAKA, Masanari
Assistant Professor

XAS.12 In this year, we investigated
cononsolvency mechanism of polymer
solutions® and isolated water molecules

in aqueous acetonitrile solutions.?

1. Mechanism of Polymer Cononsolvency
Explored via Oxygen K-Edge XAS

The cononsolvency of poly(N-isopropylacrylamide)
(PNIPAM), dissolving in pure methanol and water but being
insoluble in aqueous methanol solutions, was investigate by O
K-edge XAS.3 The cononsolvency emerges from the aggre-
gation of PNIPAM with methanol clusters, leading to the
collapse of the hydrophobic hydration of PNIPAM.

2. Probing Isolated Water Molecules in
Aqueous Acetonitrile Solutions

O K-edge XAS of aqueous acetonitrile solutions exhibited
a sharp peak around 537 eV, which was like that of water
vapor and was not observed in liquid water. The inner-shell
calculations revealed that the sharp peak profiles were derived
not from water clusters but from isolated water molecules
surrounded by acetonitrile molecules.”) It means that the
isolated water molecules in aqueous acetonitrile solutions can
be analyzed using O K-edge XAS, which separates the con-
tributions of small water clusters.
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Visiting Professor

FUKUHARA, Takeshi (from RIKEN)

Quantum Gas Microscope for Rb-85 Atoms with a Tunable Atom-Atom Interaction
Ultracold quantum gases in optical lattices provide a clean and controllable platform for studying
quantum many-body systems; especially they enable us to emulate a variety of fundamental models in

solid-state physics. An “artificial” quantum spin system described by the spin-1/2 Heisenberg model can be
realized by using ultracold bosonic atoms in optical lattices. In this realization, the anisotropy of the spin—
spin interaction can be controlled by changing the interatomic interaction via a Feshbach resonance. Although, for quantum gas
microscope experiments, rubidium-87 atoms have been utilized, in this study we performed experiments using rubidium-85
atoms which have a Feshbach resonance at a magnetic field of B ~ 155 Gauss. We succeeded in observing rubidium-85 atoms in a
triangular lattice at the single-atom level. We also confirmed the Feshbach resonance through atom loss spectroscopy. This
system is expected to be used for a quantum simulation of frustrated magnets that follow the spin-1/2 triangular-lattice
antiferromagnetic Heisenberg model.

Visiting Professor

MATSUSHITA, Tomohiro (from Nara Institute of Science and Technology)

Development of Analysis Methods for Photoelectron Momentum Microscope
The photoelectron momentum microscope introduced at UVSOR is a highly powerful tool for
observing the composition and electronic structure of samples using photoelectron spectroscopy. This

pioneering analytical apparatus enables the observation of Fermi surfaces and band structures in various
systems, including surface atomic sites, thin films, interfaces, surface adsorbates, and polycrystalline
materials. Currently, we are developing two methods for analyzing the data. First, the observed photoelectron intensities from
valence band depend on the transition probabilities of photoelectrons, resulting in modulation of these intensities. To calculate
this intensity modulation, we are developing an analysis tool based on the first-principles calculation code OpenMX. Second, we
are utilizing information technology to process data and extract hidden information. Specifically, we are applying principal
component analysis to the data obtained from this instrument to visualize the behavior of phase transitions.

Visiting Associate Professor

NAKAYAMA, Yasuo (from Tokyo University of Science)

Epitaxially-Grown Single-Crystalline Organic Molecular Semiconductors
Single-crystalline organic semiconductor materials exhibiting “band transport” realize considerably
high charge carrier mobility of over 10 cm?V~!s™! and have potential applications as flexible and efficient

electronic devices. Whereas current organic semiconductor electronics are mostly composed of
polycrystalline or amorphous molecular solids, our group has been working on single-crystalline organic
semiconductor solids and their heterojunctions formed by “molecular beam epitaxy” techniques to pursue potential applications
as flexible and efficient electronic devices. Recently, we discovered as a collaborative work with an IMS group that an n-type
molecule Cgo forms well-ordered epitaxial heterojunctions on the single-crystal surface of a high-mobility p-type molecule
dinaphthothienothiophene (DNTT). This work was selected as one of the “Spotlight2023” articles. In addition, our group is also
engaged in exploration into the fundamental properties of molecular single-crystal materials themselves, and have published
collaborative works with the UVSOR facility on vibrational properties of the single-crystals of DNTT and pentacene.
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Materials Molecular Science

Extensive developments of new functional molecules and their assemblies are being conducted in
three divisions of Electronic Structures, Electronic Properties, and Molecular Functions, and one
division for visiting professors and associate professors, in an attempt to discover new phenomena
and useful functions of molecular materials. 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.
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Exploitation of Novel Spectroscopic
Methods for Material and Surface Science
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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 (UVMCD) 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 liq. He cryostat, which is installed at
Beamline 4B of the IMS SR facility UVSOR-III. The appa-
ratus is extensively open for public usage.

The second subject is the exploitation of ambient pressure
hard x-ray photoelectron spectroscopy (AP-HAXPES) for
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polymer electrolyte fuel cells (PEFC) under working condi-
tions. In 2017, we succeeded in real ambient pressure (105 Pa)
HAXPES measurements for the first time in the world using
Beamline 36XU of SPring-8. These works were supported by
the NEDO Fuel Cell project. More recently, the apparatus
moved to BL46XU and is used for more general chemical
reactions on heterogeneous catalysts and electrochemical cells
such as CO; reduction.

The third subject is applications of the x-ray absorption
fine structure (XAFS) spectroscopy, soft x-ray emission spec-
troscopy, and angle-resolved ultraviolet photoelectron spec-
troscopy for functional materials. These investigations include
femto- and picosecond time resolved XAFS measurements
using x-ray free electron laser SACLA, for the investigations
of the geometric structure of the photoexcited state of photo-
catalytic systems and the spin dynamics of magnetic materials.
Conventional temperature dependent EXAFS spectroscopy
has been conducted for a very long time to elucidate thermal
and dynamic properties of functional alloy materials as nega-
tive thermal expansion alloys.

Sakata, T. Uruga, M. Tada, Y. Iwasawa and T. Yokoyama, “X-Ray
Photoelectron Spectroscopy under Real Ambient Pressure Con-
ditions,” Appl. Phys. Express 10, 076603 (2017).

» T. Koitaya, K. Yamamoto, T. Uruga and T. Yokoyama, “Operando
Characterization of Copper—Zinc—Alumina Catalyst for Methanol
Synthesis from Carbon Dioxide and Hydrogen by Ambient-Pres-
sure Hard X-Ray Photoelectron Spectroscopy,” J. Phys. Chem. C
127, 13044-13054 (2023).



1. Local Thermal Expansion of
Co-Containing Invar Alloys™"

Low thermal expansion materials are quite attractive from
the viewpoints of both fundamental science and industrial
technology. FeNi invar alloys are quite familiar and have been
applied to precision equipment as telescope, microscope, and
nanodevice, and also been employed as core cables of electric
high-voltage power lines to avoid sagging due to heat on high
current conduction. Recently, Fujii et al. developed a new
stainless invar alloy, which is employed for the cryogenic
infrared space telescope in National Astronomical Obser-
vatory. In this work, we measured and analyzed EXAFS
spectra of Co-containing invar alloys of this newly developed
stainless invar, together with Kovar Fes3Co17Ni9X; for com-
parison. We will focus our attention on how Co plays a role in
the invar effect from the local structure viewpoint, which is
often different from the macroscopic points of view.

Two stainless invar foils with 10 pm thickness were pre-
pared and the elemental compositions are found to be Fesgg
Cos0.1CrgaNi; 9 and Fes78Cos; 3Crg oNij g by the x-ray fluores-
cence spectra. Cr, Fe, Co, and Ni K-edge EXAFS spectra of
commercially available Kovar (10 um) and the stainless invar
foils were recorded with the transmission mode in BL9C of
Photon Factory, High Energy Accelerator Research Organization
(KEK-PF) at 30-300 K using a He gas-circulating refrigerator
installed at the beamline. The lattice thermal expansion coeffi-
cients of Kovar and stainless invar were measured by the
laboratory dilatometer. We have also recorded Cr, Fe and Ni
K-edge EXAFS of FeNi invar alloys FegaNisg, FesgNiap, and
FessNiys, stainless steel SUS304 (Crg.09Fe71.98 Nig 97X0.86) and
the Ni spanC Elinvar alloy (Cr5,49Fe49A66 Ni42'3gTi2‘47).

Temperature dependent EXAFS spectra were analyzed
with the standard method including the third-order cumulant
to yield thermal expansion for the first-nearest neighbor (NN)
shells correctly. Since the first-NN shell includes different
atom pair contributions, the analysis yields only the average
distances. Nevertheless, assuming that the interatomic distance
is given as a sum of the atomic radii, all the interatomic
distances are evaluated as long as all the corresponding EXAFS
spectra provide the average distances. Figure 1 shows the
thermal expansion at 200 K thus obtained for the interatomic
distances and the lattice constant as a function of corre-
sponding distances. Since the two stainless invar alloys exhibit
essentially the same results and the average values are given
here. In FeNi invar, the Fe—Fe pair shows significant reduction
of the interatomic distance and thermal expansion going from
42 and 45 invar to 36 invar, while the Ni-Ni one exhibits little
suppression of thermal expansion and negligible distance
contraction. This clearly implies that Fe exclusively contrib-
utes to the invar effect in FegaNise. In stainless invar in Figure
1(b), it is found that thermal expansions of Fe—Fe, Fe—Co, and
Co—Co are significantly smaller than in Kovar, associated with
shortening of the corresponding interatomic distances. This
implies a much more significant invar effect on Co as well as
Fe in stainless invar, while the invar effect on Co is negligibly
small in Kovar. The path-integral effective classical potential
simulations exhibit qualitative agreement with this finding,
indicating that the Co magnetization is more noticeably sup-
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Figure 1. Thermal expansion coefficients o (107 K1) at 200 K for
the first-NN interatomic distances determined by EXAFS and the
lattice constant ag versus corresponding distances of (a) FeNi invar
and (b) Kovar and stainless invar.

pressed with a temperature rise in stainless invar, because of a
smaller lattice constant and interatomic distances and also of
the presence of Cr in stainless invar, both of which favor
antiferromagnetic coupling. The present study clearly demon-
strates importance of local structure point of view to under-
stand detailed low thermal expansion mechanism, in which
microscopic local thermal expansion noticeably differs from
macroscopic lattice thermal expansion.

2. Synchrotron Radiation Based
Spectroscopic Characterization of
Functional Materials

In FY2023, we have been investigating following research
subjects. The first one is continuous collaboration with Prof.
Toshio Miyamachi in Nagoya University using high-field,
low-temperature and ultrahigh-vacuum XMCD system installed
at BL4B in UVSORC-III. Interesting magnetic properties such
as magnetic anisotropy of ferromagnetic ultrathin films deco-
rated organic molecules are being studied. Second, AP-
HAXPES investigations are being conducted for working
electrochemical cells on CO; reduction. This is a collaboration
with Prof. T. Koitaya in Kyoto University and Dr. Y. Takagi in
JASRI (both were previous assistant professors in this research
group in IMS). Third, research assistant professor Dr. N.
Kurahashi is studying peculiar water motion in Nafion solid
electrolyte that shows abrupt phase transformation around 15°,
using soft x-ray absorption and emission spectroscopy and
AP-HAXPES. Fourth, research assistant professor Dr. N.
Maejima is investigating a novel 2-dimensional Dirac-cone-
like blue phosphorene using angle-resolved photoelectron
spectroscopy and low-energy positron diffraction.

Reference
1) T. Yokoyama, H. T. Fujii, S. Matsumura, N. Sakaguchi, N.
Kurahashi and N. Maejima, Phys. Rev. Mater. 8, 083603 (2024).
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Keywords

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 heterodyne-detected sum-frequency genera-
tion spectroscopy for unveiling molecular orientation of inter-
facial water system. The remarkable feature of this technique
is that Imy® SFG spectra (x®: The second-order nonlinear

Selected Publications

* T. Sugimoto et al., “Topologically Disordered Mesophase at Top-
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).

* T. Sugimoto et al., “Orientational Ordering in Heteroepitaxial
Water Ice on Metal Surfaces,” Phys. Chem. Chem. Phys. 29,
16435-17012 (2020).

Surface & Interface Science, Nonlinear Optical Spectroscopy, Water Molecules

susceptibility) obtained by the heterodyne detection exhibit
positive or negative sign for net orientation of OH with hydro-
gen 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 physicochemical properties of hydro-
gen bonds of interfacial water molecules.

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

* H. Sato et al., “Critical Impacts of Interfacial Water on C-H
Activation in Photocatalytic Methane Conversion,” Commun.
Chem. 6, 8 (2023).

* H. Sato et al., “Beyond Reduction Cocatalysts: Critical Role of
Metal Cocatalysts in Photocatalytic Oxidation of Methane with
Water,” Angew. Chem., Int. Ed. 62, €2023060 (2023).

 S. Takahashi et al., “Broadband Tip-Enhanced Nonlinear Optical
Response in a Plasmonic Nanocavity,” J. Phys. Chem. Lett. 14,
6919-6926 (2023).
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1. Positive and Negative Impacts of
Interfacial Hydrogen Bonds on
Photocatalytic Hydrogen Evolution®)

Hydrogen production via photocatalytic water splitting is a
sustainable solution for next-generation energy by utilizing
light energy at room temperature. However, the design of
innovative photocatalysts remains a challenge due to a limited
molecular-level understanding of interfacial water molecules
and their hydrogen bond networks. Unveiling the physico-
chemical properties of these interfacial water molecules is
critical to optimizing photocatalytic efficiency and achieving
breakthroughs in sustainable hydrogen production.?

We have comprehensively investigated the impact of
interfacial H-bond networks using various TiO; photocatalysts
and uncovered a crucial role of interfacial H-bond structure/
dynamics and optimal interfacial water environment for H;
evolution. We controlled the thickness of adsorbed water from
sub-monolayer to multilayers by precisely adjusting water
vapor pressure. With this approach, we succeeded in directly
demonstrating the correlation between H, formation rate and
the microscopic structure of H-bond networks using real-time
mass spectrometry and infrared absorption spectroscopy.
Regardless of the crystalline structure of the TiO, photo-
catalyst, we observed a linear increase in H, formation rate
with water adsorption up to three layers, indicating that
reactive water molecules are present not only in the first
adsorbed layer but also in several overlying layers (Figure 1).
However, the Hy formation rate turned to decrease dramati-
cally when more than three layers of water covered the TiO;
surface (Figure 1). In this situation, infrared spectra clearly
indicated two distinct types of adsorbed water on the TiO;
surface: Interfacial water and liquid-like water. Due to many-
body interactions among adsorbed water molecules, the liquid-
like water adsorbed in more than three layers led to strengthen-
ing of interfacial H-bond, which hinder interfacial proton-
coupled hole transfer and drastically decreased the Hy forma-
tion rate. Based on these microscopic insights, their study
suggests that depositing three water layers in a water vapor
environment is optimal for photocatalytic hydrogen evolution.
These findings open new avenues for the molecular-level
design and engineering of interfacial water toward the devel-
opment of more innovative photocatalytic systems for next-
generation renewable energy production.

W Non-reactive water
-@ Reactive walar

1 1F

Figure 2. Identifying the reaction conditions that maximize catalytic
activity in photocatalytic hydrogen evolution under water vapor
atmospheres.

2. Direct Operando Identification of
Reactive Electron Species Driving
Photocatalytic Hydrogen Evolution on
Metal-Loaded Oxides®)

Understanding of reactive electron species and active
reaction sites on photocatalytic reduction reaction are vital for
designing and manufacturing innovative catalysts with improved
evolution activity of hydrogen as sustainable energy carrier.

We succeeded in significantly suppressing the signals
derived from thermally excited electrons and observing the
reactive photogenerated electrons contributing to the photo-
catalytic hydrogen evolution. Such innovation was achieved
by a new method based on synchronization of the millisecond
periodic excitations of photocatalysts with a Michelson inter-
ferometer used for FT-IR spectroscopy.®) This demonstration
was achieved for metal-loaded oxide photocatalysts under
steam methane reforming and water splitting conditions.
Although it has long been conventionally believed that loaded
metal cocatalysts function as sinks for reactive photogenerated
electrons and active sites for reduction reactions, we found
that the free electron species in the metal cocatalysts were not
directly involved in the photocatalytic reduction reaction.
Alternatively, the electrons shallowly trapped in the in-gap
states of oxides contributed to enhancing the hydrogen evolu-
tion rate upon the loading of metal cocatalysts. The electron
abundance in the in-gap states, especially metal-induced
semiconductor surface states, was clearly correlated to the
reaction activity, suggesting that such metal-induced semi-
conductor surface states formed in the periphery of the metal
cocatalyst play key roles in the photocatalytic hydrogen
evolution. These microscopic insights shift a paradigm on the
traditionally believed role of metal cocatalysts in photo-
catalysis and provide a fundamental basis for rational design
of the metal/oxide complex interfaces.

—
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Figure 3. Unveiling actual role of metal cocatalysts. Electrons in

cocatalyst periphery drive photocatalytic hydrogen evolution.
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Keywords

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-
zations 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. Developments of Solid-State-NMR
Techniques

Unlike solution NMR, it is not easy to achieve high reso-
lution '"H NMR spectra in solid-state NMR, since 'H homo-
nuclear dipolar couplings broaden the signals in rigid organic
solids. In order to achieve 'H high resolution spectra, 'H
homonuclear dipolar couplings must be removed by applica-
tion of either sufficiently high magic angle spinning (MAS) or
combination of MAS at moderate speed with multiple pulse
(MP). Recent developments of fast MAS techniques enabled
to remove 'H homonuclear dipolar couplings efficiently with
expense of sensitivity reduction. In the conventional latter
approach, the MP average spin part of 'H homonuclear dipolar
coupling Hamiltonian at time scale shorter than MAS period.
Using a high power radio frequency field, it is possible to
achieve short cycle time for MP and enable combination of
fast MAS without interferences between spin and spatial parts.

We have developed new MP sequences enabling us to
achieve efficient 'H homonuclear dipolar decoupling by remov-
ing high order correction terms. Those performances are
theoretically evaluated and partly tested experimentally. The
project is on the way.

In addition, we have developed new spectral editing pulse
sequences which enable the selection of 13C signals depending
on the number of directly attached 'H. The techniques are
evaluated theoretically. This project is also on the way.

2. Developments of Core Technologies
for Solid-State NMR Probes

We have been working on developments of totally original

solid-state NMR probes for a couple of years. The probe had
been successfully built using originally designed parts except
for a spinning module for 400MHz NMR. Then, we have been
working on developments of original sample spinning mod-
ules for MAS solid-state NMR probes which are fully compat-
ible with Bruker spectrometers and commercial sample tubes.
We started the design of a spinning module for a standard 4.0
mm sample tube for Bruker. After 3 times of version up, our
original spinning module exceeded the spinning performance
of the commercial one from Bruker.

In order to achieve further improvements for our original
spinning module, further developments are currently under-
way together with the development of original sample tubes.
The spinning module is under designed in order to realize
installation of the module to a narrow bore solid-state NMR
probe with outer sleeve diameter of 38 mm.

We have also started the development of the original
spinning module for a 2.5 mm sample tube.

3. Characterization of Synthetic
Molecules by Solid-State NMR

Solid-state NMR is one of the efficient techniques to
characterize amorphous samples such as synthetic molecules.
We are working on the characterization of new synthetic
molecules categorized to covalent organic frameworks (COFs)
which are designed by Associate Prof. Segawa group in IMS.
Tentative !3C solid-state NMR signal assignments had been
successfully achieved. The obtained results sufficiently prove
the achievement of the aimed molecular form of COFs for the
sample. This project is also on the way.
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Development of New Methods for Analyzing
Surfaces and Interfaces Using Scanning

Probe Microscopy

Instrument Center

Analytical methods based on sur-

e face and interface sciences provide
i

% x crucial information for understanding
.= physical properties and reaction mecha-

nisms with high precision. Scanning
probe microscopy (SPM) enables the
analysis of geometric structures, me-
chanical properties, electronic proper-
ties, magnetic properties, and reaction
mechanisms at surfaces and interfaces
with extremely high resolution and sensitivity. We have applied

SPM to energy conversion systems, such as rechargeable
1,2)

-

MINATO, Taketoshi
Senior Researcher

batteries.

In applying SPM to analyze surface and interface phenom-
ena, it is essential to extract meaningful information from the
data. However, the characteristics of SPM data can often be
challenging to interpret. To address this, we have developed a
new method to recognize specific structures and extract posi-
tional correlations in local structures from experimentally
obtained SPM data. We have demonstrated that this method is
applicable to mirror structures (Figure 1) and molecules
adsorbed on metal surfaces, revealing specific characteristics
in the positional correlations of molecular adsorption.?

b el Bk G a;
AV L EX XN
XX T XNy
XLy O

CYYYY
Yy Y
Yy Y
YYYYY

R A A
B L e
A XA XANX XXX YAAN

Figure 1.

Recognition results for mirror structures in the scanning
probe microscopy image. The red squares indicate the locations where
specific structures were identified.) © 2024, Appl. Phys. Express, CC
By 4.0.

We have also developed methods to analyze new physical
properties of water. The wetting phenomenon of solid surfaces
by water is common in everyday life, yet its detailed mecha-
nisms remain not fully understood. Previous research sug-
gested that as humidity increases, water molecules adsorb
uniformly, leading to the formation of a water film. However,
the latest studies using nonlinear spectroscopy have shown
that water adsorption at low humidity is non-uniform. We have
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Figure 2. Force curves obtained from peak force tapping measure-
ments at 80% humidity. The average of 10 force curves was acquired
on nanometer-sized water droplets (blue) and on flat areas (orange),
respectively. The dotted curves represent the approach curves, while
the solid curves represent the retract curves.) © 2024, Sci. Rep., CC
By 4.0.

developed an experimental system that directly observes the
microscopic wetting behavior on glass surfaces under different
humidity levels. By using atomic force microscopy, we achieved
the clarification of the change of adhesive force in nano-
droplet of water.*)

Additionally, we have developed an experimental system
to study the physical properties of ice in liquid. While detailed
studies of ice surfaces under ultra-high vacuum conditions
have been reported, their true nature in liquid has not been
fully clarified. We successfully observed atomically flat ice
surfaces in alcohol and demonstrated changes in surface
structure due to reactions with the alcohols.
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Visiting Professors

Visiting Professor

TANAKA, Koichiro (from Kyoto University)

Ultrafast Laser Spectroscopy and Terahertz Optical Sciences
In recent years, the technology of ultra-short lasers and terahertz light has made remarkable progress,
revealing unprecedented ultra-non-equilibrium physics and order formation of solid materials under high-

intensity light irradiation. We make full use of such state-of-the-art optical technology to study the excited
state dynamics of semiconductors, single-layer materials, photonic crystals, and metamaterials, as well as
“non-equilibrium physics under high-intensity light fields.” We are also looking for ways to bring out new physical properties by
utilizing the interaction between light and matter. Specific research topics include (1) elucidation of non-equilibrium physical
properties of solids in high-intensity light fields, (2) research on ultrafast nonlinear phenomena using ultrashort pulse lasers, and
(3) new spectroscopy using terahertz light, (4) optical properties of monoatomic layer materials, (5) research on exciter quantum
effects in semiconductors, etc.

Visiting Professor

OSAKA, ltaru (from Hiroshima University)

n-Conjugated Polymers for High-Efficiency Organic Photovoltaics
Organic photovoltaics (OPVs) have been attracting much attention due to lightweight, flexible, low-
cost and low-energy solution-processability. Improving the power conversion efficiency is one of the

important issues in OPVs. We designed and synthesized a series of m-conjugated polymers based on an
extended fused ring, named dithienonaphthobisthiadiazole. The polymers had rigid and coplanar backbone
structure, which resulted in high-crystalline structure in the thin film. The efficiency of the photovoltaic cells was as high as 12%
when one of the polymers was combined with a fullerene acceptor, which was among the highest values for polymer/fullerene
cells. Importantly, extremely high fill factors of over 0.8 were obtained, which was likely ascribed to the high charge carrier
mobility. In addition, when another dithienonaphtobisthiadiazole-based polymer was combined with a nonfullerene acceptor, it
showed high efficiencies of over 18%. Moreover, the polymer showed high photocurrent generation even with very small driving
force energy. These results would be important guidelines for the development of high-performance polymers.

Visiting Associate Professor

AKIMOTO, lkuko (from Wakayama University)

Pulse EPR Study of Photo-Induced Paramagnetic Centers in Solid Electrolyte BaZr{_,MyO3 (M = Sc, Y)

{ Barium zirconate BaZrO3z doped with trivalent metal ions (M = Sc, Y) is a promising candidate for

- solid electrolytes for proton transport in fuel cells. The oxygen vacancy is noted to be a key structure for

accepting hydroxyl groups and transferring protons via the Grotthus Mechanism. However, it has been

challenging to investigate the local structure of oxygen vacancies using conventional methods in the ion

transport field. We found that ultraviolet (UV) irradiation induces paramagnetic centers, so-called

F-centers, i.e. electrons bound to oxygen vacancies. Then, we can apply well-established electron paramagnetic resonance (EPR)

techniques to this system to elucidate the fine structure through the magnetic interactions. We performed time-domain EPR

measurements under UV light irradiation at cryogenic temperatures and investigated the shape of EPR spectrum, the spin

multiplicity of the signal, and the hyperfine structure buried in the broadened spectral width. Based on the results that depend on
the doped ion species and hydroxyl contents, we clarify the local structure in conjunction with EPR simulations.
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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, metalloproteins, biological-clock
proteins, glycoconjugates, antibodies, and motor proteins. Coordination-complex divisions aim to
develop molecular catalysts and functional metal complexes for transformation of organic
molecules, and molecular materials with three-dimensional complex structures. Interdisciplinary
alliances in this department aim to create new basic concepts for the molecular and energy
conversion through the fundamental science conducted at each division.
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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 O,, 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.

Blue in the Apoferritin Cavity,” Inorg. Chem. 60, 4693-4704 (2021).
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1. Structural and Functional Analysis of
Heme-Based Oxygen Sensor Protein HemAT

Aecrotaxis is a typical biological signal transduction system
that consists of a signal transducer protein (MCP), CheA,
CheY, and other Che proteins. Signal transducer proteins,
sometimes called as MCPs (methyl-accepting chemotoxis
proteins), bind a repellant or attractant in their sensor domain.
Many chemical and physical stimuli act as a repellant or
attractant, among which molecular oxygen is a typical gaseous
signaling molecule. HemAT is a MCP responsible for aero-
taxis control, which consists of two domains, the sensor
domain and the signaling domain. Though the sensor domain
of HemAT shows structural homology to myoglobin, it has a
different heme environmental structure in the distal heme
pocket from myoglobin. In the case of myoglobin, a distal His
forms a hydrogen bond with the heme-bound oxygen to stabi-
lize the heme-oxygen complex. However, there is no distal His
in HemAT, in which a Thr is involved in the formation of a
hydrogen bonding network upon oxygen binding to HemAT.

In this work, we have studied the molecular mechanisms
of O, sensing and signal transduction of HemAT and HemAT/
CheA/CheW complex based on the results of X-ray crystallog-
raphy and cryo-electron microscopy (cyro-EM). We have
determined the crystal structures of ferric-, ferrous (deoxy)-,
and Oj-bound (oxy)-forms of the sensor domain of HemAT
from Bacillus smithii (BsmHemAT) (Figure 1). We will dis-
cuss the molecular mechanisms of O, sensing of HemAT by
comparing these structures. We have also carried out cryo-EM
single particle analysis to determine the structure of HemAT/
CheA/CheW complex, which revealed that BsmHemAT, CheA,
and CheW formed the complex in 2:1:1 ratio.

Figure 1. (A) The overall structure of the sensor domain in Oz-bound
form. (B) The structural comparison of Oz-bound (green) and reduced
(orange) forms of HemAT.

2. CO Biosynthesis for the Construction
of the Active Site in [NiFe]-Hydrogease

Hydrogenase, an enzyme that catalyzes the oxidation of
hydrogen gas and the reduction of protons, plays a central role
in hydrogen metabolism in bacteria and other microorganisms.
Recently, it is also expected to be utilized as a catalyst for fuel
cells. There are three types of hydrogenases classified based
on the structure of their active centers: [NiFe]-, [FeFe]-, and
[Fel]-hydrogenases. In all cases, carbon monoxide (CO) is
coordinated to the Fe in the active center. While it is known
that CO is biosynthesized through enzyme reactions, the
molecular mechanism of CO generation has been unclear. In
this work, the crystal structure of the enzyme HypX involved

in CO biosynthesis used by [NiFe]-hydrogenase was deter-
mined. It was revealed that HypX synthesizes CO through a
completely novel reaction. HypX consists of two domains
(N-terminal domain and C-terminal domain), and within the
molecule, there is a cavity spanning across these two domains.
It was also found that coenzyme A (CoA) binds to the cavity
on the C-terminal domain side. Based on the obtained crystal
structure, the following CO biosynthesis reaction mechanism
was proposed: Two different chemical reactions occur in the
N-terminal domain and the C-terminal domain of HypX. In
the N-terminal domain, a formyl transfer reaction from formyl-
tetrahydrofolate, which is bound in the cavity of the N-terminal
domain, to CoA takes place. During this process, CoA in the
cavity adopts an extended linear conformation, and the -SH
group at the end of CoA is positioned adjacent to the formyl
group in formyl-tetrahydrofolate. As a result of the formyl
transfer reaction, formyl-CoA is generated as an intermediate.
The generated formyl-CoA undergoes a significant confor-
mational change within the cavity to position the formyl group
at the end of the CoA molecule towards the enzyme active site
in the C-terminal domain of HypX. In the C-terminal domain,
the CO release reaction from formyl-CoA occurs, resulting in
the production of CO and CoA.

3. Iron Sensing by Sensor Kinase, VgrS,
Responsible for Intracellular Iron
Homeostasis

Iron is an essential trace element for all organisms, which
is used as active sites in iron proteins for electron transfer,
chemical reactions, and gene regulation, efc. While it is
essential, excess intracellular iron can generate reactive oxy-
gen species, leading to oxidative stress and cellular damage.
Therefore, iron homeostasis is essential for cells. Trans-
criptional regulators and/or iron uptake/export systems are
responsible for regulating iron concentrations in cells. It is
reported that several two-component systems are responsible
for intracellular iron concentration in response to iron reple-
tion/deficiency. In Xanthomonas campestris, the two-com-
ponent system, VgrS/VgrR, plays an important role for the
regulation of iron homeostasis. The periplasmic sensor domain
of histidine kinase VgrS senses extracellular iron ions. How-
ever, detailed mechanism for regulating iron homeostasis by
the two-component system has not yet been elucidated. In this
work, we examined the structure-function relationships of X.
campestris VgrS in detail.

To elucidate iron sensing mechanism of VgrS based on the
structure, we prepared three constructs of the sensor domain of
VgrS composed of Metl-Thr100, Metl1-Met87, and Met27-
Met87, respectively, to determine their crystal structures. The
single crystal of apo and holo forms was obtained for the
truncated sensor domain composed of Met27-Met87 while two
other samples were not crystalized. To determine the stoichi-
ometry of metal ion binding to VgrS M27-M87, ICP analyses
was carried out, which revealed that VgrS M27-M87 bound 2
equivalents Fe(Ill) or 1 equivalent Mn(Il), respectively. The
ExxE motif in VgrS seems to be a metal binding site at which
Fe(III) binds.
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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

Selected Publications

» H. Yagi, K. Takagi and K. Kato, “Exploring Domain Architectures
of Human Glycosyltransferases: Highlighting the Functional Diver-
sity of Non-Catalytic Add-On Domains,” Biochim. Biophys. Acta,
Gen. Subj. 1868, 130687 (2024).

» K. Kato and H. Yagi, “Current Status and Challenges in Structural
Glycobiology,” Trends Carbohydr. Res. 15, 38—46 (2023).

» K. Kato, H. Yagi and S. Yanaka, “Four-Dimensional Structures and
Molecular Designs of Glycans,” Trends Glycosci. Glycotechnol. 34,
E85-E90 (2022).

* M. Yagi-Utsumi and K. Kato, “Conformational Variability of
Amyloid-p and the Morphological Diversity of Its Aggregates,”
Molecules 27, 4787 (2022).

1986 B.S. The University of Tokyo
1991 Ph.D. The University of Tokyo

1991 Assistant Professor, The University of Tokyo

1997 Lecturer, The University of Tokyo

2000 Professor, Nagoya City University

2008 Professor, Institute for Molecular Science
Professor, Okazaki Institute for Integrative Bioscience ( -2018)
Professor, The Graduate University for Advanced Studies

2006 Visiting Professor, Ochanomizu University

2013 Project Leader, JSPS Grant in Aid for Scientific Research
on Innovative Areas “Dynamical Ordering of Biomolecular
Systems for Creation of Integrated Functions”

2018 Professor, Exploratory Research Center on Life and Living

Member

Associate Professor
YAGI-UTSUMI, Maho*
YANAKA, Saekot

Assistant Professor
KANDA, Tomoya

Post-Doctoral Fellow
IWASAKI, Miyuki
SAITO, Taiki
TATEO, Seigo
HAYASHI, Seiichiro

Graduate Student
SEKI, Takehito
NAKANO, Rio¥
HOSHINA, Mei#
TAKAGI, Katsuki*
NISHIZAKI, Ryuhei*

Technical Support Staff
NISHIO, Miho
KAMIJO, Masahiro
NIIMI, Shiori

Secretary
FUKUTOMI, Yukiyo

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. Comprehensive Multi-Scale Analysis of
Protein Glycosylation: Structural,
Functional, and Evolutionary Insights

Glycosylation, a diverse post-translational modification, is
ubiquitous among proteins in nature. Our research group
employs a multi-scale approach, from molecular to cellular
levels, to elucidate the intricate mechanisms of protein glyco-
sylation. In the Human Glycome Atlas Project, we are con-
ducting research to obtain comprehensive and systematic infor-
mation about human glycosylation.!) In humans, approximately
200 glycosyltransferases orchestrate the complex process of
glycosylation. To gain insights into their molecular architecture,
we analyzed the domain architecture of these enzymes using the
AlphaFold Protein Structure Database.?) Our investigation
particularly focused on non-catalytic add-on domains, systemati-
cally categorizing their structures and potential functions.

Concurrently, we examined the Golgi apparatus, the pri-
mary organelle of glycosylation, to unravel its spatiotemporal
dynamics and glycoprotein transport pathways. We established
a technical foundation for the localization analysis of glyco-
syltransferases within the Golgi apparatus using super-resolu-
tion microscopy.?) Our study of sub-Golgi distribution patterns
of N-glycan diversifying enzymes revealed subtle localization
differences even among enzymes presumed to coexist within
the same Golgi compartment (Figure 2). Importantly, we
revealed molecular codes within CTS regions as crucial deter-
minants of their sub-Golgi localization.

We also conducted structural and functional analyses of
molecular systems involved in glycoprotein folding and degra-
dation.*® These analyses provided novel insights into the fate
determination of glycoproteins within the cell through glycan
recognition.

Furthermore, through collaborative research with the
Deep-Sea and Deep Subsurface Life Research Group at
ExCELLS, we performed glycoproteomic analysis of archaea,
yielding important findings that enhance our understanding of
the evolutionary dynamics of glycosylation and the molecular

basis of microbial interactions in extreme environments.%7)

Figure 2. 3D images of two glycosyltransferases. Dual-color 3D
super-resolution microscopy image of the Golgi ribbon area of an
Expi293F cell expressing B3GALT6-mScarlet (magenta) and FUT9-
mNeonGreen (green).

2. Biophysical Characterizations of
Antibody Functions and Protein Dynamics

We also worked to elucidate the mechanisms of higher-

* from Nagoya City University
+ from Kyushu University

order functional expression through the dynamics of biological
molecular systems, utilizing various biophysical methods. In
particular, we conducted collaborative research with the Bio-
molecular Dynamics Observation Group at EXCELLS, using
high-speed atomic force microscopy (HS-AFM) to study
interaction systems between antibodies and effector molecules
central to immune defense.

While immunoglobulin G (IgG) bound to antigens forms
hexamers to recruit the complement component Clq, we
previously reported that a mouse IgG mutant lacking the Cy1l
domain binds to Clq and activates the complement pathway
regardless of antigen presence. In this study, using HS-AFM,
NMR spectroscopy, and mutation experiments, we revealed
that the deletion of the Cyl domain enhances binding between
the Cp domain and Clq through electrostatic interactions,
enabling a monomeric IgG molecule to activate the comple-
ment system without forming hexamers (Figure 3).9)

Furthermore, quantitative analysis of the interaction between
therapeutic antibodies and Fcy receptors using HS-AFM
revealed that the dwell times of antibodies on effector mol-
ecules are robust indicators of therapeutic antibody efficacy.”

These studies highlight previously unknown potential
binding sites for effector molecules within IgG molecules,
paving the way for developing more refined therapeutic anti-
bodies with tailored interactions.

Moreover, as part of an international collaboration at
ExCELLS, we performed dynamic structural analysis of the
human ATAD2 AAA+ histone chaperone to elucidate the
communication mechanism between subunits.!?) This work
was a joint achievement with Dr. Ji-Joon Song from the Korea
Advanced Institute of Science and Technology and the Bio-
molecular Dynamics Observation Group at EXCELLS.

Figure 3. Characterization of interaction between the IgG Cr, domain
and complement component Clq using HS-AFM (left) and NMR
(right) analyses.
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Activity of life is supported by protein molecular machines,
which show higher performance than 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 that drive their
unidirectional motions from the energy of chemical reaction or
the electrochemical potential across the cell membrane. We
unveil operational principles of molecular motors with advanced
single-molecule functional analysis. In addition, with the help
of structure-based rational design and site-saturation muta-
genesis, we engineer non-natural protein molecular motors to
understand their design principles. Furthermore, we challenge
to engineer synthetic molecular motors.
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Figure 1. Protein molecular machines. (Left) A linear molecular
motor chitinase A. (Center and Right) Rotary molecular motors
Fi-ATPase and V|-ATPase, respectively.
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1. Mechanism-Based Design of DNA-
Nanoparticle Motor with High Speed and
Processivity Comparable to Motor Proteins?)

DNA-nanoparticle motor is a burnt-bridge Brownian ratchet
moving on RNA-modified surface driven by Ribonuclease H
(RNase H), and one of the fastest nanoscale artificial motors.
However, its speed is still much lower than those of motor
proteins. Here we resolve elementary processes of motion and
reveal long pauses caused by slow RNase H binding are the
bottleneck (Figure 2). As RNase H concentration ([RNase HJ)
increases, pause lengths shorten from ~100 s to ~0.1 s, while step
sizes are constant (~20 nm). At high [RNase H], speed reaches
~100 nm s™!, however, processivity, run-length, and unidirec-
tionality largely decrease. A geometry-based kinetic simulation
reveals switching of bottleneck from RNase H binding to DNA/
RNA hybridization at high [RNase H], and trade-off mechanism
between speed and other performances. A mechanism-based
newly-designed motor with 3.8-times larger DNA/RNA hybridi-
zation rate simultaneously achieves 30 nm s™! speed, 200 pro-
cessivity, and 3 um run-length comparable to motor proteins.
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Figure 2. (a) Schematic illustration of the experimental system for
high-speed/high-precision single particle tracking of DNA-AuNP motor.
DNAs on the AuNP surface are hybridized with RNAs on the glass
surface. RNAs that hybridized with DNAs are selectively hydrolyzed by
RNase H. The motion of DNA-AuNP motor is visualized using total-
internal reflection dark-field microscopy. (b) Motion of DNA-AuNP
motor on RNA surface at 36 nM RNase H. Recording rate: 20 fps. Red
lines indicate trajectories of the particle centroid. Dark yellow squares
show the regions of interest to calculate the centroid for each frame.
Scale bar: 200 nm. (c) Whole trajectory of the centroid of DNA-AuNP
motor shown in (b). (d) Pauses (green dots) and steps (magenta lines)
superimposed to raw trajectory shown in (c). (¢) Time-course of XY-
coordinates. Green solid lines are fittings to raw trajectories, and
magenta dashed lines indicate positions of detected steps. (f) Schematic
illustration and definitions of pause length, step size, and speed.

2. Visualizing Single V-ATPase Rotation
Using Janus Nanoparticles?

Understanding the function of rotary molecular motors, such

Awards

as the rotary ATPases, relies on our ability to visualize the single-
molecule rotation. Traditional imaging methods often involve
tagging those motors with nanoparticles (NPs) and inferring their
rotation from translational motion of NPs. Here, we report an
approach using “two-faced” Janus NPs to directly image the
rotation of single V-ATPase from Enterococcus hirae, an ATP-
driven rotary ion pump (Figure 3 and 4). By employing a 500-nm
silica/gold Janus NP, we exploit its asymmetric optical contrast—
silica core with a gold cap on one hemisphere—to achieve
precise imaging of the unidirectional counter-clockwise rotation
of single V-ATPase motors immobilized on surfaces. Despite the
added viscous load from the relatively large Janus NP probe, our
approach provides accurate torque measurements of single
V-ATPase. This study underscores the advantages of Janus NPs
over conventional probes, establishing them as powerful tools for
single-molecule analysis of rotary molecular motors.
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Figure 3. (a) Schematic of the Janus NP preparation process. (b)
Schematic illustration of single-molecule imaging of V-ATPase rotation
using a Janus NP probe. The rotor c-ring of V-ATPase is immobilized on
the Ni-NTA coated coverslip via Hiss-tags, while the single Janus NP is
attached to the stator A-subunit of V-ATPase via biotin-streptavidin
conjugation system. The black and grey dotted vertical lines indicate the
rotation center and the centroid of Janus NP, respectively.

at 1 ms time shown at 20 ms mmls!

Figure 4. (a) Phase-contrast images of a single aminated silica NP

(top) and a single Janus NP (bottom) non-specifically attached to the
glass coverslip. (b) Time-lapse phase-contrast images demonstrating
the rotational motion of a single Janus NP specifically attached to
V-ATPase, driven by ATP hydrolysis. Observation was conducted at
25°C in the presence of 5 mM ATP and 300 mM NaCl. Images were
recorded at 1,000 frames per second (1 ms time resolution) and are
shown at 20 ms intervals. Scale bars: 500 nm.
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Keywords

Our research interests lie in the development of catalytic
reaction systems toward ideal (highly efficient, selective, green,
safe, simple, efc.) organic transformations. In particular, devel-
opment of a wide variety of the heterogeneous aquacatalytic sys-
tems, continuous flow catalytic systems, and super active cata-
lysts working at ppm-ppb loading levels, have been achieved.
Furthermore, we have recently been developing a novel photo-
catalysis where, for example, the carbonyl groups underwent
two successive one-electron reduction to generate carbinol anion
species achieving electrophilic carbonyl substitution. Along this
line, in 2024, we have developed a series of novel diaza-
benzacenaphthenium photocatalysts, denoted as N-BAPs, which
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promoted the unprecedented 4-electron photoreduction of esters
to form the corresponding alcohols with visible LED light
irradiation under aqueous conditions.
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Figure 1. The outlined concept of photocatalytic reductive activation
of substrate through two successive one-electron transfer process (e.g.
carbonyl reduction to carbinol anion).
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1. Novel Diazabenzacenaphthenium
Photocatalysts?

1-1. Design and Preparation of N-BAP

A novel diazabenzacenaphthenium photocatalyst N-BAP
was designed and identified on the basis of an extensive in
silico screening, with a view to its use as a photocatalyst under
visible-light irradiation in photoinduced multielectron-transfer
reactions. The photocatalyst was prepared by a rhodium-
catalyzed oxidative annulation of 2-phenyl-4,5-dihydro-1H-
imidazole with hex-3-yne in one step. Single-crystal X-ray
analysis of N-BAPqr¢ clearly confirmed the presence of a
planar n-conjugated diazabenzacenaphthenium structure.
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Scheme 1. Preparation of N-BAP.

1-2. Multielectron-Reduction of Esters

Under visible-light irradiation, N-BAP promoted the four-
electron reduction of esters in the presence of ammonium
oxalate as a “traceless reductant” to generate carbinol anion
intermediates that underwent protonation with water to give
the corresponding alcohols. The resulting carbinol anions also
exhibited nucleophilic reactivity under the photocatalytic
conditions to undergo a 1,2-addition to a second carbonyl
compound, affording unsymmetric 1,2-diols.

1
Diazabenzacenaphihenium
photoredox catalyst
[N-BAP)

OH
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N-BAP reduces ester I through SET to give the acetal
radical II and oxidized N-BAP. Oxidized N-BAP oxidizes
oxalate anion to afford CO, and a CO; radical anion, with

regeneration of N-BAP. The acetal radical II undergoes a
second SET from excited N-BAP (or a CO; radical anion) to
form the acetal carbanion III; this is followed by protonation
with water to give the aldehyde IV. A second two-electron
reduction of IV then generates the carbinol anion V. The four-
electron-reduction process proceeds almost simultaneously to
suppress radical side reactions. Lastly, the resulting carbinol
anion V reacts with water or a carbonyl electrophile to furnish
the final product VI.
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Figure 2. Proposed mechanism.

2. Tetrahydroxydiboron as a Green
Reducing Agent Serving in Water2-3)

We have developed a transfer hydrogenation of aldehydes
and ketones, as well as a transfer hydrogenolysis of O—C and
N-C bonds of O-, and N-benzyl groups with By(OH)4 as a
reductant and amphiphilic resin-dispersed palladium nano-
particles as a catalyst system in an aqueous medium, where
water also serves as a hydrogen donor. A variety of aldehydes
and ketones, including aliphatic carbonyl compounds, reacted
to give the corresponding primary and secondary alcohols,
respectively. Benzyl groups of a variety of benzylic ethers,
esters, carbamates, and amines, including benzyl-protected
carbohydrates and amino acids, were reductively removed in
high yields. The catalyst was recovered by filtration and
reused nine times without a significant loss of its catalytic
active.
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Keywords

The field of molecular catalysis has been an attractive area
of research for realizing efficient and new transformations in
the synthesis of functional molecules. The design of 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, “metals” have been
frequently used as the activation centers, and conformationally
rigid catalyst frameworks have been preferably components
for the catalyst design. To develop a new type of molecular
catalysis, we have focused on the use of non-metal elements as
activation centers and have incorporated non-covalent interac-
tions as organizing forces in the molecular design of catalysts.
This approach had not received much attention until recently.
We hope that our approach will open a new frontier in chiral
organic molecules to chiral molecular science from chiral
molecular chemistry.
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Figure 1. Hydrogen bonding network in chiral bis-phosphoric acid
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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. Design of Perfluorohalogenated Arenes

Halogens form attractive non-covalent interactions between
terminal halogen atoms in compounds of the type R—X (X =
Cl, Br, I) and Lewis bases. This non-covalent interaction is
known as either halogen bonding or -hole bonding, which
occurs when “R” is a highly electronegative substituent, such
as perfluorinated alkyl or aryl substituents. Based on the
electrophilic feature of the halogen atom, we have investigated
two types of perfluorohalogenated arenes in their design and
synthesis: Perfluorohalogenated styrenes and naphthalenes,
aimed at creating functional molecules.!-?

The Wittig reaction of perfluorohalobenzaldehydes was
systematically studied to synthesize 2,3,5,6-tetrafluoro-4-
halostyrenes (TFXSs), functional monomers bearing halogen
bond donor sites.!) The reaction proceeded efficiently in
tetrahydrofuran using 1,1,3,3-tetramethylguanidine as the
organic base. Correlation analysis quantitatively identified
three key factors necessary for obtaining TFXS in reasonable
yields. This approach not only advances the study of halogen
bond-based functional molecules but also introduces digitali-
zation as a promising strategy in small molecule synthesis.
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Figure 2. Synthesis of perfluoroiodinated styrenes as halogen bond

donor site-introduced functional monomers.

Perfluorohalogenated naphthalenes (PFXNaPs) are unique
small molecules with great potential to exhibit a new type of
c-hole and n-hole bonding, owing to the incorporation of
multiple F atoms onto the naphthalene ring. We developed a
synthetic protocol for PFXNaPs, conduct crystal engineering
investigations, and explored the intermolecular interactions of
PFXNaPs through n-hole and c-hole bondings.?) We success-
fully synthesized PFXNaPs using Mg amide-mediated haloge-
nation reactions of electron-deficient F; and F¢ naphthalenes,
achieving good to excellent yields. Crystal structure analyses
of 3,6-1,F¢ naphthalene unveiled intermolecular n-hole stack-
ing between two C atoms in the naphthalene ring, in coopera-
tion with the o-hole bonding of two I atoms. This mode of
intermolecular interaction has not been classified in previous
reports. Computational studies show that the n-hole bonding in
PFXNaPs is substantially enhanced compared to correspond-
ing benzene molecules without diminishing the o-hole bond-
ing. The unique stacked interaction in PFXNaPs is primarily
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Figure 3. Synthesis and feature of perfluorohalogenated naphthalenes

as potential crystalline materials.

governed by electrostatic interaction and dispersion correction
energies, with the contribution of C---C contacts being 10
times greater than that in benzene analogs. The results enable
further applications of PFXNaPs in the fields of perfluoro-
halogenated arenes and organic crystalline materials.

2. Design of Halenium Complexes

In the filed of perfluorohalogenated arenes, the two-center-
two-electron (2c2e) bond is a key feature. Similarly, halogen(T),
generally X* (X = 1, Br, Cl), acts as a strong halogen bond
donor site. In contrast to the 2c2e halogen bond, halogen(I)
simultaneously interacts with two Lewis bases. This bond is
recognized as a three-center-four-electron (3c4e) halogen
bond. Importantly, successful examples have consistently
required the use of stoichiometric amounts of 3c4e complexes.
Despite the utility of the 3c4e halogen bond in synthetic
chemistry, its potential for non-metallic complex catalysis had
not yet been thoroughly investigated until our report.3*

We discovered that the 3c4e halogen bond can serve as a
new driving force for catalysis.® By integrating halogen(I)
(X*: I* or Br"), the bis-pyridyl ligand NN, and a non-nucleo-
philic counter anion Y, we developed non-metallic complex
catalysts, [N---X---N]Ys, that exhibited outstanding activity
and facilitated the Mukaiyama—Mannich-type reaction of
N-heteroaromatics with parts-per-million-level catalyst load-
ing. NMR titration experiments, CSI-MS, computations, and
UV-vis spectroscopic studies suggest that the robust catalytic
activity of [N---X---N]Y can be attributed to the unique ability
of the 3c4e X-bond for binding chloride: i) the covalent nature
transforms the [N---X:--N]* complexation to sp> CH as a
hydrogen-bonding donor site, and ii) the noncovalent property
allows for the dissociation of [N---X--*N]* for the formation of
[CI---X:--Cl]". This study introduces the application of 3c4e
X-bonds in catalysis via halogen(I) complexes.
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Figure 4. Halenium complex catalysis via three-center-four-electron
halogen bond enables non-metallic complex catalysis for Mukaiyama-
Mannich-type reaction.
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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 (Figure 1).

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 um or less). There are many fields such as
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covalent organic crystals with a three-dimensional structure
and molecules with complex molecular topologies, where
structural analysis has not been sufficiently developed.
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Figure 1. Design and synthesis of n-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 of Hexafluorotetraphenylene
Bearing Alkoxy Chains

Triphenylene is one of the polycyclic aromatic hydro-
carbons that has been extensively studied for a long time.
Triphenylene is a planar n-conjugated molecule with D3y
symmetry, consisting of four six-membered rings. As the
functionalization of triphenylenes at the peripheral positions is
relatively easy, triphenylene derivatives with a variety of
structural and electronic properties have been synthesized and
applied in materials science.

We synthesized a bay-fluorinated triphenylene and investi-
gated its structural and electronic properties.!) The synthesis of
2,3,6,7,10,11-hexaethoxy-1,4,5,8,9,12-hexafluorotriphenylene
(1) was accomplished via a two-step one-pot reaction sequence
starting from hexaethoxytriphenylene (2) (Figure 2). The bay-
selective deprotonation of 2 was carried out using n-butyl-
lithium, which was followed by an electrophilic fluorination
with NFSI to generate hexafluorinated triphenylene 1. A
single-crystal X-ray diffraction analysis revealed that 1 adopts
a distorted C, symmetric structure in the single crystal, wherein
molecules of 1 arrange into one-dimensional columnar stacks.
DFT calculations showed that the C; symmetric conformation
of 1 is by 5.8 kcal-mol™! more stable than the D3 symmetric
one. Due to the introduction of the fluoro groups, the absorp-
tion and fluorescence spectra of 1 showed bathochromic shifts
and broadening of the spectra compared to those of 2. DFT
calculations revealed that the energy levels of the HOMOs and
LUMOs change due to the introduction of the fluoro groups.
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Figure 2. Synthesis of hexafluorotriphenylene 1 (NFSI: N-fluoro

benzenesulfonimide).

2. Synthesis of Polycyclic Arenes
Composed of 4-5-6-8-Membered Rings via
an Unexpected 4-Membered-Ring Formation
Reaction

Aromatic compounds having four-membered rings attract
considerable interest owing to their unique structural and
physical properties. Biphenylene, a simple four-membered-
ring-containing arene, comprises aromatic benzene moieties
fused to an antiaromatic cyclobutadiene moiety. In biphenyl-
enes, the fused benzene rings decrease the antiaromaticity of
the central four-membered ring relative to that of cyclobutadiene.

We have synthesized and characterized tricarbonylated 1,
which contains four-, five-, six-, and eight-membered rings and

tetracarbonylated compound 2 via the carbonylation reaction of
a tetraphenylene derivative.?) When dimethyl carbonate was
used as the carbonyl source, the carbonylation of tetraphen-
ylene yielded tricarbonylated product 1 via an unexpected four-
membered ring formation reaction. In contrast, using dimethyl-
carbamoyl chloride afforded tetracarbonylated compound 2
selectively (Figure 3). The structures of the as-obtained com-
pounds 1 and 2 were determined by X-ray crystallography,
revealing one-dimensional stacking structures in the solid state
in both cases. UV—vis absorption spectroscopy, CV, and DFT
calculations suggested that the HOMO-LUMO gap of 1 is
narrower than that of 2 (Figure 4). NICS and ACID calcu-
lations indicated that the four-membered ring of 1 and the
eight-membered rings of 1 and 2 exhibit antiaromatic charac-
teristics. The reaction reported here provides a new method for
introducing a four-membered ring into polyaromatic structures
at the late stage of the synthetic process.
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Figure 3. Synthesis of 1 and 2.
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Figure 4. (a) UV-vis absorption spectra of 1 and 2. (b) Cyclic
voltammograms of 1 and 2. (c) Frontier molecular orbitals of 1 and 2
calculated at the B3LYP/6-31G(d) level.
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Visiting Professor

KAMIYA, Yukiko (from Kobe Pharmaceutical University)

Expand the Artificial Nucleic Acid World Based on the Studies of Molecular Science
Nucleic acids (DNA and RNA) are essential biopolymers that carry genetic information in all living
‘ . organisms. On the other hand, various artificial nucleic acids (XNAs) such as ribose-modified or non-ribose
type nucleic have been developed. One of our motivation of XNA study is development of nucleic acid
drugs. Another big motivation is addressing the fundamental question why nature selected ribose as
backbone of genetic materials. Our group has focused on amino acid-type artificial nucleic acids and we are studying on

characterization of their molecular recognition properties, design of unique structures, and development of molecular tools and
drugs that target RNA as applications. In recent study we found that both SNA and L-aTNA of homopurine sequence could form
unexpectedly stable triplex with XNA:RNA heteroduplex in a parallel manner, even though A*A pair had only single hydrogen
bonding. This is the first report on the XNA:RNA*XNA triplex with parallel homopurine TFO involving single A*A reversed
Hoogsteen pair.

Visiting Professor

SATO, Sota (from The University of Tokyo)

Integrated Molecular Structure Analysis Through Industry-Academia Collaboration

Elucidating molecular structures is crucial in various fields of molecular science, regardless of
éi % A :ﬁ academia or industry. In addition to NMR and mass spectrometry, X-ray/electron diffraction is a powerful
s analytical technique that can directly determine atomic positions, enabling clear determination of three-
dimensional structures. We are actively pursuing the “crystalline sponge method” as one of core
technologies, which eliminates the need for the crystallization process and completes sample preparation by simply soaking the
target molecules into crystalline sponge, allowing structural analysis even with minute sample amounts. Furthermore, we are
extensively deriving technological advancements to reduce sample amount and building collaborative relationships with
numerous companies to promote research aimed at creating new industries. Recently, we have been dedicated to fostering future
talent who will support the scientific community in Japan and the world. We organized mock lectures and research experiences

for high school students in collaboration with corporate researchers, aiming to nurture the next generation of scientists.

Visiting Professor

TOYABE, Shoichi (from Tohoku University)

: Optimal Control of Biological Molecular Motors—What Is the Most Efficient Way to Control in
3 Thermally Fluctuating Systems?

\_ . ’ ATP synthase plays a central role in cellular energetics by synthesizing most of the ATP molecules

A required by cells. ATP synthase consists of two coupled motors, F; and F,. F; has the ATP-synthesizing

activity and catalyzes ATP synthesis using the mechanical driving force provided by F,. We do not know in

detail how F, rotates F;. But, we expect that F, and F| has acquired an efficient control way in thermally fluctuating environment.

And, we should be able to know what is the most efficient way to rotate F; based on physical theory. As the first step along this

purpose, we compared the external rotation of F; by constant torque and angle clamp. We found that rotation by angle clamp is

significantly more efficient and requires much less work. Our experiments with theory and simulation revealed that the angle
clamp works as a damper and reduce nonequilibrium fluctuations that produce futile dissipation.
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Keywords

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 (circa-
dian) cycle (self-sustainment). Second, the period is unaffected
by temperature (temperature compensation). Third, the phase of
the clock is synchronized with that of the outer world in re-
sponse to external stimuli (synchronization). We seek to explain
these three characteristics, and consider the biological clock sys-
tem 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 tempera-
ture 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.

» J. Abe, T. B. Hiyama, A. Mukaiyama, S. Son, T. Mori, S. Saito, M.
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Science 349, 312-316 (2015).
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1. Structure: Reasons for Seeking Structure
and Dynamics of Circadian Clock
Components in Cyanobacterial~%)

A great deal of effort has been devoted to characterizing
structural changes in the clock proteins along the circadian
reaction coordinate. However, little is known about the mecha-
nism driving the circadian cycle, even for the simple cyano-
bacterial protein KaiC that has ATPase and dual phosphoryla-
tion sites in its N-terminal C1 and C-terminal C2 domains,
respectively. Nearly all KaiC structures reported to date share
a nearly identical structure, and they do not appear to be
suggestive enough to explain the determinants of circadian
period length and its temperature compensation. We are study-
ing the structural and dynamical origins in KaiC using high-
resolution x-ray crystallography,!™ real-time fluorescence
detection,” and quasielastic neutron scattering.®)

2. Rhythm: Cross-Scale Analysis of
Cyanobacterial Circadian Clock System®-2)

KaiC ATPase is of particular interest here, as it finely
correlates to the frequencies of in vivo as well as in vitro
oscillations and also it is temperature compensated. 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 developed HPLC system
with a 4-channel temperature controller has reduced approxi-
mately 80% of time costs for the overall screening process
(Figure 1). Using the developed device, we are screening a
number of temperature-dependent mutants of KaiC.%7)
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Figure 1. Development of a quick ATPase assay system.

3. Beyond Evolutionary Diversity®)

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 2A). 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.

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
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Figure 2. Damped oscillation of KaiC ATPase activity (A) and
evolutionary diversity of cyanobacteria (B).

understandable to some extent if KaiC possesses the specific
frequency. Given this assumption, what specific frequencies
are possessed by KaiC homologues in other species and
ancestral cyanobacteria? (Figure 2B) We examined the oscil-
lation of the clock protein KaiC in modern cyanobacteria, as
well as the function and structure of ancestral Kai proteins, to
determine the evolutionary origin of the self-sustained Kai-
protein oscillators.”

4. Bio-SAXS Activity in IMS10)

We have supported SAXS users so that they can complete

experiments smoothly and publish their results.!?
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Keywords

We develop and apply advanced ultrafast laser spectros-
copy based on state-of-the-art optical technology to study the
chemical reaction dynamics of the condensed-phase mol-
ecules. In particular, we focus on exploiting unique methodol-
ogies based on few-cycle ultrashort pulses (e.g., time-domain
impulsive vibrational spectroscopy and multidimensional
spectroscopy) and tracking molecular dynamics from elec-
tronic and structural viewpoints throughout the chemical
reaction with exquisite temporal resolution. We also develop a
novel methodology and light source to probe ultrafast dynamics
of single molecules in the condensed phase at room tempera-
ture, with the aim to understand chemical reaction dynamics at
the single-molecule level. Our particular interest rests on
elucidating sophisticated molecular mechanisms that underlie
the reactions of functional molecular systems such as proteins,
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molecular assemblies, and metal complexes. On the basis of
new insights that can be gained from our advanced spectro-
scopic approaches, we aim to establish a new avenue for the
study of chemical reaction dynamics.

Figure 1. Schematic of the ultrafast nonlinear spectroscopy of
complex molecules with few-cycle ultrashort pulses.
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1. Room-Temperature Solution Fluorescence
Excitation Correlation Spectroscopy

Polyatomic molecules in condensed phases undergo con-
stant fluctuations in molecular structure and their surrounding
environment. These fluctuations lead to temporal and spatial
variations in the physical properties and reactivities of the
molecules, whose understanding is particularly crucial for
elucidating functionalities of complex macromolecules such as
proteins. Conventional ensemble measurements are insensitive
to such fluctuations and resultant heterogeneity and provide only
statistically averaged information, making it challenging to
elucidate the properties of individual molecules and transitions
between sub-ensembles. Single-molecule fluorescence spectros-
copy enabled the study of the physical properties and dynamics
of individual molecules. However, the long measurement time
necessary for detecting intrinsically weak single-molecule
fluorescence limits these studies to systems where spontaneous
fluctuations are suppressed and slow, such as molecules fixed in
polymer or crystalline matrices or at low temperatures, to ensure
that the variations in properties of the individual molecules are
not washed out during a measurement. Consequently, it remains
a challenge to elucidate how properties and dynamics of individ-
ual molecules evolve in response to spontaneous fluctuation
among sub-ensembles in complex and heterogeneous room-
temperature solution systems, where a variety of chemical and
biological processes take place. In this study, we developed
fluorescence excitation correlation spectroscopy (FECS) for
room-temperature solutions, which enables the study of spon-
taneous fluctuation of the excitation spectrum with microsecond
time resolution. By employing Fourier transform spectroscopy
with broadband femtosecond pulses and time-correlated single-
photon counting, we achieved fluorescence excitation spectros-
copy of a room-temperature solution at the single-molecule
level. Based on this single-molecule measurement, we obtained
an excitation wavelength-resolved fluorescence autocorrelation
function in the microsecond to millisecond range, demonstrating
the potential of this method to elucidate fast, spontaneous, time-
dependent changes of excitation spectra in statistically equi-
librium systems.!) With further development, this method will
allow the study of spectral exchange associated with transitions
between sub-ensembles of solution-phase molecules with
unprecedented time resolution.
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Figure 2. Schematic of fluorescence excitation correlation spectroscopy
of a room temperature solution.
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2. Development of Sub-10-fs Time-
Resolved Absorption Spectroscopy in the
Short-Wave-Infrared Region

Femtosecond time-resolved absorption spectroscopy is an
ideal tool for studying the ultrafast dynamics of molecules in
electronically excited states. By using ultrashort optical pulses
whose pulse duration is shorter than the vibrational periods of
the molecule, time-resolved absorption measurements also
enable one to observe coherent nuclear wavepacket motion and
provide fruitful information about the excited-state molecular
structure. However, due to technical difficulties, time-resolved
absorption measurements with such high temporal resolution
have been so far limited in the visible spectral region, leaving
the dynamics in the shortwave-infrared (SWIR) region
unexplored. Recently, transient species that exhibit absorption in
the SWIR region have attracted much attention, such as excited
singlet and triplet states of singlet fission systems. In this study,
we developed a time-resolved absorption spectrometer in the
SWIR region with sub-10 fs temporal resolution. In the setup,
the broadband sub-10 fs pulse generated by a noncollinear
optical parametric amplifier (NOPA?)) is used as the pump, and
the SWIR continuum (800—-1700 nm) generated by the idler
output of a newly constructed collinear OPA is used as the
probe. The time-resolved absorption data of TIPS-pentacene in
chloroform measured with the developed setup are shown in
Figure 3. The S, < S; excited-state absorption band of TIPS-
pentacene is observed at 1350 nm, which shows a clear temporal
modulation of the spectral position caused by coherent nuclear
wavepacket motion in the S; state. Fourier transformation of the
oscillatory signal reveals the vibrational bands of the Franck—
Condon state up to 1410 cm™!, as well as the nonresonant
solvent Raman bands up to 3000 cm™!. These results demon-
strate that the spectrometer has the capability to monitor the
ultrafast electronic/structural dynamics in the SWIR region with
high temporal resolution (< 10 f5s).
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Figure 3. 2D map of the transient absorption signal recorded for
TIPS-pentacene in chloroform solution upon photoexcitation with
sub-10-fs visible pulse. The clear oscillatory feature represents
coherent nuclear wavepacket motion launched in the S; state.
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Keywords

Spintronics is a new ingredient of electronics in which a
magentic moment of an electron is utilized as an information
carrier together with its charge. Spin-polized current is one of
the most important resources in spintronics, because it can
drive devices such as ferromagnetic memory with spin angular
momentum. In convetional spintronics, such a spin-polarized
current is generated by passing a charge current through
ferromagnetic metals. However, recently, researchers are
finding other ways of spin-polarized current genertation by
using topological insulators and non-collinear antiferro-
magnets, which can sometimes be more efficient than those
with ferromagnets.

Chiral molecules are attracting recent attention as a new
source of spin-polarized current. Chirality-Induced Spin Selec-
tivity (CISS) effect generates spin polarization parallel to or
antiparallel to the electron’s velocity depending on the hand-
edness of the chiral molecule that is being passed through
(Figure 1). Although the mechanism of CISS effect is still
under debate, it seems to create spin-polarization higher than
those of ferromagnets, which is suprisingly large when the
small spin—orbit coupling energy of organic molecules is
considered. In order to rationalize such a large effect, some
microscopic hyptheses are proposed based on experimental
results, whose proofs are being waited for. Our group is trying
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to unveil such mechanisms that drive CISS effect by using
chiral crystalline materials.

The use of crystalline materials has serveral advantages.
For example, one can employ theoretical framework with
well-difined wave number of electrons. Another advantage is
the size of the chiral material which allows direct attachment
of detection electrodes in different positions. With these merits
in mind, we are fabricating spintronic devices suitable for the
CISS investigations.

Figure 1. Conceptual schematic for CISS effect. P-helix molecule
(lower panel) can transmit more electrons with spins antiparallel to the
velocity (negative helicity electrons) than the other, while M-helix
molecule (upper panel) favors transmission of electrons with parallel
spin (positive helicity electrons).

Hirobe, M. Suda, J.-i. Ohe, J.-i. Kishine, H. M. Yamamoto and Y.
Togawa, Phys. Rev. Lett. 124, 166602 (2020).
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lar Switch for Reconfigurable Spin Filters,” Nat. Commun. 10, 2455
(7 pages) (2019).
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1. Spin Current Generation in a Chiral
Organic Superconductor

Although s- and d-wave superconductors are in a spin
singlet state at its ground state, a superconductor with broken
mirror symmetry is expected to show spin triplet state when
supercurrent is flowing, according to a theory developed by
Edelstien.!) This means spin polarization can be generated by
applying supercurrent in a chiral superconductor. The magneti-
zation direction that depends on the lattice symmetry has been
recently calculated by group theory.?) We have tested this idea
by employing k-(BEDT-TTF),Cu(NCS), (hereafter, k-NCS)
which is an organic superconductor with chiral and polar
crystal lattice. The space group of this crystal is P2y, and its
handedness is defined by the relative arrangement between the
anionic Cu(NCS), and cationic BEDT-TTF. This handedness
can be experimentally determined by X-ray diffraction or
circular dichroism (CD).

After confirming pure enantiomeric lattice system with
CD microscope, a thin crystal of k-NCS has been laminated
onto a resin substrate with prepatterned gold and nickel
electrodes. At temperature lower than superconducting 7., an
a.c. electrical excitation was applied to induce spin polariza-
tion (Figure 2). The spin polarization accumulated at the
interface between x-NCS and the magnetic electrode was
detected as a built-up voltage that is dependent on the relative
angle between the accumulated and ferromagnetic spins. We
have compared the observed voltage with theoretical estima-
tion and found that it exceeds the value predicted by Edelstein
effect more than 1000 times. This surprising result suggests
that there is a spin enhancement effect other than Edelstein
effect, implying existence of an effect analogous to CISS for a
chiral superconductor.

By measuring the angle dependency of this magneto—
voltaic signal, the direction of accumulated spin could be
determined. The observed spin polarization direction was
dependent on the location of the detection electrode inside the
crystal, and its arrangement was consistent with a magnetic
monopole structure which has been hypothesized in a chiral
molecule under non-equilibrium state with CISS effect. More
specifically, the spin accumulation was forming an antiparallel
pair on the upper and lower sides of the k-NCS crystal. With a
right-handed crystal, the accumulated spins showed outward
spin pairs.

To our surprise, this spin accumulation could be observed
in nonlocal measurements where the excitation and detection
electrodes are separated by 600 um. We have also fabricated a
nonlocal detection device with a crystal possessing two chiral-
ity domains where right- and left-handed crystal structures are
spatially separated. By exciting this crystal at two different
positions with opposite handednesses, we have observed a
switching of antiparallel spin pairing mode from outward to
inward. This corresponds to the sign reversal of magnetic
monopole in the language of multipole expression.) An inter-
esting point here is that the magnetic monopole is also break-
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ing the mirror symmetry, and its sign is connected to the
chirality of underlying crystal lattice, although the magnetic
monopole is time-reversal-odd (7-odd chiral). Although this
T-odd chirality is a metastable state and disappears at ground
state, its relevance to the enantio-separation experiments in
CISS effect is directly implied in this experiment. If one
accepts the fact that a sign of such a metastable magnetic
monopole at excitation can represent the sign of chirality
(T-even electric toroidal monopole) in the lattice, both the
large enhancement of spin polarization and the enantio-separa-
tion of chiral molecules at non-equilibrium state observed in
CISS experiments can be naturally understood, because such a
monopole can interact with magnetic substrate in a handedness-
specific manner. Such an interaction will also provide a large
exchange energy difference for each spin. In this sense, this
experiment provides the first direct observation of antiparallel
spin pair formation from coherent chiral system which seems
to be connected to microscopic CISS mechanism. Although
the Hamiltonians describing the chiral superconductor and
chiral molecules are quite different, there are many common
features such as singlet ground state, chiral lattice and quan-
tum coherence over the entire body. Since the conversion from
T-even spin current to 7-odd spin accumulation requires time
integration with an existence of spin reservoir, the spin carriers
in chiral molecules and superconductors should be identified
in future studies. We also expect emergence of superconduct-
ing spintronics once a sourcing of spin-polarized current in
superconductor is established by chiral superconductors.
(BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene)

PEN

Figure 2. Device schematic for the detection of spin polarization in a
chiral superconductor k-NCS. By applying electrical current, electron
spins are polarized along the current direction by CISS-like effect
which can be detected as voltage across the k-NCS/Ni interface. The
amplitude of the signal is proportional to the accumulated spins at the

interface.
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Our research is to design a variety
of protein functions using computa-

tional and experimental approaches.
We try to (1) design enzymes from
scratch and reveal the origin of the
enzymatic activity, (2) control con-
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certed functions by rationally engi-
neering protein complexes and under-
stand their mechanisms and (3) uncover
roles of protein complexes in cells and
control cellar functions by creating several customized pro-
teins or protein complexes.

1. Elucidation of Intracellular Functions
Using Redesigned Protein Complex

We performed cell biological study based on new
approach by rationally engineering protein complexes. Target
of Rapamycin (TOR) complex, which is involved in response
for their environment and in cell life span, is known to form
two types of complexes with different constituent proteins,

TORC1 and TORC2. Furthermore, while only one type of
TORCI is in fission yeast and mammals, budding yeast has
two types of TORCI1, Torl and Tor2 derived TORCI. It is
known that eliminating only Tor1-TORCI1 (deletion of the forl
gene) extends cell life span. However, since both TORC1 and
TORC?2 are essential for yeast and the tor2 gene cannot be
deleted (loss of TORC2), Tor2-TORC1 has never been studied.
Nevertheless, Torl- and Tor2-TORC1 have been thought to
play the same role in the cell. Using our protein design
technology, we succeeded in creating a modified Tor2 that
does not produce only Tor2-TORC1, and revealed that the two
TORCTs have different functions.

Reference
1) Y. Kamada, C. Umeda, Y. Mukai, H. Ohtsuka, Y. Otsubo, A.
Yamashita and T. Kosugi, J. Cell Biol. 137, jcs261625 (2023).
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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 the keys to understanding nanoscale physical
and chemical phenomena, and for construction of nanoscale
functional devices. Optical microscopic methods, in particular
nano-optical methods, such as scanning near-field optical
microscopy (SNOM) which enables resolution beyond the
diffraction limit of light, reveals essential characteristics of the
materials and develop novel properties of them. Combination
of microscopic techniques with various advanced spectro-
scopic methods may provide a methodology to analyze nano-
scale functionalities and dynamics directly. We have con-
structed nano-optical (near-field and far-field) spectroscopic
and microscopic measuring systems, for the studies on
excited-state properties of nanomaterials, with the feasibilities
of polarization dependence and nonlinear/time-resolved mea-
surements. The developed apparatuses achieved 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 trans-
mission, 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
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optical fields in noble metal nanoparticle assemblies, plasmon
wave packet propagation dynamics, local chiro-optical proper-
ties 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 is 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 nm? x 510 nm’). The wavelengths of observation were
647, 679, 730, and 830 nm from left to right. The spatial oscillating
features were attributed to the square amplitudes of the resonant
plasmonic wave functions. (Right) Near-field two-photon excitation
image of dimers of spheric gold nanoparticles (diameter 100 nm)
observed at 785 nm. The arrows indicates 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. Highly Chiral Light Emission Using Plas-
monic Helicoid Nanoparticles"

Materials generating circularly polarized luminescence
(CPL) have received increasing interest due to their potential
applications in bioimaging, sensing, etc. A chiral plasmonic
nanostructure is one candidate for generating strong and
highly dissymmetric CPL by coupling with the surrounding
luminescent material. In this study, the generation of circularly
polarized two-photon-induced photoluminescence (TPI-PL)
from chiral gold nanostructures is demonstrated. Measure-
ments of TPI-PL show that it has a strong dissymmetry factor
of =0.7 for a single chiral Au nanoparticle. It is believed that
this work provides a new route for novel CPL-generating
materials with strong dissymmetry and holds promise for
various applications using CPL technology.
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Figure 2. (a) SEM image and TPI-PL images for (b) left and (c) right
circularly polarized emission of a single Au helicoid nanoparticle
(NP). (d) Line profiles of the TPI-PL intensity along the dashed lines
in (b) and (c). TPI-PL spectra (upper) and corresponding luminescence
dissymmetry gjum (lower) of (e) the Au helicoid NP and (f) the cubic
NP. CC-BY-NC @

2. Creation of a Photopolymerized Double
Spiral Structure by Interference of Plas-
monic Scattering and Circularly Polarized
Light?)

Chiro-optical effects of materials enable many intriguing
optical phenomena in the subwavelength regime and are

(a)
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Figure 3. (a) Schematic illustration of the cell for the photopolymeri-
zation process. (b) SEM image of as-synthesized Au@Ag cuboid
nanoparticles. (¢) AFM images of the double spiral structures created
by the irradiation of RCP light. (d) SEM images observed around the
centers of the RCP and LCP light-exposed areas. CC-BY-NC-ND @

expanding their application in broad areas. Recently, the
possibility of producing strong chiro-optical effects using
achiral plasmonic nanostructures has been intensively studied.
The interaction of achiral nanostructures with circularly polar-
ized light can break the mirror symmetry. In this study, we
present a method to create a novel chiral structure by using
achiral plasmonic nanoparticles and circularly polarized light.
The interference between the circularly polarized incident field
and the plasmonic scattering field produced a double spiral
pattern of the electro-magnetic fields, which was replicated via
the photopolymerization reaction and resulted in chiral surface
relief patterns of the polymer layer.

3. Circular Dichroism of Pseudo-2-Dimen-
sional Metal Nanostructures: Rotational
Symmetry and Reciprocity?)

Circular dichroism (CD) spectra for pseudo-two-dimen-
sional chiral nanomaterials were systematically investigated and
analyzed in relation to the rotational symmetry of the nano-
materials. For pseudo-two-dimensional chiral gold nanostruc-
tures fabricated on glass substrates using electron beam lithog-
raphy, a matter with 4-fold rotational symmetry is found to be
CD active, contrary to the theoretical expectation for the ideal
two-dimensional case to exhibit no CD. The CD signal mea-
sured from the back side is found to be the same as that mea-
sured from the front side. The observed chiro-optical behavior
arises from three-dimensional chiral characteristics of the
material. For a matter that is 2- or 1-fold rotationally symmetric,
the CD signal measured from the back side is not coincident
with that from the front side. The observed CD spectral behavior
is considered to be determined by a balance between the in-plane
isotropic and anisotropic components of the chiral permittivity.

00

Wareelength J nm
Figure 4. CD spectra obtained for (top) 4-fold rotational symmetry
arrays and (bottom) translational arrays of italic f-shaped gold nano-
structures. CC-BY @
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Keywords

An in-depth understanding of the structure and dynamics of
matter at the atomic scale is crucial for designing next-gen-
eration devices and optimizing material/energy conversion
processes, such as optoelectronics, solar cells, and catalysis. The
rapid advancement of nanotechnology requires sophisticated
measurement techniques capable of capturing phenomena with
simultaneous spatiotemporal resolution at the (sub)nanometer
length and pico/femtosecond time scale. Optical spectroscopy
serves as a versatile tool for studying the microscopic structures,
properties, and dynamics of a wide variety of materials. How-
ever, its spatial resolution is inherently limited by the diffraction
limit, which restricts the ability to directly characterize nano-
scale objects. Nano-spectroscopy using near-field optics offers a
unique approach to overcome this physical limitation, enabling
the investigation of materials at the nanoscale.

Our group has focused on the development and application
of cutting-edge scanning near-field optical microscopy (SNOM)
combined with various advanced spectroscopic methods,
including nonlinear and ultrafast time-resolved measurements.
In particular, we explore atomic-scale light-matter interactions
to achieve nano-spectroscopy at the unprecedented spatio-
temporal resolution. Recently, we have demonstrated the
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* S. Liu et al., “Nanoscale Heating of an Ultrathin Oxide Film
Studied by Tip-Enhanced Raman Spectroscopy,” Phys. Rev. Lett.
128, 206803 (2022).
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atomic-level sensitivity and spatial resolution using tip-
enhanced Raman spectroscopy (TERS) based on low-tempera-
ture scanning tunneling microscopy (STM), providing novel
insights into the intricate phenomena in nanoscale systems.
Furthermore, by integrating ultrashort pulsed lasers, we have
opened new avenues for directly observing the coherent
dynamics of electrons and lattices within the STM junction.
This capability is a critical step towards realizing atomic-scale
ultrafast nano-spectroscopy, allowing us to probe dynamic
processes that were previously inaccessible.

We are currently further pushing the boundary of nano-
spectroscopy techniques with three key objectives: (1) extending
the capabilities of atomic-scale spectroscopy from the visible to
the infrared region to explore a broader range of materials and
phenomena, (2) developing manifold nonlinear nano-spectros-
copy techniques to investigate complex quantum interactions,
and (3) applying these advanced methods to diverse materials,
including low-dimensional materials, quantum dots, and bio-
logical molecules. These advancements will provide profound
insights into the fundamental quantum properties and interactions
of materials, potentially leading to the discovery of novel func-
tionalities and the creation of innovative nanoscale devices.

8, eabq5682 (2022).

» S. Liu et al., “Inelastic Light Scattering in the Vicinity of a Single-
Atom Quantum Point Contact in a Plasmonic Picocavity,” ACS
Nano 17, 10172 (2023).

» J. Nishida et al., “Sub-Tip-Radius Near-Field Interactions in Nano-
FTIR Vibrational Spectroscopy on Single Proteins,” Nano Lett. 24,
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1. Atomic-Scale Optical Spectroscopy

Understanding and controlling of atomic-scale confine-
ment of optical fields is a highly active area of research in
light-matter interactions and their applications such as ultra-
sensitive spectroscopy and nano-optoelectronics. Recent studies
have demonstrated that extreme confinement of near fields
occurs in the presence of atomic-scale protrusions on metallic
nanostructures, often referred to as “picocavity,” formed by
features as small as single atoms, resulting in unique optical
phenomena. Yet, the underlying mechanisms remain to be
elucidated, requiring highly precise experiments using atomi-
cally well-defined model systems. To address this, we investi-
gated Raman scattering of a single Ag atom adsorbed onto the
Ag(111) surface using low-temperature TERS,D as shown in
Figure 1. The experiment demonstrated that the vibration
localized at the adatom is distinctly observable in the TERS
spectrum. We further explored the relationship between the
gap-distance dependence and Raman scattering in the different
electron transport regimes of the picocavity, specifically
comparing the tunneling and quantum point contact (QPC)
regimes. Notably, the TERS spectra exhibited significant
changes upon the formation of the QPC. These findings
highlight that atomic-level structural changes can significantly
influence the plasmonic properties of the system, offering new
insights into how atomic-scale features modulate optical
responses.

1)
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Figure 1. Inelastic light scattering spectroscopy for a single Ag
adatom on the Ag(111) surface. (a) Schematic of the experiment. (b)
Raman spectra measured as a function of the tip—adatom distance.

2. Nanoscale Coherent Phonon Spectroscopy

Coherent phonon spectroscopy is a valuable technique for
gaining microscopic insights into ultrafast lattice dynamics,
especially under nonequilibrium conditions. Understanding
these dynamics is crucial for advancing our knowledge of
fundamental material properties and for the development of
ultrafast electronic and photonic devices. However, the con-
ventional method cannot directly observe phonon dynamics at
the nanoscale. To overcome these limitations, recently we
have successfully demonstrated nanoscale coherent phonon
spectroscopy using an ultrafast laser-induced STM within a
plasmonic junction, as shown in Figure 2.2) This approach
uniquely leverages the highly confined plasmonic field to
locally excite coherent phonons in ultrathin zinc oxide films,
which are then probed via the photoinduced tunneling current
through an electronic resonance of the zinc oxide film. Unlike
the Raman spectra, the phonon dynamics detected in coherent
phonon spectroscopy display pronounced nanoscale spatial
variations that correlate with the distribution of the electronic
local density of states. We plan to further extend this technique
to investigate various low-dimensional systems.

Figure 2. Nanoscale coherent phonon spectroscopy. (a) STM image
of the ZnO ultrathin film grown on the Ag(111) surface. (b) Schematic
of the experiment. (c¢) STS map of the ZnO ultrathin film. (d) Inter-
ferometric autocorrelation of the tunneling current recorded over the
ZnO ultrathin film.

3. Nanoscale Infrared Nano-Spectroscopy
of Nanomaterials

We have developed an advanced SNOM system based on
atomic force microscopy (AFM), equipped with a wavelength-
tunable pulsed laser that spans from the visible to the mid-
infrared (MIR) region. This system allows us to perform
nanoscale infrared (nano-IR) spectroscopy with exceptional
sensitivity and resolution. The sensitivity of our nano-IR
spectroscopy was demonstrated by successfully measuring the
MIR response of a single protein molecule isolated on a gold
(Au) surface, as shown in Figure 3.3) By implementing a
unique detection scheme that extracts highly localized near-
field MIR scattering down to a spatial resolution of just a few
nanometers, we have achieved world-record sensitivity.

7 (om")

Figure 3. MIR vibrational spectroscopy of a single protein. (a)
Schematic of the experiment. (b) MIR spectrum around the vibrational
resonance of the amid group.

Figure 4 illustrates the application of the ultrafast visible-
pump—MIR-probe nano-spectroscopy to visualize the spatially
modulated many-body photo-carrier dynamics within a mono-
layer WS,. By capturing these dynamics, we can directly
observe how photo-carriers behave and interact in response to
optical excitation, revealing intricate details of the material’s
electronic properties.

Figure 4. Ultrafast nano-imaging of spatially modulated many-body
dynamics in monolayer WS.
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research, is provided. The research in this section should be the last word in the field of molecular
science.
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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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We are developing new self-assembled molecular systems
using coordination chemistry and researching the application
of the developed molecular systems. One representative appli-
cation of the molecular system developed by us is the crystal-
line sponge (CS) method, which enables the rapid structure
elucidation of small molecules. In this method, a porous
crystal of a coordination network called CS, which was devel-
oped by us and can accommodate various kinds of small
molecules, is used. Notably, we can know structures of the
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small molecules accommodated in the pore of the CS by X-ray
crystallography, because the accommodated small molecules
periodically aligned in the CS. The CS method has some
advantages; 1) only nanogram to microgram scale of analytes
is required, ii) the absolute stereochemistry can be determined,
iii) even oily substances can be analyzed by X-ray crystallog-
raphy. Because of these fascinating features, the CS method
attracts the interests of many people not only in academia but
also in industry.
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“Self-Assembly of Tetravalent Goldberg Polyhedra from 144 Small
Components,” Nature 540, 563-566 (2016).
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We now apply the CS method in the biological studies,
especially studies on the natural product biosynthesis. Scien-
tists in this field often obtain small molecules as products of
natural product biosynthetic enzymes. However, it is often
difficult to elucidate the complex structures of the enzyme
products. We thus consider that the CS method, which enables
the rapid structure elucidation of small molecules, is helpful,
and can accelerate the studies in this field.

1. Analysis of a Terpene Synthase from a
Giant Virus1-3)

Giant viruses are unique existence. The size of giant
viruses is as large as that of bacteria, whereas normal viruses
are much smaller than bacteria. Because of the unique feature
of the giant viruses, many researches on the giant viruses have
been reported. However, it was unknown whether the giant
viruses were producers of natural products or not.

We thus investigated whether the giant viruses have the
natural product biosynthetic enzymes, and noticed that a gene
coding a protein relatively similar to a terpene synthase exists
in the genome of a giant virus Orpheovirus IHUMI-LCC2.
The terpene synthase is a kind of natural product biosynthetic
enzymes, and responsible for the biosynthesis of the terpenoids,
one of the largest groups of the natural products.

We named the terpene synthase from Orpheovirus [HUMI-
LCC2 as OILTS (Orpheovirus IHUMI-LCC2 terpene syn-
thase), and analyze it. As a result, we revealed that OILTS can
work as the terpene synthase, and found an interesting feature
of OILTS (Figure 1). Terpene synthases normally require
MgZ" as metal cofactor, and OILTS also requires MgZ" to
produce an enzyme product 1. However, when the metal
cofactor was changed to Mn%", Co?", or Ni%", the profile of the
enzyme products was changed, and not only 1 but also 2 was
produced. In addition, we found that 1 was relatively unstable
and easily converted to four degradation products (3—6) in
weakly acidic condition. Notably, the structures of 1-6 were
successfully analyzed by the CS method.

olLTS P
4

Figure 1. Reactions catalyzed by OILTS, a terpene synthase from a
giant virus. Three dimensional structures of 1-6 were obtained by the
CS method analysis.

We also performed the phylogenetic analysis, comparing
terpene synthases from giant viruses and other organisms
(Figure 2A). The terpene synthases from giant viruses are
revealed to be phylogenetically separated from other terpene
synthases. This result suggests the unique evolution of the
terpene synthases from the giant viruses.

In addition, we solved the structure of OILTS by protein
X-ray crystallography (Figure 2B). Whereas the structure of
OILTS was similar to the structures of bacterial terpene
synthases, OILTS was a little smaller than other terpene
synthases whose structures have been known.

In summary, we reported the first functional analysis of the
terpene synthase from the giant virus. We would like to
analyze more enzymes from giant viruses in future, to more
deeply understand the natural product biosynthesis in the giant
viruses. In addition, the CS method could solve the structures
of the enzyme products (1 and 2) and the degradation products
(3—6) obtained in this study, showing the potential of the CS
method to facilitate the studies in the field of natural product
chemistry.

A)

B)

Figure 2. A) Phylogenetic analysis of the terpene synthases from
giant viruses and other organisms. The figure is reprinted with
permission from ref. 1). Copyright 2023 American Chemical Society.
B) Structure of OILTS solved by protein X-ray crystallography.
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Keywords

Physical and chemical properties of solids, such as con-
ductivity, magnetism, superconductivity, and chemical reac-
tions, originate from microscopic electronic structure, lattice/
molecular vibrations, and molecular movements based on
quantum mechanics in materials and their interactions. By
revealing the microscopic states and their evolution, we can
learn about the origin of physical and chemical properties and
hidden functionalities. Also, the microscopic information is
helpful for the creation of novel functional properties. To
visualize hidden microscopic information, we develop novel
spectroscopic techniques using synchrotron radiation, high
brilliant electron beams, and other so-called quantum beams.
We have started a novel electron spectroscopy technique,
Spin-Resolved resonant Electron-Energy-Loss Spectroscopy
(SR-rEELS), with bulk-sensitive primary energies of 0.3—1.5
keV. At present, we combine it with a time- and angle-resolved
technique, shown in Figure 1, to simultaneously observe both
the changing electronic structure and collective excitations and
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the lattice and magnetic structure relaxation. Based on the
obtained information on electronic structures, we aim to
develop novel physical properties of new materials.

Figure 1. Time-, Spin-, and Angle-Resolved resonant Electron-
Energy-Loss Spectroscopy (tSAR-rEELS) apparatus, which our group
is now developing. The apparatus comprises a high-brilliant spin-
polarized electron gun, a photoelectron spectrometer, and a femto-
second pulse laser with an optical parametric amplifier.
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1. Two-Dimensional Heavy Fermion in
Monoatomic-Layer Kondo Lattice YbCus"

The Kondo effect between localized f-electrons and con-
ductive carriers leads to exotic physical phenomena. Among
them, heavy-fermion (HF) systems, in which massive effective
carriers appear due to the Kondo effect, have fascinated many
researchers. Dimensionality is also an important characteristic
of the HF system, especially because it is strongly related to
quantum criticality. However, the realization of the perfect
two-dimensional (2D) HF materials is still a challenging topic.
Here, we report the surface electronic structure of the mono-
atomic-layer Kondo lattice YbCu; on a Cu(111) surface
observed by synchrotron-based angle-resolved photoemission
spectroscopy. The 2D conducting band and the Yb 4f state are
observed very close to the Fermi level. These bands are
hybridized at low temperatures, forming the 2D HF state, with
an evaluated coherence temperature of about 30 K. The effec-
tive mass of the 2D state is enhanced by a factor of 100 by the
development of the HF state. Furthermore, clear evidence of
the hybridization gap formation in the temperature dependence
of the Kondo-resonance peak has been observed below the
coherence temperature. Our study provides a new candidate as
an ideal 2D HF material for understanding the Kondo effect at
low dimensions.

2. Observation of Electronic Structure
Modification in the Hidden Order Phase of
CeCoSi?

CeCoSi with no local inversion symmetric crystal struc-
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Figure 2. (a) A surface atomic structure of YbCuy/Cu(111). (b) Top
view of monoatomic-layer YbCu,. The dashed line indicates the unit
cell of YbCu,. (¢c) ARPES image near the center of the surface
Brillouin zone taken with circularly polarized 35-¢V photons at 15 K.

2

ARPES intensities are divided by the Fermi—Dirac distribution func-
tion convolved with the instrumental resolution. The filled and break
lines indicate the simulated c-f hybridization band dispersions with the
hybridization energy of 120meV (solid lines) and 0 meV (dashed
lines) by the periodic Anderson model. The open and filled circles
indicate the peak positions from energy distribution curves (EDCs)

and MDCs, respectively.

ture (P4/nmm) exhibits a phase transition of unknown origin
(Hidden Order: HO) at about 12 K (7p) above the antiferro-
magnetic transition temperature (7n = 9.4 K). The electronic
structure change across 7 was investigated with high-preci-
sion optical reflection spectroscopy. The optical spectrum
changed from a typical metallic behavior above Ty to a gap-
like structure at around 15 meV below Ty. The gap-like
structure was unchanged across 7x except for the narrowing of
the Drude component of carriers due to the suppression of
magnetic fluctuations. This result suggests a slight change
from the typical metallic electronic structure above 7 to that
with an energy gap near the Fermi level in the HO phase. The
change in electronic structure in the HO phase was concluded
to be due to electron/valence instability.
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Figure 3. (a) Optical conductivity [c;(®)] spectra of CeCoSi at
representative temperatures of 20 K (> 7), 10 K (In < T < Ty), and 6
K (< 7Tn) (solid lines). Dot-dashed lines are Drude curves obtained
from the values of electrical resistivity and the o1(®) values at o ~ 5
meV. The interband components evaluated by subtracting the Drude
components from the oj(®) spectra are shown by dashed lines. (b)
Temperature-dependent 61(®) spectra normalized by that at 20 K of
CeCoSi. The marks are the same as those in (c). (c) Temperature
dependence of the spectral integrations of the range Q of 10-15 meV
(solid circle), 15-20 meV (open circle), 20-25 meV (open square),
and 20—40 meV (solid square) in (b), which are representative regions
of relative 61(®) spectra in (b). The integrated intensity at each Q is
normalized by the value at 7= 20 K. Solid lines are guides for the eye.
Tp and Ty are shown by vertical solid and dashed lines, respectively.
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We are proud of our internationally compatible studies of
liquid—solid interfacess; photocatalysts for artificial photo-
synthesis, lubricants for smooth tribology, and ice in antifreeze
liquids. Characterization with advanced AFM, time-resolved
ATR-IR spectroscopy, soft X-ray absorption and micro-
electrode-based amperometry are being developed. We look
forward to collaborating with researchers in academic and
industrial organizations to unravel the science behind material
conversion and energy dissipation at liquid—solid interfaces.

A new era of molecular science will be revealed at liquid-
solid interfaces of finite thickness (Figure 1). The molecular
interface is the site of reaction where molecules of interest
collide or interact with other molecules. We need to observe
individual molecules there. On the other hand, the molecular
interface is connected to the liquid and solid. Materials and

Selected Publications

* Y.-H. Chew and H. Onishi, “Infrared Absorption of ZngsCdgsS
Photocatalyst Bandgap-Excited under an Aqueous Environment,” J.
Phys. Chem. C 128, 45354543 (2024).

* M. Buessler, S. Maruyama, M. Zelenka, H. Onishi and E. H. G.
Backus, “Unravelling the Interfacial Water Structure at the Photo-
catalyst Strontium Titanate by Sum Frequency Generation Spec-
troscopy,” Phys. Chem. Chem. Phys. 25, 31471-31480 (2023).

* Z.Fu, T. Hirai and H. Onishi, “Long-Life Electrons in Metal-Doped
Alkali-Metal Tantalate Photocatalysts Excited under Water,” J.
Phys. Chem. C 125, 26398-26405 (2021).

» T. Kosaka, Y. Teduka, T. Ogura, Y. Zhou, T. Hisatomi, H. Nishiyama,

Reactions at Interfaces, Catalysis, Energy-Related Chemistry

energy come from/to the two condensed phases, since func-
tional interfaces are always open to the environment. Operando
characterization is absolutely necessary to study the interface
in its working state.
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Figure 1. Liquid-Solid Interface of Finite Thickness.
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1. Ice in Antifreeze Liquids Characterized
by Atomic Force Microscopy

Ice in nature is surrounded by liquid most of the time, and
therefore it is key to understand how ice and liquid interact.
We could now directly observe the precise shape of ice at the
interface between ice and liquid, by using antifreeze and a
refrigerated microscope.

Ice provides the most important crystalline molecules in
our lives. Because of its critical role in science and engi-
neering, a number of experimental studies have been con-
ducted in bulk ice and also on ice—vacuum interfaces. On the
other hand, molecular-scale knowledge of the ice—water inter-
face is still quite limited. The problem is that an ice—water
interface fluctuates in space, even when the interface is held
exactly at the freezing point.

Here we performed atomic force microscopy (AFM) imag-
ing of ice surfaces immersed in antifreeze organic solvents. Ice
in contact with liquid 1-octanol, for example, is stable at
temperatures lower than 0 °C and higher than the freezing
point of 1-octanol (—16 °C). We expect to have a good chance
of mimicking some features, hopefully important features, of
the ice—water interface, even though antifreeze solvents are
not equivalent to water.

We did some preliminary research in 2022 to find a way to
keep the ice—liquid interface below 0 °C on a Bruker AFM
(Dimension XR Icon Nano Electrochemical Microscope). The
best way we found was to cool the entire microscope in a
soundproof box. A liquid nitrogen vessel was pressurized to
provide a steady flow of cold nitrogen vapor, and the vapor
flow was introduced into the box equipped with copper pipe
works cooled with antifreeze fluid (Figure 2). The temperature
inside the box was controlled to a desired temperature in a
range from RT to —10 °C, stable enough to record topographic
images of ice under antifreeze liquids."

G|

Figure 2. The Bruker microscope at the Instrument Center devised for
operation at —10 °C.

Ice films were prepared from ultrapure water. After elimi-
nating residual gases by heating to 100 °C, 100 ul of the water
was dropped onto a cleaved mica substrate on the microscope
cooled in the nitrogen vapor environment. After the water was
dropped on mica, the water spread on the surface. This was

followed by a gradual phase change of the water from liquid to
solid. After waiting about 30 minutes from the initial drop, the
ice surface could be scanned using a cantilever in amplitude
modulation mode. The images obtained showed that the ice
surface is not atomically flat, but rather has a rough structure
such as nanometer-scale frost pillars.

The imaging liquid, 1-octanol for the results shown in
Figure 3, was then applied to the ice film. The thickness of the
octanol layer was about 1 mm. Panel (a) in Figure 3 shows a
topographic image obtained at the ice—octanol interface. Two
flat terraces were separated by a straight step. A cross section
was constructed along the light blue line and shown in panel
(b). The height of the step was 0.10 nm, as shown in the cross
section. The change of the ice surface in octanol liquid from
the rough surface in N, vapor would be caused by the partial
dissolution of the surface in octanol. A limited concentration
of water dissolves in octanol (the solubility of water in 1-octanol
is 2 mol I"! at 25 °C in ref. 2).

Considering the various roles of ice, this study concludes
that it opens up new possibilities for the study of surface and
interfacial phenomena associated with ice in liquids. In addi-
tion, the microscope devised in this study is functional for
imaging ice and also other materials cooled at —10 °C. It is
available for use at the Instrument Center through the Advanced
Research Infrastructure for Materials and Nanotechnology
(ARIM).
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Figure 3. A topographic image of an ice film in 1-octanol liquid at —7
°C. A cross section determined along the line in panel (a) is shown in
panel (b).
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Plastic is an indispensable material in our daily lives. It is
used in a wide variety of products because it is low-cost,
mass-producible, and easy to mold and process. However, due
to its convenience, the amounts of plastic used and disposed
are increasing every year, raising concerns about its environ-
mental impact and sustainability. Therefore, there is a need to
develop efficient and environmentally friendly recycling
methods, as well as simple and rapid methods to detect plas-
tics that have leaked into the environment.

We are attempting to obtain more active mutants by exhaus-
tively mutating amino acid residues on the enzyme surface and
screening their activity using a dispensing robot. We are also
attempting to create plastic adsorption domains by modifying
the amino acids constituting the adsorption surface of the
carbohydrate binding domain and using a phage display method.

These studies will promote the recycling of used plastics

Selected Publications

* A. Nakamura, N. Kobayashi, N. Koga and R. Iino, “Positive Charge
Introduction on the Surface of Thermostabilized PET Hydrolase
Facilitates PET Binding and Degradation,” ACS Catal. 11, 8550—
8564 (2021).

* A. Nakamura, D. Ishiwata, A. Visootsat, T. Uchiyama, K. Mizutani,
S. Kaneko, T. Murata, K. Igarashi and R. lino, “Domain Archi-
tecture Divergence Leads to Functional Divergence in Binding and
Catalytic Domains of Bacterial and Fungal Cellobiohydrolases,” J.
Biol. Chem. 295, 14606-14617 (2020).

¢ A. Nakamura, K. Okazaki, T. Furuta, M. Sakurai and R. Iino,

2019 ATI Research Encouragement Award
2019 Early Career Award in Biophysics
2021 8th Biophysics and Physicobiology Editors' Choice Award

Solid-Liquid Interfacial Reaction, Protein-Engineering, Single-Molecule Observation

by enzymatic degradation and promote more sustainable use
of plastics. In addition, by creating a protein that detects and
stains plastics, we will contribute to the protection of the
natural environment by monitoring the small plastics runoff
into the environment (Figure 1).
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Figure 1. Scheme of plastic recycling and detection system.
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1. High Throughput Screening Method of
PET Hydrolase Activity

Mutations were introduced into PET hydrolytic enzyme
PET2 derived from a metagenomic library to create a mutant
with improved thermostability and PET degrading activity.!)
In this study, we tried to further improve the activity of PET2
with a combination of saturation mutations. For a combination
of saturation mutation at two positions, we need to test 399
mutants. Since it is difficult to purify and measure the activity
of each mutant individually, a screening method was created
to evaluate the activity without purification of the enzyme and
without the use of HPLC (Figure 2).1

We prepared PET particulate suspensions by dissolving
PET in Hexafluoro-2-propanol and regenerating it in water.
Since the concentration of the suspension correlates with the
intensity of light scattering at 595 nm, we attempted to mea-
sure PET degradation activity using turbidity as an indicator.

The correlation between the reduction of turbidity and
concentration of soluble product was analyzed by HPLC. At
the first stage of degradation, the two parameters showed
linear correlation. Therefore, we created a library in which
saturation mutations were introduced at two substrate recog-
nition sites of the PET2 mutant and performed selection.
colonies were cultured in 96-well plates, and after one night of
enzyme induction, the culture medium was collected and
mixed with the PET suspension. The rate of decrease in
turbidity was analyzed in the culture medium of 720 colonies,
and 13 enzymes were found to be more than twice as active as
the PET2 mutant that used as the template.

To further verify thermostability, activity measurements
were performed using heat-treated enzymes. The use of 384
wells for activity measurement enabled analysis of many
enzymes at one time and efficient screening. The best H229T-
F233M mutant showed 3.4 times higher degradation rate
against PET film than the template enzyme at the initial time.
The molecular dynamics simulation implied that F233M
mutation make the space for making alpha helix and H229T
mutation resolved steric hindrance with Trp199. These muta-
tions were speculated to change the angle of the Trp199 side
chain of PET2 to an angle similar to that of the Trp185 of
IsPETase, making it suitable for PET binding to the active
center. Screening of activity using PET suspensions is com-
patible with robotic automation and is expected to be useful
for validating computationally predicted mutations.

.__r,. |

Figure 2. Scheme of PET degrading enzyme activity measurement
using turbidity as an indicator.

2. Artificial Evolution of Carbohydrate
Binding Domain to PET Binding Domain

To develop a method for detecting plastics using plastic
binding proteins, we first developed a protein targeting PET.
The template enzyme was a thermostable domain that binds on
chitin, which has hydrophobic planes similar to PET.

Saturation mutations were introduced at four amino acid
residues oriented on the binding surface and involved in chitin
recognition. Since the number of candidates of mutants is
about 160,000 and it is difficult to verify them one by one, we
created a library of phage vectors with binding domain mutant
genes inserted into, which were then used to create a library of
M13 phage presenting adsorption domain mutants on their
surface. The M 13 phage library was incubated with PET film,
and unbound phage were washed away. The phage bound on
PET were recovered by trypsin digestion and re-amplified by
infection with E. coli. The concentrated library of phage was
further screened with more strong condition of washing.

The 3 cycles of screening of the first-generation phage
library resulted in the 29 colonies of PET binding domain
candidates. The 27 colonies were the PfCBD-K270H-N272P-
E279V-D281G mutant (PfCBD-4M) and showed higher bind-
ing affinity to PET than WT. But the binding affinities to chitin
and cellulose were remained. The other two mutant were
rejected because the RFP fusion proteins were insoluble.

To improve the binding specificity, three mutations were
further added to PfCBD-4M. After the 3 cycles of screening,
the 425 colonies were obtained. The colonies were mixed, and
the CBD genes were amplified by PCR. The CBD genes were
ligated with RFP gene and the fusion proteins were produced
in small scale. The solubilities of proteins were analyzed based
on the RFP fluorescence signal in the solution to remove the
insoluble proteins. The gens of the top 10 proteins were
sequenced, and the 6 candidates were obtained. The binding
amount of 2 generation of 6 mutants, 4M and PfCBD-WT
against chitin, cellulose and low and high concentrations of
PET were measured. The all of 6 mutants showed almost no
binding to chitin and cellulose but higher binding amount than
4M and WT (Figure 3). Therefore, we succeeded to change the
binding specificity of the domain from chitin/cellulose to PET.
Now we tried to make a fusion enzyme with PET hydrolase to
increase the affinity to PET.
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Figure 3. Binding measurement of 2"d generation of mutants against
chitin, cellulose and PET.
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Metals play important roles in sustaining life. Cells are
mainly composed of water, proteins, and lipids, but they also
contain small amounts of metals that help maintain health by
being acquired from food. Those metals are used as active
centers of enzymes that carry out functions essential to sus-
taining life, e.g. transport and storage of oxygen, energy
production, gene synthesis, has been known for many years.
However, the series of molecular mechanisms underlying
metal dynamics in the body (absorption, sensing, transport,
storage, and excretion of metals) (Figurel) and selectivity for
individual metals remain unknown. Our group focuses on
“iron,” which is the most important metal among the essential
metals for sustaining life of living things, focusing on various
proteins that play a role in the selective absorption, sensing,
and intracellular transport of iron in food. We are not only
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elucidating the structure of related proteins but also exploring
their relationship with their functions in human cells.

Figure 1. Our aim is to understand the uptake, trafficking, and
regulation of “bio-metals” through the relay of protein—protein

interactions.
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1. Molecular Mechanism of Intracellular
Fe2* Regulation by the Iron-Delivery
Chaperone PCBP

Iron is an essential “nutrient” for supporting life. In humans,
iron nutrients (e.g., heme iron and iron ions) ingested from
food are absorbed from duodenum (upper small intestine) and
after intracellular sensing, transport and storage, are eventually
distributed as serum iron to organs and muscles throughout the
body.!) Iron ions can undergo redox, and although Fe2" is
water-soluble and easily accessible, it readily reacts with O3 to
produce reactive oxygen species, which are cytotoxic. On the
other hand, Fe3™ is not a source of reactive oxygen species, but
is less water-soluble. Therefore, the body uses a variety of
proteins to avoid Fe" toxicity and strictly regulates iron
homeostasis. Failure of this regulatory system to sustain iron
homeostasis can lead to iron overload or deficiency. To help
introduce the protein framework that dictates human iron
dynamics, we focused on dietary iron dynamics via the intra-
cellular iron-delivery chaperone, PCBP (poly rC binding

protein)? (Figure 2).
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Figure 2. Dietary iron absorption in duodenum enterocyte. The first
step of duodenal iron absorption is the transport of Fe?* by DMTI
(divalent metal transporter 1) at the apical plasma membrane of
duodenal enterocytes. Reduction of the predominant Fe3* by Deyth
(duodenal cytochrome bsg1) using cytoplasmic electron doner, Asc
(ascorbate), is necessary for Fe2" transport by DMT1.

PCBP has been proposed to play a role in supplying iron
ions to the iron storage protein ferritin,3 but the molecular
mechanism of iron trafficking from PCBP to ferritin remains
elusive. To unveil these mechanisms, we prepared recombi-
nant human PCBP and investigated its properties. Iron binding
assays using apo-PCBP revealed that one molecule of apo-
PCBP can bind one FeZ", while Fe*" does not bind, clearly
showing PCBP can only bind Fe?". The complexation of Fe?"-
bound PCBP and ferritin H- or L-chain were investigated by
SEC-SAXS (size-exclusion chromatography integrated small-
angle X-ray scattering) and mass photometry (Figures 3 and
4). Based on these results, we proposed that Fe2*-bound PCBP
preferentially binds the ferritin H-chain compared to the
L-chain. Since the ferritin H-chain acts as a ferroxidase,
converting Fe?™ to Fe3™ for the safe storage of iron in ferritin,
PCBP thus mediates safe and effective iron trafficking to
ferritin in the cytoplasm.

Figure 3. Mass photometry of ferritin and its mixture with Fe?*-
bound PCBP.
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Figure 4. Space-filling models and pseudoatomic models of PCBPs
(A) and its complex with H-chain only ferritin (B). Space-filling
models were created based on SAXS data. Pseudoatomic models of
PCBP in apo and Fe?"-bound forms were predicted by AlphaFold3.

2. Cooperative Fe2?* Transfer between
Dcytb and DMT1 in the Plasma Membrane
of Intestinal Living Cells

Because Fe2' produced by the enzymatic reaction of
Dcytb is a source of reactive oxygen species, for safe and
efficient trafficking of FeZ*, Dcyth must be close to or form a
complex with DMT1 and transfer the produced Fe** to DMT]
as quickly as possible. To demonstrate that, we confirmed the
localization of Dcyth and DMT1 by immunofluorescence
observation and proximity ligation assay between Dcyth and
DMT1 using Caco2-kh cells,?) a human intestinal model cell.
We further found that the C-terminal region of Dcytb also
binds to PCBP by biochemical analysis of complex formation
using wild-type and deletion mutant of the C-terminal loop of
Dcytb. These data imply that not only the interaction between
Dcyth and DMTT1 in the apical membrane of the cells, but also
PCBP interacts with these membrane proteins to ensure safe
and efficient Fe2" transport. Therefore, it is possible that
Dcytb-DMT1-PCBP forms a ternary complex to play a coopera-
tive function for the FeZ" transport in the cell. Further studies
at molecular and cellular levels will provide new insights into
the mechanisms of ternary complex formation for dietary iron
absorption in human duodenum.
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Keywords

We develop computational methods, apply them to eluci-
date mechanisms, and design materials using data science
techniques such as machine learning (ML). Currently, our
research focuses on the following subjects:

(1) Lanthanide Photofunctional Materials

Lanthanide (Ln) luminescence, originating from 4f-4f
transitions, has been applied in various optical materials.
While the 4f—4f emission wavelengths of Ln complexes are
almost independent of the surroundings, the emission inten-
sities are heavily influenced, making the design of appropriate
ligand crucial. To get deeper insights into Ln luminescence,
we proposed the energy shift method, which has contributed to
the understanding and design of various Ln materials and has
also been applied to non-Ln systems. However, it could not
handle 4f-5d and charge transfer excited states, which are
particularly important for cerium and europium complexes. To
address this limitation, we are developing an updated method.
In addition, we have constructed a database of cerium com-
plexes containing 1.7k geometries and electronic properties.
We plan to make this database public and further develop it
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into a platform for optical function prediction via ML.
(2) Transition Metal Catalysts

Transition metal (TM) complexes play a crucial role in
organic synthesis, catalyzing a wide variety of chemical
reactions. The catalytic abilities of TM complexes can be
finely tuned by manipulating ligand-induced electronic and
steric effects, which are key to controlling the reactivity and
selectivity of specific reactions. In recent years, however,
chemical products are being produced in smaller quantities
and with greater variety, reducing the time available to study
the synthesis conditions for each product. To address this
challenge, we are constructing a database of TM complexes
with various organophosphorus ligands, ranging from mono-
dentate to multidentate skeletons. For descriptors applicable to
different skeletons, we propose using the reaction energies of
elementary reactions, such as oxidative addition and trans-
metallation. Our goal is to accelerate catalyst design by
developing an ML model where our descriptors serve as
explanatory variables and experimental catalytic activity
results are used as objective variables.

Regio- and Enantioselective Proton Migration from Skipped Enynes
to Allenes,” Chem 5, 585 (2019).

* *M. Hatanaka, Y. Hirai, Y. Kitagawa, T. Nakanishi, *Y. Hasegawa
and *K. Morokuma, “Organic Linkers Control the Thermo-
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Chameleon Polymer,” Chem. Sci. 8, 423 (2017).



1. Geometry Exploration Using Bayesian
Optimization

Conventional molecular geometry searches on a potential
energy surface utilize energies and energy gradients from
quantum chemical calculations. However, replacing energy
calculations with noisy quantum computer measurements
generates errors in the energies, which makes geometry opti-
mization using the energy gradient difficult. One gradient-free
optimization method that can potentially solve this problem is
Bayesian optimization. To use Bayesian optimization in geom-
etry search, a suitable acquisition function must be defined. In
this study, we propose a strategy for geometry searches using
Bayesian optimization and examine the appropriate acquisi-
tion functions to explore the global minimum (GM) and the
most stable conical intersection (CI). The acquisition functions
for the GM and CI searches were defined as the probability
improvements of the energy with opposite sign and the cost
function C in eq (1), respectively.
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Here, Egu(x) and o are the electronic energy of the n-the
singlet state at the geometry x and the hyperparameter, respec-
tively. We applied our strategy to two molecules, formaldehyde
and ethylene, and found the GM and the most stable CI
geometries with high accuracy for both molecules.
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Figure 1. Schematic illustration of global minimum search using
Bayesian optimization.

2. Copolymer Descriptor Database and
Its Application to Machine Learning

Polymer informatics, which applies data-driven science to
polymers, has attracted significant research interest. However,
developing suitable descriptors for polymers, particularly
copolymers, to enable machine learning models with limited
data sets remains a challenge. To address this, we computed a
range of parameters, including reaction energies and activation
barriers of elementary reactions in the early stage of radical
polymerization, for 2,500 radical-monomer pairs derived from
50 commercially available monomers. We then created an
open-access database called the “Copolymer Descriptor Data-
base (CopDDB).” Additionally, we constructed machine learn-
ing models using these descriptors as explanatory variables
and various physical properties—such as the reactivity ratios,
monomer conversion rates, monomer composition ratios, and
molecular weights—as objective variables and achieved high
predictive accuracies. We also conducted process optimization

for the copolymerization of untested monomers. Typical
Bayesian optimization requires an initial training set of target
molecules, which entails significant experimental cost. How-
ever, our approach overcomes this challenge by using data
from previously tested molecules that do not contain the target
molecules for the initial training dataset. These models achieved
high predictive accuracy, demonstrating the potential of our
descriptors to advance polymer informatics.

3. Mechanism of Formation of Thermally
Stable Cyclotrisilanyl Radicals

A halogen-substituted cyclic disilene compound, bromo-
cyclotrisilene, Si3Br(Eind); (3a) bearing the fused-ring bulky
Eind groups, was synthesized as an extraordinarily air-stable
compound by our collaborators (Prof. Matsuo group at Kindai
university). Even though 3a is quite air-stable both in solu-
tions and in the solid state, its Si—Br bond is reactive under
reducing conditions. The further treatment of 3a with Li metal
leads to the formation of room-temperature thermally-stable
silicon homologues of the cyclopropyl radical, i.e., the cyclo-
trisilanyl radicals (6a), via intramolecular C—H bond activa-
tion in a transient silicon homologue of the cyclopropenyl
radical, i.e., the cyclotrisilenyl radical, [Siz(Eind)3]" (5a). To
elucidate the formation mechanism of 6a from 5a, we per-
formed the reaction path search using the artificial force
induced reaction (AFIR) method at the ONIOM (B3LYP-D3/
PM6-D3) level. The reaction started from the approach of silyl
radical center of 5a to one of the H atoms in the Eind group,
which afforded carbon-centered radical specie. The carbon-
centered radical attacked Sis, which induced the formation of
C-Si and formed a ring-opened radical species. Then silylene
center approaches the Si—H bond, which induces the formation
of the Si—Si and Si—H bonds and results in the formation of the
stable product 6a. To the best of our knowledge, derivatives of
the cyclopropyl radical have not yet been isolated and remained
elusive. The cyclotrisilanyl radicals 6a are the first room-
temperature thermally stable homologues of the cyclopropyl
radical, whose structural features and electronic properties
have been experimentally and theoretically investigated.
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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. With the engineered materials of micro ceramic
and single-crystal, solid-state 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, high efficiency broad frequency conversions
from the wavelength of 118nm VUV to 300um-1mm THz waves,
and so on. In addition, the quasi-phase matching (QPM) is an
attractive technique for compensating phase velocity dispersion in
frequency conversion. 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 modularized
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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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Figure 1. TILA consortium toward “Laser Science and Innovation”
by micro solid-state photonics.
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1. Uncovering Gold Nanoparticle Synthesis
Using a Microchip Laser System through
Pulsed Laser Ablation in Aqueous Solution?

The synthesis of gold nanoparticles (Au NPs) was carried
out by utilising the pulsed laser ablation in liquids (PLAL)
method with a microchip laser (MCL) system. This portable
system features low power consumption and a giant-pulse
laser. Aqueous solutions with and without the surfactant
poly(N-vinyl-2-pyrrolidone) (PVP) were used for laser abla-
tion of a bulk gold rod to achieve the successful formation of a
colloidal solution of Au NPs. The gas bubbles formed by
heating the aqueous medium around the surface of the gold
target significantly reduced the efficiency of Au NP ablation.
This effect was more pronounced and prolonged in high-
viscosity solutions, hindering energy transfer from subsequent
laser pulses to the target. Additionally, it was suggested that
the chain length of PVP does not affect either the size of the
Au NPs or the ablation efficiency. The relatively short pulse
duration of the MCL system may contribute to the formation
of NPs with consistent size, which were suppressed to grow in
significantly smaller cavitation bubbles with short lifetimes.

Figure 2. (a) Composition of the MCL system and the scale of the
MCL laser head; (b) setup of PLAL system in the present research.

2. Joule-Class Sub-Nanosecond Pulses
Produced by End-Pumped Direct Bonded
Yag/Sapphire Modular Amplifier?

A Joule-class room-temperature diode-pumped solid-state
laser was developed. The energy scaling of the 100 mJ and
1064 nm seed pulse was realized by a series of two diode-
pumped amplifiers. The gain medium consists in free combi-

Figure 3. (a) Example of Nd:YAG ceramics with bonded sapphire
end-caps that are used for the gain modules. (b) Design of a single
independent gain module. (c) Modular gain medium consisting in a
series of five modules.

* RIKEN SPring-8 Center
+ IMS International Internship Program

nations of Nd:YAG ceramics bonded to sapphire transparent
heat sinks, to relax the thermal load induced by the 34 kW
pump power. At low repetition rate, parasitic lasing was the
main limitation to energy scaling. By choosing a gain module
combination producing a step-like gradual doping concentration
profile, mitigation of parasitic oscillations was observed, and
the system delivered 2.8 J and 800 ps pulses at 2 Hz (Figure 3).

3. Development of a Radiation Tolerant
Laser-Induced Breakdown Spectroscopy
System Using a Single Crystal Micro-Chip
Laser for Remote Elemental Analysis®)

For the development of the remote elemental analysis
method in a radiation environment based on the laser-induced
breakdown spectroscopy (LIBS), the radiation effects on the
laser oscillation properties of the single crystal (SC) Nd:YAG
MCL were investigated and compared with those of ceramic
Nd:YAG MCL. The laser oscillation properties were measured
under gamma ray irradiation as a function of dose rate. The
effects on the SC MCL properties were very small compared
to those on the ceramics, indicating minimal radiation effects
on the LIBS signal when using SC MCL. Pulse energy and
oscillating build-up time (BUT) were measured for cumulative
dose exceeding 1400 kGy. The results indicate that the effects
of dose rate and cumulative dose on SC MCL laser properties
are minimal. The SC MCL was then integrated into the LIBS
system, and the gadolinium signal was successfully measured
at a dose rate of 5 kGy/hr. These findings highlight the radia-
tion tolerance of SC MCL for remote LIBS applications in
harsh radiation environments (Figure 4).

Figure 4. Experimental setup (BS: beam splitter; controller: tem-
perature controller; crystal: YAG crystal; ED, RED: energy detector;
fiber: optical fiber; H: heater; holder: specimen holder; LD: laser diode;
lens: lens; OSC: oscilloscope; PD: photodiode; S: temperature sensor).
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