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The goal of the Department is understanding and prediction of static and dynamic properties, 
reactions, and functions in condensed phase including biomolecular and heterogeneous catalytic 
systems by developing novel theories and computational methodologies based on theories in 
quantum mechanics, statistical mechanics, and solid state physics. The Department collaborates 
with Research Center for Computational Science on researches.
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Selected Publications

Our research focuses on the intricate fluctuations in con-
densed molecular systems, including liquids and bio-
molecules. In these systems, fluctuations affect various prop-
erties and biological functions, and reactions occur under 
fluctuations.

We investigate fluctuations and dynamics in these molecu-
lar systems to elucidate the molecular origins of the physical 
properties, functions, and reactions. To this end, we have 
developed advanced computational methods for multi-dimen-
sional nonlinear spectroscopy, which allow us to extract 
detailed dynamical information that conventional linear spec-
troscopy cannot provide. Our investigations have successfully 
revealed the molecular origins of ultrafast energy relaxation 
and the time evolution of inhomogeneous fluctuations in liquid 
water. Additionally, we have explored the phenomenon of 
dynamic heterogeneity in supercooled liquids, characterized 
by slow and non-uniform structural changes induced by fluc-
tuations. Using three-time correlation functions, we have also 
shed light on dynamic couplings of conformational fluctua-
tions with different timescales in a protein.

Our work extends to the study of anomalous proper ties of 
liquid water, uncovering the connections between these anoma-
lies and hidden structural and dynamical properties. Addition-
ally, we have investigated the origin behind the low glass 
transition of water. We are also investigating the origin of rare 
but persistent structural change dynamics at low temperatures 

based on theories of stochastic processes and reaction rates.
In biomolecular systems, conformational fluctuations and 

changes are essential for function. Our investigations have 
explored the intricate interplay between fluctuations and bio-
molecular functions, exemplified by the robust circadian 
rhythm of the clock protein KaiC and the efficient excitation 
energy transfer in photosynthetic systems. Our work on enzy-
matic reactions has highlighted the importance of prepared 
confor mational states with specific structures that facilitate 
reactions. We have also studied the molecular origin of dynam ic 
disorder in the conformational dynamics of pro teins at the 
molecular level, unraveling the intricacies of this phenomenon.

As seen in these studies, we aim to deepen our under-
standing of structural dynamics, reactions, and functions in 
condensed molecular systems based on theoretical and compu-
tational methods.

Figure 1.  Snapshot of two-state model in supercooled water con-
sisting of high- and low-density liquids (left) and schematic of 2D free 
energy surface for enzymatic reaction (right).
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1.  Anisotropic and Finite Effects on Inter-
molecular Vibration and Relaxation 
Dynamics: Low-Frequency Raman Spectros-
copy of Water Film and Droplet on Graphene 
by Molecular Dynamics Simulations1)

The structural and dynamical properties of water can be 
greatly altered by the anisotropic interfacial environment. 
Here, we study the intermolecular vibration and relaxation 
dynamics of a water film and a water droplet on a graphene 
surface based on low-frequency Raman spectra calculated 
from molecular dynamics simulations. The calculated Raman 
spectra of the interfacial water systems show a weakened 
libration peak and an enhanced intermolecular hydrogen bond 
(HB) stretching peak compared to the spectrum of bulk water, 
which are attributed to softened orientation motion. We also 
find that the collective polarizability relaxation in the droplet 
is much slower than that in the film and bulk, which is com-
pletely different from the collective dipole relaxation. The 
slow relaxation is due to a positive correlation between the 
induced polarizabilities of distinct molecules caused by the 
global and anisotropic structural fluctuations of the water 
droplet. Furthermore, we find that the two-dimensional HB 
network by the orientation-ordered interfacial water molecules 
leads to different intermolecular vibration dynamics between 
the parallel and perpendicular components. The present theo-
retical study demonstrates that low-frequency Raman spec-
troscopy can reveal the anisotropic and finite effects on the 
intermolecular dynamics of the water film and droplet.

2.  Conformational Dynamics in Proteins: 
Entangled Slow Fluctuations and 
Nonequilibrium Reaction Events2)

Proteins exhibit conformational fluctuations and changes 
over various timescales, ranging from rapid picosecond-scale 
local atomic motions to slower microsecond-scale global 
conformational transformations. In the presence of these 
fluctuations, chemical reactions occur and functions emerge. 
These conformational fluctuations of proteins are not merely 
stochastic random motions but possess distinct spatio temporal 
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 spatio-
temporal conformational fluctuations of proteins and confor-
mational change processes associated with reactions. In this 
Perspective, we shed light on the complex dynamics of pro-
teins and their role in enzyme catalysis by presenting recent 
results regarding dynamic couplings and disorder in the con-
formational dynamics of proteins and rare but rapid enzymatic 
reaction events obtained from molecular dynamics simulations.

3.  Molecular Insights into the Intrinsic 
Dynamics and Their Roles During Catalysis 
in Pin1 Peptidyl-prolyl Isomerase3)

Proteins are intrinsically dynamic and change conforma tions 
over a wide range of time scales. While the conforma tional 
dynamics have been realized to be important for protein func-

tions, e.g., in activity–stability trade-offs, how they play a role 
during enzyme catalysis has been of debate over decades. By 
studying Pin1 peptidyl-prolyl isomerase using extensive molecu-
lar dynamics simulations, here we discuss how the slow intrinsic 
dynamics of Pin1 observed in the NMR relax ation dispersion 
experiment occur and couple to isomerization reactions in 
molecular detail. In particular, we analyze the angular corre-
lation functions of the backbone N–H bonds and find that slow 
conformational transitions occur around the 310 helix in the apo 
state. These events at the helical region further affect the resi-
dues around the ligand binding site. Unfolding of this helix leads 
to a tight hydrogen bond between the helical region and the 
ligand binding loop, thus forming a stable coiled structure. The 
helical and coiled structures are found to be characteristic of the 
Pin1–ligand complex with the ligand in the trans and cis states, 
respectively. These results indicate that the changes in the slow 
dynamics of Pin1 by the isomeri zation reaction occur via the 
shift in populations of the helical and coiled states, where the 
balance is dependent on the ligand isomerization states.

4.  Excited States of Chlorophyll a and b in 
Solution by Time-Dependent Density 
Functional Theory4)

The ground state and excited state electronic properties of 
chlorophyll (Chl) a and Chl b in diethyl ether, acetone, and 
ethanol solutions are investigated using quantum mechanical 
and molecular mechanical calculations with density functional 
theory (DFT) and time-dependent DFT (TDDFT). Although 
the DFT/TDDFT methods are widely used, the electronic 
structures of molecules, especially large molecules, calculated 
with these methods are known to be strongly dependent on the 
functionals and the parameters used in the functionals. Here, 
we optimize the range-separated parameter, μ, of the CAM-
B3LYP functional of Chl a and Chl b to reproduce the experi-
mental excitation energy differences of these Chl molecules in 
solution. The optimal values of μ for Chl a and Chl b are 
smaller than the default value of μ and that for bacteriochloro-
phyll a, indicating the change in the electronic distribution, 
i.e., an increase in electron delocalization, within the mol-
ecule. We find that the electronic distribution of Chl b with an 
extra formyl group is different from that of Chl a. We also find 
that the polarity of the solution and hydrogen bond cause the 
decrease in the excitation energies and the increase in the 
widths of excitation energy distributions of Chl a and Chl b. 
The present results are expected to be useful for understanding 
the electronic properties of each pigment molecule in a local 
heterogeneous environment, which will play an important role 
in the excitation energy transfer in light-harvesting complex II.
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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-

troscopic signals. Therefore, theoretical tools to adequately 
describe (1) dynamical behaviors of quan tum systems affected 
by the huge amount of dynamic degrees of freedom and (2) the 
interaction with radiation fields should be developed.

For this purpose, our research group has been tackling the 
following subjects:
(1) Developments of condensed phase quantum dynamic theories
(2) Quantum theories to describe dynamical and transport 

processes in materials and biological systems
(3) Theoretical investigations on measurement and control 

with the use of atomic-molecular-optical (AMO) physics 
approaches.

In recent years, specifically, special attention is devoted to the 
subject (3). We have been examining whether ideas and 
concepts in the field of quantum science and technology would 
provide novel control knobs that supplement classical param-
eters in conventional spectroscopic tools such as frequencies 
and time delays.

Theoretical Studies of Chemical Dynamics 
in Condensed and Biomolecular Systems

Department of Theoretical and Computational Molecular Science
Division of Theoretical Molecular Science II
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1.  Control and Enhancement of Single-
Molecule Electroluminescence through 
Strong Light-Matter Coupling

The energetic positions of molecular electronic states at 
molecule/electrode interfaces are crucial factors for determin-
ing the transport and optoelectronic properties of molecular 
junctions. Strong light-matter coupling offers a potential for 
manipulating these factors, enabling to boost in the efficiency 
and versatility of these junctions. Here, we investigated elec-
troluminescence from single-molecule junctions in which the 
molecule is strongly coupled with the vacuum electromagnetic 
field in a plasmonic nanocavity. We demonstrated an improve-
ment in the electroluminescence efficiency by employing the 
strong light-matter coupling in conjunction with the character-
istic feature of single-molecule junctions to selectively control 
the formation of the lowest-energy excited state. The mecha-
nism of efficiency improvement was discussed based on the 
energetic position and composition of the formed polaritonic 
states. Our findings indicated the possibility to manipulate 
optoelectronic conversion in molecular junctions by strong 
light-matter coupling.1)

Figure 1.  (a) Schematic illustration of electroluminescence from a 
dye molecule in a plasmonic nanocavity. (b) Two-dimensional plot of 
the electroluminescence efficiency as a function of the exciton–
plasmon coupling strength and energy detuning.

2.  Probing Exciton Dynamics with 
Spectral Selectivity through the Use of 
Quantum Entangled Photons

Quantum light is increasingly recognized as a promising 
resource for developing optical measurement techniques. 
Particular attention has been paid to enhancing the precision of 
the measurements beyond classical techniques by using non-
classical correlations between quantum entangled photons. 
Recent advances in quantum optics technology have made it 
possible to manipulate the spectral and temporal properties of 

entangled photons, and the photon correlations can facilitate the 
extraction of matter information with relatively simple optical 
systems compared to conventional schemes. In these respects, 
the applications of entangled photons to time-resolved spectros-
copy can open new avenues for unambiguously extracting 
information on dynamical processes in complex molecular and 
materials systems. Here, we proposed time-resolved spectros-
copy in which specific signal contributions are selectively 
enhanced by harnessing the nonclassical correlations of entan-
gled photons. The entanglement time characterizes the mutual 
delay between an entangled twin and determines the spectral 
distribution of the photon correlations. This characteristic 
allows us to filter out specific frequency regions of spectra 
while temporally resolving the state-to-state dynamics in the 
time region longer than half of the entanglement time. There-
fore, the entanglement time plays a dual role as the knob for 
controlling the accessible time region of dynamical processes 
and the degrees of spectral selectivity. The results demonstrated 
that the application of quantum entangled photons to time-
resolved spectroscopy leads to monitoring dynamical processes 
in complex molecular and materials systems by selectively 
extracting desired signal contributions from congested spectra. 
We anticipated that more elaborately engineered photon states 
would broaden the availability of quantum light spectroscopy.2)

3.  Network Analysis with Quantum 
Dynamics Clarifies Why Photosystem II 
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 frame-
work based on complex network analysis and quantum dynam-
ics to investigate and quantify the features of this coexistence 
during excitation energy transfer in a photosystem II super-
complex. 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 valu-
able insights into the mechanisms by which light-harvesting 
proteins harvest light energy and adapt to changing environ-
mental conditions.3)

References
1) K. Miwa, S. Sakamoto and A. Ishizaki, Nano Lett. 23, 3231 (2023).
2) Y. Fujihashi, K. Miwa, M. Higashi and A. Ishizaki, J. Chem. Phys. 

159, 114201 (2023).
3) E. Kim, D. Lee, S. Sakamoto, J.-Y. Jo, M. Vargas, A. Ishizaki, J. 

Minagawa and H. Kim, submitted.



16

RESEARCH ACTIVITIES

Keywords Quantum Chemistry, Photochemistry, Heterogeneous Catalysis

Education
1988 B.E. Kyoto University
1990 M.E. Kyoto University
1993 Ph.D. Kyoto University

Professional Employment
1993 Postdoctral Fellow, Institute for Fundamental Chemistry
1994 JSPS Postdoctoral Fellow
1994 Visiting Researcher, Heidelberg University ( –1995)
1995 Assistant Professor, Kyoto University
2002 Associate Professor, Kyoto University
2006 Theoretical Research Division Supervisor, Kyoto University 
 ( –2008)
2008 Professor, Institute for Molecular Science
 Professor, The Graduate University for Advanced Studies
2012 Professor, Elements Strategy Initiative for Catalysts and 

Batteries (ESICB), Kyoto University (additional post)

Awards
2009 APATCC Pople Medal
2009 QSCP Prize CMOA

• T. Shiraogawa, G. Dall’Osto, R. Cammi, M. Ehara and S. Corni, 
“Inverse Design of Molecule-Metal Nanoparticle Systems 
Interacting with light for the Desired Photophysical Properties,” 
Phys. Chem. Chem. Phys. 24, 22768 (2022).

• P. Hirunsit, T. Toyao, S. M. A. H. Siddiki, K. Shimizu and M. Ehara, 
“Origin of Nb2O5 Lewis Acid Catalysis for Activation of Carboxylic 
Acids in the Presence of a Hard Base,” ChemPhysChem 19, 2848 (2018).

• Z. Lei, M. Endo, H. Ube, T. Shiraogawa, P. Zhao, K. Nagata, X.-L. 

Pei, T. Eguchi, T. Kamachi, M. Ehara, T. Ozawa and M. Shionoya, 
“N-Heterocyclic Carbene-Based C-Centered Au(I)-Ag(I) Clusters 
with Intense Phosphorescence and the Organelle-selective Trans-
location in Cells,” Nat. Commun. 13, 4288 (2022).

• Y. Maeda, R. Morooka, P. Zhao, D. Uchida, Y. Konno, M. Yamada and 
M. Ehara, “Controlling Near-Infrared Photoluminescence Properties of 
Single-Walled Carbon Nanotubes by Substituent Effect in the Stepwise 
Chemical Functionalization,” J. Phys. Chem. C 127, 2360 (2023).

Selected Publications

EHARA, Masahiro
Professor
[ehara@ims.ac.jp]

Member
Assistant Professor

SHIRAOGAWA, Takafumi

IMS Research Assistant Professor
ZHAO, Pei

JSPS Post-Doctoral Fellow
NAKATANI, Kaho

Post-Doctoral Fellow
INAI, Naoto

Secretary
SUGIMOTO, Yukari

Theoretical Studies of Functional Molecular 
Systems and Heterogeneous Catalysts

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

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

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 CAuI6 cluster 
with monodentate N-heterolytic carbene (NHC) ligands, intense 
photoluminescence (PL) of CAuI6AgIn (n = 2–4) clusters and 
its biological application, vapochromism of CAuI6 cluster, and 
the generation of CAuI5 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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1.  Inverse Design of Molecule–Metal 
Nanoparticle Systems Interacting with Light 
for the Desired Photophysical Properties1)

Molecules close to a metal nanoparticle (NP) have differ-
ent photophysical properties from those of the isolated one. To 
harness the potential of molecule–NP system, appropriate 
design guidelines are expected. In this work, we propose an 
inverse design method of the optimal molecule–NP systems 
and incident electric field for desired photophysical properties. 
It is based on a gradient-based optimization search within the 
time-dependent quantum chemical description for the mol-
ecule and the continuum model for the metal NP. We designed 
the optimal molecule, relative molecule–NP spatial conforma-
tion, and incident electric field of a molecule–NP system to 
maximize the population transfer to the target electronic state 
of the molecule. The present method is promising as the basis 
for designing molecule–NP systems and incident fields and 
accelerates discoveries of efficient molecular plasmonics 
systems.

Figure 1.  Inverse design of the photophysical properties of molecule–
nanoparticle system.

2.  N-Heterocyclic Carbene-Based 
C-Centered Au(I)-Ag(I) Clusters with 
Intense Phosphorescence and Organelle-
Selective Translocation in Cells2)

Luminescent metal nanoclusters are expected to exhibit 
unique physical properties in the cluster structure depending 
on the ligand structure, metal type, number of nuclei and 
arrangement. In this study, carbon-centered gold-silver 
(CAu6Ag2) clusters with N-heterocyclic carbene (NHC) 
ligands were designed and synthesized, and it was found that 

these clusters emit strong phosphorescence in solution, and the 
contribution of NHC ligands to phosphorescence emission was 
revealed by theoretical calculation. The luminescence rate 
constant was calculated by an analysis including spin–orbit 
interactions, and the quantum yield was discussed in terms of 
the energy barrier to the minimum energy crossing point. 
Furthermore, the phosphorescent gold-silver clusters with long 
luminescence lifetime were used for cellular imaging, which 
revealed the pathway of uptake into the cell and selective 
localization to specific organelles, confirming their superior 
functionality, which is different from the non-selective uptake 
of conventional phosphine ligands.

3.  Controlling Near-Infrared 
Luminescence of Single-Walled Carbon 
Nanotubes by Substituent Effect in 
Stepwise Chemical Functionalization3)

Introducing the quantum defects into single-walled carbon 
nanotubes (SWNTs) enhances their photoluminescence (PL) 
with red-shifted peaks. In this work, the stepwise chemical 
functionalization of SWNTs was shown to be useful for 
controlling site-specific functionalization and PL. Dialkylated 
and hydroalkylated SWNTs were selectively synthesized. The 
nBu-SWNTs-nBu and nBu-SWNTs-H adducts of the (6,4), 
(6,5), (8,3), and (7,5) SWNTs that were separated using gel 
chromatography showed dominant E11** PL and E11* PL, 
respectively. The systematic assignments of the PL were 
performed based on the thermodynamic stability and transition 
energy of 1,2- and 1,4-adducts of SWNTs using DFT and 
TD-DFT calculations. It was shown that the steric hindrance 
of the added group and the R value, i.e., mod(n-m, 3) in an 
(n,m) chiral nanotube are key factors that control the addition 
site and the magnitude of the local bandgap.

Figure 3.  Control of near-IR photoluminescence (PL) of substituted 
SWNTs regarding E11** PL, and E11* PL.
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Figure 2.  Schematic diagram of Carbon(C)-centered Au(I)-Ag(I) clusters 
with N-heterocyclic carbene (NHC) ligands with intense phosphorescence 
and their ligand-specific, organelle-selective trans location in cells.
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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.

We are also interested in disease-related biomolecules. For 
example, protein aggregates such as spheri cal 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-β (Aβ) peptides. 
To overcome these diseases, it is essential to under stand the 
aggregate genesis and disruption of Aβ peptides. We perform 
such MD simulations of oligomers and amyloid fibrils.

Figure 1.  Time series of protein folding simulation. Figure 2.  Snapshot of an Aβ amyloid fibril.
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1.  Key Residue for Aggregation of 
Amyloid-β Peptides

Aβ mainly has two isoforms, Aβ40 and Aβ42. Although 
the difference between Aβ40 and Aβ42 is only two additional 
C-terminal residues, Aβ42 aggregates much faster than Aβ40. 
It is not known what role the C-terminal two residues play in 
accelerating aggregation. Since Aβ42 is more toxic, its oligo-
merization process needs to be clarified. Moreover, clarifying 
the differences between the oligomerization processes of Aβ40 
and Aβ42 is essential to elucidate the key factors of oligo-
merization. To investigate the dimerization process, which is 
the early process of the oligomerization, Hamiltonian replica-
permutation molecular dynamics simulations were performed 
for Aβ40 and Aβ42.1) We identified the key residue, Arg5, for 
the Aβ42 dimerization, as shown in Figure 3. The two addi-
tional residues in Aβ42 allow the C-terminus to form a contact 
with Arg5, and this contact stabilizes β-hairpin. This β-hairpin 
promotes dimer formation with formation of intermolecular 
β-bridges. To approve this theoretical prediction, experiments 
on Aβ aggregations were also conducted. We confirmed that 
the aggregation of Aβ42 is remarkably suppressed by a muta-
tion of Arg5. Moreover, mutation of Arg5 also suppresses the 
Aβ40 aggregation. It was found by analyzing the simulations 
that Arg5 is important for Aβ40 to form the intermolecular 
contacts. Thus, it was clarified that the role of Arg5 in the 
oligomerization process is changed by the two additional 
C-terminal residues.

The fact that we could predict the experimental results 
from the simulation results means that the differences seen in 
the formation of dimers make a difference in the formation of 
much larger aggregates, such as amyloid fibrils observed in 
experiments. Thus, it is essential to elucidate the process of 
small oligomer formation to fully understand the Aβ aggregation.

Figure 3.  The key residue for the aggregation of amyloid-β peptides 
is Arg5, which stabilizes the β-hairpin structure and promotes the 
intermolecular β-sheet.

2.  Ingenuity in Performing Replica 
Permutation: How to Order the State 
Labels for Improving Sampling Efficiency

Replica-exchange method (REM) is one of the generalized 
ensemble algorithms and is widely used for systems with 
many local minima, such as biomolecules. In this method, 
copies of the systems, call replicas, are prepared. The tempera-
tures are excahnged between two replicas, as shown in Figure 
4. As an advanced alternative to REM, the replica-permutation 
method (RPM) has been developed. In this method, all combi-
nations of replicas and parameters are considered for parame-
ter permutation, and a list of all the combinations is prepared. 
We reported that the temperature transition probability depends 
on how the list is created, especially in replica permutation 
with solute tempering (RPST).2) We found that the transition 
probabilities decrease at large replica indices when the combi-
nations are sequentially assigned to the state labels as in the 
originally proposed list. To solve this problem, we propose to 
modify the list by randomly assigning the combinations to the 
state labels. We performed molecular dynamics simulations of 
amyloid-β(16–22) peptides using RPST with the “randomly 
assigned” list (RPST-RA) and RPST with the “sequentially 
assigned” list (RPST-SA). The results show the decreases in 
the transition probabilities in RPST-SA are eliminated, and the 
sampling efficiency is improved in RPST-RA.

Figure 4.  Schematic illustration of replica-exchange method (REM) 
and replica permutation method (RPM).
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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 syn-
thesizes 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 
an inwardly and outwardly open structure relative to the 
membrane. Our goal is to elucidate the mechanism of these 
elaborate and dynamic nanomachines created by nature at the 
atomic and molecular level, and to control their functions 
based on our findings.

We would like to understand the mechanism 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 
biomolecular machines are huge molecules, and their func-
tion ing time scale is slow (for a molecular scale) at milli-
seconds or longer. Conventional atomistic molecular dynamics 
(MD) simulations cannot cover millisecond-long functional 
dynamics, especially for a large system like typical bio-
molecular machines. Therefore, we have developed and 
applied methods such as coarse-grained modeling, enhanced 

sampling and importance sampling to capture the 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 ATP required in the cell. It is composed of two rotary 
motors: Fo and F1. Fo motor is embedded in the membrane and 
driven by proton gradient, while F1 motor is driven by ATP 
hydrolysis reaction. We clarified how the rotation of F1 motor 
is driven by a key chemical step, Pi release after ATP hydroly-
sis reaction, by accelerating atomistic MD simulations with 
external forces.1)

Transporters are membrane proteins that transport their 
substrates across the membrane. We have studied 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 transition path 
sampling technique to capture the moment of the ion trans-
ports. The simulations predicted the mutation that can speed up 
the 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 mechanism obtained from simulations.2)

• K. Okazaki and G. Hummer, “Elasticity, Friction, and Pathway of 
γ-Subunit Rotation in FoF1-ATP Synthase,” Proc. Natl. Acad. Sci. 
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1.  Mechanism of Oxalate Transporter

Oxalate is contained in our daily food such as spinach and 
nuts. Excess oxalate forms 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 oxalate transporter 
(OxlT), which exists in the membrane of the bacterium, is 
responsible for oxalate uptake into and formate efflux out of 
the bacterium. The crystal structures of the two different 
conformations taken by OxlT during its transport cycle have 
been determined by our collaborators.3) One structure is in the 
outward-open conformation, while the other structure is in the 
occluded conformation with the bound oxalate. 

The atomistic MD simulation from the occluded confor-
mation of OxlT and analysis of the water molecule density 
revealed the presence of gates above and below the substrate 
binding pocket that control the influx of water and substrate 
molecules.3) The periplasmic gate consists of a hydrogen bond 
between Thr38-Val240 and a hydrophobic structure around it 
(Figure 1A left). The cytoplasmic gate consists of a hydro-
phobic structure composed of Met128, Pro332, and Tyr348 
(Figure 1A right). Furthermore, in microsecond-scale simula-
tions, OxlT undergoes a conformational change from the 
occluded conformation to the outward-open conformation.3) 
The overall conformational change was preceded by a local-
ized change in the flip of the Gln34 side chain at the oxalate 
binding site and the dissociation of the Thr38-Val240 hydro-
gen bond mentioned above, followed a few hundred nano-

seconds later by the opening of the periplasmic gate to the 
open conformation (Figure 2B). Thus, the Gln34 side chain 
and the Thr38-Val240 hydrogen bond are considered to be 
“latches” for the periplasmic gate.

2.  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 progress of a reaction between two meta-
stable states. We have developed a machine learning method 
to identify reaction coordinates based on the committor func-
tion. Assuming a linear combination of many collective vari-
ables, reaction coordinates are optimized via likelihood maxi-
mi zation or cross-entropy minimization.4) From coefficients of 
the optimized reaction coordinates, we can also identify rate-
limiting variables, which play an important role in transition 
state area. We have also applied a deep neural network and 
Explainable Artificial Intelligence (XAI) for this problem.5)

3.  Mechanism of Membrane Remodeling 
by F-BAR Protein Pacsin1

F-Bin/Amphiphysin/Rvs (F-BAR) domain proteins play 
essential roles in biological processes that involve membrane 
remodelling, such as endocytosis and exocytosis. Notably, 
Pacsin1 from the Pacsin/Syndapin subfamily has the ability to 
transform the membrane into various morphologies: Striated 
tubes, featureless wide and thin tubes, and pearling vesicles. 
We clarified the membrane curvature induction and sensing 
characteristics of Pacsin1 by combining all-atom (AA) and 
coarse-grained (CG) MD simulations.6) By matching struc-
tural fluctuations between AA and CG simulations, a CG 
protein model called “Gō-MARTINI” was developed and 
optimized.7) This model should prove useful for describing 
protein dynamics that are involved in membrane remodeling 
processes.
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Figure 1.  (A) The determined periplasmic and cytoplasmic gates. (B) 
The conformational transition from the occluded to the outward-open 
state.3)
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Theoretical Study of Electronic Structure and Statistical Mechanics for Molecular Systems
Our research focuses on developing new quantum chemistry and statistical mechanics theories and 

analysing chemical phenomena in condensed matter systems consisting of polyatomic molecules.
(1) Based on biorthogonal second quantisation, we proposed a method to extract the resonance 

structures embedded in molecular orbital and the local spin structures. A geminal theory for a molecule’s 
electronic structure is also proposed based on generalised electron pairing. (2) The statistical mechanics of molecular liquids is an 
analytical and systematic approach to understanding liquids’ structure and thermodynamic properties. In addition to hybrid 
methods with quantum chemistry, we have developed many novel methods, including density functional theory and diffusion 
equations for polyatomic molecular systems. Recently, we proposed an ab initio theory for NMR chemical shifts based on the 
RISM-SCF-SEDD method. (3) The mechanisms of various chemical reactions and phenomena have been clarified at the 
molecular level. For example, the self-assembly process of the transition metal complex system was clarified.

Visiting Professor
YOSHIDA, Norio (from Nagoya University)

Theoretical Study of Chemical and Biological Processes in Solution
We are interested in the chemical and biological processes in solution with a particular focus on the role 

of solvents in these processes. Our group is studying the role of solvents in these processes based on the 
integral equation theory of molecular liquids. Recently, based on a multiscale hybrid method of integral 
equation theory and quantum chemical methods, we have elucidated the mechanism of pKa shift due to 

molecular recognition in solution. In addition, using a hybrid Monte Carlo framework, we developed a method for structural 
sampling of biomolecules in solution that satisfies the Hamiltonian based on integral equation theory.

Visiting Associate Professor
NOGUCHI, Hiroshi (from University of Tokyo)

Theoretical Study on Soft Matter and Biophysics
We study soft-matter physics and biophysics using theory and simulations. Our main targets are the 

structure formation of biomembrane and the dynamics of complex fluids under various conditions. This 
year, we investigated the shape transformation of membrane induced by curvature-inducing proteins. We 
estimated the anisotropic bending rigidity and spontaneous curvature of crescent curvature-inducing 

proteins from tethered-vesicle experimental data using a mean-field theory. Our coarse-grained simulations revealed that reaction 
waves of curvature-inducing proteins can induce large shape transformations, such as membrane budding and necking, that erase 
or divide the wave. Moreover, we demonstrated that the occasional disappearance of the waves can alter the pathway of wave 
propagation on a membrane network.
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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, high-resolution optical microscopy applied to 
nanomaterials, synchrotron-based spectroscopy of core-excited molecules and solid-state 
materials, vacuum-UV photochemistry, and the development of novel laser- and synchrotron-
radiation sources.
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It is observed in a double-slit experiment by Tonomura 
and coworkers that single electrons recorded as dots on a 
detector screen build up to show an interference pattern, which 
is delocalized over the screen.1) 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 local ized? 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 
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 con nected smoothly.

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.2)
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1.  Development of an “Ultrafast Quantum 
Simula tor” by Optical Control with 
Precisions on the Atto second Temporal 
and Submicron Spatial Scales6)

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”3) 
and “a strongly correlated ultracold Rydberg gas.”4–6)

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.5,6) 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.

Very recently in 2023, quantum magnetism has success-
fully been simulated with this standard hardware assembled 
with ~30,000 Rb atoms.6) Our novel scheme above completes 
the simulation in just several hundreds of picoseconds, accel-
erating the simulation speed by three orders of magnitude 
compared to any other quantum simulators of magnetism so 
far. This innova tive acceleration solves the issue with external 
noise on the timescale of ~1 microsecond or slower in general, 
which has been one of the biggest concerns for quantum 
simulation. Moreover, we have succeeded in simulating the 
formation dynamics of “quantum entanglement,” which is 
difficult to measure in actual magnetic materials, on the fastest 
timescale of several hundred picoseconds, as schematically 
depicted in Figure 2.

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

2.  Development of an Ultrafast Quantum 
Computer with Cold Atoms7)

We have developed arbitrary two dimensional optical trap 
arrays for cold atoms with optical tweezers, which are neces-
sary for quantum computing.

We have succeeded in loading a single atom into each trap 
of those arbitrary arrays, and reassembling those atoms with a 
movable optical tweezers. Such an array of cold atoms has been 
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 
have recently succeeded in executing a con trolled Z gate,7) 
accelerating a two-qubit gate (a fundamental arithmetic element 
essential for quantum computing) of cold-atom quantum com-
puters by two orders of magnitude. It is also two orders of 
magnitude faster than the noise from the external environment 
and operating lasers, whose timescale is in general 1 micro-
second or slower, and thus can be safely isolated from the noise. 
Moreover, the speed of this two-qubit gate is faster than that of 
the fast two-qubit gate demonstrated recently by “Google AI 
Quantum” with superconducting qubits.8) We continue upgrad-
ing this ultrafast quantum com puters, generously supported by 
the Moonshot program of the Cabinet Office of Japan.
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Figure 2.  Conceptual diagram of ultrafast quantum simulation of magnetic material.6) A large-scale array of 30,000 atoms, with a spacing of 0.5 
micron, is controlled with a ~10 picosecond ultrafast laser pulse. After irradiating an ultrafast laser pulse, large-scale “quantum entanglement” is 
formed in only ~600 picoseconds. Image source: Prof. Seiji Sugawa (U. Tokyo).
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Functional organic materials (FOM) have recently attracted 
considerable attention both for fundamental research and 
device applications because of peculiar properties not found in 
inorganics and small molecules. However, the mechanisms 
and the origin of various device characteristics are still under 
debate. Scientific discussions have been redundant because of 
long-standing beliefs that the electronic structure of FOM 
would be conserved as in an isolated molecule even for solid 
phases due to the weak van der Waals interaction. To reveal 
characteristics of FOM, it is essential to investigate precisely 
the electronic structure at various interfaces, including organic–
organic and organic–inorganic (metal/semiconductor) contacts. 
Recently we realized that the weak electronic interaction 
manifests itself as small intensity modulations of fine struc-
tures in photoelectron spectra, depending on the adsorption 
and aggregation conditions on the surface. Thanks to recent 
instrumentation improvements, we can assess hidden fine 
features in the electronic states, e.g. electron–phonon cou-
pling, quasi-particle states, very small densities of gap states, 
narrow band dispersion, and dynamic electronic polarization. 
To elucidate what really impacts on the electronic states of the 
FOM in their assembly as well as at the interface upon weak 
interaction, an evaluation of the wave-function spread of the 

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.

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 Covalent 
Organic Frameworks1)

Covalent organic frameworks (COFs), as a large class of 
porous organic materials, have attracted intense research in the 
past few decades due to the great potential for applications. 
Substituting carbon with silicon in organic molecules and 
materials has been an attractive way to modify their electronic 
structure and properties. Silicon-doped graphene-based mate-
rials are known to exhibit exotic properties, yet conjugated 
organic materials with atomically precise Si substitution have 
remained difficult to prepare. We present the on-surface syn-
thesis of one- and two-dimensional covalent organic frame-
works whose backbones contain 1,4-disilabenzene (C4Si2) 
linkers. Silicon atoms were first deposited on a Au(111) 
surface, forming a AuSix film on annealing. The subsequent 
deposition and annealing of a bromo-substituted polyaromatic 
hydrocarbon precursor on this surface led to the formation of 
the C4Si2-bridged networks, which were characterized by a 
combination of high-resolution scanning tunnelling micros-
copy and X-ray photoelectron spectroscopy taken at BL2B of 
UVSOR supported by density functional theory (DFT) calcu-
lations. Each Si in a hexagonal C4Si2 ring was found to be 
covalently linked to one terminal Br atom. For the linear 
structure obtained with the pyrene-based precursor, the C4Si2 
rings were converted into C4Si pentagonal siloles by further 
annealing.

Figure 2.  Top: Scheme of on-surface reaction for the aryl–Si coupling 
reaction on Au(111). Bottom: High-resolution constant height dI/dV 
map of the COF taken with a CO tip and the top and side views of 
DFT simulation. The figure is after ref 1).

2.  Photoemission Tomography of Br-Doped 
Perylene Monolayer2)

Energy level alignment at the organic–metal interface is an 

important issue in the field of organic electronics to under-
stand the efficiency of charge injection and fundamental 
conduction mechanisms. The spectroscopic data of organic 
cations seem slightly insufficient, comparing to that of organic 
anions using strong molecular acceptor and alkali metal 
doping. Halogens are fundamental elements and have been 
widely used as hole dopants for organic electronics since the 
very early stages of research. Perylene doped with bromine 
exhibit a dramatic increase in conductivity. In this study, we 
observed the geometric and electronic structures of a mono-
layer of perylene molecules on the surfaces of Au(110) and 
Au(111). The effect of bromine doping was studied using C-K 
NEXAFS, angle-resolved photoemission spectroscopy (ARPES), 
and X-ray photoelectron spectroscopy (XPS). C-K NEXAFS 
can be used to observe vacant states, particularly a hole state, 
which is essential for p-type organic semiconductors. More-
over, the inclined molecular orientation is analyzed by mea-
suring the polarization dependence. ARPES and 2D momen-
tum map using a photoelectron momentum microscope at 
BL6U of UVSOR is a powerful technique for discussing the 
changes in the molecular orbital character upon the doping.

Figure 3.  (a) HOMO distribution of a perylene molecule. (b) Simu-
lated photoemission momentum maps of HOMO. (c) Experimental 
momentum map at binding energy of 1.5 eV. The figure is after ref 2).

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.2,3) 

The perspectives required for future light-source facility have 
been discussed with communities.4)
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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.

Figure 1.  UVSOR-III Electron Storage Ring and Synchrotron Radia-
tion Beamlines.
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1.  Light Source Technology Developments 
Based on Laser and Synchrotron

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

In 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. In these years, we are 
focusing on exploring the possibility utilizing the temporal 
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 properties of 
synchrotron radiation, in collaboration with Toyota Techn-
ological Institute.

We have been developing a laser Compton scattering 
gamma-ray source at BL1U, which is capable of producing 
monochromatic and energy-tunable gamma-rays. Currently we 
are interested in controlling the wave properties of gamma-ray 
photons. Theoretically we have shown that vortex photons 
carrying orbital angular momentum can be produced by non-
linear Compton scattering of circularly polarized photons. We 
are challenging its experimental demonstration.

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 for many of 
the users, however, the requirements from the users for the 
stability is getting higher and higher. As a near-term upgrade 
plan, we are considering replacing some of the undulators to 
fit the changes of the users’ requirements on the wavelength. 
Also, we are seeking 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. 
Although they are not compatible with the operation of the 
narrow gap undulators, they may be used for special experi-
ments which requires lower emittance. For a long-term plan, 
we continue the design study on a new light source facility. 
We have been investigating various accelerator systems such 
as a diffraction-limited synchrotron, an energy recovery linear 
accelerator and so on. Currently we are focusing on designing 
a synchrotron with the electron energy of 1 GeV and the 
circumference of around 70 m. We have designed a synchro-
tron which would give low emittance of around 5 nm under 
the achromatic condition.

We are collaborating with Nagoya Univ., Hiroshima Univ. 
and KEK Photon Factory and are developing new technolo-
gies for the future plan. Accelerator magnets based on perma-
nent magnets are being developed, which would contribute to 
the power consumption saving. New pulsed multipole magnet 
is also being developed to realize a novel beam injection 
scheme.

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

Figure 2.  Twin Polarization-variable Undulators/Optical Klystron at 
UVSOR-III.
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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 
gen erate a high energy gamma-ray by the interaction between 
a high energy electron and a laser. We have developed ultra-
short pulsed gamma-rays with the pulse width of sub-ps to ps 
range by using 90-degree inverse Thomson scattering (Figure 
1). This ultra-short pulsed gamma-rays were applied to gamma- 
ray-induced positron annihilation pectroscopy (GiPAS). A posi-

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. Our group is conducting research on improving 
the properties of the material by using GiPAS.

Figure 1.  Schematic illustration of 90-degree inverse Thomson 
scattering.

Development and Utilization of Novel 
Quantum Beam Sources Using a High 
Energy Electron Beam

UVSOR Synchrotron Facility
Division of Beam Physics and Diagnostics Research
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1.  Gamma Ray-Induced Positron 
Annihilation Spectroscopy (GiPAS)

In gamma-ray-induced positron annihilation lifetime spec-
troscopy (GiPALS), positron lifetime spectrum is calcu lated by 
measuring the time difference between a reference signal and a 
detector output for the annihilation gamma rays, which is 
emitted when a positron annihilates with an electron inside 
material. A reference signal is the output of a photo diode located 
near the injection position of a laser. A BaF2 scintilla tor and a 
photomultiplier tube is utilized to detect the annihila tion 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 BaF2 detector, and calculate the time 
difference distribution. One digital oscilloscope for four BaF2 
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 BaF2 scintillator. The count rate is 20 cps.

Figure 2.  Positron annihilation lifetime measurement system using 
eight detectors and two digital oscilloscope.

User applications are currently underway at BL1U in 
UVSOR-III, including measurements of bulk materials and in 
situ measurements of defect formation under stress loading.

Meanwhile, we are also developing gamma-ray-induced 
spin-polarized positron annihilation spectroscopy using circu-
larly 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 positrons are generated from the circularly polarized 
gamma rays inside a sample. From this change, it is possible 
to obtain information about the electron spins around defects 
in magnetic materials. To demonstrate the principle of circu-
larly polarized gamma-ray-induced spin-polarized positron 
annihilation spectroscopy, a pure iron sample is mounted 
between permanent magnets and the positron lifetime and 
Doppler broadening are measured.

Inverse Compton scattering of a polarized laser by ener-
getic electrons is an excellent method to generate polarized 
gamma rays. A 100% polarized laser can generate 100% 
polarized gamma rays, but polarization varies depending on 
the scattering angle of the gamma rays. We have experi-
mentally measured the spatial polarization distribution of 
circularly polarized gamma rays using magnetic Compton 
scattering that can measure the circular polarization of MeV 
gamma rays. Measurements of the asymmetry of gamma-ray 
transmission relative to the magnetized iron at each scattering 
angle clearly show that gamma rays are circularly polarized 
near the central axis, and they change from circular to linear 
polarization as the scattering angle increases.1)

2.  Gamma-Ray Vortices

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

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

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

As there is a laser with a pulse energy of 50 mJ and a pulse 
width of 130 fs (FWHM) in UVSOR-III, the laser strength 
parameter is 0.4 if the beam size can be focused to 3 µm (rms). 
Nonlinear inverse Thomson scattering experiments were per-
formed in 2022, but no higher harmonic gamma-ray generation 
was observed. Concentric fringes were observed in the laser 
focusing pattern, suggesting that the laser energy was dispersed 
and the laser strength parameter was reduced. Fur ther improve-
ments will be made and re-experiment is planned in the future.

Reference
1) Y. Taira et al., Phys. Rev. A 107, 063503 (2023).
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A synchrotron-based scanning transmission X-ray micro-
scope (STXM) is a technique to perform 2-dimensional (2D) 
X-ray absorption spectroscopy with high spatial resolution. 
The schematic image is shown in Figure 1. A monochromatic 
X-ray is focused by an X-ray focusing lens, a Fresnel zone 
plate, on a sample as a diameter around 30 nm through an 
order select aperture and the transmitted X-ray is detected. By 
scanning the sample 2-dimensionally, an X-ray absorption 
image is obtained. Then, by noticing the near edge X-ray 
absorption fine structure (NEXAFS) of the specific element, 
2D chemical state of the sample can be obtained. Since char-
acteristics of UVSOR is suitable for using extreme ultra-violet 
and soft X-ray region, the STXM in UVSOR, BL12, is suit-
able to analyze soft materials and organic materials. The X-ray 
range from 55 to 770 eV is a unique feature of BL12 and 
enables to approach lithium K-edge (55 eV~) with spatial 
resolution at 72 nm.1) The advantages of STXM, such as high 
transmittance of X-ray and relatively wide working distance, 
gain flexibility of the sample and its environment. Therefore, 
we have been developing special observation/analytical tech-
niques mainly by designing sample cells for STXM.2) Espe-

cially, nowadays, an in-situ/operando analytical technique is 
attracting more attentions of researchers because that is an 
important technique to understand intrinsic state of the sam-
ples. Recently, heating and cooling of the sample, humidity 
control system and electrochemistry, 2D orientation of mol-
ecules, 3D chemical state mapping, a sample transfer system 
without exposing to air and microscopic analysis of chemical 
state of lithium have been developed to explore a new filed of 
science.3) These techniques are difficult to perform by using 
the other microscopic techniques, such as an electron 
microscope.

Figure 1.  Schematic optical system of STXM.
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1.  3-Dimensional near Edge X-Ray 
Absorption Fine Structure of an Isolated 
Cell Nucleus

Computer tomography (CT) is an arithmetic method to 
reconstruct a 3D structure from serial tilted 2D X-ray absorp-
tion images without any destructive process. Reconstructed 
images of CT with full-rotation (or 180° rotation) data acquisi-
tion have quantitative values of X-ray line absorption coeffi-
cient. Therefore, by changing the X-ray energies around the 
absorption edge, 3D nano-NEXAFS can be performed. CT is 
typically performed by using full-field imaging X-ray micros-
copy because of shorter acquisition time of 2D X-ray trans-
mission images. On the other hand, in regard to the radiation 
dose, STXM-CT is one order less than by the full-field imag-
ing CT. This advantage is preferable to analyze 3D nano-
NEXAFS of organic and bio samples with complicated struc-
tures, such as a cell nucleus. To establish STXM-CT, we have 
designed a rotating sample cell.4,5)

An isolated cell nucleus of a HeLa S3 cell was chemically 
fixed with glutaraldehyde. After the critical point drying, the 
cell nucleus was glued on a tip of a tungsten needle (TP-001, 
Micro Support co., ltd.) by a crystal bond. 50 energy stacks 
around O K-edge (530 ~ 538 eV) dataset, f(x,y,θ,E), were 
obtained with tilting the sample 3.6° each, in total 180° 
rotation. In the energy stack, X-ray absorption images were 
acquired by scanning 8×8 µm2 area of the sample with 160 nm 
pitch. Then, the dwell time was 1 ms per pixel. In total, the 
whole measurement process took ~12 hours. As pre-recon-
struction process, the X-ray absorption images in all the 
energy stacks were grouped according to the X-ray energy. 
The 2D cross sectional images were reconstructed from each 
group and the 3D image was obtained by stacking those 
images. Finally, a 3D NEXAFS mapping dataset, F(x,y,z,E), 
was obtained by sorting the reconstructed 3D images by the 
X-ray energy. For example, a 3D volume projection image is 
shown in Figure 2(a). A reconstructed cross sectional image in 
the plane shown in Figure 2(a) by a red dashed line and its 
local XAS spectra are shown in Figure 2(b) and 2(c), respec-
tively. O K-edge spectra were extracted from structures of cell 
nucleolus (red and green areas) and cytoskeleton (yellow and 
blue areas) in Figure 2(b). Figure 2(d) shows RGB color 
distribution of these chemical components by performing SVD 

fitting to the 2D NEXFAS by using aXis2000 software. The 
colors of the plots and of the RGB map are coincident with 
those of the area in Figure 2(b) except for the yellow plot. In 
Figure 2(d), the distribution of the green color is not only at 
the cell nucleolus but also slightly at the cytoskeleton. In the 
case of the measurement of biological samples, the measure-
ment under cryo condition is necessary to keep samples from 
radiation damage.

Figure 2.3)  (a) A 3D volume projection image of an isolated cell 
nucleus of HeLa S3 cell, (b) a reconstructed cross sectional image of 
the cell nucleus at a red dashed line, (c) X-ray absorption spectra 
extracted from 2(b) and (d) a RGB color distribution of the spectra. 
Colors of the plots and the RGB color distribution are coincident with 
those of areas in (b).
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Selected Publications

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 mate-
rial. Analyzing “art” based on physical laws lead to discover-
ies that connect the world of atoms with practical technology 
and applications, and this is what makes us so excited.

We have constructed an advanced photoelectron momen-
tum microscope (PMM) experimental station at the UVSOR 
Synchrotron Facility of IMS. The PMM is a novel concept 
analyzer for imaging photoelectron holograms and Fermi 
surface patterns from the selected μm-sized area. The combi-
nation of domain-resolved photoelectron microscopy and 
μm-scale momentum-resolved photoelectron spectroscopy 
techniques is essential for the investigation of fragile radiation 
sensitive materials and complicated phase-separated systems.

Electron spins, which we pay particular attention to, are 
the source of various physical properties and functions such as 

magnetism, superconductivity, and topology. We are develop-
ing a unique 3D spin vector imaging system and element-
selective resonant photoelectron diffraction/spectro scopy 
technique for the complete photoelectron analysis. We aim to 
pioneer cutting-edge spin materials science through compre-
hen sive and detailed characterization of electrons.

Figure 1.  Photoelectron momentum microscope station at UVSOR 
synchrotron facility. Soft X-rays from BL6U for kz dispersion and core-
level excitations and vacuum ultraviolet light from BL7U at normal 
incidence for atomic orbital analysis make this station unique.
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1.  Chiral Charge Density Wave Revisited

1T-TaS2 has fascinated researchers for half a century as a 
system that undergoes a phase transition with three structural 
changes from high to low temperatures. In the lowest tempera-
ture phase, a chiral charge density wave (CDW) structure 
(√13×√13)-R±13.90° (Figure 2(a) and (b)) is observed by 
electron diffraction and scanning probe microscopy. Regard-
ing the electronic structure, the first paper on two-dimensional 
ARPES, which observed the average of both chiral struc-
tures,1) had a strong impact, and it greatly influenced subse-
quent papers. Only recently has the nesting vector, which is 
the basis of charge density waves, begun to be accurately 
discussed in measurements using chiral single domains. In a 
single layer, unpaired electron spins are isolated in a 13-Ta- 
atom units, commonly known as the Star of David (six pointed 
star). Isolated spins are stabilized by interlayer interactions. 
Recently, STM revealed coexistence of Mott-insulator and 
band-insulator domains on the cleaved surface,2) which has 
attracted attention as a great opportunity to elucidate the CDW 
mechanism (Figure 2(c) and (d)). Here, spin-resolved micro-
ARPES using PMM will be a decisive tool to clariify the 
physics behind this complex CDW phenomena. 

Figures 2(e) and 2(f) shows the constant energy countour 
and band dispersion of 1T-TaS2, respectively, measured by 
UVSOR-PMM3) at 30 K.4) The ellipsoidal electron pockets 
around the M points are modified and exhibit the so-called 
“windmill” rotational symmetry modulation around the Γ 
point due to the CDW formation. The microscopic field-of-
view enabled selective observation of one of the two types of 
twinned CDW domains. Although we have expected the for-

mation of a sharp gap on the band dispersion due to CDW, 
noticeable intensity remained even around the region of 
Ebinding = 1 eV and |k| = 1 Å−1 (Figure 2(f)). This result may be 
due to the observed mixture of multiple electronic states in the 
Mott insulator and band insulator at different surface termina-
tions, which was pointed out in STM.2) Further detailed PMM 
works will be described elsewhere.

2.  Original Analyzer for 3D-Atomic Structure 
Imaging and 3D-Spin Vector Analysis

Photoelectron holography is an element specific 3D atomic 
imaging technique. Local atomic arrangements of dopant 
atoms can be characterized. Compositional crossover of multi-
ple-site Ag doping in Bi2Se3 from substitution to intercalation 
was revealed (Figure 3).5)

We are aiming at highly efficient and comprehensive 
measurement of atomic structure and spin distribution. Omni-
directional photoelectron acceptance lens (OPAL)6) together 
with Projection-type electron spectroscopy collimator analyzer 
(PESCATORA)7) enables photoelectron holography measure-
ment of the full hemisphere. Moreover, we invented Right 
angle deflection imaging analyzer (RADIAN)8) for spin vector 
analysis with k/r-space resolution. We are expanding the MM 
system based on our original inventions.

Figure 3.  (a) Bi4f and (b) Ag3d photoelectron holograms of Ag- 
doped Bi2Se3. Atomic structure models of (c) pristine and (d) Ag- 
doped Bi2Se3 deduced by holography analysis.
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Figure 2.  (a) and (b) Lateral atomic structure models of 1T-TaS2 in 
the CDW phase. (c) and (d) Structure models of different surface 
terminations. (e) Constant energy contour at the binding energy of 0.4 
eV. (f) Valence band dispersion along the MΓM axis.
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Strongly correlated electron materials have attracted more 
attentions in the last few decades because of their unusual and 
fascinating properties such as high-Tc superconductivity, giant 
magnetoresistance, heavy fermion and so on. Those unique 
properties can offer a route toward the next-generation devic es. 
We investigate the mechanism of the physical properties as 
well as the electronic structure of those materials by using 
angle-resolved photoemission spectroscopy (ARPES). ARPES 
is a powerful experimental technique, directly measuring the 
energy (E) and momentum (k) relation, namely the band 
structure of solids. In the last quarter of a century, the energy 
resolution and angular resolution of ARPES have improved 
almost three order of magnitude better, which makes us pos-
sible to address the fine structure of the electronic structure 
near the Fermi level: Superconducting gap, kink structure and 
so on. The main target materials of our group is high-Tc 
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 

impact on the future of all aspects of electronics as we con-
tinue to move into the 21st century. Understanding magnetism 
of surfaces, interfaces, and nanostructures is greatly important 
for realizing the spintronics which aims to control and use the 
function of spin as well as the charge of electrons. Spin-
resolved ARPES is one of the most powerful experimental 
techniques to investigate the magnetic properties of such 
materials.
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1.  Development of Spin-Resolved ARPES 
with Image-Spin Detection

Spintronics is a rapidly emerging field of science and 
technology that will most likely have a significant impact on 
the future of all aspects of electronics as we continue to move 
into the 21st 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- and angle-
resolved photoemission spectroscopy (spin-resolved ARPES) 
is one of the most powerful experimental techniques to inves-
tigate the magnetic properties of such materials, where one 
can know the “complete” information of the electronic states 
of materials; energy, momentum, and spin direction. Recent 
development of high energy and angle resolved photoelectron 
analyzer as well as the contemporary light sources such as 
third generation synchrotron radiation make it possible for the 
photoemission spectroscopy to investigate not only band 
structures but many body interactions of electrons in solids. 
However, appending the spin resolution to photoemission 
spectroscopy is quite difficult because of an extremely low 
efficiency (10−4) of Mott-type spin detections. Recently, very-
low-energy-electron-diffraction (VLEED-type) spin detector 
with 100 times higher efficiency than that of conventional 
Mott-type has been developed and spin-resolved ARPES has 
been started to be realized. So far, most of the spin-resolved 
ARPES systems in the world are using the single-channel 
detector and efficiency is still a problem. 

Beamline BL5U at UVSOR has been totally reconstructed 
by our group, and opened for users as high photon flux and 
high energy resolution ARPES beamline since 2017. As a new 
function for this beamline, we have started high-efficient spin-
resolved ARPES project with multi-channel detection (we call 
“image-spin” detection). The goal of this project is to realize 
the 100 times better efficiency and the 10 times better momen-
tum resolution than the current spin-resolved ARPES system 
in the world, which can be a breakthrough in this field. 

In 2020, we set up the spin detection apparatus shown in 
Figure 1(a) and finished tuning the electron lens parameters of 
the spin detection section. With this apparatus, we succeeded 
in obtaining a spin-resolved signal on the Au(111) surface as 
shown in Figure 2(c). According to rough estimates, the 

efficiency of spin-resolved ARPES was 100 times higher than 
that of the single-channel detection systems currently used in 
the world. However, the spin-resolved ARPES bands were 
broad compared to the normal ARPES ones shown in Figure 
2(b), meaning that the momentum resolution was not so good. 
With this apparatus, the instrument required two VLEED 
detection chambers and a high-quality spin target of the same 
quality to detect spin information in the x, y, and z directions 
of the sample. In addition, the spin targets had to be mag-
netized frequently during the measurement. 

To overcome these problems, we have introduced a new 
“spin manipulator” that can change the spin direction of the 
passing electrons in any direction. The new setup shown in 
Figure 1(b) requires only one VLEED detection chamber and 
the users do not need to magnetize the spin target during the 
measurement. The installation of the spin manipulator and 
optimization of the spin target deposition conditions have 
greatly improved the spin-resolved images, and in 2022, we 
were able to obtain spin-resolved images with momentum 
resolution comparable to that of normal ARPES, as shown in 
Figure 2 (d). We are currently optimizing the lens parameters 
of the spin manipulator to obtain spin information in the 
remaining two axial directions.

* carrying out graduate research on Cooperative Education Program of IMS with Nagoya University

Figure 2.  a) Fermi surface of Rashba spin splitting in Au(111) surface states and (b) image plot of normal ARPES along the yellow bar in (a). 
Spin-resolved ARPES data showing the spin polarization (blue–red scale) with the previous experimental setup (c) and the current setup (d).

Figure 1.  Previous (a) and current (b) setup of image-spin ARPES.
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Scanning Transmission X-ray 
Microscopy: STXM is a mainstream of 
Soft X-ray Spectromicroscopy tech-
niques due to that versatility since it is 
a photon-in & photon-out technique, 
which allow us to have some freedom 
of the sample specimen environments, 
like under magnetic field or wet condi-
tion. STXM utilizes the NEXAFS: Near 
Edge X-ray Absorption Fine Structure 

as the image contrast mechanism. When we study the soft 
materials ex. polymers, which consist of Carbon, Nitrogen, 
and Oxygen as a main element, through the NEXAFS spectral 
features we can obtain the chemical bonding/functional group 
information about the samples. Combined with the focused 
soft x-ray beam, about several tens of nanometer, we can 
achieve the chemical component mapping of the samples. If 
we look at the phase-separated polymer blend, we can speciate 
each domain with such high spatial resolution. Figure 1 shows 
an example of the chemical component map; blend of PS: 
Polystyrene, PMMA: Polymethylmethacrylate, and PVC: 
Polyvinylchloride mixed with nano-clays. The thin-section 
sample was prepared by a ultramicrotome (~100 nm thick).

Figure 1.  STXM chemical component map of the Polymer-Nano Clay 
Blend. R:PS, G: PMMA, B: PVC. The image size is 20 µm by 20 µm.

Before joined the IMS, at the Diamond Light Source in the 
UK, I had worked with my collaborators to study many 

environmental science cases to understand the interaction 
between minerals and organics including bacteria with using 
STXM in the Soft and Tender X-ray regimes.2,3)

Since January 2023 I have been responsible to operate the 
BL4U STXM beamline at the UVSOR to maintain the user 
program including the industrial research, especially for the 
soft materials research like the radiation sensitive rubbery 
materials, which is difficult to study by the electron microscopy.

Another important mission is to plan the future UVSOR 
project,1) which will be under the Research Center for Auto-
nomous Functions by Tailor-made Photon Science. Toward the 
new approach using the combination of the low energy range 
photon from infrared to soft/tender x-rays, currently I am 
working with many scientists in the Life Science field to start 
the feasibility/trial studies using STXM and other soft x-ray 
techniques such as RSoXS: Resonant Soft X-ray Scattering, 
counterpart of STXM in reciprocal space. Figure 2 illustrates 
my concept to study the soft materials including biological 
samples using the three types of x-ray technique based on the 
NEXAFS spectroscopy.

Figure 2.  Concept of the NEXAFS based submicron chemical 
speciation methods.
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Soft X-ray absorption spectros-
copy (XAS) observes local structures 
of liq uids 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 
XAS.1,2) In this year, we have devel-
oped time-resolved XAS of photo-
chemical reactions by synchronizing 

soft X-ray probe pulses with the laser pump pulses.3)

1.  Time-Resolved XAS of Photochemical 
Reactions in Solutions

The time-resolved XAS system has been developed at the 
soft X-ray beamline BL-13A of the Photon Factory, KEK.3) 
The laser pump pulses (515 nm, 290 fs) were almost coaxially 
introduced to the liquid cell with the soft X-ray probe pulses. 
A trigger clock system and a frequency synchronization mod-

ule were used for the synchronization of the laser pulses with 
soft X-ray pulses.

By using this measurement system, we have measured the 
time-resolved N K-edge XAS spectra of iron phenanthroline 
[Fe(phen)3]2+ aqueous solutions during the photoexcitation 
process with the time resolution of 45 ps. The C=N π* peaks 
of the ligands in the photoexcited (high spin) state of 
[Fe(phen)3]2+ are shifted to the lower photon energy compared 
to those in the ground (low spin) state. The temporal evolution 
of the peak intensity difference as a function of the delay time 
of the soft X-ray pulses with the laser pulses has determined 
that the time constant of the relaxation process from the high 
spin state to the low spin state is 550 ± 12 ps.
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Polymer composites, made by mix-
ing multiple materials, have become 
increasingly important in developing 
polymer materials with higher func-
tionality. Structural analysis is required 
for each constituent material (chemical 
species). However, with conventional 
small-angle X-ray and neutron scatter-
ing methods (SAXS/SANS), it is not 
easy to analyze the structure of each 

constituent material because the overall structural information 
is obtained simultaneously.

1.  Resonant Soft X-Ray Scattering for 
Polymer Materials

Recently, we have developed resonant soft X-ray scatter-
ing (RSoXS) method. RSoXS has element, molecule and 

molecular orientation selectivity, making it possible to observe 
specific mesoscopic structures that cannot be observed with 
conventional SAXS. In particular, soft X-rays have the advan-
tage of being able to selectively observe light elements such as 
carbon, nitrogen, and oxygen. Last year, we succeeded in 
analyzing the twisted structure of self-assembled liquid-crystal 
helical nanofilaments without electron density modulation.1)

This year, we started researching polymers. In order to 
understand the performance of epoxy resins, it is necessary to 
analyze the crosslinked structure, which is usually composed 
of light elements and cannot be observed by conventional 
SAXS. Therefore, by using our resonant soft X-ray scattering 
method, we focused on the elements peculiar to crosslinked 
molecules and started to analyze the crosslinked structures of 
polymers by utilizing the resonance scattering of these elements.

Reference
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Visiting Professor
MASE, Kazuhiko (from High Energy Accelerator Research Organization)

Development of New Nonevaporable Getter (NEG) with a Low Activation Temperature
Nonevaporable getter (NEG) is a functional material that evacuates residual gases at room temperature 

by forming an active surface when heated in ultra-high vacuum (UHV). Recently we have developed a new 
NEG thin film that was prepared by the following simple procedure, sublimation of high-purity Ti under 
UHV in the range of 10−7 to 10−8 Pa, followed by N2 introduction (partially nitrided high-purity Ti). We 

confirmed that partially nitrided high-purity Ti deposited on inner surfaces of a vacuum vessel pumps H2, H2O, O2, and CO gases 
even after 30 cycles of pumping, baking at 185 °C for 6 hours, cooling down to room temperature, introduction of high-purity N2, 
and exposure to air. We applied surface-partially nitrided high-purity Ti deposition to the inner surface of the vacuum ducts in the 
upstream section of BL-12C in the Photon Factory 2.5 GeV ring and baked them at 250 °C. Pressure in the section reached 2.2 × 
10−8 Pa without ion pumps after isolation from a turbomolecular pump with a gate valve. Partially nitrided high-purity Ti 
deposition is also applicable to UVSOR beamlines.

Visiting Professor
FUKUHARA, Takeshi (from RIKEN)

Quantum Gas Microscopy of a Frustrated XY Model in Triangular Optical Lattices
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. We have prepared Bose-Einstein condensates (BECs) in triangular optical lattices for 
the study of frustration physics, and implemented quantum gas microscope, which makes it possible to 

observe such quantum gases at the single atom level. By regarding the phase of BECs as a spin and by implementing 
antiferromagnetic spin–spin couplings via a lattice shaking technique, we have realized frustrated XY spin model. The frustration 
leads to two-fold ground states corresponding to two chiral modes. We have investigated the relaxation dynamics from the 
ferromagnetic phase to the spiral phases with the chiral modes by dynamically changing the spin–spin coupling. The domain 
formation of the chiral modes has been observed though high-spatial-resolution time-of-flight measurements.

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 cm2V−1s−1 and have potential applications as flexible and efficient 
electronic devices. However, current organic semiconductor electronics are mostly built on heterojunctions 
composed of polycrystalline or amorphous molecular solids, in contrast to the inorganic semiconductor 

cases where epitaxial growth of single-crystalline is one of the most essential technologies for modern electronic applications. 
Our group has been working on single-crystalline heterojunctions of organic molecular semiconductors by “molecular beam 
epitaxy” techniques. Recently, we have published that on the single-crystal surface on phthalocyanine-copper (CuPc), which is 
one of the most well-studied organic semiconductors, perfluorinated CuPc exhibits epitaxial growth. As this is an analogical 
finding to our previous collaborative achievement with IMS for epitaxial perfluorinated pentacene on the single-crystal 
pentacene, further studies on its electronic properties will be of our next targets.
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Materials Molecular Science
Extensive developments of new functional molecules and their assemblies are being conducted in 
three divisions of Electronic Structures, Electronic Properties, and Molecular Functions, and one 
division for visiting professors and associate professors, in an attempt to discover new phenomena 
and useful functions. The physical (electric, optical, thermal and magnetic) properties on new 
functional materials, the chemical properties like enzymes, catalysis and photochemistry, the 
exploitation of new spectroscopic methods for materials molecular science, and technological 
applications like 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

Department of Materials Molecular Science
Division of Electronic Structure

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 di chroism (UVMCD) photoelectron emission 
microscopy (PEEM), which allows us to perform real-time 
and ultrafast magnetic imaging to investi gate 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 cryo stat, 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 

polymer electrolyte fuel cells (PEFC) under working condi-
tions. Although photoelectron spectroscopic measure ment is 
usually done under high vacuum, recent material science often 
requires ambient pressure measurements 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, more general 
chemical reactions on heterogeneous catalyst surfaces such as 
CO2 hydrogenation using the AP-HAXPES system have been 
investigating on typical conditions of ~5×104 Pa and ~600 K.

The third subject is the x-ray absorption fine structure 
(XAFS) investigation. This includes femto- and picosecond 
time resolved XAFS measurements using SACLA, for the 
investigations of the geometric structure of the photoexcited 
state of photocatalytic systems and the spin dynamics of 
magnetic materials. Moreover, conventional temperature depen-
dent EXAFS spectroscopy has been conducted for a very long 
time to elucidate thermal and dynamic prop erties of functional 
materials as negative thermal expansion alloys.
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1.  Metallic Bonds and Thermal Vibration in 
Brass1)

Nature of the metallic bond and thermal vibration in brass 
alloy is investigated from the local structural and thermody-
namical points of view by the temperature-dependent Cu and Zn 
K-edge EXAFS spectroscopy and the path-integral effec tive 
classical potential (PIECP) theoretical simulation. It is unexpect-
edly found that the thermal vibrational amplitude around Zn is a 
little but meaningfully smaller than that around Cu, although it 
is usually believed that Zn is a much softer metal than Cu in 
terms of various thermodynamical physical quantities of ele-
mental metals. Moreover, it is found that the nearest neighbor 
distance around Zn is almost equivalent to that around Cu (only 
~0.01 Å difference), although the metal lic radius of Zn com-
monly used is considerably larger than that of Cu (~0.06–0.09 Å 
difference). These peculiar findings can be interpreted as a result 
of confinement of Zn atoms in a smaller space than usual and a 
significantly larger repulsive potential of Zn than Cu.

Figure 1 shows the mean square relative displacements C2 
for the first-nearest neighbor (NN) shells obtained by the 
EXAFS experiment and the PIECP simulation. The EXAFS 
results show slightly smaller temperature dependence around 
Zn than around Cu, this yielding the Debye temperatures of 
ΘD(Cu) = 295 K and ΘD(Zn) = 302 K. The PIECP results 
agree with the EXAFS finding qualitatively [ΘD(Cu) = 329 K 
and ΘD(Zn) = 348 K]. This consequence is surprising since it 
seems to be essentially contradictory to the simple prediction 
based on the potential stiffness (Cu should be stiffer than Zn). 
The reason for a smaller thermal vibration and thus a larger 
force constant in Zn–Zn atom pair is probably ascribed to a 
steeper repulsive potential at a shorter distance side in the Zn–
Zn pair. When the system is really diatomic, the Zn–Zn dis-
tance is hardly contracted due to the steep repulsive potential 
and is easily elongated, resulting in large anharmonic vibra-
tional amplitude in the diatomic Zn2 molecule. On the con-
trary, in a closed packed solid like fcc, the Zn–Zn distance is 
hardly elongated due to the existence of other atoms at the 
opposite side, leading to confinement of the Zn atom. This 
indicates that the Zn atoms in brass are likely to be confined in 
a space that is a little too small for Zn and are hardly movable.

Figure 1.  Mean square relative displacements C2 for the first-nearest 
neighbor pairs obtained by the EXAFS analysis (with error bars; Cu: 
Red; Zn: Green) and the PIECP simulations (average Cu: Magenta; 
average Zn: Light blue; solid line: Quantum; dashed line: Classical), 
respectively. The corresponding Debye temperatures are also given in 
the figure.

2.  Metastable Structure of Photoexcited 
WO3 Determined by the Pump–Probe 
EXAFS Spectroscopy2)

Photocatalysts have drawn much attention with respect to 
harvesting sunlight to split water into H2 and O2. Usually, the 
process is understood using the energy band model. In the 
energy band model, the positions of Fermi level, minimum of 
the conduction band, and maximum of the valence band are 
important with respect to the reduction and oxidation poten tials 
for H2/H2O and O2/H2O. The local structure and elec tronic state 
of the photoexcited state need to be elucidated to understand the 
photocatalysis of water splitting and to improve the perfor-
mance of water-splitting photocatalysts. In this work, we report 
the PP-EXAFS results for the structure of the metastable (MS) 
WO3 state to clarify the local structure change and to attempt to 
explain the long formation time for the MS WO3.

The WO3 aqueous solution jet was supplied to the cross 
point of the laser used for photoexcitation (mode-lock Ti- 
sapphire laser with a 1 ps pulse width, 945 Hz repetition rate, 
and 400 nm wavelength) and the X-ray beam emitted from the 
Photon Factory Advanced Ring (single bunch operation with 
pulse width of 100 ps, and pulse interval of 1.26 µs). The 
fluorescence X-rays were monitored using a scintillation counter 
with a Cu filter to attenuate the elastic X rays. The local struc-
ture of WO3 photocatalyst in the photoexcited MS state created 
150 ps after laser irradiation as well as the ground state (GS) one 
has been determined by pump–probe EXAFS and constrained 
thorough search EXAFS analysis. As shown in Figure 2, a 
highly distorted octahedral local structure was found, especially 
one of the shortest W–O was further short ened. We have dis-
cussed some contradiction with theoretical calculation and 
propose a possible structure for the metastable state.

Figure 2.  The local structure change in the ground state (GS) WO3 and 
the metastable (MS) WO3. Large red and small blue circles represent O and 
W atoms, respectively. Yellow broken circles indicate the position of W in 
GS. Thick blue arrows show the movement of W atoms in the MS WO3. W 
atoms along the c-axis move in the direction corresponding to W=O 
contraction. Orange filled and empty arrows in the orbitals corre spond to 
electrons with spin and holes, respectively. Grey filled circles indicate 
holes. The unpaired electron spins are all parallel in the polaron cluster.
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Interfacial water is ubiquitous in nature and plays crucial 
roles in a variety of disciplines, including physics, chemistry 
and biology. In such a symmetry-breaking system, not only 
adsorption geometry but also anisotropic molecular orientation 
(H-up/H-down configuration) is a key structural parameter that 
determines unique physicochemical properties of interfacial 
water systems. Nevertheless, orientation of water molecules, 
i.e. configuration of hydrogens, in the interfacial hydrogen-
bond network is extremely hard to investigate with traditional 
experimental techniques such as electron diffraction, grazing 
X-ray scattering and even scanning prove microscopy, because 
hydrogen has only a single electron and responds extremely 
weakly to the probes of these techniques. Therefore, the 
determination of molecular orientation of interfacial water has 
been an experimental challenge.

We have used heterodyne-detected sum-frequency genera-
tion spectroscopy for unveiling molecu lar orientation of inter-
facial water system. The remarkable feature of this technique 
is that Imχ(2) SFG spectra (χ(2): The second-order nonlinear 

susceptibility) obtained by the hetero dyne detection exhibit 
positive or negative sign for net orienta tion of OH with hydro-
gen pointing away (H-up) or toward substrate (H-down), 
respec tively. Thus, the heterodyne-detected Imχ(2) SFG has a 
great advantage to direct observation of water orientation that 
cannot be investigated through other traditional experimental 
methods. With this sophisticated molecular spec troscopy 
technique, we have conducted a series of pioneering research 
on unique structures and physico chemical 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.
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1.  Broadband Tip-Enhanced Nonlinear 
Optical Response in a Plasmonic 
Nanocavity1)

Squeezing light beyond the diffraction limit and control-
ling the optical processes caused by the nano-confined light 
are central issues of nanophotonics. In particular, localized and 
enhanced light at the plasmonic nanogaps in scanning probe 
microscopes provides us unique platform for obtaining site-
specific optical information at the molecular/atomic scale. 
Very recently, not only linear but also nonlinear optics have 
been applied to such tip-enhanced nanoscopy to gain higher 
sensitivity and spatial resolution. In this context, under-
standing the intrinsic nonlinear optical properties of plasmonic 
nanocavities is of growing importance to control the nanosized 
nonlinear optics more precisely. Recently, we have directly 
tackled this issue by focusing on second harmonics of wide 
range of infrared light enhanced in the tip-substrate plasmonic 
nanogaps. Combining a wavelength-tunable femtosecond 
pulse laser system with a scanning tunnelling microscope, we 
for the first time report unexpectedly broad tip-enhanced 
nonlinear optical response in a plasmonic nanocavity.

We demonstrated that the strong tip-enhancement of sec-
ond harmonic generation (SHG) is maintained over the visible 
to infrared wavelength range. The prominent geometrical 
effects of plasmonic tips dominating this broadband enhance-
ment ability were also verified; while the micrometer-scale tip 
shafts extend the spectral range of the field enhancement to the 
near- and mid-infrared region, the nanometer-scale tip apexes 
mainly contribute to boosting the visible/near-infrared light. 
This indicates that the nanometer-scale tip apexes and micro-
meter-scale tip shafts jointly enable the simultaneous enhance-
ment of both infrared excitation and visible/infrared radiation 
processes, realizing the strongly enhanced SHG over the 
visible to infrared broadband region. Indeed, we have also 
succeeded in demonstrating both experimentally and theoreti-
cally that the broadband tip-enhanced SHG properties can be 
significantly altered in response to the micro- and macro-scale 
tip structures.

Figure 2.  Tip-enhanced second harmonic generation.

2.  Critical Impacts of Interfacial Water on 
the Photocatalytic C–H Conversion of 
Methane2,3)

On-site and on-demand photocatalytic methane conversion 
under ambient conditions is one of the urgent global chal-
lenges for the sustainable use of ubiquitous methane resources. 
However, the lack of microscopic knowledge on its reaction 

mechanism prevents the development of engineering strategies 
for methane photocatalysis. Combining real-time mass spec-
trometry and operando infrared absorption spectroscopy with 
ab initio molecular dynamics simulations, here we report key 
molecular-level insights into photocatalytic green utilization of 
methane. Activation of the robust C–H bond of methane is 
hardly induced by the direct interaction with photogenerated 
holes trapped at the surface of photocatalyst; instead, the C–H 
activation is significantly promoted by the photoactivated 
interfacial water species. The interfacial water hydrates and 
properly stabilizes hydrocarbon radical inter mediates, thereby 
suppressing their overstabilization. Owing to these water-
assisted effects, the photocatalytic conversion rates of methane 
under wet conditions are dramatically improved by typically 
more than 30 times at ambient tem peratures (~300 K) and 
pressures (~1 atm) in comparison to those under dry condi-
tions. This study sheds new light on the role of interfacial 
water and provides a firm basis for design strategies for non-
thermal heterogeneous catalysis of methane under ambient 
conditions.

3.  Beyond Reduction Cocatalysts: Critical 
Role of Metal Cocatalysts in Photocatalytic 
Oxidation of Methane with Water4)

Environmentally sustainable and selective conversion of 
methane to valuable chemicals under ambient conditions is 
pivotal for the development of next-generation photocatalytic 
technology. However, due to the lack of microscopic knowl-
edge about the non-thermal methane conversion, controlling 
and modulating photocatalytic oxidation processes driven by 
photogenerated holes remain a challenge. Here, we report 
novel function of metal cocatalysts to accept photogenerated 
holes and dominate the oxidation selectivity of methane, 
which is clearly beyond the conventional concept in photo-
catalysis that the metal cocatalysts loaded on the surfaces of 
semiconductor photocatalysts mostly capture photogenerated 
electrons and dominate reduction reactions exclusively. The 
novel photocatalytic role of metal cocatalysts was verified by 
operando molecular spectroscopy combined with real-time 
mass spectrometry for metal-loaded Ga2O3 model photo-
catalysts under methane gas and water vapor at ambient 
temperature and pressure. Our concept of metal cocatalysts 
that modulate photocatalytic oxidation as well as reduction 
opens a new avenue for controlling photocatalytic redox 
reactions by metal-cocatalyst engineering.
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Organic solar cells have been intensively studied due to 
many advantages like flexible, printable, light, low-cost, 
fashionable, etc. Followings are our recent results. (1) Photon 
up-conversion (UC) from near infrared (NIR) to visible yellow 
(Figure 1) by utilizing charge transfer (CT) states at donor/
acceptor (D/A) interface of organic solar cells. (2) A novel 
concept of the structure of organic solar cell, namely, a lateral 
junction in which the photogenerated holes and electrons are 
laterally transported and extracted to the respective electrodes. 
Even 1.8 cm-length lateral cells (Figure 2) showed clear 
photovoltaic behavior. (3) The reduction of open-circuit volt-
age (Voc) loss due to non-radiative recombination in organic 
solar cells by using high-mobility organic semiconductors. 
The Voc reaching to thermodynamic (Shockley-Queisser) limit 
was observed. (4) The ppm-level doping effects in organic 
semiconductor films and organic single crystals for organic 
solar cells. So far, we have reported complete pn-control, 
doping sensitization, and the ppm-level doping effects using 
an ultra-slow deposition technique reaching 10−9 nm s−1 
(Figure 3) in organic rubrene single crystals measured by the 
Hall effect, which shows a doping efficiency of 82% compa-
rable to the B in Si. These results can be regarded as a founda-
tion for the construction of highly efficient organic solar cells.

Figure 3.  Ultra-slow co-deposi-
tion technique to produce the doped 
rubrene single crystal for Hall effect 
measurements.

Figure 1.  Up-converted (UC) 
yellow emission by star-shaped 
near infrared irradiation.

Figure 2.  Picture of a 1.8 cm- 
length lateral cell.
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1.  Blue Organic Light-Emitting Diode with 
a Turn-On Voltage at 1.47 V1)

Blue light is vital for light-emitting devices, lighting 
applications, as well as smartphone screens and large screen 
displays. However, it is challenging to develop efficient blue 
organic light-emitting diodes (OLEDs) owing to the high 
applied voltage required for their function. Conventional blue 
OLEDs typically require around 4 V for a luminance of 100 
cd/m2; this is higher than the industrial target of 3.7 V—the 
voltage of lithium-ion batteries commonly used in smart-
phones. Therefore, there is an urgent need to develop novel 
blue OLEDs that can operate at lower voltages.

We reported a novel OLED device with a remarkable 
ultralow turn-on voltage of 1.47 V for blue emission and a 
peak wavelength at 462 nm (2.68 eV) (Figure 4).1) This OLED 
operates via a mechanism called upconversion (UC). Herein, 
holes and electrons are injected into donor (emitter) and 
acceptor (electron transport) layers, respectively. They recom-
bine at the donor/acceptor (D/A) interface to form a charge 
transfer (CT) state. Subsequently, the energy of the CT state is 
selectively transferred to the low-energy first triplet excited 
states of the emitter, which results in blue light emission 
through the formation of a high-energy first singlet excited 
state by triplet–triplet annihilation (TTA). As the energy of the 
CT state is much lower than the emitter’s bandgap energy, the 
UC mechanism with TTA significantly decreases the applied 
voltage required for exciting the emitter. As a result, this 
UC-OLED reaches a luminance of 100 cd/m2, equivalent to 
that of a commercial display, at just 1.97 V.

Figure 4.  Lighting up a blue organic LED with a single 1.5 V battery.

2.  Exciton-Free Carrier Generation in 
Doped Rubrene Single Crystals2)

We combined the rubrene organic single crystal growth 
technique with our original ultra-slow deposition technique of 
10−9 nm s−1 and have succeeded in producing the 1 ppm 
doped organic single crystal and in detecting the Hall effect 
signal (Figure 3).

Doping efficiencies of 82 and 60% for hole creation were 
observed for the rubrene single crystal by doping with the 
organic acceptors F4-TCNQ and HAT-CN, respectively. Corre-
sponding activation energies (ΔEA) are 9 and 26 meV (Figure 
5), which are smaller than the thermal energy of room tem-
perature, So, the organic acceptor doping can be regarded as 
exciton-free carrier generation. The organic dopants also 
observed a slight decrease in Hall mobility. An interstitial 
doping model is proposed to avoid hole scattering and distur-
bance of hole delocalization. On the other hand, less efficient 
doping efficiencies of 37 and 8% by doping inorganic accep-
tors of Mo3O9 and Fe2Cl6 were observed. Corresponding ΔEA 
are 51 and 144 meV (Figure 5). This can be regarded as carrier 
generation through the Wannier excitons. A significant decrease 
in Hall mobility was observed for the inorganic dopants. A 
substitutional doping model that considers both hole scattering 
and the disturbance of hole delocalization is proposed.

Figure 5.  Energetic diagram of acceptor levels for Mo3O9, Fe2Cl6, 
F4-TCNQ, and HAT-CN in rubrene single crystal. That for B in Si is 
also shown for comparison. Numericals in the parentheses are acti-
vation energies in meV.
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In order to elucidate functions of molecules, characteri-
zation of the molecule is the first step. There is a variety of 
important molecules, which are insoluble in any solvents and 
functional at amorphous state. Solid-state NMR enables us to 
obtain a variety of information at atomic resolution without 
damage to molecules and significant restrictions. Thus, solid-
state NMR is one of the essential tools for the characteri-
zations of those molecules.

We have been working on methodology and hardware 
developments of solid-state NMR and their application to 
structural biology and materials science. We study characteri-
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.

Figure 1.  Outline of our studies.
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1.   Structural Determination of Amyloid-β 
Protein Oligomer Promoted on Model 
Neuronal Cell Membranes Using State 
NMR1)

Amyloid β (Aβ) protein is disordered in solutions under 
diluted conditions, however it conforms insoluble amyloid 
fibrils, which are found in senile plaque as a hallmark of 
Alzheimer’s disease. Although molecular structures of amy-
loid fibrils have been determined, its molecular process for 
fibrillation in vivo has not been clarified yet. However, accu-
mulated evidences suggest that the fibrillation process may be 
promoted on neuronal cell membrane. Especially, it has been 
reported that Aβ specifically interacts with ganglioside GM1 
which is one of the key lipids in lipid raft. Therefore, GM1 
embedded into lipid bilayers composed of neutral lipid DMPC 
may be considered to be the most simplified model neuronal 
cell membrane. In order to clarify the role of GM1 in the 
fibrillation process, first, we have successfully determined the 
oligomeric structure of Aβ(1-40) induced on DMPC bilayers 
based on solid-state NMR.2) We have been collaborated with 
Prof. Kato group and Prof. Okumura group for those Aβ 
studies.

In the current study, the molecular structure of Aβ(1-40) 
oligomer induced on model neuronal cell membranes consist-
ing of GM1 and DMPC have been determined together with 
their intermolecular packing using solid-state NMR. Based on 
information of intra- and intermolecular distances and torsion 
angles of backborn obtained from solid-state NMR analyses, 
precise molecular structure of Aβ oligomer was determined 
from restrained molecular dynamics simulations. In addition, 
the location of C-terminal segment of Aβ(1-40) on the lipid 
bilayers has been clarified by solid-state NMR experiment in 
addition to biochemical experiments.

The determined Aβ structure conforms disordered N- 
terminus followed by center and C-terminus β-sheets. Aβ 
takes intermolecular configuration of antiparallel β-sheet 
among adjacent molecules, in which different from Aβ fibrils 
prepared in solution and also Aβ oligomer induced on DMPC 
bilayers.2) Those suggest specific roles of GM1 for the forma-
tion of Aβ oligomers. Based on those experimental evidences, 
finally we have proposed the model process that Aβ assem-
blage on GM1-containing membrane catalytically promotes 
amyloid fibrillization as shown in Figure 1. We expect the 
significant contribution of our determined Aβ oligomer struc-
ture to reveal the molecular mechanism of Aβ fibrils on 
neuronal cell membranes, and thus understanding of Alzheimer’s 
disease.

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

We have been working on developments of totally original 
solid-state NMR probes during a couple of years. The probe 
has been built using originally designed parts except for spin-
ning module. Then, we have been working on developments 
of original sample spinning modules for magic angle spinning 
(MAS) solid-state NMR probes which are fully compatible 
with currently using Bruker spectrometer and commercial 
sample tubes. We started the design of a spinning module for 
standard 4.0 mm sample tube for Bruker. After 3 times of 
version up, our original spinning module over the spinning 
performance of commercial one from Bruker. In order to 
improve spinning performance further for our original spin-
ning module, the development of original sample tube may be 
essential due to the lack of strength of commercial sample 
tube.

Currently, final version of the spinning module is under 
development in order to realize installation of the module to a 
narrow bore solid-state NMR probe with outer sleeve diameter 
of 38 mm.

References
1) M. Yagi-Utsumi, S. G. Itoh, H. Okumura, K. Yanagisawa, K. Kato 

and K. Nishimura, ACS Chem. Neurosci. 14, 2648–2657 (2023).
2) M. Yagi-Utsumi, K. Kato and K. Nishimura, PLos One 11, 0146405 

(10 pages) (2016).Figure 2.  Schematic drawing of Aβ assemblage on GM1-containing 
membrane which catalytically promotes amyloid fibrillization.



50

RESEARCH ACTIVITIES

Surfaces and interfaces are fasci-
nating fields for physical, chemical and 
biological phenomena. While these phe-
nomena are well known, the mecha-
nisms underlying them remain poorly 
understood in many cases. Scanning 
probe microscopy (SPM) is a superior 
method for analyzing the mechanism. 
We have established the advanced sys-
tem to clarify these mechanisms at sur-

face and interface in nano/atomic scales (Figure 1).

Recently, our focus has been on analyzing the electrode/
electrolyte interface in electrochemical reactions.1,2) Figure 2 
shows the changes of the surface structure of gold electrode 
during the electrochemical dissolution in aqueous electrolyte. 
This dissolution reaction proceeds through the reactions of 
halogen ions with gold atoms. However, the elemental process 
driving this reaction remain unsolved. Through high resolved 
image and mechanical properties analysis of the surface by 
SPM, we have found the reactions are triggered by the distor-
tion of the surface structure. 

In addition to above analysis, we reported several signifi-
cant achievements in understanding the physical properties 
and reaction mechanisms by SPM. It is reported that when the 
electron transfers within chiral molecules, the conductivities 
exhibit spin-selectivity. By employing molecules capable of 
undergoing chiral transformations through photon and thermal 
excitation, stable switching of the spin selectivity within a 
molecule was demonstrated.3) Also, it was reported that the 
spin-selectivity are not limited to only micro-scale chirality 
but can be applied to macro-scale chirality.4) These reports are 
based on the collaborative works with the research group of 
Prof. Hiroshi Yamamoto at IMS. Further, we reported on 
investigations into the wettability and surface tension of ionic 
liquids with pentyl, ethoxyethyl, and ethylthioethyl groups.5) 
This achievement is a collaborative work with the research 
group of Prof. Hideaki Shirota at Chiba University. These 
studies demonstrated that SPM can unravel the mechanism 
underlying surfaces and interfaces.

References
1) T. Minato and T. Abe, Prog. Surf. Sci. 92, 240–280 (2017).
2) T. Minato, K.-i. Umeda, K. Kobayashi, Y. Araki, H. Konishi, Z. 

Ogumi, T. Abe, H. Onishi and H. Yamada, Jpn. J. Appl. Phys. 
(Review), 60, SE0806 (2021).

3) R. Malatong, T. Sato, J. Kumsampao, T. Minato, M. Suda, V. 
Promarak and H. M. Yamamoto, Small 19, 2302714 (2023).

4) H. Aizawa, T. Sato, S. Maki-Yonekura, K. Yonekura, K. Takaba, T. 
Hamaguchi, T. Minato and H. M. Yamamoto, Nat. Commun. 14, 
4530 (2023).

5) M. Ando, M. Ando, M. Koyakkat, T. Ueda, T. Minato and H. 
Shirota, Langmuir 39, 12090–12098 (2023).

Clarification of Physical Properties and 
Reaction Mechanisms at Surfaces and 
Interfaces by Scanning Probe Microscopy
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Figure 1.  SPM system used in the analysis of physical properties and 
reaction mechanism at the surface and interface.

Figure 2.  SPM images (1 µm × 1 µm) of the dissolution of gold 
surface obtained in aqueous electrolyte after (a) 0 min, (b) 5 min and 
(c) 9 min from starting dissolution.
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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, Itaru (from Hiroshima University)

π-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 π-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 16%. 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, Ikuko (from Wakayama University)

Time-Resolved Cyclotron Resonance of Optically Injected Free Carriers in Semiconductor Crystals
Momentum and spin are degrees of freedom for free carriers other than charge, which have recently 

attracted attention as valleytronics and spintronics. Silicon, a semiconductor commonly used in electronics, 
is also a strong candidate for valleytronics due to the multi-valley structures in its conduction band. 
Maintaining and transporting valley polarization is key to device design. Time-resolved cyclotron 
resonance (TRCR) can measure valley polarization by distinguishing electrons with different effective 

masses under a magnetic field. We performed TRCR measurements of optically injected electrons in a highly pure silicon crystal 
at cryogenic temperatures using a time-resolved electron spin resonator by applying an additional DC-electric field. Analysis of 
the evolution of the TRCR spectra after a laser pulse elucidates how the optically induced valley polarization is dispersed by 
intra-valley and inter-valley electron scattering under an operando DC-electric field. The results provide basic physical 
parameters for designing future devices.
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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 photonic-electronic-magnetic functions and 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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Bioinorganic Chemistry of Metalloproteins 
Responsible for Metal Homeostasis and 
Signal Sensing

Department of Life and Coordination-Complex Molecular Science
Division of Biomolecular Functions

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, utiliza tion, 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 

function relationships of metalloproteins responsible for the 
regulation of biological homeostasis.

I am also working on gas sensor proteins. Gas molecules 
such as O2, 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.
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1.  Complex Formation between [NiFe] 
Hydrogenase Maturation Factors 
Responsible for Fe(CN)2CO Biosynthesis

[NiFe] hydrogenase is a metalloenzyme that catalyzes the 
oxidation of hydrogen and the reduction of protons reversibly. 
As its name implies, the metal cluster of [NiFe] hydrogenase 
is composed of nickel and iron. In the active center of [NiFe] 
hydrogenase, nickel is ligated by the three cysteine side chains 
of the protein, while iron is coordinated with two cyanide ions 
and one carbon monoxide in addition to the cysteine side 
chains. This intricate metal complex is not spontaneously 
formed, but is biosynthesized step-by-step in coordination 
with multiple proteins. The cyanide ions and carbon monoxide 
are also biosynthesized to form Fe(CN)2CO complex, which is 
then incorporated into hydrogenase. We have reported the 
crystallographic analysis of HypX, which is an enzyme respon-
sible for carbon monoxide biosynthesis during [NiFe] hydrog-
enase maturation. Additionally, we have showed that the 
HypC-HypD complex, which acts as a scaffold protein for 
Fe(CN)2CO biosynthesis, forms a complex with HypX. 

Recently, we have determined the crystal structures of A. 
aeolicus HypC, HypD, and HypE, which are involved in 
cyanide ion transport (Figure 1 (A), (B), (C)). The crystal 
structures of these maturation factors show high structural 
similarity to previously reported structures of corresponding 
proteins from Archaea. Based on these structure, we propose 
that the HypCDXE complex will be transiently formed to 
assemble Fe(CN)2CO unit (Figure 1 (D)).

Figure 1.  X-ray crystal structures of (A) HypC, (B) HypD, and (C) 
HypE from Aquifex aeolicus, and (D) proposed model of HypCDEX 
complex.

2.  Structural Analysis of Heme-Based 
Oxygen Sensor Protein HemAT

Recently, it has been reported that gas molecules, includ-
ing oxygen and nitric oxide, have a role as “signal molecules,” 
and they regulate various physiological functions. In these sys-
tems, the regulation of physiological functions is performed 
when some signal transduction proteins that selectively recog-
nize gas molecules sense external signals. Therefore, signal 
sensing and signal transduction proteins are essential for regu-
lating physiological functions in response to gas molecules.

O2 acts as a signal molecule in the bacterial chemotaxis 
regulating system, in which the heme-containing signal trans-

ducer protein HemAT (Heme Aerotaxis Transducer protein) 
works as an oxygen sensor protein. HemAT is mainly com-
posed of two domains, sensor and siganaling domain. Sensor 
domain and signaling domain of HemAT is homologous to 
globin structures and the chemotaxis receptor Methyl-accept-
ing Chemotaxis Protein (MCP), respectively.

HemAT forms a complex with the histidine kinase CheA 
and the conjugation protein CheW. Signal transduction pro-
ceeds in the HemAT/CheA/CheW complex upon O2 sensing 
by HemAT, which results in the activation of CheA kinase 
activity. However, the molecular mechanisms of O2-dependent 
signal transduction in the HemAT/CheA/CheW complex remain 
to be elucidated because of a lack of the structural information 
of HemAT and the HemAT/CheA/CheW complex. To under-
stand the sensing mechanism and signaling mechanism of the 
HemAT and HemAT/CheA/CheW complex, we tried to solve 
the structures of HemAT and HemAT/CheA/CheW complex 
by X-ray crystallography and cryo-electron microscopy (Cryo- 
EM), respectively. In this year, we have determined the crystal 
structure of the sensor domain of HemAT from Bacillus 
smithii (Figure 2).

Figure 2.  X-ray crystal structure of the sensor domain of HemAT 
from Bacillus smithii.

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

Iron is an essential trace element for all organisms. While 
it is essential, excess intracellular iron can generate reactive 
oxygen species, leading to oxidative stress and cellular dam-
age. Therefore, iron homeostasis is essential for cells. In 
Xanthomonas campestris, the two-component 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. However, detailed 
mechanism for regulating iron homeostasis by VgrS/VgrR has 
not yet been elucidated. In this work, we examined the struc-
ture-function relationships of VgrS.

To determine the stoichiometry of metal ion binding to 
VgrS sensor domain, ICP analyses was carried out, which 
revealed that VgrS sensor domain bound 2.5 equivalents 
Fe(III) or 1 equivalents Mn(II) or Co(II), respectively. The 
ExxE motif in VgrS seems to be a metal binding site at which 
Fe(III) binds. To determine the structure of VgrS, we prepared 
three constructs of the sensor domain of VgrS composed of 
Met1-Thr100, Met1-Met87, and Met27-Met87, respectively. 
The single crystal was obtained for the truncated sensor 
domain composed of Met27-Met87 while two other samples 
were not crystalized. X-ray crystallographic analysis of this 
construct is now in progress.
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Dynamical Ordering of Biomolecular 
Systems for Creation of Integrated Functions

Department of Life and Coordination-Complex Molecular Science
Division of Biomolecular Functions

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 

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.

Figure 1.  Formation of supramolecular machinery through dynamic 
assembly and disassembly of biomolecules.
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1.  Exploring Dynamic Biomolecular 
Organization: Insights from Amyloid β 
Assembly and Protein Folding Analyses

Utilizing our structural analysis techniques, we enhanced 
and developed our collaborative research network both within 
and outside IMS to investigate the mechanisms governing the 
dynamic organization of biomolecules. Specifically, our focus 
was on exploring the dimerization process during the early 
stages of amyloid β (Aβ) protein oligomerization, a process 
implicated in the onset of Alzheimer’s disease. Through molec-
ular dynamics (MD) simulations and in vitro assays, we uncov-
ered that intramolecular electrostatic interactions between the 
Arg5 side chain and the carboxyl terminal play a pivotal role in 
the dimerization of Aβ42 (in partnership with the Okumura 
group).1) The Aβ protein is recognized for its interaction with 
GM1 ganglioside, a glycolipid abundant in neuronal cell mem-
branes, and its role in promoting the forma tion of amyloid 
fibrils. Our investigation encompassed a comprehensive three-
dimensional structural analysis of the GM1-Aβ complex using 
solid-state NMR and MD simula tions, revealing a distinctive 
assembly characterized by a double-layered antiparallel β 
structure.2) Furthermore, our findings indicate that this specific 
Aβ assembly does not undergo a transition into amyloid fibrils 
directly. Instead, it facilitates the conversion of Aβ monomers 
into amyloid fibrils by presenting a hydrophobic surface com-
posed of β sheets on the GM1 glycan (in collaboration with the 
Nishimura and Okumura groups).

We also pursued an analysis of protein folding processes 
using NMR techniques. Using hydrogen/deuterium exchange 
NMR spectroscopy, we captured residual structural informa-
tion in proteins denatured by 6 M guanidinium chloride (in 
collaboration with Dr. Kunihiro Kuwajima of the University of 
Tokyo),3) and by capturing proteins within the cavity of 
spherical self-assembling complexes, we were able to observe 
hysteresis behavior in the folding and refolding processes of 
proteins (in collaboration with Dr. Makoto Fujita of the 
University of Tokyo and IMS).4)

Figure 2.  Schematic drawing of Aβ assemblage on GM1-containing 
membrane which catalytically promotes amyloid fibrillization. The 
distance between β1- and β2-layers of the assemblage is almost the 
same as the GM1 glycan dimension. The β1-layer provides a catalytic 
hydrophobic surface evoking fibril formation in GM1-sugar clusters.

2.  Exploration, Design, and Control of 
Higher-Order Functions Arising from 
Multidomain Proteins

Multidomain proteins can manifest intricate functions 
through cooperative interactions and allosteric regulation, 
achieved by spatial rearrangements of their constituent domains. 
Our study delved into the potential of utilizing multidomain 
proteins as a foundation for Förster resonance energy transfer 
(FRET) biosensors, with a specific focus on protein disulfide 
isomerase (PDI) and Lys48-linked ubiquitin (Ub) chains as 
model cases.

The substrate-recognition domains of PDI undergoes redox-
dependent conformational changes. Both experimental and 
computational approaches were employed to characterize FRET 
efficiency across various redox states of these domains fused 
with fluorescent proteins as the FRET acceptor and donor. In 
vitro and in vivo assessments revealed heightened FRET effi-
ciency of this biosensor in the oxidized form of PDI, under-
scoring domain reorganization and its responsiveness to intra-
cellular redox environments.5)

On a different note, the conformational flexibility of Lys48-
linked diUb presented a distinctive framework for engineering 
Ub-based biosensors, enabling the detection of environmental 
conditions like temperature and pH, as well as the recognition of 
binding molecules. The present findings emphasized the sensi-
tivity of the open-closed conformational equilibrium of diUb to 
modifications at position 48 of the distal Ub unit, offering a 
means to manipulate its conformational distribution.6)

Furthermore, our investigation into the impact of serum 
proteins on the functionality of therapeutic antibodies revealed 
that the human serum albumin (HSA) and the Fab region of 
serum immunoglobulin G (IgG) non-competitively inhibit anti-
body-dependent cellular cytotoxicity mediated by the interaction 
of Fcγ receptor III (FcγRIII) with rituximab, an anti-CD20 
mouse/human-chimeric IgG1.7) Stable-isotope- assisted NMR 
data demonstrated the interaction of HSA with the Fab and Fc 
regions of rituximab, as well as the extracellular domain of 
FcγRIII. These findings suggest the significance of considering 
interactions with serum proteins in the design and application of 
therapeutic antibodies.
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Activity of life is supported by various molecular machines 
made of proteins. Protein molecular machines are tiny, but 
show very high performance, and are superior to man-made 
machines in many aspects. One of the representatives of pro-
tein molecular machines is linear and rotary molecular motors 
(Figure 1). Molecular motors generate the 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. 
With the help of site-saturation mutagenesis and robot-based 
automation, we also engineer non-natural molecular motors to 
understand their design principles.

Figure 1.  Protein molecular machines. (Left) A linear molecular 
motor chitinase A. (Center and Right) Rotary molecular motors 
F1-ATPase and V1-ATPase, respectively.
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1.  Six States of Enterococcus hirae 
V-Type ATPase Reveals Non-Uniform Rotor 
Rotation during Turnover1)

The vacuolar-type ATPase from Enterococcus hirae (EhV-
ATPase) is a thus-far unique adaptation of V-ATPases, as it 
performs Na+ transport and demonstrates an off-axis rotor 
assembly (Figure 2). Recent single molecule studies of the iso-
lated V1 domain have indicated that there are subpauses within 
the three major states of the pseudo three-fold symmetric 
rotary enzyme. However, there was no structural evidence for 
these. Herein we activate the EhV-ATPase complex with ATP 
and identified multiple structures consisting of a total of six 
states of this complex by using cryo-electron microscopy. The 
orientations of the rotor complex during turnover, especially in 
the intermediates, are not as perfectly uniform as expected 
(Figure 3 and 4). The densities in the nucleotide binding 
pockets in the V1 domain indicate the different catalytic 
conditions for the six conformations. The off-axis rotor and 
its’ interactions with the stator a-subunit during rotation 
suggests that this non-uniform rotor rotation is performed 
through the entire complex.

Figure 2.  Schematic drawing of the EhV-ATPase. A-, B-, D-, E-, F-, 
G- and d-subunits form the V1 domain, while a- and c-subunits form 
the Vo domain. The a-subunit and c-ring are embedded in lipid 
membrane. The rotation of the D/F/d rotor shaft and c-ring proceeds 
clockwise when viewed from V1 to Vo domains, as indicated. Turn-
over is driven by the entry of ATP into a binding pocket at the 
interface of each A/B dimer, the hydrolysis reaction drives confor-
mational changes which cause the rotation of the rotor. Inset shows the 
off-axis rotor.

Figure 3 (top right).  The six state structures of EhV-ATPase isolated. 
The F-subunit position is highlighted in red for easier identification of 
orientation of the rotor. Starting in State 1 at “12 o’clock” on the circle 
and proceeding clockwise when turnover is viewed from the V1 to Vo 
domains. The six state structures are defined as State 1, State 1’, State 
2, State 2’, State 3, and State 3’ with comparisons to the other 
V-ATPases. Total rotation of the rotor at F subunit is labelled in red for 

the major states and blue for the intermediate states internally of the 
circle. The gaps from the orientations based on the single-molecule 
imaging studies (120° major pauses, and 40/80° subpauses in the 
major pauses) are in brackets. Relative percentages of the total final 
particles used and their resolutions (brackets) for each reconstruction 
are indicated externally of the circle. The cryo-EM maps of EhV-
ATPase are aligned according to the orientation of the F-subunit.

Figure 4.  V1 domain cross-section view of the six states. The figure is 
laid out as shown in Figure 3 viewed from the V1 to Vo domains. The 
rotor D subunit is boxed in red, demonstrating the positions of a pair 
of the longest helices. The catalytic conformations of the A/B subunit 
in V1 domain are indicated with “Open,” “Closed,” and “Semi-
closed.” The positions of peripheral stalk are labelled.
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Development of Novel Catalytic Organic 
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Our research interests lie in the development of catalytic 
reaction systems toward ideal (highly efficient, selective, green, 
safe, simple, etc.) organic transformations. In particular, devel-
opment of a wide variety of the heterogeneous aqua catalytic 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.

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.  Umpoled Carbonyl Chemistry

Carbonyl chemistry is dominated by nucleophilic addi-
tions in which a carbonyl compound (an aldehyde or ketone) 
serves as an electrophilic carbinol cation synthon to form a 
secondary or tertiary alcohol product [Figure 2(a)]. In contrast 
to the well-investigated conventional chemistry of carbonyl 
compounds, their umpoled nucleophilic reactivity has been 
less-well explored [Figure 2(b)]. Symmetrization of the car-
bonyl reactivity, which would permit carbonyl compounds to 
react as nucleophilic carbinol anions (i.e., carbinol cation/
anion umpolung), could open a new avenue in synthetic 
organic chemistry.

Figure 2.   Carbonyl Reactivity: Conventional vs. Umpoled.

In previous report, we have developed a novel photo-
catalytic carboxylation of aromatic aldehydes and ketones to 
give mandelic acid derivatives [Figure 3(a)]. In this reaction, 
nucleophilic carbinol anion species were generated under 
visible light that subsequently reacted with carbon dioxide. 
Here, in 2023, we developed photocatalytic cross-pinacol 
coupling between two different carbonyl compounds to afford 
the unsymmetric 1,2-diols, where the resulting carbinol anions 
reacted with second carbonyl compounds [Figure 3(b)]. We 
also achieved the photocatalytic 1,4-addition of carbonyl 
compounds with electron-deficient olefins to give the corre-
sponding γ-substituted alcohols [Figure 3(c)].

Figure 3.   Photocatalytic Eelectrophilic Substitution of Carbonyls: (a) 
carboxylation, (b) cross-pinacol coupling, (c) 1,4-addition.

1-1.  Cross-Pinacol Coupling1)

We have developed the first photocatalytic cross-pinacol 
coupling between two different carbonyl compounds, pro moted 
by a CO2 additive. The cross-pinacol coupling took place with a 
various combination of two aldehydes, two ketones, or an alde-
hyde and a ketone in the presence of an iridium photo catalyst 
and 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole 
(DMBI) as a reductant under visible-light irradiation to afford 
the corresponding unsymmetric vicinal 1,2-diols in up to 91% 
yield [Figure 3(b)]. In the coupling reaction, an umpoled carbi-
nol anions are generated in situ through successive one-electron 
reduction and the resulting anions attack the more-electron-rich 
carbonyl compounds serving as electrophiles. CV and DFT 
calculations revealed that the CO2 additive plays a key role in 
the second reduction to suppress undesired dimerization.

1-2.  Conjugate Addition of Carbonyls to Electron-
Deficient Olefins2)

A 1,4-addition reaction of aromatic aldehydes and ketones 
to electron-deficient olefins was achieved under photocatalytic 
conditions [Figure 3(c)]. In the reaction, an umpoled carbinol 
anion generated in situ through two successive one-electron 
reductions of the carbonyl compound reacted nucleophilically 
with the electron-deficient olefin. Various electron-deficient 
aromatic aldehydes and ketones successfully underwent the 
reaction to afford the corresponding γ-functionalized alcohols.

2.  Transition Metal Catalysis Forming 
C–H, C–C, C–N, C–S Bonds3,4)

We have developed transition metal-catalyzed C–H, C–C, 
C–N, C–S bond forming reactions. A phenylboronic ester-
activated aryl iodide-selective Buchwald−Hartwig-type C–N 
bond forming reaction using Ni(acac)2 catalyst was developed. 
This reaction does not proceed in the absence of phenyl-
boronic ester.3) C–S bond formation was achieved in the 
reaction of 2,2’-dithiobis(benzenamine)s with various alde-
hydes in the presence of CuOAc catalyst under air without any 
additives to afford the corresponding benzothiazoles.4) We 
recently developed in-water C–H bond forming catalysis with 
PS-PEG supported palladium nanoparticles using tetrahydroxy-
diboron (B2(OH)4) as a water-compatible reducing agent.

References
1) S. Okumura, T. Takahashi, K. Torii and Y. Uozumi, Chem. –Eur. J. 

29, e202300840 (2023). DOI: 10.1002/chem.202300840
2)  S. Okumura, T. Takahashi, K. Torii and Y. Uozumi, Synlett (2023). 

DOI: 10.1055/a-2122-8631
3) R. H. Dhital, A. Sen, H. Hu, R. Ishii, T. Sato, Y. Yashiroda, H. 

Kimura, C. Boone, M. Yoshida, Y. Futamura, H. Hirano, H. Osada, 
D. Hashizume, Y. Uozumi and Y. M. A. Yamada, ACS Omega 7, 
24184–24189 (2022). DOI: 10.1021/acsomega.2c01092

4) K. Minami, M. Minakawa and Y. Uozumi, Asian J. Org. Chem. 11, 
e202200211 (2022). DOI: 10.1002/ajoc.202200211

* IMS International Internship Program



62

RESEARCH ACTIVITIES

• T. P. Yoon and E. N. Jacobsen, Science 299, 1691–1693 (2003).
• N. Momiyama and H. Yamamoto, “Brønsted Acid Catalysis of 

Achiral Enamine for Regio- and Enantioselective Nitroso Aldol 
Synthesis,” J. Am. Chem. Soc. 127, 1080–1081 (2005).

• N. Momiyama, T. Konno, Y. Furiya, T. Iwamoto and M. Terada, 
“Design of Chiral Bis-Phosphoric Acid Catalyst Derived from 
(R)-3,3’-Di(2-hydroxy-3-arylphenyl)binaphthol: Catalytic Enantio-
selective Diels–Alder Reaction of α,β-Unsaturated Aldehydes with 
Amidodienes,” J. Am. Chem. Soc. 133, 19294–19297 (2011).

• N. Momiyama, H. Tabuse, H. Noda, M. Yamanaka, T. Fujinami, K. 
Yamanishi, A. Izumiseki, K. Funayama, F. Egawa, S. Okada, H. 

Adachi and M. Terada, “Molecular Design of a Chiral Brønsted 
Acid with Two Different Acidic Sites: Regio-, Diastereo-, and 
Enantioselective Hetero-Diels–Alder Reaction of Azopyridine-
carboxylate with Amidodienes Catalyzed by Chiral Carboxylic 
Acid–Monophosphoric Acid,” J. Am. Chem. Soc. 138, 11353–
11359 (2016).

• S. Oishi, T. Fujinami, Y. Masui, T. Suuki, M. Kato, N. Ohtsuka and 
N. Momiyama, “Three-Center-Four-Electron Halogen Bond Enables 
Non-Metallic Complex Catalysis for Mukaiyama-Mannich-Type 
Reaction,” iScience 25, 105220 (2022).

Selected Publications

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.

Figure 1.  Hydrogen bonding network in chiral bis-phosphoric acid 
catalyst derived from (R)-3,3’-di(2-hydroxy-3 -arylphenyl)binaphthol. 
Hydrogen bond acts as activation unit for the substrate in asymmetric 
reaction space and controls atropisomeric behavior in naphthyl–
phenyl axis.
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1.  Design of Hydrogen Bond-Based 
Molecular Catalysts

Allylation of imines with allylic metal reagents has been 
one of the most valuable tools to synthesize enantioenriched 
homoallylic amines. Due to the inherent nature of allylic metal 
reagent, however, regioselectivity has been a long-standing 
subject in this area. To develop the synthetic reaction for 
enantioenriched linear homoallylic amines, we discovered 
chirality transferred formal 1,3-rearrangement of ene-aldimines 
in the presence of Brønsted acid, and developed it as synthetic 
method for variety of enantioenriched linear homo allylic 
amines.1) Furthermore, we studied details of reaction mecha-
nism and succeeded catalytic asymmetric version of this 
rearrangement.2) On the basis of our discovery, catalytic asym-
metric version of this reaction was developed.3) To the best 
our knowledge, our discovery is the first example of catalytic 
asymmetric methylene migration.

Figure 2.  Asymmetric counteranion-directed catalysis via OH···O, 
CH···O, CH···π, π···π interactions.

Perfluorinated aryls have emerged as an exquisite class of 
motifs in the design of molecular catalysts, and their electronic 
and steric alterations lead to notable changes in the chemical 
yields and the stereoselectivities. We developed the per-
fluoaryls-incorporated chiral mono-phosphoric acids as chiral 
Brønsted acid catalysts that can deliver high yields and stereo-
selectivities in the reactions of imines with unactivated alkenes. 
We have described the first example of a diastereo- and 
enantioselective [4+2] cycloaddition reaction of N-benzoyl 
imines, as well as the enantioselective three-component imino– 
ene reaction using aldehydes and FmocNH2.4)

We have developed (R)-3,3’-di(2-hydroxy- 3-arylphenyl)
binaphthol derived chiral bis-phosphoric acid which efficiently 
catalyzed enantioselective Diels–Alder reaction of acroleins 
with amidodienes.5,6) We demonstrated that two phosphoric 
acid groups with individually different acidities can play 
distinct roles in catalyst behavior through hydrogen bonding 
interactions. Therefore, we developed a Brønsted acid with 
two different acidic sites, aryl phosphinic acid-phosphoric 
acid.7) Furthermore, molecular design of a chiral Brønsted 
acid with two different acidic sites, chiral carboxylic acid–
cyclic mono-phosphoric acid, was identified as a new and 
effective concept in asymmetric hetero-Diels–Alder reaction 
of 2-azopyridinoester with amidodienes.8)

2.  Design of Halogen Bond-Based 
Molecular Catalysts

Halogen bonds are attractive non-covalent interactions 
between terminal halogen atoms in compounds of the type 
R—X (X = Cl, Br, I) and Lewis bases LBs. It has been known 

that strong halogen bonds are realized when “R” is highly 
electronegative substituents such as perfluorinated alkyl or 
aryl substituents. On the basis of electrophilic feature for 
halogen atom, we have examined it to develop catalysis with 
halogen bond for carbon–carbon bond forming reactions.9,10,11)

We found that the three-center-four-electron halogen bond 
become a new driving force for catalysis.9) By integrating 
halogen(I) (X+: I+ or Br+), the bis-pyridyl ligand NN, and a non-
nucleophilic counter anion Y, we developed non-metallic com-
plex 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 loading. 
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 sp2 CH as a hydrogen-bonding 
donor site, and ii) the non covalent property allows for the 
dissociation of [N···X···N]+ for the formation of [Cl···X···Cl]−. 
This study introduces the application of 3c4e X-bonds in cataly-
sis via halogen(I) complexes.

Figure 3.  Three-center-four-electron halogen bond enables non-
metallic complex catalysis for Mukaiyama–Mannich-type reaction.
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Selected Publications

The molecules with open-shell electronic states can exhib it 
unique properties, which are difficult to achieve for conven-
tional closed-shell molecules. Our group develops new open-
shell organic molecules (= radicals) and metal complexes to 
create novel photonic-electronic-magnetic functions.

While conventional closed-shell luminescent molecules 
have been extensively studied as promising components for 
organic light-emitting devices, the luminescent properties of 
radicals have been much less studied because of their rarity 
and low chemical (photo-)stability. We have developed highly 
photostable luminescent organic radicals, PyBTM and its 
analogues, and investigated photofunctions attributed to their 
open-shell electronic states. We have discovered that (i) 
PyBTM-doped molecular crystals exhibit photoluminescence 
at RT with φem = 89%, which is exceptionally high in radicals, 
(ii) radical-doped crystals and radical-based coordination 
polymers exhibit drastic changes in the emission spectra by 
applying a magnetic field. These are the first demonstrations 
of magnetoluminescence in radicals, and are attributed to 
interplay between the spin and the luminescence. Our studies 
provide novel and unique concepts in molecular photonics, 

electronics, and spintronics, and also bring innovative ideas in 
the development of light-emitting devices.

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

Figure 1.  (a) Molecular structure of PyBTM and its characteristics. 
(b) Schematic photoexcitation-emission processes. (c) Emission in 
CH2Cl2. (d) Emission of PyBTM-doped molecular crystals. (e) Con-
trolling emission by magnetic field.
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1.  Development of Two-Dimensional 
Kagome-Honeycomb Lattice Coordination 
Polymer Based on Triangular Radical

Two-dimensional (2D) open-shell coordination polymers 
(CPs) with honeycomb, Kagome, and Kagome-honeycomb 
hybrid lattices have attracted growing interest because of the 
exotic electronic structures and physical properties attributed 
to the structural topology. Employing organic radicals as 
building blocks is a promising approach to producing open-
shell CPs, where structural topology and efficient electronic 
and magnetic interaction between the radical ligands and the 
metal ions enable peculiar electrical, magnetic, and photonic 
properties. Recently, we have prepared a highly-crystalline 2D 
honeycomb lattice CP, trisZn, via coordination of a triangular-
shaped organic radical tris(3,5-dichloro-4-pyridyl)methyl 
radical (trisPyM) to Zn ions (Figure 2).1) TrisZn demonstrated 
magnetoluminescence (MagLum) below 20 K.2) This is the 
first example showing MagLum of pure (i.e., non-doped) 
radical compounds.

Employing magnetic ions such as CuII (S = 1/2) and NiII 
(S = 1) instead of the nonmagnetic ZnII is expected to enable 
Kagome-honeycomb hybrid lattices, where the magnetic ions 
and trisPyMs construct Kagome and honeycomb lattices, 
respectively. We prepared CuII and NiII Kagome-honeycomb 
hybrid lattices. Magnetic investigations indicated the emer-
gence of long-range magnetic order and metamagnet-like 
behavior at low temperatures in these materials. Efficient mag-
netic couplings between the magnetic ions and the radicals 
extended onto two dimensions were expected to induce strong 
magnetic anisotropy.

Figure 2.  Crystal structure of trisZn and the chemical structure of the 
components.

2.  Single-Molecule Magnetoluminescence 
from a Luminescent Diradical

Luminescent radicals attract increasing interest as a new 
class of materials that enable unique photofunctions not found 
in conventional closed-shell molecules due to their open-shell 
electronic structure. Particularly promising are photofunctions 
resulting from the correlation between the radical’s spin and 
luminescence, such as MagLum, in which an external mag-
netic field reversibly controls the luminescence. Developing 
such photofunctions and elucidating their mechanisms would 
establish fundamental understandings that could be a basis for 
future spin-photonics and photo-spintronics. However, previ-
ous observations of MagLum in radicals have been limited to 
systems where radicals are randomly doped in host crystals or 
periodically arranged within the crystal lattices of the coordi-
nation polymer through metal complexation. This study shows 
that a diradical with covalently-linked two radical units within 
a single molecular skeleton can exhibit MagLum as a single-
molecular property (Figure 3).3) This enables the detailed elu-
cidation of the requirements for and mechanisms of MagLum 
in assembled radicals and can aid the rational design of 
MagLum-active radicals based on synthetic chemistry.

Figure 3.  Chemical structure and magnetoluminescence at 4.2 K of a 
luminescent diradical.
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Aromatic compounds are potentially useful as functional 
electronic materials. However, the controlled synthesis and 
assembly of three-dimensional complex molecules are still 
very difficult, especially for the crystal engineering of organic 
molecules. This group aims to create novel topological and 
reticular organic structures by using synthetic organic chem-
istry and geometric insights.

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

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

Figure 1.  Design and synthesis of π-conjugated organic molecules 
(top); Development of novel molecular topology (bottom left); Con-
struction of three-dimensional network polymers (bottom right).

Design and Synthesis of Three-Dimensional 
Organic Structures

Department of Life and Coordination-Complex Molecular Science
Division of Functional Coordination Chemistry
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1.  Synthesis of Cyclic ß-Thiophenes

Macrocyclic polyaromatic molecules are interesting mate-
rials that exhibit a wide variety of electronic and optical 
properties derived from their structures, but they are often 
synthetically challenging because of the ring strain associated 
with their macrocyclic structures. In this study, we have 
succeeded in synthesizing 3,4-pentathienylene (5T) and 3,4- 
hexa thienylene (6T), in which all five and six thiophenes are 
linked at the 3,4-positions (β-positions), using Ni-catalyzed 
borylation, Pd-catalyzed cross-coupling and Ni-mediated 
homocoupling reactions (Figure 2).1)

Figure 2.  Synthesis of penta(3,4-thienylene) (5T) and hexa(3,4-
thienylene) (6T).

X-ray crystallographic analysis confirmed the C2 and D2 
symmetries of 5T and 6T, respectively (Figure 3). Inter-
estingly, the 1H NMR spectra of the two molecules were very 
different: 5T had a single singlet, whereas three different 
signals were observed for 6T, and these remained unchanged 
at both low and high temperatures (Figure 3).

Figure 3.  1H NMR spectra of 4T–6T in CD2Cl2, and X-ray structures 
of 5T and 6T with thermal ellipsoids at 50% probability.

The isomerization barriers of 5T and 6T calculated by 
DFT method were 5.0 kcal/mol and 26.5 kcal/mol, respec-
tively, and the difference in isomerization rate was the reason 
for the difference in NMR spectra (Figure 4). The synthesized 
5T and 6T are useful as a platform for the synthesis of novel 
polycyclic π-conjugated compounds utilizing the macrocyclic 
nonplanar structures and the active α-positions.

Figure 4.  Energy diagrams for the enantiomerization of 5T and 6T.

2.  An Electron-Deficient CpE Iridium(III) 
Catalyst for Ether-Directed C–H Amidation

The synthesis, characterization, and catalytic performance 
of an iridium(III) catalyst with an electron-deficient cyclo-
pentadienyl ligand ([CpEIrI2]2) are reported.2) The [CpEIrI2]2 
catalyst was synthesized by the complexation of a precursor of 
the CpE ligand with [Ir(cod)OAc]2 followed by oxidation, 
desilylation, and removal of the COD ligand. The electron-
deficient [CpEIrI2]2 enabled C–H amidation reactions assisted 
by a weakly coordinating ether directing group. Experimental 
mechanistic studies and DFT calculations suggested that the 
high catalytic performance of [CpEIrI2]2 is due to its electron-
deficient nature, which accelerates both C–H activation and 
Ir(V)-nitrenoid formation.

Figure 5.   Optimized reaction conditions and control experiments for 
the Ir-catalyzed ether-directed C–H amidation reaction.
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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 acids having nucleic acid recognition ability 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 successfully established a 
preparation scheme for full-XNA oligonucleotides possessing artificial nucleobases. The artificial oligonucleotides are currently 
being applied in in vitro and in vivo study to test whether they function in the biological system.

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 

academia or industry. In addition to NMR and mass spectrometry, X-ray/electron diffraction is a powerful 
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 and building collaborative relationships with numerous companies and 
institutions 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 Motors?
ATP synthase plays a central role in cellular energetics by synthesizing most of the ATP molecules 

required by cells. ATP synthase consists of two coupled motors, F1 and Fo. F1 has the ATP-synthesizing 
activity and catalyzes ATP synthesis using the mechanical driving force rovided by Fo. We assume that 
nature has optimized Fo and F1 to rotate F1 efficiently. However, we do not know in detail how Fo rotates 

F1. Instead, we should be able to know what is the most efficient way to rotate F1 based on physical theory. We use optimal 
transport theory to find the optimal way to rotate F1 with the least amount of work, and practice the obtained optimal protocol by 
single molecule experiments. We have not found the optimal protocol. However, we have at least found that rotation by trapping 
torque at constant speed requires less work than rotation by constant torque at the same speed.
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The mission of CIMoS is to analyze molecular systems in nature to find the logic behind the sharing 
and control of information between the different spatiotemporal hierarchies, with the ultimate goal of 
creating novel molecular systems on the basis of these findings.
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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 compen sation). Third, the phase of 
the clock is synchronized with that of the outer world in re-
sponse to external stimuli (synchroni zation). 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 

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.



71

Annual Review 2023

1.  Structure: Reasons for Seeking Structure 
and Dynamics of Circadian Clock 
Components in Cyanobacteria1–4)

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 phos phoryla-
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 circa dian 
period length and its temperature compensation. We are study-
ing the structural and dynamical origins in KaiC using high-
resolution x-ray crystallography,1–4) real-time fluorescence 
detection,5) and quasielastic neu tron scattering.6)

2.  Rhythm: Cross-Scale Analysis of 
Cyanobacterial Circadian Clock System6–8)

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 
screening7) for KaiC clock mutants giving short, long, and/or 
temperature-dependent periods.8) 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.6,7)

Figure 1.  Development of a quick ATPase assay system.

3.  beyond Evolutionary Diversity9)

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.9) Furthermore, some KaiA and 
KaiB genes are missing in several strains of cyanobacteria. 
This is understandable to some extent if KaiC possesses the 
specific frequency. Given this assumption, what specific 
frequencies are possessed by KaiC homologues in other 
species and ancestral cyano bacteria? (Figure 2B) If you strain 
your ears, the rhythms of the ancient Earth may be heard from 
beyond evolutionary diversity.

4.  Bio-SAXS Activity in IMS10)

We have supported SAXS users so that they can complete 
experiments smoothly and publish their results.10)
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evolutionary diversity of cyanobacteria (B).
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Elucidation of Function, Structure, and Dynamics 
of Condensed-Phase Molecular Systems by 
Advanced Ultrafast Laser Spectroscopy

Research Center of Integrative Molecular Systems
Division of Trans-Hierarchical Molecular Systems

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 struc tural viewpoints throughout the chemical 
reaction with exqui site temporal resolution. We also develop a 
novel methodol ogy and light source to probe ultrafast dynam ics 
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 
eluci dating sophisticated molecular mechanisms that underlie 
the reactions of functional molecular systems such as proteins, 

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.  Setup for advanced ultrafast spectroscopy based on sub-
10-fs pulses.
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1.  Rapid-Scan Resonant Two-Dimensional 
Impulsive Stimulated Raman Spectroscopy 
of Excited States

Photochemical reactions occur in the electronically excited 
state, which is effectively represented by a multi-dimensional 
potential energy surface (PES) with a vast degree of freedom 
of nuclear coordinates. The elucidation of the intricate shape 
of the PES constitutes an important topic in the field of 
photochemistry and has long been studied both experimentally 
and theoretically. Recently, fully time-domain resonant two-
dimensional Raman spectroscopy has emerged as a potentially 
powerful tool to provide unique information about the cou-
pling between vibrational manifolds in the excited state.1,2) 
However, the wide application of this technique has been 
significantly hampered by the technical difficulties associated 
with experimental implementation and remains challenging. 
We demonstrated fully time-domain resonant two-dimensional 
impulsive stimulated Raman spectroscopy (2D-ISRS) of excited 
states using sub-10-fs pulses based on the rapid scan of the 
time delay, which facilitates the efficient collection of time-
domain signals with high sensitivity. As a proof-of-principle 
experiment, we performed 2D-ISRS of TIPS-pentacene in 
solution. Through 2D Fourier transformation of the high-qual-
ity time–time oscillatory signal, we obtained a 2D frequency–
frequency correlation map of excited-state TIPS-pentacene in 
the broad frequency window of 0–2000 cm−1. The data clearly 
resolve a number of cross peaks that signify the correlations 
among excited-stated vibrational manifolds. The high capabil-
ity of the rapid-scan-based 2D-ISRS spectrometer presented in 
this study enables the systematic investigation of various 

photochemical reaction systems, thereby further promoting the 
understanding and applications of this new multi-dimensional 
spectroscopy.3)

2.  Fourier Transform Excitation-Emission 
Spectroscopy with Phase-Locked Pulse 
Pairs

Polyatomic molecules in condensed phases undergo con-
stant fluctuations in molecular structure and solvent environ-
ment. These fluctuations can lead to variations in the physical 
properties, reactivities, and functionalities. However, conven-
tional ensemble measurements only provide statistically aver-
aged information, making it challenging to observe the proper-
ties of individual molecules and transitions between sub-
ensembles. In order to overcome this limitation, we aim to 
develop new single-molecule spectroscopic techniques capa-
ble of observing the fluctuations of electronic and vibrational 
transitions and reaction dynamics. Recently, we developed 
Fourier transform excitation-emission spectroscopy in a room-
temperature solution. We send a phase-locked pulse pair of 
broadband pulses to a home-built confocal micro scope and 
detect the fluorescence with time-correlated single photon 
counting. Fourier transform of the fluorescence inter ferogram 
obtained by scanning the interpulse delay provides a fluores-
cence excitation spectrum, which shows an identical spectral 
shape to the bulk absorption spectrum. We aim to achieve 
single-molecule sensitivity in this experiment and interrogate 
how the excitation energy of chromophores fluctu ates with 
large amplitude spontaneous fluctuation of photo responsive 
proteins.

Figure 3.  Fluorescence excitation spectrum of ATTO647N aqueous 
solution measured with broadband pulses. The excitation spectrum 
and bulk absorption spectrum are shown at the top.
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Spintronics is a new indegredient 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 by a 
tunneling electron (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 mol ecules is considered. In order to rationalize such a 
large effect, some microscopic hyptheses are proposed based 
on experi mental results, whose proofs are being waited for. 

Our group is trying 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).

Open up Future Electronics by  
Organic Molecules

Research Center of Integrative Molecular Systems
Division of Functional Molecular Systems
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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.1) 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.2) We have tested this idea 
by employing κ-(BEDT-TTF)2Cu(NCS)2 (hereafter, κ-NCS) 
which is an organic superconductor with chiral and polar 
crystal lattice. The space group of this crystal is P21, and its 
handedness is defined by the relative arrangement between the 
anionic Cu(NCS)2 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 κ-NCS has been laminated 
onto a resin substrate with prepatterned gold and nickel 
electrodes. At temperature lower than superconducting Tc, an 
a.c. electrical excitation was applied to induce spin polariza-
tion (Figure 2). The spin polarization accumulated at the 
interface between κ-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 κ-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 µm. 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 spin pairing mode from outward to inward. This 
corresponds to the sign reversal of magnetic monopole in the 
language of multipole expression.3) An interesting point here 
is that the sign of magnetic monopole, which shows time-

reversal-odd (T-odd) characteristics, is connected to the chiral-
ity of underlying crystal lattice so that representing T-odd 
chirality. 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 (electric toroidal monopole) at ground state 
lattice, both the large enhancement of spin polarization and the 
enantio-separation 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. In this sense, this experiment 
provides the first direct observation of spin pair (or magnetic 
monopole) formation from coherent chiral system and pro-
vides proof of concept for microscopic CISS mechanism. 
Although the Hamiltonians describing the chiral super-
conductor and chiral molecules are quite different, there are 
many common features such as singlet ground state, chiral 
lattice and quantum coherence over the entire body. Therefore, 
we believe the present result provides a lot of stimulating 
insights for microscopic understanding of CISS. Since the 
conversion from T-even spin current to T-odd spin accumu-
lation requires time integration with an existence of spin 
reservoir, the spin carriers in chiral molecules and super-
conductors should be identified in future studies. We also 
expect emergence of superconducting spintronics once a 
sourcing of spin-polarized current in superconductor is estab-
lished by chiral superconductors.
(BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene) 

Figure 2.  Device schematic for the detection of spin polarization in a 
chiral superconductor κ-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 κ-NCS/Ni interface. The 
amplitude of the signal is proportional to the accumulated spins at the 
interface.
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Design of Protein Functions Using 
Computational and Experimental 
Approaches

Research Center of Integrative Molecular Systems
Division of Trans-Hierarchical Molecular Systems

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-
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.  Design of Allosteric Sites into a Rotary 
Molecular Motor by Restoring Lost 
Function of Pseudo-Active Sites

We have succeeded in designing artificial allosteric sites 

(where by binding an effector molecule, activity at the distal 
active site is regulated) into a rotary molecular motor, 
Enterococcus hirae V1-ATPase.1) The allosteric sites were 
created by restoring lost functions of pseudo-active sites in a 
pseudo enzyme, of which function is predicted to have been 
lost during the evolution. Single-molecule experiments togeth er 
with X-ray crystallography analyses revealed that the rota-
tional rate of the designed V1-ATPase, which was restored the 
lost ATP binding ability at the pseudo-active sites, is allosteri-
cally accelerated. In principle, our strategy enables us to create 
allosteric sites into various kinds of protein complexes and to 
artificially control the concerted functions.
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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 
func tional 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 

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 nmD × 510 nmL). 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.
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1.  Development of Nanoscopic Observation 
Method of Chiral Optical Fields by Optical 
Force Measurement1)

Nanoscopic observation of chiro-optical phenomena is 
essential in wide scientific areas but the measurement is 
sometimes not straightforward. To obtain a full understanding 
of the physics of chiro-optical systems and derive the full 
potentials, it is essential to perform in situ observation of the 
chiro-optical effect from the individual parts because the 
macroscopic chiro-optical effect cannot be translated directly 
into microscopic effects. One of the methods to overcome 
difficulties in direct access to nanoscopic chiro-optical charac-
teristics is the use of near-field optical microscopy. In the 
present study, we develop an alternative method to access to 
near-field chiro-optical responses with optical force measure-
ments. We achieved that at the nanoscale level by detecting the 
chiro-optical forces, which were generated by illumination of 
the material/probe system with left- and right-circularly polar-
ized light. The induced optical force was dependent on the 
handedness of the incident circularly polarized light.

The measured differential image between left- and right-
circularly polarized light illuminations was well correlated to 
the difference in the electric-field intensity near the nano-
structure simulated with electromagnetic theory. Our results 
facilitate the clarification of chiro-optical phenomena at the 
nanoscale level and could innovate chiro-optical nano-
technologies. The present optical measurement method based 
on chiral photoinduced force microscopy is anticipated to be 
applied to chemical, biological, and pharmaceutical sciences, 
where the chirality of molecules plays an essential role.

Figure 2. Chiro-optical force image of a gammadion-shaped gold 
nanostructure fabricated with electron beam lithography lift-off 
method. The base length of the gammadion is 460 nm.

2.  Development of High-Precision Circular 
Dichroism Microscopy2)

Circular dichroism (CD) is a general and powerful method 
widely used to detect chirality of materials. However, signal is 
in general weak and difficult to detect, and interference from 
linear dichroism signal is sometimes serious for inhomo-
geneous anisotropic samples. For this reason, only very few 
microscopic measurements of CD have been reported until 
now. Some years ago, we developed a novel CD imaging 
method that is in principle free from linear dichroism and 
achieved high-precision CD imaging of micro- to nano-scale 
samples.3) Presently, we improved this method by introducing 
a new mechanism of detection, and achieved higher sensitivity 

and shorter measurement time compared to the previous 
apparatus. The detection sensitivity at the present stage is 
≈0.06 mOD (≈2 mdeg in ellipticity) with a reasonable mea-
surement time. We are now trying to achieve further rapid 
measurement time and extension of the wavelength range.

3.  Circularly Polarized Luminescence from 
Chiral Plasmons

A number of studies to develop materials yielding circu-
larly polarized luminescence have been reported. One of the 
ways to achieve the circularly polarized luminescence is 
synthesizing luminescent molecules with chiral structure. 
However, in most cases, the dissymmetry factor of the circu lar 
polarization (g-value: |g| = 2 for completely circularly polar-
ized lumines cence) was found to be small (typically of the 
order of 10–5 to 10–3), with a few exceptions. In contrast, 
chiral plasmons have potentials to provide highly circularly 
polarized luminescence. We are now pursuing the possibility 
to obtain highly circularly polarized luminescence with chiral 
plasmonic systems.

4.  Chiral Nanostructure Creation with 
Plas monic Chemical Reaction Field

Chiral plasmons can be generated by illuminating metal 
nanostructure with circularly polarized light, even if the 
material is achiral. Chiral nanostructure formation is expected 
by chemical reactions induced by the chiral plasmonic excita-
tions on achiral metal nanostructures. In this case, the hand-
edness of the product is determined by that of the cir cularly 
polarized light. We have found a unique chiral structure 
formation based on this idea, and the detailed study on it is 
now under way.

5.  Fundamental Characteristics of Chiro-
Optical Properties of Pseudo Two-
Dimensional Chiral Nanostructures

Based on the electromagnetic theory, it is expected that 
(ideal) two-dimensional chiral structures with 1- or 2-fold 
rotational symmetry exhibit chiro-optical effects, while those 
with 3-fold or higher rotational symmetry do not. However, 
for the pseudo two-dimensional gammadion-type metal nano-
structures with 4-fold rotational symmetry in reality fabricated 
by electron beam lithography, they exhibit strong chiro-optical 
effects. In the present study, we experimentally confirmed that 
difference in rotational symmetry of the pseudo two-dimen-
sional nanostructure gives totally different chiro-optical char-
acteristics. We also obtain information on the origin of chiro-
optical effects in pseudo two-dimensional 4-fold symmetry 
systems.
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Optical spectroscopy is a potent method to study material 
structures and properties through light‒matter interactions. As 
nanoscience and nanotechnology have advanced, the signifi-
cance of spectroscopy at the nanoscale, and even at the atomic 
scale, has grown immensely. Achieving optical imaging and 
spectroscopy at atomic resolution stands at the forefront of 
nanoscience and nanotechnology, allowing for the direct investi-
gation of atomic-scale structures, properties and dynamics in 
real space and real time. Using near-field optics, electromagnetic 
fields can be confined at the nano- and atomic-scale. In particu-
lar, the localized surface plasmons of metallic nanostructures 
enable exceptionally sensitive optical spectroscopy due to their 
significant field enhancement. To achieve nano- and atomic-
scale optical spectroscopy, we integrate advanced technologies 
such as low-temperature scanning tunneling microscopy (STM), 
laser spectroscopy, and quantum plasmonics. Specifically, the 

use of low-temperature STM allows us to directly observe 
atomic-level structures and to precisely manipulate individual 
atoms and molecules, whereas laser spectroscopy not only 
facilitates precise optical measurements but also traces ultrafast 
dynamics using ultrashort laser pulses. Consequently, the combi-
nation of these techniques offers a promising avenue for optical 
spectroscopy with ultrahigh spatiotemporal resolution.

In this review, I provide a concise summary of our recent 
advancements in nano- and atomic-scale spectroscopy.
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1.  Atomic-Scale Optical Spectroscopy

Recent studies have demonstrated that sub-nanometer 
confinement of near fields arises in the presence of atomic-
scale protrusions on metallic nanostructures, and extremely 
strong light‒matter interactions occur in “picocavity.” How-
ever, the specific impact of atomic-level structures on plas-
monic properties still remains to be elucidated. This requires 
precise experiments using atomically well-defined model 
systems. We investigated inelastic light scattering of a single 
Ag atom adsorbed onto the Ag(111) surface using low-tem-
perature tip-enhanced Raman spectroscopy (TERS), as shown 
in Figure 1. We discovered that the vibration mode localized at 
the adatom can be observed in the TERS spectrum. Further-
more, we trace how the TERS spectrum evolves as a function 
of the gap distance. The exceptional stability provided by the 
low-temperature STM enabled us to clearly examine the 
different electron transport regimes of the picocavity, specifi-
cally in both the tunneling and quantum point contact (QPC) 
regimes. Our measurements highlight a distinct vibration 
mode localized at the adatom. Moreover, its TERS intensity 
undergoes a pronounced shift upon the QPC formation. This 
observation underscores that the atomic-level structure has a 
crucial impact on the plasmonic properties. To gain micro-
scopic insights into the intricate of picocavity optomechanics, 
we meticulously analyzed the structure and plasmonic field 
within the STM junction, employing time-dependent density 
functional theory. These simulations unveiled that atomic-
scale structural relaxations at the single-atom QPC lead to 
discernible variations in the plasmonic field’s strength, vol-
ume, distribution, as well as the vibration mode localized at 
the individual atom.

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

2.  Nanoscale Coherent Phonon Spectroscopy

Coherent phonon spectroscopy offers microscopic insights 
into ultrafast lattice dynamics, especially when considering its 
interaction with other degrees of freedom in nonequilibrium 
conditions. While ultrafast optical spectroscopy is an estab-
lished method for studying coherent phonons, the restrictions 
imposed by the diffraction limit have made direct observations 
of their nanoscale dynamics elusive. We successfully show-
cased nanoscale coherent phonon spectroscopy using an ultra-
fast laser-induced STM within a plasmonic junction (Figure 
2). Coherent phonons are locally excited in ultrathin zinc 
oxide films by the highly confined plasmonic field and are 
probed via the photoinduced tunneling current through an 
electronic resonance of the zinc oxide film. Using concurrently 

performed TERS, we revealed the specific phonon modes 
involved. Unlike the Raman spectra, the phonon dynamics 
detected in coherent phonon spectroscopy display pronounced 
nanoscale spatial variations. These variations correlate with 
the distribution of the electronic local density of states, as 
discerned by scanning tunneling spectroscopy..

Figure 2. Nanoscale coherent phonon spectroscopy. (a) STM image of 
the ZnO ultrathin film expitaxially grown on the Ag(111) surface. (b) 
Schematic of the experiment. (c) Scanning tunneling spectroscopy 
image of the ZnO ultrathin film. (d) Interferometric autocorrelation of 
the tunneling current recorded over the ZnO ultrathin film.

3.  Nanoscale Infrared Imaging of 
Nanomaterials

We have also developed advanced mid-infrared (MIR) 
spectroscopy and imaging techniques based on scattering-type 
scanning near-field optical microscopy (s-SNOM). We have 
successfully set up s-SNOM equipped with a MIR tunable 
broadband laser for investigation of nanomaterials. Figure 3 
presents a direct observation of the insulator‒metal transition 
in individual vanadium dioxide (VO2) nanoparticles. Using 
temperature-dependent mid-IR nanoimaging, we were able to 
discern the phase transition of these individual VO2 nano-
particles. Particles of smaller volumes generally transition to 
metal at elevated temperatures. This is attributed to fewer 
nucleation sites within each particle. Using mid-IR nano-
imaging, we observed that the phase transition displays a 
stochastic behavior: The same particle shows varying transi-
tion temperatures across different heating cycles. Our findings 
suggest that the phase transition in VO2 nanoparticles is prone 
to superheating and supercooling, and these transitions are 
limited by nucleation.

Figure 3.  Nanoscale MIR imaging of VO2 nanoparticles at different 
temperatures.
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The division consists of two sections. In the first one, scientists of the first water are invited as 
"distinguished professors," and the environment, in which they can devote themselves to their own 
research, is provided. The research in this section should be the last word in the field of molecular 
science.

In the second section, we invite researchers in the universities performing unique researches in 
the field of molecular science as cross-appointment faculty members, and provide the research 
environment to enable research activity with advanced facilities in IMS.
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Our research is based on the design of new self-assembled 
molecular systems using coordination chemistry. We not only 
create the new self-assembled molecular systems but also 
research the application of them.

One example is a molecular system called crystalline 
sponge (CS). The CS is a porous crystal of a coordination 
network, into which various kinds of small molecules could be 
introduced. Notably, we can know structures of the small 
molecules accommodated in the pore of the CS by X-ray 
crystallography, because the accommodated small molecules 
periodically aligned in the CS. Thus, the CS can be utilized for 

the structure analysis, and this technique is called the CS 
method. This method has some advantages; i) 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 crystallography. Because of these 
fascinating features, the CS method attracts the interests of 
many people not only in academia but also in industry.

Besides structure analysis by the CS method, we also use 
the self-assembled molecular systems for various purpose, and 
try opening up new research field.
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Here, we show our recent progress. In the first case, we 
used the self-assembled molecular system for chemical reac-
tion. In the second case, we applied the self-assembled molecu-
lar system to protein science.

1.  Tetradehydro-Diels–Alder Reactions of 
Flexible Arylalkynes via Folding Inside the 
Self-Assembled Molecular Cage1)

The tetradehydro-Diels–Alder reaction is useful, but not so 
straightforward, requiring careful substrate design and harsh 
reaction consition. Recently, we found that efficient and site-
selective tetradehydro-Diels–Alder reaction can be achieved 
by using a kind of self-assembled molecular system, called a 
Pd6L4 cage. The Pd6L4 cage has a cavity, into which broad 
range of compound can be introduced. 

In the reaction we found, the substrate was captured inside 
the Pd6L4 cage, and the conformation of the substrate was 
fixed. The control of the substrate conformation results in the 
efficient and site-selective reaction (Figure 1).

Figure 1.  A) Concept of this study. B) Crystal structure of the 
substrate-Pd6L4 cage complex.

2.  Hysteresis Behavior in the Unfolding/
Refolding Processes of a Protein Trapped 
in the Self-Assembled Molecular Cage2)

The M12L24 self-assembled cage possesses a cavity large 
enough to accommodate proteins (Figure 2A).

Recently, we use this cage to analyze unfolding/refolding 
processes of a protein. When the concentration of organic 
solvent is increased in protein solution, the protein would be 
denatured. Then, the protein would be aggregated and precipi-
tated normally. However, when the protein is captured in the 
self-assemble cage, the precipitation is prevented, because 
only single protein exists inside the cage. Thus, we can carry 
out the protein transient structure analysis, using this cage.

Concretely, we increase and decrease the concentration of 
acetonitrile of the protein solution, and the protein conforma-
tion was monitored by NMR analysis. As a result, it was 
revealed that the protein folding/unfolding process exhibited 
hysteresis behavior (Figure 2B).

Figure 2.  A) Molecular modeling of protein in the M12L24 self-
assembled cage. B) Protein folding/unfolding process exhibited 
hysteresis behavior.
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Exploring Novel Physical Properties by 
Multi-Dimensional Spectroscopy

Division of Advanced Molecular Science
(Department of Materials Molecular Science, Electronic Structure)

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 

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.  Breakdown of Bulk-Projected Isotropy in 
Surface Electronic States of Topological 
Kondo Insulator SmB6(001)1)

The topology and spin-orbital polarization of two-dimen-
sional (2D) surface electronic states have been extensively 
studied in this decade. One major interest in them is their close 
relationship with the parities of the bulk (3D) electronic states. 
In this context, the surface is often regarded as a simple 
truncation of the bulk crystal. Here we show a breakdown of 
the bulk-related in-plane rotation symmetry in the topological 
surface states (TSSs) of the Kondo insulator SmB6.2) Angle-
resolved photoelectron spectroscopy (ARPES) performed on 
the vicinal SmB6(001)-p(2×2) surface showed that TSSs are 
anisotropic and that the Fermi contour lacks the fourfold 
rotation symmetry maintained in the bulk. This result empha-
sizes the important role of the surface atomic structure even in 
TSSs. Moreover, it suggests that the engineering of surface 
atomic structure could provide a new pathway to tailor various 
properties among TSSs, such as anisotropic surface conduc-
tivity, nesting of surface Fermi contours, or the number and 
position of van Hove singularities in 2D reciprocal space.

Figure 2.  (a) ARPES Fermi contours (FCs) taken at the photon-
incident plane of (1̄10) at 13 K. (b) Schematic drawing of the observed 
FCs together with the border of surface Brillouin zones; solid lines for 
bulk-truncated (1×1) and dashed for (2×2). (c) Experimental geometry 
and definition of the in-plane wavevectors kx and ky. kx and ky are 
always in the photon-incident and photoelectron detection planes, 
respectively.

2.  Fluctuating Spin-Orbital Texture of 
Rashba-Split Surface States in Real and 
Reciprocal Space3)

Spin–orbit interaction in low-dimensional systems, namely, 
Rashba systems and the edge states of topological materials, 
has been extensively studied in this decade as a promising 
source to realize various fascinating spintronic phenomena, 
such as the source of the spin current and spin-mediated 
energy conversion. Here, we show the odd fluctuation in the 
spin-orbital texture in a surface Rashba system on Bi/InAs(110)- 
(2×1) by spin- and angle-resolved photoelectron spectroscopy 
and a numerical simulation based on a density-functional 
theory (DFT) calculation. The surface state shows a paired 
parabolic dispersion with the spin degeneracy lifted by the 
Rashba effect. Although its spin polarization should be fixed 
in a particular direction based on the Rashba model, the 
observed spin polarization varies greatly. It even reverses its 
sign depending on the wave number. DFT calculations also 
reveal that the spin directions of two inequivalent Bi chains on 
the surface change from nearly parallel (canted parallel) to 
antiparallel in real space in the corresponding wave vector 
region. These results indicate an oversimplification of the 
nature of spin in Rashba and Dirac systems and provide more 
freedom than expected for spin manipulation of photoelectrons.

Figure 3.  Spin-polarized surface band structures measured by spin- 
and angle-resolved photoelectron spectroscopy (SARPES) (a) and (b) 
ARPES and (c) and (d) SARPES 2D plots measured with s-polarized 
(top) and p-polarized (bottom) photons along Γ̄–X̄  (parallel to the Bi 
chains). (a) and (b) Spin-integrated ARPES intensity maps. SARPES 
maps polarized to (c1) and (d1) Sx, (c2) and (d2) Sy, and (c3) and (d3) 
Sz. The spin orientations are defined in (f). (e) Experimental geometry 
of the SARPES measurements and definitions of the coordinates. The 
(2×1) surface Brillouin zone and the common plane of the photon 
incidence and photoelectron detection are superposed simultaneously. 
(f) Definitions of the spin directions of the photoelectrons.
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Operando Molecular Science in Liquid–Solid 
Interfaces of Finite Thickness
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We are proud of our internationally compatible studies of 
liquid-solid interfaces, e.g. photocatalysts for artificial photo-
synthesis and lubricants for smooth tribology. Characterization 
with frequency-modulation AFM, time-resolved ATR-IR spec-
troscopy, soft X-ray absorption and microelectrode-based 
amperometry are being developed. We look forward to col-
laborating with researchers in academic and industrial organi-
zations 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 

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.

Figure 1.  Liquid–Solid Interface of Finite Thickness.
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1.  Infrared and Near-Infrared 
Spectrometry of Anatase and Rutile 
Particles Bandgap Excited in Liquid

The chemical transformation of materials is accomplished 
in milliseconds or seconds by assembling atoms over semi-
conductor photocatalysts. Bandgap-excited electrons and 
holes, which are reactive on this time scale, are key to the 
efficient assembly of atoms to yield the desired products. In 
this study,1) attenuated total reflection of infrared and near-
infrared light was used to characterize and quantify the elec-
tronic absorption of TiO2 photocatalysts excited under liquid. 
Nanoparticles of rutile or anatase were placed on a diamond 
prism, covered with liquid, and irradiated with continuous UV 
light through the prism. Electrons excited in rutile particles 
(JRC-TIO-6) formed small polarons characterized by a sym-
metric absorption band spread over 10000–700 cm−1 with a 
maximum at 6000 cm−1 (Figure 2). Electrons in anatase 
particles (JRC-TIO-7) formed large polarons and produced an 
asymmetric absorption band that gradually strengthened at 
wave numbers below 5000 cm−1 and weakened sharply at 
1000 cm−1. The absorption spectrum of large electron polarons 
in TIO-7 was compared with the absorption reported in a 
Sr-doped NaTaO3 photocatalyst, and it was suggested that 
excited electrons were accommodated as large polarons in 
NaTaO3 photocatalysts efficient for artificial photosynthesis. 
The UV light power dependence of the absorption bands was 
observed in N2-exposed decane liquid to derive the electron–
hole recombination kinetics. At light power densities P greater 
than 200 W m−2 (TIO-6) and 2000 W m−2 (TIO-7), the polaron 
absorptions were enhanced with the absorbance proportional 
to P1/2. The observed 1/2 power law suggested recombination 
of multiple electrons and holes moving randomly in each 
particle. Upon excitation with smaller P, the power law order 
increased to unity. The unity-order power law was interpreted 
as the recombination of an electron and a hole excited by the 
same photon. Furthermore, an average lifetime of 1 ms was 
estimated for electron polarons in TIO-6 when weakly excited 
at P = 20 W m−2 to simulate solar light irradiation.

Figure 2.  Optical absorption of electrons photoexcited in rutile and 
anatase TiO2.

2.  Three Dimensional Atom Imaging in KTaO3 
Photocatalysts Doped with Metal Cations

Potassium tantalate, KTaO3, is a highly efficient semi-

conductor photocatalyst for the overall water splitting reac-
tion. Doping a semiconductor photocatalyst with foreign metal 
cations typically increases the apparent quantum yield of the 
splitting reaction. In this study,2) we constructed a single-
crystal model of cation-doped photocatalysts that would be 
suitable for future investigation using advanced surface-
sensitive methods. Centimeter-sized (001)-oriented KTaO3 
wafers were doped with Sr or La cations in KCl flux. X-ray 
diffraction revealed Sr- and La-containing perovskite-struc-
tured layers epitaxially covering the bulk KTaO3. On the 
Sr-doped wafer, the surface layer lattice was expanded by 2% 
relative to the bulk lattice. X-ray fluorescence holography was 
used to determine the three-dimensional short-range ordered 
structure around the K and Sr cations (Figure 3). Holograms 
obtained with Sr Kα fluorescence confirmed the simultaneous 
placement of Sr cations in the A and B sites. The placement of 
the Sr cations in the B sites was supported by the TaO6 
breathing vibration observed in Raman scattering. These 
experimental results suggest that a KTaO3-Sr(Sr1/3Ta2/3)O3 
solid solution is generated by doping. Two La-containing 
phases, one with a 2% lattice contraction and the other with a 
0.4% expansion, were detected on the La-doped wafer. La Lα 
fluorescence holograms indicated a complex type of doping. 
The obtained atom distribution around La cations was inter-
preted by the simultaneous La cation occupancy at the A site, 
B site and an interstitial site. Local lattice deformation was 
quantitatively deduced around the La cations occupying the 
interstitial site. Elemental composition determined by X-ray 
photoelectron spectroscopy revealed the enrichment of dopant 
elements on the wafer surface. Nanometer-scale topography 
observed by atomic force microscopy suggested that doping 
concentrations should be optimized to obtain flat, crystalline 
surfaces.

Figure 3.  X-ray fluorescence holography.
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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 

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 runoff into the environ-
ment (Figure 1).

Figure 1.  Scheme of plastic recycling and detection system.

Engineering of PET Hydrolase for Plastic Recycling and 
Environmental Remediation, and Engineering of Plastic 
Binding Domains for Detection and Quantification of Particles

Division of Advanced Molecular Science
(Department of Photo-Molecular Science, Photo-Molecular Science III)

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

Member
Secretary

NAKANE, Kaori
NOMURA, Junko

NAKAMURA, Akihiko
Associate Professor
(Cross Appointment)
[aki-naka@ims.ac.jp]

Education
2009 B.S. The University of Tokyo
2014 Ph.D. The University of Tokyo

Professional Employment
1995 Postdoctoral Fellow, The University of Tokyo
2015 Assistant Professor, Okazaki Institute for Integrative 

Bioscience
2018 Assistant Professor, Institute for Molecular Science
2020 Tenure-track Associate Professor, Shizuoka University
2022 Associate Professor (Cross Appointment) , Institute for 

Molecular Science

Awards
2015 HAMMON President Choice
2019 ATI Research Encouragement Award
2019 Early Career Award in Biophysics
2021 8th Biophysics and Physicobiology Editors' Choice Award



91

Annual Review 2023

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.1) 
In this study, the improvement was achieved with a combi-
nation of single mutations, but a saturation mutation, for 
example, in which a combination of all amino acids is tested 
in two locations, we need to test a library of 399 candidate 
mutants. Since it is difficult to purify and measure the activity 
of each mutant individually, a method was created to evaluate 
the activity without purification of the enzyme and without the 
use of HPLC.

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

When the temporal changes in degradation rate and turbid-
ity were analyzed by changing the concentration of PET 
degrading enzyme, it was observed that the turbidity decreased 
over time, and it was found that the high degradation activity 
could be evaluated from the rate of decrease in turbidity 
(Figure 2). Therefore, we created a library in which saturation 
mutations were introduced at two substrate recognition 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 approximately 800 colo-
nies, 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 three 
mutants were produced and purified at large scare cultivation 
and the activities against PET film are under comparison

Figure 2.  Results 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 in samples 
using plastic binding proteins, we first developed a protein 

targeting PET. The template enzyme was a thermostable 
domain that adsorbs on chitin, which has a hydrophobic plane 
similar to PET.

Saturation mutations were introduced at four amino acid 
residues oriented on the adsorption surface and involved in 
chitin recognition. Since the number of candidate mutants is 
about 160,000 and it is difficult to verify them one by one, we 
created a library of phage vectors with adsorption domain 
mutant genes inserted into, which were then used to create a 
library of M13 phage presenting adsorption domain mutants 
on their surface. The M13 phage library was incubated with 
PET film, unbound phage were washed away, and phage 
bound on PET were recovered by trypsin digestion and re- 
amplified by infection with E. coli. The reproduced first-
generation phage library was again mixed with PET and the 
number of washes was increased to 10 before PET adsorbed 
phage were collected and infected with E. coli. After the 
second-generation phage library was produced, the phage 
vectors were purified from E. coli, and the mutated portions 
were analyzed using a next-generation sequencer. In the pre-
screening library, the percentage of amino acids that appeared 
for the four mutations was almost the same, but in the second-
generation library, a large difference was observed in the 
probability of occurrence of different amino acids depending 
on the position of the mutation. This was thought to be the 
result of selection of amino acids structurally important for 
PET recognition. In order to select mutants with strong bind-
ing and high thermal stability, a third-generation screening 
was conducted with binding and washing temperatures set at 
60 °C. As a result, 29 colonies were obtained, 27 of which 
were the same mutant. The mutant enzyme was conjugated 
with RFP, and when mixed with PET powder, the mutant 
complex stained the PET powder red, whereas the template 
enzyme did not (Figure 3). Currently, we are introducing 
further mutations into the mutant to improve the specificity of 
binding on PET.

Figure 3.  Binding measurement results using PET binding domain 
and RFP complex.
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“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 excel lent spatial 
mode quality and narrow linewidths with enough power. The high 
brightness of these lasers has allowed efficient wavelength exten-
sion by nonlinear frequency con version: The world first laser-
ignited car, high efficiency broad frequency conversions from the 
wave length of 118nm VUV to 300µm– 1mm THz waves, and so 
on. In addition, the quasi phase match ing (QPM) is an attractive 
technique for com pensating phase velocity disper sion in fre-
quen cy con version and is a founda tional technology for, e.g., 
attosecond pulse generation (https://www.nobelprize.org/prizes/
physics/2023/krausz/prize-presenta tion/). Lately, we propose a 
new archi tec ture to realize a mono lithic multi-disk laser by the 
surface activated bonding (SAB). This multiple thin-disk or chip 
gain medium for distribut ed face cooling (DFC) structure can 
manage the high-power and high-field laser with high-gain 
compact system. Besides, QPM-structured crystal quartz con-
structed by multi-plate stacking could be promising as a high-

power and reliable VUV fre quency conversion devices. These 
downsized and modularized tiny integrated lasers (TILA) prom-
ise the extreme ly high-brightness lasers to open up the new 
science, such as laser driven electron accelerator toward table-top 
XFEL, and inno vation by the compact power laser (Figure 1).

Figure 1.  TILA consortium toward “Laser Science and Innovation” 
by micro solid-state photonics.
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1.  Widely Tunable Near-Infrared Optical 
Parametric Oscillator Based on a 5%MgO:PPLN 
Partial Cylinder Pumped at 1064 nm by a 1-kHz 
Sub-Nanosecond Microchip Laser1)

We report the implementation of a singly resonant optical 
parametric oscillator using a 5%MgO:PPLN (periodically poled 
Mg-doped LiNbO3) partial cylinder pumped by a sub-nano-
second microchip laser emitting 1064 nm at a repetition rate of 
1 kHz. It is continuously tunable from 1410 nm up to 4330 nm 
by rotating the cylinder and a total energy of several micro-
joules is emitted with a beam quality factor M2 lower than 3.

Figure 2.  Angular quasi-phase-matching tuning curve of the PPMgLN 
cylindrical OPO. The horizontal line at 2128 nm stands for degeneracy.

2.  Recovery of the Laser-Induced 
Breakdown Spectroscopy System Using a 
Ceramic Microchip Deteriorated by Radiation 
for the Remote Elemental Analysis2)

The radiation-induced deterioration of ceramic microchip 
laser properties limits the applications of laser-induced break-
down spectroscopy (LIBS) systems. The deteriorated proper ties 
were recovered through thermal treatment of ceramics as 
derived by the spectroscopic comparison of ceramics and single 
crystals (SCs). The absorption in spectra was increased by 
gamma rays irradiation, which was higher for the ceramics than 
for the SCs in the infrared radiation region. Although the amount 

of absorption decreased by heating and increased via cooling 
ceramics, no significant thermal effects were observed for the 
SCs. The effects of irradiation on the laser properties of ceram-
ics were examined, and the laser pulse energy loss was well 
recovered via heating. Although heating reduced the number of 
generated pulses and affected the burst-mode measure ment, the 
reduction was recovered by increasing the pump laser power. 
Because the radiation-induced deterioration of the LIBS signal 
for single-pulse and multiburst mode measure ments was well 
recovered, the procedures are con sidered effective for the 
application of LIBS systems using radiation-sensitive ceramics, 
particularly in harsh radiation environments.

3.  >70 MW Peak Power/100 Hz Unstable 
Cavity Microchip Laser3)

We have demonstrated a flat-convex unstable cavity Nd: 
YAG/Cr4+:YAG ceramic air-cooled microchip laser (MCL) 
generat ing a record 37.6 and 59.2 MW peak power pulses with 
an energy of 17.0 and 24.1 mJ and a width of 452 and 407 ps 
at 20 Hz by using a uniform power square and hexagon pump, 
respectively. For hexagon pump, the near field hexagon donut 
beam was changed in to a Bessel-like beam in far field, whose 
beam quality was estimated as M2 of 7.67. The brightness 
scale of unstable resonator MCL was up to 88.9 TW/(sr·cm2) 
in contrast with flat–flat cavity MCL. However, the intense 
central part of Bessel-like beam increased its brightness 
effectively more than 8 times, up to 736 TW/(sr·cm2).

Figure 4.  Measured peak power and brightness as a function of pulse 
energy. The recent results (square) were compared with last results 
using unstable cavity (circle) [1,2] and flat-flat cavity (triangle) [3]. 
([1] Opt. Express 27, 31307 (2019), [2] Opt. Express 30, 5151 (2022), 
[3] Reference 14–19 of [2])
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Figure 3.  Experimental setup for spectroscopy (A: Spectroscopy), 
and laser properties measurement (B: Laser). Controller: temperature 
controller; ED: energy detector; H, Heater: heater; Holder: specimen 
holder; OSC: oscilloscope; PD 1,2: photodiode; PS: power supply; 
and S: temperature sensor.
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