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

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

We study the molecular origin of anomalous properties of 
liquid water. We revealed that the anomalies of liquid water 
are related to the structural and dynamical instabilities hidden 
in the experimentally inaccessible region and the physical 
reason of the low glass transition of liquid water. Now we 

investigate how rare but persistent structural relaxations 
proceed at low temperatures towards the glass transition 
temperature.

Complex conformational fluctuations and changes are also 
found in biomolecular systems. In addition, conformational 
dynamics are considered to be essential for biological func-
tions. We examine the relationship between fluctuation and 
biomolecular function found in the robust circadian rhythm of 
the clock protein KaiC and the efficient excitation energy 
transfer in photosynthetic systems. We investigate the dynamic 
effects of enzymatic reactions and find the importance of 
prearranged states for the rare but persistent enzymatic reac-
tions. Furthermore, we examine dynamic disorder in confor-
mational changes of proteins at the molecular level.

Figure 1.  Snapshot of two-state model in supercooled water con-
sisting of high- and low-density liquids (left) and schematic of 2D free 
energy surface for enzymatic reaction (right).
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1.  Multimeric Structure Enables the 
Acceleration of KaiB-KaiC Complex 
Formation Induced by ADP/ATP Exchange 
Inhibition1)

Circadian clocks tick a rhythm with a nearly 24-hour 
period in a variety of organisms. In the clock proteins of 
cyanobacteria, KaiA, KaiB, and KaiC, known as a minimum 
circadian clock, the slow KaiB-KaiC complex formation is 
essential in determining the clock period. This complex forma-
tion, occurring when the C1 domain of KaiC hexamer binds 
ADP molecules produced by the ATPase activity of C1, is 
considered to be promoted by accumulating ADP molecules in 
C1 through inhibiting the ADP/ATP exchange (ADP release) 
rather than activating the ATP hydrolysis (ADP production). 
Significantly, this ADP/ATP exchange inhibition accelerates 
the complex formation together with its promotion, implying a 
potential role in the period robustness under environmental 
perturbations. However, the molecular mechanism of this 
simultaneous promotion and acceleration remains elusive 
because inhibition of a backward process generally slows 
down the whole process. In this article, to investigate the 
mechanism, we build several reaction models of the complex 
formation with the pre-binding process concerning the ATPase 
activity. In these models, six KaiB monomers cooperatively 
and rapidly bind to C1 when C1 binds ADP molecules more 
than a given threshold while stabilizing the binding-competent 
conformation of C1. Through comparison among the models 
proposed here, we then extract three requirements for the 
simultaneous promotion and acceleration: The stabilization of 
the binding-competent C1 by KaiB binding, slow ADP/ATP 
exchange in the binding-competent C1, and relatively fast 
ADP/ATP exchange occurring in the binding-incompetent C1 
in the presence of KaiB. The last two requirements oblige 
KaiC to form a multimer. Moreover, as a natural consequence, 
the present models can also explain why the binding of KaiB 
to C1 reduces the ATPase activity of C1.

2.  Vectorial Insertion of a β-Helical Peptide 
into Membrane: A Theoretical Study on 
Polytheonamide B2)

Spontaneous unidirectional, or vectorial, insertion of 
transmembrane peptides is a fundamental biophysical process 
for toxin and viral actions. Polytheonamide B (pTB) is a 
potent cytotoxic peptide with a β6.3-helical structure. Previous 
experimental studies revealed that the pTB inserts into the 
membrane in a vectorial fashion and forms a channel with its 
single molecular length long enough to span the membrane. 
Also, molecular dynamics simulation studies demonstrated 
that the pTB is prefolded in aqueous solution. These are 
unique features of pTB because most of the peptide toxins 
form channels through oligomerization of transmembrane 
helices. Here, we performed all-atom molecular dynamics 
simulations to examine the dynamic mechanism of the vecto-
rial insertion of pTB, providing underlying elementary pro-

cesses of the membrane insertion of a prefolded single trans-
membrane peptide. We find that the insertion of pTB proceeds 
with only the local lateral compression of the membrane in 
three successive phases: “Landing,” “penetration,” and “equi-
libration” phases. The free energy calculations using the 
replica-exchange umbrella sampling simulations present an 
energy cost of ~4 kcal/mol at the membrane surface for the 
membrane insertion of pTB from bulk water. The trajectories 
of membrane insertion revealed that the insertion process can 
occur in two possible pathways, namely “trapped” and 
“untrapped” insertions; in some cases, pTB is trapped in the 
upper leaflet during the penetration phase. Our simulations 
demonstrated the importance of membrane anchoring by the 
hydrophobic N-terminal blocking group in the landing phase, 
leading to subsequent vectorial insertion.

3.  Excited States of Chlorophyll a and b 
in Solution by Time-Dependent Density 
Functional Theory3)

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 bacterio-
chlorophyll a, indicating the change in the electronic distri-
bution, i.e., an increase in electron delocalization, within the 
molecule. 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.

References
1) S.-i. Koda and S. Saito, PLoS Comput. Biol. 18, e1009243 (24 

pages) (2022).
2) M. Kalathingal, T. Sumikama, S. Oiki and S. Saito, Biophys. J. 120, 

4786–4797 (2021).
3) Z. Zhu, M. Higashi and S. Saito, J. Chem. Phys. (Special topic on 

Photosynthetic Light-Harvesting and Energy Conversion) 156, 
124111 (13 pages) (2022).
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Quantum many-body interaction is a source of novel 
physical properties in condensed matters. In our group, we 
develop theoretical methods by combining quantum field 
theory and density functional theory, and carry out collabora-
tive research with experimental groups. As specific targets, we 
focus on magnetism in nanostructure and energy dissipation.

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

For energy dissipation, we focus on the effect of electron–

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

Figure 1.  Schematic image of the theoretical method developed in 
our group.
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1.  Topology and Machine Learning Reveal 
a Hidden Relationship between Thermal 
Conductivity and Amorphous Structure

The structure of amorphous materials is characterized by 
the absence of long-range order (LRO) and the presence of 
some medium-range order (MRO) beyond the short-range 
order (SRO). Revealing the quantitative correlation between 
the structural and physical properties of amorphous materials 
remains a challenging task. Thermal conductivity is a funda-
mental physical property that shows unique behavior in amor-
phous materials owing to the strong interaction between lattice 
vibrations and disorders. The lack of LRO reduces the lattice 
thermal conductivity by several orders than that of a crystal 
with the same stoichiometry. The heat carriers, vibrational 
modes, in amorphous materials are generally classified into 
propagating and non-propagating modes. The former is exhib-
ited in the low-frequency range and has characteristics similar 
to those of phonons in the crystal. In contrast, the latter carries 
heat in a diffusive manner rather than propagating energy as 
phonons do in the crystal. It is expected that the MRO affects 
the propagation and diffusion of these vibrational modes, and 
thus the thermal conductivity. 

Previous studies indicated that determination of the atomic 
structure corresponding to the MRO and extraction of the 
correlation between the MRO and the lattice thermal con-
ductivity is essential to precisely control the thermal properties 
of amorphous Si. However, these tasks remain challenging 
because determining the essential features of MRO from the 
traditional structural analysis is difficult, such as the pair 
distribution function and bond-orientation order analysis.

Recently, persistent homology, an emerging technique in 
the field of topological data analysis, has been employed to 
describe the atomic structures corresponding to MRO in SiO2 
glass, metallic glass, and amorphous ice. The advantage of 
persistent homology is that multiscale topological information 
can be extracted from complicated structures. For the analysis 
of persistent homology, we considered a growing sequence of 
network structures for given data points with different scale 
lengths defined by the filtration procedure. A schematic of the 
filtration procedure is shown in Figure 2. As can be seen, we 
considered spheres centered at the respective data points. 
Subsequently, the radius of each sphere gradually increases. 
The sequence of increases in radius is often referred to as 
“time.” At some radius, the spheres start to intersect with each 
other, and we set an edge between the centers of the spheres. 
When the edges form a closed ring, this corresponds to a 
topological feature called a “cycle.” As the radius further 
increases, the ring gets fully covered by circles. This is 
interpreted as the cycle converting into another class of 
topological features called a “boundary.” The topology of the 
data is represented by the pairs of birth and death times at 
which the cycle appears and is converted into a boundary. The 
two-dimensional visualization of birth and death time pairs is 
called a persistence diagram (PD).

In this study, using persistent homology, we constructed 
reliable descriptors for lattice thermal conductivity, reflecting 
the topological features of the MRO in amorphous Si.

A structural model of amorphous Si was generated via the 

melt–quench method using classical molecular dynamics 
(MD), where the system temperature was increased above the 
melting temperature and then gradually cooled to room tem-
perature. The difference in structural characteristics was 
introduced by changing the cooling rate in the MD simulation 
from 1014 to 1011 K/s. We selected 570 snapshots from the 
equilibrated MD simulation after the melt–quench procedure, 
and the thermal conductivity mediated by non-propagating 
modes and the PD were evaluated for each structure. 

As shown in Figure 3, both thermal conductivity and PD 
depend on the cooling rates. Therefore, we constructed a 
descriptor of the topological features using the persistent 
image of the PD. We demonstrated that supervised training for 
the dataset of these descriptors and lattice thermal conduc-
tivities could achieve accurate predictions. In addition, from 
the inverse analysis by volume-optimal cycle, we determined 
the typical ring features correlated with the thermal conduc-
tivity and MRO.1) Our study demonstrates that the physical 
properties of amorphous Si can be predicted based on topolo-
gical features. In addition, our results illustrate the hidden 
relationship between MRO and the physical properties of 
amorphous Si. This study could open an avenue for controlling 
material characteristics through the topology of nanostructures.

2.  Other Ongoing Projects:
- Mechanical Properties in Amorphous Solids

Reference
1) E. Minamitani, T. Shiga, M. Kashiwagi and I. Obayashi, J. Chem. 

Phys. 156, 244502 (2022).

Figure 3.  a) and b) Persistent diagrams for amorphous structure 
generate by the cooling rate of 1014 and 1011 K/s, respectively.

Figure 2.  Schematic of the filtration procedure used to obtain a PD 
from data points.
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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.  Probing Exciton Dynamics with Spectral 
Selectivity through the Use of Quantum 
Entangled Photons

Quantum light, such as entangled photons, are promising 
resources for the development of new spectroscopic tech-
niques. For example, non-classical correlations between entan-
gled photons can be potentially exploited to enhance the 
precision of optical measurements beyond classical techniques 
or to extract matter information with simpler optical systems 
compared to conventional schemes. In this respect, the entan-
gled photons may open new avenues for unambiguously 
extracting information about dynamic processes in complex 
molecules such as photosynthetic light-harvesting systems, in 
which multiple electronic states are present within a narrow 
energy range, from the congested spectra. However, to date, 
only a few theoretical studies have been reported on the 
application of entangled photons to time-resolved spectro-
scopic measurements. Hence, there is no comprehensive 
understanding of what non-classical states of light are suitable 
for implementing real-time observation of dynamical pro-
cesses in condensed phases.

Here, we propose a novel time-resolved spectroscopy 
technique that selectively enhances specific signal contri-
butions by harnessing the non-classical correlations between 
entangled photons generated via parametric down-conversion 
(PDC) pumped with a monochromatic laser. The key feature in 
the proposed technique is that the entanglement time, which is 
the hallmark of the non-classical photon correlations, works as 
a spectral filter in signal processing to selectively resolve a 
specific region of spectra, while it simultaneously offers a knob 
for controlling the accessible time region of dynamics in 
molecules. For demonstration purposes, we apply the pro posed 
spectroscopic scheme to the Fenna-Matthews-Olson (FMO) 
pigment-protein complex from the photosynthetic green sulfur 
bacterium. The results show that the phase-matching functions 
of the PDC in the nonlinear crystals such as periodically poled 
KTiOPO4 (PPKTP) crystal and β-BaB2O4 (BBO) crystal allow 
one to separately measure specific peaks of spectra in the FMO 
complex by tuning the entanglement time and the central 
frequencies of the entangled photons. It is also found that the 
spectral filtering can be implemented in the range of currently 
available entangled photon sources. More over, the results 
indicate that the spectral filter effects can be easily adjusted by 
changing nonlinear crystals and/or their properties because the 
spectral distribution of the phase-matching function strongly 
depends on the properties of the nonlinear crystal. Since, in 
addition to the BBO and PPKTP crystals considered in this 
study, there is a wide range of nonlinear crystals that have been 
used for PDC in the near-infrared and visible regions, the 
proposed technique is expected to be applicable not only to the 
FMO complex but also to other light-harvesting systems by 
finding an appropriate nonlinear crystal corresponding to the 
spectral range of the molecular system of interest. We thus 
anticipate that the proposed technique can be a useful tool for 
monitoring step-by-step energy transfer pathway in the light-
harvesting sys tems by selectively extracting desired signal 
contributions from the congested spectra.1)

2.  Benefit of Coexistence of Chlorophyll a 
and b in Antenna of Photosystem II

Chlorophylls (Chls) in the photosystem II (PSII) play 
essential parts in the initial process of oxygenic photo synthesis, 
i.e., the solar light is collected by Chls embedded in the light-
harvesting complexes termed antenna, and then the excitation 
energy is transferred to Chls in the reaction center, where the 
charge separation takes place. The antenna includes two distinct 
types of Chls, Chls a and b, whereas the reaction center 
possesses a single type Chl a. As the transition energy of Chl b 
is higher than that of Chl a, the excitation energy flows from 
Chl b to Chl a. Hence, if all the pigments in the antenna are 
composed of Chl b, higher efficiency of the excitation energy 
transfer to the reaction center could be expected [H. Kim, et al., 
arXiv:2101.04848 (2021)]. Even though such an ‘all-b’ system 
would offer an advantage in photosynthesis, the naturally 
occurring antenna binds both Chls a and b throughout the green 
plants. The reason why the mixed Chl system is adopted in the 
antenna found in nature has yet to be understood clearly.

 In this work, we investigated the role of Chl a existed in 
the antenna during the excitation energy transfer (EET). The 
rate constants of the EET within and between domains, each 
of which comprises strongly coupled Chls forming delocalized 
excited states, were calculated with the aid of the Redfield and 
generalized Förster theory. To discuss how the ratio κ of Chl b 
to a in the antenna affects the time evolution of the excitation 
energy distribution, we considered the hypothetical models of 
the PSII where κ was equal to or different from that in the 
natural PSII. The results show the quantum yield of the EET to 
the reaction center is improved with increasing κ, as expected. 
Moreover, it is found that in the case of the natural PSII, the 
excitation energy was localized at particular pigment-protein 
complexes in the antenna, termed CP26 and CP29, where the 
occurrence of non-photochemical quenching during the photo-
protection was suggested in the previous study [T. K. Ahn, et 
al., Science 320, 794 (2008)]. The results indicate the natural 
PSII possesses the optimal structure not only for collecting the 
light energy into the reaction center but also for balancing the 
EET and the other processes, such as photoprotection.

3.  Dynamics of the Coupled System 
Composed of Electrons and Anharmonic 
Lattice Vibrations in Solid

Anharmonicity of lattice vibrations is responsible for a 
large quantity of phenomena including thermal conductivity, 
structural phase transition, and so forth. Moreover, recent 
studies suggested lattice anharmonicity would have a dominant 
role in the carrier dynamics of some sort of soft semi conductors, 
e.g., lead-based halide perovskites which exhibit novel opto-
electronic properties. Here, we theoretically investi gate the 
dynamics of the coupled systems composed of electrons and 
anharmonic lattice vibrations. We highlight the importance of 
the timescale difference between electron and lattice dynamics 
in determining the materials properties.

Reference
1) Y. Fujihashi et al., to be submitted.
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We develop the accurate electronic structure theories and 
investigate the photochemistry and catalysis theoretically. 
Currently, our focuses are following research subjects.
(1) Coupled cluster theory for excited states of large system

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

Metal nanoclusters supported by metal oxides or polymers 
achieve highly efficient catalytic reactions. We study the 
catalytic activity of these complex systems by means of 
quantum chemical calculations and informatics theories. We 
have elucidated the importance of the perimeter sites at hetero-
junction of Ag nanocluster supported by alumina surface in 
terms of H2 activation, the mechanism of methanol oxidation 
on Au:PVP and the unique coupling reactions on Au/Pd:PVP. 
We proceed these works in the project of Elements Strategy 

Initiative for Catalysts and Batteries (ESICB).
(3) Photophysical chemistry

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

New quantum states, single-site and two-site double-core 
hole states, have been observed owing to the recent develop-
ment of free electron laser and coincidence spectroscopy. We 
have proposed new chemical concept regarding the physical 
properties or relaxation processes of these quantum states in 
cooperation with experiments. We also perform accurate 
theoretical analysis for the state-of-the-art molecular spectros-
copy; for example, the electronic transitions in the FUV region 
by ATR-FUV spectroscopy and the excited-state relaxation 
processes by pump–probe spectroscopy.
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1.  Aggregation-Induced Phosphorescence 
of Platinum(II) Complexes: The Role of 
the Metal–Metal Interactions on Emission 
Decay in the Crystalline State1)

Discerning the origins of the phosphorescent aggregation- 
induced emission (AIE) from Pt(II) complexes is crucial for 
developing the broader range of photo-functional materials. In 
this work, we describe phosphorescence and deactivation 
processes of four class of AIE active Pt(II) complexes in the 
crystalline state based on experimental and theoretical investi-
gation. These complexes show metal-to-ligand and/or metal–
metal-to-ligand charge transfer emission in crystalline state 
with different heat resistance against thermal emission quench-
ing. The calculated energy profiles including the minimum 
energy crossing point (MECP) between S0 and T1 states were 
consistent with the heat resistant properties, which provided 
the mechanism for AIE expression. Furthermore, we have 
clarified the role of metal–metal interaction in AIE by com-
paring two computational models.

Figure 1.  The mechanism of phosphorescent AIE by estimating the 
MECP of four Pt(II) complexes in crystalline state, along with an 
investigation of the role of metal–metal interaction on AIE.

2.  Asymmetric Twisting of C-Centered 
Octahedral Gold(I) Clusters by Chiral 
N-Heterocyclic Carbene Ligation2)

Asymmetric induction of metal clusters by ligation of 
chiral ligands is intriguing in terms of the mechanism of 
chirality transfer and the stability of the resulting chiral 
structure. In this work, we report the asymmetric induction of 
C-centered hexanuclear CAuI6 clusters into an asymmetrically 
twisted structure through monodentate, chiral benzimidazol-
ylidene-based N-heterocyclic carbene (NHC) ligands. X-ray 
diffraction analysis revealed that the NHC-ligated CAuI6 
cluster was diastereoselectively twisted with directionally- 
selective, bond length expansion and contraction of the Au–Au 
contacts, and that the original cluster with high symmetry was 
transformed into an optically pure, asymmetric CAuI6 cluster 
with C1 symmetry. The circular dichroism (CD) spectroscopy 
confirmed that the asymmetrically twisted CAuI6 structure was 
maintained even in solution. The TD-DFT calculations pro-
vided the detailed assignments of the CD spectrum and clari-
fied the origin of the chiroptical properties of this cluster. Such 
asymmetric induc tion of configurationally stable metal clusters 
would greatly expand the molecular design possibilities of 
asymmetric catalysts and chiroptical materials by utilizing 
library chiral NHC ligands.

Figure 2.  C-centered octahedral gold(I) clusters (CAuI6) mono-
ligated by N-heterocyclic carbene (NHC) ligands. Asymmetrically 
twisted CAuI6 core structures were induced by NHC ligands.

3.  Enhanced Oxygen Reduction Activity 
of Size-Selected Platinum Subnanocluster 
Catalysts: Ptn (n = 3–9)3)

Nanoclusters (NCs) are promising candidates to improve 
catalytic activity despite of the controversial size specificity, 
because the atomicity is a crucial parameter that determines 
the activity of platinum (Pt) NCs. In this work, we show the 
enhanced catalytic activity based on the charge redistribution 
in Pt sub-NCs containing three to nine Pt atoms (Ptn; n = 3–9) 
on a glassy carbon substrate. The sub-NCs show 1.6–2.2 times 
higher activity than the standard Pt/C catalysts with a Pt 
crystallite diameter of 2 nm. The geometric structures are 
identified using structure analyses by X-ray absorption fine 
structure spectroscopy and density functional theory, and the 
activity origin within the supported Pt sub-NCs is theoretically 
discussed from viewpoints of energetics for reaction inter-
mediates in the electrochemical processes. It should be pos-
sible to use sub-NCs in future fuel cell technologies as an 
active catalyst with a high atomic efficiency.

Figure 3.  Oxygen reduction reaction (ORR) free energy diagrams for 
sequential reactions of Pt8/Gr isomer between O2 reactants and H2O 
products with applied potentials of 0 V (blue) and 1.23 V (orange).
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Biomolecules such as proteins and peptides have compli-
cated free-energy landscape with many local minima. The 
conventional canonical-ensemble molecular dynamics (MD) 
simulations tend to get trapped in a few of the local-minimum 
states. To overcome these difficulties, we have proposed new 
generalized-ensemble algorithms, such as 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.  Replica Permutation with Solute 
Tempering for Molecular Dynamics 
Simulation and Its Application to the 
Dimerization of Amyloid-β Fragments

We proposed the replica permutation with solute tem-
pering (RPST)1) by combining the replica-permutation method 
(RPM) and the replica exchange with solute tempering (REST), 
as in Figure 3. Temperature permutations are performed 
among more than two replicas in RPM, whereas temperature 
exchanges are performed between two replicas in the replica-
exchange method (REM). The temperature transition in RPM 
occurs more efficiently than in REM. In REST, only the 
temperatures of the solute region, the solute temperatures, are 
exchanged to reduce the number of replicas compared to 
REM. Therefore, RPST is expected to be an improved method 
taking advantage of these methods. For comparison, we applied 
RPST, REST, RPM, and REM to two amyloid-β(16–22) pep-
tides in explicit water. We calculated the transition ratio and 
number of tunneling events in the temperature space, and the 
number of dimerization events of amyloid-β(16–22) peptides. 
The results indicate that in RPST, the number of replicas 
necessary for frequent random walks in the temperature and 
conformational spaces is reduced compared to the other three 
methods. Additionally, we focused on the dimerization process 
of amyloid-β(16–22) peptides. The RPST simulation with a 
relatively small number of replicas shows that the two amyloid- 
β(16–22) peptides form the intermolecular antiparallel 
β-bridges due to the hydrophilic side-chain contact between 
Lys and Glu and hydrophobic side-chain contact between Leu, 
Val, and Phe, which stabilizes the dimer of the peptides.

Figure 3.  Schematic illustration of replica permutation with solute 
tempering. Temperatures in the solute region are permutated among 
more than two replicas.

2.  Implementations of Replica-Permutation 
and Replica Sub-Permutation Methods 
into LAMMPS

The replica-permutation method (RPM) and the replica 
sub-permutation method (RSPM) have been proposed as 
improved alternatives to the replica-exchange method (REM). 
We implemented the RPM and RSPM in the canonical and 
isothermal-isobaric ensembles into an open-source classical 
molecular dynamics package, LAMMPS.2) We applied the 
RPM and RSPM to a polyethylene chain in a vacuum and an 
alanine dipeptide in explicit water to test the implemented 
codes. We demonstrated that the RPM and RSPM by our 
codes achieved higher transition ratios of temperatures and 
faster convergence of physical quantities than the REM. We 
also validated that the RPM and RSPM generate statistical 
ensembles correctly.

3.  Dimerization of α-Synuclein Fragments 
Studied by Isothermal-Isobaric Replica- 
Permutation Molecular Dynamics 
Simulation

Aggregates and fibrils of intrinsically disordered α- 
synuclein are associated with Parkinson’s disease. Within a 
non-amyloid β component (NAC) spanning from 61st to 95th 
residues of α-synuclein, an 11-residue segment called NACore 
is an essential region for both fibril formation and cytotoxicity. 
Although NACore peptides alone are known to form aggre-
gates and amyloid fibrils, the mechanisms of the aggregation 
and fibrillation remain unknown. We investigated the dimeri-
zation process of NACore peptides as the initial stage of the 
aggregation and fibrillation process by isothermal-isobaric 
replica-permutation molecular dynamics simulation.3) The 
simulation succeeded in sampling a variety of dimer struc-
tures. An analysis of secondary structure revealed that most of 
NACore dimer forms intermolecular β-bridges. In particular, 
more antiparallel β-bridges were observed than parallel β- 
bridges. We also found that intramolecular secondary struc-
tures such as α-helix and antiparallel β-bridge are stabilized in 
the pre-dimer state. However, we identified that the inter-
molecular β-bridges tend to form directly with no specific 
structure because the NACore peptides have a low propensity 
to form the intramolecular secondary structures.
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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.

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.

• K. Okazaki and G. Hummer, “Phosphate Release Coupled to 
Rotary Motion of F1-ATPase,” Proc. Natl. Acad. Sci. U.S.A. 110, 
16468–16473 (2013).

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

U.S.A. 112, 10720–10725 (2015).
• K. Okazaki, D. Wöhlert, J. Warnau, H. Jung, Ö. Yildiz, W. 

Kühlbrandt and G. Hummer, “Mechanism of the Electroneutral 
Sodium/Proton Antiporter PaNhaP from Transition-Path Shooting,” 
Nat. Commun. 10, 1742 (2019).
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1.  Mechanism of Na+/H+ Antiporter and 
Engineering of a Faster Transporter

Na+/H+ antiporters control pH and Na+ concentration in 
the cell by exchanging sodium ions and protons across lipid 
membranes. They belong to the cation/proton antiporter (CPA) 
superfamily, and prevail in all domains of life. The archaeal 
Na+/H+ antiporters PaNhaP and MjNhaP1 as well as human 
NHE1, which is linked to a wide spectrum of diseases from 
heart failure to autism and has no structure solved yet, are 
electroneutral antiporters of the CPA1 family, exchanging one 
proton against one sodium ion. As a model system in mecha-
nistic studies of electroneutral Na+/H+ exchange, we studied 
the transport mechanism of PaNhaP.1)

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

By applying the transition path sampling technique, we 
sampled unbiased transition paths between the inward- and 
outward-open states. In analysis of the transition paths, we 
found hydrophobic gates above and below the ion-binding 
site, which open and close in response to the domain motions 
(Figure 1B). From the reaction coordinate analysis, it was 

shown that open-close motion of the outside gate (Ile163-
Tyr255) is a rate-limiting step of the alternating-access confor-
mational change. Based on this result, we weakened the 
outside gate by mutating the residues to both alanine. It was 
expected that this mutation lowers the barrier and makes the 
ion transport faster. It was confirmed by experiments that the 
ion-transport speed of the mutant is indeed twice faster than 
the wild-type transporter.

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.2) 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.3)

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.4) By matching struc-
tural fluctuations between AA and CG simulations, a CG 
protein model called “Gō-MARTINI” was developed and 
optimized.5) The model should prove useful for describing 
protein dynamics that are involved in membrane remodeling 
processes.
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Figure 1.  (A) PaNhaP dimer structure. (B) The outside (purple) and 
inside (orange) gates found in the transition path simulations.
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Visiting Professor
SATO, Hirofumi (from Kyoto University)

Theoretical Study of Electronic Structure and Statistical Mechanics for Molecular Systems
Our research focuses on developing new theories in quantum chemistry and statistical mechanics and 

on 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 computations and the local spin structures. (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. 
The phenomena at the electrode interface were systematised based on molecular dynamics simulation.

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, we have developed an accurate pKa prediction 
method for molecules in solution based on a hybrid method of integral equation theory and quantum 

chemical methods. Related to the method, in collaboration with the Institute for Molecular Science, we are developing an 
efficient structural sampling method for the pH-dependent protonation state of dissociative amino acid residues in proteins. We 
are also developing a novel integral equation theory that takes into account the electronic polarization of the solvent and applies it 
to electron-transfer reactions in solution.

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 using 
mean-field theory and coarse-grained membrane simulations. We clarified the difference between laterally 

anisotropic and isotropic proteins in the curvature sensing and generation. In particular, the sensing curvature of the anisotropic 
proteins depends on the protein density, whereas that of the isotropic proteins is constant. Traveling waves of chemical reactions 
containing curvature-inducing proteins change the membrane shapes and vice versa. Moreover, we investigated cavitation and 
bubble oscillation in sound-wave propagation using massively parallel simulations.
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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.2,7)
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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 Scales3–10)

Quantum many-body problems are at the heart of a variety 
of physical functionalities including superconductivity and 
magnet ism in solid materials. It is extremely hard, however, to 
solve such quantum many-body problems. In solving the 
Hubbard model with 1000 particles, for example, the diago-
nalization would take 10 to the power of 573 years even with 
the world’s fastest super computers. In this project, we develop 
a novel quantum simu lator that can simulate quantum many-
body dynam ics for more than 1000 particles within one nano-
second, com bining our two unique experimental resources: 
“coherent control with attosecond pre ci sion”8) and “a strongly-
correlated ultracold Rydberg gas.”7,9,10)

We have completed a standard hard ware of this ultrafast 
quantum simulator composed of an array of ultracold Rb 
atoms trapped in an optical lattice and excited to Rydberg 
levels with a coherent picosecond (ps) laser pulse, as sche-
matically illustrated in Figure 2.3,4,6,7,10) The broad bandwidth 
of the ps laser pulse has allowed us to excite the atoms in the 
neigh boring lattice sites to Rydberg levels simultaneously for 
the first time. With this stan dard hardware, we have succeeded 
in creating an exotic elec tronic state with spatially overlapping 
wave-func tions as shown schematically in Figures 1 and 
2.2,7,10) The degree of spatial overlap is actively tuned with 
~50 nanometer precision. This exotic metal-like quantum gas 
under exquisite control opens up a completely new regime of 
many-body physics for simu lating ultrafast many-body elec-
tron dynamics dominated by Coulomb interactions.7,10)

We have also completed a read-
out interface of our ultra fast quantum 
simulator, which is the time domain 
Ramsey inter fer om etry of ultracold 

Rydberg atoms with attosecond precision, whose contrast is 
almost 100%.5) The phase and vis ibi lity of this Ramsey inter-
ferogram are highly sen sitive to the na ture and strength of 
many-body interactions among the Rydberg atoms.

2.  Development of an Ultrafast Quantum 
Computer3,10,12)

So far we have developed arbitrary two dimensional optical 
trap arrays for cold atoms, which are necessary for quantum 
computing, in tight collaborations with Hamamatsu Photonics 
K.K.3) Their examples are shown in Figure 3, the world’s small est 
arbitrary trap arrays whose nearest neighbor distance is only ~1 
micron, which used to be typically ~4 micron in previous works.11)

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 in just 6.5 ns, as depicted schematically in 
Figure 4.12) This is the world’s fastest controlled gate, which is 
the most important two-qubit gate (a fundamental arithmetic 
element essential for quan tum com puting). This high-impact 
result was highlighted on the front cover of the Oct 2022 Issue 
of Nature Photonics,12) and by more than 200 news articles 
worldwide, such as in Japan, US, Europe, China, etc.

Figure 4.  Conceptual diagram of the world’s fastest controlled gate 
for ultrafast quantum computing. Two single atoms captured in optical 
tweezers (red light) with a separation of a micrometer are entangled by 
an ultrafast laser pulse (blue light) shone for only 10 picoseconds.12) 
Image source: Dr. Takafumi Tomita (IMS)
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Figure 2.  Schematic of the standard 
hard ware of the ultrafast quantum 
simulator.3,4,6,7,10)

Figure 3.  Examples of the world’s smallest arbitrary arrays of opti cal 
traps. (a) Square lattice; (b) Kagome Lattice; (c) Hexagonal 
(Honeycomb) lattice.10)
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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.  Photoemission Tomography of One 
Dimensional Row Structure of Flat-Lying 
Picene Multilayer on Ag(110)1)

Photoemission tomography (PT) is a powerful technique 
for the detailed analysis of the shape and the energy of molecu-
lar orbitals from the photoelectron momentum distribution. In 
the case of planar-conjugated molecules with light atoms, the 
momentum map of the photoelectrons from frontier orbitals 
can be seen as the Fourier transform (FT) of the corresponding 
molecular orbital, by assuming the plane-wave final state in the 
photoemission process. Thus, PT is able to determine the shape 
of the molecular orbitals in the sample if the molecular arrange-
ment in the sample is known, while it can also be utilized for 
the determination of the molecular arrangement in the speci-
men if the molecular orbital of the sample molecule is known.

We applied PT to a unique one-dimensional row structure 
of a picene multilayer realized on an anisotropic Ag(110) 
surface. The clearly deconvoluted experimental momentum 
maps were compared to the FT simulation of the molecular 
orbitals of picene in detail, enabling not only the evaluation of 
the electronic structure of the picene in the multilayer but also 
the quantitative determination of the molecular orientation in 
the multilayer within a few degrees. In addition, the PT results 
indicated the orientation of the molecules in all layers to be 
flat-lying. The successful demonstration of PT of the multi-
layer molecular film marks an important step toward the wide-
range utilization of the PT technique.

Figure 2.  Scheme of photoelectron spectrum of the picene film, STM 
molecular arrangement, and PT images for top three molecular orbitals. 
The figure is after ref 1).

2.  Sample-Shape Dependent Energy 
Levels in Organic Semiconductors2)

Most of the tuning of the ionization energy and electron 
affinity was done by changing the constituent molecules in the 
device. This is because the organic solids consist of organic 
molecules bound by weak vdW interactions, hence inter-
molecular interaction is considered to play a minor role. The 
contribution of the intermolecular interaction to the energy 
levels of organic solids is represented by the difference in the 
energy levels between the gas and solid phases.

Recent studies, however, have revealed that the energy 
levels can be altered as much as 1 eV by the molecular 
orientation in the film or the molecular mixing ratio in the 
binary film, owing to the intermolecular electrostatic inter-
action. Because of the long-range nature of Coulomb inter-
action, theory predicts that the electrostatic energy should 
depend on the sample shape. In this study, we examined the 
coverage-dependent energy levels of zinc phthalocyanine 
(ZnPc) and per-fluorinated ZnPc (F16ZnPc) in the monolayer 
region with ultraviolet photoelectron spectroscopy and low-
energy inverse photoelectron spectroscopy. Using the pro-
cedure we reported previously, we separately evaluated the 
electronic polarization energy and electrostatic energy as a 
function of coverage. Unlike the electronic polarization, which 
contributes only as much as 10 meV, the electrostatic energy 
contributes as much as 120 meV to the coverage-dependent 
energy shift. We concluded that the shift in energy levels by 
changing the coverage is attributed to the sample shape-
dependent energy level, owing to the long-range nature of the 
charge–permanent quadrupole interaction.

Figure 3.  (a) Disk model for the growing island without a changing 
lattice constant. (b) Clculated polarization energy and electrostatic 
energy for ZnPc and F16ZnPc are indicated with blue circles and red 
squares. 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.3,4)
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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. and developing 
new technologies for the future plan. Accelerator magnets 
based on permanent 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 
induced positron annihilation pectroscopy (GiPAS). A positron 

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 
spectroscopy (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 
scintillator and a photomultiplier tube is utilized to detect the 
annihilation gamma-rays. Two detectors are arranged at 180 
degrees because two annihilation gamma-rays are generated at 
180-degree direction. 

A digital oscilloscope is used to store the waveforms of the 
photodiode and the 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.

Users can currently utilize GiPALS at BL1U in UVSOR-
III. A result of defect analysis for a Lu3Al5O12 scintillator was 
published in 2022.1)

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

Positron age-momentum correlation (AMOC) is an 
approach for measuring the time resolved momentum distri-
bution of an electron, which provides different information 
about defects compared to positron annihilation lifetime. 
Gamma ray-induced AMOC has been developed by using a 
BaF2 detector, a germanium detector, and a 12-bit digital 

oscilloscope. Typically, a multichannel analyzer is used to 
measure the energy spectrum of gamma rays. However, a 
12-bit digital oscilloscope is employed in this experiment; 
thus, high-energy resolution can be obtained with the digital 
oscilloscope alone. The results of multiple sample measure-
ments are summarized in the paper. 

We are planning to develop other measurement technique 
for the annihilation gamma-rays, such as coincidence Doppler 
broadening and spin polarized positrons generated from circu-
larly polarized gamma-rays.

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.

UVSOR-III also has a laser with a pulse energy of 50 mJ 
and has completed start-up work on the laser. Experiments on 
nonlinear inverse Thomson scattering will be performed after 
October 2022 to measure the spatial distribution of high 
harmonic gamma rays.
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A synchrotron-based scanning transmission X-ray micro-
scope (STXM) is a technique to perform 2-dimensional (2-D) 
X-ray absorption spectroscopy with high spatial resolution up 
to 30 nm. By noticing the X-ray absorption edge of the 
specific element, 2-D chemical state of a sample can be 
obtained. Since characteristics of UVSOR is suitable for using 
extreme ultra-violet and soft X-ray region, the STXM in 
UVSOR is suitable to analyze soft materials and organic 
materials. The unique features of STXM, such as high trans-
mittance 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. Espe-
cially, nowadays, an in-situ/operando analysis is attracting 
more attentions of researchers because that is an important 
technique to understand intrinsic state of the samples. For 

example, heating and cooling of the sample, humidity control 
system and electrochemistry, 2-D orientation of molecules, 
3-D 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. 
These techniques are difficult to perform by using the other 
microscopic techniques.

Figure 1.  Schematic optical system of STXM.

• T. Ohigashi, M. Nagasaka, T. Horigome, N. Kosugi, S. M. Rosendahl 
and A. P. Hitchcock, “Development of In-Situ Sample Cells for 
Scanning Tranmission X-Ray Microscopy,” AIP Conf. Proc. 1741, 
050002 (2016).

• T. Ohigashi, A. Ito, K. Shinohara, S. Tone, Y. Inagaki, H. Yuzawa 
and N. Kosugi, “3-Dimensional Chemical Structures of an Isolated 
Cell Nucleus by a Scanning Transmission X-Ray Microscope,” 
Microsc. Microanal. 24, pp. 400–401 (2018).

• T. Ohigashi, H. Yuzawa and N. Kosugi, “A Low-Pass Filtering 
Fresnel Zone Plate for Soft X-Ray Microscopic Analysis down to 
the Lithium K-Edge Region,” Rev. Sci. Instrum. 91, 103110 (2020).

• G. Germer, T. Ohigashi, H. Yuzawa, N. Kosugi, R. Flesch, F. 
Rancan, A. Vogt and E. Rühl, “Improved Skin Permeability after 
Topical Treatment with Serine Protease: Probing the Penetration of 
Rapamycin by Scanning Transmission X-Ray Microscopy,” ACS 
Omega 6, 12213–12222 (2021).

• J.-J. V. Véles, Y.-Y. Chin, M.-H. Tsai, O. J. Burton, R. Wang, S. 
Hofmann, W.-H. Hsu, T. Ohigashi, W.-F. Pong and C.-H. Chuang, 
“Evidence of Synergistic Elecrocatalysis at a Cobalt Oxide-Graphene 
Interface through Nanochemical Mapping of Scanning Trans-
mission X-Ray Microscopy,” Chin. J. Phys. 76, 135–144 (2022).



35

Annual Review 2022

1.  Analysis of Organic Materials in 
Returned Samples from the Asteroid 
Ryugu by STXM

In 2014, a small spacecraft Hayabusa2 was launched to an 
asteroid 1999 JU3, named Ryugu, 280,000,000 km away from 
the earth. Hayabusa2 accumulates 5.4 g of pebbles and sands 
from surface (stored in a chamber A) and subsurface (in a 
chamber C) of Ryugu and the sample chambers came back to 
the earth in the end of 2020.1) Compared to ordinally meteor-
ites, those samples from Ryugu are expected to retain pristine 
information of the asteroid since they did not suffer from 
heating by the atmosphere and contamination by terrestrial 
materials. Moreover, the samples in the chamber C are likely 
to have less space weathering than those of the chamber A. 
Therefore, the samples in the chamber C could be one of the 
standards of nature of extraterrestrial material. Our team, 
Phase2 curation Kochi team (collaborative team among JAXA, 
JAMSTEC, NIPR, SPring-8 and IMS), has developed “a 
linkage analytical system” to analyze the sample by using 
various apparatus, such as synchrotron-based X-ray diffraction 
(XRD), computed tomography (CT), focused-ion-beam (FIB) 
process, transmission electron microscopy (TEM), NanoSIMS 
and STXM, without exposing to the air through whole process 
and a protocol for analysis with minimum destructive process 
and damages.2) Ryugu is primarily considered as a carbo-
naceous asteroid so that abundant of organic material is 
expected. Main concerns of Phase2 Kochi team are water and 
organic materials. Therefore, the STXM at BL4U in UVSOR 
is a promising tool to analyze localized organic materials with 
high spatial resolution around 30 nm. In BL4U, a sample 
transfer system, a special sample cell, an FIB grid (namely 
Kochi grid), and a container to transfer between facilities, 
which enable to transfer the sample from a glovebox to a main 
chamber of the STXM without exposing to air, have been 
developed for the analysis of the Ryugu samples. 

First of all, 3-dimensional structure and crystallography of 
a grain C0068 in the chamber C were confirmed by CT and 
XRD in SPring-8 to determine a region of interest (ROI) 
without any destructive process. The ROI was roughly cut out 
by using a diamond saw and was finished as an ultra-thin 
section sample by using FIB process in JAMSTEC as dimen-
sion of 25×25×0.1 (thick) µm3 on the Kochi-grid.2) That ultra-
thin section sample is used for high spatial resolution analyses 
by TEM, NanoSIMS and STXM. The procedures including the 
sample preparation, measurement and transportation between 
research institutes were performed under grade 1 nitrogen gas 
condition.

Figure 2(a) shows representative NEXAFS spectra of 

aromatic (C=C)-rich (plotted in red), C–H bonding-rich regions 
(green), matrix (blue) of the sample C0068,25 and Murchison 
meteorite (gray) around C K-edge. From this comparison, the 
peak at 287.5 eV, assigned as C–H bonding including aliphatic, 
is remarkable feature of the Ryugu samples. Their distribu-
tions are depicted in Figure 2(c) as RGB-color composite 
mapping. In regard to the distributions, the aromatic-rich 
region (shown in red) is less than the other components. Figure 
2(b) shows spatial distribution of carbon-related materials. 
Then, the dark area has no (or much less) carbon-related 
component. Detailed analyses of dashed line squares in Fig-
ures 2(b) and 2(c) were performed by using TEM (shown in 
Figures 2(d) and 2(e)). The corresponding dark spot areas are 
con firmed as pyrrhotite and pentlandite. A large nanoglobule is 
consisted of amorphous silicate as a core and aromatic-rich 
organic materials around that.

Further analysis of the Ryugu samples is in progress. As 
one of the topics, we notice a potential relationship between 
space weathering and evolution of organic materials.

Figure 2.3)  (a) NEXAFS spectra around C K-edge normalized to 292 
eV of aromatic (C=C)-rich regions (red), C–H bonding-rich regions 
(green) and matrix (blue). The grey line is a spectrum of Murchison 
insoluble organic matter. (b) An STXM image dominated by carbon. 
(c) An RGB mapping with aromatic-rich (C=C) areas (red), C–H 
bonding-rich areas (green) and matrix (blue). (d) C–H bonding-rich 
organics concentrated in coarse-grained phyllosilicates in an area 
enlarged from the white dashed boxes in (b) and (c). (e) A large 
nanoglobule extracted from the dashed white boxes in (b) and (c) 
where Po and Pn are pyrrhotite and pentlandite, respectively.
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Electrons in material are excited by photons and emitted 
into the vacuum as photoelectrons. Interestingly, the angular 
distribution of these photoelectrons reveals a truly beautiful 
holographic pattern derived from the motion of valence elec-
trons and the arrangement of atoms in the material. Analyzing 
“art” based on physical laws can lead to discoveries 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 and spectroscopy 
technique for the complete photoelectron analysis. We aim to 
pioneer cutting-edge spin materials science through compre-
hensive and detailed characterization of electrons.

Figure 1.  Photoelectron momentum microscope at BL6U of UVSOR 
synchrotron facility together with valence photoelectron holograms and 
dispersions of TaS2 and Bi2Se3. Charge density wave phase transition 
and topological nature can be directly studies in detail.
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1.  Single Graphite Step Visualized

Graphite is an incredibly important, versatile mineral, with 
uses spanning industries. Graphite is an essential component 
of many batteries, including lithium-ion batteries, and demand 
is only increasing as new technology is developed. Even 
though graphite has been thoroughly researched for decades, 
there is still more to be uncovered. Surprisingly, no photo-
electron spectroscopic studies have so far accurately measured 
the electronic states of the surface and the edge of graphite 
from a microscopic point of view. It has been “common 
knowledge” that the electronic structure of graphite is six-fold 
symmetric, but local observations using microscopy capa-
bilities1) have revealed the existence of two three-fold sym-
metric domains that are mirror symmetric by the termination 
of the alternating stacking structure at the topmost surface 
(Figure 2).2) Whereas conventional measurements look at the 
sum of both, photoelectron momentum microscopy reveals a 
step-edge structure at the boundary of two terraces of mono-
atomic layers of graphite with mirror symmetry with respect to 
each other.

Figure 2.  (a) Atomic structure of the cleaved graphite surface. (b) 
Iso-energy cross section of the graphite surface π band. (c) Graphite 
single atomic layer step was imaged with different contrast owing to 
the difference in the π band binding energies in two different terraces 
as shown in (d).2)

2.  Embed Valence Band in Auger 
Electrons

Resonant photoelectron spectroscopy highlights certain 

elemental components of the valence band by adjusting the 
photon energy to a core-level excitation threshold. However, 
most of the investigations to date has focused on angle-
integrated spectral analysis for elucidating the element-spe-
cific density of states. Thus, we explored the condition for the 
transition of the valence band dispersion information to the 
Auger electrons by momentum-resolved measurements with a 
wide-range and high-resolution and realized a new photo-
electron spectroscopy with the specificity of elemental and 
atomic orbitals in band structure analysis.

We performed momentum-resolved resonant photo-
electron spectroscopy measurements of graphite crystals using 
soft X-ray. We identified four different types of resonant 
pathways at the C K-shell absorption threshold (Figure 3).3) 
Fano-resonance-like behavior was confirmed for photoelectron 
emission from the π band dispersion. The π band dispersion 
disappeared just below the absorption threshold, and was 
strongly enhanced at the π* absorption resonance peak photon 
energy. In addition, two types of resonant Auger electron 
emission involving the Dirac cone shake-up process were 
observed. Furthermore, we discovered a peculiar dispersion 
structure embedded in the normal Auger electron energy 
region. This phenomenon has also been confirmed with mono-
layer graphene and adsorbed aromatic molecular species.4) 
This resonant valence excitation technique provides a versatile 
means for characterizing valence band and molecular orbital 
with element specification.

Figure 3.  Momentum-resolved valence photoelectron and Auger 
electron spectra along the direction excited at the photon energy of (a) 
284.01 eV and (b) 285.40 eV. Black and red dotted lines indicate the 
valence band and Auger electron dispersions, respectively. (c) Iso-
energy momentum-resolved Auger electron intensity distribution at 
the kinetic energy of 266.5 eV. (d) Schematic of resonant Auger-
electron emission for the pathway S3.3)
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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.  Hybridization of Bogoliubov 
Quasiparticles between Adjacent CuO2 
Layers in the Triple-Layer Cuprate 
Bi2Sr2Ca2Cu3O10+δ1)

It has been known that one of the most efficient ways to 
increase the critical temperature (Tc) of high-Tc cuprate super-
conductors (HTSCs) is to increase the number of neighboring 
CuO2 planes (n). Tc generally increases from single-layer (n = 
1), double-layer (n = 2), to triple-layer (n = 3) and then 
decreases for n ≥ 4. Although several mechanisms have been 
proposed to explain the n dependence of Tc, it is still not clear 
because of the lack of detailed knowledge about the electronic 
structure of the multi-layer (n ≥ 3) cuprates. In this study, we 
performed ARPES of optimally doped triple-layer Bi2Sr2Ca2 
Cu3O10+δ (Bi2223, Tc = 110 K) in the superconducting states 
at UVSOR BL7U.1)

Figures 1(a)–(h) show hybridization of Bogoliubov quasi-
particles (BQPs) between the outer CuO2 plane (OP) and the 
inner CuO2 plane (IP). The OP and IP are hybridized with 
each other and open a gap at the crossing point (an anti-
crossing gap between the two BQP bands) as shown in Figure 
1(i). We noticed that the magnitude of the gap (Δt⊥(k)) gradu-
ally increases as one goes away from the node toward the 
antinode and the momentum dependence of Δt⊥(k) can be 
reproduced by assuming the interlayer single-particle hopping 
parameter t⊥ ~ 56 meV using the tight-binding model for 
coupled CuO2 planes. In order to reproduce the high energy 
kinks for the OP and IP bands of the measured ARPES spec-
tra, we have performed model calculation including the cou-
pling to several oxygen-derived phonons. Taking into account 
the contribution of acous tic phonons, the flatness of the top of 
the IP band seen in the experiment is reproduced to some 
extent.

The most intriguing and important question relevant to the 
present study is how much the interlayer single-particle hop-
ping and the obtained Δt⊥(k) contribute to the enhancement of 
Tc in Bi2223. In order to discuss a possible mechanism for the 
Tc enhancement in triple-layer cuprates, a simple four-well 

model calculation is performed assuming contributions from 
four bosonic modes, namely, the acoustic phonon, the c-axis 
buckling phonon, the in-plane breathing phonon, and spin 
fluctuations. The present model calculation suggests that the 
electron–phonon coupling alone may not be sufficient to cause 
the observed Tc in the triple-layer cuprate, and the combi-
nation of spin fluctuations and phonons is essential (not 
shown). 

As another candidate of the anticrossing gap, the effect of 
interlayer Cooper-pair hopping could not be isolated from the 
present data, but might be important to increase the Tc of 
Bi2223. To answer the question of how interlayer interactions, 
i.e., single-particle hopping versus Cooper-pair hopping, 
contribute to the enhancement of superconductivity, further 
systematic studies are needed both experimentally and theo-
retically. The momentum-dependent hybridization gap, which 
is proportional to the square of the SC order parameter, would 
be a key piece of information to solve the Tc-enhancement 
mechanism of the multilayer cuprates.

2.  Development of Spin-Resolved ARPES 
with Image-Spin Detection

Our group is developing a new high-efficient spin-resolved 
ARPES system with multi-channel detection (we call “image-
spin” detection) in beamline BL5U at UVSOR. We success-
fully obtained spin-resolved signal of Au(111) surface and 
achieved 100 times better efficiency and several times better 
momentum resolution than the current synchrotron-based spin-
resolved ARPES systems in the world. In 2021, we installed a 
spin-manipulator lens system, where the direction of the spin 
can be changed to any directions. The calibration of the lens 
parameters will be done in 2022.

Reference
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Figure 1.  ARPES spectra of the OP and IP bands in Bi2223. (a)–(d): E-k plots near EF. (e)–(h): Energy-distribution curves (EDCs) corresponding 
to (a)–(d). (i): EDCs at momenta where the OP band and the IP band cross extracted from panels (e)–(h). (j): Momentum dependence of Δt⊥(k) 
plotted against the d-wave order parameter. (k): Schematic illustration of the hybridization between the OP and IP BQP bands in the off-nodal 
region.
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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 investi-
gated the pro cess of hydrophobic 
cluster formation in aqueous ethanol 

solutions by using XAS.3)

1.  Hydrophobic Cluster Formation in 
Aqueous Ethanol Solutions

Hydrophobic cluster structures in aqueous ethanol solu-
tions at different concentrations have been investigated by 
XAS.3) In the O K-edge XAS, we have found that hydrogen 
bond structures among water molecules are enhanced in the 
middle concentration region by the hydrophobic interaction of 

the ethyl groups in ethanol. On the other hand, in the C 
K-edge XAS, the lower energy features arise from a transition 
from the terminal methyl C 1s electron to an unoccupied 
orbital of 3s Rydberg character and show characteristic four 
concentration regions. From the comparison of C K-edge XAS 
with the inner-shell calculations, we have revealed the inter-
molecular interactions of ethanol with water at different 
concentration regions and found that ethanol clusters are 
easily formed in the middle concentration region due to the 
hydrophobic interaction of the ethyl group in ethanol, resulting 
in the enhancement of the hydrogen bond structures among 
water molecules.
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Soft matters exhibit their intriguing 
properties due to mesoscopic physical 
structures by self-organizations. To 
under stand properties of soft matters, 
we need to investigate their structure 
in the mesoscopic scale. We developed 
a new resonant soft x-ray scattering 
method which has various kind of selec-
tivities such as elements, groups and 
molecular alignments.1)

1.  Twisted Structure of Helical- 
Nanofilament

Twisted structure can be often observed in soft matter. 
However, since electron density modulations resulting from 
the twisted structures are weak, conventional small angle x-ray 

scattering method is difficult to observe it. The resonant soft 
x-ray scattering measurements can probe twisted structures 
and obtain pitch of twisted structure. This is because a reso-
nant process strongly depends on an angle between molecule 
and polarization vector of incident soft x-ray. In this year, we 
performed resonant soft x-ray scattering experiments at UVSOR 
BL3U for a helical-nanofilament of liquid-crystal matter. 

We successfully obtained diffraction images at the wave-
length of 4.34 nm (285 eV), which correspond to C 1s-to-π* 
core excitations. From the analysis of images, we found a 
resonant enhancement of diffractions corresponding to a twist 
pitch of 80 nm. We also found that twist pitch depends on the 
sample compositions and its temperatures.

Reference
1) B. A. Collins and E. Gann, J. Polym. Sci. 60, 1199 (2022).

IWAYAMA, Hiroshi
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Twisted Structure Analysis of Soft Matters 
by Resonant Soft X-Ray Scattering

UVSOR Synchrotron Facility
Division of Advanced Photochemistry
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Visiting Professors

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 

(RT) by forming an active surface when heated in ultra-high vacuum (UHV). When NEG is deposited on 
the inner wall of a vacuum vessel, the vacuum vessel will evacuate the residual gases just by baking, and 
UHV can be maintained without electric power for long time. Therefore, the development of NEG will 

contribute to CO2 emission reduction and Sustainable Development Goals (SDGs). However, the activation temperature of NEG 
(the temperature required to create an active surface by heating in UHV) needs to be lowered if NEG is to be widely used in 
various vacuum-related industries. Recently we have developed a new NEG, Pd overcoated on Ti thin film with a purity higher 
than 99.95% (oxygen-free Pd/Ti hereafter), which evacuates H2 and CO at RT after baking at 133 °C for 12 hours. NEG pumps 
using oxygen-free Pd/Ti deposition has been commercialized in 2019 and are widely used in synchrotron radiation facilities such 
as SPring-8, UVSOR, and Photon Factory.

Visiting Associate Professor
FUKUHARA, Takeshi (from RIKEN)

Single-Atom-Resolved Imaging of Quantum Gases in 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 various fundamental models in solid-
state physics. Key technologies for this research are the detection and manipulation of such gases at the 
single-atom level. We have prepared quantum gases in triangular optical lattices for the study of frustration 

physics and successfully realized single-atom-resolved detection using fluorescence imaging. Raman sideband cooling has been 
utilized for the detection because the sample of ultracold atoms is heated and destroyed due to photon scattering. Several 
parameters, such as intensities and frequencies of the cooling lasers, are required to be tuned for successful imaging. We 
automatically adjusted the parameters using Bayesian optimization, which is a machine learning method. Now we are improving 
the scheme for the optimization method to enhance the imaging fidelity.

Visiting Associate Professor
NAKAYAMA, Yasuo (from Tokyo University of Science)

Epitaxially-Grown Single-Crystalline Organic Molecular Semiconductors
While epitaxial growth of single-crystalline (inorganic) semiconductor materials is one of the most 

essential technologies for modern electronic applications, current organic semiconductor electronics are 
mostly built on heterojunctions composed of polycrystalline or amorphous molecular solids. On the other 
hand, 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. Our 
group has been working on single-crystalline heterojunctions of organic molecular semiconductors by epitaxial growth 
techniques. Recently, we discovered as a collaborative work with IMS groups that a methyl- and trifluoromethyl-substituted 
derivative of rubrene forms high-quality single-crystalline junctions on the single-crystal surface of (unsubstituted) rubrene in a 
“quasi-homoepitaxial” manner. Electronic band measurements on this quasi-homoepitaxial molecular junction by means of 
angle-resolved photoelectron spectroscopy are one of our next targets.
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RESEARCH ACTIVITIES
Materials Molecular Science
Extensive developments of new functional molecules and their assemblies are being conducted in 
three Divisions of Electronic Structures, Electronic Properties, and Molecular Functions, and one 
division for visiting professors and associate professors, in an attempt to discover new phenomena 
and useful functions. The physical (electric, optical, thermal and magnetic) properties on new 
functional materials, the chemical properties like enzymes, catalysis and photochemistry, the 
exploitation of new spectroscopic methods for materials molecular science, and technological 
applications like batteries, photocatalysts, fuel cells, solar cells and field effect transistors are 
investigated in this department.



44

RESEARCH ACTIVITIES

• T. Nakagawa et al., Phys. Rev. Lett. 96, 237402 (2006).
• T. Yokoyama and K. Eguchi, Phys. Rev. Lett. 107, 065901 (2011).
• M. Dabrowski et al., Phys. Rev. Lett. 113, 067203 (2014).
• Y. Uemura et al., Angew. Chem., Int. Ed. 55, 1364 (2015).
• Y. Takagi et al., Appl. Phys. Express 10, 076603 (2017).

• Y. Uemura et al., Chem. Commun. 53, 7314 (2017).
• Y. Takagi et al., Acc. Chem. Res. 51, 719 (2018).
• L. Yu et al., J. Phys. Chem. C 123, 603 (2019).
• T. Nakamura et al., J. Phys. Chem. C 124, 17520 (2020).
• S. Chaveanghong et al., Phys. Chem. Chem. Phys. 23, 3866 (2021).

Selected Publications

YOKOYAMA, Toshihiko
Professor
[yokoyama@ims.ac.jp]

Education
1983 B.S. The University of Tokyo
1985 M.S. The University of Tokyo
1990 Ph.D. The University of Tokyo

Professional Employment
1987 Research Associate, Hiroshima University
1993 Research Associate, The University of Tokyo
1994 Lecturer, The University of Tokyo
1996 Associate Professor, The University of Tokyo
2002 Professor, Institute for Molecular Science
 Professor, The Graduate University for Advanced Studies

Member
Assistant Professor

KOITAYA, Takanori*
YAMAMOTO, Kohei

Visiting Scientist
BUTTEINS, Thomas†

Graduate Student
KOBAYASHI, Akito‡

Secretary
ISHIKAWA, Azusa
KURITA, Yoshiko

Keywords X-Ray Absorption Spectroscopy, Surface & Thin Film Magnetism, Ambient Pressure Hard and Soft X-Ray Photoelectron Spectroscopy

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 (UV MCD) 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. Recently, assistant 
professor Kohei Yamamoto is developing the reflectance soft 
x-ray magnetic circular dichroism system for the clarifi cation 
of depth resolved magnetism of magnetic thin films with the 
atomic layer resolution scale.

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. Moreover, we designed and 
constructed the subsecond time resolved AP-HAXPES mea-
sure ment sys tem, and successfully investigated electro chemical 
reaction dynamics for the cathode Pt oxidation/reduction and 
the S2-adsorption/desorption processes upon an abrupt step of 
the cathode-anode bias voltages. These works were supported 
by the NEDO Fuel Cell project. More recently, assistant pro-
fessor, Takanori Koitaya, has been investigating various kinds 
of surface chemical reactions such as methane activation and 
CO2 hydrogenation using the AP-HAXPES system combined 
with the near ambient pressure soft x-ray photoelectron spec-
troscopy system installed at Beamline 07LSU of SPring-8.

The third subject is the x-ray absorption fine structure 
(XAFS) investigation. This includes femto- and picosecond 
time resolved XAFS measurements using the x-ray free elec-
tron laser 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 dependent extended x-ray absorp-
tion fine structure (EXAFS) spectroscopy has been conducted 
for a very long time to elucidate thermal and dynamic prop-
erties of alloy systems.
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1.  Operando Characterization of Copper-
Zinc-Alumina Catalyst for Methanol 
Synthesis from CO2 and H2 by AP-HAXPES1)

Operando spectroscopy is a very powerful tool for the 
characterization of heterogeneous catalysts under working 
conditions. In this study, an AP-HAXPES investigation of an 
industrial copper-zinc-alumina methanol synthesis catalyst 
was performed using our AP-HAXPES system shown in 
Figure 1(a) to reveal surface chemical states of the catalyst 
and adsorbed intermediates during the catalytic reaction. The 
reaction activity of the present catalyst is quite important 
because of the significance of the CO2 circulation. In-situ 
formation of metallic Cu-Zn particles was detected during the 
reduction process of the catalyst under hydrogen atmosphere. 
More interestingly, a significant amount of Al atoms was 
found to be incorporated into ZnO during H2 reduction and 
also CO2 hydrogenation chemical reaction as seen in Figures 
1(b) and 1(c).

In this study, we also installed a quadrupole mass spec-
trometer installed in the differentially pumped electron lens 
chamber to observe the reaction products in the presence of 
near ambient-pressure CO2 and H2 gases. The formation of 
CO and methanol was actually observed very clearly. Tem-
perature dependence was found to differ between rWGS 
(reverse water-gas shift to form CO) reaction and methanol 
synthesis; the reaction products of rWGS monotonically 
increased as a function of the sample temperature between 420 
K and 593 K, whereas the rate of the methanol synthesis 
reached a local maximum at 480 K, and decreased at 593 K. 
The observed temperature-dependence of methanol synthesis 
correlates well with the dynamic changes in the chemical 
states of the catalyst and adsorption intermediates during the 
reaction observed in the AP-HAXPES.

Figure 2 shows the C 1s and O 1s HAXPES during the 
CO2 hydrogenation reaction. The total environmental pressure 
amounts 53 kPa. Although the C 1s spectra measurement was 

rather difficult due to the small C 1s photoionization cross 
section, important reaction intermediate species such as CO3(a), 
HCOO(a), CH3O(a) were observed. The present AP-HAXPES 
measurements clearly show the importance of operando charac-
terization of the dynamic nature of heterogeneous catalysts.

2.  Exploitation of Reflectance Soft X-Ray 
Magnetic Circular Dichroism System for 
the Clarification of Layer-Resolved 
Magnetic Structures

Magnetic thin films/multilayers with complex depth struc-
tures exhibit a wide variety of magnetic phenomena due to the 
interactions between layers. Furthermore, multilayer structures 
have been used to realize useful properties in recording media, 
which is an important application of magnetic materials. 
Direct observation of the magnetic distribution in the depth 
direction of such magnetic multilayers has been used to 
elucidate the mechanism of evolution of magnetic structures in 
thin films. We installed an experimental setup for reflectance 
x-ray magnetic circular dichroism (XMCD) method in the soft 
X-ray regime at UVSOR BL4B and experiments were per-
formed on test samples. The sample was CoFeB and an oscil-
lating structure was observed due to the interference of the cap 
layer and the underlying layers. We observed the difference 
corresponding to XMCD by changing the direction of mag-
netic field, which is consistent with the simulation results. We 
also conducted spectroscopic measurements and obtained 
photon energy and reflection angle dependence to analyze the 
depth-resolved magnetization information. We will test the 
silicon drift detector for getting information of higher angle 
regions and eliminating the fluorescence effect with energy 
selectivity.

Reference
1) T. Koitaya K. Yamamoto, T. Uruga and T. Yokoyama, submitted.

Figure 1.  (a) Our AP-HAXPES system installed at BL36XU in 
SPring-8, (b–d) Al 1s HAXPES (hν = 7.94 keV) from the CuZn/Al2O3 
catalyst: (b) as-received, (c) during H2 reduction at 563 K, and (d) in 
the 36 kPa H2 and 17 kPa CO2 atmosphere at 593 K, together with (e) 
Zn 2p3/2 HAXPES in the same condition as (d). The Al atoms are 
found to be incorporated in ZnO in CO2 hydrogenation reaction, 
which is a key role for the catalytic activity in this system.

Figure 2.  (left) C 1s HAXPES during the CO2 hydrogenation reac tion 
(8 kPa H2 and 5 kPa CO2 at 340 and 533 K) and (right) O 1s HAXPES 
during the reaction (36 kPa H2 and 17 kPa CO2 at 370 and 593 K). 
Reaction intermediate species as CO3(a), HCOO(a), and CH3O(a) are 
seen, implying successful direct observation in the present catalytic 
reaction. Schematic surface reaction model is also shown in the figure.

* Present Address; Kyoto University
† IMS International Internship Program
‡ carrying out graduate research on Cooperative Education Program of IMS with Nagoya Institute of Technology
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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.

Keywords Surface & Interface Science, Nonlinear Optical Spectroscopy, Water Molecules
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1.  Critical Impacts of Interfacial Water on 
the Photocatalytic C–H Conversion of 
Methane1)

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 (Figure 1). 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 conditions. 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.

Figure 2.  (a) Potential energy curve and (b) snapshots for methane 
activation under wet conditions on β-Ga2O3 surfaces.

2.  Beyond Reduction Cocatalysts: Critical 
Role of Metal Cocatalysts in Photocatalytic 
Oxidation of Methane with Water2,3)

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 

(Figure 2), which is clearly beyond the conventional concept 
in photocatalysis 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 photocatalysts 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.

Figure 3.  Schematic illustration of the role of metallic cocatalysts on 
the photocatalytic methane oxidation.

3.  Monolayer-Sensitive Coherent Raman 
Spectroscopy for Molecular Systems on 
Conductive Surfaces4)

Highly sensitive and versatile spectroscopy for molecular 
systems on conductive surfaces, relating with electro-
chemistry, corrosion processes, and catalytic reactions is 
crucial in many scientific and technological fields. However, 
conventional spectroscopy based on spontaneous Raman 
scattering requires some specific electronic/plasmonic enhance-
ments due to its weak signal, imposing serious restriction on 
the system to which it is applied. Here, we introduce a mono-
layer-sensitive and versatile stimulated Raman spectroscopy 
without using any electronic/plasmonic enhancements. This 
spectroscopy innovation is achieved by coherent anti-stokes 
Raman scattering (CARS) with dramatical improvement of 
signal-to-noise ratio based on an optimally shaped time-
delayed pulse; our stimulated and time-resolved Raman obser-
vation scheme not only enhance the vibrational signal but also 
significantly suppress the huge background from conductive 
surfaces, which is demonstrated by focusing on well-defined 
self-assembled monolayers on flat gold substrates.

References
1) H. Sato, A. Ishikawa, H. Saito, T. Higashi, K Takeyasu and T. 

Sugimoto, submitted. (ChemRxiv DOI: 10.26434/chemrxiv-2022-lcgwv)
2)  H. Saito, H. Sato, T. Higashi and T. Sugimoto, submitted.
3) M. Yamauchi, H. Saito, T. Sugimoto, S. Mori and S. Saito, Coord. 

Chem. Rev. 472, 214773 (2022).
4) T. Ichii, A. Sakurai and T. Sugimoto, in preparation.
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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.  Efficient Interfacial Up-Conversion 
Enabling Bright Emission with Extremely 
Low Driving Voltage in Organic Light-
Emitting Diodes1)

We reported the photon up-conversion (UC) from near 
infrared (NIR) to visible yellow (Figure 1).2) The UC emission 
occurs by the combination of organic solar cell process and 
up-conversion (UC) process (Figure 4(b)). Double layer con-
sists of rubrene donor (D) and non-fullerene acceptor (A) was 
used. In the solar cell process, the free charges are generated at 
D/A interface by near-infrared (NIR) excitation. In the UC 
process, the charge recombination at the D/A interface takes 
place and triplet states (T1) are formed in the rubrene film 
through the CT states. Finally, the UC emission occurs by the 
T–T annihilation.

The UC process can also occur by the injected electrons 
and holes from the electrodes. So, we could fabricate the 
up-converted organic EL device. Red EL of 2.0 eV could be 
emitted by applied voltage of half energy of 1.0 V by utilizing 
up-conversion (Figure 4(a)). 100 cd/m2 at 1.5 V and 1000 cd/
m2 at 2.5 V were obtained. A battery of 1.5 V was enough for 
EL operation. This is the world lowest operating voltage 
reported so far. Thus, the CT state, which is an essence of 
organic solar cell process, can be also utilized for up-con-
verted organic EL.

Figure 4.  (a) Up-converted EL operated by a battery of 1.5 V. (b) 
Up-conversion (UC) mechanism.

2.  Monolayer-Digitized Band Mapping for 
Doped Rubrene Single Crystals3)

The band mapping for doped rubrene single crystals by 
using Atomic/Kelvin force microscopy (AFM/KFM) was 
performed. The ppm-level doping technique using an ultra-

slow deposition (Figure 3) was used. Doped rubrene single 
crystal was obtained by the homoepitaxial growth on rubrene 
single crystal substrate. Mo3O9 (1,000 ppm) was used as an 
acceptor dopant. Thicknesses of doped homoepitaxial layers 
were varied from 0 to 20 nm.

Morphological and potential images of doped homo-
epitaxial rubrene are shown in Figures 5(a) and 5(b). The 
island image (AFM) (Figure 5(a)) and the simultaneously 
obtained potential image (KFM) (Figure 5(b)) are roughly 
coincided. The average work functions of 3 and 4 rubrene 
monolayers were determined to 4.18 and 4.22 eV, respectively. 
Thus, we could plot the relationship between work function 
and number of rubrene monolayer (Figure 5(c), blue dots).

For Mo3O9 (1,000 ppm) doped rubrene single crystal, the 
number of negatively ionized acceptors of 2.0 × 1018 cm−3 and 
the doping efficiency of 3.3% were calculated by the band 
mapping. Specific values of work function observed for each 
number of rubrene monolayer suggests that the built-in poten-
tials are monolayer-digitized.

Figure 5.  (a) Morphological image of Mo3O9 (1,000 ppm) doped 
homoepitaxial rubrene having the thickness of 5 nm. (b) Simul-
taneously obtained potential image. Magnified image (lower) of white 
rectangle area (upper) are also shown. Island shapes emphasized by 
red curves are overlayed in the potential image. (c) Monolayer-
digitized band mapping.
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Solid-State NMR for Molecular Science
Department of Materials Molecular Science
Division of Molecular Functions

In order to elucidate functions of molecules, characteri-
zation of the molecule is the first step. There is a variety of 
important molecules, which are insoluble in any solvents and 
functional at amorphous state. Solid-state NMR enables us to 
obtain a variety of information at atomic resolution without 
damage to molecules and significant restrictions. Thus, solid-
state NMR is one of the essential tools for the characteri-
zations of those molecules.

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

Figure 1.  Outline of our studies.
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1.   Structural Characterization of Protein 
Using Solid-State NMR

Water bear possess extreme tolerance for environments. 
So far, the molecular mechanisms to protect their cells in such 
environments have not been clarified yet. Especially, under 
extremely dry environment, water bear takes torpor, then 
recovers under wet environment. It has been reported that 
several specific proteins have been expressed in water bear 
before torpor. Secretary abundant heat soluble protein (SAHS) 
is one of those proteins, and its biological functions have not 
been clarified yet. However, it has been considered that SAHS 
plays important roles to conserve their tissues, thus cells of 
water bear during torpor. The molecular structure of SAHS 
under hydrated state has been characterized precisely. In 
contrast, their structural information is limited under dry state. 
Therefore, we have been attempted to clarify the SAHS struc-
ture at dry state using solid-state NMR spectroscopy. This is 
collaboration project with Prof. Kato group in IMS and Prof. 
Yagi group in Nagoya city university.

Any proteins under dry condition may be expected to 
exhibit inhomogeneous structure. In order to investigate local 
structural and those homogeneity of SAHS at dry state, 2D 
dipolar assisted rotational resonance (DARR) 13C-homo-
nuclear correlation solid-state NMR measurements were car-
ried out for the dry-state SAHS protein which only isoleucine 
residues are isotopically enriched by 13C and 15N. Those 
samples were newly prepared by improved procedures. 
Together with solid-state NMR analyses for several mutants 
for SAHS, signal assignments were successfully achieved. 
Then local secondary structures were identified through inves-
tigations of obtained 13C chemical shifts of individual sites. 
Consequently, the result suggests that essentially most of 
secondary structure of SAHS are conserved even under dry 
state.

2.  Developments of Spectral Editing 
Solid-State NMR Techniques

For the characterization of molecules using NMR, signal 
assignment is the first important step. Especially for bio-
molecules, such as proteins, 13C and 15N uniform isotope 
enrichments of samples is common and essential approach. 
Those isotope enrichments of samples enable to detect homo-, 
and heteronuclear correlation peaks among 13C and 15N nuclei 

at reasonable sensitivities. Those analyses enable structural 
characterizations of molecules. How ever, those isotope enrich-
ments are not generally applicable, such as natural products 
and synthetic molecules via compli cated processes. For such 
unlabeled samples, the efficient approach is quite limited due 
to the difficulties of observation of 13C and 15N correlation 
signals among natural abundant nuclei. Therefore, totally 
different approaches must be applied for their characterizations.

We have been working on developments of efficient spect-
ral editing techniques to support accurate signal assignments 
for such unlabeled organic samples in solid-state NMR spec-
tros copy under both rigid and mobile sample conditions. The 
applicability of the developed technique has been verified for 
reference samples and their applications are under study.

3.  Development of Solid-State NMR Probes

We have been working on developments of totally original 
solid-state NMR probes during a couple of years. In those 
probes, only spinning module and spinning counting module 
are remained as commercial parts. In order to replace those 
remained commercial parts to our original ones, we have been 
working on developments of original sample spinning mod-
ules for magic angle spinning (MAS) solid-state NMR probes 
which are fully compatible with currently using Bruker spec-
trom eter and commercial sample tubes. As an initial stage, we 
started the design of a spinning module for standard 4.0 mm 
sample tube for Bruker. After two times of version up, our 
original spinning module reached to the spinning performance 
of commercial one from Bruker. The experimental perfor-
mance of developed spinning module was evaluated by install-
ing the module to the originally developed bench spinner 
system. By using Bruker automated spinning controller using 
standard parameters of drive- and bearing gas pressures for 
commercial 4.0 mm sample tube, our spinning modules 
achieved maximum sample spinning rate of 15 kHz for Bruker 
commercial sample tube. In addition, by using originally built 
manual spinning controller system with original drive-, and 
bearing-gas pressures, our spinning module achieved higher 
spinning rate over maximum spinning rate for Bruker com-
mercial spinning module. Currently, a shrink version of the 
spinning module is under development in order to enable 
installation of the module to a narrow bore solid-state NMR 
probe with outer sleeve diameter of 38 mm.
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Study on Hydride Ion Conductive Materials 
for Novel Electrochemical Devices

Department of Materials Molecular Science
Division of Molecular Functions

Hydrogen has a charge flexibility and can take various 
charge states such as proton (H+), atomic hydrogen (H0), and 
hydride (H−) depending on the different bonding states in 
materials. Due to this feature, whereas hydrogen diffusing in 
metals behaves a state close to H0, H+ becomes the charge 
carrier in many types of chemical compounds, including poly-
mer, solid acid, MOF, and ceramics. In the former case, hydro-
gen absorbing alloys and hydrogen embrittlement of metals 
have been studied, and in the latter case, materials research for 
fuel cell applications has been actively carried out over the past 
few decades. In contrast, H− is a relatively rare state that can 
only be taken when hydrogen is coordinated to metals with low 
electronegativity such as alkali metals and was not well recog-
nized as a charge carrier. Therefore, even though H− has 
attractive features such as suitability for fast ionic conduction 
in terms of size, valence, and polarization and strong reduction 
properties (Eº(H−/H2) = −2.35 V vs. SHE), its electrochemical 
applications have not been considered. Against this back-

ground, we developed a series of H− conductive oxyhydrides, 
La2–x–ySrx+yLiH1–x+yO3–y, in 2016 and found its function as an 
H− solid electrolyte for the first time. Based on the results, our 
group is challenging the progress of materials science on H− 
conductors and the development of novel electrochemical 
devices utilizing H−conduction phenomena.

• G. Kobayashi, Y. Hinuma, S. Matsuoka, A. Watanabe, M. Iqbal, M. 
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Figure 1.  Our research concept toward realization of electro chemical 
devices utilizing hydrogen charge flexibility.
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1.  Study on H– Conductive Oxyhydrides1–4)

In 2016, we synthesized a series of K2NiF4-type oxyhy-
drides, La2−x−ySrx+yLiH1−x+yO3−y (LSLHO), which are equipped 
with anion sublattices that exhibit flexibility in the storage of 
H−, O2−, and vacancies (Figure 2 upper) and demonstrated 
pure H− conduction properties in the oxy hydrides.1) The 
Li-based oxyhydrides acted as solid electrolytes and the all-
solid-state Ti/LSLHO/TiH2 cell showed a redox reaction based 
on hydrogen storage/desorption on the electrodes, which is a 
first battery reaction using H− conduction phenomena.

Based on elemental substitutions to LSLHO, we have been 
exploring hydride ion conducting oxyhydrides. As shown in 
Figure 2, we have found that the H– and O2– arrangement in 
the K2NiF4-type structure can be controlled by tuning the 
valence (electrostatic valence rule) and size balance of the 
cation species (tolerance factor). More recently, we reported a 
new H– conductive oxyhydride, Ba1.75LiH2.7O0.9 (BLHO), 
containing a high amount of barium and hydrogen vacancies 
and exhibiting long-range ordering at room temperature. 
Increasing the temperature above 315 °C disorders the long-
range ordering, triggering superionic conduction with a high 
H– conductivity of over 0.01 S·cm–1 nearly independent of the 
temperature. The finding of the H– superionic conductor 
operating intermediate temperature range, which might open 
up possibilities for new electrochemical device.

Figure 2.  Comparison of the crystal structures of H− conductive 
oxyhydrides La2−x−ySrx+y LiH1−x+yO3−y (x = 0, y = 0, 1, 2) and Ba2MHO3 
(M = Sc, Y).

Figure 3.  The temperature dependence of H– conductivity for BLHO. 
After the β-γ transition, the conductivity drastically enhances, and its 
value is nearly independent of temperature.

2.  Materials Processing of Oxyhydrides 
for Electrochemical Applications5–7)

Synthesizing oxyhydrides usually requires unique methods 
such as high-pressure reactions, and topochemical reactions 
using CaH2 reductant. Since the former method is a sealed 
reaction system, loss of light elements, such as hydro gen, can 
be prevented, making it a suitable synthesis method for com-
position control and, ultimately, exploration for new materials. 
On the other hand, the latter is an O2−/H−exchange reaction 
and is useful for preparing metastable phases. However, the 
high-pressure method and the topochemical reaction have each 
problem of low synthesis volume and low reproducibility, 
respectively. To expand the research on hydride ionic con-
ductors to the development of electrochemical devices, it is 
necessary to establish a simple and large volume synthesis 
process for the constituent materials. We have been trying to 
establish a suitable synthesis method for oxyhydrides to 
resolve the above problems.

For the K2NiF4-type oxyhydrides, we have successfully 
established the solid-state reaction method under ambient-
pressure.4,5) Furthermore, we have succeeded in direct synthe-
sis of barium titanium oxyhydride BaTiO3–xHx by mechano-
chemical reaction, allowing gram-scale and speedy prepa-
ration of the functional material. Its unique reaction condition 
without external heating might be suitable for materials explo-
ration of transition metal oxyhydrides. We also confirmed that 
the prepared polycrystalline BaTiO3–xHx worked as a hydrogen-
permeable electrode. This result suggests that H–/e– mixed 
conducting oxyhydrides are promising for electrode use in 
electrochemical chemical/energy conversion devices (Figure 4).

Figure 4.  BaTiO3–xHx synthesized by a mechanochemical method 
and its performance as hydrogen permeable electrodes.
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Physical properties and elementary 
processes at the interface between 
elec trode and electrolyte are strongly 
related to the performance of energy 
devices.1,2) Traditionally, the physical 
properties and elementary processes 
have been indirectly discussed based 
on the changes of the device perfor-
mances. Developments of the tech-
niques of spectroscopic measurements 

have analyzed the physical properties and elementary pro-
cesses at the interface. In addition to the spectroscopic analy-
sis, direct imaging and nano/atomic-scale analysis by micro-
scopic measurements of the interface will reveal the real 
nature of the interface. 

Historically, scanning probe microscopy (SPM) have been 
developed as the experimental technique to analyze the physi-
cal properties and elementary process in nano/atomic-scale in 
ideal conditions such as ultra-high vacuum and low tempera-
ture for single crystal samples. We have constructed SPM 
systems to analyze the physical properties and elementary 
process at electrode/electrolyte interface (Figure 1).

At the interface between electrode and electrolyte of 
rechargeable battery during the charge and discharge reac-
tions, solvent molecules, carrier ions and additives congregate 
and form specific states.1–3) The properties of interface phases 
are related to the battery performances (capacity, cyclability, 
rate performance etc.), however, much is unknown at the 
interface.4–6) We have investigated the mechanical properties 
at the interface. Figure 2 shows force curves obtained by the 

SPM with changing the electrode potential in an electrolyte for 
rechargeable battery. At open circuit potential (OCP), the 
adhesion force (negative force in the force curve) was negli-
gible value. By changing the potential to −1.25 V (vs. Pt), the 
adhesion force was increased to ~60 nN. Further sweep of the 
potential to −2.0 V, the adhesion force was returned to neg-
ligible value. These changes of the mechanical properties are 
caused by the changes of the interface phases by applied 
electric fields that relate to the battery perforamance.

Figure 2.  Force curves obtained by the electrochemical SPM systems 
at the interface between an electrolyte for rechargeable battery and the 
electrode with changing the sample potential. The black, red and gray 
curves were obtained at open circuit potential (OCP) = ~−0.1 V, −1.25 
and −2.0 V, respectively. Inset (a); the change of the adhesion force 
obtained by the SPM by changing the potential. Inset (b); an SPM 
image at −1.25 V (300 nm × 300 nm in xy scales and 0 ~ 180 nm in z 
scale). All potential is defined from the difference from Pt.
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Figure 1.  A schematic illustration of the electrochemical SPM 
systems to analyze the mechanical properties at the electrode/elec-
trolyte interface.
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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)

Pulsed EPR Spectroscopy of Electron and Hole Spins in Semiconductor Crystals
The coexistence of electrons and holes in semiconductors provides the functionality of optoelectronic 

devices, such as photo sensors, solar cells, and organic light emitting diodes (OLEDs). A microscopic 
understanding of the underlying physics of electron–hole interaction is essential for further development of 
devices. The pulsed electron–electron double resonance (DEER or PELDOR) technique, a pump–probe 
measurement of two-spin interactions, has been established to analyze the distance between separated spin 

labels in a molecule. However, it is challenging to apply this technique to the randomly distributed spin systems that are typically 
realized in optoelectronic devices. We have investigated the spin interactions between randomly distributed electron and hole 
traps created by optical excitation in a semiconductor by the DEER technique using arbitrary-waveform pulses of Gaussian and 
chirped rectangular microwave pulses. Adiabatic excitation of the spin system extracted widely distributed interacting distances 
of 3–4 Å, indicating reasonable values before tunneling recombination, from the vast background interactions.
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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.  Structural Characterization of Aldoxime 
Dehydratase OxdB That Catalyzes 
Dehydration Reaction of Aldoximes to 
Form Nitriles

Nitrile compounds are important intermediates in some 
industrial processes to produce nylon and acrylic fibers, 
insecticides, and pharmaceuticals. Though one of the most 
useful methods for nitrile production is dehydration of aldox-
ime, the chemical dehydration of aldoxime used in the indus-
trial process requires harsh conditions. Therefore, a more 
environmentally benign process of aldoxime dehydration is 
expected to be established, for which a biological dehydration 
of aldoxime is a possible candidate. In nature, some microbes 
have “aldoxime-nitrile pathway,” where aldoximes are metabo-
lized to the corresponding carboxylic acids through nitriles 
formed by dehydration of aldoximes with aldoxime dehydratase 
(Oxd; EC4.99.1.-). There are two pathways for the conversion 
of nitriles to carboxylic acids. One is hydrolysis of nitriles by 
nitrilase, and the other is the combination of the reactions 
catalyzed by nitrile hydratase and amidase. Nitriles are the 
important intermediate not only in some industrial processes 
but also in this biological system. The detail characterization 
of such a biological process to produce nitriles will give some 
useful information to develop an environmentally benign 
process for the production of nitriles in industrial field. 

The crystal structures of OxdRE from Rhodococcus sp. 
N-771 and OxdA from Pseudomonas chlororaphis have been 
reported. Based on the biochemical characteristics of Oxds 
and the crystal structure of its Michaelis complex, a mecha-
nism for the dehydration of aldoxime to the corresponding 
nitrile has been proposed. The active site of Oxds includes 
heme b as a cofactor and a catalytic triad, which consists of, 
for example, OxdA, arginine, histidine, and serine. The Fe2+ 
ion is additionally coordinated to another histidine. When the 
substrate enters the active site, it becomes N-coordinated to 
Fe2+. The hydroxyl moiety of aldoxime also forms hydrogen 
bonds with serine and histidine. Oxds share a common archi-
tecture to achieve this reaction, but show varying substrate 
selectivities. In particular, OxdB (Oxd from Bacillus sp. OxB-
1) shows different enantioselectivities from those of OxdRE 
and OxdA when bulky compounds, such as racemic E/Z-2-
methyl-3-(3,4-methylenedioxyphenyl)-propanal oxime, are 
used as substrates. The structural features of OxdB are con-
sidered to be responsible for the difference in substrate selec-
tivity between OxdRE and OxdB. However, the structure of 
this broadly applicable biocatalyst has not yet been determined 
due to the challenges associated with its crystallization. Thus, 
it is difficult to discuss the relationship between protein 
structure and substrate selectivity.

In this work, we have determined the crystal structure of 
OxdB by adding a site-specific mutation to Glu85 located on 
the surface of the protein, we succeeded in crystallizing OxdB 
without reducing the enzyme activity. (Figure 1) The catalytic 
triad essential for Oxd activity were structurally conserved in 

OxdB. The catalytic triad were conserved in the structure of 
OxdB. Based on the crystal structure of OxdB, the molecular 
mechanism of the aldoxime dehydration in OxdB is as fol-
lows. When the substrate is bound to heme in OxdB, Thr202 
forms a hydrogen bond with the hydroxyl group of the sub-
strate. Dehydration of the substrate proceeds as a result of the 
proton supply by His306. His306 receives a proton from 
Glu126 or Arg159. The imidazole ring of His282 in OxdB was 
more perpendicular to heme than that of His299 in OxdRE and 
OxdA. This fact suggests that His282 in OxdB is highly 
nucleophilic toward heme iron. The experiments with muta-
genesis on axial histidine and exogenous imidazole derivatives 
in OxdB have shown that the enzyme activity increases under 
conditions of high nucleophilicity by the axial ligand. In this 
context, the activity of OxdB is expected to be higher than that 
of OxdRE and OxdA.

In addition, the crystal structure of the Michaelis complex 
of OxdB and the diastereomerically pure substrate Z-2-(3-
bromophenyl)-propanal oxime implied the importance of 
several hydrophobic residues for substrate selectivity. Muta-
tional analysis implicated Ala12 and Ala14 in the E/Z selec-
tivity of bulky compounds. The N-terminal region of OxdB 
was shown to be shorter than those of OxdA and OxdRE, and 
have high flexibility. These structural differences possibly 
result in distinct preferences for aldoxime substrates based on 
factors such as substrate size.

Figure 1.  Structure of active site in OxdB-E85A. (A) OxdB-E85A 
(Substrate-free) is shown in green. Fo-Fc map (4σ) in active site is 
shown in blue mesh. (B) OxdB-E85A and Z-2-(3-bromo-phenyl)-
propanal oxime (1) complex is shown in slate color. 1 is shown in 
yellow stick model. Anomalous Fourier map (4σ) in active site is 
shown in black mesh. Polder map (4σ) of 1 is shown in magenta mesh. 
(C) Superposition of substrate-free form and substrate-bound form is 
shown in green and slate color, respectively. Fo-Fc map (4σ) of 
substrate-free form is shown in blue mesh. (D) Superposition of 
OxdB-E85A and 1 complex, and OxdRE in complex with butyr-
aldoxime. OxdRE is shown in orange. Butyraldoxime is shown in 
cyan stick model.

* Present Address; Keio University
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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.  Elucidation of Molecular Mechanisms 
of Regulation of Protein Glycosylation

Our research on protein glycosylation has made significant 
progresses over the past year. First, we identified a molecular 
code embedded in protein for regulating its glycosylation. 
Many proteins in nature exist as glycoproteins, which are 
molecules comprised of protein (polypeptide chain) and glycan 
(sugar chain). While the protein structure is determined on the 
basis of its genetic blueprint, the information on glycans is not 
directly encoded by the genome. We recently found a specific 
29-amino-acid sequence in the glycoprotein LAMP-1 that 
promotes a specific glycan structure called Lewis X.1) This 
sequence induces Lewis X modification when fused to other 
proteins such as erythropoietin (Figure 2). These findings on a 
regulatory code of protein glycosylation are expected to pave 
the way for controlling glycosylation of biopharmaceuticals, 
which is critical for their efficacy and safety.

Protein glycosylation also has implications in disease. We 
previously discovered the presence of a novel post-trans-
lational modification, in which glycerol phosphate (GroP) caps 
the core part of matriglycan, thereby blocking its elongation. 
We recently found that the GroP modification is mediated by 
PCYT2, a CDP-Gro synthase in humans, and disrupts glycan-
mediated cell adhesion, thereby promoting the migration of 
cancer cells.2,3) These findings can contribute to the develop-
ment of cancer therapies targeting this modification.

Furthermore, we are continuously developing method-
ologies for structural analyses of glycoproteins, which include 
updating the web application GALAXY for HPLC/MS-based 
glycosylation profiling4) and improving the stable isotope 
labeling protocol for NMR spectroscopy.5) These method-
ological developments have led to the promotion of new 
collaborative researches as exemplified by identification of 
distinct N-glycosylation patterns on extracellular vesicles from 
small-cell and non-small-cell lung cancer cells.6)

Figure 2.  Specific 29-amino-acid sequence from the glycoprotein 
LAMP-1 serves as a “Lewis X code,” which is deciphered by the 
fucosyltransferase FUT9, and it can be embedded into erythropoietin 
to evoke Lewis X modification.

2.  Characterization of Biomacromolecules 
that Function in Extreme Environments

Our research also aims to understand the mechanisms of 
adaptation of life to the environments through analysis of the 
structure, dynamics, and function of biomacromolecules work-
ing in extreme environments. In FY2021, through collabora tion 
with the ExCELLS groups lead by Dr. Uchihashi, Dr. Murata, 
and Dr. Arakawa, we published several papers on the molecular 
mechanisms of tardigrade unhydrobiosis. Our inte grat ive spec-
tro scopic and microscopic data demonstrate that CAHS1 (cyto-
solic-abundant heat-soluble protein 1), an abun dant protein in 
Ramazzottius varieornatus, self-assembles into fibrous conden-
sates under desiccation-mimicking conditions in a reversible 
manner7) (Figure 3). This dynamic protein organization suggests 
multistep anhydrobiotic mechanisms, including the reversible 
formation of protective compartments for desiccation-sensitive 
biomolecules, water-holding gelation, and maintenance of the 
integrity of biomolecular complexes under extremely dry con-
ditions. We also characterized struc tures of g12777 protein, a 
novel Mn-dependent peroxidase, from R. varieornatus,8) and 
EtAHS, a novel abundant heat-soluble protein from Echinisicus 
testudo.9) Our findings illus trate adaptation strategies of organ-
isms to extreme environ ments without water.

Moreover, we applied the integrative biophysical approach 
to characterize the overall structure of cyanobacterial circadian 
clock protein complex10) and single-molecular interactions 
between the complement component C1 and antibodies.11)

Figure 3.  Spontaneous assembling of CAHS1 proteins into fibrous 
condensates under desiccation-mimicking conditions.
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Activity of life is supported by various molecular machines 
made of proteins. Protein molecular machines are tiny, but 
show very high performance, and are superior to man-made 
machines in many aspects. One of the representatives of 
protein molecular machines is linear and rotary molecular 
motors (Figure 1). Molecular motors generate mechanical 
forces and torques that drive their unidirectional motions from 
the energy of chemical reaction or the electrochemical poten-
tial across the cell membrane. We unveil operation principles 
of molecular motors with advanced single-molecule functional 
analysis. With the help of site-satura tion mutagenesis and 
robot-based automation, we also engineer non-natural molecu-

lar 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.  Direct Observation of Stepping Rotation 
of V-ATPase Reveals Rigid Component in 
Coupling between Vo and V1 Motors1)

V-ATPases are rotary motor proteins that convert the 
chemical energy of ATP into the electrochemical potential of 
ions across cell membranes (Figure 2). V-ATPases consist of 
two rotary motors, Vo and V1, and Enterococcus hirae V-ATPase 
(EhVoV1) actively transports Na+ in Vo (EhVo) by using torque 
generated by ATP hydrolysis in V1 (EhV1). Here, we observed 
ATP-driven stepping rotation of detergent-solubilized EhVoV1 
wild-type, aE634A, and BR350K mutants under various Na+ 
and ATP concentrations ([Na+] and [ATP], respectively) by 
using a 40-nm gold nanoparticle as a low-load probe. When 
[Na+] was low and [ATP] was high, under the condition that 
only Na+ binding to EhVo is rate-limiting, wild-type and 
aE634A exhibited 10-pausing positions reflecting 10-fold 
symmetry of the EhVo rotor and almost no backward steps. 
Duration time before the forward steps was inversely propor-
tional to [Na+], confirming that Na+ binding triggers the steps. 
When both [ATP] and [Na+] were low, under the condition 
that both Na+ and ATP bindings are rate-limiting, aE634A 
exhibited 13-pausing positions reflecting 10- and 3-fold sym-
metries of EhVo and EhV1, respectively (Figure 3). The distri-
bution of duration time before the forward step was fitted well 
by the sum of two exponential decay functions with distinct 
time constants. Furthermore, occasional backward steps smaller 
than 36° were observed. Small backward steps were also 
observed during three long ATP cleavage pauses of BR350K. 
These results indicate that EhVo and EhV1 do not share pausing 
positions, Na+ and ATP bindings occur at different angles, and 
the coupling between EhVo and EhV1 has a rigid component 
(Figure 4).

Figure 2.  (A) Overall architecture of EhVoV1. The dotted circular 
arcs represent the rotation direction driven by ATP hydrolysis. (B) 
(top) Top view of a-subunit (cyan) and c10-ring (brown) of EhVo and 
(bottom) A- (yellow), B- (orange), D- (green), and F-subunits (pink) 
of EhV1. The black arrow at the top indicates the path of Na+ move-
ment during ATP-driven rotation. The arcs at the bottom represent the 
catalytic AB pairs. (C) Side view of a-subunit viewed from the 
c-subunit. The mutated residue, aGlu634, is located on the surface of 
the entry half-channel of the a-subunit as highlighted in red letters and 
a circle.

Figure 3.  (A) Typical trajectory of rotation at 1 μM ATP and 0.3 mM 
Na+ recorded at 1,000 fps. Enlarged view of one revolution (360°) is 
shown on the right. Pink, red, and black traces represent raw, median-
filtered (current ± 7 frames), and fitted trajectories, respectively. The 
inset shows the corresponding x-y trajectory. Pink lines and red dots 
represent the raw and median-filtered (current ± 7 frames) coordinates, 
respectively. (B) Distribution of the step size fitted with the sum of 
three Gaussians: One peak in backward (minus) direction and two 
peaks in forward (plus) direction, one of which was fixed at 36°, 
assuming that it was the step of EhVo. (C) Distribution of the duration 
time before the forward step fitted with the sum of two exponential 
decay functions.

Figure 4.  Schematic models of the stepping rotation and rigid 
coupling of EhVoV1. The orange circles and dark green squares 
indicate the pausing positions waiting for Na+ binding to EhVo and 
ATP binding to EhV1, respectively. The red arrows indicate the 36° 
steps between adjacent pausing positions for the EhVo. The blue 
arrows indicate the backward and forward steps smaller than 36° 
between adjacent pausing positions for EhVo and EhV1. (A) Condition 
in which only Na+ binding to EhVo is rate-limiting. In this condition, 
the pauses waiting for ATP binding to EhV1 are too short to be 
detected, and EhVoV1 rotates unidirectionally without backward steps. 
(B) Condition in which both Na+ and ATP bindings are rate-limiting. 
The pausing positions waiting for ATP binding are visualized, and 
then 13-pausing positions are detected per single turn. Because no 
torque is generated during the pauses waiting for ATP binding to 
EhV1, EhVoV1 rotates to the backward and forward pausing positions 
of EhVo driven by Brownian motion.
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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, 
development of a wide variety of the heterogeneous aqua-
catalytic systems, continuous flow catalytic systems, and super 
active catalysts working at ppm-ppb loading levels, have been 
achieved. Furthermore, we have recently been developing a 
novel photocatalysis where, for example, the electrophilic 
substitution of carbonyl groups took place under visible-light 
irradiation (Figure 1).

Figure 1.  The outlined concept of photocatalytic reductive activation 
of substrate (e.g. carbonyls).
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1.  Photocatalytic Carbinol Cation/Anion 
Umpolung: Direct Addition of Aromatic 
Aldehydes and Ketones to Carbon Dioxide1)

We have developed a new photocatalytic umpolung reac-
tion of carbonyl compounds to generate anionic carbinol 
synthons. Aromatic aldehydes or ketones reacted with carbon 
dioxide in the presence of an iridium photocatalyst and 1,3- 
dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole (DMBI) as 
a reductant under visible-light irradiation to furnish the corre-
sponding α-hydroxycarboxylic acids through nucleophilic 
addition of the resulting carbinol anions to electrophilic 
carbon dioxide.

Figure 2.  Photocatalytic Eelectrophilic Substitution of Carbonyls 
with Carbon Dioxide via Carbinol Anion Species.

2.  Palladium-Catalyzed 
Aminocarbonylation of Aryl Halides with 
N,N-Dialkylformamide Acetals2)

We developed a protocol for the palladium-catalyzed 
amino carbonyl ation of aryl halides using less-toxic formamide 
acetals as bench-stable aminocarbonyl sources under neutral 
conditions. Various aryl (including heteroaryl) halides reacted 
with N,N-dialkylformamide acetals in the presence of a cata-
lytic amount of Pd2(dba)3 and xantphos to give the corre-
sponding aromatic carboxamides at 90–140 °C without any 
activating agents or bases in up to quantitative chemical yield. 
This protocol was applied to aryl bromides, aryl iodides, and 
trifluoromethanesulfonic acid, as well as to relatively less-
reactive aryl chlorides. A wide range of functionalities on the 
aromatic ring of the substrates were tolerated under the amino-

carbonylation conditions. The catalytic aminocarbonylation 
was used to prepare the insect repellent N,N-diethyl-3-methyl-
benzamide as well as a synthetic intermediate of the dihydro-
folate reductase inhibitor triazinate.

Figure 3.  Palladium-Catalyzed Aminocarbonylation with N,N-Dialkyl-
formamide Diacetals.

3.  Cyanide-Free Cyanation of Aryl Iodides 
with Nitromethane by Using an Amphiphilic 
Polymer-Supported Palladium Catalyst3)

A cyanide-free aromatic cyanation was developed using 
nitromethane as a cyanide source in water with an amphiphilic 
polystyrene–poly(ethylene glycol) (PS–PEG) resin-supported 
palladium catalyst and an alkyl halide (i.e., 1-iodobutane). The 
cyanation proceeded through the palladium-catalyzed cross-
coupling of aryl halides and nitromethane, followed by trans-
formation of the resultant nitromethylarene intermediates into 
nitriles by 1-iodobutane.

Figure 4.  Cyanation of Aryl Iodides with Nitromethane by Using an 
Amphiphilic PS-PEG resin-Supported Palladium Catalyst in Water.
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The field of molecular catalysis has been an attractive area 
of research to realize efficient and new transformations in the 
synthesis of functional molecules. The design of ligands and 
chiral molecular catalysts has been recognized as one of the 
most valuable strategies; therefore, a great deal of effort has 
been dedicated to the developments. In general, “metal” has 
been frequently used as the activation center, and confor-
mationally rigid catalyst framework has been preferably com-
ponents for the catalyst design. To develop new type of molecu-
lar catalysis, we have focused on the use of hydrogen and 
halogen atom as activation unit, and have utilized non-covalent 
interactions as organizing forces of catalyst framework in the 
molecular design of catalyst, which had not received much 
attention until recently. We hope that our approach will open 
the new frontier in chiral organic mol ecules from chiral molecu-
lar chemistry to chiral molecular science.

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)

We found that perfluorinated iodoaryls are able to catalyze 
the allylation reaction to N-activated heteroaromatics. On the 
basis of this discovery, a quantitative approach was studied 
using 4-substituted perfluorinated iodobenzene.11) Exami-
nation of the electrostatic potential surfaces showed that 
substituent R groups significantly affected the charge density 
of iodine, fluorine, and carbon on the benzene ring. 19F NMR 
titrations were used to determine the binding constants K for 
chloride, and their catalytic activities were evaluated in the 
allylation reaction. We revealed that the log K and product 
yields were linearly correlated, and that they were dependent 
on the Hammett substituent parameter, σmeta. This linear 
correlation provided a quantitative predictive model for both 
the binding constant and the reaction yield. Concomitantly, 
this efficiently permitted the development of a highly active 
anion-binding catalyst, namely 4-CNC6F4I. The catalytic 
activity of 4-CNC6F4I was established in the allylation and 
crotylation of silatrane reagents to N-activated isoquinolines.

Figure 3.  Molecular electrostatic potential surfaces of 4-RC6F4I (R: CH3, 
H, F, and CF3) at the M06-2X-D3/6-311+G(d,p)-SDD level of theory.
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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.  A Novel Organic Quantum Spin Liquid 
Material with a Triangular Lattice

Quantum spin liquid (QSL) is a novel quantum state of 
matter, in which charges are localized while spins are highly 
fluctuating. In general, interacting spins with antiferro-
magnetic (AFM) exchange couplings result in long-range 
ordered magnetic ground state at low temperatures, with 
vanishing the spin entropy. On the other hand, spins in QSL 
that are entangled strongly remain highly fluctuating with high 
entropy even at very low temperatures. In QSL materials, 
geometrical frustrations, in addition to quantum fluctuations, 
are suggested to play a critical role. Among them, organic 
crystalline solids with triangular lattices have attracted much 
attention because of their intriguing properties at low tempera-
tures. So far, organic QSL materials are rarely reported, which 
limits in-depth investigation for elucidating the fundamental 
characteristics of the QSL. In this study, we prepared a novel 
triangular-lattice organic QSL material (Et-4IT)[Ni(mnt)2]2, 
and the structure and physical properties were investigated 
(Figure 2a).1) The Ni(mnt)2 anions constructed k-type molecu-
lar arrangement in the crystal. The two crystallographically 
independent anion layers both realized Mott insulating states, 
showing that (Et-4IT)[Ni(mnt)2]2 is a novel bilayer Mott 
system. The magnetic susceptibility and magnetic torque 
measurements and low-temperature heat capacity measure-
ments confirmed the absence of the long-range magnetic 
ordering down to 25 mK with an appreciably significant γ 
value of 94 ± 7 mJ K−2 mol−1. The AFM interaction (J/kB ~ 
−24 K) detected between the spins was much smaller than that 
in the other organic QSLs, while χ0 and γ values were larger. 
We found significant relationships, χ0, γ ∝ 1/J, for all the 
organic QSLs (Figure 2b). These results suggest the presence 
of the spinon Fermi surface in the QSLs.

Figure 2.  (a) Chemical and crystal structures of (Et-4IT)[Ni(mnt)2]2. 
(b) γ-J−1 and χ0-J−1 plots for organic QSLs.

2.  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.2) The coordination structure of 
trisZn was stable under evacuation at 60 °C. trisZn exhibited 
photoluminescence below 79 K at λem = 695 nm. Importantly, 
trisZn demonstrated magnetoluminescence below 20 K.3) This 
is the first example showing magnetoluminescence of pure 
(i.e., non-doped) radical compounds. trisPyM can be a promis-
ing building block in constructing a new class of 2D CPs with 
spin-correlated novel photofunctions. In this study, we aimed 
to create a Kagome-honeycomb hybrid lattice CP with mag-
netic functions by employing a magnetic ion CuII instead of 
the nonmagnetic ZnII. The synthesized 2D CP, trisCu, was 
isostructural to trisZn, where the CuII ions constructed a 
Kagome lattice while trisPyMs formed a honeycomb lattice. In 
this situation, efficient magnetic couplings between the CuII 
ions and the radicals extended onto two dimensions were 
expected to induce strong magnetic anisotropy.

Figure 3.  Crystal structure of trisZn and the chemical structure of the 
components.
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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).
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1.  Möbius Carbon Nanobelt

Technologies for the creation of topological carbon nano-
structures have greatly advanced synthetic organic chemistry 
and materials science. Although simple molecular nano-
carbons with a belt topology have been constructed, analogous 
carbon nanobelts with a twist—more specifically, Möbius 
carbon nanobelts (MCNBs), have not yet been synthesized 
owing to their high intrinsic strain. Herein, we report the 
synthesis, isolation and characterization of a MCNB. Calcu-
lations of strain energies suggest that large MCNBs are syn-
thetically accessible. Designing a macrocyclic precursor with 
an odd number of repeat units led to a successful synthetic 
route via Z-selective Wittig reactions and nickel-mediated 
intramolecular homocoupling reactions, which yielded (25,25)
MCNB over 14 steps (Figure 2a). NMR spectroscopy and 
theoretical calculations reveal that the twist moiety of the 
Möbius band moves quickly around the MCNB molecule in 
solution (Figure 2b,c). The topological chirality originating 
from the Möbius structure was confirmed experimentally 
using chiral HPLC separation and CD spectroscopy.

Figure 2.  (a) Synthesis of (25,25)MCNB. (b) Structure of (25,25)
MCNB. (c) 1H NMR spectra of (25,25)MCNB.

2.  Perfluorocycloparaphenylene

Perfluorinated aromatic compounds, the so-called per-
fluoroarenes, are widely used in materials science owing to 
their high electron affinity and characteristic intermolecular 
interactions. However, methods to synthesize highly strained 
perfluoroarenes are limited, which greatly limits their struc-
tural diversity. Herein, we report the synthesis and isolation of 
perfluorocycloparaphenylenes (PFCPPs) as a class of ring-
shaped perfluoroarenes. Using macrocyclic nickel complexes, 
we succeeded in synthesizing PF[n]CPPs (n = 10, 12, 14, 16) 
in one-pot without noble metals (Figure 3a). The molecular 
structures of PF[n]CPPs (n = 10, 12, 14) were determined by 
X-ray crystallography to confirm their tubular alignment 
(Figure 3b,c). Photophysical and electrochemical measure-
ments revealed that PF[n]CPPs (n = 10, 12, 14) exhibit wide 
HOMO–LUMO gaps, high reduction potentials, and strong 
phosphorescence at low temperature. PFCPPs are not only 
useful as electron-accepting organic materials but can also be 
used for accelerating the creation of topologically unique 
molecular nanocarbon materials.

Figure 3.  (a) Synthesis of PFCPPs. (b) ORTEP of PF[10]CPP. (c) 
Packing structure of PF[10]CPP.

3.  A Photochromic Carbazolyl-Imidazolyl 
Radical Complex

Optical phenomena which occur on a timescale of micro-
seconds to milliseconds are instantaneous or invisible for 
human visions, whereas they can be easily detected by con-
ventional photodetectors. Therefore, fast photoswitching 
materials that work in these time ranges have received con-
siderable attention for the applications to bioimaging, anti-
counterfeiting, and dynamic holographic materials. Here we 
report the synthesis of carbazole-incorporated photochromic 
radical complex.3) The molecular structure of CIC-tBuPh was 
determined by X-ray crystallography (Figure 4a). The long-
wavelength photosensitivity of the photochromic reaction of 
the molecule is enhanced up to ~580 nm by substituting a 
triphenyl amine group to the 3-position of the carbazole 
moiety. These photochromic reactions are investigated by 
subpicosecond-to-microsecond transient absorption 
measurements (Figure 4b).

Figure 4.  (a) ORTEP representation of CIC-tBuPh with thermal 
ellipsoids (50% probability), where the nitrogen atom is highlighted in 
blue. Hydrogen atoms and solvent molecules are omitted for clarity. 
(b) Steady-state absorption spectra of CIC, CIC-tBuPh and CIC-
TPA in benzene at room temperature. Vertical lines indicate the 
theoretical spectra of each molecule.
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Visiting Professor
FUKAZAWA, Aiko (from Kyoto University)

Renaissance of Nonbenzenoid π-Conjugated Systems toward Functional Materials
The work of our group has focused on exploring functional organic compounds with unusual superb 

optical and/or electronic properties, based on the molecular designs of novel π-conjugated scaffolds as well 
as unusual functional groups. In particular, we have recently proposed a rational design of stable yet 
unusual π-conjugated systems based on the characteristics of nonbenzenoid hydrocarbons such as 

dehydroannulenes and non-alternant hydrocarbons by annulation of weakly aromatic (hetero)arenes. This year, we have 
succeeded in synthesizing several thiophene-fused antiaromatic π-systems that exhibit high thermal stability even without bearing 
bulky substituents while retaining pronounced antiaromatic character. Moreover, we have recently succeeded in synthesizing the 
fulvalene-based π-conjugated oligomers that exhibit exceptional electron-accepting character as well as robustness toward multi-
electron reduction.

Visiting Associate Professor
UEDA, Akira (from Kumamoto University)

Development of Neutral Radical Molecular Conductors with Intramolecular Charge Degrees of 
Freedom

Design and synthesis of novel molecular materials have been a central issue for the development of 
molecular science. In this work, we have successfully developed a new type of neutral radical molecular 
conductor crystals with intramolecular charge degrees of freedom. Measurements of X-ray diffraction, 

electrical resistivity, and magnetic susceptibility have revealed that this new type of charge degrees of freedom is coupled to the 
intermolecular charge degrees of freedom, leading to unique strongly correlated electron phenomena and properties in molecular 
materials. In particular, we emphasize that the successful formation of a 3/4-filled electron band in this system is an 
unprecedented event in neutral molecular solids, which allows not only the realization of an ambient-pressure metallic state but 
also the emergence of exotic Mott insulating states relevant to the charge degrees of freedom. These results offer new possibilities 
of neutral radical solids as a molecular strongly correlated electron system.

Visiting Associate Professor
KAMIYA, Yukiko (from Nagoya 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) having ribose-modified or non-ribose 
type backbone and nucleic acid recognition ability have been developed. One of the 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. The unique feature of the XNAs is that they form highly stable 
homo-duplex than XNA/RNA hetero duplex. In the recent study we have developed the methodology that can control the 
hybridization of XNA/XNA and XNA/RNA by designing the nucleobase structures.
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Molecular Systems
The mission of CIMoS is to analyze molecular systems in nature to find the logic behind the sharing 
and control of information between the different spatiotemporal hierarchies, with the ultimate goal of 
creating novel molecular systems on the basis of these findings.



74

RESEARCH ACTIVITIES

• Y. Furuike, A. Mukaiyama, S. Koda, D. Simon, D. Ouyang, K. Ito-
Miwa, S. Saito, E. Yamashita, T. Nishiwaki, K. Terauchi, T. Kondo and 
S. Akiyama, Proc. Natl. Acad. Sci. U. S. A. 119, e2119627119 (2022).

• Y. Furuike, A. Mukaiyama, D. Ouyang, K. Ito-Miwa, D. Simon, E. 
Yamashita, T. Kondo and S. Akiyama, Sci. Adv. 8, eabm8990 (2022).

• Y. Furuike, D. Ouyang, T. Tominaga, T. Matsuo, A. Mukaiyama, Y. 
Kawakita, S. Fujiwara and S. Akiyama, Commun. Phys. 8, 75 (2022).

• J. Abe, T. B. Hiyama, A. Mukaiyama, S. Son, T. Mori, S. Saito, M. 
Osako, J. Wolanin, E. Yamashita, T. Kondo and S. Akiyama, 
Science 349, 312–316 (2015).

• Y. Murayama, A. Mukaiyama, K. Imai, Y. Onoue, A. Tsunoda, A. Nohara, 
T. Ishida, Y. Maéda, T. Kondo and S. Akiyama, EMBO J. 30, 68–78 (2011).

• S. Akiyama, A. Nohara, K. Ito and Y. Maéda, Mol. Cell 29, 703–
716 (2008).

Selected Publications

Keywords Biological Rhythm, Circadian Clock, Cyanobacteria

Member
Assistant Professor

MUKAIYAMA, Atsushi
FURUIKE, Yoshihiko

Visiting Scientist
DUBERN, Lucie*
LEDOIGT, Magali*

Graduate Student
SIMON, Damien

Technical Fellow
WASHIO, Midori
SUGISAKA, Kanae
WADA, Kotoe
TANIURA, Aiko
OHARA, Satomi

Secretary
SUZUKI, Hiroko

Education
1997 B.E. Kyoto University
1999 M.E. Kyoto University
2002 Ph.D. Kyoto University

Professional Employment
2001 JSPS Research Fellow
2002 JSPS Postdoctoral Fellow
2003 RIKEN Special Postdoctoral Researcher
2005 JST-PRESTO Researcher
2008 Junior Associate Professor, Nagoya University
2011 Associate Professor, Nagoya University
2012 Professor, Institute for Molecular Science
 Professor, The Graduate University for Advanced Studies

Awards
2022 NAGASE Research Promotion Award
2016 The 13th (FY2016) JSPS PRIZE
2008 The Commendation for Science and Technology by the Minister 

of Education, Culture, Sports, Science and Technology
 The Young Scientists’ Prize
2007 Young Scientist Prize, The Biophysical Society of Japan
2006 SAS Young Scientist Prize, IUCr Commission on Small-

angle Scattering
2002 The Protein Society Annual Poster Board Award

AKIYAMA, Shuji
Professor
[akiyamas@ims.ac.jp]

Biological Rhythm and Dynamics  
through Chemistry
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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.
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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,1,2) real-time fluorescence 
detection,3) and quasielastic neu tron scattering.4)

2.  Rhythm: Cross-Scale Analysis of 
Cyanobacterial Circadian Clock System4–6)

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 
screening5) for KaiC clock mutants giving short, long, and/or 
temperature-dependent periods.6) 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.4,5)

Figure 1.  Development of a quick ATPase assay system.

3.  beyond Evolutionary Diversity7)

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.7) 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 IMS8)

We have supported SAXS users so that they can complete 
experiments smoothly and publish their results.8)
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Selected Publications

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

Protein design holds promise for applications ranging 
from catalysis to therapeutics. There has been considerable 
recent progress in computationally designing new proteins. 
Many of protein design studies have been conducted using 
naturally occurring protein structures as design scaffolds. 
However, since naturally occurring proteins have evolu-
tionally optimized their structures for their func tions, imple-
menting new functions into the structures of naturally occur-
ring proteins is difficult for most of cases. Rational methods 
for building any arbitrary protein structures com pletely from 
scratch provide us opportunities for creating new functional 
proteins. In our lab, we tackle to establish theories and tech-

nologies for designing any arbitrary protein structures pre-
cisely from scratch. The established methods will open up an 
avenue of rational design for novel functional proteins that 
will contribute to industry and therapeutics.

Keywords Protein Design for Structure and Function, Protein Folding, Structural Biology
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1.  State-Targeting Stabilization of 
Adenosine A2A Receptor by Fusing a 
Custom-Made De Novo Designed α-Helical 
Protein

G-protein coupled receptors (GPCRs) are known for their 
low stability and large conformational changes upon transi-
tions between multiple states. A widely used method for 
stabilizing these receptors is to make chimeric receptors by 
fusing soluble proteins (i.e., fusion partner proteins) into the 
intracellular loop 3 (ICL3) connecting the transmembrane 
helices 5 and 6 (TM5 and TM6). However, this fusion approach 
requires experimental trial and error to identify appropriate 
soluble proteins, residue positions, and linker lengths for 
making the fusion. Moreover, this approach has not provided 
state-targeting stabilization of GPCRs. 

We designed fusion partner proteins customized for stabi-
lizing one of the class A GPCRs, adenosine A2A receptor 
(A2AR), in an inactive state. Class A GPCRs are the largest 
subfamily of GPCRs, and the receptors in the class have been 
suggested to undergo large conformational changes in TM6 

associated with TM5 upon the state transitions. We assumed 
that the TM5 and TM6 conformation could be fixed in a 
specific state through straight helical connections between a 
fusion partner protein and A2AR. Therefore, we sought to 
design α-helical protein structures de novo, of which the N- 
and C-terminal helices are, respectively, connected to TM5 
and TM6 of an inactive state A2AR structure without any kinks 
or intervening loops.

The chimeric A2AR fused with one of the designs (FiX1) 
exhibited increased thermal stability. We studied the stability 
of A2AR–FiX1 by measuring the apparent melting tempera-
tures in the clear-native polyacrylamide gel electrophoresis 
(CN–PAGE) method. The melting temperature was found to 
be significantly increased. For comparison, the melting tem-
perature for A2AR–BRIL (BRIL is one of the major fusion 
partner proteins) was also measured; the value was compa-
rable to those of A2AR–FiX1. Moreover, compared with the 
wild type, the binding affinity of the chimera against the 
agonist NECA was significantly decreased, whereas that 
against the inverse agonist ZM241385 was similar, indicating 
that the inactive state was selectively stabilized. Our strategy 
contributes to the rational state-targeting stabilization of 
GPCRs.

Figure 2.  Experimental characteristics of A2AR fused with or without 
fusion partner proteins.
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Figure 1.  Strategy for state-targeting stabilization of GPCR, using de 
novo designed fusion partner proteins.
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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.  Towards Sub-10-fs Time-Resolved 
Spectroscopy of Single Molecules at 
Room Temperature

In complex biological molecular systems, the slow (µs–
ms), large-amplitude structural fluctuation significantly modu-
lates the molecular environment inside/outside the molecule, 
affecting the reactivity at the relevant local sites. Elucidating 
how such a fluctuation modulates and regulates particular 
“fast” local chemical reaction dynamics is vital to inter-
rogating the sophisticated molecular mechanisms behind the 
functions. Nevertheless, the relevant information cannot be 
accessed by conventional time-resolved spectroscopy because 
it only provides statistically averaged information about the 
ensemble. Unraveling how the slow spontaneous fluctuation 
regulates the chemical reaction inevitably requires observation 
of the dynamics at the single-molecule level. To this end, we 
have been developing ultrafast spectroscopy that can track the 
reaction dynamics of single molecules at room temperature 
with a temporal resolution as high as <10 fs. Recently, we 
constructed a confocal microscope as a platform to perform 
single-molecule ultrafast spectroscopy, and successfully veri-
fied that we could detect single molecules. Using a newly 
developed high-repetition-rate ultrashort laser, ultrafast spectros-
copy with single-molecule sensitivity is now underway.

2.  Generation of Wavelength-Tunable Sub-
10-fs Pulses at a Multi-MHz Repetition Rate

Time-resolved spectroscopy at the single-molecule level 
inevitably requires extremely high sensitivity, so the light source 
having high stability and repetition rate is essential. Typically, 
an optical parametric oscillator (OPO) or a super continuum laser 
is employed as a light source, which offers stable, tunable 
outputs with a >MHz repetition rate. However, measurements 
using OPO have a limitation in the temporal resolution (~200 fs) 
and lack spectral information of detected transients due to the 
narrow bandwidth. Supercontinuum laser offers broad band-
width, but its pulse duration is limited to a few ps due to 
nontrivial phase structure. To realize ultrafast spectroscopy of 
various complex molecules with single-molecule sensitivity, we 
need a light source having wave length tunability, high repetition 
rate, ultrashort pulse duration, and high stability. We developed 
a light source for generating sub-10-fs pulses at a multi-MHz 
repetition rate. Using a ytterbium fiber chirped-pulse-ampli-
fication system, we gener ated pulses tunable from 500–950 nm 
with broad bandwidths. The outputs were dispersion-compen-
sated,1) and the typical pulse duration of the compressed output 
was <10 fs, as shown in Figure 2. Shot-to-shot and long-term 
(>hours) fluctuations were evaluated to be <0.3% rms. This high 
stability holds promise for the application to single-molecule 
spectroscopy. We will use this high repetition-rate ultrashort 
light source for ultrafast spectroscopy of single molecules under 
the micro scope and aim to investigate primary events in photo-
active proteins with single-molecule sensitivity.

Figure 2.  (Left) Typical spectra of the broadband pulses that support 
Fourier transform limit pulse duration of <10 fs. (Right) Typical FROG 
trace of the broadband pulse. The pulse duration was evaluated as 6.8 fs.

3.  Development of Ultrabroadband Two-
Dimensional Electronic Spectrometer

Two-dimensional electronic spectroscopy (2D-ES) is a 
powerful tool for studying the dynamics and structure of 
molecules having multiple chromophores with high temporal 
and frequency resolution. 2D-ES disentangles and visualizes 
how the optical transitions of each chromophore are coupled 
and how the excitation energy transfers among them. The 
technique has been successfully utilized to elucidate the 
primary energy transfer dynamics in photosynthetic systems 
and various other biological and materials systems. When the 
technique is applied to the transients, it is even possible to 
visualize the migration of wavepackets and/or dynamic hetero-
geneity. While its success, the spectral range of most of the 
previous 2D-ES measurements has been limited to <100 nm, 
hampering us from gaining full insights into the intricate 
electronic dynamics of condensed-phase complex molecular 
systems. Aiming to broaden the spectral coverage of 2D-ES 
and enable investigating electronic and nuclear dynamics 
comprehensively, we constructed an ultrabroadband 2D-ES 
setup covering >200 nm for the excitation axis and >400 nm 
for the detection axis. As shown in Figure 3, the typical data 
measured for a molecular thin film fully resolve auto- and 
cross-correlations of the electronic transitions of the ground 
and excited states over the broad spectral region.

Figure 3.  Ultrabroadband two-dimensional electronic spectrum of a 
molecular thin film measured with <8-fs pulses.
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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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Center for Mesoscopic Sciences
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. Nano-optical methods, such as scanning 
near-field optical microscopy (SNOM), enable optical imaging 
with spatial resolution beyond the diffraction limit of light. 
Combi nation of nano-optical techniques with various advanced 
spectroscopic methods may provide a methodology to analyze 
nanoscale functionalities and dynamics directly. It may yield 
essential and basic knowledge to understand origins of char-
acteristic features of the nanomaterial systems. We have 
constructed nano-optical (near-field and far-field) spectro-
scopic and microscopic measuring systems, for the studies on 
excited-state properties of nanomaterials, with the feasibilities 
of nonlinear and time-resolved measurements. The developed 
apparatuses enable nano-optical measurements of two-photon 
induced emission, femtosecond time-resolved signals, and 
chiro-optical properties (as typified by circular dichroism), in 
addition to conventional transmission, emission, and Raman-
scattering. Based on these methods, we are investigating the 
characteristic spatial and temporal behavior of various metal-
nanostructure systems and molecular assemblies. Typical 
examples are shown in Figure 1. We succeeded in visualizing 
wave functions of resonant plasmon modes in single noble 
metal nanoparticles, confined optical fields in noble metal 
nanoparticle assemblies. In the past several years, we suc-

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

Figure 1.  (Left four panels) Near-field transmission images of gold 
nanorod (20 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.  Optical Trapping of Chiral Metal Nano-
particles1)

Micro- to nano-scale particle can be trapped by tightly 
focused laser beam at the focal point of the beam. This is due 
to the interaction between the incident optical field and induced 
polarization on the particle. The force exerted on the particle is 
in the direction of the gradient of the optical intensity (gra-
dient force), and the particle is stabilized at the most intense 
position, i.e., the focal point, of the optical beam. The strength 
of the gradient force has been considered to be determined by 
the real part of the refractive index of the particle.

When a chiral nanoparticle is optically trapped using a 
circularly polarized laser beam, a circular polarization (CP)-
dependent gradient force can be induced on the particle. We 
investigated the CP-dependent gradient force exerted on three-
dimensional chiral nanoparticles.2) The experimental results 
showed that the gradient force depended on the handedness of 
the CP of the trapping light as well as the particle chirality. 
The analysis revealed that the spectral features of the CP-hand-
edness-dependent gradient force are not simply influenced by 
the real part of the refractive index but also by the electro-
magnetic field perturbed by the chiral particle resonant with 
the incident light. This is in sharp contrast to the well-known 
behavior of the gradient force, which is governed by the real 
part of the refractive index. The extended aspect of the chiral 
optical force obtained here can provide novel methodologies 
on chirality sensing, manipulation, separation, enantio-selec-
tive biological reactions, and other fields.

Figure 2.  (Top panel) Circular dichroism (CD), optical rotation (OR), 
and extinction spectra of the colloidal solution of chiral gold nano-
particles. (Bottom panel) Dissymmetry factors (g-values: |g| ≤ 2) of 
the gradient forces exerted on the chiral nanoparticles by circularly 
polarized light, experimentally observed (dots) and simulated (dashed 
curves). The dissymmetry factor follows the CD spectrum of the 
colloidal solution of the particle rather than OR. This observation 
gives a new insight into the mechanism of chirality-dependent gra-
dient forces.

2.  Development of High-Precision Circular 
Dichroism Microscopy3)

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.4) 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 of rare-earth 
complexes and chiral assemblies of molecules. In contrast, 
chiral plasmons have potentials to provide highly circularly 
polarized luminescence. Based on this idea, we previously 
reported generation of circu larly polarized luminescence from 
the chiral plasmonic material combined with achiral fluores-
cent molecules. We are now pursuing the possibility to further 
improve the characteristics of the circularly polarized 
luminescence.

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.
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Optical imaging and spectroscopy at atomic resolution is 
an overarching goal in modern nanoscale science and tech-
nology, allowing us to directly access atomic-scale structures 
and dynamics in real space and real time. Atomic-scale crystal 
imperfections, defects and inhomogeneities indeed play a 
crucial role in physicochemical properties and functions of 
solid catalysts and semiconductor optoelectronic devices. We 
have challenged to attain atomic-scale optical spectroscopy by 
combining advanced low-temperature scanning tunneling 
microscopy, laser spectroscopy and nanoplasmonics.

Electromagnetic fields can be confined to nanoscale through 
excitation of localized surface plasmon resonances of metallic 
nanostructures. Plasmonics is a mature research field, enabling 
precise control of nanoscale light. Accordingly, nanoscale 
optical imaging and spectroscopy well below the diffraction 
limit has become a more routine technique. However, the 
typical spatial resolution remains a few tens of nanometers, 
which is still far from the atomistic length scale. More recently, 
state-of-the-art experiments and theories demonstrated that 
atomic-scale confinement of electromagnetic fields occurs at 

atomistic asperities existing on metallic nanostructures. How-
ever, it is an outstanding challenge to precisely manipulate 
atomically confined light. We have developed advanced experi-
mental techniques to manipulate extremely confined, strong 
plasmonic fields in scanning tunneling microscope junctions 
and implemented ultrasensitive and ultrahigh resolution opti-
cal spectroscopy. We also investigate intriguing atomic-scale 
strong light–matter interactions in an atomically well-defined 
environment.

Figure 1.  Atomic-scale optical spectroscopy in plasmonic scanning 
probe microscope junction.



87

Annual Review 2022

1.  Inelastic Light Scattering by a 
Plasmonic Nanogap

Light scattering from plasmonic nanojunctions is routinely 
used to assess their optical properties. However, the micro-
scopic mechanism remains imperfectly understood, and an 
accurate description requires the experiment in a well-defined 
environment with a highly precise control of the nanojunction. 
We investigated inelastic light scattering (ILS) in a plasmonic 
STM junction at cryogenic temperature and found that a broad 
continuum occurs in the anti-Stokes regime when the bias 
voltage is applied (Figure 2).1) The underlying mechanism was 
examined by recording the ILS spectra concurrently with STM 
luminescence. We proposed that electronic Raman scattering 
is dominant when the excitation wavelength matches the gap-
mode plasmon, whereas photoluminescence mainly contrib-
utes under off-resonance conditions. The results provide an 
in-depth understanding of ILS by electrically biased plasmonic 
nanojunctions and demonstrate nonthermal origin of the anti-
Stokes scattering.

Figure 2.  (a) Schematic of the experiment. (b) ILS spectra in the anti-
Stokes regime measured for the Ag tip–vacuum–Ag(111) junction at a 
different bias voltage and in the presence/absence of the illumination. 
(c–e) Anti-Stokes scattering mechanism in an electrically-biased STM 
junction. (d) Electronic Raman scattering. (e) Photoluminescence.

2.  Atomic-Point Contact Raman 
Spectroscopy

Tip-enhanced Raman spectroscopy (TERS) is a powerful 
tool for ultrasensitive chemical analysis at surfaces. Although 
the enhancement mechanism underlying TERS has been inten-
sively studied, it remains to be elucidated, particularly in sub-
nanometer plasmonic gaps. We investigated TERS at atomic-
point contacts (APCs) in plasmonic STM junctions and found 
that large enhancement can be obtained when APCs are formed. 
Figure 3 shows an example of APC-TERS for an ultrathin 
ZnO film epitaxially grown on the Ag(111) surface.2) The 

TERS spectra are recorded as a function of the tip–surface 
distance including two distinct regimes, namely the tunneling 
and APC regimes. The remarkable enhancement can be 
observed at the distance of the APC formation. We suggest 
that the enhancement is explained by chemical effects result-
ing from hybridization between the tip apex and surface atoms 
of the ZnO film.

3.  Nanoscale Heating of an Ultrathin 
Oxide Film

Heating is one of the most basic physical processes. Rapid 
advances of nanofabrication techniques raise a fundamental 
issue regarding thermal management at nanoscale. TERS 
thermometry provides a unique opportunity to study local 
heating. We investigated the nanoscale heating mechanism of 
an ultrathin ZnO film using TERS (Figure 4).3) The excep-
tional sensitivity of TERS allowed to observe Stokes and anti-
Stokes scattering of the ZnO film and to perform nanoscale 
thermometry. It was revealed that the local heating originates 
mainly from inelastic electron tunneling through the electronic 
resonance when the bias voltage exceeds the conduction band 
edge of the 2-monolayer (ML) ZnO. When the bias voltage is 
lower than the conduction band edge, the local heating arises 
from two different contributions, namely direct optical excita-
tion between the interface state and the conduction band of 
2-ML ZnO or injection of photoexcited electrons from an Ag 
tip into the conduction band. Simultaneous mapping of tip-
enhanced Raman spectroscopy and scanning tunneling spec-
troscopy for 2-ML ZnO including an atomic-scale defect 
demonstrates visualizing a correlation between the heating 
efficiency and the local density of states, which further allows 
us to analyze the local electron-phonon coupling strength with 
~2 nm spatial resolution.

Figure 4.  (a) TERS spectra of 2-monolayer ZnO/Ag(111) including 
the Stokes and anti-Stokes regimes. (b) Waterfall TERS plot as a 
function of the applied bias voltage. (c) and (d) STS image of 2-mono-
layer ZnO film including an atomic-scale defect and the corresponding 
STS mapping. (e–g) Mapping of the Stokes and anti-Stokes intensity 
and the effective temperature recorded in the same area with (c–d). (f) 
Mapping of the relative electron–phonon coupling strength.
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Figure 3.  (a) Schematic of the experiment. (b) Waterfall plot of the 
gap-distance-dependent TER spectra recorded over 2-ML ZnO. The 
tip approaches and retracts toward and backward from the ZnO from 
the tunneling to the APC regime. (c) Structure at the APC determined 
by the DFT calculation.
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the field of molecular science as cross-appointment faculty members, and provide the research 
environment to enable research activity with advanced facilities in IMS.
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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 try 
to utilize the created system for various purpose. 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 CS has the accommodated small molecules peri-
odically aligned. 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 fea-
tures, the CS method attracts the interests of many people not 
only in academia but also in industry.

Currently, we are improving the CS method in various 
ways. At the same time, we also try to apply the CS method to 
other field of science. For example, we use the CS method for 
the studies on natural product chemistry.
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Here, we show our recent attempts to improve the perfor-
mance of the CS method and deepen understanding of this 
method. These studies would broaden the range of com-
pounds, which can be analyzed by the CS method, and provide 
information helpful for people who want to try this method. 
We hope these studies encourage many people who needs to 
analyze the structure of small molecules to use the CS method 
for their own works and studies.

1.  Solvent Effect in the Crystallin Sponge 
Method1)

Recently, we found that a choice of a solvent used in the 
CS method is important, especially when we want to heighten 
the quality of data obtained by this method. Before the analytes 
are introduced into the CS, the pore of the CS is filled with 
solvents. When the analytes come into the CS, the solvents go 
out, but a part of the solvents still remain in the pore. Pre-
viously, non-polar solvents are frequently used in the CS 
method, because the non-polar solvents exhibit only limited 
interactions with the CS, and are easily replaced with analytes. 
However, in this study, we tried to use various kinds of polar 
solvents. As a result, we found that the polar solvents are 
sometimes better than the non-polar solvents. Since the polar 
solvents remained in the pore show stronger interactions with 
both analyte and the CS, it can mediate the interaction between 
the analytes and the CS (Figure 1). It would result in an 
inhibition of disorder of analyte in the pore of the CS and an 
improvement of the quality of data.

Figure 1.  A) Structure of the CS. B) Image of the solvent effect in the 
CS method.

2.  Crystalline Sponge Method Is Suitable 
for the Structure Analysis of Halogenated 
Compounds2)

The CS method could be used for the structure analysis of 
a broad range of small molecules. However, it is worth knowing 
which kinds of analytes is suitable for the analysis using the 
CS method. We recently found that the halogenated com-
pounds are easily analyzed by the CS method in many cases. 
For example, we successfully analyzed a series of halogenated 
compounds classified as persistent organic pollutants (POPs), 
which are important compounds from the point view of envi-
ron mental problem. The analysis of the POPs using the CS 
method revealed that halogen atoms of the analytes effectively 
interact with the CS (Figure 2). We consider that these inter-
actions help the alignment of the halogenated compounds 
inside the pore of the CS.

Figure 2.  One example of interaction between the CS and a 
halogenated compound.
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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, 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 are now developing a new 
electron spectroscopy technique, Spin-Resolved reso nant 
Electron-Energy-Loss Spectroscopy (SR-rEELS), with bulk-
sensitive primary energies of 0.3–1.5 keV, as shown in Figure 
1, in order to detect spin-selective element-specific bulk 
plasmons. Based on the obtained information of elec tronic 
structures, we aim to develop novel physical properties of new 
materials.

Figure 1.  Spin-Resolved resonant Electron-Energy-Loss Spec-
troscopy (SR-rEELS) apparatus developed by our group. The appara-
tus consists of a high-brilliant spin-polarized electron gun and a 
photoelectron spectrometer.
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1.  Optical Study of the Electronic Structure 
of Locally Noncentrosymmetric CeRh2As2

1)

The electronic structures of the heavy-fermion super-
conductor CeRh2As2 with local inversion symmetry breaking 
and the reference material LaRh2As2 have been investigated 
using experimental optical conductivity [σ1(ω)] spectra and 
first-principles density functional theory calculations. The 
low-temperature σ1(ω) spectra of LaRh2As2 revealed a broad 
peak at ~0.1 eV and a sharp peak at ~0.5 eV after subtracting 
the Drude contribution of free carriers. The peak features and 
the background intensity were nicely reproduced in calculated 
σ1(ω) spectra from DFT calculations, implying a conventional 
metallic nature. In CeRh2As2, two mid-IR peaks at about 0.12 
and 0.4 eV corresponding to the unoccupied Ce 4f5/2 and 4f7/2 
states, respectively, were strongly developed with decreasing 
temperature as shown in Figure 2, which suggests the emer-
gence of hybridization states between the conduction and 4f 
electrons. We compared the temperature dependence of the 
mid-IR peaks of CeRh2As2 with corresponding data from 
CeCu2Si2 and CeNi2Ge2 in a ThCr2Si2-type structure to exam-
ine the possible impact of local inversion symmetry breaking 
on electronic structures. We also clarify the local and itinerant 
character in the electronic structure by investigating the 
temperature dependence in the σ1(ω) spectra of various Ce and 
Yb compounds with a tetragonal ThCr2Si2-type crystal struc-
ture.2) The temperature variation in the σ1(ω) spectrum is still 
present in the more localized case, even though the Kondo 
effect is strongly suppressed.

Figure 2.  Temperature-dependent optical conductivity [σ1(ω)] spectra 
of CeRh2As2 and LaRh2As2.

2.  Bulk-Sensitive Spin-Resolved Resonant 
Electron Energy-Loss Spectroscopy (SR- 
rEELS): Observation of Element- and Spin-
Selective Bulk Plasmons3)

We have developed spin-resolved resonant electron energy-
loss spectroscopy (SR-rEELS) with the primary energy of 0.3–
1.5 keV, which corresponds to the core excitations of 2p–3d 
absorption of transition metals and 3d–4f absorption of rare-
earths, with the energy resolution of about 100 meV using a 
spin-polarized electron source as a GaAs/GaAsP strained super-
lattice photocathode. Element- and spin-selective carrier and 
valence plasmons can be observed using the resonance enhance-
ment of core absorptions and electron spin polariza tion. The Ni 
2p–3d rEELS of nickel monoxide NiO as an example is shown 
in Figure 3. Furthermore, bulk-sensitive electron energy-loss 
spectroscopy spectra can be obtained because the primary 
energy corresponds to the mean free path of 1–10 nm. The 
methodology is expected to provide us with novel information 
about elementary excitations by resonant inelastic x-ray scat-
tering and resonant photoelectron spectroscopy.

Figure 3.  Resonant EELS spectra of nickel monoxide NiO with the 
primary energies (Ei) of 800–900 eV. The overall spectral intensity is 
enhanced at Ei = 850 and 870 eV near the Ni 2d–3d absorption edge. 
(Inset) Enlarged view of the Ni d–d excitations (indicated by vertical 
lines) below the lowest charge transfer excitation energy of about 
4 eV.
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Operando Molecular Science in Liquid–Solid 
Interfaces of Finite Thickness

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

We are proud of our international-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 are pleased to collabo-
rate with researchers in academic and industrial organizations 
to reveal science behind material conversion and energy 
dissipation at liquid–solid interfaces.

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

and energy come from/to the two condensed phases, since 
functional interfaces are always open to the environment. In 
addition, operando characterization is definitely required for 
investigating the interface in its working state.

Figure 1.  Liquid–Solid Interface of Finite Thickness.
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1.  Microelectrode-Based Transient 
Amperometry of O2 Adsorption and 
Desorption on a SrTiO3 Photocatalyst 
Excited under Water

Oxygen evolution at water–solid interfaces is a key reac-
tion for sustainable energy production. Although some inter-
mediate states have been detected in transient absorption 
spectroscopy, the O2 evolution kinetics after the multi-step, 
four-electron oxidation of water remain unknown. In this 
study,1) transient amperometry with a microelectrode was 
applied to operando O2 detection over Al-doped SrTiO3 
particles doubly loaded with RhCrOx and CoOy cocatalysts, an 
efficient photocatalyst for the overall water-splitting reaction. 
A platinum electrode (radius: 10 µm) was moved close to the 
particles in an electrolyte solution. Molecular oxygen was 
released on the particles, diffused across the electrode–particle 
gap, and converted to a current on the electrode (Figure 2).

 Electrochemical O2 detection at intervals of 0.1 s, which 
was thereby achieved, unexpectedly indicated instantaneous 
O2 adsorption and desorption in addition to steady, photo-
catalytic O2 evolution on the photocatalyst modified under 
intense light irradiation. We hypothesized that electrons excit ed 
in the conduction band were transferred to O2 in water thor-
ough Ti cations neighboring an oxygen anion vacancy on the 
modified Al-doped SrTiO3. The negatively charged O2 was 
then bound to the Ti cations. It was neutralized and released 
when shaded through electron back-transfer to the conduction 
band. The hypothesized mechanism for O2 adsorption and 
desorption was compared with the photoinduced O2 desorp-
tion known to occur on anion vacancies of TiO2(110). The 
microelectrode-based transient amperometry demonstrated 
here will be applied to many other phenomena at liquid–solid 
interfaces.

Figure 2.  Transient amperometry for detection of molecular oxygen 
released into water.

2.  Long-Life Electrons in Metal-Doped 
Alkali-Metal Tantalate Photocatalysts 
Excited under Water

Conversion of materials for artificial photosynthesis is 

completed in milliseconds or seconds by assembling atoms 
over semiconductor photocatalysts. Bandgap-excited electrons 
and holes reactive on this time scale are key for efficient atom 
assembly to yield the desired products. In this study,2) attenu-
ated total reflection of infrared (IR) light was applied to 
characterize the electronic absorption of long-life charge 
carriers excited under water. This was a difficult task since 
water absorbs IR light for probing, while excitation light is 
absorbed by photocatalyst particles. An attenuated total reflec-
tion (ATR) assembly with a diamond prism is key for guiding 
the excitation light to the volume probed by IR light (Figure 3).

Under excitation, NaTaO3 and KTaO3 photocatalyst parti-
cles doped with Sr or La cations absorbed IR light. A broad 
absorption band appeared with a maximum at 1400 cm−1, 
which was enhanced by the addition of hole scavengers (e.g., 
methanol and Na2SO3) and disappeared in the presence of 
electron scavengers (e.g., FeCl3, NaIO3, and H2O2). This 
absorption corresponded to the electronic transition of band-
gap-excited electrons accommodated in mid-gap states. In 
anaerobic n-decane, the electron absorption was enhanced by 
the excitation light power, P, with absorbance being propor-
tional to P1/2. The observed 1/2-order power law suggested 
de-excitation via recombination of electrons and holes. When 
the excitation light was stopped, the absorbance decreased as a 
function of time with a second-order rate law, as expected in 
the case of recombinative de-excitation. In addition, the 1/2-
order power law and second-order decay rate law were observed 
in anaerobic water, with an accelerated decay rate, which was 
possibly due to a water-related electron-consuming reaction. 
This study demonstrated that long-life electrons contribute to 
surface redox reactions over semiconductor photocatalysts for 
artificial photosynthesis.

Figure 3.  An attenuated total reflection assembly with a diamond 
prism for guiding ultraviolet light to the volume probed by IR light.
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For future sustainable development, we promote research 
development of advanced catalysts based on element strategy 
criteria. Non-precious metal such as iron, nickel, cobalt, and 
cupper catalysts are investigated for synthetic transformation 
of various organic molecules related to pharmaceutical and 
photoelectronic materials. To elucidate the precise catalytic 
properties and mechanism, X-ray absorption spectroscopy 
(XAS) and various radiant right spectroscopies provided at 
UVSOR are used, where development of a solution-phase in 
situ XAS spectroscopic techniques and system will be inten-
sively conducted for the study of homogeneous organometallic 
catalysts. Multidisciplinary research covered on DFT and 
XAS spectroscopy is also conducted to achieve an efficient 
structural determination technique being never accessible by 
the conventional XAS-based structural analysis. Using these 
cutting-edge spectroscopic technologies, we aim to promote 
innovative catalyst research which enable us highly efficient 

transformation of extremely unreactive organic molecules 
such as simple aromatic compounds, CO2, and biomass into 
valuable functional materials.

Figure 1.  Investigation of iron-catalyzed cross-coupling reactions 
based on DFT-XAS analysis.
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1.  DFT-XAS-Based Mechanistic Investigation 
of Transition-Metal-Catalyzed Reaction in 
Homogeneous Phase1,2)

Mechanistic study on transition-metal complex-catalyzed 
reaction in homogeneous phase mostly carried out by means 
of solution-phase NMR analysis. However, studies on base 
metal catalysts being essential for SDGs achievement often 
suffer from difficulties due to their paramagnetic property 
which provide unusual large paramagnetic shifts with signifi-
cant peak broadening. To solve the problems in mechanistic 
study of base metal-catalyzed reaction, we performed XAS 
measurement which enables element specific analysis to 
determine the oxidation state and the geometry of catalytic 
species without interference from the paramagnetic property.

Recently, we have successfully elucidated the mechanism 
of Pd/Cu-catalyzed oxidative coupling of dimethyl phthalate 
where the oxidation states and the local coordination geome-
tries of catalytic intermediates were determined under the 
stoichiometric conditions of each reaction path.1) DFT- and 
single crystal X-ray structural analysis adequately provided 
the precise molecular structure of these intermediates. This 
research is the first to provide a clear answer to the long-term 
debate on the reaction mechanism in the last three decades and 
demonstrated that XAS is the powerful tool for the mecha-
nistic study on homogeneous paramagnetic transition-metal 
complex-catalyzed reactions being difficult by means of the 
conventional solution-phase NMR analysis. 

Effectiveness of the DFT-XAS-based mechanistic study on 
paramagnetic transition-metal complex-catalyzed reaction was 
clearly demonstrated in iron-catalyzed enantioselective carbo-
metallation of azabicylcoalkenes (eq. 1).2) In this study, 
formation of diphosphine ligand-coordinated tetrahedral iron 
species, which is a key species for chiral recognition of 
substrate, was successfully identified with the molecular 
structure in the reaction mixture.

2. XAFS-Based Structural Study on 
Flexible Organometallic Systems3–6)

Generally, organometallics bearing highly flexible molecu-
lar structure make it difficult to prepare a single crystal 
bearing sufficient size and quality for X-ray crystallography. 
We conducted DFT-XAS-based structural analysis of such 
flexible molecule. Recently, Prof. Uemura and Benjamin 
found a flexible MOF prepared from [Zn2(BDC)2(DABCO)]n 
and polystyrene which has a polymer-threaded multi-layered 
structure after removing the DABCO pillar ligand. The polymer-
threaded extremely flexible molecular scaffolds showed no 
clear diffraction pattern except for a broad peak. To determine 

the molecular structure of this flexible MOF system, we 
carried out Zn K-edge and O K-edge XAS. A DFT-based 
simulation of both XAS spectra clearly demonstrated that 
[Zn2(BDC)2]n-monolayer was preserved well in the turbo-
stratic phase without DABCO pillar.3)

Another successful application was achieved in the struc-
ture determination of double-decker type iron porpyrin/phtalo-
cyanine dimer in which two units of iron-porpyrin or phtalo-
cyanine were interlocked through highly flexble quadruplet 
axials or iron-oxo linkage.4) Fe K-edge XAS-based structural 
analysis supproted with DFT-MD-based simulation succefully 
provides the precise local coordionation geometry of iron 
centers in highly flexible supramolecular system.

Another successful example of the DFT-XAS-based struc-
tural study was demonstrated by the molecular strucutre 
detertmination of an anionic homoleptic organo–transition 
metal complex of [Li(12-crown-4)2][MPh6{Li(thf)}2] (M = 
Rh and Ir) in THF solution which are the first examples of 
hexaaryl complexes of d6 metals with a partially contacted ion 
pair structure of Ir2−-Li+ in solution-phase.5)

Figure 2.  The molecular structure determination of [Li(12-crown-4)2]
[MPh6{Li(thf)}2].
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power and high-field laser with high-gain compact system. 
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1.  Laser-Induced Damage Study of Bonded 
Material for a High-Brightness Laser 
System1)

We evaluated the laser-induced damage threshold (LIDT) 
of the interface between two identical YAG crystals, bonded 
by an inter-layer assisted surface activated bonding (il-SAB) 
method. The experimental results indicate slight damage 
threshold degradation for both single- and polycrystalline 
trivalent rear-earth (RE3+)-ion-doped YAG gain media in the 
sub-nanosecond pulse regime. Moreover, crystal annealing 
prior to damage testing could provide additional improvement 
for the laser damage threshold of the bulk and bonded interface.

Figure 2.  LIDT data for (a) single crystal and (b) ceramic Nd:YAG 
materials. Both experimental data (points) and fitting (lines) for 
surface (green), bulk (blue), and bonded interface (orange) are shown. 
Each data point on the graph represents 16 and 12 measurements for 
the single crystal and ceramic Nd:YAG, respectively.

2.  Development of a Portable Laser 
Peening Device and Its Effect on the Fatigue 
Properties of HT780 Butt-Welded Joints2)

Laser peening (LP) is a well-established technique for 
introducing compressive residual stress (RS) near the surface 
of metal components, to improve their high-cycle fatigue 
properties. The authors have developed a compact LP device 
with a thumb-sized Nd:YAG microchip laser mounted on a 
collaborative robot arm. The device was applied to 9-mm- 
thick HT780 high-strength steel plate samples with irradiated 
pulse energies of 7.5–8.0 mJ, spot sizes of 0.42–0.58 mm and 
pulse densities of 100–1,600 pulses/mm2. X-ray diffraction 
showed that the maximum compressive RS was over 500 MPa 
near the surface, and the LP effect reached a depth of approxi-
mately 0.1 mm from the surface. Butt-welded HT780 samples 
were laser-peened with a pulse energy of 7.7 mJ, spot size of 
0.49 mm and pulse density of 800 pulses/mm2. Then, the 
samples were subjected to a uniaxial fatigue test with a stress 

ratio of 0.1. The results showed that the fatigue strength at 107 
cycles was improved by at least 50 MPa, comparable to the 
improvement attained by LP in a previous study with a pulse 
energy of 200 mJ from a conventional Nd:YAG laser.

Figure 3.  Configuration of the portable laser peening device with an 
Nd:YAG microchip laser.

3.  >50 MW Peak Power, High Brightness 
Nd:YAG/Cr4+:YAG Microchip Laser with 
Unstable Resonator3)

We 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 2nd moment M2 of 7.67. The 
brightness scale of unstable resonator MCL was achieved up 
to 88.9 TW/(sr·cm2) in contrast with flat-flat cavity MCL. 
However, the high intense center part of Bessel-like beam 
increased its brightness effectively more than 8 times, up to 
736 TW/(sr·cm2).

Figure 4.  New record peak powers of 37.6, 41.7, and 52.9 MW of 
Nd:YAG/Cr4+:YAG microchip laser (MCL) using uniform power 
pump. Successful brightness scale of unstable cavity MCL up to 88.9 
TW/(sr·cm2) in contrast to flat-flat cavity, promising further brightness 
scale up.
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