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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 of molecular materials. The physical (electric, optical, thermal and magnetic) 
properties on new functional materials, the chemical properties like enzymes, catalysis and 
photochemistry, the exploitation of new spectroscopic methods for materials molecular science, and 
technological applications like batteries, photocatalysts, fuel cells, solar cells, and field effect 
transistors are investigated in this department.
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For the developments of novel functional materials, it is 
quite important to exploit simultaneously new analytical 
methods based on advanced technology. Novel materials and 
devices often require spatial and/or time resolved analysis to 
optimize their qualities. In our group, we have been exploiting 
spectroscopic methods for material and surface science using 
mainly synchrotron radiation (SR) and partly lasers.

The first subject in our group is the spectroscopic analysis 
systems of magnetic thin films. In 2006, we successfully 
invented a novel magnetic nanoscope using ultraviolet mag
netic circular dichroism (UVMCD) photoelectron emission 
microscopy (PEEM), which allows us to perform real-time 
and ultrafast magnetic imaging to investigate magnetic dynam
ics. We have also constructed in situ x-ray magnetic circular 
dichroism (XMCD) system using an ultrahigh vacuum super
conducting magnet and a liq. He cryostat, which is installed at 
Beamline 4B of the IMS SR facility UVSOR-III. The appa
ratus is extensively open for public usage.

The second subject is the exploitation of ambient pressure 
hard x-ray photoelectron spectroscopy (AP-HAXPES) for 

polymer electrolyte fuel cells (PEFC) under working condi
tions. In 2017, we succeeded in real ambient pressure (105 Pa) 
HAXPES measurements for the first time in the world using 
Beamline 36XU of SPring-8. These works were supported by 
the NEDO Fuel Cell project. More recently, the apparatus 
moved to BL46XU and is used for more general chemical 
reactions on heterogeneous catalysts and electrochemical cells 
such as CO2 reduction.

The third subject is applications of the x-ray absorption 
fine structure (XAFS) spectroscopy, soft x-ray emission spec
troscopy, and angle-resolved ultraviolet photoelectron spec
troscopy for functional materials. These investigations include 
femto- and picosecond time resolved XAFS measurements 
using x-ray free electron laser SACLA, for the investigations 
of the geometric structure of the photoexcited state of photo
catalytic systems and the spin dynamics of magnetic materials. 
Conventional temperature dependent EXAFS spectroscopy 
has been conducted for a very long time to elucidate thermal 
and dynamic properties of functional alloy materials as nega
tive thermal expansion alloys.
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1.  Femtosecond Resonant X-Ray Emission 
Spectra of Photocatalyst WO3

1)

Tungsten trioxide WO3 is one of the well-studied photo
catalysts for the solar-assisted photochemical water splitting 
reaction. Previously we investigated femto- and picosecond 
time resolved x-ray absorption fine structure (XAFS) spec
troscopy to reveal the local geometric and electronic structures 
of the metastable photoexcited states in WO3, using synchro
tron radiation from Photon Factory Advanced Ring and the 
x-ray free electron laser SACLA.2–4) The metastable photo
excited polaron state is found to exhibit more distorted W–O 
bonds with a reduced W valency compared to the ground state. 
In the present study, we have performed newly developed 
femtosecond high-energy-resolution fluorescence detection 
(HERFD) XAFS and resonant x-ray emission spectra (RXES) 
measurements for the femtosecond photoexcited state of the 
WO3 catalyst using SACLA BL3 EH2.

Figure 1 shows the femtosecond time resolved W L3-edge 
XAFS spectra with normal energy resolution. The HERFD-
XAFS spectra were obtained from the RXES as given in 
Figure 2. By comparing Figures 1(a) and 1(c), the improve
ment of the energy resolution is quite clear, implying useful
ness of the HERFD XAFS measurement. It is found that in the 
initial state of the visible-light photoexcitation (~100 fs), the 
W L3 edge W2p3/2 → 5d absorption shifts to a lower energy 
side and the W 5d energy levels of the t2g and eg peaks are 
modulated due to the photoexcited electrons in the conduction 
band. The electronic state of the photoexcited W atoms is 
modified by 500 fs. The crystal field splitting (difference 
between the W 5d t2g and eg peak energies) shrinks by 500 fs, 
which indicates local structural changes around the W atoms 

due to the formation of the metastable polarons. Consequent 
schematic descriptions of the photoexcited electronic states are 
summarized in Figure 3.

HERFD-XAS and RXES provide more details about the 
early stage of the photoexcited states of WO3. This work 
demonstrates that the detailed dynamics of 5d elements in the 
femtosecond range can be addressed with HERFD-XAS/
RXES.

Figure 2.  Typical examples of the pump–probe RXES at the delay 
time of 100 fs (left) and 10 ps (right). The white dash lines imply the 
energy to form HERFD-XAS in Figure 1(c).

Figure 3.  A sketch of proposed photoexcitation and relaxation 
mechanism: (a) the optical ground state, (b) the initial photoexcited 
state, (c) the metastable polaron state. After photoexcitation, electrons 
in the conduction band are delocalized. The HERFD-XAFS spectrum 
shifts in lower energies due to the presence of the electrons in the 
conduction band. In later delays in Figure 3(c), the electrons are 
localized, which is supported by the change of the spin–orbit coupling 
term for the multiplet calculations of W L3 HERFD-XAFS.
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Figure 1.  (a) Pump–probe normal energy resolution XAFS spectra 
and their first derivatives of WO3 at different time delays. (b) The 
kinetic trace of XAFS at peak A in (a). (c) Pump–probe HERFD-
XAFS and their first derivatives of WO3 at the corresponding time 
delays to those in (a). The first derivative of the laser off spectrum is 
also given. (d) shows the reconstructed excited state spectra.
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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 phase-sensitive sum-frequency generation 
spectroscopy for unveiling molecular orientation of interfacial 
water system. The remarkable feature of this technique is that 
Imχ(2) SFG spectra (χ(2): The second-order nonlinear suscep

tibility) obtained by the heterodyne detection exhibit positive 
or negative sign for net orientation of OH with hydrogen 
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 spectroscopy 
technique, we have conducted a series of pioneering research 
on unique structures and physicochemical properties of hydro
gen bonds of interfacial water molecules.

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

Keywords	 Surface & Interface Science, Nonlinear Optical Spectroscopy, Water Molecules
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1.  Tip-Enhanced Sum Frequency 
Generation for Molecular Vibrational 
Nanospectroscopy1)

We achieved the first detection of vibrational sum-fre
quency generation (VSFG) signals from molecules at the 
nanometer scale by developing a tip-enhanced VSFG (TE-SFG) 
system. Conventional VSFG is a powerful tool for probing 
molecular structures and orientations at surfaces, but its spatial 
resolution is restricted by the diffraction limit, yielding ensem
ble-averaged responses from millions of molecules.

To break this barrier, we integrated femtosecond VSFG 
spectroscopy with scanning tunneling microscopy. By confin
ing IR and near-IR pulses within the nanogap between a 
metallic substrate and an STM tip, we detected vibrational 
signals from molecules adsorbed on the surface. The signal 
emerged only in the tunneling regime and vanished when the 
tip–substrate distance exceeded 1 nm, demonstrating localiza
tion within ~1 nm. Characteristic vibrational modes of termi
nal methyl groups were clearly resolved, and analysis of the 
nonlinear susceptibility revealed their absolute orientation.

Electromagnetic simulations clarified that such extreme 
localization arises from two synergistic enhancement mecha
nisms: (i) the antenna effect, which enhances mid-IR absorp
tion at the tip apex, and (ii) plasmonic resonance in the 
nanogap, which boosts the radiation efficiency of the visible 
VSFG signal.2) Together, these effects yield an enormous 
effective signal enhancement on the order of 1013, enabling 
the near-field response from even a single molecule to domi
nate over far-field background contributions from ~108 mol
ecules within a laser focal spot.

This achievement represents the first demonstration of 
molecular vibrational SFG detection at the nanometer scale. By 
uniting ultrafast vibrational spectroscopy with scanning probe 
microscopy, TE-SFG establishes a powerful platform for non
linear optical nanospectroscopy. The method enables ultrahigh 
spatial resolution and single-molecule sensitivity, paving the 
way toward single-molecule ultrafast spectroscopy and molecu
lar imaging beyond the diffraction limit. These capabilities hold 
strong promise for elucidating interfacial molecular processes in 
catalysis and materials science, offering a novel route for the 
rational design of advanced functional materials.

Figure 2.  First successful demonstration of near-field tip-enhanced 
sum-frequency-generation vibrational nanospectroscopy of interfacial 
molecular systems.

2.  Critical Impacts of Metal Cocatalysts on 
Oxidation Kinetics and Optimal Reaction 
Conditions of Photocatalytic Methane 
Reforming3)

Photocatalytic activation of methane, the main component of 
natural gas, is a key process for sustainable energy conversion. In 
this study, we clarified how metal cocatalysts critically regulate 
oxidation kinetics and determine optimal reaction conditions in 
photocatalytic methane reforming under ambient temperature.

Traditionally, noble metal cocatalysts supported on semi
conductor photocatalysts have been viewed primarily as elec
tron collectors that promote reduction reactions. Our recent 
paradigm-shifting work demonstrated, however, that metal 
cocatalysts can also act as efficient acceptors of photogenerated 
holes.4) Building on this concept, the present study provides 
the first direct evidence that cocatalyst loading drastically alters 
the methane pressure dependence of photocatalytic oxidation, 
shifting the optimal reaction regime to below ambient pressure.

Through systematic kinetic analysis, we revealed that this 
effect originates from molecular-level congestion of reactive 
intermediates during the oxidation process, with metal cocata
lysts themselves functioning as active sites for oxidation. 
These findings overturn the conventional view that cocatalysts 
serve only reductive roles, highlighting their bidirectional 
contributions to both oxidation and reduction.

This work demonstrates that precise control of metal 
cocatalysts enables the microscopic design of surface reaction 
fields and optimization of reaction processes. By redefining 
the role of cocatalysts in photocatalysis, the study opens a 
pathway toward rational catalyst engineering for efficient and 
sustainable methane utilization.

Figure 3.  Photocatalytic oxidation kinetics and optimal pressure of 
methane vary significantly with the loading amount of metal cocata
lysts. These variations are well described by kinetic analyses treating 
molecular-level congestion of oxidation intermediates.
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Interface control is a critical issue in both electronic and 
electrochemical devices. Using thin-film technologies, our 
group constructs well-defined model interfaces and explore 
novel electronic and ionic properties.

For electronic devices, we focus on the synthesis and 
characterization of metastable metal hydrides. Non-equilib
rium film growth processes and epitaxial growth techniques 
enable the realization of functionalities unattainable in bulk 
materials. By controlling the charge states of hydrogen in 
solids, we aim to achieve high-transition-temperature super
conductivity and develop multifunctional switching devices 
driven by external fields such as light, heat, and electric fields.

For ionic devices, we are working to improve the perfor
mance of fluoride-ion secondary batteries toward high-capac
ity energy storage. Batteries consist of a cathode, electrolyte, 
and anode, and operate through the migration of carrier ions 
between electrodes across the electrolyte. In this process, the 
electrode–electrolyte interface, where dissimilar materials 
come into contact, often represents the bottleneck for ion 
transport. By fabricating model interfaces within thin-film 
battery and conducting quantitative evaluations, we establish 

strategies for controlling carrier-ion transport at interfaces.
In addition, to accelerate materials research we are working on 

the digital transformation (DX) of materials research, including 
laboratory automation. Conventionally, materials were carefully 
synthesized and optimized one by one to evaluate their electronic 
and ionic properties. In this context, we are introducing robots and 
AI technologies. The use of robots allows experiments to be 
conducted in extreme environments, such as inert gas atmospheres 
or X-ray irradiation conditions, where humans cannot enter. Our 
goal is to advance the automation of experiments and promote the 
coexistence of humans and robots in materials research.

Figure 1.  (left): Multiple-field-induced functions of hydride-related 
materials. (right): Conceptual illustration of experiments combining 
artificial intelligence (AI) and robots.
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1.  Hydrogen Charge-State Control of Multi-
Anion Hydrides

The charge state of hydrogen in solids depends on the 
electronegativity of its bonding partner and can exist as a 
proton (positively charged), atomic hydrogen (electrically 
neutral), or a hydride (negatively charged). In this study, we 
achieved control over protonic and hydridic states in thin-film 
materials with multi anions with oxygen and nitrogen.

In the calcium–nitrogen–hydrogen system (CaxNyHz), 
protonic CaNH (imide) and hydridic Ca2NH (nitrride hydride) 
are known. However, no synthesis of these compounds in thin-
film form had previously been reported, and no guidelines for 
their fabrication were available. Using reactive magnetron 
sputtering, we achieved the selective epitaxial growth of both 
CaNH and Ca2NH thin films.

To elucidate the selective growth processes, we monitored 
plasma emission of atomic Ca (422 nm) during the sputtering 
process. This result revealed that the growth pathway is 
governed by the relative reaction probabilities of Ca with 
hydrogen and nitrogen: Under high hydrogen partial pressure, 
hydrogen reacts preferentially with Ca to form CaHx, which 
subsequently converts into CaNH, whereas under low hydro
gen partial pressure, hydrogenation and nitrogenation occur 
simultaneously in a single step to yield Ca2NH.

Furthermore, by further reducing the hydrogen partial 
pressure, we successfully synthesized epitaxial thin films of 
the layered electride Ca2N. These findings open up new 
opportunities for controlling physical properties and exploring 
novel functionalities across proton, hydride, and electride.

Figure 2.  Selective growth of CaNH/Ca2NH/Ca2N epitaxial thin 
films.

2.  Electrode/Electrolyte Interface Control 
of Fluoride Ion Batteries

To realize thin-film fluoride batteries, we fabricated and 
evaluated liquid-electrolyte cells using BiF3 thin films as a 
cathode. When the BiF3 thin-film electrode surface was directly 
immersed in the liquid electrolyte, the initial discharge capac

ity exceeded the theoretical value (~302 mAh g−1), suggesting 
the occurrence of side reactions. Furthermore, the capacity 
retention decreased drastically upon cycling.

To address this issue, we applied interfacial control tech
niques established in Li-ion batteries2) and introduced a 
chemically stable LaF3 solid electrolyte buffer layer onto the 
BiF3 electrode surface. As a result, side reactions were effec
tively suppressed, and the decline in capacity retention during 
cycling was suppressed. Future studies will focus on evalu
ations under non-exposure conditions by transferring the cells 
through vacuum and Ar atmospheres, thereby eliminating the 
influence of ambient moisture.

This study is collaboration with Dr. Taketoshi Minato of 
Instrument Center.

Figure 3.  Cycle dependence of charge/discharge capacity. (Left) BiF3 
thin-film electrode in direct contact with liquid electrolyte; (Right) 
BiF3 thin-film electrode covered with a LaF3 solid-electrolyte buffer 
layer.

3.  Format Standardization for Laboratory 
Automation

In advancing laboratory automation, the standardization of 
both hardware and software is essential. We have constructed 
a fully automated and autonomous system for inorganic thin-
film synthesis and characterization. In recent years, we have 
also promoted the standardization of data format generated by 
automated measurement systems. Here, by employing the 
MaiML (Measurement, Analysis, Instrument Markup Lan
guage) framework—newly standardized as a JIS specification 
by the Japan Analytical Instruments Manufacturers’ Associa
tion (JAIMA)—we established a scheme for data sharing on 
the cloud and successfully applied it to the optimization of 
synthesis conditions.3)

At present, through collaborative research, we are extend
ing such autonomous materials exploration systems to a 
variety of fields, including spintronics materials and hydrogen 
storage materials.
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Modern electronic devices are approaching their miniaturi
zation limits, necessitating innovative solutions through the 
integration of optical and quantum effects. Our research group 
focuses on atomic layer materials, particularly transition metal 
dichalcogenides (TMDs), which exhibit remarkable optical 
properties due to their single-atom thickness.

These materials possess direct bandgaps with strong light–
matter interactions and unique electronic properties stemming 
from their extreme two-dimensionality. By stacking different 
atomic layers through van der Waals forces, we can create 
artificial heterostructures. In these structures, excitons—bound 
pairs of electrons and holes generated by photoexcitation—
become spatially confined within periodic moiré potentials.

Our team has successfully observed exciton localization 
phenomena in WSe2/MoSe2 heterostructures induced by moiré 
potentials. Through detailed investigations of interlayer exci

ton formation and their optical responses, including circular 
polarization characteristics and quantum coherence measure
ments, we continue to elucidate the quantum states of moiré 
excitons. Currently, we are advancing this research by devel
oping nanofabrication techniques for atomic layer materials 
and precisely controlling light–matter interactions to explore 
novel optical phenomena and functionalities.

Figure 1.  Left: Schematics of nanofabrication process for atomic-
layer materials. Right: Visualization of quantum optical phenomena 
emerging from the engineered atomic-layer nanostructures.
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1.  Tailoring Exciton Dimensionality and 
Unveiling Prolonged Valley Polarization

Interlayer excitons (IXs) in twisted TMD heterostructures 
are a promising platform for novel optoelectronic devices. 
However, the moiré potential arising from the lattice mismatch 
often traps these IXs, forming zero-dimensional (0D) quantum 
emitters known as moiré excitons. While interesting for quan
tum optics, these localized states are less suitable for appli
cations like photodiodes or solar cells, which benefit from 
mobile two-dimensional (2D) excitons.

To address this, we demonstrated a strategy to tune the 
dimensionality of IXs in a MoSe2/WSe2 heterostructure. By 
inserting an atomically thin hexagonal boron nitride (h-BN) 
layer as a spacer, we effectively modulated the moiré potential 
landscape, thereby transforming the trapped 0D moiré exci
tons into 2D IXs. The transition was unambiguously con
firmed through systematic optical spectroscopy, which revealed 
a significant blue-shift in photoluminescence (PL) energy and 
a change from nonlinear saturation to linear power depend
ence of the PL intensity, a hallmark of the transition from a 
localized to a delocalized system. A remarkable feature of 
these engineered 2D IXs is their prolonged valley relaxation 
lifetime, which reaches up to 100 nanoseconds at low tem
peratures—orders of magnitude longer than the picosecond 
lifetimes typically observed in monolayer TMDs. This lon
gevity is attributed to the suppression of the electron–hole 
exchange interaction, a dominant valley depolarization mecha
nism, which is weakened by the spatial separation of the 
electron and hole across the h-BN spacer. Our findings provide 
an effective strategy to tailor exciton dimensionality and 
harness the long valley lifetime of 2D IXs for future opto-
valleytronic applications.

Figure 2.  Dimensionality control and valley polarization of interlayer 
excitons in a MoSe2/WSe2 heterostructure. The insertion of an h-BN 
spacer layer (center schematic) transforms 0D moiré excitons with 
sharp emission peaks (blue spectrum) into 2D excitons with broad 
emission (red spectrum). These excitons exhibit a unique optical 
response to circularly polarized light (σ+/σ−, bottom schematic), 
enabling long-lived valley polarization.

2.  Observation of Magnetically Switchable 
Nonlinear Photocurrents

The bulk photovoltaic effect (BPVE), which generates 
spontaneous photocurrents in non-centrosymmetric materials, 
offers a pathway to overcome the Shockley-Queisser effi
ciency limit of conventional solar cells. We investigated these 
nonlinear photoresponses in a vdW heterostructure that breaks 
both spatial inversion (P) and time-reversal (T) symmetry, 
composed of monolayer MoS2 and the layered antiferro
magnet CrPS4. At the hetero-interface, the broken P-symmetry 
gives rise to a spontaneous photocurrent under illumination, 
which we identified as a shift current.

More strikingly, we discovered that this photocurrent is 
highly sensitive to the magnetic state of the CrPS4 layer. The 
spontaneous photocurrent changed drastically below the Néel 
temperature of CrPS4 (~40 K), where it transitions into an 
antiferromagnetic (AFM) phase. This phenomenon is attrib
uted to the emergence of a “magnetic injection current,” a 
distinct nonlinear photocurrent that arises in systems with 
broken T-symmetry and is superimposed on the existing shift 
current. We further demonstrated that the net photocurrent can 
be actively switched with an external magnetic field, which 
triggers distinct magnetic phase transitions in CrPS4 (e.g., 
from canted-AFM to ferromagnetic) and alters the contribu
tion of the magnetic injection current. This work demonstrates 
a magnetic-field-controllable photovoltaic effect and opens a 
new avenue for “magneto-photovoltaics,” a new class of 
devices that merge magnetism with solar energy conversion.

Figure 3.  Magnetic field-switching of nonlinear photocurrent at a 
MoS2/CrPS4 hetero-interface with broken P- and T-symmetry. In the 
heterostructure (left schematic), a spontaneous photocurrent is observed. 
As the magnetic phase of the CrPS4 layer is changed by an external 
magnetic field (right plot, from canted-AFM to ferromagnetic phase at 
35 K), the photocurrent increases in a step-like manner, demonstrating 
active control of the optical response.
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In order to elucidate functions of molecules, characteri
zation of the molecule is the first step. There is a variety of 
important molecules, which are insoluble in any solvents and 
functional at amorphous state. Solid-state NMR enables us to 
obtain a variety of information at atomic resolution without 
damage to molecules and significant restrictions. Thus, solid-
state NMR is one of the essential tools for the characteri
zations of those molecules.

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

Figure 1.  Outline of our studies.
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1.  Developments of Solid-State-NMR 
Techniques

In rigid organic solids, it is not easy to achieve high 
resolution 1H NMR spectra in solid-state NMR spectroscopy 
due to the presence of strong 1H homonuclear dipolar cou
plings which broaden 1H signals. Therefore, 1H homonuclear 
dipolar couplings must be decoupled efficiently by applying 
either magic angle spinning (MAS) at sufficiently high speed 
larger than 60 kHz or MAS at moderate speed in combination 
with multiple pulses (MPs). MAS and MPs give perturbations 
to spatial and spin parts of 1H homonuclear dipolar coupling 
Hamiltonian, respectively. Furthermore, by using significantly 
high power radio frequency field (RF), it is still possible to 
apply MPs under ultra-high speed MAS in which require to 
keep short cycle time of MPs respect to the MAS period to 
avoid interference of time averaging effect between spatial and 
spin parts of 1H homonuclear dipolar coupling Hamiltonian. 
Even under ultra-high speed MAS, applications of MPs improve 
spectral resolution furthermore. Therefore, methodology devel
opments of MPs is still one of important research topics. 1H 
spectral resolution depends on both the efficiency of decoupling 
and chemical shift scaling factor of MPs. The former factor 
can be improved through design of MPs enabling the removal 
of high order correction terms. On the other hand, the latter 
factor also depends on the design of MPs and larger scaling 
factor contributes better spectral resolution.

In the last report, we have reported the developed new MP 
sequence enabling removal of high order correction terms with 
moderate sequence length to realize efficient 1H homonuclear 
dipolar decoupling. In this time, we have developed similar 
but new MPs possessing larger chemical shift scaling factors 
over previous one. However, the new MPs have twice length 
of previous one. Therefore, those are suitable to the conven
tional MAS up to 40 kHz. Such new sequences were evaluated 
theoretically and their performances will be demonstrated 
soon.

We have also designed two different types of modules to 
achieve heteronuclear dipolar recoupling with homonuclear 
decoupling of irradiated nuclei. The detail of those experiments 
will be reported. Such new sequences were evaluated theo
retically and their performances will be demonstrated soon.

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

We have been working on developments of totally original 

solid-state NMR probes for a couple of years. The probe had 
been successfully built using originally designed parts except 
for a spinning module for 400MHz NMR. Then, we have been 
working on developments of original sample spinning mod
ules for MAS solid-state NMR probes which are fully com
patible with Bruker spectrometers and commercial sample 
tubes. The spinning modules have been designed to fit probes 
for narrow bore magnet with outer sleeve possessing 38 mm 
inner diameter. We started the design of a spinning module for 
a standard 4.0 mm sample tube. After several times of version 
up, our original spinning module significantly exceeded the 
spinning performance of the commercial one from Bruker. 

The design and build of final version of the spinning 
module have been finished. Currently, it is under optimization 
of air bearing black to achieve sufficient stability of spinning 
at high spinning rate.

Furthermore, the design and build of final version of the 
original spinning module for 2.5mm sample tube have been 
finished and it is also optimization of air bearing black.

 Currently, we are also working on the design and build of 
the original spinning module for 1.9 mm sample tube.

3.  Characterization of Synthetic Molecules 
by Solid-State NMR1)

Solid-state NMR is one of the efficient techniques to 
characterize amorphous samples such as synthetic molecules. 
We have collaborated with many research groups for the 
characterization of new synthetic molecules using solid-state 
NMR at the past. During couple of years, we have been 
collaborated with Associate Prof. Segawa group in IMS for the 
characterization of their newly developed synthetic molecules 
which are categorized to covalent organic frameworks (COFs).

Finally, 13C signal solid-state NMR signal assignments 
had been successfully achieved for two of the new molecules. 
The obtained results from solid-state NMR together with other 
experimental data from other experiments sufficiently prove 
the achievement of the target molecular form of COFs for 
those samples. This project is also on the way.
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The solid–liquid interface serves as 
a reaction field for a wide range of 
phenomena, including electro- chemi
cal reactions, dissolution and crystalli
zation, catalysis, and hydrophilicity.1–3) 
Despite extensive research, many fun
damental aspects of these interfaces 
remain poorly understood due to their 
complex and dynamic nature. Scan
ning probe microscopy (SPM) repre

sents a rare and powerful technique that can directly access the 
solid–liquid interface, allowing for detailed analysis of geo
metric structures, mechanical properties, electronic properties, 
magnetic properties, and even reaction mechanisms with 
exceptionally high resolution and sensitivity. In our studies, 
we have applied SPM to investigate electrochemical reactions 
as well as the physical properties of ice–liquid interfaces, 
providing new insights into interfacial behavior at the nanoscale.

At the electrode–electrolyte interface in electrochemical 
systems, the spatial distribution of interfacial structures strongly 
influences reaction kinetics and mechanisms. However, con
ventional spectroscopic analyses often fail to provide precise 
information on local variations in the interfacial structure due 
to limitations in spatial resolution. To overcome this challenge, 
we employed force curve measurements using SPM to analyze 
the local interfacial structure. By examining the distance 
between plateaus in the force curves, we were able to char
acterize the distribution of interfacial species (Figure 1). 
Notably, we observed that changes in the potential of a gold 
electrode led to significant alterations in the distribution of 
ionic liquid structures at the interface. This approach demon
strates the potential for probing more complex electrochemical 
reactions and understanding how local structural changes 
influence reaction pathways.

In addition to electrochemical systems, we have investi
gated the interface between ice and liquids. While the physical 
properties of ice have been extensively studied under ultra-
high-vacuum conditions, many ice-related phenomena in 
nature occur at the interface between ice and liquid. In col
laboration with Professor Hiroshi Onishi (Kobe University and 
IMS), we developed an analytical system based on amplitude-
modulation atomic force microscopy to study the interfacial 
state between ice and liquids. Using this system, we suc
cessfully characterized both the structural and mechanical 
properties of the interface between alcohols and ice.4–5) To 
obtain even more detailed information, we further developed a 

frequency-modulation atomic force microscopy system capable 
of operating in sub-zero antifreeze liquids. This system was 
applied to investigate the interface between octanol and graph
ite, enabling the successful observation of interfacial struc
tures.6–7) We anticipate that this technique will be widely 
applicable to studying ice–liquid interfaces and other low-
temperature interfacial systems.

Our works highlight the importance of combining high-
resolution force microscopy with carefully designed experi
mental systems to advance the understanding of complex 
interfacial phenomena across a broad range of materials and 
conditions.
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Figure 1.  A typical force curve obtained at the interface between an 
ionic liquid and a gold electrode. The distances between the plateaus 
correspond to the thickness of the first layer of ionic species.
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Visiting Professors

Visiting Professor
HAYAMI, Shinya (from Kumamoto University)

Molecular Spin Qubits in Spin Crossover Systems
Molecular magnetism is an attractive research area due to its interest as a quantum magnetism, such as 

single molecule magnets (SMMs) and molecular spin qubits (MSQs). We have attempted to control slow 
magnetic relaxation by using spin-crossover (SCO) compounds with controllable spin states and molecular 
distortions. Iron(III) SCO compounds (S = 5/2 ↔ S = 1/2) were prepared and investigated by single crystal 

analysis, magnetic susceptibility measurements, cw/pulsed electron paramagnetic resonance (EPR) and Mössbauer spectroscopy. 
The respective distortion parameters (Σ) are compared with those for previously reported SCO iron(III) compounds, and the 
distortion in HS state is larger than LS state. AC magnetic susceptibility has been also measured for the compounds at 2 K, and 
show frequency dependency. Pulsed EPR spectra were also measured in the LS state, Tm (coherence time) were estimated. These 
results are the first attempt to provide molecular design for the development of metal complexes with MSQ by using SCO 
compounds that can be tuned in the spin states and molecular distortions.

Visiting Associate Professor
MIURA, Hiroki (from Tokyo Metropolitan University)

Heterogeneous Catalysts for Sustainable Molecular Transformations
From the perspective of preventing global warming, it is essential to establish advanced carbon-

circulation systems that utilize renewable resources such as biomass and waste plastics. Since biomass 
compounds and polyesters contain numerous C–O bonds, the development of efficient catalysts capable of 
transforming these bonds is crucial for establishing sustainable processes. Our group has focused on the 

unique catalysis of supported metal catalysts, in which metal nanoparticles and metal-oxide supports can work in cooperation to 
activate organic molecules. We recently demonstrated that the cooperation of gold nanoparticles and Lewis acid at the surface of 
metal oxides enabled highly efficient borylation of unactivated C–O bonds in alkyl esters and alkyl ethers. Furthermore, we 
found that the strong interaction between gold nanoparticles and organic radicals enabled radical silylation of unactivated C–O 
bonds in alkyl esters and alkyl ethers. These findings provide important guidelines for the design of highly active heterogeneous 
catalysts for sustainable molecular transformations.

Visiting Associate Professor
KAWASUGI, Yoshitaka (from Toho University)

Phase-Transition Devices Based on Molecular Strongly Correlated Electron Systems
Strongly correlated electron systems consisting of molecular materials are softer and have lower carrier 

densities than inorganic materials, making them highly sensitive to external fields such as strain and gate 
electric fields. We have fabricated phase-transition devices utilizing strain and electric fields in organic 
strongly correlated electron systems. Specifically, we employed bis(ethylenedithio) tetrathiafulvalene 

[BEDT-TTF] molecules. These devices exhibit a remarkable physical property change, transitioning from an insulator to a 
superconductor in response to external fields. Recently, we have focused on improving device performance through the 
fabrication of field-effect transistors using solid electrolyte gates. In solid electrolyte gate transistors, we have successfully 
observed a field-induced Mott transition where interacting “frozen” electrons dissolve into a conductive liquid state. We have also 
confirmed that solid electrolytes may possess superior carrier injection capabilities compared to ionic liquids, which are more 
prone to sample degradation.




