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We are developing new self-assembled molecular systems
using coordination chemistry and researching the application
of the developed molecular systems. One representative appli-
cation of the molecular system developed by us is the crystal-
line sponge (CS) method, which enables the rapid structure
elucidation of small molecules. In this method, a porous
crystal of a coordination network called CS, which was devel-
oped by us and can accommodate various kinds of small
molecules, is used. Notably, we can know structures of the
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small molecules accommodated in the pore of the CS by X-ray
crystallography, because the accommodated small molecules
periodically aligned in the CS. The CS method has some
advantages; 1) only nanogram to microgram scale of analytes
is required, ii) the absolute stereochemistry can be determined,
iii) even oily substances can be analyzed by X-ray crystallog-
raphy. Because of these fascinating features, the CS method
attracts the interests of many people not only in academia but
also in industry.

» D. Fujita, Y. Ueda, S. Sato, N. Mizuno, T. Kumasaka and M. Fujita,
“Self-Assembly of Tetravalent Goldberg Polyhedra from 144 Small
Components,” Nature 540, 563-566 (2016).
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We now apply the CS method in the biological studies,
especially studies on the natural product biosynthesis. Scien-
tists in this field often obtain small molecules as products of
natural product biosynthetic enzymes. However, it is often
difficult to elucidate the complex structures of the enzyme
products. We thus consider that the CS method, which enables
the rapid structure elucidation of small molecules, is helpful,
and can accelerate the studies in this field.

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

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

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

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

giant virus. Three dimensional structures of 1-6 were obtained by the
CS method analysis.

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

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

In summary, we reported the first functional analysis of the
terpene synthase from the giant virus. We would like to
analyze more enzymes from giant viruses in future, to more
deeply understand the natural product biosynthesis in the giant
viruses. In addition, the CS method could solve the structures
of the enzyme products (1 and 2) and the degradation products
(3-6) obtained in this study, showing the potential of the CS
method to facilitate the studies in the field of natural product
chemistry.
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Figure 2. A) Phylogenetic analysis of the terpene synthases from
giant viruses and other organisms. The figure is reprinted with
permission from ref. 1). Copyright 2023 American Chemical Society.
B) Structure of OILTS solved by protein X-ray crystallography.
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Physical and chemical properties of solids, such as con-
ductivity, magnetism, superconductivity, and chemical reac-
tions, originate from microscopic electronic structure, lattice/
molecular vibrations, and molecular movements based on
quantum mechanics in materials and their interactions. By
revealing the microscopic states and their evolution, we can
learn about the origin of physical and chemical properties and
hidden functionalities. Also, the microscopic information is
helpful for the creation of novel functional properties. To
visualize hidden microscopic information, we develop novel
spectroscopic techniques using synchrotron radiation, high
brilliant electron beams, and other so-called quantum beams.
We have started a novel electron spectroscopy technique,
Spin-Resolved resonant Electron-Energy-Loss Spectroscopy
(SR-rEELS), with bulk-sensitive primary energies of 0.3—1.5
keV. At present, we combine it with a time- and angle-resolved
technique, shown in Figure 1, to simultaneously observe both
the changing electronic structure and collective excitations and
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the lattice and magnetic structure relaxation. Based on the
obtained information on electronic structures, we aim to
develop novel physical properties of new materials.

Seaftered
electrons

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

X. Jin, “Bulk-Sensitive Spin-Resolved Resonant Electron Energy-
Loss Spectroscopy (SR-rEELS): Observation of Element- and Spin-
Selective Bulk Plasmons,” Rev. Sci. Instrum. 92, 093103 (8 pages)
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Trivial Metallic State of the Kondo Insulator YbB,,” Nat. Commun.
7, 12690 (7 pages) (2016).



Annual Review 2024

1. Two-Dimensional Heavy Fermion in
Monoatomic-Layer Kondo Lattice YbCus"

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

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

CeCoSi with no local inversion symmetric crystal struc-
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Figure 2. (a) A surface atomic structure of YbCuy/Cu(111). (b) Top
view of monoatomic-layer YbCu,. The dashed line indicates the unit
cell of YbCuy. (c) ARPES image near the center of the surface
Brillouin zone taken with circularly polarized 35-eV photons at 15 K.
ARPES intensities are divided by the Fermi—Dirac distribution func-
tion convolved with the instrumental resolution. The filled and break
lines indicate the simulated c-f hybridization band dispersions with the
hybridization energy of 120meV (solid lines) and 0 meV (dashed
lines) by the periodic Anderson model. The open and filled circles
indicate the peak positions from energy distribution curves (EDCs)
and MDCs, respectively.

ture (P4/nmm) exhibits a phase transition of unknown origin
(Hidden Order: HO) at about 12 K (7)) above the antiferro-
magnetic transition temperature (7 = 9.4 K). The electronic
structure change across 7 was investigated with high-preci-
sion optical reflection spectroscopy. The optical spectrum
changed from a typical metallic behavior above Ty to a gap-
like structure at around 15 meV below Ty. The gap-like
structure was unchanged across 7 except for the narrowing of
the Drude component of carriers due to the suppression of
magnetic fluctuations. This result suggests a slight change
from the typical metallic electronic structure above 7 to that
with an energy gap near the Fermi level in the HO phase. The
change in electronic structure in the HO phase was concluded
to be due to electron/valence instability.
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Figure 3. (a) Optical conductivity [cj(®)] spectra of CeCoSi at
representative temperatures of 20 K (> 7), 10 K (I < T'< Tj), and 6
K (< Tn) (solid lines). Dot-dashed lines are Drude curves obtained
from the values of electrical resistivity and the o1(®) values at o ~ 5
meV. The interband components evaluated by subtracting the Drude
components from the oj(®) spectra are shown by dashed lines. (b)
Temperature-dependent 61(®) spectra normalized by that at 20 K of
CeCoSi. The marks are the same as those in (c). (¢) Temperature
dependence of the spectral integrations of the range Q of 10-15 meV
(solid circle), 15-20 meV (open circle), 20-25 meV (open square),
and 20—40 meV (solid square) in (b), which are representative regions
of relative 61(®) spectra in (b). The integrated intensity at each Q is
normalized by the value at 7= 20 K. Solid lines are guides for the eye.
Tp and Ty are shown by vertical solid and dashed lines, respectively.
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We are proud of our internationally compatible studies of
liquid—solid interfacess; photocatalysts for artificial photo-
synthesis, lubricants for smooth tribology, and ice in antifreeze

liquids. Characterization with advanced AFM, time-resolved  in its working state.

Member
Secretary

KURITA, Yoshiko

energy come from/to the two condensed phases, since func-
tional interfaces are always open to the environment. Operando
characterization is absolutely necessary to study the interface

ATR-IR spectroscopy, soft X-ray absorption and micro-
electrode-based amperometry are being developed. We look
forward to collaborating with researchers in academic and
industrial organizations to unravel the science behind material
conversion and energy dissipation at liquid—solid interfaces.

A new era of molecular science will be revealed at liquid-
solid interfaces of finite thickness (Figure 1). The molecular
interface is the site of reaction where molecules of interest
collide or interact with other molecules. We need to observe
individual molecules there. On the other hand, the molecular
interface is connected to the liquid and solid. Materials and
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Figure 1. Liquid-Solid Interface of Finite Thickness.
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1. Ice in Antifreeze Liquids Characterized
by Atomic Force Microscopy

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

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

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

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

Figure 2. The Bruker microscope at the Instrument Center devised for

operation at —10 °C.

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

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

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

Considering the various roles of ice, this study concludes
that it opens up new possibilities for the study of surface and
interfacial phenomena associated with ice in liquids. In addi-
tion, the microscope devised in this study is functional for
imaging ice and also other materials cooled at —10 °C. It is
available for use at the Instrument Center through the Advanced
Research Infrastructure for Materials and Nanotechnology
(ARIM).
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Figure 3. A topographic image of an ice film in 1-octanol liquid at =7

°C. A cross section determined along the line in panel (a) is shown in

panel (b).
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Plastic is an indispensable material in our daily lives. It is
used in a wide variety of products because it is low-cost,
mass-producible, and easy to mold and process. However, due
to its convenience, the amounts of plastic used and disposed
are increasing every year, raising concerns about its environ-
mental impact and sustainability. Therefore, there is a need to
develop efficient and environmentally friendly recycling
methods, as well as simple and rapid methods to detect plas-
tics that have leaked into the environment.

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

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

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

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

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

To further verify thermostability, activity measurements
were performed using heat-treated enzymes. The use of 384
wells for activity measurement enabled analysis of many
enzymes at one time and efficient screening. The best H229T-
F233M mutant showed 3.4 times higher degradation rate
against PET film than the template enzyme at the initial time.
The molecular dynamics simulation implied that F233M
mutation make the space for making alpha helix and H229T
mutation resolved steric hindrance with Trp199. These muta-
tions were speculated to change the angle of the Trp199 side
chain of PET2 to an angle similar to that of the Trp185 of
IsPETase, making it suitable for PET binding to the active
center. Screening of activity using PET suspensions is com-
patible with robotic automation and is expected to be useful
for validating computationally predicted mutations.
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Figure 2. Scheme of PET degrading enzyme activity measurement
using turbidity as an indicator.

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

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

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

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

To improve the binding specificity, three mutations were
further added to PfCBD-4M. After the 3 cycles of screening,
the 425 colonies were obtained. The colonies were mixed, and
the CBD genes were amplified by PCR. The CBD genes were
ligated with RFP gene and the fusion proteins were produced
in small scale. The solubilities of proteins were analyzed based
on the RFP fluorescence signal in the solution to remove the
insoluble proteins. The gens of the top 10 proteins were
sequenced, and the 6 candidates were obtained. The binding
amount of 2™ generation of 6 mutants, 4M and PfCBD-WT
against chitin, cellulose and low and high concentrations of
PET were measured. The all of 6 mutants showed almost no
binding to chitin and cellulose but higher binding amount than
4M and WT (Figure 3). Therefore, we succeeded to change the
binding specificity of the domain from chitin/cellulose to PET.
Now we tried to make a fusion enzyme with PET hydrolase to
increase the affinity to PET.
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Figure 3. Binding measurement of 2" generation of mutants against
chitin, cellulose and PET.
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Keywords

Metals play important roles in sustaining life. Cells are
mainly composed of water, proteins, and lipids, but they also
contain small amounts of metals that help maintain health by
being acquired from food. Those metals are used as active
centers of enzymes that carry out functions essential to sus-
taining life, e.g. transport and storage of oxygen, energy
production, gene synthesis, has been known for many years.
However, the series of molecular mechanisms underlying
metal dynamics in the body (absorption, sensing, transport,
storage, and excretion of metals) (Figurel) and selectivity for
individual metals remain unknown. Our group focuses on
“iron,” which is the most important metal among the essential
metals for sustaining life of living things, focusing on various
proteins that play a role in the selective absorption, sensing,
and intracellular transport of iron in food. We are not only
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elucidating the structure of related proteins but also exploring
their relationship with their functions in human cells.
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Figure 1. Our aim is to understand the uptake, trafficking, and
regulation of “bio-metals” through the relay of protein—protein

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

Iron is an essential “nutrient” for supporting life. In humans,
iron nutrients (e.g., heme iron and iron ions) ingested from
food are absorbed from duodenum (upper small intestine) and
after intracellular sensing, transport and storage, are eventually
distributed as serum iron to organs and muscles throughout the
body.!) Iron ions can undergo redox, and although Fe2" is
water-soluble and easily accessible, it readily reacts with O3 to
produce reactive oxygen species, which are cytotoxic. On the
other hand, Fe3™ is not a source of reactive oxygen species, but
is less water-soluble. Therefore, the body uses a variety of
proteins to avoid Fe" toxicity and strictly regulates iron
homeostasis. Failure of this regulatory system to sustain iron
homeostasis can lead to iron overload or deficiency. To help
introduce the protein framework that dictates human iron
dynamics, we focused on dietary iron dynamics via the intra-
cellular iron-delivery chaperone, PCBP (poly rC binding
protein)? (Figure 2).
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Figure 2. Dietary iron absorption in duodenum enterocyte. The first
step of duodenal iron absorption is the transport of Fe?" by DMTI
(divalent metal transporter 1) at the apical plasma membrane of
duodenal enterocytes. Reduction of the predominant Fe3* by Deyth
(duodenal cytochrome bsg1) using cytoplasmic electron doner, Asc
(ascorbate), is necessary for Fe2* transport by DMT].

PCBP has been proposed to play a role in supplying iron
ions to the iron storage protein ferritin,® but the molecular
mechanism of iron trafficking from PCBP to ferritin remains
elusive. To unveil these mechanisms, we prepared recombi-
nant human PCBP and investigated its properties. Iron binding
assays using apo-PCBP revealed that one molecule of apo-
PCBP can bind one FeZ", while Fe* does not bind, clearly
showing PCBP can only bind Fe?". The complexation of Fe?"-
bound PCBP and ferritin H- or L-chain were investigated by
SEC-SAXS (size-exclusion chromatography integrated small-
angle X-ray scattering) and mass photometry (Figures 3 and
4). Based on these results, we proposed that Fe2*-bound PCBP
preferentially binds the ferritin H-chain compared to the
L-chain. Since the ferritin H-chain acts as a ferroxidase,
converting Fe?" to Fe3™ for the safe storage of iron in ferritin,
PCBP thus mediates safe and effective iron trafficking to
ferritin in the cytoplasm.
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Figure 3. Mass photometry of ferritin and its mixture with Fe?'-
bound PCBP.
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Figure 4. Space-filling models and pseudoatomic models of PCBPs
(A) and its complex with H-chain only ferritin (B). Space-filling
models were created based on SAXS data. Pseudoatomic models of
PCBP in apo and Fe?"-bound forms were predicted by AlphaFold3.

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

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

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

(1) Lanthanide Photofunctional Materials

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

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

Conventional molecular geometry searches on a potential
energy surface utilize energies and energy gradients from
quantum chemical calculations. However, replacing energy
calculations with noisy quantum computer measurements
generates errors in the energies, which makes geometry opti-
mization using the energy gradient difficult. One gradient-free
optimization method that can potentially solve this problem is
Bayesian optimization. To use Bayesian optimization in geom-
etry search, a suitable acquisition function must be defined. In
this study, we propose a strategy for geometry searches using
Bayesian optimization and examine the appropriate acquisi-
tion functions to explore the global minimum (GM) and the
most stable conical intersection (CI). The acquisition functions
for the GM and CI searches were defined as the probability
improvements of the energy with opposite sign and the cost
function C in eq (1), respectively.

Cx) = — {Eso(x) ;Es1(x) + {Eso(x) ;Es1(x)}2} e (1)

Here, Esu(x) and o are the electronic energy of the n-the

singlet state at the geometry x and the hyperparameter, respec-
tively. We applied our strategy to two molecules, formaldehyde
and ethylene, and found the GM and the most stable CI
geometries with high accuracy for both molecules.
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Figure 1. Schematic illustration of global minimum search using
Bayesian optimization.

2. Copolymer Descriptor Database and
Its Application to Machine Learning

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

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

3. Mechanism of Formation of Thermally
Stable Cyclotrisilanyl Radicals

A halogen-substituted cyclic disilene compound, bromo-
cyclotrisilene, Si3Br(Eind); (3a) bearing the fused-ring bulky
Eind groups, was synthesized as an extraordinarily air-stable
compound by our collaborators (Prof. Matsuo group at Kindai
university). Even though 3a is quite air-stable both in solu-
tions and in the solid state, its Si—Br bond is reactive under
reducing conditions. The further treatment of 3a with Li metal
leads to the formation of room-temperature thermally-stable
silicon homologues of the cyclopropyl radical, i.e., the cyclo-
trisilanyl radicals (6a), via intramolecular C—H bond activa-
tion in a transient silicon homologue of the cyclopropenyl
radical, i.e., the cyclotrisilenyl radical, [Siz(Eind)3]" (5a). To
elucidate the formation mechanism of 6a from Sa, we per-
formed the reaction path search using the artificial force
induced reaction (AFIR) method at the ONIOM (B3LYP-D3/
PM6-D3) level. The reaction started from the approach of silyl
radical center of 5a to one of the H atoms in the Eind group,
which afforded carbon-centered radical specie. The carbon-
centered radical attacked Si3, which induced the formation of
C-Si and formed a ring-opened radical species. Then silylene
center approaches the Si—H bond, which induces the formation
of the Si—Si and Si—H bonds and results in the formation of the
stable product 6a. To the best of our knowledge, derivatives of
the cyclopropyl radical have not yet been isolated and remained
elusive. The cyclotrisilanyl radicals 6a are the first room-
temperature thermally stable homologues of the cyclopropyl
radical, whose structural features and electronic properties
have been experimentally and theoretically investigated.

References

1) R. Ohno, K. Ota, N. Nishimura, K. Taniguchi, S. Kurokawa, T.
Wakabayashi, M. Hatanaka, A. Rosas-Sanchez, D. Hashizume and
T. Matsuo, J. Am. Chem. Soc. 146, 24911-24924 (2024).

2) K. Muto, M. Hatanaka, F. Kakiuchi and T. Kochi, Organometallics
43, 1528-1535 (2024).

3) S. Kanno, H. Nakamura, T. Kobayashi, S. Gocho, M. Hatanaka, N.
Yamamoto and Q. Gao, npj Quantum Inf. 10, 56 (2024).

4) A. Wakiuchi, S. Jasial, S. Asano, R. Hashizume, M. Hatanaka, Y.
Ohnishi, T. Matsubara, H. Ajiro, T. Sugawara, M. Fujii and T.
Miyao, MRS Commun. 14, 439-444 (2024).

5) K. Muto, M. Hatanaka, F. Kakiuchi and T. Kochi, J. Org. Chem. 89,
47124721 (2024).

6) K. Terasaka, T. Kamoshida, T. Ichikawa, T. Yokoyama, M. Shibuta,
M. Hatanaka and A. Nakajima, J. 4m. Chem. Soc. 146, 9605-9613
(2024).

7) T. Inoue, M. Hatanaka and A. Nakajima, J. Am. Chem. Soc. 145,
23088-23097 (2023).





