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Our research is based on the design of new self-assembled
molecular systems using coordination chemistry. We not only
create the new self-assembled molecular systems but also
research the application of them.

One example is a molecular system called crystalline
sponge (CS). The CS is a porous crystal of a coordination
network, into which various kinds of small molecules could be
introduced. Notably, we can know structures of the small
molecules accommodated in the pore of the CS by X-ray
crystallography, because the accommodated small molecules
periodically aligned in the CS. Thus, the CS can be utilized for
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the structure analysis, and this technique is called the CS
method. This method has some advantages; i) only nanogram
to microgram scale of analytes is required, ii) the absolute
stereochemistry can be determined, iii) even oily substances
can be analyzed by X-ray crystallography. Because of these
fascinating features, the CS method attracts the interests of
many people not only in academia but also in industry.

Besides structure analysis by the CS method, we also use
the self-assembled molecular systems for various purpose, and
try opening up new research field.

» 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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Here, we show our recent progress. In the first case, we
used the self-assembled molecular system for chemical reac-
tion. In the second case, we applied the self-assembled molecu-
lar system to protein science.

1. Tetradehydro-Diels-Alder Reactions of
Flexible Arylalkynes via Folding Inside the
Self-Assembled Molecular Cage®

The tetradehydro-Diels—Alder reaction is useful, but not so
straightforward, requiring careful substrate design and harsh
reaction consition. Recently, we found that efficient and site-
selective tetradehydro-Diels—Alder reaction can be achieved
by using a kind of self-assembled molecular system, called a
Pd¢L4 cage. The PdgL4 cage has a cavity, into which broad
range of compound can be introduced.

In the reaction we found, the substrate was captured inside
the PdgL4 cage, and the conformation of the substrate was
fixed. The control of the substrate conformation results in the
efficient and site-selective reaction (Figure 1).

A)

Flexible Enforced Folded Controlled
substrate Conformation Cyclization
B)

Figure 1. A) Concept of this study. B) Crystal structure of the
substrate-PdgL4 cage complex.

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

The MjsLp4 self-assembled cage possesses a cavity large
enough to accommodate proteins (Figure 2A).
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Recently, we use this cage to analyze unfolding/refolding
processes of a protein. When the concentration of organic
solvent is increased in protein solution, the protein would be
denatured. Then, the protein would be aggregated and precipi-
tated normally. However, when the protein is captured in the
self-assemble cage, the precipitation is prevented, because
only single protein exists inside the cage. Thus, we can carry
out the protein transient structure analysis, using this cage.

Concretely, we increase and decrease the concentration of
acetonitrile of the protein solution, and the protein conforma-
tion was monitored by NMR analysis. As a result, it was
revealed that the protein folding/unfolding process exhibited
hysteresis behavior (Figure 2B).
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Figure 2. A) Molecular modeling of protein in the M2Ly4 self-
assembled cage. B) Protein folding/unfolding process exhibited

hysteresis behavior.
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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.

» K. Hagiwara, Y. Ohtsubo, M. Matsunami, S. Ideta, K. Tanaka, H.
Miyazaki, J. E. Rault, P. Le Févre, F. Bertran, A. Taleb-Ibrahimi, R.
Yukawa, M. Kobayashi, K. Horiba, H. Kumigashira, K. Sumida, T.
Okuda, F. Iga and S. Kimura, “Surface Kondo Effect and Non-
Trivial Metallic State of the Kondo Insulator YbB,,” Nat. Commun.
7, 12690 (7 pages) (2016).

» S. Kimura and H. Okamura, “Infrared and Terahertz Spectroscopy
of Strongly Correlated Electron Systems under Extreme Condi-
tions,” J. Phys. Soc. Jpn. 82, 021004 (28 pages) (2013). [review]
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1. Breakdown of Bulk-Projected Isotropy in
Surface Electronic States of Topological
Kondo Insulator SmBg(001)")

The topology and spin-orbital polarization of two-dimen-
sional (2D) surface electronic states have been extensively
studied in this decade. One major interest in them is their close
relationship with the parities of the bulk (3D) electronic states.
In this context, the surface is often regarded as a simple
truncation of the bulk crystal. Here we show a breakdown of
the bulk-related in-plane rotation symmetry in the topological
surface states (TSSs) of the Kondo insulator SmBg¢.2) Angle-
resolved photoelectron spectroscopy (ARPES) performed on
the vicinal SmBg(001)-p(2%2) surface showed that TSSs are
anisotropic and that the Fermi contour lacks the fourfold
rotation symmetry maintained in the bulk. This result empha-
sizes the important role of the surface atomic structure even in
TSSs. Moreover, it suggests that the engineering of surface
atomic structure could provide a new pathway to tailor various
properties among TSSs, such as anisotropic surface conduc-
tivity, nesting of surface Fermi contours, or the number and
position of van Hove singularities in 2D reciprocal space.
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Figure 2. (a) ARPES Fermi contours (FCs) taken at the photon-
incident plane of (110) at 13 K. (b) Schematic drawing of the observed
FCs together with the border of surface Brillouin zones; solid lines for
bulk-truncated (1x1) and dashed for (2x2). (c) Experimental geometry
and definition of the in-plane wavevectors k, and k. k, and k, are
always in the photon-incident and photoelectron detection planes,
respectively.

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

Spin—orbit interaction in low-dimensional systems, namely,
Rashba systems and the edge states of topological materials,
has been extensively studied in this decade as a promising
source to realize various fascinating spintronic phenomena,
such as the source of the spin current and spin-mediated
energy conversion. Here, we show the odd fluctuation in the
spin-orbital texture in a surface Rashba system on Bi/InAs(110)-
(2x1) by spin- and angle-resolved photoelectron spectroscopy
and a numerical simulation based on a density-functional
theory (DFT) calculation. The surface state shows a paired
parabolic dispersion with the spin degeneracy lifted by the
Rashba effect. Although its spin polarization should be fixed
in a particular direction based on the Rashba model, the
observed spin polarization varies greatly. It even reverses its
sign depending on the wave number. DFT calculations also
reveal that the spin directions of two inequivalent Bi chains on
the surface change from nearly parallel (canted parallel) to
antiparallel in real space in the corresponding wave vector
region. These results indicate an oversimplification of the
nature of spin in Rashba and Dirac systems and provide more
freedom than expected for spin manipulation of photoelectrons.
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Figure 3. Spin-polarized surface band structures measured by spin-
and angle-resolved photoelectron spectroscopy (SARPES) (a) and (b)
ARPES and (c) and (d) SARPES 2D plots measured with s-polarized
(top) and p-polarized (bottom) photons along T'—X (parallel to the Bi
chains). (a) and (b) Spin-integrated ARPES intensity maps. SARPES
maps polarized to (c1) and (d1) S, (c2) and (d2) S, and (c3) and (d3)
S.. The spin orientations are defined in (f). (¢) Experimental geometry
of the SARPES measurements and definitions of the coordinates. The
(2x1) surface Brillouin zone and the common plane of the photon
incidence and photoelectron detection are superposed simultaneously.
(f) Definitions of the spin directions of the photoelectrons.
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We are proud of our internationally compatible studies of  energy come from/to the two condensed phases, since func-

liquid-solid interfaces, e.g. photocatalysts for artificial photo-  tional interfaces are always open to the environment. Operando
synthesis and lubricants for smooth tribology. Characterization
with frequency-modulation AFM, time-resolved ATR-IR spec-

troscopy, soft X-ray absorption and microelectrode-based

characterization is absolutely necessary to study the interface
in its working state.

amperometry are being developed. We look forward to col- . -
Liquid Continuum

QO

laborating with researchers in academic and industrial organi-

zations to unravel the science behind material conversion and Solvated Molecules

energy dissipation at liquid-solid interfaces. Adsorbed Molecules

Molecular

A new era of molecular science will be revealed at liquid- ifertaes

solid interfaces of finite thickness (Figure 1). The molecular
interface is the site of reaction where molecules of interest

Top-Layer Atoms
Second-Layer Atoms

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

Solid Continuum

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

The chemical transformation of materials is accomplished
in milliseconds or seconds by assembling atoms over semi-
conductor photocatalysts. Bandgap-excited electrons and
holes, which are reactive on this time scale, are key to the
efficient assembly of atoms to yield the desired products. In
this study,!) attenuated total reflection of infrared and near-
infrared light was used to characterize and quantify the elec-
tronic absorption of TiO; photocatalysts excited under liquid.
Nanoparticles of rutile or anatase were placed on a diamond
prism, covered with liquid, and irradiated with continuous UV
light through the prism. Electrons excited in rutile particles
(JRC-TIO-6) formed small polarons characterized by a sym-
metric absorption band spread over 10000-700 cm™! with a
maximum at 6000 cm™! (Figure 2). Electrons in anatase
particles (JRC-TIO-7) formed large polarons and produced an
asymmetric absorption band that gradually strengthened at
wave numbers below 5000 cm™! and weakened sharply at
1000 cm™!. The absorption spectrum of large electron polarons
in TIO-7 was compared with the absorption reported in a
Sr-doped NaTaOs photocatalyst, and it was suggested that
excited electrons were accommodated as large polarons in
NaTaOs3 photocatalysts efficient for artificial photosynthesis.
The UV light power dependence of the absorption bands was
observed in Np-exposed decane liquid to derive the electron—
hole recombination kinetics. At light power densities P greater
than 200 W m2 (TI0-6) and 2000 W m™2 (TIO-7), the polaron
absorptions were enhanced with the absorbance proportional
to P12, The observed 1/2 power law suggested recombination
of multiple electrons and holes moving randomly in each
particle. Upon excitation with smaller P, the power law order
increased to unity. The unity-order power law was interpreted
as the recombination of an electron and a hole excited by the
same photon. Furthermore, an average lifetime of 1 ms was
estimated for electron polarons in TIO-6 when weakly excited
at P =20 W m2 to simulate solar light irradiation.

Optical absorption of
bandgap-excited electrons

rutile

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

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

Potassium tantalate, KTaO3, is a highly efficient semi-

conductor photocatalyst for the overall water splitting reac-
tion. Doping a semiconductor photocatalyst with foreign metal
cations typically increases the apparent quantum yield of the
splitting reaction. In this study,? we constructed a single-
crystal model of cation-doped photocatalysts that would be
suitable for future investigation using advanced surface-
sensitive methods. Centimeter-sized (001)-oriented KTaO3
wafers were doped with Sr or La cations in KCl flux. X-ray
diffraction revealed Sr- and La-containing perovskite-struc-
tured layers epitaxially covering the bulk KTaOs. On the
Sr-doped wafer, the surface layer lattice was expanded by 2%
relative to the bulk lattice. X-ray fluorescence holography was
used to determine the three-dimensional short-range ordered
structure around the K and Sr cations (Figure 3). Holograms
obtained with Sr Ka fluorescence confirmed the simultaneous
placement of Sr cations in the A and B sites. The placement of
the Sr cations in the B sites was supported by the TaOg
breathing vibration observed in Raman scattering. These
experimental results suggest that a KTaO3-Sr(Sry/3Taz/3)03
solid solution is generated by doping. Two La-containing
phases, one with a 2% lattice contraction and the other with a
0.4% expansion, were detected on the La-doped wafer. La La
fluorescence holograms indicated a complex type of doping.
The obtained atom distribution around La cations was inter-
preted by the simultaneous La cation occupancy at the A site,
B site and an interstitial site. Local lattice deformation was
quantitatively deduced around the La cations occupying the
interstitial site. Elemental composition determined by X-ray
photoelectron spectroscopy revealed the enrichment of dopant
elements on the wafer surface. Nanometer-scale topography
observed by atomic force microscopy suggested that doping
concentrations should be optimized to obtain flat, crystalline
surfaces.

X-ray fluorescence holography
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s

incident
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Figure 3. X-ray fluorescence holography.
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Plastic is an indispensable material in our daily lives. It is
used in a wide variety of products because it is low-cost,
mass-producible, and easy to mold and process. However, due
to its convenience, the amounts of plastic used and disposed
are increasing every year, raising concerns about its environ-
mental impact and sustainability. Therefore, there is a need to
develop efficient and environmentally friendly recycling
methods, as well as simple and rapid methods to detect plas-
tics that have leaked into the environment.

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

These studies will promote the recycling of used plastics
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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 runoff into the environ-
ment (Figure 1).

Closed loop system
Enzyme degradation\

Detection of leak
L

Collection and decomposition

repolymerization

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

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

When the temporal changes in degradation rate and turbid-
ity were analyzed by changing the concentration of PET
degrading enzyme, it was observed that the turbidity decreased
over time, and it was found that the high degradation activity
could be evaluated from the rate of decrease in turbidity
(Figure 2). Therefore, we created a library in which saturation
mutations were introduced at two substrate recognition sites of
the PET2 mutant and performed selection. colonies were
cultured in 96-well plates, and after one night of enzyme
induction, the culture medium was collected and mixed with
the PET suspension. The rate of decrease in turbidity was
analyzed in the culture medium of approximately 800 colo-
nies, and 13 enzymes were found to be more than twice as
active as the PET2 mutant that used as the template.

To further verify thermostability, activity measurements
were performed using heat-treated enzymes. The use of 384
wells for activity measurement enabled analysis of many
enzymes at one time and efficient screening. The best three
mutants were produced and purified at large scare cultivation
and the activities against PET film are under comparison
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Figure 2. Results of PET degrading enzyme activity measurement

using turbidity as an indicator.

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

To develop a method for detecting plastics in samples
using plastic binding proteins, we first developed a protein

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

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