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RESEARCH ACTIVITIES
Division of Advanced Molecular 
Science
The division consists of two sections. In the first one, scientists of the first water are invited as 
"distinguished professors," and the environment, in which they can devote themselves to their own 
research, is provided. The research in this section should be the last word in the field of molecular 
science.

In the second section, we invite researchers in the universities performing unique researches in 
the field of molecular science as cross-appointment faculty members, and provide the research 
environment to enable research activity with advanced facilities in IMS.
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Selected Publications

We are designing new self-assembled molecular systems 
based on coordination chemistry, and apply the molecular 
system to various research fields. One of these examples is a 
molecular system called “crystalline sponge (CS).” The CS is 
a porous crystal, which can accommodate various kinds of 
small molecules, and align the accommodated molecules 
neatly in its inner space. Actually, we can observe the struc-
ture of the small molecules neatly aligned in the CS by the 
X-ray crystallography (Figure 1). Therefore, we can use the 
CS for the structure elucidation of the small molecules. This 
technique developed by us is called “CS method.” The CS 
method has a potential to accelerate the various kinds of 
researches, in which the structure elucidation of novel com-
pounds is required.

Figure 1.  One example of the crystalline sponge method analysis 

result. Orange molecules are accommodated molecules, and green one 

is a framework of the crystalline sponge.
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1.  The CS Method Accelerates an Attempt 
to Create Artificial Natural Products

The natural products, compounds isolated from nature, 
exhibit great structural diversity and complexity. Such diver-
sity and complexity of the natural products are generated by 
enzymatic reactions in organisms such as plants and bacteria. 
The enzymes can convert simple substrates into complex 
natural products. The natural products can be utilized for many 
kinds of purposes, such as medicines, industrial materials, and 
so on. Therefore, it can be said that the natural products are 
attractive resource for the exploration into useful compounds. 
However, recently, it becomes difficult to obtain new natural 
products with novel structures, because almost all types of 
natural products, which can be easily isolated, are considered 
to be already found through long history of natural product 
chemistry.

One way to solve this problem is a chemo-enzymatic 
approach. In this approach, we prepare unnatural synthetic 
substrates. Then, the substrates are converted into complex 
artificial molecules by enzymes, which is involved in the 
biosynthesis of natural products. In this way, we can expand 
the diversity of small molecules, using the biosynthetic mecha-
nism of the natural products. One of the bottle-necks of this 
approach is the structural elucidation of the enzyme products, 
because the products often possess complex and unexpected 
structures. We consider that the CS method can solve this 
problem, since this method enables rapid structural elucidation 
of small molecules.

2.  The CS Method Analysis of Artificial 
Indole-Containing Compound1)

We elucidated a structure of a compound 1 generated by 
reaction using a biosynthetic enzyme, TleB, which is involved 
in a biosynthesis of 2 (Figure 2). In nature, TleB accepts 3 as a 
substrate and produce 4 (Figure 2A). However, it was found 
that unnatural substrate 5 could also be accepted by TleB, and 
1 and 6 were generated (Figure 2B). Even though the structure 
elucidation of 6 could be accomplished by the NMR, MS, and 
single-crystal X-ray diffraction study, that of 1 could not be 
determined by the conventional methods. Therefore, we sub-
jected 1 to the CS method, and succeeded in the structure 
elucidation.

3.  The CS Method Analysis of Artificial 
Natural Products Produced by Enzymatic 
Cyclization Reaction2)

One of the important reactions to form basic skeletons of 
the natural products is a cyclization reaction. When a chemi-
cally synthesized unnatural substrate 7 was converted by an 
enzymatic cyclization reaction, 8 was generated (Figure 3). 8 
has a novel structure, but its structure could not be determined 
by the NMR analysis. Thus, the structure of 8 was revealed by 
the CS method.

Figure 3.  Enzyme reaction to produce 8 from 7.
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Figure 2.  A) Reaction catalyzed by TleB in nature. B) Enzyme 

reaction to produce 1 and 6 from unnatural substrate 5.
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Exploring Novel Physical Properties by 
Multi-Dimensional Spectroscopy
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(Department of Materials Molecular Science, Electronic Structure)

Physical and chemical properties of solids, such as con-
ductivity, magnetism, superconductivity and chemical reac-
tions, and also life phenomena, such as redox and photo-
synthesis, originate from microscopic electronic and molecular 
vibrations and/or molecular movements based on quantum 
mechanics in materials and their interactions. To clarify the 
microscopic states provides us not only the knowledge of the 
origins of the physical properties and life phenomena but also 
the clarification of hidden functionalities. The information is 
useful for the creation of novel functional properties. To 
visualize the microscopic state, we also develop novel spec-
troscopic techniques using synchrotron radiation, high brilliant 
electron beams, and other so-called quantum beams. Recently, 
we have successfully developed a novel electron spectroscopy, 
namely resonant electron-energy-loss spectroscopy, as shown 
in Figure 1, to detect element-specific plasmons. Based on the 
obtained information of electronic structures, we are aiming to 
develop novel physical properties of new materials.

Figure 1.  Resonant electron-energy-loss spectroscopy (rEELS) 

apparatus developed by our group. The apparatus consists of a high-

brilliant spin-polarized electron gun and a photoelectron spectrometer.

Keywords Condensed Matter, Biological Materials, Optical Property
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1.  Non-Trivial Surface States of Samarium 
Hexaboride at the (111) Surface1)

The peculiar metallic electronic states observed in the 
Kondo insulator, samarium hexaboride (SmB6), has stimulated 
considerable attention among those studying non-trivial elec-
tronic phenomena. However, experimental studies of these 
states have led to controversial conclusions mainly to the 
difficulty and inhomogeneity of the SmB6 crystal surface.

In this work, the detailed electronic structure of SmB6 is 
revealed by angle-resolved photoelectron spectroscopy mea-
surements of the three-fold (111) surface, where only two 
inequivalent time-reversal-invariant momenta (TRIM) exists. 
We observe the metallic two-dimensional state was dispersed 
across the bulk Kondo gap. Its helical in-plane spin polariza-
tion around the surface TRIM indicates that SmB6 is topol-
ogically non-trivial, according to the topological classification 
theory for weakly correlated systems. Based on these results, 
we propose a simple picture of the controversial topological 
classification of SmB6.

We expect that this discovery could provide a new, fertile 
playground for the following researches about the concert 
effect between electron correlation and topology. It would also 
be applicable for future spintronic technologies.

Figure 2.  (a) Crystal structure of SmB6. A shaded area is the (111) 

surface studied in the current work. (b) Surface electronic structure of 

SmB6 obtained by angle-resolved photoelectron spectroscopy. Bright 

area represents the electrons with corresponding wavenumber (Fermi 

surface). A solid hexagon is the zone boundary determined from 

surface periodicity.

2. Relaxation Dynamics of [Re(CO)2(bpy)
{P(OEt)3}2](PF6) in TEOA Solvent Measured 
by Time-Resolved Attenuated Total 
Reflection Terahertz Spectroscopy2)

To reveal highly efficient photocatalytic properties of an 

artificial photosynthesis material [Re(CO)2(bpy){P(OEt)3}2]
(PF6), we have directly observed the photo-induced relaxation 
dynamics and reductive quenching process of the photo-
excited state on a photosynthesis material in Triethanolamine 
(TEOA) solvent as an electron donor by time-resolved attenu-
ated total reflection spectroscopy in the terahertz (THz) region. 
The spectrum of the complex in TEOA has an intermolecular 
vibrational mode between the complex and TEOA molecules, 
which reflects the precursor of the reductive quenching pro-
cess. The intermolecular vibrational mode has three-step 
relaxation process in a picosecond timescale after photo-
excitation, where firstly the triplet metal-to-ligand charge 
transfer excited state is vibrationally cooled down, secondly 
the distance between Re and TEOA is reduced by the rotation 
of TEOA molecules due to dipole–dipole interaction acceler-
ated by heat transfer, and finally electrons transfer from TEOA 
to Re. These observations provide us the detailed information 
of the electron transfer process of photocatalytic properties of 
[Re(CO)2(bpy){P(OEt)3}2](PF6) in TEOA solvent.

Figure 3.  The schematic figures of the temporal evolution from I to 

III of the interaction between photocatalyst [Re(CO)2(bpy){P(OEt)3}2]+ 

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

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

Figure 1.  Investigation of iron-catalyzed cross-coupling reactions 

based on DFT-XAS analysis.
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1.  DFT-XAS-Based Mechanistic Investiga-
tion of Pd/Cu-Catalyzed Dehydrogenative 
Coupling of Dimethyl Phthalate1,2)

Pd-catalyzed oxidative coupling reaction of phthalate 
esters is a well-known industrial process for the production of 
biphenyl compounds which can be readily converted into 
biphenyl tetracarboxylic dianhydride (BPDA), being an impor-
tant monomer of polyimides. Equation 1 shows a typical 

procedure of the oxidative coupling, where dimethyl phthalate 
3 readily couples in the presence of catalytic amounts of 
Pd(OAc)2 1a and Cu(OAc)2 2a to afford the corresponding 
biphenyls 4 and 5. Despite the widespread use of this process, 
the precise reaction mechanism had still remained unclear due 
to the severe reaction condition and the complex Pd/Cu hetero-
bimetallic catalyst system including paramagnetic Cu(II) 
species, both which hamper the conventional analysis based 
on solution-phase NMR. To solve such problems in mechanis-
tic study of homogeneous catalysis, we conducted to use XAS 
which enables element specific analysis to determine the 
oxidation state and the geometry of catalytic species.3,4) 
Recently, we have succeeded to elucidate the mechanism of 
Pd/Cu-catalyzed oxidative coupling of dimethyl phthalate as 
shown in Scheme 1. The oxidation states and the local coordi-
nation geometries of catalytic intermediates 1d, 1c, and 2a 
were determined under the stoichiometric conditions of each 
reaction path. DFT- and single crystal X-ray structural analy-
sis adequately provided the precise molecular structure of 

these intermediates. This research is first to provide a clear 
answer to the long-term debate on the reaction mechanism in 
the last three decades and demonstrated that XAS is the 
powerful tool for the mechanistic study on homogeneous 
transition-metal-catalyzed reactions, being difficult by means 
of the conventional solution-phase NMR analysis.

2.  XAFS-Based Structural Study on 
Flexible Organometallic Systems5–7)

Generally, organometallics bearing highly flexible molecu-
lar structure make it difficult to prepare a single crystal with 
sufficient size and quality for X-ray crystallography. We 
conducted DFT-XAS-based structural analysis of such flexible 
molecule. Recently, Prof. Uemura and Benjamin found a 
flexible MOF prepared from [Zn2(BDC)2(DABCO)]n and 
polystyrene which has a polymer-threaded multi-layered 
structure after removing the DABCO pillar ligand. The polymer-
threaded extremely flexible molecular scaffolds showed no 
clear diffraction pattern except for a broad peak. To determine 
the molecular structure of this flexible MOF system, we 
carried out Zn K-edge and O K-edge XAS. A DFT-based 
simulation of both XAS spectra clearly demonstrated that 
[Zn2(BDC)2]n-monolayer was preserved well in the turbo-
stratic phase without DABCO pillar.

Another successful application was achieved in the struc-
ture determination of rotaxane-linked iron porpyrin dimer in 
which two units of iron-porpyrin or phtalocyanine were inter-
locked through highly flexble quadruplet axials. Fe K-edge 
XAS-based structural analysis supproted with DFT-MD-based 
simulation succefully provides the precise local coordionation 
geometry of iron centers in highly flexible supramolecular 
system.
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Scheme 1.  Investigation of iron-catalyzed cross-coupling reactions 

based on DFT-XAFS analysis.




