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Hirofumi Sato

Professor

Department of Molecular Engineering, Graduate School of Engineering
A4-026

075-383-2548

075-383-2799

hirofumi@moleng.kyoto-u.ac.jp
http://www.riron.moleng.kyoto-u.ac.jp/

Theoretical Chemistry, Quantum Chemistry, Statistical Mechanics
Theoretical Chemistry, Physical Chemistry

Chemical reaction, Self-assembly, Solvation

March 1993, Master of Sci., Graduate School of Science, Kyoto University
May 1996, Doctor of Sci., Graduate School of Science, Kyoto University

Doctor of Science from Kyoto University

August 1996, Research Associate (Assistant Professor), Institute for Molecular
Science, Okazaki National Research Institutes

May 2002, Lecturer, Graduate School of Engineering, Kyoto University

May 2004, Associate Professor,

July 2010, Professor, Graduate School of Engineering, Kyoto University

April 2019-March 2023, Director, Fukui Institute for Fundamental Chemistry
June 2004-December 2004, Academic Visitor, PTCL, Oxford University

The Chemical Society of Japan, Japanese Association for Molecular Science, Jap-
anese Society of Theoretical Chemistry, The Japan Association of Solution Chem-
istry

Director (2022-), TIC division chair (2011-2021), The Chemical Society of Japan
Executive Director (2012-2014, 2020-2022), Committee member (2012-2016,
2018-2022), Japanese Association for Molecular Science

Vice president, Japan Society of Theoretical Chemistry (2019-2021)

Committee member, The Japan Association of Solution Chemistry (2015-)

1. Kaho Nakatani, Masahiro Higashi, and Hirofumi Sato, “Extraction of local
spin-coupled states by second quantized operators”, J. Chem. Phys., 157,
014112 (2022).

2. Yuichiro Yoshida, Satoru Iuchi, and Hirofumi Sato, “A quantum chemical
model for a series of self-assembled nanocages: the origin of stability be-
hind the coordination-driven formation of transition metal complexes up to
[M,,L,,]**, Phys. Chem. Chem. Phys., 23, 866-877 (2021).

3. Tomoaki Yagi and Hirofumi Sato, “Density functional theory for molecular
liquids based on interaction site model and self-consistent integral equations
for site—site pair correlation functions”, J. Chem. Phys., 153, 164102 (2020).

4.  Yoshihiro Matsumura, Satoru Iuchi, Shuichi Hiraoka, and Hirofumi Sato,
“Chiral effects on the final step of an octahedron-shaped coordination capsule
self-assembly” Phys. Chem. Chem. Phys., 20, 7383-7386 (2018).

The Academic Award, The Japan Association of Solution Chemistry (2009)
Morino Foundation for Molecular Science (2008)

The Award for the Young Distinguished Scientist of the Japan Society for Molecu-
lar Science (2006)

The Chemical Society of Japan Award for Young Chemists (2002)
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2000 4F 4 H SKEAY A KRFXRy 7~ ARRFTELER
20034 6 H R HIH L& et 2 — e R
2003 4= 10 A RPN IR EEEAE < < 03 WF9E B
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1. Cryo-EM structures of thermostabilized prestin provide mechanistic insights un-
derlying outer hair cell electromotility. Haon Futamata, et al., Nature Commun.,
13, 6208 (2022).

2. Hybrid QM/MM free-energy evaluation of Drug-resistant mutational effect on
the binding of an inhibitor Indinavir to HIV-1 protease. Masahiko Taguchi, Ryo
Oyama, Masahiro Kaneso, and Shigehiko Hayashi*, J. Chem. Inf. Model., 62,
1328-1344 (2022).

3.  Time-resolved serial femtosecond crystallography reveals early structural
changes in channelrhodopsin. Kazumasa Oda et al., eLife, 10, €62389 (2021)

4.  Ab Initio evaluation of the redox potential of cytochrome c. Cheng Cheng and
Shigehiko Hayashi*, J. Chem. Theory Comput., 17, 1194-1207 (2021).

5. A computational method to simulate global conformational changes of proteins
induced by cosolvent. Shoichi Tanimoto, Koichi Tamura, Shigehiko Hayashi,
Norio Yoshida*, and Haruyuki Nakano, J. Comput. Chem., 42, 552-563 (2021).

6. An atomistic model of a precursor state of light-induced channel opening of

channelrhodopsin. Cheng Cheng, Motoshi Kamiya, Mizuki Takemoto, Ryuichi-
ro Ishitani, Osamu Nureki, Norio Yoshida*, and Shigehiko Hayashi*, Biophys. J.,
115, 1281-1291 (2018).
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R 10 4R 1 H REBR P RFBE L7t o+ Ly Hu B+

PRk 15 AR 10 A TR EESMIEZER (FF)V—T 7 0 b v 7 RE)
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Jahn-Teller Steering Committee (2009-)

“An Open-shell, Luminescent, Two-dimensional Coordination Polymer with a Hon-
eycomb Lattice and Triangular Organic Radical”, Shun Kimura, Uejima Motoyuki,
Wataru Ota, Tohru Sato*, Shinpei Kusaka, Ryotaro Matsuda, Hiroshi Nishihara, and
Tetsuro Kusamoto, J. Am. Chem. Soc. 143, 4329-4338 (2021).

“A Theoretical Investigation into the Role of Catalyst Support and Regioselectivity
of Molecular Adsorption on a Metal Oxide Surface: NO Reduction on Cu/y-Alumi-
na”, Wataru Ota, Yasuro Kojima, Saburo Hosokawa, Kentaro Teramura, Tsunehiro
Tanaka, Tohru Sato*, Phys. Chem. Chem. Phys. 23, 2575-2585 (2021).

“Origin of Aggregation-Induced Enhanced Emission: A Role of Pseudo-Degenerate
Electronic States of Excimers Formed in Aggregation Phases”, Wataru Ota, Ken
Takahashi, Kenji Higashiguchi, Kenji Matsuda, Tohru Sato*, J. Mater. Chem. C 8,
8036-8046 (2020).

“Fluorescence via Reverse Intersystem Crossing from Higher Triplet States in a
Bisanthracene Derivative”, Tohru Sato*, Rika Hayashi, Naoki Haruta, Yong-Jin Pu,
Sci. Rep. 74820 1-9 (2017).

“Thermodynamical vibronic coupling constant and density: Chemical potential and
vibronic coupling in reactions”, Tohru Sato*, Naoki Haruta, and Kazuyoshi Tanaka,
Chem. Phys. Lett. 652, 157-161 (2016).
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1. Highly Selective Photocatalytic Conversion of Carbon Dioxide by Water
over Al-SrTiO; Photocatalyst Modified with Silver-Metal Dual Cocatalysts
Wang, Shuying; Teramura, Kentaro*; Hisatomi, Takashi; Domen, Kazunari;
Asakura, Hiroyuki; Hosokawa, Saburo; Tanaka, Tsunchiro*

ACS Sustainable Chemistry & Engineering (2021), 9(28), 9327-9335.
DOI:10.1021/acssuschemeng.1c02126

2. Dual Ag/Co cocatalyst synergism for the highly effective photocatalytic con-
version of CO, by H,O over Al-SrTiO,

Wang, Shuying; Teramura, Kentaro*; Hisatomi, Takashi; Domen, Kazunari;
Asakura, Hiroyuki; Hosokawa, Saburo; Tanaka, Tsunehiro*

Chemical Science (2021), 12(13), 4940-4948.

DOI:10.1039/d1sc00206f
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Enhanced CO evolution for photocatalytic conversion of CO, by H,O over
Ca modified Ga,0,

Pang, Rui; Teramura, Kentaro*; Morishita, Masashige; Asakura, Hiroyuki; Ho-
sokawa, Saburo; Tanaka, Tsunehiro*.

Communications Chemistry (2020), 3(1), 137

DOI: 10.1038/s42004-020-00381-2

Effective Driving of Ag-loaded Al-doped SrTiO; under irradiation at A >300
nm for the photocatalytic conversion of CO, by H,O

Wang, Shuying; Teramura, Kentaro*; Hisatomi, Takashi; Domen, Kazunari;
Asakura, Hiroyuki; Hosokawa, Saburo; Tanaka, Tsunehiro*.

ACS Applied Energy Materials (2020), 3(2), 1468-1475.
DOI:10.1021/acsaem.9b01927

Modification of Ga,0; by Ag-Cr Core-shell Cocatalyst Enhances Photocata-
lytic CO Evolution for the Conversion of CO, by H,O

Pang, Rui; Teramura, Kentaro*; Tatsumi, Hiroyuki; Asakura, Hiroyuki; Hosoka-
wa, Saburo; Tanaka, Tsunehiro*.

Chemical Communications (Cambridge, United Kingdom) (2018), 54(9), 1053-
1056. Selected as a back cover

DOI:10.1039/¢7¢c07800e

Efficient photocatalytic carbon monoxide production from ammonia and
carbon dioxide by the aid of artificial photosynthesis

Huang, Zeai; Teramura, Kentaro*; Asakura, Hiroyuki; Hosokawa, Saburo; Tana-
ka, Tsunehiro*.

Chemical Science (2017), 8(8), 5797-5801.

DOI:10.1039/c7sc01851¢g

Which is an Intermediate Species for Photocatalytic Conversion of CO, by
H,O as the Electron Donor: CO, Molecule, Carbonic Acid, Bicarbonate, or
Carbonate Ions?

Teramura, Kentaro*; Hori, Kazutaka; Terao, Yosuke; Huang, Zeai; Iguchi, Shoji;
Wang, Zheng; Asakura, Hiroyuki; Hosokawa, Saburo; Tanaka, Tsunehiro*.
Journal of Physical Chemistry C (2017), 121(16), 8711-8721.
DOI:10.1021/acs.jpcc.6b12809
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Kenji Matsuda

Professor (Adjunct Professor)

Fukui Institute for Fundamental Chemistry

Room A4-321, Katsura Campus

075-383-2738

075-383-2739

kmatsuda@sbchem.kyoto-u.ac.jp

http://www.sbchem.kyoto-u.ac.jp/matsuda-lab

Physical Organic Chemistry

Physical organic chemistry for molecular electronics and highly functional materials

Physical Organic Chemistry, Photochromism, Molecular Electronics, Supramolecular
Assemblies, Open-Shell Molecules

B. S., Chemistry, Graduate School of Science, The University of Tokyo (1992)
M. S., Chemistry, Graduate School of Science, The University of Tokyo (1994)
Ph. D., Chemistry, Graduate School of Science, The University of Tokyo (1997)

Doctor of Science from the University of Tokyo

Assistant Professor, Department of Chemistry, The University of Tokyo, 1994-1995
Assistant Professor, Institute for Fundamental Research of Organic Chemistry, Ky-
ushu University, 1995-1998

Assistant Professor, Department of Chemistry and Biochemistry, Kyushu University,
1998-2004

Associate Professor, Department of Chemistry and Biochemistry, Kyushu University,
2004-2008

Professor, Department of Synthetic Chemistry and Biological Chemistry, Kyoto Uni-
versity, 2008-present

JSPS researcher, University of [llinois, USA, 2001-2002

PRESTO research project leader, 2003-2007

Invited Professor, University of Rennes 1, France, 2011

Invited Professor, ENS Cachan, France, 2015

Chemical Society of Japan, American Chemical Society, The Japanese Photochem-
istry Association, The Society of Physical Organic Chemistry, Japan, The Society of
Synthetic Organic Chemistry, Japan, Kinka Chemical Society, The Japan Society of
Applied Physics

Executive Director, The Japanese Photochemistry Association (2022-2023)

Secretary General (Executive Director), The Society of Physical Organic Chemistry,
Japan (2022-2024)

Chairman of Electronics Division, Kinka Chemical Society (2018-2021)

1. Y. Nakakuki, T. Hirose, H. Sotome, M. Gao, D. Shimizu, R. Li, J. Hasegawa, H.
Miyasaka, K. Matsuda, Doubly Linked Chiral Phenanthrene Oligomers for Ho-
mogeneously n-Extended Helicenes with Large Effective Conjugation Length,
Nat. Commun. 13, 1475 (2022).

2. R. Yasui, D. Shimizu, K. Matsuda, Large Enhancement of the Single Molecular
Conductance of a Molecular Wire through a Radical Substituent, Chem. Eur. J.
28, 202104242 (2022). (front cover)

3. Y. Kotani, H. Yasuda, K. Higashiguchi, K. Matsuda, Re-entrant Photoinduced
Morphological Transformation and Temperature-Dependent Kinetic Products of
a Rectangular-Shaped Amphiphilic Diarylethene Assembly, Chem. Eur. J. 27,
11158-11166 (2021).

4. Y. Sumiya, K. Higashiguchi, K. Matsuda, A Diarylethene Annulated Isomer as a
Highly-Conductive Molecular Wire Evaluated by the Exchange Interaction be-
tween Two Nitroxides, Chem. Commun. 56, 2447-2450 (2020).

5. N. Nishitani, T. Hirose, K. Matsuda, Self-Assembly of Photochromic Diaryle-
thene—Peptide Conjugates Stabilized by -Sheet Formation at the Liquid/Graph-
ite Interface, Chem. Commun. 55, 5099-5102 (2019).

Inoue Research Award for Young Scientists, 1999

Chemical Society of Japan Award for Young Scientist, 2004
Nozoe Memorial Award for Young Scientist, 2006

Teaching Award, School of Engineering, Kyushu University, 2008
Japanese Photochemistry Association Award, 2016
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1. Deep-Sea-Inspired Chemistry: A Hitchhiker’s Guide to the Bottom of the Ocean
for Chemists, Shigeru Deguchi, Hiroki Degaki, Ikuo Taniguchi, and Tsuyoshi Koga,
Langmuir 39, 7987-7994 (2023)

2. Experimental and Theoretical Studies on the Phase Behavior of Aqueous Solutions
of Structurally Controlled Hyperbranched Poly(N-isopropylacrylamide)s, H. Kojima,
; Y. Imamura, Y.T. Lu, S. Yamago, T. Koga, Macromolecules, 55, 7932-7944 (2022)

3. Thermoresponsive Gelation of Amphiphilic Random Copolymer Micelles in Wa-
ter, M. Shibata, T. Terashima, T. Koga, Macromolecules, 54,15241-5248 (2021)

4. Theory of transient networks with a well-defined junction structure, H. Ozaki, T.
Koga, J. Chem. Phys., 152, 184902 (2020)

5. Effects of Added Physical Cross-Linkers on Mechanical Properties of Polymer
Networks, T. Furuya, K. Yamamoto, and T. Koga, MACROMOLECULAR THEORY
AND SIMULATIONS, 28, 1800042(1-14) (2019)
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1. Hirao K, Speciale I, Notaro A, Manabe Y, Teramoto Y, Sato T, Atomi H, Molinaro
A, Ueda Y, De Castro C, Fukase K. Structural determination and chemical synthesis
of the N-glycan from the hyperthermophilic archacon Thermococcus kodakarensis.
Angew. Chem. Int. Ed. Engl. 62, 202218655, 2023.

2. Sato T, Utashima SH, Yoshii Y, Hirata K, Kanda S, Onoda Y, Jin JQ, Xiao S, Min-
ami R, Fukushima H, Noguchi A, Manabe Y, Fukase K, Atomi H. A non-carboxyl-
ating pentose bisphosphate pathway in halophilic archaeca. Commun. Biol. 5, 1290,
2022.

3. Jin JQ, Sato T, Hachisuka SI, Atomi H. A lipoate-protein ligase is required for de
novo lipoyl-protein biosynthesis in the hyperthermophilic archacon Thermococcus
kodakarensis. Appl. Environ. Microbiol. 88, 0064422, 2022.

4. Mori Y, Kawamura H, Sato T, Fujita T, Nagata R, Fujihashi M, Miki K, Atomi H.
Identification and enzymatic analysis of an archaeal ATP-dependent serine kinase
from the hyperthermophilic archaeon Staphylothermus marinus. J. Bacteriol. 203,
e0002521, 2021.

5. Zheng RC, Lu XF, Tomita H, Hachisuka SI, Zheng YG, Atomi H. TK1211 encodes
an amino acid racemase towards leucine and methionine in the hyperthermophilic
archaeon Thermococcus kodakarensis. J. Bacteriol. 203, ¢00617-20, 2021.

6. Jin JQ, Hachisuka SI, Sato T, Fujiwara T, Atomi H. A structurally novel lipoyl syn-
thase in the hyperthermophilic archacon Thermococcus kodakarensis. Appl. Envi-
ron. Microbiol. 86, €01359-20, 2020.

7. YamamotoY, Kanai T, Kaneseki T, Atomi H. “The TK0271 protein activates tran-
scription of aromatic amino acid biosynthesis genes in the hyperthermophilic ar-
chaeon Thermococcus kodakarensis”. Mbio. 10, ¢01213-19, (2019).

8.  Shimosaka T, Makarova KS, Koonin EV, Atomi H. “Identification of dephospho-co-
enzyme A (dephospho-CoA)” kinase in Thermococcus kodakarensis and elucidation
of the entire CoA biosynthesis pathway in Archaea. Mbio. 10, e01146-19, (2019).
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1.“Divergent stiffness of one-dimensional growing interfaces”

Foarod

Mutsumi Minoguchi , Shin-ichi Sasa
Physical Review Letters 130(19) 197101 (2023)
2.“Characterizing the Asymmetry in Hardness between Synthesis and
Destruction of Heteropolymers”
Tkumi Kobayashi, Shin-ichi Sasa
Physical Review Letters 128(24) 247801 (2022)
3.“Improving thermodynamic bounds using correlations”
Andreas Dechant , Shin-ichi Sasa
Phys. Rev. X 11(4) 041061 (2021)
4.“Long-Range Phase Order in Two Dimensions under Shear Flow”
Hiroyoshi Nakano, Yuki Minami, Shin-ichi Sasa
Physical Review Letters 126(16) 160604 (2021)
5.“Fluctuation—response inequality out of equilibrium”
Andreas Dechant , Shin-ichi Sasa
Proceedings of the National Academy of Sciences 117(12) 6430 - 6436
(2020)
6. “Global Thermodynamics for Heat Conduction Systems”
Naoko Nakagawa, Shin-ichi. Sasa
Journal of Statistical Physics 177(5)825-888 (2019)
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1) K. W. Lee, T. Araki, J. Yamamoto, Dynamic control of an in-plane-switching liquid
crystal cell using heterogeneous substrates, Soft Matter, 16, 348-356 (2020).

2) M. Saito, J. Yamamoto, R. Masuda, M. Kurokuzu, Y. Onodera, Y. Yoda, and M. Seto,
Direct observation of interlayer molecular translational motion in a smectic phase and de-
termination of the layer order parameter, Phys. Rev. Res. 1, 012008(R) (6 pages) (2019).
3) K. Hata, Y. Takanishi, I. Nishiyama and J. Yamamoto, Softening of twist elasticity in
the swollen smectic C liquid crystal, Euro. Phys. Lett. 120, 56001(5P) (2017).

4)S. Bono, Y. Takanishi and J. Yamamoto, Effects of layer order on the mobility of me-
sogenic molecules in SmA liquid-crystalline emulsions, Europhys. Lett., 113, 56004 (5P)
(2016).

5) E. Gorecka, N. Vaupotic”, A. Zep, D. Pociecha, J. Yoshioka, J. Yamamoto, and H.
Takezoe, A Twist-Bend Nematic (NTB)Phase of Chiral Materials, Angew. Chem. 127,
(2015) 10293 —10297.
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(1) H. Akamatsu, K. Fujita, T. Kuge, A. S. Gupta, J., M Rondinelli, I. Tanaka, K.
Tanaka, and V. Gopalan, “Unexpected A-site cation size effect on oxygen octahedral
rotations in acentric Ruddlesden-Popper alkaline rare-earth titanates”, Phys. Rev. Ma-
ter: 3(2019) 065001.

(2) S. Murai, E. Cabello-Olmo, R. Kamakura, M. E. Calvo, G. Lozano, T. Atsumi,
H. Miguez, and K. Tanaka, “Optical responses of localized and extended modes in a
mesoporous layer on plasmonic array to isopropanol vapor”, J. Phys. Chem. C 124
(2020) 5772.

(3) K. Agata, S. Murai, and K. Tanaka, “Stick-and-play metasurfaces for directional
light outcoupling”, Appl. Phys. Lett. 118 (2021) 021110.

(4) L. Liu, F. Zhang, S. Murai, and K. Tanaka, “Loss control with annealing and lat-
tice Kerker effect in silicon metasurfaces”, Adv. Photon. Res. 3 (2022) 2100235

(5) S. Murai, D. R. Abujetas, L. Liu, G. W. Castellanos, V. Giannini, J. A. San-
chez-Gil, K. Tanaka, and J. G. Rivas, “Engineering bound states in the continuum
at telecom wavelengths with non-Bravais lattices”, Laser Photonics Rev. 16 (2022)
2100661.

(6) H. Takane, Y. Ota, T. Wakamatsu, T. Araki, K. Tanaka, and K. Kaneko, “Bandgap
engineering of rutile-structured SnO,-GeO,-Si0, alloy system”, Phys. Rev. Mater. 6
(2022) 084604.
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(8) H. Takane, T. Oshima, K. Tanaka, and K. Kaneko, “Growth dynamics of selec-
tive-area-grown rutile-type SnO, on TiO, (110) substrate”, Appl. Phys. Express 16
(2023) 045503.
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Thermodynamic maximum of Y doping level in Barium Zirconate in co-sintering
with NiO,Katsuhiro Ueno, Naoyuki Hatada, Donglin Han, and Tetsuya Uda

Journal of Materials Chemistry A, 7, (2019), 7232-7241

Characteristic Microstructure Underlying the Fast Hydration-dehydration

Reation of B-La,(SO,),:”Fine Platy Joints” with “Loose Grain Boundaries”, Kunihiko
Shizume, Naoyuki Hatada, Kazuaki Toyoura, Tetsuya Uda

Journal of Materials Chemistry A, 6, (2018), 24956-24964

The Best Composition of an Y-doped BaZrO, Electrolyte: Selection Criteria from
Transport Properties, Microstructure,and Phase Behavior, Donglin Han and Tetsuya
Uda, Journal of Materials Chemistry A, 6, (2018), 18571-185824

Preferential Proton Conduction along Three-Dimensional Dopant Network in Yt-
trium-Doped Barium Zirconate:A First-Principles Study,Kazuaki Toyoura, Weijie
Meng, Donglin Han, and Tetsuya Uda,Journal of Materials Chemistry A, 6, (2018),
22721-22730

Discovery of Rapid and Reversible Water Insertion in Rare Earth Sulfates: A New
Process for Thermochemical Heat Storage,Naoyuki Hatada, Kunihiko Shizume, Tet-
suya Uda, Advanced Materials, 29, (2017), 1606569
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1. Oxygen Storage Capacity of Co-Doped SrTiO, with High Redox Performance
Y. Yoshiyama, S. Hosokawa, H. Asakura, K. Teramura, T. Tanaka, J. Phys. Chem. C,
2022, 126, 4415-4422.

2. Tuning Ag-modified NaTaO; to Achieve High CO Selectivity for the Photocata-
lytic Conversion of CO, Using H,O as the Electron Donor

X. Xu, H. Asakura, S. Hosokawa,T. Tanaka, K. Teramura, Appl. Catal. B, Environmental
2022, 320, 121885.

3. Designing Reactive Bridging O at the Atomic Cu—O—Fe Site for Selective
NH; Oxidation

X. Guan, R. Han, H. Asakura, Z. Wang, S. Xu, B. Wang, L. Kang, Y. Liu, S. Marlow, T.
Tanaka, Y. Guo*, F. R. Wang, ACS Catalysis 2022, 12(24), 15207-15217.

4. Shift of Active Sites via In-situ Photodeposition of Chromate Achieving Highly
Selective Photocatalytic Conversion of CO, by H,O over ZnTa,0q

X. Xu, K. Teramura, H. Asakura, S. Hosokawa, T. Tanaka, Appl. Catal. B, Environmental
2021, 298, 120508.

5. Strong Metal-Support Interaction in Pd/Ca,AlIMnOs,s: Catalytic NO Reduction
over Mn-doped CaO Shell

S. Hosokawa, Y. Oshino, T. Tanabe, H. Koga, K. Beppu, H. Asakura, K. Teramura, T.
Motohashi, M. Okumura, T. Tanaka, ACS Catalysis, 2021, 11(13), 7996-8003.

6. Dynamics of the Lattice Oxygen in a Ruddlesden—Popper-type Sr;Fe,0O,_5 Cat-
alyst during NO Oxidation

K. Tamai, S. Hosokawa, K. Ohnishi, C. Watanabe, K. Kato, H. Okamoto, H. Asakura, K.
Teramura, T. Tanaka, ACS Catalysis, 2020, 10(4), 2528-2537.

7. NO, Oxidation and Storage Properties of a Ruddlesden-Popper Type Sr-
sFe,0;_s Layered Perovskite Catalyst

K. Tamai, S. Hosokawa, H. Okamoto, H. Asakura, K. Teramura, T. Tanaka, ACS
Appl. Mater. Interfaces, 2019, 11, 26985-26993.

8. In Situ Spectroscopy-guided Engineering Rhodium Single-Atom Catalysts
for CO Oxidation

M. J. Hiilsey, B. Zhang, Z. Ma, H. Asakura, D. N. Do, W. Chen, T. Tanaka, P. Zhang, Z.
Wu, N. Yang, Nature Communications, 2019,10:1330.

9. Efficient Oxygen Storage Property of Sr-Fe Mixed Oxide as Automotive
Catalyst Support

K. Beppu, S. Hosokawa, H. Asakura, K. Teramura, T. Tanaka

J. Mater. Chem. A, 2019, 7, 1013-1021.
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1. C. Feng,J. J. Molina, M. S. Turner, and R. Yamamoto, Dynamics of microswim-
mers near a liquid—liquid interface with viscosity difference, Phys. Fluids 35,
051903 (2023).

2. S. Imamura, K. Sawaki, J. J. Molina, M. S. Turner, and R. Yamamoto, Collective
Motion of Quincke Rollers with Fully Resolved Hydrodynamics, Adv. Theory
Simulations 6, 2200683 (2023).

3. J. Li, S. K. Schnyder, M. S. Turner, and R. Yamamoto, Competition between
cell types under cell cycle regulation with apoptosis, Phys. Rev. Res. 4, 033156
(2022).

4. K. Kanayama, T. Hoshino, and R. Yamamoto, Relation between dynamic hetero-
geneities observed in scattering experiments and four-body correlations, Phys.
Rev. Res. 4,1.022006 (2022).

5. J. Li, S. K. Schnyder, M. S. Turner, and R. Yamamoto, The role of the cell cycle
in collective cell dynamics, Physical Review X 11, 031025 (2021).

6. R. Yamamoto, J. J. Molina, and Y. Nakayama, Smoothed profile method for di-
rect numerical simulations of hydrodynamically interacting particles, Soft Matter
17,4226 (2021).
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2. Higher-Order Transition State Approximation,
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Chem.A 2020 124, 8079-8087.

10. Core level Excitation Energies of Nucleic Acid Bases Expressed as Orbital
Energies of Kohn—Sham Density Functional Theory with Long-range Cor-
rected Functionals
Kimihiko Hirao, Takahito Nakajima, Bun Chan, Jong-Won Son, and Han-
Seok Bae
J.Phys.Chem. A, 2020 124, 10482—-10494.

(Award, Fellowship)

2002 International Academy of Quantum Molecular Science (Menton, France)

2005 Chemical Society of Japan Award

2007 Fukui Medal, Asia Pacific Association of Theoretical & Computational Chem-
ists

2008 Mukai Award

2010 ICCMSE Award, European Society of Comp. Methods in S&E

2018 Hyogo Prefectural Uplifting Award




I

FELKE - R—/X—/\ 1 F— (2022)

(7)

7)Y —FToz0—

[K4 (50 »n7)]
(44 ]

GiE))!

[wrge==]

(ERGICEER

[FAX]
[BEFA—1T FL 2]
[h—L—]
(w555 7]

| ERENDZT R SE) |

[WFFENE F— 1D —
F]

[“£FE]

[“#47]

(& /EE]

GREEES)|
(F&i5E)]

[EAeE, Fifmm]
(2 b5 FLIN)

[ BtR D E 7 ]

EH Rk (F=ohs
=T VY —TF T s —
Rk — RS o 2 —

209

075-711-7902

075-711-7902

kaztak@fukui.kyoto-u.ac.jp

http://mns2.fukui.kyoto-u.ac.jp

HEbY, B ) e, o TR

HWrBVE T B IS K oL ROGE, e kR e, BRI 1

DAL B

ISR

{b5EN )% - B REN 15 - FEMBAB R OR S - L—F — (b3
1978 £ 3 A KRR K FFw 5ok T A0 22 B 2 R B A B 2R 3
TrpfE L

197188 H /—AX ax M\ k¥ HEHEE

197949 B AL 7 HA=7 TR KZEE LR

1982 4% 1 A [W]IFF[E N7 3L [RIATF 7R A o0 1 B A F 9 T B i 78 R Bh T
1987 4 A A4 HBERFHEELDERER (A HEBERFRFRE LPER B L O
PR ZERL 2 YY)

199244 A A4 BERFERFERENRE @R 2%

1997 4210 H — 2016 £ 3 H B KFRFPR A bt 7ok #d%

1998 -4 A — 2016 /- 3 A MR KFHEIR B RMERMEFHES (GiH)
2001 /-4 H — 2016 =3 A AIRFHAUFSTHAE 0 T RS2 e ds . (GRT)
2016 /- 4 H— 2021 £ 3 H  f@Hik it ¥ — V¥ —FU —x—

2021 FF 4 H — ik ettt 4 — =7 VY —F T zn—
AARIER, AARBEYR, 7240 D{0ER, HPR¥R, MiRlre

FHE FRSATZEILE R (2016 423 A £ C). SHEEHEZASZEE GEARM),

Chem. Phys. 85 iREL B

i

1. Yasuki Arasaki and Kazuo Takatsuka “Chemical bonding and nonadiabatic elec-
tron wavepacket dynamics in densely quasi-degenerate excited state manifold of
boron clusters” J. Chem. Phys. 150, 114101 (18 pages) (2019).

2. Kazuo Takatsuka,” Maupertuis-Hamilton least action principle in the space of
variational parameters for Schrodinger dynamics; A dual time-dependent varia-
tional principle” J. Phys. Comm. 4, 035007 (16 pages) (2020)

3. Kentaro Yamamoto and Kazuo Takatsuka “Charge separation and successive

reconfigurations of electrons and protons driving water-splitting catalytic cy-

cle with tetranuclear Mn oxo complex. On the mechanism of water splitting in

PSIL.” Phys. Chem. Chem. Phys., 22, 7912-7934 (2020)

Kazuo Takatsuka and Yasuki Arasaki, “Energy Natural Orbitals” J. Chem.

Phys. 154, 094103 (2021). (14 pages).

5. Kazuo Takatsuka “Electron dynamics in molecular elementary processes and
chemical reactions” Bull. Chem. Soc. Jpn. 94, 1421-1477 (2021).
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SEEOHRNEHN

REIRZEZRRICB T 2 IEEMHEIEH
JRA A B crude adiabatic #F1 & W T, & TORINTE— REBJE L 7= R WA 720 B4 D fET fiF
FEH LT, ZORBTE, BESES L IREMAMERZREN & L7+ 7 Ui, WIEFES
B L e WEBIEHR[ 1] & REIZSEZH IR ) 2 &R TE S, S 61T, crude adiabatic K3
MWD Z LT, IRBMAMEHORIRZIREMAEMNEEVCDIT LV SN L2], REZEE
HilE L 720 FRGHIIGH T2 2 EMAMRETH D, b, —MRICE S VS DA 0 £BL Tl
FRHR T A WA BAEH ZBRE) ) & L CHEEITT 5 & AR &5 (3],
BIRG A EREEM M HRKIES Xt/% 2N~ R HAS 2 B E A

kIIVSEM = A ZlVaNMlzea,
a
Oq = Z PMV(T)l()ZNV’|Qa|XMV)|2p(EMV)'
vv!

2T, VIMIZRA A B REE NM B O IEH A IREM AVER EER(VCC)., 04 X IRENERMRE TH
%, Fim. Pyy(TIZRETIZHT 2 06IRENRAE O FEF R T mWn&wﬁﬁ&U%@éxﬁyﬁﬁ
ORI EIBIEL, (E)ITKIREIREOIRIEEE | Ey, ITFIEREREO =X VX —Th 5, L a2k
%t VCC &5z HIRET— FE2EET— R W, ZOF— NI 7+ /7 Ui, RIICEH 535
[1], {RE A B RIER OIEXT VCC 13X, FlEEA © L REERI DIERS M VCC, VK, OgERES TR &

N2,
[t = Z ConCim VK

22T, Coyy Com\TIRARETH D | ﬁﬂxt/% EM DAV HUEMAIEM & =)L F—2E 0K
79 %, FExHA VCD 1Z VCC OB E L THE 2 BN 5,

i = [ axnto,

& (x) = p™(x) X v (x).

ZT x= (0, ZIXT BV MRS ptRITpEE A B ARIECK R O TR 0 B, v I EEIT— R o
@%T//%W%%ﬁfké
T IR EBHIE LT, SIZFERDETDEGAERENS, T2 LF—MIZHEI L7 Ts
EEMS ETHIRAAERE~O R EREEHRELHRE Lz, TOFHREMIT. 44 X107 s-1 T
b FEERESS X 107 s1[4]x B HB L., REAREOFGR A2 6T D7, REIE—
R4gEDEE L, RA AV REROIEXA VCC, IRENERMELZ 7' o v b L7Z(Fig. 1), kbR
TR ERE T 5 20 FTHERMEEE— RIZT— N4 THLZ N oTz, £72. T— K4
2B DIRE A IRREMOIER M VCC 1T, FITHBEA B REE Si-Ty MDA ¥ BLEM A AEH
&L To-T OIS VCC I BRERR SN D Z LNy hotz, 2T, Te-ToMDIER A VCD %35
L7=fE 58, VCC OEJFILRE 2,3, 53, 1la TH D Z L AR S N7 (Fig. 2), AMFFEDOTIEIC LD, %
A2 B A A © UGB AER., IREHAEER, =X —Fx v 7 O% 525 L CEfE
35—
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Fig. 1. Vibrational mode decomposition of the ISC rate constant: (a) kS, (b) VN, and ©, plotted
with respect to vibrational mode.

10a 11a 12a

(d ) ¥ ¥ ad e) o +1.90 -0.08

‘&\m)v‘ .}W\/’\.

PNW.N ;/V‘\.*N e

Fig. 2. (a) Structure of tetracene, (b) Vlbratlonal mode 4 (c) overlap density between T2 and Ty, (d)
potential derivative of mode 4, (e) off-diagonal VCD, and atomic decomposition of the off-diagonal

VCC.

[3X#K] [1] W. Ota, M. Uejima, and T. Sato, Bull. Chem. Soc. Jpn. 2023, 96, 582. [2] T. Kato, N.
Haruta, and T. Sato, Vibronic Coupling Density: Understanding Molecular Deformation (Springer,
2021). [3] B. R. Henry and W. Siebrand, J. Chem. Phys. 1971, 54, 1072. [4] N. Nijegorodov, V.
Ramachandran, and D. P. Winkoun, Spectrochimica Acta Part A, 1997, 53, 1813.

T AL AZET D S2 B XU SUREED b D N
—fRIZ. A7 OHOEIT Kasha A UZHEW, IR R —0—BEEBIEIRIENSE L D,
7T, 7 A E Kasha BIICKT 2 Se 226 DHEE 2R 2, 20 Se b OEOGIE, Se-S1fH D=
NF—ZERRKRENTZDIZ, ZOOBONTIRBACNMKE IND Z LITERTEEZEZ N TE
oo LU, S-Sl 0= R/ F—ZF So-S1 [ ERRBETHHIZHEL 5T, Si-Seffl D IC 1% Se-
SIHIE Y bW ERHRE SN TND 3, §E- T, S2-S1 Mo IC Al S pFR L LT=xL
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X TR, IREMEEA L BE L G DR EN b il e

(6X108 s1)3

Do AWRETIZ, 7 AL D IC HEEK A LE— FEBELT S )
SHE L, N RIcB I Ao 3L X—E LIEEMRE/ER O Fluorescence (1C (11.-77;:\\//)2
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FEERLT, : )
w
4.4x107 51 - (12'355\\//)2
[#ih]  Crude Adiabatic FFRUCHES< &\ 1C HEFHK K (347107 |
0 11 -1
KCH2 B, (o %y

Fig. 1 Calculated fluorescence and

IC rate constants.
knem = z ke m,aa €y
KIS aa FIEBIE— Rad 7 /7 v OfgH « Wil A5 IC HEEK T, kX THOND,

c _ 2
k}u—m,aa —y |an,a| X ®n<—m,aa’ (2)

Z T Vool THRIRAE & R RE D O FE A IR BEAE A EH(VCC) Th %, F72. Opemaqel I
PHGA-E— A b CHEA T LICHARBBORBEE T, X VCC Vo ([TIERFET 2,
%t VCD 13V, o DHEFE B E L CRATH 2 B D 45,

~ [ @x @) 3)
-7,
Nnem, a(x) = Apm—m(x) X Uy (x) (4)
Appcm ()ITAEIRAE & KRB DD ZEBFHIE, v QITIRENET— FaDRT 3 v VBRI

[ & E22]  Fig. 1 ICEEER O IC HEEHOFHEEREZ R, FHEICEVEL T Se-So
DOE S EFEHI N, Se-S1 il & S1-So WD IC EEEEILENEI, 44 %107 s, 6.2%x 108 s,
4.7 x 101 s1TH Y | FEEBRTH LTV DE K EEG4 x 107 s)2 LY, IC #EEH(6 x 108
s1, 5x 101 s1)3&#/H{EL LTz,

So-S1 M D IC Pl w53 2 IREMANEA ZH DS T 572012 1C HEEE DI 21772 5 7=,
Fig. 2 D(a). (b). @IFZH2HN, S-S0 IC EEEHIZ SV T DK, von Vioal’s Oocr e ® s
L. @, (o). ®OixEnZh, S-S0 IC HEERIT DN TDKIS, 4400 elﬁz,,m%/%a:
S1-So I TN, So-S1 1D IC HEEEEIC R bR E < HE5 T HIEEHE— R i%;h%zh 1712 cm' @ C-

CHfEE— RO, 3163ecm! @ C-H HfiE— R CThoTo, 7o, HFHEVBRROKREET— NFE L%
RNl |Vm| i|V10a| D 65D 1FRETH D DIZH L, 015 4qlT00c1aq® 200 53D 1 FEEEIC
72%, 165, SerS1fHD IC MIHNZIZO 5 qq DA HVBKRE VN, EHIT, O pqq VN ENDILS1 D
INEWVE VCC Vi o IR L TWD Z & bR STz, ZEFHEEA ()T CJRF RITXFRIC
FIELTEY, GFIREIE DO vy 7V TN D120, NSV G, 85252 Lo
7=
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Fig. 2 IC-rate constants, k,lﬁ_m,aa, square of off-diagonal VCCs, |anla|2, and weighted density of
states, Oncm aq» fOr So—S; and S;S,.

[3Z@k] [1] M. Kasha, Discuss. Faraday Soc. 1950, 9, 14. [2] G. Eber, S. Schneider, F. Dorr, Chem.
Phys. Lett. 1977, 52, 59. [3] G. Gillispie, E. C. Lim, J. Chem. Phys. 1978, 68, 4578. [4] T. Kato, N.
Haruta, T. Sato, Vibronic Coupling Density : Understanding Molecular Deformation (Springer,

Singapore, 2021). [5] M. Uejima, T. Sato, D. Yokoyama, K. Tanaka, J.-W. Park, Phys. Chem. Chem.
Phys., 2014, 16, 14244,

2. EE
(1) Y. Hattori, R. Kitajima, W. Ota, T. Sato, R. Matsuoka, T. Kusamoto, and K. Uchida, Chem.
Sci., 13, 13418 (2022).
(2) R. Xiaotian, W. Ota, T. Sato, M. Furukori, Y. Nakayama, T. Hosokai, E. Hisamura, K.

Nakamura, K. Matsuda, K. Nakao, A. P. Monkman, and K. Albrecht, Angew. Chem. Int. Ed., 62,
€202302550 (2023).
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[Tnternal Conversion Processes from the S2 and S1 states in Azulene]
2022 b EtEmEs, 2022/09/13
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H A L2 5 103 FE4E4L, 2023/3/18



IV BFZELE (2022)

1. 5%EDOHEDOER

[Sn F—T7"EE$n Y VBRI T X DFEHEHE]

I D Sn &2 F—7 L7= Zn0-P,0s (ZP) H T KII@#hRAREFEAR AL L H7-H Y, LED D
HEFET V=R T AMEE LTHEBZED TS, 2D Sn0-Zn0-P,05 (SZP) #HZ AH T, Sn
2 THY P, BHIL ST A AL D s-pBRICHETDHE THENTWS, Sn R—7RiD 7P H
T AZOWTIE, T T AN BIEIC LY EXAFS ZOHIERE R A2 FHHR T AMENHES N TS
WP Sn R=TH%ON 7 AEEITRHE SN TE LT, BRBNICEGT 2 RFTHES & OFE I A
T = X LIRMIATH > 7=, ABFIED BHIX, SZIP T T ZADOWIR/ AT MV EFBT 5
ONIOM BT VA L, ZOEHEEEMNT T2 2 & T, BRRLFORIEA T =X L2 BRI
AT 5L TH D,

ISE L7z Sn* A A v DhEIREEEI R 21T o /e, Sn™JEFHD 2P 1T AT L 5B E2 Y iAtel-
B, ONIOM FHRZ T o7, 7, Sn* DNLE &R DENERIEZFFET D72, Sn™IZ 1~6 fE#dD 07 73
BOAL L 72 A RBEIR D FLECIRRE — S G 24TV HOMO YERZ M < . 4 Ml 72 0 12 < WEAT AR % FF
LTz, I, WE T HLaiETHEE SN 7P H 7 A VI8BT4 272 0 iz < WEAT
RO Zn % Sn*™ ICEH L, Z 0 Sn* 2 b EF AR (1024 J77) 280 H L7, 612,
Sn* & HMI A AEERE/H X, X7V TR RgEET, BABEofmn 0 L7254
DA QM fEIE (57 JR+-). FHLIsh% W fEE (967 i) & L7-, Z® ONIOM EF/Licx LT,
JERAEIZ Fo U T et AL S OMRENAEAT . bR RBIC B W C— mEHR 21T o 7o, QM kI
(TD-) B3LYP/LanL2DZ (Zn, Sn) , 6-31Gx (0, P), MM FEIKIZIX UFF Z M\ /=, & COEHREERH
BIZ1X Gaussian 16, Rev. C.02 ZfFHH L7,

Sn* A3 = A HER 3 FOAL FE 71X U A BT 4 BAAL oo & F . HOMO ¥ENZ MK < | 4z 72 v iz &R
Do T, AR 3 EULO Zn* % ST EHL L7z ONIOM &7 /LIt LT, FEEREEIC IV TS
i E To7 & 2 A, Sn™ XA 4 Fipric 2k L (Fig. 1),

(8) (T o ki (D)
é‘qﬁgﬁ"b o

Q)

PR N6 ‘;@"V 3
S -TANVS Pl a s - Shat
A D B
TS ISR
AL i@ K7
DRl
N T BRI X
QIR XK o7
F!ﬁégf% A AN i
SRAALY B ® o

Fig. 1 (a) The optimized ONIOM model and (b) its QM region.
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S0 sHLE, pBLUEHRO S FHEIXZENENEAIE, ZEHuEThY ., 2 Th o7, bR
RE— Mt S RS DTN ALY huid 5.1 eVIZ spBBHEO Y — 7 286, ERTH
HENDE—7AE (5.0 eV) [ZITVMEE 2572 (Fig. 2), Sn*OJEPHIC £ T FHEDIERTE
fbF 52 LT, NI L7 SE A Aotk ¥ — (10.1 V) LV bIET R AF—T/h ot &
Ezxohbd, BIE, BHRRECONTHRFFTH D,

0.01Sn0-ZnO-P,0s (Expt.) — /
ONIOM model (Calc.)

Intensity /au

3 4
Energy /eV
Fig. 2 The experimental absorption spectrum” and the theoretical one with the

linewidth of 1300 cm.

[RY A%V AL L— MEBEIZ X2 COTEMEALHE]

ATHIER SR O N\ EEMER N, WRLTHA TG L7 =34 vy 7 22 —[M0,]" &2 RV 4%
VAKX L—K (POM) &MES, ¥4, Hayashi HI2L Y, Ta<°Nb @ Lindgvist % POM 23 A S 4,
COp [ EALIGITR LT, MWBEMEZ2 /32 2 ERHME S Y, Mo W Tl Z 5 L filitis
PEITHAL R, ZOBOG T CO, MEEIZ L 0 iEH b SN D 2 & T, =ARF L RITHA SN DD,
COL TEMEALBERE I RIRIA Th o 72, ARFZETIL, Ta & WD POM ZHII2 & W . POMIZ X 5 CO, I
M2 HRIIZH OGN T D Z L2 AN ET 5,

BATBENREE |Weor) 2B WT, BT — R o ICBIT 2 IREMAEMEREE (VCC) V, 1x

LEFESND Y, H 134+ Hamiltonian, Qa IZEEEEAE . Ry I3 HURAE W) (23817 2 FHrkzid
E’C“ﬁ)éo Hellmann-Feynman OEFIC LIVE, V, TR VX —AFIC—FKT 5, T— ROMH%E

w RETR D I ) ITEAT, ;hﬂﬁﬁ?ﬂ:ﬁﬁkiﬁé LS BICIREMHAAEREE (VCD) ng (1)
@%‘ﬁkbf%? ENTED Y,

Ne(r) = Ap(r) X va(r)

Ap(T) 1 |Wor) & |Wo) DRIDEE THEE, va(r) 1 EBEFIELERT vy LR Q, TS L
TTbDThbD, r IFZEMEEZRT, n(r) I V, DR/ BTG & IREMEEIZ LDV TR
Wrc&b, 22Tk, POM & CO, DFHAAEH LtJdm\ Wer) « N2 L72REER W) &35, £
2. HE—RICV, TEAMITLTMELEDZ LT, AR T IMCHET 28T — K s &2k
E L., fEHTICHWD,

TEHRIHT NZHEV, TBAs[HiTag0i] (Tab), TBA:[WeOi0] (W6). CO, W75 HE I DA fc i b Jx QMR B fift
WrEiT -7z, TBAIET N7 T FNAT V=D BB T AL EHET, WEICH D CO, DIEEETE DR
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EHLMNCT 5720, B CO, ZELE L7258 O 7 4 — A K CIRERT 217V VCC J OY VCD
B LT, FHE L UL BILYP/3-21G (H, C, N,0), LanlL2DZ (Ta, W) & L7=, B IRREZHEICIX
Gaussian 16 Rev. C.01, VCC L TUNVCD OFHFEICITYMFITE TR LIz — K& H\ =,

COy 23 Tag *F&%ﬁ“é& w0 Z T (Mulliken BEff: 0. 14) . 125. 7 JETHrALdh A - 7= (Fig. 3(a)),
— 5. W6 IZIFWE Lirhno 7z (Fig. 1(b)), W6 & HAHE & €0, D LUMO D= R /LF—7E T K& < |
@LJE?FEE{’EH% WZEDEEAD/ NS NTZDTH D,

Fig. 3 The COy;-adsorbed structures: (a) Ta6 and (b) W6.
Pravh2s v OEJERZ fEHT 2720, Tab LIZEHRR CO%;*EE%’L“C VCD fifht 217> 7= (Fig. 4),
Tab D 0-p 7>& 72 % HOMO-3 & €0, O 7 4 LUMO @ o mmem . BMBEINEZ Y, Tab & CO,
DOFICED Ap(r) WAL=, Zh, CO.EMHE—R EEIEEL“C PTEICHNDIED v(r) &#T
/\zbéé LT, ADn(r) WEL, ADELTEHT, ADVILI OF— RGM~OZEE R

W32,

Fig. 4 (a) Ap(r), (b) the effective mode s, (c) vg(r), and (d) ng(r) for Ta6 with the
linear CO,. The gray and blue regions indicate positive and negative, respectively. V,
is —3.42 X 10-3 a.u.
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[RFE7 T RE—RAAL T C & CHDOIREBHE]

KILFHRLFHYH LB T, ERMEOREIIFEEOHETH 5, WILALT MUZET DYk
M/ R (DIBs) 1d, WELERHBOBNERAHATH S ", ERMORES 7 A —BA4FBX
OF DORIGITKFZBOFES LT CGH, (n < 2)1%, DIBs DA DB E SnTnW5s ¥, 4, L L7
Co & Col DBIEEN D RITE TR T NERHE L 2 R L 72 @ e i EB AR O AFAE M FERE S iz 9010
ZHUTTFH 2R T Co R ENNCAFAET D ATHEME 2 /RIR T~ 5, Co I DWW T, Mo iRE DRI A~
7 MADEBRIIZELNTWEN Y BT EFEHEICESWIZRBIZH2ICR SN TR LT, §HM
IRIREEREE I DT 72 o TR, RIFETIEL, Co B LU CH DWIRANY MVAFE L, FER
WINA XY M ERBTHZ L2 HBE LT,

/3 Hamiltonian H {ZxF L T, JEECIRED PHZEIE Ry (2B T 5, EHEET— R a (2T 5. i
FLIRAE W) OxHAIREMBE/EREH (vee) %

y

o= 9] (352

TEDD, Qq IFTHAMEFEIETHD, ARIKE w, & L.

Vo
Ya ‘= 3
hwy
& V. Franck-Condon [KFIX
va! v&! 1 X min [va,vt'z] ol ol Za+v¢'x—21
' = -—ga ) % —1)%a=" 2
(Ve 1va) 2Vatvl eXp( 49“) =D I (vy— D! (W, — D!

=0
ThHz2HND Y, vy, v, TETERBRIZOT—F a DEBHETHTHL, ZhzEbbHunT, WK
AR MCBIT L EIREERORENEOND,

Co 3 L O CeH DILEIRRE D IE T b, IREVIEAT 21T o 72, BhEIRREFHRICE S & | veC &2 H
L. WU ALY MV &R LT-, §H5E L ~ULiE (TD-) PBE0/6-311G(d) & L7-, B IREEFHH 121X
Gaussianl6 Rev. C.01, VCC &WRUL AT M VOFHBEITITYSHTEE CTHHE LI-a— Ra i,

REEMETIN TN ERA L eoT, CGHO o LEIZC D o BLE L H O sTLEDOFHAIERIZ XL
VIRTET 525, mBUBITSHFE L D H MO EEZ T o7z (Fig. 5), CHIZ'E &5,
Co lHMMEE 728 1 b7 <, b S n JUBEZFFOT2D, *I1, &70%, L7ch-> T, SOMO i
FHO EHEPIEN D SOM0 ~DOEFEBNAFEL 720 | KT R X —f8IRkICE T IEIREN BN S,
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Fig. 5 MO correlation diagram of Cs, H, and CeH.

Co Clx. m,SOMO-3 — 7, SOMO 225725 Ds (CI1,) 723, Dy & O Tl bIREN FHENKE W (£ =
0.046), Ds < Dl T, WML AT MDDV I 2l —2arE{Tol-él A, HE—IMNC-C
HHEN 2D vi(o), valo), vilo)ET—FOREZHIIREERLE LT, BBRIFES
- (Fig. 6),

(a) (b)
1.2 ‘ 1.2 ‘
? 1 09 Calc. ] 45,>)~ 1 0831 Exp. |
508 | o 508 |y f
06 | 203 ) £0.6 2zt -
204 | |30l Loa ],
= 91 = 0 1] [Lo30
A V| 33 LK YO
& o ) | ® 0 J J |
0 2000 4000 0 2000 4000
Wavenumber /cm™? Wavenumber /cm™?

Fig. 6 (a) The simulated spectrum of Ds(*II,) <« Do(*II,) absorption of C¢ and (b) the

experimental one'”.
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Kimihiko Hirao
Research Director

(1) Summary of the research of the year

Vertical Ionization Potential Benchmarks from Koopmans Prediction of Kohn-Sham Theory
with Long-Range Corrected (LC) Functional

Orbitals represents a key concept in modern chemistry. The physical meaning of orbitals was
clarified in the Koopmans theorem, which provides a simple and natural connection between the
orbital energy and an experimental observable, the ionization energy.

The KS-DFT with the long-range corrected (LC) functional is applied to the benchmark
dataset of 401 valence ionization potentials (IP) of 63 small molecules of Chong, Gritsenko and
Baerends (the CGB set). The vertical ionization potentials (IP) of the CGB set are estimated as
negative orbital energies within the context of the Koopmans’ prediction using the LCgau-core range-
separation scheme in combination with PW86-PWO91 exchange-correlation functional. The range
separation parameter of the functional is tuned to minimize the error of the negative HOMO orbital
energy from experimental IP. The results are compared with literature data, including ab initio 1P
variant of the equation-of-motion coupled cluster theory with singles and doubles (IP-EOM-CCSD),
the negative orbital energies calculated by KS-DFT with the statistical averaging of orbital potential
(SAOP), and those with the QTP family of functionals. The optimally tuned LC functional performs
better than other functionals for the estimation of valence level IP. The mean absolute deviations
(MAD) from experiment and from IP-EOM-CCSD are 0.31 eV (1.77 %) and 0.25 eV (1.46 %) ,
respectively. LCgau-core performs quite well even with fixed (not system-dependent). A value around
0.36 bohr! gives MAD of 0.40 eV (2.42%) and 0.33 eV (1.96%) relative to experiment and IP-EOM-
CCSD, respectively. 0.36 bohr! 0.40 eV (2.38%), 0.35 eV (2.04%) The LCgau-core-PW86-PW91
functional is efficient alternative to IP-EOM-CCSD and it is reasonably accurate for outer valence

orbitals. eV (0.25 %)) but N(1s), O(1s) and F(1s) core ionization energies are predicted less accurately.
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The paper is dedicated to my old and good friend, late Professor Enrico Clement. Enrico pass

away on March 30, 2021.

(June 7, 2016, at ICQC in Beijing)

The core ionization energies calculated by delta SCF and Slater's transition state theory

The core ionization energies of the second-period and third-period elements are studied by ASCF
and Slater's transition state (STS) theory using Hartree-Fock (HF) and Kohn-Sham (KS)
approximations. Electron correlation increases the estimated core ionization energies, while the self-
interaction error (SIE) decreases them especially for the third-period elements, and is a more
significant factor. As a result, while HF lacks electron correlation, it is free of SIE and reasonably
predicts the core ionization energies. The core ionization energies calculated by HF STS are very
close to those calculated by HF ASCF, showing that STS reasonably describes the relaxation of the
core hole. The core ionization energies calculated by KS are particularly sensitive to the SIE of the
functional used, with functionals having less SIE yielding more accurate ASCF core ionization
energies. Consequently, BH&HLYP gives better results than B3LYP and LC-BOP since BH&HLYP
is the hybrid functional with high proportion of the exact HF exchange. Although the core ionization

energies are underestimated by ASCF due to SIE, STS gives larger core ionization energies than ASCF
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due to a concave behavior of the error curves of STS, which is also related to SIE. The mean absolute
deviations (MADs) of STS relative to ASCF, and relative to the experiment, are almost constant
regardless of the nuclei among the element in the second period, and likewise among those in the
third period. The systematic nature suggests that shifting the STS core ionization energies may be
useful. We propose the shifted STS (1) for reproducing ASCF values, and the shifted STS (2) to
reproduce the observed ones for KS calculations. Both schemes work quite well. The calculated
results of KS ASCF and STS vary depending on the functional. However, the variation of each species’
shifted STS (2) is very small, and all shifted STS (2) values are close to the observed ones. As the
shifted STS require only one SCF calculation, they are simple and practical for predicting the core

ionization energies.
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3. Y7 UY—FTz0O—
Kazuo Takatsuka
Senior Research Fellow

1. Summary of the research of the year

The main objective of our research here in FIFC is to develop a basic framework of theoretical
chemistry, which we call the theory of nonadiabatic electron wavepacket dynamics, or time-domain
quantum chemistry, to explore new fields of theoretical chemistry beyond the framework of the Born-
Oppenheimer approximation. In particular, we have been challenging the possibly most tough
electronic wavepacket states, which lie in the densely quasi-degenerate electronic-state manifold and
are supported by persisting multiple multi-dimensional nonadiabatic transitions. In these states, we
often face very tough problems that are not met otherwise. For instance, it is extremely difficult to
characterize the nature of chemical bonds for those states, which are dynamically fluctuating from
time to time among themselves. Those molecules are also associated with huge electronic-state
fluctuations. We often ask ourselves how we can describe the nature of chemical bonds in a general
fashion and how we can characterize bond rearrangement and chemical reactions. Technically these
electronic states can be described only in terms of highly correlated electronic functions such as
Configuration Interaction wavefunctions, which are far more complicated than the conventional
molecular orbitals. As a general tool with which to analyze more intuitively yet qualitatively, we have
proposed the method of Energy Natural Orbitals (ENO) two years ago. [“Energy Natural Orbitals”,
Kazuo Takatsuka and Yasuki Arasaki, J. Chem. Phys. 154, 094103 (2021).] After applications of
ENO to some simple yet very important basic problems, such as the nature of chemical bond and
transition states, and generalized notions of Fukui’s frontier orbital theory (HOMO-LUMO
interaction theory) and the Woodward-Hoffmann symmetry forbidden reactions, the physical nature
of chemical bond [1] and so on, we have resumed with those ENOs the study of boron clusters in
persisting multiple multi-dimensional nonadiabatic electron wavepacket states. Many interesting and
fundamental insights have been attained, which we hope set a theoretical foundation of future excited
state chemistry [2].

In the long-standing study of nonadiabatic electron wavepacket dynamics, we have developed a new
field of theoretical chemistry in spin current chemistry [3] and real-time electronic-energy flux in and
in-between molecules [4]. We believe these fields will constitute crucial branches of theoretical and
experimental molecular science.

Besides, we have published a review paper on quantum chaos in the dynamics of molecules [5]
based on our long-standing experience in molecular chaos along with our own developed theory of
chaos in nonadiabatic dynamics of molecular wave functions.

Below are the short abstracts of our relevant studies carried out in FIFC for the academic year of
2022.
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[1] Energy natural orbital characterization of nonadiabatic electron wavepackets in the densely
quasi-degenerate electronic state manifold

Dynamics and energetic structure of largely fluctuating nonadiabatic electron wavepackets were
rather precisely studied [K. Takatsuka and Y. Arasaki, J. Chem. Phys. 154, 094103 (2021)]. Such
huge fluctuating states are sampled from the highly excited states of clusters of 12 boron atoms (B12),
which have densely quasi-degenerate electronic excited-state manifold, each adiabatic state of which
gets promptly mixed with other states through the frequent and enduring nonadiabatic interactions
within the manifold. Yet, the wavepacket states are expected to be of very long lifetimes. This excited-
state electronic wavepacket dynamics is extremely interesting but very hard to analyze since they are
usually represented in large time-dependent configuration interaction wavefunctions and/or in some
other complicated forms. We have found that ENO gives an invariant energy orbital picture to
characterize not only the static highly correlated electronic wavefunctions but also those time-
dependent electronic wavefunctions. Hence, after confirming how the ENO representation works for
some general cases such as proton transfer in water dimer and electron-deficient multicenter chemical
bonding in diborane in the ground state, we then have penetrated deep into the analysis of the essential
nature of nonadiabatic electron wavepacket dynamics in the excited states and show the mechanism
of the coexistence of huge electronic fluctuation and rather strong chemical bonds under very random
electron flows within the molecule. To quantify the intra-molecular energy flow associated with the
huge electronic-state fluctuation, we define and numerically demonstrate what we call the electronic

energy flux.

[2] Nature of chemical bond and potential barrier in an invariant energy-orbital picture
Physical nature of the chemical bond and potential barrier has been studied in terms of energy natural
orbitals (ENOs), which are extracted from highly correlated electronic wavefunctions. ENO is
invariant in the same sense as Natural Orbitals (NO) are. Energy distribution analysis based on ENO
can give novel insights about the nature of chemical bonding and formation of potential barriers,
besides information based on the charge distribution alone. With ENOs extracted from full
configuration interaction wavefunctions in a finite yet large enough basis set, we have analyzed the
nature of chemical bonding of three low-lying electronic states of a hydrogen molecule, all being in
different classes of the so-called covalent bond. The mechanism of energy lowering in bond formation,
which gives a binding energy, is important, yet not the only concern for this small molecule. Another
key notion in chemical bonding is whether a potential basin is well generated stiff enough to support
a vibrational state(s) on it. Based on the virial theorem in the adiabatic approximation and in terms of
the energy and force analyses with ENOs, we have highlighted the roles of the electronic kinetic
energy and its nuclear derivative(s) on how they determine the curvature (or the force constant) of
the potential basins. The same idea can be applied to the potential barrier and, thereby, the transition
states. The rate constant within the transition-state theory is formally shown to be described in terms

of the electronic kinetic energy and the nuclear derivatives only. Thus, it turns out that the chemical
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bonding and rate process are interconnected behind the scenes. Besides this aspect, we clarified (1)
the effects of electron correlation that manifests itself not only in the orbital energy but also in the
population of ENOs and (2) the role of nonadiabaticity (diabatic state mixing), resulting in double
basins and a barrier on a single potential curve in bond formation. These factors differentiate a

covalent bond into subclasses.

[3] Spin current in chemical reactions

Development in attosecond technologies has been realizing real-time control of electronic dynamics.
As a useful means for real-time monitoring of radical bond-rearrangement reactions, we have
introduced spin flux to track the dynamics of spin density in them. As an illustrative example, we
picked the spin flux in the course of the basic radical reaction H- + Hoz. It has been demonstrated that
spin flux induces spin-polarization in the molecular target (H2) to weaken the covalent bond, thus
leading to possible bond cleavage. The mechanism shown is in harmony with the classic theory of
three-stage mechanism in radical reactions by Nagase and Fueno. The theories of chemical reactions
are now being uplifted and tied to the developments of attosecond electron dynamics. Further

developments are under way in our group.

[4] Real-time electronic energy current and quantum energy flux in molecules

Intra- and inter-molecular electronic energy current have been formulated by defining the
probability current of electronic energy, called the energy flux. Among vast possible applications to
electronic energy transfer phenomena, including chemical reaction dynamics, here we present a first
numerical example from highly excited nonadiabatic electron wavepacket dynamics of a boron
cluster Bi2. The analysis of spatiotemporal electronic-energy current will put the study of energy
transfer into a new stage, since it gives real-time information about when, where, how, and how
much electronic energy flows in and in-between molecules. No such information was available

before in the studies of energy transfer.

[5] Quantum chaos in the dynamics of molecules

Quantum chaos has been reviewed from the viewpoint of “what is molecule?”, particularly placing
emphasis on their dynamics in the present review article. Molecules are composed of heavy nuclei
and light electrons, and thereby the very basic molecular theory due to Born and Oppenheimer gives
a view that quantum electronic states provide potential functions working on nuclei, which in turn are
often treated classically or semiclassically. Therefore the classic study of chaos in molecular science
began with those nuclear dynamics particularly about the vibrational energy randomization within a
molecule. Statistical laws in probabilities and rates of chemical reactions even for small molecules of
several atoms are among the chemical phenomena requiring the notion of chaos. Particularly the
dynamics behind unimolecular decomposition are referred to as Intra-molecular Vibrational energy
Redistribution (IVR). Semiclassical mechanics is also one of the main research fields of quantum

chaos. We herein demonstrate chaos that appears only in semiclassical and full quantum dynamics.
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A fundamental phenomenon possibly giving birth to quantum chaos is “bifurcation and merging” of

quantum wavepackets, rather than “stretching and folding” of the baker’s transformation and the

horseshoe map as a geometrical foundation of classical chaos. Such wavepacket bifurcation and

merging are indeed experimentally measurable as we showed before in the series of studies on real-

time probing of nonadiabatic chemical reactions. After tracking these aspects of molecular chaos, we

have explored quantum chaos found in nonadiabatic electron wavepacket dynamics, which emerges

in the realm far beyond the Born-Oppenheimer paradigm.

2. Papers

1) Nature of chemical bond and potential barrier in an invariant energy-orbital picture

Yasuki Arasaki and Kazuo Takatsuka
J. Chem. Phys. 156, 234102 (2022) (20 pages) (11 pages) (open)
DOI: https://doi.org/10.1063/5.0088340

2) Energy natural orbital characterization of nonadiabatic electron wavepackets in the densely

quasi-degenerate electronic state manifold
Yasuki Arasaki and Kazuo Takatsuka,
J. Chem. Phys. 158, 114102 (2023) (21pages) (open)
https://doi.org/10.1063/5.0139288

3) Spin current in chemical reactions
Kota Hanasaki and Kazuo Takatsuka
Chem Phys. Lett. 793, 139462 (2022) (7 pages)
(Kozo Kuchitsu issue)
https://doi.org/10.1016/j.cplett.2022.139462

4) Real-time electronic energy current and quantum energy flux in molecules
Kazuo Takatsuka and Yasuki Arasaki
J. Chem. Phys. 157, 244108 (2022) (20 pages)  (open)
DOI: 10.1063/5.0131200

5) Quantum chaos in the dynamics of molecules (Review)
Kazuo Takatsuka
Entropy, 25, 63 (2023) (52 pages) (open)
https://doi.org/10.3390/e25010063
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3. Presentation at academic conferences

(1) Kazuo Takatsuka
“An invariant energy-orbital theory for the nature of chemical bonds and transition states”
Theoretical Chemistry Meeting: Structure and Dynamics (TCMSD-2022)
Indian Association for the Cultivation of Science, Kolkata, May 26-29, 2022, online
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(4) Kazuo Takatsuka
“Nature of Chemical Bonds in Excited States”
Asia-Pacific Association of Theoretical and Computational Chemistry-10 Quy Nhon,
Vietnam, Feb. 19-23, 2023
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KEFEDOY 7 —IZB1T DX HWHREDO—D1X ik 7T vy 7 25T 501,
B OHRILY) ThD, LB U TERMIFIELADETITo TV, ZO
BB =20 —7y N LT, BBERERE tEZ Ty LT oG EETOEH
7RIS ABFIC T W53 B 5, FFIC Ru 5K Tl CO2 D YIETLHERE 2 FIH T X 2 mIRE M
NHDHDT, SEKET Ru $RE tHE 7 oy /b L CEFELZEICL- T, HililZe COq & ok
REICRE DA UG FHZ O W T ORI E R 41T o7,

Reaction Design toward Photoreduction of CO;

1. Introduction

Photoreduction processes of CO, would be one of the key technologies to resolve the global warming
issues and have been being kept as challenging theme to many researchers in chemistry.
Organometallic complexes could form useful photocatalytic system for this purpose and several metallic
species such as Ru, Re, Ru-Re binuclear system, and so on have been examined. In this connection, a
computational analysis toward fabrication of a photoreduction system of CO» has been attempted in the
following by employing a Ru complex, RuL,(NCS), (L = 2,2’bipyridyl-4,4’-dicarboxylic acid) denoted
as N3 in the below[1]. The calculation was done by DFT/B3LYP method using Gaussian09 program
package in which SDD (Stuttgart/Dresden effective core potential) was employed for Ru metal and

6-31G** for other elements.

2. Results

The N3 complex shown in Fig. 1(a) or its analogues are the dyes utilized as photosensitizing material
for e.g., TiO, electrode of dye sensitized solar cell. Calculated optical absorption energies of N3 are
listed in Table 1 which is in reasonable agreement with the experimental data[2]. The calculated optical

absorption spectrum is shown in Fig. 1(b). It is understood that this complex has favorable spectrum

Table 1 Major peaks of the calculated optical absorption spectrum of N3.
e la A Wavelength Correspon‘d‘ing Coefficient Oscillator
jl ) i o of the peak MO transition  of the MO
o wHES excitation . . o strength
e ~ | (in nm) in TD-DFT transition
- l“la‘!\ - 10th 668.76 HO—-LU+3 0.6408 0.0591
‘,-dJ 9th 704.08 HO—-LU+2 0.6575 0.0496
Wavelonath () 29th 445.12 HO-6—LU 0.5866 0.1853
avelen nm
(a) (b) & . yrsgs _HOB-LUS 05408
. ol 73. L1528
Fig. 1 (@)Molecular structure of N3 and (b)the HO-4-LU+2 0.4082 ?
calculated optical spectrum. 1Experimental absorption peaks are at 534 nm (1.42), 396 nm (1.40), and

313 nm (3.12), where values in parentheses indicate £in 104 /M cm [2].

as seen by the calculated peak at 445 nm is related to the transition from the HOMO-6 to the LUMO
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signifying the electron transfer from the metal (Ru) area to the ligands, which corresponds to, what is called,

the metal-ligand charge transfer (MLCT).

which rapidly changes into the *MLCT state through spin-

This phenomenon is first related to generation of the 'MLCT,

orbit coupling due to heavy atom effect of Ru.

. Related to CO2
As seen in Table 2 the natural charge of Ru at *"MLCT of a-1 adduct i
Table 2 Calculated data at each state (see Fig. 4). i |‘ - gc ()fi':L,\ ‘ ““f_; L= E‘Qat%\glgglgc
a-1 '(‘_ ):‘ ~ ) (a-4)_ s a1 C. -'-"“i*:**;MLCT
State a-l a-3 a-4 a'l) = Y o) adduct) == Excited state
SMLCT L™ " T - e
i | N I HOS _
Ru-N bond ) ~ - ' A Eiminwson
L. 2.043 2.001 2.062 2.030 1.995 1T w CO2 Ly t 1 3 -
length! (in A) e g R T T
Natural charge of i of Al - oY
atural chargeof o S1es 07104 05638 06531 06755 |[Nearctionof L (@3) L. @2 .
i adduct
Relative energy* 0 +0.966 "2.297 +0.047 +5.006 Fig. 2 A proposed catalytic cycle of CO:z reduction utilizing the
(in eV) (0) (+0.576)  (-2.254)  (+0.123) (+4.839) | Ru-complex of N3. MLCT signifies metal to ligand charge
1Between Ru and N atoms of Ru-NCS. transfer.

2In parentheses are those for N3-polyene system.

increases by ca. 0.2 actually signifying the occurrence of the charge transfer from Ru to ligands.

It is noted

that in a-2 being anionic the natural charge on Ru is almost the same with that in a-1, signifying excessive

electron in a-2 ought to be on the ligands.

The total catalytic cycle of photoreduction of CO, has been proposed as starting from the a-1, *MLCT of
a-1, a-2, a-3, and then to the CO, adduct liberating HCOOH or CO followed by changing to a-4 and finally
to the a-1 again as shown in Fig. 2. The virtue of utilization of the *MLCT of a-1 can be understood by that

electron is easily injectable to the lower SOMO eventually yielding an anionic species.

considered two ways after formation of the CO, adduct to

O=C=0 or COO adduction.

There can be

the a-3 state as shown in Fig. 3 in the form of

From the former adduct HCOO™ is liberated and from the latter CO.

¥
=8

(a)

e

(2-3) i, (a-9)

ib)

-

Fig. 3 Two kinds of CO; reduction pathways via (a)OCO and (b)
COO additions to (a-8) state with various intermediates.

Wavelength (nm)

(a) (k)

Fig. 4 (@)Molecular structure of N3-polyene and (b) the
calculated optical spectrum.

3. Discussion

It would be possible to reinforce the optical absorption of N3 by introducing a polyene (e.g., dodecaene)

substructure.

An example of molecular design of N3-polyene is shown in in Fig. 4(a).

It is seen from the

calculated optical absorption spectrum in Fig. 4(b) the tail appreciably extends to the near IR region, which

. Table 3 Major peaks of the calculated optical absorption spectrum of N3-polyene.
HO " LU+5 é
e T Wavelength ~ Corresponding  Coefficient .
‘ ha ,f No of . Oscillator
EEEEE: o of the peak MO transition  of the MO
F i excitation . . . streng‘th
i # (in nm) in TD-DFT transition
HO-1 % ‘J"_.I_ L+ WE Lo sos01 HO—LU+2 05157 oo
1 a Aghytaniyd 4 e T HO-5—-LU 0.4018
HO—-LU+2 -0.3085
z 20th 595.71 OBl vER 0.7083
- r o b d ROk D h
HO-5 % LU P - -
it o 22nd 592.69 HO-1-LU+5 05176 0.8305
Fig. 5 MO patterns of N3-polyene concerning optical
absorption listed in Table 3.




IV BFRE#E (2022)

ensures the utilization of solar light becomes more effective. Moreover, from Table 3, that the oscillator
strength of the absorption in this system becomes much larger compared with those of N3.  Analyses of the
MO patterns corresponding to the optical absorption in Fig. 5 shows the contribution of optical transition
from the main chain of polyene to the N3 moiety in addition to the transition within the polyene chain.

This enhancement of the oscillator strength comes from that of the transition moment from the state 0 to b
mainly depending on the MO levels k and /, described as

allAO _ allAO _
— k1 k1
(mg,) =~2| D clclx,+2 D chclxn
r

rs(os)
in which the average of the nuclear coordinate x with the AOs y. and y; is denoted by X . Note that the
off-diagonal elements across the polymer part and N3 can appear. Thus the existence of polyene as a kind
of catalytic support for N3 is appreciable to enhance the optical absorption. This occurs without
disturbance of the whole catalytic cycle as shown in Table 2. Such catalytic support has also been
attempted by adding Cs3Ns (carbon nitride) for Ru complex without clarification at molecular level[3].

More detailed will be reported elsewhere.

1. Partly reported by H. Fueno, S. Omae, and K. Tanaka, The 95" CSJ Annual Meeting, 1S4-07, Funabashi, Japan, Mar.
26 (2015).

2. M. K. Nazeeruddin, A. Kay, L. Rodicio, R. Humphry-Baker, E. Miiller, P. Liska, N. Vlachopoulos, and M. Gritzel, J.
Am. Chem. Soc., 115, 6382-6390 (1993).

3. R. Kuriki, K. Sekizawa, O. Ishitani, and K. Maeda, Angew. Chem. Int. Ed., 54, 2406-2409 (2015).
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Tatsuhisa kato

Title (part-time researcher)

1. Summary of the research of the year

Synthesis of Twisted [N]Cycloparaphenylene by Alkene Insertion

We report here a new synthetic method to prepare Mobius molecules using the characteristic structure of
[n]cycloparaphenylenes ([n]CPPs, Figure 1b), which have the shortest sidewall segments of armchair CNTs with in-
plane m-orbitals. We envisioned that the insertion of alkene or ortho-phenylene units, which have a normal 7t- structure,
into the paraphenylene units in CPP would yield Mbius molecules if the relaxation from the 90°-twisted conformation
was disrotatory(Figure 1b). Here, we report a proof of principle for the synthesis of alkene- and orthophenylene-
inserted [6]-, [8]-, and [10]CPPs, which are abbreviated as ene-[n]CPP (1) and phe-[n]CPP (2), respectively, and studied
their structures and physical properties. We also synthesized bis-alkene-inserted [4]-, [6]-, and [8]CPPs, which are

abbreviated as (ene)2-[n]CPP (3), to clarify the effect of twisting on the molecular structure and physical properties.

Single-crystal X-ray diffraction analyses reveal [T v

that the strips formed by the n-surfaces of 1 and 2 s ' . L Voo¥ 90 st v Oy
— > .

el VLA

exhibited a Mobius topology in the solid state. ®
Linear | ¢-conjugated molecule . e
While the Mobius topology in the parent 1 and 2 Twisti' ; : Iwist *Couple
.Join e
in solution was lost due to the free rotation of the - - -\- a tieencs -aa
paraphenylene unit even at low temperatures, . g .?.\ — . 2 \
ene-[6]CPP with eight 1-pyrrolyl groups L) 1
| o ®000 6!
preserved the Mobius topology even in solution. “In-plane" molecule Mebius molecule
Despite a twist, 1 has in-plane conjugation and b) This work
possesses a unique size dependence of the y i’R Q O O
R R
electronic properties: namely, the opposite size 4 . m R
dependency of the HOMO- LUMO energy Q O !

N-6
[N]Cycloparaphenylene

B
.QW.

Figure 1. Schematic illustration of a) the concepts for

-

relative to conventional -conjugated molecules.
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synthesizing Hiickel and Mé&bius molecules and b)

this work.
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Through-Space Magnetic Interaction of cis-Azobenzene Biradical

It was expected that metal-free LC materials consisting of nitroxide radical moieties can exhibit light-induced

reversible switching of the magnetic properties as a new photomagnetic effect. In fact, an LC nitroxide radical

compound with the additive of the photo-responsive azobenzene derivative exhibited light-induced reversible switching

of the magnetic properties as a new photomagnetic effect. All of these magnetic phenomena are based on intermolecular

through-space interactions. The present paper reports of successful photocontrol of intramolecular magnetic interactions

through space. Two chiral PROXYL groups bridged
with azobenzene show the change of the magnetic
properties with the trans -cis photoisomerization of
the azobenzene moiety. The isomerization brought
the radicals closer together and increased the
exchange interactions. The spin state of the cis -
isomer was determined from two-dimensional
nutation spectra as a mixture of S=1/2and S=1.
This is an example of the optical control of through-

space intramolecular magnetic interactions.

2. Original papers

Trans A g
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(1) T. Terabayashi, E. Kayahara, Y. Zhang,Y. Mizuhata, N. Tokitoh, T. Nishinaga, T. Kato, and S.
Yamago, "Synthesis of Twisted [N]Cycloparaphenylene by Alkene Insertion ", Angew. Chem. Int. Ed., 62,

€202214960 (2023).

(2) Y. Uchida, K. Hino, T. Kato, and R. Tamura, "Through-Space Magnetic Interaction of cis-Azobenzene
Biradical", Cryst. Growth Des., 23, 1641(2023).

3. Presentation at academic conferences

4. Others
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Masaki Sasai
Research Fellow
1. Summary of the research of the year

[1] 3D genome organization and dynamics

Human genome DNA is 2 m long, confined in a cell nucleus of about 10 pm diameter; this ratio of
2m/10 pm = 2 x 10° is the same as the ratio to fold a 200-km railway on a 1-m office desk. Despite such
intense compaction, DNA is transcribed, replicated, and repaired at suitable timing by spending chemical
energy not much different from thermal energy. Understanding the 3D genome architecture in cells should
be a key to resolving how such highly efficient functions and intense compaction are compatible with each
other; hence in the last decade, much effort has been devoted to this problem, leading to innovations in
biochemical and microscopy methods. These advances have opened a new perspective, revealing that the
mammalian genome is hierarchically and flexibly organized from loops (10s nm), topological domains (100s
nm), compartments (um), and chromosome territories (a few to several um). To understand the physical
principles of these dynamic structures, we need to develop a physical theoretical model of 3D genome

organization and dynamics.
We developed a model of the interphase human genome, consisting of about 6 Gb (6 giga base pairs or
6 X 10% nucleotide pairs). The model is based on the theoretical estimation of coarse-grained interactions
between 100 kb (10> base pairs) chromatin regions. We derived the effective coarse-grained interactions
between these chromatin regions using the polymer version of the reference interaction site model (Polymer-
RISM, PRISM) and found that the interactions are mildly repulsive between functionally active regions,
while they are distinctly repulsive between inactive regions. The difference in these interactions induces
different motions of chromatin regions, which leads to the phase separation of chromatin regions into the

active compartment (compartment A) and the inactive compartment (compartment B).

<@ nucleolus

Q ribosomal DNA
[*] centromere

Q u
[ ] B
Q A
2 um

Cross-sectional view

Fig. 1. Cross-section of the simulated genome structure of human fibroblast cell. The genome is phase-
separated into the functionally active compartment A (yellow), the inactive compartment B (blue), the

intermediate regions u (gray), and the nucleoli (green).



IV BFRE#E (2022)

The calculated results showed that compartment B spontaneously forms at the nuclear periphery or
around nucleoli through the phase separation mechanism, resolving the mysteries of compartment formation
and arrangement in the nucleus. The hitherto developed theoretical models have been knowledge-based, using
massive amounts of experimental data as input to constrain the simulated 3D structures. We proposed the first
theoretical model, which does not rely on such input data, connecting the molecular functionality in chromatin
domains and the mesoscopic structures of compartments and chromosome territories with high precision from
the physical principles.

Reference: S. Fujishiro and M. Sasai, Proc. Natl. Acad. Sci. USA 119, e2109838119 (2022).

[2] Formation dynamics of chromatin domains

Chromatin domains of 100 kb to 1 Mb (10° to 10° base pairs) are structural and functional units of the
mammalian genome; therefore, much attention has been focused on the molecular mechanism of how these
domains are formed. The present widespread hypothesis is the “loop-extrusion model,” which explains the
domain as a loop of chromatin chain extruded by the action of cohesin; cohesin is a molecular motor that can
real the chromatin chain into a loop by consuming ATP. However, the cohesin motion along the chromatin

chain should be hindered by many molecular obstacles

bound on the chromatin chain, and it is difficult to _:.;5;":;& Cohesin bundles the
) . ) M hromatin chai

assume the smooth loop extrusion of 1 Mb size. We i:v~ ?pirr?lr(r)]a; 0lr:c c::r r:n; 0
developed a model of loop formation by assuming a
pair of cohesin molecules work together. The model }@"k .

. . . . / AP
resolves the difficulties in the loop-extrusion p , \};i\ e,
hypothesis and explains the observed biochemical 0 s
data with high precision. This model simulated the

. . . . . Type-A: Type-B:
chromatin domain using a combined computation With many roadblocks Without roadblock to cohesin
(e.g., RNAPII) to cohesin motion

scheme of the active nonequilibrium Kkinetics of rotion
I .

cohesin and the passive thermal Brownian motion of

the chain. We showed that the active kinetic of cohesin Fig. 2. The simulated chromatin domains. The

.. . . . functionall tive type-A domai d th
decisively affects the domain’s physical properties. unctionally active type omain - an ©
inactive type-B domain. The active cohesin

[3] Live-cell chromatin dynamics kinetics largely affects the domain properties.

Chromatin can be represented as a polymer chain connecting beads of nucleosomes. Therefore, the
chromatin chain dynamics can be monitored with live-cell fluorescence microscopy by observing the
movement of each individual nucleosome fused with a molecule that can bind a fluorescent dye. We cooperated
with the experimental group led by Prof. Maeshima (National Institute of Genetics) and statistically analyzed
the observed data using the Bayesian model of the nucleosome movement distribution. We found two
distribution components in the single-cell genome-wide data, showing the existence of fast- and slowly-
moving nucleosomes in cells. We also analyzed the two-body correlation in the observed nucleosome dynamics.

References: S. S. Ashwin, Kazuhiro Maeshima, and Masaki Sasai, Biophysical Reviews 12, 461-468 (2020).
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[4] Circadian oscillations of the KaiABC protein system

When the mixture solution of

cyanobacterial proteins, KaiA, KaiB,
and KaiC, is incubated with ATP in

vitro, the phosphorylation level of

D(6),X(1),q(0), g7 (1)

D(k,t), X(k,t),q(k,t)

KaiC shows stable oscillations with

0
180 200 100 120 140 160 180 200

approximately 24 h period. We time (h) tre (1)
analyzed these oscillations by

Fig. 3. Example oscillations of the simulated Kai clock. (A) Single-

lopi h ical 1 of
developing a theoretical model o molecule oscillations of KaiC. (B) Ensemble oscillations of 1000

KaiC lecul ti d . .
a fofectiar - reactions - afy KaiC molecules. Phosphorylation level (black), Structure (orange),

structures and - synchronization - of the ADP-binding probability, and the ADP-releasing rate (green).
many molecules. The simulated

results showed that the reduced structural cooperativity in KaiC should weaken the negative feedback coupling
among reactions and structural transitions, which enlarges the oscillation amplitude and period, explaining the
observed significant period extension upon single amino-acid residue substitution. We propose that an increase
in thermal fluctuations similarly attenuates the reaction-structure feedback, explaining the temperature
compensation in the KaiABC clock. The KaiABC clock provides a unique opportunity to analyze how the
reaction-structure coupling regulates the system-level synchronized oscillations of molecules.

Reference: Masaki Sasai, PLoS Computational Biology, 18, €1010494 (2022).

[5] Nonequilibrium current and landscape of gene network dynamics

Epigenetic modifications of Activaiing 1-gene self activator 1-gene self repressor

: : histone — 1

histones  crucially affect et

eukaryotic gene  activity, 03

while the epigenetic histone o

state is largely determined by y

the binding of specific factors  geyessive I/ a i

such as the transcription :{zttzne 0 02 04 06 08 1 12 14 O 02 D4 o6 W A A2 s

Normalized protein concentration Normalized protein concentration

factors (TFs) to DNA. Here,

the way in which the TFs and Fig. 4. Landscapes and non-equilibrium probability currents of the self-

the histone state are interacting single-gene circuits.

dynamically correlated is not obvious when the TF synthesis is regulated by the histone state. To gain insights
into such dynamical feedback regulations, we theoretically analyzed a model of epigenetic gene switching by
extending the Doi-Peliti operator formalism of reaction kinetics to the problem of coupled molecular processes.
The slow nonadiabatic histone dynamics give rise to a distinct circular flow of the probability flux around
basins in the landscape of the gene state distribution, which leads to hysteresis in gene switching. In contrast
to the general belief that the change in the amount of TF precedes the histone state change, flux drives histones
to be modified prior to the change in the amount of TF in self-regulating circuits.

Reference: Bhaswati Bhattacharyya, Jin Wang, and Masaki Sasai, Phys. Rev. E, 102, 04240 (2020).
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[6] The force-generating mechanism of myosin VI motor

Myosin VI dimer walks toward the minus end of

the actin filament with a large and variable step

Leading head
Rear head

size of 25—-36 nm. Two competing models have
been put forward to explain this large step size.
The Spudich model assumes that the myosin VI

dimer associates at a distal tail near the cargo- Actin filament
binding domain, which makes two full-length ] . _
] _ . Fig. 5. A snapshot of the simulated myosin VI dimer
single a-helix (SAH) domains serve as long legs. ) ) o
and actin filament. Two subunits of the myosin dimer,
In contrast, the Houdusse—Sweeney model )
o ) ) leading head and rear head, are connected by the SAH
assumes that the association occurs in the middle

(between residues 913 and 940) of the SAH

domain and that the three-helix bundles unfold to ensure the large step size. To compare the two proposed

domain (not drawn in the figure).

models, we computationally characterized the free energy landscape experienced by the leading head during
the stepping movement along the actin filament. Our results showed that the Spudich model is more consistent
with the 25—36 nm step size than the Houdusse—Sweeney model. Besides, the stiffness of the SAH domain is
a key factor for giving a strong energetic bias toward the long distance of stepping. Free energy analysis of the
stepping motion complements the visual inspection of static structures and enables a deeper understanding of
the underlying mechanisms of molecular motors.

Reference: Tomoki P. Terada, Qing-Miao Nie, and Masaki Sasai, J. Phys. Chem. B, 12, 7262-7270 (2022).

[7] The structural rule distinguishing a protein superfold

Superfolds are folds commonly observed among evolutionarily unrelated multiple superfamilies of proteins.
We analyzed a typical superfold, the ferredoxin fold, and the fold which reverses the N to C terminus direction
from the ferredoxin fold as a case study to find the rule to distinguish superfolds from the other folds. We
proposed that minimal structural conflict or minimal frustration among secondary structures is the rule to
distinguish a superfold from ordinary folds. The database analyses revealed that the most stringent structural
rule in proteins, the right-handedness of the Paf-unit, is broken in a set of structures to prevent frustration,
suggesting the proposed rule of minimum frustration among secondary structural units is comparably strong

as the right-handedness rule of the Baf-unit.

'1’ 4,143,2 ‘ 1,4,2,3,
Fig. 6. Topology of the ferredoxin fold and the reverse ferredoxin fold. (Left) An example structure (PDB ID:
4QIV) and the topology 4| 11 3] 21 of the ferredoxin fold. (Right) An example structure (PDB ID: 1T94) and
the topology 11 4] 271 3] of the reverse ferredoxin fold.

Reference: Takumi Nishina, Megumi Nakajima, Masaki Sasai, and George Chikenji, Molecule, 27, 3547
(2022).
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2. Original papers

(1)

2)

)

(4)

Tomoki P. Terada, Qing-Miao Nie, and Masaki Sasai, Landscape-based view on the stepping
movement of myosin VL. J. Phys. Chem. B 126(38), 7262-7270 (2022).

Masaki Sasai, Role of the reaction-structure coupling in temperature compensation of the
KaiABC circadian rhythm. PLoS Computational Biology 18(9), e1010494 (2022).

Takumi Nishina, Megumi Nakajima, Masaki Sasai, and George Chikenji, The structural rule
distinguishing a superfold: A case study of ferredoxin fold and the reverse ferredoxin fold.
Molecules, the Special Issue Frontiers in Protein Folding and Related Areas-in Memory of
Professor Sir Christopher M. Dobson (1949-2019) 27(11), 3547 (2022).

Shin Fujishiro and Masaki Sasai, Generation of dynamic three-dimensional genome
structure through phase separation of chromatin. Proc. Natl. Acad. Sci. USA 119(22),
€2109838119 (2022).

3. Presentation at academic conferences

(1

2

3)

“4)

Shin Fujishiro and Masaki Sasai “Relationships between chromatin functions and the genome
organization” American Chemical Society meeting (ACS Spring 2023), Indianapolis, USA,
Mar. 26-30, 2023 (Symposium talk)

Shin Fujishiro and Masaki Sasai “Genome as a functionally designed mesoscopic soft-matter
system” Asia Pacific Conference of Theoretical and Computational Chemistry (APATCC-10),
Quy Nhon, Vietnam, Feb. 19-23, 2023 (Keynote)

Masaki Sasai “From single molecule to cell: Regulations in proteins, genes, and genome”
The International Center for Theoretical Sciences Program, Statistical Biological Physics,
Bengaluru, India, Oct. 11-13, 2022 (Invited)

Recorded Video of Talk: https://www.youtube.com/watch?v=ZcMd1 WC6jw0

Masaki Sasai “Genome: A heterogeneously designed soft-matter system”

Biological Physics & Physical Biology Seminar, Online, organized by M. Das, E. Lushi,
K. Weirich, J. Xing, A. Prasad, and S. Bahar. Sep. 9, 2022 (Invited)
Recorded Video of Talk: https://youtu.be/uiljEyrrydU
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[1] K. Takatsuka and Y. Arasaki, J. Chem. Phys. 154, 094103 (2021).
[2] Y. Arasaki and K. Takatsuka, J. Chem. Phys. 150, 114101 (2019).
[3]Y. Arasaki and K. Takatsuka, J. Chem. Phys. 158, 114102 (2023).

2. #3C

(1) Yasuki Arasaki and Kazuo Takatsuka,
“Nature of chemical bond and potential barrier in an invariant energy-orbital picture,”
J. Chem. Phys. 156, 234102 (2022, 20 pages).
(2) Kazuo Takatsuka and Yasuki Arasaki,
“Real-time electronic energy current and quantum energy flux in molecules,”
J. Chem. Phys. 157, 244108 (2022, 11 pages).
(3) Yasuki Arasaki and Kazuo Takatsuka,
“Energy natural orbital characterization of nonadiabatic electron wavepackets in the densely
quasi-degenerate electronic state manifold,”
J. Chem. Phys. 158, 114102 (2023, 21 pages).
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Kota Hanasaki

Research Fellow

1. Summary of the research of the year

Spin flux in nonadiabatic electron dynamics: mechanism and its role in chemical reactions

The Frontier orbital theory !, and the double perturbation theory ) have made remarkable contributions
to the progress of the chemical reaction theory by clarifying the chemical reactivity and intermolecular
interactions in an intuitively clear manner using real-space perturbation theories in the molecular orbital (MO)
representation. Modern studies of chemical reactions, on the other hand, are heavily based on the concept of
the adiabatic potential energy surfaces (PESs), which are defined in the nuclear coordinate space. Dynamical
simulations on high-quality PESs often lead to accurate quantitative prediction of reactions. However, recent
progress in experimental techniques realized control of electron dynamics and led to the development of the

"B which works in reactions including localized/dynamical electronic

concept of ‘charge-directed reactivity
states PI4IB) Sych reactions clearly go beyond the traditional concept of static PESs and the revival of the real-
space picture of chemical reactions is awaited. Empowered by real-time simulation techniques of electrons,
which were absent in the '50s and '60s, we are working on a modern reformulation of chemical reaction theories

based on the time-dependent Schrodinger equation of electron dynamics.

1. Electron flux and nonadiabaticity

The flux is one of the most fundamental quantities in quantum-mechanical dynamics, which is closely
related to the time derivative of the corresponding density through the flux conservation law. Assuming that
the time-dependent state of an electronic system |W(t)) is expanded in a set of real-valued many-electron
basis functions {|®;)} such as the configuration state functions (CSFs), the flux expectation value becomes,

eH=3 %I (CT(OCs ) (@11 () V() — (Vi )) biw)|ey) (1)
from which we find that there must be a finite imaginary part or non-trivial complex phase in the expansion
coefficients. In particular, the flux expectation value vanishes in the adiabatic approximation.

In Ref. [6] we proved that the divergence of the flux obtained from the first-order nonadiabatic
perturbation expansion equals the time derivative of the adiabatic density. This fact shows the fundamental
role of nonadiabaticity in the reproduction of electronic dynamics. At the same time, it also shows the validity
of the flux analysis in the nonadiabatic simulations in the mixed quantum-classical (mQC) approximation. We,

therefore, further extended our research on the electronic flux through mQC nonadiabatic simulations.

2. Properties of spin flux

Our paper published in April 2022 [7] was based on the results of calculations we performed in 2020 at
the Fukui Institute. Following the analysis of the physical properties of the electronic fluxes in Ref. [6], we

analyzed the results from a chemical viewpoint focusing on the behaviors of the spin flux that accompanies
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the rearrangement of Heitler-London's spin-singlet structures in the chemical bonds. Below we show the
summary of the paper [7].

We model the reactant of a radical substitution reaction, such as H « +H, - H, + H -, for example, by
a simplified three-electron model. Below the orbitals a and b represent the bonding and antibonding orbitals
of the molecule, respectively, whereas the orbital u represents the radical orbital and C represents the
collection of all other if any, doubly occupied orbitals. Orbital symbols with and without overlines represent
spin-orbital with down and up spin projections, respectively. The initially dominant configuration of the system
can be represented by |Zg) = |aau C) and the nonadiabatic interaction introduces excited states. We here
consider two types of excited configurations: a local singlet excitation, [Zs1) = ’ V/1/2 (ab+ ba) uC > . which
arises from a spin-symmetric excitation of the molecule, and a local triplet excitation,
|Zr1) = ‘ (\/1/_6 (ab — ba) u — \/2/—3abﬂ) @ > , which appears as a spin-antisymmetric excitation in the molecule.
Here the local spin multiplet refers to the spin structure in a specific spatial region of the interest that is
independent of the total spin of the system (here in our 3-electron model, S = 1/2). Initially dominant |Z)
has a local singlet aa around the covalent bond in the molecule. The system's time-dependent wavefunction
Y(t) becomes, by the superposition of these excited states, |¥(t)) = [Z0)Co(t) + [E51)Cs1(t) + [E71)Cr1(t),
where C;(t) represents the coefficient of the configuration |Z;). Assuming dominance of Cy(t), we can
evaluate the expectation value of the generalized flux operator j(r), which includes the charge and flux
operator 17, ag

@O0 = —=C5Cs (150 +30(0)) + T=C3Cn () - i) +ee. @

2 ab ab
and we find that a finite char\; flux (n = c) arises from\fhe local singlet excitation whereas a finite spin flux
(n = s) arises from the local triplet excitation. We emphasize the fact that a superposition of configurations
with distinct local spin structures is a major cause of the spin flux. We can thus expect that the spin flux reflects
the dynamical rearrangement of the local spin structure (such as the local singlet that forms a covalent bond)
along the chemical reaction.

To validate our observation, we performed nonadiabatic simulations in the mQC approximation using
the Semiclassical Ehrenfest Theory (SET) [8] to reproduce the spin fluxes in a radical substitution reaction H -
+H> 2 H> + H + . Figure 1 shows the spin and charge fluxes we obtained in the simulation of the radical
substitution reaction in the collinear geometry. We find that in the early stage of the dynamics (Fig. 1 (a.1)),
prior to the occurrence of the charge flux, the spin flux occurs around the existing bond and induces spin

polarization that weakens the existing covalent bond.
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3. The driving mechanism of electronic fluxes

The three-electron model in the previous section shows that a superposition of configurations with
distinct local structures is a microscopic origin of the spin flux, whereas it lacks the discussion about how such
a superposition occurs in chemical reactions, i.e., the driving mechanism of the spin flux is missing. When I
was rehired by the Fukui Institute in September 2022, we resumed our research with resolving this issue
through a perturbation analysis.

We first assume that the electronic system, whose Hamiltonian H®'(R,) is a function of the time-
dependent nuclear coordinate R;, is in the ground state @, at the corresponding Hamiltonian at t = 0;
H®(R.-,) = H,. Expanding the wavefunctions with the adiabatic states at t = 0, {|®,)}, the excited state
arnplitudes at a later time are driven by the perturbation V; = H¢(R,) — H®'(R;~o) as

ot .
o _ 1 A PN 1 / eiwro? Vlo(t) iwrot 53 VIO [ jwrot
dt V Tot — Vio(t dt’ ‘/ 0t _4p rot _ 1
“r ~ih ro(t')e j [ 10() wrg " ik o(t) wro FEor ¢ ! Egl (e ) G)

where w;; represents Ej;/h and in the last side, we approximated V, as time-independent in order to

simplify the integration. We then obtain a first-order perturbation expression of the fluxes,

(®7|V Do) = (@ ‘}|® .
hz I]|5§I 0) (®0]2ij"(r)|®;) (1 — coswort) ~ —h Zl %@ODZJW(P)Q’[) (4)

where j7(r) represents generalized flux including charge and spin fluxes (see Refs. [6] or [7] for the most

generalized definition), and in the last side of Eq. (4), we dropped the oscillating cosine term since it merely



IV BERE#E (2022)

represents the transient oscillation arising from the approximation on the onset of the perturbation V.
Equation (4) suggests that the driving perturbation of the flux is V= R, -VyH?(R) = R, - V5 U(R), with
Vy being nuclear coordinate gradient and U being the electron-nucleus interaction operator, which is a one-
electron operator. The time derivative V appears in the expression (4) since it is the dynamical part of the
perturbation which was, by an application of the partial integration in Eq. (3), separated from its static
counterpart (the static part, on the other hand, reflects the time evolution of the adiabatic ground state).

We also note the fact that the formula of the nonadiabatic coupling X;; = ((I),|VN|CI> ]> in the
adiabatic representation, X;; = (CI) I |VNH EI(R)|d> ]) JE 71> shows that the expression (4) at ¢ = 0 is equivalent
to the result of the nonadiabatic perturbation theory of fluxes we developed in Ref. [6], in which we proved
that the divergence of the flux obtained by the first order perturbation equals the time derivative of the adiabatic
density. As a consequence, we can be sure that Eq. (4) is sufficient for a qualitative analysis of the fluxes

around t = 0 in near-adiabatic reactions.

4. Mechanism of the spin flux and its behavior

In order for the last side of Eq, (4) to take a finite value, there must be an excited state |®;) such
that there are finite transition momenta of the operators V and j5() [9]. In the case of spin flux (n = s),
however, the requirement is not automatically fulfilled because of the distinct spin symmetry of these one-
electron operators; vV is symmetric, whereas j*(r) is antisymmetric with respect to the spin projection. We
here follow Murrell [2] and expand the system's wavefunction with the orbitals of separated reactant molecules.
For simplicity of the discussion, we work on the radical substitution of the hydrogen molecule. Below, a and
b represent the bonding and antibonding orbitals of the hydrogen molecule, whereas u represents the radical
orbital. In this section, unlike in Sec. 2, there are finite overlaps between u and a, and between u and b.
The ground state of the system is denoted by @, (energy E;) whereas an excited state which arises from
local triplet excitation of @, is denoted by @y (energy Ey). The spin flux arising from these states is

evaluated, in the lowest order of intermolecular interaction,

0 ~ —h ((@x[V|26) | B2y ) (@cl2ij ()] @x) (52)
(@xIVI96) ~ (3VuaSub + 3ViuSua) / VB + O(5?) (5b)
(26125 (1)|2x) ~ (9(r) Vu(r) — () Vipp(x))/ v (50

Denoting two hydrogen atoms in the molecule by X and Y, and its 1s atomic orbitals by x and y, bonding

and antibonding orbitals a and b are rewritten as a = (x +y)/\/2(1 + S,,) and b = (x —¥)/\/2(1 = Syy),
Egs. (5b) and (5c¢) are rewritten as
(@xIV196) % /372 (VarSuw — VaySuy) / (1= 53,) +O(S)  (50)
(Dc[20° ()| Px) & (0o (X)Vipy(r) — 0y (1) Vipr(r))/ VB (1= 53,)  (50)
We now assume that the atom X is closer to the approaching radical. Taking account of the fact that V,, is
negative in the early stage of the dynamics when the orbital overlap and the strength of the attractive nuclear
potential are increasing, we can expect that the right-hand side of Eq. (5d) takes a negative value. Substitution
of Egs. (5d) and (5e) into Eq. (5a) then results in a spin flux flowing from atom X to Y (see Ref. [9] for the
details of this discussion). The speculation here is validated by the numerical results shown in Ref. [7], which

show, both in the collinear and non-collinear geometry, the spin flux in the initial few femtoseconds flows
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along the covalent bond in the direction away from the radical. The results also confirm the reaction mechanism

proposed by Nagase et al. in Ref. [10] from a dynamical viewpoint.

5. Spin flux arising from the triplet oxygen molecule

Another project we started working on in September 2022 is an extension of the spin flux analyses
in Ref. [7] to radical reactions containing spin-triplet molecules. We worked on the radical reaction
CH3 - +0, —» CH30, - through ab initio nonadiabatic dynamics simulations using SET and theoretical
analyses ). Here we set the initial configuration to be the ground state of the reactant system with total spin
S = 1/2, corresponding to the reaction of the triplet O, and CHs * in the electronic ground state. In Fig. 2, we
show the snapshots of the spin density and spin flux in this reaction ). We find that the strong spin polarization
at the beginning of the reaction (Fig. 2 (a)) is flattened by the spin flux flowing from O, to CH3 * , contributing

to the bond formation at a later time.
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The cause of spin flux in this reaction is again a superposition of electronic configurations with
distinct local spin structures. Here, the dominant configuration at the beginning of the reaction is,
|Er1) = | (172 + Time) pe — 2m172D5) C/\/6> where m; and m, represent two m* orbitals in O, p,
represents the radical orbital in CHsz * and C represents all other doubly occupied orbitals forming a closed
shell. The relevant excited configuration in this reaction was found to be 'charge-transferred' (CT)
configurations including |ZEc71) = |mTm2C) The CT configuration Z.pq clearly has a local singlet

structure and therefore there is a finite transition moment of j*(r) between Z;; and E.7q, and there also is

a finite transition moment of V since Z.p; is a single electron excitation (p, — m1) of Ep4;

<5T1|2ijs(r)JECT1> = — (¢p, () Veor, (r) — or, (1) Ve, (r))/ 2V/6 (6a)
(Ecr1|VIET1) = V/3/ 2V, (6b)

Substitution of these matrix elements into Eq. (4) results in a spin flux arising from orbital pair 7; and p,.

By fixing phases of MOs such that both p, and m; take positive values in the intermolecular region of our
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interest, we can expect that the matrix element V. ,,  takes a negative value in the early stage of the reaction,
whereas we also see that Eq. (6a) represents the spin flux flowing from m; to p,. Substitution of these matrix
elements into Eq. (4), we can predict the spin flux flows from O, to CHj3 * , consistent with the numerical results

shown in Fig. 2.

6. Summary
We studied the electronic fluxes in chemical reactions aiming at contributing to a possible

formulation of the real-space time-dependent theory of chemical reactions. Following the basic theory of fluxes
and nonadiabaticity in 2021[6], this year, we worked on the spin flux that was found to be arising from the
rearrangement of the local spin structures associated with chemical bonds. In Ref. [7] we showed the essential
cause of the spin flux and demonstrated, through ab initio nonadiabatic simulations, spin flux triggering the
substitution reaction H « +H, > H, + H - .

In the project starting from September 2022, we worked on identifying the driving mechanism of the
spin flux and derived a simple perturbation expression Eq. (4), which indicates the driving perturbation of
fluxes as the time-derivative of the electron-nucleus interaction, V. Equation (4) also shows a requirement for
the occurrence of the spin flux; there must be finite transition momenta of both operators V and NGRS
We then applied the perturbative expression to the reaction H « +H, > H, +H in Ref. [7] and to the reaction
CH; * +0O, = CH;0; -, which we newly started nonadiabatic dynamics calculations ). The perturbation theory

was found consistent with the numerical results in the early stage of the reactions.
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Albrecht,
HH OB
FIFHIRIFRIER R - A /7 I AR Y — - 44 B
1| B ER TR Y b UENFEOMSLICET IR | Ter T T ) 2022
. 155-162
DAL
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[(BR=ORE] ik S0 (REKRF ettt v % —FK) 13:00 — 13:05

$H/®™E (Lecture Session)

o MY B GUHESKFRFRE LFArseR) 13:05 — 14:05
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OFEIR: #ER[1]. & fIk[1] rURmE (1))
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Structure Search for inorganic molecules based on DIRECT (Dlviding RECTangle) algorithm

OKansei Kanayama, Kazuaki Toyoura (Grad. Sch. of Eng., Kyoto Univ.)
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Higher-order Slater's Transition State Approximation
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FILX—HIEIEET ZEARTHE

OR R[], HAK BAE[1] fox AR B[] d#E HEKR[1]. 7 52 [1,2,3,4]. A6 FEFE(1,2,3,4,5]
(B RBEREMET[1]. BOK QIQB[2]. PXK RCSEC[3]. B K ICS-OTRI[4]. PRKX SRN-OTRI[5])
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O #hig[1]. ik ESC[2,3], FAE T[4,5]. B HER[2] GUKRI[1]. RKPEL[2]. RKHEHt
[3]. HIFRER[4], JST & = AUF[5))

BFILEEHEZALV- SrFeOx BIEICH T HREMKRR EILF—N\—BRROHEH

OffH Z8AK[1]. Sk KEB[2]. &l B[], Sk MsE[1]. A1 =83[1], HH B#HBE]. & K
21 B #h—[2] CRITEEAPE[1]. R ARABIF2]. RURBET[3])



11.

12.

13.

14.

15.

16.

17.

18.

19.

Vv &# (2022)

CASPT2-IPEA Df#HTHI# 5
OPgA 2k URBEER)

—raSFFr—ED P VSR E—FABEDOKKREEN 7OV T« THEIZER SEEICET 2ERHG

="

OARSE —M[1]. HK B[R], & #ER2], xR BIr[2], EH HER[2]. FEHE L[], 28H %2
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[2]. BURERZAR[3])

I RNF—RROFRGBAER
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K RCSEC[4]. BRK ICS-OTRI[5]. B K SRN-OTRI[6])

Internal Conversion Processes from the S2 and S1 states in Azulene
OfEM &EA[L,2]. KE ML3]. &% #i[1,2] GRUKEH 1], #UKBEI[2]. MOLFEX[3])
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RCSEC[3]. B K ICS-OTRI[4]. B K SRN-OTRI[5])
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OF MW #i[1]. =EH B[R] i B3] B 7 7[1,4,5,6]. LT HEH[1,4,5,6,7] (BOKBEHRE T
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