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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, Graduate School of Engineering, Kyoto University

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

The Chemical Society of Japan, Japanese Association for Molecular Science, The Japanese
Association of Theoretical Chemists, The Japan Association of Solution Chemistry

TIC division, The Chemical Society of Japan (2011-2021)

Executive Director (2012-2014, 2020-), Committee member, Japanese Association for Molecular
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Vice president, Japan Society of Theoretical Chemistry (2019-)

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

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

2. 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).

3. Satoshi Takahashi, Yuya Sasaki, Shuichi Hiraoka, and Hirofumi Sato, “A stochastic model
study on the self-assembly process of a Pd”, Phys. Chem. Chem. Phys., 21, 6341-6347 (2019).

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).

5. Kento Kasahara and Hirofumi Sato, “Dynamics theory for molecular liquids based on an
interaction site model” Phys. Chem. Chem. Phys. 19, 27917-27929 (2017).

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 Molecular Science
2006

The Chemical Society of Japan Award for Young Chemists2002
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ShigehikoHayashi*,Biophys.J.,115,1281-1291(2018).
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American Chemical Society; The American Physical Society
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2016.8-2020.8: President, The International Committee on Rheology

2011.3- TTE : Associate Editor of Macromolecules (ACS)

H. Watanabe, Y. Matsumiya, and T. Sato, “Revisiting Nonlinear Flow Behavior of Rouse Chain:
Roles of FENE, Friction-Reduction, and Brownian Force Intensity Variation”, Macromolecules,
54(8),3700-3715 (2021).

Y. Matsumiya and H. Watanabe, “Non-Universal Feature in Uniaxially Extensional Rheology of
Linear Polymer Melts and Concentrated Solutions: A Review”, Prog. Polym. Sci., 112, 101325
(2021)

Y. Matsumiya and H. Watanabe, “ENTANGLEMENT-LOOSENING DYNAMICS RESOLVED
THROUGH COMPARISON OF DIELECTRIC AND VISCOELASTIC DATA OF TYPE-A
POLYMERS: A REVIEW”, Rubber Chemistry and Technology, 93, 22-62 (2020) .

Y. Matsumiya, H. Watanabe, O. Urakawa, T. Inoue, Y. Kwon, “Effect of Head-to-Head
Association/Dissociation on Viscoelastic and Dielectric Relaxation of Entangled Linear
Polyisoprene: An Experimental Test”, Macromolecules, 53, 1070-1083 (2020).

S. L. Morelly, L. Palmese, H. Watanabe, and N. J. Alvarez, “Effect of Finite Extensibility on
Nonlinear Extensional Rheology of Polymer Melts”, Macromolecules, 52, 915-922 (2019).

Y. Matsumiya, H. Watanabe, Y. Masubuchi, Q. Huang, and O. Hassager, “Nonlinear Elongational
Rheology of Unentangled Polystyrene and Poly(p-tert-butyl styrene) Melts”, Macromolecules,
51,9710-9729 (2018).

H. Watanabe, Y. Matsumiya, and Y. Kwon, “Viscoelastic and Dielectric Relaxation of
Reptating Type-A Chains Affected by Reversible Head-to-Head Association and Dissociation”,
Macromolecules, 51, 6476-6496 (2018).

S. Wu, X. Cao, Z. Zhang, Q. Chen, Y. Matsumiya, and H. Watanabe, “Molecular Design of
Highly-Stretchable Tonomers”, Macromolecules, 51, 4735-4746 (2018).
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Lett., 7, 504-508 (2018).
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Watanabe, “Re-examination of terminal relaxation behavior of high-molecular-weight ring
polystyrene melts”, Rheol. Acta, 56, 567-581 (2017).

O. M. Kwon, H. Watanabe, K. H. Ahn, and S. J. Lee, “Interplay between structure and property
of graphene nanoplatelet networks formed by an electric field in a poly(lactic acid) matrix”, J.
Rheol., 61,291-303 (2017)
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1.

Thermoresponsive Gelation of Amphiphilic Random Copolymer Micelles in Water, M.
Shibata, T. Terashima, T. Koga, MACROMOLECULES, 54, 5241-5248 (2021)

. Theory of transient networks with a well-defined junction structure, H. Ozaki, T. Koga, J.

Chem. Phys., 152, 184902 (2020)

. Molecular simulation of structures and mechanical properties of nanocomposite networks

consisting of disk-shaped particles and polymers, T. Furuya, T. Koga, SOFT MATTER, 41,
8293-8305 (2018)
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Toshiki Sugimoto and Yoshiyasu Matsumoto, Phys. Chem. Chem. Phys., 2019, 21, 20442 —
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“A Theoretical Investigation into the Role of Catalyst Support and Regioselectivity of Molecular
Adsorption on a Metal Oxide Surface: NO Reduction on Cu/ 7 -Alumina”, 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 Higashi-
guchi, 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. 7 4820 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).

“A Light-Emitting Mechanism for Organic Light-Emitting Diodes: Molecular Design for Invert-
ed Singlet-Triplet Structure and Symmetry-Controlled Thermally Activated Delayed Fluores-
cence”, Tohru Sato*, Motoyuki Uejima, Kazuyoshi Tanaka, Hironori Kaji, and Chihaya Adachi,
J. Mater. Chem. C 3, 870-878 (2015).
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1. N. Haruta, P. F. M. Oliveira, T. Sato, K. Tanaka, M. Baron, “Force-induced dissolution of
imaginary mode in mechanochemical reaction: dibenzophenazine synthesis”, J. Phys. Chem.

C 123, 21581 (2019).

2. A. Kuzume, M. Ozawa, Y. Tang, Y. Yamada, N. Haruta, K. Yamamoto, “Ultrahigh sensitive
Raman spectroscopy for subnanoscience: Direct observation of tin oxide clusters”, Science
Adv. 5, eaax6455 (2019).

3. T. Tsukamoto, N. Haruta, T. Kambe, A. Kuzume, K. Yamamoto, “Periodicity of molecular
clusters based on symmetry-adapted orbital model”, Nature Commun. 10, 3727 (2019).

4. N. Haruta, T. Tsukamoto, A. Kuzume, T. Kambe, K. Yamamoto, “Nanomaterials design for
super-degenerate electronic state beyond the limit of geometrical symmetry”, Nature Commun.
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scale catalysis”, Nature Commun. 8, 688 (2017).
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1. Koopmans-Type Theorem in Kohn—Sham Theory with Optimally Tuned Long-Range Corrected
(LC) Functionals
Kimihiko Hirao, Han-Seok Bae, Jong-Won Song, and Bun Chan, J. Phys. Chem. A 2021, 125,
16, 3489-3502.

2. Rapid prediction of ultra-visible spectra from conventional (non-time-dependent) density
functionak theory calculations,

Bun Chan and Kimihiko Hirao, J. Phys. Chem. Lett. 2020, 11, 7882.

3. Charge-transfer Excitation Energies Expressed as Orbital Energies of Kohn—Sham Density
Functional Theory with Long-range Corrected Functionals
Kimihiko Hirao, Bun Chan, Jong-Won Song, and Han-Seok Bae J.Phys.Chem.A 2020 124,
8079-8087.

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

5. Application of Accelerated Long-range Corrected Exchange Functional [LC-DFT(2Gau)] to
Periodic Boundary Condition Systems: CO Adsorption on Cu(111) Surface
Kenji Mishima, Masanori Kaneko, Jong-Won Song, Hiroki Kawai, Koichi Yamashita and
Kimihiko Hirao, J.Chem.Phys., 2020 152, 104105.

6. Excitation energies expressed as orbital energies of KS-DFT with LC functionals,

Kimihiko Hirao, Bun Chan, Jong-Won Song, Kamala Bhattarai, and Subrata Tewary, J. Comput.
Chem., 2020 41, 1368-1383.

7. A Simple Model for Relative Energies of All Fullerenes Reveals the Interplay Between Intrinsic
Resonance and Structural Deformation Effects in Medium-Sized Fullerenes,

Bun Chan, Yukio Kawashima, William Dawson, Michio Katouda, Takahito Nakajima,
Kimijhiko Hirao, J.Chem. Theory and Computat. 2019 5, 1255—1264.

8. Importance of van der Waals descriptions on accurate isomerization energy calculations of
thiourea compounds: LCgau-BOP+LRD method
Dae-Hwan Ahn, Takeshi Sato, Jong-Won Song, and Kimihiko Hirao J.Phys.Chem.A 2019 123
7034-7041.

9. Accelerated Long-range Corrected Exchange Functional Using a Two-Gaussian Operator
combined with One-parameter Progressive Correlation Functional [LC-BOP(2Gau)], Jong-Won
Song and Kimihiko Hirao J.Comput.Chem.(Memorial Festschrift for Keiji Morokuma), 2019
40, 104-112.

(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 Chemists
2008 Mukai Award

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

2018 Hyogo Prefectural Uplifting Award
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1. S. Nagase, “Theory and Calculations of Molecules Containing Heavier Main Group Elements
and Fullerenes Encaging Transition Metals: Interplay with Experiment”, Bull. Chem. Soc.
Jpn., (Award Accounts), 87, 167-195 (2014)
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2. X. Lu, L. Bao, T. Akasaka, and S. Nagase, “Recent Progress in the Chemistry of Endohedral
Metallofullerenes”, Chem. Commun. (Feature Article), 50, 14701-14715 (2015)

3.J. -D. Guo, D. J. Liptrot, S. Nagase, and P. P. Power, “The Multiple Bonding in Heavier
Group 14 Element Alkene Analogues is Stabilized Mainly by Dispersion Force Effects”,
Chem. Sci., 6, 6235-6244 (2015)

4.Y. Takano, R. Tashita, M. Suzuki, S. Nagase, H. Imahori, and T. Akasaka, “Molecular
Location Sensing by Anisotropic Magnetism of a Endohedral Metallofullerene”, J. Am. Chem.
Soc., 138, 8000-8005 (2016)
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6. R. Zhao, K. Yuan, S. Zhao, M. Ehara, S. Nagase, J. M. Poblet, and X. Zhao, “Deciphering the
Role of Long-Range Interaction in endohedral Metallofullerenes: Revisit to Sc,C,”, J. Phys.
Chem. C. 121, 20481-20488 (2017)

7. M. Yamada, T. Alaska, and S. Nagase, “Salvaging Reactive Fullerenes from Soot by
Exohedral Derivatization”, Angew. Chem. Int. Ed. (Review), 57, 13394-13405 (2018)

8. T. Sugahara, J. -D. Guo, T. Sasamori, S. Nagasae, T. Tokitoh, “Regioselective
Cyclotrimerization of Terminal Alkynes Using a Digermyne”, Angew. Chem. Int. Ed., 57,
3499-3503 (2018)
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Isolation and Characterization of Persistent Radical Cation and Dication of 2,7-Bis
(dianisylamino) pyrene (R. Kurata, K. Tanaka, and A. Ito) J. Org. Chem., 81, 137-145
(2016).

(Z) -1,2-Di (1-pyrenyl) disilene: Synthesis, Structure, and Intramolecular Charge-Transfer
Emission (M. Kobayashi, N. Hayakawa, T. Matsuo, B. Li, T. Fukunaga, D. Hashizume, H.
Fueno, K. Tanaka, and K. Tamao) J. Am. Chem. Soc., 138, 758-761 (2016).

Synthesis and Characterization of 6,13-Diamino-Substituted Pentacenes (A. Ito, M. Uebe, K.
Takahashi, H. Ishikawa, D. Sakamaki, H. Sato, T. Matsumoto, and K. Tanaka) Chem. Eur. J.,
22,2165-2170 (2016).
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02-Triggered Directional Switching of Photocurrent in Self-Assembled Monolayer
Composed of Porphyrin- and Fullerene-Terminated Helical Peptides on Gold (H. Uji, K.
Tanaka, and S. Kimura) J. Phys. Chem. C, 120, 3684-3689 (2016).

Synthesis and Magnetic Properties of Linear Two-coordinate Monomeric Diaryliron (II)
Complexes Bearing Fused-ring Bulky “Rind” Groups (S. Goda, M. Nikai, M. Ito, D.
Hashizume, K. Tamao, A. Okazawa, N. Kojima, H. Fueno, K. Tanaka, Y. Kobayahsi, and T.
Matsuo) Chem. Lett., 45, 634-636 (2016).

Thermodynamical Vibronic Coupling Constant and Density: Chemical Potential and Vibronic
Coupling in Reactions (T. Sato, N. Haruta, and K. Tanaka) Chem. Phys. Lett., 652, 157-161
(2016).

Color Tuning of Alternating Conjugated Polymers Composed of Pentaazaphenanthrene by
Modulating Their Unique Electronic Structures Involving Isolated-LUMOs (H. Watanabe, M.
Hirose, K. Tanaka, K. Tanaka, and Y. Chujo) Polym. Chem., 7, 3674-3680 (2016).

. Arsole-Containing p-Conjugated Polymer by the Post-Element-Transformation Technique (Y.

Matsumura, M. Ishidoshiro, Y. Irie, H. Imoto, K. Naka, K. Tanaka, S. Inagi, and 1. Tomita)
Angew. Chem. Int. Ed., 55, 15040-15043 (2016).

Radical Cation of an Oligoarylamine Having a Nitroxide Radical Substituent: A Coexistent
Molecular System of Localized and Delocalized Spins (A. Ito, R. Kurata, Y. Noma, Y.
Hirao, and K. Tanaka) J. Org. Chem., 81, 11416-11420 (2016).

Borophosphonate Cages as Element-blocks: Ab Initio Calculation of the Electronic Structure
of a Simple Borophosphonate, [HPO3BH]4, and Synthesis of Two Novel Borophosphonate
Cages with Polymerizable Groups (J. Zapico, M. Shirai, R. Sugiura, N. Idota, H. Fueno, K.
Tanaka, and Y. Sugahara) Chem. Lett., 46, 181-184 (2017).

Stereoisomerization of 1,4-Dihydroarsinetetracarboxylic Acid Diimides under Non-
acidic Condition from cis- to trans-Forms (K. Naka, T. Kato, K. Abe, M. Ishidoshiro, S.
Nishiyama, S. Tanaka, H. Imoto, S. Watase, K. Matsukawa, H. Fueno, and K. Tanaka)
Heterocycles, 94, 923-937 (2017).

Studies of Spherically Distributed LUMO and Electron-Accepting Properties of Caged
Hexakis (germasesquioxanes) (J. Ohshita, T. Tsuchida, K. Komaguchi, K. Yamamoto, Y.
Adachi, Y. Ooyama, Y. Harima, and K. Tanaka) Organometallics, 36, 2536-2540 (2017).

Induced-Dipole-Directed, Cooperative Self-Assembly of a Benzotrithiophene (T. Ikeda, H.
Adachi, H. Fueno, K. Tanaka, and T. Haino) J. Org. Chem., 82, 10062-10069 (2017).

A Stable Free Tetragermacyclobutadiene Incorporating Fused-ring Bulky EMind Groups
(K. Suzuki, Y. Numata, N. Fujita, N. Hayakawa, T. Tanikawa, D. Hashizume, K. Tamao, H.
Fueno, K. Tanaka, and T. Matsuo) Chem. Commun., 54, 2200-2203 (2018).

Force-Induced Dissolution of Imaginary Mode in Mechanochemical Reaction:
Dibenzophenazine Synthesis (N. Haruta, P. F. Marques de Olivieira, T. Sato, K. Tanaka, and
M. Baro) J. Phys. Chem. C, 123, 21581-21587 (2019).

Tellurophene-Containing 7 -Conjugated Polymers with Unique Heteroatom— Heteroatom
Interactions by Post-Element-Transformation of an Organotitanium Polymer (H. Nishiyama,
F. Zheng, S. Inagi, H. Fueno, K. Tanaka, and 1. Tomita) Polym. Chem., 11, 4693-4698 (2020) .

Hydrogen Adsorption/Desorption Properties of Anhydrous Metal Oxalates; Metal = Mg2+
and Ca2+ (M. Matsumoto, T. Kita, and K. Tanaka) Bull. Chem. Soc. Jpn. 93, 985-987
(2020).
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1. Kazuo Takatsuka “Lorentz-like force emerging from kinematic interactions between electrons

and nuclei in molecules. A quantum mechanical origin of symmetry breaking that can trigger
molecular chirality.” J. Chem. Phys. 146, 084312 (10 pages) (2017).

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

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

4. Kentaro Yamamoto and Kazuo Takatsuka “Charge separation and successive reconfigurations
of electrons and protons driving water-splitting catalytic cycle with tetranuclear Mn oxo
complex. On the mechanism of water splitting in PSIL.” Phys. Chem. Chem. Phys., 22, 7912-
7934 (2020)

5. Kazuo Takatsuka and Yasuki Arasaki, “Energy Natural Orbitals” J. Chem. Phys. 154, 094103
(2021). (14 pages).

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

1. Kazuo Takatsuka, Takehiro Yonehara, Kota Hanasaki, and Yasuki Arasaki, Chemical Theory
beyond the Born-Oppenheimer Paradigm (World Scientific, Singapore, 2014)
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1. Tomomi Shimazaki, Kazuo Kitaura, Dmitri G. Fedorov, Takeshi Nakajima, “Gropup molecular
orbital approarch to solve Huzinaga subsystem self-consistent-field equations”, J. Chem. Phys.
146(8) 084109(2017).

2. Dmitri G. Fedorov, Kazuo Kitaura, "Many-body expansion of the Fock matrix in the fragment
molecular orbital method", J. Chem. Phys. 147(10) 104106 (2017).

3. Abe, Yukihiro; Shoji, Mitsuo; Nishiya, Yoshiaki; Aiba, Hiroshi; Kishimoto, Takahiro; Kitaura,
Kazuo , “The reaction mechanism of sarcosine oxidase elucidated using FMO and QM/MM
methods”, PhysChemChemPhys. 19, 9811-9822 (2017).

4. Fedorov, Dmitri G.; Kitaura,Kazuo; “Pair Interaction Energy Decomposition Analysis for
Density Functional Theory and Density-Functional Tight-Binding with an Evaluation of
Energy Fluctuations in Molecular Dynamics”, J. Phys. Chem. A 122, 1781-1795(2018).
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Tatsuhisa Kato

Part-time Researcher

Fukui Institute for Fundamental Chemistry
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kato.tatsuhisa.4c@ kyoto-u.ac.jp

Molecular Spectroscopy

Spin Chemistry of Radical Molecules

Spin chemistry, Radical molecule, Electron spin resonance

March 1979, Master of Sci., Graduate School of Science, Kyoto University

July 1984, Doctor of Science from Kyoto University

April 2010, Professor, Institute for Liberal Arts and Sciences Kyoto University

Chemical Society of Japan, Society of Molecular Science Japan, Society of Electron Spin
Science and Technology Japan

1. T. Kato, N. Haruta, and T. Sato, “ Vibronic Coupling Density (Understanding Molecular
Deformation) “, SpringerBriefs in Molecular Science, Springer Nature, Singapore, 2021,
ISBN 978-981-16-1795-9.

2. X. Li, T. Ogihara, T. Kato, Y. Nakamura, and S. Yamago, “ Evidence for Polarity-and
Viscosity-Controlled Pathways in the Termination Reaction in the Radical Polymerization of
Acrylonitrile “, Macromolecules, 54, pp. 4497-4506 (2021).

3. X. Li, T. Kato, Y. Nakamura, and S. Yamago, “ The Effect of Viscosity on the Coupling and
Hydrogen-Abstraction Reaction between Transient and Persistent Radicals “, Bull. Chem. Soc.
Jpn., 94, pp. 966-972 (2021).

4. K-P Dinse, T. Kato, S. Hasegawa, Y. Hashikawa, Y. Murata, and R. Bittl, “EPR study of
NO radicals encased in modified open C,, fullerenes “, Magn. Reson. 1, pp. 197-207(2020).

The Society Award from the Society of Electron Spin Science and Technology Japan in 2017.
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FIFC Fellow
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Soft matter physics, Biophysics, Computational physics

Structure and dynamics of cellular tissues, anomalous transport in heterogeneous media

Cell migration, Epithelial tissues, Lorentz model, Porous media, Percolation, Anomalous
diffusion

January 2010, Diploma in Physics, University of Konstanz, Konstanz, Germany
May 2014, Doctor of Science , University of Diisseldorf, Diisseldorf, Germany

Doctor of Science from University of Diisseldorf

Jun. 2014 — Nov. 2014, Postdoctoral Fellow, University of Diisseldorf

Dec. 2014 — Dec. 2016, Postdoctoral Fellow, Department of Chemical Engineering, Kyoto
University

Jan. 2017 — Dec 2020, FIFC Fellow, Fukui Institute for Fundamental Chemistry, Kyoto
University

Jan 2021 — now, Project Specific Assistant Professor, Graduate School of Engineering,
Department of Chemical Engineering, Kyoto University

German Physical Society (DPG)

1. Rees, D. G., Yeh, S.-S., Lee, B.-C., Schnyder, S. K., Williams, F. I. B., Lin, J.-J., and Kono,

K., Dynamical decoupling and recoupling of the Wigner solid to a liquid helium substrate,
Physical Review B 102, 075439 (2020).

. Schnyder, S. K., Molina, J. J., Yamamoto, R., Control of cell colony growth by contact

inhibition, Scientific Reports 10, 6713 (2020).

. Campo, M., Schnyder, S. K., Molina, J. J., Speck, T. & Yamamoto, R. “Spontanecous

spatiotemporal ordering of shape oscillations enhances cell migration”. Soft Matter 15, 4939—
4946 (2019).

. S. K. Schnyder, & J. Horbach, “Crowding of interacting fluid particles in porous media

through molecular dynamics: breakdown of universality for soft interactions”, Physical
Review Letters, 120(7), 78001 (2018).

. J. Horbach, N. H. Siboni, & S. K. Schnyder, “Anomalous transport in heterogeneous media“,

The European Physical Journal Special Topics, 226(14), 3113-3128 (2017).

. S. K. Schnyder, J. J. Molina, Y. Tanaka, R. Yamamoto, “Collective motion of cells crawling on

a substrate: roles of cell shape and contact inhibition“, Scientific Reports 7, 5163 (2017).

. S. K. Schnyder, T. O. E. Skinner, A. Thorneywork, D. G. A. L. Aarts, J. Horbach, R. P. A.

Dullens, “Dynamic heterogeneities and non-Gaussian behaviour in 2D randomly confined
colloidal fluids”, Physical Review E (2017).
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1. Y. Arasaki, Y. Mizuno, S. Scheit, and K. Takatsuka, Stark-assisted quantum confinement
of wavepackets. A coupling of nonadiabatic interaction and CW-laser, J. Chem. Phys. 144,
044107 (2016, 10 pages).

2.Y. Arasaki and K. Takatsuka, Time-resolved photoelectron signals from bifurcating electron
wavepackets propagated across conical intersection in path-branching dynamics, Chem. Phys.
493, 42-48 (2017).

3. Andres Tehlar, Aaron von Conta, Yasuki Arasaki, Kazuo Takatsuka, and Hans Jakob Worner,
Ab initio calculation of femtosecond-time-resolved photoelectron spectra of NO, after
excitation to the A-band, 149, 034307 (2018, 13 pages).

4.Y. Arasaki and K. Takatsuka, Chemical bonding and nonadiabatic electron wavepacket
dynamics in densely quasi-degenerate excited electronic state manifold of boron clusters, J.
Chem. Phys. 150, 114101 (2019, 18 pages).

5. K. Takatsuka and Y. Arasaki, Energy natural orbitals, J. Chem. Phys. 154, 094103 (2021, 14
pages).
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Ultrafast Imaging (CUI), Center for Free-electron Laser Science (CFEL) theory
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2020 4 University of California, Riverside, Department of Chemical and Environmental
Engineering
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1. A. Rudenko, L. Inhester, K. Hanasaki, et al. “Femtosecond response of polyatomic molecules
to ultra-intense hard X-rays”, Nature 546, 129 (2017).

2. K. Hanasaki, M. Kanno, T. A. Nichaus and H. Kono, “4n efficient approximate algorithm for
nonadiabatic molecular dynamics”, J. Chem. Phys. 149, 244117 (2018).

3. K. Hanasaki and K. Takatsuka, “Relativistic theory of electron-nucleus-radiation coupled
dynamics in molecules: Wavepacket approach”, J. Chem. Phys. 151, 084102 (2019).

4. K. Hanasaki and K. Takatsuka, “Relativistic formalism of nonadiabatic electron-nucleus-
radiation dynamics in molecules: Path-integral approach”, Phys. Rev. A 100, 052501 (2019).

5. K. Hanasaki and K. Takatsuka, “On the molecular electronic flux: Role of nonadiabaticity and
violation of conservation” J. Chem. Phys. 154, 164112 (2021).
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Fig. 1 Off-diagonal VCC of Ts@Ts—T:1@Ts and Ts@Ts—T2@Ts.

(a) (b) ()
Fig. 2 Overlap density between (a) Ts@Ts-T1@T3 and (b) Ts@Ts-To@Ts. (c) Electron density

difference between Ts@T's-So@Ts. White region is positive while blue region is negative.

[3Z#k] 1) C. Adachi, Jpn. J. Appl. Phys., 53, 060101 (2014). 2) F. B. Dias et. al., Adv. Sci., 3,
1600080 (2016). 3) T. Sato et. al., Sci. Rep., 7, 4820 (2017). 4) T. Hosokai et al., Sci. Adv., 3, 1603282
(2017).
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Fig. 3 Electron density differences of (a) Si@So-So@So and (b) S1@S:1-So@S:. The white

region is positive, whereas the blue region is negative.
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Fig. 4 (a) VCD analysis of ITIC. The white region is positive, whereas the blue region is

negative.
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2015,6,1. 3) W. Zhao et al., Adv. Mater. 2016, 28, 4734. 4) L. Zhuetal., J. Phys. Chem. C 2018,
122, 22309. 5) T. Sato et al., J. Phys. Chem. A 2008, 112, 758. 6) G. Han et al., J. Mater. Chem.
C 2017, 5, 4852.
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Fig. 1 The target reactions: (a) the elimination of bromine anion from deuterated 2-phenylethyl bromide4
(reaction 1), (b) the nucleophilic addition of hydrogen cyanide to deuterated benzaldehyde5 (reaction 2), and

(c) the substitution reaction of deuterated 3-chloropropene by chloride anion6 (reaction 3).
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Fig. 2. The atomic contributions to the isotope effect on the activation barrier, AE,4), in meV, on the
assumption that each hydrogen is replaced by deuterium for the reactions (a) 1, (b) 2 and (c) 3. The values less

than 1.0 meV are ignored.
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Kimihiko Hirao

Research Director

(1) Summary of the research of the year

Koopmans-Type Theorem in DFT and Excitation Energies in Terms of Orbital Energies

The Hartree-Fock (HF) molecular orbital theory, which describes the behavior of electrons in a
molecule based on the independent-particle model, has provided a powerful means for computation
in theoretical chemistry. An attractive feature of the HF theory is the interpretation inspired by
Koopmans’ theorem that negative orbital energies approximate ionization potentials (IP) of atoms
and molecules,

-& U IP (1)

where ¢, 1is the i-th occupied orbital energy and IP; is the vertical ionization potential. Koopmans’
theorem is not only related to ionization processes but also it gives the justification to the concept of
“orbitals”. However, HF does not include electron correlation effect and in this regard is a semi-
quantitative theory. HF orbital energies tend to overestimate IP. If we want a quantitative
understanding of chemical phenomena, we need to consider the correlation between electrons.
Electron correlation effect can be described with a two-particle density matrix or quantitative wave
function theories such as the coupled cluster method, the configuration interaction method, and the
many-body perturbation method, which are all two-body theories based on one-electron orbitals. In
general, these methods require the use of a large one-electron basis set and are computationally
expensive.

For these reasons, an effective one-electron orbital theory that includes electron correlation is
highly attractive, and this has led to the popularity of density functional theory (DFT). Currently, the
most widely used method of this kind is based on the Kohn-Sham (KS) theory. The KS equation
replaces the complicated treatment of the two-electron problem with a functional of the density and
an associated one-electron exchange—correlation potential. By doing so, a calculation that is
comparable to HF is formally able to incorporate electron correlation.

A characteristic of such a method, and more generally, a one-electron orbital theory, is that the
calculated energy spectrum corresponds to experimental photoelectron spectra and excitation spectra.
Conversely, these observables provide a tangible basis for conceptual quantities such as HOMO-
LUMO gaps and the frontier molecular orbital theory. In the context of solid-state physics, the
eigenvalues correspond to IP and the electron affinities (EA) for the infinite system that are relevant

to the energy bands and the resulting band gaps. At this point, we note that, while the exact KS
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equation satisfies Koopmans’ theorem, but an approximate KS method with an approximate
functional does not. In other words, the KS solution obtained with conventional GGA and hybrid
functionals does not satisfy Koopmans’ theorem; they significantly underestimate IP.

Among the many approximate functionals, long-range corrected (LC) functionals provide KS
orbital energies that represent reasonable approximations to all principal IP, i.e., instead of just for the
HOMO, as formally proven within Koopmans’ theorem.

Let us now consider how does LC functionals satisfy the KS Koopmans-type theorem in order
to provide the context for the present study. In the LC scheme the electron repulsion operator, 1/r12,
is divided into short-range and long-range components using a standard error function:

1 l-erf(urw) N erf (uri2)
r r r (2)

The range separation parameter x determines the weight of the two ranges as a function of 712, i.e.,
the interelectronic distance. The DFT exchange functional is included through the first term, and the
long-range orbital-orbital exchange interaction is described using the HF exchange integral. In other
words, an LC functional is a form of hybrid between DFT and the wavefunction theory. If s 0, the
LC scheme reduces to a pure DFT; if  is infinity, its exchange component becomes the wavefunction

theory.

Another piece in our argument is that the solution of the KS equation satisfies Janak's theorem,
which states that the derivative of the total electronic energy £ with respect to the occupation number

ni of an orbital i is identical to the orbital energy ¢, :

Z_fi =¢& 3)
In this regard, the total energy of LC functionals has a nearly ideal behavior, in that it varies almost
linearly as a function of the fractional occupation number between the integer electron points. This is
not the case of conventional exchange—correlation functionals, which possess the derivative
discontinuity that originates mainly from the self-interaction errors in the long-range region. In
contrast, LC has no or small self-interaction error due to the inclusion of HF exchange in the long-
range, leading to minimal derivative discontinuity and thus the satisfaction of the energy linearity
theorem. Combining Janak’s theorem and the energy linearity theorem for fractional occupations, one
then deduces that the solution of the KS equation obtained with LC functionals would adhere to
Koopmans-type theorem.
A new theoretical scheme is proposed for estimating one-electron excitation energies using KS

solutions. It is simple and conceptual. One-electron transitions that are dominated by the promotion
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from an initially occupied orbital to an unoccupied orbital of molecular systems can be expressed in
a two-step process, ionization and electron attachment. The solution of the exact KS equation satisfies
Janak’s theorem and the energy linearity theorem for fractional occupations; thus, the solution of the
exact KS equation satisfies Koopmans-type theorem and the vertical ionization potential and electron
affinity can be obtained from KS solutions. One electron excitation energies are expressed as the
difference between occupied orbital energies of a neutral molecule and corresponding unoccupied
orbital energies of its cation. Two such expressions can be used, with one employing the orbital
energies for the neutral and cationic systems, while the other utilizes orbital energies of just the cation.
The electron affinity of a molecule is the ionization energy of its anion. If we utilize this identity two
expressions coincide and give the same excitation energies. There is no need for integral evaluation
or matrix diagonalization.

The proposed theoretical schemes for estimating one-electron excitation energies using KS
solutions with LC functionals are applied to the charge transfer (CT) excitations of an aromatic donor
(Ar=benzene, toluene, o-xylene, naphthalene, anthracene and various meso substituted anthracenes)
and the tetracyanoethylene (TCNE) acceptor. The CT excitation energies can be obtained as
differences between occupied orbital energies of a neutral parent and/or unoccupied orbital energies
of its cation. Calculated CT excitation energies of Ar-TCNE are compared with those of TD-DFT and
ASCF methods. Scheme with the optimal range-separation parameter ureproduces excellent CT
excitation energies for all Ar-TCNE systems and gives a good agreement with the best TD-DFT
calculations.

The core electron binding energies (CEBE) and core level excitation energies of thymine, adenine,
cytosine and uracil are also studied. The CEBE are estimated according to Koopmans-type theorem
for density functional theory. The excitation energies from the core to the valence n* and Rydberg
states are calculated as the orbital energy differences between core level orbitals of a neutral
parent/cation and unoccupied ©* or Rydberg orbitals of its cation. The model is intuitive and the
spectra can easily be assigned. Core excitation energies from oxygen 1s, nitrogen 1s and carbon 1s to
n* and Rydberg states, and the chemical shifts, agree well with previously reported theoretical and
experimental data. The straightforward use of KS orbitals in this scheme carries the advantage that it
can be applied efficiently to large systems such as biomolecules and nanomaterials.

We have also investigated the applicability of LC functionals to KS Koopmans-type theorem.
Specifically, we have examined the performance of optimally tuned LCgau-core functionals (in
combination with BOP and PW86-PW91 exchange-correlation functionals) by calculating ionization
potential (IP) within the context the Koopmans’ prediction. In the LC scheme, the electron repulsion

operator, 1/r12, is divided into short-range and long-range components using a standard error function,
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with a range separation parameter x determining the weight of the two ranges. For each system that
we have examined (H20, CO, N2, HF, H2CO, C:Ha, and five-membered ring compounds cyclo-
C4HaX, with X = CHz, NH, O, and S), the value of s is optimized to minimize the deviation of the
negative HOMO energy from experimental IP. Benzene and pyridine are also studied The accuracy
is comparable to that of highly accurate ab initio theory. However, Koopmans prediction is less
accurate for the inner valence and core levels. Overall, our results support the notion that orbitals in
KS-DFT, when obtained with LC functional, incorporate correlation effect in a reasonably manner;
they provide an accurate one-electron energy spectrum for valence excitations. This method
represents a one-electron orbital theory that is attractive in its simple formulation and effective in its
practical application.

Orbitals provide an intuitive language for the complex reality of molecules rather than being
merely a convenient concept. Notably, through Koopmans’ theorem, they provide a simple and natural
connection between orbital energies and an experimental observable (the ionization energy). The
solutions of KS equation with LC functionals adhere strongly to Koopmans’ theorem, and they thus
include such a strict physical meaning. In addition, LC functionals provides an accurate one-electron
energy spectrum through the inclusion of correlation effect as well as adhering to Koopmans’ theorem.
It represents an attractive and effective one-electron orbital theory, which can also be considered a

good approximation to the correlated orbital theory.
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(2) Original papers

1.

Koopmans-Type Theorem in Kohn—Sham Theory with Optimally Tuned Long-Range Corrected (LC)
Functionals

Kimihiko Hirao, Han-Seok Bae, Jong-Won Song, and Bun Chan, J. Phys. Chem. 4, 2021, 125, 16, 3489—
3502.

Attenuation of redox switching and rectification in Azulenequinones/ Hydroquinones after B and N doping: a
first-principles investigation
El-Abed Haidar, Sherif Abdulkader Tawfik, Catherine Stampfl, Kimihiko Hirao,

Kazunari Yoshizawa, Takahito Nakajima, Kamal A. Soliman, and Ahmed M. El-Nahas

Advanced Theory and Simulations, 2021 4, 2000203 (1-18).

Rapid prediction of ultra-visible spectra from conventional (non-time-dependent) density functionak theory
calculations,

Bun Chan and Kimihiko Hirao, J. Phys. Chem. Lett. 2020, 11, 7882.
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Shigeru Nagase

FIFC Research Fellow

1. Summary of the Research of the Year

(a) Theoretical Investigation of the Key Roles of Enantiomer and Enthalpy in the

Formation of Fullerenes

Fullerenes are important zero-dimensional materials in photoelectric, antioxidant, pharmaceutical,
and single-molecular-magnet fields. However, the formation mechanism of fullerenes has been
elusive since the discovery of Ceo in 1985, because of the missing key links and low yield. Therefore,
experimental and theoretical researches are required to explore fundamental questions of the
fullerene-formation mechanism. By considering the temperature effects, we investigated two
representative fullerene-formation mechanisms, bottom-up and top-down models, for Cs, (50 < 2n <
70) containing optical enantiomers, heptagons, and tetragons using density functional theory
calculations and transition state theory. The thermodynamically and kinetically preferred pathway for
the formation of Cs, (50 < 2n < 70) was explained by the bottom-up model instead of the top-down
model. Furthermore, it is remarkable that the enantiomer and enthalpy play key roles in forming
fullerenes Czn (50 < 2n < 70), because these have been neglected in the previous research. The key
roles in the formation of fullerenes will be helpful for the synthesis and applications of fullerenes in

materials science, photovoltaics, electronics, and biomedicine.

(b) Potential Molecular Semiconductor Devices: Cyclo-C, with High Stability and

Aromaticity

The thermodynamic stabilities of cyclo-C, (4 < n < 34) were explored with density functional
theory, and the results revealed that cyclo-C, (10 < n < 34, n = 4N + 2) is thermodynamically stable,
as indicated by the well-known Huckel 4N+2 rule. Cyclo-Cjo and cyclo-Cis possess higher
thermodynamic, kinetic, optical, and dynamic stabilities under 500 K than the recently synthesized
cyclo-Cis. It is predicted that cyclo-Cio and cyclo-Ci4 can be prepared in future experiments. Equal
double bonds exist in cyclo-Cio, while alternating abnormal single bonds and triple bonds exist in
cyclo-Ci4 and cyclo-Cis. These geometrical aspects are also confirmed by Mayer bond orders between
two adjacent carbon atoms. Cyclo-C;s, cyclo-Cio, and cyclo-Ci4 have large aromaticities because these
have two perpendicular delocalized © orbitals, including out-of plane and in-plane 7 orbitals. The
number of 1 electrons on the out-of-plane and in-plane 7 orbitals satisfies the Huckel 4N+2 rule.
Furthermore, the large aromaticities of cyclo-Cio and cyclo-Ci4 explained that cyclo-Cio and cyclo-Ci4
are more stable than cyclo-Cig. In addition, cyclo-Cip and cyclo-Ci4 show semiconductor
characteristics similar to cyclo-Cis, and will be respected as a new generation of molecular

semiconductor devices. The UV-vis-NIR spectra of cyclo-C, (n = 10, 14, and 18) were simulated as a
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reference for further experimental study. In the light of the fact that the recent successful synthesis and
characterization of cyclo-Cig has encouraged many researchers to study cyclo-C, homologues, we
suggest that cyclo-Cio and cyclo-Ci4are also interesting candidates for zero-dimensional allotropes of

carbon atoms and molecular semiconductor devices.

(¢) New Horizons in Chemical Functionalization of Endohedral Metallofullerenes
Endohedral metallofullerenes are hybrid molecules of spherical nanocarbons, known as fullerenes,
with atomic metal(s) or metal-containing clusters encaged inside. Unique molecular structures of this
kind have fascinated many researchers in many fields, including chemistry, physical science. The
chemical reactivities of endohedral metallofullerenes differ from those of empty fullerenes, because of
their different carbon-cage geometries and their different redox properties. Comparison of the
chemical reactivities of endohedral metallofullerenes with those of empty fullerenes is expected to
provide deeper understanding of how endohedral metal-atom doping affects the chemical reactivity of
fullerenes. However, the difficulty of pursuing this subject experimentally is that most carbon cages of
endohedral metallofullerenes are not available in their pristine forms. This review has highlighted the
unique chemical reactivity of endohedral metallofullerenes, which differs from that of empty
fullerenes. The structural diversity of endohedral metallofullerenes has provided extreme variation in
chemical reactivities. The resulting derivatives exhibited interesting properties derived from the
combination of the cage structures, encaged metal species, and the functional groups bonded to the
carbon cages. For instance, recent results have demonstrated clearly that the site of addition in the
carbon cage is governed by metal-atom doping. This is also the case for the second addition.
Particularly, the location of the internal metal atoms strongly affects the site-selectivity of EMFs.
Selective bisfunctionalization of endohedral metallofullerenes is expected to be valuable for the
construction of functional materials based on endohedral metallofullerenes. In this respect, further
efforts are anticipated to address selective trisfunctionalization using the triangular structures of
trimetallic nitride clusters. Cage opening of endohedral metallofullerenes to modulate the internal,
untouchable metal species has remained challenging. However, recent studies of this aspect have led
to remarkable progress in the first step of the molecular surgery of endohedral metallofullerenes. The
discovery of air-stable endohedral metallofullerenes-based fullerenyl radicals featuring confinement
of an unpaired electron on the internal orbital paves the way to endohedral metallofullerenes-based
single molecular magnets bearing giant exchange interactions. In addition, exploring the use of the
n-Lewis acidity of carbon cages of endohedral metallofullerenes by combining with heterocyclic
carbenes provides novel zwitterionic derivatives of endohedral metallofullerenes. Studies of
endohedral metallofullerenes will continue to gain importance in achieving the construction of

multifunctional molecules for applications.
(d) Covalent Interactions Depend on the Distances between Metals and fullerenes for

Themodynamically Stable M@C7s (M = La, Ce and Sm)
Thermodynamically stable La@Cyy(24 107)-Cs, La@D3n(24 109)-C73, La@C1(22595)-Css,
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Ce@D3n(24 109)-C73, Sm@C2(24 107)-C73, and Sm@D31(24 109)-Cs are studied using density
functional theory and statistical thermodynamic analysis. Ci(22595)-Css, violating the isolated
pentagon rule, is a second novel isomer stabilized by encaging a La atom. In addition, three- and
two-electron transfers occur in M@Crs (M = La and Ce) and Sm@Crs. For Sm@Cs, two electrons
transferred to the surface of C,,(24 107)-C7s are unpaired. Therefore, the surface displays diradical
character. The spin states of the two electrons transferred from Sm to D3;(24 109)-Cys are different
from those on C»(24 107)-Cys, leading to different spin ground states. Furthermore, the natural bond
orders and bond critical point analyses on thermodynamically stable M@Css (M = La, Ce, and Sm)
reveal that the distance between the metal and carbon atom plays an important role in the covalent
interaction between the inner metal atoms and C7s. Because of the strong ionic interaction, the studies
on the magnetic character of M@C7s (M = La, Ce, and Sm) show that Sm@C78 is a promising
candidate for single-molecule magnets with high isotropic susceptibility. The infrared spectra are
simulated to facilitate further experimental study on the stable M@C7s (M = La, Ce, and Sm). We
hope that this work will provide a good guidance and assistance for the further study of

mono-metallofullerenes and coordination compounds in both experiment and theory.

(e) Lithium-Bromine Exchange Reaction on Ceo: First Theoretical Proposal of a Stable

Singlet Fullerene Carbene without heteroatoms

All the stable singlet carbenes consist of a central carbon atom, and electron donor or withdrawing
substituents containing heteroatoms such as N, P, O, and S. The carbenes were generated by the
lithium—bromine exchange reaction to functionalize Cso. The reaction mechanisms were studied using
density functional theory. The interaction between LiBr and the central carbon atom was characterized
as a mainly ionic interaction, combined with the coordinate interaction and hyperconjugation. A novel
stable singlet fullerene carbene without the heteroatom was primitively generated via lithium—bromine
exchange and carbene addition reactions; it exhibited a remarkable stability with large singlet—triplet
energy gap and HOMTO-LUMO energy gap. This computational survey indicates that fullerene
carbene will be a potential ligand in the coordinated compounds, and is useful for further
functionalization and applications of fullerenes. Furthermore, theoretical results show that the
lithium—bromine exchange reaction is powerful and feasible to functionalize the double bonds in some
aliphatic and aromatic olefins, including anthracene, benzene, propylene, ethylene, 1-butene, propanal,
and 3-pentanone. Based on the carbene reaction mechanisms and nature of corresponding bonds in
their products, two indexes, bond length and the hybridization state of atoms, are suggested to

distinguish the carbene addition and insertion to the double bond.

(f) 1,2-Insertion Reactions of Alkynes into Ge-C bonds of a Arylbromogermylene
Transition metals such as palladium and rhodium exhibit ligand-dependent oxidation states, which

enable the facile catalytic transformation of small inert molecules such as CO or C,H4. Representative

reactions include insertion reactions of an organic 7 -bond into M—X bonds (M = transition metal; X =

halogen or organic group). Recent developments in the main-group-element chemistry have allowed
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using low-coordinated heavier group 14 elements instead of transition-metal complexes to activate
unsaturated small molecules. Herein, we report the reactions of alkynes with a stable bromogermylene,
Tbb(Br)Ge: (Tbb = 2,6-bis|CH(SiMe3)2]-4-t-butylphenyl), generated from the corresponding
dibromodigermene in solution. Monomeric bromovinylgermylenes were synthesized via the
1,2-insertion of alkynes into the Ge—C bond of dibromodigermene or bromogermylene, which

proceeds in an analogous manner to those of transition-metal complexes including Pd or Rh. The
theoretical calculations indicated that bromovinylgermylenes are thermodynamic control products,
while germirenes are the kinetic control products in all cases, irrespective of starting from a
dibromodigermene (via di( (2—br0mo)digermylene intermediate) or a bromogermylene. In contrast,
silirenes were found to be the most favorable products both kinetically and thermodynamically in the

reaction of the dibromodisilene with alkynes.

2. Original Papers
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Table 2 Optical and electrochemical properties of M3oOMe, M40OMe, 3, and 4.

Compounds  Amax * (nm) Aonset  (MM)  Egopry” (€V) HOMO® (eV) LUMO (eV) Egcv) (eV)

M30oOMe 393,373,356 412 3.0 -5.2 —2.2¢ -
M400OMe 468 555 2.2 -5.5 -3.34 -
3 475 577 2.1 -5.2 -3.2¢ 2.0
4 541 685 1.8 -5.6 -3.8° 1.8

*Measured in CHCI;. "Estimated from Aonser. “E(HOMO) = —(Eox + 4.80) (eV), where Eo is the onset potential of
oxidation obsd. from the CV analyses. “Estimated from the HOMO levels and optical band gaps. ¢ E(LUMO) = —(Ered +
4.80) (eV), where Eo is the onset potential of oxidation obsd. from the CV analyses. ‘Estimated by the equation: Egcv)
= (Ered — Eox) €V.
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(2020). 2) See, e. g., F. Padinger, R. S. Rittberger, and N. S. Sariciftci, Adv. Funct. Mater., 13, 85-88
(2003). 3) See, e. g., L. Lv, X. Wang, X. Wang, L. Yang, T. Dong, Z. Yang, and H. Huang, ACS Appl.
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post-element-transformation of an organotitanium polymer”
Polym. Chem. 11(29), 4693-4698 (2020).
(2) Mitsuru MATSUMOTO, Takuji KITA, and Kazuyoshi TANAKA,
“Hydrogen adsorption/desorption properties of anhydrous metal oxalates; metal = Mg?" and Ca**”
Bull. Chem. Soc. Jpn. 93(8), 985-987 (2020).

3. FE

(1) Kazuyoshi TANAKA and Hiroyuki FUENO,

“Electronic structure of element-block material AsaSe with cage shape toward “soft electride”, in
“New polymeric materials based on element-blocks” Yoshiki CHUJO ed., pp. 189-197 (Springer
Nature, Singapore, 2019). (Gf : 2019 AR L)

(2) Kazuyoshi TANAKA,

“Theoretical chemistry for experimental chemists — pragmatics and fundamentals” (Springer Nature,
Singapore, 2020).
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4. JH—F1)—4—
Kazuo Takatsuka

Research Leader

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. Outcomes of such theoretical developments in the academic

year of 2020 are as follows.

(1) Dynamical mechanism of water splitting in Photo System II (PSII) in plant.[1]

The present results were partly described in the annual report 2019. Yet, the achievement is very
critical in the dynamical mechanism of water splitting in PSII, to my belief, we emphasize the
essential content here again.

Theoretical studies on the nonadiabatic electron dynamical mechanism of water splitting in
photoexcited states catalyzed by binuclear Mn oxo complex, and tetra Mn oxo complex Mn4CaOs
in its electronic ground state in Photo System II (PSII) in plant (with Dr. Kentaro Yamamoto) have
been performed. In particular, the latter process is known to initiate the energy-metabolism of
almost all the living bodies on the globe, both plants and animals. We propose a 4-node catalytic
cycle for water splitting, corresponding to the so-called Kok-cycle, in which 4 subprocesses of
charge separation work to create 4 protons and 4 electrons from 2 water molecules into acceptor
molecules. We have identified three elementary processes that make the entire catalytic cycle
possible, namely, (i) charge separation due to what we call coupled proton and electron-wavepacket
transfer (CPEWT), which are followed by (ii) electron and proton reloading to the catalytic center
so as to resume the next step of charge separation and (iii) the reduction process of oxidized Mn
atoms. A complete cycle of these processes ends up with generation of an oxygen molecule and has
the catalytic system reset to the initial stage. We have also highlighted how nature makes very nice
use of the strange looking molecular structure of Mn4CaOs, involving a reaction field in it.

Much insight into the basic mechanisms of photoexcited and collision-induced ground-state water
splitting has been accumulated in our nonadiabatic electron wavepacket dynamics studies based on
a building-block approach reaching up to systems of binuclear Mn oxo complexes. We here extend
the study to a ground-state water-splitting catalytic cycle with tetranuclear Mn oxo complex
Mn4CaOs, or Mn3Ca(H20)2(OH)s+—OH-Mn(4)(H20)2, where Mn3Ca(H20)2(OH)4 is fixed to a

skewed cubic structure by i -hydroxo bridges (not simply ¢ -0x0) and is tied to the terminal group
Mn(4)(H20)2, which stay outside of the cubane-like structure by Mn3Ca(H20)2(OH)s. We show
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using the method of real-time nonadiabatic electron wavepacket dynamics that four steps of charge
separation steps always take place only through the terminal group Mn(4)(H20): alone, thereby
producing 4 electrons and 4 protons which are transported to the acceptors. Each of the three charge
separation steps is followed by a reloading process from the skewed cubic structure, by which
electrons and protons are refilled to the vacant terminal group so that the next charge separation
dynamics can resume. After the fourth charge separation an oxygen molecule is generated. It is
emphasized that the mechanisms of Oz generation should depend on the multiple channels of
reloading. [1]

The above analysis is one of the outcomes of our long-standing studies on excited-state water
splitting, and the very basic mechanism of coupled proton and electron-wavepacket transfer
(CPEWT) typically found in excited-state proton transfer, some of which are summarized in
Paper[1]. In particular, the analysis of water slitting in PSII and and proposed mechanism could be
made only after we have shown quantum mechanically that charge-separation dynamics is possible
even in the electronic ground-state through conical intersections. This mechanism is referred to as

chemi-charge-separation.[1]

(i1) Energy Natural Orbitals [2]

I and Dr. Yasuki Arasaki have proposed and numerically demonstrated that highly correlated
electronic wavefunctions such as those of configuration interaction (CI), the cluster expansion, and
so on and electron wavepackets superposed thereof can be analyzed in terms of one-electron
functions, which we call energy natural orbitals (ENO). As the name suggests, ENO is a member of
the broad family of natural orbitals defined by P.-O. Lowdin [Phys. Rev. 97, 1474 (1955)]. One of
the major characteristics is that the (orbital) energy of all the ENOs is summed up exactly equal to
the total electronic energy of a wavefunction under study. Another outstanding feature is that the
population of each ENO varies as chemical reaction proceeds, keeping the total population constant
though. The study of ENO has been driven by the need of new methods to analyze extremely
complicated nonadiabatic electron wavepackets such as those embedded in highly quasi-degenerate
excited-state manifolds. We havw presente the theoretical background of ENO and their basic

properties along with a case study about the mechanism of nonadiabatic electron transfer.

The year of 2021 is the 70" anniversary of the first paper of the frontier orbital theory [K.
Fukui, T. Yonezawa, and H. Shingu, J. Chem. Phys. 20, 722 (1952)], the Nobel prize being awarded
to this work and related in 1981. The frontier orbital theory stands on the molecular orbital (MO)
theory and inter-molecular perturbation theory thereof. After 70 years from the birth of the frontier
orbital theory though, electronic wavefunctions treated in current quantum chemistry are often
highly correlated and consist of extensive scales of electronic configurations to be more accurate
and to cope with far more complicated reactions than concerted reactions. Under such

circumstances, the MO approximation itself readily loses its validity, let alone the utter dominance
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of the HOMO-LUMO interaction. The frontier orbital theory is among those that seemingly lose
their theoretical ground. The Energy Natural Orbitals state above can discuss chemical sciences on
the basis of orbital concept taken out of very complicated and accurate electronic wavefunctions.
Since the topological (symmetry) properties of a total wavefunction are represented by the relative
phases of ENOs along with the continuity and crossing (avoided and conical intersection) among
them, and only a small number of ENOs often dominate and characterize chemical reactions, ENO
is conceived to best analyze chemical reactions not only the elementary reactions like the
HOMO-LUMO allowed reactions, Woodward-Hoffman forbidden reactions, and much more. In
particular, in the studies of nonadiabatc reactions, we have established the notion of "internal
conical intersection" among ENOs that leads to Jahn-Teller effect, pseudo-Jahn-Teller effect, and so
on. We dare to explain the primary origin of elementary conical intersections and multidimensional
avoided crossing in chemical reactions with use of the notion of orbital crossing between those of
HOMO-HOMO and LUMO-LUMO interactions, and so on. The relevant paper is now in review for

publication.

(ii1) Electron dynamics in molecular elementary processes and chemical reactions [3]

Only this year I could published an Award Account in Bulletin of Chemical Society of Japan, after
a long-time struggling with active publication of the original papers since the year of Award 2014.

This account places a particular emphasis on a recent progress of the theory and its applications of
nonadiabatic electron dynamics in chemical science. After a brief description about the fundamental
relevance of the breakdown of the Born-Oppenheimer approximation, we show examples of our
extensive and systematic application of electron dynamics to highlight the significance and
necessity of beyond-Born-Oppenheimer chemistry. The chemical subjects presented herewith cover
(1) characteristic phenomena arising from nonadiabatic dynamics, (2) flow of electrons during
chemical reactions and ionization dynamics, (3) symmetry breaking and its possible control in
chemical reactions emerging from multi-dimensional nonadiabatic interactions, a special example
of which can cause possible breakdown of molecular mirror symmetry, (4) physical mechanism of
charge separation in organic compounds and biomolecules, (5) essential roles of charge separation
and elementary chemical reaction mechanisms in catalytic cycles of Mn oxo complexes up to
MnsCaOs in water splitting dynamics (2H.O —4H*+4e+02), (6) chemical bonds and huge
electronic state fluctuation in densely quasi-degenerate electronic manifolds, which make chemistry
without the notion of potential energy surfaces, and so on. All these materials and issues have been
chosen because they are not directly resolved by the method of energetics based on
time-independent quantum chemistry. We thus have been exploring, developing, and cultivating the
new chemical realm beyond the Born-Oppenheimer paradigm. This account is closed with a scope
about the theory of simultaneous electronic and nuclear quantum wavepacket dynamics.

I think this account serves as a review article of very recent progress in nonadiabatic reactions and
chemical elementary process. Indeed, the account includes many of our works carried out in FIFC

since I move from the University of Tokyo.



V Ff%E#RE (2020)

Llast but no least I thank all my former postdocs, graduate students, and FIFC staff, who have

made the account published.

(iv) On the molecular electronic flux: Roles of nonadiabaticity and violation of conservation
[4]

We have published a series of electron flux induced by nonadiabatic interaction in chemical events
like chemical reactions.[“Electronic and nuclear flux analysis on nonadiabatic electron transfer
reaction: A view from single-configuration adiabatic Born-Oppenheimer representation” Rei
Matsuzaki and Kazuo Takatsuka, J. Comput. Chem. (Morokuma memorial issue), 40, 148-163
(2019). “Electronic and nuclear fluxes induced by quantum interference in the adiabatic and
nonadiabatic dynamics in the Born-Huang representation.” Rei Matsuzaki and Kazuo Takatsuka, J.
Chem. Phys. 150, 014103 (2019). (22 pages) and much more.]

Here is the latest one worked out with Dr. Kota Hanasaki. Analysis of electron flux within and in
between molecules is crucial in the study of real-time dynamics of molecular electron wavepacket
evolution such as those in attosecond laser chemistry and ultrafast chemical reaction dynamics. We
here address two mutually correlated issues on the conservation law of molecular electronic flux,
which serves as a key consistency condition for electron dynamics. The first one is about a close
relation between ‘weak' nonadiabaticity and the electron dynamics in low-energy chemical
reactions. We show that the electronic flux in adiabatic reactions can be consistently reproduced by
taking account of nonadiabaticity. Such nonadiabaticity is usually weak in the sense it does not have
a major effect on nuclear dynamics whereas it plays an important role in electronic dynamics. Our
discussion is based on a nonadiabatic extension of the electronic wavefunction similar in idea to the
complete adiabatic formalism developed by Nafie [L. A. Nafie, J. Chem. Phys. 79, 4950 (1983)],
which has also recently been reformulated by Patchkovskii [S. Patchkovskii, J. Chem. Phys. 137,
084109 (2012)]. We give a straightforward proof of the theoretical assertion presented by Nafie
using a time-dependent mixed quantum-classical framework and a standard perturbation expansion.
Explicitly taking account of the flux conservation, we show that the nonadiabatically induced flux
realizes the adiabatic time evolution of the electronic density. In other words, the divergence of the
nonadiabatic flux equals the time derivative of the electronic density along an adiabatic time
evolution of the target molecule. The second issue is about the accurate computationability of the
flux. The calculation of flux needs accurate representation of (relative) quantum phase, in addition
to the amplitude factor, of a total wavefunction and demands special attention for practical
calculations. This paper is the first one to approach this issue directly and show how the difficulties
arise explicitly. In doing so, we reveal that a number of widely accepted truncation techniques for
static property calculations are potential sources of numerical flux non-conservation. We also
theoretically propose alternative strategies to realize better flux conservation. Our analyses are then
numerically validated through ab initio calculations. We then numerically calculate fluxes in ab

initio chemical dynamics using the standard real-base expansion scheme and validate our analysis.
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We also discuss favorable choices of basis set and configuration interaction expansion schemes that
better conserves flux.
We believe that this kind of fundamental works will end up with forming a bold pillar of the

framework of theoretical chemistry, far beyond the short-sighted appreciation.

2. Original papers

[1] Charge separation and successive reconfigurations of electrons and protons driving
water-splitting catalytic cycle with tetranuclear Mn oxo complex. On the mechanism of water
splitting in PSII.

Kentaro Yamamoto and Kazuo Takatsuka, Phys. Chem. Chem. Phys., 22, 7912-7934
(2020) DOI: 10.1039/d0cp00443j

[2] Energy Natural Orbitals
Kazuo Takatsuka and Yasuki Arasaki, J. Chem. Phys. 154, 094103 (2021). (14 pages)
DOI: 10.1063/5.0034810

[3] Electron dynamics in molecular elementary processes and chemical reactions
Kazuo Takatsuka
Bull. Chem. Soc. Jpn. 94, 1421-1477 (2021) (open)
doi:10.1246/bcsj.20200388

[4] On the molecular electronic flux: Roles of nonadiabaticity and violation of conservation.
Kota Hanasaki and Kazuo Takatsuka

J. Chem. Phys. 154, 164112. (2021) . (18 pages)
10.1063/5.0049821

3. Presentation at academic conferences
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5. i%&

Kazuo Kitaura

Research Fellow

1. List of books

1) Ikuno Fujino, Dmitri G. Fedorov, Kazuo Kitaura, "Application of the Fragment
Molecular Orbital Method to Organic Charge Transport Materials in Xerography: A
Feasible Study and a Charge Mobility Analysis" in "Recent Advances of the Fragment
Molecular Orbital Method: Enhanced Performance and Applicability", Youji Mochizuki,
Shigenori Tanaka, Kazori Fukuzawa Eds. Springer Nature Singapore Pte Ltd, 2021, pp.
56'7-588.
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Tatsuhisa Kato

Title (part-time researcher)

1. Summary of the research of the year

Publication of monograph for giving the concept of 'Vibronic Coupling Density" to students
The vibronic coupling density (VCD) and the vibronic coupling

SPRINGER BRIEFS IN MOLECULAR SCIENCE

constant (VCC) analyses start from the ab initio molecular Hamiltonian

and systematic, rational ways to understand chemical phenomena, giving Taiubio b

the quantitative evaluation of the force applied under the chemical ST

Vibronic
Coupling
Density
Understanding
Molecular
Deformation

@ Springer

deformation process. On the other hand, many plausible explanations

have been proposed to clarify chemical phenomena and visualize o

molecular structures. The conventional descriptions have provided
students with considerable familiarity with the electronic state's
molecular structure. In the newly published monograph, as shown in

Figure 1, we would like to offer the guidelines to integrate the traditional

"hand-waving" approach of chemistry with rational and general VCD and
VCC alternatives. Thus the study of chemistry by molecular orbital
theory is brought into the domain of substantial science through the Figure 1. Front cover of the monograph.
visualization by VCD and the evaluation by VCC, where qualitative

concepts can be rendered quantitatively and tested rigorously against the quantum theory.

Starting from the valence bond (VB) picture and valence shell electron pair repulsion principle (VSEPR), several
well-known issues are discussed, such as the bond elongation of ethylene under the anionization bent structure of water.
VB picture is the historic landmark for modern chemistry, which is based on the valence bond. It invests each atom with
the valence according to the number of the electron, which is the basic concept for chemical bonds of the molecule;
however, it has the fatal fault in which hybridization of the bonding orbital is determined after empirically knowing the
molecular structure. VSEPR is more applicable to elucidate various molecular structures but is still an empirical picture.
Both have no proper way to explain molecular structure in the excited state.

On the other hand, molecular orbital (MO) theory is the approach based on delocalized electrons. It starts from the
molecular Hamiltonian and is a more systematic and rational way to understand molecular structures. Many textbooks
have given explanations for the molecular deformation, for example, the nonplanar structure of NH3, the tautomerism
between benzenoid and quinoid forms of organic molecule, the triangle structure of C3H3, and the chemical process of
Diels—Alder reactions. We designed the monograph to offer students the newly organized chemical concept based on

the VCD and VCC to explain several well-known issues.



V Ff%E#RE (2020)

Spectroscopic evidence of the radical species terminating polymer reaction

We examined the effect of viscosity on the radical termination MeO,C
€
reaction between a transient radical and a persistent radical COMe COMe WC /}\o_.N/
. . . . hy TEMPO e Hp)z ,/\-
undergoing a coupling reaction or hydrogen abstraction. We W e — —]
3 3
. . . . C(Hg)s © C(H) S
selected the reaction between the polymer-end and its mimetic ' CH,0M
. . . . a b .
radicals shown in Scheme 1. Because of this reaction's (Hﬁ)xc%\
C(Hy);
importance in nitroxide-mediated radical polymerization and the Scheme 1

functionalization of polymers. Transient, carbon-centered
radicals were generated from organotellurium compounds by photoirradiation. The organotellurium compound was
used as precursors of radicals, which performed the clean generation of radical species. The generation of radical b was

unambiguously determined by ESR

spectroscopy measured for a solution of a in

C¢Dg under continuous irradiation of a

Simul.;ted S00W Hg lamp through a 390 nm cutoff
o
0=2.00316

op = 2517 mT filter. Clear ESR signals of b were observed
Opester =0.127 mT

(Hp)sC - C(Heste3

o
Sk at g =2.00316 as quartets of heptets with

Obeerved hyperfine coupling constants of 2.517 and

0.127mT with hydrogens at 3 (Hg) to the

T T T T T
- cay S radical center and the ester group (Hester),
Magnetic Field (mT)

. ) ) as respectively shown in Figure 2. The
Figure 2. Observed (red) and simulated (blue) ESR spectra of 2a. The signal

) ) result was identical to the spectra obtained
resonated at g = 2.00316 with the hyperfine coupling constant Ayp and Ayy 0of 2.157

, for the same radical generated by the
mT and 0.127 mT, respectively.

thermolysis or UV-photolysis.

Measurements assigning the electronic spin resonance parameters of NO@Cseo

Using pulsed electron paramagnetic resonance techniques, the low-temperature magnetic properties of the NO radical
being confined in two different modified open Cgo-derived cages are determined, as shown in Figure 3. It is found that
the smallest principal g value, being assigned to the axis of the radical, deviates strongly from the free-electron value.

This behavior results from partial compensation of

g

(@)

it
Experimants |

the spin and orbital contributions to the value. The
measured value in the range of 0.7 yields ¢

information about the deviation of the locking

Electron spin echo signal (arb. units)

potential for the encaged NO from axial

symmetry. The estimated 17 meV asymmetry is oo e

Magnetic field (mT)

quite tiny compared to the situation found for the Figure 3. (a) Ball-and-stick representation of the DFT-optimized

same radical in polycrystalline or amorphous structure of NO@Ce0-OH with N “up”. (b) Field scanning electron
matrices ranging from 300 to 500 meV. The spin echo spectra of NO@Cso-OH obtained by X-band (9.7 GHz,)
analysis of the temperature dependence of spin spectrometer at 5 K (2.5mM/CS2), solid blue line, with best fit of

relaxation times resulted in an activation simulation, dotted red line.
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temperature of about 3 K, assigned to the temperature-activated motion of the NO within the modified open Ceo-derived

cages with coupled rotational and translational degrees of freedom in a complicated three-dimensional locking potential.

2. Original papers

(1) K-P Dinse, T. Kato, S. Hasegawa, Y. Hashikawa, Y. Murata, and R. Bittl, "EPR study of
NO radicals encased in modified open Ceo fullerenes ", Magn. Reson. 1, pp. 197-207(2020).

(2) X. Li, T. Kato, Y. Nakamura, and S. Yamago, "The Effect of Viscosity on the Coupling
and Hydrogen-Abstraction Reaction between Transient and Persistent Radicals ", Bull.
Chem. Soc. Jpn., 94, pp. 966-972 (2021).

(3) X. Li, T. Ogihara, T. Kato, Y. Nakamura, and S. Yamago, "Evidence for Polarity-and
Viscosity-Controlled Pathways in the Termination Reaction in the Radical Polymerization
of Acrylonitrile ", Macromolecules, 54, pp. 4497-4506 (2021).

3. Presentation at academic conferences
4. Others
T. Kato, N. Haruta, and T. Sato, "Vibronic Coupling Density (Understanding Molecular

Deformation) ", SpringerBriefs in Molecular Science, Springer Nature, Singapore, 2021, ISBN 978-
981-16-1795-9.
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6. IELMRE
Simon K. Schnyder

FIFC FELLOW

1. Summary of the research of the year
Dynamical decoupling and recoupling of the Wigner solid to a liquid helium substrate

At low temperatures, surface-state electrons (SSEs) trapped above liquid helium substrates self-
organize to form a triangular lattice, the classical Wigner solid (WS). One intriguing result of this
spatial ordering is a spontaneous deformation of the helium surface below, as the electrostatic pressure
exerted by each electron on the liquid results in the formation of an array of shallow ‘dimples’ (dimple
lattice, DL) commensurate with the electron lattice. The coupled electron-dimple system is analogous
to polaronic states formed in crystal lattices in which electrons deform the surrounding lattice
structure and become self-trapped. Just as the polaron state can be viewed as an electron dressed by
virtual phonons, the surface electron lattice can be described as being dressed by quantized capillary
waves, or ‘ripplons;’ the complex formed by each surface electron and its accompanying dimple is
therefore termed as a ‘ripplopolaron’. Upon applying an electric field parallel to the helium surface,
the electron and dimple lattices move together. However, when the force is sufficiently strong, the
electrons can decouple from the dimples and move freely across the helium surface.

Similar decoupling processes can be observed for solid-state polarons, although at picosecond
timescales. In contrast, ripplopolaron dynamics can be investigated in real time using straightforward
transport measurements because the timescale of the helium surface response is naturally much longer
than that of an ordinary solid; for capillary waves with wavelength comparable to the spacing between
electrons in the Wigner solid, the inverse of the ripplon frequency is typically 10-100 ns. We have
previously reported a novel ‘stick-slip’ type of electron motion in which the electron solid repeatedly
decouples from, and then recouples to, the dimple lattice. When the driving voltage is smoothly
ramped the velocity of the electron solid is initially limited by Bragg-Cherenkov (BC) ripplon

% o " scattering, in which ripplons generated by the moving
I & F:J £ | v electrons interfere constructively with the dimple lattice,
Split Gat = . . .
‘® 5 . l.-_a_e /2 ©) resonantly increasing the dimple depth and the drag force
s ~ [ o=
&= <=
R ‘ 2 L Bottore SRl = ’ FIG. 1. (a) False-color optical image of the central
[ ‘ i 50 um microchannel. (b) Schematic of the transport measurement.

max

Vie is ramped quickly to V™ establishing a potential

/ (b)
e, @ 2 0 0 o o .\‘ gradient Ex along the channel. Current then flows, inducing
a displacement current in the right reservoir electrode, until
¢ee o electrostatic equilibrium is restorved. If Ex is large enough the

electrons can escape the dimple surface profile.
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exerted on the electron solid. Because the electron velocity becomes fixed to the coherent ripplon
phase velocity during this resonant scattering phase, the driving electric field acting on the electron
system grows over time, eventually reaching the threshold for WS-DL decoupling. The electron
lattice then escapes the trapping potential formed by the dimples and moves with low resistance.
However, the resultant sudden flow of charge causes a rapid reduction in the driving force, allowing
the electron solid to recouple to the surface dimples. If the driving voltage is ramped continuously
this stick-slip cycle is repeated, leading to spontaneous oscillations in the electron current.
This stick-slip behavior was investigated for surface electrons confined in a microchannel device, see
Fig. 1. By confining the electron system in a long, narrow channel, the driving electric field and the
surface electron density (and so the current density) can be precisely controlled and are highly
homogeneous. The channel confinement was typically several tens of the electron lattice constant in
width. For the classical quasi-1D electron lattices investigated here, in which the system width is
comparable with the interparticle spacing, the positional order of the electron system can fluctuate
rapidly due to the thermally-driven formation of lattice defects. This results in the increased motion
of electrons about their equilibrium lattice sites and so fluctuations in the strength of the WS-DL
coupling. For repeated measurements, the decoupling of the electron lattice from the dimple lattice is
therefore found to occur over a range of values of the driving force and so at different points in time
as the driving voltage is ramped. This behavior is analogous to thermally activated escape from the
zero-voltage state in current-biased Josephson junctions.

For slow voltage ramps, the stochasticity in the

>:Vlr"m— - ' ' ' (a) WS-DL decoupling can smooth the observed
Ji
, :

' : : : : average current signal, obscuring the true

transport behavior. In this report however, this
300 effect is negated by the use of rapid, steplike
voltage ramps that pre-empt the escape by

thermal fluctuation and synchronize it with the

decoupling

applied stimulus, see Fig. 2. This technique
allows accurate measurement of the surface

electron current during the WS-DL decoupling

100 and recoupling processes. Thus we are able to

study in detail the dynamical increase of the DL

FIG. 2. (a) Schematic of the driving voltage pulses used to in-
vestigate the ripplopolaron decoupling and recoupling. V,, is stepped
from 0 to V" in a time ¢,. (b) v, against ¢ for values of V,, from 1.6
©) 1 t0 3.0V (n, =4.12 x 10" to 7.48 x 10" m~2) increased in 50 mV
steps. Curves for n, = 4.12 x 10 m~2 and n, = 5.93 x 10"* m~2
2 02F 7| arelabeled. Here V™ = 25 mV and 7, = 100 ns. The dashed line in-

g L ] dicates the typical electron velocity for BC scattering v, = 10 ms™!.
g The apparent smooth decrease of the height of the velocity plateau,
m

« U1 . etween the high velocity an scattering regimes, is an artifact of
0.1 bet the high velocity and BC scattering reg tifact of
averaging over many measurements in which the WS-DL decoupling
occurs probabilistically, as explained in the text. The inset shows
>

0.0 . 1 . L . L v, against  for lower values of n,, as labeled in units of 10'* m~2.
0 1 2 3 (c) E, against  for ng = 4.12 x 10" m~2. The arrow marks the value

t [us] of EIY.
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depth when the electron system is driven at the resonant velocity, the electron motion in the decoupled

state, and the conditions under which the moving electron system can recouple to the helium surface.

Control of cell colony growth by contact inhibition

Cells move collectively and proliferate as the embryo develops during morphogenesis, as cancer
spreads or as wounds close. The way in which migration and proliferation interact with each other is
complex. Essential for the regulation of these processes is contact inhibition of locomotion (CIL),
which describes the tendency of cells to stop migration or change direction when coming into contact
with other cells. CIL has been shown to enable cells to collectively migrate, follow chemical gradients
and disperse. It is now believed that CIL helps the control of collective tissue migration, tissue growth,
morphogenesis, wound healing and tumour development. Potentially distinct from CIL is contact
inhibition of proliferation (CIP) which refers to the suppression of cell divisions in dense regions of
tissues, which in turn regulates their growth. There is evidence that CIP does not require direct cell
contact and as a consequence the effect is also called “density dependent inhibition of cell growth”.
Modelling approaches for cell migration are manifold, ranging from strongly idealised models for
single cells crawling on substrates to cells in confluent tissues to continuum theories. The collective
behaviour of cells is under intense study and many questions about contact inhibition are still open.
In order to reduce the complexity of the systems under study, it is valuable to investigate well
controlled model systems. One such model system deals with the crawling and proliferation of a
monolayer of cells seeded onto a substrate. How a few cells develop into an extended colony has been
investigated in a recent experiment, as well as in simulations. The colony in said experiment consists
of of Madin-Darby canine kidney epithelial (MDCK) cells and exhibits two growth regimes. In the
beginning the colony’s area grows exponentially with time, followed by sub-exponential growth.
Similar growth stages are also found in tumour growth dynamics. In the former regime, cells are
highly mobile and divide frequently, while in the latter, both the motion and proliferation of the cells
becomes suppressed, linking the transition to contact inhibition. Such a transition is readily found in
simulations if the proliferation rate of cells is locally coupled to density or available space, or stress.
Previously, we developed a minimal, mechanical model for crawling cells in which contact inhibition
of locomotion arises from the internal mechanics of the cells. Our model focuses purely on the cell
mechanics, since mechanical forces inside of and between cells are now understood to be of crucial
importance for the understanding of cell dynamics. Our model differs from previous models in that it
incorporates a coupling of motility to cell polarisation, and asymmetric cell shapes into a minimal
model; both of which influence mechanical interactions between cells. We found that the model
naturally exhibits a range of realistic behaviours, including the emergence of collective migration,
without including an explicit alignment term. Our model is thus a natural candidate to investigate
colony growth.

Here, we extend our model to include cell proliferation in such a way that the motility and division

dynamics are entirely governed by the internal dynamics of the cells. The cells cycle between a motile
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a Motile state C Cell life

Cell body ~ Pseudopod cycle Division state Flg 3: Model overview. (a)

Schematic of the cell model in
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b Division state E’ 6 life cycle. (d) Forces acting on
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phase and a division state, see Fig. 3. In the division state, the cells attempt to proliferate by making
space for two cells; otherwise, the cell division is aborted. This naturally gives rise to a form of contact
inhibition of proliferation. We find that our model reproduces the typical colony dynamics, see Fig.
4; with exponential growth at short times turning into sub-exponential growth with a constant
boundary speed at long times. Coinciding with this transition, the average cell speed decreases
strongly, because of CIL occurring in the inside of the colony. As a result of contact inhibition, cells
close to the boundary have higher speeds and proliferation rates. By varying the proliferation rate
over a wide range, we then identify simple scaling relations for both regimes and the crossover
between them. We had previously found that cell shape has a strong effect on cell collisions and that
cells with large fronts align and coherently migrate. In this work, we now demonstrate that cell with

large fronts orient themselves away from the colony, which enhances the speed of colony expansion.

T b 0.8 T

o
o

Avg. cell speed

©
~

o
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Number of cellsN o
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Fig. 4: Colony growth for non-adhesive and adhesive cells. (a) Size of the colony in number
of particles n against time T for Tmot = 16 and Tdiv = 3. The black line marks exponential
growth, assuming that all cell division attempts are successful. (b) Speed of the colony

boundary and average cell speed of the same simulations.
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1. Summary of the research of the year

Role of nonadiabaticity in electronic dynamics

— electronic flux in chemical dynamics and its conservation

Quantum-mechanical dynamics of electrons accompanies flux. The flux conservation law, which
naturally follows from the time-dependent Schrédinger equation, requires that the time-derivative of the
electronic density should equal the minus of the divergence of the electronic flux. Any non-trivial chemical
dynamics therefore accompanies finite electronic flux. It is however known that the electronic flux vanishes
in molecular dynamics in the adiabatic approximation, even though the time-dependent electronic densities in
slow chemical reactions are often successfully reproduced in the same level of approximation. Barth et al. [1]
proposed a phenomenological approach which reproduces a flux-like quantity within the adiabatic
approximation, however, we do not take this approach. We consider that ab initio reproduction of the electronic
dynamics to be critically important in theoretical study of chemical reactions, taking account of rapid progress
in electronic state controlling techniques. We analyzed the quantum-mechanical origin of the electronic flux
as a step to this goal.

A number of ab initio studies on the electronic flux in chemical dynamics [2,3,4] suggest critical roles
of nonadiabaticity in occurrence of finite electronic flux. However, there has been no clear proof of non-
adiabatic induction of the electronic flux that satisfies the continuity equation. For clarity of discussion, we
focus on so-called adiabatic reactions, or slow field-free reactions through which the excited state populations
stay negligibly small compared to that of the ground electronic state. Such adiabatic reactions are undoubtedly
of fundamental importance in the study of chemical reactions. We applied a perturbation analysis and derived

an expression of the electronic flux,

i) = X, (K BV~ EY'E ) (8

ilEy), (1

where |Eg) (|Ey)) is the ground (excited) adiabatic electronic state with energy E; (E,) and amplitude Fj

(F,) whereas j is the flux operator. The excited state amplitude F, is evaluated up to the first order in the

S . 1) _ ., RX —i —i . =
non-adiabatic interaction as Fy( ) = i (e~ Egt/h — omIEVE/N) with X, = (E,
Ey=Eg

d/0R|E,) being the

nonadiabatic coupling between the adiabatic states g and y. Substitution of Eq. (1) into the continuity

)

=2R-¥,X,,(1—cos(E,4t/h) )EG|P(M)|E,)). (2)
Taking account of the fact that the oscillating cosine term reflects the simplified initial condition we adopted

equation yields

Hel]
ih

V-6 = 5, (5 B = KR ) (5|
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here (we assumed that the system is in the adiabatic ground state at t = 0 when the nonadiabatic coupling
turns on abruptly) and vanishes by dephasing, the right-hand side of Eq. (2) essentially equals 2R -
ZVXV9<Eg|ﬁ(r)|Ey) =R ':_R<Eg

state density induced by the nuclear motion. In Ref. 5, we have also shown that we can indeed eliminate the

ﬁ(r)|5g> , which is the expected time derivative of the adiabatic ground

awkward oscillating term in Eq. (2) by a different choice of the initial/boundary conditions. We then further
investigated flux conservation in ab initio numerical simulations taking account of finiteness of the expansion
basis set. We derived an explicit expression of numerical flux non-conservation (i.e. deviation of V - j(r,t)
from —dp(r,t)/dt )and proposed a realistic scheme that reduces such numerical deviations ). We have also
performed numerical calculations to validate our analysis.

Our analysis hence leads to a paradoxical conclusion, “non-adiabaticity plays a critical role in
quantum-mechanical electronic dynamics in adiabatic chemical reactions”. This apparently contradictory
statement arises from the fact that the excited state populations are so small in those reactions that the force
fields for the nuclear dynamics (and many of relevant observables including the total electronic density as
well) are essentially the same as their ground-state expectation values, whereas ab initio reproduction of the
electronic flux, which is an excited state property with its ground-state expectation value being zero, requires
analysis of excited states. Indeed, our numerical results in Ref. 5 show that the excited state amplitude of order
1072 reproduces the flux consistent with the adiabatic density time evolution. Our study also sheds light on
the role of nonadiabaticity in adiabatic reactions, which has been considered as an uninteresting subject in the

study of non-adiabatic dynamics.
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