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Structure and dynamics of cellular tissues, anomalous transport in heterogeneous me-

dia

Cell migration, Epithelial tissues, Lorentz model, Porous media, Percolation, Anoma-
lous 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 - now, FIFC Fellow, Fukui Institute for Fundamental Chemistry, Kyoto
University

German Physical Society (DPG)

1. Campo, M., Schnyder, S. K., Molina, J. J., Speck, T. & Yamamoto, R. “Spontaneous
spatiotemporal ordering of shape oscillations enhances cell migration”. Soft Matter
15, 4939-4946 (2019).

2. S. K. Schnyder, & J. Horbach, “Crowding of interacting fluid particles in porous
media through molecular dynamics: breakdown of universality for soft interac-
tions”, Physical Review Letters, 120(7), 78001 (2018).

3. J. Horbach, N. H. Siboni, & S. K. Schnyder, “Anomalous transport in heteroge-
neous media“, The European Physical Journal Special Topics, 226(14), 3113-3128
(2017).

4. 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 Re-
ports 7, 5163 (2017).

5. 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 ran-
domly confined colloidal fluids”, Physical Review E (2017).

6. M. Heinen, S. K. Schnyder, J. F. Brady, H. Lowen, “Classical liquids in fractal
dimension”, Physical Review Letters 115, 097801 (2015).
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1.

T. Tsuneda, J.-W. Song,S. Suzuki, and K. Hirao ”On Koopmans’theorem in
density functional theory” J. Chem. Phys. 133, 174101 (2010).

S.Suzuki, S. Maeda, K. Morokuma

Exploration of Quenching Pathways of Multiluminescent Acenes Using the
GRRM Method with the SF-TDDFT Method

J. Phys. Chem. A, 119 pp 11479-11487 (2015)

S.Sasaki, S.Suzuki, W.M.C. Sameera, K. Igawa, K. Morokuma, G. Konishi,
Highly twisted N, N-dialkylamines as a design strategy to tune simple aromatic
hydrocarbons as steric environment-sensitive fluorophores

J. Am. Chem. Phys., 138, 8194-8206 (2016)

Riki Iwai, Satoshi Suzuki, Shunsuke Sasaki, Amir Sharidan Sairi, Kazunobu
Igawa, Tomoyoshi Suenobu, Keiji Morokuma, Gen-ichi Konishi

Bridged Stilbenes: AIEgens Designed via a Simple Strategy to Control the Non-
radiative Decay Pathway

Angewandte Chemie aggregation-induced emission Special Issue (2020)

Satoshi Suzuki, Shunsuke Sasaki, Amir Sharidan Sairi, Riki Iwai, Ben Zhong
Tang, Gen-ichi Konishi

Principles of Aggregation - Induced Emission: Design of Deactivation
Pathways for Advanced AIEgens and Applications

Angewandte Chemie aggregation-induced emission Special Issue (2020)

2012 4= 9 H Best Poster Awardsat the Annual Meeting of the Japan Society for
Molecular Science
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Masayuki Nakagaki

FIFC Fellow

Fukui Institute for Fundamental Chemistry

Room 303

075-711-7907

nakagaki@fukui.kyoto-u.ac.jp

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

Computational Chemistry

Electronic Structure of Metal Complex in Crystal

Electronic Structure of Metal Complex, Multireference Theory, QM/MM

March 2005, Master of Sci., Graduate School of Science, Kyushu University
March 2009, Doctor of Sci., Graduate School of Science, Kyushu University

Doctor of Science from Kyushu University

April 2009, Postdoctoral Fellow, Kyushu University
April 2011, FIFC Fellow, Kyoto University

The Chemical Society of Japan
Japan Society for Molecular Science
Japan Society of Theoretical Chemistry

1. M. Nakagaki, N. Nakatani, S. Sakaki “How to Understand Very Weak Cr-Cr Double
Bond and Negative Spin Population in Trinuclear Cr Complexes: Theoretical Insight”
Phys. Chem. Chem. Phys. 21, 22976 — 22989 (2019).

2. K. Fujimoto, RS. Payal, T. Hattori, W. Shinoda, M. Nakagaki, S. Sakaki, S. Okazaki
“Development of dissociative force field for all-atomistic molecular dynamics
calculation of fracture of polymers” J. Comput. Chem. 40, 2571-2576 (2019).

2. N Takagi, M Nakagaki, K. Ishimura, R Fukuda, M Ehara, and S Sakaki “Electronic
Processes in NO Dimerization on Ag and Cu Clusters: DFT and MRMP2 Studies” J.
Comput. Chem., 40, 181-190 (2019).

4. M Nakagaki, A. Baceiredo, T. Kato, and S. Sakaki “Reversible Oxidative Addition/
Reductive Elimination of a Si-H Bond with Base-Stabilized Silylenes: A Theoretical
Insight” Chem. Eur. J. 24, 11377 — 11385 (2018).

5. T. Muraoka, H. Kimura, G. Trigagema, M. Nakagaki, S. Sakaki, and K. Ueno
“Reactions of Silanone(silyl)tungsten and -molybdenum Complexes with MesCNO,
(Me,Si0),, MeOH, and H,O: Experimental and Theoretical Studies” Organometallics,
36, 1009-1018(2017).

6. M Nakagaki and S. Sakaki “Hetero-dinuclear complexes of 3d metals with a
bridging dinitrogen ligand: theoretical prediction of the characteristic features of
geometry and spin multiplicity” Phys. Chem. Chem. Phys., 18, 26365-26375 (2016)

7. M. Nakagaki and S. Sakaki “CASPT2 study of inverse sandwich-type dinuclear
3d transition metal complexes of ethylene and dinitrogen molecules: similarities and

differences in geometry, electronic structure, and spin multiplicity” Phys. Chem.
Chem. Phys. 17, 16294-16305(2015).
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Li Qiaozhi

Research Fellow

Fukui Institute for Fundamental Chemistry

Room 301

075-711-7907

1iqz0322@gmail.com

Computational Chemistry

Coordination feature and chemical reactivity of Rh(PAIP) complex
Transition metal complex, Binding ability, Reaction mechanism

07/2013 Bachelor of Science, Shanxi Normal University, China
09/2018 Doctor of Engineering, Xi’an Jiaotong University, China

Doctor of Engineering from Xi’an Jiaotong University

1. Li QZ, Zheng JJ, He L, Nagase S, Zhao X. La—La bonded dimetallofullerenes
[La,@C,,]: species for stabilizing C,, (2n = 92~96) besides La,C,@C,,. Physical
Chemistry Chemical Physics, 2018, 20 (21): 14671-14678.

2. Li QZ, Zheng JJ, He L, Zhao X, Nagase S. Epoxy and oxidoannulene oxidation
mechanisms of fused-pentagon chlorofullerenes: oxides linked by a pirouette-type
transition state. Journal of Organic Chemistry, 2017, 82 (13): 6541-6549.

3. Li QZ, Zheng JJ, He L, Nagase S, Zhao X. Stabilization of a chlorinated
M3C :C,, cage by encapsulating monometal species: coordination between metal

and double hexagon-condensed pentalenes. Inorganic Chemistry, 2016, 55 (15):
7667-7675.

4. Li QZ, Zheng JJ, Zhao X. Bingel-Hirsch reaction on Sc,@C,: a highly regi-
oselective bond neighboring to unsaturated linear triquinanes. Journal of Physical
Chemistry C, 2015, 119 (46): 26196-26201.

5. Li QZ, Zheng JJ, Zhao X. Azide addition to Sc,@Cg: favorable activity on unsat-
urated linear triquinanes and dramatic reactivity difference compared with the free
Cq cage. Physical Chemistry Chemical Physics, 2015, 17 (32): 20485-20489.
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Bo ZHU

FIFC Fellow

Fukui Institute for Fundamental Chemistry
Room 205

075-303-3843

075-303-3843

zhu.bo.6z@kyoto-u.ac.jp
http://www.fukui.kyoto-u.ac.jp/~yamda
Computational Chemistry

Reaction mechanism of oxidation reduction reaction
Pt particle, core-shell particle,

June 2018, Doctor of Sci., Institute of Functional Material Chemistry, Faculty of
Chemistry, Northeast Normal University

Doctor of Science from Northeast Normal University

September. 2018, Postdoctoral Fellow, ESICB, Kyoto University

1. Bo Zhu, Masahiro Ehara and Shigeyoshi Sakaki

“Propene oxidation catalysis and electronic structure of My; particles (M = Pd or Rh):
differences and similarities between Pd; and Rhs,”
Phys. Chem. Chem. Phys., 22(21), 1749-12324 (2020).

2. Bo Zhu, Wei Guan, Li-Kai Yan, Zhong-Min Su, Two-State Reactivity Mechanism
of Benzene C-C Activation by Trinuclear Titanium Hydride. J. Am. Chem. Soc.,
2016, 138, 11069-11072.

3. Bo Zhu, Li-Kai Yan, Yun Geng, Hang Ren, Wei Guan, Zhong-Min Su, IrIII/
Nill-Metallaphotoredox Catalysis: Oxidation State Modulation Mechanism versus
Radical Mechanism. Chem. Commun., 2018, 54, 5968-5971.
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[1] K. Yamamoto and K. Takatsuka, “Charge separation and successive
reconfigurations of electronic and protonic states in a water-splitting catalytic cycle
with the Mn4CaO5 cluster. On the mechanism of water splitting in PSII” Phys.
Chem. Chem. Phys, 2020, 22, 7912-7934.

[2] K. Yamamoto and K. Takatsuka, “Binuclear Mn oxo complex as a self-contained
photocatalyst in water-splitting cycle: Role of additional Mn oxides as a buffer of
electrons and protons” J. Chem. Phys, 2020, 152, 024115.

[3] K. Yamamoto and K. Takatsuka, “On the Elementary Chemical Mechanisms of
Unidirectional Proton Transfers: A Nonadiabatic Electron-Wavepacket Dynamics
Study” J. Phys. Chem. A, 2019, 123, 4125-4138.

[4] K. Yamamoto and K. Takatsuka, “Collision induced charge separation in ground-
state water splitting dynamics”, Phys. Chem. Chem. Phys., 2018, 20, 12229-12240.

[5] K. Yamamoto and K. Takatsuka, “On the photocatalytic cycle of water splitting
with small manganese oxides and the roles of water clusters as direct sources of
oxygen molecules”, Phys. Chem. Chem. Phys., 2018, 20, 6708-6725.

[6] K. Yamamoto and K. Takatsuka, “Photoinduced Charge Separation Catalyzed
by Manganese Oxides onto a Y-Shaped Branching Acceptor Efficiently Preventing
Charge Recombination", ChemPhysChem, 2017, 18, 537-548.

[7] K. Yamamoto and K. Takatsuka, “Dynamical mechanism of charge separation
by photoexcited generation of proton—electron pairs in organic molecular systems. A
nonadiabatic electron wavepacket dynamics study” (perspective), Chem. Phys. 2016,
475, 39-53.

[8] K. Yamamoto and K. Takatsuka, “An Electron Dynamics Mechanism of Charge
Separation in the Initial-Stage Dynamics of Photoinduced Water Splitting in X—Mn—
Water (X=OH, OCaH) and Electron—Proton Acceptors”’, ChemPhysChem, 2015, 16,
2534-2537.
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1. Y. Arasaki, Y. Mizuno, S. Scheit, and K. Takatsuka, Induced photoemission from
driven nonadiabatic dynamics in an avoided crossing system, J. Chem. Phys.
141, 234301 (2014, 14 pages).

2. 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).

3. 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).

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, T. Yonehara, K. Hanasaki, and Y. Arasaki, Chemical Theory
Beyond the Born-Oppenheimer Paradigm: Nonadiabatic Electronic and Nuclear
Dynamics in Chemical Reactions (World Scientific, Singapore, 2014).
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2014 4 1# 4 #F 78 B (Deutches Elektronen Synchrotron (DESY), The
Hamburg Centre for Ultrafast Imaging (CUI), Center for Free-electron
Laser Science (CFEL) theory group)
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1. Y. Hao, L. Inhester, K. Hanasaki, S.-K. Son and R. Santra, “Efficient electronic
structure calculation for molecular ionization dynamics at high x-ray intensity”,
Struct. Dyn. 2, 041707 (2015).

2. A. Rudenko, L. Inhester, K. Hanasaki, et al. “Femtosecond response of polyatomic
molecules to ultra-intense hard X-rays”, Nature 546, 129 (2017).

3. K. Hanasaki, M. Kanno, T. A. Niehaus and H. Kono, “A4n efficient approximate al-
gorithm for nonadiabatic molecular dynamics”, J. Chem. Phys. 149, 244117 (2018).

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

5. K. Hanasaki and K. Takatsuka, “Relativistic formalism of nonadiabatic elec-

tron-nucleus-radiation dynamics in molecules: Path-integral approach”, Phys. Rev.
A 100, 052501 (2019).
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Kentaro Yamamoto (Kyoto Univ.)

“On the Fundamental Chemical Mechanisms of Water-Splitting Cycle Catalyzed by Mn Oxo

Complexes”

15:40 — 16:20
Simon Kaspar Schnyder (Kyoto Univ.)

“Dynamics of crawling and dividing cells”

— Break —

16:30 — 17:20
Motoyuki Uejima (Kyoto University )

“Massively parallel implementation of quantum chemistry solvers for strongly correlated systems”

2 ZootIF—

2019 (mfnoc) 4 12 H13 H (&) 15:00 — 17:20

get 2 — (12 =)

Contact Speaker Title Affiliation Date
. Unifying Kinetic Energy Density L
%ﬁ( ren and Current Density in IOJISlll(;/ersny of July 22 (Mon.), 2019
g Density-Functional Theory
Insights into Mechanisms and Departme.:nt
Selectivities in Homogeneous of Orgnaic
Fahmi Himo . Chemistry, Nov. 22 (Fri.), 2019
. . Catalysis from Quantum
Shigeyoshi . - Stockholm
4 Chemical Calculations . .
Sakaki University
Department
Rationalizing the sensitivity of | of Chemistry
Marcus x-ray probes to electronic and - Angstrom Nov. 22 (Fri.), 2019
Lundberg structural dynamics in transition | Laboratory, ' "
metal complexes Uppsala
University,




I HRERLEHEE (2019)

Contact Speaker Title Affiliation Date

Laboratoire

Density functional theory as de Chimie

Kimihiko Andreas : . Theorique
Hirao Savin a starting point for controlled CNRS and Jan. 23 (Thu.), 2020
approximations
Sorbonne

University, Paris

3. ERXR

Wty —H B OB 2R L. BT O B L TR E T - 2. (BEHR %
BH)

Z NN

4. R2ADT I —FEH

<WFERA >
(1) BBEKFTHT I v 7T A~ 2019 (&Fnot) £9H 15 H (H)

XL FIFC V9 —F 7 = v =22 TH 2 SGHATOIFHEOMNEE] 2 —F—~2
CrR - I (o g2 T P R (o
% BT RERKS B AR A RS

<o >
(1) Ef—3% FIFC ) #—F 7 =0 2019 (FFIE) 411 A 19 A (K)
B ESHEER ORI o
2R R T AT ONCE =
5P AR AL > 4 —

5. BHHF-EHEDRBRRVEREDRE

B OLREFELEX, AENL, LEORROFERD IZOITITHFHIEHE OF RO KY]
SEMNTRONEEHELORE 2R A, LML, BR300 B CHEE RUERE 2 ST I
FHFeE 2B D@t E 2 2017 (SRR 29) HFEICAIR L T,

2019 (BF0JT) FICAZEL, IWFEOH TP POLEERTEREORE, WOLBVEEINT,
KL, 2020 (5F02) £1H31H (&) CREOREFH—FLSMEL L F—2 0 RY T LDHPT
TV, ZEFICRBIR EEESWEPRE SN, W TZEERICE L LEES M TON .

% B OE A ER GEBKRE)
> H @ AR & RBBERTRORR — BT L X =0 OHEEL 5



NV BEEE (2019

V HBRERE
1. EHA

Tohru Sato
Professor
1. Summary of the research of the year

DABNA % U 7= OLED 281} % &R R erkts.
raR v 0 NVERGEIZ & B mR EEIERB

HREFEIEH A A — FOLEDIZBE W TEEFERT L7 hr I xtr A(ELDEZERT 5729
WZiE, BiEIZ L > TEL L =ZHHEE F2FHT 208X H 5, DABNA-1 X FF—-- 77 ®
TR =FITIRVESEFEORILS T THY . FEFITHRVRIEEZHE T2 EL A7 MADRBHI ST
W5 [1], DABNA-1 @ T1-S1 D= F /L% —75 A Esr 13 FEBRIVIC 0.20 eV & AL bR TRV, %
TRHRICE VRO THIRFBICH T 2 AEsri3 0.44 eV TH Y | T 6 S1~D B 720 R [H]
RATIHNETHDH EEZBND, Frxld OLED (28T 5 mahE e & LT, Rl = EHEpE
WHETIE e < @k —EHIERRAE 288 B L-d0t, Mk —EIEAH H Y (Fluorescence via Higher
Triplets, FVHT) 2% L T\ 52,3, X7 > k7 & U aFERBD) LT 7230 5 [ 42 75 03 R e 72
FERERAEr ZAT 220005 TE W EQE 2733 2 ERME SN TRV 4], @Sk =FEHE
ARl L7 e SN S, BD X XY X HoiELFF o700, Bk LIcEFREEZHT 5,
T DRI E > T TeT1i B X O TeTe HOEZR Y FEEIT/NS < 220 . = HIAM O WNERESHLA)
filEid Z xR L8l £7o, TOMEEFMAR Ta 2 ER L, Tanrb Se ~DWiRHAS A
MARECTH DLt am LTz, 20X 72 XY XBOEEILIRF—-T787 X057 b%<,
THEEIC X DEHEIRITEIN U7z FVHT #$#E O BN/ SN D,

DABNA-1 /3 X-Y-X B O#EETIEZ202, N & B2 L - T meta-linkage (2207208572 MR
2 —ICHRT DMIRNEL D, ZOMRITERZ HIT 5 EHHT 72D, MR v UL iR
EIES, TNFETICEAIIN 2/ LTE U UV B2 meta-linkage (ZOR RN 2727HH U v 7 A
U VHEERN NARe ANV ENERE A L, —HEHOERVEENTILIELL Y 2 E2ii L
TWAI[5], AWFFETlX, DABNA-1 @ EL 28 bR 1 ¥ A V7 BEfai RIS R U 7= ik B IERR A 4Ot
ERLGEDZ EEWE LD,

Figure 1 {Z Franck—Condon(FC){RHEEFS L OWrEL Ty IRFEICIS I 2 = R VX —HENL 2R T,
FCIREEIZH W T T & S1 O R /LF—70F 0.46 eV, F7z TiWiELIRIBIZIHW T 0.44 eV L FEH
WICREWTZD, Ti b St ~OB R R EZTIRNETCH L EEZEZ2 BN, LIER->T, mik—
HEIERER B AR Lo # e TR EN D, Ta R BIZ IV T Te & S1O = R/ F—7E3 17 meV
THY ., Ta b T1 ~OWERHL I HH] S AU TWAIUE, Tar b St ~OE 72 R AL ED FIRE T H
HEWZD,
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Fig. 1 Energy levels of excited states at the (a) So and (b) T4 optimized structures.

Ty T BB T D NI O E 2 a3 5 720, FEXHAIRE A BAVER % (VCD)i#HT 217
> 7-(Fig. 2), E7e 0 EBEEIXD T RIKICIEN DD TIERL . D FO—#TLMEZ R/, Thic
Mz T, \ERVEEIE EICRRICRET 2720, A7 vy VEBBORBIC L > TRIND
VCD X pWUED X 5 ey fia BT %, TR, VCD OFE5 TR L/ & 723kt A IR A FAF
HEHNVCOZ 525, LLELY, ToTi MOWNEERITIMHI S TS EEX 65, T IEFEIC
HOMO-LUMO #Ef/5, T4iZ LUMO-LUMO+5 BN LR S D, D7, ToTi O E
D XTI LUMO & LUMOA+5 OFEIZ L » TR 25 (Fig. 3), LUMO & LUMO+5 13551
T OB R D70, ER Y BEIIRMOITHHE LS 9, 723, LUMO+5 1IN & BiZk-> T
sz 3 oOXRVBUBRICHMLTEY, LUMO+6, 47 & hARa P b7 = HEEfEEZ LT
L Eenbnolz, Tald HOMO-LUMO+5 E) 6 7e 570, #HEfER L7 —& N OfuE 3B 53
%o LLEEX D DABNA-1 (X h AR v 2 H v 22865 R I A U7z FvHT #8162 R rTaB M THI S
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Fig. 2 Off-diagonal VCD analysis of T4@T+T1@T4 for maximum coupling mode 135.

PLU YLU+5

Fig. 3 LUMO and LUMO+5 at the So optimized structure.
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Fig. 4 Orbital levels of non-hydrogen Fig. 2 VCD of hydrogen terminated cluster

terminated cluster model. model.

[32#Kk] 1) T. Hatakeyama et al., Adv. Mater., 28,2777 (2016). 2) T. Sato, J. Comput. Chem. Jpn, 14,
189 (2015). 3) T. Sato et al., Sci. Rep., 7, 4820 (2017). 4) J.-Y. Hu et al., Adv. Funct. Mater., 24, 2064
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Fig. 1 Electronic configurations based on the symmetry-adapted orbital models.
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Fig. 2 The synthesis of dibenzophenazine and the effect of mechanical action.
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Yoshio Nishimoto

Assistant Professor

1. Summary of the research of the year

Development of TD-LC-DFTB/PCM

The development of large-scale quantum mechanical (QM) methods is one of the hottest
topics in computational chemistry. Although standard single-reference QM methods, such as density
functional theory (DFT), is much more economical than electron correlation methods, but are still
time-consuming, and it is difficult to evaluate large systems. Modeling excited states is even more
computationally demanding. QM methods can be drastically simplified by applying various
approximations or employing fitted parameters, giving rise to semiempirical QM methods. For
instance, the self-consistent charge density-functional tight-binding (DFTB) method was derived by
introducing tight-binding approximations and applying a Taylor expansion to the density fluctuation
of DFT.

In this fiscal year, the time-dependent long-range corrected second-order DFTB (TD-LC-
DFTB2) method was implemented in conjunction with an implicit solvent model, the polarizable
continuum model (PCM), namely TD-LC-DFTB/PCM [1], in a local version of the GAMESS-US
software package based on an earlier implementation of the LC-DFTB2 method. The long-range
correction employed in this study closely followed the work by Lustker et al. [2] Analytic first-order
derivatives were also implemented by employing the Z-vector method as in the well-known TD-DFT
with long-range corrections. The exchange-type term, which exhibited an unfavorable computational
requirement, was computed via efficient matrix multiplications, and thus, the scaling of the (TD-)LC-
DFTB method was expected to be cubic as in the conventional (TD-)DFTB. Compared with the
conventional DFTB2, LC-DFTB2 for the ground state was 1.4 times more computationally expensive,
whereas TD-LC-DFTB2 for excited states was approximately 3 times more computationally
expensive. However, a single-point gradient calculation for a system consisting of 1000 atoms took
only 30 min (without PCM) with one CPU core, demonstrating the advantage of the TD-LC-DFTB2
method. Adding PCM increased the computation time significantly.

As a pilot example, in the calculations for 3-hydroxyflavone (3HF), which exhibits dual
emission, TD-LC-DFTB2 predicted similar absorption and enol-form emission energies as TD-LC-
BLYP/aug-cc-pVDZ; however, the predicted emission energy of the keto form deviated significantly
from the experiment and from TD-LC-BLYP. Further benchmark calculations were performed using
the other TD-DFTB methods implemented in GAMESS-US, TD-DFTB2, TD-DFTB3, and TD-LC-
DFTB?2 for a set of molecules that were previously collected and theoretically evaluated by Jacquemin

et al. Even though TD-LC-DFTB2 clearly overestimated the absorption and 0—0 transition energies
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when compared with the experimentally measured values, they @

agreed well with the results obtained by CAM-B3LYP and >or

significantly reduced the computational cost. Further, when the 3 4.0}

range separation parameter w was decreased from 0.30 to 0.15, E

the results agreed even more closely with CAM-B3LYP (Fig. 1). & 301 _
Therefore, based on these benchmark calculations, TD-LC- 8: 20k : g«i)cs}orptlon
DFTB2 can be considered a computationally cost-effective E 2'0 3'0 4'0 5'0
approximation of DFT with long-range corrections. TD-CAM-B3LYP

It should be noted that the currently available parameter Fig. 1 Comparison of absorption
set is rather limited and only includes various combinations of H, and 0-0 transition energies
C, N, and O elements. In addition, the extension to include the calculated with CAM-B3LYP and
third-order Taylor expansion, namely (TD-)LC-DFTB3, is also LC-DFTB with w = 0.15.
important. The extension to TD-LC-DFTB3 should be rather
straightforward as long as the LC-DFTB3 energy is formulated and appropriate parameters are
developed because TD-DFTB3 has been developed in GAMESS-US. Hence, further development
and improvement are essential for practical application studies. The developed method is expected to
be publicly available in GAMESS-US in the future.

Development of Analytic Derivatives of QD-PC-NEVPT2 and QD-SC-NEVPT2

A balanced treatment of dynamic and static electron correlation is important in
computational chemistry, and multireference perturbation theory (MRPT) is able to do this at a
reasonable computational cost. In addition to the above study, analytic first-order derivatives,
specifically gradients and dipole moments, are developed for a particular MRPT method,
quasidegenerate partially and strongly contracted n-electron valence state second-order perturbation
theory (QD-PC-NEVPT2 and QD-SC-NEVPT2) [3,4] were developed.

Looking at MRPT methods, such as NEVPT2 and complete active space second-order
perturbation theory (CASPT2), in terms of analytic derivative techniques, the first challenge is posed
by the fact that most MRPT energies are not variationally optimized with respect to wavefunction
parameters (molecular orbital and configuration coefficients). This necessitates the evaluation of
derivatives of nonvariational parameters, which are orbital and configuration interaction (when
internally contracted) coefficients. A straightforward approach is to evaluate these derivatives directly
by solving the coupled-perturbed equations. Despite the simplicity of this strategy, the number of
coupled-perturbed equations to be solved increases linearly with the number of atoms in the system,
so it is not suitable for treating even medium-sized systems. Another, more practical, approach relies
on the Z-vector or Lagrangian methods. The advantage of these methods is the reduced computational
requirement: solving only one perturbation-independent equation is sufficient to evaluate response
contributions for the first-order derivatives. In this study, first-order derivatives are computed by

exploiting the Z-vector method, so the additional computational cost is not explicitly dependent on
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the number of atoms. Furthermore, the derived expressions do not involve any vanishing
denominators resulting from orbital degeneracies (in contract to the strongly contracted variant).

In the first part of the study, state-specific PC-NEVPT2 has been implemented in a local
version of GAMESS-US and applied to typical systems: the geometrical parameters of O3 and O3
and the 0-0 transition energies of methylpyrimidines and a series of trans-polyacetylenes. The results
show the importance of perturbative corrections and the necessity for development of analytic
derivatives. A comparison with experiment suggests that the accuracies of NEVPT2 and CASPT2 are
roughly comparable: CASPT2 with the IPEA shift outperforms other wavefunction methods for
methylpyrimidine derivatives, while NEVPT2 does so for trans-polyacetylene.

CASPT?2 calculations for the state-averaged CASSCF reference required a shift technique84
to ensure convergence of the amplitude equation. The 0-0 transition energies computed using the
extended multistate (XMS) CASPT2 method with and without the IPEA shift indicated that the
impact of the IPEA shift is as large as 0.3 eV. The ionization potential-electron affinity (IPEA) shift
improved the agreement with experiment for methylpyrimidine derivatives, but slightly degraded it
for the larger transpolyacetylene. These two shift techniques may impart a slight arbitrariness to
multistate CASPT2 calculations, but NEVPT?2 is an intruder-state-free method, and no such empirical
parameters are required as long as an appropriate active space is used. In addition, since NEVPT2 is

size-consistent, it can be applied to chemical reactions.

In the latter part of the study, analytic derivatives (gradients, gradient difference, and
interstate coupling vectors) of QD-PC-NEVPT2 and QD-SC-NEVPT2 methods were developed and
implemented in a local version of GAMESS-US. The methodology was applied to locating Cls in a
typical system: benzene. The results from QD-PC-NEVPT2 and QD-SC-NEVPT2 were quite similar
to each other, and the result from QD-NEVPT2 was overall similar to that of XMS-CASPT2. The
results presented in the study also highlight the importance of adding dynamical electron correlation.
It is also found that spin-flip time-dependent density functional theory (SF-TD-DFT) overall
demonstrated better performance than CASSCF for relative energies and optimized structures, but
the spin contaminations were significant. Additionally, the character of the stationary point in the
intersection space should be verified by performing vibrational frequency analysis.

In future, algorithmic improvements are highly desirable; for instance, CASSCF in
GAMESS-US does not utilize any matrix decomposition techniques, which severely restricts the
number of orbitals that can be employed in CASSCF and NEVPT?2 calculations.
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Kimihiko Hirao
Research Director
(1) Summary of the research of the year

(a) Theoretical Study of Long-range Corrected (LC) Functionals in DFT

Density functional theory (DFT) is as a powerful computational tool for chemical systems.
Conceptually, it is appealing because, with the one-electron Kohn-Sham (KS) DFT, all properties
are in principle obtainable directly from an observable that is the electron density. A major obstacle
to the application of KS-DFT is that the form of the exact functional is yet unknown. As a result,
there have been continuous developments of approximate DFT methods. These methods represent a
useful way for tackling many chemical problems with adequate accuracy. Despite the success of
approximate functionals, they are not without problem. Two major causes for these failures are the
incorrect long-range behavior (at tails of the density) and self-interaction errors associated with the
local character of approximate functionals. While a DFT-based cure for these drawbacks remains
elusive, non-DFT strategies have been developed to alleviate the symptoms. Some of these
approaches, e.g., the use of Hartree—Fork (HF) exchange in hybrid-DFT, have been demonstrated to
be useful and widely applicable.

We have developed the long-range corrected (LC) functionals. In the LC scheme, the electron
repulsion operator, 1/r12, is divided into short-range (SR) and long-range (LR) components using a
standard error function:

1 _ 1—erf(ur) N erf (uriz)

ri2 ri2 ri2

The parameter x determines the weight of the two ranges as a function of 712. In most cases, LC
functionals generally show consistent desirable features, especially in the high reproducibility of
van der Waals bonds, electronic spectra, optical response properties. A striking feature of LC-DFT

that it approximately satisfies Koopmans-type theorem.

Using this, we have proposed a new simple and conceptual theoretical scheme for estimating
one-electron excitation energies using KS solutions. The excitation energies can be obtained as
differences between occupied orbital energies of a neutral parent and/or unoccupied orbital energies
of its cation. One-electron transitions that are dominated by the promotion from one initially
occupied orbital to one unoccupied orbital of a molecular system can be expressed in a two-step
process, ionization and electron attachment. The KS solution of LC functionals adheres to
Koopmans-type theorem. Thus, the scheme is based on the following theoretical considerations as

shown below
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Figure 1. Plot of energy versus number of electrons

In this study, we use three computational schemes to calculate excitation energies. The closed-shell
neutral system is solved by restricted KS equation and the cation is calculated by unrestricted KS
method. Schemel uses the orbital energies of the neutral and cation systems; the one electron

excitation energy from the occupied orbital i to unoccupied orbital a is given by:

TPEAEG —> a) =" (M) —¢&,(M)

SingletAE(l- _)a) :gaﬂ(M"')_gi(M)—l—[85(M+)_8:(M+)]
:ng(MJr)—EZ(MJr)_gi(M)

where & (M) is the occupied orbital energy of the neutral system, and &“(M*) ande&” (M)
are the orbital energies of the unoccupied «a—, - spin orbitals of the cation. To keep the spin
symmetry, the correction term, &”(M*)—&“(M"), is added for the singlet excitation. Scheme2

uses just the solutions of the cationic system:

TripletAE(l' —>a)= I:é‘f (M+) - 5,'ﬂ (M+):|

SingletAE(l- N a) — 2gf(M+)—€Z(M+)_€i'B(M+)

It is devise on the basis that the electron affinity of a molecule is the ionization energy of its anion.

In other words, scheme2 uses the relation:

g(M)=¢g(M")
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where &”(M™)is the orbital energy of the unoccupied /g -spin orbital that pairs with the singly

occupied molecular orbital (SOMO) of the cation. The above relation is not strictly satisfied even

for LC functionals. To restore the identity, the scale factor f'is introduced:
f=e M)/l (M)

such that excitation energies can then be obtained with the occupied orbital energies of M and the

scaled unoccupied orbital energies of M*:
TripletAE(l-_>a)zg;z(M+)Xf_gi(M)ZI:gZ(M‘*')—giﬁ(M‘*'):'Xf
SinglelAE(l-_)a)=[285(M+)_85!(M+)]Xf_gi(M):|:28aﬂ(M+)_8:(M+)—5iﬂ(M+)]Xf

This corresponds to Scheme 3. If /=1, three schemes would give identical excitation energies. For
LC-DFT, fis usually close to 1. In contrast, f for conventional functionals such as LDA, and GGA
deviates substantially from 1. It has been shown that good accuracy for various one-electron

excitations including valence, core excitations and charge transfer excitations is obtained.

Orbitals provide an intuitive language for the complex reality of molecules. In addition, they
are not merely a convenient concept but, through Koopmans-type theorem, they provide a simple
and natural connection between orbital energies and an experimental observable, namely ionization
energies. The solutions of KS equation with LC functionals adhere to Koopmans-type theorem and
they thus have a tangible physical meaning. Our study exploit this desirable characteristic to obtain
accurate one electron excitations using orbital energies of LC-type functionals, which further

demonstrates the physical significance of KS orbitals.

(b) Application of LC-DFT to Periodic Boundary Condition Systems: CO Adsorption on
Cu(111) Surface

Several different types of DFT exchange correlation functionals were applied to a periodic
boundary condition (PBC) system [carbon monoxide (CO) adsorbed on Cu(111): CO/Cu(111)] and
the differences in the results calculated using these functionals were compared. The exchange
correlation functionals compared were those of Perdew-Burke-Ernzerhof (PBE) and those of LC-
DFT, such as LC-wPBE(2Gau) and LC-BLYP(2Gau). Solid state properties such as the partial
density of states (PDOS) were calculated in order to elucidate the detailed adsorption mechanisms
and back-bonding peculiar to the CO/Cu(111) system. In addition, our benchmark analysis of the
correlations among the orbitals of CO and Cu metal using LC-DFT reasonably was in line with the
experimentally observed adsorption site. The computation time was reasonable, and other numerical

results were found to agree well with the experimental results, and also with the theoretical results
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of other researchers. This suggests that the long-range Hartree-Fock exchange integral should be

included to correctly predict the electronic nature of PBC systems.
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Partial DOS, on CO projected, for top sites (a, b, and ¢) and fcc sites (d, e, and f)
calculated using PBE (a, d), LC-oPBE(2Gau) (b, ¢), and LC-BLYP(2Gau) (c, f)
functionals. The Fermi level is set to 0 eV.

(c) Application of LC-DFT to isomerization energy calculations of thiourea compounds

We have previously reported that whereas conventional DFT functionals have provided poor
calculations on the alkane isodesmic reaction energy and isomerization reaction energy of organic
molecules that include C, N, and O atoms, our developed LC- and LC including Gaussian attenuation
(LCgau)-DFT+ local response dispersion (LRD) functionals, which can accurately calculate inter-
and intra-molecular weak interactions, gives accurate isomerization energies on these reactions. In
this work, we found that B3LYP-D3, LC-wPBE-D3, and wB97XD, known for their good descriptions
of weak interaction calculations, fail to reproduce the isomerization reaction energies of the molecules
that include the S atom, such as methylthiourea, ethylthiourea, and propylthiourea. In contrast, LC-
and LCgau-BOP+LRD functionals provide isomerization reaction energies that are very close to
those produced by highly accurate wave function methods. These results show that accurate
description of the intramolecular weak interaction between the alkyl group and the S atom, unlike the

case of urea, is significant to reproduce correct energy of molecules with alkyl group and S atom.
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(2) Original papers

(1) A Computational Study on the Kinetics of Pyrolysis of Isopropyl Propionate as a Biodiesel Model:
DFT and Ab Initio Investigation
Abolfazl Shiroudi; Kimihiko Hirao; Kazunari Yoshizawa; Mohammednoor Altarawneh;
Mohamed Abdel-Rahman; Asmaa El-Meligy; Ahmed El-Nahas, Fuel, submitted.

(2) 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 Hanseok, submitted

(3) 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

PCCP, submitted
(4) NWChem: Past, Present, and Future, Edoardo Apra, et al., J.Chem.Phys., 152, 184102 (2020)

(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 Yamashit, and Kimihiko Hirao,
J.Chem.Phys., 152, 104105 (2020)
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(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.,
41, 1368-1383 (2020)

(7) A Simple Model for Relative Energies of All Fullerenes Reveals the Interplay Between Intrinsic
Resonance and Structural Deformation Effects in Medium-Sized Fullerenes
Chan, Bun; Kawashima, Yukio; Dawson, William; Katouda, Michio; Nakajima, Takahito;
Hirao, Kimihiko, J.Chem. Theory and Computat. 15, 1255-1264 (2019)

(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 123 7034-7041 (2019)

(9) Electronic Transport Investigation of Redox-Switching Azulenequinones/Hydroquinones via
First-Principles Studies, El-Abed Haidar, Sherif A. Tawfik, Catherine Stampfl, Kimihiko Hirao,
Kazunari Yoshizawa, Safinaz H. El-Demerdash, Takahito Nakajima, and Ahmed M. El-Nahas,
Phys.Chem.Chem.Phyts., 21, 17859-17867 (2019)

(10) The reHISS Three-Range Exchange Functional with an Optimal Variation of Hartree—Fock
and Its Use in the reHISSB-D Density Functional Theory Method Bun Chan, Yukio Kawashima
and Kimihiko Hirao, J. Comput. Chem.(Memorial Festschrift for Keiji Morokuma), 40, 29-38
(2019)

(11) 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), 40,
104-112 (2019)
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1. Summary of the Research of the Year

(a) Facile Insertion of Ethylene into a Group 14 Element-Carbon Bond: Effects of the

HOMO-LUMO Energy Gap on Reactivity

The reactions of heavier divalent group 14 element species and unsaturated C—C bonds have
attracted increasing interest because of their potential relevance for catalysis involving group 14
molecules. Their relatively low HOMO-LUMO gaps generate sufficiently high reactivity such that
they can often interact with alkenes or alkynes under mild conditions. Several researchers have shown
that tetrylenes (ER»; E = Si, Ge, Sn or Pb), tetrlynes (REER) and tetrylenoids (species in which
tetrylenes are stabilized by coordination to a donor molecule) react with alkynes affording
cycloaddition products. However, examples of direct reactions between olefins and heavier tetrylenes
remain relatively rare, in part due to increased HOMO-LUMO energy separations as the atomic
number of E increases, and none has led to insertion into an E—C bond. In 1994, it was reported that
the germylene (GeR,, R = —CH(SiMe3),) reacted with ethylene to give a 1,2-digermacyclobutane,
probably via a germirane intermediate. More recently, it was shown that a silylenephosphine complex
and a bis(arylthiolato) silylene reacted in a reversible fashion with ethylene. In 2015, the silyl
silylene, :Si{N(CsH3-2,6-'Pr,)SiMe;s} {Si(SiMes);}, was shown to undergo migratory insertion of
ethylene into a Si—Si bond. However, no examples of a simple insertion of ethylene or other olefins
into group 14 element-carbon bonds has been reported. For stannylenes, calculations on the reaction
of SnH, with ethylene suggest that it involves a two-step mechanism to give, initially, a
metallocyclopropane upon binding followed by subsequent insertion into the Sn—H bond. In 2008, it
was reported that a stannylene and a iodobenzene reacted with olefins under mild conditions. The
olefin addition products display regioselectivity consistent with a radical induced migratory insertion
into a C—H bond. Nonetheless, the direct reaction of a organostannylene with ethylene or other olefins
under ambient or near ambient conditions has remained unknown. Therefore, we investigated the
direct reaction of the diarlystannylenes Sn(Ar*™), and Sn(Ar™®),, (Ar*™* = C¢H;-2,6-(CsH3-2,6-'Pr2)s,
Ar' = CgH;-2,6-(CsH2-2,4,6-Pr3),) with ethylene at 60°C which afford products in which one
equivalent of ethylene is inserted into one of the Sn—C bonds. By performing density functional theory
calculations, two potential mechanisms were identified with a migratory insertion reaction path being

energetically preferred.

(b) Influence of Local Strain Caused by Cycloaddition on the Band Gap Control of
Functionalized Single-Walled Carbon Nanotubes

Single-walled carbon nanotubes (SWNTs) have attracted significant interest due to their
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remarkable mechanical stability and intrinsic optical and electrical properties. Their various electronic
states based on the diameter and helicity make SWNTs attractive as the building blocks of electronic
and optical nanodevices. In 2002, near-infrared (NIR) photoluminescence (PL) of semiconducting
SWNTs was observed in individually dispersed SWNTs. PL measurements of SWNTs have been used
as a useful analytical method to assign SWNT structures because the first (E;;) and second (Ez)
optical transition energies can be identified from the excitation and emission energies. As NIR
photoluminescent materials, SWNTs are expected to be of practical use in the imaging of biological
tissues, telecommunications, and other applications. Recently, it has been reported that the chemical
functionalization of SWNTs, such as photooxidation, arylation, and alkylation, induces bright and
red-shifted NIR PL peaks. In the present study, SWNTs were functionalized using dibromoalkanes to
clarify the influence of the local strain induced by cyclic addenda on the red-shifted PL wavelength of
functionalized SWNTs. After functionalization, new PL peaks emerged as a dominant peak in the
range of 1215-1242 nm depending on the alkyl chain length of the dibromoalkane used. The
functionalization degree of the alkylated SWNTs were strongly influenced by the alkyl chain length of
the addenda. The density functional theory calculations showed that the structural changes in the
SWNTs increased with increasing alkyl chain length of the cyclic addenda. In addition, the
calculations revealed that the naphthyl unit and the length of the alkyl group in the addenda influence
the absorption and emission energy of functionalized SWNTs, and “local strain” induced by
cycloaddition plays an important role in tuning the local band gap energies of functionalized SWNTs.
It is expected that these findings will broadly impact for the fundamental understanding of the
intrinsic PL properties of SWNTs and will be useful for the development of photonic devices,

bioimaging, strain sensing, and other applications.

(c) Pivotal Role of Nonmetal Atoms in the Stabilities, Geometries, Electronic Structures,

and Isoelectronic Chemistry of Sc;:X@Cso (X =C, N, and O)

Fullerenes with encaged metallic clusters are regarded as endohedral clusterfullerenes
(cluster-EMFs), including nitride clusterfullerenes, carbides clusterfullerenes, oxide clusterfullerenes,
sulfide clusterfullerenes, cyanideclusterfullerenes, hydrocarbide clusterfullerenes, and carbonitride
clusterfullerenes. Great efforts have been devoted to cluster-EMFs owing to their peculiar structures
and promising applications in various fields such as biomedicine and energy conversion, since the
successful synthesis and isolation of the first cluster-EMF ScsN@Cso. Nevertheless, it remains a
question about the effect of the nonmetal atoms on Sc;X@Cso (X = nonmetal atoms). Up to now, there
is no work to systematically show a further insight into the effect of the nonmetal atoms on the
geometries and electronic characters of Sc;X@Cso. Thus, the structures and chemical features of
Sc;X@Cso (X = C, N, and O) with the same metal atoms but different nonmetal atoms of inner
trimetallic cluster attracted our great interest. There is isoelectronic chemistry on fullerenes. It was
reported that M,TiC@Csgy species are isoelectronic to M>ScN@Csy such as the isoelectronic
ScoTiIC@Cso and ScsN@Cso. The heterofullerene CsoN was recognized as a dimer for a while, but

CsoN", the isoelectronic species of Cgo, was successfully synthesized in 2003. In addition, various
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neutral and anionic Mo@In-Cso (M = Sc, Y, La, Gd, and Lu) species have also been presented, and it
turns out that the neutral endohedral metallofullerenes (EMFs) with an unpaired electron on the cage
can be stabilized by anionization. Considering Sc;X@Cso (X = C and O) with the same number of
atoms and distinguishing from Sc;N@Cszo by only one electron, we constructed the isoelectronic
cluster-EMFs including (Sc;C@Cso), ScsN@Cso, and (Sc;O@Cso)". It is well known that applications
greatly rely on characters, which are dictated by structures. Herein, the optimal structures of
Sc;X@Cso (X = C, N, and O), (Sc;C@Cso) , and (Sc;0@Cso) were determined by density functional
theory combined with statistical thermodynamic analysis. The ab initio molecular dynamics (MD)
was also carried out to evaluate the dynamic stabilities of the thermodynamically preferred Sc;X@Cso
(X =C, N, and O) and to reveal the movement of ScsX in Cgo. Also explored were the electrophilic
and nucleophilic reactivities as well as the reaction sites of (Sc;C@Cso)—, ScsN@Cso, and
(Sc;0@Cso)". Planar Sc;X (X = C, N, and O) freely rotate in Dsy(31923)-Cso, 1,(31924)-Cso, and
11(31924)-Cgp. The electronic structures of Sc;C@Dsn(31923)-Cso, ScsN@In(31924)-Cgo, and
Sc;0@In(31924)-Csp are quite distinct from each other. Both Sc3O and ScsN formally donate six
electrons to In(31924)-Cso, while Sc;C formally donates five electrons to the outer cage in
Sc;C@Dsn(31923)-Csp  with  one wunpaired electron on the outer cage. As a result,
Sc;C@Dsn(31923)-Cso performs as a free-radical cluster-EMF, which is expected to be isolated by
exodedral derivatization or ionization in the future experiment. This work would provide some
reasonable evidence for researchers to understand the roles of nonmetal atoms of the inner trimetallic
moieties in trimetallic cluster-EMFs. The isoelectronic laws can identically apply to the cluster-EMFs,
at least in terms of the geometries, electronic structures, and reactivities for optimal
[Sc;C@In(31924)-Cso] ", ScsN@In(31924)-Cso, and [Sc;O@In(31924)-Cso]". Nonetheless, their reactive
sites are different due to the different nonmetal atoms of inner moieties and the perfect symmetry of
11(31924)-Cso. Three isoelectronic species prefer electrophilic reactions to nucleophilic reactions. The
electrophilic reaction for [Sc;O@In(31924)-Cso]” is the easiest, indicating that neutral
Sc;0@In(31924)-Cs is stable, whereas [Sci;C@In(31924)-Cgo]™ is inclined to obtain an electron to

become stable via ionization and exodedral derivatization with the electron donor.

(d) Thermodynamic Control of Quantum Defects on Single-Walled Carbon Nanotubes
Single-walled carbon nanotubes (SWNTs) have attracted attention due to their remarkable
mechanical stability and optoelectronic properties. The ability to tailor the electronic properties of
SWNTs based on their diameter and helicity makes them attractive materials as building blocks of
electronic and optical nanodevices. Their suitability for an application depends on their band gap
along with their absorption and photoluminescence (PL) properties which are observed in the
near-infrared (NIR) region. As NIR photoluminescent materials, SWNTs have been used in
bioimaging, telecommunications, and sensor design applications. It has been reported that
functionalization of SWNTs can control their NIR PL properties, resulting in the emergence of
red-shifted PL peaks with high quantum yields. Encouraged by these reports on isomerization of

fullerene derivatives, the thermodynamic control of the PL wavelength as well as the intensity of
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quantum defects on SWNTs was investigated. Control of the PL wavelength of quantum defects on
SWNTs was achieved by thermal treatment. The combination of optical measurements and theoretical
calculations is effective for understanding the structure and properties of SWNTs, including the

isomerization of functionalized SWNTs. After

R
thermal treatment, red-shifted PL observed for A"’ g2
. A 3a:R'=H,R?=H R*=H

3a-3d at 1215-1219 nm decreased with an 3b:R'=Me,R?=H,R3=H

- :R'=Me, R2=Me, R3=H
emergence of new PL peaks at 1249-1268 nm. 3 gfj R1= M?a, R2= Mee, R3= Me
Although the PL peak intensity was tuned, new PL /N, 3e:R'=Ph R?=Ph,R’=H

A< A" 4a:R'=HR2=H

peaks at longer wavelength were not observed for [ 4b: R'=Me, R?=H

4c: R'=Me, R2= Me

3e, 4a—4c, and acyclic alkylated SWNTs after
thermal treatment. The density functional theory
calculations showed that the absorption and emission energies of functionalized SWNTs are  strongly
dependent on the addition patterns. By demonstrating the relationship between the stability and the
local band gap energy of the functionalized SWNT isomers, it is suggested that the thermal
isomerization from kinetic to thermodynamic products is responsible for the changes in the red-shifted

PL wavelength of functionalized SWNTs.

2. Original Papers
(1) T. Y. Lai, J. -D. Guo, J. C. Fettinger, S. Nagase, and P. P. Power,
"Facile Insertion of Ethylene into a Group 14 Element-Carbon Bond: Effects of HOMO-LUMO
Energy Gap on Reactivity"
Chem. Commun., 55, 405-407 (2019).
(2) Y. Maeda, K. Kuroda, H. Tambo, H. Murakoshi, Y. Konno, M. Yamada, P. Zhao, X. Zhao, S.
Nagase, and M. Ehara,
"Influence of Local Strain Caused by Cycloaddition on the Band Gap Control of Functionalized
Single-Walled Carbon Nanotubes"
RSC Adv., 9, 13998-14003 (2019).
(3) Y. -X. Zhao, M. -Y. Li, Y. —M. Xiong, S. Rahmani, K. Yuan, R. -S. Zhao, M. Ehara, S. Nagase,
and X. Zhao,
"Pivotal Role of Nonmetal Atoms in the Stabilities, Geometries, Electronic Structures, and
Isoelectronic Chemistry of Sc;X@Cso (X =C, N, and O) "
J. Comput. Chem., 40, 2730-2738 (2019).
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"Thermodynamic Control of Quantum Defects on Single-Walled Carbon Nanotubes"
Chem. Commun., 55, 13757-13760 (2019).
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ZHET OO RMARCES R e To 72 Y, S OICEELFAI eI A, X 12§
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(a) (b) (c)

Fig. 1 Organometallic complexes examined in this study. (a) Li and Na catecholates: Li(cat)
and Na(cat), (b) calcium catecholate: Ca(cat), and (c) Mg and Ca oxalates: Mg(ox) and Ca(ox).

[BHEAE] FHEICIT Gaussian09 ¥ 7 M & L 2| % LB EIRER(DFT)IC 25 < ©B97XD 1% H
Wz, FEEE L TE ce-pVDZ 2 H L7, BRI 1(a), (bIZ7R L7z Li(cat), Na(cat), 3L
Ca(cat) DM ISR L 24TV, ZAVBITKRT DKF 0 FWE O rAlgelE, moRWAEE, g L72KEED
BER OSSR, S HICRE SN KES T OE TIRIEZL BT 2 M 1 2 185 7 OfRN 21T -
77

[Li(cat) OfEMFER]

KB A DR FE SNDRTO Z OEROEE LN 2(@)D X 5 TH Y . IRl (hypervalency) % 71~
o ZORITKE S TRERZISHEET 5 2 i3/, T <ITWEZBtE L Tid C©KE 6 5177
WHEINDZENRHALNE -T2 (1K 2(0D),0),

133 Hs

H

J;Hl JH4 é JHZ
J Lix JJ '4Li1 )Hl

(a) (b) ()

Fig. 2 Optimized structures of (a) Li(cat) complex and (b) that with six adsorbed Hs

molecules. In (c) is indicated the same with (b) from a different angle.
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RADKFED TWRAEIZL DT H NV E—ZEIT 13.65 kI/mol (298.15K, 1 atm; LA FRIL) 55 2 .
HEI3BLOEADKESTFREICLDT XL E—LEDESIFNEI 1337, 7.27, 9.78
kl/mol Th o7, XBLIZH 6 KD TREICLDLENOE L, HS D TRENLTIUL 8.13
kJ/mol ThH o7z, ZD X IITEREKRZ G TENPEZHI1FE, = NV E—LZEOHE I T 5
W, D ELE6KRBNTETHEIND ZENHDLNER T2, 72F Tsivion 5,
Mg-catecholate |[Z/KFE DTN 30 FETHEINI DI LEHRELTND Y,

Z D6 KFESTE TS L& ISR 5 H-H? 1B 0.764 A (WBI=0.972) T, {3k
7y OFEAREE 0.758 A (WBI = 1.000)ZLEEE L T LT b DD, WFEF SN REEL 72> TN D =
ENGMD L DO H & H2 ~DREEEL 2.132A & 2319A TH 5, —J7 H-H OFE A& HEEEIT 0.763
A (WBI =0.981)T, [FAU<IMAKFEGTFNOOEITIZEA LR, £ Ly MO OHEEES 7720
B (2.196~2255 ARREE) 72 L, AU ZOFEICBRESN TS ERTEIWZ L35, L
=R T, TS DOWEKED FITREIEMROKERE L CHATEX RN S D Z L1k D,

[Na(cat) DEITHER]

KBTI FE SN D RTO Z OFEEROREE L 4(@) D X 5 T, B 7l (hypervalency) % 7~ L T
W5, ZOKRTHKRBSFHMEET D2 LT ITRAE LG LT, & TKE 6 75 F1HE
ENIH DT ENHLMNER-T= (K 3(b),0),

Hs
H J
Na; H:9 31314 JH: JH: J
H: 9 Jd QH1 ONal &
B Na1° &

ﬁﬁ?y, OGPGI . ser

2 O o
jh'J ) Jd Jd 9
99 J

(a) (b) ()

Fig. 3 Optimized structures of (a) Na(cat) complex and (b) that with six adsorbed H2 molecules.
In (c¢) is indicated the same with (b) from a different angle with indication of adsorbed H:

molecules by red-broken ovals.

Na(cat) TIZEE 6 KFED TWAEETD 157470 L 2L v —22E kT 9.45 kI/mol Th -
T2 IBIZHE 6 TRENDE 8 KFEN TWAHIC X D LEEDOEESIX 13.11 kl/mol T1 4314720
D31 6.56 kl/mol Th o7, ZD X IITWMAEKFE S TENBHE A HI1TE, = XNV E—ZENDH
ITHT 208, D7 EHHE 6 KB TETIHERFTICWEIND Z LRGN E ST,

D% 6 KFESTE THAE LIEICE TS H-H2 B 0.769 A (WBI =0.967) T, f37/KkHE
Oy F OFEA IEE 0.758 A (WBI = 1.000)IZ bl L T LT b DD, G SHIIRIETH D Z &1y
%, NayHD H' & H2~DOHiEEL 2540 A L 2817A TH D, —J5. H-H* OFAHEET 0.764 A
(WBI=0.990)C, [l U< IMNAKFZDF0HDOEBITIFE A ERL, £ Nay 22 H OB S 2272 0 i3
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VY (2.595~2.699 A FRIE) Zp L. ZOSMAICIRE SN TWELERTEIWZ 083905, Lo T
WA T Z N E—DOED G LT, Na(cat) TH 2 6 & H OWEKFES T F TIIBREFEMOKFER E L
THHATEAREMENH D Z 21Tk D,

[Ca(cat) DEHTHER]
KRBT WG SIDETO Z OFROEEIIK 4 (@)D X 9D T, ZOEKRTHL KBS FBEET D
TR FTCITWAEEZRB L T RE CTKE D TBWETDHZ ENRHALNE 7272 (X 5(0),0),

E H, Hs H:

. 4

E Ho JJ

| QH: s ,rm »
1 JHs I‘_I”' o
! 4 HsHs

| J‘

| J

(a) | (b) (c)

Fig. 4 Optimized structures of (a) Ca(cat) complex and (b) that with six absorbed
H: molecules. In (c) is indicated the same with (b) from a different angle with indication

of adsorbed H2 molecules by red-broken ovals.

Calcat) TITBHDKZE S FWAEIC L D= v —22E 01X 10.09 kI/mol, 552, % 3B LUE
4% B DRI TWAEI iéiy&we~£EM®%\i%M%ﬂun69W5H2M@df&o
koé%’“6%5®mﬁﬁ%&%’ LZEALDH X, 45 FWAED DT UL 15.63 kI/mol

%ét@@ﬁﬂi7&MMMT%oto_@io CRAEKRFZ D FEBHE R 21ZE, Li<° Na
waﬁik FIERIZ = Z NV E—ZEACDOHE TS 53, D E b6 KB TETREIND &
525,

ZDF 6 KFESTETRAE LGB 5 H-H? X 0.767 A (WBI=0.963) T, {3k
1 OFEAREE 0.758 A (WBI = 1.000)ZLEEE LT LEETe b 0D, WG SNT-IREETH D Z &3y
5, CainibdH' Y H2~DIFEEL 2691 A L 2525A Th D, —J7, H-H*B LU H-H OF5 AR
Bt 0.766 A (WBI =0.973)3 £ 10 0.761 A (WBI =0.989) T, [7] U < IMSLKED T B OEITIE E A
Ep . F2 Ca B OMEEEL 72 D EW (2.617~2.805 A F2E) 7p L. Z OIS S TW
HERTEWZ ERGND, LR TRRREWVERERFTIEH 505, RNXVEEED Ca(cat) TH
56 & HDOWAE KT T F TITBRBIEMOKER L L THEHTELREERS L Z L1875,

[Mg(ox) & Ca(ox)DIKFEW B EICRET HEERFER]

Mg(0x)F3 £ O Ca(ox)IZ DWW\ T, 77 K~200 K (281 5 /KFEDOEBAEIZI T 2 HE BT 2 =k
I IE 21T > 7c REHIE &7 4 L AFDEHBE N L IR SN TW D KT A A L, BE24H T 7 1K
M 250 CTMENT 5 Z LI K 0 &7, HEEBROFEMITER LT, UTISHROAZTLT,
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X 5(a), (DI L2 HIERE RO 5, 87K, 0.15 MPa (2817 5 Mglox)$ L O Calox)iZ o
TOKRESFTWEEITENEN 0.037 wt% B LTV 0.147 wt% Tdh - 7=,

0.04 - 200
. g —~ 16.0 [

003 ADA. E © D‘:‘Dunuuuu
E o o g E 12.0
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Fig. 5 (a) Hs isotherms of Mg(ox), (b) H2 isotherms of Ca(ox); (in (a) and (b), open or filled
legends respectively indicate pressurizing or reducing process), and (c) calculated H:

absorption enthalpy for Ca(ox).

Kr-BET £ X B e F A OME L, Mg(ox) & Ca(ox)IZkf L TENEIL 59.4 m?/g & 5.6 m%/g TH o
Tre FEHERRITIZNEN2.7X10%2 ecm’/g & 2.7X103 em’/g L 72 o7-, S HIT 150K & 200K 12
BT W FEZEARZ % L C Clausius-Clapeyron 2.9 % VT 7 — Z LB A 1T - 7= Ca(ox)IZH5 1) D kR
T Z =L, K 5D X I -16~-13 ki/mol &5 7=, Ca(ox)D/KFEWAE BT Mg(ox)
DZENLED H2 <, FFIZ Ca(ox) TIEHREREN O MG INLIWAERL D Lo T D,

INODFRERIZHOWVTIES BITHEHEE ICEET 2 BRI TEETLILELH A D, 4%K

FIFR O ERIZ T T, 3RS & BN O A & O LFEWEHEIC L AT —BEEIC R 5
LEZIOLND,
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1. Summary of the research of 2019

The complex systems consisting of transition metal element(s), heavy main-group element(s), and
organic group(s) are important research target in modern chemistry because they play important roles as
metal enzymes, industrial catalysts, catalysts for fine organic synthesis, photo-sensitizer, molecular switch,
luminescence material and so on. Also, they are interesting from the viewpoint of molecular science and
physical chemistry, because they exhibit a variety of new geometry, new chemical bond, rich molecular
property and reactivity, and useful catalysis. The origin of these features is their flexible electronic structures.
Thus, theoretical and computational studies of the electronic structures of the d-electron complex systems are
indispensable for correct understanding of various chemical issues, finding new functions and prediction of
new useful material.

These complex systems are challenging research targets from the point of view of
theoretical/computational chemistry; their electronic structures are not simple but complicated in many cases.
One good example is multi-nuclear transition metal complexes which exhibits significantly large
non-dynamical electron correlation effects. Another example is significantly large coupling of electronic
structure with surrounding atmosphere such as solvation effects, molecular crystal effects and so on. Infinite
systems such as metal-organic-framework (MOF) and metal oxide surface are new challenging target
because they are infinite systems but high quality electronic structure calculation is needed to present correct
understanding.

Our group is theoretically investigating the d-electron complex systems bearing complicated electronic
structure with electronic structure theory. In 2019, we performed various theoretical studies, as follows: (i)
Theoretical study of sp> C—H borylation catalyzed by iridium(III) triboryl complex and prediction better
iridium catalyst, (ii) Theoretical Characterization of Rh—Al Bond in Rh(PAIP) (PAIP = Pincer-type
diphosphino-aluminyl ligand) in comparison with Rh(L)(PMes), (L = AlMe,, Al(NMe:),, BR,, SiR3, CH3, Cl,
or OCHs), (iii) Dependence of Absorption and Emission Spectra on Polymorphs of Gold(I) Isocyanide
Complexes: Theoretical Study with QM/MM Approach, (iv) Catalysis of Cu Cluster for NO Reduction by
CO: Theoretical Insight into the Reaction Mechanism,

(v) Mechanism of NO—CO reaction over highly dispersed cuprous oxide on y-alumina catalyst using a
metal-support interfacial site in the presence of oxygen: similarities to and differences from biological
systems, (vi) How To Perform Suzuki-Miyaura Reactions of Nitroarene or Nitrations of Bromoarene Using a
Pd” Phosphine Complex: Theoretical Insight and Prediction, (vii) QM/MM Approach to Isomerization of
Ruthenium(II) Sulfur Dioxide Complex in Crystal; Comparison with Solution and Gas Phases, (viii)
Theoretical Insight into Gate-Opening Adsorption Mechanism and Sigmoidal Adsorption Iso therm into
Porous Coordination Polymer, and so on. We wish to report some of them, below.

Bpin i
Na,, | (Bpin
(i) Theoretical study of sp> C—H borylation catalyzed by N oo G..-Bpin v
iridium(III) triboryl complex and prediction better N . ~ 3}:1 -
iridium catalyst Q{f R e~
Iridium-catalyzed C-H borylation of THF was b (:l?"g;.?*:l NV
theoretically investigated as example of sp®° C-H \%Q ) apin
34.6

functionalization. DFT computations show p-regioselective Scheme 1. B-Regioselective iridium-

borylation occurs more easily than a-regioselective one, as  catalyzed borylation of sp*>-C of THF.
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reported experimentally, through oxidative addition of C—H bond to iridium(III) species and reductive
elimination of B—C bond. The reductive elimination is rate-determining step and
regioselectivity-determining step. The lower energy transition state (TS) of the reductive elimination of
[boryloxolane arises from stronger Ir--(f-oxolanyl) interaction than Ir--(a-oxolanyl) one at TS. The
stronger Ir--(f-oxolanyl) interaction than the Ir--(a-oxolanyl) one is a result of higher valence orbital energy
of a~oxolanyl group than that of f-oxolanyl group due to antibonding overlap of the valence orbital with O
2p orbital, where SOMO of oxolanyl radical is taken as valence orbital hereinafter. Reactivity of substrate
decreases following the order, primary () C—H of ethyl ether > primary C—H of n-pentane ~ secondary (/)
C—H of THF > secondary C—H of cyclopentane > secondary («) C—H of THF ~ secondary C—H of n-pentane
> secondary (a) C—H of ethyl ether. Primary C-H bond is more reactive than secondary one because of its
smaller steric repulsion and lower energy valence orbital of primary-alkyl group. f C—H bond of THF is
more reactive than secondary C-H bond of cyclopentane, because of lower energy valence orbital of
[~oxolanyl group than that of cyclopentyl group. Both steric and electronic factors are important for
determining reactivity of substrate. Bidentate ligand consisting of pyridine and N-heterocyclic carbene is
predicted to be better than 3,4,7,8-tetramethyl-1,10-phenanthroline used experimentally.

(ii) Theoretical Characterization of Rh—Al Bond in Rh(PAIP) (PAIP = Pincer-type
diphosphino-aluminyl ligand) in comparison with Rh(L)(PMes); (L = AlMe;, AI(NMe;):, BRj, SiR3,
CH;, Cl, or OCHz)

Unique Rh-Al bond in recently synthesized Rh(PAIP) 1 & pview side view W a, ?
{PAIP = pincer-type diphosphino-aluminyl ligand ™ \;: s \}'}“
AI[NCH,(P'Pr,),](CéH4)2NMe} was investigated using T@Tﬁ’s‘?ﬁ.g’.’“ ?:\%\,‘g'/'/g{." (_zﬂm‘
DFT method. Complex 1 has four doubly-occupied L j'_f\*!h\ v MY

P'RhP? 157° P'RhP? 176°

non-bonding d orbitals on the Rh atom and one Rh d ARa. 32 AR 3
NIAIN? 1307 NIAINT 1107

orbital largely participating in the Rh-Al bond which

1 M
RE(PAIP)(PPr,), REANH(C,H)],NCH, ) [(PH{Pr,),]

Scheme 2. Rh(PAIP) and its model complex
and Al atoms like in covalent bond. Interestingly, jnvestigated here.

Rh®-AI** polarization is observed in the bonding MO of
1, which is reverse to Rh*"-E* (E = coordinating atom) polarization found in usual coordinate bond. This

exhibits considerably large bonding overlap between Rh

unusual polarization arises from the presence of the Al valence orbital at significantly higher energy than the
Rh valence orbital energy. Characteristic features of 1 are further unveiled by comparing 1 with similar Rh
complexes RhL(PMes), (2 for L= AlMe,, 3 for L = Al(NMe),, 4 for L = BMe;, 5 for L = SiMe;3, 6 for L =
SiH3, 7 for L = CHs, 8 for L = OMe, and 9 for L = CI). As expected, 7, 8, and 9 exhibit usual Rh*"-E*
polarization (E = coordinating atom) in the bonding Rh-E MO. On the other hand, the reverse Rh®-E®
polarization is observed in the Rh-E bonding MOs of 2 to 5 like in 1, while the Rh-Si bond is polarized little
in 6. These results are clearly understood in terms of the valence orbital energy of ligand. Because the
LUMO of 1 mainly consists of the Rh 4dg, 5s, and 5p orbitals and the Al 3s and 3p orbitals, both of Rh and
Al atoms play role of coordinating site for substrate bearing lone pair orbital. For instance, NH; and pyridine
coordinate to both of Al and Rh atoms with considerably large binding energy. PAIP exhibits significantly
strong trans-influence, which is as strong as that of SiMes; but moderately weaker than that of BMe,. The
trans-influence of these ligands is mainly determined by the valence orbital energy of ligand and the covalent
bond radius of the coordinating E atom.
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(iii) Dependence of Absorption and Emission Spectra on Polymorphs of Gold(I) Isocyanide
Complexes: Theoretical Study with QM/MM Approach We theoretically investigated phenyl(phenyl
isocyanide) gold(I) (PhNC)Au(Ph) 1 and phenyl-(dimethylphenyl isocyanide) gold(I) (dimPhNC)Au(Ph) 2

in crystal wusing our periodic quantum @ ®@% 4 saver souon
mechanics/molecular mechanics (QM/MM) AL Wen ge™
mangd’ A, PRCN2T " " 5
method based on the self-consistent point . ;e k. souoz
587, r.nJ:QIZ!V = -.15!'#’ X
charges to elucidate interesting e GHECIN o
mechano-chemical changes of absorption and  ®w, ool wwerz sover net  souon
.. . ¥ 4 Sy
emission spectra of 1 and 2 in crystal. To asz ., T M e, KE W Lows W
. . . . uZ-3: A £ - e +y £ AR .
characterize 1 and 2 in crystal, their absorption %4 = G o0 S G L SRR s
Audd: 3.7 SOMD2  Au3d: . SOMOZ  pyga: v SOMO2
. . . 285 A Ay fmofod ¢ =-1_?§ o 2mA &Tm" E =-3‘3§I|e\f AZHA fuy o= -t.dzev
and emission spectra in crystal were compared s ma -l s A8 gl e e -
. Aus: &Y 'q:, Auss: 0 e “',‘.-, AusE:
to those in gas phase and CHCl; solvent, where @4  “mes  B0 550 % A

Figure 1. MMLCT-excited state of Au(I) complex in
molecular crystal.

a three-dimensional reference interaction site
model self-consistent field (3D-RISM-SCF)
was employed to incorporate solvation effect. To investigate the phosphorescence spectrum in crystal, we
optimized the geometry of the molecule at the triplet state in crystal which had ground-state geometry
because the population of the excited state is generally very small. The QM/MM calculations showed that 1
formed two polymorphs 1b and 1y, 2 formed two polymorphs 2b and 2g, and 1y was more stable than 1b,
which agree with the experimental findings. In 1b and 2b, the ligand-to-ligand charge transfer state is the
lowest-energy excited state in the absorption, and the m—n* locally excited state on the PhNC moiety is the
lowest-energy triplet state in the emission. In 1y and 2g, on the other hand, the metal-metal-to-ligand charge
transfer (MMLCT) state is the lowest-energy excited state in both absorption and emission. These
characteristic differences between two crystal structures arise from the geometrical features that the Au—Au
distance is much shorter in 1y and 2g than in 1b and 1y and the intermolecular torsion angle n between two
Au-PhNC moieties is much smaller in 1y and 2g than in 1b and 2b, respectively; the short Au—Au distance
raises the energy level of antibonding orbital consisting of two Au do orbitals, and the small 1 angle lowers
the energy level of bonding orbital consisting of two PhNC n* orbitals, leading to the presence of a
lower-energy MMLCT state. The QM/MM calculations also disclosed intramolecular torsion angle t
between the Ph and PhNC planes and CH—n= interaction of the Ph plane significantly influence absorption
spectrum. Based on those computational results, discussion is presented on the differences in absorption and
emission spectra among gas, solution, and crystal, the assignments of experimentally observed excitation and
emission spectra in crystal, and their energy shifts induced by single-crystal-to-single-crystal phase

transition.

(iv) Catalysis of Cu Cluster for NO Reduction by CO: Theoretical Insight into the Reaction

Mechanism DFT calculations here elucidated that NO Dimerization €O, Formation
Cusg-catalyzed NO reduction by CO occurred not through 2N% M" co,
NO dissociative adsorption but through NO dimerization.

NO is adsorbed to two Cu atoms in bridging manner. NO NO Reduction on Cu3g Cluster

adsorption energy is much larger than that of CO. N-O C"as (,, 5. 4 COa :

bond cleavage of the adsorbed NO molecule needs very W 8 no N.O
large activation energy (AG®*). On the other hand, co, Formarlon N3O Foivigtion

(Reduction of CuQ) N_ Formation
Scheme 3. New mechanism of NO reduction
surface with small AG* and very negative Gibbs reaction o N, via NO dimerization on Cu particle.

dimerization of two NO molecules occurs on the Cusg
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energy (AG®) to form ONNO species adsorbed to Cuszs. Then, CO molecule is adsorbed at the neighboring
position to the ONNO species and reacts with the ONNO to induce N-O bond cleavage with small AG** and
very negative AG®, leading to the formation of N>O adsorbed on Cuss and CO, molecule in gas phase. N,O
dissociates from Cusg and then it is re-adsorbed to Cusg in the most stable adsorption structure. N-O bond
cleavage of N,O easily occurs with small AG® and significantly negative AG® to form N, molecule and O
atom adsorbed on Cusg. The O atom reacts with CO molecule to afford CO, and regenerate Cuss, which is
rate-determining. N>O species was experimentally observed in Cu/y-Al,Os-catalyzed NO reduction by CO,
which is consistent with this reaction mechanism. This mechanism differs from that proposed for Rh catalyst
which occurs via N-O bond cleavage of NO molecule. Electronic processes in the NO dimerization and the
CO oxidation with O atom adsorbed to Cuss are discussed in terms of the charge-transfer interaction with

Cuss and frontier orbital energy of Cuss.

(v) Reaction Behavior of the NO Molecule on the Surface of an Mn Particle (M = Ru, Rh, Pd, and Ag;
n = 13 and 55): Theoretical Study of Its Dependence on Transition-Metal Element Reaction of NO
Rhys

molecule on M3 and Mss clusters (M = Ru, Rh, Pd, and Ag) ' ey

was theoretically investigated to elucidate the reason why its

High Energy Valence d-band / d-orbital

reaction behavior depends on the position of metal element
in the periodic table. DFT computations show that NO

dissociative adsorption occurs on M = Ru and Rh, NO

molecular adsorption occurs on M = Pd, and NO
dimerization occurs on M = Ag, which agree with _ 2
experimental findings. The d-band center and d-band top . ' NO Dimerization

become lower in energy following the order Ru>Rh>Pd > Scheme 4. NO dissociative adsorption
Ag; this is one of the characteristic features of the periodic ~ (above) and NO dimerization (below)

table. In Ag cluster, the valence band-top consists of Ag 5s orbital and its energy is higher than the d-band
top of Pd. For NO dissociative adsorption, the M-N and M-O bond formations are crucially important at the
transition state and the product, to which the metal d orbital contributes very much. Ru and Rh clusters have
high energy d-band center and d-valence band top, leading to the formation of strong M-N and M-O bonds.
Pd and Ag clusters have low energy d-band center and d-band top, leading to the formation of weak M-N and
M-O bonds. Because Ag cluster has high energy 5s valence band which can overlap well with the 7*+ 7t*
MO of ONNO (NO dimer) moiety due to the same symmetry, charge-transfer (CT) occurs from Ag cluster to
the t*+ n* MO, which is indispensable for NO dimerization. The 4d-valence band top of Ru and Rh clusters
does not fit to the n*+ n* MO because of the different symmetry. Though the d-valence band top of Pd
cluster can overlap with the n*+ n* MO, its energy is low, which is not good for the CT. Thus, the reactivity
of metal cluster for NO is determined by the energy and type (4d or 5s) of the valence band top, which both
depend on the position of element in the periodic table; accordingly, Ru and Rh clusters are reactive for NO
dissociative adsorption, Ag cluster is reactive for NO dimerization, but Pd cluster is not reactive for both and

only NO molecular adsorption is possible.

2. Original Papers
(1) Nozomi Takagi, Masayuki Nakagaki, Kazuya Ishimura, Ryoichi Fukuda, Masahiro Ehara, and
Shigeyoshi Sakaki,
Electronic Processes in NO Dimerization on Ag and Cu Clusters: DFT and MRMP2 Studies
J. Comput. Chem., 40, 181-190 (2019).
(2) Nozomi Takagi, Kazuya Ishimura, Hiroki Miura, Tetsuya Shishido, Ryoichi Fukuda, Masahiro Ehara,
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and Shigeyoshi Sakaki
Catalysis of Cu Cluster for NO Reduction by CO: Theoretical Insight into Reaction Mechanism
ACS Omega, 4, 2596-2609 (2019).
(3) Takashi Yoshimoto, Hisako Hashimoto, Nozomi Takagi, Shigeyoshi Sakaki, Naoki Hayakawa,
Tsukasa Matsuo, and Hiromi Tobita
Reactions of a Silylyne Complex with Aldehydes: Formation of W-Si-O-C Four-Membered
Metallacycles and Their Metathesis-Like Fragmentation
Chem. Eur. J., 25,3795 - 3798 (2019).
(4) Shinji Aono, Tomohiro Seki, Hajime Ito, and Shigeyoshi Sakaki,
Dependence of Absorption and Emission Spectra on Polymorphs of Gold(I) Isocyanide
Complexes: Theoretical Study with QM/MM Approach
J. Phys. Chem. C, 123, 4773-4794 (2019).
(5) Nishamol Kuriakose, Jia-Jia Zheng, Teruhiko Saito, Naofumi Hara, Yoshiaki Nakao, and Shigeyoshi
Sakaki
Characterization of Rh-Al Bond in Rh(PAIP) (PAIP = Pincer-type Diphosphino-Aluminyl Lig-and) in
Comparison with Rh(L)(PMes), (L = AlMe,, Al(NMe:),, BR,, SiR3, CH3, Cl, or OCH3): Theoretical
Insight
Inorg. Chem. 58, 4894 — 4906 (2019).
(6) Vijay Singh, Shigeyoshi Sakaki, and Milind M. Deshmukh,
Ni(I)-Catalyzed Hydrosilylation of Pyridine and Quinoline: Theoretical Exploration of Full Catalytic
Cycle and Prediction
J. Comput. Chem., 40, 2119-2130 (2019).
(7) Rong-Lin Zhong and Shigeyoshi Sakaki
sp® C—H Borylation Catalyzed by Iridium(III) Triboryl Complex: Comprehensive Theoretical Study of
Reactivity, Regioselectivity, and Prediction of Excellent Ligand
J. Am. Chem. Soc.,141, 9854—9866 (2019).
(8) Nozomi Takagi, Kazuya Ishimura, Ryoichi Fukuda, Masahiro Ehara, and Shigeyoshi Sakaki
Reaction Behavior of the NO Molecule on the Surface of an Mn Particle (M = Ru, Rh, Pd, and Ag; n =
13 and 55): Theoretical Study of Its Dependence on Transition-Metal Element
J. Phys. Chem. A, 123, 7021-7033 (2019).
(9) Hiroyuki Asakura, Tetsuo Onuki, Saburo Hosokawa, Nozomi Takagi, Shigeyoshi Sakaki, Kentaro
Teramura and Tsunehiro Tanaka
Self-regeneration of a Ni—Cu alloy catalyst during a three-way catalytic reaction
Phys. Chem. Chem. Phys., 21, 18816-18822 (2019).
(10) H. Kameo, T. Kawamoto, S. Sakaki, D. Bourissou, H. Nakazawa
Heptacoordinate Structures of Organotin Halides with Three Phosphine Donors: Halo gen-Substituent
Effect on Geometry
Euro. J. Inorg. Chem. 26, 3045-3052 (2019).
(11) K. Fujimoto, R. S.Payal, T. Hattori, W. Shinoda, M. Nakagaki, S. Sakaki, S. Okazaki
Development of dissociative force field for all-atomistic molecular dynamics calculation of frac ture of
polymers
J. Comput. Chem., 40, 2571-2576 (2019).
(12) M. Kashihara, R. L. Zhong, K. Semba, S. Sakaki, Y. Nakao,
Pd/NHC-catalyzed cross-coupling reactions of nitroarenes
Chem. Commun., 55, 9291-9294 (2019).

3. Presentation at academic conferences

(1) M. Nakagaki, S. Aono, M. Yoshida, A. Kobayashi, T. Seki, H. Ito, M. Kato, and S. Sakaki,
Periodic-QM/MM Approach to Geometry and Electronic Structure of Transition Metal Complex in
Crystal
The 2nd International Symposium on Soft Crystals, July 12 to 14, 2019, Narita, Narita, Japan

(2) Jialia Zheng and Shigeyoshi Sakaki
Interaction of Metal-Organic-Framework with Gas Molecule: Theoretical Study

Asian Conference on Computational Materials Design, July 23 to 26th, 2019, Hong Kong.

(3) S. Sakaki
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Diffrences and Similarities between Ge, Si, and Transition Metal Elements: Theoretical Insight,
International Conference on the Coordination and Organometallic Chemistry of Germinium, Tin,
and Lead, Sept. 1 to 6, 2019, Saitama, Japan

S. Sakaki

Proposal of Periodic-QM/MM Method and Its Application to Molecular Crystal Consisting of
Transition Metal Complex

The Ninth Conference of the Asia- Pacific Association of Theoretical and Computational Chemists
(APATCC), Sept. 30 to Oct. 3°rd, 2019, Sydney, Australia
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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 2019 include
(1) Basic studies on the electron dynamical mechanism of water splitting in photoexcited states
catalyzed by binuclear Mn oxo complex, and tetra Mn oxo complex MnsCaOs in its electronic
ground state in Photo System II (PSII) in plant (with Dr. Kentaro Yamamoto). 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 could 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, (1)
charge separation due to what we call coupled proton and electron-wavepacket transfer (CPEWT),
which are followed by (i1) 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 shown how nature makes very nice use of the strange
looking molecular structure of MnsCaOs. [3,5]

(2) Two relativistic theories of nonadiabatic electron dynamical molecular systems in laser fields;
one in path integral formalism and the other in wavepacket framework (with Dr. Kota Hanasaki).
[1,2] To the best of our knowledge, these theoretical developments have been made for the first time
in the context of nonadiabatic electron dynamics. Various characteristics of the molecular properties
arising from the relativistic invariance in those situations have been discussed theoretically. The
theory should set a foundation of the theory of electron dynamics in relativistic regime, the
experimental counterpart of which is already running.

(3) Further studies on the nature of chemical bonds having densely quasi-degenerate electronic
states, which undergoes very frequent nonadiabatic transitions among many adiabatic states, which
is thereby called chemistry without notion of potential energy surface (with Dr. Yasuki Arasaki).
This is quite a futuristic development of molecular science in highly excited states are demanded to

explore. The study is extensively under way and a couple of papers are planned to be published the

crmmaw ~LANAN
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(4) Constructing a new time-dependent variational principle, which I call the dual least action
principle. This principle is general enough as a method of quantum dynamics on one hand aiming at
an understanding of quantum mechanics from the perspective of Maupertuis and Hamilton
variational principle, yet on the other hand I intend its applications to direct determination of

simultaneous nonadiabatic nuclear and electronic wavepacket dynamics.. [4]

Abstracts are:
i) Relativistic theory of electron-nucleus radiation coupled dynamics in molecules:
Wavepacket approach [1]

A general theoretical scheme of relativistic electron-nucleus coupled dynamics of molecules in
radiation fields has been proposed, which is derived from quantum electrodynamical formalism.
Aiming at applications to field-induced dynamics in ultrastrong laser pulses to the magnitude of
10'® W/cm?2 or even larger, we derive a nonperturbative formulation of relativistic dynamics using
the Tamm-Dancoff expansion scheme, which results in, within the lowest order expansion, a
time-dependent  Schrodinger equation with the Coulombic and retarded transversal
photon-exchange interactions. We also discuss a wavepacket type nuclear dynamics adapted for

such dynamics. [1]

ii) Relativistic formalism of nonadiabatic electron-nucleus-radiation dynamics in molecules:
Path-integral approach [2]

Many-electron relativistic quantum theories of stationary molecular electronic states have been
developed in so-called quantum chemistry, in which nuclear configuration is frozen in space-time
under the Born- Oppenheimer approximation. These time-independent methods are concerned with
energetics, which are supposed to determine molecular structures and dominate low-energy
chemical reactions. Yet, rapid progress in laser technology demands that theoretical chemistry
should get prepared for relativistic electron-nucleus coupled dynamics driven by unconventional
ultrastrong laser pulses. We therefore generalize our previously developed path-integral formalism
of nonadiabatic electron dynamics [Hanasaki and Takatsuka, Phys. Rev. A 81, 052514 (2010)] to
cover the relativistic regime in radiation fields. Starting from a formal relativistic path-integral
formulation of electron-nucleus coupled systems interacting with quantum radiation fields, we

reduce it to a tractable level of approximations to set a theoretical foundation for future applications.

iii) Binuclear Mn oxo complex as a self-contained photocatalyst in water-splitting cycle: Role
of additional Mn oxides as a buffer of electrons and protons [3]

We have theoretically propose a photoinduced water-splitting cycle catalyzed by a binuclear Mn
oxo complex. In our “bottom-up approach” to this problem, we once proposed a working minimal
model of water-splitting cycle in terms of a mononuclear Mn oxo complex as a catalyst along with
water clusters [K. Yamamoto and K. Takatsuka, Phys. Chem. Chem. Phys. 20, 6708 (2018)].

However, this catalyst is not self-contained in that the cycle additionally needs buffering molecules
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for electrons and protons in order to reload the Mn complex with electrons and protons, which are
lost by photoinduced charge separation processes. We here show that a binuclear Mn oxo complex
works as a self-contained photocatalyst without further assistant of additional reagents and propose
another catalytic cycle in terms of this photocatalyst. Besides charge separation and proton relay
transfer, the proposed cycle consists of other fundamental chemical dynamics including
electron—proton reloading, radical relay-transfer, and Mn reduction. The feasibility of the present
water-splitting cycle is examined by means of full dimensional nonadiabatic electron—wavepacket
dynamics based on multireference electronic wavefunctions and energy profiles estimated with

rather accurate quantum chemical methods for all the metastable states appearing in the cycle. [3]

iv) Maupertuis-Hamilton least action principle in the space of variational parameters for
Schroedinger dynamics; A dual time-dependent variational principle [4]

Time-dependent variational principle (TDVP) provides powerful methods in solving the
timedependent Schroedinger equation. As such Kan developed a TDVP [Phys. Rev. A 24, 2831
(1981)] and found that there is no Legendre transformation in quantum variational principle,
suggesting that there is no place for the Maupertuis reduced action to appear in quantum dynamics.
This claim is puzzling for the study of quantum-classical correspondence, since the Maupertuis least
action principle practically sets the very basic foundation of classical mechanics. Zambrini showed
within the theory of stochastic calculus of variations that the Maupertuis least action principle can
lead to the Nelson stochastic quantization theory [J. Math. Phys. 25, 1314 (1984)]. We here revisit
the basic aspect of TDVP and reveal the hidden roles of Maupertuis-Hamilton least action in the
Schroedinger wavepacket dynamics. On this basis we propose a dual least (stationary) action
principle, which is composed of two variational functionals; one responsible for "energy related
dynamics" and the other for "dynamics of wave-ow". The former is mainly a manifestation of
particle nature in wave-particle duality, while the latter represents that of matter wave. It is also
shown that by representing the TDVP in terms of these inseparably linked variational functionals
the problem of singularity, which is inherent to the standard TDVPs, is resolved. The structure and
properties of this TDVP are also discussed. [4]

v) Charge separation and successive reconfigurations of electronic and protonic states in a
water-splitting catalytic cycle with the MnsCaOs cluster. On the mechanism of water splitting
in PSII [5]

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)4—OH-Mn(4)(H20)2, where Mn3Ca(H20)2(OH)4 is fixed to a
skewed cubic structure by mhu-hydroxo bridges and is tied to the terminal group Mn(4)(H20)2. We

show using the method of realtime nonadiabatic electron wavepacket dynamics that four charge
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separation steps always take place only through the terminal group Mn(4)(H20)2 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 O2 generation should depend on the multiple channels of

reloading. [5]

2. Original papers

[1] Relativistic theory of electron-nucleus-radiation coupled dynamics in molecules: Wavepacket
approach.
Kota Hanasaki and Kazuo Takatsuka, J. Chem. Phys. 151, 084102 (25 pages) (2019).
DOI: 10.1063/1.5109272

[2] Relativistic formalism of nonadiabatic electron-nucleus-radiation dynamics in molecules:
Path-integral approach.

Kota Hanasaki and Kazuo Takatsuka, Phys. Rev. A 100, 052501 (26 pages) (2019).

DOI: 10.1103/PhysRevA.100.052501

[3] Binuclear Mn oxo complex as a self-contained photocatalyst in water-splitting cycle: Role of
additional Mn oxides as a buffer of electrons and protons
Kentaro Yamamoto and Kazuo Takatsuka, J. Chem. Phys. 152, 024115 (21 pages) (2020).
(A part of the JCP Special Topic on Photocatalysis and Photoelectrochemistry)
DOI: 10.1063/1.5139065

[4] Maupertuis-Hamilton least action principle in the space of variational parameters for
Schrodinger dynamics; A dual time-dependent variational principle
Kazuo Takatsuka, J. Phys. Comm. 4, 035007 (16 pages) (2020).
DOI: 10.1088/2399-6528/ab7b34

[5] 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/d0cp00443;
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3. Presentation at academic conferences

[EBRIFEE S ]
“Recent progress in the theory of nonadiabatic chemical reactions; From nuclear wavepacket to
electron dynamics”
Kazuo Takatsuka
Quantum Reactive Scattering 2019
Saitama Univ. July 1-5, 2019

“Time-domain quantum chemistry beyond the Born-Oppenheimer paradigm”

Kazuo Takatsuka

Asia-Pacific Association of Theoretical and Computational Chemists (APATCC 2019)
Sydney, Australia, 9/30 - 10/3, 2019

“A Chemical Mechanism of Unidirectional Proton Transfers Driven by Coupled Proton and
Electron-Wavepacket Transfers”

Kentaro Yamamoto and Kazuto Takatsuka

Asia-Pacific Association of Theoretical and Computational Chemists (APATCC 2019)

Sydney, Australia, 9/30 - 10/3, 2019
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5.

MRS

Tatsuhisa Kato

Title (Research Fellow)

1. Summary of the research of the year

Electron spin resonance study of NO radical encased in an open modified Ceo fullerene

A reactive radical species, nitric oxide (NO), was encapsulated in a unimolecular form inside
an open-cage fullerene derivative under high-pressure conditions in the solid state." Surprisingly, the
molecular complex showed sharp "H-NMR signals despite the existence of the paramagnetic species

inside the carbon cage. The cw-ESR measurements of the powdery sample showed paramagnetic

properties at low temperature, as shown in Fig. 1.
The single-crystal X-ray structure analysis clearly
demonstrated the existence of the encapsulated NO
molecule, as shown in Fig. 2, suggesting rotation
inside the cage. Because the encapsulated molecule
NO is paramagnetic, ESR is the method of choice for
elucidating their properties. This allows determining
not only the stationary spin Hamilton parameters but
furthermore allows detecting of dynamic properties
arising from internal dynamics or motion of the
compound as a whole.

Using pulsed ESR techniques, the low
temperature properties of the NO radical being
confined in a Ceo derived cage are determined. It is
found that the smallest principal g value, g3, being
assigned to the axis of the radical deviates strongly
from the free electron value. This behavior results from
partial compensation of the spin and orbital
contributions to the g3 value. The measured value g3 =
0.77(5) yields information about the deviation of the
locking potential from axial symmetry. This smallest

value of g3 was characterized by the quenching extent

of orbital angular moment around the NO axis. The quenching extent of the NO in a Ceo is found to
be quite small compared to the situation found for the same radical in polycrystalline or amorphous
matrices. The analysis of the temperature dependence of spin relaxation times resulted in a critical

temperature of about 3.5 K, assigned to temperature activated motion of the radical with coupled

Observed at 3.0 K

Simulated at 3.0 K

T T T T T T T
0 200 400 600 800 1000 1200 1400
Magnetic Field / mT

Fig. 1. The ESR spectrum of NO@openCeo, red
line : observed at 3.0 k, blue line : simulated
spectrum by using parameters, S=1/2, g=(1.488,
1.320, 0.225).

C-up

Fig. 2. Single-crystal X-ray structure of
NO@openCeo.

rotational and translational degrees of freedom in the complicated 3-dimensional potential.
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Performing ENDOR, as shown in Fig. 3,
the "“N hyperfine coupling parameters were

determined. The experimental values are in fair ,'”’MI"w

W,
. s gl e e Y
agreement with predictions from a DFT s

calculation. The spectral resolution was not
sufficient to discriminate between parameter sets
expected for the X-ray crystallography confirmed

PP i

“up/down” configurations of the radical with

ENDOR signal (arb. units)

respect to the hole of the cage. Hyper fine

interaction (hfi) as well as g matrix parameters did R et~ * %

not show any temperature dependence in the range

. . . Fig. 3. Davies ENDOR t f NO C
of 3.5 to 12 K, in which a dramatic decrease of & avies spectra of NO@openCeo

relaxation time Tz is observed. This indicates that (10mM in CS2) measured at 5 K as function of By.
the radical is localized, not allowing for excitation of rotational modes round its axis, which would
modify the g3 value. Apparently only low energy modes with small amplitude around its
equilibrium orientation are excited at these temperatures. It should be noted, however, that the
accuracy of the data analysis is high enough to detect a small difference in g parameters using cages
with slightly modified openings. It will be interesting to see in the future, if advanced computational
methods will be able to simulate g matrix and hfi tensor data for this radical in such a complicated

potential.

Ref. 1) S. Hasegawa, Y. Hashikawa, T. Kato, and Y. Murata, Angew. Chem. Int. Ed., 57,
12804(2018).

Electron spin resonance investigation of Ne matrix isolated Hy*

For the successful isolation of the highly mobile and reactive H2" cation in the Knight’s research
groups experiment?, extremely dilute matrices and extensive radiation shielding proved to be
essential. Under all ratios of Ne/Hz, the ESR transitions due to the second free ion was observed,
which was determined to be the Ha" radical cation, as shown in Fig. 4. And its isotopologues,
namely H3D", HaD2", HD3", and D4" were detected with using the sample of HD or Da2. The
formation of Hs4" limited the signal strength of H2" ESR transitions, because beyond a certain
threshold neutral Hz readily reached with H2" to form H4".  Under the certain concentration of Hz
the stable ESR detection of H2" might be prevented by the fast reaction between H2" and Hz to form
Hs", a diamagnetic molecule (H2" + H2 — H3" + H). The failure to detect H2" in ESR studies in
solid para-hydrogen has resulted in the discovery of Hs". Extensive isotopic substitution studies

have indicated the structure of He" as an H2" core solvated by two hydrogen molecules.
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Fig. 4. Schematic ESR spectral patterns of H, Hz2*, and H4* radical and ions.

Under extreme Ne/ Hz dilution at 2K utilizing the 77K radiation shield, the H>" ESR absorptions
were always observed under the X-ray irradiation of the sample. During the course of these Ho",
HD", and D2" experiments, ESR absorption were consistently observed that seem to be assignable
to the molecular ions Ha", HsD", H2D2", HD3", and D4, based upon hyperfine structure patterns and
preliminary theoretical calculations. Dynamic Jahn-Teller, temperature, and Pauli principle effects
make the details of the interpretations for these ions extremely complex. The basic structure of these
isotopomers of Ha" could be designated a loosely combined complex between H3* ion and atomic
hydrogen. The structures of these isotopomers Ha" dependent on hydrogen isotopes present and
matrix temperature, and on the orientation of H3" to the associated external hydrogen. The spectral

patterns observed for all isotopomers can be explained by invoking nuclear spin statistics.

Ref. 2) M. D. Correnti, K. P. Dickert, M. A. Pittman, J. W. Felmily, J. J. Banisaukas III, and L. B.
Knight, Jr., J. Chem. Phys., 137, 204308(2012).
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6. ETHEE Masato Itami

FIFC Fellow
1. Summary of the research of the year

Multiplicative Langevin equation to reproduce long-time properties of

nonequilibrium Brownian motion

We statistically examine long time sequences of Brownian motion for a nonequilibrium version of the
Rayleigh piston model and confirm that the third cumulant of a long-time displacement for the
nonequilibrium Brownian motion linearly increases with the observation time interval. We identify a
multiplicative Langevin equation that can reproduce the cumulants of the long-time displacement up to at
least the third order, as well as its mean, variance and skewness. The identified Langevin equation involves a
velocity-dependent friction coefficient that breaks the time-reversibility and may act as a generator of the
directionality. Our method to find the Langevin equation is not specific to the Rayleigh piston model but may

be applied to a general time sequence in various fields.

Introduction

Brownian motion refers to random fluctuating phenomena ubiquitously observed in nature. Typically,
it is observed as trajectories of molecules, colloidal particles, biomotors in cells, agents in active matter, stars
within galaxies, interfaces, market prices and so on. These dynamics are often described by the Langevin
equation. Once we obtain the equation, we can predict unknown properties and propose experimental
methods to estimate previously unmeasured quantities from the theoretical point of view. Indeed, the
stochastic energetics based on the Langevin equation was developed to analyze the Brownian motion of
molecular machines and enables us to approach their design principles. For example, a nonequilibrium
equality revealed that a rotary motor protein dissipates free energy at almost 100% through its rotational
motion, but a processive motor protein wastes in parts other than the translational motion. Thus, the
Langevin equation forms the basis of theoretical investigations that are inseparable from developments of
experimental techniques.

The identification of the Langevin equation in equilibrium is well-established because its form is
strictly restricted by the fluctuation-dissipation theorem. Conventionally, nonequilibrium Brownian motion
has been described by adding terms representing nonequilibrium effects to the Langevin equations for the
equilibrium Brownian motion. However, these expressions with the fluctuation-dissipation theorem are not
justified out of equilibrium. The important problem here is that general principles of identifying the Langevin
equation are not known. Indeed, there are many examples of nonequilibrium Brownian motion that have not
been described by the Langevin equations.

Thus, our aim in this study is to obtain a Langevin equation to reproduce the statistical properties of

nonequilibrium Brownian motion, particularly directional Brownian motion exhibiting a finite velocity on
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average. We focus on higher cumulants of long-time displacement in the nonequilibrium Brownian motion
and find that they work as a discriminator to identify the Langevin equation. To demonstrate, we adopt a
standard model, called the Rayleigh piston, which is used to derive the equilibrium Langevin equation from
the microscopic dynamics of a large number of degrees of freedom. Its nonequilibrium version is presented
in textbooks and has been studied during the past few decades. We numerically identify a multiplicative
Langevin equation that reproduces the cumulants of long-time displacement of this nonequilibrium
Brownian motion at least up to the third order. The multiplicative Langevin equation contains a linearly

velocity-dependent friction coefficient, which can never appear in equilibrium.

Setup

A rigid piston of mass M is freely movable in one direction inside an infinite cylinder of
cross-sectional area S. Its position and velocity are denoted by X and V, respectively. The piston separates
the cylinder into two regions filled with ideal gas particles of mass m << M. The pressure p is equal on

both sides, whereas the temperature on the left side, T}, is different from that on the right side, Tg. Suppose,

without loss of generality, that T; < Tg. For a later purpose, we define T = /T; Tz and § = @.

Assuming that the particles are in equilibrium before colliding with the piston and that they collide
elastically and instantaneously with the piston only once, we model the collisions between the piston and gas

particles by random events with a collision rate of

A, V) =

(v =W —V)feq () te T (V =)0V —v)feq ()

with f, L/R(U) \’me_mvz/&klg TL/R) | where v is the velocity of a colliding particle, kg is the

Boltzmann constant, and 6 is the Heaviside step function. The coefficients are equivalent to the

BTL/R
number densities of the particles. Using the laws of the conservation of energy and momentum, the transition

probability per unit time from V to V' is given by W(V'|V) = A(v,V L ith v =Ly Mmy
avr 2m

2m

Then, noting that X = V, the time evolution of the probability density of X and V attime t, P(X,V,t), is

governed by the following master-Boltzmann equation:

PAV.D) _
at

ap(xv t)

V=" [ AV W(VIVYPX, V) — [ dV WV IVYP(X,V, ). (7)

Using the Gillespie algorithm, we numerically obtain statistically correct trajectories of the

master-Boltzmann equation without any approximations.

Cumulants of the displacement as observables
As is done in typical experiments, we observe periodically the position X numerically produced from
(7) with setting the interval of two successive observations as t. We are interested in the long-time properties

of the directional Brownian motion but not in the instantaneous velocity V. Rather, we concentrate on the
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displacement of X in the interval t, AX; = X(t, +t) — X(ty). The long-time fluctuations of the Brownian
motion are fully characterized by cumulants ((AX;)™).. Here t,-dependence can be ignored in the statistics
for steady states.

These cumulants depend on the observation interval t. For usual Brownian motion, the first or second
cumulant is expected to increase linearly with the interval t for sufficiently large t. When the probability

density of AX,/t satisfies the large deviation property, ((AX;)™). = O0(t)as t > oo, except when

((AX:)™). = 0. We then focus on the growth rate of the n-th cumulant s, = lim {@%9) e
t

n—oo

, where s; and

s, /2 are the mean velocity and the diffusion constant for Brownian motion, respectively.

We demonstrate that the growth rate s; for the third

500 ¢
cumulant can be finite in nonequilibrium Brownian motion. (AX)P)
t [¢
Figure 1 shows a linear increase in the third cumulant as a
250 ¢

function of t for the time sequences of X produced by (7).

We obtain s3; # 0 out of equilibrium, TR # T;, and s3 =0 ’ s—0
AAAAA:AAA

50

at equilibrium, Tp = T;. Thus, the third cumulant is never 0 =
neglected for the nonequilibrium Brownian motion even in 0 25 t
the limit of sparse observation. Figure 1
Results: Effective Langevin equation

Hereafter, we focus on whether or not the nonequilibrium Brownian motion is described by a certain
effective model. The third cumulant works as a discriminator to determine the validity of various candidate
models of the long-time behavior. For instance, a standard Langevin equation for a particle under a constant
force f with a constant friction coefficient, yX = f + W &(t), gives s; = 0 for any f; therefore, it
is not appropriate as an effective model. The multiplicative Langevin equation with y(X) might become the
next candidate, but this does not satisfy the translational invariance with respect to X. An underdamped
Langevin equation for V, ie., MV = f —yV + \/mé’(t), also shows s; = 0.

The nonvanishing third cumulant does not imply the absence of the effective model. For the
directional Brownian motion generated from (7), we identify the multiplicative Langevin equation that
reproduces the cumulants of the long-time displacement up to at least the third order. The equation is written
as

MV = —y(V)V + /2y (V)ksT - § () (13)
with y(V) = yo(1 — y1V), where the constants y,, y;, and T are determined by the system parameters.
The symbol - denotes the Ito product, and & is Gaussian white noise with zero mean and unit variance. At
the top of Figure 2, the growth rate s; of the third cumulant obtained from the numerical integration of the
effective Langevin equation (13) using the Euler-Murayama method is plotted parallel to s3 obtained from
the original Brownian motion of the Rayleigh piston (7). The points of the two figures coincide with each
other within the statistical error. The values of s; and s, are also consistent between (7) and (13), as shown
in the bottom of Figure 2. Thus, we conclude that the multiplicative Langevin equation (13) can be employed

as an effective model for (7) reproducing the long-time statistical properties. Using the long time sequence
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generated from (7), we determine the parameters as Yo = 2¢p~ " pS pt y1 = 6pS T ¢ = \/; T iTe

The identified Langevin equation (13) involves the velocity-dependent friction coefficient y(V) # y(=V),
which breaks the time-reversibility. This leads to a breaking of the detailed balance and the non-Gaussian
nature of the Brownian motion; moreover, it leads to the divergence of the entropy production defined by a
log ratio of the weight for a trajectory and its time reverse. Thus, (13) can reproduce the long-time

fluctuations, but we need another viewpoint to investigate the thermodynamic properties of (7).
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1. Summary of the research of the year

Spontaneous spatiotemporal ordering of shape oscillations enhances cell migration

The migration of cells is relevant for processes such as morphogenesis, wound healing, and invasion of
cancer cells. In order to move, single cells deform cyclically. However, it is not understood how these shape
oscillations influence collective properties. Here we demonstrate, using numerical simulations, that the
interplay of directed motion, shape oscillations, and excluded volume enables cells to locally “synchronize”
their motion and thus enhance collective migration. Our model captures elongation and contraction of crawling
ameboid cells controlled by an internal clock with a fixed period, mimicking the internal cycle of biological
cells. We show that shape oscillations are crucial for local rearrangements that induce ordering of neighboring
cells according to their internal clocks even in the absence of signaling and regularization. Our findings reveal
a novel, purely physical mechanism through which the internal dynamics of cells influences their collective
behavior, which is distinct from well known mechanisms like chemotaxis, cell division, and cell—cell adhesion.

Motile cells convert available free energy into directed motion, and can thus be regarded as a type of
active matter. Unlike equilibrium passive systems, active matter can exhibit collective dynamic behavior such
as swarming and clustering, the study of which has gained much attention from physicists over the last decade.
The essence of active systems can be captured with rather minimalistic models, such as the Vicsek model in
which isotropic particles interact by aligning their velocity with the average velocity of their neighbors.

Biological cells possess features that are not captured by simple active particles. In fact, cells have an
internal structure and a variable shape, they can have different internal states, they can interact through long-
range chemical signals, and they can change their phenotype in response to external perturbations. In addition,
cells in a multicellular organism differentiate into distinct types during development, leading to different
properties corresponding to their biological function. Nevertheless, the motion of cells can be broadly
classified into two migration modes. In mesenchymal migration, cells tend to migrate slowly and form
lamellipodia. In ameboid migration cells move quickly, cyclically extending their body into a well polarized
shape, and have a larger persistence of motion. This distinction is not intrinsic as some cells are able to
transition between these two migration types, such as tumor cells during invasion.

This biological diversity makes it challenging to develop models that are able to reproduce certain
phenomena of interest, while remaining general and minimalistic. We start from a subcellular element model,
and we focus on modeling the class of motile cells that exhibit ameboid movement. The model features a two-
particle representation for each cell, with an active force proportional to its length. Such an active force is able
to model Contact Inhibition of Locomotion (CIL), a complex molecular process that was found to play a key
role in collective migration of cells, for which protrusions are retracted upon exchanging chemical signals
during cell—cell contact. Here we explicitly model the crawling dynamics, in which the active force and a

contracting force alternate in order to mimic the cycle of extension and contraction of ameboid cells. Thanks



NV HREHE (2019

Fig. 1: Model. (a) Forces acting on a cell during expansion (left) and
contraction (right), with F,,, the extensional force dipole and Fpr,. the
intracellular force. (b) Illustration of the cyclic crawling: during extension
the active force F,,,, drives the front disk forward while the position of the
back disk is fixed; during contraction the front disk is fixed while the
internal force Fp.,. contracts the back disk towards the front.

to this explicit crawling, we unveil a general mechanism by which conformational shape changes in ameboid

cells give rise to a purely physical mechanism that enhances the collective migration of the whole tissue.

In this work, we show how the introduction of an internal cycle for the movement of single cells strongly
influences the collective migration properties of the whole tissue. Cells are represented by two disks, referred
to as front and back, see Fig. 1. The dynamics of each disk is overdamped, which is a good approximation for
a large class of cells moving in a viscous environment and dominated by active forces. The internal cycle we
use models the ameboid migratory phenotype, which is typical for a wide class of cells and consists of a

discrete series of conformational changes of the cell that result in its directed motion.

We first consider the model at AT = 0 (no cyclic crawling) and show that the collective migration shows
similar behavior to that of traffic flow. In the next section, using the model at AT = 0 as a reference, we study
how the introduction of an explicit crawling dynamics through the use of a finite AT > 0 affects the collective
behavior of the cellular tissue. In order to characterize the collective alignment, we compute the polar order

parameter: The polarity P can take values between zero (random) and unity (perfect alignment). For non-

negligible values of P, we compute the average speed along the instantaneous migration direction vj. We

compute P and v for a range of densities. In order to have a dimensionless quantity expressing the density, we

use the packing fraction ¢. Freezing occurs at ¢ =~ 1.15 in the model with AT = 0. At high packing fractions (f

2 0.65) the flow of the tissue develops velocity waves which resemble the waves observed during traffic

congestion, where the direction of the wave is the opposite of the migration direction. Velocity waves have
been observed in experiments of tissue expansion and in the aggregation of Dictostelium discoideum during
starvation. In the latter, velocity waves are accompanied by waves of chemoattractants that are emitted by the
cells during starvation. In our model, velocity waves are purely related to cell-cell interaction and shape
deformation upon collision. More generally, the formation of traveling bands in systems of active particles has
been observed for Vicsek-like particles soft deformable active particles and colloidal rollers among others. In
order to visualize the waves, a convenient plot is the kymograph of the velocities [see Fig. 2(a)]. The
kymograph is constructed by averaging the cell’s velocities along the y direction, orthogonal to the propagation
direction x of the waves, for different times. As ¢ is increased a structure of bands emerges, where layers of

slow particles alternate with layers of faster particles. The slope of the bands in the t—x plot indicates the
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Fig. 2: Collective migration without a crawling cycle. (a) Kymograph of the migration speed wvy(x) for packing fractions

@ = {0.65,0.85,1.12}. The migration direction for the simulations shown in (a) is along the x axis. The emergence of speed waves is indicated by the
peak of vi(x) moving towards negative X in time, forming linear bands in the kymograph. The white line represents the trajectory of a single cell, which
is moving towards larger x in time, thus in the opposite direction of the velocity waves. This is a typical feature of velocity waves in a traffic jam. (b)
Discs represent the parallel speed vy as a function of packing fraction @, rescaled with the steady state speed v, and crosses represent the polar order
parameter P. The shaded area indicates the standard deviation of the data points. (c) Flux of cells exhibits a maximum at the critical packing fraction
@ = 0.65, where the system transitions from the free flow regime to the moving jam regime, and solidifies beyond ¢, ~ 1.14.

direction of the wave, which is opposite to the direction of individual cells, as indicated by the white line in
Fig. 2. We have previously shown that aligned migration and velocity waves arise only when using the motility
force that models CIL [Schnyder et al, Scientific Reports (2017)]. The qualitative reason is that a strong
dependence of the local velocity on the local density is present, cf. Fig. 2(b). This is critical for the emergence
of traffic waves, which arise from a negative feedback between density and velocity: if the speed decreases
locally, the density will increase locally, which in turn will cause the speed to lower further, and so on. Clearly,

the formation of traffic waves indicates congestion, which is not beneficial for migration.In order to

characterize the efficiency quantitatively, we compute the adimensional flux q of cells, q = vjp/vs. In Fig. 2(c),

the observed behavior is analogous to the one obtained from studies of car traffic, where two regimes can be
distinguished by the sign of 0q/0¢: the free flow and the moving jam. In the free flow regime, the flux increases
as the density increases and no congestion arises. The flux q reaches a maximum value at a critical packing
fraction @, = 0.65, after which velocity waves start to emerge. By increasing the density beyond ¢, cells start
to cluster into waiting lines and the flux is reduced (moving jam regime). The shape of the flux-versus-density
curve, usually referred to as the fundamental diagram in traffic flow studies, acquires a parabolic shape. This
behavior is typical for transport processes dominated by excluded volume and can be understood within the
Totally Asymmetric Exclusion Process (TASEP), with the difference that here the cells are not confined to one

dimension.

We now turn our attention to the model where the cyclic dynamics of extension—contraction are

explicitly included. By switching AT to finite non-zero values, the dependence of the average migration

velocity v|| on ¢ changes from linear to curved [Fig. 3(a)]. This change is a consequence of the system being

able to accommodate more cells given the same space, and with a smaller decrease in migration speed, which
implies emerging cooperativity. Velocity waves are absent and the system is able to maintain high alignment

for increasingly higher packing fractions (see Fig. 3(b)). The resulting flux of cells is enhanced [Fig. 3(c)],
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Fig. 3: A crawling cycle shifts jamming to higher density and increases flux by suppressing traffic jams.

(a) Average speed along the direction of migration vy rescaled with vy, plotted against packing fraction ¢ for A7= {0.07,0.68,0.90}T. Introducing an
expansion—contraction dynamics induces a non-linear behavior of vy, signaling some kind of emergent cooperativity in the system. (b) Polar order
parameter P for the system: as AT is increased, the system is able to maintain collective alignment for increasingly higher densities. (¢) The flux of
cells is significantly enhanced when increasing the duration of the cyclic dynamics, and the critical packing fraction @, shifts from 0.65 to 0.8.

with @, shifted to a higher value. We find that the flux of cells is enhanced and optimized by increasing the
duration of the cycle to match a specific value between 0.9t and 1, where t is the migration timescale of the

cell in the limit of very short cycles, see fig. 3 (¢).

We show that this behavior can be clarified microscopically by the increased ability of cells to perform

“lane changes” while crawling, which in turns leads to the emergence of a local correlation/anti-correlation
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Fig. 4: Traffic jams are suppressed by local synchronization of «cell cycles due to “lane changing” process.

(a—f) Correlations C(x', y') and S(x', y') for three different cycle durations, showing the emergence of the correlation/anti-correlation pattern in space,
responsible for the enhancement of the flux. The black arrows indicate the direction of the migrating cell. Green/blue colors indicate anti-correlation,
while orange/red indicate correlation. (g-h) Trajectories of a subset of cells (black lines) at ¢ = 1.1 for A7/r = 0.07 and 0.90 respectively, plotted on
top of representative configurations of the system. The cells are colored according to their length, from blue (shortest) to red/white (longest). #) indicates
the time duration for producing the trajectories in (a), and #,/2.5 for (b). (i) The mechanism of “lane change”, which is facilitated by the adhesions to
the substrate during crawling. (j) Flux of cells ¢, orthogonal speed v- and polarity P against cycle duration A7/T for a fixed packing fraction ¢ = 1.1.
The system reaches its maximum flux for A7/1 = 0.90t while keeping a high collective alignment, and an increasing v- . By further increasing the cycle
duration, the system loses alignment and no net flux is observed at AT/t =~ 1.1.
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pattern of the cycles of expansion and contraction, see Fig. 4. The result is an emergent global cooperation
among cells in the tissue, through which they achieve better migration properties, which manifests itself
through a larger flux without the congestion of traffic waves. This enhancement of migration depends non-
monotonically on the cycle duration, and the optimal cycle duration is almost independent from the density of
the tissue. The presence of such a preferred timescale can possibly point to a biological selection process for
the speed and cycle durations of cells. Our insights can potentially be exploited to influence and steer cell
migration. Through tuning the duration of the internal cycle of cells it becomes possible to either enhance the
migration of cells, or, to the contrary, diminish the migration of non-desirable (malignant) cells. Influencing
the cycle duration might be accomplished through manipulating the substrate, e.g., periodic stretching of the
substrate is able to reorient solitary crawling cells. A first step will be to verify our results in experiments that
track cells individually and discriminate between expanding and contracting cells, allowing the computation
of the correlations C(x0, y0) and S(x0, y0) introduced here. Such investigations will yield insights into the
importance of our purely physical mechanisms as compared to other well-known mechanisms like chemotaxis,

cell division, and cell—cell adhesion.
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Angewandte Chemie International Edition 2020.

S Suzuki, S Sasaki, AS Sairi, R Iwai, BZ Tang, G Konishi

Principles of Aggregation-Induced Emission: Design of Deactivation Pathways for

Advanced AlEgens and Applications

Angewandte Chemie 2020
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HrIEHEZ

FIFC 7 = v —

1. SEEOHIEDOER

[#S] Vi 4 BEE 2 o PtAD-E B Y O U8R IT45 S+ C Pt-Pt O8I E % & Y (Scheme
1), Pt-Pt #5E D d o *#iE > HENL T O n *HlaE ~FhL L7z 3 HIH MMLCT IRREN H D% /R
(1], Z OFRIeOMmAP K13 KIE (10 K) T 663 nm (1.87 eV), =ii(293 K) T 638 nm (1.94 eV) & &
IRFEREM 2R, ZORNKIE Pt #5460 MMLCT RENSLDENTHDH EEZ LN TS,
MMLCT RHE & 1345 S R OBET 2 PESRBIOM AERIC L > TAE LT D PO d,-d, DRSS
PESIE > B B 1 O 7 *BE~OhE 2 LELE & LT H-2(Scheme 2), $EARMIEHEENE L 22D L
B A MEBLEN L 0 RLZ2ET S0, HKERELE MMLCT REOZ X /LX—20N/NEL R0
AR NVFEERE~Y 7 b5, FERICEBWT, T CIRENMEL 72 51% & Pt-Pt fEEEE
ITHELS D ENRSNTEZ DD, BIHAXRT MVOREIZL D E—7 O 7 MNINEK Pt-Pt ik
AEOEIICHET L EEZ DN TEL, L LR B3T3 HIEH MMLCT REDMR/ M T
L2250 xt L, EBRCTHIMEIND PtPtiESGROEEZLITEFRERRECR -2 Z LD, &
JERBED PrPREEEN EDO X I I L TR R X =R ERFEEEL 5 2 TV D OB 727
BT 2 E TR STV, ARUFE TIERE b 1 O bR BB OIS i b g FEE AT B L DFEF
BEITV, AT MO E— 7 OIREEORIROMIAZ B LT,

=N Lx* S
S S
NS, &P MMLCT
i =N T 3 t/C?N excitation

t
Oy,

- & PU Oy _ d »a—.gﬂ
NZ -

Pelene —T—l—u

Ptd . -
a Tt "7 SOMOs of
MMLCT state

Ny

Scheme 1 Pt-Pt chain structure of Pt(bpy)(CN), Scheme 2 MO interaction diagram of two Pt

complexes and main excitation of MMTCT state.

[T NVKORHEFE] 55 11259 5 40 T4 D 572 5 [Pt(bpy)(CN)zln (bpy =2,2’-bipyridine,
n = 2-4) (22T, QM/MM E[2] % AW o b 217> 72, MM & L CHW ARG 0010
FEEIZ OV T Ptbpy)(CN)2 1 43 7% QM & L CTHJERIRBEIZ >\ TR i b L7231 2 .,
KR (10K, LT) &0 #ii(293K, RT) THIE SN fbifEiE o +~27 Mra v, £/, =
HIMEEENLTH D PPt fAICOWTHRT v v bl d QMMM 4% VTR, £ OiRHE)
W B EAE o [E A K ONE A BA% % 4 IROIEFRFIIE &£ T % & TeikE) Schrodinger 2 AR Z &
& o TR, Ry~ iz BE L TREALT MLEEFE LZ, QM 121X DFT(B3LYP-D3)
xRV, BT Pt RO W E 1% Stuttgart-Dresden-Bonn ¢ ECP T & # 2 Ji 1L
BT triple zeta &2, FDOMODJFRT121% 6-31G** & Fu 7=,
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(RS R R OB 22 ]QM/MM ¥£(2 & % 3 FIERAE MMLCT {k 8 4 i i A O #i& 5 4 -+ (Figure 1),
Pt 5E(K 2 45 14 QM $EI & L7-(2 &R, Pt-PtiEA R IR S T T 2.877 A, |iEMELTC
2.881 A LILERIRIED K 9 22k = 222811(0.03 AIZR SN h -7, 3 BIEHEETIX 2 50 Pt-Pt
FMAITEMTHY 2 BEDL XLV 0.16 AR 2D, 4 BRMEE T, SMAlD 2 KD Pt-Pt f56
X3 BAERLDH 02AEL 25— T, D Pt-Pt #5413 0.056 A%< 72 5, Mulliken A &2 % J
2 1B EAEHED DA A S MMLCT i D JR3 0 & F~7=(Table 1), % O#E%E, MMLCT iz
X QM FHEICH W2 Pt #EA R TIZIADR > TV DR Z DA —ETIE <, FROKIZEZL D
AEUPIFIEL TS, ZOAE U HSAORRITHEAEREORE L LT JE LR,

(a)n=2 (b)n=3

Figure 1 . Optimized structure of 3[Pt], (n = (a)2, (b)3, and (c)4) calculated by QM/MM method. Hydrogen
atoms are hidden and values are Pt-Pt distances (A) in LT (RT) crystal.

Table 1. Mulliken spin population of *[Pt], (n =2, 3, and 4) in RT crystal.
Complex 3[Pt], 3[Pt]s 3[Pt]4
Pt bpy (CN)2 Pt bpy (CN)2 Pt bpy  (CN),
0.53 0.43 0.04 0.54 0.47 0.02 0.41 0.35 0.02
0.53 0.43 0.04 0.27 0.19 0.02 0.41 0.35 0.02
0.27 0.19 0.02 0.14 0.07 0.01
0.14 0.07 0.01

AW N~

2 BIRIZOWT 3 HIERAE MMLCT IRBBIZ I 1T 2 PPt A RICIR o 1o AR T v v L= R L F—
H#R % 3 (Figure 2a), SIRO KT > o v /VHBRO 7 AMEIRICH A, fE AR RWVHEIR T = 3L ¥
—MES IERFPED B < 722 TOD Y, SFIALE & & ORI OEVITNS 0, AT v vl e
SN IRB BB R D, AR B R & 35 LR, REOHRICE->TEY 9 5
Pt-Pt i & ORI B 72380 28 7 5 1L 7= (Figure 2b), MMLCT HRHEOH# i 4 F\ S FERAE D A
TV VR LF — iR A RO (Figure 2¢),. 3 EIH & O = )L F—EN LR N T R /LF— L Pt-Pt
AR OBRE RO = (Figure 2¢), T 6 O #BIIFEREAMIC L > TR HBLS R, 2 BRIZED
TEBT L XL ER) =-19.06 exp(-R) + 4.577/ eV ORI TERT LN TE 5,

HEARICHT RN R ORE SR L T X —DBRAD BRO 72 Pt #EEDR 2~
N % Figure 3 \2RY, BEMER, RANREORKRTHVIRE LRICBIT 5 AT hLOT
n— =T EalHBT L5 ENTE,
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Figure 2. (a) Potential energy curves of [Pt], at MMLCT state and (b) probability evaluated from their

vibrational wavefunction. (c) Potential energy curves of [Pt], at ground state with structure of MMLCT state.

(d) Relationship between Pt'-Pt* distance and emission energy of 3[Pt],(n =2, 3, and 4).

>, (a) n=2 ---- 10K harmonic
E 227eV — 10K anharmonic
= =~~~ 293K harmonic
8 !\ —— 293K anharmonic
i ] 1
EREEN
21 4 \227ev
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Figure 3. Emission spectra of 3[Pt], (n = (a) 2, (b) 3, and (c) 4) and (d) these complexes considered thermal

distribution at 10K and 293K.

— 103 —



NV BEEE (2019

Pt 85K 2 73 712 K D MMLCT JIREED & DFEIE AT R )LD B — 7 (Figure 3a)i%. 2.25 eV (LT) LY
2.27eV RD LR SN, EROE—7 L0 =X b F—RNE0, —F, 3 ®EKD 4 BEOHN
AT MO E— 7 IKIET 1.99 eV (Figure 3b) &N 1.95 eV (Figure 3c) & FHH SN FEBRME %A
0.1eVUNTHITHZ ENTEZ, LML 6 Figure 3a 775 3¢ DWTILD AT MLIZE
WTHERTBHI SN TV AREICL =270y 7 MITHOFEHRTLZ LT TE oz,
HIRRED 1 07 % QMDA 52 L T 8D 7 TAZ—F A XORIRREDORT v ¥
SV RV — e Lol U TSR RIS A O BhEIRAE Tl 4 B, |EAE R Tl 3 BN LZETH
o 7z(Table 2), ZAUFILEIRAED Pt-Pt MEEHEMKIR TR 72 0 ZBAEEZ T LT VW2 & &7
J& L7, A XD B 7e Z IR RE DR ENEN & R VY ~ VAR L 0 (FE &2 B8 L= 55t
AT MV E T (Figure 3d), KRN HEIRICENT S Z L T0.06 eV B /ALF—ll~>7 k
LEBRMERE LSHIA L, ZOZENDR AT MDY T MIEREZ LN TE - PPtk
BREOZICHKT 5D TiER < ERBIZEET 20 FERMREIC L > TEKT 5 2 LITER
THEEZLND,

Table 2. Relative energy (in kcal/mol) and thermal distribution (in %) of *[Pt]s (n = 2, 3, and 4) in crystal.

10K 293 K
[Pt P[Ptls C[Ptls [Pt C[Pt]s [Pt]s
Potential energy 33 0.4 0.0 2.4 0.0 0.3
Potential energy + ZPE 2.1 0.03 0.0 1.6 0.0 0.7
Thermal distribution (E + ZPE) 0.0 15.9 84.1 4.2 67.7 19.6

(&35 X#K]
[1] M. Kato et al, Inorg. Chem., 38, 1638 (1999).
[2] S. Aono and S. Sakaki, Chem. Phys. Lett., 544, 77 (2012).

2. X
(1) K. Fujimoto, RS. Payal, T. Hattori, W. Shinoda, M. Nakagaki, S. Sakaki, S. Okazaki
“Development of dissociative force field for all-atomistic molecular dynamics calculation of
fracture of polymers” J. Comput. Chem. 40, 2571-2576 (2019).
(2) M. Nakagaki, N. Nakatani, S. Sakaki “How to Understand Very Weak Cr-Cr Double Bond
and Negative Spin Population in Trinuclear Cr Complexes: Theoretical Insight” Phys. Chem.
Chem. Phys. 21, 22976 — 22989 (2019).

3. FERK
(1) e Hez, HFEER, MEET, ke
[QM/MM 1E% Wz P(ID-E B U 2 SRR D5 s DI AT MLV DIREZEAL
(2 B3 2 BER AU SE |
75 22 EIF R LR ERs, AbifEE, 2019/5/27-29, 2103 H 8
(2) HEHEZ, H 5L, Unjila Afrin, [0 FIERE, fil)$4f
[[Pt(dien)(dmap) 213 O 7-4%i& B3 2 BLRRAOAISE : 1 & 4G — IR L& B S5 1A

— 104 —



NV HREHE (2019

& DK OAHENE )
512 o FREERRE 2019 AR, EA, 2019/9/17-20 2P086 AR A 2 —
(3) Masayuki Nakagaki, Shinji Aono, Masako Kato, Shigeyoshi Sakaki
[Theoretical study of MMLCT excited state of Pt(CN)2(bpy) and its emission spectrum in

crystal |
SRR 69 [RIRTER S, 2%, 2019/9/21-23 3B1-05 H§H

4. oAt
(1) e Hez
[Photophysics of Transition Metal Complex in Crystal: Periodic-QM/MM Approach |
" EHMFLFMFZE A — 7 I F— [Theoretical and Computational Chemistry of Complex
Systems| , Z%#1,2019/7/18 M8H
(2) HHEREZ, HOBLE, UnjilaAfrin, [0 FIEREE, filSar
[[Pt(dien)(dmap)]213 D g 1 D FEF A& & Fhift A ~=27 kL]
BT AR R A — R sE e v 2 — 2 AR U T A, B, 20200131 AR A K —
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Research Fellow
1. Summary of the research of the year

Coordination Modes of NH3, CO, and C:H4 with Rhodium Complex Rh(PXP)
(PXP = Diphosphine-Based Pincer Ligand; X = B, Al, and Ga): Theoretical Insight

Recently, Hara, Saito, Nakao, and co-workers reported one interesting X-type diphosphino-aluminyl
pincer ligand Al{[N(C¢H4)]2NMe}[CHP(‘Pr),]>, which is abbreviated as PAIP hereinafter. Its rhodium
complex Rh(PAIP) 1 (Scheme 1a) has been successfully applied to catalytic monoalkylation of pyridine with
alkenes through C(2)-H o-bond activation to afford linear and branch alkylated pyridine products with high
C(2)-regioselectivity. The Rh-Al bond of 1 is of considerable interest from the viewpoint of chemical bond
because it is formed by direct interaction between transition metal and non-transition metal elements. This
unique Rh-Al bond has been investigated using density functional theory (DFT) calculations very recently.
The DFT study disclosed that the Rh-Al bond of 1 resembled covalent bond because of the significantly large
bonding overlap between Rh 4d,”,* and Al 3s and 3p orbitals and its Rh-Al bonding MO exhibited unusual
Rh®-A1*" polarization. Interaction of 1 with substrate is interesting as well because 1 exhibits ambiguity for
substrate interaction due to the presence of both Rh and Al atoms. Actually, LUMO of 1 consists of Rh 4d,, 5s,
and 5p orbitals and Al 3s and 3p orbitals (Scheme 1a), suggesting that substrate with o-donor orbital might
interact with both Rh and Al atoms.

In this work, we systematically investigated coordination of substrate (L = NH3, CO, and C,Hs) with
Rh(PXP) using DFT method, where PXP represents X {[N(CsH4)]2NMe}[CH,P(‘Pr);]» (X = B, Al, and Ga).
We employed these molecules because NH3 has only a lone pair orbital useful for coordination, CO has a lone
pair orbital and 7* orbitals, and C,H4 has 7 and 7* orbitals. We explored coordination structures and geometry
changes of Rh(PXP) and L moieties induced by coordination, evaluated binding energy, elucidated coordinate
bonding nature and its difference between Rh and X sites, and provided clear understanding of the interaction
between Rh(PXP) and L. Through this theoretical study, we intended to provide theoretical answers to above
mentioned fundamental questions.

We firstly investigated the coordination behavior of NH3, CO, and C,H4 with Rh(PAIP) 1 using the DFT
method. Three sites of 1 are possible for coordination of one L molecule, named Al site, Rh-Ax site, and Rh-
Eq site, where Rh-Ax and Rh-Eq represent the axial and equatorial positions of trigonal bipyramidal rhodium
complex, respectively, as shown in Scheme 1b. Investigations show that NH3 coordinates with the Al and Rh-
Ax sites with similar binding energy (BE) but does not coordinate with the Rh-Eq site. Coordination of CO
and C;H, at the Rh-Ax and Rh-Eq sites both can be located, in which the Rh-Ax site is better than the Rh-Eq
site for CO but the Rh-Eq site is better than the Rh-Ax site for C;H4. However, CO and C;H4 cannot form a
stable adduct at the Al site but take the bridging position of the Al and Rh atoms. This bridging site induces
significantly smaller BE than the Rh site. Accordingly, two NH3 molecules tend to coordinate with the Al and
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Rh-Ax sites but two CO and C,Hs molecules tend to coordinate with the Rh atom at the Ax and Eq sites. These

features indicate clearly the flexible coordination ability of 1.

Scheme 1. (a) LUMO of Rh(PAIP) 1, (b) possible coordination modes of substrate with 1, (c) LUMO of Rh(PBP)
2, and (d) LUMO of Rh(PGaP) 3.

(b) Coordination of one L molecule with 1

Rh-Al=2.317 A Al site Rh-Ax site Rh-Eq site
Al-N2=2.182 A L L

N | |
% A—Rh Al—Rh<—L Al—Rh
P1

(a)

Coordination of two L molecules with 1
PIRhP2=157° Al&Rh(AXx) sites Rh(Ax&Eq) sites
RhAIN2=147°

LUMO of Rh(PAIP) 1

Al—Rh<—L Al—Rh<—L

(c) (d)
o-s 2 JN2 . Rh-B=2.082 A N Rh-Ga=2.329 A
o9 B ¢ B-N2=1.775 A Ga-N2=2.243 A
‘ P'RhP?=145° P'RhP2=158°
2 JRhBN?=117° PIY RhGaN?=149°
»

LUMO of Rh(PBP) 2 LUMO of Rh(PGaP) 3

The energy decomposition analysis provides a clear understanding of above coordination behavior, for
example, the interesting contrast in coordination at the Al site of 1 between NH3 and CO/C,Hs was well
elucidated by this analysis. The Al atom of 1 can be as favorable as the Rh atom for NH3 coordination mainly
because the former yields more ES stabilization energy than the latter when interacting with the negatively
charged N atom of NHj3. The difference in ES stabilization arises from the positive ESP charge at the Al atom
but the negative value at the Rh atom. CO and C;H4 induce significantly smaller ES stabilization energies than
NHs, which arises from the less negative ES potential of CO and C;Hj at the Al position than that of NHs. This
is the main reason why NH3 can coordinate at the Al atom of 1 to form a stable adduct but CO and C,H4 cannot.

We also investigated the coordination of above substrate with analogues Rh(PBP) 2 and Rh(PGaP) 3
(Scheme 1c and 1d). The coordination behavior is similar between 1 and 2/3 for CO but somewhat different
for C,Ha, for instance, compared to the BE of C,H4 at the Rh-Ax site, the BE of C,H4 at the Rh-Eq site is larger
in 1, similar to each other in 2, but smaller in 3. However, the coordination behavior between 1 and 2/3 was
significant different for NH3. The B atom of 2 and the Ga atom of 3 are not good coordination sites for NH;
unlike the Al atom of 1. This arises from the less positive ESP charge of the B and Ga atoms than that of the
Al atom and also the significantly larger DEF of the Rh(PBP) moiety than that of the Rh(PAIP) moiety.

In conclusion, the Rh atom of Rh(PAIP) 1 is a good coordination site for all these substrates, though
there exists some difference in coordination ability between Rh-Ax and Rh-Eq sites. However, the Al atom of
1 is a highly selective coordination site for substrate. Substrate such as NHz with a very negatively charged
coordinating atom and largely negative electrostatic potential at the Al position is favorable for coordination

at the Al atom of 1.
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2. Original papers

3. Presentation at academic conferences

(1) Qiao-Zhi Li and Shigeyoshi Sakaki
“Theoretical Study on C-F 5-Bond Activation by Rh(PXP) Complexes (X = B, Al, and Ga)”
The 22™ Annual Meeting of Theoretical Chemistry Society, Hokkaido, May 27, 2019

(2) Qiao-Zhi Li, Naofumi Hara, Yoshiaki Nakao, and Shigeyoshi Sakaki
“Reactivity of New Unique Rh(PXP) Complexes (X = B, Al, and Ga): Theoretical Insight”
The 13™ Annual Meeting of Japan Society for Molecular Science, Nagoya, Sep. 17, 2019

4. Others
(1) Qiao-Zhi Li, Naofumi Hara, Yoshiaki Nakao, and Shigeyoshi Sakaki
“Theoretical Study on Catalytic Mono-Alkylation of Pyridine with Alkenes by Rh(PAIP)

Complex”
The 17" Symposium of Fukui Institute for Fundamental Chemistry, Kyoto, Jan. 31, 2020.
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1. Summary of the research of the year

Propene oxidation catalysis and electronic structure of Mss particles (M = Pd or Rh):
differences and similarities between Pdss and Rhss

Metal clusters/particles are important research targets in both fundamental chemistry and
applied chemistry such as physical chemistry, inorganic chemistry, materials science, catalytic
chemistry, and energy-conversion chemistry. One good example is platinum, rhodium, and
palladium particles used as a three-way catalyst (TWC) for cleaning the exhaust gases of
automobiles, as reviewed recently.!* To understand correctly the TWC activity of metal particle
and find better catalyst, the correct knowledge of reaction mechanism is indispensable. The
reaction mechanism of propene oxidation on Mss (M = Pd, Rh) was investigated theoretically
using the DFT calculation. Two reaction mechanisms are plausible; in one (O-attack mechanism),
the O atoms adsorbed on metal surface react with the C=C double bond of propene, and in the
other (the H-transfer mechanism) the reaction is initiated by C-H bond cleavage of propene
methyl group.

DFT was used under periodic boundary condition using PBE-D3 functional. VASP program
was employed. Transition state was searched using the climbing image nudged elastic band (CI-

NEB) and dimmer methods.

The O-attack mechanism needs a large FEa |

(38.4 kcal/mol) with moderate endothermicity : [ma;f";?mi [ o2, | ord
(AE = 3.8 kcal/mol) in Pdss(O)2, indicating y?‘-’;’-g-‘?z;'%g@*’a %w‘j“]“m‘m; ;;?LMJ 33?3 % "
that this reaction is possible at high K o9 Jodleo |/ )

1.
TS1_Pdgy (21et 5.7
o (@19 5 TS1_Pdcz (21et)

temperature (Fig.1). In the Rh case, the O-
attack reaction is significantly endothermic ™| */

E { kcal/mol)

0q0, \_-237 4_Pdc(21et) | 5 Pdc (23et)
(AE = 28.6 kcal/mol), suggesting that this c‘”ﬂi;:fg?& » ;‘” 1?'9;%%_4‘“““53&‘,;5:1,42 #
reaction does not occur even at high ‘? xR, . 30%;:- nocﬁ B SR o jﬁ’"
temperature. I+ WSC‘,’;‘:,O: ‘| First O-attack | (Second O-attack) |- c.c:[;i:i:g:m.|
In the H-transfer mechanism by
Pdss(O):2 (Fig.2), the reaction occurs through Fig.1 O-attack mechanism by Pdss.

the first C-H activation of the propene methyl group to afford m-allyl and OH species, the OH
reaction with the m-allyl to afford ally alcohol CH>=CHCH2(OH), the second C-H activation of
the CH20H group to afford OH-substituted nt-allyl CH>=CHCH(OH) and OH species, and proton
transfer from the OH group of CH>=CHCH(OH) to the OH species adsorbed on Pd surface to
afford acrolein and water molecules with regeneration of Pdss. The rate-determining step is the
second C-H activation of the CH2(OH) group of allyl alcohol, the Ea of which is moderate (17.4
kcal/mol), indicating that the propene oxidation occurs much more easily via the H-transfer
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mechanism than the O-attack

P [ RiOMH"): 1.202 T [ Ripa®0') 2033
iR, b 1416 & 5965 . =
one. In the H-transfer |93 3,_'*3 F P P a0 8 I s 1. g151
. T o %%& o ¥ %9 S .u.u'%o? 020 é§x‘_"2 %-\3m| ecC
mechanism by Rhss(O)2, the el . €2 Poosu™] | g | 0¥ oo X 7&2.0'91261 o
= -8.8 A T B 4 1471
_ 1 : -11.8 " _a, o 41 0 H
C-H activation of propene B\ rormien R g 86 v
methyl group OCCUTS Via =§' |33?0 "j_:‘ TS3_Pdou (23et) R{C'-H?): 3509 RIO™-H'):1.535
E i3 R{O%H') 1,622
. . . E CyHg - ) 127
oxidative addition to the Rh £ ZPAS)  Jgirewy  4-Pdon(13e) 0/ 30‘%3“;’.02‘ eﬁ%m
14-10'%0‘ "3“00 RIC-H'): 3,850 . 4_Pdoy_2 (21et) & g 0010
1.1 R{OH"L 0,975 2
surface, to afford m-allyl and IS L N Y %|\;§:0&‘ e 1100 o N
ide-li 1 L 9 'ﬁcﬁ o 05 " r 6_Pd (2361)
hydride-like H species on the A 2 30 A o'iﬁ? §Pd (2500
Rh surface, followed by the s IS oLy By
reaction of the H with the O | S, +  Foeed - ARiacahal | Sosen - (Proton ransfer |

atom to afford OH group.
After this step, the reaction

Fig.2 H-transfer mechanism by Pdss.

occurs in the same mechanism as that by Pdss(O)2. The rate-determining step is the second C-H
activation of the CH2(OH) group, the Ea of which is very large (34.4 kcal/mol). These results
indicate that Pd particle is better catalyst for propene oxidation than Rh particle, which is
consistent with the experimental finding. The larger Ea of the Rh case than that of the Pd case
arises from the stronger Rhss-OH bond than the Pdss-OH bond.

Important is the reason why the Rhss-OH bond is stronger than the Pdss-OH bond. The d-

valence band-top of Rhss is calculated at
higher energy than that of Pdss (Scheme 1).
Accordingly, the Rhss-OH bond is stronger
than the Pdss-OH bond. As a result, the
the second C-H
activation exists at higher energy in Rh
case than in Pd case, which is the reason
why Rhss(O)2 is less active than Pdss(O)2
for propene oxidation. Also, the strong
Rhss-H and Rhss-O bonds are the reason
why the first C-H activation occurs in a

transition state for

stepwise manner in the Rh case. In the Pd
case, on the other hand, this C-H activation

o
 p—,
d valence -1_{_ 382 %
band top A Y
e, a9 )
) \
L
Y Y
Y ek OH: — 7.33
\ } . 2 er |valence
;““ P . +_1_ g ~ ;:: orbital
o - o
! - ’

Scheme 1 Representation of bonding interaction
between X (X=H, O, and OH) species and Mss
(M = Pd, Rh) particle.

occurs in a one-step heterolytic manner because the Pdss-H and Pdss-O bonds are not strong.
Thus, it should be concluded that one important factor for catalytic propene oxidation is

the energy of d-valence band-top. The higher energy d-valence band-top of Rhss than that of Pdss
arises from the fact that the 4d orbital energy becomes lower as going from the left-hand side to
the right-hand side in the periodic table. Hence, we wish to propose that the M-OH bond energy
and metal d-valence band-top energy of metal particle are important properties for propene

oxidation catalysis.
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2. Original papers
Bo Zhu, Masahiro Ehara and Shigeyoshi Sakaki

“Propene oxidation catalysis and electronic structure of Mss particles (M = Pd or Rh): differences
and similarities between Pdss and Rhss”
Phys. Chem. Chem. Phys., 22(21), 1749-12324 (2020).

3. Presentation at academic conferences

(H& 1§ IR IEE W X%
Reaction Mechanism of Propene Oxidation on Mss Cluster (M= Pd, Rh): Theoretical Study of
Diftferences between Pd and Rh Clusters

DIREEMR (F22MEREFHRS) M T £ 7 A
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1. SEEOMREDEL
AFEREE, Mn BRAEYSRICET D IEWEVE T B R R AT BE, B XU RICES
S IR R OBERE DO BERREINIIE 21T > 7.

() Sefiiey 7 BT EER, AL F—2 LA ¥ —L LCHifET 2720 05]
FEHLAEDIEEALANISTH L. RBEAERFE T, RDICRT XS, KoksnfEic
LoT7u b v eEBFEWMY ML, BROMRELZERL, 2oRIERY & L iR
TaWHT 5.

2H,0 + 4hv — 4H" + 4e + O, (1)

HAAR T Z oG %H 5 D% photosystem I1 (PSI) TH v, FFIC/KIEITZ DH D Mn
77 AX =i NG, RITOERTIX, FEE XHRIC X 281 0BEF A ATHEIC 70
S>TETEY, [1,2] ZoKMNHREZE 7 r + v OB ORI R 7 —v (fs &
—X =) IKELTWE, bbb d, —HEOKICOMEML, 1IN FLEE!
BICXoTWwa, AWFgE T, FEWENE 787285 [3] 7L <, Eifo PSII %
ANEDEA BRI A BE R AR e LB T o e 2% LT 528, 2L CZD X5 X
FOGOE) ) c o S Bifg 2 Hig L 7.

KWFFE i, BBl 2 AR 2 L0 7 a & =2 [4] 1ok & 2 MO K4 iRk & 12
F L7z, 0O Mn S8R X 2R REORIEcH 2. iz, NEARR
DHER T A VICHRTH 2. b 50 EDIL, MU Mn $8AIC X 3 FEECIRRE D RS ©
H5. THIERBRNABRICE T KD IEDBEREFRI I 537D
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RS &9 % T Mn ko T AR E MW
5. ZOET AR, Mn(OH)HCOO)HO),,
(electron—proton donor, EPD) 431N 4r#i L
72 4-aminophenol (electron acceptor, EA),
imidazole (proton acceptor, PA), % L T
6H,O (electron—proton resources, EPR) 25
2%. ZOWEIE, WAk DKITHEF A 7 AT
X3 % “bottom-up approach” DFEE D O & D
Ths. Tbb, HiL Mn ko€ 7T LR
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Fig. 1. Schematic representation of the
model system of binuclear Mn oxo
complex, in which EPDBf{, EA, PA, EPR
denote electron-proton donor and
buffer, electron acceptor, proton
acceptor, and electron-proton resources,
respectively.

[4] iIc Mn $fAZMZ B 2 Eick Y, ETARPBILRINT NS,
B /17515 1%, path-branching representation IC5-5 <. [3] Z OHEHTIX, BT

KPR, 1,t) =, C()P,(r; R(t)) 23 GREFEITIH

Yo CHRFEIFEE S 5.

ZZT, Rrtid

ZThEhET, B, NHEOEETH 5. o, RO)IFKEEFEROZ ST A -2 L
THRTLFRRIC L > Tkoohns, BroEsiEaRAcksns.

. . K2

. l . *

ihC, = Z(H}f ) mz Ri X5 — TZ(Y,’; +YENG
] k k

2T, HEY3%ET ® Hamiltonian T, Xf = (®,10®;/0R,), Y5 = (®,102®;/0RZ) T H
5. ¥7-, 1%L force matrix F; = (®;|0H®) /0R, |0 ERB) 1 2.
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WCRT. Fig. 21, 2ib 3 Fig. 2. Spatial distribution of the unpaired electron density
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AR DK BT & BB ARG 2 [HOL | i R A
R Y I WA S S
53 MniCaO; DIRIE B bHICHY  HOHX b eplo-~OH XPA
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FT2EEILNTWE, 2070, & Fig. 3. Schematic representation of the model
AT HE D KRS 1 X 0 B 7 photo- system of tetranuclear Mn oxo complex, in which
induced M [4] Tlt 7 <, collision- EPD, EA, PA, EPR denote electron-proton
induced ®1[6]%# 2 3. i) 4 ©>® Mn donor, electron acceptor, proton acceptor, and
B3+ 1 OIENEAREERHSC LI electron-proton resources, respectively.
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A LT, Mn$EANCTOEFBENEZ 2 (Fig.4b). Zhic kv, 2HFHD CS 5]
DENERUL LI B X H1cd (Fig.3c). 2D X 92 LT, MUf% Mn #iATI1,
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PLEXY, 4BOBEMDEEDEICAHD MR IT X > T O, BAAERT B KGES 4 7 0
(K2 ATREAR C L AR E iz, Z DFERIZ, JER ICHMEIC /R 2 2 KR OBEREDS, H
1 3 O M B L )FEE (CS, RL, and MR) ICfEL THEALNDE Z L &R
35, FEIC, PSII DML Mn R0 VbW 2 “3+17 OIENFIMEE L, MM fhE4
b7 Lic 4 MoOERDEELZEHIE3-008 &5, ALAPEBNFERICRBL 72
“3+17 D%E|Sr{H L, “3” %3 proton electron reloading (RL), “1” 723 charge separation (CS)
TH5.[7] LAE, PSI ©sKRICE T % V0% Mn $ERIC X 2 i 4 2 v o L8 ))¢
At & AR e B A3 H & 2210 72 o 7.
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Fig. 4. Electron and proton dynamics along the SET path of (a) first CS, (b) first RL, and (c)

second CS. For CSs, unpaired electron density (yellow contour mesh) is superposed to show

the phenoxy radical turns to the phenol.
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Kota Hanasaki

Research fellow (Takatsuka group)

1. Summary of the research of the year

Relativistic theory of electron-nucleus-radiation coupled dynamics in molecules

Progress in experimental techniques has been realizing real-time observation and control of electron
dynamics in pulsed laser fields of unconventional intensity and ultrashort duration [1, 2]. Theoretical analyses
of experiments in such unconventional environment require through understanding of underlying physics and
efficient ab initio calculation techniques. One of the most intriguing newly realized fields of physics is
relativistic electron dynamics in atoms and molecules [3, 4]. Since 2018, we have worked on formulation of
relativistic theory of electron-nucleus coupled dynamics.

Electrons accelerated close to the speed of light exhibit a variety of relativistic effects [3, 5-8] including
(a) kinematic single-particle relativistic effects such as mass enhancement, (b) manifestation of bispinor
properties exemplified by the spin-orbit coupling and (c) electrodynamical effects arising from enhanced
coupling to electromagnetic fields such as bremsstrahlung, Compton scattering and pair creation etc.. In
quantum chemistry, electrons in heavy atoms have long been known to exhibit relativistic effects due to strong
Coulombic attraction of the nucleus with large atomic number Z [8]. According to Ref. 9, the static chemical
properties of those atoms are most strongly affected by relativistic orbital shrinkage (s and p orbitals) and
diffusion (d and f orbitals) and/or by the spin-orbit coupling [9,10], all of which originate from single-particle
relativistic effects ((a) and (b)) and Coulombic many-body effects. The framework of the Dirac-Coulomb-Breit
Hamiltonian formalism [8] has therefore been most successfully worked in relativistic quantum chemistry.

On the other hand, the new type of relativistic electrons in ultrastrong laser fields [3,4] dynamically
emerge from direct acceleration in a vector potential of relativistic strength. Characteristic behaviors of those
electrons, including magnetic distortion of trajectories [ 11], nonlinear multiphoton scattering [12] and radiation
reactions [13] etc., arise from enhanced coupling to electromagnetic fields ((c)). For analysis of such dynamical
effects, the Dirac-Coulomb-Breit Hamiltonian formalism, which has been proven to be so powerful in static
property calculations, is insufficient since it does not include radiation field dynamics or the relativistic theory
of electron-radiation coupling. We therefore started from reformulation of electron-nucleus coupled dynamics

based on quantum electrodynamics (QED) [5-7, 14-17].

In 2018, we have worked on path-integral formulation of relativistic electron-nucleus-radiation coupled
dynamics [18] starting from the QED Lagrangian and Hamiltonian. We have formulated a path integral for
relativistic electron-nucleus coupled dynamics using the perturbatively constructed effective Hamiltonian.
Details of this approach have been published in Ref. 18 and also reported in the FIFC annual report 2018.

The effective Hamiltonian path-integral approach is based on the standard covariant perturbation theory

in QED [7]. It follows that the applicability of this theory is limited to perturbative dynamics. We consider that
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the applicability should extend to dynamics induced by ultrastrong hard X-ray laser fields [19] in which,
because of large energy of hard X-ray photons, the vector field amplitude often remains within a perturbative
scale [20]. On the other hand, perturbative approaches break down in ultrastrong infrared laser fields [3,4]. We
have thus embarked on a formulation of non-perturbative approach.

In order to describe QED radiation-field dynamics without using the standard covariant perturbation
theory, we use the Tamm-Dancoff (TD) expansion [21-24]. The TD theory uses a systematic real-time
expansion of electron-radiation coupled state dividing the infinite dimensional QED Fock space into sectors
with a fixed number of electrons and photons. In this formulation, electron-electron interactions, for example,
are described as emission of real photon by an electron followed by absorption by another. TD formulation
thus provides complementary picture to the standard perturbation expansion where the electron-electron
interaction is treated as a retarded interaction via virtual photon exchange. The conventional TD approach,
however, is known to have problem in strict covariance of the theory since truncation of higher order sector
violates the covariance [25]. Possible effects arising from this problem are discussed in Ref. [26]. There is no
apparent problem in our formulation presented below, though we consider that the validity of our theory must

be numerically tested in the future.

We use the Coulomb gauge and decompose the QED Hamiltonian into the zeroth order part (the
electronic mean-field Hamiltonian plus the radiation Hamiltonian), H, = anlf + H"% and the interaction
part, HZ., in the manner shown in the path-integral approach [18] (also see Ref. [26]). The latter consists of
transversal electron-radiation coupling Hfr, = —q, [d*xyTap-A and the Coulombic mean-field
correction terms. We can first limit HE!, to the transversal part H[l, in the operator expansion step and later
recover the effects of Coulombic term [26].

We label the TD sector by triplet (n,, np, n,p), which represents the sector with N, + n, electrons,
ny positrons and n,, photons. The TD amplitude of the (0,0,0) sector is defined by

FEO({xh) = (01 (x)p () -+ (e, ) [ W), )
where {x} = {x1,x,-:-,xy,} represents a set of electronic coordinates, |¥), (0], and ¥ (x;) represent the
state vector, vacuum and the Fermionic operator in the interaction representation, respectively, whereas x; =
(ct,x;) is a four-dimensional coordinate of the i th electron (note that TD amplitude is an equal-time
representation of the system and all the time-like coordinates are the same). Time evolution of the TD
amplitude is given as

iR FPO0 = (Ol [ (e (xp) -+, HollWe) + (O] (x ) (x2) -+ Hine |Wy), 2
which expands as

iho,FY°° = HyFP% + Zka(Zj(AJ'\&(«A(xj)) + J% era 1w )FRt ({x}; k2)

+ Sk Zij S Ay (da ), F (v, v, 1. k) 3)

2 i . . . .
where €xa, = qe ’Z‘Zj”k—ﬂ;zekw and \§]d = sklﬂa”e‘ky, with e,’a (1 = 1,2) being the polarization vector of

transversal photon with wavenumber k, represents the electron-photon coupling, whereas J,’; is the spatial

Fourier transformation of the vacuum polarization JH(x) E%zi,-(ohpzf(x)xpj(x)—wj(x)w:f(x)|0)a{‘].. Newly
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introduced amplitudes F?%'and F!'lrepresent the TD amplitudes of the (001) and (111) sectors, defined as

F2O ({x}; k) = (O] (e (xz) -+ apa |9e) C))
and

Flll({x}i Y Yo th Jps k/l) = (0 (x P (xz) - (IPI(J’h: t))ih(¢>(J’p: t))jpaka(t)l‘l’t), )

respectively. We then proceed to solve the equations of motion of F2°! and F1'L.

In principle one can continue such expansion to infinite order, however, here we derive the lowest
nontrivial result by truncating all but these three sectors. Truncated equation of motion of F%°! reads

ihd,F2O1({x}; kA) = HyF°°! + Zkl(Zg(A*'&l’:l(xg)) + i €a ”)FOOO + (other sectors) (6)

RO FE ({2} Yo Vps i Jips KA) = HoF '™ + (O () (x2) -+ [W)83 (v — ¥p)

X (A-I&\l(/l(yh)/\_)jpih - ZZ(A+\§\kl(x{’)A_)i€jh63(x€ - )’h)F000|i€—>jp + (other sectors) (7)
where (other sectors) indicates a collection of terms that contain amplitudes of sectors other than (000) ,
(001) and (111), which are truncated here.

Formally solving the truncated equations Eqs.(6) and (7) and substituting back into Eq.(3) and also
restoring all Coulombic contributions, we finally obtain formal equation for 000 sector (see Ref. 25 for details)

ihd F ({a}) = [Z;(A" —WiSE) + VeI FEO ({x})

+ ) D () S e O I S G 5 ) (5 () P (D)
kA j=¢
+2, [ [ drideyf [ d3§1d3¢",(8(x"y — ) + 8(z; — 1)

X J 13X’ ;8" (a0, 6,81, TR ™(§' 1, 11582, T'2) ST (§ 5 75 'y, TOTISF (3, 65 2, T ) F " ({2 (8)
with W}9¢ representing the localized mean-field potential, /™" being the finite part of the radiative self-
energy of electrons and S¥(x,y) = %<O|T (w(x)l,b*(y))lﬂ) being the electronic Feynman propagator. Here
we have implicitly performed renormalization of divergent self-interaction terms and there remains the finite
part of radiative self-energy (see Ref. 26 for details). The obtained equation of motion, Eq. (8) consists of the
kinetic and potential terms (i.e. the Dirac Hamiltonian), the Coulombic interaction represented by V.,
transversal photon exchange, and the finite part of the radiative self-energy.

We can further include the nuclear degrees of freedom into the TD framework by formally introducing
the nuclear annihilation operator into the definition of TD amplitude and replace the electronic Hamiltonian
by the total (electron-nucleus) Hamiltonian. Here we assume that, within the energy range of our interest, the
nuclear velocities stay much smaller than the speed of light. Under such assumption, we can neglect all the
possible relativistic effects on the nuclear dynamics and/or the internal structure of nuclei. The TD amplitude
for the (000) sector is extended as

FO({x}; R) = (O Ge )P (x2) = Zay (Ra, ) 1) 9)
where x,, represents the annihilator of the i th nucleus, |Q) represents the state vector of the electron-

nucleus coupled system. The equation of motion of thus extended amplitude becomes

ihatFtOOO ({x};R) = (Za%Aa + %zablf;:lz_l;szl) FPO%({x};R)+(electron-radiation terms), (10)

where (electron — radiation terms) is a collection of terms essentially the same as the right hand side of

Eq. (3). In this framework, we can also introduce external laser fields through including it into the zero-th order
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Hamiltonian. Since our derived TD equation takes the form of an effective time-dependent Dirac equation, we
can formally include external fields of arbitrary intensity and integrate it step-by-step. Realistic estimation of
the upper limit of the field strength is given in Ref. 26, where the authors suggest starting from weakly
relativistic field intensity (~ 10® W/cm? to ~ 10*® W/cm?® for 1 =800 nm infrared laser field for

example) in order to numerically verify the results.
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molecules: Path-integral approach
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2. £EAWREZANIKE 2019 (F5L 31/ FH7T) FE

SANKE HAREES ZANES 2 AN ATEHSES - B HERE
PR A B B
) e L | PRBUVEAR LR~ | BRI | L
i vk BE IR P dm oy fo o s | PRERERDRO SRR
k27— FEIEAE
3. BNEM—E 2019 (Frk 31/ $Fx) EE
B4 E % S NEED) SN ED) B M i
¥ EME B Fr A 2019/5/5 2019/5/12 AT 2—F
ot 9t B ik 2019/5/31 2019/6/4 S|
KEEMTTE SCHNYDER, Simon Kaspar 2019/7/7 2019/7/14 N hT A
it %g o A 2019/8/20 | 2019/8/28 IV x—
it %tg mE ik 2019/9/28 | 2019/10/5 F—ALFUT
KEERFSE (A FBARRR 2019/9/28 | 2019/10/6 F—2ArFU 7T
it %e KiE TR 2019/9/28 | 2019/10/5 F—2ArFU 7T
¥ E B FA  fER 2019/9/29 | 2019/10/3 F—ANFUT
W % A W RAF 2019/12/15 | 2019/12/21 [
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# RIiF (REBXE EHE—ESMWREYY-) 10:15-11:15
[d EFESHROIERILR : WIS FH S FHEERN]

EBE —t (FBARKER BRHAAR) 11:30-12:30
[5%E  WMtRSRRICB I BEERIKEI rF=SoR]

12:30-13:50

AR B (REAEXER BERMAR) 13:50-14:50

15:00-15:30
15:30-17:20
17:30-19:00
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B 17 B mREARE SR ¥ — AR T A

WA= £/

HEE 2020 4E 1 A 31 H (&) 10:00~19:00
LET AR R R v —

Bz (Opening) : 3 EAREE

[FAZORE ek B0 Ry Effak &ttt v 2 —R)
[T = #] KNG B GRS THERR)

#/HSE (Lecture Session) : 3[BXEEE

10:00 — 10:05
10:05 -10:15

® i B UK faHsk—so e % —)
d EFEEROH T INZF 055y FHEfk b~
JER . KiE R (EHE U Z—)

o JEE —th GUHSRZFKRFRE BLFRHFSEEL
[RURT « SN EIRER RIS T B EhEIRE X £ 2 7 &
JEER . FE EE (B y—)

R
o W T CRniRZFRFpe HYSRotsish)

(A - BB oo E TRAAL T/ > — b
JER « ik i (et v 2 —)

10:15 - 11:15

11:30 - 12:30

13:50 — 14:50

[{EHFHE—EEIE | RER (Ceremony of Kenichi Fukui Encouragement Award) :

JREEE
TEA VAR R UK R A L & —)

RS & KRBT R OFR — MHTR = L F =5 ORI G

KRR A —+t w3 (Poster Session) : 3 BERREE

BPFX (Banquet) : 1 [EZEBIIL—L
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RAZ—U AL BRREHERE 15:30~17:20)

BT A O IIATE (15:30-16:25) . FH S BB OTTEHEY (16:25-17:20) 12id, RAZ —R—F
DHETTHEETH LI L TIEEN,

Authors with odd and even poster numbers should be present at the poster during the first half (15:30-16:25)
and the second half (16:25-17:20) of the session, respectively.

F—REHEICK D EuZBEALLROTRAAA MeAYHOETFHEEFTT
OdnAk FE&E, Bk ERAKT)

=i PAISITIOsDRAS TE LU ISR E—ETILDEE
OZ2M PER[1,2]. K #i[2,3]. M1 =EB[3.4]. SFAF FKER[3.4]. Mg FEH[3,4]. 1EHE #12,3,4]
LRI, RRfEHE2]. HKRBETL[3]. AKX ESICB[4])

ORVIITIFOUoDAN) TS ALERIZCEBITAREGRICBROFERA DXL

OZ M H%%[1,2,3]. PauloFilho Marques de Oliveira[4], Alain Chamayou[4], &% f##[1,2,3]. HH —
#2[1,2]. Michel Baron[4] (FUKfEFHE[1]. BAPEL[2]. HK ESICB[3], 7 /V EE L& FILHE TR
(4]

I/ XFYOU-M TN M) P OUFEREZRAL-OLED ITEITAEMEELEE: BXR=
EERHER
O B[], BB F2[2]. i #1,2,3] GERBETL[1]. FKR#EHE[2]. 52K ESICB[3])

CITIIZNINRUVER LA ROA N/ I AILRBIZE T RIIEBIREDR
Oft4s HEE[1,2]. I m U [3]. FME EE[1,2.4]. EHE #[1,2,4]. "z 2= [3] GREIT
B[1]. RHKRBETL[2]. 7V EEN &SEFILEFIL[3]. K ESICB[4])

DFITE T AN ROBDFERORR
Oty R, M fik GUREHE)

[Pt(dien)(dmap)]2l; DIFEF DEFEER VRN RS FLIZET 2 BMOHAR
OrtE Hez[1]. H A 5LF[2], UnjilaAfrin[2], (LF IEREE[2], fill SEAF[1] Gl Rf@HE[1]. ALK
BEER[2])

SSREPERZAV-ARZIEZDHE
OmA A URfEHE)
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Collective motion and cell migration of cells on a substrate
OSimon K. Schnyder (FIFC, Kyoto Univ.)

Mg EITER LE-EABISFERETC & SR EH
Ok e CRRfEH )

Theoretical Study on Catalytic Mono-Alkylation of Pyridine with Alkenes by Rh(PAIP)
Complex

OQiao-Zhi Li[1], Naofumi Hara[2], Yoshiaki Nakao[2] and Shigeyoshi Sakaki[1] (FIFC[1], Grad. School. of
Eng. Kyoto Univ.[2])

Theoretical study on nickel(0)-catalyzed alkenyl exchange of allylamines with alkenes
OQingxi Meng [1,2] and Shigeyoshi Sakaki [1] (FIFC, Kyoto Univ. [1], College of Chem., Shandong Agri.
Univ., China [2])

Theoretical insight into the reaction behavior of NO molecule on 3d and 4d metal clusters
(M43, Mss ; M = Co, Ni, Rh, Pd)

(ONozomi Takagi[1], Ryoichi Fukuda[l], Masahiro Ehara[1,2], Shigeyoshi Sakaki[1,3] (ESICB, Kyoto
Univ.[1], IMS[2], FIFC, Kyoto Univ.[3])

Mechanistic Insights into Propene Oxidation on MCr204(111) Surface (M = Mg and Zn) with
and without Cu Doping
OPeng Zhao, Masahiro Ehara, and Shigeyoshi Sakaki

Propene Oxidation on Mss Particle (M = Pd or Rh): Theoretical Study of Reaction Mechanism
and Differences in Catalytic Activity between Pdss and Rhss
OBo Zhu (FIFC, Kyoto Univ.)

TCNQ DYt B IEERTF D 5 Fim BB R
OtbsE REF[1). B FER[2], ek Eg2] Gk RPEE 1], mRPEL[2])

Mechanism elucidation of the metal cation effects on a-acid isomerization with quantum
chemical calculations

OMinami Kimura[1], Masahiro Higashi[2], Hirofumi Sato[2] (Fac. of Eng. Kyoto Univ.[1], Grad. School. of
Eng. Kyoto Univ.[2])

ERERRIGICE T BKDFMNR OB/
OF B KB, -/ HER[2]. ik 7EFsC[2] BRRBEE T[], mRRET[2])
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HBT ORERKESFATO + OBEICH T 5BEKFEICET 2 EROTR
Offp &[], - HER[2]. ek Beor2] GRORI[1]. mURBEL[2])

DFTB LMBERTUIvILERAV-AREEISMETIREORT OO v LI RIILE—HEOE
-

OAR 1Z[1]. /M2 B[]0 P2 1ES[L,2]. B HER[1,2]). ik or[1,2,3] (RURPEL[1]. K
ESICB[2]. B RfEHE[3])

ERERAMEFBEICHSTI23EFOBLERAANEEICHT 2ERNTAR
OmEts 1], 2 ws[1,2]. i Zo1,2,3] GURBEL[1]. &K ESICB[2]. FK#HE[3])

SrFeOs, Sri:Fe207(001)EI<#5 (115 NO Bt RIiCDE—RIEBHE
Omits %z, miH B—. HEF BH. M) =88 GURPi L)

AgF/ DY F—T LA DR EEERNIEIC & 5P EED I
OXE H, I &I, Bo BA GUKEET)

BRiEEEFOERIEME ARTIONCE T 2B REANTMEDHE N & REHEE
O M 1], 7#ks B 3C[2]. AlexandraS. Gibbs[3]. #EM ®wHI[1]. HH BEA[1] GEREEL[1]. Ju
KRBEL[2]. %7+ — R -7 v 7L k3]

Ab initio evaluation of redox potential of metalloprotein
Opk B, # HEZ GUKRBLE)

BTFEFHEICE S TMTTF RO BRBE-BRKFEFREBORERT
OdtAs R, AEH (i (KPR

Theoretical study on molecular mechanism of a light-driven ion transport of Halorhodopsin

O/hr fa, BB Kthi, A& BZ (URED)

KR7Z7=-FAVFvrILOR T GIACR1 DO FHEBICRET 2ERNHR
ORER FEH, gl B, Ak EHE GURBEL)

Photoactivation Intermediate of AsLOV2 Photoreceptor Protein Investigated by a Hybrid
Molecular Simulation

(OMasahiko Taguchi, Cheng Cheng, Chika Higashimura, Yoshihiro Uchida, Shigehiko Hayashi (Grad. School.
of Sci. Kyoto Univ.)
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30.

31.

32.

33.

34.

35.

36.

37.

38.

BEELVDHDFEHES I A L—2 3y L BRNERIT
OIA #A[1]. LuFengniu[2], HF #i&E[2]. Ak FHZ[1] GUREE[1]. WE - MHEMIFZERERE2])

RYTVOEREEEDHERKREFEMICET 2 EARMAR
OHK B[], M #£A[2]. #k FokE[2]. LR OHRR[2]. B BKih[2]. bl BERE[2]. THEF
HI[2,3] (BoRFEERE T[1]. FoRBeFERE T[2]. 40 FHF3])

BINTYA—BSU8/4 FIN)-72 S 7 VB FOBINES FHREEERICET 5 ER
L5

Otizk FrofE[1], AL FEFE[1,2], Mg A—[3]. IUF R3], 8B HEm[1,2,4] (BORBEHAE T[1],
PR CSRN[2], BALKPBEER[3]. 4 FHF[4])

EEREHT/ NI FROBMRME. FERES LU - BRSEDEIC OV TOERRMR
Off 7o P[1]. AR RFEE[1], AZIH J2Ar[1]. K B[], e REM1,2,3,4] (BROKBEHHBE T[],
B QIQB[2]. FRA CSRN[3]. 4r-F-HF[4])

SR -EBEAROH ERMAEICET S ERMR
OAbirl FEFE[1,2], R K1), #k FolE[1]. Z2H FEA[1] LR BHRR1]. FE HEH[1,2,3] (B
KEEFEMET[1]. PR CSRN[2]. 40 FHF[3])

RUBALVIRRESRDO VT LY 24923V FA4F 2 H RIZETIHABHE
O®AR &[1]. ME @a[1]. SH 1], & FI1). KiE &[], AR FHR2]. % HH
[1,3,4] (BROREERET[1]. BOKPEER[2]. BROK CSRN[3]. 47 T-#F[4])

BRIy FIaovia vt -IREREEAREHCET 2 BRI
OzkifE Eak[1]. =¥ FoU[1]. ME RG], 5/ M), =48 &1, P8 HEH[1,2,3] Bk
FERET1]. BROK CSRN[2]. 45FHF[3])

AR UBET VO ZERIZBITDL Ty 724923V 8A4F 3 RIZEAT 2ERTE
O f@HA[1]. HH M), B4 &[], & EER]. AT K2l #5E 2], % Hh
[1,3,4] (BROKPEEEAE T [1]. BoRPEI[2]. Bk CSRN[3]. 47 T-#[4])

STERITZZRAVE MY X(2,2-EEY ST =9 L(I)EED HOMO XU LUMO O T H
LE—QEBREBEREEICOVTOERDR

OffepE 72811, Mok FlE[2], W £ A[2]. LR FRE[2]. B EK[2], il FepE[2], ¥ HE
F[2] (BRORKIERE T[], BBz EamE T[2])
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FIAFA) FBUZETIARESRATESFOEFREL N - BREEMHEIZOLTORE
ko

OFEK BT[] 7 s F[1]. Pk (EE 2], P8 HEd[1,3,4] (BRPEEEAE T[], FEvEsl TREGRR
“EERE2]. BROK CSRN[3]. %0 FHiF[4])

TESOOARVEATF RS TN ZERICHE T 2EEEE. MRS, EEEAZEEOR
FEIRERE - ABEKFECET 2 ERTR

ORI 5211, F= 5o B[], A Esk(1]. b8y $E9E0]. EAK B[] 78 #A[22,3]. I it
H1[1,4,5] (FBORBEAEAET[1]. BRORPEN2], BB ENL AR K[3]. 2 4], BRI CSRN[5])

NEITSABFEUDEFRELHEIRLY—ICEATI2ERHE
OEW O[], A &[], MHE /a1, SH ). =& &[], % Hb1,2,3,4] Bk
WET[1], 59FHF[2], B CSRN[3], Bk QIQB[4])

2 ROBEFEBAHRAAREFIRAI—FEXAZAVERUVE L _EFRETILO—EERARICE
(3T T7HRICEAT 2EROTAR

O H Mi[1]. ME @R, ki SRk, B FIUL = &[], T FEm[,2] (kb
WHET[1], o 2]
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5. #Htra—t3IF— KRRE—-TOJIL

&3 'I:'/'Sl —Iz
The 17t Fukui Ce

2019ﬂ51ZH 13H (& *#ﬂ_
REREEHHE— ,L,\E}F;mtzgﬁ—
http.//www.fu u

T606-8103 HHHERK S
(at FIFC, Kyoto Univ. on.D

15:00-15:40 Kentaro Ya

“On the Fundamental Chen
Water-Splitting Cycle

16:30417-26*‘-"~

| “Masswely paralletm

i

quantum chemistry solver
L systems

SHOAEDTHKIGEHDN-LET

We welcome all of you to join.
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