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sesquiterpenes, M. Isegawa, S. Maeda, D. J. Tantillo, and K. Morokuma Chemical
Science, 5, 1555 (2014).
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1. 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)

2. S.Sasaki, S.Suzuki, WM.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)

3. S.Sasaki, S.Suzuki, K. Igawa, K. Morokuma, G. Konishi, The K-Region in
Pyrenes as a Key Position to Activate Aggregation-Induced Emission: Effects of
Introducing Highly Twisted N,N-Dimethylamines, J. Org. Chem., 82, 6865-6873
(2017)

2012 -9 H  Best Poster Awardsat the Annual Meeting of the Japan Society for
Molecular Science
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Akhilesh Kumar Sharma

Postdoctoral Fellow

Fukui Institute for Fundamental Chemistry

Room No. 207

075-711-7893

075-781-4757

sharma@fukui kyoto-u.ac.jp

Computational Chemistry

Mechanistic study of organic and organometalic reactions

DFT, AFIR, Reaction Mechanism, Stereoselectivity

Master of Science, Himachal Pradesh University, Shimla, India (2006)
Ph.D., Indian Institute of Technology (IIT), Bombay, Mumbai, India (2014)

Research Associate, Indian Institute of Technology (IIT), Bombay, Mumbai, India
(2014-2015)

1. W. M. C. Sameera, Akhilesh K. Sharma, Satoshi Maeda, Keiji Morokuma, “Artificial
Force Induced Reaction Method for Systematic Determination of Complex
Reaction Mechanisms” Chemical Record, 16 (5), 2349-2363 (2016).

2. Ming-Chung Yang, Akhilesh K. Sharma, W. M. C. Sameera, Keiji Morokuma, and
Ming-Der Su, “Theoretical Study of Addition Reactions of L4M(M = Rh, Ir) and
L2M(M = Pd, Pt) to Li+@C60” J. Phys. Chem. A, 121 (13), 2665-2673 (2017).

3. Miho Isegawa, W. M. C. Sameera, Akhilesh K. Sharma, Taku Kitanosono, Masako
Kato, Shu Kobayashi, and Keiji Morokuma, "Copper-catalyzed Enantioselective
Boron Conjugate Addition: DFT and AFIR Study on Different Selectivities of Cu(I)
and Cu(II) Catalysts" ACS Catal., 7 (8),5370-5380 (2017).

4. Akhilesh K. Sharma, W. M. C. Sameera, Masayoshi Jin, Laksmikanta Adak,
Chiemi Okuzono, Takahiro Iwamoto, Masako Kato, Masaharu Nakamura, and
Keiji Morokuma “DFT and AFIR Study on the Mechanism and the Origin of
Enantioselectivity in Iron-Catalyzed Cross-Coupling Reactions” J. Am. Chem. Soc.,
139 (45), 16117-16125 (2017).

5. Miho Isegawa, Akhilesh K. Sharma, Seiji Ogo, and Keiji Morokuma, “DFT Study
on Fe(IV)-Peroxo Formation and H Atom Transfer Triggered O, Activation by NiFe
Complex” Organometallics, 37(10), 1534-1545 (2018).

“2014 Eli Lilly and Company Asia Outstanding Thesis Award” for Best Thesis
Fellowship from council for Scientific and Industrial Research (CSIR), India to Pursue
PhD.
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Maneeporn Puripat
Research Fellow

Nara Institute of Science and Technology
Institute for Research Initiatives
Graduate School of Materials Science

8916-5 Takayama-cho, Ikoma, Nara 630-0192, JAPAN

0743-72-6026

puripat@ms.naist.jp

http://www.naist.jp/en/

Theoretical Chemistry

Theoretical/Computational Chemistry for Complex Molecular Systems
Transition state, Catalysis, Catalytic reaction, Reaction mechanism

Ph.D. (Nanoscience Technology), Chulalongkorn University, Thailand (2016)
B.Sc. (Physics, 2nd class Hon.), Chulalongkorn University, Thailand (2011)

Doctor of Philosophy from Chulalongkorn University, Thailand

1. Special Lecturer, Rajamangala University of Technology Phra Nakhon (RMUTP),
Bangkok, Thailand (2012-2016)

2. Research Fellow, Fukui Institute for Fundamental Chemistry (FIFC), Kyoto
University, Kyoto, Japan (2016-2017)

3. Lecturer, Rajamangala University of Technology Thanyaburi (RMUTT), Pathum
Thani, Thailand (2017-2018)

4. Research Fellow, Nara Institute of Science and Technology, Nara (NAIST), Japan
(2018-present)

1. Maneeporn Puripat, Romain Ramozzi, Miho Hatanaka, Waraporn Parasuk,
Vudhichai Parasuk, and Keiji Morokuma, “The Biginelli reaction is a ureacatalyzed
organocatalytic multicomponent reaction” J. Org. Chem. 80 (14), 6959-6967 (2015).

2. Arifin, Maneeporn Puripat, Daisuke Yokogawa, Vudhichai Parasuk, and Stephan
Irle, “Glucose transformation to 5-hydroxymethylfurfural in acidic ionic liquid: A
quantum mechanical study” J. Comput. Chem. 37 (3), 327-335 (2016).

3. Tomoharu Oku, Masaki Okada, Maneeporn Puripat, Miho Hatanaka,
Keiji Morokuma, and Jun-Chul Choi “Promotional effect of CH3I on
hydroxycarbonylation of cycloalkene using homogeneous rhodium catalysts with
PPh3 ligand” J. Co2. Util. 25, 1-5(2018).

1. The Development and Promotion of Science and Technology Talents Project (DPST)
(Royal Government of Thailand scholarship) of Thailand (2004-2016)

2. The New Energy and Industrial Technology Development Organization (NEDO).
(2016-present)
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WAL - SRR - B

VS D B & B BE IR DAV BUS O BEam B AT

3D-RISM-SCF ik, “E#JE; QM/MM {5, H BT 3RV X — AT, VAR S AT
JEI R 53 - S AT

2010 4E 3 H  FUHL KPR PR EL AT FE B b of R i 1% R
MR SRR IR

2010 =9 H HEELE GRELRT)

2010 4F 4 H  RE KPR F PR RM b I HE R

2010 £ 5 A R R W — MR & o A T LHLS B e R

2010 4F 10 H  FERKR: WE — MR & > A 7 L HLS K EF e B

2011 4 A RUECRS: k5ot o % — FrREm 2t 8

20154F 4 H  RERF wEHak sl atr s ¥ — 7 o a— (hilf)

DTRES, B bEs, RS

1. Aono S., Hosoya T., and Sakaki S., “A 3D-RISM-SCF method with dual solvent

boxes for a highly polarized system: application to 1,6-anhydrosugar formation
reaction of phenyl alpha- and beta-D-glucosides under basic conditions” Phys.
Chem. Chem. Phys. 17,6368, (2013)

. Aono S., Nakagaki M., Kurahashi T., Fujii H., and Sakaki S., “Theoretical Study

of One-Electron Oxidized Mn(III)- and Ni(II)-Salen Complexes: Localized vs
Delocalized Ground and Excited States in Solution” J. Chem. Theory Comput. 10,
1062, (2014).

. Aono S., Mori T., and Sakaki S., “3D-RISM-MP2 Approach to Hydration Structure

of Pt(Il) and Pd(IT) Complexes: Unusual H-Ahead Mode vs Usual O-Ahead One” J.
Chem. Theory Comput. 12, 1189-1206, (2016).

. Aono S, Nakagaki M., and Sakaki S. “Theoretical Study of One-Electron Oxidized

Salen Complexes of Group 7 (Mn(III), Tc(IIl), and Re(Ill)) and Group 10 Metals
(Ni(IT), Pd(IT), and Pt(IT)) with 3D-RISM-GMC-QDPT Method: Localized vs.
Delocalized Ground and Excited States in Solution” Phys. Chem. Chem. Phys. 19,
16831-16849, (2017).
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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 Inverted Sandwich Type Complexes
Electronic Structure of Metal Complex, Multireference Theory

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

Apr. 2009, Postdoctoral Fellow, Kyushu University

Japan Society for Molecular Science
The Chemical Society of Japan

1. Masayuki Nakagaki and Shigeyoshi 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).

. Takako Muraoka, Haruhiko Kimura, Gama Trigagema, Masayuki Nakagaki,

Shigeyoshi Sakaki, and Keiji Ueno “Reactions of Silanone(silyl)tungsten
and -molybdenum Complexes with MesCNO, (MeZSiO)3, MeOH, and H2O:
Experimental and Theoretical Studies” Organometallics, 36, 1009-1018(2017).

. Masayuki Nakagaki and Shigeyoshi 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)

. Masayuki Nakagaki and Shigeyoshi Sakaki “CASPT2 Study of Inverse Sandwich-

Type Dinuclear Cr(I) and Fe(I) Complexes of the Dinitrogen Molecule: Significant
Differences in Spin Multiplicity and Coordination Structure between These Two
Complexes” J. Phys. Chem. A, 118, 1247-1257 (2014)

. Shinji Aono, Masayuki Nakagaki, Takuya Kurahashi, Hiroshi Fujii, and Shigeyoshi

Sakaki “Theoretical Study of One-Electron Oxidized Mn(III)- and Ni(II)-Salen
Complexes: Localized vs Delocalized Ground and Excited States in Solution” J.
Chem. Theory Comput., 10 1062-1073 (2014)
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Jing Lu

Research Fellow

Fukui Institute for Fundamental Chemistry

Room 303

075-711-7907

jing@fukui.kyoto-u.ac.jp

Computational Chemistry

Theoretical study of bimetallic alloyed nanoclusters/particles

Bimetallic alloyed nanoclusters/particles, core-shell structure, oxygen reduction
reaction

June 2016, Doctor of Sci., Faculty of Chemistry, Northeast Normal University, P.R.
China

Doctor of Science from Northeast Normal University

Aug. 2016, Postdoctoral Fellow, FIFC, Kyoto University

1. Lu, J.; Ishimura, K.; Sakaki, S., Theoretical Insight into Core—Shell Preference for
Bimetallic Pt-M (M = Ru, Rh, Os, and Ir) Cluster and Its Electronic Structure. J.
Phys. Chem. C 122,9081-9090 (2018).

2. Lu, J.; Zheng, Y.; Zhang, J., Computational design of benzo [1,2-b:4,5-b"]
dithiophene based thermally activated delayed fluorescent materials. Dyes and
Pigments 127, 189-196 (2016).

3. Lu, J.; Zheng, Y.; Zhang, J., Rational design of phenoxazine-based donor-acceptor-
donor thermally activated delayed fluorescent molecules with high performance.
Phys. Chem. Chem. Phys. 17,20014-20020 (2015).

4. Lu, J.; Yao, Y.; Shenai, P. M.; Chen, L.; Zhao, Y., Elucidating the enhancement in
optical properties of low band gap polymers by tuning the structure of alkyl side
chains. Phys. Chem. Chem. Phys. 17,9541-9551 (2015).

5. Lu, J.; Zheng, Y.; Zhang, J., Tuning the color of thermally activated delayed
fluorescent properties for spiro-acridine derivatives by structural modification of the
acceptor fragment: a DFT study. RSC Adv. 5, 18588-18592 (2015).
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Rong-Lin Zhong

Research Fellow

Fukui Institute for Fundamental Chemistry

Room 303

075-711-7907

075-711-7907

zhongrl@fukui.kyoto-u.ac.jp
http://tcclab.jlu.edu.cn/info/1045/1082 .htm

Computational Chemistry

Theoretical Study of Complex Systems Including d-electrons
Palladium catalysis, oxidative addition, reaction mechanism

June 2010, bachelor of Chemistry Education, Faculty of Chemistry, Northeast Normal
University

June 2015, Doctor of Physical Chemistry, Institute of Functional Material Chemistry,
Faculty of Chemistry, Northeast Normal University

Doctor of Physical Chemistry from Northeast Normal University
Otc. 2016, Lecturer, Jilin University

1. Yadav, R. M.; Nagaoka, M.; Kashihara, M.; Zhong, R.-L.; Miyazaki, T.; Sakaki, S.;
Nakao, Y. J. Am. Chem. Soc., 2017, 139, 9423-9426.

2. R.-L. Zhong, H.-L. Xu,* Z.-R. Li* and Z.-M. Su*. Role of Excess Electrons in
Nonlinear Optical Response. J. Phys. Chem. Lett. 2015, 6,612-619

3.R.-L. Zhong, H.-L. Xu,* S.-L. Sun, Y.-Q. Qiu, and Z.-M. Su*. The Excess Electron
in a Boron Nitride Nanotube: Pyramidal NBO Charge Distribution and Remarkable
First Hyperpolarizability. Chem. Eur. J. 2012, 18, 11350 — 11355.

4.R.-L. Zhong, H.-L. Xu,* S. Muhammad, J. Zhang and Z.-M. Su*. The stability and
nonlinear optical properties: Encapsulation of an excess electron compound LiCN/
Li within boron nitride nanotubes. J. Mater. Chem., 2012, 22,2196-2202.

5.R.-L. Zhong, S.-L. Sun, H.-L. Xu,* Y.-Q. Qiu, and Z.-M. Su*. BN Segment Doped
Effect on the First Hyperpolarizibility of Heteronanotubes: Focused on an Effective
Connecting Pattern. J. Phys. Chem. C 2013, 117, 10039-10044.

(AR OZ E 72 &)

. 2012, National scholarship for PhD candidate.
. 2013, Excellent graduate student of Northeast Normal University.
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078-940-5678

078-304-4975

matsuoka@fukui.kyoto-u.ac.jp

SR TR

2011 /-3 A BEERBRFRFFEEL T e R A i LR eaE 1

2014 -3 H  BEFERBRFZRFLH TR g Re T

2014 -3 H L (%) (BERRKRT)

2014 44 H  BEIEFRBRFUELRIMICE. 201547 A AU KRFREMIEE.
2016 4 H HKEHEV X —5E7 = v —

AR bFS, DRSS

1. Takahide Matsuoka, Sayo Oonishi, Satoshi Yabushita, “Theoretical study on

angular momentum polarization parameters, branching ratios, and anisotropy
parameters of chlorine atoms from Photodissociation of Iodine Monochloride”, Int.
J. Quantum Chem. 113(3), 375—381 (2013).

2. Takahide Matsuoka, Satoshi Yabushita, “Theoretical study on the photofragment

branching ratios and anisotropy parameters of ICl in the second absorption band”,
Chem. Phys. Lett. 592,75—79 (2014).

3. Takahide Matsuoka, Satoshi Yabushita, “Quantum Interference Effects

Theoretically Found in the Photodissociation Processes of the Second Absorption
Bands of ICI and IBr Molecules”, J. Phys. Chem. A 119(37), 9609 —9620 (2015).

4. Takahide Matsuoka, Kazuo Takatsuka, “Dynamics of photoionization from

molecular electronic wavepacket states in intense pulse laser fields: A nonadiabatic
electron wavepacket study”, J. Chem. Phys. 146(13), 134114 (2017).

5. Takahide Matsuoka, Kazuo Takatsuka, “Nonadiabatic electron wavepacket

dynamics behind molecular autoionization”, J. Chem. Phys. 148(1), 014106 (2018).
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kyamamoto@fukui.kyoto-u.ac.jp

JEUTAATE B B . B (LIRS DT

FEWTEGELS, Ao

2015 4F 3 H  HARURZFER P B RS E P b Bl R e T
201543 H B+ (RORKRE)

2014 4 BUNRZEBAINMIER, 2015 4 HOURFARHENITER

1. K. Yamamoto and K. Takatsuka, "Electronic quantum effects mapped onto non-
Born-Oppenheimer nuclear paths: Nonclassical surmounting over potential barriers
and trapping above the transition states due to nonadiabatic path-branching", J.
Chem. Phys. 140, 124111 (2014).

2. 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=0OH, OCaH) and Electron—Proton Acceptors", ChemPhysChem 16,
2534 (2015).

3. 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", Chem. Phys. 475,39 (2016).

4. K. Yamamoto and K. Takatsuka, "Photoinduced Charge Separation Catalyzed by
Manganese Oxides onto a Y-Shaped Branching Acceptor Efficiently Preventing
Charge Recombination", ChemPhysChem 18,537 (2017).

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. 20,6708 (2018).
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1. Y. Arasaki and K. Takatsuka, Pulse-train photoelectron spectroscopy of electronic
and nuclear dynamics in molecules, ChemPhysChem 14, 1387-1396 (2013).

2. 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).

3. 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).

4.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).

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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[X4] | Xue-Feng Ren

[#k4:] | Postdoctoral Fellow

[77)&] | Morokuma Group, Fukui Institute of Fundamental Chemistry

[#F2222] | Room No.212

[E@mERE] | 075-711-7647

[FAX] | 075-781-4757

[E+A—1T FLZ] | renxf@cumt.edu.cn

(#5243 8] | Computational Chemistry

[BAEDOWFFEIRRE] | excited state emission decay

[#F7EN% % —"7 — F] | DFT, AFIR, PES

[7#/%] | Ph.D. Physical Chemistry, Jilin University, Changchun

[*#6] | Ph.D. Physical Chemistry, Jilin University, Changchun

W%/ ] | Nanjing University, 2010-2012, Ph.D fellow
China University of Mining and Technology, Xuzhou, associate professor

[ E70EE 2] | 1. Xue-Feng Ren, Guo-Jun Kang, Qiong-Qiong He, and et. al, Theor Chem Acc 2016,
(% 5 L) 135,24

2. Xue Feng Ren, Guo Jun Kang, Shou Feng Zhang, and et. Al, J. Photochem.
Photobio. A: Chemistry, 2015, 311, 85

3. Guo Jun Kang, Xue Feng Ren,* Si Yu Bai, J Organomet. Chem. 2015, 785, 44

[“FIBEfR D=2 B 72 £] | ISPS Research Fellowships
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1. R.Matsuzaki, S.Asai, C.W.McCurdy, S.Yabushita, “Construction of complex STO-
NG basis sets by the method of least squares and their applications”, Theoretical
Chemistry Accounts, 133, 1521 (2014)

2. R.Matsuzaki, S.Yabushita, “Optimization of complex slater-type functions with
analytic derivative methods for describing photoionization differential cross
sections”, J.Comput.Chem. 38,910 (2017)

3. R. Matsuzaki, S.Yabushita, “Calculation of photoionization differential cross
sections using the complex Gauss-type orbitals”, J.Comput.Chem. 38,2030 (2017)

Journal of Physics B Atomic, Molecular and Optical Physics Best Poster Award 2013
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Ho R 20174 (CERR294) 5 25 H (OR)  15:00—17:20

Y BT REKRTF EHER R AAgEE 2 — (16 106 =)
15:00 — 15:40

Yoshio Nishimoto (Kyoto Univ.)

“Analytic Derivatives with Fractional Occupation Number”

15:40 — 16:20
Mitsusuke Tarama (Kyoto Univ.)
“Nonlinear Dynamics of Active Deformable Particles : From Liquid

Droplets to Biological Cells”
— Break —
16:30 — 17:20
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1. EEHE Yoshio Nishimoto

Program-Specific Assistant Professor

1. Summary of the research of the year

Development of FMO-DFTB/AFO

Recent progress in linear-scaling quantum
mechanical methods enables large-scale
calculations for more than one million
atoms. The fragment molecular orbital
(FMO) method is one of the linear-scaling
methods, and a combination with the
density-functional tight-binding (DFTB)
method is potentially applicable to even
larger systems. I have been developing the
combination, FMO-DFTB method [1], in
these years.

In this fiscal year, I combined
FMO-DFTB with the adaptive frozen
orbital (AFO) treatment [2]. The whole
algorithm is shown in Fig. 1. In FMO, one
has to divide a large system into fragments.
Although this sounds straightforward when
the system consists of isolated molecules or
cluster, such as water, a special care has to
be paid when we try to divide it across
covalent bonds. The conventional procedure
is referred to as the hybrid orbital projection
(HOP) approach. Users usually have to
prepare sp3 hybrid orbitals in prior to
calculations, and orbitals in fragments are
projected out from the variational space to
avoid duplication in the actual calculation.
The AFO approach is conceptually similar,
but it employs localized orbitals generated
in model systems on the fly. Model systems

are constructed from a subspace of the

Fig. 1 Algorithm for computing FMO/AFO gradients. Each
circle represents solving Z-vector equations. Arrows represent
the flow of Lagrangian, localization, auxiliary density, and

derivative contributions
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whole system. In spite of the similarity, derivations and implementations of the analytic derivative of the
total energy with the AFO approach is not straightforward, and they have not been realized.

Eventually, first-order derivatives can be analytically computed as in Fig. 1. The algorithm implies
that four types of response (Z-vector) equations have to be solved in FMO-DFTB/AFO, while the
conventional FMO-DFTB/HOP required only the second Z-vector equation, called the self-consistent
Z-vector equation. The first type of the Z-vector equations arises from freezing occupied and projecting out
virtual orbitals in fragments. The third and fourth do from response contributions in model systems, because
the geometry of the model system is dependent on coordinates of the real system. It is apparent that the latter
contributions do not exist in the conventional FMO/HOP method, since hybrid orbitals to be projected out
are generated for fixed structures. Because of the complexity, FMO/AFO is 1.6-2.3 times expensive than
FMO/HOP. The extra cost is mostly relevant to matrix algebra, in particular matrix multiplications. The
deviations of the implemented gradient from numerical gradients is on the order of 10~ hartree/bohr, and the
residual error should be attributed to the limited accuracy of numerical gradients. As a demonstrative
example, FMO2-DFTB2/HOP had a large error for a zeolite system (+32.84 kcal/mol), but it decreased to
only -0.60 kcal/mol with FMO2-DFTB2/AFO.

It is now possible to apply FMO-DFTB/AFO to molecular dynamics (MD) simulations. As a
demonstration, we prepared a large boron-nitride nano-ring consisting of 1,180,800 atoms with 65,550
fragments and 131,100 detached bonds. It took 181 hours for 500 MD steps on a computer node with 24
CPU cores, so a single step took only 22 minutes on average. It thus shows that calculations for one million
atom systems on a laboratory-scale computer resource are not challenging any more. Developers of FMO are
planning that recent developments, including some improvements for previous implementations, are released

in 2018, as a part of GAMESS-US.

Mechanism of a Pd-Catalyzed Aromatic C-H Coupling Reaction

C—H functionalization is a rapidly growing field in organic chemistry because of its potential applications in
the synthesis of pharmaceuticals, natural products, agrochemicals, and organic materials. The utility of C-H
functionalization is particularly pronounced when structural isomers and/or stereoisomers can be
distinguished. As one of the most fundamental reactions, the C—H coupling of heteroarenes with arylboron
compounds has been extensively studied both experimentally and theoretically. However, this type of
reaction usually requires a stoichiometric amount of co-oxidants such as 1,4-benzoquinone, Cu(Il) halides,
and Ag(I) salts, which results in chemical waste except in some rare cases. Moreover, these catalysts
generally exhibit low reactivity when sterically demanding substrates are employed.

Recently, Itami, Yamaguchi, and co-workers discovered an aromatic C—H coupling reaction of
heteroarenes and sterically hindered arylboronic acids utilizing a Pd/Fe dual catalyst that could overcome the
above-mentioned drawbacks [3]. The dual catalyst consists of Pd(II)-sulfoxide-oxazoline (sox) and
iron-phthalocyanine (FePc), where FePc is considered to oxidize Pd(0) to Pd(II) with oxygen in the air as the
terminal oxidant. Despite the aforementioned attractive features, the highest enantiomeric excess (ee) value

was 61%, and understanding of the reaction mechanism, which would aid in developing a catalyst which
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delivers a higher ee, has been limited. We
reported an experimental substituent effect
study of a model reaction as well as a
theoretical investigation to clarify the
reaction mechanism of the representative
reaction shown in Fig. 2 [4].

All the structures were optimized
using density functional theory (DFT) as
implemented in Gaussian 09. We selected
B3PW91 exchange—correlation functional
with 6-31G(d) and LANL2DZ basis set for
typical and Pd atoms, respectively

(abbreviated as BSI). Energy refinement for

Me Me
. s
o2
M H Me
e (HO):B O 10 mol% Pd-sox (L1)
7\ 5 mol% FePc 7\
+
Me > Me S

DMAc, 70 °C, 24 h
air
1A 2a 3Aa

61% yield, 61% ee

Fig. 2 Aromatic C-H coupling reaction of a thiophene
derivative and a hindered arylboronic acid, assisted by a Pd/Fe

dual catalyst.

optimized structures was performed as DF-SCS-MP2/(aug-)cc-pVTZ as implemented in MOLPRO 2012. We
added augmented functions for N, O, and S atoms and pseudopotential (ECP28MDF) for Pd (BSII). Solvent

effect was implicitly added by performing reference Hartree—Fock calculation with COSMO solvation model

with nonelectrostatic energies of the SMD solvation model.

The reaction profile (Fig. 3) showed that the (S)-product should be dominant because the highest

activation energy of the transition state (TS) leading to the (S)-product (TS,.s") is 3.0 kcal/mol lower than the

TS leading to the (R)-product (TS4s"). This finding is consistent with the experimental conditions at 70°C.

Other important TSs are the C—C bond formation step (TS8_9S and TSs_gR) and the abstraction of a proton to

A
30.0
— 20.0
o)
=
=
8 10.0
~
~—
& 00
—
o
c
% -10.0
) 19.9
™ kcal/mol
-20.0
'30.0 ‘HOAC_ 12R
128
C-B Activation C-C Bond Formation Deprotonation

Fig. 3 Proposed reaction profile as the COSMO-DF-SCS-MP2/BSII//B3PW91/BSI level of theory. Blue and

red lines (blue lines come lower except at 10 and TSy¢.11) represent free energies of reaction coordinates leading

to (S)- and (R)-stereoisomers, respectively.
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form a double bond on the thiophene ring (TSn_uS and TSn_uR). Activation energies of these steps are lower
than that of the C-B bond transmetalation. The HOAc species generated in the catalytic cycle may be
converted to OAc™ and water in the oxidation step. The water may then hydrolyze AcO-B(OH), resulting in
regeneration of 2oac.

The main question is why the energy difference of 3.0 kcal/mol emerges at this enantioselective
step. To address this, we calculated the interaction energy between the aryl group on the Pd center and the
tolyl group of the sox ligand. The interaction energies at the DF-SCS-MP2/BSII level of theory was 1.9 and
1.8 kcal/mol for TS4s® and TSy, respectively, so the difference of 0.2 kcal/mol only represents ~5% of the
total energy difference of 3.0 kcal/mol, implying that steric repulsion alone cannot reasonably explain the
enantioselectivity of the catalytic reaction.

We next focused on the electronic structure effect of the rotation of the tolyl group. We adopted the
natural bond orbital (NBO) analysis at the B3PW91/BSI level of theory. Our analysis revealed that TS,.s"
and hypothetical TS,.s* with the dihedral angle between O—S—C—C atoms equivalent to that of TS,s" are
stabilized by 5.9 and 3.3 kcal/mol, respectively, by the interaction between the donor (occupied C-C
n-orbital on the tolyl group) and the acceptor (unoccupied S—O o*-orbital on the sox ligand) NBOs. The
interaction corresponds to the hyperconjugation between these orbitals. The difference of the interaction
energies is 2.6 kcal/mol, which is close to the difference of the activation energies at TS,s> and TSys",
namely 3.0 kcal/mol. Although we suggested some substitutions which are expected to yield a better ee
based on the analysis of stabilization energies of different substitutions of the sox ligand, these are difficult to
realize experimentally.

In summary, our study indicates that the rate-determining and stereoselective step of the reaction is
the C-B translmetalation of the arylboronic acid. NBO analysis reveals that the difference between the
activation energy of two TSs leading to (S)- and (R)-products (TSus® and TS,s"%) is attributed to the
hyperconjugation between n-orbitals on the tolyl and the S—-O o*-bonding orbitals on the sox ligand. Our
investigations of the substituent effect of the sox ligand imply that the design of a highly selective catalyst is
challenging.

References

[1] Nishimoto, Y.; Fedorov, D. G; Irle, S. J. Chem. Theory Comput. 2014, 10, 4801-4812.

[2] Nishimoto, Y.; Fedorov, D. G. J. Chem. Phys. 2018, 148, 064115.

[3] Yamaguchi, K.; Kondo, H.; Yamaguchi, J.; Itami, K. Chem. Sci. 2013, 4, 3753-3757.
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2. FIFCYY—F2oxz0O—

Shigeru Nagase

FIFC Research Fellow

1. Summary of the Research of the Year

(a) Van Der Waals Heterogeneous Layer-Layer Carbon Nonostructures Including ...

H-C-C-H-:-rw---H-C-C-H Stacking Based on Graphene and Graphene Sheets

Noncovalent interactions such as et stacking and CHeeeww interaction are essential for
supramolecular carbon nanostructures. Graphite is the typical homogenous carbon matter based on the
me-7 stacking of graphene sheets. Even in the systems that do not contain aromatic groups, the stability of
diamondoid dimer and layer-layer graphane dimer originates from the C-H+<-H-C noncovalent interactions.
Therefore, the structures and properties of novel heterogeneous layer-layer carbon-nanostructures
containing the mesH-C-C-H--ert stacking based on [n]-graphan, [n]-graphene and their derivatives are
theoretically investigated for n = 1654 using the dispersion-corrected density functional theory at the
B3LYP-D3 level. The Energy decomposition analyses show that the dispersion interaction is the most
important for the stabilization of both double- and multi-layer-layer [n]-graphane@graphene. Binding
energies between graphane and graphene sheets show distinct additive CHeseex interactions. For
comparison and simplicity, the H-H bond energy equivalent number of carbon atoms (NHEQ) is employed
to describe the strength of these noncovalent interactions. The NHEQ of graphene dimers, graphane dimers,
and double-layered graphane@graphene are 103, 143, and 110, respectively, which indicates that the
strength of the CHe+«-rt interaction is close to that of the me++x interaction and is much stronger than that of
the C-H-+-H-C interaction in large size systems. Additionally, frontier molecular orbitals, electron density
differences, and visualized noncovalent interaction regions are discussed to understand deeply the nature
of the CHe-se;t stacking interaction in construction of heterogeneous layer-layer graphane@graphene
structures. It is expected that the present study will be helpful in creating new functional supramolecular

materials based on graphane and graphene carbon nanostructures.

(b) The Electron Transfer of Monotitanium-Encapsulated Fullerenes, Which Depends on

Fused Pentagon Distributions

The novel properties of monotitanium-encapsulated fullerenes are investigated using density functional
theory calculations. For encapsulation of a titanium atom inside a fullerene, it is the most interesting finding
that the properties of the fullerene are very sensitive to the distributions of fused pentagonal carbon rings in
the fullerene cage. When the titanium atom is bound on a doubly or triply fused pentagon part, the formed
endohedral fullerenes exhibit entirely different electron-transfer character, unlike the current knowledge on
mono-metallofullerenes. The titanium atom prefers to reside on the triply fused pentagon part because of
stronger interactions between titanium and cage carbons in the highly strained fused part. This finding is

remarkable because the important stabilization of triply fused pentagons upon endohedral doping has been
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underestimated up to now in the chemistry of endohedral metallofullerenes. It should be emphasized that
endohedral titatium doping is a feasible approach to the stabilization of highly strained triply
fused-pentagon part in the search for unconventional fullerenes for practical applications. The selective
electron-transfer character is extended to the study of the encapsulation of other neighboring metal atoms
such as calcium and scandium. Because of their different capability to accept d electrons, fullerene cages

with fused pentagon parts show selective metal encapsulation character.

(c) Epoxy and Oxidoannulene Oxidation Mechanisms of Chlorofullerenes Containing Fused

Pentagonal Carbon Rings

Recently, the oxidative functionalization of chlorofullerenes (WICSOCI10 and #913C56C110) containing
doubly fused pentagons in the fullerene cage was carried out, which leads to two monoepoxides with the
oxygen atom added at the ortho site of pentalene in the doubly fused pentagon. It is of great interest to
uncover how the reactivity of the chlorofullerenes violating the isolated pentagon rule upon is changed
upon oxidation. Therefore, two possible formation processes (ozone molecule and oxygen radical served as
oxidation reagents) of the two oxides were systematically investigated by density functional theory
calculations. For the ozone oxidation, two possible pathways were explored, and the results indicate that the
biradical mechanism Path,-RACDP is kinetically more favorable than Path,--RABP, where R, A, and P
represent reactants, ozonide intermediates, and oxidation products, respectively, and B, C, and D represent
another three oxygen-containing intermediates. The products obtained by ozone oxidation ([6,6]-55-closed
epoxides P—C3—Co for "'Cs5oClyg and P—Cy—Cy3 for **Cs¢Clyo with oxygen atom added at the shortest and
highest HOMO-contribution bonds) are consistent with experimental observations. However, the oxygen
radical additions on these two chlorofullerenes favor the generation of two [5,6]-66-open oxidoannulene
adducts (P-C;—C, and P—C4—Css). Subsequent analyses of their geometrical features and structural
stabilities suggest that these two open-ring oxidoannulene adducts are energetically unfavorable, which are
converted to more stable closed ring epoxides via a pirouette-type transition state. In these two diverse
oxidation procedures, the favorable C—C bonds for ozone attacking and C atoms for oxygen-adsorption are

rationalized in terms of their bond lengths and HOMO contributions as well as pyramidalization angles

(d) Deciphering the Role of Long-Range Interactions in the Ambiguous Structures of

Endohedral Metallofullerenes

Structure elucidation is a vital step to study endohedral metallofullerene (EMF). In this context, the
theoretical investigation is very powerful in determining the structures of EMFs. Therefore, the ambiguous
structures of Sc,Crp of current interest were first investigated using four different density functional theory
(DFT) methods at the wB97XD, M06-2X, B3LYP, and PBEO levels, combined with statistical mechanics.
The calculated results show that Sc,C,@C,,(6073)-Cgs is the most stable and abundant for Sc,C; within the
temperature of EMF formation. The DFT methods without long-range corrections, such as B3LYP and
PBEO, tend to underestimate the stabilities of the Sc,C,@Ces structures, as in the Sc,C,(@Cy, cases.
However, the B3LYP and PBEO methods give the relative energies of the La,C,@Co, isomers which are

almost identical to the energies obtained by the M06-2X method. It was found that long-range interactions
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play an important role in the interaction energies between encapsulated species clusters and carbon cages
for Sc,Co@Ces, ScrCo@Cra, La,Co@Cos, and Lay@Cos, while they play a minor role for Sc,@C; and
Sco@Crs. This can be attributed to the structure differences. For Sc,;Co@Cgs, ScaCr@Cra, La,Co@Co4, and
La,@Cos, the encapsulated species is not effectively coordinated by cage carbons because of the constraint
of the shapes of encapsulated species (Sc,Co@Ces, Sc2Co@Cra, and La,Cr(@Co4) or the absence of pentalene
fragments in carbon cages (La,C,@Cos and La,(@Cos). This can be generalized to other EMFs. That is,
long-range interactions play an important role for both clusterfullerenes and conventional fullerenes
satisfying the well-known isolated pentagon rule. The DFT methods without long-range corrections give
seemingly correct relative energies for some EMFs, because all the isomers are systemically overestimated
to the same degree. However, it should be emphasized that the use of the DFT methods without long-range
corrections are dangerous for the investigation of the reactivity and regioselectivity. The comparison of
Sco@Cr(7854)-Cqo and Sc,Co@C,,(6073)-Ces in the simulated UV—vis-NIR spectra also confirms that the
experimentally isolated Sc,C7g isomer is Sc,Co@Cy,(6073)-Cqs (not Sco@C,(7854)-Cro).

(e) Effects of Substituents and Initial Degree of Functionalization of Alkylated
Single-Walled Carbon Nanotubes on Their Thermal Stability and Photoluminescence
Properties
Alkylated single-walled carbon nanotubes (SWNTs) have been thermally treated to determine the

influence of substituents and the degree of functionalization on their thermal stability and

photoluminescence (PL) properties. Alkylated SWNTs were prepared by treating SWNTs with sodium
naphthalenide and alkyl bromide. The defunctionalization of the alkylated SWNTs was monitored by
absorption and Raman spectra. Selective recovery of the characteristic absorption and radial breathing
mode peaks was observed during the thermal treatment, which indicates that the thermal stability of the
alkylated SWNTs decreases with increases in SWNT diameter and degree of functionalization. n-Butylated

and phenethylated SWNTs showed higher thermal stability than sec-butylated and benzylated SWNTs for a

similar degree of functionalization, respectively. The diameter selectivity and effect of substituents on the

thermal elimination reaction were well confirmed by density functional theory calculations at reasonable
levels. In addition, it was shown that the initial degree of functionalization of the alkylated SWNTs, with
the alkyl group and degree of functionalization being kept constant after thermal treatment, strongly affects

their PL properties such as Stokes shift and PL peak intensity.

(f) Formation of Stone-Wales Edge: Multistep Reconstruction and Growth Mechanisms of
Zigzag Nanographene

The existence of Stone—Wales (5-7) defects at the graphene edge has been clarified experimentally. In

contrast, the theoretical study on the formation mechanism is still imperfect. In particular, the

regioselectivity of multistep reactions at the edge (self-reconstruction and growth with foreign carbon

feedstock) is essential to understand the kinetic behavior of reactive boundaries, though the investigations

are still lacking. Herein, by using finite sized models, multistep reconstructions and carbon dimer additions

of a bared zigzag edge are introduced using density functional theory calculations. The zigzag to 5-7
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transformation is proved as a site-selective process to generate alternating 5-7 pairs sequentially and the
first step with the largest barrier is suggested as the rate-determining step. Conversely, successive C,
insertions on the active edge are calculated to elucidate the formation of the 5-7 edge during graphene
growth. A metastable intermediate with a triple sequentially fused pentagon fragment is proved as the key
structure for the 5-7 edge formation. These findings are expected to be valuable to uncover the reactivity of
unsaturated graphene edge and helpful to achieve controlled synthesis of graphene with desired edge

structures for various device applications.

(g) Adamantylidene Addition to MzN@In-Csp (M = Sc, Lu) and Sc;N@Dsp-Cso:
Experimental and Theoretical Characterization of the [5,6]-Open and [6,6]-Open
Adducts
Additions of adamantylidene (Ad) to M3N@Iy-Cso (M=Sc, Lu) and Sc;N@Ds,-Cgp have been

accomplished by photochemical reactions with 2-adamantyl-2,3’-[3H]-diazirine. For M3N@I,-Cg, the

addition led to rupture of the [6,6]- or [5,6]-bonds of the I;-Csy cage, forming the [6,6]-open fulleroid as the
major isomer and the [5,6]-open fulleroid as the minor isomer. For Sc;N@Ds,-Cgo, the addition also
proceeded regioselectively to yield three major isomeric Ad mono-adducts, despite the fact that there are
nine types of C-C bonds in the Ds,-Cg cage. The molecular structures of the seven Ad mono-adducts,
including the positions of the encaged trimetallic nitride clusters, have been unambiguously determined
through single-crystal XRD analyses. Furthermore, results have shown that stepwise addition of Ad to

LusN@I,-Cygo affords several Ad bis-adducts, two of which have been isolated and characterized. The

X-ray structure of one bis-adduct clearly revealed that the second Ad addition took place at a [6,6]-bond

close to an endohedral metal atom. The regioselectivity has been rationalized by performing density

functional theory calculations.

(h) Other Research Subjects

(1) "Photoreactions of Endohedral Metallofullerene with Siliranes: Electronic Properties of
Carbosilylated LusN@J/;,-Csgo", (2) "Fullerene C; as a Nanoflask that Reveals the Chemical Reactivity of
Atomic Nitrogen", (3) "Temperature Dependence of Anisotropic Transient Conductivity of a
La@C,,-Cgx(Ad) Crystal", (4) "Preparation, Structural Determination, and Characterization of Electronic
Properties of [5,6]- and [6,6]-Carbosilylated Sc;N@J1;-Cso", (5) "Synthesis, Electronic Structure, and
Reactivities of Two-Sulfur Stabilized Carbones Exhibiting Four-Electron Donor Ability", (6) "Eu@Cry:
Computed Comparable Populations of Two Non-IPR Isomers", (7) "Functionalization of Endohedral
Metallofullerenes with Reactive Silicon and Germanium Compounds", (8) "Synthesis and Photoinduced
Electron-Transfer Reactions in a La,@/,-Cgo-Phenoxazine Conjugate”, (9) "Concave Binding of Cationic Li
to Quadrannulene", (10) "A Mechanistic Study on Cationic Li Prompted Diels-Alder Cycloaddition of
Cycloparaphenylene", (11) "Stability Issues in Computational Screening of Carbon Nanostructures:
[lustrations on La Endohedrals", (12) "Revisit of the Saito-Dresselhause-Dresselhaus C, Ingestion Model:

On the Mechanism of Atomic-Carbon-Participated Fullerene Growth", (13) "Computational Comparison of
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the Water-Dimer Encapsulation into D(22)-Cgs and D,4(23)-Cs4", (14) "A Computational Characterization
of CO@Cg"

2. Original Papers

(1) Y. Maeda, Y. Takehana, J. —S. Dang, M. Suzuki, M. Yamada, and S. Nagase,

"Effect of Substituents and Initial Degree of Functionalization of Alkylated Single-Walled Carbon
Nanotubes on Their Thermal Stability and Photoluminescence Properties"
Chem. Eur. J., 23, 1789-1794 (2017).
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1. Summary of the research of 2017

The complex systems consisting of transition metal element(s), heavy main-group element(s), organic
group(s) 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 important research target
in the physical chemistry and molecular science, because they exhibit a variety of new geometry, new
chemical bond, rich molecular property, rich reactivity, and useful catalysis. All these features deeply relate
to their electronic structures. In this regard, the theoretical and computational studies of the electronic
structures of the complex systems are indispensable in further development of chemistry.

These complex systems are challenging research targets from the point of view of
theoretical/computational chemistry, because their electronic structures are not simple but complicated in
many cases. One good example is multi-nuclear transition metal complexes which need the application of
multi-reference wave-function theory in theoretical calculation. Another example is significantly large
coupling of electronic structure with surrounding atmosphere such as solvation effects, molecular crystal
effects and so on.

Our group is theoretically investigating the complex systems bearing complicated electronic structure
with electronic structure theory. In 2017, we performed various theoretical studies, as follows: (i) Reactivity
of Mo—Mo Quintuple Bond for H-H, C—H, and O—H o-Bond Cleavages, (ii) Theoretical Study of [2 +
2]-type Reaction of Metal-Metal 6-Bond with Fullerene Forming an n1-C60 Metal Complex: Mechanistic
Details of Formation Reaction and Prediction of a New n'-Cgy Metal Complex, (iii) Characteristic Features
of CO, and CO Adsorptions to Paddle-Wheel-type Porous Coordination Polymer, (iv) Core—Shell versus
Other Structures in Binary Cu38—nMn Nanoclusters (M = Ru, Rh, Pd, Ag, Os, Ir, Pt, and Au; n=1, 2, and
6): Theoretical Insight into Determining Factors, (v) How to Control Inversion vs Retention Transmetalation
between PdII-Phenyl and Cul—Alkyl Complexes, (vi) Theoretical Study of Nickel-Catalyzed Selective
Alkenylation of Pyridine: Reaction Mechanism and Crucial Roles of Lewis Acid and Ligands in Determining
the Selectivity, (vii) A coordination strategy to realize a sextuply-bonded complex, (viii) Theoretical study of
one-electron-oxidized salen complexes of group 7 (Mn(I1l), Te(IlI), and Re( I1I)) and group 10 metals (Ni(Il),
Pd(Il), and Pt(II)) with the 3D-RISM-GMC-QDPT method: localized vs. delocalized ground and excited
states in solution, (ix) Embedded Cluster Model for Al,O; and AIPO, Surfaces Using Point Charges and

Periodic Electrostatic Potential, and so on. We wish to report some of them, below.

(i) Reactivity of Mo—Mo Quintuple Bond for H—H, C—H, and O—H 0-Bond Cleavages

Metal-metal multiple bond has been reported very old day by Professor Cotton. Since then, its
interesting bonding nature attracted a lot of interests in molecular science and coordination chemistry.
Roos/Gagliardi group and Out group have investigated
the metal-metal multiple bond using multi-reference Q§ . %
method and elucidated the interesting bonding nature of
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Scheme 1. Dinuclear Mo comp;lex with Mo-Mo
quintuple bond.
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metal-metal multiple bond. However, the reactivity and &

catalysis of metal-metal multiple bond have not been

reported for long time. Recently, several groups reported
pioneering works on organometallic reaction and

catalysis. But, the details of such reactivity and catalysis
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have not been investigate well.

We investigated the recently reported high reactivity of the Mo—Mo quintuple bond of Mo,(N"N), (1)
{N” N = pu-k2-CH[N(2,6-iPr,C¢H3)],} in the H-H o-bond cleavage. DFT calculations disclosed that the H—H
o-bond cleavage by 1 occurs with nearly no barrier to afford the cis-dihydride species followed by cis—trans
isomerization to form the trans-dihydride product, which is consistent with the experimental result. The O—H
and C—H bond cleavages by 1 were computationally predicted to occur with moderate (AG°* = 9.0 kcal/mol)
and acceptable activation energies (AG°* = 22.5 kcal/mol), respectively, suggesting that the Mo—Mo
quintuple bond can be applied to various o-bond cleavages. In these o-bond cleavage reactions, the
charge-transfer, CT(Mo—XH), from the Mo—Mo quintuple bond to the X—H (X = H, C, or O) bond and the
CT(XH—Mo) from the X—H bond to the Mo—Mo bond play crucial roles. Though the HOMO (d;-MO) of 1
is at lower energy and the LUMO + 2 (d;*-MO) of 1 is at higher energy than those of RhCIl(PMe;), (LUMO
and LUMO + 1 of 1 are not frontier MO), the H-H o-bond cleavage by 1 more easily occurs than that by the
Rh complex. Hence, the frontier MO energies are not the reason for the high reactivity of 1. The high
reactivity of 1 arises from the polarization of ds-type MOs of the Mo—Mo quintuple bond in the transition
state. Such a polarized electronic structure enhances the bonding overlap between the d;-MO of the Mo—Mo
bond and the o*-antibonding MO of the X—H bond to facilitate the CT(Mo—XH) and reduce the exchange
repulsion between the Mo—Mo bond and the X—H bond. This polarized electronic structure of the transition
state is similar to that of a frustrated Lewis pair. The easy polarization of the ds-type MOs is one of the
advantages of the metal-metal multiple bond, because such polarization is impossible in the mononuclear

metal complex.

(ii) Theoretical Study of [2 + 2]-type Reaction of Metal-Metal 6-Bond with Fullerene Forming an
n1-Cg Metal Complex: Mechanistic Details of Formation Reaction and Prediction of a New 11-Cq

Metal Complex

Reaction of fulerene with transition metal Ru-Ru: 4.337
complex has been rare. However, RucRu: 3,470 ﬁ(’o\i}
Cso[CpRu(CO),],, only one transition-metal R%R" 350 %é}ﬁs 36'@”“
fullerene complex with pure n'-coordinated o }m o i—L2610 Ru-Ru: 4310
bonds, was recently synthesized through the @ @

reaction between dinuclear Ru complex
Ru-Ru: 2772

[CpRu(CO),], and Cg. Though new properties

can be expected in the mnl-coordinated o157

@

metal-fullerene  complex, its characteristic
features are unclear, and the [2 + 2]-type @

formation reaction is very slow with a very small ;. R

yield. A density functional theory study discloses h“‘e.zi?& (

that the n1-coordinated bond is formed by a large Ru-Ru: z.m% '§ §
overlap between the Ru do orbital and C pc one giE

involved in the lowest unoccupied molecular @

orbital (LUMO) (n*) of Cg unlike the Figure 1. Gibbs energy profile of the reaction between
well-known n2- coordinated metal-fullerene  Ceo and [CpRu(CO),],

complex which has a n-type coordinate bond with

metal dr orbital. The binding energy per one Ru—C bond is much smaller than those of nz—coordinated
Pt(PMes),(Csp) and IrH(CO)(PH;),(Cgo) because the Ru d orbital exists at low energy. The formation reaction
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occurs via Ru—Ru bond cleavage on the Cg surface followed by a direction change of CpRu(CO), to afford
CsO[CpRu(CO),], in a stepwise manner via two asymmetrical transition states to avoid a
symmetry-forbidden character. The calculated Gibbs activation energy (AG®*) is very large and the Gibbs
reaction energy (AG°®) is moderately negative, which are consistent with a very slow reaction rate and very
small yield. The charge transfer from CpRu(CO), to fullerene CT(Ru — Cg) is important in the reaction, but
it is small due to the presence of the Ru d orbital at low energy, which is the reason for the large AG®* and
moderately negative AG°. The use of Li"@Cs is theoretically predicted to accelerate the reaction and
increase the yield of Li'@Ce[CpRu(CO),],, because the CT(Ru — Cg) is enhanced by the low energy
LUMO of Li'@Cg. It is also predicted that Li+@C60[Re(CO)4(PMe3)]2 is a next promising target for the
synthesis of the n'-coordinated metal-fullerene complex, but syntheses of Cg[Co(CO)sl», Ceo[Re(CO)s]s,
Li"@Cg[Co(CO)4],, and Li" @Cgo[Re(CO)s], are difficult.

(iii) Characteristic Features of CO; and CO Adsorptions to Paddle-Wheel-type Porous Coordination

Polymer
Porous coordination polymers (PCPs) or metal =~ . . co lj1so° - Ngbm
organic frameworks (MOFs) have attracted recent E% oo Cf_:sg e 2% 2394 I:{ O =IET . Tous g,
attention as potential materials for gas storage, gas ‘% co}f—‘\; 2,629~ NZB" *k 258 7?
separation, and catalysis. Because a variety of metal " “’82 " }}\2498 % 7 Qeg“m
ions and organic linkers are available for synthesis, r?viw{f"%m\ 2 { '}X WEC BC%/%
geometry and property of PCP can be well-tuned for }:1 cu’ & flﬂ
achieving the purpose. Actually, many PCPs with i
excellent adsorption ability for target gas molecule {6) DR 10 RIS
have been designed and synthesized by tuning . N2°:54 o0 150 ,Fg)zv\
geometries and properties of PCPs. However, we do """ 7 o ot - _Fi’
not have correct knowledge about the position and Niﬁy\j\/ _‘\gzsg Coj‘;&i}{fiké\
binding energy of gas molecule in PCPs. 2508 CJ,[; o ~ R: 2398 \/%977‘ ¢
In this work, we theoretically investigated m mp@« / :P /15 o /c;:\“
adsorptions of CO, N,, NO, and CO, in a =/ CU}L ’
paddle-wheel type porous coordination polymer (C) OMRNO ( d)Dr;_:_COZ

(PCP) [Cu(aip)], (aip = 5-azidoisophthalate) with  Figure 2. Optimized geometry of CO, N,, NO, and
ONIOM[MP4(SDQ):0B97XD] method using a CO; interacting with paddle-wheel Cu(Il) PCPs.
model system consisting of two [Cu,(O,CC¢Hy-R)4]

units (R = H and Me) and one [Cuy(O,CCe¢H4—R)4] unit, namely, dimer and monomer models. The
experimental CO adsorption position was reproduced well by the present calculation with the dimer model.
For adsorptions of CO, N2, NO, and CO2 in the dimer model, the position of gas molecule deviates from the
normal one that is found in the monomer model and becomes more distant from the surrounding phenyl
group(s) of the neighbor [Cu(aip)] unit. For all of these gas molecules, the calculated binding energy (BE) at
the deviating adsorption position is larger than that at the normal one against our expectation that the normal
position is the best for the gas adsorption. The deviation of gas adsorption position arises from the interaction
between the organic linker (O,CC¢Hs—R moiety) and gas molecule. For all cases, the exchange repulsion
with the organic linker decreases to a larger extent than the attractive electrostatic and dispersion interactions
decrease when going from the normal position to the deviating one. To enhance the binding energy of gas
molecule, the introduction of electron-donating substituent on phenyl moiety is computationally

recommended for this PCP.
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(iv) Core—Shell versus Other Structures in Binary Cu3s_,M, Nanoclusters (M = Ru, Rh, Pd, Ag, Os,
Ir, Pt, and Au; n =1, 2, and 6): Theoretical Insight into Determining Factors

Binary transition-metal (TM) nanoparticles consisting of two types of metal elements have attracted a
great deal of interest recently because they are good

. . . - i ?
candidates for such functional materials as heterogeneous Core-shell structure is stable or not!

| Group VI Group IX Group X Group XI

catalysts, gas absorption materials, and magnetic storage
Ruand Os | Rhandir | Pd and Pt N Ag and Au

materials. One good example is Pd—Pt binary stable | stable lunstablelunstable

nanodendrites, which exhibit a high activity for oxygen
reduction. Other good examples include Pd—M (M = Pt or
Au) and Ag—Cu binary nanoparticles, which are useful as

dihydrogen gas absorption materials3,5,6 and catalysts

for alkaline fuel cells, respectively. To understa |

effectively use such binary TM nanoparticles, on © 97 "%
§ H
knowledge about their fundamental properties ¢ fR,
. 20 >
geometry, electronic structure, and electron and sp — TS anpisnp 7
5BHs i NR

NH,=BH,
202 12,1

about such properties is indispensable for mak HCOOH
nanoparticles. DFT calculations of binary transitior

74
NR

Gibbs Energy Changes (kcal/mol)
=)
1

Pt, and Au; n =1, 2, and 6) clearly show that a cor & 1o 4 (ven) (\,; 94 53 J s
/ aNP )
for M = Ru, Rh, Os, and Ir but unstable for M = R (N WP T (bant)
20 m— diB-1NP C\/PAH ,P

segregation energies evaluated for Cuz;M. Electro S NR R
Cu38-nMn(core) (M = Ru, Rh, Os, and Ir) than c Figure 3. Energy and geometry changes in the CO,
substantially occurs for M = Ru, Rh, Os, and Ir be hydrogenation by three-coordinated P compounds
occupied. A linear relationship was first found

d-orbital population of the core atom, indicating that the electron accumulation at the Mn core is one of the
important factors for the segregation energy and the stabilization of the core—shell structure; in other words,
a core—shell structure with M atom(s) in the core is stable when the d orbitals of M are not fully occupied.
For M = Pd, Pt, and Au, the fused-alloy structure is more stable than the core—shell and phase-separated
structures. For M = Ag, the fused-alloy structure is as stable as the phase-separated one but the core—shell
structure is less stable. In these metals, the d orbitals are either nearly or fully occupied, and as a result,
electron accumulation at the Mn core does not occur as much. For Cu;;Mg(core), the deformation energy of
the Cu32 shell increases in the order Ru < Rh < Pd < Agand Os <Ir < Pt < Au, because the size of the
M6 core is substantially large for M = Pd, Ag, Pt, and Au. These results suggest that a large atom tends not to
take the core position. The cohesive energies of Ru, Rh, Os, and Ir are larger than those of Pd, Ag, Pt, and Au,
indicating that the cohesive energy is also an important property for understanding and discussing the

structures of binary metal clusters/particles.

(v) How to Control Inversion vs Retention Transmetalation between Pd"—Phenyl and Cu'-Alkyl
Complexes

Transition-metal-catalyzed cross-coupling reaction is an important reaction for C—C bond formation.
Catalytic cycle of conventional cross-coupling reaction is well-known to consist of oxidative addition of aryl
halide (ArX) to palladium(0) complex, transmetalation between palladium(Il) aryl complex and
organometallic reagent (R—M), and reductive elimination of product (Ar—R) from palladium(Il) complex.

For better understanding of the cross-coupling reaction, a theoretical study of each elementary step is
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necessary. Nakao and co-workers and Buchwald and co-workers have independently reported the reductive
crosscoupling reaction between 1-arylalkenes and aryl bromides using Pd/Cu cooperative catalyst.
Transmetalation between Pd(Br)(Ph*)(PCyps), (Ph = phenyl, Cyp = cyclopentyl) and
Cu(C*'HMePh®)(NHC) (NHC = 1,3-bis(2,6-diisopropylphenyl)-imidazolidin-2-ylidene) is an important
elementary step in recently reported catalytic cross-coupling reaction by Pd/Cu cooperative system. DFT
study discloses that the transmetalation occurs with inversion of the stereochemistry of the C*HMePh® group.
In its transition state, the C*HMePh® group has almost planar structure around the C* atom. That planar
geometry is stabilized by conjugation between the 7* orbital of the Ph® and the 2p orbital of the C*. Another
important factor is activation entropy (AS°%); retention transmetalation occurs through Br-bridging transition

state, which is less flexible than that of the inversion transmetalation because of the Br-bridging structure,

leading to a smaller activation entropy in the Pd/Cu catalyst
retention transition state than in the inversion %jR e
o . a- g T / R
transition . state. Ff)r C HMeEt group, R = Ph, Et, iPr CypsP Pd (|: Cul ) Q
transmetalation occurs in a retention manner. In g
. ] ) \C=CH i Br‘ lnverslon
the planar C'HMeEt group of the inversion . z " R Me R =Etor ,pr
Ph Hg
transition state, the C* 2p orbital cannot find a d Q /Me
CYDaP i

conjugation partner because of the absence of
Retentlon

n-electron system in the C'HMekE:t. Scheme 2. Inversion vs. retention transmetallation
Transmetalation of C*HMe(CH=CH,) occurs in a  between Pd"(Ph) and Cu'(alkyl) complexes.

retention manner because the vinyl ©n* is less

effective for the conjugation with the C* 2p because of its higher orbital energy than the Ph m*. The
introduction of electronwithdrawing substituent on the Ph® is favorable for inversion transmetalation. These
results suggest that the stereochemistry of the C* atom in transmetalation can be controlled by electronic
effect of the C*'HMeR (R = phenyl, vinyl, or alkyl) and sizes of the substituent and ligand.
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Kitagawa,

“Density Gradation of Open Metal Sites in the Mesospace of Porous Coordination Polymers”
J. Am. Chem. Soc., 139, 11576-11583 (2017).
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S. Sakaki,
Catalysis by Combined System of Transition Metal Complex with Lewis Acid: Theoretical Insight
into Crucial Role of Lewis Acid,
SouthEast Asia Catalysis Conference, May 22-23, 2017, Nanyang Technological University,
Singapore (Kyenote)
S. Sakaki
Theoretical Approach to CO, Adsorption to Flexible PCP
JST ACCEL R&D Project International Symposium, November 27-28, 2017; Kyoto (Invited).
S. Sakai,
Theoretical Chemistry of Complex System of d Element: From Molecule to Functional Materials
2nd International Caparica Christmas Congress on Translational Chemistry, Dec. 5-7, 2017, Lisbon,
Portogalu (Keynote)
S. Sakaki
Theoretical Approach to Solid Systems such as MOFs and Metal Oxide Surface
The 8-th Asia-Pacific Confernece on Theoretical and Computational Chemistry, Indian Institute of
Technology Bombay, Mumbai, India, Dec. 15-17,2017. (Invited))
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Fig. 1 Two kinds of Kubas complexes: (a) horizontal Kubas complex, and (b) vertical Kubas

complex, where M stands for a transition metal of valence III state and R for an appropriate

ligand.
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Fig. 2 Optimized structures of (a) [Cp2Ti'(PH3)]* complex and (b) that with three additional He
molecules. An H:2 molecule with red-broken oval makes a horizontal Kubas complex and those
with blue-broken ovals are adsorbed ones. In (c) is indicated the same with (b) from a different

angle.
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Fig. 3 Optimized structures of (a) [Cp2Sc™(PH3)]* complex and (b) that with three
additional H2 molecules. An H:2 molecule with red-broken oval makes a horizontal Kubas
complex and those with blue-broken ovals are adsorbed ones. In (c) is indicated the same

with (b) from a different angle.
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Fig. 5 Optimized structures of (a) [Cp2V'(PH3)]* complex and (b) that with two additional
H: molecules. Both the two Hz molecules with blue-broken ovals are adsorbed. In (c) is

indicated the same with (b) from a different angle.
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[3Z#K) 1) G J. Kubas, Acc. Chem. Res., 21, 120-128 (1988). 2) Gaussian 09, Revision D.01, M. J. Frisch et

al., Gaussian Inc., Wallingford, CT (2009). 2) Gaussian 09, Revision D.01, M. J. Frisch et al., Gaussian
Inc., Wallingford, CT (2009).
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Kazuo Takatsuka

Research Leader

Summary of the research of the year

We have been developing a basic framework of theoretical chemistry, which we call the theory of
nonadiabatic electron wavepacket dynamics with an aim to cultivate new fields of theoretical
chemistry. One outcome of such theoretical developments in this year is a novel formalism of
molecular nonadiabatic electron dynamics in condensed phases such as in solvents. Also, we have
discussed the notion of nonadiabatic dynamics beyond the frame work of quantum theory. Indeed a
series of hierarchical subsystems of different time-scales in classical mechanics have been
formulated, which are shown to have much similarity to quantum nonadiabatic dynamics.

In the aspect of applications of the theory of nonadiabatic dynamics, one of the major progresses
made in this year of period is the analysis and proposal of photocatalytic cycle of water splitting
with small manganese oxides and the roles of water cluster as a direct resource of oxygen molecules.
We have also shown a mechanism of collision induced charge separation in ground-state water
splitting dynamics. These findings are really epoch making in the field of charge separation
dynamics in biological and/or organic systems. Another important branch of the applications is the
nonadiabatic electron dynamics in molecular ionization such as multiphoton photoionization, auto
ionization, and so on. The theoretical challenge made in our group has demonstrated that electron
detachment dynamics can be treated in terms of ab initio scheme of nonadiabatic electron
wavepacket dynamics just as in the standard quantum chemistry.

We are further developing a new concept of chemical bonding, which we call “dynamical chemical
bond” or “hyper-resonance”, which will be published soon. Development of the theory of
relativistic electron dynamics is also in progress. Besides, we have been constructing a
methodology and algorithm for describing nuclear wavepackets besides the electron wavepakets

simultaneously.

(i) Theory of molecular nonadiabatic electron dynamics in condensed phases. [1]

In light of the rapid progress of ultrafast chemical dynamics driven by the pulse lasers having
width as short as several tens of attoseconds, we have developed a theory of nonadiabatic electron
wavepacket dynamics in condensed phases, with which to directly track the dynamics of
electronic-state mixing such as electron transfer in liquid solvents. Towards this goal, we combined
a theory of path-branching representation for nonadiabatic electron wavepacket dynamics in
vacuum [a mixed quantum-classical representation, Yonehara and Takatsuka, J. Chem. Phys.,129,

134109 (2008)] and a theory of entropy functional to treat chemical dynamics in condensed phases
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[a mixed dynamical-statistical representation, Takatsuka and Matsumoto, PCCP, 18, 1771 (2016)].
Difficulty and complexity in the present theoretical procedure arise in embedding the Schrodinger
equation into classically treated statistical environment. Nevertheless, it has been shown that the
resultant equations of motion for electronic-state mixing due to the intrinsic nonadiabatic
interactions and solute-solvent interactions, along with the force matrix that drives nuclear
branching paths, both turn out to be clear enough to make it possible to comprehend the physical
meanings behind. We also discussed briefly nonvalidness of naive application of the notion of

nonadiabatic transition dynamics among free energy surfaces.

ii) On photocatalytic cycle of water splitting with small manganese oxides and the roles of
water cluster as a direct resource of oxygen molecules. [2]

We theoretically have studied chemical principles behind photodynamics of water splitting; 2H[ 1O
+ 4hv + M — 4H" +4e¢” + O[] + M. To comprehend this simple looking but very complicated
reaction, the mechanisms of at least three crucial phenomena, among others, need to be clarified,
each of which is supposed to constitute the foundation of chemistry: (i) Charge separation 4H" +
4e” , (i1) catalytic cycle for essentially same reactions to be repeated by each of four photon
absorptions with a catalyst M, and (iii) generation of oxygen molecule of spin triplet. We clarified
before the photodynamical mechanism of charge separation, which we refer to as coupled proton
electron-wavepacket transfer (CPEWT), based on the theory of nonadiabatic electron wavepacket
dynamics [K. Yamamoto and K. Takatsuka, 2017, ChemPhysChem, 18, 537]. CPEWT gives an idea
on how charge separation can be materialized at each single photon absorption. Yet, this mechanism
alone cannot address the above crucial items (ii) catalytic cycle and (iii) O[] formation. In the
studies on these fundamental processes, we constructed a minimal possible chemical system and
perform semi-quantitative quantum chemical analyses, with which to attain the insights about
possible mechanisms of photochemical water splitting. The present study has been inspired by the
idea underlying the so-called Kok cycle, although we do not aim at simulation of photosystem II in
biological systems in nature. For instance, we here assumed that a catalyst M, actually simple
manganese oxides in this particular study, is pumped up to its excited states leading to charge
separation by four-time photon absorption, each excitation at which triggers individual series of
chemical reactions including the reorganization of hydrogen-bonding network (cluster) of water
molecules surrounding the photocatalytic center. It was shown that in the successive processes of
restructuring of the relevant water cluster, O=0 bond is formed and consequently oxygen molecule

of spin triplet can be isolated within a range of given photon energy of about 3.0 eV.

iii) Collision induced charge separation in ground-state water splitting dynamics. [3]

In one type of photocatalytic dynamics of water splitting formally summarized as
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2H[1O +4hv+MH — 2HI/O + M*H — 4H" +4e” +OLl + MH

the catalytic center M mainly composed of Mn oxides (clusters) along with supporting molecules
like proteins is directly photoexcited and discharges electrons and protons from it. The mechanism
can be comprehended in terms of the coupled proton electron-wavepacket transfer (CPEWT). In
another type proposed in the literature, M is not directly photoexcited, and instead, the lights are
absorbed somewhere other than M, thereby creating complicated sequential steps (a ladder) of
oxidation-reduction potential, thus sucking electrons successively from one molecular site to the
next, and the final place providing electrons and protons is the catalytic center M. During the charge
separation dynamics, M is assumed to remain in the electronic ground state, and this type can be

schematically summarized as

MH+ Q" — M" +HQ,

where Q indicates a cation species (a hole carrier) the site of photon absorption. It is widely
believed that the latter mechanism is responsible for water splitting in plants and cynobacteria, and
M in photosystem II (PSII) is known to include Mn[1CaOl]. However, heavy questions about this
mechanism of ground-state charge separation in the latter reaction arise as to whether it is quantum
mechanically possible and what is it, if indeed possible. Besides, the time-constant for this reaction
reported in the literature is so long, actually far longer than the time-scale for energy dissipation for
inter- and intra-molecular vibrational energy redistribution, that the quantum mechanical coherence
of the reaction should not be able to be maintained. More seriously, we wonder how the protons and
electrons can be isolated in the ground state, if any, and how they can be transferred unidirectionally
(with no return)? We have addressed these fundamental questions and clarified them affirmatively
by proposing a general chemical principle; collision induced charge separation dynamics in ground

state.

iv) Time-resolved photoelectron signals from bifurcating electron wavepackets propagated

across conical intersection in path-branching dynamics. [4]

A computational scheme of energy- and geometry-dependent photoelectron signals from the
dynamics near a conical intersection based on a simplified path-branching representation of
nonadiabatic electron wavepacket dynamics has been proposed. Taking the NO[1 X/A conical
intersection as an example, the results of the present scheme compared to those from previous study
based on the method of full quantum vibrational wavepacket shows qualitative agreement
suggesting promising application to computation in larger systems intractable to full quantum exact

methods.
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v) Nonadiabatic electron wavepacket dynamics behind molecular autoionization. [5]

A theoretical method for real-time dynamics of nonadiabatic reorganization of electronic
configurations in molecules has been developed, with dual aim that the intramolecular electron
dynamics can be probed by means of direct and/or indirect photoionizations and that the physical
origins behind photoionization signals attained in the time domain can be identified in terms of the
language of time-dependent quantum chemistry. In doing so, we first formulated and implemented a
new computational scheme for nonadiabatic electron dynamics associated with molecular ionization,
which well fits in the general theory of nonadiabatic electron dynamics. In this method, the total
nonadiabatic electron wavepackets are propagated in time directly with complex natural orbitals
without referring to Hartree-Fock molecular orbitals, and the amount of electron flux from a
molecular region leading to ionization is evaluated in terms of the relevant complex natural orbitals.

We have applied the method to electron dynamics in the elementary processes consisting of the
Auger decay to demonstrate the methodological significance. An illustrative example was taken
from an Auger decay starting from the 2all orbital hole-state of H. O" . The roles of nuclear
momentum (kinematic) couplings in electronic-state mixing during the decay process were
analyzed in terms of complex natural orbitals, which are schematically represented in the

conventional language of molecular symmetry of the Hartree-Fock orbitals.

vi) Adiabatic and nonadiabatic dynamics in classical mechanics for coupled fast and slow
modes: sudden transition caused by the fast mode against the slaving principle. [6]

Adiabatic and nonadiabatic dynamics in classical systems composed of fast and slow modes have
been formulated. Theoretical consequences from both adiabatic and nonadiabatic dynamics have
also been discussed. In particular, we aimed to identify a possible physical origin for drastic change
of the slow dynamics to be induced by instability that happens to emerge in the fast mode. The
Haken slaving principle and other theories like the adiabatic elimination method focus on the order
formation led by the growth of the slow modes, with slaving the fast modes so as to faithfully
follow the system dynamics. In this context, the fast modes are quite often regarded as "noise" or a
factor of small fluctuation. However, in molecular nonadiabatic dynamics due to the breakdown of
the Born-Oppenheimer approximation, the roles of the fast mode (due to electron dynamics) is far
from that of "noise", and sometimes bring about a qualitative bifurcation of the dynamics of the
slow subsystem, which we usually refer to as nonadiabatic transition. We have shown the similar
sudden change can be caused by the fast mode in classical mechanics too. The similarity and
difference between quantum and classical nonadiabatic dynamics were discussed. Recursive
equations of motion for general hierarchical dynamics composed of three and more modes have

been also given.
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Takahide Matsuoka and Kazuo Takatsuka,2nd International Symposium on_ Attosecond Science,
2017.8, 24 Riken

7. “Molecular Science of Nonadiabatic Electron Wavepackets: Trying to bridge between ultrafast
nonadiabatic dynamics and chemistry”
Kazuo Takatsuka , Okazaki Conference, Okazaki, 2017.3.6. (Invited)

8. “Photodynamical electron-wavepacket mechanism of water-splitting catalyzed by manganese
oxides involving hydrogen-bond network”
Kentaro Yamamoto and Kazuo Takatsuka, Okazaki Conference, Okazaki, 2017. 3.6.
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5. BtTHEE
Mitsusuke Tarama

FIFC Fellow

1. Summary of the research of the year
Mechanics of cell crawling by means of force-free cyclic motion

Dynamics of active particles have attracted much attention from physicists over the
past decade. In contrast to passive particles, active particles exhibit spontaneous motion
such as directional translation without external forcing. This property of a vanishing force
monopole is known as the force-free condition. Therefore, it is not trivial how active
particles can achieve a net translational motion from an internal cyclic motion.

In his pioneering lecture, Purcell shed light on the importance of breaking the time-
reversal symmetry [1]. His idea was theoretically investigated later by using a simple
model swimmer composed of three linked spheres at low Reynolds number. The time-
reversal symmetry can be broken by a phase shift between the periodic oscillations of at
least two active linkers. This study was extended to include autonomous oscillation of the
bond length and swimming in a viscoelastic suspension. All these studies are concerning
microswimmers, i.€., microscopic objects that are moving in a fluid environment.

In contrast to microswimmers that swim through a fluid environment, there also exist
microorganisms that migrate on a substrate. Such crawling motion is often observed for
eukaryotic cells, such as Dictyostelium cells and keratocyte. Typically, the mechanism of
crawling motion 1s widely believed to consist of the following four steps [2]:

1. Protrusion of the leading edge due to actin polymerization

2. Adhesion of the leading edge to the substrate underneath

3. Deadhesion of the trailing edge from the substrate

4. Contraction of the cell body due to actomyosin contraction
Despite a number of studies on each of these steps, the cycle of crawling mechanism itself
has not been verified systematically. Therefore, we investigated the basic mechanism of
cell crawling with a focus on the cycle of protrusion and contraction, as well as adhesion to
the substrate underneath.

To this end, we proposed a mechanical model, where a cell is described by a set of
subcellular elements connected by a viscoelastic bond [3]. The bond consists of a damper
and an elastic spring, as well as an actuator that elongates cyclicly, as depicted in Fig. 1(a).
The cyclic elongation of the actuator £(t) represents the protrusion and contraction, which
we modelled by a simple sinusoidal function with the frequency w, £(t) = —#;cos(wt).
In addition, the adhesion to the substrate underneath and the deadhesion from it are
included as a cyclic change in the strength of the substrate friction ,(t), where the
subscript 1 indicates the one of the two elements i=1,2. We assumed that the substrate
friction takes the adhered stick state {  and the deadhered slip state ¢ f for the same
intervals, which represents the adhesion-deadhesion transition. We keep the frequency of
the friction change same as the actuator elongation but with phase shift 1,. The phase shifts
Y, and Y, are the two key parameters in this study, which may differ from each other. See
Fig. 1(b). Then, the equations of motion are given by

(O +E(v1 —v2) = —k{x1z — (£o + £(1))}
¢,V +$(wa —v1) = k{xiz — (£o + £(0))}
where v, and v, are the velocity of the element 1 and 2, respectively, and their distance is
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Fig. 1: (a) Schematics of the two-element model of a cell crawling on a substrate (grey). The red
and cyan elements are connected by a viscoelastic bond (blue), which consists of a spring of
elasticity k, a dashpot with dissipation rate &, and a linear actuator with time-dependent length
1(t). The substrate friction ;(t) of each element switches between the stick and slip states. (b) An
example of the time series for 1(t), {1(t), and {y(t), and (c) the corresponding trajectory in the Q—
Z space, where the signed area enclosed by the curve denotes the distance over which the cell
travels during the corresponding time interval. In panel (c), the black arrows show the time
evolution direction and the plus and minus signs indicate the temporal forward and backward
migration, respectively. This figure is reproduced from Ref. [3].

given by x1, = |x; — x1|. k and £, are the elastic constant and free length of the spring and
¢ is the dissipation rate of the damper. Here, since the typical size of a cell is of order of
tens of micrometers, the inertia term was neglected.

We measured the migration distance,in one cycle 4R, which is calculated as

AR = ¥ Z,(Qn — Qn-1)

where Q, = x15(Tn) — €0 and Z, = (§3CFa) — {4 (Tn))/2(8,(T) + {,(Tw)) represent the
actual elongation of the cell and the symmetry breaking of the substrate friction at time T,
respectively. Here, the time T, (n=1,2,3,4) is the boundary of the time sections, within each
of which both substrate frictions {; and ¢, are constant. See Fig. 1(b). Here, we assumed a
steady state. This formula of AR indicates that the migration distance is given by the signed
area enclosed by the trajectory in Q-Z space. The analytical formula of the solution 4R is
provided in Ref. [3].

In addition, we measured the efficiency of the crawling motion, which is defined
byn = (AR/W;,)/max(AR/W;;,). Wy, is the input energy, which comes from the work
done by the actuator. Since the cell moving horizontally on a flat substrate does not do any
work, the output work is evaluated under an additional infinitesimal external force f as
f AR. Note that the efficiency is normalized by the maximum value to eliminate f_. The
exact formula of 7 was also obtained in Ref. [3].

The resulting AR and n are plotted against the phase shifts ), and i, in Fig. 2. The
difference of the substrate friction at the adhered and deadhered states are set as {, = 10{ f
and (fw/k 0.2m. The other parameters are fixed as T = 2n/w =1,k =1, £, = 1.5, and
£, =0.5.

If the two elements are in phase indicated by the thick black line in Fig. 2, then the cell
only oscillates its length around the stationary centre of mass as in Fig. 3 (b). Apart form the
in-phase line, the cell starts to migrate. If the two elements are in anti-phase, there are
optimum set of phase shifts (y1,1,) indicated by the plus and cross symbols in Fig. 2,
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Fig. 2: The net crawling displacement of the two-element cell over one period AR and the
efficiency n as functions of the phase shift y; and y, for different values of the intracellular
dissipation rate: (a) Ew/k = 0.2n and (b) 20x. The red (cyan) colour corresponds to the forward
(backward) motion, i.e., the motion towards element i = 1(2). The phase shifts that give the
maximum and the minimum of AR and m are indicated by the plus and the cross signs,
respectively. The diagonal thick black lines and the thin black lines represent the in-phase
oscillatory motion and the reciprocating motion, neither of which show a net locomotion. This
figure is reproduced from Ref. [3].

corresponding to the optimum forward and backward motions, respectively. The forward
optimum crawling motion is depicted in Fig. 3(a). However, even if the anti-phase case, the
cell cannot achieve a net migration if it undergoes reciprocating motion, i.e. back-and-forth
motion, as displayed in Fig. 3(c).

In summary, we investigated the mechanism of cell crawling by focusing on how to
obtain a net migration from the internal cyclic

motion under the force-free condition. We @2 it 0.4 oo
introduced a mechanical model where a cell ', HWHHHWHHHW N oL N
is described by two subcellular elements OWHHH 1 o
connected by a viscoelastic bond. The activity 4 ‘ 04p ; ]
of the cell is included in the actuator ) ° 1 t 2 y 0‘4 ? Q 04

elongation of the bond and the switch of the 1

bste | fieton, whieh et oI e e

to the substrate underneath and deadhesion ] 04¢

from 1it, respectively. We highlighted the © | | | |

importance of the phase shift of the substrate 1 o 1 04F ol

friction of each subcellular element with xO“HHHHHHHHHHHHHHHHHMN0

respect to the bond elongation to achieve a

net migration. o ‘ ] 041 e 7
0 1, 2 04 0 404

References: Fig. 3: Two-element cell for Ew/k = 0.2n and
[1] E. M. Purcell, Am. J. Phys., 45, 3 (1977). (a) y; = 0.27r and vy = 1.27x, (b) y; = ¥y
[2] R. Ananthakrishnan and A. Ehrlicher, Int. J. = 7, and (c) y; = 0.778794n and y, =
Biol. Sci. 3, 303 (2007). 1.778794x. In each panel, the left subfigure

[3] M. Tarama and R. Yamamoto, J. Phys. Soc.

shows the spatiotemporal plot for two
Jpn. 87, 044803 (2018).

periods. The right subfigure displays the
corresponding trajectory in the Q—Z space.
This figure is reproduced from Ref. [3].
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2. Original papers

(1)

2)

3)

Mitsusuke Tarama

“Swinging motion of active deformable particles in Poiseuille flow”
Phys. Rev. E 96, 022602 (2017).

Mitsusuke Tarama

“Dynamics of Deformable Active Particles under External Flow Field”
J. Phys. Soc. Jpn. 86, 101011 (2017).

Mitsusuke Tarama and Ryoichi Yamamoto

“Mechanics of cell crawling by means of force-free cyclic motion”

J. Phys. Soc. Jpn. 87, 044803 (2018).

3. Presentation at academic conferences

(1

2

3)

(4)

)

(6)

(7)

Mitsusuke Tarama,

“Swinging motion of active deformable particles in Poiseuille flow”

9th International Conference Engineering of Chemical Complexity, Neapolis Auditorium,
Vilanova 1 la Geltra, Barcelona, Spain, 19 Jun, 2017 (oral).

Mitsusuke Tarama,

“Dynamics of active deformable particles in Poiseuille flow”

10TH LIQUID MATTER CONFERENCE, Cankarjev dom Cultural and Congress Centre,
Ljubljana, Slovenia, 17-18 Jul, 2017 (poster).

Mitsusuke Tarama,

“Active Deformable Particles in Poiseuille Flow”

International Symposium on Fluctuation and Structure out of Equilibrium 2017, Sendai
International Center, Sendai, Japan, 21 Nov, 2017 (poster).

LEBTE,
“EYHREOXH/TZAIN TT I
ALIRIEREBE RS 2017, BB KFE EFRZFMFZRAN, 30 Aug, 2017 (oral).

Mitsusuke Tarama, Kenji Mori, and Ryoichi Yamamoto,
“Mechano-chemical modelling of biological cells”

AR ABHRERARY "7IOT 17X — OB ETE<SEMBREDOREM.
“Hierarchy of biological functions connected by concept of active matter”, BHEE 1) —
~ETF KA, 11 Sep, 2017 (oral).

ZRETH,

“R DR AARNBOTIOT147 "JVTRIZ—DR "4 FIOR”
BIEYVT7 MY E—MRE, REBAZE- LEHBHRBER R)IF—) &EBZHER
t=F—/\VXA, 25 Oct, 2017 (oral: invited).

SEETH,

“BEITHIEHECHERTFOR DA "11IRNAOHT "OEE”

EYRENZCH THERBEE OARBE REARE BIBHBTHZEFT, 31 Oct, 2017
(oral).
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(8) ZRERH,
“ROXAARNFOT VT 147V 7 MNIZ—DES”

£27H FRERSEHBRRRMAES, @A TEKZE FIT R—JL, 9 Dec, 2017
(poster).
(9) Mitsusuke Tarama, Ryoichi Yamamoto,

“A minimal model of crawling cells under force-free condition”
Active Matter Workshop 2018, FIFC, Kyoto University, 19 Jan., 2018 (oral).

(10) Z#EE7TH,

“Deformable swimmers in Poiseuille flow”
15th FIFC Symposium, FIFC, Kyoto University, 2 Feb., 2018 (poster).

(11) ZEEHE,

“BEE FoMBROEEES”

EHEFY T MY ER—HRER, REAF £ F—/\V X, 7 Mar, 2018 (oral).
(12) ZEBHE,

“ER FEEETHMEE0NEETIL

MR BEROERILE, MIKKE HESF2HE, 13 Mar, 2018 (oral: invited).
(13) ZEE R,

BB FZETIHHREBONZEXNZAL

BAYER2S FBEERKRES RREBERAE FHF v /VA, 23 Mar, 2018
(oral).

4. Others

(1) ZEEFxEH

“Nonlinear Dynamics of Active Deformable Particles: From Liquid Droplets to Biological
Cells”

F15R@EHEZF—tI)— RHEAEEHR K SHRE> X —,2017/5/25.
(2) ZRETEH

“EYMDAE . KPTOBXD SEB EADETA”

IWAKRZE BEEEH ZWMBEER. 2018/3/5
(3) ZREETEH

“Mechano-chemical modelling of crawling cells based on sub cellular element model”
IWAKE BEHRELEIF—. 2018/3/6,
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Masato Itami

FIFC Fellow

1. Summary of the research of the year
Singular Behavior of Time-Averaged Stress Fluctuations on Surfaces

In equilibrium statistical mechanics, fluctuations of thermodynamic quantities and their spatial
correlations near a critical point universally characterize a continuous phase transition. In non-equilibrium
statistical mechanics, fluctuations of time-averaged quantities and time correlations in equilibrium systems
are related to responses to small perturbations or transport coefficients, following the linear response theory.

Fluctuations and correlations in fluids have been investigated in the framework of fluctuating
hydrodynamics with Faxen’s law or Green's function method. However, it remains difficult to calculate
time-averaged surface stress fluctuations in a finite space. The main purpose of the present work is to
propose a new approach to calculating the time-averaged stress fluctuations on surfaces by using the
contraction principle, which is consistent with the linear response theory.

We consider a viscous incompressible fluid between two parallel plates, and study fluctuations of
time-averaged shear stress per unit area on the top plate at equilibrium. We assume that (i) the fluctuating
time-averaged stress is balanced in equilibrium at each position and that (ii) the fluctuating time-averaged
stress obeys a Gaussian distribution on the restricted configuration space given by (i). Using these
assumptions with the Green—Kubo formula for the viscosity, we can derive the large deviation function of the
time-averaged stress fields. Then, using the saddle-point method for the large deviation function, or the
contraction principle, we obtain the surface shear stress fluctuations. We show that the surface shear stress
fluctuations are inversely proportional to the system size. Thus, we may evaluate the distance between the

plates by only measuring the time- and surface-averaged stress fluctuation on the top plate at equilibrium.

Setup

We consider a viscous incompressible fluid between two parallel plates of length L, and width L,,.
The plates are oriented horizontally in the xy-plane and separated by a distance L,. We impose periodic
boundary conditions in the x- and y-directions. Let o, (r,t) denote the ab-component of the fluctuating
viscous stress tensor @ of the fluid at position r = (x,y,z) and time t in Cartesian coordinates.
According to the conservation of angular momentum, the stress tensor is symmetric. Thus, we identify o,
with gp,. Let T denote the correlation time of the force acting on the top plate at z = L,. Throughout

this report, for any physical quantity A(r,t), we define the finite time-averaged quantity as
_ 1 ("
A(r) = —f dt A(r, t),
TJo

where T is taken to satisfy T > Tpiero. We define the zx-component of the time-averaged stress tensor per

unit area on the top plate as
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1

Ly Ly
g, = J. dxf dy G,,(x,y,L,). @Y
LxLy 0 0

In accordance with the method of our previous paper, we study fluctuations of o, in the equilibrium system
at temperature T, whose intensity is denoted by (G2 )eq.
For later convenience, we decompose G, into traceless and trace parts:
Oap(r) = —p(1)6ap + Sap (1)
with
Oxx (1) + 0y (1) + G, (7)
3 )

where p and § are called the mean pressure and the stress deviator tensor, respectively. Because the stress

p(r) = -

deviator tensor is traceless, we have

Sxx(r) + 5., (1) +5,,(r) = 0.

Assumptions

We assume that (i) the fluctuating time-averaged stress is balanced in equilibrium at each position,
which is expressed as

vV -o(r)=0. (2)

We also assume that (ii) S obeys a Gaussian distribution on the restricted configuration space given by the
traceless condition and the assumption (i). Because S is obtained by integrating a microscopic stress over a
suitable region, it is reasonable, by considering the central limit theorem, to assume (ii). In this subsection,
we derive the probability density of the time-averaged stress fields in the equilibrium viscous fluids.

According to the Green--Kubo formula, the shear viscosity of the fluid n is related to the stress
fluctuation in the bulk of the fluid as

ZkBTT]
T

<6xy(r)5xy (r’))eq = o(r—r'),

where kg is the Boltzmann constant and 7 is assumed to be much larger than the correlation time of agy,,.
Using the traceless condition, the Green--Kubo formula, the symmetric property of the stress tensor, and the
isotropic property, we obtain the statistical property of s:

ZkBTT]

(Sab (r)ga’b’(r,))eq = Aaba'b’S(r -1")

with
Agpa'n’ = 6aa’Opp’ + 8ap'Opa’ — §5ab5a’b’-

For later convenience, we express A,p,1,r = 4;; with g(ab) =i and g(a'b’) = j, where g(xx) =1,

gy) =2, g(zz) =3, glxy) = g(yx) = 4, g(yz) = g(zy) =5, and g(zx) = g(xz) = 6. That is, 4
is interpreted as a 6 X 6 matrix. From the assumptions (i) and (ii), the probability density of the

time-averaged stress tensor in equilibrium is given by

P({Ga (™) = Cexpl—t (@@ | [5(7 -5@))

r
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with

1 Ly Ly Ly ~
I{0ap(M}) = Ty T dxj dy f dz Z§ab(r)Aa;a,b,§a,b,(r),
0 0 0 =

where C is a normalization constant and 4~ is the pseudo-inverse of 4.

Results
From P({G,,(r)}), we formally obtain the probability density of &,:

1 Ly Ly
P@) = [ 2o P({aab(rma(a*— o AT A azx<x,y,Lz)>.

In the asymptotic regime T > Ty, the functional integral may be accurately evaluated by the saddle-point
method. By introducing the Lagrange multiplier field u(r) = (u, (1), u, (1), u,(r)) to take the constraint
(i) into account, we obtain
P(3,) = C.exp[—TI(5.)]
with
1

1(G,) = i
@) Fap (D) 4kgTn

Ly Ly Ly
[Cax | Cay [z @@,
0 0 0
and

L{Gar @D = D 5ap @A q1yy S )+ D 21tg (1) G (1),

ivj a,b

where C, is a normalization constant. Note that the saddle-point method for the large deviation function has
been rigorously verified under certain conditions. This is called the contraction principle in probability
theory.

As boundary conditions of the variational problem, the natural boundary conditions are given by

fodfoydy szdZ Zaz [uq(r)8G,,(r)] = 0,
0 0 0 -

where 66,,(r) is a variation of ,,(1). Recalling (1), we impose the following boundary conditions:
u(‘xl y; 0) = 0; ux(xl y; LZ) = Vo, u_’y(xr y' LZ) = uZ(xl y; LZ) = 0;
where V, is a constant.

With this setup, the surface contribution of the variation vanishes, and we obtain the Euler—Lagrange

oL Za ( oL )_0
aaab = ¢ a(acﬁab) '

5ab = _ﬁSab + n(aaub + abua)- (3)

equations

which are equivalent to

Note that the definition of p is equivalent to V - u = 0 in the expression of the above equation. The set of
equations (2), (3), and V -u = 0 coincide with the Stokes equations nV?u = Vp and V-u =0 with (3).
Thus, we may interpret u(r) as the virtual velocity fields of the fluid generated by the most probable stress
fields for given 0,. Note that the natural boundary conditions are not related to boundary conditions for the

real velocity fields of the fluid. (If the boundary conditions for the virtual velocity fields are related to those
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for the real velocity fields, the fluctuations of &, depend crucially on whether the top plate is fixed or
movable in equilibrium.)
By referring to the solution of the Stokes equations with the natural boundary conditions and (1), we

obtain

e (r) = % w,() =u,(r) =0,  p() = po,

where p, is a constant. These results with (3) lead to
Oxx(T) = Oyy (r) = 7,,(r) = —py, Oxy (r) = Eyz(r) =0, O, (T) = 0,.

Thus, we obtain

I@J=h%%?,
4kBTU
which leads to
ZkBTT]
02) g = ——. 4
@)= 110 )

Because &, is the time- and surface-averaged quantity, we naively expect the central limit theorem:

—2 &
(O-* >eq LxLyT’

where o implies that we only focus on the LyL, and T dependencies of a function. With regard to these
dependencies, the result (4) is consistent with the above expectation. In addition to this standard behavior, (4)
implies that the fluctuations of 0, are inversely proportional to L,, which may originate from the
long-range stress correlations via the virtual Couette flow generated by the most probable stress fields for
given 0,. Such L, dependence is singular because the fluctuations vanish in the limit L, — oo.
Furthermore, we may evaluate the vertical system size L, by only measuring the time- and surface-averaged
stress fluctuation on the top plate in equilibrium. We stress that the assumption (i) expressed as (2) is
essential to the long-range stress correlations.

We can check the validity of (4) or the assumptions (i) and (ii) in terms of the linear response theory.
When the top plate moves at constant velocity V' which is assumed to be much slower than the sound
velocity of the fluid (and the bottom plate is attached to a heat bath of temperature T), the surface average of
0,.(x,y,L,) in the steady state is given by

Lx Ly B Lylyt
f dx f Ay (G (69, L))t = o (52) oV
0 0

LyL, 2kgT

This equation and (4) lead to

nv
L,

Ly Ly
f dx f dy (G, (%, y, L)) =
LxLy 0 0

which is consistent with the standard hydrodynamics, namely the shear stress in Couette flow at low

Reynolds numbers with stick boundary conditions.
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2. Presentation at academic conferences

(1) Masato Itami and Shin-ichi Sasa
“Universal form of stochastic evolution for slow variables in equilibrium systems”
30th Marian Smoluchowski Symposium on Statistical Physics, Krakéw, Poland, Sep. 4-8,
2017 (poster).
@) DA, fEx H—
(Y =2 R W e X b RTEIC ST DB ) DR |
H AR 2201 TR RS, B FRY. 2017495 21-24H (HEH)
(3) DA, fEx H—
TR F 1 2 R SEEIG T B & s —PETT
H AW B B T3 ROR . MO ERARR RSE, 2018423 4 22-26H (M EH)

3. Others
(1) Masato Itami and Shin-ichi Sasa
“The difference between the heat-induced forces of the Soret effect and the adiabatic piston”

The 15th symposium of Fukui Institute for Fundamental Chemistry, Kyoto, Feb. 2, 2018
(poster).
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Shunsuke Yabunaka

FIFC Fellow

1. Summary of the research of the year
Emergence of epithelial cell density waves

Pattern-forming instabilities play a pivotal role in the morphogenesis and spatio-temporal
organization of living organisms. Paradigmatic examples include the morphogen patterns of
developing embryos and the cooperative behavior of large assemblies of microorganisms, for
instance in bacterial colonies. At the scale of the tissue, Serra-Picamal et al. discovered that the
expansion into free space of Madin-Darby canine kidney (MDCK) epithelial cell monolayers is
accompanied by traveling mechanical waves of the velocity, strain rate, traction force and stress
fields (X. Serra Picamal et. al., Nature Physics 8 628, 2012).

By employing our hydrodynamics model of cellular tissues including (1) active contractile force (2)
cell motility (3) cell polarity, we investigated pattern formation in epithelia. Previously, we have
found that mechanical wave appears via Hopf bifurcation above threshold of active parameters when
there is uniform polarity initially[4]. As shown in Fig. 1, in this study, we found that mechanical
wave appears as a result of the secondary bifurcation after the first bifurcation where standing wave
appears, for cases where there is no uniform polarity initially. We also found that a chaotic pattern
can appear with even stronger activity[5].

Density field p(x,t)

1.06
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1.02

1

098 .
0.96
0.94
092

tlme

0 100 200 300 400 500

time

Fig. 1 Mechanical wave as a result of the secondary bifurcation(left) and chaotic pattern (right).

Critical adsorption profiles around a sphere and a cylinder in at criticality

We study universal critical adsorption on a solid sphere and a solid cylinder in a fluid at bulk criticality,
where preferential adsorption occurs. We use a local functional theory proposed by Fisher et al. [M. E.
Fisher and P. G. de Gennes, C. R. Acad. Sci. Paris Ser. B 287, 207 (1978); M. E. Fisher and H. Au-Yang,
Physica A 101, 255 (1980)]. We calculate the mean order parameter profile y(r), where r is the distance from
the sphere center and the cylinder axis, respectively [2]. The resultant differential equation for y(r) is solved
exactly around a sphere and numerically around a cylinder. A strong adsorption regime is realized except for
very small surface field h1, where the surface order parameter y(a) is determined by hl and is independent

—(1+n)2

of the radius a. If r considerably exceeds a, y(r) decays as r "™ for a sphere and r for a cylinder in

three dimensions, where 1 is the critical exponent in the order parameter correlation at bulk criticality.
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Fig. 2 Normalized order parameter as a function of x=r/a as a function of the distance

from the sphere center r around a solid sphere with radius a at criticality. Here n is set
to 0.

Nonperturbative fixed points in O(N) and tensor models

It is by now widely believed that everything is known about the criticality of the O(N) models
either exactly or with an accuracy that is limited only by our finite computational ability. For

the Wilson-Fisher fixed point, almost all the theoretical formalisms have been tested and they
all yield consistent result.

However, for the multicritical fixed points, the situation is less clear. For example, a
nontrivial multicritical fixed point with two unstable directions, which we call T_2, branches
from the Gaussian fixed point at d=3 dimension, below which the six-order term becomes
relevant. The same scenario also repeats in each critical dimension d_n=2+2/n! a nontrivial
multicritical fixed point with n unstable directions branches from the Gaussian fixed point.

However, in the large N limit, only the gaussian and WF fixed points have been found in
generic dimension 2<d<4 so far.

In this study, we investigate the multicritical fixed point structure of the O(N) models by
means of nonperturbative (also called functional) renormalization group (NPRG) and find
some surprising features. In particular, we find new nonperturbative fixed points in three
dimensions (d=3) as well as at N=\infty, as shown in Fig. 3 [1]. These fixed points come
together with an intricate double-valued structure when they are considered as functions of d

and N, as shown in Fig. 4. Many features found for the O(N) models are shared by the
O(N)10(2) models relevant to frustrated magnetic systems.

20 :___l__-l___l___l_—_T__"":
1000+ Fig. 3. Two curves d.(N) and d’.(N). We found
that Ty vanishes at d= d.(N) by colliding with
N N(d) | another nonperturbative fixed point, which we
A" call Cg, when decreasing d starting from d=3 for
100 Q LA 4 “ N>18. We followed Cg3 increasing d and found
N N/(d) that it disappears at d=d’.(N) by colliding with
i yet another nonperturbative fixed point, which

10 i 1 1 1 Il 1 . . .
56 58 3 32 34 36 38 4 we call Co, with two unstable directions.
d
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Fig. 4. Singular point S and the two lines N¢(d) (red squares) and N..(d) (blue stars). Starting
from P, the FP Ty is followed along a clockwise (left) or anticlockwise (right) closed path
surrounding S. On the clockwise path, T becomes Cq after a full rotation. On the anticlockwise
path, Ty collides with C3 on Nc(d) and disappears. It actually becomes complex-valued and
remains so all along the dashed path. On N.(d) it becomes real again but is now Cs. The path
joining N(d) and Ni.(d) at fixed N=33 is also shown in panel (a). In panel (b), we indicate which
(real) multicritical FPs exist in each region. In the white region, there is only one multicritical FP
with two directions of instability that can be continuously followed from both Ty and C,
depending on the path followed.
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1. Summary of the research of the year

Collective motion of cells

Contact inhibition plays a crucial role in cell motility, wound healing, and tumour formation. By
mimicking the mechanical motion of cells crawling on a substrate, we constructed a minimal model of
migrating cells that naturally gives rise to contact inhibition of locomotion (CIL). Despite the simplicity of
the model, the collective behaviour of the cells is highly non-trivial and depends on both the shape of the
cells and whether CIL is enabled.

The model cell consists of two disks, a front disk (a pseudopod) and a back disk (cell body), which are
connected by a finite extensible spring, see Fig. 1. CIL is achieved my coupling the migration force F,;,
linearly to the cell extension r;. For comparison, we also worked with no-CIL cells by making the migration
force constant. CIL cells with a small front disk (i.e., a narrow pseudopod) form immobile colonies, see Fig.
2a. In contrast, cells with a large front disk (e.g., a lamellipodium) exhibit coherent migration without any
explicit alignment mechanism in the model, see Fig. 2b. This result suggests that crawling cells often exhibit
broad fronts because this helps facilitate alignment.

When investigating the collective dynamics in more detail, we find that the CIL model naturally
reproduces the strong linear decrease of the cell speed when the cells are packed at high densities, in contrast
to the no-CIL cells which barely adjust their speed, see Fig. 3a. The CIL cells’ response closely matches that
of real cells, as can be inferred from experimental data, see Fig. 3b. In addition, the typical log-normal
distribution of cell speeds which can be observed in experiments, only arises in the CIL version of the model,
i.e. when contact inhibition is enabled.

a b c
50 CIL cells:
b: Cell body  f: Pseudopod 3 Cell extension and Migration force
S\:E‘ 0 op/of  Steady state Compressed
& o P
g _s0 125 (69)=—> '3\‘;\?) =
S pl _
s = =
Sl \{ =» ®— -

1 SN _/"\I
00 02 04 06 08 0.44 (g- | — 6{) ) m—
— -

Distance rif /Rmax

Fig. 1: Illustration of the cell model. (a) Schematic of a cell with a finite extensible non-linear elastic spring
connecting the disks and exerting the force Fyepe, the migration force Fp,;4 acting on the front disk (Eq. 2), and the
friction forces —{v}, and —{vy. (b) The forces acting on the two disks composing a cell separated by a distance 7.
(c) Cell extension 1 (red line segment) and migration force (black arrow) for the CIL cells in the steady state and a
compressed state in which the disks are fully overlapping.

oy /o =1.25 ”__, ay/o;=0.80 (=) Fig. 2: Dynamic states. Snapshots of CIL
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“ate® Hue indicates deviation from average
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state upon change of the cell shape.
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Collective alignment is typically measured with the polar order, the average orientation of the cells.
The alignment transition visible in the snapshots of Fig. 2 persists over nearly the full density range, see Fig.
4a. This is unrealistic, since, typically, cells only start coherently migrating at higher densities, while they
show random behavior at low densities. We find the correct behavior by adding noise to the motion of the
cells, which models the erratic motion of cells more accurately. In this way, at low densities, the collective
cell dynamics become dominated by the random motions of single cells, while at high densities frequent cell
collisions lead to collective alignment, see black line in Fig. 4a. This is precisely what is observed in
experiments. We also find that the alignment transition is qualitatively the same for CIL and no CIL cells,
only that it occurs earlier for CIL cells. Therefore we conclude that contact inhibition enhances alignment.

In the transition toward the arrest of cells with g3, / of = 0.80, areas of dynamic arrest begin to
continuously form and dissolve. The arrested areas grow in size with density until they form system-
spanning waves (Fig. 5a), which suggests that there is a growing length scale. The waves travel against the
direction of motion of the cells (Fig. 5d), akin to traffic jams in models of car traffic. In this state, the cell
speed distribution shows a peak at or near 0 and a long tail (see data for ¢ = 1.0 in Fig. 3¢). The onset of
system-spanning arrest waves roughly coincides with the decrease in the order parameter at ¢ ~ 0.85. We do
not observe such waves in the non-CIL systems (Fig. 5b). Thus, the waves are directly associated with the
CIL. Furthermore, the waves only occur when contact inhibition is strong; the cells withay, / of = 0.44,

which have a weaker slowdown at high densities (Fig. 1c), always travel coherently (Fig. 5¢). Because they

T 16 T T 5 T T
a10 044 | b LA A - ¢ S ——
’ (no ciL) 14+ A Ppuliafito (2012)” b b/ O = 5
* . A4, .l 0.18
08 H 080(ocCiy)y | _ 12 p [ WY B ®=1.0
[ =
> 0.44 (CIL < °
P @b g 10 - s Petitjean (2010)°] 3L 4
< o061 4 = . (no CIL)
P T gl W 4 = 083 474 1.0
1] @ J A ° Q
(9 [
2 1.25 (no CIL) 8 A A 5L |
= 04 H 4 2 6r f L X -
e 0p/0f = G ] A
~ 1.25(CIL) 0.80(CIL) S L - ‘A |
Angelini u L 4
0.2 — [ 1
5L @0y L ]
00 - e o o ale o Il O L L L L 0 L L L
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Area fraction ¢ Density (x 10°cells /cm?) Cell speed v/v*

Figure 3. Cell speeds. (a) Average cell speed, normalized by the steady-state speed of a solitary cell v%, with (closed
symbols) and without (open symbols) contact inhibition for a range of cell shapes. (b) Speed of MDCK cells in a
growing cell colony and in confluent monolayers. (c) Speed histograms at o, / g = 0.80. Black lines are fit to the data
with a log-normal distribution.
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Figure 4. Collective alignment. (a) Polar order p as a function of area fraction for a range of cell shapes. Simulations
with cell noise at o, / gy = 0.44 are shown in black. (b) Polar order p as a function of cell shape at area fraction ¢ =
0.18.
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Fig. 5: Velocity waves. (a—) Simulation snapshots
7 of CIL and no-CIL cells at area fraction ¢ = 0.92
with cell velocities shown as arrows. Hue indicates
the deviation from the average direction, and
7 slower cells are lighter in colour. (d) Kymograph
of simulation shown in (a). Average of cell

B oo ] velocities in the y-direction, see arrow in (a), as a
é'g o44(c) | function of time. Trajectory of one cell
— 06 superimposed in black. (e) Velocity correlation

functions for simulations shown in (a—c).

) 0
(no CIL) (ciL)

max

time t/7,,;, r/R,

slow down less abruptly, they never fully jam. The correlation function of cell speed fluctuations of the CIL
cells becomes negative on the length scale of the extent of the traffic jam with a minimum at approximately
10 Ry, see Fig Se. The VACF of corresponding no-CIL cells decays on the length scale of a few R, and
never becomes negative. This result reveals that cells move in small correlated clusters.

Anomalous transport in heterogeneous media

Transport of mesoscopic particles in simple solvents is often dominated by thermal motion. First
observed by Robert Brown in 1827 in the motion of organelles and later theoretically described by Albert
Einstein, this Brownian motion is found practically everywhere in soft matter and biological physics. The
key insight in understanding this motion was that the particles perform many frequent and uncorrelated
collisions with the fluid molecules. This leads to trajectories which can be seen as composed of independent
increments. As a generic result, we find that such trajectories become diffusive, in which the mean-squared
displacement (MSD) grows linearly in time, 6r(?) ~ ¢.

Since the assumptions for this theory are seemingly so simple and general, it may come as a surprise
that so many systems exhibit anomalous diffusion, i.e. the MSD grows with a (often time-dependent) power
y(1) that is not 1, i.e. dr3(t) ~ t¥®. Many experiments show that transport is subdiffusive, y(z) < I, such as
crowding phenomena in biology, ion conduction in silicate glasses and other situations. These systems have
in common that they consist of at least two components, characterized by a strong separation of time scales.
The more mobile component often exhibits anomalous diffusion over long periods of time.

The question driving my research has been whether the observed exponents merely represent transient
behavior, or whether they can be connected to a universal behavior with a well-defined exponent.

A paradigm for the modeling of transport in heterogeneous media is the Lorentz model (LM), where
the anomalous diffusion arises as a universal long-time limit: In its simplest version, a single mobile particle
moves in the static void space formed by overlapping hard disk obstacles. At low obstacle density, the
mobile particle freely explores the system and exhibits regular diffusion. At high densities, it becomes
trapped in finite pockets of obstacles. In between, there is a localization transition, where the void space of
the system stops to percolate, the system becomes self-similar, and anomalous diffusion occurs. This
transition is a dynamic critical phenomenon and the exponent of the anomalous diffusion is universal.

The LM can be generalized by introducing interacting mobile particles and soft instead of hard
interactions, making it more comparable to realistic porous materials. But how such generalizations change
the dynamics is not well understood. One the one hand, an extension of the mode coupling theory (MCT) of
the glass transition predicted the LM localization transition to persist for interacting fluids in porous media,
i.e., that the nature of the transition is unchanged by the interactions, and that the critical behavior is



IV BFRERE (2017)

10% L (a) njy =035

E -
Increasing n,__

() nyy =0.35 1) ny, = 0.43 IG) nyy = 0.51

=
=
-
=
[}
c
I}
3
s 1.0
[}
=
=
©
£
=
w

-
[
T
|
T
|
T
|

05+ ORI 1

0.0 ol vl vl cvend vl il vl i ool il Sl b i il Skl N iAr el G B
10-210-' 10° 10" 102 10% 10* 105 10—' 10° 10' 102 10% 10* 10° 10~' 109 10' 10% 10% 10* 10°
Time t/to Time t/t Time t/to

Fig. 6: Anomalous transport. Mean-squared displacements 6r*(t) and effective exponents y(t) for a range of matrix
densities ny, and fluid densities ny. Fluid densities are np = 0, 0.016, 0.094, 0.313 for (a), (b) (nr = 0.016 in purple for
clarity); ng = 0, 0.013, 0.264 for (c¢), (d); and ng = 0, 0.020, 0.160, 0.400 for (e), (f). In (b), (d), (f), the critical
exponent of the two-dimensional LM 2/z = 2/3.036 is shown as a black line as a guide to the eye.

qualitatively the same. On the other hand, evidence from simulations of model porous media with interacting
particles, both with hard and soft interactions, has been inconclusive. While a localization transition and
extended anomalous diffusion are observed, the exponents seldom match the predictions. Still, so far, it
seemed to be evident that porous media with soft or hard potentials are qualitatively equivalent, even though
energy barriers in systems with soft potentials are finite and, therefore, are crossable by soft particles.

We performed molecular dynamics simulations of interacting soft disks confined in a soft
heterogeneous matrix of obstacles. By systematically moving away from the single-particle case, we
investigated how interactions between the mobile particles influence the dynamics. With increasing obstacle
density, the system exhibited a gradual transition from delocalized to localized dynamics, see Fig. 6.
Subdiffusion with constant exponents could be identified for up to three decades in time.

However, our results showed that the system exhibits fundamentally different dynamics from the LM.
Whereas, for the single-particle case, a mapping onto the LM transition was still possible, we found, here,
that the universality of the dynamics breaks down. The interaction of particles with each other makes each
particle’s energy time-dependent; the free area available to it changes with each collision with other mobile
particles. In that sense, the free volume in soft systems is dynamic—mnot static as in the LM—with drastic
consequences. Mobile particles help each other over potential barriers, speeding up the dynamics when the
mobile particle density is increased. This is impossible for interacting hard disks, thus, giving a rare example
where soft and hard interactions are qualitatively different.

The soft interactions are therefore responsible for a breakdown of the universality of the dynamics.
Even though exponents similar to the LM exponent may occur, we show that they merely represent effective,
non-universal exponents which are highly tunable via the particle interactions. Thus, they should not be
linked to the anomalous exponent of the LM. In experiments, where interactions are typically quite complex,
the LM can, therefore, at best, serve as a tool for qualitative interpretation. Our work demonstrates that the
wide range of exponents seen, e.g., in crowding experiments of cellular fluids is likely a result of the soft
interactions between the components of those systems. Therefore, we expect that such crowding phenomena
cannot be associated with universal anomalous diffusion.

— E);7 —
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1. Summary of the research of the year

DFT Study on Fe(IV)-Peroxo Formation and H-Atom Transfer Triggered O, Activation by

NiFe Complex

Hydrogenases are some of the most extensively studied metalloenzymes because of its catalytic ability to

convert the hydrogen molecule
into protons and electrons, or
hydrogen evolution from protons
the

reaction. This diverse group of

and electrons in reverse
metalloenzymes can be classified
into three groups, NiFe, FeFe and
Fe-only hydrogenase, based on the
composition of catalytic center.
Among them, NiFe hydrogenase is

known to be the most robust for

the oxygen, and it shows
reversible  inactivation  under
oxygen exposure. Further, two

distinctive inactive oxidized states,
Ni-A (Fe"(O-OH)Ni"") and Ni-B
(Fe"(OH)Ni™), has been trapped

in experiment.

Most of the experimental and
theoretical studies have targeted
the activation and formation of
hydrogen in enzyme and
biomimetic models. However, a
reaction between NiFe catalytic
center and dioxygen, which relates
to the generation of inactive states
and reactivation, has not been well
studied. Therefore, elucidation of
the

mechanism for dioxygen
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Figure 1. (a) Free energy profiles of (i) the first hydrogen atom transfer

and O-O bond cleavage, (ii) the second hydrogen atom transfer and Fe

center reduction,

and (iii) BH;OH ™ removal in four spin states (S =0, 1,

2, and 3). AG and AH (in parentheses) are given in kcal/mol. (b)

Optimized stationary points with selected bond lengths (A) and the

Mulliken spin densities (p) for the lowest energy spin state.
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activation is essential for the development of novel biomimetic catalysts, and understanding the reactivation
process of NiFe hydrogenase. In this study, the mechanism for dioxygen activation using the biomimetic
model complex of [NiFe]-hydrogenase, [NiLFe(n’-CsMes)]" [L =
N,N’-diethyl-3,7-diazanonane-1,9-dithiolato] was established using density functional theory (DFT) and
artificial force-induced reaction (AFIR) methods. Our computational results suggest that O, binds to the Fell
center in an end-on fashion and forms a high-valent iron complex, NiFe—peroxo (Ni"Fe'"(>~0,)), which has
been experimentally observed. The O—-O bond cleavage occurs in the presence of borohydride (BHy)
through hydrogen atom transfer (HAT). Once the HAT occurs, the generated BH; radical anion (BH;7) binds
to the terminal oxygen of NiFe—~OOH, giving rise to BH;OH- and Ni"Fe'=0. The second HAT from BH4
to the oxygen of Ni'Fe'V=0 leads to BH;OH and Fe reduced Ni"Fe" complex. Importantly, the dioxygen
activation is triggered by HAT, not by proton transfer or hydride transfer. The O, is activated by the Fe
center and the oxidation state of Fe varies during the process, while the oxidation state of Ni is conserved.
These mechanistic insights into O, activation are essential in understanding the formation of the inactive

state and reactivation process in hydrogenase.

DFT Investigation on Electron and Hydride Transfer in NiFe Hydride Complex
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Despite of the remarkable catalytic ability of the hydrogenase, the molecular catalyst with higher catalytic
efficiency is further demanded for the industrial application. For this purpose, it is sensible to create the
catalyst using non-precious metals such as Ni, Fe, and Mn which are involved in metalloenzymes. For the
creation of the ideal catalyst, many bio-inspired models to mimic the function of hydrogenase have been
developed and analyzed.

We investigated mechanistic details in formation of NiFe hydride complex and electron and hydride transfer
processes from the hydride complex using density functional theory and artificial force induced reaction
methodology. The NiFe hydride complex derived from NiFe complex ([Ni"(L)Fe"(MeCN)[P(OEt);];], L =
N,N'-diethyl- 3,7-diazanonane-1,9-dithiolato) with reaction H, is the first reported hydride complex which
conducts three reactions, electron, hydride, and proton transfers (Ogo et al. Science, 2013, 339, 682-684). In
the generated hydride complex, the hydride binds to Fe, which is different from Ni-R state in hydrogenase in
which hydride locates between Ni and Fe. In the reaction with ferrocenium ion, our calculation suggested
that the first electron transfer occurs from NiFe hydride complex into ferrocenium ion, then the hydrogen
atom transfer takes place subsequently. The oxidation state of Fe varies during the redox process, which
differs from the NiFe hydrogenase where oxidation state of Ni varies. Singlet step hydride transfer occurs in
the presence of 10-methylacridinium ion (AcrH") which is kinetically feasible compared with the HAT.
While, the proton transfer occurs barrierlessly from protonated diethyl ether. The revealed reaction
mechanism guides the interpretation of the catalytic cycle of NiFe hydrogenase and development of efficient

biomimetic catalyst for H, generation and electron/hydride transfer.
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1. Summary of the research of the year 2017

1.1 Mechanism and Selectivity in PASIPr-Catalyzed Ring-Opening and Cross-Coupling
of 2-Arylaziridines with Arylboronic Acids

The strained small ring compounds such as oxiranes, aziridine, are being utilized in organic synthesis
for variety of transformations. The aziridines are important synthons for formation of variety of N-containing
compounds of synthetic importance, such as B-amino-functionalized motifs. The organometalic catalysts are
effective for regioselective and stereospecific ring-opening of aziridines. The formed adducts after
ring-opening can be further functionalized or used to generate products with regio- or chemo- or
stereo-selectively. Recently, Takeda et al. reported a Pd/NHC-catalyzed enantiospecific and regioselective

ring-opening and cross-coupling of 2-arylaziridines with arylboronic acids to give B-aryl B-phenethylamine

derivatives (Scheme 1). SIPr
In current study we have Ph Pd
. . . TS W e
explored mechanism of this reaction. a N ©/B(OH)2 _
Besides studying mechanism of d_\ Na,CO3
toluene/H,0O

cross-coupling, we have also studied o

active species generation viz., Pd(Il) Scheme 1. Stereospecific and regioselective Suzuki-Miyaura

to Pd(0) conversion. The aziridine coupling of 2-arylaziridines.
ring-opening is studied by
multicomponent artificial force induced reaction method (MC-AFIR) to explore possible reaction paths
systematically and explain regioselectivity and stereospecificity.
Active Catalytic Species Generation

The reaction involves first generation of active catalytic Pd(0) species. The mechanism of Pd(0)
generation is not well studied in Pd-NHC catalyzed reactions. The reported computational studies propose
direct reductive elimination from catalyst or after replacement of chloride with base (O-tBu 7). However, in
current reaction we found that reductive elimination from catalyst have high activation barrier (32.3
kcal/mol). Reaction barrier for Pd(0) generation is lowered in presence of phenylboronic acid, base and water.
The highest activation barrier is for reductive elimination (TS3) from intermediate 14 (~20 kcal/mol). Hence,
the Pd(0) generation also involve mechanism similar to Suzuki-Miyaura couling reaction.
Cross-Coupling Reaction Mechanism

The different steps in the current cross-coupling reaction involve oxidative addition (aziridine ring
opening), protonation, transmetalation and reductive elimination.
From the exhaustive sampling of TSs (transition states) for aziridine ring opening, we found that oxidative

addition occurs by Sy2 attack of Pd(0) to benzylic-carbon (type B) of aziridine (Fig. 1). It is important to
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Fig 1. Type of Transition states for the aziridine ring opening with calculated free energy in
kcal/mol (Enthalpy is given in parenthesis).
note that, in the lowest energy TS phenyl group of substrate is coordinated anti to the NHC ligand and
benzylic carbon is in syn-orientation. The phenyl group of substrate helps the reaction to proceed
regioselectively. Hence, the reaction occurs through type B TSs, which lead to desired product and explains
the regioselectivity and enantiospecificity of reaction.

Regioselective aziridine ring-opening by TS type B leads to higher energy intermediate I8 (-17.1
kcal/mol, Fig. 2). The intermediate is stabilized by water through H-bonding. Upto three water molecules
were used to stabilize the intermediate, in accordance with previous study. The intermediate with two water,
I8.2H20 (-25.3 kcal/mol) is more stable. The TSs for the proton transfer involve relatively low barrier. It
leads to lower energy intermediate 19.

Next step is transmetalation, it involved coordination of PhB(OH), to hydroxyl group leading to
intermediate 110. From 110 intermediate transmetalation occurs leading to lower energy intermediate 111.
After decoordination of B(OH)3 intermediate I12 undergo reductive elimination leading to cross-coupling
product. The activation barrier for this process is ~15 kcal/mol. Hence, in this study we have revealed the full

mechanism of the reaction, which will be further helpful in development of the reaction.

L
HO™ 'L +
d__2 - - L
P‘-f: A [ s [+H L =SIPr
Pd s

1" i
\/ 5V Hey \
TS4, Q H "
169 (-10.1) __ '8 H. 4 L
—_— 171 (-12.7) o---H T TH I H
4 \ 185 | HO—Pd H

/ \ . N.
/ +2H,0 '.I ~ ~ L ‘;,, j Ts
2 L 0. 22.6 (-48.0) y Q HOHB/B Ph .
— T 18.3H,0 \ \ N
24.3 (-16.4) 18.2H,0 \ o Ts Ts6 L
Lo 25 3 (-38. 6) 22 2 47.7) 10 -30.4 (-52.0) [ H
Pd H T \ —2H,0-33.1(-37.7) o R
—_— % \ S E
0o '9 3Hz° -36.3 (-57.3) -39.5 (-44.8)
\ \ —
H‘ : “O/H"'O\H Pd— l\' H Pd
L v 90 [ | N~TS HO—Pd—X H | / \ +
H Ty _ \ i / \
L = N—87 H H—o H \ N« \ / \
P¢—~ NS, ; HO-B,_ Ts \ 9
= H ‘ HO' Ph | / )
. -0~ —_ / \ Ho, H
\/ o HTTH Lo 518 (71A) Voo N
H N 11 -54.4 (-59.1 P
o N (9.1 -58.6 (-48.2)
| N, 12 \ o
g Ph Ts | i /
HO \OH [ H \ !
Pd—_R

Ph ™S L-paf v
Ph ‘Ts -73.8 (-78.8)
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Fig 2. Free energy profile at PCMtoluene/ BSLYP-D3/SDD(Pd),cc-pVTZ//PCMToluene/ BSLYP-D3
/SDD(Pd);6-31+G(d)(B,N,0,S;6-31G(d)(C,H) for cross coupling . Relative energies are in kcal/mol.
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1.2 Theoretical Study on the Mechanism of Phoshoranide-Trihydroborate Reaction with

Methyl Iodide

Phoshorous-Borane, Lewis acid-base complexes are isoelectronic to C-C bond. Phoshino-Boranes are

now getting more attention as reagent, hydrogen storage material and polymer precursors, beside their

importance in coordination chemistry. Formation of tetra- or penta-coordinated phosphorus complex with

boron is difficult. The first compound (1) having trihydroborate coordinating to a pentacoordinated

phosphorus was synthesized and crystallized recently by Kano ef al.. In one of recent results of Kano et al.,

the reaction of trihydroborate 1 with an excess of methyl iodide (Mel) in toluene at room temperature gives a

1:1 mixture of bicylic compound 2 and the P-methylated derivative 3 (Scheme 2). Interestingly, if the

reaction occurs at 100°C the P-methylated bicyclic compound 3 has been obtained exclusively without

compound 2.
FsC i - FsC FsC
Ler, B L, Lcr,
L9 Mel , H Mel L9 2
Me—P-B=H <——— (n-Bu),N* p—e " > H—P=B=H + Me—P=B=H
b e R I SN Vi
3 o . PN
F.C (84%) | FsC CFg | (1:1 ratio) FsC FsC
3 1 2 3
Scheme 2.

In this study the mechanism of this reaction is studied through computational methods. The reaction

path was explored by AFIR (artificial force induced reaction) method available in GRRM program. The

stationary points was further optimized using Gaussian 09 program and with SMD(Toluene)/B3LYP-D3BJ/
6-311++G(2d,p), 6-311G**(for Iodine) method.

Formation of intermediate 2

From AFIR search, five
different paths were found for
reaction of Mel with 1. The
lowest energy paths involve Sy2
attack of hydride on methyl
group of Mel (TS1) leading to
formation of methane (Fig. 3).
The Sn2 attack of hydride on
I-atom of Mel is kinetically
(AGi= 68.1 kcal/mol) and
thermodynamically (AG = 60.0
kcal/mol) less likely as it
involves formation of highly
unstable methyl-anion.

The intermediate 5 and I~

16.6 (6.6)  FC CFs 1
! o)
[ H
P—gH
©;o H
,// \\\ Fgc CF3 CHg 3C CF3 t
1/ VoTst2 | ?
. | R—B
F3C CF3 1 \\ [~/ \H
CL3 | -
H
bogH FaC CFs T85-2
L 122 (5.2
@O H 22(32)
F4C CF, !
0.0(0.0) CHal -7
\ 229
) \ K cr,
S Q
c — H-P—B-H
3% CFy 81:6(24.4) 720351 (:34.7) o
=
? y F3C CF3 G CFs
P—B— O H \
T . —— 425 (-355)
0 P—8 " 2
FsCCF; 5 o 1
FsCCF; 6

Fig 3. Free energy (kcal/mol) profile for intermediate 2 formation.

Enthalpy is given in parenthesis.
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can easily isomerize to intermediate 6. 6 is 3.5 kcal/mol lower in energy than 5. The intermediate 5 can also
isomerize to 2 by hydride transfer from boron to phosphorus. The activation barrier for this process is 22.9
kcal/mol leading to formation of lower energy 2. Hence, formation of 2 is thermodynamically more probable

and explains the experimental detection of this intermediate (Scheme 1).

Reaction of 2 with Mel. We have further studied reaction of 2 with Mel. The process involves Sy2 attack of
P on methyl group of Mel with lodide removal. The next step involves proton abstraction from phosphorus
leading to formation of HI and product 3. The highest barrier for 2 to 3 conversion is 31.3 kcal/mol. The
attack of hydride from B-H of 2 to methyl group of Mel is 0.5 kcal/mol lower in energy. Hence, the Sx2
attack by P and hydride of B will be competitive. The S\2 attack by hydrogen of phosphorus on Mel is both
kinetically and thermodynamically unfavorable. As the activation barrier for all these processes are very high

(>30 kcal/mol), these processes are less likely.

Reaction of 5 with Mel. For the SN2 attack by P-atom of 5 to Mel, involve first isomerization of 5 to higher
energy species 19 with B-atom decoordinated from P-atom. The B-atom further interact with iodide formed in
first step leading to formation of 20. The reaction of Mel with 20 has 27.6 kcal/mol activation barrier and lead to
formation of intermediate 21. 21 is almost of same energy as 5. Since the barrier for TS20-21 is higher than TS

5-2 (Fig. 3), this process is less likely than formation of 2.

Formation of H,

The HI formed during the 5%%:3 ! ! 55\4%% ) t FiC 8F3 ¥
process for formation of 3, can F:’*'?/Q: (Z’.’B/Q: q;WB{jH
further react with the substrate (1) Fol c(;)F3H/ o ol FC (?F3H 83.(7.1| 2 > 8: Y
(Fig. 4). The HI can directly react \2‘2 o) _7 e TS1—15 T 3
with hydride and lead to formation HI ] * T811 1 ! \ 7|_:5 ((;5 02% Q"'_%cﬁ
of 11 or the proton from HI first 0000) Tz F : ?3 H T,é\/H
transferred to oxygen leading to F301CF3 ‘\—I 1F 330(5':73) (ZZ,LBS: . 8: 3 H
lower energy intermediate 12. E—B/EH oy FC CF, _10‘5(\_9T) \ /
From 12 transfer of H from (‘3 H Z;B\;H SH —5
oxygen to boron lead to FoC CFs FsC CFsH -14.8 (-9.1)

formation of 11 through 11.4 Fig. 4. Free energy (kcal/mol) profile for Hs formation. Enthalpy is

kcal/mol barrier. The 11 is a given in parenthesis.
unique species with o-bond of H2 interacting with empty p-orbital of B. The 11 is easily converted to 5 by
removal of H, from B. This reaction have low barrier and lead to formation of H, and intermediate 5. This
result agrees with experimental detection of H, during the reaction.

In current computational study we have explained mechanism for formation of 2 and H,. Exploration

Mechanistic study for product 3 formation is currently in progress.
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1. Summary of the research of the year
Theoretical Investigation of Catalytic Hydrocarboxylation of Olefins with CO;

[Abstract] Carboxylic acids can be directly formed from CO,, H,, and simple olefins by using
rhodium(I) catalyst. In this reaction, the addition of iodide compounds, such as CH;l, is indispensable to
increase the yield of the product. To understand the role of the iodide additives, we studied the mechanism of
the catalytic hydrocarboxylation of cyclohexene with CO, and H, by using an automated reaction search
method, called multi-component artificial force induced reaction (MC-AFIR) method. The reaction can be
divided into two parts. First, CO and H,O is obtained from CO, and H, through the formation of formic acid.
Then, the CO and olefin convert to the carboxylic acid. The iodide additive plays two important roles. One is
the formation of cyclohexyl iodide to promote the oxidative addition to the rhodium(I) catalyst. Another is

the stabilization of intermediates and transition states through the interaction with phosphine ligands.

Cl,

 RE==CI~Rh
2.5 mol QS R~~~ RR"CO

N O
ocC CO
+ CO,+ H
(60 bazr) (102bar) 50 mol% CH3| 25 moI%PPh3 O)J\OH + O

18 mol% p-TsOH+<H,O . .
in AcOH, 180°C, 16 h 88%yield 2%yield

Fig. 1 Catalytic hydroxycarbonylation of olefins with CO2 and Hs
catalyzed by the rhodium complex. [1]

[Introduction] The CO; is an attractive C1 building block which leads carboxylic acids and their
derivatives. To establish the catalytic systems to form the carboxylic acids from CO,, the mechanical
understanding is indispensable. Leitner et al. reported an effective -catalytic system for the
hydroxycarbonylation of simple olefin with CO, and H, leading the carboxylic acid as shown in Fig. 1 [1]
Several experimental measurements were performed to discuss the mechanism of this catalytic system. First,
it was found that the carboxylic group was constructed not by CO, but by CO and H,O according to the
nuclear magnetic resonance spectroscopy. Second, the yield of the carboxylic acid increased dramatically by
the addition of iodide compounds, such as CH;l. Third, the formation and consumption of cyclohexyl iodide
was observed by the mass spectrometry, which implied that the role of the CH;l additive was the conversion
of cyclohexene to cyclohexyl iodide and cyclohexyl iodide could be a reactant instead of cyclohexene. Forth,
to discuss the effect of the intermediates, the same reaction starting from other reactants, such as cyclohexyl
iodide, cyclohexanol, and cyclohexyl acetate, were performed. Contrary to the expectation, the product yield
depended on the reactant. Cyclohexanol and cyclohexyl acetate provided high product yield as cyclohexene.
Whereas, the product yield starting from cyclohexyl iodide was only 21 %, even though cyclohexyl iodide

was assumed to be formed and consumed during the catalytic reaction. To get the more detailed insights of
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this catalytic system, we performed one of the methods in the Global Reaction Route Mapping (GRRM)
strategy, called the artificial force induced reaction (AFIR) method,[2] to search systematically all possible
reaction pathways. In this study, we also discuss about the role of iodide additives and the reason of the
product yield dependency on the reactants based on the calculated Gibbs free energy profile.

[Methods] First, approximate reaction pathways were explored by the MC-AFIR method, in which the
AFIR functions were minimized with y = 300-400 kJ mol™. The initial AFIR search was carried out at
MO06-L/Def2SV level of theory. Then, all the obtained approximate local minima and transition states (TSs)
were re-optimized without artificial force at the B3LYP-D3/SDD (for Rh and I) and 6-31g(d) (for other
atoms) levels. Single point energies were calculated at B3LYP-D3/SDD (for Rh and I); 6-31+g(d,p) (for
other atoms) levels of theory. The solvation free energy was included by the PCM model with a dielectric
constant of 6.3 (acetic acid) for all the calculations. The intrinsic reaction coordinate (IRC) was calculated to
confirm the reaction pathway. All these AFIR search, optimizations and IRC calculations were performed
with the GRRM program[3] using energies, first, and second energy derivatives computed with the
Gaussian09 program.

[Results and Discussion] The reaction system can be divided into two catalytic cycles. One is for the
formation of CO and H,O from CO, and H, (Cycle I) and the other cycle is for the producing the carboxylic
acid from CO and olefin (Cycle II). The Cycle I starts from the oxidative addition of H, to the Rh(I) complex,
followed by the CO, insertion. Thus, we firstly investigated about the stability and the catalytic ability of the
mononuclear Rh(I) complexes with different number of PPh; ligands (RhCI(CO),(PPh3),: n, m = 0, 1, 2).
The reaction barrier of the oxidative addition of H, depended on the coordination number of phosphine
ligands. The most stable complex was the Vaska-type RhCI(CO)(PPh;), complex, which was detected by the
NMR spectroscopy. [4] The most favorable pathway started from the dissociation of the phosphine ligand
from the Vaska-type Rh(I) complex RhCI(CO)(PPh;),, followed by the oxidative addition of H,. The
activation barrier of the oxidative addition of H, to the Vaska-type complex and the following CO2 insertion,
however, was too high. To reduce the activation barrier, the CH;l additive played an important role. The
CH;l additive promoted the dissociation of one of the PPh; ligands from the Vaska-type complex by the
formation of the phosphonium iodide [Ph;P(CH;)]1. The activation barrier of the oxidative addition of H, and
insertion of CO, was lowered by the dissociation of PPh; ligand from the Vaska-type complex, which was
consistent with the experimental result that the yield reduced dramatically without addition of CH;I. [1,4]
Then, the CO, and H, in the Rh(I) complex converted to formic acid, which can be decomposed into CO and
H,O. Although, the formation of CO and H,O from CO, and H, (Cycle I) was the endothermic reaction, this
catalytic reaction could take place because of the exothermicity of the following Cycle II.

The Cycle 1II started from the formation of the cyclohexyl iodide from cyclohexene and CH;l to
promote the following oxidative addition to the Rh(I) catalyst. Then, the insertion of the CO, which was
obtained from the Cycle I, took place, followed by the transformation leading to the desired carboxylic acid.
The rate-determining step (RDS) of the overall catalytic process was the carbonylation step in Cycle I, with
an activation barrier of 33.7 kcal mol™.

It should be noted that the hydrido-Rh(IIl) intermediate, which was obtained by the oxidative addition

of H,, could give cyclohexane (the by-product shown in Fig. 1) with the activation barrier of 35.7 kcal mol™,
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which was only 2.0 kcal mol” higher than that of the CO, insertion. It means that the Cycle I causes the
formation of the by-product, cyclohexane. Therefore, the yield of cyclohexane could decrease by changing
the reactant from CO, and H, to HCOOH. It was confirmed by the experimental study. [4]

[Acknowledgements] This presentation is based on results obtained from a project (P16010)
commissioned by the New Energy and Industrial Technology Development Organization (NEDO).

[References]

[1] T.G. Ostapowicz, W. Leitner et al. Angew. Chem. Int. Ed. 52, 12119-12123 (2013).

[2] S. Maeda, K. Ohno, K. Morokuma, Phys. Chem. Chem. Phys. 15, 3683-3701 (2013).

[3] GRRM14: S. Maeda, Y. Harabuchi, Y. Osada, T. Taketsugu, K. Morokuma, and K. Ohno,
http://grrm.chem. tohoku.ac.jp/GRRM/index e.html.

[4] T. Oku, M. Okada, M. Puripat, M. Hatanaka, K. Morokuma, J. Choi. J. CO2 Util. 25, 1-5 (2018).

2. Original papers
(1) Tomoharu Oku, Masaki Okada, Maneeporn Puripat, Miho Hatanaka, Keiji Morokuma, and
Jun-ChulChoi
“Promotional effect of CHsl on hydroxycarbonylation of cycloalkene using homogeneous
rhodium catalysts with PPh; ligand”
J. Co2. Util. 25, 1-5(2018).
3. Presentation at academic conferences
(1) Maneeporn Puripat, Miho Hatanaka, and Keiji Morokuma
“Theoretical Investigation of Catalytic Hydrocarboxylation of Olefins with CO,”
The 11" Annual Meeting of Japan Society for Molecular Science (1P095), Sendai,

September 15-18, 2017

4. Others

(1) -

—112 —



IV BRZREAE (2017)

w¥ s

vy A2—7 ca— (Kb

. SEEOWHEDOEL

—_

AR R TR BB IR I SV TR R AT - -,

[F] @R L ko —EFbiiix, &, Bk, WS roERIck-T, 7Y
FNVHELRY L UENL TN TRELR S L I3FERER LRl EMEREZ R L, B0
REDBLA S B BLIRZEV, Ni(ID)<° Mn(IID) O WU BN = m R EE A TIZ, Lo ND 25D
(OPh-CN)JEN[A] U EH#IE R 2 Fi o34 . Ni(I) Tl 2 DD(OPh-CN)FIZ T ¥ B L Hub s I
%fMLt77x30me@® YD) . Mn(II) Tl A 5 D(OPh-CNIZ REL L= 7 T A
mEEND, W 2 b OB FREOE O EIEBHEFEIC OV T, B2 ITIRBE A & 15
ﬁﬁ%ﬁf&ﬁ#é3nm%4&%&§%%%hw im0 GMC-QDPT (£ % A G 7z
3D-RISM-GMC-QDPT £%Z T, % 7 1E 31fi, 551 0 & 2 iR O 2 FLIcFE>—&
FEbH L U BERIC O W TR RIIC R T & 72, P
—J7. Co(IN)® FENLIU A SERISEAR (Fig. 1) O—EFBRLIKIXFE 7, F1 0BEDOLD
IZHERTHEHMERIED W E /R L, DMSO @ X 95 2RO ECAL A Clrid e o bk e
c&%mmﬁﬁ%éméﬁ CH,Cl, @ & 9 7 SEFAAMEABER TIL, L= MY 77— MOTH)
L2 b HOTs) DA . Col(salen)thfig & ¥ L BN H3ER1E L 74K & Co'(salen- ) Dl /7 D
@E%%#%ﬁ\EE\%%W;%Eb;@onéom

; len li d
-/CzH4-L:%7_‘-/MI:-§< N igand ")

(OPh-CN)' —N' N2— (OPh-CN)?

S MEIETILE
(R, R2): a = (OMe, OMe) and b = (CI, OMe)

Fig. 1: Co-salen complex

NMR JIEN S ZEHENEERETH DL FITHA LN TH LD, 43 FRRE TIE Co(salen)
& Co'(salen-) DIAEAILIBZH G (Fig. 2) k?r‘?ﬂ?@w)k%% EEEE?“% DH. FERRFT S
NTWRY, ZOBEBFREEZEET D ICE. Z2REFREHBALEARATRTHY, K
98 ClL GMC-QDPT % W CHEt 21T -7, £720A {TQEPTODEE&% L I X5 EFIRAE
DIFENZOWNT H T,
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[ 5] CHLCL IRBE A o gl AR & I BEFIHEE 13 3D-RISM- DFT/MO06 7% TR 72 72
%%%ﬁmﬂﬁé®ﬁﬁﬁE%ﬂ%%ﬁ¢5%¢l”yF%QM(MWM%):\%ﬂu
SO JEIR 725057 72 MM 2N, MM 75 O S EMITE QM 0 7O b B 2R A1
Wb D QMMM JEIZ L » TIRE LT, W 2k, fE O~ ERBITFERE 2 /M Lz, b
TAHRNVX—AE CIRE IR £1E, MG ROEL TED IR ES R, MR A2 ZEICAN
4 JRFEFHJ(4SA) GMC-QDPT £ TR 7= (Fig2), #HE = X MDA, -CeHio- % -CoHy-
IZ. t-Bu % Me [CE &2 TEFT /ML LTZ, LLF. (R, R®) =(OMe, OMe). (Cl, OMe)% £
VUL Co 8K % 1a, 1b., E7%5+ L (OH,, OTf, OTs") Z o4, 1a-L. 1b-L & #-9,

aﬁ " "* ” %G%é" %{ 4 ‘%K4

dXZ yz

£ d,2 2 _d,2 2 _d,e 2 d,2
LT T—d: mE TFd T Tdy mTE T
ﬁz% %dxz ﬁz% P dy, ﬁz% %dxz T, %dxz
det. 1 det. 2 det. 3 det. 4
Co(lll)-salen Co(ll)-salen*

Fig. 2 : Important triplet configurations in resonance.

[#5 5 - 2] Co-salen $&5(K 1%a-OTf D2y T-PEfES L OTF OFELM O Bie 5 2 SOk
1Ra-OTf-1 & 1Ra-OTE-II 7 HAERR SN TIE Y | salen % salen & B XH1x /- 1a-OTH-I &
1a-OTf-I OREIEIT, EBREIZEE N TiEZ 0.05A BRE TR HH I TW5, EIZ 3 HED
fitt, 2415 D 1 HIH, 5 HIHOMHES L O % /L ¥ —% DFT L ~UL Tilf~* 7= (Table 1),

Table 1: Geometry and stability of spin states at DFT/M06. Units are in [A] and [kcal/mol]

Orient. Co-0O' | Co-O* | Co-N' | Co-N? | Co-L | Spin(Co) Eommm
Calc. | 1a-OTf-1 let 1.87 1.88 1.88 1.89 1.93 24.2
et 1.86 1.86 1.87 1.88 2.16 1.60 0.0
Set 1.87 1.88 1.99 1.99 2.09 2.99 0.8

Expt. | 1%a-OTf-I | 3et 1.86 1.83 1.87 1.88 2.12
Calc. | 1a-OTf-II | let 1.88 1.88 1.88 1.89 1.92 22.8
et 1.85 1.87 1.87 1.87 2.17 1.63 0.0
Set 1.86 1.89 2.01 2.00 2.09 2.99 -0.2

Expt. | 1%2-OTf-II | 3et 1.84 1.86 1.87 1.87 2.13

Table 1 2R3 Y FHREIZ L » T LI 3 HIEMIEIXFERER L R HH L TW A0,
1 EIAMEE L Co-L WO HEENERME L v & 02 AF <, 5 EIHEME T Co-N [0 B
N0l AIFEREVERLEZR->TEY, BRI L ERTHIE SN ST 3 EHEETH
LF AR L TND, £72 DFT/M06 OFFEFERIZE 5 & 3 HIKARIL Co(1ll)-salen 173
60 %. Co(Il)-salene 173 40 % & W I FER 2R L TV D D% L, 5 EIIRFEIX Co(Il) -salene”
PEANZIZ 100 %DENE L7 > TWVWAHFE Co LOAE U HMN R L TV D,
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MO6 FLESHIZ & % DFT 13 3 HHHEZ BE< HELL TWA 725, 3HBMHIE L 5 HHMIED
TAHRAF—=PIRFHELVERE - TEBY . 3EBEMEEOADNEIN S 5 EKEER L I13—
HL TRV, ZORAEREIZOW T O LEM.EZTH~5 &2, B3LYP*, B3LYP,
B3LYP-D3, B3PW91, PBEO, M06, M06-L, M06-2X, M06-HF, GMC-QDPT (Z L % fH%f =
FF—FHE L7z (Table 2), Table 212Xk D& 1 HENIEELY bALETHDLFILE
DFHBEL NV THEDLRNN, N— R~ —7 v 7 ZHIAHF ex) DEIG 23072 DFT T
IL3HEHOFMSEHLY B LZETHDLDIZK LT, HF ex OEENHIMNT 5 & 5 HIEAD
FNSEELY BELEL 72> TWD, F£72 GMC-QDPT TiX DFT #H & 138y, 5 HIHE
BENR O ARZETHD EVIFERITR > TN D,

GMC-QDPT #HIC L 5 & Fig. 2 I - E/RE D CLRE S F I S 7z Co(salen) &
Co''(salen- ")RAEIL, 1a-OTHI, 1a-OTEII OFEH & H 30%E 50 % ThH D . EBRIED 60 % &
40 %PNTEWEERENE DI, 2 DOHE 1a-OTHL, 1a-OT-II DRI Co™/Co" P 3EIL 72
<, Co™E co mAAFIF B RIC LA FEN RSN,

Table 2: Dependence of Equmm on DFT and GMC-QDPT in 1a-OTH-I. unit is in [kcal/mol].

HF ex. let 3et Set HF ex. let 3et Set
B3LYP* 15% 0.0 -15.7 -2.8 | PBEO 25% 0.0 -204 | -16.1
B3LYP-D3 20 % 0.0 -15.0 -7.2 | M06 27 % 0.0 -24.2 -23.4
B3LYP 20 % 0.0 -16.8 -8.4 | M06-L 0% 0.0 -15.2 -5.4
B3PW91 20 % 0.0 -18.6 -10.9 | M06-2X | 54 % 0.0 -24.7 -35.5
GMC-QDPT 0.0 -16.8 20.3 | M06-HF | 100 % 0.0 -32.1 -49.7

WIZLIZ L D ETIRREDENE TR D % CH,CLIEEEF @ 1a-L (L=none, OH,, OTf, OTs’,
OAc) 3 L%, DMSO AL D 1a-DMSO I DWW CIRE . IRk & % 3D-RISM-DFT/M06
ETR®, BILYP-D3 LB CHHE =R VX —%2RD7-, £ 1alZxf LT 1 ODOENL T L
Nz 72 5 BENIAEEIZ DWW TR/~ (Table 3), 7272 L. L=0OAcDHE DI OAcCD 2 DD
O JFL17°8 Co \ZEIMT L 7= 6 BN IE 1a-k2-0Ac ZEV 15570, Znub i Lz,

SEIREIZBIT AR =R VX —IZ X D LENZ)IE OH, < OTF <OTs <OAcTH H F
DREENTEY, ZOIET Co-L MOEREL < 2> TWnDHHE, ZDIAT Co oA
BAEEN LT Co(LIDPEAHEN L TV D EHENI DD,

Table 3: AG of 5-coordinated 1a-L at B3LYP-D3

AG Spin (Co) Co-L Gse(1a-L) — G3e(1a + L)

L let 3et Set 3et Set 3et [with BSSE corr.]
None 0.0 -6.2 -3.7 1.30 2.81

OH, 0.0 -24.1 -21.5 1.40 2.84 2.21 -1.7

OTf 0.0 -19.9 | -10.5 1.53 2.88 2.18 -8.8

OTs’ 0.0 -11.3 -7.4 1.68 2.90 2.08 -13.7

OAc 0.0 -4.4 -1.2 1.76 2.95 1.94 -14.6

k-0Ac” | -5.3 2.7 -1.4 1.74 2.97 2.08,2.26 -13.4

DMSO 0.0 -10.6 -5.5 1.65 2.90 2.10 -4.7
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5ECNLHE S CIE 3 HIEIRREEN R LT & W I FERICAR > TWAHN, L = OACDOHAIC
1a-OAc ® 3 HIE X VU ) 1a-k2-0Ac D 1 HIED WL ERFER L 7> T\ D, TOFEN LA
D LIZ2WT Y 6 B/ & 5 BANisE COMKZEM O % 1T - 7= (Table 4), BN )
2355\ OHp, OTf, OTs', CI'Cid 5 RNz 3 EHIEMEIENLE CTh DD, B DRV OAc
TIE 6 Az 1 BECHEENLETH Y . DMSO TliE 259D DMSO (2 L % 6 Fefiz 1 B IR
WEETHDLENZNY . ZORERITERBERICZE< G TND,

Table 4: AG of 6-coordinated 1a-2L vs. 5-coordinated 1a-L at B3LYP-D3

la-2L and 1a-L + L let 3et Set | 1a-2L and 1a-L + L let 3et Set
1a-20H, 0.0 -11.3 -9.1 | 1a-2Cl1 0.0 2.2 6.8
1-OH; + OHy(jey) 11.0 | -13.1 | -10.5 | 1a-Cl + Cl(1ep 5.1 -3.8 0.1
1a-20Tf 0.0 -14.4 -2.1 | 1a-20Ac 0.0 4.6 7.3
1-OTf + OTf (1¢) 104 | -17.0 49 |1a-k*-OAc+ OAC (1e1) -0.6 2.3 3.4

la-OAc + OAC (1 5.0 0.6 3.8
1a-20Ts 0.0 -1.4 49 | 1a-2DMSO 0.0 1.5 17.5
1a-OTs + OTs (1¢) 10.1 -1.7 2.8 | 1a-DMSO + DMSO(¢y | 13.2 2.7 7.6

CH,CL A @ 1a-L. 1b-L (L = OH,, OTf, OTs") 2OV CIEE R L O, IR 2
3D-RISM-DFT/MO06 7 TR &, 4SA-GMC-QDPT #4217 - 7= (Table 5) , 1a-L (L = OH,, OTf,
OTs) DOLE. & ~D N . F=FhEE~D F LV IEFITREV, ZIUTEROK
LAY SR AT RSB N T 1 2O —7 2378 s & LT, £
7=AE D FEBRAED OH, (0.93 eV) < OTE (1.08 eV) < OTs™ (1.23 eV)DIEIZ K & < 72 A
B SN/, BEERIEX. L = OH,, OTf, OTs DJIEIC Co™ #EA R L TW5, LavL, L
D72 1a DFEECIRAE T CoM(salen)PEA /R S igino 7z,

—J5. 1b-OTf DA, 1.03. 1.24 eV |22 5D — 7 BWEBRANIZEBL S v 5 238
4SA-GMC-QDPT #HHE THAE = 1.05, 1.53 eV IZ 2 ODOWINIVREN, T 6D fIEFEFEE
DEEL 72> THY | FERFERELHFI LT, ZHUTE b ~D fOHZIKE VN 1b <° 1b-OH,
DH LT D TH Y | SR ORBREDEN N HAE T TS, 7272 L 1b-0OTs (25
L CliX 1a-0OTs & 72 0 FEIRAED Co(INMED K& 22BN B 5N 505, Ziuid 4 JRREF)
MCSCF IZBF 2B TH 0 FERREE 2 H°d & 1b-OTf OF R IEM < F b oo T,

Table 5: Excitation energy AE, oscillator strength f; and weight of Co"/Co'™" character in CH,Cl.

L la-L 1b-L
State0O | Statel | State2 | State3 | StateO | Statel | State2 | State3
OH: | AE[eV] — 0.723 1.663 2.057 - 0.936 1.540 | 2.076
£ [aul — 0.390 0.046 0.014 - 0.349 0.075 0.020
ITV/IT [%] | 9/69 —/78 81/— 70/11 22/60 14/67 77/ 51/30
OTf | AE[eV] - 1.027 1.668 2.198 - 1.046 1.531 2.179
£ [aul — 0.423 0.107 0.015 - 0.243 0.188 | 0.038
III/IT [%] | 33/47 11/68 69/13 31/51 37/42 32/47 59/24 33/47
OTs™ | AE[eV] - 1.105 | 1.825 | 2414 — ] (0.889) | (1.210) | (1.638)
£ [aul — 0.481 0.080 0.023 — (0.209) | (0.178) | (0.011)
I [%] | 46/36 | 7/72 | 75/9 | 37/44 | (8/73) | (31/51) | (56/25) | (74/10)
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CAUER AR 31T B BLATN - TR v "
Ar, s H.I_H RT ArE H?

JZHRRL L TR 0 BSOS 72 &~ DIs b HIFF N-§i: + S N-Sitl
e A ! - Si’HyPh
Sheva. A amRRowEe (8 0 TR (g

AG

RA[FPEICET S LTV EEMEMICHIA ST 1 RT 2
VB, PO L S B AT % 0% T, 3
RISHEBERES | X, TS ThH @il &N TAOPCH LR Sile e ALl
SER 7RI AT L TN e, AR I, B ve o d:Ar=Ph,L=-N\/:\/N—Me
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R ICET D) LT, HEdEE#E(LICiE BSLYP-D3 %, =3 /LX—0OiHiiici SCS-MP2
B MW, FEEBEIT DFT 121X 6-31G* & vy, SCS-MP2 J£121E 6-311G** & V>, SiHsPh (Z
diffuse BB &Nz 7=, Fiz, BHEZHE (RUEBY) IZPCMIETEE LT,

EREOCER] 710 1702 AV, ROSERE & U CESARMICE 2 RE & O R4 H 4
HRRB AR LTZ(RAF—A42), IMNLRTOX T AR E2K 1 IZRT, &KbEERER
RAE(TSsis)IZIBVVT, Si-Si2fE A 1T 2.348A L AR OFE & R (2.8359A) I FEH TV, — 7, fif
BT 2 KBIFRFIES T oA HSDNSIF 1715 A, v U LA #E(SiDAH1E 1.972 A lofrfE L
TEBY., YU LU AFZEDOFEITERINTWRWT Evs Sit-Si2f A4 RkE Sit-H2 f5& 4Rk
AT L TR Z 2, £ PIRFITERW TIZT U Lo A B b ITREET 223 BB IREE T Sit-P
A EQ285 AIXNEY

K1 2 H
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FREEIS 25.6 keal/mol TH V) TSRea_IntPH 1 TSintPH_prd
[e=g S \s > 2 EA Y Ph :
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Sil-SP =2.606 SiP-H? = 1.831 .
Sil-H?=1.615 Si'-SP=2360 P-H’=1429 P-Si?=2.294 Sil-H=1.494

TSsin 3(PH) 3(PSi)

«, 23.6 TS3pmy2

AG? / keal mol!

3(C"H) 12.7
N 4.4
kYol : ntel

Sil-Si? =2.348 Si2-H? = 1.715
Sil-H* =1.972 Sil-Si? =2.363 CN-H? =1.102 Si'-Si’=2.392 CP-H’=1.094

TSgisi 3(CNH) 3(C*H)
1 1b O D KISEEFE O Gibbs = %L F —Z24L,

A AV B 720V ) L () DiER
BEEN O R X —2 &K 212777, ¢
BERIRFE(TS1c20) Tl Sil-Si2 & F1x

TSman &V HFNITEVN2.3834), —F, s G 358 N o s B
Sil-H?= 1684A. Si>-H2= 1760A & Sit-Hz ™"~ St S0 3337
fEEIX Sil-Si2 fE A L R AERKR SN D, 1c (0.0) s (184 e (246
Z OEVT H2JF A TSib2n Tl Sil-N @ 2  1c DHEE KD Gibbs = /L ¥ —Z54L
o*HIEZEINL T D DI ﬂ L. TSico TIL St DZED p BLEIZENLT 5 Z EIZHKT D,
ERBIRREIT O IRC I - 72fEE % (a) Reaction of 1b (b) Reaction of 1c

bR OvERZ 2 X 3 C/TTO 1b 705 P
. | Sil-S§i? — Sil-Sile
IRC = 4.0 IZifEielTfE~> T SiP AR £ ym\\ A -
AN B 78 Si-PREA R ERET & 5, st
2 20 g s L —
WINT 5, SHEABHE Lo 2B T | g % b
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23 SN o *BLEIC/ERT 5720 Th M 00750 00 5.0 100150200 M 0050 00 50
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CEFCE B, PIHIC Sitodksgy g OO T § sl T
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A ZEEDTE L= RV X —ICRIETRELZRARD2D, MSDORRHNVA AEEE OV
L (1b, 1d, 1e,, x = CF;, CHs, Pr, Et) & S EE 2 FF 7 720\ e D = R L ¥ — K OYEHE L= RV ¥ —%
KOG 1), A REIEE ) LU DOfEA = F /L F —(AEsiL)iT lecrs < lecns < lepr < ler: < 1b <
1d DIEF TR 720 . ZORERIGIFRDZEN S D T2 DFERRDNEF TS =R F—RNIE~T 7 |k
T 5, AEHb = R =13V A ZREEPENLT D Z L1128 D 1e(18.4 keal/mol) | Lb~_EEHNT 5,
FIV LA AMEFEASENT L7z lecrs 23 B & < (30.0 keal/mol), lepr Thx H K< 72 5(21.2 keal/mol) 28, L 1
TRV TH 5 1b(25.6 keal/mol)X° 1d(24.4 keal/mol) TIEHUEMT 5, ZiFE TG THDH LA A
HWIEABINLT D Z LIS L VBBREICB TSV Ly T v oEMBEIMEE S, LI eEikt s
TehELEZ LD,

F1. kexlonA 2EEEZROVERIET 3= 2L F—(AG),® {HEHL= %X — (AGH),™ LP #l
BT R F—(gp), LN U Lk AR OKEA = 1L ¥ —(AEs.)( in keal/mol),

Compound
P“N,%i: 1c lecrs lecns lep, Teg 1b 1d
(O
Me M\e Me
N N N C.
L H —P(CF3),  —P(CHs), —p)Q - ] 5 Ny
Me Me Me
eLp -10.89 -8.80 -8.04 ~7.99 ~7.83 -9.85
AEgi1 5.3 14.2 17.5 18.2 18.9 38.8
AG* 18.4 30.0 26.3 21.2 24.4 25.6!° 24.4
AG° -24.6 -25.1 -14.4 -11.6 -8.9 -9.8l 43

[a] SCS-MP2/6-311G** (in kcal mol™). [b] The &.p (in V) was evaluated for free Lewis-base at the level
of Hartree-Fock/6-311G**; see Scheme S2 in SI. [c] These values differ from those of Figure 1 because
SCS-MP2-calculated values are presented here.

71 VX > (Nheterocyclic carbine, NHC)Z 3k
HIZIRV LA RFHETH D | IR OERALL
720 L Qd)DOSITREFI(AG® = 4.3 keal

mol )T/ %, AfMOmiEE o5&, Uik

BIONA AL L TR Y ST N-SiL-HE s
Z Csfie L7c Cili — 4 H#E 5 RN e & - C
1d (0.0)

W5(K 4), 1b & RERICTEH L 2L F—03
KL, FGT R F—NRELS B s
ZEMHIdICE LTS 1b FARICEEM 2 BET 21T 9,

Sil-8i2 =2.512 H2-Si-C?=157"
Sil-C! = 1.930 H2-Sil-N = 167°

Si'-N = 1.846 Si'-Si*-H*= 146°
Si2-H? = 1.581
Si'-H? = 2.544

TS 424 (24.4)

Sil-Si? = 2.357 H2-Sil-N =174°
Sil-C'=1.927
Sil-N =2.093
SiZ-H2=2.772
Si'-H%=1.553
2d (4.3)

4 1d O & O Gibbs — /L ¥ —25(k

L IERVEMAL = RV — DR DD, 7= T o ~DERLEADOGRE LR LT, 7

= =VID R TN LY FRVE

W FEABATH Z L&D RIS RrF— EfE b R F

—% & H 12/ F9 % (CHs > Ph = PhFr = PhCN» > PhNO#?) (% 2), #:-5 T 1b & HzSiPhNOw» % i
SH A OIEM L= XL X —I1ZAG® = 19.1 keal mol! £ TIK T LG OHEITHIAZGF I D08, MKk

—120 —



IV BRZREAE (2017)

TRV F—IAG® = -13.4 kcal molt & K& S HEWIZ72 D Z EMOLWRINMIE Z It <D, —H,
1d & H3SiPh O SIIWEI Th 5 2 & 725  H3SiPhNOgr & FIU 72 R IZIZAGPE = 19.2 keal mol 1 AG°
=-0.8 kecal mol! & A Wi 7R {aZ TC LD I T 5,

# 2 7= T U OEBILEANC LD ST RLF— (AG) K NEM LT RV — (AGHZEAL

(in kcal/mol),

-X CH; Ph PhF” PhCN? PhNOY
A) silylene complex with a phosphine ligand (1b)
AG* 31.3 25.6 24.7 22.7 19.1
AG°® —6.6 -9.8 —-10.3 -10.6 -13.4
B) silylene complex with a NHC ligand (1d)
AG* 323 24.4 24.2 21.5 19.2
AG°® 8.9 4.3 4.3 3.0 —-0.8
C) Bond energies of reactants
Si*-H? 93.7 96.9 97.1 94.8 93.3
D) Bond energies of products
Si'-H? 88.8 88.3 88.8 88.8 88.8
Si'-Si’ 72.5 77.5 78.1 75.9 77.8

Si-C 5 & OIEMELIZ— A S-H S A OIEM L L 0 bR TH L2 NEERKIETHDH T &0 b,
A F)VH(-CH;), B =/VH(-CH=CH,), =F =L -C=CH)ZHL > r VU A FF 7 (TMS)%= H
WTHR 1T >72, 1b & TMS O Si-C fE& OiEMEL= % /L ¥ —G*% —CH; > —CH=CH, > -C=CH
FHDNEIZET L TVv&E, HC=C-Si(OMe); TIZAGY = 26.4 kcal mol" & 7 = =/L> T > ® Si-H A D
TEPE LT 3L % —(25.6 keal mol™) & TV MEZDN B A7 (3 3), it > T HC=C-Si(OMe); @ Si-C &A1
oA AL Y LR WD 2 & TR RIS SR T TOUW R HIRF & 5, Si-C#ia DT
PEAY B DB IR BE(TS 1pap) (BN T S Si-H FE A DB IRFE(TS pan) & T L 72 1E DR A S
N7=( 5), Si'-Si® FEITBEICHAR SN TEHY (2.300 A), Si'-C #HA(2.487 A Si-C #EA(2.283 A)
IO LELZF = HKITT T o A HBEINTE, ERP AT T Si-P fEA1E 2.318A & Si' i
LML T 5T, Si'IEN-SI-C & Cylihd 351l = A8 5 B % & 51X 5),

F£3.1bEPIdEAT - B, TF=)b-F U A XU T EDSI-CREGDRIGT R F—
(AG) K OEMAL = F L X — (AG™) K ONERIREEIZ R 1T 5 B (DE) « FAEH(INT)T % /L ¥ —(in
kcal/mol),

A) phosphine ligand (1b) B) NHC ligand (1d)
-R —CHj; —-CH=CH, —C=CH —CH; —CH=CH, —C=CH
AG* 45.4 34.9 26.4 45.1 37.1 243
AG°® 9.6 4.1 34 15.7 8.8 4.2
DE(silane) 71.5 67.7 73.5 74.3 71.5 78.1
DE(silylene) 7.7 7.9 7.8 12.3 12.9 13.4

INT 52.4 56.0 72.5 58.3 63.1 82.8
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BRMEICBIT D2 EAT XL — K OHA
ER = V¥ — DT 7> & HC=C-Si(OMe);
TIEHAFNVERCE = VIR = F =
LT UOMOMAEERA T RV — KX _
W (725 kecal mol™) = & Ao Te, i &%—i—c Si-8i7=2300 CSi-0 =163  Si-8i1=2.345 CSi-N=17I"
P o RIS L SRS e
Si-C = 1.823 Si?-C = 2.283 Si2-C=3.232
VU Ly ov T (S oS O BT A A AcSi(OMe), (0.0) Sil_Cﬂ;g:m (26.4) SiLC=L:L7(3.4)
TERMBEMLIZEB 2 b5, B =F=
NEDSOEMIT, PUSNOEBIRIEIC K5 b &xF=-r) A MR TTUDRIED
72 D 1224 TCT—0.55 e 72 H—0.70 e ~EHAN A L OY Gibbs =R /L F—25HL,
L. ZHUEA FLH0.52e 5 5—0.60 )0 B = /L H(=0.51 e 7> 5H—0.60 ) DRIIIE & TR E U,
EERECARMIC BT, SEMEETHD Si IZRA AN THDL ZLnb, kbETRLIN
THHTZF=VEN SI' OZENICER LFESTDHEEZLND, 1d ZHWHE, HC=C-Si(OMe);
D Si-C fE& OIEMHAL =RV ¥ —(X 24.3 kcal/mol TH V| 1b OIEME(L T R /L ¥ —(26.4 kcal/mol) L ¥
HAEL Si-C A DIEMALINIC LV A TH DL EE X LD,

ARIFGENT L0 VA ZASIAEL T U Lo ORHRY7R Si-H A TE AL SUGR O BOGHERE 2 B & 23
Lo ARBUSTIE, A AR EZ 7200 ) Lo TIRRONRWVIEBREICK TSV ) Ly
7 v OEMBEHEEANEE L= XX —ORFDICHFE L TND, 2D Ehb, LA AHED
BT 2=y T U ~DOEFRGIEEREOE AN LV ER =XV F -2 T T 52 LN TE
L2 HmRLTc, ETFBROISHEMEIZ LD . A AR LENR ) Loz HnlcmF =L F U A
F& 2T D Si-C i B OIEMEALIS O Al el &2 BRI R L7z,

(>zik]
[1] R. Rodriguez et al., Angew. Chem. Int. Ed., 55, 14355 (2016).
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(1) Masayuki Nakagaki, Antoine Baceiredo, Tsuyoshi Kato, and Shigeyoshi Sakaki
“Reversible Oxidative Addition/Reductive Elimination of Si-H bondto Base-stabilized
Silylenes: A Theoretical Insight”
Chem. Eur. J., accepted
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Jing Lu
FIFC Fellow
1. Summary of the research of the year
Catalytic ability of Ru;3@Pt4; and Ptss toward oxygen reduction reaction: a DFT study

Proton exchange membrane fuel cells (PEMFCs) are regarded as a leading candidate of clean and
sustainable energy source to cope with the growing energy need and environmental concern. Pt-based
clusters/particles have attracted immense interest in catalysis for oxygen reduction reaction (ORR, 1/20, +
2H" + 2¢" — H,0) at the cathode in PEMFCs. Pt alloys with core-shell structure (M@Pt) is expected to be
useful for the new generation ORR catalyst due to their higher activity and lower cost than pure Pt. In our
previous work, 55-atom Pt-based particles were investigated. For bimetallic PtpRu;; cluster, the
icosahedron-like core-shell structure (Ru;;@Pts;) exhibited much higher stability than the non-core-shell
structures (Pt™*'Ru;,@Pty Ru®*® and Pt“'Ru;@Pt;;Ru""™). Furthermore, the potential of Ru;3@Pts, as
less expensive catalyst for ORR was predicted. However, the current knowledge of catalytic performance of
Ruj3@Pty, and Ptss for ORR and corresponding reaction mechanism is rather limited. In this work, the
preferential sites on the Pty, surface for interaction with oxygen species (O,, OH, O, and OOH), as well as
possible mechanism of O-O bond activation catalyzed by Ruj;@Ptsy, and Ptss were studied using
first-principle calculations.

All spin-polarized calculations were performed with the Vienna Ab initio Simulation Package (VASP).
The PBE-D3 method was employed for geometry optimizations with an energy cutoff of 400 eV. The clusters
were placed in a sufficiently large supercell (25 A x 25 A x 25 A) to ensure enough separation by vacuum.
The thresholds for energy and force were set to 0.0001 eV and 0.01 eV/A, respectively. Reaction barrier was
calculated using Nudged Elastic Band (NEB) method.

Cluster Core-1 Core-2 Shell

(@)

Cluster Surface (Pt-shell) Facet
b LN
() AR b v 2
SEERY t
A bV
Vo
Core-shell 20 triangular hl:fce; h2:hep
structure facets

Scheme 1. (a) Models of 55-atom icosahedron-like cluster (green: core-1; red: core-2; blue: vertex; grey:

edge). (b) Binding sites of icosahedron-like Pt4, shell.

Binding sites. As shown in Scheme 1, there are 20 triangular facets on the Pty surface of
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icosahedron-like 55-atom cluster. On each facet, there are three types of binding sites: top (t), bridge (b), and
hollow (h) sites. The binding site notations are illustrated as follows:

e Top site: adsorbate binds with one Pt atom at the edge or vertex position, denoted as t1 or t2.

o Bridge site: adsorbate binds with two adjacent Pt atoms at the edge and vertex positions, or at both
edge positions, denoted as bl or b2.

e Hollow site: fcc-like position between three Pt atoms at the edge positions, denoted as hl; hcp-like
position between both Pt atoms at the edge positions and one Pt atom at the vertex position, denoted as h2.

Binding energy (Ey) is defined as the energy difference between the species adsorbed on the catalyst

and the sum of the catalyst and species. The more negative £}, value indicates the stronger binding ability.

O; binding. The binding energy (E,) for O, adsorption at different sites is listed in Table 1. In the case
of Ptss and Ru3@Pty,, Ep(O,) value decreases in the order of h1—171 > ‘[1—171 > ‘[2—771 > b2—172 > bl—;y2 and hl—n1
> b2-11" > tl-' > t2-' > bl-5%, respectively. The O, species are found to migrate from h2-5' to t2-5'. The
expression of “A/x” (A = adsorbate, x = binding site) represents that the adsorbate is located at the x site
hereafter. Obviously, O, is preferentially adsorbed at the bl site with #°-side-on orientation (O,/b1-7%). The
Eb(Oz/bl—;yz) values are -1.70 eV and -0.95 eV for Ptss and Ru;;@Pts,, respectively. The most stable
0,/bl-#*-binding species will be further discussed as the initial structure for the process of O-O bond
activation, O, — O.

Notably, E,(O,) for Ru;@Pts, is less negative than that for Ptss at the same site, indicating that the
O,-binding ability of Ru;;@Pts, catalyst is weaker than that of Ptss. These results suggest that the O,
adsorption on the Pty surface is significantly influenced by the presence of Ru;; core. The reason for the

stronger O, adsorption on the surface of Ptss than Ru;@Pts, will be elucidated in the latter section.

Table 1 Binding energies (£}, in eV) for O, and OOH/x-binding species.

Site x Pt55 Rll13@Pt42 Pt55 Ru13@Pt42
0, OOH
t1-n" -1.05 (11et)® -0.37 (9et) -4.18 (10et) -3.57 (6et)
t2-5" -1.13 (13et) -0.72 (7et) -4.30 (14et) -3.98 (6et)
hl-7' -0.25 (13et) 0.42 (7et) -3.75 (14et) -3.15 (8et)
h2-g' t2-n' t2-n' t2-7" t2-n"
b1-y4* -1.70 (11et) -0.95 (7et) - -3.89 (6et)
b2-5 -1.41 (11et) -0.19 (9et) t1-n' t1-7"

* The most stable spin state is given in parentheses.

® OOH decomposes into O and OH at the top sites, where O is connected at t2 site and OH is connected at t1 site.

OOH-binding. The OOH-binding species is one of the important intermediates for ORR process. As
listed in Table 1, the stability of OOH/x-binding species increases in the order of OOH/hl-5' < OOH/t1-5' <
OOH/t2-5" for Ptss and OOH/h1-;* < OOH/t1-5' < OOH/bl-' < OOH/t2-" for Ru;;@Pty,, respectively.
The adsorbed OOH at the h2 (b2) site could be easily converted to t2 (t1) site. For Ptss, OOH-binding at the
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bl site with 5*-side-on orientation is unstable. Spontaneously, OOH decomposes into O and OH, where O
and OH are located at the t2 and t1 sites, respectively. Also we found that the OOH-binding with Ru;@Pts,
is weaker than that with Ptss at the same adsorption site.

O-binding. Single O atom is preferentially adsorbed at the fcc-like hl site with E,(O/hl) of -5.01 eV
and -4.41 eV for Ptss and Ru;@Pty,, respectively, as listed in Table 2. For Ptss, the E,(O) decreases in the
order of O/t1 > O/t2 > O/b1 > O/h2 > O/hl. The adsorbed O atom at the b2 site could easily slide off to
hep-like h2 site due to the minuscule activation barrier of the reaction pathway between b2 and h2 sites. For
Ru;@Pty,, the E}, decreases in the following order: O/t1 > O/b1 > O/t2 > O/h2 > O/h1. The O atom migrates
from b2 to h2 site, similar to the Ptss case discussed above. The binding ability of single O at the same site on
the surface of Ru;@Pty, is found to be weaker than that of Ptss.

OH-binding. For OH-binding, the ability increases in the order of OH/hl < OH/tl < OH/t2 = OH/bl
for Ptss and OH/h1 < OH/t1 < OH/b1 < OH/t2 for Ru;@Pts,, respectively. Both t2 and bl sites are proved to
be the preferred sites for Ptss with £, of -3.35 eV and -3.38 eV, respectively, while only t2 is the most
favorable site for Ru;;@Pty, with E,(OH/t2) of -3.06 eV, as listed in Table 2. Similarly, the ability to bind
with OH species in the case of Ruj;@Pts, is weaker than that of Ptss. The weak OH and O-binding are
desirable because it is advantageous for H,O desorption.

H-binding. In order to discuss the whole ORR mechanism, it is likely that H,y is available as a
reactant on the surface as discussed in previous results. As shown in Table 2, bl is the preferred site with
Ey(H/bl) of -3.07 eV for Ptss and -2.70 eV for Ru;@Pts,, respectively. The H-binding ability increases in
the orders of h1 = t2 <tl <h2 <bl for Ptss and t1 <t2 <hl <h2 <bl for Ru;;@Pts,, respectively.

Table 2 Binding energies (£, in eV) for O, OH, and H/x-binding species.

Site x Ptss Ru;; @Pty; Ptss Ru;;@Pty; Ptss Ru;;@Pty;
o* (o) H®

t1 -4.14 (15et) -3.30 (9et) -3.19 (12et) -2.59 (6et) -2.95 (12et) -2.45 (8et)

t2 -4.46 (15et) -4.25 (7et) -3.35 (12et) -3.06 (6et) -2.77 (14et) -2.55 (6et)

hl -5.01 (11et) -4.41 (7et) -2.94 (14et) -2.35 (8et) -2.76 (14et) -2.60 (8et)

h2 -4.91 (11et) -4.33 (7et) t2 t2 -3.00 (12et) -2.63 (8et)

b1 -4.84 (13et) -4.22 (9et) -3.38 (10et) -2.86 (8et) -3.07 (12et) -2.70 (8et)

* O migrates from b2 to hcp-like h2. ® OH migrates from b2 to fec-like h1. © H migrates from b2 to hcp-like h2.

0, adsorption The band structure is one of important factors to explain the ability of O, adsorption.
The calculated d-band center for Rujs@Pts; (-2.18 eV) is lower than that for Ptss (-2.02 eV), indicating the
weaker O, binding for Ru3@Pts, compared with Ptss, with reference to the prediction of Hammer-Negrskov
model. The density of states (DOS) analysis for Ptss, Ru;3@Pty, and corresponding O,/(b1-7%)-binding
species was shown in Figure 1. d-DOS of Pt4, shell makes a large contribution to the total d-DOS for Ptss,
Ruy;@Pts,, and their corresponding O,/(bl-x°)-binding species. O, binding decreases the DOS of band-top
near the Fermi level, suggesting that the CT occurs from Ptss (Ruj3@Pts;) to O, fragments.

0-0O bond activation. The O-O bond activation (cleavage) can occur via two mechanisms: one is
direct O-O bond cleavage of O, (0,—20), and the other is OOH formation followed by O-OH cleavage
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(O,+H—-0O0OH—0OH+0). Direct O-O bond cleavage of O, is difficult to occur with the activation barrier of
0.49 eV and 0.33 eV in gas phase for Ru;3@Pts, and Ptss, respectively. However, the O-OH bond cleavage of

OOH occurs with lower activation barriers of 0.18 eV and 0.12 eV for Ru3@Pt4; and Ptss, respectively.

200 200 6
——d-orbital ——d-orbital
——total 4
~, 100+ _ 1004
‘_'J ,_9 &2l
£ £ <
w2 v [72] A
& & 0 s 0
2 e 2 2l 3
= 100 ! = 1004 = |
1 4 |
-200 | -200 : ! -6 ;
-10 5 E-E, (1} 5 -10 -5 EE, 0 5 -10 5 E-E, 0 5
2
PtSS Ptss-Oz/bl-}]
150 6
150 —d-orbital ——d-orbital
100 —total 4
= 50 5] 24
£ £ <
7] 1 )
g o 8 5 0
] = ]
= -50+ = 2, -2
-100+ -4
-150]0 . 0 -150 . . 0 -6
, 5 5 -1 5 5 210 5 0 5
E-E, E-E, E-E,
2
Rll13@Pt42 Rll13@Pt42-02/b1-l]

Figure 1 Density of states for Ptss, Ru;3@Pty,, and their corresponding O,/(b1-%)-binding species.

These results reveal that Ru;;@Pty; is capable of activating O, molecule but does not bind with oxygen

species too strongly, which leads to facile and rapid H,O desorption. In addition, the O-OH bond cleavage in

the case of Ru;;@Pt4, occurs easier than that of Ptss. Such characteristic behaviors of Ru;@Pty, could render

it potentiality as a promising heterogeneous catalyst for ORR like Ptss.

2. Original papers

(1) Jing LU, Kazuya ISHIMURA, and Shigeyoshi SAKAKI,
“Theoretical Insight into Core—Shell Preference for Bimetallic Pt-M (M = Ru, Rh, Os, and

Ir) Cluster and Its Electronic Structure.”
J. Phys. Chem. C 122 (16), 9081-9090 (2018).

3. Presentation at academic conferences

(1) Jing LU, Kazuya ISHIMURA, and Shigeyoshi SAKAKI,
“Understanding segregation behavior and electronic structures in 38, 55 and 147-atom

bimetallic Pt-Tc and Pt-Re nanoclusters: a first-principles study”
The 11™ Annual Meeting of the Japan Society for Molecular Science (2P107), Sendai,

September 15-18, 2017
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Rong-Lin Zhong
Research Fellow

1. Summary of the research of the year

How to Perform Suzuki-Miyaura Reaction of Nitroarene or Nitration of Bromoarene Using

PdO(Phosphine) Complex: Theoretical Insight and Prediction

The Pd-catalyzed Suzuki-Miyaura reaction is one of the most efficient and versatile methods
for constructing carbon-carbon bond. Aryl halides are employed as electrophilic coupling reagent in
this reaction. To broaden its application scope, a lot of efforts have been made to use alternative
compounds such as aryl ethers, aryl esters, and arenols. However, the use of nitroarenes has not
been succeeded for a long time despite of weak Ar-NO, (Ar = aryl) bond. Notably, the
Suzuki-Miyaura reaction of nitroarenes was very recently succeeded by us using Pd’(BrettPhos) as
a catalyst, as shown in Scheme 1. Usual monodentate phosphine could not be used in this reaction.
On the other hand, Fors and Buchwald succeeded Pd-catalyzed nitration of aryl halides using a
similar Pd’(‘Bu-BrettPhos) as a catalyst. In this reaction, the last step should be reductive
elimination of Ar-NO, bond from Pd"(Ar)(NO,)('Bu-BrettPhos). This is reverse to the oxidative
addition of Ar-NO, which is the first step of the Suzuki-Miyaura reaction. Considering these two
reports by Buchwald group and us, we address following points; (1) why the Ar-NO, bond cleavage
is more difficult than the Ar-Br bond cleavage, (2) why usual monodentate phosphine could not be
used for the Suzuki-Miyaura reaction of nitroarenes but BrettPhos could be, (3) why Brettphos was
used for the Suzuki-Miyaura reaction of nitroarenes but the similar ‘Bu-BrettPhos was used for the
nitration of aryl halides despite of tiny difference between these two phosphines. We theoretically
investigated the oxidative addition of nitroarene to Pd’(BrettPhos) to elucidate characteristic
features of the oxidative addition of nitroarenes and to provide clear answers to the

above-mentioned questions.

Scheme 1. The Suzuki-Miyaura reaction of nitroarenes and nitration of aryl halides.

The Suzuki-Miyaura cross-coupling reaction of nitroarenes

Pd(acac), (5.0 mol%)
B(OH), BrettPhos (20 mol%)

18-crown-6 (10 mol%) *
K;PO4. nHZO (1.8 mmol)
1 4-dloxane 130°C O

Nitration of aryl halides

R Pd,(dba); (0.5 mol%) R
"Bu-BrettPhos (1.2 mol)
=
+ NaNo, "BuOH, 110°C
cl NO

BrettPhos, PMes, R-BrettPhos (R = ‘Bu, Me, CF3, CgFs, o-tol, and 2,6-dimethylphenyl), XPhos,

and BrettPhos-NMe, were investigated as ligand. The molecular structures of these ligands are

2
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shown in Scheme 2. As nitroarene, 4-nitroanisole (Rea) was employed for calculations because this

compound was used as a typical reagent in the experiment of the Suzuki-Miyaura reaction.

Scheme 2. Molecular structures of BrettPhos and R-BrettPhos (R = ‘Bu, Me, CF3, C¢Fs, o-tol, and
2,6-dimethylphenyl), XPhos, and BrettPhos-NMe,.

PR, | PCy, PCy;
Pr iPr.
MeO. i . Me;N
=P — > MeO > —NMe,
rM . Pr Me,N

OMe
R=Cy, BrettPhos XPhos BrettPhos-NMe,
R='Bu, ‘Bu-BrettPhos
R=Me, Me-BrettPhos
R=CF;, CF;-BrettPhos
R=C¢Fs, CcFs-BrettPhos
R=o-tol, o-tol-BrettPhos
R=2,6-dimethylphenyl, xyl-BrettPhos

\i 260 g Pd

1e—2.251

- %
531, /< E——
P .y
| DA (CINPA-PC2PQ)
A

N =13.1°

2.4(4.2) -30.0(-35.3)

Figure 1. Optimized geometries in oxidative addition of 4-nitroanisole to Pd°(BrettPhos) complex.

Results and Discussion
Oxidative Addition of 4-nitroanisole (Rea) and its Bromo derivative to PdO(BrettPhos) and
Pd’(PMes),. The geometry and energy change of oxidative addition of Rea to Pd’(BrettPhos) 1 is
shown in Figure 1. Rea approaches 1 to form stable #°-coordinated adducts, AD1a#1 and AD1a#2,
in which the C*-C* and C'-C? bonds coordinate with the Pd, respectively. The oxidative addition
occurs through a three-membered transition state TSla to afford a palladium(Il) complex
Pd"(NO,)(CsH4-OMeP)(Brettphos) (PRD1a). The Gibbs activation energy (AG*) is 30.3 keal mol™!
and the Gibbs reaction energy (AG°w)) is -2.1 kcal mol™ relative to the most stable reactant adduct
AD1a#1. This oxidative addition needs rather large activation energy but it is exergonic.

Oxidative addition of 4-bromoanisole (Reb) to 1 occurs through similar #*-coordinated
adducts and transition state to afford a palladium(II) complex Pd"(Br)(C¢HsOMeP)(Brettphos). The
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AG* (16.3 kcal mol™) is much smaller and the AG°r) (-15.0 kcal mol™) is much more negative than
those of the oxidative addition of Rea. Therefore, the oxidative addition of nitroarene is much more
difficult than that of bromoarene kinetically and thermodynamically. To investigate the difference in
AG** between these two oxidative additions, we separated the reaction system into Pd’(BrettPhos)
and substrate moieties, as shown in Scheme 3, and made deformation/interaction energy analysis.
As shown in Table 1, the potential energy barrier (E,) is much larger for TS1a than for TS1b,
indicating that the analysis of E, provides the reason why the oxidative addition of Rea is more
difficult than that of Reb. In TS1a, the deformation energy (Eper= 33.2 kcal mol™) of Rea is much
larger than that (6.2 kcal mol™) of Reb in TS1b. Interaction energy Eiy is defined as a stabilization
energy provided by the interaction between reagent (Rea or Reb) and Pd° complex, where both
have deformed geometries like in TS. The Ejy (-42.1 kcal mol™) between Rea and Pd’(BrettPhos)
in TS1a is much larger than that (-24.6 kcal mol™) in TS1b by 17.5 kcal mol”, where a negative
value means the stabilization energy. However, this large Ey, of TS1a cannot overcome the overly
large Eper of Rea at TS1a. As a result, TS1a becomes higher in energy than TS1b. These results
lead to a conclusion that the large Eper of Rea is the origin of larger £, and larger AG** for Ar-NO,
bond cleavage than those for Ar-Br bond cleavage. In TS1a, the NO, group changes its direction
toward the Pd because the sp” orbital of NO, must change its direction to form a bonding interaction
with the Pd, which gives rise to the large Eper value of Rea. On the other hand, Br has a spherical
valence orbital which can start to form the bonding interaction with the Pd, keeping the Ar-Br
bonding interaction. Therefore, Reb can reach TS1b without significant distortion. This is the

reason why bromoarene is more reactive for the oxidative addition than nitroarene.

Scheme 3. Definition of fragments a and b in TS1a (R=NO,), TS1b (R=Br), and TS3a.

TS1a/TS1b TS3a

Table 1. Activation barrier (E,), deformation energy (Eper) of each moiety and interaction energy

(Eine) between them in transition state (in kcal mol™).

TS1la TS1b TS2a TS3a
AE -4.2 -14.1 -2.4 15.9
E, 31.3 16.9 30.1 30.2
Epera 332 6.2 33.0 35.5
Epery 4.7 43 54 19.9
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Oxidative addition of Rea to Pd’(PMe;), 3 was investigated for making comparison between
BrettPhos and usual monodentate phosphine PMes. This reaction occurs with AG®* of 29.1 keal
mol™. Though this value does not differ very much from that of the reaction with 1, its transition
state TS3a is at much higher energy than the sum of reactants, 3 + Rea, indicating that Rea more
easily dissociates from 3 than it completes the oxidative addition via TS3a. Thus, it is concluded
that the oxidative addition of Rea to 3 does not occur.

The deformation/interaction energy analysis clearly shows that the higher energy transition
state TS3a arises from the larger Eper value (19.0 kcal mol™) of Pd°(PMes), in TS3a (Table 1). The
large Epera value arises from significantly small P-Pd-P angle in TS3a (Figure 1). It is of
importance to elucidate the reason why such large distortion is needed in TS3a. In the oxidative
addition, CT from metal moiety to substrate is important. In TS1a, charge-transfer (CT) occurs
from the HOMO of Pd (¢ranowo) to the LUMO and LUMO+1 of Rea, as shown in Figure 2. The
draowo at high energy can form large CT. As shown in Figure 3(a), the énmovo of Pd’(PMes), in
equilibrium geometry is calculated at much lower energy (-7.81 eV) than that (-5.82 eV) of
Pd’(BrettPhos). To raise the énuom energy, Pd’(PMes), must be distorted by decreasing the P-Pd-P
angle; as shown in Figure 3(a), the ¢muowo €nergy certainly becomes higher (-5.73 eV) in the
distorted geometry of TS3a.

- CT Cree.\
.éﬁ 2 /LUMO+I (rnxw*)(o 275¢)

‘a,‘q,

HOMO (1 361e) LUMO (NO, n‘+u‘) 0.379%) . .
(A) 1-methoxy-4-nitrobenzene TS1a
?
3 N »
. B
St | — .
L '% N " «
HOMO (1.889%) LUMO (Ph n*+0*) (0.229¢) AT
HOMO

(B) 4-methoxy-1-bromobenzene TS1b

Figure 2. Orbital interactions in the transition state of the oxidative addition of 4-nitroanisole (a)
and 4-bromoanisole (b) to Pd’(BrettPhos).

On the other hand, Pd’(BrettPhos) is distorted little at TS1a. The reason can be easily found by
seeing Figure 3(b). In the case of BrettPhos, the lone pair orbital on the P atom and the 7 orbital on
the phenyl group overlap with the Pd d, orbital in an antibonding way to afford the ¢remomo 0f 1. As a
result, the ¢nsow Orbital energy is -5.82 eV in Pd°(BrettPhos) even with equilibrium geometry. It
indicates that the 2,4,6-tris-isopropylphenyl group plays crucially important role to raise the d,
orbital energy like usual chelating diphosphine. It is concluded that the oxidative addition of
Ar-NO, to Pd°(PR;), is difficult because the transition state suffers from two large deformation
energies of Ar-NO, and Pd’(PRs), moieties. On the other hand, Pd’(Brettphos) is reactive for the

oxidative addition of Ar-NO, because the d, orbital is at high energy even without distortion of
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Pd’(Brettphos) and the transition state suffers from only one deformation energy of the Ar-NO,
moiety. This means that the presence of 2,4,6-tris-isopropylphenyl group is crucially important in
BrettPhos because its 7 orbital interacts with the Pd d,; orbital to raise the gm0 energy (Figure 3b).
It is a strong point of BrettPhos-type ligand for the oxidative addition that both of phosphine lone
pair and 1 orbital of 2,4,6-tris-isopropylpheny participate in raising the ¢,, ., €nergy.

Ligand Pd° complex

Equilibrium structure  Deformed structure in TS

HOMOM(-B.BO eV) HOMO-3(-7.81¢V) HOMO (-5.73 eV)

PMe; Pd°(PMe,),
& :c =
%, $, 3 )
(b) !““ ﬂ . 4‘“%‘
y b i ol ° > 1
iy ‘-."_.‘ . f‘“"
HOMO (-7.48¢eV) HOMO (-5.82¢V) HOMO (-5.;5 eV)
BrettPhos Pd°(BrettPhos)

Figure 3. HOMOs of PPh;, BrettPhos, and their Pd’ complexes with deformed structure in TS.

Comparison between Pd’(BrettPhos) and Pd’(‘Bu-BrettPhos). Oxidative addition of Rea to
Pd’(‘Bu-BrettPhos) 2 occurs through similar geometry changes. The AG* value (28.3 kcal mol™) is
moderately smaller than that to 1 but the AG°g) is positive (5.8 kcal mol™), indicating that the
oxidative addition of Ar-NO; bond to 2 is endergonic. This means that 2 can be applied to the
reductive elimination of nitroarenes, which is consitent with the fact that the nitration of aryl halides
was succeeded with 2, as was reported by Fors and Buchwald. As shown in Table 2, the
deformation energy in TS2a differs little from that in TS1a but the interaction energy is moderately
less negative than in TS1a. As results, TS2a is moderately less stable than TS1a. These results
suggest that not the electronic factor but the steric factor is responsible for the positive AG°g) of the
oxidative addition of Rea to Pd’(‘Bu-BrettPhos). In PRD2a, the P(‘Bu), moiety of ‘Bu-BrettPhos
takes the cis-position to the C¢H;OMeP group to induce the steric repulsion, whereas such steric
repulsion is small in TS2a because the CsH;OMeP group is distant from ‘Bu-BrettPhos. The larger
steric repulsion of ‘Bu-BrettPhos is supported by the longer Pd-P bond length (2.393 A) in PRD2a
than in PRD1a (2.319 A) and the larger P-Pd-(CsH4OMeP) angle (99°) in PRD2a than in PRD1a
(90°). The larger cone angle of P(‘Bus); than that of PCys is also one evidence that P(‘Bu), group of
‘Bu-BrettPhos is more bulky than PCy, group of BrettPhos. Because the steric effect of the ‘Bu
group is larger than that of the Cy group, the ‘Bu-Brettphos gives rise to the larger steric repulsion
with the C¢H4OMeP group to destabilize PRD2a compared to PRD1a. It should be concluded that
Pd’(‘Bu-BrettPhos) is advantageous for the reductive elimination of Ar-NO, because of the large

steric repulsion of ‘Bu-Brettphos with the CsH;OMe® group.

2. Original papers
(1) M. Ramu Yadav, Masahiro Nagaoka, Myuto Kashihara, Rong-Lin Zhong, Takanori Miyazaki
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Shigeyoshi Sakaki, and Yoshiaki Nakao, “The Suzuki—-Miyaura Coupling of Nitroarenes”, J. Am.
Chem. Soc., 139 (28), 9423-9426 (2017).

(2) Feng-Wei Gao, Rong-Lin Zhong, Hong-Liang Xu, and Zhong-Min Su, “Intra- and
Intermolecular Charge Transfer in a Novel Dimer: Cooperatively Enhancing Second-Order Optical
Nonlinearity”, J. Phys. Chem. C, 121 (45), 25472-25478 (2017).

3. Presentation at academic conferences
(1) Rong-Lin Zhong, Masahiro Nagaoka, Yoshiaki Nakao, and Shigeyoshi Sakaki, “New

Oxidative Addition of Nitrobenzene to Palladium(0) Complex: Characteristic Features in Electronic
Process”, 20™ Annual Meeting of Theoretical Chemistry Society, Kyoto, May 16-18, 2017.

(2) Rong-Lin Zhong, Masahiro Nagaoka, Yoshiaki Nakao, Shigeyoshi Sakaki “Oxidative
Addition of Nitrobenzene to Palladium(0) Complex: Theoretical Analysis of Unexpected Ligand
Effect”, 11"™ Annual Meeting of Japan Society for Molecular Science, Sendai, Sep.15-18, 2017.
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Fig. 2. Selected snapshots of the unpaired electron density along the path of electron-wavepacket dynamics.
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[1] T. Yonehara and K. Takatsuka, J. Chem. Phys. 137, 22A520 (2012).

[2] T. Yonehara and K. Takatsuka, J. Chem. Phys. 144, 164304 (2016).

2. #C

(1) Yasuki ARASAKI and Kazuo TAKATSUKA,
“Time—resolved photoelectron signals from bifurcating electron wavepackets

propagated across conical intersection in path-branching dynamics”
Chem. Phys. 493, 42-48(2017).
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6. BAZMREINEARIHESR

Xue-Feng Ren
JSPS Fellow

1. Summary of the research of the year
Computational Insights into the Non-radiative Deactivation Pathways of phosphorescent
Pt([)) Emitter

For emitters, a large radiative rate constant (k) and a small non-radiative rate constant (k,:) are
highly pursued to achieve high quantum yield. With the development of phosphorescent materials,
great success has been achieved on revealing radiative process by the discussions of the absorption
spectra, spin-orbit coupling (SOC) matrix elements in the T,—S, transition, and energy gaps
between E(T,) and E(S;). However, revealing the non-radiative decay is intrinsically more difficult,
since it involves possibilities of the internal conversion (IC) and intersystem crossing (ISC). The
non-radiative decay efficiently takes place between two nearly degenerate electronic states.
Regarding phosphorescence quantum yield, the intensive competition between the emission from the
local minimum of T} state and non-radiative pathway to the singlet ground electronic state Sy through
MESX point. Therefore, the geometry and energy of MESX between the lowest triplet excited state
(T)) and the ground state (Sy) should play a key role in intersystem crossing.

Recently, a new type of Pt emitting materials with high color purity and improved quantum
yields (@) by replacing the ppy ligand of complex 1 with tpy moiety (ppy=2-phenylpyridine,
dmpt=4,5-dimethyl-3-phenylthiazol, as shown in Fig. 1). The ® of complex 2 has been greatly
improved by 0.57, while it is only 0.01 of complex 1. Though the analyses by Escudero and
co-workers, the A (Tem—So) of complex 1 is 2.730><103(s']), thus the non-radiative decay is
crucially responsible for explaining the low ®. Therefore, to effectively and accurately estimate the
emission behavior, a deep understanding of the mechanism of non-radiative decay is a great demand.
In this work, we will investigate the geometry and energy of MESX between the lowest lying triplet
excited state (T;) and the ground state (Sp). After that, the mechanism of non-radiative decay of
complex 1 and complex 2 will be analyzed to reveal how the dmpt
(dmpt=4,5-dimethyl-3-phenylthiazole) ligand influences the decay process. Based on the above

analyzes, some valuable information for promising emitters with difficulty in non-radiative decay

B O

complex 1: (ppy)Pt(dbm)  complex 2: (dmpt)Pt(dbm)
©<0.01 0=0.57

will be provided.

Fig. 1. Structures of studied complexes: 1: (ppy)Pt(dbm) and complex 2: (dmpt)Pt(dbm),
together with the quantum yield.

Computational details
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The ground-state equilibrium geometries (Sp) of studied complexes were fully optimized
utilizing by MO6L functional. Unrestricted Kohn-Sham DFT (UKS) was applied to optimize the
local minimum geometries of T state. The minimum energy seams of crossings (MESXs) between
T, and Sy were explored by single-component artificial force induced reaction (SC-AFIR) method
associated with the seam model function (SMF). After SC-AFIR search on SMF surfaces, MESXs
were fully optimized by UMO6L method without artificial force. To study the mechanism of thermal
deactivations, the TS geometries between T;-M; and MESX were optimized by UMO6L functional.
After verification of vibrational frequency, the connection between the T;-M; and MESX through
each TSs were confirmed by the intrinsic reaction coordinate (IRC) calculations. All the
calculations were performed with the development version of the GRRM program combined with
the Gaussian 09 electronic structure calculation program.

Results:

The non-radiative decay process of complex 1
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The results revealed that the MESX of complex 1 had out-of-plane bending of phenyl moiety,
which low energy was compared with the T; state at Frank-Condon (FC). While for complex 2, the
MESX had two phenyl rings bent out of plane, which was higher than T; at FC by 20.6kJ/mol. The
energy barrier of most favorable deactivation process from *MLCT/’LCgn state to triplet
metal-centered (*MC) character of complex 1 was 29.46 kJ/mol, while the energy barrier of decay
process of complex 2 was 42.76 kJ/mol. Clearly, the non-radiative decay process of complex 2

cannot easily take place, which can explain the great improvement of the observed quantum yields
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(®=0.57) relative to complex 1 (©<0.01).
The ways to improve emission quantum yield

The kinetics of quenching is determined by the energies of MESXs and TSs connecting the
FC and the MESXs. We tried to modify ligands to improve emission quantum yield. To improve the
emissive behavior, one successful approach is to import the -CN at the dbm ligand. The MESX of
designed complex (239.73 kJ/mol) is higher than the T, state at FC (224.3 kJ/mol). Furthermore, a
large energy barrier is necessary (47.29 kJ/mol) from the T; state to go over the MESX. Therefore,
the non-radiative decay is difficult for designed complex, which means that the phosphorescent
process might be dominant.

Original papers

Xue Feng Ren, Satoshi Suzuki, Pedro J. Castro Pelaez, Satoshi Maeda, Keiji Morokuma,
“Computational Insights into the Non-radiative Deactivation Pathways of phosphorescent Pt([ )

Emitter”, In preparation.
2. Presentation at academic conferences
(1) Xue Feng Ren and Keiji Morokumma
“The potential energy surface of non-radiative process: a type of Pt emitters”, The 11th

Annual Meeting of Japan Society for Molecular Science, 2017,9,15-18, Tohoku university,

Poster
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7. BAZMREIFNNRE

Rei Matsuzaki

JSPS Fellow

1. Summary of the research of the year

Flux analysis of nonadiabatic electron transfer reaction in LiF

Nonadiabatic transition is one of the key notions with which to comprehend sudden transition of
molecular states on the way of chemical reactions such as radiation less decay from an electronic excited
state, and so on. Among many nonadiabatic dynamics, intra- and intermolecular electron transfers through
the so-called avoided crossing are particularly interesting, in which potential surfaces of ionic and covalent
character mutually avoid-cross at a relatively long interatomic distance such as LiF & Li*F~ or Nal &
Na*I~. Since the nonadiabatic transitions are ultrafast process, direct experimental observation of the
instance of the passing of quantum wavepackets across the crossing regions still face technical difficulties
and limitations. Therefore, theoretical studies can play a vital role to explore the hidden features of
nonadiabatic dynamics, which may in turn give a guiding principle of experimental studies. We have
performed a flux analysis of full quantum mechanical dynamics of a nonadiabatic electron transfer process in
the system of LiF & Li*F~ and interesting features of electron flow have observed. We also have surveyed
a flux-flux correlation between nuclear and electronic motion, which clearly exposes the deviation from the
Born-Oppenheimer dynamics in a quantitative manner.

Here, we calculated the electronic and nuclear wave function of LiF by using the Born-Huang
expansion within the two states model. We set the initial state as well localized gauss type wave packet on
the first excited state (the covalent state). Then, we evaluated the electronic flux j(r, Q,t) and nuclear flux
J(r,Q,t) from the wave function. r is electron coordinate in the molecular frame and Q is internuclear
distance. In our coordinate F atom is located at r = (0,0,0) and Li atom is located at r = (0,0,Q). To

extract sufficient characteristic features of the electron flux, we introduce the reduced quantity

fo(Q, 1) = fez - j(r,Q,t)dr.

Figures 1 shows the reduced quantity f,(Q,t). Starting at t = 0 fs and up to about t = 50 fs, the
electron flux represented in f, have almost zero values, since the nonadiabatic interaction is very weak in
this region. At t = 90 fs, the nuclear wavepacket enters the crossing region (the potential crossing at
Q = 6.1A) and the electronic flux a large there. This nonadiabatic reaction can be expressed as LiF —
LitF~ thereby representing the electron transfer from Li to F. Passing across the nonadiabatic transition at
t =90 fs, f, oscillates as a function of . We will discuss these oscillations later. At ¢ = 250 fs, the
nuclear wave packet turns back because of attractive ionic potential and the electron flux occurs again with

the inverse reaction (LitF~ — LiF).

— 147 —



IV BRREMR (2017)
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Figure 1. The reduced electron flux f,(Q,t).

We analyze this spatiotemporal oscillation of Figure 1 and its physical implication. In terms of the

Born-Huang expansion, the electron flux can be rewritten as
h
jrQ,t) = — [e12(1; Q) — ez, (r; QlIm [x7(Q, ) x2(Q, )],

where e;; is matrix element of electron flux between two electronic states. In this expression, the diagonal
term vanishes. Recall that the nuclear wave packets x; and ¥, run on the different potential curves (the
ionic and covalent potential curves) and the product Xy, may show a complicated phase and amplitude
variations in space time as long as the interfere coherently. Figure 1 is seen to reflect such an interference
pattern between the two wavefunctions with weighting factor of Av/m,. Here, we want to emphasize that
the electron transfer dynamics is far from a simple and uniform flow.

Finally, we studied the correlation of the electronic and nuclear fluxes. The adiabatic approximation
assumes that electrons in a molecule instantaneously follow and adjust the nuclear dynamics. It is widely
known through that this is not actually the case, since electrons can only move with finite speed, which gives
the physical foundation of nonadiabatic transition. Our task here is to quantify the deviation of the actual
dynamics from the Born-Oppenheimer limit. To figure out the extent of this deviation from the view point of
flux analysis, we consider the following flux-flux correlation function between electronic and nuclear

dynamics

C() = [ dzdQ'(¥|f,(z1) Fo(@)|¥),

where the operators f,(z;) and Fo(Q") are defined as the operator form of the reduced flux f,(z,t) and
Fp(Q,t), respectively. In Figure 2 (a) C(t) are shown for the current LiF dynamics along with the
time-variation of the state populations as plotted in panel (b). These two panels share the same time
coordinate (horizontal one). Figure 2(a) shows that during the time-interval from t =0 fs and t = 70 f5,
C(t) takes only values close to zero, because the dynamics is nearly adiabatic in this region. Then the first
large negative peak is observed around t = 90 fs. After all a total of four major groups of significant peaks
are seen in the correlation function in Figure 2(a); (A) negative peak around t = 90 fs, (B) negative one
around t = 220 fs
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, (C) transition from negative to positive one around ¢t = 350 fs, and (D) negative peak around t = 480 fs.
The peaks (A), (B) and (D) are all associated with the nonadiabatic crossings, as identified in the panel (b).
The origin of the peak (C) is obviously different from the others. In the current calculation, the nonadiabatic
electron transfer has been induced in the vicinity of the inner turning point and this is origin of the peak (C).
Aside from the precise interpretation as above for deeper understanding of the flux-flux correlation function,
we have seen that the flux-flux correlation function can well quantify the extent of the breakdown of the
Born-Oppenheimer approximation not only by the absolute magnitude but also in the local directions of
moving electrons and nuclei.

The present flux analysis for both electronic and nuclear wave packets in LiF has revealed novel
features in the electron transfer driven by nonadiabatic dynamics. In particular, the spatiotemporal oscillatory
pattern observed in Figure 2 in terms of our defined reduced electronic flux is found not only interesting but
instructive in the deeper understanding of electronic and nuclear coupled dynamics. We also have
demonstrated that the flux-flux correlation between electrons and nuclei describe the deviation from the
Born-Oppenheimer approximation.
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Figure 2. (a) Flux-Flux correlation function C(t) between electrons and nuclei. (b) The time
variation of the state populations. Blue and orange lines are for the covalent and ionic states in

the diabatic representation.
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2. Original papers

(1) Rei Matsuzaki, Satoshi Yabushita, “Calculation of Photoionization differential cross
sections using complex Gauss-type orbitals”, J. Comput. Chem. 38, 2030 (2017).
(2) Rei Matsuzaki, Kazuo Takatsuka, “Electronic and Nuclear Flux Analysis on Nonadiabatic
Electron Transfer Reaction”, J. Comput. Chem. (#%# )
3. Presentation at academic conferences
(1) HIRFEEL, TR,
KR IEIEBEBIEC X D061 A Ao R O R, 25 2 0 MR L im e,

%an7ﬁ55ﬂ
(2) WIREL, mEMK,
“#mﬁﬂﬁ BUL2BBFERIET T v 7 2 2 1 BEGLLEHwRS, W
IF,2018 4~ 5 H
4. Others

(1) Rei Matsuzaki, Kazuo Takatsuka, “Flux analysis on nonadiabatic chemical dynamics”, =
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Volume (Number),
Ne Authors Title Journal first page to year
last page
[ NE PN
Yoshio Nishimoto, Hiroki
Kondo, Kazuya Yamaguchi, Theoretical Elucidation of Potential 82(9), 4900-
1 | Daisuke Yokogawa, Junichiro | Enantioselectivity in a Pd-Catalyzed J. Org. Chem. 490 6’ 2017
Yamaguchi, Kenichiro Itami, | Aromatic C—H Coupling Reaction
and Stephan Irle
Hirotaka Kitoh-Nishioka, Kai %Z:;;iilteii1?5\}2:22%225};:%6
2 \S]gﬁl’ 2}(0;};2)01;23}1;??0’ Frameworks Including Dynamics of J. Phys. Chem. C 15;(2363 ), 17712- 2017
Stephan I'rle ’ Transfer Integrals from the FMO-DFTB/
p LCMO Approach
Adaptive frozen orbital treatment for
Yoshio Nishimoto and Dmitri | the fragment molecular orbital method
3 G. Fedorov combined with density-functional tight- J. Chem. Phys. 148(6), 064115 2018
binding
KM%
Effect of Substituents and Initial Degree
Y. Maeda, Y. Takehana, J. of Functionalization of Alkylated Single-
4 | —S. Dang, M. Suzuki, M. Walled Carbon Nanotubes on Their Chem. Eur. J. 23, 1789-1794 2017
Yamada, and S. Nagase Thermal Stability and Photoluminescence
Properties
K. Yuan, R. -S. Zhao, J. -J. Van der Waals Heterogeneous Layer-Layer
5 Zheng, H. Zheng, S. Nagase, Carbon Nanostructures InvolYlng J. Comput. 38, 730-739 2017
S.-D. Zhao, Y. -Z. Liu, and n H-C-C-H n H-C-C-H Stacking Based on | Chem.
X. Zhao Graphene and Graphane Sheets
M. Yamada, T. Abe, C.
Saito, T. Yamazaki, S. Sato, Adamantylidene Addition to M;N@/,-
N. Mizorogi, Z. Slanina, Cgo (M = Sc, Lu) and Se;N@Ds,-Cs:
6 | F. Uhlik, M. Suzuki, Y. Synthesis and Crystallographic Chem. Eur. J. 23, 6552-6561 2017
Maeda, Y. Lian, X. Lu, M. Characterization of the [5,6]-Open and
M. Olmstead, A. L. Balch, S. | [6,6]-Open Adducts
Nagase, and T. Akasaka
M. K?ko, K. Minami, T. Photoreactions of Endohedral
Kuroiwa, 8. Fukazawa, Y. Metallofullerene with Siliranes: 22,850 (10
7 | Arikawa, M. Yamada, Y. cratio u erene w es.. Molecules i 2017
. Electronic Properties of Carbosilylated pages)
Maeda, Q. —Z. Li, S. Nagase, LuN@I,-C
and T. Akasaka PR
Y. Morinaka, R. Zhang, S.
Iiat;;i'klj i(:wl\?[) gaiz;tg; Fullerene C,, as a Nanoflask that Reveals Angew. Chem
8 Y. Maeda, M. Murata, A. ;llliir(olh;rlnlcal Reactivity of Atomic Int Ed 56, 6488-6491 2017
Wakamiya, S. Nagase, T. &
Akasaka and Y. Murata
Ig/['SZirim}Fditi S;;; O’SL\Z'u(]ililOl’ Temperature Dependence of Anisotropic
91 < o o ’ Transient Conductivity of a La@C,,- Chem. Lett. 46, 973-975 2017

Y. Maeda, S. Nagase, and T.
Akasaka

Cgy(Ad) Crystal
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Zhao, and S. Nagase

the Mechanism of Atomic-Carbon-
Participated Fullerene Growth

Volume (Number),
Ne Authors Title Journal first page to year
last page
M'. Kako, T. Suglgra, K. Preparation, Structural Determination,
Miyabe, M. Yasui, M. and Characterization of
10 | Yamada, Y. Maeda, J. — . zatl Chem. Asian. J. 12, 1391-1399 2017
D. Guo, S, Nagase, and T Electronic Properties of [5,6]- and
Akasaka [6,6]-Carbosilylated Sc;N@/,-Cy,
J. =S. Dang, W. -W. Wang, Fused-Pentagon-Configuration-
11 | J.-J. Zheng, X. Zhao, and S. | Dependent Electron Transfer of Inorg. Chem. 56, 6890-6896 2017
Nagase Monotitanium-Encapsulated Fullerenes
oot i 1| 3700 Pk St
12 | Suzuki, W. -W. Wang, S. o Chem. Eur. J. 23, 8694-8702 2017
Carbones Exhibiting Four-Electron Donor
Nagase, and T. Fujii o
Ability
Z. Slanina, F. Uhlik, S. )
13 | Nagase, T. Akasaka, L. Ez@ﬁlzi;)gsﬁp%ltejﬁs:ﬁféag :mers Molecules 22’ 612)53 @® 2017
Adamowicz, and X. Lu pu W pag
Epoxy and Oxidoannulene Oxidation
Q.—-Z.Li, J. -J. Zheng, X. Mechanisms of Fused-Pentagon
14 Zhao, and S. Nagase Chlorofullerenes: Oxides Linked by a J. Org. Chem. 82, 6541-6549 2017
Pirouette-Type Transition State
M. Kako, S. Nagase, and T, | | unctionalization of Endohedral Molecules 22,1179 (17
15 Akasaka Metallofullerenes with Reactive Silicon (Review) ages) 2017
and Germanium Compounds ! pag
T. Akasaka, A. Nakata,
ﬁ' 52&?5;‘%{‘;;3??& Synthesis and Photoinduced Electron-
16 ' . ; Transfer Reactions in a La,@1,-Cy,- ChemPlusChem 82, 1067-1072 2017
Y. Macda, R. Aoyama, T. Phenoxazine Conjugate
Tsuchiya, S. Nagase, and D. Hug
M. Guldi
17 J. -S. Dang, W. -W. Wang, X. | Concave Binding of Cationic Li to Phys. Chem. 19, 20773- 2017
Zhao, and S. Nagase Quadrannulene Chem. Phys. 20777
J.-S. Dang, W. -W. Wang, J. | Formation of Stone-Wales Edge: JC ;
18 | —J. Zheng, S. Nagase, and X. | Multistep Reconstruction and Growth " LOmput. 38, 2241-2247 2017
. . Chem.
Zhao Mechanisms of Zigzag Nanographene
A Mechanistic Study on Cationic Li
19 J. =S. Dang, W. ~W. Wang, X. Prompted Diels-Alder Cycloaddition of Org. Chem. 4, 1757-1761 2017
Zhao, and S. Nagase Front.
Cycloparaphenylene
R. Zhao, K.Yuan, S. Zhao, Deciphering the Role of Long- 121. 2048]-
20 | M. Ehara, S. Nagase, J. M. Range Interaction in Endohedral J. Phys. Chem. C 20 4,88 2017
Poblet, and X. Zhao Metallofullenes: A Revisit to Sc,C,,
Z. Slanina, F. Uhlik, L. Stability Issues in Computational
21 | Adamowicz, T. Akasaka, S. Screening of Carbon Nanostructures: Mol. Simul. 43, 1472-1479 2017
Nagase, and X. Lu Illustrations on La Endohedrals
Revisit of the Saito-Dresselhause-
2 W. -W. Wang, J. -S. Dang, X. | Dresselhaus C, Ingestion Model: On Nanoscale 9, 16742-16748 | 2017
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Volume (Number),
Ne Authors Title Journal first page to year
last page
Z. Slanina, F. Uhlik, S. Computational Comparison of the Water- | ECS, J. Solid 6
23 | Nagase, T. Akasaka, L. Dimer Encapsulation into D,(22)-Cy, and | State Sci. and I\;I311 3M3115 2017
Adamowicz, and X. Lu D, (23)-Cq, Tech.
Z. Slanina, F. Uhlik, S. . .
24 | Nagase, T. Akasaka, L. é OCér(r;putatlonal Characterization of tNubes, tCari)on 25, 624-629 2017
Adamowicz, and X. Lu 60 anostruct.
bl ehf
Ryoie Fukuda, Nosomi | i ncoherent | . Chem. Theor
25 | Takagi, Shigeyoshi Sakaki, utheniu opartie es: meotiere : : Y| 121,300307 | 2017
and Masahiro Ehara Interface and Surface Active Sites for Comput.
Catalytic Nitric Oxide Dissociation
Theoretical Study of Nickel-Catalyzed
Vijay Singh, Yoshiaki Nakao, | Selective Alkenylation of Pyridine:
26 | Shigeyoshi Sakaki, and Reaction Mecha- nism and Crucial J. Org. Chem. 82, 289-301 2017
Milind M. Deshmukh Roles of Lewis Acid and Ligands in
Determining the Selectivity
gzgufznégi}f;;}: ljl"l;tﬁ:ﬁ;ro A Theoretical Investigation on CO
27 . ’. . Oxidation by Single-Atom Catalysts M1/ ChemCatChem, 9, 1222-1229 2017
Tanaka, Shigeyoshi Sakaki, _ALLO, (M = Pd, Fe, Co, and Ni)
and Masahiro Ehara VAL 16 R0
Ta}kako Muraoka, ‘Haruhlko Reactions of Silanone(silyl)tungsten
Kimura, Gama Trigagema, and -molybdenum Complexes with
28 Ig/llla}szygls(}lliNsa;;fag;kznd Kot MesCNO, (Me,Si0),, MeOH, and H,O: Organometallics | 36, 1009-1018 2017
ECY ’ J Experimental and Theoretical Studies
Ueno
Mo—Mo Quintuple Bond is Highly
Yue Chen and Shigeyoshi Reactive in H-H, C—H, and O—H o-Bond
2 Sakaki Cleavages Be-cause of the Polarized Inorg. Chem. 36, 4011-4020 2017
Electronic Structure in Transition State
[2+2]-type Reaction of Metal-Metal
. sigma-Bond with Fullerene Forming
30 | Hone Zheng, Xiang Zhao, an n'-Cy, Metal Complex: Mechanistic Inorg. Chem. 56, 6746-6754 | 2017
Shigeyoshi Sakaki . . .
Details of Formation Reaction and
Prediction of a New 1'-C,, Metal Complex
Hajime Kameo, Yuki Iridium Hydride Mediated Stannane-
Baba, Shigeyoshi Sakaki, Fluorine and -Chlorine sigma-Bond
31 | Didier Bourissou, Hiroshi Activation: Re-versible Switching Organometallics | 36,2096-2106 2017
Nakazawa, Hiroyuki between X-Type Stannyl and Z-Type
Matsuzaka Stannane Ligands
Yue Chen, Jyun-ya
0 Hasegawa, Kazuya A coordination strategy to realize a Phys. Chem. 19, 14947- 2017
Yamaguchi, Shigeyoshi sextuply-bonded complex Chem. Phys. 14954
Sakaki
Ezltj;nlilr\e;g(s)}’lngizsl}:l;kao Photo Absorption of p-Coumaric Acid
33 i ? in Aqueous Solution: RISM-SCF-SEDD J. Comp. Chem. | 38, 1567-1573 2017

Hirofumi Sato, Shigeyoshi
Sakai

Theory Approach
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localized vs. delocalized ground and
excited states in solution
M. Ramu Yadav, Masahiro
Nagaoka, Myuto Kashihara, A .
35 | Rong-Lin Zhong, Takanori ;ll‘ter S‘izflk"M‘yaura Coupling of é Am. Chem. 139, 9423-9426 | 2017
Miyazaki, Shigeyoshi Sakaki, oarenes oc
Yoshiaki Nakao
Aromatic C-H o-Bond Activation by
Shuwei Tang, Odile Ni’, Pd’, and Pt° Alkene Complexes:
36 | Eisenstein, Yoshiaki Nakao, Concerted Oxida-tive Addition to Organonetallics | 36, 2761-2771 2017
and Shigeyoshi Sakaki Metal vs Ligand-to-Ligand H Transfer
Mechanism
. . Core—Shell versus Other Structures in
Nozomi Takagi, Kazuya .
Ishimura, Masafuyu Matsui, | Conary Cu38—nMn Nanoclusters (M = 121, 10514-
37 murd, yuMatsuL 1 Ru, Rh, Pd, Ag, Os, Ir, Pt, and Au; n J. Phys. Chem. C ’ 2017
Ryoichi Fukuda, Masahiro _ . L 10528
. . . | =1, 2, and 6): Theoretical Insight into
Ehara, and Shigeyoshi Sakaki .
Determining Factors
Jingui Duan, Masakazu
Higuchi, Jiajia Zheng, Shin-
ichiro Noro, I-Ya Chang, . . .
| oo Do, S| P O o Open St chon, | 0576
Mathew, Shinpei Kusaka, Polymers P Soc., 11583
Easan Sivaniah, Ryotaro Y
Matsuda, Shigeyoshi Sakaki,
SusumuKitagawa
gaj(; ?aille\;llft’sig;npsetllslzlrlrfska’ Characteristic Features of CO, and CO 121. 19129-
39| Y ’, . Adsorptions to Paddle-Wheel-Type J. Phys. Chem. C ’ 2017
Kitagawa, and Shigeyoshi o 19139
. Porous Coordination Polymer
Sakaki
. Embedded Cluster Model for Al,O; and
40 g/lllisiflg;lﬁil\gj&(s;ﬁiand AIPO, Surfaces Using Point Charges and | J. Phys. Chem. C 5(2)12’;’0242- 2017
ey Periodic Electrostatic Potential
DFT Mechanistic Study on Alkene
Longfei Li, Ming Lei, and Hydrogenation Catalysis of Iron .
4 Shigeyoshi Sakaki Metallaboratorene: Characteristic Organometallics | 36, 33303538 2017
Features of Iron Species
Hong Zheng, Kazuhiko How to Control Inversion vs. Retention
42 | Semba, Yoshiaki Nakao, and | Transmetallation between Pd"-Phenyl and é’ofm' Chem. 123’724065- 2017

Shigeyoshi Sakaki

Cu'-Alkyl Complexes: Theoretical Insight
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Kensuke Naka, Takuji
Kato, Koushi Abe, Makoto
;??Sfiozl;r;)’ Ssllllslllllltl?floTanaka Stereoisomerization of 1,4-Dihydroarsinet
43 isiyama, ’ | etracarboxylic Acid Diimides under Non- | Heterocycles 94(5), 923-937 2017
Hiroaki Imoto, Seiji Watase, . .. .
o acidic Condition from cis- to trans-Forms
Kimihiro Matsukawa,
Hiroyuki Fueno, and
Kazuyoshi Tanaka
Joji Ohshita, Toshiyuki
TSUChlqa’ Kenji Komaguc.:hl, Studies of Spherically Distributed LUMO
Kazuki Yamamoto, Yohei : . . 36(14), 2536-
44 . and Electron-Accepting Properties of Organometallics 2017
Adachi, Yousuke Ooyama, Caged Hexakis(germasesquioxanes) 2540
Yutaka Harima, and & & d
Kazuyoshi Tanaka
Toshiaki Ikeda, Hiroaki
Adachi, Hiroyuki Fueno, Induced-Dipole-Directed, Cooperative 82(19), 10062-
45 Kazuyoshi Tanaka, and Self-Assembly of a Benzotrithiophene J. Org. Chem. 10069 2017
Takeharu Haino
Katsunori Suzuki, Yasuyuki
Numata, Naoko Fujita,
Naoki Hayakawa, Tomoharu | A Stable Free Tetragermacyclobutadiene 54(18), 2200-
46 | Tanikawa, Daisuke Incorporating Fused-ring Bulky EMind Chem. Commun. ? 2018
. . 2203
Hashizume, Kohei Tamao, Groups
Hiroyuki Fueno, Kazuyoshi
Tanaka, and Tsukasa Matsuo
[=1-E PN
Lorentz-like force emerging from
kinematic interactions between electrons
47 | Kazuo Takatsuka and nuclei in molecules. A quantum J. Chem. Phys. 146, 084312 (10 2017
. . . pages)
mechanical origin of symmetry breaking
that can trigger molecular chirality
Dynamics of photoionization from
Takahide Matsuoka, Kazuo molecular electronic wavepacket states in 146,134114 (14
48 Takatsuka, intense pulse laser fields: A nonadiabatic J. Chem. Phys. pages) 2017
electron wavepacket study
Time-resolved photoelectron signals
Yasuki Arasaki and Kazuo from bifurcating electron wavepackets 493, 42-48
49 Takatsuka propagated across conical intersection in Chem. Phys. (2017) 2017
path-branching dynamics
50 | Kazuo Takatsuka Theory of molef:ula}r nonadiabatic J. Chem. Phys. 147, 174102 (13 2017
electron dynamics in condensed phases pages)
Takahide Matsuoka and Nonadiabatic electron wavepacket 148, 014106 (15
51 dynamics behind molecular J. Chem. Phys. 2018
Kazuo Takatsuka . pages)
autolonization
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Adiabatic and nonadiabatic dynamics in
classical mechanics for coupled fast and DOI:10.1080/00
52 | Kazuo Takatsuka slow modes: sudden transition caused Mol. Phys. 268976.2018.14 | 2018
by the fast mode against the slaving 30389
principle.
On photocatalytic cycle of water splitting
53 Kentaro Yamamoto and with small manganese 0x1d§s and the PhysChemChem 20, 6708-6725 2018
Kazuo Takatsuka, roles of water cluster as a direct resource | Phys
of oxygen molecules
54 Kentaro Yamamoto and Collision induced charge separation in PhysChemChem | 20, 12229- 2018
Kazuo Takatsuka, ground-state water splitting dynamics Phys 12240
LE Sl
55 | M. Tarama Swinging motion of active deformable |, po p 96, 022602 2017
particles in Poiseuille flow
Dynamics of Deformable Active Particles
56 | M. Tarama under External Flow Field J. Phys. Soc. Jpn. | 86, 101011 2017
57 | M. Tarama and R. Yamamoto | Mechanics of cell crawling by means of 1 ;1 67 044803 2018
force-free cyclic motion
b ®’A
Surprises in O (N) Models: . .
5g | Shunsuke Yabunaka and Nonperturbative Fixed Points, Large N Physical review | 1o 191600 155 | 2017
Bertrand Delamotte . C letters
Limits, and Multicriticality
Shunsuke Yabunaka and Critical adsorption profiles around Physical review | 96,3, 032127
59 . . a sphere and a cylinder in a fluid at 2017
Akira Onuki e . E 1-7
criticality: Local functional theory
Electric double layer composed of an
60 Shgnsuke Yz}bunaka and antagonistic salt in an aqueous mixture: Physical review 19, 118001 1-5 2017
Akira Onuki Local charge separation and surface letters
phase transition
Shunsuke Yabunaka and Cell g.row‘.[h, division, and death H.l Physical review 96, 2, 022406
61 - cohesive tissues: A thermodynamic 2017
Marcq Philippe E 1-9
approach
Shunsuke Yabunaka and Emergence of epithelial cell density 13, 39, 7046-
62 Marcq Philippe waves Softmatter 7052 2017
Simon K. Schnyder
. Collective motion of cells crawling on a L
63 S. K. Schnyder, J. J Molina, substrate: roles of cell shape and contact Scientific 7,5163 2017
Y. Tanaka, R. Yamamoto e Reports
inhibition
I . The European
J. Horbach, N. H. Siboni, & S. | Anomalous transport in heterogeneous . 226(14), 3113-
64 . Physical Journal 2017
K. Schnyder media . . 3128
Special Topics
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Crowding of interacting fluid particles
in porous media through molecular Physical Review
65 | S. K. Schnyder, & J. Horbach . . . 120(7), 78001 2018
dynamics: breakdown of universality for | Letters
soft interactions
EAIT Pl
Miho Isegawa,. WM. C. Copper-catalyzed Enantioselective Boron
Sameera, Akhilesh K. Conjugate Addition: DFT and AFIR
66 | Sharma, Taku Kitanosono, Jugate - L on e ACS Catalysis | 7,5370-5380 | 2017
- .| Study on Different Selectivities of Cu(I)
Masako Kato, Shii Kobayashi, and Cu(IT) Catalyst
Keiji Morokuma Y ysts
Miho Isegawa,, Akhilesh DFT Study on Fe(IV)-Peroxo Formation
67 | K. Sharma, Seiji Ogo, Keiji and H Atom Transfer Triggered O2 Organometallics | 37, 1534-1545 2018
Morokuma Activation by NiFe Complex
WAl
8.Sasaki, 8.Suzuki, K. gg:itli(c;: fc% 1/(irc]tlil\qfa]zz rAeneiea Saz':i([)(ne-}llnduced
68 | Igawa, K. Morokuma, G. 1o geregation-n J. Org. Chem. 82, 6865-6873 | 2017
Konishi Emission: Effects of Introducing Highly
onisht, Twisted N,N-Dimethylamines
Akhilesh Kumar Sharma
Akhilesh K. Sharma, W. M.
C. Sameera, Masayoshi Jin,
Laksmikanta Adak, Chiemi DFT and AFIR Study on the Mechanism
69 | Okuzono, Takahiro Iwamoto, | and the Origin of Enantioselectivity in é’ofm' Chem. 1219;5)’ 16117- 2017
Masako Kato, Masaharu Iron-Catalyzed Cross-Coupling Reactions ’
Nakamura, and Keiji
Morokuma
Miho Isegawa, Akhilesh K. DFT Study on Fe(IV)-Peroxo Formation 37(10), 1534-
70 | Sharma, Seiji Ogo, and Keiji | and H Atom Transfer Triggered Organometallics 1545 ’ 2018
Morokuma 02 Activation by NiFe Complex
Maneeporn Puripat
Tomoharu Oku, Masaki Promotional effect of CH,l on
Okada, Maneeporn hydroxycarbonylation of cycloalkene
71 | Puripat, Miho Hatanaka, YAroxy Y Y J. Co2. Util. 25,1-5 2018
using homogeneous rhodium catalysts
Keiji Morokuma, and Jun- ith PPh. ligand
ChulChoi W 3 HE
GLE I
Theoretical Study of One-Electron-
Oxidized Salen Complexes of Group 7
Shinji Aono, Nakagaki (Mn(I1I), Te(I11), and Re(I1I)) and Group Phvs. Chem
72 | Masayuki, and Shigeyoshi 10 Metals (Ni(II), Pd(II), and Pt(II)) ChJ; m Phys. 19, 16831-16849 | 2017

Sakaki

with 3D-RISM-GMC-QDPT Method:
Localized vs. Delocalized Ground and
Excited States in Solution
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Ta'kako Muraoka, ‘Haruhlko Reactions of Silanone(silyl)tungsten
Kimura, Gama Trigagema, and -molybdenum Complexes with
74 Ma?sayukl .Nakaga_kl, | MesCNO, (Me,Si0),, MeOH, and H,O: Organometallics | 36, 1009-1018 2017
Shigeyoshi Sakaki, and Keiji . . .
Experimental and Theoretical Studies
Ueno
Jing Lu
Theoretical Insight into Core—Shell
Jing Lu, Kazuya Ishimura, Preference for Bimetallic Pt-M (M = Ru, 122 (16), 9081-
3 and Shigeyoshi Sakaki Rh, Os, and Ir) Cluster and Its Electronic J. Phys. Chem. C 9090 2018
Structure
Rong-Lin Zhong
M. Ramu Yadav, Masahiro
Nagaoka, Myuto Kashihara, | 1 o i Mivaura Coupling of J. Am. Chem. 139(28), 9423-
75 | Rong-Lin Zhong, Takanori Nitroarenes Soc 9426 2017
Miyazaki Shigeyoshi Sakaki, ’
and Yoshiaki Nakao
. . Intra- and Intermolecular Charge
Feng-Wei Gao, Rong-Lin . . .
76 | Zhong , Hong-Liang Xu, Transfer in a Novel Dimer: quperatlvely J. Phys. Chem. C 121(45), 25472 2017
. Enhancing Second-Order Optical 25478
and Zhong-Min Su . .
Nonlinearity
/NI =
. Nonadiabatic electron wavepacket
77 | Takahide Matsuoka, and dynamics behind molecular J. Chem. Phys. | 148(1), 014106 | 2018
Kazuo Takatsuka L
autoionization
A SOKHR
On the photocatalytic cycle of water
73 Kentaro Yamamoto and splitting with small manganese oxides Phys. Chem. 20(9), 6708- 2017
Kazuo Takatsuka and the roles of water clusters as direct Chem. Phys. 6725
sources of oxygen molecules
Bl e
Time-resolved photoelectron signals
79 Yasuki Arasaki and Kazuo from bifurcating electr.on \yavepaclfets Chem. Phys. 493, 42-48 2017
Takatsuka propagated across conical intersection
path-branching dynamics
ey %2
30 Rei Matsuzaki, and Satoshi SrzlsC;izt;?igr?:E ;itozofgizgn(}iﬁ:zfm?l J. Comput. 38(23), 2030- 2017
Yabushita Orbiiale £ comp YPE 1 Chem. 2040
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RAZ—U 2~ 3BREHEE 15:30~17:20)

v BEREEOGIIRTY: (15:30-16:25) , F o BMEEOFHIT%EF (16:25-17:20) 121X, RA X —A— K
DRITREET DL IICLTIEE N,

v' 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 (16:25-17:30) of the session, respectively.

1. BEBREREBEDOABRIAL-NBBEARIMVIZEY 5B ROTFR
Ofs EfE (BH KB T)

2. Random matrix theory in proteogenesis

Ol R (HREET)

3. Stereoselective isomerization of eugenol to trans-isoeugenol catalyzed by Ni(0)
phosphines: experimental and theoretical studies
(Chemistry Department, Faculty of Mathematics and Natural Sciences, Institut Teknologi Bandung[1],
ITbM[2]) Yessi Permana[l], OArifin[2], Leo Saputra[1], Nunik Gustini[1], Stephan Irle[2], Aep Patah[1],
and Muhamad A. Martoprawiro[1]

4. BR=ZEBERBHLOYREIRELZFIAL-HHRER EL RFOHREHESH
Ofeff fi[1,2]. #f B&[3]. FH BEE[1]. K BiE4,5] GUREBET[1]. 5K ESICB[2]. B AKT[3].
I RKBEBE T [4], JST & X 230F[5))

5. EHEFEARAEERSETXOTB/NEIOVT A THEICEAEL-BRYOER
OmA Ak RfEHE)

6. Deformable swimmers in Poiseuille flow
OMitsusuke Tarama (FIFC)

7. The difference between the heat-induced forces of the Soret effect and the adiabatic piston
problem
(OMasato Itami[1] and Shin-ichi Sasa[2] (FIFC[1], Dept. of Phys. Kyoto Univ.[2])

8. Cell Colony Growth

OSimon K. Schnyder[1], John J. Molina[2], and Ryoichi Yamamoto[2] (FIFC[1], Grad. School of Eng.,
Kyoto Univ.[2])
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9. HmMEBRMLRI-BREFERAEL
Ok I, GEfE Zin (LRfEIR)

10. #&% - BEPICETHEARMUAKRE /L ML UERORERFEEFRELERIRARY
%
OFH (Fin, TE Mz, fih %4 GIREH ')

11. Theoretical Study on the Mechanism of Phoshoranide-Trihydroborate Reaction with Methyl
lodide
(OAkhilesh Kumar Sharma[1], Miho Isegawa[1,2], Keiji Morokuma[1], N. J. O'Brien[3], and Naokazu
Kano[3] (FIFC[1], Kyushu Univ.[2], Univ. of Tokyo[3])

12. The potential energy surfaces of emission decay of a type of platinum(ll) cyclometalated
complexes
OXuefeng Ren and Keiji Morokuma (FIFC)

13. LARERZERIEDILUGFERAV: Si-H & O T HAERE AN/ 8 e AR a &S O #E
fi# BA & 1
OWtE HE2[1]. Antoine Baceiredo[2]. MIEE WI[2]. #ih /&4F[1] G REHE[1]. Fv——XK
~T EABAIF2])

14. Theoretical Understanding of Segregation Behavior and Electronic Structure of 55 and
147-atom PtTc and PtRe Nanoclusters
OlJing Lu[1], Kazuya Ishimura[2], and Shigeyoshi Sakaki[1] (FIFC[1], IMS[2])

15. How to control Ar-NO, bond activation and Ar-NO, bond formation
ORong-Lin Zhong[1], Masahiro Nagaoka[2], Myuto Kashihara[2], Yoshiaki Nakao[2], and Shigeyoshi
Sakaki[1] (FIFC[1], Grad. School. of Eng. Kyoto Univ.[2])

16. Theoretical Study on Cs-Hydrocarbon Adsorption and Separation by a Soft Porous
Coordination Polymer
O Jia-Jia Zheng[1,2], Shinpei Kusaka[2], Ryotaro Matsuda[2], Susumu Kitagawa[2], and Shigeyoshi
Sakaki[1] (FIFC[1], KUIAS-iCeMS, Kyoto Univ.[2])

17. Photocatalytic cycle of water splitting with small manganese oxides and water clusters as

source of oxygen molecules
OKentaro Yamamoto and Kazuo Takatsuka (FIFC)
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18. Flux analysis on nonadiabatic chemical dynamics
ORei Matsuzaki and Kazuo Takatsuka (FIFC)

19. CaO-SiO2 BAEICHIT5 Y L—HRBA~NOHFHNEHEICLE7 TA—F
Ok HEsL, T . =il EE GURBE L)

20. AFIAER) AR X HUKBRERDODEFZES IVLIZET 2EBR/OHE
O/NE Ikz, & % UKPETL)

21. ABRMF/EBHFRESRY b7 —O OEEE N PFYEICETEIHFIIalL—2ay
Ons B, HHE B GUKEET)

22. EEMELSTFOTIVEDRFISaAL—ay DFHRESESLTFREEDOHES
Of%kem i, e fh, S F KRBT

23. D-B-AELSFOEFHY T VTR T HEBES DEE DL
OMmA EFK[1]. FE FER2,3]. R EC2,3] GUKI[1]. RABEIL[2]. &K ESICB[3])

24, ER—EMRERAICHETIBILETRIGZHRDS -ODHBEHEREAHE
O = BI[1]. W #Es,2], s sg1,2] GUKRBET[1]. &K ESICB[2])

25. PFEVOVIICATBIES DO LRXE ST T LA H1T D REHEARFS RN
O$iea w1, AHF BIr[1,2]0 #E SBRI[1]. B BA] GURBET[1]. JST & & 237 [2])

26. BRRATRHA FRIEWIZHITHREERAFEEY
O W HE1]. BEHE %FI[1]. JR/% FE3L[2]. Olivier Hernandez[3]. Arnab Sen Gupta[4]. Alexandra S.
Gibbs[5]. it ¥AT[1]. Venkatraman Gopalan[4], FHH B5A[1] CROKRBEL[1]. JUKPET[2], Lo X&
—K[3]. RUVAN=TMNEK[4E], TFT 4+ — R« 7 7L k5]

27. Theoretical Study on Substrate and Inhibitor of HIV-1 protease
(OMasahiko Taguchi, Masahiro Kaneso, and Shigehiko Hayashi (Grad. Sch. of Sci. Kyoto Univ.)

28. RFEFYRILARTOVIZCET IERTE
OBk HW[1]. #R R[], &0 f4R]. AR EE1] GURERE1]. JuKRBRE2])

29. ZILFIrELVRERABFEOERVTAR
OWA MmA], v maE2]. A EZ[1] GURPEEE[1], NIMS[2])
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30. 7Y T ILERESEEMEIF CuRug Ik 5 NO-CO RIGEDIBEHTAZL ~Cuss & D HER
O\ 2[1]. Ak Fod[2], #E B—[1]. LR EE1,2]. fif f8401,3] (:UK ESICB[1]. 47 1-#f
[2]. RKEHE[3])

31. EBREEEEOEDAAI SRAE—ETILOEE
O IEA[1]L fi 5%47[1,2] GRK ESICB[1]. FRfEHE[2])

32. BEMBHIRLT—OHFLVORRNESI VNNV EOEBEREE~DER
Ol 1], it HEfCEL[2] (ERAF AICS[1]. BEMEREET[2])

33. Optimizing conical intersections by particle-particle random phase and Tamm-Dancoff
approximations
O%ai# #u17 (BEMF AICS)

4. OOFX V8T EFITUEBALE—RAARBRRADES L EFREBOHEGBHR
OPEsE fhist, Mt TR, IR RHEE, &9 9L 7 o h8 Tl (BRORBeEmET)

35, RUBEVZERKIZE T HZREREAFHEDOR EVRER U S FEAMKTFIEIC DOV TOER
R
OB FH, kifE Bk, IR B, 7 52, hE Rl (BORBeEET)

36. Push-pull-biphenyl (PPB) DR UVERBEIMED ChAKRFIEICET 2EBR/RTAR
Odbly $EI[1], AR ERE[1], & FU1]. & ] R RB—[2]. Ak FEHR[2]. F% Hh
[1] (BRBEIERE 1], BRORBEE2])

37. ARRUBET DO UT LY FT49davIZOWVTOERIAE
OIS f—BR[1]. AHE &Ea[1]. &3 F[1]. Ok B—[2]. 8 Heh[] (RRPEEME T[], 7
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