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R. P. A. Dullens, “Dynamic heterogeneities and non-Gaussian behaviour in 2D
randomly confined colloidal fluids”, Physical Review E (2017).

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

3. S. K. Schnyder, M. Spanner, F. Héfling, T. Franosch, J. Horbach, “Rounding of the
localization transition in model porous media”, Soft Matter 11,701 (2015).

4. T. O. E. Skinner, S. K. Schnyder, D. G. A. L. Aarts, J. Horbach, R. P. A. Dullens,
“Localization Dynamics of Fluids in Random Confinement”, Physical Review
Letters 111, 128301 (2013).

5. M. Spanner, S. K. Schnyder, F. Hofling, Th. Voigtmann, T. Franosch, “Dynamic
arrest in model porous media—intermediate scattering functions”, Soft Matter 9,
1604-1611 (2013).
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Postdoctoral Fellow

FIFC, Kyoto University

Morokuma Group

075-711-7708

isegawa.miho.5s@kyoto-u.ac.jp

s

Reaction process for electrochemical and photochemical conversion of carbon dioxide
e, TR, AT bunAa v — (LR — 2

2009 4 9 A FHBRZFERFBEEL AN FERHM b 2 RS R E T

2009 4F 9 H RUAR RSB

2010 41 H  KE I x YV X REHE AR

2013 3 H KPRt Lt s ¥ —if% g

201446 H FAY ~v 7 A7 T 7L oL ¥ — A fald L 5E B
2016 1 H R KFEAG Lt ¥ —if%E g

1. Copper-catalyzed Enantioselective Boron Conjugate Addition: DFT and AFIR
Study on Different Selectivities of Cu(I) and Cu(Il) Catalysts, M. Isegawa, W. M. C.
Sameera, A. K. Sharma, T. Kitanosono, Masako Kato, S. Kobayashi, K. Morokuma,
ACS Catalysis, (2017).

2. Ionization Energies and Aqueous Redox Potentials of Organic Molecules:
Comparison of DFT, Correlated ab Initio Theory and Pair Natural Orbital
Approaches, M. Isegawa, F. Neese, D. A. Pantazis, J. Chem. Theory Comput. 12,
2272 (2016).

3. Photochemical Ring Opening and Closing of Three Isomers of Diarylethene: Spin-
Flip Time Dependent Density Functional Study, M. Isegawa and K. Morokuma, J.
Phys. Chem. A. 119,4191 (2015).

4. Ab initio reaction pathways for photodissociation and isomerization of nitromethane
on four singlet potential energy surfaces with three roaming paths, M. Isegawa, F.
Liu, S. Maeda, K. Morokuma, J. Chem. Phys. 140, 244310 (2014).

5. Predicting pathways for terpene from first principles-routes to known and new
sesquiterpenes, M. Isegawa, S. Maeda, D. J. Tantillo, and K. Morokuma Chemical
Science, 5, 1555 (2014).

6. Electrostatically Embedded Molecular Tailoring Approach and Validation for
Peptides, M. Isegawa, B. Wang, D. G. Truhlar, J. Chem. Theory Comput. 9, 1381
(2013).
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075-711-7647

suzuki@fukui kyoto-u.ac.jp

T
A T OMLGERSR

Jihc IR g, THAS

2014 3 H  JUNKRFEHZTF ALFHRET

201443 H 1+ (B JUNKFE

2014 4 H fEHH L& e s ¥ —

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

2. 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)

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

hydrocarbons as steric environment-sensitive fluorophores, J. Am. Chem. Phys.,
138, 8194-8206 (2016)

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. 203

075-711-7831

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. Akhilesh K. Sharma, Raghavan B. Sunoj, “Refined Transition-State Models for
Proline-Catalyzed Asymmetric Michael Reactions under Basic and Base-Free
Conditions” J. Org. Chem. 77 (23), 10516-10524 (2012).

2. Dmitry Katayev, Yi-Xia Jia, Akhilesh K. Sharma, Dipshikha Banerjee, Celine
Besnard, Raghavan B. Sunoj, and E. Peter Kundig, “Synthesis of 3,3-Disubstituted
Oxindoles by Palladium-Catalyzed Asymmetric Intramolecular a-Arylation of
Amides: Reaction Development and Mechanistic Studies” Chem. Eur. J. 19, 11916-
11927 (2013).

3. Akhilesh K. Sharma, Dipankar Roy and Raghavan B. Sunoj, “Mechanism of
Catalytic Methylation of 2-Phenylpyridine Using di-tert-Butyl Peroxide” Dalton
Trans. 43, 10183-10201 (2014).

4. 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).

5. 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
L2MM = Pd, Pt) to Li+@C60” J. Phys. Chem. A 121(13), 2665-2673 (2017).

6. 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(Il) Catalysts” ACS Catal. DOI: 10.1021/acscatal.7b01152.

“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

Fukui Institute for Fundamental Chemistry

Room 213

075-711-7834

puripat@fukui.kyoto-u.ac.jp

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. Maneeporn Puripat, Romain Ramozzi, Miho Hatanaka, Waraporn Parasuk,
Vudhichai Parasuk, and Keiji Morokuma, “The Biginelli reaction is a urea-
catalyzed 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).

The Development and Promotion of Science and Technology Talents Project (DPST)
(Royal Government of Thailand scholarship) of Thailand (2004-2016)
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075-711-7907

saono@fukui kyoto-u.ac.jp

AL - AR LY - B

R R DB 4 SRS TR DAL PSS D BRER A AT

3D-RISM-SCF ik, ¥ QM/MM {5, H BT RV X — AT, VAR S AT |
JEIRI 5y - i AT

2010 £ 3 H AU KPR F P S 7e B b SR B s 1% AR AR
e R E IR

2010 9 H B+ (RUELRS)

2010 4F 4 H  RUAL KPR FBEE AR RM L I HE R

2010 4E 5 H  FUER R W — MR & 3 A T L HLS BB

2010 4F 10 H  FERRZE: WE — MR & > A T LHLS FEif e B

2011 £ 4 A FASKS: e —siatst e v ¥ — BEMREE

201544 A FESKZ: @i amstt 24— 7 = a— (filhfF)

o S e =L ¥ [ e S 7 N [t o

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

Salen Complexes of Group 7 (Mn(III), Tc(Ill), and Re(IIl)) and Group 10 Metals
(Ni(II), Pd(II), and Pt(Il)) with 3D-RISM-GMC-QDPT Method: Localized vs.
Delocalized Ground and Excited States in Solution” Phys. Chem. Chem. Phys. 19,
16831-16849, (2017).

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

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

. 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. and Sakaki S., “Evaluation Procedure of Electrostatic Potential in

3D-RISM-SCF Method and Its Application to Hydrolyses of Cis- and Transplatin
Complexes” J. Phys. Chem. B 116, 13045, (2012)

. Aono S. and Sakaki S., “Proposal of new QM/MM approach for geometry

optimization of periodic molecular crystal: Self-consistent point charge
representation for crystalline effect on target QM molecule” Chem. Phys. Lett. 544,
77, (2012).
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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, (Me,SiO),, MeOH, and H20O:
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)




I BEHES (2016)

(K41
(4 ]
(Fre]
[#r7E=]

&

W

[EEEE]

i
p={i1Ny

[FAX]

[EFA—1T FLX]
(#F5E5 57 ]
[BfEDOHHERE]
[WFFENAF— T — ]

(7]

(s ]

[(EeE, Fifrm]
(2 5 FLIN)

Hong Zheng

SPR Fellow

Fukui Institute for Fundamental Chemistry

Room 303

075-711-7907

075-711-7838

zhenghong @fukui.kyoto-u.ac.jp

Computational chemistry

Theoretical Study of C-O activation by Rh-(PAIP) complex
Transition state and electronic property of C-O activation
December 2012, School of Science, Xi’ an Jiaotong University
Doctor of Materials Physics and Chemistry, Xi’ an Jiaotong University

July 2014, Postdoctoral Fellow, Kyoto University

1. H. Zheng, X. Zhao, T. Ren, W. W. Wang, C74 Endohedral metallofullerenes

violating the isolated pentagon rule: A density functional theory study, Nanoscale, 4,
4530-4536 (2012)

. H. Zheng, X. Zhao, W. W. Wang, T. Yang, S. Nagase, Scz@C70 rather than SczCz@

C,.: Density functional theory characterization of metallofullerene Sc,C, , J. Chem.
Phys., 137,014308 (2012)

. H. Zheng, J. Li, X. Zhao, Regioselective Chlorine-Addition Reaction toward C_C

5418
and Role of Chlorine Atoms in Stone-Wales Rearrangement, Dalton Trans, 41,

14281-14287 (2012)

. H. Zheng, X. Zhao, W. W. Wang, J. S. Dang, S. Nagase, Quantum Chemical Insight

into Metallofullerenes M,C,.: M,C,@C , or M,@C
Chem. C, 117,25195-25204 (2013)

Which Will Survive? J. Phys.

98

. H. Zheng, J. Zheng, L. He, X. Zhao, Unique Configuration of A Nitrogen-doped

Graphene Nanoribbon: Potential Applications to Semiconductor and Hydrogen Fuel
Cell, J. Phys. Chem. C, 118,24723-24729 (2014)

.H. Zheng, X. Zhao, L. He, W. W. Wang, S. Nagase, Quantum Chemical

Determination of Novel C,, Monometallofullerenes Involving a Heterogeneous
Group, Inorg. Chem., 53, 12911-12917 (2014)

. K. Semba, K. Ariyama, H. Zheng, R. Kameyama, S. Sakaki, Y. Nakao, “Reductive

Cross-Coupling of Conjugated Arylalkenes and Aryl Bromides with Hydrosilanes
by Cooperative Palladium/Copper Catalysis”, Angew. Chem. Int. Ed. 55, 6275
-6279 (2016)

. H. Zheng, X. Zhao, S. Sakaki, “[2 + 2]-type Reaction of Metal-Metal o-Bond with

Fullerene Forming an n'-C, Metal Complex: Mechanistic Details of Formation
Reaction and Prediction of a New n‘—C60 Metal Complex”, Inorg. Chem. 56, 6746-
6754 (2017)
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Lu Jing

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

June 2016, Doctor of Sci., Polymer chemistry and physics, Northeast Normal
University, P.R. China

Doctor of Science from Northeast Normal University

Oct. 2016, Postdoctoral Fellow, FIFC, Kyoto University

1.J. Lu, Y. Zheng, J., Zhang, 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).

2.J. Lu, Y. Yao, P. M. Shenai, L. Chen, Y. Zhao, 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).

3.J. Lu, Y. Zheng, J., Zhang, 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.J. Lu, Y. Zheng, J., Zhang, Computational design of benzo [1,2-b:4,5-b']
dithiophene based thermally activated delayed fluorescent materials, Dyes and
pigments, 127, 189-196 (2016).
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Rong-Lin Zhong

SPR 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/piccon.php?id=89&SortID=9
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. Rong-Lin Zhong, Hong-Liang Xu,* Zhi-Ru Li* and Zhong-Min Su*. Role of
Excess Electrons in Nonlinear Optical Response. J. Phys. Chem. Lett. 2015, 6, 612-
619

2. Rong-Lin Zhong, Hong-Liang Xu,* Shi-Ling Sun, Yong-Qing Qiu, and Zhong-Min
Su*. The Excess Electron in a Boron Nitride Nanotube: Pyramidal NBO Charge
Distribution and Remarkable First Hyperpolarizability. Chem. Eur. J. 2012, 18,
11350-11355.

3. Rong-Lin Zhong, Ji Zhang, Shabbir Muhammad, Yang-Yang Hu, Hong-Liang Xu,*
and Zhong-Min Su*. Boron/Nitrogen Substitution of the Central Carbon Atoms
of the Biphenalenyl Diradical pi-Dimer: A Novel 2e—12c Bond and Large NLO
Responses. Chem. Eur. J.2011,17, 11773-11779

4. Rong-Lin Zhong, Hong-Liang Xu,* Shabbir Muhammad, Ji Zhang and Zhong-
Min 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. Rong-Lin Zhong, Shi-Ling Sun, Hong-Liang Xu,* Yong-Qing Qiu, and Zhong-
Min 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.




I HEWHRE (2016)

(X4 (50 770)]

(k4 ]

[(FrE]

[#r7E=]

(BT A—1T FL 2]

[#F7E55 %]

[HAEDHFIERE]

(P — 0 — K]

("]

EZ0

(s 5 ]

GHEE=S

(% ®, FifmL]
GBZ 5 L)

i E¥E (FoBn EZH0T)
I 7 =1 —
e e v 2 —

303

matsuoka@fukui.kyoto-u.ac.jp

AR
FEWTEVE T8 1) F BRI & DB ROG

ETEN%, FWRNEIEN, ARIEL—Y—

2011 4F 3 1 BEERBR ARG T2 ZE R il LR e T
2014 43 | BERBRFRFLE TR EFRE T

2014 43 H  fHE (%) (BHEZRZ K

2014 4F 4 H  BEBERBRFUHFIMICE. 20154 7 A JRURFEREMIE R

AARFS, orRs s, BEmb?ias

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).
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kyamamoto@fukui.kyoto-u.ac.jp

i L

JEWTENE B IR & B AL RIS ORI

FEMTEGER,, ook

2015 4F 3 A HORRZFR BB 2 R SR L B B i R e T

201543 H P+ (RORKRT)

2014 4 BULRZEBAINMER, 2015 4 HOURFARHENITER

HIRRES, ERICETES

1. J. Manz and K. Yamamoto, Mol. Phys. 110,517 (2012).

2. K. Yamamoto and K. Takatsuka, J. Chem. Phys. 140, 124111 (2014).

3. K. Yamamoto and K. Takatsuka, ChemPhysChem 16,2534 (2015).
4. K. Yamamoto and K. Takatsuka, Chem. Phys. 475, 39 (2016).

5. K. Yamamoto and K. Takatsuka, ChemPhysChem 18, 537 (2017)
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Yanying Zhao

Visiting Scholar

Fukui Institute for Fundamental Chemistry

Room 203

075-711-7834

075-711-7834

zhaoyying2008 @hotmail.com

Molecular Spectroscopy and Computational Chemistry
Reaction of photo-functional molecules, metal catalysis reaction
Transition metal catalyzed synthetic reaction by GRRM

Sept. 2000, Master of Sci., Department of Chemistry, Hebei Normal University, China
Sept. 2004, Doctor of Sci., Department of Chemistry, Fudan University, China

Doctor of Science from Fudan University, China

October. 2007, Assistant Professor, Associate Professor, Zhejiang Sci-Tech University,
China

Chemical Society of China

1. Pang, Sumei, Zhao Yanying*, Xue Jiadan, Zheng Xuming. "Solvent-dependent
dynamics of hydrogen bonding structure 5-(methylthio)-1, 3, 4-thiadiazole-2
(3H)-thione as determined by Raman spectroscopy and theoretical calculation."
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 171 (2017):
470-477.

2. Liu, Xin, and Yanying Zhao*. "Adsorption Kinetics of Methylene Blue on
Synthesized DMF-MIL-101 (Cr), a DMF-functionalized Metal-organic
Framework." Key Engineering Materials 671 (2016).

3. Chen Xiao, Zhao Yanying*, Zhang Haibo, Xue jiadan, Zheng Xuming* Excited
state proton transfer dynamics of thioacetamide in S (71-71%) state: resonance Raman
spectroscopic and quantum mechanical calculations study. J. Phys. Chem. A 119,
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5. Li Dan, Zhao Yanying*, Xue Jia-Dan, Zheng Xuming Structural dynamics of
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6. Zhao Yanying*, Zhang Yuchen, Liu Xin, Zheng Xuming Formation,
characterization, structure and bonding analysis of the metal-carbon bond OM-(1%-
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study. J. Orgmet. Chem. 777, 25-30 (2015)
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Ming-Chung Yang

Postdoctoral research fellow

National Chiayi University, Department of Applied chemistry

Room 407

88652717899

00886 52717901

mingchungmc@gmail.com

Computational Chemistry

Reaction of Transition metal complexes

Endohedral metallofullerenes, Triply-bonded molecules

September 2006 - January 2012 National Tsing Hua University, Chemistry Department

Doctor of Philosophy

Auguest 2013 — up to date Postdoctoral research fellow

1. 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
LM(M = Pd, Pt) to Li*@C60. The Journal of Physical Chemistry A, 2017, 121,
2665-2673.

2.Jia-Syun Lu, Ming-Chung Yang and Ming-Der Su Triply-bonded indium
phosphorus molecules: theoretical designs and characterization. RSC Advances,
2017,7,20597-20603.

3. Jia-Syun Lu, Ming-Chung Yang, and Ming-Der Su Indium—Arsenic Molecules with
an In=As Triple Bond: A Theoretical Approach. ACS Omega, 2017, 2, 1172-1179.

4. Jia-Syun Lu, Ming-Chung Yang and Ming-Der Su. The effect of substituents on
triply bonded boron =antimony molecules: a theoretical approach. Phys. Chem.
Chem. Phys., 2017,19, 8026-8033.

5. Jia-Syun Lu, Ming-Chung Yang and Ming-Der Su. The Effect of Substituents on
the Stability of Triply Bonded Gallium= Antimony Molecules: A New Target for
Synthesis. Dalton Transactions, 2017, 46,1848-1856.
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V WERFE
1. BEHE
Hideyuki Mizuno

Assistant Professor

1. Summary of the research of the year (2016)
Vibrational properties of amorphous solids in the continuum limit

Why low-w-vibrational and low-T-thermal properties of amorphous solids are markedly different
from the crystalline counterparts is a long-standing mystery in condensed matter physics. Crystals
follow the universal laws which are controlled by phonon [1]. Experimental observations of the
vibrational density of states g(w) ~ w?, heat capacity C ~ T, and the thermal conductivity k ~ T* are
rationalized by the Debye theory and the phonon-gas theory based on the phonon. Amorphous
solids are characterized as well by the universal laws that are, however, anomalous with respect to
the crystalline counterparts [2]. Much attention has been paid to the boson peak (BP): The heat
capacity C is larger than the crystalline value at T = 10[K], which directly reflects the excess
vibrational modes around wgp = 1[THZ].

Here, we would remark that even at much lower T < 1[K], thermal properties are already
anomalous, e.g., the thermal conductivity increases as k ~ T2, instead of k ~ T [3]. This indicates
that the vibrational modes are not rationalized by the phonon even at very low w = 0.1[THz], one
order of magnitude lower than wgp. This behavior is highly counter-intuitive because any solid
matter, not only crystalline but also amorphous, is expected to behave as a homogeneous elastic
medium in the continuum limit, and its vibrational modes are expected to converge to the phonons

in the low-w regime.

To resolve this issue, we report the first numerical evidence that these anomalous properties of
amorphous solids can be described in terms of the coexistence of phonons and “soft localized
modes”. In our study [4], we performed extremely large-scale molecular-dynamics simulations on
amorphous solids and directly observed very-low-frequency vibrational modes. Here we would
emphasize that direct observation of such the low-frequency modes is technically challenging so
that it has never been achieved before. We found that phonons and soft localized modes coexist in
the low-frequency regime, which should control the low-temperature thermal properties of
amorphous solids. Importantly, we discovered that the phonons follow the Debye law, whereas the
soft localized modes follow another universal, non-Debye law. These findings provide the first firm
theoretical ground to explain the experimentally established anomalous properties of amorphous
solids.
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2. Original papers
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3. Presentation at academic conferences (invited talk)
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Yoshio Nishimoto

Program-Specific Assistant Professor

1. Summary of the research of the year

Theoretical Developments of FMO-DFTB

I’'m developing a large-scale quantum-mechanical method, FMO-DFTB [1], these days.
FMO-DFTB is a combined method between the fragment molecular orbital (FMO) approach and the
density-functional tight-binding (DFTB) method. A previous study revealed the efficiency of FMO-DFTB,
and a geometry optimization of a one-million-atom system could be successfully completed.

The first development is referred to as FMO-DFTB/PCM [2], which is the combination of
FMO-DFTB and the polarizable continuum model (PCM). Application of FMO-DFTB to some proteins
which usually have a lot of charged residues has been prohibited, because SCF convergence of dimers (and
trimers) has been poor without solvent effects. In this study, I developed the energy and its analytic gradient
of FMO-DFTB/PCM. The energy and its derivative can be implemented by following previous studies. Since
FMO is not a fully variational method, one has to compute the response of molecular orbitals (MOs) in
computing the analytic gradient. The response can be efficiently computed by solving the Z-vector equation
for each monomer self-consistently with respect to the auxiliary density on each monomer.

By comparing the MO diagrams

o . (A . (B)__. ) .
obtained with and without PCM, I found that -7 "~ =~ =7~
there is a large difference between the levels of T M N
the HOMO and the LUMO. In the computation — ) — ;i ) —H
in vacuum without PCM, the level of the 1A AL initial - N Aufbau [T

) _ N guess principle | T
HOMO of a monomer with a negative charge N Joa —
. 4e 2
tends to be high. In this case, the level of the /- de iJ: 8e /- Be
HOMO may be higher than that of the LUMO. fragments dimer J: 2e

If one performs a dimer SCF calculation by ) L ) . .
Fig. 1 A possible initial electronic configuration of a dimer

bining th Fig. 1(A)), th
combining these monomers (Fig. 1(A)), the without PCM.

HOMO of a fragment is higher than the LUMO
of another fragment. Here, /th and Jth fragments roughly corresponds to positively and negatively charged
fragments, respectively. In this case, electron transfer may occur between the two fragments, if electrons
occupy orbitals according to the building principle, and the electronic state may break down as a
consequence. If such a breakdown occurs, the accuracy may be extremely poor or the SCF cycle may not
converge. On the other hand, if PCM is employed, the reversal of the energy level does not occur, so there
are no such problems in the computation. Eventually, a geometry optimization for the bovine
chymotrypsinogen A (PDB ID: 2CGA) consisting of 3578 atoms could be completed.

Another development is the inclusion of the three-body effect, referred to as FMO3-DFTB [3]. The
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previous developments were limited to the two-body case (FMO?2), and the inclusion of the three-body effect
should be beneficial in improving the accuracy of FMO-DFTB. I could indeed verify this; for instance, there
was an error of 25.88 kcal/mol for the 2CGA protein with the conventional FMO2-DFTB/PCM<1>, while
the error was decreased to 7.71 kcal/mol with FMO3-DFTB/PCM<1>. However, the computational cost is

approximately four times more expensive.

I also performed molecular dynamics (MD) 8
simulations for Na'(H,0),7; and predicted the hydration g7 \ 4
number of the sodium cation. Because the positive g Br r", }F:\:SEE,F'E 1
charge should delocalize around Na’, FMO2-DFTB E 5 || II
which is not sufficiently take into account many body E ! f lf;_
effects may not describe the coordination structure 8 ° | ||;e__
around Na' correctly. FMO2-DFTB predicted a é 2l [F ' T/ﬂxivMH.ﬁhmM.«
hydration number of 8.6, while FMO3-DFTB which . ) N
1 ] 3 4 5 B 7 8

was developed in this study did that of 6.5. The value Na'-O Distance / A

obtained with 6.5 reasonably agrees with the hydration Fig. 2 Radial distribution function between
number predicted with other methodologies (5-6), and  \,*_(
in addition, it is also found that FMO2-DFTB highly overestimates the hydration number. Indeed,
FMO2-DFTB (the black line in Fig. 2) overestimates the first peek at around a Na'—O distance of 2.5 A,
compared with FMO3-DFTB (the red line in Fig. 2). In another comparison using a smaller system also revealed
that FMO3-DFTB reproduced the radial distribution function predicted by full DFTB (without fragmentation)
fairly well.

A collaboration study made it possible to calculate the second-order geometrical derivative of the total
energy within FMO-DFTB approximately [4]. A computation of the second-order geometrical derivative for a
system consisting of 1125 atoms ((H,0O)s75) with FMO-DFTB was 3465 times faster than the corresponding
computation without fragmentation. Eventually, it was possible to calculate the derivative for a system consisting
of 10,041 atoms. The evaluation itself took only 17.2 minutes using six CPU cores, but the normal mode analysis
(diagonalization of Hessian) took 262.4 minutes, and it is the bottleneck. Calculations for even larger systems is
somewhat challenging at the moment, because of large memory requirement; the computation for 10,041 atoms

required a total memory of 10.2 GB per core.

Development of Analytic Derivatives with Fractional Occupation Number

I also developed analytic derivatives with the fractional occupation number (FON). One problem in
the calculation for large extended systems is the steep increase of computational cost, but another problem is
the difficulty of SCF convergence because of a small HOMO-LUMO gap. The problem may be attributed to
the fact that the orbital occupation number is integer and may be avoided by employing the FON with
reasonable computational cost.

In computing second- and higher-order derivatives, coupled-perturbed (CP) equations are usually

solved. In the conventional CP equation, an explicit computation of dependent pairs (rotation within the fully
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occupied or unoccupied region) can be avoided, because the total energy is invariant to a rotation of MOs
within the diagonal blocks. It is thus possible to avoid the division by the difference of the orbital energies.
The difference between the orbital energy of two MOs in the off-diagonal blocks are usually large, so the
existence of degenerated orbitals are not problematic in solving CP equations. However, with FON, one
additionally has to consider the response term in partially occupied MOs. Since the denominator of the
response term is the difference between two orbital energies, the response term may be extremely large when
degenerated orbitals are partially occupied, and the convergence of CP equations may be challenging. In one
of the two studies [5], I solved the problem in the first-order CP equation and made it possible to compute
second-order geometrical derivatives analytically.

In the other study [6], I derived and implemented analytic third-order derivatives
(hyperpolarizability and polarizability derivative) with FON. With integer occupation, it is well know that
the analytic third-order derivative can be computed using first-order response terms by exploiting Wigner’s
2n+1 rule. Here, I derived that one with FON. I used the fact that the Lagrangian is stationary with respect to
the change of the MO coefticient and the occupation number. The expression obtained here can employ limit
values for small difference of orbital energies, so it is possible to compute third-order derivatives even with
degenerated orbitals. The derived equations for the density-functional tight-binding (DFTB) method were
implemented into GAMESS-US. By modifying the expression for the terms relevant to the two-electron
integral and exchange—correlation terms, it can be applicable to Hartree—Fock and DFT.

The developed method was applied to a series of zigzag-type graphene nanoribbon (ZGNR).
Non-resonance Raman spectra may be simulated by computing the polarizability derivative semi-numerically,
but spectra obtained in this way is very sensitive to the choice of electric field for a system with a small
HOMO-LUMO gap such as ZGNR. Moreover, we do not know an optimum electric field beforehand. By
computing the derivative analytically, I verified that it is possible to obtain non-resonance Raman spectra
that do not include numerical error.

Eventually, by exploiting the efficiency of DFTB, I performed a calculation with a ZGNR
consisting of 1012 atoms. By performing a parallel calculation using four E5-1650 v3 calculation node (24

CPU cores in total), a computation of energy, gradient, Hessian, dipole derivative, hyperpolarizability, and

Fig. 3 Non-resonance Raman activity spectra of ZGNRs
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polarizability derivative of the ZGNR finished in 7.55 hours. The scaling of the computation was 3.98 with
respect to the number of atoms. Eventually, the evolution of the non-resonance Raman activity spectrum for
the ZGNRs consisting of less than 1012 atoms can be simulated (Fig. 3). The evolution of the spectrum is
systematic. I expect that the developed method is useful in simulating infrared and non-resonance Raman

spectra of large extended systems.

References
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Shigeru Nagase

FIFC Research Fellow
1. Summary of the Research of the Year

(a) Formation Mechanisms of Graphitic-N: Oxygen Reduction and Nitrogen Doping of
Graphene Oxides

Deoxygenation and nitrogen-doping mechanisms of graphene oxides with participation of foreign
NH; molecules were investigated by density functional theory calculations. First, it was proved that
reduction on perfect graphene oxide without any structural defect is facilitated at high temperature, but the
following doping process is impracticable because of the huge energy requirement for C—C cleavage. To
elucidate the formation of hexagonal graphitic-N, we explored oxygen reduction and subsequent
nitrogen-doping processes on defective graphene oxides with single vacancies for the first time. All possible
reaction pathways were taken into account, and the results demonstrate that the formation of graphitic-N
from NH; and defective graphene oxides with one carbonyl or two hydroxyl groups is feasible in energy.
The dominant reaction route is found to be exothermic with a practical reaction rate of 2.26 x 106 s at

900 °C, which is in good agreement with experimental observations.

(b) D24(23)-Cs4 versus Sc;C,@D24(23)-Csy: Impact of Endohedral Sc,C, Doping on Chemical
Reactivity in the Photolysis of Diazirine

We compared the chemical reactivity of D,4(23)-Cgs and that of Sc,Co@D14(23)-Cg4, both having the
same carbon cage geometry, in the photolysis of 2-adamantane-2,3'-[3H]-diazirine, to clarify metal-atom
doping effects on the chemical reactivity of the carbon cage. Experimental and computational studies have
revealed that the chemical reactivity of the D,4(23)-Cgy4 carbon cage is altered drastically by endohedral
Sc,C, doping. The reaction of empty D,4(23)-Cgs with the diazirine under photoirradiation yields two
adamantylidene (Ad) adducts. NMR spectroscopic studies revealed that the major Ad monoadduct
(Cg4(Ad)-A) has a fulleroid structure and that the minor Ad monoadduct (Cgs(Ad)-B) has a
methanofullerene structure. The latter was also characterized using X-ray crystallography. Cgs(Ad)-A is
stable under photoirradiation, but it interconverted to Cgs(Ad)-B by heating at 80 °C. In contrast, the
reaction of endohedral Sc,C,@D,4(23)-Css with diazirine under photoirradiation affords four Ad
monoadducts (Sc,Co@Cgq(Ad)-A, Scr,Cr@Css(Ad)-B, ScrCr@Css(Ad)-C, and Scy,Cr@Css(Ad)-D). The
structure of Sc,Cr@Css(Ad)-C was characterized using X-ray crystallography. Thermal interconversion of
Sc,Cr@Csy(Ad)-A and  Sc,Co@Csy(Ad)-B to  Sc,Cro@Ciq(Ad)-C was also observed. The reaction
mechanisms of the Ad addition and thermal interconversion were elucidated from theoretical calculations.
Calculation results suggest that Cgi(Ad)-B and Sc,C,@Cgq(Ad)-C are thermodynamically favorable
products. Their different chemical reactivities derive from Sc,C, doping, which raises the HOMO and
LUMO levels of the D,4(23)-Cg4 carbon cage.
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(c) Molecular Location Sensing Approach by Anisotropic Magnetism of an Endohedral
Metallofullerene

Location recognition at the molecular scale provides valuable information about the nature of
functional molecular materials. This study presents a novel location sensing approach based on an
endohedral metallofullerene, Ce@Cs,, using its anisotropic magnetic properties, which lead to
temperature-dependent  paramagnetic  shifts in 'H NMR spectra. Five site-isomers of
Ce@Cs,CH,-3,5-C¢H3Me, were synthesized to demonstrate the spatial sensing ability of Ce@Cs,.
Single-crystal structures, absorption spectra, and density functional theory calculations were used to select
the plausible addition positions in the radical coupling reaction, which preferentially happens on the carbon
atoms with high electron density of the singly occupied molecular orbital (SOMO) and positive charge.
Temperature dependent NMR measurements demonstrated unique paramagnetic shifts of the 'H peaks,
which were derived from the anisotropic magnetism of the f-electron in the Ce atom of the isomers. It was
found that the magnetic anisotropy axes can be easily predicted by theoretical calculations. Further analysis
revealed that the temperature-dependent trend in the shifts is clearly predictable from the distance and
relative position of the proton from the Ce atom. Hence, the Ce-encapsulated metallofullerene Ce@Cg, can
provide spatial location information about nearby atoms through the temperature-dependent paramagnetic
shifts of its NMR signals. It can act as a molecular probe for location sensing by utilizing the anisotropic
magnetism of the encapsulated Ce atom. The potentially low toxicity and stability of the endohedral

fullerene would make Ce@Cs, suitable for applications in biology and material science.

(d) Stabilization of a Chlorinated *?***C¢:C,, Cage by Encapsulating Monometal Species:
Coordination between Metal and Double Hexagon-Condensed Pentalene

Carbon cages in endohedral and exohedral fullerene derivatives are usually different. A recent report
suggested that chlorofullerene CgsCly:Cs and endohedral metallofullerene (EMF) Sc,@Cge shared the same
cage "*Cg:Cyy, while it was denied by the definitive characterization of Sc,@Csg, Which actually
possesses the #0590 ¢6:Coy isomer. Here, we show that a “**¥Cg:Cay cage with a double hexagon-condensed
pentalene (DHCP) moiety, which was captured by exohedral chlorination, is also capable of being
stabilized by encapsulating tri- or divalent monometal (M) species. On the basis of density functional
theory calculations combined with statistical mechanics analyses, it was demonstrated that
#3980 6:Cay-based mono-EMFs M@C,,(4348)-C¢s (M = Tb, La, Y, and Yb) are the most stable and
predominant isomers at the fullerene formation temperature region, while another chlorinated cage

169 C¢6:Cs, featured with triple sequentially fused pentagon (TSFP) moiety, is less favorably obtained in the

form of EMFs, although these two cages can be interconverted by a simple Stone—Wales transformation.
The superiority of M@C,,(4348)-Cqs over M@Cy(4169)-Cgs comes from the stronger interaction of M—

DHCP over that of M—TSFP in both ionic and covalent bonding aspects. In addition, size-selective

complexation of host [n]cycloparaphenylene ([n]CPP) and Tb@C,,(4348)-Css was simulated, showing that
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[I0]JCPP exhibits the best affinity toward Tb@Csgs, which provides a new opportunity for isolation and

characterization of Ces-based mono-EMFs.

(e) Dispersion Forces, Disproportionation, and Stable High-Valent Late Transition Metal
Alkyls

The transition metal tetra- and trinorbornyl bromide complexes, M(nor)s;, Ni(nor);Br, and their
homolytic fragmentations (M = Fe, Co, Ni and nor = 1-bicyclo[2.2.1]hept-1-yl) were investigated
computationally using hybrid density functional theory (DFT) at the B3PW91 and dispersion-corrected
B3PWO91-D3 levels. Experimental structures were well replicated; the dispersion correction resulted in
shortened M-C bond lengths for the stable complexes, and it was found that Fe(nor), receives a remarkable
45.9 kcal/mol stabilization from the dispersion effects whereas the tetragonalized Co(nor), shows
stabilization of 38.3 kcal/mol. Ni(nor), was calculated to be highly tetragonalized with long Ni-C bonds,
providing a rationale for its current synthetic inaccessibility. Isodesmic exchange evaluation for Fe(nor),
confirmed that dispersion force attraction between norbornyl substituents is fundamental to the stability of

these species.

(f) A Dianionic Species with a Bond between pentacoordinated Sn Atoms: Bonding
Properties of the Sn-Sn bond

The first dianionic compound bearing a bond between two pentacoordinated tin atoms, a distannate,
was synthesized in a stable form by using two sets of an electron-withdrawing C,0O-bidentate ligand on each
tin atom. The structure of the distannate was determined by NMR spectroscopy and X-ray crystallographic
analysis. The Sn—Sn bond of the distannate was shown to be a single bond featuring high s-character. The
'J(Sn—Sn) coupling constant was larger than that of Sn(sp’)-Sn(sp’) bonds found in most
hexaorganodistannanes. This bond feature was also supported by computational studies. The Sn—Sn bond
was cleaved by treatment with hydrochloric acid, which shows a different reactivity to the homonuclear

bonds of pentacoordinated disilicates and digermanates.

(g) Other Research Subjects

(1) "Computed Relative Populations of D,(22)-Css Endohedrals with Encapsulated Monomeric and
Dimeric Water", (2) "Regioselective Multistep Reconstruction of Half-Saturated Zigzag Carbon
Nanotubes", (3) "Strong Electronic Coupling and Electron Transfer in a Ce,@1;,-Cgp-H,P Electron Donor
Acceptor Conjugate", (4) "ScsN@C(39715)-Csy: A Missing Isomer Linked to Sc;N@C,,(39718)-Cs, by a
Single Step Stone-Wales Transformation", (5) "Unconventional Electronic Structure and
Chlorination/Dechlorination Mechanisms of **''Cq,  Fullerene", (6) "Dispersion-Force-Assisted
Disproportionation: A Stable Two-Coordinate Copper (II) Complex", (7) "(774—Butadiene)Sn(0)
Complexes: A New Approach for Zero-Valent p-Block Elements Utilizing a Butadiene as a 4n-Electron

Donor ", (8) "Isolation and Ambident Reactivity of a Chlorogermylenoid", (9) "Synthesis of a
1-Aryl-2,2-chlorosily(phospha)silene Coordinated by an N-Heterocyclic Carbene", (10) "Tuning of the

Photoluminescence and Up-Conversion Photoluminescence Properties of Single-Walled Carbon Nanotubes
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by Chemical Functionalization", (11) "Thermal Stability of Oxidized Single-Walled Carbon Nanotubes:
Competitive Elimination and Decomposition Reaction Depending on their Degree of Functionalization"
(12) "Reaction of a Stable Digermyne with Acetylenes: Synthesis of a 1,2-Digermabenzene and a
1,4-Digermabarrelene”, (13) "The Unanticipated Dimerization of Ce@C,,(9)-Cs, upon Cocrystallization
with Ni(octaethyporphyrin) and Comparison with Monomeric M@C,,(9)-Cg, (M = La, Sc, and Y)"
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1. Summary of the research of 2016

The complex systems consisting of transition metal element(s), heavy main-group element(s), organic
group(s) are importnat research targets in wide areas of modern chemistry. Such complex systems 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 bonding nature, rich
molecular property, rich reactivity, and various catalyses. 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 the theoretical calculation. Another example is the significantly
large coupling of surrounding atmosphere (such as solvation effects, molecular crystal effects and so on)
with electronic structure.

Our group is theoretically investigating the complex systems bearing complicated electronic structure
with electronic structure theory. In 2016, we performed various theoretical studies, as follows: (i) CASPT2
study of inverse sandwich-type dinuclear 3d transition metal complexes with two different metal centers, (ii)
theoretical study of unusual solvation structure of water with Pt(Il) and Pd(II) complexes, (iii) theoretical
prediction of new catalysis of three-coordinate phosphorus compound, (iv) theoretical analysis of reaction
mechanism of Pd/Cu-cooperative catalysis in reductive cross-coupling of styrene and aryl bromides, (v)
theoretical study of para-selective alkylation of benzamides and aromatic ketones by cooperative
nickel/aluminum catalysis, and (vi) Activation of Strong Boron—Fluorine and Silicon—Fluorine c-Bonds:

Theoretical Understanding and Prediction. We wish to report some of them, below.

(i) CASPT2 study of inverse sandwich-type dinuclear 3d transition metal complexes with two different
metal centers

Spin multiplicities and coordination structures of dinitrogen-bridged hetero-dinuclear complexes of 3d
metals, (u-N2)[M1(AIP)][M2(AIP)] (AIPH = (Z)-1-amino-3-imino-prop-1-ene; M1, M2 = V(I) to Co(l)),
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Figure 1. Mn-Cr heterodinucler inverse sandwich complex with the highest spin multiplicity of dectet.
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were investigated with CASPT2 method. (u-N,)[V(AIP)][Cr(AIP)] has a low spin doublet (*B,) ground state
with an n’-side-on dinitrogen coordination structure but (u-N,)[Mn(AIP)][Fe(AIP)] has a high spin octet
(*A,) ground state with an n'-end-on coordination structure. These results are similar to those of the
homo-dinuclear Cr and Fe analogues, respectively. In (u-N,)[Cr(AIP)][M(AIP)] (M = Mn(I), Fe(I), or Co(I))
consisting of the early 3d metal (Cr) and late one (Mn to Co), on the other hand, we found characteristic
features in the geometry and the ground state electronic structure which are different from those of
homo-dinuclear analougues. The Cr-Mn complex has a high spin decets (‘’B;) ground state with an
n’-side-on structure. This decets state is the highest spin multiplicity in the dinuclear transition metal
complexes, to our knowledge. The A, state with a doublet spin multiplicity is moderately less stable than the
10B1 state. The optimized structures and the molecular orbitals indicate that the Cr atom strongly interacts
with the N2 moiety in the '°B; state but the Mn atom strongly interacts with the N2 moiety in the *A, state.
The Cr-Fe complex has a high spin nonet (°B;) ground state with an n>-side-on structure like the Cr-Mn
complex, but only the Cr-Co complex has a medium spin quartet *A, ground state with an n’-side-on
structure. The different ground electronic state of the Cr-Co complex arises from the presence of 3d orbital at
low energy. Based on these results, it is concluded that the geometry is determined by the Cr center but the
electronic structure and the spin multiplicity are determined by the combination of early and late 3d metals in

the dinitrogen-bridged hetero-dinuclear chelates of 3d metals.

(ii) Theoretical Study of unusual solvation structure of water with Pt(II) and Pd(II) complexes
Solvation of transition metal complexes with water has been one of the fundamental topics in physical
and coordination chemistry. In particular, Pt(Il) complexes have recently attracted considerable interest for
their relation to anticancer activity in cisplatin and its analogues, yet the interaction of the water molecule
and the metal center has been obscured. The challenge from a theoretical perspective remains that both the
microscopic solvation effect and the dynamical electron correlation (DEC) effect have to be treated
simultaneously in a reasonable manner. In this work we derive the analytical gradient for the

three-dimensional reference interaction site model Moller—Plesset second order (3D-RISM-MP2) free energy.

(a) trans-PtCl;NH3 (glycine) - Ho O (b) [Pt(NH3)4]2* - H, O
H-0 H-O
| hiﬂ’)" Hqu), H;_O:‘ -
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Figure 2. Micro-solvation structure of HyO with neutral Pt(II) and cationic Pt(II) complexes optimized by the
3D-RISM-SCF-MP2 method.

On the basis of the three-regions 3D-RISM self-consistent field (SCF) method recently proposed by us, we
apply a new layer of the Z-vector method to the CP-RISM equation as well as point-charge approximation to
the derivatives with respect to the density matrix elements in the RISM-CPHF equation to remarkably reduce
the computational cost. This method is applied to study the interaction of H,O with the d* square planar
transition metal complexes in aqueous solution, trans-[Pt"Cl,(NH;)(glycine)] (la), [Pt"(NHs)s*" (1b),
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[Pt"(CN)4]* (1c), and their Pd(IT) analogues 2a, 2b, and 2c, respectively, to elucidate whether the usual H,O
interaction through O atom (O-ahead mode) or unusual one through H atom (H-ahead mode) is stable in
these complexes. We find that the interaction energy of the coordinating water and the transition metal
complex changes little when switching from gas to aqueous phase, but the solvation free energy differs
remarkably between the two interaction modes, thereby affecting the relative stability of the H-ahead and
O-ahead modes. Particularly, in contrast to the expectation that the O-ahead mode is preferred due to the
presence of positive charges in 1b, the H-ahead mode is also found to be more stable. The O-ahead mode is
found to be more stable than the H-ahead one only in 2b. The energy decomposition analysis (EDA) at the
3D-RISM-MP2 level revealed that the O-ahead mode is stabilized by the electrostatic (ES) interaction,
whereas the H-ahead one is mainly stabilized by the DEC effect. The ES interaction is also responsible for
the difference between the Pd(Il) and Pt(Il) complexes; because the electrostatic potential is more negative
along the z-axis in the Pt(II) complex than in the Pd(II) one, the O-ahead mode prefers the Pd(Il) complexes,
whereas the H-ahead becomes predominant in the Pt(II) complexes.

(iii) Theoretical prediction of new transfer-hydrogenation catalysis of three-coordinate phosphorus
compound: Application to aldehyde and ketone
Catalysis of phosphorus compound 10-P-323,7-di(tert-butyl)-5-aza-2,8-dioxa-1-
phosphabicyclo[3.3.0]octa-2,4,6-triene 1P and its analogues in transfer hydrogenation of azobenzene with
ammonia-borane (NH3;BH;) was investigated using DFT, CCSD(T), and ONIOM(CCSD(T):MP2) methods,

to elucidate the electronic process of their reaction, to find a more active catalyst, and to broaden the
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element compound in general.

In the dehydrogenation reaction of NH;BH;, the approach of the B-H bonding MO to the P atom
induces an antibonding overlap with the P-O © MO and a bonding overlap with the P-O ©* MO. As a result,
the P atomic population decreases considerably in the early stage of the reaction, which corresponds to the
change in the phosphorus oxidation state from +I to +III. Orbital mixing of the ©* MO also engenders an
increase in the electron population of the (CH=CH)-Me moiety. Because of the importance of these orbital
mixings, the use of an electron-withdrawing substituent and conjugate C¢H4 group in the ONO ligand
enhances the activity for the dehydrogenation step. Simultaneously, the CT occurs from the P-O n MO to the
N-H o* MO of ammonia-borane to form the O—H bond. In the hydrogenation of azobenzene, the electronic
process is almost opposite to that of dehydrogenation.

The O—H bond energy of 40P is an important factor for determination of the catalyst activity. Acr—1P
is theoretically predicted to be much more active than 1P-tBu experimentally reported. This compound is
constructed by substituting two C¢Hy groups for the (CH=CH)R moieties on the ONO ligand and connecting
these C¢Hy groups with a CH, linkage. This Acr—1P has the best O—H bond strength for the catalysis. The
1P-like catalyst is useful for transfer hydrogenation of substrate bearing a polar double bond. Actually,
Acr—1P exhibits wide application scope as a catalyst in transfer hydrogenations of such substrates as
hexafluoroacetone, benzophenone, acetophenone, acetaldehyde, and acetone. Phosphorus compounds of this
type are interesting catalysts for transfer hydrogenation reactions of many substrates with ammonia-borane.

Further work to investigate a new reaction is in progress in our group.

(iv) Theoretical prediction of new transfer-hydrogenation catalysis of three-coordinate phosphorus
compound: Application to CO, Hydrogenation
The chemical conversion of carbon dioxide (CO,) to value-added chemicals and renewable energy is

an appealing strategy to address both the
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greenhouse effect and energy crisis issues.
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catalysts with the NNN ligand are more active than those with the ONO ligand and Acr—1NP is the best
catalyst theoretically designed here. The activi-ty of the catalyst was greatly improved by introducing planar
and the conjugate ligand. These results clearly demonstrate that the pincer-type phosphorus compound is a

new promising catalyst for the metal-free conversion of CO,.

(v) Theoretical analysis of reaction mechanism of Pd/Cu-cooperative catalysis in reductive
cross-coupling of styrene and aryl bromides

Transition metal catalyzed cross-coupling reactions of alkyl and alkenyl organometallic reagents
represent a powerful method for the alkylation and alkenylation, respectively, of organic electrophiles. The
hydrometallation of alkenes and alkynes is an atom-efficient and practical way to prepare alkyl and alkenyl
metal reagents, respectively, because a variety of main-group metal hydrides, alkenes, and alkynes are
readily available. However, these organometallic nucleophiles are usually presynthesized and often purified
prior to subsequent cross-coupling reactions, and such processes generally involve multistep operations.

Nakao and Semba and coworkers succeeded . D
cross-coupling reactions based on organometallic oePg Rowsk | & 'm' il . __)
nucleophiles generated by hydrometallation of Y —_ "% » e
alkenes and alkynes with a catalytic amount of 210
transition-metal hydrides in situ. B

The reaction mechanism has been unclear. .
One of the important steps is transmetallation; if == P ool
this transmetallation does not occur easily, the — M e
cross-coupling reaction is not successful. We T

) ) ] ) Figure 5. Changes in energy by transmetallation
investigated  this  transmetallation  between  petween Pd(IT)-phenyl and Cu(l)-alkyl species.

Pd(II)-phenyl and Cu(I)-alkyl complexes and found
that the transmetallation occurs with somewhat large activation barrier through inversion stereochemistry
around the sp’ carbon atom. It is of considerable interest to elucidate the reason why not the retention but

inversion transmetallation occurs in this case and what are determining factor(s).
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Table 1. Energetical stabilization

upon the ionization J\ ‘l >

Stabilization
LUMO
energy of
Species (rlgl‘;‘frlal t}%ey (a) k J J (b) Q
monoanionic J\ JQ
state)” stateL J ' Y ‘J
As,Sg  —2.702 46.17 i"
POB —0.502 11.32
POSS® -0.157 —11.51

Fig. 1 Molecular structures of caged shape:
(a) AssSs and (b) [HPO3BH]. (POB).

ain eV, Pin keal/mol, and R = H.
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LUMO+2 (a,) -1.013 eV
LUMO+1(t,) -2.702 eV
\_ LUMO (e) -3.027 eV

(a) HOMO (f1)—¢>-<1>— —<I>—<1>— —4)—(1)—-?.4?2ev

LUMO+1(f) -0.074 eV

LUMO (a) -0.502 eV
J//

HOMO(t)—(fb—CP— —dt)-cp— —Cb—(p—-s.?zsev

(b)

Fig. 2 Molecular-orbital energy diagrams of neutral (a) AsiSsand (b) POB. One of the
(LUMO+1)’s of the former changes into the SOMO of AssSs~ and the LUMO of the latter into
that of POB™. The MO patterns of those are also shown.
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Fig. 3 Concepts of soft-material electride consisting of polymer chain and AssSs or

POB™ element-block. (a) Catenated and (b) suspended types.

[3Z#K] 1) Y. Chujo and K. Tanaka, Bull. Chem. Soc. Jpn., 88, 633-643 (2015). 2) K. Tanaka, H. Fueno, and
K. Naka, Polym. Prep. Jpn., 63, 4546-4547 (2014). 3) HH—F%, H¥fHZ, &7 3 v 2 X, 51, 739-742
(2016). 4) J. Zapico, M. Shirai, R. Sugiura, N. Idota, H. Fueno, K. Tanaka, and Y. Sugahara, Chem. Lett., 46,
181-184 (2017). 5) Gaussian 09, Revision D.01, M. J. Frisch et al., Gaussian Inc., Wallingford, CT (2009).
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Kazuo Takatsuka

Research Leader

1. Summary of the research of the year

Synchronizing with rapid progress in cutting-edge experimental methodologies such as ultrafast and
intense pulse laser technology, we have been developing a basic framework of theoretical chemistry, which
we call the theory of nonadiabatic electron wavepacket dynamics, with an aim of applications to real-time
tracking of the coupled dynamics of electron and nuclear wavepakets within a molecule and to control of

chemical reactions based on insights thus attained.

(i) Lorentz-force-like multidimensional effects of nonadiabatic interactions that can mechanically
break the symmetric production of optical isomers [9]

The Longuett-Higgins (Berry) phase arising from nonadiabatic dynamics and the Aharonov-Bohm phase
associated with the dynamics of a charged particle in electromagnetic vector potential are well known to be
individually a manifestation of a class of the so-called geometrical phase. We have found and discussed
another similarity between the force working on a charged particle moving in a magnetic field, the Lorentz
force, and a force working on nuclei while passing across a region where they have a strong quantum
mechanical kinematic (nonadiabatic) coupling with electrons in a molecule. This kinematic force is indeed
akin to the Lorentz force in that its magnitude is proportional to the velocity of the relevant nuclei and works
in the direction perpendicular to its translational motion. Hence this Lorentz-like nonadiabatic force is
realized only in space of more or equal to three dimensions, thereby highlighting a truly multi-dimensional
effect of nonadiabatic interaction. We have investigated its physical significance qualitatively in the context
of breaking of molecular spatial symmetry, which is not seen otherwise without this force. This particular
symmetry-breaking is demonstrated in application to a coplanar collision between a planar molecule and an
atom sharing the same plane. It has been found that the atom is guided by this force to the direction out from
the plane, resulting in a configuration that distinguishes one side of the mirror plane from the other. This can

serve as a trigger for the dynamics towards molecular chirality.

(ii) Application of the nonadiabatic electron wavepacket theory to chemical reactions in excited states

ii-1) Chemistry beyond the notion of potential energy surface [4]

Following the previous study on nonadiabatic reaction dynamics including boron clusters [Yonehara and
Takatsuka, J. Chem. Phys. 137, 22A520 (2012) ], we explored deep into highly excited electronic states of
the singlet boron cluster (B[1[7) to find the characteristic features of the densely quasi-degenerate electronic
state manifold, which undergo extremely frequent nonadiabatic transitions and thereby intensive electronic

state mixing among very many of the relevant states. So much so, isolating the individual adiabatic states and
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tracking the expected potential energy surfaces both lose the physical sense. This domain of molecular
situation is far beyond the realm of the Born-Oppenheimer approximation. To survey such a violent
electronic state-mixing, we applied a method of nonadiabatic electron wavepacket dynamics, here actually
the semiclassical Ehrenfest method. We have tracked those electron wavepackets and found the electronic
state mixing looks like an ultrafast diffusion (actually, a fractional Brownian motion) in the Hilbert space,
which results in huge fluctuation in the electronic-state space. Furthermore, due to such a violent mixing, the
quantum phases associated with the electronic states are swiftly randomized, and consequently the coherence
among the electronic states are lost quickly. Besides, these highly excited states are mostly of highly
poly-radical nature, even in the spin singlet manifold and the number of radicals amounts up to 10 electrons
in the sense of unpaired electrons. Thus the electronic states are summarized to be poly-radical and
decoherent with huge fluctuation in shorter time scales of vibrational motions. The present numerical study
thus sets a theoretical foundation for unknown molecular properties and chemical reactivity of such densely

quasi-degenerate chemical species.

ii-2) Coupled proton and electron-wavepacket transfer (CPEWT) as a universal mechanism of charge
separation in organic and biological molecular systems [5,8]

We have proposed an excited-state mechanism of charge separation (proton-electron pair creation) relevant
to the photoinduced water-splitting reaction (2H. O — 4H* +4e” + O: ) catalyzed by Mn-H[JO systems.
The water splitting is conceived to be triggered by photoinduced charge separation, in which electrons are
detached from a proton in water. We here study the detailed mechanism of the charge separation by means of
the theory of nonadiabatic electron wavepacket dynamics, in which all the electrons and nuclei of the
molecules are considered. The mechanism has been examined in terms of simple model systems generally
expressed as X--Mn--OH[J---A, where X = (OH, Ca(OH)[]) and A = (N-methylformamidine, guanidine,
imidazole or ammonia cluster). We have found that both an electron and a proton are simultaneously
transferred from donor site to the acceptors through conical intersections. In this mechanism, the electron
takes different pathways from that of the proton and reach the Rydberg--like states of the acceptors, thereby
inducing charge separation. We have found another crucial nonadiabatic process that deteriorates the
efficiency of charge separation by rendering the created pair of proton and electron back to the originally
donor site through the states of d-d band originated from Mn atom. Repetition of this process gradually
annihilates the created pair of proton and electron in a way different from the usual charge recombination
process. We addressed this dynamics also by means of a path--branching representation. The dynamical roles
of doped Ca atom are also revealed, such as the change of the pathways of electron flow and reducing the

annihilation dynamics of proton-electron pair.

ii-3) Substituent effects on photoisomerization in polyene; which double-bond will be broken to a
single-bond in radiationless transition? [7]

Guided by a notion of symmetry-breaking modulation or control of the so-called symmetry allowed conical
intersection by shining laser pulses [Y. Arasaki et al. PCCP, 2010, 12, 1239], we have explored a possibility

of the modulation of the symmetry allowed conical intersection by chemical substitution with functional
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groups. As a first case study, we chose photoisomerization dynamics of s-trans-1,3-butadiene
HOC=CH-CH=CHD with one of the terminal hydrogen atom being replaced by -CF[]. The target here is not
the control of the rate of nonadiabatic transition but to know which one of the double bonds is more
frequently isomerized in the radiationless quenching process on the way back to the ground state. We have
analyzed when and how the symmetry is broken by tracking ab initio molecular dynamics paths, the
mean-field paths with use of the nonadiabatic electron wavepacket dynamics, and the associated

branching-paths.

(iii) Dynamics of ultrafast photoionozation and Auger process from electronic wavepacket states [10]
One of the critical difficulties in the present theory of molecular science is the lack of an appropriate
method to cope with ionization dynamics of polyatomic molecules, which is induced by multiphoton
electronic-state excitation due to pulse laser through wavepacket state or by electronic avalanche dynamics
(the Auger process) to fill up a hole laser-created in inner shells. We have proposed a practical theory for
dynamics of molecular photoionization from nonadiabatic electron wavepackets driven by intense pulse
lasers Herein theime evolution of photoelectron distribution is evaluated in terms of out-going electron flux
(current of the probability density of electrons) that has kinetic energy high enough to recede from the
molecular system. The relevant electron flux is in turn evaluated with the complex-valued electronic
wavefunctions that are time evolved in nonadiabatic electron wavepacket dynamics in laser fields. To
uniquely rebuild such wavefunctions with its electronic population being lost by ionization, we adopt the
complex-valued natural orbitals emerging from the electron density as building block of the total
wavefunction. The method has been implemented into a quantum chemistry code, which is based on
configuration state mixing for polyatomic molecules. Some of the practical aspects needed for its application
will be presented. As a first illustrative example, we show the results of hydrogen molecule and its isotope
substitutes (HD and DD), which are photoionized by a two-cycle pulse laser. Photon emission spectrum
associated with above threshold ionization is also shown. Another example is taken from photoionization
dynamics of a water molecule. Qualitatively significant effects of nonadiabatic interaction on the
photoelectron spectrum are demonstrated. Thus we have opened a gate to proceed into a new field of

chemical physics.

(iv) Ultrafast nuclear wavepacket dynamics driven by intense pulse lasers

iv-1) Creation of a novel molecular state created by an interplay between laser and nonadiabatic
interactions [1]

When a nonadiabatic system that has an ionic state (large dipole moment) and a covalent state (small dipole
moment) is located in a strong laser field, the crossing point of the two potential energy curves is forced to
oscillate due to the oscillating laser field and to meet wavepackets moving on the potential curves many
times. This leads to additional transitions between the two states, and under favorable conditions, the
wavepacket may be confined in a spatial region rich in nonadiabatic interaction. In this paper, taking the LiF

molecule system in a continuous-wave driving field as a prototypical example, the dynamical origins of the
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wavepacket confinement has been investigated. Identification of such new states that is not found in mother

nature will extend our realm of chemistry.

iv-2) Very characteristic photon emission induced by CW laser on molecules having intramolecular
electron transfer through nonadiabatic transitions [3,6]

We have proposed a theoretical principle to directly monitor the bifurcation of quantum wavepackets
passing through nonadiabatic regions of a molecule that is placed in intense continuous wave (CW) laser
fields. This idea makes use of the phenomenon of laser-driven photon emission from molecules that can
undergo nonadiabatic transitions between ionic and covalent potential energy surfaces like Li* F~ and LiF.
The resultant photon emission spectra are of anomalous yet characteristic frequency and intensity, if pumped
to an energy level in which the nonadiabatic region is accessible and placed in a CW laser field. The
proposed method is designed to take the time-frequency spectrogram with an appropriate time-window from
this photon emission to detect the time evolution of the frequency and intensity, which depend on the
dynamics and location of the relevant nuclear wavepackets. This method is specifically designed for the
study of dynamics in intense CW laser fields and is rather limited in scope than other techniques for
femtosecond chemical dynamics in vacuum. The following characteristic features of dynamics can be
mapped onto the spectrogram: (1) the period of driven vibrational motion (temporally confined vibrational
states in otherwise dissociative channels, the period and other states of which dramatically vary depending
on the CW driving lasers applied), (2) the existence of multiple nuclear wavepackets running individually on
the field-dressed potential energy surfaces, (3) the time-scale of coherent interaction between the nuclear
wavepackets running on ionic and covalent electronic states after their branching (the so-called coherence

time in the terminology of the theory of nonadiabatic interaction), and so on.

(v) Theory of embedding mechanics in statistical environment; real-time chemical dynamics in
statistically treated solvents [2]

We have proposed a basic theory to study real-time dynamics embedded in a large environment that is
treated with statistical method. In light of great progress in the molecular-level studies on time-resolved
spectroscopies, chemical reaction dynamics, and so on, not only in gas phase but in condensed phases like
liquid solvents and even in crowded environments in living cells, we need to bridge over a gap between
statistical mechanics and microscopic real-time dynamics. For instance, an analogy to gas-phase dynamics in
which molecules are driven by the gradient of the potential energy hyper-surfaces (PES) suggests that
particles in condensed phases should run on the free energy surface instead. Question is whether this
anticipation is correct. To answer it, we here propose a mixed dynamics and statistical representation to treat
chemical dynamics embedded in statistical ensemble. We first define entropy functional, which is a function
of the phase-space position of the dynamical subsystem, being dressed with statistical weights from the
statistical counterpart. We then consider the functionals of temperature, free energy, and chemical potential
as their extensions in statistical mechanics, through which one can clarify the relationship between real-time
microscopic dynamics and statistical quantities. As an illustrative example we show that molecules in the

dynamical subsystem should run on the free-energy functional surface, if and only if the spatial gradients of
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temperature functional are all zero. Otherwise, additional forces emerge from the gradient of the temperature
functional. Numerical demonstrations are presented in the very basic level of this theory of molecular
dissociation in atomic cluster solvent. This theory is being extended to treat nonadiabatic electron wavepaket

dynamics in statistical solvents.
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6. BTHEE

Takuya Saito

FIFC Fellow

1. Summary of the research of the year
Complementary mode analyses for sub- and superdiffusion

A tagged monomer of a polymer undergoes anomalous diffusion. Through the fluctuation-dissipation
relation, the diffusion is associated with a response. To verify the relation between the diffusion and response,
there are two typical protocols; (i) observing the position while pulling with the constant force, (ii) the
momentum transfer while pulling with the constant velocity (the momentum transfer is monitored by
integrating the force acting on the tagged monomer with respect to time). The generalized Langevin
equations with the power-law kernels describe those dynamics. The one kernel is converted into the other

with the Laplace transform so that the sum of the exponents for sub- and superdiffusion is constant value 2,

2 a 2 2—a
ie., <5Ax ) >~t , <5Ap ) >~t . This means that, if the one shows subdiffusion, the other does

invariably superdiffusion.

In the protocol (i) for the polymer, the tagged monomer shows the subdiffusion. The GLE generating
the subdiffusion is decomposed into equations of motion in mode space with the restoring force. On the other
hand, the superdiffusion is observed at the constant velocity protocol (ii). The mode analysis for the
subdiffusion is no longer applied to the superdiffusion, since the subdiffusion mode analysis generates the

subdiffusion, but not the superdiffusion even if tuning the exponents of the power law in the coefficients.

We then proposed the mode analysis for the superdiffusion. Equation of motion in the mode space for
the superdiffusion has the form of the underdamped

Langevin equation, which is derived by

Sorv investigating the decomposition of the kernel in the

* generalized Langevin equation. Superimposing the

modes, the GLE for the superdiffusion of the
momentum transfer is reproduced. In a similar way,
the numerical verifications suggested that the mode

Fig 1. Schematic representation of a polymer

in near-equilibrium state when weakly pulling analysis for the superdiffusion generates the

at constant force for velocity . superdiffusion, but not the subdiffusion.
The mode analyses for the sub- and

superdiffusion is complimentary, totally covering

the exponents range 0 <@ <2
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Nonequilibrium mode analyses for superdiffusion

The fluctuation-dissipation relation (FDR) is not ensured in the nonequilibrium condition. Indeed, the
FDR derivation was found in the polymer stretching at the constant force protocol, where the subdiffusion
was observed. The mode analysis for the subdiffusion can qualitatively describe the FDR derivation by
giving the Langevin equation for the stretching state, which has the form of the overdamped Langevin

equation with harmonic potential in the normal mode.

However, as clarified in the

forwy
=)

equilibrium mode analyses, the mode for
the subdiffusion cannot be applied to
dynamics for the superdiffusion and vice
versa. To describe superdiffusion in the
Fig 2. Schematic representation of a polymer in transient nonequilibrium, we then need the
stretching process. different approach and studying the
nonequilibrium mode analysis for the

superdiffusion.

First we performed the molecular
dynamics (MD) simulation for the polymer stretching at the constant velocity protocol. To achieve the
nonequilibrium, the operation velocity is set to be high. We established the plot of the normalized ratio of the
variance to the average momentum, which takes a value 2 if the FDR holds. The results show that (1) the
ratio almost retains the value 2 at the beginning, but (2) it goes upward and peaks, (3) it eventually turns
back to the value 2. This is interpreted by the following scenario: (1) the equilibrium modes are monitored
until the first blob forms. As a result, the FDR is maintained. (2) The transient nonequilibrium modes show
up and the ratio deviates from the value 2. (3) The center of mass mode dominates after the internal modes
relax. The FDR then finally recovers. To explain the simulation results, we discussed the mode analysis for

the superdiffusion.

Active diffusion driven by athermal noise

Besides the thermal noise, studying athermal noise could shed a new insight into the fluctuation in a
living cell. We then theoretically investigate the active diffusion driven by athermal noise. By introducing the
effective friction, we drive the scaling laws for the athermally driven system. In addition, in the presence of
the active noise, we discussed the various polymeric characteristics or situations, which include the

self-avoiding effect, hydrodynamic interactions, branching and the viscoelastic conditions.
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2. Original papers

(1) Takahiro Sakaue, and Takuya Saito,
“Active diffusion of model chromosomal loci driven by athermal noise’
Soft matter 13, 81(2017).

2

3. Presentation at academic conferences

(1) Takuya Saito and Takahiro Sakaue
“Fluctuations in driven polymer stretching with constant velocity”

Kakuma Campus, Kanazawa University, Ishikawa, Sep 16, 2017
4. Others
(1) Takuya Saito
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Mitsusuke Tarama

FIFC Fellow

1. Summary of the research of the year

Swinging motion of active deformable particles in Poiseuille flow

Active matter is an object that possesses machinery to convert potential energy to
kinetic energy and consequently exhibits movement by breaking symmetry. It is a broad
concept including both biological and artificial systems. Well-studied active particles are
rigid ones, which have prescribed undeformable shape, such as self-propelled camphor
particles and active colloids as well as microswimmers such as bacteria. There also exist
deformable active particles that change their shape during the active movement. Shape
deformation is of basic importance for living cells and micro-organisms like eukaryotes.
Besides, artificial active particles accompanied by shape deformation are realised in liquid
droplets and vesicles. For such active deformable particles, various dynamical states have
been obtained even for an isolated single self-propelled object. The theoretical study of such
active particles are briefly divided into two approaches. One is a detailed modeling of each
specific example, which enables us to clarify the mechanisms and the properties of the
system. Besides, since the examples of active particles range from biological to artificial
systems, it is also important to develop general descriptions to elucidate universal features
of miscellaneous active particles. We are interested in the latter aspect and have pushed
forwards the development of a general description of active deformable particles.

Although by breaking symmetry active particles achieve spontaneous motion, in most
practical situations this motion is influenced by the environment in various manners. Indeed
it is an interesting problem how active particles behave as a consequence of the interplay
between active motion and external stimuli. For active particles swimming in a fluid
environment the effect of the external flow field is crucial. A simple linear shear flow,
Poisueille flow, and swirl flow are characteristic flow profiles. Here we discuss the case of a
Poisueille flow, which often appears in a flow channel.

In particular, we are interested in the effect on deformable active particles such as
liquid droplets that self-propel due to Marangoni effect. Based on symmetry considerations,
we have derived a set of coupled nonlinear time-evolution equations that models active
deformable particles under an external flow field [1]. Here we considered the Poiseuille
flow profile of the form u = (uy(1-Y), 0), as sketched in Fig. 1(a). The effect of the boundary
walls placed at Y = +£1 are taken into account by a
soft repulsive potential and the hydrodynamic

interaction is omitted. For simplicity, we take into oY) ) ‘ €
consideration the lowest mode deformation, i.e., ;}W * A
the second-mode deformation which represents an .. u

elliptical (ellipsoidal in 3d) deformation, and we
confine ourselves to a two-dimensional space.
From symmetry, the particles tend to self-propel " X '--'-'

in either parallel or perpendicular direction with

respect to the longitudinal axis of the elliptical Fig. 1: Sketches of (a) the flow velocity u(Y) and
shape deformation, as sketched in Figs. 1(b) and vorticity W, the particles with (b) parallel and
1 Wi £ i h llel d (c) perpendicular configurations, and (d) the
(c). We refer to these cases as parallel an value of the angle ¢. This figure is reproduced

perpendicular particles, respectively. from Ref. [3].
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For the case of rigid active particles, or active
colloids, the dynamics in Poiseuille flow have been
studied in detail [2]. Z6ttl and Stark showed that both,
the circular active colloids and the slender elliptical
active colloids, that correspond to the parallel
particles, undergo swinging motion around the
centerline of the flow as well as tumbling motion. In
the limit of a rigid elliptical shape and in the over-
damped limit, our model is reduced to the one studied
by Zottl and Stark. Then, we solved the equations of
motion analytically. The solutions are characterized by
the vertical position Y to the streamline and the
direction of the active velocity ¢, as shown in Fig. 2.
See Fig. 1(d) for the definition of ¢. We found that the
parallel and perpendicular particles show qualitatively
the same dynamics. Namely, in both cases the particles
exhibit swinging motion around the centerline and
tumbling motion, which are displayed by the gray
solid lines and the black broken lines in Fig. 2. Those
solutions are divided by the separatrix plotted by the
blue solid line in Fig. 2.

When the active particle is deformable, the time-
evolution equations are too complicated to solve
analytically and therefore we integrated them
numerically [3]. We varied the strength of the self-
propulsion o and the external Poiseuille flow u,. We
found that the parallel and perpendicular particles
exhibit different dynamics. Note that, in the absence
of the external flow, there is a bifurcation from
straight motion to circular motion at a = a, [4].

First, we explain the motion of the parallel
particles. The results are summarized in the phase
diagram in Fig. 3(a). For 0 < a < o, these particles
showed swinging motion around the centreline for the
parameters indicated by the black open circles in Fig.
3(a). Although most swinging particles moved
downstream as depicted in Fig. 3(d), upstream
swinging motion was also found for a relatively small
flow velocity as shown in Fig. 3(c). For very small u,
as indicated by the pluses in Fig. 3(a), the particle
touched the confinement at Y = £1, as displayed in
Fig. 3(b). These solutions coexisted with tumbling

Fig. 2: The trajectories in the Y-¢ space of

the solutions of rigid active particles
with [(a)—(c)] the parallel configuration
and [(d)(f)] the perpendicular
configuration. The gray solid lines and
the black broken lines correspond to the
swinging motion around the centerline
and the tumbling motion, respectively,
which are separated by the separatrix
displayed by the dark gray solid line.
The flow velocity is chosen as ug = 0.25
for (a) and (d), 0.6 for (b) and (e), and 1
for (c) and (f). This figure is reproduced
from Ref. [3].

Fig. 3: Dynamics of parallel particles in the Poiseuille flow. (a) Dynamical phase diagram. (b)—(f) Characteristic real-
space trajectories of (b) bouncing motion between the two channel walls; (c) upstream swinging motion [dark gray
line] and bouncing motion against the wall with the shape oscillating around 8 = 0 [light gray line]; (d) downstream
swinging motion [dark gray line] and bouncing motion against the wall with the shape oscillating around the
diagonal direction [light gray line]; (e) cycloidal motion [dark gray line] and tumbling motion at the wall [light gray
line]; (f) bouncing motion with excursion to the middle of the channel. This figure is reproduced from Ref. [3].
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motion, as shown in Fig. 3(e), and two types of
bouncing motion, as in Figs. 3(¢) and 3(d), which were
obtained for the parameters indicated by the magenta
down triangles, pink wup triangles, and purple
diamonds in Fig. 3(a), respectively. For a > a, the
particles exhibited cycloidal motion, as shown in Fig.
3(e) for cyan dots in Fig. 3(a). At the orange crosses in
Fig. 3(a), the particle underwent bouncing motion
against one wall with an excursion to the middle of the . .
channel, as shown in Fig. 3(f).

Next, we discuss the motion of the perpendicular
particles. The results are summarized in the phase
diagram displayed in Fig. 4(a). In this case, swinging
motion was not observed. For a < o, the = &
perpendicular particles showed bouncing motion . .
between two walls as shown in Fig. 4(b), which were
obtained for the red plusses in Fig. 4(a). For large u,,
at the purple pentagons in Fig. 4(a), the particles
bounced against one wall as displayed in Fig. 4(c). .
Interestingly, for further increased wuy, the .

erpendicular particles exhibited straight motion alon
petp P g g Fig. 4: Dynamics of perpendicular particles

a streamline far from the channel walls as depicted in
Fig. 4(d). Such solution was observed at the blue
squares in Fig. 4(a). For a > a,, cycloidal motion and
tumbling motion are obtained, as shown in Fig. 4(e), at
the cyan dotes and at the magenta down triangles in
Fig. 4(a). At the orange cross in Fig. 4(a), the particle
bounced against the one wall with an excursion to the
middle of the channel, as shown in Fig. 4(f).

In summary, we investigated the dynamics of
active deformable particles in an external Poiseuille
flow. First, we clarified the relation of our model to
that of rigid active particles. Then, we studied the
dynamical modes that active deformable particles

in the Poiseuille flow. (a) Dynamical
phase diagram. (b)—(f) Characteristic
trajectories of each dynamical motion in
real space. (b) Bouncing between the
two channel walls; (c) Bouncing motion
against one of the two walls; (d)
Straight motion far from the channel
wall; (e) Cycloidal motion [dark gray
line] and tumbling motion at the wall
[light gray line]; (f) Bouncing against
the wall with an excursion to the middle
of the channel. This figure is
reproduced from Ref. [3].

exhibit by changing the strength of the external flow. We emphasized the difference between
the active particles that tend to self-propel parallel to the elliptical shape deformation and
those self-propelling perpendicularly. In particular, we found that the parallel particles
exhibit the swinging motion, whereas the perpendicular particles show a straight motion
along the stream line.

References:
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Masato Itami

FIFC Fellow

1. Summary of the research of the year

Universal Form of Stochastic Evolution for Slow Variables in Equilibrium Systems

The main purpose of the present work is to re-derive nonlinear, multiplicative Langevin equations for a
complete set of slow variables in equilibrium systems with particular emphasis of the separation of time
scales and a universal asymptotic form of the probability density for time-averaged fluxes. We first assume a
complete set of slow variables. Let Ty,e0 be the shortest time scale of the slow variables and Tyeo be the
largest time scale of the other dynamical variables. Then, from the separation of time scales Tiicro << Tmacro W€
can find At such that Tyicro << At << Tjero. This At plays two crucial roles in the derivation of the equation for
slow variables. First, because Tyicro << At, we can consider the central limit theorem for the time averaged
flux as a universal form of the asymptotic behavior of the transition probability of the slow variables during a
time interval At. The time reversibility in microscopic Hamiltonian systems provides a restriction on the
transition probability. Second, because At << T,,cro, this universal form of the transition probability leads to
the path integral form of a stochastic system. This stochastic system is nothing but the nonlinear,
multiplicative Langevin equations. This concept is quite natural and general. Indeed, one can interpret the
arguments of Onsager and Green through this concept. Nevertheless, as far as we know, there is no explicit
presentation of the derivation of the nonlinear, multiplicative Langevin equations with the universal
asymptotic form of the probability density for time-averaged fluxes and the path integral formulation under
Timicro << At << Tpacro. We thus expect that this result will be instructive for understanding the universal form,
and will also be useful for deriving the equation for slow variables even in systems out of equilibrium.

Here, we point out the difference between our and previous approaches. Our final goal is to establish a
firm connection between a Langevin equation and a microscopic mechanical system. The previous studies
using a projection operator method or a nonequilibrium statistical operator method have the same motivation
as ours. Their methods use some physical approximation (such as a markovian approximation) just before
obtaining a Langevin equation. The validity of the approximation depends on observation time scales and
details of a system, and their formulation is based on only an identity, which is useful but far from a physical
principle. Thus, their assumptions are out of scope of the theories. Then, we aim to achieve our goal with
physical principles. From this motivation, we use the central limit theorem with the separation of time scales
for connecting a microscopic mechanical and mesoscopic stochastic description in a mathematically and
physically clear way. This work also differs from another type of derivation of the Langevin equation on the
basis of arguments within stochastic processes. Their derivation is self-contained and elegant, but arguments
relating to microscopic descriptions are out of scope of their theory. As a technical remark, we note that they
used the Kolmogorov forward and backward equations for restricting the form of the Langevin equation by

imposing a detailed balance condition, while we directly use the transition probabilities. Although we do not
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completely achieve our aim, we believe that it is important to show the outline of our approach even without
a rigorous proof. Our approach is not simply another derivation of known results, but provides a new

direction of future studies.

Setup and basic concept

We consider fluctuations of a system in equilibrium. There is a special set of variables whose time
scales are well separated from those of the other dynamical degrees of freedom. We refer to such a set as a
complete set of slow variables and denote it by X = (X1,X?,...,X"). For simplicity, we assume that the
Hamiltonian of the microscopic mechanical system is symmetric with respect to the time-reversal operation.
For such a system, the probability density of X is denoted by P.q(X) = exp[S(X)]/Z, where Z is the
normalization constant, and S(X*) = S(X) for the time reversal X* of X. The physical interpretation of S
depends on the system being studied. For example, S(X) corresponds to entropy when thermodynamic
fluctuations in an isolated system are considered. For other cases, S(X) should be read from the form of the
stationary distribution. Suppose that the system is in equilibrium. We then expect that the time evolution of
X can be described by a Langevin equation.

On the basis of a microscopic mechanical description, we can define the conditional probability density
of X = X¢ at time t, denoted by P,(X¢|X;), provided that X = X; at time 0. There are two important
properties of this probability density. First, following the central limit theorem, we assume the Gaussian form

of form of the probability density for the time averaged flux written as (X, — X)/At. The result is given by

1
 J@raoN detL(Xy)

x!-x/
Py (X¢lX;) A—t_]](xi)

A g Xt—xi
exp —Ztizj:(L‘l)”(Xi) [f—ll(xi)] , (D

where J! is the most probable value of the time averaged flux, and 2LY is the dispersion matrix. We
assume that the matrix L = (L) is positive definite. Second, from the reversibility of microscopic
Hamiltonian systems, we can obtain

Ppe (X¢|Xi)Pog (Xi) = Pae (X{1XE) Pog (Xp). (2)
Then, by substituting (1) into (2), we obtain a possible form of J!(X) and a symmetry property of L. For
convenience, we denote X* by eX = (e'X',€2X?,...,eNXN), where el =+1or—1 for X'. We
decompose Ji(X) into two parts, J{(X) = Jley(X) +J5(X) with [l (X) =[J{(X) — €YJ1(X*)]/2 and
Jier(X) =[J'(X) + €/J1(X*)]/2, which satisfy Jiey(X*) = —€'Jley(X) and Ji (X*) = €'J},(X). We also
define the matrix Ly = (L) by LY(X) = e'e/LY(X*). Note that det L1(X) = detL(X").

Results
Direct substitution of (1) into (2) would result in a complicated form, so we use a trick. Using the
relations between different discretization schemes in a path integral formulation as first derived by Wissel,

we can rewrite (1) in terms of X, = (X; + X¢)/2 as
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Pac (Xe1X) - Ty i )[Xfi_xii e X X/
i) = exp|—— —
T JGnao det k) | 4+ 4 L4 ™| 4
i i ij
— Xh —  0Xj, ~ 0X1,0Xp,
with
. . . ALY (X)
]l(X) =]rl'ev(X) +]ilrr(X) - . axJ
]
Substituting this into (2) with P, (X) = exp[S(X)]/Z, we obtain
0= 25 1yt [F 2 | [ ok,
4 L maf At S X At S Xm
i,j
At T xi—-xi X —x/ iy (Xm)
—— 1 L_Ji f i ZJreviim/
4 Z(LT ) (Xm)[ At ]T(Xm) At ]T(Xm) +At2 aXrln
L] 13
At 1. detL(Xy) Xt — X' os(X,,)

D [L9(Xp) — LI (Xm)] + > log

— ,(3)
4 = 0x50X,,

— <1+ A4t -
det Lt(Xp,) i At 0Xt,

aLL(X)
oxJ ’

X{~X{ 9S(Xm)
At AXk

where f%(X) = Jloe(X) —]iirr(X) +2; and we have used S(Xp) —S(X;) =4tY; +

0 ((Xfl —Xii)z). Note that the O((Xfi —Xii)z) terms in (3) are irrelevant in the limit At/Tyacr0 — 0.

Because (3) holds for any Xfi —Xii and X!, comparing the quadratic terms in Xfi —Xii in (3) yields
LY(X) = Lfrj (X). Comparing the first terms in X} — X! in (3), we also have

. . 9S(X ALY (X
o) = > 10 B N LD,

J J
which is called the fluctuation dissipation relation of the second kind. Comparing the zero-order terms in

X! — X} in (3), we finally obtain Zi% []riev(X)Peq (X)].

Now we go back to (1). This is interpreted as the transition probability for the discrete time Langevin

equation. By taking the limit At/Tpacr0 — 0, We obtain

i

dx . . 0S(x oLY (X » .
a0+ Y WS S D N
] J ]

)¢

where [Y(X) satisfies LY(X) =%Zklik(X)ljk(X), &' is the zero-mean Gaussian white noise with

covariance (£'(t)&/(s)) = 8Y5(t —s), and - denotes multiplication with the Ito rule. The form of this

equation is universal and equivalent to that obtained by Green.
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Shunsuke Yabunaka

FIFC Fellow

1. Summary of the research of the year

Dynamics of electric double layers in the presence of selective solvation effects

Structure formation due to ions plays an important role in dynamics of biomaterials, such as proteins, and
soft materials such as colloidal suspensions. There have been many theoretical studies on this topic
without taking into account ion-solvent interactions and physical significance of ion-solvent interaction
remains still elusive.

In liquid water, small metallic ions are surrounded by several water molecules to form a hydration shell
due to the ion-dipole interaction. As a result, such ions are strongly hydrophilic. On the other hand, some
ions are strongly hydrophobic. As an example, tetraphenylborate BPh4- with an 0.9nm has four phenyl
rings and, due to its large size, it deforms hydrogen bonding, leading to strong hydrophobicity.

Fig. 1 Calculated profiles of ions (left),
composition of polar component (middle)
and electric potential (right) around the
metallic wall with positive (top) and

negative (bottom) surface charge.

I considered a mixture solvent (water-oil) with hydrophilic and hydrophobic ions near a charged metal
wall in collaboration with Prof. Onuki (Kyoto University) (A. Onuki, S. Yabunaka, T. Araki and R.
Okamoto, Current Opinion in Collioid Interface Science (2016)). Assuming that the system is uniform
parallel to the wall, it reduces to a one-dimensional problem. I calculated equilibrium profiles of ion
concentrations and composition as shown in Fig.1.

After completing this paper, we found that the surface voltage generally behaves as a nonmonotonous
function of the surface charge due to the inversion of the electric double layer near the wall. This behavior
indicates thermodynamic instability of laterally uniform one-dimensional solution. The simplest possible
situation is illustrated in Fig. 1. We actually calculated 2 dimensional coexistence profile of two kinds of

electric double layers (S. Yabunaka and A. Onuki submitted).
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Collective motion of fluid droplets under chemical reaction

Recently, collective motion of self-propelled particles has attracted much attention because such system may
describe some universal features in collective motion of several biological systems, such as herd of animals,
fish school etc. However, in theoretical studies, the self-propulsion and the interaction between droplets are
introduced phenomenologically without deriving them from hydrodynamic equations.

As a first step toward understanding of collective motion, in collaboration with Dr. Yoshinaga, I
theoretically derived the interaction between two self-propelling droplets (S. Yabunaka and N.
Yoshinaga, Journal of Fluid Mechanics (2016)). As shown in Fig. 3, there are two contributions: (1)
the hydrodynamic interaction due to the flow field and (2) the concentration-mediated interaction

due to the overlap between the cloud-like profiles of the third component.

Fig. 3 Schematic explanations of the
hydrodynamic interaction (Left) and the
concentration-mediated interaction

(Right)

Continuum theory of growing tissues

Cellular tissues are soft viscoelastic materials, similar to conventional soft materials.
However there are several striking differences between tissues and conventional soft
materials: (a) Cells generate active contractile forces consuming energy. (b) Cell
motility. (c) Cell polarity. (d) Cell proliferation and death. To investigate properties of
such active materials is of paramount importance not only for fundamental science but
also for medical applications such as controlling organ formation in vitro, wound
healing and cure for cancer etc.

However, there had been no continuum theory for tissues that takes the features (a-d)

—100 —
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into account. Recently, I constructed hydrodynamic equation describing (a-d) for
tissues in one-dimensional space with Dr. Philippe Marcq (Curie Institute) (S.
Yabunaka and P. Marcq, submitted). We applied the framework of active gel theory,
which has succeeded in describing several biomaterials such as motility assays, to
tissues. In this paper, we calculated tissue growth speed by taking into account a
coupling between stress and growth rate and we showed that this coupling can lead to
significant increase of the front velocity near the stability threshold of the bulk uniform
state. We also examined emergence of mechanical wave, which has been observed in
many experiments (for example X. Serra-Picamal Nature Physics 2012). We found that

mechanical wave appears via Hopf bifurcation above threshold of active parameters.
2. Original papers
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“Structure formation due to antagonistic salts”
Current Opinion in Collioid Interface Science Volume 22, April 2016, Pages 59—64
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1. Summary of the research of the year 2016

a) Dynamic heterogeneities and non-Gaussian behavior in two-dimensional randomly
confined colloidal fluids

Slow relaxation phenomena are often linked to the appearance of a diverging length
scale. While for the arrest of particles in glass-forming fluids the relevance of a divergent
length scale is a highly controversial issue, the existence of such a length scale is obvious if
the slowing down of the relaxation dynamics is associated with an underlying continuous
phase transition, such as, e.g., the critical point of a liquid-gas transition or a percolation
transition.

A paradigm for slow relaxation in combination with a percolation transition is the Lo-
rentz gas where a single tracer particle moves through the free volume provided by an disor-
dered matrix of obstacles. If the density of obstacles is sufficiently high the tracer does not find
any percolating path through the system and is thus localized in a finite volume. At the perco-
lation transition of the free volume, where the tracer particle exhibits a localization transition
from a delocalized to a localized state, the tracer particle probes the fractal structure of the
free volume. This is associated with an anomalous diffusion dynamics, as reflected in a sublin-
ear growth of the mean-squared displacement (MSD). Generalizations of the Lorentz model,
for instance with many interacting particles, soft interaction potentials, or correlated matrix
structures, have been investigated in both simulation and theory.

a c

{]I.Q Matnr rag {3. Line 8

(®) * - 28
T .
C4

1o &

7: c3 Lire !

= o

LT :
- . Limne

10 oo
0 0 o o 00 0.1 02 D3 04 DS 085

¥ ) oy

Fig. 1 (a) Schematic of the experiment, a binary system of small and large particles confined between
two glass slides (particle diameters to scale). The large particles support the top slide. The magnetic
field B tunes the effective interaction between the particles. (b) Mean-squared displacement for the flu-
id particles in a very dilute cell. A dashed line indicating diffusive behavior, §22(d ~ ¢, is shown as a
guide to the eye. (c) State diagram for the effective area fractions of the fluid (gr ) vs the matrix parti-
cles (pw). (d) Snapshot of the system at state point L1P6 in a quadrant of size 214 X 171 pm.
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The original classical Lorentz-gas model assumes Newtonian dynamics for the tracer
particle and a hard-sphere potential for its interaction with the obstacles. Here, the “energy
barriers” that the tracer sees when it travels through the arrangement of obstacles are infi-
nitely high. However, in a modified model with soft interactions between the tracer and the
obstacles this is no longer the case and the effective barrier height provided by the obstacles
depends on the energy of the tracer particle. Thus, for a given obstacle configuration, the effec-
tive free volume that the tracer can explore is strongly correlated with its energy.

As shown in a series of molecular dynamics (MD) simulations [1], in an ideal gas of trac-
er particles in a random arrangement of soft obstacles each particle sees a different percola-
tion transition of the free volume according to the kinetic energy that has been assigned ini-
tially to each of the tracer particles. As a consequence, quantities like the self-diffusion coeffi-
cient, which have to be averaged over all particles, do not show the singular behavior expected
at the localization transition. Instead, all quantities exhibit nonuniversal behavior: the transi-
tion is rounded. Only if a special average over tracer particles with the same energy is per-
formed, a sharp transition as in the hard-sphere Lorentz gas is recovered. These results sug-
gest that the rounding of the transition is a generic feature of realistic, soft systems. The het-
erogeneous structure of the matrix leads to heterogeneous or non-Gaussian dynamics, as ex-
emplified by the anomalous diffusion at the localization transition and other signatures such
as a large non-Gaussian parameter. The non-Gaussian parameter is often used to characterize
dynamical heterogeneities and in the Lorentz model has a weak divergence at the localization
transition In a soft system, in which each particle sees a different matrix structure according
to its energy, it can be expected that the dynamics are even more heterogeneous. However, the
connection between this rounding of the transition in a soft heterogeneous medium and its
dynamical heterogeneities has not been explored, yet.

Recently, we have presented an experimental realization of a two-dimensional (2D) Lo-
rentz-gas-like system [2], see also Fig. 1. It consists of a binary mixture of superparamagnetic
colloidal particles confined between two glass plates such that the larger colloidal particles are
immobilized and the smaller particles can move through the matrix formed by the larger ones.
In this experiment, the effective size of the particles is varied by exposing the particles to an
external magnetic field that induces magnetic dipoles in the particles, leading to a repulsive
773 interaction between them (here r is the distance between two particles). By varying the
strength of the external magnetic field, the effective density of the matrix is changed while the
structure of the matrix remains unaffected. We have demonstrated that the tracer particles,
1.e., the smaller particles, exhibit a transition from a delocalized state at low effective matrix
densities to a localized state at high matrix densities [2]. This transition is rounded because
the energy of the Brownian particles is a fluctuating quantity and, due to the soft 73 interac-
tion with the obstacles, the barriers seen by the tracers are not infinitely high as for hard in-
teractions.

We discuss generic features of the structure and dynamics in heterogeneous media by
comparing the results of colloidal experiments and MD simulations. First, we qualitatively
characterize the tracer dynamics by calculating the single-particle probability distributions
and discuss the structure of the matrix and fluid particles in terms of the partial pair distribu-
tion functions. We then show that around the transition from a delocalized to a localized state,
the dynamics of the tracer particles in both simulation and experiment exhibit strong dynamic
heterogeneities that are associated with strong non-Gaussian fluctuations. To this end, we
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@) .. provide a detailed analysis of simulation
and experiment in terms of the self-part of
the intermediate scattering function
(SISF), Fiq,0, the mean-quartic displace-
ment (MQD), 674(9, and the non-Gaussian
parameter (NGP), a2(9), thereby extending

a3

" ' upon our previous work [2]. We find that a
large fraction of particles can already be

®) °r ‘ localized while the MSD still appears diffu-
‘T~ - sive. While this heterogeneity is typical for
o the Lorentz gas, we find it to be enhanced
when the artificial constraint of assigning

panrees ---_~-=a#-¥'-;---';--";—;"'.‘ T the same energy to all particles in the sim-
ulation is removed. As a consequence, the
, e ' rounded delocalized-to-localized transition
(€) .. r R— of the tracer particles is associated with a
Contad o pas / ! strong increase of @2(#) on rather small and

.- g intermediate time scales, whereas the a? of
/ the Lorentz gas indicates only small devia-

= tions from Gaussian behavior, see Fig. 2.

_______.--—-"'_';"F = 1 This strong increase of a2(?) is found in the

10 1w W w 1w 1 experiment as well.

Fig. 2 Non-Gaussian parameter o2(# for the ex-
periment (a), and for the simulation in the (b)
single-energy and (c) confined-ideal-gas cases.
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b) Collective motion of cells crawling on a substrate

Directional collective motion of cells is of fundamental importance for embryogenesis, wound healing
and tumor invasion. Cells move in clusters, strands or sheets to cover empty area, to grow or invade tissues.
How the cells coordinate and control their motion, is the subject of ongoing research. At the level of a single
cell, it is well established that its motion is intricately linked to its shape. The shape of crawling cells is high-
ly variable, depending on the type of cell, the substrate, as well as a result of the migration process itself.
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Fig. 3 (a) Schematic of the cell
model. (b) Forces acting on the
two disks being at distance rur.

Fig. 4 Snapshots of CIL and no-
CIL cells for a range of cell
shapes. Cell velocities are given
as arrows and color. Hue indi-
cates deviation from average di-
rection, and slower cells are
lighter in color. The cells undergo
a transition from a cluster-
ing/disordered state to an or-
dered state upon change of the
cell shape.

When a cell starts moving, its shape breaks symmetry, whereas circular cells typically cannot move. While

there is evidence that shape has a strong influence on scattering and can lead to clustering and collective di-

rected motion of swimmers, less is known about the role of cell shape in organizing collective crawling. It

has been shown in simulations that inelastic collisions between crawling cells, e.g. due to deformation, can

lead to coherent migration, suggesting the importance of deformability for collective behavior. When crawl-

ing cells come into contact, it inhibits their protrusions, which tends to change their shape and reorient them.
It was shown that this effect, called contact inhibition of locomotion (CIL), enables cells to follow chemical

gradients more effectively by aligning them. In growing colonies, CIL leads to a slowing down of the motili-

ty of individual cells when the density of their environment crosses a certain threshold. Thus, CIL is believed

to play a crucial role in the control of collective tissue migration, tissue growth, morphogenesis, wound heal-

ing and in tumors. So, we built a minimal, mechanical model of cells crawling on a substrate, aiming to iso-

late behavior purely caused by the interplay of contact inhibition and deformable shape, while neglecting

properties such as cell-cell adhesion or chemotaxis.

By mimicking the mechanical motion of cells crawling on a substrate using a pseudopod, we con-

structed a minimal model for migrating cells which gives rise to contact inhibition of locomotion (CIL) natu-

rally. The model cell consists of two disks, one in the front (a pseudopod) and the other one in the back (cell
body), connected by a finitely extensible spring, see Fig. 3. Despite the simplicity of the model, the cells’
collective behavior is highly nontrivial, depending on the shape of cells and whether CIL is enabled or not.

Cells with a small front disk (i.e. a narrow pseudopod) form immobile colonies. In contrast, cells with a large

front disk (i.e. such as a lamellipodium) exhibit coherent migration without any explicit alignment mecha-
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nism being present in the model, see Fig. 4. This suggests that crawling cells often exhibit broad fronts be-
cause it helps them align.

2. Original papers
(1) S. K. Schnyder, T. O. E. Skinner, A. Thorneywork, D. G. A. L. Aarts, J. Horbach, R.
P. A. Dullens, “Dynamic heterogeneities and non-Gaussian behaviour in 2D randomly con-
fined colloidal fluids”, Physical Review E (2017).

3. Presentations at academic conferences
(1) Simon K. Schnyder, John J. Molina, Ryoichi Yamamoto, “Collective dynamics of

migrating cells”, Workshop, Fukuoka, January 2017.

4. Others
(1) Seminar, Simon K. Schnyder, John J. Molina, Ryoichi Yamamoto, “Collective dy-

namics of migrating cells”, R Lab, Nonlinear Physics Group, University of Nagoya, May
2016.
(2) Talk, Simon K. Schnyder, John J. Molina, Ryoichi Yamamoto, “Collective dynamics

of migrating cells”, Summer School: Active Complex Matter, Cargese, Corsica Island,
France, July 2016.
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Miho Isegawa

FIFC Fellow

1. Summary of the research of the year

Copper-catalyzed Enantioselective Boron Conjugate Addition: DFT and AFIR Study
on Different Selectivities of Cu(I) and Cu(Il) Catalysts

We present a mechanistic survey on the LCu-catalyzed (L = chiral 2,2'-bipyridine ligand)
enantioselective boron conjugate addition reaction, carried out using density functional theory (DFT) and the
artificial force induced reaction (AFIR) methods. The computed catalytic cycle for Cu(I)- and Cu(Il)-based
catalysts consists of three steps: (a) boron—boron bond cleavage of B,(pin),, (b) boron conjugate addition on
the f-carbon of chalcone, and (c) protonation. The enantioselectivity of the reaction with LCu(I) or LCu(II)
catalysts is solely governed at the boron conjugate addition step. The multicomponent (MC)-AFIR search
and the subsequent DFT calculations for the LCu(I) catalyst determined transition states (TSs), which lead to
Cu(I)-O-enolate and Cu(I)-C-enolate, and both equally contribute to the C—B bond formation with no
enantioselectivity. On the other hand, a MC-AFIR search and the subsequent DFT calculations for the
analogous LCu(Il) catalyst showed that only the transition state (TS) leading to Cu(Il)-O-enolate contributes
to the reaction. Furthermore, the TSs leading to the R- and S-forms of Cu(Il)-O-enolates are energetically
well separated, with the R-form being of lower energy, which is consistent with experimental observations.
Our study provides important mechanistic insights for designing transition metal catalysts for Cu-catalyzed

enantioselective boron conjugate addition reaction.
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Hydride Attack in Dioxygen Activation by a Biomimetic Model for Oxygen-Tolerant [NiFe]
Hydrogenase: A Density Functional Study for the Reaction Mechanism

The mechanism for the

dioxygen activation by a biomimetic model

complex of O,-tolerant

[NiFe]-hydrogenase, [NiLFe(n’-CsMes)]” [L=N, N’-diethyl-3,7,-diazabiomimnonate-1,9-dithiolato] was
established by using density functional theory (DFT) and artificial force induced reaction (AFIR) method.

Particularly, the AFIR method was
employed by combining DFT for
obtaining “approximate” transition state
structures. Our computational results
suggests that the dioxygen activation is
initiated by O, binding to the electron
rich Fe(Il) center in end-on fashion.
Then reduction of O, coordinated
complex occurs in the presence of
strong acid of BH,, through hydride

transfer. Once the

hydride transfer

occurs, the BH; immediately attacks on
the electron rich oxygen, giving rise to
BH3;OH". The mechanistic insights of the
O, activation in this study are important in
the of the

O,-tolerant hydrogenase and developing

interpreting mechanism

(@)
)
[
X TE-DEY
48
— ) 3
., - . 138 oy S e TR
e g
:
— " £ —_— )
- 0
a0 3 . .
s o 4
[t ]
S S
- S

Pyt 1rErater 1 Hydride Tasaler 7

1 02
= 401 92 01 02 02 92
. | = Q ! e ouR & 01,92 s 0102 oty
- Al ¥ - -
& ey | v o .g bty ol 1
o % t 15 o St % e e i T i-
o k 4 " k 3
X-ray "Claigeon "C2ungon "Candon 3Cligeon *C2uriage 3Cancon
AA G=0.00 AL G=427 MM G=592 AL G=15.11 AL G=7.46 AL G= 585
R(Ni-Fe) = 3.05 R(Ni-Fe) = 3.28 R(Ni-Fe) = 3.22 R(Ni-Fe) = 3.28 R(Ni-Fe) = 3.10 R(Ni-Fe) = 3.04 R(Ni-Fe) =3.17
R(Ni-01) = 3.30 R(Ni-O1) = 3.64 R(Ni-O1) = 2.87 R(Ni-01) =322 R(Ni-O1)=3.44 R(Ni-01)=1.99 R(Ni-01)=3.13
R(Ni-02) = 3.22 R(Ni-02)= 364  R(Ni-02)= 340  R(Ni-02)=448  R(N-02)=3.45  R(Ni-02)=2.83  R(Ni-02)=3.90
R(Fe-01) = 1.89 R(Fe-01)=188  R(Fe-01)=274  R(Fe-O1)=180  R(Fe-01)=1.88  R(Fe-O1)=271  R(Fe-O1)=1.81
R(Fe-02) = 1.89 R(Fe-02)=188  R(Fe-02)=174  R(Fe-02)=278  R(Fe-02)=188  R(Fe-02)=175  R(Fe-02)=289
R(01-02) = 1.38 R(01-02) = 1.40 R(01-02) = 1.34 R(01-02)=1.33  R(01-02)=1.41 R(01-02) = 1.37 R(01-02)=1.33
biFgr000 P oa0 £ (ND =001 PN = 1.36 p(N)=143 £ (N) =000
Fe) =-0.62 Fe)=-0.27 (Fe)=-0.42 Fe)=1.30
01)=0.00 01)=-020 ol o 14 p(Fe)=1.
P(O1) p(01) (01)=031 - - N
£ 102)=000 002011 P p(01)=-001 p(01)=031 p(01)=041
p(02)=0.18 p(02)= -0.01 p(02)=0.11 p(02) =0.40
L4 01 02 01,02 01 e 0102 01 02 o1
- L‘ T 7 02, | ¥ ¥ . 5 07
= Sl E A
*Cligoon *C2uriag0 *C3undon "Cliigen "C2uriag0 "Cuidge’
AL G=18.82 AA G=5.90 AA G=15.21 AL G=27.72 AL G=2227 AA G=30.58
R(Ni-Fe) = 3.37 R(Ni-Fe) = 2.89 R(Ni-Fe)=284  R(Ni-Fe)=327  R(Ni-Fe)=2.92 R(Ni-Fe) = 2.83
R(Ni-01)=3.34 R(Ni-01)=1.99 R(Ni-01)=332  R(Ni-01)=391  R(Ni-O1)=2.00 R(Ni-01)=3.16
R(Ni-02) = 4.19 R(Ni-02)=2.79 R(Ni-02)=238  R(Ni-02)=383  R(Ni-02)= 2.86 R(Ni-02) =212
R(Fe-O1)=183  R(Fe-01)=273  R(Fe-O1)=256 R(Fe-O1)=2.11  R(Fe-01)=2.73 R(Fe-O1)=3.28
R(Fe-02)=1.97 R(Fe-02) = 1.81 R(Fe-02)=1.86 R(Fe-02)=2.11 R(Fe-02)=1.91 R(Fe-02) =212

R(01-02)=1.40  R(01-02)=139  R(01-02)=1.37
P (Ni)=0.02 P(N)= 143 p(Ni)=1.36
p(Fe)=3.04 p(Fe)= 1.49 p(Fe)=1.73
p(01)=0.18 p(01)=035 p(01)=0.33
p(02)=026 p(02)=026 p(02)=0.23

Figure 3.

R(01-02)=134  R(01-02)=138 R(01-02)=133
P(Ni)=0.05 P (Ni)=1.42 p(Ni)=1.36
p(Fe)=3.73 p(Fe)=3.10 p(Fe)=294
p(01)=065 p(01)=042 p(01)=061
p(02)=067 p(02)=036 p(02)=0.55

Binding modes of oxygen on [NiFe] core.

Relative free energy AA G (kcal/mol), bond length, and

spin densities are shown. The free energies are given
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Figure 4 (a) Free energy profiles for four spin
states (S =0, 1, 2, and 3) in (i) the first hydride

transfer, (ii) the second hydride transfer, and

(iii)) BH;0H™ removal.
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superior molecular catalyst that combines

“self-repairing” function from the oxidized

state to recover the catalytic function.
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Fe centered H,; Molecule Activation by [NiFe| core: Density Functional Study for the

Reaction Mechanism

We performed theoretical study for a bio-inspired model of [NiFe] hydrogenase, using density
functional theory (DFT) and artificial force induced reaction (AFIR) methodology. The model system is the first
NiFe molecular catalyst which successfully extracts electrons from hydrogen molecule in addition to the hydride
transfer and hydrogen generation with addition of acid. Our aim in this study is to precisely reveal the reaction
mechanism for the whole catalytic cycle and to corroborate the experimental observations; spin state, oxidation
state, and the function. Our calculated free energy profile for the full catalytic cycle revealed that the NiFe
complex is not significantly stabilized by the H, binding on the metal center, therefore the simultaneous addition
of base with bubbling the H; is crucial. The generated hydride complex is binding to the Fe, and not binding both
Ni and Fe which has been observed in the Ni-R state of hydrogenase. From the hydride complex, the hydride
transfer process by is low barrier process and the proton transfer process from acid is barrierless process.
Following one-electron oxidation of NiFe hydride complex by ferrocene, the hydrogen atom transfer (HAT)
process or proton coupled electron transfer process (PECT) is favored, and the both proton transfer (PT)/electron
transfer (ET) and ET/PT are less likely. Our study in the hydrogen activation process give the chemical insights

to understand the function and reaction mechanism of hydrogenase and to create more efficient H, activation

catalyst.
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2. Presentation at academic conferences

)

)

3

“

Miho Isegawa, W. M. C. Sameera, Akhilesh K. Sharma, Taku Kitanosono, Shii Kobayashi, Keiji
Morokuma “Copper-catalyzed Enantioselective Boron Conjugate Addition: DFT and AFIR Study
on Different Selectivities of Cu(I) and Cu(II) Catalysts”

Japan-France-Spain Joint-Symposium on Theoretical and Computational Science of Complex
Systems, Oct. 26 to 28, 2016, Kyoto

Miho Isegawa, W. M. C. Sameera, Akhilesh K. Sharma, Taku Kitanosono, Shii Kobayashi, Keiji
Morokuma “Copper-catalyzed Enantioselective Boron Conjugate Addition: DFT and AFIR Study
on Different Selectivities of Cu(I) and Cu(Il) Catalysts” The 10th Annual Meeting of Japan Society
for Molecular Science, Sept. 13 to 15, 2016, Kobe.

Miho Isegawa, W. M. C. Sameera, Akhilesh K. Sharma, Seiji Ogo, Keiji Morokuma, “Hydride
Attack in Dioxygen Activation by a Biomimetic Model for Oxygen-Tolerant [NiFe] Hydrogenase: A
Density Functional Study for the Reaction Mechanism”, FIFC annual meeting, Jan. 27, 2017, Kyoto
Miho Isegawa, W. M. C. Sameera, Akhilesh K. Sharma, Taku Kitanosono, Shii Kobayashi, Keiji
Morokuma “Copper-catalyzed Enantioselective Boron Conjugate Addition: DFT and AFIR Study
on Different Selectivities of Cu(I) and Cu(Il) Catalysts”, stimuli-responsive chemical species for the

creation of functional molecules, Mar. 6-7, 2017, Hiroshima.
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Satoshi Suzuki

Research Fellow

1. Summary of the research of the year
1.1 EAVTINFRNT T T BT BIT DEEEERE L (AIE) O L )i
9,10-bis(N,N-dialkylamino)anthracene(BDAA) X7 V¥ /L7 /L CEMINIZT N7
T THY, EOT T NIy TREEICHE DD BT R kL 7 Ot (aggregation-induced
emission:AIE) A Z7, <D N5 1 TITEEEIZ IV R EMEITIR T 5, AIE [ZIFa M
Doy SERIC KD e FF O L 91270%, —1H D BDAA [ZBW T, KREQRAR—=T AL Th
MBS AL, B RIS Z0IZWZER AIE O— K ThDHEFEBRIITRIBI NI,
FIP RERAP—=T AL T IRE DI G A L > TR ZD DD EFHRIC L > THERB LT,
£72. BDAA MR THEDISSWR RN T TIPS LD KTE S I T
TRV EVOERROB L, (KAETTO) M HEAR2EZFH R LT, NEHEHIT P $E 22 7250 Tl
2R B LM HER ED =101 — BT BEA P RE TH VL HE RN Z012<L | i
FTHHDROTNEEZDND, SHIZ, A EEF TO RO Z4 w5720 Z ONIOM
B2 T R 2R R AT 072,
A= AL 7 DA
9,10-bis(N,N-dimethylamino)anthracene(BDAA-methyl) D F& JE 4R BE T 0D 22 & A% 18 & Joh 2 IR 7E
TOREMIEZFHE LT, BIERETIIT IV ENT VNI BATEARZ T HREENLE THY
syn A& anti (KOMFAET D, JAELIRBE Tld syn IR anti (KE B OO E L A2 A% —RLThH,
—ODT I/ HHED Local Minimum (2P HIATeZ EDVRIBE -, ZOREET
L7 EIIT T BEAACEAZL TS, o, oD TP MmII25DN, T 'R
ST U THEAZ L TR WSS iDL R AE D Local Minimum & U C{FAET DI EM -T2, &
D —FEFED Local Minimum | L=/ X —IZIXFIERIRE T, fIZHH T —H RN 28,
HAFELID, WT D Local Minimum 22503720 L Tha I RITFEFREL FFEL T 5720,
ZNBDOREEDWT NIPNHDRIHEE ZHD,
SAHTCTO M AR
BDAA-methyl D #E2575% CASSCF/6-31G(d)L -~V THRELTZ, ZORTIEHERDOKER
EHEETMHERENFEL, TOTFNANX— X7 T 7a R RBEIZH T 50k)/mol F2 £
BETDD, DFEN, 770 7a R AAREBINL T RLF —IZIL MECL ~NIEETHY , Zhh
ZOGFRNTHRHLCT W2 EZRIBL TS, — T, FHREOITIVHI DD RN HHZ 0
ZD XIS T BRI ZIXEA DB DOSARHI R A58 < Z T D & PRSI D, H#ERZEN LR
HilH 25T H 28 TEREEERFICNHT AL D HLR0AE RAVIZHIEL O3 <R 0bDEZ R HND,
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DEFIRHEE GAMESS T PM6 #t% % Gaussian09 TIT\ ., #i& i kX GRRM 7'12 75
LENSEI R A v 2 —T2—2%ERLE, Z0Z2 AW THEMESF O
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BDAA-piperidyl (22U T BDAA-methyl J{EL D I #EAZ 72 AME T L — S CAFAE T D,
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— 7, ZORIEIKHS T D EM P COMEREZZF R T LT R LF — | Ta@E IR L EL .
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5 1a DF 1 2a IOBIEIRF CTRIFELOT NI NWEB 2 BiIVD, ZHUTEN T LT VX LT
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2. Original papers

(1) S.Suzuki, S. Maeda, K. Morokuma
Exploration of Quenching Pathways of Multiluminescent Acenes Using the GRRM
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1. Summary of the Research of FY2016

Transition metals are being used in homogenous catalysis for variety cross-coupling reactions and
formation of asymmetric compounds. The most popular coupling reactions are Pd-catalyzed, as evident
from the 2010 noble prize in Chemistry for developing these reactions. The efforts for development of
new methods involving non-toxic and readily available metals for coupling reactions are increasing
nowadays. The Fe can be very important in this regard, as it is non-toxic, readily available and is known
to catalyze many enzymatic processes. The mechanistic understanding of Fe—catalyzed reactions is
important for further development in this field. M. Nakamura and coworkers have been developing
variety of Fe-phosphine catalyzed coupling reaction. The mechanism of these reactions is not established
and there is no clear understanding on the origin of enantioselectivity. We have studied the mechanism of
reactions using DFT methods. The AFIR method as implemented in GRRM program is used to explore
potential energy surface of the important steps in the reaction.

Computational Insights on the Origin of Enantioselectivity in Fe-Catalyzed Cross-Coupling
Reaction

In current study we have studied the mechanism of chiral Fe-Phosphine catalyzed cross-coupling
reaction (Scheme 1). The favorable mechanism involves first formation C-Cl activation by Fe(I) species
(1x), followed by transmetalation. The Fe(II) species (2px) then undergo Fe(III) formation by coordination
of radical (S;) to Fe-center. The resultant species (4pxg) undergo reductive elimination leading to the
formation of coupling product.

( P\ | I‘\\\\\C |
cl o /Fe‘CI PhMgBr
2ex T \%MgBrCl
N
COOR
52 ( P< g\\\\\CI
By, Me P~ +‘Ph
o 2px
@:P Fe(acac)s /;COOR
3 mol % 2
S\ P
e Bu /k /\IU\\\\CI /
Me 6 mol % Me CooR  P—Fey
PhMgBr + I By P Fh
ClI” "COOR THF, 0°C Ph™ "COOR COOR
Racemic 90:10 er 4pxr
(a) (b)

Scheme 1. (a) Fe-catalyzed enantioselective cross-coupling reaction. (b) The lowest energy pathway based
on computational results.

Among different steps, the formation of 4pxg or C—C coupling can be stercoselectivity
determining. We have studied these two steps systematically through Multi Component Artificial Force
Induced Reaction (MC-AFIR) method. More than 50 distinct TSs were optimized for these two steps.
These two steps occurs in quartet spin state, with Fe quintet for Fe(Il) and quartet in Fe(III) spin state.
The radical coordination to Fe-center is not enantioselectivity determining, as the activation free energy
barrier for lowest diastereomeric TSs is very small (0.3 kcal/mol). The C—C bond formation is
stereoselectivity determining. In the lower energy TSs methyl and bulky phenyl groups of substrate are
away from phosphine and chloride ligand. Further carbonyl group of substrate interacts with C—H
hydrogens of phosphine ligands (Figure 1). Such interaction are absent in higher energy TSs.
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The computed enantiomeric ratio determined by Boltzmann distribution of TSs is 92:8, which is
in good agreement with experimentally reported ratio (90:10). The lowest energy diastereomeric TSs
differ by 1.5 kcal/mol free energy (Figure 1). From EDA (energy decomposition analysis) it is clear that
the TS2 is higher in energy due to more distortion in Fe-Phosphine-Phenyl fragment, which occur due to
bulky tert-butyl fragment. Our study will be helpful in further development of asymmetric Fe-catalysts.
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Figure 1. Optimized geometries of lowest energy TSs leading to S and R forms of the products.

Computational Insights on Mechanism of Iron-SciOPP-Catalyzed Alkyl-Aryl Coupling
Reaction

Fe-bisphosphine, -amine and -NHC complexes have been used extensively for cross-coupling reactions.
To gain mechanistic insight we have studied Fe-SciOPP-Catalyzed Kumada-Tamao-Corriu coupling
between alkyl-halides and aryl Grignard reagents trough DFT methods. In this study the mechanism of
cross-coupling-product and byproduct formation is explored.
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Figure 2. (a) Fe(SciOPP) catalyzed coupling reaction. (b) Free energy profile for mechanism of cross-coupling
product formation from Fe(SciOPP)Ph;.

We found that Fe(II) species (Fe(SciOPP)Ph,) helps in C—Cl activation at the start of the reaction. It will be
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followed by generation of Fe(I) species (413,) by reductive elimination from B J— (Figure 2).
Afterwards, C—Cl activation will occur by Fe(I) species, as activation barrier through it is only 4 kcal/mol.
The reaction of alkyl radical to Fe(Il) species (*2pnpn) is more favorable. The C—C coupling occurs
through Fe(Ill) intermediate (3pnpnr) (Figure 2). Formation of alkene involves hydrogen abstraction by
Fe(Il) species, followed by benzene formation. Similar mechanism has been found for Fe(SciOPP)PhBr.
The calculation for exploring missing stationary points is in progress and manuscript is in preparation.

Computational Insights on Mechanism of Iron-Catalyzed Enantioselective Carbometalation of
Azabycyclic Alkenes

Recently Prof. Nakamura and group have explored carbometalation of azabycyclic alkenes. We
have studied mechanism of carbometalation step through DFT methods. First we have studied the
different spin states of Fe(II) species, which is proposed to be the active species in this reaction. We found
that Fe(Il) with tetrahedral geometry is the ground state and the triplet Fe(Il) species (with square-planar
geometry) is higher in energy by 2.5 kcal/mol. THF coordination slightly lower the energy of quintet
Fe(Il) complex (-1.5 kcal/mol).
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The azabycyclic alkenes coordinates weakly to Fe(Il) in quintet spin state (Figure 3). We found
that the carbometalation occurs in triplet spin state. Hence, this step involves two state reactivity, as both
12 and I3 have quintet as ground state and TS have triplet spin state. For the enantioselectivity study, we
are exploring different conformations of TS2 through MC-AFIR method in quintet and triplet spin state.
Till now >12 distinct TSs are optimized each for triplet and quintet spin state. Further sampling of TSs is
in progress and manuscript is in preparation.
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Figure 3. Free energy profile for Fe-catalyzed carbometalation and two important stationary points in the
reaction.
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1. Summary of the research of the year
Theoretical Investigation of Catalytic Hydrocarboxylation of Olefins with CO;

The CO; is an attractive Cl 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. One of the effective catalytic systems is the
hydrocarboxylation of olefin with CO, catalyzed by the Rhodium complex.[1] (See Scheme 1)
Though the reaction mechanism was partly investigated by the experimental measurements, there

are still remaining questions.

Rh,Cl,(CO), , PPhy 0

Mel, acidic additive
H2 + COQ + OH

in AcOH, 180°C, 16h

Scheme 1 Catalytic Hydrocarboxylation of Olefins with CO,

To understand the catalytic reaction mechanism, one of the methods in the Global Reaction
Route Mapping (GRRM) strategy, called the artificial force induced reaction (AFIR) method,[2]
was employed to search systematically all possible pathways for the reaction of catalytic
hydrocarboxylation of cyclohexene with COs.

Herein, the mechanism of the Rh complex-catalyzed Hydrocarboxylation will be studied
systematically using the AFIR method. A preliminary search for the Wilkinson catalyst showed that
it required the high barrier; we did not pursue this approach further.

In this research, we looked for all possible pathways including the oxidative addition,
carbonylation step, reductive elimination, and final transformation step into Cyclohexanecarboxylic
acid (CA). The Rh complexes with different coordination number of the phosphine ligand are used
to model the catalysts of this reaction. These complexes is used to interact with the simple starting
reagents; olefin, H,, and CO,, leading to the CA as the final product. The detailed multi-component
(MC)-AFIR calculation is as follows. Firstly, approximate local minimums (LMs) and transition
states (TSs) between each catalyst and a hydrogen molecule were explored by the MC-AFIR
method. The AFIR functions were minimized with y = 300 KJ mol'. At this stage,
MO06-L/Def2SVP/Def2SVP level of theory was used to speed up the calculation. We found that
MO6-L reproduced the results of hybrid functional since all of them provided the same trend. In all
calculations, the solvation Gibbs free energy was included by the polarized continuum model
(PCM). For the initial AFIR search with M06-L/Def2SVP/Def2SVP, a PCM model using the
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dielectric constant of 6.3 for acetic acid was employed. Then, all the approximate LMs and TSs
obtained by the initial MC-AFIR search were re-optimized without artificial force at the
B3LYP-D3/SDD (Rh & I); 6-31g(d) (for other atoms) level using the same PCM model. We report
in the results section the Gibbs free energy at (453.15 K, 69.085 atm), and the electronic energy
with zero-point correction (ZPE, in parentheses). After optimization of a TS, the intrinsic reaction
coordinate (IRC) was calculated to confirm the reaction pathway. All these AFIR search,
optimizations and IRC calculations were performed with the Global Reaction Route Mapping
(GRRM) program using energies, first, and second energy derivatives computed with the
Gaussian09 program.

The reaction was determined into two cycles separately as shown in Figure 1: Cycle B starts
the reaction with the oxidative addition of H, and Rh complex, and Cycle A with the oxidative
addition of Iodocyclohexane (CI) and Rh complex. In each cycle, we followed the oxidative
addition, carbonylation step, reductive elimination, dehydration step, and final transformation step
into Cyclohexanecarboxylic acid (CA). It is important to emphasize that for Rh complex, we

considered the types of ligands coordinated to Rh atom carefully to examine their effect.
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In Cycle B, firstly, the reaction pathways of the oxidative addition of H, to the Rh

Figure 1 Catalytic Hydrocarboxylation of Olefins with CO2

complexes were examined and it was found that the coordination number of the phosphine ligand
affects the reaction barriers. The most favorable pathway starts from the dissociation one of the
phosphine ligands of the Rh catalyst, followed by the oxidative addition of Hy, and the formation of
the formic acid. The decomposition of the formic acid can provide CO and H,O, which will be

utilized with olefin in Cycle A to form carboxylic acid.
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In Cycle A, we purposed that the cyclohexyl iodide was simply formed from the coupling
among I" and cyclohexene. In this step, the cyclohexyl iodide and MeOH will be formed. In this
cycle, the reaction started with the oxidative addition between the cyclohexyl iodide and the Rh
complex. This was consistent with the experimental result that carboxylic acid will be formed after
the cyclohexyl iodide existence. Then, the PPh; ligand was removed due to steric effect. This will
provide the vacant site for CO to adduct. Then, the carbonylation step took place. After that, the
PPh; ligand interacts to the Rh complex again to stabilize the intermediate. At this stage, the water
molecule directly activated to the cyclohexanecarbonyl ligand to form the carboxylic acid and HI.
In this case, HI will be consumed with MeOH to give Mel and H,O.

From calculation, the active species was found to be the monomeric Rh complex. This
consistent with the single-crystal X-ray diffraction, which the monomeric complex and MePPh3"
were detected. The task of Mel and PPhs help to stabilize the intermediates and transition states
along the reaction. The purposed mechanism is consistent with the result of NMR spectroscopy,
which observed that the carbonyl group of the carboxylic acid functionality was caused by CO,
while the —OH group was resulted from water molecule. The rate-determining step (RDS) of the

process is the carbonylation step (step II) in Cycle B, whose reaction barrier is 31.9 kcal mol™.

References
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Chem. Int. Ed. 2013, 52, 12828. [2] S. Aono and S. Sakaki, Chem. Phys. Lett. 2012, 544, 77.
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[1] T. Muraoka et al., Organometallics, 2017, 36, 1009—1018.
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(1) Masayuki Nakagaki, 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., 2016, 18, 26365-26375
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(Me;Si0)3, MeOH, and H,O: Experimental and Theoretical Studies”
Organometallics, 2017, 36, 1009—1018
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Hong Zheng

SPR Fellow
1. Summary of the research of the year

Why can Rhodium-Aluminum Bonded Complex Cleave very Strong C-O Bond?
Theoretical Study

X-type ligands with a lone pair of electrons and a formally vacant m-orbital can coordinate with a
transition metal via a c-bond between low-valent group 13 element and transition metal atom and have been
investigated well, with the expectation that they have unique bifunctional nucleophilic/electrophilic
properties. In previous reports the multidentate supporting X-type ligands such as X-type boryl donor (PBP)
ligand have been synthesized. Though the boryl ligands have been studied well, the X-type alumanyl ligands

have been rear with only two examples coordinated with FeCp(CO),.

MeO Rh(PAIP) complex (1 eq) H
HSiMe(OSiMe,), (3 eq)

Toluene, 80°C, 14 h
Ph Ph

(a)

! -1 N —~p
N—AI —R h

@ P MeO-Ph
MeO-SiMe3>/ \&
/e _OMe M
NII—JI'N—R[-T N ARy

; ! /
vaned (M~
SiMEg

J
N—Al--
SN

e

(b)
Scheme 1. (a) C-O activation catalyzed by Rh-(PAIP) complex followed by hydrogenation. (b) Proposed reaction

mechanism.

Recently a series of Rhodium complex with X-type alumanyl ligand (Rh-(PAIP)) were synthesized by
Nakao and coworkers. The alumanyl ligands were expected to activate and/or functionalize organic
compounds due to their o-donation and the high Lewis acidity. Actually, the conventionally difficult C-O

activation was experimentally succeeded by the Rh-(PAIP) complex, as shown in Scheme 1. In this reaction,
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the C-O bond in Ar-OMe compound is activated in the presence of hydrosilanes and Ar-H compound is
afforded. However, the reaction mechanism is not clear and thus theoretical investigation is indispensable.

In this work, we firstly investigated the reaction mechanism of the reaction cycle with Rh-(PAIP)
complexes by means of DFT calculations. The purposes here are to elucidate the characteristic features of
C-O activation and the following Si-H activation. Also, to clarify what is important factor for the C-O
activation and to increase the field of application of Rh-(PAIP), we focus on the first step of the reaction
cycle and predicted a series of C-X (X = OMe, F, NMe,) activation by Rh-(PAIP).

Reaction mechanism of the reaction cycle.

As shown in Figure 1, in the first step of catalytic cycle via C-O bond cleavage by Rh-Al, the
Rh-(PAIP) complex firstly form an adduct complex AD1a with anisole, in which the O atom and the phenyl
group weakly coordinates with the Al and Rh atoms, respectively. The O-Ph distance increases by 0.105 A in
AD1a compared to free PhOMe compound, indicating strong interaction occurs between the Rh-Al and C-O
bonds. Then, the C-O bond between the Ph and OMe groups is cleaved through one transition state TS1a. In
TS1a, the O-Ph distance increases by 0.348 A but the Al-O and Rh-Ph distances decrease by 0.226 A and
0.111 A, respectively, meaning the O-Ph bond is broken and Al-O and Rh-Ph bonds are somehow formed.
Hence, TS1a is the transition state of C-O bond activation. Moreover, the Rh-Al bond becomes longer by
0.222 A as going from AD1a to TS1a, implying the Rh-Al bond is weakened due to formation of Al-O and
Rh-Ph bonds. The O-Ph bond cleavage is completed in P1a, in which O-Ph distance increases to 3.560 A,
whereas Rh-Al bond is almost broken due to a large distance of 2.595 A.

In the second step, one HSiMe; compound approaches Pla to afford an adduct AD2, in which
Rh(Ph)-Al(OMe) complex is distant from hydrosilane. Then, the Rh-H and Rh-Si distances decreases
dramatically but the H-Si bond increases by 0.073 A in TS2. The Rh-Al further increases by 0.446 A
because of the oxidative addition on Rh. The Si-H bond is completely cleaved in P2, in which Rh atom has
Ph, H, and SiMe; groups. Hence TS2 is the transition state of Si-H activation. The H starts to bond with Ph
in TS3, in which the Ph-H distance decreases by 0.687 A but the Rh-Ph distance increases by 0.082 A as
going from P2 to TS3. The Ph is changing its orientation to interact with the H in TS3. One benzene
compound is formed in P3. The Rh-Al distance decreases to 2.600 A and the C¢H species detaches from the
Rh center in P3. Herein, a Rh(SiMe;)-Al(OMe) complex P4 is formed. However, reductive elimination of
Si-O bond can not occur in P4 directly and the Rh-SiMe; bond must rotates by nearly 180°, leading to
another geometry P5. The reductive elimination of Si-O bond occurs through TS4. In TS4, the Si-O distance
decreases by 1.619 A but Rh-Si increases by 1.035 A. The Al-O bond changes little in TS4. Finally, the Si-O
bond is formed in P6. The Rh-Al bond is formed in P6 and hence the reaction cycle is completed.
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Fig 1. Geometrical parameters of complexes in the C-O activation followed by Si-H activation by Rh-(PAIP). The

bond distances are represented in Angstrom.

The AD1a is moderately higher than reactant, as shown in Figure 2. The activation energy of TS1a is
9.9 kcal/mol, implying that C-O activation is easy. The P1a complexes is much more stable than reactant by
-26.5 kcal/mol, suggesting that the Al-O and Rh-Ph bonds are strong. In Si-H activation, the activation
energy of TS2 is 23.2 kcal/mol relative to AD2. The product of Si-H activation P2 is only 1.1 kcal/mol lower
than TS2 due to steric repulsion and geometry distortion around the Rh atom. The activation energy of TS3
is 31.5 kcal/mol but P3 is 10.0 kcal/mol more stable than AD2. Considering that the activation energy of
Si-O reductive elimination TS is 22.4 kcal/mol relative to P3, the benzene formation step is the
rate-determining step in this reaction cycle. In general, C-O activation can easily occur by employing the

Rh-Al complex, which is consistant with the experimental observation.
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Fig 2. Energy changes (in kcal/mol) of the reaction cycle.

C-X activations by Rh-(PAIP). It is very special that the strong C-O bond can be cleaved by the
Rh-(PAIP) complex with small activation energy and the product is very stable. To understand why C-O
activation is easy and what factor is important for this reaction, we performed investigations of C-F and C-N
activations with Ph-F and Ph-NMe, compounds. Also, since C-O activation in Cy-OMe is useful for

synthesis of sugar, the Cy-O activation of Cy-OMe by Rh-(PAIP) was predicted.
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Fig 3. Energy changes (in kcal/mol) of C-F, C-N, and Cy-O activations.
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As shown in figure 3, in the C-F activation, the adduct complex AD1b is 1.8 kcal/mol higher than
reactant, whereas the transition state TS1b is 1.1 kcal/mol lower than AD1b. These results indicate that the
C-F activation is much easier than the C-O activation of anisole without an activation barrier from adduct.
The C-F activation product P1b is 24.1 kcal/mol more stable than Pla, suggesting Al-F bond is much
stronger than Al-O bond. In contrast, the activation energy of TS1c in C-N activation is 13.0 kcal/mol higher
than TS1a and the product Ple¢ is 18.9 kcal/mol less stable than P1a. These results imply that AI-N bond is
weak and therefore C-N activation can hardly occur. In the Cy-O activation, very weak interaction occurs
between Cy-OMe and Rh-Al complexes in the adduct AD1d since the Cy group does not coordinate with the
Rh. In the Cy-O activation transition state TS1d, the Cy-Rh distance is still large and its activation energy is
41.3 kcal/mol, meaning this reaction can hardly occur. Herein, Rh-(PAIP) is useful for C-F activation but can
not be used for C-N and Cy-O activations.

Several important factors for C-X (X=F, OMe, NMe;) and Cy-O activations. Here we firstly
analysed the C-X (X = F, OMe, NMe,) bond energies (BE). The calculation mode is shown in Scheme 2a.
The BE values of C-X and Cy-O bonds decreases in the order C-F > C-OMe > C-NMe, > Cy-OMe, meaning
bond cleavage becomes easier as going from C-F to Cy-OMe. However, the
lowest-unoccupied-molecular-orbital (LUMO) level becomes higher in the order C-F < C-OMe < C-NMe, <
Cy-OMe. In the reaction with o-donating alumanyl ligand, a lower LUMO level is good for the reaction and

hence C-F is can easily react with the Rh-Al bond.

(C-X)/(Cy-0) bond BE LUMO/eV

—_— + X C-F 129.5 0.11
: C-OMe 108.0 0.30
X C-NMe, 104.4 0.51
X =F, OMe, NMe, Cy-OMe 98.2 1.13
(a)
X e Al-X bond BE
__ o
T?--y N—I~p |~|1 NP Al-F 162.0
Al —_— —Al— + -
N N;A' Rh N. g X Al-OMe 123.1
P S
o~ Al-NMe, 96.1

X = F, OMe, NMe,

(b)
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OMe
Me OMe Me bond BE
| N Al—Rh

_,L + 'Ph Rh-Ph 82.0
@N @ — Rh-Cy 61.0
(c)
Scheme 2. Bond energy (in kcal/mol) calculation modes: (a) Calculation mode and bond energies of C-X
(X=F, OMe, NMe,) bonds and LUMO energies of Ph-X and Cy-OMe species;” (b) Calculation mode and
bond energies of Al-X (X=F, OMe, NMe,) bonds; (C) Calculation mode and bond energies of Rh-Ph and

Rh-Cy bonds.
* The bond energy of Cy-O bond was calculated with the same mode as that of C-X bonds.

® The bond energy of Rh-Cy bond was calculated with the same mode as that of Rh-Ph bond.

The BE values of Al-X bonds decrease in the order Al-F > Al-OMe > Al-NMe,, as shown in Scheme
1b, which agree with the order of LUMO in Scheme la. The difference between Al-X and C-X bonds
ABE(X) (ABE(X) = BE(AI-X) — BE(C-X)) decreases in the order ABE(F) > ABE(OMe) > ABE(NMe,),
indicating that the large Al-F bond energy is an important factor for the smooth C-F activation.

The BE of Rh-Cy bond is 21.0 kcal/mol smaller than that of Rh-Ph bond, as depicted in Scheme lc,
implying that weak Rh-Cy bond is one factor for the instability of TS1d.

Based on these results, it is concluded that the LUMO of Ph-X compounds and the BE of Al-X bonds
are important factors for the C-X activations. The high LUMO of Cy-OMe and small BE of Rh-Cy bond are
the reasons why Cy-O activation is difficult.

In conclusion, C-O activation can occur easily with a small activation energy (9.9 kcal/mol) by using
Rh-(PAIP) complex. The rate-determining step in the whole reaction cycle is the formation of C¢Hg species
with an activation energy of 31.5 kcal/mol. The C-F activation can easily occur but C-N and Cy-O
activations are difficult with large activation energies. The Lower LUMO of Ph-F and strong Al-F bond are
the main reasons of stable TS1b. The high LUMO of Ph-NMe, and weak Al-N bond are the reasons of
unstable TS1e¢. The instability of TS1d is assigned to the high LUMO of Cy-OMe and weak Rh-Cy bond.

2. Original papers
(1) Hong Zheng, Yoshiaki Nakao, Shigeyoshi Sakaki,
“Why can Rhodium-Aluminum Bonded Complex Cleave very Strong C-O Bond?
Theoretical Study” In preperation.

3. Others
(1) Teruhiko Saito, Hong Zheng, Naofumi Hara, Nishamol Kuriakose, Shigeyoshi Sakaki,
Yoshiaki Nakao,
“Rhodium Complexes Bearing PAIP Pincer Ligands” In preparation.
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Lu Jing
Research Fellow

1. Summary of the research of the year

DFT insight into core-shell preferences for bimetallic Pt;;M;3 (M=Mo, Tc, Ru, Rh, Pd, W, Re,

Os, and Ir) clusters

Platinum (Pt)-based clusters/particles have been playing a major role in many industrial application,
such as catalyzing the oxygen reduction reaction (ORR) in proton exchange membrane fuel cells. Great
efforts are being made to decrease Pt content with increasing Pt dispersion and enhancing catalytic activity.
One approach is based on the core—shell structure consisting of a thin layer of Pt deposited on the surface of
nanoparticles made of a less expensive and/or a more abundant metal. Currently, bimetallic Fe-Pt, Co-Pt,
Ni-Pt, Cu-Pt, and Ru-Pt with core-shell structure have been reported as good catalytic candidates both
experimentally and theoretically. However, the systematically study about the determining factors
influencing core-shell structure for bimetallic alloyed cluster/particle and their electronic structure have been
rarely presented.

For the icosahedral bimetallic Pt;;M;; (M = Mo, Tc, Ru, Rh, Pd, W, Re, Os, and Ir) clusters, a
comprehensive analysis of the determining factors influencing core-shell structure, such as cohesive energy,
stability of the core and shell, together with charge transfer, are elucidated. Also, the electronic structures of the

investigated bimetallic core-shell M 3@Pty, clusters are clarified.

1* layer (coret): 1

o 1
@ 2 layer (core’) 12 :‘.dﬂl"_lj "jl .
— 3 layer (shell}; 42 e e

Ieosahedral M. My [core) My (Shell)

Scheme 1. Model systems of icosahedral 55-atom clusters with corresponding M3 core and My, shell.

Relative energy. For the icosahedral Pt;,M;; (M = Ru and Os) clusters, the most stable structure is the

coreMvertex

core-shell structural M ;@Pty, cluster, the next stable one is Pt;,M, cluster, and the least stable one
is PtyyM .M cluster. Similarly, the icosahedral core-shell structural Rhi;@Pty, cluster is the most stable
among these three isomers. The energies difference between the Pty,Rhj,**Rh**® (Pty,Rh,*“Rh*™) and
Rhj;@Pty; is 11.42 kcal/mol (6.88 kcal/mol). For the icosahedral Pt-Ir combination, the stability decreases in
the order of Irj;@Pts;; (0.00 kcal/mol) > Ptyolr;, I (+41.45 kcal/mol) > Ptylr,* Ir""™ (+48.59
kcal/mol). In a word, the icosahedral core-shell structural M3 @Ptsy, (M = Ru, Rh, Os, and Ir) clusters are
favorable. However, in the cases of M = Mo, Tc, Pd, Re, and W, the icosahedral core-shell structural
M3@Pts, clusters are not stable. For the combinations of Pt-Mo, Pt-W, and Pt-Re, the Pty,M M

isomer have the lowest energy, which are lower by 47.76 kcal/mol, 25.02 kcal/mol, and 10.53 kcal/mol than
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M3@Pts,, respectively. For the Pty;Tci; and Pty,Pdy; clusters, the stability decreases in the order of
Pt42M1200reMveneX > Pt421\/[12(:(”61\/[6(1‘%e > M13@Pt42 (see Table 1)

Table 1. Relative energy (in kcal/mol) of three isomers in the most stable spin states.

M Mi;@Pty, Pty M, M Pty M, MY
Mo 0.00 (Singlet) -47.76 (Singlet) -36.53 (Quintet)
Tec 0.00 (Octet) -18.38 (Doublet) -18.59 (Octet)
Ru 0.00 (Septet) +37.96 (Septet) +31.03 (Septet)
Rh 0.00 (20et) +11.42 (20et) +6.88 (20et)
Pd 0.00 (23et) -31.07 (15et) -31.37 (15et)
W 0.00 (Singlet) -25.02 (Singlet) -8.49 (Triplet)
Re 0.00 (Doublet) -10.53 (Doublet) +3.24 (Dectet)
Os 0.00 (Septet) +65.64 (Triplet) +61.16 (Septet)
Ir 0.00 (Dectet) +41.45 (Quartet) +48.59 (12et)

Segregation energy. The calculated segregation energies are positive in the cases of M = Ru, Rh, Os,
and Ir, showing that M-core and Pt-shell structure is preferred (see in Figure 1). The minimum segregation
energies for the Ru-Pt, Rh-Pt, Os-Pt, and Ir-Pt are 1.35 eV, 0.30 eV, 2.65 ¢V, and 1.80 eV, respectively. For
the combinations of Mo-Pt, Tc-Pt, Pd-Pt, W-Pt, and Re-Pt, however, the segregation energies are -2.07 eV,
-0.81 eV, -1.35 eV, -1.09 eV, and -0.46 eV, respectively. The negative segregation energy indicates that
Miz@Pty, (M = Mo, Tc, Pd, W, and Re) structure is not stable. For the 4d metals, the segregation energy
increases as going from Mo to Ru and then decreases as going from Ru to Pd. Though the same trend is

found for the 5d metals, the value shifts to more positive (or less negative).
35 4d 35 3d
b
- T e —
0.5 ' - Ru Eh ' 0.5 r ! Os Ir Pt

1.5

Segregation energy
i

1.5 25
Figure 1. Calculated segregation energy (in eV) for icosahedral Pt;;M;3 (M = Mo, Tc, Ru, Rh, Pd, W, Re, Os, and

Ir) clusters.

Cohesive energy. The cohesive energy of icosahedral Ru;;, Rhys, Os;3, and Irj; are 4.86 eV, 4.28 ¢V,
5.41 eV, and 5.29 eV, respectively, which are larger than that of Pty (3.95 eV). It means that the M (M = Ru,
Rh, Os, and Ir) prefers to occupy the core positions to achieve the greater binding energies. Also, 5d metal
(Os or Ir) has larger cohesive energy than 4d metal (Ru or Rh) in the same group. On the other hand, the
cohesive energy of Pd;; (2.43 eV) is smaller than that of Pt;5. It means that Pd is unfavorable to reside in the
core position for the combination of Pd and Pt.

M;i; core and Pty shell. For the icosahedral M;; (M = Ru, Rh, Os, and Ir) core, the RMSD values for
the Rus, Rhys, Oss, and Irj3 are 0.023 A, 0.045 A, 0.002 A, and 0.006 A, respectively. Meanwhile, the
calculated distortion energies of Ru;s, Rhj3, Osi3, and Irj5 using the B3LYP functional are 0.52 eV, 1.08 eV,
-0.05 eV, and 0.28 eV, respectively. The smallest distortion energy is observed in the Os;3, verifying that the

Os3 core is the most stable. The next stable core is Ir;3, and the least stable cores are Ru;; and Rhy;. It is
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reasonable to infer that, smaller RMSD and distortion energy of M;; core will result in the stabilization of
M ; core, which is beneficial to form the core-shell structure.

In the cases of metals in group VI and VII, the optimized structure of isolate M3 is significantly
different from icosahedral structure, indicating that the icosahedral M;; (M = Mo, Tc, W, and Re) is
unfavorable. The instability of icosahedral M;; core is the major reason why these metals do not have
M;@Pts, structure. It suggests that the M;; cluster in the core positions must have the same structure as the
total M3@Pt4, cluster.

Also, the distortion energy of the icosahedral Pty, surface in the M3@Pt4, cluster is lower than that in
the Ptss cluster, which also contributes to the stability of Pty, shell. These factors are important for stabilizing
the M;3@Pt4, core-shell structure.

Charge transfer. Charge distribution and d-orbital population are also important factors influencing
core-shell structure. NBO charge distributions for the icosahedral M;@Pts, and Ptss clusters are given in
Table 2. The NBO charge of Pt atom in the corel position for the pure Ptss cluster is +0.638 e. However, the
charges of Ru, Rh, Os, and Ir atoms in the corel position of the stable core-shell structural M;@Pt4, clusters
are -3.246 e, -1.575 e, -1.467 e, and -0.619 e, respectively, indicating that the charge transfer (CT) is
occurred from Pt to M (M = Ru, Rh, Os, and Ir) metals with incompletely occupied d orbital. Similarly, the
charges of M atom in the core2 position are also negative (-2.946 e, -2.515 ¢, -1.577 ¢, and -0.220 e,
respectively). On the other hand, the NBO charge of Pt in the edge position of the Ptss cluster is -0.122 e.
The charges of M in the same position are much more negative, and the most negative charge is found in the
Os. For the position of vertex, the Pt has a positive charge. On the contrary, the Ru, Rh, Os, and Ir have
negative charges.

The d-orbital population of Pt atom, which is located in the corel position of Ptss cluster, decreases by
0.21 e compared to ¢’ electron configuration in the atomic ground state. However, the d-orbital populations
of Ru, Rh, Os, and Ir in the stable icosahedral core-shell structural Ru;3@Pty,, Rhj3@Pts, Os;3@Pty,, and
Irj3@Pts, clusters increase by 2.49 e, 1.75 e, 3.19 e, and 1.94 e, respectively, compared with the atomic
electron configurations. The difference of d-orbital population for the 54 metal (Os or Ir) is larger than that
for the 4d metal (Ru or Rh) in the same group. The large difference of d-orbital population between M in the
M 3@Pty, cluster and M in the atomic ground state is benefit to obtain large segregation energy, and then

increase the tendency of core-shell structure.

Table 2. NBO charge (g), s, p, and d orbital populations of M, and difference in electron population from the

atomic ground states.

M13 @Pt42 Pt42M12coreMedge Pt42M12c0reMvertex
q (Mcorel) q (Mcorez) q (Medge) q (Mvertex)
Ru 5s'4d’

-3.246 -2.946 -1.777 -1.364
55:0.24 [-0.76] 0.41 [-0.59] 5s: 0.60 [-0.40] 5s: 0.62 [-0.38]
4d: 9.49 [+2.49] 9.09 [+2.09] 4d: 8.26 [+1.26] 4d: 7.65 [+0.65]
5p: 1.73 [+1.73] 1.74 [+1.74] S5p: 1.41 [+1.41] S5p: 1.77 [+1.77]

Rh 5s'4d’

-1.575 -2.515 -1.281 -0.993
5s: 0.33 [-0.67] 0.41 [-0.59] 5s: 0.56 [-0.44] 5s:0.61 [-0.39]
4d: 9.75 [+1.75] 9.51 [+1.51] 4d: 8.89 [+0.89] 4d: 8.63 [+0.63]
5p: 2.40 [+2.40] 1.90 [+1.90] 5p: 1.35 [+1.35] Sp: 1.44 [+1.44]
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Os 6s°5d°
-1.467 -1.577 -2.013 -2.496
6s: 0.58 [-1.42] 0.50 [-0.50] 6s: 0.63 [-1.37] 6s: 0.73 [-1.27]
5d: 9.19 [+3.19] 8.85 [+2.85] 5d: 8.29 [+2.29] 5d: 8.13 [+2.13]
6p: 2.42 [+2.42] 1.76 [+1.76] 6p: 1.40 [+1.40] 6p: 2.03 [+2.03]
Ir 6s°5d
-0.619 -0.220 -1.326 -1.123
6s: 0.55 [-1.45] 0.47 [-1.53] 6s: 0.73 [-1.27] 6s: 0.81 [-1.19]
5d: 8.94 [+1.94] 9.07 [+2.07] 5d: 8.99 [+1.99] 5d: 8.79 [+1.79]
6p: 2.21 [+2.21] 1.52 [+1.52] 6p: 1.22 [+1.22] 6p: 1.12 [+1.12]
Pt 6s'5d°
+0.638 -0.170 -0.122 +0.083
6s: 0.48 [-0.52] 0.48 [-0.52] 6s: 0.62 [-0.38] 6s: 0.70 [-0.30]
5d: 8.79 [0.21] 9.10 [+0.10] 5d: 8.88 [-0.12] 5d: 8.70 [-0.30]
6p: 1.29 [+1.29] 1.49 [+1.49] 6p: 1.31 [+1.31] 6p: 1.22 [+1.22]

In summary, the crucial factors influencing core-shell structure, such as cohesive energy, stability of the
icosahedral M3 core and Pty shell, and electronic properties are systematically explored for the icosahedral
Pty M3 (M = Mo, Tc, Ru, Rh, Pd, W, Re, Os, and Ir) clusters. The icosahedral core-shell structural M 3@Pts,
clusters are stable in the case of M = Ru, Os, and Ir. However, the core-shell structural Mo;;@Pts,,
Tci3@Ptsy, Pdi3@Pty, Wi3@Pts,, and Rej3@Pty, clusters are not stable.

Our results suggest that the M with larger cohesive energy prefers to occupy the core position. The
stability of icosahedral M,; core and Pts, shell are also important for the formation of core-shell structure. In
addition, the large difference of d-orbital population between M in the M;3@Pty, cluster and M in the atomic
ground state is benefit to obtain positive segregation energy. We expect that our study can provide useful
understanding of the core-shell preferences for the bimetallic Pt-shell clusters/particles, and then predict

whether the bimetallic Pt-M clusters have a stable core-shell structure or not.
2. Original papers

(1) Jing Lu, Kazuya Ishimura, and Shigeyoshi Sakaki,
“DFT insight into core-shell preferences for bimetallic Pts;zM;3 (M = Ru, Rh, Os, and Ir)
clusters”

In preparation.
3. Presentation at academic conferences
(1) Jing Lu, Kazuya Ishimura, and Shigeyoshi Sakaki,
“DFT insight into core-shell preferences for bimetallic Pts,M;3 (M=Mo, Tc, Ru, Rh, Pd, W,

Re, Os, and Ir) clusters”
95 20 [RIEGRLERTR S (P24), Kyoto, May 17, 2016
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Rong-Lin Zhong

SPR Fellow

1. Summary of the research of the year

How to Succeed Oxidative Addition of Nitrobenzene to Palladium(0) Complex: Characteristic

Features in Electronic Process

The Pd-catalyzed Suzuki-Miyaura cross-coupling reaction is one of efficient and versatile
methods for constructing carbon—carbon bonds in biaryls and substituted aromatics. In the
conventional Suzuki-Miyaura cross-coupling reaction, aryl halides are employed as electrophilic
coupling reagent. Recently, substantial efforts have been devoted to the use of alternatives of aryl
halides as the electrophilic coupling reagent because aryl halides are difficult to be regioselectively
synthesized from arenes. For example, the use of aryl ethers, aryl esters, and arenols have been
succeeded in the Suzuki-Miyaura cross-coupling reaction. On the other hand, the use of nitroarenes
for the Suzuki-Miyaura cross-coupling reaction has not been succeeded for a long time despite that
nitroarenes are highly versatile aromatic building blocks in organic synthesis, and directly obtained
though nitration which is generally highly selective toward mono-functionalization. Very recently,
the Suzuki-Miyaura cross-coupling reaction of nitroarenes with phenylboronic acid has been
succeeded by Nakao group as shown in Scheme 1. The catalytic cycle of this reaction is initiated by

the concerted oxidative addition of the Ar—NO, bond to Pd(0) complex.

Pdiacac), (5.0 maol®a)

i
PCy:
Mel) | Meg oY
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Mai) ! —
s L PO, nHLO (L8 mmo } \ H y y
'| ELPO-nHLO0 LS mimo) if H A ¥ . p— -
| | S . L= Sy ! | w4 —
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Scheme 1. Suzuki-Miyaura cross-coupling reaction of 1-methoxy-4-nitrobenzene.

In the Suzuki-Miyaura cross-coupling reaction, the first step is the oxidative addition of
aryl-halide (Ar'-X) to Pd(0) complex, the second step is transmetalation between Ar'-Pd(II)-X
complex and aryl-boronic acid (Ar*-B(OH),), and the last step is reductive elimination of Ar'-Ar’.
In previously reported Pd-catalyzed Suzuki—Miyaura cross-coupling reaction of nitro-halo arenes,
the aryl group of phenyl boronic acid was introduced at the halide site and the nitro group was not
substituted. This suggests that the oxidative addition of the Ar-NO, bond is difficult. Therefore, it is

of considerable interests to get a fundamental understanding of the reason(s) why the Ar-NO, bond
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activation is more difficult than the Ar-X. On the other hand, usual phosphine ligand is effective for
Ar-X bond activation and generally a bulky monophosphine ligand is more favorable for the Ar-X
(X=Cl and Br) bond activation than a bi-phosphine ligand according to previous investigations.
Another characteristic feature of the Suzuki-Miyaura cross-coupling reaction of nitroarenes is the
use of unique BrettPhos while usual phosphine ligand, such as PMes could not. We wonder why not
usual phosphine ligand but BrettPhos was successfully used in the Suzuki-Miyaura cross-coupling
reaction of nitroarenes.

In this work, we theoretically investigated the characteristic features of the concerted oxidative
addition of nitrobenzene to Pd(Brettphos) complex. Our purposes here are to elucidate the reasons
why the Ph-NO, bond activation is more difficult than Ph-X bond (X=halide), why unique
BrettPhos is used as ligand, and why usual phosphine is not useful for the Ph-NO; bond activation.
Models and Computational Details
All geometry optimizations were performed by ©®B97XD functional in gas phase, using the
Stuttgart-Dresden-Bonn basis set for Pd with the effective core potentials and the 6-31G(d) basis
sets for other atoms were used. Single-point calculations were performed by the ®B97XD
functional, using a better basis set system (BS-II) to provide a better potential energy change. In
BS-II, two f polarization functions were added to Pd and 6-311G(d) basis sets were used for other
atoms, where diffuse functions were added to anionic Br atom, N and O atom of NO, group.
Solvation effects (1,4-dioxane) were evaluated with polarizable continuum model (PCM) method,
where the geometries optimized in gas phase were employed.

In this work, discussion is presented based on the Gibbs energy, where the translation entropy
in solution was corrected by the method of Whiteside et al. because the reactions occur in solution.
Thermal correction and entropy contribution to the Gibbs energy were taken from the frequency
calculation in gas phase at 298.15 K and 1 atm. In this work, the Gibbs activation energy (AG®) is
defined as a difference in Gibbs energy between the transition state (TS) and the most stable
intermediate before TS. The Gibbs reaction energy (AG°) is defined as a difference in Gibbs
energy between the product and the reactants. All these calculations were carried out with
Gaussian09 program.

Since the usual phosphine ligand is not useful while the unique BrettPhos was successfully
used in the Suzuki-Miyaura cross-coupling reaction of nitroarenes. The ligand effect on the
oxidative addition reaction of nitrobenzene is important to be considered. In this work, we compare
BrettPhos with BrettPhos isomer and PMes ligands to reveal the characteristic features of BrettPhos.
The molecule structures of the three ligands are shown in Scheme 2. The BrettPhos isomer is a

bulky monophosphine and designed by change the position of tri-Pr-Ph group from ortho to para of
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the phenyl ring of BrettPhos.

PC‘]":
Me

'D\[f_.-
PCY? \"‘x.-" OME
MeO asf‘“ \R /Fl‘\'\,_
J\D |
""'\-.o-'
iPr

» v
BretilPhos Bretilhos isomer PMe;

Scheme 2. The molecular structure of BrettPhos, BrettPhos isomer, and phosphine (PMe;) ligand.

Results and Discussion

Thermodynamics of Oxidative Addition of Nitrobenzene and Bromobenzene Derivatives to
Pd(PMes); and Pd(BrettPhos)

The catalytic cycle of the Suzuki-Miyaura cross-coupling reaction of nitrobenzene is initiated by the
oxidative addition of Ph-NO, bond to Pd(BrettPhos) complex. According to experiments and our
theoretical examinations, the single electron transfer mechanism and stepwise oxidative addition via
the nucleophilic attack mechanism were unlikely. Therefore, here the concerted oxidative addition
of Ph-NO; bond to Pd(0) complex was investigated, which is an unprecedented elemental reaction
with considerable interests. To understand the oxidative addition of nitrobenzene, we firstly
evaluated the Ph-NO, bond dissociation energy (BDE) compared with Ph-Br bond. As shown in
Scheme 3, the BDE(Ph-NO,) is 76.9 kcal/mol and the BDE(Ph-Br) is 83.1 kcal/mol. The Ph-NO,
bond is moderately weaker than the Ph-Br, which is in consistent with experiments. However, the
Ph-NO, bond activation is more difficult than Ph-Br even though Ph-NO, bond is weaker. To
investigate these differences between Ph-NO, and Ph-Br bond activation, we evaluated the
BDE(Pd-NO,) and BDE(Pd-Br) in the product of oxidative addition with (PMes), ligands. As
shown in Scheme 3, the BDE(Pd-NO;) is 43.3 kcal/mol and the BDE(Pd-Br) is 65.2 kcal/mol.
Though the Ph-Br bond is stronger than Ph-NO, bond by 6.2 kcal/mol, the Pd-Br bond is much
stronger than that of Pd-NO; by 21.9 kcal/mol. This is an important reason why the oxidative
addition of bromobenzene to Pd(PMe;), is more exothermic than that of nitrobenzene. Furthermore,
we also evaluated the BDE(Pd-NO;) and BDE(Pd-Ph) in the product of oxidative addition with
BrettPhos. The Pd-NO, and Pd-Ph bond with BrettPhos ligand are considerably stronger than that
with (PMes), ligand by 8.0 kcal/mol and 8.5 kcal/mol, respectively. Therefore the oxidative addition
of nitrobenzene to Pd(BrettPhos) is more exothermic than to Pd(PMes),. On the other hand, we also
considered the para substituted effect of electron donating (OMe) and electron withdrawing group
(CF») on the oxidative addition of nitrobenzene. As shown in Scheme 3 and Scheme 4, the effect of
OMe group on Pd-Ph and Pd-NO; is very small, while slightly strengthen the Ph-NO, bond. On the
other hand, the Ph-NO, bond is slightly weakened together with Pd-Ph bond is moderately
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strengthened by substitution of the CF3 group, which is independent on the ligands. It indicates that
the oxidative addition of nitrobenzene is more exothermic with the substitution of electron

withdrawing group.

R
NO,
NO,
+  Me;P—Pd—PMe; - e
d
1! Megp/ \\‘PME;S
BDE (RC,H,-NO,) BDE (Pd-NO,) BDE (Pd-C,H,R)
R=H 76.9 kcal/mol 43.3 keal/mol 54.4 keal/mol
OMe  79.6 keal/maol 43.5 keal/maol 54.8 keal/mol
CFy;  74.5 keal/mol 42.0 keal/mol 58.0 keal/mol
Br
r
+ Me,P—Pd—FPMe, -
d
T
BDE (Ph-Br)=83.1 kcal/mol Me,P PMe;

BDE (Pd-Br)=65.2 kcal/mol
BDE (Pd-Ph)=54.4 kcal/mol

Scheme 3. Bond dissociation energy (BDE) of Ph-NO,, Ph-Br, Pd-Ph, Pd-NO,, and Pd-Br with
(PMe;s); ligand. The substituted effect of OMe and CF; group on Ph-NO; has been considered.

R
c @
¥
Cr(1 f
p——Pd—NO;
ipri
- MeO — @ —ipr
'Pr
Me
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OMe 796 keal/mol 51.3 kecal/mol 63,6 keal/mol
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Scheme 4. Bond dissociation energy (BDE) of Ph-NO,, Ph-Br, Pd-Ph, Pd-NO,, and Pd-Br with
BrettPhos ligand. The substituted effect of OMe and CF5 group on Ph-NO, has been considered.
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Geometry and Energy Changes in Oxidative Addition of 1-methoxy-4-nitrobenzene and
1-methoxy-4-bromobenzene

We investigated the oxidative addition of 1-methoxy-4-nitrobenzene to Pd(BrettPhos) complex 1,
because this substrate was used in the experiment of transmetalation. 1-methoxy-4-nitrobenzene
approaches 1 to form a stable #°-coordinated adduct (AD1a), in which the meta C-C bond of the
phenyl ring coordinates with the Pd atom, as shown in Figure 1. The binding energy is significantly
large (27.9 kcal/mol in the Gibbs energy). AD1a is not connected to the transition state of the
oxidative addition, as will be shown below, because the C-NO, bond is distant from the Pd. Prior to
the oxidative addition, the Pd atom moves to the ortho C-C bond of the phenyl ring to form AD2a,
which is less stable than AD1a by 5.5 kcal/mol. Starting from AD2a, the oxidative addition occurs
through the three-membered transition state (TSa) to afford the four-coordinated Pd
(IN)(NO,)(CsH4-OMeP)(Brettphos) (PRDa). In TSa, the C1-N bond is elongated to 1.784 A from
1.455 A, indicating that the C1-N bond cleavage is in progress. Though the Pd-C1 distance becomes
shorter to 2.119, which is close to that of product; the Pd-C2-C3 angle still deviates from that of the
PRDa, indicating that the orientation of the phenyl group is changing in TSa. On the other hand,
the Pd-N distances become shorter to 2.072 A, which is close to that of PRDa, and also the NO,
group has already changed its orientation toward the Pd. This means that the Pd-NO, bond is almost
formed in TSa. The PRDa is a pseudo-square-planar Pd(IT) complex.

L. 26l g P

Reactant
0.0 -22.4(-30.1)
L
— rd
l.ll‘\‘ t 5 . -
DA (CINPd-PO2P)
3 ~13.1° |
TS: PRDa
2.4(4.2) -30.0 (-35.3)

Figure 1. Optimized geometries in oxidative addition of 1-methoxy-4-nitrobenzene to Pd(BrettPhos)
complex (distance [A], hydrogen atoms are omitted for clarity), Gibbs energy relative to that of

separated reactants are provided (potential energies are in the parentheses).
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The Gibbs activation energy (AG®*) of this reaction is 30.3 kcal/mol (relative to the most stable
reactant adduct AD1) and the Gibbs reaction energy (AG®) is -30.0 kcal/mol (relative to the sum of
reactant complex 1 and p-methoxynitrobenzene).

We investigated the oxidative addition of 1-methoxy-4-bromobenzene to Pd(BrettPhos)
complex for comparison as shown in Figure 2. This reaction proceeds through a similar
n*-coordinated adducts (AD1b and AD2b) and transition state (TSb) to afford a palladium(II)
complex Pd (II)(Br)(C¢Hs-OMeP)(Brettphos) (PRDb), as shown in Figure 2. Though AD1b and
AD2Db are similar to AD1a and AD2a, we found some of interesting differences between TSa and
TSb. In TSb, the Pd-C1 distance is longer than that in TSa by 0.118 and the Pd-Br distance is
somewhat longer than in PRDb, suggesting that TSb is less product-like than TSa.
Correspondingly, the dihedral angle between plane C1BrPd and plane PC2Pd in TSb is 27.9°, while
the dihedral angle (13.1°) between plane CINPd and plane PC2Pd in TSa is smaller (more
product-like). The AG® is 16.3 kcal/mol, which is much smaller than that for Ph-NO, bond
activation, and the AG® is -50.0 kcal/mol, which is much more negative than that for Ph-NO, bond
activation. These results indicate clearly that the oxidative addition of nitroarene is more difficult

than that of bromoarene, which is consistent with previous experiments.

s 2428 f—
ﬁ AD2b
ADI1b -20.0 (-25.9)
-25.0(-31.0)
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Figure 2. Optimized geometries in oxidative addition of 1-methoxy-4-bromobenzene to
Pd(BrettPhos) complex (distance [A], hydrogen atoms are omitted for clarity), Gibbs energy

relative to that of separated reactants are provided (potential energies are in the parentheses).
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Characteristic Features of Oxidative Addition of 1-methoxy-4-nitrobenzene

To gain an insight into characteristic features of oxidative addition of 1-methoxy-4-nitrobenzene,
we focused on the main difference in several important bond distance, angle and potential energy
changes along the intrinsic reaction coordinate (IRC) between the Ph-NO, and Ph-Br bond
activation. As shown in Figure 3, the first stage of the reaction is the increase of Pd-C2 distance,
which means the dissociation of the #' coordination between Pd center and the C2 atom of the
tri- Pr-phenyl ring of BrettPhos ligand. The second stage is the decrease of Pd-C2 and the increase
of Pd-C1 distance, which means the re-coordination of between Pd center and the tri-'Pr-phenyl ring
together with dissociation of the #° coordination between Pd center and ortho C-C bond of
1-methoxy-4-nitrobenzene. The third stage is the decrease of Pd-C1 and the increase of C-N1
distance, which means coordination (') between C1 and Pd together with the dissociation of C-N1
bond to form TSa; in this stage the orientation change of phenyl and NO, group is in progress
because the £Pd-C1-C3 increase from 112° to 139° and Pd-N-X (X is the center between two O
atoms) increase from 118° to 144°, which means Pd-Ph and Pd-N bond formation is in progress.
The last stage is continuous increase of C1-N distance together with the increase of the angel
Pd-C1-C3 and Pd-N-X to form the PRDa. Compared with Ph-NO, bond activation, two differences
in geometry change were found in the Ph-Br bond activation; 1. The C1-Br bond elongates by 0.085
A and the £Pd-C1-C3 (Ph orientation) increases by 30.85° from AD2b to TSb, smaller than that of
Ph-NO, bond activation case, in which C1-NO, bond elongates by 0.329 A and the £Pd-C1-C3 (Ph
orientation) increases by 46.12° together with the 2Pd-N-X (NO; orientation) increase 9.63°. It
shows that the distortion of 1-methoxy-4-nitrobenzene in TSa is larger than that of
1-methoxy-4-bromobenzene in TSb. 2. The Pd-C2 distance of TSb have not decreased to that of
PRDb, while in Ph-NO, bond activation case, the re-coordinate of Pd-C2 has almost finished in
TSa. In this context, the TSa is more product-like than TSb.
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Figure 3. Change in several important bond distance, angle and potential energy along the IRC of

the oxidative addition reaction of 1-methoxy-4-nitrobenzene and 1-methoxy-4-bromobenzene.

The natural bond orbital (NBO) charge changes along IRC are obviously different in the
Ph-NO, bond activation and Ph-Br bond activation as presented in Figure 4. In AD2a, the NBO
charge of NO; is more negative than MeO-Ph group, while the NBO charge of Br atom is less
negative than MeO-Ph group in AD2b, because NO; is a strong electron withdrawing group. In the
dissociation of Pd-C2 5' coordination stage (first stage), the charge of MeO-Ph and NO, group
slightly increase together with that of Pd decreases; similar trend that the charge of MeO-Ph and Br
group slightly increase are also shown in the Ph-Br bond activation in this stage. However, in the
second stage, the charge of NO; considerably decreases together with that of the MeO-Ph group
increases, while that of Br atom and MeO-Ph group continuously increase. It indicates that, the
Ph*-NO,™ polarization decreases the NBO charge of NO, while the polarization of Ph>"-Br* did
not occur in this stage. After that, the NBO charge of NO,in TSa is almost close to that of PRDa
while that of Br in TSb is considerably larger than that of PRDb. On the other hand, the charge of
MeO-Ph group of TSa is 0.07, which is considerably larger than that (-0.23) of PRDa, while the
charge of MeO-Ph group of TSb is -0.11, which is almost close to that (-0.19) of PRDb. Therefore,
the charge transfer from Pd to NO; is almost finished in TSa, while the charge transfer process to
Br occurs after TSb. On the other hand, the charge transfer from Pd to MeO-Ph group is in progress
in TSa, while the charge transfer process to MeO-Ph group has already occurred in AD2b. In this
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context, the electronic process in the oxidative addition of 1-methoxy-4-nitrobenzene to
Pd(BrettPhos) exhibits a unique feature, which is significantly different with that of

I-methoxy-4-bromobenzene.
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Figure 4. Change in NBO charge along the IRC of the oxidative addition reaction of
I-methoxy-4-nitrobenzene and 1-methoxy-4-bromobenzene.

The orbital interactions in the TS of the oxidative addition of 1-methoxy-4-nitrobenzene and
I-methoxy-4-bromobenzene to Pd(BrettPhos) complex are shown in Figure 5. In the HOMO of
TSa, charge transfer occur from the Pd dm orbital to the o*+n* orbital of the Ph-NO,, which
consists the o*-antibonding orbital of the C-NO; bond and the n* orbital of the NO, group (LUMO);
together with charge transfer from the Pd dm orbital to another o*+n* orbital of the Ph-NO,, which
consists the o*-antibonding orbital of the C-NO, bond and the n* orbital of the Ph group
(LUMO+1). However, in the HOMO of TSb, a smaller charge transfer occur from the Pd dr orbital
to the o*+n* orbital of the Ph-Br, which consists the o*-antibonding orbital of the C-Br bond and
the m* orbital of the Ph group (LUMO). Therefore, charge transfer from Pd to NO, is earlier than
the charge transfer from Pd to MeO-Ph group because the n* orbital of the NO, group participates

in the charge transfer interaction of TSa, while in the Ph-Br bond activation, the charge transfer

from Pd to Br is later than the charge transfer from Pd to MeO-Ph group.
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Figure 5. HOMO of TSa and TSb, and charge transfer interactions in TSa and TSb.

Furthermore, the potential energy (E), deformation energy (Ep) of each moiety and interaction
energy (Ein) between them are listed in Table 1. The difference between the potential energy of
AD1a and AD1b is 4.5 kcal/mol. It suggests that AD1a and AD1b are similarly stable. However, in
TSa, the Ep of 1-methoxy-4-nitrobenzene moiety is larger than that of 1-methoxy-4-bromobenzene
moiety in TSb by 27.0 kcal/mol even though the E;j, in TSa is larger than that in TSb by 17.5
kcal/mol. Therefore, the larger Ep of 1-methoxy-4-nitrobenzene moiety is the origin of larger
Ph-NO, bond activation barrier. This is because the sp® orbital of NO, must change its direction
toward Pd to form bonding interaction. However, Br has spherical valence orbital, which can form
the interaction with dr of Pd by keeping the Ph-Br 6-bond.
Characteristic Feature of BrettPhos
According to previous reports, mono-phosphine ligands are generally more favorable for the Ph-Br
bond activation than bis-phosphine ligands. Therefore, we take a BrettPhos isomer by change the

position of tri-Pr-Ph group from ortho to para of the phenyl ring as an example to consider the
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mono-phosphine ligands for Ph-NO; bond activation. As shown in Figure 6, the PRDc is less stable
than AD1e¢, which suggests that Ph-NO, bond activation with BrettPhos isomer is an endergonic
reaction. Besides, intermediates, transition state and product of BrettPhos isomer are less stable than
those of BrettPhos. Therefore, a mono-phosphine ligand is not favorable for the Ph-NO, bond
activation even though it is effective for Ph-Br bond activation. As shown in Figure 7, dn orbital of
Pd provided by Brettphos is at a higher energy than that provide by Brettphos isomer, which is
favorable for charge transfer to Ph-NO, moiety because the m of phenyl moiety in BrettPhos

interacts with dm of Pd in an antibonding way.

Id

AD2c
-18.7(-23.4)

TSe PRDc
7.3 (1.8) -21.2(-25.9)

Figure 6. Optimized geometries in oxidative addition of 1-methoxy-4-nitrobenzene to Pd(BrettPhos
isomer) (distance [A], hydrogen atoms are omitted for clarity), Gibbs energy relative to that of

separated reactants are provided (potential energies are in the parentheses).
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Figure 7. HOMO (d,) orbital in Pd(BrettPhos), Pd(BrettPhos isomer), and Pd(PMe;), moieties in
reactant and TS.

To further reveal the characteristic feature of BrettPhos ligand, we also compared BrettPhos
with (PMes), ligand. The geometry and energy change in oxidative addition of
I-methoxy-4-nitrobenzene with Pd(PMes), is shown in Figure 8. Results indicate that BrettPhos is
more favorable than (PMejs),, because the intermediates, transition state, and product of BrettPhos
are relatively more stable than those of (PMe;), by 20.0 kcal/mol. It is worthy of note that, from
reactant to TSd, the P-Pd-P angle decrease from 180° to 114.56°. Correspondingly, the deformation
energy of Pd(PMe;), moiety in TSd is 19.0 kcal/mol because of the bending, which is larger than
that (4.7 kcal/mol) of Pd(BrettPhos) moiety in TSa. In this context, larger deformation energy of
Pd(PMes), is response for corresponding less stable intermediates, transition state, and product. The
dn orbital of Pd provided by (PMes), in TSd is shown in Figure 7. The dn orbital of Pd(PMe;); is
-7.81 eV considerably increase to -5.73 eV of TSd with a larger deformation energy (19.0 kcal/mol).
However, the dr orbital of Pd(BrettPhos) is -5.82 eV slightly increase to -5.65 eV of TSa with a
smaller deformation energy (4.7 kcal/mol). In this context, the dn orbital of Pd(BrettPhos) is more
reactive at a higher energy while the dn orbital of Pd(PMe;), is more stable that need a larger
deformation energy to activate it. Therefore, the dm orbital of Pd(BrettPhos) is more reactive than
Pd(PMes),, which provide a better charge transfer to form a stable precursor and transition state that

is an important reason why BrettPhos is more favorable than (PMes),. Furthermore, the activation
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energy of Ph-NO, bond is 29.1 kcal/mol with (PMe;); ligand, which is larger than BDE(Pd-P) in
AD1d, 20.8 kcal/mol. In this context, prior to TS, PMes ligand might dissociate, which is another

reason why (PMes), is unfavorable for Ph-NO, bond activation.

TSd
22.3(15.9) -10.5 (-18.7)

Figure 8. Optimized geometries in oxidative addition of 1-methoxy-4-nitrobenzene to Pd(PMes),
isomer (distance [A], hydrogen atoms are omitted for clarity), Gibbs energy relative to that of

separated reactants are provided (potential energies are in the parentheses).

Conclusions

In this work, we theoretically investigated the characteristic features of the oxidative addition of
nitrobenzene to Pd(BrettPhos) complex with the density functional theory method. The Ph-NO,
bond activation energy is 30.3 kcal/mol, which is larger than that (16.3 kcal/mol) of Ph-Br. Results
indicate that the Ph-NO, bond activation is more difficult than Ph-Br, which is in consistent with
previous experiments. Interestingly, the electronic process of the oxidative addition of nitrobenzene
exhibits characteristic feature that is significantly different with bromobenzene. In Ph-NO, bond
activation, charge transfer from Pd to NO, is earlier than the charge transfer from Pd to Ph group,
while in the Ph-Br bond activation, the charge transfer from Pd to Br is later than the charge transfer
from Pd to Ph group. This is because the n* orbital of the NO, group participates in the charge
transfer interaction of transition state. In this context, the characteristic feature in electronic process
of Ph-NO, bond activation originates from the participation of the n* orbital of the NO, group.
Correspondingly, the distortion of nitrobenzene moiety in transition state is larger than
bromobenzene moiety because the sp> orbital of NO, must change its direction toward dr orbital of
Pd to form bond interaction while Br does not change the direction of orbital, which is responsible

for the larger Ph-NO, bond activation barrier. On the other hand, the BrettPhos isomer
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(mono-phosphine) is unfavorable for the Ph-NO, bond activation because dn of Pd provided by
BrettPhos is at higher energy than that provided by BrettPhos isomer, which is more favorable for
charge transfer to Ph-NO, moiety because the w of Ph interacts with dn of Pd in an antibonding way.
On the other hand, the dr orbital of Pd(PMe;), is more stable that need a larger distortion to activate
it. Therefore, the better dn of Pd provided by BrettPhos effectively stabilizes intermediates,
transition state, and product of Ph-NO, bond activation that is an important reason why BrettPhos is

better than usual phosphine ligands.
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1. Summary of the research of the year
Electron dynamics of photoionization of H; in intense pulse laser fields

Photoionization process in intense pulse laser field, involves complex interplays among electrons,
nuclei, and laser-field. Namely, the charge resonance enhanced ionization, the interatomic Coulombic decay
and the above-threshold ionization are processes, which involves the electronic continuum states. Moreover,
the availability of X-ray laser pulse allows further investigations of auto-ionization and Auger effect, which
involves electronic correlations. Our present method effectively includes the ionization processes and
dynamical correlations.

The outgoing electron flow from the molecular region per unit time is given as electron flux j at
boundary surface dV. The time-dependent electron wavepacket W(¢) is a complex wavefunction and thus
the natural orbitals ¢p, of the wavepacket are also complex. Thereby the fluxes of the natural orbitals are

given as,

h - -
J® = 2 [0:Vd, — V3]

The outgoing electron flux j® from each natural orbital ¢, reduces the occupation number n» of the
natural orbital per unit time.

at
av

By scaling the norm of the complex natural orbitals ¢p; with the reduced occupation number, the outgoing
electron flow is effectively taken into account by the reduced electron density of the wavepacket W(t). The
scaling of the natural orbitals is incorporated by scaling the Slater determinants of the natural orbitals, in

which the wavepacket W(t) is expanded, as follows [1],

wo-Fem-vio-3 ([ )
T 7 ; i

The continuity equation is integrated only for electron flux which is above threshold jires, for ionization

with external field taken into consideration.

The occupation number of hydrogen molecule in 580 TW/ cm® two-cycle laser pulse with wavelength
760 nm shows significant decrease while at the peak of the laser pulse (Fig. 1). The radiation spectra of
hydrogen molecule showed odd-order peaks (due to rapid acceleration of dipole in Fig. 2 (a)) with fine
structures, which is unique in molecular systems (Fig. 2 (b)). The fine structures are also seen in the electron

flux of the time-dependent wavepacket, which reflect the recollision process between the electron and parent
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Figure 2. (a) Electric field (green), dipole moment of the system

(blue), and dipole acceleration (red). (b) Power spectra of H,

molecule.
Figure 1. Time propagation of the

natural orbital with largest occupation 100 The rapid stroke of acceleration is seen during the second

number of H, in intense laser field. nalf cycle of the laser field, which eventually is when the first

The real part and imaginary part are  recollision of the electron and the parent ion takes place, and the

shown in blue and red, respectively. ~clectron is accelerated. The repetitive recollision thus results in

The  occupation numbers in  Digh-order harmonic generation process in the intense laser field

parentheses are the ones ome the (Fig 2(b)). The contribution of the nonadiabatic effect introduces

normalized wavepacket. isotope effect to the ionization process. A significant anisotropic
behavior of the angular distribution of photoelectron of HD in

intense field is seen due to the electron flux induced by nuclear motion differs between proton and deuteron.

Photoionization of H,O in intense pulse laser fields

The photoionization process of 1'B, state H,O molecule with two 100 TW/cm? 185 nm laser pulses
(FWHM being 8.27 fs) has also been calculated with the nonadiabatic electron dynamics method. HOH bond
angle flips at t=20 fs and returns at t=40 fs, hence becomes linear at t=10 fs and 30 fs. The laser polarization
is fixed along the symmetry axis of H,O and the center of the laser pulse is set at t=10 fs and 30 fs. Therefore,
the laser intensity is at its maximum when H,O have a linear structure perpendicular to the laser polarization.
While the nuclear configuration is linear, the theoretical calculation counterintuitively resulted in significant
flux perpendicular to the laser polarization (Fig. 3 (a) thru (j)). Without the nonadiabatic interaction due to
the nuclear motion, the electron flux perpendicular to laser polarization is zero. Therefore, the perpendicular
electron flux arises from the bending motion of the nuclei. The angular distribution of the photoelectron flux,
which is the integrated electron flux at the boundary surface, also shows the strongest intensity at the linear

structure (Fig. 3 (k and 1)).
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[1] K. Takatsuka, J. Phys. B 47, 124038
(2014). Figure 3. (a and b) Angular distribution of electron flux of

H,O0. The thick solid curves indicate the polar angle of H
coordinates. (c thru j) Fluxes at selected times. Blue and red
indicate inward and outward fluxes, respectively. (k and 1)

Angular distribution of photoelectron.
2. Original papers

(1) Takahide Matsuoka, and Kazuo Takatsuka,
“Dynamics of photoionization from molecular electronic wavepacket states in intense pulse

laser fields: A nonadiabatic electron wavepacket study”
J. Chem. Phys. 146, 134114 (2017).

3. Presentation at academic conferences

(1) FARE &S - EFEMK
(58 L —H —35 DO FHE 5y 5> 5 DA A AL O IEWTEVE 18 115 )
% 19 BIHEER LT RERS Ffs 2016/5/253B19
(2) MAMHER - mHEME
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%510 [y R TR S 2016 #05 2016/9/14 2A15
Takahide Matsuoka, and Kazuo Takatsuka,

“Dynamics of photoionization from molecular electronic wavepacket states in intense pulse
laser fields”

77" Okazaki Conference Series: International Symposium on Ultrafast Dynamics in
Molecular and Material Sciences (P03), Okazaki, May 6, 2017
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25 3R

[1]Y. Umena, K. Kawakami, J.-R. Shen, and N. Kamiya, Nature 473, 55 (2011).
[2] K. Yamamoto and K. Takatsuka, Chem. Phys. 475, 39 (2016).
[3] T. Yonehara, K. Hanaksaki, and K. Takatsuka, Chem. Rev. 112, 499 (2012).

2. FX

(1) Kentaro YAMAMOTO and Kazuo 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, 39-53 (2016)
(2) Kentaro YAMAMOTO and Kazuo TAKATSUKA,

“Photoinduced Charge Separation Catalyzed by Manganese Oxides onto a Y-Shaped

Branching Acceptor Efficiently Preventing Charge Recombination”

ChemPhysChem. 18, 537-548 (2016)

3. ZRRK

(1) HIARFEKRES, m&sink
[Photochemical mechanism of charge separation taken out of water molecule | 5 19 [A] 2
Al FRT e, B 2016/5/23-25 3BI1S.
(2) IAREREE, @&k
Ak R I 23T D K53 iR O F1 ) B B O B IZ >\ T Y F R Coupled
Proton-Electron Transfer| 5 10 [0l 1Rl #5tama, #7 2016/9/13-15 1F13.

(3) Kentaro Yamamoto and Kazuo Takatsuka “Photoinduced Charge Separation Catalyzed by
Mn-Oxides onto a Y-shaped Branching Acceptor Efficiently Preventing Charge
Recombination”, 5 14 [FIRHESKFEH Gk — s @&ffset o Z — R T 7 A, Kyoto,
Japan 2017/1/27 P9.

(4) Kentaro Yamamoto and Kazuo Takatsuka “ Photodynamical electron-wavepacket
mechanism of water-splitting catalyzed by manganese oxides involving hydrogen-bond
network”, The 77th Okazaki Conference Series: International Symposium on Ultrafast

Dynamics in Molecular and Material Sciences”, Okazaki, Japan, 2017/3/6-8 P06.
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Yanying Zhao

Visiting Scholar

1. Summary of the research of the year

(1) Theoretical Study of Excited State Proton Transfer in
5-substituted-1,3,4-thiodizole-2-thione molecules by GRRM

The photophysics and photochemistry of thiocarbonyls were reviewed by Maciejewski and
Steer. Previous studies revealed that the thione forms of small thioamides were much more stable
than the thiol tautomers in the ground electronic state. The calculated energy difference between the
thione and thiol forms of thioacetamide was 39.1 kJ mol, which precluded thermal population of the
thiol form of thioacetamide in the ground electronic state due to a large transition energy barrier.
The UV-induced HN—-C=S — N=C-SH excited state proton transfer (ESPT) reaction leading to the
conversion of thione to thiol was observed for a number of matrix-isolated thioamides. The ESPT
reaction is fundamentally different from the classic excited state intramolecular proton transfer
(ESIPT) process. ESIPT refers in particular to the proton transfer reaction within an intramolecular
hydrogen bond (—C=0---H-NC-). This is fulfilled neither for the heterocyclic compounds nor for
thioacetamide.

Here, we theoretically investigated the excited state decay mechanism of
S-substituted-1,3,4-thiadizole-2-thione molecules (Scheme 1) by GRRM method. We carried out
geometry optimization using the TD-DFT method. The excited state minima S;, S; and Ty,
minimum energy conical intersection and seam crossing points are explored using SC-AFIR method.
The results from theoretical calculation are able to interpret our resonance Raman spectroscopic
results. The excited state reaction mechanism is tentatively proposed as So—S;—S,/S; or
So/Ty—S1/Sg or T1/So— So'.

vt =S

Scheme 1
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(2) Exploring water micro-solvation role in Pd-Catalyzed Ring-Opening Borylation of
2-Arylaziridines(AZ) by Artificial Force-Induced Reaction method in the global
reaction route mapping (GRRM)

The active species PdL, initiates the aziridine ring opening borylation reaction of
2-arylaziridines by experiments and calculations, which opens up and avenue to the further
development of transition metal-catalyzed ring opening C-E bond forming cross couplings of
aziridines. H,O illustrates fundamentally important role in Pd-catalyzed regioselective
borylative ring-opening rection. The multi-component artificial force-induced reaction
(MC-AFIR) method in the global reaction route mapping (GRRM) strategy determines all of the
local minima (LMs) of the hydrogen-bonding equilibrium structures of intermediates III and VI
and transition states (TSs) for subsequent reaction paths systematically. The mechanism
proposed herein indicates the amount of water does not affect the ring-opening regioselectivity
both in the experiments and calculations, however, definite amount of H;O molecules can
stabilize the reaction intermediates via hydrogen bonding chain of H,O cluster and push the
subsequent reaction. At the same time, H,O increase the barrier for the side reaction. And the
important role of H,O are further explained in aziridine ring-opening, the proton transfer, ligand
dissociation/association and B-B bond cleavage reaction process. The revised catalytic cycle is
proposed.

The full catalytic cycle consists of a selectivity-determining aziridine ring opening
(oxidative addition), a proton transfer, phosphine ligand dissociation from the catalyst,
boron—boron bond cleavage, and reductive elimination. Importantly, H,O plays an indespensible
role in the proton transfer step by H,O hydrogen bond chain, including to quench TSN  as a
proton source, and form the [Pd(OH)] species as an internal base, and further stabilize the

reaction intermediates and pushing subsequent reactions, such as B-B bond cleavage.
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2. Original papers

(1) Pang, Sumei, Zhao Yanying*, Xue Jiadan, Zheng Xuming. "Solvent-dependent dynamics of
hydrogen bonding structure 5-(methylthio)-1, 3, 4-thiadiazole-2 (3H)-thione as determined by
Raman spectroscopy and theoretical calculation." Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy 171 (2017): 470-477.

(2) Liu, Xin, and Yanying Zhao*. "Adsorption Kinetics of Methylene Blue on Synthesized
DMF-MIL-101 (Cr), a DMF-functionalized Metal-organic Framework." Key Engineering
Materials 671 (2016).

(3) Chen Xiao, Zhao Yanying*, Zhang Haibo, Xue jiadan, Zheng Xuming* Excited state proton
transfer dynamics of thioacetamide in S,(m-m*) state: resonance Raman spectroscopic and
quantum mechanical calculations study. J. Phys. Chem. A 119, 832-842(2015)

(4) Zhao Yanying, Xu Qiang* Chapter 15, Metal-organic frameworks as platforms for hydrogen
generation from chemical hydrides in Organometallics and Related Molecules for Energy
Conversion, Green Chemistry and Sustainable Technology. Springer-Verlag Berlin Heidelberg
421-467(2015). W.-Y. Wong (ed.), DOI 10.1007/978-3-662-46054-2 15.

(5) Li Dan, Zhao Yanying , Xue Jia-Dan, Zheng Xuming Structural dynamics of 4-formaldehyde
imidazole and imidazole in light absorbing S,(n-7*) state Journal of Raman Sepctroscopy 46(3),
293-301(2015).

(6) Zhao Yanying , Zhang Yuchen, Liu Xin, Zheng Xuming Formation, characterization, structure
and bonding analysis of the metal-carbon bond OM-(n°-C¢Hg) (M = Sc, Ti) complexes in solid
matrix: Infrared spectroscopic and theoretical study. J. Orgmet. Chem. 777, 25-30(2015)

3. Presentation at academic conferences
4. Others
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Ming-Chung Yang

Postdoctoral research fellow

(National Chiayi University, Department of Applied chemistry)

1. Summary of the research of the year
The importance of Metal-Carbon Back-Bonding to the Stability of Fullerene-Transition metal
complexes and the role of Cage Sizes, Encapsulated Ions and Metal Fragments

A density functional study of {n*-(X@C,)}ML, complexes with various cage sizes (Cgo ~ C7o
C76 Csa Coo Cos), encapsulated ions (X =F", 0, Li") and metal fragments (M = Pt “Pd) is performed,
using MO6/LANL2DZ levels of theory. The importance of @ back-bonding to the thermodynamic
stability of fullerene-transition metal complexes ({n*-(X@Cy,)}ML,) and the effect of encapsulated
ions, metal fragments and cage sizes on the m back-bonding are determined in this study. The
theoretical computations suggest that = back-bonding plays an essential role in the formation of
fullerene-transition metal complexes. The theoretical evidence also suggests that there is no linear
correlation between cage sizes and m back-bonding, but the encapsulated Li" ion enhances =
back-bonding and F~ ion results in its deterioration. These computations also show that a platinum
center produces stronger m back-bonding than a palladium center. It is hoped that the conclusions
that are provided by this study can be used in the design, synthesis and growth of novel

fullerene-transition complexes.

B=0.601 B=0.578 B=0.59%
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4l

Cay Cyg
Scheme 1. The sites of attack for addition to the fullerenes Ih-Cgp, Dsp-Cro, D2-Cr6, D24(23)-Cga,
Dsp(1)-Cop and Dsp(1)-Coe. The Hiickel 7 bond orders (B) were calculated using the freeware
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program, HuLiS.
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Figure 1. Optimized geometries for {n’-(X@Cso)}ML, (M =Pt, Pd; X =Li", 0, F)
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Figure 2. The correlation between AE; and cage sizes for {nz-(X@Cn)}Pth (n =60, 70, 76, 84, 90
and 96) complexes. The blue, red and black lines represent the respective values for AE; for X = Li",

Oand F.
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2. Original papers

(1) 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 L,M (M = Pd, Pt) to Li" @Cso.
The Journal of Physical Chemistry A, 2017, 121, 2665-2673.

(2) Jia-Syun Lu, Ming-Chung Yang, and Ming-Der Su Indium—Arsenic Molecules with an In=As
Triple Bond: A Theoretical Approach. ACS Omega, 2017, 2, 1172-1179.

(3) Jia-Syun Lu, Ming-Chung Yang and Ming-Der Su. The effect of substituents on triply bonded
boron=antimony molecules: a theoretical approach. Phys. Chem. Chem. Phys., 2017, 19,
8026-8033.

(4) Jia-Syun Lu, Ming-Chung Yang and Ming-Der Su. The Effect of Substituents on the Stability of
Triply Bonded Gallium=Antimony Molecules: A New Target for Synthesis. Dalton Transactions,
2017, 46, 1848-1856.

(5) Jia-Syun Lu, Shih-Hao Su, Ming-Chung Yang, Xiang-Ting Wen, Jia-Zhen Xie, and Ming-Der
Su Substituent Effects on Boron—-Bismuth Triple Bond: A New Target for Synthesis.
Organometallics, 2016, 35, 3924-3931.
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8. BXRFMEREINEANFRRE

Xue-Feng Ren

Research Fellow

1. Summary of the research of the year
Computational Insights on the Emission Decay Way of Facial and Meridional

Tris-cyclometalated Iridium(IIT) Complexes

Significant attractions have been focused on synthesis d® complexes due to theirs extreme
widely used in variety photocatalysis and photoelectrochemistry. The Ir(IIl) chelates complexes
have been widely synthesized because of their long excited-state lifetimes and high efficiencies. In
viewing this, a series of tris-cyclometalates of Ir(Ill) had been reported by either facial (fac)
meridional (mer) isomers. The photophysical properties of both facial and meridional complexes
have also been examined and show distinct differences between the two forms, especially for the
properties of excited state. The emission wavelengths of meridional forms are red shifted compared
with its facial complexes. Furthermore, the luminescent quantum efficiencies (®) and lifetimes (t)
of fac-Ir(Ill) complexes are ten times larger than that of mer-Ir(Ill) complexes. The radiative decay
rates (K;) of these complexes under fac— and me- configurations are similar with each other, while
the nonradiative decay rates (K, of mer-Ir(Ill) complexes are ten times larger than that of
fac-Ir(IlT) complexes. The mechanism of emission decay is not established and there is no clear
understanding on the origin of the dramatically differences on the K,;. We have studied the emission
decay of this kind of isomers using DFT methods. The SC-AFIR method is implemented in GRRM

program is employed to locate the minimum energy seam of crossing (MESXs).

isomers

(w Cn

"’wl e "u.a,,l e \
N / Ir \N> / r\N_,/
c

C
U N
7
fac-Ir(C*N)3 mer-Ir(CAN);
C”N ligand
| |
=N N
\Ir \Ir F \Ir
CH, F
PRy tpy 46dfppy

Figure 1. The scheme of studied molecules
The emission decay leads to distort the phenyl ring of the ppy ligand and Ir-N; bond break.
The MESX of mer-Ir(ppy)s is lower than T state at the FC region by 21.15kJ/mol, while the energy
differences between the MESX of fac-Ir(ppy); and T, at the FC state is less than 1 kJ/mol. This
means that the quenching pathway of mer-Ir(ppy); is favorable compared with its facial isomer.

Furthermore, the energy barrier from the T;.,, to MESX of mer-Ir(ppy)s is found to be much lower

—170 —



IV BRREAE (2016)

than that of fac-Ir(ppy)s;. Therefore, the calculated results can fully explain the experimental

data(Ky, is 3.2 X 10° and 6.4 X 10° for fac-Ir(ppy); and mer-Ir(ppy)s, respectively).

fac-Ir(ppy);

300.00 Ty Ty MESX ~
274.66 277.49 731737473 N Y
S 7465 1.Cc
250.00 ¥ o0 42 -
T;-m NJ
200.00
hy|
150.00 152.05 T, TS T, MESX
C-C-C-N 116 -2428 -49.09 -50.30
100.00 R
N; 2156 2.785 3.374 3.448
50.00
25.13
0.00 =700
mer-Ir(ppy);
T, B
30000 258.90 TS MESX @6; gﬁ
250.00 -7 < Ng
200.00 R
\
150.00 Z
100.00 Tim TS MESX
C-C-C-N -5.15 -27.06 -50.6
50.00 NI 2349 2.855  3.419
0.00

Figure 2. The emission decay of fac-Ir(ppy); and mer-Ir(ppy); obtained by B3LYP method

fac-Ir(46dfppy);

FoaF
300.00 /&j /S\
250.00 F ;C’C
0D
200.00
150.00 F F
100.00 Tom TS Ty MESX
C-C-C-N, -1.69 -1896 -50.15 -56.01
50.00 Ny 2193 2.667 3382 3457
0.00
mer-Ir(46dfppy);
F
350.00 | . =
248.03 TS MESX 5 &
300.00 .
S 258.07 264.13 254.74 S ¥
250.00 > 54.68 : NF/
200.00 A
150.00
100.00 Tim TS MESX
C.CN. -6.84 2078 -50.97
50.00 C-C-C-N,
N, 2337 2.686  3.429
0.00

Figure 3. The emission decay of fac-Ir(46dfppy); and mer-Ir(46dfppy); obtained by B3LYP method

As depicted in Figure 3,

by the introduction of the fluorine at the ppy ligand, the MESX of

fac-Ir(46dfppy); is 11.15kJ/mol lower than corresponding T, state at the FC geometry, and the

energy barrier is 28.30 kJ/mol. This means the decay process of fac-Ir(46dfppy); from the T, state is

more probable compared with fac-Ir(ppy)s, which is consistent with the large K value (3.6X10°)
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relative to fac-Ir(ppy)s. Follow this coordinate, the mer-Ir(46dfppy); has much small MESX lower
than the FC state(33.28kJ/mol) and smaller energy barrier (6.06kJ/mol), thus it has efficient

quenching pathway.
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200.00
150.00
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50.00

0.00
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CH;
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Figure 4. The emission decay of fac-Ir(tpy); and mer-Ir(tpy); obtained by B3LYP method
As depicted in Figure 4, by the introduction of the methyl at the ppy ligand, the MESX of

fac-Ir(tpy)s is larger than corresponding T, state at the FC geometry, and the energy barrier is

32.08kJ/mol. This means the decay process of fac-Ir(tpy); from the T, state is less probable

compared with fac-Ir(ppy)s, which is consistent with the small K, value (2.5X10%) relative to

fac-Ir(ppy)s;. The mer-Ir(tpy); has small energy lower than FC (19.39kJ/mol) and energy barrier

(13.95kJ/mol) compared with fac-Ir(tpy)s, therefore the quenching pathway is more favorable

compared with that of fac-Ir(tpy)s.

2. Original papers

Xue Feng Ren and Keiji Morokumma, “Emission Decay Way of a series of Facial and

Meridional Tris-cyclometalated Iridium(III) Complexes”

3. Presentation at academic conferences

(1) Xue Feng Ren and Keiji Morokumma

, In preparation.

“The effect of intramolecular Hydrogen Bond on the Mechanism of Exicted state Decay of

Iridium(IIT) Complexes”

2016,9,13-15, KOBE fashion mart, Poster
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H. Mizuno, L. E. Silbert, and | Spatial Distributions of Local Elastic Physical Review
1 . . . p.068302 2016
M. Sperl Moduli Near the Jamming Transition Letters (Spages)
Anomalous energy cascades in dense Vol.12. p.1360-
2 | K. Saitoh and H. Mizuno granular materials yielding under simple Soft Matter 13 6.7 (é pa'l es) 2016
shear deformations pag
H. Mizuno, L. E. Silbert, M. Cut-off nonlinearities in the low- Physical Revi Vol.93,
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Barrat crystals (18pages)
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E. Silbert jammed particulate packings E (2Ipages)
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(11pages)
. Relation of vibrational excitations . . Vol.94,
6 ? ]];/: rZrl;lo’ S. Mossa, and J.- and thermal conductivity to elastic I;hy sical Review p-144303 2016
' heterogeneities in disordered solids (22pages)
VIR
The fragment molecular orbital method
7 Yoshio Nishimoto and Dmitri | combined with density-functional tight- Phys. Chem. 18(32), 21997- 2016
G. Fedorov binding and the polarizable continuum Chem. Phys. 22734
model
8 | Nishimoto, and Dmitri G. sty £ £ J. Chem. Phys. | 145(4),044113 | 2016
combined with the fragment molecular
Fedorov .
orbital method
Quantum Chemical Prediction of
Yoshio Nishimoto and Vibrational Spectra of Large Molecular Chem. Phys.
? Stephan Irle Systems with Radial or Metallic Lett. 667, 317-321 2017
Electronic Structure
g .. . | Three-body expansion of the fragment
1o | Yoshio Nishimoto and Dmitri | 1 10 bital method combined with | 2, COP4E 38(7), 406-418 | 2017
G. Fedorov . . . .o Chem.
density-functional tight-binding
Analytic Hyperpolarizability and
e g Polarizability Derivative with Fractional
11 | Yoshio Nishimoto Occupation Numbers for Large Extended J. Chem. Phys. 146(8), 084101 2017
Systems
g AR
W. M. C. Sameera, Akhilesh Artificial Force Induced Reaction Method
12 | Kumar Sharma, Satoshi for Systematic Determination of Complex | Chem. Rec 16, 2349-2363 2016
Maeda,Keiji Morokuma Reaction Mechanisms
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13 Ku{(?da, W. M. C. Samee.ra, of 2-arylaziridines with bis(pinacolato) Chem. Sci., 7, 6141-6152 2016
Keiji Morokuma, Satoshi . . .
. diboron: experimental and computational
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studies
W. M. C. Sameera, Satoshi Computational Catalysis Using the
14 Maeda, Keiji Morokuma Artificial Force Induced Reaction Method Acc. Chem. Res. 49 (4), 763-773 2016
Shunsuke Sasaki, Satoshi Highly Twisted N,N-Dialkylamines as a
15 Suzuki, W. M. C. Sameera, Design Strategy to Tune Simple Aromatic | J. Am. Chem. 138 (26), 8194- 2016
Kazunobu Igawa, Keiji Hydrocarbons as Steric Environment- Soc. 8206
Morokuma, Gen-ichi Konishi | Sensitive Fluorophores
Quantum mechanical simulation
Hu-Jun Qian, Ying Wan reveals the role of cold helium atoms
16| oo » TINg Wang and the coexistence of bottom-up and Carbon 14, 635-641 2017
Keiji Morokuma . .
top-down formation mechanisms of
buckminsterfullerene from carbon vapor
Ryo Nakan(?, Lung Wa Elucidating the Key Role of Phosphine—
Chun, Yumiko Watanabe, . : .
Yoshishige Okuno. Yoshikuni Sulfonate Ligands in Palladium-Catalyzed
17 ge Jxuno, Ethylene Polymerization: Effect of Ligand | ACS Catal., 6, 6101-6113 2016
Okumura, Shingo Ito, Keiji .
Structure on the Molecular Weight and
Morokuma, and Kyoko Linearity of Polyethylene
Nozaki Y yethy
Menggai Jiao, Wei Song,
Hu-Jun Qian, Ying Wang, QM/MD studies on graphene growth
18 Zhijian Wu, Stephan Irle, from small islands on the Ni(111) surface Nanoscale 8,3067-3074 2016
Keiji Morokuma
Is;at;sén Iil/lia?\(/i[?;ljiiu Takagi Artificial Force Induced Reaction (AFIR)
19 e, 0 Lakagl, Method for Exploring Quantum Chemical | Chem. Rec. 16, 2232-2248 2016
Tetsuya Taketsugu, Keiji .
Potential Energy Surfaces
Morokuma
Yuanying Li, Fengyi Liu, Different conical intersections control
Bin Wang, Qingqing Su nonadiabatic photochemistry of fluorene The Journal
20 g, SIngar s St onaceaiep Y of Chemical 145, 244311 2016
Wenliang Wang, Keiji light-driven molecular rotary motor: A Physics
Morokuma CASSCEF and spin-flip DFT study 4
Anna V. Pomogaeva, Keiji irrlnnilcfé‘t)cogr?:tir"ro}fezﬁ;l;ﬁtlst Unit for Journal of
21 | Morokuma, and Alexey Y. . Computational 37, 1259-1264 2016
. . the Modeling of Hydrogen Release .
Timoshkin . Chemistry
Mechanism
Miho Hatanaka, Yuichi Hirai, | Organic linkers control the
Yuichi Kitagawa, Takayuki thermosensitivity of the emission .
2 Nakanishi, Yasuchika intensities from Tb(I11) and Eu(III) in a Chem. Sci. 8,423-429 2017
Hasegawa, Keiji Morokuma chameleon polymer
Naokazu Kano, Nathan J. Trihydroborates and Dihydroboranes
O'Brien, Ryohei Uematsu, Bearing a Pentacoordinated Phosphorus
23 Romain Ramozzi, Keiji Atom: Double Ring Expansion To Angew. Chem. 129,5976-5979 | 2017
Morokuma Balance the Coordination States
Proton Transfer Mechanism of
Hongyan Xiao, Yusuke Organocatalyzed Isomerization
24 | Kobayashi, Yoshiji Takemoto, | of Alkynoates into Allenoates: ACS Catal. 6,2988-2996 2016

Keiji Morokuma

Enantioselectivity and Reversibility. A
DFT Study
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Arasaki, Kazuo Takatsuka . . pages)
from nonadiabatic electron-transfer
dynamics driven by infrared CW laser
fields
. Nonadiabatic electron dynamics in
67 Takehiro Yonchara, Kazuo densely quasidegenerate states in highly J. Chem. Phys. 144, 164304 (15 2016
Takatsuka, . pages)
excited boron cluster
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Volume (Number),
Ne Authors Title Journal first page to year
last page
Dynamical mechanism of charge
Kentaro Yamamoto, Kazuo separation by phOt.OeX.CIted geperatlon of Chem. Phys.
68 proton-electron pairs in organic molecular . 475, 39-53 2016
Takatsuka . . (Perspective)
systems. A nonadiabatic electron
wavepacket dynamics study
Real-time observation of wavepacket
bifurcation on nonadiabatically coupled
Yuta Mizuno, Yasuki field-dressed potential energy curves by 145, 184305 (11
69 Arasaki, Kazuo Takatsuka, means of spectrogram of induced photon- J. Chem. Phys. pages) 2016
emission from molecules driven by CW
laser
Hiroki Ichikawa. Kaz Chemical modification of conical
70 okt ichikawa, 1o intersections in photoisomerization J. Phys. Chem. 4 | 121, 315-325 2017
Takatsuka . . o
dynamics of butadiene derivatives
Photoinduced charge separation catalyzed
71 Kentaro Yamamoto, Kazuo by Mn—ox1des. onto a Y—shaped branching ChemPhysChem | 18, 1-13 2017
Takatsuka acceptor efficiently preventing charge
recombination
Lorentz-like force emerging from
kmematlc. 1.nteract10ns between electrons 146, 084312 (10
72 | Kazuo Takatsuka and nuclei in molecules. A quantum J. Chem. Phys. 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
73 Takatsuka, intense pulse laser fields: A nonadiabatic J. Chem. Phys. pages) 2017
electron wavepacket study
e Ak
Tomomi Shimazaki, Kazuo Gropup molecular orbital approarch to
74 | Kitaura, Dmitri G. Fedorov, solve Huzinaga subsystem self-consistent- | J. Chem. Phys. 146(8), 084109 | 2017
Takeshi Nakajima field equations
75 Dmltrl G. Fedorov, Kazuo Many—body expansion of the chk matrix J. Chem. Phys. 147(10), 104106 | 2017
Kitaura in the fragment molecular orbital method
i thth
76 Takahlro Sakaue and Takuya Act.lve.dlffusmn of model c.:hromosomal Soft Matter 13,81 2017
Saito loci driven by athermal noise
2 I
77 | M. Tarama and T. Ohta Reciprocating motion of active Europhys. Lett. | 114, 30002 2016
deformable particles
T A
Masato Ttami and Shin-ichi Universal Form of Stochastic Evolution
78 for Slow Variables in Equilibrium J. Stat. Phys. 167(1), 46-63 2017

Sasa

Systems
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g 24
Akira Onuki, Shunsuke Structure formation due to antagonistic Current Opinion
79 | Yabunaka, Takeaki Arakiand | ° 1 & in Collioid 22, 59-64 2016
Ryuichi Okamoto Interface Science
Shunsuke Yabunaka and Collision between chemically-driven self- | Journal of Fluid
80 Natsuhiko Yoshinaga propelled drops Mechanics 806,205-233 2016
Simon K. Schnyder
(S)m]i:OHS]Ifi‘nigrmZ?ﬁ;ré Thomas Dynamic heterogeneities and non-
81 T T Gaussian behaviour in 2D randomly Phys. Rev. E 95(3), 032602 2017
Thorneywork, Dirk G. A. L. . .
. confined colloidal fluids
Aarts, Jiirgen Horbach
R EfE
Ionization Energies and Aqueous
Redox Potentials of Organic Molecules:
82 11;4.n1tsezgiawa, F.Neese, D- A | 0 parison of DFT, Correlated ab ‘é Che”;' Theory | 15 29722284 | 2016
antazts Initio Theory and Pair Natural Orbital omput.
Approaches
Miho Isegawa,. WM. C. Copper-catalyzed Enantioselective Boron
Sameera, Akhilesh K. . ..
. Conjugate Addition: DFT and AFIR .
83 | Sharma, Taku Kitanosono, . s ACS Catalysis accepted 2017
- . | Study on Different Selectivities of Cu(I)
Masako Kato, Shii Kobayashi, and Cu(IT) Catalyst
Keiji Morokuma u ysis
WA IR
S Sasaki, S Suki, WM, | (080 e e aromate | J Am. Chem
84 | Sameera, K. Igawa, K. g gy to fune stmp A ' 138, 8194-8206 | 2016
S hydrocarbons as steric environment- Phys.,
Morokuma, G. Konishi, ..
sensitive fluorophores
Akhilesh Kumar Sharma
glgi;fgin%vYaﬁgbAkhlleSh Theoretical Study of Addition Reactions 121(13), 2665-
85 | P of LAM(M = Rh, Ir) and L2M(M = Pd, Pt) | J. Phys. Chem. A ’ 2017
Sameera, Keiji Morokuma, to LiH@C60 2673
and Ming-Der Su
Miho Isegawa, W. M. C. . .
Sameera, Akhilesh K. Copper-catalyzed Enantioselective Boron DOI: 10.1021/
. Conjugate Addition: DFT and AFIR
86 | Sharma, Taku Kitanosono, . o ACS Catal. acscatal. 2017
.| Study on Different Selectivities of Cu(I)
Masako Kato, Shu Kobayashi, and Cu(Il) Catalysts 7b01152.
and Keiji Morokuma y
LG R
3D-RISM-MP2 Approach to Hydration
]7 Shinji Aono, Toshifumi Mori, | Structure of Pt(II) and Pd(I) Complexes: | J. Chem. Theory | 12 (3), 1189- 2016
and Shigeyoshi Sakaki Unusual H-Ahead Mode vs Usual Comput. 1206

0O-Ahead One
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Volume (Number),
Ne Authors Title Journal first page to year
last page
Theoretical Study of One-Electron-
Oxidized Salen Complexes of Group 7
Shinji Aono, Nakagaki (Mn(I1I), Te(III), and Re(11I)) and Group Phvs. Chem
88 | Masayuki, and Shigeyoshi 10 Metals (Ni(IT), Pd(IT), and Pt(IT)) ChJ; m Ph S' 19, 16831-16849 | 2017
Sakaki with 3D-RISM-GMC-QDPT Method: - S
Localized vs. Delocalized Ground and
Excited States in Solution
I 2
Hetero-dinuclear complexes of 3d metals
29 Masayuki Nakagaki, with a bridging dinitrogen ligand: Phys. Chem. 18, 26365- 2016
Shigeyoshi Sakaki theoretical prediction of the characteristic | Chem. Phys. 26375
features of geometry and spin multiplicity
Ta}kako Muraoka, ‘Haruhlko Reactions of Silanone(silyl)tungsten
Kimura, Gama Trigagema, and -molybdenum Complexes with
90 Ig/llla}sz;yﬁl;}lliNsa;Laag;kznd Ko MesCNO, (Me,Si0),, MeOH, and H,O: Organometallics | 36, 1009-1018 2016
ECY ? J Experimental and Theoretical Studies
Ueno
Zheng, Hong
Ka; uhiko Semba, Kenta Reductive Cross-Coupling of Conjugated
Ariyama, Hong Zheng, Arylalkenes and Aryl Bromides with Hy- | Angew. Chem
91 | Ryohei Kameyama, Yi b VIt By gew. v | 55,6275-6278 | 2016
. . . . . | drosilanes by Cooperative Palladium/ Int. Ed.
Shigeyoshi Sakaki, Yoshiaki Conper Catalysis
Nakao PP Y
Lu Jing
. .. Computational design of benzo
92 ﬁﬁg LIE é‘ggﬁg Zheng,and |11 5 .4 S-b] dithiophene based thermally Dl,y erfle‘;’;j 127,189-196 | 2016
Eping £ activated delayed fluorescent materials Pig
Rong-Lin Zhong
The polar 2e/12¢ bond in phenalenyl-
Rong-Lin Zhong, Hong-Liang | azaphenalenyl hetero-dimers: Stronger
o3 Xu, and Zhi-Ru Li stacking interaction and fascinating J- Chem. Phys. 143, 054304 2016
interlayer charge transfer
Connecting effect on the first
04 Rong-Lin Zhong, Hong-Liang | hyperpolarizability of armchair carbon— Phys. Chem. 18, 13954- 2016
Xu, and Zhong-Min Su boron—nitride heteronanotubes: pattern Chem. Phys. 13959
versus proportion
/N 2
Dynamics of photoionization from
95 Takahide Matsuoka, and molecular electronic wavepacket states in J. Chem. Phys. 146(13), 134114 | 2017

Kazuo Takatsuka

intense pulse laser fields: A nonadiabatic
electron wavepacket study
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A JERHR
Dynamical mechanism of charge
separation by photoexcited generation
96 EZ;L?%E;?;T?O and of proton—electron pairs in organic Chem. Phys. 475, 39-53 2016
molecular systems. A nonadiabatic
electron wavepacket dynamics study
Photoinduced Charge Separation
Kentaro Yamamoto and Catalyzed by Manganese Oxides onto a Chem. Phys.
o7 Kazuo Takatsuka Y-Shaped Branching Acceptor Efficiently | Chem 18(5), 537-548 2017
Preventing Charge Recombination
Yanying Zhao
"Solvent-dependent dynamics Spectrochimica
. .4 | of hydrogen bonding structure Acta Part A:
98 ;ﬁgiiig::l’zﬁgso ;i‘gi‘;lg > | 5-(methylthio)-1, 3, 4-thiadiazole-2 Molecular and | 171,470-477. | 2017
-thione as determine aman iomolecular
» £Neng & | (3H)-thi determined by R Biomolecul.
spectroscopy and theoretical calculation." | Spectroscopy
"Adsorption Kinetics of Methylene Blue
. . . « | on Synthesized DMF-MIL-101 (Cr), Key Engineering
99| Liu, Xin, and Yanying Zhao. a DMF-functionalized Metal-organic Materials 671 2016
Framework."
Ming-Chung Yang
I\K/hrsli;i}llll;n%VYaMng’CAkhﬂeSh Theoretical Study of Addition Reactions
100 Sz;meera I&eiji. M;)rc;kuma of LLM (M =Rh, Ir) and L,M(M =Pd, Pt) | J. Phys. Chem. A | 121,2665-2673 | 2017
and Ming-Der Su to Li @C
. . Triply-bonded indium phosphorus
101 2;;13}’;;31&};\/1_1;{?;%};11% molecules: theoretical designs and RSC Advances 7,20597-20603 | 2017
J g characterization.
Jia-Syun Lu, Ming-Chung Indium—Arsenic Molecules with an In=As B
102 Yang and Ming-Der Su Triple Bond: A Theoretical Approach. ACS Omega 2, 17271179 2017
Jia-Syun Lu, Ming-Chung The et;fect .of substituents on triply bopded Phys. Chem.
103 . boron=antimony molecules: a theoretical 19, 8026-8033 2017
Yang and Ming-Der Su Chem. Phys.
approach.
. . The Effect of Substituents on the Stability
Jia-Syun Lu, Ming-Chung . IR Dalton
104 Yang and Ming-Der Su of Triply Bonded Gallium=Antimony Transactions 46, 1848-1856 2017

Molecules: A New Target for Synthesis.
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ZANKE HEMEES ZANES = AN FEREES - B MEAR
BRF TR
cpspyy | SAMEERA, SHELA P26 916 F ~ | AAFAHRELE - 7 1 ) > OB
T wML. SLRIRFFEE | PRk 28 429 A 15 H SME NFEBIIFSE B LBIMED R ALY
W2 &k DAkgE
. e G HREHE B B R 1E
i} Tk 27 463 A1 H ~ SN . '
Wl | Bk M SRR iz 29;2 o j;fb;;; R I 0
o InNQR R s E
. . National Chiayi e
oo resr. | YANG Ming- LANESUN R 27 4E 8 110 H ~ (Lo B R DR
S SrRFE | Trkosspop | omvesiy (B
une S H A% B R
R Zhejiang Sci-Tech L _
3 . P4NESUN PR 2T4E12 A1 H ~ B 1R DB
= —"‘E NI . . . - .
FEfeZs1s | ZHAO Yanying SERBIEH | Tk 28 4 1 30 ijveisny (HR[E) SRR
HEHIR
B KWAN HUNG, o~ PRk 2842 A1 H ~ gL (AA) - iii;?%ﬁgﬁ
Enrique SEBIES | PAL294E1 AL | FELRI%EA T
TSR
S s BB 2N\ =
e | REN e | V| ROBEeAmA | by | P
HREEE ’ £ WNEAEE | T30 E6A1TH | (E) - e i s
e kg g f 1 | PERERREIATA | RSB BRI
i e SERE HEFEIAFEE Tk 20 457 H 31 H FPERFE (AR -8 | 238 355K
b par Rl en & O PR F AN
. ] . . FANESPN SR 289 H 19 H ~ | LA RE NG 77—
AR L L QiaoZhi |y e | k003 19 E | GRED PRD A | oomRIGHIE
cxspssy | PRABHAKAR, B~ PR 29 452 115 H ~ | University of Miami i;““ifggfg; ﬁi
A RR=EAn . - e 7 L . L - ) 7A5Y F/C
Rajeev SMENFE | PR 2943 H9H (TAVAD) - #E#HZ B . KOS
. Udai Pratap S FRIFEEAEM &1k
7]~ NP ~
fi 74+ | GUPTA, Ashutosh ;z;\\ - j;i Zg i ; E ]26EIE| (Autonomous) College | “#S i 2 B3 2 Biam
B CEIVRE N A
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B % K % #IRT (B #R () B &
wo5E B fih AT 2016/6/12 2016/6/22 Frxa, KLY
BEMEER L2k ol 2016/7/7 2016/8/5 KA, 7T A
Fr EWFZE B P A 2016/7/17 2016/7/24 7T A
it %8 B fi AT 2016/8/30 2016/9/4 G
FrEM R EZ LIt 2016/9/11 2016/9/27 KAy, 770 A
e EMTE R E2 L 2016/10/3 2016/11/4 KA
W %% A fih AT 2016/10/19 | 2016/10/23 r
wogE B s ik 2017/1/14 2017/1/20 T AU A ERE
FrEM R R A Foll 2017/1/23 2017/2/12 AV SN N
Fr EWFZE B B, B 2017/3/15 2017/4/30 7T VA
FrEMF7E B SCHNYDER, Simon Kaspar 2017/3/15 2017/3/31 7TUA
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[ 8 #] 4K BT (ISHREE) 10:05-10:15
®S (Lecture session)

BiF A1k (ABXF SHR—-EmRt>5-) 10:15-11:15
MERRBICETSRFRNE
—BFOEBDHI AR SREOERLSE—,

NE RR (BE5EXE X¥RITHRH) 11:25-12:25

"SEAMBEEFRBELTD
BT - W3 TF O, WS REE,

WH EZ (REBXF XZREZHRH) 12:35-13:35
ERERITFROVILFAT—IEalb—2a2,
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14 ] BEKRE BH# AR Z— U RY T L

A= £/ N

HEE 2017481 H 27 H (&) 10:00~19:00
LET AR R R o —

Bz (Opening) : 3 EAREE

[FZOE] FA Fik UK I —faittt 7 —&)
[T % #] AR BT UK LEpsEsR)

10:00 — 10:05
10:05 -10:15

= (Lecture Session) : 3BXEHE

o W ME CUKY WA —RAHAL Y 5 —)
RSB 5 ETBNE — T WA B IR O R —
& fi s (R 4 )

o B KK GKEERT RFEHLAHIER)
[OEAMEZ AT L T80+ - @ ORI, ik L FEEE)
& RAR Ik (W2 —)

& EH B (FHIKFE KFEFBRFLAHIZER)
(MRS T RD~NTF A — )Ly al— g ]

Al Ak EE GUREEER)

10:15-11:15

11:25-12:25

12:35-13:35

fEHF—REME] REX (Ceremony of Kenichi Fukui Encouragement Award)

IEREEBE

RRAA—+t w3 (Poster Session) : 3 BERKEEHE

BIFEX (Banquet) : 1EZEIIL—LA
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RAZ—U 2 b (3BREHEE 15:30~17:20)

B NEEOIFTRTE (15:30-16:25) , FHDMERO T IFHAH (16:25-17:20) 121X, RAX —H— K
DHITHEEKTH L IITLTIIESN,

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.

A computational study on luminescent [Cu(POP)(dmp)]" and [Cu(xantphos)(dmp)]* complexes
Sae Yanagida, OW. M. C. Sameera, Masaki Yoshida, Atsushi Kobayashi, and Masako Kato (Dept. of Chem.,
Faculty of Sci., Hokkaido Univ.)

LF—F2a—VX95R5— W7 I2BF5EREBEHA R
O MIA, EK B (LanfEET)

INEBVE S B R ZE AV BTN E DR R
OWA ik GURfEH ')

Universal Form of Stochastic Evolution for Slow Variables in Equilibrium Systems
O FF #ALL]L ¥ex BE—[2] GURMEHE[1]. FKE2])

Collective Dynamics of Migrating Cells
OSimon K. Schnyder[1], John J. Molina[2], and Ryoichi Yamamoto[2] (FIFC[1], Grad. School of Eng.,
Kyoto Univ.[2])

LERIG THD#EER Y 5 REDER
O#grh BA[1], 2K MREEA[2] GORMBEHE[1]. HAER AIMR[2])

Aggregation-induced Emission of bis(dialkylamino)anthracene
OgnAk B, FERE 270 (UKfEHB)

DFT investigations for activation process of dioxygen by a model of [NiFe] hydrogenase
OfF#)Il EFE[1]. W. M. C. Sameera[2]. A. K. Sharma[1], /NT #%7][3]. 5488 Z515[1] K@t
[1]. dERPBEER[2]. JLK PCNER[3])

Theoretical study on ring opening and closing mechanism of diarylethene derivatives
OKimichi Suzuki[1], Satoshi Maeda[1], and Keiji Morokuma[2] (Grad. School of Sci., Hokkaido Univ.[1],
FIFC[2])
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

The Biginelli reaction is a urea-catalyzed organocatalytic multicomponent reaction

O Maneeporn Puripat[1], Romain Ramozzi[l], Miho Hatanaka[2,3], Waraporn Parasuk[4], Vudhichai
Parasuk[5], and Keiji Morokuma[l] (FIFC[1], Kindai Univ.[2], JST PRESTO[3], Kasetsart Univ.[4],
Chulalongkorn Univ.[5])

Computational Insights on Iron-Catalyzed Enantioselective Carbometalation of Azabycyclic
Alkenes

(OAkhilesh K. Sharma[1], W. M. C. Sameera[1], M. Nakamura[2], and K. Morokuma[1] (FIFC[1], Dept. of
Energy and Hydrocarbon Chem., Grad. School of Eng., Kyoto Univ.[2])

Theoretical Study on Oxidative Addition of Nitrobenzene to Palladium(0)-Brettphos Complex
ORong-Lin Zhong[1], Masahiro Nagaoka[2], Yoshiaki Nakao[2], and Shigeyoshi Sakaki[1] (FIFC [1], Grad.
School of Eng., Kyoto Univ.[2])

Rational design of phenoxazine-based thermally activated delayed fluorescent materials with
high performance
Oling Lu[1,2], Yiying Zheng[2], and Jingping Zhang [2] (FIFC [1], Northeast Normal Univ. [2])

Characteristic Features Transmetallation of Pd(ll)-Ph Complex with Cu(l)-alkyl Complexes:
Theoretical Study

(OHong Zheng[1], Kazuhiko Semba[2], Yoshiaki Nakao[2], and Shigeyoshi Sakaki[1] (FIFC [1], Dept. of Mat.
Chem., Kyoto Univ.[2])

=S ZEREESEE Y/ OLNSBEADEELETFRE
OmdE HeZ[1]. 4 EER]. o)l fFHh[2]. bl a1 GEREIHE[1]. AL RARBEAr2])

E()-A4 V7 FEEEORIL - EHXARY ML QMIMM EIC K D0 FRERSDROHER
OFH (F1R. i 4 RKEHE)

ERENIVAL—F—BhDAF VL BEOERBEFF4IFTI VIR
O] &35, & fik GikEtt)

BREIAODCT OREEZRAVV-KESFORFE-EFRBBRBICH (TIEHEBST ATV AOWE
Ol HE—[1]. Mg 2], N HE2] GIREHE[1]. EKRBEEL[2])

Photoinduced Charge Separation Catalyzed by Mn-Oxides onto a Y-shaped Branching
Acceptor Efficiently Preventing Charge Recombination
OKentaro Yamamoto and Kazuo Takatsuka (FIFC)
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BIEDHENZ LR FRABHMETRS DILY A F EDO = RT/KINEE
OREF f—[1], =¥ FEHR2]. 78 Esk[1]. & B[R], /FEE TR GURBE (1], &XKBEE A
[2])

FIARIFVIRERT BREAF VREODEHETFTEREA~DIGHA
ORI & Wl B AR fidk (KB T)

=¥-5)bﬁﬂﬁﬁ’&’ﬁﬂ'67ﬁ 1) 97 TZILT7tEF Dy%ﬁﬁﬁk@ﬁﬁﬁ&ﬁ'ﬁ#ﬁﬁ
Ofal Kid, KH &K, A Rk GEKEEL)

nn HEARE KRR EFALEEERAERRY T—REAOHEL TOREREHE
OJM #efhi, Bpi BEHh, Ak Fik GUKBET)

AYR=FRAVY) A TCHBLETZILE LT/ HFT7LADTSXEUHELHEERA~DOREAL
A&
OFA #2[1]. A3 T [1,2], FEE R[], B A GERBEL[1]. JST & &3 1F[2])

Why Na Cannot Be Intercalated into Graphite
O #i[1]. Maxim Shishkin[2], ¥ 3C[1,2] GUKFET[1]. #K ESICB[2])

HIV-1 protease 2B %IRRT
O4E fFaL, # FEZ (UKBZER)

FBARELVODRDTFEAES S A L— 3y L BRNEN
OIA #4[1]. Lu Fengniu[2], "7 #&[2]. A8 EZ[1] GRKBEER[1], EHEEST/ 7—%7 7 b=
7 AMFFEHLS[2])

RFEFYRILOARTOVIZET IERHE
Ol FWV1], M JEFI2]. FH AE[B3]. M EHEZ[1] GURBEEE[1]. BEMF2]. JUKBZER[3])

LOV (&S /7 BONFE LB D ERIIBIRE
O\ HiE, K k., A BE AR EZ UK

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

O/hll K, B K, # B2 CRUKEBEER)

APMBEBERT OOV IILEZER LI-EBHDRAAY SRAE—ETILORRE
O IEA[1]L fi 747[1,2] (5UK ESICB[1]. AURMEHAE[2])
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32.

33.

34.

35.

36.

37.

38.

39.

40.

Theoretical Study of NO-CO Reaction on Cusg Cluster
O Nozomi Takagi[1], Kazuya Ishimura[2], Ryoichi Fukuda[l], Masahiro Ehara[1,2], and Shigeyoshi
Sakaki[1,3] (ESICB, Kyoto Univ.[1], IMS[2], FIFC[3])

Adsorption of CO, and C;H; in a Flexible Porous Coordination Polymer: QM and Classical
Monte-Carlo Study

OJia-Jia Zheng[1,2], Shinpei Kusaka[l], Ryotaro Matsuda[l,3], Susumu Kitagawa[l], and Shigeyoshi
Sakaki[2] (iCeMSJ[1], FIFC[2], Grad. School of Eng., Nagoya Univ.[3])

BB A VBBERORTO DM F VE A =X LOFEH
OFIF KR, ik # (BEFHLFAHTEHRIIERT)

KEEMRHDI-HDEHRBASFERHEVIaAL—PavDEE
O%aE #ufT (FROF AICS)

TD-DFT iZZ AL = Ir(ppy): #iEA H & UF DOEZRAE QLRI IR T 2RI
OB F=hd, &M Eafm, AL BERE, B el (BROKPEEAE T)

Theoretical study on third-order nonlinear optical property of carbon-bridged oligo
para-phenylenevinylene (COPV)

OYusuke Nishigaki[1], Hiroshi Matsui[1], Tsuji Hayato[2], and Masayoshi Nakano[1] (Grad. School of Eng.
Sci., Osaka Univ.[1], Faculty of Sci., Kanagawa Univ.[2])

AV OOLBEFRZAVSIE—R7ZILI—IILOBILREICET 5 BHOTTR
Ol F2AL[1], e ERE[1,2] W SPE(1]. A4k Fpk[1] GEREET[1], JST & E2%7[2))

AEEMEAERZME LT D7V F—ILRIEDIHZR IR R EDORA
OHTFES ¥[1]. M ERE[1,2]. B k(1] GEREEI[1], JST & &N F[2)])

P=P double bond cleavage by N-heterocyclic carbenes

Naoki Hayakawa[l], Kazuya Sadamori[l], Shota Tsujimoto[1], O Miho Hatanaka[1,2], Tomonari
Wakabayashi[1], and Tsukasa Matsuo[1] (Kindai Univ.[1], JST PRESTOJ[2])
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5. @t A4 —tIF+— KRREA—- 0554

814[@
gHt HY—t=)— (BF)
The 14t Fukui Center Seminar-Spring

201654 H13H gk% 13:30-17:00
April 13,2016
T606-8103 AR A R X = B Fa frifr 34-4 (TEL: 075-711-7708)
RBRFEEAR—LSHRE I~ (16£1062)
Fukui Institute for Fundamental. Chemistry (1F, room 106)
Kyoto Univ. (http://www.fukui.kyoto-u.ac:jp/)

13:30~14:20 Takahiro Sasamori (Kyoto Univ.)

“What is the Difference of Multiple Bonds between
Carbon and heavier Group 14 Elements?”

14:20~15:10 Atsushi Wakamiya (Kyoto Univ.)

“Materials Design for:Highly Efficient
Perovskite Solar Cells”

15:10~15:25 Break

15:25~16:15 Hideki Yorimitsu (Kyoto Univ.)
“Journey from Discovery of New Pummerer Chemistry
to Catalytic C-S Bond Cleavage”
16:15~17:00 Shigeyoshi Sakaki (Kyoto Univ.)

“The Present and Future of Molecular Theory
and Calculations in Transition-Metal Chemistry”

BEfROIKIGEHALES

We welcome all of you to join.
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Plenary Talk, Invited Talk, Poster Session 17\ & 9, Speaker (5]-2—°) & Program
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RAL—F v g Ve

BHLUAZMIRIZO A 23 A (&)
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24 MEIFFEE O HFITIEREBRHIEG N ZSWETO T, FIEOBITA —C T3nEh
B & TRALEE N (2016/09/24 FH) .,

()%F5 - FTERSEINC TRV FTRE 72 R 2 B FF D Tl

BH
10 H27H (K) ¥ TELTWET (Lo ¥ —IZTHELET),
2% 05,000 (MBESHIT TN TEZEW)

A Z B S
Honorary Chair: Keiji Morokuma
International Committee Members:

Odile Eisenstein, Feliu Maseras, Koichi Yamashita, Shigeyoshi Sakaki

E1T7EES (Local Committee Members)
TOJRCETE, il 84, R SC, mEfnde, EMIEME, & /%, ER)IEd, AR EJZ, 1L
TR—, HE—pk (BOFREK)

ELHSSE

SRR RIS I 2 — filsehT
E-Mail: JFSsymp@fukui.kyoto-u.ac.jp
Tel: 075-711-7708 Fax: 075-781-4757
Web: http://www.fukui.kyoto-u.ac.jp
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