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Adachi) J. Phys. Chem. C, 119, 26283-26289 (2015).

. para-Bisvinylhexaisobutyl-Substituted Ty Caged Monomer: Synthesis and

Hydrosilylation Polymerization (T. Maegawa, Y. Irie, H. Imoto, H. Fueno, K.
Tanaka, and K. Naka) Polym. Chem., 6, 7500-7504 (2015).

Coplanar Oligo(p-phenylenedisilenylene)s as Si=Si Analogues of Oligo(p-
phenylenevinylene)s: Evidence for Extended n-Conjugation through the Carbon-
Silicon r-Frameworks (L. Li, T. Matsuo, D. Hashizume, H. Fueno, K. Tanaka,
and K. Tamao) J. Am. Chem. Soc., 137, 15026-15035 (2015).




I FEHE - R—/\—1H— (2018)

[FIRBItR D E 72 &)

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Isolation and Characterization of Persistent Radical Cation and Dication of
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Color Tuning of Alternating Conjugated Polymers Composed of
Pentaazaphenanthrene by Modulating Their Unique Electronic Structures
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ory for heavy particle dynamics. II. Beyond semiclassics by quantum smoothing
of singularity in quantum-classical correspondence” Phys. Rev. A 89, 012109 (12
pages) (2014).

3. Kazuo Takatsuka “Lorentz-like force emerging from kinematic interactions be-
tween electrons and nuclei in molecules. A quantum mechanical origin of sym-
metry breaking that can trigger molecular chirality.” J. Chem. Phys. 146, 084312
(10 pages) (2017).
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3. “Functional renormalization group approach to noncollinear magnets”, B. Delam-
otte, M. Dudka, D. Mouhanna, and S. Yabunaka, Phys. Rev. B 93, 064405

4. “Electric double layer composed of an antagonistic salt in an aqueous mixture:
Local charge separation and surface phase transition”, Shunsuke Yabunaka,and Akira
Onuki, Physical review letters 119, 118001, (2017)

5. “Surprises in O (N) Models: Nonperturbative Fixed Points, Large N Limits, and
Multicriticality”, Shunsuke Yabunaka and Bertrand Delamotte, Physical review let-
ters 119, 191602 (2017)

JSPS Research Fellowships for Young Scientists(DC) 2012-2014
JSPS Research Fellowships for Young Scientists(PD) 2014-2017
Journal of Chemical Physics Editors’ choice 2015
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Simon Kaspar Schnyder

FIFC Fellow

Fukui Institute for Fundamental Chemistry

Room 204

075-711-7863

schnyder@fukui.kyoto-u.ac.jp

Soft matter physics, Biophysics, Computational physics

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

dia

Cell migration, Epithelial tissues, Lorentz model, Porous media, Percolation, Anoma-
lous diffusion

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

Doctor of Science from University of Diisseldorf

Jun. 2014 — Nov. 2014, Postdoc, University of Diisseldorf

Dec. 2014 — Dec. 2016, Postdoc, Chemical Engineering, Kyoto University

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

German Physical Society (DPG)

1. A. L. Thorneywork, S. K. Schnyder, D. G. A. L. Aarts, J. Horbach, R. Roth, and R.
P. A. Dullens, “Structure factors in a two-dimensional binary colloidal hard sphere
system”, Molecular Physics, 116(21-22), 3245-3257 (2018)

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

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

4. S. K. Schnyder, J. J. Molina, Y. Tanaka, R. Yamamoto, “Collective motion of cells
crawling on a substrate: roles of cell shape and contact inhibition®, Scientific Re-
ports 7, 5163 (2017).

5. S. K. Schnyder, T. O. E. Skinner, A. Thorneywork, D. G. A. L. Aarts, J. Horbach, R.
P. A. Dullens, “Dynamic heterogeneities and non-Gaussian behaviour in 2D ran-
domly confined colloidal fluids”, Physical Review E (2017).

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

7. S. K. Schnyder, M. Spanner, F. Hofling, T. Franosch, J. Horbach, “Rounding of the
localization transition in model porous media”, Soft Matter 11, 701 (2015).
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075-711-7647

suzuki@fukui.kyoto-u.ac.jp

BR(LE ALY
B T O PSR

JibELIRRE, IHMW A E

2014 %3 H  JWNKRZFERFHF ALFEHEIE T

201443 A fiit (i)

TUM R

2014 fF 4 J AR LS e v X —

SR, Eamfbates

1.

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

S.Suzuki, S. Maeda, K. Morokuma

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

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

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

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

2012 4= 9 H Best Poster Awardsat the Annual Meeting of the Japan Society for
Molecular Science
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[K4 (50 H372)] | Akhilesh Kumar Sharma
[7:4] | Postdoctoral Fellow
[F7J&] | Fukui Institute for Fundamental Chemistry
[#F%22] | Room No.207
[FiEERE] | 075-711-7893
[FAX] | 075-781-4757
[ A—/17 F L A]| sharma.akhileshkumar.2x@kyoto-u.ac.jp
[#F7245EF] | Computational Chemistry
[BIfE D52 ] | Mechanistic study of organic and organometalic reactions
[#F92N % % — 7 — K] | DFT, AFIR, Reaction Mechanism, Stereoselectivity
[Z/F] | May 2006, Master of Science, Himachal Pradesh University, Shimla, India
[547] | August 2014, Ph.D., Indian Institute of Technology (IIT), Bombay, Mumbai, India

[B&FE] | 1. Nov. 2013 — April 2014 and Sept. 2014 — Aug 2015, Research Associate, Indian
Institute of Technology (IIT), Bombay, Mumbeai, India.

2. Aug. 2015 — March 2019 Postdoctoral Fellow, Fukui Institute For Fundamental
Chemistry.

[ E7pE “AfaasC] | 1. A. K. Sharma, W. M. C. Sameera, Y. Takeda, S. Minakata, “A Computational

(2 5 FLIN) Study on the Mechanism and Origin of the Reigioselectivity and Stereospecific-
ity in Pd/SIPr-Catalyzed Ring-Opening Cross-Coupling of 2-Arylaziridines with
Arylboronic Acids” ACS Catal., 9, 4582-4592 (2019).

2. Y. Takeda, T. Matsuno, A. K. Sharma, W. M. C. Sameera, S. Minakata, “Asym-
metric Synthesis of f?-Aryl Amino Acids through Pd-Catalyzed Enantiospecific
and Regioselective Ring-Opening Suzuki-Miyaura Arylation of Aziridine-2-car-
boxylates” Chem. Eur. J., 25, 10226-10231 (2019).

3. M. Isegawa, A. K. Sharma “CO2 reduction by a Mn electrocatalyst in the pres-
ence of a Lewis acid: a DFT study on the reaction mechanism” Sustainable Ener-
gy Fuels, 3, 1730-1738 (2019).

4. M. Isegawa, A.K. Sharma, S. Ogo, K. Morokuma, “Electron and Hydride Trans-
fer in a Redox-Active NiFe Hydride Complex: A DFT Study” ACS Catal., 8,
10419-10429 (2018).

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

[FEatR D= E 72 £] | 1. “2014 Eli Lilly and Company Asia Outstanding Thesis Award” for Best Ph.D.
Thesis.

2. “Junior and Senior Research Fellowship” from Council of Scientific & Industrial
Research (CSIR), India; (2007-2012).
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2010 4= 9 H BZAfd 1 (RUELRS)

2010 4F 4 A FHE RFRZREAFTEREME S 5L HER

2010 4£ 5 A FALKS Wl - M A v A7 M LS Zoife 8

2010 4E 10 H AR W& - MIIRAE G o AT LS FEZER
2011 4F 4 H FUELRZ: @k amfstt o % — e a
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Aono S., Nakagaki M., Kurahashi T., Fujii H., and Sakaki S., “Theoretical Study
of One-Electron Oxidized Mn(IlI)- and Ni(II)-Salen Complexes: Localized vs
Delocalized Ground and Excited States in Solution” J. Chem. Theory Comput.
10, 1062, (2014).

Aono S., Mori T., and Sakaki S., “3D-RISM-MP2 Approach to Hydration
Structure of Pt(IT) and Pd(IT) Complexes: Unusual H-Ahead Mode vs Usual
O-Ahead One” J. Chem. Theory Comput. 12, 1189-1206, (2016).

Aono S., Nakagaki M., and Sakaki S. “Theoretical Study of One-Electron
Oxidized Salen Complexes of Group 7 (Mn(III), Te(IIT), and Re(I1I)) and Group
10 Metals (Ni(1l), Pd(1l), and Pt(II)) 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. and Sakaki S. “QM/MM Approach to Isomerization of Ruthenium(II)
Sulfur Dioxide Complex in Crystal; Comparison with Solution and Gas Phases”
J. Phys. Chem. C 122,20701-20716, (2018).

Aono S., Seki T., Ito H., and Sakaki S. “Dependence of Absorption and Emission
Spectra on Polymorphs of Gold(I) Isocyanide Complexes: QM/MM Approach”
J. Phys. Chem. C 123, 4773-4794, (2018).

(Award, Fellowship)
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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

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

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

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

2. M Nakagaki, A. Baceiredo, T. Kato, and S. Sakaki “Reversible Oxidative
Addition/Reductive Elimination of a Si-H Bond with Base-Stabilized
Silylenes: A Theoretical Insight” Chem. Eur. J. 24, 11377 — 11385 (2018).
3. T. Muraoka, H. Kimura, G. Trigagema, M. Nakagaki, S. Sakaki, and K.
Ueno “Reactions of Silanone(silyl)tungsten and -molybdenum Complexes
with MesCNO, (Me,Si0),, MeOH, and H,0: Experimental and Theoretical
Studies” Organometallics, 36, 1009-1018(2017).

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

5. M. Nakagaki and S. Sakaki “CASPT2 study of inverse sandwich-
type dinuclear 3d transition metal complexes of ethylene and dinitrogen
molecules: similarities and differences in geometry, electronic structure,
and spin multiplicity” Phys. Chem. Chem. Phys. 17, 16294-16305(2015).
6. M. Nakagaki and S. 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)
7. S. Aono, M. Nakagaki, T. Kurahashi, H. Fujii, and S. Sakaki, J. Chem.
Theory Comput., 10 1062-1073 (2014)
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Jing Lu

Research Fellow

Fukui Institute for Fundamental Chemistry

Room 303

075-711-7907

jlu@wtu.edu.cn

Computational Chemistry

Theoretical study of bimetallic alloyed nanoclusters/particles

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

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

Doctor of Science from Northeast Normal University

Aug. 2016 — Sept. 2018, Postdoctoral Fellow, FIFC, Kyoto University

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

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

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

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

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

Research Fellow

Fukui Institute for Fundamental Chemistry

Room 303

075-711-7907

075-711-7907

zhongrl@fukui.kyoto-u.ac.jp

https://teachers.jlu.edu.cn/ZRL1

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 Nor-
mal 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

Oct. 2016, Lecturer, Jilin University

1. Zhong, R.-L.; and Sakaki, S., J. Am. Chem. Soc., 2019, 141, 9854-9866.

2. Zhong, R.-L.; Nagaoka, M.; Nakao, Y.; and Sakaki, S., Organometallics, 2018, 37,
3480-3487.

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

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

5. Zhong, R.-L.; Zhang, M.; Xu, H-L.; and Su, Z.-M.; Chem. Sci., 2016, 7, 1028-
1032.
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Jia-Jia Zheng

Research Fellow

Fukui Institute for Fundamental Chemistry

FIFC Room 301

075-711-7907

075-711-7907

zhengjiajial 989@gmail.com

http://www.kitagawa.icems.kyoto-u.ac.jp/blog/staff/zheng/

Computational Chemistry

Gas Adsorption by Porous Coordination Polymers

Porous Coordination Polymer,

June 2010, B. S. of Appl. Chem., School of Science, Xi’an Jiaotong University
June 2015, Doctor of Eng., School of Science, Xi’an Jiaotong University

Doctor of Engineering from Xi’an Jiaotong University

Aug. 2015, Postdoctoral Researcher, Kyoto University
Sep. 2015, Program-Specific Assistant Professor, Kyoto University

Japan Society of Coordination Chemistry

L.

C. Gu, N. Hosono, J.-J. Zheng, Y. Sato, S. Kusaka, S. Sakaki, S. Kitagawa, “De-
sign and Control of Gas Diffusion Process in a Nanoporous Soft Crystal”,
Science 363, 387-391 (2019).

J.-J. Zheng, S. Kusaka, R. Matsuda, S. Kitagawa, S. Sakaki, “Theoretical Insight
into Gate-Opening Adsorption Mechanism and Sigmoidal Adsorption Isotherm
into Porous Coordination Polymer”, J. Am. Chem. Soc. 140, 13985-13969
(2018).

S. Sen, N. Hosono, J.-J. Zheng, S. Kusaka, R. Matsuda, S. Sakaki, S. Kitagawa,
“Cooperative Bond Scission in a Soft Porous Crystal Enables Discriminatory
Gate Opening for Ethylene over Ethane”, J. Am. Chem. Soc. 139, 18313-18321
(2017).

J.-J. Zheng, S. Kusaka, R. Matsuda, S. Kitagawa, S. Sakaki, “Characteristic Fea-
tures of CO, and CO Adsorptions to Paddle-Wheel-type Porous Coordination
Polymer”, J. Phys. Chem. C 121, 19129-19139 (2017).

J. Duan, M. Huguchi, J.-J. Zheng, S. Noro, I-Ya Chang, K. Hyeon-Deuk, S.
Mathew, S. Kusaka, E. Sivaniah, R. Matsuda, S. Sakaki, S. Kitagawa, “Density
Gradation of Open Metal Sites in the Mesospace of Porous Coordination Poly-
mers” J. Am. Chem. Soc. 139, 11576-11583 (2017).
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LI Wenliang

Research Fellow

Fukui Institute for Fundamental Chemistry

Room 240

+86-13614470805

+86-85099521

liwl926(@nenu.edu.cn

http://js.nenu.edu.cn/teacher/index.php?zgh=2012900391

Computational Chemistry

Porous Materials

Gas adsorption, reaction in porous materials

June 20012, Doctor of Phys Chem., Faculty of Chemistry, Northeast Normal Univer-
sity

Doctor of Phys Chem from Northeast Normal University

Aug. 2018-Jan. 2019, Resear Fellow, FIFC, Kyoto University

1. A Nano-Sized [MnII18] Metallamacrocycle as a Building Unit to Con-
struct Stable Metal-Organic Frameworks: Effective Gas Adsorption
and Magnetic Properties, CHEM-EUR J, 2018

2.  Mechanistic Insight on Water and Substrate Catalyzed the Synthesis
of 3-(1H-indol-3-yl)-2-(4-methoxybenzyl) isoindolin-1-one: Driving by
Noncovalent Interactions, J COMPUT CHEM, 2018

3.  Mechanistic Insights Into N-Bromosuccinimide-Promoted Synthe-
sis of Imidazo[1,2-alpyridine in Water: Reactivity Mediated by Sub-
strates and Solvent, J COMPUT CHEM, 2018

4. Anionic Lanthanide Metal-Organic Frameworks: Selective Separation
of Cationic Dyes, Solvatochromic Behavior, and Luminescent Sensing
of Co(ID) Ton, INORG CHEM, 2018

5. Bifunctional Separator Coated with Hexachlorocyclotriphosphazene/
Reduced Graphene Oxide for Enhanced Performance of Lithium-Sul-
fur Batteries, CHEM-EUR J, 2018
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Li Qiaozhi

Research Fellow

Fukui Institute for Fundamental Chemistry

Room 301

075-711-7907

1iqz0322@gmail.com

Computational Chemistry

Coordination feature and chemical reactivity of Rh(PAIP) complex

Transition metal complex, Binding ability, Reaction mechanism

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

Doctor of Engineering from Xi’an Jiaotong University

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

2. Li QZ, Zheng 1J, He L, Zhao X, Nagase S. Epoxy and oxidoannulene oxidation
mechanisms of fused-pentagon chlorofullerenes: oxides linked by a pirouette-type
transition state. Journal of Organic Chemistry, 2017, 82 (13): 6541-6549.

3. Li QZ, Zheng JJ, He L, Nagase S, Zhao X. Stabilization of a chlorinated
8C :C,, cage by encapsulating monometal species: coordination between metal
and double hexagon-condensed pentalenes. Inorganic Chemistry, 2016, 55 (15):
7667-7675.

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

5. Li QZ, Zheng JJ, Zhao X. Azide addition to Sc,@Cg: favorable activity on unsat-
urated linear triquinanes and dramatic reactivity difference compared with the free
Cg cage. Physical Chemistry Chemical Physics, 2015, 17 (32): 20485-20489.
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1. R.Matsuzaki, S.Asai, C.W.McCurdy, S.Yabushita, Theoretical Chemis-
try Accounts, 133, 1521 (2014)

2. R.Matsuzaki, S.Yabushita, J.Comput.Chem. 38, 910 (2017)

3. R. Matsuzaki, S.Yabushita, J.Comput.Chem. 38, 2030 (2017)

4. R. Matsuzaki, K. Takatsuka, J. Comput. Chem. 40, 148 (2018)

5. R. Matsuzaki, K. Takatsuka, JCP 150, 014103 (2019)

Journal of Physics B Atomic, Molecular and Optical Physics Best Poster

Award 2013
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[1] K. Yamamoto and K. Takatsuka, “On the Elementary Chemical Mechanisms of
Unidirectional Proton Transfers: A Nonadiabatic Electron-Wavepacket Dynamics
Study” J. Phys. Chem. A, 2019, 123, 4125-4138.

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

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

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

[5] K. Yamamoto and K. Takatsuka, “Dynamical mechanism of charge separation

by photoexcited generation of proton—electron pairs in organic molecular systems. A
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NV #RFE

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

Origin of Aggregation-Induced Enhanced Emission:
Role of Pseudo-Degenerate Electronic States of Excimers Formed in Aggregation Phases

We have reported that, in fluorescent dopants employed in organic light-emitting diodes
(OLEDs), radiative and non-radiative transitions from a triplet excited state T, (2> 1) to all the
lower triplet excited states can be suppressed due to the pseudo-degenerate electronic states [1-
3]. The pseudo-degeneracy leads to cancellation of the overlap density between the excited states,
which generates T, excitons with long life-times. This enables the fluorescence via higher
triplets (FVHT) mechanism for OLEDs, that is fluorescence utilizing the reverse intersystem
crossing (RISC) from T to singlets.

Aggregation-induced enhanced emission (AIEE) yields strong luminescence in the
aggregation phases. A cyano-substituted 1,2-bis(pyridylphenyl)ethene (CNPPE) has been
reported to exhibit the AIEE behavior in solid phase [4]. Some cofacial CNPPE molecules have
Ci symmetry in the crystal structure. This suggests the possibility of pseudo-degenerate
electronic states delocalized over the cofacial molecules. These indicate that the internal
conversion can be more suppressed in solid phase than in solution phase as long as excimer
formation occurs in solid phase. In this study, based on the vibronic coupling density (VCD)
analysis [5-7], we investigated the role of pseudo-degeneracy in the appearance of AIEE
considering CNPPE as an example [8].

We modeled the CNPPE solid as a dimer with a cofacial configuration, Dimer Model, where

the cofacial dimer was calculated by the QM method and the surrounding molecules were
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Fig. 1 (a) Frontier orbitals and (b) orbital levels of Dimer Model in solid phase. Isosurface

values are 3X 1072 a.u.
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calculated by the MM method based on the ONIOM approach The CNPPE in CH2Cl: solution
was modeled as a single molecule, Monomer Model, with Ci symmetry.

From the selection rule of the electric dipole transition, S1 (4o is symmetry-forbidden and
S2(4.) is symmetry-allowed (Laporte rule) for Dimer Model. Although, according to Kasha’s rule,
an emission does not occur from the second excited states, the fluorescence from Sq is possible if
all the transitions from Sz to S1 are suppressed. Figures 1 (a) and (b) present the frontier orbitals
and orbital levels at the Sz optimized structure, respectively. The adiabatic wave functions are
delocalized over the molecules, thereby indicating the excimer formation in solid phase. In the
present case, the delocalized electronic states are obtained because Dimer Model belongs to C;
symmetry even in the adiabatic excited state. The NHOMO and HOMO as well as the LUMO
and NLUMO of the excimer are pseudo-degenerate. Figure 2 (a) and (b) show the electron
density differences of Sa@S2-So@Ss2, Ao, and S1@S2-So@S2, Apo, respectively. Ap2o and Apio
exhibit similar distributions. On the contrary, the electron density difference of S:@S2-S1@S2,
Ap21 (Fig. 2 (¢) exhibits an extremely small distribution. This leads to the small diagonal VCD
of S1@Ss, resulting in the small diagonal VCCs of S:@Ss. Figures 2 (d) and (e) show the overlap
densities of S:@S2-So@Sz2, p20, and S:@S2-S1@S2, p21, respectively. o1 exhibits a smaller
distribution than that of p20. The small 21 contributes to the small off-diagonal VCCs of
S1@S2—S2@S2. It should be noted, because of the small electron density difference and overlap
density between S1 and Sz, that the internal conversion from Sz to S: is suppressed, thereby
enabling the fluorescence from Sg.

Figures 3 (a) and (b) show the diagonal VCCs of Monomer Model in the FC S; state and
Dimer Model in the FC Sz state, respectively. The diagonal VCCs are greatly reduced due to the

AV LAV ceasegs:

Lot L oot b oog oge oy o

<
Fhe & P A
A
@ SRV ) 2%
Fig. 2 Electron density differences of (a) S1@S2-So@Sz, (b) S2@S2-So@S2, and (¢) S2@S2-S1@S.

Isosurface values are 1X103 a.u. Overlap densities of (d) S2@S2-So@S2 and (e) S2@S2-S:1@S2.

Isosurface values are 2 X103 a.u.
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Fig. 3 Diagonal VCCs (a) of Monomer Model in the FC S: state and (b) of Dimer

Model in the FC Sq state.
excimer formation where the largest VCC of mode 109 in Monomer Model is 8.42 X 10~* a.u. and
that of mode 230 in Dimer Model is 5.27 X 107 a.u. This result indicates that the internal con-
version from Sz to So in Dimer Model is suppressed in comparison with the one from Si to So in
Monomer Model because the rate constant of the internal conversion is strongly correlated with
the diagonal VCCs. The electronic states delocalized over the molecules reduce the diagonal
VCCs in solid phase to approximately 1/v/2 times those in solution phase [9]. Thus, the internal
conversions from excited to ground states are more suppressed in solid phase than in solution

phase.

Model building of metal oxide surfaces and vibronic coupling density as a reactivity index

To design heterogeneous catalysts and understand of their mechanisms, the sites for
molecular adsorption on the solid catalyst must be clarified. The VCD as a function of a position
identifies the reactive sites as those where the vibronic coupling is large. Therefore, VCD can
be utilized as a reactivity index for systems with various reactive sites, such as solid surfaces.
Reactivity indices, such as the frontier orbital density or VCD, strongly depend on the electronic
structure of the frontier level. When building a model for the surface reactions of metal oxides
based on a bulk crystal structure, the treatment of dangling bonds strongly affects the electronic
structure. For instance, because hydrogen termination for dangling bonds involves electron
doping, the frontier level is shifted by hydrogen termination. In this study, to build a model for
the subsequent calculations, we employed a step-by-step hydrogen-terminated (SSHT) approach
to reproduce the experimental observations. We applied VCD to the Ag-loaded Ga20s3 surface to
show the effectiveness of VCD as a reactivity index for COz adsorption on the surface [10].

Fig. 4 shows the calculated orbital levels of the bare cluster. The band gap of Ga203 has
been experimentally estimated to be 4.6 eV [11]. However, the energy gap of the bare cluster is
0.8 eV, which is much smaller than the experimental value. This is because the occupied
molecular orbitals become unoccupied when the cluster is cut from the crystal structure. The

bare cluster has reactive dangling bonds arising from the cleavage of O atoms. The dangling
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bonds at the O atoms are terminated by H atoms because it has been experimentally observed
that H atoms are adsorbed on the Ga20s surface [12]. The hydrogen termination, which involves
electron doping, shifts the frontier level. The 16 unoccupied molecular orbitals must be occupied
for the model to have a reasonably wide energy gap. Thus, the 32 H atoms, i.e., 2 H atoms for
each unoccupied molecular orbital, are step-by-step bonded to O atoms with large molecular
orbital coefficients. As a result, we obtained the hydrogen-terminated cluster with an energy
gap of 5.4 eV after geometry optimization.

Fig. 5 shows the VCD of the SSHT cluster model, which is localized on the O atoms without
hydrogen termination. This result indicates that these O atoms donate electrons to the reactants,
and act as the Lewis bases. The stabilization arising from the structural relaxation after charge
transfer is large at the sites where the VCD is localized. Therefore, the Ag-loaded Gaz03 surface
is modeled by placing a single Ag atom on one of the Lewis basic O atoms in the SSHT cluster
model. Geometry optimization is performed after the initial position of COz2 is set above the Ag
atom. After the electron transfer, COz undergoes structural relaxation from the linear structure
to the bent structure. We found that COz with a bent structure, which is advantageous for

photocatalytic reduction, is adsorbed on the Ag atom.
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[3z#k] 1) T. Sato, J. Comput. Chem. Jpn. 6, 189-192 (2015). 2) T. Sato, R. Hayashi, N. Haruta, and
Y-J. Pu, Sci. Rep., 7,4820 (2017). 3) Y-J. Pu, R. Satake, Y. Koyama, T. Otomo, R. Hayashi, N. Haruta,
H. Katagiri, D. Otsuki, D, Kim, T. Sato, J. Mater. Chem. C, 7, 2541-2547 (2019). 4) S. Nishio, K.
Higashiguchi; K. Matsuda, 4sian J. Org. Chem., 3, 686—690 (2014). 5) T. Sato,K. Tokunaga, K.
Tanaka, J. Phys. Chem. A, 112, 758-767 (2008). 6) T. Sato, M. Uejima, N. Iwahara, N. Haruta, K.
Shizu, K. Tanaka, J. Phys.: Conf. Ser. 428 012010 (2013). 7) M. Uejima, T. Sato, D. Yokoyama, K.
Tanaka, J. W. Park, Phys. Chem. Chem. Phys., 16 14244-14256 (2014). 8) W. Ota, K. Takahashi, K.
Higashiguchi, K. Matsuda, T. Sato, arXiv: 1912.10677. 9) K. Shizu, T. Sato, K. Tanaka, J. Comput.
Chem. Jpn., 12, 215 (2013). 10) Y. Kojima, W. Ota, K. Teramura, S. Hosokawa, T. Tanaka, T. Sato,
Chem. Phys Lett., 715, 239 (2019). 11) Z. Wang, K. Teramura, Z. Huang, S. Hosokawa, Y. Sakata, T.
Tanaka, Catal. Sci. Technol. 6 1025 (2016). 12) H. Tsuneoka, K. Teramura, T. Shishido, T. Tanaka, J.
Phys. Chem. C 114 8892 (2010).
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2. Original papers
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(2018).
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W. Ota, T. Sato, T. Teranishi, Nature Commun. 9, 2314 1-7(2018).
(3) D. Liu, Y. Niwa, N. Iwahara, T. Sato, L. F. Chibotaru, Phys. Rev. B 98, 035402 1-9(2018).
(4) S. Kimura, A. Tanushi, T. Kusamoto, S. Kochi, T. Sato, H. Nishihara, Chem. Sci. 9, 1996-
2007(2018).
3. Reviews
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Yoshio Nishimoto

Program-Specific Assistant Professor

1. Summary of the research of the year

Development of TD-LC-DFTB/PCM

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

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

As a pilot example, in the calculations for 3-hydroxyflavone (3HF), which exhibits dual
emission, TD-LC-DFTB2 predicted similar absorption and enol-form emission energies as TD-LC-
BLYP/aug-cc-pVDZ; however, the predicted emission energy of the keto form deviated significantly
from the experiment and from TD-LC-BLYP. Further benchmark calculations were performed using
the other TD-DFTB methods implemented in GAMESS-US, TD-DFTB2, TDDFTB3, and TD-LC-
DFTB?2 for a set of molecules that were previously collected and theoretically evaluated by Jacquemin

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

agreed well with the results obtained by CAM-B3LYP and ? '

significantly reduced the computational cost. Further, when the 3 40}

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

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

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

Development of Analytic Derivatives of PC-NEVPT?2

A balanced treatment of dynamic and static electron correlation is important in
computational chemistry, and multireference perturbation theory (MRPT) is able to do this at a
reasonable computational cost. In addition to the above study, analytic first-order derivatives,
specifically gradients and dipole moments, are developed for a particular MRPT method, state-
specific partially contracted n-electron valence state second-order perturbation theory (PC-NEVPT2)
[3.4].

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

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

The methodology has been implemented in a local version of GAMESS-US and applied to
typical systems: the geometrical parameters of O3 and O3 and the 0-0 transition energies of
methylpyrimidines and a series of frams-polyacetylenes. The results show the importance of
perturbative corrections and the necessity for development of analytic derivatives. A comparison with
experiment suggests that the accuracies of NEVPT2 and CASPT2 are roughly comparable: CASPT2
with the IPEA shift outperforms other wavefunction methods for methylpyrimidine derivatives, while
NEVPT?2 does so for trans-polyacetylene.

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

Extension to quasidegenerate NEVPT2 and the computation of derivative coupling are
essential tasks for the future, in particular in the study of photochemical processes, for example, in
the identification of conical intersections. Algorithmic improvements are also highly desirable; for
instance, CASSCF in GAMESS-US does not utilize any matrix decomposition techniques, which
severely restricts the number of orbitals that can be employed in CASSCF and NEVPT?2 calculations.

Development of Analytic Derivatives of FMO-LC-DFTB

In the study of the fragment molecular orbital-based (FMO) LC-DFTB method [5], I
implemented analytic first-order derivatives of the FMO-LC-DFTB method. As in earlier FMO-
DFTB studies, the analytic derivatives are computed by solving the self-consistent Z-vector equation.
The accuracy of the implementation was evaluated by comparing the difference between the analytic
and numerical gradients for a (H20)s4 cluster. The maximum deviations are only 1.5 x 107¢ and 9.8 x
107° hartree/bohr for FMO2-LC-DFTB and FMO3-LC-DFTB, respectively. The accuracy was also
verified by analyzing the energy conservation in NVE molecular dynamics simulations for a (H20)e4
cluster with varying time integration intervals. For the slope of the energy fluctuations versus the time
step, ideally, the fully analytic gradient would yield a slope of 2 when plotted on a double-logarithmic
scale due to our use of a second-order velocity Verlet time integration algorithm. The actual
calculation showed that the obtained slopes were very close to the theoretical slope: 1.99 for FMO2
and 1.98 for FMO3.
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1. Summary of the research of the last 6 months (3-5 pages, includes appropriate figures and tables)

(a) Excitation Energies Expressed as Orbital Energies of KS-DFT with LC Functionals

Density functional theory (DFT) is as a powerful computational tool for the chemical systems. Conceptually,
it is appealing because, with the one-electron Kohn-Sham (KS) DFT, all properties are in principle obtainable
directly from an observable that is the electron density. A major obstacle to the application of KS-DFT is that the
form of the exact functional is yet unknown. As a result, there have been continuous developments of approximate
DFT methods. These methods represent a useful way for tackling many chemical problems with adequate accuracy.

Despite the success of approximate functionals, they are not without problem. Two major causes for these
failures are the incorrect long-range behavior (at tails of the density) and self-interaction errors associated with the
local character of approximate functionals. While a DFT-based cure for these drawbacks remains elusive, non-DFT
strategies have been developed to alleviate the symptoms. Some of these approaches, e.g., the use of Hartree—Fork
(HF) exchange in hybrid-DFT, have been demonstrated to be useful and widely applicable.

To tackle these problems the long-range corrected (LC) functionals have been proposed by us and many others.
In the LC scheme, the electron repulsion operator, 1/r712, is divided into short-range (SR) and long-range (LR)
components using a standard error function:

1 I—erf(urn) N erf (ur2)
r r ri
The parameter p determines the weight of the two ranges as a function of 2. DFT exchange functional is included
in the first term for SR interactions, while LR orbital—orbital exchange interaction is described by the second term
using the HF exchange integral. In most cases, LC functionals have common features, especially in the high
reproducibility of van der Waals bonds, electronic spectra, optical response properties. A striking feature of LC-
DFT that is of particular relevance to the present study, which focuses on electronic excitation energies, is that LC-

DFT satisfies Koopmans-type theorem. The LC orbital energy —&, of HOMO corresponds to accurate vertical

ionization potentials (IP), and likewise —&, of LUMO corresponds to accurate vertical electron affinities (EA). In

other words, &, is the energy for a correlated electron moving in orbital i and &, is that for an attached electron

in the unoccupied orbital a.

A new theoretical scheme is proposed for estimating excitation energies using Kohn-Sham (KS) solutions
calculated with long-range corrected (LC) functionals. It is simple and conceptual. Reasonable excitation energies
are obtained with only orbital energies. There is no need for integral evaluation or matrix diagonalization.

An electronic transition can be expressed in two steps, the first being the removal of an electron from the
occupied orbital and the second being attachment of an electron to the unoccupied orbital. The former process
corresponds to the ionization energy of the neutral system while the latter corresponds to the electron affinity of its
cation. The solution of the exact KS equation satisfies Koopmans-type theorem due to the Janak’s theorem and the
energy linearity theorem. Thus, the vertical ionization potential and electron affinity can be obtained from KS
solutions and one electron excitation energies are expressed as the differences between occupied orbital energies of
a neutral molecule and corresponding unoccupied orbital energies of its cation.

Conventional approximate functionals do not satisfy the Koopmans-type theorem since the energy linearity
theorem is not satisfied due to the delocalization errors. On the contrary LC satisfies the energy linearity theorem
and therefore satisfies the Koopmans-type theorem. The total electronic energy of LC varies almost linearly as a
function of its fractional occupation number. LC orbital energies reproduce the ionization energies and electron
affinities with high accuracy. One electron excitation energies are expressed as the difference between LC occupied
orbital energies and unoccupied orbital energies. Two such expressions can be used, with one employing the orbital
energies for the neutral and cationic systems, while the other utilizes orbital energies of just the cation. The electron
affinity of a molecule is the ionization energy of its anion. If we utilize this identity two expressions coincide and
give the same excitation energies. This identity can also be used for improving DFT functionals.

When the present scheme is used in conjunction with LC-type functionals we obtain promising results for
valence and core excitations. Illustrative calculations are performed for H20, C2H4, H2CO, polyenes, five-
membered ring compounds, DNA bases etc.
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Orbitals provide an intuitive language for the complex reality of molecules. In addition, they are not merely a
convenient concept but, through Koopmans’ theorem, they provide a simple and natural connection between orbital
energies and an experimental observable, namely ionization energies. The solutions of KS equation with LC
functionals satisfy Koopmans-type theorem and they thus have a strict physical meaning. We will further
demonstrate the physical significance of KS orbitals.

(b)The reHISS Three-Range Exchange Functional with an Optimal Variation of Hartree-Fock and Its
Use in the reHISSB-D Density Functional Theory Method,

In the present study, we have reparametrized the HISS exchange functional. The new “reHISS” exchange
provides a balance between short- and mid-range Hartree—Fock exchange (HFX) and a large total HFX coverage,
with a fast convergence to zero HFX in the long range. The five parameters in this functional (according to
equations 3 and 4 in the main text) are csg = 0.15, cmr = 2.5279, cir =0, wsr = 0.27, and wrr = 0.2192. The
combination of reHISS exchange with a reparametrized B97c-type correlation functional (Chan et al., J. Comput.
Chem. 2017, 38,2307) and a D2 dispersion term (s¢ = 0.6) gives the reHISSB-D method. We find it to be more
accurate than related screened-exchange methods and, importantly, its accuracy is more uniform across different
properties. Fundamentally, our analysis suggests that the good performance of the reHISS exchange is related to it
capturing a near-optimal proportion of HFX in the range of interelectronic distance that is important for many
chemical properties, and we propose this range to be approximately 1-4A.

(c) Accelerated Long-range Corrected Exchange Functional Using a Two-Gaussian Operator combined
with One-parameter Progressive Correlation Functional [LC-BOP(2Gau)],

Recently, we proposed a simple yet efficient method for the computation of a long-range corrected (LC)
hybrid scheme [LC-DFT(2Gau)], which uses a modified two-Gaussian attenuating operator instead of the error
function for the long-range HF exchange integral. This method dramatically reduced the computational time while
maintaining the improved features of the LC density functional theory (DFT). Here, we combined an LC hybrid
scheme using a two-Gaussian attenuating operator with one-parameter progressive correlation functional and
Becke88 exchange functional with varying range-separation parameter values [LC-BOP(2Gau) with various u
values 0f 0.16, 0.2, 0.25, 0.3, 0.35, 0.4, and 0.42] and demonstrated that LC-BOP(2Gau) reproduces well the
thermochemical and frontier orbital energies of LC-BOP. Additionally, we revised the scaling factors of the
Gaussian multipole screening scheme for LC-DFT(2Gau) to correspond to the angular momentum of orbitals,
which decreased the energy deviations from the energy with the no-screening scheme.

(d) DFT/TD-DFT Calculations of the Electronic and Optical Properties of Bis-/V,/V- Dimethylaniline-Based
Dyes for Use in Dye-Sensitized Solar Cells

Using density functional theory (DFT) and time-dependent DFT (TD-DFT) methods, the current study reports the
role of inserting acyclic and cyclic conjugated n-linkers in bis-V,N-dimethylaniline-based dyes as sensitizers in
the dye-sensitized solar cells (DSSCs). Some optical and electron transfer parameters are calculated to accomplish
our objective. The results show that increasing number of ethylene n-linker (—CH[dbnd]CH-) enhances light
harvesting efficiency but decreases the driving force for electron injection and possibility of dye regeneration with
encouraging dye aggregation on the surface of the electrode. Extending the conjugation length of the linker
decreases the efficiency, while incorporating some cyclic conjugated linkers has a positive effect on the efficiency
through effective coexistence of both direct and indirect mechanisms of electron injection. A comparison with
experiment and previous theoretical studies on NKX-2554 (P1) and NKX-2569 (P2) is considered.
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1. Summary of the Research of the Year

(a) Salvaging Reactive Fullerenes from Soot by Exohedral Derivatization

Fullerenes comprise a large family of molecular carbon allotropes, which possess different numbers of
carbon atoms and cage frameworks of different geometries. The spherical shapes of the molecules enable
the encapsulation of guest atoms, clusters, or even small molecules. Particularly, fullerenes encaging metal
atoms, which are known as endohedral metallofullerenes, constitute another fullerene family that is
substantially different from empty fullerenes. Nowadays, macroscopic amounts of empty fullerenes and
endohedral metallofullerenes are produced experimentally by using the standard arc-discharge method
with a Kratschmer—Huffman arc reactor. By arc-discharging graphite electrodes, fullerene-containing soot
is grown during the diffusion of carbon vapor and subsequent cooling in the reactor. For the production of
endohedral metallofullerenes, metal-containing graphite electrodes are used instead of pure graphite
electrodes, where encapsulation of metal atoms occurs simultaneously with the carbon cage formation.
Because of the high temperature (2000-3000 K) conditions, it is believed that only thermodynamically
favorable fullerene species survive among innumerable, topologically possible fullerene structures. To
generate macroscopic amounts of pure-form empty fullerenes and endohedral metallofullerenes, extraction
with organic solvents followed by high-performance liquid chromatography separation has been
recognized as an effective and reliable approach. Therefore, their availability is reliant largely on their
solubility in organic solvents. To date, several stable and soluble empty fullerenes and endohedral
metallofullerenes have been prepared and isolated. Their structures have been characterized with various
techniques including NMR spectroscopy and single-crystal X-ray diffractometry. However, it needs to be
emphasized that many other unidentified fullerene species, which must be reactive and insoluble in their
pristine forms, remain in soot. These nonextractable fullerene species are also termed “missing fullerenes”.
In this respect, one might say that there are still plenty of treasures in soot. These missing species must
have extremely small HOMO-LUMO gaps and might have unconventional cage structures, which would
fascinate not only chemists but also physicists and materials scientists.

How can these reactive (missing) fullerenes be salvaged from soot? Recent advances have shown that
reactive fullerenes can be stabilized and extracted from soot by exohedral derivatization. In this review, we
have presented a summary of the most significant progress in studies of salvaging reactive fullerenes, most
of which have been reported during the last decade. By salvaging reactive fullerenes by exohedral
derivatization, a means of preparing macroscopic amounts of unconventional fullerenes as their derivatives
has been provided. Structural elucidation of the stabilized derivatives has revealed that various anomalous
carbon cages are already within our reach. The most significant findings are related to the fact that

pyrolytic high-temperature derivatizaion promotes cage skeletal transformations involving Stone-Wales
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rearrangement and/or C, elimination processes, which are otherwise difficult to observe under reasonable
experimental conditions without additional stabilization. These transformations are regarded as important
fullerene formation processes. Their mechanisms remain of considerable fundamental interest, and unveil
remarkable carbon allotropy. In this respect, in situ derivatization by carbon arc fullerene formation and
structural elucidation of the resultant derivatives has also provided structural insight into the key
intermediates of the formation of stable structures satisfying the so-called isolated pentagon rule.
Consequently, the salvaged cage frameworks can be a missing link for long-standing considerations of the
fullerene formation mechanism. Furthermore, in situ derivatization of endohedral metallofullerenes during
extraction enables the stabilization and solubilization of endohedral metallofullerenes with high radical
character. These salvaged derivatives stand as their stabilized forms with enlarged HOMO-LUMO gaps. In
this respect, defunctionalization of such exohedrally stabilized fullerenes to obtain bare small-band-gap

fullerenes remains a challenging task to unveil their intrinsic properties.

(b) Regioselective Cyclotrimerization of Terminal Alkynes Using Digrmynes

Academically and industrially, the catalytic activation of neutral organic molecules, followed by the
formation of C-C bonds, is highly important to increase the complexity and/or value of simple starting
materials. For example, cyclotrimerization reactions of alkynes that afford aromatic compounds represent
very important C-C bond formation reactions because of the versatility of the resulting aromatic products.
Traditionally, transition metal catalysts have been used for this purpose, as some transition metal
complexes based on, for example, cobalt, efficiently activate alkynes for oxidative additions, ring
expansions, and reductive eliminations with concomitant formation of C-C bonds. The reaction mechanism
underlying the transition metal-catalyzed cyclotrimerization of alkynes has been well established. Several
transition metal-based catalysts have been developed and they are highly efficient with respect to both
chemical yields and selectivity, and these are superior to catalysts based on main group elements, although
such transition metal-free catalytic systems are highly desirable to avoid the use of precious metals. The
reason behind why similar C-C coupling reactions of neutral small organic molecules, in the absence of
transition metal catalysts, remain largely unknown could be due to difficulties associated with the
reductive elimination process of main group elements as a result of the strong covalent bonds between the
main group atoms and carbon atoms.

It is therefore hardly surprising that only few cyclotrimerizations of alkynes, catalyzed by main group
elements, have been accomplished and proceed by redox process of the main group elements. For example,
in the Si>Cle-catalyzed cyclotrimerization of alkynes, SiCl; radicals initiate the radical trimerization.
Because such radical reactions usually require high temperatures, the regioselectivity is easily
compromised. Yet, the creation of main group element-based catalysts for C-C coupling reactions that
proceed by redox processes, similar to those in transition metal-based catalysts, remain challenging. Herein,
we report a new transition metal-free catalytic system for the cyclotrimerization of terminal arylalkynes,
and include a germanium-centered redox process. It is discovered that a substoichiometric amount of a
previously reported isolable digermyne promotes the regioselective cyclotrimerization of several

arylacetylenes in high yield. The present results demonstrate that bespoke main group element compounds
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cyclotrimerization of terminal arylacetylenes. In these reactions, the two Ge atoms undergo mild redox
processes between Ge' and Ge'", which ultimately enables them to transform small organic molecules with
a performance that rivals that of transition metal catalysts. The absolute stereoselectivity of the germanium
catalyst is probably due to kinetically controlled reactions of such main group element compounds, while
transition metal based reactions are usually controlled thermodynamically. Transition metal catalysts for
Reppe reactions promote the cyclotrimerization based on their flexibility to switch between oxidation
states, while the combination of Ge" (germylene) and Ge'¥ (germole) species stabilizes the redox process
during the cyclotrimerization. Low-coordinate main group element compounds such as digermynes
(RGe=GeR) thus represent promising prospectives for transition metal-free catalysts for C-C coupling

reactions.

(c) Control of Near Infrared Photoluminescence Properties of Single-Walled Carbon

Nanotubes by Functionalization with Dendrons

Single-walled carbon nanotubes (SWNTs) have generated considerable interest as promising
nanocarbon materials for practical applications because of their outstanding mechanical, electrical, and
optical properties.1,2 Photoluminescence (PL) properties of SWNTs observed in the near-infrared (NIR)
region are studied keenly for applications in bio-imaging, energy conversion, sensing, and optoelectronics.
The Ei; and Ex energies are known as the first and second transitions between the van Hove singularities.
Observation of the E;; PL of SWNTSs needs the Ex excitation owing to the small Stokes shift. Thus, PL
measurements are a strong tool for the characterization of the chiral index of SWNTs using the two factors
based on the E;; and E2, energies. One of the advantages is that the excitation and emission wavelengths
can be selected from a wide range as they are based on the SWNT structure. Recently, it has been revealed
that the functionalization of SWNTs is an effective means to exert control over their NIR PL properties. It
has been reported that new red-shifted PL peaks are observed by the reaction of individually dispersed

SWNTs in D,O solution containing a surfactant with ozone or benzene diazonium compounds. The Stokes
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shift of the red-shifted PL of functionalized SWNTs is sufficient and allows excitation with both E» and
Eii energies. Excitation with NIR light improves the PL performance of SWNTs in biological imaging
materials because NIR light has high transparency in biological tissues and reduces phototoxicity and
autofluorescence.

For such practical applications, it is very important to develop methods to control the PL properties of
SWNTs on a bulk scale. Therefore, we clarified the steric effect of the reagent used in the reductive
alkylation of SWNTSs and demonstrated the control of PL properties of SWNTSs using dendrons of different
generations. The degree of functionalization of the SWNTs decreased with the increasing bulkiness of the
dendrons used. After functionalization, new red-shifted PL peaks could be observed around 1110 nm (E;*
PL) and 1210 nm (E.;** PL), where the intensities were drastically enhanced by the thermal treatment.
The relative peak intensity of E;;* PL to that of E;** PL increased with the increasing bulkiness of the
dendrons. Density functional theory calculations of the functionalized SWNTs with dendrons suggest that
the adducts with less bulky hydroalkylated substitution are stable in Clar structures and the addition
positions predominantly determine the PL peak positions. The tuning of the functionalization degree by
manipulating the bulkiness is advantageous because this method can be utilized regardless of the thermal
stability of the functionalized SWNTs. The selective emergence of the red-shifted PL peak and control of
the PL efficiency by sidewall functionalization contribute to our understanding of the intrinsic nature of
SWNTs and the practical application of SWNTs as NIR PL materials.

(d) La-La Bonded Dimetallofullerenes [La@C:24]": Species for Stabilizing Czn (2n = 92-96)

besides La)Co@C2n

Recent reports pointed out that the formal La,Ca, (2n = 92—-1006) series can exist stably as carbide cluster
metallofullerenes La,Co@Caq with their successful crystallographic characterization. We suggested that
the corresponding dimetallofullerenes La>@Ca, possessing the lowest potential energies are also plausible
candidates because of their favorability in statistical thermodynamics. This can be demonstrated on La>Cos
and previously reported other La,Ca, (2n = 92, 96-100) series by density functional theory calculations and
statistical mechanics analyses. It was found that these thermodynamically favorable La,@C,, isomers
turned out to be kinetically unstable radicals due to the presence of one unpaired electron on the carbon
cage, making them missing fullerenes and difficult to be captured in their pristine forms, except for the
experimentally obtained La>@Ds(450)-Cioo that has no unpaired electron. Such kinetic instability could be
modified by electron reduction (the products were denoted as [La,@C:]) or other similar exterior
functionalization with CF; and benzyl radicals, resulting in La—La bonded and paramagnetic species
capable of being captured. On the basis of these approaches, carbon cages D3(85)-Cor, Cs(120)-Cos,
D»(186)-Cos, and C»(157)-Cos are predicted to be feasibly captured as both pristine carbide cluster

metallofullerenes and electron reduced dimetallofullerenes derivatives.
2. Original Papers
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"Reversible Addition of Terminal Alkenes to Digermynes"
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HbH, ZDOBEZITH- T 2017 X PHs 22BN T- &35 A Xk 48k M = Ti'", cr'
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B 7= DFT #H5% (0B97XD/aug-cc-pVDZ)FEHTIZ 2 < BERIUMGT 21T - 72, FFIC Kubas $5&
DI E RN DKFESFOWEICER L THCB L ORET  Z LV E—DR M EZITV, £
NENDOEBRICHIT 2KFBWIRE DM 21T > 72, ZIZ X Y [CpTi"™(PH3)]",
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BT 2HLNICLE, LALINGIEESE T FEbREVWRALH D, LR
- T 2018 FJE | IT4JE TH D Mg & AW TR EACIZIT - A4 BEIRy 1 2 5%5 L.
FRFIC KD ZEOKFESGFOREZFEBS 52 &4 B LI BERImE 217> 72,

B ZOBERNT b X HEhE L B E A E OLL[EFZEO —ETH Y . TRk 31 £ 3 AD
HILRFES TREFADHS Th D, FI-FHEBRORMIE 51T EANE LT,

[$8&IZ] BREITEM A2 58 L7 BB HL(FCVIZ BT 2 KT AEIE L LTIk, @ O iR %
EBELT-GE 700 KUEREICIEFRE Lo KESX V7 2T 2081 S 5, £ OREMET—IEH
RENTHIRO FCV BFEIZHERH STV DY, mIEICZ 2 A0 HE RS XL OVERERER S S 6
WCHET RIS EWNWSONEATEY, ZHICAIT T REEEZ RS Z R EBERREE > T 5,

L= o THBE BRI T 2 KB FITMOATREIEEZALNCTE Z L IIEERAH D EE X
bivs,

ARFZE CIEA A B EE IR ~DIKF S T AIMBSIZ DN T O BRI 21T > T\ D, 2017 4
IR 1 I2RT & 9 2R (Kubas $518) DIZBWT R 28 A7 ¢ U (PH;) & LM % Ti", S, Cr'™
BELOVIET LA Z a2 HRIZ OV TRBE S FRAEIZET DT 21T, W& S D DKFES
THZ OB TIRBICET DI 21T o728, OB T 2WEKESTHITZ2 TH-72, MD

(2 .
NS S H

N\

(a) (b) “"<H
& <

Fig. 1 Two kinds of Kubas complexes: (a) horizontal Kubas complex, and (b) vertical Kubas

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

ligand.
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2 H T Crl [ ZOWTIXRERMEDBGF DN o T,

ZHUTHIE RO T 2018 AEJEICITA BEE Ay F O EAL B L O A KE S om EE2 B LT,
2 \RT 3TEIED Mg A A 2R L. 2 b osRIcEs T 2 KESFREICET 5 FHHE
BTV, WE L D DAKREDTERLE OB IREICET DT 217> 72,

00— = ,,"O O M,g'
Mg Mg .
O_ \ \\\O O
Mg-catecholate Mg-oxalate Mg-ethanediolate

Fig. 2 Three kinds of organomagnesium complexes examined in this study.

[BtEAE] FHHICIE Gaussian09 Y 7 R &2 L 2, % PLBIEEERR(DFT)IZ 355 < @B97XD 4% H
Wz, R E UCUE ce-pVDZ ] L7z, BAREICIEK 2 12777 Mg B4 R S5 IR DR i b %
ATV, 2D 2 KB A& DO FTRENE, ReRWAER. WA LIRBOS KO ERE L, S
ST SN KES T OB TFIRIES T 5 R 2155 720 DIRNT 21T - 7=,

[Mg-catecholate D FEHTHER ]
KB DINFE ENDEIO Z OFEEROREEIZE 3@ D XL 5 T, ZOKICIIKIZES F1REET D
TERLTITRAEZME L T ARm TKRE 6 5 FRNESND Z LR H0E e o7 (K 3(D),0).

(a) (b) (c)

Fig. 3 Optimized structures of (a) Mg-catecholate complex and (b) that with six absorbed
Hs molecules. In (c) is indicated the same with (b) from a different angle with indication

of adsorbed H2 molecules by red-broken ovals.

BAIDKFE TR L DT XV E—2E 1T 19.09 kI/mol (298.15 K, 1 atm; LA FIRI L) 552,
3 BLOE 4 OKBESTFWEIZ L DT L E—RENOHESITFNFI 17.00, 13.57, 10.43
kI/mol T -7, & HITH 6 DKFEN TRAEIC L DEELOEEIE, 5 4 5 FWEN S ThUE 12.04
kJ/mol T145F47- 0 OBE4E 6.02kl/mol THol-y 2D X HITWEKEZSFEBIEZ HI1TE, =
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VA NE—ZEAROEE ST 523, DR ERE 6 KFNTETRESND Z EBHLNEAR
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o

D 6 KFESTE TR L& 2T 5 H-H? 18X 0.762 A (WBI =0.986) <. fSi/KkHE
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A ERL . Mg b ORREEL MR 0w (2276~2.455 AFLE) 7p L. ZOfERICEESINT
WD ERTENWZ ERG0D, LEER-T, ThbOWFEKFES FITREFEMOKFERE LTHEH
TEXDLAREMER DD Z LT D,

[Mg-oxalate D fEHTHER )

KRBT DFE SILDHATO Z OFEROREE LXK 4(@)D X 5 T, ZOKRTHKRES TBEET D
eI TITWEEZRIBE LT, & TKFE 7T HFPREINI DT ENPHLNER-TE (K
4(b),(0)) .

HVJ

dJ ~
Camimn
Hr He o=~y . 4 \)/’—_“\
Q20 B3I (02
-~
Pt
r J)
\\__‘I

One more H, molecule
behind the five-membered
ring

(a) (b) ()

Fig. 4 Optimized structures of (a) Mg-oxalate complex and (b) that with seven absorbed
H:2 molecules. In (c) is indicated the same with (b) from a different angle with indication

of adsorbed H2 molecules by red-broken ovals.

Mg-oxalate Tl #]DKFE T TWAEIC L D=2 E—2Z2E biE 21.33 kl/mol, 2, # 3B IV
FADKFEDFBRAEICL DT Z NV E—LENDH T ENZE I 18.94, 16.86, 13.82 kI/mol Th > 7=,
S HIZH 6 DIKFTWAEIZ L DLENOH T, 5 4 70 A DT HUE 7.11 k/mol T 1 4314
720 OHY431% 3.56 kl/mol ToH - 7=, Oxalate DLGEIZIIIHIZ T 0 TETHAEIILI DI ENHL
DT 0 B 6 FIEND DHISYIE 4.08 kI/mol &7 ~7, T DX HITWEKFZ DI Z 51F
E U AN E—READE ST T 50, Vi ELFE T KRESTFETREIND Z ENBHS
ME ot

Z DT KFESFE THAE LIHEICE T S H-H2 B 0.766 A (WBI =0.961) T, fl3r/kHE
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1 OFEAEEE 0.758 A (WBI = 1.000)ZLL#E LT/ LiETe b 0D, WG SNTREETH D Z &3y
N5, Mg H & B2 ~O X 2277 A L 2379 AThb, —FH, B-H'BIOH-H OfES
PEAEIL 0.768 A (WBI = 0.960)3 L 18 0.762 A (WBI = 0.986)C. [f] U < SN KFESF 006 OELITIF &
A ERL ., F- Mg b ORREEL MR 0w (2277~2.379 A FLE) Y. ZOfERICEESINT
WAHERTENWZ ENGnd, LIRS TEE%E R D L, Mg-oxalate THE 6 & H OWAEKF T
FCITREFEMOKEIRE L THEHTE D RIREMERH D Z L1275,

[Mg-ethanediolate D EHTHER]
KB FE SNDRIDO Z DOFEROREIEILR 5 (@D XL 5 T, ZOEHKICIIKRE D F2EET
52 L T ITRAE LB L TUE CKR 6 D F1RAET D2 LRI b0 L 72572 (114 5(0D),0),

o~
H " ) :'(\}
4,” H, ((r' ‘C’
H2 ( 1)
‘ ’ \N_—’
’ o™ /’—\
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-

(a) (b) (©)

Fig. 5 Optimized structures of (a) Mg-ethanediolate complex and (b) that with six absorbed
H:2 molecules. In (c) is indicated the same with (b) from a different angle with indication

of adsorbed H2 molecules by red-broken ovals.

Mg-ethanediolate CIIHA]DKFE Sy FWAEIZ K H = B —2E(IX 16.55 kl/mol, % 2, 5 3
BLOE 4 DKBEHFWEIZL D Z N E—RZEDOHESITZNEI 1497, 1431, 12.89 kl/mol
Thole, EHITH 6 DKFET WAL DLENMDH T, F 4 7 F A&7 B34 E 11.25 kI/mol
T1FY7-0 OHAE 5.63 kI/mol TH o7, 2D X 9T EKEZ S I 2 H1F L catecholate
X0 oxalate & [AIERIC T X L E—LE(LOIE S ITHRT 525, D72 LB 6 KFEHNTETHRES
hnNoEs25,

O 6 KFESTE THAE LIHEICE T 5 H-H2 EEEIX 0.768 A (WBI =0.954) T, fl3r/kHE
1 OFEAREE 0.758 A (WBI = 1.000)ZLEEE LT LiETe b 0D, WG SNTREETH D Z &3y
Db, MgrbH D H & H2~DEREIL 2283 A L 2467 A THDH, — ., H-H'B IO H-H OfES
PEEEIL 0.767 A (WBI =0.963)3 L 18 0.766 A (WBI =0.973) T, [d U < fNZKFESF00 6 OBLiTiF &
A ETRL . F- Mg b ORHEEL MR 0 im (2.268~2.467 AFLE) Y. ZOfERICEESINT
WHERTIWZ Enghnbd, L7z o T catecholate D K HIZ_RU B UEN7RBRER
Mg-ethanediolate CH &5 6 & H OWAG/KFED 1 F TITBRBIEMOKFE & L THEH TE 2 Algeten
HHZ LD,



IV BiRE#E (2018)

€325)!
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XT3 TFETWREIND) |
(2) Mg-catecholate D/KFRE 73 FWAEICIBWTIL, KFE 1D THTZ Y OWELZENZ LT —L[FExT
ZNVE—DHEZIIUTOLS THD,

AAE =25.83~11.39 kJ/mol, AAH = 19.09~6.02 kJ/mol
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KF#F 131 Iz v OWAELEIT

AAE =23.64~11.76 kl/mol, AAH = 16.55~5.63 kJ/mol
(5) LLEDFRERN G T2 EKRFBHFWAEIZE > TRUBUVROFE, o &5 2 dnE 1 Of X6
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(7) 2D &5 IeKF o1 OREEHEFE AAERM B AE XD 2 VI EIR DO TH Y, T LA 2017 4F
FEIZHENT U 72 Kubas SEIRZER 7R & O JF BRFERTR 77— A DS HIILR N,
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[3Z#R] 1) G. J. Kubas, Acc. Chem. Res., 21, 120-128 (1988). 2) Gaussian 09, Revision D.01, M. J. Frisch
et al., Gaussian Inc., Wallingford, CT (2009). 3) E. Tsivion, S. P. Veccham, and M. Head-Gordon,
ChemPhysChem., 18, 184-188 (2017).
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1. Summary of the research of 2018

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

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

Our group is theoretically investigating the complex systems bearing complicated electronic structure
with electronic structure theory. In 2018, we performed various theoretical studies, as follows: (i)
Ni(I)-Hydride Catalyst for Hydrosilylation of Carbon Dioxide and Dihydrogen Generation: Theoretical
Prediction and Exploration of Full Catalytic Cycle, (ii) Theoretical Insight into Core—Shell Preference for
Bimetallic Pt-M (M = Ru, Rh, Os, and Ir) Cluster and Its Electronic Structure, (iii) Rhodium Complexes
Bearing PAIP Pincer Ligands, (iv) Reversible Oxidative Addition/Reductive Elimination of a Si-H Bond with
Base-Stabilized Silylenes: A Theoretical Insight, (v) Mechanism of NO—CO reaction over highly dispersed
cuprous oxide on y-alumina catalyst using a metal-support interfacial site in the presence of oxygen:
similarities to and differences from biological systems, (vi) How To Perform Suzuki-Miyaura Reactions of
Nitroarene or Nitrations of Bromoarene Using a Pd” Phosphine Complex: Theoretical Insight and Prediction,
(vil)) QM/MM Approach to Isomerization of Ruthenium(Il) Sulfur Dioxide Complex in Crystal; Comparison
with Solution and Gas Phases, (viii) Theoretical Insight into Gate-Opening Adsorption Mechanism and
Sigmoidal Adsorption Iso therm into Porous Coordination Polymer, and so on. We wish to report some of
them, below.

(i) Theoretical Insight into Core—Shell Preference for Bimetallic Pt-M
(M = Ru, Rh, Os, and Ir) Cluster and Its Electronic Structure'?! 200

PtuMn (M = Ru, Rh, Os, and Ir; m+n = 38 and 55) clusters are
systematically investigated using DFT calculations. In octahedral 38-atom

T —Total
: —Ptaz shell

cluster, core-shell structure Ms@Pt;, with Ms core and Pts; shell is stable
for Pt-Rh and Pt-Ir combinations but is not for Pt-Ru and Pt-Os =
combinations. In 55-atom cluster, icosahedral M3@Pts, structure is stable ;’:22;:;2’
for all Pt-M combinations, indicating that large cluster is more preferable to Scheme 1. Structure of

stabilizing the core-shell structure than small cluster. The difference in Pt-Ru  core-shell particle
with Pt shell and its DOS.

cohesive energy (Ecn) between Mis and Pt;3 and the distortion energy
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{Edqis(M13)} of M3 are parallel to the segregation energy (Es), indicating that these are important factors for
stabilizing M3@Pts,. One more crucially important factor is the interaction energy (Ein) between M3 core
and Pty shell, because Eiy is parallel to E, and its absolute value is much larger than those of E4is(Mi3) and
Egis(Pts2). The Eine depends on energy gap between LUMO of M3 core and HOMO of Pts; shell, indicating
that LUMO energy of M;3 and HOMO energy of Pts; are good properties for understanding and predicting
stability of core-shell structure. Pt atom is more positively charged in M3@Pts, than in Ptss, and the HOMO
energy of M3@Pts; is higher than that of Ptss. The presence of these two contrary factors for O, binding
suggests that M3@Pt4, is not bad for O, binding.

(ii) Reversible Oxidative Addition/Reductive Elimination of a Si-H Bond with Base-Stabilized
Silylenes!¥!
Although oxidative addition (O.A.) and H e w

Ph 2 _ILH Ph ¢ _p2
N-Si': +  Siy (i) One-step reaction

. .. . . N-Si{
reductive elimination (R.E.) are exceedingly 1 » PP Tamr—— f *Nserpn

Early Si'-H? bond formation (TSg;.4)

important processes in organometallic chemistry,

. . TSRea_intPH IntPH_Prd
such processes are still extremely rare for main \ /
(ii) Stepwise reaction N s. =Si?H,Ph

. I(XH) (X =P, N, C", cNy
group element species. Here we report a IXSi) (X = P, N, C7, CY)
R

theoretical study on the reaction of a(pH)
phosphine-stabilized silylenes with silanes which Scheme 2. Two kinds of reaction course of oxidative

. . addition and r tive elimination.
proceeds via reversible O.A./R.E. at room ddition and reductive ¢ ©

temperature, as shown in Scheme 2. Of particular interest, this theoretical approach highlights the important

role of the ligand, which can greatly s, 499 féﬁ
affect kinetics and energy balance of TS 441 ,.»*” -
. . TSyaem 350 ASuw O
the reaction. Indeed, in contrast to the TSy A S v e sisieta) PACraw PSISINM S= L

. . 3(PH) 3(PSi)
case of free aminosilylenes, the

AG’ / keal mol™!

reaction of ligand-supported silylenes

proceeds in an unsynchronized manner

1-Si2 =2.363 CN-H? =1.102  Si'-Si*=2.392 C'-H?=1.094

and starts with the silylene—silane ) )

charge  transfer  (CT). Suitably ~ Figure 1. Gibbs energy profile (kcal mol) in one step and

electron-donating ligands such as stepwise oxidative additions

phosphines or N-heterocyclic carbenes,

enhancing the CT at the transition state (TS), significantly decrease the Gibbs activation energy and the
exergonic nature of the reaction (Figure 1), which promote the O.A./R.E. processes. In the same way, silanes
with electron-withdrawing groups also favor the CT and thus stabilize the TS. It was also computationally
predicted that phosphine-stabilized silylenes should be able to activate the C-Si bond of
trimethoxy(ethynyl)silane (HC=C-Si(OMe)3) and that the reaction should proceed in a reversible manner

under mild conditions.

(iii) How To Perform Suzuki-Miyaura Reactions of Nitroarene or Nitrations of Bromoarene Using a
Pd0 Phosphine Complex!”!
Pd’(BrettPhos) 1 was experimentally applied to Suzuki-Miyaura reaction of nitroarenes which occurs
through oxidative addition of nitroarene (ArNO,) to Pd’. On the other hand, Pd’(‘Bu-BrettPhos) 2 was
experimentally applied to nitration of bromoarenes which occurs through reductive elimination of nitroarene

(Scheme 3). DFT calculations disclosed that oxidative addition of 4-nitroanisole to 1 was exergonic but that
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to 2 was endergonic, indicating that 1 is useful for

oxidative addition of Ar-NO; bond but 2 is useful for P—Pd NO: Ri—cyand R1

reductive elimination of Ar-NO, bond. This difference M°°—Rz . é) Ka=Pror N, ' ~Sp—pa—NO;
in reactivity between 1 and 2 is explained in terms that me RIBuor Xsl é«"?—m
bulky ‘Bu groups on ‘Bu-BrettPhos destabilize Pd" Scheme 3. Oxidative addition and reductive
complex Pd"(Ar)(NO,)(‘Bu-BrettPhos) due to large elimination of Ph-NO, bond on Pd” complex
steric repulsion between Ar and ‘Bu-BrettPhos but less

bulky cyclohexyl groups on BrettPhos do not. It is theoretically predicted here that NMe,-substituted
BrettPhos is better for Ar-NO; bond cleavage than BrettPhos but xyl-BrettPhos is good for Ar-NO;
formation like ‘Bu-BrettPhos, where NMe, and 2,6-dimethylphenyl groups are introduced to BrettPhos

instead of isopropyl and cyclohexyl groups, respectively.

(iv) QM/MM Approach to Isomerization of Ruthenium(II) Sulfur Dioxide Complex in Crystal;
Comparison with Solution and Gas Phases!®!

The theoretical study of chemical reactions in molecular crystals is a challenging research target. To
optimize the transition state in a crystal, we have improved the crystal model and modified the quantum
mechanics/molecular mechanics (QM/MM) method based on the periodic MM crystal model. We applied
this method to the ruthenium(Il) sulfur dioxide complex [Ru"(NH3)4(SO,)Py]*" 1Py which is potentially
useful for optical data storage systems in crystal because this Ru complex has two isolable metastable
structures, 1'-O-bound MS1 and 1’-S,0-bound MS2, in addition to n'-S-bound ground state GS in crystal.
MS2 and MS1 are formed from GS by photoirradiation at low temperature (10—100 K) and thermal
isomerization occurs from MS2 to MS1 and from MS2 to GS by raising the temperature (Scheme 4). For

comparison, the thermal isomerization of [Ru"(NH3)«(SO2)L]"" (L = CI, W (water), and Py) was

investigated in gas and aqueous phases, where the o & oLsa® OS\OZ z

. . . . NH | NH3 hv NH \/ NHz Ay NH, |
three-regions 3D reference site interaction model o, R S e SN OF

) R e 7 Ny
self-consistent field (RISM-SCF) method was N 1 NH; ‘; NHs l NH, ‘; NH3 l

. . . la:L=Cl-
employed to incorporate solvation effects in the GS mMs2 MS1 1b: L = H,0
. ground state meta-stable meta-stable |1¢:L=

aqueous phase. In the gas phase, MS2 is more stable e e n2 -structure ! -structure pyridine

than MST for L = Cl but less stable for L = W and  gcheme 4. Photo and thermal isomerization of
Py. Thermal isomerization occurs with similar  Ry(I1) SO, complex.

changes in geometry and charge distribution among
L=CI", W, and Py, whereas the energy profile of L =
CI” differs very much from those of L = W and Py.
In the aqueous phase, MS1 becomes much less crystal

stable than MS2 and the Ru" complex becomes

AE or AA

lower in energy following the order MS1 > MS2 > solution
GS for L = CI', W, and Py because of the small

solvation free energy for MSI1. In crystal, 1Py also

gas

. . GsS TS MS2 TS MS1
becomes lower in energy following the order MS1 > oM M

MS2 > GS. The MS1 — MS2 isomerization occurs Scheme 5.  Schematical presentation  of
with much smaller activation energy than the MS2 isomerization of Ru(ll) SO, complex in gas,
— GS in crystal phase, which is consistent with the solution, and crystal phases
experimental observations. In crystal, the short-range

steric repulsion between the SO, of the target QM molecule and the neighboring Ru complex and the
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long-range ES interaction between the target molecule and the MM crystal play crucially important roles in

determining the relative stabilities of MS1 and MS2 and the energy barrier of the thermal isomerization.

(v) Theoretical Insight into Gate-Opening Adsorption Mechanism and Sigmoidal Adsorption Iso therm

into Porous Coordination Polymer!!

Gate-opening adsorption mechanism and

investigated taking CO, adsorption into porous coordination polymers, [Fe(ppt).]. (PCP-N, Hppt
(PCP-C,

3-(2-pyrazinyl)-5-(4-pyridyl)-1,2,4-triazole) and

where hybrid method consisting of dispersion-corrected DFT for infinite
PCP and post-Hartree-Fock (SCS-MP2 and CCSD(T)) method for cluster
model was employed. PCP-N has site I (one-dimensional channel), site
IT (small aperture to the site I), and site III (small pore) useful for CO;
adsorption. CO, adsorption at site I occurs one by one with Langmuir
adsorption isotherm. CO; adsorption at sites Il and III occurs through
gate-opening adsorption mechanism, because crystal deformation energy
(Eper) at these sites is induced largely by the first CO, adsorption but

induced much less by the subsequent CO; adsorption. Interestingly,
nine CO; molecules are adsorbed simultaneously at these sites
because large Epgr cannot be overcome by adsorption of one CO»
molecule but can be by simultaneous adsorption of nine CO;
such CO;

sigmoidal adsorption isotherm was derived from equilibrium

molecules. For adsorption, Langmuir-Freundlich
equation for CO, adsorption (Figure 2). Very complicated CO,
adsorption isotherm, experimentally observed, is reproduced by
combination of Langmuir and Langmuir-Freundlich adsorption
isotherms. In PCP-C, CO, adsorption occurs only at site I with
Langmuir adsorption isotherm. Sites II and III of PCP-C cannot be
used for CO; adsorption because very large Epgr cannot be
overcome by simultaneous adsorption of nine CO; molecules.
Factors necessary for gate-opening adsorption mechanism are
discussed based on the basis of differences between PCP-N and
PCP-C.

2. Original Papers
(1) Vijay Singh, Shigeyoshi Sakaki, Milind M. Deshmukh,

[Fe(dpt):]
3-(2-pyridinyl)-5-(4-pyridyl)-1,2,4-triazole) as example (Scheme 6),

sigmoidal adsorption isotherm were theoretically

Hdpt

Scheme 6. Fe(Il)-based two
PCPs, flexible PCP-N and rigid
PCP-N
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Figure 2. Sigmoidal Langmuir-

Freundlich-type (a) and non-sigmoidal
Langmuir type (b) CO, adsorption
isotherm

“Ni(I)-Hydride Catalyst for Hydrosilylation of Carbon Dioxide and Dihydrogen Generation: Theoretical

Prediction and Exploration of Full Catalytic Cycle”,
Organometallics, 37, 1258-1270 (2018).
(2) Jing Lu, Kazuya Ishimura, and Shigeyoshi Sakaki,

“Theoretical Insight into Core—Shell Preference for Bimetallic Pt-M (M = Ru, Rh, Os, and Ir) Cluster

and Its Electronic Structure”,
J. Phys. Chem. C 122, 90819090 (2018).

(3) Naofumi Hara, Teruhiko Saito, Kazuhiko Semba, Nishamol Kuriakose, Hong Zheng, Shigeyoshi

Sakaki, and Yoshiaki Nakao,
“Rhodium Complexes Bearing PAIP Pincer Ligands”,
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J. Am. Chem. Soc., 140, 70707073 (2018).

(4) Masayuku Nakagaki, Antoine Baceiredo, Tsuyoshi Kato, and Shigeyoshi Sakaki,

“Reversible Oxidative Addition/Reductive Elimination of a Si-H Bond with Base-Stabilized Silylenes: A
Theoretical Insight”,

Chem. Eur. J., 24, 11377 — 11385 (2018).

(5) Tomohiro Higashino, Atsushi Kumagai, Shigeyoshi Sakaki and Hiroshi Imahori,

“Reversible mt-system switching of thiophene-fused thiahexaphyrins by solvent and oxidation/reduction”,
Chem. Sci., 9, 7528 (2018).

(6) Ryoichi Fukuda, Shogo Sakai, Nozomi Takagi, Masafuyu Matsui, Masahiro Ehara, Saburo Hosokawa,
Tsunehiro Tanaka and Shigeyoshi Sakaki,

“Mechanism of NO—CO reaction over highly dispersed cuprous oxide on y-alumina catalyst using a
metal-support interfacial site in the presence of oxygen: similarities to and differences from biological
systems”,

Catal. Sci. Technol., 8, 3833-3845 (2018).

(7) Rong-Lin Zhong, Masahiro Nagaoka, Yoshiaki Nakao, and Shigeyoshi Sakaki,

“How To Perform Suzuki-Miyaura Reactions of Nitroarene or Nitrations of Bromoarene Using a Pd’
Phosphine Complex: Theoretical Insight and Prediction”,

Organometallics, 37, 3480—3487 (2018).

(8) Shinji Aono and Shigeyoshi Sakaki,

“QM/MM Approach to [somerization of Ruthenium(Il) Sulfur Dioxide Complex in Crystal; Comarison
with Solution and Gas Phases”,

J. Phys. Chem. C., 122,20701-20716 (2018).

(9) Jia-Jia Zheng, Shinpei Kusaka, Ryotaro Matsuda, Susumu Kitagawa, and Shigeyoshi Sakaki,
“Theoretical Insight into Gate-Opening Adsorption Mechanism and Sigmoidal Adsorption Iso therm into
Porous Coordination Polymer”,

J. Am. Chem. Soc., 140, 13958—13969 (2018).

3. Presentation at academic conferences

(1) S. Sakaki,
Theoretical Approach toward d-Electron System: From Molecular Catalysts to Molecular Crystals
and MOFs,
The 7-th Japan-Czech-Slovakia Joint Symposium for Theoretical and Computational Chemistry,
Prague, May 21-24, 2018.
(2) S. Aono, S. Sakaki
QM/MM study of thermal isomerization of Ru(II) sulfur dioxide complex in crystal; comparison
with gas and solution phases
16th International Congress of Quantum Chemistry, June 18-23, 2018, Menton, France.
(3) M. Nakagaki, S. Sakai,
Electronic Structure and Bonding Nature of Trinuclear Cr(II) Complex: Remarkably Small Cr-Cr
Bond Order and Large Spin Polarization
16th International Congress of Quantum Chemistry, June 18-23, 2018, Menton, France.
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5. Ub—F1)—4—
Kazuo Takatsuka

Research Leader

Summary of the research of the year

The main objective of our research here in FIFC is developing a basic framework of theoretical
chemistry, which we call the theory of nonadiabatic electron wavepacket dynamics, or time-domain
quantum chemistry, to explore new realm of theoretical chemistry beyond the framework of the
Born-Oppenheimer approximation. Outcomes of such theoretical developments in the academic
year of 2018 include; (1) Theoretical analyses on nonadiabatic electron-nuclear dynamics in terms
of their fluxes (currents) in molecules [3,4]. Analysis of electron current in molecules is extremely
powerful and vivid view of real-time dynamics of chemical reactions. (2) Nature of chemical bonds
having densely quasi-degenerate electronic states, which undergoes very frequent nonadiabatic
transitions among many adiabatic state, which is thereby called chemistry without notion of
potential energy surface [5]. This is a theory of nature of chemical bond in second or third
generation, which was never considered before by Pauling, Ruedenberg, Fukui and other great
quantum chemists. (3) Coupled proton and electron-wavepacket transfer (CPEWT) in the system of
water splitting by Mn oxides both in photo-excited and ground states. We have been finding several
basic chemical principles involved in the series of reactions, beginning from charge-separation
dynamics to oxygen molecule generation therefrom [6]. (4) Various theoretical attempts to extend
the beyond-Born-Oppenheimer theoretical scheme have been made, with a particular example being
development of a formalism of nuclear and electronic simultaneous full-quantum dynamics [1]. We
will proceed to this aspect more technically. (5) In this year I have started a theoretical project with
Dr. Hanasaki about relativistic theory of nonadiabatic electron dynamics in intense laser fields. Two
very long papers are already published in C. Chem. Phys. A and Phys. Rev. A as of November 2019.

Thus our research group has been making a progress in very characteristic yet fundamental field of

theoretical chemistry.

(i) Nonadiabatic nuclear and electronic quantum wavepacket dynamics [1]

In this study, the path-branching theory as a nonadiabatic electron wavepacket theory (Yonehara
et al., 2012), in which nonadiabatic electron wavepackets are propagated in time along branching
nuclear paths, has been extended so that Gaussian nuclear wavepackets are to be evolved in time

along the variational quantum paths, which are determined consistently with the electron dynamics.
ii) Ab-initio calculation of femtosecond-time-resolved photoelectron spectra of NO; after

excitation to the A-band [2]

We have presented calculations of time-dependent photoelectron spectra of NO2 after excitation to
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the A-band for comparison with extreme-ultraviolet (XUV) time-resolved photoelectron
spectroscopy. We have calculated potential energy surfaces of the two lowest-lying coupled 2Ao
states obtained from multi-reference configuration-interaction calculations to propagate the
photo-excited wave packet using a split-step-operator method. The propagation includes the
nonadiabatic coupling of the potential surfaces as well as the explicit interaction with the pump
pulse centered at 3.1 eV (400 nm). A semiclassical approach to calculate the time-dependent
photoelectron spectrum arising from the ionization to the eight energetically lowest-lying states of
the cation allows us to reproduce the static experimental spectrum up to a binding energy of 16 eV
and enables direct comparisons with XUV time-resolved photoelectron spectroscopy. This work is a

result of collaboration with Professor Hans Worner and his group at ETH.

iii) Electronic and nuclear flux analysis on nonadiabatic electron transfer reaction: A view
from single-configuration adiabatic Born-Oppenheimer representation [3]

A detailed flux analysis on nonadiabatically coupled electronic and nuclear dynamics in the
intramolecular electron transfer of LiF has been investigated. Full quantum dynamics both of
electrons and nuclei within two-state model has uncovered interesting features of the individual
fluxes (current of probability density) and correlation between them. In particular, a spatiotemporal
oscillatory pattern of electronic flux has been revealed, which reflects the coherence coming from
spatiotemporal differential overlap between nuclear wavepackets running on covalent and ionic
potential curves. In this regard, a theoretical analogy between the nonadiabatic transitions and the
Rabi oscillation is surveyed. We also present in this paper a flux—flux correlation between the
nuclear and electronic motions, which quantifies the extent of deviation of the actual electronic and
nuclear coupled dynamics from the Born—Oppenheimer adiabatic limit, which is composed only of

a single product of the adiabatic electronic and nuclear wavefunctions.

iv) Electronic and nuclear fluxes induced by quantum interference in the adiabatic and
nonadiabatic dynamics in the Born-Huang representation [4]

This work is the second part, the first one being the above item (iii), of our series of study on an
electronic and nuclear flux analysis for nonadiabatic dynamics. The corresponding adiabatic
counterpart, both of the wavefunctions of which are represented in the Born-Huang expansion. It is
well known that the electronic-nuclear configurations (terms) in the expansion of the total
wavefunction interfere each other through the nonadiabatic interactions and give birth to electronic
and nuclear fluxes. Interestingly, even in the adiabatic dynamics without such nonadiabatic
interactions, a wavefunction composed of more than one adiabatic state can undergo interference
among the components and give the electronic and nuclear fluxes. That is, the individual pieces of
the wavepacket components associated with the electronic wavefunctions in the adiabatic
representation can propagate in time independently with no nonadiabatic interaction, and yet they
can interfere among themselves to generate the specific types of electronic and nuclear fluxes. We

refer to the dynamics of this class of total wavefunction as multiple-configuration adiabatic
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Born-Huang dynamics. A systematic way to distinguish the electronic and nuclear fluxes arising
from nonadiabatic and the corresponding adiabatic dynamics is discussed, which leads to the deeper
insight about the nonadiabatic dynamics and quantum interference in molecular processes. The

so-called adiabatic flux has been also discussed.

v) Chemical bonding and nonadiabatic electron wavepacket dynamics in densely
quasi-degenerate excited state manifold of boron clusters [5]

Formation of chemical bonds is theoretically discerned by the presence of static nuclear
configuration on a potential energy surface given within the Born—-Oppenheimer framework. We
here have studied dynamical chemical bonding for molecules residing in the electronic excited
states that are in a densely quasi-degenerate electronic state manifold and thereby keep undergoing
extremely frequent nonadiabatic transitions. For this type of the states, the notion of global potential
energy surfaces based on the adiabatic representation loses the usual sense. Nonetheless, chemical
bonding exists and associated chemical reactions certainly proceed, for which we call chemistry
without potential surfaces. As such, we investigate the highly excited states of boron clusters, which
have extraordinarily long lifetimes with neither ionization nor dissociation. The dynamical chemical
bonds keep rearranging themselves without converging to a static structure, the vivid electron
dynamics of which is tracked by means of the nonadiabatic electron wavepacket dynamics theory.
To characterize the dynamical bonding theoretically, we have proposed the notion of

hyper-resonance.

vi) On the Elementary Chemical Mechanisms of Directional Proton Transfers: A
Nonadiabatic Electron-Wavepacket Dynamics Study [6]

We have proposed a set of chemical reaction mechanisms of unidirectional proton transfers, which
may possibly work as an elementary process in chemical and biological systems. Being
theoretically derived based on our series of studies on charge separation dynamics in water splitting
by Mn oxides, the present mechanisms have been constructed after careful exploration over the
accumulated biological studies on cytochrome ¢ oxidase (CcO) and bacteriorhodopsin. In particular,
we have focused on the biochemical findings in the literature that unidirectional transfers of
approximately two protons are driven by one electron passage through the reaction center (binuclear
center) in CcO, whereas no such dissipative electron transfer is believed to be demanded in the
proton transport in bacteriorhodopsin. The proposed basic mechanisms of unidirectional proton
transfers were further reduced to two elementary dynamical processes, namely, what we call the
coupled proton and electron-wavepacket transfer (CPEWT) and the inverse CPEWT. To show that
the proposed mechanisms can indeed be materialized in a molecular level, we constructed model
systems with possible molecules that are rather familiar in biological chemistry, for which we have
performed the ab initio calculations of full-dimensional nonadiabatic electron-wavepacket dynamics

coupled with all nuclear motions including proton transfers.
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2. Original papers

[1] Nonadiabatic nuclear and electronic quantum wavepacket dynamics
Kazuo Takatsuka, Chem. Phys. 515, 52-59 (2018).
https://doi. org/10. 1016/j. chemphys. 2018. 07. 006

[2] Ab-initio calculation of femtosecond-time-resolved photoelectron spectra of NO2 after excitation
to the A-band

Andres Tehlar, Aaron von Conta, Yasuki Arasaki, Kazuo Takatsuka, and Hans Jakob
Woerner, J. Chem. Phys. 149, 034307 (2018). (13 pages)

https://doi. org/10. 1063/1. 5029365

[3] Electronic and nuclear flux analysis on nonadiabatic electron transfer reaction: A view from
single-configuration adiabatic Born-Oppenheimer representation
Rei Matsuzaki and Kazuo Takatsuka, J. Comput. Chem. (Morokuma memorial issue),
40 148-163 (2019). DOI: http://dx. doi. org/10. 1002/jcc. 25557

[4] Electronic and nuclear fluxes induced by quantum interference in the adiabatic and nonadiabatic
dynamics in the Born-Huang representation.
Rei Matsuzaki and Kazuo Takatsuka, J. Chem. Phys. 150, 014103 (2019). (22 pages)
DOI: https://doi. org/10. 1063/1. 5066571

[5] Chemical bonding and nonadiabatic electron wavepacket dynamics in densely quasi-degenerate
excited state manifold of boron clusters.
Yasuki Arasaki and Kazuo Takatsuka, accepted for publication, J. Chem. Phys. 150,
114101 (18 pages) (2019)
DOI: https://doi. org/10. 1063/1. 5094149

[6] On the Elementary Chemical Mechanisms of Directional Proton Transfers: A Nonadiabatic
Electron-Wavepacket Dynamics Study.
Kentaro Yamamoto and Kazuo Takatsuka, J. Phys. Chem. A 123, 4125-4138

3. Presentation at academic conferences
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“Recent Progress in Nonadiabatic Electron Wavepacket Dynamics”
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Kazuo Takatsuka,
Mini-workshop on nonadiabatic chemistry,
Peking Universtity, May 19-20, 2018

“Nonadiabatic phenomena: From wavepacket bifurcation to machinery behind biochemical
dynamics”

Kazuo Takatsuka,

International Conference on Nonadiabatic Dynamics (ICND 2018)

21-23, 2018 at Peking University Shenzhen Graduate School, China
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Kazuo Kitaura
Research Fellow
1. Summary of the research of the year
Pair Interaction Energy Decomposition Analysis For Density Functional Theory

Pair interaction energy decomposition analysis in the fragment molecular orbital (FMO) method is
extended to treat density functional theory (DFT). Energy components obtained from the DFT levels are
compared to the values obtained with Hartree-Fock, second order Mgller-Plesset (MP2) and coupled cluster
methods.

In the FMO method", the total energy of entire system E is computed using energies of fragments
and fragment pairs,

N N

E=)E;+) AE, )

7 >
where N, E; and AEj;are the number of fragments, the internal energy of monomer /, and the interaction
energy between fragments / and J(Pair Interaction Energy; PIE), respectively. PIEDA? is a method to divide
PIE into components, according to an energy decomposition method for molecular interactions”;
intermolecular interaction energy at the Hartree-Fock level is decomposed into electrostatic(ES),
exchange-repulsion(EX), polarization(PL), and charge-transfer+mix(higher order coupling energy)(CT-MIX).
The computation of PL is optional in PIEDA. Correlation energy contribution(DI) is calculated separately.
Solvation energy contribution(SOLV)> can be evaluated using polarizable continuum solvent model(PCM).

PIE is represented as a sum of these components,
AE,, =AE;} + AE;S + AE™ + AE]) + AEY (2)
CT+MIX energy in DFT is defined as,
CT+MIX ES EX c SOLV
AE,, =AE, —AE;; —AE, —AE,, - AE)] 3)

where AE], is pair correlation energy defined as,

AE), =E,-E —E; (4

where E° is correlation energy in DFT.?
Correspondence between pair interaction energy components for several electronic structure theories is

summarized in Table 1.



IV BiRE#E (2018)

Table 1. Correspondence between pair interaction energy (PIE) contributions.

term RHF MP2, CC DFT
electrostatic energy AEﬁS interactions between electron same as in similar to RHF, but using DFT
density and nuclei RHF density
solvation energy AE?IOW interactions of nuclei and same as in similar to RHF, but using DFT
electron density with solvent RHF density
surface charges
correlation energy (dispersion dispersion” electron dispersion and DFT correlation
+ remainder correlation) correlation functional energy”
AFDIFRC
]
exchange-repulsion energy Pauli repulsion between electron same as in similar to RHF, but using DFT
AE densities RHF density, plus a contribution from

DFT exchange

charge transfer energy + hi\gh remainder (total PIE minus the same as in similar to RHF, but using DFT PIE

order mix terms AE}jl ME

other four components) RHF

“The values of empirical dispersion are calculated using parameters that are method dependent.

PIEDA calculations were performed for
(H20)n (n=3,4,8) at RHF, DFT, MP2 and
CCSD(T) levels (Figure 1). The basis function
used is aug-cc-pVTZ. The DFT functionals,

PBE, B3LYP, CAM-B3LYP, and M11 were used.

All FMO calculations were performed with
GMAESS”.
Figure 8 shows the

o Q ~ -7.0 5 o ia_z ,. Q- 55 O
* - ‘ " 'J Y ‘_5 5 o) Q-T.s"
6.1 A 7.0 o) ok g k4 ?
6.2 70 -7.3 63 6.4
Q
P A ﬁ 6.3 ),-’5'&9 e
. -5.9 - * 68 ﬂ . _5_5§ 7.3

Figure 1. Structures of water clusters. Pair interaction
energies are shown in kcal/mol at the CCSD(T)/
aug-cc-pVTZ level.

Table 1. Averaged interaction energies for hydrogen bonds

eight  hydrogen  bond  (kcal/mol) in (H20)s, and their components: electrostatic AE "™,

energies in (H20)s. Since  exchange-repulsion AE ™, charge transfer + mix terms AE <™V |

the structure is not a perfect oo rrelation AE°and  solvent screening AE*®Y energies®.
cubic, hydrogen  bond
. . ) TES TEX TCT+MIX AEC AESOLV AE
energies are just a little method — AE —
. RHF -10.18 7.89 —1.58 -0.44 —4.30

different. Table 2 shows the -
PBE -9.63 9.77 —3.04 -2.15 -0.49

averaged mteraction B3LYP —9.82 10.36 —2.67 —2.46 —048 —5.08

energies per hydrogen bond CAM-B3LYP —9.92 9.59 -2.53 -246  —048 —5.81
M11 —9.80 8.84 —2.38 —-1.59 —0.48 —541

AE and their components

(results of n = 3, 4 are not ? The aug-cc-pVTZ basis set used.

shown). The electrostatic

component (ES) is quite similar for all methods (about -10 kcal/mol). The exchange-repulsion(EX) energy of 8-10

kcal/mol shows more variation than ES. DFT has a larger EX than RHF, by 1-2 kcal/mol. The charge transfer and
mix component (CT+MIX) is from -1.6 to -3.0 kcal/mol for RHF and DFT. The DFT correlation energies (c) are

between -1.6 to -2.5 kcal/ mol. The averaged correlation energies per hydrogen bond at MP2 and CCSD (T)

are -1.97 and -2.08 kcal/mol, respectively (not shown). The solvation energy component (SOLV) are almost
the same for all the theories (-0.44 to -0.49 kcal / mol).

PIEDA results depend on electronic structure theory and basis set used. In a comparison of molecular
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interactions between a series of molecular systems, the same theory and basis set should be employed. In this

study, various theories were compared and their characteristics were clarified.

Reference 1) Kitaura, K.; Ikeo, E.; Asada, T.; Nakano, T.; Uebayasi, M. , Chem. Phys. Lett. 1999, 313,
701-706. 2) Fedorov, D. G.; Kitaura, K., J. Comput. Chem. 2007, 28, 222-237. 3) Alexeev, Y.; Mazanetz, M.
P.; Ichihara, O.; Fedorov, D. G. , Curr. Top. Med. Chem. 2012, 12, 2013-2033. 4) Kitaura, K.; Morokuma,
K., Int. J. Quant. Chem. 1976, 10, 325-340. 5) Fedorov, D. G.; Kitaura, K., J. Phys. Chem. A 2012, 116,
704-719. 6) Parrish, R. M.; Parker, T. M.; Sherrill, C. D., J. Chem. Theory Comput. 2014, 10, 4417-4431. 7)
Fedorov, D. G., WIREs: Comp. Mol. Sc., WIREs, 2017, 7, ¢1322.

2. Original papers

(1) Fedorov, Dmitri G.; Kitaura,Kazuo
"Pair Interaction Energy Decomposition
Analysis for Density Functional Theory and Density-Functional Tight-Binding with an
Evaluation of Energy Fluctuations in Molecular Dynamics
J. Phys. Chem. A 122, 1781-1795(2018)
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7. BTHEE
Mitsusuke Tarama

Special Postdoctoral Researcher
1. Summary of the research of the year (3-5 pages, includes appropriate figures and tables)
Mechanochemical model of crawling cells

Active matter refers to objects that exhibit spontaneous motion, which results from the force that they
generate by consuming potential energy, e.g. chemical energy. Such force should vanish in total due to the law
of action and reaction. In order to achieve active motion, such as spontaneous translational motion, under the
force-free condition, active matter should break corresponding symmetry. For active matter that swims in a
low Reynolds number fluid, this fact is known as Purcell’s scallop theorem. One simple model to test how
microswimmers can achieve a net migration is a model swimmer that is composed of three particles connected
linearly by cyclically stretching bonds.

Most biological systems are examples of active matter. The simplest unit of living system is a cell, which
already shows a variety of complicated dynamics. In the case of cell migration, we can classify cells into two
groups; one is swimming cells such as bacteria that swim in a fluidic environment. The other group is crawling
cells, which migrate by adhering to a substrate. The basic mechanism of cell crawling motion consists of four
processes (Fig. 1):

(D Protrusion of the leading edge due to actin polymerization

@ Adhesion of the leading edge to the substrate

(® De-adhesion of the trailing edge from the substrate

@ Contraction of the trailing edge due to the actomyosin contraction

In our previous study [M. Tarama and R. Yamamoto, JPSJ 2018], we introduced a simple model of a
crawling cell that is composed of two particles (subcellular elements) connected by a viscoelastic spring. The
spring also possesses a linear actuator that cyclically elongates the cell, representing the protrusion and the
contraction. The cell can also change the characteristics of the substrate adhesion of the two elements,
corresponding to the adhesion and de-adhesion processes. We assumed a perfect cyclic actuator elongation of
sinusoidal form and a two-state transition of the substrate interaction between the adhered stick state and the
de-adhered slip state. We also assume that the frequencies of these intracellular activities are the same for
simplicity, but the phase of the substrate adhesion is shifted by a given constant. This phase shift can be

different for the two elements since they represent different position of the cell. In fact, these two phase shifts

@ Contracti(.)r‘l actomyosin @ me]:ruLSim:j N
of the Trailing Edge\ Lxxx""x"x of the Leading Edge
o X3 F-actin
) Deadhesion X X%
Xx S5 @ Adhesion

at the Trailing Edge \xx"xxx

L

Fig. 1 The four basic processes of cell crawling mechanism.
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element i K Zij (t)element 7

adhered ~—=> deadhered
stick state ®— slip state

Fig. 2 Schematics of the mechanochemical model.

are the key parameters. If they are in phase, the cell undergoes symmetric oscillation with its centre-of-mass
position stationary. Since we assumed perfect intracellular activities, if the two phase shifts are in anti-phase,
the model cell can exhibit the most efficient migration. However, things are not that simple; even for the anti-
phase case, in the worst case, the model cell cannot achieve a net migration if it undergoes reciprocating motion.
Therefore, the cellular scale regulation of the four processes is important for efficient crawling.

However, the two-element (dumbbell) model is intrinsically one dimensional, although real cells are
three dimensions. Then, we need to scale up the model. Here, we try to extend the model to two dimensions
considering a cell crawling on a flat substrate. The extension is simply achieved by representing a single cell
by many elements connected by viscoelastic springs including linear actuators, as depicted in Fig. 2. In this
network model, the substrate adhesion characteristic of each element again changes in time. The time evolution
equation of the element 7 is given by

GOw + ) Ev ) = ) Ay —lo —ly(®)
jE Qi jE Qi
Here, the inertia term is omitted since the typical size of cells are tens of microns. However, unlike the
dumbbell model, if there are many elements, it is not feasible to control all the phases, i.e., the time evolution
of the actuator elongation and the substrate interaction of all the elements, “by hand”. Therefore, we need to
include a mechanism that regulates the elongation of the bonds and substrate adhesion characteristic of all
elements. Here, we consider intracellular chemical reactions. For simplicity, we employ the reaction-diffusion
equations proposed by Sawai and his coworkers that models the intracellular PIP2 and PIP3 chemical wave

observed on the membrane of Dictyostelium cells:

Wi _p vy UiV L PV o
ot U iR v () T Kp +(U) Yo
av; al; V2 BU;V;

— =D, V3V, + —— — —uy;
ac Vi T ke v (v K +(uy M

where U; and Virepresent PIP2 and PIP3 concentration on the element i, and <x> stands for the mean value of
x over the entire cell.

Now we couple the mechanical model and the chemical reaction-diffusion model. In order to do that,
we change the actuator elongation 1;;(t) and the substrate adhesion characteristics {;(t) depending on the
intracellular chemical concentrations (Ui, Vi). Since the PIP3 accumulation coincides with the actin
accumulation, we assume the elongation occurs depending on the PIP3 concentration:

1;;(t) = dltanh[oV;;(0)]

where V;;(t) = (Vi(t) + V}(t)) /2. On the other hand, we assume that the substrate adhesion characteristics
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show transition between the adhered stick state g and de-adhered slip state {gp:

ag;
Tzd—zt = 9¢(8) — Apgy(v) — (1 — Ay gy (V)
where
_ l < - (stick _ 1 < - Cslip
9:(C = 5 tanh <—€( ) - tanh <—€< )

However, it is not well-understood what controls the adhesion characteristics. Here we consider two controlling
mechanisms; One is mechanical cue, for which we consider dependence on the local velocity:

(v/v*)? 1
14+ @w/w)? 2

which prefers the adhered stick state when the velocity is below the critical value v < v*, whereas the de-

gv(v) =

adhered slip state is preferable for v >v". The other cue is chemical one. However, the regulating chemistry of
the substrate adhesion is far less understood. Therefore, here, we assume the dependence on the PIP3

concentration, just as the actuator elongation:

1
gy (V) = Etanh(GV(V — V*))

However, it is not clear if the PIP3 concentration enhances the stick state or the slip state, which are realized
by the sign of the coefficient oy (the stick state is preferable for high PIP3 concentration if oy, < 0, while
the slip state is more likely for high PIP3 concentration if o > 0).

Therefore, we tested both positive and negative oy,. Interestingly, we obtained qualitatively opposite
results as in Fig. 3. If oy, > 0, the cell migrates in the opposite direction to the chemical wave (Fig. 3(a)),

whereas it crawls in the same direction if o, < 0 (Fig. 3(b)).

(a)
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_1 0.6 T T _1 O|6 T T
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Fig. 3 Cell crawling for (a) positive and (b) negative gy, .
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Fig. 4 (a) Trajectory of the centre-of-mass position of randomly crawling cell and (b) the time series of

its snapshots. (c) Trajectory of the centre-of-mass position for the cell that switches between random

migration and spinning motion and (d) the time series of the snapshots of spinning cell.

Moreover, under the existence of
intracellular chemical randomness, the cell
crawls randomly in a two-dimensional
space (Figs. 4(a) and 4(b)). Depending on
the parameters, in addition to the random
translational motion, it also exhibits
spinning motion as depicted in Figs. 4 (c)
and 4(d).

Finally, we also measure the traction
force that the cell exerts on the substrate. To
analyse it, we calculate the multipole
expansion of the traction force. The traction
force monopole is vanishing as in Fig. 5(a),
which confirms the force-free condition.
On the other hand, the diagonal
components of the traction force dipole are
oscillating between the positive and
negative values as in Fig. 5(a), which
correspond to the extensile and contractile
traction force, respectively. However, in
most experiments, the traction force of
crawling cells is measured to be contractile,

which our current model fails to reproduce.
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Fig. 5 (a) Time series of the traction force monopole (Ml(l)
and Mz(l) ), and the diagonal (Mﬁ) and Mz(i)) and off-
diagonal components (Mg) and Mézl)) of the traction force
dipole. (b) Time evolution of the major components of the

traction force dipole Mﬁ) and quadrupole MS)I
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Still, the off-diagonal components of the traction force dipoles coincide with each other as in Fig. 5(a), which
is consistent with the experimental result by Tanimoto and Sano. What this means is that the model cell is
torque free, since the torque monopole is equaled to the difference of the two off-diagonal components of the
traction force dipole. Finally, Tanimoto and Sano measured the trajectory of the major components of the
traction force dipole and quadrupole, which results in the counterclockwise rotation. We, thus, also measured
the same force curve. Then, interestingly, we also obtained the same counterclockwise rotation as in Fig. 5(b),
although its meaning is not clear yet.

In summary, we constructed mechanochemical model for crawling cells based on the subcellular
elements connected by the network of the viscoelastic springs. The mechanical model includes two
intracellular activities, the actuator elongation and the stick-slip transition of the substrate adhesiveness. Since
the force that the cell generates is represented by the actuator elongation, it acts symmetrically to the pairs of
the subcellular elements. Therefore, the model apparently satisfies the force-free condition. The mechanical
model is coupled to intracellular chemistry, which is modelled by the reaction-diffusion equations of the
phosphorylation and de-phosphorylation of PIP2 and PIP3; the actuator elongation and the stick-slip transition
of the substrate adhesion characteristics depend on the intracellular PIP3 concentration. The dependence of the
substrate characteristics on the PIP3 concentration, i.e., if the adhered stick state or the de-adhered slip state is
preferred for high PIP3 concentration, qualitatively changes the cell migration. If the slip state is preferred for
the high PIP3 concentration, the cell migrates in the opposite direction to the intracellular chemical wave. On
the other hand, if the stick state is preferable for high PIP3 concentration, the cell crawls in the same direction
as the intracellular chemical wave. Finally, we also measured the traction force multipoles to compare with the
experimental observation. Then, although our model failed to reproduce the only contractile traction force
dipoles, it confirms the force-free migration and the torque-free spinning motion. In addition, we obtained
counterclockwise force curve in the space of the major components of the traction force dipole and quadrupole,
which consists with the experimental observation.

Of course, our mechanochemical model is a course-grained model and the chemical reaction of the real
cells are more complicated and may differ depending on the condition and for different cell types. In this sense,
the employed intracellular chemical reaction is just one example. Thus, we believe our current model can give
one standard mechanochemical model that can be applied to many other conditions and cell types by replacing

the intracellular chemistry to the appropriate ones for each specific system.

2. Books

(1) Mitsusuke Tarama,
“Nonlinear Dynamics of Active Deformable Particles”
Chapter 12 of "Self-organized Motion: Physicochemical Design based on Nonlinear Dynamics"
(S. Nakata, V. Pimienta, 1. Lagzi, H. Kitahata, N. J. Suematsu, eds.)
The Royal Society of Chemistry e-book (2019).
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3. Presentation at academic conferences

(1)

2

3)

“4)

)

(6)

(7

Mitsusuke Tarama and Ryoichi Yamamoto

Mechanics of cell crawling by means of force-free cyclic motion
Designer Soft Matter 2018, PARKROYAL Hotel on Beach Road, Singapore, 6-8 Jun., 2018.

Mitsusuke Tarama and Ryoichi Yamamoto

Mechanics of cell crawling under force-free condition
27th International Liquid Crystal Conference (ILCC2018), Kyoto International Conference Center,
Kyoto, 22-27 (27) Jul., 2018.

Mitsusuke Tarama and Ryoichi Yamamoto

Modeling of cell crawling by means of force-free intracellular motion

International Conference on Advances of Emergent orders in Fluctuations (APEF2018), Ito
International Research Center Symposium, The University of Tokyo, Tokyo, 12-15 (14-15) Nov.,
2018.

2 b

Cell crawling on elastic substrate

HIRFERRFZIRRIAT = 2018, dbBEKXRE BEFRIFMITET, 27-29 (29) Aug., 2018.

Mitsusuke Tarama. Ryoichi Yamamoto

Mechanics of cell crawling with force-free cyclic motion
A Satellite Symposium to celebrate Prof. Kenichi Fukui's 100th birthday, FIFC, Kyoto University,
13 Oct., 2018.

Mitsusuke Tarama. Ryoichi Yamamoto

Mechanochemical modeling of crawling cells
Active Matter Workshop 2019, Meiji University, 10-11 (10) Jan., 2019 (oral).

Mitsusuke Tarama, Kenji Mori, and Ryoichi Yamamoto

Modelling crawling cells: From simple mechanical model to mechano-chemical model
16 ORBREBHF—LMALY Y-V VRI VL, TEBRE BHHFE—LTIMAR
> % —, 8 Feb., 2019.

4. Others

(1

2

Mitsusuke Tarama, Kenji Mori, Ryoichi Yamamoto

Mechano-chemical subcellular-element model of crawling cells
Seminar in Sawai Lab, Univ. of Tokyo, 18 Sep, 2018.
Mitsusuke Tarama

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

BDR Seminar in Kobe, RIKEN Center for Biosystems Dynamics Research, 25 May, 2018.
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1. Summary of the research of the year
Stochastic order parameter dynamics for phase coexistence in heat conduction

Phase coexistence, such as liquid-gas coexistence, is ubiquitous in nature. As the most idealized situation,
phase coexistence under equilibrium conditions has been studied. For example, the liquid-gas coexistence
temperature is determined by equality of the chemical potential of liquid and gas at constant pressure. The
pressure dependence of the coexistence temperature is related to the latent heat and the volume jump at the
transition point, which is known as the Clausius—Clapeyron equation. These are important consequences of
thermodynamics.

In addition to equilibrium systems, phase coexistence gives rise to a rich variety of phenomena out of
equilibrium such as flow boiling heat transfer, pattern formation in crystal growth, and motility-induced phase
separation. Moreover, as an interesting phenomenon, it has been reported that heat flows from a colder side to
a hotter side in a transient regime for continuous heating. One may expect that a deterministic hydrodynamic
equation incorporating interface thermodynamics, which is referred to as generalized hydrodynamics or
dynamical van der Walls theory, could describe such dynamical phenomena. The first message of the present
study is that contrary to this expectation, stochastic dynamics is inevitable if one wants to quantitatively predict
thermodynamic properties even in steady heat conduction.

We discuss the reason why deterministic equations are not appropriate for phase coexistence in heat
conduction. In general, a deterministic macroscopic equation emerges from a microscopic description as a
result of the law of large numbers, which is applied to systems with the separation of two scales: a microscopic
length 2, such as the size of atoms, and the system size L. By introducing the ratio of the two scales as
?

T

n (D

we express the separation of the scales as n — 0, which corresponds to the thermodynamic limit in equilibrium
statistical mechanics. A deterministic description of the time evolution is obtained in an appropriate limit
involving the scale separation 1 — 0, while small fluctuations come into the description when 7 is small but
finite. With this in mind, we study the simplest case, which is phase coexistence in steady heat conduction near
equilibrium. We assume that the system is divided into two phases by a macroscopic planer interface across
which the heat flows in a simple cuboid geometry. More microscopically, the interface is identified as a
deformed surface of an intrinsic width w which is at most 107 cm. This width w is of the same order as
the microscopic length £, and the deformation of the surface is described by a capillary wave theory or
fluctuation theory. By averaging density profiles in the equilibrium ensemble, one has an effective interface of
the width w,g which is estimated as wegg = f\/mfor three-dimensional systems. We note here that

Wegr/L = 0 in the limit 1 — 0. That is, the interface in the deterministic hydrodynamic equation is a singular
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surface where the interface motion may not be properly defined. When we keep the finiteness of the interface
width in the dynamics, the noise intensity also remains finite. Therefore, the limit 1 — 0 should be taken after
thermodynamic quantities are determined in stochastic dynamics with small but finite 7.

The description with small but finite 1 is formulated as follows. We define mesoscopic quantities by

the average over a region of a length scale A satisfying

K AKLL, (2)
so as to apply local thermodynamics to the region. For simplicity in the later argument, we set A = L\/ﬁ for
small 1. One may take a different exponent satisfying (2), such as A = Ln® with 0 < a < 1. The final
result is independent of the choice of a in the limit 1 — 0. In this mesoscopic description, the interface width
of the spatially averaged configuration is approximately A . We call this interface a mesoscopic interface.

In this description, the effective noise intensity for mesoscopic fluctuations vanishes in the limit n — 0,
while the interface motion, which is the slowest process in equilibration, ceases in the limit 7 — 0. In this
sense, the weakness of the noise is connected to the slowness of the motion. This non-trivial combination may
yield a surprising phenomenon. In this study, we formulate such a noise effect for phase coexistence in heat
conduction.

Among many first-order transitions, we specifically study the order-disorder transition associated with
the Z, symmetry breaking. This is clearly the simplest case of the symmetry breaking, and it is easily
generalized to other complicated symmetry breakings, such as the nematic-isotropic transition in liquid crystals,
which may be relevant in experiments. Although the liquid-gas transition may be most popular in the first-
order transition, we study this phenomenon in another study.

For the order-disorder transition associated with the Z, symmetry, one may recall a Ginzburg-Landau
equation that includes the interface thermodynamics as a gradient term. However, because this model describes
the order parameter dynamics with the isothermal condition, it cannot be used for heat conduction systems.
We must at least consider a coupled equation of the order parameter density field and the energy density field.
Such a model was proposed as a phase field model that describes crystal growth. From this direction of research,
one may interpret the stochastic model as a phase field model with noise.

When we consider a stochastic model as a generalization of the Ginzburg-Landau model, it is best to use
the concept of the Onsager theory as follows. First, we specify a set of dynamical variables. Then, under the
assumption of local thermodynamics, we consider the minimum form of dissipation and noise with the detailed
balance condition at equilibrium. Concretely, the variables are the order parameter density field m, associated
momentum density field v, and energy density field ¢. Starting from the Ginzburg-Landau free energy, we
obtain the entropy density s as a function of the internal energy density u and m. By using the relation
among ¢, u, v, and Vm, we obtain equations for (m, v, ) following the Onsager theory with the entropy
functional. The equations are essentially equivalent to the so-called Model C.

In this manner, a formal expression of the stochastic model is immediately obtained. However, due to
the multiplicative nature of the noise, the formal model exhibits a singular behavior. Therefore, we must
perform a careful analysis of the stochastic process by appropriately choosing the short-length cut-off of the
noise. It should be noted that the singularity is specific to the dynamics of non-conserved quantities and that it

does not appear in the standard fluctuating hydrodynamics. By a theoretical argument using the separation of
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scales, we obtain a consistent stochastic model. We do not find references that mention this remark, but this is
not surprising even if it was well-recognized by specialists in the 1970's.

The theory for stochastic models related to thermodynamics has developed significantly over the last
two decades. This mainly comes from the discovery of simple and universal relations: the fluctuation theorem
and Jarzynski equality. Even for the theoretical calculation of quantities, these formulas can simplify the
derivation of macroscopic evolution such as the Navier—Stokes equation and the order parameter dynamics of
coupled oscillators. In the present problem, we start by deriving the stationary distribution for the system out
of equilibrium. It has been known that the stationary distribution is formally expressed in terms of the time
integration of the excess entropy production rate. We attempt to derive a potential function of the interface
position for the phase coexistence in the heat conduction by contracting the stationary distribution of
configurations. When we obtain the potential function, the most probable position of the interface is determined
as an extremal point of the potential. This is simply a variational principle. We may say that our theoretical
challenge is the derivation of such a new variational principle.

This problem is too difficult to solve for a general setup. Because the expectation value of a
thermodynamic quantity is determined from the time correlation between this quantity and the excess entropy
production, derivation of the potential function requires analysis of such time-dependent statistical quantities,
which is a difficult task. Here comes a key concept of this study. We consider a special boundary condition,
where the constant energy flux is assumed at boundaries so that the energy of the system is conserved. We
refer to this as the non-equilibrium adiabatic condition. In equilibrium cases, this boundary condition is the
standard adiabatic condition, where the total energy is conserved in the time evolution without an external
operation. The variational principle for determining thermodynamic properties here is well-established as the
maximal principle of the total entropy. Thus, for the non-equilibrium adiabatic condition in the linear response
regime, we can develop a perturbation theory for extending this variational principle.

Towards the derivation of the variational principle, we calculate the time integration of excess entropy
production rate for the configuration with a single interface. Explicitly, we consider the relaxation to the
equilibrium state from this configuration. In the ordered and disordered regions, because the process may be
described by the deterministic equation, we can solve it for small 1. We can then estimate this contribution to
the excess entropy production. Physically, the latent heat is generated at the moving interface in the relaxation
process. This heat diffuses into both regions, and as the result, the entropy production is observed. Moreover,
a macroscopic temperature gap appears in the moving interface, as observed in experiments. This is another
source of entropy production. We estimate this contribution with some approximation.

By using these results for the particular setup, we derive a potential function of the interface position in
the limit 1 — 0. That is, the interface position is uniquely determined by the variational principle for the phase
coexistence in heat conduction. The variational function is a modified entropy of the steady state profile for a
given interface position, where the modified entropy contains a correction term expressed in terms of the excess
entropy, which is produced in slow interface motion. It should be noted that the expectation value of a
thermodynamic quantity would be independent of boundary conditions if the energy flux and energy are
specified. We thus expect that our result is available even for cases where two heat baths contact at boundaries,

which is a standard setup for heat conduction.
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From a theoretical viewpoint, the variational principle for determining thermodynamic properties out of
equilibrium has never been considered in previous studies. For example, it has been known that the minimum
entropy production principle may characterize the steady state in the linear response regime. However, in the
most general form, the variational principle is formulated for determining the statistical ensemble in the linear
response regime as that minimizes the entropy production as a function of probability density. Although one
may expect that the variational principle for thermodynamic properties is obtained from the variational
principle for the statistical ensemble, this remains too formal to calculate thermodynamic values explicitly. As
another example of recent activities in the variational principle, we recall those coming from the large deviation
theory. In these theories, the main concern is fluctuation properties, while thermodynamic values are assumed
to be obtained immediately.

The most important physical result in our theory is that the interface temperature 6 deviates from the
equilibrium transition temperature T,. That is, a super-heated ordered state or a super-cooled disordered state
stably appears locally near the interface. It should be noted that this phenomenon was predicted by an extended
framework of thermodynamics for heat conduction systems, which we call global thermodynamics [N.
Nakagawa and S. Sasa, Liquid-gas transitions in steady heat conduction, Phys. Rev. Lett. 119, 260602, (2017)].
Remarkably, despite the difference of theoretical frameworks, our result on 6 — 7T, qualitatively agrees with
the prediction of this thermodynamic framework up to a multiplicative numerical constant.

Here, we briefly introduce the global thermodynamics. The theory describes spatially inhomogeneous
systems by a few global quantities, such as the global temperature, which is defined such that the fundamental
relation in thermodynamics is satisfied. This idea is simple and natural but has never been considered in
previous studies seeking an extended framework of thermodynamics. More importantly, this framework
naturally leads to a quantitative prediction of the interface temperature different from T,.. Therefore,
experiments can judge the validity of the fundamental hypothesis on which global thermodynamics is built.

The deviation of the interface temperature 8 from T, leads us to reconsider the local equilibrium state.
We may assume that thermodynamic relations hold locally in each phase, while it is not obvious how to connect
the local equilibrium states at the interface. No deviation of the interface temperature from T, can be
concluded from the assumption of the continuity of the local free energy density (or the local chemical potential
for liquid-gas transitions). This assumption seems reasonable and indeed was adopted as one of the basic
equations for non-equilibrium thermodynamics for systems with interfaces. From our viewpoint, this
assumption can be derived from the deterministic order parameter equation with the interface thermodynamics.
However, the deterministic equation is not justified, as we have already discussed. Therefore, we do not assume
the continuity of the local free energy density for connecting the local equilibrium states at the interface. We
also discuss previous studies on molecular dynamic simulations.

This is joint work with Shin-ichi Sasa, Naoko Nakagawa, and Yohei Nakayama [arXiv:1908.03029].

2. Original Papers

(1) Masato Itami and Shin-ichi Sasa

“Singular behaviour of time-averaged stress fluctuations on surfaces”
J. Stat. Mech. 2018, 123210 (2018).
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3. Presentation at academic conferences

(1) Masato Itami and Shin-ichi Sasa
“Singular behavior of time-averaged stress fluctuations on surfaces”
Advances in Physics of Emergent orders in Fluctuations, Tokyo, Japan, 12—15 November
2018 (poster)
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(e A o C [ 2 BE L Al < AR AEE T )
A B B AR RS . JUNRSE, 20194E3 1 14-17H  (HEH)

4. Others

(1) Masato Itami
“Singular behavior of time-averaged stress fluctuations on surfaces”
The 16th Fukui Center Seminar, Kyoto, 20 November 2018 (oral)
(2) Masato Itami and Shin-ichi Sasa
“Singular behaviour of time-averaged stress fluctuations on surfaces”
The 16th symposium of Fukui Institute for Fundamental Chemistry, Kyoto, 8 February
2019 (poster)
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Shunsuke Yabunaka

FIFC Fellow

1. Summary of the research of the year

Breakdown of the standard large analysis in the O(N) model: The role of cusps in the fixed

point potentials

The large-N expansion plays a fundamental role in quantum and statistical field theory. We showed on the
example of the O(N) model that at infinity N, its traditional implementation misses in all dimensions below
four some fixed points of the renormalization group. These new fixed points show singularities at in their
effective potential that become a boundary layer at finite N as shown in Fig. 1. We showed that they have a
physical impact on the multicritcal physics of the O(N) model at finite N. We also showed that the
mechanism at play holds also for the O (N)* O (2) model and is thus probably generic.

U'(¢)
N=55
0.8 [
NN N=125
0.6 | AN
i N =250
04r
i WF
0.2
\u _
-..h.-..... L \‘LQ.\\\\I//I{IIU
[ 02 . -O'E 0.6 0.8 ‘1;{_11,}‘2 1.4

Fig. 1 The derivative of the effective potential for a nonperturbative FP called C 2 for different values
of N and the Wilson-Fisher FP for N=100 in d=3.2

Drag Coefficient of a Rigid Spherical Particle in a Near-Critical Binary Fluid Mixture beyond
the Regime of the Gaussian Model

The drag coefficient of a rigid spherical particle deviates from the Stokes law when it is put into a near-critical
fluid mixture in the homogeneous phase with the critical composition. The deviation is experimentally shown
to depend approximately linearly on the correlation length far from the particle, and is suggested to be caused
by the preferential attraction between one component and the particle surface. In contrast, the dependence was
shown to be much steeper in the previous theoretical studies based on the Gaussian free-energy density. In the
vicinity of the particle, especially when the adsorption of the preferred component makes the composition

strongly off-critical, the correlation length becomes very small as compared with the bulk correlation length.
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This spacial inhomogeneity, not considered in the previous theoretical studies, can influence the dependence
of the drag coefficient on the bulk correlation length. To examine this possibility, we here apply the local
renormalized functional theory, which was previously proposed to explain the interaction of walls immersed
in a (near-) critical binary fluid mixture, describing the preferential attraction in terms of the surface field. The
free-energy density in this theory, coarse-grained up to the local correlation length, has much complicated
dependence on the order parameter, as compared with the Gaussian free-energy density. Still, a concise
expression of the drag coefficient, which was derived in one of the previous theoretical studies, turns out to be
available in the present formulation. We show that, as the bulk correlation length becomes larger, the
dependence of the drag coefficient on the bulk correlation length becomes distinctly gradual and close to the

linear dependence.

Fig. 2 The logarithmic plot of the deviation of the drag coefficient from the Stokes’ law as a function
of the bulk correlation length for various values of the adsorption parameter on the particle surface. Lines

represent the slopes of one and four.

2. Original papers

(1) Shunsuke Yabunaka and Delamotte Bertrand
“Why Might the Standard Large N Analysis Fail in the O(N) Model: The Role of Cusps
in Fixed Point Potentials”
Phys. Rev. Lett. 121, 231601(2018).
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3. Presentation at academic conferences

(1

Shunsuke Yabunaka and Akira Onuki

“Electric double layer composed of an antagonistic salt in an aqueous mixture: Local charge
separation and surface phase transition”

Soft Matter Physics: from the perspective of the essential heterogeneity Fukuoka, Dec.
10-12, 2018

4. Others

(1

2

3)

Shunsuke Yabunaka

“Surprises in O(N) Models: Nonperturbative Fixed Points, Large N Limits, and
Multicriticality”

Keio University, Yokohama, August 3, 2018

Shunsuke Yabunaka

“Cell growth, division, and death in cohesive tissues: A thermodynamic approach” JLKH]
Ztt=+—, Fukuoka, May 17, 2018.

Shunsuke Yabunaka

“HHRRAR#EIC B (T HHARIETE., B 1%, i D ESR{AFE®” UBI seminar (20th), Tokyo,
May 7, 2018.
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1. Summary of the research of the year
Structure factors in a two-dimensional binary colloidal hard sphere system

Most materials of practical interest consist of more than a single component, yet elucidating the physical
behaviour of multicomponent systems is challenging. Nevertheless, these systems, which include metallic
alloys, polymer blends and glasses are important for a range of applications, making this detailed understanding
crucial for the development of more sophisticated materials. Here, a key difficulty is that multicomponent
systems often display markedly different properties from those of their pure components, with precise details
of the interactions and cross-correlations between species leading to a range of subtle effects. The simplest
multicomponent system to consider is a binary mixture, i.e. a system consisting of only two components.
However, even these ‘simple’ binary mixtures already display a rich range of physical behaviour beyond that
seen in a single component system. This includes different phase transitions, such as fluid—solid phase
separation, and glass formation, with binary solids forming alloys or glasses depending upon the structural
order of the individual particles. Even in a single fluid phase the correlation functions display a much richer
behaviour than a one-component system, as the unique wavelength of oscillation in a mixture can either be set
by the size of the smaller or the large particles of a mixture. The transition from one to the other lengthscale is
called structural crossover, which can be observed not only in bulk correlation functions but also in several
inhomogeneous distributions. Structural crossover has been observed experimentally in binary colloidal fluids

and ionic liquid—solvent mixtures.
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Figure 1. (a) State diagram indicating the different colloidal systems studied. The in-plane geometry of the (b) SSR
and (c) LSR systems. Panels (d) to (f) show experimental images of the (d) monodisperse system with ¢ = 4.04pum,

(e) the SSR system (y = 1.45) and (f ) the LSR system (y = 2.19) at ¢:= 0.6.

The simplest interacting binary system is that of a mixture of large and small hard spheres with diameters ol,s.
The behaviour of binary hard spheres is governed by the total packing fraction, ¢t = ¢l + @s, with ¢l,s the
packing fractions of the large and small hard spheres, the composition q = ¢l/pt and the size ratio y = cl/cs.
However, for binary hard sphere mixtures at relatively large size ratios, non-additivity effects can give rise to

complex behaviour, as is evident from the vast amount of theoretical and simulation studies. Experimentally,
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hard sphere model systems can be realised using colloids, and previous work on three-dimensional (3D) binary
colloidal hard sphere systems has included studies of phase separation, crystallisation and glass formation. In
2D, the situation is markedly different with the phase behaviour of monodisperse hard disks only recently
having been established in simulations and in experiments on 2D colloidal hard spheres. In these experiments
the colloidal hard spheres are confined to a monolayer and can — in the plane of the centres of the spheres — be
considered as an excellent experimental hard disk system. For hard disks in particular, the increased complexity
in the behaviour of binary mixtures is nicely illustrated by the fact that the melting behaviour of monodisperse

hard disks qualitatively changes with the addition of a second component.

While a comprehensive study of the radial distribution functions in both single component and binary hard
disk systems was reported previously, its counterpart in Fourier space, the (partial) static structure factor Sij(k),
has received much less attention, despite the fact that there is a direct link between the zero-wavevector (kK —
0) limit of the static structure factor and thermodynamic quantities. For monodisperse systems, for example,
this link directly leads to the isothermal compressibility, 7, which quantifies macroscopic fluctuations in the
number of particles. For binary systems determining the isothermal compressibility is much more challenging.
In fact, a full description of a binary mixture requires the knowledge of multiple thermodynamic quantities

that follow from specific linear combinations of the partial static structure factors, known as Bhatia—Thornton

structure factors.

Figure 3. (a) The static structure factors, S(k), for the monodisperse, ¢ = 2.79 pum, system for a range of packing
fractions. The symbols denote data from experiments, while lines correspond to the theoretical structure factor
based on DFT. Inset is the small & limit of S(k) for the same system where points at £ = 0 are those determined by
an analysis of number fluctuations. (b) A comparison of the theoretical expression for the 1/S(k — 0) limit with the
experimentally determined limit from an analysis of number fluctuations for both monodisperse systems with ¢ =

2.79 and 4.04 pm.

The isothermal compressibility for binary mixtures is analogous to that for single component systems; however,
as the k£ — 0 limits of the Bhatia—Thornton structure factors are all interdependent, 7 for mixtures cannot be
obtained from the limit of a single static structure factor. As such, the determination of y7 for mixtures requires
that multiple limits are obtained to a high degree of accuracy. The thermodynamic factor @, which follows

from Sec(0) and is directly related to the second derivative of the molar Gibbs free energy, plays a key role in
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transport processes like mutual diffusion or interdiffusion as the variation of the thermodynamic factor is
directly linked to the nature of the concentration fluctuations. Importantly, the thermodynamic factor accounts
for the tendency of concentration fluctuations to relax over large length scales and these concentration
fluctuations are indicative of the overall stability of the mixture. For example, the long-range concentration
fluctuations characteristic of a phase separating system close to the critical point thus lead to a large Scc(0) and
a correspondingly small ®. For binary systems that tend to order rather than phase separate, the opposite
behaviour is seen and the thermodynamic factor becomes large. Once @ is known, the dilatation factor, J,
which describes the relationship between system size and composition, follows from Ske(0) and the

compressibility y7then results from Sun(0).
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Figure 5. (a) A comparison between theory (lines) and experiments (symbols) of the partial structure factors Sss(k),
Sis(k) and Siu(k) for the SSR with ¢:=0.54. The results agree qualitatively; but, due to the high concentration of the
small disks there are clear deviations between theory and experiments found in Sss(k). This deviation can also be

found in the Bhatia—Thornton structure factors, as shown in (b).

We analyse in detail the static structure factors for quasi-2D monodisperse and binary colloidal hard spheres
and compare these to those calculated using density functional theory (DFT). We determine the £ — 0 limits
of the structure factors from the analysis of the number and concentration fluctuations. For the compressibility
of monodisperse systems, we find good agreement between results of the fluctuation analysis, DFT and the
previously determined equation of state. We next consider the Bhatia—Thornton structure factors as a function
of the total packing fraction for binary systems at two different size ratios. We again find that an analysis of
the relevant fluctuations provides a good estimate for the S(k — 0) limit for these mixtures, allowing us to
obtain the key thermodynamic quantities, such as the variation of the isothermal compressibility, the dilatation

factor and the thermodynamic factor as a function of the total packing fraction.
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Figure 6. (a) The thermodynamic factor [as a function of total packing fraction ¢« for both binary colloidal fluids.
(b, ¢) The dilatation factors o as a function of total packing fraction for the SSR (b) and LSR (c) systems. Solid
lines show the linear fit to the data used to approximate 5 and dashed lines show the prediction. (d) The isothermal
compressibility expressed as 1/pksTyr for the colloidal binary systems at LSR and SSR as a function of ¢« The

dashed lines show the predictions for the equation of state from scaled particle theory.

2. Original papers

(1) A. L. Thorneywork, S. K. Schnyder, D. G. A. L. Aarts, J. Horbach, R. Roth, and R. P. A.
Dullens
“Structure factors in a two-dimensional binary colloidal hard sphere system”,
Molecular Physics, 116:21-22, 3245-3257 (2018)

3. Presentations at academic conferences

(1) S.K. Schnyder, J. J. Molina, and R. Yamamoto,
“Control of cell colony growth by contact inhibition”,
Active Matter Workshop 2019, Meiji University, Tokyo, Japan (11/01/2019).
(2) S.K. Schnyder, J. J. Molina, and R. Yamamoto,
“Collective motion of cells on a substrate”,
International Conference on Advances in Physics of Emergent orders in Fluctuations (APEF),
Tokyo, Japan (12-13/11/2018).
(3) S. K. Schnyder, J. J. Molina, and R. Yamamoto,

“Collective motion of cells on a substrate”,
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(4)

(5)

(6)

Fukui 2018 Satellite Symposium, Kyoto, Japan (13/10/2018).

S. K. Schnyder, J. J. Molina, and R. Yamamoto,

“Coherent migration and colony growth of cells on a substrate”,

Conference “Active and collective motion: from cells to organisms”, University of Warwick,
UK (16/07/2018).

S. K. Schnyder, J. J. Molina, and R. Yamamoto,

“Colony growth of cells on a substrate”,

8th World Congress of Biomechanics, Dublin, Ireland (09/07/2018).

S.K. Schnyder and J. Horbach,

“Anomalous transport in heterogenous media”,

Workshop on Rheology of disordered particles: suspensions, glassy and granular materials,
YITP, Kyoto University (19/06/2018).

4. Others

(1)

(2)

(3)

Seminar: S.K. Schnyder and J. Horbach,
“Anomalous transport in heterogenous media”,
Group of Roel Dullens, Oxford University, UK (18/07/2018).

Seminar: S. K. Schnyder, J. J. Molina, and R. Yamamoto,
“Colony growth of cells on a substrate”,
Group of Chiu Fan Lee, Imperial College London, UK (06/07/2018).

S. K. Schnyder, J. J. Molina, and R. Yamamoto,

“Collective motion of cells on a substrate”,
The 16th Symposium of Fukui Institute for Fundamental Chemistry, Kyoto (08/02/2018).
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Satoshi Suzuki

. Summary of the research of the year

INGFDINEIREE Y A T X 7 ZTGEC L HBIPTA D L 91> TETERY, SyBEee,
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L%, 6-31G(d)ALJERI%kIZ X % Spin-Flip TDDFT |2 & ¥ — EIALLECIRGE & 45— BhiEl R AE o [ o> [ #
R 7% I IR HORTEIT K0 Feifb U7z, B IRREGHA & MRl k1213 GAMESS & v 7z,

F 9, trans- A F /L% L, Twisted Pyramid %2, Hydrogen Migration o> —“FEFH O [ #2272 % 7o
i} 5 Z LB TE T, SETDDFT @ L)L Gl Twisted Pyramid 0> #2270 75 78 2kJ/mol fK—= 3 /L%
—TdH -7z, SFTIDDFT 1T AV EFEEE G 2 /20T, 22 HiEHENETH D MCQDPT 12Xk 5 —
R B1T 572, MCQDPT (2 L % #5 T % Twisted Pyramid o> 527500 J5 A Hydrogen Migration
ALY D 4 13kI/mol {k = K /L X —Th 578, Twisted Pyramid o> P $EAZ 75 AR Fa L T N ERlAH )N L
ZhHhEEZLND, TPEIZOWT G RO Twisted Pyramid Y [ #4875 235 5 AU(Fig. 1), Z 2 HH
HESANIE Z D B X IS,
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[1] S. Sasaki, S. Suzuki, W. M. C. Sameera, K. Igawa, K. Morokuma, G. Konishi J. Am. Chem. Soc., 138, 8194
(2016).

[2] S. Sasaki, S. Suzuki, K. Igawa, K. Morokuma, G. Konishi J. Org. Chem., 82, 6865 (2017).
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[4] Z. Yang et al., J. Mater. Chem. C, 4,99,(2016)
[5] K. Kokado, T. Machida, T. Iwasa, T. Taketsugu, K. Sada, J. Phys. Chem. C, 122, 245 (2018).

2. Original papers
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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, 11479-11487 (2015)

S.Sasaki, S.Suzuki, W.M.C. Sameera, K. Igawa, K. Morokuma, G. Konishi,

Highly twisted N,N-dialkylamines as a design strategy to tune simple aromatic
hydrocarbons as steric environment-sensitive fluorophores

J. Am. Chem. Soc., 138, 8194-8206

S.Sasaki, S.Suzuki, K. Igawa, K. Morokuma, G. Konishi,

“The K-Region in Pyrenes as a Key Position to Activate Aggregation-Induced Emission:
Eftects of Introducing Highly Twisted N,N-Dimethylamines”
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Akhilesh Kumar Sharma
Postdoctoral Fellow
1. Summary of the Research of FY2018

1.1 Mechanism and Selectivity in PdSIPr-Catalyzed Ring-Opening and Cross-Coupling of

Aziridine-2-carboxylates with Arylboronic Acids: A Computational Study
The strained small ring compounds such as oxiranes, aziridine, are being utilized in organic synthesis for
variety of transformations. The aziridines are important synthons for formation of variety of N-containing
compounds of synthetic importance, such as f—amino-functionalized motifs. The organometalic catalysts
are effective for regioselective and stereospecific ring-opening of aziridines. The formed adducts after
ring-opening can be further functionalized or used to generate products with regio- or chemo- or stereo-
selectively.

Recently, we reported DFT study on the mechanism of Pd/SIPr-catalyzed enantiospecific and
regioselective ring-opening and cross-coupling of 2-arylaziridines with arylboronic acids in collaboration
with experimental group of Y. Takeda. In a new study, Y. Takeda and coworkers have developed cross-
coupling of aziridine-2-carboxylates with arylboronic acids, which lead to generation of B-aryl amino
acids. In current study we have explored mechanism and origin of selectivity in this reaction through
DFT method.

To obtain insights on the mechanism and selectivity B3LYP-D3BJ functional was used. The PCM
implicit solvation model was employed. The SDD basis sets and associated effective core potentials were
applied for Pd, the 6-31G(d) basis sets were employed for remaining atoms. Final potential energies of
stationary points were calculated using PCMronene/B3LYP-D3/SDD(Pd),cc-pVTZ(other atoms). The best
experimental catalyst "M?[Pr-Pd and (S)-substrate was used for the study (Scheme 1). The Free energy
profile is given in Figure 1.

H [Pd(cinnamyl)Cl],
= NMe2|py I-[ COo,Me
MeOZC—DN—Ts +  PhB(OH), Na.CO Ph ’ NHTs
2003
(S)-1 2 (R)-3

~99 %ee Toluene/H,O 45 °C 94 Yes

Scheme 1. Stereospecific and regioselective coupling of aziridine-2-carboxylates with phenylboronic acid.

The first step involve regioselective and stereoinvertive aziridine ring opening and occurs with a
low barrier (6.6 kcal/mol, Figure 1). The water in reaction is important to stabilize the anionic
intermediate 12 (by 3.4 kcalmol). Further water is helpful in the proton transfer through TS2, which is
almost barrierless. The formed intermediate I3 (without H,O) is only 0.4 kcal/mol above 13.2H,0. It
indicates that water molecules may not stabilize the neutral molecules. Then, coordination of the
PhB(OH), to I3 lead to formation of lower energy intermediate 14. After rearrangement in 14 through
TS3, transmetalation occurs through TS4 to give IS. Finally, reductive elimination takes place with a
barrier of 19.2 kcal/mol (TSS), and the coupling product (R)-3 (P in Figure 2) is formed. The rate
determining step in the reaction is reductive elimination. The aziridine ring opening in Sx2 fashion at the
carboxylic-carbon is responsible for enantioselectivity. The optimized TS for ring opening at methylene
carbon is 3.3 kcal/mol higher in energy, which explain the high regioselectivity in the reaction. The
energy decomposition analysis (EDA) suggests that interaction between substrate and catalyst is the key
to regioselectivity. Further, the low yield with SIPr-ligand (instead of <2 [Pr-Pd) might be due to the
higher barrier for reductive elimination (Figure 1), which would lead to slow reaction with the SIPr-Pd0
catalyst and give a lower yield. From our calculations it is concluded that water is necessary for aziridine
ring opening step, which reduces the byproduct formation from zwitterionic intermediate 12 and the
reductive elimination is the rate limiting step.
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Figure 1. Free energy profiles (kcal/mol) for the mechanism of the Cross-Coupling of Aziridine-2-
carboxylates with Arylboronic Acids.

1.2 Theoretical Study on the Mechanism of Fe-catalyzed C—H amination

Nitrogen containing molecules are ubiquitous in nature. Formation of many natural products,
pharmaceutical compounds and functional materials require formation of C—N bond. The C-N bond
formation is generally performed through transition metal catalyzed amination reaction, which involve C—
X (X=halide) and C—H amination strategy. Since, C—H amination involve direct fictionalization and does
not require pre-synthesis of reactive group, this method is atom economic and highly preferred. Pd-
catalyzed amination reactions are well developed. However, due to economic and environmental friendly
nature of Fe-Complexes, these are increasingly probed and used for variety of reactions. Fe-catalyzed
reactions are in developmental stage, and the mechanism of Fe-catalysis will be helpful for further
advancement. The group of M. Nakamura has been involved in development of Fe-catalyzed reactions.
Recently, C—H amination of biphenyl amine is being developed in their group (Scheme 2). The detailed
mechanistic understanding of reaction will be helpful in development and widening the scope of this

reaction.
@\N/MgBr
Ph N Ph
VAN / BrCH,CH,Br \H

/N—Fe\N/Fe— L N
Ph N Ph \©
PH Ph

Scheme 2. Fe-catalyzed C—H amination of diaryl amine

FeCI2
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The reaction was studied using DFT methods (PCM/B3LYP-D3BJ/6-31G*) to obtain mechanistic
insights. First the active species involved in the reaction was explored. The transmetalation of FeCl, will
give Fe'-amide species. The Fe''-amide species is known to exist in dimeric form and DFT results agree
with it. The geometry optimized at PCM/B3LYP-D3BJ/6-31G* method match well with crystal structure
in broken-symmetry singlet spin state. Hence, this method is used for further calculations. The ether is
found to coordinate to Fe"-amide and coordination of two ether molecules lead to ~12 kcal/mol lower
energy complex. The Fe'-amide dimers with two ethers molecules in high spin state and broken-
symmetry singlet spin state are close in energy. Whereas, other spin states are very high in energy.

First the Fe-amide dimeric species react with dibromoethane. The reaction is found to occur in
stepwise manner. The dibromoethane reaction with one Fe of dimer leads to the formation of higher
energy Fe''Fe!! species and bromoethane radical. In next step the radical react with second-Fe leading to

formation of Fe"Fe!!

species and ethene. The activation barrier for these steps is ~22 kcal/mol.
In next step the formed Fe"Fe'! species undergo rearrangement to form lower energy complex C
(Figure 2). Similar to Fe'l-dimer, for Fe''Fe'! complex C, the high spin state and broken symmetry spin

state are close in energy and other spin states are >4 kcal/mol higher in energy.

Ph, Ph Ph F|>h Ph
B i —
"\ N /Br Rearrangement ~ Ph N / / Rearrangement pth B /N Ph
Ph, \"Fe\ /Fe'o Ph—— Ph e Fe‘!, Ph = Ph_ ¢ Ph
’}l IN’» 'Il \N N [Ij I\I “Bf N
ph PR Ph pp ba PH PRy, bh bh
1BBr-syn =35 11BX1 =21 1C =07
"Bgy.syn = 5.4 By = 2.5 1c =00
"Bgr.anti = 5.4

11BBr-anti =45
Figure 2. Energies of Fe'' intermediates at PCMpge/B3LYP-D3BJ/6-31G* level of theory.

After formation of Fe'-dimer the next step is C-N coupling. Two different pathways were
explored for the reaction. Pathway A involve C-N coupling through SxAr type of mechanism whereas,
the pathway B involve first C—H activation followed by coupling. Preliminary results show that the SyAr

type of mechanism is favorable. Detailed analysis of these steps is currently in progress.
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coupling  pp-Ng B N H__ Abstraction \ / Transfer
™ pn Fe__Fé€ — o Fe” j@
Pathway|A wOE e wOBC
Ph Ph athwayl| h | h
Ph
N Br }\‘ i " " " o | Ph\ Ph 1) Product Removal Ph Ph
h \Fe/ \F/ : D E' phNy B N 2) Transmetalation \ N ;
Ph_ & Ngt' o, ,D ] b FE_FE N—F Fe—N
4 i Ph WO ; PR N Pn
" o PN Fn - PH Ph
c Pathway B Eh /‘iH N /r\q—Ph Ph H Pn Eh K
Br AN 9§ _
> TN Fé —— . Fe_F¢ E Pir ]@
C-H Ph_ & i % 3 Proton ' B ™, N ‘l}l
activation | f\{ Transfer I!’h H/l\{ coupling L
" o o Product
G H

Scheme 3. Proposed pathways form C—N coupling from Felll dimeric species.

The DFT study involving open shell dimeric metal complexes are very challenging; as it
involve many spin states and broken symmetry spin states. In the current study we have
investigated the different spin states and found that the reaction involves multiple spin-
crossings. We identified the lowest energy Fell species. Further we found that reaction
proceed through SxAr type of mechanism.
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J A RENLF-DOHDOEE E VOC 2 55 17 03BNL L7235 5 12 DU T i s & OV 1118 O (b &
1To 77, At IE DR I R AR & PBE-D3 LRI A& AW - B BB E0E Tt - 12, KA K
O QM/MM ?f%ﬂ%b‘f:ﬁ‘ta%qj@ Ni RO 1S A ﬂﬁ 1% B3LYP*-D3 JLEI% & F o, bt =
X —DFHEIZIE CASPT2 £ % v iz, IEMEELEIC 1T o T 2 7 %Eﬁﬂﬁfﬁédﬂwﬂﬁ%ﬁ
< Ni J?%@ 4 >0 d #ul & 10 ﬁl@n%ﬁéfﬁﬁmt(w BT 14 BuH). Ni JJHTFONE
Stuttgart-Dresden-Bonn ® ECP TE X # % | JR Fli#LEIZIE triple zeta FJSEE A -, %
DD JEF1Z1E ce-pVDZ % v 7=,

[(RREKOBL] NV ROHETIE, 7/ EOEWVCEDLLT NIJETEAX ) — L EO=Z )
— 1B OFEAT R X —1T 12.4-14.0 keal/mol TH Y KEREWITA LN -7
(Table 1), —77, fifPIZE W TUIBELH A=V F—ICHEREVR R ONT, ATFALT I/
KL A )= VOMABEDETIE, Ni IR EFED 6 BfitEEE2 & D, ZOAX ) —)b
SRR BT D85 KDF 7 7 A REL 1+ & KFRES 2T 2 (Figure 1a), =% / — /401
TIXENT - & DAREREA TR SN DA, Ni-O OFHEEE 2.73A L IE# 12 & < (Figure 1b), #EA =
FNF—1L 3.0 kcal/mol £55<, Ni DAL REF 1 EHHOEETHDH, ZOMEIL, =% /) —
JVTIERA R 7 v I RLABEPBH S e o T ERFER & — T 5,

Table 1. Energy difference (kcal/mol) between 1let of [Ni(HL®)2]and 3et of [Ni(HLR)s] - 2ROH
R H Me Et
VOC MeOH EtOH MeOH EtOH MeOH EtOH
AFE —-35.7 —-36.8 -35.1 -39.5 -33.9 —-36.3
AG -13.1 -14.5 -14.8 -13.4 -9.9 -12.3
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TFNT BB TIE, A —/Vds NiIZECAL U 7oAEiE & BN & KRR 2 TERK L T AfiE o
2OPELITEN, BE DTN XY LETH - = (Figure 1o,

(a) R=Me, X =MeOH (b) R =Me, X = EtOH (¢) R =Et, X =MeOH

Figure 1. Optimized structure in crystal calculated by QM/MM method.[3]

fEdaR O TR E/ERZ T 5720, fEdmiEic 1T 2 HX0E 2 I Ni 5L
BN 1D " EBROMAEHA = 2L —%2RK D7 (Figure 2), R =Me $8K L R = Et ${A% Ll 5
& . MeOH Ffizt% OHEYETIZ. MeOH 437 ® Ni ~DENLFE G K OBNL F-~DKFERES . BER T
OENLA-EN TR EEROWTR L KEREWVIZR ONRhoTz, — ., VOC & £ 720 i
BV TIEL, R=Et 85K CIXBEEEEE AR OEL 7B 7 O 2 T-RIFE AEAEA 23 K & <, R=Me $&{k &
DOYFERIENR R bz, 2O 06, REEL #EATIX, NiEF~DORZIZ L D HEEZLIXE D
FIHEERZBD SETCLE I ORI EEZLND,

1-Me 2-Et
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.......
. N

[Ni(HLK),]

[Ni(HLR),] -
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~43(L) B
1(L.-L -
~8.4 (hydrogen bond) | ! (harlad H g pt o en bond)

Figure 2. Interaction energy (in kcal/mol) of surrounding complexes calculated by model.

W RAZ B L CTREFE T TO A7 RV OREIFAT DI TWRWAN, o 4 BlfZs R & O
B HE DY 7 a A2 ERRHA TOWINAT MARRES LTS [2], DFT IETIEHAVSIA
RIS Ko TRERMN KE K B2 D, Fhit = 3/ — {22\l BLYP Z® Pure functional (Zi#/s
FEAT 9™ A8 A 23 B B 40 D A3 FEBRAELIT FLERIIUT U, B - & NigE A D Jihid = % /L & — D 753 Hybrid
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functional 7 KW 5S4 5 % 7-(Table 2), 4
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BEZOINDIREND 18 B 14 BB A5 22 ',:",;;:2““““““: H“\‘\‘H
2RO CASPT2 I 47\ 0, LK, WiH | | _ doy |
K ORE R OES T XLV —Z 3R LT, i ™ active space i
CASPTZ 14, Wi F2 Ni Gtz 0150y || ™ —H— T 4—a, |
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b E —H S, AR RIL 4 BALSE R 7 +q00), w0, —n() Square-planer singlet
(0.02 eV) &V & 6 BINZEEA TR E0.11 eV), (HLY), Ni(IT)

6 BLNZEE IR TITBEE S 2 Ni 85BN 2 A

H )=V E KB T D0 EE R Scheme 1 Ni d and ligand 1 electron
5D, configuration at singlet state.

AR TIX, Nir/ /A REEEDORA R 7 0 I XARISIZE LT, QM/MM %% 7= i
OGO L RS 7R B IRRERH R TH D CASPT2 &2 FHIW CTEB = R VX — D E 21T o 7,
FEERAEEICB L QIR TR B e\ VOC OEWSRENL FE L OE W EZ I S Lz, BT
FIF—ZONTIE, DFT & TIHABIE DR FIE S TR E W Ni RO BB =3 L —I2B L T,
SR O FEBRAE R 2 0.16eV AN OFRZE CHHL L fSd P O ERHZ(ICBE L Th 2 oMM 2 BEL L7,

Table 2. Excitation energies (eV) to the lowest excited state with large oscillator strength®
calculated by DFT method with various functionals and CASPT2 method.

HalMe [Ni(HLH):] [Ni(HLH):] - (2MeOH)
gas solution gas solution crystal gas solution crystal
B3LYP 4.037 3.811 2.896  2.802 2.833 3.425 3.350 3.379
BLYP 3.716 3.470 2.017  1.937 2.445  2.383
LC-BLYP 4.620 4.432 4.159  3.990 4.511  4.325
Mo6 4.120 3.908 3.097 3.032 3.674 3.584
MO6L 3.959 3.704 2.191  2.100 2.697  2.651
CASPT2 3.325 3.637 2.535  2.516 2.556  2.553  2.450 2.662
exp.[2! 3.54 2.38
a) £> 0.1 for DFT and f > 0.01 for CASPT2
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[1] P. Kar et al. Angew. Chem. Int. Ed. 2017, 56, 2345 —2349.

[2] P. Braunstein et al. J. Am. Chem. Soc. 2003, 125, 12246-12256.
[3] S. Aono and S. Sakaki, Chem. Phys. Lett. 2012, 544, 77-82.
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2. 3L

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

(2) N. Takagi, M. Nakagaki, K. Ishiguma, R. Fukuda, M. Ehara, S. Sakaki
“Electronic Processes in NO Dimerization on Ag and Cu Clusters: DFT and MRMP2
Studies” J. Comput. Chem. 40, 181-190 (2018).

(3) K. Fujimoto, RS. Payal, T. Hattori, W. Shinoda, M. Nakagaki, S. Sakaki, S. Okazaki
“Development of dissociative force field for all-atomistic molecular dynamics calculation of
fracture of polymers” J. Comput. Chem. 40, 2571-2576 (2019).
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FIFC Fellow
1. Summary of the research of the year
Catalytic ability of Ruis@Pts2 and Ptss toward oxygen reduction reaction: a DFT study

Proton exchange membrane fuel cells (PEMFCs) are regarded as a leading candidate of clean and
sustainable energy source to cope with the growing energy need and environmental concern. Pt-based
clusters/particles have attracted immense interest in catalysis for oxygen reduction reaction (ORR, 1/20, +
2H" + 2¢” — H,0) at the cathode in PEMFCs. Pt alloys with core-shell structure (M@Pt) are expected to be
useful for the new generation ORR catalyst due to their higher activity and lower cost than pure Pt. In our
previous work, the icosahedron-like core-shell structure (Ru3@Pts,) exhibited much higher stability than the
non-core-shell structures (Pt*'Ruj,@Pts1Ru**€* and Pt**'Ru;»@Pts;Ru*"). Furthermore, the potential of
Ruis@Pts as less expensive catalyst for ORR was predicted. However, the current knowledge of catalytic
performance of Rui3@Pts; and Ptss for ORR and corresponding reaction mechanism remains rather limited.
In this work, the preferential sites on the Pts, surface for interaction with oxygen species (O,, OH, O, and
OOH), as well as geometry and energy change in each important elementary step of ORR catalyzed by
Ruis@Pts> and Ptss were studied using first-principle calculations.

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

O Adsorption The first important intermediate is #°-O2/bl-binding species 2. The Pt-O bond distances
R(Pt-O) are 1.997 A and 1.969 A for Ptss-5#*-Oo/b1, which are shorter than those for Rui;@Pts-7>-O2/b1 (2.073 A
and 1.977 A). The O-O bond distances are 1.384 A and 1.374 A for Ptss->-Oa/bl and Rui3@Pts-5>-02/b1,
respectively, which are consistent with the moderately shorter R(Pt-O) for Ptss-#>-O2/bl than that for
Rui3@Ptsr-5?-02/b1. The Mulliken charge of O moiety g(O) for Ptss-*-Oa/b1 is slightly more negative than that
of Ru3@Pts-7*-0,/b1, indicating that the charge transfer (CT) occurs from the Pt shell to the O, moiety for both
0,-binding species and the CT is stronger in Ptss-#*-Ox/bl than in Rui3@Pts-7*-Ox/bl. The calculated d-band
center for Ruis@Pts (-2.18 eV) is lower than that for Ptss (-2.02 eV), indicating that Ruj3@Pts; has a weaker
binding ability for O than Ptss. This result could also verify the stronger interaction of O, with Ptss than that with
Ruiz@Ptss.

0-0O Bond Activation To date, there are two kinds of widely accepted mechanisms for O-O bond
activation in ORR: one is direct O-O bond cleavage after O, molecular adsorption; the other is OOH formation
followed by O-OH bond cleavage, O>+H — OOH — OH+O, and this reaction is denoted as O-OH bond cleavage

hereinafter. In the direct O-O bond activation, the activation barriers are calculated to be 0.33 eV and 0.49 eV for
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Ptss and Rui3@Ptss, respectively, in gas phase, as shown in Table 1. In water, the activation barriers decrease to
0.31 eV and 0.35 eV for Ptss and Rui3@Pts, respectively.

In the initial species of OOH formation process, O, is adsorbed at the bl and H is adsorbed at the
neighboring bl site, which is named (O2)(H)/blbl (3), because the bl is the best position for both O, for H
binding. The final state of OOH formation process is the most favorable OOH/t2 (4) species. The activation
barriers are calculated to be 0.72 eV and 0.50 eV for Ptss and Rui3@Pts2, respectively, in gas phase. These barriers
slightly decrease to 0.70 eV and 0.49 eV in water solution for Ptss and Rui3@Pts, respectively. The other
possibility is direct H addition to O». In this scenario, the proton is likely to attach to O,, simultaneously with
electron transfer to O»; this is called proton-coupled electron transfer. It should be easy to occur because the
proton concentration is very high and the electrode is continuously supplying electrons. Though this
proton-coupled electron transfer is likely to occur as important process, this step is difficult to simulate with
conventional DFT method. We tried to optimize the OOH species at the bl site because O, is adsorbed at the bl
site in an 5?-form. For the (OOH)/b1 species, the OOH bond cleavage to afford the O and OH at the t2 and t1 sites,
respectively, in the case of Ptss. On the other hand, the OOH moves from bl to t2 site during geometric
optimization in the case of Ruis@Pts. We also investigated the O-OH bond cleavage of the (OOH)/t2 species,
which is the most stable OOH-binding species on Ptss and Rui3@Pts. This reaction occurs with very small
activation barriers of 0.12 eV (0.12 eV) and 0.18 eV (0.17 eV) for Ptss and Ruiz@Pt4,, respectively, in gas phase
(water) to afford (O)(OH)/t2tl species. Thus, it is clearly concluded that the O-OH bond cleavage occurs with
nearly no barriers on Ptss and Rui3@Pts; and much easier than the O-O bond cleavage of O, species.

For Ptss, the R(Pt-O) slightly increases from 1.940 A for 4 to 1.958 A for TSyssa, and the R(Pt-OH/t1) and
R(Pt-O/t2) in 5a are 1.949 A and 1.780 A. For Ru;3@Pts, the R(Pt-O) increases from 1.957 A for 4 (IS) to 1.968
A for TSy4sa. In 5a, O(OH)/t2t1-binding species (FS), the R(Pt-OH/t1) and R(Pt-O/t2) for Rui;@Pts; are 1.986 A
and 1.777 A, respectively. The charge of OOH moiety [¢q(OOH)] for Ptss/Ru;3@Pts> becomes more negative from
4 (-0.286 ¢/-0.329 e) to TS4ssa (-0.313 ¢ /-0.376 ¢) and then to 5a (-0.930 e /-0.994 ¢). The CT occurs from the Pt
shell to the (OOH) moiety.

Table 1 Activation barriers for ORR mechanisms with Rui3@Pts; and Ptss in gas phase and solution.

Ptss Ruiz@Pty; Ptss Ruiz@Pty;
Gas Phase Solution
0O-0O bond cleavage 0.33 0.49 0.31 0.35
OOH"" formation 0.72 0.50 0.70 0.49
OOH® formation 0.00 0.00 0.00 0.00
O-OH bond cleavage 0.12 0.18 0.12 0.17

(OH)(OH) and (O)(OH;) Formation Reactions Because (O)(OH)/h1t2 (5) is the most stable species, and
the best position for H is the bridge bl site for both Ptss and Ruj3@Pts2, the (O)(H)(OH) /h1blt2 species (6) was
optimized here. Starting from 6, the H attacks the O atom and OH group to form (OH)(OH)/h1t2 (7a) and
(O)(OH2)/h1t2 (7b) species. The species 7b was calculated to be slightly more stable than 7a. However, the
energy difference between them is small (7.24 kcal/mol and 5.74 kcal/mol for Ptss and Rui3@Pts, respectively),
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indicating that both of them should be considered as possible product of this step. The barriers for (OH)(OH)
formation from 6 to 7a are 1.38 ¢V and 0.86 eV in water for Ptss and Ruiz@Pts2, respectively. On the other hand,
the barriers for O(OH,) formation from 6 to 7b species 0.86 eV and 0.88 eV in water for Ptss and Ruiz@Pts,
respectively.

(OH)(OH;) Formation Reaction Because the H tends to bind with Ptss at the bl site, the
(H)(OH)(OH)/b1t2t2 species (8) was optimized as the starting intermediate for (OH)(OH;) formation. The product
of this step is (OH)(OH2)/t2t2 species (9). The activation barrier is 1.09 eV and of 0.76 eV in gas phase for Ptss
and Ru3@Pt4, respectively, where the activation barrier is different litter in water, 1.10 eV and 0.76 eV for Ptss
and Ruiz@Pts, respectively. These results indicate that the (OH)(OH) formation can occur much easier in
Rui3@Pts than in Ptss.

OH Formation from the O Species Different from the reaction for Ptss, the O(OH») formation is possible
for Rui3@Pt42. The next step is the reaction of OH group with H atom in Ru3@Pts2. The reaction starts from the
(O)(H)/h1bl to form (OH)/h1. The activate barrier is calculated to be 1.16 eV in gas phase. This barrier is much
larger than that of the (OH)(OH,) formation (0.76 eV, as discussed above). Thus, the (O)(OH,) formation should
be excluded from the catalytic cycle; and this process will be not discussed further.

H>O Formation from the OH Species After HO dissociates from the (OH)(OH:) species, (OH)/t2
intermediate (10) could form. From this species, one H,O molecule is generated to complete the whole catalytic
cycle. This reaction occurs from the (H)(OH)/b1t2 species (11) to form (OH2)/t2 (12). The activation barriers are
calculated to be 0.90 (0.91) eV and 0.90 (0.89) eV for the reaction catalyzed by Ptss and Ruiz@Pts, in gas (water)
phase. The R(H-OH) are 2.749 A (2.665 A), 1.574 A (1.589 A), and 0.977 A (0.972 A) for 11, TS11/12, and 12 in
the case of Ptss (Ruiz@Pts2), respectively. For Ptss/ Ruiz@Ptsx the g(H) becomes more positive from 11
(0.043/0.004 e) to TSi1/12 (0.248/0.238 e), and then to 12 (0.722/0.760 ¢). The ¢g(O) becomes more negative from
11 (-1.055/-0.977 e) to TSii12 (-1.002/-0.925 ¢), and then to 12 (-1.258/-1.659 ¢). The Bader charges of H,O
moiety ¢(H>O) in 12 are 0.147 e and 0.101 e for Ptss and Rui3@Pts2, respectively. Also, the Mulliken charges of
H>0 moiety in 12 are 0.281 ¢ and 0.232 e for Ptss and Rui3@Pts2 using B3LYP functional, respectively. In the
other word, the g(H>O) in Rui3s@Pts: is less positive than that in Ptss, indicating that the H>O is easier to desorb in
the former case.

This work has demonstrated the favorable reaction cycle mechanism catalyzed by Ruiz@Ptsy, which is

similar to that by pure Ptss, revealing the potential of Ruj3@Pt4, as promising ORR catalyst with lower cost.
2. Original papers
(1) Jing LU, Kazuya ISHIMURA, and Shigeyoshi SAKAKI,
“Theoretical Insight into Core—Shell Preference for Bimetallic Pt-M (M = Ru, Rh, Os, and
Ir) Cluster and Its Electronic Structure.”

J. Phys. Chem. C 122 (16), 9081-9090 (2018).

3. Presentation at academic conferences

— 126 —



IV HREE (2018)

(1) Jing LU, Kazuya ISHIMURA, and Shigeyoshi SAKAKI,
“Capability of Pt55 and Rul3@Pt42 Catalysts toward the Oxygen Reduction Reaction: A
First-Principle Study”

55 21 Btk AT &, e, 2018 455 4 15 H-17 H
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1. Summary of the research of the year

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

Pd’(Phosphine) Complex: Theoretical Insight and Prediction

The Pd-catalyzed Suzuki-Miyaura reaction is one of the most efficient and versatile methods
for constructing carbon-carbon bond. Aryl halides are employed as electrophilic coupling reagent in
this reaction. To broaden its application scope, a lot of efforts have been made to use alternative
compounds such as aryl ethers, aryl esters, and arenols. However, the use of nitroarenes has not
been succeeded for a long time despite of weak Ar-NO: (Ar = aryl) bond. Notably, the
Suzuki-Miyaura reaction of nitroarenes was very recently succeeded by us using Pd’(BrettPhos) as
a catalyst, as shown in Scheme 1. Usual monodentate phosphine could not be used in this reaction.
On the other hand, Fors and Buchwald succeeded Pd-catalyzed nitration of aryl halides using a
similar Pd’(‘Bu-BrettPhos) as a catalyst. In this reaction, the last step should be reductive
elimination of nitroarene from Pd'(Ar)(NO:2)(‘Bu-BrettPhos). This is reverse to the oxidative
addition of Ar-NO2 which is the first step of the Suzuki-Miyaura reaction. Considering these two
reports by Buchwald group and us, we address following points; (1) why the Ar-NO2 bond cleavage
is more difficult than the Ar-Br bond cleavage, (2) why usual monodentate phosphine could not be
used for the Suzuki-Miyaura reaction of nitroarenes but BrettPhos could be, (3) why BrettPhos was
used for the Suzuki-Miyaura reaction of nitroarenes but the similar ‘Bu-BrettPhos was used for the
nitration of aryl halides despite of tiny difference between these two phosphines, and (4) how we
can control the Ar-NO2 bond cleavage and Ar-NO2 bond formation by using Pd’(BrettPhos) and
analogues.

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

The Suzuki-Miyaura cross-coupling reaction of nitroarenes

Pdfacac): {5.0 mol%)
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Nitration of aryl halides
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In this work, we theoretically investigated the oxidative addition of nitrobenzene to
Pd’(BrettPhos) to elucidate characteristic features of the oxidative addition of nitroarenes and to
provide clear answers to the above-mentioned questions. Also, we wish to propose theoretical

prediction what ligand is more effective for oxidative addition and reductive elimination of
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nitroarene. Because the transformation of nitroarenes has been limited so far, such knowledge
provides us with new idea how to utilize nitroarenes and how to synthesize them.

1.447 . 1436 s
1

T o — O o 18
227 15544 — 2163%Y \
2197\ /22 3437\ by 2297 2.163 \Y2.090 N
2370 2 ~.2.288 / - 2.381 8R%.402/
109 < 111 oY
/P S pY 141 ‘61 B p1)
- A ‘ ~

AD3ai#l " AD3a#2

AD1a#2

AD3a#2 la:BrettPhos/Ph-NO,

AD1a#1

AD1b#1 4.1 1b:BrettPhos/Ph-Br
AD2a#1 AD2a#2  2a:'Bu-BrettPhos/Ph-NO,
AD3a#1 24 3a:(PPh;),/Ph-NO,
0.0 fe—
PRD1b 1b
N\ \-17.9
Ngi1.437 3\
N, cX B 1
x4 J 2 7 Cy it 2110 N\1.784 2.0()()005
\ 32 ~ _—) L) 23458720 319 42
PdY "y $rd e > pd 72 AR 3
~ 24645, D435~ 53t~ Pysbl. /
Y ' ,S(CZ N/ j ‘ %‘(‘2 ...B}‘z A 1,‘ e
1 1 3 3
AD1a#1 ADl1a#2 TSla PRDI1a

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

Results and Discussion

Oxidative Addition of 4-nitroanisole (Rea) and its Bromo derivative to Pd’(BrettPhos) and
Pd°(PMe;),. The geometry and energy change of oxidative addition of Rea to Pd’(BrettPhos) 1 is
shown in Figure 1. Rea approaches 1 to form stable 7>-coordinated adducts, AD1a#1 and AD1a#2,
in which the C2-C? and C!-C? bonds coordinate with the Pd, respectively. The oxidative addition
occurs through a three-membered transition state TSla to afford a palladium(Il) complex
Pd"(NO2)(CsHs-OMeP)(Brettphos) (PRD1a). The Gibbs activation energy (AG®*) is 30.3 kcal mol!
and the Gibbs reaction energy (AG°w)) is -2.1 kcal mol™! relative to the most stable reactant adduct
AD1a#1. This oxidative addition needs rather large activation energy but it is exergonic.

Oxidative addition of 4-bromoanisole (Reb) to 1 occurs through similar n?-coordinated
adducts and transition state to afford a palladium(II) complex Pd"(Br)(CsHsOMeP)(Brettphos). The
AG®* (16.3 kcal mol™") is much smaller and the AG°r) (-15.0 kcal mol™!) is much more negative than
those of the oxidative addition of Rea. Therefore, the oxidative addition of nitroarene is much more
difficult than that of bromoarene kinetically and thermodynamically. To investigate the difference in
AG®* between these two oxidative additions, we separated the reaction system into Pd°’(BrettPhos)
and substrate moieties, as shown in Scheme 3, and made deformation/interaction energy analysis.
As shown in Table 1, the potential energy barrier (£a) is much larger for TS1a than for TS1b,
indicating that the analysis of Ea provides the reason why the oxidative addition of Rea is more
difficult than that of Reb. In TS1a, the deformation energy (Eper = 33.2 kcal mol™!) of Rea is much
larger than that (6.2 kcal mol") of Reb in TS1b. Interaction energy Ein is defined as a stabilization
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energy provided by the interaction between reagent (Rea or Reb) and Pd’ complex, where both
have deformed geometries like in TS. The Em (-42.1 kcal mol!) between Rea and Pd°(BrettPhos)
in TS1a is much larger than that (-24.6 kcal mol™) in TS1b by 17.5 kcal mol’!, where a negative
value means the stabilization energy. However, this large Emt of TS1a cannot overcome the overly
large Eper of Rea at TS1a. As a result, TS1a becomes higher in energy than TS1b. These results
lead to a conclusion that the large Eper of Rea is the origin of larger Ea and larger AG** for Ar-NO2
bond cleavage than those for Ar-Br bond cleavage. In TS1a, the NO2 group changes its direction
toward the Pd because the sp® orbital of NO2 must change its direction to form a bonding interaction
with the Pd, which gives rise to the large Eper value of Rea. On the other hand, Br has a spherical
valence orbital which can start to form the bonding interaction with the Pd, keeping the Ar-Br
bonding interaction. Therefore, Reb can reach TS1b without significant distortion. This is the
reason why bromoarene is more reactive for the oxidative addition than nitroarene.

Scheme 3. Definition of fragments a and b in TS1a (R=NOz), TS1b (R=Br), and TS3a.

TS1a/TS1b TS3a

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

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

TS1a  TS1b TS2a  TS3a

AE -4.2 -14.1 -2.4 15.9
E, 31.3 16.9 30.1 30.2
Epeta  33.2 6.2 33.0 35.5
Epery 4.7 43 54 19.9

Oxidative addition of Rea to Pd’(PMes3)2 3 was investigated for making comparison between
BrettPhos and usual monodentate phosphine PMes. This reaction occurs with AG°* of 29.1 kcal
mol!. Though this value does not differ very much from that of the reaction with 1, its transition
state TS3a is at much higher energy than the sum of reactants, 3 + Rea, indicating that Rea more
easily dissociates from 3 than it completes the oxidative addition via TS3a. Thus, it is concluded
that the oxidative addition of Rea to 3 does not occur.

The deformation/interaction energy analysis clearly shows that the higher energy transition
state TS3a arises from the larger Eper value (19.0 kcal mol!) of Pd°(PMes): in TS3a (Table 1). The
large Epera value arises from significantly small P-Pd-P angle in TS3a (Figure 1). It is of

importance to elucidate the reason why such large distortion is needed in TS3a. In the oxidative
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addition, CT from metal moiety to substrate is important. In TS1a, charge-transfer (CT) occurs
from the HOMO of Pd (¢reomo) to the LUMO and LUMO+1 of Rea, as shown in Figure 2. The
drowo at high energy can form large CT. As shown in Figure 3(a), the ¢uuowo of Pd’(PMes)2 in
equilibrium geometry is calculated at much lower energy (-7.81 eV) than that (-5.82 eV) of
Pd°(BrettPhos). To raise the gnovo energy, Pd’(PMes)2 must be distorted by decreasing the P-Pd-P
angle; as shown in Figure 3(a), the ¢wuowo energy certainly becomes higher (-5.73 eV) in the
distorted geometry of TS3a.

o %

>
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{A) 1-methoxy-d-nitrebenzene TSla
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Figure 2. Orbital interactions in the transition state of the oxidative addition of 4-nitroanisole (a)
and 4-bromoanisole (b) to Pd’(BrettPhos).

On the other hand, Pd’(BrettPhos) is distorted little at TS1a. The reason can be easily found by
seeing Figure 3(b). In the case of BrettPhos, the lone pair orbital on the P atom and the & orbital on
the phenyl group overlap with the Pd dx orbital in an antibonding way to afford the 0w 0f 1. As a
result, the énuovo OTbital energy is -5.82 eV in Pd°(BrettPhos) even with equilibrium geometry. It
indicates that the 2,4,6-tris-isopropylphenyl group plays crucially important role to raise the d
orbital energy like usual chelating diphosphine. It is concluded that the oxidative addition of
Ar-NO: to Pd’(PR3z): is difficult because the transition state suffers from two large deformation
energies of Ar-NO2 and Pd’(PR3), moieties. On the other hand, Pd’(Brettphos) is reactive for the
oxidative addition of Ar-NO:2 because the dr orbital is at high energy even without distortion of
Pd°(Brettphos) and the transition state suffers from only one deformation energy of the Ar-NO2
moiety. This means that the presence of 2.,4,6-tris-isopropylphenyl group is crucially important in
BrettPhos because its 7 orbital interacts with the Pd dx orbital to raise the ¢wuomo €nergy (Figure 3b).
It is a strong point of BrettPhos-type ligand for the oxidative addition that both of phosphine lone
pair and 7 orbital of 2,4,6-tris-isopropylpheny participate in raising the ¢y, €nergy.

Ligand Pd° complex

Equilibrium structure  Deformed
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Figure 3. HOMOs of PPhs, BrettPhos, and their Pd’ complexes with deformed structure in TS.
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Effects of Various BrettPhos Derivatives on the Reactivity of Pd’ Complexes. Because
Pd°(BrettPhos) and Pd’(‘Bu-BrettPhos) can be applied to the oxidative addition of nitroarene and
reductive elimination of nitroarene, respectively, we investigated various BrettPhos derivatives in
the oxidative addition of Rea, as shown in Scheme 2. Among them, Pd’(BrettPhos-NMe) is the
best for the oxidative addition because the AG°w) is the most negative, the AG** value is the smallest,
and the AG°p) is larger than AG®*, as shown in Table 1. These features arise from the high energy
HOMO  (4ouromo) Of Pd°(BrettPhos-NMez) to which the high energy HOMO (4 om0) Of
BrettPhos-NMe: contributes (Table 1). The next is Pd’(BrettPhos), because the AG°r)is negative
and the AG® does not differ very much from the AG°p) (the difference is 2.4 kcal mol™!) despite of
the slightly larger AG®* value than those of some other BrettPhos derivatives. In the oxidative
addition to Pd’(Me-BrettPhos) and Pd’(XPhos), the AG°wr) is negative and the AG® value is
moderately smaller than that of Pd°(BrettPhos) but the AG®* is somewhat larger than the AG°m) by
4.5 and 4.0 kcal mol!, respectively. These two complexes could be applied to the oxidative addition
of nitroarene but they are not useful very much because the nitroarene dissociation from the Pd
occurs much more easily. Actually, the experimental results showed that the Suzuki-Miyaura
reaction of Rea was succeeded with Pd°(XPhos) but the yield was much lower than that by
Pd°(BrettPhos). In Pd’(CF3-BrettPhos) and Pd’(CsFs-BrettPhos), the AG°w, is considerably positive
and the AG° is considerably larger than the AG°mp) by 10.8 and 9.1 kcal mol™!, respectively,
indicating that these two complexes are not good for oxidative addition. Their low reactivity arises

from the presence of ¢ ono at lower energy than that of Pd°(BrettPhos).

2. Original papers
(1) Rong-Lin Zhong, Masahiro Nagaoka,Yoshiaki Nakao, and Shigeyoshi Sakaki, How To Perform
Suzuki—Miyaura Reactions of Nitroarene or Nitrations of Bromoarene Using a PdO Phosphine Complex:

Theoretical Insight and Prediction Organometallics, 2018, 37, 3480-3487.

3. Presentation at academic conferences

(1) Rong-Lin Zhong, and Shigeyoshi Sakaki, “Regioselectivity of SP?> C-H activation of N-hetrocycles by
iridium(I1T) boryl complexes”, 21" Annual Meeting of Theoretical Chemistry Society, Okazaki, May 15-17, 2018.

(2) Rong-Lin Zhong, Yoshiaki Nakao, and Shigeyoshi Sakaki “”, “Regioselective sp3C—H borylation of cyclic
ethers catalyzed by iridium(IIT) boryl complex: Theoretical Study”,12" Annual Meeting of Japan Society for
Molecular Science, Fukuoka, Sep.9-13, 2018.
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1. Summary of the research of the year

(a) Oxidative Addition of Nitroarene to Pd(0)-NHC Complex

The Pd-catalyzed Suzuki-Miyaura coupling (SMC) reaction is an important process to create

carbon-carbon bonds in organic synthesis. The use of nitroarenes, which are versatile and common aromatic

building blocks, is very
limited in the SMC reaction
and has succeeded recently,
using a special Pd-BrettPhos
complex (Figure 1la). It is
interesting to explore useful
ligand to extend the scope of
this reaction. Herein, we
theoretically investigated the
C-N  bond

cleavage of nitroarene, which

Pd-catalyzed

is the rate-determining step for

(@) C-N bond cleavage
N
MeO Cy,P-Pd” NO; . s | | |
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Figure 1. (a) Full catalytic cycle of SMC reaction of nitroarenes. (b)

N-heterocyclic carbene ligands investigated in this work.

the full catalytic cycle (Figure la), using a kind of good electro-donating ligand, namely, N-heterocyclic
carbene (NHC). Results show that the Pd-NHC1 complex can indeed cleave the C-N bond of nitroarene with

moderate barrier (26.1 kcal mol™') and negative reaction energy (4.1 kcal mol-1). Further investigations on

the influence of substituent (R) of N and NHC skeleton (S) (Figure 1b) on the reaction process suggest that
the NHC ligands with less bulky electro-denoting R group (NHC3) and saturated skeleton S (NHC7) are

good candidates to moderately lower the reaction barrier and increase the reaction energy.

(b) C4-Hydrocarbon Separation by a Soft Metal-Organic Framework

Gas separation by soft metal-organic

frameworks  (MOFs),

external stimuli such as gas adsroption, has
attracted great attention in recent years. Soft
[Zn(NO2ip)(dpe)].,
S-nitroisophalate, dpe =

Zn(Il)-based  MOF,
(SD-65, NOsip =

which

structural transformations in response to

undergo

Y Y
1,3-butadiene or
trans-2-butene (G)

SD-65 - 4G CMA

1,2-di(4-pyridyl)ethylene), was synthesized

Figure 1. Optimized gas (G) adsorption structures and

and demonstrated to selectively adsorb

1,3-butadiene over

cluster models used in post-HF calculations.

trans-2-butene.
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Theoretical study on gas adsorption in this MOF is important to understand the selectivity of one gas
molecule to other similar ones. Also, it is challenging to estimate accurately the interaction energy between
gas molecule and MOF, because the post-HF calculation must be employed to incorporate dispersion
interaction but its application to MOF is difficult. In this work, we theoretically investigated 1,3-butadiene
and trans-2-butene adsorptions in this soft MOF using ONIOM-type method combining periodic DFT
(PBE-D3) for infinite system and MP2.5 and CCSD(T) for cluster models to disclose the reasons for the
difference in adsorption between 1,3-butadiene and #rans-2-butene.

Four symmetrical adsorption positions were found for both 1,3-butadiene and trans-2-butene (Figure
1) in SD-65. The PBE-D3 method overestimates the 1,3-butadiene adsorption enthalpy but the
CCSD(T):MP2.5:PBE-D3-calculated value (~10.91 kcal mol ™) agrees well with the experimental one (-9.56
kcal mol™). These results suggest that CCSD(T) and MP2.5 corrections are of considerabe importance to
investigate correctly the adsorption behaviour. The calculated binding energies (BEs) for 1,3-butadiene and
trans-2-butene are —12.10 and —11.55 kcal mol”, respectively, suggesting that SD-65 has a higher affinity to
1,3-butadiene than to trams-2-butene. The smaller BE of frans-2-butene arises mainly from the larger
deformation energy of framework, because of the larger molecular size of #rans-2-butene and thus a larger
structural transformation of SD-65 upon adsorption of frams-2-butene than that of 1,3-butadiene. The
sigmoidal adsorption isotherm was well reproduced by the Langmuir-Freundlich model using the calculated
adsorption Gibbs energy changes (AG®). The performance of this MOF for separation of 1,3-butadiene from
trans-2-butene was discussed in relation to the difference between their adsorption Gibbs energy changes
(AAG®). Two MOFs showing better separation performance (with larger AAG® between 1,3-butadiene and

trans-2-butene adsorptions) than SD-65 are computationally predicted in this work.

2. Original papers

(1) Jia-Jia Zheng, Shinpei Kusaka, S. Ryotaro Matsuda, Susumu Kitagawa, Shigeyoshi Sakaki,
“Theoretical insight into gate-opening adsorption mechanism and sigmoidal adsorption
isotherm into porous coordination polymer”

J. Am. Chem. Soc. 140, 13958-13969 (2018).

(2) Haijun Wang, Haifei Cao, Jia-jia Zheng, Simon Mathew, Nobuhiko Hosono, Bihang Zhou,
Hongliang Lyu, Shinpei Kusaka, Wanqin Jin, Susumu Kitagawa, Jingui Duan,

“Finely Controlled Stepwise Engineering of Pore Environments and Mechanistic
Elucidation of Water-Stable, Flexible 2D Porous Coordination Polymers”
Chem. Eur. J. 24, 6412-6417 (2018).

(3) Qiao-Zhi Li, Jia-Jia Zheng, Ling He, Shigeru Nagase, Xiang Zhao,
“La—La bonded dimetallofullerenes [Lax@C2n] : species for stabilizing Can (2n = 92-96)
besides LaxCo@Can”
Phys. Chem. Chem. Phys. 20, 14671-14678 (2018).

(4) Cheng Gu, Nobuhiko Hosono, Jia-Jia Zheng, Yohei Sato, Shinpei Kusaka, Shigeyoshi

Sakaki, Susumu Kitagawa,
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“Design and control of gas diffusion process in a nanoporous soft crystal”
Science 363, 387-391 (2019).

3. Presentation at academic conferences
(1) Jia-Jia Zheng, Shinpei Kusaka, S. Ryotaro Matsuda, Susumu Kitagawa, Shigeyoshi Sakaki,
“Separation of 1,3-Butadiene and trans-2-Butene by a Soft Metal-Organic Framework: A

Three-Layer ONIOM-type Computational Investigation”
The 21™ Symposium for Theoretical Chemistry, Okazaki, May 15-17, 2018
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1. Summary of the research of the year (3-5 pages, includes appropriate figures and tables)
Theoretical Insight into M3@Pts2(M=3d Transition Metals) Core-Shell Clusters

For Pt clusters to be effective oxygen reduction reaction (ORR) catalysts, an approach involving
core-shell (CS) clusters with Pt shell is beneficial in stabilizing Pt and reducing costs while
maintaining high catalytic activity. The icosahedron (Ih) Mi3@Pts2 (M=3d transition metals)
clusters are systematically investigated respecting their stability, electronic properties, ORR
catalytic activity with the aid of the DFT-D3 method. The CS Cui3@Pt42, Co13@Pt42, and Niiz@Pta2
clusters are found to be stable with positive segregation energy (Eseg), which is defined as the
energy difference between CS clusters and the corresponding non-core-shell (NCS) clusters with a
3d metal atom in the core exchanged by Pt atom in the shell in the present work. While for other 3d
metals cases, a negative Eseg is observed indicating the CS cluster is less stable than the NCS cluster.
Several factors including core/shell deformation energy, the interaction energy between core and
shell, and cohesive energy are considered to find the important one for stabilizing the CS cluster.
The electronic structure of CS clusters in comparison with Ptss was systematically investigated to
provide theoretical insight into the CS clusters. Moreover, Oz adsorption to the stable CS Miz@Pta2
(M=Co, Ni, and Cu) and Ptss clusters shows the tunable catalytic activity for ORR, making the CS
Misz@Pts2 (M=Co, Ni, and Cu) promising candidates as catalysis for ORR.

30 Pt at edge position named: Pt* fo o
12 Pt at vertex position named: Pt" é y @(‘ @ @Q,
(AL R &qﬁ ol 5

© P NCS-1 NCS-2 NCS-3 NCS-4

O 3d metals

NCS 5 NCS 6 NCS 7

N/ Core-Shell structure | /\3, ,'R‘/‘g ;3 ! '.'?/\/‘g |
1 M at center named: MCI ¢ é{g
12 M at the 2nd layer of core named: M T—:I%S 8 ?\lﬁs 9 NCS-10 NCS 1
Scheme 1. Icosahedral Mi3(@Pt42 clusters with core-shell (CS) structures and 11 non-core-shell

(NCS) structures investigated in this work.
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Figure 1. Comparison of the segregation energy of Mi3@Pts2 (M=3d metals) clusters with that of
Miz@Pta2 (M=4d and 5d metals) clusters.
The comparison of the segregation energy of Mi3@Ptsa2 (M=3d metals) clusters with that of
Mi3@Pta2 (M=4d and 5d metals) clusters is demonstrated in Figure 1. The NCS structures for the
cases of Mn, Fe, and Zn show -3.13. -0.51, and -0.80 eV more stable than the corresponding CS
structure, while the core-shell structures of Co, Ni, and Cu cases are more stable than all the
segregated ones. The similar arch can be easily found for all 3d, 4d and 5d metals. In details, three
stable CS clusters for 3d metal (Cuis@Pts2, Co13@Pts2, and Ni13@Pt42) can be found with Eseg from
0.29 to 0.52 eV. And two stable CS clusters for 4d and 5d metals (Rui3@Pt42, Rhi3@Pts2, Os13@Pt42
and Iri3@Pt42) can be found with Eseg from 0.29 to 0.52 eV and from 1.80 to 2.65 eV, respectively.
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Figure 2. The relationship of segregation energy with (a) difference in interaction energy (0Eint),

(b) core deformation energy (ESSES.,.), and (c) shell deformation energy (ESDEL ).
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Figure 2 is drawn to clearly show the relationship of segregation energy with difference in

interaction energy (3Eint = Ein"> - Ein®), core deformation energy (E§fe.m)> and shell deformation

energy (ESPEIL Y. Good linear correlation between Esce and 8Ein can be observed from Figure 4a,

indicating the dFint may be a key factor in determining a stable CS cluster. Although no linear

core or Eshell

correlation between Eseg and Egegorm deformCan be observed, the large Edeform for Fe and Zn

core, as well as Mn and Zn shell, can be found to make the CS cluster unstable.
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Figure 3. Segregation energy vs cohesive energy of cluster Mss with Ptss shown as dash line, and

the comparison of cohesive energy for M13, Mss and experimental data for metal crystal.

Cohesive energy, Ecoh, maybe another key factor for the stability of the bimetallic CS cluster,
because metals with large Econ tend to be bound together with as many as possible to form a core
moiety as found in CS Mi3@Pts2 clusters (M=4d or 5d transition metals)'®. However, the situation
changes for 3d metals cases as displayed in Figure 3a. For all 3d transition metals, the Mss clusters
show smaller Econ than Ptss, including the stable CS clusters, Mi3@Pts2, (M=Cu, Ni, and Cu),
indicating the Econ is not the determining factor for the stable CS cluster, at, least, for 3d metal cases.
By comparing the Ecoh for Mi3 and Mss with the experimental data for metal crystal in Figure 3b,
one can confirm the accuracy of the Ecoh calculation. Also, the Ecoh increases as cluster size

increases from M3 to Mss, and then to the experimental values of bulk metal, except the Co case.
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1. Summary of the research of the year
Reactivity of New Unique Rh(PXP) Complexes (X = B, Al, Ga): Theoretical Insight

Recently synthesized rhodium complex Rh(PAIP) (PAIP = pincer-type diphosphino-aluminyl ligand) has
a unique Rh-Al direct bond. This complex has been reported to cleave the sp* C-H o-bond of pyridine. We
theoretically investigated the reactivity of Rh(PAIP) and its two analogues, Rh(PBP) and Rh(PGaP), to
elucidate the origin of its interesting new reactivity using DFT and CCSD(T). We found that the C-F bond of
fluorobenzene (PhF) is cleaved by Rh(PXP) in o-bond metathesis manner and X (X = B, Al, Ga) center
participates well in the activation process. For this reaction, Rh(PAIP) is better than the B and Ga analogues in
both kinetically and thermodynamically.

Transition metal complexes of phosphine-based pincer ligands have attracted recent attentions because
of their successful applications to various organometallic and catalytic reactions.

' Scheme 1. PAIP ligand.
Recently, rhodium complex Rh(PAIP) (PAIP = {AI[N(CsH4)]2NMe}[PCH('Pr)2]2; \

Scheme 1) bearing X-type aluminyl moiety was synthesized. The Rh-Al bond of \
Rh(PAIP) was characterized as the unusual Rh® -A1>* polarized covalent bond by

DFT calculations. In addition, this complex was reported to successfully activate

the sp? C-H o-bond of pyridine, where the N atom of pyridine coordinates to the
Al center and the C-H bond cleavage occurs on the Rh center. One important open
question is whether this rhodium complex can activate other g-bonds such as stronger C-F and C-O bonds or
not. Another question is if other group 13 elements can be applied to this complex and 6-bond activation. In
this work, we investigated the activation performance of Rh(PAIP) and two analogues Rh(PBP) and Rh(PGaP)
for C-F o-bond of fluobenzene (PhF).

Geometries were optimized using DFT method with the B3PW91-D3 functional, where LANL2DZ basis
sets were used for Al, P, Ga, and Rh with effective core potentials (ECPs) and 6-31G(d) for other atoms; this
basis set system is named BS-I. Energy change was evaluated using the B3PW91-D3 functional and better
basis set system (BS-II), in which Stuttgart-Dresden-Bonn basis sets were used for Ga and Rh with ECPs and
6-311G(d) for other atoms. Solvation effect of toluene was considered using PCM model. The B3PW91-D3
functional was selected for these calculations because (i) the geometry of Rh(PAIP) complex could be
reproduced well using this functional and (ii) the energy change in the model C-F bond activation calculated
by this functional was similar to that by CCSD(T). Gaussian 16 program was used.

In the reaction of Rh(PXP) (X = B, Al, Ga) with PhF, we employed 2,5-norbornadiene (nbd) complex
of Rh(PXP) as starting material, considering the experimental result. In nbd complex of Rh(PAIP) Rea-Al, nbd
coordinates to Rh in a bidentate manner, as shown in Figure 1. After the ligand substitution for nbd with PhF,

Rh(PAIP)(PhF) Ad-Al is formed, in which the C=C bond of PhF coordinates to the Rh center. Three possible
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coordination modes were found in Ad-Al: (i) coordination of PhF at the position trans to Al to form a planar
(PL) structure Ad-a-Al, (ii) coordination at the perpendicular (PE) position to form Ad-b-Al, and (iii)
coordination at the seesaw position (between PL and PE) to form Ad-c-Al. Starting from Ad-b-Al, the C-F
bond cleavage occurs in 6-bond metathesis manner keeping Al-F bonding interaction, suggesting that the Al
center plays important role in the C-F bond activation process. In the o-bond activation, the Al moiety is
converted to Z-type aluminum ligand. Finally, the product P-a-Al and its isomer P-b-Al are located, where the
Ph group is bound with the Rh center at the position cis to the F in P-a-Al but at the position trans to the F in
P-b-Al

Rh-Al=2.370 }m Rh-Al=2.31 ;‘“‘K

Rh-Al=2.346 | C2-C%=1.416; C'-F=1.355 C2.C3=1.427; C'-F=1.355 C2.C3=1.443; C'-F=1.357
P'RhP2=112 | P'RhP?=144; AIRhX=160 P'RhP2=138; AIRhX=145 P1RhP2=117; AIRhX=104
Rea-Al Ad-a-Al Ad-c-Al Ad-b-Al

AN
Rh-Al=2.447; Rh-C1=1.997 Rh-Al=2.367; Rh-C'=2.131
Rh-Al=2.523; Rh-C'=1.976 Rh-Al=2.579; Rh-C'=2.024 C1-C2=1.434 C1-C2=1.440
Al-F=1.736 Al-F=1.716 C'-F=1.746 ; AlI-F=1.872 C'-F=1.466; Al-F=2.140
P1RhP2=165 P'RhP2=110 P'RhP2=118; AIRhC'=74 P1RhP2=118; AIRhC'=75
P-b-Al P-a-Al TS-Al Ad-d-Al

Fig. 1. Geometry changes in C-F bond activation process by Rh(PAIP).

Table 1. Relative Gibbs energies (kcal mol™") in C-F bond activation process by Rh(PXP).
Rh(PXP) Rea-X Ad-a-X  Ad-c-X Ad-b-X Ad-d-X TS-X P-a-X  P-b-X

X =Al 0.0 253 21.6 19.2 21.4 22.1 -26.4 -33.6
X=B 0.0 22.6 22.9 25.5 32.1 52.6 -8.0 -9.2
X =Ga 0.0 24.1 21.7 21.8 23.8 34.8 -8.2 -15.9

As shown in Table 1, the Gibbs activation energy AG** (Rea-Al to TS-Al) and the Gibbs reaction energy
AG® are 22.1 and -33.6 kcal mol ™', respectively. These results indicate that this activation reaction can occur
easily by moderate heating. The ligand substitution process from Rea-Al to the most stable adduct Ad-b-Al
shows a very positive AG® value of 19.2 kcal mol™'. However, the C-F o-bond cleavage occurs with marginal
energy barrier from Ad-b-Al. The isomerization of P-a-Al to P-b-Al is exothermic with the AG® of -7.2 kcal
mol'. For B and Ga analogues, the AG* is 52.6 and 34.8 kcal mol' (Rea-X to TS-X) and the total AG® is -
9.2 and -15.9 kcal mol™! for X = B and X = Ga, respectively; these AG** values are much larger and AG® are
less negative than those for X = Al. It is concluded that Rh(PAIP) is the best for C-F bond activation both
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thermodynamically and kinetically.
2. Original papers
3. Presentation at academic conferences
4. Others
(1) Qiaozhi Li and Shigeyoshi Sakaki

“Theoretical study on C—X c-bond activation by Rh(PAIP) complexes”
The 16™ symposium of Fukui Institute for Fundamental Chemistry, Kyoto, Feb. 08, 2019.
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1. Summary of the research of the year

Electronic and nuclear fluxes induced by quantum interference

We perform an electronic and nuclear flux analysis for nonadiabatic dynamics and its corresponding
adiabatic counterpart, both of the wavefunctions of which are represented in the Born-Huang expansion. It is
well known that the electronic-nuclear configurations (terms) in the expansion of the total wavefunction
interfere each other through the nonadiabatic interactions and give birth to electronic and nuclear fluxes.
Interestingly, even in the adiabatic dynamics without such nonadiabatic interactions, a wavefunction
composed of more than one adiabatic state can undergo interference among the components and give the
electronic and nuclear fluxes. That is, the individual pieces of the wavepacket components associated with
the electronic wavefunctions in the adiabatic representation can propagate in time independently with no
nonadiabatic interaction, and yet they can interfere among themselves to generate the specific types of
electronic and nuclear fluxes. We refer to the dynamics of this class of total wavefunction as multiple-
configuration adiabatic Born-Huang dynamics. A systematic way to distinguish the electronic and nuclear
fluxes arising from nonadiabatic and the corresponding adiabatic dynamics is discussed, which leads to the
deeper insight about the nonadiabatic dynamics and quantum interference in molecular processes. The so-
called adiabatic flux will also be discussed.

As usual, we begin with the time-dependent Schrédinger equation with the Born-Huan expansion
1
W(g.R ) = ) 1RO R). M
1

We do not have to specify ®;(q; R) at this point. We consider the conservation of the quantum probability
and finally obtain electronic flux jo and nuclear flux J,, + J&, . Here, derivative operator for nuclear
position is operated on nuclear wavefunctions in J,, and on electronic wavefunctions in J¢,. To facilitate

the intuitive understanding of the physical properties of these fluxes, we will use the following reduced ones

frR, 1) = f jer(r, R, £)drdt, )
f.(r,t) = f jer(r, R, t)dRdL, )
Fru(R t) = f Jou (T, R, £)drdt, )

(5)

FL(Rb) = f Jeb,(r, R, t)drdt.
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Nonadiabatic BO multi-configuration | BO single-configuration
jer(r,R, 1) Finite value, beat+ Rabi-like Finite value, beat 0
f.(r,t) Finite value Finite value 0
fr(R, 1) Finite value, beat+Rabi-like Finite value, beat 0
Jou(r, R D) Finite value, beat+Rabi-like Finite value, beat Finite value, no beat
F.(Rt) Finite value, no beat Finite value, no beat Finite value, no beat
JeL(r,R, 1) Finite value, beat+Rabi-like 0 or very small 0
F¢L(R, 1) Finite value, beat+Rabi-like 0 0

We analyzed these fluxes for three types of total wavefunctions: (i) nonadiabatic wavefunctions (ii)
BO(Born-Oppenheimer) multi-configuration wavefunctions (iii) BO single-configuration wavefunctions.
Table I summarizes the conclusions.

We perform numerical studies to see how we can or cannot distinguish the nonadiabatic dynamics
and the multiple configuration adiabatic dynamics in terms of the quantum flux components. To do so, we
perform the full quantum mechanical calculations over the electronic and nuclear degrees of freedom for the
two-state model of the spin-singlet LiF molecule. We obtained the adiabatic ground state and first excited
state with the GAMESS quantum chemistry package using two-state averaged complete active space self-
consistent field calculation of the level of a six electron six orbital active space with aug-cc-pVDZ basis sets
at every 0.1 angstrom to 11.0 angstrom. We have numerically calculated the nonadiabatic coupling elements
by means of the finite difference method. Since all the quantum wavepackets dynamics calculations are
performed in the diabatic representation, we adopt the standard method using the adiabatic-to-diabatic
transformation angle obtained from the non-adiabatic coupling constant. The nuclear wavepackets in the
diabatic representation are obtained by integrating the coupled Schrodinger equations with the split-operator
FFT method.

The main subject of the present study is the quantum interference effect arising in two dynamics:
one undergoing nonadiabatic transition and the other being adiabatic all the way through, but they commonly
have the multiple configuration. To prepare the initial conditions from them, a Gaussian wavepacket (C) in
Fig. 1 is made to run according to the coupled Schrodinger equation towards the Franck-Condon region. In
the passing through the avoiding crossing, it bifurcates into two pieces, each arriving at the position (A) and
(B) at some time on the individual adiabatic potential curve. As a pair of two initial wavepackets, we let
them move back numerically to the reserved direction with the inverse momenta. The nonadiabatic version
of this total wavefunction consisting of (A) and (B) proceeds towards the asymptotic region and two
wavepackets merged into a single piece like the packet (C). On the other hand, each of the components of
wavepackets (A) and (B) proceeds individually on their adiabatic potential curves without merged.

Fig. 2 shows that the calculation result of reduced electron flux f,(Q,t) defined in Eq. (2) where
Q is atomic distance of LiF. In the present dynamics, the initial two wavepackets reach the crossing region at
t = 30 fs. In the nonadiabatic case (left panel of Fig. 2.), the electron flux disappears after this time. This is

because the wavepackets merge and become single configuration and the electron flux for such a
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wavefunction is nullified as shown in Table 1. Remarkably through, the electron flux in the adiabatic
wavefunction (right panel of Fig. 2.) does not disappear after reaching crossing region. This is because
adiabatic wave function doesn’t merge into single configuration and multiple-configuration adiabatic
wavefunction have a finite value in the electron flux (see Table 1).

In the present research, we study the property of multi-configuration adiabatic wavefunctions in
terms of flux. Especially, we show that the quantum interference can induce the electronic flux even if the

system is adiabatic. We also discussed the correlation between electron flux and nuclear flux.
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Fig. 1. Schematic illustration of the potential curves in the diabatic representation and the
associated electronic Hamiltonian matrix element. Two wavepackets (A) and (B) constitute an initial local

wavefunction both for the adiabatic and nonadiabatic dynamics.
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Fig. 2. Distribution of the reduced electronic flux f,(Q, t). The left(right) panel shows the

nonadiabatic(adiabatic) dynamics.
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2. Original papers

(1) Rei MATSUZAKI and Kazuo TAKATSUKA,
“Electronic and nuclear flux analysis on nonadiabatic electron transfer reaction: A view from
single configuration adiabatic Born-Huang representation”
J. Comput. Chem. 40(1), 148-163 (2019).

(2) Rei MATSUZAKI and Kazuo TAKATSUKA, “Electronic and nuclear fluxes induced by
quantum interference in the adiabatic and nonadiabatic dynamics in the Born-Huang
representation”, J. Chem. Phys. 150(1), 014103(2019)

3. Presentation at academic conferences
(1) ol 2, &5 k. FFBVERICE T 2EF LR T7 7 v 7 X, 5F 21 Hiwbs:
Atamas. [, 2018 45 A 15-17 H
4. Others
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Fig. 3. Schematic snapshots of the one-way proton transfer dynamics; proceeding from panel

I to VL. “h denotes hole position.
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[1] K. Yamamoto and K. Takatsuka, Phys. Chem. Chem. Phys. 20, 1229 (2018).
[2] T. Yonehara, K. Hanasaki, and K. Takatsuka, Chem. Rev. 112, 499 (2012).
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2. #wX

(1) Kentaro YAMAMOTO and Kazuo TAKATSUKA,

“On the Elementary Chemical Mechanisms of Unidirectional Proton Transfers: A

Nonadiabatic Electron-Wavepacket Dynamics Study”

J. Phys. Chem. A 19, 4125-4138 (2019)
3. FERE
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[1] T. Yonehara and K. Takatsuka, J. Chem. Phys. 137, 22A520 (2012).
[2] T. Yonehara and K. Takatsuka, J. Chem. Phys. 144, 164304 (2016).
[3]Y. Arasaki and K. Takatsuka, J. Chem. Phys. 150, 114101 (2019).
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(1) Andres TEHLAR, Aaron VON CONTA, Yasuki ARASAKI, Kazuo TAKATSUKA, and
Hand Jakob WORNER,

“Ab initio calculation of femtosecond-time-resolved photoelectron spectra of NO: after
excitation to the A-band”
J. Chem. Phys. 149, 034307 (2018, 13 pages).

(2) A. VON CONTA, A. TEHLAR, Y. ARASAKI, K. TAKATSUKA, and H. J. WORNER,
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time-resolved photoelectron spectroscopy”
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Kota Hanasaki
Research fellow (Takatsuka group)
1. Summary of the research of the year
Formulation of relativistic electron dynamics in molecules

Rapid progress in the laser technology has realized ultraintense laser fields of intensity exceeding 10*°
W/em?, ultrashort pulses of attosecond duration and new X-ray laser sources [1-4], opening up a new avenue
for direct observation and manipulation of electron dynamics [5,6]. Analysis of unconventional dynamics in
such extremal conditions requires novel theoretical tools based on deep understanding on the underlying
physics and an efficient ab initio calculation scheme of many-body electronic wavefunctions. Here we explore
one of the most challenging types of unconventional electronic dynamics and develop a theory of relativistic
electron dynamics in molecules.

Relativistic electrons have long been known to exist in heavy atoms [7] where the strong Coulombic
field accelerates electrons close to the speed of light. The static relativistic effects, including relativistic orbital
shrinkage (s and p orbitals) or diffusion (d and f orbitals) and the spin-orbit coupling, have been revealed
to have distinct effects on the static chemical properties [7]. Ab initio calculations of those electrons have been
successfully realized in the framework of the relativistic quantum chemistry [8-10]. On the other hand,
ultrastrong laser techniques have realized new types of relativistic electrons of dynamical nature [11,12] by
direct acceleration of electrons in ultraintense (= 108 W/cm?) infrared laser fields or by excitation of
relativistic electronic orbitals in heavy atoms using X-ray laser pulses.

In contrast to static properties affected by above-listed single-particle relativistic effects, analysis of
relativistic dynamics requires careful consideration of electron-radiation coupling enhanced by large electronic
velocity. We therefore constructed a new theoretical framework for electron-nucleus-radiation coupled
dynamics based on quantum electrodynamics [13,14].

We first derived a formal quantum electrodynamical expressions of a general dynamical observables.
After a formal path-integral decoupling of the nuclear degrees of freedom [15,16], the problem reduces to
electron-radiation coupled time evolution along an arbitrary given nuclear trajectory R,. We can then
construct a formal perturbation expansion by combining the mean-field electronic Hamiltonian and non-
interacting radiation field Hamiltonian to form the zeroth order single-body Hamiltonian Hy(R,) and putting
the remaining part into the interaction Hamiltonian H;,;(R;). A formal perturbation series for a general
dynamical observable 04 along such time evolution reads

. Df:Rp|T{U(c0,—0;R;)04(x2)}|D;:R;)
Me_l,rad R.1=1 (Pr:Rf 1
fi [ T] nlg(l) NiNf(¢f:Rf|U(OO,O)|CI>f:Rf)(CI>i:Ri|U(O,—Oo)|¢i:Ri)’ ( )

with @;,R; (®f,Ry) representing the initial (final) electronic state and nuclear coordinates, 7 representing
the time-ordering operator, Uy (t,t") being the radiation-corrected perturbative propagator in the interaction

representation with a small damping factor e~7l[17], and N;(Nf) being a normalization factor associated to
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the initial (final) state. Although being formally exact, evaluation of the formal perturbation series, Eq. (1) is
out of reach of conventional techniques because of the explicit time-dependence of Hy(R;) and H;,:(R,).
In order to obtain a more feasible calculation scheme, we first consider a calculation scheme based on
an effective Hamiltonian, which is a radiation-corrected energy operator acting on a d dimensional model
space V (an invariant subspace of Hy(R;)). The generalized Gell-Mann-Low theorem [18] shows that one

can construct such an effective Hamiltonian in a perturbative manner as H :%’frad = PHQP with P being the

projection operator on V and Q = Uy(0, —0) 37 being the (perturbative) wave operator. We can

_r
PU(0,—00
then rewrite Eq. (1) as

MR ] ~ ( Ff|eis(Hj};‘"ad(Rn)+Rn~(‘lTEA(Rn)—inx))/n 08T () eie(H,f}'f"d(Rl)+R1~(qTeA(R1)—ihX))/h| F). @)
with X being the derivative coupling, A being the transversal radiation field and 0§ff being the effective
operator defined in an analogous manner as ijff = P0,0P. The initial (final) state, represented by |F;)
((F'f ), is (the conjugate of) the model-space projection of the radiation-corrected initial (final) adiabatic state.
Equation (2) is correct up to the basis set expansion. The effective Hamiltonian H:},frad can be constructed
using the standard perturbation expansion techniques in the quantum field theory [14], but more efficiently
using advanced techniques introduced in Refs. 19 and 20. We can further show that, within this effective
Hamiltonian approach, the full electron-nucleus coupled dynamics, with the non-relativistic approximation on
the nuclear degrees of freedom, can be represented by an effective non-adiabatic Schrodinger dynamics of the
nuclear wavepacket using the effective Hamiltonian. Details of this research can be found in our forthcoming

publication [21].
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2. Original papers

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

3. Presentation at academic conferences
(1) Kota Hanasaki and Hirohiko Kono

“Path-integral Formulation of nonadiabatic dynamics coupled to thermal baths”
The 21st Annual Meeting of Japan Society of Theoretical Chemistry, May 17, 2018

4. Others
(1) Kota Hanasaki and Kazuo Takatsuka

“Formulation of relativistic electron dynamics”

The 16th symposium of Fukui Institute for Fundamental Chemistry, Kyoto, Feb. 8, 2019.
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2 | Conta,Yasuki Arasaki, Kazuo resolved photoelectron spectra of NO2 after J. Chem. Phys. a ;s) 2018
Takatsuka, and Hans Jakob excitation to the A-band pag
Electronic and nuclear flux analysis on
. . . . . J. Comput. Chem.
Rei Matsuzaki and Kazuo nonadiabatic electron transfer reaction: A
3 . . . . . (Morokuma 40, 148-163 2019
Takatsuka view from single-configuration adiabatic S
. . memorial issue)
Born-Oppenheimer representation
Electronic and nuclear fluxes induced by
4 Rei Matsuzaki and Kazuo quantqm m.terferean: in the adiabatic and J. Chem. Phys. 150, 014103 (22 2019
Takatsuka nonadiabatic dynamics in the Born-Huang pages)
representation
Chemical bonding and nonadiabatic electron
Yasuki Arasaki and Kazuo wavepacket dynamics in densely quasi- 150, 114101 (18
. . . Chem. Phys. 201
> Takatsuka degenerate excited state manifold of boron J. Chem. Phys pages) 019
clusters.
Kentaro Yamamoto and Kazuo On the Elementary Chemical Mechanisms of
6 Directional Proton Transfers: A Nonadiabatic | J. Phys. Chem. A 123, 4125-4138 2019
Takatsuka .
Electron-Wavepacket Dynamics Study
B[R IS
Pair Interaction Energy Decomposition
. Analysis for Density Functional Theory
D .F K . . . - . 122(6), 1781-
1 Tmm G- Fedorov, Kazuo and Density-Functional Tight-Binding with J. Phys. Chem. A (6), 178 2018
Kitaura : . . 1795
an Evaluation of Energy Fluctuations in
Molecular Dynamics
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2 Lt}
Chapter 12. of
"Self-organized
Motion:
Physicochemical
. Design based
. Nonlinear Dynamics of Active Deformable The Roy C,ll Society on Nonlinear
1 | Mitsusuke Tarama . of Chemistry - 2019
Particles book Dynamics
eboo (S. Nakata,
V. Pimienta,
I. Lagzi, H.
Kitahata, N. J.
Suematsu, eds.)
(EAPR S SN
1 | Masato Itami and Shin-ichi Sasa Smgula.r behaviour of time-averaged stress J. Stat. Mech. 2018(12), 2018
fluctuations on surfaces 123210
e o
Why Might the Standard Large-N Analysis . .
| (1) Shunsuke Yabunaka and Fail in the O(N) Model: The Role of Cusps in | - WSicalreview | 53 13161 1-5 2018
Bertrand Delamotte . . . letters
Fixed Point Potentials
Schnyder, Simon K.
Alice L. Thorneywork, Simon
K. Schnyder, Dirk G. A. L. Structure factors in a two-dimensional binary . . 111(36), 8873-
! Aarts, Jirgen Horbach, Roland | colloidal hard sphere system Molecular Physics 8876 2018
Roth, and Roel P. A. Dullens
. Exploration of Quenching Pathways of
1 ;’lsuzll(lkl’ S. Macda, K. Multiluminescent Acenes Using the GRRM J. Phys. Chem. A 349138;14797 2015
orokuma Method with the SF-TDDFT Method
S Sasaki, S Surai, WALC, | (0 R e ot | J.m. G
2 | Sameera, K. Igawa, K. & £y 0 tune simp . - Am. Lhem. 138, 8194-8206 | 2016
S hydrocarbons as steric environment-sensitive | Phys.
Morokuma, G. Konishi,
fluorophores
The K-Region in Pyrenes as a Key Position
S.Sasaki, S.Suzuki, K. Igawa, to Activate Aggregation-Induced Emission:
3 K. Morokuma, G. Konishi, Effects of Introducing Highly Twisted N,N- J- Org. Chem. 82, 6865-6873 2017
Dimethylamines
Sharma, Akhilesh Kumar
A Computational Study on the Mechanism
A. K. Sharma, W. M. C. and Origin of the Reigioselectivity and
1 | Sameera, Y. Takeda, S. Stereospecificity in Pd/SIPr-Catalyzed Ring- | ACS Catal. 9(5), 4582-4592 2019

Minakata

Opening Cross-Coupling of 2-Arylaziridines
with Arylboronic Acids
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Asymmetric Synthesis of B*Aryl Amino
Y. Takeda, T. Matsuno, A. K. Acids through Pd-Catalyzed Enantiospecific 25(43), 10226-
2 | Sharma, W. M. C. Sameera, S. and Regioselective Ring-Opening Suzuki- Chem. Eur. J. 10231 ’ 2019
Minakata Miyaura Arylation of Aziridine-2-
carboxylates
CO2 reduction by a Mn electrocatalyst in the Sustainable Ener
3 | M. Isegawa, A. K. Sharma presence of a Lewis acid: a DFT study on the Fuels & 3(7), 1730-1738 2019
reaction mechanism
4 M. Isegawa, A K. Sharma, S. Elec.:tron fmd Hydrlde Transfer in a Redox- 4CS Catal 8(11), 10419- 2018
Ogo, K. Morokuma Active NiFe Hydride Complex: A DFT Study 10429
R
Shinji Aono, Tomohiro Seki, Dependence of Absorption and Emission
1 | Hajime Ito, and Shigeyoshi Spectra on Polymorphs of Gold(I) Isocyanide | J. Phys. Chem. C 123,4773-4794 | 2018
Sakaki Complexes: QM/MM Approach
QM/MM Approach to Isomerization of
Shinji Aono and Shigeyoshi Ruthenium(I) Sulfur Dioxide Complex in 122,20701-
2 Sakaki Crystal; Comparison with Solution and Gas J Phys. Chem. C 20716 2018
Phases
e HEz
Masayuki Nakagaki, Antoine Reversible Oxidative Addition/Reductive 24 11377 —
1 | Baceiredo, Tsuyoshi Kato, and Elimination of a Si-H Bond with Base- Chem. Eur. J. 11’3 35 2018
Shigeyoshi Sakaki Stabilized Silylenes: A Theoretical Insight
EZE?ELPZ% hﬁ?:ﬁ?;ilra Electronic Processes in NO Dimerization
2 aga, 4 . on Ag and Cu Clusters: DFT and MRMP2 J. Comput. Chem. | 40, 181-190 2019
Ryoichi Fukuda, Masahiro Studies
Ehara, and Shigeyoshi Sakaki
Kazushi Fujimoto, Rajadeep
Singh Payal, Tomonori Hattori, | Development of dissociative force field for
3 | Wataru Shinoda, Masayuki all-atomistic molecular dynamics calculation | J. Comput. Chem. | 40,2571-2576 2019
Nakagaki, Shigeyoshi Sakaki, of fracture of polymers
Susumu Okazaki
Lu, Jing
Theoretical Insight into Core—Shell
Jing Lu, Kazuya Ishimura, and Preference for Bimetallic Pt-M (M = Ru, 122 (16), 9081-
! Shigeyoshi Sakaki Rh, Os, and Ir) Cluster and Its Electronic J. Phys. Chem. C 9090 2018
Structure
Zhon, Ronglin
Ko i i Moo | o T0 P SN Kesions
1 | Nagaoka, Yoshiaki Nakao, and . . . Organometallics 37, 3480-3487 2018
Shigeyoshi Sakaki Using a Pd0 Phosphine Complex: Theoretical
Insight and Prediction
Zheng, Jia-Jia
Jia-Jia Zheng, Shinpei Kusaka, Theoretical Insight into Gate-Opening
| S. Ryotaro Matsuda, Susumu Adsorption Mechanism and Sigmoidal J. Am. Chem. Soc. 140(42), 13958- 2018

Kitagawa, and Shigeyoshi
Sakaki

Adsorption Isotherm into Porous
Coordination Polymer

13969
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Haijun Wang, Haifei Cao, Jia-
jia Zheng, Simon Mathew, Finely Controlled Stepwise Engineering
Nobuhiko Hosono, Bihang of Pore Environments and Mechanistic 24(24), 6412-
2 Zhou, Hongliang Lyu, Shinpei Elucidation of Water-Stable, Flexible 2D Chem. Eur:.J 6417 2018
Kusaka, Wanqin Jin, Susumu Porous Coordination Polymers
Kitagawa, and Jingui Duan
Qlao-Zhl Li, Jia-Jia Zheng,'ng La-La Bond§d Dlmetallf).fll.llerenes [La2@ Phys. Chem. 20(21), 14671-
3 | He, Shigeru Nagase, and Xiang | C2n]—: Species for Stabilizing C2n (2n = Chem. Phvs 14678 2018
Zhao 92-96) besides La2C2@C2n - ES:
Cheng Gu, Nobuhiko Hosono,
4 Jia-Jia Zheng, Yohei Sato, Design and Control of Gas Diffusion Process Science 363(6425), 387- 2019
Shinpei Kusaka, Shigeyoshi in a Nanoporous Soft Crystal 391
Sakaki, and Susumu Kitagawa
(N
Electronic and nuclear flux analysis on
| Rei Matsuzaki and Kazuo n(.)nadlabatlc. electron transfc.:r reac.tlon:.A J. Comput. Chem. 40(1), 148-163 2019
Takatsuka view from single-configuration adiabatic
born—huang representation
Electronic and nuclear fluxes induced by
Rei Matsuzaki and Kazuo quantum interference in the adiabatic and
2 Takatsuka nonadiabatic dynamics in the Born-Huang J. Chem. Phys. 150(1), 014103 2019
representation
e PN
"On the Elementary Chemical Mechanisms
Kentaro Yamamoto and Kazuo of Unidirectional Proton Transfers: A 123(19), 4125-
! Takatsuka Nonadiabatic Electron-Wavepacket Dynamics J. Phys. Chem. 4 4138 2019
Study
ey et
Andres Tehlar, Aaron von s . .
J . Ab initio calculation of femtosecond-time-
1 Conta, Yasuki Arasaki, Kazuo resolved photoelectron spectra of NO2 after | J. Chem. Phys. 149, 034307 (13 2018
Takatsuka, and Hans Jakob . pages)
.. excitation to the A-band
Worner
A. von Conta, A. Tehlar, Conical-intersection dynamics and ground- 9,3162 (10
2 | A. Schletter, Y. Arasaki, K. state chemistry probed by extreme-ultraviolet | Nat. Comm. ; es) 2018
Takatsuka, and H. J. Worner time-resolved photoelectron spectroscopy pag
Chemical bonding and nonadiabatic electron
3 Yasuki Arasaki and Kazuo wavepacket dypamlcs in depsely quasi- J. Chem. Phys. 150, 114101 (18 2019
Takatsuka degenerate excited electronic state manifold pages)
of boron clusters
(AT YN
1 K. Hanasaki, M. Kanno, T. A. An efficient approximate algorithm for J. Chem. Phys. 149, 244117 2018

Niehaus and H. Kono

nonadiabatic molecular dynamics
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RAZ—Y 2~ (3HREHEE 15:30~17:20)

v ESBRTFEOIIATE (15:30-16:25) . FSNEEO T TR, (16:25-17:20) (Z1F, RAX—H—F
DREITHEERTH LI LTSN,

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

1. Quantitative analysis of QM/MM artifacts and its correction in adaptive QM/MM
(OHiroshi C. Watanabe[1,2] (Quantum Computing Center, Keio University[1], JST PRESTO[2])

2. DABNA ZML\/- OLED M3 Si4iE (B4 2 ERAOTHZ
OftEE B[], EE #02,3]. &l BEk[4] GUKRTI1]. sRFET[2]. &K ESICB[3]. REFE e EE
T.[4])

3. Theoretical study on the fluorescence of azaperylenes derivatives.
Akitsu Hirono[1], Hayato Sakai[1], OShuntaro Kochi[2,3], Tomo Sakanoue[5], Taishi Takenobu[5], Tohru
Sato[2,3,4] and Taku Hasobe[1] (Faculty of Science and Technology, Keio University[1], FIFC[2], Grad.
School. of Eng. Kyoto Univ.[3], ESICB, Kyoto Univ.[4], Department of Chemistry, Department of Applied
Physics, Nagoya University[5])

4. Growth Mechanism of (6,5) Carbon Nanotube: Edge Structures and their Regioselectivities
(OTomohiro Nishikawa[1,2], Tohru Sato[1,2,3], Naoki Haruta[2], Takeshi Kodama[4] and Yohji Achiba[4]
(FIFC[1], Grad. School. of Eng. Kyoto Univ.[2], ESICB[3], Grad. School. of Sci. Tokyo Metropolitan
Univ.[4])

5. Vibronic Coupling Density and Fragment Analyses of NO on Cul/y-alumina Using Hydrogen
Terminated Models
(OWataru Ota[1,2], Yasuro Kojima[2], Saburo Hosokawa[2,3], Kentaro Teramura[2,3], Tsunehiro Tanaka[2,3],
and Tohru Sato[1,2,3] (FIFC [1], Grad. School. of Eng. Kyoto Univ. [2], ESICB [3])
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Singular behaviour of time-averaged stress fluctuations on surfaces
(OMasato Itami[1] and Shin-ichi Sasa[2] (FIFC[1], Dept. of Phys. Kyoto Univ.[2])

Theoretical Study on C—X o-Bond Activation by Rh(PAIP) Complexes
OQiao-Zhi Li[1], Yoshiaki Nakao[2] and Shigeyoshi Sakaki[1] (FIFC[1], iCeMS, Kyoto Univ.[2])

=y ()-F/ /4 FEEDREVEREFHEIRIRIV A XLOBARR: BRI OHF:ER
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OwdE FeEZ[1]. HFE FE1R01]. S H FCR2]. Ak JBER] Mg B7[2] il A1) Gikta s
B[1]. AEKRBEEE2])

HEREAERERGEEEABARRBEILOBHEERETLZAVE-ERMAR (TD-LC-
DFTB/PCM)

OlA sk GERfEHE)

Collective motion of cells on a substrate
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