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2.N. Ochi, Y. Nakao, H. Sato, and S. Sakaki, “Theoretical Study of C-H and
N-H -Bond Activation Reactions by Titinium (IV)-Imido Complex. Well
Understanding based on Orbital Interaction and Theoretical Proposal for N-H
-Bond Activation of Ammonia”, J. Am. Chem. Soc., 129, 8615-8624 (2007).
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J. Am. Chem. Soc., 130, 12975-12985 (2008).
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Quantum Capping Potential (FOC-QCP) for Bulky Ligand of Transition
Metal Complexes”, J. Phys. Chem. A, 112, 1946-1955 (2008).
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Binding Process in Iron(IIl) Catechol Dioxygenase: “Oxygen Activation” vs.
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2. W. Olovsson, I. Tanaka, T. Mizoguchi, P. Puschnig, and C. Ambrosch-Draxl,
All-electron Bethe-Salpeter calculations for shallow-core x-ray absorption near-edge
structures
Phys. Rev. B'79, (2009) 041102.
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First-principles-based phase diagram of the cubic BNC ternary system
Phys. Rev. B 77, (2008) 094121
4. 1. Tanaka and F. Oba,
First principles calculations for modern ceramic science and engineering
J. Phys: Condens. Matter 20, (2008) 064215
5. A. Seko, A. Togo, F. Oba, and I. Tanaka,
Structure and stability of a homologous series of tin oxides
Phys. Rev. Lett. 100, (2008) 045702
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Effects of Breit interaction on the L-2,L-3 x-ray absorption near-edge structures of 3d
transition metals Phys. Rev. B 77, (2008) 075127.
7. K. Yuge, A. Seko, A. Kuwabara, F. Oba, and . Tanaka,
Ordering and segregation of a Cu,sPt,5(111) surface: A first-principles cluster expan-
sion study
Phys. Rev. B 76, (2007) 045407.
8. A. Zerr, R. Riedel, T. Sekine, J. E. Lowther, W. Y. Ching, and I. Tanaka,
Recent advances in new hard high-pressure nitrides Adv. Mater. 18, (2006) 2933-48.
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1. T. Sakaue and T. Ohta, Probing Nonequilibrium Fluctuations through Linear
Response, Phys. Rev. E 77, 050102R (2008)

2. M. Yanagisawa, M. Imai, T. Masui, S. Komura, Takao Ohta, Growth Dy-
namics of Domains in Ternary Fluid Vesicles, Biophysical Journal 92, 115-
125 (2007)

3. H. Shoji, K. Yamada, D. Ueyama and Takao Ohta, Turing patterns in three
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4.H. Tokuda, V. S. Zykov, and Takao Ohta, External forcing and feedback
control of nonlinear dissipative waves, Phys. Rev. E 75, 066203(11) (2007)

5. M. Kaga and Takao Ohta, Shrinkage Dynamics of a Vesicle in Surfactant So-
lutions, Eur. Phys. J. E 21, 91-98 (2006)

6.H. Tokuda and Takao Ohta, Entrainment and modulation of nonlinear
dissipative waves under external forcing, J. Phys. Soc. Jpn., 75, 064005
(2006)

7.N. Yoshinaga, K. Yoshikawa and Takao Ohta, Different pathways in me-
chanical unfolding/folding cycle of a single semiflexible polymer, European
Physical Journal E 17, 485-491 (2005)
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1. T. Mori, T. Sato, M. Kyotani, K Akagi, “Macroscopically Aligned Helical Conjugated

Polymers in Orientation-Controllable Chiral Nematic Liquid Crystal Field”, Macromole-
cules, 42, 1817 (2009).

. M. Kyotani, S. Matsushita, T. Nagai, Y. Matsui, M. Shimomura, A. Kaito. K. Akagi,

“Helical Carbon and Graphitic Films Prepared from lodine-Doped Helical Polyacetylene
Film using Morphology-Retaining Carbonization”, J. Am. Chem. Soc., 130, 10880
(2008).

. K. Akagi, “Helical Polyacetylene Synthesized in Chiral Nematic Liquid Crystal”, Hand-

book of Conducting Polymers, Third Edition, Conjugated Polymers, Eds. T. A.
Skotheim and J. R. Reynolds. CRC Press, 3, p.3-14 (2007).

. K. Akagi, “Liquid Crystalline Conjugated Polymers - Synthesis and Properties”,

Thermotropic Liquid Crystals: Recent Advances, Ed. by A. Ramamoorthy, Springer,
chap. 9, p.249 - 275 (2007).

. M. Goh, M. Kyotani, K. Akagi, “Highly Twisted Helical Polyacetylene with Morphol-

ogy Free From Bundle of Fibrils Synthesized in Chiral Liquid Crystal Reaction Field”,
J. Am. Chem. Soc., 129, 8519 (2007).

. K. Akagi, S. Guo, T. Mori, M. Goh, G. Piao, M. Kyotani, “Synthesis of Helical

Polyacetylene in Chiral Nematic Liquid Crystals using Crown Ether Type Binaphthyl
Derivatives as Chiral Dopants”, J. Am. Chem. Soc., 127, 14647 (2005).

. H. Goto, K. Akagi, “Optically Active Conjugated Polymers Prepared from Achiral

Monomers by Polycondensation in a Chiral Nematic Solvent”, Angew. Chem. Int. Ed.,
44, 4322 (2005).
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1.H. Imahori, T. Umeyama, “Donor-Acceptor Nanoarchitecture on
Semiconducting Electrodes for Solar Energy Conversion,” J. Phys. Chem. C
(Feature Article), 113, 9029-9039 (2009).

2. A. Kira, T. Umeyama, Y. Matano, K. Yoshida, S. Isoda, J.-K. Park, D. Kim,
H. Imahori, “Supramolecular Donor-Acceptor Heterojunctions by Vectorial
Stepwise Assembly of Porphyrins and Coordination-Bonded Fullerene Ar-
rays for Photocurrent Generation,” J. Am. Chem. Soc., 131, 3198-3200
(2009).

3. T. Umeyama, H. Imahori, “Carbon Nanotube-Modified Electrodes for Solar
Energy Conversion,” Energy Environ. Sci. (Perspective), 1, 120-133 (2008).

4. H. Imabhori, “Creation of Fullerene-Based Artificial Photosynthetic Systems,”
Bull. Chem. Soc. Jpn. (Award Accounts), 80, 621-636 (2007).

5. T. Hasobe, H. Imahori, P. V. Kamat, T. K. Ahn, S. K. Kim, D. Kim, A.
Fujimoto, T. Hirakawa, S. Fukuzumi, “Photovoltaic Cells Using Composite
Nanoclusters of Porphyrins and Fullerenes with Gold Nanoparticles,” J. Am.
Chem. Soc., 127, 1216-1228 (2005).

1.2002 “F-SPP (The Society of Porphyrins and Phthalocyanines )-JPP (The
Journal of Porphyrins and Phthalocyanines) Young Investigator Award

2004 AL A E

. 2006 4F 0 A AR Bl B

. 2006 4 H AL A0 E

20074EHET Y ) - TH—T L2l )L K - AHVE
. 2007 K BRH A E

2007 A ART SIS

~N N L AW




I EHEHE - R—/8—/\(HF—

[K4 (5027e)]
(4 ]

[Fre]

[FgE=]

((ERGEEERD

[FAX]

[ET AT KL R]
[R—2—]
(AF5E 557 ]
[BUAEDOIF L]
[BFENAF—T— K]
[t 7]

[=47]

(s e ]

(TS MIFIENE]

GHEE=S
[FimE)]

[E7aEE i)
(G ESHELIN)

[FfrBatROsZ H]

Vet
Bz
b sepr WAL PR 5 TSR ST Ik
FIRF v o ST AR C-339 5=

0774-38-3080

B (S&) k)

0774-38-3084

naokis@e.kuicr.kyoto-u.ac.jp

http://www kuicr.kyoto-u.ac.jp/labos/is2/scope J.html

AL

APERE T - EIEOMNE - B S - OB

AREEER - AHOEE - S FRAE - B - itk - o1 RIEE
197643 A HUR R E R FBE B PR SR HE PR MR R B e T
19834F3 H Bt (ROURS)

197644 A 73 1B e it o0 T8 R 50 R . 1984474 H REAR K21
Eg%j%iﬁwmim R RSFPHEEF B EIZ . 1992455 H 5 RS2 24wt
P s

19894F5 H -7 H A =—7 > Linkoping KB %R} (William R. Salaneck
#4%) (Visiting Scholar)

AAMES, BAE S, AADIES, HTRER

HAL P A ek, BRSPS ARG T 1 EYa v EAE, 5
FRPREEER

1. R. Murdey, N. Sato and M. Bouvet, Frontier electronic structures in fluori-
nated copper phthalocyanine thin films studied using ultraviolet and inverse
photoemission spectroscopies, Mol. Cryst. Lig. Cryst. 455, 211-218 (2006).

2. H. Yoshida, K. Inaba and N. Sato, X-ray diffraction reciprocal space map-
ping study of the thin film phase of pentacene, Appl. Phys. Lett. 90 181930
[3 pages] (2007).

3. K. Katoh and N. Sato, Preparation and characterization of a -conjugated
donor-accepter-type ligand molecule with redox abilities, Chem. Lett. 37,
618-619 (2008).

4.H. Yoshida and N. Sato, The crystallographic and electronic structures of
three different polymorphs of pentacene, Phys. Rev. B 77, 235205 [11 pages]
(2008).

5.J. Tsutsumi, T. Sasamori, H. Yoshida, N. Tokitoh, N. Sato, S. Kato, I.
Muzikante and O. Neilands, A noncentrosymmetric crystal structure of a
zwitterionic compound, pyridinium 5,7-dihydro-5,7-dioxo-6H-cyclopenta [b]
pyridin-6-ylide, realized by weak hydrogen bonds, J. Mol. Struct. 920, 52-60
(2009).
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2. “Adsorbed states and STM induced migration of acetylene on Cu(110)”, T.
Kumagai, S. Hatta, H. Okuyama and T. Aruga, J. Chem. Phys. 126, 234708
(1-6) (2007).

3. “Surface Peierls transition on Cu (001) covered with heavier p-block
metals”, T. Aruga, Surf. Sci. Rep. 61, 283-302 (2006).

4. “Order-disorder transition in the surface charge-density-wave phase of

Cu(001)-c(4x4)-In”, S. Hatta, H. Okuyama, T. Aruga, and O. Sakata, Phys.
Rev. B 72, 081406 (2005).

5. “Temperature dependence of the charge-density-wave energy gap on
In/Cu (001)”, S. Hatta, H. Okuyama, M. Nishijima, and T. Aruga, Phys. Rev.
B 71, 041401 (2005).




I EHEHE - R—/8—/\(HF—

[K4 (5027e)]
(4 ]

[Fre]

[FgE=]
((ERGEEERD

[FAX]

(BT AT FL=2]
[FR—2r—)
(AF5E 557 ]
[BUAEDOIF L]
Era e
[7hr]

(0 5 ]

GHEE=S

(Ergty, i)
(it 2256 LLPY)

[FfrBatROZ H]

g EE (o L)
i

BUAATERE LR
BRI TER

075-753-4004

075-753-4000

shigeki@kuchem.kyoto-u.ac.jp
http://kuchem.kyoto-u.ac.jp/riron/index.html

2 i o SN s e =2
EEERIEFA T3 o 2 RSN ORI
19764F LA R AR F Bt TR e Rt i L P BB R R T
1976 4 T2+ GRS
1977457 1 B At JE T B am I 72 R Bh
198444, 1y R R PR B T

198544 ify 8 R Za Fpa bl

19864 HUR R P A3 1l B iz
19904F U R BRI Ef%

HALFR, My Fa.

1. Yamamoto, Takeshi; Kato, Shigeki. Ab initio calculation of proton-coupled

. Higashi, Masahiro; Hayashi, Shigehiko; Kato, Shigeki.

. Higashi, Masahiro; Hayashi, Shigehiko; Kato, Shigeki.

. Minezawa, Noriyuki; Kato, Shigeki.

. Yamazaki, Shohei; Kato, Shigeki.

1992 4E H A IBM BH 7B

HAWK 2. HAMRS, 74U {bps
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Research Leader Keljl MOROKUMA V-FU—5—  GhAE AR

The central theme of research of our group is “simulation of complex systems”, with a special emphasis on
theories of chemical reactions. The goals of the research of this group are 1. to develop further hybrid (such
as ONIOM)and other theoretical methods, 2. to demonstrate that such hybrid methods can be used for
simulations of structures, reactions and dynamics and 3. to solve some of the important problems in each
field. Our research is supported in part by the Institute and in large fraction by a 5-year grant in the area of
High Performance Computing for Multi-Scale and Multi-Physics Phenomena from CREST (Core Research
for Evolutional Science and Technology) program of JST (Japan Science and Technology Agency) until
March 2012. With seven to ten postdoctoral fellows (both Fukui fellows and JST fellows) in the group, as
well as with collaboration with my group at Emory University, we have a strong team of
theoretical/computational chemists working together toward a common goal.

(1) Simulations of Nanomaterials. We continued our research efforts on quantum chemical molecular
dynamics (QM/MD) computations of carbon nanostructure formation based on density functional tight
binding (DFTB). Single-walled carbon nanotubes (SWNTs) have been one of representative
nanotechnology materials and their various potential applications. Although SWNTs are known to be
efficiently synthesized using metal catalyst, its growth mechanism is still not well understood. In order to
understand interplay among feedstock carbon, nanotube, and metal, we have implemented growth
simulations of metal-catalyzed SWNT using DFTB MD simulations. In 2007 we succeeded for the first
time to simulate continued growth SWNT on Fe cluster in our simulation studies. This year we have
successfully simulated SWNT growth from scratch (without seed SWNT) under a variety of conditions
and our understanding of the growth process has given insight to its mechanism which has not been seen
previously from either experimental or theoretical studies.

(2) Simulations of Biomolecular Systems. In recent years we have been studying structures and
reactions of metalloenzyme systems mainly using the active site models, models in which the reaction
center metal atoms, the first-shell ligands to the metal centers, the substrate and some times a few water
molecules and next-shell ligands are explicitly included in the QM calculations, but all the other effects of
protein are neglected. In the last few years we have started to consider the environmental effects of protein
explicitly employing the ONIOM QM/MM scheme. We have been mainly optimizing the structures of
intermediates and transition states of enzymatic reactions using very efficient micro-optimization scheme.
In some cases we are also including the statistical or entropic effects of protein by performing QM/MM
molecular dynamics. In a few examples we have found that the protein effects completely changed the
mechanism of reaction, compared to the active-site models. In such a case, the involvement of protein

environment not included in the active-site model is essential for the reaction.
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Multi-scale methods for biological reactions
Oxygen activation, reaction mechanisms, QM/MM, ONIOM method
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May 2005, Doctor of Philosophy, Stockholm University, Sweden

Doctor of Philosophy, Stockholm University
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nications AB, Sweden.

American Chemical Society

1. M. Lundberg and P.E.M. Siegbahn, Theoretical Investigations of Structure
and Mechanism of the Oxygen-evolving Complex in PSII, Phys. Chem.
Chem. Phys. 20, 2004, 4772-4780.

2. M. Lundberg and P.E.M. Siegbahn, Quantifying the Effects of the Self-
interaction Error in DFT - When do the Delocalized States Appear?, J.
Chem. Phys. 122, 2005, 224103-(1-9).

3. M. Lundberg and K. Morokuma, Protein Environment Facilitates O, Binding
in Non-Heme Iron Enzyme. An Insight from ONIOM Calculations on
Isopenicillin N Synthase (IPNS), J. Phys. Chem. B 111, 2007, 9380-9389.

4. M. Lundberg, T. Kawatsu, T. Vreven, M. J. Frisch and K. Morokuma, Tran-
sition States in a Protein Environment-ONIOM QM:MM Modeling of
Isopenicillin N Synthesis, J. Chem. Theory. Comp. 5, 2009, 220-234.

5.M. Lundberg and K. Morokuma, Determining Transition States in
Bioinorganic Reactions, In Computational Inorganic and Bioinorganic
Chemistry, Eds. E.I. Solomon, R.B. King, and R.A. Scott, Wiley
Interscience, In Press.

2005 Arrhenius Award
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Lung Wa Chung (DA » HwwA)
FIFC Fellow

Fukui Kenichi Memorial Research Group 1, Fukui Institute for Fundamental
Chemistry

Room 212

075-711-7631

chung@fukui.kyoto-u.ac.jp

Computational Chemistry

Metalloenzymes, photobiology, multi-scale simulations
Reaction mechanism of metalloenzymes and photobiologies

August 2000, B. Sc. in .Chemistry (1* Hon.), The Hong Kong University of
Science & Technology.

August 2003, M. Phil. in Chemistry, The Hong Kong University of Science &
Technology.

August 2006, Ph.D. in Chemistry, The Hong Kong University of Science &
Technology.

Ph.D. in Chemistry from The Hong Kong University of Science & Technology

1. Chung, L. W.; Wiest, O.; Wu, Y.-D. “A Computational Study on the
Intramolecular Hydroacylation of 4-Alkynal Catalyzed by Cationic Rhodium
Complex” J. Org. Chem. 2008, 73, 2649.

2. Chung, L. W.; Li, X.; Sugimoto, H.; Shiro, Y.; Morokuma, K. “A DFT Study
on a Missing Piece in Understanding of Heme Chemistry: The Reaction
Mechanism for Indoleamine 2,3-Dioxygenase (IDO) and Tryptophan 2,3-
Dioxygenase (TDO)” J. Am. Chem. Soc. 2008, 130, 12298.

3. Chung, L. W.; Hayashi, S.; Lundberg, M.; Nakatsu, T.; Kato, H.; Morokuma,
K. “Mechanism of Efficient Firefly Bioluminescence via Adiabatic Transi-
tion State and Seam of Sloped Conical Intersection” J. Am. Chem. Soc.
(Communication) 2008, 130, 12880.

4. Wu, Y.-D.; Chung, L. W.; Zhang, X.-H. “Hydrosilylation Reactions Discov-
ered in the Last Decade: Combined Experimental and Computational Studies
on the New Mechanisms,” In: “Computational Modeling for Homogeneous
and Enzymatic Catalysis” Morokuma, K.; Musaev, D. G. Eds. WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, 2008, pp285-316.

5. Li. X.; Chung, L. W.; Paneth, P.; Morokuma, K. “DFT and ONIOM (DFT:
MM) Studies on Co-C Bond Cleavage and Hydrogen Transfer in B12-
Dependent Methylmalonyl-CoA Mutase. Stepwise or Concerted Mecha-
nism?” J. Am. Chem. Soc. 2009, 131, 5115.

6. Li. X.; Chung, L. W.; Mizuno, H.; Miyawaki, A.; Morokuma, K. “A Theo-
retical Study on the Natures of On- and Off-States of Reversibly
Photoswitching Fluorescent Protein Dronpa: Absorption, Emission,
Protonation and Raman” (revision).

7.Chung, L. W.; Li, X.; Morokuma, K. “Modeling Enzymatic Reactions in
Metalloenzymes and Photobiology by Quantum Mechanics (QM) and Quan-
tum Mechanics/Molecular Mechanics (QM/MM) Calculations," In "Quan-
tum Biochemistry” Matta, C. Eds. WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim, 2009 (an invited contribution).

8. Noda, S.; Nakamura, A.; Kochi, T.; Chung, L. W.; Morokuma, K.; Nozaki,
K. “Mechanistic Studies on the Formation of Linear Polyethylene Chain
Catalyzed by Palladium Phosphine-Sulfonate Complexes: Experiment and
Theoretical Studies™, J. Am. Chem. Soc./ 2009, 131, 14088.

9.Chung, L. W.; Li, X.; Sugimoto, H.; Shiro, Y.; Morokuma, K. “ONIOM
Study on a Missing Piece in Our Understanding of Heme Chemistry: Bacte-
rial Tryptophan 2,3-Dioxygenase (TDO)”, manuscript in preparation.
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Biswajit Saha (U LE D)

FIFC Fellow

Morokuma Group, Fukui Institute for Fundamental Chemistry
Room 203

075-711-7834

075-781-4757

saha@fukui.kyoto-u.ac.jp

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

Computational Chemistry

Molecular dynamics simulations and electronic structure calculations of nano-
materials

Fullerene, nano-tube, metallofullerene, polycyclic aromatic hydrocarbon,
DFTB

November 1998, Master of Science, Calcutta University, India
December 2003, Doctor of Science, Indian Association for the Cultivation of
Science (IACS), Jadavpur University, India

Ph. D. (Science)

December 2003, Postdoctoral fellow, University of Kassel, Germany
September 2004, JSPS postdoctoral fellow, Kyoto University, Japan
November 2006, Postdoctoral fellow, FIFC, Kyoto University, Japan

Life member, IACS, India
Reviewer, the Journal of Quantitative Spectroscopy and Radiative Transfer

1. B. Saha, S. Shindo, S. Irle, K. Morokuma, “Quantum Chemical Molecular
Dynamics Simulations of Dynamic Fullerene Self-Assembly in Benzene C
ombustion”, ACS Nano 3, 2241 (2009)

2. B. Saha, M. Ehara, H. Nakatsuji, “Investigation of electronic spectra and Ex-
cited-state geometries of poly-para-phenylene vinylene (PPV) and poly-para-
phenylene by symmetry adapted configuration-interaction (SAC-CI)
method”, J. Phys. Chem. A 111, 5473, (2007).

3. B. Saha, S. Fritzsche, “Influence of dense plasma on the low lying transitions
in Be-like ions: relativistic multiconfiguration Dirac-Fock calculation”, J.
Phys. B: At. Mol. Opt. Phys. 40, 259 (2007).

4. B. Saha, M. Ehara, H. Nakatsuji, “Singly and doubly excited states of buta-
diene, acrolein and glyoxal: geometries and electronic spectra”, J. Chem.
Phys. 124, 014316 (2006).

5.B. Saha, S. Fritzsche, “Be I isoelectronic ions embedded in hot plasma”,
Phys. Rev. E 73, 036405 (20006).

JSPS postdoctoral research fellowship 2004-2006
Research fellowship, IACS, India 1999-2003
National scholarship, Indian Government, 1990-1995
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Thomas V. Grimes (&—£9 <HWed)
FIFC Fellow

Fukui Institute for Fundamental Chemistry
Room 207

075-711-7893

075-781-4757

grimes@fukui.kyoto-u.ac.jp

Computational Chemistry

Properties of nanomaterials
CNT-encapsulates

2004, Bachelor of Science, Chemistry, Letourneau University
2007, Doctor of Chemistry, University of North Texas

Doctor of Chemistry

2004-2007 University of North Texas
2008-2009 FIFC
2009-present Texas Tech University

American Chemical Society

1. “Performance of the correlation consistent Composite Approach for transi-
tion states: A comparison to G3B theory;” T. V. Grimes, T. R. Cundari, A.
K. Wilson, N. J. DeYonker; J. Chem. Phys., 2007, 127, 154117/1-154117/8

2. “Activation of Carbon-Hydrogen Bonds via 1,2-Addition across M-X (X =
OH or NH,) Bonds of d° Transition Metals: A Computational Study;” T. R.
Cundari, T. V. Grimes, T. B. Gunnoe; J. Am. Chem. Soc., 2007, 129, 13172-
13182

3. “Intertrimer and Intratrimer Metallophilic and Excimeric Bonding in the
Ground and Phosphorescent States of Trinuclear Coinage Metal Pyrazolates:
A Computational Study;” T. V. Grimes, M. A. Omary, H. V. R. Dias, T. R.
Cundari; J. Phys. Chem. A 2006, 110, 5823-5830.

4. “Octahedral [TpRu (PMe ; ), OR]"" Complexes (Tp = hydridotris (pyrazolyl)
borate; R=H or Ph; n=0 or 1): Reactions at Ru(II) and Ru(IIT) Oxidation
States with Substrates that Possess Carbon-Hydrogen Bonds;” Y. Feng, T. B.
Gunnoe, T. V. Grimes, T. R. Cundari; Organometallics 2006, 25, 5456-5465.

5. “The correlation-consistent composite approach: Application to the G3/99

test set;” N. J. DeYonker, T. V. Grimes, S. Yockel, A. Dinescu, B. Mintz, T.
R. Cundari, A. K. Wilson; J. Chem. Phys. 2006, 125, 104111

Fukui Fellow
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[(FF7E5 8] | EREYIaL—ay
[BAEOHIFERE] | BER OGO B L —aH 5
[FENAF—U—F] | EEH. KOG, BHZVE— S FE N &1
(7] | 2002452 A 4 R R B A SR B B s I A R T
[“~6r] | 20024E2 H B (4 R KT
[B&IEE] | 20024 3A T 22— RFALFRIARA R
20054F 9H Y a =7 TRRFALFELFRAA R
2006411 H 5B FR Ik L ahi it 2 —IST7 = n—
[FrJE~~2] | American Physical Society, American Biophysical Society,

H A B2

1. M. Lundberg, T. Kawatsu, T. Vreven, M. J. Frisch and K. Morokuma, “Tran-
sition states in the protein environment - ONIOM QM:MM modeling of
isopenicillin N synthesis,” J. Chem. Theory Comput. 2009, 5, 222-234.

[E7aEE i)
(G ESHELIN)

2. T. Kawatsu, V. Coropceanu, A. Ye, J.-L. Brédas, “A Quantum-Chemical Ap-
proach to Electronic Coupling: Application to Charge Separation and Charge
Recombination Pathways in a Model Molecular Donor-Acceptor System for
Organic Solar Cells,” J. Phys. Chem. C 2008, 112, 3429-3433.

3. T. Kawatsu, D. N. Beratan, T. Kakitani, “Conformationally averaged score
functions for electronic propagation in proteins,” J. Phys. Chem. B 2006,
110, 5747.

4. T. Kawatsu, D. N. Beratan, “Electron transfer between cofactors in protein
domains linked by a flexible tether,” Chem. Phys. 2006, 326, 259.

5.8S. S. Skourtis, I. A. Balabin, T. Kawatsu, D. N. Beratan, “Protein dynamics
and electron transfer: electronic decoherence and non-Condon effects,” Proc.
Natl. Acad. Sci. USA 2005, 102, 3552.

6. H. Nishioka, A. Kimura, T. Yamato, T. Kawatsu, T. Kakitani, “Interferenc
e, fluctuation and alternation of electron tunneling in protein media. 2. Non-
Condon theory for the energy gap dependence of electron transfer rate,” J.
Phys. Chem. B 2005, 109, 15621.

7. H. Nishioka, A. Kimura, T. Yamato, T. Kawatsu, T. Kakitani, “Interferenc
e, fluctuation and alternation of electron tunneling in protein media. 1. Two
tunneling routes in photosynthetic reaction center alternate due to thermal
fluctuation of protein conformation,” J. Phys. Chem. B 2005, 109, 1978
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1. Yasuhito Ohta, Yoshiko Okamoto, Stephan Irle and Keiji Morokuma,
“Temperature dependence of iron-catalyzed continued single-walled

carbon nanotube growth rates: density functional tight-binding molecular
dynamics simulations” J. Phys. Chem. C. 113, 159-169(2009).

2 Yasuhito Ohta, Yoshiko Okamoto, Stephan Irle and Keiji Morokuma,
“"Density-functional tight-binding molecular dynamics simulations of
SWCNT growth by surface carbon diffusion on an iron cluster” Carbon 47,
1270-1275 (2009).

3 Yasuhito Ohta, Yoshiko Okamoto, Stephan Irle and Keiji Morokuma,
“Single-walled carbon nanotube growth from a cap fragment on an iron
nanoparticle: density-functional tight-binding molecular dynamics simula-
tions” Phys. Rev. B 79, 195415 (2009).

4 Yasuhito Ohta, Yoshiko Okamoto, Stephan Irle and Keiji Morokuma,
“Growth simulations of a single walled carbon nanotube on an iron cluster:
Density functional tight-binding molecular dynamics” ACS NANO 2, 1437-
1444 (2008).

5 Yasuhito Ohta, A. Soudackov, and S. Hammes-Schiffer
Extended Spin-Boson Model for Nonadiabatic Hydrogen Tunneling in the
Condensed Phase J. Chem. Phys 125, 144522-144537 (2006)

6 Yasuhito Ohta and K. Ohta
Interconversion Behavior of the C-H Bond in the CH, Radical Cation: Ab
initio Molecular Dynamics Study, J. Comput Chem 25, 1910-1919 (2004)

7 Yasuhito Ohta, K. Ohta, and K. Kinugawa
Quantum effect on the internal proton transfer and structural fluctuation in
the H, cluster J. Chem. Phys. 121, 10991-10999 (2004).

8 Yasuhito Ohta, K. Ohta, and K. Kinugawa
Ab initio centroid path integral molecular dynamics: Application to
vibrational dynamics of diatomic molecular systems, J. Chem. Phys. 120,
312-320 (2004).
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1. Y. Okamoto, Spin Wave and Sound in High-Field Phase of Solid Helium-3,
J. Phys. Soc. Jpn. 75, 094601/1-16 (2006).

2.8. Irle, Y. Okamoto, G. Zheng and K. Morokuma, NCC-DFTB Molecular
Dynamics Study of Fe/Co/Ni Catalyst Particle Melting and Carbide Forma-
tion During SWCNT Nucleation, in “DFT calculations on fullerenes and car-
bon nanotubes”, ed. V.A. Basiuk and S. Irle, Research Signpost, 413-434
(2009).

3.Y. Ohta, Y. Okamoto, S. Irle, and K. Morokuma, Density-functional tight-
binding molecular dynamics simulations of SWCNT growth by surface car-
bon diffusion on an iron cluster, Carbon, 47, 1270-1275 (2009).

4.7Y. Ohta, Y, Okamoto, S, Irle, and K. Morokuma, Temperature dependence
of SWNT growth process on an iron cluster: density Journal of Low Tem-
perature Physics #5134 1-275 151 (20044F1H)
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Xin Li (LA Y)

JST Fellow

Fukui Institute for Fundamental Chemistry
Room 212

075-711-7647

075-781-4757

lixin@fukui.kyoto-u.ac.jp

Computational Chemistry

1. Radical Reaction Mechanism in B,,-Dependent Methylmalonyl-CoA Mutase
2. Reversibly Photoswitchable Fluorescent Protein: Dronpa
3. Irreversible Photoconversion Fluorescent Protein: Kaede

Reaction mechanisms of ,metalloenzymes and photobiology

June 2005, Ph. D., College of Chemistry, Liaoning Normal University
Ph. D. in Physical Chemistry from Liaoning Normal University

July 2005-May 2007, Postdoctoral Fellow, Peking University

1. Xin Li and Zhong-Zhi Yang, “An Ab initio Study of Proton-Transfer Reac-
tion in Beer(H2 0), and the Spatial Changing Feature in the Formation Proc-
ess of Hydroxide", J. Theor. Comp. Chem. 5(1), 75-85 (2006).

2.Xin Li and Zhong-Zhi Yang, “ABEEM/MM-based Pair Potential for Mo-
lecular Dynamics Simulation of Fez+(aq) and F63+(aq)”, J. Theor. Comp.
Chem. 5(1), 341-353 (20006).

3.Ling Xu, Xin Li, et al., “Ion-Specific Swelling of Poly (Styrene Sulfonic
Acid) Hydrogel”, J. Phys. Chem. B 111(13), 3391-3397 (2007).

4. Fu-Qiang Shi, Xin Li, et al., “DFT Study of the Mechanisms of In Water
Au(l)-Catalyzed Tandem [3,3]-Rearrangement/Nazarov Reaction/[1,2]-
Hydrogen Shift of Enynyl Acetates: A Proton-Transport Catalysis Strategy in
the Water-Catalyzed [1,2]-Hydrogen Shift”, J. Am. Chem. Soc. 129, 15503-
15512 (2007).

5. Xin Li, Si-Yu Ye, Chuan He, and Zhi-Xiang Yu, “Mechanisms of Br?nsted
Acid Catalyzed Additions of Phenols and Protected Amines to Olefins: A
DFT Study”, Eur. J. Org. Chem. 4296-4303 (2008).

6. Lung Wa Chung, Xin Li, Hiroshi Sugimoto, Yoshitsugu Shiro, Keiji.
Morokuma, “A DFT Study on a Missing Piece in Understanding of Heme
Chemistry: The Reaction Mechanism for Indoleamine 2,3-Dioxygenase
(IDO) and Tryptophan 2,3-Dioxygenase (TDO)” J. Am. Chem. Soc. 131,
12298 (2008).

7. Xin Li, Lung Wa Chung, Piotr Paneth, and Keiji Morokuma, “DFT and
ONIOM(DFT:MM) Studies on Co-C Bond Cleavage and Hydrogen Transfer
in B12-Dependent Methylmalonyl-CoA Mutase. Stepwise or Concerted Me
chanism?” J. Am. Chem. Soc. 131, 5115-5125 (2009).

8. Xin Li, Lung Wa Chung, Hideaki Mizuno, Atsushi Miyawaki, and Keiji
Morokuma, “A Theoretical Study on the Nature of On- and Off-States of Re-
versibly Photoswitching Fluorescent Protein Dronpa: Absorption, Emission,
Protonation and Raman™, (in revision).

Postdoctoral Science Fund of China in Peking University, 2006.
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Pavel V. Avramov
JST Fellow (2008)

Fukui Institute for Fundamental Chemistry

paul@iph.krasn.ru
Electronic structure calculations of novel materials

Electronic structure of silicon and carbon nanoclusters

Electronic structure of elementary carbon and silicon/silica nanoclusters, dy-
namics of the atomic base of carbon nanoclusters and their derivatives, struc-
ture and properties of Goldberg-type silicon and carbon clusters

Krasnoyarsk State University, 1982
PhD (1992), Candidate of Sciences (phys. and math, 2001)

1993-now, Institute of Physics of the Russian Academy of Sciences,
Krasnoyarsk, Russia;

1997-now Chair of inorganic Chemistry, Chair of Physical Chemistry, Chair of
Analytical Chemistry, Group of electronic structure of novel nanostructured
materials, Krasnoyarsk State University, Siberian State University Russia;
2002-2003, Rice University, USA,

2003-2004, Ames National Lab, 2005-2008, JAE

ACS, WATOC, JSAP, etc.
PRB, PRL, JPC referee

1. Sorokin P.B., Avramov P.V., Chernozatonskii L.A., Fedorov D.G.,
Ovchinnikov S.G., Atypical Quantum Confinement Effect in Silicon
Nanowires, J. Phys. Chem. A, 112, 9955-9964 (2008).

2. Avramov P.V., Fedorov D.G, Sorokin P.B., Chernozatonskii L.A.,
Ovchinnikov S.G., Quantum Dots Embedded into Silicon Nanowires Effec-
tively Partition Electron Confinement, J. Appl. Phys., 104, 054305-1 -
054305-6 (2008).

3. Avramov P.V., Sakai S., Naramoto H., Narumi K., Matsumoto Y., Maeda Y.,
Theoretical DFT Study of Atomic Structure and Spin States of the
Co,(Cyp), (x=3-8, n=1,2) Complex Nanoclusters, J. Phys. Chem. C, 112,
13932-13936 (2008).

4. Sorokin P.B., Avramov P.V., Kvashnin A.G., Kvashnin D.G., Ovchinnikov
S.G., Fedorov A.S., Density functional study of <I110>-oriented thin silicon
nanowires, Phys. Rev. B, 77, 235417-1 - 235417-5 (2008).

5.Sakai S., Sugai 1., Mitani S., Takanashi K., Matsumoto Y., Naramoto H.,
Avramov P.V_, Okayasu S., Maeda Y., Giant tunnel magnetoresistance in co-
deposited fullerene-cobalt films in the low bias-voltage regime. Appl. Phys.
Lett.,, 91, 242104-1 - 242104-3 (2007).

More than 30 grants: international, national or domestic as a participant or
head, European Academy Prize in Physics, 1994.
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Safwat Abdel-Azeim (E5b-o& HSETDH HUL—Tp)
CREST fellow

Fukui Institute for Fundamental Chemistry

Room 212

075-711-7647

safwat.abdel-azeim@fukui.kyoto-u.ac.jp
http://kmweb.fukui.kyoto-u.ac.jp/top/eng/member2.html#safa
Computational Chemistry

Enzymatic catalysis

Metalloenzyme, QM/MM methods, MetH, MetE and homocysteine activation

June 2004, Master of Sci., physical chemistry University of Paris-XI
July 2008, Doctor of Sci., Molecular modeling University of Paris-XI

Doctor of Science from Paris-XI University

Oct. 2008, Postdoctoral Fellow, Kyoto University
SFBBM, société frangaise de biochimie et biologie moléculaire

1. Abdel-Azeim, S., Van Der Rest, G. (2005). Thermochemical properties of
the ammonia-water ionized dimmer probed by ion-molecule reactions. J.
Phys. Chem. A 109, 2505-2513.

2. Mouawad, L., Tétreau, C., Abdel-Azeim, S., Perahia, D. and Lavalette, D.
(2007). CO Migration in cytochrome P450cam studied by molecular dynam-
ics simulations. Prot. Sci., 16, 781-794

3.Darra, E., Abdel-Azeim, S., Manara, A., Shoji, K., Maréchal, J-D.,
Mariotto, S., Cavalieri, E., Perbellini, L., Pizza, C., Perahia, D., Crimi, M.,
and Suzuki, H., (2008). Insight into the apoptosis-induced action of -
bisabolol towards malignant tumour cells: involvement of lipid rafts and bid.
Arch. Biochem. Biophys., 476, 113-123.

4. Abdel-Azeim, S., Mouawad, L., Perahia, D., and Maréchal, J-D, (2008).
Study of the molecular basis of the unusual calcium binding properties of the
Human centrin-2 by a combined MD and QM/MM approach. Poster in the
International Symposium - Theoretical Biochemistry - Methods and Applica-
tions Wenner-Gren Center, Stockholm-Sweden, May 14-17, 2008.

5. Scarabelli, T., Mariotto, S., Abdel-Azeim, S., Shoji, K., Darra, E.,
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molecules in the electronic ground and excited states

potential energy surface, wave packet dynamics, conical intersection, diabatic
representation, QM/MM
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3.W. C. Chung, Z. Lan, Y. Ohtsuki, N. Shimakura, W. Domcke and Y.
Fujimura, Conical intersections involving the dissociative '70% state in 9H-
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Keto path, J. Mol. Struct. (THEOCHEM) 713 , 153-159 (2005).
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General Division Fulltime Faculty

Toshimasa ISHIDA

(1) Analysis of ab initio non-adiabatic trajectories for Schiff base retinal

Non-adiabatic ab initio trajectories were carried out for
Schiff base retinal in vacuo. We analyzed back-bone
movements of the molecule here.

There are several models have been proposed for the
motion of the retinal backbone in the photoisomerization.

We analyzed the time evolution of dihedral angles
related to the backbone CC and CN bonds. In Rhodopsin,
the initial geometry of photoisomerization is confined by
surrounding atoms as the observed crystal structure
indicates and would be inclined to rotate the -C11=C12-
bond in the counterclockwise direction. Thus, we mainly
analyze those trajectories that cause this rotation in the
initial stage of time evolution. Figs. 1 show examples of
the trajectories to generate the (a) all-trans, (b) 9-cis, and
(c) 11-cis forms. Eleven out of all the trajectories
calculated give the all-trans form. In four out of the 11

-C11=C12- bond

counterclockwise direction (dihedral angle decreases),

trajectories, the rotates in the
which corresponds to the rotation in the Rhodopsin
protein. The trajectory shown in Fig. 1(a) is one of these
four. For all of these four trajectories, the -C9=C10- bond
rotates clockwise (dihedral angle increases) up to ~150fs,
whereas the -C11=C12- bond rotates anticlockwise.
Frutos et al. calculated a QM/MM trajectory in Rhodopsin,
and found a similar correlated change of the two dihedral
angles. Weingart et al. also found the crankshaft motion in
the five-double-bond model in vacuo without the
B-ionone ring. The present result is consistent with the

crankshaft motion.

. Time evolution of ¢ for trajectory 019 TT

¢ (degree)
@

s o bodirasicadl
time (fs)

o s 100

A Time evolution of ¢ for trajectory 039 CT

¢ (degree)

T T
time (fs)

o 8 100

. Time evolution of ¢ for trajectory 029 TC

-

¢ (degree)

e
time (fs)

Fig. 1 The time evolution of dihedral angles of

o 80 100

the backbone in retinal. Each trajectory is taken
from trajectories that rotate the same direction as
retinal in Rhodopsin does and that generates (a)
the all-trans form (b) 9-cis form and (c) 11-cis
products in the 12n system. The vertical dash

line shows the time when the transition occurs.
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Since the negatively correlated rotation of the —C9=C10- and the —C11=C12- bonds is also
found in the present calculations in vacuo, the clockwise rotation of the -C9=C10- bond is
considered to be intrinsic in retinal isomerization of the 11-cis form to the all-trans form, which is in
agreement with the Weingart’s result.

The =C6-C7= bond, which correlates to the motion of B-ionone ring, also rotates in the clockwise
direction to a small extent compared to the -C9=C10- dihedral angle. However, the =C6-C7=
dihedral angle keeps increasing after the transition. This motion would be mainly related to
conversion of photon energy to atomic movement in protein. On the ground state, the -C9=C10-
dihedral angle goes back to 180°, which is in retard of the motion of the -C11=C12- dihedral angle
to the trans form. The =C8-C9= dihedral angle gets smaller in synchronous way with the recovery
of the -C9=C10- dihedral angle to 180°. Thus, this correlated motion of the =C8-C9= angle to the
-C9=C10 is a hula-twist type, in which the adjoined double bond and the single bond rotate
cooperatively. These motions are common to the four trajectories.

Seven trajectories are found to rotate to the direction opposite to retinal in Rhodopsin. In these
trajectories, the -C11=C12- bond rotates clockwise and the -C9=C10- bond rotates
counterclockwise. On the ground state after transition, the =C8-C9= dihedral angle increases in
synchronous way with the reversion of the adjoined -C9=C10- bond angle to 180°. Thus the
hula-twist is again observed here.

In the generation of 9-cis form the situation is simpler. The -C9=C10- and -C11=C12- bonds
rotate in the opposite directions. The other bonds do not move significantly, as shown in Fig. 1(b).
In the reverted 11-cis case (Fig. 1(c)) the rotations of C11=C12 and C8=C9 after the transition are
just reversal to the 9-cis case.

Overall, the -C9=C10- bond rotates clockwise when the -C11=C12- bond does
counterclockwise in any routes to the products. Note that the -C9=C10- rotation occurs even when
the system goes back to the reactant, the 11-cis form. Since the rotation of the -C9=C10- bond
activates the motion directed to the 9-cis form, the channel to the 9-cis form is open in addition to
that to the all-trans form. In this sense, the two conical intersection, one between the 11-cis and
all-trans forms and the other between the 11-cis and 9-cis form, are almost equally accessed in
vacuo to make a transition to the ground state. In the Rhodopsin protein, on the other hand, the 9-cis
form is not generated. This indicates that in Rhodopsin the route to 9-cis form is blocked by the
surrounding protein and only the route to the all-trans form (and reverted 11-cis form) is left open.

Weingart did not report the 9-cis form generation in his five-double-bond models in vacuo and
that the coupled rotation of —C11=C12- and —C9=C10- leading to the 9-cis form is aborted as soon
as the molecule returns to the ground state[8]. In the present 12 @ model, a quarter of trajectory
generates the 9-cis form. The difference may be due to the initial condition of dynamics. He used
the DFTB/CHarMM optmimized geometry in the binding pocket of rhodopsin, where the
-C11=C12- dihedral angle of -17.5° and the other dihedral angles twisted the geometry from the
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plane form significantly. This difference may be seen as an effect of the surrounding protein.

(2) Dynamics calculation of O(ID) + HCl - OH + Cl(2P)

The dynamics of the O('D) + HCl — OH + CI(*P)
reaction are investigated by quasiclassical trajectory
calculations on the three ab initio potential energy
surfaces, the ground 1'A’and two excited (1'A” and
2'A’) states. The result was compared with a molecular
imaging experiment. The scattering experiment was
carried out at collision energies of 4.2, 4.5, and 6.4
kcal/mol.

The global PESs of the 1'A’, 1'A”, and 2'A’ states
were obtained in our previous study by ab initio
calculation implemented with the CASSCF-MRCI
method by the MOLPRO suite of programs. The MRCI
calculation was executed on 4631 molecular geometries.
The interpolant moving least-squares method combined
with Shepard interpolation developed by Ishida and
Schatz was applied to generate the fitted global PESs,
which are employed for the present QCT dynamical
Collision Energy Dependence of O('D) + HCl — OH +

CI(*P) calculations. The QCT calculations are carried out

12
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104 Collision Energy:
3.0 keal/mol
— —— 4.0 kealmol
I 84 —— 6.0 keal'mol
L — 12.2 kealimol
w —— 15,0 keal/mol
o~
o <
~
[7p]
o
(]
0.6+ 1\ PES
— Collision Energy
| 6.0 kealimol
|- —12.2 kealimol
wD —— 15.0 kealimol
™~ -
o < 04
~
(7] i
S 02
o
00 ,IJMW
015+ 2'A'PES
G Collision Energy:
D —— 6.0 keal/moal
. —— 12.2 kealimol
cgj 0.104
L= o
~
0,054
[
o
0.00 T T [
0 60 120 180

COM Scattering Angle/ degrees

independently on the 1'A’, 1'A”", and 2'A’ adiabatic PESs at
Ecol’s 0f 3.0, 4.0, 6.0, 12.2, and 15.0 kcal/mol. The range of Figure 2. The theoretical differential

Ecol=3.0-6.0 kcal/mol is chosen for comparison with the
experimental data, while the trajectories at higher Ecol are
also examined for further surveillance of the Ecol
dependence of the excited-state dynamics. The couplings
between these PESs are not taken into account. Each

trajectory is run with a specific Ecol for the (V, j)=(0, 0)

cross sections of the O('D) + HCl — OH
+ Cl(zP) reaction obtained by the QCT
calculation executed independently on (a)
the 11A’ ground-state PES, (b) the

11A" excitedstate PES, and (c) the

21A’ excited-state PES.

rovibrational state of HCI. All other variables specifying the initial conditions are chosen randomly

by Monte Carlo sampling. The equation of motion was integrated by the fourth-order Runge-Kutta

method on each adiabatic PES. The number of the trajectories was about 20 000 for each PES.
The results of the QCT calculations executed on the 1'A’, 1'A”, and 2'A’ PESs are shown in

Figures 2. The theoretical DCSs at various Ecol are shown in Figure 2; the results on the 11A" are
shown in Figure 2a, 1'A"” in 2b, and 2'A’ PESs in 2¢. Unsmooth curves of the DCS of the excited
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states (Figure 2b and c) are due to the smaller number of resultant trajectories in the OH + Cl
pathway than that of the ground state (Figure 2a). The overall feature of the QCT result on the
1'A’ PES (Figure 2a) is in good agreement with the observed DCS. The theoretical DCS on the
ground-state PES exhibits the polarized distribution peaked at fcm = 0 and 180°with a discernible
preference in the forward direction. The intensity of the sideways components is considerably
smaller than that of the forward and backward ones. A qualitatively good agreement in the DCS is
seen between the present and previous QCT calculations at Ecol = 12.2 kcal/mol, despite the fact
that independent ab initio data set of the 1'A’ PES was employed. No marked Ecol dependence is
found in Figure 2a, except for the slight and nonmonotonic difference with respect to Ecol. The
variation of the calculated DCS within Ecol = 3.0-6.0 kcal/mol is as small as the present
experimental accuracy. Although the ground-state PES has been corroborated to have a deep
double-well structure by ab initio calculations the fast dynamics without being trapped in the
potential wells have been revealed resulting in the larger intensity in the forward direction. It is
expected that the reaction mechanism is not significantly affected by the small difference of Ecol =
3-6 kcal/mol because of the large exothermicity (AHy ) -44.4 kcal/mol) and the deep well structures
(HOCI well depth: 101 kcal/mol) of the 1'A’ PES with no barrier. It is noted that the small Ecol
dependence of the theoretical DCS, especially the ratio between the forward and backward peaks,
differs from the monotonic change expected from the osculating complex model. However, the
present QCT results illustrate that the ground-state PES solely causes only a small variation of the
DCS within a few kcal/mol width of Ecol.

For discrimination between the reactions on the ground- and excited-state PESs, it is valuable to
inspect an individual feature of the DCS on each PES prior to consideration of the coupling between
PESs. The theoretical DCS on the 1'A”" PES (Figure 2b) shows a drastic change between Ecol= 6.0
and 12.2 kcal/mol, the small intensity without the forward components at Ecol= 6.0 kcal/mol and
the increased intensity with a peak around ., = 20° at Ecol=12.2 kcal/mol. The characteristic peak
of the DCS is not simply explained by the height of the saddle point (1.6 kcal/mol) on the 1'A” PES
since it is bent. It seems that this bent saddle point does not play any significant role as a typical
transition state in the dynamics. Another saddle point at Ecol = 16.1 kcal/mol on the 1'A” PES
does not give any account either because it leads to the ClO + H pathway. At higher energies, the
major reaction mechanism on the 1'A” PES is speculated to occur over a wider interaction region
than that of the potential barrier itself. On the other hand, the QCT results of the 2'A’ PES is
consistent with a naive expectation on the topographical basis of the PES; the saddle point
associated with the collinear geometry at Ecol = 6.5 kcal/mol yields the DCS which is characterized
by backward scattering, as shown in Figure 2c. The collinear saddle point is recognized to serve as
an ordinary type of transition state. We found that the sum of the DCSs of the ground and the two
excited states is almost the same as that of the ground state, indicating that contributions from the

excited 1'A" and 2'A’ states are negligible at the experimentally investigated energies.
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The (total) reaction cross sections on each PES were calculated. The Gye, in the units of A?is
obtained by summing over each theoretical DCS with a multiplying factor of 2zsinf.y. The Greac’s
of the 1'A’, 1'A"”, and 2'A’states are independently calculated at particular Ecol’s, which
correspond to the partial excitation functions for the specific PESs, Grac (Ecol; state). The
Greac(EcoOl; llA”) and Oyeqac(Ecol; 21A’) at Ecol = 3.0 and 4.0 kcal/mol are omitted since they are
negligibly small. These theoretical o.c(Ecol; state) provide a quantitative basis for the small
contribution of the 1'A” and 2'A’ excited states. The Oreac(Ecol; llA') behaves in a decreasing
manner, which is typical for an attractive PES without a barrier. The relatively large magnitude
(>10 A?) is naturally due to the widely extended interaction region over the double wells of the
1'A’ PES. The values of Oreac(EcOl; llA’) in the same Ecol region are consistent with the previous
dynamics calculations by other authors, although the individual ab initio PES data for the 1'A’ PES
were employed. The QCT results predict that the contribution of the excited states emerges in the
Ecol > 12 kcal/mol region and becomes important probably at Ecol > 20 kcal/mol.

In summary, the QCT calculations were carried out separately on the ground-state (llA’) and the
two excited-state (llA”, 21A') ab initio PESs. The calculated partial reaction cross section of the
1'A’ ground-state PES is much larger than those of the 1'A"" and 2'A’ states. This is because the
excited-state pathways have reaction barriers and small cones of acceptance, while interactions in
the ground-state pathway are attractive and provide a much larger cone of acceptance. The
theoreticcal DCS of the ground-state 1'A’ PES is in good agreement with the experimental DCS.
The present experimental and theoretical results conclude the dominant role of the reaction pathway

via the ground-state 1'A’ PES at the collision energy below 6.5 kcal/mol.
2. Original papers

(1) Hiroshi Kohguchi, Toshinori Suzuki, Shinkoh Nanbu, Toshimasa Ishida, Gennady V.
Mil’nikov, Ponmile Oloyede, Hiroki Nakamura, Hiroshi Kohguchi, Toshinori Suzuki,
Shinkoh Nanbu, Toshimasa Ishida, Gennady V. Mil’nikov, Ponmile Oloyede, Hiroki
Nakamura,
“Collision Energy Dependence of the O('D) + HCl — OH + CI(*P) Reaction Studied by
Crossed Beam Scattering and Quasiclassical Trajectory Calculations on ab initio Potential
Energy Surfaces”,
J. Phys. Chem. A 112(5), 818-825 (2008)

(2) Toshimasa Ishida, Shinkoh Nanbu, and Hiroki Nakamura,
Non-adiabatic ab initio dynamics of two models of Schiff base retinal
J. Phys. Chem. A, 113(16), 43564366 (2009)
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2. JY—FI1)—4—
Keiji MOROKUMA
Research Leader, Fukui Kenichi Memorial Research Group 1

1. Summary of the research of the year
Multi-level Simulation of Complex Molecular Systems

The goals of the research of this group are 1. to develop further the hybrid theoretical methods (such
as ONIOM) already proposed by us, 2. to demonstrate that such hybrid methods can be used for
simulations of structures, reactions and dynamics and 3. to solve some of the important problems in each
field. Our research is supported in part by the Institute and in large fraction by a 5-year grant in the area
of High Performance Computing for Multi-Scale and Multi-Physics Phenomena from CREST (Core
Research for Evolutional Science and Technology) program of JST (Japan Science and Technology
Agency) until March 2012. With seven to ten postdoctoral fellows (both Fukui fellows and JST fellows)
in the group, as well as with strong collaboration with my group at Emory University, we have a strong
team of theoretical/computational chemists working together toward a common goal. Since detailed
description on individual projects can be found in the reports of postdoctoral fellows, here I just

summarize the areas of studies and titles of individual projects.

I. Simulation of Nanomaterials

In the area of simulation of nanomaterials, we continued our research efforts on quantum chemical
molecular dynamics (QM/MD) computations of carbon nanostructure formation based on density
functional tight binding (DFTB). Single-walled carbon nanotubes (SWNTs) have been one of
representative nanotechnology materials and their various potential applications. Although SWNTs are
known to be efficiently synthesized using metal catalyst, its growth mechanism is still not well
understood. In order to understand interplay among feedstock carbon, nanotube, and metal, we have
implemented growth simulations of metal-catalyzed SWNT using DFTB MD simulations. In 2007 we
succeeded for the first time to simulate continued growth SWNT on Fe cluster in our simulation studies.
This year we have successfully simulated SWNT growth from scratch (without seed SWNT) under a
variety of conditions and our understanding of the growth process has given insight to its mechanism
which has not been seen previously from either experimental or theoretical studies,
A. Density-functional tight-binding molecular dynamics simulations of nucleation and growth of a
single-walled carbon nanotube on a metal cluster

a. Temperature dependence of SWNT growth process on an iron cluster (See Dr. Ohta’s report
for details)

b. SWNT growth by surface carbon diffusion on an iron cluster (See Dr. Ohta’s report for details)

c. SWNT growth by directly supplying carbon atoms to carbon cap fragment (See Dr. Ohta’s
report for details)
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d. Theoretical investigation of SWNT growth and healing mechanisms on transition metal
nanoparticles (See Dr. Page’s report for details)
e. Theoretical investigation of the origins of (n,m)-dependent SWNT growth rates and

mechanisms (See Dr. Page’s report for details)

B. Density-functional tight-binding molecular dynamics simulations of fullerene and polycyclic
aromatic hydrocarbons in benzene combustion

f. Fullerene self-assembly during benzene combustions: DFTB MD simulations (See research
activities of Dr. Saha)

g. Formation mechanism of polycyclic aromatic hydrocarbons (PAHs) during benzene
combustions: DFTB MD simulations (See research activities of Dr. Saha)
C. Theoretical studies of structure and reactions of nanostructures

h. Theoretical studies polymerization of CgO inside SWNT (See research activities of Dr. Grimes)

i. Theoretical study of atomic and electronic structure of complex silicon and carbon based

nanostructures (See research activities of Dr. Avramov)

I1. Simulation of Biomolecular Systems

In the area of multi-level simulation of biomolecular systems, in recent years we have been
studying structures and reactions of metalloenzyme systems mainly using the active site models, models
in which the reaction center metal atoms, the first-shell ligands to the metal centers, the substrate and
some times a few water molecules and next-shell ligands are explicitly included in the QM calculations,
but all the other effects of protein are neglected. In the last few years we have started to consider the
environmental effects of protein explicitly employing the ONIOM QM/MM scheme. We have been
mainly optimizing the structures of intermediates and transition states of enzymatic reactions using very
efficient micro-optimization scheme. In some cases we are also including the statistical or entropic effects
of protein by performing QM/MM molecular dynamics, In a few examples we have found that the protein
effects completely changed the mechanism of reaction, compared to the active-site models. In such a case,
the involvement of protein environment not included in the active-site model is essential for the reaction.
A. Mechanisms of enzymatic reactions explicitly including the effects of protein.

a. Protein effects on transition states in QM:MM models for isopenicillin N synthase (See
research activities of Dr. Lundberg)

b. Free energy correction for the reaction diagram of isopenicillin N synthase (See research
activities of Dr. Kawatsu and Dr. Lundberg).

c. Protein effects on the reaction mechanism of tryptophan 2,3-dioxygenase (TDO) and
indoleamine 2,3-dioxygenase (IDO) (See research activities of Dr. L. W. Chung)

d. Protein effects in the radical reaction mechanism in B;,-dependent methylmalonyl-CoA
mutase (See research activities of Dr. Li)

e. Homocysteine activation by methyltransferase enzymes (See research activities of Dr.
Abdel-Azeim)

B. Development and improvement of ONIOM methodology for complex biomolecular systems
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f. Improved description of polarization in large systems with QM:QM’ and three-layer
QM:QM’:MM (See research activities of Dr. Lundberg)

g. Solvent effects in multi-scale models using the ONIOM-PCM scheme (See research activities
of Dr. Lundberg)

h. Feasibility of ONIOM(QM:QM) and ONIOM(QM:QM:MM) for photobiology (See research
activities of Dr. L. W. Chung)
C. Mechanism of photochemical and photophysical processes of biological systems

i. Active species and reaction mechanism of reversibly photoswitchable fluorescent protein:
Dronpa (See research activities of Dr. Li)

j. Mechanism of irreversible photoconversion of fluorescent protein: Kaede (See research

activities of Dr. Li)

2. Original papers

1. S. M. Larkin, T. Vreven, M. J. Bearpark, and K. Morokum, The Application of the ONIOM Hybrid Method to the
Cycloaddition Reactions of Bromo Substituded 2(H)-Pyran-2-ones, Can. J. Chem. 87, 872-879 (2009).

2. J. Jakowski_and K. Morokuma, Liouville-von Neumann Molecular Dynamics, J. Chem. Phys. 130, 224106/1-12
(2009)

3.1.S. K. Kerkines, Z. Wang, P. Zhang, and K. Morokuma, Structures and energies of low-lying doublet excited states

of N from accurate configuration interaction calculations, Mol. Phys. 107, 1017-1025 (2009).

4 A. E. Kuznetsov, Y. V. Geletii, C. L. Hill, K. Morokuma, D. G. Musaev, Dioxygen and Water Activation
Processes on Multi-Ru-Substituted Polyoxometalates: Comparison with the "Blue-Dimer" Water Oxidation
Catalyst. J. Am. Chem. Soc. 130, 6844-6854 (2009).

5. Y. Ohta, Y, Okamoto, S, Irle, and K. Morokuma, Single-walled carbon nanotube growth from a cap fragment on
an iron nanoparticle: Density-functional tight-binding molecular dynamics simulations, Phys. Rev. B, 79,
195415/1-7 (2009).

6. A. Tto, Y. Wang, S. Irle, K. Morokuma and H. Nakamura, Molecular dynamics simulation of hydrogen atom
sputtering on the surface of graphite with defect and edge, J. Nucl. Mater. 390-391, 183187 (2009).

7, D. Quifionero, D. G. Musaev, K. Morokuma, Computational Insights to the Mechanism of Alkene Epoxidation by

Manganese-Based Catalysts in the Presence of Bicarbonate, J. Mol. Str. (Theochem), 903, 115-122 (2009).

8. G. Zheng, M. Lundberg, T. Vreven, M. J. Frisch, K. Morokuma, Implementation and benchmark tests of the
DFTB method and its application in the ONIOM method, Int. J. Quant. Chem. 109, 1841-1854 (2009).

9. X. Li, L. W. Chung, P. Paneth and K. Morokuma, DFT and ONIOM(DFT:MM) Studies on the Co-C Bond
Cleavage and the Hydrogen Transfer in Bj,-Dependent Methylmalonyl-CoA Mutase. A Stepwise or Concerted
Mechanism? J. Am. Chem. Soc. 131, 5115-5125 (2009).

10. P. Zhang, S. Maeda, K. Morokuma and B. J. Braams, Photochemical reactions of the low-lying excited states of
formaldehyde: T,/S, intersystem crossings, characteristics of the S; and T, potential energy surfaces, and a
global T, potential energy surface, J. Chem. Phys. 130, 114304/1-10 (2009).

11. Y. Ohta, Y. Okamoto, S. Irle, and K. Morokuma, Density-functional tight-binding molecular dynamics
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simulations of SWCNT growth by surface carbon diffusion on an iron cluster, Carbon, 47, 1270-1275 (2009).

12. S. Maeda, K. Ohno, and K. Morokuma, Automated Global Mapping of Minimal Energy Points on Seams of
Crossing by the Anharmonic Downward Distortion Following Method: A Case Study on H,CO, J. Phys. Chem.
A, 113, 1704-1710 (2009).

13. A. E. Kuznetsov, Y. V. Geletii, C. .L. Hill, K, Morokuma and D. G. Musaev, On the Mechanism of the
Divanadium-substituted Polyoxotungstate [y—l,Z—HZSiV2W1004O]4' Catalyzed Olefin Epoxidation by H,O,: A
Computational Study. Inorg. Chem. 48, 1871-1878 (2009).

14. Z. Wang, 1. S. K. Kerkines, P. Zhang, and K. Morokuma, Analytical potential energy surfaces for N5 low-lying
doublet states, J. Chem. Phys. 130, 044313/1-18 (2009)

15. M. Lundberg, T. Kawatsu, T. Vreven, M. J. Frisch and K. Morokuma, Transition States in the Protein
Environment in Isopenicillin N Biosynthesis from ONIOM QM:MM Modeling, J. Chem. Theo. Comp. 15,
222-234 (2009).

16. Y. Ohta, Y, Okamoto, S, Irle, and K. Morokuma, Temperature dependence of SWNT growth process on an iron
cluster: density functional tight-binding molecular dynamics, J. Phys. Chem. C, 113, 159-169, (2009).

17. A. Altun, S. Yokoyama, K. Morokuma, Mechanism of Spectral Tuning Going from Retinal in Vacuo to Bovine
Rhodopsin and its Mutants: Multireference Ab Initio Quantum Mechanics/Molecular Mechanics Studies , J. Phys.
Chem. B 112, 16883-16890 (2008).

18. B. C. Shepler, E. Epifanovsky, P. Zhang,J. M. Bowman, A. I. Krylov, and K. Morokuma’ Photodissociation

Dynamics of Formaldehyde Initiated at the T,/Sy Minimum Energy Crossing Configuration, J. Phys. Chem.
A 112, 13267-13270 (2008).

19. I. S. K. Kerkines, Z. Wang, P. Zhang, and K. Morokuma, Photodissociation of CIN; at 157 nm: Theory suggests
a pathway leading to cyclic-Nj, J. Chem. Phys. 129, 171101/1-5 (2008).

20.R. Cao, J. W. Han, T. M. Anderson, D. A. Hillesheim, K. I. Hardcastle, E. Slonkina, B. Hedman, K. O. Hodgson,
M. L. Kirk, D. G. Musaev, K. Morokuma, Y. V. Geletii and C. L. Hill, Late transition metal-oxo compounds
and open-framework materials that catalyze aerobic oxidations, Adv. Inorg. Chem., 245-272 (2008).

21. L. W. Chung, S. Hayashi, M. Lundberg, T. Nakatsu, H. Kato and K. Morokuma, Mechanism of Efficient Firefly
Bioluminescence via Adiabatic Transition State and Seam of Sloped Conical Intersection, J. Am. Chem. Soc.
130, 12880-12881 (2008).

22. L. W. Chung, X. Li, H. Sugimoto, Y. Shiro, and K. Morokuma, A DFT Study on a Missing Piece in
Understanding of Heme Chemistry: The Reaction Mechanism for Indoleamine 2,3-Dioxygenase (IDO) and
Tryptophan 2,3-Dioxygenase (TDO), J. Am. Chem. Soc. 130, 12299-12309 (2008).

23. Z. Wang, S. Irle, G. Zheng, and K. Morokuma, Analysis of the Relationship between Reaction Energies of
Electrophilic SWNT Additions and Sidewall Curvature: Chiral Nanotubes, J. Phys. Chem. C 112, 12697-12705
(2008).

24. D. Kazachkin, Y. Nishimura, S. Irle, K. Morokuma, R. Vidic and E. Borguet, Interaction of acetone with single
wall carbon nanotubes at cryogenic temperatures: A combined temperature programmed desorption and
theoretical study, Langmuir, 24, 7848-7856 (2008).

25. Y. Ohta, Y. Okamoto, S. Irle, and K. Morokuma, Rapid growth of a single-walled carbon nanotube on an iron
cluster: Density-functional tight-binding molecular dynamics simulations, ACS nano 2, 1437-1444 (2008).
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26. J. Moc, D. G. Musaev and K. Morokuma, Zeolite-supported palladium tetramer and its reactivity towards H,
molecules: computational studies. J. Phys. Chem. A 112, 5973-5983 (2008).

27. A. Altun, S. Yokoyama, K. Morokuma, Quantum Mechanical/Molecular Mechanical Studies Exploring Spectral
Tuning Mechanisms in Rhodopsins and Other Photoactive Proteins, Photochem. Photobio., 84, 845-854
(2008).

28. A. Altun, S. Yokoyama, and K. Morokuma, Spectral Tuning in Visual Pigments: An ONIOM(QM:MM) Study
on Bovine Rhodopsin and its Mutants, J. Phys. Chem. B,112, 6814-6827 (2008).

3. Review articles

1. M. Lundberg and K. Morokuma, Determining Transition States in Bioinorganic Reactions, in “Computational
Inorganic and Bioinorganic Chemistry”, ed. E. I. Solomon, R. B. King and R. A. Scott, Wiley, Chichester, UK,
2009, pp. XX-XX.

2. M. Lundberg and K. Morokuma, The ONIOM Method and its Applications to Enzymatic Reactions. in
“Multi-scale Quantum Models for Biocatalysis: Modern Techniques and Applications”, ed. T.-S. Lee and D. M.
York, Springer Verlag, pp. 21-78, 2009.

3. K. Morokuma, Theoretical studies of structure, function and reactivity of molecules --- A personal account, Proc.
Jpn. Acad. B, 85, 167-182 (2009).

4. S. Irle, Y. Okamoto, G. Zheng and K. Morokuma,, NCC-DFTB Molecular Dynamics Study of Fe/Co/Ni Catalyst
Particle Melting and Carbide Formation During SWCNT Nucleation, in "DFT calculations on fullerenes and
carbon nanotubes", ed. V.A. Basiuk and S. Irle, Research Signpost, 413-434 (2009).

5.R. Cao,J. W. Han, T. M. Anderson, D. A. Hillesheim, K. I. Hardcastle, E. Slonkina, B. Hedman, K. O. Hodgson, M.
L. Kirk, D. G. Musaev, K. Morokuma, Y. V. Geletii and C. L. Hill, Late transition metal-oxo compounds and

open-framework materials that catalyze aerobic oxidations, Adv. Inorg. Chem., 245-272 (2008).

4. Books

None

5. Presentation at academic conferences
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Keji Morokuma, “Effects of protein environment on the reaction mechanism of metalloenzymes: ONIOM QM:MM
studies”, International Conference on Theoretical Biochemistry - Methods and Applications. Stockholm,
Sweden, May 14-16, 2008

Keiji Morokuma, “Effects of protein environment on the reaction mechanism of metalloenzymes: ONIOM QM:MM
studies”, NATO Workshop on “From Simplicity to Complexity in Chemistry and Beyond: Interplay Theory and
Experiment”, Baku, Azerbaijan, May 26-28, 2008

Keiji Morokuma, “Theoretical Studies of Chemical Reactions — From Gas Phase Reactions to Nano Structures,
Catalysts, and Enzymatic Reactions”, 2nd International Conference on Theoretical Chemistry, Algiers, Algeria,

May 30-June 1, 2008.
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Keiji Morokuma, “Growth Process of Single-Walled Carbon Nanotubes from Metal Cluster: Density Functional
Tight-Binding Molecular Dynamics Simulation”, Ist International Conference of the Grand Challenge to
Next-Generation Integrated Nanoscience, Tokyo, June 3-7, 2008.

Keiji Morokuma, “Growth Process of Single-Walled Carbon Nanotubes from Metal Cluster: Density Functional
Tight-Binding Molecular Dynamics Simulation”, 6th Congress of International Society of Theoretical Chemical
Physics, Vancouver, Canada, July 20-23, 2008

Keiji Morokuma, Marcus Lundberg, Lung Wa Chung, Xin, Li, Tsutomu Kawatsu, “Effects of Protein
Environments on the Mechanism of Metalloenzymatic Reactions”, Invited talk at National Meeting of
American Chemical Society, Philadelphia, August 17-21, 2008

Keiji Morokuma, “Growth Process of Single-Walled Carbon Nanotubes from Metal Cluster: Density Functional
Tight-Binding Molecular Dynamics Simulation”, 8th Congress of World Association of Theoretical and
Computational Chemists. Sydney, Australia, September 14-18, 2008

Keiji Morokuma, “Chemical reactions of complex molecular systems — growth of carbon nanostructures and
metalloenzymatic reactions”, International Conference on frontiers in Computational Sciences, Nagoya,
November 23, 2008.
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6. Presentation at Institutional/Departmental Seminars

Keiji Morokuma, “Theoretical Studies of Chemical Reactions — From Gas Phase Reactions to Nano Structures,
Catalysts, and Enzymatic Reactions”, Helenic Research Foundation, Athens, Greece, May 23, 2008

REREZEIR. Oy TG - B RE - FUS O BEERITJEORE /)7 | HUR THERF L, 2008. 6. 25

REREZETA., 0 T OREIE - HHE - PSR OE —EER L 5 - FHEALERT RO S04ER]” FERE IR BB E B A
ERRES H R AR R sE k2 —, 2008. 6. 28

Keiji Morokuma, “Theoretical Studies of Chemical Reactions — Nano Structure Growth, Catalysts and
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Enzymatic Reactions”, Institut Catala d'Investigacié Quimica, Tarragona, Spain, July 3, 2008
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3. BtMEE
Marcus LUNDBERG

FIFC Fellow, Fukui Kenichi Memorial Research Group 1

(To 21 Nov. 2008)

1. Summary of the research of the year — Application of Multi-scale Methods to Enzyme
Catalysis

Modeling of enzyme catalysis gives an inside view of nature’s most fascinating machines and can
be used to develop new catalysts through bio-engineering or biomimetic approaches. The target of
my research is to evaluate computational methods, based on the ONIOM scheme, that include all
major catalytic effects and can be applied to complex biological reactions, e.g. those involving
transition metal centers. During the year we have applied a variety of ONIOM multi-scale

approaches to improve the description of enzymatic reactions:

Protein effects on transition states in QM:MM models

2. Free-energy calculations for a transition metal enzyme reaction using QM:[MM-FEP]
Improved description of polarization in large systems with QM:QM’™ and three-layer
QM:QM*:MM

4. Solvent effects in multi-scale models using the ONIOM-PCM scheme

Protein effects on transition states in QM:MM models. To highlight the role of the protein in
metal enzyme catalysis, we have optimized ONIOM QM:MM transition states and intermediates for
the full reaction of the non-heme iron enzyme isopenicillin N synthase (IPNS). This enzyme
catalyzes a key step in the synthesis of the important -lactam antibiotics (e.g., penicillins), and is
used in large-scale production of antibiotics. The main catalytic effect comes from the metal center,
while the protein controls the reactivity to achieve high product specificity. As an example,
hydrophobic residues align a substrate radical in a favorable conformation for ring closure, which
leads to high stereospecificity. Explicit protein effects on transition states are typically 1-6 kcal/mol,
and can be understood by considering whether the transition state involves large movements of the

substrate or whether it involves electron transfer.

Free-energy calculations for enzyme reactions using QM:[MM-FEP]. We have developed an
efficient scheme to include the dynamical effect of the protein, as a complement to the static effect
obtained from standard ONIOM QM:MM calculations. Reaction free energies for isopenicillin N
synthase have been calculated using a classical free-energy method QM:[MM-FEP] where the QM
system is represented by “frozen cores” with geometries and charges obtained from QM:MM
optimizations. The dynamical effects are important for C-H bond activation and heterolytic O-O
bond cleavage because these two reactions include charge transfer, which leads to large changes in

the overall electronic structure. The two major origins of the dynamical contribution is a change in
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average protein geometry compared to the optimized structure, and a statistical effect where certain

favorable configurations dominate the contributions to the free energy.

Energy Diagram
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Figure 1. Free-energy diagram for the formation of an Fe(I'V)-oxo intermediate after dioxygen binding.

The results of the FEP approach are compared to results from a static ONIOM-ME approach.

Improved description of polarization in large systems with QM:QM’ and three-layer
QM:QM’:MM. Electrostatic interactions are commonly invoked to explain catalytic activity, but
are arguably the most difficult to describe in multi-scale calculations. We propose the use of
ONIOM QM:QM’ models that naturally includes charge transfer and mutual polarization at the
QM level. To outline the applicability of this scheme we have performed case studies of non-heme
iron systems, and the enzymatic reactions of Zn-B-lactamase and trypsin, with density-functional
tight-binding (DFTB) as the low-level QM’ method in two-layer B3LYP:DFTB models. The
ability to optimize transition states with the QM:QM’ scheme makes it an excellent tool for
exploration of geometries. @ We also illustrate the wuse of a three-layer
B3LYP/6-31G(d):DFTB:Amber96 model for complete protein systems. The ONIOM extension
improves the relative energies compared to a stand-alone DFT calculation, but high accuracy
(deviation below 1 kcal/mol) is not achieved even with relatively large QM models. The analysis
shows that polarization effects are fairly well described using DFTB, but that the scheme fails

when QM and QM’ methods do not describe the same electronic state throughout the reaction.

Solvent effects on multi-scale models using the ONIOM-PCM scheme. The use of polarized
continuum models (PCM) makes it possible to describe solvent effects without explicit
consideration of all solvent degrees of freedom. We have evaluated four different schemes for
coupling of PCM to ONIOM multi-scale models for reactions with large solvent effects. We show
that the errors in the PCM treatment that comes from the use of ONIOM-derived electron densities
are almost always smaller than the error in the original ONIOM approximation. The ONIOM-PCM

method is therefore accurate enough to be applied to most ONIOM systems.
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2. Original papers

1)

2)

3)

L.W. Chung, S. Hayashi, M. Lundberg, T. Nakatsu, H. Kato, K. Morokuma, Mechanism of
Efficient Firefly Bioluminescence via Adiabatic Transition State and Seam of Sloped
Conical Intersection, J. Am. Chem. Soc. 130, 2008, 12880-12881.

M. Lundberg, T. Kawatsu, T. Vreven, M. J. Frisch and K. Morokuma, Transition States in a
Protein Environment - ONIOM QM:MM Modeling of Isopenicillin N Synthesis, .J. Chem.
Theory Comp. 5, 2009, 220-234.

G. Zheng, M. Lundberg, J. Jakowski, T. Vreven, M.J. Frisch, K. Morokuma,
Implementation and benchmark tests of the DFTB method and its application in the
ONIOM method, /nt. J. Quant. Chem. 109, 2009, 1841-1854.

Book chapters

1)

2)

M. Lundberg and K. Morokuma, The ONIOM Method and its Applications to Enzymatic
Reactions, In Multi-scale Quantum Models for Biocatalysis: Modern Techniques and
Applications, Eds. T.-S. Lee and D. M. York, Springer Verlag, 2009, ISBN:
978-1-4020-9955-7.

M. Lundberg and K. Morokuma, Determining Transition States in Bioinorganic Reactions,
In Computational Inorganic and Bioinorganic Chemistry, Eds. E.I. Solomon, R.B. King,

and R.A. Scott, Wiley Interscience, In Press.

Presentations at academic conferences

1)

2)

3)

4)

M. Lundberg, T. Kawatsu, and K. Morokuma, Combining Two and Three-layer ONIOM
with Free-Energy Calculations for Non-heme Iron Enzymes (Poster), International
Symposium “Theoretical Biochemistry — Methods and Applications™, Stockholm, Sweden,
May 14-17, 2008.

M. Lundberg, Y. Sasakura, G. Zheng, and K. Morokuma, Improved Description of
Polarization in Large Systems with Three-layer ONIOM(QM:QM:MM) (Oral Presentation),
11th Theoretical Chemistry Symposium, Yokohama, Japan, May 22-24, 2008.

M. Lundberg, G. Zheng, Y. Sasakura, and K. Morokuma, Using DFTB to Improve QM/MM
Models of Enzymes — Three-layer ONIOM(DFT:DFTB:MM) (Oral), Computational
Methods for Large Systems, Manly, Australia, Sep. 12, 2008.

M. Lundberg, G. Zheng, Y. Sasakura, and K. Morokuma, Improved Description of
Polarization in Large Systems with Three-layer ONIOM(QM:QM:MM) (Poster prize),
WATOC 2008, Sydney, Australia, Sep. 14-19, 2008.
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Lung Wa CHUNG

FIFC Fellow, Fukui Kenichi Memorial Research Group 1

1. Summary of the research of the year
I. Reaction Mechanisms of Metalloenzymes

A. Bacterial Tryptophan 2,3-Dioxygenase (TDO): TDO and IDO are unique heme-containing
dioxygenases. and catalyze oxidative cleavage of L-tryptophan. However, the reaction mechanism in IDO
and TDO is unclear, even though they were discovered by Kotake and Hayaishi, respectively, more than
forty vears ago. Recently, crystal structures of IDO and TDO have been available. Accordingly, two
reaction mechanisms have been proposed. Our DFT calculations override the two proposed mechanistic
pathways (concerted oxygen-ene followed by Criegee-type rearrangement pathways). Instead. we
discovered new dioxygen activation pathways (direct electrophilic and radical addition of the electron-rich
indole to two mild oxidants, Fe(IT)-dioxygen and Fe(IIT)-superoxide complexes, respectively) in these two
unique heme systems (Scheme 1). It is followed by the dioxetane formation or homolytic O-O cleavage
pathway. In 2009, N-methyl-Trp was found to be a substrate for IDO and mutants of TDO, which is in

agreement with our proposed direct electrophilic and radical addition mechanisms (path (i) in Scheme 1).

Scheme 1. Our proposed mechanism based on the active-site model calculations

@ﬁ: H (i) Direct electrophilic {(a) or radical (b} addition

(ii) Charge- or radical-recombination

04‘ H {iii) Homolytic O-O bond cleavage followed by oxo attack
{iv) Ring opening
{v) C2-C3 bond cleavage

To understand the reaction mechanism, we included the recent crystal structure of bacterial TDO for our
ONIOM calculations (Schemes 2 and 3). Our QM/MM calculations show that the most favorable pathway
for bacterial TDO (xcTDO) involves (a) direct radical addition of the ferric-superoxide intermediate to C2

of Trp, followed by (b) homolytic O-O cleavage concerted with ring-closure to give an epoxide



IV B3R ERE

intermediate and oxo-ferryl Compound II, (¢) regiospecific ring-opening assisted by an ammonium cation

of the Trp. (d) oxo-attack to C2 position to afford new electromer of Compound II, and finally (e) C2-C3

cleavage coupled with proton transfer.

Scheme 2. The calculated ONTOM(B3LYP:Amber) PES surfaces starting from the oxy-heme

13.6 62 —— Closed-shell singlet
—— Open-shell singlet

AAE
(kcal/mol)

348

Oxy-heme Direct C2 addition Epoxidation (0-O cleavage
and O-C3 forming)

Scheme 3. The calculated ONIOM(B3LYP:Amber) PES surfaces starting from the epoxide and
oxo-ferryl Compound II in the triplet state

AAE
(kcal/mal)

-27.4

-23.8

-87.0

.

epoxide Ring-opening oxo-attack C-C cleavage &
assisted by Trp PCET

[t should be noted that our proposed mechanism shown in Scheme 4 is different from the general reaction
mechanism of other heme oxygenases (Scheme 5), in which mild oxidant Fe(IIT)-superoxide complex was

suggested to be reactive with electron-rich indole by our ONIOM calculations.
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Scheme 4. Our proposed mechanism for bacterial TDO based on the ONIOM calculations
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Scheme 5. Dioxygen activation and oxidation processes in different heme systems
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I1. Photobiology

Feasibility of ONIOM(QM:QM) and ONIOM(QM:QM:MM) for the photobiology: Evaluating reliable
potential energy surfaces involving electronic excited-states are computationally challenging and demanding.
Although the QM/MM methods have also been commonly adopted for the photobiological systems,
QM/MM methods and setups, particularly the QM-MM interactions, for the ground- and excited-states
should be further tested. These interactions between the ground-state protein environment and the QM part in
different electronic states, which is accompanied by significant changes of electronic properties. could be
important in the photobiological systems. Ideally, the QM-MM interactions can be well described, if the
active-site (core) and its surrounding are treated by the QM method, as well as the QM-MM boundary is far
away from the photo-induced QM core (e.g. m-bonding). Unfortunately, owing to very expensive
excited-state calculations, the size of the QM part usually is limited to the critical part. such as the major part
of the bare chromophore, and the QM-MM boundary may not be far from the QM core. They may give

unknown error for all QM-MM interactions.

Extrapolated schemes (ONIOM)
Eontomovang = EomMamodel T Envireat = EvMamodel (1

Eontomomonmg = Eommodet T Egvereal = EgMrmodel (2)



IV B3R ERE

Eontomomomeanng = Eovimodel T Eonine = Eovrmodet T Enmvireat = Enining (3)

To gain better description between the QM core, such as the chromophore, and its immediate protein
environment with a lower computational cost and no involvement of parameters, unique 3-layer
ONIOM(QM:QM"MM) can be a feasible protocol for photobiology through our extrapolation approach (Egs.
1-3). The medium layer in ONIOM(QM:QM"MM) method allows mutual electronic polarization, charge
transfer and differential dispersion interaction between the QM part in different electronic states and its
surrounding in ground state treated by the lower QM' excited-state method, e.g. RI-CC2, SAC-CI, TD-DFT,
TD-HF, CIS, TD-DFTB, OM2 or ZINDO (Eq. 3 and Scheme 6). Thus, the medium layer can be regarded as
a QM buffer zone to “connect” excited-state QM core in the high layer (e.g. by CASSCF) and ground-state
MM protein in the low layer (by AMBER) (Scheme 6).

Scheme 6. Schematic diagrams for 2- and 3-layer ONIOM methods

ONIOM(QM:MM) ONIOM(QM:QM") ONIOM(QM:QM':MM)

GS and ES core
fand environment)

GS and ES core
(and environment)

Buffer zone for the
core and environment

GS environment G5 envimnment

Red: Model (High layer, QM):  Red: Model (High layer, QM) Red: Model (High layer, QM)

Green & Red: Real (Low layer, MM): Blue & Red: Real (Low layer, QM) glrl;:::g?;;";egg‘z&ij;tga(lhai%‘uﬁa’;ﬁrmmn:’;')

Complexes 1-3 containing neutral phenol and anionic phenoxide moieties, which represents key parts of the
chromophores for GFP, (PYP, or firefly Luc, are taken as illustrative examples (Table 1 and Scheme 7). The
ONIOM(QM:QM") calculations mostly reproduce effect of the environment on the excitation energy (H>O in
1 and 3: CH;CO; in 2). and has quite a small error (at most 0.12 eV for only one case), compared to the
respective full QM calculations (Table 1). Reliability and feasibility of ONIOM(QM:QM') and
ONIOM(QM:QM"MM) methods for photobiology are being systematically tested in our laboratory. The
accuracy of ONIOM(QM:QM') and ONIOM(QM:QM"MM) methods should be believed to be further
enhanced by the recent QM-QM EE scheme. To include polarization, electron transfer and dispersion
interaction between the QM and QM' parts in the additive QM/MM scheme, the extrapolated
ONIOM(QM:QM") scheme could also be incorporated as shown in Eq. 4. In addition, the mixed scheme can

simply extend to N QM-layers by the same extrapolated approach proposed for ONIOM.

Mixed scheme

EQM.’QMTMM = EQM_lundcl + EQM'.iul B EQM'.nmch + EMM +E OM-MM (4)
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Table 1. The calculated vertical excitation energies (in eV) for complexes 1-3 by TD-B3LYP,
ONIOM(TD-B3LYP:TD-HF), EOM-CCSD and ONIOM(EOM-CCSD:TD-HF) methods.*"

TD-DFT  TD-DFT:TD-HF  Error CCSD CCSD:TD-HF  Error
1 5.15(-0.07)° 5.18 +0.03  5.09(-0.04)° 5.09 0.00
2 4.85(-037) 4.97 +0.12 4.91(-0.22)° 4.87 -0.04
3 437(+0.15) 431 0.06  4.49(+0.13) 448 -0.01

a. All complexes were optimized by B3LYP/6-31G*. Basis set 6-31G* was also used for all excitation caleulations. All calculations
were carried out Gaussian(03, except EOM-CCSD by Molpro2006. b. The calculated excitation energy of a phenol complex is 5.22
and 5.13 eV by TD-B3LYP/6-31G* and EOM-CCSD/6-31G#, respectively. b, The calculated excitation energy of a phenoxide anion
complex is 4.22 and 4.36 by TD-B3LYP/6-31G* and EOM-CCSD/6-31G*, respectively. ¢. The effects of the environment on the

excitation energy were in parenthesis.

Scheme 7. The optimized complexes 1-3 by the B3LYP/6-31G* method.

=

2. Original papers

(1) Chung. L. W.; Li, X.; Sugimoto., H.: Shiro, Y.; Morokuma, K. “A DFT Study on a Missing Piece in
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(IDO) and Tryptophan 2.3-Dioxygenase (TDO)”.J. Am. Chem. Soc. 2008, 130, 12298.

(2) Chung, L. W.; Hayashi, S.; Lundberg, M.: Nakatsu, T.: Kato, H.; Morokuma, K. *Mechanism of
Efficient Firefly Bioluminescence via Adiabatic Transition State and Seam of Sloped Conical
Intersection™.J. Am. Chem. Soc. (Communication) 2008, 130, 12880.
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3. Presentation at academic conferences
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Mechanism of Tryptophan Catabolism. A DFT Study on A Missing Piece in Our Understanding of
Heme Chemistry”™, ACS 236th National Meeting, Philadelphia, Pennsylvania, August 20, 2008.
Chung, L. W.; Hayashi, S.; Nakatsu, T.; Kato, H.; Morokuma, K. “Mechanism of Efficient Firefly
Bioluminescence via Adiabatic Transition State and Seam of Sloped Conical Intersection™,

American Chemical Society 237th National Meeting, Salt Lake City, Utah, March 2009.

4. Book Chapter

(M

(2)

Wu, Y.-D.: Chung, L. W.; Zhang, X.-H. “Hydrosilylation Reactions Discovered in the Last Decade:
Combined Experimental and Computational Studies on the New Mechanisms,” In: “Computational
Modeling for Homogeneous and Enzymatic Catalysis™ Morokuma, K.: Musaev, D. G. Eds.
WILEY-VCH Verlag GmbH & Co. KGaA. Weinheim, 2008, pp285-316.

Chung, L. W.; Li, X.; Morokuma. K. “Modeling Enzymatic Reactions in Metalloenzymes and
Photobiology by Quantum Mechanics (QM) and Quantum Mechanics/Molecular Mechanics
(QM/MM) Calculations,” In “Quantum Biochemistry” Matta, C. Eds. WILEY-VCH Verlag GmbH
& Co. KGaA., Weinheim, 2009 (an invited contribution).
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Biswajit SAHA

FIFC Fellow, Fukui Kenichi Memorial Research Group 1

1. Summary of the research of the year FY2008
(A) Fullerene self-assembly during benzene combustions: DFTB MD simulations

Density-functional tight-binding (DFTB) molecular dynamics at 2500 and 3000 K have
performed to simulate benzene combustion by gradually reducing the H/C ratio in the system. The
accuracy of DFTB for these simulations involving typically radical species has been verified by
comparing geometries and energetics to B3LYP/6-311G** results for a series of 145 benchmark
structures, with excellent agreement between the two methods. Results from a total of 90
trajectories are presented. Cluster size and CyHy composition, hybridization type of carbon atoms
involved, ring count statistics, and cluster curvature have been recorded over the course of the
simulation. Giant fullerene cage formation is observed only when hydrogen is completely
eliminated from the reaction mixture, with yields of around 50% at 2500 K and 42% at 3000 K.
Cage sizes are in the range from 152 to 202 carbon atoms, with the distribution centered at larger
cages for lower temperature as a consequence of the increased volatility of polycyclic aromatic
hydrocarbons (PAH) precursors with temperature. Our results challenge the idealized picture of
"ordered" growth of PAHs along a route involving only maximally condensed and fully
hydrogenated graphene platelets, and favor instead fleeting open-chain plus ring structures with
large numbers of hydrogen defects, pentagons, and other non-hexagon ring species.

Density functional tight-binding (DFTB) method is used for these simulations with both
non-self consistent charge (NCC) and self consistent charge (SCC) approximations. Trajectories
have been simulated considering model system of 36 benzene molecules and constant temperature
of 2500 K, and 3000 K. Electronic temperature set to Te = 5000 K. To mimic the function of oxygen
in the experimental condition, we removed hydrogen randomly from the model systems.

Fig. 1 and Fig. 2 display the hybridization

- . . . . 200- B3000Kg1_1
statistics and ring formation statistics for a representative ]
trajectory. It is rent from these figures that the
ajectory. It is apparent ¢ gures that 1604 il
formation of polyyne chain/cluster is delayed due to the ]
o]
presence of hydrogen even it may prevent the fullerene = 297
(&)
formation. ;c:: 80
Selected snapshots of the fullerene formation 8 -oarbon
during benzene combustions are shown in Fig. 3. During 4
. . 1 sp’-carbon
ring breaking (3.86 ps, 5.00 ps, and 8.12 ps) stage, the 0

. . . : 0 10 20 30 40 50 60
created radical species breaks to form linear
Time (ps)

hydrocarbons. Next in the nucleation (10.01 ps, 12.31 . I .
Fig 1. Hybridization statistics.

ps) stage, the formed linear hydrocarbon and/or polyyne
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chains react form larger species. In the ring condensation (12.31 ps, 15.01 ps, 17.21 ps, 21.79 ps)
stage, cluster consisting of 5-, 6-, 7-membered ring formed. Finally, at the cage closure (24.43 ps,
32.81 ps) stage, a closed cage is formed due to gradual change of curvature of the cluster and by

catching the C atoms on the other side of the cage.

504 B3000Kg1_1 Molecular dynamics simulations using the

1 density-functional  tight-binding (DFTB) quantum

404 SN (L) chemical method are reported for the fullerene formation

mechanism with benzene molecules as carbon feedstock.

3 304 We observed that the presence of hydrogen slows down
€ ' £ :
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vy eactive polycyclic aromatic hydrocarbons (PAHs)

without complete saturation of their edges by hydrogen
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0 10 20 130 40 50 6o through four distinct stages, i.e., ring breaking,
Time (ps) nucleation, ring condensation and cage closure. The
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Fig 2. Ring formation statistics. ) : - . .
discussed, and the trajectories are analyzed in terms of

. 2 . .
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Fig 3. Snapshots from B3000Kgl 1 showing key events. Positions of the carbon and hydrogen atoms are represented by

big (blue) and small (red) spheres, respectively.
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(B) Formation mechanism of polycyclic aromatic hydrocarbons (PAHs) during benzene
combustions: DFTB MD simulations

The formation mechanism of polycyclic aromatic hydrocarbons (PAHs) is an important
issue for the understanding of soot and fullerene formation from hydrocarbons. Soot is formed
during hydrocarbon combustions in flames and more importantly also in automotive and aircraft
engines. Soot has become a major concern for public health and the environment in addition to
reducing fuel efficiency. Therefore, the knowledge of fundamental PAH growth mechanism is
important to understand soot formation. The objective of the present research is to present an in
depth understanding of PAH formation mechanism from benzene molecules in oxidizing flames at
the density functional tight binding (DFTB) level of theory, using molecular dynamics simulations.
The effects of H/C ratio and temperature on the PAH growth process is discussed in detail. In
addition to these, the shapes and sizes of the PAH’s simulated are analyzed and discussed.

Molecular dynamics simulations have been performed to understand the PAH formation
mechanism during benzene combustions in oxidizing flames using DFTB theory within the self
charge consistent - (SCC) and non-self consistent charge (NCC) approximations. We remove H
randomly from the model system to reach desired H/C ratio. The effect of H/C ratio on the PAH
growth process is shown in Fig. 1. From this figure it is evident that the higher H/C ratio slows
down the cluster growth processes. It is observed that at high H/C, not much ring is formed
compare to lower H/C ratio. Hence lower H/C ratio favors ring formation and PAH growth. The
PAH formation mechanism is shown in the Scheme below.

The general trend observed

80
= 7008 . . .
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Fig. 4 Hydrocarbon formation and growth with time for T, = 2500 K. rings are from along the border this
Each point corresponds to a species of the form C.H,. The (red) line

: : nucleus and thus pre-condensed
corresponds to the H/C ratio of over all system. Data points plotted for 10 , P
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Scheme 1 PAH formation and growth mechanism.
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2. Original papers

(1) B. Saha, S. Shindo, S. Irle, K. Morokuma,
“Quantum Chemical Molecular Dynamics Simulations of Dynamic Fullerene
Self-Assembly in Benzene Combustion” ACS Nano 3, 2241 (2009)

3. Presentation at academic conferences

(1) 215th ECS Meeting - San Francisco, CA, USA, 24-29May, 2009 - On the Driving Force
for Irreversible C2 Elimination from Giant Fullerenes at High Temperature (Oral) - S. Irle,
S. Shindo, B. Saha, K. Morokuma

(2) World Association of Theoretical and Computational Chemists (WATOC), Sydney,
Australia, 14-19 September, 2008 - Fullerene self-assembly from benzene: DFTB
molecular dynamics simulations (Poster) - B. Saha, S. Irle, K. Morokuma

(3) 2008 International Conference on Carbon, World Conference on Carbon, Nagano, Japan,
13-18 July, 2008 — Formation mechanism of polycyclic aromatic hydrocarbons in the
benzene flame: Density functional tight binding molecular dynamics simulations (Poster) -
B. Saha, S. Irle, K. Morokuma

4. Others

(1) The 6" Fukui Institute for Fundamental Chemistry Seminar, FIFC, Kyoto University, Japan,
13 Jan. 2009 - Fullerene Self-assembly during Combustion: DFTB MD simulations (Talk)
B. Saha
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1. Summary of the research of the year

The use of carbon nanotubes (CNTs) as reaction vessels is a recent area of intense interest.
Nanotubes have the unique ability of confining encapsulated species in a virtually one-dimensional
space. Besides geometrical constriction, CNTs posses different chemical environments inside and
outside the structure. Specifically, the inside of the tube shows an increase in electron density due
to the greater overlap of carbon prorbitals, as a graphene sheet rolled up is expected to show,
whereas the outside of the tube is relatively electron-deficient. It is well known that CNTs are
stable to relatively high temperatures and fairly inert to chemical attack. These properties, taken
all together, create a unique environment for novel chemistry. For example, CNTs have been filled
with metal to create nanowires. Another interesting example is the deposition of Fischer-Tropsch
catalysts inside CNTs!2. The encapsulated species show a marked increase in catalytic activity
compared to catalyst particles created on the outer surface of CNTs or in mesoporous silica of
comparable inner diameter!, implying a unique chemistry intrinsic to CNTs.

A study on the polymerization of CeéoO inside single-walled CNTs (SWCNTSs) has recently been
reported. The original motivation of the research was to create a perfectly linear polymer using
SWCNTs as the template. CsoO polymerizes above roughly 250 °C via oxirane ring-opening and
reaction with a double bond on the fullerene surface to form rigid furan-like rings linking the cages.
If pure Ce0O is reacted in bulk, a disordered polymer results from the reaction of the oxirane with
any of its closest neighbors. The resulting structure forms a face centered cubic lattice retaining the
original intermolecular distance. Britz et al used previously reported procedures for opening CNTs
(major diameters of 13.6 A and 14.9 A) and filling them with Ce0O. Thus “peapod” species were
formed through favorable (exoergic by ~3 eV/molecule) dispersion interactions between the
fullerene and the CNT walls, with an interfullerene distance roughly equal to that of Ceo)@SWCNT
(10.0 A). The CeoO@SWCNT were subsequently heated to initiate polymerization. The result of
polymerization of CeoO@SWCNT (along with a portion of Ceo) resulted in “beads” of polymerized C-
600 terminated by Ceo that move independently of each other inside the SWCNT. As in the
unpolymerized form, the interfullerene spacing was roughly 10 A. One noticeable difference was a
slight elongation of the polymerized CeoO units.

A number of different techniques were applied in the research. The prototypical reaction was
investigated using CASSCF implemented in the MOLPRO, GaussianDV, and DFTB+ (with ad hoc
corrections for dispersion3), and TURBOMOLE (also with ad hoc dispersion) program packages.

! Pan, X_; Fan, Z.; Chen, W.; Ding, Y.; Luo, H.; Bao, X.; Nature Materials Letters, 2007, 6, 507-511
2 Chen, W.; Fan, Z.; Pan, X.; Bao, X.; J. Am. Chem. Soc., 2008, 130, 9414-9419
3 M. Elstner, P. Hobza, T. Frauenheim, S. Suhai, E. Kaxiras; J. Chem. Phys., 2001, 114, 5149
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Since the prototypical reaction was rather small, the B3LYP/6-31g(d), CASSCF(4,4)/6-31g(d), and
DFTB-D methods were applied. For the larger models, DFTB-D, ONIOM¢4, and B3LYP+D/SVP
methodologies were employed. The partitioning and methods in ONIOM used are given vide infra.
Molecular dynamics simulations were run using Tinker’ linked with DFTB+ or DFTB+ by itself.
Molecular alignment calculations were performed by using a genetic algorithm (provided by the

PyGene module for the Python scripting language) to generate the optimum translation vector and

a set of Euler angles.

Prototypical reaction

As a test case, the simplest oxirane ring opening reaction pertinent to the reaction at hand is

studied. A schematic process is given in Figure 1.

D>

]

P00

Figure 1: Schematic of one possible two-step mechanism for the ring-opening reaction of an oxirane
with a double bond.

Whether the opened oxirane is actually an intermediate or not is debatable. In the present work, no
stationary point corresponding to the open oxirane could be located, and in fact the literature

indicates that such a structure may hardly exist. Thus, the prototypical reaction proceeds more like

Figure 2.
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Figure 2: A more likely mechanism for the ring-opening reaction of an oxirane with a double bond

Figure 3: CAS(4,4)/6-31g(d) natural orbitals HOMO (a) and LUMO (b) (occupation 1.65 and 0.35,

* Vreven, T.; Morokuma, K.; J. Comp. Chem., 2000, 21, 1419-1432
> TINKER v4.2 http://dasher.wustl.edu/tinker/
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respectively) of transition state.

It is interesting to note, however, that a triplet opened oxirane was located and that it differs from
the open-shell singlet at the same geometry by only 0.0074 kcal/mol (well below the threshold of
significance) at the CAS(4,4)/6-31g(d) level. The close proximity of a triplet state is one indicator of
biradical character, and this biradical character is confirmed by the coefficient (0.4) of the
doubly-excited determinant in the CASSCF wavefunction. The close proximity of a triplet state
opens up the possibility of spin-orbit crossing, as the open oxirane geometry is probably sampled
frequently at sufficiently high temperatures. However, besides the weakness of the coupling, the
triplet open oxirane does not lead to the desired reaction and was not investigated in the current
study.

For this prototypical reaction, BSLYP/6-31g(d) predicts an overall exoergicity of -47.53 kcal/mol
and a reaction barrier of 64.46 kcal/mol. Since DFTB-D is used extensively in the remainder of the
results, it is useful to look at the DFTB-D results for this prototypical reaction. According to
DFTB-D, the overall exoergicity is -66.21 kcal/mol and the barrier is 48.67 kcal/mol. It is not
surprising that the DFTB-D results are overbinding, as this is a known characteristic of the
method.

While the original CeoO@SWCNT paper does not provide kinetic information, it is possible
nonetheless to make a crude estimate of the reaction barrier. Assuming first-order kinetics and that
(arbitrarily) 0.1% of the reactants survive after three days (the reaction time used in the literature)
and that AG* = Ea (assuming no contributions from entropy and that pVis constant), the rough
estimated activation energy using the Eyring-Polyani equation from transition state theory
(Equation 1) is 43 kcal/mol. This is of course influenced by a variety of factors. First, the actual
amount of remaining reactant may have been less, signaling a higher rate constant and smaller
barrier. Second, the reaction does not occur in gas phase, but is rather restricted to a
one-dimensional space, potentially increasing the prefactor by an appreciable amount. Third, the
actual reactants used and the CNT environment may cause differences between the prototype and
actual reaction barriers. These three considerations added to the assumption that AG# = Ex may
lead to a fortuitous cancellation of error. At very least, this is a reasonable estimate using the
information given. Thus the B3LYP value for the barrier is a little high, but the DFTB-D value is

much closer.

v
Ve+V,

AG
k= Mefﬁ Completion:=

Equation 1: h Equation 2:

Given the predicted barriers it is possible to use a quantified linear form of the Hammond
Postulate (Equation 2, Vris the forward reaction barrier and V: is the reverse barrier) to predict the
degree of completion of the reaction at the transition state. At the DFTB-D level, the transition
state lies 30% along the intrinsic reaction coordinate (IRC) and the B3LYP results predict that it
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lies 32% along the IRC, in decent agreement with each other.

Cs00 + Cso

While the prototypical reaction gives some basic insight into the process, it is really the
polymerization of CeoO that is of true interest in this research. Before delving into the
computational results, it is important to note the number of isomers involved. The oxirane ring may
bridge two hexagons on the fullerene surface or it may bridge a hexagon and a pentagon. These
forms are represented as Cs00 (66) and Ce0O (65), respectively. According to DFTB-D, the C600 (65)
isomer is more stable by 6.70 kcal/mol. Even though the 65 isomer is more stable, 13C NMR
measurements have shown that it is the 66 isomer that is used. There is a similar complexity in the
Ce0-O-Ceo “dimers.” For shorthand, these dimers are called 66-66, 66-65, 65-66, and 65-65, where
the first number indicates the nature of the oxirane and the second refers to the double bond that
was attacked. The order of stability (by DFTB-D) was predicted to be 66-66 > 66-65 > 65-66 > 65-65
with exoergicities of -87.04, -70.54, -63.84, and -35.24 kcal/mol (respectively). Thus, all further
considerations concentrate on Cs00 (66) and the 66-66 dimer.

As noted above, the dimerization of Ce0O and Ceo to produce 66-66 is exoergic by -87.04 kcal/mol.
The barrier to formation of the dimer was computed to be 14.18 kcal/mol by DFTB-D. All of the
DFTB-D results quoted so far have been spin-unpolarized. Allowing spin-polarization, the reaction
energy becomes -52.35 kcal with a barrier of 8.95 kcal/mol. The difference in values is due to a
higher energy predicted for the dimer when spin-polarization is allowed. Since the dimer itself is
not expected to be pathological in any way, it is unknown why allowing spin polarization predicts a
higher energy for virtually the same structure. Spin contamination was not calculated, but is
probably significant. Regardless, DFTB-D is an approximate method, so more rigorous results are
desirable. To this end an ONIOM framework was chosen so the high level treatment corresponds to
the ethene and oxirane fragments of the fullerenes and the rest is described by DFT-D. This
partitioning is natural in that it appears to capture the basic chemistry of the situation, though in
general fullerenes cannot be well-partitioned to yield good results. It may also be worth mentioning
that the treatment of dispersion is this slightly incomplete due to the use of BSLYP in Gaussian,
which neglects the dispersion correction, however the overall contribution to the system is
undoubtedly negligible. The dimerization energy at the ONIOM level is -29.58 kcal, which is
expectedly less bound than DFT-D (-87.04 kcal/mol). The Hammond completion estimate works out
to be 32%. This is in contrast to the DFTB-D completion estimate of only 12% (14.18 kcal/mol)s.
While comparing completion estimates is not an exact science, especially as it is essentially a linear
first-approximation to the IRC, and therefore the two results may be compatible, it seems there is
some fundamental disagreement between the DFTB-D and ONIOM results. The full BSLYP-D/SVP
transition state was located, with a barrier of 27.85 kcal/mol (30% completion), see Figure 4. Thus it
appears the ONIOM scheme used is able to give good energies, significantly reducing the

computational cost of these systems. In all cases, it is apparent that the oxirane ring is already

® The spin-polarized DFTB-D calculations predict the same degree of completion.
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opened at the transition state.

Figure 4: BSLYP-D transition state geometry

Dimerization inside CNT

Being even more computationally challenging than the dimerization process alone, DFTB-D
was used to the probe the reaction inside a CNT. A (10,10) 20 A CNT capped with hydrogens was
employed as a vessel. This structure was optimized, and Ceo, Ce0O, and 66-66 were separately
optimized inside the CNT. Although the CNT walls have many double bonds that could possibly be
reactive to the oxirane ring opening, it was impossible to locate any structure in which the oxirane
attacked the side wall. For each species, the energy of absorption was -3.4 eV for the fullerenes,
exactly within expected values, vide supra, and -5.1 eV for 66-66.

Dimerization inside the CNT was also studied. Starting with adsorbed Ceo and CeoO, the energy
of dimerization is only -55.11 kcal/mol, almost 32 kcal/mol less exoergic. This is likely due, again, to
a change in the dispersion interactions. As mentioned above, the dimer is 1.7 eV higher in energy
than would be expected from the separated reactants. This represents an increase in energy of 39
kcal/mol, nicely accounting for the difference in dimerization exoergicity. While a transition state
including the CNT has yet to be found, the DFTB-D transition state was frozen and placed into the
CNT and the CNT allowed to relax around it. A pseudo-reaction barrier of 11.48 kcal/mol was
obtained, only a few kcal/mol lower than the transition state outside the CNT. It is evident that the
reaction increases the ability of the CNT to contain the reaction, as 0.12 eV of dispersion energy is
gained upon reaching the transition state. Interestingly, this gain in dispersion energy very nearly
matches the lowering of the computed barrier, to within 0.06 kcal/mol. A preliminary conclusion
may be drawn that the inside of the CNT lowers the barrier through the contribution of dispersion

energy.
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1. Summary of the research of the year

Free energy correction for the reaction diagram of isopenicillin N synthase

Isopenicillin N synthase (IPNS) is an important enzyme for catalyzing penicillin in biological
system. Lundberg et al. have determined its reaction diagram using quantum chemical approach
and ONIOM(QM:MM) method. ONIOM(QM:MM) includes high level quantum chemical
(QM) calculation for the reaction center and low level molecular
mechanics (MM) calculation for the interaction between the reaction
center and its protein environment. We add the contribution from
thermal fluctuation of the protein environment on the reaction diagram.
We have run molecular dynamics simulation of solvated IPNS protein

with restrained the reaction center. We then compute the free energy

difference between the dual states using free energy perturbation (FEP)
theory. For making the perturbation Hamiltonian, we have )

- ) . ) Fig.1: Structure of IPNS
employed a virtual reaction coordinate of A that linearly connect

between dual topology/coordinate of initial and final states. The MM Hamiltonian is:

Hypy =H o+ AH g + (1= A)H .

env initial

Using the Hamiltonian, MM contribution of free energy is:

A=l ~
AR""-” = EAE.f+| ’ AF:‘M =—kBTln<exr{MJ> )

h=0 k,T

Also, we have tested umbrella sampling approach using the same data %

set. The Hamiltonian is rewritten as:

_ umbhbrella s
H.-\-.I’M = (H('m' + Hrmm:f )+ A’m (_ Hnrmm’ + Hﬁ:mf ) = H!l + Hm j . Flg‘2: An example of dual

; . Gir w3 states in IPNS reaction
Then, equation of the free energy contribution is:

center. (2n state: colored

1
AF, = —E ln(exp(— BAY, )>! 5 and 34 state: tan)
where
< exp(-ﬁM)> .
N exp(— ﬁAV:m) Ia]. eXp _ﬁA Vnu {m}
(exp(— BAY, )>,  (exp(BAV,,),,,  (exp(-BAV,)),,
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We have applied the method to first half of the IPNS reaction pathway with nine stationary
points that determined by Lundberg et al. using ONIOM(QM:MM) method. Figure 3 shows the
results of the free energy diagram (ONIOM-ME+FEP) with static energy diagram
(ONIOM-ME). Significant difference is at a

barrier from 5" to 6" states for O-O bond - Energy Diagram
. 15 C-H activabion

cleavage. The experiment has suggested the 0! S

. ) . . g s L ©-0 bond
reaction rate is controlled by C-H activation E—aaf e

. oy o 1 5 le 06 23 10 40 -31 -46 -4l \s.s l
barrier. Two C-H activations exist in Lundberg fo By M
reaction pathway. One is from 2" to 3 state in =~~~ —ommomn

i | s 3

Figure 3 and another is in second half of 30 Reaction coordinate H;0 release

Lundberg reaction pathway. The other barriers

< i i Fig.3: First half of the Fr
should be lower than one of the C-H activation 1g.3" First halt of the Yree energy

. . reaction diagram of IPNS. Bold
and the above result is consistent to the 100 St

; numbers indicate stationary states.
requirement.

Computed free energy corrections include several kinds of physical effect. We have analyzed
the statistic and geometric effects comparing three types of interaction differences between the
reaction center and others. The statistic effect is caused by the geometry fluctuation and

geometric effect is the change of the potential energy caused by the temperature and solvent.

AF is the free energy difference between two
states that includes both types of above effects. AE A

is the potential energy difference that excludes

s g 10
these. And <AH> that is an average value of the §
interaction difference between two states over the E

MD simulation. <AH> include the geometric

effect but not the statistic effect. Figure 4 shows 10

1 1 ! 1 ! ! 1
12 23 M 45 56 67 78 89
Pair of states (XY)

computed values of three types of interaction '
differences. When <AH> is close to AF, the

statistic effect is week. Although the average Fig.4: Comparison of statistic and

geometry of MD simulation changes from ONIOM geometric effects in the free energy
optimized geometry, the interaction is energetically corrections.
stable. General geometries can contribute the reaction between these states. On the other hand,
when <AH> is close to AE, the geometric effect is week. Although the average interaction
between reaction center and bulk is similar to ONIOM optimized geometry, the thermal
fluctuation presents large energy shift. First case appears at state pairs of 12, 23, 34, 67 and 78
(bold numbers indicate stationary states). Second case is at state pairs of 45 and 56. Rare

geometries with small interaction difference can contribute the reaction between these states.
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State pair of 89 belongs to neither case. Strong geometric and statistic effects appear in the
calculation. However the result of 89 is not so reliable because of large error and collision of

atoms in the FEP calculation.

2. Original papers

(1) M. Lundberg, T. Kawatsu, T. Vreven, M. J. Frisch and K. Morokuma*, “Transition
states in the protein environment — ONIOM QM:MM modeling of isopenicillin N
synthesis.” .J Chem. Theory Comput. 2009, 5, 222-234.

3. Presentation at academic conferences

() 236" American Chemical Society (ACS), National meeting 2008. Lecture title:
“Classical free energy calculation of an enzymatic reaction mechanism for
ONIOM(QM:MM) method.”

(2) The Biophysical Society of Japan 2008. Poster title: "Free energy diagram for
isopenicillin N synthase based on the ONIOM(QM:MM) method.™

4. Others
(1) The 6™ Symposium of Fuku Institute for Fundamental Chemistry 2008: Poster title:

“Free energy diagram for isopenicillin N synthase based on the ONIOM(QM:MM)
method.”
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1. Summary of the research of the year

Temperature dependence of SWNT growth process on an iron cluster

Single-walled carbon nanotubes (SWNTs) have been one of representative nanotechnology
materials and their various potential applications such as wiring material of microcircuit, field
emission display, fuel batteries, and drug delivery systems are expected due to their outstanding
physico-chemical properties. Although SWNTs are known to be efficiently synthesized using metal
catalyst, the growth mechanism of such metal-catalyzed SWNTSs is still not well understood. In
order to understand interplay among feedstock carbon, nanotube, and metal, we have implemented
growth simulations of metal-catalyzed SWNT using density-functional tight-binding molecular
dynamics simulations.

Here, we summarize temperature dependence of SWNT growth process on an iron nanoparticle.
Figure 1 shows a model system for continued growth of SWNT where a (5,5)-arm chair typed
SWNT seed is attached to an iron cluster composed of 38 Fe atoms. In the SWNT growth
simulations, gas-phase C atoms are successively supplied around the nanotube-metal contact area of
the nanotube-Fesg cluster. Since laser ablation synthesis typically uses furnace temperature of ~1500
K, the growth simulations are implemented at T = 1000 K, 1500 K, and 2000 K for investigating
temperature dependence of nanotube growth process. The results at 1500 K exhibited fastest growth
of the nanotube although the difference is moderate (See. Figs 2). During the simulations, we have
observed that formation of polyyne chains at the rim of the nanotube efficiently initiates
aromatic-ring formations such as the five-, six-, and
seven membered rings in the carbon sidewall, leading
to lift-off behavior of the nanotube on the Fe cluster
(See Fig.3). At 1000 K, the lift-off behavior of the
nanotube is relatively suppressed despite that the total
number of created aromatic rings in the nanotube is
comparable to that at 1500 K (See Fig.2(a)). In
addition, at 1000 K, relatively long polyyne chains or

carbon chain complexes tend to be formed extending
from carbon sidewall to the metal cluster, while at

2000 K, deformation of the nanotube becomes Figurel: Model system for continued growth of

. . metal-catalyzed SWNT. Hydrogen-terminated
pronounced (See Fig. 2(b)), and polyyne chains at the (5 5) aym-char typied SWINT is attached to an
rim of the nanotube easily dissociated from the Fess cluster. Gray: hydrogen, Cyan: carbon,

. . Brown: iron.
nanotube. These physical and chemical events at 1000
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K and 2000 K are attributed to inhibiting factors against efficient growth of the nanotube.

(a) .
|7 =1000K 1T =1500K -
= = =
s s £
S 2 5
=z z @
2 2 z
2 = =

(b)

Figure 2: (a) Tube length vs time; (b) Snapshot after 45 ps carbon supply simulations at T = 1000k,
1500K, and 2000K.

25.12 ps 27.20 ps 27.76 ps

Figure 3! Six-membered ring formation process during SWNT growth simulations. Orange spheres
highlight carbon atoms which contributed to six-membered ring formation. Definition of other colored

spheres is same as in Fig.2.

SWNT growth by surface carbon diffusion on an iron cluster

The rapid growth simulations mentioned above provided meaningful information to understand
reactivity of the nanotube-Fe interface. However, the feedstock gas-phase C atoms were forcibly
supplied around nanotube-Fe interface during growth simulations and thereby the reacted area was

rather overbiased to the nanotube-Fe interface. In addition, the highly exothermic reactions between
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C atoms and the nanotube-Fe interface instantaneously led to local heating causing overestimation
of reaction events. For the nanotube-Fe cluster, the cross-section of the metal surface is much larger
than that of the nanotube-metal interface. Therefore, majority of feedstock carbons should first
experience the reaction with metal surface before contributing to the continued growth of SWNT.
From this reason, we employed different procedure and model in order to focus on SWNT growth
by surface diffusion of carbons on an Fe cluster. The initial model system is the C4y carbon cap
attached to the Fesy cluster. For this model, gas-phase carbon atoms were supplied around the
surface of the iron cluster every 0.5 ps for 20 ps. and then simulation time was reset to zero and the
trajectories were annealed for 160 ps without supplying any carbons (See Fig.4). From this carbon
diffusion simulations, we have observed that no seven-membered rings were formed in the diffusion
simulations. This feature was contrastive to the previous carbon supply simulations near the
nanotube-metal interface. In the carbon-supply simulations, considerable number of
seven-membered rings were produced on carbon sidewall by rapid hexagon-to-heptagon
transformation induced by the reaction between the incident C atoms and hexagonal rings, while in
the present simulations, feedstock carbons reacted only with the carbons at the rim of the carbon
cap by surface/subsurface diffusion. The difference between the carbon-supply and carbon-diffusion
simulations highlighted that surface carbons contribute to the construction of carbon sidewall with
much less defects, indicating that the rim of carbon cap is a narrow key window for root growth of
SWNT

Annealed
at 1500 K

CaoFess t=-20 ps t=0 t=160 ps

Figure 4: SWNT growth process by surface carbon diffusion on an iron cluster. Gas-phase carbon atoms were
supplied between t = -20 ps and t = 0, and then carbon diffusion simulation was started at t = 0 without supplying

any feedstock carbon atoms. Pink spheres highlights feedstock carbon atoms.

SWNT growth by directly supplying carbon atoms to carbon cap fragment

We have also investigated growth of a single-walled carbon nanotube (SWNT) from a corannulene
cap fragment on an iron cluster using density-functional tight-binding molecular dynamics
simulations of laser synthesis. In order to explore multiple reaction pathways for the cap fragment
to evolve into tubular form on the iron surface, reaction dynamics between the metal-bound cap
fragment and gas-phase carbon atoms were studied. We have found that rapid growth of the cap

fragment can occur when carbon atoms are supplied in the vicinity of the cap fragment (See Fig.5).
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In this reaction process, a high density supply of add-atoms leads also to rearrangements of existing
sp>-carbon cap structures involving the formation of pentagons and heptagons as long-lived defects,
while 4- and 8-membered rings and short polyyne chains appear during the dynamics as important

intermediate structures, facilitating growth.

t=0 t=0.5ps t=10ps t=20ps

Figure 5: Rapid growth nanotube on an iron cluster. Gas-phase carbon atoms were supplied on corannulene-like

Cao cluster. Definition of colored spheres are the same as in Fig.1.
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1. Summary of the research of the year

QM/MD Molecular Dynamics study concerning the states of transition metal catalysis during

Single-walled carbon nanotube formation

In spite of more than a decade of scientific struggles, the formation mechanisms of single-walled
carbon nanotubes (SWCNTs) have not been fully understood yet. Meanwhile, their application spreads to
various technologies such as electronic devices and novel materials, and the understanding of formation
mechanisms is highly expected.

Until now, vapor-liquid-solid (VLS) model is considered to be the most possible candidate to explain
their formation mechanisms, however, even within the scheme of this model, there still remains some
controversies as to the diffusion of carbons (Is it surface/bulk diffusion? What is the driving force?), states of
the transition metal catalysis (are they metal or carbide? Are they in liquid or in solid state?) etc. Some
experimental observation suggests that they are in carbide [1,2], some suggests fluctuating crystals [3], while
Harutyunyan et al. observed solid-liquid-solid transition during the SWCNTs growth [4]. and concluded that
liquid state is favored for the nanotube growth. However, there are strong arguments whether the catalyst can
be in liquid state when its eutectic point is much higher than the reaction temperatures, and this large
decrease in melting point (Tm) of transition metal catalysts does not seem to be caused by cluster size effect
[5].

We carried out mechanical molecular dynamic study of a system of transition metal (TM) catalysts
(Co/Fe/Ni) with the existence of C,, as well as the study of phase diagrams of Fe catalysts. in order to obtain
some hints for the formation mechanisms of SWCNTs. QM/MD are carried out using self-consistent-charge
(SCC) density functional tight-binding (DFTB) method developed by Frauenheim et al. [6.,7.8]. In this report

we will present main findings of the studies.

1. Solid-Liquid-Solid transition of TM catalysts

We conducted DFTB simulations to study the states of TM catalysts during the carbon ring formations.
Details of the simulation are as follows. Transition metal catalysts
(Co/Fe/Ni) of 38 atoms (truncated octahedron, Fig.1) are placed in a cubic
box of 40 A a side. After annealing about 70ps, one or two C, molecules
are added every 3 to 30 ps. Simulations are continued until total of 110 C,
are added. To realize the anti-bonding character and Fermi broadening, we
introduced electric temperature (Te) of Te=Tn and of 10.000K in the DFTB

simulations. We present here the results of Te=Tn case and adding rate of

Fig.1 TM38 cluster

; o : (Truncated octahedron)
2C,/3ps. Lindemann criteria [9] is used to analyze the status of TM clusters.
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Ten trajectories of the same parameters were simulated. Results of different C,adding rates are given below.
In each case, carbon ring formations and ring condensations were observed for Fe and Ni clusters. However,
in contrast to Ni and Fe clusters, maximum of several rings are observed to be created on Co clusters.
(1) Ring formation statistics

Ring formation statistics are given in Fig.2. Usually, on Fe and Ni clusters, more than 10-30 rings are
found to be formed. Ring condensation starts at about 100ps, after about 60 C, are added in the system. At
higher temperatures, this ring condensation can start earlier, because of the high diffusion rate of carbon
atoms on the TM clusters. Co clusters form only carbides. only up to several rings are observed to be formed.
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(2) Time variations of Lindemann index and correlation between ring formations

In Fig.3 we present the Lindemann index obtained from the snapshots from several time slots. Since
Lindemann index depends on the number of sampling point, it should be obtained from several time slots in
order to ensure that it has sufficient sampling points to obtain the stable value. In Fig.3. we arranged the
figures in the way that the Lindemann index at each time slots almost corresponds to the time in the above

figures. Usually Lindemann index of 0.1 indicates high mobility of the atoms. The results suggest that as
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more carbon atoms are added, initially Fe/Ni atoms start to show higher mobility until the encapsulation of
the catalysts by the carbon atoms. As the encapsulation of TM catalysts occurs, the mobility of the transition
metals goes down. These results show exactly the same tendencies as in the Harutyunyan’s experiments. This
solid-liquid-solid transition of the catalyst metals might be the ground for the contradicting observations by
many experimentalists. Actually, these C, adding rate are found to be too high in order to form a nanotube,

our study with lower adding rate show similar tendencies in the time variations of Lindemann index.
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Fig.3. Graphs show time variations of Lindemann indices of each metal. For Fe/Ni
clusters, at the beginning, as more carbons are added, LLindemann index becomes
larger and TM atoms have higher mobility, like in liquid. After the encapsulation of
the cluster, value of the index becomes smaller and TM clusters turn to be in solid
states. Co seems to have completely different characters. Top right figures show

representative snapshots of one trajectory of Fe cluster at various times.
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New phase diagrams of Fe cluster.

As in the Harutyunyan’s experiments, catalysts in liquid state are observed in many experiments.
However, the significant decrease of melting temperatures of these clusters has not been successfully
explained by their size effect. Some discussed the possibility of lowering of the melting point by carbon
existence.

In many experiments, cementite iron is observed, but in some experiments, they observe high C
concentration on the catalysts up to 60%. Phase diagram of iron which is widely accepted show
cementite iron as the highest C concentrated complex. Jiang et al. recently suggested a new phase
diagram of Fe-C complex, which has another eutectic point and discussed that the formation of SWCNTs
can be explained by this phase diagram [5]. This new phase diagram might solve some controversial
questions concerning the states of TM catalysts, however, it have been never validated.

Here, we show the result of QM/MD studies on the melting points of small Fe cluster at various C
concentrations. The simulation method is as follows. We prepared a Fe cluster of 70 atoms. Of those 70
atoms, some numbers of Fe atoms are replaced with C atoms randomly to prepare a cluster of Fe;oCx.
These clusters are annealed for about 48ps, and simulated up to 178 ps at various temperatures.
Lindemann indices of these Fe;(Cx clusters were examined at various temperatures, and melting point
Tm was determined as the temperatures where Lindemann index equals 0.2. Nose-Hoover chain
thermostat was used to control the temperature during the simulations. Obtained phase diagram of Fe

cluster is given in Fig.5. As is obvious from

the Fig.5, as the Fe has more carbon Fe.C F_éC ._,Fenmr.
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liquid state of Fe catalyst during the

nanotube formation. Fig.5. Fe-C phase diagram obtained by QM/MD
In Fig.5, we see somewhat like another  simulations.

eutectic point, which also support the Jiang’s suggestion that segregation of graphitic structure can be

explained by this eutectic point. The phase diagrams of Ni and Co clusters are now under simulation. In

the future, we need to check Jiang’s other two suggestions concerning the driving force of C and rate

limiting step.
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1. Summary of the research of the year

Radical Reaction Mechanism in Bj;-Dependent Methylmalonyl-CoA Mutase

Considerable protein effect on the homolytic Co-C bond cleavage to form
5'-deoxyadenosyl (Ado) radical and cob(Il)alamin, and the subsequent hydrogen
transfer from the methylmalonyl-CoA substrate to the Ado radical in the
methylmalonyl-CoA mutase (MMCM) have been extensively studied by DFT and
ONIOM(DFT:MM) methods. Several quantum models have been used to
systematically study the protein effect. The calculations have shown that the Co-C
bond dissociation energy is very much reduced in the protein, compared to that in the
gas phase. The large protein effect can be decomposed into the cage effect, the effect
of coenzyme geometrical distortion, and the protein MM effect. The largest
contributor is the MM effect, which mainly consists of the interaction of the QM part
of the coenzyme with the MM part of the coenzyme and the surrounding residues.
Particularly, Glu370 plays an important role in the Co-C bond cleavage process.
These effects tremendously enhance the stability of the Co-C bond cleavage state in
the protein. The initial Co-C bond cleavage and the subsequent hydrogen transfer
were found to occur in a stepwise manner in the protein, although the concerted
pathway for the Co-C bond cleavage coupled with the hydrogen transfer is more
favored in the gas phase (Scheme 1). The assumed concerted transition state in the
protein has more deformation of the coenzyme and the substrate, and has less

interaction with the protein than the stepwise route.
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The overall reaction consists of the homolytic Co-C bond dissociation of AdoCbl,
hydrogen transfer from the methylmalonyl-CoA substrate, 1,2-rearrangment,
hydrogen transfer to the succinyl-CoA radical and the Co-C bond formation. These
calculations show that the protein effect on the Co-C bond dissociation is significant
and, thus, the reaction barrier for the dissociation is largely reduced by the protein.
The Co-C bond cleavage and hydrogen transfer steps leading to the substrate radical
occur in a stepwise manner in the protein, although the concerted pathway for the
Co-C bond cleavage and hydrogen transfer is a little more favorable in the gas phase.
The 1,2-rearrangment of the substrate radical to give a more stable secondary
carbon-center succinyl-CoA radical occurs via intramolecular addition-elimination
pathway in the gas phase and in the protein. Then, the second hydrogen transfer to the
succinyl-CoA radical takes place with a low-energy transition state. Finally, the Co-C
bond formation, which is also influenced by the protein considerably, completes the
full enzymatic cycle.
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Reversibly Photoswitchable Fluorescent Protein: Dronpa

A GFP-like fluorescent protein, Dronpa, which was engineered from a coral
Pectiniidae, was found to display perfect photochromic properties; the fluorescent
“on”-state and non-fluorescent “off"-state of Dronpa can be reversibly switched by
irradiation of two different wavelengths of light. To understand the detailed
mechanism of the reversibly photoswitching process at the atomic level, we
performed QM and ONIOM(QM:MM) calculations to study the nature of the
proposed on-state and off-state. Several high-level QM methods (TD-B3LYP,
CASSCF, CASPT2 and SAC-CI) were employed to compute the vertical absorption
and emission energies in the gas-phase for four different protonation states as well as
two conformations. The vertical absorption and emission energies of the on- and
off-states in the proteins were further studied by the ONIOM(QM:MM) calculations.
The ONIOM calculations on the absorption and emission suggest the neutral frans
form is the off-state and the anionic cis form is the on-state. The dominant protonation
states of the on- and off-states are also supported by protonation probability
calculations via Poisson-Boltzmann electrostatics and Monte-Carlo sampling.
Moreover, the local protein environments, particularly Ser142, were found to
influence protonation states of the chromophore. To explain the observed KIE and
cis-trans isomerization of the chromophore in the crystal structures, we proposed
another possible reaction mechanism for the photoactivation process in Dronpa

(pathway C in Scheme 3)
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Irreversible Photoconversion Fluorescent Protein: Kaede

The ONIOM(QM:MM) method has been performed to study the photo-induced
peptide cleavage and the green-to-red conversion of fluorescent protein Kaede. Three
pathways involving the cleavage of the peptide backbone between the a-nitrogen and
the a-carbon at His62, as well as the proton absorption from B-carbon by Glu212 have
been investigated, namely, E1, Elcb, and E2 (Scheme 4). The stepwise E1 mechanism
(the peptide cleavage occurs first, followed by the deprotonation process) is calculated
to be comparable to the Elcb mechanism (the deprotonation step before the C-N bond
cleavage). The E2-type -elimination transition state, i.e. the concerted deprotonation
and peptide backbone cleavage can not be located. The 2D ONIOM PES scan showed
that E2-type mechanism is energetically unfavorable than the others. The reasonable
choices of the QM model and method (mechanic embedding or electronic embedding)
in ONIOM(QM:MM) calculations have also been explored in this study. Our
calculations suggest that the large QM model including key charged groups in the
active site is very important in the investigation of the conversion mechanism. The
small QM model can not give reliable results even if employing ONIOM-EE scheme.
Moreover, the absorptions of the green and red chromophores, as well as the two

chromophores in their corresponding proteins have been calculated.
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2. Original papers

(1) Xin Li, Lung Wa Chung, Piotr Paneth and Keiji Morokuma “DFT and
ONIOM(DFT:MM) Studies on Co-C Bond Cleavage and Hydrogen Transfer in
Bi2-Dependent Methylmalonyl-CoA Mutase. Stepwise or Concerted Mechanism?” J.
Am. Chem. Soc. 131, 5115-5125 (2009).

(2) Xin Li, Lung Wa Chung, Hideaki Mizuno, Atsushi Miyawaki and Keiji Morokuma
“A Theoretical Study on the Nature of On- and Off-States of Reversibly
Photoswitching Fluorescent Protein Dronpa: Absorption, Emission, Protonation and

aman” (in revision).
R b3l

3. Presentation at academic conferences

(1). Xin Li, Lung Wa Chung, Piotr Paneth, and Keiji Morokuma, “DFT and
ONIOM(DFT:MM) Studies on Enzymatic Mechanism in Bj;-Dependent
Methylmalonyl-CoA Mutase”, American Chemical Society 237th National
Meeting, Salt Lake City, Utah, March 2009.

(2). Xin Li, Lung Wa Chung, Atsushi Miyawaki, and Keiji Morokuma, “A Theoretical
Study on the Nature of On- and Off-States of Reversibly Photoswitching
Fluorescent Protein Dronpa”, American Chemical Society 237th National Meeting,
Salt Lake City, Utah, March 2009.
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Pavel V. AVRAMOV
JST Fellow, Fukui Kenichi Memorial Research Group 1

(To 25 Dec. 2008)

1. Theoretical study of atomic and electronic structure of complex silicon and carbon based nanostructures

Er-doped silicon in different forms has been attracting much interest because of its potential application
as an efficient semiconductor light emitter. From the technological point of view, Er-doped nanocrystalline silicon
(ne-Si) embedded into silica (ne-Si:Er/SiO,, with effective ne-Si core sizes 1.5-5 nm) in particular is a very
promising material to produce semiconductor light emitter devices. The analysis of the experimental spectroscopic
data implies that each Er ion is included in one nc-Si quantum dot of 1.5-5 nm size, and does not form covalent
Er-O chemical bonds with the silica environment. The most probable interpretation of these facts is that erbium
penetrates into the hollows of ne-Si. which is covered outside by silica; yet the precise atomic structure of such
Er-nc-Si/Si0, conglomerates is experimentally entirely unknown. In this work, we used first principles DFT and ab
initio second order Moller-Plesset perturbational theory (MP2) to calculate electronic structure and energetic
stability of the erbium-doped Goldberg-type silicon quantum dots.

The perfect symmetries of parent GQDs are determined by the inner Siy.; cores. For example, the
icosahedral dot SiySigHgq with one <111> external layer has a dodecahedral Si,, core. Larger dots can be made by
adding external silicon layers to the inner silicon core. Electronic structure calculations have shown that the first
members (SiySiggHeo (In), SizagSioH7 (Dgy). SizgSijesHqg (Dss). and SizgSiyaHgy (T,)) of the GQD family are
energetically preferable among all possible silicon quantum dots with effective size up to 3-5 nm. To model erbium
doped GQDs we calculated the molecular and electronic structure of the endohedral complexes Er@GQD of
erbium ions encapsulated within ne-Si Goldberg quantum dots SiySigsHgo (1), Siay SiogH7 (D). SiagSizeSijosHog
(Dsn) and SixgSijaHgy (T,). (the symmetries of the inner cores are shown in parentheses. Fig. 1). with surface
dangling bonds being saturated by hydrogen atoms. All parent Si,H,, Goldberg-type silicon quantum dots display
high energetic stability at all PP PAW, B3LYP/3-21G* and MP2/3-21G* levels of theory with similar cohesion

—nE> )fn of the silicon atoms, where E°®” is the total energy of a Si,H,,

“ tot

energies E), = (F“Qn - mE,!

“coh “ tot “bond
quantum dot. E™ is the total energy of the free silicon atom in its P electronic ground state at the corresponding

is the energy of a hydrogen atom in the SiH, molecule (E! , = (Fs"H‘ - ES );’4.

ot

level of theory, and E'

~“hond

Actually, the silicon cohesion energy is the binding energy per silicon atom, and for all GQDs it is approximately

equal to -86. -101 and -122 kcal/mol at the PP PAW, B3LYP/3-21G* and MP2/3-21G* levels, respectively.
Electron correlations within the Er 4/-shell of all endohedral complexes lead to a distortion of the silicon

cages with significant symmetry lowering. The Er ion always occupies the center of mass of the clusters (Fig.). For

all Er-doped quantum dots, the B3LYP calculations predict either repulsive (22.1 kcal/mol) or small attractive

E, (33 kcal/mol) cohesion energies for the erbium ions, which is determined as
EN = EN@O _ OO _ I \where EF®YY s the total energy of the Er@GQD complex (Table 1) and E'

is total energy of Er atom. All E™

won Vvalues were calculated taking into account the basis set superposition error

(BSSE).
—107 —



V IR ER

El‘@SizgSingﬁu EI‘@SiuSigﬁHn El"@Sizssilmﬂm EI‘@Sizssi|qu4

Fig. Structures of Er-doped silicon quantum dots (optimized with PP PAW). Hvdrogen atoms are hidden. the inner
silicon core is represented by green sticks, the outer silicon atoms are purple: Er is red. The symmetry (point

group) is shown for the inner core Siy-Siss. followed after a slash with the point group for the whole system.

The difference between erbium cohesion energies ~100 keal/mol (4.3 eV) at B3LYP (without SEC) and PP
PAW (with SEC) levels of theory (Table 1) is on the same order as the Hubbard U constant (6.2 eV) typically
applied in the LDA+U method. ** In other words, SEC determines the large binding energies of the erbium ions
in the central hollows of Goldberg-type quantum dots.

Direct inclusion of dynamical electronic correlations using MP2 theory for the Hartree-Fock (HF) ground

r

state Er 4/ reference configuration leads to very negative Fﬁh values (-131.6 and -145.1 kcal/mol for

Er@Si goHgo and Er@Si o 0Hy, systems, respectively. Table 1), while the approximate treatment of SEC effects in

Er:
coh

the PP PAW method leads to significantly smaller £ values (the erbium cohesion energies vary from -76.4

kecal/mol for Er@Si o Hg to -49.1 keal/mol for Er@Si;qHss).

The experimental data (see, for example, " as well as preliminary CASSCF calculations of small Er/Si,H,,
clusters clearly demonstrate the single configuration nature of the Er/Si system wave functions corresponding to
the Er 4f'' configuration. The insertion of Er inside the GQDs slightly decreases (approximately by 0.1) the weight
of the reference HF wave function in MP2 for the Er@GQD systems, indicating the mainly single-configuration
nature of wave functions of Er/Si,H,, systems. In other words. in MP2 the reference configuration is Er 4}‘” (partial
Mulliken population of the Er 4f states is approximately 11.9 electrons) with small electron transfer to the ligand
subspace.

Experimentally observed Er-doped Si light emitters correspond to the Goldberg quantum dots with an Er
atom occupying their central hollow (the I, variety like Er@SiySig, is the mostly likely candidate: also, a larger
GQD may be formed in experiment). The Er 4f-shell is clearly affected by strong electron correlations. The
stability is determined by the strong electron correlations caused by dynamical correlations within Er 4f-shell
coupled with Si 3p subbands. which can be taken into account using the MP2 theory and to some degree in PP
PAW where one Er 4f electron is excited from the Er 4/ shell to the valence Er 5d shell. The theoretical analysis
presented in this work elucidating the properties of the experimentally manufactured Er-doped light emitters

creates the basis for the potential design of new materials with desired optical and magnetic properties.
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The quantum confinement effect (QCE) of the linear junctions of silicon icosahedral quantum dots (IQD)

and pentagonal nanowires (PNW) was studied using the ab initio DFT and semiempirical AMI schemes. The

formation of complex IQD/PNW structures leads to the localization of the HOMO and LUMO states at different

parts of the objects and in pronounced blue shift of the band gap with breakdown of typical QCE. The simple

one-electron single-dimensional Schrédinger equation

is proposed for description and explanation of the

unconventional quantum confinement behavior of silicon IQD/PNW systems. Based on the theoretical models the

experimentally discovered deviations from typical QCE for nanocrystalline silicon have been explained.
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Fig. 2. Schematic of the potential Ufx) for the | Fig. 3 a) Side view of the
one-dimensional  Schrodinger model. The length | PNW(1,4)/IQD(1)/PNW(1.6) cluster. b) Spatial

parameters L', I* and L® are determined by the actual
nanowire dimensions. The width W describing the
quantum dot width is fixed to 4 A. U is set to 0.27 eV.
The vertical lines at both sides show the infinite walls of

the potential.

localization of the HOMO and LUMO states for
PNW(1,2)/IQD(1), PNW(1.4)/IQD(1)/PNW(1.2) and
PNW(1.4)/1QD(1)/PNW(1.8). ¢) QCE dependence of
PNW(1,.2)1QD(1)/PNW(1,m)

account the AM1 overestimation (4.9 eV). The n, m

systems, taking into
numbers are depicted near the correspondent curve
d) The 1D Schridinger
QCE.

distributions of the wave functions of the ground (blue

points. solutions  and

correspondent In the insets the spatial

line) and single excited (red line) states are shown.

The atomic structure and elastic properties of Y-silicon nanowire junctions of fork- and bough-types were

theoretically studied and effective Young modules were calculated using the Tersoff interatomic potential. It was

shown that boundary effects at junctions of different parts determine the mechanical properties of the

nanostructures. In the final stages of bending. new bonds between different parts of the Y-shaped wires are formed.

It was found that the stiffness of the nanowires considered can be compared with the stiffness of carbon nanotube

Y-junctions.
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Fig. 4. Behavior of a Si-NW "fork" junction under
loading a) strain energy of the Si-Y-NW (d =173 A,
L.=49.6 A) as a function of deformation ~ The arrows
correspond to the stages of wire compression: b)
=0) ¢) Deiien=0.75 d)

"witicat = 0.87 before creation of the bonds between the

unstrained configuration (
branches and e) = '.iica = 0.87 after creation of the bonds
between the branches of the Y-NW. The bonds shown in
red have lengths less than 2.26 A, bonds shown in blue
have lengths more than 2.41 A. (the bond length in the

bulk silicon is equal to 2.3516 A).

Fig. 5. Behavior of a Si-NW "bough" junction under
loading a) strain energy of the Si-YB-NW (d = 13.5 A,
L=57.9 A) as a function of deformation . The arrows

correspond to the stages of wire compression: b)

unstrained configuration ( =0) ¢) =044 d)
aitical = 0.87 before the bonding and e) = cica = 0.87 —

after the bonding of the branch and stem. The bonds
shown in red have the length less then 2.26 A, the
bonds shown in blue are larger 2.41 A (the Si-Si bond
length in bulk silicon is equal to 2.3516 A). The
comparison between bending behavior of nanowires
( =0.85,d=18.8 A) with ) short (L =60.7 A) and g)
long (.= 120.7 A) branch lengths.

2. Original papers

I. Sorokin P.B., Avramov P.V., Chernozatonskii L.A.. Fedorov D.G.. Ovchinnikov S.G., Atypical Quantum
Confinement Effect in Silicon Nanowires, J. Phys. Chem. A, 112, 9955-9964 (2008).

2. Avramov P.V, Fedorov D.G.. Irle S., Kuzubov A.A., Morokuma K., Strong Electron Correlations Determine
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Energetic Stability and Electronic Properties of Er-doped Goldberg-type Silicon Quantum Dots, Phys. Rev.
Lett., submitted (2009).

. Sorokin P.B., Kvashnin A.G., Kvashnin A.G., Avramov P.V., Fedorov A.S., Chernozatonskii L..A. Theoretical
Study of Atomic Structure and Elastic Properties of Branched Silicon Nanowires, submitted to JPCC (2008).

Presentation at academic conferences
. Pavel V. Avramov, Computational Design of Novel Nanoscale Silicon and Carbon Clusters: From Basic Science

to Fascinating Art. Computation Science Workshop 2008, Tsukuba, Japan, December 8-10. 2008. Invited

lecture.
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JST Fellow, Fukui Kenichi Memorial Research Group 1

(From 9 Oct. 2008)

1) The summary of the research of the year

Homocysteine activation by methyltransferase enzymes.

The process of homocysteine (Hey) activation is a crucial step in the synthesis of
methionine. Three different types of metalloenzyme catalyze the transfer of methyl group to
(Hcy) to produce methionine: 1) Cobalamin-dependent Methionine synthase (MetH), 2)
cobalamin-independent Methionine synthase (MetE), both enzymes catalyze the transfer of
methyl from tetrahydrofolate to Hey (Banerjee and Matthews 1990, FASEB 1., 4, 1450) eq. 1.
The third one is the Betaine-Hcy Methyltransferase (BHM) which uses betaine
(tri-methylglaycine) as a methyl donor eq. 2.

CH3-H4folate + Homocysteine ----- > H4folate + Methionine (1)

Betaine (N,N,N trimethylglaycine) + Homocysteine --->Methionine + N, N dimethylglycine (2)

The three enzymes require zinc for activation and binding of Hecy. MetH and BHM enzymes
share the overall scaffold of the Hcy binding domain and also they share the metal ligands
(Cys)30Zn: in case of MetH the oxygen donor is asparagin residue and is tyrosine in case of
BHM. While MetE does not share any detectable sequence similarity with MetH and BHM
furthermore the active site lies between the tops of the two (Ba)s barrels domains and the
metal ligands are Cys2HisGluZn.

Extended X-ray absorption fine structure (EXAFS) spectra of native MetE and
MetH confirmed that Zn ions switched from ZnS2NO and ZnS30 to ZnS3N and ZnS4 for
MetE and MetH ligation state respectively upon Hey binding. (Pearson et al. 1998, J. Am.
Chem. Soc., 120, 8410, and 2001 Biochem., 40, 989).
In MetH and MetE, Hcy binds at the face of the metal opposite to the oxygen-donor ligand,
which moves away from the zinc in the binary Enzyme.Hcy complex. In BHM Hcy and

oxygen-donor are in the same side.
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Based on the available pdb structures, M. Koutmos et al 2008, Proc Natl Acad Sci
U S A. 105, 3286, proposed large zinc displacement in the catalytic cycles of both MetE and
MetH, resulting in inversion of metal geometry as Hcy binds and displaces away the
oxygen-donor ligand from the protein. They also interpreted the pdb structure 1XDJ of MetE
enzyme which was obtained under acidic conditions (PH=5.2) is the possible transition-state
mimic structure. In this structure the Zn coordination is a distorted trigonal-bipyramidal with
Zn positioned approximately halfway between Glu642 and Hcy.
The objective of this project is to investigate the process of Zn displaces from the
oxygen-donor ligand to Hey-bound state and explain the different role of the three enzymes.

We have adopted the same calculation protocol in the three enzymes with certain
modifications in each case as necessary. Here is the general protocol in case of MetH and the
modifications will be cited else where in the text. Firstly calculations were performed in the
gas and PCM environments using model of the active site. In this model the three cysteines
residues modeled as methythiolates, asparagin as acetamid and homocysteine as ethylthiolate.
The initial structure for these calculations was taken from the pdb structure 3BOF (the MetH
enzyme in the substrate-bound state). The geometry optimization of the stationary points was
performed at DFT (B3LYP/6-31G*) level of calculation. Gaussian 03 was used to do the
DFT and ONIOM calculations. Relaxed scan was performed along the reactional vibrational
mod to confirm that transition state connect the reactant and the product. The CPCM implicit
model was used to simulate the water environment as it is implemented in G03. Hydrogen
and missing heavy atoms were added to 3BOF pdb structure using HBUILD facility in
CHARMM program. Molecular mechanic relaxation of the enzyme in explicit water box was
carried out with fixing QM region (fixing QM part is necessary as molecular force field
parameters are not appropriate to describe the metal-ligand interaction) to remove any clashes
in the system. In the molecular mechanics calculations AMBER force field was used to be
consistent with ONIOM method in which AMBER parameters are used for the MM
molecular mechanical part. In ONIOM calculations the system divided into QM and MM
parts, the QM part is the same of the active site model except in ONIOM calculation we
include the entire substrate (homocysteine) see Fig 1. AMBER parameters of the substrate
were constructed based on the methionine parameters which is very similar and RESP
charges were calculated at HF (6-31G*) level consisting with the general philosophy of

AMBER force field.
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The geometry optimization of the enzyme was carried out at ONIOM (B3LYP/6-31G*:
AMBER)-ME model level of calculations with fixing crystal waters except one molecule
inside the active site. Further calculations were performed on the 3BOL pdb structure in
which the substrate is absent and it is added by superposition with 3BOF structure followed

by molecular mechanics relaxation.

A) MetH enzyme

The calculations on the active site model in gas phase and PCM model were
performed to characterize the changes in the Zn coordination from the substrate-unbound
state to the substrate-bound state. ONIOM calculations in the protein environment were
performed to investigate the protein effect on the potential energy surface of Zn coordination
switch. The active site model calculations found that the Zn-coordination switch is highly
unfavorable in the gas phase passing with transition state of barrier around 36 kcal/mol and
the reaction is endothermic (25 kcal/mol). While in the PCM model this barrier is
dramatically decreased to 3.5 kcal/mol and the reaction became exothermic (-10 kcal/mol),
these results are in very good agreement with the earlier studies done by Todor Dudev, and
Carmay Lim 2002 J. Am. Chem. Soc., 124, 6759, which demonstrate the effect of the high
dielectric constant in the stability of the Zn-S°y complex. In the protein environment, the
calculations were performed on two models A and B (model A in which the QM regions is
exactly the same as the active site model but including entire Hcy, model B in which the QM
region is exactly as the gas phase model) (see Fig. 1) the aim of model B calculations is to
compare with the active site calculations). The calculations confirmed the barrier disappear
and the reaction is highly drift toward the product with exthothermity of -28 and -31 kcal/mol
in case of model A and model B respectively.

The decomposition of the ONIOM reaction energy into QM and MM contributions
(QM=-15, MM=-13 for model A, and QM=-19.12, MM=-12.67 kcal/mol) showed that the
enzyme environment stabilizes more the product complex than the reactant with the MM
interaction. Moreover the QM contribution is larger than MM one by comparing the energy
of the reactant and the product in gas and protein environment (A ERgag.prm = -74.98 and A
Epgas_pml = -36.13 kcal/mol). It was found that enzyme constrains the reactant in a high energy
state than the product which drives the reaction to the product. Our results do not support the

experimental hypothesis stated that Zn displacement to Hey-bound state passing by transition
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state in which Zn is distorted trigonal bi-pyramid. Further calculations were performed on
two pdb structures 3BOF and 3BOL in absence of Hey and other calculations in which Hey
was replaced by water molecule. In case of absence of Hey Zn resides in the reactant side and
Zn-O (Asn) elongates by 0.1 A. While incase of water molecule at Hey position Zn displaces
toward water and the ONIOM reaction energy is -23 kcal/mol. These calculations confirm
that Zn dissociates quickly from Asn state to Hey-bound state without barrier which is in
good agreement with the experimental observation: at the physiological conditions MetH is
always saturated with Hey and the Experimental Michael’s constant Ky of Hey =0.8 += 5.9
uM which lies in the detection limit of the exp. method as the standard deviation explains

that.

ONIOM Model B

ONIOM Model A

Fig .1: a) Overview of MetH enzyme and its active site in ONIOM model A and B.
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B) MetE enzyme.

The active site model performed in MetE enzyme showed the same pathway as
MetH in the gas phase, firstly the Zn-Glu dissociates followed by addition of homocysteine
with barrier of 30 kcal/ml. While in PCM environment MetH takes another path to bind Hcy:
it takes SN2 mechanism passing with transition state of barrier 16 kcal/mol which is different
from MetH. In MetH the reactions maintained the same mechanism but the solvent lowers the
barrier substantially from 36 to 3.5 kcal/mol. This finding highlights some behavior
differences that may explain the experimental differences observed of both enzymes.
ONIOM calculations on MetE enzyme showed that the enzyme keeps the SN2 pathway and
the optimized transition state is very similar to the PCM one. Finding transition state explains
the Zn active site geometry of the 1XDJ pdb structure, in which the Zn is in between Hcy and
the glutamate. However the barrier of the Ts in the enzyme environment (47 kcal/mol) is
higher than in PCM (16 kcal/mol), but the active site is solvent exposed therefore the solvent
should affects the potential energy surface in the enzyme. The solvent contributions of the
barrier and the reaction energy were estimated implicitly by using Poisson-Boltzmann
equation using the focusing technique of grid spacing 0.7 A of the coarse grid and 0.5 A of
the fine grid. The energy barrier was decreased from 47 kcal/mol to 24 kcal/mol (see Fig. 2)
further refinement of these estimations will be carried out using tighter grid spacing of 0.3.
The earlier results showed the importance of the solvent contributions therefore using explicit

water molecules around the active site will be more realistic.

MM=32.19
47.75 | QM=15.56

Ts
24.41 MM=18.56
————— . 29.37 | am=10.78
N
~
N P complex
N
N
N
R complex S x 247
S

Fig. 2: Potential energy surface in the enzyme environment, solid line is the ONIOM contributions

and the dashed line is ONIOM with solvent contributions added.
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C) Directed mutations in Hcy binding site in MetH and MetE

Selected 7 residues were mutated in the Hcy binding site of MetH and MetE (see
Fig. 3) to probe the important implicated interactions in the substrate binding. The mutated
residues are in the first coordination shell of the metal or Hey. The residues which interact
with the carboxylate group of Hcy were not mutated as the interaction is takes place via the
principal chains and any residue can establish such type of interaction. The generation of the
mutants structures were performed by molecular mechanics minimization under constrained
applied on the coordination of the metal and its first coordination shell ligands. The MetH
mutants are Asn234Glu, Cys272His, Asn234Glu-Cys272His, Thr147Ala, Glul46Ala,
Phe66Ala, and Phe66Met. The MetE mutants are Glu462Asn, His618Cys,
Glu642Asn-His618Cys, Asp577Ala, M468Ala, M468Phe and Glu578Thr. ONIOM
calculations are performing on these mutants to estimate their energetic and structural effect
on the Hey binding. Mutation like AspS77Ala was done experimentally and they found that
this aspartate is crucial for the activity ( P. Prasannan et al 2009, Biochem. Biophy. Research
commu., 382, 730). Some mutations intended to test the environment of each enzyme on the

active site of the other like Glu642Asn-His618Cys and Asn234Glu-Cys272His.

) Phe66
Glu146
Thr14’ t o’ ‘
Hcy

. Cys273
; Cys2 L Cys62
Cys207
4 Asn234
‘ Glu642

MetH enzyme MetE enzyme

Fig. 3: Overview of the Hcy binding sites and the mutated residues in both MetH and MetE enzymes.

The residues in the first coordination sphere of the metal are shown to be mutated or not.
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d) BHM enzyme.

In case of Betaine-Homocysteine methyltransferase, the available experimental
structures of the enzyme-Hcy bound and free states showed large conformational changes
inversely to MetE and MetH (see Fig. 4). Therefore molecular dynamics simulations in
explicit water box under constrained are using to generate initial structures for the reactant,
transition and product complexes. The previous calculations performed on MetE and MetH of
the active site model and ONIOM model will be repeated on BHM. This study will enrich our
knowledge on the Hcy binding mechanism and the important interactions implicated which

may help in designing of selective inhibitors against those enzymes.

Fig. 4: Betaine-homocysteine methyltransferase pdb 1UMYin Hcey-free state in the left hand side and
Hcy-bound state of right hand side pdb 1LTS.

2) Original Papers

1-Scarabelli, T., Mariotto, S., Abdel-Azeim, S., Shoji, K., Darra, E., Stephanou, A.,
Chen-Scarabelli, C., Marechal, J-D., Knight, R., Ciampa, A., Carcereri, de Prati, A., Z., Yuan,
E., Cavalieri, Allebban, Z., Menegazzi, M., Latchman, D., Pizza, C., Perahia, D., and Suzuki,
H. (2009). Targeting STAT1 by myricetin and delphinidin provides efficient protection in the
heart from ischemia/reperfusion-induced injury. FEBS Lett. 583, 531-541.

2- Homocysteine activation in Cobalamin-dependent methyltransferase: DFT and ONIOM

study. S. Abdel-Azeim, X. Li, L. W. Chung and K. Morokuma, manuscript in preparation
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Alister PAGE

JST Fellow, Fukui Kenichi Memorial Research Group 1

(From 5 Jan. 2009)

1. Summary of the Research of the Year

(A) Theoretical Investigation of Single-Walled Carbon Nanotube Growth and
Healing Mechanisms on Transition Metal Nanoparticles

Single-walled carbon nanotubes (SWNTs), are perhaps the most important
nanomaterial fabricated to date. However, explicit control over the diameter and (n,
m) chirality of SWNTs (and hence their remarkable thermal, electronic and
mechanical properties) remains elusive at all but the smallest synthetic scales.
Theoretical simulations and models of SWNT growth are also yet to determine the
ultimate origins of SWNT chirality and chirality control. Healing (i.e. the removal of
defective components from the nanotube sidewall) during growth has never been
reported in any molecular dynamics (MD) investigation of SWNT growth.
Nevertheless, current models of SWNT growth indicate that a nascent SWNT
structure is ‘defect-rich’, particularly in the region immediately adjacent to the
catalyst particle.

Defect healing during SWNT growth has been simulated using self-consistent-
charge density-functional tight-binding molecular dynamics (SCC-DFTB/MD), with
an initial model Cy-Fess system (see Figure 1). Growth was induced at 1500 K by
supplying gas-phase atomic carbon in a random fashion to the C4y-Fesg boundary at
two different rates (1 C / 0.5 psand 1 C / 10 ps; rates denoted as “fast’ and ‘slow’,
respectively). Cap growth was observed in both fast and slow carbon supply
simulations. The nature of cap growth (i.e. whether continued growth of the cap
structure or encapsulation of the metal particle took place) was found however to
depend on a number of factors. In particular, the relative formation rates of pentagons,
hexagons and heptagons in the carbon cap structure were found to be closely
correlated with the growth rate of the cap fragment, with hexagon formation
correlating to cap growth and pentagon/heptagon defect formation correlating to
increased curvature of the carbon superstructure.

The most successful example of
growth using fast carbon supply occurred
when the periods of hexagon and
pentagon formation were out of phase,
and heptagon formation was relatively
limited. The dynamics of cap growth
using slow supply, on the other hand,
were found to be relatively stable, with
very little curvature being added to the
sp>-hybridized carbon network. This was
a direct consequence of the inhibition of

Figure 1. Geometry of the model Cy-Fesg d h P——
complex following SCC-DFTB geometry peniagons and.; heplagons founc, during

optimization. Cyan and Brown spheres slow carbon supply, as the_ data in Table

that the relative rate of hexagon
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Table 1. Average ring formation and formation rates for fast and slow supply SWNT growth
simulations after the addition of 30 carbon atoms.

Fast Supply Slow Supply
Ring type . Formation rate . Formation rate
Rings formed 5 oy Rings formed o a1
(X 10" ps™) (x 10" ps™)
Pentagon 1.2 8.0 1.9 0.63
Hexagon 0.7 4.7 22 0.73
Heptagon 1.6 10.7 2.0 0.67

formation in the carbon cap was also promoted using slow carbon supply.

Linear extension of the (5, 5) chirality of the original Cy4, cap was not observed
during either fast or slow carbon supply simulations. A distinct (r, m) chirality in the
growing carbon cap was therefore not maintained. However, a greater tendency
towards hexagon formation in the carbon cap was found using slow carbon supply.
This arose from the relative rates of defect removal and addition from the sp’-
hybridized carbon network during the growth process. Defects, including adatom and
mono-vacancy defects, were removed from the carbon cap structure by a number of
difference mechanisms. Amongst those observed was a 7+5-ring — 6+6-ring
isomerisation involving a ca. 90° rotation of a C, unit about the central bond axis,
akin to a Stone-Wales transformation. This healing process via ring-isomerisation in
the sp>-hybridized carbon structure is depicted in Figure 2.

o
#

4.32 ps

—

(d) (c)

Figure 2. Schematic depiction of the removal of pentagon and heptagon defect rings from a
carbon cap structure via ring isomerization at 1500 K. Cyan and brown spheres represent
carbon and iron atoms. The pink sphere represents an incident carbon atom. Only relevant
bonds are shown. New bonds formed during the isomerization are black.
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The dynamics of the observed defect healing processes took place on timescales
ranging from 1-25 ps, and were largely dependent on the presence of the catalyst
surface. The healing of SWNTs during the early stages of growth was therefore
enhanced using lower rates of carbon supply, a direct consequence of the relative
rates at which defects were added to, and removed from, the SWNT structure.

(B) Theoretical Investigation of the Origins of (n,m)-Dependent Single-Walled
Carbon Nanotube Growth Rates and Mechanisms

Current theoretical models pertaining to SWNT growth rates suggest that
armchair/near-armchair SWNTs exhibit greater growth rates in comparison to
zigzag/mear-zigzag SWNTs. Amongst these models is the contentious ‘screw-
dislocation” steady-state theory of SWNT growth. The results of this model have been
corroborated by DFT energetic data of C, moieties ‘docking” to SWNT fragments.
However, a number of other theoretical and experimental investigations suggest that
the opposite should be the case with respect to SWNT growth rates and stability.
Consensus over the relationship between the structural stability and growth rates of
SWNTs and their (n,m) chiral indices (or, more exactly, the corresponding chiral
angle 0) is therefore currently lacking. Remarkably, direct determination of SWNT
growth rates using MD methods has not yet been reported in the literature.

SWNT growth rates of (5,5) and (8,0) SWNTs were investigated using SCC-
DFTB/MD. Model systems consisting of (5,5) and (8,0) SWNT fragments (ca. 6-7 A
in length) bound to Fesg clusters were employed in this investigation. Growth was
induced at 1500 K by supplying gas-phase atomic carbon in a random fashion to the
SWNT-Fess boundary at both fast and slow rates (see above). Following the
calculation of 10 trajectories for each (n,m) chirality nanotube, average growth rates
were determined for both fast and slow growth scenarios using linear regression
analysis. Average growth rates for (5,5) and (8,0) SWNTs are shown in Figure 3. It is
evident from this figure that (8,0) SWNTSs exhibited a larger growth rate than (5.5)
SWNTs during the early stages of growth. This trend is observed to be independent of
the rate at which atomic carbon is incorporated into the SWNT structure. It is also
evident from this figure that the growth rates of the (5,5) SWNT fragments ultimately
‘overtook” those of the (8,0) SWNT fragments in both fast and slow growth scenarios.
Interestingly, the growth of these SWNT fragments proceeded by fundamentally
different mechanisms. In particular, (5.,5) SWNTs grew primarily via direct
incorporation of atomic carbon into the SWNT structure (forming pentagon and
heptagon defects, and hexagons to a lesser extent). The growth of (8,0) SWNTs, on
the other hand, was driven primarily by the addition of short polyyne moieties to the
base of the SWNT.

0.088 e 0006 &g SWNT ——
2 fsis SWNT —s— 2 o005 | 155 SWNT —w—
£ o048 £

o

% % 0.004
& 0.043 2
< < 003}
@ @O
5 0038 3
= o 0.002 +
; =
& 0.033 § 0.001 |

0.028 D 0

10 20 30 40 50 60 50 75 100 125 150
Time {ps) Time (ps)

Figure 3. Average growth rates of (8,0) and (5,5) SWNT fragments computed using SCC-DFTB/MD.
Error bars give the asymptotic standard error from the linear regression analysis.
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@ The differences in (n,m) SWNT
- growth rates and mechanisms correlate
Sii ﬁ @ ﬁ % @ with the dynamics of surface charge
h ¢ e M giew @t Gxhibited by the Fesg cluster. The latter
‘ . ) 4o was induced by the relative structures of
the SWNT fragments themselves. An
analysis of the evolution of the Mulliken
charge distribution is presented in Figure
4. From this figure it is evident that a
greater localization of positive charge at
the SWNT-Fesg existed in the case of the
(5,5) SWNT, compared to that of the
(8,0) SWNT. This was attributed to the
existence of greater back-donation of Fe
.. clectron density into the SWNT rim C n*
lg; orbitals. In addition, C=C 7 electron
density is more prominent in this region
(due to the “armchair’ arrangement), and
F‘igu‘re ‘4. E\tolution of Mulliken charge fi(;n;al::e}h??fcn;;i:;[iOt:](ff }.ii Csu:tﬁl((::l;
distributions during the first 20 ps of fast SWNT o ’ 38
growth simulation. (a) (8,0) SWNT-Fey, charge in the (5,5) SWNT case lead to a
(trajectory 5). (b) (5,5) SWNT-Fes (trajectory 9).  larger charge gradient over the catalyst
(c) Mulliken charge distributions of these Fess  surface. Consequently, carbon atoms

clusters bound to (8,0) and (5.5) SWNT supplied to the (5.5) SWNT-Fez« bounda-
fragments following 10 ps equilibration. pp (5:3) 38

Fe only

Equiibrated 5

ps 10ps
(b)
C only % % %
. -
il T

(5.5) SWNT (8.0) SWNT

-ry were generally observed to remain in its vicinity. These carbon atoms were
quickly incorporated into the SWNT, primarily as pentagon and heptagon defects.
Conversely, in the case of the (8.0) SWNT-Fes3 complex, the surface charge gradient
on the Fesg cluster was more tempered, since the arrangement of the (8,0) SWNT at
the metal surface did not induce as much Fe electron density donation. The majority
of the supplied carbon therefore diffused freely over the metal surface, and was not
immediately incorporated into the SWNT structure. Over time, atomic carbon was
observed to coalesce on the metal surface, forming C, species (predominantly C,).
Subsequent diffusion of these short polyyne chains to the rim of the SWNT (a
phenomenon also driven by the existence of the Fesg surface charge gradient) then
extended the SWNT structure directly along the axis of growth. The eventual slowing
of the (8,0) SWNT growth rate is also consistent with this model, due to the further
coalescence of C,, units on the surface of the Fesg cluster.
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The rheology of associating polymer networks can be altered dramatically by an
addition of amphiphilic molecules such as surfactants [1,2]. For example, dynamic
shear modulus of aqueous solution of hydrophobically-modified (HM)
ethyl (hydroxyethyl) cellulose is changed by sodium dodecyl sulfate (SDS) added into
the solution; the complex viscosity increases with increasing the surfactant
concentration, attains a maximum and then decreases. A characteristic time of the
solution determined from the intersection where the storage modulus equals the
loss modulus also exhibits a peak. Similar behavior are also observed for the other
associating polymers such as comblike amphiphilic polymer based on poly (ethylene
glycol), HM-hydroxyethyl cellulose, and HM-polyacrylamide.

In FY2008, I studied influences of the interaction between telechelic polymers
and surfactants on the linear rheology of the telechelic polymer network on the
basis of the transient network theory that explicitly takes account of the
correlation among associative groups [3]. Effects of added surfactants on the
equilibrium properties of associating polymers has been theoretically studied by
Tanaka for an ideal case that the hydrophobe on a polymer and that on a surfactant
are exactly the same. He has shown in this condition that a peak appears in the
number of elastically effective chains (corresponding to the plateau modulus of
the network) if an upper and a lower bound exist in the multiplicity (or aggregation
number) of the micellar junctions. [ treated more general cases that the
interaction between telechelic polymers and surfactants is not ideal by making
use of the lattice (regular solution) theory for the mixed micellization [4]. A
strength of the nonideality in the interaction is characterized by a single
parameter, x, that has a different value for a different pair of polymer and
surfactant. This approach has a potential to give a way to effectively find a pair
of telechelic polymer and surfactant which exhibit desired rheological properties.

If the mixed micelle formation is synergistic (i.e., the interaction parameter
x is negative), a lifetime of the mixed micelle is longer than that of the pure
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micelle. As a result, a peak appeared in the plateau modulus and the relaxation
time is enhanced. A higher peak height in the relaxation time is also ascribed
to the large dissociation rate of the pairwise junction comprising two polymer
ends by an addition of a small amount of surfactants into the polymer solution.
On the other hand, if the mixed micelle formation is antagonistic (y >0), the mixed
micelle has a shorter lifetime. If the interaction parameter y is small, there
still appears a low peak in the plateau modulus and the relaxation time. For a
greater value of ¥, a peak does not appear and the plateau modulus and the relaxation
time monotonically decrease because the association rate increases only slightly
with increasing the surfactant concentration due to the shorter lifetime of the
mixed micelle while the rate of increase in the fraction of the dangling ends and
junctions including two polymer ends is not suppressed compared with that in the

fraction of mixed micelles having the other compositions.

[1] Piculell, I.; Thuresson, K.:; Lindman, B. (2001) Polym Adv Technol 12: 44

[2] Annable T et al. (1994) Langmuir 10: 1060

[3] Indei T (2007) J. Chem Phys 127: 144904, 144905

[4] Rubingh DN (1979) Mixed micelle solutions. In: Mittal KL (ed) Solution
chemistry of surfactants, vol.l. Plenum, New York, pp 337-354
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(1) Tsutomu Indei, “Rheological study of transient gels with junctions of limited

multiplicity”’, International Symposium on Non —Equilibrium Soft Matter, Kyoto
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(2) EMHHHE, “Tv 7V v 7 aE@EmaFORMBE-SEEERNMORER" |
BEY 7 M= —EEFHEE, FARKF, 2008.8.21-22.

(3) EHIEHE, “REEHAIVPEEETFARY NV =70 A 0 P—ZRIFTTHR,
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Electron scattering from gas-phase glycine molecules
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1. Summary of research for the year

Comparative essential dynamics of the interaction of human TRAF3 with human CD40 and
Epstein-Barr virus LMP1 proteins

Introduction. The Epstein-Barr virus (EBV) is a herpes virus that is the major cause of
infectious mononucleosis. It is known to infect the salivary gland cells where the virus growth cycle
is completed and the B lymphocyte where the virus cycle is abortive. Even in the latter case, the
affected B lymphocytes can multiply excessively to produce a cancer to the lymphatic system. The
EBV is associated with a variety of malignancies. Chronic active EBV infection is a severe
systemic disease associated with high rates of mortality and morbidity.

CD40 is a costimulatory protein that, after ligation, interacts with cellular signaling intermediate
tumor necrosis factor receptor (TNFR)-associated factor 3 (TRAF3) to control B cell proliferation,
growth and differentiation. The crystal structure of the TRAF3-CD40 specific contacts has been
known [Ni ef al. PNAS 97 (2000) 10395]. Amino acid residue GIn?** in CD40 makes contacts with
TRAF3 Tyr'” and Asp™. These contacts are deemed critical for TRAF3/CD40 recognition. The
CDA40 fragment assumes a hairpin configuration when the fragment is bound to TRAF3. This
configuration is stabilized by two intracellular hydrogen bonds, a bond between Thr*** and Glu**,
and another between Thr*** and Asp®”. A consensus sequence PXQX(T/S) preserved in TRAFs 1-3
and critical for binding with CD40, CD30 and LMP1, is *"PVQET** in CD40 [Ni et al. PNAS 97
(2000) 10395].

EBV-encoded latent membrane protein 1 (LMP1) is the major transforming protein of EBV for
transforming primary B lymphocytes into lymphoblastoid cell lines. To help EBV evade the cell
death machinery of the human host, LMP1 mimics the tumor necrosis factor receptor CD40. Only a
few selected sites of the cytoplasmic domain carboxyl terminus (CCT) of LMP1 are essential for B
lymphocyte transformation. The LMP1 CCT is known to bind to TRAF3.

The LMP1 **PQQOAT* motif conforms to the CD40 recognition motif **PVOET** in CD40.
Both bond to the same hydrophobic binding crevice of TRAF3 and the contacts are similar. Unique
contacts found in LMP1-TRAF3 are suspected to provide EBV-LMP1 with the ability to compete
with CD40 in binding with TRAF3. Specifically, LMP1's Asp®"’ forms a hydrogen bond with
TRAF3's Tyr’” and Arg™”. In effect, LMP1's Asp’'” may be considered a key residue in the
structural decoy action. An equivalent contact in the CD40-TRAF3 complex was not found. [Wu et
al. 1. Biol. Chem. 280 (2005) 33620]

The essential dynamics (ED) is an eigenvalue/vector analysis of covariant matrix of positional
deviations. This enables to separate a few essential degrees for freedom that are relevant to the
function of the protein from irrelevant local fluctuations. The two configurational subspaces are
constructed by a linear transformation of the covariance matrix of positional deviations.[Amadei et
al. Proteins 17 (1993) 412.] ED can identify large concerted structural rearrangements from
unimportant fluctuations in a multiparticle system. The method will be used to identify important
structural distortions in CD40 and LMP1 that relate to binding with TRAF3 and structural decoy
action.

Methodology. In an effort to better understand the mechanism of the decoy action of LMP1, the
system is subjected to classical MD trajectory simulation. Initial complexes of TRAF3 with LMP1
and CD40 are derived from Protein Data Bank crystal structures 1ZMS and 1FLL, respectively.
Only one part of the 1ZMS and 1FLL trimer was utilized for the simulation. The complexes were
solvated with water molecules and neutralized with chloride ions. Periodic boundary conditions
were applied. Initially, the entire protein was kept frozen and only the energy of the water
molecules was minimized. Subsequently, the energy of the whole system was minimized. The
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system was then slowly heated at constant volume to 300 K over a period of 10 ps. The system
density was then equilibrated at constant pressure to a finally density around 1 g/cm®. It took 120 ps
to stabilize the density. Production MD runs were done at 300 K for 500 ps. The trajectory points
recorded every 20 fs and the trajectory within the 300 — 470 ps interval were analyzed for ED. The
structure at 300 ps was used as the reference structure for the essential dynamics. The simulations
were done using the Amber 9.0 suite of MD programs.

Results and Discussion. The trajectories of the TRAF3-LMP1 and TRAF3-CD40 complexes
were subjected to essential dynamics analysis to gain insight on the structural decoy action of
LMP1 over CD40. Figure shows Equilibrated structures at 300K. Initially, all water molecules and
neutralizing ions were excluded. Both TRAF3-CD40 and TRAF3-LMP1 trajectories were subjected
to ED analysis under similar conditions. We note that the CD40 fragment is much longer (21
residues) compared to LMP1 (7 residues). The hairpin configuration of CD40 is easily discernible
from the trajectories whereas the seven residues of LMP1 are inadequate to determine if CD40's
hairpin configuration is mimicked by LMP1. The PXQXT moiety is present in both proteins. It is
computationally impossible to carry out ED analysis including all water molecules with the
computational resources presently at our disposal.

(a) TRAF3-CD40 (b) TRAF3-LMP1

Fig. 1. Equilibrated structures at 300K of LMP1-CD40 complex.

Wu et al. [Wu et al. J. Biol. Chem. 280 (2005) 33620] reported, based on the analysis of X-ray
crystal structure of the LMP1-TRAF3 complex, that LMP1's Asp®'’ makes a unique contact with
residues in TRAF3 that enable LMP1 to compete CD40 in the structural decoy action. Thus, Asp*'’
in LMP1 may be considered as the key residue in this competition for binding with TRAF3.

Figure 2 shows the components of the concerted motion of atoms within the PXQXTXX moiety
of both LMP1 and CD40 (**PQQATDD*" in LMP1 and *'PVQETLH** in CD40). Sharp peaks in
the graph indicate large fluctuations of atomic motion. It can easily be seen in Figure 2 that most of
the large atomic fluctuations in LMP1 (black curve) are concentrated within atoms number 3154 to
3164, corresponding to atoms of the key residue Asp’'’, a fundamental residue in the structural
decoy action of LMP1 over CD40. Comparatively, the parallel residue His*** (atoms number 3409
to 3426: red curve, Figure 2) shows low components of atomic vibrations thus underscoring the
ability of Asp’'’ to compete with His**. While Asp”” also appears to be flexible in this context, the
CD40 residue Leu™ is approximately equally flexible and is therefore expected to be able to
compete with Asp™™.
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atom number for LMP1 (black line)
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3314 3328 3344 3361 3376 3390 3409 3426
atom number for CD40 (red and blue lines)

Fig. 2. Components of concerted motion of selected atoms in CD40 and LMP1. The blue curve is
the plot of the components of His256 concerted motion when it is artificially converted into a
terminal amino acid residue.

The highest peak (atom number 3163 in LMP1; black curve, Figure 2) corresponds to Asp”'’
carbonyl oxygen (O) which is originally H-bonded to Arg** n’-guanidino hydrogen (HH22) in the
X-ray crystal structure albeit this interaction is slightly weakened after thermal equilibration and
solvation. Not far behind in peak prominence is that of atom number 3164 (Asp’'’ OXT, Figure 2)
which is strongly H-bonded to Arg®” n’-guanidino hydrogen (HH22 in Figure 1; see the black
curve, Figure 2).

Possible artificial flexibility of terminal amino acids in LMP1. The LMP1 protein fragment from
the original PDB X-ray structure is much shorter than the CD40 fragment. Only seven amino acid
residues were unequivocally determined for LMP1 compared to 21 in CD40. In fact, Asp®'’ (as well
as Pro’™) is a terminal amino acid in the incomplete LMP1 protein fragment. Thus, it is a valid
argument that the exceptional flexibility of Asp®'’ could be due to the fact that it is a terminal amino
acid and is mobile by virtue of its lack of a covalent bond to another amino acid residue on one side.
We note however that although Pro® is also a terminal amino acid residue, it demonstrates limited
flexibility. Nevertheless, to verify if the flexibility of Asp®'” is not due to its being a terminal amino
acid, the CD40 fragment was artificially shortened to the same length as the LMPI1 fragment,
leaving only the *’PVQETLH>* fragment. The dynamics of this fragment in complex with TRAF3
was recalculated and the ED was analyzed as before.

The concerted motion components are again plotted against that of LMP1 and the original 21-
amino acid residue CD40 fragment. The blue curve in Figure 2 clearly demonstrates that even as
Hip** becomes a terminal amino acid, it still offers limited flexibility and is unable to compete with
Asp” in the structural decoy action although some improvement in flexibility is found. Thus, it is
now clear that the large fluctuations of the key residue Asp™'’ is not artificially due to its being
terminal amino acid but rather due to its unique function in EBV infection.
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Role of water molecules. One important aspect that needs to be considered in any MD simulation
in biological systems is the role played by water molecules. We recall that in this simulation,
solvation effects are included by surrounding the protein complex with thousands of water
molecules. We intend to identify water molecules that may be crucial to the protein-protein
interaction by subjecting the trajectories to ED analysis, this time including some water near LMP1
or CD40. One hundred water molecules closest to LMP1 or CD40 were included in the analysis.

Whereas we didn't any interesting solvent molecule in the LMP1-TRAF3 dynamics, a prominent
peak in the concerted motion components plot for CD40 was detected (see Figure 3). This water
molecule was found to be H-bonded to two amino acids of the opposite sides of the hairpin loop
that characterize CD40. In the X-ray crystal structure, the hairpin loop configuration was partly
stabilized by a hydrogen bond made by Thr*' with Gly** and Asp’®. This hydrogen bond was
eventually broken after thermal equilibration and solvation. Thus, we anticipate that the hydrogen
bond interaction made by Thr*** with two amino acid residues located mutually on opposite sides of
the hairpin loop will be broken upon solvation and that a water molecule will help stabilize the
hairpin configuration that characterize CD40 by forming a hydrogen bond network with two amino
acid residues on opposite sides of the loop.

0.60 T T T T T T T T

0.50 -

0.40 -

angs**2

Glu253

0.30

components,

0.10 -

0.00 \ W_A— e aY Ve WAV A W O O aea L P Py AT AT Y OV VO )|
3550 3600 3650 3700 3750 3800 3850 3900 3850 4000
atom number

Fig. 3. Components of concerted motion of water molecules around CD40. Shown in the inset is
the water molecule responsible for the sharp peak in the plot.

Conclusion. Combined MD simulation and comparative ED analysis of solvated complexes of
TRAF3 with LMP1 and CD40 confirm the key residue status of Asp?’ in LMP1 in the structural
decoy action that characterize Epstein-Barr virus infection.

Thus, drug design for remediation and prevention of EBV infection may have to consider
suppression of the interaction of Asp®'’ in LMP1 with TRAF3.

Our calculations indicate that at least one hydrogen bond that stabilizes the hairpin loop structure
of CDA40 is severed upon solvation of the complex and that a water molecule will help compensate
the destabilization by forming a hydrogen bond network with two amino acid residues found on
opposite sides of the hairpin loop.
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2. Original Paper

Wilfredo Credo Chung and Toshimasa Ishida “Comparative essential dynamics of the interaction
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Takahiro SAKAUE

FIFC Fellow

1. Summary of the research of the year

A) Probing nonequilibrium fluctuation through linear response

It is now well recognized that the macroscopic response property of a system near thermal equilibrium is
closely related to the dynamical fluctuations of its constituent elements in the scale down to the mesoscopic
to molecular size. This striking connection is formulated in terms of the linear response theory and known as
the fluctuation-dissipation theorem (FDT). The theorem is a consequence of the microscopic reversibility
and directly linked to the symmetry of the response function in the system with multiple degrees of freedom,
i.e., Onsager's reciprocal relation for the transport coefficients. These concepts play a crucial role for our
understanding the dynamic hierarchical structure of nature.

Away from equilibrium, however, the FDT is generally no longer valid. The statement is true even for the
system characterized by Gaussian fluctuations with the broken time-reversal symmetry, in which the absence
of the detailed balance does not allow the simple characterization of fluctuations from the measured response
function. Here, we attempted to elucidate the fluctuation-response relation in nonequilibrium Gaussian
regime. We have derived compact fluctuation-response relation in a matrix representation in which all the
nonequilibrium effects appear as the FDT ratio matrix which consists of the intensity of the noise and the
so-called irreversible circulation of fluctuation as a manifestation of the violation of the detailed balance.

To survey the problem under consideration, we first employed a simple polymer model under shear flow,
for which both the correlation and the response function can be calculated easily. We then proceeded to the
general argument based on the linear response analysis applied to the nonequilibrium steady state, in which
the dynamics of fluctuations obey Gaussian statistics. The characteristic of nonequilibrium
fluctuation-response relation is nicely demonstrated by decomposing it into symmetric and anti-symmetric
parts. In particular, the anti-symmetric part of the response concerns the deviation from the reciprocal
relation and one can prove the exact relationship between it and the nonequilibrium component of the
fluctuation. We then argue that the results persist even to the nonlinear dynamics provided that the

fluctuation around the secular motion is Gaussian, as is usually expected for macroscopic systems.

B) Appearance of core-shell structure in the folding of long semiflexible polymer

The conformational transition of a polymer chain from a statistical coil to a condensed state has been
actively studied during the past several decades. According to a classical scenario, a polymer coil gradually
shrinks into a spherical globule upon decreasing the solvent quality or increasing the pair-wise attraction
between monomers. However, once the effect of the chain stiffness is taken into account, the situation is
altered even qualitatively. That is, in a single semiflexible polymer, the collapse transition becomes

discontinuous exhibiting the character of disorderd disperse state and ordered condensed state. The large
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discrete nature of the transition has been demonstrated by the single molecule observation of giant DNA
molecules. Previous numerical studies exemplify the variation of the collapsed morphologies such as a toroid,
arod, and a spherical globule along with strong finite chain length effect. It has been shown that toroid is the
most typical structure as the compact state, whereas some other morphologies are found such as rod, sphere,
and composite between toroid and rod. Although observations by computer simulation have been shown to
be very useful, the range of chain length studied so far was rather limited; i.e., the length is too short
compared to the natural DNA, the conformational behaviors of which is of great biological importance.
Theoretical works, on the other hand, usually postulate some specific morphologies and analyze the relative
stability between them by a grand state or mean-filed type approximation. On the whole, the current
understanding of the collapse transition of long semiflexible polymers is far from complete and this leads us
to ask what is a generic scenario expected for longer chains.

Here, we have shown the nontrivial scenario of the collapse transition found in long semiflexible
polymers based on a systematic Monte Carlo simulation. It was found that, for relatively short chains, the
transition is all-or-none type and toroidal structure is the product of the transition. Whereas, for long polymer
chains, the transition undergoes through multiple-step, in which a swollen coil is first collapsed into partially
folded core-shell structure, which is followed by the subsequent transition to the completely folded ordered
structure upon further quench. The discovered feature, in particular the appearance of the partially folded
core-shell as a stable structure may be unexpected from the current viewpoint in the field. The statistical
analysis indicates that the core-shell is entropically stabilized morphology, and its appearance would be
rather ubiquitous in the folding of long semiflexible chains. The core-shell may be regarded as an
intermediate state. The fact that long semiflexible polymers possess such a structural variability without
drastic change in the spatial size would have important consequences in the context of the DNA functioning
in vivo. Further theoretical and experimental studies are awaited to unveil the full scenario of the folding

transition of long semiflexible polymers.

N
31 %" . f"““{v‘
Hate,b® & 59 { oo\‘

; ) ¢ “"N,

.-... ﬂ..

Fig. 1, Typical snapshots of (left) toroid and (right) core-shell structures as collapsed structures of long

semiflexible polymers obtained from Monte Carlo simulations.
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C) Dynamics of Polymer Decompression: Expansion, Unfolding and Ejection

Macromolecules assume compact conformations in certain situations. Examples include DNA in living
cells, proteins in native states and other polymers in poor solvent conditions or under the compression field.
After released from the condition, these polymers expand to swollen coiled state, which is characterized by
developed fluctuations. This expansion process would be interesting in two different contexts. Firstly, this is
relevant to the coil-globule transition, thus, regarded as a fundamental topic in polymer science.
Unfortunately, compared to the extensive past studies for the folding (coil to globule) process, this reverse
process seems to rarely come up. The second case of interest is encountered in the field of confined polymers.
A recent advance in nanoscale fabrications and single-chain experiments allows one to manipulate and
observe individual polymers, thereby offers challenges towards a number of potential applications in
biological as well as nanoscale sciences. The aim of the present paper is to provide a unified framework to
describe such dynamical processes.

Naively, the problem is analogous to the diffusion of molecular gases, which are initially confined in a
finite-size box. For our case, the essential difference from this simple example lies in the connectivity of
monomeric units into a string, in which a small entropy does not play any major role. By taking such
polymeric natures correctly into account, it is naturally formulated as a nonlinear diffusion problem, which
serves as a basis for various decompression processes such as (i) the expansion, i.e., unfolding, and (ii) the
ejection of the geometrically compressed polymer from a narrow pore (Fig. 2).

For the first case of polymer expansion, a symmetry allows for the analytic solution. However, this is a
rather special case, and the nonlinearity in the partial differential equation usually requires a numerical
calculation. In such cases, we propose a scheme uniform approximation, in which the nonuniformity of the
segment distribution is totally neglected. It allows one to obtain an approximate solution easily, which can
yet be reasonably compared with the exact solution, provided that mechanisms of the driving force and the
dissipation are correctly identified. We apply this scheme to the second problem and demonstrate a very good

agreement with numerical simulations reported so far.

ROI% — @ R(®)
N N(t)
R @ —>
@ -G,

Fig. 2 Schematics of (top) expansion and (bottom) ejection processes.
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2. Original papers
(1) Takahiro Sakaue, Takao Ohta
“Probing Nonequilibrium Fluctuations through Linear Response”
Physical Review E, 77, 050102:1 — 4(R) (2008).
(2) Yuji Higuchi, Takahiro Sakaue, Kenichi Yoshikawa
“Chain Length Dependence of Folding Transition in a Semiflexible Homo-polymer Chain:
Appearance of a Core-shell Structure”
Chemical Physics Letters, 461, 42-46 (2008).
(3) Takahiro Sakaue, Natsuhiko Yoshinaga
“Dynamics of Polymer Decompression: Expansion, Unfolding and Ejection”
Physical Review Letters, 102, 14832:1-4 (2009).

3. Books
(1) Takahiro Sakaue, Kenichi Yoshikawa
“Water and Biomolecules- Physical Chemistry of Life Phenomena”
(edited by K. Kuwajima, Springer-Verlag, 2009) Chapter 3 “Transition in the higher-order
structure of DNA in aqueous solutions”

4. Presentation at academic conferences
(1) Takahiro Sakaue, Takao Ohta
“Asymmetric responses and fluctuations in nonequilibrium steady state”

International Symposium on Non-Equilibrium Soft Matter, Kyoto, July 2008
(2) Takahiro Sakaue, Natsuhiko Yoshinaga

“Dynamics of polymer expansion and unfolding”
JPSJ Autumn meeting 2008, Morioka, Sep. 2008.
(3) Takahiro Sakaue
“Probing nonequilibrium fluctuations through linear response”

Self-organization and dynamics of active matter, Paris, Jan. 2009.
(4) Takahiro Sakaue, Hirofumi Wada
“Statistical Physics of two dimensional ring polymers”

JPSJ annual meeting, Tokyo, March, 2009.

5. Others
(1) Takahiro Sakaue
“Dynamics of Manipulated Polymers”
The 6™ FIFC symposium, Kyoto, Dec. 2008.

— 138 —



5E 6 B
RBAFEHN—RERERt 42—
iy 20
2008$ 12 = 2 B (!l()

DTN .*bu
a)ﬂ-‘ m fm (“iz,za—.
e <% }ckﬁ%& e "’ \_::-
IS AR ﬁa—él! (B I%'-'
[FA B (RRK-IB) . 2 |
'O OfE% — aatv»«om :

TEES (576) 11:30-12:30
SHETIRERROMRCGA
: —Eﬁﬁ#ﬁﬁ%wmmﬁe«oﬁrh

— Bt —

ENE— (RA-2) 13:30-14:30
" ESHONACH HEHERTTS : EOMBILA L MNER.

R T Al I e L L Sy e Tt gy

I e 7 i e

H‘l'ﬂ‘l &ﬂll!mhlinsnuaeaaﬁnﬁ, T T LT e L LETT AT

NIRR R B B nogE

1730 193

Eﬂﬁ&ﬁﬁiﬁﬂﬁﬂlﬂd- 4
Tel: 075-711-7708, Fax:075-781-4757, Web : www fukuikyoto-uac.jp

Bl\ahth BHA EIE(ishidaefukuiKyoto-u.ac.jp)







‘&

H 6 BEBREEFF SN EE L F— VAR T A
A= B/ AN

Al Erk2 041 2H 20 (k)

LT RAE KRR S AMsE ¥ — (B3 F  KEER)
- HasofE M R (BLY—RK) 10:00-10:10
- TR KE 2Z=—BF (K- T RE)  10:10-10:20

- JRHE B (B2 10:20-11:20
(RAFH L OACTF — T~ DIE

- JLRIEE (4 14f) 11:30-12:30
[ RS B R IR RE RGO BRI L A
— BRERAEIE  e e e R A~ D R B — |
— BRI —

- S — OTK-H) 13:30-14:30
[ ESHDNADIT B L AR : Z O L F L A B 3 )

o INAH—T g 14:45-17:15

- ZREIS (1IFZ BV —L0) 17:30-19:30

— 141 —



aH

10.

RRA—tv, gy 1445-17:15(KLEE

T INAT XD S5 1A 4 (14:45-16:00)1 2, 5 DMELED 7134 H(16:00-17:15)IZHRAF —
(/)J.J;;;.’Jla TRERETOTLEEW
E RN FOEMBERINS DI OFEH

CRERMEHE, TUNKRET IR, 5700 Ol &IE, B (h=3, PR 2kt

Alg3 12 1T IREHEEER
(I mRtEH ., 2 RUKRBE T, 3 ZURALHD)
Vit 1,2, a2, GEHDE 2, M —3% 2, sl 3,1

DFDIHBEEBEIE IR T HIEIMAIERIRLY
(FIFC) H{{HEE

Dynamics of Manipulated Polymers
(FIFC) O% | #%iF

Nonradiative relaxation processes of the 1B, state of short all-trans polyenes: a
theoretical perspective
(FIFC) OWilfredo Credo Chung and Toshimasa Ishida (Kyushu U) Shinkoh Nanbu

Growth simulations of single wall carbon nanotubes: density funtional tight-binding
molecular dynamics
(FIFC) Yasuhito Ohta, Yoshiko Okamoto, Stephan Irle, Keiji Morokuma

Computational Study of the Polymerization of Cgo Oxirane Inside Carbon Nanotubes
(FIFC) OTom Grimes—Marchan

Free energy diagram dor isopenicillin N synthase based on the ONIOM(QM:MM)
method
(FIFC) OTsutomu Kawatsu, Marcus Lundberg and Keiji Morokuma

BRHh—RoOF/For—TERPDEICE T RAE DB DAZAICET S EHIHE
(R R @Rk — sl a4 —, 4 B KEm ST
MAS{E: 1. AME#E A, Stephan Irle, FHEHEZETS

Fullerene Self-assembly from Benzene: DFTB Molecular Dynamics Simulations
(OBiswajit Sahal, Stephan Irle2, Keiji Morokumal
1Fukui Institute for Fundamental Chemistry, Kyoto University
2Institute for Advanced Research and Department of Chemistry, Nagoya University

— 142 —



11.

12

13.

14.

15.

16.

17.

18.

19.

20.

‘&

Computational Design of Novel Nanoscale Silicon and Carbon Clusters: From Basic
Science to Fascinating Art
(FIFC) OPavel Avramov, Keiji Morokuma and Stephan Irle

DFT and ONIOM(DFT:MM) Studies on Enzymatic Mechanism in Bi-Dependent
Methylmalonyl-CoA Mutase
(FIFC) OXin Li, Lung Wa Chung, Keiji Morokuma and Piotr Paneth

Mechanism of Efficient Firefly Bioluminescence via Adiabatic Transition State and
Seam of Sloped Conical Intersection

(Kyoto University) OLung Wa Chung, Shigehiko Havashi, Toru Nakatsu, Hiroaki Kato and

Keiji Morokumask

Ab initio, DFT, and DFTB studies of atomic hydrogen chemisorption on model
graphite compounds
(Nagoya University, FIFC) OStephan Irle, Ying Wang, and Keiji Morokuma

/75722 DR AFHR O EMRAIFRZ
OrRBFHE K HFIERE, S 2 B, R8T, # o]

FREARHTICETIRRDFREEDO T EIZER DEREIG R
(BRAIERET) Ottt A2 ATFIERE REFE, FTEF, i oes, o Bk

—EIHFK o-tIF/R—MERF (YT —DEZBA/BRICH IS0 FRHEEERADR

DERIBZR
(B KB FE g 1)
Oz AKHFIRFE, BfRtL, KB EUE, BT, mfisem], ARF S, dErEh

Ab initio MO-Cl JAICEIBFYRI—ARRAICEDIT ULV ZBHEDIF Y
@] iFmE B D FEHT

(KBRS B T2 A

ORLFEW, BFHEH . L, B2 KIEERE, KB SOE, B

BFFF—Z2BHLI=6-AX VI FL/FUIIRERHUSTHILORE DILFEEIESO
SX L

(RARBEER PR ABEE, 8 TK)

Olihdr3" X, ZRMuE. 16 MRS ClERIE . TAraiA. Tin—il

OAE—L UMM IO0BERWVE-EF—BEF _EXREICLIBRBEREER ES5VNH
ILOEFIREHH—EFRAE L Qubit—QC/QIP DEEH
(B ACRE B - ST KCHE T BROK BB - KB S5 T+ 7 /1 29— /3 A A AR (BR) - JST-CREST)
OV TS - v 5% 5 - 75 [ R A7 - O3 355 - Robabeh Rahimi « 5 Fn 53 « 3 5L - 2% 55 -
AEJ N s - v g e - L% 2 « Patrick Carl*Peter Hoefers T i{G

— 143 —



aH

21.

22

23.

24,

25.

26.

217.

28.

29.

30.

31.

FOBIBIHRTUOVILDORAEVFEIEFEIZEITH MRMP2 TRI)LX—HIEDOME
(B KB ER) O AZIRHIF o] - 5 11 i 5 - P S - 2 R Kl - T iRtis

NILR ESR IZ&EBF-HZRAEVIKEDHREREI AT IEFT —MREIEDOTRES
O3CER—Av, VElEFE . v BIRAr, i EH, Robabeh Rahimi, - H 1Y | M WG, 27055,
AE N . W EsRe, JdE.2 | Patrick Carl, Peter Ho fer, {7 #tiR

HEELE8APIZBIFTA=FaFIRESTCAILDEBF - AEVKRE  ESTHILINSKEYIR
(MR RBEER) O®hlgi+h i, YR, WIFRER], eiEf(s, WM K, TITRE

FRSFEEREVELLTRAWNZREM: 5 FEMHICKHH NEBE - T & Ol
(WEAIEHR - Bt KIEER - B BERT) O P ERAT AR FIS, 31| A PRI AR, Tt

NFREVEFIAVEA—2ZBELE-HRBRBEEERRES DAL RV R#EMERR
MEEYID 5 FERETEE KBS

(1 P KRBeER -2 PROKPeEt - 3 BOKBe B 1.-4JST-CREST)
OFlEE 1,4-PIEE 1,4- 55 LK 1.8 B2 L4-1HHEN L4-EiEmE L4-Bmns 1,4+
B R 1,4 ZRET 2,4 JL) B 3,4« TALECTS 1,4

2BFEFEED-HDOESTHIL Qubit

(BT RBERE « 3K « PR KB BR « BROKBe JEffE 1« 7 /L 0 — /3 A 4 A"« J[ST-CREST)
O EA, epEfnfs, &L, OHEUE T, 1 HIRS . AR /EZ . Robabeh, R. #RH, BHFT
HERUOKEE, BB, 55k, Bz, Carl, P. Hofer, P. TAZiif

B#ESR CW RU/VLR ENDOR RICEB VI IAFURFERDEF ST
&P FARAEVNR I BFEVNRDEFIBERIZNE
(B RBEEE 1,00 KER T 2, BROKBEBE 3, B KPe 56 124, JST-CRESTS) O AL 1, WHHEREAT 1,5,
ch{BEEA 1,5, EBEf{S 1,5, Robabeh Rahimi2, #-H % 1,5, HL &l 1,5, #&M 45 3,5.
IS 4,5, TR 1,6

YOS RTOVILO _EFAERIBFIEOERERMETE
(KPR SZRF B ZER)) OB mAn B . W =], Peifnls | s R, TA7atis

Ag & Sb DEBREFFERM/\F—  wiRICEDE—FERHE
(JST WFZEMIBR: /KB O R Z=th . &)IAF—

B0 vIL a0 RiEink
HORPEEE O F)IE S

Elucidation of conformational transition on a short semiflexible chain

P #hik Gk B ¥—) Chwen—Yang Shew (=o—3a—ZiiikKE)
FH O ESE LK B ) I Rk B )

— 144 —



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

‘&

REEEROBEGEBEAN -2 /OVFOBETF(>
OR fiiie ¥

7..i~71<,93§0>:&{$*§m33;1ﬁ P FRESAFIVRIET HERIAR
NP Al (BT 1) R e (TR 1) | A 3OS (TR 2) (BT 1 SOKISERR, BTG 2: 53 1-8F)

RSN -E—FEHMHOEHEEHERBER AT IRRNDEREZRY AN
iR
(URBEER) O, KPR

7-THAUR—)L2EROMERESTIL IO BEREIZ DOV TOERITFE
(L KBeER) OZEEHE, N mE st

BRAIZEITS Grignard RIGDIBEREIFFZE
(URBEER) O SC, I E s

BRATOFIVOESEEMAREICEATLEROAE
(HURPE-BE) O Eppsis, i i s

KEREITHE T HERDF O RIC O ERETR
CrURPE-#) OZeEEia . ANk Fit

EF: [RIEETEZ AL V- trigonal Se DERATHZE
HOKRE) OfHIE4

FEME I ABMEES ) FORBARDME
CERPET) OFFmAKH, FHIGE W

fﬁﬂ#kit)btﬂﬂ")vb BENFESROMLEMIENR
GERPE L) OB R, HEE, HP s

R 117'57hﬁﬁﬁﬁ@ﬁﬁ-%ﬁl‘ﬁﬁ?‘éﬁ?*’/ilp—?ay
GEKRBET) OFEMJEMN, WHsk, mhE

ﬁ‘ﬂ%z.*»;h'? — DA RICE TR ARE
(RLRPET) HEE, A

Generalized symmetry-adapted cluster equations
O KBt L) ORAINEM,

NOTYTARTooDORTaAr RO TADZ A LAQOBRY 7 TO0—F:

SAC-Cl EZZRW=RITOM AL FF—ILEEZORIVERFTE
CERPET) OFHEEX, EAFZE, RENFEh, it

— 145 —



aH

46.

47.

48.

49.

50.

51,

52,

53.

54.

55.

56.

57.

58.

SUHIVENERTILTFOLIAOL 7 UEBEOEF i
OR. Murdey*, M. Bouvetsx, fA fiflisee fih fSEffoex o B ko
(R AR - A=} *, CNRS, Paris, Francekx _ |1 [1 - [FEBE Tkt 5T« g Tk
FUR b sessns)

BRABESEFALLERLIA) - I5—L B RBBALE S DS B LT
GRR B — M o AT DL, FORBE T) 4 i1

R EMMBIRARIL I RN -ERIERKIGEM
R RBE T, 50K iCeMS) O JE 4T ML A, (9, A0 (il

PN2X-N\AT)wRA) YO R 74) o DEEEE TS LUERMREICH T HEBREDE
(L RBE T 5K iCeMS) O T A, (R0t 4 i

FILEFZIWEOEMEEEN L T RBHRAKR—ILEEEARDEE
GRRPBR T -iCeMS) OB (¥ E . A by

ADY LNEEREFERROVEDOS D ZAAZILIZE T HEREBIR
CRKRBE- T 4HY) O ABE] PRI ik, Mkhr

ZH.1% Fe()PHINEEI B D F DT AREFRAE VI IZA T 2 ERMUAE
GRKBE- T, f@tt) OZRBIE, WRHFES, VERRRE T, Mt

IR/—IILPIVICKB B RFBEREICOVTOEROAR
GERBe T, @) O il Bl Peirss, misshr

1BEFEBEFEICELS Pd REREICET SERIOMAE
KB T, mitt) OfMlES E., PRFEF . ek, hsar

Conceptual DFT i&IC &b B—ERLAFRIBEE I RI/ILF—OE T
(RRpe: L. @) OXRVE#H, TRES ., Vi 3T, fisar

BAEVREEEDFEY VR v F REBARICET HERAITRE
CrORBe- T, k) ORGSR, PRI, iy

Laporte Z£H| BB OREFREICEH I LERNMAR: EBREREMARD d-d BB~D
it AR
(RRBe- I, fdet) O, SefC R, PRREEF | ViR S, ar

ATA=NTH X TF—E OBFREHLEEICE T SERAR
CRORBe- T, faFt) O, R3S, ik, Missr

— 146 —



59.

60.

61.

62.

63.

64.

‘&

RISM-SCF JRIC& 21742 iRk DL R G O BB AR AT
(RURBE- T 48Ft) ORATE S, Sor AR, B0V, Vil SC, fissr

I O—RADARRIZEHEKEERKRICOEROTE
(L. T, i) OftakEsl, PREEF . elfie e, mrshr

Theoretical study of amine adsorption to ZSM-5
(KB T, fE3t) ORIFELE, RS, i ST, iy

=EAaR(). R(). FROEBERDIVOKRRICET HERIFR
(RURBe- T, #dEt) OWms, hREES | s, mikar

RISM-SCF-SEDD i&mBEEFILFHRZAVZERAS FOERIAE
CRRBE- I, fadtt) OB, ol 3, ey

DAFIVE SV SMEBRIZLEER[PLAUM(Mepz)s] (M=Ag, Cu)DFEAXRRICET HHE

LI
(RORBE- T, L) OhREES ., HIfsr

— 147 —



aH

for
Fundamental
Chemistry

Kyoto
University

FolrtE ek — L&ttt X — AR A
20084E (CERL204E) 12 H 2 A (k)
AR e e 2 —

— 148 —



‘&

ARABBLE

BEY - BRFXRYLY
RARER - HHR

Fp% 20 F 6 H 28 H
TARFAGH K —L_ LV F —

TV T4 - 4 FHR

— 149 —



HRREERE
BHE - ORAZFLTREEXIAALSHES

HEf: SERK20456 A 28 H ()16 BrXD
2 SRR — L e st e 2 —
3F REik=
CRUER T A2 3 X i By v BH T 34-4)

(7] = FERFEEA ety — R | #&iD)

16:00
BRSDEE
FTEEE - R R aitt 24—k M 5t
oL & AR FEIFE ALl EAs
o & BB =
16:20
A AR ZETR e A TR
[ 5y DA 15  BERE « IO G Dk 77
— HER b FHEAL AR O AR
17:30

G EMRY (Ytrs—ZERD)

— 150 —



HRREERE
BT  ARAFIERAITALSHNE R

HEF: 2046 A 28 H (1) 18 BFXD
S TRUT A A HE AF KICFEDOR
CRUER T A2 5 X i B e BR AT 36)

(A & FURSRZEEIFR a2 — HEEdR 1k #0

EEENOLTE FENTEE R AR FRI TR LR R RS =R

B S TRIERIGEITE R 2
B R FOKFRIERE TR AE
B R Gy FRIERIIEIT 4 B S A
%A BRHENFAEHEE I S
A AR E GRS R 2% Stephan Ire
o R e

PHEOE FOTZER KR A ER R IR A

— 151 —



aH

f x

L By
43 i

avne
O LT

1 %

™~
Witk ek 2 2 o0 g

A i - ST R

yore
hip s R R T

i i VSR R 1R
e MR ET R SACNED

e LS

—152 —



‘&

— 153 —



aH

MER 2

— 154 —



RALER 20085 No 634K LERaE,
RAILER

‘&

2008.5 No. 634

234 5

REEREHFRREEME L 24—V —F ) -4 —» R
KRR BERE, BSFRREFHRREEY BAF 1R
PENVAARFIRI S CNSRAEERE

BE -HAFIRE,
B, MEEKBREE

eI — LSt Y ¥y — U —F ) =y = RIGHE - HARFSLBRE 2, RINGERAERE, &
W AR AR e R B A H A LB B 2, FIHSERMA E B S H AR LT Y U NS REZ EN T2 H S

NHZ &I L,

BENXL, 6 AICHARFALBETIT OIS TETY .

DT # ROBSEE, SERFEZMAML I,

Mty s —)%—F9—%
=), ERIB2AFE AR R LA
TR % 23, [MIS74E
RERF b LEWEZe R 131
FEHALE RS, [F374E [FRA
TAERREAL Z R F & L
THRM, F3SE LA SIS, F4lFREaT
Y7 KPR BB, LR BICERA, REN—
N— FREHAIZER, KETF = 25 —RK¥PB#H
B, #EHIR R T, WAI464E D S MRS, W
SUAE S T RHA R B (AL Lo S5 4E L D
KETE) — KREEZ, FISEREBKFAEIH—F
BgEt vy — U —F) —F—IIHFLL, B
FEoTWwb, ZOM, P12 & ) EE &5 FF
FThTI—aRE 2M 6 EMICh o THYD, L
FEBYHF LNV TRFACFTHOREICKE %
RFERL T2,

S0 BBE - HAZLREOZH I, FHREHL:
DRI DIz B[ 50 F OMEFE - BERE - BOS RN B
THHEBIMEICTTE200THY, BETILFER
OWEEHI 2360 < B b - BHEALFIC BT A 1
FISEDERICIDDDTH b, ORI
BEd 2 VIMMEF OIS LT, BREBICHED M
BB R D S O CIE & 2 EED L FillllL, 1k
FHH TR RTHDE L BT, HRBEEEBROH
LWREZL725FTHDTH b, sEREM L IZMMAINY
BEZIZEY, HLOHEGRWFEZHR - —EL,

O %, B LR R CHEE L,
¥ ORI - BERE, AL RO ORI L & T
W ZERL L 7zo 50 TFHEE & HAE I B3 2 BRI 78
TiE, MHEEHTALVF—5EEE AL, #Ms
GrF ORI L BERE R R L, T RGEHSR O U 72
R, ETIREEGG L TE SRR A L7
iz T, e ErREIyF 7Lk
7=V, h=RrF ) Fa—ThlOjxFEF/
RERE RO B 2 I L, R 20 EH 2 50T
Wbo ALFARUGIE, LA TEORLHRETH D,
Z O JFEHOMYIAL A O & K & LRI D
KDDTH 5D, eI T AN F AR, +=
FALEEFEL, B BALF BB O5 TR 2R
R & PN U Zzo BRI 7 B (IR S I
WAL, FRIS, YA NVEY Y UEMKICE B LT 4 v
DKFALSIB D EMEY 1 7 VOfFH, ¥—%4+ L
7 A4 v EA SUG O USRI & filaestidoR
XREHEED, UEo XD ikl oprsek
Hid, EWNAL, BEERALY: - EBRALT R & D 9
DHTHEFHI SN TR,
INHOZRICH LT, P4 HRILERHE,
Pk 5 ARG AL R L) v a L =T U
—AFN, FRITET V7 - KRG K OEHEAL
FRIVMWIHATVEZHIN, TNHITHWT
ORIGE - A% LEEOZHIZE I LICEET LY
LThbo
(fEH— ezt v ¥ —)

I o | I

— 155 —



aH

*E 7 —l—_':/g_

T606-8103 RERMAE
RERPREHR— BB

ERDADTKGEERDN-LET

— 156 —



i3

15:00~15:30 Lung Wa Chu'n

— f f;w?_

"Theoretical S dles on the Ream
Metall £e yme and Photobiolog

rr-a; Rrs .

15:30~16:00 Biswajit Saha (FIFC)

16 00’ _ﬁ 00

F -
s Sare _1_._

— 157 —

‘&



REREFEHF—SCESHAREY— FiR 2008

2009 £ 12 H F1T

FITN O M K
WA A4 MRk

ST SR AR —
(Ut e s X s B P B 34 4)

FORIRT Bt dEEER
GU R X s a KT 14)

(ST 2 5547



vlizipvi N 6_5__” i
_ * %W { AF ;l uLﬁ.._w L_m_.amﬂ_@"_ ._o._ukﬁ:.__m:_* m.wcm_




	年報2008
	はじめに
	目次
	Ⅰ 専任教員・スーパーバイザー
	１. 教員組織
	２. 教員プロフィール
	（1） センター長
	（2） 副センター長
	（3） スーパーバイザー
	（4） 専任教員
	（5） リサーチリーダー

	３. 教員研究紹介

	Ⅱ 博士研究員
	１. 博士研究員組織
	２. 博士研究員プロフィール

	Ⅲ 研究広報活動
	1.福井謙一記念研究センターシンポジウム
	諸熊奎治リサーチリーダー恩賜賞・日本学士院賞受賞記念講演会
	福井謙一記念研究センターセミナー

	Ⅳ　研究業績
	１．専任教員
	２．リサーチリーダー
	３．博士研究員

	資料
	１ 福井謙一記念研究センター シンポジウムプログラム
	２． 諸熊奎治リサーチリーダー恩賜賞・日本学士院賞受賞記念講演会・祝賀会 プログラム
	３． 福井謙一記念研究センターセミナー プログラム・ポスター


