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American Chemical Society

1. K. Saito, Y. Nakao, H. Sato, and S. Sakaki, “Theoretical Study of Rhenium
Dimer Complexes: Re-Re Bonding Nature and Electronic Structure”, J.
Phys. Chem. A, 110, 9710-9717 (2006).

2.M. Ray, Y. Nakao, H. Sato, H. Sakaba, and S. Sakaki, “Silapropargyl
/Silaallenyl and Silylene Acetylide Complexes of [Cp(CO), W]". Theoretical
Study of Their Interesting Bonding Nature and Formation Reaction”, J. Am.
Chem. Soc., 128, 11927 - 11939 (2006).

3. T. Amano, N. Ochi, H. Sato and S. Sakaki, “Oxidation Reaction by Xanthine
Oxidase. Theoretical Study of Reaction Mechanism”, J. Am. Chem. Soc.,
129, 8131-8138 (2007).

4.N. Ochi, Y. Nakao, H. Sato, and S. Sakaki, “Theoretical Study of C-H and
N-H o-Bond Activation Reactions by Titinium(IV)-Imido Complex. Well
Understanding based on Orbital Interaction and Theoretical Proposal for N-H
o-Bond Activation of Ammonia”, J. Am. Chem. Soc., 129, 8615-8624
(2007).

5. H. Ando, Y. Nakao, H. Sato, and S. Sakaki, “Theoretical Study of Low-Spin,
High-Spin, and Intermediate Spin States of [Felll(pap)] . Mechanism of
Light-Induced Excted Spin Trapping, J. Phys. Chem. A, 111, 5515-5522
(2007).

6.Y. Ohnishi, Y. nakao, H. Sato, and S. Sakaki, “Frontier Orbital Consistent
Quantum Capping Potential (FOC-QCP) for Bulky Ligand of Transition
Metal Complexes”, J. Phys. Chem. A, 112, 1946-1955 (2008).
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American Ceramic Society, Materials Research Society

Journal of American Ceramics Society 7 =2 — « $itEZ 8. World Academy of Ceramics
2 8. Journal of Physics : Condensed Matter fi: R B, ARG EF2HEE

1. K. Yuge, A. Seko, Y. Koyama, F. Oba, and I. Tanaka,
First-principles-based phase diagram of the cubic BNC ternary system
Phys. Rev. B 77, (2008) 094121
2. I. Tanaka and F. Oba,
First principles calculations for modern ceramic science and engineering
J. Phys: Condens. Matter 20, (2008) 064215
3. 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
4. H. Ikeno and I. Tanaka,
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.
5. T. Mizoguchi, A. Seko, M. Yoshiya, H. Yoshida, T. Yoshida, W. Y. Ching, and 1.
Tanaka,
X-ray absorption near-edge structures of disordered Mgl-xZnxO solid solutions
Phys. Rev. B 76, (2007) 195125
6. S. Nakashima, K. Fujita, K. Tanaka, K. Hirao, T. Yamamoto, and I. Tanaka,
First-principles XANES simulations of spinel zinc ferrite with a disordered cation distri-
bution Phys. Rev. B 75, (2007) 174443.
7. K. Yuge, A. Seko, A. Kuwabara, F. Oba, and . Tanaka,
Ordering and segregation of a Cu75Pt25(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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.M. Yanagisawa, M. Imai, T. Masui, S. Komura, Takao Ohta, Growth
Dynamics of Domains in Ternary Fluid Vesicles, Biophysical Journal 92,
115-125 (2007)

2. H. Shoji, K. Yamada, D. Ueyama and Takao Ohta, Turing patterns in three
dimensions, Phys. Rev. E 75, 046212(13) (2007)

3. H. Tokuda, V. S. Zykov, and Takao Ohta, External forcing and feedback
control of nonlinear dissipative waves, Phys. Rev. E 75, 066203(11) (2007)

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

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

6. 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)

7. Y. Oono and T. Ohta, “Coarse-grained approach to polymer physics”, in
“Stealing the Gold” (eds. P. M. Goldbart et al) Oxford Science Publications,
(2004).
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tional Conference on Control of Super-Hierarchical Structures and Innovative
Functions of Next-Generation Conjugated Polymers (2008)
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1. 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).

2. K. Akagi, “Helical Polyacetylene Synthesized in Chiral Nematic Liquid C
rystal”, Handbook of Conducting Polymers, Third Edition, Conjugated Poly-
mers, Eds. T. A. Skotheim and J. R. Reynolds. CRC Press, 3, p. 3-14 (2007).

3. K. Akagi, “Liquid Crystalline Conjugated Polymers - Synthesis and Proper-
ties”, Thermotropic Liquid Crystals: Recent Advances, Ed. by A.
Ramamoorthy, Springer, chap. 9, p. 249 - 275 (2007).

4. M. Goh, M. Kyotani, K. Akagi, “Highly Twisted Helical Polyacetylene with
Morphology Free From Bundle of Fibrils Synthesized in Chiral Liquid Crys-
tal Reaction Field”, J. Am. Chem. Soc., 129, 8519 (2007).

5. K. Akagi, S. Guo, T. Mori, M. Goh, G. Piao, M. Kyotani, “Synthesis of Heli-
cal Polyacetylene in Chiral Nematic Liquid Crystals using Crown Ether Type
Binaphthyl Derivatives as Chiral Dopants”, J. Am. Chem. Soc., 127, 14647
(2005).

6. 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).

7. ANN. Aleshin, H.J. Lee, Y.W. Park, K. Akagi, “One-Dimensional Transport
in Polymer Nanofibers”, Phys. Rev. Lett., 93, 196601 (2004).
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T. Umeyama, H. Imahori, “Carbon Nanotube-Modified Electrodes for Solar
Energy Conversion,” Energy Environ. Sci. (Perspective), 1, 120-133 (2008).

. H. Imahori, M. Ueda, S. Kang, H. Hayashi, H. Kaji, T. Umeyama, Y. Matano,

K. Yoshida, S.Isoda, M. Shiro, N. V. Tkachenko, H.Lemmetyinen, “Effects
of Porphyrin Substituents on Film Structure and Photoelectrochemical
Properties of Porphyrin-Fullerene Composite Clusters Electrophoretically
Deposited on Nanostructured SnO, Electrodes,” Chem. Eur. J., 13, 10182-
10193 (2007).

. H. Imahori, “Electrophoretic Deposition of Donor-Acceptor Nanostructures

on Electrodes for Molecular Photovoltaics,” J. Mater. Chem. (Feature Arti-
cle), 17, 31-41 (2007).

. H. Imahori, “Creation of Fullerene-Based Artificial Photosynthetic Systems,”

Bull. Chem. Soc. Jpn. (Award Accounts), 80, 621-636 (2007).

. 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).

.2002 /-SPP (The Society of Porphyrins and Phthalocyanines )-JPP (The

Journal of Porphyrins and Phthalocyanines) Young Investigator Award
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1. Hiroyuki Yoshida and Naoki Sato, Deposition of acrylonitrile cluster ions on
solid substrates: Thin film formation by intracluster polymerization products,
J. Phys. Chem. B 110, 4232-4239 (2006).

2. Richard Murdey, Naoki Sato and Marcel Bouvet, Frontier electronic struc-
tures in fluorinated copper phthalocyanine thin films studied using ultraviolet
and inverse photoemission spectroscopies, Mol. Cryst. Lig. Cryst. 455, 211-
218 (20006).

3. Hiroyuki Yoshida and Naoki Sato, Grazing-incidence x-ray diffraction study
of pentacene thin films with the bulk phase structure, Appl. Phys. Lett. 89,
101919 [3 pages] (2006).

4. Hiroyuki Yoshida, Katsuhiko Inaba and Naoki Sato, X-ray diffraction recip-
rocal space mapping study of the thin film phase of pentacene, Appl. Phys.
Lett. 90, 181930 [3 pages] (2007).

5. Keiichi Katoh, Takahiro Sasamori, Norihiro Tokitoh and Naoki Sato, Syn-
thesis of a donor molecule with metal coordination sites toward multifunc-
tional complexes, Chem. Lett. 36, 1122-1123 (2007).
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Fukui Kenichi Memorial Research Group 1 Rt s —
Research Leader Keiji MOROKUMA V—FI—5'— FEEE &R

The central theme of research of our group is “simulation of complex systems with hybrid molecular theories”,
with a special emphasis on theories of chemical reactions. Chemical reactions occur for small molecules as well as
complex systems and in excited states as well as in the ground state. They occur in gas phase, in solution as well
as in protein environments. We have been studying a wide variety of chemical reactions.

(1) Elementary reactions of small gas phase molecules. We study chemical reactions of small molecules in
gas phase initiated by electronic excitation or reactions of ions with molecules. These reactions typically cascade
through many potential energy surfaces through conical intersections and seam of crossings. Potential energy
surfaces of excited states and excited state dynamics of N;3CI and N3 have been studied.

(2) Formation and Growth of Carbon Nanostructures and Properties and Reactivities of
Nanostructures. Despite all the activities concerning fullerenes and carbon nanotubes the mechanism of
formation from small carbon clusters is not known. We have recently succeeded in observing the world-first
rapid re-growth of single-walled carbon nanotube (SWCNT) from a SWCNT attached to a Fesg metal cluster,
when carbon atoms are supplied to the metal-carbon boundary area. A key ingredient for the growth is the
electronic temperature in the quantum chemical molecular dynamics (QM/MD) simulation. The electronic
temperature introduces an open-shell character to the system by allowing fractional occupancies to orbitals near
HOMO and LUMO, and the open-shell nature of transition metal cluster is essential for the high reactivity of
such a cluster. We have been studying various growth features of carbon nanotubes, as well as fullerenes and
metallofullerenes.

(3) Structure and Reactions of Metalloenzymes and Effects of Protein Environment. Understanding
of the mechanism of enzymatic reaction inside protein is a largest challenge for theoretical/computational
approaches. Enzyme is a large complex collection of amino acid residues with some metals, ligands and water
and other molecules, and theoretical approaches require a substantial approximation. We are working on such
studies in three different levels of approach. i). Active site only model. ii). Protein model with geometry
optimization. iii). Statistical average of protein motion/conformations and free energy calculation. We have used
these methods to study reactions of a variety of enzymes, including isopenicillin N synthase (IPNS),
indoleamine 2,3-dioxygenase (IDO) and its relative, and. Bi,-dependent methylmalonyl-CoA mutase (MMCM).
The mechanism of the biochemiluminescent reaction of Japanese firefly is also being studied.

(4) Development of Theoretical/Computational Methods. Computational challenges typically requires
developments of new methods and computer codes, and we continuously are involved in such developments.
For one, we have been developing a three-layer ONIOM method, utilizing DFTB, a semiempirical MO method,
as the mid-layer low level QM method in combination with DFT and MM. For another, we have developed and
are testing an efficient MD method, in which one can adopt electronic temperature and at the same time

propagate density matrix without diagonalizing the Hamiltonian matrix at each MD step.
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Computational Chemistry

Multi-scale methods for biological reactions

Oxygen activation, reaction mechanisms, QM/MM, ONIOM method

Feb 1998, Master of Science, Royal Institute of Technology, Sweden
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to Enzymatic Reactions, In Multi-scale Quantum Models for Biocatalysis:
Modern Techniques and Applications, Eds. T.-S. Lee and D. M. York,
Springer Verlag, Submitted.

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

Reaction Mechanism of Enzymatic Reactions
Metalloenzymes, Oxygenase, Bioluminescence, photobiology

August 2000, B. Sc. in .Chemistry (1st 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. 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.

3. Chung, L. W.; Lee, H. G.; Lin, Z.; Wu, Y.-D. “A Computational Study on
the Reaction Mechanism of Hydrosilylation of Carbonyls Catalyzed by
High-Valent Rhenium(V)-Dioxo Complexes” J. Org. Chem. 2006, 71, 6000.

4. Chung, L. W.; Chan, T. H.; Wu, Y.-D. “Theoretical study of the intrinsic
reactivities of various allylmetals toward carbonyls and water”
Organometallics, 2005, 24, 1598.

5. Chung, L. W.; Wu, Y.-D.; Trost, B. M.; Ball, Z. T. “A theoretical study on
the mechanism, regiochemistry, and stereochemistry of hydrosilylation cata-
lyzed by cationic ruthenium complexes” J. Am. Chem. Soc. 2003, 125,
11578.
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Biswajit Saha (U LE D)
FIFC Fellow

Fukui Kenichi Memorial Research Group 1, 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

Doctor of Science from IACS, Jadavpur University, India

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

2. B. Saha, R. Fukuda, H. Nakatsuji, P. K. Mukherjee, “Spectroscopy of sodium
atom in liquid helium cluster: symmetry adapted configuration-interaction
(SAC-CI) study” Theor. Chem. Acc. 118, 437 (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 (2000).

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-Marchan (&—F79 <HUW g F—HoA)
FIFC Fellow

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

Room 207

075-711-7893

075-781-4757

grimes@fukui.kyoto-u.ac.jp

Computational Chemistry

ONIOM surface chemistry, properties of nanomaterials
nanocatalysts, Si(100) surface

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-present FIFC
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(Ill) 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
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075-711-7631

075-781-4757

kawatsu@fukui.kyoto-u.ac.jp
http://kmweb.fukui.kyoto-u.ac.jp/top/member/kawatsu/index.html
BABEYIal—vay

NI SR Vi e

HEE., Ot. BRTRLE— FaEihs By

20024F2 H 4 W B FEANEE R A B P S R A TR AR T
2002422 H 4 B L ()

200243 AT 2—7 KEALFERIR A RZ . 200549 HY a—U7 LRRS
(LR FERIRA K7 20064 11 H U8 K A8 H e — s ettt o 2 —
JIST 7 =a—

American Physical Society, American Biophysical Society,

H A A B2

1. 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.

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

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

4.8S. 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.

5. 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.

6. H. Nishioka, A. Kimura, T. Yamato, T. Kawatsu, T. Kakitani, "Interference,
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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2001 4F3 A AR (FE5)

2002 42 H PEESATR A e B 2 —  BFJEE. 2004412 A~
SOWS=TINNERT: BRI IR B MR BIOTSE AL, 2006 4F 12 7 5UHD
K@k —si st 2 — Wt e

2004412 A-2006 4= 11 H KEAL 2 =T MK
(Sharon-Hamess Schiffer (%) (/M EFRINFZEE)

AAEFER

1. Rapid growth of a single-walled carbon nanotube on an iron cluster: Density-
functional tight-binding molecular dynamics simulations
Y. Ohta, Y. Okamoto, and S. Irle, K. Morokuma, ACS Nano, accepted
(2008)

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

3. Interconversion Behavior of the C-H Bond in the CH4+ Radical Cation: Ab
initio Molecular Dynamics Study,
Y. Ohta and K. Ohta, J. Comput Chem 25. 1910-1919 (2004)

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

5. Ab initio centroid path integral molecular dynamics: Application to
vibrational dynamics of diatomic molecular systems,
Y. Ohta, K. Ohta, and K. Kinugawa, J. Chem. Phys. vol. 120, 312-320
(2004).

6. Ionization process of the hydrogen atom in intense laser fields: Non-Born-
Oppenheimer 1D model calculations,
Y. Ohta, J. Maki, H. Nagao, and K. Nishikawa, Int. J. Quantum. Chem.
vol. 97, 891-895 (2002)

7. A unified quantum molecular dynamics method based on the centroid mo-
lecular dynamics and the semiempirical molecular orbital theory,
Y. Ohta, K. Ohta, and K. Kinugawa, Int. J. Quantum. Chem. vol. 95 , 372-
379 (2003).
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BiimEl, FHRERE, Bk

WEA—R T ) Fa—THRRICHT 218K 4 8 o % Hlofig i
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1. ¥ +:5@3C: Spin Wave and Sound in High-Field Phase of Solid Helium-3
20064F11H AR RZEBEE A ER WEL: « T B

2. Spin Wave and Sound in High-Field Phase of Solid Helium-3 200649 A
%47 Journal of the Physical Society of Japan #75% #5975 (094601 —1
EH~094601 — 16 H)

JIST7 = —

3. “Sound Attenuation in U2D2 Solid Helium-3”
Y. Okamoto and T. Ohmi
Journal of Low Temperature Physics #1344 1—275 151 (20044F1 1)
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Xin LI (LA D)

JISTV = —

@k — st 2 —  fEk R S —
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

Metalloenzymes, enzymatic reactions, photoswitching mechanism

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, “Hydration of Li -Ion in Atom-Bond

. Zhong-Zhi Yang and Xin Li, “Ion Solvation in Water from Molecular Dy-

. Xin Li and Zhong-Zhi Yang, “Study of Lithium Cation in Water Clusters:

. Zhong-Zhi Yang and Xin Li, “Molecular Dynamics Simulations of Alkaline-

. Xin Li and Zhong-Zhi Yang, “An Ab initio Study of Proton-Transfer Reac-

. Xin Li and Zhong-Zhi Yang, “ABEEM/MM-based Pair Potential for Mo-

.Ling Xu, Xin Li, et al., “lon-Specific Swelling of Poly (Styrene Sulfonic

. Fu-Qiang Shi, Xin Li, et al., “DFT Study of the Mechanisms of In Water

Postdoctoral Science Fund of China in Peking University, 2006.

Electronegativity Equalization Method-7P Water: A Molecular Dynamics
Simulation Study”, J. Chem. Phys. 122, 084514 (2005).

namics Simulation with the ABEEM/MM Force Field”, J. Phys. Chem. A
(Letters) 109, 3517 (2005).

Based on Atom-Bond Electronegativity Equalization Method Fused into
Molecular Mechanics”, J. Phys. Chem. A 109, 4102 (2005).

Earth Metal Cations in Water by Atom-Bond Electronegativity Equalization
Method Fused into Molecular Mechanics”, J. Chem. Phys. 123, 094507
(2005).

tion in Be?*(H,0), and the Spatial Changing Feature in the Formation
Process of Hydroxide”, J. Theor. Comp. Chem. 5(1), 75-85 (20006).

lecular Dynamics Simulation of Fe?"(aq) and Fe3'(aq)”, J. Theor. Comp.
Chem. 5(1), 341-353 (2006).

Acid) Hydrogel”, J. Phys. Chem. B 111(13), 3391-3397 (2007).

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).
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Pavel Avramov
JST Fellow

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

Room 207

075-711-7893

075-711-7838
Avramov.pavel@fx2.ecs.kyoto-u.ac.jp
Computational Chemistry

Electronic structure and properties of nanoclusters

Electronic structure, nanoclusters, silicon quantum dots, silicon nanowires,
fullerenes, nanotubes, silicon carbide, interfaces, transition metals, f-elements,
strong electron correlations

Master of Chemistry (1982, Krasnoyarsk State University, Krasnoyarsk, Rus-
sia)

PhD in Physics (1992, AMSE-University, International Association for the ad-
vancement of modeling and simulation techniques in enterprises, Tassin,
France), Candidate of sciences (1999, L.V. Kirensky Institute of Physics of
Russian Academy of Sciences, Krasnoyarsk, Russia), Senior research investiga-
tor (physics) (2001, L.V. Kirensky Institute of Physics of Russian Academy of
Sciences, Krasnoyarsk, Russia)

L.V. Kirensky Institute of Physics, Krasnoyarsk, Russia, Krasnoyarsk State
University, Russia, Rice University, Houston, USA, Ames National Labora-
tory, ISU, USA, Japan Atomic Energy Agency, Takasaki-branch, Advanced
Science Research Center,

XAFS, ACS, JSAP, WATOC, APATCC
ACS and PR referee board

1. 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 717, pp. 235417-1 - 235417-5 (2008)

2. Avramov P.V., Fedorov D.G., Sorokin P.B., Chernozatonskii L.A., Gordon
M.S., Atomic and electronic structure of new hollow-based symmetric fami-
lies of silicon nanoclusters (Letter), J. Phys. Chem. C, 111, 18824 - 18830
(2007)

3. Avramov P.V., Chernozatonskii L.A., B. Sorokin P.B., Gordon M.S.
Multiterminal Nanowire Junctions of Silicon: A Theoretical Prediction of
Atomic Structure and Electronic Properties, Nano. Lett., V. 7, pp. 2063-2067
(2007)

4. Avramov P.V., Kuzubov A.A., Fedorov A.S., Tomilin F.N., Sorokin P.B.,
The Theoretical DFT Study of Electronic Structure of Thin Si/SiO2 Quan-
tum Nanodots and Nanowires, Phys. Rev. B, V. 75, p. 205427 (2007)

5. Avramov P.V., Yakobson B.I., Interaction of Low-energy ions and atoms of
light elements with Fluorinated Carbon Molecular Lattice, J. Phys. Chem. A
111 (Issue 009), pp. 1508-1514 (2007)

6. Avramov P.V., Naramoto H., Sakai S., Narumi K., Lavrentiev V., Maeda Y.,
Quantum Chemical Study of Atomic Structure Evolution of the Cox/C60 (x
2.8) Composites, J. Phys. Chem. A 111 (Issue 0012), pp 2299 - 2306 (2007)

7.Boris 1. Yakobson, Pavel V. Avramov, John L. Margrave, Edward T.
Mickelson, Robert H. Hauge, Peter J. Boul, Chad B. Huffman, Richard E.
Smalley, High-yield method of endohedrally encapsulating species inside
fluorinated fullerene nanocages, Unated States Patent No 7,252,812, August
7, 2007

CREST, Air Force Office of Scientific Research (USA), JAEA Research Fel-
lowship, NEDO International Nanocarbon Cooperative Grant, CBEN, NATO
Collaborative Research Grant, HTSC, RFBRF, ISF, LogoVaz, HTSC,
“Fullerenes and atomic clusters”, “State Support of Integration of High Educa-
tion and Fundamental Science”, “Russian Universities - Basic Research”,
KRFREF. In total: 30 grants and awards.
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075-711-7863
075-781-4757
indei@fukui.kyoto-u.ac.jp

http://www.fukui.kyoto-u.ac.jp/~indei/index.html
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American Chemical Society

T, HARLVABRIU—FE

1. Tsutomu Indei, Fumihiko Tanaka, “Rheological Study of Transient Polymer
Networks cross-linked by Two-component Associative Groups -Inversion of
the Gel Skeletal Structure-", J. Rheol., 48, 641-661 (2004)

2. Tsutomu Indei, Fumihiko Tanaka, “Theory of Transient Polymer Networks
cross-linked by Two-component Associative Groups”, J. Soc. Rheol. Japan
(Nihon Reoroji Gakkaishi), 32, 285-293 (2004)

3. Tsutomu Indei, Tsuyoshi Koga, Fumihiko Tanaka, “Theory of Shear-
Thickening in Transient Networks of Associating Polymers”, Macromol.
Rapid. Commun., 26, 701-706 (2005)

4. Tsutomu Indei, “Rheological Study of Transient Networks with Junctions of
Limited Multiplicity”, J. Chem. Phys., 127, 144904 (2007)

5. Tsutomu Indei, “Rheological Study of Transient Networks with Junctions of
Limited Multiplicity. II. Sol/Gel Transition and Rheology”, J. Chem. Phys.,
127, 144905 (2007)

HA LA Oo—2250 SCE (20054 )
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[ZA072] | 2003 4E1 A BT KRB (244l

[EFE] | 2003 44 H 4 =K% (EREFIFER l-Ese B
2004429 A B Y 7 4 v=7 T 8K Postdoctoral Scholar
200647 H HERKR T dFak—se ettt 4— 7on—
[FrEZ=] | BAYWESS, SRS

[E723E, 5 3C] | 1. T. Yanao and K. Yoshikawa, “Elastic Origin of Chiral Selection in DNA
O ESFLIN) Wrapping”, Phys. Rev. E 77, 021904 (pp. 1-11) (2008).

2.T. Yanao, W. S. Koon, J. E. Marsden, and I. G. Kevrekidis, “Gyration-
Radius Dynamics in Structural Transitions of Atomic Clusters”, The Journal
of Chemical Physics 126, 124102 (pp. 1-17) (2007).

3.T. Yanao, W. S. Koon, and J. E. Marsden, “Mass Effects and Internal Space
Geometry in Triatomic Reaction Dynamics”, Physical Review A 73, 052704
(pp. 1-11) (2006).

4 WIRARLE, “F iKY EREROY —< %% — 51O EnE
HEI~DISH —, £BH)FE 45, pp. 66-71 (2005).

5.T. Yanao and K. Takatsuka, “Effects of an Intrinsic Metric of Molecular
Internal Space on Chemical Reaction Dynamics”, Advances in Chemical
Physics 130 B, pp. 87-128 (2005).

[FIRBIRDZ B2 L] | 1. H ARSI RILS Repllif 9t B (DC2) 2001-2002.
2. AR B FERIAFSE B (PD) 2003-2005.

3. EBER AR MR A X —E % E (International symposium on geometrical
structures of phase space in multi-dimensional chaos, November 2003).
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1. Motomichi Tashiro

Electron impact excitations of S, molecules, Chemical Physics Letters 453,
145 (2008)

. Motomichi Tashiro

Exchange effects in elastic collisions of spin-polarized electrons with open-
shell molecules with 3%, symmetry, Physical Review A 77, 012723 (2008)

. Motomichi Tashiro and Keiji Morokuma,

R-matrix calculation of integral and differential cross sections for low-energy
electron-impact excitations of the N, molecule, Physical Review A 75,
012720 (2007).

. Motomichi Tashiro, Keiji Morokuma and Jonathan Tennyson,

R-matrix calculation of differential cross sections for low-energy electron
collisions with ground and electronically excited state O, molecules,
Physical Review A 74, 022706 (2006).

. Motomichi Tashiro, Keiji Morokuma and Jonathan Tennyson,

R-matrix calculation of electron collisions with electronically excited O,
molecules, Physical Review A 73, 052707 (2006).

. Motomichi Tashiro and Alexei A. Stuchebrukhov,

Thermodynamic Properties of Internal Water Molecules in Hydrophobic
Cavity around Catalytic Center of Cytochrome ¢ Oxidase, Journal of Physi-
cal Chemistry B 109, 1015 (2005).

. Zhen-Wang Qu, Hui Zhu, Motomichi Tashiro, Reinhard Schinke and Stavros

C. Farantos
The Huggins band of ozone: Unambiguous electronic and vibrational assign-
ment, Journal of Chemical Physics 120, 6811 (2004).

. Hui Zhu, Zhen-Wang Qu, Motomichi Tashiro and Reinhard Schinke

On spin-forbidden processes in the ultra-violet photodissociation of ozone,
Chemical Physics Letters 384, 45 (2004).

. Motomichi Tashiro and Reinhard Schinke

The effect of spin-orbit coupling in complex forming O(’P)+O, collision,
Journal of Chemical Physics 119, 10186 (2003).
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FIFC Fellow

Fukui Institute for Fundamental Chemistry
Room 213

075-711-7902

075-781-4757

wchung@fukui.kyoto-u.ac.jp

Computational Chemistry

Theoretical elucidation of reaction mechanisms and dynamics of important
molecules in the electronic ground and excited states

potential energy surface, wave packet dynamics, conical intersection, diabatic
representation, QM/MM

March 1991, Bachelor of Science in Chemical Engineering, University of San
Carlos, Cebu City, Philippines

October 1999, Master of Science in Chemistry, Mindanao State University-
Iligan Institute of Technology, Iligan City, Philippines

March 2007, Doctor of Science, Graduate School of Science, Tohoku Univer-
sity

Doctor of Science, Tohoku University

March 1992 -June 1993 Research and Development Chemist, Treasure Island
Industrial Corporation, Cebu City, Philippines

June 1994 -October 1996 Lecturer, Colleges of Arts, Sciences and Engineer-
ing, Saint Joseph Institute of Technology, Butuan City, Philippines

November 1996-March 2003 Lecturer, Department of Chemistry, Northern
Mindanao State Institute of Science and Technology, Butuan City, Philippines

August 2007 - September 2007 Postdoctoral Fellow, Laboratory of Theoretical
Chemistry, Tohoku University

October 2007 -present Center Fellow, Fukui Institute for Fundamental Chem-
istry, Kyoto University

Chemical Society of Japan, Japan Society for Molecular Science

1. M. Yamaki, K. Hoki, T. Teranishi, W. C. Chung, F. Pichierri, H. Kono and
Y. Fujimura, Theoretical design of an aromatic hydrocarbon rotor driven by
a circularly polarized electric field, J. Phys. Chem. A, 2007.

2.W. C. Chung, Z. Lan, Y. Ohtsuki, N. Shimakura, W. Domcke and Y.
Fujimura, Conical intersections involving the dissociative 1 = o * state in
9H-adenine: a quantum chemical ab initio study, Phys. Chem. Chem. Phys.
9, 2075-2084 (2007).

3. W. C. Chung and E. W. Ignacio, A DFT study on the intramolecular disso-
ciation pathways of ethyl fluoroformate radical cation in the gas phase; II.
Keto path, J. Mol. Struct. (THEOCHEM) 713 , 153-159 (2005).

4. W. C. Chung and E. W. Ignacio, A DFT study on the intramolecular disso-
ciation pathways of ethyl fluoroformate radical cation in the gas phase; I.
Enol path, J. Mol. Struct. (THEOCHEM) 677, 97-104 (2004).
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The 2nd Japan-Czech-Slovakia Joint Symposium for Theoretical/Computational Chemistry(2007/12/7-9)
Dec. 6 (Thur.) Welcome party at Fukui Institute
First Day, Friday, December 7
9:00-9:10 Opening (S. Kato, S. Sakaki)

9:10-9:40 K. Morokuma (Kyoto)
Theoretical Studies of Chemical Reactions
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15:30-16:00

16:30-17:00

17:00-17:30

17:30-18:00

18:00-20:00

P. Carsky (Heyrovsky Institute, Prague)
Recent Progress in the Calculations of Vibrational Electron Energy Spectra.
What Can be Learned from it for Quantum Chemistry?
M. Ehara (Kyoto)
Theoretical Spectroscopy of Photo-functional Materials, Photo-Biological Materials, and
Inner-shell Electronic Processes
R. Curik (Heyrovsky Institute, Prague)
Role of Correlation and Polarization Forces in Electron Energy Loss Spectroscopy
M. Nakano (Osaka)
Theoretical study on open-shell nonlinear optical systems: relationship
between magnetic interaction and second hyperpolarizability
V. Kelloe (Comenius University, Bratislava)
Nuclear quadrupole moments from calculations of electric field gradient and experimental
microwave data
S. Sklenak (Heyrovsky Institute, Prague)
Combined QM/MM and Al NMR Study of Al Siting in Silicon Rich Zeolites
M. Okumura (Osaka)
Theoretical study on the characteristics and the geometry of metal culsters'
P. Nachtigall (Institute of Organic Chemistry and Biochemistry, Prague)
Vibrational Dynamics of Small Molecules Adsorbed in Confined Space of Zeolite Channels
T. Nakajima (Tokyo)
Large-scale Molecular Theory
1. Paidarova (Heyrovsky Institute, Prague)
Comparison of Moller-Plesset Perturbation Theory, Polarization Propagator Approximation and
Coupled Cluster Linear Response Theory Methods for the Calculation of C6 Dispersion
Coefficients
T. Yanai (IMS, Okazaki)
Quantum chemistry with canonical transformation and renormalization group
V. Spirko (Institute of Organic and Biochemistry, Prague)
Is There Any Prospect for a Few-Dimensional Modeling of Complex Systems?
Banquet at Fukui Center

Second Day, Saturday, December 8

9:00-9:30

9:30-10:00

10:00-10:30

10:45-11:15

11:15-11:45

H. Sato (Kyoto)

Chemical Reaction in Solution Phase: A combined method of ab initio MO and integral
equation theory for liquids

J. Hasegawa (Kyoto)

Color-tuning mechanism of human visual cone pigments

S. Hayashi (kyoto)

Chemical Reaction dynamics of Rhodopsin Photoreceptor Proteins

P. Hobza (Institute of Organic Chemistry and Biochemistry, Prague)

Weak Non-Covalent Interactions Among Biomolecules Building Blocks Can Be Surprisingly
Strong

J. Vondrasek (Institute of Organic Chemistry and Biochemistry, Prague)

Aromatic Amino Acids Is a Most Important Stabilizing Factor in Protein Structure. By Means of
Computational Chemistry
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M. Pitonak (Institute of Organic Chemistry and Biochemistry, Prague)

Hydrogen Bonding and Stacking interaction in Uracil Dimer. Comparison of CCSD(T),
DFT-SAPT and DFT Methods.

T. Ishida (Kyoto)

Theoretical study on photoisomerization of cyclohexadiene  to hexatriene

J. Pittner (Heyrovsky Institute, Prague)

Analytic gradients for multireference Hilbert-space coupled-cluster methods

N. Mori (Osaka City Univ)

Quasirelativistic DFT calculations for magnetic tensors of “Cu(II) octaethylporphyrin: Strong
metal-ligand covalency

L. Rulisek (Institute of Organic Chemistry and Biochemistry, Prague)

An effect of spin-orbit coupling(SOC) on the values of reduction potentials of octahedral
Ru2+/3+ and Os2+/3+ complexes

A. Morita (Tohoku)

Electrolyte Solution Interfaces Explored by the Combination of Sum Frequency Generation and
Molecular Simulation

K. Kitaura (Kyoto)

Fragment MO-based 2nd order Moller-Plesett perturbation theroy for large molecules

S. Nagase (IMS, Okazaki)

MP2 Calculations of Large Molecules

Z.Havlas and J. Michl (Institute of Organic Chemistry and Biochemistry, Prague)
Search for -chromophores for singlet fission

Poster with Beer and Sandwitch

Third Day, Sunday, December 9

9:00-9:30

9:30-10:00

10:00-10:30
10:30-10:45
11:15-11:45

11:45-12:15

12:15-12:45

Closing

S. Yabushita and M. Masato (Keio, Tokyo)

Calculations of photoionization cross sections with the variationally optimized gaussian-type
complex basis functions

K. Yoshizawa (Fukuoka)

Frontier Orbital View of the Quantum Transport in Molecular Nanowire

K. Yamashita (Tokyo)

Ultrafast Vibrationally-Induced Dephasing of Electronic Excitations in PbSe Quantum Dots
K. Takatsuka (Tokyo)

Nonadiabatic electron wavepacket dynamics in intense laser field

M. Urban (Comenius University, Bratislava)

Van der Waals complexes of Cu, Ag and Au with lone pair ligands. The bonding character
H. Nakatsuji (Kyoto)

Towards Accurately Predictive Quantum Chemistry with the Solutions of the Schroedinger
Equation

J. Michl (Colorado, USA; Academy of Sciences of the Czech Republic)

Bubbles in Molecular Cages

H. Nakatsuji
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1. EEHE
AR HAE#E  General Division Fulltime Faculty
Pz A fBIE  Associate Professor Toshimasa Ishida

1. Summary of the research of the year
(1) Ab initio dynamics of a biomolecule

Ab initio non-adiabatic dynamics calculations were carried out for a biomolecule, retinal in
vacuo. We employed two models of protonated Schiff base retinal. The models are the 67 system of
2-cis-penta-2,4-dieneimminium cation (CH,=CH-CH=CH-CH=NH,") and the 12 system in which
two methyl groups are removed from the Schiff base of retinal. The CASSCF(6,6) level with the
6-31G basis set was employed for the quantum chemical part and velocity Verlet algorism was
utilized for time evolution of trajectories. The probabilities of transition between the excited and
ground state are estimated by the Zhu-Nakamuara formula. We have found that energy relaxation on
the ground state occurs in two steps for the 12t model.

Figure 1 shows the time evolution of energy difference between the ground and first excited
state for each trajectory. It is revealed for the 12n model that energy relaxation on the ground state
occurs in two steps in Fig 1(a). The energy difference between the ground and excited state is about
10-50 kcal/mol for about 100 to 150 fs, and then the difference becomes 70-100 kcal/mol. This
relaxation pattern can be seen in the product all-trans form as well as in the reverted 11-cis form
although the duration of the intermediate step is shorter for the latter. This type of two step

relaxation cannot be seen in the smaller 6n model in Fig. 1(b).

(a) Time evolution of trajectories (12x) (b) Time evolution of trajectories (6m)
' " Trans - Bl
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Figure 1 Time evolution of energy difference between the ground and first excited state for each trajectory for
(a) the 127 system and (b) the 67 system. Note that when the relevant trajectory is on the excited state, the
difference value is taken to be positive and that when the trajectory is on the ground sate, the value is taken to

be negative.
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Fourier transformation analysis reveals that the frequencies of energy difference oscillation are
1,600-2000 cm™, which would be related to conjugate bond frequencies in the ground state. The
two step relaxation is not revealed in the smaller 6w model.

We examined the time evolution of the length of the twisting bond and the signed energy
difference for two typical trajectories generating the trans-from product. The bond is the twisted
double bond C,-Cs for the 67 system or C;-C;, and the signed energy difference is the same as the
ordinate axis in Fig. 1. It is found in the 127 system that the lengths of about 1.45-1.55 A in the first
(intermediate) step are longer than the lengths of around 1.35-1.45 A in the second step and are
similar to those in the excited state for many trajectories. Thus, the two-step relaxation is revealed
also in these diagrams. This is also the case for the reversion to the cis-form although the duration
in the intermediate step is shorter again. This two-step relation is not found for the 6w model.

We also investigated the lengths of twisting bond R, the twisting angle ¢, and the angle velocity
of ¢ (d¢/dt) at the hopping geometries. One may expect that the trans-form is mainly generated
when the twisting angle is larger than the right angle at the transition whereas the cis-form is
generated when ¢<90°. For 127 system, when ¢>90° at the transition, it is found that trans-form is
mainly generated as expected. However, when ¢<90°, there is no clear-cut picture is obtained
although six of seven transitions at $<70° lead to cis-form reversion in Fig. 2(a). For the 67 system,

the trans-form is generated $<85° in Fig. 2(b).

R and |§| at hopping (12nr)

130

R and |¢| at hopping (6x)

Trans Trans
120 Cis 120 } Cis
I'. -
110 __ 110 J
8 100 8 100f .. A X ’
g o0 p g o0t
s : s
= 8o} = sl
= =
70 70 | S
60 | 60
50 ; 50 - ]
1.4 15 16 14 15 1.6
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Figure 2 The distributions of the bond lengths and (the absolute value of) dihedral angles at the
place where transition to the ground state occurs in (a) 127 system and (b) 6w system. The black

squares are for cis-form formation and red triangles are for trans-form formation.

It is expected that trans-products are more generated when angle velocities are positive (the
twisting angle is opening) at the hopping geometries and cis-products are more generated when
angle velocities are negative. However, no clear difference between cis- and trans-products is found
for the 121 system. On the other hand, for the 6m system, it is found that the trans-form products are
mainly generated when angle velocities are positive and the twisting angles are less than 90° and

that the cis-form products are mainly generated when the angle velocities are negative, which is in
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agreement with the intuitive expectation. Thus, a simple interpretation between the angle velocities

at the hopping geometries and the final products are lost in the 127 system owing to its complexity.
(2) Aromaticity using Hiickel and graph theories

Aromaticity can be discussed using Hiickel theory and graph theory although these two theories
are very simple.

We have defined bond resonance energy (BRE) within a Hiickel framework as follows. A
hypothetical m-system, in which a given m-bond interrupts the cyclic conjugation of m-electrons
thereat, is constructed by assuming f,q= if where £ is the standard resonance integral between two
carbon 2p, orbitals. Bond resonance energy (BRE) represents the contribution of a given n-bond to
aromaticity. BRE for the C,—C4 bond can then be interpreted as a destabilization energy of this
hypothetical m-system. The minimum BRE in a n-system is an excellent measure of kinetic stability.
It was found that the BRE for a peripheral n-bond correlated not only to the harmonic oscillator
model of aromaticity (HOMA) index for a ring, to which the m-bond belongs, but also to the
corresponding bond-order index of aromaticity (BOIA) for local aromaticity. Thus, the BRE for a
peripheral m-bond can be used as an energetic indicator of local aromaticity at least for polycyclic
aromatic hydrocarbons (PAHs).

We can argue the stability of gold fullernes using BRE. Gold fullerenes conform to the 2(N+1)*
skeletal electron counting rule, in the sense that they attain the maximum degree of kinetic stability
when they have 2(N+1)2 mobile electrons. Icosahedral Aus, (N=3) is predicted to possess the highest
kinetic stability with the largest minimum BRE. Thus, gold fullerenes are much less sensitive to
local ring structure than carbon fullerenes. In such a situation, the 2(N+1)2 rule works as a rule of
kinetic stability rather than as that of spherical aromaticity.

Magnetic resonance energy (MRE), derived from ring-current diamagnetic susceptibility, can be
interpreted as a kind of aromatic stabilization energy. For polycyclic conjugated hydrocarbons, this
quantity correlates well with topological resonance energy (TRE), which is one of the
well-established energy measure of aromaticity.

MREs for all possible molecular ions of typical polycyclic aromatic hydrocarbons (PAHs) were
calculated and characterized. It was found that MRE is highly correlative with TRE for all aromatic
PAH molecular ions. MREs for typical heterocyclic conjugated molecules were also calculated and
analyzed. It was found that even for heterocycles, MRE highly correlates with TRE. Thus, the MRE
concept has been firmly established as a reliable indicator of aromaticity, which mediates magnetic
criteria of aromaticity with energetic ones. The conformity of heterocycles to the rule of topological

charge stabilization can be checked using not only TRE but also MRE.
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2. Original papers

(1)

)

3)

(4)

T. Ishida, H. Kanno and J. Aihara, Magnetic Resonance Energies of Polycyclic Aromatic
Hydrocarbon Molecular lons,

Polish J. Chem., 81, 699-710(2007).

Jun-ichi Aihara, Toshimasa Ishida, and Hideaki Kanno,

Bond Resonance Energy as an Indicator of Local Aromaticity,

Bull. Chem. Soc. Jpn. 80(8), 1518-1521(2007).

Toshimasa Ishida, Hideaki Kanno, Jun-ichi Aihara

“Kinetic Stability of Gold Fullerenes and the 2(N+1)* Rule”,

Bull. Chem. Soc. Jpn., 80(11), 2145-2148(2007).

Jun-ichi Aihara, Hideaki Kanno, and Toshimasa Ishida,

Magnetic Resonance Energies of Heterocyclic Conjugated Molecules
J. Phys. Chem. A, 111(36), 8873-8876(2007).

3. Presentation at academic conferences

(1)

2)

)

(4)

()

(6)
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Hiroyuki Tamura, Toshimasa Ishida, Shinkoh Nanbu, and Hiroki Nakamura
“Dynamics and control of isomerization of cyclohexadiene to hexatriene”

The 3" Asian Pacific Conference on Theoretical and Computational Chemistry, Beijing,
2007/9/23

Toshimasa Ishida, Shinkoh Nanbu, and Hiroki Nakamura

“Ab initio non-adiabatic dynamics of retinal: two step-relaxation on the ground state”
CBI #4x 2007 fER= (P49)  HUKE  2007/10/3
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(7) Toshimasa Ishida

“Theoretical study on photoisomerization of cyclohexadiene to hexatriene®
The 2nd Japan-Czech-Slovakia Joint Symposium for Theoretical/Computational Chemistry,
Kyoto, 2007/12/8
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2. YY—F—4—
Keiji MOROKUMA

Research Leader, Fukui Kenichi Memorial Research Group 1

1. Summary of the research of the year
Simulation of Complex Molecular Systems Using Hybrid Molecular Theories

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 S5-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.

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). Specifically
A) carbon nanotube formation during vacuum heating on the C-face of SiC crystals (reported in original

paper 9).

B) rapid growth of a single-walled carbon nanotube on an iron cluster: Density-functional tight-binding
molecular dynamics simulations (See research activities of Dr. Yasuhito Ohta). Continued growth of a
single-walled carbon nanotube (SWNT) on an Fe cluster at 1500 K is demonstrated for the first time using
quantum chemical molecular dynamics simulations based on the self-consistent-charge density-functional
tight-binding (SCC-DFTB) method. In order to deal with charge transfer between carbon and metal
particles and the multitude of electronic states, a finite electronic temperature approach is applied. We
present trajectories of 45 picosecond length where a continuous supply of carbon atoms is directed toward
the C-Fe boundary between a 7.2 A long armchair (5,5) SWNT fragment and an attached Fesg cluster. The
incident carbon atoms react readily at the C-Fe interface to form C- and C,-extensions on the tube rim that
attach to the Fe cluster. These bridging sp-hybridized carbon fragments are vibrationally excited and highly
mobile, and therefore become engaged in frequent bond formation and breaking processes between their
constituent C and the Fe atoms. The sp-hybridized carbon bridge dynamics and their reactions with the
Fe-attached nanotube end bring about formations of new 5-, 6-, and 7-membered carbon rings extending
the tube sidewall, resulting in overall continued growth of the nanotube on the Fe cluster up to nearly twice
its length. Due to the random nature of new polygon formation, sidewall growth is observed as an irregular
process without clear SWNT chirality preference. Compared to fullerene formation, heptagon formation is
considerably promoted. The first paper on the subject has just been accepted for publication in ACS Nano.

C) quantum chemical molecular dynamics (QM/MD) study during early stage of single-walled carbon
nanotube nucleation (See research activities of Dr. Yoshiko Okamoto).

D) fullerene self-assembly during combustion of benzene (See research activities of Dr. Biswajit Saha).



IV BFZTR4E (2007)

E) Sc- and Ti-metallofullerene formation in analogy to previous simulations which explained the formation
mechanism of Cgy and higher fullerenes from hot C, vapor,

F) Nanodiamond to fullerene and carbon onion transformations at high temperatures.

G) investigation of excited states potential energy surfaces of Er,@Cs, and Er,C,@Cs, using TDDFT to
understand differences in photoemission profiles,

H) the molecular and electronic structure of the remarkably stable Gd@Cs, dimer using regular DFT
methods,

I) the thermodynamic stability of Fe@Cs, in comparison to Sc@Cs, using regular DFT methods, and
DFTB-based QM/MD simulations of Fe/C, mixtures to investigate the early stages of Fe particle
aggregation

J) the origin of handedness preference in double-walled carbon nanotubes using dispersion-augmented
DFTB-D

K) the geometries, thermodynamic stabilities, and high-temperature behavior of linear polyynes CioH,,
CpH,, and Ci4H, in SWCNTs of various diameters, as well as the Raman spectra, using
dispersion-augmented DFTB-D

L) the computation of Raman spectra of finite-size SWCNTSs and graphene sheets with increasing molecular
sizes, using our DFTB analytical second derivatives.

As to the application of multi-level simulation to enzymatic reactions, we extensively used the
ONIOM QM/MM optimization studies of reaction mechanisms of the following three systems. Some of
these involve formally spin-forbidden reactions between oxygen and a closed-shell molecule.

(1) Isopenicillin N synthase (IPNS) (as reported in detail the research activities of Dr. Marcus Lundberg,
and also published in part in original papers 11 and 1) is a non-heme iron enzyme that uses dioxygen to
catalyze a critical step in the biosynthesis of antibiotics. A mechanism for this enzymatic reaction is proposed
based on active-site DFT models and ONIOM (B3LYP:Amber) calculations. The most important effect of
the surrounding protein is that it stabilizes dioxygen binding by 8-10 kcal/mol, an effect that is critical for the
reactivity of these enzymes. More sophisticated methods (electronic embedding in QM/MM approach and
three-layer ONIOM approach employing the DFTB method for the mid-layer low-level QM method) have
also been applied, in order to further elucidate the effects of protein environment on the reaction mechanism.

As reported in the research activities of Dr. Tsutomu Kawatsu, we have added 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 dual topology/coordinate of the reaction center, and have
computed the free energy difference between the dual states using free energy perturbation theory.

(2) Indoleamine 2,3-dioxygenase (IDO) and Tryptophan 2,3-dioxygenase (TDO) (as reported by the
research activities of Dr. Lung Wa Chung) are heme-containing dioxygenases and catalyze oxidative
cleavage of the pyrrole ring of L-tryptophan. Based on three recent crystal structures of these
heme-containing dioxygenases, two new mechanistic pathways were proposed by several groups. Both
pathways start with electrophilic addition of the Fe(Il)-bound dioxygen concerted with proton transfer
(oxygen ene-type reaction), followed by either formation of a dioxetane intermediate or Criegee-type

rearrangement. However, DFT calculations do not support the proposed concerted oxygen ene-type or
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Criegee-type rearrangement pathways. Based on DFT calculations, we propose a new mechanism for
dioxygen activation in these heme systems. The mechanism involve (a) direct electrophilic addition of the
Fe(II)-bound oxygen to C2 or C3 position of the indole in a closed-shell singlet state or (b) direct radical
addition of the Fe(Il)-superoxide to C2 position of the indole in a triplet (or open-shell singlet) state. Then,
radical-recombination or nearly-barrierless charge-recombination step from the resultant diradical or
zwitterionic intermediates, respectively, proceed to afford meta-stable dioxetane intermediates, followed by
ring-opening of the dioxetanes. Alternatively, homolytic O-O bond cleavage from the diradical intermediate
followed by oxo attack and facile C2-C3 bond cleavage could compete with the dioxetane formation pathway.
Effects of ionization of the imidazole and negatively-charged oxy-porphyrin complex on the key dioxygen
activation process are also studied. A full paper on this has been submitted for publication.

(3) Methanol:Cob(I)alamin Methyltransferase (MtaABC). As reported in the research activities of Dr.
Lung Wa Chung, we have initiated theoretical studies of this enzyme MtaABC that initiates the conversion
of methanol in microorganisms with heterolytic cleavage of the O-C bond of methanol. Since hydroxyl anion
is a poor leaving group, the Cob(I)alamin is regarded as a supernucleophile. However, our DFT calculations
do not support Cob(I)alamin as a supernucleophile, since the reaction barrier is higher than 60 kcal/mol.
Instead, presence of Zn and tentatively-proposed K significantly reduce the barrier. The protein environment
with a high dielectric constant, which was observed in experiment, is found to further reduce the reaction
barrier.

(4) Radical Reaction Mechanism in B,,-Dependent Methylmalonyl-CoA Mutase (MMCM). As reported in
detail in the research activities of Dr. Xin Li, we have studied the homolytic Co-C bond cleavage to form
5'-deoxyadenosyl (Ado) and Cob(Il)alamin radicals and the subsequent hydrogen transfer from a substrate to
the Ado radical in the methylmalonyl-CoA mutase using DFT and ONIOM QM:MM methods. The
calculations show that the Co-C bond dissociation energy can be largely reduced in the protein, compared to
that in the gas phase. The protein effect can be divided into cage effect (in protein the dissocited fragments
are trapped in a cage), geometrical effect (geometrical distortion of the coenzyme), and MM effect (coulomb,
van der Waals, and torsion terms from the protein environment). These protein effects make the Co-C bond
cleavage state stable. Moreover, 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.

(5) Firefly luciferase catalyses the highly efficient reaction between luciferin and O,. Although initially a
ground-state reaction, the final result is an excited species that emits the characteristic firefly light. As
reported in detail in the research activities of Dr. Lung Wa Chung, we nearly completed and are ready to
submit an initial preliminary paper on our first theoretical study of firefly bioluminescence from high-energy
dioxetanone intermediate by using SA-CASSCF(12e,120)/6-31G* and CASPT2(12e,120)/6-31G*//
SA-CASSCF(12e,120)/6-31G* methods. Based on these calculations, we propose that the adiabatic
transition state (TS) for the O-O bond cleavage and the unique topology around MECI (a minimum energy

on the seam of sloped conical intersection) play crucial roles in the efficient firefly bioluminescence.
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The improvement and further development of the ONIOM method and code as well as

preparation for ONIOM molecular dynamics simulations is also making progress.

2. Original papers
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M. Lundberg, P. E. M. Siegbahn and K. Morokuma, Mechanism for Isopenicillin N Synthase from
Density-functional Modeling Highlights the Similarities with Other Enzymes in the
2-His-1-carboxylate Family, Biochemistry, Biochemistry 47, 1031-1042 (2008).

M. Uchiyama, Y. Kobayashi, T. Furuyama, S. Nakamura, Y. Otani, Y. Kajihara, T. Miyoshi, T.
Sakamoto,” Y. Kondo, and K. Morokuma, Generation and Suppression of 3-/4-Functionalized
Benzynes Using Zinc Ate Base (TMP-Zn-ate): New Approaches to Multi-substituted Benzenes, J.
Am. Chem. Soc. 130, 472-480 (2008).

K. Morokuma, Theoretical Studies of Chemical Reactions — A Fascinating World of Chemistry from
Gas Phase Elementary Reactions through Nanostructure Formation and Homogeneous Catalysis to
Reactions of Metalloenzymes, Bull. Chem. Soc. Jpn. 80, 2247-2261 (2007).

S. Martinez, K. Morokuma and D. G. Musaev, Mechanistic Aspects of Dinitrogen Hydrogenation
Catalyzed by the Geometry Constrained-Zirconium and Titanium Complexes: Computational
Studies. Organometallics, 26, 5978-5986 (2007).

V. P. Ananikov, D. G. Musaev, and K. Morokuma, Critical Effects of Phosphine Ligands on the
Mechanism of Carbon-Carbon Bond Formation Involving Palladium(I) Complexes. A Theoretical
Evaluation of Steric and Electronic Factors, Eur. J. Inorg. Chem. 2007, 5390-5399 (2007).

M. Uchiyama, S. Nakamura, E. Nakamura, and K. Morokuma, Reaction Pathway of Conjugate
Addition of Lithium Organozincates. J. Am. Chem. Soc. 129, 13360-13361 (2007).

H. A Witek, B. Trzaskowski, E. Malolepsza, K. Morokuma, L. Adamowicz, Computational study of
molecular properties of aggregates of Cg and (16,0) zigzag nanotube. Chem Phys. Lett., 446, 87-91
(2007).

R. Cao, T. M. Anderson, P. M. B. Piccoli, A. J. Schultz, T. F. Koetzle, Y. V. Geletii, E. Slonkina, B.
Hedman, K. O. Hodgson, K. I. Hardcastle, X. Fang, M. L. Kirk, S. Knottenbelt, P. Koegerler, D. G.
Musaev, K. Morokuma, M. Takahashi, C. L. Hill, Terminal Gold-Oxo Complexes. J. Am. Chem. Soc.
129, 11118-11133 (2007).

Z. Wang, S. Irle, G. Zheng, M. Kusunoki and K. Morokuma, Carbon nanotubes grow on the C-face of
SiC (000-1) during sublimation decomposition: Quantum chemical molecular dynamics simulations,
J. Phys. Chem. C 111, 12960-12972 (2007).

A. Quinto-Hernandez, Y.-Y. Lee, T.-P. Huang, W.-C. Pan, J. J.-M. Lin, P. Bobadova-Parvanova, K.
Morokuma, P. C. Samartzis and A. M. Wodtke, Dissociative photoionization of CIN3 using
high-resolution synchrotron radiation: The N-CI bond energy in CINj, Int. J. Mol. Spec. 265,
261-266 (2007).



(11)

(12)

(13)

(14)

(15)

IV BFZR3EHAHE (2007)

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, 9380-9389 (2007).

C. She, J. Guo, S. Irle, K. Morokuma, D. L. Mohler, F. Odobel, J. T. Hupp, and T. Lian, Comparison
of Interfacial Electron Transfer Through Carboxylate and Phosphonate Anchoring Groups, J. Phys.
Chem. A, 111, 6832-6842. (2007).

H. Witek, C. Kohler, K. Morokuma, M. Elstner, and T. Frauenheim, Relativistic parameterization of
the self-consistent-charge density-functional tight-binding method. I. Atomic wave functions and
energies, J. Phys. Chem. A, 111, 5712-5719 (2007).

G. Zheng, H. Witek, P. Bobadova-Parvanova, S. Irle, D. G. Musaev, R. Prabhakar, K. Morokuma, M.
Lundberg, M. Elstner, C. Kéhler, and T. Frauenheim, Parameter Calibration of Transition Metal
Elements for the Spin-Polarized Self-Consistent-Charge Density-Functional Tight-Binding Method:
Sc, Ti, Fe, Co, and Ni, J. Chem. Theo. Comp. 3, 1349-1367 (2007).

T. Nowroozi-Isfahani, D. G. Musaev, K. Morokuma and M. R. Gagne, Density Functional Study of
Platinum(Il)-Mediated Bicyclization of 1,6-Dienyphenols, Organometallics 26, 2540-2549 (2007).
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R. Prabhakar, K. Morokuma and D. G. Musaev, Computational Insights into the Structural Properties
and Catalytic Functions of Selenoprotein Glutathione Peroxidase (GPx). in “Computational Modeling
of Principles and Mechanisms of Transition Metal-Based Homogenous Catalytic Processes”, ed. K.
Morokuma and D. G. Musaev, Chapter 1, Wiley-VCH, 2008, pp. 1-25.

D.G. Musaev, P. Bobadova-Parvanova, and K. Morokuma, Elucidating the Principles of Dinitrogen
Hydrogenation: Computational Insights, in “Computational Modeling of Principles and Mechanisms
of Transition Metal-Based Homogenous Catalytic Processes”, ed. K. Morokuma and D. G. Musaeyv,
Chapter 4, Wiley-VCH, 2008, pp. 83-108.

V. P. Ananikov, D. G. Musaev, and K. Morokuma, Transition metal catalyzed carbon-carbon bond
formation: the key of homogeneous organocatalysis, in “Computational Modeling of Principles and
Mechanisms of Transition Metal-Based Homogenous Catalytic Processes”, ed. K. Morokuma and D. G.
Musaev, Chapter 6, Wiley-VCH, 2008, pp.131-148.

R. Prabhakar, K. Morokuma, Y. V Geletii, C. L. Hill and D. G. Musaev, Insights into the Mechanism
of H,0O,-based Olefin Epoxidation Catalyzed by the Lacunary [y—(SiO4)W10032H4]4' and
di-V-substituted-y-Keggin [y-1,2-H,SiV,Wg04]* Polyoxometalates. A Computational Study. in
“Computational Modeling of Principles and Mechanisms of Transition Metal-Based Homogenous
Catalytic Processes”, ed. K. Morokuma and D. G. Musaev, Chapter 9, Wiley-VCH, 2008, pp. 215-230.
T. Vreven and K. Morokuma, The ONIOM Method for Layered Calculations, in “Continuum
solvation models in chemical physics: From theory to applications”, ed. B. Mennucci and R. Cammi,
Chapter 4.2, Wiley-VCH, 2007, pp. 523-537.
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4. Presentation at academic conferences
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Ohta, Yoshiko Okamoto and Daiki Ishida, “Quantum chemical molecular dynamics (QM/MD)
simulations of growth of fullerenes, metallofullerenes and carbon nanotubes”, Joint Symposiums on
Chemical Kinetics and Renewable Energy: From Gas Phase to Condensed Phase, National Chiao
Tung University, Hsinchu, Taiwan. June 5-9, 2007

Keiji Morokuma, “Theoretical/Computational Insight into Reaction Mechanisms of Transition Metal
Complexes and Metalloenzymes”, Third Mexican Meeting of Inorganic Chemistry, Guanajuato,
Mexico, August 15-17, 2007
Keiji Morokuma, Stephan Irle, Zhi Wang, Guishan Zheng, Benjamin Finck, Biswajit Saha, Yasuhito
Ohta, and Yoshiko Okamoto, “Quantum Chemical Molecular Dynamics Simulations of Fullerene
and Carbon Nanotube Self-Assembly”, Invited talk at National Meeting of American Chemical
Society, Boston, August 19-23, 2007
Keiji Morokuma, loannis Kerkines, Zhi Wang, Peng Zhang, Lung Wa Chung, Marcus Lundberg,
Shigehiko Hayashi, Ahmet Altun and Shozo Yokoyama, “Chemical reactions in excited electronic
states: Photodissociation of N;Cl, and color tuning of luciferase bioluminescence and bovine
rhodopsin and its mutants”, Invited talk at National Meeting of American Chemical Society, Boston,
August 19-23, 2007
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Keiji Morokuma, “Theoretical Studies of Chemical Reactions of Complex Systems”,
Japan-Czech-Slovakia Joint Symposium on Theoretical/Computational Chemistry, Kyoto University,
December 7-9, 2007

Keiji Morokuma, “Theoretical Studies of Chemical Reactions -- Nano Structures, Catalysts, and
Enzymatic Reactions”, Singapore International Chemistry Conference 5, Singapore, December
17-19, 2007

Keiji Morokuma, “The fascinating world of the theory of chemical reactions — from gas phase, nano
structure growth, catalysis to enzymatic reactions”, Raman-Mizushima Lecture, 10th National
Symposium in Chemistry, Chemical Research Society of India, Indian Institute of Science.

Bangalore, India, February 2, 2008
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5. Presentation at Institutional/Departmental Seminars

(1) Keiji Morokuma, “Computational Studies of Chemical Reactions of Complex Systems: Nano
Structures, Catalysts, and Enzymatic Reactions". Norman Hascoe Lecture, University of Connecticut,
April 16,2007
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(3) Keiji Morokuma, “The fascinating world of the theory of chemical reactions — from gas phase, nano
structure growth, catalysis to enzymatic reactions ". Ernest Davidson Lecture, University of North
Texas, January 25, 2008

(4) Keiji Morokuma, “The fascinating world of the theory of chemical reactions — from gas phase, nano
structure growth, catalysis to enzymatic reactions”, Invited Talk at Colloquium, Department of
Chemistry, University of Hyderabad, India. February 4, 2008

(5) Keiji Morokuma, “The fascinating world of the theory of chemical reactions — from gas phase, nano
structure growth, catalysis to enzymatic reactions”, Invited Talk at Colloquium, Department of

Chemistry, University of New Delhi, India. February 6, 2008
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3. BEXMEE
Marcus LUNDBERG

FIFC Fellow, Fukui Kenichi Memorial Research Group 1

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

An understanding of the activity of enzymes 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 apply and evaluate computational methods that
include all major catalytic effects, but still can be used for the most complex biological
reactions, e.g. those involving transition metal centers or excited states.

The basic approach is the use of ONIOM multi-scale models, e.g. QM:MM and
QM:QM:MM. By applying increasingly sophisticated models of an enzymatic system,
individual effects of the protein environment can be systematically quantified. The general

procedure can be divided into three steps:

1. Propose a reaction mechanism for the selected enzyme
2. Analyze important protein effects on reaction energies in QM:MM models

3. Apply and evaluate more sophisticated methods for the most important protein effects

Mechanism for biosynthesis of antibiotics in isopenicillin N synthase. Isopenicillin N
synthase (IPNS) catalyzes a key step in the synthesis of the important B-lactam antibiotics (e.g.
penicillins), and is used in large-scale production of antibiotics. It is an oxygen-activated
non-heme iron enzyme that transforms the linear substrate ACV into the bicyclic product
1sopenicillin N (IPN) (see Figure 1). The modeling supports a mechanism with formation of a
four-membered ring followed by formation of a five-membered ring. A new mechanism for the
heterolytic O—O bond cleavage is proposed that involves protonation of the distal oxygen by an
iron-bound water ligand. The mechanism highlights the strong similarities that exist between
IPNS and other structurally related enzymes, especially pterin-dependent amino acid
hydroxylases and a-keto-acid-dependent dioxygenases. (M. Lundberg et al., Biochemistry, 47,
2008, 1031-1042).

Enzymatic effects on transition state geometries are in general small, as are effects on
relative energies when compared to the preceding intermediate. Important protein effects were
mainly observed for O, binding and for a short-range electron transfer step. Binding of
dioxygen is stabilized by 8-10 kcal/mol when the protein environment is included. Two major
factors consistently stabilize O, binding. The first effect, 3-6 kcal/mol, originates from an
improved description of the coordination geometry of the iron center. The second effect, 3-4
kcal/mol, comes from van der Waals interactions between dioxygen and the surrounding
enzyme (M. Lundberg et.al., J. Phys. Chem. B 111, 2007, 9380-9389).
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Figure 1. Reaction scheme and free-energy energy profile for the enzymatic transformation of ACV to

isopenicillin N.

Apply more sophisticated methods for important protein effects. Electrostatic interactions
are commonly invoked to explain catalytic activity, but are arguably the most difficult to
describe in QM:MM calculations. A common approach is to include protein point charges in the
calculation of the active region (electronic embedding). This approach requires multiple
iterations of the high-level QM part for each geometry, but neglects dielectric effects
originating from electronic and geometric polarization.

An attractive alternative is to describe polarization by a low-level QM method and thus
avoid multiple high-level QM iterations. With new transition-metal parameters, the density
functional tight binding (DFTB) method has been used in ONIOM DFT:DFTB calculations (G.
Zheng et.al., J. Chem. Theor. Comp. 3, 2007, 1349-1367). The DFTB layer can describe
polarization effects of ~20 kcal/mol with an accuracy of 1-2 kcal/mol. A three-layer
DFT:DFTB:MM model of isopenicillin N synthase is currently under investigation (see Figure
2).

Geometric polarization can be taken into account by applying a dynamical description
of the protein. Reaction free energies for isopenicillin N synthase have been calculated using
free-energy perturbation methods where the QM system is represented by “frozen cores”, with

geometries and charges obtained by ONIOM QM:MM optimizations.
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Figure 2. Selected protein models of isopenicillin N synthase. A) Active-site model. B) Three layer
DFT:DTB:MM model. C) Protein model with a shell of water molecules.

2. Original papers

(1) G. Zheng, H. Witek, P. Bobadova-Parvanova, S. Irle, D.G. Musaev, R. Prabhakar, K.
Morokuma, M. Lundberg, M. Elstner, C. Kohler, and T. Frauenheim, Parameter
Calibration of  Transition-Metal Elements for  the Spin-Polarized
Self-Consistent-Charge Density-Functional Tight-Binding (DFTB) Method: Sc, Ti, Fe,
Co, and Ni, J. Chem. Theor. Comp. 3, 2007, 1349-1367.

(2) 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.

(3) M. Lundberg, P.E.M. Siegbahn, and K. Morokuma, Mechanism for Isopenicillin N
Synthase from Density-functional Modeling Highlights the Similarities with Other
Enzymes in the 2-His-1-carboxylate Family, Biochemistry 47, 2008, 1031-1042.

3. Book chapters
(1) 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,
Submitted.

4. Presentation at academic conferences
(1) M. Lundberg and K. Morokuma, Protein Effects on the Redox Reactions in Isopenicillin

N Synthase - Insights from ONIOM QM/MM Calculations (Oral presentation), 10th
Theoretical Chemistry Symposium, Nagoya, Japan, May 14-16, 2007.
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M. Lundberg and K. Morokuma, Mechanism for Biosynthesis of Antibiotics in
Isopenicillin N Synthase Studied by Active-site and QM/MM methods (Poster), 10th
Theoretical Chemistry Symposium, Nagoya, Japan, May 14-16, 2007.

M. Lundberg and K. Morokuma, Protein Effects on Metalloenzyme Reactions - ONIOM
QM:MM Studies of the Non-heme Iron Enzyme Isopenicillin N Synthase (Poster),
International Symposium on Molecular Theory for Real Systems, Kyoto, Japan, July
27-29, 2007.

M. Lundberg, T. Kawatsu, and K. Morokuma, Applications of the ONIOM Multi-scale
Method in Non-heme Metalloenzyme Catalysis (Oral presentation), 3rd Asian Pacific
Conference on Theoretical & Computational Chemistry, Beijing, China, Sep. 22-26,
2007.

M. Lundberg, Y. Sasakura, and K. Morokuma, Density functional tight binding in
multi-layer models: A method to handle enzyme polarization (Poster), 2nd
Japan-Czech-Slovakia Joint Symposium for Theoretical/Computational Chemistry,
Kyoto, Japan, Dec. 7-9 2007.

M. Lundberg and K. Morokuma, Mechanism for Biosynthesis of Antibiotics in
Isopenicillin N Synthase Studied by Active-site and QM/MM methods (Poster), Special
Symposium on “Dioxygen Activation by Metalloenzymes and Models”, Nagoya, Japan,
Mar. 20-21, 2008.

. Others

M. Lundberg, T. Kawatsu, and K. Morokuma, Making penicillin: A multi-scale model of
the key enzymatic reaction, 4th Fukui Center Seminar, Kyoto, Japan, Nov. 2, 2007.
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Institute for Fundamental Chemistry Symposium, Kyoto, Japan, Dec. 13, 2007.
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1. Summary of the research of the year
I. Reaction Mechanisms of Metalloenzymes

A. Indoleamine 2,3-Dioxygenase (IDO) and Tryptophan 2,3-Dioxygenase (TDQO): IDO and TDO 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 years ago. Recently, crystal structures of IDO and TDO have been
available. Our DFT calculations override two recently 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(Il)-dioxygen and Fe(Ill)-superoxide complexes, respectively) in these two unique heme
systems (Schemes 1-2). It is followed by the dioxetane formation or homolytic O-O cleavage pathway.
These new mechanisms are different from our accepted mechanisms in the heme systems, because the
electron-rich indole can directly react with mild oxidants, Fe(Il)-dioxygen and Fe(Ill)-superoxide

complexes.

Scheme 1.
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B. Methanol:Cob(I)alamin Methyltransferase (MtaABC)

Microorganisms utilize methanol to biologically generate methane (methanogenesis). MtaABC initiates
with heterolytic cleavage of the O-C bond of methanol. Since hydroxyl anion is a poor leaving group, the
Cob(I)alamin is regarded as a supernucleophile. However, our DFT calculations do not support
Cob(I)alamin as a supernucleophile, since the reaction barrier is higher than 60 kcal/mol (Scheme 3).
Instead, the presence of Zn and tentatively-proposed K significantly reduce the barrier (Scheme 4). The
protein environment with a high dielectric constant, which was observed in experiment, is found to further

reduce the reaction barrier.
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I1. Reaction Mechanisms of Photobiology

Efficient Firefly Emission: Firefly emission is a well-known efficient bioluminescence. However, the
mystery of the efficient chemiexcitation in firefly is still unknown. I performed SA-CASSCF(12,12)/6-31G*
calculations. Adiabatic transition state (TS) and minimum energy conical intersection (MECI) for the firefly
dioxetanone were located and characterized for the first time. The gradient difference, gradient different
vectors and derivative coupling vectors (not shown) essentially correspond to intrinsic reaction coordinates
(the C-C bond stretching and O-C-O bond bending). Unique topology around MECI (a seam of sloped
conical intersection) was shown to provide a widely extended channel to diabatically access the excited state
from the ground state (Scheme 4), when the molecule has enough velocity (AEmgcLts: -21 and -26 ~ -28

kcal/mol by CASCCF and CASPT2 methods, respectively).

Scheme 4. Topology around MECI (left) and schematic pathway for firefly emission (right)
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2. Original papers

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

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

(3) Li. X.; Chung, L. W.; Miyawaki, A.; Morokuma, K. “A Theoretical Study on the Natures of the
On- and Off-states of Reversibly Photoswitching Fluorescent Protein Dronpa: Absorption,

Emission, Protonation and Raman” Manuscript in preparation.
3. Presentation at academic conferences
(1) Lung Wa Chung, Xin Li, Hiroshi Sugimoto, Yoshitsugu Shiro, Keiji Morokuma “An Alternative
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.
4. Book Chapter
(1) 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.
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1. Summary of the research of the year FY2007
(A) Fullerene self-assembly during benzene combustions: DFTB MD simulations

Combustion synthesis of fullerene using hydrocarbons such as benzene is well established
and industrial level production of highly pure (> 90%) fullerene is available. But the fullerene
formation mechanism is not well established theoretically albeit intensive studies have been
performed so far. To elucidate their atomistic self-assembly mechanism during benzene
combustions, we have performed high-temperature quantum chemical molecular dynamics
(QM/MD) simulations using model systems initially consisting of benzene molecules. We wish to
present a coherent mechanism on how highly ordered fullerene cages are naturally self-assembled
under nonequilibrium conditions from benzene molecules to giant fullerenes.

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 2500K, and 3000K. Electronic temperature set to Te = S000K. 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 statistics and ring formation statistics for a
representative trajectory. It is apparent from these figures that the formation of polyyne

chain/cluster is delayed due to the presence of hydrogen even it may prevent the fullerene

formation.
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Fig 1. Hybridization statistics during self-assembly Fig 2. Ring formation statistics during self-assembly

Selected snapshots of the fullerene formation during benzene combustions are shown in Fig. 3.
During ring breaking (3.86 ps, 5.00 ps, and 8.12 ps) stage, the created radical species breaks to form
linear hydrocarbons. Next in the nucleation (10.01 ps, 12.31 ps) stage, the formed linear
hydrocarbon and/or polyyne chains react form larger species. In the ring condensation (12.31 ps,
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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. (B. Saha, S. Irle,
K. Morokuma, Manuscript under preparation)

7
N ;
C'y _fm{;«
> !‘ .
15.01 ps 17.21 ps 21.79 ps 24.43 ps 32.81 ps

Fig 3. Self-assembly of a fullerene from benzene. Tn=3000K, Te=5000K. In this case fullerene C,5 is formed.

Molecular dynamics simulations using the density-functional tight-binding (DFTB) quantum
chemical method are reported for the fullerene formation mechanism with benzene molecules as
carbon feedstock. We observed that the presence of hydrogen slows down the cluster growth
process as well as fullerene formation. Reactive polycyclic aromatic hydrocarbons (PAHs) without
complete saturation of their edges by hydrogen form in the early stage, and these PAHs aggregate to
form giant fullerenes. The dynamic self-assembly goes through four distinct stages, i.e., ring
breaking, nucleation, ring condensation and cage closure. The effect of temperature on the
formation mechanism is discussed, and the trajectories are analyzed in terms of
pentagon/hexagon/heptagon ring count and sp/ sp2 ratio evolution.

(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. The growth of PAHs from benzene up to the nucleation of soot particles is
usually explained using detailed chemical kinetic reaction mechanisms. Therefore, the knowledge
of fundamental PAHs growth mechanism is important to understand soot formation. The objective
of the present research is to present an in depth understanding of PAHs 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
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growth process will be discussed in detail. In addition to these, the shapes and sizes of the PAH’s
simulated will be 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 removed H
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observed from these simulations is that the PAHs from through three distinct stages, i.e., ring
breaking, nucleation and ring condensation. Highly reactive radical species present the system can
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nucleus and thus pre-condensed PAHs are formed.

2. Presentation at academic conferences

1. 48" Sanibel Symposium, University of Florida, USA, Feb 21-26, 2008 — Quantum chemical
molecular dynamics simulations of fullerene self-assembly from benzene (Poster)
B. Saha, S. Irle, K. Morokuma

2. The 2nd Japan-Czech-Slovakia Joint Symposium for Theoretical/Computational Chemistry,
Fukui Institute for Fundamental Chemistry, Kyoto University, Japan, 7-9 Dec. 2007 -
QM/MD simulations of PAH formation mechanism during benzene combustions (poster)
B. Saha, S. Irle, K. Morokuma

3. Molecular Science Symposium, Sendai, Japan, Sept. 20-23, 2007 — Quantum chemical
molecular dynamics simulations of fullerene self-assembly from benzene (Talk)
B. Saha, S. Irle, K. Morokuma

4. 10" theoretical chemistry conference, Nagoya University, Japan, May 14-16, 2007 — On the
fullerene formation mechanism by means of benzene combustions: Quantum Chemical
Molecular Dynamics study (Poster)

B. Saha, S. Irle, K. Morokuma

3. Others
(1) The 5t Symposium of Fukui Institute for Fundamental Chemistry, Japan, 13 Dec. 2007 -
Quantum chemical molecular dynamics simulations of polycyclic aromatic hydrocarbon

formation during benzene combustions (poster)
B. Saha, S. irle, K. Morokuma
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An ONIOM Investigation of Surface-Adsorbate Interaction and
Modeling Fischer-Tropsch Catalysis

Understanding the reactivity of surfaces is an entire field of chemistry in itself. However,
the application of the ONIOM methodology originally developed by Morokuma to this problem is a
new concept. Accordingly, this method has so far been applied primarily to reactions of interest to
the semiconductor field. But current and future investigations involve more than just the
covalently bonded structure represented by silicon, including polar covalent, ionic, and metal
systems. In addition to the silicon(100) surface, silica is being investigated as a representative of a
polar covalent compound. Another research area involving surface chemistry is the modeling of
catalysis in the Fischer-Tropsch process, an economically import reaction that converts syngas (a
mixture of carbon monoxide and hydrogen) into ethanol and higher oxygenates. This reaction is
of increasing interest as alternative fuels, such as ethanol, grows due to the skyrocketing price of oil.
Besides an inherent interest in how the catalysis proceeds, our interest in this reaction stems from a
paper recently published in Nature that showed a tenfold increase in catalytic activity if the catalyst
is encapsulated within open-ended nanotubes. Thus the goal is twofold: understand the mechanics
and surface chemistry of the Fischer-Tropsch reaction and find out why enclosure in nanotubes
makes such a large impact on activity.

Initial research on the application of ONIOM to surfaces has been limited to studying small
adsorbates on cluster models of the reconstructed surface of Si(100). This surface reconstruction
produces rows of silicon dimers with unique reactivity characteristics of having an alkene-like
sigma and pi bond but buckled so that charge is transferred from a buckled-down silicon to a
buckled-up silicon. The silicon dimer also presents multireference character. The adsorbates

tested were methanol, formaldehyde, formic acid, carbon monoxide, and ammonia.

Figure 1: SigH;, minimal cluster model, without hydrogens shown
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Figure 2: Model of adsorbed formaldehyde, silicon hydrogens hidden

Initially, the minimal surface model cluster,

Figure 1, was embedded in a larger block (silicon supercell) that was treated using molecular
mechanics (MM) with periodic boundary conditions (PBC) to more fully simulate a crystal. At
the MM level, however, results were generally poor and even poorer using PBC. This approach
evolved two ways. First, the minimal cluster model was used as a model for the bulk, treated at
the low level (generally the density functional theory method B3LYP/6-31G(d)), while the silicon
dimer and adsorbate were treated at a higher level. An example geometry is the adsorption of
formaldehyde given in Figure 2. To account for the multireference character of the silicon dimer,
CAS(2,2)PT2 was the level of choice for the high-level treatment. Second, a large model cluster
modeling three adjacent dimers was constructed as a model for the bulk. In the case of these very
large models, a three-level ONIOM approach was used in which the bulk was treated
semiempirically, using PM3 or PM6, the mid-level (the embedded minimal cluster model) treated
using B3LYP/6-31G(d), and the high Ilevel (silicon dimer and adsorbate) using
CAS(2,2)PT2/6-31G(d). For carbon monoxide and ammonia, the basis set was increased to
6-311G(2d), as indicated in relevant literature. These two adsorbates were studied the most, as
experimental and good theoretical data is available on their heats of adsorption. ~The results of the
combinations of theory and cluster size have yielded a mixed bag of results, none of which yet
clearly points to a superior method for treating surfaces, as shown for the values for carbon
monoxide, Table 1, and even more clearly for ammonia, Table 2. However, research is ongoing

for other types of surfaces and potentially other levels of theory and subdivision of levels.

Cluster AE (kcal/mol)

Experiment -11.50
CAS(4,4)PT2:B3LYP SigH12 2.01
CAS(2,2)PT2:B3LYP SigH12 3.98
CAS(2,2)PT2:B3LYP:PM6 SiagH36 2.63
B3LYP:PM6 SiagH36 -0.74
B3LYP:DFTB SisgH3e -15.45
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MP2:B3LYP SisH 1> -6.99
MP2:B3LYP+ZPE SisH1> -5.49
B3LYP SiH1» -10.22
MP2 SisH1» -8.45
DFTB SisH 1> -20.38
PM6 SisH1> -30.78
CAS(2,2)MRCCSD(T)//B3LYP SigH1» -2.67
CAS(2,2)MRCCSD(T):B3:PM6 SiagH36 -24.27

Table 1: Calculated energy of adsorbed carbon monoxide with respect to separated reactants at the given level of

theory and model size. All geometries are at the same level printed unless indicated otherwise (the last two

entries).
Cluster NHs..Cluster NH»-Si-Si-H

Lit. a -33 -75
Lit. b -24.3 -55.6
Lit. c -18.2 -47.7
CAS(2,2)PT2:B3LYP:PM6  SisgHse -18.58 -40.01
CAS(2,2)PT2:B3LYP SigH1> -17.89 -44.56
MP2:B3LYP SigH12 -26.01 -53.75
B3LYP SigH1> -25.22 -52.83
MP2 SigH;> -27.10 -48.29
DFTB SigH1> -29.11 -34.27

Table 2: Calculated energy of chemisorption and dissociative chemisorption of ammonia with respect to reactants
at the given level and model size. All geometries are at the same level as the indicated theory. a)

CAS(10,10)MRSDCI/Dunning VDZ. b) B3LYP/6-31G(d). ¢) ONIOM(CCSD(T)/6-31G(d):B3LYP/6-31G(d))

Catalysts for the Fischer-Tropsch reaction are primarily based on rhodium. Rhodium when
used alone, however, tends to produce methane from syngas. It requires a promoter, generally
MnO and possibly other metal salts, to improve the selectivity and activity of rhodium toward the
generation of ethanol and higher oxygenates. The basic reactivity of this catalyst system must be
known before trying to explain the added effect of carbon nanotubes. Our first model is a slab of
rhodium, two layers deep, with a variable number of MnO in an island on the surface. The
prevailing notions about this process are that hydrogen and carbon monoxide are dissociated on the
rhodium surface, where CHy groups are formed. MnO islands serve as an anchor point for
insertion of CO into CHy to form acetate (and higher carboxylates), which is subsequently reduced
to ethanol from hydrogen spillover from the rhodium. The initial model proposed is shown in
Figure 3, showing a version with four MnO in an island. This model is constructed so that surface

coverage could be varied, to reproduce different experimental loadings.
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Figure 3: Model Rh surface with four MnO in an island.

It was intended to use VASP to produce plane-wave pseudopotential periodic calculations that
would mimic the catalytic surface, but it has become apparent that this model is currently
computationally infeasible. Other models and methods are being considered to take the place of
VASP. First, a cluster model of the rhodium bulk may be used. The drawback is that
nanoparticles tend to have different properties from the bulk so a fairly large cluster may be
necessary. Second, lower levels of theory will be considered. Perhaps standard DFT, linearized
methods, or semiempirical methods, such as PM6, may be employed. Another possibility is to
take a page from the other research project and construct a ONIOM calculation using VASP as the
lower system combined with a truncated model. The possibilities are there, all that is needed now

is time to develop them.
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Tsutomu KAWATSU

JST Fellow, Fukui Kenichi Memorial Research Group 1

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 dual topology/coordinate of the reaction center. We

then compute the free energy difference between the dual states using

free energy perturbation theory. For making the perturbation .
] i . . ] Fig.1 Structure of IPNS
Hamiltonian, we have employed a virtual reaction coordinate of A

that linearly connect between dual topology/coordinate of initial and final states. The MM

Hamiltonian is:
HMM = Henv + ﬂ’Hinitfal + (1 - /’L)Hﬁnal .

Using the Hamiltonian, MM contribution of free energy is:

A=l B
AFMM - ZAFHH ) AF;‘H—] =—kBT1n eXp(Mj ]
= ’ k,T ,

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

set. The Hamiltonian is rewritten as:

_ umbrella
HMM = (Henv + Hinitial)+ ﬂ’m (_ Hinitial + Hﬁna[)= HO + Hm .

Then, equation of the free energy contribution is: Fig.2 dual coordinates
1 f IPNS reacti t

AFI,J = _Zln<eXp(_ ﬂAVij )>i, 0 reaction center.

(PS:colored and TS:tan)
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where

<exp(— PAV, )>l - ' ; =

_ umbrella umbrella
AV, = (Frimirete — premireie),

We have applied the method to first transition state (TS) of IPNS reaction and its preceding
intermediate state (PS) (geometries shown in Fig.2). Computed contribution from the free
energy and room-temperature geometry effect on the barrier height was approximately 4.5
kcal/mol total using both approaches. Other transition and intermediate states have been

computed by Lundberg using the same method.
Development and test calculation of the free energy gradient optimization software

Above method gives a contribution of free energy to the interaction between the reaction center
and protein environment. However, the geometry of reaction center is obtained
by potential energy optimization and it is not consistent to free energy
calculation with room temperature. We have developed programs for free

energy gradient optimization method to obtain the free energy minimized

geometry of the reaction center of proteins. Free energy gradient is computed

as canonical average of potential gradients, Fig.3 Water model

5F_<5V>
or or B.

Table 1: Optimized geometries of a water molecule

We have benchmarked free energy R, (A) | Ry (A) | Phi (degree)
1 2

optimization for small molecules and
Gas phase 0.969 0.969 103.63

modification of program for : :
Potential opt. in MM water 0.976 1.000 98.12

updating MM charge and applying

Free energy opt. in MM water | 0.991 0.999 96.78

periodic boundary condition for
protein environment during ONIOM(QM/MM) mechanical embedding optimization.
Optimized results for a water molecule in MM water box are shown in Table 1 (notation is
described in Fig. 3). Because a water molecule has C, symmetry, R; and R, optimized to the
same length in gas phase calculation. However, when surrounding MM water is optimized
together, the symmetry can break and R; and R, become different. On the other hand, during
free energy optimization, potential made by surrounding water is counted as an average value
of canonical ensemble and R; and R; become similar values again. I note that the MM water
force field was not good for such small molecular system because we used TIP3P water for
protein or large system. That is angle of HOH is much inconsistent between QM and MM

molecules in these calculations.
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Periodic boundary condition and MM charge update is also effective to optimized energy to
determine the spin state of the grand state of IPNS enzyme in our test calculations. The project

is still in progress and will be applied to IPNS reaction diagram.

2. Original papers

(1) T.Kawatsu, V. Coropceanu, AJ. Ye, J.-L. Brédas, “A Quantum-Chemical Approach
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. Presentation at academic conferences

(1) The 2" apan-Czech-Slovakia Joint Symposium for Theoretical/Computational
Chemistry, 2007. Poster title: “Free energy study of the protein effect on IPNS
reaction center”

(2) The 1* International Symposium on Molecular Theory for Real System, 2007. Poster
title: “Free energy correction for the reaction barrier on IPNS transition state using
classical MD with ONIOM.”

(3) Molecular Science Sciety of Japan 2007: Lecture title: “Free energy correction for the

enzymatic reaction diagram.”
4. Others

(1) The 5™ Symposium of Fuku Institute for Fundamental Chemistry 2007: Poster title:

“Free energy study of the protein effect on IPNS reaction center.”
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Yasuhito OHTA

JST Fellow, Fukui Kenichi Memorial Research Group 1

1. Summary of the research of the year

Theoretical study of growth process of single walled carbon nanotube on metal
cluster

SWNTs have been the intriguing materials toward developments of a variety of functional devices
because of their unique physicochemical properties. SWNTs is known to be typically synthesized
from metal cluster with supply of feedstock carbon sources. However, reaction dynamics among
feedstock carbon, nanotube, and metal is hardly understood.

In the present study, we focus on the non-equilibrium reaction dynamic between gaseous C atoms
and a nanotube on an Fe cluster using density functional tight-binding molecular dynamics
simulations. We show substantial growth of the nanotube on the Fe cluster for the first time using
the quantum mechanical molecular dynamics approach. We have observed various key reaction
processes around the C-Fe boundary of the nanotube-Fe cluster, which have never seen in other
computational simulations.

The model system. Figure 1 shows our initial model system for continued growth simulations of a
short SWNT fragment attached to an iron
cluster. The open-ended (5,5) armchair-type
nanotube is used as a seed tube with a length
of 7.2 A and a diameter of 6.7 A, containing
60 carbon atoms. One end of the nanotube

seed is covalently attached to a truncated

octahedron Fesg cluster, which is chosen to
possess fcc  (face centered  cubic)
arrangement corresponding to the stable Figure 1. Model structure for the growth of a seed
high-temperature phase of iron. The end of nanotube on an iron cluster. The (5,5) armchair carbon
the nanotube on the opposite side of the nanotube is attached to the Fesg cluster where gray, cyan,
metal cluster is terminated by ten H atoms to  and brown spheres represent hydrogen, carbon, and iron,
saturate dangling bonds. The Cartesian respectively.

coordinates of this end’s terminal C and H

atoms are frozen during the simulations to avoid inessential reactions between incident gas-phase C

atoms and the terminating H atoms.
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Methods

SCC-DFTB method. In the present QM/MD simulations, we employed the self-consistent-charge
(SCC-) DFTB method with finite temperature approach. The DFTB method is based on the second
order expansion of the total electronic DFT energy with respect to the variation of a reference
density. In the SCC-DFTB method the atomic charge-charge interaction is explicitly included in the
electronic energy and the DFTB secular equation is solved iteratively until the Mulliken atomic
charges become self-consistent with the Hamiltonian. It is worth mentioning that no use of
fractional occupancy (or equivalently 7, = 0 K) corresponds to the adaptation of a closed-shell
single determinant wave function where only the lowest-energy orbitals are doubly occupied up to
the HOMO, while all the orbitals above the HOMO are considered vacant. Preliminary calculations
indicate that assuming such a state causes serious convergence problems during the SCC iterations
for each step of the MD simulations even for much smaller metal-carbon systems. Thus the use of

the finite temperature approach is mandatory for the present system.

Molecular dynamics simulations. The molecular dynamics simulations were performed with a
time step of 1.0 fs using the velocity Verlet integrator. Periodic boundary conditions were imposed
with a cubic box size of (100 A)’. The nuclear temperature of the system was kept at a target
temperature of 1500 K using the Nose-Hoover chain thermostat, emulating effective and frequent
collisions with the inert gas.

Figure 2 (a) depicts the evolved structures of the ten trajectories after 45 ps. With different
degrees of regularities, defects and shapes, most of them clearly show substantial growth of the

carbon nanotube from the seed. Characteristics for the growth in trajectory F can be seen in Figure 2

(b) and (c). The growth of the nanotube was measured by the quantity ‘G -G Fe‘ —r where G,

is the center of mass (COM) of the 10 frozen carbon atoms at the end of the nanotube opposite to
the metal cluster, Gp, is the COM of the Fesg cluster, and r is the average radius of Fesg which was
assumed to be 3.6 A. The “grown areas” of the nanotubes contain several types of carbon polygons
such as 5-, 6-, 7-, and even 8-membered rings, indicating the introduction of defects in the sidewall.
In the snapshots of all final structures for the 7= 1500 K simulations in Figure 2 (a) reveal that
pentagon and heptagon sidewall defects develop along in the hot area where carbon addition occurs
at the metal-carbon interface. Formation of 6-membered rings seems to be important to achieve
greater tube length, which make sense as pentagons induce negative curvature and heptagons
positive curvature. We think that it is possible that the chirality of the colder, outer SWNT hexagon
network can imprint its structural features such as diameter and chiral indices on the annealing
hotter growth area, although our simulation time was too short to follow this process. To create
completely annealed SWNTs, probably longer than hundreds of picoseconds simulation time would
be required after the addition of the final carbon atom. Such simulations are currently in progress in

our laboratory.
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Figure 2. Growth process of a seed nanotube on an Fejgs cluster. (a) The structures of ten
trajectories after 45 ps simulation. For trajectory F, (b) length of the nanotube vs time. and (c)

snapshots of trajectory F at relevant intervals.
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Summary

In summary, we have demonstrated rapid growth behavior of a nanotube on an iron cluster using
quantum chemical method-based molecular dynamics simulations (QM/MD) using the
self-consistent-charge density-functional tight-binding (SCC-DFTB) method. By providing an
abundant, targeted supply of C atoms around the C-Fe interface of a nanotube-Fe model cluster, we
have observed prompt insertion of the incident C into the C-Fe boundary to form short bridging C-
and C,-extensions of the nanotube and the Fe cluster. The repetitive insertion and subsequent
bridging sp-hybridized carbon fragment formation results in the rapid formation of 5-, 6-, 7-, and
sometimes even 8-membered rings which contribute to the continued growth process of the
nanotube on the Fe cluster. Our results suggest that it is possible for the nanotube to grow on the
metal particle without surface or sub-surface diffusion of the C atoms on the metal cluster, although

we note that this finding is due to our targeting of the C-Fe interface region by the incident C atoms.

2. Original papers

Rapid growth of a single-walled carbon nanotube on an iron cluster: Density-functional
tight-binding molecular dynamics simulations
Y. Ohta, Y. Okamoto, and S. Irle, K. Morokuma, ACS Nano, accepted (2008)

3. Presentation at academic conferences

(1) KH¥EA « MAfET- « Stephan Irle - FEREZETR
[DFTB-MD &I L A HE T —R T ) F 2 — 7 R EME OO ZE )
SRS e 2007/9/17 1PO75

(2) KHEAN - [ASET - Stephan Irle + FEREZETR
[Theoretical Study on the Growth Mechanism of Single-Walled Carbon Nanotubes by Means of
DFTB-MD Simulation |
BARMEA S —R S ) Fa—TIZEHT 50 RY T A 5E 2007/10/28 1P-15

(3) KH¥EA « MA(ET - Stephan Irle « FEREZETR
[Rapid Growth of Single-Walled Carbon nanotube on Fe cluster:
Density functional tight-binding molecular dynamics simulations |
International Carbon Nanotube Conference in NU 44 7 2008/2/14 1P-7

(4) KHEN - MAREF - Stephan Irle « FEREZETR

[DFTB 2y T8 fipat Bl kL AE Y —ARyF ) Fa—TEYIalb—3 3 )
HA LR H 88 HFEFS HAL 2008/3/27 2E3-49
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(5) KH¥EA « MA(ET - Stephan Irle « FEREZETR
[ Growth Process of Single-Walled Carbon Nanotubes from Metal Cluster:
Density Functional Tight-Binding Molecular Dynamics Simulation |
235th ACS meeting K[E /LA 7 F I =2 —F—1V > X 2008/4/9 PHYS479

(6) RKH¥EA « [MA{ET « Stephan Irle « FEREZETR
[DFTB-MD 52 L A& FOoHEh—R T ) Fa—THEYIa L —y g )
11 G LR RR S Bk 2008/5/22 1C4b

4. Others

(1) KHEHA
[Density Functional Tight Binding %™ 348 & & H |
FAER BEMEARIIERARE X J-— flIf 2008/4/24
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Yoshiko OKAMOTO

JST Fellow, Fukui Kenichi Memorial Research Group 1

1. Summary of the research of the year

Quantum Chemical Molecular Dynamics (QM/MD) Stydy during Early Stage of
Single-Walled Carbon Nanotube Nucleation

Single-Walled Carbon nanotubes (SWCNTs) are expected to be applied to many technologies, such as
electronic devices. It is necessary to understand its formation mechanisms to control their production,
however the formation mechanism has not yet been fully understood despite of all the theoretical and
experimental efforts.

My research is mainly aimed at finding the roles of transition metal (TM) catalysts during the
formation of the SWCNTs. In the year 2007, my research activities are devoted to the QM/MD simulation of
transition Metal Catalyst particle melting and carbide formation. The aim of this study is to find out how
carbons react with TM metals, how they diffuse, and how they form new 5/6/7 membered-rings. For the
QM/MD method, Self-Charge Consistent Density Functional Tight-Binding (DFTB) method [1] [2] is used.

Initial geometries are given in Fig.1:TM clusters of 38 and 55 atoms to which half fullerene (Cgo/Cao)
caps and some C, chains attached. This geometry was annealed for 36 ps and after that simulations were
performed up to 144 ps excluding the annealing time. Lindemann Index was used in order to analyze
whether TM clusters are in liquid state or in solid state. The behaviors of C, chains attached to the TM cluster,
whether they diffuse on the surface and be incorporated into the fullerene cap or they diffuse into the cluster

are one interesting point to study, as well as the carbide formations of TM clusters.

TMs5+Ca0+11C2

TM3ss+Cs0+24C2
Fig. 1
The simulation results show that Co forms carbide at temperature as low as 200 K (even only at
surface), while Fe and Ni clusters starts to form carbide only at higher temperatures (around 1000-1200K)
and only surface carbides are formed below 2000 K(Fig.2). Also, carbon atoms penetrate into the center of

Co cluster and whole part of Co cluster forms carbide at higher temperatures.
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(a) (b) )

Fig.2: Snapshots at t=144 ps for (a) Co, (b) Fe, (c) Ni clusters. Only TM;4+C5,+24C, results are

shown.

In Fig.3, comparison of Lindemann index between three TMs are given. Here, no clear jump of the
indices for any of the metal are observed, which means that no clear liquefaction point can be recognized. It

seems that TM cluster starts to melt gradually at lower temperatures compared to bulk metals.

Lindemann Index from 3rd to 14th time slots
0.30
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0.15 / Ni

0.10 > o =

0.05 :/

0.00 ! !
200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature (K)

Actually, no remarkable melting point was either observed for the pristine (no added carbon)
TM;s/TMs5s clusters, which were also simulated as reference systems, and comparison of Lindemann Indices
between the pristine (without carbons) TM clusters show that existence of carbon makes the Fe/Ni atoms
more mobile, while Co atoms has completely opposite characters. This seems to originate from the fact that
the carbide formation and actually Co-C bondings hinder Co atoms to move freely, however more analysis

are needed to be done to conclude on this point.
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Fig.4: Comparison of Lindemann Indices between

naked TM clusters and TM;g+C3p+24C,.

[1] Frauenheim et al., J. Phys.: Cond. Mat. 14, 3015 (2002)

[2] Elstner et al., Phys. Rev. B58, 7260 (1998)

2. Presentation at academic conferences

(1) Yoshiko Okamoto, Yasuhito Ohta, Stephan Irle and Keiji Morokuma,
“Quantum Chemical Molecular Dynamics Study of Carbon-Decorated Transition Metal
(Fe/Co/Ni) Particles During the Early Stage of Single-Walled Carbon Nanotube

Nucleation”,

International Carbon nanotube conference in NU, Nagoya, Feb. 2008

)

Yoshiko Okamoto, Yasuhito Ohta, Stephan Irle and Keiji Morokuma,

“Theoretical Study on the role of Transition Metal Catalysts during the formation of

SWCNTs”,

88" Annual Meeting of the Chemical Society of Japan, Mar. 2008
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3. Others
(1) Yoshiko Okamoto, Yasuhito Ohta, Stephan Irle and Keiji Morokuma,

“Theoretical Study on the formation mechanisms of SWCNTs”,
The 5™ Symposium of Fukui Institute for Fundamental Chemistry, Kyoto, Dec. 13, 2007
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Xin LI
JST Fellow, Fukui Kenichi Memorial Research Group 1

(from Jun. 1, 2007)

1. Summary of the research of the year

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

Homolytic Co-C bond cleavage to form 5'-deoxyadenosyl (Ado) and
Cob(Il)alamin radicals, and the subsequent hydrogen transfer from a substrate to the
Ado radical in the methylmalonyl-CoA mutase have been studied by DFT and
ONIOM combined QM/MM methods. Several models were used to study the protein
effect on the homolytic Co-C bond cleavage. The calculations show that the Co-C
bond dissociation energy can be largely reduced in the protein, compared to that in the
gas phase (Scheme 1). The protein effect can be divided into the cage effect,
geometrical distortion of the coenzyme, and MM effect. Coulomb, van der Waals, and
torsion terms mainly contribute to the MM energy, which are from the MM part of the
coenzyme and surrounding residues. Therefore, the protein effect makes the Co-C
bond cleavage state stable. Moreover, 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.
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The whole enzymatic mechanism for the rearrangement of methylmalonyl-CoA to
succinyl-CoA by methylmalonyl-CoA mutase has been further investigated. The
initial Co-C bond cleavage and the subsequent hydrogen transfer occur in a stepwise
pathway in the protein. The third step is the 1,2-rearrangment of methylmalonyl-CoA
radical to succinyl-CoA radical, which involves an addition recombination step, and
several adjacent hydrogen bonding groups of the substrate radical play important roles
in this step. The fourth step is another hydrogen transfer from the 5'-deoxyadenosyl
moiety to the succinyl-CoA radical, which is similar to the hydrogen transfer in the
second step. However, the stabilization of the hydrogen-transfer transition state in the
fourth step is greater than that in the second step because the transferred hydrogen
atom is going to be at the secondary carbon center of the succinyl-CoA in the fourth
step rather than at the primary carbon center of the methylmalonyl-CoA in the second
step. And the final step is the Co-C bond formation to complete the enzymatic cycle.
We also have made comparisons between the reaction in the protein and that in the
gas phase. As a whole, the entire catalytic cycle (Scheme 2) is via a stepwise pathway
in the protein and the Co-C bond cleavage state is stable due to the protein effect,
although it can be through the concerted pathway in the gas phase.

Scheme 2
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Reversibly Photoswitchable Fluorescent Protein: Dronpa

Recently, the fluorescent “on” and non-florescent “off” states of a GFP-like
protein Dronpa were found to be reversibly switched by irradiation with lights. To
understand the mechanism of the photoswitching process, we first performed QM
(TD-B3LYP, CASSCF, CASPT2 and SAC-CI) and ONIOM(QM:MM) calculations to
study the nature (excitation and emission energies, protonation probability, and
Raman) of the several possible “on” and “off” states.

Our systematic studies on absorption and emission of the on- and off-states of
Dronpa suggest that the anionic and zwitterionic cis conformers could be the on-state
(B), while the neutral trans conformer could be the off-state (A2). Poisson-Boltzmann
electrostatic calculations support that the local environment does influence
protonation of the phenol and further support the off-state and the on-state as the
neutral trans state (A2) and the anionic cis state (B), respectively. Raman spectra of
different protonation states have been suggested to be useful to further characterize
the possible intermediates. The proposed photoswitching mechanism of Dronpa is
shown in Scheme 3.

Apart from excited-state proton transfer (ESPT), photoisomerization of the
neutral frans chromophore is suggested to be an alternative route. The activation
process from off to on switching and the de-activation process from on to off

switching have been further investigated.

Scheme 3

0

— 100 —
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Pavel V. AVRAMOV

JST Fellow, Fukui Kenichi Memorial Research Group 1

(from Feb. 1, 2008)

1. Summary of the research of the year

Theoretical Study of Complex Nanoclusters on Silicon and Carbon base
Silicon nanowires (SiNWs) represent a particularly attractive class of building blocks for
nanoelectronics, like field-effect transistors (FETs) logic gates and sensors. At present, a number of perfect
one-dimensional silicon nanowires of various shapes and effective sizes have been synthesized under high
temperature conditions. The SINWs grow along a number of crystallographic directions: <100>, <110>,
<111> and <112>. Because the exact atomic structure of the SiNWs is unknown in most cases, some
theoretical calculations of nanowires with different shapes can be found in the literature. Zhao and Yakobson
proposed the pentagonal and hexagonal SiNWs along <110> direction. Also, the thinnest pristine and
covered by oxidized layer pentagonal species have been investigated in detail by Avramov et al. including
classification implementation of the SINWs.
The electronic structure calculations of a set of silicon nanowires (Fig. 1) were carried out using the
density functional theory in the framework of the local density approximation with periodic boundary
conditions using the Vienna ab initio simulation program. We used a plane-wave basis set, ultrasoft

Vanderbilt pseudopotentials and a plane-wave energy cutoff equal to 200 eV. To calculate equilibrium

atomic structures, the Brillouin zone was sampled
according to the Monkhorst-Pack scheme with a
1x1x4 k-point convergence grid. To calculate the
electronic structure, a 1x1x16 k-point one was used.
To avoid interactions between species, neighboring
SiNWs were separated by 11 A in the tetragonal

supercells. During atomic structure minimization,

structural relaxation was performed until the change
in total energy was less than 5x10—5 eV/atom or the

forces acting on each atom were less than 4x107

eV/A. All parameters given above were carefully
tested and found to be optimal. The LDA

approximation systematically underestimates the

band gap of silicon-based materials by ~0.6 ¢V (Egp | Fig. 1 The studied silicon nanowire structures: (a)

cale=0.6 €V and Egyp exi=1.17 €V for the bulk silicon). SiNWTr with (2,5) indices, (b) the pentagonal-
The bond lengths were predicted with an accuracy and (c) hexagonal star-shaped SiNWs with (5,3)
of 3% (dsi.sicarc=2-18 A and ds;.s; exp=2.246 A for Si, indices, and (d) pentagonal and (e) hexagonal
molecule). It should be mentioned that this result is star-shaped SiNW with (3,3) indices.

in good agreement with other ab initio calculations.

—101 —
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Classical molecular dynamics simulations were carried out using the GENERAL UTILITY LATTICE
PROGRAM simulation code. The atomic interactions were modeled by the Tersoff many-body potential,
which accurately describes the binding energies and elastic properties of a wide range of silicon structures.

To study the electronic structure and energetic stability of <110>-oriented SiNWs, only high-symmetry
and uniformly hydrogen-covered silicon nanowires were calculated using the LDA PW PP method.
Hydrogen passivation prevents reconstruction of the silicon surface according to the Wulff construction rule
of minimization of the surface energy and makes the silicon nanowires reveal semiconducting properties.

To study the experimentally observed <110>-oriented nanowires uniformly passivated by SiH, groups,
two sets of possible structures were calculated. The uniform distribution of hydrogen atoms on the surface
assumes that the surface of the resulting structures remains unrelaxed because the relaxation of bare wires

yields dramatic surface changes while passivation stabilizes the nanowire structure keeping the tetragonal

nature of all silicon atoms. 14
The SiNWs of the first type can be 134, A0 P
truncated from the bulk silicon (SiNWTr) with 12 \ o 2L’Z’.ﬂiséf;fé‘r’iiﬁiiﬁlfﬁ"lT?iw
<100> and <111> facets (Fig. 1-a), with = :; a2,
parallel (left) and perpendicular (right) SiH, ;% Ojg,
groups orientation to the wire axis. Only | % .
SiNWTrs with SiH, groups oriented B 07 4
perpendicular to the main axis correspond to 06 _
the experimentally observed structures and are %1 h
energetically preferable. Due to these facts, o 0 50 100 150 200 260 300 350

only SINWTrs with perpendicular SiH, groups S (AY

haVe been Chosen to be theoretically Studied in Flg 2 The Strain energy _Estrain_ as function Of the

this work. SiNW cross-sectional area. The bulk silicon energy

SINWTTr can be conveniently described in is taken as zero. SINWTrs are marked by empty
terms of two indices (n,m) defined from the circles; the pentagonal starshaped SiNWs are
numbers of hexagons in the SINWTr marked by stars with italic type indices; the
cross-section parts with minimal (7) and hexagonal star-shaped SiNWs are marked by
maximal (m) widths. For example, in Fig. 1-b, hexagons with bold

the (2,5) SINWTr is shown. A new type of

pentagonal (Fig. 1-c) and hexagonal (Fig. 1-d) star-shaped silicon nanowires can be proposed by the

combination of five and six (1,n) SINWTrs, respectively, connecting the constituting parts through
equivalent <111> facets. The resulting objects have 10 and 12 perfect equivalent energetically preferable
<111> facets. Truncation of the edges of the star-shaped nanowires produces <100> facet regions and as the
final result gives the pentagonal or hexagonal nanowires proposed by Zhao and Yakobson. The central
pentagonal or hexagonal channels of star-shaped wires produce some shared strain but the tubelike surface
leads to the lowering of the surface energy and such structures are energetically preferable according to
Wulff construction rule for small sized objects. The proposed pentagonal and hexagonal star-shaped SINWs

also can be described in terms of two »n, m indices.
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The dependence of SINW strain energies (bulk silicon has zero cohesive energy in this scale) upon the
cross-section area is presented in Fig. 2. We would like to mention that the energy of wires truncated from
the bulk silicon tends to the bulk value. The star-shaped NWs with infinite diameters should be unstable due
to structural tension of central pentagonal or hexagonal channels. It was found that nanowires with a
hexagonal cross section possess the highest energies among all considered SINWs. The most energetically
favorable are the SINWTrs and pentagonal star-shaped SINWs. All examined SiNWs reveal band-gap widths
in the ranges from 0.5 to 1.6 eV with direct and indirect transitions for pentagonal and hexagonal types,
respectively. Comparison of the theoretical band-gap widths with the experimental data shows that the (4,7)

SiNWTr is the most probable structure discovered in the experiment.

a) 1.86 )
e (
R kb
& ’:-.

50 55 60 65 70 75 80 85
LA

(3)”3 (3) . [~ PNW(1,4)/IQD(1)/PNW(‘1,n)/IQD(1)/PNW(|‘4)‘
i"WH‘BR ‘ q)
d=11.9 AM19.2
L=30.9A 2P (412,
SizgeH a0
d=13.3A/11.9A
P {wz lH N Lt A AL =
PR

50 55 60 65 70 75 80 85
LA

RoAVZ R, (V2,0 (4)

SiggsHyy L=67.7 A
d=119 A3 3 A

Fig. 4 (a-c) Side view of the atomic structure,

localization of HOMO and LUMO states and

Fig. 3 Atomic structures of silicon nanowires with

I, I
embedded quantum dots. The linear sizes L of the QCE for Ly w )/ % /Pl(z)o ()/ 24 /Pl(z)o @)
schematic systems (L*, L®, L®) are shown for clusters. d) The QCE of the system with two
some actual systems, along with their diameters. potential  barriers calculated using 1D
Silicon and hydrogen atoms are shown in red and Schrédinger equation.

blue.

Motivated by the experimental discovery of branched silicon nanowires, we performed theoretical
electronic structure calculations of icosahedral silicon quantum dots embedded into pentagonal silicon
nanowires (Figs. 3, 4). Using the semi-empirical AM1 and B3LYP/3-21G* methods, we studied the quantum
confinement effect in the fully optimized embedded structures. It was found that the band gaps of the
embedded structures are closely related to the linear sizes of the longest constituting part, rather than the total
linear dimension and the discovered atypical quantum confinement with a plateau and a maximum can be
attributed to the substantial interactions of near Fermi level electronic states of the quantum dots and
nanowire segments. 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 and

breakdown of the QCE. The simple one-electron single-dimensional Schrédinger equation for the description
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and explanation of the unconventional quantum confinement behavior of silicon IQD/PNW systems is
proposed. Based on the theoretical models the deviations from typical QCE experimentally discovered for

small-sized nanocrystalline silicon species have been explained.

Density of States
Structure of endohedral complexes A

of silicon quantum dots with Er

. SiaoSigoH

60

. . |
A En@SiagSigoHen o4
N f A

Wkt

Er@SizgSiggHgy Er@Siz,SigsH;,

e

ALY \SioSig iyl |
\Siz :

Intensity, arb. units

3ipgSi)  Hgyt f T
2551y s:_ | Er@SipgSiy Hgy i

Er@SizsSi;g4Hys Er@SisgSi;;Hg,
(D3y,) :

(T 0 -8 o 3 -1'0; 3 % 4
Energy, eV

Fig. 6 TDOS of SijeHso, SijzoH72, SijzpH7s and

Sij4Hgs quantum dots, obtained using PP PAW

(red dashed lines) and B3LYP levels of theory

(black solid lines). b) The TDOS of Er@Si;ooHso,

.a_!';g;!!m '
w"? ".‘V ;
: r-"'q_\.‘-:c‘-";"é:é‘f);‘ ¢
VIS e
DAY

Flg 5 Structure of the Er@Sizosigon, Er@Si120H72, EI'@Si130H7g and Er@Si14ng4
Er@Si24Si96H7,, Er@Siz6SiieaH7s and complexes obtained using PP PAW (blue dashed
Er@Si»sSi112Hs4 endohedral complexes. lines) and B3LYP (black solid lines).

Atomic and electronic structure and possible formation mechanisms of endohedral complexes of
hollow-based Goldberg type silicon quantum dots (GQD, Fig. 5) of different symmetries and sizes with
erbium ions inside (Er@GQD) were studied using sophisticated pseudopetential DFT techniques with and
without consideration of strong electron correlations (SEC) caused by Coulomb interactions of localized
Erf:states. It was found that SEC determines high structural stability of caged silicon structures with Er" ions
inside. Formation of small caged or semicaged ErSi, precursors is energetically preferable and determines
GQD final structure and symmetry. The top of Er@GQD valence bands is formed by mixing of Si3p- and
erbium-derived states. Significant splitting of the lower-lying strongly localized Erf-states is determined by
symmetry of the host GQDs (Fig. 6). Based on theoretical calculations the key experimental spectroscopic
data have been explained and a possibility of formation of endohedral Er@GQD complexes has been

proofed.
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In order to clarify the role of Si/SiO,
interfaces in determination of band gap
energies of silicon and silicon carbide
nanoclusters embedded into silica a set of
Si/Si0, clusters (Fig. 7) of different nature
(bulk fragments and Goldberg-type quantum
dots) have  been  calculated  using
B3LYP/3-21G* and DFTB techniques. The

SiO, layers were modeled by using several

IV BFZR3EHAHE (2007)

Fig. 7 Structure of the bulk-type Sizo(SiO,OH)qHj (left)
and Goldberg-type Si;00(S10,0H)g (right) clusters.

(Si0,0H); clusters. The GQD allow one to model perfect, defect-free Si/SiO, interfaces whereas the small

bulk-type quantum dots bear at least one oxygen defect at one <111> silicon facet. It was found that DFTB
and B3LYP/3-21G* methods give similar band gaps for Si, and Si,/(SiO,OH),, clusters. Creation of an

outside SiO, layer leads to significant decreasing of the band gaps making them closer to experimental

nc-Si/Si0, value. Taking into account of one oxygen defect at Si/SiO, interface leads to consequent

decreasing of the band gap which becomes really close to the experimental data for small-sized nc-Si/SiO,

species.
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represent hydrophobic groups on
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Fig.2: The relaxation time (a)
and the zero-shear viscosity (b)
plotted against the ratio of the
surfactant concentration ¢’ and
the polymer concentration c°
for several value of y (see text).
Distribution of the multiplicity
has a peak at s=10.
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Fig. 1: Relaxation process of the model DNA, which has the right-handed double-stranded helical structure. (a)
Initially, DNA is set to a planar loop structure. (b) After a short time of relaxation, DNA quickly forms the
left-handed superhelix structure. (c) Finally, the loop structure of DNA opens up. This relaxation process clearly
shows that DNA has an intrinsic tendency to form the left-handed superhelical structure.
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Wilfredo Credo Chung
FIFC Fellow, Fukui Kenichi Memorial Research Group 1

(from Oct. 1, 2007)
1. Summary of research for the year

On the cis-trans isomerization of retinal in bovine rhodopsin, a QM/MM TSH approach

A reasonably stable starting geometry for Trajectory Surface Hopping (TSH) dynamics
calculation is required so that the trajectory simulate equilibrium properties. Starting with the
geometry of bovine rhodopsin, previously optimized at 0 K using the Gaussian package, several
MD equilibration trajectory calculations were made. 0 K structures were slowly heated to 300 K
within 20 ps. To ensure proper equilibration, the heated structures were equilibrated for up to 32 ns
while keeping the energy constant. The heating and equilibration calculations were done using the
Amber suite of MD programs. Shown in Figure 1 is a representative equilibrated structure of bovine
rhodopsin.

A QM/MM TSH MD code currently developed in-house is currently being tested.

Figure 1. Equilibrated structure of bovine rhodopsin. The retinal chromophore and water
molecules are also shown.

On the 1'B,lifetime of short all-trans polyenes

The trend in the S,(1'B,) lifetime of carotenoids as a function of conjugation length N cannot be

rationalized by the energy gap law.! While the S$-S(1'B,—2'4,) energy gap increases with

1 Polivka, T.; Sundstrom, V.; Chem. Rev.; 2004; 104(4); 2021-2072.
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conjugation length, fluorescence up-conversion experiments on a series of linear carotenoids with N
=9 to 11 revealed S, lifetimes decreasing with N.' An explanation for this reverse trend is still
missing although it is apparent that the S,—S; energy gap is not the only factor that determines the
conversion rate. We intend to search for an explanation for the above-mentioned trend by
theoretically studying the relaxation dynamics of the optically-allowed 1'B, state to the 2'4, state of
a series of shorter linear all-trans C,, polyenes by time-dependent wave packet dynamics model
simulation. We expect that the conclusions drawn from short polyenes can be extended to longer
carotenoids.

The excitation energies of all-trans 1,3-butadiene (BTD, N=2), 1,3,5-hexatriene (HXT, N=3),
and 1,3,5,7-octatetraene (OCT, N=4) are calculated by state-averaged CASSCF and MRCI
techniques using the 6-31G(d) basis set. The geometry at the conical intersection that connect the
two excited states is optimized by CASSCF techniques. The active space is carefully chosen to
consist of 2N + 2 electrons in 2N 7 orbitals and 2 o orbitals. The tuning (g) and coupling (&) vectors
that characterize the branching space of the conical intersection seam are analyzed in terms of the
gradient difference and the derivative coupling matrix and are compared with normal vibrational
modes that characterize the electronic ground state to identify the molecular motion that promote
excited state relaxation. The Euclidian norm of the derivative coupling vector is used as an estimate
of the relative strength of coupling between intersecting states. The coupling strength is also used to
predict the trend in the lifetime of the 1'B, state.

Among the polyenes being studied, the following trend in the theoretical S,—S, energy gap was
observed: HXT < BTD < OCT. A similar trend was predicted by Nakayama et al.”> using more
sophisticated ab initio techniques. As far as the two shorter polyenes are concerned, the calculated
norm of the derivative coupling | f| is in keeping with the energy gap law, the HXT excited states
being more strongly coupled at the conical intersection than BTD. Thus, both | | and the S,—S;
energy gap fail to explain the trend of the experimentally measured 1'B, lifetime. The topology of

the excited state PES, which are yet to be calculated, may play an important role in the relaxation

dynamics.
Table 1. Relevant properties of small all-trans
polyenes.
+ S-S gap, 1'B,
N f1 10 eV lifetime, fs
2 (BTD) 1.00 0.63 54°
3 (HXT) 3.25 0.57 <100%<150°
4 (OCT)  (small) 1.18 ~400°
2 Nakayama, K.;Nakano, H.;Hirao, K. Int J Quant Chem 1998, 66, 157.
3 FuB, W.E. Schmid and S.A. Trushin, Chem. Phys. Lett. 342 (2001), p. 91.
4 Hayden C. C., Chandler D.W. J. Phys. Chem.; 1995; 99(20); 7897-7903.
5 Ohta K., Naitoh Y., Saitow K., Tominaga K., Hirota N, Yoshihara K. Chem. Phys. Lett., 256, 1996, Pages 629-634.
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(a) lowest-energy a, mode (b) lowest-energy a, mode
Figure 2. Important tuning and coupling modes at the optimized geometry at the HXT 1'B -
2'4,, conical intersection.
Analysis of the branching space reveals that the lowest energy a, and a, vibrational modes are
important tuning and coupling coordinates, respectively. The a, mode (Fig. 2a) apparently provides
access to the S-S, (2'4,-1'4,) conical intersection (Fig. 3) which is an important channel for

relaxation back to the electronic ground state.

J

Figure 3. Optimized geometry at the HXT 21Ag—11Agconical mtersection.

The static properties calculated so far failed to explain the observed 1'B, lifetimes. We expect
the PES and wave packet dynamics calculation to reveal more intricate details otherwise not
obtainable from static properties. Multi-sheeted potential energy surfaces for BTD, HXT and OCT
in both the adiabatic and quasi-diabatic representation is currently being calculated. An in-house
wave packet time-propagation code for coupled potential energy surfaces is currently being revised
to suit the problem at hand and optimize the use of massively parallel hardware.

2. Presentation at academic conferences

(1) Wilfredo Credo Chung, Andreas Markmann, Noriyuki Shimakura, Hirohiko Kono,

Wolfgang Domcke and Yuichi Fujimura, “Theoretical study on the photochemical dynamics
of the low-lying excited states of 9H-adenine through conical intersections” (Poster no. 9),

FoE A K8 H Gk —fl e gE v #— 3 AR YT A December 13, 2007, Kyoto
University FIFC, Kyoto.

(2) Wilfredo Credo Chung, Andreas Markmann, Noriyuki Shimakura, Hirohiko Kono, Wolfgang
Domcke and Yuichi Fujimura, “Theoretical study on the photochemical dynamics of the low-lying

excited states of 9H-Adenine through Conical Intersections” (Invited Talk), JEBRAIRE 75 HIZES 7

257 4—7. 2008, February 8, 2008, Kyushu University, Fukuoka.
6 Ohta, K.; Naitoh, Y.; Tominaga, K.; Yoshihara, K. J. Phys. Chem. A.; 2001; 105(16); 3973-3980.
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polarization
(U KtEHt) OMarcus Lundberg, Yoko Sasakura and Keiji Morokuma

Alternative Mechanisms for Indoleamine 2,3-Dioxygenase and Tryptophan
2,3-Dioxygenase? DFT Study on a Missing Piece in Our Understanding of Heme
Chemistry

(R KtEHH1) OLung Wa Chung, (Spring8) Hiroshi Sugimoto, (Spring8) Yoshitsugu Shiro, (i K4EH
) Keiji Morokuma*

Quantum chemical molecular dynamics simulations of polycyclic aromatic
hydrocarbon formation during benzene combustions
(O RtEF 1) O B. Saha, (4 K)S. Irle, (L K#EHT) K. Morokuma

Free energy study for the protein effect on the IPNS reaction center
(R KA&Ht&) OTsutomu Kawatsu, Marcus Lundberg and Keiji Morokuma

Theoretical study on the growth mechanism of single-walled carbon nanotube by
means of DFTB-MD simulation
(FUK#E 1) O Yasuhito Ohta, Yoshiko Okamoto, Stephan Irle, and Keiiji Morokuma
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Theoretical Study on the Photochemical Dynamics of the Low-Lying Excited States
of 9H-Adenine through Conical Intersections
(L KAE &) OWilfredo C. Chung, (Tohoku Univ.) Yukiyoshi Ohtsuki, Hirohiko Kono, Yuichi

Fujiwara, (Niigata Univ.) Noriyuki Shimakura, (Technical Univ. of Munich) Zhenggang Lan, Andreas
Markmann, Wolfgang Domcke

Rheological study of transient networks with junctions of limited multiplicity
O RtEFH&) OFHEHES

Elastic origin of chiral symmetry breaking in DNA supercoiling
O RtEFH&) OMIE AT
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Joint Symposium

Fukui Institute for Fundamental Che
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Program:

Dec. 6 (Thur)

Oral Presentation

The 2nd Japan—Czech—-Slovakia

Joint Symposium for Theoretical/Computational Chemistry

Welcome party at Fukui Institute

First Day, Friday, December 7

9.00-9:10

9:10-9:40

9:40-10:10

10:10-10:40

10:40-11:00

11.00-11:30

171:30-12:00

12:.00-12:30

12:30-14.00

14.00-14:30

14.30-15:00

15:00-15:30

15:30-16:00

16:00-16:30
16:30-17:00

Opening (S. Kato, S. Sakaki)

K. Morokuma (Kyoto)
Theoretical Studies of Chemical Reactions

P. Carsky (Heyrovsky Institute, Prague)
Recent Progress in the Calculations of Vibrational Electron Energy Spectra.
What Can be Learned from it for Quantum Chemistry?

M. Ehara (Kyoto)

Theoretical Spectroscopy of Photo—functional Materials, Photo—Biological Materials,
and Inner-shell Electronic Processes

Coffee Break

R. Curik (Heyrovsky Institute, Prague)
Role of Correlation and Polarization Forces in Electron Energy Loss Spectroscopy

M. Nakano (Osaka)
Theoretical study on open—shell nonlinear optical systems: relationship
between magnetic interaction and second hyperpolarizability

V. Kelloe (Comenius University, Bratislava)

Nuclear quadrupole moments from calculations of electric field gradient and
experimental microwave data

Lunch

S. Sklenak (Heyrovsky Institute, Prague)
Combined QM/MM and ¥’ Al NMR Study of Al Siting in Silicon Rich Zeolites

M. Okumura (Osaka)
Theoretical study on the characteristics and the geometry of metal culsters’

P. Nachtigall (Institute of Organic Chemistry and Biochemistry, Prague)

Vibrational Dynamics of Small Molecules Adsorbed in Confined Space of Zeolite
Channels

T. Nakajima (Tokyo)
Large—-scale Molecular Theory

Coffee Break
[ Paidarova (Heyrovsky Institute, Prague)
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17:00-17:30

17:30-18:00

18:00-20:00

‘&

Comparison of Moller-Plesset Perturbation Theory, Polarization Propagator
Approximation and Coupled Cluster Linear Response Theory Methods for the
Calculation of C6 Dispersion Coefficients

7. Yanai (IMS, Okazaki)
Quantum chemistry with canonical transformation and renormalization group

V. Spirko (Institute of Organic and Biochemistry, Prague)
Is There Any Prospect for a Few—Dimensional Modeling of Complex Systems?

Banquet at Fukui Center

Second Day, Saturday, December 8

9:00-9:30

9:30-10:00

10.00-10:30

10:30-1045

10:45-11:15

11:15-171:45

11:45-12:15

12:15-13:45

13:45-14:15

14:15-14:45

14:45-15:15

15:15-15:45

H. Sato (Kyoto)

Chemical Reaction in Solution Phase: A combined method of ab initio MO and
integral equation theory for liquids

J. Hasegawa (Kyoto)

Color—tuning mechanism of human visual cone pigments

S. Hayashi (kyoto)

Chemical Reaction dynamics of Rhodopsin Photoreceptor Proteins

Coffee Break

P. Hobza (Institute of Organic Chemistry and Biochemistry, Prague)

Weak Non—Covalent Interactions Among Biomolecules Building Blocks Can Be
Surprisingly Strong

J. Vondrasek (Institute of Organic Chemistry and Biochemistry, Prague)
Aromatic Amino Acids Is a Most Important Stabilizing Factor in Protein Structure.
By Means of Computational Chemistry

M. Pitonak (Institute of Organic Chemistry and Biochemistry, Prague)

Hydrogen Bonding and Stacking interaction in Uracil Dimer. Comparison of
CCSD(T) DFT-SAPT and DFT Methods.

Lunch

T. Ishida (Kyoto)
Theoretical study on photoisomerization of cyclohexadiene to hexatriene

J. Pittner (Heyrovsky Institute, Prague)
Analytic gradients for multireference Hilbert—space coupled—cluster methods

N. Mori (Osaka City Univ)

Quasirelativistic DFT calculations for magnetic tensors of 63 cu(ll)
octaethylporphyrin: Strong metal-ligand covalency

L. Rulisek (Institute of Organic Chemistry and Biochemistry, Prague)

An effect of spin—orbit coupling(SOC) on the values of reduction potentials of
octahedral Ru2+/3+ and Os2+/3+ complexes
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15:45-16:15

16:15-16:45

16:45-17:15

17:15-17:45

17:45-18:15

18:30-20:30

Coffee Break

A. Morita (Tohoku)

Electrolyte Solution Interfaces Explored by the Combination of Sum Frequency
Generation and Molecular Simulation

K. Kitaura (Kyoto)
Fragment MO-based 2nd order M6 ller—Plesett perturbation theroy for large
molecules

S. Nagase (IMS, Okazaki)
MPZ2 Calculations of Large Molecules

Z Havias and J. Michl (Institute of Organic Chemistry and Biochemistry, Prague)
Search for & —chromophores for singlet fission

Poster with Beer and Sandwitch

Third Day, Sunday, December 9

9.00-9:30

9:30-10:00

10:00-10:30

10:30-10:45

10:45-17:15

11:15-17:45

11:45-12:15

12:15-12:45

Closing

S. Yabushita and M. Masato (Keio, Tokyo)

Calculations of photoionization cross sections with the variationally optimized
gaussian—type complex basis functions

K. Yoshizawa (Fukuoka)

Frontier Orbital View of the Quantum Transport in Molecular Nanowire

K. Yamashita (Tokyo)
Ultrafast Vibrationally-Induced Dephasing of Electronic Excitations in PbSe
Quantum Dots

K Takatsuka (Tokyo)

Nonadiabatic electron wavepacket dynamics in intense laser field

coffee break

M. Urban (Comenius University, Bratislava)

Van der Waals complexes of Cu, Ag and Au with lone pair ligands. The bonding
character

H. Nakatsuji (Kyoto)

Towards Accurately Predictive Quantum Chemistry with the Solutions of the
Schroedinger Equation

J. Michl (Colorado, USA; Academy of Sciences of the Czech Republic)
Bubbles in Molecular Cages

H. Nakatsuji
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The 2nd Japan-Gzech-S/ovakia

Joint Symposium for Theoretical/Computational Chemistry

Poster Presentation:

Name

A ENE

N oaxax<

X%

X< X

X X N

S

NS XXX

SN

[itle

Srnec (Inst. of Org. Chem. & Biochem.)

K. Schwartz
/. Solomon
Rulisek

A QMM modeling of reaction mechanism of stearoy/-acy!
carrier protein delta 9-0D desaturase

Klusak (Inst. of Org. Chem. & Biochem.)

Nemcova
Barinka
Konvalinka
Rulisek

Sato (FIFC. Kyoto U)

Yanao (FIFC Kyoto U)

Saha (FIFC. Kyoto U)
Morokuma

Lundberg (FIFC, Kyoto U)
Sasakura
Morokuma

kawatsu (FIFC Kyoto U)
Morokuma

Hoki (Tohoku U)
Brumer

Hada (Tokyo Metropol!itan U)
Seino

Sugisaki (Osaka City U)
Toyota

Sato

Shiomi

Takui

Fukuda (Kyoto U)
Nakatsuji

A QMM modeling of reaction mechanism of glutamate
carboxypeptidase I/

Vibronic Coupling in Molecular Device

Hyperspherical mode analysis of large-amp/itude motions
of clusters

Quantum chemical molecular dynamics simulations of polycyclic
aromatic hydrocarbon formation mechanism during benzene
combustions

Density functional tight binding in multi-/ayer models:

A method to handle enzyme polarization

Free energy study of the protein effect on IPNS reaction
center

Mechanisms in Adaptive Feedback Control

An attempt at constructing a 2-component relativistic method
equivalent to the many-electron Dirac method

Spin-Spin Contributions to the Zero-Field Splitting Tensors:
Calculations based on the SAC-C/ and CIS Spin Densities

Valence ionization spectra of transition metal compounds:
SAC-C/ study

—137 —



&

12

13

4

15

16

17

18

19

20

21

22

23

24
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Miyahara (Kyoto U)
Nakatsuji

Nakajima (Kyoto U)
Nakatsuji

Nakao (Kyoto U)

Yamamoto (Kyoto U)

Mori (Kyoto U)
Kato

Ogihara (Kyoto U)
Yamamoto
Kato

Ando (Kyoto U)
Kato

Matsui (Kyoto U)

lkeda (Kyoto U)
Sato
Sakak i

Ohnishi (Kyoto U)
Nakao

Sato

Sakak i

Ochi (Kyoto U)
Nakao

Sato

Matano
Imahor i
Sakak |

Yokogawa (Kyoto U)
Sato
Sakak i

Saito (Kyoto U)
Nakao
Sakak i

Circular dichroism and absorption spectroscopy with
SAC-C| method

Solving the Schroedinger equation of a few electron atoms and
molecules with the free 1C! VP method

Theoretical study of multi-nuclear complexes,
[Pt2X4 WeZpz)8] X=Ag, Cu H):
Metallophilic LUNO participation in strong luminescence

Ab initio study of proton-coupled electron transfer of
ubiquinol complex in solution

Theoretical Study of Grignard reagent in solution

Quantum dynamics study on the photodissociation triplet ketene

Construction of potential energy function for excited state
double proton transfer reaction of 7-azaindole dimer

Theoretical study on the property of lattice dynamics for
trigonal Selenium

The Nature of Chemical Bond of Solvated Molecules:
An Analysis based on the New Resonance Theory

Frontier Orbital Consistent Quantum Capping potential Method
for Large Transition Metal Comp/ex

Electronic Structure and Reaction of New Palladium(//)
Phosphorus-containing Hybrid Calizphyrin Complex.
Theoretical Study

New generation of the reference interaction site mode/

self-consistent field method

Theoretical study of phosphorescence spectra of pyarazolate-
bridged and pyridinethiolate-bridged dinuclear platnum(//)
comp/exes
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