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本研究室では「化学事象の本質を理解・予測するための理論化学の展開」を目的に、

「新しい理論の開発から現実の化学現象や化学反応（複雑な触媒反応や有機合成反応、

金属酵素反応など）に密着した理論計算」などの取組みを行っている。�

（１）遷移金属元素を含む複合電子系の理論化学：�

複合電子系とは、遷移金属元素や有機官能基、ヘテロ元素、典型金属などを同一系内

に持つものであり、複雑な電子状態や多様な構造、結合性、反応性を示し、基礎、応用

双方で興味深い研究対象である。このような化合物や反応は有機化学反応に比べて、理

論的解明も遅れている。我々は触媒的有機合成反応や有機金属化学反応、錯体触媒反応

の反応機構、反応の電子的過程の理論的解明、分子論的理解を深め、反応予測と制御を

目的とし、���結合活性化反応、二酸化炭素の水素化反応、クロスカップリング反応など

の反応機構を解明し、反応制御に必要な知見を得てきた。また、これらの物性にも興味

を持ち、スピン転移錯体、りん光、蛍光発光特性、吸収スペクトルと構造揺らぎの関係

などの理論的研究も行なっている。�

（２）大規模系の理論計算方法の開発�

ナノサイエンスの発展と共に、���原子を越すような大規模分子系の高精度計算も必要

である。本研究室ではそのような大きな分子系に適用可能な高精度大規模計算法を開発

し、実在する分子や反応系の高精度理論計算に挑戦している。大きな系には密度汎関数

理論が広く使用されているが、金属と�電子系との相互作用が過小評価されるなどの欠

点も見出されており、大規模系へ適用可能な 	
����
�������
��法の開発が求められて

いる。遷移金属錯体では配位子の置換基が大きくなり、高精度計算が困難になる例が多

い。本研究室では一電子演算子により置換基の電子効果を効果的に取り込み、高精度計

算を行う方法を開発し、大規模系の �������などの高精度計算へ応用し、化学的精度を達

成した。�

（３）溶液、溶媒和理論の開発と応用�

多くの化学反応で溶媒和効果が大きな役割を果たしているが、従来その理論的な取り

扱いは不十分であった。本研究室では、佐藤（啓）准教授を中心に、分子性液体の新規

積分方程式理論の開発、それらと電子状態理論と組み合わせた理論方法の構築、溶媒和

構造の解明や溶液内反応などへの応用を行っている。このような溶媒を考慮することで、

分子の性質や反応のより正しい理解が可能になっている。最近では溶媒和構造の三次元

分布を直接求められる新手法を開発し、これまで以上に精密な溶媒和構造を示すことが

出来た。また、共鳴理論のように、分子軌道法の計算結果を原子価結合法の観点から解

析する手法を開発した。これを溶媒和理論と組み合わせ、溶媒がイオン結合、共有結合

にどう影響するか、を明らかにした。�
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5 μm

d

100 nm

C

2 μm

b

10 μm

a

JACS (2007), Highlight in Science (2007)         JACS (2008), Highlight in Nature Mater. (2008)  

Science (1998), JACS (2004), PRL (2004), PRB (2005), JACS (2005) 
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（１）�高分子系のゾル-ゲル転移

高分子溶液（融液）のゾル�ゲル転移現象を分子間相互作用の理論解析に基づいて解明し制御する研

究を行っている。�疎水化された水溶性高分子，水素結合性高分子，可逆反応性の高分子のゲル化現象

を典型３タイプの研究対象とし，１）ゲル化温度��やゲル化濃度��が官能基の数，鎖上配置，結合強度

にどのように依存するかについて統計熱力学を基礎にした理論解析を行い，その予測を実験的に検証

する方法を考案する。２）ゲル化点で弾性率がどのような鋭さで立ち上がるかを，複素弾性率（弾性

的に有効な鎖の数）の理論計算で予測する。３）任意の初期条件からゲル化点に到達するまでの時間，

ゲルの融解に要する時間を分子ダイナミックスの視点から研究を行い，架橋反応経路や反応速度を温

度や蒸気圧でコントロールする分子機構の研究を行っている。��

�

��２��疎水化水溶性高分子（会合高分子）の相転移とレオロジー�

水溶性の感熱高分子であるポリイソプロピルアクリルアミド（�	
���）は，コイル・グロビュール転

移点が生理温度に近いため医学や薬学に広く応用されている。��	
��� の感熱性の物理的原因は永く謎

であったが，我々は最近 �	
��� のシャープな転移が水和の協同性（水分子の高分子への水素結合が連

鎖状に形成される現象）に由来することを指摘し，高分子の協同水和の理論モデル化を行って特異な


��� 現象を説明するのに成功した。また，��	
��� の両末端をアルキル鎖（�������）で疎水化したテレ

ケリック �	
���の会合構造（花型ミセルの形成，曇点曲線，高温で現れるメソグロビュール（�����程

度の巨大会合体））の光および中性子散乱実験，凝縮温度の ��� 測定，蛍光測定の解析と理論モデルの

構築を行っている。準濃厚領域では末端鎖の疎水凝集によるミセルで架橋されたネットワーク構造が形

成され，ゾル�ゲル転移現象と高温相分離（
���）型のマクロ相分離現象が観測される。末端鎖の組替

え可能な高分子ネットワークのレオロジー的性質に関しては，「組換え網目理論」を用いて流動・緩和

現象の解析や非線形粘弾性のシックニング現象の研究を行い，水溶性高分子の新展開を試みている。�

�

(3)� 高分子系における水素結合の生成機構

高分子溶液系において水素結合の連鎖性を制御することにより，新規な架橋構造をもつ熱可逆性ゲル

の設計原理を理論的に探索している。連鎖性水素結合とは，高分子鎖上で相隣る水素結合ボンドが強い

相関をもって形成される結果生じるジッパー状の水素結合集団のことであり，高分子系特有の非線型増

幅作用（ドミノ効果）の主たる原因となるものである。重要な例は，�重鎖へリックスによる架橋（バ

イオポリマーのゲル），はしご型水素結合（高分子コンプレックス �������），連鎖性水和（�	
���水溶

液の 
���），低分子ゲル化剤，微結晶性架橋ゲル（���，セルロース誘導体のゲル）などである。連鎖性

の強度は協同性パラメータで表現することができ，非線型増幅によるマジョリティ効果や相転移の鋭さ

を推定するために重要であることが判明した。�
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The central theme of research of our group is “simulation of complex systems”, with a special emphasis on 

theories of chemical reactions. The goals of the research of this group are 1. to develop further hybrid (such 

as ONIOM)and other theoretical methods, 2. to demonstrate that such hybrid methods can be used for 

simulations of structures, reactions and dynamics and 3. to solve some of the important problems in each 

field. Our research is supported in part by the Institute and in large fraction by a 5-year grant in the area of 

High Performance Computing for Multi-Scale and Multi-Physics Phenomena from CREST (Core Research 

for Evolutional Science and Technology) program of JST (Japan Science and Technology Agency) until 

March 2012. With seven to ten postdoctoral fellows (both Fukui fellows and JST fellows) in the group, as 

well as with collaboration with my group at Emory University, we have a strong team of 

theoretical/computational chemists working together toward a common goal.  

 (1) Simulations of Nanomaterials. We continued our research efforts on quantum chemical molecular 

dynamics (QM/MD) computations of carbon nanostructure formation based on density functional tight 

binding (DFTB). Single-walled carbon nanotubes (SWNTs) have been one of representative 

nanotechnology materials and their various potential applications. Although SWNTs are known to be 

efficiently synthesized using metal catalyst, its growth mechanism is still not well understood. In order to 

understand interplay among feedstock carbon, nanotube, and metal, we have implemented growth 

simulations of metal-catalyzed SWNT using DFTB MD simulations. In 2007 we succeeded for the first 

time to simulate continued growth SWNT on Fe cluster in our simulation studies. This year we have 

successfully simulated SWNT growth from scratch (without seed SWNT) under a variety of conditions 

and our understanding of the growth process has given insight to its mechanism which has not been seen 

previously from either experimental or theoretical studies. 

 (2) Simulations of Biomolecular Systems. In recent years we have been studying structures and 

reactions of metalloenzyme systems mainly using the active site models, models in which the reaction 

center metal atoms, the first-shell ligands to the metal centers, the substrate and some times a few water 

molecules and next-shell ligands are explicitly included in the QM calculations, but all the other effects of 

protein are neglected. In the last few years we have started to consider the environmental effects of protein 

explicitly employing the ONIOM QM/MM scheme. We have been mainly optimizing the structures of 

intermediates and transition states of enzymatic reactions using very efficient micro-optimization scheme. 

In some cases we are also including the statistical or entropic effects of protein by performing QM/MM 

molecular dynamics. In a few examples we have found that the protein effects completely changed the 

mechanism of reaction, compared to the active-site models. In such a case, the involvement of protein 

environment not included in the active-site model is essential for the reaction.
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àHb=c_ad=e_f=gecIJJhLX\YN�		��

��i�8��!����.��3�$�'�.��P�$���.��3������.��3�����(�.69(�%'�%'%(�
%.�+��������(�()�+�%'(����(��%+%��'�(��((%+�(2�( '��%�($%)�����8�(

O�()�(�!%�'���'�!%%(%'2�2� )% %()%(�%��%+%��'�(�'�(��%''��%.;<=
U?EV=>?@A=ZIJJhLX\jN�	����

��i�8��!����.��3�$�'�.��P�$���.��3������.��3�����(�.69(�%'�%'%(�
%.�+��������(�()�+�%'(����(��%+%��'�(��((%+�(2�( '��%�($%)��������
��((%+�(2'���%��( !�����(�!%���'%�����(�%(�%'�+�%'(��%)�%���!%'$�+
�+��������(�� '��%�(��(��'$����(.;<=U?EV=>?@A=ZIJJhLX\jN�,��



� �����

����

�������	
� �
 �� ���� ����


���� ��������

�� � !"#$%&��'()*

���+� !"#$%&��'()* ���,+

�-./0� ���������	��

�
��� ���������	�	

�/12*34567� 
�����������
�
��������

���89� :;<�=>?<�

�@AB��CD� EFG*H(IJKL*MNOPQL6*PR(

���STU*V*5� G*H(IJKL*MW)XYZX([\(]��W^_` 

�ab�c� ����d�e`fg�g�hijk���kl>mnk�opqrstC
uvw

��x� ����d�eqr�>�
�`fg�


�yc� ����d�e�z{|}~�����'()* ���W����d��e�(
P3Z�4��g� ���|����������W����d����g
�!"#$%&��'()* ���

�� ��� ��<��

������ ������ ��
! ��"�
� ��
!��#
�
"$�%� �&'()%�&*+%����
(
��#�"
,-%#�%(���(%*%�%&*%&�%
��(
&�����)�.%*�
&��&�%*��&/)%�0�))%*
��(1
&&�&
��1%/(
0� (��%�2*%&������&���
&�)��/ ��1�&*�&/#
)%��)�(
*�&�#�����#�)���
&�34567895:7;<5=>??@"��A���AB���AC�

����� ��
! ��"�
� ��
!��#
�
"$�%� �&'()%�&*+%����
(
��#�"
,D�%&�������&���
&�)��/ ��1�&*�&/#
)%��)�(*�&�#�����#�)���
&�
�
$EFG-/(
0� 1���(���%��(1
&*������
&
&�&�(
&�)���%(3:HIJKLMN"
���������B���AC�

����� ��
! ��"�
� ��
!��#
�
"$�%� �&'()%�&*+%����
(
��#�"
,$�&/)%�0�))%*��(1
&&�&
��1%/(
0� �(
#�����(�/#%&�
&�&�(
&
&�&
��(���)%2*%&�������&���
&�)��/ ��1�&*�&/#
)%��)�(*�&�#�����#�)��
��
&�367895O;P5QNR"�A����B���AC�

����� ��
! ��"�
� ��
!��#
�
"$�%� �&'()%�&*+%����
(
��#�"
,S(
0� ��#�)���
&�
����&/)%0�))%*��(1
&&�&
��1%
&�&�(
&�)���%(2
�%&������&���
&�)��/ ��1�&*�&/#
)%��)�(*�&�#���3T:UVTVWX"�����
����B���	C�

����� ��
! ��"��$
�*���
Y"�&*$�Z�##%��$� ���%(
[\�%&*%*$��&�]
�
&�
*%)�
(G
&�*��1����Z�*(
/%&-�&&%)�&/�&� %
F
&*%&�%*̂  ��%45:7;<56789?X_"�������������B����C

����� ��
! ���&*+�! ��
'&�%(�
&Y%(��
&]% �Y�
(
�� %F�Z]
&*�&� %��

�
� �̀*���)F���
&2�1

�&���
�
)%��)�(��&�#���$��*�"45:K<abc:7;<X_"�A����A�AB����C

����� ��
! ��"+�! ��"�&*+�+�&�/�0�
d��&��#%��%��
&� %�&�%(&�)�(
�
&�(�&��%(�&*��(����(�)�)�������
&�&
� %�

�
��)���%(45:7;<567895?X?"��AA����AAAB����C�

	���� ��
! ��"+�! ��"�&*+�+�&�/�0�
�1�&���
�%&�(
�*��� �&�%/(�)#
)%��)�(*�&�#���2���)�����
&�

Y�1(���
&�)*�&�#���
�*���
#��#
)%��)�(����%#�"45:7;<567895?Xe"
�������B����C�



� �����

����

�������	
� �
 �� ����� ���


���� �������

���� �� !"#$%&'(� �� !"#$%)*!

�$%+� ���,+

�-./0� ��	
���
����

�
��� ��	
���
��	�

�/�1�23456� �������������������
�������

�$%78� 9:;9<=>?@<9:A@

�BCD$%EF� GHI�J'KLMN�OPQR�STUVW�XYDZ[D\]

�$%^_`�a�4� I�J'KLMN�ObUVW�XY<7�cd@=>

�ef@g� hij@j@k9@$%?;9@lmn;9@op qrEstu

�@v� hij@qr�9@


�wg� xyz{$%�$%|
}~�C���'�
����)o���|
hij@j@k9@$%? $%P
�� !"#$%&'(� $%��
��������� �� !"#$%&'(� �������

���@�� �
;9@�<�
A@�

��	��<@�:��
���	��^


���� ������!���"#�$%�"&���"&�"'�()

�%*&+)�,%����*�&'%*���
�!
-./012.345.-67.89!�:�;��<�
�;=���;>�

����?@*%!�� ������!A�B)%"(�"&C�D�@�����!EFF
G
�HD�*%��*�@
G�"����,���&���
%<F�<E�F���*�,�+�@���*%D%*��"(�"&F�@I�&%
�@��

���"G�@�"(�#FE�E��*%����"!�"JG
���*��*����",�"��**%@%"%,�"&��@

I�""�"���I%,K!%&�L���H�,����"&��?@*%!M%,%�@�)��("��,�!���
���
=���:>�

���� )��!�� ������!��?@*%!�"&C�D�@�����!G%",���
��"����"�*��()�

I�"&�"(��*%��*�@&�"����,,���*����",���#FE�(@�N�)I�,�@���%��@

I�"&����,��"�"�"�@�"�*�,�%@!OPQR47ST8!����
���	=���:>�

���� )��!�! ������!�!?@*%!�"&C�D�@�����!�%��%@���@%&%�%"&%"�%
���#E�(@�N�)�@��%,,�"�"�@�"�*�,�%@U&%",������@"�*��V�N�%�

�%@���@%+)�,��,*���� �
�, �	���������




� �����

����

�������	
� �������
 �


���� ���	
���


���� 	������������
���	�����
������
������

����� �������

������ �� !���!�"#�

�	$�� �� !�%�!#� �

����������� ��&��'�����(�����!�(�)(*+

��� !� ���+�����������
������

�"#$��%&� �(����)���
�)����,
)��������-��!.
+
��
��,
�����������!��$,����

�(�
/
���0��1�����
��)��0�
	����
�)
��1���
��2.���+�
3(���
/
���0�
1����)��/
�����	����
�)
��1���
��24�
�


���'()�*��� �
�)�����
)���������5�
�����
�6��
����+����0����7�

�+,-.� ���
��� 51�(.(5����
7
����
������5�������78�����9��/
�����

�-/� 1�(.(��1����)����
�����������������78�����9��/
�����

�0.� ������� !,������51�����)�����	
���
51
���79��/
�����

�1	234-567�
�89 :;'


�(��������:���7!:��;��75<$�$0�������������1�����!������
��
�)!
������-
�=>?�@A������
�+���������7��7	
����
����
	��������1��)!

����?����&��
B5CDEFGHIDJHKLDJFGKDM>�A5� !% >���"A(

�(��������:���7!:��;��75<$-NN,O,,!0��
�1���1��
��������,�!
�
)����.�����)�������������	
�=>�PA���	
3=>�PAQ5CDEFGHIDJHKLD
JFGKDM>�A53#�!3 3>���"A(

3(���7��5�����5
���(5<���!�+
)���)�

����7��1���>����
�
�������)
$)��A?����7
�Q5CDRFSTDJFGKDUVVV>�3A533W�!33W�>����A(

#(	�!X���7���5�����5
���(5<.	����������
,
)�����������Y��
�
$�>�A!������6
� ����
� Z353[!�
�����7
�
��O8�6���/ �
�)����OZ�5�[!
?����7
��������N�����$)
���
�2$1�����!�����+�����������������
7���
��
Y��
�!������6
�Z�5�[!?����7
������Q5CD\KDJFGKD]ĤDV_̀5�  �3!
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Fig. 1 The time evolution of dihedral angles of 

the backbone in retinal. Each trajectory is taken 

from trajectories that rotate the same direction as 

retinal in Rhodopsin does and that generates (a) 

the all-trans form (b) 9-cis form and (c) 11-cis 

products in the 12π system. The vertical dash 

line shows the time when the transition occurs.  

1. Summary of the research of the year�

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

Non-adiabatic ab initio trajectories were carried out for 

Schiff base retinal in vacuo. We analyzed back-bone 

movements of the molecule here. 

There are several models have been proposed for the 

motion of the retinal backbone in the photoisomerization.  

  We analyzed the time evolution of dihedral angles 

related to the backbone CC and CN bonds. In Rhodopsin, 

the initial geometry of photoisomerization is confined by 

surrounding atoms as the observed crystal structure 

indicates and would be inclined to rotate the -C11=C12- 

bond in the counterclockwise direction. Thus, we mainly 

analyze those trajectories that cause this rotation in the 

initial stage of time evolution. Figs. 1 show examples of 

the trajectories to generate the (a) all-trans, (b) 9-cis, and 

(c) 11-cis forms.  Eleven out of all the trajectories 

calculated give the all-trans form. In four out of the 11 

trajectories, the -C11=C12- bond rotates in the 

counterclockwise direction (dihedral angle decreases), 

which corresponds to the rotation in the Rhodopsin 

protein. The trajectory shown in Fig. 1(a) is one of these 

four. For all of these four trajectories, the -C9=C10- bond 

rotates clockwise (dihedral angle increases) up to ~150fs, 

whereas the -C11=C12- bond rotates anticlockwise. 

Frutos et al. calculated a QM/MM trajectory in Rhodopsin, 

and found a similar correlated change of the two dihedral 

angles. Weingart et al. also found the crankshaft motion in 

the five-double-bond model in vacuo without the 

β-ionone ring. The present result is consistent with the 

crankshaft motion.  
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Since the negatively correlated rotation of the –C9=C10- and the –C11=C12- bonds is also 

found in the present calculations in vacuo, the clockwise rotation of the -C9=C10- bond is 

considered to be intrinsic in retinal isomerization of the 11-cis form to the all-trans form, which is in 

agreement with the Weingart’s result. 

The =C6-C7= bond, which correlates to the motion of β-ionone ring, also rotates in the clockwise 

direction to a small extent compared to the -C9=C10- dihedral angle. However, the =C6-C7= 

dihedral angle keeps increasing after the transition. This motion would be mainly related to 

conversion of photon energy to atomic movement in protein. On the ground state, the -C9=C10- 

dihedral angle goes back to 180°, which is in retard of the motion of the -C11=C12- dihedral angle 

to the trans form. The =C8-C9= dihedral angle gets smaller in synchronous way with the recovery 

of the -C9=C10- dihedral angle to 180°. Thus, this correlated motion of the =C8-C9= angle to the 

-C9=C10 is a hula-twist type, in which the adjoined double bond and the single bond rotate 

cooperatively. These motions are common to the four trajectories. 

� Seven trajectories are found to rotate to the direction opposite to retinal in Rhodopsin. In these 

trajectories, the -C11=C12- bond rotates clockwise and the -C9=C10- bond rotates 

counterclockwise. On the ground state after transition, the =C8-C9= dihedral angle increases in 

synchronous way with the reversion of the adjoined -C9=C10- bond angle to 180°. Thus the 

hula-twist is again observed here.  

  In the generation of 9-cis form the situation is simpler. The -C9=C10- and -C11=C12- bonds 

rotate in the opposite directions. The other bonds do not move significantly, as shown in Fig. 1(b). 

In the reverted 11-cis case (Fig. 1(c)) the rotations of C11=C12 and C8=C9 after the transition are 

just reversal to the 9-cis case.  

  Overall, the -C9=C10- bond rotates clockwise when the -C11=C12- bond does 

counterclockwise in any routes to the products. Note that the -C9=C10- rotation occurs even when 

the system goes back to the reactant, the 11-cis form. Since the rotation of the -C9=C10- bond 

activates the motion directed to the 9-cis form, the channel to the 9-cis form is open in addition to 

that to the all-trans form. In this sense, the two conical intersection, one between the 11-cis and 

all-trans forms and the other between the 11-cis and 9-cis form, are almost equally accessed in 

vacuo to make a transition to the ground state. In the Rhodopsin protein, on the other hand, the 9-cis 

form is not generated. This indicates that in Rhodopsin the route to 9-cis form is blocked by the 

surrounding protein and only the route to the all-trans form (and reverted 11-cis form) is left open.  

Weingart did not report the 9-cis form generation in his five-double-bond models in vacuo and 

that the coupled rotation of –C11=C12- and –C9=C10- leading to the 9-cis form is aborted as soon 

as the molecule returns to the ground state[8]. In the present 12 π model, a quarter of trajectory 

generates the 9-cis form. The difference may be due to the initial condition of dynamics. He used 

the DFTB/CHarMM optmimized geometry in the binding pocket of rhodopsin, where the 

-C11=C12- dihedral angle of -17.5º and the other dihedral angles twisted the geometry from the 
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Figure 2. The theoretical differential 

cross sections of the O(
1

D) + HCl → OH 

+ Cl(
2

P) reaction obtained by the QCT 

calculation executed independently on (a) 

the 11A′ ground-state PES, (b) the 

11A′′ excitedstate PES, and (c) the 

21A′ excited-state PES.  

plane form significantly. This difference may be seen as an effect of the surrounding protein.  

�   

(2) Dynamics calculation of O(
1

D) + HCl → OH + Cl(
2

P)

The dynamics of the O(
1

D) + HCl → OH + Cl(
2

P) 

reaction are investigated by quasiclassical trajectory 

calculations on the three ab initio potential energy 

surfaces, the ground 1
1

A′ and two excited (1
1

A′′ and 

2
1

A′) states. The result was compared with a molecular 

imaging experiment. The scattering experiment was 

carried out at collision energies of 4.2, 4.5, and 6.4 

kcal/mol. 

    The global PESs of the 1
1

A′, 1
1

A′′, and 2
1

A′ states 

were obtained in our previous study by ab initio 

calculation implemented with the CASSCF-MRCI 

method by the MOLPRO suite of programs. The MRCI 

calculation was executed on 4631 molecular geometries. 

The interpolant moving least-squares method combined 

with Shepard interpolation developed by Ishida and 

Schatz was applied to generate the fitted global PESs, 

which are employed for the present QCT dynamical 

Collision Energy Dependence of O(
1

D) + HCl → OH + 

Cl(
2

P) calculations. The QCT calculations are carried out 

independently on the 1
1

A′, 1
1

A′′, and 2
1

A′  adiabatic PESs at 

Ecol’s of 3.0, 4.0, 6.0, 12.2, and 15.0 kcal/mol. The range of 

Ecol=3.0-6.0 kcal/mol is chosen for comparison with the 

experimental data, while the trajectories at higher Ecol are 

also examined for further surveillance of the Ecol 

dependence of the excited-state dynamics. The couplings 

between these PESs are not taken into account. Each 

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

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

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

method on each adiabatic PES. The number of the trajectories was about 20 000 for each PES.  

The results of the QCT calculations executed on the 1
1

A′, 1
1

A′′, and 2
1

A′ PESs are shown in 

Figures 2. The theoretical DCSs at various Ecol are shown in Figure 2; the results on the 11A′ are 

shown in Figure 2a, 1
1

A′′ in 2b, and 2
1

A′ PESs in 2c. Unsmooth curves of the DCS of the excited 
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states (Figure 2b and c) are due to the smaller number of resultant trajectories in the OH + Cl 

pathway than that of the ground state (Figure 2a). The overall feature of the QCT result on the 

1
1

A′ PES (Figure 2a) is in good agreement with the observed DCS. The theoretical DCS on the 

ground-state PES exhibits the polarized distribution peaked at θcm = 0 and 180°with a discernible 

preference in the forward direction. The intensity of the sideways components is considerably 

smaller than that of the forward and backward ones. A qualitatively good agreement in the DCS is 

seen between the present and previous QCT calculations at Ecol = 12.2 kcal/mol, despite the fact 

that independent ab initio data set of the 1
1

A′ PES was employed. No marked Ecol dependence is 

found in Figure 2a, except for the slight and nonmonotonic difference with respect to Ecol. The 

variation of the calculated DCS within Ecol = 3.0-6.0 kcal/mol is as small as the present 

experimental accuracy. Although the ground-state PES has been corroborated to have a deep 

double-well structure by ab initio calculations the fast dynamics without being trapped in the 

potential wells have been revealed resulting in the larger intensity in the forward direction. It is 

expected that the reaction mechanism is not significantly affected by the small difference of Ecol = 

3-6 kcal/mol because of the large exothermicity (ΔH
0
 ) -44.4 kcal/mol) and the deep well structures 

(HOCl well depth: 101 kcal/mol) of the 1
1

A′ PES with no barrier. It is noted that the small Ecol

dependence of the theoretical DCS, especially the ratio between the forward and backward peaks, 

differs from the monotonic change expected from the osculating complex model. However, the 

present QCT results illustrate that the ground-state PES solely causes only a small variation of the 

DCS within a few kcal/mol width of Ecol.

  For discrimination between the reactions on the ground- and excited-state PESs, it is valuable to 

inspect an individual feature of the DCS on each PES prior to consideration of the coupling between 

PESs. The theoretical DCS on the 1
1

A′′ PES (Figure 2b) shows a drastic change between Ecol= 6.0 

and 12.2 kcal/mol, the small intensity without the forward components at Ecol= 6.0 kcal/mol and 

the increased intensity with a peak around θ
cm

 = 20° at Ecol=12.2 kcal/mol. The characteristic peak 

of the DCS is not simply explained by the height of the saddle point (1.6 kcal/mol) on the 1
1

A′′ PES

since it is bent. It seems that this bent saddle point does not play any significant role as a typical 

transition state in the dynamics. Another saddle point at Ecol = 16.1 kcal/mol on the 1
1

A′′ PES

does not give any account either because it leads to the ClO + H pathway. At higher energies, the 

major reaction mechanism on the 1
1

A′′ PES is speculated to occur over a wider interaction region 

than that of the potential barrier itself. On the other hand, the QCT results of the 2
1

A′ PES is 

consistent with a naïve expectation on the topographical basis of the PES; the saddle point 

associated with the collinear geometry at Ecol = 6.5 kcal/mol yields the DCS which is characterized 

by backward scattering, as shown in Figure 2c. The collinear saddle point is recognized to serve as 

an ordinary type of transition state. We found that the sum of the DCSs of the ground and the two 

excited states is almost the same as that of the ground state, indicating that contributions from the 

excited 1
1

A′′ and 2
1

A′ states are negligible at the experimentally investigated energies. 
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The (total) reaction cross sections on each PES were calculated. The σ
reac

 in the units of Å
2

 is 

obtained by summing over each theoretical DCS with a multiplying factor of 2πsinθ
cm

. The σ
reac

’s 

of the 1
1

A′, 1
1

A′′, and 2
1

A′ states are independently calculated at particular Ecol’s, which 

correspond to the partial excitation functions for the specific PESs, σ
reac

 (Ecol; state). The 

σ
reac

(Ecol; 1
1

A′′) and σ
reac

(Ecol; 2
1

A′) at Ecol = 3.0 and 4.0 kcal/mol are omitted since they are 

negligibly small. These theoretical σ
reac

(Ecol; state) provide a quantitative basis for the small 

contribution of the 1
1

A′′ and 2
1

A′ excited states. The σ
reac

(Ecol; 1
1

A′) behaves in a decreasing 

manner, which is typical for an attractive PES without a barrier. The relatively large magnitude 

(>10 Å
2

) is naturally due to the widely extended interaction region over the double wells of the 

1
1

A′ PES. The values of σ
reac

(Ecol; 1
1

A′) in the same Ecol region are consistent with the previous 

dynamics calculations by other authors, although the individual ab initio PES data for the 1
1

A′ PES 

were employed. The QCT results predict that the contribution of the excited states emerges in the 

Ecol > 12 kcal/mol region and becomes important probably at Ecol > 20 kcal/mol. 

In summary, the QCT calculations were carried out separately on the ground-state (1
1

A′) and the 

two excited-state (1
1

A′′, 2
1

A′) ab initio PESs. The calculated partial reaction cross section of the 

1
1

A′ ground-state PES is much larger than those of the 1
1

A′′ and 2
1

A′ states. This is because the 

excited-state pathways have reaction barriers and small cones of acceptance, while interactions in 

the ground-state pathway are attractive and provide a much larger cone of acceptance. The 

theoreticcal DCS of the ground-state 1
1

A′ PES is in good agreement with the experimental DCS. 

The present experimental and theoretical results conclude the dominant role of the reaction pathway 

via the ground-state 1
1

A′ PES at the collision energy below 6.5 kcal/mol. 
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Nakamura,  

“Collision Energy Dependence of the O(
1

D) + HCl → OH + Cl(
2

P) Reaction Studied by 

Crossed Beam Scattering and Quasiclassical Trajectory Calculations on ab initio Potential 

Energy Surfaces”,  

J. Phys. Chem. A 112(5), 818-825 (2008)
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The 1st International Conference of the Grand Challenge to Next-Generation Integrated 

Nanoscience (3P-CC03), Tokyo, June 6, 2008. 

(7) Hiroyuki Tamura, Shinkoh Nanbu, Toshimasa Ishida and Hiroki Nakamura 

“Dynamics of Isomerization of Cyclohexadiene to Hexatriene and Laser Control of the 

Dynamics”,  

The 2008 World Congress of the World Association of Theoretical and Computational 

Chemists (WATOC 2008) (PP248), Sydney, Australia, Sep. 15, 2008. 

(8) Wilfredo C. Chung, Shinkoh Nanbu and Toshimasa Ishida, ,  

“The 1
1

Bu Lifetime of Short All-Trans Polyenes: A Theoretical Study”  

The 2008 World Congress of the World Association of Theoretical and Computational 

Chemists (WATOC 2008), (PP330), Sydney, Australia, Sep. 15, 2008. 

(9) Wilfredo Credo Chung, Shinkoh Nanbu and Toshimasa Ishida 

“Theoretical Measurement of the S2 Lifetime of Short All-Trans Polyenes”  
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The 4
th

 conference on Coherent Multidimensional Spectroscopy (CMDS2008), Kyoto, Aug. 

28, 2008 

(10)石田� 俊正、Wilfredo C. Chung、南部� 伸孝、中村� 宏樹 

レチナール光異性化の非断熱遷移トラジェクトリの解析 

分子科学討論会2008(3P069)� 福岡 2008/9/26 

(11)Wilfredo C. Chung、南部� 伸孝、石田� 俊正 

“The 1
1

Bu Lifetime of Short All-Trans Polyenes: A Theoretical Study”  

分子科学討論会2008(3P070)� 福岡 2008/9/26 

(12)石田俊正・Wilfredo C. Chung・南部伸孝・中村宏樹 

生体分子光異性化の非断熱遷移トラジェクトリの解析 

文部科学省「最先端・高性能汎用スーパーコンピュータの開発利用」プロジェクト 

次世代ナノ統合シミュレーションソフトウェアの研究開発 第 3回公開シンポジウ

ム� 岡崎� 2009/3/5 

 

4. Others

(1) 石田俊正、南部伸孝、中村宏樹、 

生体分子の非断熱遷移トラジェクトリの解析 

第6回京都大学福井謙一記念研究センターシンポジウム� 京都(P01)� 2008/12/2 

(2) Wilfredo C. Chung, Toshimasa Ishida and Shinkoh Nanbu,  

Nonradiative relaxation processes of the 1Bu state of short all-trans polyenes: a theoretical 

perspective 

第6回京都大学福井謙一記念研究センターシンポジウム� 京都(P05)� 2008/12/2 

(3) 石田俊正 

「レチナールの光異性化に関するab initio動力学」 

先駆的科学計算に関するフォーラム2009� 分子科学計算「研究報告及び紹介と新シ

ステムの紹介」� 福岡� 2009/3/9 

(4) 石田俊正・南部伸孝・中村宏樹 

非断熱遷移トラジェクトリプログラムの開発と生体分子への応用 

次世代ナノ統合シミュレーションソフトウェア説明会� 東京� 2009/3/11 
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�� 今年度の研究の要約�

�

今年度は光触媒である V2O5/SiO2における振電相互作用に関する理論的研究を行った。

�

【始めに】�高分散シリカ担持バナジウム酸化物 V2O5/SiO2は光触媒活性をもち[1]、軽アルカンや軽

アルケンを部分酸化する[2]。活性種は孤立した 4面体型 C3v対称のバナジウム酸化物であり、励起

3重項状態において末端酸素 Otが活性中心になる[3]。この光励起はシリカと結合した基底酸素 Ob

由来の HOMOから、バナジウムの �軌道由来の LUMOへの 1電子遷移に帰属されている[4]。し

かし、HOMOの末端酸素には軌道係数がないため、末端酸素 Otが活性中心となることを説明でき

ない。一方、バナジウム酸化物の LUMO は対称性のため 2重に縮退しており、3重項状態におい

て Jahn-Teller効果の発現が考えられ、光触媒機構との関連に興味がもたれる。この光励起はシリ

カと結合した基底酸素 Ob由来の HOMOから、バナジウムの �軌道由来の LUMOへの 1電子遷移

に帰属されている[4]。しかし、HOMOの末端酸素には軌道係数がないため、末端酸素 Otが活性中

心となることを説明できない。一方、バナジウム酸化物の LUMOは対称性のため 2重に縮退して

おり、3 重項状態において Jahn-Teller 効果の発現が考えられ、光触媒機構との関連に興味がもた

れる。

【検討内容】 計算に用いた分子は、Si を H に置き換えた H3VO4である。この分子の構造最適化と

振動解析には B3LYP（V: LanL2DZ、O,Si,H: 6-31G(d)）を用い、電子状態は拡張 Huckel法を用

いて得た。以上の計算には Gaussian03と YAeHMOPを用いた。

リン光スペクトルの計算は、励起状態におけるJahn-Teller効果を静的であるとし、Franck-Condon

近似に基づいて行った。複数のモードを考慮する場合、Franck-Condon 因子は考慮する各モード

についての Franck-Condon因子の積である。スペクトルの形状はガウス型関数を用いて表した。

【結果と考察】� H3VO4の基底1重項状態と3重項状態の最適化構造はそれぞれC3v、Cs対称であり、

3重項状態でJahn-Teller変形が発現する。HOMOは変形前には末端酸素に軌道係数を持たないが、

Jahn-Teller変形後には軌道係数を持つ。実際、Jahn-Teller変形に寄与する e(2)モードによる構造

変形により、HOMOは NHOMOと混合し、末端酸素に軌道係数を持つ（Fig.1）。

触媒活性の発現機構をより詳細に調べるために vibronic model Hamiltonian を用いて、拡張

Huckel計算の結果から軌道振電相互作用定数を得た。Jahn-Teller変形により LUMOは安定化し、

HOMO は不安定化するが、LUMO の安定化は HOMO の不安定化より大きく、LUMO 間の振電

相互作用 V1により系は大きく安定化する。HOMO-NHOMO間の振電相互作用 V2により、HOMO

（a2）は Otに軌道係数を持つ NHOMO（ε）と混合し、末端酸素に軌道係数を持ち活性中心になる

ことがわかった（Fig.1）。
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(1984).

[4] K. Tran et al., J. Am. Chem. Soc. 117, 2618 (1995). 

[5] M. F. Hazenkamp and G. Blasse, J. Phys. Chem. 96, 3442 (1992). 
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1. Summary of the research of the year 

Multi-level Simulation of Complex Molecular Systems  

The goals of the research of this group are 1. to develop further the hybrid theoretical methods (such 

as ONIOM) already proposed by us, 2. to demonstrate that such hybrid methods can be used for 

simulations of structures, reactions and dynamics and 3. to solve some of the important problems in each 

field. Our research is supported in part by the Institute and in large fraction by a 5-year grant in the area 

of High Performance Computing for Multi-Scale and Multi-Physics Phenomena from CREST (Core 

Research for Evolutional Science and Technology) program of JST (Japan Science and Technology 

Agency) until March 2012. With seven to ten postdoctoral fellows (both Fukui fellows and JST fellows) 

in the group, as well as with strong collaboration with my group at Emory University, we have a strong 

team of theoretical/computational chemists working together toward a common goal. Since detailed 

description on individual projects can be found in the reports of postdoctoral fellows, here I just 

summarize the areas of studies and titles of individual projects. 

I. Simulation of Nanomaterials 

In the area of simulation of nanomaterials, we continued our research efforts on quantum chemical 

molecular dynamics (QM/MD) computations of carbon nanostructure formation based on density 

functional tight binding (DFTB). Single-walled carbon nanotubes (SWNTs) have been one of 

representative nanotechnology materials and their various potential applications. Although SWNTs are 

known to be efficiently synthesized using metal catalyst, its growth mechanism is still not well 

understood. In order to understand interplay among feedstock carbon, nanotube, and metal, we have 

implemented growth simulations of metal-catalyzed SWNT using DFTB MD simulations. In 2007 we 

succeeded for the first time to simulate continued growth SWNT on Fe cluster in our simulation studies. 

This year we have successfully simulated SWNT growth from scratch (without seed SWNT) under a 

variety of conditions and our understanding of the growth process has given insight to its mechanism 

which has not been seen previously from either experimental or theoretical studies,  

A. Density-functional tight-binding molecular dynamics simulations of nucleation and growth of a 

single-walled carbon nanotube on a metal cluster

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

for details)  

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

c. SWNT growth by directly supplying carbon atoms to carbon cap fragment (See Dr. Ohta’s 

report for details) 
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d. Theoretical investigation of SWNT growth and healing mechanisms on transition metal 

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

e. Theoretical investigation of the origins of (n,m)-dependent SWNT growth rates and 

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

B. Density-functional tight-binding molecular dynamics simulations of fullerene and polycyclic 

aromatic hydrocarbons in benzene combustion

f. Fullerene self-assembly during benzene combustions: DFTB MD simulations (See research 

activities of Dr. Saha) 

g. Formation mechanism of polycyclic aromatic hydrocarbons (PAHs) during benzene 

combustions: DFTB MD simulations (See research activities of Dr. Saha)

C. Theoretical studies of structure and reactions of nanostructures 

h. Theoretical studies polymerization of C
60

O inside SWNT (See research activities of Dr. Grimes)

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

nanostructures (See research activities of Dr. Avramov)

II. Simulation of Biomolecular Systems 

In the area of multi-level simulation of biomolecular systems, in recent years we have been 

studying structures and reactions of metalloenzyme systems mainly using the active site models, models 

in which the reaction center metal atoms, the first-shell ligands to the metal centers, the substrate and 

some times a few water molecules and next-shell ligands are explicitly included in the QM calculations, 

but all the other effects of protein are neglected. In the last few years we have started to consider the 

environmental effects of protein explicitly employing the ONIOM QM/MM scheme. We have been 

mainly optimizing the structures of intermediates and transition states of enzymatic reactions using very 

efficient micro-optimization scheme. In some cases we are also including the statistical or entropic effects 

of protein by performing QM/MM molecular dynamics, In a few examples we have found that the protein 

effects completely changed the mechanism of reaction, compared to the active-site models. In such a case, 

the involvement of protein environment not included in the active-site model is essential for the reaction.  

A. Mechanisms of enzymatic reactions explicitly including the effects of protein. 

a. Protein effects on transition states in QM:MM models for isopenicillin N synthase (See 

research activities of Dr. Lundberg) 

b. Free energy correction for the reaction diagram of isopenicillin N synthase (See research 

activities of Dr. Kawatsu and Dr. Lundberg). 

c. Protein effects on the reaction mechanism of tryptophan 2,3-dioxygenase (TDO) and 

indoleamine 2,3-dioxygenase (IDO) (See research activities of Dr. L. W. Chung)

d.  Protein effects in the radical reaction mechanism in B
12

-dependent methylmalonyl-CoA 

mutase (See research activities of Dr. Li)

e. Homocysteine activation by methyltransferase enzymes (See research activities of Dr. 

Abdel-Azeim) 

B. Development and improvement of ONIOM methodology for complex biomolecular systems
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f. Improved description of polarization in large systems with QM:QM’ and three-layer 

QM:QM’:MM (See research activities of Dr. Lundberg) 

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

of Dr. Lundberg) 

h. Feasibility of ONIOM(QM:QM) and ONIOM(QM:QM:MM) for photobiology (See research 

activities of Dr. L. W. Chung) 

C. Mechanism of photochemical and photophysical processes of biological systems 

i. Active species and reaction mechanism of reversibly photoswitchable fluorescent protein: 

Dronpa (See research activities of Dr. Li)

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

activities of Dr. Li)

2. Original papers 

1. S. M. Larkin, T. Vreven, M. J. Bearpark, and K. Morokum, The Application of the ONIOM Hybrid Method to the 

Cycloaddition Reactions of Bromo Substituded 2(H)-Pyran-2-ones, Can. J. Chem. 87, 872-879 (2009). 

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

(2009) 

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

of N
3
 from accurate configuration interaction calculations, Mol. Phys. 107, 1017-1025 (2009). 

4 A. E. Kuznetsov, Y. V. Geletii, C. L. Hill, K. Morokuma, D. G. Musaev, Dioxygen and Water Activation 

Processes on Multi-Ru-Substituted Polyoxometalates: Comparison with the "Blue-Dimer" Water Oxidation 

Catalyst. J. Am. Chem. Soc. 130, 6844-6854 (2009).  

5. Y. Ohta, Y, Okamoto, S, Irle, and K. Morokuma, Single-walled carbon nanotube growth from a cap fragment on 

an iron nanoparticle: Density-functional tight-binding molecular dynamics simulations, Phys. Rev. B, 79, 

195415/1-7 (2009). 

6. A. Ito, Y. Wang, S. Irle, K. Morokuma and H. Nakamura, Molecular dynamics simulation of hydrogen atom 

sputtering on the surface of graphite with defect and edge, J. Nucl. Mater. 390–391, 183–187 (2009). 

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

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

8. G. Zheng, M. Lundberg, T. Vreven, M. J. Frisch, K. Morokuma, Implementation and benchmark tests of the 

DFTB method and its application in the ONIOM method, Int. J. Quant. Chem. 109, 1841-1854 (2009). 

9. X. Li,
.

L. W. Chung, P. Paneth and K. Morokuma, DFT and ONIOM(DFT:MM) Studies on the Co-C Bond 

Cleavage and the Hydrogen Transfer in B
12

-Dependent Methylmalonyl-CoA Mutase. A Stepwise or Concerted 

Mechanism? J. Am. Chem. Soc. 131,  5115-5125 (2009). 

10. P. Zhang, S. Maeda, K. Morokuma and B. J. Braams, Photochemical reactions of the low-lying excited states of 

formaldehyde: T
1
/S

0
 intersystem crossings, characteristics of the S

1
 and T

1
 potential energy surfaces, and a 

global T
1
 potential energy surface, J. Chem. Phys. 130,  114304/1-10 (2009). 

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

12. S. Maeda, K. Ohno, and K. Morokuma,
,

Automated Global Mapping of Minimal Energy Points on Seams of 

Crossing by the Anharmonic Downward Distortion Following Method: A Case Study on H
2
CO, J. Phys. Chem. 

A, 113,  1704-1710 (2009).  

13. A. E. Kuznetsov, Y. V. Geletii, C. .L. Hill, K, Morokuma and D. G. Musaev, On the Mechanism of the 

Divanadium-substituted Polyoxotungstate [γ-1,2-H
2
SiV

2
W

10
O

40
]
4-

 Catalyzed Olefin Epoxidation by H
2
O

2
: A 

Computational Study. Inorg. Chem. 48,  1871-1878 (2009).  

14. Z. Wang, I. S. K. Kerkines, P. Zhang, and K. Morokuma, Analytical potential energy surfaces for N
3
 low-lying 

doublet states, J. Chem. Phys. 130, 044313/1-18 (2009) 

15. M. Lundberg, T. Kawatsu, T. Vreven, M. J. Frisch and K. Morokuma, Transition States in the Protein 

Environment in Isopenicillin N Biosynthesis from ONIOM QM:MM Modeling, J. Chem. Theo. Comp. 15, 

222–234 (2009).  

16. Y. Ohta, Y, Okamoto, S, Irle, and K. Morokuma, Temperature dependence of SWNT growth process on an iron 

cluster: density functional tight-binding molecular dynamics, J. Phys. Chem. C, 113, 159-169, (2009).  

17. A. Altun, S. Yokoyama, K. Morokuma, Mechanism of Spectral Tuning Going from Retinal in Vacuo to Bovine 

Rhodopsin and its Mutants: Multireference Ab Initio Quantum Mechanics/Molecular Mechanics Studies , J. Phys. 

Chem. B 112, 16883–16890 (2008). 

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

Photodissociation 

Dynamics of Formaldehyde Initiated at the T
1
/S

0
 Minimum Energy Crossing Configuration, J. Phys. Chem. 

A 112, 13267–13270 (2008). 
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Scheme 1 PAH formation and growth mechanism. 
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1. Summary of the research of the year�

The use of carbon nanotubes (CNTs) as reaction vessels is a recent area of intense interest. 

Nanotubes have the unique ability of confining encapsulated species in a virtually one-dimensional 

space. Besides geometrical constriction, CNTs posses different chemical environments inside and 

outside the structure. Specifically, the inside of the tube shows an increase in electron density due 

to the greater overlap of carbon p-orbitals, as a graphene sheet rolled up is expected to show, 

whereas the outside of the tube is relatively electron-deficient. It is well known that CNTs are 

stable to relatively high temperatures and fairly inert to chemical attack. These properties, taken 

all together, create a unique environment for novel chemistry. For example, CNTs have been filled 

with metal to create nanowires. Another interesting example is the deposition of Fischer-Tropsch 

catalysts inside CNTs1,2. The encapsulated species show a marked increase in catalytic activity 

compared to catalyst particles created on the outer surface of CNTs or in mesoporous silica of 

comparable inner diameter1, implying a unique chemistry intrinsic to CNTs. 

A study on the polymerization of C60O inside single-walled CNTs (SWCNTs) has recently been 

reported. The original motivation of the research was to create a perfectly linear polymer using 

SWCNTs as the template. C60O polymerizes above roughly 250 °C via oxirane ring-opening and 

reaction with a double bond on the fullerene surface to form rigid furan-like rings linking the cages. 

If pure C60O is reacted in bulk, a disordered polymer results from the reaction of the oxirane with 

any of its closest neighbors. The resulting structure forms a face centered cubic lattice retaining the 

original intermolecular distance. Britz et al. used previously reported procedures for opening CNTs 

(major diameters of 13.6 Å and 14.9 Å) and filling them with C60O. Thus “peapod” species were 

formed through favorable (exoergic by ~3 eV/molecule) dispersion interactions between the 

fullerene and the CNT walls, with an interfullerene distance roughly equal to that of C60@SWCNT 

(10.0 Å). The C60O@SWCNT were subsequently heated to initiate polymerization. The result of 

polymerization of C60O@SWCNT (along with a portion of C60) resulted in “beads” of polymerized C-

60O terminated by C60 that move independently of each other inside the SWCNT. As in the 

unpolymerized form, the interfullerene spacing was roughly 10 Å. One noticeable difference was a 

slight elongation of the polymerized C60O units. 

A number of different techniques were applied in the research. The prototypical reaction was 

investigated using CASSCF implemented in the MOLPRO, GaussianDV, and DFTB+ (with ad hoc 

corrections for dispersion3), and TURBOMOLE (also with ad hoc dispersion) program packages. 

                                                  

1

 Pan, X.; Fan, Z.; Chen, W.; Ding, Y.; Luo, H.; Bao, X.; Nature Materials Letters, 2007, 6, 507-511 

2

 Chen, W.; Fan, Z.; Pan, X.; Bao, X.; J. Am. Chem. Soc., 2008, 130, 9414-9419 

3

 M. Elstner, P. Hobza, T. Frauenheim, S. Suhai, E. Kaxiras; J. Chem. Phys., 2001, 114, 5149 
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Since the prototypical reaction was rather small, the B3LYP/6-31g(d), CASSCF(4,4)/6-31g(d), and 

DFTB-D methods were applied. For the larger models, DFTB-D, ONIOM4, and B3LYP+D/SVP 

methodologies were employed. The partitioning and methods in ONIOM used are given vide infra. 

Molecular dynamics simulations were run using Tinker5 linked with DFTB+ or DFTB+ by itself. 

Molecular alignment calculations were performed by using a genetic algorithm (provided by the 

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

a set of Euler angles. 

Prototypical reaction 

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

studied. A schematic process is given in Figure 1. 

 

O

O

O

O

 

Figure 1: Schematic of one possible two-step mechanism for the ring-opening reaction of an oxirane 

with a double bond. 

 

Whether the opened oxirane is actually an intermediate or not is debatable. In the present work, no 

stationary point corresponding to the open oxirane could be located, and in fact the literature 

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

Figure 2. 

 

O

O +

O

 

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

(a) (b)  

 

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

                                                  

4

 Vreven, T.; Morokuma, K.; J. Comp. Chem., 2000, 21, 1419-1432 

5

 TINKER v4.2 http://dasher.wustl.edu/tinker/ 
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respectively) of transition state. 

 

It is interesting to note, however, that a triplet opened oxirane was located and that it differs from 

the open-shell singlet at the same geometry by only 0.0074 kcal/mol (well below the threshold of 

significance) at the CAS(4,4)/6-31g(d) level. The close proximity of a triplet state is one indicator of 

biradical character, and this biradical character is confirmed by the coefficient (0.4) of the 

doubly-excited determinant in the CASSCF wavefunction. The close proximity of a triplet state 

opens up the possibility of spin-orbit crossing, as the open oxirane geometry is probably sampled 

frequently at sufficiently high temperatures. However, besides the weakness of the coupling, the 

triplet open oxirane does not lead to the desired reaction and was not investigated in the current 

study. 

For this prototypical reaction, B3LYP/6-31g(d) predicts an overall exoergicity of -47.53 kcal/mol 

and a reaction barrier of 64.46 kcal/mol. Since DFTB-D is used extensively in the remainder of the 

results, it is useful to look at the DFTB-D results for this prototypical reaction. According to 

DFTB-D, the overall exoergicity is -66.21 kcal/mol and the barrier is 48.67 kcal/mol. It is not 

surprising that the DFTB-D results are overbinding, as this is a known characteristic of the 

method. 

While the original C60O@SWCNT paper does not provide kinetic information, it is possible 

nonetheless to make a crude estimate of the reaction barrier. Assuming first-order kinetics and that 

(arbitrarily) 0.1% of the reactants survive after three days (the reaction time used in the literature) 

and that ∆G≠ = Ea (assuming no contributions from entropy and that pV is constant), the rough 

estimated activation energy using the Eyring-Polyani equation from transition state theory 

(Equation 1) is 43 kcal/mol. This is of course influenced by a variety of factors. First, the actual 

amount of remaining reactant may have been less, signaling a higher rate constant and smaller 

barrier. Second, the reaction does not occur in gas phase, but is rather restricted to a 

one-dimensional space, potentially increasing the prefactor by an appreciable amount. Third, the 

actual reactants used and the CNT environment may cause differences between the prototype and 

actual reaction barriers. These three considerations added to the assumption that ∆G≠ = Ea may 

lead to a fortuitous cancellation of error. At very least, this is a reasonable estimate using the 

information given. Thus the B3LYP value for the barrier is a little high, but the DFTB-D value is 

much closer. 

Equation 1:

k =

k
b
T

h

e

−

ΔG

*

RT

    Equation 2: 

Completion:=

V
f

V
f
+V

r

Given the predicted barriers it is possible to use a quantified linear form of the Hammond 

Postulate (Equation 2, Vf is the forward reaction barrier and Vr is the reverse barrier) to predict the 

degree of completion of the reaction at the transition state. At the DFTB-D level, the transition 

state lies 30% along the intrinsic reaction coordinate (IRC) and the B3LYP results predict that it 
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lies 32% along the IRC, in decent agreement with each other. 

 

C60O + C60

While the prototypical reaction gives some basic insight into the process, it is really the 

polymerization of C60O that is of true interest in this research. Before delving into the 

computational results, it is important to note the number of isomers involved. The oxirane ring may 

bridge two hexagons on the fullerene surface or it may bridge a hexagon and a pentagon. These 

forms are represented as C60O (66) and C60O (65), respectively. According to DFTB-D, the C60O (65) 

isomer is more stable by 6.70 kcal/mol. Even though the 65 isomer is more stable, 13C NMR 

measurements have shown that it is the 66 isomer that is used. There is a similar complexity in the 

C60-O-C60 “dimers.” For shorthand, these dimers are called 66-66, 66-65, 65-66, and 65-65, where 

the first number indicates the nature of the oxirane and the second refers to the double bond that 

was attacked. The order of stability (by DFTB-D) was predicted to be 66-66 > 66-65 > 65-66 > 65-65 

with exoergicities of -87.04, -70.54, -63.84, and -35.24 kcal/mol (respectively). Thus, all further 

considerations concentrate on C60O (66) and the 66-66 dimer.  

As noted above, the dimerization of C60O and C60 to produce 66-66 is exoergic by -87.04 kcal/mol. 

The barrier to formation of the dimer was computed to be 14.18 kcal/mol by DFTB-D. All of the 

DFTB-D results quoted so far have been spin-unpolarized. Allowing spin-polarization, the reaction 

energy becomes -52.35 kcal with a barrier of 8.95 kcal/mol. The difference in values is due to a 

higher energy predicted for the dimer when spin-polarization is allowed. Since the dimer itself is 

not expected to be pathological in any way, it is unknown why allowing spin polarization predicts a 

higher energy for virtually the same structure. Spin contamination was not calculated, but is 

probably significant. Regardless, DFTB-D is an approximate method, so more rigorous results are 

desirable. To this end an ONIOM framework was chosen so the high level treatment corresponds to 

the ethene and oxirane fragments of the fullerenes and the rest is described by DFT-D. This 

partitioning is natural in that it appears to capture the basic chemistry of the situation, though in 

general fullerenes cannot be well-partitioned to yield good results. It may also be worth mentioning 

that the treatment of dispersion is this slightly incomplete due to the use of B3LYP in Gaussian, 

which neglects the dispersion correction, however the overall contribution to the system is 

undoubtedly negligible. The dimerization energy at the ONIOM level is -29.58 kcal, which is 

expectedly less bound than DFT-D (-87.04 kcal/mol). The Hammond completion estimate works out 

to be 32%. This is in contrast to the DFTB-D completion estimate of only 12% (14.18 kcal/mol)6. 

While comparing completion estimates is not an exact science, especially as it is essentially a linear 

first-approximation to the IRC, and therefore the two results may be compatible, it seems there is 

some fundamental disagreement between the DFTB-D and ONIOM results. The full B3LYP-D/SVP 

transition state was located, with a barrier of 27.85 kcal/mol (30% completion), see Figure 4. Thus it 

appears the ONIOM scheme used is able to give good energies, significantly reducing the 

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

                                                  

6

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

 

 

Figure 4: B3LYP-D transition state geometry 

 

Dimerization inside CNT 

Being even more computationally challenging than the dimerization process alone, DFTB-D 

was used to the probe the reaction inside a CNT. A (10,10) 20 Å CNT capped with hydrogens was 

employed as a vessel. This structure was optimized, and C60, C60O, and 66-66 were separately 

optimized inside the CNT. Although the CNT walls have many double bonds that could possibly be 

reactive to the oxirane ring opening, it was impossible to locate any structure in which the oxirane 

attacked the side wall. For each species, the energy of absorption was -3.4 eV for the fullerenes, 

exactly within expected values, vide supra, and -5.1 eV for 66-66. 

Dimerization inside the CNT was also studied. Starting with adsorbed C60 and C60O, the energy 

of dimerization is only -55.11 kcal/mol, almost 32 kcal/mol less exoergic. This is likely due, again, to 

a change in the dispersion interactions. As mentioned above, the dimer is 1.7 eV higher in energy 

than would be expected from the separated reactants. This represents an increase in energy of 39 

kcal/mol, nicely accounting for the difference in dimerization exoergicity. While a transition state 

including the CNT has yet to be found, the DFTB-D transition state was frozen and placed into the 

CNT and the CNT allowed to relax around it. A pseudo-reaction barrier of 11.48 kcal/mol was 

obtained, only a few kcal/mol lower than the transition state outside the CNT. It is evident that the 

reaction increases the ability of the CNT to contain the reaction, as 0.12 eV of dispersion energy is 

gained upon reaching the transition state. Interestingly, this gain in dispersion energy very nearly 

matches the lowering of the computed barrier, to within 0.06 kcal/mol. A preliminary conclusion 

may be drawn that the inside of the CNT lowers the barrier through the contribution of dispersion 

energy. 
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more carbon atoms are added, initially Fe/Ni atoms start to show higher mobility until the encapsulation of 

the catalysts by the carbon atoms. As the encapsulation of TM catalysts occurs, the mobility of the transition 

metals goes down. These results show exactly the same tendencies as in the Harutyunyan’s experiments. This 

solid-liquid-solid transition of the catalyst metals might be the ground for the contradicting observations by 

many experimentalists. Actually, these C
2
 adding rate are found to be too high in order to form a nanotube, 

our study with lower adding rate show similar tendencies in the time variations of Lindemann index. 

Fig.3. Graphs show time variations of Lindemann indices of each metal. For Fe/Ni 

clusters, at the beginning, as more carbons are added, Lindemann index becomes 

larger and TM atoms have higher mobility, like in liquid. After the encapsulation of 

the cluster, value of the index becomes smaller and TM clusters turn to be in solid 

states. Co seems to have completely different characters. Top right figures show 

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

As in the Harutyunyan’s experiments, catalysts in liquid state are observed in many experiments. 

However, the significant decrease of melting temperatures of these clusters has not been successfully 

explained by their size effect. Some discussed the possibility of lowering of the melting point by carbon 

existence.

In many experiments, cementite iron is observed, but in some experiments, they observe high C 

concentration on the catalysts up to 60%. Phase diagram of iron which is widely accepted show 

cementite iron as the highest C concentrated complex. Jiang et al. recently suggested a new phase 

diagram of Fe-C complex, which has another eutectic point and discussed that the formation of SWCNTs 

can be explained by this phase diagram [5]. This new phase diagram might solve some controversial 

questions concerning the states of TM catalysts, however, it have been never validated. 

Here, we show the result of QM/MD studies on the melting points of small Fe cluster at various C 

concentrations. The simulation method is as follows. We prepared a Fe cluster of 70 atoms. Of those 70 

atoms, some numbers of Fe atoms are replaced with C atoms randomly to prepare a cluster of Fe
70-x

C
x
.

These clusters are annealed for about 48ps, and simulated up to 178 ps at various temperatures. 

Lindemann indices of these Fe
70-x

C
x
 clusters were examined at various temperatures, and melting point 

Tm was determined as the temperatures where Lindemann index equals�0.2. Nose-Hoover chain 

thermostat was used to control the temperature during the simulations.  Obtained phase diagram of Fe 

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

the Fig.5, as the Fe has more carbon 

concentration than cementite iron (Fe
3
C),

which is about 7 weight %, we see dramatic 

decrease in the melting point, by 100-300 

degrees. These decreases are much larger 

than the decrease of melting point caused by 

cluster size effect, and seem to explain the 

liquid state of Fe catalyst during the 

nanotube formation. 

In Fig.5, we see somewhat like another 

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

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

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

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

A) Probing nonequilibrium fluctuation through linear response 

It is now well recognized that the macroscopic response property of a system near thermal equilibrium is 

closely related to the dynamical fluctuations of its constituent elements in the scale down to the mesoscopic 

to molecular size. This striking connection is formulated in terms of the linear response theory and known as 

the fluctuation-dissipation theorem (FDT). The theorem is a consequence of the microscopic reversibility 

and directly linked to the symmetry of the response function in the system with multiple degrees of freedom, 

i.e., Onsager's reciprocal relation for the transport coefficients. These concepts play a crucial role for our 

understanding the dynamic hierarchical structure of nature. 

Away from equilibrium, however, the FDT is generally no longer valid. The statement is true even for the 

system characterized by Gaussian fluctuations with the broken time-reversal symmetry, in which the absence 

of the detailed balance does not allow the simple characterization of fluctuations from the measured response 

function. Here, we attempted to elucidate the fluctuation-response relation in nonequilibrium Gaussian 

regime. We have derived compact fluctuation-response relation in a matrix representation in which all the 

nonequilibrium effects appear as the FDT ratio matrix which consists of the intensity of the noise and the 

so-called irreversible circulation of fluctuation as a manifestation of the violation of the detailed balance. 

To survey the problem under consideration, we first employed a simple polymer model under shear flow, 

for which both the correlation and the response function can be calculated easily. We then proceeded to the 

general argument based on the linear response analysis applied to the nonequilibrium steady state, in which 

the dynamics of fluctuations obey Gaussian statistics. The characteristic of nonequilibrium 

fluctuation-response relation is nicely demonstrated by decomposing it into symmetric and anti-symmetric 

parts. In particular, the anti-symmetric part of the response concerns the deviation from the reciprocal 

relation and one can prove the exact relationship between it and the nonequilibrium component of the 

fluctuation. We then argue that the results persist even to the nonlinear dynamics provided that the 

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

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

The conformational transition of a polymer chain from a statistical coil to a condensed state has been 

actively studied during the past several decades. According to a classical scenario, a polymer coil gradually 

shrinks into a spherical globule upon decreasing the solvent quality or increasing the pair-wise attraction 

between monomers. However, once the effect of the chain stiffness is taken into account, the situation is 

altered even qualitatively. That is, in a single semiflexible polymer, the collapse transition becomes 

discontinuous exhibiting the character of disorderd disperse state and ordered condensed state. The large 

� ����

�����

��������	
�
�


����������



discrete nature of the transition has been demonstrated by the single molecule observation of giant DNA 

molecules. Previous numerical studies exemplify the variation of the collapsed morphologies such as a toroid, 

a rod, and a spherical globule along with strong finite chain length effect. It has been shown that toroid is the 

most typical structure as the compact state, whereas some other morphologies are found such as rod, sphere, 

and composite between toroid and rod. Although observations by computer simulation have been shown to 

be very useful, the range of chain length studied so far was rather limited; i.e., the length is too short 

compared to the natural DNA, the conformational behaviors of which is of great biological importance. 

Theoretical works, on the other hand, usually postulate some specific morphologies and analyze the relative 

stability between them by a grand state or mean-filed type approximation. On the whole, the current 

understanding of the collapse transition of long semiflexible polymers is far from complete and this leads us 

to ask what is a generic scenario expected for longer chains.

Here, we have shown the nontrivial scenario of the collapse transition found in long semiflexible 

polymers based on a systematic Monte Carlo simulation. It was found that, for relatively short chains, the 

transition is all-or-none type and toroidal structure is the product of the transition. Whereas, for long polymer 

chains, the transition undergoes through multiple-step, in which a swollen coil is first collapsed into partially 

folded core-shell structure, which is followed by the subsequent transition to the completely folded ordered 

structure upon further quench. The discovered feature, in particular the appearance of the partially folded 

core-shell as a stable structure may be unexpected from the current viewpoint in the field. The statistical 

analysis indicates that the core-shell is entropically stabilized morphology, and its appearance would be 

rather ubiquitous in the folding of long semiflexible chains. The core-shell may be regarded as an 

intermediate state. The fact that long semiflexible polymers possess such a structural variability without 

drastic change in the spatial size would have important consequences in the context of the DNA functioning

in vivo. Further theoretical and experimental studies are awaited to unveil the full scenario of the folding 

transition of long semiflexible polymers. 

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

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

Macromolecules assume compact conformations in certain situations. Examples include DNA in living 

cells, proteins in native states and other polymers in poor solvent conditions or under the compression field. 

After released from the condition, these polymers expand to swollen coiled state, which is characterized by 

developed fluctuations. This expansion process would be interesting in two different contexts. Firstly, this is 

relevant to the coil-globule transition, thus, regarded as a fundamental topic in polymer science. 

Unfortunately, compared to the extensive past studies for the folding (coil to globule) process, this reverse 

process seems to rarely come up. The second case of interest is encountered in the field of confined polymers. 

A recent advance in nanoscale fabrications and single-chain experiments allows one to manipulate and 

observe individual polymers, thereby offers challenges towards a number of potential applications in 

biological as well as nanoscale sciences. The aim of the present paper is to provide a unified framework to 

describe such dynamical processes. 

Naively, the problem is analogous to the diffusion of molecular gases, which are initially confined in a 

finite-size box. For our case, the essential difference from this simple example lies in the connectivity of 

monomeric units into a string, in which a small entropy does not play any major role. By taking such 

polymeric natures correctly into account, it is naturally formulated as a nonlinear diffusion problem, which 

serves as a basis for various decompression processes such as (i) the expansion, i.e., unfolding, and (ii) the 

ejection of the geometrically compressed polymer from a narrow pore (Fig. 2). 

For the first case of polymer expansion, a symmetry allows for the analytic solution. However, this is a 

rather special case, and the nonlinearity in the partial differential equation usually requires a numerical 

calculation. In such cases, we propose a scheme uniform approximation, in which the nonuniformity of the 

segment distribution is totally neglected. It allows one to obtain an approximate solution easily, which can 

yet be reasonably compared with the exact solution, provided that mechanisms of the driving force and the 

dissipation are correctly identified. We apply this scheme to the second problem and demonstrate a very good 

agreement with numerical simulations reported so far. 

Fig. 2  Schematics of (top) expansion and (bottom) ejection processes. 
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栄誉

諸熊奎治福井謙一記念研究センターリサーチリーダーが恩賜賞・日本学士院賞，
大山莞爾名誉教授，藤吉好則理学研究科教授が日本学士院賞，和田英太郎名誉
教授が日本学士院エジンバラ公賞を受賞

　諸熊奎治博士（福井謙一記念

研究センターリサーチリーダ

ー）は，昭和３２年京都大学工学

部工業化学科を卒業，同３７年同

大学大学院工学研究科博士課

程単位修得退学，同３７年同大学

工学部燃料化学科に助手とし

て採用，同３８年工学博士号取得，同４１年米国コロン

ビア大学客員助教授，博士研究員に採用，米国ハー

バード大学博士研究員，米国ロチェスター大学助教

授，准教授を経て，昭和４６年から同大学教授，同

５１年分子科学研究所教授に着任した。平成５年より

米国エモリー大学教授，同１８年京都大学福井謙一記

念研究センターリサーチリーダーに着任し，現在に

至っている。この間，平成１２年より国際量子分子科

学アカデミー会長を２期６年間にわたって務め，文

字どおり世界レベルで量子化学分野の発展に大きな

足跡を残している。

　今回の恩賜賞・日本学士院賞の受賞は，諸熊博士

の永年にわたる「分子の構造・機能・反応設計に関

する理論的研究」に対するものであり，量子化学及

び統計力学に基づく理論化学・計算化学における世

界に冠たる業績によるものである。分子の構造や機

能あるいは化学反応に関して，電子状態に基づく微

視的視点からの深い理解とそれに基づく予測は，化

学分野で不可欠であるとともに，自然科学全般の新

しい発展をもたらすものである。諸熊博士は独創的

な考えにより，新しい理論的方法を開発・提案し，

それに基づき，理論化学・計算化学を力強く推進し，

分子の構造・機能，化学反応過程の微視的理解と予

測を達成した。分子構造と機能に関する理論的研究

では，相互作用エネルギー分割法を開発し，複雑な

分子の構造と機能を解明し，分子設計に結び付けた。

最近は，電子状態理論と分子動力学理論を融合した

理論を用いて，構造と機能が高度にマッチングした

フラーレン，カーボンナノチューブなどの炭素ナノ

構造体の生成機構を解明し，世界的な注目を集めて

いる。化学反応は，化学分野の中心的課題であり，

その原理の解明は化学の深化と大きな進展に結びつ

くものである。諸熊博士はエネルギー勾配法，オニ

オム法を開発し，様々な化学反応の分子論的な深い

理解と予測に成功した。具体的な例は枚挙に暇が無

いが，特に，ウィルキンソン錯体によるオレフィン

の水素化反応の全触媒サイクルの解明，均一系オレ

フィン重合反応触媒の反応機構解明と触媒設計は大

きな注目を集めた。以上のような諸熊博士の研究成

果は，国内外，理論化学・実験化学分野を問わず極

めて高く評価されている。

　これらの研究に対して，平成４年日本化学会賞，

平成５年世界理論有機化学会よりシュレーデインガ

ーメダル，平成１７年アジア・太平洋理論及び計算化

学会より福井メダルを受賞された。これらに続いて

の恩賜賞・日本学士院賞の受賞はまことに喜ばしい

ことである。

　（福井謙一記念研究センター）

　諸熊奎治福井謙一記念研究センターリサーチリーダーが恩賜賞・日本学士院賞を，大山莞爾名誉教授，　藤

吉好則理学研究科教授が日本学士院賞を，和田英太郎名誉教授が日本学士院エジンバラ公賞をそれぞれ受賞さ

れることになりました。

　授賞式は，６月に日本学士院で行われる予定です。

　以下に各氏の略歴，業績等を紹介します。
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