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[Introduction] There have been considerable attentions drawn to the Diels-Alder reactions 
especially in chemical reactivity calculations. The development of computational methods for the 
exploration of reaction energetics, barrier heights, and frontier orbital energies are facilitated by 
the benchmark results. Over the past two decades, density functional theory (DFT) has been 
frequently used to investigate Diels-Alder reactions and previous reports indicate that many 
conventional DFTs show serious errors to give quantitative thermodynamic properties without 
clarifying the underlying reasons. Besides this, these reactions have often been discussed on the 
frontier orbital theory and the corresponding frontier orbital energies were used for explaining 
their chemical reactivities and kinetics but it is difficult for most quantum chemistry methods to 
obtain correct orbital energies. In this study, we apply various types of long-range corrected (LC) 
and other major functionals to the Diels-Alder reactions (Figure 1) to ascertain the reasons for 
poor enthalpies and then investigate the accuracy in the barrier height results. Furthermore, the 
maximum hardness rule on the reaction pathways was explored based on the orbital energies.1 

 
Figure 1: Diels-Alder reactions involving ethylene, acetylene, maleic anhydride and maleimide 
as dienophiles.  
 
[Computational Details] We carried out calculations employing various types of DFT 
functionals: LC, pure, hybrid and semiempirical functionals. The LC functionals include LC-
BOP, LCgau-BOP, LC-BLYP, CAM-B3LYP, LC-ωPBE and ωB97X. The LC-BOP and LC-
BLYP functionals were combined with local response dispersion (LRD) to evaluate the 
dispersion correlation effects on the Diels-Alder reactions. For comparison, pure BOP, hybrid 
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B3LYP, semiempirical dispersion-corrected B97-D, semiempirical hybrid meta BMK and M06-
2x functionals were considered. The geometries have been optimized by each functional using 
the cc-pVTZ basis set. All the optimized structures have positive and real frequency. The 
Gaussian 09 suite of the program has been used to perform all the computations.  
 
[Results and Discussion] Figure 2 clearly shows that the long-range correction significantly 
improves the reaction enthalpies and the LRD correction has no effect on it. However, dispersion 
correlation correction is crucial to give accurate barrier heights as can be seen in Fig. 3. Finally 
we calculated the global hardness responses (GHRs), which are half of the HOMO-LUMO gaps, 
along the intrinsic reaction coordinates (IRCs). Figure 4 depicts the calculated GHRs and the 
corresponding total energies along the IRCs, where the GHRs and total energies are set to be zero 
at the reactants. These figures show that LC-BOP GHR results first decrease slightly when the 
reaction proceeds from the reactants to the transition state and after that increase drastically 
toward the product, while B3LYP GHR curves increases monotonically right from the reactants 
to the product via transition state. The former results suggest that the minimum GHR in the 
reaction pathway of such reactions is obtained either at the transition state or when the reacting 
species are about to reach the transition state. We also get GHR curves similar to the B3LYP one 
by the functionals examined here except for LC-BOP, LCgau-BOP and LC-BLYP. These 
outcomes demonstrate that LC-DFT results satisfy the maximum hardness rule for overall 
reaction paths while conventional functionals violate this rule on the reaction pathways.  
 

 
Figure 2: Errors in the computed enthalpies (in kcal mol-1) with respect to CBS-QB3 results. 

 
Figure 3: Errors in calculated reaction 
barrier heights with the experimental 
results. 

 
Figure 4: GHRs, η and total energies E along the 
IRC. 

 
[1] Singh, R.K., Tsuneda, T. J. Comput. Chem. 2013, 34, 379–386.  
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Fig. 3 The UPS of Sc2C2@C82 
and the SS of Isomers 1-4.

Fig. 4 The UPS of Sc2C2@C82 and the SS 
obtained from a linear combination of the 
SS of Isomers 1-4.
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【序】 

 電子の反粒子である陽電子は、電子と衝突することにより対消滅を起こす。物質に入射された陽

電子は、電子との対消滅へ至るまでの間に、原子や分子のイオン化および励起、ポジトロニウム

（陽電子と電子の一時的な束縛状態）の形成、そして陽電子複合体（陽電子と原子や分子から成

る一時的な束縛状態）の形成等が起こりうると示唆されているが、その基礎的性質は十分に理解

されていない。 

 Crawfordは、1.625 debye以上の双極子モーメントをもつ極性分子はその双極子場に陽電子を一

つ束縛可能であることを理論的に示唆している[1]。極性分子に対する陽電子の束縛の例として、

近年 Surko らが振動 Feshbach 共鳴スペクトルと IR スペクトルから間接的に、C=O 基をもつ様々

な分子の陽電子親和力（PA, 陽電子束縛エネルギー）を報告している[2]。しかし、C=O基をもつ

最も単純な分子であるホルムアルデヒド分子の PA 値は測定できておらず、この分子の陽電子吸

着能の解明には第一原理計算等を用いた理論的解析が期待されている。 

 陽電子複合体の諸性質を精密に解析可能な手法として、explicitly correlated Gaussian (ECG)基底

関数を用いた変分計算、および量子モンテカルロ(QMC)法が知られている。ECG 計算は[H‒;e+]の

ような小さな系に対して変分的に最も精密な結果を与える[3]が、その莫大な計算コストのために

適用範囲は極めて小規模な系に限られている。一方、QMC 法は ECG 法と同程度の計算精度を有

しながらも、その計算コストは ECG計算と比較して小さいため、大規模な陽電子複合体へも適用

可能である。そこで本研究では、ホルムアルデヒド分子の陽電子吸着能を精密に予測することを

目的とし、QMC法による陽電子親和力の理論的解析を行った。 

 

【計算の詳細】 

 ホルムアルデヒド分子の陽電子親和力は次式より算出した： 

PA(CH2O) = E(CH2O) – E(CH2O;e+) 

ここで、E(CH2O) および E(CH2O;e+) はそれぞれホルムアルデヒド分子とその陽電子複合体の変

分エネルギーである。本研究では、変分モンテカルロ(VMC)法および拡散モンテカルロ(DMC)法

という二種類の QMC 法により、これら変分エネルギーの精密算定を行った。まず、ホルムアル

デヒド分子を CCSD/aug-cc-pVTZ レベルにて構造最適化し、この分子の平衡構造を決定した。ま

た、ホルムアルデヒド分子への陽電子吸着による構造変化は非常に小さいと仮定し、陽電子複合 



体に対しても同一の平衡構造を用いた。QMC計算では Slater-Jastrow型試行波動関数を用い、Slater 

partの生成には Hartree-Fock (HF)法（電子基底: aug-cc-pVTZ、陽電子基底: 12s9p3d1f GTFs）を用

いた。また、Jastrow因子には二体項（電子-電子、電子-核、電子-陽電子、陽電子-核項）および三

体項（電子-電子-核項）を導入し、それらの変分パラメータを分散最小化法により最適化した。

そして DMC計算は、初期 walker数を 9,600とし、0.001から 0.010 a.u.の虚時間 stepを用い実行し

た。DMC 計算の虚時間 step 依存性を取り除くために、これらの結果から外挿により虚時間 step

が 0.000 a.u.の際の値を推定した。 

 

【結果】 

 ホルムアルデヒド分子およびその陽電子複合体の変分エネルギー、そしてホルムアルデヒド分

子の陽電子親和力を Table 1に示した。HF法による陽電子親和力は正の値となったものの、例え

ば Strasburgerが報告している configuration interaction (CI)計算[4]と比べても非常に過小評価してい

る。従って、陽電子親和力の算定に対しては、相関効果（特に、電子-陽電子相関）を取り込むこ

とが重要である。VMC 計算は一般に CI 計算よりも良い変分エネルギーを与えるが、陽電子親和

力の値は負に転じている。この HF計算と定性的にも異なる結果は、VMC計算で回収した陽電子

複合体の相関エネルギーの割合(76.4%)が、親分子に対する割合(77.4%)よりも相対的に低いためで

あり、主に陽電子複合体の試行波動関数の精度に起因すると考えられる。一方、DMC計算によっ

て相関エネルギーを精密に取り込んだ結果、陽電子親和力は+25(3) meVとなった。この DMC法

の陽電子親和力は CI 法による値よりも大きく、従って電子相関および電子-陽電子相関を精密に

評価することにより陽電子親和力は増大することが分かる。 

 高精度 QMC 計算に基づいた本計算により、ホルムアルデヒド分子がその平衡構造において陽

電子親和力+25(3) meVを持ち得ることが明らかになった。その他詳細はポスターにて発表を行う。 

【参考文献】 

[1] O. H. Crawford, Proc. Phys. Soc. 91, 279 (1967). [2] J. R. Danielson, J. J. Gosselin, and C. M. Surko, 

Phys. Rev. Lett. 104, 233201 (2010). [3] J. Mitroy, Phys. Rev. A, 73, 054502 (2006). [4] K. Strasburger, 

Struct. Chem. 15, 415 (2004). 

Table 1  XYZ[Y\]^_`abcde`fghci_jkYlmnXYZ[Y\]^_`
c�opde`qrs (PA) 
 E(CH2O) [hartree] E(CH2O;e+) [hartree] PA(CH2O) [eV] 

  HF –113.91399 –113.91401   0.00053 

  VMC –114.3494(17) –114.3446(18) –0.132(66) 

  DMC –114.47684(8) –114.47781(7)   0.0254(29) 

  CI a     0.0186 

a: Ref. [4]. 
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Introduction  

The borylation reaction catalyzed by transition metal complex has attracted lots of interest because the 
organoboron compounds act as useful intermediates and reagents in organic synthesis. Recently, 
Sawamura and coworkers reported that a silica-supported monophosphine (Silica-SMAP)-Ir catalyst 
showed high site-selectivity in the C(sp3)-H borylation of substituted pyridines [1]. In this reaction, the 
C(sp3)-H borylation occurred selectively at the position γ to the N atom in substituted pyridines as shown 
in Scheme 1. In this study, we examine the detailed mechanism of this reaction to clarify the reaction 
pathways leading to the two different products and discuss the reason for the high site-selectivity.  

 
Scheme 1. Silica-SMAP-Ir catalyzed site-selective borylation of 2-ethylpyridine [1]. 

Computational Method  

In the present study, all the reaction pathways were obtained by using the artificial force induced reaction 
(AFIR) method [2, 3] which use the gradient and Hessian calculated by Gaussian 09 programs. We carried 
out calculations using the ONIOM (BP86:PM6) method for the initial search. Then, all obtained 
geometries were reoptimized with the DFT method using the M06L functional. The effective core 
potential ECP60MWB given by the Stuttgart/Bonn group was used in describing Ir atom where 5s2 5p6 
5d7 6s2 are considered as the valence electrons with the VDZ basis set from the same group, whereas the 
cc-pVDZ basis set was used for all the other atoms. Frequency calculations at the same level of theory 
have also been performed to identify the stationary points as minima or transition states.  

Results and Discussion  

In Silica-SMAP, phosphine is supported by the Silica surface, and this allows generation of 1 : 1 
complexes between the phosphine and Ir. In other words, only one phosphine ligand can coordinate to the 



Ir atom due to the silica support. This allows coordination of the N atom in substituted pyridines to Ir, and 
gives reasonable interpretation on the high site-selectivity [1]. Therefore, we started calculations from the 
coordination step of 2-ethylpyridine to a four coordinated P-Ir(III)-(Bpin)3 complex giving six coordinated 
complexes. It should be noted that the silica surface is not included in our calculation model, because it 
does not have significant effects on the reaction center of given complexes. According to our calculation 
results, the reaction occurs via the following steps: (1) coordination of the N atom in 2-ethylpyridine to the 
Ir atom; (2) oxidative addition of a C-H bond to the Ir atom to form a seven coordinated intermediate; (3) 
dissociation of H-Bpin with small barrier; (4) reductive elimination of the borylated product; (5) oxidative 
addition of (Bpin)2 to the Ir atom to get back the catalyst. This catalytic cycle is very similar to that 
obtained in a previous work with two-point ligand coordination [4]. Details of the catalytic cycle will be 
reported in the poster session. 

We studied the effect of N coordination in 2-ethylpyridine and compared energy barriers for the C-
H activation at the β and γ positions. The coordination of N atom plays an important role in the catalytic 
cycle especially in the step (2). Barriers for the oxidative addition without N coordination were found to 
be too high to occur, no matter in the case of the β or γ C-H bonds. The high selectivity is achieved at the 
transition state in the step (2). The β position C-H and the γ position C-H can undergo the oxidative 
addition through five- and six-membered-ring transition states, respectively. As seen in Fig. 1, the barrier 
for the C-H activation at the β position through the five-membered-ring transition state is much higher in 
energy than that for the γ position. This is due to the geometrical strain to form the five-membered-ring 
transition state. The strain energy will be analyzed by using the energy decomposition analysis and 
discussed in the poster presentation.  

 
Figure 1. Energy profile (in kJ/mol) for the C-H activation step calculated with M06L functional. 

[1] S. Kawamorita, R. Murakami, T. Iwai and M. Sawamura, J. Am. Chem. Soc.135, 2947 (2013). 
[2] S. Maeda and K. Morokuma, J. Chem. Phys. 132, 241102 (2010). 
[3] S. Maeda, K. Ohno and K. Morokuma, Phys. Chem. Chem. Phys. 15, 3683 (2013). 
[4] H. Tamura, H. Yamazaki, H. Sato and S. Sakaki, J. Am. Chem. Soc. 125, 16114 (2003). 
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GRRM/AFIR study on the mechanism of asymmetric isocyanoacetate aldol 

reaction catalyzed by a chiral ferrocenylphosphine-gold(I) complex  

 (Hokkaido Univ.) Chiaki Koike, Satoshi Maeda, Tetsuya Taketsugu, and Masaya Sawamura 
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vinylogous Mannich-type�������: ������ vs. ������ 
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GRRM/AFIR study on the mechanism of vinylogous Mannich-type reaction 

with 2-trimethylsiloxyfuran: kinetic control vs. thermodynamic control 

(Hokkaido Univ.) �Ryohei Uematsu, Satoshi Maeda, and Tetsuya Taketsugu 
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Aun-mAgm (n = 7-9) H-H  
GRRM  

( ) , ,  

H-H bond activation by Aun-mAgm clusters (n = 7-9) : 
GRRM study on the reactivity 

(Hokkaido Univ.1, Kyoto Univ.2) ○Makito Takagi1, Min Gao1, Satoshi Maeda1,2, Tetsuya Taketsugu1,2 
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Kinetic analysis of catalytic cycles on the basis of path searching by GRRM/AFIR and 
modeling by Transition State Theory 

—Regio- and stereo-selectivity with considering competition of multiple pathways— 
(Hokkaido Univ.) Yosuke Sumiya, Satoshi Maeda, and Tetsuya Taketsugu 
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GRRM study for mechanism of carbonylation reactions catalyzed by Pd 

ion-containing immobilized ionic liquid catalyst 
�University of Tokyo, Institute of Chemical Technology¡Takehiko Sasaki� Khedkar Mayur 
V. �� B.M.Bhanage�� 
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 The effect of C-terminal residue of amyloid-� on its dimer formation: 

classical MD and ab initio fragment MO calculations 
� � (Toyohashi University of Technology1, Murata Manufacturing Co., Ltd.2) 

� � A. Yano1, A. Okamoto1, K. Nomura1, S. Higai2 and N. Kurita1
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Table 1 Total energies (ET) and binding energies (EB) for the solvated  
Aββββ(1-42) dimer and Aββββ(1-43) dimer obtained by ab initio FMO method����

Solvated Aβ
dimer

Solvated Aβ
monomer 1

Solvated Aβ
monomer 2

1,151 water
molecule

Aβ(1-42) dimer �74792906.1 �64889743.8 �64889573.4 �54986728.1 317.0 �164.8
Aβ(1-43) dimer �75245142.6 �65115961.2 �65115681.0 �54986981.4 481.8 0.0

Structure
E T  (kcal/mol)

E B

(kcal/mol)
�E B

����

�������������������������������� ������������
Figure 1 Interaction energies (kcal/mol) between  
amino acid residues for Aββββ(1-43) dimer compared  
with those for Aββββ(1-42) dimer  

������������������������[1]T. Saito et al., Nature,14 (2011)1023. [2]A. Sandebring et al., PloS one, 8.2(2013) e55847. 

Asp23:Lys28 

YYYY64.4 (kcal/mol) 

Figure 2 Structure of Aββββ(1-43) dimer with 
the largest binding energy  
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Ab initio molecular simulations for porous coordination polymers 
(Toyohashi University of Technology1, Murata Manufacturing Co., Ltd.2) 

 T. Sugimoto1, A. Okamoto1, A. Yano1, S. Higai2, T. Wakaoka2 and N. Kurita1 

 

 (porous coordination polymers: PCP) 

[1] PCP

PCP  

PCP � Al PCP

MIL-101-NH2

 (density functional theory: DFT) 

 (fragment molecular orbital: FMO) 

 

Al MIL-101-NH2

2-amino-1,4-benzenedicarboxylate (BDC-NH2) NH2

NH2 BDC BDC NH2

(Total energy: ET)

NH2 Al

NH2 NH2 Al  

(BDC-NH2-near)  (BDC-NH2-far)

 (BDC-NH2-even) 3 MIL-101-NH2

 (H+) 

Al COO– H+ DFT

 (DMF) Al MIL-101-NH2

 

MIL-101-NH2 NH2

FMO MIL-101-NH2

 

3 Figure 1

ET Table 1 Figure 1

MIL-101-NH2 NH2

2P134  



Table 1 3

2.5 kcal/mol NH2

3  

COO– H+

 (pro-BDC pro-BDC-NH2) DFT ET Table 1

BDC-NH2 ET

Al NH2

BDC-NH2

 

 

 

(a) BDC-NH2-near 

 

(b) BDC-NH2-even 

 

(c) BDC-NH2-far 

Figure 1 Structures of clusters composed of BDC-NH2 and Al in vacuum optimized by DFT calculations 

 

Table 1 Total energies (ET) for clusters in vacuum, water and DMF 

E T(kcal/mol) ΔE T E T ΔE T E T ΔE T

BDC −2940099.8 −2940161.3 −2940159.7
BDC-NH2-near −3148675.5 0.0 −3148747.9 2.5 −3148746.2 2.2
BDC-NH2-even −3148673.3 2.2 −3148749.1 1.2 −3148747.2 1.1
BDC-NH2-far −3148673.1 2.3 −3148750.3 0.0 −3148748.4 0.0

pro-BDC −2940754.6 −2941612.6 −2941592.8
pro-BDC-NH2-near −3149361.4 44.4 −3150227.9 13.2 −3150207.7 14.6
pro-BDC-NH2-even −3149381.6 24.2 −3150233.7 7.3 −3150214.6 7.7
pro-BDC-NH2-far −3149405.8 0.0 −3150241.0 0.0 −3150222.3 0.0

water DMF
Cluster

vacuum

 

 

 

[1] for example, Jeong Yong L. et al., Chem. Soc. Rev. 38, 1450 (2009). 
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Theoretical Study on the Geometric and the Formation of s-d Hybridization of 
Aluminum Cluster Doped Copper Atom 

(Chiba Institute of Technology) Chiaki Ishibashi, Kaoru Onoe, Hidenori Matsuzawa 

 

Aln
−

Cu Aln
−

Cu

CuAln
− (n=2-13)

(partial density of states: PDOS) Khanna
CuAl13 Al 3s 3p Cu 4s 3d 1)

Cu

CuAln
− (n=11-13) PDOS

Cu  
CuAln

− (n=11-13) B3LYP 6-311+G*

s-d PDOS
Gaussian 09 PDOS GaussSum  

CuAln
− (n=2-13)

n=8

n=9, 10 wheel-like

n=11-13 icosahedral

n=11-13 (a)
(b) n=11

1-11-a Al icosahedral

Cu

1-11-b Cu wheel-like

n=12 1-12-a Al

icosahedral
1-12-b Cu

n=13 Cu

1-13-a Al

1-13-b  
 

1. CuAln
− (n=11-13)  



 wheel-like 1-11-b Al icosahedral 1-12-a Cu

icosahedral 1-13-a PDOS 2 wheel-like 1-11-b
5.0-6.0eV

2a" Cu 3d 84.9% Al s 9.09% Cu 3d
4.0eV 6.0eV Al s p

wheel-like Cu 3d Al
1-12-a Al icosahedral 4.8-5.9eV

3a" Cu 3d 70.4% Al s
25.3% wheel-like Al s s-d

6.2eV 5a" Cu 3d 22.8% Al s
47.2% s-d 1-11-a 1-13-b Al

icosahedral s-d 1-13-a Cu
icosahedral 5.3eV 7.2eV Cu

3d Al s p 5.3eV 13a

Cu 3d 29.0% Al s 47.3% 7.2eV 5a

Cu 3d 54.9% Al s 29.3%

s-d 1-12-b  

 1-11-b wheel-like Cu 3d Al s
shell icosahedral Cu 3d

1D shell 2D shell 1-12-a Cu

3d shell

1-13-a Cu Cu 3d Al s

1D shell 2D shell

s-d
s-d  

1) S. N. Khanna et al., J. Chem. Phys. 114, 9792 (2001) 

 
2 wheel-like Al icosahedral Cu icosahedral PDOS 
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Theoretical Study of Hydrogen Absorption on LiAln
- (n=1-7) clusters 

(Chiba Institute of Technology)  �Fumihiro Kusama, Yukari Isogai, Chiaki Ishibashi, 

Hidenori Matsuzawa 

 
�������������°� �!�"#$%&'()*+ÚÀ,-²./01&23

4)+Ú5À6*+Ú78�9:;<"=>?@ABCÚDE�FG5HIJKEL*M 

�NÀO�PQRS�TUPQVWXY�����°� �Z�[\O]^JK__`3�a

b"cC01uí)*defgØ
hij5k�lmnJKEL*MoijpÀOq+Kr

À Li-Al" Na-Al������abÚcC01�ísut\D�
h�uij&f+²uE

6vMwx° LiAln
U(n=1-7)�����ut\D�yz{|��ÚDE�}G&~�u�KE�

�����uyz�C&{�J�v)�abÚcC01���u_LE����ík
h&

GLE��uHIDv�Àmn)*M 

���[\��+KrÀ�ij78�8KEL* LiAln
U(n=1-7)���������abu�y

z�C&�>²�3��D� K�K���ab&�����?&����À��DvMr

v��8Kv���ab78�yz{�ug*��� ¡Q¢�&��vM��° B3LYP\

À�£¤íkÚDE 6-311++G**&GL�¥¦§�Y°Mac Pro¨ÀGaussian 09M&©GDvM 

�ª«¬Ø®��LiAln
U(n=1-7)������ H�C{�À°�n=1-4À¯8K*{�ug*a

b"cC01���5qn=5-7ÀO°±JK*MLiAln
U(n=1-4)�����u H�C5�²�u

{�Dv01&³�u´)Mn=1�Ú6�H�C°�µrÀ Alu��DEqAlH4
UÚ²3q

Li+Ú��À Li-(H)-Al�¶�&�R·À¸�)*Mrv HOMO�cC°�¶�¹��ºu�

»DqSOMO�cC° Li�¼½u¾5*¿ÀuÁÂJK*M+�Ú6qH�C�{����

 ¡Q¢�ÃEH�° 70.2 kcal/molÀ`uvM�µ\� H�C°ÄÅcC�`*Æ·u{�Dq

¾5uv¿À5ÇÈJK*M+�01O��ÀqEH° 69.2 kcal/molÚ²uvMn=2À°��

����ab&Éuv01À H�C°�µrÀ��)*M+�Ú6�Al-Alª�5ÊËJKq

HOMO° Al-Al�ª�?¿Àu²*ÚÚOuq�µ� H�C�ºu¾5*MLUMO° Li¨

u�»)*5�n=1� SOMOuÌÍEÎJLM+�Ú6qEH°�O²6lq67.5 kcal/molÀ

`uvMOÏÐµ H�C5��)*Ú�H�C° Al-Al�uÑÒD�Al-Al�ÓÔ° 3.17 Å

Ú²3ª�5ÕK*M �ª«�HOMO5 Li¨�²6l¾5*gÏu²3�2nd HOMOÖ

×�¿ÀuO Al-Al�ª�?¿À°¯8K²LMH3Al-(H)-AlH3�ØWÙÚab&2uEf3q

+�Û�À�����ab5ÜKvÚÝ*+Ú5À6*Mn=3À°q������ab&



ÉuvrrqH�C° 11µrÀ{�)*M

+�Ú6 11µ\� H�C°qn=1�Ú6

ÚÞ,u Li�¼½u{�DqHOMO° Li

¨�²6l¾5uE�»)*M2nd fgØ

3rd HOMO° Al-(H)-AlfgØ Al-(H)-Li�

¶�¹��º&ßàqAl-Al�u H�C5

áÒDEOqAl-Alª�°ÕâJK²LMH

�C5�µ{�DvÚ6���� ¡Q

¢�Ã66 kcal/mol�5�O²67uv5q

+K°ãäQåæQ� 1D shell5çèu²

*é��À`3q�����ÚDE�?ê

5ëLÚÝ8K*M DE H�Ck5

11µ�Ú6q�����ab5ìK*Úq

��?°ÎJl²*Ã60 kcal/mol�Mn=4À

°q12µrÀ H�C5{�Dq���a

b°íîï01À`uvM+�Ú6q�Ø

WÙÚ� H3Al-(H)-AlH35 LiuáÑ)*M

n=178 4rÀ°q£ð�u�����ñ

ò�óô&Éõ²58qH�C5��Dq

ö÷01Ö¨u²*Ú Al-Alª�5ÕKEq

�����5ìK*MH�C&�²�u{

�DvÚ6q��� ¡Q¢�°²6l²*øùu`3qrv�����óô5ìK*Ú�

��°ÎJl²*M 

ú n=5Ö¨À°qH�C�{�k5ûÝ*uDv5uEq��²�����óô78üýu

óôab&��J�q̀ lrÀ�����ÚDE�?ê&ÉÚÏÚ)*Mn=5À°q�µ� H

�C&{�J�vÛ�Àq������óô5��)*MH�Ck5 11~12µÀ�����

�ab5ÜKq17µ��DvÚ+þÀ�ØWÙÚ� H3Al-(H)-AlH35 LiuáÑDvMn=6À

°q�/ºóô���²�����u H�C5��)*MH�C5�µ��DvÚ+þÀq

�/ºóô5ÜK*Ã��u Li�C5áÒJK*�M ��°qH�C5ûÝ*u_KEq

Li�C&N�u H3Al-(H)-AlH3�ØWÙÚ5áÒJK*M+K° n=7�Æ�OÞ,ÀqH�

C5�µ��DvÚ+þÀq������óô5��DEq ��° H3Al-(H)-AlH3�ab&

2*MÖ¨78q{�)* H�C���k° n�û�ÚÚOuûÝ*5q������óô

&Éuv01À� H�C�{�k°	Dþ n=1-4�[5qn=5-7g3O�7uvMrvqLi

�àua
 H�C5��)*�°qRydberg¿À5��)*Æ�u�8K*+Ú587Ú

²uvM 

LiAlH5

-
 

LiAl2H6

-
 

LiAl3H11

-
 

LiAl4H12

-
 

HOMO 

HOMO 

³�úLiAln

—
(n=1-4)�����u H�C5 

úúúúú�²�u{�Dv01ú 

1st SOMO  2nd SOMO 

2nd HOMO  3rd HOMO 



22P137 
���LMNOP���	QRST
���L�UVST�W�L�9

XY�Z��[\]^9�9C5H4�	
 C5H3�_`XY9� 
(�������) ��� ��, �� �  

 

Theoretical Study on the Reaction of Metastable Diacetylene  
with Ground State Propyne in Titan's Atmosphere  

- Formation Reactions of C5H4 and C5H3 - 
(Graduate School of Technology, Chiba Institute of Technology)  

○Nawata Daisuke, Matsuzawa Hidenori 
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C7H4� C6H2TU�´�\®o9�U[XYInt1��U�Ó>��ÔÕÖ°�×ÖÐ

�6EiJul��Ø£H�(Ù£9�U[XYIH� Int5�(Ù£EÍÚH�ÛÕ

ÜE×Ö[XJ�� Int6��XYJ� Int6�¥>��cis-transÐ�6EiJulÒ7

' C5H4 + C2H2TU�´(Ç 1�Ý��Hl�´)Þ�ÔÕÖ°EiJulÒ7' C5H3 + 

C2H3TU�´(Ç 1�ß��Hl�´)ÞRà[XJ�ER/ulY¶l�OP�´á

\�?»C¼½âãEä�;�å>lm�OP8E]_?»C¼½�æ9çÈH�O

PEè¡[X��éVWXY�«�TU8�êX C5H4� C5H3�?»C¼½ëEì�

>�]//í0î�Frost0�{��' C5H3�g�E4ï�ð>YJ�ñò'�C5H3

TU�´�ì�V�iò[X��ó0WXYC5H4TUOP'�Ç 1��Hl�´ôd

�]>�_/�OP�´EFG[XE�C5H3TUOP'�_��´H/õ_/u�>

�>Y[�íõ�OP�´�2öETU8�g��÷�9øù[�ú VWXY 

$%$&�¢£¤(180K, 0.001atm)�¥¦X�C5H4¥QÅ C5H3TUOP�?&$C

y½û6(ΔH)'IWüW�-27.3kcal/mol, -25.9kcal/mol�ê��ý�´þ�L�OP�

êulY¶l�¼�����?»C¼½û6(ΔG)'IWüW�-27.2kcal/mol, 

-27.0kcal/mol�ê��ý�´þ��L��OPEè¡[XJ�E�éVWXY 
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L�OP/_�L��OPEè¡[XJ�/0�$%$&�¢\�¥>� C5H4¥Q

Å C5H3�TU'����ó0WXY¶l�OP�´��	
/0�C5H4' C5H3Q�

]4ç�OP��éVWXY 

 

Ç 1. C4H2* � CH3CCH /0� C5H4 + C2H2 ¶l' C5H3 + C2H3�TU�´ 
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Theoretical Study of Dynamics of Molecules on the Excited State 
in Solid States 

(Dept. Molecular Engineering, Graduate School of Engineering, Kyoto University 1, 

ESICB, Kyoto University 2, 

 Dept. Applied Chemistry and Biochemistry, Faculty of Engineering, Kyushu Sangyo University 3) 

○Masahiro Narita1, Hirofumi Sato1,2, Yoshihide Nakao3 
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Scheme 1 [1]

Scheme 1 Car-Parrinello Molecular Dynamics 

(CPMD) [2]
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AlPO4(110) ���� Rh dimer������	
 

)*+,-./0 1�*+,12345627�82 9 1�: ;< 1, 2 

 

A DFT study of Rh dimer adsorption on AlPO4(110) surface 
(ESICB, Kyoto Univ.1, FIFC, Kyoto Univ.2) �Masafuyu Matsui1, Shigeyoshi Sakaki1, 2 

 

!=>#  Rh?@AE�-tridymite������	u
������ Rh/AlPO4 °����

���������� !��"#$�����%&���'()*�����+,° Rh

� sintering -./0�12345�678�9:u;(*��·� sintering�9: I�

<=�° Rh-O-P>?u@($A-1BCDE5;(*�F�Hinokuma<u@GHI1��

�'()*�@Ju�����KLuMN²OP Q�=$A./0�123R�BCD

ESF�T�UVuW'�°XY�Z[�\3u]'�^S_F`')T*5abc5°�

Rh� AlPO423R�BCDEFd�@J²I�5;G�d�@JueLf I�<��'(

g h<gu=(�Á�Rh dimer� AlPO4(110) 23i�jklmeL��no��lmBC

DE�p0qrustuvw �xyz{|�� DFT}~ E'����) 

 

�23{|��lm����  AlPO4(110)23�{|��������� ���: (1) ��

�23��F Pu����f��Y23 (Type I (� 1 (a))).  (2) Type I 23� Alu OHF�

POu HF������23 (Type II (� 2 (b))))Rh dimer jklm�������Type I5

° P������� (PO@Type I) �Type II5° P������� (PO@Type II) � Al��

����� (AlO@Type II) u�=(lm����� �Á��������eL� no�

�)*���Type II���i�lm5°���u H2"  ¡J)@�� Type I, Type IIi�

lm����� T�¢� 
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�L£=() 

�}~¤¥�  AlPO4 7¦ (15 atomic layer) g<²(xyz{|� E'�)���lm§¨

5�©ª¦«¬ bulk§¨uL�© 2¦·5 §¨®¯f��)°±²y³° VASP ´

'�µ3¶s·�PAW potential, PBE functional E'�x¸�
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�>Q��»�  lm����� Table Iu!=)PO@Type IF®eL²lm���5;G�

AlO@TypeIIi�lmeLf°¼�'*�F½g��)*�lm�����°�H2�" �

����-H2 elimination energy: Eelim[H2]. Type II�U8�lm§¨i�§¨¾fu¡J dimer

�23�¿eLf����� (deformation energy: Edeform)�¿eLf�� dimer�23R�e

Lf�����u
v=(*�F5À()LfBCDE����� (interaction energy; Eint) 
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Ad site Eelim[H2] Edeform[AlPO4] Edeform[Rh2] Eint 

PO@Type I (none) +1.86 +0.05 -5.96 

PO@Type II +6.37 +0.23 +0.01 -8.76 

AlO@Type II +6.52 +0.88 +0.00 -7.93 

 

ad site Bader population of Rh dimer 

PO@Type I 17.95 (-0.05) 

PO@Type II 16.08 (-1.92) 

AlO@Type II 17.28 (-0.72) 

 

 

                                                        
1

S. Hinokuma et al. / Catalysis Today 175 (2011) 593–597

ad site spin Ead 

 singlet -3.39 

PO@Type I triplet -3.59 

 quintet -3.65 

   

 singlet -1.80 

PO@Type II triplet -1.96 

 quintet -1.79 

   

 singlet -0.57 

AlO@Type II triplet -0.47 

 quintet -0.32 
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