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� �  
Ⱦ 1Ⱥ� ŧʜ  
 
1-1 Y�ae�6ť³Ǒʾ́˪ĸȅƈ́ɔĄTn�X�4˜#J  

ȌʜȦȶ  

1-1-1 ð�Ɗ×�H3JY�ae�  

� Y�ae�17ôĸ�×ĸ6ƸˠÀ6˥Ą²1!/Ŀɡ K�üIƎ�ȃʨ

4G,/7�ě²�ǯ²6�$K4Dő 3�ƃʨMȬ#�1�H�ȊĞ4ɨ

J@0˭ş4ı�6ŀ˹Ȧȶ�ȌʜȦȶĨċ�ĹĞ#J�@)�q�Yě²Ó

6G�3Ĳ�3Ɋ6�6×ĸ˛6ȝ�µȏ�G:×ĸÓȝ�µȏ1�,)}Y

�3ƗJɫ�Mʛ=Jˣ47�Y�ae�M��i��1!/üIƎ��10�

ʒɐ3ȃʨ6ʝƃʨMƯH�4#J�1�0�J� 

� �4Y�ae�7˒őY�ae�1×ĸY�ae�4ĲÜ KJ�˒őY�

ae�6�0D�Ȅ4ı�6ȦȶĨċ�ĹĞ#JD6��P�}mS~Y�a

e�˿Alǹ0�J�P�}mS~6ƥ� 25Àƺǵ6�ƃY�ae�Mʨˑay

Yj�0ǴĿ!/D�Ȅ4ļĿ3s�Y7žHK3���PmU�Y�ae�

4#J�10�P�}mS~6ƥ� 13�G: 23À6ư4Ĳ�3ļĿƃMȬ#�

˒őY�ae�6ĩĄ�˪ĸǞ�i�˿Shell model̀4Ž�ļĿƃMȬ!�P�

}mS~6PmU�Y�ae�˿Aln–̀07�P�}mS~6ƥ n� 131 236

ư4'K(K 2S�G: 3S shellM˙Ǟ4#J)CļĿê#J�ä�/�P�}

mS~6ƥ� 13À6ư6PmU�Y�ae��Al13
–6ļĿǑʾMȌʜʉɂ0ƚ

Ɏ#J1�ǚ 20ˮ²6˻�ŇȱƃMD,)ť³Ǒʾ0�J�1�ƯH�43,

)��6G�4�Al13
–Y�ae�7˪ĸ6˙ǞǑʾ4ä�/�ť³șǑʾ6ô

Ė6ˏ3I4G,/˭ş4ļĿ!)ȅƈ0ĹĞ#J�P�}mS~6ƥ� 13À

6ư6�ƃY�ae��Al130D�PmU�1ąǒ4 20ˮ²ǑʾMŶƊ#J��

ǛN*ť³Ǒʾ13J�@)�ˍɍ1úƂ %)ĩĄ�ȡư4ˍêȃ13,/

!@���ƫ�P�}mS~6PmU�Y�ae��Al13
–7ˍɍ1úƂ!3��

�6�17�),)�À6˪ĸ��6G�4âș3įêM÷?#�1MȬĐ#

J�#3L+�RU�êTn�X�E˪ĸʂďã6ʅǅ7Y�ae�ȰĻ4�

�/˭ş4ˏɾ0�J� 
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1-1-2� �Ɗ×�H3JY�ae�  

a.  �fS~−P�}mS~Y�ae�  

� ˪ĸ�),)̄Àı���Ō3��4G,/˒őY�ae�6ƃʨ�Ĳ��

įLJ�1M�P�}mS~Y�ae�M¸4Ɩ�ʘƯM!)�07��6P

�}mS~Y�ae�4�sʰ˂4˪ĸM̄-D-P�V�˒őMˋ°!)ĩĄ�

P�}mS~Y�ae�6ļĿǑʾE˪ĸȅƈ6įê�Ȏ"J�˭ş4ɪčǰ

��ȊĞ4ɨJ@0ı�6ŀ˹�G:ȌʜȦȶĨċ�ĹĞ#J�P�V�˒ő


P�}mS~Y�ae�6�0DȄ4�fS~
P�}mS~PmU�Y�a

e�˿©ż�LiAln
–Y�ae�̀6ļĿǑʾƚɎ�RaoH1-1)4G,/ɶLK�Ƴ

4�ʤRU�Ì˪ĸayYj�˿anion PES̀6ǴĿ�ThomasH1-2)4G,/ɶL

K�LiAln
–Y�ae�6ļĿƃ4˜#Jȣɿ�žHK)�!�!�ť³Ǒʾ6į

ê1anion PES6s�YŶȅ6įê�#3L+�˪ĸȅƈ6įê16˜¼ƃE�

ȕȴôĸ0�JLiôĸ�AlY�ae�4��JŸ˰4-�/7ƯȨ473 K

/�3�,)� 

� '�0�ɳɣ7�ȌʜêĻșƍǨMȏ�/�LiAln
– (n=3–13)Y�ae�6ť³

Ǒʾ1˪ĸȅƈ�G:ʤRU�Ì˪ĸayYj�˿anion PES̀6˜¼MʅƯ!

)�LiAln
– (n=3–13)Y�ae�6ļĿǑʾMŃũǥ˜ƥǨ˿DFTǨ̀6̄-0�

J B3LYPǨMȏ�/Ǒʾƶˇê!/ǤC)��6Ȧȶ4G,/�P�}mS~

6^Rb n=6, 8–11,�G: 1307�©àĨċ K)ť³Ǒʾ 1-1), 1-3)17ȕ3JǑ

ʾ�žHK)�Y�ae�^Rb n=6–8 6ƶļĿǑʾ07�̉À6P�}mS

~ôĸ4GJÏˮ²Ǒʾ��Y�ae�Ǒʾ6�ƀ13,/�J�n=8�G: 9

07�Figure 1-14�JG�4�n=86ƶļĿǑʾ� 8-a13I�ǶļĿǑʾ0

�J 8-b7�8-aGID 4.81 kcal mol-1˻�Tn�X�MD,)��6 8-b7��

fS~ôĸMzR��˺ǋ6�4ĉA�ʯʱ13J Al
AlɔĄMD- wheel-like

ǑʾMŶƊ#J��ƫ�n=96ƶļĿǑʾ 9-a07�̌À6P�}mS~ôĸ4

GJ wheel-likeǑʾ�ŶƊ K�'6İÅ4�fS~ôĸ�ˋ°#JG�3Ǒʾ

43,/�J�!�!�ƶļĿǑʾGID 7.04 kcal mol-1Ĳ�3Tn�X�MD

-ǶļĿǑʾ 9-b 07�P�}mS~6Ïˮ²˺ǋ�ĹĞ!�'6ČI4¦6

AlôĸE Liôĸ�k�v K/�J�!)�,/Y�ae�6ť³Ǒʾ� n=8

1 90Ĳ��įê#J�1�L�,)� 

� �6Ȧȶ07�ThomasH 1-2)4G,/ǴĿ K)�LiAln
–� (n=3–13)Y�ae�

6 anion PES6s�Y1�ƼȦȶ4G,/ǤC)ĢȜɦ˦Tn�X�˿VDÈM
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Ǡʲ!)�Figure 1-24anion PES6s�Y1VDE6s�YMȬ#��4anion PES

6ayYj�6Ŷȅ7ļĿǑʾMD-Y�ae��H6˪ĸɦ˦4G,/ŶƊ

 KJ�Figure 1-20Ȭ!)G�4�VDE6ʉɂÂ˿ stick diagram 7̀�anion PES

6s�Y˿ŀ˹Ầ4G��ɩ!/�J�1�L�J�Anion PES6s�YŶȅ

7�n=6–8@07̅-4×ɺ!/�J��n=9©˟7̄-6s�Y4Ŷȅ�įê

#J��K4��VDE6ʉɂÂD n=6�87�'K(K˦Ƥș4×Ŝ!/�I�

LiAl8
–6 8-a˿ƶļĿǑʾ̀07�anion PES6 first peak1 second peakMǑƊ#

J VDE7�0.67eV6Tn�X�řMD,/�J�LiAl9
–6 9-a˿ ƶļĿǑʾ̀0

7�VDE Â7 2.7~3.1eV 6Š!�3��-@I�anion PES 6s�YŶȅGI�

n=8 1 9 �Y�ae�6˪ĸȅƈ6įê6Ĭț0�J�1�Ȍʜș4DȬ K

)���0�n=8 �G: 9 6ǶļĿǑʾ6 VDE Â4DǪț!)�Wheel-like Ǒ

ʾMŶƊ#J LiAl8
– 6 8-b˿ǶļĿǑʾ̀07�first peak1 second peakMǑƊ

#J VDE 47 0.30eV 6Tn�X�ř��I�8-a GID 0.37eV *�X�gv

�ŋ �3J��ƫ�Alôĸ6Ïˮ²˺ǋMD- LiAl9
–6 9-b˿ǶļĿǑʾ̀0

7�VDE Â7 2.7~3.3eV 6˛4�9-a GIDŦ�×Ŝ!/�J�1�L�,)�

�6�1�H�8-b7 9-a4ʷ��9-b7 8-a4ʷ�˪ĸȅƈMD,/�J�1�

L�,)� 

� '�0��6Ȧȶ07�8-a�8-b�9-a�9-b6×ĸʰ˂MǑƊ#Jôĸʰ˂6

Ɗ×Mʅǅ#J�14G,/�Y�ae�6ť³Ǒʾ1˪ĸȅƈ6˜¼Mʛ=

)�Figure 1-34 8-a�8-b�9-a�9-b6×ĸʰ˂ĚMȬ!�Table 1-14'K(K

6Y�ae�4��J×ĸʰ˂MǑƊ#JAl�G:Liôĸ6ôĸʰ˂Ɗ×MȬ

#�Ïˮ²ǑʾMŶƊ#J 8-a07�Figure 1-3�G: Table 1-14Ȭ#G�4�

3a” MO1 4a” MO7 Alôĸ6 3pʰ˂6A4G,/ǑƊ K/�J��HOMO

0�J 9a’ MO07�Alôĸ4GJÏˮ²˺ǋˉ×7�Alôĸ6 3pʰ˂4G,

/ŶƊ K�Ïˮ²˺ǋ6İÅ6 Alôĸ Al(7), Al(8)�G: Liôĸ7�sʰ˂Ɗ

×0ǑƊ K/�I��LFJ s–pǱƊ�ŶƊ K/�J�1�L�J�9-b0

D�8-a6 3a” MO1 4a” MO4ˌ¯!)ʰ˂0�J 3a” MO1 4a” MO�'K(

KĹĞ!��KH6×ĸʰ˂7 Al ôĸ6 3p ʰ˂4G,/ŶƊ K/�J�@

)�9-b6 10a’ MO1 9a’ MO7�Ïˮ²˺ǋ13J Alôĸ[Al(1)~Al(6)]���

4 Alôĸ6 3pʰ˂Ɗ×MĉA�Ïˮ²˺ǋ©İ6 AlôĸE Liôĸ07�sʰ

˂Ɗ×�ı��1�H�E7I s–pǱƊʰ˂MŶƊ!/�J1ʇ�J��6 9-b

6 10a’ MO1 9a’ MO6ʰ˂Ɗ×7�8-a6 9a’ MO6ʰ˂Ɗ×4ˌ¯!/�J�
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!)�,/�9-b7 8-a1ąǒ4�Ïˮ²˺ǋ�Y�ae�Ǒʾ6�ƀ13,/

�J�1�L�J�'!/�8-a�G: 9-b6 s–pǱƊ!/�Jʰ˂47�Liô

ĸ6 sʰ˂�ĉ@KJ�1�L�,)� 

� Ǚ4�wheel-likeǑʾMŶƊ#J�9-a18-b6ôĸʰ˂Ɗ×4-�/ʘƯ#J�

9-a07�Figure 1-3�G: Table 1-14Ȭ#G�4�9a MO07̅-6ʯʱ Al

ôĸ[Al(1)1 Al(2)]� 3pʰ˂Ɗ×MD+�ʯʱMǑƊ!3� Alôĸ7�4 3sʰ

˂Ɗ×MD- s–pǱƊʰ˂MŶƊ#J�13a MO1 15a MO0Dąǒ4�ʯʱ Al

ôĸ6 3pʰ˂Ɗ×1�ʯʱMǑƊ!3� Alôĸ6 3sD!�7 3pʰ˂Ɗ×MD

-�@)�11a MO 07�ʯʱMǑƊ#Jôĸ691-0�J Al(2)Mˡ�/�

ǑƊƊ×7�Al ôĸ 3s ʰ˂0�J��6 s–p ǱƊʰ˂7�wheel-like ǑʾMŶ

Ɗ!�ʯʱ13JôĸMD-�10ÚC/Ȏ"J�@)�11a MO4ʷ�Tn�

X�MD- 12a MO7�>?Î/6 Alôĸ6 3pʰ˂Ɗ×0ǑƊ K/�J��

6 9-a07�Ïˮ²˺ǋ�ĽÎ4ŕK/ wheel-likeǑʾMŶƊ KJ�10�Al

ôĸ6 3sʰ˂MƊ×4D- MO1 3pʰ˂MƊ×4D- MO�G: s–pǱƊ!

/�Jʰ˂��ȇ�Tn�X�Ƕ°6�4ĹĞ#JG�43J�Table 1-1�H�

8-b6 8a’ MO1 10a’ MO07�Alôĸ6 3sʰ˂1 3pʰ˂Ɗ×Mąư4ĉB s–

pǱƊʰ˂�ŶƊ K/�J�1�L�J��KH6MO7�Liôĸ6 2sʰ˂

Ɗ×MĉN0 s–pǱƊʰ˂MŶƊ!/�J��6G�4 LiôĸMĉB�10�

P�}mS~6ƥ�̋À0�,/D�s–pǱƊʰ˂�ŶƊ KJ�1MƯH�4

3,)� 

� '!/�ƶż4 LiAln
–Y�ae�6 s–p ǱƊ4��J Li ôĸ6ʰ˂6Ÿ˰4

-�/ʹ=J�Figure 1-4 4 Al9
–Y�ae�1 LiAl9

–Y�ae�6ť³Ǒʾ1

NBO charge�G: Al9
–Y�ae�6 5b MO 1 LiAl9

–6 9a MOMȬ#�@)�s–

pǱƊ�6 Liôĸ6ʰ˂Ɗ×Mʒ!�ʛ=J)C�Al9
–Y�ae�1 LiAl9

–6 9-a

6ˉ×ȅƈŃũ˿partial density of states̎PDOS̀ʅǅDɶ,)�Al9
–Y�ae�

07�#04 s–pǱƊ�Ȏ"/�J1Ĩċ K/�J 1-3)�!�!�Figure 1-40

Ȭ!) Al9
–6 5b MO07�PDOSʅǅ6ɔǆ�Al6 pʰ˂7 95%�sʰ˂� 5%

1�>1N2ǱƊ!/�3��Li ôĸM Al9
–Y�ae�4k�v#J1�Al9

–

6 5b MO 1 Liôĸ6 2sʰ˂6ȝ�µȏ0�LiAl9
–6 9a MO�ŶƊ KJ��

6 9a MO 7�Alôĸ6 pʰ˂Ɗ×� 79%�sʰ˂Ɗ×� 14%1�Al9
–Y�ae

�GID pʰ˂Ɗ×�ǲI sʰ˂Ɗ×�ĭ�/�s–pǱƊ�½ʿ KJ�1�L

�,)� 
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� ©���fS~
P�}mS~PmU�Y�ae�6Ȧȶ�H�ť³Ǒʾ6į

ê4��Y�ae�Ó6ôĸʰ˂6ˏ3IƫDįê!))C�×ĸʰ˂D s–p

ǱƊ�Ȏ"J1�,)įêMȬĐ!� H4�ȕȴôĸ0�J Liôĸ�ˤƛ#

J Alôĸ4˪ĸM¹�#J�10�GI Alôĸ6 3sʰ˂Ɗ×Mĭä %J�

1DƯH�4!)��6G�4�˒ő6G�3�ě��Y�ae��4��J

ʒɐ3ȕȴôĸ˛6ȝ�µȏ7�ě²Ɋ6ʉɂ4ˇ!) DFTǨɀMȏ�J�1

0�˻�ɉũMD,/Ȍʜș4ʅƯ0�J�!�!�ǢɍɔĄ6G�3�˒ő

ɔĄ4Ǡ=˭ş4Ų�ɔĄ4GJ�ǇH���Y�ae��#3L+×ĸY�

ae�M�ě��Y�ae�1ąǒ4Ȍʜʉɂ0ʅǅ#J�17Ę˧0�J� 
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Figure 1-1 LiAl8 LiAl9 s–p  

          (B3LYP/6-311+G*) 

 

Li Δ Al 8-a LiAl8
–

8-b 9-a LiAl9
–

9-b  
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Figure 1-2 LiAln
– (n=3-13) anion PES VDE  

 

VDE stick diagram π α-spin β-spin

PES “S” “P”, “S-P” Al 3s, 3p

3s-3p PES 1-2)  
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Figure 1-3  8-a, 8-b, 9-a, 9-b6×ĸʰ˂Ě 

 

� 8-a�8-b�9-a�G: 9-b6#=/6ôĸ4ȔĂM§!)�Table 1-16ôĸ6

ȔĂ7�6Ě0§!)ȔĂ4ŇƂ#J� 
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Figure 1-4  LiAl9
–Y�ae��G: Al9

–Y�ae�6ť³Ǒʾ1 NBO charge 

          �G: Al9
–Y�ae�6 5b MO 1 LiAl9

–6 9a MO6×ĸʰ˂Ě 

 

 Ɠű6�6ƥÂ7�'K(K6ôĸ6 NBO chargeMȬ#�@)�Al9
–6 5b MO

1 LiAl9
-6 9a MO6ǚˮĚ1ÅˮĚM'K(KȬ#� 
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Table 1-1  8-a, 8-b, 9-a�G: 9-b4��J×ĸʰ˂�6Al�G: Liôĸ6ôĸ 

� � � � � ʰ˂Ɗ× 
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b.  −  

Némethy Scheraga
1-4) 

flickering cluster

Newton

 

Na+Cl-

negative

	 	

Ab initio MP2 basis set limit

-4.9 kcal mol-1

-5.4 kcal mol-1 -6.2 kcal mol-1 - -2.6 kcal 

mol-1 -15.2 kcal mol-1
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Ǣ˛6ǢɍɔĄ7�Ȅ4Ŵ�ȝ�µȏMŶƊ#J�1��ab initio×ĸʰ˂ʉɂ

6ʃǽ�HDƯȨ4ȬĐ K/�J�!�!�ab initio×ĸʰ˂ʉɂ4G,/×

ĸ˛ȝ�µȏTn�X�MɿȵDJĩĄ7˒őɔĄ6G�3êĻɔĄ1ȕ3I�

żʹ#J�ʗř��Ȏ"J)CŲ�ɔĄ>2ǚȨ3ȝ�µȏTn�X�6ɂÖ

�Ę˧0�J�'�0�ǢɍɔĄ6�0DȄ4ȝ�µȏTn�X�6Ĳ��p

�\�êȃRU�
ǢY�ae�6Ȧȶ7ȊĞ4ɨJ@0�˭ş4ı�6ȌʜȦ

ȶ�ĹĞ#J� 
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1-2    p�\�êȃRU�−ǢY�ae�6ť³Ǒʾ1ǢɍɔĄ  

ngj��Y6˜¼  

� ×ĸÓȝ�µȏ�G:×ĸ˛ȝ�µȏ691-0�JǢɍɔĄ4GJ×ĸY

�ae�6ť³ǑʾEļĿƃ326ƃʨ6ƚɎMɶ��17�ˏɾ3ȃȌêĻ

6Ȧȶʚ˶6�-0�J�p�\�êȃRU�MĉBǢY�ae�DǢɍɔĄ

4GJ×ĸY�ae�691-0�J�20Ť©�à�H�p�\�êȃRU�


ǢY�ae�6×ĸèãĻ˿Molecular Dynamics ; MD̀�G:��hV��

˿Monte Carlo ; MC̀_}���_���ɶLK�ɔĄʬ˦EɔĄʄ326Ǒʾ

șr���e�1ȀãĻˑ6ǳũºĹƃ4˜#JȦȶĨċ�ɶLK/�J
1-5)~1-8)�F–(H2O)n�G: Cl–(H2O)n (n=2–15)Y�ae�6MD_}���_��4

��/�ɓ˹ș3{h�_���i�0�J POL1{h�_��Mȏ�/��K

H6Ǒʾșr���e�6ƚɎ� BerkowitzH4G,/ɶLK) 1-5), 1-6)� @)�

˽Ȑ1ɽƼ4G,/�M+Cl–(H2O)n (M=Li, Na ; n=1–8)Y�ae�6ɓ˹ș4ǤC

HK)r���e�Mȏ�) MC _}���_���ɶLK�RU�Ň(M+Cl–)

6ʅ˦�Vmb~�ƯH�43,) 1-7)�ʷŤ�]�s��e�Əɷ6ȗ˃4G

I�ǢɍɔĄMĉB×ĸY�ae�4Ň!/D˪ĸȝ˜MɢƉ!) ab initio×ĸ

ʰ˂ʉɂEŃũǥ˜ƥǨ(DFT)Mˇȏ!)ȦȶĨċ�ĹĞ#J 1-9)~1-16)�Baik H
1-17), 1-18)7�F–(H2O)n (n=1–6) Y�ae�6ť³ǑʾƚɎMMP2 / 6-311++G**�

x�0ɶ��ļĿǑʾMǤC)�źH7�F–(H2O)n (n=1–6) Y�ae�6ɔĄT

n�X�MɿȵDJˣ4�ħŨ˜ƥˏ5ĄL%ʗř˿ basis set superposition error̎

BSSÈMüIˡ�)C4 counterpoise˿CP̀ɻǚMɶ,)�@)�CPɻǚ!)

˩ǽTn�X��T�e�s�˿ �H �̀Xua6ɧȑTn�X�˿ �G È NBO 

charge326ȃƃÂEȀãĻˑ6ɂÖMɶ,)�!�!�MP2Ǩ0 CPɻǚ!)

Xua6ɧȑTn�X�Mŀ˹Â1Ǡʲ#J1�Ǣ×ĸ6^Rb n �ĭä#J

>2�ɣ6Â4$K�Ȏ") 1-17)�-@I�CPɻǚ*�07üIˡ�3� BSSE

�ĹĞ#J�1�ƯH�43,)�@)�Cl–(H2O)n (n=1–6)Y�ae�6ť³Ǒ

ʾƚɎ�G:ɔĄTn�X��˩ ǽTn�X�326ȃƃÂ7Masamura 1-19) 4

G,/ɂÖ K)� H4�WangH 1-20)4G,/�ŋ 3p�\�êȃRU�


ǢY�ae�6Ǒʾ4Ň#JǊ6ˑĸçǆ1ť³Ļșą°²çǆ4-�/�ɓ

ʭȵ××ĸèãĻ_}���_��Mȏ�)ʅǅ�ɶLK)��6Ȧȶ07Ǣ

ɍ/ˏǢɍ˿H/D̀ą°²çǆ4Ƞț!/ǢɍɔĄngj��YǑʾ6ʅǅ�ɶ

LK)�tgêȃRU�
Ǣ˛6RU�ƃǢɍɔĄ4Ǡ=/�īêȃRU�
Ǣ
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˛6ǢɍɔĄ7Ų�)C�īêȃRU�
ǢY�ae�07�Ǣ
Ǣ˛6Ǣɍɔ

Ą�ˏɾ0�I�@)Ⱦ�Ǣďĝ6ŶƊ�½ʿ KJ�1@07L�,)� 

� ��ƥŤ�ŔȐ4G,/�×ĸ˛ȝ�µȏMȌʜș4ǚ!�ʐ»#J)C6

ƍǨ1!/�ŎƌňŸ×ĸʰ˂Ǩ˿ Locally Projected Molecular Orbital̎ LPMOǨ̀

4̄˪ĸæʪƞèʉɂ˿Perturbation Theorỳ1×Ƥ˳Mä�)ƫǨ˿LPMO PT

Ǩ̀�˚ȗ K/�J 1-21)~1-27)��6ƫǨ7p�\�êȃRU�
Ǣ̅ˑ²6G

�3ǠʲșŴ�ǢɍɔĄ�H�˪ɱȲè˕²˿Charge-Transfer complex̀6G�

3˭ş4ɔĄ6Ų�D6@0ˇȏ K/�J��6 LPMO PTǨ7˙ǞɊ4Ň!

/DƸç0�J�Ⱦ̅Ⱥ0DȬ#G�4�×ĸY�ae�Ó6ǢɍɔĄ�16

˪ɱȲè˿charge-transfer ; CT̀˳1×Ƥ (dispersion ; Disp)˳M̄Ǚ6ǩè˜ƥ

�HȜƛǤCJ�1�0�J��6 CT ˳1 Disp ˳6Ĳ� 7�ǢY�ae�

6ǢɍɔĄʬ˦1Ĳ��˜¼!/�J�Ǣ×ĸMǢɍ¹�1ǢɍýŁ6ʃǽ�

HeRv×˷Mɶ�1��6eRv�10ǢɍɔĄ6Ŵ �×˷0�J�1�

L�,) 1-28), 1-29)� 

� PmU�
ǢY�ae�7¨ɸș3 solvent-solvent model6�-0�J�Ȅ4p

�\�êȃRU�6�0D F–RU�1 Cl–RU�7Ǣ×ĸ1˭ş4Ŵ�ȝ�µ

ȏMȬ#�!�!��KHp�\�êȃRU�
ǢY�ae�6ɔĄTn�X�

M�4ǑƊ!/�JD67�4ˬ˪Tn�X�˿Y���ã̀0�J��Y�

ae�6ļĿǑʾ7�p�\�êȃRU�
Ǣ˛6ȝ�µȏ�G:Ǣ
Ǣ˛6ȝ

�µȏ4G,/ǦĿ KJ�!)�,/�Y�ae�Ó6ǢɍɔĄŇ6 CTTn

�X�1 DispTn�X�Mŀˣ4ɂÖ0�J LPMO PTʉɂM�ǒ3ǑʾM

D- F–(H2O)n�G: Cl–(H2O)nY�ae�4Dˇȏ#J�10�BSSE Mƙˡ!

)p�\�êȃRU�
Ǣ˛6ǢɍɔĄ�G:Ǣ
Ǣ˛6ǢɍɔĄ6Ŵ MÑ²

ș3ƥÂ0ʐ»#J�1�0�JG�43J�'6ɔǆMD14�Y�ae�

Ó6ǢɍɔĄ6Ŵ 1'6ČI6ǢɍɔĄngj��Y6˜¼MȌʜș4ʅƯ

#J�1�ÿɥ43J� 

�  
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1-3    ƼȦȶ6țș  

� �6G�4!/�Y�ae�Ó6ǢɍɔĄŇ6ȝ�µȏ6ʉɂ�ÿɥ3LPMO 

PTǨMȏ�K8�p�\�–ǢY�ae�4��/�p�\�–Ǣ˛�G:p�

\�1ɔĄ!/�JǢ×ĸMĉBǢ−Ǣ˛6ǢɍɔĄ4��/�p�\�ôĸ�

Ǣ×ĸ4÷?#Ÿ˰Mʛ=J�1�ÿɥ0�J�'�0�ƼȦȶ6țș7�LPMO 

PTǨMȏ�/�F–(H2O)n�G: Cl–(H2O)n (n=3−7)Y�ae�6�6RU�–Ǣ�

G:Ǣ–Ǣ˛4��JǢɍɔĄngj��YMʅǅ!)60Ĩċ#J� 

� ƼʜƦ07�1) X–(H2O)n (X=F, Cl ; n=3−7)Y�ae�6ļĿǑʾMǤCJ)C

4�MP2 / aug-cc-pvdz�x�0ǑʾƶˇêʉɂMɶ��ɔĄTn�X�7 LPMO 

PT / aug-cc-pvdz�x�0ǤC)��6ʉɂ6ɔǆ��ˉ6^Rb6Y�ae�

4��/�©à4ʜƦ0Ĩċ K)ǑʾGID� H4ļĿ3Ǒʾȕƃ²Mȗ

ɿ!)�2) X–(H2O)7Y�ae�4��/�cubeģǑʾMD-ȕƃ²�ɼƥĹĞ

#J�1Mȗɿ!)�cubeģǑʾ6�47̅ȴ˷6Ǣ×ĸ�ĹĞ#J��-7�

¦6̅-6Ǣ×ĸ�H HôĸMýŁ!�ɧʮ6 HôĸM̄-*�¦6Ǣ×ĸ4

¹�#J�#3L+�dangling OHŇMD-Ǣ×ĸ0�J�'!/�D��-7�

¦6̄-6Ǣ×ĸ�H HôĸMýŁ!�ɧʮ6 HôĸM̅-¦6Ǣ×ĸ4¹�

#J�#3L+�dangling OHŇMD)3�Ǣ×ĸ0�J�cubeģǑʾ7 dangling 

OHŇMD-Ǣ×ĸ�̅-ĹĞ!��6Ǣ×ĸ6°ɟ˜¼1ǢɍɔĄ6ć�4G

,/ɼƥ6ȕƃ²�ĹĞ#J�CubeģǑʾMŶƊ#Jȕƃ²˛6ļĿƃ47�

dangling OHŇMD-Ǣ×ĸ6°ɟ˜¼�Ĳ��ł�#J�p�\�êȃRU�


Ǣ˛ǢɍɔĄ6Ŵ M�LPMO PTʉɂ4G,/ CT˳MɂÖ#J�10ʅǅ#

J1�ǢɍɔĄ6Ŵ 7�'K(KRU��G:Ǣ×ĸ4ˋ°!/�JǢ×ĸ

˿adjacent water̀6Ÿ˰4ºĹ!/�J�1�L�,)��6 adjacent water6

ǢɍɔĄDɢƉ!)p�\�êȃRU�
Ǣ˛6ǢɍɔĄM�i�ê!�

Mulliken6˪ɱȲèȌʜMˇȏ!)� 
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2  
 

2-1  

hydrogen bond donor 	

hydrogen bond acceptor

2-1)  

 2-2) 

 

 

 

 
E = − 2

3
µ1
2 ⋅µ2

2

R6
1
kT

+!
                 

     (2-1) 

 

α F
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���,)1�6Tn�X�7ǙŮ0��HKJ� 

E = − 1
2
αF2

                           
 (2-2) 

�6Ů6 F 7��ƫ6×ĸ6ǣ�ùǏĸ�¦6×ĸ�4µJ˪ĩ43J)C�

'KMʉɂ!�ǣ�ùǏĸ6�HFJƫć4ć�)ˋɟ4-�/ţĠ�#K8�

ȝ�µȏ6Tn�X��žHKJ�ǣ�ùǏĸ��ʬ˦ R *�˦K/�Jǽ4

÷?#˪ĩ F7 

 
F = − µ

R3
+ 3
R5

R ⋅µ( )R +!                     (2-3) 

0��HKJ�ǣ�ùǏĸ 6�HFJǾǗ4Ň#J F26ţĠÂDɢƉ!�×

ĸ̄�×ĸ̅Mʕʪ#Jçǆ1�×ĸ̅6ùǏĸ�×ĸ̄Mʕʪ#JçǆMɢ

�ĄL%J1 

 
E = −α1µ2

2

R6
− α 2µ1

2

R6
+!

                      
 (2-4) 

�žHKJ���0�α1, α27×ĸ̄�̅ 6×Ǐȉ�µ1 , µ27ǣ�ùǏĸɥȉM�

R7̅-6×ĸ˛6ʬ˦Mɸ#��6Ȅɮ7�ǳũ4G,/'6Ĳ� �įê!

3��10��K�ˋćã16Ĳ�3ȝ˄0�J� 

� ×Ƥã7�ĺȹȅƈ0Î�˪ɱ×Ŝ4ǛA63�ŝWa˛4DÈ�ã0�J�

˪ĸ6ˀè4G,/ȡ˛ș3˪ĸ6°ɟ��ƀ6ôĸǊ4Ň!/˭Ňȱ13I�

'6ɔǆ�ȡ˛ș3ùǏĸɥȉ�Ȏ"�'6ùǏĸ4G,/¦6ôĸ4ʕʪù

Ǐĸ�0��'KH6˛4ȝ�µȏ�È��14G,/×Ƥã�Ȏ"J�w�

S~̅ˑ² A⋯B6ħŨȅƈ6ǩè˜ƥ7 

ψ 0 =ψ Aψ B                             (2-5) 

13J�'�0�ƞèʜ6şǨ4Ž,/�̄Ǚ6ƞèTn�X�MǤCJ1 

′E = ψ 0
∗ ′H∫ ψ 0dτ = ψ A

∗ψ B
∗ ′H ψ Aψ B dτ∫                 (2-6) 

0�I�̅Ǚ6ƞèTn�X�7 

′′E = ′H0k ′Hk0

E0 − Ekk≠0
∑

                          
 (2-7) 

0�J�E0 7ǾƞèɊ�#3L+�ȝ�µȏ63�ĩĄ6ħŨȅƈ6Tn�X

��Ek7æʪȅƈ k 6Tn�X�MȬ#�Ů(2-7)6ď7�¤ɢ�/�J̅-6

w�S~ôĸ6�Î/6æʪȅƈ k 4-�/ɢƉ#J�Ů(2-7)6×ǟMƴ�Ȝ

µ
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#1� 

E0 − Ek = E0
A − Ek

A( ) + E0
B − Ek

B( )                   
 (2-8) 

1!/ɸʋ0�J���0�E0
A1E0

B7w�S~ôĸ A�B6ħŨȅƈ6Tn�

X��Ek
A1 Ek

B7'6æʪȅƈ6Tn�X�0�J�'�0�Ů(2-7)6×ǟM

RU�ê{h�_�� I6̅Á˿2Ì1ɀ!�1���w�S~ôĸ˛*�03

��¦6ȕ3Jôĸ˛6ĩĄ320Dąǒ4ʉɂ�0�/��ɬ4ǙŮ6G�

3ʷ¯Ů0ɸ KJ�1��London4G,/ƯH�4 K)� 

′′E = − 3
2
⋅ IAIB
IA + IB

⋅α Aα B

R6
                       (2-9) 

IA, IB7'K(K̑�Bôĸ6RU�ê{h�_���α7ˬș×Ǐȉ�aA, aB7

ôĸ A�B6×Ǐȉ�R7̅À6ôĸ˛6ʬ˦0�J�×Ƥã7�×Ǐȉ6Ĳ�

��-@I�İĩ4G,/˪ĸ×Ŝ6ǛAE#�ôĸ̔×ĸ6˛0Ĳ��� 

� ƶż4� Ɲƨã6ˑĸʜșüIƎ�Mɶ��w�S~ôĸ6̅ˑ²6˛6

ƨãMɢ�J�He-He�H3JÎɊ6p}�jmP� 

 
H = − !2

2m
Δk +

2e2

rAk
+ 2e

2

rBk

⎛
⎝⎜

⎞
⎠⎟k=1

4

∑ + e2

rkjk> j
∑ + 4e

2

R
             (2-10) 

1ƴ�J� rAk , rBk7�'K(K6w�S~ôĸǊ(A�B)�H k Ȕț6˪ĸ@0

6ʬ˦ rkj7˪ĸ k, j˛6ʬ˦ R7w�S~ôĸ A, B6ôĸǊ˛6ʬ˦Mɸ#�

̅-6w�S~ôĸ7�'K(K(1s)2 6˪ĸˋɟMü,/�J1ªĿ#J�̅

-6ôĸ˛6ʬ˦�ʷ.�/�J1�˪ĸ6 Ɲ�ʪ�J1���1MɢƉ4

ÍK3�K83H3���6ƨã7×ĸ��Jȳũ©�ʷ.��,/�˪ĸ˨

6ˏ3I�Ȏ"˪ĸ6 Ɲ�ʪ�,)1�4È�)C4 Ɲƨã1Ď8KJ� 

� �6G�3�×ĸ˛ȝ�µȏ6Tn�X�ʉɂM#Jˣ��ʫ×ĸǨ

˿supermolecule method �̀1��ƍǨMȏ�J�1��ɬș0�J�ʫ×ĸǨ6
ɢ�ƫ07�×ĸ A1 B�H3J A⋯B˕²M�-6×ĸ˿ʫ×ĸ̀1ɢ��

�6Ɋ6ÎTn�X�E(A⋯B)MǤC�ą"ƫǨ0ǤC)×ĸ A �G: B 'K

(K6ÎTn�X�E(A)�E(B)16řMȝ�µȏTn�X�ΔE 1#J�ΔE �

ʤ3HļĿê�ǚ3H�ļĿêMɸ#� 

 ΔE = E A!B( )− E A( )− E B( )                     (2-11) 

˕² A⋯B�×ĸ A�×ĸ B4ą�6ʷ¯Mȏ�J�1�ĲØ0�J�Hartree-Fock

Ǩ0ʉɂ!)ȝ�µȏTn�X�6�47×ƤTn�X�7ĉ@K/�3��
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×Ǐȉ6Ĳ��˪ĸɊ6ȝ�µȏE�ŝWaôĸ˛6Ų�ȝ�µȏ6ĩĄ4�

�J�×ƤTn�X�7Üʻ�ƞèʜ320ʐ»!/��Ɓɾ��J�4-31G3

26Ǡʲșŋ �ħŨ˜ƥM·�1�ȝ�µȏTn�X�ΔE6ɖŇÂMˁĲʐ

»#JĩĄ�ı���6ē˶7�ħŨ˜ƥˏ5ĄL%ʗř˿ basis set superposition 

error ; BSSÈ�ôĖ13,/�J�'�0�2-3Ƀ07��6 BSSE6ôȌ1�

BSSE 6ɻǚƫǨ1!/�ɬș4ȏ�HK/�J�counterpoise Ǩ6ôȌ4-�

/ʹ=J� 

� ×ĸ˛ȝ�µȏ6Tn�X�Mʉɂ#JƫǨ1!/�þ��HɶLK/�J

D64Tn�X�×áǨ��J��6ƫǨ7�HFǨ0ǤC)Îȝ�µȏTn�

X��EMTn�X�Ɗ×˿ ˬ˪Tn�X�ES, ×ǏTn�X�PL,  ƝúȗT

n�X�EX, ˪ɱȲèTn�X�CT̀4×á#JƫǨ0�J��6ƫǨ07�

��-�6�˛șǩè˜ƥMɢ�J� 

ĺȹ×ĸ A, B6 HFǩè˜ƥ Ψ A
0  , Ψ B

0
   

ĺȹ×ĸ A, B6Tn�X� EA
0  , EB

0
    

ĺȹɊ A�B6Tn�X�  E0 = EA
0 + EB

0
   

1#K8�ʫ×ĸ6ǩè˜ƥ7Ψ 1 =Ψ A
0 ⋅Ψ B

0˿Tn�X�E1̀1Ŀɡ0�J��

6ǩè˜ƥΨ 17�ĺȹɊ×ĸ6ǩè˜ƥ6ȵ0�I�ĺȹɊ×ĸ6˪ĸ×Ŝ˛

6þÒș3ˬ˪ȝ�µȏMĉN0�J�ˬ ˪Tn�X�ES7 ES=E1
E20��H

KJ�@)Ψ AM×ĸ B6ĹĞ�06×ĸ A6 HFǩè˜ƥ�Ψ BM×ĸ A6Ĺ

Ğ�06×ĸ B6 HFǩè˜ƥ1#J1�Ψ 2 =Ψ A ⋅Ψ B˿Tn�X�E2̀1Ŀɡ

0�J�E27ˬ˪�G:×ǏTn�X�MĉA�×ǏTn�X�PL 7 PL=E2


E10��HKJ���0�úŇȱêǸɂĸ ÂMŊÍ#J�10�Ψ 3 = Â Ψ A
0 ⋅Ψ B

0( )
˿Tn�X�E3 �̀Ŀɡ0��×ĸ A1×ĸ B6˛0˪ĸ6 Ɲ�ÿɥ43J�

E347 ƝúȗTn�X�EX1ˬ˪Tn�X��ĉ@KJ)C� ƝúȗTn
�X�7 EX=E3
E10ǤCHKJ�Ψ 1�HΨ 3@06ǩè˜ƥ7�ʰ˂˛ȝ�µ

ȏ0�I�Ψ 27×ĸ A6ɹòʰ˂�Hȷʰ˂<6æʪ�G:×ĸ B6ɹòʰ˂

�Hȷʰ˂<6æʪMʍ#�1�Ƽʨ0�I�×Ǐȝ�µȏ4ŇƂ!/�J�

@)×ĸ A1×ĸ B6ɹòʰ˂ąĮ6ˏ3I��Ψ 30Ȭ!) Ɲȝ�µȏ4Ň

Ƃ#J��6ɢ�ƫMŭ˗#J1�×ĸ A6òƸʰ˂�H B6ȷʰ˂<6æʪ

7�×ĸ A�H×ĸ B<6˪ɱȲèȝ�µȏ1ɢ�J�1�0�J��6ɢ�

�H�Ψ 4 =Ψ A→B
* ⋅Ψ B→A

* ˿Tn�X�E4̀�Ŀɡ0�J�Ψ A→B
* 7Ψ A

04 A	B*˪
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ɱȲèȅƈMǱ&J�17�A 6ɹòʰ˂1 B 6ȷʰ˂MǱ&J�1MƆč!

/�J�˪ɱȲèTn�X�CT 7�E41 E1’˿E14×ĸ˛�˪ĸ Ɲȵ×6ł

�Mä�)D6 0̀�J)C�CT=E4
E1’1Ŀɡ#J�1�0�J��6G�4�

E0�H E4Mʉɂ#J�14G,/�×ĸ˛ȝ�µȏTn�X�6ăƊ× ES� PL� 

EX�CT�ǤCHKJ�×ĸ˛ȝ�µȏMĿˑș4ʐ»#JƫǨ1!/7�¦4

SAPT˿ symmetry-adapted perturbation theorỳ1��ƫǨD�I�Tn�X�×á

Ǩ07ǤCJ�1�0�3�×ƤTn�X�6ʉɂ�ʐ»0�J� 
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2-2� Mulliken6˪ɱȲèȌʜ6ǐɾ  

� ƼɃ7�Ȑ˞Hɛɳ�˪ɱȲè˕²˿� �̀2-3)4ʋʳ K/�JÓŁ4ħ.�

/Ħȿ!)�̅ȴ6ļĿ3×ĸ A1 B�Ų�ɔĄ!/˕ŶƊM#JȊʡ7þ�

GIȣHK/�J�1952 Ť�Mulliken 4GI×ĸ˕²4Ň#JˑĸêĻșȌʜ

4ħ.�)Ɋɕê�ɶLK)�Mulliken 6˪ɱȲè˕²4˜#JȌʜ7�˪ĸ

MÖ!E#�×ĸ˿electron donor, ˪ĸ¹�², D1ȓʋ̀1˪ĸMů�ł%J

ã6-G�×ĸ˿electron acceptor, ˪ĸýŁ², A 1ȓʋ̀�˕ŶƊ!)ˣ�D

�H A <6˪ɱ6ˉ×șȲè�ʪ�J�14G,/ļĿê#J1��6�Ĳ@

�3ÓŁ0�J�'�0�ƼɃ07�6 Mulliken 6 CT Ȍʜ6ǐɾ4-�/ʹ

=J� 

� ¤�electron donor˿D̀1 electron acceptor˿À�'6˪ĸˋɟMį�J�1
3�˕²MµIƛʆ!)ȅƈMʋʹ#Jǩè˜ƥM ψ 01#J� 

  ψ 0 ≡ψ D!A( )                      (2-12) 

Ǚ4 D�H A<˪ĸ̄À�Ȳ,)ȅƈ6ǩè˜ƥM ψ 11#J� 

  
ψ 1 ≡ψ D+!A−( )                     (2-13)

 

�KH̅-6˪ĸǑʾ7ȝ�µȏ!/��4Ǳ"I���Ǚ6̅-6ǩè˜ƥ

M��J� 

 

ψ N = aψ 0 + bψ 1

ψ E = −b*ψ 0 + a*ψ 1

⎧
⎨
⎪

⎩⎪
                       (2-14) 

a �G: b 7˕²6ħŨȅƈ ψ N4��J(D⋯A)Ǒʾ1(D+-A-)Ǒʾ6ł�Mɸ#

¼ƥ0�,/ʀǋêǁ«Mǵ)#�@) ψ N1 ψ E7Ȝ ǁ«Mǵ)#�Ɋ6p

}�j�ǸɂĸM H1#J1�˪ĸǑʾ ψ 01 ψ 16Tn�X�7 

  

W0 = ψ 0
*Hψ 0 dτ∫

W1 = ψ 1
*Hψ 1 dτ∫

⎧
⎨
⎪

⎩⎪
                      (2-15) 

 ř˳W01MǙŮ0Ŀɡ#J� 

  
W01 = ψ 0

*Hψ 1 dτ = ψ 1
*Hψ 0 dτ∫∫                 (2-16)

 

'�#J1�ħŨȅƈ�G:æʪȅƈ6Tn�X��EN�EE 7©�6ʷ¯Ů�

Ɗȹ#J� 
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EN !W0 −
W01 −S01W0( )2

W1 − W0

EE !W1 +
W01 −S01W1( )2

W1 − W0

⎧

⎨

⎪
⎪

⎩

⎪
⎪

                   (2-17) 

� ˕²6ħŨȅƈ4��/˪ɱȲèǑʾ�ŌˑÍIʶA�Ɋ6Tn�X�7�

K4G,/ļĿê#J��6ļĿê�#3L+˕²6ɔĄTn�X�13I�

Mulliken7˪ɱȲèã1Ć§�)�˪ɱȲèã7ʷ¯ș4 

  
EN − W0 =

W01 −S01W0( )2

IP (D)− Ea (A)−C                      (2-18)
 

0��HKJ� EN − W0�Ĳ��>2˪ɱȲèǑʾ6ł�DĲ��3J�Ů(2-18)

6×ǟ  IP (D)− Ea (A)−C7 D⋯A Ǒʾ1 D+⋯A-Ǒʾ6Tn�X�ř0�I×ǟ

  IP (D)− Ea (A)−C�ŋ �>2�˪ɱȲè˕²6ɔĄ4ł�#J˪ɱȲèã7Ŵ

��@)�˪ɱȲè6ũĄ�DĲ��3J�Ů(2-18)�HDƯH�3G�4

 EN − W07 D 6RU�êTn�X� IP D( )  �ŋ ��A 6˪ĸʂďãEa A( )  �
Ĳ��>2ŋ �3J�G,/©�6ɔǆ�Ŋ�KJ� 

 

�˪ɱȲè˕²7 donor6RU�êTn�X��±�>2�@)�acceptor

6˪ĸʂďã�Ĳ��>2Ŵ�ɔĄMŶƊ!�ħŨȅƈ4��J˪ɱȲè

6ũĄ�DĭĲ#J��  

 

� �6˜¼ƃ7�Ȅ4 Mulliken 6 CT ȌʜMÉ4ʅǅMɶ� 4 Ⱥ1 5 Ⱥ6ʠʜ

6àƜǁ«1!/ȏ�HK/�J� 
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2-3 BSSE  

2-3-1 BSSE  
2-1 A⋯B

A B A B

A B

BSSE  

BSSE

BSSE

BSSE BSSE

CH/	 MP2 

/ aug-cc-pvdz BSSE

3.13 kcal mol-1 BSSE -1.48 kcal mol-1

BSSE

50%

BSSE BSSE

counterpoise CP

CP A B A+B

 

2-1

consistent

Γ

Orbital Basis Inconsistency OBI Ω

Configuration Basis Inconsistency CBI

Ω Hartree-Fock Møller-Plesset coupled cluster ab 

initio Hartree-Fock

CBI OBI

MP2 CCSD(T)
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ɂ!)×ĸ˛ȝ�µȏTn�X�47 CBI MĉN0�J)C�CBI 4GJʗř

�Ȏ"J�OBI *�4GJʗř7ħŨ˜ƥMĲ��#J�14G,/ûǀ#J

��CBI 4GJʗř7�ħŨ˜ƥMĲ��!/Dûǀ!4���1�Ĩċ K

/�J� 

 

2-3-2� ħŨ˜ƥˏ5ĄL%ʗř˿BSSÈ6ɻǚǨ  

� ×ĸ˕²6Tn�X�ƹŻÂMʉɂ#Jı˪ĸ˜ƥ Ω��ĺȹɊ6 Ωf1ą"

0�J1A3%JĩĄ0�,/D�̓ ş6 ab initioʉɂ0ɶLKJħŨ˜ƥŐ˚

Ǩ4��/�ĺȹɊ×ĸ1×ĸ˥Ą²6�˪ĸħŨ˜ƥ7���4ɀ!�73

H3��'6ɔǆȎ"J6��BSSE0�J���˪ĸħŨ˜ƥ6�˓IĄ��

HȎ"J)C�BSSE7 Orbital Basis Inconsistency error1DĎ;�1�0�J�

�6�˓IĄ�M¾ǚ#Jƍ˴� counterpoiseɻǚ˿CPɻǚ̀0�J 2-4̀� 

� ˕² A⋯B4��J CPɻǚ!)ɔĄTn�X�7� 
  ΔECP = EAB ΓA ⊕ΓB( )− EA ΓA ⊕ΓB( )− EB ΓA ⊕ΓB( )          (2-19) 

6G�4ʉɂ KJ���0�EAB ΓA ⊕ΓB( )7˕² A⋯BM A�6ħŨ˜ƥΓA

1 B�6ħŨ˜ƥΓB6ď˥Ą0ʉɂ!)ÎTn�X�0�J��6Ů7©�6

G�4ƴ�Ȝ#�1�0�J 

EBindE
CP = EAB ΓA ⊕ΓB( )− EA ΓA( )− EB ΓB( )

+ EA ΓA( )− EA ΓA ⊕ΓB( ){ }+ EB ΓB( )− EB ΓA ⊕ΓB( ){ }⎡⎣ ⎤⎦
        (2-20) 

13J�āʵ6Ⱦ̄ɶțEAB ΓA ⊕ΓB( )− EA ΓA( )− EB ΓB( )7ɻǚà6ɔĄTn�X
�6ʉɂŮ0�Ⱦ̅ɶț6 EA ΓA( )− EA ΓA ⊕ΓB( ){ }+ EB ΓB( )− EB ΓA ⊕ΓB( ){ }�
counterpoiseɻǚ˳0�J� 

� BSSE 7�D4Y�ae�ÎɊ1Y�ae�MǑƊ#J×ĸ16�˓IĄ�

��˪ĸ˜ƥ4GJD6˿OBÌ1ı˪ĸ˜ƥ4GJD6˿CBÌ4G,/ǑƊ

 KJ�Hartree-Fock˿HF̀Ǩ07���HK)̄˪ĸ˜ƥȷ˛6�0�ʫ×ĸ

4Ň!/D�ǑƊ×ĸŇ!/Dį×ș4ǩè˜ƥ1Tn�X�MǦC/�I�

CBIMĉ@3�)C�ħŨ˜ƥMĲ��#J1 CPɻǚ7ɉũG�ɶLKJ�!

�!�×ĸ˛ȝ�µȏ6ȌʜȦȶ4G�ȏ�HKJ�MP2 ǨE Coupled Cluster

Ǩ320ɔĄTn�X�Mʉɂ#Jˣ�CBI 4GJʗř6Ÿ˰4GI�ħŨ˜

ƥMĲ��!/D BSSEMüIˡ��17ȊȅĘ˧0�J�MP2ǨE CCSD(T)

Ǩ07�HFǨ0ʉɂ!)˪ĸȅƈ˿×ĸʰ˂̀1Tn�X�4ä��˪ĸȝ˜
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Mɻǚ#J�-@I˪ĸȝ˜MɢƉ!)ƫǨ07�Tn�X�7�HFTn�X

�ˉ×1˪ĸȝ˜ɻǚ˳ˉ×4×á#J�1�0��'K(K4 BSSE�ĉ@K

J�àʹ6G�4�HFTn�X�ˉ×6 BSSE7�4 OBI4GJD6*��˪

ĸȝ˜ɻǚ˳ˉ×6 BSSE 7 CBI 4ʪĖ#J�CP Ǩ07�HF Tn�X�ˉ×

1˪ĸȝ˜ɻǚ˳ˉ×MëÜ%$��ɡș4 BSSE1!/üIˡ�/!@�)C�

ħŨ˜ƥMĲ��!/D�˪ĸȝ˜ɻǚ˳ˉ×6ɻǚ�ì×4ɶLK3�1�

�ē˶ǽ��J� 
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2-4� BSSEMǚȨ4ʐ»0�JŎƌňŸ×ĸʰ˂Ǩ˿ LPMO PTǨ 6̀ˇȏ  

� ŔȐ4G,/˚ȗ K)ŎƌňŸ×ĸʰ˂Ǩ˿LPMO Ǩ̀Mȏ�J1�ŝW

a×ĸ˛6tO�i����aɔĄE�ǢY�ae�6ǢɍɔĄ6ɔĄTn�

X�Mɉũɭ�ɂÖ#J�1�0�J�LPMO Ǩ07�ʫ×ĸǨ4ħ.�3�

H'K(K6×ĸ6ʰ˂Ɗ×M strictly monomer centered basis set˿SMBS̀0Ő

˚!�absolutely local molecular orbitalMµJ 2-5̀�'6)C BSSEMĉ@3� SCF

Ő˚�˻ʽ0ÿɥ13I�@)˚ǞɊ6A3H$ıˑ²4Dˇȏ�0�J�!

�!�'6@@07×ĸ4��/�JÞˠ�õ!#�/�˪ĸ6˭ŎĞêMü

IʶB��0�3� 2-6̀�'�0ƞèʜMȏ�/�˪ĸæʪ˳Dä�� H4×

Ƥ˳6ʉɂDɢƉ!) LPMO 2&3SPT + DispersionǨMƼȦȶ0ȏ�) 2-7̀��6

ƍǨ4��/ǤCHKJǩè˜ƥ Ψ7×ĸ X�G: Y6˛0 

            (2-21) 

�Ɗȹ#J�Ů(2-21)6Ⱦ̄˳7ŎĞæʪ˳1Ď8K�×ĸ X6�06�˪ĸæ

ʪMȬ!�Ⱦ̅˳7×ĸ X�H Y<6˪ɱȲèM�Ⱦ̆˳7×ĸ X1 Y6˛6

×ƤãMȬ#� 

� LPMO 2&3SPT+Disp Ǩ4GJɔĄTn�X�6ɂÖ7�©�6Ů(2-22)�H

(2-24)0ɶ,)� 

     (2-22) 

                              (2-23) 

                                (2-24) 

Ů(2-22)6Ⱦ 1˳7 LPMOʉɂ4GJɔĄTn�X��Ⱦ 2˳7˪ɱȲèTn�

X��Ⱦ 3 ˳7×ƤTn�X�0�J�ɔĄTn�X�7ʕʪȝ�µȏ˿×Ǐ

ȝ�µȏ̀E Ɲúȗȝ�µȏ4ä�/�Y�ae�ǑʾMŶƊ6ˣ4Ȏ"J

×ĸ6Ǒʾįê4���ļĿ˳�Dĉ@KJ�ƼȦȶ6ĩĄ�X–(H2O)n Y�

ae�6ɔĄTn�X�MǤC/�I�Ñ²ș47©�6Ů6G�4ʉɂMɶ

,)� 

EBindE
LPMO X−(H2O)n( ) = ELPMO X−(H2O)n( )− EHF X−( )+ n*EHF H2O( ){ }      (2-25) 

Ů(2-23)6Ⱦ̅˳©�7 

Ψ1st = LEX
Mol=X

X

∑ + CTX→Y
Mol=X,Y

X≠Y

∑ + DispX−Y
Mol=X,Y

X<Y

∑

EBindE
LPMO+2&3SPT+Disp ≡ EHF (ΨLPMO )− EHF

X

mol=X

n

∑
%

&
'

(

)
*+ E 2SPT +E3SPT( )+E 2DPT _Disp

≡ EBindE
LPMO +ECT&LE

2&3SPT +EDisp

≡ EBindE
LPMO_2&3SPT +EDisp
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              (2-26) 

0Ȭ K��˪ĸæʪ7̅Ǚ1̆Ǚ6ƞèʉɂ4G,/ɂÖ K�Y�ae�

MǑƊ#J×ĸ X�G: Y6ɔĄŇ�16˪ɱȲè�G:ŎĞæʪTn�X�

6ď0�J�Ů(2-26)6Ⱦ̅˳6ŎĞæʪTn�X�7�Ⱦ̄˳6˪ɱȲèTn

�X�4Ǡ=˭ş4ŋ �� 

� LPMO PTʉɂ6ɉũMʘƯ#J)C�Figure 2-14�CPɻǚ!) MP2Ǩ�

LPMO PTǨ�G:ŀ˹Â4GJ Ne26{h�_��Tn�X�ƲɚMȬ#�ŀ

˹Â7ɓ˹ș3{h�_��Mȏ�)Â0�J 2-8)�LPMO PTʉɂ4��JɔĄ

Tn�X�6ǏŋÂ7�ɔĄʬ˦ R(Ne�Ne)� 3.075Å61�-0.275 kJ mol-10�

J�CP ɻǚ!) MP2 ʉɂ4��JǏŋÂ6ɔĄTn�X�7�ɔĄʬ˦ R �

3.250 Å61�-0.191 kJ mol-10�J�ŀ˹Â6ɔĄTn�X�6ǏŋÂ7�ɔĄ

ʬ˦ R� 3.100 Å61�-0.351 kJ mol-10�J��6�1�H�LPMO PTʉɂ4

G,/ɂÖ!)ǏŋÂ6ɔĄTn�X�6ƫ��CP ɻǚ!) MP2 ʉɂGID

ŀ˹Â4ʷ��ŀ˹Â16ř7�L$� 0.076 kJ mol-1!�3��@)ɔĄʬ˦

7�0.025 Å6˄�!�3���K7 LPMO PTʉɂ� CPǨGID˻ɉũ4�×

ĸ˛ȝ�µȏTn�X�Mʉɂ#J�1�0�J�1MƆč!/�J� 

 

  

ECT+LE
2&3SPT = ECT

X→Y +ECT
Y→X( )

Mol=X,Y

X<Y

∑ + ELE
X

Mol=X

X

∑
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Figure 2-1  Ne26{h�_��Tn�X�Ʋɚ
1-26) 

 

� ˫ɮ6Ʋɚ� CPɻǚ!)MP2 / aug-cc-pvdzʉɂ�ʩɮ6Ʋɚ7 LPMO PT / 

aug-cc-pvdz ʉɂ�əɮ6Ʋɚ7ŀ˹4G,/žHK) Ne26{h�_��Mȏ

�)Â0�J�2-8) 
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2-5� ƼȦȶ0ȏ�)ʉɂƍǨ6@1C  

� ab initio×ĸʰ˂ʉɂD!�7Ńũǥ˜ƥǨMȏ�)�p�\�êȃRU�−

ǢY�ae�6ȦȶĨċ7ƥı�ĹĞ#J�¸�8�Ignaczak H7 HF/6-31G*

�G: 6-31G �x�6ʉɂ0 F–(H2O)n (n=1–10)Y�ae�6ɼƥ6ļĿ3Ǒʾ

6ǑʾƶˇêʉɂMȗɸ!) 2-9)�@)�BaikH 1-17), 1-18)7�F–(H2O)n (n=1–6)Y

�ae�6ǑʾM MP2/6-311++G**�x�0�Masamura1-19)7 Cl–(H2O)n (n=1–6)

Y�ae�6ǑʾM MP2/6-31++G(2d,2p)�x�0Ǒʾƶˇê!�ɼƥ6ļĿǑ

ʾ6ĨċMɶ,)�ä�/�BerkowitzH 1-6)7�îɓ˹ș3{h�_��4ħ.

�)×ĸèãĻʉɂ4G,/�F–(H2O)11�G: Cl–(H2O)11Y�ae�6ť³Ǒ

ʾ6ÓˉTn�X�ºĹƃ4-�/ĨċMɶ,)� 

� ƼȦȶ07��KH6ËɶȦȶ0Ĩċ K)ť³ǑʾMÚƹǑʾ1!Ǒʾƶ

ˇêʉɂ1ƗèʅǅMɶ�� H4ŋ �^Rb6 F–(H2O)n�G: Cl–(H2O)nY

�ae�4Ǣ×ĸM§ä!/�ƪ)3ļĿǑʾ6ƚɎDɶ,)�Ǒʾƶˇêʉ

ɂ4ȏ�)v�Z�~7 Gaussian 09M2-10̀�ʉɂƫǨ7 MP2 Ǩ0ħŨ˜ƥ7

aug-cc-pvdz�x�0ɶ,)�F–(H2O)n�G: Cl–(H2O)n (n=3−7)Y�ae�6Ǒʾ

ƶˇê6ż�BSSEMĉ@3�ɔĄTn�X�6ʉɂ�˪ɱȲèTn�X��G

:×ƤTn�X�6ɂÖM LPMO PT (LPMO 2&3SPT+Disp) ʉɂ4/ɂÖ!)�

LPMO PTʉɂ7Molyxv�Z�~4/ɶ,)�n=6�G: 76G�3Ĳ�3^

Rb6Y�ae�7��ˉ�×ĸȰĻȦȶƌ6ʉɂȰĻȦȶc�e�(RCCS)6

a�r�]�s��e�(SGI UV2000)Mȏ�/�ʹ6ʉɂMɶ,)� 

� Ǒʾƶˇê6ƍ˴M Figure 2-24Ȭ#�X–(H2O)n (X=F, Cl ; n=3−7)Y�ae�

6ÚƹǑʾ7©àGIĨċ K/�Jť³ǑʾMöɢ4!)�Ƴ4�ÚƹǑʾ

MǦCJˣ�ǢY�ae�4RU��ˋ°#JG�3ǑʾE�RU�6ČI4

Ǣ×ĸ�ˋ°#JG�3Ǒʾ32�ǒ3ÚƹǑʾMµƊ!)��6G�3Ú

ƹǑʾMħ4�ăôĸ4È�ã(force)Mʉɂ!�'6 force 6ƫć4ăôĸMè

�!�Ƴ4è�!)ż6Ǒʾ0ăôĸ4È� forceMʉɂ!�@)ɞIʸ!'6

force6xYj�ƫć4ôĸMè�!�Î/6ôĸ�6 force�d�43J@0ɞ

Iʸ#�1�Ǒʾƶˇêʉɂ6ƍɗ�0�J� 

� Hartree-Fock �x�4��J�ʷ¯ș4 BSSE Mˡ�)ɔĄTn�X�7

aug-cc-pvXZ (X=D,T,Q)ħŨMȏ�) LPMO PT ʉɂMɶ��10ɂÖ#J�1
�0�J 1-21)~1-27)�̅ˑ² X⋯Y 6˛6�Hartree-Fock ʉɂ6�x�06ʷ¯ș

CPɻǚ!)ɔĄTn�X�7� 
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ΔEapproxBSSE _HF ≡ EBindE
LPMO+2&3SPT (XY )− EHF (X)− EHF (Y )             (2-27) 

1Ŀɡ0�J�MP20ʉɂ KJȴ6Tn�X�7�Hartree-Fockʉɂ4GJ

Tn�X�EHF1�˪ĸȝ˜Tn�X� ε MP24×á#J�1�0�J� 

EMP2 (X) ≡ EHF (X)+εMP2 (X)                       (2-28) 

!)�,/�MP2Ǩ06ɔĄTn�X�7 

EBindE
MP2 XY( ) = EHF XY( ) + ε MP2 XY( )⎡⎣ ⎤⎦ − EHF X( ) + ε MP2 X( ) + EHF Y( ) + ε MP2 Y( )⎡⎣ ⎤⎦

= EHF XY( )− EHF X( )− EHF Y( )⎡⎣ ⎤⎦ + ε MP2 XY( )− ε MP2 X( )− ε MP2 Y( )⎡⎣ ⎤⎦
= EBindE

HF XY( ) + Δε MP2 XY( )
  (2-29) 

6G�4Ŀɡ KJ�aug-cc-pvXZ (X=D,T,Q)ħŨɊMȏ�)ĩĄ�BSSEʗř7

�4 Hartree-Fock Tn�X�4GJɔĄTn�X�4ĉ@K/�J�1�Ĩċ

 K/�J 1-23), 1-25), 1-26), 2-7), 2-11)�(2-29)ŮM(2-28)Ů4¨Í#J1�MP2�x�0

6ʷ¯ș CPɻǚ!)ɔĄTn�X�7 

 EBindE
ApprocCP_HF+MP2(XY) = EBindE

approxCP_HF(XY)+ ΔεMP2(XY)  � � � � � � (2-30) 

6G�4ɸʋ#J�1�0�J� 

� Ǣ×ĸ6Y�ae�ŶƊ4GJǑʾįêȉ7©�6Ů0Ŀɡ KJ 

Δi
def ≡ 1

3
ROH1
i − ROH

f( )2
ROH

f( )2
+
ROH 2
i − ROH

f( )2
ROH

f( )2
+
RHH1
i − RHH

f( )2
RHH

f( )2
×100

         (2-31)

 

��0�RiOH1�RiOH2�RiHH17'K(KǢ×ĸ i6ôĸ˛ʬ˦0�I�RfOH1�RfOH2�

RfHH17ĺȹɊ6Ǣ×ĸ f 6ôĸ˛ʬ˦0�J�ĺȹɊǢ×ĸ6Ǒʾr���e

�7MP2(full)Ǩ6 aug-cc-pvdzħŨMȏ�/ǤC)� 
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Figure 2-2� Ǒʾƶˇêʉɂ6ƍ˴ 
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Ⱦ 3Ⱥ� LPMO PTǨMȏ�)p�\�êȃRU�−ǢY�ae�6  

� � � � ȕƃ²4��Jť³șȄſ1ǢɍɔĄngj��Y6˜¼  

 

3-1� Ǣ 5ˑ²6Ȅſ  

� Table 3-1 4 F–(H2O)5 �G: Cl–(H2O)5Y�ae�6ȕƃ²˛6ȝŇTn�X

�ΔE (kJ mol-1)MȬ#�Table 3-16Ⱦ̅Ù1Ⱦ̆Ù6ȝŇTn�X��ƼȦȶ0

žHK)Â�Ⱦ̇Ù1Ⱦ̈Ù6 F–(H2O)57 Baik H 1-17)4G,/�Cl–(H2O)57

Masamura1-19)1 Gora 1-18)4G,/Ĩċ K)ȝŇTn�X�6Â0�J�Ⱦ̅Ù

6ȝŇTn�X�7Ů(2-15)�HŮ(2-17)0Ŀɡ KJ LPMO PT ʉɂ4G,/

žHK)D60�Ⱦ̆Ù7MP2 / aug-cc-pvdz�x�0ʉɂ!)D60�J�@

)�Ⱦ̇Ù6F–(H2O)57MP2 / 6-311++G(d,p)�Cl–(H2O)57MP2 / 6-31++G(2d,2p)�

Ⱦ̈Ù6 F–(H2O)57 BLYP / 6-311++G(d,p)�Cl–(H2O)57MP4 / 6-311++G(2d,2p)

�x�0ʉɂ K)�Ⱦ̆Ù6[ ]6�7�Ů(2-30)0ɂÖ!)ʷ¯ș BSSE ɻǚ

!)Â0�J�Ⱦ̇Ù1Ⱦ̈Ù6 F–(H2O)56[ ]6�7�BaikH4G,/ CPɻǚ

!/ǤCHK)ȝŇTn�X�6Â0�J�LPMO PTǨ0žHK)ɔĄTn�

X�7�ħŨ˜ƥ4 aug-cc-pvXz (X=D, T and Q)Mȏ�J1�HFʉɂ0 CPɻǚ

!)ɔĄTn�X�4˭ş4ʷ�3J�1��ŔȐ4G,/Ĩċ K/�J 1-22), 

1-23), 1-25)~1-29)�Î²ș4�Ⱦ̇Ùț6MP2Ǩ CPɻǚ!)ƦȈÂ1�Ⱦ̅Ùț0

Ȭ# LPMO PTʉɂ0ɂÖ!)Â(
  
EBindE

LPMO + ECT + EDisp )6Æć7ą"0�J�!)

�,/�LPMO PTʉɂ07�F–(H2O)5�G: Cl–(H2O)5Y�ae�4��/˻�

ɉũMD,/ʉɂ�ɶLK/�J�1�L�J� 

 Ǚ4�Table 3-10Ȭ!) F–(H2O)5�G: Cl–(H2O)5Y�ae�6ť³Ǒʾ6Ȅ

ſMʛ=J�F–(H2O)5�G: Cl–(H2O)5Y�ae�6ȕƃ²4-�/�LPMO PT

ʉɂ4G,/žHK)ȝŇTn�X�6˴4ť³ǑʾM Figure 3-14Ȭ#�@)�

F–(H2O)5�G: Cl–(H2O)5Y�ae�6 LPMO PT ʉɂ4G,/ɂÖ!)�ʷ¯

ș CP ɻǚ!)ɔĄTn�X�EapprCP+HF�LPMO ɔĄTn�X�ELPMO
BindE�CT

Tn�X�ECT�×ƤTn�X�EDisp MƼʜƦ6Śƻ4ʋʳ!) Appendix 6

Table A-14Ȭ#�Ǣ×ĸ7�ˍɍMʩ�ǢɍMȘ1#J stick0Ȭ!)�@)�

˫ɮ6ȋ7 F–RU�M�əɮ6ȋ7 Cl–RU�M'K(KȬ#�Figure 3-16'

K(K6ť³Ǒʾ6�4 nd/nhMʋ!)�nh7p�\�êȃRU�1ɔĄ!/�

JǢ×ĸ6ƥ0�nd7'6�0D�dangling OHŇ˿¦6Ǣ×ĸ1ɔĄMŶƊ!
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3� OHŇ M̀D-Ǣ×ĸ6ƥMȬ#�3����-�6ȕƃ²7�ƦȈ 1-17)~1-19)

0Ĩċ K/�Jť³ǑʾMÚƹǑʾ1!/�MP2/aug-cc-pvdz�x�6ʉɂ0

ǑʾMÕũƶˇê!)� 

� F–(H2O)56ĩĄ�CPɻǚ!3�ĩĄ7ƶļĿǑʾ� F-5-c13J��LPMO PT

ʉɂ6G�3 BSSEMĉ@3�ƍǨMȏ�J�10�ƶļĿǑʾ7�F-5-a13

,)�F-5-aE F-5-b6G�4ļĿ3Y�ae�7 nd/nh=3/40�J��F-5-c6G

�3ǶļĿǑʾ07 nd/nh=1/31�nd/nh6Â�ŋ ��1�L�J��6G�4�

nd 6ƥ�ŋ ��17�Ǣ×ĸ6Y�ae�4G,/p�\�êȃRU��Ǣ

ď!/�J�1MƆč#J�F–RU��˭ş4Ŵ�ǢɍýŁ²0�J)C�F-5-c
E F-5-b07 (H2O)2⋯F–⋯ (H2O)3�G:(H2O) ⋯F–⋯ (H2O)41��ǑʾMŶƊ#

J�F–RU���ƀ43I�'6ČI4ǢY�ae��ˋ°!/�JĩĄ4ļĿ

ê#J��ƫ�Cl–(H2O)56ƶļĿǑʾ0�J Cl-5-a E�F–(H2O)56ǶļĿǑʾ

0�J F-5-c07�(H2O)5Y�ae�4p�\�êȃRU��Ǣď!)ȅƈ0�

J�Cl–(H2O)507�ƭ4Ĩċ K/�J
1-19)ƶļĿǑʾ Cl-5-cGID 10 kJ mol-1

©�DļĿ3ȕƃ² Cl-5-aMȗɿ!)�F–(H2O)51 Cl–(H2O)56 nd/nh6ÂMǠʲ

#J1�Ǣ×ĸ˛6ǢɍɔĄngj��Y7 F–ɊGID Cl–Ɋ6ƫ�GIˏɾ0

�J�1�L�J�F-5-b�F-5-e E Cl-5-d�Cl-5-e 6G�3Y�ae�07 n=4

6ļĿ3Y�ae��x�a4�I�̄-6Ǣ×ĸ�Ȝƛp�\�êȃRU�

4ˋ°!/�J�F–(H2O)Y�ae�6ĩĄ7-129.6 kJ mol-1 0�J)C�Cl–

⋯H2O˛6ǢɍɔĄ6-57.4 kJ mol-1GIDĲ���!)�,/�Cl–RU�GI

D F–RU�6ƫ��Ǣ×ĸ1ʂďƃ��J)C�F–RU�6ČI4Ǣ×ĸ�ˋ

°#J6073��1ɢ�HKJ� 
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Table 3-1  F–(H2O)5�G: Cl–(H2O)5Y�ae�6ȕƃ²˛6ɔĄTn�X�6 

         ȝŇTn�X� (kJ mol-1) 

 

 

a  Ů(2-23)0Ȭ!)�LPMO PT / aug-cc-pvdzʉɂ06ɔĄTn�X�6ȝŇ 

   Tn�X�6Â 

b  MP2 / 6-311++G(d,p)ʉɂ06ɔĄTn�X�6ȝŇTn�X��öɢƦȈ 

   1-17)0Ĩċ K)Â 

c  MP2 / aug-cc-pvdzʉɂ4GJ�Ů(2-30)0ɂÖ!)ʷ¯ș BSSE ɻǚ!) 

   ɔĄTn�X�6ȝŇTn�X�6Â 

d  MP2 / 6-311++G(d,p)�G: B3LYP / 6-311++G(d,p)4GJ CPɻǚ!)ɔĄ 

   Tn�X�6ȝŇTn�X��öɢƦȈ 1-17)0Ĩċ K)Â 

e  öɢƦȈ 1-19)0Ĩċ K)ɔĄTn�X�6ȝŇTn�X�6Â 
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Figure 3-1  F–(H2O)5 Cl–(H2O)5  

 

Δ

F– Cl– π

−  
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3-2� Ǣ 6ˑ²6Ȅſ  

� Table 3-24 F–(H2O)6�G:Cl–(H2O)6Y�ae�6ȕƃ²˛6ȝŇTn�X�

ΔE (kJ mol-1)MȬ#�Table 3-26Ⱦ̅Ù1Ⱦ̆Ù6ȝŇTn�X��ƼȦȶ0ž

HK)Â�Ⱦ̇Ù1Ⱦ̈Ù6 F–(H2O)6 7 Baik H 1-17)4G,/�Cl–(H2O)6 7

Masamura1-19)4G,/Ĩċ K)ȝŇTn�X�6Â0�J�Ⱦ̅Ù6ȝŇTn

�X�7Ů(2-15)�HŮ(2-17)0Ŀɡ KJ LPMO PTʉɂ0ɂÖ!)D6�Ⱦ̆

Ù7 MP2/aug-cc-pvdz�Ⱦ̇Ù6 F–(H2O)6 7 MP2/6-311++G(d,p)�Cl–(H2O)6 7

MP2/6-31++G(2d,2p)�Ⱦ̈Ù6 F–(H2O)6 7 BLYP/6-311++G(d,p)�Cl–(H2O)6 7

MP4/6-311++G(2d,2p)�x�0ʉɂ K/�J�Ⱦ̆Ù6[ ]6�7�Ů(2-30)0Ȭ

!)Ů0ǤC)ʷ¯ș4 BSSE ɻǚMɶ,)Â0�J�Ⱦ̇ÙMȾ̈Ù6 F–

(H2O)66[ ]6�7�BaikH4G,/ CPɻǚMɶ,/žHK)ȝŇTn�X�6

Â0�J�n=51ąǒ4�n=60DÎ²ș47Ⱦ̇Ùț4Ȭ!)MP2Ǩ0 CPɻ

ǚ!)ƦȈÂ1�Ⱦ̅Ùț4Ȭ#LPMO PTʉɂ0ɂÖ!)Â(
  
EBindE

LPMO + ECT + EDisp )

6Æć7ą"0�J�!)�,/�LPMOʉɂ6ɔǆ7 F–(H2O)6�G: Cl–(H2O)6

Y�ae�0Dì×4˻�ɉũMD,/žHK)�1�L�J� 

� Ǚ4�Table 3-20Ȭ!) F–(H2O)6�G: Cl–(H2O)6Y�ae�6ť³Ǒʾ6Ȅ

ſMʛ=J�F–(H2O)6�G: Cl–(H2O)6Y�ae�6ť³ǑʾM Figure 3-2 4Ȭ

#�Ǣ×ĸ7ˍɍMʩɮ�ǢɍMȘɮ1#J stick0Ȭ#�@)˫ɮ6ȋ7 F–R

U�M�əɮ6ȋ7 Cl–RU�M'K(KȬ#�Figure 3-2 6'K(K6ť³Ǒ

ʾ6�4 nd/nhÂMʋ!)�@)�F–(H2O)6�G: Cl–(H2O)6Y�ae�6 LPMO 

PTʉɂ4G,/ɂÖ!)�̫ ¯ș CPɻǚ!)ɔĄTn�X�EapprCP+HF�LPMO

ɔĄTn�X�ELPMO
BindE�CT Tn�X�ECT�×ƤTn�X�EDispMƼʜƦ6

Śƻ4ʋʳ!) Appendix Table A-24Ȭ#�F–(H2O)66ƶļĿǑʾ0�J F-6-a

07�F–RU�1Ǣ×ĸ6˛4̇Ƽ6ǢɍɔĄ�ĹĞ!�F–RU�7̅-6Ǣ̆

ˑ²Y�ae�0Ǣď K/�J��ƫ�Cl–(H2O)6 6ƶļĿǑʾ0�J Cl-6-a

47 Cl–RU�1Ǣ×ĸ6˛4̈Ƽ6ǢɍɔĄ�ĹĞ!�̉-6Ǣ×ĸ��Cl-

RU�MĉN0[�`MŶƊ!/�J��6 Cl-6-a7�©àĨċ K) 1-19)ƶļ

ĿǑʾ0�J Cl-5-bGIDɋ 2 kJ mol-1ļĿ0�J� 

� F–(H2O)66 F-6-b1 Cl–(H2O)66 Cl-6-a 7�ɔĄʬ˦7ȕ3JD66�ą"Ǣ

ɍɔĄǒŮMƔ-Y�ae�0�I�'K(K��4ļĿ3Ǒʾ1!/ĹĞ#

J�F-6-b6 F–⋯Oʬ˦7 2.675 – 2.783 Å 0�I�O⋯Oʬ˦7 2.920 – 3.084 Å



 

 - 37 - 

13J��ƫ�Cl-6-a6 Cl–⋯O ʬ˦7 3.192 – 3.336 Å0�I�O⋯Oʬ˦7 2.822 

– 2.945 Å0�J�!)�,/�p�\�êȃRU�1Ǣ×ĸ6ɔĄʬ˦7�Cl–

Ɋ6ƫ� F–ɊGID˗�3I�Ǣ×ĸ˛6ǢɍɔĄ7�Cl–Ɋ6ƫ� F–ɊGID

ɯŢȤ�3J�1�L�J�Ǚ4ɔĄʄ4Ƞț#J1�F-6-b6ɔĄʄ O-H⋯F–

7 156.3 – 179.9˚�O-H⋯O7 130.3 – 161.6˚0�J�Cl-6-a6 O-H⋯Cl–7 148.3 – 

176.4˚�O-H⋯O 7 146.5 – 164.4˚0�J�!)�,/�p�\�êȃRU� X–

1Ǣ×ĸ˛6ǢɍɔĄʄ O-H⋯X–7�Ǣ×ĸ˛6ɔĄʄ O-H⋯O 4Ǡ=/GI

180˚4ʷ��1�L�J�3��F-6-b1 Cl-6-a7��4¯)ť³Ǒʾ0�J)

C�ɔĄʄ4˜!/7Ĳ�3˄�73��Ǚ4��ļĿ3Ǒʾ6Ȅſ4Ƞț#

J�F–(H2O)66�ļĿ3Ǒʾ0�J F-6-j 7�F–RU�1Ǣ×ĸ6˛4̈Ƽ6Ǣ

ɍɔĄMƔ+�Cl–(H2O)66�ļĿ3Ǒʾ0�J Cl-6-j 7̉Ƽ6ǢɍɔĄMƔ,

/�J�@)�F-6-j6 F–RU�7�̅-6Ǣ̆ˑ²6�ƀ4°ɟ#J�#3L

+�Y�ae�7(H2O)3⋯F–⋯ (H2O)31��ǑʾMŶƊ!�̅ -6Ǣ̆ˑ²7�

�4ǢɍɔĄMŶƊ!/�3��1�L�J��ƫ�Cl–(H2O)66 Cl-6-j 07�

Cl–RU��Y�ae�6�ƀ43I�Ǣ×ĸ˛6ǢɍɔĄngj��Y6ʀǔ

�¦6ļĿ3Ǒʾ4Ǡ=/ŋ �� 

� Figure 3-2GI�n=66ȕƃ²07�ŋ 3^Rb6Y�ae�6ť³Ǒʾ�

É13I�'�4Ǣ×ĸ�§ä!)Ǒʾ13,/�JD6���-��J�F–

Ɋ07�F-6-e ��n=5 6 F-5-c 4Ǣ×ĸ� F–RU�Å<̄-§ä!)Ǒʾ13

,/�J�1�L�J��6 F-5-c�H F-6-e4Ǣ×ĸ̄-M§ä!)1�6ļ
ĿêTn�X� 7-51.2 kJ mol-10�J�@)�F-6-i

Dąǒ4�F-5-c<�̄-6Ǣ×ĸ� F–RU�1ɔĄ#JG�4§ä!)Ǒʾ1

3,/�J�)*!�F-6-i6ĩĄ7�F-6-e1ȕ3I�§ä!)Ǣ×ĸ7�p�

\�êȃRU�1ɔĄ!/�JǢ×ĸ1DǢɍɔĄMŶƊ#JG�4ˋ°!/

�J� 

� Table 3-2�H�F-6-i6ļĿêTn�X�7 F-6-eGID 11.6 kJ mol-1*��ļ

Ŀ43,/�J�1�L�J�Cl–Ɋ6 Cl-6-g 07�Cl-5-c 6Ǒʾ�x�a43

I�̄-6Ǣ×ĸ� Cl-5-c 6p�\�êȃRU�1ɔĄ!/�J̄-6Ǣ×ĸ

46A§ä!)Ǒʾ13,/�J�Cl-6-g Ǒʾ43Jˣ6ļĿêTn�X�7

-32.8 kJ mol-10�J�ąǒ4�Cl-6-bDCl-5-c6Ǒʾ�x�a43,/�I�Cl-5-c

6p�\�êȃRU�1ɔĄ!/�JǢ×ĸ4�Ǣ×ĸ�§ä!)Ǒʾ0�J

�1�L�J�)*!�Cl-6-b6ĩĄ7�§ä!)Ǣ×ĸ7¦6Ǣ×ĸ1GIı

Estab = EF−6−e − (EF−5−c + EH2O
)
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�6ǢɍɔĄngj��YMŶƊ#JG�4ˋ°!/�J�Cl-6-bǑʾ43Jˣ

6ļĿêTn�X�7-45.6 kJ mol-10�J�Cl–(H2O)n+1Y�ae�4��/�ƪ

)4§ä#JǢ×ĸ7�x�a6ǢY�ae�6�0ČI6Ǣ×ĸ1ı�6Ǣ

ɍɔĄMŶƊ#JG�4ˋ°#J�1�L�J� 
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Table 3-2  F–(H2O)6�G: Cl–(H2O)6Y�ae�6ȕƃ²˛6ɔĄTn�X�6 

         ȝŇTn�X� (kJ mol-1) 

 
 

a  Ů(2-23)0Ȭ!)�LPMO PT / aug-cc-pvdzʉɂ06ɔĄTn�X�6ȝŇ 

   Tn�X�6Â 

b  MP2 / 6-311++G(d,p)ʉɂ06ɔĄTn�X�6ȝŇTn�X��öɢƦȈ 

   1-17)0Ĩċ K)Â 

c  MP2 / aug-cc-pvdzʉɂ4GJ�Ů(2-30)0ɂÖ!)ʷ¯ș BSSE ɻǚ!) 

   ɔĄTn�X�6ȝŇTn�X�6Â 

d  MP2 / 6-311++G(d,p)�G: B3LYP / 6-311++G(d,p)4GJ CPɻǚ!)ɔĄ 

   Tn�X�6ȝŇTn�X��öɢƦȈ 1-17)0Ĩċ K)Â 

e  öɢƦȈ 1-19)0Ĩċ K)ɔĄTn�X�6ȝŇTn�X�6Â 
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Figure 3-2 F–(H2O)6 Cl–(H2O)6  

 

Δ

F– Cl– π

−  
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3-3� Ǣ 7ˑ²6Ȅſ  

� F–(H2O)7�G: Cl–(H2O)7Y�ae�6ť³Ǒʾ6ȄſMʛ=J�F–(H2O)7�

G:Cl–(H2O)7Y�ae�6ť³ǑʾM Figure 3-34Ȭ#�Ǣ×ĸ7ˍɍMʩɮ�

ǢɍMȘɮ1#J stick0Ȭ#�@)˫ɮ6ȋ7 F-RU�M�əɮ6ȋ7 Cl-RU

�M'K(KȬ#�Figure 3-36'K(K6ť³Ǒʾ6�4 nd/nhÂMʋ!)�ΔE

7 LPMO PTʉɂ0ɂÖ!)ƶļĿǑʾ F-7-a1ȕƃ²˛4��JɔĄTn�X

�6ȝŇTn�X� (kJ mol-1)MȬ#�@)�F–(H2O)7�G: Cl–(H2O)7Y�ae

�6 LPMO PT ʉɂ4G,/ɂÖ!)ʷ¯ș CP ɻǚ!)ɔĄTn�X�M

EapprCP+HF�LPMOɔĄTn�X�M ELPMO
BindE�CTTn�X�M ECT�×ƤTn

�X�M EDisp1!/ƼʜƦ6Śƻ4ʋʳ!) Appendix Table A-34Ȭ#�ƶļ

ĿǑʾ0�J 2-A7̊-6ˍɍôĸ1p�\�êȃRU�M˱ǽ1#J cubeģ

ǑʾMŶƊ!/�J�¦4�6 cubeģǑʾ7�F–Ɋ07 F-7-a1 F-7-d�Cl–Ɋ0

7 Cl-7-a1 Cl-7-b0ɿHKJ�cubeģǑʾMŶƊ#Jȕƃ²7Îˉ0̄̄ȴ�

I��KH6Ǒʾ7�dangling OHŇMD-Ǣ×ĸ6Y�ae�Ó6ˋɟEǢɍ

ɔĄ6ć�4G,/ëÜ K�'6ʒɐ7Ⱦ̈Ⱥ0Ĩċ#J� 

� CubeģǑʾ07�p�\�êȃRU�1ɔĄ!/�JǢ×ĸ7̆-�J��

ƫ�¦6Ĳˉ×6 X–(H2O)7Y�ae��̧ �8 F-7-b�F-7-c�Cl-7-c�G: Cl-7-d

07�p�\�êȃRU�1ɔĄ!/�JǢ×ĸ7̇-�Ḧ-0�J�Cube

ģǑʾ4¯) F-7-g07�p�\�êȃRU�1ɔĄ!/�JǢ×ĸ7̆-�J

4D˜LH$�¦6ȕƃ²GI�ļĿ0�J��K7�F-7-g� dangling OHŇ

MD-Ǣ×ĸ�̄-!�3�)C�cube ģǑʾ�ǛN0�J�1�ôĖ0�J

1ɢ�HKJ� 
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Figure 3-3 F–(H2O)7 Cl–(H2O)7  

 

LPMO PT E (kJ 

mol-1) Δ

F– Cl–

π −  
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3-4� Y�ae�6ť³șȄſ1ǢɍɔĄngj��Y6˜¼6@1C  

� F–(H2O)n�G: Cl–(H2O)n (n=5–7)Y�ae�6ļĿ3ȕƃ²MƚɎ!)�žH

K)ȕƃ²6ȝŇș3ļĿƃ7�LPMO PTǨ0 BSSEMƙˡ!)Y�ae�6

ɔĄTn�X�MǠʲ#J�10ʐ»!)�@)�ļĿ3Y�ae�6ť³Ǒ

ʾ6Ȅſ4-�/ʠʜ!)� 

� F–(H2O)n (n=5–7)6ļĿǑʾ07�F–RU��Y�ae�6�ƀ4°ɟ!/�

I�ǢY�ae�6�mgj7 F–RU�4ˋ°#J�F–RU�1ɔĄ!/�J

Ǣ×ĸ7 dangling OHɔĄŇMƔ,/�J�ƪ)4Ǣ×ĸ�§ä#JĩĄ�'6

Ǣ×ĸ7 F–RU�4Ȝƛˋ°!�'6ˣ47�§ä!)Ǣ×ĸ7�¦6Ǣ×ĸ

1ǢɍɔĄMŶƊ!3�Æć��J� 

� Cl–(H2O)n (n=5–7)6ļĿǑʾ07�Cl–RU�7ǢY�ae�6�mgj6ɸˮ

4°ɟ#J�ƪ)4Ǣ×ĸ�§ä#JĩĄ�'6Ǣ×ĸ7 Cl–RU�4Ȝƛˋ°

!�@)��6Ǣ×ĸ7¦6Ǣ×ĸ1DǢɍɔĄMŶƊ#JÆć��J�1�

L�,)� 
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Ⱦ 4Ⱥ� ˪ɱȲèȌʜMȏ�)īêȃRU�−ǢY�ae�6ǢɍɔĄ  

        Tn�X�6ʐ»  

 

4-1� īêȃRU�−Ǣ˛6ǢɍɔĄ6ʐ»  

4-1-1� īêȃRU�
Ǣ˛6ǢɍɔĄre��1˪ɱȲè˳16˜¼  

� Cl–(H2O)n (n=3−7)Y�ae�Ó4ɼƥ�J Cl–RU�1Ǣ˛6ǢɍɔĄ6Î/

4-�/�ʬ˦ R(Cl–⋯O)1�Ů(2-22)0Ŀɡ!)ǢɍɔĄŇ6˪ɱȲè˿CT̀

˳�G:×Ƥ˿Disp̀˳6�'K(K16ȝ˜M Figure 4-1 4Ȭ#�CT ˳7

 0�J� 7 Y˿̏p�\�êȃRU� X–

D!�7Ǣ×ĸ 1̀Ǣ×ĸW6˛6˪ɱȲèTn�X�MȬ#�@)�ELE
Y + ELE

W

7 Y1W�'K(K6ŎĞæʪTn�X�6ď0�J� 1ELE
W 7 CT˳4Ǡ

=/˭ş4ŋ �)C�Figure 4-1 6 CT ˳0Ĳˉ×MòC/�J6�

ECT
Y←W + ECT

W←Y13J�@)�F–(H2O)n (n=3−7)Y�ae�6 CT˳1 Disp˳6Z

�t7�$KD�Cl–(H2O)n (n=3−7)Y�ae�6Z�t1¯)ÆćMȬ#�F–R

U�1Ǣ×ĸ6˛6ǢɍɔĄ4Ň#J CT˳�G: Disp˳7�Cl–RU�1Ǣ×

ĸ6˛6ǢɍɔĄ6ĩĄGIDĲ�3ÂMD-� 

� Figure 4-1 07�p�\�êȃRU�4ˋ°!/�JǢ×ĸMǢɍýŁ̔¹�

1��ʃǽ0×˷!� LDnAm1��ʋĂ0Ȭ#�L7p�\�êȃRU�4ˋ

°!/�Jˋ°ĸMɸ#�D7Ǣɍ¹�²˿hydrogen donor  ̀MƆč!�n7ˋ

°ĸ0�JǢ×ĸ��ˤƛ#J¦6Ǣ×ĸ<¹�#JǢɍôĸ6ƥ0�J�@

)�A7ǢɍýŁ²˿ hydrogen acceptor M̀Ɔč!�m7ˋ°ĸ0�JǢ×ĸ��

ˤƛ#JǢ×ĸ�HýŁ#JǢɍôĸ6ƥMɸ!/�J��61��ǢɍɔĄ

Ň7 Cl– LDnAm 1�HL#�@)�ˤƛ#JǢ×ĸ4ǢɍMÎ�¹�!3�

D0Eˤƛ#JǢ×ĸ4ǢɍMÎ�ýŁ!3�A07ʋʹMȞȓ#J�!)�,/�

LD0A07�L6A0ɸʋ˿L= LD0A0̀ K�ʷƛ#JǢ×ĸ16Ǣɍôĸ6Ƙý

˿ǢɍɔĄ̀��Ø3�ȅƈ0�J)C�Cl–RU�−Ǣ˛6ǢɍɔĄ6 CT˳�

G: Disp˳6ƕǓ13J�)1�8��6eRv6ɔĄ7�Figure 3-16 Cl-5-e

0ɿHKJ�Figure 4-1�H�Cl–RU�–Ǣ˛6ǢɍɔĄ6 CT˳7�-20.0 � -4.0kJ 

mol-1 6˛0ÃI3�×Ŝ!/�J�1�L�J�@)�Cl–RU�–Ǣ˛6Ǣɍ

ɔĄ6ȴ˷ Cl– LDnAm�14�CT˳�G: Disp˳6×Ŝ˵ĥ�ÜK/�J�

1�L�J�CT ˳1 Disp ˳�ƶDĲ����- Cl–RU�−Ǣ˛6ǢɍɔĄʬ
˦ R(Cl–⋯O)�Ȥ�67�Cl– LA2(=LD0A2)ģ0�J�ʺ4�CT˳1 Disp˳�

ECT
Y←W + ECT

W←Y + ELE
Y + ELE

W ECT
Y←W + ECT

W←Y

ELE
Y

⇐

⇐

⇐
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ƶDŋ ���-ǢɍɔĄʬ˦ R(Cl–⋯O)�˗�67�Cl– LD1(=LD1A0)ģ0�

J�LA2eRv6Ǣ×ĸ7�ˤƛ#J¦6Ǣ×ĸ4ǢɍôĸM¹�!3�)C�

dangling OHŇMD-˿ ©ż�LA2eRv6Ǣ×ĸM dangling water1ɸʋ#J�

1��J �̀Cl– LA2ģ6�0DƶDĲ�3 CT˳6Â7-21.5 kJ mol-10�I�

�61�6ʬ˦ R(Cl-⋯O)7 2.75 Å0�J��ƫ�Cl– LA2ģ6�0ƶDŋ 

�CT˳6Â7-12.0 kJ mol-10�I��61�6ʬ˦R(Cl–⋯O)7 3.10 Å0�J�

�6G�4�ą" Cl– LA2ģ0�J4D˜LH$�CT ˳6Â4Ĳ�3Ŧ�I

�ɿHKJ�1�×�J�Figure 4-2�4�Cl– LA2ģ6�0ƶDĲ�3 CTM

Ɣ,/�JɔĄŇMȄ4 02-s(s=strong)�ŋ �D6M 02-w(w=weak)1ɸʋ!/

�J�02-sɔĄŇ7Ⱦ̈Ⱥ0ʠʜ#J cubeģǑʾMD-ȕƃ²6�6ǢɍɔĄ

Ň4/ȊKJ� 

  

⇐

⇐

⇐

⇐

⇐
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Figure 4-1� Cl–(H2O)n (n=3−7)Y�ae�6˪ɱȲè˳˿ECT / kJ mol-1̀�G:×

Ƥ˳˿EDisp / kJ mol-1̀1ɔĄʬ˦ R(X–⋯O)6ȝ˜Ě 

 

� Ǣɍ¹�²0�JǢ×ĸ6ȴ˷M'K(K×˷!)��Ƒ�6ʋĂ7 ECTM�

ĪI-;!)ʋĂ7 EDispM'K(KȬ#� 
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4-1-2� ˪ɱȲèȌʜMȏ�)īêȃRU�−Ǣ˛6ǢɍɔĄ6ʐ»  

� àɃ07�Cl–RU�
Ǣ˛6ǢɍɔĄŇ4-�/�CT ˳6Ĳ� 7�p�\

�êȃRU�4ˋ°!/�JǢ×ĸ6ȴ˷ LDnAm1Ŵ�ȝ˜��J�1MȬ!

)�'�0��6Ƀ07īêȃRU�4ˋ°!/�JǢ×ĸ1ˤƛ!)Ǣ×ĸ(©

� adjacent water)16ǢɍɔĄM�þÒș3Mulliken6˪ɱȲèȌʜ 4-1̀Mȏ�

/ʅǅ#J� 

� ˪ɱȲèȌʜMȏ�J)C�ƶDðɌ3 Cl–1Ǣ×ĸ L˿p�\�êȃRU�

4Ň#Jˋ°ĸ6Ɔ0�J L4�ˏ�ɚMƬ!�àɃ6×˷ LDnAm1ëÜ#J̀

6ǢɍɔĄ6ħŨȅƈ0�J Cl– L7©�6G�4ʋʹ#J� 

 
Ψ Cl− ⇐ L( ) ≅ Φ Cl−!L( )− λΦ Cl!L−( )                 (4-1) 

��0�Cl–RU�4ˋ°!)Ǣ×ĸ L7�ˤƛ#JǢ×ĸ˿adjacent water̀1

ǢɍɔĄ!/�J1#J�@)�λ7 mixing coefficient0�I�©�6ʼIĿɡ

 KJ�
 

−λ =
− βCl− L

In
Cl− δ( )− Aσ

L δ( )− ΔCCl
− L

                       (4-2) 

� Ů(5-2)6
βCl− L

7Ð˼ȵ×�
In
Cl− (δ )

7 Cl�RU�˿p�\�êȃRU�̀6RU

�êTn�X��
Aσ
L (δ )
7Ǣ×ĸ L6˪ĸʂďã0�J�Koopmans6ĿȌ4G

I�p�\�êȃRU��H˪ĸMý�üJǢ×ĸ L6ʰ˂�*6ʰ˂Tn�X

�7ʤ6Â13J�RU�êTn�X�
In
Cl− (δ )

1˪ĸʂďã
Aσ
L (δ )
7�Cl�RU

�1Ǣ×ĸ L˿ p�\�êȃRU�
X−1+δ X

−

1ˋ°!/�JǢ×ĸ
Lδ

L

6̀ effective 

net charge0�Jδ6˜ƥ43J�ΔC7 Cl��L6Y���˳1 Cl�L�6Y���

˳6ř0�J�
 

� ¼ƥλ6̅�˿λ 2 = δ X−

̀�˪ɱȲèˑ4ȝŵ#J�Ů(4-1)7�i�p}�j

mP�4Ň#JŮ0�I�δ X−

7Mulliken6˪ɱȲèȌʜMȏ�/ƥÂș4ǤC
HKJʎ073��!�!�˭ ɓ˹ș×ĸʰ˂Ǩ0�J LPMO PTʉɂMȏ�/�

Ů(2-21)6̄Ǚ6ǩè˜ƥMǤCJ�14G,/�×ĸ˛6˪ɱȲèˑ7×ĸ˛

⇐
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6ɔĄŇ�16 CT˳11D4žHKJ�¸�8�ħŨ˜ƥ4 aug-cc-pvdzMȏ

�) LPMO PT ʉɂ07�F–(H2O)�G: Cl–(H2O)6˪ɱȲèˑδ 7�'K(K

0.0075�G: 0.00261ǏC/Ō3�4D˜LH$�F–(H2O)07ÎɔĄTn�X

� -141.3 kJ mol-16�+�CT˳7-36.10 kJ mol-113I�@) Cl–(H2O)07Îɔ

ĄTn�X� -64.7 kJ mol-16�+�CT˳7-11.7 kJ mol-10�J�!)�,/�

˪ɱȲèˑ7L$�0�,/D�Y�ae�Î²6ɔĄTn�X�4Ň!/ CT

˳�òCJáĄ7Ĳ���˪ɱȲèȝ�µȏ��ǢɍɔĄ6ɔĄã4ˏɾ3Ź

áMǆ)!/�J�1�L�J� 

� Figure 4-14��J Cl– LD1Am1 Cl– LAm(m=2–0)MǠʲ#J1�”D1”Mĉ

BĩĄ�Cl–RU�−ǢɍɔĄŇ4Ň#J CT˳6Â�ŋ ��1�L�J��6

ȌȑMʘƯ#J)C�˪ ɱȲèȌʜMCl– LD1Am�G:Cl– LAm4ˇȏ#J�

'6)C�Ů(5-1)�6Ǣ×ĸ̓M LAm1 LD1Am<ƒų#J� 

� p�\�êȃRU�6ˋ°ĸ0�JǢ×ĸ1�'K4ˤƛ#JǢ×ĸ6˜¼

MƯH�4#J)C�@$ Mulliken 6ǩè˜ƥM�ɬș3Ǣ6̅ˑ²4ˇȏ#

J1� 

 
Ψ A⇐D( ) = Φ A!D( )−ηΦ A+!D−( )                 (4-3)

 

13J�Ů(4-1)6ǩè˜ƥ7˪ɱȲè˿˪ĸ6Ƙý̀MɸȊ!/�)��Ů(4-3)

7ǢɍȲè˿Ǣɍ6Ƙý̀MɸȊ!/�J�14ǪƆ#J�-@I�A 7Ǣɍ

MýŁ#JǢ×ĸ˿hydrogen acceptor̀0�I�D 7ǢɍM¹�#JǢ×ĸ

˿hydrogen donor̀0�J� H4ǪƆ#=�7�Ǣɍ6Ȳè�˪ĸ6ȲèM1

D3��10�J�-@I�ǢɍMýŁ#JǢ×ĸ7�ąư4˪ĸM¹�#J

�143J�@)ǢɍM¹�#JǢ×ĸ7�ąư4˪ĸMýŁ#J�Ǣɍ6Ƙ

ý1˪ĸ6Ƙý7����4ʺ6˜¼4�J�!)�,/�ǢɍMýŁ#JǢ

×ĸ A6 electron donor orbital7�non-bonding orbital0�I�ǢɍM¹�#JǢ

×ĸ D6 electron acceptor orbital7�anti-bonding orbital13J 4-1)~ 4-3)�'!/�

�6ư6 mixing coefficient7©�6G�4ɸʋ0�J� 

−η =
− β AD

In
A δ A( )− Aσ

D δ D( )−CA+D−

                  (4-4)
 

In
A δ A( )7Ǣ×ĸ A6 non-bonding orbital6RU�êTn�X�0�I�Aσ

D δ D( )

⇐ ⇐

⇐ ⇐
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7Ǣ×ĸ D6 anti-bonding orbital6˪ĸʂďãM'K(KȬ#�@)�In
A δ A( )1

Aσ
D δ D( )7�Ǣ×ĸ A1 D6 net charge δ6˜ƥ43J�Ǣɍ¹�² D1Ǣɍý

Ł² A 7�ˤƛ#JǢ×ĸ˿adjacent water̀1ǢɍɔĄMŶƊ#J�1�0�

J60�A�G: D6 net charge7d�473H3��Adjacent water1Ǣɍɔ

ĄMŶƊ#J�14G,/�Ǣɍ¹�² D 7−η2*��L$�4ʤ13I�Ǣ

ɍýŁ² A7+η2*��L$�4ǚ43J�ǚ4Ş˪!)Ǣ×ĸ A6ʰ˂7G

IļĿê!�ʺ4ʤ4Ş˪!)×ĸ D6ʰ˂7�ļĿê#J� 

� Cl– LD1Am6ĩĄ�Ů(4-1)�6 L� LD1Am13J�Ǣ×ĸ LD1Am7�ˤƛ

!)Ǣ×ĸ4ǢɍM̄-¹�!�ąư4˪ĸMýŁ#J�!)�,/�ǢɍM

¹�!3� LAm4Ǡ=/�GIʤ4Ş˪#J�'6)C�LD1Am1 LAm6˪ĸ

ʂďã6Ĳ� 7� 

  
A

LAm
D > A

LDAm
D

                              (4-5)
 

1��Ĳŋ˜¼43J�˪ ĸʂďã�Ĳ��ƫ˿LAm̀��Ů(4-2)0Ȭ#Mixing 

coefficient6×ǟ6Â7ŋ �3J�G,/�Cl– LAm6 CT˳7 Cl– LD1Am

GIDĲ��3J�Ɲʇ#K8�”D1”MĉBĩĄ47�CT˳7ŋ �3J�1

�Ȍʜș4ʏƯ K)� 

� Ǚ4�Ǣ×ĸ L�ýŁ#JǢɍ6ƥ m1 CT˳6Ĳ� 6˜¼Mʛ=J�Ǣ

×ĸ LM LDn˿=LDnA0 �̀LDnA1�LDnA21#J��KH7�ˤƛ#JǢ×ĸ�

HǢɍMýŁ!�ɧʮ6˪ĸMĵ�)C�ǚ4Ş˪#J�ýŁ#JǢɍ6ƥ�

ı�>2�ĵ�˪ĸ6ƥDı�3I�GIǚ4Ş˪#J�'6ɔǆ�˪ĸʂď

ã4-�/©�6˜¼�ƊIȹ-� 

  
A

LDnA2
D > A

LDnA1
D > A

LDn
D

                       (4-6)
 

  
A

LDnA2
D �ƶDĲ�3Â13J)C�Cl– LDnA2 61�Ů(4-2)6āʵ6×ǟ�ƶ

Dŋ �3I�Cl– LDnA2eRv6 CT ˳�ƶDĲ��3J1ɢ�HKJ�ŀ

ˣ4 Figure 4-24��/D��ˉ6¸İMˡ�/�Cl– LA2 eRv�ƶDĲ�

3 CT˳MƔ-ɔĄŇ0�J�3��cubeģǑʾ4-�/7�5-2Ƀ©˟0 H

4ʒɐ3ʠʜMɶ�� 

⇐

⇐ ⇐

⇐

⇐

⇐
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4-2� Ǣ×ĸ˛6ǢɍɔĄ6ʐ»  

� ƼɃ07�īêȃRU�˿p�\�êȃRU�̀4ˋ°!/�JǢ×ĸ1�

'K4ˤƛ#JǢ×ĸ6˛˿Ǣ
Ǣ˛̀6ǢɍɔĄ6Ŵ 6ɾĖM˪ɱȲèȌʜ

4ħ.�/ƯH�4#J�Cl–(H2O)n (n=3
7)Y�ae�Ó0p�\�êȃRU�
4ˋ°!/�JǢ×ĸ1ˤƛ#JǢ×ĸ6˛6ǢɍɔĄʬ˦ R(O⋯O)1�Ů

(2-22)0Ŀɡ!)ǢɍɔĄŇ6CT˳��G:Disp˳6'K(K16ȝ˜MFigure 

54Ȭ#�Figure 4-207�Ǣ−Ǣ˛6ǢɍɔĄŇ7(Cl–)DnAm DnAm(Cl–)1ɸʋ

 K�Ǣ×ĸ� Cl–RU�4ˋ°!/�JĩĄ7 DnAm4“Cl–”M§ä#J�Ǣ×

ĸ˛6Ǣɍ6Ƙý6ŹáMƯȨ4#J)C�Ǣɍ¹� D�G:ǢɍýŁ A4�

ɚMů�/ŹáMƯȨ4!)�¸�8�DnAm DnAm 6ĩĄ�Ȣó6ŘÅ�Ǣ

ɍýŁ²�āÅ�Ǣɍ¹�²MƆč#J� 

� Figure 4-207�figure 4-14Ȭ!) Cl–RU�−Ǣ×ĸ˛6ǢɍɔĄGID�ɔ

Ąʬ˦ R(O⋯H-O)� 0.4Å>2Ȥ��1�L�J�'!/�CT˳�G: Disp˳

6�G'6×ŜɄę7�'K(K -22.0 – -12.0�G: -10.0 – -4.0kJ mol-10�J

�1�L�J�CT ˳1 Disp ˳6Â�1D4Ĳ��Ǣ–Ǣ˛6ǢɍɔĄ6ĩĄ�

'6×ĸąĮ6ɒAĄL%7 Cl–D1A1 D1A2eRv0�J�Ǚ4 CT˳1 Disp

˳6Â�Ĳ��67�Cl–D1A1 D2A1 eRv0�J�Ǣ6A6Y�ae��6

Ǣ−Ǣ˛6ǢɍɔĄŇ4Ň!/D�ąǒ6ʅǅ�ɶLK/�I�'6ɔǆ�ƶD

Ĳ�3 CT˳1 Disp˳6ÂMD-eRv7�D2A1 D1A20�J�1�Ĩċ K

/�J 1-28, 1-29)�Ȣó6ŘÅ4�J D2A1×ĸ7�D21���10�¦6Ǣ×ĸ

4ǢɍM̅-¹�!/�J��6�+̄-6ǢɍMīêȃRU�˿p�\�ê

ȃRU� 4̀¹�#J1�Cl–D1A1 D2A1eRv6ǢɍɔĄ43J�4-1Ƀ07�

īêȃRU�˿ p�\�êȃRU� −̀Ǣ˛6ǢɍɔĄŇMMulliken6˪ɱȲè

Ȍʜ0ʅǅ!)���07�īêȃRU�˿p�\�êȃRU�̀4ˋ°!/

�JǢ−ˤƛ!)Ǣ˛˿Ǣ�Ǣ˛̀6ǢɍɔĄŇM�˪ɱȲèȌʜ4ħ.�/ʅ

ǅ#J� 

� Cl–D1A1  D1A2eRv6ǢɍɔĄMŮ(4-4)4ˇȏ#J1� 

−η =
− β AD

In
A δ X−D1A1( )− Aσ

D δ D1A2( )−CA+D−

      � � � �    (4-7)

 

1ɸʋ0�J�Cl–D1A10ɸ KJǢ×ĸ7�Cl–RU�1ˤƛ!)Ǣ×ĸ4̄-

$-ǢɍM¹�!/�J�'6)C Cl–RU�1ˤƛ!)Ǣ×ĸ6�ƫ�H˪ĸ

⇐

⇐

⇐

⇐

⇐

⇐

⇐
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MýŁ!�GIʤ6˪ɱMŞ:J�G,/�A6 effective net charge7 

 −δ
X−DA < −δ X−A < −δ DA

     � � � � � �     (4-8) 

1��˜¼�Ɗȹ#J�effective net charge6ʤ˪ɱ�Ĳ��3K8�Ǣ×ĸ A

6RU�êTn�X�7ŋ �3J60� 

  
I

X−DA
A < I

X−A
A < IDA

A

      � � �  � � � �     (4-9)
 

1��˜¼�žHKJ� 

� �ƫ�Cl–D1A1  D1A2eRv6āÅ�D1A213JǢ×ĸ D 7�̅-6ʷƛ

Ǣ×ĸ6'K(K�HǢɍM̄-$-ýŁ!/�J�'6ɔǆ�˪ĸMGIı

�¹�#J)C�GIǚ4Ş˪#JG�43J�G,/�D6 effective net charge 

 δ
DA2

7� δ
DD1A1

E δ
DA1

GIDĲ�3ǚ˪ɱ43I�Ǣ×ĸ D6˪ĸʂďã
  
A δ DA2( )

7�GIĲ��ÂMD-�!)�,/�Cl–D1A1  D1A2eRv6ǢɍɔĄ6ɔ

Ąã�˭ş4Ŵ�3J� 

� Ǚ4�CT ˳1 Disp ˳6̅Ȕț4Ĳ�3ÂMD- Cl–D1A1 D2A1eRv4-

�/ɢń#J��K7�ɌɈ3ǢY�ae�4��/D�CT ˳1 Disp ˳6̅

Ȕț4Ĳ�3ÂMƔ- D2A1 D2A1eRv6ǢɍɔĄ4ȝŵ#J�Figure 54Ȭ
 KJG�4Cl–D1A1  D2A1eRv6ǢɍɔĄʬ˦R(O⋯O)7Ŧ�×Ŝ!/�

I�ƶDȤ�D6(X11-21-s)7 2.76Å0�ƶD˗�D6(X11-21-w)7 2.92 Å0�

J��K*�ǢɍɔĄʬ˦6Ʉę�Ŧ�3J67�ǢY�ae�MŶƊ#Jˣ

6Ǒʾș3Þɋ��'6ôĖ6�-073��1ɢ�HKJ�@)�5-2Ƀ0ʒ

ɐ4ʠʜ#J��īêȃRU�˿p�\�êȃRU�̀
Ǣ×ĸ˛6ǢɍɔĄ6

Ŵ 4Ň!/D�ˤƛ#JǢ×ĸ6eRv�Ÿ˰#Jÿɥƃ��J� 

  

⇐

⇐

⇐

⇐

⇐
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Figure 4-2� Cl–(H2O)n (n=3−7)Y�ae�6˪ɱȲè˳˿ECT / kJ mol-1̀�G:×

Ƥ˳˿EDisp / kJ mol-1̀1ɔĄʬ˦ R(X–⋯O)6ȝ˜Ě 

 

� Ǣɍ¹�²0�JǢ×ĸ D6ȴ˷1ǢɍýŁ²0�JǢ×ĸ A7'K(Kȴ

˷�10×˷!)��Ƒ�6ʋĂ7 ECTM�ĪI-;!)ʋĂ7 EDispM'K(

KȬ#� 
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4-3� Ⱦ̇Ⱥ6@1C  

� Ⱦ̇Ⱥ07�Cl–(H2O)n (n=3−7)Y�ae�Ó6ǢɍɔĄM�Ǣ×ĸ6ȴ˷�1

0×˷!�ǢɍɔĄ6ʬ˦1 LPMO PTʉɂ4G,/žHK)ǢɍɔĄ6˪ɱȲ

è˿CT̀˳�G:×Ƥ˿Disp̀˳16ȝ˜˜¼6ʅǅMɶ,)�īêȃRU�

˿p�\�êȃRU�̀1ˋ°Ǣ×ĸ L16˛6ǢɍɔĄ07�Ǣ×ĸ L�ˤ

ƛ#JǢ×ĸ�HǢɍMýŁ#JĩĄ�CT ˳�G: Disp ˳7Ĳ��3I�Ǣ

ɍM¹�#JĩĄ7 CT ˳�G: Disp ˳�ŋ �3J�1�L�,)�!)�

,/�ˋ°Ǣ×ĸ L 1ˤƛ#JǢ×ĸ16Ǣɍ¹��ýŁ6ǒȝ4G,/�ī

êȃRU�˿p�\�êȃRU�̀1Ǣ×ĸ L 6˛ǢɍɔĄ6Ŵ �ȕ3J�

1�ƯH�43,)� 

� @)��6Ȋʡ�Ȏ"JȌȑM˪ɱȲèȌʜ6ʃǽ�HƯH�4!)�˪ɱ

ȲèȌʜ07�˪ĸMýŁ#J˿ǢɍM¹�#J̀Å6˪ĸʂďã�Ĳ��>

2�@)�˪ĸ¹�²˿ǢɍMýŁ#J̀Å6RU�êTn�X��ŋ �>

2�˪ɱȲèˑ�Ĳ��3J�1�ȣHK/�J�Ǣ×ĸ̓7ˤƛ#JǢ×ĸ

�HǢɍMýŁ#J�10�anti-bonding orbital�GIļĿê#J)C�Ǣ×ĸ

L6˪ĸʂďã7Ĳ��3J�'6ɔǆ�īêȃRU�˿p�\�êȃRU�̀

16˛6˪ɱȲèˑ�Ĳ��3I�CT˳6Â�Ĳ��3J�@)�īêȃRU

�˿p�\�êȃRU�̀4ˋ°!)Ǣ×ĸ L1ąĮ˿Ǣ
Ǣ˛̀6ǢɍɔĄ4

Ň!/Dąǒ6ʅǅMɶ,)� 

�  H4�īêȃRU�˿p�\�êȃRU�̀4ˋ°!/�JǢ×ĸ1�'

K4ˤƛ#JǢ×ĸ6˛˿Ǣ
Ǣ˛̀6ǢɍɔĄ6Ŵ 6ɾĖD�˪ɱȲèȌʜ

4ħ.�/ƯH�4!)�Ǣ×ĸ˛6ĩĄ7��ƫ�ǢɍMýŁ#JǢ×ĸ A�

¦ƫ�ǢɍM¹�#JǢ×ĸ D13J�Ǣ×ĸ A7ɧʮ�D-ǢɍM�ˤƛ!

)īêȃRU�˿p�\�êȃRU�̀EǢ×ĸ̒©İ6ˤƛ!)Ǣ×ĸ4�

�J�10�RU�êTn�X��ŋ �3J�@)�Ǣ×ĸ D 7�Ǣ×ĸ A

©İ6ˤƛ!)Ǣ×ĸ�HǢɍMýŁ#J�10�˪ĸʂďã�Ĳ��3J�

Ǣ×ĸ A6RU�êTn�X��ŋ �3I�Ǣ×ĸ D6˪ĸʂďã�Ĳ��

3J>2�A 1 D 6˛6˪ɱȲèˑ�ĭ�/˪ɱȲèȝ�µȏ�Ĳ��3I�

'6ɔǆ�A1 D6˛6ǢɍɔĄ�Ŵ�3J�1�ƯH�43,)� 
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Ⱦ 5Ⱥ� ˪ɱȲèȌʜMȏ�) Cubeģp�\�êȃRU�−Ǣ 7ˑ²  

� � � � Y�ae�6ǢɍɔĄngj��Y6ʐ»  
 
5-1� CubeģǑʾ6 Schlegel Diagram1ȕƃ²˛6ļĿƃ6Ǡʲ  

� ƼȺ07�p�\�êȃRU�
Ǣ̊ˑ²Y�ae�6�+�cubeģǑʾMŶ

Ɗ#J̄̄ȴ6ȕƃ²M�i�1!/�p�\�êȃRU�
Ǣ˛�G:Ǣ
Ǣ

˛6ǢɍɔĄ6Ŵ 4Ň#J�ʕ ƛ#JǢ×ĸ˿ adjacent water 6̀Ÿ˰Mʛ=J� 

� Ⱦ 4 Ⱥ07�RU�
Ǣ˛�G:Ǣ
Ǣ˛6ǢɍɔĄM�Ǣɍ¹��G:ýŁ

6ʃǽ0×˷!�RU�êTn�X�1˪ĸʂďã6˜¼�HǢɍɔĄ6Ŵ 

MȌʜș4ʘƯ!)�!�!�ą"ȴ˷6ǢɍɔĄ0D CTTn�X�6ƶĲÂ

1ƶŋÂ6ř�Ĳ��˿ Cl- LA26 CTTn�X�7-22 ~ -12 kJ mol-1 �̀'6ô

Ė47�Ǫț!/�JǢɍɔĄ6ˤ6ˤ6Ǣ×ĸ˿Ⱦ̅ˤƛǢ×ĸ̀6Ǣɍ¹

��ýŁ�˜¼!/�J�Ⱦ̅ˤƛǢ×ĸ6Ÿ˰Mʛ=J47�Ǣ×ĸ6ƥ�

ı�Y�ae�03�K83H3��p�\�êȃRU�
Ǣ̊ˑ²Y�ae�

6ƶļĿǑʾ7�p�\�êȃRU�M˱ʄ6�-4ĉBȹƫ²˿cube ģ̀Ǒ

ʾMŶƊ!/�I��6 cubeģǑʾ7�Ⱦ̅ˤƛǢ×ĸMĉBǑʾ0�J�@

)�żʹ#JG�4�cube ģǑʾ47ǒ3Ǒʾȕƃ²�ĹĞ!�ǒ3Ǣɍ

ɔĄǒŮMD-)C�Ⱦ̅ˤƛǢ×ĸ6Ÿ˰Mʛ=J)C6�i�1!/ƶˇ

3Y�ae�0�J� 

� CubeģǑʾ7�ǢY�ae�07�ħƼ13Jˏɾ3Ǒʾ0�)1�8Ǣ̋

ˑ²Y�ae�07�cubeģǑʾMD-ȕƃ²�̄̇ȴ˷ĹĞ#J 5-1̀�p�\

�êȃRU�
Ǣ̊ˑ²Y�ae�07�ȹƫ²6̄˱ǽMp�\�êȃRU�

�òCJ�@)�cubeģǑʾ07�̅-6 dangling OHŇMD-�Cubeģȕƃ

²Ó6ǢɍɔĄMGIL�IE#�Ȭ#)C4�cubeģǑʾM Schlegel diagram

0 Figure 5-14Ȭ#���0Ȭ!)̄̄ȴ6 cubeģǑʾ6 x, y, zŪǓM�Ƽʜ

Ʀ6Śƻ4ʋʳ!) Appendix Table A-44Ȭ#� 

� ��-�6 cubeģǑʾ47˖ˮŇȱ3ȕƃ²MD-D6��I�'6ĩĄ4

7 (R, L)1��ʋĂM§�/�J�Figure 3-30Ȭ!) X–(H2O)7Y�ae�6ļ

ĿǑʾ6�47�2-A(X=F07 F-7-a�X=Cl07 Cl-7-a)1 1-A-1(X=F07 F-7-d�

X=Cl 07 Cl-7-b)�'K(Kĉ@K/�J�tgêȃRU� F–07�cube ģȕ

ƃ²6ļĿƃ7�cubeÓ6ǢɍɔĄ6ć�4G,/Ĳ��ȕ3J�Cubeģȕƃ

²˛07�ˍɍôĸ6ˋɟ˿ă˱ǽ̀7��4>1N2įLH3�)C�ȕƃ

⇐
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²˛6ȝŇTn�X�1ǢɍɔĄngj��Y6˜¼4-�/�ʒɐ4ʅǅ#

J�14GI�ȕƃ²˛6ļĿƃEp�\�êȃRU�
Ǣ˛�G:Ǣ×ĸ˛6

ǢɍɔĄ6Ŵ 6ɾĖMGIƯȨ4#J�1�0�J� 

  Table 5-147�Figure 5-10Ȭ!) X–(H2O)7 (X=F, Cl)6 cubeģȕƃ²˛6ȝ

ŇTn�X�1ɔĄTn�X�3H:4 CT ˳�Disp ˳6ÂMȬ#�Ⱦ̅Ù�

MP2/aug-cc-pvdz0ɂÖ!)ȝŇTn�X�0�[ ]6��Ů(2-30)0ɂÖ!)ʷ¯

ș BSSE ɻǚ!)Â0�J�Ⱦ̆Ù6
  
EBindE

LPMO + ECT + EDisp7Ů(2-22)�H(2-24)0Ŀ

ɡ KJ LPMO PT/aug-cc-pvdzʉɂ4G,/ɂÖ!)Â0�J�Ⱦ̅Ù6[ ]6Â

1Ⱦ̆Ù6Â7ɭ��ɩMȬ!/�J�F–(H2O)7Y�ae�1 Cl–(H2O)7Y�a

e�6ȕƃ²˛6ȝŇTn�X�Â7���4¯)ÆćMȬ!/�J�Ⱦ̇Ù

6ȝŇTn�X� apprCP + HF7Ů(2-30)6Ⱦ̄˳4G,/žHK)Â0�J�

�K7�ʷ¯ș3 BSSE ƙˡ!) SCF Tn�X�0�J�Ⱦ̆Ù6

  
EBindE

LPMO + ECT + EDisp1Ⱦ̇Ù6 apprCP + HF16˄�7Disp˳6ł���J�Ĉ�

0�I�Ⱦ̇Ù6 apprCP + HF4��JȝŇTn�X�7~40.5kJ mol-11�Ⱦ̆

Ù6
  
EBindE

LPMO + ECT + EDisp  GIDÂ4Ŧ�I��JD66�ȕƃ²˛6ȝŇTn�

X�6˴Ȕ4˄�73��Ⱦ̈Ù6  EapprCP+HF1Ⱦ̉Ù6  EBindE
LPMO7�1D4ɔĄT

n�X�0�J�Ⱦ̈Ù6  EapprCP+HF7Ů(2-30)0Ŀɡ!�Ⱦ̉Ù6  EBindE
LPMO7Ů

(2-25)0Ŀɡ KJ��6  EapprCP+HF1  EBindE
LPMO6ř�Ů(2-23)6Ⱦ̅˳0Ŀɡ KJ

˪ɱȲè˳  ECT&LE
2&3SPT4ȝŵ!��6Â7 Table 5-16Ⱦ̊Ù4ʋʳ K/�J�Ⱦ

̉Ù6  EBindE
LPMO7ˬ˪˳� Ɲƨã˳�G:ʕʪ˳MĉA� H4Y�ae�ŶƊ

4GJǢ×ĸ6Ǒʾįê4ʪĖ#J�ļĿêTn�X�Dĉ@KJ�Y�ae

�Î²�ʤ4Ş˪!/�Jȅƈ0�J)C�ˬ˪˳�Ȅ4Ĳ�3áĄMòC/

�J�Table 5-1GI�F–(H2O)7�G: Cl–(H2O)7Y�ae�6 cubeģǑʾ6�0

ƶDļĿ3Ǒʾ0�Jȕƃ² 2-A07 LPMOʉɂ06ɔĄTn�X�6ɖŇÂ

  
EBindE

LPMO 6Â��¦626ȕƃ²GIDƶDĲ���1�L�J�!�!�ȕƃ

² 2-A07�  ECT �G:  
EDisp

6Â7ƶDŋ ��
  
EBindE

LPMO 7  ECT �G:  
EDisp

G
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IDĲ��ÂMD-)C�
  
EBindE

LPMO 6Ĳŋ˜¼�'6@@Y�ae�6ļĿƃ6

˜¼4ŇƂ!/�J� 

� Cubeģȕƃ²�6Ǣ×ĸ7�4̇ȴ˷4ĲÜ0�J�Cube�6Ǣ×ĸ7�p

�\�êȃRU�4ˋ°!/�JǢ×ĸ6ĩĄ7 LA2D!�7 LD1A1�ˋ°!

/�3�Ǣ×ĸ7 D1A2D!�7 D2A11×˷0�J�Ǚ4 dangling OHŇMƔ,

/�JǢ×ĸ7 LA2D!�7 D1A2�Ɣ,/�3�Ǣ×ĸ7 LD1A1D!�7 D2A1

1×˷0�J�Figure 5-10ɮ-�6ĔʄŶ0Ȭ!)D6� LA2Ǣ×ĸ�ɮ-�

6ÔŶ� LD1A1Ǣ×ĸ��Ƒ�6ĔʄŶ� D1A2Ǣ×ĸ��Ƒ�6ÔŶ� D2A1

Ǣ×ĸMȬ#��6 cubeģȕƃ²�6p�\�êȃRU�(X
)
Ǣ˛6ǢɍɔĄ

6re��7� X− ⇐ LA21 X− ⇐ LD1A16̅ʼI6A0�J�@)�Ǣ−Ǣ˛6

Ǣ ɍ ɔ Ą 6 r e � � 7  LA2 ⇐ D1A2 �  LA2 ⇐ D2A1 �  LD1A1 ⇐ D1A2 �

 LD1A1 ⇐ D2A1� D2A1 ⇐ LD1A1� D2A1 ⇐ D1A2� D2A1 ⇐ D2A1� D1A2 ⇐ LD1A1�

 D1A2 ⇐ D1A2� D1A2 ⇐ D2A16̄̃ʼI0�J�Î/6 cubeģȕƃ²47dangling 
OH ŇMD-Ǣ×ĸ(LA2D!�7 D1A2)��-ĹĞ#J�Figure 4-3 4Ȭ#G�

4� Cl− ⇐ LA2eRv6ɔĄ7 Cl− ⇐ LD1A1GIDƯH�4Ŵ��1�L�J�

'KƢ�cube ģȕƃ²M�4 Cl− ⇐ LA2eRv6ɔĄ6ƥ M 4Ƞț!/×˷!
)�M=2 6 cube ģȕƃ²7đ�-”2-A”6A0�I��6ȕƃ² 2-A �ƶļĿ

Ǒʾ13J�M=1˿ Cl− ⇐ LA2eRv6ɔĄ�̄Ƽ̀6ĩĄ7̆ʼI6ȕƃ²�

ĹĞ!�'K(KLA21D1A26ˋɟ˜¼4G,/'KH6ļĿƃ�×˷ KJ�

M=16 cubeģȕƃ²7ļĿ3˴4�1-A�1-B�1-C1ɸȬ!)�Figure 5-14Ȭ

#G�4�ȕƃ² 1-A07 D1A2Ǣ×ĸ7 LA2Ǣ×ĸ�HƶD˅�˦K)°ɟ4

ĹĞ!�'K(K̅-6Ǒʾȕƃ² 1-A-11 1-A-2�'K(KĹĞ#J�ȕƃ²

1-B 07 D1A2Ǣ×ĸ7 LA2Ǣ×ĸ1ą"ˮ6Ňʄɚ�4ĹĞ#J�ȕƃ² 1-B

7 X=F�G: Cl4��/ 2-A�1-A4Ǚ�0̆Ȕț4ļĿ3 cubeģȕƃ²0�

J�ȕƃ² 1-C7�D1A2Ǣ×ĸ� LA2Ǣ×ĸ4ˤƛ!�ǢɍôĸM¹�!/�

I�M=16�0DƶD�ļĿ3Ǒʾ13,/�J�M=0˿  Cl− ⇐ LA2eRv6ɔ

Ą�̃Ƽ̀07�̅-6ȕƃ²�ĹĞ!�M=1 1ąǒ4�ļĿ3˴�H 0-A�

0-B1ɸȬ!)�Î/6 cubeģȕƃ²6�0ƶD�ļĿ3Ǒʾ0�Jȕƃ² 0-B

07�M=16ȕƃ² 1-C1ąǒ4��-6 D1A2Ǣ×ĸ�ˤIĄ�Ǒʾ13,/

�J�X=F07�ȕƃ² 1-C6ƫ� 0-AGIDļĿ0�J��X=Cl07 0-A6

ƫ�Ĳ��ļĿê#J� 
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� �6G�4� Cl− ⇐ LA2eRv6ǢɍɔĄ6ƥ M �ÎɔĄTn�X�MǦC

JĖĸ0�J�17ƯH�0�J�07�3&�M=11 06 cubeģȕƃ²6Î

ɔĄTn�X�6Â6Ĳ� 4˄��Ȏ"J6�̐1��Ȗē�ǜJ� 

� ̄̃ʼI6Ǣ−Ǣ˛6ǢɍɔĄ6�0�ƶDŴ�ǢɍɔĄ7 LD1A1 ⇐ D1A20

�J�1M Figure 4-30Ȭ!)�@)�p�\�êȃRU�Mĉ@3�ǢY�a

e��6Ǣ−Ǣ˛6ǢɍɔĄ07�ƶDŴ�ɔĄ� D2A1 ⇐ D1A20�J�1DĨ

ċ K/�J 5-1̀�M=1eRv6ȕƃ²6�0ƶD�ļĿ3ȕƃ² 1-C7Ǣɍɔ

ĄŇ LD1A1 ⇐ D1A2E D2A1 ⇐ D1A2MƔ)$�¨LI4��KH6ɔĄGIDŲ

� LA2 ⇐ D1A2eRv6ɔĄMƔ-�M=0 6�ļĿ3Ǒʾ0�Jȕƃ² 0-B D

1-C1ąǒ4�ǢɍɔĄŇ LD1A1 ⇐ D1A2E D2A1 ⇐ D1A2MƔ)$� D1A2 ⇐ D1A2

eRv6ɔĄMƔ-� 

� Table 5-14Ȭ!) total ECT�HL�JG�4�cubeģȕƃ²07�total ECT

7ȝŇTn�X�MǦĿ#JɾĖ073����-�6�ļĿ3 cubeģȕƃ²

7�Ĳ�3 CT ˳MD-ǢɍɔĄŇ�Y�ae�Ó4ĹĞ#J�¸�8�X=Cl

4��Jȕƃ² 0-B-17� LD1A1 ⇐ D1A2ɔĄ6�0D�CT˳�-21.4 kJ mol-11

˭ş4Ĳ�3ÂMƔ-�'�0�Ů(2-31)4Ȭ#G�3Ǣ×ĸ6Ǒʾįêˑ ΔdefM

ŊÍ#J�ȕƃ² 0-B-1 6Ǣ×ĸ D1A26Ǒʾįêˑ Δdef7 2.21 1�¦6 cube

ģȕƃ²�6Ǣ×ĸ˿¦6 D1A26 Δdef7 1.00�1.91̀6�0D�ƶDĲ�3įê

ˑ0�J�ąǒ4� Cl− ⇐ LA2ɔĄ6�0ƶDĲ�3 CT ˳MD-�1-C-1 �6

Ǣ×ĸ LA26Ǒʾįêˑ Δdef7 1.621�¦6Ǣ×ĸ LA26 Δdef˿1.14�1.44̀GI
DĲ�3ÂMD-��6G�4�Ǣ×ĸ6Ĳ�3Ǒʾįê�Ȏ"/�JĩĄ�

Ǣɍ¹�Å6Ǣ×ĸÓ6 O-H ɔĄ��ǢɍýŁ²Å4®:J*�073��Ǣ

×ĸÓ6 H-O-Hʄ�Ŧ�J� 

  



 

 - 58 - 

 

 

Table 5-1  CubeģǑʾMŶƊ#J F-(H2O)7�G: Cl-(H2O)76ȕƃ²˛6ȝŇ 

          Tn�X��ʷ¯ș CPɻǚ!)ɔĄTn�X�� LPMOɔĄTn 

          �X��˪ ɱȲè˿ CT T̀n�X��×Ƥ˿ Disp T̀n�X�˿ kJ mol-1̀ 

 
 
a  Ů(2-23)0Ȭ!)�LPMO PT / aug-cc-pvdzʉɂ06ȝŇTn�X�6Â 

b  MP2 / aug-cc-pvdzʉɂ4GJ�Ů(2-30)0ɂÖ!)ʷ¯ș BSSE ɻǚ!)ɔ 

   ĄTn�X�6Â 

c  Ů(2-23)6Ⱦ�˳4Ȭ#�LPMOɔĄTn�X�6Â 

d  Ů(2-23)6Ⱦ�˳4Ȭ#�CTTn�X�6Â 

e  Ů(2-23)6Ⱦ�˳4Ȭ#�DispTn�X�6Â 

f  MP2 / aug-cc-pvdzʉɂ4GJ�Ů(2-30)0ɂÖ!)ʷ¯ș BSSE ɻǚ!)ɔĄ 

  Tn�X�6ȕƃ²˛4��JȝŇTn�X�6Â 
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Figure 5-1� X–(H2O)7Y�ae�6 cubeģǑʾ6 Schlegel diagram 

 

� p�\�êȃRU� X–7ā�6˾�0Ȭ#�¦6ʋĂ7#=/Ǣ×ĸMȬ#�

Ȣó7Ǣɍ¹�²�HýŁ²<6ǢɍɔĄ6ć�MȬ#�ĳ�Ȣó7 dangling 

OHŇMD-Ǣ×ĸ�H6Ǣɍ¹�MȬ#�Ȣó§ʷ6ƥÂ7�X=Cl4��J

'6ɔĄŇ6 ECT (kJ mol-1)0�J� 
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5-2� ˤƛǢ×ĸ4Ƞț!)p�\�êȃRU�−Ǣ˛47)H�Ǣɍɔ

Ąngj��Y6ʐ»  

5-2-1� ˋ°Ǣ×ĸ1p�\�êȃRU�6˛6˪ɱȲè�ǢɍɔĄ  

      ngj��Y4÷?#Ÿ˰6ʐ»  

� Cl–(H2O)7 Y�ae�6 cube ģȕƃ²Ó6Î/6 Cl–RU��Ǣ˛6ǢɍɔĄ

 Cl− ⇐ LA2�G: Cl− ⇐ LD1A16ɔĄʬ˦ R(X–⋯O)4Ň#J CT ˳1 disp ˳6ȝ

˜M Figure 5-24Ȭ#�Ů(4-5)1Ů(4-6)MĄL%J1�Ǣ×ĸ LA26˪ĸʂďã

  
A

LA2
D  7�Ǣ×ĸ LD1A16

  
A

LD1A1
D GIDĲ��)C�˪ɱȲèˑ�GIı�3J

�1�ȬĐ KJ�Figure 5-2GI�LPMO PTʉɂ4G,/žHK) CT˳6Ĳ

� 7� Cl− ⇐ LA2eRv6ɔĄ6ƫ�� Cl− ⇐ LD1A1GIDĲ���1�L�

J�!�!�ą"eRv6īêȃRU�˿p�\�êȃRU�̀
Ǣ˛6Ǣɍɔ

Ą0�,/D�CT ˳EɔĄʬ˦6×Ŝ4Ŧ�I��J�1�L�J�¸�8�

 Cl− ⇐ LA2ɔĄ6�0�ƶDĲ�3 CT˳MD- 02-sɔĄ˿ȕƃ² 1-C-1�4Ĺ
Ğ#J 6̀ CT˳7-21.5kJ mol-10�J��ƶDŋ 3 CT˳MD- 02-wɔĄ˿ ȕ

ƃ² 2-A�4ĹĞ#J̀6 CT˳7-15.0kJ mol-10�J��6G�4�ą"eR

v6ǢɍɔĄ0�I3�H CT˳EɔĄʬ˦�Ĳ��įLJ�1�L�J�'�

0�p�\�êȃRU�(X–)1Ǣ×ĸ(L)6˛6ǢɍɔĄ4�'K(Kˤƛ#J

̅-6Ǣ×ĸ(adjacent water)D DnAm ɸʋ0×˷#J�Cube ģȕƃ²Ó6

 Cl− ⇐ LA2�G: Cl− ⇐ LD1A1ɔĄ6 CT˳1ɔĄʬ˦ R(X–⋯O)M�ɜ4 X–6�

-6 adjacent water6ȴ˷�10×˷!�Ǖ4 L˿LA2�G: LD1A1̀6 adjacent 

water6ȴ˷�10×˷!/�CT˳1ǢɍɔĄʬ˦6ÂM Figure 5-34Ȭ#�ă

V�~6�ˉ6ƥÂ� CT˳˿kJ mol-1 �̀�ˉ6ƥÂ�ɔĄʬ˦ R(Å)0�J�ɜ

Ù6Ř�H̅Ȕț@06ɶ� L=LA24��J CT˳1ʬ˦ RMȬ!/�I�'

K(K6ɒAĄL%4��/�CT˳6Ĳ� 1ʬ˦ R�7,�I1×�K/�

J�1�L�J�Figure 5-24/Ȭ!)� Cl− ⇐ LA26�0DƶDĲ�3 CT˳M
D- 02-s ɔĄ7�X–4ˋ°!/�J̅-6 adjacent waters � LD1A10�I�L

4ˋ°!/�J adjacent water � D1A2 1 D2A1 0�J�1�H�

 
Cl−L

LD1A1
2 ⇐ LA

D1A2AD2A14×˷ KJ�@)� Cl− ⇐ LA26�0DƶDŋ 3 CT

˳MD- 02-wɔĄ7�
 
Cl−L

LD1A1LLA2 ⇐ LA
D2A1
2 4×˷ KJ�Figure 5-36ɜÙ6
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Ř�H̆Ȕț©˟6Ù� L=LD1A14��J CT˳1ʬ˦ RMȬ!/�J�Figure 

5-2 4Ȭ!)� Cl− ⇐ LD1A16�0ƶDŴ�ɔĄ 11-s˿ȕƃ² 0-A-2 �6ɔĄ̀

7 Figure 5-34��J
 
Cl−L

LD1A1
2 ⇐ LD

D1A2AD1A24ŇƂ!/�I�ƶDŲ�ɔĄ 11-w

7 
Cl−L

LA2
2 ⇐ LD

D2A1AD2A14ŇƂ!/�J�Figure 5-26 Cl− ⇐ LA2eRv6v�

gj�HL�JG�4�p�\�êȃRU� X-1Ǣ×ĸ L6 adjacent water6ȴ

˷4G,/�ą"eRv6ɔĄȴ0D CT ˳1ʬ˦ R �Ƴ4×˷ KJ�1�

L�J� 

� 4Ⱥ0ȏ�) Mulliken6 CTȌʜ4 adjacent water6ǢɍɔĄDɢƉ!�ƒų

#J�10�effective net chaege6 effective ionization energy1 electron affinity<

6ºĹƃMƯȨ4ƴ��#�1�0�J���0 effective net charge7�Mulliken

6 CT Ȍʜ4��Jt��hQPʰ˂6RU�êTn�X�1˪ĸʂďã6į

ê4G,/Ŋ�KJ� 

 

  
Ψ X− ⇐ L( ) = Φ X−

!L( )− λΦ X!L−( )
� � � � � �

(5-1) 

� Ů(6-1)4G,/Ŀɡ KJǩè˜ƥ6 mixing coefficient7� 

−λ =
− β X− -L

I X
−

δ X−( )− AD δ L( )− ΔCX− -L

� � � � � � � � (5-2)

 

1ɸʋ0�J�Ů(5-1)1(5-2)4��J X-7�Figure 5-3�6Ù4Ȭ!) �

 
Cl−L

LD1A1LLA2� 
Cl−L

LD1A1
2 4�)I��KH6 effective net charge ( −1+δ X−

) 7'K

(K
 
−1+δ Cl−L

LA2
2( )� 

−1+δ Cl−L
LD1A1LLA2( )� 

−1+δ Cl−L
LD1A1
2( )1ɸʋ KJ�@)�

L7 Figure 5-3�6Ù0Ȭ!)
 
LA

D1A2AD2A1� 
LA

D2A1
2 �

 
LD

D1A2AD1A2� 
LD

D2A1AD1A2�

 
LD

D1A2AD2A1� 
LD

D2A1AD2A14ŇƂ#J�@)� I X
−

1 AD
7 effective net chargeMĉ

BɚŶɔĄ1!/ɸʋ KJ� 

 
Cl−L

LA2
2
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 I
X−

δ( ) = I0X
−

+ !pX
−

δ
� � � � � � � � � � � (5-3) 

 A
D δ( ) = A0D + !aDδ

  � � � � � � � � � �  (5-4)
 

� Ů(5-3)1(5-4)4��JɚŶɔĄ6Ŀƥ !p
X−

�G: !aD7ş4ǚ6Â0�J�Ů
(5-3)�G:(5-4)MŮ(5-2)4¨Í#J1�mixing coeffecient7ʷ¯ș4©�6G�

4Ȭ#�1�0�J� 

 

−λX− -L !
− β X− -L

I0
X−

− A0
D − ΔCX− -L

1−
"pX

−

δ X-( )− "aDδ L( )
I0
X−

− A0
D − ΔCX− -L

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

≡ −
β X− -L

I0
X−

− A0
D − ΔCX− -L

− p
X− -L
X−

δ X-( ) + aX− -L
D δ L( )

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥
≡

− β X− -L

I0
X−

− A0
D − ΔCX− -L

−Ω
X− -L

 �  (5-5)

 

��0�̅ɶț6ɚŶĿƥ p
X− -L
X−
1a

X− -L
D 7ş4ǚ6Â0�J� 

� @$p�\�êȃRU� X–6 adjacent water 0�J LA2�G: LD1A1��X–

6 effective net charge 4÷?#Ÿ˰Mʛ=J�X–6 adjacent water � LA27�

adjacent water6 H4”ˤ6”̅-6Ǣ×ĸ�HǢɍMýŁ!/�Jȅƈ0�J�

L A6ǢɍɔĄ4��J˪ɱȲèˑ7�Ů(4-3)�G:(4-4)�H� 

ηA−D( )2 = −β A−D

In
A 0( )− Aσ

D 0( )−CA+D−

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

2

≡
−β A−D

I0
A − A0

D −CA+D−

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

2

≡ ζW2
  � � (5-6)

 

1Ȭ KJ60�Ǣ×ĸ L 7ǚ4Ş˪#J�̅-6ǢɍɔĄ�'K(KȆȹ!

/�Jȅƈ0�J1ªĿ#J1�X–6 adjacent water6 LA26 effective net charge

7
 
δ L

LA2( ) = 2ζW2
 1ɸʋ0�J��ƫ�X–6 adjacent water� LD1A10�J�1

7�adjacent water 6 H4”ˤ6”Ǣ×ĸ<ǢɍM¹��G:ýŁ!/�J��

61�0D�ǢɍɔĄ���4Ȇȹ!/�JD61!/ªĿ#J1�X–6

adjacent water0�J LD1A16 effective net charge7� 
  
δ L

LD1A1( ) ! 01!/ɸʋ0

�J� 

� Ǚ4�Ů(5-1)1(5-2)M'K(K
 
X− ⇐ L

LA2�G: 
X− ⇐ L

LD1A14ˇȏ#J�@$�

⇐
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X− ⇐ L

LA24��J X–6 effective net charge6įê7� 

 

−λX− -L
LA2 =

− β X− -L
LA2

I X
-

0( )− AD 2ζW2( )− ΔCX− -L
LA2

! −
β X− -L

LA2

I0
X- − A0

D − ΔCX− -L
LA2

+ 2a
X− -L

LA2

D ζW2

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

   � � � �   (5-7)

 

1ɸʋ#J�1�0��X–6 effective net charge7 

 

δ X−L
LA2( ) = −λX− -L

LA2( )2

!
β X− -L

LA2

I0
X−

− A0
D − ΔCX− -L

LA2

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

2

+ 2 × 2aX-L
LA2

D ζW2
β X− -L

LA2

I0
X−

− A0
D − ΔCX− -L

LA2

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

≡ ζ
X− -L

LA2
+ 4a

X− -L
LA2

D ζW2
ζ
X− -L

LA2

1 2

   �  (5-8)

 

13J�Ǚ4�
 
X− ⇐ L

LD1A14��J X–6 effective net charge6įê7� 

−λX− -L
LD1A1 =

− β X− -L
LD1A1

I X
-

0( )− AD 0( )− ΔCX− -L
LD1A1

   � � � � �   (5-9)

 

  
δ L

LD1A1( ) ! 00�J)C� 
X− ⇐ L

LA24��JŮ(6-8)4��J̅ɶț6ζ
X− -L

LA2
1�

a
X− -L

LA2

D �G:ζW2
7Ǯ�J�'6)C�̅-6 adjacent water, LD1A1�G: LA2

6çǆDĉC)�X–6 effective net charge7� 

 
δ X−L

LD1A1
2( ) = 2ζ X−−L

LD1A1
! 2ζ

X−−W
  � � � � � � � � � (5-10) 

 
δ X−L

LD1A1
L
LA2( ) = ζ X−−L

LD1A1
+ ζ

X−−L
A2
+ 4a

X−−L
LA2

D ζW2ζ X−−L
LA2

1/2( ) ! 2ζ X−−W
+ 4a

X−−W
D ζW2ζ X−−W

1/2

� � (5-11)
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δ X−L

LA2
2( ) = 2 ζ

X−−L
LA2

+ 4a
X−−L

LA2

D ζW2ζ X−−L
LA2

1/2( ) ! 2 ζ
X−−W

+ 4a
X−−W
D ζW2ζ X−−W

1/2( )     �   (5-12) 

13J���0�Ð˼ȵ×�G:Y���˳7Î/6 X–⋯L ɔĄ4��/Ðʼ

3ÂMƔ,/�J1ªĿ!/�J�Ů(6-10)�HŮ(6-12)GI�KH6Ĳŋ˜¼

7� 

δ X−L
LD1A1
2( ) < δ X−L

LD1A1
L
LA2( ) < δ X−L

LA2
2( )   � � � �   (5-13) 

13J���0�X–6 effective net charge7
 
−1+δ X−L( )  0�J)C�GIĲ�

3
 
δ X−L( )7�p�\�êȃRU�4ˋ°!/�J¦6Ǣ×ĸ�HǢɍMýŁ#

Jɥã��GIŋ �3J�1MƆč#J�!)�,/�Ů(5-13)4��/ƶD

Ĳ�3¼ƥMD-δ X−L
LA2
2( )7�ǢɍMýŁ#Jɥã�ƶDŋ �3J��K7

Figure 5-30Ȭ!)Æć1�ɩ#J� 
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Figure 5-2� Cl–(H2O)76 cubeģǑʾMD-Y�ae�6˪ɱȲè˳˿ ECT / kJ mol-1̀

�G:×Ƥ˳˿EDisp / kJ mol-1̀1ɔĄʬ˦ R(X–⋯O)6ȝ˜Ě 

 

� Ǣɍ¹�²0�JǢ×ĸ D6ȴ˷1ǢɍýŁ²0�JǢ×ĸ A7'K(Kȴ

˷�10×˷!)��Ƒ�6ʋĂ7 ECTM�ĪI-;!)ʋĂ7 EDispM'K(

KȬ#� 
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Figure 5-3� p�\�êȃRU�(X–)
Ǣ×ĸ(L)˛ǢɍɔĄ�6 X–�G: L6

adjacent water6ȴ˷1˪ɱȲè˳˿ECT / kJ mol-1̀1ɔĄʬ˦ 
           R(X–⋯O)6ţĠÂ 

 
� �ǝ� ECT6ţĠÂ��ǝ� R(X–⋯O)6ţĠÂM'K(KȬ#� 

 

  



 

 - 67 - 

5-2-2� ˋ°Ǣ×ĸ1ˤƛǢ×ĸ6˛6˪ɱȲè�ǢɍɔĄngj��Y  

      4÷?#Ÿ˰6ʐ»  

� àɃ5-2-107� X
− ⇐ L6ǢɍɔĄ4��J�X–RU�4ˋ°!/�Jadjacent 

water 6çǆMɢ�)��ƼɃ07Ǣ×ĸ L 6 effective net charge 4-�/�

adjacent water 6çǆ@0ĉC)ʅǅMɶ��'�0�àƜ1!/Ǣ×ĸ6Ǣɍ
ɔĄ W0a ⇐ Wda ⇐ Wd0� W0d ⇒ Waa ⇐ Wd0� W0d ⇒ Wad ⇒ Wa0� W0a ⇐ Wdd ⇒ Wa0M

ɢ�J��6 4 ȴ˷6ǢɍɔĄ6ɔĄǒŮM figure 5-4 4Ȭ#�¸�8�

 W0a ⇐ Wda ⇐ Wd06ǢɍɔĄMŮ(4-3)4¨Í!�A=W0a�D= Wda ⇐ Wd01��1�

ă6 ionization energy1 electron affinity7� 

   
I A δ W0a( ) = I0

A 0( ) + !pAδ W0a = I0
A 0( )    � � � � � � �  (5-14) 

   
AD δ WdaWd 0( ) = A0

D 0( ) + !aDδ
WdaWd 0 = A0

D 0( ) + !aDδ W2   � �  (5-15) 

13J��6ȅƈ6 mixing coefficientMŮ(4-4)MD14!/ǤCJ1� 

 

−ηW0a−WdaWd 0 =
− βW0a−WdaWd 0

I A(0)− AD δ WdaWd0( )( )−CW0a
+−Wda

−Wd 0
 =

− βW0a−WdaWd 0

I0
A − A0

D ζW2( )−CW0a
+−Wda

−Wd 0

   ! −
βW0a−WdaWd 0

I0
A − A0

D −CW0a
+−Wda

−Wd 0
+ aW0a−WdaWd 0

D ζW2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥   (5-16)

 

13J�G,/�effective net charge7 

 

δ W0a − WdaWd0( ) = −ηW0a−WdaWd 0( )2

    !
βW0a−WdaWd 0

I0
A − A0

D −CW0a
+−Wda

−Wd 0

⎛

⎝
⎜

⎞

⎠
⎟

2

+ 2aW0a−WdaWd 0

D ζW2

βW0a−WdaWd 0

I0
A − A0

D −CW0a
+−Wda

−Wd 0

⎛

⎝
⎜

⎞

⎠
⎟

     ≡ ζW0a−WdaWd 0
+ 2aW0a−WdaWd 0

D ζW2
ζW0a−WdaWd 0

1/2

   (5-17)

 

1žHKJ�D= Wda ⇐ Wd00�J)C��6Ů(6-17)7�Ů(6-8)˿ X–6 adjacent water

� LA26ư6 effective net chargè1¯/�J�1�L�J� 
 Ǚ4� W0d ⇒ Waa ⇐ Wd04��/�A= W0d ⇒ Waa�D= Wd01!)1�6 mixing 

coefficient7� 
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−ηW0d−WaaWd 0 =
− βW0d−WaaWd 0

I A δ WaaWd0( )( )− AD 0( )−CW0a
+−Wda

−Wd 0
 =

− βW0d−WdaWd 0

I0
A ζW2( )− A0

D −CW0a
+−Wda

−Wd 0

   ! −
βW0d−WaaWd 0

I0
A − A0

D −CW0d−WaaWd 0
+ pW0d−WaaWd 0

A ζW2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥ (5-18)

 

��0�RU�êTn�X�7©�6G�4ɸʋ0�J�@)� 

 I
A δ( ) = I0A + !pAδ    � � � � � � � � � �    (5-19) 

360�Ů(5-17)1ąǒ4 W0d ⇒ Waa ⇐ Wd04��J effective net chargeMǤCJ

1 

δ W0d −WaaWd0( ) = − ζW0d−WaaWd 0
− 2pW0d−WaaWd 0

A ζW2ζW0d−WaaWd 0

1/2( )   � � �  (5-20)
 

1ɸʋ#J�1�0�J�Ǣɍ¹�²0�J W0dǢ×ĸ7�˪ ĸýŁ²0�J)

C�ȽĂ7|Rla43J�¦6ǢɍɔĄ W0d ⇒ Wad ⇒ Wa0� W0a ⇐ Wdd ⇒ Wa06

effective net charge7 

δ W0d −WadWa0( ) = − ζW0d−WadWa0
+ 2pW0d−WadWa0

A ζW2ζW0d−WadWa0

1/2( )       (5-21) 

δ W0a −WddWa0( ) = ζW0a−WddWa0
− 2aW0a−WddWa0

D ζW2ζW0a−WddWa0

1/2

        (5-22) 

13J�Figure 5-34Ȭ!)Ǣ×ĸ L7�ʋ6ǢɍɔĄ6�mgj1!/ɢ�H

KJ�GIɆǹ3ȌʜŮMµJ)C���0̅-6Ĳɤ3ʷ¯șɾɍMŊÍ#

J� 

 

1)  �-6Ǣ×ĸ6˛6ǢɍɔĄ4��JÐ˼ȵ× 1Y���˳CA+ -D−

7 

    �Ŀ0�J� 

 

2)  Ǣ×ĸ7̅Ƽ6ǢɍɔĄMƔ-ĩĄ'6ɔĄŇąĮ�Ÿ˰M÷?!Ą� 

    �173�� 

 

 

¸�8� L⇐Wdaa ⇐Wd( )2ɔĄ4��/�A=L�D= Wdaa ⇐Wd( )21#Jư6
effective net charge7Ů(5-17)Mȏ�J�10� 

β A-D
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δ LA

D1A2( ) = ζW2
+ 4aDζW2

3 2   � � � � � � � � � �  (5-23) 

1žJ�1�0�J��ƫ� L⇐Wdad ⇐Wd( ) ⇒Wa( ) 07� A=L� D=

Wdad ⇐Wd( ) ⇒Wa( )1#J1�6 effective net charge7 

 
δ LA

D2A1( ) = ζW2
    � � � � � � � � � � � � �  (5-24) 

1ɸʋ#J�1�0�J�G,/�Ů(5-21)�G:(5-22)MĄL%J�14GI�
Figure 5-36Ř�H̅Ȕț6ÙLA

D1A2
A
D2A1

 �G:LA
D2A1
2 6 effective net charge7� 

δ LA
D1A2
A
D2A1( ) = 2ζW2 + 4aDζW23/2 � � � � � � � � � (5-25)

 

δ LA
D2A1
2( ) = 2ζW2         � � � � � � � � �     (5-26)

 

1 3 J � ą ǒ 4 ! / � L⇒Waad ⇐Wd( ) ⇒Wa( ) Ǣ ɍ ɔ Ą 0 7 � A=

Waad ⇐Wd( ) ⇒Wa( )�D=L0�J)C�Ů(6-20)1(6-21)MɔĄ %/� 

δ LD
D1A2( ) = −ζW2

− 2pAζW2
3/2 + 2pAζW2

3/2 = −ζW2   � �   (5-27)
 

1ɸʋ�0��L⇒Wadd ⇒Wa( )2ǢɍɔĄ˿A=Waad ⇒Wa( )2�D=L̀6ĩĄ7� 

δ LD
D2A1( ) = − ζW2 + 4 p

AζW2
3/2( )  � � � � � � � �    (5-28)

 

0�J�'�0�Ů(5-25)�H(5-28)6ȌʜŮM�Figure 5-36ɜ6̆Ȕț�H̉

Ȕț4Ȭ!)̇ȴ˷6Ǣ×ĸ�
 
LD

D1A2AD1A2 �  
LD

D2A1AD1A2 �  
LD

D1A2AD2A1 �

 
LD

D2A1AD2A16 effective net charge7�'K(K 

δ LD
D1A2
A
D1A2( ) = −ζW2( ) + ζW2 + 4a

DζW2
3/2( ) = 4aDζW23/2  � � �  � �    (5-29) 

δ LD
D2A1
A
D1A2( ) = − ζW2 + 4 p

AζW2
3/2( ) + ζW2 + 4a

DζW2
3/2( ) = 4 aD − pA( )ζW23/2 � (5-30) 

δ LD
D1A2
A
D2A1( ) = −ζW2( ) + ζW2( ) = 0  � � � � � � � � � �   (5-31)

 

δ LD
D2A1
A
D2A1( ) = − ζW2 + 4 p

AζW2
3/2( ) + ζW2( ) = −4 pAζW2

3/2

 �     (5-32) 
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1ɸʋ0�J���0D�Ŀƥ pA�G: aD7ş4ǚ0�J�Ž,/��KHŮ
(6-25)�HŮ(6-26)��G:Ů(6-29)�HŮ(6-32)0Ȭ!) effective net charge6Ĳ

ŋ˜¼7�'K(K 

δ LA
D1A2
A
D2A1( ) > δ LA

D2A1
2( )    � � � � � � � � � � � � � �   (5-33) 

δ LD
D1A2
A
D1A2( ) > δ LD

D2A1
A
D1A2( ) ≥ δ LD

D1A2
A
D2A1( ) > δ LD

D2A1
A
D2A1( )    (5-34)

 

0�J�1�L�J�Ǣ×ĸ L7p�\�êȃRU�
Ǣ˛6ǢɍɔĄ4��J

˪ĸýŁ²˿ Ǣɍ¹�² 0̀�I�Ǣ×ĸ L6 effective net charge6ĭä4��

electron affinityDĭä#J)C�Ů(5-33)�G:(5-34)0Ȭ!)Ĳŋ˜¼�'6@

@�Figure 5-30Ȭ!) LPMO PTʉɂ0Ȭ!) CT˳6Æć1�ɩ!/�J�

δ LA2( )472ζW2�ĉ@K/�J)C�ƯȨ4δ LD1A1( )GIDĲ�3 CT˳MD

-�1��ƅ K�ŀˣ4 LPMO PTʉɂ!)Æć1�ɩ#J� 

� Mulliken6Ȍʜ4��J CT˳7� X− ⇐ L  ɔĄ6ĩĄ� 

EM−CT
X− -L = − λX− -L( )2 β X− -L

� � � � � � � � � � � � � � �  
1!/ɸʋ KJ�Ů(6-5)�H� 

EM−CT
X−L

LD1A1
2 -LA

D1A2
A
D2A1 = − β X−L

LD1A1
2 -LA

D1A2
A
D2A1

β X−L
LD1A1
2 -LA

D1A2
A
D2A1

I0
X−

− A0
L − ΔCX−L

LD1A1
2 -LA

D1A2
A
D2A1

−Ω
X−L

LD1A1
2 -LA

D1A2
A
D2A1

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥   (5-35)

 

Ω
X−L

LD1A1
2 -LA

D1A2
A
D2A1

= − pX
−L

LD1A1
2

δ X−L
LD1A1
2 -( ) + aLAD1A2AD2A1δ LA

D1A2
A
D2A1( )
� � � � � �  

 

13J�!)�,/�D!Ð˼ȵ×1Y���˳�Î/6ɔĄ4��/Ðʼ0

�J1ªĿ#J1�Figure 5-36̄ɶț(X−L
LD1A1
2 )1̅ɶț(X−L

LD1A1
L
LA2

)6ř7� 

EM−CT
X−L

LD1A1
2 -L − EM−CT

X−L
LD1A1

L
LA2

-L = β 2ζ
X− -W( )− 2ζ

X− -W
+ 8a

X− -W
D ζW2

ζ
X− -W
1 2( )⎡⎣ ⎤⎦ = −8 β a

X− -W
D ζW2

ζ
X− -W
1 2

� �  

13J�Figure 5-3GI�
L = LA

D2A1
2

 6ư��6Â7-2.78 kJ mol-1�
L = LD

D2A1
A
D1A2

6ư7�-1.94 kJ mol-1�
L = LD

D1A2
A
D2A16ư7�-1.61 kJ mol-1�

L = LD
D2A1
A
D2A16

ư7�-1.33 kJ mol-10�J�Ð˼ȵ×7ɔĄʬ˦4ºĹ!/�J)C��KH6
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Â7�Ŀ073��@)�
L = LD

D2A1
A
D1A2
,LD

D1A2
A
D2A1
,LD

D2A1
A
D2A17��4ʷ�

Â0�I>?ɀ!�1��J� 
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Figure 5-4� Ǣ 3ˑ²6ư6 4ȴ˷6ǢɍɔĄǒŮ6ǔŮĚ 

 

 
� 'K(K�a)  W0a ⇐ Wda ⇐ Wd0�b)  W0d ⇒ Waa ⇐ Wd0�c)  W0d ⇒ Wad ⇒ Wa0�

d) W0a ⇐ Wdd ⇒ Wa06ǢɍɔĄǒŮMȬ#� 
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5-3� Ⱦ̈Ⱥ6@1C  

� Ⱦ 5Ⱥ07 n=74/ɼƥĹĞ#J cubeģǑʾM�i�1!/p�\�êȃR

U�1Ǣ×ĸ L˛ǢɍɔĄ6 CT˳6Ĳ� M�p�\�êȃRU��G:Ǣ×

ĸ L 'K(K4ʷƛ#JǢ×ĸ6ǢɍɔĄǒŮDɢƉ!/ʅǅMɶ,)�

Mulliken 6˪ɱȲèȌʜMȏ�/�p�\�êȃRU� X–4ʷƛ#JǢ×ĸ�

LD1A1eRv6G�3�¦6Ǣ×ĸ4ǢɍM¹�#JG�3Ǣ×ĸ0�J1�7�

'�073� LA2eRv6ưGID�X–6 net charge�GI negative43J)C

X–6RU�êTn�X��ŋ �3I�Ǣɍ¹�²0�JǢ×ĸ L 16˪ɱȲ

èȝ�µȏ7Ĳ��3J�1MȬ!)�@)�Ǣ×ĸ L4ʷƛ#JǢ×ĸ� D1A2

6G�3�¦6Ǣ×ĸ�HǢɍMGIýŁ#JeRv6Ǣ×ĸ0�JĩĄ�Ǣ

×ĸ L6 net charge�GI positive43J)C L6˪ĸʂďã�Ĳ��3I�Ǣ

ɍýŁ²0�Jp�\�êȃRU� X–16˪ɱȲèȝ�µȏ�Ĳ��3J�1

M�ȌʜŮMȏ�/Ȭ!)� 
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6  

 X–(H2O)n 

(X=F Cl n=3−7) - -

 

X–(H2O)7 cube

CT

 

(X–) (L) X–⇐  LDnAm n<m

cube

X– L

Dn’Am’

CT Mulliken CT

Mulliken CT

X–(H2O)11 double cube

cube

σ  
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Table A-1  F–(H2O)5�G: Cl–(H2O)5Y�ae�6ȕƃ²˛6ȝŇTn�X�� 

          LPMO PTʉɂ4GJʷ¯ș CPɻǚ!)ɔĄTn�X��LPMO 

          ɔĄTn�X��˪ɱȲè˿CT̀Tn�X��×Ƥ˿Disp̀Tn� 

          X�˿kJ mol-1̀ 

 

 

a  Ů(2-23)0Ȭ!)�LPMO PT / aug-cc-pvdzʉɂ06ȝŇTn�X�6Â 

b  MP2 / aug-cc-pvdzʉɂ4GJ�Ů(2-30)0ɂÖ!)ʷ¯ș BSSE ɻǚ!) 

   ɔĄTn�X�6Â 

c  Ů(2-23)6Ⱦ�˳4Ȭ#�LPMOɔĄTn�X�6Â 

d  Ů(2-23)6Ⱦ�˳4Ȭ#�CTTn�X�6Â 

e  Ů(2-23)6Ⱦ�˳4Ȭ#�DispTn�X�6Â 

f  MP2 / aug-cc-pvdzʉɂ4GJ�Ů(2-30)0ɂÖ!)ʷ¯ș BSSE ɻǚ!)ɔĄ 

  Tn�X�6ȕƃ²˛4��JȝŇTn�X�6Â 
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Table A-2  F–(H2O)6�G: Cl–(H2O)6Y�ae�6ȕƃ²˛6ȝŇTn�X�� 

          LPMO PTʉɂ4GJʷ¯ș CPɻǚ!)ɔĄTn�X��LPMO 

          ɔĄTn�X��˪ɱȲè˿CT̀Tn�X��×Ƥ˿Disp̀Tn� 

          X�˿kJ mol-1̀ 

 
 

a  Ů(2-23)0Ȭ!)�LPMO PT / aug-cc-pvdzʉɂ06ȝŇTn�X�6Â 

b  MP2 / aug-cc-pvdzʉɂ4GJ�Ů(2-30)0ɂÖ!)ʷ¯ș BSSE ɻǚ!) 

   ɔĄTn�X�6Â 

c  Ů(2-23)6Ⱦ�˳4Ȭ#�LPMOɔĄTn�X�6Â 

d  Ů(2-23)6Ⱦ�˳4Ȭ#�CTTn�X�6Â 

e  Ů(2-23)6Ⱦ�˳4Ȭ#�DispTn�X�6Â 

f  MP2 / aug-cc-pvdzʉɂ4GJ�Ů(2-30)0ɂÖ!)ʷ¯ș BSSE ɻǚ!)ɔĄ 

  Tn�X�6ȕƃ²˛4��JȝŇTn�X�6Â 
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Table A-3  F–(H2O)7�G: Cl–(H2O)7Y�ae�6ȕƃ²˛6ȝŇTn�X�� 

          LPMO PTʉɂ4GJʷ¯ș CPɻǚ!)ɔĄTn�X��LPMO 

          ɔĄTn�X��˪ɱȲè˿CT̀Tn�X��×Ƥ˿Disp̀Tn� 

          X�˿kJ mol-1̀ 

 
 

a  Ů(2-23)0Ȭ!)�LPMO PT / aug-cc-pvdzʉɂ06ȝŇTn�X�6Â 

b  MP2 / aug-cc-pvdzʉɂ4GJ�Ů(2-30)0ɂÖ!)ʷ¯ș BSSE ɻǚ!) 

   ɔĄTn�X�6Â 

c  Ů(2-23)6Ⱦ�˳4Ȭ#�LPMOɔĄTn�X�6Â 

d  Ů(2-23)6Ⱦ�˳4Ȭ#�CTTn�X�6Â 

e  Ů(2-23)6Ⱦ�˳4Ȭ#�DispTn�X�6Â 

f  MP2 / aug-cc-pvdzʉɂ4GJ�Ů(2-30)0ɂÖ!)ʷ¯ș BSSE ɻǚ!)ɔĄ 

  Tn�X�6ȕƃ²˛4��JȝŇTn�X�6Â 
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Table A-4  Figure 5-14Ȭ!) Cl–(H2O)7Y�ae�6 cubeģǑʾMD-Ǒʾ 

          ȕƃ²6 x,y,zŪǓ� 

 
Table A-4-1.  2-A isomer 

 
.22222222222 2222222222202

2
-222222 222 2222 2
222222 222 222 2
222222 2222 2222 2
122222 222 222 2
-22222 222 2222 2
22222 222 2222 2
22222 222 2222 2
-222222 222 222 2
222222 222 222 2
222222 222 222 2
-22222 222 222 2
22222 222 222 2
222222 2222 222 2
-22222 2222 2222 2
22222 2222 2222 2
22222 2222 2222 2
-222222 2222 2222 2
222222 2222 2222 2
222222 222 2222 2
-222222 2222 222 2
222222 2222 222 2
222222 2222 222 2

2
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Table A-4-2.  1-A-1 isomer 
 

.22222222222 2222222222202
2

-222222 2222 2222 2
222222 222 2222 2
222222 2222 2222 2
122222 222 222 2
-22222 2222 222 2
22222 2222 222 2
22222 2222 222 2
-222222 2222 2222 2
222222 2222 2222 2
222222 2222 2222 2
-22222 222 2222 2
222222 222 2222 2
22222 222 2222 2
-22222 222 222 2
222222 222 222 2
22222 222 222 2
-222222 2222 222 2
222222 2222 222 2
222222 2222 222 2
-222222 222 222 2
222222 222 222 2
222222 222 222 2

2
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Table A-4-3.  1-A-2 isomer 
2

.22222222222 2222222222202
2

-222222 2222 2222 2
222222 2222 2222 2
222222 2222 222 2
122222 222 2222 2
-22222 2222 2222 2
22222 2222 2222 2
22222 2222 2222 2
-222222 2222 2222 2
22222 2222 2222 2
222222 2222 2222 2
-222222 222 2222 2
22222 222 2222 2
222222 222 2222 2
-222222 222 222 2
222222 222 222 2
22222 222 222 2
-222222 2222 222 2
222222 2222 222 2
22222 2222 222 2
-222222 222 2222 2
222222 222 2222 2
222222 222 2222 2

2

  



 

 - 92 - 

 
 
 
 
 
 
 

Table A-4-4.  1-B-1 isomer 
 

.22222222222 2222222222202
2

-22222 2222 2222 2
22222 2222 2222 2
22222 2222 2222 2
122222 222 2222 2
-22222 222 2222 2
22222 222 2222 2
222222 222 2222 2
-22222 2222 2222 2
22222 2222 2222 2
222222 2222 2222 2
-222222 2222 2222 2
222222 2222 2222 2
222222 2222 2222 2
-22222 222 222 2
22222 222 222 2
222222 222 222 2
-22222 222 2222 2
22222 222 222 2
22222 222 2222 2
-22222 2222 222 2
222222 2222 222 2
22222 2222 222 2

2

  



 

 - 93 - 

 
 
 
 
 
 
 

Table A-4-5.  1-B-2 isomer 
 

.22222222222 2222222222202
2

-22222 2222 222 2
22222 2222 222 2
22222 2222 222 2
122222 222 222 2
-222222 222 2222 2
22222 2222 2222 2
222222 222 2222 2
-22222 2222 2222 2
22222 2222 2222 2
22222 2222 2222 2
-222222 2222 222 2
222222 2222 222 2
222222 2222 222 2
-222222 222 222 2
22222 222 222 2
222222 222 222 2
-22222 222 2222 2
22222 222 2222 2
22222 222 2222 2
-22222 2222 222 2
22222 2222 222 2
22222 222 222 2

2

  



 

 - 94 - 

 
 
 
 
 
 
 

Table A-4-6.  1-C-1 isomer 
 

.22222222222 2222222222202
2

-22222 2222 2222 2
22222 2222 2222 2
22222 222 2222 2
122222 222 2222 2
-222222 2222 2222 2
22222 2222 2222 2
222222 2222 2222 2
-22222 2222 2222 2
22222 2222 222 2
22222 2222 2222 2
-222222 2222 222 2
222222 2222 222 2
222222 2222 222 2
-222222 222 222 2
22222 222 222 2
222222 222 222 2
-22222 222 2222 2
22222 222 2222 2
22222 222 2222 2
-22222 222 222 2
22222 2222 222 2
22222 222 222 2

 
  



 

 - 95 - 

 
 
 
 
 
 
 

Table A-4-7.  1-C-2 isomer 
 

.22222222222 2222222222202
2

-222222 2222 222 2
222222 2222 222 2
222222 2222 2222 2
122222 222 2222 2
-22222 222 2222 2
222222 2222 2222 2
22222 222 2222 2
-222222 222 2222 2
222222 222 2222 2
222222 222 2222 2
-22222 222 222 2
22222 222 222 2
222222 222 222 2
-22222 2222 222 2
22222 2222 222 2
22222 2222 222 2
-222222 2222 2222 2
222222 2222 2222 2
222222 2222 2222 2
-222222 222 222 2
222222 2222 222 2
222222 222 222 2

 
  



 

 - 96 - 

 
 
 
 
 
 
 

Table A-4-8.  0-A-1 isomer 
 

.22222222222 2222222222202
2

-222222 2222 222 2
222222 222 222 2
222222 2222 222 2
122222 222 222 2
-22222 222 2222 2
222222 222 2222 2
22222 222 2222 2
-222222 222 222 2
222222 222 222 2
222222 222 222 2
-22222 2222 222 2
22222 2222 222 2
222222 222 222 2
-22222 2222 2222 2
22222 2222 2222 2
22222 2222 2222 2
-222222 222 2222 2
222222 2222 2222 2
222222 222 2222 2
-222222 2222 222 2
222222 2222 222 2
222222 2222 222 2

2

  



 

 - 97 - 

 
 
 
 
 
 
 

Table A-4-9.  0-A-2 isomer 
 

.22222222222 2222222222202
2

-222222 2222 2222 2
222222 2222 2222 2
222222 222 2222 2
122222 222 222 2
-22222 2222 222 2
222222 2222 222 2
22222 2222 222 2
-222222 2222 222 2
222222 2222 222 2
222222 2222 222 2
-22222 2222 2222 2
22222 2222 2222 2
22222 2222 2222 2
-22222 222 2222 2
222222 222 222 2
22222 222 2222 2
-222222 222 222 2
222222 222 222 2
222222 222 222 2
-222222 222 2222 2
222222 222 2222 2
222222 222 2222 2

 
  



 

 - 98 - 

 
 
 
 
 
 
 

Table A-4-10.  0-B-1 isomer 
 

.22222222222 2222222222202
2

-22222 222 2222 2
22222 222 2222 2
22222 222 2222 2
122222 222 2222 2
-222222 222 222 2
22222 222 222 2
222222 222 222 2
-22222 222 2222 2
22222 222 222 2
22222 222 2222 2
-222222 222 2222 2
222222 222 2222 2
22222 222 2222 2
-222222 2222 222 2
222222 2222 2222 2
222222 2222 222 2
-22222 2222 222 2
22222 2222 222 2
22222 2222 222 2
-22222 2222 2222 2
22222 2222 2222 2
22222 2222 2222 2

 
  



 

 - 99 - 

 
 
 
 
 
 
 

Table A-4-11.  0-B-2 isomer 
 

.22222222222 2222222222202
2

-222222 2222 222 2
222222 2222 222 2
222222 2222 222 2
122222 222 2222 2
-22222 2222 2222 2
222222 222 2222 2
22222 2222 2222 2
-222222 222 2222 2
222222 222 2222 2
222222 222 2222 2
-22222 222 222 2
22222 222 222 2
222222 222 222 2
-22222 2222 222 2
22222 2222 222 2
22222 2222 222 2
-222222 2222 2222 2
222222 2222 2222 2
222222 2222 2222 2
-222222 2222 222 2
222222 222 222 2
222222 2222 222 2

 

 

 

 


