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1.ǋǮ 
1-1.ƅž³)��<ȰÿƲÅÏİ 
� ȰÿƲÅÏİ+Æāƴȥ%�"��*ȰǛ/Ȱÿ*ƲÅ@��Ïİ%
<�ȰÿƲ
ÅÏİ+ǔƊƝ%ǫƃ�=<Ū�(ÆāÏİ*�%6Ř6ðŜƣ(Ïİ*�"%


;�ƚƐāƣ
<�+Ĕŧƣ(ǸȑƳ)��$�Įƣ(ħÁ@Ļ!$�<� 
� ȰÿƲÅÏİ@Ǌ�ƣ)ƘǬ�9�&��ŜŤƣ(ǲ3+�1950 ě�ĩÇ�:
R.A.Marcus )9;ȖƲƒĳƘǷ&ȰƮųā*ƘǷ@ƛ�$ý5:=[1,2]��*ĩ�
ÇȞÿǷƣBk~�Z@Ù5$ŏ��đȤ7ňǙ�Ã
:=$Ɩì)Ǖ<[3-5]�2��
1950ě� Taube)9!$ȰÿƲÅÏİ+ŻıÆƒĳ)��<Æāƴȥ*ŢŬũȍ*
řƉ)9;³êîȰÿƲÅÏİ&øêîȰÿƲÅÏİ)¸ȸ�=�[6,7]�³êîȰÿ
ƲÅÏİ&+�ȖƲƒĳ)��$ȜÆ¾&Ș«¾*ƻ�Ț�ê%Ď(�&6�"��

*Ț�ÿ�ŢŬ��ŢŬȚ�ÿ��ì�$ȰÿƲÅÏİ�ȏǟ�<6*%
<[8]��
Ő�øêîȰÿƲÅÏİ&+�ÏİȑƳ)��$�ǘƣ)Ïİ*¼ĩ%ȜÆ¾&Ș«

¾*Ț�ũȍ�¤Ŀ�=$�;�Ïİ�)ȟĒȥ%ŢŬũȍ@ř�(��ī!$øê

îȰÿƲÅÏİ+�ůġ*9�(ƿÉ(ġ%Ǣ��&�%�<� 
 
MIIIL6 + MIIY6  [(MIIIL6)(MIIY6)] 	  MIIL6 + MIIIY6     � � � �
(1-1) 
 
­)Ȉ/�q�IUƘǷ+øêîÏİ)Ȧ�<6*%
<��ǘƣ)ÆāÏİ*ȌĞ

@ƘǷƣ)�Ǩ�<�&+ȯ����øêîȰÿƲÅÏİ+�Ïİ*ŻıÆȬö)"

�$ĄȞƣ(Ǭœ�ȏA%�<ŋĎ(�I]P{�*Ïİ%
;�ƅž³*ǦÖƣÏ

İ*Ůũ@ƫƵ�<�%řÂ(ŀū&(<Ïİǂ*�"%
<� 
ƅž³*øêîȰÿƲÅÏİ+�³êũȍ÷Æ&øêũȍ÷Æ)įǧ(Gb|K�

*ß�ŻıÆȬö@ĥĵ��=:*ũȍ÷Æ�Èûƣ)��<�&)9!$ȏǟ�

<��*�5�øêîȰÿƲÅÏİ*ŻıÆȬöΔG*+³êũȍ÷Æ&øêũȍ÷Æ

)įǧ(Gb|K�*ß&�$
:?�=<(ġ(1-2))� 
 
 � � (1-2) 
 
Ôȅ*Õȵ+��=�=øê�³êũȍ÷Æ)Ċİ�<ŻıÆȬö*ú��%
;�

Řĩ*ȵ+Ɖȧȓ�:ȜÆ¾&Ș«¾(ȋĘ+&6)ȰǛ@ř�<)@ÏİȀȮ2%ń
ȇ��<(ńǭ�Ö�@ĥĵ�<)�5)įǧ(Ò²ƣp]�Sv|%
<�ńǭ�Ö

ΔGtotal
* = ΔGOS

* +ΔGIS
* +ΔG*

Fuoss
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�+ƅþ¸ÿ@ł4�&Ɖ�Ïİƴ'���ƅþß�=�6*%
<� 
ȰÿƲÅÏİ)��<³êũȍ÷Æ&+�ȜÆ¾&Ș«¾*�Ö�(ńǭ�Ö�)*³
ș%ȜÆ¾&Ș«¾��=�=ȰÿƲÅ)Ř6Ȕ��ũȍ)(<�5)įǧ(Æā

ǉÖȣ*�ǎ@ǟ(�ȑƳ@���ȖƲȟĒȢ�%+��6)ȟĒ&Ț�Ëÿȥ*Ȁ

Ȯ*ǶŌ)Ċİ���*ŕȥUN�|+ 10-12ƱƳĞ%
<�³êũȍ÷Æ)Ċİ�

<ŻıÆȬö*ú��+�Ȣ�³*ȟĒ&Ț�Ëÿȥ*ǉÖȣ*÷Æ&ǉÖ*ģ�

(Â*Ąŋ)%ǢƖ�=<�øêũȍ÷Æ&+ńǭ�Ö�@&;2�ƅþũȍ*ŘȔÆ
)Ċİ�<�³ê*ŻıÆ)9!$ũȍŘȔÆ�=�¸ÿ/DH�*Ċ+�ðĝƒĳ
&+Ɵ(<¸Ũ@ř�<òÖ�0&A'%
<����!$�ȰÿƲÅ)ŘȔ(³ê

ũȍ)Þİ��øêũȍ÷Æ�ńǭ�Ö�*ø§%��;��=:*ƙõ�Ō!�Ʃ

ȥ)ȲĘ)Ȍ�ȌĞ%ȰÿƲÅ+ȏǟ�<�ȋĘ*¸ÿıƅþ)��<øêũȍ÷Æ

*ŕȥUN�|+ 10-10~10-12Ʊ%�³êũȍ÷Æ*ŕȥUN�|9;6�ťƳĞȐ��

øêũȍ÷Æ)Ċİ�<ŻıÆȬö*ú��+�ÏİƐ@½�Ɨ&�$Ñ;ĸ��&

%�¸ŨƘǷ)ð#�ǐĉ�:�ƃ�<�&�%�<� 
 
1-2.�ĕȦ£ 
� �ĮȟĒ*ȰǛ*3�Ɵ(<ȟĒȢ�ȥ*ȰÿƲÅÏİ(ǔĖ�ŅÏİ)+�ġ(1-3)
*9�)ǢƖ%�<� 
 
 Mn+* + M(n-1)+  M(n-1)+* + Mn+� � (1-3) 
 
� ġ(1-3)%Ư�=<9�(ǔĖ�ŅÏİȌĞ*ƃĄ+�NMR UmL^|
<�+
EPR UmL^|@ƛ��Æā�Ņ)9<ǌĜęÆŸ�ĂĄ×��«ǅ@ƛ��×�
�ūǺŸ��9-®āŻı(Ȣ�)"�$+ő®Ğ*ŕȥ÷Æ*ȉȁ('�:ŵ5<

�&�%�<[9-12]�����ÏİƐ*ĂĄı7ƃĄ*YDsUN�|('*ǧå)
9;��=:*ķŸ@ƛ�$ƃĄÓǒ(Ïİǂ+ȧĄ�=$�<��*9�(òÖ�

U^[k^i~�Ÿ('@ƛ��ƃĄ�:Ĭ:=��ĕÏİ*ȌĞĄŋ(k12)@ƛ�
$��ĕȦ£ġ�:ǔĖ�ŅÏİȌĞĄŋ@ŶĄ�<ŐŸ��ǘƣ)ƛ�:=$�<� 
 

 Ared + *Aox              Aox + *Ared

k11
 (1-4) 
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 Bred + *Box              Box + *Bred

k22
 (1-5) 

 

 Ared + Box              Aox + Bred
k12

   (1-6) 

 
��%�Aox�9- Ared�Box�9- Bred+�=�=Æāƴ A�9- B*ȜÆ��9
-Ș«�%
<�2��k11�9- k22+�=�=Æāƴ A�9- B*ǔĖ�ŅÏİ
ȌĞĄŋ@Ư�$�;�k12+ÆāƴA&B&*ȥ*�ĕÏİ*ÏİȌĞĄŋ%
<�
Marcus+�ġ(1-4)~(1-6)%Ư���=�=*Ïİ*´Ț¹ǔƜGb|K�)Ċ�$�
ġ(1-7)%Ǣ�Ȧ£�ĵƺ�<&�Ą���ĕÏİ*ŻıÆǔƜGb|K��ǔĖ�Ņ
Ïİ*ŻıÆǔƜGb|K�)9!$ġ(1-8)%Ǣ�=<�&@Č��(λ+Ïİ*Ŝ
ǻƣŻıÆȬö&Þ,=<Ȟ%
;�Ïİ*ŻıÆǔƜGb|K�ΔG*&ΔG*=(1/4)λ
*Ȧ£)
<)� 
 

  � � (1-7) 
 

  (1-8)  

 
ĩ) Ratner& Levine+�ƍÂāƣ(ǐĉ�:×Ū*�ĕȦ£@Č��Marcus*�
ĕȦ£ġ*ĵƺ)ȫ�$ȰÿƲÅÏİ�øêîŮũ%ȏǟ�<�&�Franck-Condon
*ËƘ�ŎƍƣȰÿƲÅÏİ%
<�&�įǧŝ�%+(��&@œ:�)��[13]�
ġ(1-6))Ư���ĕÏİ+�ÏİƐ�ńȇ�<�&%Ïİ¼ȹ�[Ared

‡·Box
‡]@ĥĵ��

�*Ïİ¼ȹ��%ȰÿƲÅÏİ�ȏǟ�<�&%ĩȹ�[Aox
‡·Bred

‡]@ĥĵ���:
)ƚĵƐ.*¸Ǭ�ȏǟ�<&ǐ
<�&�%�<��*ȫ)�Ratner�9- Levine
+�¼ȹ�(:-)ĩȹ��)��$�Ared

‡�Box
‡�Aox

‡�9- Bred
‡+�=�=Ɠƺ

��ƍÂāƣıǻ@ř�$�<&�Ą���"2;��*�Ą+�=�=*(ŻıÆ
ƒĳ)
<)Æāƴ+�¼ȹ��)��$6ĩȹ��)��$6�=�=*ÏİƦķ
&Ƒº(Ʀ��ƛ@ǿ��(��&@ĲÝ�$�<��*9�(ŝ��%+¼ȹ�&

ĩȹ�*ǔƜGb|K�)ůġ*Ȧ£�ĵƺ�<(ġ(1-9))� 

( )221112 2
1

λ+λ=λ

ΔG12
* =

1
2
ΔG11

* +ΔG22
*( ) 1+ ΔG12°

2 ΔG11
* +ΔG22

*( )
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

2
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 Gº(Ared

‡) + Gº(Box
‡) = Gº(Aox

‡) + Gº(Bred
‡)� �  (1-9) 

 
2��Ïİ*°�*ǔƜGb|K�+ġ(1-10)%Ǣ��&�%�<� 
 
 ΔG12º = Gº(Aox) + Gº(Bred) – Gº(Ared) – Gº(Box)� �  (1-10) 
 
�:)�ǔĖ�ŅÏİ*òÖ&�ĕÏİ*òÖ)��$�ŻıÆƒĳ)
<Æāƴ*

ǔƜGb|K��×�%
<&�Ą�<&�ġ(1-11)~(1-13)%Ư���=�=*Ïİ
)Ċ�<Ïİ*ŻıÆǔƜGb|K�+��*9�)Ǣ��&�%�<� 
 
 ΔG11

* = Gº(Ared
‡) + Gº(Aox

‡) – Gº(Ared) – Gº(Aox) (1-11) 
 
 ΔG22

* = Gº(Bred
‡) + Gº(Box

‡) – Gº(Bred) – Gº(Box) (1-12) 
 
 ΔG12

* = Gº(Ared
‡) + Gº(Box

‡) – Gº(Ared) – Gº(Box) (1-13) 
 
��%�ġ(1-13)@ 2¥��ġ(1-9)@�¯�<�&%�ġ(1-14)�Ĭ:=<� 
 
 2ΔG12

* = Gº(Ared
‡) + Gº(Box

‡) + Gº(Aox
‡) + Gº(Bred

‡) 
   – 2Gº(Ared) – 2Gº(Box) � � �  (1-14) 
 
�:)ġ(1-10)@�¯��ŌƘ�$ġ(1-11)�(1-12)@�¯�<�&%ǔƜGb|K�
)Ȧ�<�ĕȦ£�Ĭ:=<� 
 
 ΔG12

* = 1/2(ΔG11
* + ΔG22

* + ΔG12º)� � (1-15) 
 
��%�Æāƴ*ȰǛ&ǀĞ@ÏŔ��Æāƴȥ*ǠƷȶĞ Zij@�Ą�<�&%�

Ïİ*ŻıÆǔƜGb|K�ΔG*ij&ȌĞĄŋkij+ġ(1-16)%ȦȎ��:=<(i,j=12
�+ 2)� 
 
 kij=Zijexp(-ΔG*ij/RT)� � (1-16) 
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k21 

� ġ(1-17)*ȰÿƲÅÏİ*ĚǡĄŋ K12+�ÕȢ�*ȜÆȘ«Ȱ� Eo1�9- Eo2

@ƛ�$ġ(1-20)�:ŶĄ�<�&�%�<� 
 
M1m+   +  M2n+                  M1(m-1)+  +  M2(n+1)+    K12   � �  (1-17) 
 

M1(m-1)+    E°1   � � � � � � �     (1-18) M1m+   +  e-                    

 
M2n+   �  E°2 � � � � � �  �   �  �  (1-19) M2(n+1)+  +  e-                    

 
∆G˚12 = - RT ln K12 = - F (E˚1 - E˚2) � � � � � � � � � � � � � � � �  (1-20) 
 
ġ(1-16)&ġ(1-20)@ƛ�<�&%�ġ(1-15)+ȌĞĄŋ@ƛ�$ġ(1-21)*9�)Ǣ
Ɩ%�<� 
 

� � F12 = Z122/Z11Z22 � � � (1-21)� Ratner-Levineġ 
 
� 2��ġ(1-15))Ċ�$Ïİ¼ȹ�ƚĵ*ȱȰƣƦ��ƛ@ǐĴ)¯=<�&%�
�ĕÏİ*ȌĞĄŋ k12+�ǔĖ�ŅÏİȌĞĄŋ k11�k22�9-�ĕÏİ*ĚǡĄ

ŋ K12)9!$�ġ(1-22)%Ǣ��&�%�<� 
 
  (1-22)  Marcus-Sutinġ 
 

   
 

   
 

   
 

k12 = k11k22K12F12

k12 = k11k22K12 fW12

( )[ ]
( ) ( )[ ]RTwwZZkk

RTwwKf
//ln4

/lnln
221122112211

2
211212

++

−+
=

⎟
⎠

⎞
⎜
⎝

⎛ −−+
−=

RT
wwwwW

2
exp 22112112

12

( )ID
ezz

w
s

ji
ij

βσ+σ
=

1

2
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�  
 
��%�wij�9- Zii+�=�=ȰÿƲÅÏİ@ǿ��Æāƴ�ŘȇńȀȮ(σ)2%ń
ȇ�<*)įǧ(ȱȰƣ(��Ȟ�9-ÕÆāƴ*ȥ*ǠƷȶĞ(≈ 1010 M-1 s-1)@Ư
�$�<[4]� 
� Ratner�9- Levine)9<&ġ(1-15)�ĵƺ�<�5*ŝ�+�(1)ƨƤ��Ïİ
Ɛ*ŻıÆȑƳ�ÏİƦķ)9!$Ħȴ�=(��&�(2)ŻıÆƒĳ+ǔĖ�ŅÏİ
&�ĕÏİ)��$×�%
<�&*�ƈ%
<��*�&�:�ġ(1-22))��$
Ư�=<Ȧ£+�øêîȰÿƲÅÏİ*ȌĞĄŋ*3(:��³êîŮũ@Ù4
:

8<ÏİŮũ.&Ȕƛ%�<�&�œ:�&(!$�<[14,15]� 
 
1-3.ƫƵ*Ƥƣ 
� DH�ž�&+�ĘƂƅǞó&6Þ,=<ĆƂ%ž�ƒĳ*ó%�ȋĘ*¸ÿıž

�)+(���*Ƒĭ@6"[16-19]�(a)ž�Ʀ@Ư�ƂĞƽç�ȲĘ)Ĝ��5�
Ĝƽç%ƂĞ@÷Æ���ąȺ@ǟ(��&%�<��(b)ǜųë�ȲĘ)��Ƨƶ�
%6ǜơ�(��5�ž�&Ƨƶ*Ɲȳ�Āì�<�2�(c)Ĝ�Ȱ�ƹ(:-)Ȼ�
DH��Čı@ř�<�5�ȲȰǬǻ�:ȰǬǻ2%Ū�(Æāƴ@ƅǬ�<�&�

%���ǘƣ)+(d)ȲĘ)Ȼ�ǀı@ř�$�<*%�Ƥƣ)İ��Ïİǂ@ƿ¢)
ũƾ�<�&�Óǒ)(<&ǐ
:=$�<��:)�(e)Ŵ&ſ�;
?(�ıǻ@
Ŀ"6*6ù��́ »ƛ@Ƥƣ&��M{��NrU^{�.*đȤ�ŚĨ�=$�

<���*ÆāƣŁÅ)Ȧ�$+śƪ(ș¸6ù�� 
� Ĥ ƫ Ƶ Ć % + � � = 2 % ) D H � ž � (1-R-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide,R=butyl,pentyl,hexyl) � ) � � <

azobenzene(AB)�9- 4-dimethylamino-4’-nitroazobenzene(DNAB)* E-Z ƍƟı
ÆÏİ*ȌĞǷƣƫƵ[20]@ǟ��AB *ƟıÆÏİ+Ȳ¸Ũı*ȖƲƒĳ@ǈ<Ï
ȂŮũ)9;ȏǟ��ȌĞĄŋ�01ƅþ*ıǻ)¡Ā�(�(ȋĘ*řŮƅþ�%
ǫƃ��ǉš&�ǖ�<)�&@œ:�)����Ő%�DH�ž��)��< DNAB
*ƍƟıÆÏİ*ȌĞĄŋ�9-B}aEUk~[^*ȶĞåÿ+�ąȺ) ƛ��

DH�ž�&01×�ǴȰƕ@ř�<¸ÿıƅþ*òÖ&Ųȃ�$�ú��ƀĎ�$

����*Ïİ+�¸Ũ��ȖƲƒĳ@ǈ<äȂŮũ)9!$ȏǟ�<*%�č��

ȶĞåÿ(104~107s-1)�ǫƃ�=�ƘƜ+�ŻıÆ*ȑƳ)��$¸Ũ��ȖƲƒĳ

TkD
Ne

Bs

2

1000
8π

=β
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@ĂĄÆ�<�5)DH�ž�*IZH�ș��9-BaH�ș�*8!�;&�

�´Ț¹�ƚ�<�5%
<&ǐ
:=<� 
ŜƫƵ%+�̧ Ũ��6��+ȰǛ@ř�<Æāƴ*ȇ¨)��<DH�ž�*Ń<

Ǘ�@9;ǳǇ)Ŧǰ�<�5)DH�ž��)��<ȟĒȢ�ȥ*ȰÿƲÅÏİ

*ǫƃ@ǲ3�(ȰÿƲÅÏİ+�*ŻıÆȑƳ)��<ƅþ*´Ț¹@ǬŠ�<�
5*ƘǷ�ƭƺ�=$�<�5[21-28])� 
����DH�ž��%ȟĒȢ�ȥ*ȰÿƲÅÏİ*ǫƃ@ǟ��5)+ 2"*ǵȷ
�Āì�<�(1)1ƈƤ*âȷƈ+DH�ž��%*ȟĒȢ�*�ĂĄı%
<�ŜǷ
ō*DH�ž�*ÚÐUmL^|*ƃĄǉš)Ư��9�)�DH�ž��)��$

+��ğȚ�ÿ@ř�<ǏŅ�Żı(ȟĒȢ�%6DH�ž��%+�ĂĄ%
;�

Ī�)¸Ǭ�=<�&�?�!$�<��=+�DH�ž��)��$+ȟĒȢ�*

ȇ¨)��$DH�ž�@ũĵ�<BaH�ș�*ƆĞ�ȲĘ)ú���5%
<

&ǐ
:=<�(2)2ƈƤ*âȷƈ+�DH�ž��)��<ȰÿƲÅÏİ*ǫƃŐŸ
%
<�DH�ž�+ȲĘ)ǀĞ�ú���5�ƅž*ſÖ)ǧ�<ŕȥ�ȣ��U

^[k^i~�Ÿ*9�(ƅž*ȻȌſÖ)9<ÏİȌĞƃĄŸ+»ƛ%�(��2

��NMR@ƛ��ǌĜęÆŸ)9<ƃĄŸ+�DH�ž�@ũĵ�<Ëÿ)ƜŞ*
SM`|*ģĞ�ȲĘ)ú��(<*%�ȟĒȢ�*�ĮȟĒ)9<SM`|@ǫƃ

�<ŐŸ)ȧ:=<��*�5�DH�ž��)��<í�ǂ%*ȰÿƲÅÏİ*ƫ

Ƶ+ EPR Ÿ@ƛ��ŐŸ7}�R�iz[Swn^{SU�ŉċ®¸Ǭ@ƛ�$ǟ
?=$�<[29-32]��Ő%�DH�ž��*�í�ǂ%*ȰÿƲÅÏİ)"�$+Ȱ
ųÆāƃĄ)9<6*�ñÛ�=$�<[33-36]�ȰŨȰÿƲÅÏİ*ȌĞĄŋ*ů«
+ cm�s-1 %
;�í�ǂ%*Ȱÿ�ŅȌĞĄŋ&ƥńŲȃ�<�&+æȯ%
<*

%��í�ǂ%*ȌĞĄŋ@í�ǂ%*Ïİ@ĸ�q�IUƘǷ)9;ǳǇ)ǬŠ�

<�&+01�Óǒ%
<[22]�DH�ž��)��<í�ǂ%*ȰÿƲÅÏİ%+�
Grammp :)9<č��řŮ¸ÿ&�*IZH�zTI|ȥ*Ȱÿ�ŅÏİ(�&

,�TCNE/TCNE+Ċ)@ EPRŸ)9!$ǫƃ��6*�ñÛ�=$�<[32]� 
� Grammp:+ǫƃ�=�ǔĖ�ŅÏİ*ȌĞĄŋ@ǳǇ)ǬŠ��IL*ĐĹƕ7
ǴȰƕ&�$d|L*¦@Ȕƛ��òÖ�ȌĞĄŋ� Pekar factor¡Āı@Ư�(�
&ǉǷ�$�<������*9�(ǉǷ+�Ïİ*ŻıÆǔƜGb|K�+ƅþ*

Pekar-factor@Ư��	&��Ơâ)éï�����5)Ĭ:=�6*%
<� 
� ŜƫƵ%+�DH�ž��%6ĂĄ)Āì�<[Zn(TPP)]Ȣ�&[Co(sep)]3+Ȣ�

[37]( TPP = 5, 10, 15, 20-tetraphenyl porphyrin � sep = sepulchrate = 
1,3,6,8,10,13,16,19-octaazabicyclo[6.6.6]eicosane)@ƛ�$��=2%)ñÛ�=$
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�(�DH�ž��)��<í�ǂ%*ȟĒȢ�ȥ*ȰÿƲÅÏİ*ǫƃ@ǟ!��

ǫƃ+�ƅž*ſÖ@įǧ&�(�}�R�Äǿiz[Swn^{SU)9!$

[Zn(TPP)]Ȣ�*�ȝȵÄǿƒĳ[Zn(TPP)]*&[Co(sep)]3+ȥ*®ȰÿƲÅÏİ&Ȱÿ

ƲÅ)9;ƚĵ��[Co(sep)]2+Ȣ�&π-IZH�zTI|[Zn(TPP)]+ȥ*ȊȰÿƲÅ

Ïİ@ǫƃ�<�&)9;ǟ!��Ĭ:=�ŻıÆǔƜGb|K�(ŻıÆKjUG
b|K�)@ǳǇ)Ŧǰ�<�&%�IL *ũȍ&ȰÿƲÅÏİ*ŻıÆȑƳ%*øê
Ǎß)Ȧ�<ƪǨ�:ȰǛ@6!�DH�*Üç)��< IL *ǍßŁÅ@œ:�)
�<�&@Ƥƣ&�$ƫƵ@ǟ!�� 
� Ŝ ƫ Ƶ % + � D H � ž � + 1-R-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide(R=butyl,pentyl,hexyl)@ ƛ���ŜƫƵ% 
ƛ��DH�ž�&ȟĒȢ�@è 1-3-1)Ư��� 
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è 1-3-1.ŜƫƵ% ƛ��ȟĒȢ�&DH�ž� 
(a)ŜƫƵ% ƛ��ȟĒȢ� 

[Co(sep)]3+ 
 

[Zn(TPP)] 
 
(b)ŜƫƵ% ƛ��DH�ž� 

n=4,5,6 
 
  

Co3+HN NH

HN NH

HN NH

NN

N

N N

N

Zn

N N+
H3C CnH2n+1

(CF3SO2)2N-
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2.ąȺ 
2-1.ǲǝ 
2-1-1.BV^a^{|(AN) 
� BV^a^{|(ß®ǃǝ�ǲǝƑǄ)+Ęëǜƞ�$ǁǥ��6*@�B|P�%
30¸��Ǔų�$�:ƃĄ) ƛ��� 
 
2-1-2.1-methylimidazole 
� 1-methylimidazole(ş�Æĵ�EP)+�ƀëǜƞ��6*@DH�ž�*Öĵ) 
ƛ��(ƀëĞ 2-3mmHg,39�)� 
 
2-1-3. Lithium bis(trifluoromethanesulfonyl)imide(LiNTf2) 
� LiNTf2 (fluorochem)+�ƧƶH�j�% 80 -120�% 19ŕȥ��Ƨƶ�Ə��6
*@ƃĄ) ƛ��� 
 
2-1-4. ]^zi|H~nEȜ]^z-n-jZ|B�uaEs(TBABF4) 
� TBABF4(ş�Æĵ�GR)+țȜGZ|(ß®ǃǝ�ǲǝƑǄ))9; 2ä´ǉŗ��
Ƨƶ�Ə��6*@ ƛ��� 
 
2-1-5. ȑóǅȜ]^z-n-jZ|B�uaEs(TBAP) 
� TBAP(ş�Æĵ�GR)+țȜGZ|(ß®ǃǝ�ǲǝƑǄ))9; 2 ä´ǉŗ��Ƨ
ƶ�Ə��6*@ ƛ��� 
 
2-1-6.�*�*ǲǝ 
� �*�*ǲǝ+¯ķ��<ŘȻǃĞ*6*@ ƛ��� 
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2-2.Öĵ 
2-2-1.DH�ž�*Öĵ 
� DH�ž� 1-R-3-methylimidazolium chloride�9- 1-R-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide(R=butyl,pentyl,hexyl)*Öĵ+ōƔ[20,38]*Ő
Ÿ)ð#�$ǟ!�� 
 
(1)1-butyl-3-methylimidazolium chloride(BMIMCl) 
� 1-chlorobutane( ş � Æ ĵ � GR)80.9g(0.874mol) & ƀ ë ǜ ƞ � �

1-methylimidazole(ş�Æĵ�EP)32.4g(0.395mol)*ſÖƅž)�9� 0.5g *Żı
Ƈ(`IzD]UL)@Ã
�119-120�% 18ŕȥÃƍȘż���Ïİƅž@µ2�$
�:BV^a^{|(ß®ǃǝ�ǲǝƑǄ)@Ã
$>ȑ��ŻıƇ@Ñ;Ȩ���ƀ
ë�%ƅþ@ȨÌ�$�:�64-69�% 2ŕȥƧƶ�Ə���ÐȞ+ 66g�Ðƕ+ 96%
%
!�� 
 
(2)1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide(BMIMNTf2) 
� 1-butyl-3-methylimidazolium chloride66g(0.38mol)@BV^�(ß®ǃǝ�ǲǝƑ
Ǆ)100mL)ƅ���� 
��) lithium bis(trifluoromethanesulfonyl)imide(ş�Æĵ)109g(0.38mol)&BV
^� 100mL @Ã
��Ïİćã@B|rnD|%""3ȕ®�$�: 24 ŕȥņļ
���Š·��Ƣǚé�@VzD^(ß®ǃǝ)�%>ȑ�$ȨÌ��ƀë�%>ž@
Ɔǎ���Š·��Ƣǚé�@>ȑ�$Ñ;Ȩ��Ïİćã&>ȑ��é�@TL~

~tY�(ß®ǃǝ)%ź�ȆA��>ž@ƀë�%Ɔǎ�$�:�100mL*ǜƞŴ%
źŽ��(3ä)� 
� ƀë�%ƅþ@ȨÌ�$�:lJQ�(ß®ǃǝ�ǲǝƑǄ):țȜGZ|(ß®ǃǝ�
ǲǝƑǄ)Ƚ2:1 *ſÖƅþ 40mL % 3 äźŽ���ƀë�%ƅþ@ȨÌ�$�:
200mL*BV^�)DH�ž�@ƅ����ı*ŻıB|r`(Merck)@¬ô��I
zs@ȋ���BV^�@ƀë�%ȨÌ�$�: 63-65�% 3.5ŕȥƧƶ�Ə���
ÐȞ+ 112.8g�Ðƕ+ 71%%
!�� 
1H-NMR(chloroform-d1): δ = 8.74 ppm (s, 1H; NCHN), 7.32 ppm (m, 2H; 
NCHCHN), 4.17 ppm (t, J = 7.6 Hz, 2H;NCH2), 3.94 ppm (s, 3H; CH3N), 1.85 ppm 
(q, J = 7.5 Hz, 2H; NCH2CH2), 1.36 ppm (sext, J = 7.4 Hz, 2H; N(CH2)2CH2), 0.96 
ppm (t, J = 7.6 Hz, 3H;CH3CH2)� 
BMIMNTf2*«ǅ¸Š:ƘǷ¦(C10H15N3O4S2F6)%+�C 28.64, N 10.02, H 3.61%
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;�ąƃ¦%+ C 28.63, N 9.72, H 3.65%
!�� 
 
(3)1-pentyl-3-methylimidazolium chloride(PMIMCl) 
� 1-chloropentane( ş � Æ ĵ � GR)67.6g(0.616mol) & ƀ ë ǜ ƞ � �

1-methylimidazole(ş�Æĵ�EP)23.2g(0.283mol)*ſÖƅž)�9� 0.5g *Żı
Ƈ(`IzD]UL)@Ã
�112-113�% 17ŕȥÃƍȘż���Ïİƅž@µ2�$
�:BV^a^{|(ß®ǃǝ�ǲǝƑǄ)@Ã
$>ȑ��ŻıƇ@Ñ;Ȩ���ƀ
ë�%ƅþ@ȨÌ�$�:�61-62�% 2.5 ŕȥƧƶ�Ə���ÐȞ+ 51g�Ðƕ+
96%%
!�� 
 
(4)1-pentyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide(PMIMNTf2) 
� 1-pentyl-3-methylimidazolium chloride51g(0.270mol)@BV^�(ß®ǃǝ�ǲǝ
ƑǄ)100mL)ƅ���� 
��) lithium bis(trifluoromethanesulfonyl)imide(ş�Æĵ)77.5g(0.270mol)@Ã

��Ïİćã@B|rnD|%""3ȕ®�$�: 24 ŕȥņļ���Š·��Ƣ
ǚé�@VzD^(ß®ǃǝ)�%>ȑ�$ȨÌ��ƀë�%>ž@Ɔǎ��� 
� Ĭ:=�DH�ž�@ 60mL*TL~~tY�(ß®ǃǝ))ƅ��$�:Š·��
Ƣǚé�@>ȑ�$Ñ;Ȩ���Ïİćã&>ȑ��é�@TL~~tY�%ź�Ȇ

A��Ĭ:=�>ž@ 70mL*ǜƞŴ%źŽ��(2ä)� 
ƀë�%ƅþ@ȨÌ�$�:lJQ�(ß®ǃǝ�ǲǝƑǄ):țȜGZ|(ß®ǃǝ�
ǲǝƑǄ)Ƚ2:1 *ſÖƅþ 30mL % 3 äźŽ���ƀë�%ƅþ@ȨÌ�$�:
150mL*BV^�)DH�ž�@ƅ����ı*ŻıB|r`(Merck)@¬ô��I
zs@ȋ���BV^�@ƀë�%ȨÌ�$�: 61-65�% 2.25ŕȥƧƶ�Ə���
ÐȞ+ 77.1g�Ðƕ+ 66%%
!�� 
1H-NMR (chloroform-d1): δ  = 8.76 ppm (s, 1H; NCHN), 7.29 ppm (m, 2H; 
NCHCHN), 4.16 ppm (t, J = 7.6 Hz, 2H; NCH2), 3.94 ppm (s, 3H; CH3N), 1.87 ppm 
(q, J = 7.6 Hz, 2H; NCH2CH2), 1.34 ppm (m, 4H; CH3(CH2)2), 0.90 ppm (t, J = 6.8 
Hz, 3H; CH3CH2).   
PMIMNTf2*«ǅ¸Š:ƘǷ¦(C11H17N3O4S2F6)%+�C 30.49, N 9.70, H 3.95%

;�ąƃ¦%+ C 30.45, N 9.38, H 3.99%
!�� 
 
(5)1-hexyl-3-methylimidazolium chloride(HMIMCl) 
� 1-chlorohexane( ş � Æ ĵ � EP)103.3g(0.856mol) & ƀ ë ǜ ƞ � �
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1-methylimidazole(ş�Æĵ�EP)30.0g(0.365mol)*ſÖƅž)�9� 0.5g *Żı
Ƈ(`IzD]UL)@Ã
�133-143�% 17ŕȥÃƍȘż���Ïİƅž@µ2�$
�:BV^a^{|(ß®ǃǝ�ǲǝƑǄ)@Ã
$>ȑ��ŻıƇ@Ñ;Ȩ���ƀ
ë�%ƅþ@ȨÌ�$�:�24�% 1ŕȥ�64-67�% 1.5ŕȥƧƶ�Ə���ÐȞ
+ 76.8g�Ðƕ+ 104%%
!�� 
 
(6)1-hexyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide(HMIMNTf2) 
� 1-hexyl-3-methylimidazolium chloride76.8g(0.379mol)@BV^�(ß®ǃǝ�ǲ
ǝƑǄ)100mL)ƅ���� 
� ��) lithium bis(trifluoromethanesulfonyl)imide(ş�Æĵ)108.9g(0.379mol)&
BV^�(ß®ǃǝ�ǲǝƑǄ)50mL @Ã
��Ïİćã@B|rnD|%""3ȕ
®�$�: 24 ŕȥņļ���Š·��Ƣǚé�@VzD^(ß®ǃǝ)�%>ȑ�$
ȨÌ��ƀë�%>ž@Ɔǎ��� 
Ĭ:=�DH�ž�@ 100mL *TL~~tY�(ß®ǃǝ))ƅ��$�:Š·��
Ƣǚé�@>ȑ�$Ñ;Ȩ��Ïİćã&>ȑ��é�@TL~~tY�%ź�ȆA

��>ž@�100mL*ǜƞŴ%źŽ��(2ä)� 
ƀë�%ƅþ@ȨÌ�$�:lJQ�(ß®ǃǝ�ǲǝƑǄ):țȜGZ|(ß®ǃǝ�
ǲǝƑǄ)Ƚ2:1 *ſÖƅþ 40mL % 3 äźŽ���ƀë�%ƅþ@ȨÌ�$�:
200mL*BV^�)DH�ž�@ƅ����ı*ŻıB|r`(Merck)@¬ô��I
zs@ȋ���BV^�@ƀë�%ȨÌ�$�: 61-67�% 3ŕȥƧƶ�Ə���Ð
Ȟ+ 146.6g�Ðƕ+ 86%%
!�� 
1H-NMR (chloroform-d1): δ  = 8.79 pm (s, 1H; NCHN), 7.29 ppm (m, 2H; 
NCHCHN), 4.17 ppm (t, J = 7.6 Hz, 2H; NCH2), 3.95 ppm (s, 3H; CH3N), 1.86 ppm 
(q, J = 7.3 Hz, 2H; NCH2CH2), 1.33ppm (m, 6H; CH3(CH2)3), 0.88 ppm (t, J = 7.0 
Hz, 3H; CH3CH2).  
HMIMNTf2*«ǅ¸Š:ƘǷ¦(C12H19N3O4S2F6)%+�C 32.21, N 9.39, H 4.28%

;�ąƃ¦%+ C 32.41, N 9.18, H 4.39%
!�� 
 
2-2-2.Ȣ�*Öĵ 
[Zn(TPP)]Ȣ�+�ß®ǃǝ�:Ǽ¯��6*@�*22 ƛ��� 
 
(1) [Co(sep)](NTf2)3Ȣ� 
� [Co(sep)]Cl3(Aldrich)0.5164g(1.14mmol)@ 50mL g�I�)Ȟ;Ñ;�40mL *
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ǜ ƞ Ŵ ) ƅ � � � � � � ) 20mL * ǜ ƞ Ŵ ) ƅ � � � Silver 
bis(trifluoromethanesulfonyl)imide(ş�Æĵ)1.3367g(3.45mmol)@Ã
<&�Ƣǚ
ŷű�ƚĵ���ƚĵ��ŷű@VzD^(ß®ǃǝ)�%>ȑ��GYc�|(ß®ǃ
ǝ�ǲǝƑǄ)% 3 äź�ȆA��Ĭ:=�>ž@6��ĞVzD^�%>ȑ���
>ž@Gdp}�Y%ƀć�$�:µ¶Ġ%µ7���ĆƂ%>ž@ƅ��$�:Š

·��é�@ÚĢ>ȑ)9;ȭ5�TGZ|G�]|(ß®ǃǝ�ǲǝƑǄ)%źŽ�
��Ĭ:=�ŭǚé�@Ƨƶ�Ə���ÐȞ+ 1.0957g�Ðƕ+ 81%%
!�� 
[Co(sep)](NTf2)3*«ǅ¸Š:ƘǷ¦(C18H30N11O12S6F18Co)%+�C 18.23, N 12.99, H 
2.55%
;�ąƃ¦%+ C 17.81, N 13.16, H 2.81%
!��C-FǉÖ@Ù4ÆÖƐ
*«ǅ¸Š%+��ă°(ƎƋ*�5)Ƈǅ)Ċ�$��¸Š¦@�
�2�ȟĒȢ

��*Ƹǅ)Ċ�$ú��¸Š¦@Ư�©Ø�
<�&�ƪ:=$�<[39]��*�
5��*«ǅ¸Š*ǉš+üĤı�
<&ǐ
:=<� 
 
(2)[Rh(bpy)3](PF6)3Ȣ�[40] 
� RhCl3�3H2O(ß®ǃǝ)0.4282g(1.6mmol)& 2,2’-bipyridyl(ß®ǃǝ�ǲǝƑ
Ǆ)1.0196g(6.5mmol)@ 200mL `UizUO)Ñ!��GYc�|(ß®ǃǝ�ǲǝ
ƑǄ):ǜƞŴ=1:1*ſÖƅþ@ 100mLÃ
�96-98�% 20ŕȥÃƍȘż���Żı
Ƈ(`IzD]UL)@Ã
$ 98�% 2.5ŕȥÃƍȘż���ŻıƇ@>ȑ�$Ñ;Ȩ
��Ɔ NaPF6(ß®ǃǝ�ß®�Ǆ)Ŵƅž@Ã
��ƚ��h�Lǚ*ŷű@ÚĢ>
ȑ)9;äÐ��ĎȞ*ǜƞŴ&TGZ|G�]|(ß®ǃǝ�ǲǝƑǄ)%źŽ���
�*ĩƧƶ�Ə@ǟ!��ÐȞ+ 0.6294g�Ðƕ+ 39%%
!�� 
[Rh(bpy)3](PF6)3*«ǅ¸Š:ƘǷ¦(C30H24N6P3F18Rh)%+�C 35.81, N 8.35, H 2.40
%
;�ąƃ¦%+ C 34.44 N 7.62, H 2.83%
!�� 
 
2-3.ƃĄ 
2-3-1.ǆøÓǪÚÐUmL^|ƃĄ 
ǆøÓǪÚÐUmL^|ƃĄ)+DH�ž�(BMIMNTf2�PMIMNTf2�HMIMNTf2)
+�50�% 24ŕȥ��Ƨƶ�Ə��6*@ ƛ��� 
 
(1)BMIMNTf2�)��<ÚÐUmL^|*ƃĄ 
� ŒŜ¸®ưǥ V-570 ǆøÓǪȇǽø¸®®Ğǯ@ƛ�$ BMIMNTf2 �)��$

[Rh(bpy)3](PF6)3 Ȣ��9-[Co(sep)](BPh4)3 Ȣ��[Zn(TPP)]Ȣ�(ß®ǃǝ)*ÚÐ
UmL^|@ƃĄ��� 
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Ȣ�*ƆĞ+�=�= [Rh(bpy)33+]=1.0mmolkg-1� [Co(sep)3+]<1.2mmolkg-1�

[Zn(TPP)]<2.1x10-2mmolkg-1&��� 
� ƃĄƂĞ+ĆƂ&���V|ȣ+�[Rh(bpy)3](PF6)3 Ȣ�*òÖ+ 1cm &��

[Co(sep)](BPh4)3Ȣ�&[Zn(TPP)]Ȣ�*òÖ+ 0.1cm &���2���=�=*Q
�k|@�ŖŉǏ��6**ÚÐUmL^|@ƃĄ��� 
 
(2)BMIMNTf2�)��<Ú®Ğ*ŕȥ÷Æ*ƃĄ 
� ŒŜ¸®ưǥ V-570 ǆøÓǪȇǽø¸®®Ğǯ@ƛ�$ BMIMNTf2 �)��$

[Rh(bpy)3](PF6)3 Ȣ��9-[Co(sep)](BPh4)3 Ȣ��[Zn(TPP)]Ȣ�(ß®ǃǝ)*Ú®
Ğ*ŕȥ÷Æ@ƃĄ��� 
Ȣ�*ƆĞ+�=�= [Rh(bpy)33+]=1.0mmolkg-1� [Co(sep)3+]<1.2mmolkg-1�

[Zn(TPP)]<2.1x10-2mmolkg-1&���ƃĄŹȣ+�=�= 520nm�450nm�429nm
&���ƃĄƂĞ+ĆƂ&���V|ȣ+�[Rh(bpy)3](PF6)3Ȣ�*òÖ+ 1cm&��
[Co(sep)](BPh4)3Ȣ�&[Zn(TPP)]Ȣ�*òÖ+ 0.1cm&��� 
 
(3)BV^a^{|�9-tYc�|�)��<ÚÐUmL^|*ƃĄ 
� ŒŜ¸®ưǥ V-570ǆøÓǪȇǽø¸®®Ğǯ@ƛ�$�BV^a^{|�)��
$ [Co(sep)](BPh4)3Ȣ�*ÚÐUmL^|@ƃĄ���2��tYc�|(ß®ǃǝ�
ǲǝƑǄ)�)��$[Zn(TPP)]Ȣ�(ß®ǃǝ)*ÚÐUmL^|@ƃĄ���Ȣ�*
ƆĞ+�=�=[Co(sep)3+]<0.67mmolkg-1�[Zn(TPP)]=2.0x10-2mmolkg-1&���ƃ

ĄƂĞ+ĆƂ&���V|ȣ+�0.1cm&��� 
 
2-2-2.ȰųÆāƃĄ 
� ȰųÆāƃĄ)+DH�ž�(BMIMNTf2�PMIMNTf2�HMIMNTf2)+�50�%
24 ŕȥ��Ƨƶ�Ə��6*@ ƛ���BV^a^{|+�Ęëǜƞ�$ǁǥ�
�6*@ 30¸��B|P�Ǔų��6*@ ƛ��� 
 
(1)QDL{[Lo|YuMzs(CV)ƃĄ 
� Bioanalitycal system(BAS)ưǥ BAS-100B/WȰųÆāƃĄǤǏ@ƛ�$�ĆƂ%
[Zn(TPP)]Ȣ�(ß®ǃǝ)�9-[Co(sep)](NTf2)3Ȣ�*BV^a^{|�9-ÕDH

�ž�(BMIMNTf2�PMIMNTf2�HMIMNTf2)�%*QDL{[Lo|YuMzs
*ƃĄ@ǟ!���ƛȰŨ&�$ GC ȰŨ�ĊȰŨ&�$ Pt ǌȰŨ�ÍƌȰŨ&�
$ Ag/AgNO3ȰŨ(10mmol /kgƬȜȡ�0.1 mol/ kg TBAPBV^a^{|ƅž)@ 
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ƛ���ƃĄ+B|P�% 15 ¸��Ǔų�$�:ǟ!��AN �*ƃĄ%+�DH
�ģĞ+ TBAP2�+ LiNTf2@ƛ�$ 0.1molkg-1&���DH�ž��%*ƃĄ%

+ŇĿȰǬǻ@Ã
(�òÖ& LiNTf2@ƛ�$DH�ģĞ@ 0.1molkg-1&��òÖ

)"�$ƃĄ��� 
� Ȣ�*ƆĞ+BV^a^{|�*ƃĄ%+�TBAP @ŇĿȰǬǻ&��òÖ+�
[Zn(TPP)]<0.98molkg-1�[Co(sep)3+]=1.0mmolkg-1&���LiNTf2@ŇĿȰǬǻ&�

�òÖ+�[Zn(TPP)]<0.78molkg-1�[Co(sep)3+]=1.0mmolkg-1&��� 
� BMIMNTf2�*ƃĄ%+�ŇĿȰǬǻ@Ã
(�òÖ+�[Zn(TPP)]<0.16mmolkg-1�

[Co(sep)3+]=1.0mmolkg-1 & � � � LiNTf2 @ ŀ Ư Ȱ Ǭ ǻ & � � ò Ö + �

[Zn(TPP)]=0.14mmolkg-1�[Co(sep)3+]=1.0mmolkg-1&��� 
� PMIMNTf2�*ƃĄ%+�ŇĿȰǬǻ@Ã
(�òÖ+�[Zn(TPP)]<0.16mmolkg-1�

[Co(sep)3+]=0.99mmolkg-1 &��� LiNTf2 @ŀƯȰǬǻ&��òÖ+�

[Zn(TPP)]=0.15mmolkg-1�[Co(sep)3+]=1.0mmolkg-1&��� 
� HMIMNTf2 � * ƃ Ą % + � Ň Ŀ Ȱ Ǭ ǻ @ Ã 
 ( � ò Ö + �

[Zn(TPP)]=0.14mmolkg-1�[Co(sep)3+]=1.0mmolkg-1&���LiNTf2@ŇĿȰǬǻ&

��òÖ+�[Zn(TPP)]=0.14mmolkg-1�[Co(sep)3+]=1.2mmolkg-1&��� 
ǾĢȌĞ+ 20mVs-12�+ 100mVs-1&���ƃĄƂĞ+ĆƂ&��� 
 
(2)ȧƝȰż*ƃĄ 
� Bioanalitycal system(BAS)ưǥ BAS-100B/WȰųÆāƃĄǤǏ@ƛ�$�ĆƂ% 
[Co(sep)](NTf2)3Ȣ�* PMIMNTf2�%*ȧƝȰż*ƃĄ@ǟ!���ƛȰŨ&�$

GCȰŨ�ĊȰŨ&�$ PtǌȰŨ�ÍƌȰŨ&�$ Ag/AgNO3ȰŨ(10mmol /kgƬ
Ȝȡ�0.1 mol/ kg TBAPBV^a^{|ƅž)@ ƛ���ƃĄ+B|P�)9; 30
¸��Ǔų�$�:ǟ!�� 
ƃĄ+ŇĿȰǬǻ@Ã
(�òÖ& LiNTf2@ƛ�$DH�ģĞ@ 0.1molkg-1&��

òÖ)"�$ƃĄ���Ȣ�*ƆĞ+ŇĿȰǬǻ@Ã
(�òÖ+� 
[Co(sep)3+]=0.99mmolkg-1 & � � � Ň Ŀ Ȱ Ǭ ǻ @ Ã 
 � ò Ö + �

[Co(sep)3+]=1.0mmolkg-1&���ƃĄȰ�+ŇĿȰǬǻ@Ã
(�òÖ+� -777mV
&��ŇĿȰǬǻ@Ã
�òÖ+�-722mV&���ƃĄƂĞ+ĆƂ&���ƃĄŕ
ȥ+ 600s&��� 
 
2-2-3. ŕȥ¸ǬÚ®¸®Ÿ)9<[Zn(TPP)]Ȣ�&[Co(sep)](BPh4)3 Ȣ�ȥ*®Ȱÿ

ƲÅÏİ*ǫƃ 
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DH�ž�(BMIMNTf2�PMIMNTf2�HMIMNTf2)+�50�% 24ŕȥ��Ƨƶ�Ə
��6*@ ƛ��� 
 
(1)BMIMNTf2�)��<[Zn(TPP)]Ȣ�&[Co(sep)](BPh4)3Ȣ�ȥ*®ȰÿƲÅÏİ

*ȑƁƣ(ÚÐUmL^|*ƃĄ 
� xaXLưǥŕȥ¸Ǭ¸®ƃĄǤǏ TSP-1000 @ƛ�$�®Äǿ��[Zn(TPP)]Ȣ
�(ß®ǃǝ)&[Co(sep)]3+ȥ*®ȰÿƲÅÏİ*}�R�ƌċĩ 1us& 250usĩ*ȑ
Ɓƣ(ÚÐUmL^|@BMIMNTf2�%ǫƃ���ƃĄŹȣ+�350-650nm&��� 
Äǿ®Ƅ)+�Nd-YAG}�R�(Minilite,Continuum)@ƛ�$�ÄǿŹȣ+�532nm
&���}�R�*ƌċŕȥ+ 5ns &���ǫƃ+ [Zn(TPP)]*ƆĞ)Ċ�$
[Co(sep)]3+*ƆĞ� 10 ¥��ȑÀ&(<ŝ��%ǟ!��Ȣ�*ƆĞ+�
[Zn(TPP)]=9.22x10-6molkg-1�[Co(sep)3+]=4.01x10-4molkg-1&���ƃĄƂĞ+ 298K
&���ƃĄ+�ƥ¼) 20¸��B|P�%Ǔų�$�:ǟ!�� 
 
(2) BMIMNTf2 �)��<[Zn(TPP)]Ȣ�&[Co(sep)](BPh4)3 Ȣ�ȥ*®ȰÿƲÅÏ

İ*ÏİȌĞƃĄ 
xaXLưǥŕȥ¸Ǭ¸®ƃĄǤǏ TSP-1000 @ƛ�$�®Äǿ��[Zn(TPP)]Ȣ�
(ß®ǃǝ)&[Co(sep)]3+ȥ*®ȰÿƲÅÏİ@ BMIMNTf2�%ǫƃ��� 
Äǿ®Ƅ)+�Nd-YAG}�R�(Minilite,Continuum)@ƛ�$�ÄǿŹȣ+�532nm
&���}�R�*ƌċŕȥ+ 5ns &���ǫƃ+ [Zn(TPP)]*ƆĞ)Ċ�$
[Co(sep)]3+*ƆĞ� 10 ¥��ȑÀ&(<ŝ��%�[Co(sep)3+]=0.100�0.285�
0.401mmolkg-1&Od|^Ȣ�*ƆĞ@÷
$ǟ!��2��[Co(sep)]3+@Ã
(�

òÖ*�ȝȵÄǿƒĳ[Zn(TPP)]**ǔƊƀǣ6ǫƃ���ƃĄƂĞ+ 298K &���
DH�ž��*ƃĄ%+�ƃĄ+�ƥ¼) 20¸��B|P�%Ǔų�$�:ǟ!��
ƃĄŹȣ+ 405nm2�+ 460nm&��� 
 
(3)BV^a^{|��9-DH�ž� PMIMNTf2�HMIMNTf2 �)��<

[Zn(TPP)]Ȣ�&[Co(sep)](BPh4)3Ȣ�ȥ*®ȰÿƲÅÏİ*ÏİȌĞƃĄ 
� xaXLưǥŕȥ¸Ǭ¸®ƃĄǤǏ TSP-1000 @ƛ�$�®Äǿ��[Zn(TPP)]Ȣ
�(ß®ǃǝ)&[Co(sep)]3+ȥ*®ȰÿƲÅÏİ@BV^a^{|�9-ÕDH�ž�

�%ǫƃ���Äǿ®Ƅ)+�Nd-YAG}�R�(Minilite,Continuum)@ƛ�$�Ä
ǿŹȣ+�532nm &���}�R�*ƌċŕȥ+ 5ns &���ǫƃ+ [Zn(TPP)]*
ƆĞ)Ċ�$[Co(sep)]3+*ƆĞ� 10 ¥��ȑÀ&(<ŝ��%ǟ!��2��



 24 

[Co(sep)]3+@Ã
(�òÖ*�ȝȵÄǿƒĳ[Zn(TPP)]**ǔƊƀǣ6ǫƃ���AN
�*ƃĄ%+�DH�ģĞ+ TBAP @ƛ�$ 0.1molkg-1&���DH�ž��%*

ƃĄ%+ŇĿȰǬǻ@Ã
(�!��ƃĄƂĞ+ 298K&���DH�ž��*ƃĄ
%+�ƃĄƥ¼) 20¸��B|P�%Ǔų���ƃĄŹȣ+ 400nm2�+ 405nm�
460nm&��� 
 
2-2-4.«ǅ¸Š 
� ÕDH�ž�(BMIMNTf2,PMIMNTf2,HMIMNTf2) �9-[Co(sep)](NTf2)3 Ȣ��

[Rh(bpy)3](PF6)3Ȣ�*«ǅ¸Š+ YANACO ưǥ MT-6 @ƛ�$ǟ!��«ǅ¸Š
*ǉš+�=�=*ąȺȵ(2-2-1(2,4,6)�9- 2-2-2(1, 2)))Ǳ��� 
 
2-2-5.1H-NMRƃĄ 
� ŒŜȰÿưǥţƮų±ȼǤǏ JNM-A400@ƛ�$�L~~n|s-d@ƅþ&�$�
ÕDH�ž�(BMIMNTf2,PMIMNTf2,HMIMNTf2)* 1H-NMR UmL^|@ƃĄ�
��ǉš+�=�=*ąȺȵ(2-2-1(2,4,6)))Ǳ��� 
 
2-2-6.ĐĹƕ 
� BYPưǥpN[^ĐĹǯ PAL-RI @ƛ�$�DH�ž� PMIMNTf2*ĐĹƕ@

ƃĄ��� 
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3.ǉš&ǐĉ 
� Ŝ ƫ Ƶ %   ƛ � � D H � ž � 1-R-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide(R=butyl,pentyl,hexyl) + � B a H � ș �
bis(trifluoromethanesulfonyl)imide,NTf2-�±ȋ%
<*%��=�=*DH�ž�

@ BMIM�PMIM�HMIM&Ǣ��� 
 
3-1. ǆøÓǪÚÐUmL^|ƃĄ 
� BMIM �)��<[Rh(bpy)3](PF6)3 Ȣ��9-[Co(sep)](BPh4)3 Ȣ��[Zn(TPP)]
Ȣ�*ÚÐUmL^|@è 3-1-1)�=�=Ư���2���=�=*ƅž@ 1Ŗŉ
Ǐ�$�:ƃĄ��ǉš6è 3-1-1)Ư����:)�BV^a^{|(AN)���<
[Co(sep)](BPh4)3 Ȣ��9-tYc�|(MeOH)�)��<[Zn(TPP)]Ȣ�*ÚÐU
mL^|@�=�=è 3-1-2&è 3-1-3)Ư����=�=*ÚÐUmL^|)��
<ŨúÚÐŹȣ@Ǣ 3-1-1)2&5�� 
� BMIM �)��<[Rh(bpy)3](PF6)3 Ȣ��9-[Co(sep)](BPh4)3 Ȣ��[Zn(TPP)]
Ȣ�*ŨúÚÐŹȣ)��<Ú®Ğ*ŕȥ÷Æ@�=�=è 3-1-4�:è 3-1-6)Ư
��� 
� BMIM �)��<[Rh(bpy)3](PF6)3 Ȣ�*ÚÐUmL^|*ŨúŹȣ+��9�

520nm &�9� 328.5nm )ǫƃ�=��2��480nm �ȇ)Ǒ�ǫƃ�=��è
3-1-4 )Ư��9�) 520nm )��<Ú®Ğ+ŕȥ&&6)ƀĎ�$�;�Rh(III)
Ȣ�+ BMIM�%8!�;&¸Ǭ�=<�&�?�!�� 
� BMIM �%*[Co(sep)](BPh4)3Ȣ�*ÚÐUmL^|%+ 480nm �ȇ)Ǒ�ǫƃ
�=�ŨúÚÐ��9� 269nm)ǫƃ�=���Ő�AN�%+ 500nm�ȇ)Ǒ�
ǫƃ�=�221.5nm)ŨúÚÐ�ǫƃ�=��ÚÐė*�Ǐ+Si^�$�<��·
ƖeY���×�%
;�CoȢ�+ AN�9-DH�ž� BMIM�)��$×Ū*
Ț�ũȍ@Ñ!$�<&ǐ
:=<�2��BMIM �)��<ÚÐUmL^|+�

ŖŉǏ��ĩ6÷Æ�$�:��450nm )��<Ú®Ğ*ŕȥ^}�U)6÷Æ+

(�!�����!$�[Co(sep)]3+Ȣ�+�[Rh(bpy)3]3+Ȣ�&Ɵ(;�DH�ž�

�%6¸Ǭ�=)��&ǉǷ��� 
� BMIM�)��<[Zn(TPP)]*ÚÐUmL^|+�MeOH�)��<ÚÐUmL^
|&Ųȃ�<&�ŨúÚÐŹȣ+Ű*ŐØ)Si^�$��(+7.5nm~+10nm) ��
ÚÐė*·ƖeY��+×�%
!���*�&�:[Zn(TPP)]Ȣ�+ Co(III)Ȣ�*
òÖ&×Ū)DH�ž��%6tYc�|�&×Ū*Ț�ũȍ@¤!$�<&ǐ


:=<�2��BMIM�)��<[Zn(TPP)]*ÚÐUmL^|+��ŖŉǏ�$�:
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ƃĄ�$601÷Æ�$�:��429nm %*Ú®Ğ6ŕȥǈȑ)9!$0&A'÷

Æ�(�!���*�&�:�[Zn(TPP)]+DH�ž��%¸Ǭ�=)��&ǉǷ�
�� 
� ��*ǉš9;�DH�ž��)��$6[Co(sep)]3+Ȣ�&[Zn(TPP)]Ȣ�+¸Ǭ
�=(��&�?�!�*%�ŜƫƵ)��<DH�ž��%*ȰųÆāƃĄÎ-Ȱ

ÿƲÅÏİ*ǫƃ)+�=:*ȟĒȢ�@ƛ��� 
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è 3-1-1. BMIMNTf2�)��<[Rh(bpy)3](PF6)3Ȣ��9-[Co(sep)](BPh4)3Ȣ��

[Zn(TPP)]Ȣ�*ÚÐUmL^| 
 
(a) [Rh(bpy)3](PF6)3Ȣ� 

 
 
[Rh(bpy)3(PF6)3]=1.0mmol/kg,V|ȣ 1cm 
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(b) [Co(sep)](BPh4)3Ȣ� 

 

 
[Co(sep)](BPh4)3<1.2mmol/kg,V|ȣ 0.1cm 
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(c)[Zn(TPP)] 

 
 
[Zn(TPP)]<2.1x10-2mol/kg,V|ȣ 0.1cm 
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è 3-1-2.AN�)��<[Co(sep)](BPh4)3Ȣ�*ÚÐUmL^| 

 
 
[Co(sep)](BPh4)3<0.67mmol/kg,V|ȣ 0.1cm 
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è 3-1-3. tYc�|�)��< [Zn(TPP)]Ȣ�*ÚÐUmL^| 

 
 
 [Zn(TPP)]<2.0x10-2mol/kg,V|ȣ 0.1cm 
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Ǣ 3-1-1. [Rh(bpy)3](PF6)3Ȣ��9-[Co(sep)](BPh4)3Ȣ��[Zn(TPP)]Ȣ�*ÚÐU
mL^|*ŨúÚÐŹȣ 

 ȟĒȢ� ƅþ ŨúÚÐŹȣ/nm 
è 3-1-1(a) [Rh(bpy)3](PF6)3 BMIM 520, 480�ȇ(Ǒ), 328.5 
è 3-1-1(a) [Rh(bpy)3](PF6)3 BMIM(�Ŗǈȑĩ) 518, 480�ȇ(Ǒ),329.5 
è 3-1-1(b) [Co(sep)](BPh4)3 BMIM 480�ȇ(Ǒ),269.5 
è 3-1-1(b) [Co(sep)](BPh4)3 BMIM(�Ŗǈȑĩ) 480�ȇ(Ǒ),269 
è 3-1-1(c) [Zn(TPP)] BMIM 605,565,525.5,429,407.5 
è 3-1-1(c) [Zn(TPP)] BMIM(�Ŗǈȑĩ) 605,565,525.5,428.5,407.5 
è 3-1-1(c) [Zn(TPP)] MeOH 595,556.5,516.5,421,400.5 
è 3-1-2 [Co(sep)](BPh4)3 AN 500�ȇ(Ǒ),221.5 
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è 3-1-4.BMIM�)��<[Rh(bpy)3](PF6)3Ȣ�*Ú®Ğ*ŕȥ÷Æ 

 
 
[Rh(bpy)3(PF6)3]=1.0mmol/kg,ƃĄŹȣλ=520nm,V|ȣ 1cm 
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è 3-1-5.BMIM�)��<[Co(sep)](BPh4)3Ȣ�*Ú®Ğ*ŕȥ÷Æ 

 
 
[Co(sep)](BPh4)3<1.2mmol/kg,ƃĄŹȣλ=450nm,V|ȣ 0.1cm 
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è 3-1-6.BMIM�)��<[Zn(TPP)]Ȣ�*Ú®Ğ*ŕȥ÷Æ 

 
 
[Zn(TPP)]<2.1x10-2mmol/kg, ƃĄŹȣλ=429nm,V|ȣ 0.1cm 
 
3-2.ȰųÆāƃĄ 
3-2-1.QDL{[Lo|YuMzs 
� AN �9-ÕDH�ž�(BMIM,PMIM,HMIM)�%*[Co(sep)]3+/2+Ȣ�Ċ*QD

L{[Lo|YuMzs(CV)@�=�=è 3-2-1�:è 3-2-4)�=�=Ư���2
��AN �9-ÕDH�ž�(BMIM,PMIM,HMIM)�%* [Zn(TPP)]+•/0Ȣ�Ċ*Q

DL{[Lo|YuMzs(CV)@�=�=è 3-2-5 �:è 3-2-8 )�=�=Ư���
Õƅþ�%*ƃĄǉš%+�×�ƴȸ*ƅþ�%ƃĄ�� ferricinium/ferrocene Ȣ
�Ċ(Fc+/0)*ȜÆȘ«Ȱ�(Eo)@ 0V&���ÕȟĒȢ�* Eo+ CV*ȜÆŹ*h�
LȰ�&Ș«Ź*h�LȰ�*Ěí¦�:ǯƼ���[Co(sep)]3+/2+Ȣ�Ċ�9-
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[Zn(TPP)]+•/0Ȣ�Ċ*ȰųÆāƃĄ*ǉš@�=�=Ǣ 3-2-1�9-Ǣ 3-2-2)2&
5�� 
� AN�*[Co(sep)]3+/2+Ċ* Eo+�ŇĿȰǬǻ&�$ LiNTf2@ƛ�<& TBAP@ƛ
��òÖ9;6Ű*ŐØ)ú��Si^�$��(+55mV)�2��ŇĿȰǬǻ&�$
LiNTf2 @ƛ��&�*h�LȥȰ� (ΔEp-p=93mV)6 TBAP @ ƛ��òÖ
(ΔEp-p=68mV)&Ųȃ�$Ĝ�(;�ȰŨȰÿƲÅÏİ*ÓȊı����$����
*ǉš+�ȰŨǢȳ(l|sn|\ē)*ũȍ*Ȓ�)9<6*%
;�ó LiNTf2(&
�)ȰǛĈĞ*Ȼ� Li+DH�)�ȰŨǢȳ)ȗĺƣ)Āì�<�&)9;ȰŨǢȳ
&ƅž³Æāƴ*ȥ*Ȱ�ĕ�÷Æ���5�&ǐ
:=<� 
Ǣ 3-2-19;[Co(sep)]3+/2+Ċ* Eo+�DH�ž�(IL)�& AN�)��$ú��Ɵ(
!$���DH�ž��%*ƃĄ%+�ŇĿȰǬǻ&�$ LiNTf2@Ã
<&�Ã


(�òÖ&Ųȃ�$ Eo +0&A'÷Æ�(�!�(+6~+11mV &?��)Ű*ŐØ
)Si^��)�LiNTf2@Ã
��&)9< AN�%* Eo*Si^&Ųȃ�$�DH

�ž��*Eo*Si^�č��!��&�:�DH�ž���������ǬȮ��

BaH�ș�&IZH�ș�)¸�=$Āì�$�<�&�Ưá�=���(? �

ȰŨȇ¨%+DH�ž�+ǬȮ��ȪDH�ș�&ȩDH�ș���=�=Ɠƺ�$

Ȱų�ȝē@ĥĵ�$�<6*&ǐ
:=<��*�5�DH�ž��*ƃĄ)��

$+ĎȞ* Li+DH�(BaH�+ IL&±ȋ* NTf2-%
<�2��DH�ž��:Ǭ

Ȯ��ȪDH�ș�*ȰŨǢȳ�ȇ)��<ďĶƆĞ+ Li+ *ƆĞ&Ų/$ȲĘ)
ú��)@Ã
$6Ȱų�ȝē*ũȍ*÷Æ+����������������AN
�������ƅþ*ǬȮ+(�������� TBAP�: LiNTf2�������

�����ú��Ɩ=�&ǐ
:=<� 
� ąȫ�Israelachvili:+�DH�ž�(BMIMNTf2)�)��$Ȱ�@ÊÃ��ȰŨ
Ǣȳȥ)ª�Â*ƃĄ@ǟ�(è 3-2-9)��*ǉš�:d|L* IL + 0.1%����
ǬȮ�$�(���ȰŨǢȳ%+01ă°ǬȮ�$�;�ȰǬǻƅž*òÖ&×Ū)

IZH�2�+BaH�%ȰǛ*Jv�V|�ǿ�!$�<&ñÛ�$�<(è
3-2-10)[41]� 
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è 3-2-1.AN�)��<*[Co(sep)]3+/2+*QDL{[Lo|YuMzs  
(a)ŇĿȰǬǻ TBAP 

 

 
[Co(sep)3+]=1.0mmol/kg,[TBAP]=0.1mol/kg,Eo(vsFc0/Fc+)=-736mV, Ǿ Ģ Ȍ Ğ

v=100mV/s, h�Lȥ*Ȱ�ĕΔEp=68mV 
 
  

-2 10
-6

-1.5 10
-6

-1 10
-6

-5 10
-7

0

5 10
-7

1 10
-6

1.5 10
-6

-1200 -1000 -800 -600 -400 -200

VvsEo(Fc+/0)/mV 

i/A
 



 38 

(b)ŇĿȰǬǻ LiNTf2 

 

 
[Co(sep)3+]=1.0mmol/kg,[LiNTf2]=0.1mol/kg,Eo(vsFc0/Fc+)=-681mV, Ǿ Ģ Ȍ Ğ

v=100mV/s, h�Lȥ*Ȱ�ĕΔEp=93mV 
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è 3-2-2.BMIM�)��<[Co(sep)]3+/2+*QDL{[Lo|YuMzs 
(a)ŇĿȰǬǻ(� 

 

 
[Co(sep)3+]=1.0mmol/kg, Eo(vsFc0/Fc+)=-586mV,ǾĢȌĞ v=20mVs-1, h�Lȥ*Ȱ
�ĕΔEp=88mV 
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(b)ŇĿȰǬǻ LiNTf2 

 

 
[Co(sep)3+]=1.0mmol/kg,[LiNTf2]=0.1mol/kg,Eo(vsFc0/Fc+)=-580mV, Ǿ Ģ Ȍ Ğ

v=20mV/s, h�Lȥ*Ȱ�ĕΔEp=130mV 
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è 3-2-3.PMIM�)��<[Co(sep)]3+/2+*QDL{[Lo|YuMzs 
(a)ŇĿȰǬǻ(� 

 

 
[Co(sep)3+]=0.99mmol/kg, Eo(vsFc0/Fc+)=-593mV,ǾĢȌĞ v=20mV/s, h�Lȥ*
Ȱ�ĕΔEp=84mV 
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(b)ŇĿȰǬǻ LiNTf2 

 

 
[Co(sep)3+]=1.0mmol/kg,[LiNTf2]=0.1mol/kg,Eo(vsFc0/Fc+)=-580mV, Ǿ Ģ Ȍ Ğ

v=20mV/s, h�Lȥ*Ȱ�ĕΔEp=115mV 
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è 3-2-4.HMIM�)��<[Co(sep)]3+/2+*QDL{[Lo|YuMzs 
(a)ŇĿȰǬǻ(� 

 

 
[Co(sep)3+]=1.0mmol/kg, Eo(vsFc0/Fc+)=-596mV,ǾĢȌĞ v=20mV/s, h�Lȥ*Ȱ
�ĕΔEp=82mV 
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(b)ŇĿȰǬǻ LiNTf2 

 
 
[Co(sep)3+]=1.2mmol/kg,[LiNTf2]=0.1mol/kg,Eo(vsFc0/Fc+)=-585mV, Ǿ Ģ Ȍ Ğ

v=20mV/s, h�Lȥ*Ȱ�ĕΔEp=112mV 
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è 3-2-5.AN�)��<[Zn(TPP)]+•/0*QDL{[Lo|YuMzs 
(a)ŇĿȰǬǻ TBAP 

 

 
[Zn(TPP)]<0.98mmol/kg,[TBAP]=0.1mol/kg,Eo(vsFc0/Fc+)=372mV, Ǿ Ģ Ȍ Ğ

v=100mV/s,h�Lȥ*Ȱ�ĕΔEp=60mV 
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(b)ŇĿȰǬǻ LiNTf2 

 

 
[Zn(TPP)]<0.78mmol/kg,[LiNTf2]=0.1mol/kg,Eo(vsFc0/Fc+)=373mV, Ǿ Ģ Ȍ Ğ

v=100mV/s, h�Lȥ*Ȱ�ĕΔEp=60mV 
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è 3-2-6.BMIM�)��<[Zn(TPP)]+•/0*QDL{[Lo|YuMzs 
(a)ŇĿȰǬǻ(� 

 

 
[Zn(TPP)]<0.16mmol/kg, Eo(vsFc0/Fc+)=330mV,ǾĢȌĞ v=20mV/s, h�Lȥ*Ȱ
�ĕΔEp=68mV 
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(b)ŇĿȰǬǻ LiNTf2 

 

 
[Zn(TPP)]=0.14mmol/kg,[LiNTf2]=0.1mol/kg,Eo(vsFc0/Fc+)=329mV, Ǿ Ģ Ȍ Ğ

v=20mV/s, h�Lȥ*Ȱ�ĕΔEp=55mV 
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è 3-2-7.PMIM�)��<[Zn(TPP)]+•/0*QDL{[Lo|YuMzs 
(a)ŇĿȰǬǻ(� 

 

 
[Zn(TPP)]<0.16mmolkg, Eo(vsFc0/Fc+)=320mV,ǾĢȌĞ v=20mV/s, h�Lȥ*Ȱ
�ĕΔEp=69mV 
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(b)ŇĿȰǬǻ LiNTf2 

 

 
[Zn(TPP)]=0.15mmol/kg,[LiNTf2]=0.1mol/kg,Eo(vsFc0/Fc+)=327mV, Ǿ Ģ Ȍ Ğ

v=20mV/s, h�Lȥ*Ȱ�ĕΔEp=71mV 
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è 3-2-8.HMIM�)��<[Zn(TPP)]+•/0*QDL{[Lo|YuMzs 
(a)ŇĿȰǬǻ(� 

 

 
[Zn(TPP)]=0.14mmol/kg, Eo(vsFc0/Fc+)=316mV,ǾĢȌĞ v=20mV/s, h�Lȥ*Ȱ
�ĕΔEp=70mV 
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(b)ŇĿȰǬǻ LiNTf2 

 

 
[Zn(TPP)]=0.14mmol/kg,[LiNTf2]=0.1mol/kg,Eo(vsFc0/Fc+)=331mV, Ǿ Ģ Ȍ Ğ

v=20mV/s, h�Lȥ*Ȱ�ĕΔEp=65mV 
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� 3-2-1. [Co(sep)]2+/3+������������
 

 
 

Supporting 
electrolyte 

Eo([Co(sep)]2+/3+)vs 
Eo(Fc0/+)/mV 

Scan rate 
v/mVs-1 

Ep(anodic)vs 
Eo(Fc0/+)/mV 

ip(anodic)/
µA 

Ep(cathodic) 
vs 
Eo(Fc0/+)/mV 

ip(cathodic)/
µA 

Peak 
separation 
ΔEp-p/mV 

AN TBAPa -736d 100 -702 1.08 -770 -1.88 68 

AN LiNTf2b -681d 100 -635 1.21 -727 -1.83 93 

BMIM --c -586d 20 -542 9.67x10-2 -630 -0.114 88 

BMIM LiNTf2b -580d 20 -515 9.79x10-2 -645 -0.102 130 

PMIM --c -593e 20 -551 8.53x10-2 -634 -9.60 x10-2 83 

PMIM LiNTf2b -580d 20 -523 8.75x10-2 -638 -0.104 115 

HMIM --c -596d 20 -556 8.73x10-2 -637 -9.84x10-2 82 

HMIM LiNTf2b -585f 20 -529 9.98x10-2 -640 -0.110 112 

AN TBAPa -733d 20 -696 0.278 -770 -0.890 74 

AN LiNTf2b -679d 20 -636 0.385 -722 -0.845 86 

BMIM --c -591d 100 -532 0.265 -649 -0.287 117 

BMIM LiNTf2b -598d 100 -492 0.256 -705 -0.273 213 

PMIM --c -601e 100 -551 0.208 -651 -0.225 100 

PMIM LiNTf2b -581d 100 -514 0.275 -648 -0.302 134 

HMIM --c -598d 100 -550 0.238 -646 -0.266 96 

HMIM LiNTf2b -596f 100 -507 0.258 -684 -0.297 177 

������
: a, 0.1 mol / kg(TBAP); b, 0.1 mol / kg(LiNTf2); c, ������� 
�	����
: d, [Co(sep)(NTf2)3] = 1.0 mmol / kg; e, [Co(sep)(NTf2)3] = 0.99 mmol / kg; f, [Co(sep)(NTf2)3] = 1.2mmol / kg. 
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� 3-2-2. [Zn(TPP)]+•/0������������
 

 
 

Supporting 
electrolyte 

Eo([Zn(TPP)]+•/0)vs 
Eo(Fc0/+)/mV 

Scan rate 
v/mVs-1 

Peak separation ΔEp-p/mV 

AN TBAPa 372d 100 60 

AN LiNTf2b 373e 100 60 

BMIM --c 330f 20 68 

BMIM LiNTf2b 329g 20 55 

PMIM --c 320f 20 69 

PMIM LiNTf2b 327h 20 71 

HMIM --c 316g 20 70 

HMIM LiNTf2b 331g 20 65 

������
: a, 0.1 mmol / kg(TBAP); b, 0.1 mol / kg(LiNTf2); c,�������   
�	����
: d, [Zn(TPP)] < 0.98 mmol / kg; e, [Zn(TPP)] < 0.78 mmol / kg; f, [Zn(TPP)] < 0.16 mmol / kg; g, [Zn(TPP)] = 

0.14 mmol / kg; h, [Zn(TPP)]=0.15mmol/kg.   
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Ø 3-2-9. Israelachvili>�Ŷ
!ǰŔ½ïŽƪǳ¸ţòƬƟ.ōčØ[41] 

 
Ǡǰň,�ò.ǰ�ΔU C¹�'�ǰňƪǳǦ.ǇǮ D Cå½��+�>ǰň
ƪǳǦ,§�¸ FCţò�!� 
 
Ø 3-2-10.GL|Ş� BMIMNTf2,=$'�>A@ǰŔ�Ǟā.ōčØ[41] 
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3-2-2. ǪŸǰŜ.ţò 
� Ø 3-2-11,PMIM�,��@[Co(sep)]3+Ǣ�.ǪŸǰŜ.ţòƚŅCƇ�!�

ųǀŽ,�Ʋţ�A@ǰŜ£/īĵǰŜ)Ś¼ǰŜ.Ò)�'ű�A@�ė$

'�ťŞ,ĭƇǰƳǅC�B�'Ś¼,=@»ŅCŠþ��@)�Ʋţ�A@

ǰŜ£/īĵǰŜ.7)+@!9,ý��+@�Ʋţ�A!ǪŸǰŜ/�ĴĬ

ǰƳǅC¹�'ţò�!àÊ/ 15.4nA (�?�¹��,ţò�!àÊ/
10.9nA(�$!�ĴĬǰƳǅC¹�!àÊ.Ĺ�ǪŸǰŜ.£�è��$!.
(�IL �,��@ǰŔ½ïţò,�
'/ĴĬǰƳǅC¹�':Ś¼ǰŜ,=
@»Ņ/űA'�>�ũƱ(�@�)�B�$!�ĭƇǰƳǅC�B�!Ĺ�

ƲţǰŜ£�è��+$!./�ǰŔ�Ǟā.Ŋǒå½,=@ǰ�.å½)�

ĴĬǰƳǅ.ş¹,=$'ťìŊǒ�ƅä�A!»Ņ,=@)Ơ�>A@� 
 
Ø 3-2-11.PMIM�,��@[Co(sep)]3+Ǣ�.ǪŸǰŜ.ţò 

 
 
ĴĬǰƳǅ+�Ȁ[Co(sep)3+]=0.99mmolkg-1 
ĴĬǰƳǅ�?:[Co(sep)3+]=1.0mmolkg-1�[LiNTf2]=0.1molkg-1 
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3-2-3.Ơø  
� q~MW,=@ǰňǰíƉ¼Ãě.ųǀ(/�ǰňƪǳ(.�Û�Ɩ(.ǰ

í�ĲÃě/�Ë�.½ïƋ.Û�Ɩ,��@ƢĄ�ĲÃě)Ǥ¨ǧ�

(ΔG*heterogeneous=ΔG*homogeneous/2),�@�)�Ƃ>A'
@[22]��.Ơ�Ĺ/�
æÙ)¯Ù.ƞÒ.=����ǰňǰíƉ¼Ãě(/Û�Ɩ.ǰí�Ĳ,ù�

'Ǥǳ(¿±).ǧ�,�@�)C�ò�'�?��.àÊ,/ǰňƪǳ(ǰŔ�
Ǟā.æ¤(ǰíƉ¼�óǭ,ǆ�@àĤ)(��@ǰíƉ¼Ãě,ǧ��@½
ïƋ)Û�Ɩ.ǰíƉ¼Ãě,ǧB@ÃěƋ.Ð×.Ŵâ/Ë�(+�'/+

>+
��Û�Ɩ.ǰíƉ¼Ãě)Û�Ɩ.ǰíƉ¼Ãě(/�ǑČòĶ.ŏ

©�è��Ż+?��%.ǰíƉ¼ÃěǑČòĶCœǊ�@�)/Öǯ(�@

��ÃěǑČòĶ.ťì�îĞ��Ĺ.Ɩ(Ë�(�A0ÃěƋ.Ð×.ťì

ŊǒCÍ8ÃěŴâ:Ë�(�@�)�ƇÓ�A@�Fawcett >,=A0�k
I{Y|/kIxUdHrù.ǰňǰíƉ¼Ãě(/�GL|Ş�.ƳǮ,=@
ťìŮĞå½�Ãě,ĒǴC��'
@)ßÏ�A'
@[36]�ŀƄƍ(Ňƶ�
A@Û�ƖǰíƉ¼Ãě.GL|Ş�.ƋǺ,ù�@�îĞ� Fawcett >,=
@ßÏ)�ƣ�A0�GL|Ş��ťîGL|.Ð?(:ƳǮ�'
@�).

Ŀ¸+ƹĪ)+@� 
� ±íĞťì�(/�ĴĬǰƳǅ.îÚ,=?ǰŔ�Ǟā�đĢ�A@)):

,�ǰƦCĿ�@½ïƋ.īĵā,��@Ɖ¼/īĵ.7,Ĵǜ�A@��A

/ǰňǌ¥,��@Ś¼.»Ņ�ĴĬǰƳǅ.îÚ,=$'ŝé�@!9(�

@�ǰƦ÷Č.è�+ Co(III)ǢGL|(/��.ǰƦ�GL|ùŵĢ,=$'
ñ­,ŝé�'
+
Ǫ?Ś¼.»Ņ�űA�ǰŜ£/ƗƓ+īĵǖƊ(Ʋţ

�A@:.=?:è��+@�Ƣ>�ƳǮ�@ĞÌ.+
±íĞŞ��(.ǰ

Ŕ½ïţò(/ĴĬǰƳǅ�îÚ�+
)īĵ.7,Ĵǜ�A!UQcyCƲ

ţ�@�)/(�+
(ŕCťì)�!àÊ(:ƚŅ/Ëŋ(�@)��ÔƲţ�
A!`~[,=A0�ƪ 3-2-1,Ƈ�!=�,ƗƓ+GL|Ş��(:ĴĬǰƳ
ǅC¹�!àÊ(:�j~PǰŜ£.å½/4)D*ư>A+�$!��.ƚ

Ņ/GL|Ş��(/īĵā,�
':GL|Ş�.ƳǮ��@��6!/

Co(III)GL|/GL|Ş��(ñ­,ũǰƦ(GL|ùCđĢ�'
@)(îÚ
�'
@�)CƇ�'
@�:�īĵā,�
':GL|Ş��ƳǮ�'
@

.(�A0�ǰƦCĿ�@ǠĀǢ�/GL|Ş�±íCŊĢ�@EdL|Ǜ�

,=?Å?×6A'ðò½���>,ǠĀǢ�CÅ?ą�EdL|Ǜ�/��

.Ð×.M]L|Ǜ�,Å?×6A'îÚ�'
@)Ơ�>A@�ƪ 3-2-3,�
GL|Ş��ƳǮ�'
+
àÊ,ųǀŽ,ƵƑ�A@GL|ùŵĢòĶCƇ

�!�ƪ,Ƈ�=�,��ŧČ,��@GL|�ÊòĶ/�4*è��+��

Co(III)ǢGL|.ǰƦ�ñ­,ŝé�'
@)/Ơ�>A+
�ė$'�ŀƄ
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ƍ(Ę>A!ǰŔ½ïţò.ƚŅ/�īĵā,�
': Co(III)GL|.Ð?.
GL|Ş�/ƳǮ�'�?�ǢGL|.đčǰƦC¾±,ƀŒ�'
@�)C

Ƈ�'
@��.ƚŅ�ŀƄƍ(Ŷ
!�
 Co(III)Ǣ�ŧČ(/ŐǰƦC:%
ǠĀǢ�/Ð×.GL|Ş�.EdL|Ǜ��=1M]L|Ǜ�CœǊŽƢŷ

,�Ĳ�+�>Wr~X,īĵ�@)ƚǀ�A@��Ĺ�GL|¿Ĕ.ý�+

Li+GL|C¹�@)��.è�+ǰƦ÷Č,=$'�.=�+Ŋǒ/ƅä�A�

Ǣ�GL|.Wr~X+īĵ�Ǩô�A@)Ơ�>A@� 
 
ƪ 3-2-3.GL|Ş��ƳǮ�'
+
àÊ.[Co(sep)]3+) NTf2-.GL|ùŵĢ

òĶ 
 εD [Co(sep)(NTf2)3] 

/molkg-1 
K1a K2b K3c KIPd 

BMIM,PMIM,HMIM 17.5 1.0x10-3 1.84x104 236 32.0 1.39x108 
BMIM 26.1 1.0x10-3 980 62.7 19.2 1.18x106 

13.7 1.0x10-3 1.89x105 672 48.0 6.10x109 
PMIM 26.6 1.0x10-3 872 59.4 18.8 9.74x105 

13.0 1.0x10-3 3.31x105 864 53.0 1.51x1010 
HMIM 26.8 1.0x10-3 833 58.2 18.6 9.04x105 

12.7 1.0x10-3 4.27x105 969 55.4 2.29x1010 
[Co(sep)]3+ǢGL|)NTf2-EdL|.GL|ùŵĢÃě)GL|ùŵĢÃě/�

č(3-2-1)(ƪ�A@�6!��.Ãě/�č(3-2-2)~(3-2-4),=$'�>B��
):(�@��.)��č(3-2-1).GL|ùŵĢ.ĉƩòĶ KIP/�Ãě.Éő

Ǭ,ùě�@ǏŏĉƩòĶ (K1-K3).ƌ,=$'�>B�A@�Ãě
(3-2-2)~(3-2-4)/ Co(III)ǢGL|)NTf2-EdL|� 1:1(�Ê�@Ãě+.(�
č(3-2-5))(3-2-6),=$'GL|ùŵĢ.ǏŏĉƩòĶCƵƑ�@�)�(�
@� 

� (3-2-1) 

� (3-2-2) 

(3-2-3) 

� (3-2-4) 

 � � (3-2-5)
 

[Co(sep)]3++3NTf2
-← →⎯ [Co(sep)](NTf2 )3,KIP =

[Co(sep)(NTf2 )3]
[Co(sep)3+ ][NTf2

- ]3

[Co(sep)]3++NTf2
-← →⎯ [Co(sep)](NTf2 )

2+,K1 =
[Co(sep)(NTf2 )

2+ ]
[Co(sep)3+ ][NTf2

- ]

[Co(sep)](NTf2 )
2++NTf2

-← →⎯ [Co(sep)](NTf2 )2
+,K2 =

[Co(sep)(NTf2 )2
+ ]

[Co(sep)(NTf2 )
2+ ][NTf2

- ]

[Co(sep)](NTf2 )2
++NTf2

-← →⎯ [Co(sep)](NTf2 )3,K3 =
[Co(sep)(NTf2 )3]

[Co(sep)(NTf2 )2
+ ][NTf2

- ]

KOS =
4πNAa

3

3000
exp −

U
kBT

⎛

⎝
⎜

⎞

⎠
⎟
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� � (3-2-6) 

I /GL|ďČ,a / Co(III)M]L|�=1 NTf2-EdL|.GL|¿Ĕ.Ò

(a=r(Co)+r(NTf2-)) 
a:z1=3,z2=-1,r(Co)=4 Å,r(NTf2-)=3Å,[Co(sep)3+]=1.0mmolkg-1, 
[NTf2-]=3.0mmolkg-1,I=6.0mmolkg-1 
b:z1=2,z2=-1,r(Co)=7 Å,r(NTf2-)=3 Å,[Co(sep)(NTf2)2+]=1.0mmolkg-1, 
[NTf2-]=3.0mmolkg-1,I=3.5mmolkg-1 
c:z1=1,z2=-1,r(Co)=10 Å,r(NTf2-)=3 Å,[Co(sep)(NTf2)2+]=1.0mmolkg-1, 
[NTf2-]=3.0mmolkg-1,I=2.0mmolkg-1 
d:KIP=K1K2K3 
 
� ƪ 3-2-1,Ƈ�!=�, IL�,��@[Co(sep)]3+/2+Ǣ�ù. CV.ǝ½ř)
ǚ©ř.j~PǦǰ�ă/�60mV =?:è���ĳÇǎŽ+UQcy�Ʋţ
�A!��.�)�>�Co3+/2+Ǧ.ǰí�ĲÃě/œǊŽǔ
�)�±�$!�

óǭ�Co(III)Ǣ�.EYadaxy�,��@ǰí�ĲǑČòĶ/ 5.1 kg 
mol-1s-2 [42])ý��(¯ÙśĞ½JeyO~�è�
�),ǆÕ�@�)�Ƃ
>A'
@)��.óǼƚŅ/GL|Ş��,��@ÃěǑČòĶ:è��+

�)CƇ�'
@�6!�ĴĬǰƳǅ LiNTf2C¹�'ţò�@)�[Co(sep)]3+/2+

Ǣ�ù. CV.j~PǦǰ�ă/�īè�!��.�)�>�CV.ÇǎĞ��
��@�)�B�$!�įĎǑČ+*.ţòł�/Ë�(�@.(��.=�

+ CV UQcy.å½/¹�>A!á.îÚ,=$'Çǎ/ĳÇǎŽ+ CV UQ
cy.Ʋţ,ĚƯ)�A@ųğŽ+īĵĮ¼(gyP�>ǰňƪǳ2.ťǅ.ī
ĵ,=$'ǰňǰíƉ¼Ãě�Ĵǜ�A'
@ůŗ)�Ǩô�A@�)CƇ�'

@��+B#ş¹�A! LiNTf2/ IL�,�
'’structure breaker’�Ŋǒƅ
äŁ	)�'Ŏơ�'
@�)�±�$!��+B#ş¹�A! LiNTf2�)�

, Li+GL|/��.è�+ǰƦ÷Č)GL|Ş�CŊĢ�@GL|=?:ǲĈ

,ý�
GL|¿Ĕ,=$'�IL �,�
'ťìŊǒCƅä��ťǅGL|.
Wr~X+īĵĮ¼Cƅä�@�ŊǒƅäŁ	)�'Ŏơ�'
@)Ơ�>A

@� 
ƪ 3-2-2,=@)�AN�=1 IL�,��@[Zn(TPP)]+•/0Ǣ�ù. CV.j~
PǦǰ�ă/�60mV ƊČ(�?�ÇǎŽ+UQcy�Ʋţ�A!��.�)
�>�Zn+•/0Ǧ.ǰíƉ¼ǖƊ/ Co(III/II)Ǣ�ù.ǰíƉ¼ǑČ)œ3'Ǒ

�)�B�$!�ĴĬǰƳǅ)�' LiNTf2C¹�!àÊ(:j~PǦǰ�ă/

å½���ÇǎŽ+UQcy�Ʋţ�A!��A/�ZnTPPǢ��ũǰƦ(�

U =
z1z2e

2

εa(1+κa)
,κ = 8πNAe

2I
1000εkBT
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?īĵ,ǭ�'ťîGL|.ĒǴCÆ�,�
�)�ǰ��Ő(�@!9GL

|Ş�CŊĢ�@EdL|)®ǐ.ǫGL|CŶ
'
@.(�Ǟā.Ŋǒ�

ĒǴCÆ�,�
�))�ǰňǰíƉ¼ÃěǑČ�ǲĈ,è�
ǾÛ�Ɩ(.

ǰí�ĲǑČòĶ/EYadaxy�(1.4x1011M-1s-1(298K)[43](�@�)�
B�$'
@ǿ�).4��è�+±í(�?�ǰƦ.ý�+ ZnTPPǢ�/Ð
×.ťìŴâ.ĒǴCÆ�,�
�),=@)Ơ�>A@� 
� AN�.[Zn(TPP)]+•/0Ǣ�ù. CV(/�ĴĬǰƳǅC TBAP�> LiNTf2,

åĽ�!àÊ(:�Co Ǣ�.àÊ)Ż+? Eo/Uka�+�$!��A/�

[Zn(TPP)]+•/0Ǣ�ù.Eo/Ő(�@.(�Ŷǰň.ƪǳ,/EdL|�ç�î

Ú�'�?�LiNTf2()�,M]L|(�@ǰƦ÷Č.è�
 Li+)C¹�!�)
,=@ǰŔ�Ǟā.Ŋǒ2.ĒǴ�ý�
!9(�@)Ơ�>A@�

[Zn(TPP)]+•/0Ǣ�ù.Ð×.ťìŴâ:[Zn(TPP)]+•.ǰƦ÷Č�ǲĈ,ý�


.(�LiNTf2,=@ĒǴCÆ�,�
)ĜBA@� 
��.ǰŔ½ïŽţòƚŅ,Þ&��ǰíƉ¼Ãě.ţò/ĴĬǰƳǅC¹�

�,óƧ�!� 
 
ƪ 3-2-4, AN�=1ĴĬǰƳǅC¹�+
àÊ. IL�,��@[Co(sep)]3+/2+

Ǣ�ù)[Zn(TPP)]+•/0Ǣ�ù. EoCƇ�!�ĴĬǰƳǅ/ AN �.ţò(/
TBAP 6!/ LiNTf2C�Ŷ�!�6!�[Zn(TPP)]+•/*Ǣ�ù. Eo(�Ǟǵºǆ
ů Ġ . [Zn(TPP)] ) π M ] L | w V M y [Zn(TPP)]+ Ǧ . ǝ ½ ǚ © ǰ

�,Eo([Zn(TPP)]+•/*))/�ÞċůĠ.[Zn(TPP)])πM]L|wVMy[Zn(TPP)]+•

Ǧ.ǝ½ǚ©ǰ� Eo([Zn(TPP)]+•/0)�>�ǞǵºǆůĠ.ºǆJeyO~Cǰ
�,ĲƑ�!:.(E0-0(Zn0-*))CĎ��),=?ƵƑ(�@(č(3-2-7))[44]���
(�[Zn(TPP)].?D«WnPay(/�ňè?D«řǥ��=� 778nm ,Ʋ
ţ�A'�?��.řǥ/ťì.ƋǺ,=$'/4)D*å½�+
[45,46]�
�.j~P/[Zn(TPP)].�ǞǵºǆůĠ�>ÞċůĠ2.ǰíǙƉ,=@:
.(�@!9��ǞǵºǆůĠ.ºǆJeyO~/ 1.59eV(j~PřǥC E=hν
,=$'JeyO~,åĲ�!:.)(�@��ǞǵůĠ.ºǆJeyO~
1.59eV/�ǰ�,ĲƑ�@) 1.59V(�@.(��.£CŶ
'č(3-2-7)�>
Eo([Zn(TPP)]+•/*)CƵƑ�!��.ƚŅ:ƪ 3-2-4,Ƈ�!� 
 

� � (3-2-7) 
 
� ��(�[Zn(TPP)]*)[Co(sep)]3+Ǧ.ǰíƉ¼Ãě.ĉƩòĶ K12Á1Ãě.

ƢŷJeyO~ΔGo12 /č(3-2-8),=?ƪ�A@.(�ƪ 3-2-4 ,Ƈ�!
[Zn(TPP)]*/+•Ǣ�ù�=1[Co(sep)]3+/2+Ǣ�ùǦ.ǝ½ǚ©ǰ�CŶ
'��A

Eo ([Zn(TPP)]+/* ) = Eo ([Zn(TPP)]+/0 )−E0−0 (Zn
0−*)
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>.£CƵƑ�!��.ƚŅCƪ 3-2-5,Ƈ�!� 
 
∆G˚12 = - RT ln K12 = - F (E˚1 - E˚2)� � (3-2-8) 
 
ƪ 3-2-4.Ʋţ�A![Co(sep)]3+/2+�=1 [Zn(TPP)]+ȁ/0�[Zn(TPP)]*/+ȁ.ǝ½ǚ©

ǰ� 
 
 

Supporting 
electrolyte 

Eo([Co(sep)]3+/2+)vs 
Eo(Fc0/+)/mV 

Eo([Zn(TPP)]+•/0)vs 
Eo(Fc0/+)/mV 

Eo([Zn(TPP)]*/+•) 
vsEo(Fc+/0)/V 

AN TBAPa -736d 372f -1.22 
AN LiNTf2b -681d 373g -1.22 
BMIM --c -586d 330h -1.26 
PMIM --c -593e 320h -1.27 
HMIM --c -596d 316i -1.27 
ĴĬǰƳǅŧČ: a, 0.1 mmol / kg(TBAP); b, 0.1 mol / kg(LiNTf2); c, ĴĬǰƳ
+� ǠĀǢ�.ŧČ: d, [Co(sep)(NTf2)3] = 1.0 mmol / kg; e, [Co(sep)(NTf2)3] 
= 0.99 mmol / kg; f, [Zn(TPP)] < 0.98 mmol / kg; g, [Zn(TPP)] < 0.78 mmol / 
kg; h, [Zn(TPP)] < 0.16 mmol / kg; i, [Zn(TPP)] = 0.14 mmol / kg.   
 [Zn(TPP)]*/+ȁǢ�ù. Eo/�[Zn(TPP)]+ȁ/0Ǣ�ù. Eo �>[Zn(TPP)].ºǆJ
eyO~1.59eVCǰ�,ĲƑ�!:.CĎ
'ƵƑ�!� 
 
ƪ 3-2-5.  Éťì�,��@ǝ½ǚ©ǰ�.óţ£,Þ&� ZnTPP.�Ǟǵů
Ġ) Co(III)Ǣ�Ǧ.ǰíƉ¼Ãě.ƢŷJeyO~)ùě�@ǝ½ǚ©ĉƩ.
ĉƩòĶ 
ťì.ƋǺ ǰíƉ¼Ãě.ƢŷJeyO~

ΔGo12 /kJmol-1 
ĉƩòĶ K12 

ANa -92.0 1.34x1016 
ANb -97.4 1.14x1017 

BMIM -110 1.87x1019 
PMIM -111 2.75x1019 
HMIM -110 1.87x1019 

a, ĴĬǰƳǅ)�' TBAPC�Ŷ�'ţò�!ǝ½ǚ©ǰ��>ƵƑ�! 
b, ĴĬǰƳǅ)�' LiNTf2C�Ŷ�'ţò�!ǝ½ǚ©ǰ��>ƵƑ�! 
 
 
� [Co(sep)]3+/2+Ǣ�ù.ǝ½ǚ©ǰ�.ţòƚŅ�>GL|Ş�.ƼǰŰCư

ƌ:@!9,�2%.�)+@ťì�(Ʋţ�A!ǝ½ǚ©ǰ�.Ǘ
/��A
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 A.ťì�,��@ťìÒJeyO~,��8-�î�@)Ơ�'��.Ƶ

ƑCƧ$!� 
� ǠĀǢ�.�ǰíƉ¼ÃěCƠ�@� 
 

� � (3-2-9) 
 
ťŞ�.ǠĀǢ� M .ŌŤ½ïp_|Uuyµo�ƁƎ�(. M .Ĭ%Jey
O~Evac) M .ťìÒJeyO~.Ò(ƪ�@)�@)�Mn+�=1 M(n-1)+.

ŌŤ½ïp_|Uuy/�A A� 
 

� � (3-2-10) 
 

� � (3-2-11) 
 
!"�� � � (3-2-12))�@ 
 
)ƪ�@� 
=$'� 

� � (3-2-13) 

 
)+@� 
6!�Mn+�=1M(n-1)+.½ïp_|Uuyµ/�A A� 
 

� � (3-2-14) 
 

� � (3-2-15) 
 
)��@� 
ĉƩůĠ(/µ(Mn+)=µ(M(n-1)+)(�@.(� 
č(3-2-14)�=1(3-2-15)�> 

� � (3-2-16) 

 

Mn+ + e− →M(n-1)+

µo (Mn+ )solv = E vac (Mn+ )+ΔGsolv (Mn+ )

µo (M(n-1)+ )solv = E vac (M(n-1)+ )+ΔGsolv (M(n-1)+ )

IP = E vac (Mn+ )−E vac (M(n-1)+ )

µo (Mn+ )solv −µo (M(n-1)+ )solv

= E vac (Mn+ )−E vac (M(n-1)+ )+[ΔGsolv (Mn+ )−ΔGsolv (M
(n−1)+

)]

= IP +[ΔGsolv (Mn+ )−ΔGsolv (M
(n−1)+

)]

µ(Mn+ )solv = µo (Mn+ )solv + RT ln[Mn+ ]

µ(M(n-1)+ )solv = µo (M(n-1)+ )solv + RT ln[M(n-1)+ ]

µo (Mn+ )solv −µo (M(n-1)+ )solv = RT ln [M
(n-1)+ ]

[Mn+ ]
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)+@� 
=$'�č(3-2-13))(3-2-16)CœǊ�@) 
 

� � (3-2-17) 

 
)+@� 
��(�č(3-2-9).�ǰíƉ¼Ãě.ƢŷJeyO~ΔGo/� 
 

� � (3-2-18) 

 
)ƪ�@.(� 
 

� � (3-2-19) 

 
)��@� 
č(3-2-9).�ǰíÃěč.ΔGo/�ǝ½ǚ©ǰ�C Eo)�@)� 
 

� � (3-2-20) 
 
):��@.(�Ż+@ťì a,b,��@ǝ½ǚ©ǰ�C�A A Eao,Ebo)��

�ǰíƉ¼Ãě.ƢŷJeyO~å½C�A AΔGao,ΔGbo)�@)�Ż+@ť

ì(.ǝ½ǚ©ǰ�.ă/�č(3-2-19)=? 
 

(3-2-21) 
 
)+@� 
� ��(�ťìCǓƜ�)�'Ơ�!oy|Ü.čCŶ
@)Ǣ�.ťìÒJ

eyO~/�č(3-2-22)(ƪ�@� 

IP +[ΔGsolv (Mn+ )−ΔGsolv (M(n-1)+ )]= RT ln [M
(n-1)+ ]

[Mn+ ]

ΔGo = −RT lnK,K =
[M(n-1)+ ]
[Mn+ ]

ΔGo = − IP +{ΔGsolv (Mn+ )−ΔGsolv (M(n-1)+ )}⎡⎣ ⎤⎦

ΔGo = −nFEo,n =1

ΔGb
o −ΔGa

o

= −FEb
o − (−FEa

o )

= − IP +{ΔGb
solv (Mn+ )−ΔGb

solv (M(n-1)+ )}⎡⎣ ⎤⎦+ IP +{ΔGa
solv (Mn+ )−ΔGa

solv (M(n-1)+ )}⎡⎣ ⎤⎦

= −ΔGa
solv (M(n-1)+ )+ΔGb

solv (M(n-1)+ )+ΔGa
solv (Mn+ )−ΔGb

solv (Mn+ )
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� � (3-2-22) 

 
č(3-2-22)Cč(3-2-21)č,�¬�ķų�@)�oy|Ü.č(/ 2 %.ťì�
(.ǝ½ǚ©ǰ�.ă/� 
 

� � (3-2-23) 

 
)ƪ�@� 
!"��rn�=1 rn-1/�A AǠĀǢ� Mn+�=1 M(n-1)+.GL|¿Ĕ(�

?�εa,εb/�A Aťì a,b.ƼǰŰ(�@� 
rn=rn-1=r )�@)([Co(sep)]3+Ǣ��=1[Co(sep)]2+Ǣ�/�MSÜǜ�íCĬ

%Ǣ�(�@.(��.�ò/êĐ(�@)Ơ�>A@)�č(3-2-23)/� 
 

� � (3-2-24)oy| 

 
)+@��Ĺ�ťì±íCǓƜ+Ƽǰ�)�'(/+�ŨǰƦ6!/ÂňíC

�ę,Ĭ%µ�Ų)�'ħ
�ťì±í.è��CƠġ�! MSA(meaning 
spherical approximation)[24,47-50],=$'ťìÒJeyO~Cƪ�)� 
 

 � � (3-2-25) 

 
)+@(a/ťì.±í¿Ĕ)[24,50]���(�δ/ťì.¿Ĕ a)ƼǰŰε.ǧĶ
)�'ƪ�A@±ňhws~[(�@[24,48,49]� 
�.!9�č(3-2-25)Cč(3-2-21),�¬��ķų�@)�MSAÜ.č(/ 2%
.ťì�(.ǝ½ǚ©ǰ�.ă/� 

 

ΔGsolv = −
NAz

2e2

8πε0r
1− 1

εS

⎛

⎝
⎜

⎞

⎠
⎟

ΔGb
o −ΔGa

o = −FEb
o − (−FEa

o )

=
NAe

2

8πε0
(n-1)2

rn-1
−
n2

rn

⎧
⎨
⎩

⎫
⎬
⎭

1
εb
−
1
εa

⎛

⎝
⎜

⎞

⎠
⎟

ΔGb
o −ΔGa

o = −FEb
o − (−FEa

o ) = NAe
2

8πε0
(n-1)2 − n2

r
⎧
⎨
⎩

⎫
⎬
⎭

1
εb
−
1
εa

⎛

⎝
⎜

⎞

⎠
⎟

ΔGsolv = −
NAz

2e2

8πε0r
(1− 1

εS
) 1
1+δ

,δ = 3a
r[108

1
3εS

1
6 − 2]

ΔGb
o −ΔGa

o = −FEb
o − (−FEa

o )

=
NAe

2 (n−1)2

8πε0rn-1
(1− 1

εa
) 1
1+δa

− (1− 1
εb
) 1
1+δb

⎧
⎨
⎩

⎫
⎬
⎭
−
NAe

2n2

8πε0rn
(1− 1

εa
) 1
1+δa

− (1− 1
εb
) 1
1+δb

⎧
⎨
⎩

⎫
⎬
⎭
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(3-2-26) 
 
)ƪ�@� 
!"��δa,δb/�A Aťì a,b,%
'ƵƑ�!δC��� 
rn=rn-1=r)�@)�č(3-2-26)/� 
 

 

(3-2-27) 
 
)+@� 
� č(3-2-24)6!/č(3-2-27)CŶ
'ƪ 3-2-4 ,6)9! AN �Á1�A A
. IL�(ţò�![Co(sep)]3+/2+Ǣ�ù. EoCœǊ�@�),=?É IL.óǅ
Ž+ƼǰŰCưƌ:$!� 
oy|Ü.č (3-2-24)CŶ
@)�ưƌ:>A!ƼǰŰ/
�A. IL,
':
�=� 26(�$!�6!�MSAÜ.č(3-2-27)CŶ
' IL.ťì¿ĔCıò
�!�ε=26)�@) a~265pm�ε=17.5[20])�@)�a~222pm)+$!�6
!�ε=13.7(BMIM)[51],13.0(PMIM),12.7(HMIM)[52])�@)�a /�A A
195pm(BMIM)�188pm(PMIM)�186pm(HMIM))+$!�MSA ,=?ıò
�A@ťì¿Ĕ/ý�
�)�Ƃ>A'
@�[24]��.=�,ıò�A!ťì
¿Ĕ��+?ý��$!�)�>�ǰƦCĿ�@ťǅ.ǌ¥,��@ IL/ƳǮ
�'
@�)CƇÓ�'
@��A/�ª,Ʒ�!ǰŔ½ïţò,=?Ę>A

!ĴĬǰƳǅ.Ŀũ,=$' Co(III/II)Ǣ�ù. CV.j~PǰŜÁ1ǪŸǰŜ
�4)D*å½�+
)
�ƲţƚŅ�>ƇÓ�A! Co(III)ǢGL|.Ð?.
IL/ƳǮ��ǢGL|.đčǰƦCƀŒ�'
@)
�ƚŅ)�ƣ�@� 
 
��C6)9@)� 
(1)ŀƄƍ(�Ŷ�!GL|Ş�(BMIM,PMIM,HMIM)/�ǰňƪǳÁ1ǰƦC
:%ǠĀǢ�.ǌ¥(/�ƳǮ�'�?ĴĬǰƳǅC¹�+
ůĠ(:ųğŽ

+ǰƳǅťŞ)7+�@��.!9�ĴĬǰƳǅ�ũ
ůĠ(:�±íĞŞ�

,�
'ĭƇǰƳǅC¹�!)�)Ëŋ. CVUQcy�Ʋţ�A@� 
(2)�A>.ťŞ, Li+GL|C¹�@)ǰňƪǳ,îÚ�@ǰŔ�Ǟā.Ŋǒ

�å½�@��.ƚŅǰňƪǳ.ǰ�ǩ�.ƊČ�åB?�Ʋţ�A@ǝ½ǚ

©ǰ�,Ǘ
�ŵ�@� 
(3)Li+GL|Cü¬�@)��.ǽ
ǰƦ÷Č.!9,GL|Ş��,��@ǰ

ƦC:%ťǅ.īĵĮ¼�å½��ťǅGL|.Wr~X+īĵ�Ǩô�A�

ΔGb
o −ΔGa

o = −FEb
o − (−FEa

o ) = NAe
2

8πε0
(n−1)2 − n2

r
⎧
⎨
⎩

⎫
⎬
⎭
(1− 1

εa
) 1
1+δa

− (1− 1
εb
) 1
1+δb

⎧
⎨
⎩

⎫
⎬
⎭
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j~PǦǰ��īè�@��+B#GL|Ş��(.Li+GL|/ŊǒƅäŁ(�
.ǽ
ǰƦ÷Č,=?ťìÒŊǒCƅä��īĵĮ¼,ĒǴC��@))�'Ŏ
ơ�@�ǰƦ÷Č.�
�ǡ TPPǢ�(/�.»Ņ/ǪòŽ(�@� 
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3-3. [Zn(TPP)]*)[Co(sep)]3+Ǧ.ǰíƉ¼Ãě 
3-3-1.ļǦ±ƳÎ«±«Ř,=@[Zn(TPP)]Ǣ�)[Co(sep)](BPh4)3 Ǣ�Ǧ.«

ǰíƉ¼Ãě.Ʋţ 
� ±íĞťì�(.«ºǆ�A![Zn(TPP)]Ǣ�.Ãě/��D,Ƅƍ�A'
�?[53-55]��.«ǰíƉ¼Ãě.ŉŹ/ Jablonski \GvQwr,ė$'Ø
3-3-1.=�,ƪ�A@�)�Ƃ>A'
@� 
� «ºǆ,=?ŵĢ�!�ǞǵºǆůĠ.[Zn(TPP)]*.úÑ/ƃ�(�=�
3ns[56])�ƖǦ�ă,=?�ǞǵºǆůĠ2)å½�@��ǞǵºǆůĠ.
[Zn(TPP)]*/�ǝ½¶(!)�0[Co(sep)]3+.=�+ǠĀǢ�))Ãě�'π-M]
L|wVMy[Zn(TPP)]+•)+@��.Ė�ŵĢ�!π-M]L|wVMy/�ǚ
©¶(!)�0�ǰíƉ¼,=?ŵĢ�![Co(sep)]2+)).Ǧ.ǎǰíƉ¼,=?
ÞċůĠ.[Zn(TPP)]2)ģ@�M]L|wVMy,ǧ�@ÎÄĆ+*.ǁŮĞ
:ßÏ�A'
@� 
� �ǞǵºǆůĠ.[Zn(TPP)]*.úÑ/œǊŽǥ�(ayJ|�( 44us�s[f
~y�( 230us)[57]�[Co(sep)]3+).œǊŽǔ
ǰíƉ¼Ãě/��Ǟǵºǆ

ůĠ.ňèÎÄ,ùě�@ 460nm.ÎÄ.Šƫ�:��/π-M]L|wVMy
.ňèÎÄ,ùě�@ 405nm .ÎÄ.ãèCţò�@�),=$'Ʋţ(�

@)Ơ�>A@� 
­�.Ãě/�ŏ.=�,��@� 
� � � � � � h� 

[Zn(TPP)]   à   [Zn(TPP)]*(singlet) 
[Zn(TPP)]*(singlet)  à   [Zn(TPP)]*(triplet)    intersystem crossing (~3 ns) 
� � � � � � � � � � � � � � �  k1 

[Zn(TPP)]*(triplet) + [Co(sep)]3+  à   [Zn(TPP)]+• (�-radical) + [Co(sep)]2+    (3-3-1) 
                                    k2 

[Zn(TPP)]+• (�-radical)  + [Co(sep)]2+ à [Zn(TPP)]  + [Co(sep)]3+          (3-3-2) 
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Ø 3-3-1.«ºǆ�A![Zn(TPP)]Ǣ�.«ǰíƉ¼Ãě.ŉŹ 

 
 
� BMIM �,��@«ºǆ�![Zn(TPP)]*)[Co(sep)]3+Ǧ.«ǰíƉ¼Ãě.

ǖšŽ+ÎÄWnPay.ţòƚŅCØ 3-3-2�=1Ø 3-3-3,Ƈ�!� 
Ø 3-3-2,Ƈ�!z~T~ūûĖ 1usĖ.ǖšŽ+ÎÄWnPay,/�460nm
�ǌ.ǷÝ,�ǞǵºǆůĠ[Zn(TPP)]*,=@ÎÄĆ�Ʋţ�A!�[Zn(TPP)]*

/[Co(sep)]3+)Ãě��π-M]L|wVMy)+@!9�Ø 3-3-3,Ƈ�!z~
T~ūûĖ 250usĖ.ǖšŽ+ÎÄWnPay(/�460nm�ǌ.ÎÄĆ/ŝ
Ŧ���>!, 405nm�ǌ.ǷÝ,π-M]L|wVMy[Zn(TPP)]+•,=@ÎÄ

Ć�Ʋţ�A!��.�)�>�[Zn(TPP)]*)[Co(sep)]3+.Ãě,=?π-M]L
|wVMy�ŵĢ�'
@�)�Ɔƻ(�!� 
� BMIM �(.[Zn(TPP)]*)[Co(sep)]3+Ǧ.«ǰíƉ¼Ãě,��@Î«Čå

½.ļǦå½C[Co(sep)]3+.ŧČCå½��' 460nm �=1 405nm (Ʋţ�
!ƚŅC�A AØ 3-3-5�=1Ø 3-3-6,Ƈ�!�ţò/�Co(III)Ǣ�.ŧČ
C[Zn(TPP)]ŧČ,ù�' 10 ¢��ǖ·)�!�6!�BMIM �,��@ 
[Zn(TPP)]*.ƢĄŠƫC 460nm(Ʋţ�!ƚŅCØ 3-3-4,Ƈ�!� 
� Ø 3-3-5,Ƈ�! 460nm(.Î«Č/�1msƊČ.ƃļǦ(ĝǑ,Šþ�!�

hν

[Zn(TPP)] ground state

[Zn(TPP)] singlet excited state

[Zn(TPP)] triplet excited state

  [Zn(TPP)]+. π-cation radical

[Co(sep)]2+

[Co(sep)]3+
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�.�)�>z~T~ūû,=$'ŵĢ�!�ǞǵºǆůĠ.[Zn(TPP)]*/

[Co(sep)]3+).ǰíƉ¼,=?ŝǄ�A'
��)�B�$!�6!�Ø 3-3-6
,Ƈ�! 405nm (.Î«Č/ 1ms ƊČ.ļǦ(ãè���.ĖœǊŽ<$�
?)Šþ�!��.�)�>[Co(sep)]3+).Ãě,=$'��ƃļǦ(�Ǟǵº

ǆůĠ [Zn(TPP)]*�>π-M]L|wVMy [Zn(TPP)]+•�ŵĢ���.Ė

[Co(sep)]2++*).Ãě,=?<$�?)ŝǄ�A@�)�B�$!� 
� �.=�,Ʋţ�A!Ãě/�2%.Ãě.ǓƜÃě(�@(č(3-3-3))� 
 
A→B→C� � (3-3-3) 
 
=$'�ÃěťŞ.Î«Č A/�double-exponentialǧĶ(č(3-3-4))(ƪ�@� 
 
A=Pexp(-k1t)+Qexp(-k2t)+R  � (3-3-4) 
 
!"��P�Q�R/ÃěǑČòĶ(k1�=1 k2))�A A.½ïƋ.tyÎ«
�Ķ�A�=1 B.³ŧČ.ǧĶ(�@� 
� ��(�ǓƜ�!�őǬ.Ãě,ù�@ǑČòĶC±Ǯ�@!9,

double-exponential ǧĶ(č(3-3-4)),=$' 460nm �=1 405nm (ţò�!
[Zn(TPP)]*)[Co(sep)]3+Ǧ.«ǰíƉ¼Ãě.ļǦaz~WCƳń�!�6!�

BMIM �,��@ [Zn(TPP)]*.ƢĄŠƫÃě.Î«Č.ļǦaz~W:Ëŋ

,Ƴń�!� 
� Ƴń.ƚŅCƪ 3-3-1,Ƈ��Ʋţ�A!�őǬ.Ãě.ł�ǑČòĶC�A
 A[Co(sep)]3+ŧČ,ù�'l{^a�!ƚŅCØ 3-3-7�=1Ø 3-3-8,Ƈ�
!��őǬž.Ãě,/ĺ>�+ŧČ�îĞ�Ʋţ�A!��.�)�>�.

�őǬž.Ãě/�ǞǵºǆůĠ.[Zn(TPP)]*)[Co(sep)]3+Ǧ.ǰíƉ¼(�

@�)/ĺ>�(�@�l{^a.¦��> Co(III)Ǣ�)�ǞǵºǆůĠ.
[Zn(TPP)]*Ǧ.�ŏÃěǑČòĶ/ k12 = (3.06 ± 0.14) x 107 kg mol-1 s-1(�@

�)�B�$!���(�k1 /[Co(sep)]3+ŧČ,ù�'ſƝŽ+�îĞCƇ�

�)�>�ĴĬǰƳǅC¹�'ťŞ�.GL|ďČCƿķ�'
+
,:ǧB

>��ÃěťŞ�.GL|Ğ½ïƋ.śǟ�Ķ/4)D*å½�'
+
�)

�B�$!��.�)�>óǼ,�Ŷ�!GL|Ş� (BMIM)�(/�
[Co(sep)]3+.=�+ǰƦCĿ�@½ïƋ/EdL|,=$'Å?×6A'�?

½ïƋ.ǰƦ/Nu|Yy�A'
@�)�ď�ƇÓ�A!�6!�²ŭ.£

�> CoŧČ� 0.àÊ.ǑČòĶ�%6?�ǞǵůĠ.ƢĄŠƫǑČòĶǾ²
ŭǿ/  (6.79 ± 3.43) x 102 s-1(�@�)�±�$!� 
� [Co(sep)]2+)π-M]L|wVMy [Zn(TPP)]+•Ǧ.ǎǰíƉ¼Ãě/�ǰíƉ
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¼,=?ŵĢ�@[Co(sep)]2+)π-cation radical[Zn(TPP)]+•.ŧČ�Ë�(�@

.(�ŏÃě)�'Ʋţ�A@/�(�@�����Ø 3-3-8Cư@)ÀƗ+�
ŏÃě)�'/Ʋţ�A'�>��ǑČòĶ. CoŧČ�îĞ/�ŏÃě,ǌ�
$!�l{^a.¦��>�ŏÃěǑČòĶ)�'(3.12 ± 0.60) x 106 kg mol-1 
s-1�Ę>A!�²ŭ/(1.44 ± 1.51) x 102 s-1(�?�ƽăƒ×¯(Z{(�@

�)�B�$!� 
� ĖƜ.Ãě��ŏÃě)�'Ʋţ�A@ųŷ,/���. 2 %.ÇơĞ�Ơ
�>A@��%ž/�[Co(sep)]3+,Í6A@��þǟ.�ƗŮ�ǧB@ƴìÃě

�îÚ�@ÇơĞ(�@ (Case1)�:��%.ÇơĞ/� [Zn(TPP)]+•)

[Co(sep)]2+.ƀùŽ+JeyO~zmy�ǧB@:.(�@(Case2)� 
(Case1)ţò/[Zn(TPP)]Ǣ�.�ǞǵůĠ�1,π-M]L|wVMy.ÎÄĆ
.ļǦå½CƲţ�'
@.(�k1 �1, k2 ,ùě�@�A>.Ãě�

[Zn(TPP)]Ǣ�.�ǞǵºǆůĠ�1,π-M]L|wVMy.ŧČ,ù�'�
ŏÃě(�@�)/ǦǗ
+
([Zn(TPP)].�ǞǵůĠ)π-M]L|wVMy
.ŧČ,ù�'�ŏ)�'ƵƑ�!ĭĶǧĶ,ţòƚŅ�kF^a�!)� 
� �.!9�Ʋţ�A!ǑČòĶ.RgyaǢ�ŧČ�îĞ/�óǼ,�Ŷ�

![Co(sep)](BPh4)3Ǣ�,Í6A@)Ơ�>A@ÃěśĞ+�ƗŮ X ,=@ƴ
ìŽǰíƉ¼Ãě(Ãě(3-3-5)�=1(3-3-6))CƇÓ�@� 
                            k3 
� �     [Zn(TPP)]+•  +   X  à  [Zn(TPP)]  +   X+                   (3-3-5) 
                          k4 
      X+   +   [Co(sep)]2+  à   X +   [Co(sep)]3+                   (3-3-6) 
 
�.ǖƊ(/ XC[Zn(TPP)]+•�ǝ½��[Zn(TPP)]�°ŵ�@�ŵĢ�! X+�

[Co(sep)]2+Cǝ½�'�[Co(sep)]3+�°ŵ�@� 
�.àÊ�ǑČòĶ k4�è�
)�Ãě/�ŏÃě)�'Ʋţ�A�Ʋţ�A

@ǑČòĶ/[Co(sep)]3+ŧČ,ſƝŽ,�î�@� 
ǑČòĶ k4�è�
(k4>>k3)àÊ�Ãě(3-3-5),=?ŵĢ�@ X+/Ǒ;�,ŝ

Ǆ�A�X �°ŵ�@��.!9�ÃěƖ�,��@ X ŧČ/�ò, !A�
Ãě/�ŏÃě)�'Ʋţ�A@�6!�X��ƗŮ)�'[Co(sep)](BPh4)3Ǣ

�,Í6A'
@)�@)��.ŧČ/ Co(III)Ǣ�ŧČ,œ��@)Ơ�>A
@��.!9�Ʋţ�A@ǑČòĶ/[Co(sep)]3+ŧČ,ſƝŽ,�î�@� 
 
(Case2) 
ǰŔ½ïţò=?Ãě(3-3-1)��ǞǵºǆůĠ[Zn(TPP)]*)[Co(sep)]3+Ǧ.ǰí

Ɖ¼Ãě.bwGi|QkK~W(ëůĠ)ƙůĠ.Ǧ.ƛùJeyO~ă)/
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ǲĈ,è�
�)�B�$'
@��.!9�Ãě,=?ŵĢ�@π-M]L|w
VMy[Zn(TPP)]+•�ŊǒŽ,ºǆ�A!ůĠ(ŵĢ�@ÇơĞ��@��.=

�+àÊ[Zn(TPP)]+•.�śĞ½.ǖƊ,/[Zn(TPP)]+•)[Co(sep)]2+.ƀùŽ

+JeyO~Ť�,=$'(a)~(c). 3%.ÇơĞ�Ơ�>A@� 
(a)Ãě,=?ŵĢ�@ [Zn(TPP)]+•/ÞċůĠ(�?��.JeyO~/

[Co(sep)]2+=?:�JeyO~(�@�(b)[Zn(TPP)]+•/ÞċůĠ(ŵĢ���

.JeyO~/[Co(sep)]2+=?:ǽJeyO~(�@�(c)[Zn(TPP)]+•/ºǆů

Ġ(ŵĢ���.JeyO~/[Co(sep)]2+=?:ǽJeyO~(�@���Ĺ�

ºǆůĠ(�@[Zn(TPP)]+•/��@ǑČòĶ k ([Co(sep)]2+=?:�JeyO

~(�@ÞċůĠ2)ƞÒ�A'��.Ė[Co(sep)]2+)Ãě�@��A A.à

Ê.ÃěWN~rCØ 3-3-9 ,�A AƇ�!�(a).àÊ/[Zn(TPP)]+•)

[Co(sep)]2+Ǧ.�ŏÃě�Ʋţ�A@/�(�@��(b).àÊ,/[Zn(TPP)]+}

)[Co(sep)]2+.Ãě/Ʋţ�A�� [Zn(TPP)]+•.ƢŪŠƫ��ŏÃě)�'Ʋ

ţ�A@/�(�@(ǑČòĶ/[Co(sep)]3+ŧČ,/�î�+
)��Ĺ�(c).à
Ê,/�k ) k2[Co(sep)2+].èýǧ�,=$'Ʋţ�A@Ãě�Ż+@�
k<<k2[Co(sep)2+].)�,/�ºǆůĠ(ŵĢ�![Zn(TPP)]+•�ǑČòĶ k (
ƞÒ�A@Ãě��ŏÃě)�'Ʋţ�A@�k>>k2[Co(sep)2+].)�,/�
[Zn(TPP)]+•) [Co(sep)]2+Ǧ.ǎǰíƉ¼��ŏÃě)�'Ʋţ�A@�

k~k2[Co(sep)2+].àÊ,/Ãě/(double-exponential ǧĶ,=$'ƷǍ(�
@)ǓƜÃě)�'Ʋţ�A@/�(�@�ŀƄƍ.ƲţƚŅ/�(b)6!/ (c)
. k~k2[Co(sep)2+]�@
/ k<<k2[Co(sep)2+].ł�(�@�)�ƇÓ�A!� 
�  
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Ø 3-3-2.z~T~ūûĖ 1usĖ. BMIM�,��@[Zn(TPP)]*)[Co(sep)]3+Ǧ

.«ǰíƉ¼Ãě.ǖšŽ+ÎÄWnPay 

 
[Zn(TPP)]=9.22x10-6molkg-1�[Co(sep)3+]=4.01x10-4molkg-1�ţòŢČ T=298K 
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Ø 3-3-3.z~T~ūûĖ 250usĖ. BMIM�,��@[Zn(TPP)]*)[Co(sep)]3+

Ǧ.«ǰíƉ¼Ãě.ǖšŽ+ÎÄWnPay 

 
[Zn(TPP)]=9.22x10-6molkg-1�[Co(sep)3+]=4.01x10-4molkg-1�ţòŢČ T=298K 
  



 74 

Ø 3-3-4. BMIM �,��@[Zn(TPP)]*.ƢĄŠƫÃě. 460nm (.Î«Č.
ļǦå½ 

 
 
[Zn(TPP)]=1.33x10-5mol/kg,T=298K,λ=460nm 
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Ø 3-3-5. BMIM �,��@[Zn(TPP)]*)[Co(sep)]3+Ǧ.«ǰíƉ¼Ãě.

460nm(.ļǦaz~W 
 
(a) [Co(sep)(BPh4)3]=1.00x10-4mol/kg 

 
 
[Zn(TPP)]=4.30x10-6mol/kg,[Co(sep)(BPh4)3]=1.00x10-4mol/kg,T=298K,λ=460
nm 
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(b) [Co(sep)(BPh4)3]=2.85x10-4mol/kg 

 
 
[Zn(TPP)]=4.34x10-6mol/kg,[Co(sep)(BPh4)3]=2.85x10-4mol/kg,T=298K,λ=460
nm 
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(c) [Co(sep)(BPh4)3]=4.01x10-4mol/kg 

 
 
[Zn(TPP)]=9.22x10-6mol/kg,[Co(sep)(BPh4)3]=4.01x10-4mol/kg,T=298K,λ=460
nm 
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Ø 3-3-6. BMIM �,��@[Zn(TPP)]*)[Co(sep)]3+Ǧ.«ǰíƉ¼Ãě.

405nm(.Î«Č.ļǦå½ 
(a) [Co(sep)(BPh4)3]=1.00x10-4mol/kg 

 
 
[Zn(TPP)]=4.30x10-6mol/kg,[Co(sep)(BPh4)3]=1.00x10-4mol/kg,T=298K,λ=405
nm 
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(b) [Co(sep)(BPh4)3]=2.85x10-4mol/kg 

 
 
[Zn(TPP)]=4.34x10-6mol/kg,[Co(sep)(BPh4)3]=2.85x10-4mol/kg,T=298K,λ=405
nm 
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(c) [Co(sep)(BPh4)3]=4.01x10-4mol/kg 

 
 
[Zn(TPP)]=9.22x10-6mol/kg,[Co(sep)(BPh4)3]=4.01x10-4mol/kg,T=298K,λ=405
nm 
 
ƪ 3-3-1.BMIM �,��@[Zn(TPP)]*)[Co(sep)]3+Ǧ.«ǰíƉ¼ÃěǑČò

Ķ.ŧČ�îĞ 

[Co(sep)]
3+

/mmolkg
-1

 k
1
/ms

-1
 k

2
/ms

-1
 

0 0.791 0 
0.10 3.41 0.671 
0.28 9.68 0.96 
0.40 12.68 1.38 
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Ø 3-3-7. BMIM�,��@[Zn(TPP)]*)[Co(sep)]3+.«ǰíƉ¼Ãě,��@

�őǬž.Ãě.ł�ǑČòĶ k1. Co(III)ŧČ�îĞ 
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Ø 3-3-8. BMIM�,��@[Zn(TPP)]*)[Co(sep)]3+.«ǰíƉ¼Ãě,��@

�őǬž.Ãě.ł�ǑČòĶ k2. Co(III)ŧČ�îĞ 
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Ø 3-3-9.[Zn(TPP)]+·)[Co(sep)]2+Ǧ.ǎǰíƉ¼Ãě.Ơ�>A@ÃěWN~

r 
(a)π-M]L|wVMy[Zn(TPP)]+·� Co(II)Ǣ�Cǝ½�@àÊ 

 
  

hν

[Zn(TPP)] ground state

[Zn(TPP)] singlet excited state

[Zn(TPP)] triplet excited state

  [Zn(TPP)]+. π-cation radical

[Co(sep)]2+

[Co(sep)]3+

Scheme 2-A.  [Zn(TPP)] triplet excited state reduces Co(III) 
and  [Zn(TPP)]+. π-cation radical oxidizes Co(II).
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(b) π-M]L|wVMy[Zn(TPP)]+·� Co(II)Ǣ�Cǝ½(�+
àÊ 

 
  

hν

[Zn(TPP)] ground state

[Zn(TPP)] singlet excited state

[Zn(TPP)] triplet excited state

  [Zn(TPP)]+. π-cation radical

[Co(sep)]2+

[Co(sep)]3+

Scheme 2-B.  [Zn(TPP)] triplet excited state reduces Co(III) 
while [Zn(TPP)]+. π-cation radical cannot oxidize Co(II).
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(c)ºǆůĠ(ŵĢ�!π-M]L|wVMy[Zn(TPP)]+·/ÞċůĠ,ƞÒ�A'

�> Co(II)Ǣ�Cǝ½�@àÊ 

 
  

hν

[Zn(TPP)] ground state

[Zn(TPP)] singlet excited state

[Zn(TPP)] triplet excited state

  [Zn(TPP)]+. π-cation radical

[Co(sep)]2+

[Co(sep)]3+

  excited state of
[Zn(TPP)]+. π-cation radical

Scheme 2-C.  [Zn(TPP)] triplet excited state reduces Co(III) and  
an excited state of [Zn(TPP)]+. π-cation radical is formed.  
However, it cannot oxidize Co(II) unless it relaxes to the ground 
state of [Zn(TPP)]+. π-cation radical.
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� ��=?�BMIM �(.ţò,�
'ǎǰíƉ¼Ãě.ŐƆ+�ŏǑČòĶ

CĘ@�)/(�+
.(���.Ƴń,/�ǞǵºǆůĠ.[Zn(TPP)]*Ǣ�)

[Co(sep)]3+Ǣ�Ǧ.ǰíƉ¼Ãě.�ŏǑČòĶ k12CŶ
!� 
AN �=1GL|Ş� PMIM�HMIM �,�
'Ʋţ�! [Zn(TPP)]*)

[Co(sep)]3+Ǧ.«ǰíƉ¼Ãě�=1[Zn(TPP)]*.ƢĄŠƫÃě.Î«Č.ļ

Ǧå½C�A AØ 3-3-10~Ø 3-3-15,Ƈ�!�6!�BMIM�(.ƲţƚŅ
)Ëŋ,ţòƚŅC�őǬÃě)�'Ƴń�!ƚŅCƪ 3-3-2,Ƈ�!�AN�
.ţò,�
'/ţòļǦ�ƃ
ļ (t=0.1ms :��/ 0.04ms),/
single-exponentialǧĶ(Ƴń�!Ĺ�kF^a/ƥ�$!�Ǒ
Ĺ.ǑČòĶ
(�őǬž.Ãě.ǑČòĶ)/[Zn(TPP)]*.ƢĄéśÃě�=1[Zn(TPP)]*)

[Co(sep)]3+Ǧ.ǰíƉ¼Ãě,ùě�'
@.(�[Co(sep)]3+ŧČ,ù�'Ę>

A!�őǬž.ǑČòĶ.[Co(sep)]3+ŧČ�îĞ�>ǰíƉ¼Ãě.�ŏǑČ

òĶ k12CŖ9!��.ƚŅCƪ 3-3-3,Ƈ�!� 
 
ƪ 3-3-2.AN�=1 PMIM,HMIM�,��@[Zn(TPP)]*)[Co(sep)]3+Ǧ.«ǰ

íƉ¼.ǑČòĶ 

Solvent 
105[Zn] 
/molkg-1 

104[Co] 
/molkg-1 

ţòřǥ

/nm 
ţòļǦ

/ms k1/ms-1 k2/ms-1 

ANa 

1.90 0 
460 0.1 1.285x102 - 
400 0.1 1.531x102 - 

2.00 1.96 

460 0.04 4.231x102 - 
405 0.04 5.24 x102 - 
400 0.04 4.93x102 - 
400 1 4.44 x102 9.50 

PMIMb 

2.00 0 
460 40 1.51 0.524 
400 40 1.26 0.314 

2.00 2.01 
460 100 5.94 0.470 
400 100 5.96 0.464 

HMIMb 

2.00 0 
460 40 1.51 0.498 
400 40 1.12 0.270 

2.00 1.94 
460 100 4.61 0.270 
400 100 4.93 0.289 

a:GL|ďČ I=0.1molkg-1(TBAP)�b:ĴĬǰƳǅC¹�+�$!�T=298K 
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ƪ 3-3-3. AN�=1 PMIM�HMIM�,��@ [Zn(TPP)]*)[Co(sep)]3+Ǧ.ǰ

íƉ¼Ãě.�ŏǑČòĶ 
 Observed k12  /  

 kg mol-1 s-1 
AN (1.68 ± 0.18) x 109 
PMIM (2.27 ± 0.06) x 107 
HMIM (1.78 ± 0.13) x 107 
 
Ø 3-3-10.AN�,��@[Zn(TPP)]*.ƢĄŠƫ.ļǦaz~W 
(a) λ=400nm,t=100us 
 

 
 
[Zn(TPP)]=1.9x10-5mol/kg,T=298K,λ=400nm 
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(b) λ=460nm,t=100us 
 

 
 
[Zn(TPP)]=1.9x10-5mol/kg,T=298K,λ=460nm 
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Ø 3-3-11.AN �,��@[Zn(TPP)]*)[Co(sep)]3+Ǧ.«ǰíƉ¼Ãě.ļǦa

z~W 
(a) λ=460nm,t=40us 

 
 
[Zn(TPP)]=2.0x10-5mol/kg,[Co(sep)(BPh4)3]=1.96x10-4mol/kg,T=298K,λ=460n
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(b) λ=405nm,t=40us 
 

 
 
[Zn(TPP)]=2.0x10-5mol/kg,[Co(sep)(BPh4)3]=1.96x10-4mol/kg,T=298K,λ=405n
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(c) λ=400nm,t=40us 
 

 
 
 
[Zn(TPP)]=2.0x10-5mol/kg,[Co(sep)(BPh4)3]=1.96x10-4mol/kg,T=298K,λ=400n
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(d) λ=400nm,t=1ms 

 
 
[Zn(TPP)]=2.0x10-5mol/kg,[Co(sep)(BPh4)3]=1.96x10-4mol/kg,T=298K,λ=400n
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Ø 3-3-12.PMIM�,��@[Zn(TPP)]*.ƢĄŠƫ.ļǦaz~W 
(a) λ=460nm,t=40ms 

 
 
[Zn(TPP)]=2.0x10-5mol/kg,T=298K,λ=460nm 
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(b) λ=400nm,t=40ms 

 
 
[Zn(TPP)]=2.0x10-5mol/kg,T=298K,λ=400nm 
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Ø 3-3-13.PMIM�,��@[Zn(TPP)]*)[Co(sep)]3+Ǧ.«ǰíƉ¼Ãě.ļǦ

az~W 
(a) λ=460nm,t=100ms 

 
 
[Zn(TPP)]=2.0x10-5mol/kg,[Co(sep)(BPh4)3]=2.01x10-4mol/kg,T=298K,λ=460n
m 
 
  

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0 20 40 60 80

t/ms 

A
bs

or
ba

nc
e 



 96 

(b) λ=400nm,100ms 

 
 
[Zn(TPP)]=2.0x10-5mol/kg,[Co(sep)(BPh4)3]=2.01x10-4mol/kg,T=298K,λ=400n
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Ø 3-3-14. HMIM�,��@[Zn(TPP)]*.ƢĄŠƫ.ļǦaz~W 
(a) λ=460nm,t=40ms 

 
 
[Zn(TPP)]=2.0x10-5mol/kg,T=298K,λ=460nm 
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(b) λ=400nm,t=40ms 

 
 
[Zn(TPP)]=2.0x10-5mol/kg,T=298K,λ=400nm 
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Ø 3-3-15. HMIM �,��@[Zn(TPP)]*)[Co(sep)]3+Ǧ.«ǰíƉ¼Ãě.ļ

Ǧaz~W 
(a) λ=460nm,t=100ms 

 
 
[Zn(TPP)]=2.0x10-5mol/kg,[Co(sep)(BPh4)3]=1.94x10-4mol/kg,T=298K,λ=460n
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(b) λ=400nm,t=100ms 

 
 
[Zn(TPP)]=2.0x10-5mol/kg,[Co(sep)(BPh4)3]=1.94x10-4mol/kg,T=298K,λ=400n
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3-3-2.Ơø  
� AN �=1GL|Ş� (BMIM,PMIM,HMIM)�,��@ [Zn(TPP)]*)

[Co(sep)]3+Ǧ.Ãě,ù�@īĵĕǑ.ǑČòĶ kdC Stokes-Einstein ĹƊč
(č(3-3-7))[58]�>ťì.ŮĞ£,Þ&
'ƵƑ�!��.ƚŅCƪ 3-3-4 ,Ƈ
�!�īĵĕǑ.ǑČòĶ/�ťŞ�(. 2 ±íÃě�Ãě�@½ïƋ.īĵ
,=$'Ĵǜ�A'
@(īĵ�ĕǑőǬ)+$'
@)àÊ.ǑČòĶ(�@�
ťŞ¯. 2 ±íÃě,�
'/Ãě�@½ïƋ��@ǇǮ6(ǌ&�+
)Ã
ě�ǆ�>+
.(�īĵĕǑ.ǑČòĶ/�ťŞ¯(ǆ�@ 2 ±íÃě.�
ŏǑČòĶ.�Ǫ(�@� 
� ƵƑƚŅ�>�3-3-1 ǵ,Ʒ�! AN �=1�A A. IL �,��@
[Zn(TPP)]*)[Co(sep)]3+Ǧ.ǰíƉ¼Ãě.�ŏǑČòĶ/īĵĕǑ.ǑČò

Ķ. 1/10ƊČ.è��(�?�ǲĈ,è��$!���(�īĵ,=@ö�C
Ę>A!�ŏǑČòĶ�>±Ǯ�@!9,č(3-3-8)CŶ
'ƭŐCƧ+$!�
�A>.ƚŅCƪ 3-3-4,6)9!� 
 

� � (3-3-7) 

� � (3-3-8) 

 
ƪ 3-3-4.AN�=1ÉƋGL|Ş��,��@[Zn(TPP)]*)[Co(sep)]3+Ǧ.ǰí

Ɖ¼Ãě.īĵ.ö�CƭŐ�!�ŏǑČòĶ k12 
 η  / cP density, 

d  / kg 
dm-3 

kd a/ 
kg mol-1 

s-1 

Observed k12  /  
 kg mol-1 s-1 

Corrected k12 /  kg 
mol-1 s-1 

AN 0.339 0.777 1.56 x 1010 (1.68 ± 0.18) x 109 (1.88 ± 0.26) x109 
BMIM 52 1.44 1.89 x 108 (3.06 ± 0.14) x 107 (3.65 ± 0.20) x107 
PMIM 57 1.40 1.68 x 108 (2.27 ± 0.06) x 107 (2.63 ± 0.08) x107 
HMIM 60 1.37 1.56 x 108 (1.78 ± 0.13) x 107 (2.01 ±0.17) x107 

a:rA=570pm([Zn(TPP)]),rB=400pm([Co(sep)]3+),zA=0([Zn(TPP)]),zB=+3([Co(se
p)]3+))�'č(3-3-7)�>ƵƑ�!� 
 
 

kd =
2RT (rA + rB)

2

3000ηrArB
U

expU −1
⎛

⎝
⎜

⎞

⎠
⎟,U =

zAzBe
2

4πε0ε(rA + rB)kT

1
kobs

=
1
kd
+
1
krea
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� �.=�,�'ƵƑ�!īĵ.ö�CƭŐ�!Éťì�,��@ǰíƉ¼Ã

ě.�ŏǑČòĶ.ĈŶùĶC�A A.ťì.ƔČ.ĈŶùĶ,ù�'l{

^a�!:.CØ 3-3-16,Ƈ�!�l{^a/ſƝ,=�kF^a��ǌ�ſ
Ɲ.¦�/-0.834 (�$!��.�)�>�ŏǑČòĶ.ťì.ƔČ2.�î
Ğ/�Sumi-Marcus .ųǀ(logk�-αlogη,0<α<1)[59,60]6!/ Kramers .ų
ǀ(logk�-αlogη,α=1)[61,62],ė$!�=$'�GL|Ş��(Ʋţ�A!Ãě
/ŉ-ťìƔČ.ǎĶ,�î�@ǷÝ,�@=�,ư�@� 
����Ø 3-3-16 �(È¤,�@ 3 %.l{^a,Ƈ�!=�, IL �,��
@ţò�>Ę>A!�ŏǑČòĶ.7.l{^a�>ǌ�ſƝ.¦�CƵƑ�

@)�-4.10 )
�ǲĈ,è�
¦��Ę>A!��.�)�> IL �(.Ãě
/ťì.ĂƱŽ+Ğǅ(�@ƔČ"�(+� IL�.Ğǅ,ĒǴCÆ�'
@)
Ơ�>A@� 
 
Ø 3-3-16.Éťì�,��@ǰíƉ¼Ãě.�ŏǑČòĶ.ĈŶùĶCƔČ.Ĉ
ŶùĶ,ù�'l{^a�! 

 
 
T=298K 
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� ��.ǂǀ(/�Macus-Sutin�=1 Ratner-Levine.�ăǧ�čCŶ
'�
Ʋţ�A! [Zn(TPP)]*)[Co(sep)]3+Ǧ.ǰíƉ¼Ãě.śĞ½ƢŷJeyO~

æÙĢ±Cưƌ:?�Ãě.śĞ½ƢŷJeyO~,ù�@ Pekar-factor .»
ŅCǂǀ�!� 
� Marcus-Sutin .�ăǧ�č/�ƤŽ,č(3-3-9)~č(3-3-12),=$'ƪ�A
@� 
 

� � (3-3-9) 

� � (3-3-10) 

� � (3-3-11) 

� � (3-3-12) 

 
!"�	W12/ work-term(�?�Z/īĵĕǑ.ǑČòĶ�wij/ťŞ¯( 2
%.½ïƋCǌ&�@.,ĚƯ+ǱǰŽ���σ/ 2%.½ïƋǦ.ǇǮ�I/
GL|ďČ(�@� 
6!�Ratner ) Levine /Ŭ¸ïŽ+Ơø,Þ&
'Ëŋ.ǧ�čCü
!�
ē>/��.�ăǧ�č�ĢƐ�@!9.ĚƯ¾±ł�/�(1)É½ïƋ.śĞ
½ǖƊ�Ãěƀĥ,=$'ĒǴ�A+
�)�(2)É½ïƋ.śĞ½ůĠ/ƢĄ
�ĲÃě)�ăÃě,�
'Ë�(�@�). 2 %.ł�"��>�.ǧ�č
Cü
!�#+7,�Ʒ.q~MW.�ăǧ�č(/�
�ăÃě. intrinsic 
free energy barrier/�%.�ĲÃě. intrinsic free energy barrier.ƀ¹ĉ
Û(�@�)
��òCĚƯ)�'
@� 
Ratner-Levine.�ăǧ�č/č(3-3-13)6!/(3-3-14)(ƪ�A@� 
 

� � (3-3-13) 

� � (3-3-14) 

k12 = k11k22K12 f12[ ]
1
2W12

ln f12 =
lnK12 + (w12 −w21) / RT[ ]2

4 ln k11k22 / Z
2( )+ w11 +w22( ) / RT⎡

⎣
⎤
⎦

W12 = exp −
w12 +w21 −w11 −w22

2RT
⎛

⎝
⎜

⎞

⎠
⎟

wij =
ziz je

2

εσ (1+βσ I )
,β = 8πNAe

2

1000εkBT

ΔG12
* =
1
2
ΔG11

* +ΔG22
* +ΔG12

o( )

k12 = k11k22K12
Z12
2

Z11Z22

⎡

⎣
⎢

⎤

⎦
⎥

1
2
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!"�� 

� � (3-3-15) 

 
Z/�ŏÃě.ƨƏǸČ(�@�ŕ;ǐĈ.ǲƔĞŜ�,ù�'/ Z~1012ƊČ

(�?�Ãě�ǰƦ,%
'ùƈŽ(�@àÊ (A2++B3+	A3++B2+),/
Z122~Z11Z22(�@[58]�6!�Z,ù�@½ïƋ.ǰƦ.»Ņ/č(3-3-7)(ƪ�
A@� 
IL �,��@�ăÃěǑČ.ţòƚŅCƳń�@,/�č(3-3-9)(ƪ�A@
Marcus-Sutin .�ăǧ�č=?:č (3-3-13)~(3-3-15),=?ƪ�A@
Ratner-Levine .�ăǧ�čCŶ
'Ƨ�Ĺ�=?ǘ²(�@)ĜBA@�+
�+>�GL|Ş�(/č(3-3-9)CǘŶ�@!9,ĚƯ+ťŞ�.GL|ďČ
;ťǅǌ¥(.ťì.óǭ.Ğǅ�B�>+
.(�Ãě,ǧB@½ïƋ.

work-termCŐ��ưƌ:@�)�(�+
�>(�@� 
����č(3-3-9).Marcus-Sutin.�ăǧ�č/�ŌŤŽ+ųǀč(�?�±
íĞťì�(.Ãě.Ƴń,/¡ǹ(�@ƚŅC��@�)�Ƃ>A'
@�

ŀƄƍ(/�č(3-3-9)CEYadaxy�,��@Ãě.śĞ½hws~[C
Ę@!9,Ŷ
!� 
�Ĺ�ǝ½¶)ǚ©¶C�Ê��@!9,ĚƯ+JeyO~ΔG*Fuoss.ƵƑ,Ě

Ư+hws~[(ťŞ.GL|ďČ;ťǅǌ¥.ƼǰŰ)� IL ,%
'/�ĺ(
�@�))�ΔG*Fuoss�=1Ãě.ǸČÕí/ Z,ĩ�ǋ6A'
@.( IL�
(Ʋţ�!Ãě.Ƴń,/ Ratner-Levine .�ăǧ�čCŶ
@�)�=?ǘ
�'
@� 
ŀƄƍ(�Ŷ�!GL|Ş�.gyP(.ƼǰŰ/ý�
�)�> Co(III)/(II)
Ǣ�.ǰƦ/ùEdL|).GL|ùŵĢ,=$'»ŰŽ,Ħ#ŝ�A@)Ơ

�>A@.(�IL �.Ãě.ǑČǀŽhws~[.ıò�óǭ.Ƴń,�
'
/ Z122/Z11Z22.£/)?��� 1 )�ò�!��.ǖƊ.êĐĞ,%
'��
,Ňƶ�@� 
 
��(�ťì)�'.GL|Ş�,ù�'�@ƼǰŰC�ò�'�Co(III)/(II)
Ǣ�Ǧ�=1 Zn(0)/(+)Ǣ�Ǧ�Co(III)) Zn(0)Ǣ�Ǧ.�A A.Ãě,ù�
@īĵĕǑ.ǑČòĶ Z Cč(3-3-7)CŶ
'ƵƑ�!�Co(III)/(II)Ǧ.Ãě,
ù�@ Z ,%
'/�Ǣ�.ǰƦ�ùEdL|).�Ê,=$'å½�'
@
)�ò�'�ǰƦCå�'ƮĶ.ƵƑCƧ$!��.ƚŅCƪ 3-3-5,Ƈ�!� 

kij = Zij exp
ΔGij

*

RT

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
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ƪ 3-3-5 �> Co Ǣ��ťŞ�(đčǰƦC�.66Ĭ$'îÚ�'
@àÊ
Co(III)/(II)Ǣ�ù.Ǧ.Ãě,ù�@īĵĕǑ.ǑČòĶ(ZAA)/�ǲĈ,ý�

�)/ĺ>�(�@� 
[Co(sep)]3+/2+Ǣ�ù.ƢĄ�ĲÃě,ù�@¯ÙśĞ½ƢŷJeyO~/

40kJmol-1 ,ǌ
!9��ĲǑČòĶ)�'ßÏ�A'
@£(�@

5.1kgmol-1s-1C°ű�@!9,/īĵĕǑǑČòĶ/ 1x108kgmol-1s-1��(+

�'/+>+
�����ƪ 3-3-5 �>B�@=�, Co Ǣ�.ǰƦC+1 )�
!àÊ(: ZAA/ 107kgmol-1s-1��(�@�<�,�Z122/Z11Z22~1)
��ò
/êĐ(�?�CoǢ�/ IL�,�
'ñ­,ùEdL|)�Ê�'
@(þ+
�): Co(III)6!/ Co(II).*#>�.ǰƦ/ñ­,Nu|Yy�A'
@)
)ƚǀ�!� 
 
ƪ 3-3-5.  ťì.ƼǰŰ�=1ťŞ�(. CoǢ�.đčǰƦC�ò�'�ƵƑ
�!īĵĕǑ.ǑČòĶ Zij[kgmol-1s-1] 
chargesa  εD ZAB/kgmol-1s-1b ZAA/kgmol-1s-1c ZBB/kgmol-1s-1d 

e=2,3 BMIM 17.5 1.89x108 0.164 1.83x108 
PMIM 17.5 1.68x108 0.146 1.62x108 
HMIM 17.5 1.56x108 0.136 1.51x108 
     

BMIM 13.7 1.89x108 2.69x10-4 1.83x108 
PMIM 13.0 1.68x108 4.83x10-5 1.62x108 
HMIM 12.7 1.56x108 2.14x10-5 1.51x108 

     
BMIM 24.3 1.89x108 98.1 1.83x108 
PMIM 24.7 1.68x108 113 1.62x108 
HMIM 24.9 1.56x108 120 1.51x108 
     

BMIM 26.1 1.89x108 301 1.83x108 
PMIM 26.6 1.68x108 354 1.62x108 
HMIM 26.8 1.56x108 368 1.51x108 

     
e=1,2 BMIM 17.5 1.89x108 4.90x105 1.83x108 

PMIM 17.5 1.68x108 4.35x105 1.62x108 
HMIM 17.5 1.56x108 4.04x105 1.51x108 
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BMIM 13.7 1.89x108 6.80x104 1.83x108 
PMIM 13.0 1.68x108 3.67x104 1.62x108 
HMIM 12.7 1.56x108 2.70x104 1.51x108 

     
BMIM 24.3 1.89x108 3.32x106 1.83x108 
PMIM 24.7 1.68x108 3.18x106 1.62x108 
HMIM 24.9 1.56x108 3.07x106 1.51x108 
     

BMIM 26.1 1.89x108 4.61x106 1.83x108 
PMIM 26.6 1.68x108 4.44x106 1.62x108 
HMIM 26.8 1.56x108 4.26x106 1.51x108 

     
e=1,1 BMIM 17.5 1.89x108 1.36x107 1.83x108 

PMIM 17.5 1.68x108 1.21x107 1.62x108 
HMIM 17.5 1.56x108 1.13x107 1.51x108 
     

BMIM 13.7 1.89x108 5.67x106 1.83x108 
PMIM 13.0 1.68x108 4.02x106 1.62x108 
HMIM 12.7 1.56x108 3.37x106 1.51x108 

     
BMIM 24.3 1.89x108 3.13x107 1.83x108 
PMIM 24.7 1.68x108 2.87x107 1.62x108 
HMIM 24.9 1.56x108 2.71x107 1.51x108 

     
BMIM 26.1 1.89x108 3.60x107 1.83x108 
PMIM 26.6 1.68x108 3.31x107 1.62x108 
HMIM 26.8 1.56x108 3.12x107 1.51x108 

a: CoǢ�.đčǰƦ 
b:ZAB/[Zn(TPP)]*)[Co(sep)]3+Ǧ.Ãě,ù�'ƵƑ�!īĵĕǑ.ǑČòĶ�

rA=570pm([Zn(TPP)]),rB=400pm([Co(sep)]3+),zA=0([Zn(TPP)]),zB=+3([Co(sep)]
3+) 
c: ZAA / [Co(sep)]3+/2+Ǧ.Ãě,ù�'ƵƑ�!īĵĕǑ.ǑČòĶ�

rA=rB=400pm([Co(sep)] 3+/2+) 
d: ZBB / [Zn(TPP)]*/+•Ǧ.Ãě,ù�'ƵƑ�!īĵĕǑ.ǑČòĶ�

rA=rB=570pm([Zn(TPP)] */+•),zA=0([Zn(TPP)]),zB=+1([Zn(TPP)]+•) 
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ťŞ�(.ƢĄ�ĲÃě.śĞ½ƢŷJeyO~/č(3-3-16),=$'ƪ�A
@� 
 

� � (3-3-16) 
 
��(�ΔG*OS�ΔG*IS�ΔG*Fuoss/�A AæÙśĞ½ƢŷJeyO~�¯Ùś

Ğ½ƢŷJeyO~�ťŞ�( 2 %½ïƋC�Ê��´ǻ�CđĢ�@!9,
ĚƯ+JeyO~(�@(ΔG*Fuoss=-RTlnKOS)�ΔG*OS�=1ΔG*Fuoss/�A A

č(3-3-17)�=1č(3-3-18),=?��>A@� 
 

� � (3-3-17) 

� � (3-3-18)
 

� � (3-3-19) 
 
!"��ri(i=1,2)/ÃěŮ.¿Ĕ(�?�I /GL|ďČ(�?�εop=n2(n /ť
ì.ÿĨŰ)(�@�6!�r12=r1+r2)�!� 
[Co(sep)]2+/3+Ǣ�ù.ƢĄ�ĲÃěǑČòĶ/ŕ�,�
'/�kex=5.1M-1s-1

)ßÏ�A'
@[58]��.£�>č(3-3-20),=$'ıò�!ΔG*Total�=1č

(3-3-17)�>ƵƑ�!ΔG*OS �č(3-3-18))č(3-3-19)CŶ
'ƵƑ�!ΔG*Fuoss

CŶ
'č(3-3-16)�>ƵƑ�@)�[Co(sep)]3+/2+Ǣ�ù.ƢĄ�ĲÃě.śĞ

½ƢŷJeyO~.¯ÙĢ±/ 39.1kJmol-1)ƵƑ�A!� 
 

� � (3-3-20) 

 
ŀƄƍ,�
'ţò�! AN �(.[Zn(TPP)]*)[Co(sep)]3+Ǧ.�ăÃě.Ǒ

ČòĶ(k12=1.56x1010kgmol-1s-1),ù�' Marcus .�ăǧ�č(č(3-3-9) ~č

ΔGTotal
* = ΔGOS

* +ΔGIS
* +ΔGFuoss

*

ΔG
*

OS =
NAe

2

16πε0
1
εop

−
1
εs

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
1
2r1

+
1
2r2

−
1
r12

⎛

⎝
⎜

⎞

⎠
⎟

ΔG*
Fuoss = −RT lnKOS,KOS =

4πNAa
3

3000
exp −

U
kBT

⎛

⎝
⎜

⎞

⎠
⎟

U =
z1z2e

2

εa(1+κa)
,κ = 8πNAe

2I
1000εkBT

ΔG* = −RT ln kh
kBT
⎛

⎝
⎜

⎞

⎠
⎟
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(3-3-12))CǘŶ���ǞǵºǆůĠ [Zn(TPP)]*) π-M]L|wVMy
[Zn(TPP)]+•Ǧ.ƢĄ�ĲÃěǑČòĶCưƌ:@) k11=8.39x109kgmol-1s-1)

+$!� 
6!�k11 )č(3-3-16)~č(3-3-20)CŶ
'[Zn(TPP)]*/+•Ǧ.ƢĄ�ĲÃě.Ǒ

ČǀŽhws~[CƵƑ�!�ƚŅ/�ƪ 3-3-6,6)9!� 
 
ƪ 3-3-6.  [Co(sep)]3+)[Zn(TPP)]*Ǧ.�ăÃě.ǑČòĶ,�ăǧ�čCǘŶ

�'ƵƑ�![Zn(TPP)]+•/*Ǣ�ù.ƢĄ�ĲÃě.ǑČǀŽhws~[ 
k11/kgmol-1s-1 ΔG*11/kJmol-1a ΔG*Fuoss/kJmol-1 ΔG*OS/kJmol-1b ΔG*IS/kJmol-1c 

8.39x109 16.4 0 15.5 0.844 
a: ΔG*11=-RTln(k11h/kBT)CŶ
'ƵƑ�! 
b: r(Zn)=570pm, n=1.3636, ε=35.95 )����.č,=?ƵƑ�!� 

 
c: ΔG*IS=ΔG*11-ΔGFuoss-ΔG*OS. 
 
� ��(�AN �(. [Zn(TPP)]*) [Co(sep)]3+Ǧ.�ăÃě.ǑČòĶ

(k12=1.56x1010kgmol-1s-1),ù�' Z122/Z11Z22=1 )�ò�' Ratner-Levine .
�ăǧ�č(č(3-3-14))CǘŶ�@)�[Zn(TPP)]*/+•.ƢĄ�ĲÃěǑČòĶ k11

/ 4.9x109kgmol-1s-1 )+$!��.£/�Marcus .�ăǧ�č(č(3-3-9)~ 
(3-3-12))�>Ę>A!£(8.39x109kgmol-1s-1))�ăǧ�č.Ƹ�ƕČ.ƒ×(
=��ƣ�'
!��.ƚŅ�>AN�,��@�ăÃě,ù�'Z122/Z11Z22=1
(�@)
��ò/êĐ+:.(�?�č(3-3-9)~č(3-3-19)CŶ
!±ń.ƕ
Č/ǽ
)Ơ�>A@��+B#�[Co(sep)]3+;[Co(sep)]2+.=�+ǠĀǢ�.

ǰƦ/�AN�,�
'/ùEdL|,=$'»ŰŽ,Ħ#ŝ�A'�?�ŀƄ
ƍ(�Ŷ�! IL .ƼǰŰ/EYadaxy(293K +>0ε=37.5)=?:ý�

!9�IL�,��@Ãě,ù�':Ë��ò.êĐĞ�ĴĬ�A@� 
� ƢĄ�ĲÃě.śĞ½ƢŷJeyO~/č(3-3-16),=$'ƪ�A@.(�č
(3-3-13)/��A A.Ǣ�,ǧ�@ƢĄ�ĲÃě.śĞ½ƢŷJeyO~CŶ

@)� 
 
2ΔG*12(Co3+-Zn*)=ΔG*22OS(Co2+/3+)+ΔG*22IS(Co2+/3+)+ΔG*22Fuoss(Co2+/3+)+ΔG*11OS

(Zn*/+)+ΔG*11IS(Zn*/+)+ΔG*11Fuoss(Zn*/+)+ΔGo(Co3+-Zn*) 
=� [ΔG*22OS(Co2+/3+)+ ΔG*11OS(Zn*/+)+ ΔG*22Fuoss(Co2+/3+)+ ΔG*11Fuoss(Zn*/+)]+ 
[ ΔG*22IS(Co2+/3+)+ ΔG*11IS(Zn*/+)]+ ΔGo(Co3+-Zn*) 

ΔG*
OS =

NAe
2

16πε0
1
n2
−
1
εS

#

$
%

&

'
(
1
2rA

+
1
2rB

−
1
σ AB

#

$
%

&

'
(
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)ƪ��)�(�@� 
ņÕí.�B?,ƨƏǸČ ZCŶ
@ Ratner-Levine.�ăǧ�č,�
'/
ƨƏǸČ Z ,ΔG*22Fuoss(Co2+/3+)+ ΔG*11Fuoss(Zn*/+),ǧ��@Õí�Í6A'

@.(�Ơġ�@ĚƯ/+
�=$'� 
 
2ΔG*12(Co3+-Zn*)=ΔG*OS(solv)Total+[ ΔG*22IS(Co2+/3+)+ ΔG*11IS(Zn*/+)]+ ΔGo(Co3+-
Zn*)� �  (3-3-21) 
 
!"��ΔG*OS(solv)Total =ΔG*22OS(Co2+/3+)+ ΔG*11OS(Zn*/+)(�@�č(3-3-21),
=$'ưƌ:>A!ΔG*OS(solv)Total.£ΔG*OS(solv-1)Total/�Ãě.´ǻ��=

1Ėǻ�.ǌ¥,��@ťì)�'. IL.óǭ.ĞǅCÃĻ�'
@��A 
A.GL|Ş� (BMIM,PMIM,HMIM)�,��@�ăÃě,ù�'
ΔG*OS(solv-1)TotalCč(3-3-21),=?ƵƑ�!ƚŅCƪ 3-3-7 ,Ƈ�!��.)
��æÙÜǰíƉ¼Ãě.śĞ½ƢŷJeyO~.¯ÙĢ±/�ťì,�î�

+
)Ơ�>A@!9�IL �,��@ΔG*22IS(Co2+/3+)�=1ΔG*11IS(Zn*/+)/�
AN�,��@ƢĄ�ĲÃě.ţò(ưƌ:>A!£CŶ
'ƵƑCƧ$!�̄
ÙśĞ½ƢŷJeyO~/ťì,�î�+
�)�ßÏ�A'
@[63]� 
č(3-3-17)CŶ
'ųǀŽ,ƵƑ�!ΔG*OS(solv)Total(�@ΔG*OS(solv-2)Total/�

BMIM�=1 PMIM�HMIM�,��@�A A.ťì.ƼǰŰ)ÿĨŰ.ß
Ï£CŶ
'ƵƑ�!�ƵƑ�A!ΔG*OS(solv-2)Total .£/ 30.9�=1 30.5�
30.3kJmol-1(�$!��A>.ƚŅ:ƪ 3-3-7,Ƈ�!�  
ƪ 3-3-7,Ƈ�!ΔG*OS(solv-1)Total�=1ΔG*OS(solv-2)Total.£/��ư�@)

�A A.GL|Ş�,%
'45Ë�(�@=�,ư�@��.�)�>ŀ

Ƅƍ,�
'İŶ�!ƳńŘ/ǲĈ,ƕČ�ǽ
�)�Ƈ�A!�����ƪ

.ƚŅCƺƘ,Ňƶ�@)�ţòƚŅ,Þ&
'ƵƑ�A!ΔG*OS(solv-1)Total

/ BMIM<PMIM<HMIM.Ƕ,ã¹�'
@,:��B>��ųǀŽ,ƵƑ�
!ΔG*OS(solv-2)Total/�BMIM>PMIM>HMIM )Ãù.ǶĊ(ã¹�'
@�
)�ĺż(�@�Ëŋ.ƚŅ� Fawcett >,=@GL|Ş��,��@kI{
Y|/kIxUdHrǢ�ù.ǰňƪǳ�(.ĸŬŽ+ǰíƉ¼ǖƊ.Ƅƍ�>
Ę>A![36]� 
��(�Nakmura) Shikata/ŋ�+GL|Ş�.ǰňƪǳ(.GL|Ş�.
ƼǰƞÒűǃ.ţòCƧ
[64]�ǰňƪǳ�(.GL|Ş�.ƞÒűǃ)�' 3
%.ƞÒǷÝ�Ʋţ�A@�)CßÏ�!�ľ:Ǒ
ƞÒǖƊ/�GL|ù¯

Ǜ(.GL|Ǧ.Ǖ¼,ùě�@ƞÒ,ćĀ�A!�2źž.ƞÒǖƊ/�ǥǉ
ĹÌ.ÔǈƞÒ(�$!�ľ:ǔ
ƞÒǖƊ/M]L|Ǜ�.ƃǉÐ?.Ôǈ
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ƞÒ,ćĀ�A!�2źž)3źž.ƞÒǖƊ/�GL|Ş�CŊĢ�@M]L

|Ǜ��=1EdL|Ǜ�.ĞǅCè��ÃĻ�'�?�M]L|Ǜ�.ƟĲ

Þ�ǥ�+@4*GL|Ǧ.ǇǮ�è��+?ƞÒļǦ�ãè�!�

 Nakamura) Shikata/��.ƚŅ.±ń�>ŏ.ƚǀCü
!�(1)ƳǮ�!
GL|Ş�.GL|ù,�
'/�M]L|Ǜ�/Ƣŷ,Ôǈ�'�?�M]

L|Ǜ�)EdL|Ǜ�Ǧ.ǇǮ/M]L|Ǜ�.ƟĲÞ.ǥ��ǥ�+@)

):,ãè�@�(2)IL.ƼǰŰ/ƟĲÞ.ǥ��ã¹�@4*è��+@�(3)
GL|Ş�.ƞÒļǦ(Ʋţ�A! 3 %.ǖƊ.ƞÒļǦ.ƿÒĉÛ.ƞÒļ
Ǧ):6!ƳǮ�!GL|ù.M]L|Ǜ�.ƟĲÞ�ǥ�+@4*ã¹�@� 
� Nakamura�=1 Shikata/Ʋţ�A!űǃCgyP.GL|Ş�)ǧǓ&
�'
@��Israelachvili>.Ƅƍ[41],=@)�gyP. IL/4)D*ƳǮ
�'
+
(0.1%��)��ǰňƪǳ. IL/ƳǮ�'
@�)�ßÏ�A'
@�
�.!9�Nakamura) Shikata.ƲţƚŅ/ƲţYy¯,��@ǰňƪǳ(
. IL .ƳǮ,ŷŃ�@:.(�@)Ơ�>A@��!�$'� Israelachvili
>) Shikata>.ßÏƚŅ/�ǰňƪǳ(/ IL/ƳǮ�'�?��A,=$'
M]L|Ǜ�)EdL|Ǜ�Ǧ.ǇǮ/�1��.ƚŅƼǰŰ.ãè)ƞÒļ

Ǧ.ãè�ǆ�@�)CƇ�'
@Ũ(ķÊĞ��@�6!�Fawcett >.ǰ
Ŕ½ïŽǰňǰíƉ¼ÃěǑČòĶ.ßÏ[36],=A0�Nakamura) Shikata
,=$'ßÏ�A!GL|Ş�.ťìŮĞ(ƼǰŰ)ÿĨŰ)�ē>.Ʋţ�!
GL|Ş��(.ǰňǰí�ĲǑČòĶCǲĈ,=�ƾĺ�@.(�

Nakamura) Shikata,=$'ßÏ�A!GL|Ş�.Ŋǒ��ǰňƪǳ�ǌ
.GL|Ş�.Ŋǒ(�@�)/ǦǗ
+
 (gyP.GL|Ş�/
Israelachvili >.ƄƍƚŅ�>­�ƳǮ�'
+
��B�$'
@!9))Ơ
�>A@��  
´Ǎ�!=�,ŀƄƍ(Ʋţ�A!GL|Ş��,��@ǠĀǢ�Ǧ.æÙÜ

ǰíƉ¼Ãě,��@æÙśĞ½JeyO~/�gyPťì,ù�@ Pekar 
factorCÃĻ�'�>��Fawcett>.ßÏ)Ëŋ,�ţòƚŅ,Þ&
'ƵƑ
�A!ΔG*OS(solv-1)Total/BMIM<PMIM<HMIM.Ƕ,ã¹�'
@�)�B
�$!��.ƚŅ/�gyP.GL|Ş��,�
':�ǰƦCĿ�@ǠĀǢ

�.Ð×(/ǰňƪǳ)Ëŋ,GL|Ş�/ƳǮ�'
@�)CĴĬ�'
@

ǾΔG*heterogeneous=ΔG*homogeneous/2.ǧ��ĢƐ�'
@!9ǿ� 
�!�$'�ŀƄƍ,��@ǰňÃěC�B+
Û�ťì�.Ãě,�
':�

ǰƦCĿ�@(�@
/ňĞCĿ�@)ǙƉůĠ.Ð×. IL �ƳǮ��gyPť
ì)/Ż+@ƼǰŰ)ƞÒĮ¼(ǔ
ƞÒ)CƇ�)Ơ�>A@�±ň�!ǙƉů
Ġ.Ð×. IL�ƳǮ��EdL|Ǜ�)M]L|Ǜ�.ǇǮ��ǥ�@)�g
yP. IL =?:è�+ƼǰŰ�Ƽǆ�A�ǰƦ±Ǯ�! IL .ÔǈƞÒ�ǔ�
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+@�),=?�ΔG*OS (solv)total) Pekar� factor �ãè�@�Nakamura )
Shikata.ƄƍƚŅ=?M]L|Ǜ�.¤ǣ�ǥ�+@�),ě�'�GL|Ǧ
ǇǮ�=?ãè��ÔǈƞÒļǦ�=1ƼǰŰ�è��+@)Ơ�>A@.(�

Ʋţ�A!ΔG*OS (solv)total)Pekar� factor�HMIM>PMIM>BMIM.Ƕ)+
@�)�ƾĺ(�@� 
��(�ƳǮ,=$' IL .ÿĨŰ�å½�+
)�ò�'�Ƴń.ƚŅ
( ΔG*OS(solv-1)total)Cųǀč,=?°ű�@!9,ĚƯ+ƼǰŰCq~MWųǀ
(č(3-3-17)),Þ&
'ƵƑ�@)�ǰƦCĿ�@�Ê�(Ãě´ǻ�/Ėǻ�).
Ð×. BMIM�PMIM�HMIM ,ù�@ƼǰŰ)�'�A A 23.6,47.0,145
)
�£�Ę>A!�145 )
�£/ƼǰŰ.£)�'/Ƹõ(�+
4*è
�
.(��.ƚŅ�>ƼǰŰ.£)�'Ƹõ(�@£CĘ@!9,/�ǰƦ

CĿ�@½ïƋ.Ð×.GL|Ş�.ÿĨŰ/�gyP.GL|Ş�.ÿĨŰ

.£�>B��,Šþ�@�)�ƇÓ�A@� 
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< 3-3-7. BMIM��� PMIM�HMIM#����)0�-

4,
�ΔGOS*(solv-1)total ��� ΔGOS*(solv-2)total  
  k12/kg·mol-1

·s-1 
ΔG*12/ 

kJ·mol-1a 
ΔGIS*(Zn)/ 
kJ·mol-1 

ΔGo12/ 
kJ·mol-1 

ΔGOS*(solv-1)total 

/kJ·mol-1b 

Pekar 
factorc 

1/n2-1/ε 

nd εsd ΔGOS*(solv-2)total/ 

kJ·mol-1e 
Pekar 
factorf 

1/n2-1/εs 
After 

correction  
of diffusion 

BMIM 3.65x107 4.07 0.844 -65.0 33.2 0.449 1.4267 13.7 30.9 0.418 
PMIM 2.63x107 4.59 0.844 -65.3 34.6 0.468 1.4296 13.0 30.5 0.412 
HMIM 2.01x107 5.08 0.844 -65.4 35.6 0.482 1.4302 12.7 30.3 0.410 

Without 
correction  

of diffusion 

BMIM 3.06x107 4.51 1.59 -65.0 33.4 0.452 1.4267 13.7 30.9 0.418 
PMIM 2.27x107 4.95 1.59 -65.3 34.5 0.467 1.4296 13.0 30.5 0.412 
HMIM 1.78x107 5.38 1.59 -65.4 35.5 0.481 1.4302 12.7 30.3 0.410 

a: ΔG*12= - RT ln(k12/kD). 
b: ΔGIS*(Co) = 39.1 kJ·mol-1�

$"�/���=:
� 
2ΔG*12=ΔGOS(T)+ΔGIS*(Zn)+ΔGIS*(Co)+ΔGo12.� � �  
c: ΔGOS*(solv-1)total.��4,
� pekar-factor 
d:������ 6%�-��.37���>?7 
e: 51(;9����!�+*2'(ΔGOS*(solv-2)total = ΔG*OS(Zn)cal + ΔG*OS(Co)cal)��$"�/���=:
�	 

, 

	��� r(Zn)=570pm ��� r(Co)=400pm�
�>?7���.37������� 6%�-��&�8��	  
f: ������ 6%�-�� Pekar-factor 

ΔG*
OS =

NAe
2

16πε0
1
n2
−
1
εS

#

$
%

&

'
(
1
2rA

+
1
2rB

−
1
σ AB

#

$
%

&

'
(
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4.5)8 
� ƏǠǯ(.�ɟ×Í)ɛµÍ-ůȭ�ê£¿-ÄƖǇŜ-Ď×,<$'ãŕ

-ƭŖ×ɰČ�ŷɞ�@?ɴęǪÕãŕCHL�Ʊ£�(ȫƷ��ãŕ-ƭŖ

×ɖǫ,��?ÄƖ/ɴȚCƍ�?ůȭ�ê£-ñþ-HL�Ʊ£-ȈôŬÕC
Ƅ=�,�?�)CǙǖ)�'ǠǯCȞ$!� 
� Ə Ǡ ǯ ( . H L � Ʊ £ . 1-R-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide(R=butylpentlyl,hexyl)C¦ǎ�!�HL�
Ʊ£�(-ɴęǪÕãŕ-ȫƷ.�HL�Ʊ£�(9Ğğ,ĚĄ�?[Zn(TPP)]
ɧ £ (TPP=5,10,15,20-tetraphenylporphyrin) ) [Co(sep)]3+ ɧ £

(sep=sepulchrate=1,3,6,8,10,13,16,19-octaazabicyclo[6.6.6.]eicosane) C ǎ �
'Ȟ$!�HL�Ʊ£�(-�@=-ɣĳɧ£-ɴęǪÕɖǫ-ȫƷ.�ɴƣ

×ĜƷğ�<0ɴęǪÕãŕɒłƷğ,<>Ȟ$!�5!�HL�Ʊ£.ǹŖ

�Ē���Xa^nal��Ʃ-<�+ƹƱ-ɾɒƳê,<?ãŕɒłƷğƩ

CÉǎ�?�)�(�+�-(�ɣĳɧ£ɪ-ɴęǪÕãŕɒł-Ʒğ.�l

|^V{ra}VXƩ,<> [Zn(TPP)]-�ɠɹÓɇǇŜ- [Zn(TPP)]*)

[Co(sep)]3+ɪ-ɴęǪÕCȫƷ�?�),<>Ȟ$!� 
� ɴƣ×ĜƷğ�<0ãŕɒłƷğ-Ȅƒ,Ñ
' Israelachvili =[41]�
Nakamura) Shikata[64]�Fawcett=[36],<?Ĉð�=ɴȚCƍ�?ɣĳɧ
£(ɴęǪÕãŕ-ãŕËɼ£�<0ōɼ£9î7)-Ɏ³�<0ɴƖȠɶ,Ě
Ą�?HL�Ʊ£.Ȭɱ�'�>�ɣĳɧ£-ñþ(.įšǖ+őȀƗɓCŉ

ş�'�?�)�ǣ÷�@![65]��+B#�Ȭɱ�!HL�Ʊ£-M]L�ɝ
¡)FdL�ɝ¡.�Ȭɱō9�Ĩ)+$'ĚĄ�'�>(HL�Ʊ£CƗş�
?HL�.Ɯɂ-ɴȚCĹ0'�?!8)�Úĕǖ,Ĩ)+?HL�C�Ų�+
�=ŬÕ�'�?)Ȍ
=@?[20,64]��Ɓ(��-<�+ƗɓCũ$!ƹĘ
-Ĵ.ɴȚCũ%ɣĳɧ£-ñþ,��'.�ƏǠǯ(¦ǎ�!Sg~aɧ£

-ɴȚ.+3��+�!8���=�HL�Ʊ£-M]L�ɝ¡)FdL�ɝ¡
-Ĵ- 1 ȂÄǫł-Þ6��ũ!+�)Ȍ
=@?��-Ɨɓ.ɴƖȠɶ(-
ɴƣ�ɠĴ-Ɨɓ)ɻ �'�?[41,66]� 
� HL�Ʊ£�,��?[Zn(TPP)]*)[Co(sep)]3+ɪ-ɴęǪÕãŕɒł-Ʒğ

ȄƒC Ratner-Levine -�ĸɫ¬ń) Marcus -�ĸɫ¬ń,ć&�'ȶȀ,
ȬƑ�?�)(�Űğ�@!ãŕ-ƭŖ×ȒǐKe~P�-ĐĂşÄ

ΔG*OS(solv-1)total. BMIM<PMIM<HMIM-ɺ(ċÑ�'�>�HL�Ʊ£-
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ȷɴǉ)�'g~Q(-°Cǎ�' Marcus ǋȽ,<>ȯǵ�!ĐĂşÄ
(BMIM>PMIM>HMIM)).ɑ-´íCǣ�!��-Ȅƒ.�ɴȚCƍ�?(

?�.ÄƖ�!)ɣĳɧ£/ůȭ�ê£-Ɏ³,��'HL�Ʊ£-Ȭɱ�ȷɇ
�@��-Ȅƒ)�'ƹĘǅŖ(ȷɴǉ:İŤǉ)�g~Q-HL�Ʊ£�=Ď×
�?(HL�Ʊ£-İŤǉ�B��,ƴĭ��ȷɴǉ�ċÑ�?)�),<$'Ǎ
�?)ȄȽ�!� 
� ãŕɒłğŻ- Pekar factor,Ĩ�?©ĚŖ.�HL�Ʊ£-ȷɴǉâ0İ
Ťǉ)�'g~Q-°Cǎ�'ȯǵCȞ+$!ĉê,.�ȫƷ�@+�$!�

�-Ȅƒ.�ɴȚCƍ�?ɣĳɧ£(ãŕËɼ£�<0ōɼ£9î7)-Ɏ³,�
�?ƹĘ(HL�Ʊ£)-ȷɴǉ�<0İŤǉ�g~Q-HL�Ʊ£).ǔ+?
!8(
?�Grammp=.ȫƷ�@!HL�Ʊ£�(-ɴę�Ųãŕ-ɒłğ
Ż� Pekar factor ©ĚŖCǣ�+�)Ĉð�'�?[32]���@.�-<�+
xMdYw(ɴȚCƍ�?(
?�.ÄƖ�!)ɚǪǇŜ-Ɏ³-HL�Ʊ£�Ȭ
ɱ��g~Q).ǔ+?ŖɅCǣ�)-èȐŖCȌŝ�'�+�!8,ŏ=@!
Ȅƒ(
?� 
� ƏǠǯ(ǎ�!ȬƑƩ.�ɴȚCƍ�?(
?�.ÄƖ�!)�ê£(ãŕËɼ
£�<0ōɼ£)-Ɏ³,��?HL�Ʊ£-ĠɅǖ+ Pekar factor-°CŰğ
�?�)�èȐ(
?�����İŤǉâ0ȷɴǉ-®È-Ż°CŰğ�?�

).ýɲ(
?)Ȍ
=@?� 
� ƏǠǯ(ǣ�@!<�,ɔȅȷɴ£y`~Cǎ�!s~�Ć-ń(!)
/�
u�MXǋȽ)Cǎ�!Ƿ«+ŢƩ.�HL�Ʊ£�,��'.ƠɋǖĒ�+ɣ
ĳɧ£-ɫB?ãŕ-ȬƑ,Ĩ�'.Ǻł-ȗ�ȄƒC�
!��Ɓ(�Ĭ�

+ƍƚÄę-ãŕ-ȬƑ,��'.s~�Ć-ńCǎ�!ȬƑ(.ȗ�ȄƒC

�
+�$![24]� 
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ǳ 2ɝ 

 
ƀȨP2N1�Ńɞ¡ę�<0�-Fe(II)ɧ£-ê

ş�Ɨɓ)�-}�¨�ɞ¡ę-ɣĳɪ-Ȅê,

ɫ�?Ǡǯ  
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1.ȆȮ 
1-1.� rXlG��<0�-ȷī£-ɞ¡×Ĝ 
� }�(III)Cî7ƍƚ×êǅ(
?rXlG�ȷī£.�ɞ¡ę)�'ɣĳ�œ
,ɞ¡�?ɯ�}��-ȊŲć-ɴęǖ�ǲ£ǖŖɅ,<$'�ɞ¡Ŗ��5

�5,Ď×�?ɞ¡ę(
?�rXlG�ȷī£.�}�ßę�-ɵ½ƍɴę

Ĩ�ɴę¨��?�),<$'ɞ¡ȄêCŉş�? PRR’R’’Ćɞ¡ę(R, R’, R’’ 
= F~O~ć�F}�~ć�F~SOVć+*)(
>�phosphorous donor 
ligands )9ó/@?�+��ƏȽŽ�,��'.�ɞ¡ę)�'-rXlG�
ȷī£,%�'�ǷǓǖ,ȱ�!8�”phosphorous donor ligands”CǚȲ�!
�}�¨�ɞ¡ę	)��ȠǊCǎ�?� 
� }�¨�ɞ¡ę-ɞ¡×Ĝ.�ƍƚɣĳ×Ĝ-�ɝ(
?)�$'9ɖȮ(

.+�[67-69]��@.�}�¨�ɞ¡ę�ƍƚɣĳɧ£-ȣÒɞ¡ę)�'ƍ
ǎ(
>�¢ßęª-ɣĳ�œCĞğ×�?�)�(�?)��ǆŒCƍ�?

�=(
?�¢ßęªɣĳ�œ,��?ɚǪɣĳ-}�¨�ɞ¡ęȄê-ŖɅ.�
�ɟ×ƾǾ-<�+πɟŖɞ¡ę)ɻ �'�?�πɟŖɞ¡ę).�ɣĳ-ɞ¡
ęɪ-Ȅê,��'��,ɞ¡ę-ɵ½ƍɴęĨC¨��?σȄê-6+=��

ɣĳ-Ýƍ dɉɗ�=πɟŖɞ¡ę-ǰ¡-ɉɗ1-πɑ¨�,<$'�σȄêC
ȣ�ŖɅCũ$'�?ɞ¡ęCǣ���-<�+ŖɅ,<>�3)D*-ƍƚ

ɣĳɧ£.��-ɣĳ�œ�¢ɟ×ǇŜ(Ğğ×�@?��Ȗǖ+πɟŖɞ¡ę

.��-π*ɉɗ�πɑ¨�,ǎ�=@?��}�¨�ɞ¡ę,.ǰ-π*ɉɗ�Ě
Ą�+�!8�πɑ¨�,ǎ�=@?ɞ¡ę-ɉɗ��-πɟŖɞ¡ę-ĉê)

.ǔ+$'�?��-πɑ¨�,ɫ��?ɞ¡ę-ɉɗ,%�'.�%-ȹ�


?[70]��%.}�ßę�-ǰ- d ɉɗ�ɫ��?ȹ(
>�9��%. P-R
Ȅê-ãȄêŖ-σ*ɉɗ�ɫ��?ȹ(
?�Ëȍ.�1980ľ�5(ŀ�æ�
¹@=@'�!��ɣĳ-}�¨�ɞ¡ęɪ-Ȅê,ɫ�?ɢęÏĜ,ć&�!
ǋȽȯǵ[71,72],<$'�}��- dɉɗKe~P�Ƹ¡�σ*ɉɗ<>9ɾ�
�)�ǣ�@��ƃ(.ōȍ-ȹ�æ�¹@=@'�?� 
� }�¨�ɞ¡ę-ȊŲćÔƒ,ɫ�?Ǡǯ.�1977ľ, Tolman,<$'ǲ
£ǖ�ɴęǖÔƒ,ɫ�?h|x�\×�Æ8'Ĉð�@! [73]�ǲ£ǖh|
x�\.�cone angle (θ))ó/@�ɣĳ-}�¨�ɞ¡ęɪ-Ȅê,Ĥ��?}
��-ȊŲć-ǲ£ǖÔƒCǣ��ɴęǖh|x�\(χ).�cone angle,ɫB
=+�ɴęǖÔƒ,ɫ�?h|x�\(
?�Tolman-Ĉð�=ǊĄ,ȓ?5



 117 

(�Tolman h|x�\-ŸȗCî8'Ƙ�+ǲ£ǖh|x�\[74-82]�ɴę
ǖh|x�\[83-88]�űƔ�ɀȽ�@'�'�?���@=.��2' Ni(0)�
Fe(0)�Cr(0)+*-¢ßęªɣĳɧ£,ɫ�?9-(
?�Tolmanh|x�\
.�}�¨�ɞ¡ę�ɞ¡�!ƍƚɣĳɧ£-ǂÏĜǖŖɅ:�ãŕŖ,ɫ�

?ɀȽ,Żđ�ǎ�=@'�?[89]��Ɓ(�ɾɟ×ǇŜ-ɣĳ�œ,Ĩ�?}
�¨�ɞ¡ę-ãŕŖ,ɫ�?Ǡǯ.�¢ßęªɣĳɧ£,Ơ2ă¯ǖ,§�

ĭ+���@.�}�¨�ɞ¡ę-ɞ¡Ŗ,%�'��,¢ßęªɣĳ�œC

Ğğ×�?ŖɅ�ƫǙ�@'�!�),ɇü�'�?)Ȍ
=@?���'�

-�).�}�¨�ɞ¡ę-ɞ¡×Ĝ�ƍƚɣĳ×Ĝ-Äɡ(ǕĲ�'�!�

)Cǅȸ$'�?����+�=�ƍƚɣĳ×êǅ-ɟ×ǖ�Ñ:ɛµǖȑɱ

ãŕ,��'.�ɣĳ�œ-ɟ×Ż-ċƴ�î5@'�>�¢ßęªɣĳ,ɬ

=+��ļŀ�ćǢǠǯ�ɵĻ,ɠȦ(
?)Ȍ
=@?� 
 
1-2.Ǡǯ-Ǚǖ 
� Ëɏ�!<�,�}�¨�ɞ¡ę.�}�ßę�-ȊŲć-ɘ�,<>ɞ¡

ę-σ-ĊćŖ:π-ɟŖ�Ƙ�,Ď×��ɧ£-ǂÏĜǖ�ɒłȽǖĞğŖ,Ē�
�ŋɷ�?ɵĻ,ȕòƲ�ɞ¡ę(
?��@5(,�}�¨�ɞ¡ęCƍ�

?Ƙ�+»ɶ£Ć Co(III)/(II)ɧ£�êş�@�ǆ,[Co(PnN6-n)]2+ɧ£,��'�

Me2P-ɞ¡UHa-Ż� 2 ��-ɧ£( Co(II)�¢Xk�ɴęɞȊC)$'�
?�)�ǣ�@![90-92]���-<�+ȄƒC�Ȗǖ,Ȍ
=@'�? Me2P-
ɞ¡UHa,��?}�ßę-ƠɋǖĬ�+σ-ĊćŖ)π-ɟŖ�=ȹƄ�?�
).ýɲ(
?� 
� �@5(-Ǡǯ.�Ğğ+ Co(II)ɧ£,%�'ȞB@'�'�?��ɟ×ɛ
µ,Ĩ�'ƠɋǖĞğ+ d6ɞȊ- Fe(II)ɧ£CĨɁ)�?�),<$'�ɧ£
êş�ȄƈȬƑ�XqQa~ȬƑ�ģƅ,+?))9,�d6/d5 ) d7/d6 ɪ-ɴ

ęɪãǕ-ĸ:ɴę�Ųãŕɒł-ɘ�CȶȀ,ƕȰ(�?)Ȍ
=@?��

-!8,.�ɞ¡ßę�-ȊŲćCĎ×���σ-ĊćŖ)π-ɟŖ-ǔ+$!Ƙ�
+ɞ¡ę-êş�ŔȦ(
?� 
� Ə Ǡ ǯ ( . � Ǭ ɻ - PNP � Ń ɞ ¡ ę �

bis(dimethylphosphinoethyl)amine(PNP) )

2,6-bis(diphenylphosphinomethyl)pyridine(PpyP)Cƀ!,êş���@=-ɞ
¡�!ƀȨ Fe(II)ɧ£CÛɱ�?�),şÐ�!��@=-ɣĳɧ£- X ȇȄ
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ƈƗɓȬƑ)ǿĐɎɆĐïäXqQa~Ʒğ�ɴƣ×ĜƷğCȞ��ȄƈƗɓ

)ɴęǇŜ-ɘ�,%�'ƕȰ�!��ûêş�!ɞ¡ę-ƗɓCÿ 1-1 ,ǣ
�� 
 
ÿ 1-1.PNPɞ¡ę�PpyPɞ¡ę-Ɨɓ 
 

 
PNP:bis(dimethylphosphinoethyl)amine 
 

 
PpyP:2,6-bis(diphenylphosphinomethyl)pyridine 
 
  

P N
H

P

CH3

CH3

CH3

CH3

N PP

Ph

Ph

Ph

Ph
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2.Ġɽ 
2-1.ȴȝ 
2-1-1._a|ib�l|�(THF) 

THF(ô¸Ǽȝǆǽ).�ɣĳca}Iw)p�[lJf�(Âǋ��ɛƮȑƤ 
ō�ĻăȜǒ�!9-C¦ǎ�!� 
 
2-1-2.WK]~K�_~ 
WK]~K�_~(ô¸Ǽȝǆǽ).éȴžȼżË, 20Ä��F~T�ȑƣ� 
!9-C¦ǎ�!� 
 
2-1-3.Ƥ 
ȜǒƤCéȴžȼżË, 20Ä��F~T�ȑƣ�!9-C¦ǎ�!� 
 

2-1-4._a|-n-m]~F�ydIwoOUl~L�}�ɟĊ(TBAPF6) 
TBAPF6(Ɛ�×ş)CK\f�~)Ƥ-ƳêƹĘCǎ�' 2ûÀȄƈ��ǝǰ
�Ǆ�!9-C¦ǎ�!� 

 
2-1-5.�-�-ȴȝ 
�-�-ȴȝ.¹Ţ�ŏ?ƋɾǼł-ȴȝC¦ǎ�!� 

 
2-2.ɞ¡ę-êş 
[Fe(PpyP)2](CF3SO4)2ɧ£-êş-ŵ¥�Đ.�ǆ,ȱɏ-+�ɬ> Arɳþ 
ƣ�(Ȟ$!� 
 
2-2-1.WlJd~rXlG� 
b|HFHX-x\f�~ư�(�ɣĳca}Iw 1.97g(85.8mmol)Cî7Ʊ£
F�ydFƹƱ,�a}lJd~rXlG� 11.3g(43.0mmol)C;$�>)Ñ

�2 ƇɪŴŦ�!���, 50mL -ƤC;$�>)Ñ
�Ʊ£F�ydFC
Ļƶ(ɮà�!��@CWK]~K�_~ 120mL(20mLx6)(ťÃ��ƴă�(
WK]~K�_~Cɮà�!�ƴăȜǒ,<>ƿȘ-Ʊ£Cŏ!(4mmHg�
111.9	)�äɢ 5.71g�äǉ 71.4%(
$!� 
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2-2-2.2,6-jX(WlJd~rXlGfx]~)k}W�(PpyP)ɞ¡ę 
ƥư�(�WlJd~rXlG� 8.34g(44.8mmol)Cî7 THF ƹƱ(50mL)
,�n-m]~}]Iw-oOU�ƹƱ(1.57molL-1)C 28.5mLÑ
�ǻ 1ƇɪŴ
Ŧ�!��-ō�2,6-jX(Q��x]~)k}W� 2.64g(15.0mmol)- THF ƹ
Ʊ(20mL)C;$�>Ñ
�ǻ 2ƇɪŴŦ�!��-ƹƱCƴăƼȉ�!ō�70mL
-ƤC;$�>Ñ
'�Ēƣ�(ƿȘ-ƧƻCAå���@CK\f�~(À

Ȅƈ�!�äɢ 2.15g�äǉ 30.1%(
$!� 
 

2-2-3.a}l~L�x\�X~r�ɟɥ(II) 
20mL -Ƥ,a}l~L�x\�X~r�ɟ(Aldrich)5.00g(33.3mmol)C;
$�>ƺ����-ƤƹƱC 20ÄɪF~T�(ȑƣ�!���,ɥXt�W(ô 
¸Ǽȝǆǽ)0.832g(14.2mmol)CÑ
�3ƃɪŴŦ�!�ŏ=@!ƤȘ-ƹƱC
ïŅAɖ��AƱCƴă�( 40	,Ñǂ�'Ƽȉ�!��=,�@Cƴă�(
100	,Ñǂ�'ƿȘĀ£Cŏ!�äɢ 4.43g�äǉ 88.2%(
$!� 
 
2-2-4.[Fe(PpyP)2](CF3SO4)2ɧ£ 

PpyP ɞ¡ę 1.67g(3.51mmol)-K\f�~ƹƱ(40mL),a}l~L�x\
�X~r�ɟɥ(II)0.622g(1.757mmol)CÑ
�30ÄɪɛƮ��ǿȘ-®£Cŏ
!�äɢ 1.72g�äǉ 75.0%(
$!�[Fe(PpyP)2](CF3SO4)2�0.5CH3NO2-

µǾÄƑ:ĠƷ°%(ȯǵ°%)C,58.01(57.85);H,4.19(4.23);N,2.62(2.19)� 
 
2-2-5.jX(Wx]~rXlGfK]~)Fv�(PNP)ɞ¡ę 
_a|x]~WrXlE�WX~lGb(4.68g,25.1mmol))ɛµɥ(11.7g)C
<�Ƴê��50cm3 cXĆl|XS��F~T�ƣƮ�(NYg�c�C¦ǎ

�Ňƽ(ǻ 20Äɪãŕ��!�Ǎş�!_a|x]~WrXlE�C 10Äɪ
ɛƮ�!ō�ƽCň8Ȝǒ�!�äɢ. 2.50g�äǉ. 83.3%(
$!�ƛ,�
b|HFHX-x\f�~ư�(�ɣĳca}Iw 0.938g(40.8mmol)Cî7Ʊ£
F�ydFƹƱ,�·,Ȝǒ�!_a|x]~WrXlE�- THFƹƱ(10mL)
C;$�>ƺ��!�2 ƇɪŴŦ�!ō�jX(2-Q��K]~)Fv�ĊɟĊ
2.99g(16.7mmol)C 5Ä��, 4û,Ä�'Ñ
�ƿȘ-ƹƱCŏ!�Ʊ£F�
ydFCȜǕɮà��Ɲ$! THFƹƱ, 30mL-ƤCÑ
�100mL(20mLx 



 121 

5)-WK]~K�_~(ǍşǅCťÃ�!��-ťÃƱCƴă�(ƹĘǒà��
ƿȘ-Ʊ£Cŏ!�Ǹäɢ 3.20g(16.6mmol)�Ǹäǉ 99.4%(
$!���- 
ɧ£êş(.��-ǸǍşǅCǺȤ��,ǎ�!� 
 
2-2-6.[Fe(PNP)2](PF6)2ɧ£ 
Ċ×ɥúƤôǅ(1.65g,83.2mmol)Cî7x\f�~ƹƱ,�PNP ɞ¡ę

(3,20g,16.6mmo1)C;$�>ƺ���ɆȘ-ƹƱCŏ!��@Cǻ 10cm3,Ƽ

ȉ��ɖÎ- NaPF6CÑ
'�ǃȘ-ƧƻCŏ!�ƧƟǅCAɖ��x\f�

~�WK]~K�_~(ƬƯ�!ō�FZada}~/WK]~K�_~Ƴêƹ
Ę(ÀȄƈ�!�äɢ. 0.847g�äǉ. 13.9%(
$!� 

[Fe(PNP)2](PF6)2 � 0.5CH3CN - µ Ǿ Ä Ƒ : Ġ Ʒ ° %( ȯ ǵ

°%)C,27.13(27.30);H,5.82(5.70);N,4.65(4.58)� 
 

2-3.Ʒğ 
2-3-1.XȇȄƈƗɓȬƑ 
� [Fe(PNP)2](PF6)2 ɧ£)[Fe(PpyP)2](CF3SO4)2 ɧ£-ȄƈƗɓȬƑ.}NQ

ȤȒÕúɊĆXȇûŤȯAFC-5RCǎ�'Ȟ$!�ÛȄƈ-ãĪ`�\.Mo Kα

ȇ(λ = 0.71073 Å,)Cǎ�'Ʒğ�!�ïäȣƜ,.ȃɽÊ[93]Cəǎ�!�Ȅ
ƈƗɓ.�SIR92n�R|w[94]5!. SHELXL97n�R|w[95]Cǎ�!ǚ
ůƩ,<>ȬƑ��SHELXL97n�R|wCǎ�'Ǻĥ×�!�ƤǾßę�Đ
-ºßę,.ɵǴƁŖƶłüę(Ǻĥ×��ƤǾßę,%�'.|H`G�R

y`~Cəǎ�!��2'-ȯǵ.�TeXsan software package[96]Cǎ�'Ȟ
$!� 
 
2-3-2.ǿĐèȩɎɆĐïäXqQa~ 
� ƃƏÄ¸ǥȤ V-570 ǿĐèȩɎɆĐÄ¸¸łȯCǎ�'�[Fe(PNP)2](PF6)2

ɧ£�[Fe(PpyP)2](CF3SO4)2 ɧ£-FZada}~�(-ǿĐèȩɎɆĐïä

XqQa~CƷğ�!�Ʒğƶł. 25	)�!� 
 
2-3-3.ŨźãĪXqQa~ 
ƃǲȤȒȱÄ¸¸łȯ U-3400 UV-Vis-NIRCǎ�'[Fe(PNP)2](PF6)2ɧ£�

[Fe(PpyP)2](CF3SO4)2ɧ£-ŨźãĪXqQa~CƷğ�!� 
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2-3-4.ɴƣ×ĜƷğ 
� Bioanalytical system(BAS)ǥȤ BAS-100B/Wɴƣ×ĜƷğȢȊCǎ�'� 
[Fe(PNP)2](PF6)2 ɧ£)[Fe(PpyP)2](CF3SO4)2 ɧ£,%�'�FZada}~

�(-UHQ}^Qs~\yR|w-ƷğCȞ$!�¥ǎɴƖ)�' 3mmφR

|^V�M�s�ɴƖ(BAS)�ĨɴƖ)�' Pt ȇɴƖ�áǁɴƖ)�'
Ag/AgNO3 ɴƖ(0.01molkg-1 ǡɟɦ�0.1molkg-1TBAPF6 FZada}~ƹƱ)
Cǎ�!�Ʒğ.F~T�ɳþƣ�(ĠȞ�!�5!�ŪǣɴȬɅ)�'

TBAPF6Cǎ�'�HL�ňłC 0.1molkg-1)�!� 
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3.Ȅƒ 
3-1.XȇȄƈƗɓȬƑ 

[Fe(PNP)2](PF6)2 ɧ£)[Fe(PpyP)2](CF3SO4)2 ɧ£-M]L�ɝÄ-ȄƈƗ

ɓCÿ 3-1,�ȄƈĜǖh|x�\CȠ 3-1,ǣ��5!�ŏ=@!�+ȄƈĜ
ǖh|x�\CȠ 3-2,ǣ�� 
 
ÿ 3-1.X ȇȄƈƗɓȬƑ,<$'ŏ=@! (a)[Fe(PNP)2]2+ ɧ£�

(b)[Fe(PpyP)2]2+ɧ£-Ȅƈ�,��?Ɨɓ 
 
(a) 
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(b) 

 

  

N2

P2*

P1*
Fe1

N1

P1P2
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Ƞ 3-1.[Fe(PNP)2]2+ɧ£�<0[Fe(PpyP)2]2+ɧ£-ȄƈĜǖ`�\ 
Complex [Fe(PNP)2](PF6)2•CH3NO2 [Fe(PpyP)2](CF3SO3)2 

Chemical formula C17H45F12FeN3O2P6 C64H54F6FeN2O6P4S2 
Formula weight 793.23 1304.94 

Color and shape of crystal orange, block red, plate 

Size of specimen (mm) 0.30 × 0.20 × 0.20 0.30 × 0.25 × 0.10 
Crystal system orthorhombic monoclinic 

Space group P212121 C2/c 

a / Å 12.800(3) 13.584(3) 

b / Å 14.030(2) 17.913(6) 
c / Å 18.112(3) 24.545(5) 

α / ° 90 90 

β / ° 90 99.655(17) 
γ / ° 90 90 

U / Å3 3252.5(10) 5888(3) 

Z 4 4 

Dcalc / Mg m–3 1.620 1.472 
F(000) 1632 2688 

µ(Mo Kα) / mm–1 0.850 0.510 

Transmission factors 0.975—1.000 0.934—1.000 
Rint 0.021 0.037 

2θmax / ° 60 55 

No. of independent reflections 5188 6771 
No. of parameters 370 386 

R1 (F2: Fo
2 > 2σ(Fo

2)) 0.062 0.060 

wR2 (F2: all data) 0.208 0.209 
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Ƞ 3-2.[Fe(PNP)2]2+ɧ£�<0[Fe(PpyP)2]2+ɧ£-�+Ɨɓh|x�\ 

[Fe(PNP)2](PF6)2•CH3NO2 

Fe–P(1) 2.195(3) Fe–P(2) 2.300(3) 

Fe–P(3) 2.196(3) Fe–P(4) 2.306(3) 

Fe–N(1) 2.139(8) Fe–N(2) 2.142(7) 

P(1)–Fe–P(2) 94.09(11) P(1)–Fe–P(3) 94.85(11) 

P(1)–Fe–P(4) 95.35(11) P(2)–Fe–P(3) 95.25(12) 

P(2)–Fe–P(4) 166.14(11) P(3)–Fe–P(4) 94.04(12) 

P(1)–Fe–N(1) 85.7(2) P(1)–Fe–N(2) 177.4(3) 

P(2)–Fe–N(1) 81.8(2) P(2)–Fe–N(2) 88.3(2) 

P(3)–Fe–N(1) 177.0(2) P(3)–Fe–N(2) 86.0(3) 

P(4)–Fe–N(1) 88.8(2) P(4)–Fe–N(2) 82.1(3) 

N(1)–Fe–N(2) 93.5(3)   
    
[Fe(PpyP)2](CF3SO3)2 

Fe1–P1 2.310(1) Fe1–P2 2.333(1) 

Fe1–N1 2.001(5) Fe1–N2 2.001(5) 

P1–Fe1–P2 90.79(4) P1–Fe1–P1* 165.45(7) 

P1–Fe1–P2* 91.10(4) P2–Fe1–P2* 165.03(7) 

P1–Fe1–N1 82.73(3) P1–Fe1–N2 97.27(3) 

P2–Fe1–N1 97.49(4) P2–Fe1–N2 82.51(4) 
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3-2.ǿĐèȩɎɆĐïäXqQa~� 
� [Fe(PNP)2]2+ɧ£�<0[Fe(PpyP)2]2+ɧ£-ǿĐèȩɎɆĐïäXqQa~

C�@ @ÿ 3-2(A)�<0ÿ 3-3(A),ǣ�� 
[Fe(PNP)2]2+ɧ£-ïäXqQa~,. 21500cm-1(465nm)�<0

28300cm-1(353nm),ƖĒïäĹ�ȫƷ�@!�5!�[Fe(PpyP)2]2+ɧ£-ïä

X q Q a ~ ( . � 18000cm-1(555nm) � 24600cm-1(407nm) � < 0
27000cm-1(370nm),ƖĒïäĹ�ȫƷ�@!�ȫƷ�@! 3 %-ïäĹ.
[Fe(PpyP)]2+ɧ£-ĨǩŖ�¢�!8�[Fe(PNP)2]2+ɧ£)Ơɋ�'y~ï¸¬

Ż�Ē��$!�ōȍ- 2 %-ïäĹ.��@<>ǟƪɨ²- CT ïä,<?
ňłǘ6ǊɁ,<>�=,y~ï¸¬Ż�Ē��+$'�![97]� 

 
3-3.ŨźãĪXqQa~ 

[Fe(PNP)2]2+ɧ£�<0[Fe(PpyP)2]2+ɧ£-ŨźãĪXqQa~C�@ @

ÿ 3-2(B)�<0ÿ 3-3(B),ǣ��ȫƷ�@!ŨźãĪXqQa~-ïäĹ.�
*#=-ɧ£,%�'9ƹƱ�-ïäXqQa~)34ë�´í-XqQa~

Cǣ�!��-!8��@=-ɧ£.ƹƱ�(9Ā£ǇŜ)ë�-ɞ¡ƗɓC

­$'�?)ȄȽ�!� 
 
ÿ 3-2.(A)FZada}~�,��?[Fe(PNP)2]2+ɧ£-ïäXqQa~(B) 
[Fe(PNP)2]2+ɧ£-ŨźãĪXqQa~ 
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ÿ 3-3. (A)FZada}~�,��?[Fe(PpyP)2]2+ɧ£-ïäXqQa~

(B)[Fe(PpyP)2]2+ɧ£-ŨźãĪXqQa~ 

 
3-4.ɴƣ×ĜƷğ 
� [Fe(PNP)2]2+ɧ£�<0[Fe(PpyP)2]2+ɧ£-UHQ}^Qs~\yR|wC

�@ @ÿ 3-4�3-5 ,ǣ��ƷğȄƒ(.�ë�Ǭɻ-ƹĘ�(Ʒğ�!
ferricinium/ferrocene ɧ£Ĩ(Fc+/0)-ɟ×ɛµɴ¡(Eo)C 0V )�!�ȫƷ�@
!UHQ}^Qs~\yR|w.��@-ɧ£,Ĩ�'9Ŷèɑǖ(
>�

[Fe(PNP)2]3+/2+ɧ£Ĩ� [Fe(PpyP)2]3+/2+ɧ£Ĩ-ɟ×ɛµɴ¡.�@ @

470mV�868mV(vs.Fc+/0)(
$!� 
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ÿ 3-4.FZada}~�,��?[Fe(PNP)2](PF6)2 ɧ£-UHQ}^Qs~\

yR|w 

 
[Fe(PNP)2](PF6)2=1.0mmolkg-1,I=0.12molkg-1(TBAPF6),T=298K 
ŭŅɒł=100mVs-1 
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ÿ 3-5.FZada}~�,��?[Fe(PpyP)2](CF3SO4)2 ɧ£-UHQ}^Qs

~\yR|w 

 
[Fe(PpyP)2](CF3SO4)2=0.98mmolkg-1,I=0.12molkg-1(TBAPF6),T=298K 
ŭŅɒł=100mVs-1 
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4.ȌĦ 
4-1.XȇȄƈƗɓȬƑ 
� [Fe(PNP)2]2+ɧ£,.�Ǭɻ-}�ɞ¡ßę�ĚĄ���%.ǱǾßę-

trans¡,¡Ȋ�?9-�9��%.}�ßę- trans¡,¡Ȋ�?9-(
?�
ōȍ- Fe-PȄê.Ëȍ,Ơ2'ǻ 0.1Åɨ���@.}�ßę-a|�Xŋɷ
,<?9-)Ȍ
=@?��-ɧ£,. s-facĆ�u-facĆ�merĆ- 3%-Ŀ
¤ǔŖ£�Ȍ
=@?(ÿ 4-1)��}�ßęëč���,a|�X¡CÝ8?}
�ßę-a|�Xŋɷ-!8,�s-facĆ�merĆ. u-facĆ,Ơ2'ǂÏĜǖ
,�Ğğ(
?)Ȍ
=@?�Ġɯ,�ŏ=@!ɧ£-ȄƈƗɓ. u-facĆ(

>�ǋȽ)�Ȕ�'�?�5!�-PMe2ć,<? N ɞ¡ßę1-a|�Xŋɷ
��ȫƷ�@'�>��-ɧ£- Fe(II)-N Ȅêɨ.� [Fe(tacn)2]2+ɧ£

(tacn=1,4,7-triazacyclononane) � , � � ? Fe(II)-N Ȅ ê ɨ

(2.02(1)-2.04(1)Å)[98]<>9�<� 0.1Åɨ�$!� 
 
ÿ 4-1.[Fe(PNP)2]2+ɧ£-Ŀ¤ǔŖ£ 
 

 
 
 
� PpyPɞ¡ę. sp2-ǱǾßęâ0 sp2-ƾǾßę�=+?Ìǚ+k}W�ǌ, 2
%-}�ɞ¡UHa�Ȅê�'(�'�?-(�[Fe(PpyP)2]2+ɧ£.�mer Ć
,ɞ¡ę�!Ɨɓ-6�ŏ=@!��-Ȅƒ)�'�4%-}�ɞ¡ßę.�2
'���,a|�X¡,¡Ȋ�?-(�ɧ£�-�2'- Fe(II)-P Ȅê.
[Fe(PNP)]2+ɧ£�,��?Fe(II)-P(2)Ȅê:Fe(II)-P(4)Ȅê)ëƘ,Ȅêɨ�
�ɨ�'�!�5!�Fe(II)-N Ȅêɨ.�[Fe(2,2’-bipyridine)3]2+ɧ£�-

Fe(II)-N Ȅêɨ(1.953(3)-1.972(3)Å)[99]<>9B��,�0'�!��@.�
�=�KMa}F~Ľɶ¿,��? 4 %-}�ɞßęɪ-Ǜ�a|�Xŋɷ)

P

P

P

P

Fe

N

N

P

N

P

P

Fe

P

N

P

N

P

N

Fe

P

P

s-fac u-fac mer 
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-PPh2ć-Ē�+ǲ£ɰĢ,<?9-(
?)Ȍ
=@?� 
�@=- 4%-}�ßę.ë�Ľɶ�=�@!¡Ȋ,ĚĄ���-ɧ£� D2d

Ĩǩ(
?�)�Ä�$!� 
 
4-2.ǿĐèȩɎɆĐïäXqQa~ 
� [Fe(PNP)2]2+ɧ£. OhƗɓ,Ɏ�ĨǩŖCƍ�'�>�}��<0ǱǾɞ¡

ßę�º'VXɞȊ(
?-(�ąǴɞ¡ęĉ-ßǋ�əǎ(��ë�ɞ¡ę

� 6 ɞ¡�!Ɯ»ɶ£ĆƗɓ-ɣĳɧ£)ë�Ɨɓ-XqQa~ɹ�Ǌ@?�
�-ɧ£.�d6ɴęCũ%!8�high-spinǇŜ+= 5T2g�5Eg-ïäĹ-6��

low-spin ǇŜ+= 1A1g�1T1g�<0 1A1g�1T2g-�%-ïäĹ�ȫƷ�@?.

�(
?�ÿ 3-2(A),ǣ�![Fe(PNP)2]2+ɧ£-ɴęïäXqQa~,��'�

21500cm-1(465nm)�<0 28300cm-1(353nm),�%- d-dïäĹ�ȫƷ�@!
�)�=��-ɧ£. low-spinǇŜ(
>��@ @-ïäĹ. 1A1g�1T1g�

<0 1A1g�1T2g ,Ĩŕ�'�?��@=-ïäĹ-Ke~P�.ɞȊɪǛ�¥

ǎCƿȩ�?)�ɞ¡ęĉh|x�\ 10Dq) Racah-ɴęɪãǕh|x�\
B �<0 C Cǎ�'ƛ-ń(4-1)�<0(4-2)(Ƞ�@?[97,100]��@=-ń,
Ŏ$'ɞ¡ęĉh|x�\ 10Dq) Racah- Bh|x�\CȧǮ9$!���
(�C=4B)�ğ�!� 
 

E(1A1g�1T1g)=10Dq-C  � (4-1) 
E(1A1g�1T2g)=10Dq+16B-C  � (4-2) 

 
� ŏ=@!ɞ¡ęĉh|x�\ 10Dq) Racah- Bh|x�\CȠ 4-1,ǣ�
!� 
� FeP6ɧ£(
?[Fe(mmtp)2]2+(mmtp=1,1,1-tris(dimethylphosphinomethyl- 
)ethane)) FeN6ɧ£(
?[Fe(tacn)2]2+(tacn=1,4,7-triazacyclononane)-°9
ëƘ,Ƞ 4-1,ǣ�!� 
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Ƞ 4-1.Ǭ�- Fe(II)ɧ£,��?ɞ¡ęĉ�<0ɴęɪãǕh|x�\ 
Complex 1A1g�1T1g  / cm-1 1A1g�1T2g  / cm-1 10Dq / cm-1 B / cm-1 
[Fe(mmtp)2]2+ a 2.33 x 104 2.82 x 104 2.45 x 104 306 
[Fe(PNP)2]2+ b 2.15 x 104 2.83 x 104 2.32 x 104 425 
[Fe(tacn)2]2+ c 1.66 x 104 2.59 x 104 1.89 x 104 581 
[Fe(PpyP)2]2+ b 1.80x 104(1A1 à 1E) 2.70 x 1041(1A1 à 1B2 + 1E) 2.19 x 104 425 

a)Measured in acetonitrile[101]� b)Measured in acetonitrile� c)Measured in 
H2O[102] 
 
� �-Ȅƒ�=� [Fe(PnN6-n)]2+ɧ£ (n=0,2,6),��'�ɴęɪãǕ.
FeP6<FeP2N4<FeN6-ɺ,Ē���ɞ¡ęĉ-ňł. FeP6>FeP2N4>FeN6-ɺ

,Ĭ��+?�)�Ä�$!��-Ȅƒ�=�Fe(II)-P Ȅê. Fe(II)-N Ȅê,
Ơ2�½ƍȄêŖ�ň�)ȄȽ�!� 
 
� ÿ 3-3(A)- [Fe(PpyP)2]2+ɧ£-ɴęïäXqQa~,��'�

18000cm-1(555nm)�24600cm-1(407nm)�<0 27000cm-1(370nm), d-dïäĹ
�ȫƷ�@!�ƗɓȬƑ-Ȅƒ�=�-ɧ£-Ɨɓ. OhĨǩ�= pseudo-C4Ɋ

(C2Ɋ),ƨ$'Ďŉ�!D2d(
?�)�Ä�$'�?(4-1Ƕáǁ)��-)��
Oh-Ɨɓ,��? egɉɗ-Ke~P�Ƹ¡. a1(dz2)) b1(dx2-y2),�t2gɉɗ.

e(dxz,dyz)) b2(dxy),Äȡ�?(ÿ 4-2)� 
 
ÿ 4-2.D2dĨǩ,��? dɉɗÄȡ 

 

 
 

eg

t2g

 a1(dz2)

b1(dx2-y2)

e(dxz,dyz)

b2(dxy)
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�-ɧ£. d6ɴęɞȊ(
?-(�XqQa~ɹCǎ�'Ƞ�) low-spinǇŜ
- OhĆɧ£- T1gǇŜ) T2gǇŜ.�@ @ E) A2�E) B2,Äȡ�?�ō

ȍ-Äȡ-ɾKe~P�-ɹ.34ȫƷ�@+�[97]-(�low-spin ǇŜ-ĉ
ê.�1A1�1E�1A1�1A2�1A1�1T2g(1B2+1E)-ɚǪ,ĺĳ�@? 3%-ïäĹ
�ȫƷ�@?)Ȍ
=@?(ÿ 4-3)� 
 
ÿ 4-3.high-spin�low-spinǇŜ,��?ïäĹŻ-ɘ� 

 
 
 
Ġɯ,Ʒğ,<>ȫƷ�@!ïäĹ. 3%+-(��-ɧ£. low-spinǇŜ
(
?�)�Ä�$!�18000cm-1(555nm)-ïäĹ. 1A1�1E -ɚǪ,�
24600cm-1(407nm)-ïäĹ. 1A1�1A2-ɚǪ,�27000cm-1(370nm)-ïäĹ
. 1A1�1T2g(1B2+1E)-ɚǪ,ĺĳ�!�Ëȍ-2%-ïäĹ(18000cm-1(555nm)
�<0 24600cm-1(407nm))-Ke~P�.�@ @ń(4-3))ń(4-4),<$'

=B��)�(�?���(�10Dqxy. xyĽɶ�-ɞ¡ę,<?ɞ¡ęĉ1
-Ĥ�(
?� 

 
E(1A1�1E)=10Dqxy-35Dt/4-C  � (4-3) 

E(1A1�1A2)=10Dqxy-C  � (4-4) 
 
<$'��@=-ń<>�Dt=754cm-1 )+$!�5!��-ɧ£-

1T2g(=1B2+1E)-Ke~P�Ƹ¡(OhĨǩ-ɧ£- T2gƸ¡)�Ȕ�?).�C4Ɋ

,ƨ$'ɧ£�Ďŉ�'93)D*Ď×�+�-(�Ds=5Dt/24)Űğ(�?�
5!�ōȍ-ïäĹ(27000cm-1(370nm))-Ke~P�.ń(4-5))ń(4-6)(Ƞ�

high-spin low-spin 

2 %-ïäĹ�
ȫƷ�@? 

3 %-ïäĹ�
ȫƷ�@? 
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@?� 
 

E(1A1�1B2)=10Dqxy-4Ds-5Dt+16B-C  � (4-5) 
E(1A1�1E)=10Dqxy -2Ds-25Dt/4+16B-C  � (4-6) 

 
C=4B[97,100] ) � ' � @ = - ń C Ȭ � � ) ( � B=425cm-1 )

10Dqxy=26300cm-1�ŏ=@!��@=-ȯǵȄƒ�<0ń(4-7))ń(4-8)Cǎ�
'��-ɧ£,Ĩ�? 10Dq-Ľą° 10DqavCȯǵ�?)�10Dqav =21900cm-1

)+$!�!"��10Dqz . z Ɋ�-ɞ¡ę,<?ɞ¡ęĉ1-Ĥ�(
?
(10Dqz=13100cm-1)� 
 

Dqxy-Dqz~7Dt/4� � (4-7) 
10Dqav=(20Dqxy+10Dqz)/3  � (4-8) 

 
� ŏ=@!ɞ¡ęĉh|x�\ 10Dq) Racah- Bh|x�\.�Ƞ 4-1,ǣ
�!� 
� ��<>�Fv�)-PMe2ɞ¡UHa�Ȅê�!ɞ¡ę(
? PNPɞ¡ęC
ƍ�? [Fe(PNP)]2+ɧ£-ɞ¡ęĉÄȡ 10Dq.PpyPɞ¡ęCũ%Fe(II)ɧ£
-ɞ¡ęĉ(10Dq=21900cm-1)<>9Ē�� 23200cm-1)+$!� 
� ɧ£-�œɣĳ-Ýƍ dπɉɗ(dxy,dyz,dzx)�=ɞ¡ę-ǰɉɗ1-πɑ¨�,

<? dπɉɗ-Ğğ×-Ôƒ.�-PMe2)-NH-<>9-PPh2)-2,6-disubstitured 
pyridine -Ɓ�<>Ē��)�Ř�@?�5!�πɑ¨�-Ôƒ. dπɉɗ�º
'Ýƍ�@? d6 low-spinĆɧ£,Ĩ�'ƋĒ)+?)Ȍ
=@?� 
� ����d6Fe(II)HL�C�œɣĳ)�'Fv�)-PMe2ɞ¡UHa�Ȅê�

!ɞ¡ę(
? PNP ɞ¡ęCƍ�? [Fe(PNP)2]2+ɧ£(Fe(II). d6 ɴęɞȊ)
-ɞ¡ęĉÄȡ(10Dq=23200cm-1). PpyPɞ¡ęCƍ�?[Fe(PpyP)2]2+ɧ£-

ɞ¡ęĉÄȡ(10Dq=21900cm-1)<>9Ē��$!��Ɓ(�Racah- Bh|x
�\.�PNPɧ£) PpyPɧ£-��@-ɧ£,Ĩ�'9 425cm-1(
$!� 
�!�$'�PpyP ɞ¡ę-k}W�ɝ¡.[Fe(PpyP)2]2+ɧ£�,��'.π-
FQZn\�)�'.ƚȐ�'�=��PNP ) PpyP ,<?ɞ¡ęĉÄȡ
(10Dq)-ɘ�.�Nɞ¡ßę-ĊćŖ(σ-¨�Ŗ)-ɘ�CãƆ�'�?)Ȍ
=
@?�5!��@=-ɧ£-Ĭ�� Bh|x�\.}�ɞ¡ßę1-πɑ¨�,
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<?9-(
?)Ȍ
=@?� 
� pKa -°�=Çſ�?)Ƅ=�,Ĭ��σ-¨�ŖCũ%-PPh2 ɞ¡UHa�

PpyPɞ¡ę-k}W�ɝ¡) 1,4,7-triazacyclononane(tacn)-Fv�ɝ¡<>
9 Ē � + ɞ ¡ ę ĉ Ä ȡ C � 
 ? (methyldiphenylphosphane �
2,6-dimethylpyridine�dimethylamine-½Ōɟ- pKa.�@ @ 4.57�6.72�
11.0(
?[103])��-�)�=�Pacchioni) Bagus,<$'űƔ�@![72]
<�,�pKa �}�ɞ¡ßę-ɞ¡ȐCȹƄ�?ȗ�Ūƙ(.+��)�B�
$!� 
� ɣĳ-ɞ¡ßęɪ-Ǜ�¥ǎCÙğɢǖ,ȹƄ�?<>êǋǖ+ƁƩ.�ɞ¡
Ȅê-ŉş,ɫB?ɉɗ-ǛĨǖ+Ke~P�Ƹ¡,ć&�9-(
?(+�+
=�MO ǋȽ,<?)½ƍȄê-Ke~P�. 2 %-Ǜ�¥ǎ�?ɉɗɪ-K
e~P�Pz^n,©Ě�?!8)�ɞ¡ßę- n-ɉɗ)�œɣĳ- dɉɗ-K
e~P�Ƹ¡.�Thomas-Fermi-Diract_�Vz~(ÿ 4-4)[104],ć&�'ȯ
ǵ�@!�@ @-ßęɉɗ-Ke~P�)34�Ȕ�?�)��-9�n-ɴ
ę.ɞ¡ßę- HOMO,ĚĄ��5!ɣĳ- dɴę-Ke~P�Ƹ¡.ɣĳ-
ªŻ-ɘ�,<$'3)D*Ď×�+�!8(
?�XANESƷğ�=ªɴę-
ɮà,<? dɉɗ-Ke~P�Ď×. 1eV��(
?)���)�Ǟ=@'�
?-(�¿ƞ d ɉɗ-ɴę-Ke~P�Ƹ¡�Đƞɴę-ɮà,<$'ŋɷ�
@+�)�ğ(�?� 
� ÿ 4-4,<?)�Pd(0)- 4dɉɗ-Ke~P�. P- 3pɉɗ-Ke~P�)
Ɏ��)�B�?�Pacchioni) Bagus[72].�Pd(0)-PR3Ȅê. push-pullǛ
�¥ǎ-Ȅƒ)�'Ğğ×�@?)ȄȽ�!��-�). Pd(0)- 4dɉɗ-K
e~P�Ƹ¡�PR3-3pɉɗ)σ-ãȄêŖɉɗ-Ke~P�Ƹ¡,Ɏ�)��
�Ġ,<$'Ġȳ�@'�?(σ-ãȄêŖɉɗ-Ke~P�Ƹ¡.�}�- 3d
ɉɗ<>9B��,¢�)�Fe(II)- 3d ɉɗ-Ke~P�Ƹ¡9ëƘ, P - 3p
ɉɗ-Ƹ¡)Ɏ�-(�º£- Fe(II)-PȄê,Ĩ�?πɑ¨�-Ĥ�9ØÄĒ�
�)�Ř(�?��@;
�[Fe(PNP)2]2+ɧ£�,��? Fe(II)-P Ȅê.�
Pd(0)-PȄê-ĉê)ëƘ, push-pullĆ-Ǜ�¥ǎ,<$'Ğğ×�@'�?
)Ȍ
=@?��Ɓ(�[Fe(PpyP)2]2+ɧ£�- Fe(II)-PȄêɈɱ.�2.310Å�
<0 2.333 Å(
>�Pßę-Ǜ�a|�Xŋɷ,<$'Ē���ɨ�'�?�
�-<�+Ȅê-�ɨ,<$' Fe(II)) PpyP ɞ¡ęɪ-σ�<0πĆ-Ǜ�¥
ǎ-�ȍ�Ĭ��+>��-Ȅƒ PNPɧ£<>9ɞ¡ęĉÄȡ�Ĭ��+$!
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)Ȍ
=@?� 
� ÿ 4-4<> Nɞ¡UHa,��?ɵ½ƍɴęĨ(2pɉɗ)-Ke~P�Ƹ¡.
Fe(II)- 3dƸ¡<>9ɵĻ,¢�-(�Fe(II)-Nɪ-Ǜ�¥ǎ.ƏɅǖ,HL
�Ŗ(
?�Fv�-ɞ¡UHa.k}W�ɞ¡UHa)Ơɋ�'<>ĊćŖ

�Ē���5! Fe(II)-NȄê.ƏɅǖ,HL�Ŗ(
?-(�Nɞ¡ßę,<
?ɞ¡ęĉ. PpyPɞ¡ę,<?9-<>9 PNPɞ¡ę,<?9--Ɓ�<>
Ē��)Ȍ
=@?��+B#�HL�Ŗ- Fe(II)-N ɞ¡Ȅê-ň�.ɞ¡U
Ha-ĊćŖ-ɘ�,<$'Ʀ5?)Ȍ
=@?��Ɓ(�PpyPɧ£,��?
ɞ¡ęĉ.�ɧ£�- Fe-PȄêɈɱ�Ǜ�a|�Xŋɷ,<$'Ē���ɨ�
'�?�@*9��@3*Ĭ��.+=+�$!��-�).�P ßę�-ŀ
�$!3pɉɗ)σ-ãȄêŖɉɗ,<$'Fe(II)-PȄê-σ�<0πĆ-Ǜ�¥ǎ
�Ē��+$!!8(
?)Ȍ
=@?� 
 
4-3.ɴƣ×ĜƷğ 
� ɴƣ×ĜƷğ-Ȅƒ�[Fe(PNP)2]3+/2+ɧ£Ĩ�[Fe(PpyP)2]3+/2+ɧ£Ĩ-ɟ×ɛ

µɴ¡.�@ @ 470mV�868mV(vs.Fc+/0))+>�ōȍ,��'ɵĻ,ɾ�ɴ 
¡Cǣ�!��@,.�%-ǋǐ�Ȍ
=@?�(1)�œɣĳ-ƜɴȚ�ċÑ� 
?)�ɣĳ)ɞ¡ęɪ-Ȅê.ǟ�+>ɞ¡ęëč�Ɏ���),+?��

PpyPɞ¡ę-��ɾ�lJd~ć-ǲ£ɰĢ,<>�ɟ×ǇŜ.�Ğğ×�?� 
(2)[Fe(PpyP)2]2+ɧ£. d6(
?���-ɧ£. low-spin (
?�=��2'
- d ɴę. dπɉɗ(dxy,dxz,dyz),ĚĄ�'�>�PpyP ɞ¡ę-}�ßę)-½
ƍȄê,ɫ��'�?��!�$'�ɟ×ǇŜ(. dπɉɗ- dɴę�ƴ?�)
,<$'ɞ¡ę)-½ƍȄêŖ�Ň�+>��Ğğ×�?��@=-ǋǐ�= 
[Fe(PpyP)2]3+/2+ɧ£Ĩɪ-ĞğŖ,Ē�+ĸ�Ǎ��ɵĻ,ɾ�ɟ×ɛµɴ¡

�ȫƷ�@!)Ȍ
=@?� 
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ÿ 4-4. éßę,��? Thomas-Fermi-Diract_�Vz~ÿ 
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5.5)8 
� ƏǠǯ(.�P2N1�Ńɞ¡ę�bis(dimethylphosphinoethyl)amine(PNP))
2,6-bis(diphenylphosphinomethyl)pyridine(PpyP)�<0�- Fe(II)ɧ£-ê
ş,şÐ���-ȄƈƗɓCƄ=�,�!�FZada}~�,��?�@= 2
%-ɧ£-ïäXqQa~�=ɧ£-ɞ¡ĉh|x�\CƦğ��ɴęɪãǕ

h|x�\ B� Fe(II)-PȄê,��?½ƍȄêŖ- push-pullǛ�¥ǎ,<$
'Ē��ƴĭ�'�?�)CƄ=�,�!�5!�PNPɧ£-ɞ¡ęĉÄȡ.�
PpyPɧ£-9-<>9Ē��$!� 
[Fe(PpyP)2]2+ɧ£- Fe(II)-P Ȅê,.Ē�+�ɨ�ȫƷ�@!�@*9�}�
ɞ¡ßę,<$'¥=@?ɞ¡ęĉÄȡ.Ē��$!��@=-Ȅƒ�=�ɚ

ǪɣĳµǾ- 3d�4d�5dɉɗ.}�- 3pɉɗ�<0 P-RȄê-σ-ãȄêŖɉ
ɗ)34ɉɗ-Ke~P�Ƹ¡�ë�(
?!8�}�¨�ɞ¡ę.�-ɟ×

Ż,��B=�3)D*-ɚǪɣĳßę�HL�)ɵĻ,Ğğ+½ƍȄêCŉ

ş�?)ȄȽ�!� 
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ȿɌ 
 
 
� ƏǠǯ. ŽɝǨĜǜÜčȻǫŹȏ}�`G�Rn�R|w�R}��ȒǀǨ
ĜāɯŹȏǠǯn�R|w	-ŷųCæ�'ĠƂ�5�!� 
ƏȽŽ-ƓȺCɄ>5�!�ìçıĒĜĒĜɭǋĜǠǯǨ-Ƶɍș�ŹŮ+

=0,Ǐ�±ēɜŹŮ,śȿ�!�5�� 
� ƏǠǯ-ɕȞ,
!>�ɴęǪÕãŕ-Ǡǯ,ŐÚÏɸ�!ŚǞŹȏĒĜŹ

ȏĜɝǋǨŹȏȾŃǭơƜŊŹŮ,Ʋ�śȿ�!�5�� 
� ƏǠǯ-ɕȞ,
!>�[Fe(PNP)2](PF6)2 ɧ£)[Fe(PpyP)2](CF3SO4)2 ɧ£

- X ȇȄƈƗɓȬƑ,ŐÚÏɸ�!ĶĵĒĜǋĜɝɤƎěȋÁŹŮ,Ʋ�śȿ
Ȕ�5�� 
� ƏǠǯ-ɕȞ,
!>�Ġɽ,ə�!N|Xù¾-Ȥ¥,�ÚÏɸ�!ìç

ıĒĜǋĜɝN|Xķ¥ġ-ďǙǧęţȟĩɩȎö+=0,ĶƏ�ôţȟĩɩ

Ȏö,Ʋ�śȿȔ�5�� 
� µǾÄƑ,ɯ�'��ȵ,+>5�!ìçıĒĜǅɅ×ĜāɯǠǯZ�\�

×ĜƷğƚùġĮĵ¼�Ƣ,Ʋ�śȿȔ�5���  
� ǠǯǍƭCɐ?,
!>�Ó5��ǺǦǖ,ŷ
'ɸ�!ǅǋƿƚ×ĜR~

�n-ǗƘƁ,Ʋ�śȿȔ�5�� 
� ǠǯºȖ,B!>ŞÅ�ħ+ŐŪī�ŐÒȮCɄ>�5!�×ĜǠǯ,Ĩ�

?ėÖ:Ȍ
Ɓ,%�'Ƀɠ+řȧCɄ>��=,.țȍ-ǠǯƭÕCȁĖƶ

��ȧĝ$'��$!ìçıĒĜĒĜɭǋĜǠǯǨɾƎǧĔÁŹŮ,œ�=ś

ȿȔ�5�� 
� Ƌō,�țȍ-ǠǯƭÕCƉ��ȧĝ>�
=;?ɶ(�ǋȬ)�ÚÏCɸ
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