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� Cyano-bridged assembles based on metal cations and cyano ligand are one of the porous coordination 

polymers. Cyano-bridged assembles show several interesting properties such as optical sensitive 

magnetism, charge transfer, and proton conductivity. Prussian blue (Fe4[Fe(CN)6]3�14H2O), which is one 

of the cyano-bridged assembles, has framework consisting Fe2+ coordinated by 6 cyano ligands in 

octahedral coordination environment and Fe3+. The metal substituted Prussian blue is called as Prussian 

blue analogue.  

 Prussian blue analogues adsorb molecules and ions in their porous framework. Prussian blue analogue is 

well known as radioactive cesium cation adsorbent. In our laboratory, Prussian blue analogues which show 

magnetic property change and proton conductivity with adsorbing water molecule have been reported. 

Herein we examined ammonia adsorption properties of Prussian blue analogues. There are much needs for 

adsorbing ammonia not only for removing odor gas but also for storing energy carrier for next generation. 

In this thesis we report designing of Prussian blue analogue for optimizing adsorption performance of 

ammonia and radioactive cesium cation. 

 We found that dehydrated Co[Co(CN)6]0.60 has the highest ammonia adsorption capacity: 21.9 mmol(NH3) 

g(Co[Co(CN)6])
-1 in all adsorbing material ever. In contrast, the hydrated Prussian blue analogues show 

protonation of ammonia to ammonium cation. Hydrated Prussain blue analogues have proton conductivity 

through water molecule network in the structure. After captured in Prussian blue analogue, ammonia is 

protonated by water molecule and stabilized in that structure. Because of the protonation, Prussian blue 

adsorb ammonia with extra high distribution coefficient Kd = 6.8 × 108 m(gas)
3 m(PB)

-3 in air containing even 

in 0.015 ppmv of ammonia.  

 Furtheremore, we have optimized Prussian blue analogue in order to remove cesium cation from ash 

washed solution and improve adsorption speed. We found K2Zn3[Fe(CN)6]2 adsorbs cesium with ion-

exchange mechanism. K2Zn3[Fe(CN)6]2 adsorbs radioactive cesium even in real ash washed aqueous 

solution containing high concentration of potassium with high pH. The adsorotion amount of cesium 

corresponded to the calculated value based on ion-exchange reaction. In order to improve adsorption speed 



�

of cesium cation, we synthesized uniform nanoparticles of K2Cu3[Fe(CN)6]2 using micromixer technique. 

As a result, the smaller K2Cu3[Fe(CN)6]2 nanoparticles synthesized with micromixer adsorb cesium faster 

than that synthesized with batch method because of larger surface area. 

 In this thesis, the potential of designing Prussian blue analogues for adsorption was demonstrated.�  
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1.1Ǌǯ 

� òøħȔ�ȶ²÷/ȘĊț�.�')+?(Ŧīǩǃ)+]ȘĊGK|*Ȕ�÷Cȑİ

�]�*-=?(òƲòŧ,ŦȋCǲǰ�]�*1Íǒ)+])òøħȔ�ȶ²÷.Ĳ'ħ

Ǽ/ȘĊGK|ƚŖ.ƫħ(©úƑħ(Ǯö�Ƙ$�),�(ƵøƚŖ.²÷Ôƥ;²÷2

],,+òċ-ƃ?(úǣ*ĤƘ.ÇŅ�[ƧƴȝƝ1ȍ9[A(,])!.�):ÔƥƓ

Ǹ/òøħȔ�ȶ²÷.ƵøRGW;ÔƥRG`ƺ.Ŧȋ·Ģ-=?ƑħÒ�1Íǒ)+

]�*�[ƠD-Ƨƴ1ȍ9[A(,])œƧƴ)/òøħȔ�ȶ²÷.�')+]kx

TE|jx~ȳ��CƧƴĄǸ*�((E|scE²÷*XTHqGK|.ÔƥƑħ.ū

ǒÒ�C/�?(!.ÔƥrLcWq.ŢǱCǢ&#) 

�

1.2 N<JS/?TA7+,)(-*,�ZBO 

� +,)(-*,�ZBO�8M@O�Q6"N<JS/?TA7:�%$N<D=L'

'V05�$
+,)(-*,�ZBO��5FR86K977EW39;�31W97�

YU�>&%5�$
�%#�4X'.29G $
 

1.2.1 S/?TA 

� Ȕ�ȶ²÷/ȘĊGK|*Ȕ�÷1Ȍǉƞ-',1&#*×MA]ȘĊț�)+?(Ȕ

�Ŧȋ-=? 1 - 3 ŭ¨ŦȋŦȋ.ŧ
,ŦȋC*]�*1Ʀ[A(,])Ȕ�ȶ²÷

(coordination polymer)*,�ťĦ/ 1916 ē-ŗ�đßóú.ŜƙȦ�Ű-=?´9(ĸÙ

�A(�?[1](�ē)%<�+ 100 ē1ǆȎ�#)�):�ŭ¨ŦȋCī�Ȕ�ȶ²÷/(

Ȕ�÷*ȘĊGK|)Ŧī�A]Ŧȋ��-²÷;GK|1ª?ȃ8RGW.ƵøCŐ�

]�*�[(òøħȔ�ȶ²÷(Porous Coordination Polymer)*×MA(ȅēƧƴ1ȍ9[A

(,][2])òøħȔ�ȶ²÷/Ȫé(ƫé(áº;©ƺ.ñé-Ĥƻ�(ƐħCð¿� $

�,�[3,4](®ȓ.Ƶø-²÷;GK|CÊ?ȃ8�*-=?ƐħCð¿� ]�*1Íǒ
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)+] [5-6])œƧƴ)/òøħȔ�ȶ²÷.�):TEeŚŪåȘĊț�.�Ʋ)+]kx

TE|jx~ȳ��CĄǸ*�(ƧƴCǢ&#) 

1.2.2TEeŚŪåȘĊț� 

� TEeŚŪåȘĊț�/ȘĊÐï1TEeç(CN ç))ŚŪ�A#ț�)+?(Þ 1-1(a))(

ƐħCǪĴ�#ǲǰǨ.ȶ�(Ïī.ƽ¡�(ûýħ,+.ǭƊ�[(çƬƧƴ.7,[�

ĤƘ3.ĉȝ1,�A(,] [7-10])TEeț�/Ƣǋ�. 2 Ȕ�;Ů«Ȯ�Ŧȋ. 6 Ȕ�

,+ŧ
,Ȕ�ŀC*]�*1Ʀ[A(,][11-14])!.�):ûýħ.ȶ,lNRTEe

ț�(Þ 1-1(b))[15-17]*ŧ
,Ȕ�ŦȋCĲ'KP[TEeț�(Þ 1-1(c))[18-20]C�[,]T

EeŚŪåȘĊț�1Ƒ-ƠD-Ƨƴ�A(,]) 

1.2.3 kxTE|jx~ 

 kxTE|jx~/ 18 �ǀ´Ȱ-´9(�Ďƞ-Ïī�A#Ŏ:Ì,ȶ²÷ț�)+]

[21])kxTE|jx~/lNRTEeȚ(II)ȕGK|*Ț(III)GK|*1 3 ŭ¨ŦȋCī�

(�?(Þ 1-2.=�-TEeç.Ɖǃ1 6'Ȕ��# FeII*(TEeç.ƶǃ1Ȕ��#

FeIII-=?Ŧī�A][22,23])�.TEeç-=&(Ķǉ�A(,] FeII* FeIIIȞ.ȘĊȞȪ

ǝư¾(metal-to-metal charge transfer, MMCT).ÔÉ1ÍǬ©ȯæ-ùâ�]#9(kxTE

|jx~/ƀ,ȬǛCŐ�][24])�.#9kxTE|jx~/!.Ñ.ȉ?ȬǛȱł*�

(�Ƙ�A(,] [25,26]) 

� kxTE|jx~/ȱł�ñ-:ŧ
,ĤƘ1ĸş�A(�?(!.�ȓ/ņ-ďǹ�

A(,])ȱł�ñ-:ŧ
,þƘ�1ĸş�A(�?(Ƒ-JyP`zPzp]P_gG

V*ȣGK|Ôƥ¸*�(.��.=�,¶Ƙ1ȍ9[A(,]) 

� JyP`zPzp]P_gGV*/Ȫű¿úƞ-ǛCð¿� ]ǃ÷)+?(ǥƭǃ÷

;Ǜð¿MvV3.ƘȈ1őğ�A(,][27])kxTE|jx~®.ȚGK|/Ȫű¿ú

ƞ-ȕ¿Ȓ¨1Íǒ)+?( ŀ-Ĥ�(Ǜ1Ȭ�[ȇň3*ð¿�][28-29])�.Ǜð¿/

ǥƭūÚ$�),�(Vo~`HF|aH*�(¶Ƙ�A(�?ņ-ďǹ�A(,][30]) 



� ��

� 6#(kxTE|jx~/ȶ,ȑİħCĲ'XTHqÔƥŔ)+]�*:Ʀ[A(�?(

Ňœß®):�®-Ê?ȃ6A#ľąħXTHqCĄñ-ĵ±�]#9.ÀǡØ*�(Ä

Ɩ½¦Ƥ�[ĮǵCË�(,](ĮǵƛÎȺ22200AMX00966000))Ƒ- 2011ēȹŏ-ƝƖ�

#ƮČƹ�ÅƝ�Ŀ.Ġ(Ňœ)/ľąħXTHqCƕëŲ��[ȡÆ�]ĭŹ1ų9[

A(,])kxTE|jx~/û �'�.GK|1­ù�]Ɔſ�)ĐǠ,XTHqG

K|CÔƥÍǒ,#9(þƘ¿-Ò�#ƧƴȝƝ1ȍ9[A(,][31-33]) 

1.2.4kxTE|jx~ȳ��(Prussian blue analogue) 

� kxTE|jx~/ȚGK|Cµ.ȘĊGK|*ªAō�]�*)(ŧ
,ȳ��CĜ

ī�]�*1±Ŗ])�A[CkxTE|jx~ȳ��(Prussian blue analogue)*=1(�Ǚ

Ę/ AxM
!+[M’"+ (CN)6]1-y)ǥ�A])��) A/ExLwȘĊƺȷ .ȣGK|C(M !+

* M’ "+/ȐưȘĊGK|Cǥ�)ò�.éÏ\t~Ugv|V.ǩǶ-=?kxTE|j

x~ȳ��-/[M’"�+ (CN)6].ŬȢ1ùâ�](y > 0)) 

� kxTE|jx~ȳ��.ò�/ M !+* M’"+*,� 2 '.¬Ȕ�RG`CĲ'�ŭ¨ƞ

-ƺ ,Ņ�CĲ'ƷŅŋȺƵȞǍ Fm3
-

m, Pm3
-

m, F4
-

3mƺ.ĄƯħCĲ%[34-36](�-/=?

ĄƯħ.�,ŮŅŋ. CsCu[Cr(CN)6][37];(ŃŅŋ. K2Cu[Fe(CN)6][38],+:èÕ�A(,

])kxTE|jx~ȳ��/kxTE|jx~*Ðŧ-Ȫű(ƫű(!�(òøǼ)+]

�*-źơ�A(Ƨƴ1ȍ9[A(�#) 

� kxTE|jx~ȳ��/Ŧī�]ȘĊGK|-Ĥ�(ŧ
,ǛÏ,CǪ ][39])�A

[.Ǜ/kxTE|jx~*Ðŧ-ȕ¿Ȓ¨ÈĤ-Ĥ�(ð¿� ]�*1±Ŗ]#9(

kxTE|jx~ÐŧJyP`zPzp]PŔł*�(Ƨƴ�A(,][40,41])6#kxT

E|jx~ȳ��/ȕ¿Ȓ¨ÈĤC¶Ƙ�(ȪŵȪŤŔł*�(:¶ƘÍǒ)+?(!.

ȥȐưȘĊGK|.ȕ¿Ȓ¨-�&((òøǼƵȞ®3.GK|.±�ªACǢ,�[42-44])

ȪŵȪŤŔł*�(Ƙ,[A]éÏ-/(±ª?�]GK|*�(w\Hqƺ.ExLw

ȣGK|$�),�(ń#-LxTHqȣGK|[44]CƘ,#Ƨƴ�:èÕ�A(,]) 

� kxTE|jx~ȳ��/ȐưȘĊƚŖ.ƫħ-',(Ĕ�Ƨƴ1ȍ9[A(,])k

xTE|jx~Fe[Fe(CN)6]0.75}3.5H2O / 5.6K *ȭĒ-�,Ƅĕ)Ěƫħƣ3*ƣȀư�



� ��

][22])Ō-ȶ,ƣȀưƄĕCų9(ŧ
,ȘĊ�[,]ȳ��-',(Ƨƴ1,�A#Ǉ

ř(VII
0.42VIII

0.58[Cr(CN)6]0.86}2.8H2O1 Tc = 315 K*ÿƄCǾ�]Ƅĕ.ƫűƣȀưCĲ'

�*1ƝǪ�A#[46])!.Ġ(ļŰ 100
-ȅ,ƫűƣȀưƄĕCĲ'kxTE|jx~ȳ

��:èÕ�A(,][47,48])�.=�-kxTE|jx~ȳ��/ó��ŦȋCð¿� 

]�*,�ȘĊGK|;ǅīůCĽ�Íǒ)+]#9(ǷƔƞ-ƫħC_SG|�]�*

Íǒ)+])��M(ěƧƴÿ�[/ūǒ_SG|.�*�((Ě(iIz)ƫħ*iIwƫ

ħ1ƁÏ�#”iIziIwƁÏƫħ�”;(ǧ§ƊC 2':'(”2Ȗǧ§Ɗƫħ�”CĲ'

kxTE|jx~ȳ��CèÕ�(,][49,50]) 

� kxTE|jx~ȳ��/òøǼ,ŦȋCĲ'#9ű�²÷:®ȓ-Ê?ȃ8�*1±

Ŗ])2005ē S. S. Kaye[-=&(kxTE|jx~ȳ��.�% M3[Co(CN)6]2� (M = Mn, 

Fe, Co, Ni, Cu, Zn)-��]ŲǃMVÔƥǒ1èÕ�A(�Ƞŧ
,MV-',(Ƨƴ1ȍ9

[A(,][51])kxTE|jx~ȳ��/ƢĞ 0.5 nm��.ƵøCŐ�(�?(�²÷ȗ

.²÷)+]ȕǃ(�ȕ¿Ɖǃ(�ȕ¿ƶǃƺ.MVCÔƥ�]�*1)�][52-54])kxT

E|jx~1²÷CÔƥ�#ȥ-!.ƐħCð¿� ]ȭĒ-ǘÖƀ,ƿ)+?(ěƧƴ

ÿ�[kxTE|jx~ȳ��.�')+] Co1.5[Cr(CN)6]}7.5H2O1Ų²÷*J[e~x

.Ôǔƥ-=?(ƫűƞ(©úƞħǼ1ð¿�]�*CèÕ�(,][55]) 

1.3 MVÔƥŔł 

 òøħŔł/®ȓƵø-MV²÷CÔƥÍǒ)+?(Ƒ-ďǹ.òøħŔł*�(żħƉ

;YKvG`1�Ǚƞ-�Ƙ�A(,])ȅēń#-Ƨƴ1ȍ9[A(,]òøħȔ�ȶ

²÷/�A[.MVÔƥħǒCó���Û]ħǒCƭ�(�?��-�ACȆ4]) 

1.3.1 òøǼŔł-=]MVÔƥ 

� òøǼŔł/!.Ƶø-²÷C`v]k±Ŗ]#9(MVÔƥ*�(Ƨƴ1ȍ9[A(

�#[56,57])MVÔƥ.ƘȈ/�-ŐƟ,MV.Ôǟ*ŐĀ,MV.ÔƥȡÆ.ȸȉ?-²

�[A])ŐƟ,MVÔǟ*�(JdxO~NtwE)+]ôƍMV[58];ŲǃMV[59].Ǻ

ǟ-ȟ�]òøħŔł.Ƨƴ1èÕ�A(,])MVÔǟŔł-ų9[A]ħǒ/=?�

áº)ȶăĕ-ơƞ*,]MVCÔƥ�(ģǩ,Ŋ-Ê?± ]�*)+])�Ņ(ŐĀ,



� ��

MV.ÔƥȡÆ.éÏ-/ÔƥĂȗ1ȶ,�*$�),�(ŧ
,ī².MV1Ó6A(

,]�)ơƞ*,]ƐǼ.7CȡÆ�]ħǒ('6?ȑİħ1Ȗǩ)+])òøǼŔł-=

]ŐĀ,MVȡÆ.ĄǸ*�( H2S; NO2ƺ1èÕ�A(,]
[60,61]) 

� IUPAC(International Union of Pure and Applied Chemistry).ýǎ-=AM(òøǼŔł�.

Ƶø/oGPzø(2 nm��)(rZø(2 – 50 nm)(oPzø(50 nm��)-²ȳ�A][62])

�.�%ƌūMV;�²÷MV.RGW/ 2 nm��)+]�*�[(Ôƥ-�-�Ƙ�]

ƵøĞ/oGPzø)+])ěƍƵøRGW=?:ó�,²÷/Ƶø®-ª]�*/±Ŗ

,,)�.#9ơƞ*,]MVCȑİƞ-Ôƥ�]#9-/(ȏ³,ƵøRGWCǲǰ�]

�*1ģǩ)+]) 

� òøǼŔł.�%ďǹ.żħƉ*YKvG`/ 200 – 400 m2 g-1Ʊĕ..ȶ,ůǥȮƳC

Ő�(�?(òøħŔł*�(Ĕ��Ƙ�A(,][63])żħƉ/�6�6,RGW.Ƶø

CĲ%(!.Ïǰ*�(ȶ,ůǥȮƳCǴ]1(Ƒý.ó��.ƵøC�]�*1ȩ��M

Vȑİħ/��,)�Ņ(YKvG`/ǇŋŦȋƚŖ.ä�,ƵøCġ]�*1±Ŗ]1(

ǇŋŦȋ.ǲǰħ-��,#9(Ôƥăĕ.ì¼;MVȑİħ.Ò�ƺūǒħ.Ò�1Ü

ȩ)+])ȅē(Ƶø.ó��1·ĢÍǒ,òøħƐǼ*�((òøħȔ�ȶ²÷;òøħ

­ŐǇÏŦȋ�1źơ�A(,]) 

1.3.2 òøħȔ�ȶ²÷-=]MVÔƥ 

 òøħȔ�ȶ²÷/!.Ŧȋǲǰ.òĝ��[(MVÔƥŔł*�(Ĕ�Ƨƴ1ȍ9[A

(�#)kxTE|jx~åț�:ȘĊGK|1TEeç.�Ƹ)Ȕ�ǇÏ�#ŦȋCŐ

�(�?(ǁ 0.5 nm��.ƵøCĲ'�*�[òøħȔ�ȶ²÷.�'-²ȳ�A])ò

øħȔ�ȶ²÷.�%(ŐūȔ�÷CƘ,#:./Ƒ-ŐūȘĊŦȋ�(Metal organic 

framework, MOF)*×MA])1995ē- Omar YaghiŰ-=?èÕ�A(�[[64](ŧ
,Ő

ūȔ�÷;ȘĊGK|CƘ,# MOF*!.ūǒ1èÕ�A(,][65-67])Ðŧ-ǲǰÍǒ)

òøǼ,ǇŋŦȋCĲ'Ŕł*�((òøħ­ŐǇÏŦȋ�(covalent organic framework, 

COF) 1ń#,Ŕł*�(źơ�A(,][68])MOF 1ȘĊGK|*ŐūȔ�÷1Ŧȋ�C

ǅD),]�*-Ą�((COF /Őū²÷.7)ī?Ʒ'òøħŦȋCŐ�(,])COF



� ��

* MOF/+%[:òøǼ,Ŧȋ�*Ĕ,ůǥȮƳCĲ'�*�[(�-MVÔƥCĄǸ*

�(Ƨƴ1ȍ9[A(,][69]) 

 òøħȔ�ȶ²÷/ȘĊ*Ȕ�÷CȵŞ*�#Ŧȋ��-(²÷1ª?ȃ8�ã.+]V

m~VCŐ�(�?(żħƉ;YKvG`Có���Û]ůǥȮƳ1èÕ�A(,])�)

: MOF-210(Zn4O(BTE)4/3(BPDC))/ BETůǥȮƳ1 6240 m2 g-1*ȭĒ-ȶ,¥Cƭ�(,

][70])�Ǚƞ-ůǥȮƳ*Ųǃ²÷ƺ.Ôƥȗ-/ǚ,ƣȟ1+?[71](��M MOF-210/

-196˚C , 80 bar-�,( 17.6Ȗȗ%.ŲǃCǺǟÍǒ)+]) 

� òøħȔ�ȶ²÷.Ě7.�'/ȘĊGK|*Ȕ�÷Cȑİ�]�*-=?(Ŧȋ;Ƶ

øRGWCǲǰÍǒ,�*)+])Ƶø.ó��/Ȕ�÷.Ȝ�*Ʒ�Ŧȋ-=&(Ŷý

�A])��M( 2012 ē- Hexiang Deng [/ MOF-74(Zn2(dobdc),dobdc = 2,5-

dihydroxybenzenedicarboxylic acid)CçœŦȋ*�((Ȕ�÷.Ȝ�Cð�]�*-=?Ƶø

.ó��C 1.4 – 9.8 nm.ƼÝ)ð¿� ]�*-ī»�(,][72](Þ 1-3))6#(ƵøRG

W$�),�ơƞ-Ÿ&#üǒç1',#Ȕ�÷CƘ,]�*)(ūǒC�¼�]�*:

Íǒ)+?(EpeçC�¼� # MOF-=]ƪ¿ŲǃÔƥ1èÕ�A(,][73]) 

� òøħȔ�ȶ²÷.MVÔƥ)/Ŧȋ;Ȕ�÷.7,[�(ȘĊGK|:Ôƥ-Ą�(

Ȗǩ,ūǒCƝĺ�])�ȓ. MOF/ŦȋCĜ�]ȘĊGK|-²÷1Ȕ��]RG`C

Ő�(�?(�A/Ȕ�RG`;K~k|r[xRG`*×MA][73-76])�.Ȕ�RG`/

Lewis ȕ*�(�Ƙ�]#9�-Ťħ²÷)+]Ų;E|scECÔƥ�]�*1Ʀ[A

(,][77])Ȕ�RG`/kxTE|jx~ȳ��-�,(:ùâ�(²÷ÔƥRG`*�

(�Ƙ�]*Ǐ�[A]) 

� œǷŁ)/kxTE|jx~ȳ��CÔƥŔ*�((Ťħ²÷)+]ű�E|scE.

Ȕ�RG`*ƵȤRG`3.Ôƥ*(ȡśCơĳ�#ŲƆſ�[.XTHqGK|Ôƥ-

',(źơ�ƧƴCǢ&#) 

1.4!ÔƥĄǸ 

� œǷŁ)/MV��[.E|scE²÷*ŲƆſ�.XTHqGK|CÔƥĄǸ**�

(kxTE|jx~ȳ��.ƧƴCǢ&#)!A"A.ÔƥĄǸ-',(��-Ȇ4]) 



� 	�

1.4.1 E|scE 

� E|scE(NH3)/�Ďƞ-Ïī�A(,]¿úƐǼ.�)Ŏ:ƖƗȗ1ò�(�ȳ.Ɩ

ż-Ŭ� ,,ƐǼ)+])E|scE/Ȃ�Ɛ.Ǒł$�),�(Ʃȕ;bGz|ƺ¿Ï

Ɛ.Åłƺ-�Ƙ�A(,])E|scEÔƥ.ȫǩ/ŐƘƐǼ**�(.Ôǟ*(ŐĀƐ

Ǽ*�(.ÔƥȡÆ.ȸȉ?1ùâ�]) 

1.4.1.1E|scEÔǟ 

� E|scE/ȏ�#ƏƎŕ�)ƏƎ.¹ƖīƐ*�(�ȕ¿ƉǃCƝƖ�,,L~n|

iw~JbU~)+]Ƌń#,JdxO~NtwE*�(źơCȧ9(,][78,79])6#E

|scE/Ųǃƅ*�(:źơ�A(,])Ųǃ/ƏłȪŵǖ¾ǿ1þƘ¿�A(�Ġ¶Ƙ

ì¼1Ĩý�A]ǻƅ)+]1(ȶăĕ-Ǻǟ�]�*1ȭĒ-Üȩ,ƐǼ)+][80])�

�Mſ�Ųǃ.ăĕ/ 70.85 g dm-3*Ų.ǁ 14².ȷ��,�(1 bar)ſ¿�]Ƌ-/ 20 

K 6)¯Ã�]ģǩ1+]#9¢ù1Üȩ)+][81])�.#9ƏłȪŵǿƺ)/ȶáƒĪ

.ŲǃMV1�Ƙ�A(�?(Ɠƒ)/ÿƄ-�,( 70 MPa .[|P)ǁ 37 g dm-3.Ų

ǃăĕCþƓ�(,][82])�Ņ(E|scE/ÿƄ): 8.5 bar)ſ¿�(!.Ųǃăĕ/

108 g dm-3)+?(70 MPa.Ųǃ[|P*ůȁ�( 12%.áº) 2.9¤.ŲǃăĕC:')

Ō-ExLwàȳȘĊfzQ|¿ƐE|p|ț�/ÿƄ 1 bar*�áº)ȶăĕ-E|sc

ECǺǟ)�]¿ÏƐ*�(źơC�A(�?(E|scEÔǟįǣ1ŢǱ�A(,][83-

85])�):ê¿LxTHq/Ŏ:E|scEăĕ1ȶ�(E|p|ț� Ca(NH3)8Cl2.Ĝ)

E|scECÔǟÍǒ)+?(Ųǃăĕ/ 115 g dm-3*ſ�E|scE��)+])���

,1[(ExLwàȳȘĊfzQ|¿Ɛ/E|scEÔƥ-=&(Þ 1-4-ƭ�ŧ-�Ƴ1

ǁ 4¤-ǕA�1]#9(E|scEÔƥǔȨ-�,ƾ÷1ƨĻ�]*,�ŬƊCĲ'[86])

þƘ*�(/E|scEÔƥŊ*ǔȨŊ-Ŧȋð¿1ć��(ȶ,E|scEăĕCŐ�

]ÔǟŔł1ų9[A(,]) 

1.4.1.2E|scEÔƥȡÆ 

� E|scE/�ȳ-*&(ȭĒ-ŐƘ,¿úƐǼ)+]1(ÐŊ-ŐĀ,ƐǼ):+])

Ŏ:ȲǞ,�/Ǘ,)+?(ŇœƗţǤƖú�*ErwL. ACGIH)/�ţƕë�.E|



� 
�

scEƇĕC 25 ppmv -�]�*Cķõ�(,][87])þȥ-/ŀ ppmv Ʊĕ.E|scE

)+&(:�/�ĥ,Ǘ,Cĩ�*?(Ǘ,.ĳŨ)+]E|scE.Ǘűĕĳŀ.Ŏć

¥ 1-ƣě�]Ƈĕ/ 0.1 ppmv-ǲý�A(,][88,89]) 

� 6#(E|scE/Ďţƞ-:ȡÆĄǸ-,&(,]ƐǼ)+])��M(ƏłȪŵ3�

ǈ�]Ųǃ�-E|scE1ùâ�]*(ǽȪº.��Cę�ǽ��#9(ȡÆ1ģǩ)+

])ßȥǫŞ*�( ISO14687-2-=?ƏłȪŵǿƘŲǃ�.E|scEƇĕC 0.1 ppmv�

�-�]�*1ý9[A(,][90]) Ƒ-E|scECŲǃNtwE*�(�Ƙ�]ȥ-/(

Ųǃ-ð¿�#Ġ-�ǂƐ*�(ùâ�]E|scECȡÆ�,�AM,[,,) 

� �A6).E|scEȡÆ.ȡÆ-/YKvG`(kz`|CÓ8GK|�ĹũǓ(!�

(żħƉ,+1ŢǱ�A(,#[91-93])YKvG`*żħƉ/ Ş1û,ÈȮ(�Ƈĕ).Ô

ƥȗ1Ĉ,,)GK|�ĹũǓ/�Ƈĕ).Ôƥǒ1ȶ,1(ȶ )+]*,&#ŬƊ1ù

â�]) 

1.4.1.3òøħȔ�ȶ²÷-=]E|scEÔƥ 

� E|scEÔƥ�=1Ôǟ.ȫǩ/ȭĒ-ȶ�(òøħȔ�ȶ²÷;­ŐǇÏħŐūŦ

ȋ�-=]E|scEÔƥ.Ƨƴ1ȍ9[A(,][94-98])òøħȔ�ȶ²÷/ȶ,ůǥȮ

ƳCĲ'#9(E|scEÔƥ-ȟ�(:ȶ,ħǒC:'Ŕł1èÕ�A(,]1(�Ņ)

E|scEMVÔƥŊ-ûý),,:.:èÕ�A(,])��M(MOF-177(Zn4O(BTB)2,�

BTB = benzenetribenzoate)/òøħȔ�ȶ²÷.�)Ŏ:ȶ,E|scEÔƥȗ  12.2 

mmol(ammonia) g(ÔƥŔ)
-1 at 800 torrCƭ�1(ÔƥŊ-ǇŋŦȋ1íA(�6� [98])�A/òø

ħȔ�ȶ²÷1ȘĊGK|*Ȕ�÷-=]Ȕ�ǇÏ-=?ŦȋCī�(�?(ȶƇĕ.E

|scE*ĶǮ�]�*)(œŖ.Ȕ�÷*.Ȕ�ǇÏ.�ȓñA(E|scE*.ǇÏ-

ǌ�ĹB&(�6�#9)+]*Ǐ�[A])�.=�-ÔƥŔ*�(òøħȔ�ȶ²÷

C�Ƙ�]ȥ-/Ôƥƕë-��]ûýħ:Ȗǩ)+]) 

 Ŧȋð¿C�B�-(Ŏ:ȶ,E|scEÔƥǒCƭ�:.*�(­ŐǇÏħŐūŦȋ�

1èÕ�A(,])!.�% BPP-5 ([(C6H4-p-C6H2(CO2H)2-C6H4)2(C)]* COF-10(C6H3BO)/
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!A"AŦȋ®- Brønsted�� Lewis�������'C43!�1%2% 17.7 mmol g-1 *

15 mmol g-1*ņù.ÔƥŔ.�)Ŏ:ȶ,E|scEÔƥȗCƭ�[99,100]) 

1.4.2� ľąħXTHq 

� ľąħXTHq/ôƍ-/5*D+ùâ �(Hv|.ŝ²Ǧ-=?Ɩī�A])��M

137Cs(ÁƂő 30.2 ē)/ 6 - 7%Ɩī�A]�ǩ,¹ƖīƐ.�')+][101])Ňœ)/ 2011

ē.ƮČƹ�Å÷ºƝȪĬ�Ŀ-=?óű�;ž3*ľąħXTHq1ľ±�A(àî(š

Ř(ŷčƺCŴś�###9(�A[ŧ
,ŴśƐ�[.ľąħXTHqÛÉ1ų9[A(

,][102-104])ƮČ-�,(ȡśĄǸ*,]ėŠƐ/ 1.0 – 2.8 × 107 m3*óȗ-ùâ�]#9

ȄȊ,°Ɣ1ų9[A(,][105])kxTE|jx~*!.ȳ��/Ƒ-ȶ,XTHqȑİ

ħCĲ'�*1Ʀ[A(�?(ľąħXTHqȡś-Ò�#ƧƴȝƝ1ȍ9[A(,]

[106,107]) 

� ƕëŲ;ŴśƐ�[ľąħXTHqCı±�#ſ�-/(ExLwȘĊGK|ƺ1ȶ,

Ƈĕ)ùâ�(6#ı±ŕ�-Ĥ�(ȶ,êçħ;ȕħƭ��*�[(ÔƥŔ-/XTHq

GK|ȑİħ*ûýħ1ų9[A(,][108,109])Ƒ-ƮČ)ÛÉ�A#ľąħXTHqŴś

Ɛ.�%(ǜŒ;āĖ�7ƺ.ŐūƐ/ƂĂ¿.#9-ƎÃ�A(,])�A[ƎÃƈ�.

XTHqGK|/ƈCŲ)ŻŽ�]�*)Ăŉ-ı±�]�*1±Ŗ][108])�.ı±ſ/

pH1ȶ�-óȗ.ExLwȘĊ(�):Ƒ-LwHq1ȶƇĕ-Ó6A(,][110])�.#

9ƈı±ſ�[ľąħXTHqCÔƥȡÆ�]#9-/(ȶ,XTHqȑİħ*ExLw

ǐħCĲ'ÔƥŔ1ģǩ)+]) 

 

1.5 kxTE|jx~ȳ��-��]ÔƥŔ*�(.Ŧȋǲǰĳș 

� kxTE|jx~ȳ��/Ŧī�]ȘĊGK|!.ǅīů-=?ĄǸ*,]ÔƥǼ.Ô

ƥĂȗ$�),�(ûýħ:ð¿� ]�*1±Ŗ])œǷŁ)ƥơ�#E|scE²÷*

XTHqGK|/Ɯ,]ÔƥRG`*ÔƥTV^qCĲ'#9(!A"A.ơƞ-Ĥ�(

Ŧȋǲǰ1ģǩ)+])�A6)kxTE|jx~-Ą�(E|scEMVÔƥþȴCǢ

&#Ƨƴ�/èÕ�A(,,,1(E|scE²÷/Ð�Ťħ²÷)+]Ų*Ðŧ-.Ȕ
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�RG`*ƵȤRG`-Ôƥ�A]*Ǐ[A])�Ņ(XTHqGK|/GK|�Ĺ-=?

ƵȤRG`3*Ôƥ�A]*Ǐ�[A(,])6#(kxTE|jx~ȳ��/ȘĊGK|

;ǅīCȑİ�]�*)(ûýħ1ð¿�]�*1Ʀ[A(�?(ĄǸ*,]ƕë�)�Ƙ

Íǒ,Ôƥ¸Cǲǰ�]�*1Íǒ)+])��-ǳǄCȆ4])�

1.5.1kxTE|jx~ȳ��-��]²÷ÔƥRG` 

� MOF *Ðŧ-kxTE|jx~ȳ��-/ó��²�((2 '.²÷ÔƥRG`1ùâ

�])1 '/ȘĊ*Ȕ�÷1Ŧī�]ƷŅ�.®ȓƵȞ)+]ƵȤRG`(interstitial site))

+?(:��Ņ/lNRTEeȘĊGK|.ŬȢ-ùâ�]Ȕ�RG`(vacancy site))+]) 

� ƵȤRG`/ǁ 0.5 nm.iy~q-Ý6A#ƵȞ)+?(Ų²÷;XTHqƺ.ȣGK

|CÊ?ȃ8�*1Ʀ[A(,] [22, 23, 36])ƵȤRG`.ŀ/Ŧȋ. 1 uc]`Xx

(4{AxM !+�[M’"�(CN)6]1-y}	
 ě? 8')+?(M !+�[M’"�(CN)6]1-y� 1'+#? 2'.ƵȤRG`

1ùâ�] (Þ 1-5(a))) 

� Ȕ�RG`/lNRTEeȘĊȕGK|[M’"+(CN)6].ŬȢ-ùâ�]ȘĊGK| �!�.²

÷ÔƥRG`)+])Ȕ�RG`/ Lewisȕ*�(¦�#9(Ȕ�RG`-Ôƥ�A#Ų²

÷/�ȓkz`|CǔȨ�(ŲÐï.d]`{~PC��(ư¾±Ŗ]�Þ 1-6))�.#9

kxTE|jx~ȳ��/kz`|�ĆCƭ�(�):ěƧƴÿ�[/ V[Cr(CN)6]2/3Ȼ

4.8H2O 1Ǿkz`|�Ć*ƫ¿.ƣȟƓǸ)+]Vh|GKcPVCƭ��*CèÕ�(

,]����	)�

�kxTE|jx~ȳ���.Ȕ�RG`.ŀ/lNRTEeȘĊȕGK|.ŬȢŀ�[

ƽÂ-ų9]�1±Ŗ])lNRTEeȘĊȕGK| 1'-/ȘĊGK| M’"�*ǇÏ�] 6

'.TEeç1ùâ�]#9(kxTE|jx~ȳ��- 1 '.lNRTEeȘĊȕGK

|ŬȢ1±Ŗ#éÏ-/(6 '. M!+3.Ȕ�RG`1Ɩī�A](Þ 1-5(b)))�.#9ǅ

ī�[Ȕ�RG`.ŀ/ǪƳ]�*1Íǒ)+?(ŬȢŀC y *�]*Ȕ�RG`.ŀ/

6y£*ǥ��*1)�]) 

�kxTE|jx~ȳ���.Ȕ�RG`*ƵȤRG`.ŀ/ǅī-=?ǥ��*1±Ŗ

])ƵȤRG`C SInt�� Ȕ�RG`C Scor *ǥ�*(kxTE|jx~ȳ���



�     �

(AI
xM!�[M’!+(CN)6]1-y�

 " !!%oÃ�$�?8G$Ã%�AI
xM"�[M’!+(CN)6]1-yX(2-x)SintX6yScor

!Ĩ��!, �3��4#02�ČŎ?8G!Łi?8G6�/��7WQI7x�$�

Ă£Ń6�y��3�-#%�7U;Tń©8:W6�*�(x = 0)�[M’!	
  (CN)6]$àŌ(y)6

���,LU@7WKUYŕhk6Įĭ�4&ĥ
�!,5+3�x = 0$!�Œâþ^·

$Óe#02�� %ř�$ń©8:W$oÃ"(>0)!!(>0)#0�� y = (6 -�" �- !)/(6 -�!)�!

Ĩ��!, �3��$�-[M’!+ (CN)6]$àŌ � !Łi?8G6Í���3�-#%�0

2§�"oÃ"!!6¾�ń©8:W6ŀ)&ĥ
� 

1.5.2 LU@7WKUYŕhk#
�38:W�Ă?8G 

� LU@7WKUYŕhk%ČŎ?8G#7U;Tń©8:Wđ$ō8:W6Î��
2�

�$ČŎ?8G$ō8:W!ãîê^$ō8:W!68:WbÁ�3�!,ă14�
3

[112]�B@9P8:W.�Ü#8:WbÁ#02�2Ĺ*43�!+1��$�Ă£Ń%L

U@7WKUYŕhk AI
xM"+�[M’!+(CN)6]1-y^$7U;T8:WÃ x#02ä¡�43!Ğ

)143�LU@7WKUYŕhkv$Œâþ^·6q��-#7U;Tń©8:W,Č

�v#�����$Ã6Ŀĉń©8:W$oÃ" �!![M’!+(CN)6]$àŌÃ y 6ø
�Ĩ�

!�x =�(! - 6)y + 6 -�" - !!"3�ZĤþ#! %�6d] 	3�!+1�y = 0�$!�#�L

U@7WKUYŕhk^$7U;Tń©8:WŃ � %Í�!"3��$0�#8:WbÁ

�¶£Ń6�y��3�-#%�� [M’!	
 (CN)6]àŌ,"
(y = 0)Ěº$LU@7WKUYŕ

hk6�º�4&ĥ���$!�$7U;Tń©8:WŃ x = 6 -�" -  ! 	3�n)&" = ! = 

2, y = 0$!� x = 2 	2��$!� A2MII[M’II(CN)6]%�RIEGBU^$ČŎ?8G�

)�#Ř�$7U;Tń©8:W,s3ĭĒ!"3� 

1.5.3 LU@7WKUYŕhk$ÛĽ ¡· 

�LU@7WKUYŕhk%ń©8:W6ĝÁ�3�!#0��ÛĽ ¡·,���3�

-�ÿþ#¶�� ¡"ÛĽ6ŀ(�!,�Ġ 	3�¤ķ!"3x�/8:W6 ¡��

�Ă�3�-#%��Ă¤ķ!"3÷�^ LU@7WKUYŕhk$ÛĽ,�4� ¡

 	3µĩ,	3�n)&ãîê^ LU@7WKUY%(Fe[Fe(CN)6]1-y)%±7U;T·$

ãîê^ xī���*��!,ă14�
3[113]��4#¤���LU@7WKUY$ CN

�$čĘ,Łi�� FeIII 6 CoII / ZnII #�����ŕhk AxCoII[Fe(CN)6]1-y /



� ���

AxZnII[Fe(CN)6]1-y %02±7U;T·$ãîê^ . ¡ 	3�!,ă14�
3
[113]�

�$0�#LU@7WKUYŕhk%ľy"ń©8:W6ŀ¼�3�!#02�mø÷�

#ğ)3ÒÅ6¢ö�3�!,�Ġ 	3� 

1.5.4 ĕ²|´#03�Ăļ¯�y 

� <A�ĂÒ/8:W�ĂÒ!��6¢ø��3�-#%��Ġ"Ŋ2ļ
�Ăļ¯6¾

�ÒÅ,Ï*�
��Ă6�-��¶ļ¯$�y#%��¶úŔ 	3ĨŔ$ŔĊ6�y�

�3�!,Î~ 	3�ĕ�$��#%áĨŔĊ%ĕ�²#�án�3�-�HJĕ��#

02�Ăļ¯$�y,�Ġ 	3!Ğ)143�HJĕ�$�ºÇå$Z�!��N8>

VO=?Y�ºå,ă14�
2��4%êĀ�ºå#

��îê6�² 1 mmd]$ē

$^ ì��3»å 	3�¢ŏ�Îßń©ÛĽk$Z� 	3 ZIF-8 (Zn(2-MeIM)2)%N8

>VO=?Y �º�Ġ 	2��ºÊ$èļ$�}#g
�ĕ²,í¨�3�!,���

4�
3[114]��Ü#��LU@7WKUYŕhk#

�.�N8>VO=?Y#03H

Jĕ��º,�Ġ 	3Ğ)143,��4* ��n%ñ+��� 

1.6 ţİ 

 Ñąċ %âĀ+1$7WQI7x��Ă@AFP$īÉ!ê^+1$B@9P�ĂĠ

�y6ÿþ!��LU@7WKUYŕhk$Įĭ6Ħ���d]#Ĳę6Ļ)3� 

1.6.1PuneP�ĨNţÔ,1js[Puis7đĆċ¯ 

� LU@7WKUYŕhk#

��7WQI7%Łi?8GÃ!ČŎ?8G#�Ă�3

!Ğ)143�ÑĵÄ %ü"3(M"+, M!	
 )$Ě+�5�#02�Łi?8GÃ$ü"3L

U@7WKUYŕhk6�º����41$Łi?8GÃ!ČŎ?8GÃ$�ĭ!7WQ

I7�ĂŃ!áĸ���Ă@AFP6É1+#�3�!6ÿþ!��� 

1.6.2 ń©ĝÁ#03ãîê^ $ ¡·�y 

  LU@7WKUY(AxFeIII[FeII(CN)6]1-y),xī���*�±7U;T·ãîê^ .� ¡

��B@9P6�Ă�Ġ"LU@7WKUYŕhk$�º!İo6Ħ����ĂÂ¥·B

@9Pŋ×$¤ķ$Z�#�Â¥·B@9P6�,ò�ð6ã æé��ò�ð½wê,



� ���

	2��4%±7U;T·6ć��ð½wê^ . ¡��B@9P8:W6�Ă�Ġ"L

U@7WKUYŕhk$�º!İo6ÿ¿��� 

1.6.3 HJĕ��#03�Ăļ¯$�y 

� LU@7WKUYŕhk%ĕ�²6í¨���áĨŔĊ6����3�! �Ăļ¯6

�y��3�!,�Ġ 	3!Ğ)143�ÑĵÄ %�LU@7WKUYŕhk6N8>

VO=?Y�ºå#02HJĕ�����Ăļ¯$�y6ÿ¿��� 

1.7� �Ď$Úĩ 

� `Ď %x��Ă?8GÃ$ü"3LU@7WKUYŕhk6�º�ã,ď��"
Ė

#
�37WQI7�ĂĠ6Ùį���xĎ %`Ď!�Ü$ÒÅ#�
��ã,u��3

Ė $ã�ô¹$LU@7WKUYŕhk$7WQI7�Ă#�
�Ļ)3��Ď %0

2¢ø�6¸Ķ��êk+1$B@9P�Ă$�-$LU@7WKUYŕhk$�º!�

$İo#�
� 2n6�2y�3�Ř�ÿ#ò�ðæéã$0�"ŗ
�ï¯! pH$^ 

. ¡"aŅLU@7WKUYŕhk 	36�º��¢ŏ$ðæéê+1$Â¥·B@

9P$�Ă6¢į���2�ÿ%HJĕ��#03�Ăļ¯$�y 	3�Æ�"�º»å

 	3N8>VO=?Y�ºå#02LU@7WKUYŕhk$HJĕ�6�º��È�

$»å �º��ĕ�02.�Ăļ¯6�y��3�!6ÿþ!��� 
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�

� � 1-1 (a)ń©8:Wň$@7JÖÞ�(b)M=?@7Jņk([M’(CN)6])� 

� (c):>D@7$ņk([M’(CN)8])$Ý°� 

M N C M’

(a)

(b)

(c)

M’
CN

M’

C

N



� �	�

� �

� � � � 1-2 LU@7WKUY(Fe4[Fe(CN)6]3ś14H2O)$ÛĽÝ°��Ĕû$�- 

� � � ČŎ?8G$ãx�%āû��� 

� �

FeIII

FeIII

FeII

N

C

C

N

1.02 nm
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�

� � � �1-3 (a)MOF-746Ûº�3Łi�2,5-dhydoxyterephthalatic acid 8phenylene ringN 

� � � Į�,ī*N�Ī,1ŉxÒ8(b)MOF-74=±ïÀĔ 

OHO

O OH

OH

HO

O OH

OH

HO

OHO

OH

HO

O OH

OH

HO
OH

HO

OHO

OH

HO

…

(a)

(b)
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� 1-4 CaCl2! Ca(NH3)8Cl2$ěËÛĽ�ãĘ��%Ĕû$�-āû�� 

 

�

4CaCl2

Ca

Cl

4[Ca(NH3)8Cl2]

0.337 nm3 1.346 nm3

Ca

Cl

N

NH3���

1.
52

 n
m

0.
84

0 
nm
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� � 1-5 (a)LU@7WKUYŕhk#
�3ČŎ?8G(interstitial site)! 

� (b)[M!+’(CN)6]$àŌ#���3Łi?8G(vacancy site)$Ý°� 

  

4(M[M’(CN)6])

M

M

M’

N
C

C
N

�
�	���8������	

4(M[M’(CN)6]) 4(M[M’(CN)6](1-1/4))

M

M

M’

N
C

C
N

M

M

M’

N
C

C
N

[M’(CN)6]�����

[M’(CN)6]

[M’(CN)6] �������
��	

(a)

(b)



� �
�

�

� 1-6 LU@7WKUYŕhk#
�3ãx�6c��LVGWf¦ßÛ$Ý°� 

� �

M

C
N

M’

O
H

H

H

O
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ĐxĎ�ã�LU@7WKUY#037WQI7�Ă�

ÑĎ#�
�%�Ś®dv#Őĳđ zĦ_¡$�-�œtŇ  

� �
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����')$"*&)+
��� !%$#(���

řð;5�6>49ńwĿ;ÍØĹ7�ÃŪį=1E4Ŏ¼� 

� �
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�

� řµ�7>[Pf�£«ÌĜ=�P4js[Puis7źÚĜ(AxM[M’(CN)6]1-y)Nµ�ĝ

ó8,64�Ĩĝó;ı,1�ĨË=ÅĆ8ő�Nţİ8,15js[Puis7źÚĜĿ

œ;ŉxZRd8¨ƁZRd= 2 5ZRdNÛP4§ĖRTuGđĆNŕ K(87(i

I=ZRdāGvįąNŕ�*/K(8#êűK5Ç�§ĖRTuGđĆ#y:Kjs[

Puis7źÚĜNÅĆ,4PunePV]8ÿŮ~ĩ=^[SmRTuN�Ĩĝó8,

6ő�NÃ415 

� ġŁð7>şÿ÷Ğ=js[Puis780=źÚĜ4PB: K0.23Fe[Fe(CN)6]0.74, CuHCf: 

Cu[Fe(CN)6]0.50,� CoHCC: Co[Co(CN)6]0.60 NÅĆ,4PuneP�ĨŸN´ò,15�js

[Puis7źÚĜ>Óō=�ĨËNô�K�ĨŬŸNÞ,6!g4ľ; CoHCC > 21.9 

mmol g-18�Ę=PuneP�ĨË=ĩ7ÉFÄ�ģNÞ,15(i>ŉxZRd8¨ƁZ

Rd#ď6PunePŚC41É=Ųż�ĨŬŸ 23.5 mmol g-1= 93%7�g41 bar;!�

6PuneP# 25=�ĨZRdNABŚE6�K(8NÞÈ,15(=8$ CoHCCĿ=

PunePŝĶ> 436 g dm-38Ŏö;Ä% 8.5 bar=~ĜPuneP=Ŧ 7�=PuneP

N 1 bar7�Ĩ�ņ7�K1E4PuneP�ēËŶ8,6Ŏö;ŧŘ7�K8Â IiK5

*I;Ŏ¦ąŔÒ7�KħĐV]8¦ąŔÒ7�KÿŔÒNů�64CoHCC=¨ƁZRd

8ŉxZRd=��ĨZRdāN´ò,18(jŲżģ8ŷ%{ĥ,15C1Ý�ĕį8

FTIR ]kWdsŕ�"I4PuneP�Ĩ;HKYgsdRTu=ĵÒ÷Ğ=ŕ�#ÞÈ

*i4�ëİ;FŎö;¤Ŝû�µ�ĝó7�K(8#šI";:415 

� ġÎð7>ġŁð8ļŭ; PB, CuHCF, CoHCC =ÿŽ÷Ğ7=PuneP�ĨņN´ò

,15FTIR =±�"IÿŽ÷Ğ=js[Puis7>{Ķ�Ĩ,1PuneP;ĝ,6ÿ

"IjtduNŒ�*/K(874PuneSmRTu@8ŕ�*/K(8#ÞÈ*i15

ÿŽ÷Ğ=js[Puis7źÚĜ>ÿŽÿ"IjtduN�ų*/4jtduĳĽĜ8

,6Ļ%(8#ĤIi6!g4PuneP@=jtduŒ�Fļŭ:�À7Ļ�6�KF

=8Â IiK5ÿŽ÷Ğ= PB >Ŏö;�ŋ: 0.015 ppmv =PunePĘÊ�;!�6



� ���

Fœ¬#ŗ
Ŕŉªā 6.8 × 108 mgas
3 mPB

-36ć��ñãô¹$LU@7WKUY$xŁp

Ã 3.6 × 105 mgas
3 mPB

-302. 3Ødy��
��4%�Ă�4�7WQI7,jtduŒ

�;HgPuneSmRTu8,6vįİ;js[Puis7źÚĜĿ;ĘÊ7$K1E

8Â IiK5C14PuneP 1 ppmv7=;SPıŖ$ěÕ+1�LU@7WKUYŕ

hk%ÀĬÊňė 2 msec!
�œ¬#Ą
Êň 90%dy$7WQI76�Ăŋ��Ġ 

	3�!,É1+#"���*��7WQI9P8:W!���Ă�4�7WQI7%«ł

#02Ĝ2ĺ�ġő�Ġ 	2�ã�ô¹$LU@7WKUYŕhk%jï¯÷�]+1

$7WQI7�Ăŋ�$�-$ÒÅ!��Î~ 	3�!,ć�4�� 

� Đ�Ď %ãîê^B@9P8:W�Ă6ÿþ!���±7U;T . ¡"LU@7

WKUYŕhk$ KZnHCFðŋ×#
�3Î~·!�N8>VO=?Y#03 KCuHCFH

Jĕ��º
0'�Ăļ¯$�y6ć���KZnHCF(K2Zn3[Fe(CN)6]2)%LU@7WKUY

,xī���*� pH 10 dy$îê . ¡��B@9P6�Ă�Ġ 	2�C:S8G

02.ŗ
B@9Pŀ¼·6.��!,x+���*��K2Zn3[Fe(CN)6]2$B@9P�Ăß

Û%;T9P!$8:WbÁ�¶ 	2��$­ħ¡Ã% 71.6 !Äõr!ZĢ���¢ŏ

#ĈªùÔ$ò�ð+1½w��Â¥·B@9Pîê6ø
��K2Zn3[Fe(CN)6]2 #03�

ĂıŖ6Ħ����$ŏ$�ĂŃ%8:WbÁ�¶#02ĪĊ.��r!ZĢ��

K2Zn3[Fe(CN)6]2 %ðæéê+1$Â¥·B@9Pŋ×#œ¬#Î~"ÒÅ 	3�!,É

1+#"���*�B@9P�Ăļ¯$�y6ÿ¿��N8>VO=?Y�ºå#02

K2/3Cu[Fe(CN)6]2/3$HJĕ��º6Ħ���¢ŏ#N8>VO=?Yå �º��ĕ�%È

�$Çå lº��.$02.ĕ²,§���B@9P�Ăļ¯$�y,ĆĴ�4�� 

 dy$0�#�Ñąċ %LU@7WKUYŕhk6ąċ¤ķ!���7WQI7<A�

Ă!ãîê^+1$B@9P8:W�Ă#ŉ�3ąċ6Ħ��� �41$0�#ÿþ#¶

���ĂĠ/ ¡·$�y%�LU@7WKUYŕhk$Įĭ�Ü·6ç+��ąċ 	

3!
)3�ó#7WQI7�Ă%LU@7WKUYŕhk#¤��{-�Ħ54�ąċ

 	2��Ă#03Œ�ô¹��đ6�-�Ì"3ýĪ,Ð³ �3œ¬#ģ�ë
ąċ

¤ķ 	3� 
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