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ABSTRACT

Vanadium is an essential element, which exists in all organisms at low

concentration.  Nevertheless, it plays a catalytic role in metalloenzymes like

haloperoxidases and nitrogenases.  Equally important, however, appear to be

vanadium’s multiple and complex roles as inorganic cofactor, sustaining diverse

physiological activities in lower and higher organisms, including humans.  Most

notable among such activities are its antitumorigenicity, mitogenicity, and inhibition

of key metabolic enzymes such as phosphoglucomutases and others.  Outstanding

among the various effects vanadium can exert is its ability to promote insulin mimetic

activity in the pathophysiological state of diabetes mellitus in humans.

The wide spectrum of activities exhibited by vanadium undoubtedly arises as a

result of complex interactions of the metal ion in its predominant oxidation states 4+

and 5+ with a plethora of high molecular as well as low molecular mass biomolecules.

Of the low molecular mass bioligands interacting with vanadium are carboxylic acids,

representative of which are citric acid and malic acid.  The citric acid is present in

human plasma at high concentration (0.1 mM), thus being capable of promoting

interactions with various metal ions, like vanadium, potentially modulating a plethora

of metabolic functions.   Also another important physiological ligand is the hydrogen

peroxide.

The way that was selected to be realised the study of interaction of vanadium

with this molecules is the synthetic approach. Aim of this approach is the

determination of soluble and bioavailable species, their complete structural,

spectroscopy and potential characterization, and the cross-correlation of structural,

spectroscopic attributes of these species with their potential biological action.

  Therefore for the comprehension of biological action of vanadium, was

studied a) the binary systems: V(IV)-citric acid, V(V)-Citric acid, and b) the ternary

systems: V(V)-citric acid- hydrogen peroxide and V(V)-malic acid - hydrogen

peroxide.  From these studies were resulted vanadium species, that were characterized

structurally, spectroscopically and electrochemically.

 Moreover, for the vanadium V(IV, V)-citric acid and vanadium V(V)-citric

acid-hydrogen peroxide systems, took place studies of the chemical reactivity of

vanadium species as for a) the pH, b) the effect oxidant reagent and c) the effect of
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temperature.  The results of this study were a) the connection of vanadium species of

a system among them and b) the connection of different oxidation state vanadium

species.  Thus, it was resulted speciation diagram that shows how the vanadium

species are converted as the pH changes and as the oxidation state of vanadium

changes.  Similar chemistry is likely to take place in the biological systems.
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O

O-

O-

V

O

-O
O

O
-O

 4

1 2
3
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1.4    

.  

 0.014%, , 

.   22 , 

, .  , 

, .11

 70 .  

 ( 2(UO2)2(VO4) 3H2O, o 

(V,Al,Mg)2AlSi3O10(OH)2),  o  (Pb5(VO4)3Cl).  

, 

 2- 300 g/L (  1).3,12

 4%), ,  +4.  

 VO+2

.3,11,12 , 

.  , 

0.4   0.7%.

, 

   20-30 nM. 

 (0.02-1

nM).13  

2VO4
-, VO4

2-.

 (0.001-0.002 ng/m3) 

, 

.  

.3
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1.5   

, , , 

, .  , 

, .  

, , 

.3

, 

, .  

, , , 

.  ,  V2O5

.  

.2

, 

.   , 

  

.3

 1

2.5 mg/m3

0.5 mg/m3

90 mg/Kg

160mg/Kg

,

 ( , )

150mg Kg-1

, >  1g Kg-1
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1.6   

1.6.1

1.6.1. V-

.  

,  H2O2

:
-  +   2 2  +  R-H  +  H+ à  R-X  + 2 H2O

, 

, (V-BPO, V-IPO) ,

 V-  (V-CPO), 

, .4,12

 V-

 (5+).  

, 

 (b ).  To  V-ClPO 

, 

 (  5).4,13

 5:  V-CPO ( )  V-CPO (b)
b
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, 

 (  6).7

 6:   V-BPO  V-CPO

1.6.1. V-

 V- , 

, ,  V.   V- ,  Mo- ,

 Fe-

:

N2 + 12e- + 14H+ + 24 ATPè 24ADP + 24 Pi + 2NH4
+ + 3H2

 (

Azotobacter chroococcum), .12

 V-  (4Fe-4S)  V-

Fe .   V-Fe 2 2 2.
5,7,12,14

 V-Fe 
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 ATP.15  H   

 V-Fe  (  7).

 V-Fe , 

, o  Mo-Fe

.  

.   nifV, 

, .  

 N2, 

,   

.16  , 

.17

1.6.2   

1.6.2.   

  ,  

, .  

 107  (

2VO4
-).5  , 

,  (

 7: )  V- )  V-Fe 16

)

)
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 0.15 )  ( ).  

,  V(III)  V(IV).3,5,7,18

,  tunichromes.  

) 

) 

, .

  

,  Pseudopotamilla Occelata.  

   350-

1200 g/g.  

 V(III).    O 

.19

1.6.2.    & 

   , ,   , 

,  

 (Amanita Muscaria), 

 (  325 ppm), .  

, .  

 V(IV) 

  - - 2,2- .  

.  , 

.5,7,12,20

.
 2

Up to  2g Kg-1

0.2-10  g L-1

  0.1-1 

  Up to 1g Kg-1

2mg Kg-1

0.1-5  mg kg-1
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1.6.2.   

.  ,

 0.5-140 ng/g .   100-200 g 

, 

 20 nM. 21

,  (  3).21 H 

 10-60 ng .  

 (  40 ng) , 

.22

V(V),   

.   90% 

.   

 V(V),  

 V(IV).  To  V(V) 

,    V(IV) 

, ,  NADH, 

.  , 

,  V(V) .  

V(V)  V(IV), 

.   V(V) ,  

V(IV) .22,.23

 3

   (ng/g)

3.5

110

3

7

30

,  40
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1.7   

1.7.1

, 

, 

.  , , 

 V(V), 

.  

, .

, 

, , .

  

, 

 (  8).7,24

E O V

OH
O-

OH
OH

1.7.2

.  , 

, , 

.  .

, 

.  , 

.  

.  , , 

, 

.

 8: , 
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, 

.

 3-

.25

1.7.3

, 

.  

.  , 

,  (EGF)

 (fibroblast).  ,  in

vitro 

.1,25

, 

, 

.26

1.7.4

, , 

.1,7,21,  

.  

.  

, 

.  

 (

) .

 (Diabetes mellitus) 

.27  

.  , 

.28 , 
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, 

.29

.   I  ( )

.  , 

.   II ( ),

.30  

, ,

.31

1.7.4.   In  vitro 

.  

1899,  1921, VO3

.  in vitro 

, 

1979.21,32,

, 

.

, , 

, -2,6- .

, -6- ,

.  , 

.  ,

.  , 

.21a,33
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1.7.4.  In vivo 

,

 2-5 , , 

.21

.21,33

10-15  2-3 .21

1.7.4.
, 

.  

, 

.  ,

.  .  

, .  

.  

, , 2 2,

.  , 

.  

, , .

,  (

).34

.  

 9.  ,  

.  , 

V(V) ,  ,

PTP ,  .21a,35
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 MAP-  ( ), 

.21a,

 ( ) .  , 

 PI3-K, 

.21a,32, 34a

 9:
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1.8

, 

, 

).1

.  

 13.5mg –22mg V/ ,

, , .21a. 22,26b

, 

, .  

, 

 V(V),  V(IV) 

.  , 

.1 , ,

,  (∼ 1 mM),  (∼ 0.1-0.001 mM)

.36

.  

 (

).21a,23, 26b
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1.9

, 

.     (

) , 

, , ,

.  , 

 V( V) .

, 

.  , 

.  ,  V(V) 

, ,  NADH  V( V) 

 V(III).   V( V), V(III) 

 V(V) (  10).37

V

V

V

O
O

N
O

OH2

OH

H2O

V

O
O

N OH

L

HO

Ox.
V

O
O

N OH

L

HO

L

Vanadium(III)Vanadium(IV)Vanadium(V) VVV

other
reductants

IntracellularExtracellular

V

O
O

N O

OH2

H2O/O2

GSH
V

O
O

N OH
O

S

O
HO

GS-SG

V

O
O

N OH

OH2

HO
and/or

V
O

N OH2

S
OH

HO HO

O

Ox./H2OV

O

HO O

OH

 10
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 V(IV), V(V)  V(III) 

.  

.

 4

630 

37 

1.10 mM

99.0 

1.51 mM

9.20 mM

 (pH=7.4),

 10  ( ), 

 V( V) 

 68%, , 

 20-32 %.  , 

90%.38



 1                            & 

25

1.10

1. Moriville, A.; aysinger, D.; Shaver, A. TIPS 1998, 19, 452- 460.

2. Reheder, D. Metal Ions in Biological Systems; Sigel, H. and Sigel, A., Eds.;

Marcel Dekker, Inc.: New York, NY, 1995; Vol.31; Chapter 1, pp.1-5.

3. Crans, D.; C.; Amin S.; Keramidas, A. Chem. Biochem., Part 1, Vanadium in the

Environment 1998, John Wiley & Sons, Inc., 74-95.

4. Djordjevic, C.; Lee-Renslo, M.; Sinn, E. Inorg. Chim. Acta 1995, 233, 97-102.

5. Rehder, D. Biometals, 1992, 5, 3-12.

6. Kaim, W.; Schewederski, B. Bioinorganic Chemistry: Inorganic Elements in

Chemistry of Life; John Wiley & Sons Ltd, 1994; pp.233.

7. a) Crans, D. C.; Smee, J. J.; Gaidamauskas, E.; Yang, L. Chem. Rev. 2004, 104,

849-902.

8. M. Krauss, H. Bash, J. Am. Chem. Soc., 1992, 114, 3630-3634.

9. Stankiewicz et al, Metal Ions in Biological Systems; Sigel H. and Sigel, A., Eds.;

Marcel Dekker, Inc.: New York, NY, 1995; Vol. 31, Chapter 9, pp.287-324.

10. Crans, C. Metal Ions in Biological Systems  Sigel; H. and Sigel, A., Eds.;

Marcel Dekker, Inc.: New York, NY, 1995; Vol. 31, Chapter 5, pp.147153.

11. Djordhevic, C. Metal Ions in Biological Systems Sigel H. and Sigel, A., Eds.;

Marcel Dekker, Inc.: New York, NY, 1995; Vol. 31, Chapter 18, pp.595-616.

12. a) Rehder, D. Angew. Chem. Int.Engl. 1991, 30, 148-167.

13. a) Butler, A.; Walker J.  Chem. Rev. 1993, 93, 1934-1944, b) Wever, R.; ustin,

K. Adv. Inorg. Chem. 1990, 35, 81-111, c) Butler, A. Curr. Opin. Chem. Biol.

1998, 2, 279-285, d) Litlechild, J. Curr. Opin. Chem. Biol. 1999, 3, 28-34.

14. Eady, R.; Leigh, J. J Chem. Soc Dalton Trans 1994, 2739-2747.

15. Smith, .; .; Durrant, M.; Fairhurst, S.; Gormal, C. A.; Grönberg, K. L. C.;

Henderson R. A.; Ibrahim, S. K.; Gall T.; Pickett C. J. Coord. Chem. Rev. 1999,

669-687.

16. Dieter, R. J. Inorg. Biochem. 2000, 80, 133-136.

17. a) Grönberg, K. L.; Gormal, C. C. A.; Durrant, M. C.; Smith, B. E.; Henderson,

R. A. J. Am. Chem. Soc., 1998, 120, 10613-10621, b) Picket, C. J. J.B.I.C.,

1996, 1, 601-606, c) Coucouvanis, D. J. Biolg. Inorg. Chem. 1996, 1, 594-600.



 1                            & 

26

18. Garner, D.; Armstrong, E. M. J. Inorg. Biochem. 2000, 80, 17-20, b) Bulter, A.;

Carrano, C. Coord. Chem. Rev. 1991, 109, 61-105, c) Michibata, H.; Uyama, T.;

Ueki, T.; Kanamon, K. Micr. Res. Techn. 2002, 56, 421-434.

19. Ishii et al., Metal Ions in Biological Systems; Sigel H. and Sigel, A., Eds.;

Marcel Dekker, Inc.: New York, NY, 1995; Vol. 31, Chapter 14, pp.491-509.

20. Bayer, Metal Ions in Biological Systems; Sigel H. and Sigel, A., Eds.; Marcel

Dekker, Inc.: New York, NY, 1995; Vol. 31, Chapter 12, pp.408-421.

21. a) Brichard, S.; Henquin, J. TIPS 1995, 16, 265-270, b) Sakurai, H.; Fujisawa,

Y.; Fujimoto, S.; Yasui, H.; Takino, T. J. Tr. Elem. Exper. Medic. 1999, 12,

393-401.

22. Nielsen, F. H. Metal Ions in Biological Systems; Sigel H. and Sigel, A., Eds.;

Marcel Dekker, Inc.: New York, NY, 1995; Vol. 31,  Chapter 16,  pp. 543-573.

23. Mukherjee, B.; Patra, B.; Mahapatra, S. Banerjee, P. Tiwari, A. Chatterjee, M.

Toxicology Lett. 2004, 150, 135-143.

24. Stankiewicz, P. J.; Tracey, A. S.; Crans, D. C., Metal Ions in Biological Systems;

Sigel H. and Sigel, A., Eds.; Marcel Dekker, Inc.: New York, NY, 1995; Vol.

31, Chapter 9, pp.287-324.

25. Stankiewicz, P. J.; Tracey, A. S., Metal Ions in Biological Systems; Sigel H. and

Sigel, A., Eds.; Marcel Dekker, Inc.: New York, NY, 1995; Vol. 31, Chapter 8,

pp.249-285.

26. a) Djordjevic, C. Metal Ions in Biological Systems; Sigel H. and Sigel, A., Eds.;

Marcel Dekker, Inc.: New York, NY, 1995; Vol. 31,  Chapter 18, pp.595-616, b)

Evangelou, A. M. Onc. Hem. 2002, 42, 249-265.

27. Zimmet, P.;  Alberti. G.; Shaw J. Nature 2001, 414, 782-787.

28. Etcheverry, S.; Crans, D.; Keramidas, A.; Cortizo, A. Arch. Biochem. Bioph.

1997, 338, 7-14.

29. a) Brownlee, M. Nature 2001, 413, 813-820, b) Schechter, M.; Merz, N. J. Am.

Col. Card. 2000 35, 300-307, c) Gispen, W.; Biessels, G. TINS 2000, 23, 542-

545.

30. Mathis, D.; Vence, L.; Benoist, C. Nature 2001, 414, 792-798.

31. a) Sakurai, H.; Kojima, Y.; Yoshikawa, Y.; Kawabe K.; Yasui, H. Coord. Chem.

Rev. 2002, 226, 187-198.

32. Schecter, Y.; Goldwaser, I.; Mironchik.; Fridkin, M.; Gefel, D. Coord. Chem.

Rev. 2003, 237, 3-11.



 1                            & 

27

33. Orvig, C.; Thompson, K. H.; Battel, M.; McNeil, J. H. Metal Ions in Biological

Systems; Sigel H. and Sigel, A., Eds.; Marcel Dekker, Inc.: New York, NY,

1995; Vol. 31, chapter 17, pp.575-594.

34. a) Saltiel, A. R.; Kahn, R. ; Nature, 2001, 414, 799-806

35. a) Moller, D. E. Nature 2001, 414, 821-827, b) Hulley, P.; Davison, A.; J. of Tr.

Elem. Exp. Med. 2003, 16, 281-290.

36. Rehder, D. J. Bio Inorg Chem. 2002, 7, 384-396.

37. Rehder, D.; Pessoa, J. C.; Geraldes, C. ; Margarida, M.; Castro, C. A.; Kabanos,

T.; Kiss, T.; Meier, B.; Micera, G.; Pettersson, L. Rangel, M.; Salifoglou, A.;

Turel, I.; Wang, D. J. Biol. Inorg. Chem. 2002, 7, 384-396.

38. Kiss, T.; Kiss, E.; Garribba, E.; Sakurai, H. J. Inorg. Biochem. 2000, 80, 65-73.



28



 2                      & 

29

2

 & TO 

2.1

.1  -

  , 

.  

  ,  1.  

 pK  3.17, 4.77,  5.19, 

 pK : 3.40,  5.11.

, 

.  , ,

.

 1: , .  

, 

, .



 2                      & 

30

2.2

, .  

.  ,

.  , 

, .

, 

 0.1 mM2,   0.3%.  ,

 (blood-brain

barrier).

, .  

, 

.  

Krebs, .3

.   Krebs ) 

 ( ), , ) 

, , 

.  ,

, 

, 

,  (CoA).   CoA 

.

, 

 (  2).  

.  , 

, 

.  

.  ,
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.   NAD

 NAD+,  FADH2

 FAD.

, , 

, .  

 ATP .

,

, 

-CoA, 

, , 

.

1-

Cis-

 CoA

 &
 & 

-
CoA

 2
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, 

.   , 

.  

 –CoA.  To 

,  (

), 

.3c

,  nifV- , 

.   nifV-   

 nifV , 

.4

, 

.  

 ( ).3c  

 Fe-S.  o 

,  Fe-S  (  4).    

.

-CoA
-CoA

NADH

NADPH

 3: -CoA 
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H 

.  )

, ) 

  

.   , 

 ( ) .

2.3

  , 

, 

.   , 

, .  

, 

.

, 

.  , 

, l.

 4:
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2.5
, .  ,

, 

.   , 

, 

.  

 ( , , , .) 

 ( . , , .).  

 p

 (  = speciation).  , 

.

, ,

 ( ) .  

, , 

.  

.  

, 

.    

,  (

), .

.    

, ,

, 

, 

.

 (

, 

(V( ),V(IV))  (V( )) , 
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 V(V, IV) 

 pH.  , 

 V(IV)  V(V) 

 pH.   pH  pH

 pK .

, 

, 

, 

, , .

,   

 pH.

, 

, , 

 pH, 

.  ,

  

 pH.  , 

 pH  (

).

, 

, 

,  V(IV) 

V(V) .  , 

 V(V V) 

, 

.

.  , , 

  )  V(IV)  , 

 pH  (  4),  ) 

 V(V) ,  pH

 5),  )  V(V) , 

 pH (  6), ) 
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 (  7).  

 8, 

 V(V),  (

), .   9 

,  10 

.  ,  3 

.
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3

3.1 –

3.1.1

 1895,  Rongen.  

,  10-12 10-9

m, , 

.  

.

, 

.

.  

.  

 (diffraction pattern) 
1
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3.1.2

  .  

.  

, 

.  

  .  , 

 230 .

: 

 (a, b, c)  ( , , ).  ,  

 b  c,  a  c, 

 a  b.  .

, , 

 Bravais (  2).2,3

b   
     

a

c

 1: a , b , c
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  P
a=b=c,

=90

 (P)
a≠b≠c, =90

 P
a≠b≠c, = 90 ≠

 (P)
a=b≠c, =90

 (R)
a=b=c, =  <120 ≠90

 ( )
a=b≠c, = 90 =120

 (C)
a≠b≠c, ≠ ≠ ≠90

 2:  Bravais

 ( )
a=b=c,

=90

 (F)
a=b=c,

=90

 ( )
a=b≠c, =90

 ( )
a≠b≠c, =90

 (C)
a≠b≠c, =90  (F)

a≠b≠c, =90

 C
a≠b≠c, = 90 ≠
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3.1.3  Brag

, 

.  O  Brag, , 

, 

.  :

 = 2d sin

, n 

, d , 

.1

3.1.4

, .  

 103  106 V 

.   0.154

nm, .  

(synchrotron radiation).

.  ,

 3:  d
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, 

, 

.  

, 

.  

 image plates,

multiwire detectors .1,.3

, 

.  

 Fourier, 

.    

.  

, .  

, , 

.  

.  

.1,3

 4:
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3.2

3.2.1

.  

.   , 

.

 (nm)  (cm-1)

  0.78 - 2.5 12800 – 4000

2.5 – 50 4000 – 200

50 –1000 200 – 10

, 

.    ,

, 

, .

 IR, 

.  , 

.  

, , 

3.2.2

, , 

.   

  ,  3 -6 

 3 -5 .  , 

.  , 

.  
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 Rocking ( ), Scissoring ( ), Wagging

), Twisting ( ).4

3.2.3  – ke

.   m,

, 

 k.

 Hooke, , 

:                                            v =
µπ
k

2
1

 k , 

:
BA mm

111
+=

µ

        

Scissoring                                Rocking                 Twisting                            Wagging
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mA, mB

, , 

   = 2

2
1 kx ,  x 

.   x , 

, , , 

.  , , 

:               = ( n +
2
1  ) h v

 v  n 

(0,1, 2, ...).  , 

2
1 hv.   n = 0, = 1/2 hv, 

, 

.

,  Morse (  5).1,2,4,5

                                                                        Morse

 5
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3.3

3.3.1

.  , 

, 

.

.  

 (400-800 nm)  (200-400 nm).

3.3.2  Beer

, 

.  

, max .  

  .  

.  

 Lambert –Beer,  Beer 

:

A = log 








t

o

I
I = cl

, t

 ,    mol-1Lcm-1, 

.

3.3.3

.  
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.  , 

.  

1. π, σ, n

2.   

3. d f

,  n :

σ → σ*

.  ,

à *

.

n → σ*  

, 

n → σ*.  

σ → σ *.  n → σ*

UV/Vis  150-250 nm.
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n → π* π → π*

, 

 n *.   n __> π*

(λmax=290 nm) π __> π* (λmax=180 nm).

d-d 

, 

, , 

.  ,  d 

 ( ).  ,  d

.  

.

 ( max= 103-104 cm2 * mol-1), 

.  

.  , , 

.

3.3.4

, 

.  

, S ≠ 0 ,

 spin

.  

.1,4
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3.4  (NMR)

3.4.1

 (NMR), 

 1946,  Felix Bloch  Edward Mills

Purcell,   Nobel  1952.   

 NMR   ,

.  

) 

, .  

.1

3.4.2
 NMR 

, 

.     spin ( ).

 ( 12C, 16O, 32S )  spins 

,  spin.  ,  ( 1H,13C,
31P, 15N, 19F )  spin .

 spin , 

 Bo,  2 +1

,  Bo.

=1/2 .  

 (spin m=+1/2), 

 (spin m

= -1/2).
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,  spin   

,   , 

 spin :

 =
π
Ιγ

2
h

, , 

, h  Planck.

 :

E =
π

γ
2
h mB

 spin 

Bo, , ωo, 

ωo = γBo

ωo  Larmor, 

, 

:

γ = 2πµ/hI

 6:  spin  Larmor
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  :

 = hvo =
π
γ

2
hBo

, 

.  , , 

.

 NMR .  

.  

Nupper  /Nlower  Boltzmann:

lower

upper

N
N

 = exp 





 ∆Ε

−
kT

 spin, 

, h  Planck, 

, k  Boltzman .   

 o 
lower

upper

N
N

, 

, 

.

,  

, 

 7:  ( =1/2) 
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.  

, 

.

: )  spin- ) 

 spin-spin.  , 

, , 

.  

1.     spin-spin, 

.  

2.

, , 

  t 

.  

 Heisenberg:

≈
t2

1
∆π

3.4.3

,

 Bo.

.  , 

, 

.

, 

   :

B  = (1- )

,  10-5.
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, 

, , .

.

, , , 

.1,4,6

3.4.4 NMR

 NMR 

.  , , 

.  

:

a)  (dipolar coupling)

, , 

.   dipolar

coupling.  , 

, 

Larmor.   z ( z) 

.   ( z1 z2)

.  , 

 1  2   1/r3  (3cos2  – 1),

 8: e
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.

, , ,

 (molecular tumbling) 

.   (3cos2  – 1) 

, .  

 (3cos2  – 1) 

.   

 54.7 .    54.7

 (magic angle),  Magic

Angle Spinning (MAS)  Magic Angle Rotation (MAR).

b) 

, 

.  , , 

.  , 

.

c)  spin-spin

 spin-spin .  , 

 NMR  Double Resonance 

.

d) 

2.

 cross polarization.6

r

z1
z2

 9:
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3.5

(EPR)

3.5.1

 (EPR), 

 spin (ESR), 

.  

 (~1010 Hz), 

.  

: ) 

) .1

3.5.2

 spin  (S = ½ ) .  

, 

), .  

 spin  (S = ± ½ ).  

 spin 

 Bo.

Bo

ms = - ½

ms = + ½
E

 10:  spin 
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 EPR  :

 = g Bo

,   Bohr (0.92 * 10-23 J.T), g

 Lande  2.0023.

3.5..3

 EPR , 

.

 EPR , 

,  g .  

 EPR , 

 g .   g 

2.0023 , 

 10.  

 spin    Spin.

H  EPR 

 (hyperfine structure),  (fine structure), 

 spin-

 (Zero field).

3.5.3.   

  H  spin

 spin.  

 spin ,   2 +1 , .  

.

)  ( ).  

 g ( )  ( ) 

.  

 g  g, gxx, gyy  gzz.

, 

 gxx=gyy=gzz ,  g . 
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g  g||  (gzz)  g⊥ (gxx,  gyy).  

.

3.5.3.  (fine Structure)

.  

.

3.5.3.  spin- 

  

.  .

 spin  orbital .

.  , 

.

3.5.3.  Zero-Field

.  

.  

 spin .

Zero-Field splitting ( FS).  H  ZFS 

 EPR.1,4

3.5.4

 EPR, , 

 spin 

.  ,  EPR :

S = ± 1,  = 0
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3.6

3.6.1

.  

,

, .  

 spin.  

.

.  

 ( ).

, , 

.  , ,

.  

    .

, 

.  , 

.

.  

.  , 

.  

.   

,

.
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3.6.1

.  

.  

  

.  , 

:

.= C/T

 C  Curie.

,  :

.= N.

kT3

2µ

 k  Boltzman (1.38*10-23 JK-1)  N  Avogadro.

.  

.  

, 

, .  

,   s  = )1S(S + .  

, 

.   

.   spin– , J 

.  , 

  , 

:

L+S = )1L(L)1S(S4 +++

 spin-

,  J (

  ), :
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J = g )1J(J +

 g , :

g = 1 +
)1J(J2

)1L(L)1S(S)1J(J
+

+−+++

3.6.2

.  

.  

.  

, 

.  

, 

H -

, , 

:

H = -2JS1S2

 J 

,  J , 

.   J 

.

( )
kT

Ng
xkT

Ng BB
M 4

1
23

12 2222 µρ
ρ

µ
χ +−








+

=
)exp(
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,  J  (

), .  

 Neel.  ,  J  ( ), 

, 

.  

 Curie 

 Neel.   Curie

 Neel,    Curie, .2,7

 11:  ) , )

 12:

, .
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3.7

3.7.1

.  

, 

, .

3.7.2

: , 

.  

, 

, 

.  

,  Pt, Au, Hg, 

.  

 Ag/AgCl .  

.

 13:
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3.7.3

.  

.  , 

.

 14.

,   

, .  

o,

ipc,   .  

,  .

,  ipa.

 14:
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.   25 C,   Randles-Sevic:

ip = (2.69 * 105 ) n3/2 ACD1/2 1/2

,  , C 

, D .   

 :

Cv
i

2/1
p  = (2.69 * 105 ) n3/2 AD1/2

 (2.69 * 105 ) AD1/2 .

, 

, 

.  , 

, 

.  

 15:
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,  
pc

p

i
i α  = 1.

, :

Epa –Epc = V
n
059.0
α

 Epa, pc

, n , 

.  , 

.  

.  
Cv

i
2/1

p

.

.  

ko/ Dπα = nFv/R T).

ko/ Dπα , 

.  ko/ Dπα ) 

.  , 

, | pc –Ep | > 60mV.  ,     

0<
pc

p

i
i α <1, 

Cv
i

2/1
p .

.    

.  

:

Ep = Eo -


















 α
+−

α
α

α

2/1

2/1

o

RT
Fvnln

D
kln78.0

Fn
RT

, n

, ko , F  Faraday (96.487
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coulombs), v ,     ( ), R  

 (8314KJ-1mol-1)  D o  (cm2s-1).  
Cv

i
2/1

p

    .8
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4

 V( V ) 

4.1

 V(IV) 

, , ,  pH ∼5  pH ∼8.  

 [V2O2(C6H4O7)(C6H5O7)]-3 (1) 

[V2O2(C6H4O7)2]-4 (2) .  

3[V2O2(C6H4O7)(C6H5O7)].
2  (1a), 

: 4[V2O2(C6H4O7)2].
2  (2a),

4[V2O2(C6H4O7)2].12 2  (2b),  ( 4)4[V2O2(C6H4O7)2].
2  (2c).

, ,

 (EPR),

, , .1

, 

 pH.

4.2

4.2.1 V(IV) 
 +4

, .  , 

 VIIICl3  pH ~5, 

 2- , 

3[V2O2(C6H4O7)(C6H5O7)].
2  (1a),  1).  

 pH   .
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2 VCl3   +  2 C6H8O7  +  9 KOH  +  ½ O2

K3[V2O2(C6H4O7)(C6H5O7)]·7H2O (1)  +  6 KCl  +  H2O

 pH 

.  

.

 pH ~8.  

 pH ,

, 4 , 

4[V2O2(C6H4O7)2].
2  (2a), 4[V2O2(C6H4O7)2].12 2  (2b) 

4)4[V2O2(C6H4O7)2].
2  (2c) (  2).  

 [V2O2(C6H4O7)2]4- ,

.  

.

2 VCl3 + 2 C6H8O7  + 10 Cat+OH-  +  ½ O2 +  q H2O

(Cat)4[V2O2(C6H4O7)2]·nH2O (2) +  6 CatCl  + pH2O

  Cat+ = K+,  n = 6, p = 3, q = 0

  Cat+ = Na+,  n = 12, p = 0, q = 3

  Cat+ = NH4
+,  n = 6, p = 3, q = 0

, 

 V(III)  V(IV)

.  ,

4[V2O2(C6H4O7)2].
2  (2a), 

 V(IV),  VOSO4. , 

 VOSO4    pH ∼8, 

 (  3).  

pH ~8

pH= 5 (1)

(2)
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4[V2O2(C6H4O7)2].
2  (2a)

).

2 VOSO4   +  2 C6H8O7  +  8 K+OH-

K4[V2O2(C6H4O7)2]·6H2O (2a) +  2 K2SO4  + 2H2O

4.2.2

 V(IV)  pH.  

 V(V)

1

2 ,  pH

∼5 ∼8,  .  , 1a

 pH  ~8, 2a,  2-

.  , 2a

pH  ~5, 1a .   

1a 2a , 

2a 1a  .  

:

[V2O2(C6H4O7) (C6H5O7)]3-  (1)  + -  [V2O2(C6H4O7)2]4-  (2)  + 2 2

[V2O2(C6H4O7)2]4- (2)   + H+               [V2O2(C6H4O7) (C6H5O7)]3-  (1)

pH ~8

pH ~5

pH ~8 (3)

(4)

(5)
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4.3

4.3.1 3[V2O2(C6H4O7) (C6H5O7)].
2  (1a)

0.090 g (0.58 mmol) VCl3  0.11 g (0.58 mmol) 

 5 mL .   pH   

 5  0.4 

.  .  

 pH  ~5.

 4 C.  

,  2- , 

, .  

 0.08 g (36 %).  : 3

V2C12H23O23 (M.W. = 754.21):  (%): C 19.10, H 3.50,  15.50:

: C 18.99, H 2.94,  15.28.

4.3.2 4[V2O2(C6H4O7)2].
2  (2a).  

0.090 g (0.58 mmol) VCl3  0.11 g (0.58 mmol) 

 5 mL .   pH  ~8 

 0.4 

.  .  

 pH  ~8 

.   2- , 

, .  

.  

 0.20 g (89 %).  4V2C 12H20O22 ( W =

774.58)  (%): C 18.60, H 2.58,  20.14: 

: C 18.67, H 2.53,  19.90.

4.3.3 4[V2O2(C6H4O7)2].
2  (2a).  

0.14 g VOSO4 (1.0 mmol)  0.20 g (1.0 mmol) 

 5 mL .   pH  ~8 

 0.4 .  .  

 1h.  , 
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 2-  (layering) 

.    (50 %).

4.3.4 4[V2O2(C6H4O7)2].12 2  (2b)

0.090 g (0.58 mmol) VCl3  0.11 g (0.58 mmol) 

 5 mL .   pH  ~8 

 Na  0.4 

.  .  

 pH  ~8 .  O

.  

 2-

 4 C.  , 

, 

.   0.18 g (77%).  :

4V2C 12H32O28 ( W = 812.22)  (%): C

17.61, H 3.91,  11.24. : C 17.48, H 3.82,  11.20.

4.3.5  ( 4)4[V2O2(C6H4O7)2].
2  (2c)

0.090 g (0.58 mmol) VCl3  0.11 g (0.58 mmol) 

 5 mL .   pH  ~8 

 1.0 

.  .  

 pH  ~8 .  O

.  

 2-

 4 C.  , 

.

 0.060 g (~34%).  

4V2C12H28O18 ( W = 618.26)  (%): C 23.21, H 4.53, 

9.13.  (%): C 22.79, H 4.45,  9.13.
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4.3.6  K3[V2O2(C6H4O7)(C6H5O7)].7H2O (1a) 

K4[V2O2(C6H4O7)2].6H2O (2a)

 5 ml  0.035 g (0.046 mmol) 

K3[V2O2(C6H4O7)(C6H5O7)].7H2O (1a).   pH 

 ~8,  KOH 0.4M.  

 2 ml .  

 2-  4  C.  

, , ,  FT-

IR,  K4[V2O2(C6H4O7)2].6H2O  (2a).   

 0.02 g (~55%).

4.3.7  K4[V2O2(C6H4O7)2].6H2O (2a) 

K3[V2O2(C6H4O7)(C6H5O7)] . 7H2O (1a)

 3 ml  0.050 g (0.065 mmol) 

K4[V2O2(C6H4O7)2].6H2O  (2a).   pH 

 ~5,  HCl 0.3 .  

 2 ml .  

,  2-  4  C.  

, 

 K3[V2O2(C6H4O7)(C6H5O7)] . 7H2O (1a) 

FT-IR.    0.02 g (~42%).
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4.4 –

4.4.1

 0.08 x 0.12 x 0.40 mm3 1a, 0.10 x 0.20

x 0.20 mm3 2a, 0.10 x 0.20 x 0.20 mm3 2b 0.10 x 0.20 x 0.20 mm3

2c .  

2a, 

K4[V2O2(C6H4O7)2].6H2O  (2a),

Subramanian.2  Nicolet P21,

 Cu  ( =0.15418 Å) 2a-2c, 

 Crystal Logic 

 0.15418 Å)  1a .  

, 1a 2a-2c, , 

 24 , 

 11<2  <23 1a  24<2  <54 2a-2c.

, 1a 2a-2c, 

-2 .

 97 ,  3%

.  1 2

 Lorentz, ,  psi-scan , 

 Crystal Logic.  1 2

 (Direct methods)  SHELXL-863

 F2  SHELXL-93.3  

1 2

.  

.



76

2b 2c 1a

       Na4C12H32O28V2  C12H28N4O18V2   C12H23K3O23V2
                                   818.22               618.26            754.51
C                   25           25                        25
   (Å)               Cu K  1.54180             Cu K  1.54180    Mo K  0.71073

                         P21/c     P     P21nb
a (Å)          11.3335(9)   9.405(1)   9.679(4)
b (Å)         15.788(1)   10.007(1)   19.618(8)
c (Å)          8.6960(6)   13.983(2)   28.30(1)

, deg                        76.358(4)
, deg                 104.874(3)   84.056(4)
,  deg               66.102(4)

V, (Å3)                  1503.8(2)   1169.2(3)   5374(4)
Z                                                   2    2    8

calcd obsd (g/cm3)       1.807/1.79   1.756/1.74   1.865/1.83
abs. coeff. ( ), cm-1                  6.805    7.571    12.58
R (1)         R = 0.0504   R = 0.0312   R = 0.0486
Rw

(1)          Rw = 0.1372(2)           Rw = 0.0824(3)              Rw = 0.1128(4)

 1

(1)    R   F's,  Rw  F2;

{ } ∑∑ −= )||(|||||| oco FFFR , ∑ ∑−= 22222 )([/])([ ocow FwFFwR

(2)  2372 I>2 (I);

(3) (3)   3607 I>2 (I); (4)   5774 I>2 (I)
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4.4.2 3[V2O2(C6H5O7) (C6H4O7)].
2  (1a)

1a  P21nb,

.  

 ORTEP 1  1.    2

1.   [V2O2(C6H4O7)(C6H5O7)]-3

 VIV
2O2 .   +4, 

.   V=O  syn

.  

.

, 

.  , 

.  ,

, .

, , 

.  

  

 HO(17)...O(4’) (1+x,y,z) = 1.433 Å, O(17)...O(4’) = 2.589 Å,

O(17)-HO(17)...O(4’) = 163.2o].
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 1:  ORTEP  [V2O2(C6H4O7)(C6H5O7)]3- (1)
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1a  V=O (1.580(7)-1.600(6) Å) 

V-O (1.946(5)-2.007(5) Å) 

 V(IV), .

 [VIVO(SALAHE)]2 (H2SALAHE=2-

)-1- ) ( ) (1.888(10)-1.985(10) Å (V-O), 

1.548(9)-1.619(10) Å (V=O)),4 Na2[(VO)(3- -3- )]2
. MeOH

. 3H2O  ( ) 1.953(8)-2.076(23) Å (V-O), 1.581(8)-1.584(8) Å (V=O)),5

(NH4)2{[VV(O)2]2[VIV(O)]( -(-)- (3-))2} . H2O ( ) (1.930(2)-1.959(2) Å (V-O),

 1.611(3) Å (VIV=O)).6

 V2O2

 (77.1(4)-113.2(5)°),  (71.5(7)-125.7(53)°),

(75.36(9)-113.1(1)°).

1a  (Hneo)3[(VO)2(cit)(Hcit)] . 4H2O  ( ),

(1a) (1.948(4)-

2.303(5) Å (V-O),  1.590(5)-1.595(4) Å (VIV=O)) (neo=2,9- -1,10-

)  

1a .7  

 V-O  O-V-O, 

 V(IV) .  

1a

.    )  V-O

 trans   V=O.    V-O 1a

2.426(7)  2.485(5) Å , 

 2.303(5) Å.  , 

1a , 
7

)  V-V  3.026(2)  3.012(2) Å (  1 

 2 ) 1a,  2.949(2) Å , ) 

1a,  114.0(3)° 

109.3(2)° .  

 ( ), 

 2.706(3) – 3.374(3) Å).

, 

.
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  1        2

-----------------------------------------------------------------------------------------------------------------------

V(1)-O(8)    1.600(6)   V(3)-O(28)    1.595(6)
V(1)-O(1)    1.957(6)   V(3)-O(33)    1.960(5)
V(1)-O(3)    1.992(5)   V(3)-O(23)    1.988(5)
V(1)-O(13)    1.944(5)   V(3)-O(27)    1.969(6)
V(1)-O(15)                1.981(6)   V(4)-O(33)    1.978(5)
V(2)-O(3)                       1.991(5)   V(3)-O(35)    1.990(5)
V(2)-O(5)                       2.427(7)
V(2)-O(7)                       1.999(7)   V(4)-O(23)    2.006(5)
V(2)-O(11)                1.986(6)   V(4)-O(21)    1.986(6)
V(2)-O(13)               1.976(5)   V(4)-O(31)    1.974(6)
V(2)-O(18)    1.588(6)   V(4)-O(38)    1.582(7)

O(8)-V(1)-O(3)    105.7(3)   O(28)-V(3)-O(27)             104.8(3)
O(8)-V(1)-O(13)    114.0(3)   O(28)-V(3)-O(33)             111.4(3)
O(13)-V(1)-O(1)    139.7(3)   O(33)-V(3)-O(27)             143.5(3)
O(8)-V(1)-O(15)    105.7(3)   O(28)-V(3)-O(23)             105.8(3)
O(13)-V(1)-O(15)               79.3(2)   O(33)-V(3)-O(23)              81.2(2)
O(1)-V(1)-O(15)        87.6(3)   O(27)-V(3)-O(35)              86.9(2)
O(13)-V(1)-O(3)    80.3(2)   O(33)-V(3)-O(35)              79.5(2)
O(1)-V(1)-O(3)    91.9(2)   O(27)-V(3)-O(23)              92.9(2)
O(15)-V(1)-O(3)    147.4(2)   O(23)-V(3)-O(35)             146.8(2)
O(8)-V(1)-O(1)    106.2(3)   O(28)-V(3)-O(35)             106.3(3)
O(18)-V(2)-O(13)              101.3(3)   O(38)-V(4)-O(31)             101.0(3)
O(18)-V(2)-O(11)             102.3(3)   O(38)-V(4)-O(33)             102.3(3)
O(13)-V(2)-O(11)               89.2(2)   O(31)-V(4)-O(33)              89.1(2)
O(18)-V(2)-O(3)      104.6(3)   O(38)-V(4)-O(23)             106.1(3)
O(13)-V(2)-O(3)    79.5(2)   O(33)-V(4)-O(23)              80.3(2)
O(11)-V(2)-O(3)    152.4(2)   O(31)-V(4)-O(23)             152.4(3)
O(18)-V(2)-O(7)                98.8(3)   O(38)-V(4)-O(21)              99.1(3)
O(13)-V(2)-O(7)    159.7(3)   O(33)-V(4)-O(21)             158.6(3)
O(11)-V(2)-O(7)    89.3(3)   O(31)-V(4)-O(21)              88.2(3)
O(3)-V(2)-O(7)    92.7(2)   O(21)-V(4)-O(23)              92.5(2)
O(18)-V(2)-O(5)    173.7(3)
O(13)-V(2)-O(5)    81.7(2)
O(11)-V(2)-O(5)                83.3(2)
O(3)-V(2)-O(5)                 70.3(2)
O(7)-V(2)-O(5)                 78.0(3)

 2

 Å  [deg] 1a
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4.4.3 4[V2O2(C6H4O7)2].
2  (2a),

4[V2O2(C6H4O7)2].12 2  (2b)  ( 4)4[V2O2(C6H4O7)2].
2  (2c)

4[V2O2(C6H4O7)2].
2  (2a), 

 Subramanian et al.2  

4[V2O2(C6H4O7)2].12 2  (2b), 2

.  2b 2c

 P21/c  P1

.

2b 2c . 

 ORTEP  2. 

 3, 4  5 

2b  2c.

  [V2O2(C6H4O7)2]4-  VIV
2O2.   

  V=O  anti

.  

.  

.

 V-O  VIV=O 

, 2a2,

Na4[V2O2{(O)2P(O)CH2N(CH2COO)2}2] . 10H2O  ( ), (1.985(3)-2.065(3) Å (V-O),

 1.608(4) Å (V=O)),8  [VIVO(Hsabhea)]2 .  2MeOH (6 ) (1.938(2)-2.079(2) Å (V-

O),  1.626(2) Å (V=O))9 (H3sabhea=N- -2-( (2-

), (NH4)[V2O2(OH)(C4O4)2(H2O)3] . H2O  (7 )

(1.922(15)-2.331(21) Å (V-O), 1.549(23)-1.567(22) Å (V=O)),10  Na4[{V2O2(H-

1Cit)}2] . 6H2O ( ) (1.971(2)-2.206(2) Å (V-O),  1.610(2) Å (V=O)).11

 anti  (V=O)2O2 2a, 2b 2c

.  

 V2O2 2b 2c, 

 (74.4(2)-105.9(2)°), (73.03(7)-104.98(9)°),  (75.1(8)-

104.2(10)°),  (75.05(6)-105.6(8) °).
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 2:  ORTEP  [V2O2(C6H4O7)2]4- (2)
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, , 

, 

 V2O2.  2b

 2.321(3) – 2.541(3) Å ( ).

, 2b 2c

, 

.
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 3

 Å  [deg] 4[V2O2(C6H4O7)2].12 2  (2b)

V(1)-O(1)   2.030(2)

V(1)-O(3)   1.986(2)

V(1)-O(3)a   2.230(2)

V(1)-O(5)         2.039(2)

V(1)-O(7)  2.003(2)

V(1)-O(8)        1.611(2)

O(8)-V(1)-O(3)     105.28(10)

O(8)-V(1)-O(7)a    101.62(11)

O(3)-V(1)-O(7)a      153.03(9)

O(8)-V(1)-O(1)       94.75(10)

O(3)-V(1)-O(1)       87.88(8)

O(7)-V(1)-O(1)         87.99(9)

O(8)-V(1)-O(5)a      86.77(10)

O(3)-V(1)-O(5)a          91.42(8)

O(7)a-V(1)-O(5)a         92.01(9)

O(1)-V(1)-O(5)a        178.45(8)

O(8)-V(1)-O(3)a      161.48(10)

O(3)-V(1)-O(3)a        75.27(8)

O(7)a-V(1)-O(3)a    79.87(8)

O(1)-V(1)-O(3)a        103.76(8)

O(5)a-V(1)-O(3)a    74.71(7)

 4

 Å  [deg]  (NH4)2[V2O2(C6H4O7)2]. 2 2  (2c) 1

 1V(1)-O(1) 2.029(2)

V(1)-O(3) 1.964(2)

V(1)-O(3)a  2.194(2)

V(1)-O(5) 2.043(2)

V(1)-O(7)        2.018(2)

V(1)-O(8) 1.611(2)

O(8)-V(1)-O(3)  105.30(8)

O(8)-V(1)-O(7)         100.78(8)

O(3)-V(1)-O(7)         153.78(7)

O(8)-V(1)-O(1)  94.90(8)

O(3)-V(1)-O(1)  87.84(6)

O(7)-V(1)-O(1)  87.27(7)

O(8)-V(1)-O(5)         87.68(8)

O(3)-V(1)-O(5)         93.21(7)

O(7)-V(1)-O(5)         90.49(7)

O(1)-V(1)-O(5)       176.86(6)

O(8)-V(1)-O(3)a      163.78(8)

O(3)-V(1)-O(3)a        75.86(6)

O(7)-V(1)-O(3)a        79.88(6)

O(1)-V(1)-O(3)a      101.32(6)

O(5)-V(1)-O(3)a    76.10(6) 5
 Å  [deg]  (NH4)2[V2O2(C6H4O7)2]. 2 2  (2c) 2

V(2)-O(17)      2.052(2)

V(2)-O(13)  1.956(2)

V(2)-O(13)b      2.192(2)

V(2)-O(15)       2.055(2)

V(2)-O(11) 2.018(2)

V(2)-O(18) 1.608(2)

O(18)-V(2)-O(13)  107.43(8)

O(18)-V(2)-O(17)  101.03(8)

O(13)-V(2)-O(17)  151.43(7)

O(18)-V(2)-O(11) 96.81(9)

O(13)-V(2)-O(11)  87.57(6)

O(11)-V(2)-O(17)  86.64(7)

O(13)-V(2)-O(15)  92.82(7)

O(17)-V(2)-O(15)     89.76(7)

O(11)-V(2)-O(15)   173.11(7)

O(18)-V(2)-O(13)b  164.52(8)

O(13)-V(2)-O(13)b    74.68(6)

O(17)-V(2)-O(13)b   78.58(6)

O(11)-V(2)-O(13)b    98.60(6)

O(15)-V(2)-O(13)b     74.90(6
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4.5

1a 2a

 4  5 .  1a  213 nm

=6,100 M-1cm-1), 303 nm ( =992 M-1cm-1 ), 560 nm ( =67 M-1cm-1 ), 700 (sh) ( ~47

M-1cm-1).    2a  217 nm ( =6,000 M-1cm-1

), 262 nm ( =3,600 M-1cm-1),  320 nm (sh) ( ~720 M-1cm-1), 560 nm

=27 M-1cm-1 ), 700 nm (sh) ( ~18) (  6).1

[VO(H2O)5]2+  Ballhausen  Gray,  d 

: b2 (dxy) < e (dxz, dyz)< b1(dx
2 -

y
2)  <  a1 (dz

2).12   [VO(H2O)5]2+

 3. 

  

 6

K3[V2O2(C6H4O7)(C6H5O7)] . 7H2O

(1a)
4[V2O2(C6H4O7)2].

2

(2a)

1   (nm) 213 217

1   (M-1cm-1) 6.100 6,000

2    (nm) 303 262

2 (M-1cm-1) 992 3.600

3  (nm) 560 320

3  (M-1cm-1) 67 720

4   (nm) 700 560

4   (M-1cm-1) 47 27

5   (nm) 700

5 (M-1cm-1) 18
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 b2  e *, b1
*, 1,

2 ), 2
1, 2

1

, .

  ,  UV 

V(IV) .  
2

2è
2 ),  13.000 cm-1  769 nm.   

2
2è

2
1,

 16.000 cm-1  625 nm.  2
2è

2
1

 30.000 cm-1  330 nm.  

 50.000cm-1  200 nm.  

 (e b)  b2

e *.12, 13

 700 nm (

1a 2a ) 2
2è

2 ),   560 nm (  1 

2) 2
2è

2
1.  

2
2è

2
1  1  2.  

.  

 VIV=O.13  ,   

 350 nm .13

Vanadium
Orbitals

M.O
Levels

Oxygen
Orbitals

 3:  [VO(H2O)5]2+
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90

 4:  UV/Vis   K3[V2O2(C6H4O7)(C6H5O7)] . 7H2O (1a)

200 300 400 500 600 700 800 900
nm

clVpH 5 1

0.5

1.0

1.5

2.0

2.5

Abs
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 5 :   UV/Vis   4[V2O2(C6H4O7)2].
2  (2a).   500-1000 nm

200 300 400 500 600 700 800 900
nm

slvph8

0.0

0.5

1.0

1.5

2.0

2.5

Abs

500 600 700 800 900
nm

p h8

0.5

1.0

1.5

2.0

2.5

Ab s

nm
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4.6

.   FT-IR 

1a 2a,  6  7 .  

as(COO-)  1637 cm-1, 

s(COO-)  1418-1365 cm-1 1a.

, as(COO-) 

 1630 – 1598 cm-1 2a,   1657-1569 cm-1 2b  1620

cm-1 2c.  s(COO-)  1424

- 1326 cm-1 2a, 1424-1336 cm-1 2b  1429-1345 cm-1

2c.

.  , 

as(COO-)- s(COO-))14  200 cm-1,

  , 

.  ,  V=O 

   935-987 cm-1.  

.4,5,8

 7

1a 2a 2b 2c

as(COO-) 1637 cm-1 1630-1598 cm-1 1657-1569 cm-1 1620 cm-1

s(COO-) 1418-1365 cm-1 1424 -1326 cm-1 1424-1336 cm-1 1429-1345 cm-1

 (V=O) 987 cm-1 935-946 cm-1 935-946 cm-1 946 cm-1
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4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400.0
8.98

9.5

10.0

10.5

11.0

11.5

12.0

12.5

13.0

13.5

14.0

14.5

15.0

15.5

16.0

16.5

17.0

17.5

18.0

18.73

cm-1

%T

 6:  FT-IR  K3[V2O2(C6H4O7)(C6H5O7)] . 7H2O (1a)

as(COO-) s(COO-)
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4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400.0
0.35

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8
2.88

cm-1

%T

 7:  FT-IR 4[V2O2(C6H4O7)2].
2  (2a)

as(COO-)
as(COO-)

s(COO-)
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4.7

 EPR 2a

 4  (S=1) 

 V(IV).  ,  EPR

2a  8)  g = 1.95 

 g = 4,   ,

 (S = 1) 

 V(IV).1

 (S=1) 

EPR 2a  4  (  9).  ,  EPR 

(A⊥=35 G, A ||=70 G) (>15 lines) s = ± 1.  , 

 g ~4, s = ± 2 triplet-

singlet ,  (A=63 G).  

.2  EPR 1a  g=2,

.
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1000 2000 3000 4000 5000 6000

Magnetic Field/G

 8:   PR 2a  4 K
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2500 3000 3500 4000 4500
Magnetic Field/Gauss

1000 1200 1400 1600 1800 2000 2200

 9:    EPR 1a    4 K
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4.8

1a 2a  6.0 G 

1.9-300  2.0-286 , .

1a 2a .  

1a 2a

 10.  , MT 2a

 50 ,  0.75

cm3mol –1 K,  S = ½ spin.  

0.89 cm3mol –1 K  2 .  

 (S=1) . (  J = 0.5 cm-1, g =1.99) 

 V(IV).9

1a,

 17*10-4 cm3 mol –1 K 

 24.5*10-4 cm3 mol –1 K  130 .  , 

, 

5*10-4 cm3 mol –1 K  23 .    6 

 12*10-4 cm3 mol –1 K ( ).  

 (0.5*10-4 cm3 mol –1 K) 

 spin S = ½ 1a

, 

, 

.
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 10: 1 ( , 

2 ( ) ,  6000 G.  

.  ,  1 , 

6000 G.

0 50 100 150 200 250 300

0.74

0.76
0.78

0.80

0.82
0.84

0.86

0.88
0.90

0.92

0.94

/c
m

3  m
ol

-1
K

T/K

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 75 150 225 300

0.0005

0.0010

0.0015

0.0020

0.0025
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MT 1a

2a  Bleany-Bowers (1)15, 

H J S S
∧ ∧ ∧

= −2 1 2 , 

, 

 = -J/kT,    Avogadro

  

.

 1  J = 0.5 cm-1, g=1.99, R = 5.4 x 10-6

2,  J = -37.4 cm-1, g = 1.95,  = 0.037, R = 3.0 x 10-6 1,  R

:

( ) ( )( )
( )

R
T T

T
calc

=
−∑

∑
χ χ

χ

exp

exp

2

2

 g 1a .  , 

.16 , 

, ,

 1-D .

(1)( )
kT

Ng
xkT

Ng BB
M 4

1
23

12 2222 µρ
ρ

µ
χ +−








+

=
)exp(
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4.9

3[V2O2(C6H4O7)(C6H5O7)].
2  (1a) 4[V2O2(C6H4O7)2].

2 (2a),

,

.  

1a 2a , 3,  

,  Ag/AgCl 

.  1a

 (  11) 

1/2 = -468 mV (  v = 0.05 V/sec).  

 (  –200  -700 mV), 

pc1 = - 505 mV (  v = 0.05 V/sec), 

 V(IV)  V( ).   -700 mV, ,

, pa1 = - 431 mV.

 V(III)  V(IV).   ipa/ipc = 0.96

<1 .  , 

Cv
ip
×

.  

.   v = 0.05V/sec,  = 74 mV,  v = 0.1 V/sec,  = 94

mV,  v = 0.2 V/sec,  = 104 mV (  8).  

.

 8

pc1

(mV)

Epa1

(mV) (mV)
1/2

(mV)

Epa2

(mV)

v

V/sec

-505 -431 74 -468 -820 0.05

-517 -423 94 -470 -818 0.1

3[V2O2(C6H4O7)(C6H5O7)].
2

(1a)

-523 -419 104 -471 -815 0.2

* 3[V2O2(C6H4O7)(C6H5O7)].
2  (1a)

* g/AgCl
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 11: T 3[V2O2(C6H4O7)(C6H5O7)].
2  (1a) ,  

3 .   –0.2 V  –0.7 V,  v = 0.1 V/sec.  

  

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2
0.000008

0.000006

0.000004

0.000002

0.000000

-0.000002

-0.000004

-0.000006

C
ur

re
nt

 I 
(m

A
)

Potential E(V)
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0.00010
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nt

 I 
(A

)

Potential E (Volts)

 12: T 3[V2O2(C6H4O7)(C6H5O7)].
2  (1a) ,  3

.   0.4 V  –1.0 V,  v = 0.1 V/sec.  

.
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1a

 0.4 V- (-1.0 V) (  12) pa2 = -

818 mV (  v = 0.1 V/sec).  

 -1.0 V 

.

1a

 13), 

, pa = 988 mV  (  9), o o 

V(IV)  V(V).  pa

, 
Cv

ip
×

.  H

 ipa v * C, 

.   ( .

).

 9

Epa (mV) v (V/sec)

949 0.05

988 0.1

3[V2O2(C6H4O7)(C6H5O7)].
2

(1a)

1112 0.2

* 3[V2O2(C6H4O7)(C6H5O7)].
2

(1a)

* g/AgCl
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0.5 1.0 1.5 2.0

0.00000

-0.00003

-0.00006
C

ur
re

nt
 I 

(A
)

Potential E (Volts)
 13: 1a ,  0.4 V  1.5 V,

 v = 0.1 V/sec.  .
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4[V2O2(C6H4O7)2].
2 (2a) 

 (  14) 

,  2 V, 

pa1 = - 409 mV pa2 = - 807 mV (  10).  

2a

 15) 

  pa  = 1.13 mV (  v = 0.1 V/sec) (  11).   Epa

, 

Cv
ip
×

.  H 

ipa v * C, .

 ( . ).

 10

 12 Epa1

(mV)

Epa2

(mV)

v

(V/sec)

-436 -812 0.05

-409 -807 0.1

4[V2O2(C6H4O7)2].6 2 (2a)

-418 -794 0.2

* 4[V2O2(C6H4O7)2].
2

* g/AgCl

 11
Epa1
(V)

v
(V/sec)

0.978 0.05

1.13 0.1

4[V2O2(C6H4O7)2].
2  (2a)

1.19 0.2

* 4[V2O2(C6H4O7)2].
2

,  * g/AgCl
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 14:  2a 3,  0.5 

–1.2 V,  v = 0.1 V/sec.  .
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 15: 2a 3,  0.4  1.5 V, 

 v = 0.1 V/sec.  .
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4.10

4.10.1  [V2O2(C6H4O7)(C6H5O7)]3- (1) 

[V2O2(C6H4O7)2]4- (2)

1 2,  pH ~5  ~8 ,

.  

:  )  V2O2, ) 

+4 , ) 

  .

, , 

1 2.  

:

) 1  V=O  syn 

 V2O2 , 2, 

 V=O  trans .

) .    pH ~5

(1) , 

.  ,  pH ~8 (2) 

  , 

.

) 1  5,

, 2

 6 .

) 

1 , 2

.  , , 

, 

,

.  , 

, 

.
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)

2, 

V2O2 1.

)  V---V 1 2.  

 ~0.3 Å.

1.   

.  , 

, 

. ,   

1.

, 

V(IV)  [V2O2(C6H4O7)(C6H5O7)]3- (1)  [V2O2(C6H4O7)2]4- (2)

 VV
2O2.  , 

pH ~5,  [V2O2(C6H4O7)(C6H5O7)]3- (1), 

, , 

, 

, 

 3-.   [V2O2(C6H4O7)2]4- (2), 

,

2  4-.

4.10.2 PR 

 EPR 2a

 V(IV).

, 1a 2a

 V(IV) .17

,  V(IV) 

 V2O2.  ,  EPR 
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 (V=O)2O2, .  , 

 V(V)- , 

   (V=O)2O2.
18 , 

VIV
2O2   VV

2O2 , 

 V(IV)-

 ( )21 .

1a 2a

, 2a

 (S = 1)  d1 .  ,

1a

.  , 1a

 (Hneo)3[(VO)2(cit)(Hcit)] . 4H2O  ( )7

1a  J = -37 cm,  J = -192 cm-1  to .  

1a

 V---V 1a (V—Vaverage 3.019(2) Å) 

   (2.949(1) Å.7 , 

1

.

4.10.3

1a, 

, , 

 V(IV)/V(III).

,   

 2:

-470 mV

[L1(VIVO)-(O)2-(VIVO) L2]3- (1a) + 1 e- D   [L1(VIII )-(O)2-(VIVO)L2]4-  (R1)    (2)

 L1,L2

1a.   R1

 (
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).  1/2 = - 470 mV 

 V(IV).19

 V(IV) 

V(IV)/V(III)  V(IV)  V(III) 

.19b  

  

 (

)  .19b,20 ,  –1.5 V 

,  [L(VIII )-(O)2-

VIVOL]2- (R1) .

 –810 mV, 

 “ ”  R1.   

 V(IV)  V(III) 

.  ,

) 

) .  

.  

 V(III)  V(IV).  , , 

[L1’(H2O) VIII-(O)2-(VIV O)L2’]n-  (R2) (  |n|>2,  L1’,L2’ = 

).  

. , 

 –810 mV, 

 R2  R1

1a.

, 2a

 -2 V, 

4[V2O2(C6H4O7)2].
2  (2a) .

,  -2 V 

, 

.
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1a 2a

.  

 V(IV) 

 V(IV)  V(V) , 

, .   

 V(V)  V(IV), 

 V(V) , 

VO2
+, .  

1a 2a .

 ( . ).

 V(IV)  V(V), 

1a 2a (  3  4 ):

988 mV                           

[L1(VIVO)-(O)2-(VIVO)L2]3- (1a)   - 1e- à  [L1(VVO)-(O)2-(VIVO)L2]2-   (R3)         (3)

↓

                 [L1(VVO2)-(O)2-(VIVO)L2]4-  (R3

 L1,L2

1a.

1130 mV                      

[L(VIVO)-(O)2-(VIVO)L]4- (2a)    -1e- à    [L(VVO)-(O)2-(VIVO)L]3- (R4)             (4)

↓

                          [L(VVO2)-(O)2-(VIVO)L]5-   (R4

, 1a 2a

R3 R4.  

 5+, 

.  ,  5+
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 VO2
+, R3 R4

 (R3  (R4 .    (R3  (R4

 ( ) 

 5+ (  VO2
+).

1a ( pa = 988 mV)  2a ( pa

= 1130 mV) 

 V(IV).21  , 

([V(hidpa)2]2-, (hidpa: ) (

1/2 = 0.53 V  SCE, ), 

1a 2a, 

1a 2a .22

, 1a

2a, 2a 1a.

, 2a,  

, 

1a, 

.  

1a

, 

2a.

.

, 

1a 2a, ,  

, ,

.  

 ( PR) 

.

, 

, V(IV)-

V(III)  V(IV)-V(V),   

.  , 

.  o o 1 ( 2

, ) 
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, 

  .

4.10.4 pH-  1  2

1 2

 pH  (  16).  

,  pH 

 V(IV)-

,  pH- 1 2, , )

 – 

)  – 

, ) 

, ) 

, 

,  pH, .

 pH 1 2,

 – 

.  ,  VV
2O2

, 

 – .  , 

 [(V VO)2 2]0 , 

.
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pH ~ 8
- H+

pH ~ 5
+ H+

1
2

 16: 1 2

pH  ~5 pH  ~8
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5
 V(V) 

5.1
 V(V) 

 pH.   [V2O4(C6H6O7)2]2- (3),1

[V2O4(C6H5O7)2]4- (4)2,3  [V2O4(C6H4O7)2]6- (5)3  pH ~3.5, ~5  ~7

.  

.  , 3, 

2[V2O4(C6H6O7)2].4H2O  (3a), Na2[V2O4(C6H6O7)2].2H2O  (3b),

(NH4)2[V2O4(C6H6O7)2].2H2O  (3c)   ((CH3)2N)2[V2O4(C6H6O7)2].4H2O  (3d).1  

4 4[V2O4(C6H5O7)2].5.6H2O  (4a)2

(NH4)4[V2O4(C6H5O7)2].4H2O  (4b).3  , 5

 (NH4)6[V2O4(C6H4O7)2].6H2O  (5a).3  , 5

4
+

.  +, .  , 

5

(NH4)4 2[V2O4(C6H4O7)2].6H2O,4   2[V2O4(C6H6O7)2].4H2O

(3a)5,6  (NH4)2[V2O4(C6H6O7)2].2H2O  (3c).6  

, , 
13C-NMR.  ,   

pH.

6.2

5.1  V(V) 

3a, 3b, 3c, 3d, 4a, 4b 5a

.  

, 

.  ,  pH 
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3, 4 5.

 ( ) 

 V2O5 (  5+) 

 pH ~3.5, ~5  ~7 3,  4 5 .   pH 

3a 4a, , 

3b , 3c, 4b 5 e4 3d.  

 (  1, 2  3)  3, 4

5 :

V2O5 + 2 C6H8O7 + 2 Cat+OH-   +  p H2O

(Cat)2[V2O2(C6H6O7)2].nH2O  (3a-3d)  +  qH2O

Cat+=Na+, NH4
+, n=2, p=0, q= 1

Cat+=K+, Me4N+, n=4, p=1, q= 0

V2O5 + 2 C6H8O7  + 4Cat+ OH-  + p H2O

(Cat)4[V2O4(C6H5O7)2].nH2O (4a-4b)  + q H2O

Cat+=K+, n=5.6, p=0.6, q= 0

Cat+= NH4
+, n=6, p=0, q= 1

V2O5 + 2 C6H8O7  + 6 NH4
+OH-            (NH4)6[V2O4(C6H4O7)2].6H2O  (5)

 ( ) 

(3a),  (3c)  (4a),  (  (4b)  (5a).  

 VIIICl3 ,  (

 NH4OH).  

.  

  .

3, 4 5.

pH ~3.5

pH ~5

pH ~7

(1)

(2)

(3)
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.   V(III)  V(IV),

.   UV/Vis 

 V=O, 

 V(IV).  

EPR  4  (K  4).  , 

 [V2O2(C6H4O7)2]4- (2).  ,  V(IV)

 V(V),

 [V2O4(C6H6O7)2]2- (3) [V2O4(C6H5O7)2]4- (4) 

[V2O4(C6H4O7)2]-6 (5),  pH .  

 (  4, 5  6) :

2VCl3 + 2 C6H8O7  + ½ O2 +  8 OH-  + H2O2

 [V2O4(C6H6O7)2]-2  (3)  + 6 Cl- + 7 H2O

2VCl3 + 2 C6H8O7  + ½ O2 +  10 OH-  + H2O2

 [V2O4(C6H5O7)2]-4  (4)  + 6 Cl- + 9 H2O

2VCl3 + 2 C6H8O7  + ½ O2 +  12 OH-  + H2O2

 [V2O4(C6H4O7)2]-6  (5)  + 6 Cl- + 11 H2O

5.2.2  3, 4,  5  pH

3, 4

5 ,  pH, 

 pH.  , 

[V2O4(C6H6O7)2]2-  (3)  pH (  NH4OH) 

~5  ~7,  [V2O4(C6H5O7)2]4- (4) 

pH ~6

pH ~7

pH ~9

  (4)

(5)

(6)
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[V2O4(C6H4O7)2]6- (5) .  , 

[V2O4(C6H5O7)2]4- (4)  pH Cl  ~3.5,

 [V2O4(C6H6O7)2]2- (3), 

pH  ~7 ,  [V2O4(C6H4O7)2]6- (5).

,  [V2O4(C6H4O7)2]6- (5)

 pH  ~ 5  ~3.5, Cl, 

 [V2O4(C6H5O7)2]4- (4)   [V2O4(C6H6O7)2]2- (3).

, 

,  4 C.

, 

[V2O4(C6H6O7)2]2- (3),  [V2O4(C6H5O7)2]4- (4)  [V2O4(C6H4O7)2]6- (5) 

 pH, 

 V(V) – 

  pH.  , 

3, 4 5.

[V2O4(C6H6O7)2]2- (3)    +   2 -                          [V2O4(C6H5O7)2]4- (4) + 2 2

 [V2O4(C6H6O7)2]2- (3)    +   4 -                          [V2O4(C6H4O7)2]6- (5) +  4 2

 [V2O4(C6H5O7)2]4- (4)  +   2 -                           [V2O4(C6H4O7)2]6- (5)  +  2 2

 [V2O4(C6H5O7)2]4- (4)  +   2 +                        [V2O4(C6H6O7)2]2- (3)

[V2O4(C6H4O7)2]6- (5)    +   4 +                           [V2O4(C6H6O7)2]2- (3)

[V2O4(C6H4O7)2]6- (5)    +   2 +                            [V2O4(C6H5O7)2]4- (4)

pH ~3.5

pH ~3.5

pH ~ 7

pH ~5

pH ~7

(7)

(8)

(9)

(10)

(11)

(12)
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5.3

5.3.1 2[V2O4(C6H6O7)2].4H2O (3a). A 

 5 ml  0.20 g (1.1 mmol) V2O5.  

  0.6 N  .  

 50 C 

.  , 

C6H8O7, 0.84 g (4.4 mmol) .   pH 

 0.4 N  pH ~3.5.   

.  , 

 4 °C.  

. .  

 0.52 g (68 %).  

2[V2O4(C6H6O7)2].4H2O  (3a) (C12H20O22V2K2 M.W. 696.38) : 

 % C, 20.69; H, 2.87; K, 11.21.  % C, 21.08; H, 2.78; K, 11.52.

5.3.2 a2[V2O4(C6H6O7)2].2H2O (3b).  A 

 5 ml  0.20 g (1.1 mmol) V2O5.  

  0.6   .  

 50 C 

.  ,   C6H8O7, 0.84 g (4.4

mmol) .   pH 

0.3  pH ~3,5. .

 4 °C.    

. 

.   0.46g 67%.  

3b Na2[V2O4(C6H6O7)2].2H2O (C12H20O22V2Na2) (M.W. 628.10)

:  % C, 22.92; H, 2.55.  % C, 22.43; H,

2.43.
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5.3.3  (NH4)2[V2O4(C6H6O7)2].2H2O (3c).   A

 5 ml  0.20 g (1.1 mmol) V2O5.  

 1.0 N .  

, ,  50 C 

.  ,   C6H8O7, 0.84 g

(4.4 mmol) .   pH 

4  1.0 N  pH ~3.5. 

.  , 

 4 °C.  

.  .  

 0.42 g (62%). 3c

(NH4)2[V2O4(C6H6O7)2].2H2O (C12H24O22V2N2 ) (M.W. 618.20) : 

 % C, 23.30; H, 3.88, N, 4.53.  % C, 23.26; H, 3.78 N, 4.44 .

5.3.4  (CH3)4N)2[V2O4(C6H6O7)2].4H2O (3d). A

 5 ml  0.20 g (1.1 mmol) V2O5.  

 25% (CH3)4   1.0   .  

, ,  50 C 

.  , 

C6H8O7, 0.84 g (4.4 mmol) .   pH 

 (CH3)4NOH 0.3 N  pH ~3.5.  

.   4 °C.  

.  

.   (0.45g,

54%).  3d (C20H44O22V2N2) (M.W. 766.47) :

 % C, 31.33; H, 5.74, N, 3.66.  % C, 31.21; H,

5,78, N, 3.53.
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5.3.5 2[V2O4(C6H6O7)2].4H2O (3a).  

 5 ml  0.13 g (0.83 mmol) VCl3  0.17 g (0.83 mmol)

.   0.3 ,

 pH  ~6.  , 

.  To pH  ~5.5 

.  

 30% (0.183 ml,

1.77 mmol).   pH ~3.5.  

 1h.  , 

.   .  

 0.21g (75%).

5.3.6  (NH4)2[V2O4(C6H6O7)2].2H2O (3c).  

 5 ml  0.14 g (0.89 mmol) VCl3  0.17 g (0.89 mmol)

.   pH 

1.0 N  6.  , 

  .   pH  ~5.5 

. , 

,  30% (0.182

ml,1.80 mmol).  , 

 pH ~3.5.  , 

 1 .  , 

.   .  

 0.13 g (48 %).

5.3.7 4[V2O4(C6H5O7)2].5.6H2O (4a).  

 25 ml  0.20 g (1.1 mmol) V2O5  5

ml .    0.8 N.  

, ,  50 C 

.  , 

C6H8O7, 0.80 g (4.2 mmol) .   pH 

 0.3 N  pH ~5.  
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 30 min.  

 4 C.  

.  .  

 0.40 g (46 %).  4a

4[V2O4(C6H5O7)2].5.6H2O (C12H21.20O23.6V2K4) (M.W. 801.37) : 

 % C, 17.97; H, 2.64; K, 19.47.  % C, 17.43; H, 2.61; K,

18.99.

5.3.8  (NH4)4[V2O4(C6H5O7)2].4H2O (4b).  A

 5 ml  0.20 g (1.1 mmol) V2O5.  

 1.0 .  

, ,  50 C 

.   C6H8O7, 0.80 g (4.2

mmol) .   pH 

 1.0  pH ~5.  

 20 min.  

 4

C.  .  

.  

 0.51 g (67 %).  4b

(NH4)4[V2O4(C6H5O7)2].4H2O (C12H34O22V2 4 )(M.W. 688.31) : 

 % C, 20.92; H, 4.94; , 8.13,   % C, 20.92; H, 4.91; , 8.18.

5.3.9 4[V2O4(C6H5O7)2].5.6H2O (4a).  

 5 ml  0.09 g (0.57 mmol) VCl3  0.11 g (0.57 mmol)

.   pH  KOH 0.3 

 ~7.  , ,   

  .   pH 

 ~5 .  

30% (0.187 ml, 1.84 mmol).  

 30 .  

.  
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.  

.   0.16 g (70%).

5.3.10  (NH4)4[V2O4(C6H5O7)2].4H2O (4b).  

 4 ml  0.10 g (0.64 mmol) VCl3  0.12 g (0.62 mmol)

.   pH 

1.0  pH ~7.  , , 

.   pH  ~7 

.  , 

,  30 % (0.194 ml,

1.90 mmole).  .    

 15 min.   (layering).

, 

.   

.   0.12 g (55%).

5.3.11  ( 4)6[V2O4(C6H4O7)2].6H2O (5a).  

 5 ml  0.20 g (1.1 mmol) V2O5.  

 1.0 .  ,

, ,  50 C 

.  

C6H8O7, 0.80 g (4.2 mmol) .   pH 

 1.0  pH ~7.  

 20 min.  

 4

C.  .  

.  

 0.61 g (73 %).  5a

(NH4)6[V2O4(C6H4O7)2].6H2O (C12H44O24V2 6) (M.W. 758.39) :  

 % C 18.99; H, 5.80; , 11.08,  % C, 19.04; H, 5.84; ,

10.99.
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5.3.12  ( 4)6[V2O4(C6H4O7)2].6H2O (5a).  

 4 ml  0.16 g (1.0 mmol) VCl3  0.20 g (1.0 mmol)

.  T  pH 

1.0  pH ~9.  , ,   

.   

 30

% (0.30 ml, 2.9 mmol).  , 

 pH ~7.  

 1 .  

 4 C.  

.   .  

 0.80 g (21%).

5.3.13 2[V2O4(C6H6O7)2].4H2O (3a) 

4[V2O4(C6H5O7)2].5.6H2O (4a)

 4 ml  0.25 g (0.36 mmol) 3a.   pH 

 KOH 0.2  pH ~5.  

 30 min.  

.  ,

 4 oC.  .  

.  

 0.13 g (45 %).   FT-IR 

4[V2O2(C6H5O7)2].5.6H2O (4a).

5.3.14 4[V2O4(C6H5O7)2].5.6H2O (4a) 

2[V2O4(C6H6O7)2].4H2O (3 a)

 4 ml  0.95 g (1.2 mmol) 4a.   pH 

 KOH 0.2  pH ~3.5.  

 30 min.  

.  , 

 4 oC.  

.  

.   0.74 g (90 %).   FT-
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IR 4[V2O2(C6H6O7)2].5.6H2O

(3a).

5.3.15  ( 4)2[V2O4(C6H6O7)2].2H2O (3c)  ( 4)4

[V2O4(C6H5O7)2].4H2O (4b)

 3 ml  0.31 g (0.50 mmol) 3c.  

  .   pH 

  0.6  pH ~5.  

 15 .  

.  , 

 4
oC.  .  

  .   0.20 g

(57 %).   FT-IR 

[V2O4(C6H6O7)2].4H2O (4b).

5.3.16  ( 4)4[V2O4(C6H5O7)2].4H2O (4b) 

4)2[V2O4(C6H6O7)2].2H2O (3c)

 3 ml  0.36 g (0.52 mmol) 4b. 

.   pH 

 0.3  pH ~3.5.  

 15 .  

.  ,   

 4 oC.  

.  

.   0.15 g (47

%).   FT-IR 

4)2[V2O4(C6H6O7)2].2H2O (3c) .

5.3.17  ( 4)4[V2O4(C6H5O7)2].4H2O (4b) 

4)6[V2O4(C6H4O7)2].6H2O (5a)

 3 ml  0.21 g (0.30 mmol) 4b. 

  .   pH 

 0.6  pH ~7.  o 
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. o 

.  

 4 oC.  

.  

.   0.10 g (43%).   FT-IR 

 ( 4)6[V2O4(C6H4O7)2].6H2O (5a).

5.3.18  ( 4)6[V2O4(C6H4O7)2].6H2O (5a) 

4)4[V2O4(C6H5O7)2].4H2O (4b)

 3 ml  0.34 g (0.45 mmol) 5a. 

.   pH 

 0.6  pH ~5.  

. o 

.  

 4 oC.  

.  

.   0.30 g (97 %).   FT-IR 

 ( 4)4[V2O4(C6H6O7)2].4H2O (4b).

5.3.19  ( 4)2[V2O4(C6H6O7)2].2H2O (3c) 

4)6[V2O4(C6H4O7)2].6H2O (5 a)

 3 ml  0.20 g (0.32 mmol) 3c.  

  .   pH 

 0.6  pH ~7.  

.  o 

.  

 4 oC.  

  .  

.   0.15 g (60 %).   FT-IR 

 ( 4)6[V2O2(C6H4O7)2].6H2O (5a).
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5.3.20  ( 4)6[V2O4 (C6H4O7)2].6H2O (5a) 

4)2[V2O4(C6H6O7)2].2H2O (3c)

 3 ml  0.28 g (0.37 mmol)  5a.  

  .   pH 

 0.3  pH ~3.5.  o 

. o 

.  

 4 oC.    

.  .  

 0.12 g (52 %).   FT-IR 

4)2[V2O4(C6H6O7)2].2H2O (3c).
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5.4 -

5.4.1

3, 4 5

.   0.10 x 0.20

x 0.30 mm3 3a, 0.10 x 0.15 x 0.30 mm3 3b, 0.10 x 0.20 x 0.40 mm3

3c,  0.10 x 0.20 x 0.30 mm3 3d, 0.30 x 0.40 x 0.50 mm3

4a, 0.10 x 0.204 x 0.40 mm3 4b, 0.12 x 0.24 x 0.40 mm3 5a,

.  

 P21 Nicolet  Cu 

=0.15418 Å) 3a, 3b, 3c, 3d  Crystal Logic, 

, =0.15418 Å)  4b,

4b, 4a .  

, 3, 4 5, 

 24 ,   

,  11<2  <23 3a, 4a, 4b 5a,  24<2 <54

3b-3d. , 3, 4 5, 

-2 .

, 

 97 ,  3%

.

3 4,  Lorentz, ,  psi-scan 

,  Crystal Logic.  3a-

3d, 4a-4b  5a  (Direct methods) 

SHELXL-86  F2

 SHELXL-93.7  3a-3d, 4a, 4b 5a

.  

.
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 1

                                                             3b                                3c                                 4a                                       4b                                       5a

  Na2C12H16O20V2     C20H44N2O22V2      C12H21.20K3O23.60K4V2     C12H34N4O22V2                  C12H34N4O22V2
                     628.10                 766.47     801.37                                   688.31                              758.39

 K    298                  298                       298                        298        298
   (Å)             Cu K  1.54180     Cu K  1.54180           Mo K  0.71073  Mo K  0.71073             Mo K  0.71073

                             Pcab   P                                      P        C2/c             P
a (Å)          10.617(2)          10.969(2)              11.093(4)        16.998(5)   9.795(4)
b (Å)         11.486(2)           8.508(2)    9.186(3)        16.768(5)   9.942(4)
c (Å)           16.875(3)           9.417(2)   15.503(5)         9.546(3)                         9.126(3)

, deg                91.044(6)  78.601(1)      90.32(1)
, deg                106.305(5)   86.16(1)        105.22(1)              111.69(1)
, deg                105.466(5)  69.87(1)      108.67(1)

V, (Å3)         2057.9(7)           808.8(2)           1454.0(8)         2625(1)                          774.5(5)
Z                                    4     1         2    4                    1

calcd obsd (Mg/cm-3)    2.027/2.01          1.573/1.55  1.803/1.81        1.741/1.72
1.626/1.20
abs. coeff. ( ), mm-1  9.029                      5.670   1.309          0.816               0.705
R (1)      0.0398(2)                     0.0444(3)                         0.0510(4)         0.0292(5)                          0.0320(6)

Rw
(1)      0.0983(2)          0.12707(3)              0.1392(4)         0.0753(5)    0.0842(6)

(1) { } ∑∑ −= )|F|(||F||F||R oco , ∑ ∑−= 22
o

22
c

2
ow )F(w[/])FF(w[R ;

(2 1068 reflections I>2 (I); (3) 2585 I>2 (I); (4) 4619 I>2 (I), (5) 1995 I>2 (I),
(6) 2432 I>2 (I)
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5.4.2  [V2O4(C6H6O7)2]2- (3)

3b 3c

 Pcab  P1 .   ORTEP 3

 1.    2 

   3b  3d.   [V2O4(C6H6O7)2]2- (3) 

 V(V) .  

 VV
2O2, 

 +5 .  

.  , 

.  

.   , 

, 

VV
2O2, ,  VV

2O2

.

, 

.  

, .   

, .  

, 

 VV
2O2.

 V=O 

 V(V),    1.600(2)-1.642 (2) Å 

3b 3c.  

3a (1.611(2)-1.623(2) Å))5 3c

(1.607(3)-1.636(2) Å).6  , 

 (NH4)2[V(OC(CH2CH3)2(COO)(O)2]2 ( ) (1.605-

1.617(2) Å),8  (NH4)2[VO(O2)(C4H4O5)]2
. 2H2O  ( )

(1.601 (1)-1.603(1) Å),9  K2[V2O2(O2)2(C6H6O7)2] . 2H2O (6a).1
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 1:  ORTEP  [V2O4(C6H6O7)2]2-  (3)
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 V-O 

 1.968(3) - 2.062(2) Å  

3a (1.957(2)-2.013(2) Å).  

(1.973(1)-1.984(1) Å),8 ( ) (1.964(1)-1.967(1) Å),9

Na4(NH4)2[VO2(Cit)]2
. 6H2O,  ( ) (1.961(2)-2.015(3) Å),10 K2(NH4)4[VO2(Cit)]2

. 6H2O  ( ) (1.961(2)-2.005(2) Å).4  , 

 V2O2

.

.  V-O, 

3b 3d,  1.957(3)  1.980(2) Å, 

3a (1.980(1) Å), 

.

 V---V  V2O2  3.211(2)

 3.265(1) Å, 3a-3d

K2[V2O2(O2)2(C6H6O7)2] . 2H2O(3.262 (1) Å).1

 C-O  C-C 

, 3a-3d.  , 

.   C(1), C(2), C(3), C(5),  C(6) 

,  -0.045 

C(1) 3b   -0.037 Å  C(3) 3d.  

 6.8  5.1 ° 

 O(3)-C(3)-C(4) 3b 3d .

,  O(3), O(8) and O(9), 

 120 o

106.8(2) - 137.3(2) ° 3b,  107.2(1) -137.7(1) ° 3d.

,  O(4) and O(3)’ 

 O(3), O(8) and O(9)  71.3(1)

- 101.5(2) ° 3a,   70.47(8) -102.4(1) ° 3d, 

.  

O(4), V and O(3)’   147.9(1) °  3a,  145.61(7) 
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3d,  180°.  

3a

3c.

3b,  Na+, 

.  , +

 (O(8), O(9)), 

 (O(1), O(2)),

.  

 2.294(5)-2.589(4) Å.  , 
+, , 

.  

, + 3a.

e4
+ 3d

.  , 

.

3b 3d

.  3b :

HO(7)....O(4)’ (-0.5+x,0.5-y,z) = 1.885 Å  O(7)-HO(7)...O(4)’ 168.6

 O(7)...O(4)’ = 2.694 Å,  HO(2)....O(8)’ (0.5-x,0.5+y,1-z) = 1.973 Å 

 O(2)-HO(2)...O(8)’ = 175.4  O(2)...O(8)’ = 2.726 Å.  

 , 

 ab.  3d  HO(2)....O(1)’ (-x,-y,1-z) =

1.851 Å, O(2)-HO(2)...O(1)’ 159.4 o, O(2)...O(1)’ = 2.648 Å)  HO(7)....OW(1)’ (-

x,1-y,1-z) = 1.902 Å (O(7)-HO(7)...OW(1)’ = 163.4 o,  O(7)...O(1)’ = 2.647 Å,

 3) b .  

, , 

[VO2(C6H6O7)]2
2- .
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  3

Interaction H…A (Å) D…A (Å) D-H…A (deg) Symmetry operation

3b

O(7)-HO(7)…O(4)’ 1.885 2.694 168.6 -0.5+x, 0.5-y, z

O(2)-HO(2)…O(8)’ 1.973 2.726 175.4 0.5-x, 0.5+y, 1-z

OW-HWA…O(7)’ 2.244 2.929 143.3 0.5+x, 0.5-y, z

OW-HWB…O(6)’ 1.769 2.779 164.2 x, y, z

3d

O(2)-HO(2)…O(1)’ 1.851 2.648 159.4 -x, -y, 1-z

O(7)-HO(7)…OW(1)’ 1.902 2.647 163.4 -x, 1-y, 1-z

OW(1)-HW(1A)…OW(2)’ 2.061 2.808 156.3 x, y, z

OW(1)-HW(1B)…O(5)’ 2.099 2.855 161.5 -x, -y, 1-z

OW(2)-HW(2A)…O(4)’ 2.041 2.815 171.1 1+x, y, 1+z

OW(2)-HW(2B)…O(8)’ 2.131 2.823 165.7 1-x, 1-y, 1-z

V-O(3)              2.000(3) 2.026(2)

V-O(3)   1.968(3)        1.972(2)

V-O(8)             1.642(3) 1.624(2)

V-O(9)            1.605(4)          1.600(2)

V-O(4)            1.957(3) 1.980(2)

V-V 3.225(1) 3.265(1)

O(3)-V-O(8)           137.3(2)    137.7(1)

O(3)-V-O(9)           115.8(2)    115.1(1)

O(8)-V-O(9)           106.8(2)    107.2(1)

O(4)-V-O(3)            78.6(1)    77.00(7)

O(4)-V-O(8)            95.2(2)    96.91(9)

O(4)-V-O(9)           101.5(2)    101.2(1)

O(3)-V-O(3)           71.3(1)    70.47(8)

O(8)-V-O(3)           99.2(2)    99.57(9)

O(9)-V-O(3)           101.5(2)     102.4(1)

O(4)-V-O(3)            147.9(1)     145.61(7)

 2
 Å  [deg]

                              3b                    3d                                              3b                   3d
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5.4.3  [V2O4(C6H5O7)2]4- (4)

4a 4b

.  4a P1, 

 ( ).  4b

 C2/c 

.   ORTEP 4a  4b

 2  3 .    4  5 

4a ,  6

4b.

 [V2O4(C6H5O7)2]4-

VV
2O2,  (5+).  

, 

.  

 VV
2O2 .  

, 

  .  

.  ,   

.  

.

4a 4b

 5.  4a 4b

0.41  0.26  ( 1 2/60, 1 2

,  = 0 ,  = 1 

.11  , 

4a 4b

.
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 2:  ORTEP 4a



139

 38:  Ortep  4a,

 3:  ORTEP 4b
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.  

, .  

 (

) 

 V(V) .  

V(V) 
1,5,6 3,4.  ,

 V(V) 

,  (  ) 

.

4a, 

.  , 4b

.  , 

4.2,3

 V-O  1.966(2)- 2.017(1) Å  1.968(2)-

2026(1) Å 4a 4b, .  

Na2 2[V2O4(C6H6O7)(C6H4O7)] . 9H2O  ( )

(1.966(3)-2.005(3) Å),12 Na2[V2O4(C6H6O7)2] . 2H2O  (3b) (1.957(3)-2.000(3) Å),1

Cs4[V2O4(C4H4O5)2] . 2H2O  ( ) (1.963(4)-2.016(4) Å)13 Na4[V2O4(C4H6O3)2] .

7H2O  ( ) (1.990(1)-2.004(1) Å.14 , 

 V2O2

.

 V=O 4a 4b  1.618(3)- 1.634(3) Å,

 1.612(2)-1.633(2) Å .  4a 4b

 V2O2 .1,2, 8

4a 4b .  4a, 

 C(1), C(2), (C3), (C5)  (C6) 
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   C(11), C(12), (C13), (C15)  (C16) 

,  

 0.061 Å  (C3)  0.098 Å  (C13) .  

(3)-C(4)-O(5) (13)-C(14)-

O(15)  ~1.9   (3)-C(3)-O(4) 

~2.9   (13)-C(13)-O(14) .  4b, 

 C(1), C(2), (C3), (C5)  (C6) 

 (C3) 

 0.17 Å.  (3)-C(4)-

O(5)  ~3   (3)-C(3)-O(4).  

 V(V)

, 

, .

 V---V  3.247(1) 

4a, 3.236(1) Å 4a   3.205(1) Å 4b.

4a, , 

 4- .  

, 

 VO2
+, 

.  

4b, 

.   7  8 

4a 4b .
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 V(1)-O(8)                   1.634(3)

V(1)-O(9)                    1.618(3)

V(1)-O(3)                    1.970(2)

V(1)-O(3)’                   2.017(2)

V(1)-O(5)’                   1.966(2)

C(1)-O(1)                    1.282(4)

C(1)-O(2)                    1.225(5)

C(3)-O(3)  1.425(4)

C(4)-O(4)                    1.224(4)

C(4)-O(5)             1.290(4)

C(6)-O(6)                    1.288(4)

C(6)-O(7)                    1.228(4)

C(1)-C(2)                    1.518(5)

C(2)-C(3)                    1.533(4)

C(3)-C(4)                    1.537(5)

C(3)-C(5)                    1.527(4)

C(5)-C(6)                    1.508(5)

V(2)-O(18)                     1.624(3)

V(2)-O(19)                     1.622(3)

V(2)-O(13)                     1.974(3)

V(2)-O(13)”                   2.005(3)

V(2)-O(15)”                 1.977(3)

C(11)-O(11)                    1.221(5)

C(11)-O(12)                    1.298(5)

C(13)-O(13)                   1.420(4)

C(14)-O(14)                    1.223(5)

C(16)-O(16)                    1.286(5

C(16)-O(17)                    1.203(6)

C(11)-C(12)                    1.510(5)

C(12)-C(13)                    1.537(5)

C(13)-C(14)                    1.533(6)

C(13)-C(15)                    1.534(5)

C(15)-C(16)                    1.513(5)

 4
 Å 4a
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 5
 [deg] 4a

O(9)-V(1)-O(8)              106.9(2)  O(19)-V(2)-O(18)            108.5(2)

O(9)-V(1)-O(3)’            129.1(1)  O(19)-V(2)-O(13)”          127.0(2)

O(8)-V(1)-O(3)’            124.0(1)  O(18)-V(2)-O(13)”          124.5(2)

O(8)-V(1)-O(5)’              97.6(1)  O(19)-V(2)-O(15)”          96.4(2)

O(9)-V(1)-O(5)’             98.1(1)   O(18)-V(2)-O(15)”           98.4(1)

O(5)’-V(1)-O(3)’           77.8(1)               O(15)”-V(2)-O(13)”         78.2(1)

O(8)-V(1)-O(3)             101.2(1)  O(18)-V(2)-O(13)            100.8(1)

O(9)-V(1)-O(3)              100.3(1)  O(19)-V(2)-O(13)            99.9(2)

O(3)-V(1)-O(3)’             70.9(1)    O(13)-V(2)-O(13)”          71.2(1)

O(5)’-V(1)-O(3)            148.6(1)  O(13)-V(2)-O(15)”          49.3(1)

O(2)-C(1)-O(1)              123.4(3)  O(11)-C(11)-O(12)          122.9(3)

O(2)-C(1)-C(2)              121.2(3)  O(11)-C(11)-C(12)           123.3(3)

O(1)-C(1)-C(2)              115.3(3)  O(12)-C(11)-C(12)           113.7(3)

C(1)-C(2)-C(3)              115.0(3)  C(11)-C(12)-C(13)           114.3(3)

O(3)-C(3)-C(2)              110.9(3)  O(13)-C(13)-C(12)           110.8(3)

O(3)-C(3)-C(5)              111.7(3)  O(13)-C(13)-C(15)           110.7(3)

C(2)-C(3)-C(5)              108.4(3)  C(12)-C(13)-C(15)           108.3(3)

O(3)-C(3)-C(4)              106.1(2)  O(13)-C(13)-C(14)           106.5(3)

C(2)-C(3)-C(4)              110.6(3)  C(12)-C(13)-C(14)           110.1(3)
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 6
 Å  [deg] 4b

V(1)-O(8)            1.612(2)

 V(1)-O(9)            1.633(2)

  V(1)-O(3)             1.968(1)

 V(1)-O(3)’           2.026(1)

 V(1)-O(5)’           1.977(2)

 C(1)-O(1)            1.269(3)

 C(1)-O(2)            1.245(3)

 C(3)-O(3)      1.422(2)

C(4)-O(4)            1.221(3)

C(4)-O(5)     1.296(3)

C(6)-O(6)            1.219(3)

C(6)-O(7)            1.302(3)

C(1)-C(2)            1.520(3)

C(2)-C(3)            1.531(3)

C(3)-C(4)            1.540(3)

O(9)-V(1)-O(8)           106.1(1)

 O(9)-V(1)-O(3)’         132.6(1)

O(8)-V(1)-O(3)’         121.3(1)

O(8)-V(1)-O(5)’         100.1(1)

O(9)-V(1)-O(5)’           96.4(1)

O(5)’-V(1)-O(3)’        77.9(1)

O(8)-V(1)-O(3)          100.6(1)

O(9)-V(1)-O(3)          100.5(1)

O(3)-V(1)-O(3)’         71.1(1)

O(5)’-V(1)-O(3)          148.5(1)

O(2)-C(1)-O(1)           123.6(2)

O(2)-C(1)-C(2)           118.9(2)

O(1)-C(1)-C(2)           117.5(2)

C(1)-C(2)-C(3)            114.2(2)

O(3)-C(3)-C(2)       109.5(2)

O(3)-C(3)-C(5)       111.6(2)

C(2)-C(3)-C(5)      109.2(2)

O(3)-C(3)-C(4)       106.42)

C(2)-C(3)-C(4)        110.1(2)

C(5)-C(3)-C(4)        110.1(2)

O(4)-C(4)-O(5)        123.3(2)

O(4)-C(4)-C(3)         120.8(2)

O(5)-C(4)-C(3)         115.9(2)

C(6)-C(5)-C(3)         117.0(2)

O(7)-C(6)-O(6)         123.9(2)

O(7)-C(6)-C(5)          114.4(2)

O(6)-C(6)-C(5)          121.6(2)
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 7

4a

Interaction D…A
(Å)

H…A
(Å)

D-H…A
(deg)

Symmetry operation

O6-HO16…O16 2.468 1.658 161.2 -1+x, 1+y, z

O12-HO12…O1 2.502 1.602 174.3 x, y, -1+z

OW1-HW1A…O2 2.846 1.954 169.9 x, y, z

OW2-HW2A…O6 2.792 2.030 150.0 x, y, z

OW2-HW2B…O15 2.943 2.171 169.3 2-x, -y, -z

  8

4b

Interaction D…A
(Å)

H…A
(Å)

D-H…A
(deg)

Symmetry
operation

O7-HO7…OW3 2.541 1.784 166.5 x,y,-1+z

Ow1-Hw1A…O2 2.778 1.967 173.1 x,y,z

Ow2-Hw2A…O6 2.828 2.037 133.1 0.5-x,0.5-y,-z

Ow3-Hw3A…O1 2.680 1.798 174.6 x,y,z

Ow3-Hw3B…O1 2.818 2.023 164.5 0.5-x,0.5-y,1-z

N1-Hn1A…O4 2.870 2.009 169.0 0.5-x,0.5+y,0.5-z

N1-Hn1B…O2 2.824 1.966 169.7 0.5+x,0.5-y,0.5+z

N1-Hn1C…O5 2.930 2.050 165.9 0.5-x,0.5-y,-z

N1-Hn1D…O1 2.858 2.034 152.2 0.5-x,0.5-y,1-z

N2-Hn2A…O8 2.839 2.183 147.1 x,y,z

N2-Hn2B…Ow1 2.973 1.990 173.9 0.5-x,0.5-y,-z

N2-Hn2C…O6 2.995 2.153 163.6 1-x,-y,-z

N2-Hn2D…O9 2.884 1.974 169.5 1-x,y,0.5-z
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5.4.4  [V2O4(C6H4O7)2]6- (5)

 5a

.  5a P1, 

.    ORTEP 5

 4.    10 

5a.

 [V2O4(C6H4O7)2]6-

VV
2O2,  5+.  

,  VV
2O2,

.

,  VV
2O2 , 

 VV
2O2.

.  , 

  

.  

.

 5a  5.  

5a  0.32, 

.11 5

  K2(NH4)4[V2O4(C6H4O7)2] . 6H2O (8 ).4
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 4: T  ORTEP 5a
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 V-O  1.964(2)- 2.004(1) Å.  

 V(V) : K2(NH4)4[V2O4(C6H4O7)2] .

6H2O  (4 ) (1.961(2)-2.005(2) Å),4 (Me4N)2[V2O4(C6H6O7)2] . 4H2O (1.972(2)-

2.026(2) Å) (3d),  Cs2[V2O4(C4H4O5)2]. 2H2O  ( ) (1.949(3)-2.004(4) Å).13  

 V=O  1.617(2)-1.618(2) Å.  

5a

 K2(NH4)4[V2O4(C6H4O7)2] . 6H2O ( ) (

9).4

 V---V  3.215(1) Å.  

 VV
2O2

. 

.   C(1), C(2), (C3), (C5)  (C6) 

, 

 (C3)  0.34 Å.  

(3)-C(4)-O(5)  ~1.5   (3)-

C(3)-O(4).  

 V(V) , 

.

 9

V=O V-O

2[V2O4(C6H6O7)2].4H2O (3a)5,6 1.611(2)-1.623(2) 1.957(2)-2.013(2)

Na2[V2O4(C6H6O7)2].2H2O (3b)1 1.624(2)-1.642(3) 1.968(3)-2.000(3)

(NH4)2[V2O4(C6H6O7)2].2H2O (3c)6 1.607(3)-1.636(2) 1.964(2)-2.012(2)

((CH3)2N)2[V2O4(C6H6O7)2].4H2O (3d)1 1.600(2)-1.624(2) 1.972(2)-2.026(2)

K4[V2O4(C6H5O7)2] . 5.6H2O (4a)2 1.612(2)- 1.633(2) 1.966(2)- 2017(1)

(NH4)4[V2O4(C6H5O7)2].4H2O (4b)3 1.618(3)- 1.634(3) 1.968(2)- 2026(1)

(NH4)6[V2O4(C6H4O7)2] . 6H2O (5a)3 1.617(2)-1.618(2) 1.964(2)- 2004(1)

K2(NH4)4[V2O4(C6H4O7)2] . 6H2O ( )4 1.620(2)-1.625(2) 1.961(2)-2.005(2)

Na2 2[V2O4(C6H6O7)(C6H4O7)] . 9H2O ( )12 1.611(5)-1.629(4) 1.976(4)-2.005(3)
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5a

 6- .  

, 

 VO2
+, 

.  5a

 6 , 

 (  11).
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 10
 Å  [deg] 5a

V(1)-O(8) 1.618(2)

V(1)-O(9)        1.617(2)

V(1)-O(3)        1.964(2)

V(1)-O(3)’       2.004(1)

V(1)-O(5)’       1.981(2)

C(1)-O(1)        1.242(3)

C(1)-O(2)        1.253(3)

C(3)-O(3) 1.423(2)

C(4)-O(4)        1.222(3)

C(4)-O(5)  1.291(2)

C(6)-O(6)        1.240(3)

C(6)-O(7)         1.264(3)

C(1)-C(2)         1.518(3)

C(2)-C(3)        1.530(3)

C(3)-C(4)        1.537(3)

C(3)-C(5)        1.531(3)

C(5)-C(6)        1.513(3)

O(9)-V(1)-O(8)         106.3(1)

O(9)-V(1)-O(3)’       123.6(1)

O(8)-V(1)-O(3)        130.0(1)

O(8)-V(1)-O(5)’        96.8(1)

O(9)-V(1)-O(5)’        98.0(1)

O(5)’-V(1)-O(3)’       78.0(1)

O(8)-V(1)-O(3)          99.8(1)

O(9)-V(1)-O(3)          101.6(1)

O(3)-V(1)-O(3)’         71.8(1)

O(5)’-V(1)-O(3)       149.5(1)

O(2)-C(1)-O(1)        124.9(2)

O(2)-C(1)-C(2)        116.4(2)

O(1)-C(1)-C(2)        118.7(2)

C(1)-C(2)-C(3)        116.6(2)

O(3)-C(3)-C(2)        110.9(2)

O(3)-C(3)-C(5)         110.6(2)

C(2)-C(3)-C(5)         108.2(2)

O(3)-C(3)-C(4)         106.1(2)

C(2)-C(3)-C(4)         110.9(2)

C(5)-C(3)-C(4)         110.2(2)

O(4)-C(4)-O(5)        124.3(2)

O(4)-C(4)-C(3)        119.7(2)

O(5)-C(4)-C(3)       116.0(2)

C(6)-C(5)-C(3)       115.7(2)

O(7)-C(6)-O(6)      124.5(2)

O(7)-C(6)-C(5)     116.2(2)

O(6)-C(6)-C(5)      119.3(2)
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 11

5a

5a

Ow1-Hw1A…O2 2.769 2.027 174.0 x,y,z

Ow1-Hw1B…O1 2.750 2.048 157.6 2-x,2-y,1-z

Ow2-Hw2A…O4 2.776 1.908 163.6 x,y,1+z

Ow2-Hw2B…O9 3.020 2.431 151.1 x,y,z

Ow3-Hw3A…O2 2.920 2.252 156.3 1-x,1-y,1-z

Ow3-Hw3B…O6 2.755 1.939 162.1 x,y,z

N1-Hn1A…O7 2.832 1.943 164.9 x,y,z

N1-Hn1B…Ow2 2.957 2.074 164.0 x,y,z

N1-Hn1C…O1 2.825 1.905 172.7 -1+x,y,z

N1-Hn1D…O7 2.858 2.029 163.1 -x,1-y,1-z

N2-Hn2A…Ow1 2.805 2.053 159.5 1-x,1-y,1-z

N2-Hn2B…O2 2.827 1.897 165.6 -1+x,-1+y,-1+z

N2-Hn2C…Ow3 2.784 1.846 157.6 x,y,z

N2-Hn2D…Ow2 3.123 2.332 144.4 -1+x,-1+y,-1+z

N3-Hn3A…Ow1 2.862 2.012 143.6 2-x,2-y,1-z

N3-Hn3B…O7 2.766 1.906 162.8 1+x,y,z

N3-Hn3C…O6 2.878 2.209 140.5 1-x,1-y,-z

N3-Hn3D…O5 3.094 2.504 147.5 x,y,z
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5.5
13C R  (NH4)2[V2O4(C6H6O7)2].2H2O  (3c),

(NH4)4[V2O4(C6H5O7)2].4H2O  (4b)  (NH4)6[V2O4(C6H4O7)2].6H2O  (5a),

 D2O,  DSS (3-

Trimethylsilyl)-1-propane sulfonic acid (  5, 6  7 ).   13C

R  DSS  0 ppm,  17 ppm,

 57 ppm.

3c, 4b, 5a

 44.6 ppm (3c), 45.6 ppm (4b),  48.0 ppm (5a), 

.  , 

 86.7 ppm (3c),  86.8 (4b),  87.2 ppm (5a) 

, .

,  175.2 ppm (3c),  176.6 ppm (4b),

   181.5 ppm (5a) 

.  ,  184.9 ppm (3c), 185.8 (4b)  186.3 ppm (5a)

 (  12).

3c, 4b 5a , 

 ( ).  

, 

    pH.

 12

3c 

pH=3,5

4b 

pH=5

5a 

pH=6,5
-CCH2 44.6 ppm 46.2ppm 45.6 ppm 47.2 ppm 48.0 ppm 48.5 ppm
-C . 86.7 ppm 76.4 ppm 86.8 ppm 77.1 ppm 87.2 ppm 77.9 ppm

-CCOO 175.2 ppm

184.9 ppm

177.1 ppm

181 ppm

176.6 ppm

185.8 ppm

179.1 ppm

182.5 ppm

181.5 ppm

186.3 ppm

181.70 ppm

184.4 ppm
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4b, 

.  

, 13C

NMR 

.  , 4b,

.  

.
13C NMR 3c, 4b 5a

, 

.

, 13C 3c, 4b 5a

, , 

.  

 ( ), 

.
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0255075100125150175

DSS
DSS

-CCH2

DSS

-C
-CCOO 

-CCOO 

 5: 13C 3b  D2O
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0102030405060708090100110120130140150160170180190

DSS

DSS

CCH2

-C

-CCOO 

-CCOO .

 6: 13C 4b  D2O
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0102030405060708090100110120130140150160170180190

DSS

-CCH2

-C 
DSS

-CCOO

-CCOO .

 7: 13C 5a  D2O
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5.6

3a-3d, 4a, 4b 5a  KBr

.   FT-IR  3c, 4b

 5a  8, 9  10 .  

as(COO-) 

(1733-1618 cm-1), (1719-1649 cm-1)  (1631-1569 cm-1) 3a-3d, 4a-4b 5a

 (  13).  s(COO-) 

 (1489-1329 cm-1), (1408-1371 cm-1)  1400 cm-1  3a-3d, 4a-4b

5a .  

.  , 

as(COO-)- s(COO-))  200 cm-1,

  ,15

.1,2,3 , 

(VO2
+)  VO2

+

936-868 cm-1. 

.3,16

  

.17
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 13

3a 3b 3c 3d 4a 4b 5a

as(COO-) 1730-1709 cm-1 1724-1655

cm-1

1732-1626

cm-1

1733-1618

cm-1

1719-1649

 cm-1

1690-1650

cm-1

1631-1569

cm-1

s(COO-) 1411-1352

cm-1

1431-1329

cm-1

1402-1333

cm-1

1489-1335

cm-1

1408-1371

cm-1

1400

cm-1

1400

cm-1

vas(VO2
+) 958 cm-1 970 cm-1 957 cm-1 958 cm-1 951 cm-1 945 cm-1 942 cm-1

vs(V=O) 900 cm-1 905 cm-1 988 cm-1 899 cm-1 862 cm-1 872 cm-1 870cm-1
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 8 :  FT-IR 3c

as(COO-)
s(COO-)
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 9:  FT-IR 4b

as(COO-)

s(COO-)
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 10:  FT-IR 5a

as(COO-) s(COO-)
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5.7

(NH4)2[V2O4(C6H6O7)2].2H2O  (3c), 4[V2O4(C6H5O7)2].5.6H2O  (4a) 

(NH4)2[V2O4(C6H4O7)2]. 6H2O (5a), 

.  3c, 4a

5a , 3, 

,  Ag/AgCl 

.  3c

 (  11) 

1/2 = -517 mV.  ,  v

= 0.1 V/sec, pc = - 613 mV, 

 V(V)  V( V).   -750

mV, , pa = - \421

mV.   V( V) 

V(V).  .   v = 0.05 V/sec,

 = 155 mV (  14).    ipa/ipc ≈ 0.89 < 1 
Cv

ip
×

.   ip Cv ×

.

 14

pc1

(mV)

Epa1

(mV) (mV)
1/2

(mV)

pc2

(mV)

Epa2

(mV)

v

(V/sec)

-593 -438 155 -516 -971 -680 0.05

-613 -421 192 -517 -999 -676 0.1(3c)

-644 -403 241 -524 -1.03 -648 0.2

* 3c.
*  Ag/AgCl
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   (  12),   0.2

V – (-1.2 V), , pc = -999 mV, 

pa = -676 mV (  14).   = 291

mV,  v = 0.05 mV,.   ipa/ipc < 1 

.  
Cv

ip
×

.   Epc ,  Epa

.  

V(V)  V(IV).   ip Cv ×

.
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-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2
0.00010

0.00008

0.00006

0.00004

0.00002

0.00000

-0.00002

-0.00004

C
ur

re
nt

 I 
(A

)

Potential E (V)

 11: 3c 3  –0.2V  –0.75V, 

 v =  0.1 V/sec.  .
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-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
0.0005

0.0004

0.0003

0.0002

0.0001

0.0000

-0.0001

C
ur

re
nt

 I 
(A

)

Potential E (V)

 12: To 3c  0.2 V  –1.2 V, 

 v = 0.1 V/sec.  .
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4[V2O4(C6H5O7)2].5.6H2O (4a)  (  13)

  1/2 = -530 mV.  

 (   0.0 V – (-0.8 V)),  v

= 0.05 V/sec, pc = - 578 mV, 

 V(V)  V( V).  

 –800 mV, , pa

= - 479 mV.   V( V)  V(V).  

.   v = 0.05 V/sec  = 99

mV (  15).    ipa/ipc ≈ 0.94 < 1 

, 
Cv

ip
×

.   ip Cv ×

.

 15

pc1

(mV)

Epa1

(mV) (mV)
1/2

(mV)

Epc2

(mV)

Epa1

(mV) (mV)
1/2

(mV)

 v

(V/sec)

-578 -479 99 -529 -878 -707 171 -792 0.05

-586 -474 112 -530 -871 -683 188 -777 0.1

 (4a)

-603 -452 151 -528 -888 -670 218 -779 0.2

*  4[V2O4(C6H5O7)2].5.6H2O  (4a)

* g/AgCl

 4a 

 (  0.0 V- (-1.1 V),   14.  

    pc2 = -878 mV, 

pa2 = -707 mV  v = 0.05 V/sec (
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15).  To  = 171 mV,  0.05 V/sec.   
c

a

ip
ip  < 1 

.  
Cv

ip
×

.  

, 1/2

 -792 mV  -777 mV,  0.05 – 0.2 V/sec

 V(V)  V(IV).   ip

Cv × .
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-0.8 -0.6 -0.4 -0.2 0.0

0.00005

0.00004

0.00003

0.00002

0.00001

0.00000

-0.00001

-0.00002

-0.00003

C
ur

re
nt

 I 
(A

)

Potential E (V)

  13: 4a  KNO3,  0 V

 –0.8 V,  v = 0.1 V/sec.  .
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-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
0.0004

0.0003

0.0002

0.0001

0.0000

-0.0001

C
ur

re
nt

 I 
(A

)

Potential E (V)

.

 14: 4a  KNO3,  0.0 V  –1.1 V, 

 v = 0.1 V/sec.  .  

.
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 (NH4)6[V2O4(C6H4O7)2]. 6H2O (5a)

 (  15),    

  pa = -1016 mV, (  v = 0.05 V/sec)  Epc = -

674 mV (  16).  
c

a

ip
ip

 < 1 

.  
Cv

ip
×

.  To

 v = 0,1 V/sec  438 mV.

 Epc ,  Epa

.  

 V(V)  V(IV).   ip Cv ×

.

 16

Epc

mV

Epa

mV

v

V/sec

-1016 -674 0.05

-1060 -622 0.1

(NH4)6[V2O4(C6H4O7)2]. 6H2O

(5a)

-1160 -564 0.2

*  (NH4)6[V2O4(C6H4O7)2]. 6H2O  (5a)

* g/AgCl
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-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
0.0007

0.0006

0.0005

0.0004

0.0003

0.0002

0.0001

0.0000

-0.0001

-0.0002

C
ur

re
nt

 I 
(A

)

Potential E (V)

 15: 5a 3,   0.0 V  –1.2 V, 

 v = 0.05 V.  .
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5.8

5.8.1  [V2O4(C6H6O7)2]2- (3),

[V2O4(C6H5O7)2]4-(4),       [V2O4(C6H4O7)2]6- (5)

[V2O4(C6H6O7)2]2- (3), [V2O4(C6H5O7)2]4- (4),  [V2O4(C6H4O7)2]6- (5) 

  

.  , 3, 4 5

  : )  VV
2O2, 

 pH 

, ) 

 (5+), ) 

[VVO2]+ ) o ,  5, ) 

, )

 (

), )  (1:1)  : 

, ) 

 VV
2O2, 

, ) 

.

: ) 

, ) , 3  (2-),

4  (4-) 5 (6-).

, 

.  , 

  

 (6-),  (4-) 

 (2-).
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5.8.2

 (NH4)2[V2O4(C6H6O7)2].2H2O (3c),

, , 

4[V2O4(C6H5O7)2].5.6H2O  (4a), -

,  (NH4)6[V2O4(C6H4O7)2]. 6H2O

(5a) .

3c,  E1/2 = -

517 mV, 

 V(V)  V(IV).  ,

, 

 ( ) 

.  , 

:
                                                                            -517 mV

[L(VVO2)-(O)2-(VVO2)L]2-  (3c) +  1e- D    [L(V VO)-(O)2-(VVO2)L]3-   (R1)

 –999 mV

 v = 0.1 V/sec),  V(V)  V(IV).  

.  , , 

.    R1

, .

4a.    To

 E1/2 = -530 mV (  v = 0.1 V/sec),

 V(V)

 V(IV),  E1/2 = -777 mV (   v = 0.1 V/sec), 

 V(V)  V(IV).  

. ( ).

, 

:
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                                                                       -530 mV

[L(VVO2)-(O)2-(VVO2)L]4-  (4a) +  1e- D   [L(V VO2)-(O)2-(VVO2)L]5- (R2)

E -777 mV

                                                                  [L(V VO2)-(O)2-(V VO2)L] 6-   (R3)

.

5a,  Epc

= -1060 mV,  V(V)  V(IV).  

5a

, .  

, 

 Epa = -622 mV (v =0.1 V/sec).  

, ,

.  

5a.

 E1/2, 3c, 4a,  Epc 5a, 

 V(V)  V(IV) 

.18   1/2 3c (-517 mV), 4a (-530 mV),

3c,  4a

3c.  4a

3c

4a (4-) 3c (2-).  

.  .   Epc

5a, (-1060 mV, v = 0.1 V/sec) 

, 3c

4a, 

.  

5a  (6-).  

+ 1e-
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.  

.

, 

 5+, , 

, 

.  

.

, 

 R1, R2, 

.  , 

, 

3c, 4a 5a, 

, 

.

5.8.3  pH 

 V(V) 

 [V2O4(C6H6O7)2]2- (3), [V2O4(C6H5O7)2]4- (4),  [V2O4(C6H4O7)2]6- (5),

 VV
2O2.   ,  pH ~3.5 

[V2O4(C6H6O7)2]2-, 

, 

(2-).   [V2O4(C6H5O7)2]4-, 

, 

.  

4  (4-).  ,  [V2O4(C6H4O7)2]6-, 

,  (6-).  

) – 

, ) 
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, ) 

, ) 

,

, ,  pH, 

.

 pH- 3, 4 5,

 – 

.  ,  VV
2O2

, 

 – .  

[(VVO2)2 2]0

.

, 

 – 

V(V) )  pH-  (

.  

1)  (

 VV
2O2.  

 VV
2O2.  , 

. 

 [V2O4(C6H5O7)2]4-.

2)  (

 VV
2O2.  

  .  

[V2O4(C6H6O7)(C6H4O7)2]4-.13

)  pH-  (

, .13  , 

V(V)– , 

) .  

, .
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,  pH 

3, 4 5, 

.  , 

 V(V)- .   16  pH- 

3, 4 5.

.



178

+ 4H+

pH ~3,5

 16:  3, 4  5

pH ~3,5 pH ~5,5
pH~ 6.5

3 5

4

-4H+

pH~ 6.5

+ 2H+

pH ~5,5

-2H+

pH~ 6.5
+ 2H+

pH ~3,5

-2H+

pH ~5,5
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6

 V(V) 

6.1

 V(V) 

[V2O2(O2)2(C6H6O7)2]2- (6)1, [V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2]10- (7)  

[V2O2(O2)2(C6H4O7)2]6-  (8)2  pH ~3.5, ~6  ~6.5 . 

6  K2[V2O2(O2)2(C6H6O7)2] . 2H2O  (6a)1

(NH4)2[V2O2(O2)2(C6H4O7)2] . 2H2O  (6b)1.  7

,  K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2].20H2O (7a)

8  (NH4)6[V2O2(O2)2(C6H4O7)2] . 4.5H2O (8a).  

, , 

 (NMR),  (FT-IR),

 -  (UV-Visible), .  , 

 pH.

6.2

6.2.1  [V2O2(O2)2(C6H6O7)2]2- (6),

[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2]10- (7) 

[V2O2(O2)2(C6H4O7)2]6-  (8)

 [V2O2(O2)2(C6H6O7)2]2- (6),

[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2]10- (7)   [V2O2(O2)2(C4H4O5)2]6-  (8)

.  

 V2O5  

 pH ,  pH ~3.5 6

 1),  pH ~6 7 (  2)  pH ~6.5

8 (  3).  

: )  pH ) 
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.

, 

.  

:

V2O5  +  2 C6H8O7  +  2Cat+OH-  +  2H2O2

Cat2[V2O2(O2)2(C6H6O7)2].2H2O (6) +  3H2O

 Cat+ +, 4
+

V2O5  +  2 C6H8O7  + 10 +OH-  +  4H2O2 + 4 2

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2].20H2O (7a)

V2O5  +  2 C6H8O7  +   6 OH-  +  2H2O2

 [V2O2(O2)2(C6H4O7)2] 6- (8a)  +  9H2O

, 6a, 6b 8a  VCl3
 ( ).   VCl3

,  pH ~7  ~9, 6(a-b)

8 .  ,  (

, 

 4+), 

, 

.  

:

pH ~6.5

pH ~6

pH ~3.5 (1)

(2)

(3)
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 2VCl3  +  2 C6H8O7  +  2Cat+OH-  + ½ O2 +  3H2O2

Cat2[V2O2(O2)2(C6H6O7)2].2H2O (6) +  6CatCl  +  3H2O

 Cat+ +, 4
+

2VCl3  +  2 C6H8O7  +  12NH4
+OH-  + ½ O2 +  3H2O2

(NH4)6[V2O2(O2)2(C6H4O7)2] . 4.5H2O (3a)  +  6NH4Cl  +  13H2O

,  4 C,

 (6a), (6b),  (7a).

6a, 6b, 8a

, 7a  20 

.  7a

 (DMSO),  (DMF), , 

 (CH3OH, i-PrOH) 

.  .  

8a   (CH3OH, i-PrOH), , 

 (DMSO), .  

.

6.2.2

 pH

 pH-

, 

.  ,  pH-

 ( 4)6[V2O2(O2)2(C6H4O7)2].4.5 2   (8a) 

4)2[V2O2(O2)2(C6H6O7)2].
2 (6a), 

10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2].20 2  (7a) 

2[V2O2(O2)2(C6H6O7)2].
2  (6a).  

[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2]10- (7)   [V2O2(O2)2(C6H4O7)2]6-  (8)

pH ~9

pH ~7
(4)

(5)
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, 

.

, , 

4)6[V2O2(O2)2(C6H4O7)2].
2   (8a)  pH 

 ~3.5, 

 ( 4)2[V2O2(O2)2(C6H6O7)2].
2 (6b).  

:

[V2O2(O2)2(C6H4O7)2]6- (8) +   4 +                               [V2O2(O2)2(C6H6O7)2]2- (6)

, 

10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2].20 2  pH

~3.5 , 

2[V2O2(O2)2(C6H6O7)2].
2  (6a).  

:

[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2]10- (7) + 6 Cl

2 [V2O2(O2)2(C6H6O7)2]2- (6) +  6 Cl-

 pH-

, 

6, 7 8.

pH=3.5

pH=3.5 (6)

(7)
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6.3

6.3.1  K2[V2O2(O2)2(C6H6O5)2] . 2H2O (6a).  

 25 ml  0.20 g (1.1 mmol) V2O5  5

ml .   0.6 .  

, ,  50 C 

.  

C6H8O7, 0.80 g (4.2 mmol) .   pH 

 0.3  pH ~3.5.  , 

 H2O2 30% (0.50 ml, 4.9

mmol).     20 min ,

   4 C.  

 (layering).  

.  

 0.45 g (59%).   K2[V2O2(O2)2(C6H6O7)2] . 2H2O

(6a) (C12H16O22K2V2, MW = 692.33):   % C, 19.78; H, 2.74;

: C, 20.30; H, 2.62 %.

6.3.2  K2[V2O2(O2)2(C6H6O5)2] . 2H2O (6a).  

 4 ml  0.090 g (0.57 mmol) VCl3  0.11 g (0.57 mmol)

.   pH  0.4 

 pH ~7.  , ,     

.   To pH 

 ~6, .  

 H2O2 30% (0.50 ml, 4.9 mmol).  

 30

min.   layering 

 4 C.  .   

.  

 0.12 g (60%).    FT-IR 

2[V2O2(O2)2(C6H6O7)2] . 2H2O (6a).
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6.3.3  (NH4)2[V2O2(O2)2(C6H6O7)2] . 2H2O (6b).  

 25 ml  0.20 g (1.10 mmol) V2O5  5

ml  1.0 .  , 

,  50 C .

,  C6H8O7, 0.80 g (4.16 mmol) 

.   pH  0.3 

pH ~ 3.5. 

 H2O2 30% (0.50 ml, 4.9 mmol).    

 20 

4 C.  ,  (layering) 

.  .  

 0.4 g (56%).  

(NH4)2[V2O2(O2)2(C4H4O5)2] . 2H2O (6b) (C12H24O22N2V2, MW = 650.22):

%C, 22.15; H, 3.69; N 4.31.  : C, 22.28; H, 3.74;

N 4.39%.

6.3.4  (NH4)2[V2O2(O2)2(C6H4O7)2] . 2H2O (6b).  

 4 ml  0.090 g (0.57mmol) VCl3  0.11 g (0.57 mmol)

.  T  pH  NH4OH 1.0

N  pH ~7.  , ,     

.   To pH 

 ~6, .  

H2O2 30% (0.50 ml, 4.9 mmol).  

.  

 30 min.  ,  (layering) 

 4 C.  

.   .  

 0.13g (70%).   FT-IR

 (NH4)2[V2O2(O2)2(C6H6O7)2] .

2H2O (6b).
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6.3.5  K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2]. 20H2O

(7a).  

 25 ml  0.20 g (1.1 mmol) V2O5, 5 ml

    0.6 .  , 

,  50 C .

,   C6H8O7, 0.80 g (4.2 mmol) 

.   pH  0.4  pH

~6. 

 H2O2 30% (0.60 ml, 18 mmol).    

 20 

 4 C.  , 

.  .  

 0.77 g (74 %).  

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2]. 20H2O  (7a) (C24H58O60K10V4, MW

= 1901.52):   % C, 15.15; H, 3.07; K, 20.56.  : C,

15.21; H, 3.10; K, 20.85.

6.3.6  (NH4)6[V2O2(O2)2(C4H4O5)2] . 4.5H2O (8a).  

 25 ml  0.20 g (1.1 mmol) V2O5  5

ml . 1.0 .   , 

,  50 C .

 C6H8O7, 0.80 g (4.2 mmol) 

.   pH  0.6  pH ~ 6.

 H2O2 30% (0.60 ml, 18 mmol).    

 20 

 4 C.    ,   

.  .  

 0.30 g (36 %).  

(NH4)6[V2O2(O2)2(C6H4O7)2] . 4.5 H2O (C12H41N6O24.5V2, MW = 763.39): 

% C, 18.86; H, 5.37; N, 11.00.  : C, 19.11; H, 5.75; N,

11.27%.
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6.3.7  ((NH4)6[V2O2(O2)2(C6H4O7)2] . 4.5H2O (8a).  

 4 ml  0. 20 g (1.13mmol) VCl3  0.25 g (1.3 mmol)

.  T  pH  NH4OH 1.0

 pH ~9.  , ,     

.    pH 

 ~8, .  

 H2O2 30% (1.04 mL, 10.2 mmol).  

.  

 15 min.  , 

(layering)  4 C.  

.   

.   0.15 g (31%).    FT-IR

 (NH4)6[V2O2(O2)2(C6H47)2] .

4.5H2O (6b).

6.3.8  ( 4)6[V2O2(O2)2(C4H4O5)2].4.5 2   (8a) 

 ( 4)2[V2O2(O2)2(C6H6O7)2].
2 (6b)

0.14g ( 0.19 mmol)  ( 4)6[V2O2(O2)2(C4H3O5)2].4.5 2   (8a)

 4 ml , .    pH

   ~5.5.   pH 

 0.3 N  ~3.5.  

 15 min.

   4 C ,

.  

.  

0.04 g (34%).   FT-IR, 

 ( 4)2[V2O2(O2)2(C6H6O7)2].
2 (6b).
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6.3.9  K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2] .

20H2O (7a)   2[V2O2(O2)2(C6H6O7)2] . 2H2O (6a)

0.12 g (0.063mmol)

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2] . 20H2O  3 ml , 

.   pH 

 0.3  ~3.5.  

 15

min,  4 C.   (layering), 

.  

.    0.04 g (41%).  

 FT-IR, 

2[V2O2(O2)2(C6H6O7)2] . 2H2O (6a).
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6.4 -

6.4.1

 0.08 x 0.15 x 0.30 mm3 6a, 0.10 x 0.10

x 0.30 mm3 6b, 0.10 x 0.10 x 0.40 mm3 7a,  0.06 x 0.16 x 0.36 mm3

8a .  

6a, 

2[V2O2(O2)2(C6H6O7)2] . 2H2O,  C.

Dhordzevic.3  Crystal Logic

6a, 6b, 7a, 8a

.  , 

6a, 6b , 

 24-25 ,   , 

24<2  <54 6a,  11<2  <23 6b, 7a 8a. , 

6a, 6b, 7a 8a. -2 .

, 

 97 , 

3% .  6, 7,  8

,  Lorentz, ,  psi-scan ,

 Crystal Logic.  6, 7, 8

 (Direct methods)  SHELXL-864

 F2  SHELXL-

93.4  6, 7, 8

.  

.
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       6b       7a                                   8a

Empirical formula C12 H24 N2 O22 V2 C24H58K10O60V4 C12H41N6O24.5V2
Formula Weight 650.22 1901.52 763.39
Temperature, K 298 298                                           298
Wavelength Mo Ka 0.71073 Mo Ka 0.71073 Mo K  0.71073
Space group P21/n C2/c
a (Å) 9.414(5) 9.818(9) 12.391(5)
b (Å) 12.172(7) 11.04(1) 15.737(7)
c (Å) 10.615(6) 16.29(2) 17.102(7)

, deg 76.35(3)
, deg 109.28(2) 77.84(3) 110.84(1)
, deg 1622(3)

V, (Å3) 1148(1) 73.06(3) 3117(1)
Z 2 1 4
Dcalcd/Dmeasd (Mg m-3) 1.881/1.86 1.947/1.92 1.627 /1.63
Abs. Coeff. ( ), mm-1 0.925 1.330 0.703
Range of h,k,l -11 10,-14 0, 0 12 -11 10, -13 12, -19 0 -14 13, -18 0
R(1) 0.0417(2) 0.0444(3) 0.0519(4)

Rw
(1) 0.1139(2) 0.1102(3) 0.1475(4)

(1) { } ∑∑ −= )|F|(||F||F||R oco , ∑ ∑−= 22
o

22
c

2
ow )F(w[/])FF(w[R ;

(2) 1745 reflections I>2 (I); (3) 4210 I>2 (I); (4) 2223 I>2 (I)

 1
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6.4.2  K2[V2O2(O2)2(C4H4O5)2] .

2H2O (6a)  (NH4)2[V2O2(O2)2(C4H4O5)2] . 2H2O (6b)

6b  P21/n.

6a 6b

.   ORTEP 6

 1.    3 

6b.  

[V2O2(O2)2(C6H6O7)2]2- (6),  V(V) 

.  

VV
2O2,  5+, 

.

.

, , 

  

2
2-.  .

,

.  

, .   

,   .  

, 

 VV
2O2.
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 1.  ORTEP  [V2O2(O2)2(C6H6O7)2]2- (6)
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 V=O 6b (1.585(2) Å) 

 K2[VO(O2)(C6H6O7)]2
. 2H2O  (6a) (1.601(1) Å),3 (NH4)2[VO(O2)(C4H4O5)]2

.

2H2O (1 ) (1.601(1)-1.603(1) Å),5 K2[{VO(O2)(L-tartH2)}2 2 )] . 5 2  (2 )

(1.861(5) – 2.015(5) Å),6 (Bu4N)2[V2O2(O2)2(L-lact)2] . 2H2O (3 ) (1.830(8) –

2.049(6) Å),7 (Cat)4[VO(O2)(C4H3O5)]2
. nH2O (11)8 (1.599(3)-1.606(2) Å) (Cat = K+,

n=4 (12); Cat = NH4
+, n=3), K2[VO(O2)(C4H4O5)]2

. 2H2O (1.591(2) Å) (10),8

 (  2).9

,  V-O 

6b  (1.992(2)-2.034(2)) Å  6a ((1.991(1)-

2.039(1) Å).

 [V2O2(O2)2(C6H6O5)2]2- (6), 

, 

 V(V), 

 2.561(2) Å  2.496(2) Å 6a 6b .

 K2[V2O2(O2)2(C6H6O5)2] . 2H2O  (6a)3  Dhordjevic 

.  , ,    V-O,

.

 V(V).8  , 

 O(9)-O(10) 6a 6b 1.427 (2) Å 

1.426(3) Å .

6b

.   C(1), C(2),

C(3), C(5),  C(6) 

 0.146 Å  C(3).  

 O(4)-C(4)-O(5)  ~11°  O(3)-C(3)-

C(4).  

.
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 O(3), O(3)’, O(5), O(9), 

O(10),  44.59(9) °  83.86(8) °.

, 

 O(8), 

 95.2(1)-102.8(1)°.  , 

,  V-O(9)-O(10), 

(67.2(1)-68.2(1) °), 

.

6a 6b

.   HO(2)....O(9)’ (-0.5-

x,y-0.5,-0.5-z) = 2.150 Å  O(2)-HO(2)...O(9) 139.4 deg 

O(2)...O(9)’ = 2.655 Å, HO(6)....O(4)’ (0.5+x,2.5-y,0.5+z) = 2.000 Å  O(6)-

HO(6)...O(4)’ = 162.9 deg  O(6)...O(4)’ = 2.725 Å, (  4)

 ac .    

 ( 6b) 

[V2O2(O2)2(C6H6O7)2]2- (6).

 2
V=O V-O

K2[V2O2(O2)2(C4H4O5)2] . 2H2O (6a)3 1.601(1) 1.991(1)-2.039(1)
(NH4)2[V2O2(O2)2(C4H4O5)2] . 2H2O (6b)1 1.585(1) 1.992(2)-2.034(2)
K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2].20H2
O (7a)
( )
( )

1.603(3)
1.610(3)

2.012(3)-2.047(3)
2.025(3)-2.041(3

(NH4)6[V2O2(O2)2(C6H4O5)2] . 4.5H2O (8a)2 1.597(3) 2.013(3)-2.055(3)
K4[V2O2(O2)2(C4H3O5)2] . 4H2O (11a)8 1.606(2) 1.868(2)–2.248(2)
(NH4)4[V2O2(O2)2(C4H3O5)2] . 3H2O (11b)8 1.599(3) 1.859(3)–2.294(3)
K2[{VO(O2)(L-tartH2)}2 2 )].

2  ( ) 1.584(6)-1.588(5) 1.861(5)–2.015(5)

(Bu4N)2[V2O2(O2)2(L-lact)2] . 2H2O (19 )6 1.600 (5)–1.605(6) 1.830(8)–2.049(6)

K4[V2O4(C6H5O7)2] . 5.6H2O (4a)7 1.612(2)- 1.633(2) 1.966(2)- 2017(1)
(NH4)6[V2O4(C6H4O7)2] . 6H2O (5a)9 1.617(2)-1.618(2) 1.968(2)- 2026(1)
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 4

 6b

O(2)-HO(2)…O(9)’ 2.150 2.655 139.4 -0.5-x, -0.5+y, -0.5-z

O(6)-HO(6)…O(4)’ 2.000 2.725 162.9 0.5+x, 2.5-y, 0.5+z

N-HNA…O(8)’ 2.278 2.868 133.9 -x 2-y, -z

N-HNB…OW’ 1.720 2.843 174.9 -x, 1-y, 1-z

N-HNC…O(10)’ 2.020 2.831 132.6 0.5+x, 1.5-y, 0.5+z

N-HND…O(9)’ 2.513 2.923 137.3 0.5+x, 1.5-y, 0.5+z

N-HND…OW’ 2.601 3.053 146.0 x, y, -1+z

 3

 (Å)  [deg]  (NH4)2[V2O2(O2)2(C4H4O5)2] . 2H2O (6b)

V-O(3)             1.992(2)

V-O(3)’  2.034(2)

V-O(8)             1.585(2)

V-O(9)             1.886(2)

V-O(10)           1.873(2)

V-O(5)             2.010(2)

V-O(1)              2.496(2)

V-V’             3.245(2)

O(3)-V-O(8)             102.63(9)

O(3)-V-O(9)             146.65(9)

O(3)-V-O(10)            146.84(9)

O(8)-V-O(9)              100.7(1)

O(8)-V-O(10)            102.8(1)

O(5)-V-O(3)               77.93(8)

O(5)-V-O(8)                95.2(1)

O(5)-V-O(9)                76.52(9)

O(5)-V-O(10)              120.39(9)

O(9)-V-O(10)              44.59(9)

O(3)-V-O(3)’               72.45(8)

O(8)-V-O(3)’                99.2(2)

O(9)-V-O(3)’           128.02(8)

O(10)-V-O(3)’         83.86(8)

O(5)-V-O(3)’           149.92(8)

O(3)-V-O(1)            73.69(8)

O(5)-V-O(1)            81.57(9)

O(8)-V-O(1)           175.5(1)

O(9)-V-O(1)           81.65(8)

O(10)-V-O(1)           81.65(8)

O(3)’-V-O(1)          85.17(8)
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6.4.3

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2].20H2O (7a)

7a

.  7a  P

.   ORTEP  6a

 2.  , 

 5  6 .  7a

.  

 VV
2O2, 

 (5+).  

.  

, 

.  

,  O2
2-

  .

 7, 

.   ( ) 

.   ( ) 

.  , 

 V2O2

.

, , 

.  ,

 V2O2, 

.  

, 

.  , , 

VV
2O2.



198

 2:  ORTEP  [V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2]10- (7)
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, , 

,  

 7.  , 

.

 [V2O4(C6H5O7)2]4- (4a)9a .  

, , 

, 

.  

 [V2O4(C6H5O7)2]4- (4a), ,

, .

.

 V-O 7a  

 V(V), 

(NH4)2[V2O2(O2)2(C6H6O7)2].2H2O (1.873(2)-2.034(2)Å) (6b),1

K2[V2O2(O2)2(C6H6O7)2] . 2H2O (1.873(1)-2.039(1) Å) (6a),4

(NH4)4[V2O2(O2)2(C6H4O5)2] . 3H2O (1.859(3)-2.294(3) Å) (8a)2,

K4[V2O2(O2)2(C4H3O5)2] . 4H2O (1.868(2)-2.248(2) Å) (11),8

K2[V2O2(O2)2(C4H4O5)2] . 2H2O (1.869(2)-2.033(2) Å) (10),8

  (NH4)6[V2O4(C6H4O7)2] . 6H2O  (5a) (1.966(2)-2.017(2) Å),

K4[V2O4(C6H5O7)2] . 5.6H2O  (4a) (1.966(2)-2.017(2) Å)9b

(NH4)2[V(O)2(OC(CH2CH3)2COO)]2 (4 ) (1.973(1)-1.984(2) Å),10

Na2[V2O4(C4H6O3)2] . 7H2O  (5 ) (1.990(1)-2.004(1) Å).11

 V=O 

 (NH4)6[V2O2(O2)2(C6H4O7)2] . 4.5H2O (1.597 (8a) Å).2

7a

 VV
2O2, 

.2,3,8
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7a, 

.  

 C(1), C(2), C(3), C(5),  C(6) 

,  0.08 Å  C(3) 

0.09 Å  C(13) .  

 O(4)-C(4)-O(5)  19.8 °  

 O(13)-C(13)-C(14) .  

 V(V) ,

  

.2,8

 V….V 7a  3.260(1) Å 

3.244(1) Å .  

 V(V) .2,3,8

, 7a.  

 (10-) .

,  VO2
+, 

.   (20)

7a

 (  7).
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 5
 (Å)  7a

V(1)-O(8)      1.603(3)

V(1)-O(9)      1.884(3)

V(1)-O(10)     1.889(3)

V(1)-O(3)      2.012(3)

V(1)-O(5)      2.040(3)

V(1)-O(3)'     2.047(3)

V(1)-O(7)      2.282(4)

O(3)-C(3)      1.444(5)

O(5)-C(4)      1.283(5)

O(7)-C(6)      1.263(5)

O(9)-O(10)     1.428(4)

C(1)-O(1)      1.214(5)

C(1)-O(2)      1.306(5)

C(1)-C(2)      1.514(6)

C(2)-C(3)      1.531(5)

C(3)-C(4)      1.532(6)

C(3)-C(5)      1.537(5)

C(4)-O(4)      1.242(5)

C(5)-C(6)      1.530(5)

C(6)-O(6)      1.246(5)

V(2)-O(18)        1.610(3)

V(2)-O(20)        1.895(3)

V(2)-O(19 )       1.898(3)

V(2)-O(13)''      2.025(3)

V(2)-O(15)''      2.028(3)

V(2)-O(13)        2.041(3)

V(2)-O(17)''      2.251(3)

O(13)-C(13)       1.430(5)

O(15)-C(14)       1.284(5)

O(17)-C(16)       1.266(5)

O(19)-O(20)       1.429(4)

C(11)-O(11)       1.240(5)

C(11)-O(12)       1.292(5)

C(11)-C(12)       1.508(6)

C(12)-C(13)       1.525(5)

C(13)-C(14)       1.538(6)

C(13)-C(15)       1.545(5)

C(14)-O(14)       1.232(5)

C(15)-C(16)       1.524(6)

C(16)-O(16)       1.254(5)
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 6
 [ deg]  7a

O(8)-V(1)-O(9)           102.74(14)

O(8)-V(1)-O(10)           99.40(14)

O(9)-V(1)-O(10)           44.47(14)

O(8)-V(1)-O(3)             97.46(13)

O(9)-V(1)-O(3)           151.03(12)

O(10)-V(1)-O(3)         150.46(13)

O(8)-V(1)-O(5)             93.10(14)

O(9)-V(1)-O(5)           120.96(13)

O(10)-V(1)-O(5)           77.15(12)

O(3)-V(1)-O(5)             77.89(11)

O(8)-V(1)-O(3)'             96.47(13)

O(9)-V(1)-O(3)'             84.03(13)

O(10)-V(1)-O(3)'          128.24(12)

O(3)-V(1)-O(3)'              73.16(13)

O(5)-V(1)-O(3)'             150.42(11)

O(8)-V(1)-O(7)             173.69(12)

O(9)-V(1)-O(7)               82.86(12)

O(10)-V(1)-O(7)             82.50(12)

O(3)-V(1)-O(7)               78.40(11)

O(5)-V(1)-O(7)                81.42(12)

O(3)'-V(1)-O(7)                86.93(12)

V(1)-O(3)-V(1)'             106.84(13)

O(18)-V(2)-O(20)             99.83(14)

O(18)-V(2)-O(19)            101.2(2)

O(20)-V(2)-O(19)             44.25(13)

O(18)-V(2)-O(13)''           98.06(13)

O(20)-V(2)-O(13)''          149.85(12)

O(19)-V(2)-O(13)''          151.82(12)

O(18)-V(2)-O(15)''           92.6(2)

O(20)-V(2)-O(15)''           77.65(13)

O(19)-V(2)-O(15)''          121.60(13)

O(13)''-V(2)-O(15)''         77.49(12)

O(18)-V(2)-O(13)             96.23(13)

O(20)-V(2)-O(13)            127.25(13)

O(19)-V(2)-O(13)             83.45(13)

O(13)''-V(2)-O(13)           74.16(13)

O(15)''-V(2)-O(13)          151.21(11)

O(18)-V(2)-O(17)''          175.91(13)

O(20)-V(2)-O(17)''           82.21(12)

O(19)-V(2)-O(17)''           82.72(14)

O(13)''-V(2)-O(17)''         78.64(11)

O(15)''-V(2)-O(17)''         84.40(13)

O(13)-V(2)-O(17)''           85.24(12)
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 7

7a
Interaction D…A

(Å)
H…A

(Å)
D-H…A

(deg)
Symmetry operation

N1-HN1A … O7 2.793 1.899 170.4 0.5-x, 0.5-y, -z
N1-HN1B … O2 2.959 2.106 164.3 0.5+x, -0.5+y, z
N1-HN1C … O2 2.852 2.029 17.94 -x, 1-y, -z

N1-HN1D … OW2 3.167 2.194 173.2 0.5-x, -0.5+y, 0.5-z
N2-HN2A … O6 2.887 1.864 178.1 0.5-x, 1.5-y, -z
N2-HN2B … O10 2.977 2.200 178.0 0.5-x, 0.5+y, 0.5-z
N2-HN2C … OW2 2.953 1.951 156.3 x, y, z
N2-HN2D … O1 2.877 2.034 169.2 x, y, z
N3-HN3A … O1 2.855 2.021 167.8 x, y, z
N3-HN3B … O6 3.096 2.229 164.1 x, 1-y, 0.5+z

N4-HN4A … OW1 2.936 2.174 170.6 0.5-x, 0.5+y, 0.5-z
N4-HN4B … O2 2.906 2.159 160.3 -x, y, 0.5-z

OW1-HW1A … O6 2.779 1.563 160.7 x, 1-y, 0.5+z
OW1-HW1B … O5 2.695 1.660 144.4 x, y, z
OW2-HW2A … O4 2.840 1.839 171.7 1-x, y, 0.5-z

OW2-HW2B … OW1 2.850 1.770 157.0 x, y, z
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6.4.4  (NH4)6[V2O2(O2)2(C6H4O5)2] . 4.5H2O

(8a)

 8a 

.   8a  C2/c 

.   ORTEP  8 

 3.  

 8.   8  VV
2O2

   (5+).  

.  

.  

, 

 O2
2-.

.  , 

.

.  

, , 

, 

, 

.

 V-O  8a 

V(V),  (NH4)2[V2O2(O2)2(C6H6O7)2] . 2H2O (1.992(2)-2.034(2) Å) (6b),1

K2[V2O2(O2)2(C6H6O7)2] . 2H2O (6a) (1.991(1)-2.039(1) Å)3

(NH4)4[V2O2(O2)2(C4H3O5)2] . 3H2O (1.859(3)-2.294(3) Å) (11b),

K4[V2O2(O2)2(C4H3O5)2] . 4H2O (1.868(2)-2.248(2) Å) (11a),8

K2[V2O2(O2)2(C4H4O5)2] . 2H2O (1.869(2)-2.033(2) Å) (10a),8

 (NH4)6[V2O4(C6H4O7)2] . 6H2O (1.966(2)-2.017(2) Å) (5a),9b

K4[V2O4(C6H5O7)2] . 5.6H2O (4a) (1.966(2)-2.017(2) Å),9a Cs2[V2O4(C4H4O5)2] .

2H2O (14 ) (1.963(4)-2.016(4) Å),12  (NH4)2[V(O)2(OC(CH2CH3)2COO)]2 (4 )

(1.973(1)-1.984(2) Å),10  Na2[V2O4(C4H6O3)2] . 7H2O (5 ) (1.990(1)-2.004(1) Å).11
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 3:  ORTEP  [V2O2(O2)2(C6H4O5)2] 6- (8a)
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 V=O  (1.597(3) Å) 

 (  2).1,3,8,6  

8a  

 VV
2O2, 

.8  , , 

, 

.

 C(1), C(2), C(3), C(5),  C(6) 

,   0.08  Å 

C(6).   O(4)-C(4)-O(5)

 ~11.7 °  O(3)-C(3)-C(4).  

, , 

 V----V  3.261(1) Å.

((6b) 3.245(2) Å)1, ((6a) 3.262(1) Å)3, ((11 ) 3.254(2) Å).8

, 8a , 

 6- .  

.  

, 

  (  9).
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  8
 8a

V-O(8)   1.597(3)

V-O(1)  1894(3)

V-O(9)  1.895(3)

V-O(3)  2.013(3)

V-O(5)  2.022(3)

V-O(3)'            2.055(3)

V-O(7)             2.322(3)

O(3)-C(3)        1.431(4)

O(3)-V'  2.055(3)

O(5)-C(4)   1.282(5)

O(7)-C(6)         1.260(5)

O(9)-O(10)       1.430(4)

C(1)-O(2)         1.262(5)

C(1)-O(1)         1.263(5)

C(1)-C(2)         1.509(5)

C(2)-C(3)  1.535(5)

C(3)-C(5) 1.526(5)

C(3)-C(4)        1.540(5)

C(4)-O(4)        1.228(5)

C(5)-C(6)        1.524(5)

C(6)-O(6)       1.257(5)

O(8)-V-O(10)      99.91(13)

O(8)-V-O(9)      101.44(13)

 O(10)-V-O(9)     44.34(12)

O(8)-V-O(3)        98.06(12)

O(10)-V-O(3)    150.26(11)

O(9)-V-O(3)    151.19(11)

O(8)-V-O(5)      93.68(13)

O(10)-V-O(5)      77.40(12)

O(9)-V-O(5)       121.31(12)

O(3)-V-O(5)         77.96(11)

O(8)-V-O(3)'        97.78(12)

O(10)-V-O(3)'    126.73(11)

O(9)-V-O(3)'        83.01(11)

O(3)-V-O(3)'        73.44(11)

O(5)-V-O(3)'      150.37(10)

O(8)-V-O(7)       173.66(12)

O(10)-V-O(7)       83.05(11)

O(9)-V-O(7)         84.62(11)

O(3)-V-O(7)          77.03(10)

O(5)-V-O(7)          81.44(11)

O(3)'-V-O(7)          84.74(11)

C(3)-O(3)-V             114.0(2)

3)-O(3)-V'             127.6(2)

V-O(3)-V'          106.56(11)

C(4)-O(5)-V           117.3(2)

C(6)-O(7)-V           132.5(2)

O(10)-O(9)-V           67.8(2)

O(9)-O(10)-V           67.8(2)

O(2)-C(1)-O(1)       122.9(4)

O(2)-C(1)-C(2)       119.5(4)

O(1)-C(1)-C(2)       117.6(3)

C(1)-C(2)-C(3)        114.5(3)

O(3)-C(3)-C(5)        111.5(3)

O(3)-C(3)-C(2)         111.0(3)

C(5)-C(3)-C(2)         109.7(3)

O(3)-C(3)-C(4)         107.3(3)

C(5)-C(3)-C(4)         107.6(3)

C(2)-C(3)-C(4)         109.6(3)

O(4)-C(4)-O(5)         124.1(3)

O(4)-C(4)-C(3)          120.4(3)

O(5)-C(4)-C(3)          115.3(3)

C(6)-C(5)-C(3)           115.1(3)

O(6)-C(6)-O(7)          123.6(4)

O(6)-C(6)-C(5)          116.1(3)

O(7)-C(6)-C(5)           120.2(3)



 6                         V(V) 

208

Interaction D…A

(Å)

H…A

(Å)

D-H…A

(deg)

Symmetry operation

N1-HN1A … O7 2.793 1.899 170.4 0.5-x, 0.5-y, -z

N1-HN1B … O2 2.959 2.106 164.3 0.5+x, -0.5+y, z

N1-HN1C … O2 2.852 2.029 17.94 -x, 1-y, -z

N1-HN1D … OW2 3.167 2.194 173.2 0.5-x, -0.5+y, 0.5-z

N2-HN2A … O6 2.887 1.864 178.1 0.5-x, 1.5-y, -z

N2-HN2B … O10 2.977 2.200 178.0 0.5-x, 0.5+y, 0.5-z

N2-HN2C … OW2 2.953 1.951 156.3 x, y, z

N2-HN2D … O1 2.877 2.034 169.2 x, y, z

N3-HN3A … O1 2.855 2.021 167.8 x, y, z

N3-HN3B … O6 3.096 2.229 164.1 x, 1-y, 0.5+z

N4-HN4A … OW1 2.936 2.174 170.6 0.5-x, 0.5+y, 0.5-z

N4-HN4B … O2 2.906 2.159 160.3 -x, y, 0.5-z

OW1-HW1A … O6 2.779 1.563 160.7 x, 1-y, 0.5+z

OW1-HW1B … O5 2.695 1.660 144.4 x, y, z

OW2-HW2A … O4 2.840 1.839 171.7 1-x, y, 0.5-z

OW2-HW2B …

OW1

2.850 1.770 157.0 x, y, z

 9
 8a
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6.5 13C

6.5.1

 (MAS) NMR (Magic Angle Spinning) 

 75.47 MHz,  Burker MSL400, 
1 .   spinning  magic

angle spinning  4.2 kHz  25 C.  

 1024 (6b)  512 (8a) .  

,  45.17 ppm.

 MAS 13C-NMR  (NH4)6[V2O2(O2)2(C6H4O7)2] . 4.5H2O

(8a) (  4) 

.  , 

, .

 (40.0  44.8 ppm), 

, 

.   86.6 ppm 

, 

.  , 

,  (173.5  177.1

ppm) 

.  ,  186.8 ppm, 

.  

 13.3  9.7 ppm ,

.

 MAS 13C-NMR 

(NH4)2[V2O2(O2)2(C6H4O7)2] . 2H2O  (6b).  6b

 43-48 ppm, 

, 

.  

87.6 ppm , 

.   179.7, 181.6 ppm

, 
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   182.1 ppm, 

.
 13C-NMR 

,  (NH4)5[Al(C6H4O7)2] . 2H2O,13

 (NH4)8[Ti4(C6H4O7)4(O2)4] . 8H2O,14

a2[Bi2(C6H4O7)2].7H2O.15

 9

6b 8a

-CCH2 43- 48 ppm 40.0,  44.8 ppm

-C . 87.6 ppm 86.6 ppm

-CCOO
- 179.7, 181.6 ppm 173.5 , 177.1 ppm

-CCOO
- 182.1 ppm 186.8 ppm



211

0255075100125150175200225

COterminal

COcentral

Ccentral
CCH2

 4: 13C NMR 8a .
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6.5.2
13C- R (NH4)2[V2O2(O2)2(C6H4O7)2] . 2H2O

(6b), K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2].20H2O  (7a) 

(NH4)6[V2O2(O2)2(C6H4O7)2] . 4.5H2O  (8a)  D2O, 

 DSS .

13C- R 6b , ,

7a 8a.  

 pH 6b, 7a 8a.

To  pH ~3.5, 

.

, 6b

   40.9 – 47.1 ppm 

.  ,  85.9 ppm  89.2 ppm

, 

,  (175.2-185 ppm)

.

, 7a, 8a .

,  44.9 ppm (7a), 

45.0 ppm (8a), .

, ,  85.0 (7a),  85.1 ppm (8a) 

, 

.  ,  (180.4 -186.2 ppm) (7a), 

 (180.7-186.3 ppm) (8a) .

 170-186 ppm   .  

 7a  5.

 10

6b 7a 8a

-CCH2 40.9 –47.1 ppm 44.9 ppm 45.0 ppm

-C . 85.9, 89.2 ppm 85.0 ppm 85.1 ppm

-CCOO
- 175.2-185 ppm 180.4 -186.2 ppm 180.7-186.3 ppm
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7a 8a,   

, ,

 pH  (  6).

, 

, , 

.

, 13C- R 6b,

8a  MAS 13C- R 

, 

.  , 

6, 7 8, 

, 

.  , , 

.  , 13C- R 

MAS 13C- R ,

6a, 7b, 8a.
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30405060708090100110120130140150160170180190

4142434445464748495051

-CH2
7a

-CH2
X

-CH2
n.p.

CC
7a

C
X

 5:  13C NMR 7a  D2O.    n.p. .  

 40  50 ppm.

CCOO-
7a

DSS
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6.6

6a, 6b, 7a  8a

 FT-IR.

 6, 7  8  FT-IR  6b, 7a 

8a.  , 

as(COO-)  1720 – 1614 cm-

1 6a, 1727 – 1610 cm-1 6b, 1635-1558 cm-1 7a 1631-1569

cm-1 8a.  s(COO-)  1418 cm-1

6a,   1417 cm-1  6b,  1408 cm-1 7a

 1399 cm-1 8a  11).  

.  

.16   , 

as(COO-)- s(COO-))  200 cm-1, 

.16  

.  ,  V=O 

 988 cm-1 6a 6b,   952 cm-1 7a  964-952 cm-1

8a.  , ) 

 930 cm-1.  

(5+)1,3,8

.17

 11

v (cm-1) 6a 6b 7 8 

as(COO-) 1720-1614 1727-1610 1635-1558 1631-1569 1745-1427

s(COO-) 1418  1417 1408 1399  1427-1322

(V=O) 988 988 952  964-952

(O-O) 934 930 931 933



 6                                                                                                                       V(V) 

216

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400.0
4.83

5.0

5.2

5.4

5.6

5.8

6.0

6.2

6.4

6.6

6.8

7.0

7.2

7.4

7.6

7.8

8.0

8.2

8.4

8.6
8.71

cm-1

%T

 6:   FT-IR 6b

as(COO-)
s(COO-)

(O-O)
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4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400.0
11.0

12

13

14

15

16

17

18

19

20

21

22

23

24

25.4

cm-1

%T

cm-1

 7:   FT-IR 7a

as(COO-)
s(COO-)

(O-O)
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4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400.0
3.69

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

7.91

cm-1

%T

 8:   FT-IR 8a

as(COO-)
s(COO-)

(O-O)
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6.7

 V(V)

, 

6, 7 8 .  , 

6b  393 nm (  = 333 -1cm-1), 

 235 nm (  = 6,650 -1cm-1) (  9).  , 

7a  415 nm (  = 798 M-1cm-1) 

 204 nm (  = 6,600 M-1cm-1) (  10).      8

 410 nm (  = 327 -1cm-1), 

 203 nm (  = 6,941 -

1cm-1) (  11).   393 nm (6b), 415 nm (7a) 

 410 nm (8a)  (

).18

 12

6b 7a 8a

1 392 nm 415 nm 410 nm

1 370 M-1cm-1 798 M-1cm-1 327 -1cm-1

2 228 nm 204 nm 203 nm

2 6,650 M-1cm-1 6,600 M-1cm-1 6,941 -1cm-1

,  393 nm, 415 nm  410 nm

6b, 7a 8a ,   

[(V= )(O2)]+ .

  v*

à d.18   

 [(V=O)2O2(O2)2]0.1,3,8  

 235 nm, 204 nm  203 nm, 6b, 7a  8a

h*à  d *.18  

h*àd,

h
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.18  400 nm

.  

, 6, 7 8

.
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200 300 400 500 600 700 800 900 1000 1100
nm

vb9p200A

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Abs

 9:  UV/Vis 6a
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200 300 400 500 600 700 800 900 1000 1100
nm

m k12C

0.5

1.0

1.5

2.0

2.5

3.0

3.5

A b s

 10:  UV/Vis  7a
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 10:  UV/Vis  7a

 11:  UV/Vis 8a

200 300 400 500 600 700 800 900 1000 1100
nm

vb9p200A

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Abs



 6                         V(V) 

224

6.8

 (NH4)2[V2O2(O2)2(C6H4O7)2]
. 2H2O  (6b), K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2].20H2O (7a) 

((NH4)6[V2O2(O2)2(C6H4O7)2] .4.5H2O  (8a) ,

 KNO3 , 

,  Ag/AgCl .  

6b, 7a 8a

 12, 13  14 .

6b, 

.   ,  Epc =  -830 mV, 

 Epa1 = -730 mV  Epa2 = -480 mV  v

= 0.1 V/sec (  13).  
1c

1a

ip
ip

 < 1 

 0.05 – 0.2 V/sec.  
Cv

ip
×

.  

, 1/2

 773-780 mV,  V(V) 

V(IV).   ip Cv ×

.   0.2 V/sec 

 Epc2 = -548 mV.

7a, 

.   

Epc =  -855 mV,    Ep =  –553 mV  v = 0.1 V/sec (  13).

c

a

ip
ip

 < 1   .  

Cv
ipa

× Cv
ip c

×
.   Epc

 Epa

.  

  .   V(V)  V(IV).
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 ip Cv ×

,  .

8a, 

.    Epc =  -853

mV  Epc = -558 mV  v = 0.1V/sec

 14).  
c

a

ip
ip  < 1 

.  
Cv

ipa

× Cv
ip c

×

.   Epc  Epa

.  

   V(V)  V(IV).   , 

 ip Cv ×

.
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 13

Epc1

mV

Epa1

mV mV

E1/2

MV

pc2

mV

Epa2

mV

v

V/sec

-816 -730 86 -773  -502 0.05

-830 -730 100 -780  -480 0.1

(NH4)2[V2O2(O2)2(C6H4O7)2] . 2H2O (6b)

-836 -720 116 -778 -548 -468 0.2

-822 -586     0.05

-855 -553     0.1

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2].20H2O

 (7a)

-845 -530     0.2

-813 -573     0.05

-853 -558     0.1

((NH4)6[V2O2(O2)2(C6H4O7)2] . 4.5H2O

 (8a).

-860 -526     0.05

* 6b, 7a 8a

* g/AgCl
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0.00010
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nt
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)

Potential E (V)

 12: 6b 3,   0 V 

–1 V,  v = 0.1 V.  .
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-1.0 -0.8 -0.6 -0.4 -0.2
0.00020

0.00015

0.00010

0.00005

0.00000

-0.00005

C
ur

re
nt

 I 
(A

)

Potential E (V)

 13: 7a 3,   –0.2 V

 –1.0 V,  v = 0.1 V.  .
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-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

0.00006

0.00004

0.00002

0.00000

-0.00002

C
ur

re
nt

 I 
(A

)

Potential E (V)

 14: 8a 3,  –0.2 V

 – 0.9 V,  v = 0.1 V.  .
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6.9

6.9.1  [V2O2(O2)2(C6H6O7)2]2-

(6)  [V2O2(O2)2(C6H4O5)2]6-  (8)

6 8

.  

6 8

.:  1) ,  2) 

[VV
2O2],  p , 

.  

 V-O  O-V-O,  V-O-V,  3) 

,

4)  (5+), 5) 

.

: 1) 

 [VV
2O2].

, 6

,

8

, .  2)

.  6

, 8

.  

 6  8, 
13C NMR .

, 6a, 6b 8a, 

, .  ,  

8a

, 

.  6b, 

.  
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 2D  ac .

 6b  8a, .

.2,5,8,19

6.9.2  [V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2]10- (7) 

 [V2O2(O2)2(C6H6O7)2]2- (6)  [V2O2(O2)2(C6H4O5)2]6-  (8)

 6  8, 

.  , 7

.   

  

 ( ), 

.

7, 

, 

7.  

[VV
2O2], .

.  , 

, , ,

.  

 pH ~6.5,  (NH4)6[V2O2(O2)2(C6H4O7)2] . 4.5H2O (8a).

, 

 [V2O2(O2)2(C6H5O7)2]4- ( ).

, ,

,  a) 

 [V2O2(O2)2(C6H4O7)2]6-  2   

,   [V2O2(O2)2(C6H5O7)2]4-  b)   

, 

.  ,   
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 V(V)- .

6.9.3

 -  - 

, , 

.  ,  pH,

: ) as(COO-) 

  a (COO-) 

, 

, ) 

 (  7)  (

6), ) 

 (V-O)  (  14).  

, ) 

.

, , 

, 

.  , 

, , 

, ) 

.  

.
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6.9.4

 (NH4)2[V2O2(O2)2(C6H4O7)2] .

2H2O (6b),   , 

 K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2].20H2O  (7a) 

(NH4)6[V2O2(O2)2(C6H4O7)2] .4.5H2O  (8a) 

, 

V(V)  V(IV).

6b,  E1/2 = -780

mV, 

V(V)  V(IV).  ,

, 

 ( ) 

.   

.

 14

pH as(COO-)

(cm-1)
s(COO-)

(cm-1)

V-O

(Å)

3.5 6 1727-1610 1417 2.496(2) 

6 7 1635-1561 1408 2.251(3)

2.282(4)

  

 1 &

 2

6.5 8 1631-1558 1400 2.294(3) 
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o   7a

 Epc = -822 mV (  v = 0.05 V/sec), 

 V(V)  V(IV).  To 

, , 

.

,  V(IV) , 

.  , 

.  ,  -

586 mV ( ).

8.  

8,  Epc

= -813 mV (  v = 0.05 V/sec) 

  V(V)  V(IV).  

7, , 

, 

 -573 mV (  ).

.

) 

, ) 

.  , 

.

.  6b, 7a

8a, 

, 5a.
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, 

 5+.

6.9.5  6(a-b), 7a  8a  pH

 pH-

7a 8a

6b.   pH- 6b 7a,  8a 6b, 

 pH 

.

 pH 

 V(V)  V(IV) 

.

  pH-  6 

8, 7 8,  pH  ~3.5  ~6.5,  ~6

 ~3.5, ,  VV
2O2, 

 ( ) .  , 

6b, 7a, 8a

 V(V), , .



236

pH~3.5 pH ~ 6

 15: pH-  (V)

7

8

+ +

pH ~ 3.5

+ +

pH ~ 3.5

pH ~ 6.5

6
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7
 V(V)

7.1
 V(V) -  -

, 

, (NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O (9a)

, 

 FT-IR, UV/Vis, , 

.

7.2

7.2.1  (NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O (9a)

 (NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O  (9a) 

.  ,  V2O5

 pH ~4.5.  ,

, .  

 pH 

.  , 

.   

9a :

V2O5  +  2 C6H8O7  +  4OH-  +  H2O2

[(VO2){VO(O2)}(C6H5O7)2]4-   (9a)  +  6H2O

 (NH4)4[(VO2){VO(O2)}(C6H5O7)2] .

1.5H2O  (9a),  VCl3 ( )

pH ~4.5 (1)
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).   (

),  VCl3 ,

 pH ~8.5, 

.  , 

 V(V) .  

, 

, 9a.

:

VCl3  +  2 C6H8O7  +  ½ O2  + 4OH-  +  2H2O2

[(VO2){VO(O2)}(C6H5O7)2]4-   (9a)  +  6 HCl  +  4H2O

9a , 

 4 °C 9a

.  9a, 

(NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O.  9a

.  

 CH3OH,  i-PrOH, , 

DMSO, .  9a .

pH ~9 (2)
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7.3

7.3.1  (NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O (9a). 

.

 25 ml  0.20 g (1.1 mmol) V2O5  5

ml  1.0 N.   , 

,  50 C .

 C6H8O7, 0.80 g (4.2 mmol) 

.   pH  1.0 N  pH

~4.5.  

 H2O2 30% (1.83 ml 18.0 mmol).    

 20 

 4 C.  , 

.  

.   0.30 g (55%).  

 (NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O (9a) (C12H29N4O20.5V2, MW =

659.27): C, 21.84; H, 4.39; N, 8.49.    : : C, 21.76.; H, 4.42; N,

8.44.

7.3.2  (NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O (9a).  

.

 4 ml  0.12g (0.76 mmol) VCl3  0.15 g (0.76 mmol)

.  T  pH  NH4OH 1.0

 pH ~8.5.  , ,   

.   ,  pH 

 ~7.7, .  

 H2O2 30% (0.70 mL, 6.1 mmol).  

.  

 15 min.  , 

 4 C.  , , 

.   .  

 0.08 g (32%).    FT-IR 

9a.
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7.4 -

7.4.1

 0.6 x 0.22 x 0.45 mm 

.   Crystal

Logic 

.  ,

,  25

,   ,  11<2 <23 o.  

, -2 .

 97 ,  3%

.  9

 Lorentz, ,  psi-scan , 

 Crystal Logic.   9  

(Direct methods)  SHELXL-861

 F2  SHELXL-93.1  

9

.  .

 29

  Formula                     C12H29N4O20.5V2
  Formula weight                      659.27
  Temperature, K                       298

  Wavelength                          Mo K  0.71073
  Space group                          I2/a
  a (Å)                                20.833(8)
  b (Å)                                9.235(4)
  c (Å)                                25.68(1)
  , deg                                                     95.19(1)
 V, (Å3)                                         4920(3)
 Z                                    8
 Dcalcd / Dmeasd (Mg m-3)              1.780/1.79
 abs. coeff. ( ), mm-1                   0.862
 range of h,k,l                       -24 24, -10 0, 0 30
 goodness-of-fit on F2   1.075
 R (1)       R = 0.0411
 Rw

(1)                  Rw = 0.1054

1) { } ∑∑ −= )|F|(||F||F||R oco , ∑ ∑−= 22
o

22
c

2
ow )F(w[/])FF(w[R ;

 1
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7.4.2  (NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O (9a)

9

.   I2/a, 

.   ORTEP 

 1.  

 2  3 .  9

 VV
2O2  

 5+.  

, 

.  ,  VV
2O2 .

, .   ( ) 

, ,

.

, 

.  ,  7, 

.

,  ( ) , 

, 

.  

, 

.  

, .  , 

 5, 

   ( = 0.281).2  

, 

, 

.

 V-O  ( )  2.031(2)

 2.009(2),  ( )  1.978(2)

 2.009(2).  ,  V=O  1.601(2),
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 1.621.(1)  1.628(2).  
3 .3a,4
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 1:  ORTEP  [(VO2){VO(O2)}(C6H5O7)2] 4- (9)
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 2
  Å  9a

V(1)-O(31)                     1.601(2)

V(1)-O(22) 1.883(2)

V(1)-O(21) 1.883(2)

V(1)-O(13) 2.009(2)

V(1)-O(3) 2.031(2)

V(1)-O(15) 2.053(2)

V(1)-O(11) 2.266(2)

V(2)-O(41) 1.621(3)

V(2)-O(42) 1.628(2)

V(2)-O(13) 1.978(2)

V(2)-O(5) 1.989(2)

V(2)-O(3)                       2.009(2)

O(3)-C(3) 1.423(3)

O(5)-C(4)                       1.283(4 )

O(11)-C(11) 1.271(4)

O(13)-C(13) 1.419(3)

O(15)-C(14)                   1.288(4)

O(21)-O(22)                   1.415(3)

C(1)-O(2) 1.217(4)

C(1)-O(1) 1.306(4)

C(1)-C(2) 1.489(4)

C(2)-C(3) 1.536(4)

C(3)-C(4)                       1.530(4)

C(4)-O(4)                       1.230(4)

C(5)-C(6) 1.514(4)

C(6)-O(6) 1.243(4)

C(6)-O(7)                       1.268(4)

C(11)-O(12) 1.244(4)

C(11)-C(12) 1.520(4)

C(12)-C(13) 1.535(4)

C(13)-C(15) 1.528(4)

C(13)-C(14)                   1.542(4)

C(14)-O(14) 1.228(4)

C(15)-C(16) 1.506(4)

C(16)-O(16) 1.214(4)

C(16)-O(17)                   1.304(4 )
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 3
 [deg] 9a

O(31)-V(1)-O(22) 101.39(11)
O(31)-V(1)-O(21) 100.30(11)
O(22)-V(1)-O(21)   44.13(10)
O(31)-V(1)-O(13)   96.35(10)
O(22)-V(1)-O(13) 152.60(9)
O(21)-V(1)-O(13) 150.89(9)
O(31)-V(1)-O(3)   96.60(10)
O(22)-V(1)-O(3)                 85.48(9)
O(21)-V(1)-O(3) 128.99(9)
O(13)-V(1)-O(3)   71.78(8)
O(31)-V(1)-O(15)   94.40(10)
O(22)-V(1)-O(15)             121.78(10)
O(21)-V(1)-O(15)                78.12(9)
O(13)-V(1)-O(15)   76.94(8)
O(3)-V(1)-O(15) 147.75(8)
O(31)-V(1)-O(11) 173.47(10)
O(22)-V(1)-O(11)   84.97(10)
O(21)-V(1)-O(11)   83.19(10)
O(13)-V(1)-O(11)   78.27(8)
O(3)-V(1)-O(11)   85.30(9)
O(15)-V(1)-O(11)   80.85(9)
O(41)-V(2)-O(42) 107.40(14)
O(41)-V(2)-O(13) 100.03(12)
O(42)-V(2)-O(13)   98.25(11)
O(41)-V(2)-O(5)   99.56(12)
O(42)-V(2)-O(5)   97.35(11)
O(13)-V(2)-O(5) 149.96(9)
O(41)-V(2)-O(3) 119.45(12)
O(42)-V(2)-O(3)              133.11(12)
 O(13)-V(2)-O(3)   72.90(8)
O(5)-V(2)-O(3)   77.69(9)
C(3)-O(3)-V(2) 119.3(2)
C(3)-O(3)-V(1)                             135.3(2)
V(2)-O(3)-V(1)                            105.35(9)
 O(2)-C(1)-O(1) 123.0(3)
O(2)-C(1)-C(2) 124.1(3)

O(1)-C(1)-C(2)            113.0(3)
O(3)-C(3)-C(2) 111.5(2)
C(1)-C(2)-C(3) 115.1(2)
O(3)-C(3)-C(4)                             105.9(2)
C(4)-C(3)-C(2) 108.9(2)
O(3)-C(3)-C(5) 112.1(2)
C(4)-C(3)-C(5) 110.6(2)
O(3)-C(3)-C(4)                             105.9(2)
O(3)-C(3)-C(2) 111.5(2)
C(4)-C(3)-C(2) 108.9(2)
O(3)-C(3)-C(5) 112.1(2)
C(4)-C(3)-C(5) 110.6(2)
C(2)-C(3)-C(5) 107.9(2)
O(4)-C(4)-O(5) 123.1(3)
O(4)-C(4)-C(3)                             120.2(3)
O(5)-C(4)-C(3)                             116.7(2)
C(6)-C(5)-C(3)                             112.8(2)
O(6)-C(6)-O(7)                            124.4(3)
O(6)-C(6)-C(5)                             119.1(3)
O(7)-C(6)-C(5)                             116.5(3)
O(12)-C(11)-O(11)                      123.5(3)
O(12)-C(11)-C(12)                       117.6(3)
O(11)-C(11)-C(12)                       118.8(3)
C(11)-C(12)-C(13)                       115.6(2)
O(13)-C(13)-C(15)                       109.9(2)
O(13)-C(13)-C(12)                       110.7(2)
C(15)-C(13)-C(12)                       109.9(2)
O(13)-C(13)-C(14)                       106.8(2)
C(15)-C(13)-C(14)             111.6(2)
C(12)-C(13)-C(14)             107.8(3)
O(14)-C(14)-O(15) 124.0(3)
O(14)-C(14)-C(13) 120.6(3)
O(15)-C(14)-C(13)             115.3(2)
C(16)-C(15)-C(13)             114.0(2)
O(16)-C(16)-O(17)             124.5(3)
O(16)-C(16)-C(15)             121.6(3)
O(17)-C(16)-C(15)             113.9(3)
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7.5 13C 
13C- R 9a, 

D2O,  DSS .   

  .  

, 9a , 

.  

9a, 

,  pH.

, 9a,    44.9 ppm

 46.9 ppm 

.  ,  85.0  86.7

ppm 

, .  ,  176.6 

179.1 ppm 

. (  4).   180 ppm, ,

, 

.

9a, 

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2].20H2O  (7a), 

 ( 4)4[V2O4(C6H5O7)2] . 4 2  (4b).4a  

 NMR, 

 4

  

-CCH2 46.8 ppm 44.9 ppm

-C . 86.7 ppm 85.0 ppm

-CCOO
- 176.6  ppm 179.1 ppm
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7a, 

4b.

, 13C-NMR   

.  , 

, 

UV.  

, 

.  , 

.
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7.6

9a

 FT-IR (  3)

,   

as(COO-) 

 1710-1632 cm-1.  s(COO-)

 1398 cm-1.  

.  , 

as(COO-)- s(COO-))5

 200 cm-1, 

, .  

.6

, (V=O)  VO(O2)+  951 cm-1.  

)   931 cm-1.  , 

(VO2
+)  VO2

+ 914-873 cm-1

5).  

.3,4

 5

(NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O (9a)

as(COO) 1710-1632 cm-1

s(COO-) 1398 cm-1

(V=O) 951 cm-1

(O-O) 931 cm-1

(VO2
+) 914-873 cm-1
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 3:  FT-IR  (NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O (9a)

as(COO) s(COO)
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7.7

 V(V)

, 

9a .  ,   9a

 415 nm (  = 430 M-1cm-1), 

 241 nm (  = 6,000 -1cm-1).  

 418 nm  (

).7  

[(V= )(O2)]+ .  

  v*à d .7  9a

 241 nm,  LMCT   h* à  d .  

, 

h* à d *, h* 

. 7

 6

(NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O (9)

1 415 nm

1 430 M-1cm-1

2 241 nm

2 6,000 M-1cm-1
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 3:  UV/Vis  (NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O (9a)

200 300 400 500 600 700 800 900 1000 1100
nm
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7.8

(NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O  (9a) ,

 KNO3 ,  

,  Ag/AgCl .  

 9a  (

4) , , 1/2 = -534 mV

 v = 0.05 V/sec).  ,

pc = -618 mV (  v = 0.1 V/sec), 

 V(V)  V( V).  , 

, 

pa = -442 mV.   ipa/ipc < 1 

.  , 
Cv

ip
×

.   v = 0.05 V/sec, 

 = 156 mV (  7).   ip v * C,  

.   ip 

Cv × , 

.

 9a, 

,  5.  

pc2 = -1.06 V 

pa2 = - 656 mV,  v = 0.1 V/sec.    ipa/ipc < 1 

.  , 
Cv

ip
×

.  

 v = 0.05 V/sec,  = 306 mV (  7).  

.   ip Cv ×

.  

  .
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 7

pc1

(mV)

Epa1

(mV) (mV)
1/2

(mV)

Epc2

(mV)

Epa2

(mV)

v

(V/sec)

-612 -456 156 -534 -998 -692 0.05

-618 -442 176 -530 -1060 -656 0.1(9a)

-642 -430 212 -536 -1100 -637 0.2

*  (NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O

(9a)

g/AgCl
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7.9

7.9.1  9a

9a

6(a-b), 7a, 8a, .  

.

 pH 

9a.  

.      

9a , 

 V(V) 

 (pH, ) 

.  

 pH 

.

, 

9.  

9 , , .  

, , 

, 

 [V2O4(C6H4O7)2]6- (5),4b

.

7.9.2  (NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O 

    V(V) 

9a ,  VO2
+

VO(O2)+.  

[V2O4(C6H6O7)2]2-,3a [V2O4(C6H5O7)2]4-,4a  [V2O4(C6H4O7)2]6-,4b  

 VO2
+,  (NH4)2[V2O2(O2)-

2(C6H6O7)]2
. 2H2O  (6a)3a  (NH4)6[V2O2(O2)2(C6H4O7)]2

. 4.5H2O  (8a),3b
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 VO(O2)+.  , 9a

 “ ” 

.   , 

 V2O2, 

3, 4 5.  

7.

, 

  

  , 

 [V2O4(C6H5O7)2]4- (5),4b

  , 

.  ,

,  

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2]. 20H2O (7a). , 

9a .  

 O2
2-

(VO2)2O2.

7.9.3

(NH4)4[(VO2){VO(O2)}(C6H5O7)2] . 1.5H2O  (9a) –

, 

 V(V)  V(IV).8

H 1/2 = -530 mV (  v = 0.05 V/sec)

V(V)    .  

1/2

5a, 

9a.

.  

.
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8

8.1

, 

 V(IV,V).  

.   

.

8.2

8.2.1  V(IV) 

 V(V)

 V(V)- , 

 VCl3.  , 

.  

 V(IV)-  (

 (  4),1

 V(V)– , 

 V(IV) .2

,  K3[VIV
2O2(C6H4O7)(C6H5O7)].7H2O

(1)1 ,

4[VV
2O4(C6H5O7)2].5.6 2 (4a).3  

:
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[VIV
2O2(C6H4O7)(C6H5O7)]3- (1)  +   H2O2

[VV
2O4(C6H5O7)2 ]4- (4) + H+

 V(IV).  ,

,  V(IV) 

.

, 

 V(V) .2  , 

 [VV
2O4(C6H6O7)2]-2 (3)3 [VV

2O4(C6H5O7)2]-4 (4)4  [VV
2O4(C6H4O7)2]-6

(5)4a, , 

pH  ~8,  2- , .  

 [VIV
2O2(C6H4O7)]4- (2).1  

.

2 [VV
2O4(C6H6O7)2]-2 (3)  +  6 -

[VIV
2O2(C6H4O7)]4-  (2)  +                      + CO2 +  [V2O5(C6H4O7(H2O)2]4-  + 5 H2O

2 [VV
2O4(C6H5O7)2]4- (4)   +  2 -

[V2O2(C6H4O7)]4- (2)   +                               +  CO2 +  [VIV
2O5(C6H4O7(H2O)2]4-  +

H2O

CH2COO-

C O

CH2COO-

CH2COO-

C O

CH2COO-

(1)

(2)

(3)
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2 [VV
2O4(C6H4O7)2]6- (5)   +  3 H2O

[VIV
2O2(C6H4O7)]4-   (2)   +                            +  CO2 +  [V2O5(C6H4O7(H2O)2]4-  + 2

OH-

[VV
2O4(C6H6O7)2]-2  (3)4  [VIV

2O2(C6H4O7)(C6H5O7)]3- (1).2   

:

2 [VV
2O4(C6H6O7)2]-2 (3)   +  5 -

[VIV
2O2(C6H4O7)( C6H5O7)]3- (1)   +                    +  CO2 +  [V2O5(C6H4O7(H2O)2]4- +

4 H2O

 [VV
2O4(C6H6O7)2]2- (3)

 V(IV), [VIV
2O2(C6H4O7)( C6H5O7)]3- (1), [VIV

2O2(C6H4O7)]4-

(2)1  pH .  

 [VV
2O4(C6H5O7)2]4- (4), 

 [VIV
2O2(C6H4O7)(C6H5O7)]3- (1), , 

.  

[VV
2O4(C6H4O7)2]6- (5),  [VIV

2O2(C6H4O7)(C6H5O7)]3- (1),

, .

, 

 V(V), , 

 4+.  , 

 V(V).  

 V(V) 

 V(IV), 

CH2COO-

C O

CH2COO-

CH2COO-

C O

CH2COO-

(4)

(5)
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 V(V)  V(IV).  O 

, .  

, 

.

8.2.2  V( V) 

 V(V) 

, 

 V(IV)  V(V), ,

 V(IV) 

 V(V).  , 

 V(IV), K3[VIV
2O2(C6H4O7)(C6H5O7)].7H2O  (1a)1

K2[VV
2O2 2)2(C6H6O7)2].2H2O  (6a).3  

:

[VIV
2O2(C6H4O7)(C6H5O7)]3- (1)  +   3 H2O2

[VV
2O2(O2)2(C6H6O7)2 ]2-  (6) + H2O  + OH-

 V(IV).  , 

.  

6a

[VV
2O2(O2)2], .

 V(V) 2[VV
2O4(C6H6O7)2]. 4 2  (3a), (  1), 

.  

 (  1) 

(6)
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, 

.  

,

.

, 

 V(V) , 

K2[VV
2O2 2)2(C6H6O7)2].2H2O  (6a),3

[VV
2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2]10- (7)   [VV

2O2(O2)2(C6H4O7)2]6- (8)5

.    pH

 8, 

 V(IV) K4[VIV
2O2(C6H4O7)2].6H2O  (2a).  

, 

 V(V), 

 V(IV).  , 

.  

:

2 [VV
2O2(O2)2(C6H6O7)2]2- (6)   +  6 -

[VIV
2O2(C6H4O7)2]4- (2)   +                       +  CO2 +  [V2O5(C6H4O7(H2O)2]4- + 2 O2 +

5 H2O

[VV
2O2(O2)2(C6H5O7)2][VV

2O2(O2)2(C6H4O7)2]10- (7) +  2

[VIV
2O2(C6H4O7)2]4- (2)  +                         +  CO2 +   [V2O5(C6H4O7(H2O)2]4- + 2 O2

-

pH~8

C H 2C O O -

C O

CH 2COO -

pH~8

CH 2C O O -

C O

CH 2COO -

(7)

(8)
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2 [VV
2O2(O2)2(C6H4O7)2]6- (8)   +  +3 2

[VIV
2O2(C6H4O7)2]4- (2)   +                         +  CO2 +  [V2O5(C6H4O7(H2O)2]4- + 2 O2 +

2 -

8.2.3  V(V) 

 V(V) 

 V(V), 

 V(V).

,  [VV
2O4(C6H6O7)2]4- (3)3

, 

 [VV
2O2(O2)2(C6H6O7)2]2- (6)5.

:

[VV
2O4(C6H6O7)2]2- (4)  +   2 H2O2 [VV

2O2(O2)2(C6H6O7)2 ]2- (6) +  2 2

.

, 

6,  50 C  2

, , 

4.  :

C H 2C O O -

C O

CH 2CO O -

(9)

(10)
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[VV
2O2(O2)2(C6H6O7)2 ]2- (6) +  2 H2O

                                                                         [VV
2O4(C6H5O7)2]4-(4) +   2H2O2 + 2 +

, 

6, .  

, 

 15 .

,   [VV
2O4(C6H4O7)2]6- (5)4a, 

, 

,  [VV
2O2(O2)2(C6H4O7)2 ]6-

(8).5   :

[VV
2O4(C6H4O7)2]6- (5) +  2 H2O2 [VV

2O2(O2)2(C6H4O7)2 ]6- (8) +  2 2

, [VV
2O2(O2)2(C6H4O7)2]6-

(8)5 , , 

 [VV
2O4(C6H4O7)2]6- (5)4a.   

:

[VV
2O2(O2)2(C6H4O7)2 ]6-  (8) +  2 H2O

[VV
2O4(C6H4O7)2]6- (5)  +   2 H2O2

, 

[VV
2O2(O2)2(C6H5O7)2][VV

2O2(O2)2(C6H4O7)2]10- (7).   , 

, 7

, 

.  

.  

 2h
(11)

(12)

(13)
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, 

 V(V) K4[VV
2O4(C6H5O7)2] . 5.6H2O  (4).  

:

[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2]10-     +    6  H2O

                                           2 [V2O4(C6H5O7)2]4-    +  4 H2O2   +  2 OH -

,  pH-

7.  , 

7, ,

 pH  ~3 .  

, , 

,  K2[VV
2O4(C6H6O7)2] . 4H2O

(3a).  

:

[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2] 10-   +    4 H2O    +    6 H +

                                                                      2 [V2O4(C6H6O7)2] 2-    +  4 H2O2

,  pH 

K4[VV
2O4(C6H5O7)2] . 5.6H2O (4)4b , 

.  

 [VV
2O2(O2)2(C6H5O7)2][VV

2O2(O2)2(C6H4O7)2]10-

(7).  .  

:

(14)

(15)
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2 [V2O4(C6H5O7)2] 4-    +  2 OH -    +  4 H2O2

              [V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2] 10-     +    6  H2O

8.2.4

(NH4)4[(VVO2){VVO(O2)}(C6H5O7)2] . 1.5H2O (9a)

8.2.4.  9 

, 

(NH4)4[(VVO2){VVO(O2)}(C6H5O7)2] . 1.5H2O  (9a), 

, 

.   , 

9a, 

 ( ).  , 

9a

(NH4)2[VV
2O2(O2)2(C6H4O7)2] . 2H2O  (6b),3

, 

.

, , 

 (NH4)4[(VVO2){VVO(O2)}(C6H5O7)2] . 1.5H2O (9a) 

.

6b.

 [(VVO2){VVO(O2)}(C6H5O7)2]4-(9)  + H2O2  + 2 +

 [VV
2O2(O2)2(C6H6O7)2]- (6)   + 2

(16)

(17)
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.  

.

8.2.4.  9 

 V(V)

, 9a

 4 .   

(NH4)2[VV
2O4(C6H5O7)2] . 2H2O 4b.4a  H 

:

[(VVO2){VVO(O2)}(C6H5O7)2]4-(9) + H2O

[VV
2O4(C6H5O7)2] 2- (4) +H2O2

9a.  ,  

 (NH4)4[VV
2O4(C6H5O7)2].4H2O  (4b), 

9a.  

(NH4)6[VV
2O4(C6H4O7)2].6H2O (4b), 

 pH  HCl.  O

:

 [VV
2O4(C6H5O7)2]4- (4) + 2O2

 [(VVO2)(VVO(O2) (C6H5O7)2]4- (9) + 2

(18)

(19)
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 [VV
2O4(C6H4O7)2]4- (5) +  2O2  +  2 +

 [(VVO2)(VVO(O2) (C6H5O7)2]4- (9a) + 2

9a,  V(V), 

.

  

 pH 

.

8.2.4.  V(IV)

, 

 V(V) 

V( V),  V(IV)

(NH4)4[VIV
2O2(C6H4O7)2].2H2O  (2c)1

 V(V) (N 4)4[(VVO2)(VVO(O2)(C6H5O7)2]1.5H2O  (9a).  ,

 (N 4)4[(VO2)(VO(O2) (C6H5O7)2]1.5H2O (9a)  50 oC

,  pH  8, 

(NH4)4[VIV
2O2(C6H4O7)2].2H2O  (2c). 

:

2[(VO2)(VO(O2) (C6H5O7)2]4- (9)  +   2 -

[V2O2(C6H4O7)2]4- (2)  +                       +  CO2 +  [V2O5(C6H4O7(H2O)2]4- +  O2 + 2

pH~8

CH 2C O O -

C O

CH 2COO -

(20)

(21)
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8.3

8.3.1  (IV)-  (V)

8.3.1. 3[V2O2(C6H4O7)(C6H5O7)] . 7 2  (1a) 

4[V2O4(C6H5O7)2] . 5.6 2  (4a)

 2 ml  0.10g ( 0.13 mmol) 3[V2O2(C6H4O7)

(C6H5O7)]. 7 2  (1a), .  

  

30% (0.92 ml, 0.90 mmol).  .  

 30 min .  

 4 C.  

.  

.   FT-IR 

4[V2O4(C6H5O7)2].5.6 2  (4a).  

 0.03 g (30%).

8.3.1. 2[V2O4(C6H6O7)2].
2   (3a) 

4[V2O2(C6H4O7)2]. 6 2   (2a)

 2 ml  0.25g (0.36 mmol) 

2[V2O4(C6H6O7)2].
2  (3a).    pH

~3.5.   50 C 

.  , .  

.  

,  pH  ~8  0.4 .  

   30 min  4 C.  

 2- .  

.   FT-IR

4[V2O2(C6H4O7)2].

2  (2a).   0.09 g (65%).
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8.3.1. 2[V2O4(C6H6O7)2].
2  (3a) 

3[V2O2(C6H4O7) (C6H5O7)]. 7 2   (1a)

 2 ml  0.16g (0.23 mmol) 

2[V2O4(C6H6O7)2].
2  (3a).   pH ~3.5.  

 70 C .  

, .  

.  

 30 min  4 C.  

 2-

, .   FT-IR 

3[V2O2(C6H4O7)(C6H5O7)]. 7 2  (1a).   

 0.02 g (23%).

8.3.1. 4[V2O4(C6H5O7)2].5.6 2  (4a) 

4[V2O2(C6H4O7)2]. 6 2   (2a)

 2 ml  0.20g (0.25 mmol) 

4[V2O4(C6H5O7)2].5.6 2  (4a).   pH ~5.

   70 C .

, .

.  

,  pH  ~8  0.4 .  

 30 min  4 C.  

.  

 FT-IR 

4[V2O2(C6H6O7)2]. 6 2 (2a).   0.08 g (83%).

8.3.1.  ( 4)6[V2O4(C6H4O7)2].
2  (5a)  

4)4[V2O2(C6H4O7)2]. 2 2  (2c)

 2 ml  0.51g (0.67 mmol) 

4)6[V2O4(C6H4O7)2].
2  (5a).  

 pH ~7.   80 C 

.  , 

.  
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.  .  

.      30 min 

 4 C.  .  

 FT-IR 

4)4[V2O2(C6H4O7)2]. 2 2 (2c).   0.10 g (48%).

8.3.2  V(V)-  (IV)

8.3.2.  K3[V2O2(C6H4O7)(C6H5O7)].7H2O (1a) 

2[V2O2 2)2(C6H6O7)2]. 2 2  (6a)

 2 ml  0.10g (0.13 mmol) 3[V2O2(C6H4O7) (C6H5O7)].

2  (1a).    .    

   30% (0.27

ml, 2.6 mmol).  .  

.  

 4 C.   (layering) 

.   FT-IR 

2[V2O2 2)2(C6H6O7)2]. 2 2  (6a).  

0.05 g (55%).

8.3.2. 2[V2O2 2)2(C6H6O7)2]. 2 2   (6a) 

 K4[V2O2(C6H6O7)2].6H2O (2a)

 2 ml  0.18g (0.26 mmol) 

2[V2O2 2)2(C6H6O7)2]. 2 2   (6a).  

 pH ~ 3.     50  C  .  

, ,  pH  0.4 

8.  ,  50  C, .

, 

 4  C.     2- , 

.   FT-IR 

 K4[V2O2(C6H4O7)2].6H2O (2a).  

 0.02 g (20%).
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8.3.2.

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2] . 20H2O (7a) 

K4[V2O2(C6H6O7)2] . 6H2O (2 a)

 3 ml  0.20g (0.10 mmol) 

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2] . 20H2O (7a).  

 50  C  .  

.  

 60ºC .   pH

 ~8.  

 4 C.   2- , 

.  . 

 FT-IR 

K4[V2O2(C6H4O7)2] . 6H2O (2a).   0.02 g (25%).

8.3.2.   ( 4)6[V2O2 2)2(C6H4O7)2]. 4.5 2   (8a)

  ( 4)4[V2O2(C6H6O7)2].2H2O (2c)

 4 ml  0.12g (0.16 mmol) 

4)6[V2O2 2)2(C6H4O7)2]. 4.5 2   (8a).  

o  pH ~5.      50  C  .  

 pH  ~7.

, .  

 – 

 1:1.  , .  

 FT-IR 

4)4[V2O2(C6H4O7)2].2H2O (2c).   0.04 g (36%).

8.3.3  V(V)-  (V)

8.3.3. 2[V2O2 2)2(C6H6O7)2]. 2 2   (6a)

4[V2O4(C6H5O7)2].5.6 2   (4a)

 2 ml  0.20g (0.29 mmol) 

2[V2O2 2)2(C6H6O7)2]. 2 2   (6a).    
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  pH ~3.     50  C  , 

.  , 

.  

 2 ml .   pH  ~5.  

 4 C.  , (layering)

.  

.   FT-IR

4[V2O4(C6H5O7)2].5.6 2   (4a).   

 0.02 g (86%).

8.3.3. 4[V2O4(C6H5O7)2].5.6 2  (4a) 

2[V2O2 2)2(C6H6O7)2]. 2 2  (6a)

 2 ml  0.26g (0.32 mmol) 

4[V2O4(C6H5O7)2].5.6 2   (4a).     pH

~5.  

0.27 ml (2.6 mmol)  30%.  

 10 min .

,  4 C.  

, , .  

.   FT-IR 

  2[V2O2 2)2(C6H6O7)2]. 2 2  (6a).  

 0.07 g (32%).

8.3.3.  ( 4)6[V2O2 2)2(C6H4O7)2]. 4.5 2   (8a)

 ( 4)6[V2O4(C6H4O7)2].
2   (5a)

 2 ml  0.15g (0.20 mmol) 

4)6[V2O2 2)2(C6H4O7)2]. 4.5 2   (8a).  

 pH ~5.    

.   pH

 ~7.   4 C.

, .

.    FT-IR

(NH4)6[V2O4(C6H4O7)2].
2   (5a).     0.05 g (33%).
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8.3.3.  ( 4)6[V2O4(C6H4O7)2].
2   (5a) 

 ( 4)6[V2O2 2)2(C6H4O7)2]. 4.5 2   (8a)

 2 ml  0.57g (0.75 mmol) 

4)6[V2O4(C6H4O7)2].
2   (5a).  

pH ~6.5.    

 0.40 g (12 mmol)  30%.  

   10 min

.  ,  4 C.  

, , 

.  .  

 FT-IR 

4)6[V2O4(C6H4O7)2].
2   (8a).   0.03 g (53%).

8.3.3.

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2] . 20H2O (7a) 

4[V2O4(C6H5O7)2].5.6 2   (4a)

 3 ml  0.23 g (0.12 mmol) 

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2] . 20H2O  (7a), 

.  

, 

.   pH ,  3h,  ~5.5.  

 4 C.  ,

.  

.   FT-IR 

4[V2O4(C6H5O7)2].5.6 2   (4a).   

 0.06 g (31%).

8.3.3. 4[V2O4(C6H5O7)2].5.6 2  (4a) 

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2] . 20H2O (7a)

 2 ml  0.32 g (0.40 mmol) 

4[V2O4(C6H5O7)2].5.6 2   (4a).   pH

 0.4  ~6.5.  ,

 30%

(0.67 ml, 6.5 mmol).   pH
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 ~5.5.   4 C.

.

.    FT-IR

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2] . 20H2O  (7a).  

 0.07 g (19%).

8.3.3.  K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2] .

20H2O (7a) 2[V2O4(C6H6O7)2].
2   (3a)

 3 ml  0.36 g (0.19 mmol) 

K10[V2O2(O2)2(C6H5O7)2][V2O2(O2)2(C6H4O7)2] . 20H2O (7a).  

.  

pH  0.3  ~3.  

 30 min.    

 4 C.  

,  K2[V2O4(C6H6O7)2] . 4H2O (3a).  

.  

 0.13 g (49%).

8.3.4  9a

8.3.4.  (N 4)4[(VO2)(VO(O2) (C6H5O7)2].1.5H2O

(9a)  (N 4)2[V2O2 (O2)2(C6H6O7)2].2H2O (6a)

 4 ml  0.15 g (0.23 mmol) 

(N 4)4[(VO2)(VO(O2)(C6H5O7)2].1.5H2O  (9a).  

 pH ~4.  

 30% (0.46 ml, 4.5 mmol).

 10 min.  

 pH  ~3.6.  

 4 C.  

. 

  .   FT-IR 
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   (N 4)2[V2O2 (O2)2(C6H6O7)2].2H2O (6a).     

 0.03g (24%).

8.3.4.  (N 4)4[(VO2)(VO(O2)(C6H5O7)2].1.5H2O

(9a)  (N 4)4[V2O4(C6H5O7)2].4H2O (4b)

 4 ml  0.30g (0,45 mmol) 

(N 4)4[(VO2)(VO(O2)(C6H5O7)2]1.5H2O  (9a).  

 pH ~4.5.  

 4h.  T  pH  ~4.   

 4 C.  

. 

.   FT-IR 

 (N 4)4[V2O4(C6H5O7)2].4H2O  (4b).  

 0.10 g  (36%).

8.3.4.  (N 4)4[V2O4(C6H5O7)2].4H2O (4b) 

 (N 4)4[(VO2)(VO(O2) (C6H5O7)2].1.5H2O (9a)

 4 ml  0.35g (0.52 mmol) 

4a.   pH ~4.5.  

30% (0.84 ml, 8.2 mmol).  

 10 min.    o  4 C.

. .  

 FT-IR 

 (N 4)4[(VO2)(VO(O2) (C6H5O7)2].1.5H2O  (9a).  

 0.07 g (21%).

8.3.4.  (N 4)6[V2O4(C6H4O7)2].6H2O (5a) 

 (N 4)4[(VO2)(VO(O2) (C6H5O7)2].1.5H2O (9a)

 4 ml  0.32 g (0.42 mmol)  5a.

 pH ~6.   pH 

 HCl 0.3  ~4.5.  ,



 8     

282

30% (0.69 ml, 6.8 mmol).  

 10min.    o  4 C.

. .  

 FT-IR 

 (N 4)4[(VO2)(VO(O2) (C6H5O7)2].1.5H2O  (9a).  

 0.05 g (18%).

8.3.4.  (N 4)4[(VO2)(VO(O2)(C6H5O7)2].1.5H2O

(9a)  (N 4)2[V2O4(C6H4O7)2].2H2O (2c)

 4 ml  0,080g (0,12 mmol) 

9a.   pH ~4.  

   500 C .  

 pH ~6.5.   pH  1.0 

 pH ~8.  , .  

 2- .   , .

.  

.   FT-IR 

 (N 4)2[V2O4(C6H4O7)2].2H2O (2c).

 0.04g (29%).

8.3.5

 V(V) 

V(IV)

8.3.5. A 

 V(V) 

 30 min.  

’ 

.  ,  pH 



 8     

283

3  1, 

.  

.  , Cl

 2.5 .  , 

520 420.  

1.30, .6

8.3.5.

 V(V) .  

 50 C  5 min.  

’

.  

.  ,

, : m/e 174[ +],

143[ + CH3], 101[M+-CH2COOH3], 59  [M+-CH2COCH2COOH3].
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8.4

8.4.1  V(IV) 

 V(V)

,   

 V(V) 

V(IV) .  1

 4+  5+.  

 pH.

, 

1 2  V(V).

.  , 

 5+,  pH 

 4+.   

 V(IV) 

 V(V), ,  V2O2

.

, ,

 V( V)  V(V).   

 V(V)  V(IV),

 V(V) 

 V(IV).  

, 

V(V)  V(IV).  

V(V),  V(V) 

, .  ,

, 

.7  , 

, , 
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.7  , 

.8

, 

, 

.  , 

, 

.  , 

 V(V)  V(IV).

O 

 V(V).  , 

, .  

, .  , 

 [V2O2(C6H4O7)2]4-,  

, , 

, 

[V2O5(C6H4O7)( 2 )2]4-.  , 

, 

.9  ,  H2VO4
-, C6H5O7

3

OH-

[V2O5(C6H4O7)( 2 )2]4-.
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3
pH~ 3.5

5

1
pH~ 5 2

pH~ 8

4
pH~ 5

5
pH~ 6.5

2 2

 1
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8.4.2

 +4 .

 V(IV).  ,

 ( ), 

 4+ .

, 

 VV
2O2

). , 

 V(IV), 

 V(IV)  V(V) 

 V(V).  

 V(V)–

). 

 2.  

pH.  ,  V(IV) 

 V(V),  V2O2 .
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6
pH ~3.5

7
pH ~6

8

1
pH ~5

2
pH ~8

2 2

8
pH ~6.5

 2
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8.4.3

 +5

 V(V),  ( ), 

 V(V)-

.  , 

   V2O2, 

.  

 UV/vis 13C-NMR 

.5

  ,   

 V(V) 

.  

 3 (

pH).  , 

 V(V), 

, 

V2O2 .
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7
pH ~ 6

8
pH ~ 6.5

3
3

pH ~ 3.5
4

pH ~ 5

5
pH ~ 6.5

H2O2

H2O2

H2O2

 3

H2O2

6
pH ~ 3.5
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8.4.3

 (9a),

 6a, 

 (4a)  (5a),  V(IV) (2a).  

 4  (

).

,   ( 4)4[V2O2(C6H4O7)2]. 2 2  (2c).

) 

 pH , 

) .

, 

.  ¨  (9a)

 (4b)  (5a),  pH 

.  ,  (9a),

 V(IV).  

 (6a), (7a)  (8a).

, 

 (4b),  (9a).

, 

 (4b).  

 (6a),  (7a)  (8a).  

 pH 

.   ,  (4a) (  (4b),

), 

 (6a).

( 4)4[(VO2)(VO(O2) (C6H5O7)2]1.5H2O (9a) 

.

, 
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,  V2O2 , 

, 

pH.
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2 2

2 2

6
pH ~ 3.5

2
pH ~ 8

4
pH ~ 5

9
pH ~ 4.5
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9

9.1

 V(V) 

[V2O2(O2)2(C4H4O5)2]2- (10)  [V2O2(O2)2(C4H3O5)2]4-  (11)  pH ~4.5  ~6.5

.1 10

K2[V2O2(O2)2(C4H4O5)2] . 2H2O (10a), 11

 K4[V2O2(O2)2(C4H3O5)2] . 4H2O  (11a) 

(NH4)4[V2O2(O2)2(C4H3O5)2] . 3H2O  (11b).1 ,

, 

, .

9.2

   V(V) 

 VIIICl3 ,  (1:1), 

 pH ~6 ( 10a)  ~8  ( 11a 11b).   pH 

.  

.   pH

.

 pH  ~ 4.5 10a  ~ 7 

11a  11b.   V(IV).  

  UV/Visible, 10a 11a

11b , 

 4+.  

 EPR ( ) 
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.   V(III)  V(IV) 

.  

10a,

11a 11b.  

:

2 VCl3 + 2 C4H6O5  + 8 K+OH-  +  ½ O2 +  3 H2O2

K2[V2O2(O2)2(C4H4O5)2]·2H2O (1a) +  6 KCl  + 7H2O

2 VCl3 + 2 C4H6O5  + 10Cat+OH-  +  ½ O2 +  3 H2O2

(Cat)2[V2O2(O2)2(C4H3O5)2]·xH2O (2) +  6 CatCl  + yH2O

 Cat = K+, x = 4 , y = 7    (2a)

Cat = NH4
+, x = 3 , y = 8  (2b)

.  

:  K2[V2O2(O2)2(C4H4O5)2] . 2H2O,

K4[V2O2(O2)2(C4H3O5)2] . 4H2O, (NH4)4[V2O2(O2)2(C4H3O5)2] . 3H2O, 10a,

11a 11b .  , 11a

 5 , 10a

11b  20 

.  10a , 

 (CH3OH, C2H5OH, .), ,  CH3CN.  

, 

(DMF)  (DMSO).  11a 11b

 (CH3OH, i-PrOH, .), 

 (DMSO), .

pH ~4.5

pH ~6.5

(1)

(2)
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9.3

9.3.1  K2[V2O2(O2)2(C4H4O5)2] . 2H2O (10a)

 4ml  0.09 g (0.57 mmol) VCl3  0.08 g (0.57 mmol)

.  T  pH  0.10 

~6.5.  , , 

.   pH 

 ~4.5, .  

 H2O2 30% (0.26 ml, 2.3 mmol).  

 30 .  

, 

4 C.  .   

.   0.07g

(43%).   10a  K2[V2O2(O2)2(C4H4O5)2] . 2H2O

(C8H12O18K2V2, MW = 576.26) :  C, 16.67; H, 2.08; K, 13.54.

 C,16.11; H, 2.15; K, 13.48.

9.3.2  K4[V2O2(O2)2(C4H3O5)2] . 4H2O  (11a)

 4ml  0.080 g, (0.51 mmol) VCl3  (0.068 g, 0.51 mmol)

.  T  pH  0.10  pH

~8.  , ,     

.    pH  ~6.5 

.  , 

, 

 H2O2 30% (0.23 ml, 2.0 mmol).  

 35 

.  ,   

 4 C.  .

.  

 0.08g (50%).    K4[V2O2(O2)2(C4H3O5)2] . 4H2O

(11a) (C8H14O20K4V2, MW = 688.49) : C, 13.94; H, 2.03; K,

22.66.  : C, 14.02 ; H, 2.08 ; K, 22.89.
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9.3.3  (NH4)4[V2O2(O2)2(C4H3O5)2] . 3H2O (11b)

 4ml  0.090 g (0.57 mmol) VCl3  0.080 g (0.57 mmol)

.  T  pH  0.10 

pH ~8.  , , 

.   pH  ~6.5, 

.  

 H2O2 30% (0.19 ml, 1.7 mmol).  

 35 .  

, 

4 C.  .   

.   0.080g

(48%).    (NH4)4[V2O2(O2)2(C4H3O5)2] . 3H2O (11b)

(C8H28O19N4V2, MW = 586.22) : C, 16.39; H, 4.78; N, 9.56.

: C, 16.41; H, 4.68; N, 9.46.
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9.4

9.4.1

 0.10 x 0.20 x 0.40 mm3 10a, 0.10 x 0.25

x 0.50 mm3 11a   0.10 x 0.10 x 0.40 mm3 11b

.  

Crystal Logic, , 

, a 10a 11a  Nicolet

P21  Cu K 11b.  , 

10a, 

 25 , ,  11o<2  <23 , 

 11a 11b  25 

 24o<2  <54 . , 10 11,

-2 .

, 

 97 ,  3%

.  10a, 11a

11b  Lorentz, ,  psi-scan ,

 Crystal Logic.  10 11

 (Direct methods)  SHELXL-862

 F2  SHELXL-

93.2  10 11

.  

.
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                                                                                                                      10a                                      11a                                              11b

       2C8H12O18V2        4C8H14O20V2       C8H28N4O19V2
                                        576.26               688.49           586.22

 (K)                   298        298                    298
   (Å)                   Mo K  0.7107                         Mo K  0.7107                          CuK 1.54180

                         P21/c     P     P21/c
a (Å)          9.123(8)   8.380(5)   9.158(4)
b (Å)         9.439(8)   9.252(5)   9.669(4)
c (Å)          10.640(9)             13.714(8)   14.185(6)

, deg                            104.81(1)
, deg                   104.58(3)   93.60(2)   90.31(1)
, deg              66.102(4)   115.643(13)

V, (Å3)                   887(1)               1061(1)   1085.0(7)
Z                                                   2     2    4

calcd obsd (g/cm3)       2.158/2.13   2.155/2.13   1.794/1.77
abs. coeff. ( ), cm-1                 1.620                1.732    8.149
R (1)         R = 0.0504   R = 0.0312   R = 0.0486
Rw

(1)

 1
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9.4.2  K2[V2O2(O2)2(C4H4O5)2] . 2H2O (10a)

1a .  

ORTEP  1.  

 2  3

.   V2O2, 

,  V2O2

.

5+, .  

.  

.  

.  , 2
2-, 

, 

.  

, 

.  

 10a 

.3

 VO2, 

.  .

 (2-) .

 (2.786-3.009 Å), 

, , 

.

.  

[HO(4)…O(2’) = 1.877 Å, O(4)…O(2’) = 2.576 Å, O(4)-HO(4)…O(2) = 176.3 o;
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O(2’) : x, -0.5-y, 0.5+z].  

 HWb…OW’ = 2.439 Å, OW…OW’ = 2.965 Å,

OW-HWb…OW’ = 173.4 o (OW’ : 1-x,-y,1-z).



 9                                 

303

 1:  ORTEP  [V2O2(O2)2(C4H4O5)2]2- (10)
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10a   11a   11b
V-O(1)             2.064(2)  2.034(3)  2.033(2)

V-O(3)             2.005(2)  1.987(3)  1.986(2)

V-O(3)’            2.025(2)  2.026(3)  2.021(2)

V-O(5)                 2.248(2)  2.294(3)  -------

V-O(6)                 1.606(2)  1.599(3)  1.591(2)

V-O(7)                 1.874(2)  1.859(3)  1.871(2)

V-O(8)                 1.868(2)  1.887(3)  1.869(2)

V(2)-O(16)                       1.599(3)

V(2)-O(17)                       1.876(3)

V(2)-O(18)                       1.877(4)

V(2)-O(13)                       2.007(3)

V(2)-O(13)’’                     2.035(3)

V(2)-O(11)                       2.042(4)

V(2)-O(15)                       2.257(3)

 2
 Å  10a, 11a, 11b
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 3
 [deg]  10a, 11a, 11b

10a   11a   11b
O(6)-V-O(8)              102.2(1)  100.2(2)       101.85(9)

O(6)-V-O(7)              101.2(1)  101.5(2)         103.9(1)

O(8)-V-O(7)               44.90(9)    44.8(2)           45.10(8)

O(6)-V-O(3)                96.65(9)    98.3(2)       102.35(9)

O(8)-V-O(3)               151.37(9)  151.9(2)      147.06(8)

O(7)-V-O(3)               149.96(8)  148.7(1)       144.75(8)

O(6)-V-O(3)’            97.6(1)    97.9(2)           97.86(9)

O(8)-V-O(3)’           125.29(8)  126.0(2)       126.43(9)

O(7)-V-O(3)’              81.51(8)    81.8(1)           81.97(9)

O(3)-V-O(3)’              72.30(8)    71.6(2)           71.43(9)

O(6)-V-O(1)                 91.2(1)    92.9(2)           93.01(9)

O(8)-V-O(1)               80.86(8)    79.9(2)           79.3(1)

O(7)-V-O(1)            125.69(8)  124.3(1)       123.9(1)

O(3)-V-O(1)               77.38(7)    78.2(1)         77.42(9)

O(3)’-V-O(1)           149.17(7)  149.0(1)           148.52(7)

O(6)-V-O(5)            172.73(9)  173.1(2)  -------

O(8)-V-O(5)               81.44(8)    81.7(1)  -------

O(7)-V-O(5)              85.80(8)    84.5(1)  -------

O(3)-V-O(5)               77.71(7)    77.6(1)   -------

O(3)’-V-O(5)                85.12(8)    86.1(1)  -------

O(1)-V-O(5)                 83.13(9)    80.9(1)  -------
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9.4.3  K4[V2O2(O2)2(C4H3O5)2].4H2O (11a) 

(NH4)4[V2O2(O2)2(C4H3O5)2] . 3H2O (11b)

 11a  11b 

.   11b  P1

 (  2  2  ), 11a   P2

1/c.  11a 11b

.   ORTEP 11a 11b

 2.  , 11(a -b)

 2  3 .

11a  11b

.  

 V2O2, 

 5+, 

.   [V2O2(O2)2(C4H3O5)2]4-

 V2O2

. , 

.  , 

.  

.  

 O(1), 

,  O(3),  O(3)’, 

 O(7),  O(8) 

.   O(5), 

,  O(6) .

11(a-b) 

.3

 (4-) 

11a  11b,

.  11a

, 

, , 

 2.706 – 3.023 Å (8  K1),  2.674 – 3.020 Å (6 
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 K2).  , 

 11a 

11b.
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9.5

 2:  Ortep  [V2O2(O2)2(C4H3O5)2]4-(11)
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9.5

10a, 11a  11b

 FT-IR.

 FT-IR 10a 11b  3  4 .

, 

as(COO-)  1675 cm-1

1577 cm-1 10a, 1639 cm-1  1568 cm-1 11a  1639 cm-1  1556

cm-1 11b. s(COO-) 

1448-1330 cm-1 10a, 1425-1380 cm-1 11a  1421-1380 cm-1

11b  4).

.  

.  , 

as(COO-)- s(COO-

))  200 cm-1, 

5, 

.  

.4,6  V=O  976 cm-1

10a  954 cm-1 11a 11b.  , 

)  921 cm-1 10a  926 cm-1 11a

11b.  

 +5.4,7
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 4

10a 11a 11b

as(COO-) 1675 -1577 cm-1 1639 -1568 cm-1 1639-1556 cm-1

s(COO-) 1448-1330 cm-1 1425-1380 cm-1 1421-1380 cm-1

(V=O) 976 cm-1 954 cm-1 954cm-1

(O-O) 921 cm-1 926 cm-1 926 cm-1
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 3:   FT-IR 10a
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9.6

V(V) , 

10a 11b .    

 10a  11b  5  6 .

,   10a  pH ~4.5 

 422 nm (  = 317 -1cm-1), 

 234 nm (  = 7,203 -1cm-1).   422 nm 

 ( ).8  11b

,  pH ~7,  340 nm ( =756 -1cm-1) 

 219 nm ( =9,990 -1cm-1) (  5).   340 nm 

.  ,  422

nm  340 nm 10a 11b , 

 [(V= )(O2)]+ .   , 

, 

[(V=O)2O2(O2)2]2-,7e   v*à d .8,9

,  234 nm 10a  219 nm 

11b h* à d *  .  H 

, h* à

*, h* 

.8,9

 5

10a 11b

1 422 nm 340 nm

1 317 -1cm-1 756 -1cm-1

2 234 nm 219 nm

2 7,203 -1cm-1 9,990 -1cm-1
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, 

 ( ) 

, 

 pH ~4.5  ~7.      pH ~4.5 

 788  603 nm  410 nm (  7).     pH

~7  810  601 nm  415 nm (  8).

, 

 d-d , 

 {V=O}2+.  ,  600-850 nm

 OSM,10 : dxy

àdxz,dyz (810 nm (pH ~7), 788 nm (pH ~4.5 )), dxy à  dx2-y2 (601 nm (pH ~7), 603

nm (pH ~4.5)),  dxy à  dz2.11   dxy à  dz2, 

   500 nm, 

 601 nm.  

 415 nm (pH ~7)  410 nm (pH ~4.5), 

.11,12

 6

10a 11b

1 788 nm 810 nm

2 603 nm 601nm

3 410 nm 415 nm
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 7:  UV/vis 10a  pH ~4.5
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9.7

 (

) 

 V(V) , 

 EPR.

 EPR ,  1-3,

 4 .   pH ~4.5  ~7, (

9) , V(IV) (d1)

=7/2),  (V=O2+).  , 

 pH ~4.5, 

  giso = 1.96  Aiso = 98 x 10-4 cm-1.

 pH ~7,  giso =

1.96 and Aiso = 94 x 10-4 cm-1.  

.12
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,   pH

 4    g = 4.0, (  10) 

, 

 (S = 1)  VIV.

, 

 (V=O2+), 

  .

0 1000 2000 3000 4000 5000 6000

Magnetic Field/Gauss

 10:  EPR 

 11a  pH ~7,  4 .
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, 

, , 

  

.  , 13

A0,calc = ∑
i

ii An 4/,0

 ni  Li ,

A0,I, , 

.

 A0,calc

 R-COO-, R-O-,  H2O,  pH ~4.5  95 x 10-

4 cm-1  98 x 10-4 cm-1.   

,  pH~

4.5 :

V

O

O

O V

O

C

H2C

C

C

C

H

OH2

O
O

CH2

O
OH2 O

H

HOOC

COOH 0

H2O

H2O
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     A0,calc  pH ~7  93 x 10-4 cm-1

 94 x 10-4 cm-1. ,  EPR

    pH ~4.5.

V

O

O

O V

O

C

H2C

C
C

C

C
C

O
O

H

OH2

OO
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O
O
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9.8

1 2,  pH ~4.5  ~6.5 ,

.  

:  )  V2O2, ) 

+5 , ) 

, )  V=O , 

 anti ,

10 11.  

:

)  V(V), 

o pH  ~ 4.5

 ~7.

) 10 11.

 pH ~4.5 (1) 

,  pH ~6.5 (2) 

.

) ,  (2-) 10  (4-) 11.

 EPR  UV/vis, 

 10a,

11a  11b.  

 V2
IVO2.  , 

 V(IV)-

.

, 

V(IV) , , 

 VV-O2,

.

 V(IV) .
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