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1,1’- -3,3,3’,3’-

DiD 1
1,1’- -3,3,3’,3’-
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1,1'- -3,3,3',3'-
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Resonance Energy Transfer) 
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 ( )

 ( );

/ ;

– ,
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GdYVO4:Eu3+  CeO2)  (

( )  ( ))

;

–

 ( )
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–

 ( , )

;

–

 ( )

/

.

 – 

 (  GdYVO4:Eu3+  CeO2)  (

)

,
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 – 

/ ,

.

 – ;

;

,

, .

:

1. ,  ReVO4:Eu3+

(Re=Y, La, Gd) 

, ,

/ . .
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2. ,

 (Förster resonance energy transfer, FRET), 

/

 (  GdYVO4:Eu3+  CeO2)  (
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3. ,

 ( ).

4. , ,

GdYVO4:Eu3+  J -1 ,

.

5. , in vitro ,

.

.

6. ,

.

.

 ReVO4:Eu3+  CeO2
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ReVO4:Eu3+  CeO2 . . . . . .
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:

–  [1-3] 

;

–  [4-8] 

;

–  [9]

/ ;
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: 2nd International conference "Nanomaterials: 

Application & Properties", Alushta (Crimea), 2012; 9-th International Conference 

"Electronic Processes in Organic Materials (ICEPOM-9)", Lviv (Ukraine), 2013; 

Fourth "International Workshop on Advanced Spectroscopy and Optical Materials 
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.
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, .
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:

 ( ) ,

.  [97] 

,  GdYVO4:Eu3+ ,

2 ,

.

,

.

,

,  GdYVO4:Eu3+

 [98,99], 

.

1.2.2.3. .

, ,

, . . [100,101]. 

 CeO2,

, ,

,

 [102,103]. 

.

-
4+/ 3+ (1,61 ),

,  4+, 
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 3+ [104,105]. 

 CeO2  – 

- ,

[106,107]. 

:

 [106,107]. 

2

- ,

 ( ), ,

.

 CeO2 in vivo. 

O2 ,

, ,

- ,

.

[108] ,

( ).

- ,
3+: 4+

.

,

2

3+

 [105].  
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1.3.

 (targeted drug delivery, drug targeting) – 

 ( , ), ,

[109]. , ,

.

 XIX . . ,

« », ,

,

 [110]. 

in situ

.

.

, .

.

.

.

- , ,

,

.

/ .

,

:

, ,
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. ,

, : - ,

, -  (

), .

 – .

, .

, : , ,

.

, ,

: , , , .

 – 

.

1.3.1. .

,

 – 

 ( )

(Enhanced Penetration and Retantion Effect) [111]. 

.

.

.

,

,

 600-800  [112,113]. 

,
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 [114]. 

. - ,

, , ,

. ,

 [112]. 

.

-

,  [115] 

 [116]. 

. ,

-

 ( ). « »

,

. ,

 15  24  45  [117], 
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,

- . ,

, ,
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- ,

,

.
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-  c 

.

, . ,

 1-2  12-50 

, , ,

.

 [119,120].  

 / - .

/ ,

, . ,

.

 – 

, ,  [121-123]. 

.  Fab'-
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.

,

 Fab'- ,

-

.

,

- .

 [124,125].  

 — 

.

.

,

 ( .1.4).

: ,  C [126]. 

 — 

;

B — 

;  (Pendant-

type PEG-immunoliposomes) — 

 ( ).

, ,

, -

in vitro, in vivo [127]. 

- in vivo :

,

-

.

,



31

, ,

.

,

 [128], 

-  [129]. 

,

 ( ),

-

 [130]. 

.1.4.

.  [131]. 

-
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.

1.4.

. ,

, ,

, ,

. [132].

, ,

 [133]. 

.

 — - .

 (« » )

, ,

, .

 ( – )

( , ) .

 « » ,

 ( .1.1) [133]. 
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 1.1 

,

 « »  « »

– ;

;

;

;

 ( ,

 « »).

;

;

;

–

.

,  ( .1.5).

 [134,135]. -

,

, .1.5 [136]. 

- -

, ,

,  [136]. 

 50-80 , ,

, .

,

.
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.1.5.

.

.  [137]. 

, ,

 ( )

 ( .1.5). ,

-

; [138], ,

 [139,140]. ,

 ( ,

)

 [141,142]. ,

 ( ),

.

, ,

, .

,

,  « » ,
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.

 15  30 ,

.

, . . ,

 « »

: ,

,

« » .

1.5.

1.5.1. .

in vivo

in vitro  ( , ,

) ,

 [143-145]. 

,

,

[143-145].  

, ,

 ( , , )

 [145]. ,

,

,

 ( ,

, ) [145,146]. ,
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,

[146,147].  ( )

,

.

,

, ,

 [146,147]. 

,

, ,

,

.

, ,

,

.

,

, ,

 [145,146]. ,

,

,

.

1.5.2. .

 (

)

, ,

 (Förster 

Resonance Energy Transfer, FRET) [143,144]. 
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,

,

 [146]. 

FRET

 ( )  ( )

 [143,144].  FRET 

,

,

 [143,144]. 

 FRET 

 ( ,

, ) [143,144], 

 [148],  [149], 

 [150,151], 

 [143,144]. 

,

 FRET. 

1.6.

, ,

, .
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,

,

.

.

, ,

, ,

. ,

,

 ( ).

,

 ReVO4:Eu3+  CeO2

( )

.

:

–

 ( )

 ( );

/ ;

– ,

 (

GdYVO4:Eu3+  CeO2)  (
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( )  ( ))

;

–

 ( )

;

–

 ( , )

;

–

 ( )

/

.
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 2 

2.1.

2.1.1. .

,

,

 UV-Vis  SPECORD 200 (Analytik Jena, 

, . 2.1).

.2.1.  SPECORD 200 [152]. 

, ,

 0.2, 0.5  1 .
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 Windows. 

[153]: 

- :

;

- : 190–1100 ;

- :  0.5 ;

- :  0.05 ;

- :  1; 2; 4 .

2.1.2. .

- ,

, ,

 Lumina (ThermoScientific, ),

 ( . 2.2).

.2.2.  Lumina [154]. 

1

2

3

4
5

6

7

8
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.2.2. :

1 – .  Lumina 

 20  0.5 .

; 2 

- .  0.5, 

1.0, 2.5, 5.0, 10  20 

; 3 –  150 .

. ,

; 4 – ; 5 –

.

 500 ; 6 

.  Lumina 

6000 / ,  – 20000 / ,

; 7 – 

.  R-928 (Hamamatsu, )

 190-900 ; 8 – 

.

.

,

.

.

2.2.

,

, ,

,
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 Olympus IX71 (Olympus, ),

Olympus C-5060  ( .2.3).

 100 ,

.

 BP460–490 (

 460-490 ,  DM500, 

520IF)  BP510–550 (  510-550 ,

 DM570, 590) [155]. 

. 2.3.  Olympus IX71 

Olympus C-5060 (Olympus, Tokyo, Japan).  [155]. 

.
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.

 (

), -

 USB 4000 (OceanOptics, ),

, ,  ( .2.4).

.2.4.  USB4000 (Ocean Optics, USA).  [156]. 

 100 .

,  45 .

,

. ,

. /

,  (pinhole), 
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.

 DP-soft 5.0 software (Olympus, )

SpectraSuite (OceanOptics, ), .

2.3.

,

, ,

 bitmap , . .  ( )

,

.

 ( )

 ( . . ), .

 ( , Adobe 

Photoshop). ,

,

. ,

,  50 .

2.4. .

 ReVO4:Eu3+ (Re = Y, Gd, La)  CeO2,

-  ( ),

 ( ),
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,

 ( .2.5, .2.6).

.2.5. - .

.2.6. ,

 (DiOC2 (R=C2H5), 

DiIC1  DiDC1 (R=CH3), JC-1 (R=C2H5), JC-1/C4 (R=C4H9), JC-1/C18 

(R=C18H37), JC-1/C3S (R=C3H6-SO3), DiOC18 (R=C18H37), DiIC18 (R=C18H37)).

GdYVO4:Eu3+

(1-2 )

LnVO4:Eu3+

(10×80 )

GdVO4:Eu3+

(7×35 )

CeO2
(1-2 )

DiO

JC-1

DiI DiD
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 (DiOC2, DiIC1, DiDC1)  (JC-1, JC-1/C4, JC-

1/C18, JC-1/C3S, DiOC18, DiIC18)

, .2.6. 

2.4.1.  ReVO4:Eu3+ (Re = Y, Gd, La)  CeO2.

 GdYVO4:Eu3+, GdVO4:Eu3+

LaVO4:Eu3+,  CeO2

a

 [157,158]. 

M 125  (Selmi, ).

 ZetaPALS (Brookhaven Instruments Corp., 

)  90°. 

/

 ReVO4:Eu3+ (Re = Y, La, Gd) 

 (d=2 ),  (7 35 )

(10×80 )  CeO2 (d=2 ).

 ReVO4

 271-287 ,

 ( .2.7).

, - ,

Eu3+. .2.8.

.
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 285 , .2.9.

,

.

.2.7.  (1), 

 (2)  (3) .

. 2.8. )  ReVO4:Eu3+ ( = 280 ) )

 ( = 612 ).
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. 2.9.  CeO2 (d=2 ).

2.4.2. ,

.

.

2.4.2.1. ,

 DiOC2, DiIC1  DiDC1.

.  1×10-6

2×10-4 .  0,01 

/  DiOC2,  0,005 /  DiIC1  DiDC1.

.

 1×10-2  1×10-3 ,

 ReVO4:Eu3+ (Re = Y, La, Gd)

0,02 /  0,01 / .

:  – 
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,  – ,

.

2.4.2.2. ,

 JC-1, JC-1/C4, JC-1/C18  JC-1/C3S. 

.

 ReVO4:Eu3+ (Re = 

Y, La, Gd) -  HEPES (pH=7,4) 

,

70%,  – 10%,  – 20%. 

 0,01-0,5 / .

2.4.2.3. ,  DiOC18

 DiIC18. 5  GdYVO4:Eu3+  CeO2

(0,83 / )  5  DiO 18 /  DiI 18 (3,3 10-5 M) 

,

 10 .

,  1 

.

 2 10-5 M, 

GdYVO4:Eu3+  CeO2  0,5 / .

2.4.2.4. , ,  DiOC18

 DiIC18 . / ,

.  50 

 10  0,1  96% ,  0,2 

 0,001 ,  5 

 GdYVO4:Eu3+  2 

 0,5 / ,  10 

.  15 

 5 .
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 5 .

 0,25 / .

2.4.3. , .

- , ,

.

(1×10-3 ) , ,

 (  = 8×10-3 ),

 [159]. 

.  ~ 80 ,

.  ( ),

N
C

C ,  N –  (  N  = 64 [159]) 

 2×10-5 .  2×10-5 .

2.4.4. , .

 [160]. ,

. ,

 (40 / )  (1×10-3 M) 

,

.

. ,

,  (  100 )

-  (Avanti Polar Lipids, Inc.). 

 1×10-3 / ,

 2×10-5 / .  12 

 220C .
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, ,  10%  (

) .

2.4.5.

.  (

 GdYVO4:Eu3+  CeO2, ) ,

 (50 , 107 / )

/  (50 )  1 

 10%  37 C

.

/  500 g, 

 HEPES pH=7,4 c 

0,1 % .

( ) ,

(50 , 107 / )

/  (450 )  15 .

/

 500 g, 

 HEPES pH=7,4 c  0,1 % 

.  500  HEPES c 0,1 % 

37 C .

2.5.

2.5.1. /  DiO 18  DiI 18.

, / ,

,

GdYVO4:Eu3+  CeO2.



53

 « »

 DiO 18  DiI 18.

,

.

[161]. ,

 DiO 18  DiI 18

,

.

 FRET- .

 (154000 M-1 -1  148000 M- 1 -1

DiO 18  DiI 18, )  [161]. 

/  DiO 18

DiI 18  492  (DiO 18)

552  (DiI 18)  462  519 ,  ( .2.10a,

 1).

 ( .2.11,  1  2).  DiO 18  DiI 18

 C18H37

,

,

 ( .2.12 ).

 DiO 18  DiI 18

 FRET 

,  ( .2.10 ,  1). 

.2.10 ,  440 ,
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 FRET  100%, 

DiO 18 max = 505 .

.2.10.  ( )  ( ) : 1 – 

/ ; 2 – GdYVO4:Eu3+/ ; 3 – 2/ ; 4 

– GdYVO4:Eu3+/ / . exc = 440 .

 GdYVO4: u3+  CeO2

,  [159]. 

-

.

,

 ( .2.10 ,  2  3). ,

( .2.12) [10,158]. 
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 3. ,

,

 17  66  GdYVO4: u3+  7 

125  CeO2 , .2.11.

FRET  DiO 18  DiI 18 ( .2.10 ,  2  3). 

.2.11. : 1 – ; 2 – 

/ ; 3 –  GdYVO4:Eu3+; 4 – 

GdYVO4:Eu3+/ ; 5 – 2; 6 – 2/ ; 7 

–  GdYVO4:Eu3+/ / .

/ / ,  DiO 18

 DiI 18 ,

 GdYVO4:Eu3+,

.2.12 [10]. 
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 ( .2.10 , ),

 [15]. 

/ /  70  ( .2.11, 

 7). 

,

.

/ ,

, -

.

.2.12. .

2.5.2. : . ,

,

 « ,

» ( ,

+ + +
+
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, 1986). ,

-  3- .

.

,

162 ,

10% .

 0,4% 

. ,  90-

93% .

 2 

1.

 ReVO4:Eu3+ (Re = Y, La, Gd) -

 CeO2

/ .

2.

 GdYVO4:Eu3+/ .

3.

/ , / / , / .

4. ,

in vitro.

5. /

.

 [1-15].
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 3

 ReVO4:Eu3+ (Re =Y, La, Gd) 

-

 ( .2.5 .2.6).

,

 2, 

. ,

, -

 [158,163]. 

, ,

 ( ) [158,163]. 

,

,

, ,

.

, ,

.

,

.

.
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3.1.

ReV 4:Eu3+ .

ReVO4:Eu3+ (Re =Y, La, Gd) -

 DiOC2, DiIC1  DiDC1.

,

,

,

( .2.6),

:  = 480  (DiO 2),  = 540 

(DiI 1)  = 636  (DiD 1),  ( . 3.1 , ).

.3.1. )

 ( )  GdYV 4:Eu3+ (

); ) ,

,

 1×10-6 – 2×10-4 .
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, ,

,

 [164]. ,

 « »

.

, , , , « »

,

. , - -

,

, , ,

 [164]. 

. ,

,

 ( - ),

( - )

, ,

.

, ,

 ( , ),

 ( ) [164-166]. 

,

 [164]. 

-

, .
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 ( .2.6),

, 52HC (DiOC2),

3CH  (DiIC1  DiDC1) ,

. ,

. ,

 1×10-6  2×10-4 , –

– , . .

 ( .3.1 ). 

 ReVO4:Eu3+ (Re =Y, La, 

Gd) - -  (

GdYV 4:Eu3+)  (  GdV 4:Eu3+  LaV 4:Eu3+).

. ,

 DiOC2, DiIC1  DiDC1

,

 ( .3.1 , ).

:

n +m (n-x) + x( )m (3.1) 

n m –  ( )  ( ) ,

; x – ,

; mx )(  – / .

mx )( , . . ,

/ , .

,

 (3.1). 



62

 ( ) [167,168]. 

, / / ,

, ,

, ,

( ) [167,168]. , ,

 ( .  2), 

,

.

 ReVO4:Eu3+ (Re 

=Y, La, Gd)

 DiO 2, DiIC1  DiDC1  1 10-6

 2 10-4 .

.

 ( .3.1 ,

), ,

. ,

.

.3.2 

 (D0)  (D1)

GdYV 4:Eu3+

.

,  DiO 2  DiIC1.

,  ~ 0 – 8 10-5 ,

 (D0-

D1), ,

/ .
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 (~ 1 10-4 – 2 10-4 )

,

.

.3.2.

 (D0)  (D1) GdYV 4:Eu3+

0C  DiOC2 ( ); DiIC1

( )  DiDC1 ( ).
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.

, ,

. .3.3

.

, .3.2,

0C ,

.

 8×10-5  DiO 2, 1,1×10-4  DiIC1  9×10-5  DiDC1.

, ,

, , 10, 8  14 %, 

 7,4×10-6  (DiO 2), 1×10-5  (DiIC1)

1,2×10-5  (DiDC1), .3.2 [1-3]. 

.3.3.

 GdYV 4:Eu3+.
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 ( .3.4

 3.5). 

.3.4.

 (D0)  (D1) GdV 4:Eu3+

0C  DiOC2 ( ); DiIC1

( )  DiDC1 ( ).
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.3.5.

 (D0)  (D1) LnV 4:Eu3+

0C  DiOC2 ( ); DiIC1

( )  DiDC1 ( ).

, .3.4 .3.5 

0C ,

.  7,5×10-5  DiO 2,

1,6×10-4  DiIC1  9,3×10-5  DiDC1 ,
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4,5×10-5  DiO 2, 1,2×10-4  DiIC1  7,4×10-5  DiDC1

. ,

, , 5, 5  10%, 

 4×10-6  (DiO 2), 8×10-6  (DiIC1)

1×10-5  (DiDC1) ,  10, 8  10%, 

 4,5×10-6  (DiO 2),

1×10-5  (DiIC1)  7,7×10-6  (DiDC1)  ( .3.4 

 3.5). 

, , 0,01  (DiO 2)

0,005  (DiIC1  (DiDC1)

,  (3.2) ,

/  ( ):

MV
mC , (3.2) 

C  – , M  – 

.

 0,61, 1,83, 2,4 /  DiO 2, DiI 1  DiD 1,

 (  GdYVO4:Eu3+); 0,33, 0,73, 0,97 /  (

 GdVO4:Eu3+); 0,37, 0,92, 0,74 /  (

 LaVO4:Eu3+),

 S = 1304 2/  (GdYVO4:Eu3+), 208 2/  (GdVO4:Eu3+)  182 2/

(LaVO4:Eu3+).  ( .3.3),

-

.
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3.2.

 JC-1 

 ReVO4:Eu3+ (Re = Y, Gd, La) 

3.2.1.

JC-1 .

 JC-1 

 ( ,

, ) [169]. 

JC-1 - -

 ( -

) ,

, .

 JC-1 

.

 530 .

, =7,5-8

, , J- ,

,

 [4,5,169-172]. 

 (

)  JC-1 

, ,

 [169-171].

,
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.  JC-1 

/  (1:9) 

( . 3.6). 

. 3.6.  JC-1 /

 (1:9) .
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.3.6,  JC-1 5 10-6

:

max = 585  (  J-

),

max = 528 ) ( . 3.6 ). ,

, , H-  ( max = 505 ),

( .3.6 ). , J-

max = 595 

 ( .3.6 ). -

.

, .3.6

 JC-1 

 ( )

.

 H-  J- ,

,

, .

,  H-, J- 

, -

, ,

 –  [173-177].  

( .3.7).  « »

 («plane-to-plane» stacking, «head-

to-head» transition moment arrangement) 

, .3.7 .

(-) , ,

 [173,174].
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(+) ,

 ( -

), .3.7 . H- -

 E(+)  E(-) [175]. 

. 3.7. 

: ) , )  («

»), )

. -

, - t

.

 « » («head-to-tail» transition dipole 

arrangement) (+) , ,

 J-  ( .3.7 ). .3.7 ,

.

, -  J-

, ,
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.  = [54,7°...90°],  H-

,  = [0°...54,7°],  J-  [175,176]. 

,  M1  M2 

 ( .3.7 ),

.

(-) (+).

: -

 J- .

,  « »

(«herringborn» structure) [173]. 

,

.

-  J-  ( .3.7 ).

- .

JC-1  1 10-5 M. 

. .3.8

JC-1 /  (1:9) 

 GdYV 4:Eu3+  2 .

.3.8,

.

 H-  J- .

, -

J-

, .3.7  [173-175]. 
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. 3.8.  JC-1 /

 (1:9) 

GdYV 4:Eu3+  2 . [JC-1]=1 10-5 M. 

.

-  ( .3.9 ).

, ,

 J- ,

 ( .3.9 ). ,  JC-1 

/ .

- ,

-  [173,176-178]. ,  (
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)  ( )

JC-1 ( .3.10).

.3.9.  ( )  ( )  JC-1 

/  (1:9), .

[ ] = 0,5 / . [JC-1]=1 10-5 M. 
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.3.10.  JC-1  (( )

– ; ( ) – ; ( ) – ; ( ) – 

;) :  (

),  ( ),

( ),  ( - ). 

[ ] = 0,5 / ; [JC-1]=1 10-5 M. 

,  ( .3.10 )

 (
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- ),

 « »

 ( , ).

,  ( .3.10 , , )

, , ,

 J- .  ( .3.11),

, ,

, - .

.

,

 JC-1 

- .

.3.11. ,

/  (1:9), . [ ] = 0,5 / .

[JC-1]=1 10-5 M. 
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,

 ( .3.12),

:

 ( E ), ,

 ( ),

 ( )  ( R ) ( .3.12).

 [179]: 

H

J

f
ftg )2/(2

, (3.3)

Jf Hf  –  J- - , ,

:

dv
n

nf 22
0

08

)2(
9103,1 , (3.4)

( )d  – , 0n  – 

,  1,333 .

.3.12. ,

.

, ,

 ( ) :

R
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2
180

(3.5)

E

 [176,177]: 

)cos3(cos
2

2
3

2

R
E

m
(3.6)

R
(  Å) :

3

22 )
2

sin3(cos2

cE
R

m

, (3.7)

 – , c  – , m  – 

- ,

 [176,177]: 

30
2

1012,2f , (3.8) 

 –  ( -1), f  – 

.

E  ( -1)

 JC-1 /

 (1:9) -  J- .

 JC-1, .

.3.1  3.2. 

.3.1,

 JC-1 

.

 ( .3.2) ,
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( ), ,

 – J- . -

.

 3.1

,  JC-1 

J-

 0,3 0,3 0,4 -

GdYV 4:Eu3+,
0,3 0,35 0,3 0,05

GdV 4:Eu3+,
0,4 0,32 0,25 0,03

LaV 4:Eu3+,
0,33 0,32 0,31 0,04

 3.2 

 JC-1 ,

, -1 R, Å , -1 R, Å

 1539 85 48 5,35 3334 71 55 4,02 

GdYV 4:Eu3+,
1675 74 53 5,1 3398 91 44 4,2 

GdV 4:Eu3+,
1515 78 51 5,3 3054 81 49 4,25 

LaV 4:Eu3+,
1539 65 58 5,1 3863 90 45 2,88 
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3.2.2.

/  JC-1/ 4.  JC-1/ 4 ( .2.6)

 JC-1,  JC-1 .

 ( .3.13 ).

/  (1:9)  ( . 3.13 ).

.3.13 ,

 JC-1/ 4

 J-  ( max = 585 ),

 ( max = 515 ).

, J-

max = 595 .

- .

 JC-1/ 4

,  J-

 J-  « », .3.7  [173,174]. 

,

- , ,

 ([JC-1/ 4]=1 10-5 M). .3.13

 JC-1/ 4

/  (1:9), 

 (0-0,5 / ). .3.13 ,

.

 J- .

/  (1:9) 

( .3.14).



81

.3.13.  JC-1/ 4

/  (1:9): ( )  1 10-7–

5 10-5 M; ( ) , , [ ]

= 0–0,5 / ; [JC-1/ 4]=1 10-5 M. 



82

.3.14.  JC-1/ 4

/  (1:9), . [ ] = 0,5 / ;

[JC-1/ 4]=1 10-5 M. 

, , /

 (1:9) 

/  JC-1/4C, 

 (

, 80  10% )

 (  J- ).

 J-

R

( .3.15).

,

 ( .3.7), ,

-  J- ,
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,

 [176,177]: 

cosmN (3.9)

m  – -

, ; N – .

.3.15.  J- .

m ,

 (3,4)  (3,8). 

N=2, .

, R ,

 (3.6),  [176,177]: 

),cos31( 2
3

2

R
E

m
 (3.10) 

E  –  ( -1),

 J-

.

,  = 37 ,

R =2 Å .

3.2.3.  JC-1/ 18.

 JC-1/ 18 ( .2.6)  JC-1, 

R
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,

/  ( .3.16,

) ,

, -  ( .3.16, ).

.3.16.  J -1/C18 /

 (1:9) ( )  ( ).

-

 (0,01-0,5 / )

 J -1/C18,

,  ( .3.17 , ).

 (

3 ), ,

 ( . .3.1),
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 [1]. 

.3.17.  JC-1/ 18 /

 (1:9): ( )

GdYV 4:Eu3+  2 ; ( ) ,

, [ ] = 0,5 / , [JC-1]=1 10-5 M. 
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3.2.4.  JC-

1/ 3S.  JC-1/ 3S ( .2.6) 

 JC-1, ,

 (

- )

. ,

/  (1:9) 

, ,

. .3.18 ,

 JC-1/ 3S /  (1:9) 

 ( max = 515 ). 

 J-  ( max = 595 ),

. -

,  JC-1/ 4, ,

« » («head-to-tail» transition dipole arrangement), .3.7

[173,174]. 

,

. .3.18  JC-

1/ 3S /  (1:9) 

 (0-0,5 / ).

.3.18 ,

. ,

, - .

 ( .3.18 ).
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.3.18.  JC-1/ 3S /

 (1:9): ( ) ; ( )

 GdYV 4:Eu3+.
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,  JC-1/ 3S

,

/  [5]. 

,

, , /

 (1:9)  JC-1  J -1/ 4

,

,

 ( -  J- , )

,

-  ( .3.19).

,

.

.3.19. -

/ .



89

 JC-1/C18 

/  (1:9) ,

,

 [1-3]. 

3.2.5. /  JC-1 

.  [180], ,

,  GdYV 4:Eu3+,

 ( .3.20 ),

,

.

/  J -1 [4].  

.3.20. : ( )

 GdYV 4:Eu3+, ( )  JC-1, ( )

 GdYV 4:Eu3+/JC-1.

,  JC-1 

,

, , .3.20 .
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/JC-1 ,

,

( .3.20 ), , ,

.

 3 

,

, :

1. ,  ReVO4:Eu3+ (Re = 

Y, La, Gd) 

, ,

,

/ .

.

2.

,

1,6 /  GdYVO4:Eu3+, 0,7 /

 GdVO4:Eu3+  LaVO4:Eu3+,

- .

3.

« » ,

-

.

4. , ,

/ .
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5.  J -1

 GdYVO4:Eu3+,

,

.

,  3, 

[1-8].



92

 4

/

,

 « »,

/  ( , )

, , ,

. ,

,  – 

 ( .2.12),

 ( .  3). 

/ ,

[181,182]. 

,

,  ( 0G ),  ( 0H )

 ( 0S ) .

, .

,

 ( , aE ) [181,182].

/
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,

 [143].  

 FRET-  DiOC18

( )  DiIC18 (

) ( .4.1).

.4.1.  ( )

( )  DiOC18  DiIC18 .

.  « »

 ( ,

 GdYVO4:Eu3+). ,

/DiOC18 /DiIC18,

 (293 , 303 , 313 , 323  333 )

.

.

 ( .4.2).

,
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. ,

 FRET ,

,

(  50 Å) [143,183] ( ).

.4.2.  [9].  

,

 – 

18 37 ( .2.6),

 [161,183]. ,

,

 ( ),

. ,

, .

,

,  1 ,

 [184]. 

 ( ) ,
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 ( - ),

 [185]. 

,

 (  FRET )

/(DiOC18+DiIC18) ( .4.2).

,

,

.

 DiOC18

)/( DiIDiODiO III , DiOI DiII  – 

,

DiOC18  DiIC18, ,

 DiOC18 ( ) [145,181,182,186,187]. 

4.1. /

,

 ( / ),

 [188]. .4.3

 DiOC18

)/( DiIDiODiO III ,

/DiOC18 /DiIC18

/(DiOC18+DiIC18).

.4.3,  (293 ),

)/( DiIDiODiO III

 100 .
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.4.3. )/( DiIDiODiO III

: )

 (1 – 293˚ ; 2 – 303˚ ; 3 – 313˚ ; 4 – 323˚ ; 5 – 343˚ ), )  (1 

– 293˚ ; 2 – 313˚ ; 3 –323˚ ; 4 – 333˚ ), )  GdYVO4:Eu3+ (1 – 293˚ ; 2 – 

303˚ ; 3 – 313˚ ; 4 – 323˚ ); )

: 1 – , 2 – 

GdYVO4:Eu3+, 3 – .

)/( DiIDiODiO III  100  1 
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 0,95 ( .4.3 ), . .

.

,  [184], 

, . .

FRET . ,  DiOC18

DiIC18

, . .

,

.

[184], ,

.

)/( DiIDiODiO III ,

,

 [182]: 

tK

DiIDiO

DiO

tDiIDiO

DiO e
II

I
II

I

)0()(
)()(  (4.1) 

K  ( -1) – ,

.

, 2/1 ,

,  [182]: 

K
2ln

2/1
 (4.2) 

.4.3  (4.1) 

 ( ),

 ( K )

/  ( 2/1 )  ( .4.1).
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 4.1

/

T , K K , -1 
2/1 , aE ,

/

293 0,01 69,3

68,1

303 0,052 13,3 

313 0,054 12,8 

323 0,056 12,4 

343 1,49 0,46 

293 0,011 63 

134,5
313 0,437 1,59 

323 1,04 0,67 

333 5,18 0,13 

GdYVO4:Eu3+

293 0,012 57,8 

104,2
303 0,014 49,5 

313 0,119 5,82 

323 0,524 1,32 

.4.3 .4.1 ,

)/( DiIDiODiO III ,

. ,

.

 ( .4.3 ).

, ,

)/( DiIDiODiO III 2/1  ( .4.1). ,
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, . .

, ,

,

 3-4 .

.4.3 .4.1, 

/

 GdYVO4:Eu3+. ,

)/( DiIDiODiO III ,  1  0,88 

( .4.3 ,  4).

2/1

, 12/1 ,

, 100002/1  [188]. .4.1,

/

 [9]. 

/

, ,

 [189]: 

RT
EKK a

0lnln
, (4.3) 

K  – , T  – 

, R – .

Kln T/1 ,

aE  ( .4.3 ).

.4.1. ,

/

,

. ,

aE ,
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,

( .4.1).

4.2. /

 DiOC18  DiIC18

, /DiOC18

/DiIC18 /(DiOC18+DiIC18),

:

)/(// 18181818 DiICDiOCKDiICDiOC pK ,  (4.4) 

:

1818

1818

//
)/(

DiICDiOC
DiICDiOCK p  (4.5) 

)/( DiIDiODiO III  ( .4.3 , , ).

 FRET  ( .4.3 , , ),

.

 DiOC18

DiIC18. , /DiOC18

 DiOC18 (2×10-5 M) 

 ( ), /(DiOC18 +DiIC18)

 ( .4.3 , , ). ,

, . . ,

 DiOC18  DiIC18

. , (1-X)  DiOC18

/(DiOC18+DiIC18).  FRET 
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 – ,  DiOC18  DiIC18

,  HK/(DiOC18+DiIC18)

:

]/)[1(]/)[1()]/([ 18181818 DiICXDiOCXDiICDiOC  (4.6) 

. (4.6) . (4.5),  (4.4), 

/DiOC18 /DiIC18

/(DiOC18+DiIC18)

:

102

5

104
104)1(

X
XK p

 (4.7) 

, .4.3 , ,

.4.2.

,

, - - ,

 [190]. pK ,

,

 ( 0G ),  ( 0H )  ( 0S )

/ ,  [190]: 

KRTG ln0

 (4.8) 

pT
TGH
)/1(

)/( 0
0

 (4.9) 

T
GHS

00
0

 (4.10) 

 (4.9) , 0H

, TG /0 T/1 ,
0H .
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 4.2

/

, K 
K ,

-1 

Gº, 

/

Hº, 

/

Sº,

/

293 0,55×104 -20,9

75,2

328,3

303 0,32×104 -20,3 315,2

313 3,12×104 -26,9 326,3

323 11,1×104 -31,2 329,4

343 23,9×104 -35,3 322,2

293 0,26×104 -19,2 

98,7

402,3

313 4,44×104 -27,8 404,3

323 22,6×104 -33,1 408,1

333 25,5×104 -34,4 399,9

GdYVO4:Eu3+

293 0,78×104 -21,8 

14,0

122,3

303 1,13×104 -23,5 123,8

313 0,99×104 -23,9 121,2

323 1,48×104 -25,8 123,2

.4.2.

( pK ) ,

. (4.4) 

/(DiOC18+DiIC18).

, pK  2 ,

 GdYVO4:Eu3+ ,

/DiOC18
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/DiIC18

/(DiOC18+DiIC18) .

, /DiOC18

/DiIC18

/(DiOC18+DiIC18)  [190]. 

.4.4, TG /0 T/1 ,
0H – , ,

 ( . (4.4)) , . .

.

 ( 0H ),

 [190]. 0H

,

.

 ( 0S ),  (4.10), 

,

,

 ( .4.2).

,

 DiOC18  DiIC18 ,

/DiOC18 /DiIC18

/(DiOC18+DiIC18),

,

 ( 0G < 0, 0H > 0, 0S > 0) [9,190]. 
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.4.4. TG /0 T/1

: 1 –  GdYVO4:Eu3+, 2 – , 3 – .

 4 

,

:

1.

/

( )  (

GdYVO4:Eu3+)

.

2.

/

.
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3.  ( K ),

 ( 2/1 ),  ( aE ),

 ( pK ),

 ( 0G ),  ( 0H )  ( 0S )

/ .

4.

/DiOC18 /DiIC18

/(DiOC18+DiIC18)

.

5. ,

. , , ,

/  GdYVO4:Eu3+.

,  4, 

[9]. 
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 5 

FRET-

,

, ,

.

,

 [16-23,25,181,185,192-196], 

, ,

,

.

 [16-23,25,185,192-

196]. 

/ ,

in vitro

.

,

 ( )  ( .5.1).



107

. 5.1. :

) – DiOC2 (1 –  (506 ); 2 –  (498 ); 3 – 

 (516 ));  – DiDC2 (1 –  (665 ); 2 –  (655 ); 3 – 

 (673 )).
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 DiOC2 ( .2.6)

 ( .5.1 ). 

. ,

 (  4 

 – , ,

) [197]. 

 DiOC2 ,

.

 DiDC2 ( .2.6) 

,  ( .5.1 )

,  DiOC2.

 DiDC2  DiOC2

,

,

.

 ( , ,

 GdYVO4:Eu3+  CeO2)

 ( ) in vitro

,  4 

 FRET-  [10-14]. 

.

( .5.2).

.

,



109

, , ,  FRET 

 ( .5.2).

. 5.2. .

5.1.

 « » ,

 2 [11-13]. ,

FRET- ,

 (  30 

170 ).

.

 DiIC18

, )/( DiIDiODiI III . .5.3,

.
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.5.3.

: 1 – ; 2 – 

+10% ; 3 – ; 4 – GdYVO4:Eu3+; 5 –GdYVO4:Eu3+ + 

; 6 – 2.

.5.3,

 DiIC18

,

. ,

.5.3,

.  FRET 

)/( DiIDiODiI III .

 [11-13].  (170 )
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 DiIC18  ( .5.3,  1), 

 1 ,

,  120 .

)/( DiIDiODiI III  0,97  0,8, 

.

,

,

,

 (R=C18H37, .2.6),

 [161]. 

,

 (4.1), 

 [182]: 

Kt

DiIDiO

DiI

tDiIDiO

DiI e
II

I
II

I

)0()(
)()(

, (5.1) 

K  ( -1) – 

 (leakage coefficient). 

 1 ( .5.3)  (5,1) 

K  = 

0,008 -1.  « »

(release half-life), ,

 50%  (4.2) [182]. 

 « » 1/2

 86 ,

.
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.

 5 , , .5.3

[11-13]. 

K ,

.2, .5.3  (5.1)  0,82 -1, 1/2=0,85 

, ,  ( .5.1).

 5.1 

( K )  « »  ( 1/2)

K , -1
1/2,

 0,008 86 

 0,82 0,85 

+10%  0,29 2,4 

 GdYVO4:Eu3+ 1,96 0,36 

 GdYVO4:Eu3+ + . 0,75 0,93 

2 2,86 0,24 

,

 10% ,

.

,

: 0,29 -1  2,4 ,  ( . 5.1), 

 ( .5.3,  1). 

 GdYVO4:Eu3+
2

 ( .5.3,

3,4,5 .5.1) [11-13]. K
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, 1/2  ( .5.1).

«  – », ,

 2  3, 

, .

- - ,

.

,  ( .2.12). ,

, /

,

 ( . .2.12) ,

,

( .5.1, .5.3,  3). 

, ,

 GdYVO4:Eu3+
2

 ( ,

DiOC18  DiIC18) ,

1/2 .

 ( )

,

.
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5.2.

in vitro

 GdYVO4:Eu3+
2

in vitro .

,

 5.1. 

 FRET-

 DiOC18  DiIC18,

.

-

,

.  (i)

/  (ii)

.

5.2.1. /

.

/

,

.

, ,

, .

:

 (Adobe Photoshop)  2.3. 

.5.4

 24 ,  FRET- .
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.5.4.  24 

,  FRET- .

.5.5

/ . ,

,

, ,

, , . . [137,198,199]. ,

, ,

[137,198,199]. .5.5,  GdYVO4:Eu3+/
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