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 (M( )3, M = Dy, Ho, Er, Yb) -

- , - .

 M( )3 ra, rg rh1. -

,  LnO6 D3. -

 Dy( )3, Ho( )3  Yb( )3

, .

: , DFT, - , -
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-  [ 1—4 ] 
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- - , -
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f- ,

-  Ln( )3,

 = ( 3)3—CO—CH—CO— ( 3)3.

,  8 , .

 1986 . [ 5—7 ].  [ 1—4 ] , -

.** 
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 [ 8 ], 

[ 9 ]  [ 10 ]. ,  Ln( )3 . -
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-
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, .

,

 Ln( )3 -

, .

 Ln( )3 2 2 , Ln = Dy, Ho, Er, Yb,  [ 14 ]. 

, - - .

 Dy( )3, Ho( )3, Er( )3  Yb( )3 -

100/ -1, - -

, -  [ 15, 16 ]. 

-  m/e = 1—2300 . . . -

 50 .

. -

,  Dy( )3,

Ho( )3, Er( )3*  Yb( )3 .

 ( . 1). -

-5/20. -

, ,

18 10 ,

,

.

, , -

.

94, 98, 100 ,  380, 318  381 

Dy( )3, Ho( )3  Yb( )3 .

 Ln( )3, Ln = Dy, Ho, Er [ 13 ], Yb, -

,

. , ,

, ,  189—260, 180—

220, 180—200, 163—223  Dy( )3, Ho( )3, Er( )3 [ 13 ], Yb( )3 -

 Ln( )3.

,  Ln( )3. -

,

. -

- -

.

 ZnO, -

.

- -

. 1. -

, , . 2. -

 [ 17 ].  

-

-

, -

                                                                

*  Er( )3  [ 13 ]. 
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. 1. -

: 1 —  ( -

), 2 — , 3 — -

 ( ), 4 — -

, 5 — , 6 — , 7 —  

               , 8 — 

-

 HF  B3LYP 

GAUSSIAN-98 [ 18 ]. , ,  F  6-31G*

[ 19 ], , -

: MWB

[ 20 ] (  Ln Large core ,  4f- ,

 11  5s, 5p, 5d  6s ). -

 Ln( )3, M = Dy, Ho, Er, Yb, -

D3. , -

 1  

-

- , ,

 Dy( )3 Ho( )3 Er( )3 Yb( )3

.

— -

-

,

338 598 338 598 338 598 338 598 

-

-

. ,

1,55 0,78 1,35 0,64 1,32 0,36 1,46 0,95 

. -

,

50(1) 50(1) 50(1) 50(1) 50(1) 50(1) 50(1) 50(1) 

.

-

. ,

.

221(5) 220(5) 187(5) 187(5) 182(5) 180(5) 183(5) 184(5) 

.

-

. ,

.

104(5) 108(5) 95(5) 100(5) 91(5) 94(5) 106(5) 106(5) 

-

, Å

0,04355(9) 0,04373(6) 0,04505(4) 0,04432(5) 0,04294(6) 0,04430(7) 0,04430(9) 0,04464(9)

-

-

.-

,

90 80 90 80 90 50 90 80 

. .

. -

, . .

1,4 10–6 1,8 10–6 1,4 10–6 1,8 10–6 1,4 10–6 2,9 10–6 1,1 10–6 1,8 10–6

smin

smax / s (Å–1)

2,3

27,3/0,1 

1,2

15,4/0,1 

2,2

26,3/0,1 

1,2

14,9/0,1 

2,3

27,6/0,1 

1,2

15,1/0,1 

2,2

26,7/0,1 

1,1

15,0/0,1 
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.

 Ln( )3,  Ln = Dy, Ho, Er, Yb,  HF, 

-

-

 Shrink [ 21 ]. 

l -

. 3. 

- -

 Ln( )3 D3

( . 2).  12 : 5  Ln—O1, O1—C, C—Cr,

CF—F1, Cr—H, 5 O1LnO2, LnO1C, O1CCF, CCFF1, F1CFF2,  2 -

,  — 2,

Ln—Cr,  —  CF3 ,  C—CF. -

— r — F , -

.

-

. , -

 CF3 -

F—F(1)  CF—F(2)=CF—F(3), CCFF(1)

CCFF(2)= CCFF(3). r—H -

sM(s),

r—H .

 2  

- Dy( )3, Ho( )3, Er( )3, Yb( )3

, %* 

Dy( )3**,

T = 110 

Dy( )3***,

T = 221 

Ho( )3**,

T = 106 

Ho( )3***,

T = 187 

      

[CF3]
+ 69  63  69 

[L]+ 207 16 17 8 11 

[LnL—CF3]
+ Ln+138  20  9 

[LnL—CF]+ Ln+176 31 64 36 70 

[LnLF]+ Ln+226 27 36 23 30 

[LnL2—CF2]
+ Ln+364 100 100 100 100 

[LnL2 ]
+ Ln+414 62 65 61 70 

[LnL3—CF3]
+ Ln+552 33 53 39 58 

[LnL3]
+ Ln+621 51 34 53 39 

      

[Ln2L5—8CF2]
+/[Ln2L3F2]

+ Ln2+635/Ln2+659 31  36  

[Ln2L5—4CF2]
+/[Ln2L4F]+ Ln2+835/Ln2+847 36  48  

[Ln2L5—2CF2]
+ Ln2+935 11    

[Ln2L5]
+ Ln2+1035 276  268  

      

[Ln3L7F—10CF2]
+ Ln3+968 9    

[Ln3L7F—8CF2]
+/[Ln3L5F2]

+ Ln3+1068/Ln3+1073 18  23   

[Ln3L7F—4CF2]
+/[Ln3L6F]+ Ln3+1268/Ln3+1261   5  

[Ln3L7F—2CF2]
+ Ln3+1368     

[Ln3L7F]+ Ln3+1468 9  11  
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.  2  

, % 

Er( )3 [ 13 ], 

T = 93 

Er( )3***, 

T = 181 

Yb( )3**,

T = 102 

Yb( )3***,

T = 183 

      

[CF3]
+ 69  40 26 52 

[L]+ 207  7  11 

[LnL—CF3]
+ Ln+138  9  10 

[LnL—CF]+ Ln+176 31 47 35 56 

[LnLF]+ Ln+226 17 14 10 12 

[LnL2—CF2]
+ Ln+364 100 100 100 100 

[LnL2 ]
+ Ln+414 43 62 68 63 

[LnL3—CF3]
+ Ln+552 34 56 56 59 

[LnL3]
+ Ln+621 53 40 51 38 

      

[Ln2L5—8CF2]
+/[Ln2L3F2]

+ Ln2+635/Ln2+659 43  7  

[Ln2L5—4CF2]
+/[Ln2L4F]+ Ln2+835/Ln2+847 51  12  

[Ln2L5—2CF2]
+ Ln2+935     

[Ln2L5]
+ Ln2+1035 224  84  

      

[Ln3L7F—10CF2]
+ Ln3+968     

[Ln3L7F—8CF2]
+/[Ln3L5F2]

+ Ln3+1068/Ln3+1073 26  7  

[Ln3L7F—4CF2]
+/[Ln3L6F]+ Ln3+1268/Ln3+1261 12  3  

[Ln3L7F—2CF2]
+ Ln3+1368 10  3  

[Ln3L7F]+ Ln3+1468 9  1  

    * ,  4 % ( -

 Yb( )3).

  ** .

***  ( ).

rh1- . -

ra rh1 rh1= ra+D, D = l2 /r + r .

sM(s) -

 KCED-35, -

 [ 22]. -

-

.

-

f (r).

-

. 4. 

. 3  4 sM(s)

f (r).

. 2.  Ln( )3 D3h
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 3  

Ln( )3, Ln = Dy, Ho, Er, Yb* 

Dy( )3 Ho( )3 Er( )3 Yb( )3

l  l l  l l  l l  l

Ln—O1 0,098(4) 0,087 0,086(4) 0,084 0,093(4) 0,083 0,084(5) 0,082 

O1—C 0,041(4) p1*** 0,040 0,037(5) p1 0,040 0,037(5) p1 0,040 0,032(5) p1 0,040 

C—Cr 0,055 (p1) 0,055 0,050(p1) 0,053 0,050(p1) 0,053 0,046(p1) 0,053 

C—CF 0,050 (p1) 0,049 0,046(p1) 0,049 0,046(p1) 0,049 0,041(p1) 0,049 

CF—F** 0,044 (p1) 0,043 0,040(p1) 0,043 0,040(p1) 0,043 0,036(p1) 0,043 

Ln Cr 0,117(16) 0,101 0,120(10) p2 0,096 0,123(11) p2 0,096 0,088(10) p2 0,096 

Ln C 0,096(11) 0,089 0,109(p2) 0,085 0,111(p2) 0,085 0,082(p2) 0,084 

Ln CF 0,107(5) 0,108 0,109(13) 0,103 0,106(14) 0,102 0,092(11) 0,101 

O1 O2 0,123(8) 0,143 0,120(10) 0,135 0,127(9) 0,134 0,129(10) 0,133 

    *  3 .

  ** .

*** pi — i.

-

, .

, ,  [LnL2—CF2]
+, [LnL2]

+,

[Ln2L5]
+, [Ln3L7F—8CF2]

+,  L —  ( . . 2). , -

-

. -

f-

.

,  Ln( )3  Ln( )3 -

. -  La( )3

 [ 23 ], -

 [ 24 ].  [ 25—

27 ], -

-

-

D3h.

-

 Ln -

-

, - -

,

CF3, -

, -

,

- -

 4

- ,

,

 Dy( )3 Ho( )3 Er( )3 Yb( )3

Ln—O1/C—Cr –0,7871 –0,7081 –0,7351 –0,5724 

Ln—O1/ CCFF1 0,7179 0,6668 0,6771 0,6784 

Ln—O1/ F1CFF2 –0,8864 –0,8563 –0,8609 –0,7952 

O1LnO2/ LnO1C –0,9034 –0,9128 –0,9267 –0,9169 

LnO1C/ O1CCF 0,7429 0,7129 0,7707 0,7235 

CCFF1/C—Cr –0,7229 –0,6088 –0,5864 –0,6017 

F1CFF2/C—Cr 0,8084 0,7693 0,7709 0,6621 

CCFF1/ F1CFF2 –0,7735 –0,7703 –0,8136 –0,7769 
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. 3. sM(s)  Ln( )3, Ln = Dy, 

Ho, Er, Yb:  ( ),  ( ) D3,

                                                                                       sM(s)

. -

 [ 28, 29 ]. -

- , ,

- , .

 Ln( )3, Ln = Dy, Ho, Er [ 13 ], Yb, ,

, , -

, -

 189, 180, 180, 163 C  Dy( )3, Ho( )3, Er( )3 [ 13 ], 

Yb( )3 .

-

,  (U  = 50 ) ,

 F. -  F -

 [ 30, 31 ]  M( )3,  M = Cr, Co, Fe  Al, -

 M—F.

,

Ln( )3,  Ln = Dy, Ho, Er, Yb,  Er( )3 [ 2 ], Yb( )3 [ 4 ]  Lu( )3

[ 3 ], D3 , ,

.  — 

, ,  O—O—O  LnO6 -

D3h —  [ 32 ]. , -

-  R=C(CH3)3 -  R=CF3
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. 4. f (r),

sM (s), ( ) sM (s) ( )  Ln( )3, Ln = Dy, Ho, Er, Yb,  

                                               f (r) D3

- ,

 20,7(8), 20,4(2), 22,2(1,5)  Er( )3 [ 2 ], 

Yb( )3 [ 4 ]  Lu( )3 [ 3 ], ,  19,1(0,7), 20,1(0,6), 20,1(0,3)  Er( )3,

Yb( )3  Lu( )3 [ 10 ] — .

,  Er( )3  Lu( )3

Ln 6  (D3- ) [ 2, 3 ] -

 (D3h- ) [ 26, 27 ],  Ln—O -

.  Ln 6 -

 Er( )3  Lu( )3 ,

 [ 2 ], ,

10 /  [ 2, 4 ] — .

 Ln( )3,  Ln = Dy, Ho, Er, Yb, 

,  Ln 6,

 ( )  ( . 5).

,  DFT ,

. -

 ( . 6).  — 

* , , -

.

                                                                

* -  [ 33 ] ,

 —C(CH3)3  —CF3 .
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 5  

Ln( )3, Ln = Dy, Ho, Er, Yb,
a,b

Dy( )3 Ho( )3 Er( )3 Yb( )3

rg, h1 D rg, h1 D rg, h1 D rg, h1 D

Ln—O1* 2,260(10) 0,0112 2,246(8) 0,0104 2,233(8) 0,0103 2,208(7) 0,0104 

O1—C* 1,253(8) –0,0004 1,254(7) –0,0003 1,260(8) –0,0003 1,254 (7) –0,0003 

C—Cr* 1,413(7) –0,0095 1,414(6) –0,0086 1,407(6) –0,0086 1,417 (5) –0,0086 

C—CF 1,540(7) 0,0016 1,542(6) 0,0016 1,535(6) 0,0016 1,545 (5) 0,0016 

CF—F*h 1,346(3) 0,0014 1,344(3) 0,0014 1,344 (3) 0,0014 1,344 (3) 0,0014 

Ln Cr 3,740(13) 0,0351 3,708(13) 0,0324 3,697(12) 0,0324 3,651 (11) 0,0328 

Ln C 3,259(10) 0,0295 3,255(10) 0,0273 3,239(10) 0,0273 3,204 (8) 0,0276 

Ln CF 4,594(12) 0,0446 4,584(12) 0,0412 4,562(12) 0,0412 4,544(11) 0,0414 

O1 O2 2,709(27) 0,0132 2,707(22) 0,0129 2,712(25) 0,0129 2,723 (19) 0,0134 

O1LnO2* 73,6(0,4)  74,1(0,4)  74,8(0,4)  76,1(0,3)  

CCrC 118,7(2,0)  120,8(0,5)  120,2(0,5)  121,0(0,5)  

LnO1C* 136,2(1,3)  136,7(1,0)  135,8(1,1)  135,5(0,8)  

O1CCF* 116,9(1,0)  116,4(0,8)  116,1(0,8)  116,4(0,7)  

CCFF*h 111,0(0,3)  111,0(0,2)  111,1(0,3)  110,6(0,2)  

b  1,198(4)  1,205(3)  1,214(4)  1,233(3)  

* d 27,7(2,4)  27,8(3,0)  26,9(3,2)  27,9(2,8)  
 e 19,2(0,6)  19,4 (0,7)  19,1(0,7)  20,1(0,6)  

* f 20,7(3,1)  18,8 (2,6)  20,3(2,8)  17,7(2,1)  

Rf
g 4,5 %   3,8 %  4,0 %  4,0  

* ;
a  ( Å),  ( h1) .;
b , -

2 2 1/ 2
MHK( (2,5 ) ) ,  = 0,002r,  = 3 ;

c b- b = r(O O)/r(M—O);  
d  — 2 D3h- ;
e  — 

LnO6 D3h- ;
f  —  CF3 , F—F, -

, — r ;

g

2

2

( )[ ( ) ( )]

,

( )[ ( )]

n

i i i i M i i

i
f n

i i i i

i

s s M s k s M s

R

s s M s

i — , kM — ;

h .

-

 (  04-03-32661  07-03-00656 )

 ( -9574.2006). 
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 6  

Ln( )3, Ln = Dy, Ho, Er, Yb,

B3LYP/ Large core  ECP, 6-31G*
a,b

Dy( )3 Ho( )3 Er( )3 Yb( )3

DFT

re

a,b

rh1

DFT

re

a,b

rh1

DFT

re

a,b

rh1

DFT

re

a,b

rh1

Ln—O1 2,300 2,267(10) 2,284 2,253(8) 2,272 2,239(8) 2,248 2,215(7) 

C—O1 1,267 1,251(8) 1,267 1,253(7) 1,267 1,259(8) 1,268 1,253(7) 

C—Cr 1,400 1,401(7) 1,400 1,403(6) 1,399 1,396(6) 1,399 1,407(5) 

O1 O2 2,772 2,717(27) 2,776 2,715(22) 2,767 2,719(25) 2,763 2,730(19) 

C—CF 1,538 1,540(7) 1,539 1,542(6) 1,538 1,535(6) 1,538 1,545(5) 

CF—F c 1,348 1,346(3) 1,344 1,345(3) 1,344 1,344(3) 1,344 1,345(3) 

Ln—Cr 3,777 3,771(13) 3,755 3,737(13) 3,746 3,725(12) 3,717 3,682(11) 

O1LnO2   74,1 73,6(0,4)   74,9 74,1(0,4)   75,0 74,8(0,4)   75,9 76,1(0,3) 

CCrC 121,3 118,7(2,0) 121,4 120,8(0,5) 121,2 120,2(0,5) 121,2 121,0(0,5) 

O1CCF 113,8 116,9(1,0) 113,8 116,4(0,8) 113,8 116,1(0,8) 113,8 116,4(0,7) 

CCFF c 110,6 111,0(0,3) 110,6 111,0(0,2) 110,6 111,1(0,3) 110,6 110,6(0,2) 

LnO1C 135,4 136,2(1,3) 135,0 136,7(1,0) 135,1 135,8(1,1) 134,7 135,5(0,8) 

bd 1,206 1,198(4) 1,215 1,205(3) 1,218 1,214(4) 1,230 1,233(3) 
 d   26,6 27,7(2,4)   28,0 27,8(3,0)   27,2 26,9(3,2)   27,9 27,9(2,8) 
 d   18,7 19,2(0,6)   19,8 19,4 (0,7)   19,4 19,1(0,7)  20,1 20,1(0,6) 
 d     0,0 20,7(3,1)     0,0 18,8(2,6)     0,0 20,3(2,8)     0,0 17,7(2,1) 

a  ( Å),  ( h1) .
b , -

2 2 1/ 2
MHK( (2,5 ) ) ,  = 0,002r,  = 3 .

c .
d . . 5. 
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