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-

.

 11 -

 15 [ 11, 12 ] , -

-

 [ 10 ]  —  [ 13 ]. ,

, -

-

.

-  II  IX [ 14, 15 ], III  IX

[ 16 ]  IV  XII [ 17 ] ,

( ), , -

.

 H2O Ih, Ic, XI, VII, VIII  VI.  Ih,

Ic, II—IX  XI  SPC/E  TIP4P -

.

, -

, , ,

. 1.

 1

- -
T, P * Z** , / 3***

-

Ih D2O P63/mmc 223 K,

1 a = 4,513 Å,

c = 7,355 Å

4 1,03

(0,92)

[ 18 ]

Ic D2O Fd 3 m 177 K,

1  = 6,353 Å
8 1,04

(0,93)

[ 19 ]

XI D2O Cmc21 5 K,

1 a = 4,5019 Å,

b = 7,7978 Å,

c = 7,3280 Å

8 1,03

(0,93)

[ 20 ]

VII D2O Pn 3 m 295 K,

2,6 a = 3,3501 Å
2 1,77

(1,59)

[ 21 ]

VIII D2O I41/amd 269 K,

2,8 a = 4,6779 Å,

c = 6,8029 Å

8 1,79

(1,61)

[ 22 ]

VI D2O P42/nmc 225 K,

1,1 a = 6,1812 Å,

c = 5,6980 Å

10 1,53

(1,37)

[ 23]

    * , .

  ** .

*** ,  H2O

.
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 2

A, B, C, Å N K E, / T, K

Ih 27,078, 23,450, 22,065 432 108 –12,1 58

Ic 25,412, 25,412, 25,412 512   64 –12,1 61

XI 27,0114, 23,3934, 21,9840 432   54 –11,0 61

VI 24,7248, 24,7248, 22,792 640   10 –11,5 82

VI 24,7248, 24,7248, 22,792 320   10 –11,0 47

VII 20,1006, 20,1006, 20,1006 432 216 –11,5 20

VIII 18,7116, 18,7116, 22,7920 512   64 –11,0 40

. A, B, C — ; N — 

; K — ; E — 

; T — ; VI  — , -

 VI.

-

.

. 2.  Ic, XI, VII, VIII  VI 

.  Ih 

 ( a 31/2a c, a c — )

,  6 3 3 .

,

( . . 1). 

— ,

,  [ 24 ]. ,

 1/2, .

 O  H  [ 25 ].

,

 HOH,  arccos(–1/3) 

 109,5 ,  OH 0,98 Å.  –0,68e, 

 —  +0,34e.  O  O, O  H, H  H, -

, , -

- , :
12( / / / ).n

i j ij ij ij ij ijij
U kq q r A r B r

qi qj — i j; rij — i j, Å;

k = 332 — / ; Aij Bij — -

 (AOO = 200, BOO = 410000, AOH = 3700, BOH = 9700, AHH = 40, BHH = 3800 -

/ rij Å); n = 6  O  O  H  H

n = 10  O  H. , -

, -

 [ 9 ].

NVE, N — , V — 

E — . E. T

. E T, ,

. 2.  1  = 10–15 . -

-  [ 14—17 ].
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, .
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1
( ) ( ( ) (0)) ,

N

i i
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t t
N
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ri(t) — - i- t;
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N N
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c t t
N N
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( ) (cos )( ( ) (0) / (0) (0) ) ,t t dtv v v v

 — - -
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, , , .

.  Ih, Ic, XI, VII  VIII

 Ih, Ic, XI, VII  VIII.  Ih, Ic  XI, -

,  VII  VIII,  2  60 ,

.

 Ih  Ic

.

,  ( . 1 , ).

 Ih  XI ,  Ih  XI -

 ( . . 1, , ). ,  Ih, Ic

 XI 

.

 XI . -

 O(1) ,

(H(3)) ,  O(2) -

 (  H(5))  ( . . 1, ).

 Ih .

,

(H(2)O(1)H(3)  H(3)O(1)H(3), . . 1, ).

 VII  VIII 

Ic,  VII ,  VIII -

.  VII  ( . . 1, ).
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,  O 

.  VIII  H ,

 ( . . 1, ).

,  VII ,  VIII .

 Ih, Ic, XI, VII  VIII -

— .

 Ih, Ic, XI, VII  VIII,

-  Ih,

Ic, XI  VIII ,  VII ,

.

,  VII  VIII -

.  VII 

O  2,90 Å,

, . .

[ 21, 23 ].  VIII  O -

 O  (3,32 Å),  (2,74 Å), -

 O (2,89 Å) [ 22, 23 ]. ,  VIII

, ,

-
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 VII  VIII 

 VIII.  VIII -

,  VII -

.

 O  VII  [ 27 ].

 O  VII ,
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. 1.  Ih, Ic, XI, VII, VIII  VI.
 Ih ( )  Ic ( )
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 104 ,  D2O  VIII

[ 22, 23 ],  VII. 

 VII, : -

,

, . -

 VII , -

—  H, 

.

 [ 17 ]  IV -

-

(1,272 / 3  IV H2O [ 28 ], . .  [ 29 ], 

 [ 17 ]  XII, ,  VI  VIII). 

 IV [ 30 ] ,  O(2) -

 O(2). 

 IV  O(2) 

, , -

. , ,  VII, -

 IV, -

, .  O(2)
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- . , -
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 [ 31 ]  IV,

 [ 28 ], -

.  IV

[ 31 ].  [ 30 ] -

 [ 28 ]  IV. ,

[ 31 ]  VII 

.

, -

 VII  VIII ( . .  Ic -

 OH ,

VIII, ), . ,

 Ic 

,  VII  VIII

.  Ic -

. ,  2,3  30  H2—H2O -

,  Ic,  ( . . -

 O  VII)  H2 [ 32 ].
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. 2.  Ih  58 K — .
 — ;  —  H(2)O(1)H(3);  —

 H(3)O(1)H(3)), Ic  61 K (  — )  XI  61 K (

 — ;  —  H(3)O(1)H(4);  —  H(5)O(2)H(5)).

 Ih (H(2)O(1)H(3)  H(3)O(1)H(3)) 

                                                XI (H(3)O(1)H(4)  H(5)O(2)H(5)) .

 Ic  XI — .
, . .  Ih
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( . 2, , ), ,
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. 4.  VI  82 K 

,  VI,  47 K — . -

 VI 

                                                                                 — .
 — ;  —  H2O(1);  —  H2O(2);

 VI . 1, .
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, , ,
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, , ,  3,34—

3,47 Å (  2,72  2,79 Å
 3,91  4,96 Å) [ 23 ]. 

 VI -

 VI, 

.

-

Ih, Ic, XI, II [ 14, 15 ], III [ 16 ], IX [ 14—16 ], IV [ 17 ],

XII [ 17 ], VI, VII  VIII

 [ 14—17 ] -

.

- .

-



. .486

 (Ih, Ic, XI, VIII, III, IX, VI, XII)

,  (IV, VII) . -

,

 VI. - -

, , ,

 (Ic, IX, XII)

 VI , ,

 VII.

 IV  VII , -

, , -

,  ( -

) .

- ,  IV  VII - -

 ( ,

), -

.

. -

-

, -

.

1.  H2O  D2O -

 (  (20/18)1/2 :1), -

 21/2 :1 [ 14, 15 ].
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.
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 VI,  VII

 VIII : -

 VII  VIII -

- .  VIII -

 ( . . 1, ). ,  VIII -
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.
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