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 N . -

 = –49,9 / , -

 NO  = +15,7 /

 = +125,4 / . - -

 NO  N2

 N2O ,

 N—O. , -

 = 7,3 / , -

 NO , ,

 NO  (630 / ), -

-

. , -

 N2  N2O -

 ( adN—NOad), -

 N—N (rN—N 1,3 Å).  N—N 

 NO -

 NO .

 ( adN—NOad)

 ( N—N ) – -
 N—Oad.

( a = 5—10 / )  ( adN—NOad) -

-
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.
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-

.

,  NO 

2 *-  ( ) ,

. ,  NO -

,  2 *-  N. 

 NO -

.  NO , -

.

 NO 

.  Pt, Pd  Rh -

 NO, .

 [ 1 ] ,  NO  Cu 

.  100 K -

 N2  N2O [ 2 ].  [ 1 ], -

 NO -

 N—O , -

 NO  630 / .  Cu -

 N—O 

. , -

 N—O -

 NO,  N. -

,  (N )2

: N2  N2O [ 1, 2 ].  [ 3 ] -

 (N )2 -

. ,  (N )2

,  NO 

 1765—1780 –1  1860—1865 –1,  (N )2

: 5 1788 6 1860 –1 [ 3 ].

 [ 4 ] 

NO  Ag(111):

2NO  (NO)2 ad  N2O + Oad

 N2O  (N )2.

 = 7,3 / ,

70 K. , : -

 (N )2 ? -

 (N )2,  N, 

ad?

, -

 (N )2.  [ 5 ] -

 (N )2 -

- : (N2O2)
–  (N2O2)

2–.

-  ONNO -  [ 6 ], 

-

-  (ONNO)–  (N2O2)
2–.

, -

 N—N.

r(N—N) = 2,23 Å
r(N—N) = 1,44—1,32 Å  (N2O2)

–  (N2O2)
2–  [ 5, 6 ].

 [ 1 ], 

 (N2O2)
– . ,
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. ,  [ 7 ]  NO 

- ,

-  (N2O2)
–.  [ 8 ], -

 (N2O2)
–  (  =

= –1,55 )  ONNO. ,

 (N—N 1,4 Å) ,

(N2O2) ad  N2O + O ad

.  [ 8 ] ,

, ,  NO

 (N2O2)
– -

 Cu-ZSM-5.

 (N2O2)
2–,

 N2F2,  Na2N2O2, Ag2N2O2  CaN2O2. -

 (N2O2)
2–  N  MgO [ 9 ]. -

 DFT  (N2O2)
–  Cu- -

 [ 8, 10, 11 ], -  ( NN ) –

- . -

 [ 12 ] , c  (Ph3P)2Pt(O2N2) - NN , -

-

 N—N (1,2—1,3 Å).

 Cu20  Cu16,

 Cu(100), . -

-  ( N—NO), -

 N—N .

 ( adN—NOad) -

 N2  N2O. -

 NO 

( N—NO)  N—O -

.

-

 GAUSSIAN-92/DFT [ 13 ]  (LANL2) 

u  double-  (DZ) 

3d, 4s, 4p [ 14 ].  double-  6-31G. -

 [ 15 ] ,

, .

 [ 16 ] -

— —  [ 17 ]. 

(S = 0). .

.

 (cluster model), 

,  [ 18, 21—24 ].  (slab

model) -

 [ 3, 19, 20 ]. -

, -

.

. -



. . , . . , . ., . .S158

. 1.

B3LYP/LANL2DZ  Cu20

 Cu(100) -

           .
Cu20 —  ( C2v)

( ) ,

                      

. 2.  B3LYP/LANL2DZ 

Cu16  Cu(100) -

                           .
 Cu16

-  Cu(100) 

 Cu(110), .

                      Cu(111)

, -

. -

 [ 8, 10, 18, 21—24 ] -

 (DFT), -

.

Cu(100)  Cu20 ( C2v)

 ( ) ,  —  — 

( . 1).  Cu(100) 

 Cu16 ( . 2). -

,

 [ 24 ]. 

Cu20  Cu16 0 = 3,59 Å (r(Cu—Cu) = 2,54 Å) 0 = 3,52 Å (r(Cu—Cu) = 2,49 Å) -

, 0 = 3,60 Å (r(Cu—Cu) = 2,55 Å).

 NO  Cu20  Cu16 r(Cu—Cu) ,

. . .

 NO  Cu

 NO [ 25 ], 

 NO  [ 26 ]  Cu-ZSM-5 

 NO ( .

[ 1, 27 ] ).

 NO  [ 1 ] -

 [ 2 ]  Cu ,

 N—O  Cu ,

 N2  N2O . -

 NO  Cu ,

N—O .

 [ 2 ] ,

 N—O  (N )2, -

 N :

NOad + NOad  (N2O2)ad,       (1)
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 1

DFT NO Cu(100)

Cu20

 B3LYP/LANL2DZ (6-31G)

, Å

 Cu20

( . 1)

+

2NO

Cu20—2NO

( . 3, )

 ( )

 NO

( . 3, )

 NO

( . 3, )

0 = 3,59

r(Cu—Cu) = 2,54

r(N— ) = 1,183

hN = 1,268

r(N— ) = 1,263

hN = 1,007

h =1,363

r(N— ) = 2,041

hN = 0,336

h  = 0,974

–

q(N) = +0,16

q(O) = –0,16

q(N) = –0,11

q(O) = –0,23

q(N) = –0,21

q(O) = –0,36

q(N) = –0,73

q(O) = –0,50

 = –3923,68854 . .

 = –259,66950 . .

 = –4183,39612 . .

 = –49,9 /

 = –4183,26252 . .

a = +125,4 /

 = –4183,34608 . .

 = +15,7 /

. 0 — ;  — ;  — -

.

. : 1 . . = 627,544 ; 1  =
= 4,184 .

(N2O2)ad  N2Oad + Oad,        (2)

(N2O)ad  N2(g) + Oad,        (3)

(N2O)ad  N2O(g).        (4)

 NO  Cu 

.  DFT  NO -

 Cu(100)  Cu20 . 3, . 1. 

 [ 21, 23 ], 

 4-  (four-fold hollow site)

 Cu(100).  =

= –49,9 / ,  NO 

 = +15,7 /

 = +125,4 / . ,  Cu20

 DFT  NO  Cu(111) -

:  = +115,8 /  [ 19 ].

, ,

 NO 

 N  O [ 1 ]. ,  NO 

  N  ( . . 3, ) -
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. 3.  B3LYP/LANL2DZ(6-31G)  ( ),

 ( )  ( )  NO 

    Cu20  4-  Cu(100). . 1

 ( q = –0,35e).  = 

= –49,9 /  DFT  NO  Ag(111):  = 

= –45,3÷–65,6 /  [ 20 ].  NO -

 Cu  Ag ,

 (N )2 [1, 2 ].

 ( N—NO)

 NO,  N ( . [ 1 ] ). -

C2v -

.

[ 8, 10, 11 ],  Cu- -

NN

 (Ph3P)2Pt(O2N2) [ 12 ].

 (N )2  Pt [ 3 ]  Cu [ 19 ] -

 DFT -

.  [ 3 ] -

-  ( NN )ad  N- -

 Pt. ,  Pt(111) -  N-

. -

 N ,  3-

Pt(111).  N 145 .

 N- -  (  N—N

1,9 Å)   Pt(211).

(N2O2)ad  N2O(g) + Pt—Oad           (5)

,

 Pt. -

 = 115,8 / , ,  [ 3 ], 

 (5) . -

-

 = 7,3 /  [ 4 ]. ,

 (N2O2),  N, -

 N—N (r(N—N) 2,0 Å) -

 N2  N2O.

, -

 N -

-  ( N—NO) –.  [ 8, 10, 11 ] 
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. 4.  NO  4-

Cu(100)  Cu16 — , DFT-

 ( N—N ) – -

 Cu(100) — , DFT- - adN—NOad,

 Cu(100)  Cu16 — . Å
                                                                                  ( . . 2)

 [ 9, 12 ], -  ( N—N ) –

- ,

 N—N (r(N—N) 1,3 Å).

-  ( N—NO), - -

 N2O  Pt,  [ 3 ]. -

 DFT  Pt ,

 Pt(111)  Pt(211)  NO -

 3- ó , -

 Pt(111).  NO,  N ,

 Pt ,  Pt—Oad. -

 DFT N—NOad -

 N—N (r(N—N) = 1,332 Å, . . 4  [ 3 ] ) 

 N—Oad. -

N—NOad  N—Oad  N2O  30,9 .

 [ 3 ] , , -

108 N—NOad ,

NO ( 145 ). , ,

,  [ 3 ] 

N—NOad . ,

adN—NOad

-  NO 

 N .  NO -

 Cu(100)  Cu(110)  Cu16

. 4, .

1. , adN—NOad

 Cu16.  Cu16 ( . 2) -

,  NO  Cu(100) 

(  = –139,1 ),  Cu(100) (  = –99,8 ). -

 NO  Pt(111) -

 [ 3 ].  NO 

 Cu(100)  Cu(100) ( . . 1, 2) ,

ó  NO:  N—O -

 1,263  1,336 Å; -

 NO  0,69  1,0 . ,

  NO  Cu(100)
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 2

DFT NO

adN—NOad Cu(100) Cu16

 B3LYP/LANL2DZ (6-31G)

, Å

 Cu16

( . 2)

+

2NO

Cu16—2NO

( . 4, )

( . 4, )

Cu16—O2N2

( . 4, )

0 = 3,52

r(Cu—Cu) = 2,49

r(N— ) = 1,183

hN = 1,395

r(N— ) = 1,336

hN = 1,713

r(N—N) = 1,910

r(N— ) = 1,363

r(Cu— ) = 2,07÷2,17

h  = 1,402

r(N— ) = 1,555

r(N—N) = 1,229

r(Cu— ) = 2,22

–

q(N) = +0,16

q(O) = –0,16

q(N) = –0,127

q(O) = –0,373

q(N) = –0,067

q(O) = –0,421

q(N) = +0,083

q(O) = –0,446

= –3138,86015 . .

 = –259,66950 . .

 = –3398,58264 . .

 = –139,1 

 = –3398,56030 . .

a =+58,6 

 = –3398,61907 . .

 = – 95,6 

. 0 – ;  — . -

.

 ( N—N ) – -

 Cu(100), . 4, .

 ( . . 2), - adN—NOad

 NO a = +58,6 . -

 N-  NO - -

 Cu(100) . 4, . ,

 ( . . 4, )  N—N 

 NO -

.

 Cu—O  2,07÷2,17 Å ( . . 2).

 Cu—Oad -

 Cu(100) - adN—NOad,

. 4, . -

 NO  95,6 , -

adN—NOad

Cu(100).

adN—NOad

 N—N ( 1,23 Å)

q  –0,7  ( . . 2). -

-  (N2O2)
–  (N2O2)

2–,

 N—O  N2  N2O. -
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 3

DFT adN—NOad

Cu(100)

Cu16: Cu16—O2N2  Cu16—2O + N2

 B3LYP/ LANL2DZ (6-31G)

, Å

Cu16—O2N2

( . 5, )

Cu16—2O—N2

( . 5, )

Cu16—2O

+

N2

( . 5, )

h  = 1,402

r(N— ) = 1,555

r(N—N) = 1,229

r(Cu— ) = 2,22

h  = 1,292

r(N— ) = 1,690

r(N—N) = 1,194

h  = 0,987

r(N—N) = 1,118

q(N) = +0,083

q(O) = –0,446

q(N) = +0,06

q(O) = –0,43

q(O) = –0,51

q(N1) = 0

q(N2) = 0

 = –3398,61907 . .

 = –3398,61549 . .

a = +9,4 

 = –3289,20647 . .

 = –109,47104 . .

*

Cu16—O2N2  Cu16—2O + N2

r  = –153,4 

* r r r  = (Cu16—2O) + (N2) –
– (Cu16—O2N2).

. 5. DFT- - adN—NOad,

Cu(100)  Cu16 —  —  N2

 — . Å ( . . 3)

 [ 8 ], 

adN—NOad  Cu-ZSM-5 -

 NO .

. 3 . 5  DFT -

adN—NOad,

 N2  Cu(100) -

 Cu16:

Cu16—O2N2  Cu16—2Oad + N2 .  (6)
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. 6. DFT- - adN—NOad  Cu16

-  Cu(111) —  N2O

 — .  Cu16—

O2N2  Cu16—O + N2 .

                                                                         Å ( . . 4)

 N—N (r(N—N) 1,23 Å), adN—NOad -

 N—Oad (r(N— ) 1,5 Å) , , -

 N—O  N2. -

. 5, . -

 (6) a = 9,4 , -

 ( 100 K)  NO -

 Cu [ 2 ] 

 = 7,3 /  N2O2  Ag(111) [ 4 ]. 

 [ 2 ]  NO -

 Cu ,  N2  N2O

:  = 98 K 

NO  N2,  N2O;  220 K -

 N2O  NO. 

,  NO -

.

-

adN—NOad  Cu(111)  Cu16

( . 6).  3-  (3-fold hollow site) 

 Cu(111) -

.  (111) -

adN—NOad.  ( . . 4

. 6, ),  N—Oad : r( —N1)

1,36 r( —N2) 1,60 Å.

 N—Oad  N2O.

Cu16—O2N2  Cu16—Oad + N2 (7)

, , . ,

 (7).

, ,

 NO  N2 -

adN—NOad

. -

 NO  N2  N2O

 [ 1, 2 ].
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 4

DFT adN—NOad

Cu(111)

Cu16: Cu16—O2N2  Cu16—O + N2

 B3LYP/ LANL2DZ (6-31G)

, Å

Cu16—O2N2

( . 6, )

Cu16—O—N2

Cu16—O

+

N2

( . 6, )

h  = 1,487

r( 1—N1) = 1,603

r(N1—N2) = 1,247

r(N2— 2) = 1,360

r(Cu—O) = 1,996

h  = 1,315

r(N—N) = 1,145

r(N— ) = 1,226

q(O1) = –0,48

q(N1) = +0,10

q(N2) = +0,11

q(O2) = –0,46

q(O) = –0,50

q(N1) = +0,295

q(N2) =+0,055

q(O) = –0,350

 = –3398,60229 . .

 = –3214,04432 . .

 = –184,57580 . .

*

Cu16—O2N2  Cu16—O + N2

r  = –46,8 

* r : r r  = (Cu16—O) + (N2 ) –

– (Cu16—O2N2).

2. adN—NOad

 Cu20.  Cu16

- adN—NOad

Cu(100)  NO  Cu(100). -

adN—NOad

 Cu(100) 

 Cu20 ( . 7).  4- -

  Cu(100)  ,

. 7. DFT- - adN—NOad  Cu20

-  Cu(100) —  — 

 N2  — .

                                           Å  ( . . 5)
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 5

DFT adN—NOad

Cu(100)

Cu20: Cu20—O2N2  Cu20—2O + N2

 B3LYP/ LANL2DZ (6-31G)

, Å

Cu20—O2N2

( . 7, )

Cu20—2O—N2

( . 7, )

Cu20—2O

+

N2

( . 7, )

h  = 1,339

r(N— ) = 1,514

r(N—N) = 1,243

h  = 1,2345

r(N— ) = 1,673

r(N—N) = 1,199

h  = 0,885

r(N—N) = 1,118

q(N) = +0,10

q(O) = –0,46

q(N) = +0,08

q(O) = –0,44

q(O) = –0,525

q(N) = 0

 = –4183,50132 . .

 = –4183,49941 . .

a = +5,0 

 = –4074,08722 . .

 = –109,47104 . .

*

Cu20—O2N2  Cu20—2O + N2

r
0 = –149,5 

* r
0 : r

0
r  = (Cu20—2O) +

+ (N2) – (Cu20—O2N2).

adN—NOad.

 ( . . 5 . 7, ),  N—Oad -

 (r( —N) = 1,51 Å)  N—N r(N—N) = 1,24 Å.

 N—Oad -

 N2. -

Cu20—O2N2  Cu20—2Oad + N2 (8)

 DFT . 7, . -

 (5,0 )  (8) 

 Cu16.

 Cu20  Cu16 . , -

 DFT 

NO/Cu(111)  NO/Pt(111), -

 [ 3, 19 ].

, -

 NO  Cu . -

 = – 49,9 / , -

 NO  (  = +15,7 / ) -

 (125,4 / ).

,  NO  Cu -

 [ 1, 2 ].  [ 1 ], -
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 NO  Cu -

 N—O  N2  N2O

 (  = 7,3 /  [ 4 ] ) .

 [ 1 ] ,

 (N )2  NO [ 1, 2 ].

 [ 3 ] 

(N )2 ,  (N )2

.  [ 3 ] , -

 (N2O2),  N, -

 N—N (r(N—N) 2,0 Å) -

 N2  N2O. ,  [ 1 ], -

, -

 (N2O2)
–,  N—N [ 5, 6 ].

,

 NO, -

 N .  N—N -

 NO -

 NO . -

 Cu—Oad

- adN—NOad, -

. adN—NOad

 N—N (r(N—N) 1,3 Å)  ( N—N ) –. -

 ( . . 3—5), 

N—Oad  (r(N— ) 1,5 Å).

 N—Oad  ( a = 5—10 ) -

(  100 K).  DFT -

adN—NOad

 = 7,3 /  N2O2  Ag(111) [ 4 ].

 NO 

Cu ,  [ 2 ] -

.  [ 2 ], -

 N2  N2O  Cu 

 173 K, ,

-

. , ,

- adN—NOad

 ( . . 3  5). -

 ( r(N— )  0,14—0,16 Å) -

 (  = 5—10 )

 Cu(100). ,

 Cu(111), . . -

. -

-

adN—NOad, . . , -

, -

.

-

 (N )2, - -

adN—NOad
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.  [ 3 ], -

adN—NOad .

, -

 N  Cu20  Cu16 , -

 N2  N2O

adN—NOad

N—N  N—Oad. -

 ( a = 5—10 )

adN—NOad -

-

. -

 MgO  (Ph3P)2Pt(O2N2) adN—NOad

 [ 9, 12 ].

25.3/072 -

 ( ) .
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