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 He2+,
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, -

. -12

(CF2Cl2) , ,  [ 1 ] .

 [CF2Cl2]
+ ,

.  [CF3Cl]+, [CF2Cl2]
+, [CFCl3]

+, [CCl4]
+

-

 — ,  [ 2 ].

:

. -

, ,  ( -

).

, . . , -

3H4 [ 3 ] -

 (n-C4H10)  (i-C4H10) [ 4, 5 ]. 

. , ,

-

. -

 C3H8

.  100 

[C2H5]
+ ,

: [ 2 4]
+ 59, [ 2 3]

+ 42  [ 3 7]
+ 23. ,

:

+ +
3 8 2 5 3

+ +
3 8 3 7

+ +
3 8 2 4 4

1) [C H ] [C H ] +CH ,

2) [C H ] [C H ] +H,

3) [C H ] [C H ] +CH .

. ,

 3), -

 1). 

 ( ) , -

 3).

, ,

, .

, -

.
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 GAMESS [ 6 ]  6-31G(d)

 6-31G(d, p) . -

 (CASCI). -

,  6  4 

CCl4, CFCl3,  CF3Cl  5  5  CF2Cl2. -

 ( )

—  (RHF). -

,

 ( )

.

, 2A
2A . -

-

 ( ), -

 Cl ( 2Pu). -

 3  CF2Cl2  CF3Cl, 5  CFCl3, 6  CCl4

.  CASCI 

 28 000. ,  CASCI 

 ( ) -

 GAMESS.

:  C—Cl, -

.

CS .

-

.

[CCl4]
+  [CFCl3]

+ 2A , -

: [CCl3]
2+ + Cl–  [CFCl2]

2+ + Cl– .
2A ,

: (7t2, 2t1)  [CCl4]
+  (9e, 10e,

2a2)  [CFCl3]
+. -

 [CCl3]
+ + Cl  [CFCl2]

+ + Cl , -

, . -

r(C—Cl) - ,

.  0,2, 0,2, 0,2,

0,15, 0,15, 0,1  [CCl4]
+  0,25, 0,25, 0,25, 0,12, 0,12  [CFCl3]

+,
2A -

r(C—Cl) .

 [CF2Cl2]
+  [CF3Cl]+ 2A -

.  [CF3Cl]+  (10a1, 7e),

 ( 2A 2A ) CS. -

 [CF2Cl2]
+ C2v

,  (12a1, 3a2, 8b1). -

 0,33, 0,33, 0,33 .

 [C3H8]
+ -

 CASSCF. , , ,

 [C3H8]
+. -

-

, . 1. 
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, -

, CS,

:

, -

,

,  (

) . ,

, -

,

. . 1 

CASSCF(N, M), N — , M — , -

N -

.  [ 7 ].

. 1  [C3H7] t

CH3,  [C3H7] c  (H3C—C+H—CH3) —  CH2. -

, , : -

, .

[C3H8]
+  [C2H4]

+ + CH4  IRC (Intrinsic Reaction Coordinate) 

GAMESS.

. 2. 

,  RHF+CASCI  6-31G(d)

C—Cl.  C—F . -

.

 CCl4, , -

 ( )  3p- .

 CASCI -

,

.

.
 2

,  CASCI*

, Å, .

. ,

Å, . [ 8 ]

.

.

,

. IP, . IP,

CCl4 r(CCl) = 1,769 r(CCl) = 1,767 0,00
q(C) = –0,36

q(Cl) = +0,09
11,92 11,47 [ 8 ]

CFCl3 r(CF) = 1,322

r(CCl) = 1,759

(FCCl) = 107,9

r(CF) = 1,362

r(CCl) = 1,754

(FCCl) = 107,9

0,46

q(C) = +0,09

q(F) = –0,29

q(Cl) = +0,07

11,84 11,77 [ 8 ]

CF2Cl2

r(CF) = 1,309

r(CCl) = 1,761

(FCF) = 107,4

(ClCCl) = 112,1

r(CF) = 1,345

r(CCl) = 1,744

(FCF) = 106,14

(ClCCl) = 112,33

0,42

q(C) = +0,50

q(F) = –0,29

q(Cl) = +0,04

11,85 11,84 [ 12 ]

CF3Cl
r(CF) = 1,309

r(CCl) = 1,772

(FCCl) = 109,6

r(CF) = 1,325

r(CCl) = 1,752

(FCCl) = 110,3

0,21
q(C) = +0,90

q(F) = –0,30

q(Cl) = +0,01

12,18 12,6 [ 8 ]

*  CCl4, CFCl3, CF2Cl2  CF3Cl  –1875,751341;

–1515,719440; –1155,700151; –795,681849.

 1

[C3H8]
+

[C3H8]
+  [C2H5]

+ + CH3 CASSCF(19,12)

[C3H8]
+  [C3H7]t

+ + H CASSCF(19,12)

[C3H8]
+  [C3H7]c

+ + H CASSCF(7,8)

[C3H8]
+  [C2H4]

+ + CH4 CASSCF(9,8)
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. 3 -

.

,

,

. -

-

 C—Cl.

, -

-

, -

-

-

Cl. . 2  3

,  [CCl4]
+

[CFCl3]
+ ,

. ,

 2t1  CCl4  2a2  CFCl3.  2t1  CCl4 -

 3p- , Td

,

.  2a2  CFCl3.

-

. 1, .

r(C—Cl) . 2. ,

r(C—Cl)  4 Å.

 [CF2Cl2]
+ . 1 

r(C—Cl) 4,63 Å,

r(C—Cl) 4,83 Å.

. 1.

                ( )

. 2.

r( — l).  [CFCl3]
+,

[CF2Cl2]
+, [CF3Cl]+

                          0,1, 0,2  0,3 .

 3

,

CASCI

, . .

[CCl4]
+ 2T1 –1875,313200

q(C) –0,50

q(Cl) +0,38

[CFCl3]
+ 2A2 –1515,284308

q(C) –0,02

q(F) –0,24

q(Cl) +0,42

[CF2Cl2]
+ 2B1 –1155,264622

q(C) +0,45

q(F) –0,23

q(Cl) +0,51

[CF3Cl]+ 2E –795,234143

q(C) +0,91

q(F) –0,23

q(Cl) +0,79
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. 3.  [CF2Cl]+, [CCl3]
+  [CFCl2]

+

                                                             

,

r(C—Cl) 4,83 Å
[CF2Cl]+ , -

 [CF2Cl]+ -

 ( . 3). , -

,

, -

.

-

 [CCl4]
+ ( . . 3), r(C—Cl)

4,86 Å.  [CFCl3]
+  [CFCl2]

+

, . 3. 

r(C—Cl) 5,18 Å . ,

 Cl—Cl. 

 [CF3Cl]+ -

 [CF3]
+ .

C3v,

, —

.

. 4 

. -

.

 [CCl4]
+  [CF3Cl]+,

.

. -

, ,

-

.

,  3 . -

,

, -

. :

-

.

 [CCl4]
+  [CCl3]

+ + Cl . 4 

,

.

 [CCl4]
+ . -

 [CFCl3]
+.

 4

E, ,

[CCl4]
+

  [CCl3]
+(1A 1) + Cl(2Pu) 1,97 0,07

 [CFCl3]
+    [CFCl2]

+(1A1) + Cl(2Pu) 1,66 0,07

  [CF2Cl2]
+    [CF2Cl]+(1A1) + Cl(2Pu) 1,19 0,11

 [CF3Cl]+
[CF3]

+(1A 1) + Cl(2Pu) 0,84 0,17
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 5

[CF3Cl]+  [CF2Cl2]
+ ,  CASCI

* r Å, q

[CF3Cl]+ r(C—Cl) = 3,072,  r(C—F1) = r(C—F2) = r(C—F3) = 1,217

q(C) = +1,20, q(Cl) = +0,04, q(F1) = q(F2) = q(F3) = –0,08

E = –795,271434 . .

[CF2Cl2]
+ r(C—Cl1) = 3,231,  r(C—Cl2) = 1,605,  r(C—F1) = r(C—F2) = 1,233

q(C) = +0,75, q(Cl1) = +0,02, q(Cl2) = +0,45, q(F1) = q(F2) = –0,11

E = –1155,312676 . .

*  [CF3Cl]+  (F1—C—Cl),  [CF2Cl2]
+

 (Cl1—C—Cl2).

 [CF2Cl2]
+ -

: 0,5 % 

 10  0,1 %  1  [ 2 ].  CF3Cl

 [CF3Cl]+  [ 13, 14 ].  CF2Cl2

CF3Cl ,

. 4  —  0,11  0,17 .  [CF2Cl2]
+, [CF3Cl]+

,

. 5, .

, -

-

 ( . ). ,

, .

-

, , , .

,

 — .

, -

;  — , -

.

,

. , , ,  [CF3Cl]+

,

, -

, ,

. 1 .

. :

 10  (  10  1 )

[CF2Cl2]
+  0,5  0,1 %, -

. -

, , -

, .

, -

, . ,

,  Ar6+  Xe25+ [ 9 ]. -

, .

,
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. -

, , ,  O 2
2  [ 15 ]. 

 [CCl4]
2+  [CF3Cl]2+ ,

. , -

:

[CCl4]
2+  [CCl3]

+ + Cl+

[CF3Cl]2+  [CF3]
+ + Cl+.

 Cl+ 1Dg,
3Pg -

. :  [CCl4]
2+ 4,3

6,2 ;  [CF3Cl]2+ 10,3 , . ,

, -

.

[CCl3]
+ + Cl+  2 Å r(C—Cl)  3,3 Å, -

 [CCl3]
2+

 [CCl4]
2+  [CCl3]

2+ + Cl.

C2v ( . 4).  C3H8  CASSCF 

. 6. 

 DFT, ,  B3LYP . -

, ,

 [C3H8]
+  [C2H5]

+ + CH3.

 CASSCF.

 [C3H8]
+

C2v
2B1 ( ,

). C2v

 C—C. 

 [C3H8]
+ -

, B1, -

 CH3  CH2, ,

. 5.

CS , . 5. 

. 7. -

 UHF. 2A , -

 10a ,  C1

 C2.

. 4. . 5. B1

                                                         [C3H8]
+
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 6

C3H8

CASSCF(8,8) CASSCF(20,12) . [ 8 ]

, . . –118,358665 –118,301230 –

, 11,71 11,13 (10,95±0,05)

r(C—C), Å 1,554 1,534 1,532

r(C—H) , Å 1,091 1,088 1,107

(C—C—C), . 112,9 112,1 112

(H—C—H) , . 107,9 107,8 107

 7

[C3H8]
+

CASSCF(7,8) CASSCF(19,12)

*
–117,984138 . .

(–1,519 )

–117,946571 . .

(–1,481 )

q(C1H4H5) +0,34,

q(C2H6H7H8) +0,45,

q(C3H9H10H11) +0,21

q(C1H4H5) +0,33,

q(C2H6H7H8) +0,42,

q(C3H9H10H11) +0,25

r(C1—C2), Å 2,010 2,001

r(C1—C3), Å 1,515 1,498

r(C—H) , Å 1,085 1,081

(C2—C1—C3), . 107,0 106,8

*  —  [C3H8]
+

.

,  10a -

 C1  C2.

,  CH3  [C3H8]
+  [C2H5]

+ + CH3

, -

. . 6 ,

 CASSCF  UHF. 

 [C3H8]
+ . , -

 CASSCF(19, 12) 

 0,61 ,  0,87 .

 UHF 

, -

 (

C—C) , -

 — . -

-

- -

 CASSCF. 

[C3H8]
+  [C2H5]

+ + CH3  UHF+MP2 

UHF/B3LYP .

. 6.

             [C3H8]
+  [C2H5]

+ + CH3
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. 7.  H3C—C+H2

 CH3 -

 H3C—C+H2 C2v, . 7.

r(C1—C2)  3 Å  CASSCF(19, 12). 

 UHF , . 7 -

.  CASSCF(16, 10) (E = –78,363717 . .)

: r(C—C) 1,402 Å, r(C—H )

1,298 Å, r(C—H ) 1,077 Å, (C—C—H ) 120,3 ,  H  — ,  H  —

.  C2H4  [C2H5]
+ -

.

,

 [C3H8]
+  27.  [C3H8]

+

. 5. , -

,  CH3

-

 C3H8. -

 CF3Cl  CF2Cl2.

,

. 5 :

[C3H8]
+  [C3H7]  + H9 —  H9,

[C3H8]
+  [C3H7]  + H4 —  H4.

 [C3H7] ,  H9 

 CH3 . 5,  [C3H7] ,

H4  CH2. . 8.

 [C3H7]

 CH3. .

 8

 [C3H7]
+

[C3H7]

CS (
1A )

 CASSCF(18,11)

E = –117,411410 . .

r(C1—C3) = 1,394 Å,

r(C1—C2) = r(C3—C2) = 1,835 Å

q(C2H4) = +0,67,

q(CH3) = +0,33

[C3H7]

CS (
1A )

 CASSCF(6,7)

E = –117,453570 . .

r(C1—C2) = r(C1—C3) = 1,479 Å
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. 8.

                           [C3H8]
+  [C3H7]

+ + H

 H9 (C2—C1—C3)

,  106,7

[C3H8]
+,  67,7 . -

 [C2H5]
+ r(C3—H9),

-

. , (C2—C1—C3) -

 90 r(C3—H9)  1,9 Å.

. 8. 

,  H9  H4. -

 H4 

 0,60 .  H4  C—C 

, r(C1—H4)  1,5 Å.

,  CH3, -

-

 [C3H7]
+  [C2H5]

+. -

 CH3 -

 [C3H8]
+. , ,  H6. 

 [C3H7] ,

(0,48 ). : -

 C1—C2 , 1— 3 -

. , ,

 H9, .

 [C2H4]
+. -

 [C3H8]
+  [C2H4]

+ + CH4 .

.

 CH2,  —  CH3.

,  2 

3 ,  7 IRC-  (

). -

 6-

31G(d, p). . 9 .

:  CH3 -

 H4  CH2. (C1—C3—H11)

-

 H11C1C3.  H11—C3 .

,

, . 10. ,

 C—C, -

 — .  CH3,

 C—C -

. . 9.

 [C3H8]
+ -

1,68 .

 –0,34 , -

          [C2H4]
+          .
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 9

 [C3H8]
+ H4 (CASSCF)

, x = 2,53AMU1/2·Bohr

E  = –1,64 

.  1, x = 10,27AMU1/2·Bohr

E  = –0,34 

.  2, x = 15,37AMU1/2·Bohr

E  = –0,46 

, x = 19,75 AMU1/2·Bohr

E  = –1,73 

 1 0

 [C3H8]
+ H9 (CASSCF)

, x = 2,53AMU1/2·Bohr

E  = –1,64 

, x = 10,12AMU1/2·Bohr

E  = –0,07 

x = 20,39 AMU1/2·Bohr

E  = –1,74 
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. 9.

                         [C3H8]
+  [C2H4]

+ + CH4

 (0,07 )  ý , -

, -

. , -

,  [C3H8]
+ -

-

,

 CH3  2 .

 [C2H5]
+,

 CH3. -

 [C2H4]
+ + CH4 . -

.

. , -

, -

 + , -

, . .

. — t ,

, -

, , , , -

. , -

 ( . . 1) 

,  [CF3Cl]+, [CF2Cl2]
+ ,

.

[CF3Cl]+  [CF2Cl2]
+ -

.

, ,

, . -

, ,

 [CF2Cl2]
+.

,

. -

, -

,  [ 11 ]. -

 — -

, .

-

,

-

, , ,  [C3H8]
+ -

 [C2H3]
+.  [C2H5]

+, [C3H7]
+  [C2H4]

+,
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 [C2H3]
+,

 18,2—20,8 .

 [C3H8]
+  [C2H5]

+ + CH3 -

. -
2A .  CASSCF(19, 12) -

- C2,

 1. 

[C3H8]
+  [C2H5]

+ + CH3

 UHF  UHF+MP2. 

UHF/B3LYP, , -

 UHF.  UHF+MP2  UHF/B3LYP 

 Gaussian-94 [ 10 ]  6-31G(d, p).

 [C3H8]
+  [C2H5]

+ + CH3

. 1 . ,  UHF -

,  CASSCF(19, 12), 

 0,69 .  UHF+MP2 

, , . -

,

[C2H5]
+ . , -

 MP2 r(C1—C2): -

 MP2 ,

[C2H5]
+ + CH3.

 UHF/B3LYP . 1 

 UHF+MP2. -

 CH3  UHF/B3LYP, 

. 2 .  [C3H8]
+  [C2H5]

+ + CH3  CH3 ,

 CH3 r(C1—C2)  1,8 Å. -

 UHF  CASSCF.  UHF/B3LYP 

r(C1—C2)  CH3 ,

+0,38 . r(C1—C2) = 50 Å.

 UHF/B3LYP , -

. -

, r(C1—C2) 

, -

 CH3.  UHF/B3LYP 

r(C1—C2) = 50 Å  12 - -

,  13-  10a - . -

:  C2 (p- )  CH3,

C1  H9  [C2H5]
+. ,

 CH3

 [C2H5]
+, . -

,  UHF ,

 CASSCF .

 UHF/B3LYP size-consistent : -

 [C2H5]
+ + CH3 -

. .  UHF, UHF+MP2  CASSCF 

size-consistent .

,  UHF/B3LYP .

,   B3LYP , .
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. 1.

[C3H8]
+

[C3H8]
+  [C2H5]

+ + CH3

. 2.  CH3

 [C3H8]
+  [C2H5]

+ + CH3

                             UHF/B3LYP  CASSCF

size-consistency UHF/B3LYP [C2H5]
+ + CH3

CASSCF(19,12) B3LYP

[C2H5]
+: CASSCF

[1a11b12a12b11b2

3a11a24a1 | 3b14b1]
16

E = –78,363717 . . [C2H5]
+: RHF/B3LYP E = –78,869023 . .

CH3: CASSCF[2a13a1]
3 E = –39,560289 . . CH3: UHF/B3LYP E = –39,842880 . .

E = –117,924005 . .

 –0,867 

E = –118,711903 . .

 +0,389 

[C2H5]
+ + CH3:

CASSCF(19,12)

r(C1—C2) = 50 Å

E = –117,924012 . .

 –0,868 

[C2H5]
+ + CH3:

UHF/B3LYP

r(C1—C2) = 50 Å

E = –118,738082 . .

 –0,323 

 UHF/B3LYP

r(C1—C2)  6 Å,  SCF=QC

 Gaussian-94.
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