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    .   

,      ,  

       

  .      

    Gaussian 09[6],     

      , 

       

 . 

       . 

    Gd@C6      

  [7].  Gd@C6       

      ё  ,   

  C6       

   .        

    [8, 9]. 

 щ      

       C6  

 ,       

-  ё . 

 

 

 1.  щ     

. 

1.1  Ш ё . 
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    -  

ё       

ё  (1). 

 

ĤΨ=EΨ,                                                            (1) 

 

       Ĥ —     ,   

M   N . Ĥ —   , 

  : 

      Ĥ = − ∑ ∇ −= ∑ ∇ − ∑ ∑ Zr + ∑ ∑ r + ∑ ∑ Z ZR>𝐴=>𝑖====      (2) 

 M —      A   , Z  —  . 

 A  B   M ,  i  j   N  

.       

     ,    

ё        

: 

 ∇q= 𝜕𝜕xq
+ 𝜕𝜕yq

+ 𝜕𝜕zq
 

 

      (2)  

      

,       . 

 ,     ,  

    ё . 
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      ё  (1) 

  - ,   

  . Э     ,    

   ,     

 ,      

 .      ,   

          ,  

       

: 

 

Ĥelec = − ∑∇ − ∑ ∑ Zr + ∑∑r>𝑖 = T̂ + V̂ e + V̂ee====  

        

          ё  (1)  Ĥelec  —    

 Ψelec    Eelec. Ψelec     

,      ё  .   Etot —    Eelec    : 

 

Enuc = ∑ ∑ ZAZB

rAB

M

B>A

M

A=1

 

 

         ,  ё   : 

 

                                    ĤelecΨelec=EelecΨelec,                                                (3) 

 

   –  

Etot = Eelec + Enuc. 
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1.2  . 

 

 ,    ё  (3)   

,       

 , . .   ,    

.  (3) ,  ,    

 , -        

  Vext.   ,  

    ,  

    . 

       Ψi    

  Ei .   Ψi  

        

    .  ,  

      ,  ,  

  ,     

 ё . 

,    ,    

    Ψ0,   

  E0.      

     -  . 

 

1.2 М  - . 
 

  -   ,    
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Ψ = √N
det{φ φ … φN}, 

 

 φi x⃗ k  -     ,  -

     : 

 

φi x⃗ k = σi k)si k). 
 

1.4 Э  . 

 

      

       ,  

 ё     .     

     q  ,    

   B=q3N ,     

 —   .  , -

 ё       

  . 

 

1.5   . 

 

       ,  

        

,   : 
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ρ(r )=N ∫…∫|Ψ x⃗ x⃗ , … , x⃗ | ds dx⃗ …dx⃗ .                               4  

 

Э    ,     

  N    ё  dr      o 

,         

. Э   (4)    ё  , 

     

ρ r → ∞ =0. 

 

Э  ,     ,  

      . 

              , 

  1964 .   . : 

 1.     , 

    Vext r ,  Vext r   

 (     )  

   ρ(r ). 
 2.  E[ρ],    , 

      ,  ρ=ρ  ,  ρ  - 
    . 

  ,     

      . 

 

1.6 М  B3LYP  PBE0. 
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 ё        

PBE0 (5)  B3LYP (6),      

. 

 

                        EXC
PBE0=EXC

GGA+0.25(EX
HF-EX

GGA)                                                (5) 

 

EX
HF −   - , 

EX
GGA −   -   

  ё  , 

  EXC
B3LYP = 1 − EX

LSDA + EX
HF + EX

B88 + EC
LYP + 1 − EC

LSDA              (6) 

 

EX
LSDA −    , 

EX
B88 −  , 

EC
LYP −  LYP- , 

 

 B3LYP   ё   -

 ё   ё   .    

        

 PBE0.[10] 

        

 SDD,   ё   , 

    ,   ,  

 .  
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 2.     

  . 

2.1 . 

 

 —  III    , 

  — 64. Э   : 

 

1s22s22p63s23p64s23d104p65s24d105p66s24f75d1. 
 

Э   8    4d-  5f- ,  

  Ms  4,   — 9.  

 

 1.     4f-  5d-  . 

 

 . 1      

,   PBE1PBE/SDD   9.  

 

 1.     (PBE1PBE/SDD). 

  , 

( . .) 

 

, ( . .) 

  

, ( . .) 

Gd -765.617606 8 20.34 
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2.2 . 

 

       —   ,   1985  

    ,     1996   

    . 

  C6      ,   

-  , ,   ,   

   .  

  ,         C6  

( . 2),     2.   

 1,        . 

 

 

       

 

 

 

 

 

 

 

 

 

 

 

 2.  C6 ,   PBE1PBE/SDD. 
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 2.   C6 ,   PBE1PBE/SDD. 

      

 C6  -3048.8574869 R1=1.39836 

R2=1.45692 

 

   . 3,         

   0.0008 . .      

 . 

                                   3.       C6 . 

  , . . 

1  0.000048 

2  0.000415 

3  0.000122 

4  -0.000281 

5  0.000229 

6  0.000425 

7  -0.000519 

8  0.000530 

9  0.000520 

10  0.000146 

11  -0.000208 

12  -0.000628 

13  0.000013 

14  0.000228 
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15  0.000709 

16  -0.000418 

17  -0.000074 

18  0.000446 

19  -0.000037 

20  -0.000646 

21  -0.000652 

22  0.000532 

23  0.000227 

24  -0.000196 

25  -0.000195 

26  0.000007 

27  0.000793 

28  -0.000148 

29  -0.000514 

30  -0.000414 

31  0.000010 

32  0.000421 

33  0.000102 

34  -0.000041 

35  -0.000871 

36  0.000418 

37  0.000716 
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38  -0.000191 

39  -0.000656 

40  0.000222 

41  0.000050 

42  -0.000627 

43  0.000144 

44  -0.000123 

45  0.000106 

46  -0.000278 

47  0.000414 

48  -0.000875 

49  -0.000190 

50  0.000419 

51  -0.000041 

52  0.000789 

53  -0.000074 

54  -0.000150 

55  0.000010 

56  -0.000038 

57  0.000523 

58  -0.000645 

59  0.000447 

60  -0.000208 
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 3.   C6 . 

3.1 Э    C𝟔𝟎  . 

  ,     ,  

    Gd@C60 ( . 3). 

 

 

 

 

 

 

 

 

 

 

 

 3.  Gd@C60 ,   PBE1PBE/SDD. 
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 4.     Gd@C60. 

 

 . 4    . 

 4.    Gd@C60. 

  

 
Gd, -1 
 

  
, . . 

 

 
 Gd c 

 
C60, Å 

. 
,

 
 

S2, . . 

Gd@C60 170.66 
 

-3048.8574869 
 

R1=2.41 
R2=2.41 
R3=2.66 

1.88 

 

20.07 
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 5.    Gd@C60. 

 

      ,  

        

  ( . 4). Э     

   , , ,   

    .    

      . 

 . 3 ,  Gd  3    , , 

 ё ,    3.86. Э     

  ё    . 

     ( . . 5), 

      .     

      0.08. 
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-       

     

6s0.084f7.085d1.26p0.367s0.015f0.026d0.177p0.01. 

 

 5.        Gd@C60. 

  , . .  

, 

. . 

1C -0.007165 0.030212 

2C -0.013824 -0.014941 

3C -0.007253 0.030986 

4C -0.008697 0.001798 

5C -0.008993 0.000807 

6C -0.005611 0.000787 

7C -0.009362 0.027501 

8C -0.009273 0.027183 

9C -0.005096 0.001903 

10C -0.007784 0.001273 

11C -0.010706 -0.016042 

12C -0.013943 0.002599 

13C -0.037226 0.029920 

14C -0.008134 0.031838 

15C 0.016975 -0.008063 

16C -0.008403 0.034428 

17C -0.061061 0.053227 

18C -0.060832 0.060350 

19C 0.023250 -0.038437 

20C 0.048013 0.018452 
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21C -0.024577 0.016655 

22C -0.036435 -0.004609 

23C -0.013690 0.030783 

24C 0.040102 0.006734 

25C -0.025373 -0.017021 

26C -0.006060 0.032974 

27C -0.006424 -0.007587 

28C -0.007675 -0.007453 

29C -0.005871 0.034692 

30C -0.024580 -0.017546 

31C 0.039924 0.006204 

32C -0.018447 -0.068886 

33C -0.044705 0.133075 

34C -0.036380 -0.100338 

35C -0.045068 0.131194 

36C -0.018315 -0.069381 

37C -0.082235 0.180370 

38C -0.082816 -0.059321 

39C 0.061318 0.048609 

40C 0.012119 -0.052924 

41C 0.013287 0.091505 

42C 0.010960 0.088622 

43C 0.021942 -0.036752 

44C 0.047589 0.020014 

45C 0.059938 0.046653 

46C 0.010579 -0.049545 

47C 0.029505 0.034586 

48C 0.027685 0.027091 
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49C 0.067020 -0.032848 

50C 0.052875 0.015785 

51C 0.066261 -0.036650 

52C -0.082069 0.184395 

53C -0.082905 -0.062274 

54C -0.012013 0.033827 

55C -0.037207 -0.006134 

56C -0.024437 0.018820 

57C -0.036208 0.026219 

58C -0.013397 0.002175 

59C -0.010788 -0.016613 

60C -0.008276 0.002667 

61  0.419975 7.156453 

 

 

3.2   C60(OH)n. 

 

     ,      

     . ,    

,         

  .  , , 

 C60(OH)n     

  [11]. 

    , 

  C60(OH)n,  n=1,…,12.  . 6   

   OH- .  

 OH       ё    

, , -     . 
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     ,    

  ё        

 .      ,  

       . 

 

 6.   C60(OH)n,      

. 

 

OH-

 

 OH   

 

 

 

  

 

1 3562.64 3562.64 3.63 -2361.45348447 

2 3602.24 

3602.58 

3602.41 2.52 -2437.11404393 

3 3562.87    

3587.13 

3596.44 

3582.15 3.33 -2512.98275544 

4 3587.97   

3605.41 

3605.53   

3605.54 

3601.12 2.43 -2588.61909205 

5 3583.86  

3592.06 

3594.19   

3602.27 

3605.62 

3595.6 3.07 -2664.51603284 



24 

6 3589.63   

3600.47 

3601.54   

3603.24 

3605.43   

3605.74 

3601.01 2.01 -2740.17305483 

7 3578.13    

3582.29 

3587.65    

3589.24 

3591.97  

3592.14 

3601.98 

3589.06 

 

2.73 -2816.03779485 

8 3585.59   

3599.19 

3600.95   

3601.53 

3603.82   

3604.47 

3607.53   

3614.42 

3602.19 3.39 -2891.69403812 

9 3581.94   

3584.41 

3587.45     

3587.63 

3589.69   

3597.18 

3601.12   

3594.15 

 

1.07 -2967.57461703 
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3606.93 

3610.1 

10 3591.19      

3592.28       

3598.42      

3598.98       

3600.01      

3603.36       

3603.98      

3604.15       

3613.26      

3613.69       

3601.93 1.09 -3043.23574363 

11 3572.73      

3576.31       

3586.65      

3587.13       

3593.4      

3594.15       

3598.07      

3599.41       

3602.22      

3608.36       

3609.47       

3593.45 4.54 -3119.14798054 

12 3568.57      

3578.55       

3595.84      

3601.76 2.67 -3194.77663866 
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3596.96       

3601.21      

3603.52       

3608.73      

3609.72       

3612.2     

3613.36       

3616.14     

3616.27       

 

 

3.2.2   

 

    OH- ,    

     ( . 5)    ( . 6)  

. 

        

  .  

 

 

 

 

 

 

 

 

 5.  C60OH,   B3LYP/SDD. 
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  6.  C60 OH ,   B3LYP/SDD. 

 . 7   ,   

    C60OH     

.      O  H  0.98321 Å,   

   -2361.4534845 . .       

   ,   .  

x —      OH  

   ,  —  . 

 

 

 

 

 

 

 

 

 

 

 

 7.     C60OH      

 . 
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 7.           

    C6 OH. 

 OH, 

x,   Å 

  

, E, . . 

-0,01 0,0000832 

     0      -2361,4534845 

   0,01 0,0000799 

 

      : E = 0.8175x2-

0.0165x. 

   0   : 

 

k=
|E′′ x |[ + E′ x ] /  

 

 k   OH   C6 OH  1.635. 

       C6 OH .   

  61  62 ( . . 6)     C6 OH ,    

   .    0.98131 Å 

  O  H       

         (x, E),  

     . 
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 8.           

    C6 OH . 

 

 

 

 

 

 

 

       OH  

 C6 OH : 

E = 0.833x2-0.12x. 

 k     1.666. 

 

3.3 И   . 

 

-     ё  

,        

.       

,     ,    . 

          ё  

     C6 OH 8  B3LYP/SDD. 

 

3.3.1    М- ,  Gaussian 09 

Revision D.01. 

 

 OH, x,   Å 

  

, E, . . 

     -0.01   0.0000845 

       0 0 

     0.01  0.0000821 
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  9   , ё   

    —   

   Gaussian 09 Revision D.01. 

 

 9.      ,    

 Gaussian 09 Revision D.01. 

 

 

 

 

ё     

 

1 3  18  26 

 

38  40  52 

 

41  59  18 

 

2 1  48  6  9  44  44 

 

11  32  50 

 

3 1  9  14  11  48  26 

 

12  57  40 

 

4 47  54  8  26  50  9  14  44 

 

5 39  46  7  36  28  8  16  14 

 

6 34  21  6  46  54 

 

7  21  15 

 

7 30  27  6  35  4  7  5  31 

 

8 27  31  6  39  14  7  6  45 
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 8.       . 

 

3.3.2      

,  Gaussian 16 Revision A.03. 

 

  10      

 Gaussian 16 Revision A.03,     

    Intel Xeon E5-2680 v3. 

 10.      ,    

 Gaussian 16 Revision A.03. 

 

 

 

 

ё      

 

1 2  56  19 

 

17  36  58 

 

20  33  28 

 

2 1  21  55 

 

9  19  20 

 

10  41  15 

 

3 57  49  6  21  49 7  19  38 

41:59:18 

11:32:50 

12:57:40 

09:14:44 

08:16:14 

07:21:15 

07:05:31 

07:06:45 

0:00:00 12:00:00 24:00:00 36:00:00 48:00:00

1

2

3

4

5

6

7

8
Чи

ло
 я

де
 

В е я ыпол е ия п о а ы 

Вре я ыпол е ия 
про ра ы 
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4 41  58  4  43  52 

 

5  25  50 

 

5 32  40  3  30  34 

 

4  3  14 

 

6 27  24  3  1  36 

 

3  29  

7 24  57  2  38  23 

 

3  13  20 

 

8 21  23  2  25   5 

 

2  46  28 

 

 

 

 

 9.       . 

 

 

20:33:28 

10:41:15 

07:19:38 

05:25:50 

04:03:14 

03:29:00 

03:13:20 

02:46:28 

00:00:00 04:48:00 09:36:00 14:24:00 19:12:00 00:00:00

1

2

3

4

5

6

7

8

Чи
ло

 я
де

 

В е я ыпол е ия п о а ы 

Вре я ыпол е ия 
про ра ы 
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3.3.3    ,  

Gaussian 09 Revision C.01. 

 

  Gaussian 09 Revision C.01 (  11)   

     AMD Phenom II X6 

1090T. 

 11.      ,    

  Gaussian 09 Revision C.01. 

 

 

  ё      

1 2  25  15 

 

33  12  9 

 

35  37  24 

 

2 1  17  52 

 

17  58  7 

 

19  15  59 

 

3 55  6  12  29  43 

 

13  24  49 

 

4 42  58  9  59  6 

 

 

10  42  4 
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 10.       . 

. 

 

 ё    ,    

   ё   ,    

-   85-87%     ,   

  — 81-88.3%,     

—  93%. 

  Gaussian 09    E=-2891.6940381 . .,   

 Gaussian 16   -2891.6938823 . .     

,    .     

  8-  ,      

. 

  ,     -

        4-  ,  

      ё    

 . ,   -    8-

        23%    

   4-  . 

35:37:24 

19:15:59 

13:24:49 

10:42:04 

0:00:00 12:00:00 24:00:00 36:00:00 48:00:00

1

2

3

4

Чи
ло

 я
де

 

В е я ыпол е ия п о а ы 

Вре я ыпол е ия 
про ра ы 
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3.4    𝐝@𝐂𝟔𝟎 𝐎 𝟑𝟎 . 
 

  ,     ё  

       

,     ё   OH.    

  ,     

Gd@C60 OH 30. 
 . 12     Gd@C60 OH 30, 

  PBE1PBE/SDD.    

   21.06 . .,  ,    

 Gd@C60,  ,    . Э  ,  

      

,   ,       

 . 

 

 12.    Gd@C6 OH  ,   

PBE1PBE/SDD. 

   
Gd  

, 
. . 
 

 
 

Gd, . . 
 

 
 

, . . 
 

. 
, 
 

 

 
 

, 
. . 

Gd@C60 OH 30 0.325374 
 

6.343077 
 

-5321.3193915 
 

1.1001 21.06 
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 11.  Gd@C6 OH ,   PBE1PBE/SDD. 

 

 

 

 12.    Gd@C6 OH  ,  9. 
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 . 13         

  Gd@C60 OH 30.      

 0.5,     8. 

Э ,        

 ,    

∆E=Ecomplex-(EC60 OH 30+EGd). 

 

        

, ,    C60 OH 30 (PBE1PBE/SDD).  

 EC60 OH 30=-4555.6722812 . . 

 EGd =-765.617606 . . 

         EGd@C60 OH 30 =-5321.3193915 . . 

 

 Gd@C60 OH 30        ∆E = −0.0295043 . .   -18.558 / . 

      ,   

       . , 

    Gd@C60 OH 30,  

        

. 

 13.       Gd@C6 OH . 

  , . .  

, . . 

1C 0.308907 0.153333 

2C 0.363488 -0.146227 

3C 0.357299 -0.096647 

4C 0.313331 0.214236 
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5C 0.304389 0.225943 

6C 0.323216 0.143957 

7C 0.343079 0.047321 

8C 0.285668 0.221946 

9C 0.233893 0.210851 

10C 0.304585 0.019028 

11C 0.318692 -0.117086 

12C 0.367300 -0.098294 

13C 0.290449 0.212936 

14C 0.346613 0.056598 

15C 0.304162 0.007470 

16C 0.236923 0.217812 

17C 0.315575 -0.110405 

18C 0.354624 -0.091573 

19C -0.180282 0.001181 

20C -0.177996 0.005205 

21C -0.190409 0.006794 

22C -0.159084 -0.010167 

23C -0.189230 0.002747 

24C -0.182333 -0.002887 

25C -0.186828 0.005202 

26C -0.191526 0.001742 

27C -0.158871 -0.009320 

28C -0.186644 0.003894 

29C -0.180480 0.005692 

30C -0.176183 -0.002712 

31C 0.246235 0.003135 

32C 0.251812 0.002940 
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33C 0.300260 -0.011187 

34C 0.289409 0.277941 

35C 0.313321 0.021932 

36C 0.284384 0.002991 

37C 0.283282 0.002556 

38C 0.275013 0.002596 

39C 0.241437 0.276455 

40C 0.264558 0.021942 

41C 0.258183 -0.011863 

42C 0.259723 0.003022 

43C -0.253864 0.009508 

44C -0.270063 -0.018585 

45C -0.284461 -0.008263 

46C -0.227436 0.006563 

47C -0.281106 -0.008903 

48C -0.266230 -0.019887 

49C -0.267506 -0.023875 

50C -0.293839 0.000365 

51C -0.341199 -0.007306 

52C -0.341012 -0.022520 

53C -0.351272 0.004390 

54C -0.363654 0.003878 

55C -0.348174 0.003234 

56C -0.312319 -0.023957 

57C -0.290440 -0.021022 

58C -0.290374 -0.008256 

59C -0.299073 0.004310 

60C -0.301941 0.004197 
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61O -0.482718 -0.000347 

62O -0.463316 -0.001850 

63O -0.493666 0.001266 

64O -0.493427 0.004820 

65O -0.509155 0.006460 

66O -0.485086 0.000943 

67O -0.468283 0.008695 

68O -0.493318 0.000564 

69O -0.495134 0.001798 

70O -0.504304 -0.002392 

71O -0.491095 -0.000272 

72O -0.489989 -0.002130 

73O -0.507720 0.001536 

74O -0.485186 0.000782 

75O -0.466732 0.007388 

76O -0.478671 0.001886 

77O -0.507530 -0.002713 

78O -0.499974 0.003482 

79O -0.493940 0.019004 

80O -0.465059 0.009343 

81O -0.483094 0.005349 

82O -0.513281 0.007040 

83O -0.497703 0.005281 

84O -0.491507 0.003293 

85O -0.464071 0.008226 

86O -0.484297 0.018614 

87O -0.509618 0.002202 

88O -0.493208 -0.002415 
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89O -0.491475 0.006573 

90O -0.463417 -0.000568 

91H 0.427432 0.000379 

92H 0.441837 -0.000004 

93H 0.426365 -0.000350 

94H 0.423858 0.000631 

95H 0.437270 -0.000229 

96H 0.440189 0.000217 

97H 0.426607 0.000028 

98H 0.435777 -0.000244 

99H 0.426630 -0.000259 

100H 0.428127 -0.000081 

101H 0.427094 -0.000062 

102H 0.436895 -0.000097 

103H 0.427912 -0.000213 

104H 0.436895 -0.000221 

105H 0.427340 -0.000284 

106H 0.440134 -0.000207 

107H 0.426599 0.000092 

108H 0.427530 0.000153 

109H 0.426678 -0.000250 

110H 0.428189 0.000119 

111H 0.435807 0.000308 

112H 0.427594 0.000006 

113H 0.427325 -0.000236 

114H 0.427485 -0.000183 

115H 0.440170 -0.000255 

116H 0.426972 -0.000163 
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117H 0.433357 0.000753 

118H 0.425954 0.000438 

119H 0.441658 0.000020 

120H 0.438933 0.000359 

121Gd 0.325374 6.343077 
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