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Ɏɭɥɥɟɪɟɧɵ ɢɥɢ ɛɚɤɢɛɨɥɵ - ɚɥɥɨɬɪɨɩɧɚɹ ɮɨɪɦɚ ɭɝɥɟɪɨɞɚ, ɨɬɥɢɱɧɚɹ ɨɬ 

ɪɚɧɟɟ ɢɡɜɟɫɬɧɵɯ ɚɥɦɚɡɚ ɢ ɝɪɚɮɢɬɚ, ɛɵɥɚ ɨɬɤɪɵɬɚ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɦɚɫɫ-

ɫɩɟɤɬɪɨɜ ɩɚɪɨɜ ɝɪɚɮɢɬɚ ɜ 1985 ɝɨɞɭ ɝɪɭɩɩɨɣ ɭɱёɧɵɯ ɜɨ ɝɥɚɜɟ ɫ Ɋɢɱɚɪɞɨɦ 

ɋɦɨɥɥɢ. 

ɋ ɬɟɯ ɩɨɪ ɧɚɱɚɥɨɫɶ ɢɧɬɟɧɫɢɜɧɨɟ ɢɡɭɱɟɧɢɟ ɮɭɥɥɟɪɟɧɨɜ. Ⱦɚɧɧɵɟ 

ɫɨɟɞɢɧɟɧɢɹ ɢɧɬɟɪɟɫɧɵ ɢɫɫɥɟɞɨɜɚɬɟɥɹɦ ɜɨ ɦɧɨɝɨ ɢɡ-ɡɚ ɫɜɨɟɣ ɫɮɟɪɢɱɟɫɤɨɣ 

ɮɨɪɦɵ, ɤɨɬɨɪɚɹ ɩɨɡɜɨɥɹɟɬ ɜɦɟɫɬɢɬɶ ɜɧɭɬɪɶ ɩɨɥɨɫɬɢ ɪɚɡɥɢɱɧɵɟ ɫɨɟɞɢɧɟɧɢɹ, 

ɧɚɩɪɢɦɟɪ, ɞɥɹ ɬɪɚɧɫɩɨɪɬɢɪɨɜɤɢ ɥɟɤɚɪɫɬɜ ɜɧɭɬɪɢ ɨɪɝɚɧɢɡɦɚ. Ɉɞɧɢɦ ɢɡ 

ɜɚɪɢɚɧɬɨɜ ɩɪɢɦɟɧɟɧɢɹ ɮɭɥɥɟɪɟɧɨɜ ɜ ɦɟɞɢɰɢɧɟ ɦɨɝɥɨ ɛɵ ɫɬɚɬɶ ɫɨɟɞɢɧɟɧɢɟ 

ɮɭɥɥɟɪɟɧɚ ɢ ɩɨɦɟɳɟɧɧɨɝɨ ɜɧɭɬɪɶ ɝɚɞɨɥɢɧɢɹ.  

Ƚɚɞɨɥɢɧɢɣ — ɬɨɤɫɢɱɧɵɣ ɦɟɬɚɥɥ, ɤɨɬɨɪɵɣ ɢɡ-ɡɚ ɫɜɨɢɯ ɫɢɥɶɧɵɯ 

ɦɚɝɧɢɬɧɵɯ ɫɜɨɣɫɬɜ ɩɪɢɦɟɧɹɟɬɫɹ ɜ ɤɨɧɬɪɚɫɬɧɵɯ ɩɪɟɩɚɪɚɬɚɯ ɩɪɢ ɩɪɨɜɟɞɟɧɢɢ 

ɦɚɝɧɢɬɧɨ-ɪɟɡɨɧɚɧɫɧɨɣ ɬɨɦɨɝɪɚɮɢɢ. ɑɚɳɟ ɜɫɟɝɨ ɢɫɩɨɥɶɡɭɸɬ ɨɤɫɢɞ ɝɚɞɨɥɢɧɢɹ 

GdଶOଷɢɥɢ ɟɝɨ ɫɨɥɶ ɝɚɞɨɞɢɚɦɢɞ. ɏɨɬɹ ɷɬɢ ɫɨɟɞɢɧɟɧɢɹ ɢ ɦɟɧɟɟ ɬɨɤɫɢɱɧɵ, ɱɟɦ 

ɱɢɫɬɵɣ ɦɟɬɚɥɥ, ɫɭɳɟɫɬɜɭɸɬ ɢɫɫɥɟɞɨɜɚɧɢɹ, ɭɬɜɟɪɠɞɚɸɳɢɟ, ɱɬɨ ɞɚɧɧɵɟ 

ɩɪɟɩɚɪɚɬɵ ɫɩɨɫɨɛɧɵ ɧɚɤɚɩɥɢɜɚɬɶɫɹ ɜ ɤɥɟɬɤɚɯ ɢ ɨɬɪɚɜɥɹɬɶ ɨɪɝɚɧɢɡɦ[1, 2]. 

ɂɡɜɟɫɬɧɨ, ɱɬɨ ɱɢɫɬɵɟ ɮɭɥɥɟɪɟɧɵ ɧɟ ɬɨɤɫɢɱɧɵ[3], ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɢɯ 

ɷɧɞɨɷɞɪɚɥɶɧɵɟ ɤɨɦɩɥɟɤɫɵ ɫ ɝɚɞɨɥɢɧɢɟɦ ɦɨɝɥɢ ɛɵ ɫɬɚɬɶ ɛɨɥɟɟ ɛɟɡɨɩɚɫɧɵɦɢ 

ɩɪɟɩɚɪɚɬɚɦɢ-ɤɨɧɬɪɚɫɬɚɦɢ[4]. Ȼɨɥɟɟ ɬɨɝɨ, ɧɟɤɨɬɨɪɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ 

ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɪɚɫɬɜɨɪɢɦɵɟ ɜ ɜɨɞɟ ɝɢɞɪɨɤɫɢɥɢɪɨɜɚɧɧɵɟ ɷɧɞɨɤɨɦɩɥɟɤɫɵ ɫ 

ɝɚɞɨɥɢɧɢɟɦ ɫɩɨɫɨɛɧɵ ɡɚɦɟɞɥɹɬɶ ɪɨɫɬ ɪɚɤɨɜɵɯ ɤɥɟɬɨɤ.[5] 

ɐɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɤɜɚɧɬɨɜɨ-ɦɟɯɚɧɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ 

ɩɪɨɢɡɜɨɞɧɵɯ ɮɭɥɥɟɪɟɧɚ C6଴, ɜ ɬɨɦ ɱɢɫɥɟ, ɷɧɞɨɤɨɦɩɥɟɤɫɨɜ ɫ ɝɚɞɨɥɢɧɢɟɦ ɞɥɹ 
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ɩɨɫɥɟɞɭɸɳɟɝɨ ɢɡɭɱɟɧɢɹ ɢɯ ɚɤɬɢɜɧɵɯ ɫɜɨɣɫɬɜ. ɉɪɟɞɩɨɥɚɝɚɟɬɫɹ ɪɚɫɫɦɨɬɪɟɬɶ 

ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ, ɫɬɪɭɤɬɭɪɧɵɟ ɢ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ ɞɚɧɧɵɯ ɫɨɟɞɢɧɟɧɢɣ, ɚ 

ɬɚɤɠɟ ɫɪɚɜɧɢɬɶ ɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɫ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɨɬɞɟɥɶɧɵɯ 

ɮɪɚɝɦɟɧɬɨɜ ɞɚɧɧɵɯ ɫɬɪɭɤɬɭɪ. ȼ ɤɚɱɟɫɬɜɟ ɩɪɨɝɪɚɦɦɧɨɝɨ ɩɚɤɟɬɚ ɞɥɹ 

ɜɵɱɢɫɥɟɧɢɣ ɛɵɥɚ ɜɵɛɪɚɧɚ ɩɪɨɝɪɚɦɦɚ Gaussian 09[6], ɬɚɤ ɤɚɤ ɨɧɚ ɫɨɞɟɪɠɢɬ 

ɜɫɬɪɨɟɧɧɵɟ ɦɟɬɨɞɵ ɬɟɨɪɢɢ ɮɭɧɤɰɢɨɧɚɥɚ ɩɥɨɬɧɨɫɬɢ ɢ ɩɫɟɜɞɨɩɨɬɟɧɰɢɚɥɚ, 

ɩɨɡɜɨɥɹɸɳɢɟ ɞɨɜɨɥɶɧɨ ɬɨɱɧɨ ɨɩɢɫɚɬɶ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɚɬɨɦɨɜ ɜ 

ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɦɨɞɟɥɹɯ. 

Ⱦɚɧɧɚɹ ɪɚɛɨɬɚ ɧɟ ɹɜɥɹɟɬɫɹ ɟɞɢɧɫɬɜɟɧɧɨɣ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɨɛɥɚɫɬɢ. 

ɋɬɪɭɤɬɭɪɧɵɟ ɢ ɷɥɟɤɬɪɨɧɧɵɟ ɫɜɨɣɫɬɜɚ Gd@C6଴ ɛɵɥɢ ɢɡɭɱɟɧɵ ɜ ɞɨɜɨɥɶɧɨ 

ɩɨɞɪɨɛɧɨɣ ɫɬɚɬɶɟ [7]. ɋɨɟɞɢɧɟɧɢɟ Gd@C6଴ ɞɨɥɠɧɨ ɛɵɬɶ ɫɚɦɵɦ ɭɞɨɛɧɵɦ ɞɥɹ 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɟɝɨ ɜ ɤɚɱɟɫɬɜɟ ɧɚɧɨɤɨɧɬɟɣɧɟɪɚ ɞɥɹ ɬɹɠёɥɨɝɨ ɦɟɬɚɥɥɚ, ɬɚɤ ɤɚɤ 

ɩɪɨɢɡɜɨɞɫɬɜɨ ɮɭɥɥɟɪɟɧɚ C6଴ ɨɛɯɨɞɢɬɫɹ ɞɟɲɟɜɥɟ ɩɪɨɢɡɜɨɞɫɬɜɚ ɮɭɥɥɟɪɟɧɨɜ ɫ 

ɛɨɥɟɟ ɜɵɫɨɤɢɦ ɱɢɫɥɨɦ ɭɝɥɟɪɨɞɨɜ.  ɋ ɦɟɬɨɞɚɦɢ ɫɢɧɬɟɡɚ ɮɭɥɥɟɪɟɧɨɜ ɢ ɢɯ 

ɩɪɨɢɡɜɨɞɧɵɯ ɦɨɠɧɨ ɨɡɧɚɤɨɦɢɬɶɫɹ ɜ ɪɚɛɨɬɚɯ[8, 9]. 

ɐɟɥɶɸ ɧɚɫɬɨɹщɟɣ ɞɢɩɥɨɦɧɨɣ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɢɫɫɥɟɞɨɜɚɧɢɟ 

ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɭɩɪɭɝɢɯ ɫɜɨɣɫɬɜ ɷɧɞɨɷɞɪɚɥɶɧɵɯ ɤɨɦɩɥɟɤɫɨɜ ɮɭɥɥɟɪɟɧɚ C6଴ 

ɫ ɝɚɞɨɥɢɧɢɟɦ, ɚ ɬɚɤɠɟ ɢɯ ɝɢɞɪɨɤɫɢɥɢɪɨɜɚɧɧɵɯ ɩɪɨɢɡɜɨɞɧɵɯ ɦɟɬɨɞɚɦɢ 

ɤɜɚɧɬɨɜɨ-ɦɟɯɚɧɢɱɟɫɤɢɯ ɪɚɫɱёɬɨɜ. 

 

 

Ƚɥɚɜɚ 1.  Ɉɛщɢɟ ɫɜɟɞɟɧɢɹ ɨ ɦɧɨɝɨɷɥɟɤɬɪɨɧɧɵɯ 

ɫɬɪɭɤɬɭɪɚɯ. 

1.1 ɍɪɚɜɧɟɧɢɟ Шɪёɞɢɧɝɟɪɚ. 
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Ɉɫɧɨɜɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɩɪɚɤɬɢɱɟɫɤɢ ɜɫɟɯ ɤɜɚɧɬɨɜɨ-ɦɟɯɚɧɢɱɟɫɤɢɯ 

ɪɚɫɱёɬɨɜ ɹɜɥɹɟɬɫɹ ɩɪɢɛɥɢɠɟɧɧɨɟ ɪɟɲɟɧɢɟ ɫɬɚɰɢɨɧɚɪɧɨɝɨ ɭɪɚɜɧɟɧɢɹ 

ɒɪёɞɢɧɝɟɪɚ (1). 

 

ĤΨ=EΨ,                                                            (1) 

 

     ɝɞɟ  Ĥ — ɨɩɟɪɚɬɨɪ Ƚɚɦɢɥɶɬɨɧɚ ɞɥɹ ɦɨɥɟɤɭɥɹɪɧɨɣ ɫɢɫɬɟɦɵ, ɫɨɫɬɨɹɳɟɣ ɢɡ 

M ɹɞɟɪ ɢ N ɷɥɟɤɬɪɨɧɨɜ. Ĥ — ɷɬɨ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɣ ɨɩɟɪɚɬɨɪ, 

ɨɬɨɛɪɚɠɚɸɳɢɣ ɩɨɥɧɭɸ ɷɧɟɪɝɢɸ: 

      Ĥ = − ଵଶ ∑ ∇୧ଶ − ଵଶ୒୧=ଵ ∑ ଵ୑ఽ ∇୅ଶ − ∑ ∑ Zఽr౟ఽ + ∑ ∑ ଵr౟ౠ + ∑ ∑ ZఽZాRఽా୑୆>𝐴୑୅=ଵ୒୨>𝑖୒୧=ଵ୑୅=ଵ୒୧=ଵ୑୅=ଵ      (2) 

 M୅— ɷɬɨ ɦɚɫɫɚ ɹɞɪɚ ɫ ɢɧɞɟɤɫɨɦ A ɜ ɚɬɨɦɧɵɯ ɟɞɢɧɢɰɚɯ, Z୅ — ɟɝɨ ɡɚɪɹɞ. 

ɂɧɞɟɤɫɵ A ɢ B ɩɪɨɛɟɝɚɸɬ ɩɨ M ɹɞɪɚɦ, ɚ i ɢ j ɭɤɚɡɵɜɚɸɬ ɧɚ N ɷɥɟɤɬɪɨɧɨɜ 

ɫɢɫɬɟɦɵ. Ⱦɜɚ ɩɟɪɜɵɯ ɫɥɚɝɚɟɦɵɯ ɝɚɦɢɥɶɬɨɧɢɚɧɚ ɨɩɢɫɵɜɚɸɬ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ 

ɤɢɧɟɬɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ ɷɥɟɤɬɪɨɧɨɜ ɢ ɹɞɟɪ ɫɢɫɬɟɦɵ, ɝɞɟ ɨɩɟɪɚɬɨɪ Ʌɚɩɥɚɫɚ 

ɨɩɪɟɞɟɥёɧ ɤɚɤ ɫɭɦɦɚ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɨɩɟɪɚɬɨɪɨɜ ɜ ɞɟɤɚɪɬɨɜɵɯ 

ɤɨɨɪɞɢɧɚɬɚɯ: 

 ∇q
ଶ= 𝜕ଶ𝜕xq

ଶ + 𝜕ଶ𝜕yq
ଶ + 𝜕ଶ𝜕zq

ଶ 

 

 Ɉɫɬɚɥɶɧɵɟ ɬɪɢ ɱɥɟɧɚ ɨɩɟɪɚɬɨɪɚ Ƚɚɦɢɥɶɬɨɧɚ (2) ɨɩɪɟɞɟɥɹɸɬ 

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɷɥɟɤɬɪɨɫɬɚɬɢɱɟɫɤɨɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɦɟɠɞɭ ɹɞɪɚɦɢ ɢ 

ɷɥɟɤɬɪɨɧɚɦɢ,  ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɦɟɠɞɭ ɷɥɟɤɬɪɨɧɚɦɢ ɢ ɨɬɬɚɥɤɢɜɚɧɢɟ ɹɞɟɪ. 

Ⱦɥɹ ɫɢɫɬɟɦ, ɤɨɬɨɪɵɟ ɫɨɞɟɪɠɚɬ ɛɨɥɶɲɟ ɨɞɧɨɝɨ ɷɥɟɤɬɪɨɧɚ, ɫɭɳɟɫɬɜɭɟɬ 

ɬɨɥɶɤɨ ɱɢɫɥɟɧɧɨɟ ɪɟɲɟɧɢɟ ɭɪɚɜɧɟɧɢɹ ɒɪёɞɢɧɝɟɪɚ. 
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Ɉɞɧɢɦ ɢɡ ɫɩɨɫɨɛɨɜ ɭɩɪɨɫɬɢɬɶ ɪɟɲɟɧɢɟ ɭɪɚɜɧɟɧɢɹ ɒɪёɞɢɧɝɟɪɚ (1) 

ɹɜɥɹɟɬɫɹ ɩɪɢɛɥɢɠɟɧɢɟ Ȼɨɪɧɚ-Ɉɩɩɟɧɝɟɣɦɟɪɚ, ɩɨɡɜɨɥɹɸɳɟɟ ɭɩɪɨɫɬɢɬɶ 

ɧɚɯɨɠɞɟɧɢɟ ɜɨɥɧɨɜɨɣ ɮɭɧɤɰɢɢ. Эɬɨɬ ɦɟɬɨɞ ɨɫɧɨɜɚɧ ɧɚ ɬɨɦ, ɱɬɨ ɦɚɫɫɵ ɹɞɟɪ 

ɡɧɚɱɢɬɟɥɶɧɨ ɩɪɟɜɨɫɯɨɞɹɬ ɦɚɫɫɵ ɷɥɟɤɬɪɨɧɨɜ, ɩɨɷɬɨɦɭ ɹɞɪɚ ɚɬɨɦɨɜ ɦɨɠɧɨ 

ɫɱɢɬɚɬɶ ɧɟɩɨɞɜɢɠɧɵɦɢ, ɚ ɷɥɟɤɬɪɨɧɵ ɞɜɢɠɭɳɢɦɢɫɹ ɜ ɷɥɟɤɬɪɨɫɬɚɬɢɱɟɫɤɨɦ 

ɩɨɥɟ ɹɞɟɪ. Ɍɨɝɞɚ ɤɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ ɹɞɟɪ ɪɚɜɧɚ ɧɭɥɸ, ɚ ɩɨɬɟɧɰɢɚɥɶɧɚɹ 

ɷɧɟɪɝɢɹ ɜ ɫɜɹɡɢ ɫ ɨɬɬɚɥɤɢɜɚɧɢɟɦ ɹɞɟɪ ɞɪɭɝ ɨɬ ɞɪɭɝɚ ɹɜɥɹɟɬɫɹ ɤɨɧɫɬɚɧɬɨɣ, ɚ 

ɝɚɦɢɥɶɬɨɧɢɚɧ ɫɢɫɬɟɦɵ ɩɪɢɧɢɦɚɟɬ ɜɢɞ ɬɚɤ ɧɚɡɵɜɚɟɦɨɝɨ ɷɥɟɤɬɪɨɧɧɨɝɨ 

ɝɚɦɢɥɶɬɨɧɢɚɧɚ: 

 

Ĥelec = − ͳʹ∑∇୧ଶ − ∑ ∑ Z୅r୧୅ + ∑∑ ͳr୧୨୒
୨>𝑖 = T̂ + V̂୒e + V̂ee୒

୧=ଵ
୑

୅=ଵ
୒

୧=ଵ
୒

୧=ଵ  

        

        Ɋɟɲɟɧɢɹ ɭɪɚɜɧɟɧɢɹ ɒɪёɞɢɧɝɟɪɚ (1) ɫ Ĥelec  — ɷɬɨ ɜɨɥɧɨɜɚɹ ɮɭɧɤɰɢɹ 

ɷɥɟɤɬɪɨɧɨɜ Ψelec ɢ ɷɧɟɪɝɢɹ ɷɥɟɤɬɪɨɧɨɜ Eelec. Ψelec  ɡɚɜɢɫɢɬ ɨɬ ɤɨɨɪɞɢɧɚɬ 

ɷɥɟɤɬɪɨɧɨɜ, ɚ ɤɨɨɪɞɢɧɚɬɵ ɹɞɟɪ ɜɯɨɞɹɬ ɜ ɧɟё ɤɚɤ ɩɚɪɚɦɟɬɪɵ. ɉɨɥɧɚɹ ɷɧɟɪɝɢɹ Etot — ɷɬɨ ɫɭɦɦɚ  Eelec ɢ ɷɧɟɪɝɢɢ ɨɬɬɚɥɤɢɜɚɧɢɹ ɹɞɟɪ: 

 

Enuc = ∑ ∑ ZAZB

rAB

M

B>A

M

A=1

 

 

        Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɭɪɚɜɧɟɧɢɟ ɒɪёɞɢɧɝɟɪɚ ɩɪɢɧɢɦɚɟɬ ɜɢɞ: 

 

                                    ĤelecΨelec=EelecΨelec,                                                (3) 

 

ɚ ɩɨɥɧɚɹ ɷɧɟɪɝɢɹ –  

Etot = Eelec + Enuc. 
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1.2 ȼɚɪɢɚɰɢɨɧɧɵɣ ɩɪɢɧɰɢɩ. 

 

Ⱦɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɪɟɲɢɬɶ ɭɪɚɜɧɟɧɢɟ ɒɪёɞɢɧɝɟɪɚ (3) ɞɥɹ ɩɪɨɢɡɜɨɥɶɧɨɣ 

ɦɨɥɟɤɭɥɵ, ɧɟɨɛɯɨɞɢɦɨ ɜɧɚɱɚɥɟ ɨɩɪɟɞɟɥɢɬɶ ɨɩɟɪɚɬɨɪ Ƚɚɦɢɥɶɬɨɧɚ ɞɥɹ 

ɡɚɞɚɧɧɨɣ ɫɢɫɬɟɦɵ, ɬ. ɟ. ɨɩɪɟɞɟɥɢɬɶ ɱɚɫɬɢ ɨɩɟɪɚɬɨɪɚ, ɫɩɟɰɢɮɢɱɟɫɤɢɟ ɞɥɹ ɷɬɨɣ 

ɫɢɫɬɟɦɵ. ɍɪɚɜɧɟɧɢɟ (3) ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɟɞɢɧɫɬɜɟɧɧɨɟ, ɱɬɨ ɡɚɜɢɫɢɬ ɨɬ 

ɫɬɪɨɟɧɢɹ ɦɨɥɟɤɭɥɵ, - ɷɬɨ ɤɨɥɢɱɟɫɬɜɨ ɷɥɟɤɬɪɨɧɨɜ ɜ ɫɢɫɬɟɦɟ ɢ ɜɧɟɲɧɢɣ 

ɩɨɬɟɧɰɢɚɥ  Vext. Ɉɫɬɚɥɶɧɵɟ ɱɚɫɬɢ ɝɚɦɢɥɶɬɨɧɢɚɧɚ, ɨɩɢɫɵɜɚɸɳɢɟ 

ɤɢɧɟɬɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ ɢɥɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɷɥɟɤɬɪɨɧɨɜ, ɹɜɥɹɸɬɫɹ 

ɧɟɡɚɜɢɫɢɦɵɦɢ ɨɬ ɤɨɧɤɪɟɬɧɨɣ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɦɨɥɟɤɭɥɵ. 

Ɍɚɤɠɟ ɦɵ ɞɨɥɠɧɵ ɧɚɣɬɢ ɫɨɛɫɬɜɟɧɧɵɟ ɮɭɧɤɰɢɢ  Ψi  ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ 

ɫɨɛɫɬɜɟɧɧɵɟ ɡɧɚɱɟɧɢɹ Ei ɝɚɦɢɥɶɬɨɧɢɚɧɚ. ɉɨɫɥɟ ɨɩɪɟɞɟɥɟɧɢɹ Ψi ɜɫɟ 

ɢɧɬɟɪɟɫɭɸɳɢɟ ɧɚɫ ɫɜɨɣɫɬɜɚ ɦɨɝɭɬ ɛɵɬɶ ɩɨɥɭɱɟɧɵ ɩɭɬɟɦ ɩɪɢɦɟɧɟɧɢɹ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɨɩɟɪɚɬɨɪɨɜ ɤ ɜɨɥɧɨɜɨɣ ɮɭɧɤɰɢɢ. Ʉ ɫɨɠɚɥɟɧɢɸ, ɷɬɨɬ 

ɩɪɨɫɬɨɣ ɦɟɬɨɞ ɩɨɱɬɢ ɧɟ ɢɦɟɟɬ ɩɪɚɤɬɢɱɟɫɤɨɝɨ ɡɧɚɱɟɧɢɹ, ɬɚɤ ɤɚɤ, ɩɨɦɢɦɨ 

ɧɟɫɤɨɥɶɤɢɯ ɬɪɢɜɢɚɥɶɧɵɯ ɫɥɭɱɚɟɜ, ɧɟ ɫɭɳɟɫɬɜɭɟɬ ɚɧɚɥɢɬɢɱɟɫɤɨɝɨ ɪɟɲɟɧɢɹ 

ɭɪɚɜɧɟɧɢɹ ɒɪёɞɢɧɝɟɪɚ. 

Ɉɞɧɚɤɨ, ɟɝɨ ɦɨɠɧɨ ɪɟɲɢɬɶ ɱɢɫɥɟɧɧɨ, ɩɨɫɬɟɩɟɧɧɨ ɩɪɢɛɥɢɠɚɹɫɶ ɤ 

ɜɨɥɧɨɜɨɣ ɮɭɧɤɰɢɢ ɨɫɧɨɜɧɨɝɨ ɫɨɫɬɨɹɧɢɹ Ψ0, ɤɨɬɨɪɨɟ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 

ɧɚɢɦɟɧɶɲɟɣ ɷɧɟɪɝɢɢ E0. Ɍɚɤɨɣ ɩɪɢɧɰɢɩ ɪɟɲɟɧɢɹ ɧɚɡɵɜɚɟɬɫɹ ɜɚɪɢɚɰɢɨɧɧɵɦ 

ɢ ɢɦɟɟɬ ɦɟɫɬɨ ɜɨ ɜɫɟɯ ɤɜɚɧɬɨɜɨ-ɦɟɯɚɧɢɱɟɫɤɢɯ ɩɪɢɥɨɠɟɧɢɹɯ. 

 

1.2 Мɟɬɨɞ ɏɚɪɬɪɢ-Ɏɨɤɚ. 
 

ɋɭɬɶ ɩɪɢɛɥɢɠɟɧɢɹ ɏɚɪɬɪɢ-Ɏɨɤɚ ɜ ɬɨɦ, ɱɬɨɛɵ ɢɫɤɚɬɶ ɜɨɥɧɨɜɭɸ 

ɮɭɧɤɰɢɸ ɱɟɪɟɡ ɬɚɤ ɧɚɡɵɜɚɟɦɵɣ ɞɟɬɟɪɦɢɧɚɧɬ ɋɥɷɬɟɪɚ 
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Ψ଴ = ଵ√N
det{φଵφଶ … φN}, 

 

ɝɞɟ φiሺx⃗ kሻ - ɷɬɨ ɮɭɧɤɰɢɢ ɨɬ ɨɞɧɨɝɨ ɷɥɟɤɬɪɨɧɚ, ɧɚɡɵɜɚɟɦɵɟ ɫɩɢɧ-

ɨɪɛɢɬɚɥɹɦɢ ɢ ɹɜɥɹɸɳɢɟɫɹ ɩɪɨɢɡɜɟɞɟɧɢɟɦ ɞɜɭɯ ɮɭɧɤɰɢɣ: 

 

φiሺx⃗ kሻ = σiሺk)siሺk). 
 

1.4 Эɤɫɩɨɧɟɧɰɢɚɥɶɧɚɹ ɹɦɚ. 

 

Ɇɧɨɝɨɷɥɟɤɬɪɨɧɧɵɟ ɫɢɫɬɟɦɵ ɫ ɛɨɥɶɲɢɦ ɤɨɥɢɱɟɫɬɜɨɦ ɷɥɟɤɬɪɨɧɨɜ 

ɧɟɜɨɡɦɨɠɧɨ ɨɩɢɫɚɬɶ ɜ ɬɟɪɦɢɧɚɯ ɱɢɫɥɟɧɧɨ ɡɚɞɚɧɧɨɣ ɜɨɥɧɨɜɨɣ ɮɭɧɤɰɢɢ, ɬɚɤ 

ɤɚɤ ɟё ɧɟɜɨɡɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜ ɩɚɦɹɬɶ ɤɨɦɩɶɸɬɟɪɚ. ȿɫɥɢ ɞɥɹ ɡɚɩɢɫɢ ɜɨɥɧɨɜɨɣ 

ɮɭɧɤɰɢɢ ɧɚ ɨɞɧɭ ɩɟɪɟɦɟɧɧɭɸ ɢɫɩɨɥɶɡɨɜɚɬɶ q ɛɢɬ ɩɚɦɹɬɢ, ɬɨ ɞɥɹ ɩɨɥɧɨɝɨ 

ɱɢɫɥɚ ɩɟɪɟɦɟɧɧɵɯ ɩɨɬɪɟɛɭɟɬɫɹ B=q3N ɛɢɬ, ɱɬɨ ɩɪɢ ɛɨɥɶɲɨɦ ɱɢɫɥɟ 

ɷɥɟɤɬɪɨɧɨɜ — ɨɝɪɨɦɧɵɣ ɨɛɴɟɦ ɢɧɮɨɪɦɚɰɢɢ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɜɚɧɬɨɜɨ-

ɦɟɯɚɧɢɱɟɫɤɢɟ ɪɚɫɱёɬɵ ɫ ɩɨɦɨɳɶɸ ɦɧɨɝɨɷɥɟɤɬɪɨɧɧɨɣ ɜɨɥɧɨɜɨɣ ɮɭɧɤɰɢɢ 

ɹɜɥɹɸɬɫɹ ɫɥɢɲɤɨɦ ɡɚɬɪɚɬɧɵɦɢ. 

 

1.5 Ɍɟɨɪɢɹ ɮɭɧɤɰɢɨɧɚɥɚ ɩɥɨɬɧɨɫɬɢ. 

 

ȼ ɬɟɨɪɢɢ ɮɭɧɤɰɢɨɧɚɥɚ ɩɥɨɬɧɨɫɬɢ ɜ ɤɚɱɟɫɬɜɟ ɨɫɧɨɜɧɨɣ ɮɭɧɤɰɢɢ, ɫ 

ɩɨɦɨɳɶɸ ɤɨɬɨɪɨɣ ɦɨɠɧɨ ɧɚɣɬɢ ɨɫɧɨɜɧɭɸ ɢɧɮɨɪɦɚɰɢɸ ɨ ɦɧɨɝɨɷɥɟɤɬɪɨɧɧɨɣ 

ɫɢɫɬɟɦɟ, ɢɫɩɨɥɶɡɭɟɬɫɹ ɷɥɟɤɬɪɨɧɧɚɹ ɩɥɨɬɧɨɫɬɶ: 
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ρ(r )=N ∫…∫|Ψሺx⃗ ଵx⃗ ଶ, … , x⃗ ୒ሻ|ଶdsଵdx⃗ ଶ …dx⃗ ୒.                                ሺ4ሻ 
 

Эɬɚ ɮɭɧɤɰɢɹ ɨɩɪɟɞɟɥɹɟɬ ɜɟɪɨɹɬɧɨɫɬɶ, ɫ ɤɨɬɨɪɨɣ ɦɨɠɧɨ ɨɛɧɚɪɭɠɢɬɶ 

ɥɸɛɨɣ ɢɡ N ɷɥɟɤɬɪɨɧɨɜ ɜ ɷɥɟɦɟɧɬɚɪɧɨɦ ɨɛɴёɦɟ dr  ɫ ɥɸɛɵɦ ɫɩɢɧɨɦ ɜ ɬo 

ɜɪɟɦɹ, ɤɚɤ ɜɫɟ ɞɪɭɝɢɟ ɷɥɟɤɬɪɨɧɵ ɨɛɥɚɞɚɸɬ ɩɪɨɢɡɜɨɥɶɧɵɦɢ ɤɨɨɪɞɢɧɚɬɚɦɢ ɢ 

ɫɩɢɧɚɦɢ. Эɥɟɤɬɪɨɧɧɚɹ ɩɥɨɬɧɨɫɬɶ (4) ɹɜɥɹɟɬɫɹ ɮɭɧɤɰɢɟɣ ɨɬ ɬɪёɯ ɤɨɨɪɞɢɧɚɬ, 

ɧɚ ɛɟɫɤɨɧɟɱɧɨɫɬɢ ɪɚɜɧɚ ɧɭɥɸ  

ρሺr → ∞ሻ=0. 

 

Эɥɟɤɬɪɨɧɧɚɹ ɩɥɨɬɧɨɫɬɶ, ɜ ɨɬɥɢɱɢɟ ɨɬ ɜɨɥɧɨɜɨɣ ɮɭɧɤɰɢɢ, ɢɦɟɟɬ 

ɮɢɡɢɱɟɫɤɢɣ ɫɦɵɫɥ ɢ ɦɨɠɟɬ ɛɵɬɶ ɢɡɦɟɪɟɧɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ. 

       Ɍɟɨɪɟɬɢɱɟɫɤɨɟ ɨɛɨɫɧɨɜɚɧɢɟ ɦɟɬɨɞɨɜ ɌɎɉ ɨɫɧɨɜɚɧɨ ɧɚ ɞɜɭɯ ɬɟɨɪɟɦɚɯ, 

ɞɨɤɚɡɚɧɧɵɯ ɜ 1964 ɉ.ɏɨɷɧɛɟɪɝɨɦ ɢ ȼ.Ʉɨɧɨɦ: 

Ɍɟɨɪɟɦɚ 1. Ⱦɥɹ ɥɸɛɨɣ ɫɢɫɬɟɦɵ ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɳɢɯ ɷɥɟɤɬɪɨɧɨɜ, 

ɧɚɯɨɞɹɳɢɯɫɹ ɜɨ ɜɧɟɲɧɟɦ ɩɨɬɟɧɰɢɚɥɟ Vextሺr ሻ, ɩɨɬɟɧɰɢɚɥ Vextሺr ሻ ɨɩɪɟɞɟɥɹɟɬɫɹ 

ɨɞɧɨɡɧɚɱɧɨ (ɫ ɬɨɱɧɨɫɬɶɸ ɞɨ ɧɟɫɭɳɟɫɬɜɟɧɧɨɣ ɤɨɧɫɬɚɧɬɵ) ɷɥɟɤɬɪɨɧɧɨɣ 

ɩɥɨɬɧɨɫɬɶɸ ɨɫɧɨɜɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ρ(r ). 
Ɍɟɨɪɟɦɚ 2. Ɏɭɧɤɰɢɨɧɚɥ E[ρ], ɩɪɟɞɫɬɚɜɥɹɸɳɢɣ ɫɨɛɨɣ ɷɧɟɪɝɢɸ ɫɢɫɬɟɦɵ, 

ɞɨɫɬɢɝɚɟɬ ɫɜɨɟɝɨ ɦɢɧɢɦɭɦɚ ɬɨɝɞɚ ɢ ɬɨɥɶɤɨ ɬɨɝɞɚ, ɤɨɝɞɚ ρ=ρ଴ , ɝɞɟ ρ଴ - 
ɢɫɬɢɧɧɚɹ ɷɥɟɤɬɪɨɧɧɚɹ ɩɥɨɬɧɨɫɬɶ ɨɫɧɨɜɧɨɝɨ ɫɨɫɬɨɹɧɢɹ. 

Ⱦɚɧɧɵɟ ɬɟɨɪɟɦɵ ɞɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɷɥɟɤɬɪɨɧɧɭɸ ɩɥɨɬɧɨɫɬɶ ɦɨɠɧɨ 

ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɥɹ ɧɚɯɨɠɞɟɧɢɹ ɨɫɧɨɜɧɵɯ ɫɜɨɣɫɬɜ ɦɧɨɝɨɷɥɟɤɬɪɨɧɧɨɣ ɫɢɫɬɟɦɵ. 

 

1.6 Мɟɬɨɞɵ B3LYP ɢ PBE0. 
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Ⱦɥɹ ɪɚɫɱёɬɨɜ ɜ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɢɦɟɧɹɥɢɫɶ ɝɢɛɪɢɞɧɵɟ ɩɨɬɟɧɰɢɚɥɵ 

PBE0 (5) ɢ B3LYP (6), ɜɵɪɚɠɚɸɳɢɟ ɷɧɟɪɝɢɸ ɫɢɫɬɟɦɵ ɱɟɪɟɡ ɫɭɦɦɭ 

ɫɥɚɝɚɟɦɵɯ. 

 

                        EXC
PBE0=EXC

GGA+0.25(EX
HF-EX

GGA)                                                (5) 

 

EX
HF −ɨɛɦɟɧɧɵɣ ɮɭɧɤɰɢɨɧɚɥ ɏɚɪɬɪɢ-Ɏɨɤɚ, 

EX
GGA −ɩɪɢɛɥɢɠɟɧɢɟ ɷɧɟɪɝɢɢ ɨɛɦɟɧɧɨ-ɤɨɪɪɟɥɹɰɢɨɧɧɵɯ ɜɡɚɢɦɨɞɟɣɫɬɜɢɣ 

ɩɨ ɦɟɬɨɞɭ ɨɛɨɛɳёɧɧɨɝɨ ɝɪɚɞɢɟɧɬɚ, 

  EXC
B3LYP = ሺ1 − ܽሻEX

LSDA + ܽEX
HF + ܾEX

B88 + ܿEC
LYP + ሺ1 − ܿሻEC

LSDA              (6) 

 

EX
LSDA −ɥɨɤɚɥɶɧɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ, 

EX
B88 −ɮɭɧɤɰɢɨɧɚɥ Ȼɟɤɤɟ, 

EC
LYP −ɤɨɪɪɟɥɹɰɢɨɧɧɵɣ LYP-ɮɭɧɤɰɢɨɧɚɥ, 

 

Ɏɭɧɤɰɢɨɧɚɥ B3LYP ɹɜɥɹɟɬɫɹ ɞɨɜɨɥɶɧɨ ɪɚɫɩɪɨɫɬɪɚɧёɧɧɵɦ ɜ ɤɜɚɧɬɨɜɨ-

ɦɟɯɚɧɢɱɟɫɤɢɯ ɪɚɫɱёɬɚɯ ɢ ɞɚёɬ ɯɨɪɨɲɢɟ ɪɟɡɭɥɶɬɚɬɵ. ɇɨ ɞɥɹ ɢɡɭɱɟɧɢɹ 

ɦɚɝɧɢɬɧɵɯ ɢ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɦɨɥɟɤɭɥ ɛɨɥɶɲɟ ɩɨɞɯɨɞɢɬ ɝɢɛɪɢɞɧɵɣ 

ɮɭɧɤɰɢɨɧɚɥ PBE0.[10] 

ȼ ɤɚɱɟɫɬɜɟ ɛɚɡɢɫɧɵɯ ɮɭɧɤɰɢɣ ɞɥɹ ɝɚɞɨɥɢɧɢɹ ɩɪɢɦɟɧɹɥɫɹ ɦɟɬɨɞ 

ɩɫɟɜɞɨɩɨɬɟɧɰɢɚɥɚ SDD, ɤɨɬɨɪɵɣ ɡɚ ɫɱёɬ ɜɧɭɬɪɟɧɧɟɝɨ ɩɨɬɟɧɰɢɚɥɚ, 

ɫɨɡɞɚɜɚɟɦɨɝɨ ɹɞɪɨɦ ɢ ɷɥɟɤɬɪɨɧɚɦɢ ɨɛɨɥɨɱɟɤ, ɛɥɢɡɤɢɯ ɤ ɹɞɪɭ, ɭɱɢɬɵɜɚɟɬ 

ɪɟɥɹɬɢɜɢɫɬɫɤɢɟ ɷɮɮɟɤɬɵ.  
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Ƚɥɚɜɚ 2. ɋɬɪɨɟɧɢɟ ɢ ɫɜɨɣɫɬɜɚ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ 

ɷɥɟɦɟɧɬɨɜ ɢ ɫɬɪɭɤɬɭɪ. 

2.1 Ƚɚɞɨɥɢɧɢɣ. 

 

Ƚɚɞɨɥɢɧɢɣ — ɷɥɟɦɟɧɬ III ɝɪɭɩɩɵ ɩɟɪɢɨɞɢɱɟɫɤɨɣ ɬɚɛɥɢɰɵ Ɇɟɧɞɟɥɟɟɜɚ, 

ɩɨɪɹɞɤɨɜɵɣ ɧɨɦɟɪ — 64. Эɥɟɤɬɪɨɧɧɚɹ ɤɨɧɮɢɝɭɪɚɰɢɹ ɝɚɞɨɥɢɧɢɹ: 

 

1s22s22p63s23p64s23d104p65s24d105p66s24f75d1. 
 

Эɥɟɦɟɧɬ ɢɦɟɟɬ 8 ɧɟɫɩɚɪɟɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɧɚ 4d- ɢ 5f-ɨɪɛɢɬɚɥɹɯ, ɨɛɳɚɹ 

ɩɪɨɟɤɰɢɹ ɫɩɢɧɚ Ms ɪɚɜɧɚ 4, ɚ ɦɭɥɶɬɢɩɥɟɬɧɨɫɬɶ — 9.  

 

Ɋɢɫɭɧɨɤ 1. ɇɚɩɪɚɜɥɟɧɢɹ ɫɩɢɧɨɜ ɷɥɟɤɬɪɨɧɨɜ ɧɚ 4f- ɢ 5d-ɨɪɛɢɬɚɥɹɯ ɝɚɞɨɥɢɧɢɹ. 

 

ȼ ɬɚɛɥ. 1 ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɟɤɨɬɨɪɵɟ ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɚɬɨɦɚ 

ɝɚɞɨɥɢɧɢɹ, ɪɚɫɫɱɢɬɚɧɧɵɟ ɦɟɬɨɞɨɦ PBE1PBE/SDD ɫ ɦɭɥɶɬɢɩɥɟɬɧɨɫɬɶɸ 9.  

 

Ɍɚɛɥɢɰɚ 1. ɇɟɤɨɬɨɪɵɟ ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɝɚɞɨɥɢɧɢɹ (PBE1PBE/SDD). 

ɇɚɡɜɚɧɢɟ ɉɨɥɧɚɹ ɷɧɟɪɝɢɹ, 

(ɚ.ɟ.) 

ɋɩɢɧɨɜɚɹ 

ɩɥɨɬɧɨɫɬɶ, (ɚ.ɟ.) 

ɉɪɨɟɤɰɢɹ ɦɚɝɧɢɬɧɨɝɨ 

ɦɨɦɟɧɬɚ, (ɚ.ɟ.) 

Gd -765.617606 8 20.34 
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2.2 Ɏɭɥɥɟɪɟɧ. 

 

      Ɏɭɥɥɟɪɟɧ — ɚɥɥɨɬɪɨɩɧɚɹ ɮɨɪɦɚ ɭɝɥɟɪɨɞɚ, ɨɬɤɪɵɬɚɹ ɜ 1985 ɝɨɞɭ 

Ɋɢɱɚɪɞɨɦ ɋɦɨɥɥɢ ɢ ɟɝɨ ɤɨɥɥɟɝɚɦɢ, ɤɨɬɨɪɵɟ ɜ ɩɨɫɥɟɞɫɬɜɢɢ ɜ 1996 ɝɨɞɭ ɛɵɥɢ 

ɧɚɝɪɚɠɞɟɧɵ ɇɨɛɟɥɟɜɫɤɨɣ ɩɪɟɦɢɟɣ ɩɨ ɯɢɦɢɢ. 

Ɏɭɥɥɟɪɟɧ  C6଴ ɫɨɫɬɨɢɬ ɢɡ ɲɟɫɬɢɞɟɫɹɬɢ ɚɬɨɦɨɜ ɭɝɥɟɪɨɞɚ, ɫɨɛɪɚɧɧɵɯ ɜ 

ɲɟɫɬɢ- ɢ ɩɹɬɢɭɝɨɥɶɧɢɤɢ, ɤɨɬɨɪɵɟ, ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ, ɨɛɪɚɡɭɸɬ ɫɮɟɪɢɱɟɫɤɭɸ 

ɩɨɜɟɪɯɧɨɫɬɶ ɫ ɩɨɥɨɫɬɶɸ ɜɧɭɬɪɢ.  

Ɍɟɦ ɠɟ ɦɟɬɨɞɨɦ, ɱɬɨ ɢ ɚɬɨɦ ɝɚɞɨɥɢɧɢɹ ɛɵɥɚ ɪɚɫɫɱɢɬɚɧɚ ɫɬɪɭɤɬɭɪɚ  C6଴ 

(ɪɢɫ. 2), ɪɟɡɭɥɶɬɚɬɵ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥɢɰɟ 2. Ɇɭɥɶɬɢɩɥɟɬɧɨɫɬɶ ɩɨɥɚɝɚɥɚɫɶ 

ɪɚɜɧɨɣ 1, ɬɚɤ ɤɚɤ ɱɢɫɬɵɣ ɮɭɥɥɟɪɟɧ ɧɟ ɫɨɞɟɪɠɢɬ ɧɟɫɩɚɪɟɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ. 

 

 

       

 

 

 

 

 

 

 

 

 

 

 

Ɋɢɫɭɧɨɤ 2. ɋɬɪɭɤɬɭɪɚ C6଴, ɨɩɬɢɦɢɡɢɪɨɜɚɧɧɚɹ ɦɟɬɨɞɨɦ PBE1PBE/SDD. 
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Ɍɚɛɥɢɰɚ 2. Ɉɫɧɨɜɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ C6଴, ɨɩɬɢɦɢɡɢɪɨɜɚɧɧɨɝɨ ɦɟɬɨɞɨɦ PBE1PBE/SDD. 

ɇɚɡɜɚɧɢɟ ɉɨɥɧɚɹ ɷɧɟɪɝɢɹ Ɋɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɚɬɨɦɚɦɢ 

 C6଴ -3048.8574869 R1=1.39836 

R2=1.45692 

 

Ʉɚɤ ɜɢɞɧɨ ɜ ɬɚɛɥ. 3, ɡɚɪɹɞɵ ɩɨ Ɇɚɥɥɢɤɟɧɭ ɧɚ ɚɬɨɦɚɯ ɭɝɥɟɪɨɞɚ ɩɨ ɚɛɫɨɥɸɬɧɨɣ 

ɜɟɥɢɱɢɧɟ ɧɟ ɩɪɟɜɨɫɯɨɞɹɬ 0.0008 ɚ.ɟ. ɋɩɢɧɨɜɚɹ ɩɥɨɬɧɨɫɬɶ ɧɚ ɜɫɟɯ ɚɬɨɦɚɯ 

ɪɚɜɧɚ ɧɭɥɸ. 

                                  Ɍɚɛɥɢɰɚ 3. Ɂɚɪɹɞɵ ɩɨ Ɇɚɥɥɢɤɟɧɭ ɜ ɦɨɥɟɤɭɥɟ  C6଴. 

ɇɨɦɟɪ ɚɬɨɦɚ Ɂɚɪɹɞ, ɚ.ɟ. 

1ɋ 0.000048 

2ɋ 0.000415 

3ɋ 0.000122 

4ɋ -0.000281 

5ɋ 0.000229 

6ɋ 0.000425 

7ɋ -0.000519 

8ɋ 0.000530 

9ɋ 0.000520 

10ɋ 0.000146 

11ɋ -0.000208 

12ɋ -0.000628 

13ɋ 0.000013 

14ɋ 0.000228 
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15ɋ 0.000709 

16ɋ -0.000418 

17ɋ -0.000074 

18ɋ 0.000446 

19ɋ -0.000037 

20ɋ -0.000646 

21ɋ -0.000652 

22ɋ 0.000532 

23ɋ 0.000227 

24ɋ -0.000196 

25ɋ -0.000195 

26ɋ 0.000007 

27ɋ 0.000793 

28ɋ -0.000148 

29ɋ -0.000514 

30ɋ -0.000414 

31ɋ 0.000010 

32ɋ 0.000421 

33ɋ 0.000102 

34ɋ -0.000041 

35ɋ -0.000871 

36ɋ 0.000418 

37ɋ 0.000716 



16 

38ɋ -0.000191 

39ɋ -0.000656 

40ɋ 0.000222 

41ɋ 0.000050 

42ɋ -0.000627 

43ɋ 0.000144 

44ɋ -0.000123 

45ɋ 0.000106 

46ɋ -0.000278 

47ɋ 0.000414 

48ɋ -0.000875 

49ɋ -0.000190 

50ɋ 0.000419 

51ɋ -0.000041 

52ɋ 0.000789 

53ɋ -0.000074 

54ɋ -0.000150 

55ɋ 0.000010 

56ɋ -0.000038 

57ɋ 0.000523 

58ɋ -0.000645 

59ɋ 0.000447 

60ɋ -0.000208 
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Ƚɥɚɜɚ 3. ɉɪɨɢɡɜɨɞɧɵɟ ɮɭɥɥɟɪɟɧɚ C6଴. 

3.1 Эɧɞɨɷɞɪɚɥɶɧɵɣ ɤɨɦɩɥɟɤɫ ɮɭɥɥɟɪɟɧɚ C𝟔𝟎 ɫ ɝɚɞɨɥɢɧɢɟɦ. 

Ɍɟɦ ɠɟ ɦɟɬɨɞɨɦ, ɱɬɨ ɢ ɪɚɧɟɟ ɪɚɫɫɦɨɬɪɟɧɧɵɟ ɫɨɟɞɢɧɟɧɢɹ, ɛɵɥɚ 

ɪɚɫɫɱɢɬɚɧɚ ɨɩɬɢɦɚɥɶɧɚɹ ɝɟɨɦɟɬɪɢɹ ɷɧɞɨɤɨɦɩɥɟɤɫɚ Gd@C60 (ɪɢɫ. 3). 

 

 

 

 

 

 

 

 

 

 

 

Ɋɢɫɭɧɨɤ 3. ɋɬɪɭɤɬɭɪɚ Gd@C60 , ɨɩɬɢɦɢɡɢɪɨɜɚɧɧɚɹ ɦɟɬɨɞɨɦ PBE1PBE/SDD. 
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Ɋɢɫɭɧɨɤ 4. Ƚɪɚɮɢɤ ɫɯɨɞɢɦɨɫɬɢ ɨɩɬɢɦɢɡɚɰɢɢ ɝɟɨɦɟɬɪɢɢ Gd@C60. 

 

ȼ ɬɚɛɥ. 4 ɩɪɟɞɫɬɚɜɥɟɧɵ ɨɫɧɨɜɧɵɟ ɫɜɨɣɫɬɜɚ ɷɧɞɨɤɨɦɩɥɟɤɫɚ. 

Ɍɚɛɥɢɰɚ 4. Ɉɫɧɨɜɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɦɨɥɟɤɭɥɵ Gd@C60. 

ɋɬɪɭɤɬɭɪɚ ɑɚɫɬɨɬɚ 
ɜɚɥɟɧɬɧɨɝɨ
ɤɨɥɟɛɚɧɢɹ 
Gd, ɫɦ-1 
 

ɉɨɥɧɚɹ ɷɧɟɪɝɢɹ 
ɫɢɫɬɟɦɵ, ɚ.ɟ. 
 

Ⱦɥɢɧɚ 
ɫɜɹɡɢ Gd c 
ɩɨɥɨɫɬɶɸ 
C60, Å 

Ⱦɢɩ. 
ɦɨɦɟɧɬ,
ɞɟɛɚɣ 
 

S2, ɚ.ɟ. 

Gd@C60 170.66 
 

-3048.8574869 
 

R1=2.41 
R2=2.41 
R3=2.66 

1.88 

 

20.07 
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Ɋɢɫɭɧɨɤ 5. Ʉɨɥɟɛɚɬɟɥɶɧɵɣ ɫɩɟɤɬɪ  Gd@C60. 

 

ɏɨɬɹ ɪɚɜɧɨɜɟɫɧɚɹ ɝɟɨɦɟɬɪɢɹ ɞɚɧɧɨɣ ɫɢɫɬɟɦɵ ɧɚɣɞɟɧɚ ɭɫɩɟɲɧɨ, ɜ 

ɩɪɨɰɟɫɫɟ ɜɵɱɢɫɥɟɧɢɹ ɱɚɫɬɨɬ ɛɵɥɨ ɨɛɧɚɪɭɠɟɧɨ ɦɧɢɦɨɟ ɤɨɥɟɛɚɧɢɟ ɫ 

ɨɬɪɢɰɚɬɟɥɶɧɨɣ ɱɚɫɬɨɬɨɣ (ɪɢɫ. 4). Эɬɚ ɱɚɫɬɨɬɚ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɥɚɛɵɦ 

ɤɨɥɟɛɚɧɢɹɦ ɝɚɞɨɥɢɧɢɹ ɜɧɭɬɪɢ ɮɭɥɥɟɪɟɧɚ, ɱɬɨ, ɜɢɞɢɦɨ, ɯɚɪɚɤɬɟɪɧɨ ɞɥɹ 

ɫɟɞɥɨɜɨɣ ɬɨɱɤɢ ɜ ɩɨɞɨɛɧɵɯ ɫɬɪɭɤɬɭɪɚɯ. ɉɨɷɬɨɦɭ ɬɨɱɧɨɫɬɶ ɜɵɱɢɫɥɟɧɢɹ 

ɩɨɥɧɨɣ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ ɜ ɬɚɤɨɦ ɫɥɭɱɚɟ ɩɨɧɢɠɚɟɬɫɹ. 

ɇɚ ɪɢɫ. 3 ɜɢɞɧɨ, ɱɬɨ Gd ɨɛɪɚɡɭɟɬ 3 ɫɜɹɡɢ ɫ ɩɨɜɟɪɯɧɨɫɬɶɸ ɮɭɥɥɟɪɟɧɚ, ɧɨ, 

ɫɨɝɥɚɫɧɨ ɪɚɫɱёɬɚɦ, ɟɝɨ ɜɚɥɟɧɬɧɨɫɬɶ ɪɚɜɧɚ 3.86. Эɬɨ ɨɛɴɹɫɧɹɟɬɫɹ ɧɟ ɫɨɜɫɟɦ 

ɤɨɪɪɟɤɬɧɨɣ ɜɢɡɭɚɥɢɡɚɰɢɟɣ ɪɚɫɱёɬɨɜ ɜ ɩɪɨɝɪɚɦɦɧɵɯ ɩɚɤɟɬɚɯ. 

ɋɩɢɧɨɜɚɹ ɩɥɨɬɧɨɫɬɶ ɜ ɷɧɞɨɤɨɦɩɥɟɤɫɟ ɩɟɪɟɪɚɫɩɪɟɞɟɥɹɟɬɫɹ (ɫɦ. ɬɚɛɥ. 5), 

ɱɚɫɬɢɱɧɨ ɩɟɪɟɯɨɞɹ ɫ ɝɚɞɨɥɢɧɢɹ ɧɚ ɚɬɨɦɵ ɭɝɥɟɪɨɞɚ. Ɂɚɪɹɞɵ ɩɨ Ɇɚɥɥɢɤɟɧɭ ɧɚ 

ɚɬɨɦɚɯ ɩɨ ɚɛɫɨɥɸɬɧɨɦɭ ɡɧɚɱɟɧɢɸ ɧɟ ɩɪɟɜɨɫɯɨɞɹɬ 0.08. 
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ɂɡ-ɡɚ ɩɟɪɟɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤɬɪɨɧɨɜ ɷɥɟɤɬɪɨɧɧɚɹ ɤɨɧɮɢɝɭɪɚɰɢɹ ɧɚ 

ɜɧɟɲɧɢɯ ɨɛɨɥɨɱɤɚɯ ɝɚɞɨɥɢɧɢɹ ɦɟɧɹɟɬɫɹ ɧɚ 

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

 

Ɍɚɛɥɢɰɚ 5. Ɂɚɪɹɞɵ ɩɨ Ɇɚɥɥɢɤɟɧɭ ɢ ɫɩɢɧɨɜɵɟ ɩɥɨɬɧɨɫɬɢ  Gd@C60. 

ɇɨɦɟɪ ɚɬɨɦɚ Ɂɚɪɹɞ, ɚ.ɟ. ɋɩɢɧɨɜɚɹ 

ɩɥɨɬɧɨɫɬɶ, 

ɚ.ɟ. 

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 

61ɋ 0.419975 7.156453 

 

 

3.2 Ƚɢɞɪɨɤɫɢɥɢɪɨɜɚɧɧɵɟ ɮɭɥɥɟɪɟɧɵ C60(OH)n. 

 

ɋɚɦɢ ɮɭɥɥɟɪɟɧɵ ɧɟ ɪɚɫɬɜɨɪɢɦɵ ɜ ɜɨɞɟ, ɧɨ ɢɯ ɝɢɞɪɨɤɫɢɥɢɪɨɜɚɧɢɟ ɜ ɬɨɣ 

ɢɥɢ ɢɧɨɣ ɫɬɟɩɟɧɢ ɩɪɢɜɨɞɢɬ ɤ ɪɚɫɬɜɨɪɢɦɨɫɬɢ. ɉɨɷɬɨɦɭ, ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ 

ɮɢɡɢɨɥɨɝɢɢ,  ɜ ɤɚɱɟɫɬɜɟ ɧɚɧɨɤɨɧɬɟɣɧɟɪɨɜ ɞɥɹ ɬɹɠɟɥɨɝɨ ɦɟɬɚɥɥɚ ɥɭɱɲɟ 

ɢɫɩɨɥɶɡɨɜɚɬɶ ɝɢɞɪɨɤɫɢɥɢɪɨɜɚɧɧɵɟ ɮɭɥɥɟɪɟɧɵ. Ȼɨɥɟɟ ɬɨɝɨ, ɢɡɜɟɫɬɧɨ, 

ɤɨɦɩɥɟɤɫɵ C60(OH)n ɨɛɥɚɞɚɸɬ ɫɢɥɶɧɵɦ ɩɪɨɬɢɜɨɨɩɭɯɨɥɟɜɵɦ ɢ 

ɢɦɦɭɧɨɫɬɢɦɭɥɢɪɭɸɳɢɦ ɷɮɮɟɤɬɨɦ [11]. 

Ɋɚɫɫɦɨɬɪɢɦ ɩɪɨɰɟɫɫ ɝɢɞɪɨɤɫɢɥɢɪɨɜɚɧɢɹ ɦɨɥɟɤɭɥɵ ɮɭɥɥɟɪɟɧɚ, 

ɦɨɞɟɥɢɪɭɹ ɫɬɪɭɤɬɭɪɵ C60(OH)n, ɝɞɟ n=1,…,12. ȼ ɬɚɛɥ. 6 ɩɪɢɜɟɞɟɧɵ ɱɚɫɬɨɬɵ 

ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɢɯ ɜɚɥɟɧɬɧɵɯ ɤɨɥɟɛɚɧɢɣ OH-ɝɪɭɩɩ. ɏɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɢɟ 

ɱɚɫɬɨɬɵ OH ɜ ɫɪɟɞɧɟɦ ɧɢɠɟ ɜ ɦɨɥɟɤɭɥɚɯ ɫ ɧɟɱёɬɧɵɦ ɱɢɫɥɨɦ ɝɢɞɪɨɤɫɢɥɶɧɵɯ 

ɝɪɭɩɩ, ɜɨɡɦɨɠɧɨ, ɢɡ-ɡɚ ɨɫɨɛɟɧɧɨɫɬɟɣ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤɬɪɨɧɧɨɣ ɩɥɨɬɧɨɫɬɢ. 
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ɇɢɡɤɢɟ ɱɚɫɬɨɬɵ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɛɨɥɟɟ ɫɥɚɛɵɦ ɫɜɹɡɹɦ, ɚ ɡɧɚɱɢɬ ɢɦɟɧɧɨ 

ɦɨɥɟɤɭɥɵ ɫ ɧɟɱёɬɧɵɦ ɱɢɫɥɨɦ ɝɢɞɪɨɤɫɨɝɪɭɩɩ ɞɨɥɠɧɵ ɛɵɬɶ ɛɨɥɟɟ ɪɚɫɬɜɨɪɢɦɵ 

ɜ ɜɨɞɟ. Ɍɚɤɠɟ ɫɥɟɞɭɟɬ ɭɱɢɬɵɜɚɬɶ ɜɟɥɢɱɢɧɭ ɞɢɩɨɥɶɧɨɝɨ ɦɨɦɟɧɬɚ, ɩɨɫɤɨɥɶɤɭ 

ɨɧ ɨɩɪɟɞɟɥɹɟɬ ɪɚɫɬɜɨɪɢɦɨɫɬɶ ɜ ɦɨɞɟɥɢ ɪɟɚɤɬɢɜɧɨɝɨ ɩɨɥɹ Ɉɧɡɚɝɟɪɚ. 

 

Ɍɚɛɥɢɰɚ 6. ɏɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ C60(OH)n, ɞɢɩɨɥɶɧɵɣ ɦɨɦɟɧɬ ɢ ɩɨɥɧɚɹ ɷɧɟɪɝɢɹ 

ɦɨɥɟɤɭɥ. 

ɑɢɫɥɨ 

OH-

ɝɪɭɩɩ 

ɑɚɫɬɨɬɵ OH ɋɪɟɞɧɟɟ ɡɧɚɱɟɧɢɟ 

ɱɚɫɬɨɬ 

Ⱦɢɩɨɥɶɧɵɣ 

ɦɨɦɟɧɬ 

ɉɨɥɧɚɹ ɷɧɟɪɝɢɹ 

ɫɢɫɬɟɦɵ 

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 
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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 ɋɢɥɨɜɚɹ ɩɨɫɬɨɹɧɧɚɹ 

 

ɑɬɨɛɵ ɨɰɟɧɢɬɶ ɭɩɪɭɝɢɟ ɫɜɨɣɫɬɜɚ OH-ɝɪɭɩɩɵ, ɛɵɥɢ ɪɚɫɫɱɢɬɚɧɵ ɫɢɥɨɜɵɟ 

ɩɨɫɬɨɹɧɧɵɟ ɞɥɹ ɫɢɫɬɟɦɵ ɫ ɨɞɧɨɣ (ɪɢɫ. 5) ɢ ɫ ɞɜɭɦɹ (ɪɢɫ. 6) ɝɢɞɪɨɤɫɢɥɶɧɵɦɢ 

ɝɪɭɩɩɚɦɢ. 

ȼɚɥɟɧɬɧɨɟ ɤɨɥɟɛɚɧɢɟ ɚɬɨɦɚ ɜ ɦɨɥɟɤɭɥɟ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɤɨɥɟɛɚɧɢɟ 

ɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɤɜɚɧɬɨɜɨɝɨ ɨɫɰɢɥɥɹɬɨɪɚ.  

 

 

 

 

 

 

 

 

Ɋɢɫɭɧɨɤ 5. ɋɬɪɭɤɬɭɪɚ C60OH, ɨɩɬɢɦɢɡɢɪɨɜɚɧɧɚɹ ɦɟɬɨɞɨɦ B3LYP/SDD. 
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 Ɋɢɫɭɧɨɤ 6. ɋɬɪɭɤɬɭɪɚ C60ሺOHሻଶ, ɨɩɬɢɦɢɡɢɪɨɜɚɧɧɚɹ ɦɟɬɨɞɨɦ B3LYP/SDD. 

ɇɚ ɪɢɫ. 7 ɩɪɟɞɫɬɚɜɥɟɧɚ ɩɨɬɟɧɰɢɚɥɶɧɚɹ ɤɪɢɜɚɹ, ɤɨɬɨɪɚɹ ɯɚɪɚɤɬɟɪɢɡɭɟɬ 

ɢɡɦɟɧɟɧɢɟ ɩɨɥɧɨɣ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ C60OH ɩɪɢ ɭɩɪɭɝɨɦ ɢɡɦɟɧɟɧɢɢ ɞɥɢɧɵ 

ɫɜɹɡɢ. ȼ ɪɚɜɧɨɜɟɫɧɨɣ ɝɟɨɦɟɬɪɢɢ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ O ɢ H  0.98321 Å, ɚ ɩɨɥɧɚɹ 

ɷɧɟɪɝɢɹ ɫɢɫɬɟɦɵ ɪɚɜɧɚ -2361.4534845 ɚ.ɟ. ɉɪɢɦɟɦ ɷɬɭ ɬɨɱɤɭ ɡɚ ɧɭɥɟɜɭɸ ɢ 

ɛɭɞɟɦ ɪɚɫɫɱɢɬɵɜɚɬɶ ɷɧɟɪɝɢɸ ɫɢɫɬɟɦɵ, ɢɡɦɟɧɹɹ ɞɥɢɧɭ ɫɜɹɡɢ.  

x — ɷɬɨ ɢɡɦɟɧɟɧɢɟ ɪɚɫɫɬɨɹɧɢɹ ɦɟɠɞɭ ɚɬɨɦɚɦɢ OH ɨɬɧɨɫɢɬɟɥɶɧɨ 

ɩɨɥɨɠɟɧɢɹ ɜ ɪɚɜɧɨɜɟɫɧɨɣ ɝɟɨɦɟɬɪɢɢ, ȿ — ɷɧɟɪɝɢɹ ɫɢɫɬɟɦɵ. 

 

 

 

 

 

 

 

 

 

 

 

Ɋɢɫɭɧɨɤ 7. Ɂɚɜɢɫɢɦɨɫɬɶ ɩɨɥɧɨɣ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ C60OH ɨɬ ɨɬɤɥɨɧɟɧɢɹ ɚɬɨɦɚ ɜɨɞɨɪɨɞɚ ɨɬ 

ɪɚɜɧɨɜɟɫɧɨɝɨ ɩɨɥɨɠɟɧɢɹ. 
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Ɍɚɛɥɢɰɚ 7. ɂɡɦɟɧɟɧɢɟ ɩɨɥɧɨɣ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɨɬɤɥɨɧɟɧɢɹ ɜɨɞɨɪɨɞɚ ɨɬ 

ɟɝɨ ɪɚɜɧɨɜɟɫɧɨɝɨ ɩɨɥɨɠɟɧɢɹ  C6଴OH. 

Ɋɚɫɫɬɨɹɧɢɟ OH, 

x,   Å 

ɉɨɥɧɚɹ ɷɧɟɪɝɢɹ 

ɫɢɫɬɟɦɵ, E, ɚ.ɟ. 

-0,01 0,0000832 

     0      -2361,4534845 

   0,01 0,0000799 

 

ɋɨɫɬɚɜɥɟɧɧɚɹ ɩɨ ɞɚɧɧɵɦ ɬɨɱɤɚɦ ɩɚɪɚɛɨɥɚ ɢɦɟɟɬ ɜɢɞ: E = 0.8175x2-

0.0165x. 

Ʉɪɢɜɢɡɧɭ ɜ ɬɨɱɤɟ 0 ɫɱɢɬɚɟɦ ɩɨ ɮɨɪɦɭɥɟ: 

 

k=
|E′′ሺxሻ|[ͳ + ሺE′ሺxሻሻଶ]ଷ/ଶ 

 

Ʉɪɢɜɢɡɧɚ k ɞɥɹ ɫɜɹɡɢ OH ɜ  C6଴OH ɪɚɜɧɚ 1.635. 

Ɍɨ ɠɟ ɫɚɦɨɟ ɞɟɥɚɟɦ ɞɥɹ ɫɬɪɭɤɬɭɪɵ  C6ͲሺOHሻʹ. ȼɚɪɶɢɪɭɟɦ ɪɚɫɫɬɨɹɧɢɟ 

ɦɟɠɞɭ ɚɬɨɦɚɦɢ 61 ɢ 62 (ɫɦ. ɪɢɫ. 6)  ɜ ɫɬɪɭɤɬɭɪɟ  C6ͲሺOHሻʹ, ɬɚɤ ɠɟ ɫɨɫɬɚɜɥɹɟɦ 

ɩɚɪɚɛɨɥɭ ɢ ɫɱɢɬɚɟɦ ɤɪɢɜɢɡɧɭ. Ⱥɧɚɥɨɝɢɱɧɨ ɩɪɢɦɟɦ ɪɚɫɫɬɨɹɧɢɟ 0.98131 Å 

ɦɟɠɞɭ ɚɬɨɦɚɦɢ O ɢ H ɜ ɪɚɜɧɨɜɟɫɧɨɣ ɝɟɨɦɟɬɪɢɢ ɢ ɦɢɧɢɦɚɥɶɧɭɸ ɷɧɟɪɝɢɸ 

ɫɢɫɬɟɦɵ ɡɚ ɧɭɥɟɜɭɸ ɬɨɱɤɭ ɢ ɩɨɫɬɪɨɢɦ ɩɚɪɚɛɨɥɭ ɩɨ ɬɨɱɤɚɦ (x, E), ɤɨɬɨɪɵɟ 

ɩɨɥɭɱɢɥɢ ɩɪɢ ɭɩɪɭɝɨɦ ɢɡɦɟɧɟɧɢɢ ɞɥɢɧɵ ɫɜɹɡɢ. 
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Ɍɚɛɥɢɰɚ 8. ɂɡɦɟɧɟɧɢɟ ɩɨɥɧɨɣ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɨɬɤɥɨɧɟɧɢɹ ɜɨɞɨɪɨɞɚ ɨɬ 

ɟɝɨ ɪɚɜɧɨɜɟɫɧɨɝɨ ɩɨɥɨɠɟɧɢɹ  C6ͲሺOHሻʹ. 

 

 

 

 

 

 

 

ɍɪɚɜɧɟɧɢɟ ɩɚɪɚɛɨɥɵ ɞɥɹ ɢɡɦɟɧɟɧɢɹ ɷɧɟɪɝɢɢ ɩɪɢ ɤɨɥɟɛɚɧɢɢ OH ɜ 

 C6଴ሺOHሻଶ: 

E = 0.833x2-0.12x. 

Ʉɪɢɜɢɡɧɚ k ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɪɚɜɧɚ 1.666. 

 

3.3 Иɫɫɥɟɞɨɜɚɧɢɟ ɩɚɪɚɥɥɟɥɶɧɵɯ ɪɟɠɢɦɨɜ. 

 

Ʉɜɚɧɬɨɜɨ-ɦɟɯɚɧɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɹɜɥɹɟɬɫɹ ɤɪɚɣɧɟ ɪɟɫɭɪɫɨёɦɤɨɣ 

ɡɚɞɚɱɟɣ, ɩɨɷɬɨɦɭ ɜ ɤɨɦɩɶɸɬɟɪɧɨɣ ɯɢɦɢɢ ɨɫɬɪɨ ɫɬɨɢɬ ɜɨɩɪɨɫ 

ɪɚɫɩɚɪɚɥɥɟɥɢɜɚɧɢɹ. ȼ ɫɥɟɞɭɸɳɢɯ ɩɭɧɤɬɚɯ ɩɪɢɜɟɞɟɧɨ ɜɪɟɦɹ ɜɵɩɨɥɧɟɧɢɹ 

ɩɪɨɝɪɚɦɦɵ, ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɱɢɫɥɚ ɹɞɟɪ, ɧɚ ɤɨɬɨɪɨɟ ɨɧɚ ɪɚɫɩɪɟɞɟɥɹɥɚɫɶ. 

Ɂɚɞɚɱɚ ɛɵɥɚ ɜɟɡɞɟ ɨɞɢɧɚɤɨɜɨɣ ɢ ɫɨɫɬɨɹɥɚ ɜ ɨɩɬɢɦɢɡɚɰɢɢ ɝɟɨɦɟɬɪɢɢ ɢ ɪɚɫɱёɬɟ 

ɱɚɫɬɨɬ ɤɨɥɟɛɚɧɢɣ ɜ ɦɨɥɟɤɭɥɟ  C6଴ሺOHሻ8 ɦɟɬɨɞɨɦ B3LYP/SDD. 

 

3.3.1 ȼɵɱɢɫɥɟɧɢɹ ɧɚ ɤɥɚɫɬɟɪɟ ɉМ-ɉɍ, ɜɟɪɫɢɹ Gaussian 09 

Revision D.01. 

 

Ɋɚɫɫɬɨɹɧɢɟ OH, x,   Å 

ɉɨɥɧɚɹ ɷɧɟɪɝɢɹ 

ɫɢɫɬɟɦɵ, E, ɚ.ɟ. 

     -0.01   0.0000845 

       0 0 

     0.01  0.0000821 
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ȼ ɬɚɛɥɢɰɟ 9 ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɜɵɱɢɫɥɟɧɢɣ, ɩɪɨɜɟɞёɧɧɵɯ ɧɚ 

ɤɥɚɫɬɟɪɟ ɮɚɤɭɥɶɬɟɬɚ ɩɪɢɤɥɚɞɧɨɣ ɦɚɬɟɦɚɬɢɤɢ — ɩɪɨɰɟɫɫɨɜ ɭɩɪɚɜɥɟɧɢɹ 

ɋɉɛȽɍ ɜ ɩɪɨɝɪɚɦɦɟ Gaussian 09 Revision D.01. 

 

Ɍɚɛɥɢɰɚ 9. Ɂɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɨɬ ɱɢɫɥɚ ɹɞɟɪ, ɧɚ ɤɨɬɨɪɨɟ ɪɚɫɩɪɟɞɟɥɹɟɬɫɹ 

ɩɪɨɝɪɚɦɦɚ Gaussian 09 Revision D.01. 

ɑɢɫɥɨ 

ɹɞɟɪ 

Ɉɩɬɢɦɢɡɚɰɢɹ 

ɝɟɨɦɟɬɪɢɢ 

Ɋɚɫɱёɬ ɱɚɫɬɨɬ Ɉɛɳɟɟ ɜɪɟɦɹ 

ɩɪɨɝɪɚɦɦɵ 

1 3 ɱɚɫɚ 18 ɦɢɧɭɬ 26 

ɫɟɤɭɧɞ 

38 ɱɚɫɨɜ 40 ɦɢɧɭɬ 52 

ɫɟɤɭɧɞɵ 

41 ɱɚɫ 59 ɦɢɧɭɬ 18 

ɫɟɤɭɧɞ 

2 1 ɱɚɫ 48 ɦɢɧɭɬ 6 ɫɟɤɭɧɞ 9 ɱɚɫɨɜ 44 ɦɢɧɭɬɵ 44 

ɫɟɤɭɧɞɵ 

11 ɱɚɫɨɜ 32 ɦɢɧɭɬɵ 50 

ɫɟɤɭɧɞ 

3 1 ɱɚɫ 9 ɦɢɧɭɬ 14 ɫɟɤɭɧɞ 11 ɱɚɫɨɜ 48 ɦɢɧɭɬ 26 

ɫɟɤɭɧɞ 

12 ɱɚɫɨɜ 57 ɦɢɧɭɬ 40 

ɫɟɤɭɧɞ 

4 47 ɦɢɧɭɬ 54 ɫɟɤɭɧɞɵ 8 ɱɚɫɨɜ 26 ɦɢɧɭɬ 50 ɫɟɤɭɧɞ 9 ɱɚɫɨɜ 14 ɦɢɧɭɬ 44 

ɫɟɤɭɧɞɵ 

5 39 ɦɢɧɭɬ 46 ɫɟɤɭɧɞ 7 ɱɚɫɨɜ 36 ɦɢɧɭɬ 28 ɫɟɤɭɧɞ 8 ɱɚɫɨɜ 16 ɦɢɧɭɬ 14 

ɫɟɤɭɧɞ 

6 34 ɦɢɧɭɬɵ 21 ɫɟɤɭɧɞɚ 6 ɱɚɫɨɜ 46 ɦɢɧɭɬ 54 

ɫɟɤɭɧɞɵ 

7 ɱɚɫɨɜ 21 ɦɢɧɭɬɚ 15 

ɫɟɤɭɧɞ 

7 30 ɦɢɧɭɬ 27 ɫɟɤɭɧɞ 6 ɱɚɫɨɜ 35 ɦɢɧɭɬ 4 ɫɟɤɭɧɞ 7 ɱɚɫɨɜ 5 ɦɢɧɭɬ 31 

ɫɟɤɭɧɞ 

8 27 ɦɢɧɭɬ 31 ɫɟɤɭɧɞɚ 6 ɱɚɫɨɜ 39 ɦɢɧɭɬ 14 ɫɟɤɭɧɞ 7 ɱɚɫɨɜ 6 ɦɢɧɭɬ 45 

ɫɟɤɭɧɞ 
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Ɋɢɫɭɧɨɤ 8. Ɂɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɩɪɨɝɪɚɦɦɵ ɨɬ ɱɢɫɥɚ ɹɞɟɪ. 

 

3.3.2 ȼɵɱɢɫɥɟɧɢɹ ɧɚ ɤɥɚɫɬɟɪɟ ɯɢɦɢɱɟɫɤɨɝɨ ɮɚɤɭɥɶɬɟɬɚ 

ɋɉɛȽɍ, ɜɟɪɫɢɹ Gaussian 16 Revision A.03. 

 

ȼ ɬɚɛɥɢɰɟ 10 ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɜɵɱɢɫɥɟɧɢɣ ɜ ɩɪɨɝɪɚɦɦɧɨɦ 

ɩɚɤɟɬɟ Gaussian 16 Revision A.03, ɜɵɩɨɥɧɟɧɧɵɯ ɧɚ ɤɥɚɫɬɟɪɟ ɯɢɦɢɱɟɫɤɨɝɨ 

ɮɚɤɭɥɶɬɟɬɚ ɋɉɛȽɍ ɫ ɩɪɨɰɟɫɫɨɪɚɦɢ Intel Xeon E5-2680 v3. 

Ɍɚɛɥɢɰɚ 10. Ɂɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɨɬ ɱɢɫɥɚ ɹɞɟɪ, ɧɚ ɤɨɬɨɪɨɟ ɪɚɫɩɪɟɞɟɥɹɟɬɫɹ 

ɩɪɨɝɪɚɦɦɚ Gaussian 16 Revision A.03. 

ɑɢɫɥɨ 

ɹɞɟɪ 

Ɉɩɬɢɦɢɡɚɰɢɹ 

ɝɟɨɦɟɬɪɢɢ 

Ɋɚɫɱёɬ ɱɚɫɬɨɬ Ɉɛɳɟɟ ɜɪɟɦɹ ɪɚɛɨɬɵ 

ɩɪɨɝɪɚɦɦɵ 

1 2 ɱɚɫɚ 56 ɦɢɧɭɬ 19 

ɫɟɤɭɧɞ 

17 ɱɚɫɨɜ 36 ɦɢɧɭɬ 58 

ɫɟɤɭɧɞ 

20 ɱɚɫɨɜ 33 ɦɢɧɭɬɵ 28 

ɫɟɤɭɧɞ 

2 1 ɱɚɫ 21 ɦɢɧɭɬɚ 55 

ɫɟɤɭɧɞ 

9 ɱɚɫɨɜ 19 ɦɢɧɭɬ 20 

ɫɟɤɭɧɞ 

10 ɱɚɫɨɜ 41 ɦɢɧɭɬɚ 15 

ɫɟɤɭɧɞ 

3 57 ɦɢɧɭɬ 49 ɫɟɤɭɧɞ 6 ɱɚɫɨɜ 21 ɦɢɧɭɬɚ 49 7 ɱɚɫɨɜ 19 ɦɢɧɭɬ 38 
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ɫɟɤɭɧɞ ɫɟɤɭɧɞ 

4 41 ɦɢɧɭɬɚ 58 ɫɟɤɭɧɞ 4 ɱɚɫɚ 43 ɦɢɧɭɬɵ 52 

ɫɟɤɭɧɞɵ 

5 ɱɚɫɨɜ 25 ɦɢɧɭɬ 50 

ɫɟɤɭɧɞ 

5 32 ɦɢɧɭɬɵ 40 ɫɟɤɭɧɞ 3 ɱɚɫɚ 30 ɦɢɧɭɬ 34 

ɫɟɤɭɧɞɵ 

4 ɱɚɫɚ 3 ɦɢɧɭɬɵ 14 

ɫɟɤɭɧɞ 

6 27 ɦɢɧɭɬ 24 ɫɟɤɭɧɞɵ 3 ɱɚɫɚ 1 ɦɢɧɭɬɚ 36 

ɫɟɤɭɧɞ 

3 ɱɚɫɚ 29 ɦɢɧɭɬ 

7 24 ɦɢɧɭɬɵ 57 ɫɟɤɭɧɞ 2 ɱɚɫɚ 38 ɦɢɧɭɬ 23 

ɫɟɤɭɧɞ 

3 ɱɚɫɚ 13 ɦɢɧɭɬ 20 

ɫɟɤɭɧɞ 

8 21 ɦɢɧɭɬ 23 ɫɟɤɭɧɞ 2 ɱɚɫɚ 25 ɦɢɧɭɬ  5 

ɫɟɤɭɧɞ 

2 ɱɚɫɚ 46 ɦɢɧɭɬ 28 

ɫɟɤɭɧɞ 

 

 

 

Ɋɢɫɭɧɨɤ 9. Ɂɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɩɪɨɝɪɚɦɦɵ ɨɬ ɱɢɫɥɚ ɹɞɟɪ. 
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3.3.3 ȼɵɱɢɫɥɟɧɢɹ ɧɚ ɩɟɪɫɨɧɚɥɶɧɨɦ ɤɨɦɩɶɸɬɟɪɟ, ɜɟɪɫɢɹ 

Gaussian 09 Revision C.01. 

 

ȼɵɱɢɫɥɟɧɢɹ ɧɚ Gaussian 09 Revision C.01 (ɬɚɛɥɢɰɚ 11) ɩɪɨɢɡɜɨɞɢɥɢɫɶ ɧɚ 

ɩɟɪɫɨɧɚɥɶɧɨɦ ɤɨɦɩɶɸɬɟɪɟ ɫ ɲɟɫɬɢɹɞɟɪɧɵɦ ɩɪɨɰɟɫɫɨɪɨɦ AMD Phenom II X6 

1090T. 

Ɍɚɛɥɢɰɚ 11. Ɂɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɨɬ ɱɢɫɥɚ ɹɞɟɪ, ɧɚ ɤɨɬɨɪɨɟ ɪɚɫɩɪɟɞɟɥɹɟɬɫɹ 

ɩɪɨɝɪɚɦɦɚ ɜ Gaussian 09 Revision C.01. 

ɑɢɫɥɨ 

ɹɞɟɪ 

Ɉɩɬɢɦɢɡɚɰɢɢ ɝɟɨɦɟɬɪɢɢ Ɋɚɫɱёɬ ɱɚɫɬɨɬ Ɉɛɳɟɟ ɜɪɟɦɹ ɪɚɛɨɬɵ 

1 2 ɱɚɫɚ 25 ɦɢɧɭɬ 15 

ɫɟɤɭɧɞ 

33 ɱɚɫɚ 12 ɦɢɧɭɬ 9 

ɫɟɤɭɧɞ 

35 ɱɚɫɨɜ 37 ɦɢɧɭɬ 24 

ɫɟɤɭɧɞɵ 

2 1 ɱɚɫ 17 ɦɢɧɭɬ 52 

ɫɟɤɭɧɞɵ 

17 ɱɚɫɨɜ 58 ɦɢɧɭɬ 7 

ɫɟɤɭɧɞ 

19 ɱɚɫɨɜ 15 ɦɢɧɭɬ 59 

ɫɟɤɭɧɞ 

3 55 ɦɢɧɭɬ 6 ɫɟɤɭɧɞ 12 ɱɚɫɨɜ 29 ɦɢɧɭɬ 43 

ɫɟɤɭɧɞɵ 

13 ɱɚɫɨɜ 24 ɦɢɧɭɬɵ 49 

ɫɟɤɭɧɞ 

4 42 ɦɢɧɭɬɵ 58 ɫɟɤɭɧɞ 9 ɱɚɫɨɜ 59 ɦɢɧɭɬ 6 

ɫɟɤɭɧɞ 

 

10 ɱɚɫɨɜ 42 ɦɢɧɭɬɵ 4 

ɫɟɤɭɧɞɵ 
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Ɋɢɫɭɧɨɤ 10. Ɂɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɩɪɨɝɪɚɦɦɵ ɨɬ ɱɢɫɥɚ ɹɞɟɪ. 

ȼɵɜɨɞɵ. 

 

ɂɡ ɩɪɢɜɟɞёɧɧɵɯ ɜɵɲɟ ɬɚɛɥɢɰ ɜɢɞɧɨ, ɱɬɨ ɨɩɬɢɦɢɡɚɰɢɹ ɝɟɨɦɟɬɪɢɢ 

ɜɵɩɨɥɧɹɟɬɫɹ ɧɚɦɧɨɝɨ ɛɵɫɬɪɟɟ ɪɚɫɱёɬɚ ɱɚɫɬɨɬ ɤɨɥɟɛɚɧɢɣ, ɤɨɬɨɪɵɟ ɧɚ ɤɥɚɫɬɟɪɟ 

ɉɆ-ɉɍ ɡɚɧɢɦɚɸɬ 85-87% ɨɬ ɜɪɟɦɟɧɢ ɪɚɛɨɬɵ ɜɫɟɣ ɩɪɨɝɪɚɦɦɵ, ɧɚ ɤɥɚɫɬɟɪɟ 

ɯɢɦɢɱɟɫɤɨɝɨ ɮɚɤɭɥɶɬɟɬɚ — 81-88.3%, ɧɚ ɞɚɧɧɨɦ ɩɟɪɫɨɧɚɥɶɧɨɦ ɤɨɦɩɶɸɬɟɪɟ 

— ɨɤɨɥɨ 93%. 

ȼ ɜɟɪɫɢɹɯ Gaussian 09 ɩɨɥɧɚɹ ɷɧɟɪɝɢɹ ɫɢɫɬɟɦɵ E=-2891.6940381 ɚ.ɟ., ɚ ɜ 

ɜɟɪɫɢɢ Gaussian 16 ɨɧɚ ɪɚɜɧɚ -2891.6938823 ɚ.ɟ. ɜɧɟ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɱɢɫɥɚ 

ɹɞɟɪ, ɧɚ ɤɨɬɨɪɵɟ ɪɚɫɩɪɟɞɟɥɹɟɬɫɹ ɩɪɨɝɪɚɦɦɚ. Ɉɬɥɢɱɢɟ ɜ ɷɬɢɯ ɡɧɚɱɟɧɢɹɯ 

ɩɪɨɹɜɥɹɟɬɫɹ ɜ 8-ɦ ɡɧɚɤɟ, ɱɬɨ ɹɜɥɹɟɬɫɹ ɧɟɡɧɚɱɢɬɟɥɶɧɨɣ ɪɚɡɧɢɰɟɣ ɞɥɹ 

ɢɫɫɥɟɞɨɜɚɬɟɥɟɣ. 

Ɍɚɤɠɟ ɫɥɟɞɭɟɬ ɡɚɦɟɬɢɬɶ, ɱɬɨ ɩɪɢ ɪɟɲɟɧɢɢ ɩɨɞɨɛɧɵɯ ɤɜɚɧɬɨɜɨ-

ɦɟɯɚɧɢɱɟɫɤɢɯ ɡɚɞɚɱ ɧɚ ɤɥɚɫɬɟɪɚɯ ɧɟ ɚɤɬɭɚɥɶɧɨ ɡɚɧɢɦɚɬɶ ɛɨɥɟɟ 4-ɯ ɹɞɟɪ, ɬɚɤ 

ɤɚɤ ɩɨɫɥɟɞɭɸɳɟɟ ɭɜɟɥɢɱɟɧɢɢ ɢɯ ɤɨɥɢɱɟɫɬɜɚ ɧɟ ɜɟɞёɬ ɤ ɡɧɚɱɢɬɟɥɶɧɨɦɭ 

ɭɜɟɥɢɱɟɧɢɸ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɢ. Ɍɚɤ, ɧɚ ɤɥɚɫɬɟɪɟ ɉɆ-ɉɍ ɩɪɢ ɩɨɫɬɚɧɨɜɤɟ 8-

ɦɢ ɹɞɟɪ ɜɪɟɦɹ ɪɚɛɨɬɵ ɩɪɨɝɪɚɦɦɵ ɫɨɤɪɚɳɚɟɬɫɹ ɜɫɟɝɨ ɧɚ 23% ɩɨ ɫɪɚɜɧɟɧɢɸ ɫɨ 

ɜɪɟɦɟɧɟɦ ɪɚɛɨɬɵ ɧɚ 4-ɯ ɹɞɪɚɯ. 
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3.4 Ƚɢɞɪɨɤɫɢɥɢɪɨɜɚɧɧɵɣ ɷɧɞɨɤɨɦɩɥɟɤɫ ɮɭɥɥɟɪɟɧɚ ۵𝐝@𝐂𝟔𝟎ሺ𝐎۶ሻ𝟑𝟎 . 
 

ɇɟɫɦɨɬɪɹ ɧɚ ɬɨ, ɱɬɨ ɝɢɞɪɨɤɫɢɥɢɪɨɜɚɧɧɵɟ ɷɧɞɨɤɨɦɩɥɟɤɫɵ ɫ ɧɟɱёɬɧɵɦ 

ɱɢɫɥɨɦ ɝɢɞɪɨɤɫɨɝɪɭɩɩ ɩɪɟɞɩɨɥɨɠɢɬɟɥɶɧɨ ɹɜɥɹɸɬɫɹ ɛɨɥɟɟ ɪɚɫɬɜɨɪɢɦɵɦɢ ɜ 

ɜɨɞɟ, ɫɢɧɬɟɡɢɪɨɜɚɬɶ ɥɟɝɱɟ ɦɨɥɟɤɭɥɵ ɫ ɱёɬɧɵɦ ɱɢɫɥɨɦ OH. ɉɨɷɬɨɦɭ ɜ ɞɚɧɧɨɣ 

ɪɚɛɨɬɟ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɫɬɪɭɤɬɭɪɧɵɟ, ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ 

Gd@C60ሺOHሻ30. 
ȼ ɬɚɛɥ. 12 ɩɪɟɞɫɬɚɜɥɟɧɵ ɨɫɧɨɜɧɵɟ ɫɜɨɣɫɬɜɚ ɫɨɟɞɢɧɟɧɢɹ Gd@C60ሺOHሻ30, 

ɪɚɫɫɱɢɬɚɧɧɨɝɨ ɦɟɬɨɞɨɦ PBE1PBE/SDD. ɉɪɨɟɤɰɢɹ ɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 

ɦɨɥɟɤɭɥɵ ɡɞɟɫɶ ɪɚɜɧɚ 21.06 ɚ.ɟ., ɱɬɨ ɛɨɥɶɲɟ, ɱɟɦ ɩɪɨɟɤɰɢɹ ɦɚɝɧɢɬɧɨɝɨ 

ɦɨɦɟɧɬɚ Gd@C60, ɢ ɛɨɥɶɲɟ, ɱɟɦ ɭ ɫɚɦɨɝɨ ɝɚɞɨɥɢɧɢɹ. Эɬɨ ɡɧɚɱɢɬ, ɱɬɨ 

ɝɢɞɪɨɤɫɢɥɢɪɨɜɚɧɧɵɣ ɷɧɞɨɤɨɦɩɥɟɤɫ ɨɛɥɚɞɚɟɬ ɛɨɥɟɟ ɜɵɫɨɤɢɦɢ ɦɚɝɧɢɬɧɵɦɢ 

ɫɜɨɣɫɬɜɚɦɢ, ɱɟɦ ɱɢɫɬɵɣ ɝɚɞɨɥɢɧɢɣ, ɚ ɡɧɚɱɢɬ ɯɨɪɨɲɨ ɩɨɞɯɨɞɢɬ ɜ ɤɚɱɟɫɬɜɟ 

ɩɪɟɩɚɪɚɬɚ ɤɨɧɬɪɚɫɬɚ. 

 

Ɍɚɛɥɢɰɚ 12. Ɉɫɧɨɜɧɵɟ ɫɜɨɣɫɬɜɚ ɦɨɥɟɤɭɥɵ Gd@C6଴ሺOHሻଷ଴ , ɨɩɬɢɦɢɡɢɪɨɜɚɧɧɨɣ ɦɟɬɨɞɨɦ 

PBE1PBE/SDD. 

ɋɬɪɭɤɬɭɪɚ Ɂɚɪɹɞ ɚɬɨɦɚ 
Gd ɩɨ 

Ɇɚɥɥɢɤɟɧɭ, 
ɚ.ɟ. 

 

ɋɩɢɧɨɜɚɹ 
ɩɥɨɬɧɨɫɬɶ 

Gd, ɚ.ɟ. 
 

ɉɨɥɧɚɹ 
ɷɧɟɪɝɢɹ 

ɫɢɫɬɟɦɵ, ɚ.ɟ. 
 

Ⱦɢɩ. 
ɦɨɦɟɧɬ, 
ɞɟɛɚɣ 

 

ɉɪɨɟɤɰɢɹ 
ɦɚɝɧɢɬɧɨɝɨ 

ɦɨɦɟɧɬɚ, 
ɚ.ɟ. 

Gd@C60ሺOHሻ30 0.325374 
 

6.343077 
 

-5321.3193915 
 

1.1001 21.06 
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Ɋɢɫɭɧɨɤ 11. ɋɬɪɭɤɬɭɪɚ Gd@C6଴ሺOHሻଷ଴, ɨɩɬɢɦɢɡɢɪɨɜɚɧɧɚɹ ɦɟɬɨɞɨɦ PBE1PBE/SDD. 

 

 

 

Ɋɢɫɭɧɨɤ 12. Ƚɪɚɮɢɤ ɫɯɨɞɢɦɨɫɬɢ ɞɥɹ Gd@C6଴ሺOHሻଷ଴ɫ ɦɭɥɶɬɢɩɥɟɬɧɨɫɬɶɸ, ɪɚɜɧɨɣ 9. 
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ȼ ɬɚɛɥ. 13 ɩɪɟɞɫɬɚɜɥɟɧɵ ɡɚɪɹɞɵ ɩɨ Ɇɚɥɥɢɤɟɧɭ ɢ ɫɩɢɧɨɜɵɟ ɩɥɨɬɧɨɫɬɢ ɧɚ 

ɚɬɨɦɚɯ ɤɨɦɩɥɟɤɫɚ Gd@C60ሺOHሻ30. Ɂɚɪɹɞɵ ɩɨ ɚɛɫɨɥɸɬɧɨɦɭ ɡɧɚɱɟɧɢɸ ɧɟ 

ɩɪɟɜɨɫɯɨɞɹɬ 0.5, ɫɭɦɦɚ ɫɩɢɧɨɜɵɯ ɩɥɨɬɧɨɫɬɟɣ ɪɚɜɧɚ 8. 

Эɧɟɪɝɢɹ, ɤɨɬɨɪɚɹ ɬɪɟɛɭɟɬɫɹ ɞɥɹ ɫɜɹɡɢ ɝɚɞɨɥɢɧɢɹ ɫ ɩɨɜɟɪɯɧɨɫɬɶɸ 

ɝɢɞɪɨɤɫɢɥɢɪɨɜɚɧɧɨɝɨ ɮɭɥɥɟɪɟɧɚ, ɜɵɱɢɫɥɹɟɬɫɹ ɩɨ ɮɨɪɦɭɥɟ 

∆E=Ecomplex-(EC60ሺOHሻ30+EGd). 

 

Ⱦɥɹ ɜɵɱɢɫɥɟɧɢɹ ɷɧɟɪɝɢɢ ɫɜɹɡɢ ɛɵɥɚ ɪɚɫɫɱɢɬɚɧɚ ɪɚɜɧɨɜɟɫɧɚɹ ɝɟɨɦɟɬɪɢɹ 

ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɩɨɥɧɚɹ ɷɧɟɪɝɢɹ ɤɨɦɩɥɟɤɫɚ C60ሺOHሻ30 (PBE1PBE/SDD).  

 EC60ሺOHሻ30=-4555.6722812 ɚ.ɟ. 

 EGd =-765.617606 ɚ.ɟ. 

         EGd@C60ሺOHሻ30 =-5321.3193915 ɚ.ɟ. 

 

ȼ Gd@C60ሺOHሻ30 ɷɧɟɪɝɢɹ ɫɜɹɡɢ ɝɚɞɨɥɢɧɢɹ ɫ ɩɨɜɟɪɯɧɨɫɬɶɸ 

ɮɭɥɥɟɪɟɧɚ  ∆E = −0.0295043 ɚ. ɟ. ɢɥɢ  -18.558 ɤɤɚɥ/ɦɨɥɶ. 

Ɍɚɤɚɹ ɛɨɥɶɲɚɹ ɷɧɟɪɝɢɹ ɝɨɜɨɪɢɬ ɨ ɩɪɨɱɧɨɣ ɫɜɹɡɢ, ɡɧɚɱɢɬ ɞɚɧɧɵɣ 

ɷɧɞɨɤɨɦɩɥɟɤɫ ɦɨɠɧɨ ɫɢɧɬɟɡɢɪɨɜɚɬɶ ɢ ɨɧ ɛɭɞɟɬ ɞɨɫɬɚɬɨɱɧɨ ɭɫɬɨɣɱɢɜɵɦ. ɂ, 

ɭɱɢɬɵɜɚɹ ɫɢɥɶɧɵɟ ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ Gd@C60ሺOHሻ30, ɝɢɞɪɨɤɫɢɥɢɪɨɜɚɧɧɵɣ 

ɷɧɞɨɤɨɦɩɥɟɤɫ  ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɩɟɪɫɩɟɤɬɢɜɧɵɣ ɤɨɧɬɪɚɫɬɧɵɣ ɩɪɟɩɚɪɚɬ ɞɥɹ 

ɆɊɌ. 

Ɍɚɛɥɢɰɚ 13. Ɂɚɪɹɞɵ ɩɨ Ɇɚɥɥɢɤɟɧɭ ɢ ɫɩɢɧɨɜɵɟ ɩɥɨɬɧɨɫɬɢ Gd@C6଴ሺOHሻଷ଴. 

ɇɨɦɟɪɚ ɚɬɨɦɨɜ Ɂɚɪɹɞɵ, ɚ.ɟ. ɋɩɢɧɨɜɵɟ 

ɩɥɨɬɧɨɫɬɢ, ɚ.ɟ. 

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 

 

      

Ɋɟɡɭɥɶɬɚɬɵ. 

 

 ɋɨɫɬɚɜɥɟɧɵ ɦɨɞɟɥɢ ɷɧɞɨɤɨɦɩɥɟɤɫɨɜ  C6଴ ɫ ɝɚɞɨɥɢɧɢɟɦ, ɚ ɬɚɤɠɟ 

ɝɢɞɪɨɤɫɢɥɢɪɨɜɚɧɧɵɟ ɩɪɨɢɡɜɨɞɧɵɟ C60(OH)n ɫ n=1,…,12 

 ɋɨɫɬɚɜɥɟɧɵ ɦɨɞɟɥɢ ɨɬɞɟɥɶɧɵɯ ɮɪɚɝɦɟɧɬɨɜ ɪɚɫɫɦɨɬɪɟɧɧɵɯ ɫɥɨɠɧɵɯ 

ɫɬɪɭɤɬɭɪ: Gd,  C6଴ 

 ɂɡɭɱɟɧɵ ɨɫɧɨɜɧɵɟ ɫɬɪɭɤɬɭɪɧɵɟ, ɷɥɟɤɬɪɢɱɟɫɤɢɟ, ɦɚɝɧɢɬɧɵɟ ɢ ɭɩɪɭɝɢɟ 

ɫɜɨɣɫɬɜɚ ɞɚɧɧɵɯ ɫɬɪɭɤɬɭɪ 

 ɉɪɨɚɧɚɥɢɡɢɪɨɜɚɧɨ ɜɪɟɦɹ ɪɚɛɨɬɵ ɩɪɨɝɪɚɦɦ ɩɨ ɨɩɬɢɦɢɡɚɰɢɢ ɝɟɨɦɟɬɪɢɢ 

ɢ ɪɚɫɱёɬɭ ɱɚɫɬɨɬ ɞɥɹ ɫɨɟɞɢɧɟɧɢɹ C60ሺOHሻ8  ɧɚ ɪɚɡɥɢɱɧɵɯ 

ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɦɚɲɢɧɚɯ ɢ ɜɟɪɫɢɹɯ Gaussian ɢ ɨɩɪɟɞɟɥёɧ ɧɚɢɛɨɥɟɟ 

ɚɤɬɭɚɥɶɧɵɣ ɫɩɨɫɨɛ ɪɚɫɩɚɪɚɥɥɟɥɢɜɚɧɢɹ ɩɨɞɨɛɧɵɯ ɩɪɨɝɪɚɦɦ 

 

ȼɵɜɨɞɵ ɢ ɡɚɤɥɸɱɟɧɢɟ. 

 

ɉɪɨɜɟɞɟɧɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɷɧɞɨɤɨɦɩɥɟɤɫɵ ɮɭɥɥɟɪɟɧɚ 

 C6଴ ɫ ɝɚɞɨɥɢɧɢɟɦ ɯɨɪɨɲɨ ɩɨɞɯɨɞɹɬ ɞɥɹ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɢɯ ɜ ɤɚɱɟɫɬɜɟ 

ɤɨɧɬɪɚɫɬɧɵɯ ɩɪɟɩɚɪɚɬɨɜ ɞɥɹ ɆɊɌ, ɬɚɤ ɤɚɤ ɨɛɥɚɞɚɸɬ ɜɵɫɨɤɢɦɢ ɦɚɝɧɢɬɧɵɦɢ 

ɫɜɨɣɫɬɜɚɦɢ. Ɉɫɨɛɟɧɧɨ ɷɬɨ ɤɚɫɚɟɬɫɹ ɢɯ ɝɢɞɪɨɤɫɢɥɢɪɨɜɚɧɧɵɯ ɩɪɨɢɡɜɨɞɧɵɯ, 

ɤɨɬɨɪɵɟ ɧɟ ɬɨɥɶɤɨ ɯɨɪɨɲɨ ɪɚɫɬɜɨɪɹɸɬɫɹ ɜ ɜɨɞɟ, ɧɨ ɢ ɢɦɟɸɬ ɛɨɥɟɟ ɜɵɫɨɤɢɟ 
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ɦɚɝɧɢɬɧɵɟ ɫɜɨɣɫɬɜɚ, ɱɟɦ ɱɢɫɬɵɣ ɝɚɞɨɥɢɧɢɣ, ɩɪɢ ɷɬɨɦ ɧɟ ɹɜɥɹɸɬɫɹ 

ɬɨɤɫɢɱɧɵɦɢ, ɩɨɫɤɨɥɶɤɭ  ɮɭɥɥɟɪɟɧɨɜɚɹ ɨɛɨɥɨɱɤɚ ɥɢɲɚɟɬ ɦɟɬɚɥɥ ɜɨɡɦɨɠɧɨɫɬɢ 

ɜɫɬɭɩɚɬɶ ɜ ɯɢɦɢɱɟɫɤɢɟ ɫɜɹɡɢ ɜɧɭɬɪɢ ɨɪɝɚɧɢɡɦɚ.  
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