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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʩʝʩʪʦʨʦʥʥʝʝ 

ʠʟʫʯʝʥʠʝ ʢʦʤʧʣʝʢʩʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʥʘ ʦʩʥʦʚʝ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʳʭ 

ʣʠʛʘʥʜʥʳʭ ʩʠʩʪʝʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʦʩʪʨʝʙʦʚʘʥʥʫʶ ʠ ʠʥʪʝʥʩʠʚʥʦ 

ʨʘʟʚʠʚʘʶʱʫʶʩʷ ʦʙʣʘʩʪʴ ʭʠʤʠʯʝʩʢʦʛʦ ʟʥʘʥʠʷ ʙʣʘʛʦʜʘʨʷ ʥʘʣʠʯʠʶ ʤʥʦʞʝʩʪʚʘ 

ʠʥʪʝʨʝʩʥʳʭ ʘʩʧʝʢʪʦʚ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʠ ʧʨʠʢʣʘʜʥʦʛʦ ʭʘʨʘʢʪʝʨʘ.  

ʉʨʝʜʠ ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʭ ʠ ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʝʤʳʭ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʳʭ 

ʣʠʛʘʥʜʥʳʭ ʧʣʘʪʬʦʨʤ ʦʩʦʙʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʦʨʛʘʥʠʯʝʩʢʠʝ ʧʨʦʠʟʚʦʜʥʳʝ ʦ-

ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʦʛʦ ʪʠʧʘ. ʋʢʘʟʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʦʙʣʘʜʘʶʪ ʙʦʛʘʪʳʤ ʥʘʙʦʨʦʤ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ (çʥʝʡʪʨʘʣʴʥʳʡ ʣʠʛʘʥʜè ï çʘʥʠʦʥ-

ʨʘʜʠʢʘʣè ï çʜʠʘʥʠʦʥè). ɹʣʘʛʦʜʘʨʷ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʦʤʫ ʭʘʨʘʢʪʝʨʫ, ʣʠʛʘʥʜʳ ʦ-

ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʦʛʦ ʪʠʧʘ ʩʧʦʩʦʙʥʳ ʦʙʨʘʪʠʤʦ ʠʟʤʝʥʷʪʴ ʩʚʦʶ ʩʪʝʧʝʥʴ 

ʦʢʠʩʣʝʥʠʷ, ʙʫʜʫʯʠ ʚ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʝ ʤʝʪʘʣʣʘ. ʂʘʢ ʨʝʟʫʣʴʪʘʪ, ʜʣʷ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʠʭ ʦʩʥʦʚʝ ʩʪʘʥʦʚʷʪʩʷ ʚʦʟʤʦʞʥʳʤʠ ʨʝʘʢʮʠʠ 

ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʠ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʵʣʠʤʠʥʠʨʦʚʘʥʠʷ, ʣʝʞʘʱʠʝ 

ʚ ʦʩʥʦʚʝ ʤʥʦʛʠʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʚ ʮʠʢʣʘʭ ʧʨʦʮʝʩʩʦʚ ʢʨʦʩʩ-ʩʦʯʝʪʘʥʠʷ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʟʥʘʯʠʪʝʣʴʥʫʶ 

ʧʨʘʢʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʳʡ ʣʠʛʘʥʜ ʚʳʧʦʣʥʷʝʪ 

ʬʫʥʢʮʠʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʨʝʟʝʨʚʫʘʨʘ, ʧʦʟʚʦʣʷʷ ʦʩʫʱʝʩʪʚʣʷʪʴ ʦʢʠʩʣʝʥʠʝ ʠʣʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʩʫʙʩʪʨʘʪʘ, ʢʦʦʨʜʠʥʠʨʫʶʱʝʛʦʩʷ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʮʝʥʪʨʝ. ʂʨʦʤʝ 

ʪʦʛʦ, ʢʦʤʧʣʝʢʩʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʥʘ ʦʩʥʦʚʝ ʣʠʛʘʥʜʥʳʭ ʩʠʩʪʝʤ ʦ-

ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʦʛʦ ʪʠʧʘ ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʧʦʥʠʤʘʥʠʝ ʨʷʜʘ 

ʙʠʦʣʦʛʠʯʝʩʢʠ ʚʘʞʥʳʭ ʤʝʪʘʣʣʦʬʝʨʤʝʥʪʥʳʭ ʧʨʦʮʝʩʩʦʚ.  

ʆʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʥʘʧʨʘʚʣʝʥʠʡ ʭʠʤʠʠ ʢʦʤʧʣʝʢʩʦʚ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʫʢʘʟʘʥʥʳʭ ʣʠʛʘʥʜʥʳʭ ʧʣʘʪʬʦʨʤʘʭ, ʚʳʩʪʫʧʘʝʪ ʨʘʟʚʠʪʠʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʤʘʛʥʠʪʥʦʤ ʧʦʚʝʜʝʥʠʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʪʘʢʦʛʦ 

ʨʦʜʘ. ʇʦʚʳʰʝʥʥʳʡ ʠʥʪʝʨʝʩ ʢ ʤʘʛʥʠʪʥʳʤ ʩʚʦʡʩʪʚʘʤ ʧʦʩʣʝʜʥʠʭ ʦʙʫʩʣʦʚʣʝʥ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʛʝʪʝʨʦʩʧʠʥʦʚʳʭ ʤʥʦʛʦʮʝʥʪʨʦʚʳʭ ʩʠʩʪʝʤ, ʚ 
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ʢʦʪʦʨʳʭ ʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ ʷʚʣʷʶʪʩʷ ʢʘʢ ʠʦʥʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʪʘʢ ʠ 

ʨʝʜʦʢʩ-ʘʢʪʠʚʥʳʝ ʣʠʛʘʥʜʳ ʚ ʘʥʠʦʥ-ʨʘʜʠʢʘʣʴʥʦʡ ʬʦʨʤʝ. ʇʨʠ ʵʪʦʤ ʭʘʨʘʢʪʝʨ 

ʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʩʚʦʙʦʜʥʦ-ʨʘʜʠʢʘʣʴʥʳʤʠ ʨʝʜʦʢʩ-

ʘʢʪʠʚʥʳʤʠ ʣʠʛʘʥʜʘʤʠ ʠ ʧʘʨʘʤʘʛʥʠʪʥʳʤ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʮʝʥʪʨʦʤ ʟʘʚʠʩʠʪ ʢʘʢ ʦʪ 

ʧʨʠʨʦʜʳ ʤʝʪʘʣʣʦʮʝʥʪʨʘ ʠ ʝʛʦ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ, ʪʘʢ ʠ ʦʪ ʛʝʦʤʝʪʨʠʠ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʫʟʣʘ, ʢʦʪʦʨʘʷ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʚʦ ʤʥʦʛʦʤ ʦʙʫʩʣʦʚʣʝʥʘ 

ʩʪʨʦʝʥʠʝʤ ʠ ʩʦʩʪʘʚʦʤ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ. 

ʋʥʠʢʘʣʴʥʦʝ ʩʚʦʡʩʪʚʦ ʧʨʦʠʟʚʦʜʥʳʭ ʦ-ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʦʛʦ ʪʠʧʘ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʠ. ʅʦʚʳʤ 

ʪʨʝʥʜʦʤ ʚ ʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʨʘʟʚʠʪʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʭʠʤʠʠ ʷʚʣʷʝʪʩʷ 

ʧʨʠʜʘʥʠʝ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʦʤʫ ʣʠʛʘʥʜʫ ʭʝʤʠʣʘʙʠʣʴʥʦʡ ʧʨʠʨʦʜʳ ʧʦʩʨʝʜʩʪʚʦʤ 

ʚʥʝʜʨʝʥʠʷ ʚ ʩʦʩʪʘʚ ʣʠʛʘʥʜʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ, ʩʧʦʩʦʙʥʳʭ ʦʙʨʘʟʦʚʳʚʘʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʜʦʥʦʨʥʦ-ʘʢʮʝʧʪʦʨʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʘʪʦʤʦʤ 

ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʪʝʣʷ. ʉʚʦʡʩʪʚʦ ʭʝʤʠʣʘʙʠʣʴʥʦʩʪʠ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʦʛʦ ʣʠʛʘʥʜʘ 

ʥʘʭʦʜʠʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʨʠ ʜʠʟʘʡʥʝ ʨʘʟʣʠʯʥʳʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. 

ʆʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʝ ʠ ʩʧʠʥʦʚʦʝ ʩʦʩʪʦʷʥʠʷ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, 

ʧʨʝʜʧʦʯʠʪʘʶʱʠʭ ʚʳʩʦʢʠʝ ʠʣʠ ʥʠʟʢʠʝ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʯʠʩʣʘ, ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʩ 

ʭʝʤʠʣʘʙʠʣʴʥʳʤʠ ʦʨʛʘʥʠʯʝʩʢʠʤʠ ʧʨʦʠʟʚʦʜʥʳʤʠ ʪʘʢʞʝ ʧʦʜʣʝʞʠʪ ʢʦʥʪʨʦʣʶ 

ʧʦʩʨʝʜʩʪʚʦʤ ʠʟʤʝʥʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʦʙʲʝʤʘ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʳ. 

ʀ, ʥʘʢʦʥʝʮ, ʚʘʨʴʠʨʦʚʘʥʠʝ ʧʨʠʨʦʜʳ ʟʘʤʝʩʪʠʪʝʣʝʡ ʚ ʦ-ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʳʭ 

ʣʠʛʘʥʜʘʭ, ʦʙʫʩʣʘʚʣʠʚʘʶʱʝʝ ʢʘʢ ʠʟʤʝʥʝʥʠʝ ʠʭ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ, 

ʪʘʢ ʠ ʩʦʟʜʘʥʠʝ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʠ ʩʪʝʨʠʯʝʩʢʦʡ ʟʘʛʨʫʞʝʥʥʦʩʪʠ ʘʪʦʤʘ 

ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʪʝʣʷ, ʩʧʦʩʦʙʥʦ ʢʦʨʝʥʥʳʤ ʦʙʨʘʟʦʤ ʧʦʚʣʠʷʪʴ ʥʘ ʩʪʨʦʝʥʠʝ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʫʟʣʘ ʠ ʛʝʦʤʝʪʨʠʶ ʢʦʤʧʣʝʢʩʘ ʚ ʮʝʣʦʤ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʜʘʥʥʦʝ 

ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʚ ʧʝʨʩʧʝʢʪʠʚʝ ʦʪʢʨʦʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʳʤ 

ʧʦʚʝʜʝʥʠʝʤ ʫʢʘʟʘʥʥʳʭ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

ɺ ʩʚʷʟʠ ʩ ʚʳʰʝʩʢʘʟʘʥʥʳʤ, ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʨʘʟʚʠʪʠʝ 

ʭʠʤʠʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʩ ʣʠʛʘʥʜʥʳʤʠ 

ʧʣʘʪʬʦʨʤʘʤʠ ʦ-ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʦʛʦ ʪʠʧʘ, ʚʳʛʦʜʥʦ ʩʦʯʝʪʘʶʱʠʤʠ ʚ ʩʝʙʝ 



 

6 

 

ʩʚʦʡʩʪʚʘ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʦʩʪʠ ʠ ʭʝʤʠʣʘʙʠʣʴʥʦʩʪʠ, ʩ ʮʝʣʴʶ ʫʩʪʘʥʦʚʣʝʥʠʷ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʠʟʤʝʥʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʳʭ ʠ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʫʢʘʟʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʦʪ ʩʪʨʫʢʪʫʨʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʝ 

ʤʝʪʘʣʣʦʮʝʥʪʨʘ. 

ɺ ʩʚʷʟʠ ʩ ʚʳʰʝʩʢʘʟʘʥʥʳʤ, ʮʝʣʴʶ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʠʣʘʩʴ: 

ʨʘʟʨʘʙʦʪʢʘ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʤʦʣʝʢʫʣʷʨʥʦʤ ʠ 

ʵʣʝʢʪʨʦʥʥʦʤ ʩʪʨʦʝʥʠʠ ʢʦʤʧʣʝʢʩʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 3d-ʨʷʜʘ ʩ 

ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʤʠ ʦ-ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʳʤʠ ʣʠʛʘʥʜʘʤʠ. 

ɺ ʨʘʤʢʘʭ ʚʳʙʨʘʥʥʦʡ ʮʝʣʠ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣʠ ʧʦʩʪʘʚʣʝʥʳ ʩʣʝʜʫʶʱʠʝ 

ʟʘʜʘʯʠ: 

- ..ʩʠʥʪʝʟ ʥʦʚʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʟʘʪʨʫʜʥʝʥʥʳʭ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʳʭ ʦ-

ʘʤʠʥʦʬʝʥʦʣʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʚ N-ʘʨʠʣʴʥʦʤ ʬʨʘʛʤʝʥʪʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʛʨʫʧʧʳ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ; 

-    .ʩʠʥʪʝʟ ʢʦʤʧʣʝʢʩʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 3d-ʨʷʜʘ (Cu, Ni, Co, Fe ʠ Mn) 

ʥʘ ʦʩʥʦʚʝ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʦ-ʘʤʠʥʦʬʝʥʦʣʦʚ, ʘ ʪʘʢʞʝ ʠʟʫʯʝʥʠʝ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ; 

-  ʫʩʪʘʥʦʚʣʝʥʠʝ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʪʨʦʝʥʠʷ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʦʚ, ʠʟʫʯʝʥʠʝ ʠʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ, 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʩʦʚʦʢʫʧʥʦʩʪʴʶ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʆʙʲʝʢʪʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʟʘʪʨʫʜʥʝʥʥʳʝ ʦ-

ʘʤʠʥʦʬʝʥʦʣʳ, ʩʦʜʝʨʞʘʱʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʛʨʫʧʧʳ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ ʚ 

ʘʥʠʣʠʥʦʚʦʤ ʬʨʘʛʤʝʥʪʝ, ʘ ʪʘʢʞʝ ʢʦʤʧʣʝʢʩʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 3d-ʨʷʜʘ (Cu, Ni, 

Co, Fe ʠ Mn) ʥʘ ʦʩʥʦʚʝ ʫʢʘʟʘʥʥʳʭ ʣʠʛʘʥʜʦʚ. 

ɺ ʭʦʜʝ ʧʨʦʚʝʜʝʥʥʦʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʳ ʧʦʣʫʯʝʥʘ ʩʝʨʠʷ ʦ-

ʘʤʠʥʦʬʝʥʦʣʦʚ, ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʚ ʦʨʪʦ- ʠ ʤʝʪʘ-ʧʦʣʦʞʝʥʠʷʭ N-

ʘʨʠʣʴʥʦʛʦ ʬʨʘʛʤʝʥʪʘ, ʚ ʢʦʣʠʯʝʩʪʚʝ 11 ʩʦʝʜʠʥʝʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ 8 ʨʝʜʦʢʩ-ʘʢʪʠʚʥʳʭ 
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ʦʨʛʘʥʠʯʝʩʢʠʭ ʣʠʛʘʥʜʦʚ ʙʳʣʦ ʩʠʥʪʝʟʠʨʦʚʘʥʦ ʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʦ ʚʧʝʨʚʳʝ. ʅʘ 

ʦʩʥʦʚʝ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʣʠʛʘʥʜʥʳʭ ʩʠʩʪʝʤ ʙʳʣ ʦʩʫʱʝʩʪʚʣʝʥ ʩʠʥʪʝʟ 21 ʥʦʚʦʛʦ 

ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, ʢʘʞʜʦʝ ʠʟ ʢʦʪʦʨʳʭ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʦ ʩ 

ʧʦʟʠʮʠʡ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʪʨʦʝʥʠʷ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ (ʈʉɸ). 

ʉ ʮʝʣʴʶ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ ʨʘʤʢʘʭ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʦʨʛʘʥʠʯʝʩʢʠʭ ʣʠʛʘʥʜʦʚ ʠ ʠʭ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʦʚ ʧʨʠʤʝʥʝʥ ʨʷʜ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ: ʵʣʝʤʝʥʪʥʳʡ ʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟʳ, ʀʂ-, 

ʗʄʈ-, ʕʇʈ- ʠ ʄʸʩʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʧʦʛʣʦʱʝʥʠʷ, ʮʠʢʣʠʯʝʩʢʘʷ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʷ, ʘ ʪʘʢʞʝ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ. ɺ ʨʷʜʝ ʩʣʫʯʘʝʚ ʜʣʷ ʢʣʶʯʝʚʳʭ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʤʝʪʦʜʦʤ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʮʝʥʥʦʩʪʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʩʣʝʜʫʶʱʝʤ: 

- ʨʘʟʨʘʙʦʪʘʥʳ ʫʜʦʙʥʳʝ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʧʦʣʫʯʝʥʠʷ 

ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʦ-ʘʤʠʥʦʬʝʥʦʣʦʚ ʩ ʚʳʩʦʢʠʤʠ ʚʳʭʦʜʘʤʠ ʢʦʥʝʯʥʦʛʦ 

ʧʨʦʜʫʢʪʘ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʛʨʫʧʧʳ ʥʦʚʳʭ ʦ-ʘʤʠʥʦʬʝʥʦʣʦʚ (4 ʩʦʝʜʠʥʝʥʠʷ), ʘ ʪʘʢʞʝ 

ʜʣʷ 2 ʨʘʥʝʝ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʣʠʛʘʥʜʥʳʭ ʩʠʩʪʝʤ ʙʳʣʘ ʚʧʝʨʚʳʝ ʧʨʠʤʝʥʝʥʘ 

ʦʨʠʛʠʥʘʣʴʥʘʷ ʩʠʥʪʝʪʠʯʝʩʢʘʷ ʧʨʦʮʝʜʫʨʘ ʩʧʣʘʚʣʝʥʠʷ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʢʦʣʠʯʝʩʪʚ ʡʦʜʘ, ʥʝ ʪʨʝʙʫʶʱʘʷ ʧʨʠʤʝʥʝʥʠʷ 

ʨʘʩʪʚʦʨʠʪʝʣʷ; 

-      ʥʘ ʦʩʥʦʚʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʜʦʢʩ-

ʘʢʪʠʚʥʳʭ ʣʠʛʘʥʜʦʚ ʧʦʣʫʯʝʥ ʰʠʨʦʢʠʡ ʨʷʜ ʧʨʦʠʟʚʦʜʥʳʭ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 3d-

ʨʷʜʘ (Cu, Ni, Co, Fe ʠ Mn). ʋʩʪʘʥʦʚʣʝʥʳ ʫʩʣʦʚʠʷ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩʠʥʪʝʟʘ 

ʯʝʪʳʨʝʭ-, ʧʷʪʠ- ʠ ʰʝʩʪʠʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʦʚ; 

-    ʥʘ ʧʨʠʤʝʨʝ ʙʠʩ-ʦ-ʠʤʠʥʦʙʝʥʟʦʩʝʤʠʭʠʥʦʥʦʚʳʭ ʧʨʦʠʟʚʦʜʥʳʭ Cu
II
 ʠ Ni

II
 

ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʥʘ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ. 

ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʷʜʫ ʢʦʤʧʣʝʢʩʦʚ Cu
II
 ʙʳʣʘ ʦʪʤʝʯʝʥʘ ʪʝʥʜʝʥʮʠʷ ʢ ʩʤʝʥʝ ʪʠʧʘ 

ʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ çʤʝʪʘʣʣ-ʣʠʛʘʥʜè ʩ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʥʘ 
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ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʧʦ ʤʝʨʝ ʠʩʢʘʞʝʥʠʷ ʧʣʦʩʢʦʢʚʘʜʨʘʪʥʦʡ ʛʝʦʤʝʪʨʠʠ ʢʦʤʧʣʝʢʩʘ, 

ʢʦʪʦʨʦʝ ʦʙʫʩʣʦʚʣʝʥʦ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʩʪʝʨʠʯʝʩʢʠʭ ʟʘʪʨʫʜʥʝʥʠʡ 

ʤʝʪʘʣʣʦʮʝʥʪʨʘ, ʩʦʟʜʘʚʘʝʤʳʭ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʦʙʲʝʤʥʳʤʠ ʟʘʤʝʩʪʠʪʝʣʷʤʠ ʚ 

ʘʥʠʣʠʥʦʚʦʡ ʯʘʩʪʠ ʣʠʛʘʥʜʦʚ. ɺ ʩʣʫʯʘʝ ʧʨʦʠʟʚʦʜʥʳʭ Ni
II
 ʩ ʥʘʠʙʦʣʝʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʟʘʪʨʫʜʥʝʥʥʳʤʠ ïPh ʠ ïC(O)Ph ʛʨʫʧʧʘʤʠ ʚ ʩʦʩʪʘʚʝ ʣʠʛʘʥʜʦʚ 

ʦʙʥʘʨʫʞʝʥʦ ʦʩʣʘʙʣʝʥʠʝ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʦʛʦ  ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʩʚʷʟʳʚʘʥʠʷ 

ʤʝʞʜʫ ʩʧʠʥʘʤʠ ʦ-ʠʤʠʥʦʙʝʥʟʦʩʝʤʠʭʠʥʦʥʦʚʳʭ ʨʘʜʠʢʘʣʦʚ, ʯʪʦ ʚʳʟʚʘʥʦ ʠʟʤʝʥʝʥʠʝʤ 

ʚʟʘʠʤʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʤʘʛʥʠʪʥʳʭ ʦʨʙʠʪʘʣʝʡ 

ʤʝʪʘʣʣʦʮʝʥʪʨʘ ʠ ʣʠʛʘʥʜʦʚ, ʘ ʪʘʢʞʝ ʧʨʠʨʦʜʦʡ ʩʘʤʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ; 

-     ʚ ʨʷʜʫ ʯʝʪʳʨʝʭ- ʠ ʧʷʪʠʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʪʨʝʭʚʘʣʝʥʪʥʦʛʦ 

ʢʦʙʘʣʴʪʘ ʩʦʚʦʢʫʧʥʦʩʪʴʶ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʢʚʘʥʪʦʚʦ-

ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʫʩʪʘʥʦʚʣʝʥʘ ʨʝʘʣʠʟʘʮʠʷ ʩʨʝʜʥʝʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʤʝʪʘʣʣʦʮʝʥʪʨʘ (SCo = 1), ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʝʜʢʦʛʦ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʢʦʙʘʣʴʪʘ ʩ 

ʣʠʛʘʥʜʘʤʠ ʦ-ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʦʛʦ ʪʠʧʘ; 

-     ʜʣʷ ʯʘʩʪʠ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʠ ʦʩʫʱʝʩʪʚʣʝʥʳ ʨʝʜʦʢʩ-

ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʨʝʘʢʮʠʷʭ ʩ ʦʜʥʦʵʣʝʢʪʨʦʥʥʳʤʠ ʦʢʠʩʣʠʪʝʣʷʤʠ ʠ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷʤʠ. 

ʅʘ ʧʨʠʤʝʨʝ ʧʨʦʠʟʚʦʜʥʳʭ Cu
II
, Ni

II
, Co

III
 ʠ Co

II
 ʩ ïC(O)Ph ʛʨʫʧʧʘʤʠ ʫʩʪʘʥʦʚʣʝʥʘ 

ʭʝʤʠʣʘʙʠʣʴʥʘʷ ʧʨʠʨʦʜʘ ʢʦʦʨʜʠʥʠʨʫʶʱʝʛʦʩʷ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʦʛʦ ʣʠʛʘʥʜʘ, ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤ 

ʯʠʩʣʦʤ ʤʝʪʘʣʣʦʮʝʥʪʨʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʘʨʷʜʘ ʢʦʤʧʣʝʢʩʘ;  

- ʥʘ ʧʨʠʤʝʨʝ ʩʦʝʜʠʥʝʥʠʡ ʢʦʙʘʣʴʪʘ ʩ ʦ-ʘʤʠʥʦʬʝʥʦʣʦʤ, 

ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʤ ïC(O)Ph ʛʨʫʧʧʦʡ, ʚʧʝʨʚʳʝ ʦʙʥʘʨʫʞʝʥ ʬʝʥʦʤʝʥ ʨʝʜʦʢʩ-

ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʧʝʨʝʥʦʩʘ ʵʣʝʢʪʨʦʥʘ (RIET) ʚ ʨʷʜʫ ʦ-ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʜʘʥʥʦʛʦ ʤʝʪʘʣʣʘ. ɺʳʰʝʫʢʘʟʘʥʥʦʝ ʷʚʣʝʥʠʝ ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʭʦʜʝ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʛʦʩʷ ʠʟʤʝʥʝʥʠʝʤ 

ʜʝʥʪʘʪʥʦʩʪʠ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʦʛʦ ʣʠʛʘʥʜʘ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʨʝʜʢʦʛʦ ʪʨʠʛʦʥʘʣʴʥʦ-

ʧʨʠʟʤʘʪʠʯʝʩʢʦʛʦ ʦʢʨʫʞʝʥʠʷ ʠʦʥʘ ʢʦʙʘʣʴʪʘ;  
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- ʜʣʷ ʧʷʪʠʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Fe
III

 ʥʘ ʦʩʥʦʚʝ 

ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ïOMe ʛʨʫʧʧʦʡ ʦ-ʘʤʠʥʦʬʝʥʦʣʘ ʦʙʥʘʨʫʞʝʥʦ ʷʚʣʝʥʠʝ 

ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʘ (SFe = 5/2 Ÿ SFe = 3/2). ʉʦʝʜʠʥʝʥʠʝ Fe
III

 ʧʨʝʪʝʨʧʝʚʘʝʪ ʩʧʠʥ-

ʢʨʦʩʩʦʚʝʨ ʫʞʝ ʧʨʠ ʊ = 150 ʂ, ʠ ʧʨʦʮʝʩʩ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʷʚʣʷʝʪʩʷ 

ʥʝʟʘʚʝʨʰʝʥʥʳʤ ʜʘʞʝ ʧʨʠ ʊ = 13 ʂ. ʌʘʢʪ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 

ʫʩʪʘʥʦʚʣʝʥ ʧʨʠ ʧʦʤʦʱʠ ʄʸʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʠʟʤʝʨʝʥʠʡ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʠ ʧʦʜʪʚʝʨʞʜʝʥ ʤʝʪʦʜʘʤʠ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ.  

ʅʘ ʟʘʱʠʪʫ ʚʳʥʦʩʷʪʩʷ ʩʣʝʜʫʶʱʠʝ ʧʦʣʦʞʝʥʠʷ: 

- ʩʠʥʪʝʟ ʥʦʚʳʭ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʳʭ ʦ-ʘʤʠʥʦʬʝʥʦʣʦʚ, ʩʦʜʝʨʞʘʱʠʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʛʨʫʧʧʳ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ ʚ ʘʥʠʣʠʥʦʚʦʡ ʯʘʩʪʠ ʣʠʛʘʥʜʘ;  

-     ʧʦʣʫʯʝʥʠʝ ʥʦʚʳʭ ʢʦʤʧʣʝʢʩʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 3d-ʨʷʜʘ (Cu, Ni, Co, 

Fe ʠ Mn), ʚʢʣʶʯʘʶʱʠʭ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʝ ʣʠʛʘʥʜʳ ʦ-

ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʦʛʦ ʪʠʧʘ  ʚ ʨʘʟʣʠʯʥʳʭ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʷʭ; 

- ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʪʨʦʝʥʠʷ ʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ. ɸʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦ ʪʝʤʝ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ, ʧʨʦʚʝʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʘʙʦʪʳ ʧʦ ʩʠʥʪʝʟʫ, 

ʚʳʜʝʣʝʥʠʶ ʠ ʦʯʠʩʪʢʝ ʦʨʛʘʥʠʯʝʩʢʠʭ ʠ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, 

ʨʝʛʠʩʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ, ʘ ʪʘʢʞʝ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʜʘʥʥʳʭ 

ʚʩʝʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʣʠʯʥʦ ʘʚʪʦʨʦʤ. 

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʦʙʩʫʞʜʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ 

ʧʦʜʛʦʪʦʚʢʘ ʧʫʙʣʠʢʘʮʠʡ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ ʠ 

ʩʦʘʚʪʦʨʘʤʠ ʨʘʙʦʪ. ʈʝʛʠʩʪʨʘʮʠʷ ʀʂ-, ʗʄʈ-, ʕʇʈ-, ʤʘʩʩ-ʩʧʝʢʪʨʦʚ, ʵʣʝʤʝʥʪʥʳʡ 

ʘʥʘʣʠʟ, ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚʳʧʦʣʥʝʥʳ ʚ ɸʥʘʣʠʪʠʯʝʩʢʦʤ ʮʝʥʪʨʝ 

ʀʄʍ ʈɸʅ. ʄʘʛʥʝʪʦʭʠʤʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʝʜʝʥʳ ʢ.ʭ.ʥ. ɹʦʛʦʤʷʢʦʚʳʤ ɸ.ʉ. 

(ʄʊʎ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ), ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʜ.ʭ.ʥ. 
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ʉʪʘʨʠʢʦʚʳʤ ɸ.ɻ. (ʖʌʋ, ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ), ʄʸʩʩʙʘʫʨʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʟʘʧʠʩʘʥʳ 

ʢ.ʬ.-ʤ.ʥ. ʂʫʙʨʠʥʳʤ ʉ.ʇ. (ʖʌʋ, ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ). 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʝʜʝʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʦʩʫʱʝʩʪʚʣʝʥʦ ʥʘ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ 

çOrganometallic and Coordination Chemistry: Achievements and Challengesè (ʛ. 

ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ, 2015 ʛ.), ʥʘ XX ʠ XXI  ʅʠʞʝʛʦʨʦʜʩʢʠʭ ʩʝʩʩʠʷʭ ʤʦʣʦʜʳʭ 

ʫʯʝʥʳʭ (ʛ. ɸʨʟʘʤʘʩ, 2015 - 2016 ʛʛ.), ʥʘ VI ʄʝʞʜʫʥʘʨʦʜʥʦʤ ʩʠʤʧʦʟʠʫʤʝ ʧʦ 

ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʩ ʵʣʝʤʝʥʪʘʤʠ ʥʘʫʯʥʦʡ ʰʢʦʣʳ ʚ ʨʘʤʢʘʭ ʂʣʘʩʪʝʨʘ 

ʢʦʥʬʝʨʝʥʮʠʡ ʧʦ ʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ çʆʨʛʍʠʤ-2016è, (ʧʦʩ. ʈʝʧʠʥʦ, ʛ. ʉ.-

ʇʝʪʝʨʙʫʨʛ, 2016ʛ.), ʥʘ I ʐʢʦʣʝ-ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çɼʠʟʘʡʥ ʤʘʛʥʠʪʥʦ-

ʘʢʪʠʚʥʳʭ ʩʦʝʜʠʥʝʥʠʡè ʚ ʨʘʤʢʘʭ ʆʙʲʝʜʠʥʝʥʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ ʤʦʣʝʢʫʣʷʨʥʦʤʫ 

ʤʘʛʥʝʪʠʟʤʫ (ʛ. ʅʦʚʦʩʠʙʠʨʩʢ, ɸʢʘʜʝʤʛʦʨʦʜʦʢ, 2016 ʛ.), ʥʘ IV ʐʢʦʣʝ-ʢʦʥʬʝʨʝʥʮʠʠ 

ʜʣʷ ʤʦʣʦʜʳʭ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ çʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʚ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ 

ʭʠʤʠʠè ʚ ʨʘʤʢʘʭ XXVII  ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʏʫʛʘʝʚʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʭʠʤʠʠ (ʛ. ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ, 2017 ʛ.), ʥʘ VIII ɺʩʝʨʦʩʩʠʡʩʢʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ çɺr ʩʦʢʦʩʧʠʥʦʚʳʝ ʤʦʣʝʢʫʣʳ ʠ ʤʦʣʝʢʫʣʷʨʥʳʝ ʤʘʛʥʝʪʠʢʠ çMolMag-

2018è ʚ ʨʘʤʢʘʭ ɺʩʝʨʦʩʩʠʡʩʢʦʛʦ ʢʣʘʩʪʝʨʘ ʢʦʥʬʝʨʝʥʮʠʡ ʧʦ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ 

çInorgChem 2018è (ʛ. ɸʩʪʨʘʭʘʥʴ, 2018 ʛ.), ʥʘ ʄʦʣʦʜʝʞʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ-ʰʢʦʣʝ 

çʅʦʚʳʝ ʪʝʥʜʝʥʮʠʠ ʚ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠè ʚ ʨʘʤʢʘʭ ɺʩʝʨʦʩʩʠʡʩʢʦʛʦ ʢʣʘʩʪʝʨʘ 

ʢʦʥʬʝʨʝʥʮʠʡ ʧʦ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ çInorgChem 2018è (ʛ. ɸʩʪʨʘʭʘʥʴ, 2018 ʛ.), 

ʥʘ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çThe 43rd International Conference on 

Coordination Chemistry (ICCC 2018)è (ʛ. ʉʝʥʜʘʡ, ʗʧʦʥʠʷ, 2018 ʛ.). 

ʇʫʙʣʠʢʘʮʠʠ. ʆʩʥʦʚʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʦʧʫʙʣʠʢʦʚʘʥʦ ʚ 5 ʩʪʘʪʴʷʭ ʠ 11 ʪʝʟʠʩʘʭ ʜʦʢʣʘʜʦʚ.  

ʉʪʨʫʢʪʫʨʘ ʜʠʩʩʝʨʪʘʮʠʠ. ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 

ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʦʙʟʦʨʘ, ʦʙʩʫʞʜʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʯʘʩʪʠ, 

ʚʳʚʦʜʦʚ ʠ ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ ʠʟ 159 ʥʘʠʤʝʥʦʚʘʥʠʡ. ʈʘʙʦʪʘ ʠʟʣʦʞʝʥʘ 

ʥʘ 208 ʩʪʨʘʥʠʮʘʭ ʤʘʰʠʥʦʧʠʩʥʦʛʦ ʪʝʢʩʪʘ ʠ ʚʢʣʶʯʘʝʪ 7 ʪʘʙʣʠʮ, 37 ʩʭʝʤ ʠ 58 

ʨʠʩʫʥʢʦʚ. 
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ʀʟʣʦʞʝʥʥʳʡ ʤʘʪʝʨʠʘʣ ʠ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʫʥʢʪʘʤ 1., 

2. ʠ 6. ʧʘʩʧʦʨʪʘ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 02.00.08 ï ʭʠʤʠʷ ʵʣʝʤʝʥʪʦʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʦʚ ʈʌʌʀ (ˉˉ 15-33-

20628_ʤʦʣ_ʘ_ʚʝʜ, 18-33-00539 ʤʦʣ_ʘ), ʈʅʌ (14-03-01296), ʇʨʝʟʠʜʝʥʪʘ 

ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ (ʄʂ-614.2011.3, ʅʐ-271.2014.3, ʅʐ-7916.2016.3) ʠ 

ʌʝʜʝʨʘʣʴʥʦʡ ʮʝʣʝʚʦʡ ʧʨʦʛʨʘʤʤʳ çʅʘʫʯʥʳʝ ʠ ʥʘʫʯʥʦ-ʧʝʜʘʛʦʛʠʯʝʩʢʠʝ ʢʘʜʨʳ 

ʠʥʥʦʚʘʮʠʦʥʥʦʡ ʈʦʩʩʠʠè ʥʘ 2009-2013 ʛʛ. (ɻʂ ʇ982 ʦʪ 27.05.2010, ɻʂ 8465). 
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ɻʃɸɺɸ I. ʃʀʊɽʈɸʊʋʈʅʓʁ ʆɹɿʆʈ. 

ʂʆʄʇʃɽʂʉʓ ʇɽʈɽʍʆɼʅʓʍ ʄɽʊɸʃʃʆɺ 3d-ʈʗɼɸ ʉ ʃʀɻɸʅɼɸʄʀ     

ʆ-ʀʄʀʅʆɹɽʅɿʆʍʀʅʆʅʆɺʆɻʆ ʊʀʇɸ: ɺɿɸʀʄʆʉɺʗɿʔ 

ʄʆʃɽʂʋʃʗʈʅʆɻʆ ʉʊʈʆɽʅʀʗ ʀ ʕʃɽʂʊʈʆʅʅʆʁ ʉʊʈʋʂʊʋʈʓ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʭʠʤʠʠ ʢʦʤʧʣʝʢʩʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʩ ʨʝʜʦʢʩ-

ʘʢʪʠʚʥʳʤʠ ʣʠʛʘʥʜʘʤʠ ʦ-ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʦʛʦ ʪʠʧʘ ʠʥʪʝʥʩʠʚʥʦ ʚʝʜʫʪʩʷ ʚ 

ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚ ʮʝʣʦʤ ʨʷʜʝ ʥʘʫʯʥʳʭ ʮʝʥʪʨʦʚ ʚʩʝʛʦ ʤʠʨʘ. ʀʩʯʝʨʧʳʚʘʶʱʠʡ 

ʦʙʟʦʨ ʩʦʩʪʦʷʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʚ ʫʢʘʟʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦ 2006 ʛʦʜ 

ʚʢʣʶʯʠʪʝʣʴʥʦ ʧʨʠʚʝʜʝʥ ʚ ʨʘʙʦʪʝ [1]. ɼʘʥʥʘʷ ʛʣʘʚʘ ʩʦʜʝʨʞʠʪ ʩʚʝʜʝʥʠʷ, 

ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʧʝʨʠʦʜ ʩ 2007 ʧʦ 2017 ʛʦʜ. 

1.1. ʂʆʄʇʃɽʂʉʓ ʄɽɼʀ(II )  

ʂ ʥʘʩʪʦʷʱʝʤʫ ʤʦʤʝʥʪʫ ʟʥʘʯʠʪʝʣʴʥʦʝ ʯʠʩʣʦ ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʦʧʠʩʳʚʘʶʱʠʭ 

ʭʠʤʠʶ ʢʦʤʧʣʝʢʩʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʥʘ ʙʘʟʝ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʳʭ ʣʠʛʘʥʜʦʚ ʦ-

ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʦʛʦ ʪʠʧʘ, ʧʦʩʚʷʱʝʥʦ ʧʨʦʠʟʚʦʜʥʳʤ Cu
II
. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʧʦʚʳʰʝʥʥʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʢ ʫʢʘʟʘʥʥʦʤʫ ʢʣʘʩʩʫ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʦʙʫʩʣʦʚʣʝʥʦ ʥʘʣʠʯʠʝʤ ʤʥʦʞʝʩʪʚʘ ʠʥʪʝʨʝʩʥʳʭ ʘʩʧʝʢʪʦʚ ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʠʭ ʤʘʛʥʝʪʦʭʠʤʠʯʝʩʢʠʭ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʊʘʢ, 

ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʚ ʢʘʯʝʩʪʚʝ ʛʝʪʝʨʦʩʧʠʥʦʚʳʭ ʤʥʦʛʦʮʝʥʪʨʦʚʳʭ ʩʠʩʪʝʤ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʝʜʠʥʝʥʠʷ Cu
II
 ʥʘ ʙʘʟʝ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʳʭ ʣʠʛʘʥʜʥʳʭ ʧʣʘʪʬʦʨʤ ʦ-

ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʦʛʦ ʪʠʧʘ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʧʘʨʘʤʘʛʥʠʪʥʦʡ ʘʥʠʦʥ-ʨʘʜʠʢʘʣʴʥʦʡ 

ʬʦʨʤʝ (SR = 1/2). ʋʢʘʟʘʥʥʳʝ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʫʜʦʙʥʳʝ 

ʤʦʜʝʣʴʥʳʝ ʦʙʲʝʢʪʳ ʜʣʷ ʠʟʫʯʝʥʠʷ ʚʟʘʠʤʦʩʚʷʟʠ ʩʪʨʫʢʪʫʨʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʩʦʜʝʨʞʘʪ ʧʘʨʘʤʘʛʥʠʪʥʳʝ ʮʝʥʪʨʳ ʨʘʟʣʠʯʥʦʡ 

ʧʨʠʨʦʜʳ (ʠʦʥ ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʠ ʦʨʛʘʥʠʯʝʩʢʠʝ ʨʘʜʠʢʘʣʳ) ʩ ʦʜʠʥʘʢʦʚʦʡ 

ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʴʶ (S = 1/2). ʅʝʤʘʣʦʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ, ʯʪʦ 

ʭʘʨʘʢʪʝʨ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (ʬʝʨʨʦʤʘʛʥʠʪʥʳʡ/ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʡ) 
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ʤʝʞʜʫ ʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʘ,  ʦʙʫʩʣʘʚʣʠʚʘʶʱʝʡ ʩʠʤʤʝʪʨʠʶ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʦʨʙʠʪʘʣʝʡ, ʩʦʜʝʨʞʘʱʠʭ ʥʝʩʧʘʨʝʥʥʳʝ 

ʵʣʝʢʪʨʦʥʳ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʘʥʘʣʠʟʘ ʰʠʨʦʢʦʛʦ ʤʥʦʛʦʦʙʨʘʟʠʷ ʢʦʤʧʣʝʢʩʦʚ Cu
II
 ʤʦʞʥʦ 

ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʨʝʘʣʠʟʘʮʠʷ ʚʳʩʦʢʠʭ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʯʠʩʝʣ (5 ʠ 6) ʜʣʷ ʪʘʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʥʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʘ. ʅʘʧʨʦʪʠʚ, ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʧʨʦʠʟʚʦʜʥʳʝ 

Cu
II
 ʷʚʣʷʶʪʩʷ ʯʝʪʳʨʝʭʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤʠʩʷ 

ʧʣʦʩʢʦʢʚʘʜʨʘʪʥʳʤ, ʨʝʞʝ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤ ʩʪʨʦʝʥʠʝʤ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʫʟʣʘ.  

ʇʦʩʨʝʜʩʪʚʦʤ ʜʝʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ Cu
II
 

ʥʘʠʙʦʣʝʝ ʷʨʢʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ 

ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʨʫʢʪʫʨʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚ 

ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʝ ʚ ʮʝʣʦʤ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʪ ʢʘʯʝʩʪʚʝʥʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʩʦʩʪʘʚʝ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʦʛʦ ʣʠʛʘʥʜʘ.   

***  

ʂʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚʳʰʝ, ʭʘʨʘʢʪʝʨ ʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

çʤʝʪʘʣʣ-ʣʠʛʘʥʜè ʚ ʯʝʪʳʨʝʭʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʘʭ Cu
II
 

ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʪʦʛʦ, ʷʚʣʷʝʪʩʷ ʣʠ ʩʦʝʜʠʥʝʥʠʝ ʧʣʦʩʢʦʢʚʘʜʨʘʪʥʳʤ, ʣʠʙʦ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʪʦʡ ʠʣʠ ʠʥʦʡ ʩʪʝʧʝʥʴʶ ʦʪʢʣʦʥʝʥʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʧʦʣʠʵʜʨʘ 

ʦʪ ʧʣʘʥʘʨʥʦʩʪʠ, ʯʪʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ ʥʘ ʧʨʠʤʝʨʝ ʨʦʜʩʪʚʝʥʥʳʭ ʦ-

ʙʝʥʟʦʩʝʤʠʭʠʥʦʥʦʚʳʭ ʧʨʦʠʟʚʦʜʥʳʭ Cu
II
 [2]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʣʦʩʢʦʢʚʘʜʨʘʪʥʘʷ 

ʛʝʦʤʝʪʨʠʷ ʢʦʤʧʣʝʢʩʦʚ ʤʝʪʘʣʣʦʚ, ʠʤʝʶʱʠʭ ʵʣʝʢʪʨʦʥʥʫʶ ʢʦʥʬʠʛʫʨʘʮʠʶ d
9
, 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʥʘʣʠʯʠʝ ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʥʝʩʧʘʨʝʥʥʦʛʦ ʵʣʝʢʪʨʦʥʘ ʥʘ dx
2
-y

2
 ʤʘʛʥʠʪʥʦʡ 

ʦʨʙʠʪʘʣʠ ʤʝʪʘʣʣʘ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʩʠʣʳ ʧʦʣʷ ʣʠʛʘʥʜʘ. ʄʦʣʝʢʫʣʷʨʥʘʷ ʦʨʙʠʪʘʣʴ ʦ-

ʠʤʠʥʦʙʝʥʟʦʩʝʤʠʭʠʥʦʥʦʚʦʛʦ ʨʘʜʠʢʘʣʘ (ˊSQ
*
), ʩʦʜʝʨʞʘʱʘʷ ʥʝʩʧʘʨʝʥʥʳʡ ʵʣʝʢʪʨʦʥ, 

ʦʨʪʦʛʦʥʘʣʴʥʦ ʥʘʧʨʘʚʣʝʥʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ dx
2
-y

2
 ʦʨʙʠʪʘʣʠ ʤʝʪʘʣʣʘ, ʯʪʦ ʠʩʢʣʶʯʘʝʪ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʭʘʨʘʢʪʝʨ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ çʤʝʪʘʣʣ-ʣʠʛʘʥʜè ʚ 

ʩʦʝʜʠʥʝʥʠʠ ʩ ʧʣʘʥʘʨʥʳʤ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤ ʦʢʨʫʞʝʥʠʝʤ.  
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ʂ ʧʨʠʤʝʨʫ, ʨʘʥʝʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʣʦʩʢʦʢʚʘʜʨʘʪʥʳʡ ʙʠʩ-ʦ-

ʠʤʠʥʦʙʝʥʟʦʩʝʤʠʭʠʥʦʥʦʚʳʡ ʢʦʤʧʣʝʢʩ Cu
II
, ʥʝ ʩʦʜʝʨʞʘʱʠʡ ʟʘʤʝʩʪʠʪʝʣʝʡ ʚ 

ʘʥʠʣʠʥʦʚʦʤ ʬʨʘʛʤʝʥʪʝ ʣʠʛʘʥʜʘ [3] (ʩʭʝʤʘ 1.1, ʦ-ʘʤʠʥʦʬʝʥʦʣ ɸ1), ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʩʠʣʴʥʳʤ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʦʙʤʝʥʦʤ çʤʝʪʘʣʣ-ʣʠʛʘʥʜè (ʩʭʝʤʘ 1.1.{1}, (B); ʩʭʝʤʘ 

1.1.{2}, (A)) ʠ ʧʨʝʚʘʣʠʨʫʶʱʠʤ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 

ʤʝʞʜʫ ʘʥʠʦʥ-ʨʘʜʠʢʘʣʴʥʳʤʠ ʣʠʛʘʥʜʘʤʠ (JCu-R = +195 ʩʤ
-1
, JR-R = ī400 ʩʤ

-1
). ʂʘʢ 

ʨʝʟʫʣʴʪʘʪ, ʚ ʟʘʤʦʨʦʞʝʥʥʦʡ ʤʘʪʨʠʮʝ CH2Cl2 (ʊ = 30 ʂ) ʜʘʥʥʦʝ ʩʦʝʜʠʥʝʥʠʝ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʘʥʠʟʦʪʨʦʧʥʳʡ ʤʝʪʘʣʣ-ʮʝʥʪʨʠʨʦʚʘʥʥʳʡ ʕʇʈ-ʩʠʛʥʘʣ (S = 1/2), 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡʩʷ ʘʢʩʠʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʝʡ g-ʪʝʥʟʦʨʘ ʩ ʥʝʙʦʣʴʰʠʤʠ 

ʨʦʤʙʠʯʝʩʢʠʤʠ ʠʩʢʘʞʝʥʠʷʤʠ. 

 

ʉʭʝʤʘ 1.1.{1}  

ʅʘʧʨʦʪʠʚ, ʦʪʢʣʦʥʝʥʠʝ ʛʝʦʤʝʪʨʠʠ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʘ ʦʪ ʧʣʘʥʘʨʥʦʩʪʠ ʜʦʣʞʥʦ 

ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʷʤʦʛʦ ʧʝʨʝʢʨʳʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʦʨʙʠʪʘʣʝʡ 

ʤʝʪʘʣʣʦʮʝʥʪʨʘ (dx
2
-y

2
) ʠ ʣʠʛʘʥʜʦʚ (ˊSQ

*
) (ʩʭʝʤʘ 1.1.{1}, (A)), ʪʝʤ ʩʘʤʳʤ ʧʨʠʚʦʜʷ ʢ 

ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʚʦʟʨʘʩʪʘʥʠʶ ʚʢʣʘʜʘ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚ 

ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ çʤʝʪʘʣʣ-ʣʠʛʘʥʜè ʠ ʩʦʧʫʪʩʪʚʫʶʱʝʤʫ ʦʩʣʘʙʣʝʥʠʶ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʘ ʤʝʞʜʫ ʘʥʠʦʥ-ʨʘʜʠʢʘʣʴʥʳʤʠ ʣʠʛʘʥʜʘʤʠ. 

ʋʥʠʚʝʨʩʘʣʴʥʳʤ ʩʧʦʩʦʙʦʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, 

ʦʙʣʘʜʘʶʱʠʭ ʠʩʢʘʞʝʥʠʝʤ ʧʣʦʩʢʦʢʚʘʜʨʘʪʥʦʡ ʛʝʦʤʝʪʨʠʠ, ʩʣʝʜʫʝʪ ʩʯʠʪʘʪʴ 

ʚʥʝʜʨʝʥʠʝ ʚ ʩʦʩʪʘʚ ʣʠʛʘʥʜʘ ʦ-ʠʤʠʥʦʙʝʥʟʦʭʠʥʦʥʦʚʦʛʦ ʪʠʧʘ ʟʘʤʝʩʪʠʪʝʣʝʡ ʨʘʟʥʦʡ 

ʧʨʠʨʦʜʳ (ʚ ʪʦʤ ʯʠʩʣʝ ʭʝʤʠʣʘʙʠʣʴʥʳʭ [4-6]) ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʟʘʪʨʫʜʥʝʥʥʦʩʪʠ. 

ʂ ʥʘʩʪʦʷʱʝʤʫ ʤʦʤʝʥʪʫ ʩʠʥʪʝʟʠʨʦʚʘʥ ʰʠʨʦʢʠʡ ʨʷʜ ʧʨʦʠʟʚʦʜʥʳʭ Cu
II
 ʥʘ ʦʩʥʦʚʝ 

ʧʦʜʦʙʥʳʭ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʣʠʛʘʥʜʥʳʭ ʩʠʩʪʝʤ ʩ ʮʝʣʴʶ 
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ʉʭʝʤʘ 1.1. ʇʨʦʜʦʣʞʝʥʠʝ 
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ʠʟʫʯʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʷ ʦʪ ʩʪʨʫʢʪʫʨʥʳʭ 

ʤʦʜʠʬʠʢʘʮʠʡ. ʅʘ ʧʨʠʤʝʨʝ ʢʦʤʧʣʝʢʩʦʚ Cu
II
, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʥʘʣʠʯʠʝʤ ʩʣʘʙʦʡ 

ʢʦʦʨʜʠʥʘʮʠʠ  ʦʜʥʦʡ ʠʟ ʜʚʫʭ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ïSMe [7] (ʩʭʝʤʘ 1.1, ʦ-ʘʤʠʥʦʬʝʥʦʣ 

ɸ2) ʠ ïSeMe [8] (ʩʭʝʤʘ 1.1, ʦ-ʘʤʠʥʦʬʝʥʦʣ ɸ3), ʘ ʪʘʢʞʝ ʦʙʦʠʭ ïSePh [9] (ʩʭʝʤʘ 1.1, 

ʦ-ʘʤʠʥʦʬʝʥʦʣ ɸ4) ʛʨʫʧʧ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ 

ʜʠʵʜʨʘʣʴʥʦʛʦ ʫʛʣʘ (34.99ę, 32.95↔, ʠ 43.96ę, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʤʝʞʜʫ ʧʣʦʩʢʦʩʪʷʤʠ ʦ-

ʠʤʠʥʦʙʝʥʟʦʩʝʤʠʭʠʥʦʥʦʚʳʭ ʣʠʛʘʥʜʦʚ (ʩʭʝʤʘ 1.1.{3}, (A)) ʦʙʤʝʥʥʳʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʠʧʘ çʤʝʪʘʣʣ-ʣʠʛʘʥʜè ʠʤʝʶʪ  ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʫʶ ʧʨʠʨʦʜʫ ʠ 

ʷʚʣʷʶʪʩʷ ʧʨʝʚʘʣʠʨʫʶʱʠʤʠ (ʩʭʝʤʘ 1.1.{1}, (C)), ʦʧʨʝʜʝʣʷʷ ʜʫʙʣʝʪʥʦʝ ʦʩʥʦʚʥʦʝ 

ʩʧʠʥʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʩʦʝʜʠʥʝʥʠʡ (S = 1/2). ʂʘʢ ʨʝʟʫʣʴʪʘʪ, ʭʘʨʘʢʪʝʨʥʦʡ ʯʝʨʪʦʡ 

ʪʘʢʠʭ ʧʨʦʠʟʚʦʜʥʳʭ Cu
II
 ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʘʥʠʟʦʪʨʦʧʥʳʭ ʣʠʛʘʥʜ-

ʮʝʥʪʨʠʨʦʚʘʥʥʳʭ ʕʇʈ-ʩʧʝʢʪʨʦʚ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʥʘʯʝʥʠʷʭ ʠ 

ʦʪʩʫʪʩʪʚʠʝ ʕʇʈ-ʩʠʛʥʘʣʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʥʘʙʣʶʜʘʝʤʳʝ ʜʣʷ ʚʩʝʭ ʪʨʝʭ ʢʦʤʧʣʝʢʩʦʚ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʨʘʚʥʠʤʳ 

ʩ ʪʘʢʦʚʳʤʠ ʜʣʷ ʦ-ʩʝʤʠʭʠʥʦʥʦʚʳʭ ʧʨʦʠʟʚʦʜʥʳʭ Cu
II
 [10-12]. ʅʝʩʢʦʣʴʢʦ 

ʟʘʥʠʞʝʥʥʦʝ ʟʥʘʯʝʥʠʝ g-ʬʘʢʪʦʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʯʠʩʪʦ ʩʧʠʥʦʚʦʡ ʚʝʣʠʯʠʥʳ ʘʚʪʦʨʳ 

ʦʙʲʷʩʥʷʶʪ ʥʘʣʠʯʠʝʤ ʣʝʞʘʱʠʭ ʥʠʟʢʦ ʧʦ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʩ 

ʥʝʥʫʣʝʚʳʤ ʦʨʙʠʪʘʣʴʥʳʤ ʤʦʤʝʥʪʦʤ [13].  

 

ʉʭʝʤʘ 1.1.{2} 

ʂʘʢ ʧʨʘʚʠʣʦ, ʚ ʧʦʜʦʙʥʳʭ ʤʫʣʴʪʠʩʧʠʥʦʚʳʭ ʩʠʩʪʝʤʘʭ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʠʦʥʦʤ 

Cu
II
 (SCu = 1/2) ʠ ʜʚʫʤʷ ʦʨʛʘʥʠʯʝʩʢʠʤʠ ʨʘʜʠʢʘʣʘʤʠ (SR = 1/2), ʪʝʨʤʠʯʝʩʢʠ 

ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʟʘʩʝʣʝʥʠʝ ʢʚʘʜʨʫʧʣʝʪʥʦʛʦ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʦʩʪʠʞʠʤʦ 

ʧʦʣʥʦʩʪʴʶ ʠʣʠ ʯʘʩʪʠʯʥʦ ʫʞʝ ʧʨʠ ʊ = ~ 300 ʂ, ʯʪʦ ʩʚʦʡʩʪʚʝʥʥʦ ʠ ʜʣʷ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʦʚ ʩ ïSeMe ʠ ïSePh 
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ʟʘʤʝʩʪʠʪʝʣʷʤʠ. ʅʘʧʨʦʪʠʚ, ʚ ʩʣʫʯʘʝ ʧʨʦʠʟʚʦʜʥʦʛʦ Cu
II
 c ïSMe ʚʝʣʠʯʠʥʘ ɢmT = 0.46 

ʩʤ
3
ĀK/ʤʦʣʴ (ʊ = 300 ʂ) ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʥʠʞʝʥʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠ 

ʦʞʠʜʘʝʤʦʡ ʜʣʷ S = 3/2 ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ (1.125 ʩʤ
3
ĀK/ʤʦʣʴ), ʯʪʦ ʦʜʥʦʟʥʘʯʥʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʣʠʯʠʠ ʩʠʣʴʥʦʛʦ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʘ ʤʝʞʜʫ 

ʩʧʠʥʘʤʠ ʤʝʪʘʣʣʦʮʝʥʪʨʘ ʠ ʘʥʠʦʥ-ʨʘʜʠʢʘʣʴʥʦʛʦ ʣʠʛʘʥʜʘ (JCu-R = ī414 ʩʤ
-1
). 

ɺ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʩʪʴ ʦʧʠʩʘʥʥʳʤ ʚʳʰʝ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʘʤ, ʚ ʨʷʜʫ ʤʝʥʝʝ 

ʠʩʢʘʞʝʥʥʳʭ ʙʠʩ-ʦ-ʠʤʠʥʦʙʝʥʟʦʩʝʤʠʭʠʥʦʥʦʚʳʭ ʧʨʦʠʟʚʦʜʥʳʭ Cu
II
 ʥʘ ʦʩʥʦʚʝ ʦ-

ʘʤʠʥʦʬʝʥʦʣʦʚ ɸ5-ɸ8 (ʩʭʝʤʘ 1.1), ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʚ N-ʘʨʠʣʴʥʦʤ 

ʬʨʘʛʤʝʥʪʝ ʜʚʫʤʷ ïCF3, ïOMe, ʠʣʠ  ïC(CH3)3 ʛʨʫʧʧʘʤʠ ʚ ʤʝʪʘ-ʧʦʣʦʞʝʥʠʠ, ʘ 

ʪʘʢʞʝ ʦʜʥʠʤ ïCF3 ʟʘʤʝʩʪʠʪʝʣʝʤ ʚ ʦʨʪʦ-ʧʦʣʦʞʝʥʠʠ [14], ʧʨʝʚʘʣʠʨʫʶʱʠʤ 

ʷʚʣʷʝʪʩʷ ʩʠʣʴʥʳʡ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʦʙʤʝʥ ʤʝʞʜʫ ʦʨʛʘʥʠʯʝʩʢʠʤʠ ʨʘʜʠʢʘʣʘʤʠ: 

JR-R = ī340 ʩʤ
-1
, ī370 ʩʤ

-1
, ī450 ʩʤ

-1
 ʠ ī390 ʩʤ

-1
, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʘʢ ʨʝʟʫʣʴʪʘʪ, 

ʩʦʝʜʠʥʝʥʠʷ Cu
II
 ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʘʥʠʟʦʪʨʦʧʥʳʝ ʤʝʪʘʣʣ-ʮʝʥʪʨʠʨʦʚʘʥʥʳʝ ʕʇʈ-

ʩʠʛʥʘʣʳ ʩʦ ʩʨʝʜʥʠʤʠ ʚʝʣʠʯʠʥʘʤʠ g-ʬʘʢʪʦʨʘ, ʣʝʞʘʱʠʤʠ ʚ ʜʠʘʧʘʟʦʥʝ 2.08 ï 2.1, 

ʫʢʘʟʳʚʘʶʱʠʤʠ ʥʘ ʧʨʠʩʫʪʩʪʚʠʝ ʥʝʩʧʘʨʝʥʥʦʛʦ ʵʣʝʢʪʨʦʥʘ ʥʘ dx
2
-y

2
-ʦʨʙʠʪʘʣʠ 

ʤʝʪʘʣʣʦʮʝʥʪʨʘ [15].  ʇʨʠʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʧʨʠʩʫʪʩʪʚʠʝ ʦʙʲʝʤʥʳʭ ï

C(CH3)3 ʟʘʤʝʩʪʠʪʝʣʝʡ, ʦʪʢʣʦʥʝʥʠʷ ʛʝʦʤʝʪʨʠʠ ʩʦʝʜʠʥʝʥʠʷ ʦʪ ʧʣʘʥʘʨʥʦʩʪʠ ʥʝ 

ʧʨʦʠʩʭʦʜʠʪ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʷ ʦʜʥʦʡ ʠʣʠ ʜʚʫʤʷ ïCF3 ʛʨʫʧʧʘʤʠ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤʫ ʠʩʢʘʞʝʥʠʶ ʢʦʤʧʣʝʢʩʦʚ: 

ʜʠʵʜʨʘʣʴʥʳʡ ʫʛʦʣ ʤʝʞʜʫ ʧʣʦʩʢʦʩʪʷʤʠ ʣʠʛʘʥʜʦʚ ʨʘʚʝʥ 30.87↔ ʠ 32.55↔, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʘʥʘʣʦʛʠʯʥʳʝ ʠʤ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ Cu
II
 

ʩ ʭʝʤʠʣʘʙʠʣʴʥʳʤʠ ʦ-ʥʠʪʨʦ-ʬʝʥʦʢʩʠʣʴʥʳʤʠ (ʨʠʩʫʥʦʢ 1.1.{1} , ɸ) ʬʨʘʛʤʝʥʪʘʤʠ (ʦ-

ʘʤʠʥʦʬʝʥʦʣ ɸ9, ʩʭʝʤʘ 1.1) [16], ʘ ʪʘʢʞʝ c ʛʘʣʦʠʜʥʳʤʠ ʛʨʫʧʧʘʤʠ (ïF, ïCl), 

ʥʘʭʦʜʷʱʠʤʠʩʷ ʚ ʦʙʦʠʭ ʤʝʪʘ-ʧʦʣʦʞʝʥʠʷʭ N-ʘʨʠʣʴʥʦʛʦ ʬʨʘʛʤʝʥʪʘ ʦ-

ʠʤʠʥʦʙʝʥʟʦʩʝʤʠʭʠʥʦʥʦʚ [14] (ʦ-ʘʤʠʥʦʬʝʥʦʣʳ ɸ10 ʠ ɸ11, ʩʭʝʤʘ 1.1), ʦʙʣʘʜʘʶʪ 

ʧʣʦʩʢʦʢʚʘʜʨʘʪʥʳʤ ʩʪʨʦʝʥʠʝʤ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʧʦʣʠʵʜʨʘ. ʆʪʩʫʪʩʪʚʠʝ 

ʠʩʢʘʞʝʥʠʷ ʧʣʘʥʘʨʥʦʡ ʛʝʦʤʝʪʨʠʠ ʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ Cu
II
 ʘʚʪʦʨʳ [14] 

ʦʙʲʷʩʥʷʶʪ ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ, ʦʙʫʩʣʦʚʣʝʥʥʳʤ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʝʨʝ 

ʧʨʠʨʦʜʦʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʛʨʫʧʧʳ (ʵʣʝʢʪʨʦʥʥʳʡ ʬʘʢʪʦʨ), ʘ ʥʝ 
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ʪʦʣʴʢʦ ʣʠʰʴ ʩʪʝʨʠʯʝʩʢʠʤ ʵʢʨʘʥʠʨʦʚʘʥʠʝʤ ʤʝʪʘʣʣʦʮʝʥʪʨʘ, ʢʦʪʦʨʦʤʫ ʫʢʘʟʘʥʥʘʷ 

ʛʨʫʧʧʘ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ.  

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʜʝʥʪʘʪʥʦʩʪʠ ʣʠʛʘʥʜʘ ʟʘ ʩʯʝʪ ʢʦʦʨʜʠʥʘʮʠʠ ʥʘ 

ʤʝʪʘʣʣʦʮʝʥʪʨ ʚʥʝʜʨʝʥʥʳʭ ʚ ʩʦʩʪʘʚ ʣʠʛʘʥʜʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʚ ʝʱʝ 

ʙʦʣʴʰʝʡ ʤʝʨʝ ʩʧʦʩʦʙʥʦ ʧʨʠʚʝʩʪʠ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʤʦʜʠʬʠʢʘʮʠʷʤ 

ʩʦʝʜʠʥʝʥʠʷ. ʇʨʠʤʝʨ ʪʦʤʫ ï ʩʫʱʝʩʪʚʝʥʥʦʝ ʠʩʢʘʞʝʥʠʝ ʧʣʘʥʘʨʥʦʡ ʛʝʦʤʝʪʨʠʠ, 

ʥʘʙʣʶʜʘʝʤʦʝ  ʜʣʷ ʢʦʤʧʣʝʢʩʘ Cu
II
 (ʨʠʩʫʥʦʢ 1.1.{1}, ɺ) ʥʘ ʦʩʥʦʚʝ ʪʝʪʨʘʜʝʥʪʘʪʥʦʛʦ 

ʦ-ʘʤʠʥʦʬʝʥʦʣʘ ɸ12 (ʩʭʝʤʘ 1.1): ʚʝʣʠʯʠʥʘ ʜʠʵʜʨʘʣʴʥʦʛʦ ʫʛʣʘ ʤʝʞʜʫ ʧʣʦʩʢʦʩʪʷʤʠ 

ʦ-ʠʤʠʥʦʙʝʥʟʦʩʝʤʠʭʠʥʦʥʦʚ (ʩʭʝʤʘ 1.1) ʩʦʩʪʘʚʣʷʝʪ 42.39↔ (ʚ ʩʪʘʪʴʝ ʧʨʠʚʝʜʝʥ 

ʜʠʵʜʨʘʣʴʥʳʡ ʫʛʦʣ 35.5ę ʤʝʞʜʫ ʧʣʦʩʢʦʩʪʷʤʠ ʭʝʣʘʪʥʳʭ ʮʠʢʣʦʚ, ʩʭʝʤʘ 1.1.{3}, (B)) 

[17].  

 

ʈʠʩʫʥʦʢ 1.1.{1}. ʄʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ ɸ [16] ʠ ɺ [17]. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ 

ʥʝ ʧʦʢʘʟʘʥʳ. ʇʨʠʚʝʜʝʥʳ ʪʝʧʣʦʚʳʝ ʵʣʣʠʧʩʦʠʜʳ ʘʪʦʤʦʚ ʩ 20% (ɸ) ʠ 50% (ɺ) ʚʝʨʦʷʪʥʦʩʪʴʶ. 

ɸʥʘʣʠʟ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʩʦʝʜʠʥʝʥʠʷ ʦʜʥʦʟʥʘʯʥʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʭʝʣʘʪʠʨʦʚʘʥʠʠ ʠʦʥʘ Cu
II
 ʜʚʫʤʷ ʘʥʠʦʥ-ʨʘʜʠʢʘʣʴʥʳʤʠ ʬʨʘʛʤʝʥʪʘʤʠ ʣʠʛʘʥʜʘ ʩ 

ʪʠʧʠʯʥʳʤ ʭʠʥʦʠʜʥʳʤ ʠʩʢʘʞʝʥʠʝʤ ʟʘʤʝʱʝʥʥʳʭ ʪʨʝʪ-ʙʫʪʠʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ 

ʬʝʥʠʣʴʥʳʭ ʢʦʣʝʮ. ʈʘʩʩʪʦʷʥʠʷ çʤʝʪʘʣʣ-ʛʝʪʝʨʦʘʪʦʤè (~ 1.925 ¡) ʫʢʘʟʳʚʘʶʪ ʥʘ 

ʜʚʫʭʚʘʣʝʥʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʝʪʘʣʣʦʮʝʥʪʨʘ. ɺ ʩʣʫʯʘʝ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʥʘʣʠʯʠʝ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʛʦ ʠʩʢʘʞʝʥʠʷ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʥʝ ʧʨʝʚʘʣʠʨʫʶʱʝʛʦ 

ʪʠʧʘ ʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ çʣʠʛʘʥʜ-ʣʠʛʘʥʜè, ʢʦʪʦʨʦʝ 

ʩʚʦʡʩʪʚʝʥʥʦ ʜʣʷ ʧʣʦʩʢʦʢʚʘʜʨʘʪʥʳʭ ʙʠʩ-ʦ-ʠʤʠʥʦʙʝʥʟʦʩʝʤʠʭʠʥʦʥʦʚʳʭ 

ʧʨʦʠʟʚʦʜʥʳʭ Cu
II
. ɺ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʚʳʰʝʩʢʘʟʘʥʥʦʛʦ, ʢʦʤʧʣʝʢʩ ʜʝʤʦʥʩʪʨʠʨʫʝʪ 
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ʤʝʪʘʣʣ-ʮʝʥʪʨʠʨʦʚʘʥʥʳʡ ʕʇʈ-ʩʠʛʥʘʣ ʩ ʨʦʤʙʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʝʡ g-ʪʝʥʟʦʨʘ. 

ʍʘʨʘʢʪʝʨ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ (ɛʵʬʬ) 

ʩʦʝʜʠʥʝʥʠʷ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʦʩʥʦʚʥʳʤ ʜʫʙʣʝʪʥʳʤ (S = 1/2) ʠ ʪʝʨʤʠʯʝʩʢʠ 

ʟʘʩʝʣʷʝʤʳʤ ʢʚʘʜʨʫʧʣʝʪʥʳʤ ʩʦʩʪʦʷʥʠʝʤ (S = 3/2) ʜʣʷ ʩʠʩʪʝʤʳ ʩ ʠʦʥʦʤ Cu
II
 (d

9
, SCu 

= 1/2) ʠ ʧʨʝʦʙʣʘʜʘʶʱʠʤ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʦʙʤʝʥʦʤ ʤʝʞʜʫ ʜʚʫʤʷ ʘʥʠʦʥ-

ʨʘʜʠʢʘʣʴʥʳʤʠ ʬʨʘʛʤʝʥʪʘʤʠ ʣʠʛʘʥʜʘ (JR-R = ī357 ʩʤ
-1
). 

 

ʉʭʝʤʘ 1.1.{3} 

ɸʚʪʦʨʳ ʙʦʣʝʝ ʧʦʟʜʥʝʡ ʧʫʙʣʠʢʘʮʠʠ [9] ʩʦʦʪʥʦʩʷʪ ʪʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʢʦʤʧʣʝʢʩʘ 

ʩ ʦʪʩʫʪʩʪʚʠʝʤ ʩʣʘʙʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʩ 

ʘʪʦʤʦʤ Cu
II
, ʥʘʣʠʯʠʝ ʢʦʪʦʨʦʛʦ, ʧʦ ʠʭ ʤʥʝʥʠʶ, ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʤʘʛʥʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʷ ʜʘʞʝ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ, ʯʝʤ ʧʨʦʩʪʦ ʦʪʢʣʦʥʝʥʠʝ ʦʪ 

ʧʣʘʥʘʨʥʦʩʪʠ ʚ ʦʢʨʫʞʝʥʠʠ ʤʝʪʘʣʣʦʮʝʥʪʨʘ. ʏʪʦʙʳ ʧʦʜʪʚʝʨʜʠʪʴ ʜʘʥʥʳʡ ʬʘʢʪ, ʙʳʣ 

ʚʳʧʦʣʥʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʙʠʩ-ʦ-ʠʤʠʥʦʙʝʥʟʦʩʝʤʠʭʠʥʦʥʦʚʳʭ ʧʨʦʠʟʚʦʜʥʳʭ 

Cu
II
 ʩ ïʆʄʝ ʠ ïSePh (ʨʠʩʫʥʦʢ 1.1.{2}, ɸ) ʟʘʤʝʩʪʠʪʝʣʷʤʠ ʚ ʦʨʪʦ-ʧʦʣʦʞʝʥʠʠ 

ʘʥʠʣʠʥʦʚʦʛʦ ʬʨʘʛʤʝʥʪʘ ʣʠʛʘʥʜʦʚ (ʦ-ʘʤʠʥʦʬʝʥʦʣʳ ɸ13 ʠ ɸ4). ʇʝʨʚʳʡ ʢʦʤʧʣʝʢʩ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʣʦʩʢʠʤ ʩʪʨʦʝʥʠʝʤ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʫʟʣʘ (Ű4 = 0 [18, 19]) ʠ 

ʦʪʩʫʪʩʪʚʠʝʤ ʩʣʘʙʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ ʤʝʪʘʣʣʦʮʝʥʪʨʦʤ ʦʙʦʠʭ ʭʝʤʠʣʘʙʠʣʴʥʳʭ 

ʛʨʫʧʧ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʧʨʦʠʟʚʦʜʥʦʛʦ Cu
II
, ʩʦʜʝʨʞʘʱʝʛʦ ïSMe ʟʘʤʝʩʪʠʪʝʣʠ ʚ ʤʝʪʘ-

ʧʦʣʦʞʝʥʠʠ N-ʘʨʠʣʴʥʦʡ ʯʘʩʪʠ ʣʠʛʘʥʜʘ ɸ14 (ʩʭʝʤʘ 1.1) [20]. ɿʘʢʦʥʦʤʝʨʥʦ, ʯʪʦ 

ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʜʘʥʥʳʭ ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʠʣʴʥʳʤ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʦʙʤʝʥʦʤ ʤʝʞʜʫ ʥʝʩʧʘʨʝʥʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʨʘʜʠʢʘʣʦʚ: JR-R = ī342 ʩʤ
ī1

 ʜʣʷ ʧʨʦʠʟʚʦʜʥʦʛʦ Cu
II
 ʩ ïʆʄʝ ʟʘʤʝʩʪʠʪʝʣʷʤʠ (ʩʭʝʤʘ 

1.1.{4}, (ɸ)). ʂʘʢ ʨʝʟʫʣʴʪʘʪ, ʙʳʣʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʤʝʪʘʣʣ-ʮʝʥʪʨʠʨʦʚʘʥʥʳʝ 
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ʘʥʠʟʦʪʨʦʧʥʳʝ ʕʇʈ-ʩʧʝʢʪʨʳ ʚ ʟʘʤʦʨʦʞʝʥʥʦʡ ʤʘʪʨʠʮʝ ʩʤʝʩʠ ʨʘʩʪʚʦʨʠʪʝʣʝʡ 

CH2Cl2/ʪʦʣʫʦʣ. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʠʟʤʝʨʝʥʠʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ, 

ʢʦʤʧʣʝʢʩ ʩ ïʆʄʝ ʟʘʤʝʩʪʠʪʝʣʷʤʠ ʦʙʣʘʜʘʝʪ ʜʫʙʣʝʪʥʳʤ ʦʩʥʦʚʥʳʤ ʩʧʠʥʦʚʳʤ 

ʩʦʩʪʦʷʥʠʝʤ (S = 1/2) ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʥʘʯʝʥʠʷʭ (ɛʵʬʬ(10 K) = 1.82 ɛB) ʠ 

ʥʝʧʦʣʥʦʩʪʴʶ ʟʘʩʝʣʝʥʥʳʤ ʢʚʘʜʨʫʧʣʝʪʥʳʤ (S = 3/2) ʧʨʠ ʊ = 300 K (ɛɻʬʬ(300 K) = 

2.06 ɛB). ɼʣʷ ʩʨʘʚʥʝʥʠʷ, ʪʝʦʨʝʪʠʯʝʩʢʠ ʦʞʠʜʘʝʤʘʷ ʚʝʣʠʯʠʥʘ ɛʵʬʬ ʜʣʷ ʩʠʩʪʝʤʳ ʪʨʝʭ 

ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ ʩʦ ʩʧʠʥʘʤʠ S = 1/2 ʩʦʩʪʘʚʣʷʝʪ 3 

ɛB ʧʨʠ g = 2.  

 

ʉʭʝʤʘ 1.1.{4} 

ʂʘʢ ʙʳʣʦ ʫʧʦʤʷʥʫʪʦ ʚʳʰʝ, ʚ ʩʣʫʯʘʝ ʧʨʦʠʟʚʦʜʥʦʛʦ Cu
II
 ʩ ïSePh 

ʟʘʤʝʩʪʠʪʝʣʷʤʠ  ʧʨʝʚʘʣʠʨʫʶʱʠʤ ʷʚʣʷʝʪʩʷ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʦʙʤʝʥ çʤʝʪʘʣʣ-

ʣʠʛʘʥʜè (JCu-R = ī64 ʩʤ
ī1

). ʀʟʤʝʥʝʥʠʝ ʨʝʞʠʤʘ ʤʘʛʥʠʪʥʳʭ ʦʙʤʝʥʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʘʚʪʦʨʳ ʩʚʷʟʳʚʘʶʪ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʩ ʵʬʬʝʢʪʦʤ ʩʣʘʙʦʡ 

ʢʦʦʨʜʠʥʘʮʠʠ ʥʘ ʤʝʪʘʣʣʦʮʝʥʪʨ ʦʙʝʠʭ ïSePh ʛʨʫʧʧ (ʩʭʝʤʘ 1.1.{4}, (B)). ʆʜʥʘʢʦ 

ʩʦʝʜʠʥʝʥʠʝ ʪʘʢʞʝ ʦʪʣʠʯʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʡ ʚʝʣʠʯʠʥʦʡ ʜʠʵʜʨʘʣʴʥʦʛʦ ʫʛʣʘ ʤʝʞʜʫ 

ʦ-ʠʤʠʥʦʙʝʥʟʦʩʝʤʠʭʠʥʦʥʘʤʠ, ʨʘʚʥʦʡ 43.96ę. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ 

ʤʝʥʝʝ ʠʩʢʘʞʝʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Cu
II
 (25.79ę), ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦʩʷ ʥʘʣʠʯʠʝʤ 

ʩʣʘʙʦʛʦ ʢʦʥʪʘʢʪʘ ʩ ʤʝʪʘʣʣʦʮʝʥʪʨʦʤ ʪʦʣʴʢʦ ʦʜʥʦʡ ʠʟ ʜʚʫʭ ïʉʅ2SMe (ʨʠʩʫʥʦʢ 

1.1.{2}, ɺ) ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ (ʩʭʝʤʘ 1.1.{2}, (B)) (ʦ-ʘʤʠʥʦʬʝʥʦʣ A15, ʩʭʝʤʘ 

1.1) [20], ʚʝʩʴʤʘ ʧʨʠʤʝʯʘʪʝʣʴʥʦ.  

ʊʘʢ, ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʥʘʯʝʥʠʷʭ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʩʚʷʟʳʚʘʥʠʝ 

çʣʠʛʘʥʜ-ʣʠʛʘʥʜè ʷʚʣʷʝʪʩʷ ʧʨʝʚʘʣʠʨʫʶʱʠʤ ʪʠʧʦʤ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, 
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ʜʦʢʘʟʘʪʝʣʴʩʪʚʦʤ ʯʝʤʫ ʩʣʫʞʠʪ ʘʥʠʟʦʪʨʦʧʥʳʡ ʤʝʪʘʣʣ-ʮʝʥʪʨʠʨʦʚʘʥʥʳʡ ʕʇʈ-ʩʠʛʥʘʣ 

ʧʨʠ ʊ = 110 ʂ, ʘʥʘʣʦʛʠʯʥʦ ʧʣʘʥʘʨʥʳʤ ʧʨʦʠʟʚʦʜʥʳʤ Cu
II
. ʆʜʥʘʢʦ ʩ ʧʦʚʳʰʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʭʘʨʘʢʪʝʨ ʕʇʈ-ʩʧʝʢʪʨʘ ʤʝʥʷʝʪʩʷ ʥʘ ʣʠʛʘʥʜ-ʮʝʥʪʨʠʨʦʚʘʥʥʳʡ (g = 

2.004 ʧʨʠ ʊ = 295 ʂ). ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʘʚʪʦʨʘʤʠ ʙʳʣʦ ʚʳʜʚʠʥʫʪʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, 

ʯʪʦ ʚ ʩʣʫʯʘʝ ʢʦʤʧʣʝʢʩʘ ʩ ïʉʅ2SMe ʦʨʪʦ-ʟʘʤʝʩʪʠʪʝʣʷʤʠ ʥʘʙʣʶʜʘʝʤʘʷ ʩʤʝʥʘ 

ʜʦʤʠʥʠʨʫʶʱʝʛʦ ʪʠʧʘ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʩʚʷʟʳʚʘʥʠʷ ʦʙʫʩʣʦʚʣʝʥʘ ʢʘʢ 

ʥʘʣʠʯʠʝʤ ʩʣʘʙʦʡ ʢʦʦʨʜʠʥʘʮʠʠ, ʪʘʢ ʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠʩʢʘʞʝʥʠʷ ʛʝʦʤʝʪʨʠʠ, 

ʢʦʪʦʨʦʝ ʧʦʤʠʤʦ ʚʳʰʝʫʢʘʟʘʥʥʦʡ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʧʨʝʜʝʣʝʥʦ 

ʧʝʨʝʛʠʙʦʤ ʩʪʨʫʢʪʫʨʳ (ʩʭʝʤʘ 1.1.{2}, (ʉ)). 

 

ʈʠʩʫʥʦʢ 1.1.{2}. ʄʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ ɸ [9] ʠ ɺ [20]. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ 

ʧʦʢʘʟʘʥʳ. ʇʨʠʚʝʜʝʥʳ ʪʝʧʣʦʚʳʝ ʵʣʣʠʧʩʦʠʜʳ ʘʪʦʤʦʚ ʩ 30% (ɸ) ʠ 50% (ɺ) ʚʝʨʦʷʪʥʦʩʪʴʶ. 

ʇʨʠʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ ʥʘ ʦʩʥʦʚʝ ʧʦʜʦʙʥʦʛʦ ʚʳʰʝʦʧʠʩʘʥʥʦʤʫ ʣʠʛʘʥʜʫ A15 ʦ-

ʘʤʠʥʦʬʝʥʦʣʘ ɸ16 (ʩʭʝʤʘ 1.1), ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ïʉʅ2OH ʟʘʤʝʩʪʠʪʝʣʝʤ, 

ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʯʝʪʳʨʝʭʲʷʜʝʨʥʦʝ ʦ-ʠʤʠʥʦʙʝʥʟʦʩʝʤʠʭʠʥʦʥʦʚʦʝ ʧʨʦʠʟʚʦʜʥʦʝ Cu
II
 

[21]. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʤʘʛʥʝʪʦʭʠʤʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʚʦʩʴʤʠ 

ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ (ʯʝʪʳʨʝ ʠʦʥʘ Cu
II
 ʠ ʯʝʪʳʨʝ ʦʨʛʘʥʠʯʝʩʢʠʭ ʨʘʜʠʢʘʣʘ) 

ʢʦʤʧʣʝʢʩ ʦʙʣʘʜʘʝʪ ʜʠʘʤʘʛʥʠʪʥʦʡ ʧʨʠʨʦʜʦʡ ʚʩʣʝʜʩʪʚʠʝ ʨʝʘʣʠʟʘʮʠʠ ʤʝʞʜʫ 

ʥʝʩʧʘʨʝʥʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʩʠʩʪʝʤʳ ʩʠʣʴʥʳʭ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. 

ʇʨʦʜʦʣʞʘʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʭʘʨʘʢʪʝʨʘ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ 

ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʦʚ ʦʪ ʥʘʣʠʯʠʷ ʩʣʘʙʦʡ ʢʦʦʨʜʠʥʘʮʠʠ ʥʘ ʤʝʪʘʣʣʦʮʝʥʪʨ 

ʭʝʤʠʣʘʙʠʣʴʥʳʭ ʛʨʫʧʧ ʣʠʛʘʥʜʘ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʚʘ ʙʠʩ-ʦ-












































































































































































































































































































































