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ɺɺɽɼɽʅʀɽ 

 

ʆʙʱʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʘʙʦʪʳ 

ʉʦʟʜʘʥʠʝ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ 

ʷʚʣʷʝʪʩʷ ʧʨʠʦʨʠʪʝʪʥʦʡ ʠ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ʀʥʪʝʨʝʩ ʩʚʷʟʘʥ ʩ ʥʦʚʳʤʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤʠ ʥʘʫʯʥʳʤʠ ʧʨʦʙʣʝʤʘʤʠ ʠ 

ʬʠʟʠʯʝʩʢʠʤʠ ʷʚʣʝʥʠʷʤʠ, ʘ ʪʘʢʞʝ ʩ ʧʝʨʩʧʝʢʪʠʚʘʤʠ ʩʦʟʜʘʥʠʷ ʢʘʢ ʦʧʪʠʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚ, ʪʘʢ ʠ ʫʩʪʨʦʡʩʪʚ ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʩʧʠʥʪʨʦʥʠʢʠ. ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʦʙʣʘʜʘʶʪ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʫʥʠʢʘʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʠ 

ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ, ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʭʠʤʠʯʝʩʢʠʭ ʠ ʙʠʦʣʦʛʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ. ʉʪʨʫʢʪʫʨʘ ʤʘʪʝʨʠʘʣʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʩʪʘʚʦʤ, ʫʩʣʦʚʠʷʤʠ ʧʦʣʫʯʝʥʠʷ ʠ, ʚ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʝʪ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʌʫʥʜʘʤʝʥʪʘʣʴʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʘʪʦʤʥʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʧʦʟʚʦʣʷʝʪ ʨʘʟʦʙʨʘʪʴʩʷ ʩ ʧʨʠʨʦʜʦʡ ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʥʠʭ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ, ʠ, ʥʘ 

ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ, ʧʝʨʝʡʪʠ ʢ ʩʦʟʜʘʥʠʶ ʤʘʪʝʨʠʘʣʦʚ ʩ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɺ 

ʩʦʚʨʝʤʝʥʥʳʭ ʫʩʣʦʚʠʷʭ, ʚ ʩʚʷʟʠ ʩ ʚʦʟʨʦʩʰʝʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʢʦʤʧʴʶʪʝʨʦʚ, ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʠʤʝʶʱʠʭʩʷ ʠ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠʤʝʥʷʶʪʩʷ ʤʝʪʦʜʳ ʥʘ 

ʦʩʥʦʚʝ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ. ɼʘʥʥʳʝ ʤʝʪʦʜʳ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ, ʥʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʤ ʫʨʦʚʥʝ, ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʝ, ʵʣʝʢʪʨʦʥʥʦʤ 

ʩʪʨʦʝʥʠʠ, ʬʦʪʦʬʠʟʠʯʝʩʢʠʭ ʩʦʩʪʦʷʥʠʷʭ, ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʠ ʪ.ʜ. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ, 

ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʥʝʥʠʡ ʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ 

ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʳʚʘʪʴ ʩ ʭʦʨʦʰʝʡ ʠʣʠ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʠʭ ʦʩʥʦʚʥʳʝ ʩʚʦʡʩʪʚʘ. 

ʏʘʩʪʦ ʥʦʚʳʝ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʦʟʥʠʢʘʶʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ 

ʩʦʝʜʠʥʝʥʠʡ, ʧʨʠ ʵʪʦʤ ʚʦʟʤʦʞʥʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʵʬʬʝʢʪ ʩʪʨʫʢʪʫʨʳ 

ʥʘ ʨʘʟʣʠʯʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʥʦʚʦʝ ʧʨʠʤʝʥʝʥʠʝ ʫʞʝ ʩʫʱʝʩʪʚʫʶʱʠʤ 

ʤʘʪʝʨʠʘʣʘʤ ʧʦʩʣʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʤʦʜʠʬʠʢʘʮʠʠ. ʇʦʯʪʠ ʚʩʝʛʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʷ 

ʧʦʣʫʯʝʥʥʳʭ ʨʘʩʯʸʪʥʳʭ ʜʘʥʥʳʭ ʚʝʜʸʪ ʢ ʥʦʚʦʤʫ ʧʦʥʠʤʘʥʠʶ ʩʚʦʡʩʪʚ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 
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ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

çʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳè ʜʦʣʞʥʳ ʠʤʝʪʴ ʢʦʥʢʨʝʪʥʳʝ, ʞʝʣʘʪʝʣʴʥʦ 

ʥʘʩʪʨʘʠʚʘʝʤʳʝ, ʬʠʟʠʯʝʩʢʠʝ ʠ ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʥʘʭʦʜʠʪʴ ʩʚʦʸ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʥʘʫʢʝ ʠ ʪʝʭʥʠʢʝ. ʂ ʪʘʢʠʤ ʤʘʪʝʨʠʘʣʘʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢʦʤʧʦʟʠʪʳ, 

ʩʧʣʘʚʳ, ʛʠʙʨʠʜʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʩʠʥʪʝʪʠʯʝʩʢʠʝ, ʙʠʦʧʦʣʠʤʝʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, 

ʢʦʥʲʶʛʘʪʳ ʠ ʪ.ʜ. ʇʨʠ ʩʦʟʜʘʥʠʠ ʚʝʱʝʩʪʚ ʩ ʥʦʚʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠʥʦʛʜʘ ʪʨʝʙʫʝʪʩʷ 

ʫʩʠʣʝʥʠʝ ʠʣʠ, ʥʘʦʙʦʨʦʪ, ʧʦʜʘʚʣʝʥʠʷ ʢʘʢʠʭ-ʣʠʙʦ ʠʤʝʶʱʠʭʩʷ ʩʚʦʡʩʪʚ ʚ ʤʘʪʝʨʠʘʣʝ 

ʪ.ʝ. ʜʦʨʘʙʦʪʢʘ (ʫʣʫʯʰʝʥʠʝ, ʪʶʥʠʥʛ) ʤʘʪʝʨʠʘʣʘ. ʇʨʠ ʵʪʦʤ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ 

ʧʦʣʫʯʘʶʪ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʛʠʙʨʠʜʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ï ʩʦʯʝʪʘʶʱʠʝ ʚ ʩʝʙʝ ʩʚʦʡʩʪʚʘ ʜʨʫʛʠʭ (ʜʚʫʭ ʠʣʠ ʙʦʣʝʝ) ʤʘʪʝʨʠʘʣʦʚ. ɼʣʷ 

ʧʦʥʠʤʘʥʠʷ ʧʨʦʮʝʩʩʦʚ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʧʦʷʚʣʝʥʠʶ ʪʝʭ ʠʣʠ ʠʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ, 

ʥʘʜʦ ʟʥʘʪʴ ʝʛʦ ʘʪʦʤʥʫʶ ʠ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʀʤʝʷ ʜʘʥʥʫʶ ʠʥʬʦʨʤʘʮʠʶ 

ʚʦʟʤʦʞʥʦ ʫʩʢʦʨʝʥʥʦ ʠ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦ ʤʝʥʷʪʴ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʪʨʫʢʪʫʨʝ ʚʝʱʝʩʪʚʘ ʦʙʰʠʨʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʪʘʢʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʧʦʜʭʦʜʳ ʢʘʢ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʤʝʪʦʜʳ, ʦʧʪʠʯʝʩʢʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʠ ʜʨʫʛʠʝ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʭʦʨʦʰʦ 

ʨʘʟʚʠʪʳ, ʦʙʦʡʪʠʩʴ ʙʝʟ ʧʨʠʚʣʝʯʝʥʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ 

ʫʜʘʸʪʩʷ. ɹʦʣʝʝ ʪʦʛʦ, ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ çʧʨʝʜʩʢʘʟʳʚʘʪʴè 

ʠʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʚʝʱʝʩʪʚʘ, ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʚʥʝʰʥʠʭ ʫʩʣʦʚʠʡ ʠʣʠ 

ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʢʘʢʦʛʦ-ʣʠʙʦ ʵʣʝʤʝʥʪʘ. ʆʧʨʝʜʝʣʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʩ 

ʧʦʤʦʱʴʶ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʨʦʛʨʝʩʩ ʚ 

ʧʦʥʠʤʘʥʠʠ ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʧʨʠʤʝʥʝʥʠʡ ʚ ʬʠʟʠʢʝ ʭʠʤʠʠ ʠ ʙʠʦʣʦʛʠʠ, ʥʦ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʥʬʦʨʤʘʮʠʶ ʪʦʣʴʢʦ ʦ ʩʪʘʪʠʯʝʩʢʦʤ 

ʩʦʩʪʦʷʥʠʠ ʤʘʪʝʨʠʘʣʘ. ʆʩʥʦʚʥʘʷ ʧʨʦʙʣʝʤʘ ʙʦʣʴʰʠʥʩʪʚʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʤʝʪʦʜʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʨʦʚʦʜʠʤʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʪʦʤʥʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʩʪʨʫʢʪʫʨ ʥʝ ʜʘʶʪ ʧʨʷʤʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʦʙʲʝʢʪʝ, ʧʦʩʢʦʣʴʢʫ ʫʩʣʦʚʠʷ ʠʟʤʝʨʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʦʯʝʥʴ ʯʘʩʪʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

ɺʦʩʧʦʣʥʠʪʴ ʵʪʦʪ ʧʨʦʙʝʣ ʧʦʟʚʦʣʷʶʪ ʩʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʠ ʧʦʜʭʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ 

ʥʘ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ, ʢʦʪʦʨʳʝ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʰʠʨʦʢʦ 
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ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʧʦʜʦʙʥʦʛʦ ʫʨʦʚʥʷ. ɸ ʝʩʣʠ ʛʦʚʦʨʠʪʴ ʦʙ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦʟʙʫʞʜʸʥʥʳʭ ʩʦʩʪʦʷʥʠʷʭ, ʪʦ ʧʨʠʤʝʥʝʥʠʝ ʨʘʩʯʸʪʥʳʭ ʤʝʪʦʜʦʚ 

ʩʪʘʥʦʚʠʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʩʫʪʠ ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʦʮʝʩʩʦʚ. ʇʨʠ ʵʪʦʤ 

ʯʘʩʪʦ ʙʳʚʘʝʪ ʪʘʢ ʯʪʦ ʦʪʢʨʳʚʘʶʪʩʷ ʥʦʚʳʝ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʠ ʧʦʷʚʣʷʶʪʩʷ 

ʥʝʦʞʠʜʘʥʥʳʝ ʩʬʝʨʳ ʧʨʠʤʝʥʝʥʠʷ ʫʞʝ ʠʤʝʶʱʠʭʩʷ ʤʘʪʝʨʠʘʣʦʚ ʪʦʣʴʢʦ ʥʘ ʦʩʥʦʚʝ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ. 

ɺ ʨʘʙʦʪʝ ʠʟʫʯʝʥʳ ʨʘʟʣʠʯʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ: ʵʪʦ ʠ 

ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʘ; ʦʨʛʘʥʠʯʝʩʢʠʝ ʢʨʘʩʠʪʝʣʠ ʠ ʦʨʛʘʥʠʯʝʩʢʠʝ 

ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʝ ʧʦʣʠʤʝʨʳ; ʦʨʛʘʥʠʯʝʩʢʠʝ ʤʦʣʝʢʫʣʳ, ʚʳʩʪʫʧʘʶʱʠʝ ʚ ʢʘʯʝʩʪʚʝ 

ʢʦʤʤʫʥʠʢʘʮʠʠ ʥʘʩʝʢʦʤʳʭ; ʬʦʪʦʧʨʦʪʝʠʥʳ; ʙʠʦʧʦʣʠʤʝʨʳ ʥʘ ʦʩʥʦʚʝ ʥʫʢʣʝʠʥʦʚʳʭ 

ʢʠʩʣʦʪ; ʤʘʛʥʠʪʥʳʝ ʄɸʍ ʬʘʟʳ; ʧʣʦʩʢʠʝ ʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʙʠʛʨʘʬʝʥʘ ʠ g-

C3N4. ɺʩʝ ʵʪʠ ʤʘʪʝʨʠʘʣʳ ʠʤʝʶʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʵʣʝʢʪʨʦʥʠʢʝ, ʩʧʠʥʪʨʦʥʠʢʝ, 

ʚ ʤʘʛʥʠʪʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ, ʚ ʢʘʯʝʩʪʚʝ ʢʨʘʩʠʪʝʣʝʡ ʣʘʟʝʨʦʚ, OLED, ʢʘʪʘʣʠʟʝ, ʚ 

ʵʢʦʣʦʛʠʠ, ʤʝʜʠʮʠʥʝ, ʙʠʦ- ʠ ʥʘʥʦʩʝʥʩʦʨʠʢʝ ʠ ʪ.ʜ.  

ʈʘʙʦʪʘ ʥʘʮʝʣʝʥʘ ʥʘ ʚʳʷʚʣʝʥʠʠ ʠʤʝʶʱʠʭʩʷ ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʠ ʥʦʚʳʭ, 

ʧʨʝʞʜʝ ʚʩʝʛʦ, ʬʦʪʦʬʠʟʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʧʦʩʨʝʜʩʪʚʦʤ ʠʟʤʝʥʝʥʠʷ 

ʩʪʨʫʢʪʫʨʳ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʧʨʠʭʦʜʠʣʦʩʴ ʨʝʰʘʪʴ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʟʘʜʘʯʠ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ 

ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ. 

 

ʎʝʣʴ ʠ ʟʘʜʘʯʠ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ 

ʎʝʣʴʶ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʚʳʷʚʣʝʥʠʝ ʚʣʠʷʥʠʷ ʩʪʨʫʢʪʫʨʳ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʧʪʠʯʝʩʢʠʝ, ʤʘʛʥʠʪʥʳʝ ʠ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩ 

ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʩʪʘʚʠʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʚʳʷʩʥʠʪʴ ʤʘʛʥʠʪʥʳʝ ʠ ʘʥʪʠʦʢʩʠʜʘʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʵʥʜʦʵʜʨʘʣʴʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 

Gd ʩ ʬʫʣʣʝʨʝʥʦʣʘʤʠ ʥʘ ʦʩʥʦʚʝ C82 ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʠʭ ʩ ʘʢʪʠʚʥʳʤʠ 

ʬʦʨʤʘʤʠ ʢʠʩʣʦʨʦʜʘ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʤʝʜʠʮʠʥʩʢʠʭ ʧʨʠʣʦʞʝʥʠʷʭ; 

2. ʨʘʟʨʘʙʦʪʘʪʴ ʪʝʦʨʝʪʠʢʦ-ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʶʱʠʡ 

ʨʘʩʰʠʬʨʦʚʳʚʘʪʴ ʩʣʦʞʥʳʡ ʢʦʥʪʫʨ ʚ ʦʧʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʘʭ ʢʨʘʩʠʪʝʣʝʡ ʩ 
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ʤʥʦʞʝʩʪʚʦʤ ʠʦʥʥʳʭ ʬʦʨʤ ʚ ʧʨʦʪʦʥʥʳʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ; 

3. ʚʳʷʚʠʪʴ ʚʣʠʷʥʠʝ ʟʘʤʝʱʝʥʠʷ ʚ ʮʝʧʠ ʩʦʧʦʣʠʬʣʫʦʨʝʥʘ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʜʣʷ 

ʪʦʛʦ, ʯʪʦʙʳ ʚʳʨʘʙʦʪʘʪʴ ʨʝʢʦʤʝʥʜʘʮʠʠ ʜʣʷ ʩʠʥʪʝʟʘ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʤʦʣʝʢʫʣ; 

4. ʠʩʩʣʝʜʦʚʘʪʴ ʧʨʦʮʝʩʩ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʮʝʣʝʥʪʝʨʘʤʠʜʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʦʢʨʫʞʝʥʠʷ ʜʣʷ ʚʳʨʘʙʦʪʢʠ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʩʦʟʜʘʥʠʶ ʬʦʪʦʧʨʦʪʝʠʥʦʚ ʩ 

ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ; 

5. ʨʘʩʩʯʠʪʘʪʴ ʬʦʪʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʬʝʨʦʤʦʥʥʳʭ ʤʦʣʝʢʫʣ ʠ ʧʨʦʚʝʩʪʠ 

ʘʥʘʣʠʟ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʚʦʟʙʫʞʜʸʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʜʣʷ ʦʮʝʥʢʠ ʠʭ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʢ ʠʟʣʫʯʝʥʠʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ DFT ʨʘʩʯʸʪʦʚ; 

6. ʨʘʟʨʘʙʦʪʘʪʴ ʪʝʦʨʝʪʠʢʦ-ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʤʝʪʦʜʠʢʫ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʘʪʦʤʥʦʡ 

ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʠʦʧʦʣʠʤʝʨʦʚ ʢʘʢ ʧʝʨʚʳʡ ʰʘʛ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʪʝʨʘʧʝʚʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ; 

7. ʧʨʝʜʩʢʘʟʘʪʴ ʥʦʚʳʝ ʤʘʛʥʠʪʥʳʝ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ 

ʄɸʍ ʬʘʟ, ʙʠʛʨʘʬʝʥʘ, g-C3N4 ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʘʣʣʘʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 

ʛʠʙʨʠʜʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʜʣʷ ʙʦʣʝʝ ʛʣʫʙʦʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

× ʈʘʟʨʘʙʦʪʘʥ ʪʝʦʨʝʪʠʢʦ-ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʶʱʠʡ ʨʘʩʰʠʬʨʦʚʘʪʴ 

ʩʣʦʞʥʳʡ ʢʦʥʪʫʨ ʚ ʦʧʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʘʭ ʢʨʘʩʠʪʝʣʝʡ ʩ ʤʥʦʞʝʩʪʚʦʤ ʚʦʟʤʦʞʥʳʭ 

ʠʦʥʥʳʭ ʬʦʨʤ ʚ ʧʨʦʪʦʥʥʳʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ. ɼʣʷ ʵʪʦʛʦ ʧʦʜʛʦʪʦʚʣʝʥʘ ʠ 

ʘʧʨʦʙʠʨʦʚʘʥʘ ʤʝʪʦʜʠʢʘ ʨʘʩʯʸʪʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʛʠʙʨʠʜʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ ɺ3LYP, ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʙʘʟʠʩʦʤ, ʫʯʠʪʳʚʘʶʱʠʤ ʜʠʬʬʫʟʥʳʝ ʠ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʬʫʥʢʮʠʠ ʠ ʤʦʜʝʣʴʶ ʢʦʥʪʠʥʫʘʣʴʥʦʛʦ ʨʘʩʪʚʦʨʠʪʝʣʷ ʩ ʫʯʸʪʦʤ 

ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʨʘʩʪʚʦʨʠʪʝʣʷ. 

× ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚ ʮʝʧʠ ʩʦʧʦʣʠʬʣʫʦʨʝʥʘ ʥʘ 

ʫʤʝʥʴʰʝʥʠʝ ʰʠʨʠʥʳ ʱʝʣʠ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦ ʩʦʟʜʘʥʠʶ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʤʦʣʝʢʫʣ ʩ ʟʘʜʘʥʥʳʤʠ ʦʧʪʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ.  

× ɹʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʠʢʘ ʜʣʷ ʘʥʘʣʠʟʘ ʘʥʪʠʦʢʩʠʜʘʥʪʥʳʭ ʩʚʦʡʩʪʚ ʤʦʣʝʢʫʣ 
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ʬʫʣʣʝʨʝʥʦʣʦʚ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʘʥʥʳʝ ʦ ʜʠʧʦʣʴʥʳʭ ʤʦʤʝʥʪʘʭ, ʧʦʪʝʥʮʠʘʣʝ 

ʠʦʥʠʟʘʮʠʠ ʠ ʩʨʦʜʩʪʚʘ ʵʣʝʢʪʨʦʥʦʚ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʦ ʛʨʘʥʠʯʥʳʭ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʦʨʙʠʪʘʣʷʭ ʠ ʭʠʤʠʯʝʩʢʠʭ ʠʥʜʝʢʩʦʚ. 

× ɹʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʠ ʠʟʫʯʝʥʘ ʩʣʦʞʥʘʷ ʬʣʫʦʨʝʩʮʝʥʮʠʷ ʮʝʣʝʥʪʝʨʘʤʠʜʘ ʩʦʩʪʦʷʱʘʷ ʠʟ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʙʣʠʞʥʝʡ ʋʌ-ʦʙʣʘʩʪʠ ʠ ʩʠʥʝ-ʟʝʣʸʥʦʡ ʦʙʣʘʩʪʠ. 

× ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʘʪʦʤʥʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʣʝʢʫʣ 

ʬʝʨʦʤʦʥʦʚ ʚ ʦʩʥʦʚʥʦʤ ʠ ʚʦʟʙʫʞʜʸʥʥʦʤ ʩʦʩʪʦʷʥʠʷʭ ʧʦʟʚʦʣʠʣʦ ʚʳʷʚʠʪʴ ʠʭ 

ʬʦʪʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʦʮʝʥʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʬʘʢʪʦʨʘʭ ʩʨʝʜʳ. 

× ʈʘʟʨʘʙʦʪʘʥ ʧʦʜʭʦʜ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʨʸʭʤʝʨʥʦʡ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʣʝʢʫʣ 

ʘʧʪʘʤʝʨʦʚ ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʜʣʷ ʨʘʩʰʠʬʨʦʚʢʠ ʜʘʥʥʳʭ 

ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʤʘʣʳʭ 

ʥʘʥʦʯʘʩʪʠʮ ʚ ʨʘʩʪʚʦʨʘʭ ʠ ʧʦʟʚʦʣʷʝʪ ʚ ʙʫʜʫʱʝʤ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʩʪʠʪʴ ʩʦʟʜʘʥʠʝ 

ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʦʣʝʢʫʣ. 

× ʇʨʝʜʣʦʞʝʥʦ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʠʤʝʶʱʠʭʩʷ ʤʘʛʥʠʪʥʳʭ ʄɸʍ ʤʘʪʝʨʠʘʣʦʚ 

ʧʦʩʨʝʜʩʪʚʦʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʠʛʨʘʬʝʥʘ ʠ g-C3N4 ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʘʣʣʘʤʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʄɸʍ ʬʘʟ. 

 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

× ʀʥʬʦʨʤʘʮʠʷ ʦʙ ʘʥʪʠʦʢʩʠʜʘʥʪʥʳʭ ʩʚʦʡʩʪʚʘ ʵʥʜʦʵʜʨʘʣʴʥʳʭ ʢʦʤʧʣʝʢʩʦʚ Gd ʩ 

ʬʫʣʣʝʨʝʥʦʣʘʤʠ ʥʘ ʦʩʥʦʚʝ C82 ʧʦʟʚʦʣʷʝʪ ʚʠʜʝʪʴ ʧʝʨʩʧʝʢʪʠʚʫ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʚ ʤʝʜʠʮʠʥʝ ʠ ʚ ʧʨʘʢʪʠʢʝ ʤʘʛʥʠʪʥʦ-ʨʝʟʠʩʪʠʚʥʦʡ 

ʪʦʤʦʛʨʘʬʠʠ.  

× ʈʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ʩʠʩʪʝʤ ʩ ʩʦʧʦʣʠʤʝʨʘʤʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʦʠʩʢ ʥʦʚʳʭ 

ʫʣʫʯʰʝʥʥʳʭ ʜʣʷ ʧʨʘʢʪʠʢʠ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ ʚ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ 

ʤʦʞʥʦ ʫʩʧʝʰʥʦ ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʝʨʝʜ ʩʠʥʪʝʟʦʤ. 

× ʋʥʠʚʝʨʩʘʣʴʥʳʡ ʧʦʜʭʦʜ ʜʣʷ ʠʟʫʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʤʦʣʝʢʫʣ ʬʝʨʦʤʦʥʦʚ ʩ 

ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʦʩʥʦʚʥʳʝ 

ʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʣʝʢʫʣ ʠ ʦʮʝʥʠʪʴ ʠʭ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʨʘʟʣʠʯʥʳʤ 

ʬʘʢʪʦʨʘʤ ʩʨʝʜʳ. 
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× ʄʝʪʦʜʠʢʘ ʧʦ ʨʘʩʯʸʪʘʤ ʬʦʪʦʧʨʦʪʝʠʥʦʚ ʠ ʩʫʙʩʪʨʘʪʦʚ ʢ ʥʠʤ, ʧʦʣʫʯʝʥʥʘʷ ʚ ʭʦʜʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʤʦʞʝʪ ʙʳʪʴ ʚʦʩʪʨʝʙʦʚʘʥʘ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʨʘʙʦʪ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ. 

ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝ ʚʩʝ ʙʝʣʢʠ ʧʦʜʜʘʶʪʩʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʨʘʩʯʸʪʳ ʧʦʤʦʛʘʶʪ 

ʨʘʟʦʙʨʘʪʴʩʷ ʩ ʧʨʠʨʦʜʦʡ ʚʣʠʷʥʠʷ ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʥʘ ʩʚʦʡʩʪʚʘ 

ʵʤʠʪʪʝʨʦʚ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʦʟʚʦʣʷʝʪ, ʧʫʪʸʤ ʟʘʤʝʱʝʥʠʷ ʘʤʠʥʦʢʠʩʣʦʪ, 

ʩʦʟʜʘʚʘʪʴ ʥʦʚʳʝ ʤʫʪʘʥʪʥʳʝ ʬʦʨʤʳ ʧʨʦʪʝʠʥʦʚ ʩ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

× ʈʘʟʨʘʙʦʪʘʥ ʧʦʜʭʦʜ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʘʧʪʘʤʝʨʦʚ ʚ 

ʢʦʤʙʠʥʘʮʠʠ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʦʨʠʛʠʥʘʣʝʥ ʠ ʪʝʭʥʦʣʦʛʠʯʝʥ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ 

ʙʦʣʴʰʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦ ʰʠʨʦʢʦʤʫ ʧʨʠʤʝʥʝʥʠʶ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʜʣʷ ʧʦʜʙʦʨʘ 

ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʘʧʪʘʤʝʨʦʚ ʧʦʜ ʢʦʥʢʨʝʪʥʳʝ ʟʘʜʘʯʠ. 

× ʇʦʣʫʯʝʥʥʳʝ ʨʘʩʯʸʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʛʠʙʨʠʜʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʄɸʍ ʬʘʟ, 

ʙʠʛʨʘʬʝʥʘ ʠ g-C3N4 ʠ ʪ.ʜ. ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʘʣʣʘʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʤʝʶʪ 

ʤʥʦʛʦʦʙʝʱʘʶʱʝʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʧʠʥʪʨʦʥʠʢʝ ʠ ʩʝʥʩʦʨʠʢʠ. 

 

ʆʩʥʦʚʥʳʝ ʥʘʫʯʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ʕʥʜʦʵʜʨʘʣʴʥʳʝ ʢʦʤʧʣʝʢʩʳ Gd@C82OxHy ʠʤʝʶʪ ʩʣʦʞʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʢʘʨʙʦʢʩʠ-, ʛʠʜʨʦʢʩʠ- ʠ ʢʠʩʣʦʨʦʜʥʳʭ 

ʤʦʩʪʠʢʦʚ ʥʘ ʫʛʣʝʨʦʜʥʦʤ ʢʘʨʢʘʩʝ ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʩʦʧʦʩʪʘʚʣʝʥʠʝʤ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ʇʨʠ ʵʪʦʤ ʜʘʥʥʳʝ ʢʦʤʧʣʝʢʩʳ 

ʦʙʣʘʜʘʶʪ ʙʣʘʛʦʧʨʠʷʪʥʳʤʠ ʘʥʪʠʦʢʩʠʜʘʥʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʜʣʷ ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ 

ʧʨʠʤʝʥʝʥʠʡ.  

2. ʈʘʩʩʯʠʪʘʥʳ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ 

ʥʘ ʦʩʥʦʚʝ ʬʣʫʦʨʝʩʮʝʠʥʘ, ʵʦʟʠʥʘ ʠ ʵʨʠʪʨʦʟʠʥʘ ʩ ʧʦʤʦʱʴʶ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ. ɺ ʢʦʤʙʠʥʘʮʠʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʨʘʟʚʠʪ ʧʦʜʭʦʜ, 

ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʨʘʩʰʠʬʨʦʚʘʪʴ ʩʣʦʞʥʳʡ ʢʦʥʪʫʨ ʚ ʩʧʝʢʪʨʘʭ ʩʠʩʪʝʤ ʩ 

ʤʥʦʞʝʩʪʚʦʤ ʪʘʫʪʦʤʝʨʥʳʭ ʬʦʨʤ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʩʭʦʞʠʡ ʥʘʙʦʨ ʠʦʥʥʳʭ 

ʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʬʦʨʤ, ʩʧʝʢʪʨʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʬʣʫʦʨʝʩʮʝʠʥʦʚʳʭ 

ʢʨʘʩʠʪʝʣʝʡ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʷʪ ʦʪ ʪʠʧʘ ʟʘʤʝʱʘʶʱʝʛʦ ʛʘʣʦʛʝʥʘ, ʚʣʠʷʶʱʝʛʦ ʥʘ 

ʭʨʦʤʦʬʦʨʥʫʶ ʛʨʫʧʧʫ. 
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3. ɺʣʠʷʥʠʝ ʧʫʪʠ ʩʦʧʨʷʞʝʥʠʷ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʦʧʦʣʠʬʣʫʦʨʝʥʘ 

ʥʝʦʜʥʦʟʥʘʯʥʦ, ʠ ʟʘʚʠʩʠʪ ʦʪ ʪʦʛʦ, ʢʘʢʘʷ ʭʨʦʤʦʬʦʨʥʘʷ ʛʨʫʧʧʘ ʚʢʣʶʯʝʥʘ ʚ ʮʝʧʴ. 

ʥʘʣʠʯʠʝ ʩʣʘʙʦʧʦʣʷʨʥʦʛʦ ʨʘʩʪʚʦʨʠʪʝʣʷ ʧʨʠʚʦʜʠʪ ʢ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤʫ ʙʘʪʦʭʨʦʤʥʦʤʫ 

ʩʜʚʠʛʫ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʜʣʷ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʩʦʧʦʣʠʤʝʨʦʚ. 

4. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ ʪʘʢʠʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʦʣʝʢʫʣ ʢʘʢ ʬʝʨʦʤʦʥʦʚ ʚ ʦʩʥʦʚʥʦʤ ʠ ʚʦʟʙʫʞʜʸʥʥʦʤ ʩʦʩʪʦʷʥʠʠ 

ʧʦʢʘʟʳʚʘʶʪ ʥʘʣʠʯʠʝ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʩʪʨʫʢʪʫʨʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʤʦʣʝʢʫʣ ʠ ʤʝʭʘʥʠʟʤʘʤʠ ʢʦʤʤʫʥʠʢʘʮʠʠ ʥʘʩʝʢʦʤʳʭ. 

5. ʇʦʩʪʨʦʝʥʘ ʤʦʜʝʣʴ ʬʦʪʦʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʬʦʪʦʧʨʦʪʝʠʥʘ ʦʙʝʣʠʥʘ ʥʘ ʦʩʥʦʚʝ 

ʨʘʩʯʸʪʦʚ ʤʝʪʦʜʦʤ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʥʘʙʣʶʜʘʝʤʘʷ ʜʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʦʮʝʩʩʘʤ çʩ ʧʝʨʝʥʦʩʦʤ 

ʧʨʦʪʦʥʘè ʤʝʞʜʫ ʵʤʠʪʪʝʨʦʤ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ. 

ʇʦʢʘʟʘʥʘ ʨʦʣʴ ʟʘʤʝʩʪʠʪʝʣʝʡ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʬʦʪʦʬʠʟʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ. ʌʦʪʦʚʦʟʙʫʞʜʝʥʠʝ ʚ ʚʝʨʭʥʠʝ ʵʣʝʢʪʨʦʥʥʦ-ʚʦʟʙʫʞʜʸʥʥʳʝ ʜʣʷ ʤʦʣʝʢʫʣʳ 

ʮʝʣʝʥʪʝʨʘʤʠʜʘ ʚ ʩʦʩʪʦʷʥʠʷ ʥʘ 260ï300 ʥʤ ʚʳʟʳʚʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ, ʢ ʩʠʥʝ-

ʟʝʣʸʥʦʡ, ʬʣʫʦʨʝʩʮʝʥʮʠʶ ʚ ʙʣʠʞʥʝʡ ʋʌ-ʦʙʣʘʩʪʠ. 

6. ʈʘʟʨʘʙʦʪʘʥ ʧʦʜʭʦʜ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʣʝʢʫʣ 

ʘʧʪʘʤʝʨʦʚ ʚ ʩʦʯʝʪʘʥʠʠ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʘʩʩʝʷʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʇʦʣʫʯʝʥʘ ʢʦʣʠʯʝʩʪʚʝʥʥʘʷ ʢʘʨʪʠʥʘ ʩʚʷʟʳʚʘʥʠʷ 

ʢʦʥʲʶʛʘʪʦʚ ʘʧʪʘʤʝʨʘ ʩ ʧʦʤʦʱʴʶ ʘʥʘʣʠʟʘ ʨʘʟʣʦʞʝʥʠʷ ʵʥʝʨʛʠʠ ʧʘʨʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʪʝʤ ʩʘʤʳʤ, ʩʦʟʜʘʥʘ ʦʩʥʦʚʫ ʜʣʷ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩʠʥʪʝʟʘ ʠʣʠ 

ʫʣʫʯʰʝʥʠʷ ʠʤʝʶʱʝʡʩʷ ʪʝʭʥʦʣʦʛʠʠ ʩʠʥʪʝʟʘ ʢʦʥʛʴʶʛʘʪʦʚ ʘʧʪʘʤʝʨʦʚ ʩ 

ʤʘʛʥʠʪʥʳʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ. 

7. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʄɸʍ ʬʘʟ, ʩ ʨʘʟʣʠʯʥʳʤ ʫʨʦʚʥʝʤ ʟʘʤʝʱʝʥʠʷ, 

ʧʦʢʘʟʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʫ ʠʭ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʩʧʠʥʪʨʦʥʠʢʝ ʠ ʚ ʤʝʜʠʮʠʥʩʢʠʭ 

ʧʨʠʣʦʞʝʥʠʷʭ. ɺ ʢʘʯʝʩʪʚʝ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʛʠʙʨʠʜʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʄɸʍ ʤʘʪʝʨʠʘʣʦʚ, ʙʠʛʨʘʬʝʥʘ 

ʠ g-CʭNʫ ʩ ʨʘʟʣʠʯʥʳʤʠ ʧʝʨʝʭʦʜʥʳʤʠ ʤʝʪʘʣʣʘʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʋʥʠʢʘʣʴʥʘʷ 

ʘʪʦʤʥʘʷ ʠ ʵʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʩʧʠʥʦʚʳʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʧʦʨʦʚʳʭ ʜʚʫʤʝʨʥʳʭ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʄʝʪʘʣʣ/ʙʠʛʨʘʬʝʥʘ ʠ ʄʝʪʘʣʣ/g-C3N4 ʧʝʨʩʧʝʢʪʠʚʥʳ ʜʣʷ 
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ʧʨʠʣʦʞʝʥʠʡ ʚ ʩʧʠʥʪʨʦʥʠʢʝ ʠ ʚ ʢʘʯʝʩʪʚʝ ʩʝʥʩʦʨʦʚ. 

 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ɺʩʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʧʦʣʫʯʝʥʳ ʘʚʪʦʨʦʤ, ʣʠʙʦ ʧʨʠ 

ʝʛʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʫʯʘʩʪʠʠ. ɸʚʪʦʨ ʩʪʘʚʠʣ ʮʝʣʠ ʠ ʟʘʜʘʯʠ, ʧʨʦʚʦʜʠʣ ʘʥʘʣʠʟ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʩʦʟʜʘʚʘʣ ʤʝʪʦʜʠʢʠ ʨʘʩʯʸʪʦʚ, ʩʪʨʦʠʣ ʤʦʜʝʣʠ, 

ʚʳʧʦʣʥʷʣ ʨʘʩʯʸʪʳ, ʦʙʝʩʧʝʯʠʚʘʣ ʚʳʧʦʣʥʝʥʠʝ ʟʘʜʘʯ, ʧʨʝʜʣʘʛʘʣ ʬʠʟʠʯʝʩʢʫʶ 

ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʫʯʘʩʪʚʦʚʘʣ ʚ ʦʙʩʫʞʜʝʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ. 

ɸʚʪʦʨ ʙʣʘʛʦʜʘʨʝʥ ʩʚʦʠʤ ʫʯʠʪʝʣʷʤ ʧʨʦʬ. ʉ.ɻ. ʆʚʯʠʥʥʠʢʦʚʫ ʠ ʇ.ɺ. ɸʚʨʘʤʦʚʫ ʟʘ 

ʤʥʦʛʦʣʝʪʥʝʝ ʫʩʧʝʰʥʦʝ ʩʦʪʨʫʜʥʠʯʝʩʪʚʦ ʠ ʢʦʥʩʫʣʴʪʠʨʦʚʘʥʠʝ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ 

ʧʦʜʛʦʪʦʚʢʠ ʨʘʙʦʪʳ. 

 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʠ ʘʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ, 

ʦʙʝʩʧʝʯʝʥʘ ʧʨʠʤʝʥʝʥʠʝʤ ʩʪʘʥʜʘʨʪʥʳʭ ʤʝʪʦʜʦʚ ʨʘʩʯʸʪʦʚ ʠ ʙʘʟʠʩʦʚ ʚʦʣʥʦʚʦʡ 

ʬʫʥʢʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʳʭ ʠ ʰʠʨʦʢʦ ʠʟʚʝʩʪʥʳʭ ʧʨʦʛʨʘʤʤ ʜʣʷ 

ʢʚʘʥʪʦʚʦʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ. ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʥʦʚʳʭ 

ʤʝʪʦʜʠʢ, ʩʦʚʧʘʜʘʣʠ ʩ ʠʟʚʝʩʪʥʳʤʠ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ. ɺʩʝ ʧʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳ ʠ ʧʦʚʪʦʨʷʝʤʳ.  

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʨʝʜʩʪʘʚʣʷʣʠʩʴ ʠ 

ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ ʩʣʝʜʫʶʱʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ, ʩʠʤʧʦʟʠʫʤʘʭ, ʩʦʚʝʱʘʥʠʷʭ: 

- ʥʘ ʩʝʤʠʥʘʨʘʭ, ʢʦʣʣʦʢʚʠʫʤʘʭ, ʦʪʢʨʳʪʳʭ ʣʝʢʮʠʷʭ ʀʥʩʪʠʪʫʪʘ ʬʠʟʠʢʠ ʉʆ ʈɸʅ 

ʠʤ. ʂʠʨʝʥʩʢʦʛʦ (ʂʨʘʩʥʦʷʨʩʢ), ʉʠʙʠʨʩʢʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ, ʀʥʩʪʠʪʫʪʘ 

ʢʘʪʘʣʠʟʘ ʉʆ ʈɸʅ ʠʤ. ɹʦʨʝʩʢʦʚʘ (ʅʦʚʦʩʠʙʠʨʩʢ), National Institute of Advanced 

Industrial Science and Technology (ʎʫʢʫʙʘ, ʗʧʦʥʠʷ), ʀʥʩʪʠʪʫʪʘ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 

ʭʠʤʠʠ ʠʤ. ʌʫʢʫʷ ʫʥʠʚʝʨʩʠʪʝʪʘ ʂʠʦʪʦ (ʂʠʦʪʦ, ʗʧʦʥʠʷ), ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʋʥʠʚʝʨʩʠʪʝʪ ʅʘʛʦʠ (ʅʘʛʦʡʷ, ʗʧʦʥʠʷ); 

ʇʨʝʜʩʪʘʚʣʷʣʠʩʴ ʚ ʢʘʯʝʩʪʚʝ ʩʪʝʥʜʦʚʳʭ, ʫʩʪʥʳʭ ʠ ʧʨʠʛʣʘʰʸʥʥʳʭ ʜʦʢʣʘʜʦʚ ʥʘ 

ʩʣʝʜʫʶʱʠʭ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 
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- Functional Materials ï ICFM-2021, Alushta, Crimea, 2021; 2nd FunMAX 

Workshop, ʂʨʘʩʥʦʷʨʩʢ-2021; XVIII ʤʦʣʦʜʸʞʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ 

ʫʯʘʩʪʠʝʤ ʧʦ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʝ. ʀʨʢʫʪʩʢ-2021; 15th International 

Conference on Pulse Lasers and Laser Applications ï AMPL-2021; 14th International 

Conference on Pulse Lasers and Laser Applications ï AMPL-2019; XXV 

ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʩʪʫʜʝʥʪʦʚ-ʬʠʟʠʢʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ 

(ɺʅʂʉʌ-25, ʂʨʳʤ) 2019; 1st International Conference ñAptamers in Russia 2019ò; 

XIX ʩʠʤʧʦʟʠʫʤʘ çʉʣʦʞʥʳʝ ʩʠʩʪʝʤʳ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭè. ʈʦʩʩʠʡʩʢʦʡ 

ʘʢʘʜʝʤʠʠ ʥʘʫʢè. ʂʨʘʩʥʦʷʨʩʢ, 2018; XVI ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʤʦʣʦʜʸʞʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

ʧʦ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʝ, ʧʦʩʚʷʱʸʥʥʘʷ 100-ʣʝʪʠʶ ʀʨʢʫʪʩʢʦʛʦ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. ʀʨʢʫʪʩʢ-2018; ʏʝʪʚʸʨʪʳʡ ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʳʡ 

ʥʘʫʯʥʳʡ ʬʦʨʫʤ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ "ʅʦʚʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʝ 

ʪʝʭʥʦʣʦʛʠʠ". ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ-2018; 14ï̫  ʈʦʩʩʠʡʩʢʘʷ ʰʢʦʣʘ-ʩʠʤʧʦʟʠʫʤ 

çʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʩʥʦʚʳ ʘʪʦʤʠʩʪʠʯʝʩʢʦʛʦ ʤʥʦʛʦʤʘʩʰʪʘʙʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷè. 

ʅʦʚʳʡ ɸʬʦʥ, ɸʙʭʘʟʠʷ-2017; X ʶʙʠʣʝʡʥʦʡ ʄʝʞʨʝʛʠʦʥʘʣʴʥʦʡ ʥʘʫʯʥʦ-

ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ, ʧʦʩʚʷʱʸʥʥʦʡ 85-ʣʝʪʠʶ ʂɻʇʋ ʠʤ. ɺ.ʇ. ɸʩʪʘʬʴʝʚʘ. 

ʂʨʘʩʥʦʷʨʩʢ-2017; çʌʠʟʠʢʘ ð ʥʘʫʢʘʤ ʦ ʞʠʟʥʠè ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ-2016; XVIII 

ɺʩʝʨʦʩʩʠʡʩʢʦʛʦ ʩʠʤʧʦʟʠʫʤʘ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ. ʂʨʘʩʥʦʷʨʩʢ-2016; XV 

ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʤʦʣʦʜʸʞʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʝ. 

ʀʨʢʫʪʩʢ-2016; Ecological Modelling for Ecosystem Sustainability in the context of 

Global Change (ISEM 2013); XIII ʄʝʞʜʫʥʘʨʦʜʥʫʶ ʢʦʥʬʝʨʝʥʮʠʶ ʧʦ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʝ. ʀʨʢʫʪʩʢ-2012; 17th International Symposium on 

Bioluminescence and Chemiluminescence. ɻʫʵʣʴʬ, ʂʘʥʘʜʘ-2012; ʄʝʞʜʫʥʘʨʦʜʥʦʡ 

ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ 

çʕʢʦʣʦʛʠʷ. ʏʝʣʦʚʝʢ. ʆʙʱʝʩʪʚʦè, ʋʢʨʘʠʥʘ, ʂʠʝʚ-2012; 7th European Conference on 

Ecological Modeling ï ECEM 2011, (Trento, Italy); VI ʉʲʝʟʜʘ ʨʦʩʩʠʡʩʢʦʛʦ 

ʬʦʪʦʙʠʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʱʝʩʪʚʘ, ʧʦʩ. ʐʝʧʩʠ-2011; 16th International Symposium on 

Bioluminescence and Chemiluminescence., ʛ. ʃʠʦʥ, ʌʨʘʥʮʠʷ-2010; ʄʝʞʜʫʥʘʨʦʜʥʦʡ 

ʰʢʦʣʳ-ʢʦʥʬʝʨʝʥʮʠʠ ʜʣʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ 

çʌʫʥʜʘʤʝʥʪʘʣʴʥʘʷ ʤʘʪʝʤʘʪʠʢʘ ʠ ʝ yʧʨʠʣʦʞʝʥʠʷ ʚ ʝʩʪʝʩʪʚʦʟʥʘʥʠʠè ʛʦʜʘ, ʋʬʘ-2010; 
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15th International Symposium on Bioluminescence and Chemiluminescence (15th ISBC) 

Shanghai, China-2008; The scientific conference of student of physics, Krasnoyarsk-

2007; The Chemistry and chemical technology in XXI century, Tomsk-2007. 

 

ʇʫʙʣʠʢʘʮʠʠ 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 31 ʩʪʘʪʴ ̫ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʘʭ ʠʟ 

ʩʧʠʩʢʘ ʚʢʣʶʯʸʥʥʳʭ ɺɸʂ ʈʌ ʚ ʇʝʨʝʯʝʥʴ ʚʝʜʫʱʠʭ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ 

ʠʟʜʘʥʠʡ ʜʣʷ ʧʫʙʣʠʢʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʜʠʩʩʝʨʪʘʮʠʡ ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʸʥʦʡ ʩʪʝʧʝʥʠ 

ʜʦʢʪʦʨʘ ʥʘʫʢ, 2 ʤʦʥʦʛʨʘʬʠʠ, ʦʜʥʘ ʛʣʘʚʘ ʚ ʤʦʥʦʛʨʘʬʠʠ ʠ 41 ʪʝʟʠʩʦʚ ʜʦʢʣʘʜʦʚ. 

 

ʉʪʨʫʢʪʫʨʘ ʜʠʩʩʝʨʪʘʮʠʠ 

ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʩʝʤʠ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ ʠ ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʦʡ 

ʣʠʪʝʨʘʪʫʨʳ. ʆʙʱʠʡ ʦʙʲʸʤ ʩʦʩʪʘʚʣʷʝʪ 274 ʩʪʨʘʥʠʮ,r ʚʢʣʶʯʘʷ 81 ʨʠʩʫʥʦʢ ʠ 17 ʪʘʙʣʠʮ. 

ʉʧʠʩʦʢ ʮʠʪʠʨʦʚʘʥʥʦʡ ʣʠʪʝʨʘʪʫʨʳ ʩʦʩʪʦʠʪ ʠʟ 360 ʥʘʠʤʝʥʦʚʘʥʠʡ. 

 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ ʬʦʥʜʘʤ 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʠ ʬʦʥʜʦʚ: ʈʌʌʀ (ʛʨʘʥʪʳ: 07-

04-96802-ʨ_ʝʥʠʩʝʡ_ʘ; 08-04-05003-ʙ; 09-04-00412-ʘ; 07-04-00930-ʘ; 09-02-92107-

ʗʌ_ʘ; 09-04-12022-ʦʬʠ_ʤ; 13-04-00375-ʘ; 15-03-06786; 16-04-00132-ɸ; 18-29-19003-

ʤʢ; 18-44-242002-ʨ_ʤʢ; 19-02-00450-ɸ; 19-54-53004-ɻʌɽʅ_ʘ); ʇʨʘʚʠʪʝʣʴʩʪʚʘ 

ʂʨʘʩʥʦʷʨʩʢʦʛʦ ʢʨʘʷ ʠ ʂʨʘʩʥʦʷʨʩʢʦʛʦ ʢʨʘʝʚʦʛʦ ʬʦʥʜʦʤ ʧʦʜʜʝʨʞʢʠ ʥʘʫʯʥʦʡ ʠ 

ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ˉ16-44-243019); ʉʌʋ (ʄʦʣʦʜʸʞʥʳʡ ʛʨʘʥʪ 

2008 ʛ; ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʟʘʜʘʥʠʝ ˉ 16.1455.2017/ʇʏ (ʉʌʋ ï ɻɿ-14)); ʉʠʙʠʨʩʢʦʛʦ 

ʦʪʜʝʣʝʥʠʷ ʈɸʅ ʠ ʂʠʪʘʡʩʢʦʡ ɸʅ, (2009-2011, ʧʨʦʝʢʪ ˉ2); ʌʎʇ çʂʘʜʨʳè (2010-2012 

 ̄ʇ333); ɻʦʩʧʨʦʛʨʘʤʤʳ ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʈʦʩʩʠʠ (ˉ 11. G34.31.058); ɻʦʩʧʨʦʛʨʘʤʤʳ 

ʇʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʠ çʅʘʫʯʥʘʷ ʰʢʦʣʘè (ˉ 1044.2012.2.); ʄʝʛʘʛʨʘʥʪʘ ʇʨʘʚʠʪʝʣʴʩʪʚʘ 

ʈʦʩʩʠʠ (075-15-2019-1886). ʈʘʙʦʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʧʨʠ ʪʝʭʥʠʯʝʩʢʦʡ ʧʦʜʜʝʨʞʢʝ: 

ʄʝʞʚʝʜʦʤʩʪʚʝʥʥʦʛʦ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʛʦ ʮʝʥʪʨʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ (ʄɺʉ-

100ʂ ʠ ʄɺʉ-10ʇ); ʉʠʙʠʨʩʢʦʛʦ ʉʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʛʦ ʎʝʥʪʨʘ ʉʆʈɸʅ, ʀɺʄʠʄɻ, 

ʛ ʅʦʚʦʩʠʙʠʨʩʢ; ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʄɻʋ ï ʉʂʀʌ ʄɻʋ çʏʝʙʳʰʸʚè.   
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ɻʃɸɺɸ 1. ʂɺɸʅʊʆɺʆʍʀʄʀʏɽʉʂʀɽ ʄɽʊʆɼʓ ʀ ʇʆɼʍʆɼʓ  

Ä1.1. ʇɽʈɺʆʇʈʀʅʎʀʇʅʓɽ ʄɽʊʆɼʓ 

 

ʂʚʘʥʪʦʚʘʷ ʭʠʤʠʷ ʜʘʚʥʦ ʧʨʝʚʨʘʪʠʣʘʩʴ ʚ ʠʥʩʪʨʫʤʝʥʪ, ʠʩʧʦʣʴʟʫʝʤʳʡ ʰʠʨʦʢʠʤ 

ʢʨʫʛʦʤ ʬʠʟʠʢʦʚ, ʭʠʤʠʢʦʚ, ʤʘʪʝʨʠʘʣʦʚʝʜʦʚ ʠ ʙʠʦʣʦʛʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʚʦ ʚʩʝʭ ʦʙʣʘʩʪʷʭ 

ʭʠʤʠʠ: ʦʨʛʘʥʠʯʝʩʢʦʡ, ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ, ʙʠʦʭʠʤʠʠ, ʵʣʝʢʪʨʦʭʠʤʠʠ, ʭʠʤʠʠ ʪʚʸʨʜʦʛʦ 

ʪʝʣʘ, ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʪʘʢ ʜʘʣʝʝ. ʐʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ 

ʧʨʦʛʨʘʤʤʥʳʝ ʢʦʤʧʣʝʢʩʳ, ʙʣʘʛʦʜʘʨʷ ʠʭ ʦʨʠʝʥʪʠʨʦʚʘʥʠʶ ʥʘ ʰʠʨʦʢʠʡ ʢʨʫʛ 

ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʠ ʧʦʚʩʝʤʝʩʪʥʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʢʦʤʧʴʶʪʝʨʦʚ. ɹʦʣʝʝ ʪʦʛʦ, ʟʘ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʨʦʩ ʘʨʩʝʥʘʣ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʢʚʘʥʪʦʚʦʡ 

ʭʠʤʠʠ. ɺ ʵʪʦʡ ʩʚʷʟʠ ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ ʯʸʪʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʟʘʜʘʯʘʭ, ʜʣʷ ʨʝʰʝʥʠʷ 

ʢʦʪʦʨʳʭ ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʪʝ ʠʣʠ ʠʥʳʝ ʤʝʪʦʜʳ, ʠ ʫʤʝʪʴ ʚʳʙʨʘʪʴ ʪʝ ʠʟ ʥʠʭ, ʢʦʪʦʨʳʝ 

ʥʝʦʙʭʦʜʠʤʳ ʠ/ʠʣʠ ʜʦʩʪʘʪʦʯʥʳ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʠ. ɺ ʵʪʦʡ ʛʣʘʚʝ ʠʟʣʦʞʝʥʳ ʦʩʥʦʚʥʳʝ 

ʢʚʘʥʪʦʚʦʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʨʘʙʦʪʝ. ʆʩʥʦʚʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʧʦ 

ʬʦʨʤʘʣʠʟʤʫ, ʤʝʪʦʜʘʤ, ʧʦʜʭʦʜʘʤ ʠ ʙʘʟʠʩʘʤ ʧʦʣʝʟʥʦ ʩʤʦʪʨʝʪʴ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʣʠʪʝʨʘʪʫʨʝ [ʫʢʘʟʘʥʘ ʚ ʢʦʥʮʝ ʜʘʥʥʦʡ ʛʣʘʚʳ], ʟʜʝʩʴ ʞʝ ʙʫʜʝʪ ʠʟʣʦʞʝʥʘ ʢʨʘʪʢʘʷ 

ʠʥʬʦʨʤʘʮʠʷ ʩ ʘʢʮʝʥʪʦʤ ʥʘ ʧʨʠʤʝʥʝʥʠʝ.  

ʅʘʯʘʪʴ ʥʘʜʦ ʩ ab initio ʤʝʪʦʜʦʚ. ɺ ʧʝʨʝʚʦʜʝ ʩ ʣʘʪʠʥʩʢʦʛʦ ab initio ʦʟʥʘʯʘʝʪ çʠʟ 

ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚè. ʂ ʜʘʥʥʦʡ ʛʨʫʧʧʝ ʦʪʥʦʩʷʪʩʷ ʤʝʪʦʜʳ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʦʪʦʨʳʤʠ 

ʚʳʯʠʩʣʝʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʥʘ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʙʘʟʝ, ʪʦ ʝʩʪʴ ʙʝʟ ʚʚʝʜʝʥʠʷ ʚ 

ʨʘʩʯʸʪʥʫʶ ʩʭʝʤʫ ʢʘʢʠʭ-ʣʠʙʦ ʧʘʨʘʤʝʪʨʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʧʫʪʸʤ. 

ʇʨʠ ʨʘʩʯʸʪʝ ʚʩʝ ʚʝʣʠʯʠʥʳ ʠʤʝʶʪ ʢʦʥʢʨʝʪʥʳʡ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ. ʊʘʢʠʤʠ ʤʝʪʦʜʘʤʠ 

ʷʚʣʷʶʪʩʷ: ʤʝʪʦʜ ʍʘʨʪʨʠ-ʌʦʢʘ-ʈʫʪʘʘʥʘ, ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʚʘʨʠʘʮʠʠ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʤʝʪʦʜʳ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʷ, ʘ ʪʘʢʞʝ ʤʝʪʦʜ ʦʙʲʝʜʠʥʸʥʥʳʭ ʢʣʘʩʪʝʨʦʚ. 

ʂ ʧʨʝʠʤʫʱʝʩʪʚʫ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ ʧʨʠʝʤʣʝʤʫʶ ʪʦʯʥʦʩʪʴ ʨʘʩʯʸʪʘ, 

ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ. ʅʝʜʦʩʪʘʪʢʦʤ ʞʝ ʷʚʣʷʝʪʩʷ ʨʝʩʫʨʩʦʸʤʢʦʩʪʴ 

ʧʨʦʮʝʜʫʨʳ, ʧʦʵʪʦʤʫ ʛʨʫʧʧʘ ab initio ʤʝʪʦʜʦʚ ʩʪʘʣʘ ʧʨʠʤʝʥʷʪʴʩʷ ʭʠʤʠʢʘʤʠ ʧʦʟʜʥʝʝ 

ʤʝʪʦʜʦʚ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ (ʥʘʭʦʜʠʣʠ ʧʨʠʤʝʥʝʥʠʝ, ʣʠʰʴ ʢ ʧʨʦʩʪʝʡʰʠʤ ʩʠʩʪʝʤʘʤ).  

ɼʣʷ ʫʯʸʪʘ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ ʪʝʦʨʠʶ ʚʦʟʤʫʱʝʥʠʷ 

ʄʸʣʣʝʨʘ-ʇʣʝʩʩʝ (ʄʈ), ʦʥʘ ʧʦʟʚʦʣʷʝʪ ʩ ʧʨʠʝʤʣʝʤʦʡ ʪʦʯʥʦʩʪʴʶ ʠ ʚʨʝʤʝʥʥʤrʠ 
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ʟʘʪʨʘʪʘʤʠ ʧʦʣʫʯʘʪʴ ʭʦʨʦʰʠʝ ʨʝʟʫʣʴʪʘʪʳ. ʉʘʤʘ ʪʝʦʨʠʷ ʚʦʟʤʫʱʝʥʠʷ ʧʨʠʤʝʥʷʣʘʩʴ ʠ 

ʨʘʥʴʰʝ ʬʠʟʠʢʘʤʠ ʠ ʤʘʪʝʤʘʪʠʢʘʤʠ, ʦʜʥʘʢʦ ʢ ʟʘʜʘʯʘʤ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ ʦʥʘ ʙʳʣʘ 

ʘʜʘʧʪʠʨʦʚʘʥʘ ʚ 1934 ʛʦʜʫ (ʚ ʬʦʨʤʝ ʢʦʥʮʝʧʮʠʠ), ʨʝʘʣʠʟʦʚʘʥʘ ʧʦʟʜʥʝʝ ʤʝʪʦʜʘ ʍʘʨʪʨʠ-

ʌʦʢʘ-ʈʫʪʘʘʥʘ. ʉʫʪʴ ʧʦʜʭʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʩʠʩʪʝʤʘ ʜʝʣʠʪʩʷ ʥʘ ʜʚʝ ʯʘʩʪʠ. 

ʇʝʨʚʘʷ, ʫʧʨʦʱʸʥʥʘʷ, ʪʦʯʥʦ ʨʝʰʘʝʤʘ, ʪʦʛʜʘ ʢʘʢ ʚʪʦʨʘʷ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʚʠʜʝ 

ʚʦʟʤʫʱʝʥʠʷ ʧʝʨʚʦʡ. ʉʫʱʝʩʪʚʝʥʥʳʤ ʜʦʩʪʦʠʥʩʪʚʦʤ ʜʘʥʥʦʡ ʪʝʦʨʠʠ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ 

ʧʦʧʨʘʚʢʠ ʢ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ, ʚʳʯʠʩʣʝʥʥʳʝ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʍʘʨʪʨʠ-ʌʦʢʘ, 

ʥʘʭʦʜʷʪʩʷ ʥʝʠʪʝʨʘʮʠʦʥʥʳʤ ʩʧʦʩʦʙʦʤ, ʪʦ ʝʩʪʴ ʦʪʩʫʪʩʪʚʫʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʧʦʚʪʦʨʝʥʠʷ ʙʦʣʴʰʦʛʦ ʦʙʲʸʤʘ ʨʘʩʯʸʪʦʚ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʨʝʰʝʥʠʷ. ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʪʝʦʨʠʠ ʧʨʦʜʦʣʞʘʣʦʩʴ ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ ʚʪʦʨʦʡ ʧʦʣʦʚʠʥʳ XX ʚʝʢʘ ʠ ʰʣʦ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʙʦʣʝʝ ʧʦʣʥʦʛʦ ʫʯʸʪʘ 

ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʵʥʝʨʛʠʠ. ʊʘʢ ʦʩʥʦʚʥʳʝ ʨʘʙʦʪʳ ʧʦ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʷ ʚʪʦʨʦʛʦ 

ʧʦʨʷʜʢʘ (MP2), ʫʯʠʪʳʚʘʶʱʝʡ 60 ð 90 % ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʵʥʝʨʛʠʠ, ʦʪʥʦʩʷʪʩʷ ʢ 70-ʤ 

ʛʦʜʘʤ ʧʨʦʰʣʦʛʦ ʚʝʢʘ. 

 

 

Ä1.2. ʇʆʃʋʕʄʇʀʈʀʏɽʉʂʀɽ ʄɽʊʆɼʓ 

 

ʈʘʟʨʘʙʦʪʢʘ ʠ ʨʘʟʚʠʪʠʝ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʨʘʩʯʸʪʘ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʩʪʨʫʢʪʫʨ ʩʦʩʪʘʚʣʷʝʪ ʥʝʦʪʲʝʤʣʝʤʫʶ ʯʘʩʪʴ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ. ʕʪʠ ʤʝʪʦʜʳ ʠʩʧʦʣʴʟʫʶʪ 

ʢʘʢ ʩʨʝʜʩʪʚʦ ʜʣʷ ʨʘʩʯʸʪʘ ʩʚʦʡʩʪʚ ʤʦʣʝʢʫʣ, ʪʘʢ ʠ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʤʦʜʝʣʝʡ. ʇʨʠ ʫʜʘʯʥʦʤ ʚʳʙʦʨʝ ʤʦʜʝʣʠ ʤʦʞʥʦ ʦʙʲʷʩʥʷʪʴ ʠ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʩʚʦʡʩʪʚʘ ʠ 

ʠʭ ʠʟʤʝʥʝʥʠʷ ʚ ʨʷʜʘʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ɹʦʣʝʝ ʪʦʛʦ, ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʩʚʦʡʩʪʚ ʥʘ ʦʩʥʦʚʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʳʭ ʢʘʯʝʩʪʚʝʥʥʳʭ ʢʦʥʮʝʧʮʠʡ. ɺ 

ʤʝʪʦʜʝ ʇʘʨʠʟʝʨʘ-ʇʘʨʨʘ-ʇʦʧʣʘ (ʈʈʈ), ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʤ ʜʣʷ ʨʘʩʯʸʪʘ ʤʦʣʝʢʫʣ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ˊ-ʵʣʝʢʪʨʦʥʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ, ʥʦ ʩ 

ʚʢʣʶʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ, ʦʧʠʩʳʚʘʶʱʠʭ ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ 

ʷʚʥʦʤ ʚʠʜʝ, ʚ ʦʜʥʦʵʣʝʢʪʨʦʥʥʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ. ʕʪʦʪ ʤʝʪʦʜ ʩʪʘʣ ʧʝʨʚʳʤ ʚ ʨʷʜʫ 

ʤʝʪʦʜʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʫʨʘʚʥʝʥʠʷʭ ʍʘʨʪʨʠ-ʌʦʢʘ-ʈʫʛʘʥʘ ʠ ʚʢʣʶʯʘʶʱʠʭ 

ʧʨʠʙʣʠʞʝʥʠʝ ʥʫʣʝʚʦʛʦ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʧʝʨʝʢʨʳʚʘʥʠʷ (Neglect of Differential 
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Overlap ð NDO), ʪʘʢʠʭ ʢʘʢ CNDO (Complete Neglect of Differential Overlap), INDO 

(Intermediate Neglect of Differential Overlap), MINDO (Modified Intermediate Neglect of 

Differential Overlap), MNDO (Modified Neglect of Differential Overlap) ʠ ʜʨ. ʄʝʪʦʜ 

CNDO (ɼʞ. ʇʦʧʣ, ɼ. ʉʵʥʪʨʠ, ɻ. ʉʠʛʘʣ, 1965) ʦʪʢʨʳʣ ʧʝʨʠʦʜ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʦʚ 

ʨʘʩʯʸʪʘ ʚ ʧʦʣʥʦʤ ʚʘʣʝʥʪʥʦʤ ʙʘʟʠʩʝ, ʢʦʪʦʨʳʡ ʬʘʢʪʠʯʝʩʢʠ ʧʨʦʜʦʣʞʘʝʪʩʷ ʠ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ. ʕʪʦʪ ʤʝʪʦʜ ʚʧʝʨʚʳʝ ʧʦʟʚʦʣʠʣ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʸʪʳ ʣʶʙʳʭ ʩʦʝʜʠʥʝʥʠʡ ʣʸʛʢʠʭ 

ʵʣʝʤʝʥʪʦʚ ʠ ʩʦʩʪʘʚʠʣ ʩʝʨʴʸʟʥʫʶ ʢʦʥʢʫʨʝʥʮʠʶ ʤʝʪʦʜʘʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʧʦʩʪʨʦʝʥʠʠ 

ʤʦʜʝʣʴʥʳʭ ʛʘʤʠʣʴʪʦʥʠʘʥʦʚ (ʪʘʢʠʭ ʢʘʢ ʨʘʩʰʠʨʝʥʥʳʡ ʤʝʪʦʜ ʍʶʢʢʝʣʷ, ʢʦʪʦʨʳʡ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʜʘʥʥʦʝ ʚʨʝʤʷ ʚ ʦʩʥʦʚʥʦʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʩʪʘʨʪʦʚʳʭ ʦʨʙʠʪʘʣʝʡ ʚ 

ʥʝʵʤʧʠʨʠʯʝʩʢʠʭ ʨʘʩʯʸʪʘʭ).  

ʄʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʨʠʙʣʠʞʝʥʠʠ NDO, ʠʩʧʦʣʴʟʫʶʪ ʩʝʡʯʘʩ, ʛʣʘʚʥʳʤ 

ʦʙʨʘʟʦʤ, ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ, ʘ ʪʘʢʞʝ ʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʢʦʤʧʣʝʢʩʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ. ɼʞ. ɼʞ. ʉʪʶʘʨʪʦʤ (J.J. 

Stewart) ʚ 1989 ʛ. ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʥʦʚʳʭ ʧʨʠʥʮʠʧʦʚ ʦʮʝʥʢʠ ʧʘʨʘʤʝʪʨʦʚ 

ʤʝʪʦʜ ʈʄɿ [1] (Parametric Method Number 3). ɺ ʧʝʨʚʳʭ ʚʘʨʠʘʥʪʘʭ ʤʝʪʦʜʘ NDO 

ʧʘʨʘʤʝʪʨʳ ʠʣʠ ʦʧʨʝʜʝʣʷʣʠ ʠʟ ʩʚʦʡʩʪʚ ʘʪʦʤʦʚ, ʠʣʠ ʜʘʞʝ ʨʘʩʩʯʠʪʳʚʘʣʠ. ɺ 

ʧʦʩʣʝʜʫʶʱʝʤ (ʦʩʦʙʝʥʥʦ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ, ʦʧʠʩʳʚʘʶʱʠʭ ʦʪʪʘʣʢʠʚʘʥʠʝ 

ʘʪʦʤʥʳʭ ʦʩʪʦʚʦʚ) ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʦʚʘʣʠ ʯʠʩʪʦ ʤʦʣʝʢʫʣʷʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɼʞ. ɼʞ. 

ʉʪʶʘʨʪ ʧʨʝʜʣʦʞʠʣ ʧʦʣʥʦʩʪʴʶ ʧʝʨʝʡʪʠ ʥʘ ʧʘʨʘʤʝʪʨʠʟʘʮʠʶ, ʦʧʠʨʘʷʩʴ ʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʦ ʩʚʦʡʩʪʚʘʭ ʤʦʣʝʢʫʣ: ʪʝʧʣʦʪʝ ʦʙʨʘʟʦʚʘʥʠʷ, ʜʠʧʦʣʴʥʳʭ 

ʤʦʤʝʥʪʘʭ, ʧʦʪʝʥʮʠʘʣʘʭ ʠʦʥʠʟʘʮʠʠ, ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʘʭ. ɹʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ 

ʤʝʪʦʜʠʢʘ, ʧʦʟʚʦʣʷʶʱʘʷ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʪʴ ʧʦʠʩʢ ʦʧʪʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ, 

ʙʘʟʠʨʫʶʱʘʷʩʷ ʥʘ ʤʠʥʠʤʠʟʘʮʠʠ ʨʘʟʥʦʩʪʠ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ 

ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʥʝʢʦʪʦʨʦʡ ʬʫʥʢʮʠʠ, ʩʫʤʤʠʨʫʶʱʝʡ ʜʘʥʥʳʝ ʧʦ ʦʧʦʨʥʳʤ 

ʚʝʣʠʯʠʥʘʤ. ʏʠʩʣʦ ʧʘʨʘʤʝʪʨʦʚ ʚʦʟʨʦʩʣʦ ʜʦ ʚʦʩʝʤʥʘʜʮʘʪʠ (ʦʜʠʥʥʘʜʮʘʪʠ ʜʣʷ ʘʪʦʤʘ 

ʚʦʜʦʨʦʜʘ): ʠ ʰʝʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʬʫʥʢʮʠʡ ʦʪʪʘʣʢʠʚʘʥʠʷ ʦʩʪʦʚʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʤʝʪʦʜ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥ ʧʨʘʢʪʠʯʝʩʢʠ ʜʣʷ ʚʩʝʭ ʘʪʦʤʦʚ ʇʝʨʠʦʜʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, ʧʨʠʯʸʤ 

ʯʠʩʣʦ ʨʝʧʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʥʝʢʦʪʦʨʳʭ ʨʘʙʦʪʘʭ ʜʦʩʪʠʛʘʝʪ 657. ʄʝʪʦʜ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʦʣʴʰʦʡ ʥʘʜʸʞʥʦʩʪʴʶ ʠ ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ 

ʢʨʫʛʘ ʭʠʤʠʯʝʩʢʠʭ ʟʘʜʘʯ. ʇʨʠ ʵʪʦʤ, ʤʝʪʦʜ ʥʝ ʩʪʦʠʪ ʥʘ ʤʝʩʪʝ ʠ, ʧʨʠʤʝʨʥʦ, ʢʘʞʜʳʝ ʜʚʘ-
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ʪʨʠ ʛʦʜʘ ʚʳʭʦʜʠʪ ʥʦʚʘʷ ʚʝʨʩʠʷ ʤʝʪʦʜʘ (ʥʘ 2021 ʛ. ʠʟʚʝʩʪʥʘ ʚʝʨʩʠʷ ʈʄ7 [2]) ʢʦʪʦʨʘʷ 

ʨʝʘʣʠʟʦʚʘʥʘ ʚ ʩʚʦʙʦʜʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʤʦʡ ʧʨʦʛʨʘʤʤʝ MOPAC [2]. 

 

 

Ä1.3. ʄɽʊʆɼʓ ʄʆʃɽʂʋʃʗʈʅʆʁ ʄɽʍɸʅʀʂʀ 

 

ʂ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤ ʤʝʪʦʜʘʤ ʧʨʠʤʳʢʘʝʪ ʤʝʪʦʜ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ, 

ʧʨʝʜʧʦʣʘʛʘʶʱʠʡ, ʯʪʦ ʜʣʷ ʘʪʦʤʦʚ ʚ ʤʦʣʝʢʫʣʘʭ ʩʫʱʝʩʪʚʫʶʪ ʥʝʢʦʪʦʨʳʝ ʪʠʧʠʯʥʳʝ 

ʜʣʠʥʳ ʩʚʷʟʝʡ ʩ ʦʢʨʫʞʘʶʱʠʤʠ ʘʪʦʤʘʤʠ, ʚʘʣʝʥʪʥʳʝ ʠ ʪʦʨʩʠʦʥʥʳʝ ʫʛʣʳ, ʦʧʨʝʜʝʣʷʝʤʳʝ 

ʩʦʩʪʦʷʥʠʝʤ ʛʠʙʨʠʜʠʟʘʮʠʠ ʜʘʥʥʦʛʦ ʘʪʦʤʘ ʠ ʘʪʦʤʦʚ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʥʳʭ ʩ ʥʠʤ. 

ɿʘʚʠʩʠʤʦʩʪʠ ʵʥʝʨʛʠʠ ʦʪ ʦʪʢʣʦʥʝʥʠʷ ʚʥʫʪʨʝʥʥʠʭ ʢʦʦʨʜʠʥʘʪ ʦʪ ʨʘʚʥʦʚʝʩʥʳʭ ʟʥʘʯʝʥʠʡ 

ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʧʘʨʘʤʝʪʨʘʤʠ ʩʠʣʦʚʦʛʦ ʧʦʣʷ; ʢʨʦʤʝ ʪʦʛʦ, ʧʨʠʥʠʤʘʶʪ ʚʦ ʚʥʠʤʘʥʠʝ 

ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʝ ʠ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʇʘʨʘʤʝʪʨʳ ʩʠʣʦʚʦʛʦ ʧʦʣʷ 

ʚʳʙʠʨʘʶʪ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʥʠ ʧʝʨʝʜʘʚʘʣʠ ʠʟʚʝʩʪʥʳʝ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʩʚʦʡʩʪʚʘ ʥʘʙʦʨʘ ʨʝʧʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ (ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, 

ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʯʘʩʪʦʪʳ). ʄʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʨʘʚʥʦʚʝʩʥʳʝ ʛʝʦʤʝʪʨʠʠ, 

ʧʝʨʝʭʦʜʥʳʝ ʩʦʩʪʦʷʥʠʷ, ʚʳʧʦʣʥʷʪʴ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʘʥʘʣʠʟ, ʦʮʝʥʠʚʘʪʴ 

ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʵʥʝʨʛʠʠ ʨʘʟʣʠʯʥʳʭ ʠʟʦʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ, ʧʣʘʥʠʨʦʚʘʪʴ ʩʠʥʪʝʟ. 

ʇʦʩʢʦʣʴʢʫ ʩʦʩʪʦʷʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʳ ʥʝ ʧʨʠʥʠʤʘʝʪʩʷ ʚʦ ʚʥʠʤʘʥʠʝ, ʤʝʪʦʜʠʢʘ 

ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʨʘʩʩʤʦʪʨʝʥʠʷ ʚʦʟʙʫʞʜʸʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʚʦʦʙʱʝ 

ʪʝʭ ʷʚʣʝʥʠʡ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʤʦʣʝʢʫʣ. ʅʘʠʙʦʣʴʰʝʝ 

ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜ ʧʦʣʫʯʠʣ ʚ ʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠ ʙʠʦʭʠʤʠʠ. 

 

 

Ä1.4. ʊɽʆʈʀʗ ʌʋʅʂʎʀʆʅɸʃɸ ʇʃʆʊʅʆʉʊʀ 

 

ʂʘʞʜʳʡ ʠʟ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʧʦʜʭʦʜʦʚ ʙʳʣ ʦʨʠʝʥʪʠʨʦʚʘʥ ʣʠʙʦ ʥʘ ʩʢʦʨʦʩʪʴ 

(ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ), ʣʠʙʦ ʥʘ ʪʦʯʥʦʩʪʴ (ab initio ʤʝʪʦʜʳ) ʨʘʩʯʸʪʦʚ. ɺʦ ʤʥʦʛʦʤ 

ʙʣʘʛʦʜʘʨʷ ʨʘʟʚʠʪʠʶ ʭʠʤʠʠ ʚʳʩʦʢʦʤʦʣʝʢʫʣʷʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʙʠʦʭʠʤʠʠ ʦʙʲʝʢʪ 

ʚʳʯʠʩʣʝʥʠʡ ð ʤʦʣʝʢʫʣʘ ï ʥʝʫʢʣʦʥʥʦ ʨʦʩ ʚ ʨʘʟʤʝʨʘʭ, ʘ ʤʝʪʦʜʦʚ, ʩʧʦʩʦʙʥʳʭ 
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ʤʦʜʝʣʠʨʦʚʘʪʴ ʙʦʣʴʰʠʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʥʝ ʙʳʣʦ. 

ʅʫʞʥʳ ʙʳʣʠ ʥʝʩʪʘʥʜʘʨʪʥʳʝ ʨʝʰʝʥʠʷ, ʜʝʣʘʶʱʠʝ ʟʘʜʘʯʫ ʚʳʧʦʣʥʠʤʦʡ ʥʝ ʟʘ ʩʯʸʪ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʩʦʙʩʪʚʝʥʥʦ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʧʨʦʮʝʜʫʨʳ, ʘ ʟʘ ʩʯʸʪ ʨʘʜʠʢʘʣʴʥʦʛʦ 

ʫʧʨʦʱʝʥʠʷ ʩʘʤʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. ɺ ʵʪʦʡ ʩʚʷʟʠ, ʚ 60-ʝ ʛʦʜʳ, ʥʘʯʘʣʠʩʴ ʨʘʙʦʪʳ 

ʧʦ ʠʟʫʯʝʥʠʶ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʝʸ ʧʨʠʤʝʥʝʥʠʶ ʜʣʷ ʨʘʩʯʸʪʦʚ. ʂʘʢʠʝ ʞʝ ʩʘʤʳʝ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʝ ʩʪʦʨʦʥʳ ʫ ʵʪʦʛʦ ʧʦʜʭʦʜʘ? ɺʦ-ʧʝʨʚʳʭ, ʦʥʘ ʬʠʟʠʯʝʩʢʠ ʦʧʨʝʜʝʣʝʥʘ ʠ 

ʠʟʤʝʨʷʝʤʘ ʚ ʦʪʣʠʯʠʝ ʦʪ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ, ʥʝ ʠʤʝʶʱʝʡ ʬʠʟʠʯʝʩʢʦʛʦ ʩʤʳʩʣʘ. ɺʦ-

ʚʪʦʨʳʭ, ʧʦʣʫʯʝʥʠʝ ʧʦʣʥʦʡ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ð ʟʘʜʘʯʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ 

3n-ʠʟʤʝʨʝʥʠʷʤ (ʠʣʠ ʜʘʞʝ 4n, ʝʩʣʠ ʧʨʠʥʠʤʘʪʴ ʚʦ ʚʥʠʤʘʥʠʝ ʩʧʠʥ), ʛʜʝ n-ʧʦʣʥʦʝ ʯʠʩʣʦ 

ʵʣʝʢʪʨʦʥʦʚ, ʪʦʛʜʘ ʢʘʢ ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʝʩʪʴ ʬʫʥʢʮʠʷ ʦʪ ʪʨʝʭ ʢʦʦʨʜʠʥʘʪ 

ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʯʠʩʣʘ ʵʣʝʢʪʨʦʥʦʚ ʚ ʤʦʣʝʢʫʣʝ. ɿʜʝʩʴ ʦʩʥʦʚʥʘʷ ʩʣʦʞʥʦʩʪʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʪʦʤ, ʩʫʱʝʩʪʚʫʝʪ ʣʠ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʠ ʵʥʝʨʛʠʝʡ, ʠ ʢʘʢʦʚʘ 

ʬʦʨʤʘ ʟʘʚʠʩʠʤʦʩʪʠ, ʝʩʣʠ ʦʥʘ ʩʫʱʝʩʪʚʫʝʪ? ɺʩʝ ʥʘʯʘʣʦʩʴ ʩ ʨʘʙʦʪ ʇ. ʍʦʵʥʙʝʨʛʘ ʠ ɺ. 

ʂʦʥʘ, ʢʦʪʦʨʳʝ ʜʦʢʘʟʘʣʠ ʪʝʦʨʝʤʫ ʦ ʩʚʦʡʩʪʚʘʭ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ (çʅʝʛʦʤʦʛʝʥʥʳʡ 

ʵʣʝʢʪʨʦʥʥʳʡ ʛʘʟè, 1964 ʛʦʜ). ʉʦʛʣʘʩʥʦ ʪʝʦʨʝʤʝ, ʵʥʝʨʛʠʷ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʤʦʣʝʢʫʣʳ ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʦʥʘʣʦʤ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʵʥʝʨʛʠʷ ʤʠʥʠʤʘʣʴʥʘ, 

ʝʩʣʠ ʦʥʘ (ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ) ʷʚʣʷʝʪʩʷ ʪʦʯʥʦʡ ʜʣʷ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

(ʬʫʥʢʮʠʦʥʘʣ ð ʩʦʦʪʚʝʪʩʪʚʠʝ ʯʠʩʣʦʚʦʛʦ ʨʷʜʘ ʬʫʥʢʮʠʠ, ʢʦʪʦʨʘʷ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ 

ʩʦʧʦʩʪʘʚʣʝʥʘ ʜʨʫʛʦʤʫ ʯʠʩʣʦʚʦʤʫ ʨʷʜʫ). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʝʦʨʝʤʘ, ʷʚʣʷʷ ʩʪʨʦʛʦʝ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʩʚʷʟʠ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʩ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ, ʥʝ ʜʘʸʪ ʥʠʢʘʢʦʛʦ 

ʧʨʘʚʠʣʘ ʚ ʧʦʩʪʨʦʝʥʠʠ ʵʪʦʛʦ ʞʝ ʬʫʥʢʮʠʦʥʘʣʘ (ʯʪʦ ʷʚʣʷʝʪʩʷ ʛʣʘʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ 

ʪʝʦʨʠʠ). ʅʝʪ ʠ ʩʪʨʦʛʦʛʦ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʩʧʦʩʦʙʘ ʚʳʯʠʩʣʝʥʠʷ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ 

ʦʧʝʨʘʪʦʨʦʚ ʬʠʟʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ ʩ ʧʦʤʦʱʴʶ ɟ(r), ʧʦʜʦʙʥʦʛʦ ʤʝʪʦʜʘʤ ʨʘʩʯʸʪʘ ʜʣʷ 

ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ. ʇʦʩʢʦʣʴʢʫ ʚʠʜ ʬʫʥʢʮʠʦʥʘʣʘ ʥʝʠʟʚʝʩʪʝʥ, ʜʣʷ ʝʛʦ ʦʧʠʩʘʥʠʷ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʠʙʣʠʞʝʥʥʳʝ ʤʝʪʦʜʳ. 

ʄʝʪʦʜʳ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʩʪʘʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʧʦʩʣʝ ʚʥʝʜʨʝʥʠʷ 

ʚ ʨʘʩʯʸʪʥʫʶ ʩʭʝʤʫ ʦʨʙʠʪʘʣʝʡ, ʧʨʝʜʣʦʞʝʥʥʳʭ ʋ. ʂʦʥʦʤ ʠ ʃ. ɼʞ. ʐʝʤʦʤ (ʂʐ) ʚ 1965 

ʛʦʜʫ (ʨʘʙʦʪʘ ʥʘʟʳʚʘʣʘʩʴ çʉʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʝ ʫʨʘʚʥʝʥʠʷ, ʚʢʣʶʯʘʶʱʠʝ ʦʙʤʝʥʥʳʝ ʠ 

ʢʦʨʨʝʣʷʮʠʦʥʥʳʝ ʵʬʬʝʢʪʳè). ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʪʝʦʨʠʠ ʩʦʩʪʦʠʪ ʚ ʨʘʟʜʝʣʝʥʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʥʘ ʜʚʝ ʯʘʩʪʠ, ʧʝʨʚʘʷ ʚʳʯʠʩʣʷʝʪʩʷ ʪʦʯʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
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ʬʦʨʤʘʣʴʥʦ ʧʦʩʪʨʦʝʥʥʳʭ ʦʨʙʠʪʘʣʝʡ, ʦʪʚʝʯʘʶʱʠʭ ʩʠʩʪʝʤʝ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ 

ʵʣʝʢʪʨʦʥʦʚ, ʚʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʧʨʘʚʢʫ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʧʠʩʘʥʠʝ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʠʩʪʝʤʳ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʭʘʨʪʨʠ-ʬʦʢʦʚʩʢʦʤʫ 

(ʯʪʦ, ʥʝʩʦʤʥʝʥʥʦ, ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ ʢ ʜʦʩʪʦʠʥʩʪʚʫ). ʅʦ ʥʝ ʩʪʦʠʪ ʟʘʙʳʚʘʪʴ, ʯʪʦ ʜʘʥʥʳʝ 

ʦʨʙʠʪʘʣʠ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʳ ʣʠʰʴ ʪʘʢ, ʯʪʦʙʳ ʜʘʚʘʪʴ ʥʘʠʣʫʯʰʝʝ ʦʧʠʩʘʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ, ʠ ʠʤʝʶʪ ʤʘʣʦ ʦʙʱʝʛʦ ʩ ʠʩʪʠʥʥʳʤʠ ʭʘʨʪʨʠ-ʬʦʢʦʚʩʢʠʤʠ ʦʨʙʠʪʘʣʷʤʠ. 

ʉʧʫʩʪʷ ʥʝʢʦʪʦʨʦʝ ʚʨʝʤʷ (ʢʦʥʝʮ 70-ʭ ʛʦʜʦʚ) ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʥʦ ʧʨʠʙʣʠʞʝʥʠʝ ʣʦʢʘʣʴʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ð ʧʨʦʩʪʝʡʰʘʷ ʬʦʨʤʘ ʪʝʦʨʠʠ. ʕʪʦ ʧʨʠʙʣʠʞʝʥʠʝ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʪʦʤ, ʚ 

ʢʘʞʜʦʡ ʪʦʯʢʝ ʤʦʣʝʢʫʣʳ ʩ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʥʝʸ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʩʚʦʡʩʪʚʘ ʪʝ 

ʞʝ, ʯʪʦ ʠ ʚ ʦʜʥʦʨʦʜʥʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʛʘʟʝ ʩ ʪʦʡ ʞʝ ʧʣʦʪʥʦʩʪʴʶ. ʆʙʱʠʤ ʩʣʫʯʘʝʤ 

ʣʦʢʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʧʨʠʙʣʠʞʝʥʠʝ ʣʦʢʘʣʴʥʦʡ ʩʧʠʥʦʚʦʡ ʧʣʦʪʥʦʩʪʠ (LSDA ð 

Local Spin Density Approximation). ʊʦʯʥʦʩʪʴ ʤʝʪʦʜʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ LSDA, 

ʩʦʧʦʩʪʘʚʠʤʘ ʩ ʤʝʪʦʜʘʤʠ ʍʘʨʪʨʠ-ʌʦʢʘ. ɺʩʝ ʧʨʠʙʣʠʞʝʥʠʷ ʤʝʪʦʜʘ ʂʐ ʩʚʷʟʘʥʳ ʩʦ 

ʩʧʦʩʦʙʘʤʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʆʪʩʫʪʩʪʚʠʝ 

ʨʝʛʫʣʷʨʥʦʛʦ ʧʦʜʭʦʜʘ ʢ ʧʦʩʪʨʦʝʥʠʶ ʬʫʥʢʮʠʦʥʘʣʦʚ ï ʛʣʘʚʥʳʡ ʥʝʜʦʩʪʘʪʦʢ DFT.  

ɼʨʫʛʠʤ ʙʦʣʝʝ ʩʦʚʝʨʰʝʥʥʳʤ ʷʚʣʷʝʪʩʷ ʧʨʠʙʣʠʞʝʥʠʝ ʛʨʘʜʠʝʥʪʥʦʡ ʢʦʨʨʝʢʮʠʠ 

(GGA ð Generalized Gradient Approximation). ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʠ 

ʦʙʤʝʥʥʳʡ ʧʦʪʝʥʮʠʘʣʳ, ʦʙʨʘʟʫʶʱʠʝ ʬʫʥʢʮʠʦʥʘʣ, ʩʚʷʟʘʥʳ ʥʝ ʪʦʣʴʢʦ ʩ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʴʶ, ʥʦ ʠ ʩ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʦʪ ʥʝʸ. ɺʥʘʯʘʣʝ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ 

ʥʝʩʢʦʣʴʢʦ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚ ʚʠʜʝ ʧʦʧʨʘʚʦʢ ʢ LSDA (ʥʘʧʨʠʤʝʨ, 

ʦʙʤʝʥʥʘʷ ʧʦʧʨʘʚʢʘ ɹʝʢʢʝ, 1988 ʛʦʜ). ʇʨʘʢʪʠʯʝʩʢʠ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʨʷʜ 

ʬʫʥʢʮʠʦʥʘʣʦʚ ʩ ʛʨʘʜʠʝʥʪʥʦʡ ʢʦʨʨʝʢʮʠʝʡ ʚ ʯʠʩʪʦʤ ʚʠʜʝ. ʆʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ ʫʜʘʯʥʳʭ 

ʬʫʥʢʮʠʦʥʘʣʦʚ ʜʘʥʥʦʡ ʛʨʫʧʧʳ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʂ. ʃʠ, ɺ. ʗʥʛʦʤ ʠ ʈ. ɻ. ʇʘʨʦʤ (LYP, 

1988 ʛʦʜ) [3]. ʆʙʱʝʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʵʥʝʨʛʠʠ ʚ ʵʪʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ‐ ” ‐ ”

Ў‐”ȟɳ”ȟɳ ”ȟȣ ȟ         Ὥ ὼȟὧȢ, ʛʜʝ x ï çʦʙʤʝʥè, c ï çʢʦʨʨʝʣʷʮʠʷè. ɿʜʝʩʴ ʫʤʝʩʪʥʦ 

ʫʧʦʤʷʥʫʪʴ, ʯʪʦ ʝʜʠʥʦʛʦ ʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʩʧʦʩʦʙʘ ʚʚʦʜʘ ʧʦʧʨʘʚʢʠ ȹei ʥʝ 

ʩʫʱʝʩʪʚʫʝʪ; ʧʨʝʜʣʦʞʝʥʳ ʝʸ ʨʘʟʣʠʯʥʳʝ ʧʨʠʙʣʠʞʸʥʥʳʝ ʬʦʨʤʳ. ʇʘʨʘʤʝʪʨʳ ʚʩʝʭ 

ʵʪʠʭ ʤʦʜʝʣʝʡ ʥʘʡʜʝʥʳ ʩʪʘʥʜʘʨʪʥʳʤ ʦʙʨʘʟʦʤ, ʧʨʠʥʷʪʳʤ ʚ DFT: ʧʨʦʚʦʜʠʪʩʷ 

ʥʝʵʤʧʠʨʠʯʝʩʢʠʡ ʨʘʩʯʸʪ ʘʪʦʤʦʚ ʙʣʘʛʦʨʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʦʨʙʠʪʘʣʴʥʦʤ 
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ʧʨʠʙʣʠʞʝʥʠʠ ʩ ʤʘʢʩʠʤʘʣʴʥʦ ʧʦʣʥʳʤ ʫʯʸʪʦʤ ʦʙʤʝʥʘ ʠ ʢʦʨʨʝʣʷʮʠʠ (ʥʘʧʨʠʤʝʨ, 

ʤʝʪʦʜʦʤ ʩʚʷʟʘʥʥʳʭ ʢʣʘʩʪʝʨʦʚ ʚ ʰʠʨʦʢʦʤ ʙʘʟʠʩʝ), ʟʘʪʝʤ ʚʳʜʝʣʷʶʪʩʷ ʯʣʝʥʳ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʦʙʤʝʥʥʦʡ ʠ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʵʥʝʨʛʠʷʤʠ, ʠ ʧʦʜ ʥʠʭ çʧʦʜʛʦʥʷʶʪʩʷè 

ʧʨʠʙʣʠʞʝʥʥʳʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ Ůx[ɟ] ʠ Ůc[ɟ]. 

ʊʨʝʪʴʶ ʠ ʙʦʣʝʝ ʩʦʚʝʨʰʝʥʥʫʶ ʬʦʨʤʫ ʷʚʣʷʝʪ ʛʨʫʧʧʘ ʛʠʙʨʠʜʥʳʭ ʤʝʪʦʜʦʚ. ʆʥʠ 

ʚʦʙʨʘʣʠ ʚ ʩʝʙʷ ʣʫʯʰʝʝ ʠʟ ʧʨʠʙʣʠʞʝʥʠʡ ʣʦʢʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʛʨʘʜʠʝʥʪʥʦʡ 

ʢʦʨʨʝʢʮʠʠ ʠ ʧʦʣʫʯʠ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʙʣʘʛʦʜʘʨʷ ʬʝʥʦʤʝʥʘʣʴʥʦ ʥʠʟʢʠʤ 

ʚʨʝʤʝʥʥʳʤ ʟʘʪʨʘʪʘʤ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʪʦʯʥʦʩʪʴʶ, ʢʦʪʦʨʘʷ ʩʦʧʦʩʪʘʚʠʤʘ ʩ ʪʦʯʥʦʩʪʴʶ 

ʣʫʯʰʠʭ ab initio ʤʝʪʦʜʦʚ (MP4(SDQ), QCISD ʠ CCSD). ʆʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʛʠʙʨʠʜʥʳʭ GGA ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʬʫʥʢʮʠʦʥʘʣʦʚ ʚ ʤʠʨʝ ï 

ʬʫʥʢʮʠʦʥʘʣ Lee, Yang ʠ Parr (LYP). ʆʥ ʧʨʠʚʦʜʠʪ ʢ ʠʟʚʝʩʪʥʦʤʫ ʘʢʨʦʥʠʤʫ B3LYP 

[4]. ʊʘʢ ʢʘʢ ʬʫʥʢʮʠʦʥʘʣ LYP ʩʦʜʝʨʞʠʪ ʠ ʣʦʢʘʣʴʥʳʡ, ʠ ʥʝʣʦʢʘʣʴʥʳʡ ʯʣʝʥʳ, ʪʦ 

ʢʦʨʨʝʣʷʮʠʦʥʥʦ-ʦʙʤʝʥʥʳʡ ʬʫʥʢʮʠʦʥʘʣ ʤʝʪʦʜʘ B3LYP ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠʤʝʝʪ 

ʚʠʜ: 
LYP

C

VWN

C

88B

X

HF

X

LSDA

X

LYP3B

XC
cE+E)c1(+Eȹb+aE+E)a1(=E , ʛʜʝ a, b, c ï ʢʦʥʩʪʘʥʪʳ, 

ʢʦʪʦʨʳʝ ʙʳʣʠ ʧʦʜʦʙʨʘʥʳ ɹʝʢʢʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʘʜʸʞʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ ʜʣʷ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʛʦ ʥʘʙʦʨʘ ʩʨʘʚʥʠʪʝʣʴʥʦ ʧʨʦʩʪʳʭ ʭʠʤʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ (ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ G1-ʥʘʙʦʨ), LSDA

XE  ï ʦʙʤʝʥʥʘʷ ʵʥʝʨʛʠʷ ʣʦʢʘʣʴʥʦʡ 

ʩʧʠʥʦʚʦʡ ʧʣʦʪʥʦʩʪʠ, 
HF

X
E  ï ʭʘʨʪʠʬʦʢʦʚʩʢʘʷ ʦʙʤʝʥʥʘʷ ʵʥʝʨʛʠʷ, 

88B

X
Eȹ  ï ʦʙʤʝʥʥʘʷ 

ʧʦʧʨʘʚʢʘ ɹʝʢʢʝ, 
VWN

C
E  ï ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʵʥʝʨʛʠʷ ʦʜʥʦʨʦʜʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʛʘʟʘ, 

LYP

C
E  ï ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʬʫʥʢʮʠʦʥʘʣ ʃʠ, ʗʥʛʘ ʠ ʇʘʨʨʘ. 

ɺ ʮʝʣʦʤ ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ ʚ ʤʝʪʦʜʝ ʂʦʥʘ-ʐʵʤʘ 

ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʤ ʜʝʪʝʨʤʠʥʘʥʪʦʤ ʉʣʝʡʪʝʨʘ, ʘ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ 

ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʵʣʝʢʪʨʦʥʳ ʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ. ɺ ʵʪʦʤ 

ʦʪʥʦʰʝʥʠʠ ʤʝʪʦʜ ʂʦʥʘ-ʐʵʤʘ ʥʘʧʦʤʠʥʘʝʪ ʤʝʪʦʜ ʍʘʨʪʨʠ-ʌʦʢʘ, ʫʨʘʚʥʝʥʠʷ ʢʦʪʦʨʦʛʦ 

ʧʦʣʫʯʘʶʪ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʥʘ ʦʩʥʦʚʘʥʠʠ ʬʠʟʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʥʳʭ ʧʨʠʙʣʠʞʝʥʠʡ. 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʬʫʥʢʮʠʦʥʘʣʳ, ʦʧʠʩʳʚʘʶʱʠʝ ʦʙʤʝʥ ʠ ʢʦʨʨʝʣʷʮʠʶ, ʯʘʩʪʦ ʩʦʜʝʨʞʘʪ 

ʧʦʜʛʦʥʦʯʥʳʝ ʧʘʨʘʤʝʪʨʳ. ʇʦʵʪʦʤʫ, ʩʪʨʦʛʦ ʛʦʚʦʨʷ, ʤʝʪʦʜ ʂʐ ʥʝ ʷʚʣʷʝʪʩʷ 

ʥʝʵʤʧʠʨʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʦʥ ʜʦʧʫʩʢʘʝʪ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʟʘ ʩʯʸʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʩʝ ʙʦʣʝʝ ʪʦʯʥʳʭ 
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ʬʫʥʢʮʠʦʥʘʣʦʚ ʵʥʝʨʛʠʠ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʪʝʦʨʠʠ, ʢʘʢ ʵʪʦ ʠʤʝʝʪ ʤʝʩʪʦ 

ʚ ʥʝʵʤʧʠʨʠʯʝʩʢʦʡ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʩʫʱʝʩʪʚʫʝʪ ʚʝʣʠʢʦʝ ʤʥʦʞʝʩʪʚʦ 

ʬʫʥʢʮʠʦʥʘʣʦʚ (ʨʠʩʫʥʦʢ 1.1), ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʩʚʦʠ ʛʨʘʥʠʮʳ ʧʨʠʤʝʥʠʤʦʩʪʠ ʠ ʚʳʙʦʨ 

ʧʦʜʭʦʜʷʱʝʛʦ ʬʫʥʢʮʠʦʥʘʣʘ ʧʦʨʦʡ ʤʦʞʝʪ ʚʳʟʳʚʘʪʴ ʠʟʚʝʩʪʥʳʝ ʪʨʫʜʥʦʩʪʠ. 

 

ʈʠʩʫʥʦʢ 1.1. ʇʨʠʤʝʨ ʜʦʩʪʫʧʥʳʭ ʜʣʷ ʨʘʩʯʸʪʘ ʬʫʥʢʮʠʦʥʘʣʦʚ (ʦʢʦʣʦ 200) ʚ ʧʨʦʛʨʘʤʤʝ 

Q-CHEM (2021 ʛ) 
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ɺ ʟʘʢʣʶʯʝʥʠʝ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʝʪʦʜʳ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ 

ʧʦʟʚʦʣʠʣʠ ʧʦʣʫʯʠʪʴ ʨʷʜ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʜʠʧʦʣʴʥʳʝ ʤʦʤʝʥʪʳ 

ʤʦʣʝʢʫʣ ʠ ʚʥʝʰʥʠʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʧʦʣʷ), ʧʨʦʛʥʦʟʳ ʩʧʝʢʪʨʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 

ʜʘʣʸʢʦʡ ʀʂ-ʦʙʣʘʩʪʠ ʜʦ ʋʌ, ʠʟʫʯʝʥʠʝ ʧʫʪʝʡ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʪʦʯʥʦʩʪʠ. ɿʘ ʩʪʦʣʴ ʚʧʝʯʘʪʣʷʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ ʚ 1998 ʛʦʜʫ ʅʦʙʝʣʝʚʩʢʫʶ ʧʨʝʤʠʶ 

ʨʘʟʜʝʣʠʣʠ ɼʞʦʥ ʇʦʧʣ çʟʘ ʨʘʟʚʠʪʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʚ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠè ʠ 

ɺʦʣʪʝʨ ʂʦʥ çʟʘ ʨʘʟʚʠʪʠʝ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠè. 

 

 

Ä1.5. ʈɸʉʏɪʊ ʕʃɽʂʊʈʆʅʅʓʍ ʉʇɽʂʊʈʆɺ ʇʆɻʃʆʑɽʅʀʗ ʀ 

ʇʆʊɽʅʎʀɸʃʔʅʓʍ ʇʆɺɽʈʍʅʆʉʊɽʁ ɺʆɿɹʋɾɼɪʅʅʓʍ ʉʆʉʊʆʗʅʀʁ 

 

ʇʨʠ ʠʟʫʯʝʥʠʠ ʬʦʪʦʭʠʤʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʤʦʣʝʢʫʣ ʠ ʨʘʩʯʸʪʝ ʠʭ ʵʣʝʢʪʨʦʥʥʳʭ 

ʩʧʝʢʪʨʦʚ ʦʙʳʯʥʦ ʥʝʦʙʭʦʜʠʤʦ ʧʦʣʫʯʠʪʴ ʜʘʥʥʳʝ ʥʝ ʜʣʷ ʦʜʥʦʛʦ, ʘ ʜʣʷ ʮʝʣʦʛʦ ʥʘʙʦʨʘ 

ʥʠʟʰʠʭ ʚʦʟʙʫʞʜʸʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʇʨʠ ʵʪʦʤ ʩʫʱʝʩʪʚʝʥʥʘ ʦʜʠʥʘʢʦʚʘʷ ʪʦʯʥʦʩʪʴ 

ʨʘʩʯʸʪʘ ʜʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ, ʚ ʯʘʩʪʥʦʩʪʠ ʜʦʣʞʥʘ ʙʳʪʴ ʦʙʝʩʧʝʯʝʥʘ ʦʜʠʥʘʢʦʚʘʷ ʩʪʝʧʝʥʴ 

ʫʯʸʪʘ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ. ʕʪʦ ʧʨʝʜʲʷʚʣʷʝʪ ʚʝʩʴʤʘ ʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ 

ʚʳʙʦʨʫ ʤʝʪʦʜʘ ʨʘʩʯʸʪʘ, ʩʪʨʫʢʪʫʨʳ ʘʢʪʠʚʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʘʪʦʤʥʦʛʦ ʙʘʟʠʩʘ. ʂʨʦʤʝ 

ʪʦʛʦ, ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ ʚ ʚʠʜʫ, ʯʪʦ ʠʟʫʯʝʥʠʝ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʢʨʠʚʳʭ, ʘ ʪʝʤ ʙʦʣʝʝ 

ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʪʨʝʙʫʝʪ ʚʳʧʦʣʥʝʥʠʷ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʨʘʩʯʸʪʦʚ, ʯʪʦ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʝʱʸ ʦʜʥʦ ʪʨʝʙʦʚʘʥʠʝ ʢ ʤʝʪʦʜʫ ð ʝʛʦ ʵʢʦʥʦʤʠʯʥʦʩʪʴ. ʆʩʦʙʳʝ 

ʩʣʦʞʥʦʩʪʠ ʚʦʟʥʠʢʘʶʪ ʧʨʠ ʠʟʫʯʝʥʠʠ ʚʦʟʙʫʞʜʸʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʩʦʝʜʠʥʝʥʠʡ 

ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʥʘʧʨʠʤʝʨ ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʢʦʪʦʨʳʤ ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʫʜʝʣʷʝʪʩʷ ʦʛʨʦʤʥʦʝ ʚʥʠʤʘʥʠʝ. ɼʣʷ ʥʠʭ ʭʘʨʘʢʪʝʨʥʘ ʚʳʩʦʢʘʷ 

ʧʣʦʪʥʦʩʪʴ ʚʦʟʙʫʞʜʸʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʧʨʠʯʸʤ ʚ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ 

ʤʦʛʫʪ ʣʝʞʘʪʴ ʩʦʩʪʦʷʥʠʷ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʨʘʟʥʦʦʙʨʘʟʥʳʤ ʪʠʧʘʤ ʚʦʟʙʫʞʜʝʥʠʡ: 

ʩʦʩʪʦʷʥʠʷ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʩ ʤʝʪʘʣʣʘ ʠʣʠ ʩ ů-ʩʚʷʟʠ ʥʘ ʣʠʛʘʥʜ, ʩ ʣʠʛʘʥʜʘ ʥʘ ʤʝʪʘʣʣ, 

ʚʥʫʪʨʠʣʠʛʘʥʜʥʳʝ ʚʦʟʙʫʞʜʝʥʠʷ, d-d ʧʝʨʝʭʦʜʳ. ɺʦʟʙʫʞʜʝʥʠʝ ʤʦʞʝʪ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ 

ʬʦʪʦʭʠʤʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ: ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʠʣʠ ʵʥʝʨʛʠʠ, 
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ʨʘʟʨʳʚʦʤ ʠʣʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʦʚʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ, ʠʟʦʤʝʨʠʟʘʮʠʝʡ, ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʨʘʜʠʢʘʣʦʚ, ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʚ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ. 

ʌʦʨʤʘ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʢʨʠʚʳʭ ʦʧʨʝʜʝʣʷʝʪ ʚʨʝʤʝʥʥʝr ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʠʩʪʝʤ ʚ ʚʦʟʙʫʞʜʸʥʥʳʭ ʩʦʩʪʦʷʥʠʷʭ ʠ ʭʘʨʘʢʪʝʨ ʧʨʦʪʝʢʘʶʱʠʭ 

ʧʨʦʮʝʩʩʦʚ. ɽʩʣʠ ʵʥʝʨʛʠʷ ʙʳʩʪʨʦ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʤʝʞʘʪʦʤʥʦʛʦ 

ʨʘʩʩʪʦʷʥʠʷ ʤʝʪʘʣʣ-ʣʠʛʘʥʜ (ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʢʨʠʚʘʷ ʠʤʝʝʪ ʦʪʪʘʣʢʠʚʘʪʝʣʴʥʳʡ ʭʘʨʘʢʪʝʨ), 

ʪʦ ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʳʡ ʦʪʨʳʚ ʵʪʦʛʦ ʣʠʛʘʥʜʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ 

ʚʦʟʙʫʞʜʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʭʦʜʫ ʚ ʩʦʩʪʦʷʥʠʷ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʰʠʤʠ ʚʨʝʤʝʥʘʤʠ 

ʞʠʟʥʠ ʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʕʥʝʨʛʠʠ ʵʪʠʭ ʩʦʩʪʦʷʥʠʡ ʣʝʞʘʪ ʚ ʦʛʨʘʥʠʯʝʥʥʦʡ 

ʦʙʣʘʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʧʩʝʚʜʦʧʝʨʝʩʝʯʝʥʠʡ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, 

ʩʝʜʣʦʚʳʭ ʪʦʯʝʢ, ʢʦʥʠʯʝʩʢʠʭ ʧʝʨʝʩʝʯʝʥʠʡ. ʕʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʢʘʢ ʚ ʠʟʤʝʥʝʥʠʠ ʬʦʨʤʳ 

ʩʧʝʢʪʨʦʚ, ʪʘʢ ʠ ʚ ʭʠʤʠʯʝʩʢʠʭ ʧʦʩʣʝʜʩʪʚʠʷʭ ʚʦʟʙʫʞʜʝʥʠʷ. 

ʇʨʘʢʪʠʢʘ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʧʨʷʤʦʡ ʨʘʩʯʸʪ ʤʝʪʦʜʦʤ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʝ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʧʝʨʝʜʘʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʚʦʟʙʫʞʜʸʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʯʪʦ ʩʚʷʟʘʥʦ ʧʨʝʞʜʝ ʚʩʝʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʨʙʠʪʘʣʝʡ, 

ʧʦʣʫʯʝʥʥʳʭ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʉʉʇ, ʢʦʪʦʨʳʝ ʦʧʪʠʤʘʣʴʥʳ ʣʠʰʴ ʜʣʷ ʦʩʥʦʚʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ. ʕʪʦ ʥʘʚʦʜʠʪ ʥʘ ʤʳʩʣʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʨʘʩʯʸʪʘ ʤʥʦʛʦ-ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʳʡ 

ʤʝʪʦʜ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʧʦʣʷ. ʉʦʚʨʝʤʝʥʥʳʝ ʧʨʦʛʨʘʤʤʳ ʧʦʟʚʦʣʷʶʪ ʚʳʧʦʣʥʷʪʴ 

ʨʘʩʯʸʪ ʩ ʦʧʪʠʤʠʟʘʮʠʝʡ ʄʆ ʜʣʷ ʢʘʞʜʦʛʦ ʦʪʜʝʣʴʥʦ ʚʟʷʪʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʕʪʦ ʛʘʨʘʥʪʠʨʫʝʪ, 

ʯʪʦ ʜʣʷ ʜʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʙʫʜʫʪ ʧʦʣʫʯʝʥʳ ʥʘʠʣʫʯʰʠʝ ʦʨʙʠʪʘʣʠ ʠ ʦʧʪʠʤʘʣʴʥʘʷ 

ʵʥʝʨʛʠʷ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʪʨʝʙʫʝʪ ʪʱʘʪʝʣʴʥʦʛʦ ʚʳʙʦʨʘ ʘʢʪʠʚʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ. ʏʪʦʙʳ 

ʦʙʝʩʧʝʯʠʪʴ ʦʜʠʥʘʢʦʚʦʝ ʢʘʯʝʩʪʚʦ ʨʘʩʯʸʪʘ ʜʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ ʠ ʦʛʨʘʥʠʯʠʪʴ ʦʙʲʝʤ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʨʘʙʦʪʳ, ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʶʪ ʩʚʦʝʛʦ ʨʦʜʘ ʢʦʤʧʨʦʤʠʩʩ: ʧʨʦʚʦʜʷʪ 

ʫʩʨʝʜʥʝʥʠʝ ʤʘʪʨʠʮʳ ʧʣʦʪʥʦʩʪʠ ʩ ʫʢʘʟʘʥʠʝʤ ʚʝʩʦʚʦʛʦ ʚʢʣʘʜʘ ʢʘʞʜʦʛʦ ʩʦʩʪʦʷʥʠʷ.  

ʅʘʢʦʥʝʮ, ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʨʘʟʨʘʙʦʪʘʥ ʚʘʨʠʘʥʪ ʤʝʪʦʜʘ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ 

ʜʣʷ ʨʘʩʯʸʪʘ ʚʦʟʙʫʞʜʸʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ð ʥʝʩʪʘʮʠʦʥʘʨʥʘʷ ʪʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ [5,6] (Time Dependent Density Functional Theory ð TDDFT). ʕʪʘ ʪʝʦʨʠʷ 

ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʜʣʷ ʠʟʫʯʝʥʠʷ ʪʝʭ ʷʚʣʝʥʠʡ, ʜʣʷ ʢʦʪʦʨʳʭ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʦʪʢʣʠʢ ʩʠʩʪʝʤʳ ʥʘ ʤʝʥʷʶʱʝʝʩʷ ʚʦ ʚʨʝʤʝʥʠ ʚʥʝʰʥʝʝ ʚʦʟʙʫʞʜʝʥʠʝ. ʀʤʝʥʥʦ ʢ ʵʪʦʤʫ 

ʢʣʘʩʩʫ ʷʚʣʝʥʠʡ ʦʪʥʦʩʠʪʩʷ ʧʦʛʣʦʱʝʥʠʝ ʩʚʝʪʘ ʤʦʣʝʢʫʣʷʨʥʳʤʠ ʩʠʩʪʝʤʘʤʠ. ɺʝʨʦʷʪʥʦʩʪʴ 
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ʧʦʛʣʦʱʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʥʠʤʦʡ ʢʦʤʧʦʥʝʥʪʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ 

ʩʠʩʪʝʤʳ, ʢʦʪʦʨʘʷ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʩʚʷʟʘʥʘ ʩ ʨʝʘʢʮʠʝʡ (ʦʪʢʣʠʢʦʤ) ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʥʘ ʚʥʝʰʥʝʝ ʚʦʟʤʫʱʝʥʠʝ. ʇʦʣʶʩʘ ʬʫʥʢʮʠʠ ʦʪʢʣʠʢʘ ʧʣʦʪʥʦʩʪʠ ʩʦʚʧʘʜʘʶʪ ʩ 

ʵʥʝʨʛʠʷʤʠ ʧʝʨʝʭʦʜʦʚ ʚ ʚʦʟʙʫʞʜʸʥʥʳʝ ʩʦʩʪʦʷʥʠʷ. ʇʦʣʶʩʘ ʥʘʭʦʜʷʪ ʧʫʪʸʤ 

ʜʠʘʛʦʥʘʣʠʟʘʮʠʠ ʤʘʪʨʠʮʳ ʩʧʝʮʠʘʣʴʥʦ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ. ʇʦ ʩʚʦʝʤʫ 

ʩʤʳʩʣʫ ʵʪʘ ʪʝʦʨʠʷ ʙʣʠʟʢʘ ʢ ʤʝʪʦʜʫ CI ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʦʜʥʦʢʨʘʪʥʳʭ ʚʦʟʙʫʞʜʝʥʠʡ. ʇʦ-

ʚʠʜʠʤʦʤʫ, ʤʝʪʦʜ ʜʘʸʪ ʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʵʣʝʢʪʨʦʥʥʳʝ ʧʝʨʝʭʦʜʳ ʤʦʛʫʪ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ çʯʠʩʪʳʝè (ʠʣʠ çʧʦʯʪʠ ʯʠʩʪʳʝè) ʧʝʨʝʭʦʜʳ ʤʝʞʜʫ ʜʚʫʤʷ 

ʦʨʙʠʪʘʣʷʤʠ. 

ʆʩʦʙʳʝ ʪʨʫʜʥʦʩʪʠ ʚʦʟʥʠʢʘʶʪ ʧʨʠ ʠʟʫʯʝʥʠʠ ʚʳʩʦʢʦʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʳʡ ʦʪʢʣʠʢ ʥʘ ʚʥʝʰʥʝʝ ʧʦʣʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʪʦʡ 

ʦʙʣʘʩʪʠ, ʛʜʝ ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʥʘʠʙʦʣʝʝ ʜʠʬʬʫʟʥʘ, ʪ. ʝ. ʥʘ ʧʝʨʠʬʝʨʠʠ ʤʦʣʝʢʫʣʳ. 

ʄʝʞʜʫ ʪʝʤ ʤʥʦʛʠʝ ʠʟ ʠʟʚʝʩʪʥʳʭ ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʬʫʥʢʮʠʦʥʘʣʦʚ ʠʤʝʶʪ 

ʥʝʧʨʘʚʠʣʴʥʦʝ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ. ʉʣʝʜʩʪʚʠʝʤ ʷʚʣʷʝʪʩʷ ʟʘʥʠʞʝʥʠʝ 

ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʧʦʨʦʛʘ ʠʦʥʠʟʘʮʠʠ ʠ ʙʦʣʴʰʠʝ ʦʰʠʙʢʠ ʜʣʷ ʩʦʩʪʦʷʥʠʡ ʩ ʚʳʩʦʢʦʡ ʵʥʝʨʛʠʡ. 

ɹʦʣʴʰʠʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʤʝʪʦʜʘ TDDFT ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ ʦʪ ʤʝʪʦʜʦʚ, 

ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʨʘʟʣʦʞʝʥʠʠ ʧʦ ʢʦʥʬʠʛʫʨʘʮʠʷʤ, ʦʥ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʛʨʘʥʠʯʝʥ 

ʨʘʟʤʝʨʘʤʠ ʩʠʩʪʝʤʳ; ʢʨʦʤʝ ʪʦʛʦ, ʥʘʯʠʥʘʷ ʩ ʥʝʢʦʪʦʨʦʛʦ ʫʨʦʚʥʷ ʨʝʟʫʣʴʪʘʪʳ ʪʘʢʞʝ 

ʧʝʨʝʩʪʘʶʪ ʟʘʚʠʩʝʪʴ ʦʪ ʘʪʦʤʥʦʛʦ ʙʘʟʠʩʘ. ʈʘʩʯʸʪʳ ʤʝʪʦʜʦʤ TDDFT ʚʧʦʣʥʝ 

ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʳ ʩ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʪʨʫʜʦʸʤʢʠʤ ʤʝʪʦʜʦʤ CASPT2. ʐʠʨʦʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʤʝʪʦʜʘ TDDFT ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʪʨʝʙʫʝʪ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʝ ʟʘʪʨʘʪʳ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʨʠ ʵʪʦʤ 

ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ. ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʦʟʙʫʞʜʸʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʜʣʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʤʝʪʦʜʦʤ TDDFT, 

ʧʦʢʘʟʳʚʘʶʪ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [7] 
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Ä1.6. ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ ʕʃɽʂʊʈʆʅʅʓʍ ʉʇɽʂʊʈʆɺ 

 

ʕʣʝʢʪʨʦʥʥʳʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʩʧʝʢʪʨʳ ʚʦʟʥʠʢʘʶʪ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʵʥʝʨʛʠʠ ʤʦʣʝʢʫʣ, ʝʩʣʠ ʧʨʠ ʵʪʦʤ ʥʝ ʤʝʥʷʶʪʩʷ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʠ ʚʨʘʱʘʪʝʣʴʥʳʝ 

ʵʥʝʨʛʠʠ. ʕʣʝʢʪʨʦʥʥʳʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʩʧʝʢʪʨʳ ʥʘʙʣʶʜʘʶʪʩʷ ʢʘʢ ʚ ʧʦʛʣʦʱʝʥʠʠ 

(ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ), ʪʘʢ ʠ ʚ ʠʩʧʫʩʢʘʥʠʠ (ʩʧʝʢʪʨʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ). ʇʨʠ 

ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʘʭ ʦʙʳʯʥʦ ʠʟʤʝʥʷʝʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ 

ʤʦʣʝʢʫʣʳ. ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʜʠʧʦʣʴʥʳʡ ʧʝʨʝʭʦʜ ʤʝʞʜʫ ʵʣʝʢʪʨʦʥʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ 

ʤʦʣʝʢʫʣʳ ʪʠʧʘ ʩʠʤʤʝʪʨʠʠ ɻ' ʠ ɻ" ʨʘʟʨʝʰʸʥ, ʝʩʣʠ ʧʨʷʤʦʝ ʧʨʦʠʟʚʝʜʝʥʠʝ ɻ' Ĭ ɻ" 

ʩʦʜʝʨʞʠʪ ʪʠʧ ʩʠʤʤʝʪʨʠʠ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʦʜʥʦʡ ʠʟ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ 

ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ d. ɺ ʩʧʝʢʪʨʘʭ ʧʦʛʣʦʱʝʥʠʷ ʦʙʳʯʥʦ ʥʘʙʣʶʜʘʶʪ ʧʝʨʝʭʦʜʳ ʠʟ 

ʦʩʥʦʚʥʦʛʦ (ʧʦʣʥʦʩʠʤʤʝʪʨʠʯʥʦʛʦ) ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʚʦʟʙʫʞʜʸʥʥʳʝ 

ʵʣʝʢʪʨʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʪʘʢʦʛʦ ʧʝʨʝʭʦʜʘ ʪʠʧʳ 

ʩʠʤʤʝʪʨʠʠ ʚʦʟʙʫʞʜʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʜʦʣʞʥʳ ʩʦʚʧʘʜʘʪʴ. 

ʊʘʢ ʢʘʢ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʩʧʠʥʘ, ʪʦ ʧʨʠ ʵʣʝʢʪʨʦʥʥʦʤ 

ʧʝʨʝʭʦʜʝ ʩʧʠʥ ʜʦʣʞʝʥ ʩʦʭʨʘʥʷʪʴʩʷ, ʪ.ʝ. ʨʘʟʨʝʰʝʥʳ ʪʦʣʴʢʦ ʧʝʨʝʭʦʜʳ ʤʝʞʜʫ 

ʩʦʩʪʦʷʥʠʷʤʠ ʩ ʦʜʠʥʘʢʦʚʦʡ ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʴʶ (ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʳʡ ʟʘʧʨʝʪ). ʕʪʦ 

ʧʨʘʚʠʣʦ, ʦʜʥʘʢʦ, ʥʘʨʫʰʘʝʪʩʷ ʜʣʷ ʤʦʣʝʢʫʣ ʩ ʩʠʣʴʥʳʤ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʳʤ ʢʚʘʥʪʦʚʳʤ ʧʝʨʝʭʦʜʘʤ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʪʘʢʠʭ ʧʝʨʝʭʦʜʦʚ ʚʦʟʥʠʢʘʶʪ, ʥʘʧʨʠʤʝʨ, ʩʧʝʢʪʨʳ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ, 

ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʨʝʭʦʜʘʤ ʠʟ ʚʦʟʙʫʞʜʸʥʥʦʛʦ ʪʨʠʧʣʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ 

ʦʩʥʦʚʥʦʝ ʩʠʥʛʣʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ [8]. 

ʄʦʣʝʢʫʣʳ ʚ ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʷʭ ʯʘʩʪʦ ʠʤʝʶʪ ʨʘʟʥʫʶ 

ʩʠʤʤʝʪʨʠʶ. ɺ ʪʘʢʠʭ ʩʣʫʯʘʷʭ ʫʩʣʦʚʠʝ ɻ'Ĭɻ"Ṓɻd ʜʦʣʞʥʦ ʚʳʧʦʣʥʷʪʴʩʷ ʜʣʷ ʪʦʯʝʯʥʦʡ 

ʛʨʫʧʧʳ ʥʠʟʢʦʩʠʤʤʝʪʨʠʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ. ʆʜʥʘʢʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʧʝʨʝʩʪʘʥʦʚʦʯʥʦ-ʠʥʚʝʨʩʠʦʥʥʦʡ (ʇʀ) ʛʨʫʧʧʳ ʪʘʢʘʷ ʧʨʦʙʣʝʤʘ ʥʝ ʚʦʟʥʠʢʘʝʪ, ʪʘʢ ʢʘʢ 

ʇʀ ʛʨʫʧʧʘ ʜʣʷ ʚʩʝʭ ʩʦʩʪʦʷʥʠʡ ʤʦʞʝʪ ʙʳʪʴ ʚʳʙʨʘʥʘ ʦʜʠʥʘʢʦʚʦʡ. ɼʣʷ ʣʠʥʝʡʥʳʭ 

ʤʦʣʝʢʫʣ ʩʠʤʤʝʪʨʠʠ ʉxy ʪʠʧ ʩʠʤʤʝʪʨʠʠ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ɻd = Ɇ
+(dz) + ʇ(dx, dy), 

ʧʦʵʪʦʤʫ ʜʣʷ ʥʠʭ ʨʘʟʨʝʰʝʥʳ ʪʦʣʴʢʦ ʧʝʨʝʭʦʜʳ Ɇ +ïɆ +, Ɇ-ïɆ-, ʇïʇ ʠ ʪ. ʜ. ʩ ʜʠʧʦʣʴʥʳʤ 

ʤʦʤʝʥʪʦʤ ʧʝʨʝʭʦʜʘ, ʥʘʧʨʘʚʣʝʥʥʳʤ ʧʦ ʦʩʠ ʤʦʣʝʢʫʣʳ, ʠ ʧʝʨʝʭʦʜʳ Ɇ +ïʇ, ʇïȹ ʠ ʪ. ʜ. 
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ʩ ʤʦʤʝʥʪʦʤ ʧʝʨʝʭʦʜʘ, ʥʘʧʨʘʚʣʝʥʥʳʤ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʤʦʣʝʢʫʣʳ. ɺʝʨʦʷʪʥʦʩʪʴ 

B ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʜʠʧʦʣʴʥʦʛʦ ʧʝʨʝʭʦʜʘ ʩ ʵʣʝʢʪʨʦʥʥʦʛʦ ʫʨʦʚʥʷ m ʥʘ ʵʣʝʢʪʨʦʥʥʳʡ 

ʫʨʦʚʝʥʴ ʧ, ʧʨʦʩʫʤʤʠʨʦʚʘʥʥʘʷ ʧʦ ʚʩʝʤ ʢʦʣʝʙʘʪʝʣʴʥʦ-ʚʨʘʱʘʪʝʣʴʥʳʤ ʫʨʦʚʥʷʤ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʫʨʦʚʥʷ m, ʦʧʨʝʜʝʣʷʝʪʩʷ ʬʦʨʤʫʣʦʡ: 
2

2

3

3

8
mnmn M

ch
B

p
= , ʛʜʝ 

ñ == enemeemenmn dddM jjtjj*  ï ʤʘʪʨʠʯʥʳʡ ʵʣʝʤʝʥʪ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʜʣʷ 

ʧʝʨʝʭʦʜʘ ʧ ï m, 
enj  ʠ 

emj  ï ʚʦʣʥʦʚʳʝ ʬʫʥʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ. ʀʥʪʝʛʨʘʣʴʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: ñ ==
n

n n
p

nn
3

3

3

8
mnnmmnmmnm MN

hc
hBNdK , ʛʜʝ Nm ï ʯʠʩʣʦ 

ʤʦʣʝʢʫʣ ʚ ʥʘʯʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ m, vnm ï ʯʘʩʪʦʪʘ ʧʝʨʝʭʦʜʘ m Ÿ ʧ. ʏʘʩʪʦ 

ʵʣʝʢʪʨʦʥʥʳʝ ʧʝʨʝʭʦʜʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʩʠʣʦʡ ʦʩʮʠʣʣʷʪʦʨʘ: mn
nme

nm B
e

hcm
f

3

2

p

n
=  ʛʜʝ 

ʝ ʠ ʪʝ ï ʟʘʨʷʜ ʠ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ. ɼʣʷ ʠʥʪʝʥʩʠʚʥʳʭ ʧʝʨʝʭʦʜʦʚ fnm ~ 1. ʉʨʝʜʥʝʝ ʚʨʝʤʷ 

ʞʠʟʥʠ ʚʦʟʙʫʞʜʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ: .
8

1
3 mn

nm

n B
hcnp

t=  ʕʪʠ ʬʦʨʤʫʣʳ ʩʧʨʘʚʝʜʣʠʚʳ 

ʪʘʢʞʝ ʠ ʜʣʷ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʠ ʚʨʘʱʘʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʦʚ (ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʩʣʝʜʫʝʪ 

ʧʝʨʝʦʧʨʝʜʝʣʠʪʴ ʤʘʪʨʠʯʥʳʝ ʵʣʝʤʝʥʪʳ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ). ɼʣʷ ʨʘʟʨʝʰʸʥʥʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ ʦʙʳʯʥʦ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ 

ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʠ ʚʨʘʱʘʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʦʚ. ʀʥʦʛʜʘ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʛʣʦʱʝʥʠʷ ʜʦʩʪʠʛʘʝʪ ʚʝʣʠʯʠʥʳ ~103-104 ʩʤ-1 ʘʪʤ-1, ʪ.ʝ. ʵʣʝʢʪʨʦʥʥʳʝ ʧʦʣʦʩʳ 

ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ ʦʯʝʥʴ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʷʭ (~10-3 ï 10-4 ʤʤ ʨʪ. ʩʪ.) ʠ ʤʘʣʳʭ 

ʪʦʣʱʠʥʘʭ (~10 ï 100 ʩʤ) ʩʣʦʷ ʚʝʱʝʩʪʚʘ [8]. 

 

 

Ä1.7. ʄʆɼɽʃʔ ʇʆʃʗʈʀɿʆɺɸʅʅʆɻʆ ʂʆʅʊʀʅʋʋʄɸ ʀ 

ʉʆʃʔɺɸʊɸʎʀʆʅʅɸʗ ʄʆɼɽʃʔ 

 

ʄʦʜʝʣʴ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʢʦʥʪʠʥʫʫʤʘ ï PCM (Polarized Continuum Model) [9] 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʡ ʟʘʜʘʯʠ ʦʙ ʦʧʨʝʜʝʣʝʥʠʠ 
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ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʦʯʝʯʥʳʭ ʟʘʨʷʜʦʚ ʩ ʦʢʨʫʞʘʶʱʠʤ ʠʭ ʦʜʥʦʨʦʜʥʳʤ 

ʥʝʧʨʝʨʳʚʥʳʤ ʜʠʵʣʝʢʪʨʠʢʦʤ ʩ ʟʘʜʘʥʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ Ů. ɺ 

ʵʪʦʤ ʤʝʪʦʜʝ ʚʤʝʩʪʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ ʚ ʪʨʸʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʥʘʜʦ 

ʨʝʰʠʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʫʨʘʚʥʝʥʠʷ ʥʘ ʦʛʨʘʥʠʯʠʚʘʶʱʝʡ ʨʘʩʪʚʦʨʠʪʝʣʴ 

ʧʦʚʝʨʭʥʦʩʪʠ ï ʧʦʚʝʨʭʥʦʩʪʴ ʠʩʢʣʶʯʸʥʥʦʛʦ ʠʟ ʨʘʩʪʚʦʨʠʪʝʣʷ ʦʙʲʸʤʘ; ʦʙʲʸʤ, 

ʟʘʥʠʤʘʝʤʳʡ ʨʘʩʪʚʦʨʠʪʝʣʝʤ, ʣʝʞʠʪ ʚʥʝ ʦʙʲʸʤʘ, ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʵʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, 

ʘ ʩʘʤ ʩʫʙʩʪʨʘʪ ʧʦʣʥʦʩʪʴʶ ʣʝʞʠʪ ʚʥʫʪʨʠ ʵʪʦʛʦ ʦʙʲʸʤʘ [10]. ʄʦʜʝʣʴ ʦʩʥʦʚʘʥʘ ʥʘ 

ʨʘʟʜʝʣʝʥʠʠ ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʚʝʱʝʩʪʚʘ ʠ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʚ ʚʠʜʝ ʙʝʩʩʪʨʫʢʪʫʨʥʦʛʦ 

ʙʝʩʢʦʥʝʯʥʦʛʦ ʢʦʥʪʠʥʫʫʤʘ, ʛʣʘʚʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ, ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʠ ʧʣʦʪʥʦʩʪʴ. ɺʦʢʨʫʛ ʤʦʣʝʢʫʣʳ ʨʘʩʪʚʦʨʝʥʥʦʛʦ 

ʚʝʱʝʩʪʚʘ ʩʪʨʦʠʪʩʷ ʟʘʤʢʥʫʪʘʷ ʧʦʚʝʨʭʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʛʨʘʥʠʮʝʡ ʤʝʞʜʫ 

ʨʘʩʪʚʦʨʝʥʥʳʤ ʚʝʱʝʩʪʚʦʤ ʠ ʨʘʩʪʚʦʨʠʪʝʣʝʤ. ɺʥʫʪʨʠ ʧʦʣʦʩʪʠ, ʟʘʢʣʶʯʸʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʨʘʚʥʘ 1 (ʢʘʢ ʚ ʚʘʢʫʫʤʝ), ʟʘ ʝʸ 

ʧʨʝʜʝʣʘʤʠ ʟʥʘʯʝʥʠʝ ʚʝʣʠʯʠʥʳ ʨʘʚʥʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤʫ ʨʘʩʪʚʦʨʠʪʝʣʶ (ʥʘʧʨʠʤʝʨ, 

78,4 ʜʣʷ ʚʦʜʳ ʧʨʠ 25Á C). ʇʨʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ, ʦʧʠʩʘʥʠʝ ʤʦʜʝʣʠ 

ʨʘʩʪʚʦʨʠʪʝʣʷ ʠʟʤʝʥʷʝʪʩʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʙʱʠʡ ʬʠʟʠʯʝʩʢʠʡ ʧʦʜʭʦʜ, ʩʦʜʝʨʞʠʪʩʷ ʢʘʢ 

ʚ ʩʪʘʪʠʯʝʩʢʠʭ, ʪʘʢ ʠ ʚ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʣʫʯʘʷʭ. ʅʘ ʨʘʩʪʚʦʨʝʥʥʳʭ ʘʪʦʤʘʭ ʠʣʠ ʘʪʦʤʥʳʭ 

ʛʨʫʧʧʘʭ, ʩʪʨʦʠʪʩʷ ʧʦʣʦʩʪʴ ʚ ʚʠʜʝ ʦʛʠʙʘʶʱʝʡ ʩʬʝʨʳ. ʕʪʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʪʦʛʦ, 

ʯʪʦʙʳ ʠʤʠʪʠʨʦʚʘʪʴ ʬʦʨʤʫ ʤʦʣʝʢʫʣʳ ʨʝʘʣʴʥʦ ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʚʝʱʝʩʪʚʘ. ɼʣʷ 

ʚʳʨʘʚʥʠʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʛʫʪ ʙʳʪʴ ʜʦʙʘʚʣʝʥʳ ʜʨʫʛʠʝ ʩʬʝʨʳ, ʚ ʧʨʠʙʣʠʞʝʥʠʠ 

ʪʘʢ ʥʘʟʳʚʘʝʤʦʛʦ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʠʩʢʣʶʯʘʶʱʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴ. ʇʨʦʮʝʜʫʨʘ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʣʦʩʪʠ ʤʦʞʝʪ ʧʦʩʪʦʷʥʥʦ ʫʪʦʯʥʷʪʴʩʷ. ʈʘʜʠʫʩʳ ʘʪʦʤʥʳʭ ʩʬʝʨ 

ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: ʦʥʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʦʙʝʩʧʝʯʠʪʴ 

ʩʦʣɹʚʘʪʘʮʠʦʥʥʳʝ ʩʚʦʙʦʜʥʳʝ ʵʥʝʨʛʠʠ ʙʣʠʟʢʠʝ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʜʣʷ 

ʙʦʣʴʰʦʛʦ ʥʘʙʦʨʘ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ. ʂʘʢ ʧʨʘʚʠʣʦ, ʚ 

ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ ʜʣʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʟʥʘʯʝʥʠʷ, ʢʦʪʦʨʳʝ ʟʘʚʠʩʷʪ ʪʦʣʴʢʦ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʨʠ 

ʠʟʫʯʝʥʠʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ 

ʧʦʣʷʨʠʟʘʮʠʠ ʨʘʩʪʚʦʨʠʪʝʣʷ. ʊʦʛʜʘ ʧʨʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʤ ʚʨʝʤʝʥʠ ʤʝʥʴʰʝ, ʯʝʤ 

ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʜʝʨʞʢʘ ʚ ʦʪʢʣʠʢʝ ʨʘʩʪʚʦʨʠʪʝʣʷ. 
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ʈʘʩhʠʨʝʥʥʳʡ ʠ ʜʦʧʦʣʥʝʥʥʳʡ ʤʝʪʦʜ ʈʉʄ ʧʦʣʫʯʠʣ ʥʘʟʚʘʥʠʝ ʤʝʪʦʜʘ 

ʩʦʣʴʚʘʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ [11] (SMD, Density-based Solvatation Model), ʦʩʥʦʚʘʥʥʦʡ 

ʥʘ ʘʥʘʣʠʟʝ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʨʘʩʪʚʦʨʝʥʥʦʡ ʤʦʣʝʢʫʣʳ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ 

ʩʦ ʩʨʝʜʦʡ ʨʘʩʪʚʦʨʠʪʝʣʷ. ɼʘʥʥʘʷ ʤʦʜʝʣʴ ʥʝ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʨʘʩʪʚʦʨʠʪʝʣʷ ʚ ʷʚʥʦʤ ʚʠʜʝ, ʘ ʪʦʣʴʢʦ ʚ ʚʠʜʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʨʝʜʳ ʩ 

ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʥʘʪʷʞʝʥʠʝʤ ʥʘ ʛʨʘʥʠʮʝ ʨʘʩʪʚʦʨʠʪʝʣʴ/ʨʘʩʪʚʦʨʝʥʥʦʝ ʚʝʱʝʩʪʚʦ. ʂʘʢ 

ʠʟʚʝʩʪʥʦ, ʤʝʪʦʜ SMD ʚʢʣʶʯʘʝʪ ʧʦʧʨʘʚʢʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʢʘʚʠʪʘʮʠʝʡ ʨʘʩʪʚʦʨʠʪʝʣʷ, 

ʜʠʩʧʝʨʩʠʝʡ ʠ ʚʦʟʤʦʞʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʚ ʩʪʨʫʢʪʫʨʝ ʣʦʢʘʣʴʥʦʛʦ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʠ 

ʧʦʵʪʦʤʫ ʜʘʸʪ ʙʦʣʝʝ ʪʦʯʥʳʝ ʵʥʝʨʛʠʠ ʩʦʣʴʚʘʪʘʮʠʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʜʝʣʴʶ 

ʧʦʣʷʨʠʟʫʝʤʦʛʦ ʢʦʥʪʠʥʫʫʤʘ (PCM). ʋʥʠʚʝʨʩʘʣʴʥʦʩʪʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʨʠʤʝʥʝʥʠʠ 

ʵʪʦʡ ʤʦʜʝʣʠ ʢ ʣʶʙʦʤʫ ʟʘʨʷʞʝʥʥʦʤʫ ʠʣʠ ʥʝʟʘʨʷʞʝʥʥʦʤʫ ʨʘʩʪʚʦʨʝʥʥʦʤʫ ʚʝʱʝʩʪʚʫ 

ʚ ʨʘʩʪʚʦʨʠʪʝʣʝ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʠʟʚʝʩʪʥʳ ʥʝʤʥʦʛʦ ʜʝʩʢʨʠʧʪʦʨʦʚ, ʪʘʢʠʭ ʢʘʢ: 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʦʥʩʪʘʥʪʘ, ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ, ʚʝʣʠʯʠʥʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ ʠ ʧʘʨʘʤʝʪʨʳ ʢʠʩʣʦʪʥʦʩʪʠ ʠʣʠ ʦʩʥʦʚʥʦʩʪʠ [11]. 

ɺ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʥʘʙʣʶʜʘʝʤʘʷ ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ʩʦʣʴʚʘʪʘʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʚʳʨʘʞʝʥʠʝʤ: ЎὋ ЎὋ ЎὋ ЎὋ , ʛʜʝ ɽ ʦʙʦʟʥʘʯʘʝʪ ʵʣʝʢʪʨʦʥʥʫʶ, N ð 

ʷʜʝʨʥʫʶ, P ð ʧʦʣʷʨʠʟʘʮʠʦʥʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ. ʗʜʝʨʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʦʪʚʝʯʘʝʪ 

ʟʘ ʨʘʟʥʦʩʪʴ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʨʘʚʥʦʚʝʩʥʦʡ ʩʠʩʪʝʤʳ ʚ ʛʘʟʦʚʦʡ ʠ ʞʠʜʢʦʡ ʩʨʝʜʝ. ɽʩʣʠ 

ʛʝʦʤʝʪʨʠʠ ʩʯʠʪʘʪʴ ʦʜʠʥʘʢʦʚʳʤʠ, ʪʦ ʚʤʝʩʪʦ ENP ʢʦʤʧʦʥʝʥʪʳ ʦʩʪʘʥʝʪʩʷ ʪʦʣʴʢʦ ɽP. 

ɸʙʙʨʝʚʠʘʪʫʨʘ CDS ʫʢʘʟʳʚʘʝʪ ʥʘ ʠʟʤʝʥʝʥʠʝ ʵʥʝʨʛʠʠ, ʩʚʷʟʘʥʥʦʝ ʩ ʢʘʚʠʪʘʮʠʝʡ 

ʨʘʩʪʚʦʨʠʤʦʛʦ ʚʝʱʝʩʪʚʘ (C), ʩ ʠʟʤʝʥʝʥʠʝʤ ʚ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʵʥʝʨʛʠʠ (D) ʠ 

ʣʦʢʘʣʴʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʩʪʨʫʢʪʫʨʳ ʨʘʩʪʚʦʨʠʤʦʛʦ ʚʝʱʝʩʪʚʘ (S). ʇʦʩʣʝʜʥʝʝ 

ʩʣʘʛʘʝʤʦʝ ʫʯʠʪʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʞʜʫ ʩʪʘʥʜʘʨʪʥʳʤ ʛʘʟʦʚʳʤ ʠ 

ʩʪʘʥʜʘʨʪʥʳʤ ʞʠʜʢʠʤ ʩʦʩʪʦʷʥʠʝʤ. ɽʩʣʠ ʦʥʠ ʦʜʠʥʘʢʦʚʳ, ʪʦ ʵʪʦ ʩʣʘʛʘʝʤʦʝ 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʨʘʚʥʳʤ 0.  
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Ä1.8. ɺʃʀʗʅʀɽ ɺʈɽʄɽʅʀ ʈɽʃɸʂʉɸʎʀʀ ʈɸʉʊɺʆʈʀʊɽʃʗ ʅɸ ʉʇɽʂʊʈʓ 

ʇʆɻʃʆʑɽʅʀʗ ʀ ʃʖʄʀʅɽʉʎɽʅʎʀʀ 

 

ʂʘʢ ʧʨʘʚʠʣʦ, ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ ʜʣʷ Ů ʠʩʧʦʣʴʟʫʝʪʩʷ ʟʥʘʯʝʥʠʷ, ʢʦʪʦʨʳʝ 

ʟʘʚʠʩʷʪ ʪʦʣʴʢʦ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ. ʆʜʥʘʢʦ, ʢʦʛʜʘ ʠʟʫʯʘʶʪʩʷ ʜʠʥʘʤʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʳ, ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʧʦʣʷʨʠʟʘʮʠʠ ʨʘʩʪʚʦʨʠʪʝʣʷ. 

ɽʩʣʠ ʠʟʫʯʘʝʤʳʡ ʧʨʦʮʝʩʩ ʠʤʝʝʪ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʚʨʝʤʷ ʤʝʥʴʰʝ, ʯʝʤ ʚʨʝʤʷ 

ʨʝʣʘʢʩʘʮʠʠ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʜʝʨʞʢʘ ʚ ʦʪʢʣʠʢʝ ʨʘʩʪʚʦʨʠʪʝʣʷ. ʕʪʦ 

ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʦ ʪʝʨʤʠʥʦʤ çʙʳʩʪʨʦʡè ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʩʪʦʷʥʥʦʡ ð Ůf, 

ʢʦʪʦʨʘʷ ʥʘʭʦʜʠʪʴʩʷ ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ ʨʘʩʪʚʦʨʝʥʥʳʤ ʚʝʱʝʩʪʚʦʤ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʦʩʪʘʣʴʥʘʷ ʯʘʩʪʴ ʟʘʜʝʨʞʠʚʘʝʪʩʷ ʠʣʠ ʜʘʞʝ ʟʘʤʦʨʘʞʠʚʘʝʪʩʷ, ʝʩʣʠ ʵʣʝʢʪʨʦʥʥʘʷ 

ʧʣʦʪʥʦʩʪʴ ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʚʝʱʝʩʪʚʘ ʤʝʥʷʝʪʩʷ ʦʯʝʥʴ ʙʳʩʪʨʦ. çɹʳʩʪʨʘʷè 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ ʟʘʚʠʩʠʪ ʦʪ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʨʘʩʪʚʦʨʠʪʝʣʷ 

(ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ, ʢʦʣʝʙʘʥʠʡ ʘʪʦʤʦʚ, ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, ʠ ʪ.ʜ.). 

ʆʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ: ( )ä
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eeewe , ʛʜʝ Űk ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ 

ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ k-ʛʦ ʤʝʭʘʥʠʟʤʘ, ¤e  ʧʨʝʜʝʣ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʩʪʦʷʥʥʦʡ ʜʣʷ 

ʙʝʩʢʦʥʝʯʥʦ ʙʳʩʪʨʳʭ ʧʨʦʮʝʩʩʦʚ, {gk} ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʚʝʩ k-ʛʦ ʤʝʭʘʥʠʟʤʘ ʪʘʢʦʡ, ʯʪʦ 

Skgk=1; {gk} ʠ {Űk} ʠʟʚʝʩʪʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʣʷ ʤʥʦʛʠʭ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʨʘʩʪʚʦʨʠʪʝʣʝʡ. 

ɺ ʩʣʫʯʘʝ ʧʦʛʣʦʱʝʥʠʷ ʠʣʠ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʥʦʚ, ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʵʣʝʢʪʨʦʥʥʳʤ 

ʧʝʨʝʭʦʜʘʤ, ʢʦʛʜʘ ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʟʘʨʷʜʦʚ ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʚʝʱʝʩʪʚʘ ʤʝʥʷʝʪʩʷ 

ʙʳʩʪʨʦ, ʪʦ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ Ůf = Ůopt = n2, ʛʜʝ n-ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ 

ʨʘʩʪʚʦʨʠʪʝʣʷ, Ůopt ï ʦʧʪʠʯʝʩʢʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ 

ʪʦʣʴʢʦ ʵʣʝʢʪʨʦʥʳ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʩʧʦʩʦʙʥʳ ʧʝʨʝʜʚʠʛʘʪʴʩʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ 

ʦʩʪʘʚʘʪʴʩʷ ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ ʨʘʩʪʚʦʨʝʥʥʳʤ ʚʝʱʝʩʪʚʦʤ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʦʣʝʢʫʣʷʨʥʳʝ 

ʜʚʠʞʝʥʠʷ ʨʘʩʪʚʦʨʠʪʝʣʷ ʟʘʤʦʨʦʞʝʥʳ ʚ ʭʦʜʝ ʧʨʦʮʝʩʩʘ. ʇʨʠ ʨʘʩʯʸʪʘʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ TD-DFT ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ 

ʚ ʩʪʘʥʜʘʨʪʥʳʭ ʤʝʪʦʜʠʢʘʭ ʧʦʣʘʛʘʶʪ, ʯʪʦ Ůf = Ůopt.  
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ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʟʘʨʷʜ ʨʘʩʪʚʦʨʠʪʝʣʷ ʥʘ ʙʳʩʪʨʫʶ ʠ 

ʤʝʜʣʝʥʥʫʶ ʢʦʤʧʦʥʝʥʪʳ, ʯʪʦʙʳ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʯʘʩʪʴ ʩʦʣʴʚʘʪʘʮʠʦʥʥʦʛʦ 

ʨʝʘʢʮʠʦʥʥʦʛʦ ʧʦʣʷ, ʢʦʪʦʨʦʝ ʚʩʝʛʜʘ ʥʘʭʦʜʠʪʩʷ ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ ʨʘʩʪʚʦʨʝʥʥʳʤ 

ʚʝʱʝʩʪʚʦʤ ʠ ʟʘʤʦʨʦʞʝʥʥʦʡ ʯʘʩʪʴʶ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʥʠ ʩʚʷʟʘʥʳ ʦʪʥʦʰʝʥʠʝʤ ʩ 

ʦʙʱʠʤ ʟʘʨʷʜʦʤ ʩʦʣʴʚʘʪʘʮʠʠ: )(
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ʟʘʨʷʜʦʚʘʷ ʧʣʦʪʥʦʩʪʴ ʤʦʣʝʢʫʣʳ ʨʘʩʪʚʦʨʠʪʝʣʷ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʧʦʣʫʯʠʣ ʥʘʟʚʘʥʠʝ 

ʨʘʩʯʸʪ TD-DFT ʩ ʫʯʸʪʦʤ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʩʦʣʴʚʘʪʘʮʠʠ [12]. 

 

 

Ä1.9. ɹɸɿʀʉʓ 

 

ʇʨʠ ʚʳʙʦʨʝ ʤʝʪʦʜʠʢʠ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʐʨʸʜʠʥʛʝʨʘ, ʚʘʞʥʦ ʫʯʠʪʳʚʘʪʴ ʬʦʨʤʫ 

ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ. ɺʦʣʥʦʚʫʶ ʬʫʥʢʮʠʶ ʙʳʣʦ ʧʨʠʥʷʪʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ 

ʣʠʥʝʡʥʦʡ ʢʦʤʙʠʥʘʮʠʠ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʳʭ ʬʫʥʢʮʠʡ (ʥʘʧʨʠʤʝʨ, ʬʫʥʢʮʠʠ ɻʘʫʩʩʘ), 

ʥʘʟʳʚʘʝʤʦʡ ʙʘʟʠʩʦʤ ʠʣʠ ʙʘʟʠʩʥʳʤ ʥʘʙʦʨʦʤ. ʂʘʞʜʘʷ ʬʫʥʢʮʠʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʥʝʢʦʪʦʨʳʤ ʯʠʩʣʦʤ ʧʦʜʛʦʥʦʯʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʛʠʙʢʦʩʪʴ ʙʘʟʠʩʘ. ɺ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʚʘʨʠʘʮʠʦʥʥʳʤ ʧʨʠʥʮʠʧʦʤ, ʯʝʤ ʙʦʣʴʰʝ ʙʘʟʠʩʥʳʭ ʬʫʥʢʮʠʡ, ʪʝʤ ʙʦʣʝʝ 

ʪʦʯʥʳʝ ʨʝʰʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ. ʅʦ ʥʝ ʩʪʦʠʪ ʟʘʙʳʚʘʪʴ ʦ ʚʨʝʤʝʥʥʳʭ ʟʘʪʨʘʪʘʭ: 

ʯʝʤ ʙʦʣʴʰʝ ʙʘʟʠʩʥʳʭ ʬʫʥʢʮʠʡ (ʯʝʤ ʙʦʣʝʝ ʛʠʙʢʠʡ ʙʘʟʠʩʥʳʡ ʥʘʙʦʨ), ʪʝʤ ʙʦʣʴʰʝ 

ʚʨʝʤʝʥʠ ʧʦʪʨʝʙʫʝʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʐʨʸʜʠʥʛʝʨʘ. 

ʆʜʥʠʤ ʠʟ ʧʝʨʚʳʭ ʧʦʷʚʠʣʩʷ ʤʠʥʠʤʘʣʴʥʳʡ ʙʘʟʠʩʥʳʡ ʥʘʙʦʨ. ʆʥ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ 

ʧʦʜ ʥʘʯʘʣʦʤ ʈ. ʌ. ʉʪʶʘʨʪʘ ʠ ɼʞʦʥʘ ʇʦʧʣʘ ʚ 1969 ʛʦʜʫ. ɺ ʜʘʥʥʦʤ ʙʘʟʠʩʝ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʘʪʦʤʥʳʭ ʦʨʙʠʪʘʣʝʡ ʩʣʝʪʝʨʦʚʩʢʦʛʦ ʪʠʧʘ ʚ ʚʠʜʝ 

ʢʦʤʙʠʥʘʮʠʠ ʛʘʫʩʩʦʚʳʭ ʬʫʥʢʮʠʡ. ʅʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤ ʚ ʩʚʦʸ ʚʨʝʤʷ ʙʳʣ 

ʤʠʥʠʤʘʣʴʥʳʡ ʙʘʟʠʩʥʳʡ ʥʘʙʦʨ STO-3G. ɼʘʥʥʳʡ ʙʘʟʠʩ ʜʦʩʪʘʪʦʯʥʦ ʵʢʦʥʦʤʠʯʝʥ, ʥʦ 

ʦʙʣʘʜʘʝʪ ʦʜʥʠʤ ʩʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ð ʦʥ ʦʯʝʥʴ ʞʸʩʪʢʠʡ, ʥʝ ʩʧʦʩʦʙʝʥ 

ʧʦʜʩʪʨʘʠʚʘʪʴ ʩʚʦʡ ʨʘʟʤʝʨ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʢʨʫʞʝʥʠʷ ʘʪʦʤʘ, ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʧʨʘʢʪʠʯʝʩʢʠ ʩʬʝʨʠʯʝʩʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʟʘʨʷʜʘ. ɺ ʩʚʝʪʝ ʧʦʩʣʝʜʥʝʛʦ, ʧʦʛʨʝʰʥʦʩʪʴ 

ʨʘʩʯʸʪʘ ʟʘʢʦʥʦʤʝʨʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʩʣʦʞʥʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. 
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ɹʦʣʝʝ ʩʦʚʝʨʰʝʥʥʳʤʠ ʷʚʣʷʶʪʩʷ ʚʘʣʝʥʪʥʦ-ʨʘʩʱʝʧʣʸʥʥʳʝ ʙʘʟʠʩʥʳʝ ʥʘʙʦʨʳ. ʆʥʠ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʘʪʦʤʥʫʶ ʦʨʙʠʪʘʣʴ ʚ ʚʠʜʝ ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʬʫʥʢʮʠʡ ʦʜʠʥʘʢʦʚʦʡ 

ʩʠʤʤʝʪʨʠʠ. ʆʜʥʘ ʠʟ ʥʠʭ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʩʞʘʪʦʡ, ʘ ʜʨʫʛʘʷ ð ʜʠʬʬʫʟʥʦʡ. ʅʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤʠ ʙʘʟʠʩʘʤʠ ʵʪʦʛʦ ʪʠʧʘ ʷʚʣʷʶʪʩʷ 3-21G ʠ 6-31G. ɺʘʣʝʥʪʥʦ-

ʨʘʩʱʝʧʣʝʥʥʳʝ ʙʘʟʠʩʥʳʝ ʥʘʙʦʨʳ ʙʳʣʠ ʦʧʠʩʘʥʳ ʚ ʈʘʙʦʪʝ ɼʞ. ʉ. ɹʠʥʢʣʠ, ɼʞʦʥʘ ʇʦʧʣʘ 

ʠ ɺ. ɼʞ. ɻʝʨʘ 1980 ʛʦʜʘ çɹʘʟʠʩʥʳʝ ʥʘʙʦʨʳ ʤʘʣʦʛʦ ʚʘʣʝʥʪʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʜʣʷ 

ʵʣʝʤʝʥʪʦʚ ʚʪʦʨʦʛʦ ʧʝʨʠʦʜʘè. 

ɼʘʣʴʥʝʡʰʠʤ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝʤ ʙʘʟʠʩʥʳʭ ʥʘʙʦʨʦʚ ʙʳʣʦ ʚʚʝʜʝʥʠʝ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʙʘʟʠʩʥʳʭ ʬʫʥʢʮʠʡ. ʇʨʠʯʠʥʦʡ ʵʪʦʛʦ ʧʦʩʣʫʞʠʣ ʥʝʜʦʩʪʘʪʦʢ, 

ʧʨʠʩʫʱʠʡ ʧʨʝʜʳʜʫʱʝʡ ʛʨʫʧʧʝ ʙʘʟʠʩʦʚ ʠ ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ ʪʦʤ, ʯʪʦ ʮʝʥʪʨ ʪʷʞʝʩʪʠ 

ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ ʩʦʚʧʘʜʘʝʪ ʩ ʷʜʨʦʤ ʘʪʦʤʘ, ʥʦ ʵʪʦ ʥʝ ʚʩʝʛʜʘ ʪʘʢ. ʉʨʝʜʠ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʙʘʟʠʩʥʳʭ ʥʘʙʦʨʦʚ ʧʦʣʫʯʠʣ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 6-31G(d, p). ɹʘʟʠʩʥʳʡ 

ʥʘʙʦʨ 6-31G** [13] (ʠʣʠ 6-31G(d, p)) ï ɻ ʪʦ ʚʘʣʝʥʪʥʦ-ʨʘʩʱʝʧʣʝʥʥʳʡ ʙʘʟʠʩ, ʚ ʢʦʪʦʨʦʤ 

ʘʪʦʤʥʳʝ ʦʨʙʠʪʘʣʠ ʚʥʫʪʨʝʥʥʝʡ ʦʙʦʣʦʯʢʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʰʝʩʪʴʶ ʛʘʫʩʩʦʚʳʤʠ 

ʬʫʥʢʮʠʷʤʠ, ʚʘʣʝʥʪʥʳʝ ʘʪʦʤʥʳʝ ʦʨʙʠʪʘʣʠ ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʙʘʟʠʩʥʳʭ ʬʫʥʢʮʠʡ 

ʢʘʞʜʘʷ: ʧʝʨʚʘʷ ʠʟ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʣʠʥʝʡʥʫʶ ʢʦʤʙʠʥʘʮʠʶ ʪʨʸʭ 

ʧʨʦʩʪʳʭ ʛʘʫʩʩʦʚʳʭ ʬʫʥʢʮʠʡ, ʘ ʚʪʦʨʘʷ ï ʦʜʥʫ ʧʨʦʩʪʫʶ ʛʘʫʩʩʦʚʫ ʬʫʥʢʮʠʶ. ɼʣʷ 

ʫʯʸʪʘ ʵʬʬʝʢʪʘ ʩʤʝʱʝʥʠʷ çʮʝʥʪʨʘ ʪʷʞʝʩʪʠè ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ ʘʪʦʤʥʳʭ 

ʦʨʙʠʪʘʣʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʷʜʨʘ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʚʳʩʦʢʦ ʧʦʣʷʨʥʳʭ 

ʤʦʣʝʢʫʣ ʠ ʤʘʣʳʭ ʮʠʢʣʦʚ, ʚ ʙʘʟʠʩʥʳʡ ʥʘʙʦʨ ʚʢʣʶʯʝʥʳ ʬʫʥʢʮʠʠ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ 

ʧʦʙʦʯʥʦʛʦ ʢʚʘʥʪʦʚʦʛʦ ʯʠʩʣʘ: d-ʪʠʧʘ ʜʣʷ ʪʷʞʸʣʳʭ ʘʪʦʤʦʚ ʠ p-ʪʠʧʘ ʜʣʷ ʚʦʜʦʨʦʜʘ 

ɺʚʝʜʝʥʠʝ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʥʘʙʦʨʦʚ d-ʪʠʧʘ ʚ ʚʘʣʝʥʪʥʳʝ s- ʠ p-ʬʫʥʢʮʠʠ 

ʦʙʦʟʥʘʯʘʝʪʩʷ ʟʥʘʢʦʤ ç*è ʠʣʠ ʙʫʢʚʦʡ (d). ɼʦʙʘʚʣʝʥʠʝ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʥʘʙʦʨʦʚ p-

ʪʠʧʘ ʢ ʘʪʦʤʥʳʤ ʦʨʙʠʪʘʣʷʤ ʚʦʜʦʨʦʜʥʳʭ ʘʪʦʤʦʚ ʦʙʦʟʥʘʯʘʶʪʩʷ ʣʠʙʦ ʚʪʦʨʳʤ ʟʥʘʢʦʤ 

ç*è, ʣʠʙʦ ʙʫʢʚʦʡ (p). ɹʘʟʠʩ 6-31G** ʧʦʟʚʦʣʷʝʪ ʢʦʨʨʝʢʪʥʦ ʦʧʠʩʳʚʘʪʴ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ: 

ʜʣʠʥʳ ʩʚʷʟʝʡ, ʚʘʣʝʥʪʥʳʝ ʫʛʣʳ, ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʠ ʧʨʦʯʝʝ. ʅʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʙʘʟʠʩʘ ʜʣʷ 

ʤʦʣʝʢʫʣ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ, ʜʦ 100-150 ʘʪʦʤʦʚ. 
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ɹʘʟʠʩ ʩʩ-ʨVDZ ʦʪʥʦʩʠʪʩʷ ʢ ʢʦʨʨʝʣʷʮʠʦʥʥʦ-ʩʦʛʣʘʩʦʚʘʥʥʳʤ ʙʘʟʠʩʥʳʤ 

ʥʘʙʦʨʘʤ [14] ʩʝʨʠʠ ʩʩ-ʨvʍz, ʛʜʝ ʍ ï ʯʠʩʣʦ ʙʘʟʠʩʥʳʭ ʬʫʥʢʮʠʡ ʚʘʣʝʥʪʥʦʡ sʨ-ʛʨʫʧʧʳ 

(ʍ =2,3,4 ʠʣʠ, ʠʥʘʯʝ, D,T,Q). ʌʫʥʢʮʠʠ sʨ-ʛʨʫʧʧʳ ʙʝʨʫʪʩʷ ʠʟ ʨʘʩʯʸʪʦʚ ʤʝʪʦʜʦʤ 

ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʧʦʣʷ, ʘ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʦʣʷʨʠʟʫʶʱʠʭ ʬʫʥʢʮʠʡ 

ʦʧʪʠʤʠʟʠʨʫʶʪʩʷ ʚ ʨʘʩʯʸʪʘʭ ʤʝʪʦʜʦʤ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɼʣʷ 

ʣʫʯʰʝʡ ʧʝʨʝʜʘʯʠ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʚʢʣʶʯʝʥʠʝ ʚ ʙʘʟʠʩ 

ʜʠʬʬʫʟʥʳʭ sʨ-ʬʫʥʢʮʠʡ. ɹʘʟʠʩʥʳʡ ʥʘʙʦʨ ʩʩ-ʨVDZ ʧʦʟʚʦʣʷʝʪ ʢʦʨʨʝʢʪʥʦ ʦʧʠʩʳʚʘʪʴ 

ʜʣʠʥʳ ʩʚʷʟʝʡ, ʚʘʣʝʥʪʥʳʝ ʫʛʣʳ, ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʠ ʧʨʦʯʠʝ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʩʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʤʦʣʝʢʫʣ [15,16]. ɹʘʟʠʩʥʳʝ ʥʘʙʦʨʳ ʭʦʨʦʰʦ ʤʦʜʝʣʠʨʫʶʪ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʳʝ ʩʠʩʪʝʤʳ. 

ɺ ʘʥʠʦʥʘʭ, ʢʦʛʜʘ ʵʣʝʢʪʨʦʥ ʩʣʘʙʦ ʩʚʷʟʘʥ ʩ ʷʜʨʦʤ, ʚ ʙʘʟʠʩʥʳʡ ʥʘʙʦʨ ʚʢʣʶʯʘʶʪ 

ʜʠʬʬʫʟʥʳʝ ʬʫʥʢʮʠʠ s- ʠ ʨ-ʪʠʧʘ ʩ ʤʘʣʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʯʪʦ ʦʧʨʝʜʝʣʷʝʪ ʙʦʣʴʰʦʡ ʨʘʟʤʝʨ ʠ ʫʜʘʣʸʥʥʦʩʪʴ ʵʪʠʭ ʬʫʥʢʮʠʡ ʦʪ ʷʜʨʘ. 

ʊʘʢʠʝ ʬʫʥʢʮʠʠ ʦʙʦʟʥʘʯʘʶʪ ʩʠʤʚʦʣʦʤ ç+è. 

 

 

Ä1.10. ʄɽʊʆɼʆʃʆɻʀʗ ʀ ʀɼɽʆʃʆɻʀʗ ʈɸʉʏɪʊʅʓʍ ʄɽʊʆɼʆɺ 

ʂɺɸʅʊʆɺʆʁ ʍʀʄʀʀ 

 

ɺ ʧʨʠʥʮʠʧʝ, ʧʨʠʙʣʠʞʝʥʥʦʝ ʨʝʰʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʸʜʠʥʛʝʨʘ 

ʤʦʣʝʢʫʣʳ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʤʝʪʦʜʦʤ ʍʘʨʪʨʠ-ʌʦʢʘ, ʂʦʥʘ-ʐʵʤʘ ʠʣʠ ʣʶʙʳʤ 

ʤʝʪʦʜʦʤ, ʫʯʠʪʳʚʘʶʱʠʤ ʵʣʝʢʪʨʦʥʥʫʶ ʢʦʨʨʝʣʷʮʠʶ. ʅʘ ʧʨʘʢʪʠʢʝ ʧʦʩʪʫʧʘʶʪ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ (ʨʠʩʫʥʦʢ 1.2). ʅʘʯʠʥʘʝʪʩʷ ʩ ʪʦʛʦ, ʯʪʦ ʟʘʜʘʸʪʩʷ ʧʨʠʙʣʠʟʠʪʝʣʴʥʘʷ 

ʛʝʦʤʝʪʨʠʷ ʤʦʣʝʢʫʣʳ ʠʣʠ ʢʨʠʩʪʘʣʣʘ ʚ ʚʠʜʝ ʢʦʦʨʜʠʥʘʪ ʷʜʝʨ. ɿʘʪʝʤ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚ 

ʨʘʤʢʘʭ ʄʆ ʃʂɸʆ ʚʳʙʠʨʘʶʪ ʙʘʟʠʩ. ɺ ʧʨʠʥʮʠʧʝ, ʥʘ ʵʪʦʤ ʵʪʘʧʝ, ʠʩʭʦʜʥʘʷ ʠʥʬʦʨʤʘʮʠʷ 

ʠ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ. ɼʘʣʝʝ ʧʨʦʚʦʜʠʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʡ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʡ 

ʢʚʘʥʪʦʚʦʭʠʤʠʯʝʩʢʠʡ ʨʘʩʯʸʪ ʩ ʚʳʯʠʩʣʝʥʠʝʤ ʚʩʝʭ ʥʝʦʙʭʦʜʠʤʳʭ ʠʥʪʝʛʨʘʣʦʚ; ʝʩʣʠ 

ʚʦʟʤʦʞʥʦ, ʫʯʠʪʳʚʘʝʪʩʷ ʩʠʤʤʝʪʨʠʷ ʤʦʣʝʢʫʣʳ, ʯʪʦ ʫʩʢʦʨʷʝʪ ʨʘʩʯʸʪ.  

Cʪʨʦʛʦʩʪʴ ʨʘʩʯʸʪʘ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʝʛʦ ʩʣʦʞʥʦʩʪʴ, ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʣʠʯʥʦʡ. ʅʘ 

ʨʘʩʯʸʪʳ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʚʣʠʷʝʪ ʨʘʟʤʝʨ ʩʠʩʪʝʤʳ, ʘ ʪʘʢʞʝ ʙʘʟʠʩ, ʠ, ʚ ʠʪʦʛʝ, 
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ʜʦʩʪʫʧʥʦʩʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. ʂʘʢ ʧʨʘʚʠʣʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʤʝʶʱʠʭʩʷ 

ʨʝʩʫʨʩʦʚ ʠ ʢʦʨʨʝʢʪʠʨʫʝʪʩʷ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠ ʠʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ʆʯʝʚʠʜʥʦ, ʯʪʦ 

ʯʝʤ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʨʘʩʯʸʪ, ʪʝʤ ʙʦʣʴʰʝ ʤʦʞʥʦ ʜʦʚʝʨʷʪʴ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ. 

ʇʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʫʨʦʚʥʶ ʨʘʩʯʸʪʘ ʨʘʩʪʫʪ ʠ ʬʠʥʘʥʩʦʚʳʝ ʠ ʚʨʝʤʝʥʥʝr ʟʘʪʨʘʪʳ. 

ʈʘʥʞʠʨʦʚʘʪʴ ʤʝʪʦʜʳ ʤʦʞʥʦ ʚ ʩʣʝʜʫʶʱʝʤ ʧʦʨʷʜʢʝ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʨʘʩʯʸʪʘ 

ʵʥʝʨʛʠʠ: HF~PBE<PBE0~ɺɿLYʈ~MN15~ʄʈ2<ʄʈ4~CISD<CCSD(T)... 

 

ʈʠʩʫʥʦʢ 1.2. ʉʭʝʤʘ ʨʘʩʯʸʪʦʚ 

 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʜʣʷ ʤʥʦʛʠʭ ʮʝʣʝʡ, ʚ ʧʨʘʢʪʠʢʝ ʭʠʤʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʜʦʩʪʘʪʦʯʥʦ ʦʛʨʘʥʠʯʠʪʴʩʷ ʚʝʩʴʤʘ ʫʤʝʨʝʥʥʳʤ ʫʨʦʚʥʝʤ ʨʘʩʯʸʪʘ. ɹʦʣʝʝ ʪʦʛʦ, ʚ ʩʣʫʯʘʷʭ, 

ʢʦʛʜʘ ʠʩʩʣʝʜʫʶʪʩʷ ʨʷʜʳ ʩʦʝʜʠʥʝʥʠʡ ʠ ʚʘʞʥʳ ʣʠʰʴ ʦʪʥʦʩʠʪʝʣʴʥʳʝ, ʘ ʥʝ ʘʙʩʦʣʶʪʥʳʝ 

ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʠ ʜʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʤʦʞʥʦ ʥʝ ʚʳʯʠʩʣʷʪʴ ʠʥʪʝʛʨʘʣʳ, 

ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʩʭʝʤʝ ʨʘʩʯʸʪʘ, ʘ ʦʮʝʥʠʚʘʪʴ ʠʭ ʟʥʘʯʝʥʠʷ ʥʘ ʦʩʥʦʚʘʥʠʠ ʥʝʢʦʪʦʨʦʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠʥʬʦʨʤʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʦʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʫʶ ʯʘʩʪʴ 

ʠʥʪʝʛʨʘʣʦʚ, ʩʯʠʪʘʷ ʠʭ ʤʘʣʳʤʠ, ʤʦʞʥʦ ʧʨʠʨʘʚʥʷʪʴ ʥʫʣʶ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʦʙʨʘʟʦʤ 

ʵʬʬʝʢʪʠʚʥʦ ʠʟʤʝʥʠʚ ʚʝʣʠʯʠʥʳ ʧʘʨʘʤʝʪʨʦʚ. ʊʘʢʠʝ ʤʝʪʦʜʳ ʥʘʟʳʚʘʶʪʩʷ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤʠ: ʨʘʩʯʸʪ ʩ ʠʭ ʧʦʤʦʱʴʶ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʦʱʝ ʠ ʙʳʩʪʨʝʝ 

ʥʝʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ; ʧʦʜʯʘʩ ʦʥ ʜʘʸʪ ʠ ʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʸʪ 

ʫʜʘʯʥʦʡ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʳʷʚʣʷʝʪ ʦʩʥʦʚʥʦʡ ʥʝʜʦʩʪʘʪʦʢ 
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ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ð ʧʣʦʭʫʶ ʧʝʨʝʥʦʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʦʪ ʦʜʥʦʛʦ ʢʣʘʩʩʘ 

ʩʦʝʜʠʥʝʥʠʡ ʢ ʜʨʫʛʦʤʫ. 

 

 

Ä1.11. ʇʈʆɻʈɸʄʄʅʆɽ ʆɹɽʉʇɽʏɽʅʀɽ ʀ ʆɹʆʈʋɼʆɺɸʅʀɽ 

 

ʉʦʚʨʝʤʝʥʥʳʝ ʢʚʘʥʪʦʚʦʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʨʝʘʣʠʟʦʚʘʥʳ ʚ ʥʝʩʢʦʣʴʢʠʭ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʧʨʦʛʨʘʤʤʘʭ, ʵʪʦ, ʧʨʝʞʜʝ ʚʩʝʛʦ, GAMESS [17,18], TURBOMOL, Q-

CHEM, GAUSSIAN, VASP [19], CRYSTAL [20,21], SPARTAN, ADF, ʠ ʪ.ʜ [22]. ʆʥʠ, 

ʢʘʢ ʧʨʘʚʠʣʦ, ʨʘʙʦʪʘʶʪ ʥʘ ʩʦʚʨʝʤʝʥʥʳʭ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʘʭ ʧʦʜ ʫʧʨʘʚʣʝʥʠʝʤ ʆʉ 

LINUX, ʚ ʨʘʟʥʳʭ ʚʘʨʠʘʮʠʷʭ. ʇʨʦʛʨʘʤʤʳ ʥʘʭʦʜʷʪ ʨʘʚʥʦʚʝʩʥʫʶ ʛʝʦʤʝʪʨʠʶ ʤʦʣʝʢʫʣ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʠ ʪʚʸʨʜʳʭ ʪʝʣ, ʨʘʩʩʯʠʪʳʚʘʶʪ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚ ʦʩʥʦʚʥʦʤ ʠ ʚʦʟʙʫʞʜʸʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʥʘʭʦʜʷʪ ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ, 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ, ʵʣʝʢʪʨʦʥʥʫʶ ʧʣʦʪʥʦʩʪʴ ʠ ʪ.ʜ. ʇʨʦʛʨʘʤʤʳ ʤʦʛʫʪ 

ʩʯʠʪʘʪʴ ʩ ʫʯʸʪʦʤ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʥʘ ʦʩʥʦʚʝ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ, 

ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʩʚʷʟʘʥʥʳʭ ʢʣʘʩʪʝʨʦʚ ʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʦʛʨʘʤʤʥʳʝ ʢʦʤʧʣʝʢʩʳ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ, ʧʨʦʛʨʘʤʤʳ ʧʦʟʚʦʣʷʶʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ ʩ ʨʘʟʥʦʡ ʩʪʝʧʝʥʴʶ ʪʦʯʥʦʩʪʠ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ 

ʥʘʛʨʫʟʢʦʡ. 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʥʘʯʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʚ 

ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʦʣʝʢʫʣʷʨʥʳʡ ʨʝʜʘʢʪʦʨ Avogadro [23]. ʕʪʦ ʨʘʩʰʠʨʝʥʥʳʡ 

ʤʦʣʝʢʫʣʷʨʥʳʡ ʨʝʜʘʢʪʦʨ, ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘ ʥʝʩʢʦʣʴʢʠʭ 

ʧʣʘʪʬʦʨʤʘʭ, ʚ ʯʘʩʪʥʦʩʪʠ ʥʘ ʆʉ Windows, ʧʨʠʤʝʥʷʝʤʳʡ ʚ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʭʠʤʠʠ, 

ʤʦʣʝʢʫʣʷʨʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ. Avogadro ï ʙʝʩʧʣʘʪʥʘʷ ʩʠʩʪʝʤʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʘʷ ʧʦʜʭʦʜʠʪ ʢʘʢ ʜʣʷ ʥʝʙʦʣʴʰʠʭ ʤʦʣʝʢʫʣ, ʪʘʢ ʠ ʜʣʷ ʙʠʦʤʦʣʝʢʫʣ, 

ʩʦʜʝʨʞʘʱʠʭ ʚ ʩʪʨʫʢʪʫʨʝ ʥʝʩʢʦʣʴʢʦ ʪʳʩʷʯ ʘʪʦʤʦʚ.  
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Ä1.12. ʈɽʂʆʄɽʅɼʋɽʄɸʗ ʃʀʊɽʈɸʊʋʈɸ ʂ ɼɸʅʅʆʄʋ ʈɸɿɼɽʃʋ 
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ɻʃɸɺɸ 2. ʌʃʋʆʈɽʉʎɽʀʅʆɺʓɽ ʀ ʌʃʋʆʈɽʅʆɺʓɽ ʂʈɸʉʀʊɽʃʀ  

Ä2.1. ʌʃʋʆʈɽʉʎɽʀʅʆɺʓɽ ʂʈɸʉʀʊɽʃʀ 

 

ʌʣʫʦʨʝʩʮʝʠʥʦʚʳʝ ʢʨʘʩʠʪʝʣʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʛʦʤʦʣʦʛʠʯʥʳʡ ʨʷʜ 

ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʬʣʫʦʨʝʩʮʝʠʥʘ ʩ ʧʦʩʪʝʧʝʥʥʳʤ ʟʘʤʝʱʝʥʠʝʤ ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ 

ʘʪʦʤʘʤʠ ʛʘʣʦʛʝʥʦʚ (ʙʨʦʤ, ʡʦʜ). ʂʨʘʩʠʪʝʣʠ ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʦ ʜʠʩʩʦʮʠʠʨʫʶʪ, ʵʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʥʦʦʙʨʘʟʠʶ ʠʭ ʠʦʥʥʳʭ ʠ ʪʘʫʪʦʤʝʨʥʳʭ ʬʦʨʤ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ 

pH, ʚʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʠʭ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʠʣʦʞʝʥʠʡ. 

ʌʣʫʦʨʝʩʮʝʠʥ ʠ ʝʛʦ ʧʨʦʠʟʚʦʜʥʳʝ - ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʝ ʬʣʫʦʨʝʩʮʝʥʪʥʳʝ ʟʦʥʜʳ [24ï

27]. ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʧʦʛʣʦʱʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ, ʢʚʘʥʪʦʚʦʤʫ ʚʳʭʦʜʫ ʠ 

ʬʦʪʦʩʪʘʙʠʣʴʥʦʩʪʠ ʢʨʘʩʠʪʝʣʠ ʥʘ ʦʩʥʦʚʝ ʬʣʫʦʨʝʩʮʝʠʥʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ 

ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʩʝʥʩʦʨʦʚ ʜʣʷ ʤʘʨʢʠʨʦʚʢʠ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʙʝʩʮʚʝʪʥʳʭ ʩʠʩʪʝʤ 

(ʞʠʚʳʭ ʢʣʝʪʦʢ [25ï27], ʩʠʩʪʝʤ ʜʦʩʪʘʚʢʠ ʣʝʢʘʨʩʪʚ [28]). , ʬʝʨʤʝʥʪʳ [29], ʙʝʣʢʠ [30], 

ʤʠʮʝʣʣʳ [31], ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ [32]), ʩʝʥʩʦʨʳ ʥʘ ʦʩʥʦʚʝ FRET [33,34], ʘ 

ʪʘʢʞʝ ʩʧʝʢʪʨʘʣʴʥʳʝ ʠʥʜʠʢʘʪʦʨʳ pH [25,27,29,32ï36], ʚʷʟʢʦʩʪʴ [36] ʠ ʜʘʚʣʝʥʠʝ [37] 

ʠʟʤʝʥʷʶʪʩʷ ʚ ʣʦʢʘʣʴʥʦʡ ʩʨʝʜʝ. ʀʟ-ʟʘ ʠʟʤʝʥʝʥʠʡ ʚ ʩʪʨʫʢʪʫʨʝ ʭʨʦʤʦʬʦʨʘ ʧʨʠ 

ʧʨʦʪʦʥʠʨʦʚʘʥʠʠ ʬʣʫʦʨʝʩʮʝʠʥ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʠʟʫʯʝʥʠʷ ʠʦʥʥʦʡ ʩʚʷʟʠ 

ʚ ʧʨʦʪʦʥʦʜʦʥʦʨʥʳʭ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʤʘʢʨʦʤʦʣʝʢʫʣʘʭ ʠ ʧʦʣʠʤʝʨʘʭ [38]. 

ɹʣʘʛʦʜʘʨʷ ʧʨʦʪʝʢʘʥʠʶ ʪʨʸʭʩʪʫʧʝʥʯʘʪʦʡ ʜʠʩʩʦʮʠʘʮʠʠ ʚ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʘʭ 

ʬʣʫʦʨʝʩʮʝʠʥʦʚʳʝ ʢʨʘʩʠʪʝʣʠ (ʵʦʟʠʥ, ʵʨʠʪʨʦʟʠʥ) ʤʦʛʫʪ ʧʨʝʙʳʚʘʪʴ ʚ ʜʠʘʥʠʦʥʥʦʡ, 

ʤʦʥʦʘʥʠʦʥʥʦʡ, ʥʝʡʪʨʘʣʴʥʦʡ ʠ ʢʘʪʠʦʥʥʦʡ ʬʦʨʤʘʭ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʠʤʝʪʴ ʨʷʜ 

ʪʘʫʪʦʤʝʨʦʚ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʠʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʀʟ-ʟʘ ʪʦʛʦ, ʯʪʦ 

ʧʨʦʪʦʥʠʨʦʚʘʥʠʝ/ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʠʝ ʟʘʯʘʩʪʫʶ ʧʨʦʠʩʭʦʜʠʪ ʚ ʭʨʦʤʦʬʦʨʥʦʡ ʛʨʫʧʧʝ, 

ʧʦʜʦʙʥʳʝ ʠʟʤʝʥʝʥʠʷ ʩʘʤʳʤ ʨʘʜʠʢʘʣʴʥʳʤ ʦʙʨʘʟʦʤ ʩʢʘʟʳʚʘʶʪʩʷ ʥʘ ʩʧʝʢʪʨʘʭ 

ʧʦʛʣʦʱʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʭ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ, 

ʩʧʝʢʪʨʳ ʠʩʧʫʩʢʘʥʠʷ ʥʝ ʜʦ ʢʦʥʮʘ ʧʦʥʷʪʥʳ ʠʟ-ʟʘ ʠʭ ʩʠʣʴʥʦʛʦ ʧʝʨʝʢʨʳʪʠʷ, ʘ ʪʘʢʞʝ 

ʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ ʚ ʵʣʝʢʪʨʦʥʥʦ-ʚʦʟʙʫʞʜʸʥʥʳʭ ʩʦʩʪʦʷʥʠʷʭ. ʅʘʠʤʝʥʝʝ ʠʟʫʯʝʥʥʳʤʠ 

ʷʚʣʷʶʪʩʷ ʬʣʫʦʨʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʢʨʘʩʠʪʝʣʝʡ (ʵʦʟʠʥ, ʵʨʠʪʨʦʟʠʥ), ʩʦʜʝʨʞʘʱʠʭ 

ʪʷʞʸʣʳʝ ʘʪʦʤʳ (Br, I), ʫ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʩʯʠʪʘʶʪʩʷ ʪʦʣʴʢʦ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʠʘʥʠʦʥʥʦʡ ʬʦʨʤʳ. ʇʦ ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ pH ʫʤʝʥʴʰʘʝʪʩʷ 
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ʘʤʧʣʠʪʫʜʘ ʩʧʝʢʪʨʘ, ʧʨʦʠʩʭʦʜʠʪ ʝʛʦ ʙʘʪʦʭʨʦʤʥʳʡ ʩʜʚʠʛ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʜʦʣʠ ʘʥʠʦʥʦʚ, ʩʧʝʢʪʨ ʢʦʪʦʨʳʭ ʩʤʝʱʸʥ ʚ ʢʨʘʩʥʫʶ ʦʙʣʘʩʪʴ ʠ ʠʤʝʝʪ ʤʝʥʴʰʫʶ 

ʘʤʧʣʠʪʫʜʫ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʠʘʥʠʦʥʥʦʡ ʬʦʨʤʦʡ. ʆʜʠʥ ʠʟ ʩʧʦʩʦʙʦʚ ʠʟʫʯʝʥʠʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʣʝʢʫʣ, ʢʦʛʜʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʟʘʪʨʫʜʥʝʥʦ ï ʢʚʘʥʪʦʚʦʭʠʤʠʯʝʩʢʠʡ ʨʘʩʯʸʪ. 

ʂʨʘʩʠʪʝʣʷʤʠ ʠʣʠ ʢʨʘʩʷʱʠʤʠ ʚʝʱʝʩʪʚʘʤʠ ʥʘʟʳʚʘʶʪ ʠʥʪʝʥʩʠʚʥʦ ʦʢʨʘʰʝʥʥʳʝ 

ʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ, ʦʙʣʘʜʘʶʱʠʝ ʩʧʦʩʦʙʥʦʩʪʴʶ ʧʨʠʜʘʚʘʪʴ ʦʢʨʘʩʢʫ 

ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʤʘʪʝʨʠʘʣʘʤ. ʅʘʠʙʦʣʴʰʝʝ ʧʨʠʤʝʥʝʥʠʝ ʢʨʘʩʠʪʝʣʠ ʥʘʭʦʜʷʪ ʜʣʷ 

ʫʢʨʘʰʝʥʠʷ ʚʦʣʦʢʥʠʩʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʨʘʩʪʠʪʝʣʴʥʦʛʦ ʠ ʞʠʚʦʪʥʦʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ 

(ʭʣʦʧʦʢ, ʰʝʨʩʪʴ, ʰʸʣʢ, ʣʝʥ, ʢʦʞʘ, ʙʫʤʘʛʘ), ʨʝʛʝʥʝʨʠʨʦʚʘʥʥʦʡ ʮʝʣʣʶʣʦʟʳ, 

ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʠ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ. ʆʥʠ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʦʢʨʘʰʠʚʘʥʠʷ 

ʨʝʟʠʥʳ, ʧʣʘʩʪʠʯʝʩʢʠʭ ʤʘʩʩ, ʞʠʨʦʚ, ʚʦʩʢʦʚ, ʤʳʣʘ, ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʢʘʨʘʥʜʘʰʝʡ, 

ʧʦʣʠʛʨʘʬʠʯʝʩʢʠʭ ʢʨʘʩʦʢ, ʣʘʢʦʢʨʘʩʦʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʯʝʨʥʠʣ, ʪʫʰʠ, 

ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʮʚʝʪʥʳʭ ʬʦʪʦʛʨʘʬʠʡ ʠ ʪ.ʜ. ʀʟ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʢʨʘʩʷʱʠʭ ʚʝʱʝʩʪʚ ʚ ʣʘʢʦʢʨʘʩʦʯʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ 

ʦʢʨʘʰʝʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʥʝʨʘʩʪʚʦʨʠʤʳʝ ʚ ʚʦʜʝ ʠ ʚ ʩʚʷʟʫʶʱʠʭ ʚʝʱʝʩʪʚʘʭ, ʘ ʪʘʢʞʝ 

ʚʦʜʦʨʘʩʪʚʦʨʠʤʳʝ ʢʨʘʩʠʪʝʣʠ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʝʨʝʚʝʜʸʥʥʳʝ ʚ ʥʝʨʘʩʪʚʦʨʠʤʳʝ 

ʦʢʨʘʰʝʥʥʳʝ ʩʦʣʠ. ɺʩʝ ʵʪʠ ʥʝʨʘʩʪʚʦʨʠʤʳʝ ʢʨʘʩʷʱʠʝ ʚʝʱʝʩʪʚʘ ʦʨʛʘʥʠʯʝʩʢʦʛʦ 

ʧʨʦʠʩʭʦʞʜʝʥʠʷ ʥʘʟʳʚʘʶʪʩʷ ʦʨʛʘʥʠʯʝʩʢʠʤʠ ʧʠʛʤʝʥʪʘʤʠ [39ï44].  

ʆʪ ʭʘʨʘʢʪʝʨʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦʛʣʦʱʸʥʥʦʡ ʵʥʝʨʛʠʠ ʟʘʚʠʩʠʪ ʩʧʝʮʠʬʠʢʘ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʨʘʩʠʪʝʣʝʡ. ʂʨʘʩʠʪʝʣʠ, ʧʨʝʦʙʨʘʟʫʶʱʠʝ 

ʧʦʛʣʦʱʸʥʥʫʶ ʩʚʝʪʦʚʫʶ ʵʥʝʨʛʠʶ ʚ ʪʝʧʣʦʚʫʶ ʠ ʧʝʨʝʜʘʶʱʠʝ ʝʸ ʚ ʦʢʨʫʞʘʶʱʫʶ 

ʩʨʝʜʫ ʚ ʚʠʜʝ ʪʝʧʣʘ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʠʤʝʥʥʦ ʢʘʢ ʢʨʘʩʠʪʝʣʠ (ʚ ʫʟʢʦʤ ʩʤʳʩʣʝ ʵʪʦʛʦ 

ʩʣʦʚʘ). ʂʨʘʩʠʪʝʣʠ, ʧʨʝʦʙʨʘʟʫʶʱʠʝ ʧʦʛʣʦʱʸʥʥʫʶ ʩʚʝʪʦʚʫʶ ʵʥʝʨʛʠʶ ʚ ʵʥʝʨʛʠʶ 

ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʝʚʨʘʱʝʥʠʷ ʚʝʱʝʩʪʚ (ʥʘʧʨʠʤʝʨ, ʛʘʣʦʛʝʥʠʜʦʚ ʩʝʨʝʙʨʘ ʚ 

ʬʦʪʦʵʤʫʣʴʩʠʠ), ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʢʠʥʦʬʦʪʦʤʘʪʝʨʠʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ 

ʦʧʪʠʯʝʩʢʠʭ ʩʝʥʩʠʙʠʣʠʟʘʪʦʨʦʚ ð ʚʝʱʝʩʪʚ, ʧʦʚʳʰʘʶʱʠʭ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʬʦʪʦʧʣʸʥʢʠ ʢ ʩʚʝʪʦʚʳʤ ʣʫʯʘʤ ʦʧʨʝʜʝʣʝʥʥʦʡ ʯʘʩʪʠ ʩʧʝʢʪʨʘ. ʂʨʘʩʠʪʝʣʠ, 

ʧʨʝʦʙʨʘʟʫʶʱʠʝ ʯʘʩʪʠʯʥʦ ʧʦʛʣʦʱʸʥʥʫʶ ʩʚʝʪʦʚʫʶ ʵʥʝʨʛʠʶ ʚ ʪʝʧʣʦʚʫʶ, ʘ ʯʘʩʪʠʯʥʦ 
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ʠʟʣʫʯʘʶʱʠʝ ʝʸ ʚ ʚʠʜʝ ʩʚʝʪʦʚʳʭ ʣʫʯʝʡ ʠʥʦʡ (ʙʦʣʴʰʝʡ) ʜʣʠʥʳ ʚʦʣʥʳ, ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʚ ʢʘʯʝʩʪʚʝ ʣʶʤʠʥʦʬʦʨʦʚ ʠ ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ (ʦʧʪʠʯʝʩʢʠʭ) ʦʪʙʝʣʠʚʘʪʝʣʝʡ [39ï44]. 

ʌʣʫʦʨʝʩʮʝʥʮʠʷ ï ʣʶʤʠʥʝʩʮʝʥʮʠʷ, ʟʘʪʫʭʘʶʱʘʷ ʚ ʪʝʯʝʥʠʠ ʢʦʨʦʪʢʦʛʦ ʚʨʝʤʝʥʠ 

ʧʦʩʣʝ ʧʨʝʢʨʘʱʝʥʠʷ ʚʦʟʙʫʞʜʝʥʠʷ. ɹʦʣʝʝ ʜʣʠʪʝʣʴʥʘʷ ʣʶʤʠʥʝʩʮʝʥʮʠʷ ʥʘʟʳʚʘʝʪʩʷ 

ʬʦʩʬʦʨʝʩʮʝʥʮʠʝʡ; ʪʘʢʦʝ ʨʘʟʜʝʣʝʥʠʝ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʫʩʪʘʨʝʣʦ ʠ ʧʨʠʦʙʨʝʣʦ 

ʫʩʣʦʚʥʳʡ ʩʤʳʩʣ ʢʘʯʝʩʪʚʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʝʸ ʜʣʠʪʝʣʴʥʦʩʪʠ. ʌʣʫʦʨʝʩʮʝʥʮʠʷ, 

ʢʘʢ ʧʨʘʚʠʣʦ, ï ʨʝʟʫʣʴʪʘʪ ʩʧʦʥʪʘʥʥʳʭ ʢʚʘʥʪʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, ʧʦʵʪʦʤʫ ʝʸ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ ʚʦʟʙʫʞʜʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ʌʣʫʦʨʝʩʮʝʥʮʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʘʪʦʤʥʳʭ ʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʛʘʟʘʭ. ʄʥʦʛʠʝ 

ʦʨʛʘʥʠʯʝʩʢʠʝ ʚʝʱʝʩʪʚʘ ʦʙʣʘʜʘʶʪ ʬʣʫʦʨʝʩʮʝʥʮʠʝʡ ʚ ʞʠʜʢʠʭ ʠ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʘʭ, 

ʘ ʪʘʢʞʝ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʬʣʫʦʨʝʩʮʝʥʮʠʝʡ ʥʘʟʳʚʘʶʪ 

ʨʘʟʨʝʰʸʥʥʳʡ ʧʦ ʩʧʠʥʫ ʠʟʣʫʯʘʪʝʣʴʥʳʡ ʧʝʨʝʭʦʜ ʤʝʞʜʫ ʜʚʫʤʷ ʩʦʩʪʦʷʥʠʷʤʠ 

ʦʜʠʥʘʢʦʚʦʡ ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʠ: ʤʝʞʜʫ ʩʠʥʛʣʝʪʥʳʤʠ ʫʨʦʚʥʷʤʠ S1ŸS0 ʠʣʠ 

ʪʨʠʧʣʝʪʥʳʤʠ T1 Ÿ T2. ʊʠʧʠʯʥʦʝ ʚʨʝʤʷ ʞʠʟʥʠ ʪʘʢʦʛʦ ʚʦʟʙʫʞʜʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʩʦʩʪʘʚʣʷʝʪ 10ī11ī10ī6 ʩ. ɺʨʝʤʷ ʞʠʟʥʠ ï ʵʪʦ ʩʨʝʜʥʠʡ ʧʝʨʠʦʜ ʚʨʝʤʝʥʠ, ʚ ʪʝʯʝʥʠʝ 

ʢʦʪʦʨʦʛʦ ʬʣʫʦʨʦʬʦʨ ʥʘʭʦʜʠʪʩʷ ʚ ʚʦʟʙʫʞʜʸʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʌʣʫʦʨʝʩʮʝʥʪʥʳʝ 

ʩʧʝʢʪʨʘʣʴʥʳʝ ʜʘʥʥʳʝ ʦʙʳʯʥʦ ʧʨʝʜʩʪʘʚʣʷʶʪ ʚ ʚʠʜʝ ʩʧʝʢʪʨʦʚ ʠʩʧʫʩʢʘʥʠʷ. ʉʧʝʢʪʨ 

ʠʩʧʫʩʢʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ï ʵʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʪ 

ʜʣʠʥ ʚʦʣʥ (ʥʤ) ʠʣʠ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ (ʩʤ-1). ʆʩʥʦʚʥʦʝ, ʧʝʨʚʦʝ ʠ ʚʪʦʨʦʝ ʵʣʝʢʪʨʦʥʥʳʝ 

ʩʦʩʪʦʷʥʠʷ ʦʙʦʟʥʘʯʘʶʪ S0, S1 ʠ S2 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʛʣʦʱʝʥʠʝ ʠ ʠʩʧʫʩʢʘʥʠʝ ʩʚʝʪʘ 

ʭʦʨʦʰʦ ʠʣʣʶʩʪʨʠʨʫʝʪ ʜʠʘʛʨʘʤʤʘ ʗʙʣʦʥʩʢʦʛʦ. ʊʘʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʠʩʧʦʣʴʟʫʝʪʩʷ, 

ʯʪʦʙʳ ʥʘʛʣʷʜʥʦ ʧʦʢʘʟʘʪʴ ʤʛʥʦʚʝʥʥʫʶ ʧʨʠʨʦʜʫ ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ. ʕʪʦʪ ʧʨʦʮʝʩʩ 

ʧʨʦʠʩʭʦʜʠʪ ʧʨʠʤʝʨʥʦ ʟʘ 10-15 ʩ, ʚʨʝʤʷ, ʩʣʠʰʢʦʤ ʢʦʨʦʪʢʦʝ ʜʣʷ ʟʘʤʝʪʥʦʛʦ ʩʤʝʱʝʥʠʷ 

ʷʜʝʨ (ʧʨʠʥʮʠʧ ʌʨʘʥʢʘ-ʂʦʥʜʦʥʘ). ɿʘ ʧʦʛʣʦʱʝʥʠʝʤ ʩʚʝʪʘ ʦʙʳʯʥʦ ʩʣʝʜʫʝʪ ʥʝʩʢʦʣʴʢʦ 

ʜʨʫʛʠʭ ʧʨʦʮʝʩʩʦʚ. ɺʦʟʙʫʞʜʝʥʠʝ ʬʣʫʦʨʦʬʦʨʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʦʠʩʭʦʜʠʪ ʜʦ 

ʥʝʢʦʪʦʨʦʛʦ ʚʳʩʰʝʛʦ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʫʨʦʚʥʷ ʩʦʩʪʦʷʥʠʡ (S1 ʣʠʙʦ S2). 3a ʥʝʢʦʪʦʨʳʤʠ 

ʨʝʜʢʠʤʠ ʠʩʢʣʶʯʝʥʠʷʤʠ, ʜʣʷ ʤʦʣʝʢʫʣ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʬʘʟʝ ʭʘʨʘʢʪʝʨʥʘ ʙʳʩʪʨʘʷ 

ʨʝʣʘʢʩʘʮʠʷ ʥʘ ʩʘʤʳʡ ʥʠʞʥʠʡ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʫʨʦʚʝʥʴ ʩʦʩʪʦʷʥʠʷ S1. ʕʪʦʪ ʧʨʦʮʝʩʩ 

ʥʘʟʳʚʘʝʪʩʷ ʚʥʫʪʨʝʥʥʝʡ ʢʦʥʚʝʨʩʠʝʡ ʠ ʧʨʦʠʩʭʦʜʠʪ ʙʦʣʴʰʝʡ ʯʘʩʪʴʶ ʟʘ 10-12 ʩ. 

ʇʦʩʢʦʣʴʢʫ ʪʠʧʠʯʥʳʝ ʚʨʝʤʝʥʘ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʙʣʠʟʢʠ ʢ 10-8 ʩ, ʚʥʫʪʨʝʥʥʷʷ 

http://ru.wikipedia.org/wiki/%D0%9F%D1%80%D0%B0%D0%B2%D0%B8%D0%BB%D0%B0_%D0%BE%D1%82%D0%B1%D0%BE%D1%80%D0%B0
http://ru.wikipedia.org/wiki/%D0%92%D1%80%D0%B5%D0%BC%D1%8F_%D0%B6%D0%B8%D0%B7%D0%BD%D0%B8
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ʢʦʥʚʝʨʩʠʷ ʦʙʳʯʥʦ ʧʦʣʥʦʩʪʴʶ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʜʦ ʧʨʦʮʝʩʩʘ ʠʩʧʫʩʢʘʥʠʷ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʩʧʫʩʢʘʥʠʝ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʯʘʱʝ ʚʩʝʛʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʠʟ 

ʪʝʨʤʠʯʝʩʢʠ ʨʘʚʥʦʚʝʩʥʦʛʦ ʚʦʟʙʫʞʜʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ɸʥʘʣʦʛʠʯʥʦ ʧʦʛʣʦʱʝʥʠʶ 

ʦʙʨʘʪʥʳʡ ʧʝʨʝʭʦʜ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʩʘʤʳʡ ʥʠʞʥʠʡ ʵʣʝʢʪʨʦʥʥʳʡ ʫʨʦʚʝʥʴ ʪʘʢʞʝ 

ʧʨʠʚʦʜʠʪ ʢ ʢʦʣʝʙʘʪʝʣʴʥʦ ʚʦʟʙʫʞʜʸʥʥʦʤʫ ʩʦʩʪʦʷʥʠʶ [39ï44]. 

ɼʣʷ ʷʚʣʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠʟʚʝʩʪʥʦ ʥʝʩʢʦʣʴʢʦ ʦʩʥʦʚʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ʉʫʱʝʩʪʚʫʶʪ ʠ ʠʩʢʣʶʯʝʥʠʷ, ʥʦ ʦʥʠ ʨʝʜʢʠ. ɽʩʣʠ ʢʘʢʘʷ-ʣʠʙʦ ʠʟ ʧʝʨʝʯʠʩʣʝʥʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʪʩʫʪʩʪʚʫʝʪ ʫ ʜʘʥʥʦʛʦ ʬʣʫʦʨʦʬʦʨʘ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ 

ʥʝʢʦʪʦʨʳʭ ʦʩʦʙʳʭ ʩʚʦʡʩʪʚʘʭ ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ. ʂʘʢ ʧʨʘʚʠʣʦ, ʚʩʝʛʜʘ ʥʘʙʣʶʜʘʝʪʩʷ 

ʩʜʚʠʛ (ʩʪʦʢʩʦʚ ʩʜʚʠʛ) ʠʩʧʫʩʢʘʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʛʣʦʱʝʥʠʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ 

ʜʣʠʥ ʚʦʣʥ, ʪ.ʝ. ʧʦʪʝʨʷ ʵʥʝʨʛʠʠ (ʠʩʢʣʶʯʝʥʠʝ ð ʘʪʦʤʳ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ). ʇʦʪʝʨʠ 

ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʚʦʟʙʫʞʜʝʥʠʝʤ ʠ ʠʩʧʫʩʢʘʥʠʝʤ ʥʝʠʟʤʝʥʥʦ ʥʘʙʣʶʜʘʶʪʩʷ ʜʣʷ 

ʬʣʫʦʨʝʩʮʠʨʫʶʱʠʭ ʤʦʣʝʢʫʣ ʚ ʨʘʩʪʚʦʨʘʭ. ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʠʯʠʥ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʩʪʦʢʩʦʚʘ ʩʜʚʠʛʘ ʷʚʣʷʝʪʩʷ ʙʳʩʪʨʘʷ ʨʝʣʘʢʩʘʮʠʷ ʥʘ ʥʠʞʥʠʡ 

ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʫʨʦʚʝʥʴ ʩʦʩʪʦʷʥʠʷ S1. ʂ ʪʦʤʫ ʞʝ ʦʙʳʯʥʦ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʥʘ 

ʚʦʟʙʫʞʜʸʥʥʳʝ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʫʨʦʚʥʠ ʩʦʩʪʦʷʥʠʷ S0, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʧʦʪʝʨʝ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʵʥʝʨʛʠʠ. ɺʜʦʙʘʚʦʢ ʢ ʵʪʦʤʫ ʩʪʦʢʩʦʚ ʩʜʚʠʛ 

ʤʦʞʝʪ ʙʳʪʴ ʝʱʸ ʙʦʣʝʝ ʫʚʝʣʠʯʝʥ ʙʣʘʛʦʜʘʨʷ ʚʣʠʷʥʠʷʤ ʨʘʩʪʚʦʨʠʪʝʣʷ ʥʘ ʬʣʫʦʨʦʬʦʨʳ 

ʠ ʨʝʘʢʮʠʷʤ ʚ ʚʦʟʙʫʞʜʸʥʥʳʭ ʩʦʩʪʦʷʥʠʷʭ. ɺ ʛʘʟʦʚʦʡ ʬʘʟʝ ʫ ʘʪʦʤʦʚ ʠ ʤʦʣʝʢʫʣ ʥʝ 

ʚʩʝʛʜʘ ʠʤʝʝʪʩʷ ʩʪʦʢʩʦʚ ʩʜʚʠʛ. ʀʩʧʫʩʢʘʥʠʝ ʙʝʟ ʩʜʚʠʛʘ ʥʘʙʣʶʜʘʶʪ ʪʦʛʜʘ, ʢʦʛʜʘ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʛʘʟʘ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚʦʟʙʫʞʜʸʥʥʳʝ ʤʦʣʝʢʫʣʳ ʥʝ 

ʧʨʝʪʝʨʧʝʚʘʣʠ ʩʪʦʣʢʥʦʚʝʥʠʡ ʩ ʜʨʫʛʠʤʠ ʤʦʣʝʢʫʣʘʤʠ ʜʦ ʧʨʦʮʝʩʩʘ ʠʩʧʫʩʢʘʥʠʷ. ʊʘʢʠʝ 

ʩʪʦʣʢʥʦʚʝʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʨʝʣʘʢʩʘʮʠʠ. ɺ ʞʠʜʢʦʡ ʬʘʟʝ ʧʨʦʮʝʩʩʳ ʩʦʫʜʘʨʝʥʠʷ 

ʧʨʦʠʩʭʦʜʷʪ ʥʝʧʨʝʨʳʚʥʦ. ʉʧʝʢʪʨ ʠʩʧʫʩʢʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʙʳʯʥʦ ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ. ʇʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ ʚʳʩʰʠʝ ʵʣʝʢʪʨʦʥʥʳʝ ʠ 

ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʫʨʦʚʥʠ ʠʟʙʳʪʦʢ ʵʥʝʨʛʠʠ ʙʳʩʪʨʦ ʨʘʩʭʦʜʫʝʪʩʷ, ʧʝʨʝʚʦʜʷ ʬʣʫʦʨʦʬʦʨ 

ʥʘ ʩʘʤʳʡ ʥʠʞʥʠʡ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʫʨʦʚʝʥʴ ʩʦʩʪʦʷʥʠʷ S1. ʕʪʘ ʨʝʣʘʢʩʘʮʠʠ 

ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʚʨʝʤʷ ʧʦʨʷʜʢʘ 10-12 ʩ ʠ ʷʚʣʷʝʪʩʷ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʨʝʟʫʣʴʪʘʪʦʤ 

ʩʠʣʴʥʦʛʦ ʧʝʨʝʢʨʳʚʘʥʠʷ ʤʥʦʞʝʩʪʚʘ ʩʦʩʪʦʷʥʠʡ ʩ ʧʨʠʤʝʨʥʦ ʨʘʚʥʳʤʠ ʵʥʝʨʛʠʷʤʠ. 
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ɹʣʘʛʦʜʘʨʷ ʪʘʢʦʡ ʙʳʩʪʨʦʡ ʨʝʣʘʢʩʘʮʠʠ ʜʣʠʥʘ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ ʦʙʳʯʥʦ ʥʝ ʚʣʠʷʝʪ 

ʥʘ ʩʧʝʢʪʨ ʠʩʧʫʩʢʘʥʠʷ [39ï44]. 

ʆʙʳʯʥʦ ʩʧʝʢʪʨ ʠʩʧʫʩʢʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʟʝʨʢʘʣʴʥʦʝ 

ʦʪʨʘʞʝʥʠʝ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ (ʧʨʘʚʠʣʦ ʃʸʚʰʠʥʘ), ʪʦʯʥʝʝ, ʪʦʛʦ ʧʦʛʣʦʱʝʥʠʷ, 

ʢʦʪʦʨʦʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʝʭʦʜʫ ʠʟ S0 ʚ S1. ʉʠʤʤʝʪʨʠʯʥʘʷ ʧʨʠʨʦʜʘ ʵʪʠʭ ʩʧʝʢʪʨʦʚ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʠ ʧʦʛʣʦʱʝʥʠʝ, ʠ ʠʩʧʫʩʢʘʥʠʝ ʦʙʫʩʣʦʚʣʝʥʳ ʦʜʥʠʤʠ ʠ ʪʝʤʠ ʞʝ 

ʧʝʨʝʭʦʜʘʤʠ, ʘ ʪʘʢʞʝ ʩʭʦʜʩʪʚʦʤ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʩʦʩʪʦʷʥʠʡ 

S0 ʠ S1. ɼʣʷ ʤʥʦʛʠʭ ʤʦʣʝʢʫʣ ʨʘʟʣʠʯʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʚ ʩʦʩʪʦʷʥʠʷʭ S0 

ʚ S1 ʩʫʱʝʩʪʚʝʥʥʦ ʥʝ ʚʣʠʷʝʪ ʥʘ ʵʪʠ ʫʨʦʚʥʠ ʵʥʝʨʛʠʠ. ʉʦʛʣʘʩʥʦ ʧʨʠʥʮʠʧʫ ʌʨʘʥʢʘ ð 

ʂʦʥʜʦʥʘ, ʚʩʝ ʵʣʝʢʪʨʦʥʥʳʝ ʧʝʨʝʭʦʜʳ ʧʨʦʠʩʭʦʜʷʪ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʤʝʞʲʷʜʝʨʥʦʛʦ 

ʨʘʩʩʪʦʷʥʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʝʩʣʠ ʜʘʥʥʘʷ ʚʝʨʦʷʪʥʦʩʪʴ ʧʝʨʝʭʦʜʘ (ʬʘʢʪʦʨ ʌʨʘʥʢʘ ð 

ʂʦʥʜʦʥʘ) ʤʝʞʜʫ ʥʫʣʝʚʳʤ ʠ ʚʪʦʨʳʤ ʢʦʣʝʙʘʪʝʣʴʥʳʤʠ ʫʨʦʚʥʷʤʠ ʤʘʢʩʠʤʘʣʴʥʘ ʧʨʠ 

ʧʦʛʣʦʱʝʥʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʧʝʨʝʭʦʜ ʙʫʜʝʪ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʝʥ ʪʘʢʞʝ ʠ ʚ 

ʠʩʧʫʩʢʘʥʠʠ. ʂʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ 

ʚʦʟʙʫʞʜʝʥʠʷ (ʟʘʢʦʥ ɺʘʚʠʣʦʚʘ) [39ï44].  

ɺ 1871 ʛʦʜʫ ʟʥʘʤʝʥʠʪʳʡ ʥʝʤʝʮʢʠʡ ʭʠʤʠʢ ɸʜʦʣʴʬ ɹʘʡʝʨ ʩʦʦʙʱʠʣ ʦ ʩʠʥʪʝʟʝ 

ʠʥʪʝʥʩʠʚʥʦ ʬʣʫʦʨʝʩʮʠʨʫʶʱʝʛʦ ʢʨʘʩʠʪʝʣʷ, ʥʘʟʚʘʥʥʦʛʦ ʬʣʫʦʨʝʩʮʝʠʥʦʤ. 

ɻʘʣʦʛʝʥʧʨʦʠʟʚʦʜʥʳʝ ʛʦʤʦʣʦʛʠ ʬʣʫʦʨʝʩʮʝʠʥʘ ï ʵʦʟʠʥ, ʵʨʠʪʨʦʟʠʥ. ʠ ʜʨʫʛʠʝ 

ʢʨʘʩʠʪʝʣʠ ʪʘʢʞʝ ʭʦʨʦʰʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʠʟ-ʟʘ ʩʚʦʠʭ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʩʚʦʡʩʪʚ, 

ʦʜʥʘʢʦ ʧʨʠ ʚʚʝʜʝʥʠʠ ʚ ʤʦʣʝʢʫʣʫ ʪʷʞʸʣʳʭ ʘʪʦʤʦʚ, ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ 

ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʳ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʜʚʫʭʟʘʨʷʜʥʳʭ ʘʥʠʦʥʦʚ R2ï ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ. 

çɼʠʛʠʜʨʦʢʩʠʢʩʘʥʪʝʥʦʚʳʝ ʢʨʘʩʠʪʝʣʠ ʧʦʣʫʯʘʶʪ ʠʟ ʞ-ʜʠʛʠʜʨʦʢʩʠʧʨʦʠʟʚʦʜʥʳʭ 

ʘʨʦʤʘʪʠʯʝʩʢʦʛʦ ʨʷʜʘè. ʆʜʥʠʤ ʠʟ ʷʨʯʘʡʰʠʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʧʨʝʜʦʩʪʘʚʣʝʥʥʦʛʦ 

ʘʨʦʤʘʪʠʯʝʩʢʦʛʦ ʨʷʜʘ ʩʯʠʪʘʝʪʩʷ ʬʣʫʦʨʝʩʮʝʠʥ. ʕʦʟʠʥ (ʪʝʪʨʘʙʨʦʤʬʣʫʦʨʝʩʮʝʠʥ) 

ʷʚʣʷʝʪʩʷ ʷʨʢʠʤ ʨʦʟʦʚʳʤ ʢʨʘʩʠʪʝʣʝʤ. ɽʛʦ ʧʦʣʫʯʘʶʪ ʧʨʠ ʙʨʦʤʠʨʦʚʘʥʠʠ 

ʬʣʫʦʨʝʩʮʝʠʥʘ ʚ ʩʧʠʨʪʦʚʦʡ ʩʨʝʜʝ, ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʦʢʠʩʣʠʪʝʣʝʡ (NaC1O3) ʠ ʧʨʠ 

ʢʠʧʝʥʠʠ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʫʤʝʥʴʰʠʪʴ ʨʘʩʭʦʜ ʙʨʦʤʘ. ʆʢʨʘʩʢʠ ʥʘ ʰʸʣʢʝ ʦʙʣʘʜʘʶʪ 

ʢʨʘʩʠʚʦʡ ʷʨʢʦʡ ʞʸʣʪʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʝʡ. ʕʨʠʪʨʦʟʠʥ (ʪʝʪʨʘʡʦʜʬʣʫʦʨʝʩʮʝʠʥ) 

ʷʚʣʷʝʪʩʷ ʷʨʢʠʤ ʢʨʘʩʥʳʤ ʢʨʘʩʠʪʝʣʝʤ. ɽʛʦ ʧʦʣʫʯʘʶʪ ʧʦʜʦʙʥʳʤ ʩʧʦʩʦʙʦʤ, 

ʠʩʧʦʣʴʟʫʶʪ ʡʦʜ, ʘ ʚ ʢʘʯʝʩʪʚʝ ʦʢʠʩʣʠʪʝʣʷ ð ʡʦʜʘʪ ʢʘʣʠʷ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ 
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ʬʣʫʦʨʝʩʮʝʠʥʦʤ, ʫʩʪʦʡʯʠʚʦʩʪʴ ʦʢʨʘʩʦʢ ʵʪʠʭ ʢʨʘʩʠʪʝʣʝʡ ʚʳʰʝ, ʦʜʥʘʢʦ ʥʝ ʩʠʣʴʥʦ. 

çʇʦʵʪʦʤʫ ʛʣʘʚʥʳʝ ʦʙʣʘʩʪʠ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ð ʧʨʦʠʟʚʦʜʩʪʚʦ ʯʝʨʥʠʣ, 

ʭʫʜʦʞʝʩʪʚʝʥʥʳʭ ʢʨʘʩʦʢ (ʚ ʚʠʜʝ ʣʘʢʦʚ, ʪʦʯʥʝʝ ʩʦʣʝʡ ʩ ʤʝʪʘʣʣʘʤʠ), ʛʫʙʥʦʡ ʧʦʤʘʜʳ 

ʠ ʨʫʤʷʥ, ʢʨʘʰʝʥʠʝ ʙʫʤʘʛʠ ʠ ʧʠʱʝʚʳʭ ʧʨʦʜʫʢʪʦʚ, ʘ ʪʘʢʞʝ ʚ ʢʘʯʝʩʪʚʝ 

ʩʝʥʩʠʙʠʣʠʟʘʪʦʨʦʚ ʚ ʬʦʪʦʛʨʘʬʠʠ, ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʮʚʝʪʥʳʭ ʢʘʨʘʥʜʘʰʝʡè [39ï44]. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ pH ʨʘʩʪʚʦʨʠʪʝʣʷ ʬʣʫʦʨʝʩʮʝʠʥ ʧʨʦʷʚʣʷʝʪ ʤʥʦʛʦʦʙʨʘʟʠʝ 

ʧʨʦʪʦʣʠʪʠʯʝʩʢʠʭ ʠ ʪʘʫʪʦʤʝʨʥʳʭ ʬʦʨʤ (ʨʠʩʫʥʦʢ 2.1), ʦʪʣʠʯʘʶʱʠʭʩʷ ʩʪʨʫʢʪʫʨʦʡ 

ʭʨʦʤʦʬʦʨʘ ʠ ʩʧʝʢʪʨʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʀʤʝʥʥʦ ʧʦʵʪʦʤʫ ʬʣʫʦʨʝʩʮʝʠʥ ʭʦʨʦʰʦ 

ʧʦʜʭʦʜʠʪ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝʤ ʤʘʢʨʦ- ʠ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʢʠʩʣʦʪʥʦʩʪʠ [35,45] ʚ ʪʦʤ ʯʠʩʣʝ ʧʨʠ ʠʦʥʥʦʤ 

ʩʚʷʟʳʚʘʥʠʠ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʤʠ ʙʠʦʣʦʛʠʯʝʩʢʠʤʠ ʤʘʢʨʦʤʦʣʝʢʫʣʘʤʠ ʠ 

ʧʦʣʠʤʝʨʘʤʠ. ɿʘ ʠʩʢʣʶʯʝʥʠʝʤ ʵʢʩʪʨʝʤʘʣʴʥʦ ʢʠʩʣʳʭ ʠ ʱʝʣʦʯʥʳʭ ʩʨʝʜ ʜʠʩʩʦʮʠʘʮʠʷ 

ʬʣʫʦʨʝʩʮʝʠʥʘ (R) ʚ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʘʭ ʧʨʦʪʝʢʘʝʪ ʚ ʪʨʠ ʩʪʫʧʝʥʠ [46]: 
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ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ, ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʧʝʢʪʨʦʚ 

ʜʠʘʥʠʦʥʦʚ (-2R ) ʠ ʜʨʫʛʠʭ ʧʨʦʪʦʣʠʪʠʯʝʩʢʠʭ ʬʦʨʤ ʬʣʫʦʨʝʩʮʝʠʥʘ ʚ ʨʘʟʥʳʭ 

ʨʘʩʪʚʦʨʠʪʝʣʷʭ ʰʠʨʦʢʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʣʠʪʝʨʘʪʫʨʝ [47,48,57ï62,49ï56]. ʉʠʤʤʝʪʨʠʷ 

ʤʦʣʝʢʫʣʳ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʩʚʦʡʩʪʚ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʜʠʘʥʠʦʥʘ ʬʣʫʦʨʝʩʮʝʠʥʘ ʠʥʪʝʥʩʠʚʥʘʷ ʬʣʫʦʨʝʩʮʝʥʮʠʷ 

ʩʚʷʟʘʥʘ ʩ ʝʛʦ ʩʠʤʤʝʪʨʠʝʡ [59], ʘ ʧʨʦʪʦʥʠʨʦʚʘʥʠʝ ʫʤʝʥʴʰʘʝʪ ʩʠʤʤʝʪʨʠʶ ʤʦʣʝʢʫʣʳ, 

ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʯʠʩʣʦ ʨʘʟʨʝʰʸʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʚʝʨʦʷʪʥʦʩʪʴ 

ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ. 

ʈʘʥʝʝ ʨʘʩʯʸʪʳ ʬʣʫʦʨʝʩʮʝʠʥʘ ʧʨʦʚʦʜʠʣʠʩʴ ʢʘʢ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ 

(ZINDO [47], INDO/S [48]), ʪʘʢ ʠ ʩ ʧʦʤʦʱʴʶ DFT ʤʝʪʦʜʦʚ [49,50,59ï62,51ï58]. ɺ 

ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʬʫʥʢʮʠʦʥʘʣʳ (B3PW91 [59], BP86 

[55], B3LYP [53]), ʙʘʟʠʩʳ (6-31G** [55], 6-311G** [58], 6-311G**++ [48], LANI2DZ 
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[53]) ʠ ʩʧʦʩʦʙʳ ʫʯʸʪʘ ʨʘʩʪʚʦʨʠʪʝʣʷ ʚ ʥʝʷʚʥʦʤ (SCRF-PCM [55], IEF-PCM [48] [53]) 

ʠ ʷʚʥʦʤ ʚʠʜʝ [48]. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʦʩʥʦʚʥʦʡ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʜʠʘʥʠʦʥʘ 

ʬʣʫʦʨʝʩʮʝʠʥʘ (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʬʫʥʢʮʠʦʥʘʣʘ, ʙʘʟʠʩʘ ʠ ʤʦʜʝʣʠ ʫʯʸʪʘ 

ʨʘʩʪʚʦʨʠʪʝʣʷ) ʣʝʞʘʪ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 421-453 ʥʤ ʜʣʷ ʛʘʟʦʚʦʡ ʬʘʟʳ, 441-470 ʥʤ ʚ ʚʦʜʝ 

(ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʤʘʢʩʠʤʫʤʘ ʧʦʛʣʦʱʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 490 ʥʤ). ʋʯʸʪ 

ʨʘʩʪʚʦʨʠʪʝʣʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʛʘʟʦʚʦʡ ʬʘʟʦʡ ʜʘʸʪ ʢʨʘʩʥʳʡ ʩʜʚʠʛ ʜʦ 10 ʥʤ. 

ʋʚʝʣʠʯʝʥʠʝ ʙʘʟʠʩʥʦʛʦ ʥʘʙʦʨʘ ʯʝʨʝʟ ʜʦʙʘʚʣʝʥʠʝ ʛʘʫʩʩʦʚʳʭ ʠ ʜʠʬʬʫʟʥʳʭ ʬʫʥʢʮʠʡ 

ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʠʪʴ ʨʝʟʫʣʴʪʘʪ ʥʘ 10-15 ʥʤ. ɺ ʠʪʦʛʝ ʚʩʝ ʤʘʥʠʧʫʣʷʮʠʠ ʩ ʙʘʟʠʩʘʤʠ ʠ 

ʤʦʜʝʣʷʤʠ ʨʘʩʪʚʦʨʠʪʝʣʷ ʩʫʤʤʘʨʥʦ ʜʘʶʪ ʩʜʚʠʛ ʜʦ 25 ʥʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʘʟʦʚʦʡ ʬʘʟʳ, 

ʵʪʦ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʥʝʣʴʟʷ ʩʯʠʪʘʪʴ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʤ ʧʨʠ ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʝʩʣʠ ʩʪʦʠʪ ʟʘʜʘʯʘ ʨʘʩʰʠʬʨʦʚʘʪʴ ʩʣʦʞʥʳʡ ʢʦʥʪʫʨ 

ʚ ʩʧʝʢʪʨʘʭ ʧʦʛʣʦʱʝʥʠʷ ʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ. 

ʉʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ ʬʣʫʦʨʝʩʮʝʠʥʘ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ pH ʚ 

ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ ʤʦʛʫʪ ʙʳʪʴ ʣʝʛʢʦ ʠʟʤʝʨʝʥʳ ʠʣʠ ʚʟʷʪʳ, ʥʘʧʨʠʤʝʨ, ʠʟ ʨʘʙʦʪ [63] 

[64] [46]. ʆʜʥʘʢʦ ʢʦʨʨʝʢʪʥʦʝ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʵʪʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ 

ʩʚʷʟʘʥʦ ʩ ʧʨʝʦʜʦʣʝʥʠʝʤ ʨʷʜʘ ʧʨʦʙʣʝʤ: ʰʠʨʦʢʠʝ ʠ ʟʘʯʘʩʪʫʶ ʧʝʨʝʢʨʳʚʘʶʱʠʝʩʷ 

ʚʠʙʨʦʥʥʳʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʧʨʦʪʦʣʠʪʠʯʝʩʢʠʭ ʠ 

ʪʘʫʪʦʤʝʨʥʳʭ ʬʦʨʤ (ʨʠʩʫʥʦʢ 2.1) ʟʘʪʨʫʜʥʷʶʪ ʩʦʦʪʥʝʩʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʜʣʷ ʯʠʩʪʦ ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ; ʨʘʟʣʠʯʥʳʝ 

ʧʨʦʪʦʣʠʪʠʯʝʩʢʠʝ ʠ ʪʘʫʪʦʤʝʨʥʳʝ ʬʦʨʤʳ ʤʦʛʫʪ ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ ʚ ʨʘʩʪʚʦʨʝ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʨʘʟʣʠʯʥʳʤ ʚʢʣʘʜʦʤ [46,63]; ʢʦʥʢʫʨʝʥʮʠʷ ʠʟʣʫʯʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ 

ʠ ʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ ʚ ʚʦʟʙʫʞʜʸʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʪʦʤʫ, ʯʪʦ 

ʧʦʛʣʦʱʘʝʪ ʦʜʥʘ ʧʨʦʪʦʣʠʪʠʯʝʩʢʘʷ ʬʦʨʤʘ, ʘ ʠʟʣʫʯʘʝʪ ï ʜʨʫʛʘʷ [46,63,64]. 

ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʫʢʘʟʘʥʥʳʭ ʪʨʫʜʥʦʩʪʝʡ ʠ ʧʦʚʳʰʝʥʠʷ ʠʥʬʦʨʤʘʪʠʚʥʦʩʪʠ 

ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʝʢʪʨʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʧʨʠʭʦʜʠʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʦʚʳʝ ʧʦʜʭʦʜʳ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘʡʜʝʥ ʦʧʪʠʤʘʣʴʥʳʡ ʧʦ 

ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʠ ʢʚʘʥʪʦʚʦʭʠʤʠʯʝʩʢʠʡ ʩʧʦʩʦʙ ʨʘʩʯʸʪʘ ʤʦʣʝʢʫʣʳ ʬʣʫʦʨʝʩʮʝʠʥʘ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʬʣʫʦʨʝʩʮʠʨʫʶʱʠʭ ʠʦʥʥʳʭ ʬʦʨʤ ʠʩʧʦʣʴʟʦʚʘʥ ʘʥʘʣʠʟ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ pH. ʄʝʪʦʜ 

ʣʠʥʝʡʥʦʡ ʨʝʛʨʝʩʩʠʠ ʧʦʣʦʞʝʥʠʷ ʤʘʢʩʠʤʫʤʦʚ ʧʦʛʣʦʱʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ 
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ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ 

ʚʳʙʦʨʘ ʨʝʘʣʠʟʫʝʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʦʨʦʚ ʪʘʫʪʦʤʝʨʥʳʭ ʬʦʨʤ. 

 

ʈʠʩʫʥʦʢ 2.1. ʉʪʨʫʢʪʫʨʘ ʠʦʥʥʳʭ ʬʦʨʤ ʬʣʫʦʨʝʩʮʝʠʥʘ. ʆʢʨʫʞʥʦʩʪʴʶ ʦʙʚʝʜʝʥʳ 

ʦʪʣʠʯʘʶʱʠʝʩʷ ʯʘʩʪʠ ʧʨʦʪʦʥʠʨʦʚʘʥʥʳʭ ʬʦʨʤ ʦʪ ʭʠʥʦʠʜʥʦʡ ʬʦʨʤʳ 

 

ʇʨʠ ʚʘʨʠʘʮʠʠ pH ʬʣʫʦʨʝʩʮʝʠʥ ʠʟʤʝʥʷʝʪ ʩʚʦʶ ʠʦʥʥʫʶ ʬʦʨʤʫ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ 

ʩʦ ʟʥʘʯʝʥʠʝʤ ʧʨʦʪʦʣʠʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʨʘʚʥʦʚʝʩʠʷ (2.1) - (2.3). ʋʯʠʪʳʚʘʷ 

ʟʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪ, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ [46] ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʯʝʪʳʨʝ 

ʟʥʘʯʝʥʠʷ pH (10.5, 5, 3, 0.5), ʧʨʠ ʢʦʪʦʨʳʭ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʬʦʨʤʠʨʫʝʪʩʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʪʘ ʠʣʠ ʠʥʘʷ ʠʦʥʥʘʷ ʬʦʨʤʘ. ʉʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʧʨʠ ʜʘʥʥʳʭ pH 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʦʢ 2.2 a-d. ʅʘʣʠʯʠʝ ʥʝʩʢʦʣʴʢʠʭ ʤʘʢʩʠʤʫʤʦʚ ʠ/ʠʣʠ ʧʣʝʯ ʚ 
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ʦʜʥʦʤ ʢʦʥʪʫʨʝ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ: 1) ʦ ʧʨʠʩʫʪʩʪʚʠʠ ʢʦʣʝʙʘʪʝʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʵʣʝʢʪʨʦʥʥʦ-ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ; 2) ʦʙ 

ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʥʝʩʢʦʣʴʢʠʭ ʠʦʥʥʳʭ ʠ/ʠʣʠ ʪʘʫʪʦʤʝʨʥʳʭ ʬʦʨʤ ʩ 

ʭʘʨʘʢʪʝʨʥʳʤʠ ʤʘʢʩʠʤʫʤʘʤʠ; 3) ʦ ʥʘʣʦʞʝʥʠʠ ʚʳʩʦʢʦʚʦʟʙʫʞʜʝʥʥʳʭ ʵʣʝʢʪʨʦʥʥʦ-

ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ. ɺ ʨʘʙʦʪʝ ʦʛʨʘʥʠʯʠʣʠʩʴ ʘʥʘʣʠʟʦʤ ʧʝʨʚʳʭ ʧʦʣʦʩ 

ʧʦʛʣʦʱʝʥʠʷ 10 SS   ʚʳʰʝ 370 ʥʤ, ʪʘʢ ʢʘʢ ʘʥʘʣʠʟ ʚʳʩʦʢʦʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ 

n0 SS   ʩʦʧʨʷʞʸʥ ʩ ʧʨʦʙʣʝʤʦʡ ʠʭ ʦʜʥʦʟʥʘʯʥʦʛʦ ʩʦʦʪʥʝʩʝʥʠʷ ʩ ʫʨʦʚʥʝʤ 

ʚʦʟʙʫʞʜʝʥʠʷ. 

 

ʈʠʩʫʥʦʢ 2.2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ 

ʬʣʫʦʨʝʩʮʝʠʥʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ pH. ʌʠʦʣʝʪʦʚʘʷ ʣʠʥʠʷ ï ʩʧʝʢʪʨʳ 

ʧʦʛʣʦʱʝʥʠʷ, ʢʨʘʩʥʘʷ ï ʬʣʫʦʨʝʩʮʝʥʮʠʷ. ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʨʘʟʣʦʞʝʥʠʝ ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʩʧʝʢʪʨʘ ʥʘ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʪʘʫʪʦʤʝʨʥʳʝ ʬʦʨʤʳ ï ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ 

 


