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ɺʚʝʜʝʥʠʝ ʠ ʦʙʱʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʘʙʦʪʳ 

 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠ ʩʪʝʧʝʥʴ ʝʸ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ. ʎʠʢʣʠʯʝʩʢʠʝ ʤʦʣʝʢʫʣʳ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʜʣʷ ʧʦʠʩʢʘ ʥʦʚʳʭ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʦʚ. ʅʘʧʨʠʤʝʨ, 

ʩʨʝʜʠ ʥʝʜʘʚʥʦ ʦʜʦʙʨʝʥʥʳʭ FDA ʩʦʝʜʠʥʝʥʠʡ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʥʝʩʢʦʣʴʢʦ 

ʤʘʢʨʦʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ: ʮʠʢʣʠʯʝʩʢʠʡ ʧʝʧʪʠʜ ʄʦʪʠʢʩʘʬʦʨʪʠʜ [1] ʠ ʤʘʢʨʦʮʠʢʣ 

ʈʝʧʦʪʨʝʢʪʠʥʠʙ [2], ʠʩʧʦʣʴʟʫʶʱʠʝʩʷ ʧʨʠ ʣʝʯʝʥʠʠ ʦʥʢʦʣʦʛʠʯʝʩʢʠʭ ʟʘʙʦʣʝʚʘʥʠʡ, ʘ 

ʪʘʢʞʝ ʧʨʦʪʠʚʦʛʨʠʙʢʦʚʳʡ ʮʠʢʣʠʯʝʩʢʠʡ ʧʝʧʪʠʜ ʈʝʟʘʬʫʥʛʠʥ [3]. ɺ ʪʦ ʞʝ ʚʨʝʤʷ 

ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʝ ʢʘʨʢʘʩʳ ʠʟ ʤʘʣʳʭ ʮʠʢʣʦʚ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʬʘʨʤʘʢʦʣʦʛʠʯʝʩʢʠʡ 

ʠʥʪʝʨʝʩ, ʚ ʯʘʩʪʥʦʩʪʠ, ʢ ʥʠʤ ʦʪʥʦʩʷʪʩʷ ʤʥʦʛʠʝ ʣʝʢʘʨʩʪʚʝʥʥʳʝ ʦʨʛʘʥʠʯʝʩʢʠʝ 

ʧʝʨʦʢʩʠʜʳ. ʗʨʢʠʤ ʧʨʠʤʝʨʦʤ ʷʚʣʷʝʪʩʷ ʧʨʠʨʦʜʥʳʡ ʧʨʦʪʠʚʦʤʘʣʷʨʠʡʥʳʡ ʧʨʝʧʘʨʘʪ 

ɸʨʪʝʤʠʟʠʥʠʥ, ʦʪʢʨʳʪʠʝ ʢʦʪʦʨʦʛʦ ʙʳʣʦ ʫʜʦʩʪʦʝʥʦ ʅʦʙʝʣʝʚʩʢʦʡ ʧʨʝʤʠʠ ʚ 2015 ʛʦʜʫ, 

ʠ ʢʦʪʦʨʳʡ ʧʨʦʜʦʣʞʘʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʧʦ ʩʝʡ ʜʝʥʴ. ʅʘʨʷʜʫ ʩ ʵʪʠʤ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʪʩʷ 

ʠ ʜʨʫʛʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦ ʩʦʟʜʘʥʠʶ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʧʝʨʦʢʩʠʜʦʚ ʩ ʧʨʦʪʠʚʦʤʘʣʷʨʠʡʥʦʡ 

[4,5], ʧʨʦʪʠʚʦʨʘʢʦʚʦʡ [6,7], ʬʫʥʛʠʮʠʜʥʦʡ [5,8], ʧʨʦʪʠʚʦʚʠʨʫʩʥʦʡ [9] ʠ ʜʨʫʛʠʤʠ 

ʚʠʜʘʤʠ ʘʢʪʠʚʥʦʩʪʠ. 

ʊʦʯʥʦʩʪʴ ʧʨʦʛʥʦʟʦʚ ʚʠʨʪʫʘʣʴʥʦʛʦ ʩʢʨʠʥʠʥʛʘ ʙʠʦʣʦʛʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʤʦʣʝʢʫʣ, ʘ 

ʪʘʢʞʝ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʘʢʮʠʡ ʩ ʠʭ ʫʯʘʩʪʠʝʤ ʪʨʝʙʫʝʪ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʛʦ ʥʘʙʦʨʘ ʠʭ ʢʦʥʬʦʨʤʝʨʦʚ. ɼʣʷ ʮʠʢʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, 

ʩʦʜʝʨʞʘʱʠʭ ʘʪʦʤʳ ʘʟʦʪʘ ʠ ʢʠʩʣʦʨʦʜʘ, ʧʦʩʪʨʦʝʥʠʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʘʥʩʘʤʙʣʷ 

ʟʘʪʨʫʜʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʵʪʠ ʘʪʦʤʳ ʟʘʯʘʩʪʫʶ ʚʩʪʫʧʘʶʪ ʚ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʫʩʣʦʞʥʷʶʱʠʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʤʦʣʝʢʫʣʳ ʠ 

ʜʝʣʘʶʱʠʝ ʝʛʦ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʢ ʥʝʙʦʣʴʰʠʤ ʠʟʤʝʥʝʥʠʷʤ ʚ ʤʦʣʝʢʫʣʝ ʠʣʠ ʜʘʞʝ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ [10]. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʪʘʢʠʭ ʩʠʩʪʝʤ ʧʝʨʝʜ ʠʭ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ. 

ʂʦʥʜʝʥʩʘʮʠʷ ʧʦʣʠʢʝʪʦʥʦʚ ʩ ʧʝʨʦʢʩʠʜʦʤ ʚʦʜʦʨʦʜʘ, ʷʚʣʷʶʱʘʷʩʷ ʫʜʦʙʥʳʤ 

ʤʝʪʦʜʦʤ ʦʜʥʦʩʪʘʜʠʡʥʦʛʦ ʧʦʣʫʯʝʥʠʷ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʧʝʨʦʢʩʠʜʦʚ ʠʟ ʜʦʩʪʫʧʥʳʭ 

ʩʫʙʩʪʨʘʪʦʚ, ʟʘʯʘʩʪʫʶ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʥʝʧʨʝʜʩʢʘʟʫʝʤʳʭ ʧʨʦʜʫʢʪʦʚ, 

ʧʦʩʢʦʣʴʢʫ ʢʘʩʢʘʜʥʘʷ ʩʙʦʨʢʘ ʤʦʞʝʪ ʧʨʦʪʝʢʘʪʴ ʧʦ ʤʥʦʞʝʩʪʚʫ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʧʫʪʝʡ 
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ʩʦ ʩʤʝʰʘʥʥʳʤ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤ ʠ ʢʠʥʝʪʠʯʝʩʢʠʤ ʢʦʥʪʨʦʣʝʤ. ʇʦʵʪʦʤʫ ʜʣʷ 

ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩʠʥʪʝʟʘ ʪʘʢʠʭ ʤʦʣʝʢʫʣ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʚʳʷʚʣʝʥʠʝ ʢʣʶʯʝʚʳʭ 

ʬʘʢʪʦʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʢʦʥʝʯʥʳʡ ʧʨʦʜʫʢʪ ʩʙʦʨʢʠ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ ʠʟ 

ʧʦʣʠʢʝʪʦʥʦʚ ʠ ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ. ʊʘʢ, Gomes ʠ ʩʦʘʚʪʦʨʳ ʦʙʥʘʨʫʞʠʣʠ 

ʙʠʮʠʢʣʠʯʝʩʢʠʡ ʧʝʨʦʢʩʠʜ, ʠʩʢʘʞʝʥʥʘʷ ʢʦʥʬʦʨʤʘʮʠʷ ʢʦʪʦʨʦʛʦ ʦʩʣʘʙʣʷʝʪ 

ʜʝʣʦʢʘʣʠʟʘʮʠʶ ὲ ᴼ„ᶻ , ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʦʙʨʘʟʫʝʪʩʷ ʜʨʫʛʦʡ ʧʨʦʜʫʢʪ ʨʝʘʢʮʠʠ, ʚ 

ʢʦʪʦʨʦʤ ʘʥʘʣʦʛʠʯʥʘʷ ʜʝʣʦʢʘʣʠʟʘʮʠʷ ʥʝ ʦʩʣʘʙʣʝʥʘ [11]. ʅʘ ʦʩʥʦʚʘʥʠʠ ʢʚʘʥʪʦʚʦ-

ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ Juaristi ʠ ʩʦʘʚʪʦʨʳ ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ ʧʝʨʦʢʩʠʜʥʘʷ ʛʨʫʧʧʘ 

ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʩʣʘʙʳʤ ʩʪʘʙʠʣʠʟʘʪʦʨʦʤ ʢʘʨʙʦʢʘʪʠʦʥʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʜʠʥʦʯʥʳʤ 

ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ ʚʩʣʝʜʩʪʚʠʝ ʩʚʦʝʡ ʧʦʥʠʞʝʥʥʦʡ -́ʜʦʥʦʨʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ, 

ʚʳʟʚʘʥʥʦʡ ʦʙʨʘʪʥʳʤ Ŭ-ɻ ʬʬʝʢʪʦʤ [12]. ɺʠʣʴ ʠ ʩʦʘʚʪʦʨʳ ʦʙʥʘʨʫʞʠʣʠ ʨʝʘʣʴʥʳʡ 

ʧʨʠʤʝʨ ʨʝʘʢʮʠʠ, ʢʦʪʦʨʘʷ ʥʝ ʜʦʩʪʠʛʘʝʪ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʜʫʢʪʘ ʚʩʣʝʜʩʪʚʠʝ 

ʵʪʦʛʦ ʵʬʬʝʢʪʘ [13]. ʆʜʥʘʢʦ, ʜʣʷ ʪʨʠʮʠʢʣʠʯʝʩʢʠʭ ʠ ʘʟʦʪʩʦʜʝʨʞʘʱʠʭ ʢʘʨʢʘʩʥʳʭ 

ʧʝʨʦʢʩʠʜʦʚ ʚʣʠʷʥʠʝ ʜʝʣʦʢʘʣʠʟʘʮʠʠ ὲᴼ„ᶻ ʠ ʦʙʨʘʪʥʦʛʦ Ŭ-ɻ ʬʬʝʢʪʘ ʥʘ ʧʨʦʜʫʢʪ 

ʩʙʦʨʢʠ ʦʩʪʘʪyʩʷ ʥʝʠʟʫʯʝʥʥʳʤ ʠ ʝʛʦ ʠʟʫʯʝʥʠʝ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. ʉʪʦʠʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʠʟ ʤʘʣʳʭ ʮʠʢʣʦʚ, ʢ ʢʦʪʦʨʳʤ 

ʦʪʥʦʩʷʪʩʷ ʤʥʦʛʠʝ ʢʘʨʢʘʩʥʳʝ ʧʝʨʦʢʩʠʜʳ, ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʧʦʠʩʢ ʷʚʣʷʝʪʩʷ 

ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦʡ, ʥʦ ʥʝʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ, ʧʦʩʢʦʣʴʢʫ ʪʘʢʠʝ ʤʦʣʝʢʫʣʳ ʦʙʣʘʜʘʶʪ 

ʦʛʨʘʥʠʯʝʥʥʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʠ ʠʭ ʩʪʨʫʢʪʫʨʳ ʤʦʛʫʪ ʙʳʪʴ ʩʛʝʥʝʨʠʨʦʚʘʥʳ ʤʝʪʦʜʘʤʠ 

ʜʠʩʪʘʥʮʠʦʥʥʦʡ ʛʝʦʤʝʪʨʠʠ [14]. 

ɺ ʩʣʫʯʘʝ ʞʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦ ʛʠʙʢʠʭ ʤʘʢʨʦʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʤʥʦʛʠʝ 

ʩʫʱʝʩʪʚʫʶʱʠʝ ʤʝʪʦʜʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʦʢʘʟʳʚʘʶʪʩʷ ʥʝʵʬʬʝʢʪʠʚʥʳ ʠʟ-ʟʘ 

ʙʦʣʴʰʝʡ ʨʘʟʤʝʨʥʦʩʪʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʠ ʩʣʦʞʥʦʩʪʠ ʧʝʨʝʙʦʨʘ 

ʟʥʘʯʝʥʠʡ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʟʘʤʢʥʫʪʦʩʪʠ ʮʠʢʣʘ ʚ ʧʦʣʫʯʘʝʤʳʭ 

ʛʝʦʤʝʪʨʠʷʭ. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʢ ʧʦʩʪʨʦʝʥʠʶ ʢʦʥʬʦʨʤʘʮʠʡ ʮʠʢʣʦʚ 

ʷʚʣʷʝʪʩʷ ʦʙʨʘʪʥʘʷ ʢʠʥʝʤʘʪʠʢʘ (ʆʂ). ɺ ʵʪʦʤ ʧʦʜʭʦʜʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘʙʦʨ ʩʪʝʧʝʥʝʡ 

ʩʚʦʙʦʜʳ ʧʦʣʠʮʠʢʣʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, ʪʦ ʝʩʪʴ ʥʝʟʘʚʠʩʠʤʳʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʢʘʞʜʦʛʦ 

ʮʠʢʣʘ, ʧʨʠ ʵʪʦʤ ʢʦʣʠʯʝʩʪʚʦ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʚʩʝʛʜʘ ʤʝʥʴʰʝ, ʯʝʤ ʢʦʣʠʯʝʩʪʚʦ ʩʚʷʟʝʡ 

ʚ ʮʠʢʣʝ. ʆʩʪʘʣʴʥʳʝ ʪʦʨʩʠʦʥʥʳʝ ʫʛʣʳ ʚʳʯʠʩʣʷʶʪʩʷ ʧʫʪʸʤ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ 

ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ, ʪʘʢ ʢʘʢ ʦʥʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʟʘʤʳʢʘʥʠʷ 

ʮʠʢʣʘ ʩ ʦʧʨʝʜʝʣʥyʥʳʤʠ ʜʣʠʥʘʤʠ ʩʚʷʟʝʡ ʠ ʚʘʣʝʥʪʥʳʤʠ ʫʛʣʘʤʠ. ʇʨʠʤʝʥʝʥʠʝ ʆʂ ʫʞʝ 
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ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʨʘʥʝʝ [15,16], ʦʜʥʘʢʦ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʧʦʜʭʦʜ ʢ ʘʥʘʣʠʟʫ ʪʦʧʦʣʦʛʠʠ 

ʧʨʦʠʟʚʦʣʴʥʦʡ ʧʦʣʠʮʠʢʣʠʯʝʩʢʦʡ ʤʦʣʝʢʫʣʳ ʩ ʦʧʨʝʜʝʣʝʥʠʝʤ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʠ ʠʭ 

ʧʦʩʣʝʜʫʶʱʠʤ ʧʝʨʝʙʦʨʦʤ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʘʥʩʘʤʙʣʷ ʨʘʥʝʝ 

ʦʪʩʫʪʩʪʚʦʚʘʣ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʨʘʟʨʘʙʦʪʢʘ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ 

ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʪʦʧʦʣʦʛʠʠ ʧʨʦʠʟʚʦʣʴʥʦʡ ʧʦʣʠʮʠʢʣʠʯʝʩʢʦʡ ʤʦʣʝʢʫʣʳ ʠ 

ʛʝʥʝʨʘʮʠʠ ʝʸ ʢʦʥʬʦʨʤʘʮʠʡ ʥʘ ʦʩʥʦʚʝ ʆʂ ̫ʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʫʯʝʥʠʝ ʨʦʣʠ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʭ ʵʬʬʝʢʪʦʚ, ʥʘʧʨʘʚʣʷʶʱʠʭ 

ʢʦʥʜʝʥʩʘʮʠʶ ʧʦʣʠʢʝʪʦʥʦʚ ʜʦ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦ ʞʸʩʪʢʠʭ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ 

ʧʝʨʦʢʩʠʜʦʚ, ʠ ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʛʣʦʙʘʣʴʥʦʛʦ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʜʣʷ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦ ʧʦʜʚʠʞʥʳʭ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ̫ ʚʣʷʪʁʩʷ ʘʢʪʫʘʣʴʥʳʤʠ 

ʥʝʨʝʰʝʥʥʳʤʠ ʟʘʜʘʯʘʤʠ. 

 

ʎʝʣ ɹʨʘʙʦʪʳ ʩʦʩʪʦʠʪ ʚ ʠʟʫʯʝʥʠʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʧʦʜʚʠʞʥʦʩʪʠ 

ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʝʨʦʢʩʠʜʦʚ ʠ ʝʸ ʚʣʠʷʥʠʷ ʥʘ ʧʨʦʮʝʩʩ ʠʭ ʩʙʦʨʢʠ, ʘ 

ʪʘʢʞʝ ʨʘʟʚʠʪʠʠ ʧʦʜʭʦʜʘ ʦʙʨʘʪʥʦʡ ʢʠʥʝʤʘʪʠʢʠ ʜʣʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 

ʮʠʢʣʠʯʝʩʢʠʭ ʠ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ. 

 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʨʝʰʠʪʴ ʩʣʝʜʫʶʱʠʝ 

ʟʘʜʘʯʠ: 

1. ʇʨʠʤʝʥʠʪʴ ʩʫʱʝʩʪʚʫʶʱʠʝ ʤʝʪʦʜʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ 

ʤʦʣʝʢʫʣ ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʦʡ ʟʘʜʘʯʠ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʩʙʦʨʢʠ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ ʠʟ ɓ,ɔô-ʪʨʠʢʝʪʦʥʦʚ, ɓ,ŭô-ʪʨʠʢʝʪʦʥʦʚ ʠ ŭ -ʜʠʢʝʪʦʥʦʚ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ ʠ ʠʥʳʭ ʥʫʢʣʝʦʬʠʣʦʚ (ʘʤʤʠʘʢʘ, ʛʠʜʨʘʟʠʜʦʚ) ʠ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʢʣʶʯʝʚʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʥʘʙʣʶʜʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʡ ʧʨʦʜʫʢʪ, ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʨʝʘʢʮʠʠ ʠ ʢʦʥʬʦʨʤʘʮʠʷ ʠʟ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ. 

2. ʀʟʫʯʠʪʴ ʚʣʠʷʥʠʝ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʭ ʵʬʬʝʢʪʦʚ (ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʠ 

ʠ ʦʙʨʘʪʥʦʛʦ Ŭ-ɻ ʬʬʝʢʪʘ) ʥʘ ʢʦʥʬʦʨʤʘʮʠʶ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʢʘʨʢʘʩʦʚ, ʠʭ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ, ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʢʠʥʝʪʠʯʝʩʢʠʝ 

ʙʘʨʴʝʨʳ ʠʭ ʩʙʦʨʢʠ. 
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3. ʈʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʡ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʮʠʢʣʦʚ ʧʫʪʸʤ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʢʠʥʝʤʘʪʠʢʠ ʜʣʷ ʢʘʞʜʦʛʦ ʦʪʜʝʣʴʥʦʛʦ ʮʠʢʣʘ 

ʠ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʨʝʘʣʠʟʦʚʘʪʴ ʘʣʛʦʨʠʪʤ ʦʧʨʝʜʝʣʝʥʠʷ ʥʝʟʘʚʠʩʠʤʳʭ ʪʦʨʩʠʦʥʥʳʭ 

ʫʛʣʦʚ (ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ) ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʠ ʛʝʥʝʨʘʮʠʠ ʠʭ 

ʢʦʥʬʦʨʤʘʮʠʡ ʧʦ ʟʘʜʘʥʥʳʤ ʟʥʘʯʝʥʠʷʤ ʵʪʠʭ ʫʛʣʦʚ. 

4. ʈʝʘʣʠʟʦʚʘʪʴ ʘʣʛʦʨʠʪʤ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʥʘ ʦʩʥʦʚʝ ʩʣʫʯʘʡʥʦʛʦ ʧʝʨʝʙʦʨʘ 

ʢʠʥʝʤʘʪʠʯʝʩʢʠ ʥʝʟʘʚʠʩʠʤʳʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ, ʧʨʠʤʝʥʠʤʳʡ ʢ ʤʦʣʝʢʫʣʘʤ, 

ʩʦʜʝʨʞʘʱʠʤ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʝ ʠ ʤʘʢʨʦʮʠʢʣʠʯʝʩʢʠʝ ʬʨʘʛʤʝʥʪʳ. 

5. ʇʨʦʪʝʩʪʠʨʦʚʘʪʴ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʠ ʦʮʝʥʠʪʴ 

ʝʛʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʤʝʪʦʜʘʤʠ.  

 

ʆʙʲʝʢʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʩʪʫʧʘʣʠ ʨʝʘʢʮʠʠ ʩʙʦʨʢʠ ʢʘʨʢʘʩʥʳʭ 

ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʧʝʨʦʢʩʠʜʦʚ ʠʟ ʧʦʣʠʢʝʪʦʥʦʚ (ɓ,ɔô-ʪʨʠʢʝʪʦʥ, ɓ,ŭô-ʪʨʠʢʝʪʦʥ ʠ ŭ-

ʜʠʢʝʪʦʥ) ʩ ʧʝʨʦʢʩʠʜʦʤ ʚʦʜʦʨʦʜʘ ʠ ʠʥʳʤʠ ʥʫʢʣʝʦʬʠʣʘʤʠ (ʘʤʤʠʘʢ, ʛʠʜʨʘʟʠʜʳ), ʘ 

ʪʘʢʞʝ 150 ʤʘʢʨʦʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʣʝʢʘʨʩʪʚʝʥʥʦ-ʧʦʜʦʙʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʚʝʱʝʩʪʚ, ʩʦʩʪʘʚʣʷʶʱʠʭ ʪʝʩʪʦʚʳʡ ʥʘʙʦʨ MacroModel, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ 

ʪʝʩʪʠʨʦʚʘʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʥʘʤʠ ʤʝʪʦʜʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ. 

 

ʇʨʝʜʤʝʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ̫ ʚʣʷʣʠʩʴ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʝ ʵʬʬʝʢʪʳ ʠ ʠʭ ʨʦʣʴ ʚ 

ʤʝʭʘʥʠʟʤʝ ʩʙʦʨʢʠ ʢʘʨʢʘʩʥʳʭ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʧʝʨʦʢʩʠʜʦʚ, ʘ ʪʘʢʞʝ ʤʝʪʦʜʳ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʠ ʧʦʣʫʯʘʝʤʳʝ ʩ ʠʭ ʧʦʤʦʱʴʶ ʘʥʩʘʤʙʣʠ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʢʦʥʬʦʨʤʝʨʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʤʦʣʝʢʫʣ. 

 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

ʈʝʟʫʣʴʪʘʪʳ, ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʥʠʞʝ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚʧʝʨʚʳʝ: 

1. ʇʦʩʪʨʦʝʥʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʨʝʘʢʮʠʡ ʩʙʦʨʢʠ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʝʨʦʢʩʠʜʦʚ ʠʟ ɓ,ɔô-ʪʨʠʢʝʪʦʥʦʚ, ɓ,ŭô-ʪʨʠʢʝʪʦʥʦʚ ʠ ŭ-ʜʠʢʝʪʦʥʦʚ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ ʠ N-ʥʫʢʣʝʦʬʠʣʦʚ. ʇʦʩʪʨʦʝʥʥʳʝ ʤʦʜʝʣʠ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʥʘʙʣʶʜʝʥʠʷʤʠ, ʘ ʨʝʟʫʣʴʪʘʪʳ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʦʜʫʢʪʦʚ ʧʦʜʪʚʝʨʞʜʝʥʳ ʨʝʟʫʣʴʪʘʪʘʤʠ 
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ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ. ʅʘ ʦʩʥʦʚʝ ʧʦʩʪʨʦʝʥʥʳʭ ʤʦʜʝʣʝʡ ʦʧʨʝʜʝʣʝʥʳ 

ʩʢʦʨʦʩʪʴ-ʣʠʤʠʪʠʨʫʶʱʠʝ ʩʪʘʜʠʠ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʧʨʦʜʫʢʪʳ ʵʪʠʭ ʨʝʘʢʮʠʡ. 

2. ʀʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʜʝʣʦʢʘʣʠʟʘʮʠʠ ʥʝʧʦʜʝʣʸʥʥʳʭ ʧʘʨ ʵʣʝʢʪʨʦʥʦʚ ʛʝʪʝʨʦʘʪʦʤʦʚ 

ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʧʝʨʦʢʩʠʜʦʚ ʥʘ ʠʭ ʢʦʥʬʦʨʤʘʮʠʶ, ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʫʶ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʩʙʦʨʢʠ 

ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʧʝʨʦʢʩʠʜʦʚ ʠʟ ʧʦʣʠʢʝʪʦʥʦʚ, ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ ʠ N-

ʥʫʢʣʝʦʬʠʣʦʚ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʢʠʥʝʪʠʯʝʩʢʠ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʦʙʨʘʪʥʳʤ Ŭ-

ʵʬʬʝʢʪʦʤ, ʪʦ ʝʩʪʴ ʧʦʥʠʞʝʥʥʦʡ ʩʪʘʙʠʣʠʟʘʮʠʝʡ ʢʘʨʙʦʢʘʪʠʦʥʦʚ ʧʝʨʦʢʩʠʜʥʦʡ 

ʛʨʫʧʧʦʡ. 

3. ʇʨʝʜʣʦʞʝʥ ʠ ʨʝʘʣʠʟʦʚʘʥ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʡ 

ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʧʦ ʠʭ ʩʪʝʧʝʥʷʤ ʩʚʦʙʦʜʳ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʦʨʠʛʠʥʘʣʴʥʦʤ ʧʦʜʭʦʜʝ ʯʝʨʝʟ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʨʝʰʝʥʠʝ ʦʙʨʘʪʥʦʡ ʢʠʥʝʤʘʪʠʢʠ 

ʜʣʷ ʢʘʞʜʦʛʦ ʦʪʜʝʣʴʥʦʛʦ ʮʠʢʣʘ. ʈʝʘʣʠʟʘʮʠʷ ʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʥʘʭʦʜʠʪʩʷ ʚ 

ʦʪʢʨʳʪʦʤ ʜʦʩʪʫʧʝ https://pypi.org/project/ringo-ik [17]. 

4. ʀʟʫʯʝʥʳ ʩʢʦʨʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʢʦʥʬʦʨʤʘʮʠʡ, ʧʦʣʥʦʪʘ 

ʘʥʩʘʤʙʣʝʡ ʠ ʪʦʯʥʦʩʪʴ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʤʝʪʦʜʝ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʥʘ ʦʩʥʦʚʝ ʦʙʨʘʪʥʦʡ 

ʢʠʥʝʤʘʪʠʢʠ. 

 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ 

1. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʘʢʪʠʚʘʮʠʷ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ ʫʯʘʩʪʠʝʤ ʥʝʧʦʜʝʣʸʥʥʳʭ 

ʧʘʨ ʵʣʝʢʪʨʦʥʦʚ ʛʝʪʝʨʦʘʪʦʤʦʚ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʬʘʢʪʦʨʦʤ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʢʦʥʪʨʦʣʷ ʩʙʦʨʢʠ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʝʘʢʮʠʠ, ʧʨʦʪʝʢʘʶʱʠʝ 

ʯʝʨʝʟ ʙʠʤʦʣʝʢʫʣʷʨʥʫʶ ʥʫʢʣʝʦʬʠʣʴʥʫʶ ʘʪʘʢʫ ʧʦ ʧʝʨʦʢʩʠʢʘʨʙʝʥʠʝʚʦʤʫ ʠʦʥʫ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʢʠʥʝʪʠʯʝʩʢʠ ʙʣʦʢʠʨʫʶʪʩʷ ʦʙʨʘʪʥʳʤ Ŭ-ɻ ʬʬʝʢʪʦʤ. ʇʨʘʢʪʠʯʝʩʢʘʷ 

ʟʥʘʯʠʤʦʩʪʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʠʭ ʧʨʠʥʮʠʧʦʚ ʜʣʷ 

ʧʣʘʥʠʨʦʚʘʥʠʷ ʩʠʥʪʝʟʘ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʝʨʦʢʩʠʜʦʚ ʠ ʨʝʘʢʮʠʡ ʩ ʠʭ ʫʯʘʩʪʠʝʤ. 

2. ʈʘʟʨʘʙʦʪʘʥ ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʛʣʦʙʘʣʴʥʦʛʦ ʩʵʤʧʣʠʨʦʚʘʥʠʷ ʢʦʥʬʦʨʤʘʮʠʡ 

ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʤʝʪʦʜʦʤ ʦʙʨʘʪʥʦʡ ʢʠʥʝʤʘʪʠʢʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʭ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ. ʇʨʘʢʪʠʯʝʩʢʘʷ 

ʟʥʘʯʠʤʦʩʪʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʝʜʩʢʘʟʘʥʠ ̫ʢʦʥʬʦʨʤʘʮʠʡ ʤʦʣʝʢʫʣ 

https://pypi.org/project/ringo-ik
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ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʚʝʱʝʩʪʚ, ʚʢʣʶʯʘʷ ʤʘʢʨʦʮʠʢʣʠʯʝʩʢʠʝ 

ʦʨʛʘʥʠʯʝʩʢʠʝ ʧʝʨʦʢʩʠʜʳ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʭ 

ʩʚʷʟʳʚʘʥʠʷ ʩ ʙʝʣʢʘʤʠ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʧʫʪʴ ʢ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ ʚʠʨʪʫʘʣʴʥʦʤʫ 

ʩʢʨʠʥʠʥʛʫ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʚʝʱʝʩʪʚ. 

 

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺʩʝ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʪyʳ ʨʝʘʢʮʠʡ ʩʙʦʨʢʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʝʨʦʢʩʠʜʦʚ 

ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ Gaussian16 A.03 [18] ʥʘ ʫʨʦʚʥʝ ʪʝʦʨʠʠ PBE0-

D3BJ [19,20] / 6-311++G(d,p) [21,22] ʩ ʤʦʜʝʣʷʤʠ ʥʝʷʚʥʦʡ ʩʦʣʴʚʘʪʘʮʠʠ SMD [23] ʠʣʠ 

CPCM [24]. ɺ ʨʘʩʯʪyʘʭ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʚʘʟʠʛʘʨʤʦʥʠʯʝʩʢʘʷ 

ʧʦʧʨʘʚʢʘ, ʨʘʩʩʯʠʪʳʚʘʝʤʘʷ ʩ ʧʦʤʦʱʴʶ ʢʦʜʘ GoodVibes [25]. ɼʣʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʧʦʠʩʢʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʦʙʩʪʚʝʥʥʘʷ ʠʤʧʣʝʤʝʥʪʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ringmaker Monte-

Carlo (RMMC), ETKDG [14], ʠʤʧʣʝʤʝʥʪʠʨʦʚʘʥʥʳʡ ʚ ʧʘʢʝʪʝ RDKit [26], ʘ ʪʘʢʞʝ 

ʧʘʡʧʣʘʡʥ iMTD-GC ʚ ʧʘʢʝʪʝ CREST 2.12 [27]. ɼʣʷ ʣʦʢʘʣʠʟʘʮʠʠ ʧʝʨʝʭʦʜʥʳʭ 

ʩʦʩʪʦʷʥʠʡ (ʇʉ) ʠ ʠʭ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʧʨʠʤʝʥʷʣʩʷ ʧʦʜʭʦʜ [28], 

ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʠ ʇʉ ʚ ʤʠʥʠʤʫʤ ʵʥʝʨʛʠʠ 

ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʜʣʠʥʘʭ ʨʘʟʨʳʚʘʶʱʠʭʩʷ ʠ ʦʙʨʘʟʫʶʱʠʭʩʷ ʩʚʷʟʝʡ ʥʘ ʠʭ 

ʦʞʠʜʘʝʤʦʡ ʜʣʠʥʝ ʚ ʇʉ (2 ¡ ʜʣʷ ʩʚʷʟʝʡ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʚʪʦʨʦʛʦ ʧʝʨʠʦʜʘ) ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʦʧʪʠʤʠʟʘʮʠʝʡ ʚ ʩʝʜʣʦʚʫʶ ʪʦʯʢʫ ï ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʫʧʨʦʱʘʝʪ 

ʣʦʢʘʣʠʟʘʮʠʶ ʇʉ. ɼʣʷ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʛʝʦʤʝʪʨʠʡ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʦʚʝʨʢʘ ʯʠʩʣʘ 

ʤʥʠʤʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ (0 ï ʜʣʷ ʠʥʪʝʨʤʝʜʠʘʪʦʚ, 1 ï ʜʣʷ ʇʉ). 

ʇʨʠ ʘʥʘʣʠʟʝ ʨʝʟʫʣʴʪʘʪʦʚ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʥʷʪʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ. ʇʦʜ ʥʠʤ ʧʦʥʠʤʘʝʪʩʷ ʥʘʠʙʦʣʴʰʘʷ 

ʨʘʟʥʦʩʪʴ ʩʚʦʙʦʜʥʳʭ ʵʥʝʨʛʠʡ ʤʝʞʜʫ ʢʘʢʠʤ-ʣʠʙʦ ʇʉ ʠ ʣʶʙʳʤ ʠʟ ʠʥʪʝʨʤʝʜʠʘʪʦʚ, 

ʧʨʝʜʰʝʩʪʚʫʶʱʠʭ ʵʪʦʤʫ ʇʉ ʧʦ ʭʦʜʫ ʨʝʘʢʮʠʠ. ʕʪʦ ʦʩʥʦʚʘʥʦ ʥʘ ʚʳʚʦʜʝ 

ʧʨʝʜʰʝʩʪʚʫʶʱʠʭ ʨʘʙʦʪ [29,30] ʦ ʪʦʤ, ʯʪʦ ʚ ʤʥʦʛʦʩʪʘʜʠʡʥʳʭ ʨʝʘʢʮʠʦʥʥʳʭ ʩʠʩʪʝʤʘʭ 

ʥʘʙʣʶʜʘʝʤʘʷ ʩʢʦʨʦʩʪʴ ʥʝ ʚʩʝʛʜʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʵʥʝʨʛʠʝʡ ʘʢʪʠʚʘʮʠʠ ɝὋ ʦʜʥʦʡ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʩʪʘʜʠʠ, ʧʦʩʢʦʣʴʢʫ ʥʝʩʢʦʣʴʢʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʩʪʘʜʠʡ ʤʦʛʫʪ ʩʦʟʜʘʪʴ 

ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʵʬʬʝʢʪʠʚʥʳʡ ʙʘʨʴʝʨ. ʇʦʵʪʦʤʫ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʨʴʝʨ ʦʢʘʟʳʚʘʝʪʩʷ 
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ʠʥʬʦʨʤʘʪʠʚʥʳʤ ʜʘʞʝ ʚ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʥʠ ʦʜʥʘ ʦʪʜʝʣʴʥʘʷ ʩʪʘʜʠʷ ʥʝ ʷʚʣʷʝʪʩʷ 

ʩʢʦʨʦʩʪʴ-ʣʠʤʠʪʠʨʫʶʱʝʡ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʦʙʨʘʪʥʦʡ ʢʠʥʝʤʘʪʠʢʠ ʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 

ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥ rʚ ʚʠʜʝ ʙʠʙʣʠʦʪʝʢʠ ʜʣʷ Python, 

ʠʤʧʣʝʤʝʥʪʠʨʦʚʘʥʥʦʡ ʥʘ ʷʟʳʢʝ C++ [17]. ɼʣʷ ʚʳʜʝʣʝʥʠʷ ʥʝʟʘʚʠʩʠʤʳʭ ʮʠʢʣʦʚ ʚ 

ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʬʨʘʛʤʝʥʪʘʭ ʤʦʣʝʢʫʣ ʚ ʘʣʛʦʨʠʪʤʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʚʳʯʠʩʣʝʥʠʷ 

ʙʘʟʠʩʘ ʮʠʢʣʦʚ ʤʠʥʠʤʘʣʴʥʦʛʦ ʚʝʩʘ FAST-MCB [31]. ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʡ 

ʦʜʠʥʦʯʥʳʭ ʮʠʢʣʦʚ ʧʦ ʟʘʜʘʥʥʳʤ ʥʝʟʘʚʠʩʠʤʳʤ ʪʦʨʩʠʦʥʥʳʤ ʫʛʣʘʤ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʘʣʛʦʨʠʪʤ Triaxial Loop Closure (TLC) [15]. ʉʙʦʨʢʘ ʢʦʥʬʦʨʤʘʮʠʡ ʠʟ ʛʝʦʤʝʪʨʠʡ 

ʦʪʜʝʣʴʥʳʭ ʮʠʢʣʦʚ ʠ ʥʝʮʠʢʣʠʯʝʩʢʠʭ ʬʨʘʛʤʝʥʪʦʚ ʧʨʦʠʟʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ ʤʘʪʨʠʮ 

ʩʪʘʥʜʘʨʪʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʧʝʮʠʘʣʴʥʦʡ ʝʚʢʣʠʜʦʚʦʡ ʛʨʫʧʧʳ σ. 

ɼʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʦʚʦʛʦ ʤʝʪʦʜʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʤʳ 

ʩʨʘʚʥʠʣʠ ʝʛʦ ʩ ʨʷʜʦʤ ʧʦʧʫʣʷʨʥʳʭ ʤʝʪʦʜʦʚ: (1) ʘʣʛʦʨʠʪʤ ETKDG ʠʟ ʙʠʙʣʠʦʪʝʢʠ 

RDKit; (2) ʤʝʪʦʜ MTD ʚ ʙʠʙʣʠʦʪʝʢʝ XTB ʥʘ ʦʩʥʦʚʝ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʩ 

ʣʦʢʘʣʴʥʳʤ ʧʦʜʲʸʤʦʤ ʧʦʪʝʥʮʠʘʣʘ; (3) CREST ï ʘʣʛʦʨʠʪʤ, ʦʙʲʝʜʠʥʷʶʱʠʡ MTD, 

ʢʣʘʩʩʠʯʝʩʢʫʶ ʤʦʣʝʢʫʣʷʨʥʫʶ ʜʠʥʘʤʠʢʫ ʠ ʛʝʥʝʪʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ; (4) ʤʝʪʦʜ 

ʪʦʨʩʠʦʥʥʦʛʦ ʧʝʨʝʙʦʨʘ ʄʦʥʪʝ-ʂʘʨʣʦ ʚ ʧʨʦʛʨʘʤʤʝ MacroModel (MCMM); (5) 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʝ ʩʵʤʧʣʠʨʦʚʘʥʠʝ ʤʘʢʨʦʮʠʢʣʦʚ ʚ MacroModel (MMBS). ɺ ʨʘʩʯʸʪʘʭ 

MTD ʠ CREST ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʫʨʦʚʝʥʴ ʪʝʦʨʠʠ GFN-FF [32] / ALPB(H2O) [33], ʘ ʚ 

MacroModel ʧʨʠʤʝʥʷʣʦʩʴ ʩʠʣʦʚʦʝ ʧʦʣʝ OPLS-3 ʩ ʥʝʷʚʥʳʤ ʫʯʸʪʦʤ ʩʦʣʴʚʘʪʘʮʠʠ 

ʚʦʜʦʡ. ʇʝʨʝʜ ʜʘʣʴʥʝʡʰʠʤ ʘʥʘʣʠʟʦʤ ʚʩʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʘʥʩʘʤʙʣʠ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʥʘ ʝʜʠʥʦʤ ʫʨʦʚʥʝ ʪʝʦʨʠʠ MMFF94 [34]. ɺ ʢʘʯʝʩʪʚʝ ʪʝʩʪʦʚʦʛʦ 

ʥʘʙʦʨʘ ʨʘʩʩʤʦʪʨʝʥʳ 150 ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʠ ʣʝʢʘʨʩʪʚʝʥʥʦ-ʧʦʜʦʙʥʳʭ 

ʤʘʢʨʦʮʠʢʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʠʩʧʦʣʴʟʦʚʘʚʰʠʭʩʷ ʜʣʷ ʪʝʩʪʠʨʦʚʘʥʠ ̫MMBS [35]. 

ɼʣ ̫ʧʨʦʚʝʨʢʠ ʛʣʦʙʘʣʴʥʦʩʪʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʨʘʟʨʘʙʦʪʘʥʥʳʤ ʥʘʤʠ 

ʘʣʛʦʨʠʪʤʦʤ ʤʳ ʧʦʩʪʨʦʠʣʠ ʜʚʫʤʝʨʥʳʝ ʜʠʘʛʨʘʤʤʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʘʥʩʘʤʙʣʝʡ 

ʢʘʞʜʦʡ ʤʦʣʝʢʫʣʳ, ʛʜʝ ʪʦʯʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʢʣʘʩʪʝʨʘʤ ʢʦʥʬʦʨʤʘʮʠʡ ʤʘʢʨʦʮʠʢʣʘ; 

ʢʣʘʩʪʝʨ ʩʯʠʪʘʝʪʩʷ ʥʘʡʜʝʥʥʳʤ, ʝʩʣʠ ʭʦʪʷ ʙʳ ʦʜʥʘ ʢʦʥʬʦʨʤʘʮʠʷ ʠʟ ʘʥʩʘʤʙʣʷ 

ʧʨʠʥʘʜʣʝʞʠʪ ʵʪʦʤʫ ʢʣʘʩʪʝʨʫ. ʇʦʩʪʨʦʝʥʠʝ ʜʠʘʛʨʘʤʤ ʪʨʝʙʫʝʪ ʩʧʦʩʦʙʘ ʠʟʤʝʨʝʥʠʷ 

ʩʭʦʜʩʪʚʘ ʤʝʞʜʫ ʧʘʨʘʤʠ ʢʦʥʬʦʨʤʝʨʦʚ. ɺʤʝʩʪʦ ʦʙʳʯʥʦʛʦ ʧʦʣʥʦʘʪʦʤʥʦʛʦ 
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ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠ ̫(RMSD) ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʤʝʪʨʠʢʘ ʮʠʢʣʠʯʝʩʢʦʛʦ 

RMSD (CRMSD). ɽʜʠʥʩʪʚʝʥʥʦʝ ʦʪʣʠʯʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ CRMSD 

ʚʳʯʠʩʣʷʝʪʩʷ ʪʦʣʴʢʦ ʜʣʷ ʮʠʢʣʠʯʝʩʢʠʭ ʘʪʦʤʦʚ, ʘ ʧʨʠ ʥʘʣʠʯʠʠ ʥʝʩʢʦʣʴʢʠʭ 

ʮʠʢʣʠʯʝʩʢʠʭ ʬʨʘʛʤʝʥʪʦʚ CRMSD ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʥʝʟʘʚʠʩʠʤʦ ʜʣʷ ʢʘʞʜʦʛʦ 

ʬʨʘʛʤʝʥʪʘ, ʠ ʚ ʢʘʯʝʩʪʚʝ ʦʢʦʥʯʘʪʝʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ CRMSD ʚʳʙʠʨʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʦʝ 

ʠʟ ʚʳʯʠʩʣʝʥʥʳʭ. ʇʦʩʪʨʦʝʥʠ2ʝ ʘʥʩʘʤʙʣʝʚʦʡ ʜʠʘʛʨʘʤʤʳ ʜʣʷ ʢʘʞʜʦʡ ʤʦʣʝʢʫʣʳ 

ʚʢʣʶʯʘʣʦ ʩʣʝʜʫʶʱʠʝ ʰʘʛʠ: (1) ʨʘʩʯʸʪ ʤʘʪʨʠʮʳ CRMSD ʜʣʷ ʦʙʲʝʜʠʥʝʥʥʦʛʦ 

ʘʥʩʘʤʙʣʷ ʧʦ ʚʩʝʤ ʤʝʪʦʜʘʤ ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ ʢʦʥʬʦʨʤʝʨʦʚ ʩ ʵʥʝʨʛʠʝʡ > 15 ʢʢʘʣ/ʤʦʣʴ 

ʦʪ ʤʠʥʠʤʘʣʴʥʦʛʦ, (2) ʢʣʘʩʪʝʨʠʟʘʮʠʷ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʦʡ ʤʘʪʨʠʮʳ ʤʝʪʦʜʦʤ 

DBSCAN [36], (3) ʨʘʩʯʸʪ ʜʚʫʤʝʨʥʳʭ ʢʦʦʨʜʠʥʘʪ ʢʣʘʩʪʝʨʦʚ ʠʟ ʤʘʪʨʠʮ CRMSD ʧʫʪʸʤ 

ʧʦʥʠʞʝʥʠʷ ʨʘʟʤʝʨʥʦʩʪʠ ʩ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ t-SNE [37] (ʧʘʨʘʤʝʪʨ perplexity ï 50, 

ʩʢʦʨʦʩʪʴ ʦʙʫʯʝʥʠʷ ï 10, ʯʠʩʣʦ ʠʪʝʨʘʮʠʡ ï 2000). 

ʕʥʝʨʛʠʠ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʩʚʦʙʦʜʥʳʝ ʵʥʝʨʛʠʠ ʨʝʘʢʮʠʡ ɝὋ ʠ 

ʘʢʪʠʚʘʮʠʠ ɝὋ ʚ ʪʝʢʩʪʝ ʠ ʥʘ ʨʠʩʫʥʢʘʭ ʧʨʠʚʝʜʝʥʳ ʚ ʢʢʘʣ/ʤʦʣʴ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʮʝʥʪʨʘ ʢʦʣʣʝʢʪʠʚʥʦʛʦ 

ʧʦʣʴʟʦʚʘʥʠʷ çʂʦʤʧʣʝʢʩ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ 

ʫʩʪʘʥʦʚʦʢ ʤʝʛʘ-ʢʣʘʩʩʘè ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, http://ckp.nrcki.ru/. 

 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ʉʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʝ ʵʬʬʝʢʪʳ ʩ ʫʯʘʩʪʠʝʤ ʥʝʧʦʜʝʣʸʥʥʳʭ ʧʘʨ ʵʣʝʢʪʨʦʥʦʚ 

ʛʝʪʝʨʦʘʪʦʤʦʚ, ʢʦʥʪʨʦʣʠʨʫʶʱʠʝ ʥʘʧʨʘʚʣʝʥʠʝ ʨʝʘʢʮʠʡ ʩʙʦʨʢʠ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ 

ʧʝʨʦʢʩʠʜʦʚ ʠʟ ʧʦʣʠʢʝʪʦʥʦʚ ʠ ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ. 

2. ʇʦʜʭʦʜ ʦʙʨʘʪʥʦʡ ʢʠʥʝʤʘʪʠʢʠ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʡ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ 

ʤʦʣʝʢʫʣ ʠʟ ʟʘʜʘʥʥʦʛʦ ʥʘʙʦʨʘ ʟʥʘʯʝʥʠʡ ʠʭ ʥʝʟʘʚʠʩʠʤʳʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ, 

ʩʚʦʜʷʱʠʡ ʟʘʜʘʯʫ ʦʙʨʘʪʥʦʡ ʢʠʥʝʤʘʪʠʢʠ ʧʦʣʠʮʠʢʣʘ ʢ ʨʝʰʝʥʠʶ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʟʘʜʘʯ ʦʙʨʘʪʥʦʡ ʢʠʥʝʤʘʪʠʢʠ ʜʣʷ ʦʜʠʥʦʯʥʳʭ ʮʠʢʣʦʚ. 

3. ɸʣʛʦʨʠʪʤ ʛʣʦʙʘʣʴʥʦʛʦ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ, 

ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʢʦʥʬʦʨʤʘʮʠʡ, ʧʦʣʥʦʪʫ ʘʥʩʘʤʙʣʝʡ ʠ ʪʦʯʥʦʩʪʴ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ 

http://ckp.nrcki.ru/
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ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ, ʧʨʝʚʦʩʭʦʜʷ ʧʦ ʦʜʥʦʤʫ ʠʣʠ ʥʝʩʢʦʣʴʢʠʤ ʵʪʠʤ 

ʧʦʢʘʟʘʪʝʣʷʤ ʩʫʱʝʩʪʚʫʶʱʠʝ ʤʝʪʦʜʳ (CREST, ETKDG, MacroModel). 

 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠ ʣʦʢʘʣʠʟʘʮʠʠ ʦʨʙʠʪʘʣʝʡ ʜʣʷ 

ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʙʦʨʢʠ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ ʠ ʠʭ ʘʥʘʣʠʟʘ, ʘ 

ʪʘʢʞʝ ʜʝʪʘʣʴʥʳʤ ʩʨʘʚʥʝʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 

ʩ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʧʝʨʝʜʦʚʳʤʠ ʤʝʪʦʜʘʤʠ ʥʘ ʪʝʩʪʦʚʦʤ ʥʘʙʦʨʝ ʣʝʢʘʨʩʪʚʝʥʥʦ-

ʧʦʜʦʙʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 

1. XIII International Conference on Chemistry for Young Scientists çMendeleev 2024è. 

ï ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 2ï6 ʩʝʥʪʷʙʨʷ 2024 ʛ. ï ʫʩʪʥʳʡ ʜʦʢʣʘʜ.  

2. XXVII ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ-ʭʠʤʠʢʦʚ. ï ʛ. ʅʠʞʥʠʡ 

ʅʦʚʛʦʨʦʜ, ʅʦʚʛʦʨʦʜʩʢʘʷ ʦʙʣ., 16ï18 ʘʧʨʝʣʷ 2024 ʛ. ï ʫʩʪʥʳʡ ʜʦʢʣʘʜ. 

3. V. A. Fock Meeting on Theoretical, Quantum and Computational Chemistry. ï ʛ. 

ɺʝʣʠʢʠʡ ʅʦʚʛʦʨʦʜ, 4ï8 ʩʝʥʪʷʙʨʷ 2023 ʛ ï ʫʩʪʥʳʡ ʜʦʢʣʘʜ. 

4. ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦʩʚʷʱʝʥʥʘʷ 65-ʣʝʪʠʶ ʩʦ ʜʥʷ ʦʩʥʦʚʘʥʠʷ 

ʅʀʆʍ ʉʆ ʈɸʅ çʉʦʚʨʝʤʝʥʥʳʝ ʧʨʦʙʣʝʤʳ ʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠè. ï ʛ. 

ʅʦʚʦʩʠʙʠʨʩʢ, 26ï30 ʠʶʥʷ 2023 ʛ. ï ʬʣʝ-hʜʦʢʣʘʜ. 

5. ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʄʘʨʢʦʚʥʠʢʦʚʩʢʠʝ ʯʪʝʥʠʷ: ʦʨʛʘʥʠʯʝʩʢʘʷ 

ʭʠʤʠʷ ʦʪ ʄʘʨʢʦʚʥʠʢʦʚʘ ʜʦ ʥʘʰʠʭ ʜʥʝʡè. ï ʧ. ʃʦʦ, ʂʨʘʩʥʦʜʘʨʩʢʠʡ ʢʨʘʡ, 16ï21 

ʩʝʥʪʷʙʨʷ 2022 ʛ. ï ʫʩʪʥʳʡ ʜʦʢʣʘʜ. 

6. ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ç18-th Session of the V. A. Fock Meeting on Quantum 

and Computational Chemistryè. ï ʛ. ɺʝʣʠʢʠʡ ʅʦʚʛʦʨʦʜ, ʅʦʚʛʦʨʦʜʩʢʠʡ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʗʨʦʩʣʘʚʘ ʄʫʜʨʦʛʦ, 22ï26 ʘʚʛʫʩʪʘ 2022 ʛ. ï 

ʫʩʪʥʳʡ ʜʦʢʣʘʜ. 
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7. ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʤʦʣʦʜʝʞʥʘʷ ʥʘʫʯʥʘʷ ʰʢʦʣʘ-ʢʦʥʬʝʨʝʥʮʠʷ çɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ 

ʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠè. ï ʧ. ʐʝʨʝʛʝʰ, ʂʝʤʝʨʦʚʩʢʘʷ ʦʙʣ., 20ï26 ʤʘʨʪʘ 2022 ʛ. ï 

ʫʩʪʥʳʡ ʜʦʢʣʘʜ. 

 

ʃʠʯʥʳʡ ʚʢʣʘʜ. ɺ ʨʘʙʦʪʘʭ ʧʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʩʙʦʨʢʠ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ 

ʘʚʪʦʨ ʣʠʯʥʦ ʧʨʝʜʣʦʞʠʣ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʠʩʩʣʝʜʫʝʤʳʭ ʨʝʘʢʮʠʡ, 

ʩʧʣʘʥʠʨʦʚʘʣ ʠ ʧʨʦʚʣy ʥʝʦʙʭʦʜʠʤʳʝ ʨʘʩʯʪyʳ, ʘ ʪʘʢʞʝ ʫʯʘʩʪʚʦʚʘʣ ʚ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʠ 

ʘʥʘʣʠʟʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʚ ʥʘʧʠʩʘʥʠʠ ʩʪʘʪʝʡ. ɺ 

ʦʙʟʦʨʥʳʭ ʨʘʙʦʪʘʭ ʧʦ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʤ ɻ ʬʬʝʢʪʘʤ ʘʚʪʦʨ ʫʯʘʩʪʚʦʚʘʣ ʚ ʠʟʫʯʝʥʠʠ 

ʣʠʪʝʨʘʪʫʨʳ, ʥʘʧʠʩʘʥʠʠ ʪʝʢʩʪʘ, ʧʨʦʚʝʜʝʥʠʠ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʪyʦʚ ʠ 

ʧʦʜʛʦʪʦʚʢʝ ʠʣʣʶʩʪʨʘʮʠʡ. ɺ ʨʘʙʦʪʘʭ ʧʦ ʦʙʨʘʪʥʦʡ ʢʠʥʝʤʘʪʠʢʝ ʘʚʪʦʨ ʣʠʯʥʦ ʦʧʨʝʜʝʣʠʣ, 

ʧʨʝʜʣʦʞʠʣ ʠ ʨʝʘʣʠʟʦʚʘʣ ʘʣʛʦʨʠʪʤ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ, ʧʨʦʚʣy ʪʝʩʪʠʨʦʚʘʥʠʝ, 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʣ ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʠ ʥʘʧʠʩʘʣ ʩʪʘʪʴʠ. 

 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 3 ʨʘʟʜʝʣʦʚ, 

ʟʘʢʣʶʯʝʥʠʷ, ʩʧʠʩʢʘ ʧʫʙʣʠʢʘʮʠʡ ʘʚʪʦʨʘ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ, ʩʧʠʩʢʘ ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʩʦʢʨʘʱʝʥʠʡ ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ. ʈʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 155 ʩʪʨʘʥʠʮʘʭ, ʩʦʜʝʨʞʠʪ 50 

ʨʠʩʫʥʢʦʚ, 202 ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʝ ʩʩʳʣʢʠ ʠ 2 ʧʨʠʣʦʞʝʥʠʷ. 
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ʈʘʟʜʝʣ 1. ʄʝʪʦʜ rʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 

 

1.1. ʆʙʟʦʨ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 

ɿʘʜʘʯʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʳʷʚʣʝʥʠʠ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʢʦʥʬʦʨʤʝʨʦʚ1 ʤʦʣʝʢʫʣ ï ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʠʭ ʛʝʦʤʝʪʨʠʠ ʠ 

ʵʥʝʨʛʠʠ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʚʘʞʥʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʠ ʭʠʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʚʝʱʝʩʪʚʘ. ʉ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʧʦʠʩʢ 

ʩʚʦʜʠʪʩʷ ʢ ʟʘʜʘʯʝ ʥʘʭʦʞʜʝʥʠʷ ʛʣʦʙʘʣʴʥʦʛʦ ʤʠʥʠʤʫʤʘ (ʛʣʦʙʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ) ʠ 

ʥʠʟʢʦʣʝʞʘʱʠʭ ʣʦʢʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ. ɺ ʜʘʥʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ 

ʤʦʣʝʢʫʣʳ ʚʳʩʪʫʧʘʝʪ ʚ ʢʘʯʝʩʪʚʝ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ (ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʦʧʦʣʦʛʠʠ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʛʨʘʬʘ), ʘ ʧʝʨʝʤʝʥʥʳʤʠ ʷʚʣʷʶʪʩʷ ʚʥʫʪʨʝʥʥʠʝ ʢʦʦʨʜʠʥʘʪʳ ʤʦʣʝʢʫʣʳ 

ʠʣʠ ʜʝʢʘʨʪʦʚʳ ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ. 

ʄʝʪʦʜʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʤʦʛʫʪ ʠʩʩʣʝʜʦʚʘʪʴ ʧʦʚʝʨʭʥʦʩʪʴ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ (ʇʇʕ) ʠʩʭʦʜʷ ʣʠʙʦ ʠʟ ʥʝʢʦʪʦʨʦʛʦ ʩʪʘʨʪʦʚʦʛʦ ʢʦʥʬʦʨʤʝʨʘ, 

ʣʠʙʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʛʨʘʬʘ2; ʚ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʛʝʥʝʨʘʮʠʷ 

ʠʩʭʦʜʥʳʭ ʢʦʥʬʦʨʤʘʮʠʡ ʩʪʘʥʦʚʠʪʩʷ ʦʪʜʝʣʴʥʦʡ ʟʘʜʘʯʝʡ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʣʦʢʘʣʴʥʦʡ 

ʤʠʥʠʤʠʟʘʮʠʠ,3 ʜʣʷ ʢʦʪʦʨʦʡ ʥʘʧʨʘʚʣʝʥʠʝ ʩʧʫʩʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʥʪʠʛʨʘʜʠʝʥʪʦʤ 

6ɳὶᴆ, ʛʣʦʙʘʣʴʥʳʡ ʧʦʠʩʢ ʤʠʥʠʤʫʤʦʚ ʦʢʘʟʳʚʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦ ʩʣʦʞʥʝʝ. ʕʪʦ 

ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʜʘʣʢyʠʭ ʦʪ ʥʘʯʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʥʠʤʫʤʦʚ 

ʥʝʦʙʭʦʜʠʤʳ ʢʘʢ ʥʠʩʭʦʜʷʱʠʝ, ʪʘʢ ʠ ʚʦʩʭʦʜʷʱʠʝ ʧʝʨʝʤʝʱʝʥʠʷ ʧʦ ʇʇʕ ʧʨʠ ʪʦʤ, ʯʪʦ 

 

1 ɿʜʝʩʴ ʠ ʜʘʣʝʝ ʚ ʨʘʤʢʘʭ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʧʦʜ çʢʦʥʬʦʨʤʘʮʠʝʡè ʧʦʥʠʤʘʝʪʩʷ ʣʶʙʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʘʪʦʤʦʚ (ʥʘʙʦʨ ʷʜʝʨʥʳʭ ʢʦʦʨʜʠʥʘʪ), ʦʪʚʝʯʘʶʱʝʝ ʟʘʜʘʥʥʦʡ ʪʦʧʦʣʦʛʠʠ ʠ 

ʩʪʝʨʝʦʭʠʤʠʠ. ʊʝʨʤʠʥ çʢʦʥʬʦʨʤʝʨè ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʙʦʟʥʘʯʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʠ, ʢʦʪʦʨʘʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʣʦʢʘʣʴʥʦʤʫ ʤʠʥʠʤʫʤʫ ʥʘ ʇʇʕ. 

2 ɿʜʝʩʴ ʠ ʜʘʣʝʝ ʧʦʜ çʤʦʣʝʢʫʣʷʨʥʳʤ ʛʨʘʬʦʤè ʧʦʥʠʤʘʝʪʩʷ ʛʨʘʬ ʩʚʷʟʥʦʩʪʠ ʤʦʣʝʢʫʣʳ ʩ ʘʪʨʠʙʫʪʘʤʠ ʚʝʨʰʠʥ 

(ʭʠʤʠʯʝʩʢʠʡ ʵʣʝʤʝʥʪ, ʟʘʨʷʜ) ʠ ʨʸʙʝʨ (ʢʨʘʪʥʦʩʪʴ ʩʚʷʟʠ). 

3 ʇʦʜ ʣʦʢʘʣʴʥʦʡ ʤʠʥʠʤʠʟʘʮʠʝʡ ʧʦʥʠʤʘʝʪʩʷ ʩʪʘʥʜʘʨʪʥʘʷ ʜʣʷ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʨʦʮʝʜʫʨʘ ʧʦʠʩʢʘ ʤʠʥʠʤʫʤʘ ʇʇʕ. ɺ ʧʨʦʩʪʝʡʰʝʤ ʩʣʫʯʘʝ ʦʥʘ ʨʝʘʣʠʟʫʝʪʩʷ ʛʨʘʜʠʝʥʪʥʳʤ ʩʧʫʩʢʦʤ, ʘ ʚ 

ʧʦʧʫʣʷʨʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʧʘʢʝʪʘʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʚʘʟʠ-ʥʴʶʪʦʥʦʚʩʢʠʝ ʤʝʪʦʜ rʚ ʠʟʙʳʪʦʯʥʳʭ ʚʥʫʪʨʝʥʥʠʭ 

ʢʦʦʨʜʠʥʘʪʘʭ. ɺʳʨʘʞʝʥʠʷ çʤʠʥʠʤʠʟʘʮʠʷ ʵʥʝʨʛʠʠè ʠ çʣʦʢʘʣʴʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʛʝʦʤʝʪʨʠʠè ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʠʞʝ 

ʚ ʪʦʤ ʞʝ ʟʥʘʯʝʥʠʠ. 
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ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʧʦʚʳʰʘʶʱʠʝ ɻʥʝʨʛʠʶ ʜʚʠʞʝʥʠ ̫ʘʧʨʠʦʨʠ ʥʝʠʟʚʝʩʪʥʳ. ʊʝʤ 

ʥʝ ʤʝʥʝʝ ʢ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʨʘʟʨʘʙʦʪʘʥʳ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ ʢ ʛʣʦʙʘʣʴʥʦʤʫ 

ʧʦʠʩʢʫ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʢʦʥʬʦʨʤʝʨʦʚ, ʢʦʪʦʨʳʝ, ʩʦʛʣʘʩʥʦ ʥʘʰʝʤʫ ʦʧʳʪʫ, ʤʦʞʥʦ 

ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʧʦ ʪʨʸʤ ʛʨʫʧʧʘʤ:  

1. ʄʝʪʦʜʳ ʛʣʦʙʘʣʴʥʦʛʦ ʧʝʨʝʙʦʨʘ ï ʩʣʫʯʘʡʥʳʡ, ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʡ ʠʣʠ ʵʤʧʠʨʠʯʝʩʢʠʡ 

ʚʳʙʦʨ ʥʘʯʘʣʴʥʳʭ ʪʦʯʝʢ ʥʘ ʇʇʕ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʣʦʢʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʝʡ ʚ 

ʙʣʠʞʘʡʰʠʡ ʤʠʥʠʤʫʤ. 

2. ʄʝʪʦʜʳ ʜʚʠʞʝʥʠʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ï ʜʠʥʘʤʠʢʘ ʠʣʠ 

ʩʣʫʯʘʡʥʦʝ ʙʣʫʞʜʘʥʠʝ, ʤʘʢʩʠʤʠʟʠʨʫʶʱʝʝ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʩʝʱʝʥʠʷ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʦʙʣʘʩʪʝʡ; ʘʣʛʦʨʠʪʤʳ ɻʪʦʡ ʛʨʫʧʧʳ ʧʝʨʝʩʝʢʘʶʪʩʷ ʩ ʤʝʪʦʜʘʤʠ 

ʧʦʩʪʨʦʝʥʠʷ ʚʳʙʦʨʦʢ ʠʟ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʘʥʩʘʤʙʣʝʡ ʤʦʣʝʢʫʣ. 

3. ʄʝʪʦʜʳ ʘʫʛʤʝʥʪʘʮʠʠ ʘʥʩʘʤʙʣʝʡ ï ʘʥʘʣʠʟ ʥʘʙʦʨʘ ʫʞʝ ʥʘʡʜʝʥʥʳʭ ʢʦʥʬʦʨʤʝʨʦʚ ʠ 

ʠʭ ʵʥʝʨʛʠʡ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʦ ʦʪʩʫʪʩʪʚʫʶʱʠʭ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʣʦʢʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʛʝʥʝʨʘʮʠʝʡ ʥʦʚʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʛʝʦʤʝʪʨʠʡ ʠ ʠʭ ʣʦʢʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʝʡ. 

ʄʝʪʦʜʳ ʧʝʨʚʦʡ ʛʨʫʧʧʳ ʦʩʥʦʚʘʥʳ ʥʘ ʚʟʘʠʤʥʦ ʥʝʟʘʚʠʩʠʤʳʭ, ʥʝʢʦʨʨʝʣʠʨʦʚʘʥʥʳʭ 

ʠʪʝʨʘʮʠʷʭ ʧʝʨʝʙʦʨʘ ʠ ʟʘʧʫʩʢʘʭ ʣʦʢʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ. ɺ ʤʝʪʦʜʘʭ ʚʪʦʨʦʡ ʛʨʫʧʧʳ 

ʢʘʞʜʘʷ ʧʦʩʣʝʜʫʶʱʘʷ ʠʪʝʨʘʮʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʩʪʦʷʥʠʝʤ ʩʠʩʪʝʤʳ, ʧʦʣʫʯʝʥʥʳʤ ʥʘ 

ʧʨʝʜʳʜʫʱʝʤ ʰʘʛʝ (ʚ ʤʝʪʦʜʘʭ ʩ ʘʜʘʧʪʠʚʥʳʤ ʩʤʝʱʘʶʱʠʤ ʧʦʪʝʥʮʠʘʣʦʤ ï 

ʥʝʩʢʦʣʴʢʠʤʠ ʧʨʝʜʳʜʫʱʠʤʠ ʩʦʩʪʦʷʥʠʷʤʠ). ʄʝʪʦʜʳ ʪʨʝʪʴʝʡ ʛʨʫʧʧʳ ʦʧʠʨʘʶʪʩʷ ʥʘ 

ʛʣʦʙʘʣʴʥʳʡ ʘʥʘʣʠʟ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʢʦʥʬʦʨʤʝʨʦʚ ʠ ʠʭ ʵʥʝʨʛʠʡ 

ʩ ʮʝʣʴʶ ʧʨʝʜʩʢʘʟʘʥʠʷ ʥʦʚʳʭ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ. ʅʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥ 

ʦʙʟʦʨ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ, ʦʨʛʘʥʠʟʦʚʘʥʥʳʡ ʩʦʛʣʘʩʥʦ ʜʘʥʥʦʡ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʦʙʩʫʞʜʝʥʠʝ ʤʝʪʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʚʳʜʝʣʝʥʦ ʚ 

ʦʪʜʝʣʴʥʳʡ ʧʦʜʨʘʟʜʝʣ 1.1.4. 

1.1.1. ʄʝʪʦʜʳ ʛʣʦʙʘʣʴʥʦʛʦ ʧʝʨʝʙʦʨʘ 

ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʫʯʘʡʥʦʤ ʠʣʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʤ ʧʝʨʝʙʦʨʝ 

ʩʪʘʨʪʦʚʳʭ ʢʦʥʬʦʨʤʘʮʠʡ, ʨʘʩʧʨʝʜʝʣʥyʥʳʭ ʧʦ ʇʇʕ. ʀʟ ʢʘʞʜʦʡ ʪʘʢʦʡ ʢʦʥʬʦʨʤʘʮʠʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʣʦʢʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʚʳʧʦʣʥʷʝʪʩʷ ʩʧʫʩʢ ʚ ʙʣʠʞʘʡʰʠʡ 

ʣʦʢʘʣʴʥʳʡ ʤʠʥʠʤʫʤ, ʧʦʩʣʝ ʯʝʛʦ ʜʫʙʣʠʨʫʶʱʠʝʩʷ ʩʪʨʫʢʪʫʨʳ ʠʩʢʣʶʯʘʶʪʩʷ. 
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ʂʣʶʯʝʚʳʤ ʵʣʝʤʝʥʪʦʤ ʤʝʪʦʜʦʚ ʧʝʨʝʙʦʨʘ ʷʚʣʷʝʪʩʷ ʘʣʛʦʨʠʪʤ ʛʝʥʝʨʘʮʠʠ ʩʪʘʨʪʦʚʳʭ 

ʢʦʥʬʦʨʤʘʮʠʡ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʙʳʩʪʨʦʝ ʧʦʣʫʯʝʥʠʝ ʪʦʯʝʢ ʥʘ ʇʇʕ, ʥʘʭʦʜʷʱʠʭʩʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʤʠʥʠʤʫʤʦʚ. ɼʣʷ ʟʘʜʘʯʠ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʨʘʟʨʘʙʦʪʘʥʦ ʤʥʦʞʝʩʪʚʦ 

ʘʣʛʦʨʠʪʤʦʚ ʧʝʨʝʙʦʨʘ: 

1. ʄʝʪʦʜʳ ʜʠʩʪʘʥʮʠʦʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ï ʧʦʣʫʯʝʥʠʝ ʩʣʫʯʘʡʥʳʭ ʢʦʥʬʦʨʤʘʮʠʡ ʧʫʪʸʤ 

ʦʧʪʠʤʠʟʘʮʠʠ ʜʝʢʘʨʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʦʚ ʜʣʷ ʫʜʦʚʣʝʪʚʦʨʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 

ʦʛʨʘʥʠʯʝʥʠʡ. 

2. ʄʝʪʦʜʳ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʞyʩʪʢʦʛʦ ʨʦʪʘʪʦʨʘ ï ʧʝʨʝʙʦʨ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ, 

ʦʪʚʝʯʘʶʱʠʭ ʟʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʫʶ ʧʦʜʚʠʞʥʦʩʪʴ ʤʦʣʝʢʫʣʳ, ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ 

ʜʣʠʥʘʭ ʩʚʷʟʝʡ, ʚʘʣʝʥʪʥʳʭ ʫʛʣʘʭ ʠ ʞʸʩʪʢʠʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʘʭ (ʢʘʢ ʧʨʘʚʠʣʦ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʨʘʪʥʳʤ ʩʚʷʟʷʤ). 

3. ʕʤʧʠʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ï ʛʝʥʝʨʘʮʠʷ ʢʦʥʬʦʨʤʘʮʠʡ ʥʘ ʦʩʥʦʚʝ ʛʝʦʤʝʪʨʠʡ 

ʬʨʘʛʤʝʥʪʦʚ, ʠʟʚʣʝʯʸʥʥʳʭ ʠʟ ʩʪʨʫʢʪʫʨʥʳʭ ʙʘʟ ʜʘʥʥʳʭ, ʠ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʥʘʠʙʦʣʝʝ 

ʚʝʨʦʷʪʥʳʭ ʟʥʘʯʝʥʠʡ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ. 

ʅʠʞʝ ʧʨʠʚʝʜʥy ʦʙʟʦʨ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʝʨʝʙʦʨʘ, ʩʦʛʣʘʩʥʦ ʜʘʥʥʦʡ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ. ʄʥʦʛʠʝ ʤʝʪʦʜʳ ʥʘ ʦʩʥʦʚʝ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʪʘʢʞʝ ʤʦʞʥʦ 

ʦʪʥʝʩʪʠ ʢ ʤʝʪʦʜʘʤ ʧʝʨʝʙʦʨʘ, ʦʜʥʘʢʦ ʦʥʠ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʦʪʜʝʣʴʥʦ, ʚ 

ʧʦʜʨʘʟʜʝʣʝ 1.1.4.  

 

1.1.1.1. ɼʠʩʪʘʥʮʠʦʥʥʘʷ ʛʝʦʤʝʪʨʠʷ ʠ ʨʦʜʩʪʚʝʥʥʳʝ ʤʝʪʦʜʳ 

ɽʩʣʠ ʨʝʰʘʪʴ ʟʘʜʘʯʫ ʧʝʨʝʙʦʨʘ ʢʦʥʬʦʨʤʘʮʠʡ ʚ ʜʝʢʘʨʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪʘʭ ʘʪʦʤʦʚ, ʪʦ 

ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ ʢʦʨʨʝʢʪʥʦʩʪʴ ʪʦʧʦʣʦʛʠʠ ʠ ʚʘʣʝʥʪʥʳʭ ʫʛʣʦʚ. ʆʯʝʚʠʜʥʳʤ 

ʧʦʜʭʦʜʦʤ ʷʚʣʷʝʪʩʷ ʚʳʙʦʨ ʩʣʫʯʘʡʥʳʭ ʧʦʣʦʞʝʥʠʡ ʘʪʦʤʦʚ ʚ ʦʙʲʤyʝ ʢʫʙʘ ʠʣʠ ʰʘʨʘ 

ʜʦʩʪʘʪʦʯʥʦʛʦ ʨʘʟʤʝʨʘ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʦʧʪʠʤʠʟʘʮʠʝʡ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʝʦʙʭʦʜʠʤʦʡ 

ʪʦʧʦʣʦʛʠʠ ʠ ʣʦʢʘʣʴʥʦʡ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʛʝʦʤʝʪʨʠʠ. ʗʨʢʠʤ ʧʨʠʤʝʨʦʤ ʵʪʦʛʦ ʧʦʜʭʦʜʘ 

ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ Stochastic Proximity Embedding (SPE) [38,39], ʢʦʪʦʨʳʡ ʧʦʣʫʯʘʝʪ 

ʢʦʥʬʦʨʤʘʮʠʠ ʠʟ ʩʣʫʯʘʡʥʦ ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʚ ʦʙʲʸʤʝ ʢʫʙʘ ʘʪʦʤʦʚ ʧʫʪʸʤ 

ʤʠʥʠʤʠʟʘʮʠʠ ʦʰʠʙʦʢ ʚ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ (ʜʣʷ ʬʠʢʩʘʮʠʠ ʜʣʠʥ ʩʚʷʟʝʡ, 

ʚʘʣʝʥʪʥʳʭ ʫʛʣʦʚ ʠ ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʡ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ) ʠ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ 
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ʦʙʲʸʤʘʭ (ʜʣʷ ʢʦʥʪʨʦʣʷ ʩʪʝʨʝʦʮʝʥʪʨʦʚ ʠ ʟʥʘʢʘ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ). ʆʜʥʘʢʦ, ʜʣʷ 

ʢʨʫʧʥʳʭ ʩʠʩʪʝʤ ʪʘʢʦʡ ʤʝʪʦʜ ʥʝʵʬʬʝʢʪʠʚʝʥ, ʪʘʢ ʢʘʢ ʪʨʝʙʫʝʪ ʜʣʠʪʝʣʴʥʦʡ 

ʦʧʪʠʤʠʟʘʮʠʠ ʜʣʷ ʩʙʦʨʢʠ ʢʘʞʜʦʡ ʥʦʚʦʡ ʢʦʥʬʦʨʤʘʮʠʠ ʠʟ ʩʣʫʯʘʡʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ 

ʘʪʦʤʦʚ. ɼʣʷ ʯʘʩʪʠʯʥʦʛʦ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ Self-

Organizing Superimposition (SOS) [40], ʢʦʪʦʨʳʡ ʧʦʚʳʰʘʝʪ ʩʢʦʨʦʩʪʴ ʠ ʚʝʨʦʷʪʥʦʩʪʴ 

ʫʩʧʝʭʘ ʦʧʪʠʤʠʟʘʮʠʠ ʩʪʘʨʪʦʚʦʡ ʛʝʦʤʝʪʨʠʠ ʟʘ ʩʯʪy ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʠʙʣʠʦʪʝʢʠ 

ʩʪʨʫʢʪʫʨ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ (ʥʘʧʨʠʤʝʨ, ʙʝʥʟʦʣʴʥʳʭ ʢʦʣʝʮ).   

ʂʘʢ ʦʢʘʟʘʣʦʩʴ, ʚʝʨʦʷʪʥʦʩʪʴ ʫʩʧʝʰʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʩʣʫʯʘʡʥʦʡ ʛʝʦʤʝʪʨʠʠ ʤʦʞʥʦ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʚʳʩʠʪʴ, ʝʩʣʠ ʥʘ ʵʪʘʧʝ ʝʸ ʛʝʥʝʨʘʮʠʠ ʫʯʝʩʪʴ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ 

ʦʛʨʘʥʠʯʝʥʠʷ (ʜʣʠʥʳ ʩʚʷʟʝʡ, ʚʘʣʝʥʪʥʳʝ ʫʛʣʳ ʠ ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʪʦʨʩʠʦʥʥʳʭ 

ʫʛʣʦʚ), ʢʦʪʦʨʳʝ ʵʢʚʠʚʘʣʝʥʪʥʦ ʚʳʨʘʞʘʶʪʩʷ ʯʝʨʝʟ ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ (ʈʠʩʫʥʦʢ 

1). ɺ ʪʘʢʦʡ ʬʦʨʤʫʣʠʨʦʚʢʝ ʜʣʷ ʵʪʦʛʦ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜʳ ʜʠʩʪʘʥʮʠʦʥʥʦʡ 

ʛʝʦʤʝʪʨʠʠ (ɼɻ), ʨʘʟʜʝʣʘ ʛʝʦʤʝʪʨʠʠ, ʟʘʥʠʤʘʶʱʝʛʦʩʷ ʙʝʟʢʦʦʨʜʠʥʘʪʥʳʤ ʦʧʠʩʘʥʠʝʤ 

ʢʦʥʝʯʥʳʭ ʥʘʙʦʨʦʚ ʪʦʯʝʢ, ʠʩʧʦʣʴʟʫʷ ʪʦʣʴʢʦ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʠʭ ʨʘʩʩʪʦʷʥʠʷʭ ʜʨʫʛ ʦʪ 

ʜʨʫʛʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʤʝʪʦʜʳ ɼɻ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʝʨʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ 

ʥʘʙʦʨʘ ʪʦʯʝʢ ʚ ʪʨyʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʦ ʧʦʣʥʦʡ ʤʘʪʨʠʮʝ ʧʘʨʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʠ 

ʧʦʣʫʯʠʪʴ ʪʘʢʫ  ʁʨʝʘʣʠʟʘʮʠ ʁʘʣʛʦʨʠʪʤʠʯʝʩʢʠ. 

ɺ ʤʝʪʦʜʘʭ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ɼɻ, ʤʝʞʘʪʦʤʥʳʝ 

ʨʘʩʩʪʦʷʥʠʷ, ʥʝ ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʝ ʜʣʠʥʘʤʠ ʩʚʷʟʝʡ, ʚʘʣʝʥʪʥʳʤʠ ʫʛʣʘʤʠ ʠʣʠ ʞʸʩʪʢʠʤʠ 

ʪʦʨʩʠʦʥʥʳʤʠ ʫʛʣʘʤʠ, ʠʩʧʦʣʴʟʫʶʪ ʢʘʢ ʠʩʪʦʯʥʠʢ ʩʣʫʯʘʡʥʦʩʪʠ ʜʣʷ ʛʝʥʝʨʘʮʠʠ 

ʢʦʥʬʦʨʤʘʮʠʡ. ɼʣʷ ʵʪʦʛʦ ʟʘʜʘʶʪ ʜʚʝ ʤʘʪʨʠʮʳ ὔ ṋ ὔ (ʛʜʝ ὔ ï ʯʠʩʣʦ ʘʪʦʤʦʚ) 

ʤʠʥʠʤʘʣʴʥʦ ʠ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʳʭ ʧʘʨʥʳʭ ʨʘʩʩʪʦʷʥʠʡ, ʟʘʪʝʤ ʛʝʥʝʨʠʨʫʶʪ 

ʩʣʫʯʘʡʥʳʝ ʜʠʩʪʘʥʮʠʦʥʥʳʝ ʤʘʪʨʠʮʳ ʩ ʵʣʝʤʝʥʪʘʤʠ ʚ ʵʪʠʭ ʠʥʪʝʨʚʘʣʘʭ ʠ ʧʨʝʦʙʨʘʟʫʶʪ 

ʠʭ ʚ ʪʨʸʭʤʝʨʥʳʝ ʢʦʦʨʜʠʥʘʪʳ ʘʣʛʦʨʠʪʤʘʤʠ ɼɻ. ʅʘʧʨʠʤʝʨ, ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʘʣʛʦʨʠʪʤ [41], ʚʳʯʠʩʣʷʶʱʠʡ ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ ʧʦ ʪʨʤy ʩʦʙʩʪʚʝʥʥʳʤ ʚʝʢʪʦʨʘʤ 

ʤʘʪʨʠʮʳ ɻʨʘʤʘ, ʯʪʦ ʜʘʸʪ ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʢʦʨʨʝʢʪʥʳʭ ʜʠʩʪʘʥʮʠʦʥʥʳʭ ʤʘʪʨʠʮ ʠ 

ʥʘʠʣʫʯʰʝʝ ʧʨʠʙʣʠʞʝʥʠʝ ʧʦ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʡ ʦʰʠʙʢʝ, ʝʩʣʠ ʪʦʯʥʦʛʦ ʪʨʸʭʤʝʨʥʦʛʦ 

ʚʣʦʞʝʥʠʷ ʥʝ ʩʫʱʝʩʪʚʫʝʪ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʙʦʣʝʝ ʪʦʯʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʜʣʷ ʤʘʪʨʠʮ 

ʤʠʥʠʤʘʣʴʥʳʭ ʠ ʤʘʢʩʠʤʘʣʴʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʠʟ ʜʘʥʥʳʭ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʷʜʝʨʥʦʛʦ ʵʬʬʝʢʪʘ ʆʚʝʨʭʘʫʟʝʨʘ, ʢʦʪʦʨʘʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʳʷʚʣʷʝʪ 
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ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʢʦʥʪʘʢʪʳ ʤʝʞʜʫ ʘʪʦʤʘʤʠ. ʂʦʤʙʠʥʘʮʠʷ ʦʧʠʩʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ɼɻ ʩ 

ʪʘʢʠʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʪʨʸʭʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʙʝʣʢʦʚ [42], ʧʨʝʜʩʢʘʟʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʢʦʪʦʨʳʭ ʠʟ ʧʝʨʚʳʭ 

ʧʨʠʥʮʠʧʦʚ ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ. 

 

 

ʈʠʩʫʥʦʢ 1. ʇʨʠʥʮʠʧ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʝʨʝʙʦʨʘ ʤʝʪʦʜʘʤʠ ʜʠʩʪʘʥʮʠʦʥʥʦʡ 

ʛʝʦʤʝʪʨʠʠ. 

 

ɹʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʤʥʦʞʝʩʪʚʦ ʘʣʛʦʨʠʪʤʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʥʘ ʦʩʥʦʚʝ 

ɼɻ  [14,43ï47]. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʤʝʪʦʜʦʤ ʠʟ ʵʪʦʛʦ ʢʣʘʩʩʘ ʷʚʣʷʝʪʩʷ 

ETKDG (Experimental-Torsion + basic Knowledge + Distance Geometry) [14,45], 

ʜʦʩʪʫʧʥʳʡ ʚ ʙʠʙʣʠʦʪʝʢʝ RDKit. ETKDG ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʨʦʤ ʪʦʛʦ, ʢʘʢ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʦ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʘʭ ʤʦʞʥʦ ʚʢʣʶʯʘʪʴ 

ʚ ʧʨʦʮʝʩʩ ʩʝʤʧʣʠʨʦʚʘʥʠʷ ʤʝʪʦʜʘʤʠ ɼɻ; ʚ ʥʸʤ ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʭʘʥʠʟʤ 

ʢʦʥʪʨʦʣʷ çʚʳʪʷʥʫʪʦʩʪʠè ʧʦʣʫʯʘʝʤʳʭ ʢʦʥʬʦʨʤʘʮʠʡ ʮʠʢʣʦʚ ʟʘ ʩʯʸʪ ʫʯʸʪʘ ʧʘʨʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʪʦʯʢʘʤʠ ʤʦʜʝʣʴʥʦʛʦ ʵʣʣʠʧʩʘ ʩ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʳʤ 

ʵʢʩʮʝʥʪʨʠʩʠʪʝʪʦʤ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʩʨʘʚʥʝʥʠʷ ʘʣʛʦʨʠʪʤʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 

ʚ ʨʘʙʦʪʝ [48], ʘʣʛʦʨʠʪʤ ETKDG ʙʳʣ ʚʳʷʚʣʝʥ ʣʠʜʝʨʦʤ ʧʦ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʶ 

ʢʦʥʬʦʨʤʘʮʠʡ ʣʠʛʘʥʜʦʚ, ʨʝʘʣʠʟʫʶʱʠʭʩʷ ʚ ʢʦʤʧʣʝʢʩʘʭ ʩ ʙʝʣʢʘʤʠ. ʊʘʢʞʝ ɼɻ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʦʤʤʝʨʯʝʩʢʦʤ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ OMEGA [44]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʜʭʦʜ ɼɻ ʦʪʣʠʯʥʦ ʧʦʜʭʦʜʠʪ ʜʣʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʝʨʝʙʦʨʘ, 

ʢʦʛʜʘ ʤʥʦʛʠʝ ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʠʟʚʝʩʪʥʳ ʥʘʧʝʨʜy, ʚ ʯʘʩʪʥʦʩʪʠ, ʵʤʧʠʨʠʯʝʩʢʠ 

ʠʟʚʝʩʪʥʳʝ ʪʦʨʩʠʦʥʥʳʝ ʫʛʣʳ ʚ ʤʝʪʦʜʝ ETKDG ʠʣʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʦ 
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ʤʝʞʘʪʦʤʥʳʭ ʢʦʥʪʘʢʪʘʭ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʩʪʨʫʢʪʫʨʳ ʙʝʣʢʦʚ. ʆʜʥʘʢʦ ʚ ʩʣʫʯʘʝ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʛʠʙʢʠʭ ʤʦʣʝʢʫʣ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ, ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʩʪʘʥʦʚʷʪʩʷ ʢʦʦʨʜʠʥʘʪʘʤʠ ʜʣʷ ʧʝʨʝʙʦʨʘ. 

ɼʝʢʘʨʪʦʚʳ ʢʦʦʨʜʠʥʘʪʳ ʠ ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʷʚʣʷʶʪʩʷ ʥʝʫʜʘʯʥʳʤʠ 

ʩʧʦʩʦʙʘʤʠ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʤʦʣʝʢʫʣʳ, ʧʦʪʦʤʫ ʯʪʦ 

ʥʘ ʥʠʭ ʥʘʣʦʞʝʥʘ ʩʠʩʪʝʤʘ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʛʨʘʥʠʯʝʥʠʡ. ʊʘʢ ʢʘʢ ʩʣʫʯʘʡʥʳʡ ʚʳʙʦʨ 

ʢʦʦʨʜʠʥʘʪ ʠʣʠ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʧʨʠʚʦʜʠʪ ʢ ʩʠʣʴʥʦ ʠʩʢʘʞʥyʥʳʤ ʩʪʨʫʢʪʫʨʘʤ, 

ʪʦ ʪʨʝʙʫʝʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʦ ʜʦʣʛʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʜʣʷ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʜʣʠʥ ʩʚʷʟʝʡ, 

ʚʘʣʝʥʪʥʳʭ ʫʛʣʦʚ ʠ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʥʝʩʚʷʟʘʥʥʳʤʠ ʘʪʦʤʘʤʠ (ʟʘʤʝʜʣʝʥʠʝ ʩʢʦʨʦʩʪʠ 

ʩʝʤʧʣʠʨʦʚʘʥʠʷ ETKDG ʦʙʩʫʞʜʝʥʦ ʚ ʧʦʜʨʘʟʜʝʣʝ 3.5). ʂʨʦʤʝ ʪʦʛʦ, ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʡ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʧʝʨʝʙʦʨ ʟʘʪʨʫʜʥʠʪʝʣʝʥ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʝʢʘʨʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ 

ʷʜʝʨ ʠʣʠ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ, ʪʘʢ ʢʘʢ ʠʭ ʠʟʙʳʪʦʯʥʦ ʤʥʦʛʦ ʜʘʞʝ ʜʣʷ ʤʘʣʳʭ 

ʤʦʣʝʢʫʣ (σὔ φ ʠ σὔ φ σὔ χȾς, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʠ ʠʭ ʟʥʘʯʝʥʠʷ ʥʝ 

ʦʛʨʘʥʠʯʝʥʳ ʩʚʝʨʭʫ (ʜʝʢʘʨʪʦʚʳ ʢʦʦʨʜʠʥʘʪʳ ʪʘʢʞʝ ʥʝ ʦʛʨʘʥʠʯʝʥʳ ʩʥʠʟʫ). 

 

1.1.1.2. ʇʨʠʙʣʠʞʝʥʠʝ ʞʸʩʪʢʦʛʦ ʨʦʪʘʪʦʨʘ. ʇʝʨʝʙʦʨ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʢʦʦʨʜʠʥʘʪʘʭ. 

ɺʦ ʤʥʦʛʠʭ ʭʠʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʘʧʨʠʦʨʠ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʪʝʧʝʥʠ ʩʚʦʙʦʜʳ 

(ʉʉ), ʦʧʨʝʜʝʣʷʶʱʠʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʫʶ ʧʦʜʚʠʞʥʦʩʪʴ, ʪʦ ʝʩʪʴ ʠʟʤʝʥʝʥʠʷ ʵʪʠʭ ʉʉ 

ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʧʝʨʝʭʦʜʘ ʧʦ ʇʇʕ ʚ ʦʢʨʝʩʪʥʦʩʪʴ ʣʶʙʦʛʦ ʢʦʥʬʦʨʤʝʨʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʝʛʦ ʥʘʭʦʞʜʝʥʠʝʤ ʯʝʨʝʟ ʣʦʢʘʣʴʥʫʶ ʤʠʥʠʤʠʟʘʮʠʶ. 

ɻʝʦʤʝʪʨʠʷ ʤʦʣʝʢʫʣ ʟʘʜʘʸʪʩʷ ʪʨʝʤʷ ʪʠʧʘʤʠ ʉʉ: ʜʣʠʥʘʤʠ ʩʚʷʟʝʡ, ʚʘʣʝʥʪʥʳʤʠ ʠ 

ʪʦʨʩʠʦʥʥʳʤʠ ʫʛʣʘʤʠ; ʧʨʠ ʵʪʦʤ ʢʦʥʬʦʨʤʘʮʠʦʥʥʫʶ ʧʦʜʚʠʞʥʦʩʪʴ ʦʙʫʩʣʦʚʣʠʚʘʪʁ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʪʦʨʩʠʦʥʥʳʝ ʫʛʣr. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩʫʥʢʝ 2, ʧʦʪʝʥʮʠʘʣʴʥʳʝ 

ʢʨʠʚʳʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʣʠʥʘʤ ʩʚʷʟʝʡ ʠ ʚʘʣʝʥʪʥʳʤ ʫʛʣʘʤ, ʠʤʝʶʪ ʪʦʣʴʢʦ ʦʜʠʥ 

ʤʠʥʠʤʫʤ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʪʠʧʠʯʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ 

ʤʠʥʠʤʫʤʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʞʸʩʪʢʦʩʪʴ (ʪʦ ʝʩʪʴ ʢʨʠʚʠʟʥʘ ʧʦʪʝʥʮʠʘʣʘ ʚʙʣʠʟʠ ʤʠʥʠʤʫʤʘ) 

ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʚ ʨʷʜʫ: ʪʦʨʩʠʦʥʥʳʝ ʫʛʣʳ < ʚʘʣʝʥʪʥʳʝ ʫʛʣʳ < ʜʣʠʥʳ ʩʚʷʟʝʡ (ʩʤ. [49] 

ʩ. 170ï175). ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʜʣʠʥʳ ʩʚʷʟʝʡ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʪʦʷʥʥʳ ʧʦ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʤʫ ʥʘʙʦʨʫ, ʚʘʣʝʥʪʥʳʝ ʫʛʣʳ ʚʘʨʴʠʨʫʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʧʦʨʷʜʢʘ Ñ10Á, ʘ 

ʪʦʨʩʠʦʥʥʳʝ ʫʛʣʳ, ʦʙʣʘʜʘʶʱʠʝ ʥʝʚʳʩʦʢʦʡ ʘʤʧʣʠʪʫʜʦʡ ʧʦʪʝʥʮʠʘʣʘ, ʤʦʛʫʪ ʚ 
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ʧʨʠʥʮʠʧʝ ʧʨʠʥʠʤʘʪʴ ʣʶʙʳʝ ʟʥʘʯʝʥʠʷ ï ʜʣʷ ʥʠʭ ʠʤʝʝʪ ʤʝʩʪʦ ʣʠʰʴ ʙʦʣʴʰʘ ̫

ʧʣʦʪʥʦʩʪ ɹʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʬʦʨʤʝʨʦʚ ʚʙʣʠʟʠ ʤʠʥʠʤʫʤʦʚ ʧʦʪʝʥʮʠʘʣʘ. 

 

 

ʈʠʩʫʥʦʢ 2. ʍʘʨʘʢʪʝʨʥʳʝ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʢʨʠʚʳʝ ʜʣʷ ʜʣʠʥ ʩʚʷʟʝʡ, ʚʘʣʝʥʪʥʳʭ ʠ 

ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ. 

 

ʇʦʜʭʦʜ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʇʇʕ ʧʫʪʸʤ ʠʟʤʝʥʝʥʠʷ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʧʨʠ 

ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʜʣʠʥʘʭ ʩʚʷʟʝʡ, ʚʘʣʝʥʪʥʳʭ ʫʛʣʘʭ ʠ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʘʭ ʢʨʘʪʥʳʭ ʩʚʷʟʝʡ 

ʥʘʟʳʚʘʶʪ ʧʨʠʙʣʠʞʝʥʠʝʤ ʞʸʩʪʢʦʛʦ ʨʦʪʘʪʦʨʘ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʵʪʦ ʷʚʣʷʝʪʩʷ 

ʤʦʜʝʣʴʶ ʭʠʤʠʯʝʩʢʦʛʦ ʢʦʥʩʪʨʫʢʪʦʨʘ ï ʪʦʯʝʯʥʳʝ ʘʪʦʤʳ ʩʦʝʜʠʥʝʥʳ ʤʝʞʜʫ ʩʦʙʦʡ 

ʥʝʨʘʩʪʷʞʠʤʳʤʠ ʠ ʥʝʛʥʫʱʠʤʠʩʷ ʩʚʷʟʷʤʠ. ɻʣʦʙʘʣʴʥʳʡ ʧʝʨʝʙʦʨ ʢʦʥʬʠʛʫʨʘʮʠʡ ʪʘʢʦʛʦ 

ʢʦʥʩʪʨʫʢʪʦʨʘ ʜʣʷ ʠʥʪʝʨʝʩʫʶʱʝʡ ʤʦʣʝʢʫʣʳ ʤʦʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠ, ʯʪʦ 

ʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʨʷʜʝ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ï ʢʘʢ ʩʣʫʯʘʡʥʦʛʦ, ʪʘʢ ʠ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ. 
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ʇʦʜʭʦʜ ʢ ʩʣʫʯʘʡʥʦʤʫ ʧʝʨʝʙʦʨʫ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʣʦʢʘʣʴʥʦʡ 

ʦʧʪʠʤʠʟʘʮʠʝʡ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʚ 1989 ʛʦʜʫ ʠ ʥʘʟʚʘʥ ʤʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ ʜʣʷ ʧʦʠʩʢʘ 

ʤʥʦʛʠʭ ʤʠʥʠʤʫʤʦʚ (Monte Carlo conformational search for Multiple Minima, MCMM) 

[50]. ʉ ʪʝʭ ʧʦʨ ʤʝʪʦʜ MCMM ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʝʨʝʙʦʨʘ ʢʦʥʬʦʨʤʘʮʠʡ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʠ ʚ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʛʦ ʤʝʪʦʜʘ ʩʨʘʚʥʝʥʠʷ ʩ ʥʦʚʳʤʠ ʤʝʪʦʜʘʤʠ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ. MCMM ʨʝʘʣʠʟʦʚʘʥ, ʥʘʧʨʠʤʝʨ, ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ 

Schrºdinger MacroModel [51] ʠ ʚ ʙʠʙʣʠʦʪʝʢʝ OpenBabel [52]. 

ʉʠʩʪʝʤʘʪʠʯʝʩʢʠʡ ʧʝʨʝʙʦʨ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʦʩʥʦʚʘʥ ʥʘ ʧʦʩʪʨʦʝʥʠʠ ʩʝʪʢʠ 

ʧʝʨʝʙʦʨʘ ʧʦ ʟʥʘʯʝʥʠʷʤ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʟʘʪʦʨʤʦʞʝʥʥʳʤ 

ʢʦʥʬʠʛʫʨʘʮʠʷʤ (ʩʤ. ʧʦʣʦʞʝʥʠʷ ʣʦʢʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ ʥʘ ʈʠʩʫʥʢʝ 2). 

ʉʠʩʪʝʤʘʪʠʯʝʩʢʠʡ ʧʝʨʝʙʦʨ ʨʝʘʣʠʟʦʚʘʥ, ʥʘʧʨʠʤʝʨ, ʚ ʙʠʙʣʠʦʪʝʢʝ OpenBabel, ʦʜʥʘʢʦ 

ʵʪʦʪ ʧʦʜʭʦʜ ʧʨʠʤʝʥʠʤ ʪʦʣʴʢʦ ʜʣʷ ʤʘʣʳʭ ʤʦʣʝʢʫʣ ʚʩʣʝʜʩʪʚʠʝ çʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʛʦ 

ʚʟʨʳʚʘè ʯʠʩʣʘ ʪʦʯʝʢ ʩʝʪʢʠ ʧʝʨʝʙʦʨʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʧʦʜʚʠʞʥʳʭ 

ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ. ʇʦʵʪʦʤʫ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʨʷʜ ʧʦʜʭʦʜʦʚ ʢ ʧʦʚʳʰʝʥʠʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʧʝʨʝʙʦʨʘ. ʅʘʧʨʠʤʝʨ, ʤʝʪʦʜ rSUMM [53] ʠ 

Frog [54] ʠʩʧʦʣʴʟʫʪʁ ʧʝʨʝʤʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʩʝʪʢʠ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʧʝʨʝʭʦʜʘ ʢ 

ʛʨʫʙʦʤʫ ʧʝʨʝʙʦʨʫ ʩ ʙʦʣʴʰʠʤ ʰʘʛʦʤ ʠ ʤʝʥʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ, ʝʩʣʠ 

ʨʘʟʤʝʨʳ ʤʦʣʝʢʫʣʳ ʥʝ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʝʩʪʠ ʜʝʪʘʣʴʥʦʝ ʩʝʤʧʣʠʨʦʚʘʥʠʝ. 

ʅʝ ʚʩʝ ʪʦʯʢʠ ʩʝʪʢʠ ʧʝʨʝʙʦʨʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʪʝʨʠʯʝʩʢʠ ʜʦʧʫʩʪʠʤʳʤ 

ʢʦʥʬʦʨʤʘʮʠʷʤ, ʧʦʵʪʦʤʫ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʩʪʨʘʪʝʛʠʷ ʨʝʢʫʨʩʠʚʥʦʛʦ ʧʦʩʪʨʦʝʥʠʷ 

ʢʦʥʬʦʨʤʘʮʠʡ ʜʣʷ ʨʘʥʥʝʛʦ ʠʩʢʣʶʯʝʥʠʷ ʥʝʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʦʜʧʨʦʩʪʨʘʥʩʪʚ ʩʝʪʢʠ; 

ʥʘʧʨʠʤʝʨ, ʝʩʣʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʦʩʝʜʥʠʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʜʝʣʘʝʪ ʬʨʘʛʤʝʥʪ 

ʤʦʣʝʢʫʣʳ ʩʪʝʨʠʯʝʩʢʠ ʟʘʪʨʫʜʥʸʥʥʳʤ, ʪʦ ʧʝʨʝʙʦʨ ʦʩʪʘʣʴʥʳʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʫʞʝ 

ʥʝ ʪʨʝʙʫʝʪʩʷ. ɼʘʥʥʳʡ ʨʝʢʫʨʩʠʚʥʳʡ ʧʦʜʭʦʜ ʨʝʘʣʠʟʦʚʘʥ, ʥʘʧʨʠʤʝʨ, ʚ ʤʝʪʦʜʘʭ 

CAESAR [55] ʠ MULTIC [56]. ʂʨʦʤʝ ʵʪʦʛʦ, ʧʦʨʷʜʦʢ ʦʙʭʦʜʘ ʩʝʪʢʠ ʪʦʞʝ ʤʦʞʝʪ ʠʤʝʪʴ 

ʟʥʘʯʝʥʠʝ ï ʧʨʠ ʧʨʦʩʪʝʡʰʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʦʙʭʦʜʝ ʠ ʜʦʩʨʦʯʥʦʤ ʟʘʚʝʨʰʝʥʠʠ 

ʧʦʠʩʢʘ ʜʦ ʨʘʩʩʤʦʪʨʝʥʠʷ ʚʩʝʭ ʪʦʯʝʢ ʇʇʕ ʙʫʜʝʪ ʧʦʢʨʳʪʘ ʥʝʨʘʚʥʦʤʝʨʥʦ. ʇʦʵʪʦʤʫ 

ʧʨʠʤʝʥʷʶʪʩʷ ʩʪʨʘʪʝʛʠʠ ʦʙʭʦʜʘ ʩʝʪʢʠ ʚ ʧʩʝʚʜʦʩʣʫʯʘʡʥʦʤ ʧʦʨʷʜʢʝ, ʦʩʥʦʚʘʥʥʳʝ, 

ʥʘʧʨʠʤʝʨ, ʥʘ ʤʝʪʦʜʝ ʣʘʪʠʥʩʢʦʛʦ ʛʠʧʝʨʢʫʙʘ ʠ ʨʝʛʠʩʪʨʘʭ ʩʜʚʠʛʘ. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʵʬʬʝʢʪ ʩʣʫʯʘʡʥʦʛʦ ʧʝʨʝʙʦʨʘ ʥʘ ʨʘʥʥʠʭ ʵʪʘʧʘʭ ʧʦʠʩʢʘ, ʧʨʠ ʵʪʦʤ ʢ ʢʦʥʮʫ ʧʨʦʮʝʜʫʨʳ 
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ʚʩʷ ʩʝʪʢʘ ʦʢʘʟʳʚʘʝʪʩʷ ʨʘʚʥʦʤʝʨʥʦ ʧʦʢʨʳʪʦʡ, ʠ ʢʘʞʜʘʷ ʪʦʯʢʘ ʧʦʩʝʱʝʥʘ ʦʜʥʦʢʨʘʪʥʦ. 

ʇʦʜʦʙʥʳʝ ʧʨʠʥʮʠʧʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʤʝʪʦʜʘʭ SUMM [53] ʠ Confab [57]. 

ʋ ʧʨʠʙʣʠʞʝʥʠʷ ʞʸʩʪʢʦʛʦ ʨʦʪʘʪʦʨʘ ʠʤʝʝʪʩʷ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ, ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʳʤ 

ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʤ ʧʝʨʝʙʦʨʝ 

ʯʘʱʝ, ʯʝʤ ʜʝʢʘʨʪʦʚʳ ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ: (1) ʤʝʥʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ 

ʜʣʷ ʧʝʨʝʙʦʨʘ ʠ ʢʦʤʧʘʢʪʥʦʩʪʴ ʧʨʦʩʪʨʘʥʩʪʚʘ ʧʝʨʝʙʦʨʘ (ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʦʜʥʦʛʦ ʪʦʨʩʠʦʥʥʦʛʦ ʫʛʣʘ ʛʦʤʝʦʤʦʨʬʥʦ ʦʢʨʫʞʥʦʩʪʠ, ʘ ʟʥʘʯʠʪ 

ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʞʸʩʪʢʦʛʦ ʨʦʪʘʪʦʨʘ ʠʟ ὔ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ 

ʛʦʤʝʦʤʦʨʬʥʦ ὔ-ʤʝʨʥʦʤʫ ʪʦʨʫ), (2) ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʧʦ ʩʚʦʝʤʫ 

ʧʦʩʪʨʦʝʥʠʶ ʫʯʠʪʳʚʘʝʪ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʜʣʠʥʳ ʩʚʷʟʝʡ, ʚʘʣʝʥʪʥʳʝ ʫʛʣʳ ʠ ʞʩyʪʢʠʝ 

ʪʦʨʩʠʦʥʥʳʝ ʫʛʣʳ, ʧʦʵʪʦʤʫ ʧʨʦʚʝʨʢʘ ʜʦʧʫʩʪʠʤʦʩʪʠ ʢʦʥʬʦʨʤʘʮʠʠ ʩʚʦʜʠʪʩʷ ʪʦʣʴʢʦ ʢ 

ʚʳʷʚʣʝʥʠʶ ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʩʪʝʨʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ. 

ɽʩʣʠ ʤʦʣʝʢʫʣʘ ʩʦʜʝʨʞʠʪ ʮʠʢʣʠʯʝʩʢʠʝ ʬʨʘʛʤʝʥʪʳ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʨʩʠʦʥʥʳʭ 

ʫʛʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʥʝʟʘʚʠʩʠʤʳʭ ʧʝʨʝʤʝʥʥʳʭ ʧʝʨʝʩʪʘʪy ʙʳʪʴ ʪʨʠʚʠʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʦʠʟʚʦʣʴʥʳʡ ʚʳʙʦʨ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʥʝ ʛʘʨʘʥʪʠʨʫʝʪ ʩʦʭʨʘʥʝʥʠʷ 

ʟʘʜʘʥʥʳʭ ʜʣʠʥ ʩʚʷʟʝʡ ʠ ʚʘʣʝʥʪʥʳʭ ʫʛʣʦʚ ʚʥʫʪʨʠ ʮʠʢʣʘ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʦʨʩʠʦʥʥʳʝ 

ʩʪʝʧʝʥʠ ʩʚʦʙʦʜʳ ʜʣʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠʟ ὔ σ ʩʚʷʟʝʡ ʚ ʮʠʢʣʝ, ʩʦʩʪʦʷʱʝʤ ʠʟ ὔ 

ʘʪʦʤʦʚ, ʥʝ ʷʚʣʷʶʪʩʷ ʧʦʣʥʦʩʪʴʶ ʥʝʟʘʚʠʩʠʤʳʤʠ; ʠʭ ʠʟʤʝʥʝʥʠʷ ʜʦʣʞʥʳ 

ʩʦʛʣʘʩʦʚʳʚʘʪʴʩʷ ʩ ʫʩʣʦʚʠʝʤ ʟʘʤʢʥʫʪʦʩʪʠ ʮʠʢʣʘ. ʇʨʦʩʪʝʡʰʠʡ ʧʦʜʭʦʜ ʢ ʨʝʰʝʥʠʶ 

ʵʪʦʡ ʧʨʦʙʣʝʤʳ, ʠʟʚʝʩʪʥʳʡ ʢʘʢ ʤʝʪʦʜ ringmaker [58], ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: ʦʜʥʘ 

ʠʟ ʩʚʷʟʝʡ ʚ ʢʘʞʜʦʤ ʮʠʢʣʝ ʚʨʝʤʝʥʥʦ ʨʘʟʨʳʚʘʝʪʩʷ, ʦʩʪʘʚʣʷʷ ʪʦʣʴʢʦ ʦʩʪʦʚʥʦʝ ʜʝʨʝʚʦ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʛʨʘʬʘ; ʜʘʣʝʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʣʫʯʘʡʥʳʡ ʠʣʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʡ 

ʧʝʨʝʙʦʨ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʜʣʷ ʧʦʣʫʯʝʥʥʦʡ ʘʮʠʢʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʜʣʷ ʢʘʞʜʦʡ 

ʩʛʝʥʝʨʠʨʦʚʘʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ʧʨʦʚʝʨʷʶʪʩʷ ʫʩʣʦʚʠʷ ʥʘ ʜʣʠʥʳ ʩʚʷʟʝʡ ʠ ʚʘʣʝʥʪʥʳʝ ʫʛʣʳ 

ʠʩʭʦʜʥʦʛʦ ʮʠʢʣʘ (ʈʠʩʫʥʦʢ 3). ʇʨʦʰʝʜʰʠʝ ʧʨʦʚʝʨʢʫ ʢʦʥʬʦʨʤʘʮʠʠ ʧʦʜʚʝʨʛʘʶʪʩʷ 

ʜʘʣʴʥʝʡʰʝʡ ʣʦʢʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ. ʉʣʫʯʘʡʥʳʡ ʧʝʨʝʙʦʨ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ 

ʦʪʩʝʠʚʘʥʠʝʤ ʧʦʣʫʯʝʥʥʳʭ ʛʝʦʤʝʪʨʠʡ ʧʦ ʫʩʣʦʚʠʶ ʜʦʩʪʘʪʦʯʥʦʡ ʟʘʤʢʥʫʪʦʩʪʠ ʮʠʢʣʦʚ 

ʥʘʟʳʚʘʝʪʩʷ ʤʝʪʦʜʦʤ ringmaker Monte-Carlo (RMMC). ʇʦʜʭʦʜ ringmaker ʪʘʢʞʝ 

ʠʩʧʦʣʴʟʫʝʪʩʷ, ʥʘʧʨʠʤʝʨ, ʚ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʤ ʘʣʛʦʨʠʪʤʝ MULTIC [56] ʠ ʤʝʪʦʜʝ 

ConfBuster [59] ʥʘ ʦʩʥʦʚʝ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ ʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʧʝʨʝʙʦʨʘ, 
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ʦʜʥʘʢʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʨʦʛʦʚ ʦʪʙʦʨʘ ʢʦʥʬʦʨʤʘʮʠʡ, ʦʥ ʧʨʠʚʦʜʠʪ ʠʣʠ ʢ ʩʠʣʴʥʦ 

ʠʩʢʘʞʸʥʥʳʤ ʢʦʥʬʦʨʤʘʮʠʷʤ, ʠʣʠ ʢ ʦʯʝʥʴ ʥʝʵʬʬʝʢʪʠʚʥʦʤʫ ʧʝʨʝʙʦʨʫ ʩ ʜʦʣʝʡ 

ʚʳʙʨʦʩʦʚ ʥʘ ʩʪʘʜʠʠ ʦʪʩʝʠʚʘʥʠʷ ʙʣʠʟʢʦʡ ʢ 100%. 

 

 

ʈʠʩʫʥʦʢ 3. ʀʣʣʶʩʪʨʘʮʠʷ ʧʦʜʭʦʜʘ ringmaker ʧʦʩʪʨʦʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʡ ʮʠʢʣʠʯʝʩʢʠʭ 

ʤʦʣʝʢʫʣ ʯʝʨʝʟ ʧʝʨʝʙʦʨ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʩ ʧʨʦʚʝʨʢʦʡ ʫʩʣʦʚʠʡ ʟʘʤʳʢʘʥʠʷ ʮʠʢʣʘ. 

ʇʦʜʭʦʜ ʤʘʣʦʵʬʬʝʢʪʠʚʝʥ, ʪʘʢ ʢʘʢ ʙʦʣʴʰʠʥʩʪʚʦ ʠʪʝʨʘʮʠʡ ʧʨʠʚʦʜʷʪ ʢ ʩʠʣʴʥʦ 

ʠʩʢʘʞʸʥʥʳʤ ʛʝʦʤʝʪʨʠʷʤ. 

 

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʝʨʝʙʦʨʘ ʜʣʷ ʮʠʢʣʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʨʷʜ ʧʦʜʭʦʜʦʚ: (1) ʢʦʨʨʝʢʪʠʨʦʚʢʘ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʜʣʷ 

ʤʠʥʠʤʠʟʘʮʠʠ ʠʩʢʘʞʝʥʠʡ ʮʠʢʣʘ, ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʚ ʤʝʪʦʜʝ SUMM [53]; (2) ʛʝʥʝʨʘʮʠʷ 

ʢʦʥʬʦʨʤʘʮʠʡ ʮʠʢʣʦʚ ʤʝʪʦʜʦʤ ʜʠʩʪʘʥʮʠʦʥʥʦʡ ʛʝʦʤʝʪʨʠʠ, ʚʳʧʦʣʥʷʝʤʘʷ ʦʪʜʝʣʴʥʦ ʦʪ 

ʦʩʥʦʚʥʦʛʦ ʧʝʨʝʙʦʨʘ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ, ʯʪʦ ʨʝʘʣʠʟʦʚʘʥʦ ʚ ʤʝʪʦʜʘʭ Frog2 [60] ʠ ʚ 

CORINA [61] ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʤʘʢʨʦʮʠʢʦʚ; (3) ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʙʠʙʣʠʦʪʝʢ ʢʦʥʬʦʨʤʘʮʠʡ (ʧʦʣʠ)ʮʠʢʣʠʯʝʩʢʠʭ ʬʨʘʛʤʝʥʪʦʚ; (4) ʧʦʜʭʦʜ 

ʦʙʨʘʪʥʦʡ ʢʠʥʝʤʘʪʠʢʠ (ʆʂ), ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʪʦʯʥʦʤ ʨʝʰʝʥʠʠ ʩʠʩʪʝʤʳ 

ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʫʩʣʦʚʠʷ ʟʘʤʢʥʫʪʦʩʪʠ ʮʠʢʣʘ. ɺ ʧʝʨʚʦʤ 

ʩʣʫʯʘʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʰʘʛʠ ʦʧʪʠʤʠʟʘʮʠʠ ʩʥʠʞʘʶʪ ʦʙʱʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʝʨʝʙʦʨʘ. ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʥʘʩʣʝʜʫʝʪ ʥʝʜʦʩʪʘʪʢʠ ʤʝʪʦʜʦʚ ʜʠʩʪʘʥʮʠʦʥʥʦʡ ʛʝʦʤʝʪʨʠʠ, 

ʘ ʠʤʝʥʥʦ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʧʦʠʩʢʘ. ʄʝʪʦʜʳ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʩʪʨʫʢʪʫʨʥʳʝ ʙʠʙʣʠʦʪʝʢʠ, ʙʫʜʫʪ 
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ʨʘʩʩʤʦʪʨʝʥʳ ʚ ʩʣʝʜʫʶʱʝʤ ʧʦʜʨʘʟʜʝʣʝ, ʪʦʛʜʘ ʢʘʢ ʦʙʩʫʞʜʝʥʠʶ ʧʦʜʭʦʜʦʚ ʥʘ ʦʩʥʦʚʝ 

ʆʂ ʧʦʩʚʷʱʥy ʈʘʟʜʝʣ 3 ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ. 

 

1.1.1.3. ʄʝʪʦʜʳ ʵʤʧʠʨʠʯʝʩʢʦʛʦ ʧʝʨʝʙʦʨʘ 

ʇʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʤʝʪʦʜʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ, ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʠʭ 

ʧʦʣʦʞʝʥʠʷ ʚ ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʦʧʠʨʘʶʪʩʷ ʥʘ ʪʝ ʠʣʠ ʠʥʳʝ ʵʚʨʠʩʪʠʯʝʩʢʠʝ 

ʧʨʝʜʧʦʣʦʞʝʥʠʷ (ʵʣʝʤʝʥʪʳ ʭʠʤʠʯʝʩʢʦʡ ʠʥʪʫʠʮʠʠ), ʧʦʟʚʦʣʷʶʱʠʝ ʫʤʝʥʴʰʠʪʴ 

ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʩʣʦʞʥʦʩʪʴ ʟʘʜʘʯʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʛʣʦʙʘʣʴʥʦʡ ʤʠʥʠʤʠʟʘʮʠʝʡ 

ʵʥʝʨʛʠʠ ʢʘʢ çʯʸʨʥʦʛʦ ʷʱʠʢʘè. ʂ ʯʠʩʣʫ ʪʘʢʠʭ ʵʚʨʠʩʪʠʢ ʤʦʞʥʦ ʦʪʥʝʩʪʠ: 

1) ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʧʦʩʪʦʷʥʩʪʚʝ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʛʨʘʬʘ ʠ ʩʪʘʥʜʘʨʪʥʳʭ ʟʥʘʯʝʥʠʷʭ 

ʜʣʠʥ ʩʚʷʟʝʡ, ʚʘʣʝʥʪʥʳʭ ʫʛʣʦʚ ʠ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʢʨʘʪʥʳʭ ʩʚʷʟʝʡ; 

2) ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʪʠʧʦʚʳʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʜʣʷ ʩʚʷʟʝʡ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʩ 

ʟʘʜʘʥʥʦʡ ʛʠʙʨʠʜʠʟʘʮʠʝʡ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʩʚʷʟʠ ίὴ ίὴ ʭʘʨʘʢʪʝʨʥʳ ʟʥʘʯʝʥʠʷ ʫʛʣʦʚ 

{Ñ60Á, 180Á};  

3) ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʝʨʝʭʦʜ rʧʨʦʠʩʭʦʜʷʪ ʚʜʦʣʴ 

ʥʘʧʨʘʚʣʝʥʠʡ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ ʠ ʥʝ ʪʨʝʙʫʪʁ ʧʨʝʦʜʦʣʝʥʠʷ ʚʳʩʦʢʠʭ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʙʘʨʴʝʨ rʨʘʟʨʳʚʘ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ; 

4) ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʦʧʨʝʜʝʣʸʥʥʳʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʤʦʪʠʚʦʚ 

(ʥʘʧʨʠʤʝʨ, ʢʦʥʬʠʛʫʨʘʮʠʡ ʮʠʢʣʦʚ, ʤʝʞʘʪʦʤʥʳʭ ʢʦʥʪʘʢʪʦʚ ʠ ʪ. ʧ.), ʥʘʣʠʯʠʝ ʢʦʪʦʨʳʭ 

ʜʝʣʘʝʪ ʢʦʥʬʦʨʤʝʨʳ ʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤʠ. 

ʇʝʨʚʘʷ ʵʚʨʠʩʪʠʢʘ ʥʘʠʙʦʣʝʝ ʚʘʞʥʘ ʜʣʷ ʤʝʪʦʜʦʚ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʠ ʩʣʫʯʘʡʥʦʛʦ 

ʧʝʨʝʙʦʨʘ, ʘ ʚʪʦʨʘʷ ʵʚʨʠʩʪʠʢʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʩʝʪʦʢ ʧʨʠ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʤ ʧʝʨʝʙʦʨʝ. ʊʨʝʪʴʷ ʠ ʯʝʪʚʸʨʪʘʷ ʵʚʨʠʩʪʠʢʠ ʣʝʞʘʪ ʚ ʦʩʥʦʚʝ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʧʫʪʸʤ ʜʚʠʞʝʥʠ ̫ʩʠʩʪʝʤʳ ʧʦ ʇʇʕ ʠ ʘʫʛʤʝʥʪʘʮʠʠ 

ʘʥʩʘʤʙʣʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʩʤ. ʧʦʜʨʘʟʜʝʣʳ 1.1.2 ʠ 1.1.3). 

ʆʩʦʙʫʶ ʛʨʫʧʧʫ ʩʦʩʪʘʚʣʷʶʪ ʵʤʧʠʨʠʯʝʩʢʠʝ ʘʣʛʦʨʠʪʤʳ ï ʦʥʠ ʦʩʥʦʚʘʥ rʥʝ ʥʘ 

ʥʝʙʦʣʴʰʦʤ ʥʘʙʦʨʝ ʚʩʪʨʦʝʥʥʳʭ ʚ ʘʣʛʦʨʠʪʤ ʵʚʨʠʩʪʠʢ, ʘ ʥʘ ʙʦʣʴʰʠʭ ʤʘʩʩʠʚʘʭ 

ʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ, ʟʘʨʘʥʝʝ ʧʦʜʛʦʪʦʚʣʝʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʨʘʩʯʸʪʦʚ 
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ʠʣʠ ʘʥʘʣʠʟʘ ʙʘʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ɺ ʢʘʯʝʩʪʚʝ ʧʝʨʚʠʯʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘʠʙʦʣʴʰʫʶ ʧʦʧʫʣʷʨʥʦʩʪʴ ʠʤʝʶʪ ʛʝʦʤʝʪʨʠʠ ʣʠʛʘʥʜʦʚ 

ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ ʙʝʣʢʦʚ (Protein Data Bank, PDB) [62] ʠ ʢʦʥʬʦʨʤʘʮʠʠ ʤʦʣʝʢʫʣ ʚ 

ʢʨʠʩʪʘʣʣʘʭ ʠʟ ʂʝʤʙʨʠʜʞʩʢʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ (Cambridge Structural 

Database, CSD) [63]. ʇʦʩʢʦʣʴʢʫ ʥʝʣʴʟʷ ʧʦʣʘʛʘʪʴʩʷ ʥʘ ʪʦ, ʯʪʦ ʢʦʥʬʦʨʤʘʮʠʠ 

ʠʥʪʝʨʝʩʫʶʱʝʡ ʤʦʣʝʢʫʣʳ ʠʤʝʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʥʳʭ ʙʘʟʘʭ ʜʘʥʥʳʭ, ʧʨʠʤʝʥʷʝʪʩʷ ʧʦʜʭʦʜ 

ʩ ʚʳʜʝʣʝʥʠʝʤ ʩʪʨʫʢʪʫʨʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʚʥʫʪʨʠ ʤʦʣʝʢʫʣʳ. ɽʩʣʠ ʢʘʞʜʳʡ ʬʨʘʛʤʝʥʪ 

ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʙʘʟʘʭ, ʪʦ ʜʣʷ ʢʘʞʜʦʛʦ ʬʨʘʛʤʝʥʪʘ ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʤʦʜʝʣʴ ʫʩʣʦʚʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʡ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʭʠʤʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ, ʢʦʪʦʨʦʝ 

ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʮʝʣʝʚʦʡ ʤʦʣʝʢʫʣʝ ὖή̕ ̖̑́̄̉Ȣ̍̏ ̋̑̔̇̆̎̉̆. ʉʪʨʫʢʪʫʨʳ ʬʨʘʛʤʝʥʪʦʚ, 

ή̕ ̑́,̄ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʯʝʨʝʟ ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ, ʣʠʙʦ ʯʝʨʝʟ ʪʦʨʩʠʦʥʥʳʝ ʫʛʣʳ 

(ʥʘʙʦʨʳ ʭʘʨʘʢʪʝʨʥʳʭ ʟʥʘʯʝʥʠʡ ʠʣʠ ʛʠʩʪʦʛʨʘʤʤʳ). ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʘʥʩʘʤʙʣʷ ʜʝʣʘʝʪʩʷ ʩʝʤʧʣʠʨʦʚʘʥʠʝ ʠʟ ʫʩʣʦʚʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ 

ʬʨʘʛʤʝʥʪʦʚ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʩʙʦʨʢʦʡ ʧʦʣʥʳʭ ʢʦʥʬʦʨʤʘʮʠʡ ï ɻ ʪʦ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ 

ʦʮʝʥʠʪʴ ʯʘʩʪʦʪʫ ʚʩʪʨʝʯʘʝʤʦʩʪʠ ʢʦʥʬʦʨʤʘʮʠʡ ʠʟ ʫʩʣʦʚʥʳʭ ʚʝʨʦʷʪʥʦʩʪʝʡ 

ʢʦʥʬʦʨʤʘʮʠʡ ʬʨʘʛʤʝʥʪʦʚ. ʂʘʞʜʦʤʫ ʬʨʘʛʤʝʥʪʫ ʩʦʧʦʩʪʘʚʣʷʶʪʩʷ ʫʩʣʦʚʠʷ, ʧʨʠ 

ʢʦʪʦʨʳʭ ʜʘʥʥʳʡ ʬʨʘʛʤʝʥʪ ʩʯʠʪʘʝʪʩʷ ʨʝʣʝʚʘʥʪʥʳʤ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ 

ʭʠʤʠʯʝʩʢʦʛʦ ʦʢʨʫʞʝʥʠʷ. ʉʪʝʧʝʥʴ ʘʙʩʪʨʘʢʮʠʠ ʪʘʢʠʭ ʫʩʣʦʚʠʡ ʚʘʨʴʠʨʫʝʪʩʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʘʜʘʯ, ʥʘ ʢʦʪʦʨʳʝ ʦʨʠʝʥʪʠʨʦʚʘʥ ʤʝʪʦʜ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ. 

ɺ ʩʝʨʝʜʠʥʝ ʩʧʝʢʪʨʘ ʘʙʩʪʨʘʢʪʥʦʩʪʠ ʣʝʞʘʪ ʧʨʘʚʠʣʘ ʪʦʯʥʦʛʦ ʩʦʦʪʚʝʪʩʪʚʠʷ 

ʤʦʣʝʢʫʣʷʨʥʦʤʫ ʧʦʜʛʨʘʬʫ ʩ ʫʯʸʪʦʤ ʪʠʧʦʚ ʘʪʦʤʦʚ, ʢʨʘʪʥʦʩʪʝʡ ʩʚʷʟʝʡ ʠ ʢʦʥʬʠʛʫʨʘʮʠʡ 

ʩʪʝʨʝʦʮʝʥʪʨʦʚ. ʊʘʢʠʝ ʥʘʙʦʨʳ ʩʪʨʫʢʪʫʨ ʠ ʧʨʘʚʠʣ ʯʘʩʪʦ ʥʘʟʳʚʘʶʪ ʙʠʙʣʠʦʪʝʢʘʤʠ 

ʬʨʘʛʤʝʥʪʦʚ. ʍʘʨʘʢʪʝʨʥʳʤ ʧʨʠʤʝʨʦʤ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ BCL::Conf [64], ʙʘʟʘ ʜʘʥʥʳʭ 

ʢʦʪʦʨʦʛʦ ʩʦʜʝʨʞʠʪ ʦʢʦʣʦ 2 ẗ 105 ʬʨʘʛʤʝʥʪʦʚ, ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʢʦʪʦʨʳʭ ʭʨʘʥʠʪʩʷ ʦʜʥʘ 

ʠʣʠ ʥʝʩʢʦʣʴʢʦ ʢʦʥʬʦʨʤʘʮʠʡ, ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ. ʈʘʙʦʪʘ 

ʩ ʤʝʥʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʧʨʘʚʠʣ ʚʦʟʤʦʞʥʘ ʩ ʧʦʤʦʱʴʶ 

ʩʪʨʫʢʪʫʨʥʳʭ hʘʙʣʦʥʦʚ, ʪʦ ʝʩʪʴ ʧʦʜʛʨʘʬʦʚ ʩ ʯʘʩʪʠʯʥʦ ʦʧʨʝʜʝʣʥyʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ 

ʜʘʥʥʳʤʠ. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ̫ʟʳʢʦʤ ʜʣʷ ʦʧʠʩʘʥʠʷ ʪʘʢʠʭ ʧʨʘʚʠʣ ʷʚʣʷʝʪʩʷ 

SMARTS (SMILES Arbitrary Target Specification) [65], ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʥʝʟʘʚʠʩʠʤʦ 

ʫʢʘʟʳʚʘʪʴ ʠʣʠ ʥʝ ʫʢʘʟʳʚʘʪʴ ʭʠʤʠʯʝʩʢʠʡ ʵʣʝʤʝʥʪ, ʘʨʦʤʘʪʠʯʥʦʩʪʴ/ʘʣʠʬʘʪʠʯʥʦʩʪʴ, 

ʢʦʣʠʯʝʩʪʚʦ ʟʘʤʝʩʪʠʪʝʣʝʡ ʥʘ ʘʪʦʤʝ, ʢʨʘʪʥʦʩʪʴ ʩʚʷʟʠ ʠ ʪ. ʧ. ʇʨʘʚʠʣʘ ʥʘ ʦʩʥʦʚʝ 
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SMARTS ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʤʝʪʦʜʘʭ Conformator [66] ʠ CONFORGE [67] ʜʣʷ 

ʨʝʘʣʠʟʘʮʠʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʧʝʨʝʙʦʨʘ ʘʮʠʢʣʠʯʝʩʢʠʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ, ʘ ʪʘʢʞʝ ʚ 

ʘʣʛʦʨʠʪʤʝ ETKDG [14,45] ʠʟ ʙʠʙʣʠʦʪʝʢʠ RDKit ï ʜʣʷ ʫʯʸʪʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʪʦʨʩʠʦʥʥʳʭ ʧʨʝʜʧʦʯʪʝʥʠʡ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʤʘʪʨʠʮ ʨʘʩʩʪʦʷʥʠʡ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʙʠʙʣʠʦʪʝʢʠ ʩ ʦʯʝʥʴ ʩʪʨʦʛʠʤʠ ʧʨʘʚʠʣʘʤʠ, ʥʘʧʨʠʤʝʨ ʘʣʛʦʨʠʪʤʳ ʧʝʨʝʙʦʨʘ ʙʦʢʦʚʳʭ 

ʙʝʣʢʦʚʳʭ ʮʝʧʝʡ MC-SCE [68] ʠ Rosetta [69] ʚʳʧʦʣʥʷʶʪ ʧʝʨʝʙʦʨ ʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʡ 

ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ, ʢʦʪʦʨʳʝ ʪʘʙʫʣʠʨʦʚʘʥʳ ʥʝ ʪʦʣʴʢʦ ʧʦ ʘʤʠʥʦʢʠʩʣʦʪʝ, ʥʦ ʠ ʧʦ 

ʚʝʣʠʯʠʥʝ ʜʚʫʭ ʙʣʠʞʘʡʰʠʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʦʩʪʦʚʘ (ʪ.ʥ. ʦʩʪʦʚ-ʟʘʚʠʩʠʤʳʝ 

ʙʠʙʣʠʦʪʝʢʠ ʨʦʪʘʤʝʨʦʚ [70]). 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʙʠʙʣʠʦʪʝʢʠ ʬʨʘʛʤʝʥʪʦʚ ʠ ʰʘʙʣʦʥʦʚ, ʧʦʩʪʨʦʝʥʥʳʝ ʥʘ ʦʩʥʦʚʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʪyʥʳʭ ʩʪʨʫʢʪʫʨ, ʦʪʣʠʯʥʦ ʧʦʜʭʦʜʷʪ ʜʣʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʧʦʠʩʢʘ ʤʦʣʝʢʫʣ ʩ ʤʘʣʳʤʠ ʮʠʢʣʘʤʠ, ʧʦʪʦʤʫ ʯʪʦ ʪʘʢʠʝ ʬʨʘʛʤʝʥʪʳ ʠʤʝʶʪ ʢʦʥʝʯʥʳʡ 

ʥʘʙʦʨ ʢʦʥʬʦʨʤʘʮʠʡ, ʰʠʨʦʢʦ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʩʪʨʫʢʪʫʨʥʳʭ ʙʘʟʘʭ. ʅʝ ʫʜʠʚʠʪʝʣʴʥʦ, 

ʯʪʦ ʙʠʙʣʠʦʪʝʢʠ ʮʠʢʣʠʯʝʩʢʠʭ ʬʨʘʛʤʝʥʪʦʚ ʠʣʠ ʰʘʙʣʦʥʦʚ ʦʯʝʥʴ ʯʘʩʪʦ ʚʢʣʶʯʝʥʳ ʚ 

ʤʝʪʦʜʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ, ʥʘʧʨʠʤʝʨ, ConfGen [71], CONCORD [72], 

Conformator [66], CONAN [73], BCL::Conf [64], OMEGA [74],  CONFORGE [67], 

SOS [40] ʠ CORINA [61]. ʉʠʪʫʘʮʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʝʪʩʷ ʧʨʠ ʧʝʨʝʭʦʜʝ ʢ 

ʤʘʢʨʦʮʠʢʣʘʤ (ʦʢʦʣʦ 9 ʠ ʙʦʣʝʝ ʘʪʦʤʦʚ) ï ʧʦʩʪʨʦʝʥʠʝ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʙʠʙʣʠʦʪʝʢ ʜʣ ̫

ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʩʦʝʜʠʥʝʥʠʡ ʟʘʪʨʫʜʥʝʥʦ ʚʚʠʜʫ ʠʭ ʚʳʩʦʢʦʡ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ 

ʛʠʙʢʦʩʪʠ ʠ ʦʪʩʫʪʩʪʚʠʷ ʥʘʙʦʨʘ ʪʠʧʦʚʳʭ ʛʝʦʤʝʪʨʠʡ, ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʮʠʢʣʠʯʝʩʢʦʝ 

ʩʪʨʦʝʥʠʝ ʜʝʣʘʝʪ ʪʦʨʩʠʦʥʥʳʝ ʫʛʣʳ ʥʝʩʪʘʥʜʘʨʪʥʳʤʠ ʠ ʩʠʣʴʥʦ ʢʦʨʨʝʣʠʨʦʚʘʥʥʳʤʠ, ʯʪʦ 

ʟʘʪʨʫʜʥʷʝʪ ʧʝʨʝʙʦʨ ʠʟ ʘʧʨʠʦʨʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ. ʇʦʢʘʟʘʪʝʣʴʥʦ, ʯʪʦ ʤʥʦʛʠʝ ʤʝʪʦʜʳ, 

ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʫʶʱʠʝ ʙʠʙʣʠʦʪʝʢʠ ʤʘʣʳʭ ʮʠʢʣʦʚ, ʧʨʠ ʨʘʙʦʪʝ ʩ ʤʘʢʨʦʮʠʢʣʘʤʠ ʠ 

ʛʠʙʢʠʤʠ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʤʠ ʩʠʩʪʝʤʘʤʠ ʦʙʨʘʱʘʶʪʩʷ ʢ ʘʣʴʪʝʨʥʘʪʠʚʥʳʤ ʧʦʜʭʦʜʘʤ. 

ʊʘʢ, ʤʝʪʦʜʳ CORINA [61], OMEGA [74] ʠ CONFORGE [67] ʧʨʠʤʝʥʷʶʪ ʘʣʛʦʨʠʪʤʳ 

ʜʠʩʪʘʥʮʠʦʥʥʦʡ ʛʝʦʤʝʪʨʠʠ (ʧʦʜʨʘʟʜʝʣ 1.1.1.1), ʘ Conformator [66] ʧʦʣʴʟʫʝʪʩʷ 

ʧʦʜʭʦʜʦʤ ringmaker [58] (ʧʦʜʨʘʟʜʝʣ 1.1.1.2). ʀʥʪʝʨʝʩʥʦ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ 

ʵʤʧʠʨʠʯʝʩʢʠʡ çʩʫʧʝʨʩʪʨʫʢʪʫʨʥʳʡè ʧʦʜʭʦʜ ʛʝʥʝʨʘʮʠʠ ʩʪʨʫʢʪʫʨ ʧʦʣʠʮʠʢʣʦʚ ʚ ʤʝʪʦʜʝ 

CORINA (ʈʠʩʫʥʦʢ 4), ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʫʝʪ ʢʦʥʬʦʨʤʘʮʠʠ ʤʘʣʳʭ ʧʦʣʠʮʠʢʣʦʚ ʜʣʷ 

ʧʦʩʪʨʦʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʡ ʤʘʢʨʦʧʦʣʠʮʠʢʣʦʚ. ʆʥ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʵʪʘʧʳ: (1) 
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ʦʧʨʝʜʝʣʝʥʠʝ ʘʪʦʤʦʚ ʚ ʪʦʯʢʘʭ ʚʝʪʚʣʝʥʠʷ ʧʦʣʠʮʠʢʣʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ; (2) ʟʘʤʝʥʘ 

ʣʠʥʝʡʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʤʝʞʜʫ ʵʪʠʤʠ ʘʪʦʤʘʤʠ ʥʘ ʬʠʢʪʠʚʥʳʝ ʩʚʷʟʠ ʩ ʧʦʣʫʯʝʥʠʝʤ 

ʩʫʨʨʦʛʘʪʥʦʛʦ ʧʦʣʠʮʠʢʣʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʤʝʥʴʰʝʝ ʯʠʩʣʦ ʘʪʦʤʦʚ; (3) ʛʝʥʝʨʘʮʠʷ 

ʢʦʥʬʦʨʤʘʮʠʠ ʩʫʨʨʦʛʘʪʥʦʛʦ ʧʦʣʠʮʠʢʣʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʙʣʠʦʪʝʢʠ ʬʨʘʛʤʝʥʪʦʚ; 

(4) ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʫʜʘʣʥyʥʳʭ ʘʪʦʤʦʚ ʯʝʨʝʟ ʧʦʜʩʪʘʥʦʚʢʫ ʠ ʦʧʪʠʤʠʟʘʮʠʶ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʛʨʘʥʠʯʝʥʠʡ. 

 

 

ʈʠʩʫʥʦʢ 4. ʇʨʠʥʮʠʧ ʛʝʥʝʨʘʮʠʠ ʧʨʠʙʣʠʟʠʪʝʣʴʥʳʭ ʢʦʥʬʦʨʤʘʮʠʡ ʤʘʢʨʦʧʦʣʠʮʠʢʣʦʚ ʚ 

ʤʝʪʦʜʝ CORINA. 

 

ʅʘʢʦʥʝʮ, ʪʘʢ ʢʘʢ ʵʤʧʠʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʧʦ ʩʚʦʝʡ ʧʨʠʨʦʜʝ ʩʪʨʦʷʪ ʚʳʙʦʨʢʠ ʠʟ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʩʪʨʫʢʪʫʨ ʬʨʘʛʤʝʥʪʦʚ, ʪʦ ʦʥʠ ʚʩʝ ʜʦʣʞʥʳ ʢʘʢʠʤ-ʪʦ ʦʙʨʘʟʦʤ ʨʝʰʘʪʴ 

ʟʘʜʘʯʫ ʩʙʦʨʢʠ ʝʜʠʥʦʡ ʢʦʥʬʦʨʤʘʮʠʠ ʠʟ ʥʘʡʜʝʥʥʳʭ ʛʝʦʤʝʪʨʠʡ ʬʨʘʛʤʝʥʪʦʚ. ʆʙʳʯʥʦ 

ʵʪʘ ʟʘʜʘʯʘ ʜʝʣʝʛʠʨʫʝʪʩʷ ʜʨʫʛʦʤʫ ʘʣʛʦʨʠʪʤʫ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ, ʥʘʧʨʠʤʝʨ, 

Conformator [66], OMEGA [74], CONFORGE [67] ʠ ConfGen [71] ʚʳʧʦʣʥʷʶʪ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʡ ʧʝʨʝʙʦʨ ʚʘʨʠʘʥʪʦʚ ʩʙʦʨʢʠ ʠʟ ʥʘʡʜʝʥʥʳʭ ʛʝʦʤʝʪʨʠʡ ʬʨʘʛʤʝʥʪʦʚ ʠ 

ʪʠʧʦʚʳʭ ʟʥʘʯʝʥʠʡ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ. ʄʝʪʦʜ ETKDG ʠʩʧʦʣʴʟʫʝʪ ʵʤʧʠʨʠʯʝʩʢʠʝ 

ʜʘʥʥʳʝ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʩʙʦʨʢʠ ʢʦʥʬʦʨʤʘʮʠʡ ʘʣʛʦʨʠʪʤʦʤ ʜʠʩʪʘʥʮʠʦʥʥʦʡ 

ʛʝʦʤʝʪʨʠʠ, ʘ ʤʝʪʦʜ BCL::Conf ʥʘʭʦʜʠʪ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʢʦʤʙʠʥʘʮʠʠ ʩʪʨʫʢʪʫʨ 

ʬʨʘʛʤʝʥʪʦʚ ʤʝʪʦʜʦʤ ʄʝʪʨʦʧʦʣʠʩʘ (ʩʤ. ʧʦʜʨʘʟʜʝʣ 1.1.2.2) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʮʝʥʦʯʥʦʡ ʬʫʥʢʮʠʠ, ʫʯʠʪʳʚʘʶʱʝʡ ʘʧʨʠʦʨʥʳʝ ʚʝʨʦʷʪʥʦʩʪʠ ʛʝʦʤʝʪʨʠʡ ʬʨʘʛʤʝʥʪʦʚ ʠ 

ʩʪʝʨʠʯʝʩʢʫʶ ʟʘʪʨʫʜʥʥyʥʦʩʪʴ ʩʦʙʨʘʥʥʦʡ ʢʦʥʬʦʨʤʘʮʠʠ. 
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ʇʨʝʜʣʘʛʘʣʠʩʴ ʠ ʧʦʜʭʦʜʳ ʢ ʩʙʦʨʢʝ ʢʦʥʬʦʨʤʘʮʠʡ, ʧʦʣʥʦʩʪʴʶ ʦʩʥʦʚʘʥʥʳʝ ʥʘ 

ʵʤʧʠʨʠʯʝʩʢʠʭ ʜʘʥʥʳʭ. ʗʨʢʠʤ ʧʨʠʤʝʨʦʤ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ CONAN [73], ʚ ʢʦʪʦʨʦʤ 

ʤʦʣʝʢʫʣʘ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʧʦʧʘʨʥʦ ʧʝʨʝʩʝʢʘʶʱʠʝʩʷ ʬʨʘʛʤʝʥʪʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʜʝʣʘʪʴ 

ʩʙʦʨʢʫ ʧʫʪʸʤ ʧʘʨʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʪʦʣʴʢʦ ʩʦʚʤʝʩʪʠʤʳʭ ʛʝʦʤʝʪʨʠʡ ʬʨʘʛʤʝʥʪʦʚ. 

ʆʜʥʘʢʦ ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʥʝ ʠʩʢʣʶʯʘʝʪ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʩʪʝʨʠʯʝʩʢʠʭ ʥʘʣʦʞʝʥʠʡ 

ʬʨʘʛʤʝʥʪʦʚ. ʄʝʪʦʜ BCL::Conf ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʝʪ ʧʘʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʬʨʘʛʤʝʥʪʦʚ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʧʝʨʚʠʯʥʦʡ ʢʦʥʬʦʨʤʘʮʠʠ, ʥʦ ʜʣʷ ʫʩʪʨʘʥʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʢʦʥʬʣʠʢʪʦʚ 

ʦʥ ʠʩʧʦʣʴʟʫʝʪ ʚʳʰʝʫʧʦʤʷʥʫʪʳʡ ʘʣʛʦʨʠʪʤ ʄʝʪʨʦʧʦʣʠʩʘ. ɺʩʪʨʝʯʘʶʪʩʷ ʠ ʧʨʠʸʤʳ 

ʫʩʢʦʨʝʥʥʦʡ ʩʙʦʨʢʠ ʢʦʥʬʦʨʤʘʮʠʡ ʠʟ ʬʨʘʛʤʝʥʪʦʚ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʧʦʠʩʢʘ ʠ 

ʧʝʨʝʙʦʨʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʵʚʨʠʩʪʠʢ, ʥʘʧʨʠʤʝʨ, ʘʣʛʦʨʠʪʤ CORINA 

ʚʳʙʠʨʘʝʪ ʘʮʠʢʣʠʯʝʩʢʠʝ ʪʦʨʩʠʦʥʥʳʝ ʫʛʣʳ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʤʘʢʩʠʤʠʟʠʨʦʚʘʪʴ 

ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʘʯʘʣʦʤ ʠ ʢʦʥʮʦʤ ʩʘʤʦʡ ʜʣʠʥʥʦʡ ʮʝʧʠ ʚ ʤʦʣʝʢʫʣʝ, ʘ ʤʝʪʦʜ 

CONCORD ʜʦʙʘʚʣʷʝʪ ʬʨʘʛʤʝʥʪʳ ʦʜʠʥ ʟʘ ʜʨʫʛʠʤ ʠ ʥʘ ʢʘʞʜʦʤ ʵʪʘʧʝ ʦʧʪʠʤʠʟʠʨʫʝʪ 

ʥʦʚʳʡ ʪʦʨʩʠʦʥʥʳʡ ʫʛʦʣ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʩʪʝʨʠʯʝʩʢʦʡ ʟʘʛʨʫʞʝʥʥʦʩʪʠ. 

ʕʤʧʠʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʧʦʢʘʟʳʚʘʶʪ ʚʳʩʦʢʫʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʢʦʥʬʦʨʤʝʨʦʚ, ʩʪʨʫʢʪʫʨʥʦ ʙʣʠʟʢʠʭ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʥʘʙʣʶʜʘʝʤʳʤ ʛʝʦʤʝʪʨʠʷʤ. ʊʘʢ, ʚ ʨʘʙʦʪʝ [75] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʤʧʠʨʠʯʝʩʢʠʡ ʤʝʪʦʜ 

ʜʠʩʪʘʥʮʠʦʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ETKDG, ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ ʧʘʢʝʪʝ RDKit, ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ 

ʠʟ ʣʠʜʝʨʦʚ ʩʨʝʜʠ ʘʣʛʦʨʠʪʤʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʩ ʦʪʢʨʳʪʳʤ ʠʩʭʦʜʥʳʤ 

ʢʦʜʦʤ ʧʦ ʯʘʩʪʦʪʝ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ. ɸ ʩʦʛʣʘʩʥʦ ʪʝʩʪʘʤ 

ʚ [76], ʵʤʧʠʨʠʯʝʩʢʠʡ ʤʝʪʦʜ OMEGA ʧʨʝʚʦʩʭʦʜʠʪ ʜʨʫʛʠʝ ʢʦʤʤʝʨʯʝʩʢʠʝ ʧʨʦʛʨʘʤʤʳ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʫʱʝʩʪʚʫʶʱʠʝ ʵʤʧʠʨʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʥʝ 

ʧʦʜʭʦʜʷʪ ʜʣʷ ʩʦʟʜʘʥʠʷ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 

ʤʘʢʨʦʮʠʢʣʦʚ ʧʦ ʧʨʠʯʠʥʘʤ ʦʛʨʘʥʠʯʝʥʥʦʡ ʧʦʜʚʠʞʥʦʩʪʠ ʠʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʠ 

ʥʝʜʦʩʪʫʧʥʦʩʪʠ ʥʘʙʦʨʦʚ ʪʠʧʦʚʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ. 

 

1.1.2. ʄʝʪʦʜʳ ʜʚʠʞʝʥʠ ̫ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ 

ɺ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚʳʰʝ ʤʝʪʦʜʘʭ ʧʝʨʝʙʦʨʘ ʢʘʞʜʳʡ ʩʣʝʜʫʶʱʠʡ hʘʛ ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʪyʘ ʵʥʝʨʛʠʠ ʠ ʤʠʥʠʤʠʟʘʮʠʠ ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʰʘʛʝ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʤʝʪʦʜʳ ʧʦʩʪʨʦʝʥʠʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʘʥʩʘʤʙʣʝʡ ʧʦʣʫʯʘʶʪ ʪʨʘʝʢʪʦʨʠʶ ʜʚʠʞʝʥʠʷ 
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ʧʦ ʇʇʕ ʧʫʪʸʤ ʦʪʩʯʸʪʘ ʥʦʚʦʡ ʪʦʯʢʠ ʦʪ ʧʨʝʜʳʜʫʱʝʡ ʧʦ ʦʧʨʝʜʝʣʸʥʥʦʤʫ ʧʨʘʚʠʣʫ, 

ʜʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʧʫʪʸʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ. ʏʪʦʙʳ ʪʘʢʘʷ 

ʧʨʦʮʝʜʫʨʘ ʧʦʟʚʦʣʷʣʘ ʧʨʝʦʜʦʣʝʚʘʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ 

ʧʝʨʝʭʦʜʦʚ, ʥʦ ʧʨʠ ʵʪʦʤ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘʭʦʜʠʣʘ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ 

ʢʦʥʬʦʨʤʝʨʳ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʚʝ ʩʪʨʘʪʝʛʠʠ ʧʝʨʝʤʝʱʝʥʠʷ ʧʦ ʇʇʕ (ʈʠʩʫʥʦʢ 5): (1) 

ʢʦʨʦʪʢʠʝ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʝ ʰʘʛʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʯʠʩʣʝʥʥʦʤʫ ʠʥʪʝʛʨʠʨʦʚʘʥʠʶ 

ʫʨʘʚʥʝʥʠʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ (ʄɼ), (2) ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʩʣʫʯʘʡʥʳʝ ʰʘʛʠ ʩ 

ʢʨʠʪʝʨʠʝʤ ʧʨʠʥʷʪʠʷ ʰʘʛʘ, ʙʣʘʛʦʧʨʠʷʪʩʪʚʫʶʱʠʤ ʧʝʨʝʤʝʱʝʥʠʶ ʚ ʙʦʣʝʝ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʝ ʦʙʣʘʩʪʠ, ʥʦ ʜʦʧʫʩʢʘʶʱʠʤ ʧʦʚʳʰʝʥʠʝ ʵʥʝʨʛʠʠ ʜʣʷ 

ʧʨʝʦʜʦʣʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ (ʧʦʜʨʘʟʜʝʣ 1.1.2.2). ɺ ʤʝʪʦʜʘʭ ʠʟ ʧʝʨʚʦʡ ʛʨʫʧʧʳ 

ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʝ ʧʦʚʳʰʝʥʠʝ ʵʥʝʨʛʠʠ ʚ ʭʦʜʝ ʄɼ ʚʦʟʤʦʞʥʦ ʙʣʘʛʦʜʘʨʷ ʧʝʨʝʥʦʩʫ 

ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʢʠʥʝʪʠʯʝʩʢʦʡ ʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʬʦʨʤʘʤʠ, ʘ ʧʨʝʜʧʦʯʪʝʥʠʝ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʦʙʣʘʩʪʝʡ ʚʦʟʥʠʢʘʝʪ ʚʩʣʝʜʩʪʚʠʝ ʟʘʢʦʥʦʚ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ 

ʤʝʭʘʥʠʢʠ. ɺ ʤʝʪʦʜʘʭ ʠʟ ʚʪʦʨʦʡ ʛʨʫʧʧʳ, ʢʦʪʦʨʳʝ ʥʘʟʳʚʘʶʪʩʷ ʤʝʪʦʜʘʤʠ ʄʦʥʪʝ-ʂʘʨʣʦ 

ʩ ʤʘʨʢʦʚʩʢʠʤʠ ʮʝʧʷʤʠ, ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʝʦʜʦʣʝʥʠʷ ʙʘʨʴʝʨʦʚ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ 

ʢʨʠʪʝʨʠʝʤ ʧʨʠʥʷʪʠʷ ʰʘʛʘ, ʠʟ ʢʦʪʦʨʳʭ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʷʚʣʷʝʪʩʷ 

ʢʨʠʪʝʨʠʡ ʄʝʪʨʦʧʦʣʠʩʘ. ʉʦʛʣʘʩʥʦ ʵʪʦʤʫ ʢʨʠʪʝʨʠʶ, ʚʩʝ ʧʦʥʠʞʘʶʱʠʝ ʧʦʪʝʥʮʠʘʣʴʥʫʶ 

ʵʥʝʨʛʠʶ ʰʘʛʠ ʧʨʠʥʠʤʘʶʪʩʷ, ʘ ʧʦʚʳʰʘʶʱʠʝ ʵʥʝʨʛʠʶ ʰʘʛʠ ʧʨʠʥʠʤʘʶʪʩʷ ʩʣʫʯʘʡʥʳʤ 

ʦʙʨʘʟʦʤ ʩ ʚʝʨʦʷʪʥʦʩʪʴʶ ὩὼὴɝὠὝϳ , ʛʜʝ ɝὠ ï ɻ ʪʦ ʧʦʣʦʞʠʪʝʣʴʥʘʷ ʨʘʟʥʠʮʘ ʤʝʞʜʫ 

ʵʥʝʨʛʠʷʤʠ ʥʦʚʦʡ ʠ ʧʨʝʜʰʝʩʪʚʫʶʱʝʡ ʢʦʥʬʦʨʤʘʮʠʝʡ, ʘ Ὕ ï ʧʨʠʚʝʜʸʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʄʝʪʦʜʳ ʄʦʥʪʝ-ʂʘʨʣʦ ʩ ʤʘʨʢʦʚʩʢʠʤʠ ʮʝʧʷʤʠ, ʠʩʧʦʣʴʟʫʶʱʠʝ 

ʢʨʠʪʝʨʠʡ ʄʝʪʨʦʧʦʣʠʩʘ, ʥʘʟʳʚʘʶʪʩʷ ʤʝʪʦʜʘʤʠ ʄʦʥʪʝ-ʂʘʨʣʦ ʄʝʪʨʦʧʦʣʠʩʘ (ʄʂʄ, 

Metropolis Monte Carlo). 

 



30 

 

 

 

ʈʠʩʫʥʦʢ 5. ʉʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ ʧʦ ʇʇʕ ʤʝʪʦʜʘʤʠ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʠ 

ʄʝʪʨʦʧʦʣʠʩʘ. 

 

ʅʝʩʤʦʪʨʷ ʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʳʝ ʦʪʣʠʯʠʷ ʧʦʜʭʦʜʦʚ ʄɼ ʠ ʄʂʄ, ʦʥʠ ʦʙʘ ʚ ʧʨʝʜʝʣʝ 

ʙʝʩʢʦʥʝʯʥʦ ʜʦʣʛʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʝʥʝʨʠʨʫʶʪ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʫʶ ʚʳʙʦʨʢʫ ʠʟ 

ʢʘʥʦʥʠʯʝʩʢʦʛʦ ʘʥʩʘʤʙʣʷ ʠʩʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʪʝʨʤʦʩʪʘʪʘ ʚ ʩʣʫʯʘʝ 

ʄɼ ʠ ʪʝʤʧʝʨʘʪʫʨʝ Ὕ ʢʨʠʪʝʨʠ ̫ʄʝʪʨʦʧʦʣʠʩʘ ʚ ʩʣʫʯʘʝ ʄʂʄ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɹʦʣʝʝ 

ʪʦʛʦ, ʢʘʢ ʄɼ, ʪʘʢ ʠ ʄʂʄ ʠʤʝʶʪ ʧʨʦʙʣʝʤʫ ʢʠʥʝʪʠʯʝʩʢʦʡ ʙʣʦʢʠʨʦʚʢʠ (kinetic 

trapping): ʝʩʣʠ ʜʦʩʪʠʞʝʥʠʝ ʛʣʦʙʘʣʴʥʦʛʦ ʤʠʥʠʤʫʤʘ ʪʨʝʙʫʝʪ ʧʨʝʦʜʦʣʝʥʠʷ ʚʳʩʦʢʦʛʦ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ ɝὠ, ʪʦ ʄɼ ʙʫʜʝʪ ʧʝʨʝʩʝʢʘʪʴ ʪʘʢʦʡ ʙʘʨʴʝʨ ʩ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʤʘʣʦʡ ʯʘʩʪʦʪʦʡ ÅØÐɝὠὯὝϳ  ʚʩʣʝʜʩʪʚʠʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʥʘʢʦʧʣʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʜʣʷ ʧʝʨʝʭʦʜʘ ʯʝʨʝʟ ʩʝʜʣʦʚʫʶ ʦʙʣʘʩʪʴ 

ʇʇʕ, ʘ ʄʂʄ ï ʧʨʠʥʠʤʘʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʚʳʰʘʶʱʠʝ ʵʥʝʨʛʠʶ ʰʘʛʠ ʩ ʪʦʡ ʞʝ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʤʘʣʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ, ʦʧʨʝʜʝʣʷʝʤʦʡ ʢʨʠʪʝʨʠʝʤ ʄʝʪʨʦʧʦʣʠʩʘ. ʂʘʢ 

ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʥʠʞʝ, ʧʨʦʙʣʝʤʘ ʢʠʥʝʪʠʯʝʩʢʦʡ ʙʣʦʢʠʨʦʚʢʠ ʨʝʰʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝʤ 

ʧʦʜʭʦʜʦʚ ʫʩʢʦʨʝʥʥʦʛʦ ʩʝʤʧʣʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ, ʢʘʢ ʦʢʘʟʳʚʘʝʪʩʷ, ʠʤʝʶʪ ʤʥʦʛʦ 

ʦʙʱʝʛʦ ʤʝʞʜʫ ʫʩʢʦʨʝʥʥʳʤʠ ʚʘʨʠʘʥʪʘʤʠ ʄʂʄ ʠ ʄɼ (ʊʘʙʣʠʮʘ 1). 
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ʊʘʙʣʠʮʘ 1. ʉʨʘʚʥʝʥʠʝ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʧʦʠʩʢʘ ʯʝʨʝʟ ʜʚʠʞʝʥʠʝ ʧʦ ʇʇʕ. 

ʄʝʪʦʜ ʢʦʥʬ. ʧʦʠʩʢʘ 
ʊʠʧ 
ʰʘʛʘ 

ʇʦʜʭʦʜʳ ʢ ʫʩʢʦʨʝʥʠʶ 
ʀʟʙʠʨʘʪʝʣʴʥʦʝ 
ʥʘʧʨʘʚʣʝʥʠʝ 

ʆʪʞʠʛ 
ʉʛʣʘʞʠʚʘʥʠʝ 
ʧʦʪʝʥʮʠʘʣʘ 

ʀʩʪʦʨʠʷ ʚ 
ʧʦʪʝʥʮʠʘʣʝ 

ʆʙʤʝʥ 
ʨʝʧʣʠʢʘʤʠ 

ʂʣʘʩʩʠʯʝʩʢʘʷ ʄɼ 

ʄɼ 

     
ʉʤʷʛʯʝʥʠʝ ʩʢʦʨʦʩʪʝʡ +     
ʄɼ ʩ ʦʪʞʠʛʦʤ  +    

ʄɼ ʩ ʚʳʪʘʣʢʠʚʘʥʠʝʤ   +   
Local elevation1    +  
Basin hopping 

ʄʂʄ 

     
Low mode search +     
ʉʠʤʫʣʷʮʠʷ ʦʪʞʠʛʘ  +    
ʊʘʙʫ-ʧʦʠʩʢ    +  

T-REMC  +   + 
T-REMD ʄɼ + 

ʄʂʄ 

 +   + 
H-REMD   +  + 

ʄɼ ï ʤʦʣʝʢʫʣʷʨʥʘʷ ʜʠʥʘʤʠʢʘ; ʄʂʄ ï ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ ʄʝʪʨʦʧʦʣʠʩʘ; 
T-REMC ï ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ ʩ ʤʘʨʢʦʚʩʢʠʤʠ ʮʝʧʷʤʠ ʩ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʦʙʤʝʥʦʤ ʨʝʧʣʠʢʘʤʠ; 
T-REMD/H-REMD ï ʄɼ ʩ ʪʝʤʧʝʨʘʪʫʨʥʳʤ/ʛʘʤʠʣʴʪʦʥʦʚʳʤ ʦʙʤʝʥʦʤ ʨʝʧʣʠʢʘʤʠ; 
1 ï ʢ ʵʪʦʡ ʛʨʫʧʧʝ ʦʪʥʦʩʠʪʩʷ ʧʦʧʫʣʷʨʥʳʡ ʤʝʪʦʜ MTD, ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ ʧʘʢʝʪʝ CREST. 

 

1.1.2.1. ʄʝʪʦʜʳ ʥʘ ʦʩʥʦʚʝ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ 

ʈʦʜʦʥʘʯʘʣʴʥʠʢʦʤ ʵʪʦʡ ʛʨʫʧʧʳ ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ, ʩʦʙʩʪʚʝʥʥʦ, ʤʦʣʝʢʫʣʷʨʥʘ ̫

ʜʠʥʘʤʠʢʘ (ʄɼ). ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʚ ʜʘʥʥʦʡ ʛʨʫʧʧʝ ʤʝʪʦʜʦʚ 

ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠʙʣʠʞʝʥʠʝ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ. ʈʘʩʯʸʪ ʥʘʯʠʥʘʝʪʩʷ ʚ 

ʥʝʢʦʪʦʨʦʤ ʣʦʢʘʣʴʥʦʤ ʤʠʥʠʤʫʤʝ ʇʇʕ ʩʦ ʩʣʫʯʘʡʥʳʤʠ ʩʢʦʨʦʩʪʷʤʠ ʥʘ ʘʪʦʤʘʭ, ʢʦʪʦʨʳʝ 

ʦʪʤʘʩʰʪʘʙʠʨʦʚʘʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʚʳʙʨʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ. ʇʦʩʣʝʜʫʶʱʘʷ 

ʵʚʦʣʶʮʠʷ ʩʠʩʪʝʤʳ ʚʦ ʚʨʝʤʝʥʠ (ʪʨʘʝʢʪʦʨʠʷ ʜʚʠʞʝʥʠʷ ʥʘ ʇʇʕ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʫʪʸʤ 

ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʫʨʘʚʥʝʥʠʡ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʠ ʩ ʪʠʧʠʯʥʳʤ ʰʘʛʦʤ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦʨʷʜʢʘ 1 ʬʩ = 10ï15 ʩ. ʉʦʦʪʚʝʪʩʪʚʠʝ ʧʦʣʫʯʘʝʤʦʛʦ ʘʥʩʘʤʙʣʷ 

ʚʳʙʨʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʨʤʦʩʪʘʪʘ ï ʘʣʛʦʨʠʪʤʘ, 

ʢʦʨʨʝʢʪʠʨʫʶʱʝʛʦ ʩʢʦʨʦʩʪʠ ʘʪʦʤʦʚ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʪʨʝʙʫʝʤʦʡ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʡ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. ʅʘ ʟʘʚʝʨʰʘʶʱʝʤ ʵʪʘʧʝ ʩʪʨʦʠʪʩʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʥʘʙʦʨ 

ʧʫʪʸʤ ʦʪʙʦʨʘ ʩʪʨʫʢʪʫʨ ʠʟ ʥʘʢʦʧʣʝʥʥʦʡ ʪʨʘʝʢʪʦʨʠʠ, ʠʭ ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʫʜʘʣʝʥʠʷ 

ʜʫʙʣʠʢʘʪʦʚ. ʄɼ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʨʝʣʘʢʩʘʮʠʠ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 
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ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʤʠʥʠʤʫʤʦʚ ʜʣʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʤʘʢʨʦʤʦʣʝʢʫʣ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʙʝʣʢʦʚ [77,78]. 

ʆʜʥʘʢʦ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʄɼ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ 

ʨʝʣʘʢʩʘʮʠʠ ʧʨʠ ʮʝʣʝʚʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʛʨʘʥʠʯʝʥʦ: ʚʨʝʤʷ, ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ 

ʧʨʝʦʜʦʣʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ, ʟʘʯʘʩʪʫʶ ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʜʦʩʪʠʞʠʤʳʤ ʜʘʞʝ ʚ 

ʧʨʠʙʣʠʞʝʥʠʠ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ. ɺ ʧʨʦʤʝʞʫʪʢʘʭ ʤʝʞʜʫ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʤʠ 

ʧʝʨʝʭʦʜʘʤʠ ʩʠʩʪʝʤʘ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʥʘʭʦʜʠʪʩʷ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ 

ʣʦʢʘʣʴʥʦʛʦ ʤʠʥʠʤʫʤʘ, ʯʪʦ ʥʝʵʬʬʝʢʪʠʚʥʦ ʨʘʩʭʦʜʫʝʪ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʨʝʩʫʨʩʳ.  

ʆʜʥʠʤ ʠʟ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʩʧʦʩʦʙʦʚ ʫʩʢʦʨʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʧʝʨʝʭʦʜʦʚ ʷʚʣʷʝʪʩʷ 

ʦʪʞʠʛ ï ʄɼ ʧʨʠ ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʋʚʝʣʠʯʝʥʠʝ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʡ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʘʪʦʤʦʚ ʦʙʣʝʛʯʘʝʪ ʧʨʝʦʜʦʣʝʥʠʝ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʙʘʨʴʝʨʦʚ, ʯʪʦ 

ʜʝʣʘʝʪ ʦʪʞʠʛ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʤ ʤʝʪʦʜʦʤ ʨʝʣʘʢʩʘʮʠʠ ʥʘʧʨʷʞʸʥʥʳʭ ʩʪʨʫʢʪʫʨ [79]. 

ʆʜʥʘʢʦ, ʦʪʞʠʛ ʠʤʝʝʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʥʝʜʦʩʪʘʪʢʠ. ɺʦ-ʧʝʨʚʳʭ, ʯʘʩʪʴ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʠ ʧʝʨʝʭʦʜʠʪ ʚ ʢʦʣʝʙʘʥʠʝ ʩʚʷʟʝʡ ʠ ʚʘʣʝʥʪʥʳʭ ʫʛʣʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʩʪʨʫʢʪʫʨʳ ʚ 

ʩʨʝʜʥʝʤ ʙʦʣʝʝ ʠʩʢʘʞʸʥʥʳʤʠ. ɺʦ-ʚʪʦʨʳʭ, ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʠʚʝʣʠʨʫʝʪ 

ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʧʨʝʜʧʦʯʪʝʥʠʷ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʦʙʣʘʩʪʝʡ ʇʇʕ (ʧʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʶ ɹʦʣʴʮʤʘʥʘ), ʩʥʠʞʘʷ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ 

ʚʳʛʦʜʥʳʭ ʢʦʥʬʦʨʤʝʨʦʚ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʡ ʦʧʪʠʤʠʟʘʮʠʠ ʪʦʯʝʢ ʪʨʘʝʢʪʦʨʠʠ.  

ʇʨʦʙʣʝʤʘ ʧʨʝʙʳʚʘʥʠʷ ʩʠʩʪʝʤʳ ʚ ʠʩʢʘʞʥyʥʦʤ ʩʦʩʪʦʷʥʠʠ ʨʝʰʘʝʪʩʷ ʧʣʘʚʥʳʤ 

ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʭʦʜʝ ʦʪʞʠʛʘ ʠʣʠ ʧʨʠʤʝʥʝʥʠʝʤ ʘʣʛʦʨʠʪʤʘ SHAKE [80], 

ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʬʠʢʩʠʨʦʚʘʪʴ ʩʪʝʧʝʥʠ ʩʚʦʙʦʜʳ ʤʦʣʝʢʫʣʳ, ʥʝ ʫʯʘʩʪʚʫʶʱʠʝ ʚ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʝʨʝʭʦʜʘʭ, ʥʘʧʨʠʤʝʨ, ʜʣʠʥʳ ʢʦʚʘʣʝʥʪʥʳʭ ʩʚʷʟʝʡ [81]. ʆʜʥʘʢʦ, 

ʧʨʦʙʣʝʤʘ ʩʛʣʘʞʠʚʘʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʨʝʜʧʦʯʪʝʥʠʡ ʦʩʪʘʪyʩʷ. 

ɼʨʫʛʠʤ ʧʘʨʘʤʝʪʨʦʤ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʥʘʩʪʨʦʠʪʴ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʩ ʧʦʤʦʱʴʶ ʄɼ, ̫ ʚʣʷʶʪʩʷ ʥʘʯʘʣʴʥʳʝ ʩʢʦʨʦʩʪʠ ʘʪʦʤʦʚ. 

ʕʪʦ ʨʝʘʣʠʟʫʶʪ ʘʣʛʦʨʠʪʤʳ ʄɼ ʩʦ ʩʤʷʛʯʝʥʠʝʤ ʩʢʦʨʦʩʪʝʡ. ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ 

ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʝʨʝʭʦʜʳ ʧʨʦʠʩʭʦʜʷʪ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʡ 

ʥʠʟʢʦʡ ʢʨʠʚʠʟʥʳ ʇʇʕ, ʥʘʯʘʣʴʥʳʝ ʩʢʦʨʦʩʪʠ ʚʳʙʠʨʘʶʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ 

ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʚʢʣʘʜ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ. ʇʨʦʩʪʝʡʰʘʷ 

ʨʝʘʣʠʟʘʮʠʷ ʩʤʷʛʯʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʧʦʪʨʝʙʦʚʘʣʘ ʙʳ ʷʚʥʦʛʦ ʚʳʯʠʩʣʝʥʠʷ ʩʦʙʩʪʚʝʥʥʳʭ 
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ʟʥʘʯʝʥʠʡ ʠ ʚʝʢʪʦʨʦʚ ɻʝʩʩʠʘʥʘ (ʤʘʪʨʠʮʳ ʚʪʦʨʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʧʦʪʝʥʮʠʘʣʴʥʦʡ 

ʵʥʝʨʛʠʠ), ʯʪʦ ʙʣrʦ ʙʳ ʦʯʝʥʴ ʨʝʩʫʨʩʦʟʘʪʨʘʪʥʦ ʜʣʷ ʙʦʣʴʰʠʭ ʩʠʩʪʝʤ. ʇʦʵʪʦʤʫ ʥʘ 

ʧʨʘʢʪʠʢʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʠʙʣʠʞʥyʥʳʝ ʤʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʛʝʥʝʨʘʮʠʠ ʩʣʫʯʘʡʥʳʭ 

ʩʢʦʨʦʩʪʝʡ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʦʜʘʚʣʝʥʠʝʤ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʢʦʤʧʦʥʝʥʪ. ʕʪʦ 

ʜʦʩʪʠʛʘʝʪʩʷ ʣʠʙʦ ʯʝʨʝʟ ʤʠʥʠʤʠʟʘʮʠʶ ʚʨʘʱʘʪʝʣʴʥʳʭ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʧʘʨʫ 

ʪʦʯʝʢ ʥʘ ʇʇʕ (ʈʠʩʫʥʦʢ 6) [82], ʣʠʙʦ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʬʠʣʴʪʨʘ 

ʏʝʙʳʰʝʚʘ, ʧʦʩʪʨʦʝʥʥʦʛʦ ʥʘ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʯʠʩʣʝ ʧʨʦʠʟʚʦʜʥʳʭ ʛʨʘʜʠʝʥʪʘ ʵʥʝʨʛʠʠ 

ʚʜʦʣʴ ʩʣʫʯʘʡʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ, ʯʪʦ ʨʝʘʣʠʟʦʚʘʥʦ ʚ  ʘʣʛʦʨʠʪʤʝ LowModeMD [83]. 

ʇʨʠʥʮʠʧʠʘʣʴʥʳʭ ʦʪʣʠʯʠʡ ʤʝʞʜʫ ʵʪʠʤʠ ʧʦʜʭʦʜʘʤʠ ʥʝʪ; ʧʝʨʚʳʡ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʚ 

ʦʙʣʘʩʪʠ ʧʨʝʜʩʢʘʟʘʥʠʷ ʩʪʨʫʢʪʫʨ ʢʨʠʩʪʘʣʣʦʚ ʠ ʘʪʦʤʥʳʭ ʢʣʘʩʪʝʨʦʚ, ʘ ʚʪʦʨʦʡ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʙʠʦʭʠʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ [83,84]. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ 

ʧʝʨʚʳʡ ʧʦʜʭʦʜ ʘʥʘʣʦʛʠʯʝʥ ʤʝʪʦʜʫ çʜʠʤʝʨʘè [85] ï ʘʣʛʦʨʠʪʤʫ ʧʦʠʩʢʘ ʧʝʨʝʭʦʜʥʳʭ 

ʩʦʩʪʦʷʥʠʡ, ʥʝ ʪʨʝʙʫʶʱʝʤʫ ʚʳʯʠʩʣʝʥʠʷ ʚʪʦʨʳʭ ʧʨʦʠʟʚʦʜʥʳʭ. ʕʪʦʪ ʤʝʪʦʜ ʪʘʢʞʝ 

ʨʘʙʦʪʘʝʪ ʚ ʫʜʚʦʝʥʥʦʤ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ (ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʦʧʪʠʤʠʟʠʨʫʶʪʩʷ ʜʚʝ ʙʣʠʟʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʪʦʯʢʠ ʥʘ ʇʇʕ) ʠ ʚʳʧʦʣʥʷʝʪ ʧʦʠʩʢ 

ʥʘʧʨʘʚʣʝʥʠ ̫ʥʘʠʤʝʥʴʰʝʡ ʢʨʠʚʠʟʥʳ ʧʫʪʸʤ ʤʠʥʠʤʠʟʘʮʠʠ ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʩʠʣ. 

 

 

ʈʠʩʫʥʦʢ 6. ʉʭʝʤʘ ʘʣʛʦʨʠʪʤʘ ʩʤʷʛʯʝʥʠʷ ʩʢʦʨʦʩʪʝʡ (ʩʣʝʚʘ). ʀʪʝʨʘʪʠʚʥʦʝ 

ʧʝʨʝʤʝʱʝʥʠʝ ʧʨʦʙʥʦʡ ʪʦʯʢʠ ʧʦ ʇʇʕ ʜʣʷ ʨʘʩʯʪyʘ ʩʤʷʛʯʝʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ 

ʩʢʦʨʦʩʪʝʡ (ʩʧʨʘʚʘ). Ὂᴆ ï ʚʨʘʱʘʪʝʣʴʥʘʷ ʩʠʣʘ, ὺᴆ ï ʩʣʫʯʘʡʥʳʝ ʩʢʦʨʦʩʪʠ, ὺᴆ ï 

ʩʤʷʛʯʸʥʥʳʝ ʩʢʦʨʦʩʪʠ. 
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ɽʱʝ ʦʜʠʥ ʵʣʝʤʝʥʪ ʘʣʛʦʨʠʪʤʘ ʄɼ, ʜʦʧʫʩʢʘʶʱʠʡ ʤʦʜʠʬʠʢʘʮʠʶ ʜʣʷ ʫʩʢʦʨʝʥʠʷ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ ï ɻ ʪʦ, ʩʦʙʩʪʚʝʥʥʦ, ʇʇʕ. ʄʦʜʠʬʠʢʘʮʠʠ ʧʦʪʝʥʮʠʘʣʦʚ 

ʦʙʳʯʥʦ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʩʥʠʞʝʥʠʝ ʦʪʪʘʣʢʠʚʘʥʠʷ ʷʜʝʨ ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʤ ʚʣʠʷʥʠʠ ʥʘ 

ʧʦʣʦʞʝʥʠʷ ʠ ʵʥʝʨʛʠʠ ʤʠʥʠʤʫʤʦʚ ʇʇʕ. ʇʦʩʢʦʣʴʢʫ ʦʪʜʝʣʴʥʳʝ ʩʣʘʛʘʝʤʳʝ ʩʠʣʦʚʳʭ 

ʧʦʣʝʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʤʝʶʪ ʬʠʟʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ, ʩʪʘʥʜʘʨʪʥʳʤ ʨʝʰʝʥʠʝʤ 

ʷʚʣʷʝʪʩʷ ʩʥʠʞʝʥʠʝ ʚʢʣʘʜʦʚ ʜʘʣʴʥʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ï ʢʫʣʦʥʦʚʩʢʠʭ ʠ ʚʘʥ-ʜʝʨ-

ʚʘʘʣʴʩʦʚʳʭ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʪʝʥʮʠʘʣʳ ʦʙʦʠʭ ʪʠʧʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʦʙʣʘʜʘʶʪ ʩʠʥʛʫʣʷʨʥʦʩʪʴʶ ʧʨʠ ʥʫʣʝʚʦʤ ʤʝʞʘʪʦʤʥʦʤ ʨʘʩʩʪʦʷʥʠʠ, ÌÉÍ
Oװװ
ὠὶ Њ. 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʦʜʭʦʜʳ ʢ ʩʥʠʞʝʥʠʶ ʵʪʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ 

ʛʨʫʧʧʳ: (1) ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʩʠʥʛʫʣʷʨʥʦʩʪʠ ʠ (2) ʩ ʝ yʫʩʪʨʘʥʝʥʠʝʤ, ʪʦ ʝʩʪʴ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʚʢʣʘʜ ʦʪ ʧʦʣʥʦʛʦ ʥʘʣʦʞʝʥʠʷ ʷʜʝʨ ʜʝʣʘʝʪʩʷ ʢʦʥʝʯʥʳʤ. ʇʦʪʝʥʮʠʘʣʳ 

ʚʪʦʨʦʛʦ ʪʠʧʘ ʥʘʟʳʚʘʶʪʩʷ ʤʷʛʢʠʤʠ (soft-core potentials). ɺʦʟʤʦʞʥʦʩʪʴ ʢʦʥʪʨʦʣʷ 

çʤʷʛʢʦʩʪʠè ʵʪʠʭ ʧʦʪʝʥʮʠʘʣʦʚ (ʈʠʩʫʥʦʢ 7) ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʷʪʴ ʄɼ ʩ 

ʚʳʪʘʣʢʠʚʘʥʠʝʤ (push-off MD), ʪʦ ʝʩʪʴ ʧʦʩʪʝʧʝʥʥʳʤ ʧʦʥʠʞʝʥʠʝʤ ʤʷʛʢʦʩʪʠ 

ʧʦʪʝʥʮʠʘʣʘ, ʯʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʫʜʘʣʝʥʠʷ ʩʪʝʨʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ 

ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʘʪʦʤʠʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʷʭ, ʥʘʧʨʠʤʝʨ ʧʦʣʠʤʝʨʦʚ [86,87]. 

ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʩʠʩʪʝʤʘʤ ʤʘʣʦʛʦ ʠ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʰʠʨʦʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʝ ʥʘ ʩʥʠʞʝʥʠʠ ʩʪʝʨʠʯʝʩʢʦʛʦ 

ʦʪʪʘʣʢʠʚʘʥʠʷ ʧʦ ʚʩʝʡ ʇʇʕ, ʘ ʥʘ çʚʳʪʝʩʥʝʥʠʠè ʩʠʩʪʝʤʳ ʠʟ ʨʘʥʝʝ ʧʦʩʝʱʥyʥʳʭ 

ʦʙʣʘʩʪʝʡ ʧʫʪʸʤ ʜʦʙʘʚʣʝʥʠʷ ʩʤʝʱʘʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ὠ , ʢʦʪʦʨʳʡ ʤʦʜʠʬʠʮʠʨʫʝʪ 

ʛʝʦʤʝʪʨʠʶ ʇʇʕ ʪʦʣʴʢʦ ʚ ʫʞʝ ʧʦʩʝʱʥyʥʳʭ ʦʙʣʘʩʪʷʭ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʠʟʚʝʩʪʝʥ ʢʘʢ 

ʤʦʣʝʢʫʣʷʨʥʘʷ ʜʠʥʘʤʠʢʘ ʩ ʣʦʢʘʣʴʥʳʤ ʧʦʜʲʸʤʦʤ ʧʦʪʝʥʮʠʘʣʘ (local elevation, LE). 

ʂʣʶʯʝʚʳʤʠ ʵʣʝʤʝʥʪʘʤʠ LE ̫ ʚʣʷʶʪʩʷ: (1) ʚʳʙʦʨ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʝʪʨʠʢʠ ʜʣʷ 

ʦʮʝʥʢʠ ʧʦʜʦʙʠʷ ʢʦʥʬʦʨʤʘʮʠʡ, (2) ʚʳʙʦʨ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʬʦʨʤʳ ʚʢʣʘʜʦʚ ʚ ὠ . 

ʌʦʨʤʘ ὠ  ʜʦʣʞʥʘ ʦʙʝʩʧʝʯʠʚʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʙʳʩʪʨʦʛʦ ʚʳʯʠʩʣʝʥʠʷ ʢʘʢ ʩʘʤʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ, ʪʘʢ ʠ ʝʛʦ ʚʢʣʘʜʘ ʚ ʩʠʣʳ ὠɳÂÉÁÓ. ʉʪʘʥʜʘʨʪʥʳʤ ʚʳʙʦʨʦʤ ʷʚʣʷʝʪʩʷ 

ʛʘʫʩʩʦʚʘ ʬʦʨʤʘ ʧʦʪʝʥʮʠʘʣʘ: 

 ὠÂÉÁÓ▼ȟ▼ ÈÅØÐɻװẗװὨ▼ȟ▼►▄█ ȟ (1) 
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ʛʜʝ ▼ ʠ ▼►▄█ ï ɻ ʪʦ ʪʝʢʫʱʘʷ ʛʝʦʤʝʪʨʠʷ ʠ ʛʝʦʤʝʪʨʠʷ, ʦʪ ʢʦʪʦʨʦʡ ʧʨʦʠʟʚʦʜʠʪʩʷ 

ʦʪʪʘʣʢʠʚʘʥʠʝ, װὨ▼ȟ▼►▄█ ï ɻ ʪʦ ʢʦʣʣʝʢʪʠʚʥʘ ̫ʧʝʨʝʤʝʥʥʘ,̫ ʪʦ ʝʩʪʴ ʤʝʪʨʠʢʘ ʧʦʜʦʙʠʷ 

ʜʚʫʭ ʩʪʨʫʢʪʫʨ, ʘ Ὤ ʠ ‌ ï ɻ ʪʦ ʵʤʧʠʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ, ʦʪʚʝʯʘʶʱʠʝ ʟʘ ʜʘʣʴʥʦʩʪʴ ʠ 

ʤʘʢʩʠʤʘʣʴʥʫʶ ʵʥʝʨʛʠʶ ʦʜʥʦʛʦ ʚʢʣʘʜʘ. 

 

 

ʈʠʩʫʥʦʢ 7. ʄʷʛʢʠʝ ʧʦʪʝʥʮʠʘʣ,r ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʧʘʢʝʪʝ LAMMPS. ɼʣʷ ʢʦʥʪʨʦʣʷ 

ʤʷʛʢʦʩʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪ ɻᶰπȟρ. ɻʨʘʥʠʯʥʳʝ ʟʥʘʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʩʪʘʥʜʘʨʪʥʦʤʫ çʞʩyʪʢʦʤʫè ʧʦʪʝʥʮʠʘʣʫ ʧʨʠ ɻ ρ  ʠ ʢʦʥʩʪʘʥʪʥʦ ʥʫʣʝʚʦʤʫ ï ʧʨʠ ɻ

π. ʇʨʠ ɻ ρ ʩʠʥʛʫʣʷʨʥʦʩʪʴ ʚ ʥʫʣʝ ʦʪʩʫʪʩʪʚʫʝʪ. ɻʨʘʬʠʢʠ ʘʜʘʧʪʠʨʦʚʘʥʳ ʠʟ [87]. 

 

ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʨʠʢʠ ʧʨʝʜʣʘʛʘʣʦʩʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʠ 

ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ [88], ʦʜʥʘʢʦ ʥʘʠʙʦʣʴʰʫʶ ʧʦʧʫʣʷʨʥʦʩʪʴ ʜʣʷ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʤʦʣʝʢʫʣ ʧʦʣʫʯʠʣ ʘʣʛʦʨʠʪʤ LE ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʳʭ ʦʪʢʣʦʥʝʥʠʡ ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʦʚ (root-mean-square deviation, 

RMSD, ʩʤ. ʧʦʜʨʘʟʜʝʣ 1.2.1), ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ ʧʘʢʝʪʝ XTB [89] ʠ ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ 

ʧʦʧʫʣʷʨʥʦʤ ʤʝʪʦʜʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ CREST [27]. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 
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ʨʘʟʨʘʙʦʪʯʠʢʠ ʥʘʟʚʘʣʠ ʜʘʥʥʳʡ ʤʝʪʦʜ çʤʝʪʘʜʠʥʘʤʠʢʦʡè (MTD), ʧʦʜʯʨyʢʠʚʘʷ ʝʛʦ 

ʨʦʜʩʪʚʦ ʩ ʦʜʥʦʠʤʥyʥʳʤ ʤʝʪʦʜʦʤ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩʚʦʙʦʜʥʦʡ 

ʵʥʝʨʛʠʠ, ʦʜʥʘʢʦ ʩʘʤ ʤʝʪʦʜ MTD ʚ XTB ʠ CREST ʨʘʩʩʯʠʪʘʥ ʠʤʝʥʥʦ ʥʘ 

ʩʝʤʧʣʠʨʦʚʘʥʠʝ ʇʇʕ ʠ, ʬʦʨʤʘʣʴʥʦ ʛʦʚʦʨʷ, ʤʝʪʘʜʠʥʘʤʠʢʦʡ ʥʝ ʷʚʣʷʝʪʩʷ. ʉʪʨʫʢʪʫʨʳ 

ʩʨʘʚʥʝʥʠʷ ʜʣʷ ὠÂÉÁÓ ʦʪʙʠʨʘʶʪʩʷ ʠʟ ʪʨʘʝʢʪʦʨʠʠ MTD ʯʝʨʝʟ ʬʠʢʩʠʨʦʚʘʥʥʳʝ ʠʥʪʝʨʚʘʣʳ 

ʚʨʝʤʝʥʠ (ʢʘʞʜʫʶ 1 ʧʩ), ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʪʪʘʣʢʠʚʘʥʠʝ ʦʪ ʨʘʥʝʝ ʧʦʩʝʱʥyʥʳʭ 

ʦʙʣʘʩʪʝʡ ʇʇʕ (ʈʠʩʫʥʦʢ 8). 

 

 

ʈʠʩʫʥʦʢ 8. ʀʣʣʶʩʪʨʘʮʠʷ ʧʨʠʥʮʠʧʘ ʣʦʢʘʣʴʥʦʛʦ ʧʦʜʥʷʪʠʷ ʧʦʪʝʥʮʠʘʣʘ, ʚ ʯʘʩʪʥʦʩʪʠ 

ʤʝʪʦʜʘ MTD, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʧʘʢʝʪʘʭ XTB ʠ CREST. ʏʸʨʥʘʷ ʢʨʠʚʘʷ ʧʦʢʘʟʳʚʘʝʪ 

ʧʨʦʬʠʣʴ ʠʩʩʣʝʜʫʝʤʦʡ ʇʇʕ, ʘ ʮʚʝʪʦʤ ʧʦʢʘʟʘʥ ʩʤʝʱʘʶʱʠʡ ʧʦʪʝʥʮʠʘʣ, ʢʦʪʦʨʳʡ 

ʥʘʢʘʧʣʠʚʘʝʪʩʷ ʚ ʫʞʝ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʣʘʩʪʷʭ. 

 

ʇʨʠ ʚʩʝʭ ʜʦʩʪʦʠʥʩʪʚʘʭ ʤʝʪʦʜʦʚ ʄɼ ʦʥʠ ʠʩʩʣʝʜʫʶʪ ʇʇʕ ʧʫʪʸʤ ʩʦʚʝʨʰʝʥʠʷ 

ʤʥʦʞʝʩʪʚʘ ʤʝʣʢʠʭ ʰʘʛʦʚ, ʯʪʦ ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʯʠʩʣʘ ʚʳʯʠʩʣʝʥʠʡ ʛʨʘʜʠʝʥʪʦʚ. 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʦʜʭʦʜ ʥʘ ʦʩʥʦʚʝ ʢʨʫʧʥʳʭ ʩʣʫʯʘʡʥʳʭ ʰʘʛʦʚ ʦʙʩʫʞʜʸʥ ʚ 

ʩʣʝʜʫʶʱʝʤ ʧʦʜʨʘʟʜʝʣʝ. 
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1.1.2.2. ʄʝʪʦʜʳ ʩʣʫʯʘʡʥʳʭ ʙʣʫʞʜʘʥʠʡ ʥʘ ʦʩʥʦʚʝ ʢʨʠʪʝʨʠʷ ʄʝʪʨʦʧʦʣʠʩʘ 

ʄʝʪʦʜʳ ʄʦʥʪʝ-ʂʘʨʣʦ ʄʝʪʨʦʧʦʣʠʩʘ (ʄʂʄ) ʧʦʪʝʥʮʠʘʣʴʥʦ ʧʦʟʚʦʣʷʶʪ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʇʇʕ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʦʜʘʤʠ ʄɼ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʥʝ 

ʦʛʨʘʥʠʯʝʥʳ ʚ ʜʣʠʥʝ ʰʘʛʦʚ ʠ ʩʧʦʩʦʙʥʳ ʧʝʨʝʤʝʱʘʪʴʩʷ ʥʘ ʙʦʣʴʰʠʝ ʨʘʩʩʪʦʷʥʠʷ, 

ʨʘʩʩʤʘʪʨʠʚʘʷ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʪʦʯʝʢ. ʆʜʥʘʢʦ, ʠ ʄɼ, ʠ ʄʂʄ ʤʦʛʫʪ ʩʪʘʣʢʠʚʘʪʴʩʷ 

ʩʦ ʩʭʦʜʥʳʤʠ ʪʨʫʜʥʦʩʪʷʤʠ ʠʟ-ʟʘ ʢʠʥʝʪʠʯʝʩʢʦʡ ʙʣʦʢʠʨʦʚʢʠ (ʩʤ. ʥʘʯʘʣʦ ʧʦʜʨʘʟʜʝʣʘ 

1.1.2). ɺ ʄɼ ʵʪʦ ʧʨʦʷʚʣʷʝʪʩʷ, ʢʦʛʜʘ ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ 

ʨʘʩʭʦʜʫʝʪʩʷ ʥʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʪʨʘʝʢʪʦʨʠʠ, ʦʩʪʘʶʱʝʡʩʷ ʚʙʣʠʟʠ ʦʜʥʦʛʦ ʠʣʠ 

ʥʝʩʢʦʣʴʢʠʭ ʤʠʥʠʤʫʤʦʚ. ɸ ʚ ʄʂʄ ʚʩʣʝʜʩʪʚʠʝ ʢʠʥʝʪʠʯʝʩʢʦʡ ʙʣʦʢʠʨʦʚʢʠ 

ʛʝʥʝʨʠʨʫʶʪʩʷ ʥʝʧʝʨʩʧʝʢʪʠʚʥʳʝ ʩʣʫʯʘʡʥʳʝ hʘʛʠ, ʢʦʪʦʨʳʝ ʦʪʢʣʦʥʷʶʪʩʷ ʧʦ ʢʨʠʪʝʨʠʶ 

ʄʝʪʨʦʧʦʣʠʩʘ. ʆʜʥʘʢʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʦʡ ʜʠʥʘʤʠʢʠ ʄɼ, 

ʩʪʦʭʘʩʪʠʯʝʩʢʘʷ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʚ ʄʂʄ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʙʦʣʴʰʫʶ ʩʚʦʙʦʜʫ ʚ ʚʳʙʦʨʝ 

ʰʘʛʦʚ. ʇʦʵʪʦʤʫ ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʫʩʠʣʠʡ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʪʘʢʠʭ ʤʝʪʦʜʦʚ ʥʘʧʨʘʚʣʝʥʘ 

ʥʘ ʩʦʟʜʘʥʠʝ ʦʧʝʨʘʪʦʨʦʚ ʧʝʨʝʤʝʱʝʥʠʷ, ʢʦʪʦʨʳʝ ʩ ʙʦʣʴʰʝʡ ʚʝʨʦʷʪʥʦʩʪʴʶ ʥʘʧʨʘʚʣʷʣʠ 

ʙʳ ʩʠʩʪʝʤʫ ʚ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʦʙʣʘʩʪʠ ʇʇʕ. 

ʊʘʢ ʢʘʢ ʜʣʷ ʭʠʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʣʦʢʘʣʴʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʛʝʦʤʝʪʨʠʠ ʚʳʧʦʣʥʷʝʪʩʷ 

ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʤʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʟʘʪʨʘʪʘʤʠ, Wales ʠ Doye ʟʘʤʝʪʠʣʠ, 

ʯʪʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʘʣʛʦʨʠʪʤʘ ʄʂʄ ʤʦʞʥʦ ʧʦʚʳʩʠʪʴ, ʚʳʧʦʣʥʷʷ ʤʠʥʠʤʠʟʘʮʠʶ 

ʵʥʝʨʛʠʠ ʧʦʩʣʝ ʢʘʞʜʦʛʦ ʧʨʦʙʥʦʛʦ ʰʘʛʘ. ɹʳʣ ʧʨʝʜʣʦʞʝʥ ʘʣʛʦʨʠʪʤ ʧʝʨʝʩʢʦʢʦʚ ʤʝʞʜʫ 

ʙʘʩʩʝʡʥʘʤʠ (basin hopping, BH) [90], ʛʜʝ ʧʦʜ ʙʘʩʩʝʡʥʦʤ ʧʦʥʠʤʘʝʪʩʷ ʦʙʣʘʩʪʴ ʇʇʕ, 

ʚʩʝ ʪʦʯʢʠ ʢʦʪʦʨʦʡ ʧʨʠ ʣʦʢʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʩʭʦʜʷʪʩʷ ʢ ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ 

ʤʠʥʠʤʫʤʫ. ɸʣʛʦʨʠʪʤ BH ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʯʝʨʝʜʫʶʱʠʭʩʷ ʰʘʛʦʚ: (1) ʩʣʫʯʘʡʥʳʡ ʰʘʛ, 

(2) ʣʦʢʘʣʴʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʧʦʣʫʯʝʥʥʦʡ ʛʝʦʤʝʪʨʠʠ, ʧʨʠʚʦʜʷʱʘ ̫ʩʠʩʪʝʤʫ ʢ ʤʠʥʠʤʫʤʫ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʙʘʩʩʝʡʥʘ. ʂʨʠʪʝʨʠʡ ʄʝʪʨʦʧʦʣʠʩʘ ʧʨʠ ʵʪʦʤ ʧʨʠʤʝʥʷʝʪʩʷ ʢ 

ʵʥʝʨʛʠʠ ʧʦʩʣʝ ʦʧʪʠʤʠʟʘʮʠʠ. ʂʘʢ ʟʘʤʝʯʘʶʪ ʘʚʪʦʨʳ, ʩʣʫʯʘʡʥʳʝ h ʘʛʠ ʬʘʢʪʠʯʝʩʢʠ 

ʚʳʧʦʣʥʷʪʁʩʷ ʥʝ ʧʦ ʠʩʭʦʜʥʦʡ ʇʇʕ, ʘ ʧʦ ʢʫʩʦʯʥʦ-ʧʦʩʪʦʷʥʥʦʡ ʬʫʥʢʮʠʠ, ʢʦʪʦʨʘʷ 

ʩʦʧʦʩʪʘʚʣʷʝʪ ʢʘʞʜʦʡ ʢʦʥʬʦʨʤʘʮʠʠ ʵʥʝʨʛʠʶ ʤʠʥʠʤʫʤʘ ʝʸ ʙʘʩʩʝʡʥʘ. Wales ʠ Doye 

ʧʨʠʤʝʥʠʣʠ ʜʘʥʥʳʡ ʤʝʪʦʜ ʜʣʷ ʧʦʠʩʢʘ ʛʣʦʙʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ ʢʣʘʩʪʝʨʦʚ ʃʝʥʥʘʨʜʘï

ɼʞʦʥʩʘ, ʛʜʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʘ ʪʠʧʘ ʩʣʫʯʘʡʥʳʭ ʰʘʛʦʚ: (1) ʩʣʫʯʘʡʥʦʝ ʩʤʝʱʝʥʠʝ ʚʩʝʭ 

ʘʪʦʤʦʚ ʢʣʘʩʪʝʨʘ ʥʘ ʥʝʙʦʣʴʰʫʶ ʚʝʣʠʯʠʥʫ; (2) ʧʝʨʝʥʦʩ ʘʪʦʤʘ ʩ ʥʘʠʤʝʥʝʝ ʚʳʛʦʜʥʳʤʠ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʩ ʦʩʪʘʣʴʥʳʤʠ ʘʪʦʤʘʤʠ ʚ ʩʣʫʯʘʡʥʫʶ ʪʦʯʢʫ ʥʘ ʩʬʝʨʝ ʪʦʛʦ ʞʝ 

ʨʘʜʠʫʩʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʤʘʩʩ ʢʣʘʩʪʝʨʘ. 

ɸʥʘʣʦʛʠʯʥʦ ʘʣʛʦʨʠʪʤʘʤ ʛʣʦʙʘʣʴʥʦʛʦ ʧʝʨʝʙʦʨʘ ʜʣʷ ʤʦʣʝʢʫʣ, ʢʦʪʦʨʳʝ 

ʦʢʘʟʳʚʘʶʪʩʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ (ʩʤ. ʧʦʜʨʘʟʜʝʣ 

1.1.1), ʘʣʛʦʨʠʪʤʳ ʄʂʄ ʪʘʢʞʝ ʯʘʩʪʦ ʨʝʘʣʠʟʫʶʪ ʩʣʫʯʘʡʥʳʝ ʰʘʛʠ ʧʦʩʨʝʜʩʪʚʦʤ 

ʠʟʤʝʥʝʥʠʷ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ. ʅʘʧʨʠʤʝʨ, ʧʦʜʭʦʜ BH ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʤʘʣʦʛʦ ʧʝʧʪʠʜʘ [Met5]-ɻ ʥʢʝʬʘʣʠʥʘ, ʛʜʝ ʰʘʛʠ ʟʘʢʣʶʯʘʣʠʩʴ 

ʚ ʩʣʫʯʘʡʥʦʤ ʠʟʤʝʥʝʥʠʠ ʦʜʥʦʛʦ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʧʦʜʚʠʞʥʦʛʦ ʪʦʨʩʠʦʥʥʦʛʦ ʫʛʣʘ [91]. 

ɸʥʘʣʦʛʠʯʥʦ, ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʞʠʜʢʦʛʦ ʛʝʢʩʘʥʘ ʧʨʝʜʣʘʛʘʣʦʩʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʄʂʄ 

ʙʝʟ ʵʪʘʧʘ ʤʠʥʠʤʠʟʘʮʠʠ [92]. ʐʘʛʠ ʚʢʣʶʯʘʣʠ ʪʨʘʥʩʣʷʮʠʶ ʠ ʧʦʚʦʨʦʪ ʦʜʥʦʡ ʩʣʫʯʘʡʥʦ 

ʚʳʙʨʘʥʥʦʡ ʤʦʣʝʢʫʣʳ ʢʘʢ ʮʝʣʦʛʦ, ʥʝʙʦʣʴʰʦʝ ʠʟʤʝʥʝʥʠʝ ʚʩʝʭ ʝʸ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ, ʘ 

ʪʘʢʞʝ ʩʣʫʯʘʡʥʦʝ ʠʟʤʝʥʝʥʠʝ ʦʙʲʸʤʘ ʷʯʝʡʢʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʄʝʪʦʜʳ ʵʤʧʠʨʠʯʝʩʢʦʛʦ ʧʝʨʝʙʦʨʘ ʜʣʷ ʢʨʫʧʥʳʭ ʩʠʩʪʝʤ ʟʘʯʘʩʪʫʶ ʠʩʧʦʣʴʟʫʶʪ 

ʄʂʄ ʜʣʷ ʧʦʠʩʢʘ ʚʳʛʦʜʥʳʭ ʢʦʤʙʠʥʘʮʠʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʛʝʦʤʝʪʨʠʡ ʬʨʘʛʤʝʥʪʦʚ. 

ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚ ʧʦʜʨʘʟʜʝʣʝ 1.1.1.3, ʚ ʪʘʢʠʭ ʧʦʜʭʦʜʘʭ ʢʨʠʪʝʨʠʡ ʄʝʪʨʦʧʦʣʠʩʘ ʤʦʞʝʪ 

ʪʘʢʞʝ ʫʯʠʪʳʚʘʪʴ ʯʘʩʪʦʪʳ ʚʩʪʨʝʯʘʝʤʦʩʪʠ ʚ ʩʪʨʫʢʪʫʨʥʳʭ ʙʘʟʘʭ ʜʘʥʥʳʭ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʩʪʴ ʢʦʥʬʦʨʤʘʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʝʸ ʵʥʝʨʛʠʝʡ, ʥʦ 

ʠ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴʶ ʩʦʩʪʘʚʣʷʶʱʠʭ ʝʸ ʛʝʦʤʝʪʨʠʡ ʬʨʘʛʤʝʥʪʦʚ. ʕʪʦʪ ʧʨʠʥʮʠʧ 

ʨʝʘʣʠʟʦʚʘʥ ʚ ʚʳʰʝʫʧʦʤʷʥʫʪʦʤ ʤʝʪʦʜʝ BCL::Conf [64], ʘ ʪʘʢʞʝ ʚ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʘʭ ʧʦʩʪʨʦʝʥʠʷ ʙʦʢʦʚʳʭ ʮʝʧʝʡ ʧʝʧʪʠʜʦʚ, ʥʘʧʨʠʤʝʨ 

OPUS-Rota [93]. 

ʄʥʦʛʠʝ ʧʨʠʤyʳ, ʠʩʧʦʣʴʟʫʶʱʠʝʩʷ ʜʣʷ ʫʩʢʦʨʝʥʠʷ ʩʝʤʧʣʠʨʦʚʘʥʠʷ ʤʝʪʦʜʘʤʠ ʄɼ, 

ʠʤʝʶʪ ʙʣʠʟʢʠʝ ʘʥʘʣʦʛʠ ʩʨʝʜʠ ʤʝʪʦʜʦʚ ʄʂʄ. ʊʘʢ, ʧʦʜʭʦʜʫ ʩʤʷʛʯʝʥʠʷ ʩʢʦʨʦʩʪʝʡ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʥʘʣʦʛʠʯʥʳʡ ʧʦʜʭʦʜ ʧʦʠʩʢʘ ʚʜʦʣʴ ʥʠʟʢʠʭ ʯʘʩʪʦʪ ʢʦʣʝʙʘʥʠʡ ʠʣʠ ʠʭ 

ʧʨʦʠʟʚʦʣʴʥʦʡ ʣʠʥʝʡʥʦʡ ʢʦʤʙʠʥʘʮʠʠ (low-mode search). ɽʛʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʙʳʣʘ 

ʧʦʢʘʟʘʥʘ ʢʘʢ ʜʣʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʤʘʣʳʭ ʤʦʣʝʢʫʣ [94,95], ʪʘʢ ʠ ʜʣʷ 

ʢʨʫʧʥʳʭ ʙʝʣʢʦʚʳʭ ʩʠʩʪʝʤ [96,97]. 

ɺʘʨʠʘʥʪ ʄʂʄ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʦʪʞʠʛʘ ʥʘʟʳʚʘʝʪʩʷ ʤʝʪʦʜʦʤ ʩʠʤʫʣʷʮʠʠ ʦʪʞʠʛʘ ï 

ʝʛʦ ʩʫʪʴ ʩʦʩʪʦʠʪ ʚ ʧʦʩʪʝʧʝʥʥʦʤ ʧʦʥʠʞʝʥʠʠ ʟʥʘʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʢʨʠʪʝʨʠʠ 

ʄʝʪʨʦʧʦʣʠʩʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʣʘʚʥʦ ʧʝʨʝʥʦʩʠʪʩʷ ʙʘʣʘʥʩ ʩ ʛʣʦʙʘʣʴʥʦʛʦ 
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ʠʩʩʣʝʜʦʚʘʥʠʷ ʇʇʕ ʥʘ ʣʦʢʘʣʴʥʫʶ ʦʧʪʠʤʠʟʘʮʠʶ. SA ʧʨʝʜʣʘʛʘʣʩʷ, ʥʘʧʨʠʤʝʨ, ʜʣʷ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʤʘʣʳʭ ʤʦʣʝʢʫʣ [98,99], ʧʝʧʪʠʜʦʚ [100,101] ʠ ʢʣʘʩʪʝʨʦʚ 

ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ [102]. 

ɸʥʘʣʦʛʠʯʥʦ ʧʦʜʭʦʜʫ LE, ʩʫʱʝʩʪʚʫʶʪ ʚʘʨʠʘʥʪʳ ʄʂʄ, ʜʦʙʘʚʣʷʶʱʠʝ 

ʟʘʚʠʩʠʤʦʩʪʴ ʢʨʠʪʝʨʠʷ ʄʝʪʨʦʧʦʣʠʩʘ ʦʪ ʠʩʪʦʨʠʠ ʨʘʩʯʪyʘ. ʊʘʢ, ʜʣʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʧʦʠʩʢʘ ʤʘʣʳʭ ʤʦʣʝʢʫʣ ʧʨʝʜʣʘʛʘʣʩʷ ʪʘʙʫ-ʧʦʠʩʢ [103] ï ʚ ʦʪʣʠʯʠʝ ʦʪ LE, ʪʘʙʫ-ʧʦʠʩʢ 

ʥʝ ʠʩʧʦʣʴʟʫʝʪ ʩʤʝʱʘʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ, ʘ ʚʤʝʩʪʦ ʵʪʦʛʦ ʩʣʫʯʘʡʥʳʝ ʰʘʛʠ ʚ ʫʞʝ 

ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʦʙʣʘʩʪʠ ʇʇʕ ʧʨʦʩʪʦ ʟʘʧʨʝʱʘʶʪʩʷ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʧʝʧʪʠʜʦʚ ʠ ʙʝʣʢʦʚ ʧʨʝʜʣʘʛʘʣʩʷ ʄʂʄ ʩ ʘʜʘʧʪʠʨʫʶʱʠʤʩʷ 

ʩʤʝʱʘʶʱʠʤ ʧʦʪʝʥʮʠʘʣʦʤ (Monte Carlo Minimization with an Adaptive Bias) [104,105]. 

ʊʘʢʦʡ ʧʦʪʝʥʮʠʘʣ ʧʦʟʚʦʣʷʝʪ ʧʦ ʭʦʜʫ ʨʘʩʯʸʪʘ ʤʦʜʝʣʠʨʦʚʘʪʴ ʚʝʨʦʷʪʥʦʩʪʥʳʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʣʷ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʥʘ ʦʩʥʦʚʝ ʨʘʥʝʝ ʧʨʠʥʷʪʳʭ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ, ʚʢʣʶʯʘʷ ʧʘʨʥʳʝ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʪʦʨʩʠʦʥʥʳʤʠ 

ʫʛʣʘʤʠ. 

ʋʥʠʢʘʣʴʥʳʡ ʧʨʠʥʮʠʧ ʛʝʥʝʨʘʮʠʠ ʩʣʫʯʘʡʥʳʭ ʰʘʛʦʚ ʨʝʘʣʠʟʦʚʘʥ ʚ ʤʝʪʦʜʝ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ GOAT [106]. ʂʘʞʜʳʡ ʰʘʛ ʚʢʣʶʯʘʝʪ ʚʳʙʦʨ ʩʣʫʯʘʡʥʦʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ, ʧʦʜʲʤy ʧʦ ʇʇʕ ʚʜʦʣʴ ʘʥʪʠʛʨʘʜʠʝʥʪʘ ʵʥʝʨʛʠʠ, ʦʪʨʘʞʥyʥʦʛʦ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʙʨʘʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ, ʠ ʧʦʩʣʝʜʫʶʱʫʶ ʤʠʥʠʤʠʟʘʮʠʶ. ʀʥʪʝʨʝʩʥʦ, 

ʯʪʦ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʦʪʨʘʞʝʥʠʠ ʛʨʘʜʠʝʥʪʘ, ʨʘʥʝʝ ʧʨʠʤʝʥʷʣʩʷ ʚ ʘʣʛʦʨʠʪʤʘʭ 

ʧʦʠʩʢʘ ʧʝʨʝʭʦʜʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʥʘʧʨʠʤʝʨ, ʚ ʤʝʪʦʜʝ Newton trajectory scan [107], ʘ 

ʪʘʢʞʝ ʚ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʤʝʪʦʜʘʭ ʧʦʠʩʢʘ ʩʝʜʣʦʚʳʭ ʪʦʯʝʢ, ʪʘʢʠʭ ʢʘʢ gentlest ascent 

dynamics [108]. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʚ GOAT ʨʝʘʣʠʟʦʚʘʥʳ ʘʚʪʦʤʘʪʠʯʝʩʢʘʷ ʥʘʩʪʨʦʡʢʘ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʤʝʭʘʥʠʟʤ ʧʘʤʷʪʠ, ʘʥʘʣʦʛʠʯʥʳʡ ʪʘʙʫ-ʧʦʠʩʢʫ, ʢʦʪʦʨʳʡ ʧʨʝʜʦʪʚʨʘʱʘʝʪ 

ʧʦʚʪʦʨʥʦʝ ʧʦʩʝʱʝʥʠʝ ʤʠʥʠʤʫʤʦʚ. 

ʉʣʫʯʘʡʥʳʝ ʰʘʛʠ ʧʦ ʢʨʠʪʝʨʠʶ ʄʝʪʨʦʧʦʣʠʩʘ ʠʛʨʘʶʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʤʝʪʦʜʘʭ 

ʦʙʤʝʥʘ ʨʝʧʣʠʢʘʤʠ (replica-exchange, RE). ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʵʪʠʭ 

ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ ʨʘʙʦʪʘ ʚ ʨʘʩʰʠʨʝʥʥʦʤ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʤ ʩʦʙʦʡ ʜʝʢʘʨʪʦʚʫ  ʁʩʪʝʧʝʥʴ ὗ, ʛʜʝ ὗ ï ɻ ʪʦ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʠ ὲᶰᴓ. ʀʥʳʤʠ ʩʣʦʚʘʤʠ, ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʪʨʘʝʢʪʦʨʠʠ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʵʚʦʣʶʮʠʦʥʠʨʫʶʪ ὲ ʪʦʯʝʢ ʥʘ ʇʇʕ, ʢʦʪʦʨʳʝ ʥʘʟʳʚʘʶʪʩʷ ʨʝʧʣʠʢʘʤʠ. ɼʣʷ ʢʘʞʜʦʡ ʠʟ ὲ 



40 

 

 

ʧʦʟʠʮʠʡ ʚ ὗ, ʥʘʟʳʚʘʝʤʳʭ çʤʠʨʘʤʠè, ʟʘʜʘʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʧʘʨʘʤʝʪʨʳ ʄɼ ʠʣʠ ʄʂʄ. 

ʊʘʢ, ʚ ʄɼ ʩ ʦʙʤʝʥʦʤ ʨʝʧʣʠʢʘʤʠ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ (T-REMD) ʚ ʤʠʨʘʭ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ 

ʨʘʟʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ (Ὕ Ὕ ), ʯʪʦ ʟʘʜʘʝʪ ʨʘʟʣʠʯʥʫʶ ʩʪʝʧʝʥʴ ʦʪʞʠʛʘ ʧʨʠ ʚʨʝʤʝʥʥʦʡ 

ʵʚʦʣʶʮʠʠ. ʉʚʷʟʴ ʤʝʞʜʫ ʤʠʨʘʤʠ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʯʝʨʝʟ ʰʘʛʠ ʦʙʤʝʥʘ ʨʝʧʣʠʢ ʤʝʞʜʫ 

ʩʦʩʝʜʥʠʤʠ ʤʠʨʘʤʠ ʧʦ ʢʨʠʪʝʨʠʶ ʄʝʪʨʦʧʦʣʠʩʘ [109,110]: 

 

ὖὭP Ὦ άὭὲρȟὩЎȟ 

Ў ‍ ‍ ὠή ὠή ȟ Ὦ Ὥ ρȟ ‍
ρ

ὯὝ
  

(2) 

ʇʨʠ ʵʪʦʤ ʚʤʝʩʪʝ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ ʘʪʦʤʦʚ ʦʙʤʝʥʠʚʘʶʪʩʷ ʠ ʠʭ ʩʢʦʨʦʩʪʠ ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʜʭʦʜ 

REMD ʦʙʲʝʜʠʥʷʝʪ ʰʘʛʠ ʄɼ ʠ ʄʂʄ ʪʘʢ, ʯʪʦ ʥʝʚʳʛʦʜʥʳʝ ʢʦʥʬʦʨʤʘʮʠʠ ʩ ʚʳʩʦʢʦʡ 

ʵʥʝʨʛʠʝʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʤʝʥʦʚ ʦʢʘʟʳʚʘʶʪʩʷ ʚ ʤʠʨʘʭ ʩ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ, ʛʜʝ 

ʦʥʠ ʩʧʦʩʦʙʥʳ ʙʳʩʪʨʝʝ ʧʨʝʦʜʦʣʝʚʘʪʴ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʠ ʧʦʥʠʞʘʪʴ ʩʚʦʶ 

ʵʥʝʨʛʠʶ. ɺʳʛʦʜʥʳʝ ʢʦʥʬʦʨʤʘʮʠʠ ʩ ʥʠʟʢʦʡ ʵʥʝʨʛʠʝʡ, ʥʘʧʨʦʪʠʚ, ʧʝʨʝʤʝʱʘʶʪʩʷ ʚ 

ʤʠʨʳ ʩ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ ʨʝʣʘʢʩʠʨʫʶʪ ʢ ʙʣʠʞʘʡʰʝʤʫ ʤʠʥʠʤʫʤʫ (ʈʠʩʫʥʦʢ 9). 

ɸʥʘʣʦʛ T-REMD, ʠʩʧʦʣʴʟʫʶʱʠʡ ʰʘʛʠ ʄʂʄ ʚʤʝʩʪʦ ʄɼ, ʠʟʚʝʩʪʝʥ ʢʘʢ ʧʘʨʘʣʣʝʣʴʥʳʡ 

ʦʪʞʠʛ (parallel tempering ʠʣʠ T-REMC). 

 

 

ʈʠʩʫʥʦʢ 9. ʉʫʪʴ ʤʝʪʦʜʘ ʦʙʤʝʥʘ ʨʝʧʣʠʢʘʤʠ T-REMD. 
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ɹr ʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʦʙʤʝʥʘ ʤʝʞʜʫ ʤʠʨʘʤʠ ʚ T-REMD 

ʥʝʦʙʭʦʜʠʤʦ ʭʦʨʦʰʝʝ ʧʝʨʝʢʨʳʚʘʥʠʝ ʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ. ʕʪʦ ʩʦʟʜʘʪy 

ʦʛʨʘʥʠʯʝʥʠʝ: ʢʦʣʠʯʝʩʪʚʦ ʤʠʨʦʚ, ʪʨʝʙʫʝʤʦʝ ʜʣʷ ʦʭʚʘʪʘ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʦʢʘʟʳʚʘʝʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʢʚʘʜʨʘʪʥʦʤʫ ʢʦʨʥʶ ʠʟ 

ʯʠʩʣʘ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʩʠʩʪʝʤʳ [111]. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʨʘʩʯʪy ʥʝʦʙʭʦʜʠʤʦʛʦ ʯʠʩʣʘ 

ʨʝʧʣʠʢ ʩʪʘʥʦʚʠʪʩʷ ʩʣʠʰʢʦʤ ʨʝʩʫʨʩʦʟʘʪʨʘʪʥʳʤ ʜʣʷ ʙʦʣʴʰʠʭ ʩʠʩʪʝʤ. ɼʣʷ 

ʧʨʝʦʜʦʣʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʛʘʤʠʣʴʪʦʥʦʚʘ ʦʙʤʝʥʘ ʨʝʧʣʠʢʘʤʠ 

(Hamiltonian REMD, H-REMD). ɺ ʵʪʦʤ ʧʦʜʭʦʜʝ ʚʩʝ ʤʠʨʳ ʠʤʝʶʪ ʦʜʠʥʘʢʦʚʫʶ 

ʪʝʤʧʝʨʘʪʫʨʫ, ʥʦ ʨʘʟʣʠʯʘʶʪʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ. ʅʘʧʨʠʤʝʨ, 

ʩʫʱʝʩʪʚʫʶʪ ʨʝʘʣʠʟʘʮʠʠ H-REMD, ʚ ʢʦʪʦʨʳʭ ʚʘʨʴʠʨʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ: 

ʟʘʨʷʜʳ ʘʪʦʤʦʚ ʠ ʧʘʨʘʤʝʪʨʳ ʧʦʪʝʥʮʠʘʣʘ ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ [112]; ʚʢʣʘʜ ʵʥʝʨʛʠʠ, 

ʦʪʚʝʯʘʶʱʠʡ ʟʘ ʛʠʜʨʦʬʦʙʥʦʩʪʴ, ʤʘʢʩʠʤʘʣʴʥʳʝ ʵʥʝʨʛʠʠ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʠ ʚʘʥ-

ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ [111]; ʤʘʩʰʪʘʙʠʨʫʶʱʠʝ ʤʥʦʞʠʪʝʣʠ ʜʣʷ ʚʢʣʘʜʦʚ 

ʩʤʝʱʘʶʱʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ [113]; ʘ ʪʘʢʞʝ ʩʧʝʮʠʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ, 

ʨʝʛʫʣʠʨʫʶʱʠʝ çʤʷʛʢʦʩʪʴè ʘʪʦʤʦʚ [87,114,115]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʪʦʜʳ ʄɼ ʠ ʄʂʄ ʧʨʝʜʦʩʪʘʚʣʷʶʪ ʰʠʨʦʢʠʡ ʠʥʩʪʨʫʤʝʥʪʘʨʠʡ 

ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʦʙʣʘʩʪʝʡ ʇʇʕ. ʇʦʣʥʦʝ ʫʩʪʨʘʥʝʥʠʝ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʙʣʦʢʠʨʦʚʢʠ ʥʝʜʦʩʪʠʞʠʤʦ, ʦʜʥʘʢʦ ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ ʧʦʜʭʦʜʦʚ, 

ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʫʩʢʦʨʝʥʠʝ ʩʝʤʧʣʠʨʦʚʘʥʠʷ, ï ʦʪ ʠʤʠʪʘʮʠʠ ʦʪʞʠʛʘ ʜʦ ʘʜʘʧʪʠʚʥʳʭ 

ʩʤʝʱʘʶʱʠʭ ʧʦʪʝʥʮʠʘʣʦʚ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʨʘʙʦʪʳ ʩ ʮʠʢʣʠʯʝʩʢʠʤʠ ʤʦʣʝʢʫʣʘʤʠ, ʄɼ 

ʥʝ ʠʤʝʝʪ ʥʠʢʘʢʠʭ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʤʥʦʛʠʝ ʤʝʪʦʜʳ ʄʂʄ 

ʩʪʘʣʢʠʚʘʶʪʩʷ ʩ ʧʨʠʥʮʠʧʠʘʣʴʥʳʤʠ ʪʨʫʜʥʦʩʪʷʤʠ, ʧʦʩʢʦʣʴʢʫ ʦʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʭ ʪʠʧʦʚ ʰʘʛʦʚ ʜʣʷ ʤʦʣʝʢʫʣ ï ʚʘʨʴʠʨʦʚʘʥʠʝ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ï ʜʣ ̫

ʮʠʢʣʦʚ ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʧʨʠʤʝʥʠʤʳʤ. 

 

1.1.3. ʄʝʪʦʜʳ ʘʫʛʤʝʥʪʘʮʠʠ ʘʥʩʘʤʙʣʝʡ 

ʄʝʪʦʜʘʤʠ ʘʫʛʤʝʥʪʘʮʠʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʘʥʩʘʤʙʣʝʡ ʤʳ ʥʘʟʳʚʘʝʤ ʘʣʛʦʨʠʪʤʳ, 

ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʢʦʪʦʨʳʭ ʜʝʣʘʝʪʩʷ ʧʦʧʳʪʢʘ ʧʨʝʜʩʢʘʟʘʥʠʷ ʥʦʚʦʡ ʧʝʨʩʧʝʢʪʠʚʥʦʡ 

ʢʦʥʬʦʨʤʘʮʠʠ ʧʦ ʥʘʙʦʨʫ ʛʝʦʤʝʪʨʠʡ ʠ ʵʥʝʨʛʠʡ ʫʞʝ ʠʟʚʝʩʪʥʳʭ ʢʦʥʬʦʨʤʝʨʦʚ [116]. 
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ɺ ʢʘʯʝʩʪʚʝ ʧʨʦʩʪʝʡʰʝʛʦ ʧʦʜʭʦʜʘ ʢ ʧʦʠʩʢʫ ʙʦʣʝʝ ʛʣʫʙʦʢʦʛʦ ʤʠʥʠʤʫʤʘ, 

ʫʧʫʱʝʥʥʦʛʦ ʚ ʫʞʝ ʠʟʚʝʩʪʥʦʤ ʘʥʩʘʤʙʣʝ, ʤʦʞʥʦ ʧʨʝʜʣʦʞʠʪʴ ʧʨʠʤʝʥʝʥʠʝ ʣʦʢʘʣʴʥʳʭ 

ʩʜʚʠʛʦʚ ʧʦ ʪʠʧʫ ʤʝʪʦʜʦʚ ʄʂʄ ʢ ʥʘʠʙʦʣʝʝ ʥʠʟʢʦʤʫ ʠʟ ʠʟʚʝʩʪʥʳʭ ʤʠʥʠʤʫʤʦʚ. ʊʘʢ, 

ʥʘʧʨʠʤʝʨ, ʤʝʪʦʜ LLMOD [117], ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ ʧʘʢʝʪʝ MacroModel, ʧʨʠʤʝʥʷʝʪ 

ʩʜʚʠʛʠ ʚʜʦʣʴ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʤʦʜ. ʂʨʦʤʝ ʵʪʦʛʦ, ʦʧʠʩʘʥʥʳʝ ʚʳʰʝ ʤʝʪʦʜʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʤʝʱʘʶʱʠʭ ʧʦʪʝʥʮʠʘʣʦʚ, ʘ ʠʤʝʥʥʦ local elevation ʠ ʄʂʄ ʩ 

ʘʜʘʧʪʠʚʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ, ʪʦʞʝ ʦʪʯʘʩʪʠ ʷʚʣʷʶʪʩʷ ʤʝʪʦʜʘʤʠ ʘʫʛʤʝʥʪʘʮʠʠ ʘʥʩʘʤʙʣʷ, 

ʪʘʢ ʢʘʢ ʦʥʠ ʥʘʧʨʘʚʣʷʶʪ ʜʠʥʘʤʠʢʫ ʠʣʠ ʙʣʫʞʜʘʥʠʝ ʚ ʩʪʦʨʦʥʫ ʤʘʣʦʠʩʩʣʝʜʦʚʘʥʥʳʭ ʠ 

ʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʦʙʣʘʩʪʝʡ ʇʇʕ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʜʥʘʢʦ, ʵʪʠ 

ʤʝʪʦʜʳ ʦʩʪʘʶʪʩʷ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʤʝʪʦʜʘʤʠ ʩʦʚʝʨʰʝʥʠʷ ʦʜʥʦʛʦ ʰʘʛʘ ʠʟ ʦʜʥʦʡ 

ʧʨʝʜʰʝʩʪʚʫʶʱʝʡ ʛʝʦʤʝʪʨʠʠ. 

ɺ ʜʘʥʥʦʤ ʧʦʜʨʘʟʜʝʣʝ ʨʘʩʩʤʦʪʨʝʥʳ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʧʦʜʭʦʜʳ ʢ ʘʫʛʤʝʥʪʘʮʠʠ: 

ʵʚʦʣʶʮʠʦʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʠ ɹʘʡʝʩʦʚʩʢʘ ̫ʦʧʪʠʤʠʟʘʮʠ.̫ 

 

1.1.3.1. ʕʚʦʣʶʮʠʦʥʥʳʝ ʘʣʛʦʨʠʪʤʳ 

ʕʚʦʣʶʮʠʦʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʷʚʣʷʶʪʩʷ ʢʣʘʩʩʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʘʫʛʤʝʥʪʘʮʠʠ 

ʘʥʩʘʤʙʣʝʡ, ʢʦʪʦʨʳʝ ʨʘʙʦʪʘʶʪ ʥʘ çʧʦʧʫʣʷʮʠʠè ʢʦʥʬʦʨʤʘʮʠʡ ʠ ʠʪʝʨʘʪʠʚʥʦ 

ʚʳʧʦʣʥʷʶʪ ʥʘʜ ʥʝʡ ʦʧʝʨʘʮʠʠ, ʥʘʮʝʣʝʥʥʳʝ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʤʝʶʱʠʭʩʷ ʢʦʥʬʦʨʤʘʮʠʡ ʜʣʷ ʧʦʠʩʢʘ ʙʦʣʝʝ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ. 

ɼʣʷ ʵʪʦʛʦ ʟʘʜʘʸʪʩʷ ʥʘʙʦʨ ʵʚʦʣʶʮʠʦʥʥʳʭ ʦʧʝʨʘʪʦʨʦʚ, ʢʦʪʦʨʳʝ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ 

ʛʝʥʝʨʠʨʫʶʪ ʥʦʚʫʶ ʩʪʨʫʢʪʫʨʫ ʠʟ ʦʜʥʦʡ ʠʣʠ ʜʚʫʭ ʫʞʝ ʠʤʝʶʱʠʭʩʷ. ʕʚʦʣʶʮʠʦʥʥʳʝ 

ʦʧʝʨʘʪʦʨʳ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʦʜʥʫ ʩʪʨʫʢʪʫʨʫ, ʯʘʩʪʦ ʥʘʟʳʚʘʶʪ çʤʫʪʘʮʠʷʤʠè (ʥʘʧʨʠʤʝʨ, 

ʩʜʚʠʛ ʦʜʥʦʛʦ ʘʪʦʤʘ), ʘ ʥʘ ʜʚʫʭ ʩʪʨʫʢʪʫʨʘʭ ï çʩʢʨʝʱʠʚʘʥʠʤ̫ʠè (ʥʘʧʨʠʤʝʨ, ʩʙʦʨʢʘ 

ʛʝʦʤʝʪʨʠʠ ʠʟ ʩʪʨʫʢʪʫʨʥʳʭ ʯʘʩʪʝʡ ʨʦʜʠʪʝʣʴʩʢʠʭ ʢʦʥʬʦʨʤʝʨʦʚ). ʇʨʦʜʦʣʞʘʷ ʘʥʘʣʦʛʠʶ 

ʩ ʵʚʦʣʶʮʠʝʡ ʚ ʧʨʠʨʦʜʝ, ʤʥʦʛʠʝ ʤʝʪʦʜʳ ʠʩʧʦʣʴʟʫʶʪ çʭʨʦʤʦʩʦʤʥʦʝè ʧʨʝʜʩʪʘʚʣʝʥʠʝ 

ʢʦʥʬʦʨʤʘʮʠʡ ʚ ʚʠʜʝ ʩʪʨʦʢ ʯʠʩʝʣ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʪʘʥʜʘʨʪʥʳʝ 

ʦʧʝʨʘʪʦʨʳ ʤʫʪʘʮʠʠ ï ʩʣʫʯʘʡʥʦʝ ʠʟʤʝʥʝʥʠʝ ʦʜʥʦʛʦ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʟʥʘʯʝʥʠʡ ʚ 

çʭʨʦʤʦʩʦʤʝè, ʠ ʩʪʘʥʜʘʨʪʥʦʝ ʩʢʨʝʱʠʚʘʥʠʝ ï ʨʘʟʨʝʟ ʨʦʜʠʪʝʣʴʩʢʠʭ ʚʝʢʪʦʨʦʚ ʚ ʦʜʥʦʤ ʠ 

ʪʦʤ ʞʝ ʤʝʩʪʝ ʠ ʩʰʠʚʘʥʠʝ ʯʘʩʪʝʡ. 
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ɼʣʷ ʟʘʜʘʯ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʘʪʦʤʥʳʭ ʢʣʘʩʪʝʨʦʚ [118ï120] ʤʥʦʛʠʝ 

ʵʚʦʣʶʮʠʦʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʠʩʧʦʣʴʟʫʶʪ ʚ ʢʘʯʝʩʪʚʝ ʤʫʪʘʮʠʡ ʩʣʫʯʘʡʥʳʝ ʩʜʚʠʛʠ 

ʦʜʠʥʦʯʥʳʭ ʘʪʦʤʦʚ ʠʣʠ ʧʝʨʝʩʪʘʥʦʚʢʠ ʧʘʨ ʘʪʦʤʦʚ ʨʘʟʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ. ɺ 

ʢʘʯʝʩʪʚʝ ʦʧʝʨʘʪʦʨʘ ʩʢʨʝʱʠʚʘʥʠʷ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʧʝʨʘʮʠʷ ʨʘʟʨʝʟʘ ʠ ʩʦʝʜʠʥʝʥʠʷ 

(cut-and-splice) ï ʦʙʝ ʨʦʜʠʪʝʣʴʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʨʘʟʨʝʟʘʶʪʩʷ ʥʘ ʜʚʘ ʬʨʘʛʤʝʥʪʘ ʚʜʦʣʴ 

ʩʣʫʯʘʡʥʳʭ ʧʣʦʩʢʦʩʪʝʡ, ʘ ʟʘʪʝʤ ʜʦʯʝʨʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩʦʙʠʨʘʶʪʩʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ 

ʯʘʩʪʝʡ ʧʦʩʣʝ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʩʪʝʭʠʦʤʝʪʨʠʠ. 

ʂʦʥʬʦʨʤʘʮʠʠ ʤʦʣʝʢʫʣ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʚ ʚʠʜʝ ʩʪʨʦʢ ʟʥʘʯʝʥʠʡ ʠʭ 

ʧʦʜʚʠʞʥʳʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ; ʥʘʧʨʠʤʝʨ, ʵʪʦʪ ʧʦʜʭʦʜ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩʦ 

ʩʪʘʥʜʘʨʪʥʳʤʠ ʦʧʝʨʘʪʦʨʘʤʠ ʩʢʨʝʱʠʚʘʥʠʷ ʠ ʤʫʪʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚ ʤʝʪʦʜʝ Fafoom 

[121] ʠ ʘʣʛʦʨʠʪʤʝ Sun ʜʣʷ ʧʨʝʜʩʢʘʟʘʥʠʷ ʩʪʨʫʢʪʫʨ ʙʝʣʢʦʚ ʠ ʧʝʧʪʠʜʦʚ [122]. ɹʦʣʝʝ 

ʪʦʛʦ, ʝʩʣʠ ʜʝʣʘʝʪʩʷ ʵʚʦʣʶʮʠʦʥʥʳʡ ʧʦʠʩʢ ʜʣʷ ʩʠʩʪʝʤʳ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʤʦʣʝʢʫʣ, ʪʦ ʚ 

ʩʪʨʦʢʫ ʜʦʙʘʚʣʷʶʪʩʷ ʪʘʢʞʝ ʢʦʦʨʜʠʥʘʪʳ ʮʝʥʪʨʦʚ ʤʘʩʩ ʠ ʧʦʚʦʨʦʪʳ ʩʦʩʪʘʚʣʷʶʱʠʭ 

ʤʦʣʝʢʫʣ, ʥʘʧʨʠʤʝʨ, ɻ ʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʘʣʛʦʨʠʪʤʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 

ʧʝʨʝʭʦʜʥʳʭ ʩʦʩʪʦʷʥʠʡ QMTSDock [123] ʠ ʘʣʛʦʨʠʪʤʝ ʧʨʝʜʩʢʘʟʘʥʠʷ ʩʪʨʫʢʪʫʨ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʢʨʠʩʪʘʣʣʦʚ [124]. ɼʣʷ ʵʚʦʣʶʮʠʠ ʢʦʥʬʦʨʤʘʮʠʡ ʤʦʣʝʢʫʣ ʧʨʝʜʣʘʛʘʣʠʩʴ 

ʠ ʥʝʩʪʘʥʜʘʨʪʥʳʝ ʢʦʦʨʜʠʥʘʪʳ, ʥʘʧʨʠʤʝʨ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʙʠʥʘʨʥʳʡ ʛʝʥʝʪʠʯʝʩʢʠʡ 

ʘʣʛʦʨʠʪʤ [125], ʢʦʪʦʨʳʡ ʢʦʜʠʨʫʝʪ ʢʦʥʬʦʨʤʘʮʠʠ ʤʘʣʳʭ ʮʠʢʣʦʚ ʯʝʨʝʟ ʥʘʧʨʘʚʣʝʥʠʝ 

ʦʪʢʣʦʥʝʥʠʷ ʘʪʦʤʦʚ ʦʪ ʧʣʦʩʢʦʩʪʠ ʢʦʣʴʮʘ ʠ ʩʧʦʩʦʙʝʥ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʵʪʠ ʦʪʢʣʦʥʝʥʠʷ 

ʯʝʨʝʟ ʘʣʛʦʨʠʪʤ corner flapping [126], ʘ ʦʙʦʙʱʝʥʠʝ ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʤʫʪʘʮʠʠ ʢʦʥʬʦʨʤʘʮʠʡ ʮʠʢʣʦʚ ʚ ʘʣʛʦʨʠʪʤʝ CONFLEX [127]. 

ʅʘʠʙʦʣʴʰʫʶ ʧʦʧʫʣʷʨʥʦʩʪʴ ʵʚʦʣʶʮʠʦʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʧʦʣʫʯʠʣʠ ʚ ʦʙʣʘʩʪʠ 

ʧʨʝʜʩʢʘʟʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʢʨʠʩʪʘʣʣʦʚ. ʉʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ, ʥʘʧʨʠʤʝʨ USPEX 

(Universal Structure Predictor: Evolutionary Xtallography), ʚʦʩʧʨʦʠʟʚʦʜʷʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʦʯʝʥʴ ʚʳʩʦʢʦʡ ʜʦʣʝʡ ʫʩʧʝʭʘ [128,129]. ʂʘʢ ʠ ʜʣʷ 

ʘʪʦʤʥʳʭ ʢʣʘʩʪʝʨʦʚ, ʜʣʷ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʦ ʩʢʨʝʱʠʚʘʥʠʝ 

ʤʝʪʦʜʦʤ cut-and-splice, ʘ ʜʣʷ ʤʫʪʘʮʠʠ ʩʪʨʫʢʪʫʨ ʠʩʧʦʣʴʟʫʶʪʩʷ ʦʙʤʝʥʳ ʘʪʦʤʦʚ ʨʘʟʥʳʭ 

ʵʣʝʤʝʥʪʦʚ, ʘ ʪʘʢʞʝ ʩʜʚʠʛʠ ʘʪʦʤʦʚ ʠ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʷʯʝʡʢʠ. ʇʨʝʜʣʘʛʘʣʠʩʴ 

ʪʘʢʞʝ ʠ ʵʚʦʣʶʮʠʦʥʥʳʝ ʦʧʝʨʘʮʠʠ, ʘʥʘʣʦʛʠʯʥʳʝ ʰʘʛʘʤ ʚ ʤʝʪʦʜʘʭ ʄɼ ʠ ʄʂʄ. 

ʅʘʧʨʠʤʝʨ USPEX [129] ʠ XtalOpt [130] ʨʝʘʣʠʟʫʶʪ ʰʘʛʠ ʚʜʦʣʴ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ 
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ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ, ʧʨʠ ʵʪʦʤ USPEX ʪʘʢʞʝ ʫʯʠʪʳʚʘʝʪ ʙʣʠʟʦʩʪʴ ʥʦʚʳʭ ʩʪʨʫʢʪʫʨ ʩ 

ʫʞʝ ʥʘʡʜʝʥʥʳʤʠ, ʜʣʷ ʯʝʛʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʥʘʣʦʛ ʛʘʫʩʩʦʚʘ ʩʤʝʱʘʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ 

ʤʝʪʦʜʘʭ LE. 

ɺ ʥʘʯʘʣʝ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʵʚʦʣʶʮʠʦʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʥʝʦʙʭʦʜʠʤʦ ʜʝʣʘʪʴ ʚʳʙʦʨ 

ʨʦʜʠʪʝʣʴʩʢʠʭ ʢʦʥʬʦʨʤʘʮʠʡ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʥʘʜ ʥʠʤʠ ʵʚʦʣʶʮʠʦʥʥʳʭ ʦʧʝʨʘʮʠʡ. 

ʊʘʢʦʡ ʚʳʙʦʨ ʜʝʣʘʝʪʩʷ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ, ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʪʙʦʨʦʤ, 

ʠʩʧʦʣʴʟʫʷ ʦʮʝʥʢʠ çʧʨʠʩʧʦʩʦʙʣʝʥʥʦʩʪʠè ʢʦʥʬʦʨʤʘʮʠʠ, ʢʦʪʦʨʳʝ ʚʘʨʴʠʨʫʶʪʩʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʞʝʣʘʝʤʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʣʦʢʘʣʴʥʦʡ ʤʠʥʠʤʠʟʘʮʠʝʡ ʵʥʝʨʛʠʠ ʠ 

ʛʣʦʙʘʣʴʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʝʤ ʇʇʕ. ʇʨʠʩʧʦʩʦʙʣʝʥʥʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʩʪʦ 

ʙʦʣʴʮʤʘʥʦʚʩʢʠʤ ʚʝʩʦʤ ʢʦʥʬʦʨʤʘʮʠʠ ʚ ʫʞʝ ʠʟʚʝʩʪʥʦʤ ʥʘʙʦʨʝ, ʘ ʤʦʞʝʪ ʪʘʢʞʝ 

ʫʯʠʪʳʚʘʪʴ ʠʩʩʣʝʜʦʚʘʥʥʦʩʪʴ ʦʙʣʘʩʪʠ ʇʇʕ, ʢʦʪʦʨʦʡ ʵʪʘ ʛʝʦʤʝʪʨʠʷ ʧʨʠʥʘʜʣʝʞʠʪ ï 

ʚʪʦʨʦʡ ʚʘʨʠʘʥʪ ʨʝʘʣʠʟʦʚʘʥ ʚ ʘʣʛʦʨʠʪʤʝ GAtor [131]. 

ʆʜʥʘʢʦ, ʵʚʦʣʶʮʠʦʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʥʝ ʷʚʣʷʶʪʩʷ ʠʜʝʘʣʴʥʳʤ ʧʦʜʭʦʜʦʤ ʢ 

ʘʫʛʤʝʥʪʘʮʠʠ ʘʥʩʘʤʙʣʝʡ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʢʦʜʠʨʦʚʘʥʠʠ ʢʦʥʬʦʨʤʘʮʠʡ ʮʠʢʣʠʯʝʩʢʠʭ 

ʠʣʠ ʨʘʟʚʝʪʚʣʥyʥʳʭ ʤʦʣʝʢʫʣ ʟʥʘʯʝʥʠʷʤʠ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ, ʪʦʧʦʣʦʛʠʷ ʦʪʨʝʟʢʘ ʫ 

çʭʨʦʤʦʩʦʤè ʥʠʢʘʢ ʥʝ ʦʪʨʘʞʘʝʪ ʤʦʣʝʢʫʣʷʨʥʦʡ ʪʦʧʦʣʦʛʠʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʩʢʨʝʱʠʚʘʥʠʝ ʧʫʪʸʤ ʨʘʟʨʝʟʘʥʠʷ ʠ ʩʰʠʚʘʥʠʷ çʭʨʦʤʦʩʦʤè ʥʝ ʜʘʪy ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʝʨʝʜ 

ʦʙʤʝʥʦʤ ʟʥʘʯʝʥʠʡ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʚ ʩʣʫʯʘʡʥʳʭ ʧʦʣʦʞʝʥʠʷʭ. ʂʨʦʤʝ ʪʦʛʦ, 

ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʝ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʝ ʢʦʥʪʘʢʪʳ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʷʚʥʦ ʫʢʘʟʘʥʳ ʯʝʨʝʟ 

ʩʪʨʦʢʠ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ. ʇʦʵʪʦʤʫ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʧʦʩʪʨʦʝʥʠʝ 

ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʇʇʕ ʥʘ ʣʝʪʫ, ʯʪʦ ʠ ʜʝʣʘʶʪ ʤʝʪʦʜʳ ʠʟ ʩʣʝʜʫʶʱʝʛʦ 

ʧʦʜʨʘʟʜʝʣʘ. 

 

1.1.3.2. ɹʘʡʝʩʦʚʩʢʘʷ ʦʧʪʠʤʠʟʘʮʠʷ 

ɹʘʡʝʩʦʚʩʢʘʷ ʦʧʪʠʤʠʟʘʮʠʷ (ɹʆ) ï ɻ ʪʦ ʤʝʪʦʜ ʦʧʪʠʤʠʟʘʮʠʠ ʬʫʥʢʮʠʡ, ʚʳʯʠʩʣʝʥʠʝ 

ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʟʘʪʨʘʪʥʳʤ. ʆʩʥʦʚʥʘʷ ʠʜʝʷ ɹʆ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʧʦʩʪʨʦʝʥʠʠ ʩʫʨʨʦʛʘʪʥʦʡ ʤʦʜʝʣʠ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʥʘ ʦʩʥʦʚʝ ʫʞʝ ʠʟʚʝʩʪʥʳʭ 

ʟʥʘʯʝʥʠʡ ʚ ʥʝʢʦʪʦʨʳʭ ʪʦʯʢʘʭ. ʊʘʢʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʢʘʢ ʦʞʠʜʘʝʤʦʝ 

ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ʚ ʧʨʦʠʟʚʦʣʴʥʦʡ ʪʦʯʢʝ, ʪʘʢ ʠ ʜʠʩʧʝʨʩʠʶ: ʚʙʣʠʟʠ ʠʟʚʝʩʪʥʳʭ ʪʦʯʝʢ 

ʜʠʩʧʝʨʩʠʷ ʤʘʣʘ, ʘ ʚ ʫʜʘʣʥyʥʳʭ ʦʙʣʘʩʪʷʭ ï ʚʳʩʦʢʘ. ʂʣʶʯʝʚʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ 
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ʣʶʙʦʛʦ ʘʣʛʦʨʠʪʤʘ ɹʆ ʷʚʣʷʶʪʩʷ ʩʪʨʫʢʪʫʨʘ ʩʫʨʨʦʛʘʪʥʦʡ ʤʦʜʝʣʠ ʠ ʬʫʥʢʮʠʷ ʚʳʙʦʨʘ 

(acquisition function, AF), ʦʧʨʝʜʝʣʷʶʱʘʷ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʩʣʝʜʫʶʱʝʛʦ ʚʳʯʠʩʣʝʥʠʷ 

ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʚ ʪʦʡ ʠʣʠ ʠʥʦʡ ʪʦʯʢʝ. 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʥyʥʦʡ ʩʫʨʨʦʛʘʪʥʦʡ ʤʦʜʝʣʴʶ ʜʣʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʧʦʠʩʢʘ ʤʘʣʳʭ ʤʦʣʝʢʫʣ ʷʚʣʷʶʪʩʷ ʛʘʫʩʩʦʚʳ ʧʨʦʮʝʩʩʳ, ʚ ʯʘʩʪʥʦʩʪʠ ʦʥʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ 

ʤʝʪʦʜʘʭ BOA [132], BOKEI [133], BOSS [134] ʠ BOCSER [116]. ɺʦ ʚʩʝʭ ʫʢʘʟʘʥʥʳʭ 

ʤʝʪʦʜʘʭ ʢʦʥʬʦʨʤʘʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʠʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ. ɺ ʢʘʯʝʩʪʚʝ 

AF ʧʨʠʤʝʥʷʣʠʩʴ ʢʘʢ ʩʪʘʥʜʘʨʪʥʳʝ expected improvement (EI), ʦʨʠʝʥʪʠʨʦʚʘʥʥʘʷ ʥʘ 

ʣʦʢʘʣʴʥʳʡ ʧʦʠʩʢ ʤʠʥʠʤʫʤʘ, ʠ lower confidence bound (LCB), ʥʘʮʝʣʝʥʥʘʷ ʥʘ 

ʛʣʦʙʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʇʇʕ [132], ʪʘʢ ʠ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʘʷ ʬʫʥʢʮʠʷ 

explorational variance minimizer (EVM) [116], ʧʨʝʜʥʘʟʥʘʯʝʥʥʘʷ ʜʣʷ ʛʣʦʙʘʣʴʥʦʛʦ 

ʧʦʠʩʢʘ ʚ ʟʘʜʘʥʥʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ. 

 

ὉὍὼ άὥὼὍὼȟπ άὥὼὪὼᶻ Ὢὼȟπ  

ὒὅὄὼ ‘ὼ ‍„ὼ 

%6-ὼ ὠάὥὼὪὼᶻ Ὢὼ Ὁ ȟπ  

(3) 

ɿʜʝʩʴ ὼᶻ ï ʥʘʠʣʫʯʰʘʷ ʪʦʯʢʘ, ʦʙʥʘʨʫʞʝʥʥʘʷ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ, ‘ὼ ï ʧʨʝʜʩʢʘʟʘʥʥʦʝ 

ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʚ ʪʦʯʢʝ ὼ, „ὼ ï ʧʨʝʜʩʢʘʟʘʥʥʦʝ ʩʪʘʥʜʘʨʪʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʚ ʪʦʯʢʝ x, 

‍ ï ʢʦʵʬʬʠʮʠʝʥʪ, ʫʧʨʘʚʣʷʶʱʠʡ ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʝʞʜʫ ʠʩʩʣʝʜʦʚʘʥʠʝʤ ʠ 

ʤʠʥʠʤʠʟʘʮʠʝʡ, ʘ Ὁ  ï ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʘ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʤʠʥʠʤʫʤʘ.  

ʆʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ ʤʝʪʦʜʦʚ ɹʆ ʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʤ 

ʘʥʘʣʠʟʝ ʷʚʣʷʝʪʩʷ ʬʠʟʠʯʝʩʢʦʝ ʠʥʬʦʨʤʠʨʦʚʘʥʠʝ [135], ʪʦ ʝʩʪʴ ʨʘʟʨʘʙʦʪʢʘ ʩʧʦʩʦʙʦʚ 

ʫʯʸʪʘ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʪʨʫʢʪʫʨʝ ʇʇʕ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ 

ʤʦʜʝʣʠ ʧʨʠ ʦʛʨʘʥʠʯʝʥʥʳʭ ʜʘʥʥʳʭ. ʊʘʢ, ʚ ʤʝʪʦʜʝ BOKEI  [133] ʫʯʠʪʳʚʘʶʪʩʷ ʧʘʨʥʳʝ 

ʢʦʨʨʝʣʷʮʠʠ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʜʚʫʤʝʨʥʳʭ 

ʩʢʘʥʠʨʦʚʘʥʠʡ ʤʦʜʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʦʜʥʘʢʦ ʵʪʘ ʠʥʬʦʨʤʘʮʠʷ ʚʢʣʶʯʝʥʘ ʪʦʣʴʢʦ ʚ 

AF, ʥʦ ʥʝ ʚ ʩʘʤʫ ʩʫʨʨʦʛʘʪʥʫʶ ʤʦʜʝʣʴ. ʕʪʦʪ ʥʝʜʦʩʪʘʪʦʢ ʧʨʝʦʜʦʣʥy ʚ ʤʝʪʦʜʝ BOCSER 

[116], ʛʜʝ ʘʧʨʠʦʨʥʳʝ ʟʥʘʥʠʷ ʦ ʧʦʪʝʥʮʠʘʣʘʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ (ʙʝʟ ʫʯʸʪʘ ʧʘʨʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ) ʟʘʢʣʘʜʳʚʘʶʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʬʫʥʢʮʠʶ ʷʜʨʘ ʥʘ ʦʩʥʦʚʝ 
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ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʦʜʥʦʤʝʨʥʳʭ ʩʢʘʥʠʨʦʚʘʥʠʡ. ʂʨʦʤʝ ʪʦʛʦ, ʚʦ ʚʩʝʭ ʧʝʨʝʯʠʩʣʝʥʥʳʭ 

ʤʝʪʦʜʘʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ ʷʜʨʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʯʠʪʳʚʘʪʴ 

ʮʠʢʣʠʯʥʦʩʪʴ ʟʘʚʠʩʠʤʦʩʪʠ ʵʥʝʨʛʠʠ ʦʪ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʤʦʣʝʢʫʣʳ. 

ʆʜʥʘʢʦ, ʛʘʫʩʩʦʚʳ ʧʨʦʮʝʩʩʳ ʩʪʘʥʦʚʷʪʩʷ ʩʣʠʰʢʦʤ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʟʘʪʨʘʪʥʳʤʠ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʩʪʨʫʢʪʫʨ ʚ ʘʥʩʘʤʙʣʝ (ʚʨʝʤʝʥʥʘʷ ʩʣʦʞʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ ὕὔ , 

[136]). ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʨʫʛʫʶ 

ʩʫʨʨʦʛʘʪʥʫʶ ʤʦʜʝʣʴ ï ʜʨʝʚʝʩʥʦ-ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʦʮʝʥʱʠʢ ʇʘʨʟʝʥʘ (Tree-

structured Parzen Estimator, TPE). ɺ ʦʪʣʠʯʠʝ ʦʪ ʛʘʫʩʩʦʚʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʢʦʪʦʨʳʝ 

ʤʦʜʝʣʠʨʫʶʪ ʮʝʣʝʚʫʶ ʬʫʥʢʮʠʶ ʥʘʧʨʷʤʫʶ, ʚʳʯʠʩʣʷʷ ʦʞʠʜʘʝʤʦʝ ʟʥʘʯʝʥʠʝ ʠ 

ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʴ, ʧʦʜʭʦʜ TPE ʨʘʟʜʝʣʷʝʪ ʥʘʙʣʶʜʝʥʠʷ ʥʘ çʫʜʘʯʥʳʝè ʠ çʥʝʫʜʘʯʥʳʝè 

ʠ ʜʣʷ ʥʠʭ ʩʪʨʦʠʪ ʤʦʜʝʣʠ ʨʘʩʧʨʝʜʝʣʝʥʠʡ. ɺʨʝʤʝʥʥʘʷ ʩʣʦʞʥʦʩʪʴ ʧʨʠ ʵʪʦʤ ʧʦʥʠʞʘʝʪʩʷ 

ʜʦ /ὔẗὰέὫװὔ. ɺ ʨʘʙʦʪʝ [137] TPE ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 

ʤʘʣʳʭ ʤʦʣʝʢʫʣ ʩ ʨʘʟʙʠʝʥʠʝʤ ʧʦ ʵʥʝʨʛʠʠ ʫʜʘʯʥʳʭ ʠ ʥʝʫʜʘʯʥʳʭ ʢʦʥʬʦʨʤʘʮʠʡ ʚ 

ʩʦʦʪʥʦʰʝʥʠʠ 1:9. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʜʭʦʜ TPE ʪʨʝʙʫʝʪ ʤʝʥʴʰʝ ʨʘʩʯʪyʦʚ ʵʥʝʨʛʠʠ, 

ʯʝʤ ʤʝʪʦʜʳ BH ʠ ʵʚʦʣʶʮʠʦʥʥʳʝ ʘʣʛʦʨʠʪʤʳ [137]. 

ʉʫʱʝʩʪʚʝʥʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚʳʰʝ ʤʝʪʦʜʦʚ ɹʆ ʷʚʣʷʝʪʩʷ ʠʭ 

ʥʝʩʧʦʩʦʙʥʦʩʪʴ ʨʘʙʦʪʘʪʴ ʩ ʮʠʢʣʠʯʝʩʢʠʤʠ ʤʦʣʝʢʫʣʘʤʠ. ʕʪʦ ʥʘʩʣʝʜʫʝʪʩʷ ʦʪ 

ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʥʠʭ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ. ɺ ʨʘʤʢʘʭ ʪʘʢʦʡ ʩʠʩʪʝʤʳ 

ʢʦʦʨʜʠʥʘʪ ʚʦʟʤʦʞʥʦ ʣʠʙʦ ʧʦʣʥʦʝ ʠʩʢʣʶʯʝʥʠʝ ʮʠʢʣʠʯʝʩʢʠʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʠʟ 

ʨʘʩʩʤʦʪʨʝʥʠʷ, ʣʠʙʦ ʧʨʠʤʝʥʝʥʠʝ ʩʪʨʘʪʝʛʠʠ ringmaker (ʩʤ. ʧʦʜʨʘʟʜʝʣ 1.1.1.2), ʪʦ ʝʩʪʴ 

ʨʘʟʨʳʚ ʦʜʥʦʡ ʩʚʷʟʠ ʚ ʢʘʞʜʦʤ ʮʠʢʣʝ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʦʩʪʘʚʰʠʭʩʷ 

ʩʚʷʟʝʡ ʚ ʢʘʯʝʩʪʚʝ ʢʦʦʨʜʠʥʘʪ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ. ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʥʝ ʷʚʣʷʝʪʩʷ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʤ, ʪʘʢ ʢʘʢ ʦʥ ʥʝ ʫʯʠʪʳʚʘʝʪ ʫʩʣʦʚʠʡ ʟʘʤʳʢʘʥʠʷ ʮʠʢʣʘ, ʚʩʣʝʜʩʪʚʠʝ 

ʯʝʛʦ ʧʦʜʘʚʣʷʶʱʝʝ ʙʦʣʴʰʠʥʩʪʚʦ ʛʝʦʤʝʪʨʠʡ ʦʢʘʟʳʚʘʶʪʩʷ ʠʩʢʘʞʸʥʥʳʤʠ (ʩʤ. ʈʠʩʫʥʦʢ 

3). 

 

1.1.4. ʄʝʪʦʜʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ 

ʄʝʪʦʜʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʥʘ ʦʩʥʦʚʝ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ (machine 

learning, ML) ʧʨʦʜʦʣʞʘʶʪ ʠʜʝʶ ʤʝʪʦʜʦʚ ʵʤʧʠʨʠʯʝʩʢʦʛʦ ʧʝʨʝʙʦʨʘ, ʦʧʠʩʘʥʥʳʭ ʚ 

ʧʦʜʨʘʟʜʝʣʝ 1.1.1.3. ɺ ʦʙʦʠʭ ʧʦʜʭʦʜʘʭ ʛʝʥʝʨʘʮʠʷ ʢʦʥʬʦʨʤʘʮʠʡ ʧʦʣʘʛʘʝʪʩʷ ʥʘ ʜʘʥʥʳʝ, 
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ʠʟʚʣʝʯʥyʥʳʝ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʪyʥʳʭ ʙʘʟ: PDB [62], CSD [63], GEOM 

[138]. ʈʘʟʣʠʯʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʧʦʩʦʙʝ ʢʦʜʠʨʦʚʘʥʠʷ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ɻʪʠʭ ʜʘʥʥʳʭ. ɺ 

ʢʣʘʩʩʠʯʝʩʢʠʭ ʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʘʭ ʥʘ ʵʪʘʧʝ ʛʝʥʝʨʘʮʠʠ ʢʦʥʬʦʨʤʘʮʠʠ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʙʠʙʣʠʦʪʝʢʠ ʬʨʘʛʤʝʥʪʦʚ ʠ ʰʘʙʣʦʥʦʚ, ʘ ʪʘʢʞʝ ʪʘʙʣʠʮʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ. ʂʦʥʬʦʨʤʘʮʠʠ ʧʦʣʫʯʘʶʪʩʷ ʧʫʪʸʤ ʢʦʤʙʠʥʘʪʦʨʥʦʡ 

ʩʙʦʨʢʠ ʧʦ ʢʦʥʢʨʝʪʥʦ ʟʘʜʘʥʥʳʤ ʧʨʘʚʠʣʘʤ ʠʟ ʟʘʨʘʥʝʝ ʧʦʜʛʦʪʦʚʣʝʥʥʳʭ ʯʘʩʪʝʡ. 

ɺ ʤʝʪʦʜʘʭ ML, ʥʘʧʨʦʪʠʚ, ʵʤʧʠʨʠʯʝʩʢʘʷ ʠʥʬʦʨʤʘʮʠʷ ʢʦʜʠʨʫʝʪʩʷ ʥʝʷʚʥʦ ʚ 

ʧʘʨʘʤʝʪʨʘʭ (ʚʝʩʘʭ) ʛʣʫʙʦʢʠʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. ʅʝʡʨʦʥʥʘʷ ʩʝʪʴ ï ʵʪʦ 

ʜʠʬʬʝʨʝʥʮʠʨʫʝʤʦʝ ʦʪʦʙʨʘʞʝʥʠʝ ʤʝʞʜʫ ʧʨʦʩʪʨʘʥʩʪʚʘʤʠ ʚʳʩʦʢʦʡ ʨʘʟʤʝʨʥʦʩʪʠ. 

ʊʘʢʠʝ ʩʝʪʠ ʦʙʣʘʜʘʶʪ ʩʚʦʡʩʪʚʦʤ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʘʧʧʨʦʢʩʠʤʘʪʦʨʦʚ, ʪʦ ʝʩʪʴ 

ʩʧʦʩʦʙʥʦʩʪʴʶ ʧʨʠʙʣʠʞʘʪʴ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʬʫʥʢʮʠʠ [139]. ɹʦʣʝʝ ʪʦʛʦ, ʚʚʝʜʝʥʠʝ ʚ 

ʬʫʥʢʮʠʶ ʩʢʨʳʪʳʭ ʘʨʛʫʤʝʥʪʦʚ ʩʦ ʩʣʫʯʘʡʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʡʪʠ ʦʪ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʭ ʬʫʥʢʮʠʡ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʚʝʨʦʷʪʥʦʩʪʥʳʭ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ. ɺ ʯʘʩʪʥʦʩʪʠ, ʤʘʰʠʥʥʦ-ʦʙʫʯʘʝʤʳʝ ʤʝʪʦʜʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʧʦʠʩʢʘ ʤʦʜʝʣʠʨʫʶʪ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ὖ̗̠̋̏̎̏̑̍́̉̕ ȿ ̄̑́,̕ ʢʦʪʦʨʦʝ ʤʦʛʣʦ ʙʳ 

ʧʦʨʦʞʜʘʪʴ ʢʦʨʨʝʢʪʥʳʝ ʩʪʨʫʢʪʫʨʳ ʚ ʦʙʫʯʘʶʱʠʭ ʜʘʥʥʳʭ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʘʙʦʪʢʘ 

ʤʝʪʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ML ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʥʝ ʪʦʣʴʢʦ ʩʙʦʨ ʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ ʦ 

ʢʦʥʬʦʨʤʘʮʠʷʭ ʤʦʣʝʢʫʣ, ʥʦ ʝʱʸ ʠ ʵʪʘʧ ʦʙʫʯʝʥʠʷ ï ʦʧʪʠʤʠʟʘʮʠ ʁʵʪʠʭ 

ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʦʰʠʙʢʠ ʤʦʜʝʣʠ. ɻʝʥʝʨʘʮʠʷ ʞʝ ʥʦʚʦʡ 

ʢʦʥʬʦʨʤʘʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʤʦʜʝʣʠ ML ʚʳʧʦʣʥʷʝʪʩ ̫ʣʠʙʦ ʧʨʷʤʳʤ 

ʚʳʯʠʩʣʝʥʠʝʤ ʦʙʫʯʝʥʥʦʡ ʬʫʥʢʮʠʠ, ʣʠʙʦ ʯʠʩʣʝʥʥʳʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝʤ ʦʙʫʯʝʥʥʦʛʦ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ (ʜʠʬʬʫʟʠʠ ʠʣʠ ʧʦʪʦʢʘ), ʢʦʪʦʨʳʡ, ʚ ʠʜʝʘʣʴʥʦʤ ʩʣʫʯʘʝ, 

ʵʚʦʣʶʮʠʦʥʠʨʫʝʪ ʰʫʤʦʚʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘ ʇʇʕ ʚ ʨʘʚʥʦʚʝʩʥʦʝ ʙʦʣʴʮʤʘʥʦʚʩʢʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʬʦʨʤʘʮʠʡ. 

ʄʝʪʦʜʳ ʧʨʷʤʦʛʦ ʚʳʯʠʩʣʝʥʠʷ ʷʚʣʷʶʪʩʷ ʤʝʪʦʜʘʤʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʝʨʝʙʦʨʘ, 

ʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ML. ʂʘʢ ʦʙʩʫʞʜʘʣʦʩʴ ʚ ʧʦʜʨʘʟʜʝʣʝ 1.1.1, ʢʦʥʬʦʨʤʘʮʠʠ ʤʦʞʥʦ 

ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʢʦʦʨʜʠʥʘʪʘʭ, ʚ ʚʠʜʝ ʤʘʪʨʠʮ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ 

ʠʣʠ ʥʘʧʨʷʤʫʶ ʚ ʚʠʜʝ ʜʝʢʘʨʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʦʚ. ʇʦʜʭʦʜ ʧʨʷʤʦʛʦ ʧʨʝʜʩʢʘʟʘʥʠʷ 

ʚʥʫʪʨʝʥʥʠʭ ʢʦʦʨʜʠʥʘʪ ʨʝʘʣʠʟʦʚʘʥ ʚ ʤʝʪʦʜʘʭ GeoMol [140] ʠ COSMIC [141]. 

ʇʨʝʜʩʢʘʟʘʥʠʝ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʧʨʝʜʣʘʛʘʣʦʩʴ ʚ ʤʝʪʦʜʘʭ ConfVAE [142] ʠ 
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GraphDG [47], ʧʦʩʣʝ ʯʝʛʦ ʢʦʥʬʦʨʤʘʮʠʷ ʩʪʨʦʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ 

ʜʠʩʪʘʥʮʠʦʥʥʦʡ ʛʝʦʤʝʪʨʠʠ. ʅʘʢʦʥʝʮ, ʧʨʷʤʦʝ ʧʨʝʜʩʢʘʟʘʥʠʝ ʜʝʢʘʨʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ 

ʨʝʘʣʠʟʦʚʘʥʦ ʚ ʤʝʪʦʜʘʭ CVGAE [143] ʠ DMCG [144]. 

ɼʠʥʘʤʠʯʝʩʢʠʝ ʤʝʪʦʜ rML ʥʝ ʜʘʶʪ ʛʦʪʦʚʦʡ ʢʦʥʬʦʨʤʘʮʠʠ ʟʘ ʦʜʥʦ ʚʳʯʠʩʣʝʥʠʝ. 

ɺʤʝʩʪʦ ʵʪʦʛʦ ʥʝʡʨʦʥʥʘ ̫ʩʝʪɹ ʟʘʜʘʸʪ ʟʘʢʦʥ ʵʚʦʣʶʮʠʠ ʩʠʩʪʝʤʳ ʚʦ ʚʨʝʤʝʥʠ, 

ʘʥʘʣʦʛʠʯʥʦ ʪʦʤʫ, ʢʘʢ ʫʨʘʚʥʝʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʠ ʵʚʨʠʩʪʠʯʝʩʢʠʝ ʰʘʛʠ ʚ 

ʄʂʄ ʟʘʜʘʶʪ ʪʨʘʝʢʪʦʨʠʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʇʇʕ (ʩʤ. ʧʦʜʨʘʟʜʝʣ 1.1.2). ʇʦʧʫʣʷʨʥʦʩʪʴ 

ʧʦʣʫʯʠʣʠ ʛʝʥʝʨʘʪʠʚʥʳʝ ʤʦʜʝʣʠ ML, ʤʦʜʝʣʠʨʫʶʱʠʝ ʧʨʦʮʝʩʩ ʜʠʬʬʫʟʠʠ, ʢʦʪʦʨʳʝ ʚ 

ʧʨʦʮʝʩʩʝ ʦʙʫʯʝʥʠʷ ʧʨʠʥʠʤʘʶʪ ʤʦʣʝʢʫʣʷʨʥʳʝ ʛʝʦʤʝʪʨʠʠ ʩ ʧʨʠʤʝʩʴʶ ʰʫʤʘ ʠ ʫʯʘʪʩʷ 

ʫʜʘʣʷʪʴ ʵʪʦʪ ʰʫʤ. ʕʪʦ ʥʘʧʦʤʠʥʘʝʪ ʰʘʛʠ ʠʤʠʪʘʮʠʠ ʦʪʞʠʛʘ, ʦʜʥʘʢʦ ʢʣʶʯʝʚʦʝ ʦʪʣʠʯʠʝ 

ʚ ʪʦʤ, ʯʪʦ ʦʧʝʨʘʪʦʨʳ ʧʝʨʝʭʦʜʘ ʦʙʫʯʘʶʪʩʷ ʠ ʫʞʝ ʥʝ ʦʩʥʦʚʳʚʘʶʪʩʷ ʥʘ ʢʨʠʪʝʨʠʠ 

ʄʝʪʨʦʧʦʣʠʩʘ. ɹr ʣʦ ʧʨʝʜʣʦʞʝʥʦ ʤʥʦʞʝʩʪʚʦ ʤʝʪʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʜʠʬʬʫʟʠʠ 

ʜʝʢʘʨʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ (GeoDiff [145], MCF [146] ʠ ʜʨʫʛʠʝ), ʘ ʪʘʢʞʝ ʢʦʦʨʜʠʥʘʪ 

ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ (Torsional Diffusion [147] ʠ RINGER [148]). 

ɼʨʫʛʠʤ ʧʦʜʭʦʜʦʤ ʜʠʥʘʤʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ̫ ʚʣʷʶʪʩʷ ʤʘʰʠʥʥʦ-ʦʙʫʯʝʥʥʳʝ 

ʥʝʧʨʝʨʳʚʥʳʝ ʥʦʨʤʘʣʠʟʫʶʱʠʝ ʧʦʪʦʢʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʜʠʬʬʫʟʠʠ, ʵʪʠ 

ʤʝʪʦʜʳ ʦʙʫʯʘʶʪ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ ʩʠʩʪʝʤʳ ʚ ʚʠʜʝ 

ʚʝʢʪʦʨʥʦʛʦ ʧʦʣʷ ὨᾀȾὨὸ ὺ ᾀȟὸ, ʢʦʪʦʨʦʝ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪ ʧʨʦʩʪʦʝ ʘʧʨʠʦʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ (ʦʙʳʯʥʦ ʤʥʦʛʦʤʝʨʥʦʝ ɻʘʫʩʩʦʚʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ) ʚ ʩʣʦʞʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʚʥʦʚʝʩʥʳʭ ʢʦʥʬʦʨʤʘʮʠʡ. ʅʘʧʨʠʤʝʨ, ʤʝʪʦʜ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʧʦʠʩʢʘ ConfFlow [149] ʦʩʥʦʚʘʥ ʥʘ ʧʦʣʝ ʩʢʦʨʦʩʪʝʡ ʥʘʜ ʜʝʢʘʨʪʦʚʳʤʠ ʢʦʦʨʜʠʥʘʪʘʤʠ 

ʘʪʦʤʦʚ, ʪʦʛʜʘ ʢʘʢ CGCF [150] ʠʩʧʦʣʴʟʫʝʪ ʥʦʨʤʘʣʠʟʫʶʱʠʝ ʧʦʪʦʢʠ ʜʣʷ ʛʝʥʝʨʘʮʠʠ 

ʤʘʪʨʠʮ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ, ʘ ʢʦʥʬʦʨʤʘʮʠʠ ʟʘʪʝʤ ʚʦʩʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʤʝʪʦʜʦʤ 

ʜʠʩʪʘʥʮʠʦʥʥʦʡ ʛʝʦʤʝʪʨʠʠ. 

ʅʘʢʦʥʝʮ, ʧʨʝʜʣʘʛʘʣʠʩʴ ʧʦʜʭʦʜʳ ʛʝʥʝʨʘʮʠʠ ʥʘ ʦʩʥʦʚʝ ʣʘʥʞʝʚʝʥʦʚʩʢʦʡ ʜʠʥʘʤʠʢʠ, 

ʢʦʪʦʨʘ ̫ʩʦʚʤʝʱʘʝʪ ʜʚʠʞʝʥʠʝ ʚʜʦʣʴ ʤʘʰʠʥʥʦ-ʦʙʫʯʝʥʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ᶯÌÏÇὖὼ ʩ 

ʜʦʙʘʚʣʝʥʠʝʤ ʩʣʫʯʘʡʥʳʭ ʦʪʢʣʦʥʝʥʠʡ. ʕʪʘ ʜʠʥʘʤʠʢʘ ʤʦʜʝʣʠʨʫʝʪ ʷʚʣʝʥʠʝ ʜʠʬʬʫʟʠʠ ʚ 

ʧʦʪʝʥʮʠʘʣʴʥʦʤ ʧʦʣʝ ï ʩʠʩʪʝʤʘ ʧʨʠʪʷʛʠʚʘʝʪʩʷ ʢ ʦʙʣʘʩʪʷʤ, ʟʘʩʝʣʥyʥʳʤ 

ʢʦʥʬʦʨʤʘʮʠʷʤʠ ʠʟ ʦʙʫʯʘʶʱʝʡ ʚʳʙʦʨʢʠ, ʘ ʩʪʦʭʘʩʪʠʯʝʩʢʦʝ ʩʣʘʛʘʝʤʦʝ ʧʦʤʦʛʘʝʪ ʩ 

ʧʨʝʦʜʦʣʝʥʠʝʤ ʙʘʨʴʝʨʦʚ ʜʣ ̫ʣʫʯʰʝʛʦ ʩʝʤʧʣʠʨʦʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. ʂʘʢ ʧʨʘʚʠʣʦ, 
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ʤʝʪʦʜʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʠʟ ʜʘʥʥʦʡ ʛʨʫʧʧʳ ʛʝʥʝʨʠʨʫʶʪ ʢʦʥʬʦʨʤʘʮʠʠ ʚ 

ʚʠʜʝ ʤʘʪʨʠʮ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ, ʥʘʧʨʠʤʝʨ ʤʝʪʦʜʳ ConfGF [151], SDEGen [152] 

ʠ DGSM [153]. 

ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ ʤʝʪʦʜʘʤʠ ɹʘʡʝʩʦʚʩʢʦʡ ʦʧʪʠʤʠʟʘʮʠʠ, ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʥʘ ʦʩʥʦʚʝ ML ̫ ʚʣʷʝʪʩʷ 

ʬʠʟʠʯʝʩʢʦʝ ʠʥʬʦʨʤʠʨʦʚʘʥʠʝ [135], ʪʦ ʝʩʪʴ ʨʘʟʨʘʙʦʪʢʘ ʩʧʦʩʦʙʦʚ ʫʯʸʪʘ ʘʧʨʠʦʨʥʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʪʨʫʢʪʫʨʝ ʇʇʕ ʚ ʘʨʭʠʪʝʢʪʫʨʝ ʤʦʜʝʣʠ ʠʣʠ ʚ ʧʨʦʮʝʩʩʝ ʝʸ ʦʙʫʯʝʥʠʷ. ʕʪʦ 

ʤʦʞʥʦ ʚʠʜʝʪʴ ʥʘ ʧʨʠʤʝʨʝ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʢʦʥʬʦʨʤʘʮʠʡ. ʏʘʩʪʳʤ 

ʚʳʙʦʨʦʤ ʷʚʣʷʶʪʩʷ ʤʘʪʨʠʮʳ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ, ʪʘʢ ʢʘʢ ʦʥʠ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʛʝʦʤʝʪʨʠʶ σ-ʠʥʚʘʨʠʘʥʪʥʳʤ ʦʙʨʘʟʦʤ: ʪʦʛʜʘ ʢʘʢ ʨʘʟʥʳʝ ʥʘʙʦʨʳ ʜʝʢʘʨʪʦʚʳʭ 

ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʦʚ, ʨʘʟʣʠʯʘʶʱʠʝʩʷ ʥʘ ʪʨʘʥʩʣʷʮʠʶ ʠʣʠ ʧʦʚʦʨʦʪ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʫʪʴ 

ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʛʝʦʤʝʪʨʠʠ, ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʪʘʢʦʡ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʠ ʥʝ 

ʠʤʝʶʪ. ʊʘʢʞʝ ʝʩʪʴ ʧʨʠʤʝʨʳ [140,147] ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʚ ʢʘʯʝʩʪʚʝ 

ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ, ʢʦʪʦʨʳʝ, ʦʯʝʚʠʜʥʦ, ʪʦʞʝ ʠʥʚʘʨʠʘʥʪʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʟʦʤʝʪʨʠʠ. 

ɹʦʣʝʝ ʪʦʛʦ, ʜʘʞʝ ʤʝʪʦʜʳ ML, ʢʦʪʦʨʳʝ ʚʩʸ-ʪʘʢʠ ʛʝʥʝʨʠʨʫʶʪ ʢʦʥʬʦʨʤʘʮʠʠ ʩʨʘʟʫ ʚ 

ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʜʝʢʘʨʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ, ʥʘ ʩʘʤʦʤ ʜʝʣʝ ʠʩʧʦʣʴʟʫʶʪ Ὃ-ɻ ʢʚʠʚʘʨʠʘʥʪʥʫʶ 

ʘʨʭʠʪʝʢʪʫʨʫ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ Ὃ ʚʩʪʨʝʯʘʶʪʩʷ σ, σ ʠ ὕσ, ʘ 

ʪʘʢʞʝ ʛʨʫʧʧʳ ʧʝʨʝʩʪʘʥʦʚʦʢ ʘʪʦʤʦʚ ʦʜʠʥʘʢʦʚʳʭ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ [154]. 

ʇʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ ML ʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʤ ʧʦʠʩʢʝ ʥʝ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ 

ʛʝʥʝʨʘʮʠʝʡ ʩʪʨʫʢʪʫʨ. ɸʣʛʦʨʠʪʤʳ ʥʘ ʦʩʥʦʚʝ ML ʠʩʧʦʣʴʟʫʶʪʩʷ ʠ ʥʘ ʜʨʫʛʠʭ ʵʪʘʧʘʭ 

ʧʦʩʪʨʦʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʘʥʩʘʤʙʣʝʡ, ʚ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʨʘʩʯʪyʦʚ 

ʄɼ, ʦʧʪʠʤʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʠ ʠ ʨʘʥʞʠʨʦʚʘʥʠʷ ʢʦʥʬʦʨʤʝʨʦʚ, ʘ ʪʘʢʞʝ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʘʪʦʤʠʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʩʠʩʪʝʤʳ ʠ ʨʘʩʯʪyʘ ʩʦʩʪʦʷʥʠʡ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ [155ï157]. 

 

1.1.5. ɻʠʙʨʠʜʥʳʝ ʤʝʪʦʜʳ (ʧʘʡʧʣʘʡʥʳ) ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 

ʇʨʦʛʨʘʤʤʥʳʝ ʧʘʢʝʪʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʝ ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʭʠʤʠʯʝʩʢʠʭ ʠ ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠ ʧʨʝʪʝʥʜʫʶʱʠʝ 

ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʧʦʣʥʦʝ ʧʦʢʨʳʪʠʝ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʦʙʣʘʩʪʝʡ ʇʇʕ, ʢʨʘʡʥʝ ʨʝʜʢʦ 

ʦʛʨʘʥʠʯʠʚʘʶʪʩʷ ʢʘʢʠʤ-ʣʠʙʦ ʦʜʥʠʤ ʠʟ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʧʦʜʭʦʜʦʚ. ʅʠ ʦʜʠʥ ʦʪʜʝʣʴʥʦ 

ʚʟʷʪʳʡ ʤʝʪʦʜ ʧʝʨʝʙʦʨʘ, ʜʠʥʘʤʠʢʠ ʠʣʠ ʘʫʛʤʝʥʪʘʮʠʠ ʥʝ ʩʧʦʩʦʙʝʥ ʦʜʥʦʚʨʝʤʝʥʥʦ 



50 

 

 

ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʚʩʝʤ ʪʨʝʙʦʚʘʥʠʷʤ: ʦʙʝʩʧʝʯʠʪʴ ʠ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʩʝʤʧʣʠʨʦʚʘʥʠʷ, ʠ 

ʪʦʯʥʦʩʪʴ ʫʯʸʪʘ ʵʥʝʨʛʠʠ; ʜʦʩʪʠʯʴ ʠ ʛʣʦʙʘʣʴʥʦʛʦ ʦʭʚʘʪʘ ʇʇʕ, ʠ ʣʦʢʘʣʴʥʦʛʦ ʫʪʦʯʥʝʥʠʷ 

ʚ ʦʢʨʝʩʪʥʦʩʪʷʭ ʤʠʥʠʤʫʤʦʚ. ɺʤʝʩʪʦ ʵʪʦʛʦ ʧʦʜʘʚʣʷʶʱʝʝ ʙʦʣʴʰʠʥʩʪʚʦ ʧʨʦʛʨʘʤʤ 

ʨʝʘʣʠʟʦʚʘʥʳ ʚ ʚʠʜʝ ʢʦʤʧʦʟʠʮʠʠ ʥʝʩʢʦʣʴʢʠʭ ʧʦʜʭʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ, ï

ʧʘʡʧʣʘʡʥʦʚ, ʛʜʝ ʨʘʟʣʠʯʥʳʝ ʘʣʛʦʨʠʪʤʳ ʚʳʩʪʨʦʝʥʳ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ, ʠ ʢʘʞʜʳʡ 

ʠʟ ʥʠʭ ʚʥʦʩʠʪ ʩʚʦʠ ʩʠʣʴʥʳʝ ʩʪʦʨʦʥʳ ʚ ʠʪʦʛʦʚʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ. 

ʆʜʥʠʤ ʠʟ ʧʦʧʫʣʷʨʥʳʭ ʧʘʡʧʣʘʡʥʦʚ ʛʣʦʙʘʣʴʥʦʛʦ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 

ʷʚʣʷʝʪʩʷ iMTD-GC, ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ ʧʘʢʝʪʝ CREST [27,158]. ɺ ʦʩʥʦʚʝ ʘʣʛʦʨʠʪʤʘ 

ʣʝʞʠʪ ʤʝʪʦʜ MTD ï ʤʦʣʝʢʫʣʷʨʥʘʷ ʜʠʥʘʤʠʢʘ ʩ ʣʦʢʘʣʴʥʳʤ ʧʦʚʳʰʝʥʠʝʤ ʧʦʪʝʥʮʠʘʣʘ 

ʥʘ ʦʩʥʦʚʝ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʳʭ ʦʪʢʣʦʥʝʥʠʡ ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʦʚ (RMSD) ʦʪ ʨʘʥʝʝ 

ʧʦʩʝʱʥyʥrʭ ʪʦʯʝʢ ʇʇʕ (ʩʤ. ʧʦʜʨʘʟʜʝʣ 1.1.2.1). ʂʣʶʯʝʚʳʤ ʵʪʘʧʦʤ ʧʘʡʧʣʘʡʥʘ 

ʷʚʣʷʝʪʩʷ ʟʘʧʫʩʢ 14 ʧʘʨʘʣʣʝʣʴʥʳʭ ʨʘʩʯʪyʦʚ MTD ʩ ʨʘʟʣʠʯʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʩʤʝʱʘʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʊʘʢʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʧʘʨʘʤʝʪʨʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʝʤʧʣʠʨʦʚʘʥʠʝ ʜʣʷ ʚʩʝʭ ʪʠʧʦʚ ʤʦʣʝʢʫʣ. ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʵʪʠʭ 

ʨʘʩʯʪyʦʚ MTD ʬʠʢʩʠʨʦʚʘʥʥʘʷ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʠʟ ʧʦʢʘʟʘʪʝʣʷ ʛʠʙʢʦʩʪʠ 

ʤʦʣʝʢʫʣʳ, ʢʦʪʦʨʳʡ ʚʳʯʠʩʣʷʝʪʩʷ ʜʦ ʟʘʧʫʩʢʘ ʧʘʨʘʣʣʝʣʴʥʳʭ MTD. ʀʟ ʧʦʣʫʯʝʥʥʳʭ 

ʪʨʘʝʢʪʦʨʠʡ MTD ʦʪʙʠʨʘʶʪʩʷ ʪʦʯʢʠ ʩ ʰʘʛʦʤ 1 ʧʩ (ʩʦʚʧʘʜʘʶʪ ʩ ʪʦʯʢʘʤʠ ʩʤʝʱʘʶʱʠʭ 

ʧʦʪʝʥʮʠʘʣʦʚ) ʠ ʧʦʜʚʝʨʛʘʶʪʩʷ ʪʨʭyʵʪʘʧʥʦʤʫ ʦʪʩʝʠʚʘʥʠ ʁʩ ʦʧʪʠʤʠʟʘʮʠʝʡ ʛʝʦʤʝʪʨʠʠ: 

ʥʘ ʢʘʞʜʦʤ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʫʩʠʣʠʚʘʶʪʩʷ ʢʨʠʪʝʨʠʠ ʩʭʦʜʠʤʦʩʪʠ ʦʧʪʠʤʠʟʘʮʠʡ ʠ 

ʫʤʝʥʴʰʘʝʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʝ ʦʢʥʦ ʜʣʷ ʦʪʩʝʠʚʘʥʠʷ. ʇʦʩʣʝ ʚʪʦʨʦʛʦ ʵʪʘʧʘ ʧʨʦʚʦʜʷʪʩʷ 

ʢʦʨʦʪʢʠʝ ʢʣʘʩʩʠʯʝʩʢʠʝ ʨʘʩʯʪyʳ ʄɼ ʧʨʠ ʥʝʩʢʦʣʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʣʷ ʰʝʩʪʠ ʩʘʤʳʭ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʢʦʥʬʦʨʤʝʨʦʚ. ʕʪʦ ʜʝʣʘʝʪʩʷ ʜʣʷ ʣʦʢʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʇʇʕ 

ʚʙʣʠʟʠ ʥʘʠʙʦʣʝʝ ʚʳʛʦʜʥʳʭ ʛʝʦʤʝʪʨʠʡ. ʇʦ ʟʘʚʝʨʰʝʥʠʶ ʦʪʩʝʠʚʘʥʠʷ ʥʘ ʢʦʥʬʦʨʤʝʨʘʭ 

ʚʳʧʦʣʥʷʶʪʩʷ ʛʝʥʝʪʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ, ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʘʫʛʤʝʥʪʠʨʫʝʪ ʘʥʩʘʤʙʣʴ. 

ɼʣʷ ʥʦʚʳʭ ʢʦʥʬʦʨʤʘʮʠʡ ʚʳʧʦʣʥʷʪʩʷ ʜʚʫʭʵʪʘʧʥʘʷ ʧʨʦʮʝʜʫʨʘ ʦʪʩʝʠʚʘʥʠʷ ʠ 

ʦʧʪʠʤʠʟʘʮʠʠ. ʇʘʡʧʣʘʡʥ ʷʚʣʷʝʪʩʷ ʠʪʝʨʘʪʠʚʥʳʤ, ʪ. ʝ. ʝʩʣʠ ʥʘʡʜʝʥ ʥʦʚʳʡ ʙʦʣʝʝ ʥʠʟʢʠʡ 

ʧʦ ʵʥʝʨʛʠʠ ʢʦʥʬʦʨʤʝʨ, ʚʩʷ ʧʨʦʮʝʜʫʨʘ (ʥʘʯʠʥʘʷ ʩ MTD) ʧʝʨʝʟʘʧʫʩʢʘʝʪʩʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʪʦʛʦ ʢʦʥʬʦʨʤʝʨʘ ʚ ʢʘʯʝʩʪʚʝ ʚʭʦʜʥʦʛʦ. 

ɽʱʸ ʦʜʥʠʤ ʠʟ ʧʨʠʤʝʨʦʤ ʛʠʙʨʠʜʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ MMBS (MacroModelôs 

macrocycle baseline search), ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʜʣʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 
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ʤʘʢʨʦʮʠʢʣʦʚ [35]. MMBS ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʨʠʤʝʥʷʝʪ ʘʣʛʦʨʠʪʤ ʩʠʤʫʣʷʮʠʠ ʦʪʞʠʛʘ 

(ʩʤ. ʧʦʜʨʘʟʜʝʣ 1.1.2.2) ʠ LLMOD [117]. ɼʣʷ ʵʪʠʭ ʘʣʛʦʨʠʪʤʦʚ ʜʝʣʘʝʪʩʷ ʤʘʢʩʠʤʫʤ ʧʦ 

5000 ʧʦʚʪʦʨʝʥʠʡ ʠ ʧʦʣʫʯʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʦʧʪʠʤʠʟʠʨʫʶʪʩʷ. ʂʘʞʜʳʡ ʮʠʢʣ 

ʩʠʤʫʣʷʮʠʠ ʦʪʞʠʛʘ ʚʢʣʶʯʘʝʪ ʢʨʘʪʢʫ  ʁʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʯʘʩʪʴ ʧʨʠ 1000 K ʜʣʷ 

ʧʨʝʦʜʦʣʝʥʠʷ ʪʦʨʩʠʦʥʥʳʭ ʙʘʨʴʝʨʦʚ, ʟʘʪʝʤ ʦʭʣʘʞʜʝʥʠʝ ʜʦ 300 K ʜʣʷ ʨʝʣʘʢʩʘʮʠʠ. 

ʇʦʩʣʝ 5000 ʮʠʢʣʦʚ ʩʠʤʫʣʷʮʠʠ ʦʪʞʠʛʘ MMBS ʚʳʧʦʣʥʷʝʪ ʜʦ 5000 ʠʪʝʨʘʮʠʡ LLMOD 

ï ʧʨʦʩʪʦʛʦ ʘʣʛʦʨʠʪʤʘ ʘʫʛʤʝʥʪʘʮʠʠ ʘʥʩʘʤʙʣʷ ʧʫʪʸʤ ʩʜʚʠʛʦʚ ʠʟ ʠʟʚʝʩʪʥʦʛʦ 

ʛʣʦʙʘʣʴʥʦʛʦ ʤʠʥʠʤʫʤʘ ʚʜʦʣʴ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʤʦʜ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʦʧʪʠʤʠʟʘʮʠʝʡ. ɺ 

ʟʘʚʝʨʰʝʥʠʝ ʜʝʣʘʝʪʩʷ ʦʪʩʝʠʚʘʥʠʝ ʜʫʙʣʠʢʘʪʦʚ ʧʦ RMSD ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤʫ ʦʢʥʫ ʚ 10 

ʢʢʘʣ/ʤʦʣʴ. 

 

1.2. ʊʝʩʪʠʨʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ 

ɹʦʣʴʰʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʤʝʪʦʜʦʚ ʧʦʩʪʨʦʝʥʠ ̫ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ 

ʘʥʩʘʤʙʣʝʡ ʧʫʪʸʤ ʧʝʨʝʙʦʨʘ, ʜʠʥʘʤʠʢʠ, ʩʣʫʯʘʡʥʳʭ ʙʣʫʞʜʘʥʠʡ ʠ ʘʫʛʤʝʥʪʘʮʠʠ, ʘ ʪʘʢʞʝ 

ʢʦʤʧʦʟʠʮʠʡ ʠʟ ʩʨʘʟʫ ʥʝʩʢʦʣʴʢʠʭ ʧʦʜʭʦʜʦʚ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʘʣʠʜʘʮʠʠ, 

ʪʝʩʪʠʨʦʚʘʥʠʷ ʠ ʩʨʘʚʥʝʥʠʷ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ. ɼʣʷ ʣʶʙʦʡ 

ʧʨʦʛʨʘʤʤʳ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʮʝʣʴ ʪʝʩʪʠʨʦʚʘʥʠʷ ʩʦʩʪʦʠʪ ʚ 

ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʠ ʝʸ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʩʠʩʪʝʤʘʤ, ʥʘ ʢʦʪʦʨʳʭ 

ʧʨʦʛʨʘʤʤʘ ʝʱʝ ʥʝ ʪʝʩʪʠʨʦʚʘʣʘʩʴ. ʕʪʠ ʧʨʦʛʥʦʟʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ ʧʨʠ 

ʚʳʙʦʨʝ ʤʝʪʦʜʘ ʜʣʷ ʨʝʰʝʥʠʷ ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʠ, ʘ ʪʘʢʞʝ ʨʘʟʨʘʙʦʪʯʠʢʘʤʠ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʡ ʜʘʣʴʥʝʡʰʝʛʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʠʥʩʪʨʫʤʝʥʪʘ.  

ɼʣʷ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʜʚʫʤʷ ʢʣʶʯʝʚʳʤʠ ʧʦʜʭʦʜʘʤʠ ʢ 

ʪʝʩʪʠʨʦʚʘʥʠʶ ʷʚʣʷʶʪʩʷ ʦʮʝʥʢʘ ʨʘʟʥʦʦʙʨʘʟʠʷ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʢʦʥʬʦʨʤʝʨʦʚ ʠ 

ʦʭʚʘʪʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚ ʦʢʨʝʩʪʥʦʩʪʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʥʘʙʣʶʜʘʝʤʳʭ ʩʪʨʫʢʪʫʨ [159]. ʆʙʝ ʵʪʠ ʟʘʜʘʯʠ ʧʦʣʘʛʘʶʪʩʷ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʤʝʪʦʜʘ 

ʯʠʩʣʝʥʥʦʡ ʦʮʝʥʢʠ ʧʦʜʦʙʠʷ ʢʦʥʬʦʨʤʘʮʠʡ. 
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1.2.1. ʄʝʪʨʠʢʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʜʦʙʠʷ  

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ, ʤʝʪʨʠʢʦʡ ʥʘ ʥʝʢʦʪʦʨʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ὓ ʥʘʟʳʚʘʝʪʩ ̫ʬʫʥʢʮʠ ̫

Ὀȡװὓ ὓᴼᴙ . ɺ ʩʣʫʯʘʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʇʇʕ, ὓ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ. ʄʝʪʨʠʢʠ ʦʙʦʙʱʘʶʪ ʧʦʥʷʪʠʝ ʨʘʩʩʪʦʷʥʠʷ, ʧʦʵʪʦʤʫ ʢ 

ʥʠʤ ʚʳʜʚʠʛʘʝʪʩʷ ʨʷʜ ʪʨʝʙʦʚʘʥʠʡ: 

1) ʥʝʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ, 

2) ʪʦʞʜʝʩʪʚʝʥʥʦʩʪʴ ʥʝʨʘʟʣʠʯʠʤʳʭ ʪʦʯʝʢ (ʨʘʩʩʪʦʷʥʠʝ ʥʫʣʝʚʦʝ ʪʦʣʴʢʦ ʤʝʞʜʫ 

ʦʜʠʥʘʢʦʚʳʤʠ ʢʦʥʬʦʨʤʘʮʠʷʤʠ), 

3) ʩʠʤʤʝʪʨʠʯʥʦʩʪʴ Ὀὥȟὦ Ὀὦȟὥ, 

4) ʥʝʨʘʚʝʥʩʪʚʦ ʪʨʝʫʛʦʣʴʥʠʢʘ Ὀὥȟὧ Ὀὥȟὦ Ὀὦȟ̒. 

ʅʘʧʨʠʤʝʨ, ʝʩʣʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʪʨʭyʤʝʨʥʳʤʠ 

ʢʦʦʨʜʠʥʘʪʘʤʠ ʘʪʦʤʦʚ, ᴙ , ʪʦ ʝʩʪʝʩʪʚʝʥʥʦ ʥʘ ʥʸʤ ʚʚʝʩʪʠ ʤʝʪʨʠʢʫ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ (RMSD, root-mean-square deviation): 

 ὙὓὛὈὺȟύ
ρ

ὲ
ȿȿὺ ύȿȿȟ (4) 

ʛʜʝ ὺ ʠ ύ ï ʤʘʪʨʠʮʳ ʢʦʦʨʜʠʥʘʪ ʷʜʝʨ ʜʣʷ ʩʨʘʚʥʠʚʘʝʤʳʭ ʢʦʥʬʦʨʤʘʮʠʡ. ʆʜʥʘʢʦ 

ᴙ  ̫ ʚʣʷʝʪʩʷ ʠʟʙʳʪʦʯʥʳʤ ʧʨʝʜʩʪʘʚʣʝʥʠʝʤ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʟʘ 

ʠʩʢʣʶʯʝʥʠʝʤ ʩʣʫʯʘʝʚ ʩʨʘʚʥʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʡ ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʝ ʦʪʩʯʪyʘ 

(ʥʘʧʨʠʤʝʨ, ʢʦʥʬʠʛʫʨʘʮʠʡ ʣʠʛʘʥʜʦʚ ʚ ʜʦʢʠʥʛʝ). ɹʦʣʝʝ ʬʠʟʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʥʘʷ 

ʤʦʜʝʣʴ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ᴙ Ⱦ σ, ʧʦʣʫʯʘʝʪʩʷ ʦʪʦʞʜʝʩʪʚʣʝʥʠʝʤ 

ʛʝʦʤʝʪʨʠʡ, ʧʝʨʝʭʦʜʷʱʠʭ ʜʨʫʛ ʚ ʜʨʫʛʘ ʧʦʩʨʝʜʩʪʚʦʤ ʧʦʚʦʨʦʪʦʚ ʠ ʧʘʨʘʣʣʝʣʴʥʳʭ 

ʧʝʨʝʥʦʩʦʚ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʨʘʩʯʪy RMSD ʩʚʦʜʠʪʩʷ ʢ ʤʠʥʠʤʠʟʘʮʠʠ 

 ὙὓὛὈ○ȟ◌ ÍÉÎ
ᶰ

ὙὓὛὈ○ȟὝ◌ ȟ (5) 

ʪʦ ʝʩʪʴ ʢ ʨʘʩʯʪyʫ ʦʪʢʣʦʥʝʥʠʷ ʧʨʠ ʦʧʪʠʤʘʣʴʥʦʤ ʥʘʣʦʞʝʥʠʠ ʛʝʦʤʝʪʨʠʡ, ʛʜʝ ○ ʠ ◌ 

ï ɻ ʪʦ ʢʣʘʩʩʳ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʤʘʪʨʠʮ ʷʜʝʨʥʳʭ ʢʦʦʨʜʠʥʘʪ ○ ʠ ◌ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ 

ʪʨʘʥʩʣʷʮʠʠ ʠ ʧʦʚʦʨʦʪʘ. ʄʠʥʠʤʠʟʘʮʠʷ RMSD ʦʙʳʯʥʦ ʚʳʧʦʣʥʷʝʪʩʷ ʧʫʪʸʤ 

ʪʨʘʥʩʣʷʮʠʠ ʢʦʥʬʦʨʤʘʮʠʡ ʚ ʦʙʱʠʡ ʮʝʥʪʨ ʤʘʩʩ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʦʧʪʠʤʠʟʘʮʠʝʡ ʠʭ 
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ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʧʦʚʦʨʦʪʘ ʚ ʩʤʳʩʣʝ ʤʝʪʦʜʘ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʠʥʛʫʣʷʨʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʠʟʚʝʩʪʝʥ ʢʘʢ ʘʣʛʦʨʠʪʤ ʂʘʙʰʘ [160]; ʪʘʢʞʝ 

ʩʫʱʝʩʪʚʫʶʪ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʤʝʪʦʜʳ ʥʘ ʦʩʥʦʚʝ ʢʚʘʪʝʨʥʠʦʥʦʚ [161ï165]. 

ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʘʣʛʦʨʠʪʤʦʚ ʵʬʬʝʢʪʠʚʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʧʦʚʦʨʦʪʘ ʜʘʸʪ RMSD 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʧʝʨʝʜ ʤʝʪʨʠʢʘʤʠ Љ ʧʨʠ ὴ ς ʠ Љ. ʅʘʪʫʨʘʣʴʥʦʝ 

ʯʠʩʣʦ ὴ ʢʦʥʪʨʦʣʠʨʫʝʪ ʙʘʣʘʥʩ ʤʝʞʜʫ ʫʩʨʝʜʥʝʥʠʝʤ ʦʪʢʣʦʥʝʥʠʡ ʠ ʧʨʠʦʨʠʪʠʟʘʮʠʝʡ 

ʙʦʣʴʰʠʭ ʦʪʢʣʦʥʝʥʠʡ ʚ ʤʝʪʨʠʢʝ; ʚ ʧʨʝʜʝʣʝ Љ  ̫ ʚʣʷʝʪʩʷ ʤʝʪʨʠʢʦʡ ʩʨʘʚʥʝʥʠʷ 

ʢʦʥʬʦʨʤʘʮʠʡ ʧʦ ʥʘʠʙʦʣʴʰʝʤʫ ʦʪʢʣʦʥʝʥʠʶ ʧʦʣʦʞʝʥʠʡ ʘʪʦʤʦʚ. 

ʄʦʣʝʢʫʣʷʨʥʳʡ ʛʨʘʬ ʤʦʞʝʪ ʦʙʣʘʜʘʪʴ ʵʣʝʤʝʥʪʘʤʠ ʩʠʤʤʝʪʨʠʠ (ʥʝʪʨʠʚʠʘʣʴʥʳʤʠ 

ʘʚʪʦʤʦʨʬʠʟʤʘʤʠ), ʪʦ ʝʩʪʴ ʧʝʨʝʩʪʘʥʦʚʢʘʤʠ ʘʪʦʤʦʚ, ʥʝ ʥʘʨʫʰʘʶʱʠʤʠ ʝʛʦ ʪʦʧʦʣʦʛʠʶ. 

ɼʣʷ ʠʭ ʫʯʸʪʘ ʧʨʠ ʨʘʩʯʪyʝ RMSD ʜʦʩʪʘʪʦʯʥʦ ʧʝʨʝʙʨʘʪʴ ʚʩʝ ʧʝʨʝʩʪʘʥʦʚʢʠ ʠʟ ʛʨʫʧʧʳ 

ʘʚʪʦʤʦʨʬʠʟʤʦʚ ʛʨʘʬʘ ʠ ʚʳʙʨʘʪʴ ʥʘʠʤʝʥʴʰʝʝ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʟʥʘʯʝʥʠʡ, ʯʪʦ 

ʨʝʘʣʠʟʦʚʘʥʦ, ʥʘʧʨʠʤʝʨ, ʚ [166,167]. ʉʫʱʝʩʪʚʫʶʪ ʠ ʜʨʫʛʠʝ ʧʦʜʭʦʜʳ: ʥʘʧʨʠʤʝʨ, 

ʯʠʩʣʝʥʥʘʷ ʦʧʪʠʤʠʟʘʮʠ ̫ʧʦʚʦʨʦʪʘ ʩ ʫʯʸʪʦʤ ʩʠʤʤʝʪʨʠʠ ʛʨʘʬʘ ʨʝʘʣʠʟʦʚʘʥʘ ʚ G-RMSD 

[168]. ɼʣʷ ʟʘʜʘʯ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʜʦʢʠʥʛʘ ʫʯʸʪ ʩʠʤʤʝʪʨʠʠ ʛʨʘʬʘ ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʡ 

ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ (ʙʝʟ ʦʧʪʠʤʠʟʘʮʠʠ ʧʦ ʪʨʘʥʩʣʷʮʠʠ ʠ ʧʦʚʦʨʦʪʫ) ʨʝʘʣʠʟʦʚʘʥ ʩ 

ʧʦʤʦʱʴʶ ʚʝʥʛʝʨʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ ʚ ʤʝʪʦʜʘʭ DOCK [169] ʠ DockRMSD [170]. 

RMSD ʧʦʚʩʝʤʝʩʪʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʭʠʤʠʠ ʧʨʠ ʧʦʠʩʢʝ 

ʜʫʙʣʠʨʫʶʱʠʭʩʷ ʢʦʥʬʦʨʤʘʮʠʡ (ʥʘʧʨʠʤʝʨ, ʜʣ ̫ʦʪʩʝʠʚʘʥʠ ̫ʜʫʙʣʠʢʘʪʦʚ ʧʨʠ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʤ ʧʦʠʩʢʝ) ʠ ʜʣʷ ʯʠʩʣʝʥʥʦʡ ʦʮʝʥʢʠ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʙʣʠʟʦʩʪʠ 

ʨʘʟʣʠʯʥʳʭ ʛʝʦʤʝʪʨʠʡ (ʥʘʧʨʠʤʝʨ, ʧʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʧʦʠʩʢʘ ʠʣʠ ʚ ʢʘʯʝʩʪʚʝ ʢʦʤʧʦʥʝʥʪ rʩʤʝʱʘʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ MTD). ɺʤʝʩʪʝ ʩ ʪʝʤ 

RMSD ʥʝ ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʤʝʪʨʠʢʦʡ ʜʣʷ ʚʩʝʭ ʟʘʜʘʯ ʩʨʘʚʥʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʡ: 

ʫʩʨʝʜʥʝʥʠʝ ʥʝ ʧʦʟʚʦʣʷʝʪ ʜʝʪʝʢʪʠʨʦʚʘʪʴ ʩʠʣʴʥʳʝ ʣʦʢʘʣʴʥʳʝ ʦʪʣʠʯʠʷ ʥʘ ʬʦʥʝ 

ʤʥʦʞʝʩʪʚʘ ʥʝʙʦʣʴʰʠʭ ʦʪʢʣʦʥʝʥʠʡ ʚ ʢʨʫʧʥʳʭ ʤʦʣʝʢʫʣʘʭ. ʊʘʢ, ʠʟʚʝʩʪʥʦ, ʯʪʦ RMSD 

ʥʝʠʥʬʦʨʤʘʪʠʚʝʥ ʜʣ ̫ʦʮʝʥʢʠ ʧʦʜʦʙʠʷ ʙʝʣʢʦʚ, ʧʦʵʪʦʤʫ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʷʶʪʩʷ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʤʝʪʨʠʢʠ, ʪʘʢʠʝ ʢʘʢ Contact Mode Score ʠ TM-score [171]. 

ʇʨʠ ʧʦʠʩʢʝ ʜʫʙʣʠʢʘʪʦʚ ʚ ʙʦʣʴʰʠʭ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʘʥʩʘʤʙʣʷʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

RMSD ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ, ʪʘʢ ʢʘʢ ʪʨʝʙʫʝʪ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ ʜʣ ̫ʧʝʨʝʙʦʨʘ ʚʩʝʭ 

ʘʚʪʦʤʦʨʬʠʟʤʦʚ ʛʨʘʬʘ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʧʨʝʜʣʘʛʘʣʩʷ ʤʝʪʦʜ TFD (Torsion 



54 

 

 

Fingerprint Deviation) [172] ʜʣʷ ʧʨʠʙʣʠʞʝʥʥʦʛʦ ʩʨʘʚʥʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʡ ʯʝʨʝʟ ʠʭ 

ʪʦʨʩʠʦʥʥʳʝ ʫʛʣʳ. ʕʪʦʪ ʤʝʪʦʜ ʫʯʠʪʳʚʘʝʪ ʩʠʤʤʝʪʨʠʯʝʩʢʠ ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʧʦʚʦʨʦʪʳ, 

ʦʜʥʘʢʦ ʥʝ ʩʧʦʩʦʙʝʥ ʫʯʠʪʳʚʘʪʴ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʧʝʨʝʩʪʘʥʦʚʢʠ ʘʪʦʤʦʚ ʩ ʫʯʘʩʪʠʝʤ 

ʥʝʩʢʦʣʴʢʠʭ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ. ʊʘʢʞʝ ʜʣʷ ʠʟʙʝʞʘʥʠʷ ʨʘʩʯʪyʘ RMSD ʩ ʫʯʪyʦʤ 

ʘʚʪʦʤʦʨʬʠʟʤʦʚ ʛʨʘʬʘ ʚ ʧʘʡʧʣʘʡʥʘʭ ʧʨʦʛʨʘʤʤ rCREST ʜʫʙʣʠʢʘʪʳ ʦʪʩʝʠʚʘʶʪ 

ʧʨʠʙʣʠʞʸʥʥʳʤ ʩʧʦʩʦʙʦʤ ʥʘ ʦʩʥʦʚʝ ʨʘʟʥʦʩʪʠ ʵʥʝʨʛʠʡ ʢʦʥʬʦʨʤʘʮʠʡ ʠ ʨʘʟʥʦʩʪʝʡ ʠʭ 

ʚʨʘʱʘʪʝʣʴʥʳʭ ʧʦʩʪʦʷʥʥʳʭ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʫʯʸʪʘ ʩʠʤʤʝʪʨʠʠ ʠ ʥʝʠʥʬʦʨʤʘʪʠʚʥʦʩʪʴ 

ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʦʩʦʙʦ ʢʨʫʧʥʳʭ ʤʦʣʝʢʫʣ, RMSD ʦʩʪʘʪyʩʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʥyʥʦʡ 

ʠ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʤʝʪʨʠʢʦʡ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʜʦʙʠʷ. ɺ ʯʘʩʪʥʦʩʪʠ, RMSD ʠ ʝʛʦ 

ʚʘʨʠʘʥʪʳ, ʨʘʩʩʤʘʪʨʠʚʘʶʱʠʝ ʦʪʜʝʣʴʥʳʝ ʘʪʦʤ r(ʪʦʣʴʢʦ ʪʷʞʣyʳʝ ʘʪʦʤʳ ʠʣʠ ʪʦʣʴʢʦ 

ʘʪʦʤʳ ʦʜʥʦʛʦ ʮʠʢʣʠʯʝʩʢʦʛʦ ʬʨʘʛʤʝʥʪʘ), ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ 

ʧʝʨʝʜʦʚʳʭ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ, ʪʘʢʠʭ ʢʘʢ CREST, ETKDG, MMBS ʠ 

GOAT. 

 

1.2.2. ʇʦʜʭʦʜʳ ʢ ʧʦʩʪʨʦʝʥʠʶ ʪʝʩʪʦʚʭr ʟʘʜʘʯ 

ɼʣʷ ʚʘʣʠʜʘʮʠʠ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʠ ʠʭ ʩʨʘʚʥʝʥʠʷ ʩ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʤʠ ʘʣʛʦʨʠʪʤʘʤʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʦʩʥʦʚʘʥʳ ʥʘ ʩʦʚʝʨʰʝʥʥʦ ʠʥʳʭ 

ʧʨʠʥʮʠʧʘʭ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʜʭʦʜ ʩʢʚʦʟʥʦʛʦ ʪʝʩʪʠʨʦʚʘʥʠʷ. ʕʪʦ ʧʨʝʜʧʦʣʘʛʘʝʪ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʩʮʝʥʘʨʠʷ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ: ʟʘʧʫʩʢ ʥʘ ʚʳʙʦʨʢʝ 

ʨʝʣʝʚʘʥʪʥʳʭ ʤʦʣʝʢʫʣ ʠ ʦʮʝʥʢʫ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦ ʥʝʢʦʪʦʨʳʤ ʤʝʪʨʠʢʘʤ, 

ʣʠʙʦ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʩ ʟʘʨʘʥʝʝ ʠʟʚʝʩʪʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ. ʅʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʤʠ 

ʟʘʜʘʯʘʤʠ ʜʣʷ ʪʘʢʦʛʦ ʪʠʧʘ ʪʝʩʪʠʨʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʦʮʝʥʢʘ ʪʦʯʥʦʩʪʠ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʭ ʩʪʨʫʢʪʫʨ ʠ ʦʮʝʥʢʘ ʧʦʢʨʳʪʠʷ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʦʙʣʘʩʪʝʡ ʇʇʕ. 

ɼʣʷ ʩʦʩʪʘʚʣʝʥʠʷ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʡ ʪʝʩʪʦʚʦʡ ʚʳʙʦʨʢʠ ʤʦʣʝʢʫʣ ʩ ʧʦʜʭʦʜʷʱʠʤ 

ʵʣʝʤʝʥʪʥʳʤ ʩʦʩʪʘʚʦʤ, ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʦʡ, ʥʘʣʠʯʠʝʤ ʠʣʠ ʦʪʩʫʪʩʪʚʠʝʤ 

ʤʘʢʨʦʮʠʢʣʦʚ, ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʧʦʜʭʦʜʦʤ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʪʘʢʠʭ ʤʦʣʝʢʫʣ 

ʚ ʩʪʨʫʢʪʫʨʥʳʭ ʙʘʟʘʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ï PDB ʠ CSD. ʅʘʧʨʠʤʝʨ, ʪʘʢ 

ʧʦʩʪʫʧʠʣʠ ʘʚʪʦʨʳ ʤʝʪʦʜʦʚ ETKDG ʠ MMBS; ʚ ʩʣʫʯʘʝ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʥʘ 
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ʤʘʢʨʦʮʠʢʣʳ ʤʝʪʦʜʘ MMBS ʘʚʪʦʨʳ ʩʦʩʪʘʚʠʣʠ ʪʝʩʪʦʚʳʡ ʥʘʙʦʨ ʠʟ 150 

ʤʘʢʨʦʮʠʢʣʠʯʝʩʢʠʭ ʣʝʢʘʨʩʪʚʝʥʥʦ-ʧʦʜʦʙʥʳʭ ʤʦʣʝʢʫʣ ʠʟ PDB ʠ CSD. ʉ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ, ʪʝʩʪʠʨʦʚʘʥʠʝ ʘʣʛʦʨʠʪʤʘ CREST ʚʢʣʶʯʘʣʦ ʚʘʣʠʜʘʮʠʶ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ 

ʘʥʩʘʤʙʣʝʡ ʯʝʨʝʟ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ 1H ʗʄʈ ʠ ʩʪʨʫʢʪʫʨ, 

ʜʝʪʝʢʪʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʊʝʩʪʠʨʦʚʘʥʠʝ ʤʝʪʦʜʘ 

GOAT ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʩʦʩʪʘʚʣʝʥʥʦʤ ʘʚʪʦʨʘʤʠ ʥʘʙʦʨʝ ʩʣʦʞʥʳʭ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʇʇʕ ʩʠʩʪʝʤ: ʧʝʨʝʭʦʜʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʢʣʘʩʪʝʨʦʚ ʤʝʪʘʣʣʦʚ ʠ ʤʦʣʝʢʫʣ ʚʦʜʳ, 

ʤʝʪʘʣʣʦʢʦʤʧʣʝʢʩʦʚ, ʮʠʢʣʠʯʝʩʢʠʭ ʧʝʧʪʠʜʦʚ, ʘ ʪʘʢʞʝ ʥʝʨʝʘʣʠʩʪʠʯʥʳʭ 

ʛʠʧʦʪʝʪʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ. 

ʄʝʪʦʜʠʢʘ ʩʨʘʚʥʝʥʠʷ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʘʥʩʘʤʙʣʝʡ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ 

ʢʦʥʬʦʨʤʝʨʦʤ ʩʪʘʥʜʘʨʪʥʘ ʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʘʩʯʪyʝ ʤʠʥʠʤʘʣʴʥʦʛʦ RMSD ʧʦ 

ʘʥʩʘʤʙʣʶ. ʆʜʥʘʢʦ ʦʪʩʫʪʩʪʚʫʝʪ ʦʙʱʝʧʨʠʥʷʪʘʷ ʤʝʪʦʜʠʢʘ ʦʮʝʥʢʠ ʨʘʟʤʝʨʘ ʠ 

ʨʘʟʥʦʦʙʨʘʟʠʷ ʘʥʩʘʤʙʣʝʡ: ʨʘʟʥʳʝ ʘʚʪʦʨʳ ʧʨʠʤʝʥʷʶʪ ʨʘʟʣʠʯʥʳʝ ʢʨʠʪʝʨʠʠ. ɼʣʷ 

ʪʝʩʪʠʨʦʚʘʥʠʷ CREST ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʦʥʬʦʨʤʘʮʠʦʥʥʘʷ ʵʥʪʨʦʧʠʷ Ὓ : ʝʩʣʠ 

ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʵʥʝʨʛʠʠ ʢʦʥʬʦʨʤʝʨʦʚ ɝὉ ʦʪʩʯʠʪʳʚʘʶʪʩʷ ʦʪ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʫʨʦʚʥʷ, 

ʪʦ Ὓ  ʩʪʨʦʛʦ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʥʘʡʜʝʥʥʳʭ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʢʦʥʬʦʨʤʝʨʦʚ. 

 Ὓ 2 ὴÌÏÇὴȟװװὴ
ÅØÐɝὉȾὙὝ

В ÅØÐɝὉȾὙὝ
ȟ (6) 

ʛʜʝ ὴ ï ʨʘʚʥʦʚʝʩʥʘʷ ʟʘʩʝʣʸʥʥʦʩʪʴ Ὥ-ʛʦ ʢʦʥʬʦʨʤʝʨʘ ʚ ʧʦʣʫʯʝʥʥʦʤ ʘʥʩʘʤʙʣʝ. 

ʆʜʥʘʢʦ, ʪʘʢʘʷ ʦʮʝʥʢʘ ʫʯʠʪʳʚʘʝʪ ʪʦʣʴʢʦ ʢʦʣʠʯʝʩʪʚʦ ʢʦʥʬʦʨʤʝʨʦʚ ʠ ʠʭ ɻʥʝʨʛʠʶ, ʥʦ 

ʥʠʢʘʢ ʥʝ ʫʯʠʪʳʚʘʝʪ ʠʭ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʩʭʦʞʝʩʪʴ. ʅʘʧʨʦʪʠʚ, ʧʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ 

ʘʣʛʦʨʠʪʤʘ ETKDG ʚ ʢʘʯʝʩʪʚʝ ʤʝʪʨʠʢʠ ʨʘʟʥʦʦʙʨʘʟʠʷ ʘʥʩʘʤʙʣʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʤʝʜʠʘʥʥʳʝ ʟʥʘʯʝʥʠ ̫RMSD ʠ TFD ʤʝʞʜʫ ʢʦʥʬʦʨʤʝʨʘʤʠ. 

ɼʣʷ ʛʠʙʨʠʜʥʳʭ ʤʝʪʦʜʦʚ ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʦʜʫʣʴʥʳʝ ʪʝʩʪʳ, ʧʦʟʚʦʣʷʶʱʠʝ 

ʫʙʝʜʠʪʴʩʷ, ʯʪʦ ʢʣʶʯʝʚʳʝ ʵʣʝʤʝʥʪʳ ʤʝʪʦʜʘ ʨʘʙʦʪʘʶʪ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʞʠʜʘʥʠʷʤʠ. 

ʇʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ ʤʝʪʦʜʘ CREST ʦʪʜʝʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʙʳʣʦ ʫʜʝʣʝʥʦ ʪʦʯʥʦʩʪʠ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʵʥʝʨʛʠʡ ʢʦʥʬʦʨʤʝʨʦʚ ʥʦʚʳʤʠ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤʠ 

ʤʝʪʦʜʘʤʠ GFNn-xTB, ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʚ CREST.  ɼʣʷ ʵʪʦʛʦ ʧʨʦʚʦʜʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ 
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ʦʰʠʙʦʢ ʚ ʵʥʝʨʛʠʷʭ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ GFNn-xTB, ʩʦ ʩʪʘʥʜʘʨʪʥʳʤʠ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ, ʦʪʢʫʜʘ 

ʘʚʪʦʨʳ ʩʜʝʣʘʣʠ ʚʳʚʦʜ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʠʤʠ ʤʝʪʦʜ GFN2-xTB ʷʚʣʷʝʪʩʷ ʣʠʜʝʨʦʤ 

ʧʦ ʪʦʯʥʦʩʪʠ ʩʨʝʜʠ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ. ʇʦʭʦʞʠʤ ʦʙʨʘʟʦʤ 

ʜʣ ̫ʪʝʩʪʠʨʦʚʘʥʠ ̫ɻ ʤʧʠʨʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʜʠʩʪʘʥʮʠʦʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ETKDG, 

ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ ʚ RDKit, ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʧʨʦʚʝʨʢʘ ʪʦʛʦ, ʯʪʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʤʝʪʦʜʝ 

ʵʤʧʠʨʠʯʝʩʢʠʝ ʧʦʪʝʥʮʠʘʣʳ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦ çʠʥʬʦʨʤʠʨʫʶʪè ʤʝʪʦʜ 

ʜʠʩʪʘʥʮʠʦʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ʠ ʧʦʟʚʦʣʷʶʪ ʝʤʫ ʛʝʥʝʨʠʨʦʚʘʪʴ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʥʘʙʦʨʳ 

ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ, ʩʦʚʧʘʜʘʶʱʠʤ ʩ ʞʝʣʘʝʤʳʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷʤʠ. ʂʨʦʤʝ ʪʦʛʦ, ʩʫʱʝʩʪʚʫʶʪ ʧʨʠʤʝʨʳ 

ʘʙʣʷʮʠʦʥʥʦʛʦ ʪʝʩʪʠʨʦʚʘʥʠʷ ʤʝʪʦʜʦʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ, ʪʦ ʝʩʪʴ ʧʨʦʚʝʨʢʠ 

ʨʦʣʠ ʥʝʢʦʪʦʨʦʛʦ ʵʣʝʤʝʥʪʘ ʘʣʛʦʨʠʪʤʘ ʧʫʪʸʤ ʩʨʘʚʥʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʝʪʦʜʘ ʩ ʥʠʤ 

ʠ ʙʝʟ ʥʝʛʦ. ʅʘʧʨʠʤʝʨ, ʧʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ ETKDG ʘʚʪʦʨʳ ʫʜʦʩʪʦʚʝʨʠʣʠʩʴ, ʯʪʦ 

ʜʦʙʘʚʣʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʧʣʘʥʘʨʥʦʩʪʴ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʢʦʣʝʮ, ʢʘʢ ʠ 

ʦʞʠʜʘʣʦʩʴ, ʩʥʠʞʘʝʪ ʨʘʟʥʦʦʙʨʘʟʠʝ ʢʦʥʬʦʨʤʘʮʠʡ (ʧʦʩʢʦʣʴʢʫ ʠʩʢʣʶʯʘʝʪ 

ʥʝʨʝʘʣʠʩʪʠʯʥʳʝ ʛʝʦʤʝʪʨʠʠ), ʥʦ ʫʣʫʯʰʘʝʪ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʢʦʥʬʦʨʤʘʮʠʡ. 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʣʠʪʝʨʘʪʫʨʥʦʤ ʦʙʟʦʨʝ ʚ ʈʘʟʜʝʣʝ 1 ʧʦʢʘʟʘʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʤʝʪʦʜʦʚ ʧʦʩʪʨʦʝʥʠʷ ʘʥʩʘʤʙʣʝʡ ʢʦʥʬʦʨʤʝʨʦʚ ʤʦʣʝʢʫʣ ï ʦʪ ʧʨʦʩʪʦʛʦ 

ʧʝʨʝʙʦʨʘ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʜʦ ʛʠʙʨʠʜʥʳʭ ʤʝʪʦʜʦʚ, ʩʦʚʤʝʱʘʶʱʠʭ ʤʝʪʘʜʠʥʘʤʠʢʫ ʩ 

ʛʝʥʝʪʠʯʝʩʢʠʤ ʘʣʛʦʨʠʪʤʦʤ. ʆʜʥʘʢʦ, ʩʧʦʩʦʙʥʦʩʪʴ ʤʥʦʛʠʭ ʵʪʠʭ ʤʝʪʦʜʦʚ ʢ ʛʣʦʙʘʣʴʥʦʤʫ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʧʦʣʘʛʘʝʪʩʷ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʩʚʦʙʦʜʥʦʛʦ ʚʘʨʴʠʨʦʚʘʥʠʷ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʤʦʣʝʢʫʣʳ, ʯʪʦ ʩʦʟʜʘʪy ʩʝʨʴʟyʥʳʝ 

ʦʛʨʘʥʠʯʝʥʠʷ ʧʨʠ ʨʘʙʦʪʝ ʩ ʮʠʢʣʠʯʝʩʢʠʤʠ ʠ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʤʠ ʤʦʣʝʢʫʣʘʤʠ. 

ɺ ʩʣʫʯʘʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦ ʞʸʩʪʢʠʭ ʠʣʠ ʤʘʣʦʧʦʜʚʠʞʥʳʭ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ 

ʢʘʨʢʘʩʦʚ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʝʙʦʣʴʰʦʛʦ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚʦʟʤʦʞʥʦ 

ʤʝʪʦʜʘʤʠ, ʢʦʪʦʨʳʝ ʥʝ ʦʩʥʦʚʘʥʳ ʥʘ ʚʘʨʴʠʨʦʚʘʥʠʠ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ (ETKDG) ʠʣʠ 

ʢʦʪʦʨʳʝ ʬʠʣʴʪʨʫʶʪ ʧʦʣʫʯʘʝʤʳʝ ʢʦʥʬʦʨʤʘʮʠʠ ʧʦ ʫʩʣʦʚʠʶ ʟʘʤʳʢʘʥʠʷ ʮʠʢʣʘ 

(RMMC). ɺ ʈʘʟʜʝʣʝ 2 ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʤʳ ʧʨʠʤʝʥʠʣʠ ɻʪʠ ʤʝʪʦʜʳ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 
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ʢʘʨʢʘʩʥʳʭ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʧʝʨʦʢʩʠʜʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʥʘʤʠ ʛʝʦʤʝʪʨʠʠ 

ʩʦʛʣʘʩʦʚʳʚʘʣʠʩʴ ʩʦ ʩʪʨʫʢʪʫʨʘʤʠ ʠʟ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ. ʅʘ ʦʩʥʦʚʝ 

ʧʦʣʫʯʝʥʥʳʭ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʢʦʥʬʦʨʤʝʨʦʚ ʤʳ ʧʨʦʚʝʣʠ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʘʢʮʠʡ ʩʙʦʨʢʠ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʦʙʲʷʩʥʠʪʴ ʨʷʜ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʥʘʙʣʶʜʝʥʠʡ. 

ɺ ʈʘʟʜʝʣʝ 3 ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʤʳ ʧʨʝʜʣʦʞʠʣʠ ʫʥʠʚʝʨʩʘʣʴʥʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ 

ʧʝʨʝʙʦʨʘ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʥʘ ʦʩʥʦʚʝ ʧʦʜʭʦʜʘ ʦʙʨʘʪʥʦʡ 

ʢʠʥʝʤʘʪʠʢʠ (ʆʂ). ʇʨʠʚʝʜʥyʥʳʡ ʚʳʰʝ ʦʙʟʦʨ ʧʦʜʭʦʜʦʚ ʢ ʪʝʩʪʠʨʦʚʘʥʠ ʁʤʝʪʦʜʦʚ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʧʦʤʦʛ ʥʘʤ ʩʦʩʪʘʚʠʪʴ ʧʨʦʮʝʜʫʨʫ ʚʘʣʠʜʘʮʠʠ 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʥʘʤʠ ʘʣʛʦʨʠʪʤʘ ʩʣʫʯʘʡʥʦʛʦ ʧʝʨʝʙʦʨʘ ʮʠʢʣʠʯʝʩʢʠʭ ʪʦʨʩʠʦʥʥʳʭ 

ʫʛʣʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʆʂ.  
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ʈʘʟʜʝʣ 2. ʉʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʝ ʵʬʬʝʢʪʳ ʚ ʢʘʨʢʘʩʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʧʝʨʦʢʩʠʜʘʭ 

 

ʕʪʘ ʯʘʩʪʴ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʩʚʷʱʝʥʘ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʤʫ 

ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʯʝʪʳʨʭy ʨʝʘʢʮʠʡ ʩʙʦʨʢʠ ʢʘʨʢʘʩʥʳʭ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʧʝʨʦʢʩʠʜʦʚ 

(ʈʠʩʫʥʦʢ 10). ʆʨʛʘʥʠʯʝʩʢʠʝ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʝ ʧʝʨʦʢʩʠʜʳ ʷʚʣʷʶʪʩʷ ʫʥʠʢʘʣʴʥʳʤ 

ʢʣʘʩʩʦʤ ʩʦʝʜʠʥʝʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʢʦʥʬʦʨʤʘʮʠʷ ʤʦʣʝʢʫʣʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʫʩʣʦʚʠʝʤ 

ʮʠʢʣʠʯʥʦʩʪʠ, ʪʘʢ ʠ ʤʥʦʞʝʩʪʚʦʤ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʭ ʵʬʬʝʢʪʦʚ. ʇʦʵʪʦʤʫ ʚ ʜʘʥʥʦʤ 

ʨʘʟʜʝʣʝ ʦʪʜʝʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʠʟʫʯʝʥʠʶ ʨʦʣʠ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʭ ɻʬʬʝʢʪʦʚ ʚ 

ʫʧʨʘʚʣʝʥʠʠ ʢʘʩʢʘʜʦʤ ʩʙʦʨʢʠ ʧʨʦʜʫʢʪʦʚ. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʘʥʥʦʡ ʯʘʩʪʠ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 

ʯʝʪʳʨʭy ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʩʪʘʪʴʷʭ [173ï176]; ʢʨʦʤʝ ʪʦʛʦ, ʨʝʟʫʣʴʪʘʪʳ 

ʩʠʩʪʝʤʘʪʠʟʘʮʠʠ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʠ ʠʭ ʨʦʣʠ ʚ ʭʠʤʠʠ 

ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʧʨʦʚʝʜʥyʥʦʡ ʧʨʠ ʫʯʘʩʪʠʠ ʘʚʪʦʨʘ ʜʠʩʩʝʨʪʘʮʠʠ, 

ʧʨʝʜʩʪʘʚʣʝʥ rʚ ʜʚʫʭ ʦʙʟʦʨʘʭ [177,178]. 

 

2.1. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʘʢʮʠʠ ɓ,ɔô-ʪʨʠʢʝʪʦʥʦʚ ʩ ʧʝʨʦʢʩʠʜʦʤ ʚʦʜʦʨʦʜʘ 

ɺ 2019 ʛʦʜʫ ʥʘʰʠ ʢʦʣʣʝʛʠ ʫʩʧʝʰʥʦ ʨʝʘʣʠʟʦʚʘʣʠ ʩʠʥʪʝʟ ʪʨʠʮʠʢʣʠʯʝʩʢʠʭ 

ʧʝʨʦʢʩʠʜʦʚ ʠʟ ɓ,ɔô-ʪʨʠʢʝʪʦʥʦʚ ʠ H2O2 ʚ ʩʨʝʜʝ ʘʮʝʪʦʥʠʪʨʠʣʘ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʧʘʨʘ-

ʪʦʣʫʦʣʩʫʣʴʬʦʢʠʩʣʦʪʳ. ɹʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʦʣʠʯʝʩʪʚʦ 

ʧʝʨʦʢʩʠʜʥʳʭ ʛʨʫʧʧ ʚ ʢʦʥʝʯʥʦʤ ʧʨʦʜʫʢʪʝ ʟʘʚʠʩʠʪ ʦʪ ʢʦʣʠʯʝʩʪʚʘ H2O2, ʘ ʪʘʢʞʝ ʦʪ 

ʧʨʠʨʦʜʳ ʟʘʤʝʩʪʠʪʝʣʷ ʚ ʠʩʭʦʜʥʦʤ ɓ,ɔô-ʪʨʠʢʝʪʦʥʝ (ASa-d, ʈʠʩʫʥʦʢ 11). ɼʣʷ 

ʤʝʪʠʣʴʥʦʛʦ ʠ ʘʣʣʠʣʴʥʦʛʦ ʟʘʤʝʩʪʠʪʝʣʝʡ ʚʚʝʜʝʥʠʝ 1 ʵʢʚ. H2O2 ʧʨʠʚʦʜʠʪ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʪʨʠʮʠʢʣʠʯʝʩʢʦʛʦ ʤʦʥʦʧʝʨʦʢʩʠʜʘ A1, ʪʦʛʜʘ ʢʘʢ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʠʟʙʳʪʢʘ 

(3 ʵʢʚ.) H2O2 ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʣʫʯʝʥʠʶ ʙʠʩ-ʧʝʨʦʢʩʠʜʘ A2. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʣʷ 

ʪʨʠʢʝʪʦʥʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʧʘʨʘ-ʥʠʪʨʦʙʝʥʟʠʣʴʥʳʡ ʬʨʘʛʤʝʥʪ, ʨʝʘʢʮʠʷ ʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ 

ʥʘ ʩʪʘʜʠʠ ʤʦʥʦʧʝʨʦʢʩʠʜʘ A1, ʘ ʚ ʩʣʫʯʘʝ ʦʪʩʫʪʩʪʚʠʷ ʟʘʤʝʩʪʠʪʝʣʷ ʦʙʨʘʟʫʝʪʩʷ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʙʠʩ-ʧʝʨʦʢʩʠʜ A2. ʇʨʠ ʵʪʦʤ ʪʨʠʩ-ʧʝʨʦʢʩʠʜ A3 ʥʝ ʫʜʘʚʘʣʦʩʴ 

ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʥʠ ʜʣʷ ʦʜʥʦʡ ʠʟ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʢʦʤʙʠʥʘʮʠʡ ʩʫʙʩʪʨʘʪʦʚ ʠ ʫʩʣʦʚʠʡ. 
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ʈʠʩʫʥʦʢ 10. ʀʩʩʣʝʜʫʝʤʳʝ ʨʝʘʢʮʠʠ ʧʦʣʫʯʝʥʠʷ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ ʠʟ ʜʠ- ʠ 

ʪʨʠʢʝʪʦʥʦʚ. ʉʭʝʤʳ ʨʝʘʢʮʠʡ ʧʨʠʚʝʜʝʥʳ ʚ ʧʦʨʷʜʢʝ ʠʭ ʦʙʩʫʞʜʝʥʠʷ ʪʝʢʩʪʝ. ɼʣʷ 

ʥʘʛʣʷʜʥʦʩʪʠ ʥʝʢʦʪʦʨʳʝ ʟʘʤʝʩʪʠʪʝʣʠ ʥʘ ʵʪʦʡ ʩʭʝʤʝ ʦʧʫʱʝʥʳ. 

 

ʈʠʩʫʥʦʢ 11. ʉʭʝʤʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʠʩʩʣʝʜʫʝʤʦʡ ʨʝʘʢʮʠʠ. 
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ɺ ʨʘʤʢʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʤʠ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʢʚʘʥʪʦʚʦ-

ʭʠʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʵʪʦʡ ʨʝʘʢʮʠʠ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʘʤʝʩʪʠʪʝʣʷ ʠ ʢʦʣʠʯʝʩʪʚʘ H2O2. 

 

2.1.1. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʷʣʠʩʴ ʚ Gaussian16 A.03 [18] ʥʘ ʫʨʦʚʥʝ ʪʝʦʨʠʠ PBE0-

D3BJ [19,20] / 6-311++G(d,p) [21,22] / SMD(MeCN) [23]. ɺʳʙʦʨ ʬʫʥʢʮʠʦʥʘʣʘ PBE0 

ʦʙʫʩʣʦʚʣʝʥ ʝʛʦ ʥʘʜʸʞʥʦʩʪʴʶ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʘ ʪʘʢʞʝ 

ʩʧʦʩʦʙʥʦʩʪʴʶ ʪʦʯʥʦ ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ ʵʣʝʢʪʨʦʥʥʳʝ ʧʣʦʪʥʦʩʪʠ ʘʪʦʤʥʳʭ ʠ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʠʩʪʝʤ [179]. ɼʣʷ ʚʩʝʭ ʨʘʩʯʪyʦʚ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʧʨʠʤʝʥʷʣʘʩʴ 

ʢʚʘʟʠʛʘʨʤʦʥʠʯʝʩʢʘʷ ʧʦʧʨʘʚʢʘ, ʨʘʩʩʯʠʪʳʚʘʝʤʘʷ ʚ ʙʠʙʣʠʦʪʝʢʝ GoodVibes [25]. ʋʯʸʪ 

ʪʨʘʥʩʣʷʮʠʦʥʥʦʡ ʵʥʪʨʦʧʠʠ ʘʮʝʪʦʥʠʪʨʠʣʘ ʚʳʧʦʣʥʝʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʫʥʢʮʠʠ media 

ʚ GoodVibes, ʢʦʪʦʨʘʷ ʚʢʣʶʯʘʝʪ ʧʦʧʨʘʚʢʫ ʥʘ ʩʚʦʙʦʜʥʳʡ ʦʙʲʸʤ ʠ ʤʦʣʷʨʥʫʶ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʘʮʝʪʦʥʠʪʨʠʣʘ. ɺʩʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʦʧʨʘʚʢʠ ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ 

ʪʝʤʧʝʨʘʪʫʨʳ 0 ÁC. 

ɹʣʘʛʦʜʘʨʷ ʥʝʙʦʣʴʰʦʤʫ ʨʘʟʤʝʨʫ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʠ ʧʝʨʝʭʦʜʥʳʭ ʩʦʩʪʦʷʥʠʡ (ʇʉ) ʚ 

ʠʩʩʣʝʜʫʝʤʦʡ ʨʝʘʢʮʠʠ, ʜʣʷ ʥʠʭ ʙʳʣ ʧʨʦʚʝʜʸʥ ʧʦʣʥʳʡ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʘʥʘʣʠʟ. ʉ 

ʵʪʦʡ ʮʝʣʴʶ ʙʳʣʘ ʩʜʝʣʘʥʘ ʩʦʙʩʪʚʝʥʥʘʷ ʠʤʧʣʝʤʝʥʪʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ringmaker Monte-

Carlo (ʩʤ. ʧʦʜʨʘʟʜʝʣ 1.1.1.2 ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʦʙʟʦʨʘ). ʇʦʠʩʢ ʥʘʯʠʥʘʝʪʩʷ ʠʟ 

ʧʦʜʛʦʪʦʚʣʝʥʥʦʡ ʚʨʫʯʥʫʶ ʩʪʘʨʪʦʚʦʡ ʢʦʥʬʦʨʤʘʮʠʠ, ʧʦʩʣʝ ʯʝʛʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʩʣʫʯʘʡʥʳʡ ʧʝʨʝʙʦʨ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʩ ʦʪʩʝʠʚʘʥʠʝʤ ʩʪʨʫʢʪʫʨ ʧʦ ʢʨʠʪʝʨʠʷʤ 

ʩʚʷʟʥʦʩʪʠ (ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʚʷʟʘʥʥʳʤʠ ʘʪʦʤʘʤʠ ʥʝ ʙʦʣʝʝ 2 ¡ ʠ ʥʝ ʤʝʥʝʝ 0.95 ¡) ʠ 

ʩʪʝʨʠʯʝʩʢʠʤ ʦʛʨʘʥʠʯʝʥʠʷʤ (ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʝʩʚʷʟʘʥʥʳʤʠ ʘʪʦʤʘʤʠ ʥʝ ʤʝʥʝʝ 2 ¡). 

ʆʪʦʙʨʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʧʦʜʚʝʨʛʘʣʠʩʴ ʦʧʪʠʤʠʟʘʮʠʠ ʥʘ ʫʨʦʚʥʝ ʪʝʦʨʠʠ PM6 [180] / 

SMD(MeCN), ʧʦʩʣʝ ʯʝʛʦ ʦʪʙʠʨʘʣʦʩʴ 10 ʢʦʥʬʦʨʤʝʨʦʚ ʩ ʥʘʠʤʝʥʴʰʝʡ ʵʥʝʨʛʠʝʡ. ʕʪʠ 

ʩʪʨʫʢʪʫʨʳ ʟʘʪʝʤ ʦʧʪʠʤʠʟʠʨʦʚʘʣʠʩʴ ʥʘ ʬʠʥʘʣʴʥʦʤ ʫʨʦʚʥʝ ʪʝʦʨʠʠ PBE0-D3BJ / 6-

311++G(d,p) / SMD(MeCN). ɼʣʷ ʜʘʣʴʥʝʡʰʠʭ ʨʘʩʯʪyʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʦʥʬʦʨʤʝʨ ʩ 

ʤʠʥʠʤʘʣʴʥʦʡ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʝʡ ʧʨʠ ʫʩʣʦʚʠʠ ʧʨʦʚʝʨʢʠ ʯʠʩʣʘ ʤʥʠʤʳʭ ʯʘʩʪʦʪ (0 ï 

ʜʣʷ ʠʥʪʝʨʤʝʜʠʘʪʦʚ, 1 ï ʜʣʷ ʇʉ). 
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ɸʥʘʣʠʟ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʚʳʧʦʣʥʝʥ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ NBO3.1, 

ʚʩʪʨʦʝʥʥʦʡ ʚ Gaussian16, ʘ ʪʘʢʞʝ ʯʝʨʝʟ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʢʠ 

ʠʟʦʜʝʩʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʘ ʪʦʤ ʞʝ ʫʨʦʚʥʝ ʪʝʦʨʠʠ PBE0-D3BJ / 6-311++G(d,p) / 

SMD(MeCN). 

ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [181,182], ʧʘʨʘ-ʪʦʣʫʦʣʩʫʣʴʬʦʢʠʩʣʦʪʘ (TsOH) ʚ 

ʨʘʩʪʚʦʨʝ ʘʮʝʪʦʥʠʪʨʠʣʘ ʜʠʩʩʦʮʠʠʨʫʝʪ ʥʝʧʦʣʥʦʩʪʴʶ (ὴὑ ὝίὕὌ = 8.45). ʕʪʦ 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʨʘʚʥʦʚʝʩʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʦʣʴʚʘʪʠʨʦʚʘʥʥʦʛʦ ʧʨʦʪʦʥʘ ʚ ʨʘʩʪʚʦʨʝ 

TsOH ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʧʦʣʥʦʡ ʜʠʩʩʦʮʠʘʮʠʠ. ɼʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʫʯʪyʘ 

ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʧʨʠ ʨʘʩʯʪyʘʭ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʩʚʦʙʦʜʥʳʭ ʵʥʝʨʛʠʡ ʧʨʦʪʦʥʠʨʦʚʘʥʥʳʭ ʠ 

ʥʝʡʪʨʘʣʴʥʳʭ ʠʥʪʝʨʤʝʜʠʘʪʦʚ, ʢ ʚʳʯʠʩʣʝʥʥʳʤ ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʵʥʝʨʛʠʷʤ ʢʘʪʠʦʥʥʳʭ 

ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʙʳʣʘ ʜʦʙʘʚʣʝʥʘ ʚʝʣʠʯʠʥʘ 10.56 ʢʢʘʣ/ʤʦʣʴ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʠʩʭʦʜʷ ʠʟ 

ʢʦʥʩʪʘʥʪʳ ʢʠʩʣʦʪʥʦʩʪʠ TsOH:  

 

4Ó/(-Å#.OὝÓὕ Ὄ ẗ-Å#.ȟװװɝὋ ὝίὕὌ 

ɝὋ ὝίὕὌ ὙὝÌÎρπ

ψȢσρτẗςχσȢρυẗÌÎρπȢ ρπȢυφ ʢʢʘʣ/ʤʦʣʴ 

(7) 

ʂʠʥʝʪʠʯʝʩʢʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʧʨʝʚʨʘʱʝʥʠ ̫A1ŸA2 ʚʳʧʦʣʥʝʥʦ ʘʣʛʦʨʠʪʤʦʤ 

LSODE [183], ʨʝʘʣʠʟʦʚʘʥʥʦʤ ʚ ʙʠʙʣʠʦʪʝʢʝ SciPy [184]. ʉʠʩʪʝʤʘ ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʧʨʠʚʝʜʝʥʘ ʥʘ ʈʠʩʫʥʢʝ 12. ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ k ʧʦʣʫʯʝʥʳ 

ʠʟ ʩʚʦʙʦʜʥʳʭ ʵʥʝʨʛʠʡ ʘʢʪʠʚʘʮʠʠ ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ ʕʡʨʠʥʛʘ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʧʝʨʝʥʦʩʘ ‖, ʧʨʠʥʷʪʳʤ ʟʘ 1: 

 Ë ʆ
ὯὝ

Ὤ
ÅØÐ

ɝὋ

ὙὝ
 (8) 

ʕʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ɝὋ ʩʪʘʜʠʡ 3, 4 ʠ 6 (ʈʠʩʫʥʦʢ 12) ʧʦʣʫʯʝʥʳ ʠʟ ʢʚʘʥʪʦʚʦ-

ʭʠʤʠʯʝʩʢʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʩʚʦʙʦʜʥʳʭ ʵʥʝʨʛʠʡ ʤʦʣʝʢʫʣ ʠ ʇʉ. ɼʣʷ ʩʪʘʜʠʡ 2, 5 ʠ 7 ʥʘʤ 

ʥʝ ʫʜʘʣʦʩʴ ʣʦʢʘʣʠʟʦʚʘʪʴ ʇʉ, ʧʦʵʪʦʤʫ, ʪʘʢ ʢʘʢ ʜʣʷ ʥʠʭ ʦʞʠʜʘʝʪʩʷ ʦʯʝʥʴ ʥʝʙʦʣʴʰʘ ̫

ɝὋ, ʤʳ ʚʳʙʨʘʣʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʪʘʢ, ʯʪʦʙʳ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʩ 

ɝὋ π ɻ ʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʙʳʣʘ ʨʘʚʥʘ 6 ʢʢʘʣ/ʤʦʣʴ, ʘ ɝὋ ʚ ʦʙʨʘʪʥʫʶ ʩʪʦʨʦʥʫ ʙʳʣʠ 

ʨʘʩʩʯʠʪʘʥʳ ʥʘ ʦʩʥʦʚʝ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʙʦʜʥʳʭ ʵʥʝʨʛʠʡ ʨʝʘʢʮʠʡ ɝὋ. 

ʅʘʯʘʣʴʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ (ʈʠʩʫʥʦʢ 12) ʦʮʝʥʝʥʳ ʠʟ ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʤʝʪʦʜʠʢʠ 
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ʩʠʥʪʝʟʘ ʙʠʩ-ʧʝʨʦʢʩʠʜʦʚ [173], ʚ ʯʘʩʪʥʦʩʪʠ, ʩʨʘʚʥʠʪʝʣʴʥʦ ʙʦʣʴʰʘʷ ʥʘʯʘʣʴʥʘʷ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʚʦʜʳ ʦʙʫʩʣʦʚʣʝʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 30% ʨʘʩʪʚʦʨʘ H2O2. 

 

 

ʈʠʩʫʥʦʢ 12. ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ, ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ ʢʠʥʝʪʠʯʝʩʢʦʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʠ ʜʣʷ 

ʧʨʝʚʨʘʱʝʥʠʷ A1ŸA2. 

 

2.1.2. ʈʝʟʫʣʴʪʘʪʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʇʦʩʪʨʦʝʥʠʝ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʨʝʘʢʮʠʠ ʙʳʣʦ ʥʘʯʘʪʦ ʩ ʨʘʩʯʸʪʘ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʧʨʦʜʫʢʪʦʚ A1ïA3 ʤʝʪʦʜʦʤ ʩʪʘʮʠʦʥʘʨʥʳʭ ʪʦʯʝʢ 

ʥʘ ʫʨʦʚʥʝ ʪʝʦʨʠʠ, ʧʨʠʚʝʜʸʥʥʦʤ ʚʳʰʝ, ʠ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʥʘʙʣʶʜʝʥʠʷʤʠ. ɼʣʷ ʵʪʦʛʦ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʯʝʪʳʨʝ ʠʩʭʦʜʥʳʭ 

ʪʨʠʢʝʪʦʥʘ: ASa ʙʝʟ ʟʘʤʝʩʪʠʪʝʣʷ, ʘ ʪʘʢʞʝ ASb, ASc ʠ ASd ʩ ʤʝʪʠʣʴʥʳʤ, ʘʣʣʠʣʴʥʳʤ 

ʠ ʧʘʨʘ-ʥʠʪʨʦʙʝʥʟʠʣʴʥʳʤ ʟʘʤʝʩʪʠʪʝʣʝʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʈʠʩʫʥʦʢ 11). 

ɼʣʷ ʨʘʩʯʸʪʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ ʚ ʧʝʨʚʫʶ 

ʦʯʝʨʝʜʴ ʥʝʦʙʭʦʜʠʤʦ ʧʦʣʫʯʠʪʴ ʠʭ ʪʨʸʭʤʝʨʥʳʝ ʩʪʨʫʢʪʫʨʳ. ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʧʦʠʩʢ 

ʤʝʪʦʜʦʤ RMMC ʧʦʢʘʟʘʣ, ʯʪʦ ʜʣʷ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʢʘʨʢʘʩʦʚ A1 ʠ A2 ʩʫʱʝʩʪʚʫʝʪ 

ʪʦʣʴʢʦ ʦʜʠʥ ʚʦʟʤʦʞʥʳʡ ʢʦʥʬʦʨʤʝʨ. ʉʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʥʘʤʠ ʛʝʦʤʝʪʨʠʡ A1b, 
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A2b ʠ A1d ʩ ʜʘʥʥʳʤʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ4 (ʈʠʩʫʥʦʢ 13)  

ʧʦʢʘʟʘʣʦ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʝ ʩʦʚʧʘʜʝʥʠʝ ʨʘʩʯʸʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʛʝʦʤʝʪʨʠʡ ʢʘʨʢʘʩʦʚ. ʅʝʢʦʪʦʨʦʝ ʨʘʟʣʠʯʠʝ (ʦʢʦʣʦ 16Á) ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʰʴ ʜʣʷ 

ʪʦʨʩʠʦʥʥʦʛʦ ʫʛʣʘ ʧʘʨʘ-ʥʠʪʨʦʙʝʥʟʠʣʴʥʦʛʦ ʟʘʤʝʩʪʠʪʝʣʷ ʚ A1d, ʯʪʦ, ʚʝʨʦʷʪʥʦ, 

ʦʙʫʩʣʦʚʣʝʥʦ ʚʣʠʷʥʠʝʤ ʵʬʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʫʧʘʢʦʚʢʠ, ʢʦʪʦʨʳʝ ʥʝ ʫʯʪʝʥʳ ʚ 

ʥʘʰʝʡ ʤʦʜʝʣʠ, ʛʜʝ ʤʳ ʤʦʜʝʣʠʨʦʚʘʣʠ ʛʝʦʤʝʪʨʠʠ ʧʨʦʜʫʢʪʦʚ ʚ ʨʘʩʪʚʦʨʝ. ɼʣʷ 

ʩʦʝʜʠʥʝʥʠʡ A3, ʢʦʪʦʨʳʝ ʥʝ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʡ 

ʧʦʠʩʢ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʜʚʫʭ ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʦ ʵʥʝʨʛʠʠ ʢʦʥʬʦʨʤʝʨʦʚ 

ʧʦʣʠʮʠʢʣʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ (ʠʭ ʩʪʨʦʝʥʠʝ ʦʙʩʫʞʜʝʥʦ ʚ ʧʦʜʨʘʟʜʝʣʝ 2.1.4, ʩʤ. ʈʠʩʫʥʦʢ 

25). 

 

 

ʈʠʩʫʥʦʢ 13. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʢʦʥʬʦʨʤʝʨʦʚ ʤʦʣʝʢʫʣ A1b, A2b ʠ A1d, ʧʦʩʪʨʦʝʥʥʳʭ 

ʤʝʪʦʜʦʤ RMMC ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʡ ʦʧʪʠʤʠʟʘʮʠʝʡ, ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʢʦʥʬʦʨʤʘʮʠʷʤʠ ʠʟ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ (ʈʉɸ) 

ʤʦʥʦʢʨʠʩʪʘʣʣʘ. ʇʦʢʘʟʘʥʳ ʪʦʣʴʢʦ ʥʝʚʦʜʦʨʦʜʥʳʝ ʘʪʦʤʳ, ʧʦʩʢʦʣʴʢʫ ʈʉɸ ʥʝ 

ʧʦʟʚʦʣʷʝʪ ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʜʣʠʥʳ ʩʚʷʟʝʡ ʩ ʫʯʘʩʪʠʝʤ ʚʦʜʦʨʦʜʘ. 

 

4 ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʳ ʚ ʀʥʩʪʠʪʫʪʝ ɻ ʣʝʤʝʥʪʦʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠʤ. ɸ. ʅ. 

ʅʝʩʤʝʷʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ ʩ ʧʦʤʦʱʴʶ ʜʠʬʨʘʢʪʦʤʝʪʨʘ Bruker APEX II. 
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ɼʣʷ ʢʦʥʬʦʨʤʝʨʦʚ ʩ ʥʘʠʤʝʥʴʰʝʡ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʝʡ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ 

ʠʟʤʝʥʝʥʠ ̫ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɝὋ ʧʨʠ ʚʟʘʠʤʦʧʨʝʚʨʘʱʝʥʠʷʭ AS ź A1 ź A2 ź A3. 

ʀʟ ʘʥʘʣʠʟʘ ʧʦʣʫʯʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ɝὋ (ʈʠʩʫʥʦʢ 14) ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʩʙʦʨʢʘ 

ʤʦʥʦʧʝʨʦʢʩʠʜʘ A1 ʠ ʙʠʩ-ʧʝʨʦʢʩʠʜʘ A2 ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʚʳʛʦʜʥʘ ʜʣʷ ʚʩʝʭ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʪʨʠʢʝʪʦʥʦʚ. ʆʜʥʘʢʦ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʚʳʠʛʨʳʰ ʩʥʠʞʘʝʪʩʷ ʧʨʠ 

ʟʘʤʝʱʝʥʠʠ ʧʦʩʣʝʜʥʝʛʦ ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ ʥʘ ʧʝʨʦʢʩʠʜʥʫʶ ʛʨʫʧʧʫ ʠ ʧʝʨʝʭʦʜ A2ŸA3 

ʫʞʝ ʦʢʘʟʳʚʘʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʥʝʡʪʨʘʣʴʥʳʤ ʠʣʠ ʜʘʞʝ ʥʝʚʳʛʦʜʥʳʤ ʜʣʷ 

ʨʝʘʢʮʠʡ ʩ ʟʘʤʝʱʥyʥʳʤʠ ʪʨʠʢʝʪʦʥʘʤʠ (ASb-d). ʇʦʣʫʯʝʥʥʘʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ ʦʙʲʷʩʥʷʝʪ ʧʝʨʚʳʡ ʧʘʨʘʜʦʢʩ ʚ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʜʘʥʥʦʡ ʨʝʘʢʮʠʠ, ʘ ʠʤʝʥʥʦ 

ʥʝʚʦʟʤʦʞʥʦʩʪ ɹɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʦʣʫʯʝʥʠʷ A1a: ʟʥʘʯʝʥʠʝ ɝὋ ʧʦʩʣʝʜʫʶʱʝʛʦ 

ʧʨʝʚʨʘʱʝʥʠʷ A1aŸA2a ʦʢʘʟʳʚʘʝʪʩʷ ʥʠʞʝ, ʯʝʤ ɝὋ ʜʣʷ ʩʦʙʩʪʚʝʥʥʦ ʦʙʨʘʟʦʚʘʥʠʷ A1a 

ʠʟ ASa. ʕʪʦ ʜʝʣʘʝʪ ʤʦʣʝʢʫʣʫ A1a ʩʢʣʦʥʥʦʡ ʢ ʜʠʩʧʨʦʧʦʨʮʠʦʥʠʨʦʚʘʥʠʶ ʜʘʞʝ ʧʨʠ 

ʥʝʜʦʩʪʘʪʢʝ H2O2, ʪʘʢ ʢʘʢ ʚ ʨʘʚʥʦʚʝʩʠʠ ʧʦʣʦʚʠʥʘ ʵʢʚʠʚʘʣʝʥʪʘ A2a ʙʦʣʝʝ ʚʳʛʦʜʥʘ, ʯʝʤ 

ʦʜʠʥ ʵʢʚʠʚʘʣʝʥʪ A1a. ɸʥʘʣʦʛʠʯʥʳʝ ʨʘʩʯʪyʳ ʜʣʷ ʤʦʣʝʢʫʣ ʩ ʤʝʪʠʣʴʥʳʤ ʠ ʘʣʣʠʣʴʥʳʤ 

ʟʘʤʝʩʪʠʪʝʣʷʤʠ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ A1b ʠ A1c ʥʝ ʠʤʝʶʪ ʩʢʣʦʥʥʦʩʪʠ ʢ 

ʜʠʩʧʨʦʧʦʨʮʠʦʥʠʨʦʚʘʥʠʶ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʥʘʙʣʶʜʝʥʠʷʤʠ. 

ʆʜʥʘʢʦ, ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʥʝ ʦʪʚʝʯʘʝʪ ʥʘ ʦʩʪʘʣʴʥʳʝ ʚʦʧʨʦʩʳ. ʊʘʢ, ʦʥʘ 

ʧʨʝʜʩʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʜʦʣʞʥʳ 

ʧʨʝʦʙʣʘʜʘʪʴ ʤʦʣʝʢʫʣʳ A3a, A3c, A2d, ʘ A3b ʜʦʣʞʝʥ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʚ 

ʜʝʪʝʢʪʠʨʫʝʤʳʭ ʢʦʣʠʯʝʩʪʚʘʭ, ʦʜʥʘʢʦ ʥʠʯʪʦ ʠʟ ʵʪʦʛʦ ʥʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʥʘʙʣʶʜʝʥʠʷʤʠ (ʈʠʩʫʥʦʢ 11). ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʘʣʴʥʝʡʰʝʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʙʳʣʦ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʫʯʸʪ ɻ ʥʝʨʛʠʡ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʠ ʇʉ ʚ ʤʦʜʝʣʠ 

ʨʝʘʢʮʠʠ. 
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ʈʠʩʫʥʦʢ 14. ʈʝʟʫʣʴʪʘʪ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʘʢʮʠʠ ʜʣʷ ʯʝʪʳʨʭy 

ʟʘʤʝʩʪʠʪʝʣʝʡ. 

 

ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʠʟ ʦʙʱʠʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʦʙʨʘʞʝʥʠʡ ʥʘʤʠ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ 

ʥʝʩʢʦʣʴʢʦ ʧʫʪʝʡ ʩʙʦʨʢʠ ʤʦʣʝʢʫʣ A1b ʠ A2b ʠʟ AS ʠ ʟʘʪʝʤ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʵʥʝʨʛʠʠ 

ʚʩʝʭ ʧʨʝʜʧʦʣʦʞʝʥʥʳʭ ʠʥʪʝʨʤʝʜʠʘʪʦʚ (ʩʤ. ʇʨʠʣʦʞʝʥʠʝ 1). ʉʨʝʜʠ ʧʨʝʜʣʦʞʝʥʥʳʭ 

ʧʫʪʝʡ ʨʝʘʢʮʠʠ ʚʳʜʝʣʷʝʪʩʷ ʧʫʪʴ ʯʝʨʝʟ ʢʘʪʠʦʥ A4 (ʈʠʩʫʥʦʢ 15), ʢʦʪʦʨʳʡ ʦʢʘʟʳʚʘʝʪʩʷ 

ʥʘ ~10 ʢʢʘʣ/ʤʦʣʴ ʚʳʛʦʜʥʝʝ ʘʥʘʣʦʛʠʯʥʳʭ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʚ ʜʨʫʛʠʭ ʧʨʝʜʣʦʞʝʥʥʳʭ 

ʧʫʪʷʭ ʩʙʦʨʢʠ.  ʅʘ ʦʩʥʦʚʝ ʵʥʝʨʛʠʡ ʚʦʟʤʦʞʥʳʭ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʥʘʤʠ ʙʳʣʦ ʨʝʰʝʥʦ 

ʩʦʢʨʘʪʠʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʚʩʝʡ ʨʝʘʢʮʠʠ ʜʦ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ A1ŸA4ŸA2, 

ʪʘʢ ʢʘʢ ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʠʤʝʥʥʦ ʦʥʘ ʚʣʠʷʝʪ ʥʘ ʩʝʣʝʢʪʠʚʥʦʩʪʴ. ʕʪʦ ʤʦʞʥʦ 

ʦʙʦʩʥʦʚʘʪʴ ʧʦʩʪʫʣʘʪʦʤ ʍʵʤʤʦʥʜʘ, ʢʦʪʦʨʳʡ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʧʨʠ ɝὋ < 0 ʵʥʝʨʛʠʠ 

ʇʉ ʟʘʤʳʢʘʥʠʷ ʢʘʪʠʦʥʘ ʚ ʢʘʨʢʘʩʥʳʡ ʧʝʨʦʢʩʠʜ ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʵʥʝʨʛʠʷʤʠ ʠʩʭʦʜʥʳʭ 

ʢʘʪʠʦʥʦʚ. 

ʅʘʢʦʥʝʮ, ʩʦʢʨʘʱʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʜʦ ʧʨʠʝʤʣʝʤʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʘʨʥʳʭ 

ʩʪʘʜʠʡ ʧʦʟʚʦʣʠʣʦ ʥʘʤ ʣʦʢʘʣʠʟʦʚʘʪʴ ʠ ʨʘʩʩʯʠʪʘʪʴ ʵʥʝʨʛʠʠ ʇʉ ʵʪʠʭ ʩʪʘʜʠʡ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʝʚʨʘʱʝʥʠʷ A1ŸA2 ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʜʣʷ ʚʩʝʭ ʯʝʪʳʨʭy 

ʟʘʤʝʩʪʠʪʝʣʝʡ, ʘ ʜʣʷ ʧʨʝʚʨʘʱʝʥʠ ̫A2ŸA3 ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʪʦʣʴʢʦ ʩʣʫʯʘʠ ʩ 

ʤʝʪʠʣʴʥʳʤ ʟʘʤʝʩʪʠʪʝʣʝʤ (A2bŸA3b) ʠ ʙʝʟ ʟʘʤʝʩʪʠʪʝʣʷ (A2aŸA3a). 
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ʈʠʩʫʥʦʢ 15. ʈʘʩʯʸʪʥʳʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʧʨʦʬʠʣʴ ʜʣʷ ʧʨʝʚʨʘʱʝʥʠʡ 

A1ŸA2ŸA3 ʩ ʫʢʘʟʘʥʠʝʤ ʢʦʥʪʨʦʣʠʨʫʶʱʠʭ ʵʬʬʝʢʪʦʚ. ʇʫʥʢʪʠʨʦʤ ʧʦʢʘʟʘʥʳ 

ʩʪʘʜʠʠ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʠʩʢʣʶʯʝʥʳ ʠʟ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʩʪʘʜʠʠ ʦʪʱʝʧʣʝʥʠʷ 

ʚʦʜʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʥʝ ʫʜʘʣʦʩʴ ʣʦʢʘʣʠʟʦʚʘʪʴ ʇʉ. 

 

ʉʨʘʚʥʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ ʧʨʝʚʨʘʱʝʥʠʡ, ʪʦ ʝʩʪʴ ʨʘʟʥʠʮ ʵʥʝʨʛʠʡ 

ʤʝʞʜʫ ʩʘʤʳʤ ʚʳʩʦʢʠʤ ʧʦ ʵʥʝʨʛʠʠ ʇʉ ʥʘ ʧʫʪʠ ʜʦ ʧʨʦʜʫʢʪʘ ʠ ʩʘʤʳʤ ʩʪʘʙʠʣʴʥʳʤ 

ʧʨʝʜʰʝʩʪʚʫʶʱʠʤ ʝʤʫ ʩʦʩʪʦʷʥʠʝʤ ʩʠʩʪʝʤʳ (ʩʤ. çʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷè), ʧʦʢʘʟʳʚʘʝʪ ʦʪʣʠʯʥʦʝ ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʫʶ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʩʪʴ ʙʠʩ-ʧʝʨʦʢʩʠʜʘ A2d, ʙʘʨʴʝʨ 

ʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ, ʜʝʡʩʪʚʠʪʝʣʴʥʦ, ʦʢʘʟʳʚʘʝʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʠʤ (29 ʢʢʘʣ/ʤʦʣʴ) ʧʦ 



67 

 

 

ʩʨʘʚʥʝʥʠʶ ʩ ʙʘʨʴʝʨʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʭ ʧʨʝʚʨʘʱʝʥʠʡ (ʦʪ 21 ʜʦ 27 

ʢʢʘʣ/ʤʦʣʴ). ɿʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʘʭ ʪʘʢʞʝ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʥʘʙʣʶʜʝʥʠʝʤ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ A2c ʧʨʦʠʩʭʦʜʠʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʝʜʣʝʥʥʝʝ, ʯʝʤ A2a ʠ A2b. ɺ ʩʣʫʯʘʝ ʩʙʦʨʢʠ ʪʨʠʩ-ʧʝʨʦʢʩʠʜʘ ʙʘʨʴʝʨʳ ʦʢʘʟʳʚʘʶʪʩʷ 

ʝʱʸ ʚʳʰʝ: 33 ʢʢʘʣ/ʤʦʣʴ ʜʣʷ A3a ʠ 36 ʢʢʘʣ/ʤʦʣʴ ʜʣʷ A3b, ʯʪʦ ʧʦʣʥʦʩʪʴʶ ʩʦʛʣʘʩʫʝʪʩʷ 

ʩ ʠʭ ʦʪʩʫʪʩʪʚʠʝʤ ʩʨʝʜʠ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʡ. 

ɼʘʣʝʝ ʤʳ ʦʮʝʥʠʣʠ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʩʙʦʨʢʠ ʧʝʨʦʢʩʠʜʦʚ ʦʪ ʚʳʩʦʪʳ ʙʘʨʴʝʨʦʚ 

ʥʘ ʧʨʠʤʝʨʝ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ A1ŸA2. ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʥʘʤʠ ʚʳʰʝ ʩʚʦʙʦʜʥʳʭ 

ʵʥʝʨʛʠʡ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ ʢʠʥʝʪʠʯʝʩʢʠʭ 

ʫʨʘʚʥʝʥʠʡ (ʩʤ. ʧʦʜʨʘʟʜʝʣ 2.1.1) ʜʣʷ ʯʝʪʳʨʸʭ ʟʘʤʝʩʪʠʪʝʣʝʡ A1aïd ʧʨʠ ʜʚʫʭ 

ʥʘʯʘʣʴʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ H2O2. ʊʘʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ 

ʚʨʝʤʝʥʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʡ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ A1ï2 ʠ ʠʥʪʝʨʤʝʜʠʘʪʦʚ 

ʠʭ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ ʠ ʩʦʧʦʩʪʘʚʠʪʴ ʠʭ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʥʘʙʣʶʜʝʥʠʷʤʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ 0 ÁC ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʘ ʜʣʷ 

ʤʦʥʦʧʝʨʦʢʩʠʜʘ ʙʝʟ ʟʘʤʝʩʪʠʪʝʣʷ (A1a) ʧʨʦʠʩʭʦʜʠʪ ʦʯʝʥʴ ʙʳʩʪʨʦ ï ʤʝʥʝʝ ʯʝʤ ʟʘ 

ʤʠʥʫʪʫ ʧʨʠ ʦʙʝʠʭ ʥʘʯʘʣʴʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ H2O2 (ʈʠʩʫʥʦʢ 16). ʇʝʨʝʛʨʫʧʧʠʨʦʚʢʘ 

A1bŸA2b ʩ ʤʝʪʠʣʴʥʳʤ ʟʘʤʝʩʪʠʪʝʣʝʤ ʦʢʘʟʳʚʘʝʪʩʷ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʤʝʜʣʝʥʥʝʝ, ʯʪʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʦʚʳʰʝʥʥʳʤ ʥʘ 4.8 ʢʢʘʣ/ʤʦʣʴ ʙʘʨʴʝʨʦʤ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʯʝʨʝʟ 2 ʯʘʩʘ 

(ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʩʠʥʪʝʟʘ A2b ʠʟ ʪʨʠʢʝʪʦʥʘ ASb) ʙʠʩ-

ʧʝʨʦʢʩʠʜ A2b ̫ʚʣʷʝʪʩʷ ʜʦʤʠʥʠʨʫʶʱʠʤ ʧʨʦʜʫʢʪʦʤ. ɼʘʣʴʥʝʡʰʝʝ ʧʦʚʳʰʝʥʠʝ ʙʘʨʴʝʨʘ 

ʥʘ 1.2 ʢʢʘʣ/ʤʦʣʴ ʧʨʠ ʧʝʨʝʭʦʜʝ ʢ ʘʣʣʠʣʴʥʦʤʫ ʟʘʤʝʩʪʠʪʝʣʶ ʜʝʣʘʝʪ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʫ 

A1cŸA2c ʝʱʸ ʙʦʣʝʝ ʤʝʜʣʝʥʥʦʡ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʙʠʩ-ʧʝʨʦʢʩʠʜ A2c ʜʦʤʠʥʠʨʫʝʪ ʪʦʣʴʢʦ 

ʚ ʠʟʙʳʪʢʝ H2O2, ʯʪʦ ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ. ɽʱʸ 

ʙʦʣʴʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʙʘʨʴʝʨʘ ʥʘ 2.2 ʢʢʘʣ/ʤʦʣʴ ʧʨʠ ʧʝʨʝʭʦʜʝ ʢ ʧʘʨʘ-

ʥʠʪʨʦʙʝʥʟʠʣʴʥʦʤʫ ʟʘʤʝʩʪʠʪʝʣʶ ʢʠʥʝʪʠʯʝʩʢʠ ʙʣʦʢʠʨʫʝʪ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʫ A1dŸ 

A2d, ʜʝʣʘʷ ʙʠʩ-ʧʝʨʦʢʩʠʜ A2d ʥʝʜʦʩʪʠʞʠʤʳʤ ʥʝʩʤʦʪʨʷ ʥʘ ʦʪʨʠʮʘʪʝʣʴʥʫʶ ɝὋ 

ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʪʘʢʞʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʥʘʙʣʶʜʝʥʠʷʤʠ ʠ ʧʦʜʪʚʝʨʞʜʘʝʪ ʟʥʘʯʠʤʦʩʪʴ ʦʧʠʩʘʥʥʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʘʭ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʤ ʫʜʘʣʦʩʴ ʧʦʩʪʨʦʠʪʴ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʨʝʘʢʮʠʠ 

ɓ,ɔô-ʪʨʠʢʝʪʦʥʦʚ ʩ ʧʝʨʦʢʩʠʜʦʤ ʚʦʜʦʨʦʜʘ ʚ ʢʠʩʣʦʡ ʩʨʝʜʝ, ʢʦʪʦʨʘʷ ʚʦʩʧʨʦʠʟʚʦʜʠʪ ʚʩʝ 

ʢʣʶʯʝʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʥʘʙʣʶʜʝʥʠʷ. ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʨʘʙʦʪʳ ʚʳʧʦʣʥʝʥ 

ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʵʪʦʡ ʤʦʜʝʣʠ ʩ ʮʝʣʴʶ ʫʩʪʘʥʦʚʣʝʥʠʷ ʧʨʠʯʠʥ ʥʘʙʣʶʜʘʝʤʦʡ 

ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʨʝʘʢʮʠʡ (ʩʤ. ʧʦʜʨʘʟʜʝʣ 2.1.4). ʇʦʩʢʦʣʴʢʫ ʚ ʧʨʦʚʝʜʸʥʥʦʤ ʘʥʘʣʠʟʝ 

ʟʥʘʯʠʪʝʣʴʥʘʷ ʨʦʣʴ ʦʪʚʦʜʠʪʩʷ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʤ ʵʬʬʝʢʪʘʤ, ʚ ʩʣʝʜʫʶʱʝʤ 

ʧʦʜʨʘʟʜʝʣʝ ʚʚʦʜʠʪʩʷ ʧʦʥʷʪʠʝ ʜʘʥʥʳʭ ʵʬʬʝʢʪʦʚ ʠ ʢʨʘʪʢʦ ʦʙʩʫʞʜʘʶʪʩʷ ʦʩʥʦʚʥʳʝ 

ʧʦʜʭʦʜʳ ʢ ʠʭ ʤʦʜʝʣʠʨʦʚʘʥʠʶ. 

 

 

ʈʠʩʫʥʦʢ 16. ɿʘʚʠʩʠʤʦʩʪʠ ʜʦʣʝʡ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ɓ,ɔô-ʪʨʠʢʝʪʦʥʦʚ ʩ ʧʝʨʦʢʩʠʜʦʤ 

ʚʦʜʦʨʦʜʘ ʚ ʢʠʩʣʦʡ ʩʨʝʜʝ ʦʪ ʚʨʝʤʝʥʠ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʢʠʥʝʪʠʯʝʩʢʦʛʦ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ. ɺʨʝʤʝʥʥʘʷ ʦʩʴ ʧʨʠʚʝʜʝʥʘ ʚ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ. 
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2.1.3. ʊʠʧʦʚʳʝ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʝ ʵʬʬʝʢʪʳ ʠ ʩʧʦʩʦʙ rʠʭ ʤʦʜʝʣʠʨʦʚʘʥʠ ̫

ʂʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʣʝʢʫʣʳ ʠ 

ʨʘʩʯʪy ʝʸ ʵʥʝʨʛʠʠ ï ɻ ʪʦ ʥʝʧʨʦʩʪʘʷ ʚʳʯʠʩʣʠʪʝʣʴʥʘ ̫ʟʘʜʘʯʘ. ɺ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ ʦʥʘ ʪʨʝʙʫʝʪ ʧʦʩʪʨʦʝʥʠ ̫ʙʘʟʠʩʘ ʠʟ ʘʪʦʤʦʮʝʥʪʨʠʨʦʚʘʥʥʳʭ ʦʨʙʠʪʘʣʝʡ, 

ʚʳʯʠʩʣʝʥʠ ̫ʤʘʪʨʠʮʳ ʠʭ ʧʝʨʝʢʨʳʚʘʥʠʷ ʠ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʨʝʰʝʥʠʷ ʥʝʣʠʥʝʡʥʦʡ 

ʟʘʜʘʯʠ ʂʦʥʘ-ʐʵʤʘ: ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʨʘʩʩʯʠʪʳʚʘʶʪ ʵʬʬʝʢʪʠʚʥʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ 

ʠ ʝʛʦ ʩʦʙʩʪʚʝʥʥʳʝ ʚʝʢʪʦʨ,r ʦʨʪʦʥʦʨʤʠʨʦʚʘʥʥʳʝ ʧʦ ʤʘʪʨʠʮʝ ʧʝʨʝʢʨʳʚʘʥʠʷ. 

ʇʦʤʠʤʦ ʩʘʤʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʪyʦʚ, ʮʝʥʥʦʩʪʴ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʪʘʢʞʝ ʠʟʚʣʝʯʝʥʠʝ ʠʟ ʥʠʭ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʳʭ ʠʥʪʝʨʧʨʝʪʠʨʫʝʤʳʭ 

ʚʳʚʦʜʦʚ ʠ ʧʨʘʚʠʣ. ʅʘ ʩʝʛʦʜʥʷʰʥʝʤ ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ ʭʠʤʠʠ ʦʧʳʪʥʳʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ 

ʯʘʩʪʦ ʩʧʦʩʦʙʥ r ʩʫʜʠʪʴ ʦʙ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʤʦʣʝʢʫʣ, 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʩʪʠ ʠʭ ʢʦʥʬʦʨʤʘʮʠʡ ʠʣʠ ʩʨʘʚʥʠʪʝʣʴʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ʬʨʘʛʤʝʥʪʦʚ, ʥʝ ʧʨʠʙʝʛʘʷ ʢ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʨʘʩʯʪyʘʤ. ɺ ʦʩʥʦʚʝ ʵʪʦʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ʣʝʞʠʪ ʠʥʪʫʠʪʠʚʥʦʝ ʧʦʥʠʤʘʥʠʝ ʫʩʪʨʦʡʩʪʚʘ ʘʪʦʤʥʳʭ ʦʨʙʠʪʘʣʝʡ ʠ ʪʝʭ ʣʠʥʝʡʥʳʭ 

ʢʦʤʙʠʥʘʮʠʡ, ʢʦʪʦʨʳʝ ʦʥʠ ʜʘʶʪ ʚ ʪʠʧʠʯʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʬʨʘʛʤʝʥʪʘʭ. ɿʥʘʷ 

ʵʣʝʢʪʨʦʥʥʦʝ ʩʪʨʦʝʥʠʝ ʦʪʜʝʣʴʥʳʭ ʬʨʘʛʤʝʥʪʦʚ, ʭʠʤʠʢ ʤʦʞʝʪ ʧʨʝʜʩʢʘʟʘʪʴ ʧʦʚʝʜʝʥʠʝ 

ʛʨʘʥʠʯʥʳʭ ʦʨʙʠʪʘʣʝʡ ʧʨʠ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ. ɼʣʷ ʵʪʦʛʦ ʩʫʱʝʩʪʚʫʝʪ, ʥʘʧʨʠʤʝʨ, 

ʘʥʘʣʠʟ ʨʝʟʦʥʘʥʩʥʳʭ ʩʪʨʫʢʪʫʨ ʯʝʨʝʟ çʩʪʨʝʣʦʯʥʦʝè ʩʤʝʱʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ [185]; ʜʣʷ 

ʘʥʘʣʠʟʘ ʩʣʦʞʥʳʭ ʯʘʩʪʥʳʭ ʩʣʫʯʘʝʚ ʩʫʱʝʩʪʚʫʶʪ ʧʨʘʚʠʣʘ ʍʶʢʢʝʣʷ, ɺʫʜʚʦʨʜʘ-

ʍʦʬʤʘʥʘ ʠ ʜʨʫʛʠʝ. ʅʘʢʦʥʝʮ, ʢʦʛʜʘ ʪʨʝʙʫʝʪʩʷ ʢʘʯʝʩʪʚʝʥʥʦ ʦʮʝʥʠʪʴ ʦʨʙʠʪʘʣʴʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʨʫʢʦʚʦʜʩʪʚʫʶʪʩʷ ʧʨʦʩʪʳʤ ʧʨʠʥʮʠʧʦʤ: ʩʪʘʙʠʣʠʟʘʮʠʷ ʪʝʤ ʚʳʰʝ, ʯʝʤ 

ʤʝʥʴʰʝ ʨʘʟʥʠʮʘ ʵʥʝʨʛʠʡ ʦʨʙʠʪʘʣʝʡ ʠ ʯʝʤ ʣʫʯʰʝ ʠʭ ʧʝʨʝʢʨʳʚʘʥʠʝ. 

ʋʩʠʣʝʥʠʝ çʭʠʤʠʯʝʩʢʦʡ ʠʥʪʫʠʮʠʠè ʜʣʷ ʥʝʢʦʪʦʨʦʛʦ ʢʣʘʩʩʘ ʩʠʩʪʝʤ ʥʘʩʪʫʧʘʝʪ 

ʪʦʛʜʘ, ʢʦʛʜʘ ʫʜʘʸʪʩʷ ʦʙʥʘʨʫʞʠʪʴ ʥʦʚʫʶ, ʥʝʦʯʝʚʠʜʥʫʶ ʩʪʨʫʢʪʫʨʫ ʛʨʘʥʠʯʥʳʭ 

ʦʨʙʠʪʘʣʝʡ ʚʦ ʬʨʘʛʤʝʥʪʝ ʣʠʙʦ ʚʳʷʚʠʪʴ ʥʝʦʞʠʜʘʥʥʫʶ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ ʚʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʬʨʘʛʤʝʥʪʦʚ ʩ ʠʟʚʝʩʪʥʦʡ ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. 

ʉʪʘʨʪʦʚʘ ̫ʪʦʯʢʘ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʥʪʫʠʮʠʠ ʦʙ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ 

ï ʵʪʦ ʜʦʥʦʨʥʦ-ʘʢʮʝʧʪʦʨʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʀʭ ʯʘʩʪʦ ʥʘʟʳʚʘʶʪ ʪʘʢʞʝ 

ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʤʠ ʵʬʬʝʢʪʘʤʠ (ʉʕ), ʯʪʦ ʧʦʜʯʸʨʢʠʚʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʘʢ ʦʪ ʧʨʠʨʦʜʳ ʦʨʙʠʪʘʣʝʡ, ʪʘʢ ʠ ʦʪ ʠʭ ʚʟʘʠʤʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 



70 

 

 

ʦʨʠʝʥʪʘʮʠʠ. ʇʦʩʣʝʜʥʷʷ ʤʦʞʝʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴʩʷ ʢʦʥʬʦʨʤʘʮʠʝʡ ʤʦʣʝʢʫʣʳ ʠʣʠ, ʚ 

ʩʣʫʯʘʝ ʢʘʨʢʘʩʥʳʭ ʩʪʨʫʢʪʫʨ, ʩʘʤʠʤ ʩʪʨʦʝʥʠʝʤ ʢʘʨʢʘʩʘ. ʉʫʪʴ ʵʬʬʝʢʪʘ ʧʨʦʩʪʘ: ʟʘʥʷʪʘʷ 

ʠ ʚʘʢʘʥʪʥʘʷ ʦʨʙʠʪʘʣʠ ʩʤʝʰʠʚʘʶʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʚʫʭ ʥʦʚʳʭ ʦʨʙʠʪʘʣʝʡ, 

ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʧʦ ʘʪʦʤʘʤ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʬʨʘʛʤʝʥʪʦʚ, ʧʨʠʯʸʤ ʥʦʚʘʷ ʟʘʥʷʪʘʷ 

ʦʨʙʠʪʘʣʴ ʦʢʘʟʳʚʘʝʪʩʷ ʥʠʞʝ ʧʦ ʵʥʝʨʛʠʠ, ʘ ʥʦʚʘʷ ʩʚʦʙʦʜʥʘʷ ï ʚʳʰʝ, ʯʝʤ ʜʦ ʩʤʝʰʝʥʠʷ. 

ʀʥʳʤʠ ʩʣʦʚʘʤʠ, ʙʣʘʛʦʜʘʨʷ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʦʤʫ ʵʬʬʝʢʪʫ ʧʨʦʠʩʭʦʜʠʪ ʩʪʘʙʠʣʠʟʘʮʠʷ 

ʤʦʣʝʢʫʣʳ ʟʘ ʩʯʸʪ ʯʘʩʪʠʯʥʦʡ ʜʝʣʦʢʘʣʠʟʘʮʠʠ ɻ ʣʝʢʪʨʦʥʦʚ ʩ ʜʦʥʦʨʘ ʥʘ ʘʢʮʝʧʪʦʨ (ʩʤ. 

ʥʠʞʝ ʘʥʘʣʠʟ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ). 

ʆʜʠʥ ʠʟ ʢʣʶʯʝʚʳʭ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ï ɻ ʪʦ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʷ5 ὲ ᴼ

ʎᶻ   ʚ ʘʮʝʪʘʣʷʭ ʠ ʢʝʪʘʣʷʭ, ʪʦ ʝʩʪʴ ʧʨʦʜʫʢʪʘʭ ʧʨʠʩʦʝʜʠʥʝʥʠʷ O-ʥʫʢʣʝʦʬʠʣʦʚ ʢ 

ʢʝʪʦʥʘʤ (ʈʠʩʫʥʦʢ 17). ɽʸ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦʝ ʧʨʦʷʚʣʝʥʠʝ ï ʧʦʚʳʰʝʥʥʦʝ ʧʨʝʜʧʦʯʪʝʥʠʝ 

ʘʢʩʠʘʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ ʚ ʧʠʨʘʥʦʟʥʳʭ ʠ ʬʫʨʘʥʦʟʥʳʭ ʬʦʨʤʘʭ 

ʫʛʣʝʚʦʜʦʚ, ʠʟʚʝʩʪʥʦʝ ʢʘʢ ʘʥʦʤʝʨʥʳʡ ʵʬʬʝʢʪ [188]. 

ɺ ʙʦʣʝʝ ʰʠʨʦʢʦʤ ʩʣʫʯʘʝ, ʜʘʞʝ ʚ ʘʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣʘʭ ʩ ʬʨʘʛʤʝʥʪʘʤʠ 

ïXïCH2ïYï, ʚ ʢʦʪʦʨʳʭ ʜʚʘ ʛʝʪʝʨʦʘʪʦʤʘ ʩʚʷʟʘʥʳ ʩ ʦʜʥʠʤ ʘʪʦʤʦʤ ʫʛʣʝʨʦʜʘ, 

ʥʘʙʣʶʜʘʶʪʩʷ ʦʩʦʙʳʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʨʝʜʧʦʯʪʝʥʠʷ, ʪʘʢ ʢʘʢ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʦʪ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʦʨʙʠʪʘʣʴ ʥʝʧʦʜʝʣʸʥʥʦʡ ʧʘʨʳ 

ὲ ʙʳʣʘ ʨʘʩʧʦʣʦʞʝʥʘ ʚ ʦʜʥʦʡ ʧʣʦʩʢʦʩʪʠ ʩʦ ʩʚʷʟʴʶ CïY ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʦʨʙʠʪʘʣʴʶ ʎᶻ  (ʈʠʩʫʥʦʢ 17). ʆʙʦʙʱʘʷ ʵʪʦʪ ʧʨʠʥʮʠʧ ʥʘ ʝʱʸ ʙʦʣʝʝ 

ʰʠʨʦʢʠʡ ʢʨʫʛ ʜʦʥʦʨʥʳʭ ʦʨʙʠʪʘʣʝʡ, ʤʦʞʥʦ ʫʚʠʜʝʪʴ, ʯʪʦ ʚʩʝ ʵʣʝʤʝʥʪʘʨʥʳʝ 

ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʛʨʫʧʧʳ ʚʢʣʶʯʘʶʪ ʤʥʦʞʝʩʪʚʦ ʢʦʥʲʶʛʘʮʠʡ, 

ʪʦ ʝʩʪʴ ʜʝʣʦʢʘʣʠʟʘʮʠʡ ʧʘʨ ʢʠʩʣʦʨʦʜʘ ʥʘ ʎᶻ ʠʣʠ ʌᶻ ʦʨʙʠʪʘʣʠ. ʅʘ ʨʠʩʫʥʢʝ 18 

ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʳ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʝ ʩʣʫʯʘʠ ʦʨʙʠʪʘʣʴʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ ʫʯʘʩʪʠʝʤ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʚ ʵʣʝʤʝʥʪʘʨʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʛʨʫʧʧʘʭ. 

 

5ʉʦʛʣʘʩʥʦ ʧʨʘʚʠʣʘʤ ʀʖʇɸʂ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʠʜʘ ὲ ᴼ„ᶻ  ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ çʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʝʡè [186] ʠʣʠ çʜʝʣʦʢʘʣʠʟʘʮʠʝʡ n-ů*è [187]. ʇʦʩʢʦʣʴʢʫ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʢʣʘʩʩʠʯʝʩʢʘʷ 

(ʧʦʣʦʞʠʪʝʣʴʥʘʷ) ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʷ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ, ʜʣʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʠʜʘ ὲ ᴼ„ᶻ  ʜʣʷ ʢʨʘʪʢʦʩʪʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʝʨʤʠʥ çʛʠʧʝʨʢʦʥʲʶʛʘʮʠʷè. 
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ʈʠʩʫʥʦʢ 17. ɻʠʧʝʨʢʦʥʲʶʛʘʮʠʷ ὲ ᴼʎᶻ , ʝʸ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʵʬʬʝʢʪ, 

ʚʠʟʫʘʣʠʟʘʮʠʷ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʦʨʙʠʪʘʣʝʡ NBO (ʩʤ. ʥʠʞʝ) ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ NBO ʤʦʣʝʢʫʣʳ ʜʠʤʝʪʦʢʩʠʤʝʪʘʥʘ ʦʪ ʪʦʨʩʠʦʥʥʦʛʦ ʫʛʣʘ. ɺ ʪʘʙʣʠʮʝ 

ʧʨʠʚʝʜʝʥʳ ʵʥʝʨʛʠʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ ʘʥʪʠ Ÿ ʛʦʰ. 

 

ʇʦʚʳʰʝʥʠʝ ʠʣʠ ʧʦʥʠʞʝʥʠʝ ʵʥʝʨʛʠʠ ʜʦʥʦʨʥʦʡ ʦʨʙʠʪʘʣʠ ʧʨʷʤʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʚʳʠʛʨʳʰʝ ʦʪ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʦʛʦ ʵʬʬʝʢʪʘ. ɿʜʝʩʴ ʩʪʦʠʪ ʚʳʜʝʣʠʪʴ 

ʜʚʘ ʠʟʚʝʩʪʥʳʭ ʷʚʣʝʥʠʷ: ʩʤʝʰʝʥʠʝ ʦʨʙʠʪʘʣʝʡ ʠ ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ (ʈʠʩʫʥʦʢ 19, 

ʩʚʝʨʭʫ). ʇʦ ʦʪʜʝʣʴʥʦʩʪʠ ʦʥʠ ʥʝ ʤʝʥʷʶʪ ʵʥʝʨʛʠʶ ʩʠʩʪʝʤʳ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ, ʦʜʥʘʢʦ, 

ʠʟʤʝʥʷʷ ʵʥʝʨʛʠʠ ʟʘʥʷʪʳʭ ʦʨʙʠʪʘʣʝʡ, ʩʧʦʩʦʙʥʳ ʚʣʠʷʪʴ ʥʘ ʩʪʘʙʠʣʠʟʘʮʠʶ ʢʦʩʚʝʥʥʦ. 

ʉʤʝʰʝʥʠʝ ʧʘʨʳ ʟʘʥʷʪʳʭ ʦʨʙʠʪʘʣʝʡ ʧʦʚʳʰʘʝʪ ʵʥʝʨʛʠʶ ʛʨʘʥʠʯʥʦʡ ʟʘʥʷʪʦʡ ʦʨʙʠʪʘʣʠ 

ʬʨʘʛʤʝʥʪʘ, ʜʝʣʘʷ ʝʛʦ ʙʦʣʝʝ ʩʠʣʴʥʳʤ ʜʦʥʦʨʦʤ. ʕʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ ï ɻ ʪʦ 

ʩʚʦʡʩʪʚʦ ʭʠʤʠʯʝʩʢʦʛʦ ʦʢʨʫʞʝʥʠʷ; ʜʣʷ ʫʧʨʦʱʝʥʠʷ ʘʥʘʣʠʟʘ ʝʛʦ ʤʦʞʥʦ ʤʦʜʝʣʠʨʦʚʘʪʴ 

ʢʘʢ ʧʦʚʳʰʝʥʠʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, ʚ ʢʦʪʦʨʦʤ ʥʘʭʦʜʠʪʩʷ ʦʨʙʠʪʘʣʴ, ʪʦ 

ʝʩʪʴ ʧʨʦʩʪʦ ʢʘʢ ʧʦʥʠʞʝʥʠʝ ʝʸ ʵʥʝʨʛʠʠ, ʦʩʣʘʙʣʷʶʱʝʝ ʜʦʥʦʨʥʳʝ ʩʚʦʡʩʪʚʘ. 
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ʈʠʩʫʥʦʢ 18. ɺʳʙʦʨʢʘ ʢʣʶʯʝʚʳʭ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʦʩʥʦʚʥʳʭ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧʘʭ. ʀʩʧʦʣʴʟʦʚʘʥʘ 

ʠʣʣʶʩʪʨʘʮʠʷ ʠʟ ʧʫʙʣʠʢʘʮʠʠ ʘʚʪʦʨʘ ʜʠʩʩʝʨʪʘʮʠʠ [178]. 

 

ʉʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʡ ʵʬʬʝʢʪ ʜʘʸʪ ʧʦʚʳʰʝʥʥʫʶ ʩʪʘʙʠʣʠʟʘʮʠʶ ʚ ʩʦʯʝʪʘʥʠʠ ʩʦ 

ʩʤʝʰʝʥʠʝʤ ʦʨʙʠʪʘʣʝʡ ʠ ʧʦʥʠʞʝʥʥʫʶ ï ʢʦʛʜʘ ʜʦʥʦʨ ʥʘʭʦʜʠʪʩʷ ʚ 

ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʤ ʦʢʨʫʞʝʥʠʠ (ʈʠʩʫʥʦʢ 19, ʩʥʠʟʫ). ʇʝʨʚʦʝ ʷʚʣʝʥʠʝ ʠʟʚʝʩʪʥʦ ʢʘʢ 

Ŭ-ɻ ʬʬʝʢʪ, ʚʪʦʨʦʝ ï ʢʘʢ ʦʙʨʘʪʥʳʡ Ŭ-ɻ ʬʬʝʢʪ (ʆɸʕ). ʂ Ŭ-ɻ ʬʬʝʢʪʫ ʯʘʩʪʦ ʧʨʠʙʝʛʘʶʪ ʜʣʷ 

ʦʙʲʷʩʥʝʥʠʷ ʧʦʚʳʰʝʥʠʷ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʥʫʢʣʝʦʬʠʣʦʚ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ 

ʩʦʩʝʜʥʝʛʦ ʛʝʪʝʨʦʘʪʦʤʘ ʨʷʜʦʤ ʩ ʥʫʢʣʝʦʬʠʣʴʥʳʤ ʛʝʪʝʨʦʘʪʦʤʦʚ, ʥʘʧʨʠʤʝʨ ʧʝʨʦʢʩʠʜ-

ʘʥʠʦʥ (OOHï) ʙʦʣʝʝ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʝʥ, ʯʝʤ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥ (OHï) ʚʩʣʝʜʩʪʚʠʝ Ŭ-

ʵʬʬʝʢʪʘ [12]. ʆʜʥʘʢʦ ʀ. ɺ. ɸʣʘʙʫʛʠʥ ʩ ʩʦʘʚʪʦʨʘʤʠ [12] ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ ʜʣʷ 

ʥʝʡʪʨʘʣʴʥʦʡ ʧʝʨʦʢʩʠʜʥʦʡ ʛʨʫʧʧʳ (ʥʝ ʘʥʠʦʥʘ) ʧʨʠ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʭ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ ʤʦʞʝʪ ʧʨʦʷʚʣʷʪʴʩʷ ʆɸʕ, ʪʦ ʝʩʪʴ ʦʥʘ ʚʳʩʪʫʧʘʝʪ ʢʘʢ ʙʦʣʝʝ ʩʣʘʙʳʡ 

ʜʦʥʦʨ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʜʠʥʦʯʥʳʤ ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ ʠʟ-ʟʘ çʩʪʷʛʠʚʘʥʠʷè ʥʘ ʩʝʙʷ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʘʨʳ ʢʠʩʣʦʨʦʜʘ-ʜʦʥʦʨʘ ʩʦʩʝʜʥʠʤ ʩ ʥʠʤ ɻʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʳʤ ʘʪʦʤʦʤ 

ʢʠʩʣʦʨʦʜʘ. ʇʦʟʜʥʝʝ ʝʤʫ ʩʦʚʤʝʩʪʥʦ ʩ ʢʦʣʣʝʛʘʤʠ ʠʟ ʀʆʍ ʈɸʅ ʫʜʘʣʦʩʴ ʥʘʡʪʠ ʨʝʘʣʴʥʫʶ 

ʨʝʘʢʮʠʶ (ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʘ ɹʘʡʝʨʘ-ɺʠʣʣʠʛʝʨʘ), ʥʝʦʞʠʜʘʥʥʘʷ ʦʩʪʘʥʦʚʢʘ ʢʦʪʦʨʦʡ 

ʙʳʣʘ ʚʳʟʚʘʥʘ ʜʝʩʪʘʙʠʣʠʟʘʮʠʝʡ ʧʝʨʝʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʤʝʥʥʦ ʟʘ ʩʯʪy ʆɸʕ [189]. 

 

 

ʈʠʩʫʥʦʢ 19. ʆʩʥʦʚʥʳʝ ʪʠʧʳ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʧʨʦ̫ʚʣʷʶʱʠʝʩʷ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ. 

 

ɺ ʩʚʷʟʠ ʩ ʚʳʩʦʢʦʡ ʧʨʝʜʩʢʘʟʘʪʝʣʴʥʦʡ ʠ ʦʙʲʷʩʥʠʪʝʣʴʥʦʡ ʩʠʣʦʡ 

ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʩʫʱʝʩʪʚʫʝʪ ʟʘʜʘʯʘ ʦʮʝʥʢʠ ʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʚʢʣʘʜʘ ʚ 

ʩʪʘʙʠʣʠʟʘʮʠʶ ʤʦʣʝʢʫʣʳ ʠʟ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ. ʅʘʠʙʦʣʝʝ ʙʣʠʟʢʠʡ ʢ 

ʭʠʤʠʯʝʩʢʦʡ ʠʥʪʫʠʮʠʠ ʧʦʜʭʦʜ ï ɻ ʪʦ ʘʥʘʣʠʟ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʦʨʙʠʪʘʣʝʡ, ʪʦ ʝʩʪʴ 
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ʧʦʩʪʨʦʝʥʠʝ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʙʘʟʠʩʘ, ʢʦʪʦʨʳʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʭʦʨʦʰʝʤʫ çʧʝʨʚʦʤʫ 

ʧʨʠʙʣʠʞʝʥʠʶè ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ ʨʝʟʦʥʘʥʩʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʝʟ ʫʯʸʪʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ. ɺ ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʦʤ ʤʝʪʦʜʝ ʥʘʪʫʨʘʣʴʥʳʭ ʩʚʷʟʝʚʳʭ ʦʨʙʠʪʘʣʝʡ 

(Natural Bond Orbitals, NBO) [190] ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʦʨʙʠʪʘʣʠ ʢʣʘʩʩʠʬʠʮʠʨʫʶʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

¶ ʚʥʫʪʨʝʥʥʠʝ ʵʣʝʢʪʨʦʥʳ; 

¶ ʥʝʧʦʜʝʣʸʥʥʳʝ ʧʘʨʳ ʠ ʚʘʢʘʥʪʥʳʝ ʦʨʙʠʪʘʣʠ; 

¶ ʩʚʷʟʳʚʘʶʱʠʝ ʠ ʨʘʟʨʳʭʣʷʶʱʠʝ ʦʨʙʠʪʘʣʠ ʜʚʫʭʮʝʥʪʨʦʚʳʭ ʩʚʷʟʝʡ; 

¶ ʩʚʷʟʳʚʘʶʱʠʝ, ʥʝʩʚʷʟʳʚʘʶʱʠʝ ʠ ʨʘʟʨʳʭʣʷʶʱʠʝ ʦʨʙʠʪʘʣʠ ʪʨʭyʮʝʥʪʨʦʚʳʭ 

ʩʚʷʟʝʡ; 

¶ ʦʩʪʘʪʦʯʥʳʝ ʦʜʥʦʮʝʥʪʨʦʚʳʝ ʬʫʥʢʮʠʠ, ʥʘʟʳʚʘʝʤʳʝ ʨʠʜʙʝʨʛʦʚʩʢʠʤʠ 

ʦʨʙʠʪʘʣʷʤʠ. 

ʂʣʶʯʝʚʦʡ ʵʪʘʧ ʘʥʘʣʠʟʘ NBO, ʩʚʷʟʳʚʘʶʱʠʡ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʩ 

ʭʠʤʠʯʝʩʢʦʡ ʠʥʪʫʠʮʠʝʡ, ï ɻ ʪʦ ʦʮʝʥʢʘ ʩʪʘʙʠʣʠʟʘʮʠʠ ʦʪ ʧʘʨʥʳʭ ʦʨʙʠʪʘʣʴʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ɼʣʷ ʵʪʦʛʦ ʤʘʪʨʠʮʫ ʌʦʢʘ ʧʝʨʝʚʦʜʷʪ ʚ ʙʘʟʠʩ NBO ʠ ʜʣʷ 

ʠʥʪʝʨʝʩʫʶʱʠʭ ʧʘʨ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʦʨʙʠʪʘʣʝʡ ʨʘʩʩʯʠʪʳʚʘʶʪ ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ 

ʧʦʧʨʘʚʢʫ ʧʦ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ: 

 Ὁ̒ ̓́̂ὲ ẗ
Ὂ

ɝὉ
 ȟ (9) 

ʛʜʝ ὲ ï ɻ ʣʝʢʪʨʦʥʥʘʷ ʟʘʩʝʣʥyʥʦʩʪ ɹʜʦʥʦʨʥʦʡ ʦʨʙʠʪʘʣʠ, ɝὉ ï ʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʡ 

ʜʦʥʦʨʥʦʡ ʠ ʘʢʮʝʧʪʦʨʥʦʡ ʦʨʙʠʪʘʣʝʡ (ʪʦ ʝʩʪʴ ʨʘʟʥʦʩʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʜʠʘʛʦʥʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʤʘʪʨʠʮʳ ʌʦʢʘ, ʈʠʩʫʥʦʢ 20), ʘ Ὂ ï ʥʝʜʠʘʛʦʥʘʣʴʥʳʡ 

ʵʣʝʤʝʥʪ ʤʘʪʨʠʮʳ ʌʦʢʘ. 
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ʈʠʩʫʥʦʢ 20. ʆʨʙʠʪʘʣʴʥʘʷ ʜʠʘʛʨʘʤʤʘ ʜʦʥʦʨʥʦ-ʘʢʮʝʧʪʦʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

 

ʀʥʦʛʜʘ ʵʥʝʨʛʠʡ ʧʘʨʥʦʡ ʜʝʣʦʢʘʣʠʟʘʮʠʠ ʥʝʜʦʩʪʘʪʦʯʥʦ, ʯʪʦʙʳ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʠʥʪʝʨʝʩʫʶʱʠʤʠ ʤʦʣʝʢʫʣʷʨʥʳʤʠ ʬʨʘʛʤʝʥʪʘʤʠ. ɺ ʪʘʢʠʭ 

ʩʣʫʯʘʷʭ ʟʘʯʘʩʪʫʶ ʧʨʠʤʝʥʷʶʪʩʷ ʧʦʜʭʦʜ rʥʘ ʦʩʥʦʚʝ ʙʣʦʯʥʦ-ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ ʚʦʣʥʦʚʦʡ 

ʬʫʥʢʮʠʠ, ʢʦʪʦʨʳʝ ʨʝʰʘʶʪ ʦʛʨʘʥʠʯʝʥʥʫʶ ʟʘʜʘʯʫ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʧʦʣʷ ʩ 

ʟʘʧʨʝʪʦʤ ʥʘ ʜʝʣʦʢʘʣʠʟʘʮʠʶ ʦʧʨʝʜʝʣʸʥʥʳʭ ʦʨʙʠʪʘʣʝʡ ʟʘ ʧʨʝʜʝʣʳ ʦʪʚʝʜʸʥʥʳʭ ʜʣʷ 

ʥʠʭ ʬʨʘʛʤʝʥʪʦʚ. 

ɽʱʸ ʙʦʣʝʝ çʢʨʫʧʥʦʤʘʩh ʪʘʙʥʳʡè ʘʥʘʣʠʟ ʚʦʟʤʦʞʝʥ ʧʨʠ ʧʦʣʥʦʤ ʦʪʢʘʟʝ ʦʪ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʦʨʙʠʪʘʣʝʡ ʠ ʧʝʨʝʭʦʜʝ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʠʟʤʝʥʝʥʠʶ ʵʥʪʘʣʴʧʠʠ (ɝὌ) 

ʜʣʷ ʩʧʝʮʠʘʣʴʥʦ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʥʳʭ ʛʠʧʦʪʝʪʠʯʝʩʢʠʭ ʧʨʝʚʨʘʱʝʥʠʡ, ʧʦʟʚʦʣʷʶʱʠʭ 

ʠʟʦʣʠʨʦʚʘʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʩʙʦʨʢʠ ʠʣʠ ʨʘʟʙʦʨʢʠ ʠʥʪʝʨʝʩʫʶʱʝʛʦ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʬʨʘʛʤʝʥʪʘ. ʅʘʧʨʠʤʝʨ, ʠʟʦʜʝʩʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ, ʧʦʩʪʨʦʝʥʥʳʝ ʥʘ 

ʧʨʠʥʮʠʧʘʭ ʤʘʪʝʨʠʘʣʴʥʦʛʦ ʙʘʣʘʥʩʘ ʠ ʩʦʭʨʘʥʝʥʠʷ ʯʠʩʣʘ ʩʚʷʟʝʡ ʢʘʞʜʦʛʦ ʪʠʧʘ, 

ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʦʮʝʥʢʠ ʵʥʝʨʛʠʠ ʤʝʞʬʨʘʛʤʝʥʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ [191] ʠʣʠ 

ʥʘʧʨʷʞʝʥʠʷ ʢʘʨʢʘʩʦʚ [192] (ʈʠʩʫʥʦʢ 21). 
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ʈʠʩʫʥʦʢ 21. ʇʨʠʤʝʨʳ ʠʟʦʜʝʩʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ (ɸ) ʥʘʧʨʷʞʸʥʥʦʩʪʠ ʢʫʙʘʥʘ, (ɹ) ʢʦʥʲʶʛʘʮʠʠ ʚ ʘʣʣʠʣʴʥʦʤ 

ʢʘʪʠʦʥʝ. ʇʦʢʘʟʘʥʳ ʟʥʘʯʝʥʠʷ ɝὌ  ʠʟ [191,192]. 

 

ʅʘʠʚʳʩʰʠʡ çʤʘʩʰʪʘʙè ʜʣʷ ʘʥʘʣʠʟʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʬʨʘʛʤʝʥʪʘʤʠ ʠ 

ʧʨʦʚʝʨʢʠ ʛʠʧʦʪʝʟ, ʫʩʠʣʠʚʘʶʱʠʭ ʭʠʤʠʯʝʩʢʫʶ ʠʥʪʫʠʮʠʶ, ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʭʝʤʦʠʥʬʦʨʤʘʪʠʚʥʳʡ ʧʦʜʭʦʜ. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʬʦʢʫʩ ʩʤʝʱʘʝʪʩʷ ʩ 

ʢʦʥʢʨʝʪʥʳʭ ʛʝʦʤʝʪʨʠʡ ʥʘ ʦʮʝʥʢʫ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʩʪʠ ʪʝʭ ʠʣʠ ʠʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ 

ʤʦʪʠʚʦʚ ʯʝʨʝʟ ʘʥʘʣʠʟ ʯʘʩʪʦʪʥʦʩʪʠ ʛʨʘʬʦʚʳʭ ʠʣʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʬʨʘʛʤʝʥʪʦʚ ʚ 

ʩʪʨʫʢʪʫʨʥʳʭ ʙʘʟʘʭ ʜʘʥʥʳʭ, ʣʠʙʦ ʥʘ ʦʩʥʦʚʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʠʣʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 

ʢʦʨʨʝʣʷʮʠʡ ʠ ʦʪʢʣʦʥʝʥʠʡ ʦʪ ʥʠʭ. ʊʘʢ, ʯʝʨʝʟ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ 

ʵʥʝʨʛʠʷʤʠ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ ʠ ʙʘʨʴʝʨʘʤʠ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ, ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ 

ʦʧʨʝʜʝʣʝʥʠʝ ʧʨʷʤʦʛʦ ʠ ʦʙʨʘʪʥʦʛʦ Ŭ-ɻ ʬʬʝʢʪʦʚ [12]. ʂʘʢ ʜʨʫʛʦʡ ʧʨʠʤʝʨ, ʘʥʘʣʠʟ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʚ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʙʘʟʝ ʜʘʥʥʳʭ ʧʦʟʚʦʣʠʣ 

ʦʙʥʘʨʫʞʠʪʴ ʩʢʣʦʥʥʦʩʪʴ ʢ ʦʙʨʘʱʝʥʠ ʁZ-ɻ ʬʬʝʢʪʘ ʢʘʨʙʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʘʢʮʝʧʪʦʨʦʚ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ [10]. 

 

2.1.4. ɸʥʘʣʠʟ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʇʦʩʪʨʦʝʥʥʘ ̫ʚʳʰʝ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʘ ̫ʤʦʜʝʣ ɹ(ʩʤ. ʧʦʜʨʘʟʜʝʣ 2.1.2) ʚʢʣʶʯʘʝʪ 

ʘʥʦʤʘʣʴʥʦ ʚʳʩʦʢʫ  ʁɻ ʥʝʨʛʠ ʁʢʘʪʠʦʥʘ A5 ʠ ʇʉ ʧʨʠʩʦʝʜʠʥʝʥʠʷ H2O2 ʢ ʥʝʤʫ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʢʠʥʝʪʠʯʝʩʢʦʡ ʙʣʦʢʠʨʦʚʢʝ ʧʨʝʚʨʘʱʝʥʠʷ A2ŸA3. ʏʪʦʙʳ ʦʙʲʷʩʥʠʪʴ ʵʪʫ 

ʘʥʦʤʘʣʠʶ, ʤʳ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦ ʠʟʫʯʠʣʠ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʢʘʪʠʦʥʘ A5. ɽʛʦ 

ʩʪʨʫʢʪʫʨʥʳʡ ʤʦʪʠʚ ὕ ὕ ὅ, ʢʦʪʦʨʳʡ ʜʘʣʝʝ ʙʫʜʝʪ ʥʘʟʚʘʥ ʧʝʨʦʢʩʠʢʘʨʙʝʥʠʝʚʳʤ 

ʢʘʪʠʦʥʦʤ (ʇʂʂ), ʚʢʣʶʯʘʝʪ ʦʨʙʠʪʘʣʴʥʫ  ʁ́-ʢʦʥʲʶʛʘʮʠ,ʁ ʛʜʝ ʜʦʥʦʨ ʧʨʝʜʩʪʘʚʣʝʥ 

ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ ʧʝʨʦʢʩʠʜʥʦʡ ʛʨʫʧʧʳ. ʉʣʝʜʫʷ ʧʦʜʨʘʟʜʝʣʫ 2.1.3 ʠ ʈʠʩʫʥʢʫ 19, 
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ʚʪʦʨʦʡ ʧʝʨʦʢʩʠʜʥʳʡ ʢʠʩʣʦʨʦʜ ʤʦʞʝʪ ʠʛʨʘʪʴ ʜʚʦʷʢʫʶ ʨʦʣʴ ʚ ʜʘʥʥʦʡ ʢʦʥʲʶʛʘʮʠʠ: 

ʙʫʜʫʯʠ ʟʘʤʝʩʪʠʪʝʣʝʤ ʩ ʥʝʧʦʜʝʣʸʥʥʦʡ ʧʘʨʦʡ, ʦʥ ʤʦʞʝʪ ʝʸ ʫʩʠʣʠʚʘʪʴ ʧʦʩʨʝʜʩʪʚʦʤ Ŭ-

ʵʬʬʝʢʪʘ (ʯʝʨʝʟ ʩʤʝʰʝʥʠʝ ʟʘʥʷʪʳʭ p-ʦʨʙʠʪʘʣʝʡ), ʦʜʥʘʢʦ, ʷʚʣʷʷʩʴ 

ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʳʤ ʟʘʤʝʩʪʠʪʝʣʝʤ, ʦʥ ʪʘʢʞʝ ʤʦʞʝʪ ʦʩʣʘʙʣʷʪʴ ʵʪʫ ʢʦʥʲʶʛʘʮʠʶ 

ʯʝʨʝʟ ʦʙʨʘʪʥʳʡ Ŭ-ɻ ʬʬʝʢʪ (ʆɸʕ). ʅʘ ʚʦʧʨʦʩ ʦ ʪʦʤ, ʢʘʢʦʡ ʠʟ ʜʚʫʭ ʵʬʬʝʢʪʦʚ ʧʦʙʝʞʜʘʝʪ  

ʚ ʠʟʫʯʘʝʤʦʡ ʥʘʤʠ ʩʠʩʪʝʤʝ, ʩʚʠʜʝʪʝʣʴʩʪʚʘ ʠʟ ʨʘʩʯʪyʥʳʭ ʜʘʥʥʳʭ ʫʢʘʟʳʚʘʶʪ, ʯʪʦ 

ʧʨʝʦʙʣʘʜʘʝʪ ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʠʡ ʆɸʕ (ʩʧʨʘʚʘ ʚʥʠʟʫ ʥʘ ʈʠʩʫʥʢʝ 19). ʅʘʤʠ ʙʳʣ 

ʧʨʦʚʝʜʸʥ ʙʦʣʝʝ ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʢʘʪʠʦʥʦʚ ʠ ʇʉ ʜʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʥʘʣʠʯʠʷ ʆɸʕ 

ʠ ʝʛʦ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ.  

ɺʦ-ʧʝʨʚʳʭ, ʆɸʕ ʦʮʝʥʠʣʠ ʧʫʪʸʤ ʧʨʷʤʦʛʦ ʩʨʘʚʥʝʥʠʷ ʵʥʝʨʛʠʡ ʢʦʥʲʶʛʘʮʠʠ ὲ ᴼ

ὴ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʤʝʪʦʜʦʤ NBO, ʚ ʢʘʪʠʦʥʝ A5a ʠ ʘʥʘʣʦʛʠʯʥʦʤ ʢʘʪʠʦʥʝ, ʛʜʝ ʚʪʦʨʦʡ 

ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ ʟʘʤʝʥʝʥ ʥʘ ʫʛʣʝʨʦʜ. ʇʦʣʫʯʝʥʥʳʝ ʦʮʝʥʢʠ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʛʠʧʦʪʝʟʦʡ 

ʦʙ ʆɸʕ ï ʢʦʥʲʶʛʘʮʠʷ ʚ ʇʂʂ ʠ ʇʉ ʝʛʦ ʨʝʘʢʮʠʠ ʩ H2O2 ʦʩʣʘʙʣʝʥʘ ʥʘ 14 ʠ 11 ʢʢʘʣ/ʤʦʣʴ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʈʠʩʫʥʦʢ 22ɸ). 

ɹʦʣʝʝ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʝ ʩʨʘʚʥʝʥʠʝ ʵʥʝʨʛʠʠ ʢʘʪʠʦʥʦʚ, ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʭ 

ʦʜʥʠʤ ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ ʠ ʧʝʨʦʢʩʠʜʥʦʡ ʛʨʫʧʧʦʡ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʯʝʨʝʟ ʨʘʩʯʪy 

ʠʟʦʜʝʩʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. ɹʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʛʠʧʦʪʝʪʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʟʘʤʝʥʳ 

ʦʜʥʦʛʦ ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ ʥʘ ʧʝʨʦʢʩʠʜʥʫʶ ʛʨʫʧʧʫ ʚ Ŭ-ʧʦʣʦʞʝʥʠʠ ʢ ʢʘʪʠʦʥʥʦʤʫ ʮʝʥʪʨʫ 

ʚ ʪʨʭy ʩʠʩʪʝʤʘʭ (ʈʠʩʫʥʦʢ 22ɹ): (1) ʧʨʦʩʪʦʡ ʘʮʠʢʣʠʯʝʩʢʠʡ ʢʘʪʠʦʥ, (2) ʢʘʪʠʦʥʥʳʡ 

ʠʥʪʝʨʤʝʜʠʘʪ A4b, (3) ʇʉ ʧʨʠʩʦʝʜʠʥʝʥʠʷ H2O2 ʢ A4b. ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ɝὋ 

ʨʘʚʥʳ 9, 16 ʠ 17 ʢʢʘʣ/ʤʦʣʴ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʧʦʢʘʟʳʚʘʝʪ ʥʝʞʝʣʘʪʝʣʴʥʦʩʪʴ 

ʩʦʩʝʜʩʪʚʘ ʧʝʨʦʢʩʠʜʥʦʡ ʛʨʫʧʧʳ ʠ ʢʘʪʠʦʥʥʦʛʦ ʮʝʥʪʨʘ. ʇʨʠʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ ʤʝʥʴʰʘʷ 

ɝὋ ʜʣʷ ʘʮʠʢʣʠʯʝʩʢʦʛʦ ʢʘʪʠʦʥʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʫʩʠʣʝʥʠʝ ʆɸʕ ʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦ 

ʞʸʩʪʢʠʭ ʩʠʩʪʝʤʘʭ. ʕʪʦ ʣʦʛʠʯʥʦ: ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ ʜʝʡʩʪʚʫʝʪ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʪʦʨʩʠʦʥʥʦʛʦ ʫʛʣʘ ʩʚʷʟʠ OïO, ʪʦʛʜʘ ʢʘʢ ʵʬʬʝʢʪʠʚʥʦʝ ʩʤʝʰʝʥʠʝ ʨ-ʦʨʙʠʪʘʣʝʡ 

ʪʨʝʙʫʝʪ ʠʭ ʭʦʨʦʰʝʛʦ ʧʝʨʝʢʨʳʚʘʥʠʷ, ʯʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʪʦʣʴʢʦ ʧʨʠ ʥʝʢʦʪʦʨʳʭ 

ʟʥʘʯʝʥʠʷʭ ʪʦʨʩʠʦʥʥʦʛʦ ʫʛʣʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ NBO ʠ ʠʟʦʜʝʩʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ 

ʧʦʜʪʚʝʨʞʜʘʶʪ ʛʠʧʦʪʝʟʫ ʦʙ ʆɸʕ ʚ ʇʂʂ (ʈʠʩʫʥʦʢ 22ɺ), ʯʪʦ ʦʙʲʷʩʥʷʝʪ ʧʦʚʳʰʝʥʥʳʡ 
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ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʨʴʝʨ ʧʨʝʚʨʘʱʝʥʠʷ A2ŸA3 ʠ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʧʦʣʫʯʝʥʠʷ ʪʨʠʩ-ʧʝʨʦʢʩʠʜʘ A3 ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʨʝʘʢʮʠʠ. 

 

 

ʈʠʩʫʥʦʢ 22. ʂʦʣʠʯʝʩʪʚʝʥʥʘʷ ʦʮʝʥʢʘ ʦʙʨʘʪʥʦʛʦ Ŭ-ʵʬʬʝʢʪʘ: (ɸ) ï ʯʝʨʝʟ ʨʘʟʥʠʮʫ 

ʵʥʝʨʛʠʡ ʢʦʥ̡ʁ ʛʘʮʠʠ ὲ ᴼὴ ʚ ʇʂʂ A5a ʠ ʢʘʪʠʦʥʝ, ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʤ ʦʜʥʠʤ 

ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ, (ɹ) ï ʯʝʨʝʟ ʟʘʤʝʥʫ ʬʨʘʛʤʝʥʪʦʚ ʧʨʠ ʢʘʪʠʦʥʥʦʤ ʮʝʥʪʨʝ ʯʝʨʝʟ 

ʠʟʦʜʝʩʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ; (ɺ) ï ʦʙʨʘʪʥʳʡ Ŭ-ʵʬʬʝʢʪ ʢʘʢ ʢʣʶʯʝʚʦʡ ʵʬʬʝʢʪ, 

ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʠʡ ʧʝʨʦʢʩʠʢʘʨʙʝʥʠʝʚʳʝ ʢʘʪʠʦʥʳ. 

 

ʉʦʛʣʘʩʥʦ ʨʘʩʩʯʠʪʘʥʥʳʤ ʚʳʰʝ ʟʥʘʯʝʥʠʷʤ ɝὋ ʜʣʷ ʪʨʸʭ ʩʪʘʜʠʡ ʨʝʘʢʮʠʠ (ʩʤ. 

ʈʠʩʫʥʦʢ 14), ʧʨʝʚʨʘʱʝʥʠ ̫A1ŸA2 ʦʢʘʟʳʚʘʪʁʩʷ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʙʦʣʝʝ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤʠ, ʯʝʤ ʬʠʥʘʣʴʥʳʝ ʩʪʘʜʠʠ A2ŸA3, ʜʣʷ ʢʦʪʦʨʳʭ ɝὋ 

ʦʢʘʟʳʚʘʝʪʩʷ ʚʙʣʠʟʠ ʥʫʣʷ. ʕʪʦ ʫʜʠʚʠʪʝʣʴʥʦ, ʧʦʩʢʦʣʴʢʫ ʦʙʝ ʩʪʘʜʠʠ ʚʢʣʶʯʘʶʪ ʣʠʰʴ 
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ʟʘʤʝʱʝʥʠʝ ʢʠʩʣʦʨʦʜʘ ʥʘ ʧʝʨʦʢʩʠʜʥʫʶ ʛʨʫʧʧʫ. ɼʣʷ ʨʝʰʝʥʠʷ ɻ ʪʦʡ ʟʘʛʘʜʢʠ ʤʳ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩʪʘʙʠʣʠʟʘʮʠʶ ʤʦʣʝʢʫʣ A1ïA3 ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʝʡ ὲ ᴼʎᶻ . ɺ 

ʩʣʫʯʘʝ ʢʦʥʜʝʥʩʘʮʠʠ ʪʨʠʢʝʪʦʥʦʚ ʚʦʟʤʦʞʥʦ ʜʦ ʰʝʩʪʠ ʪʘʢʠʭ ʦʨʙʠʪʘʣʴʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ (ʈʠʩʫʥʦʢ 23). 

 

 

ʈʠʩʫʥʦʢ 23. ʂʘʨʢʘʩʥʳʝ ʧʝʨʦʢʩʠʜʳ, ʧʦʣʫʯʘʝʤʳʝ ʠʟ ʪʨʠʢʝʪʦʥʦʚ, ʤʦʛʫʪ 

ʩʪʘʙʠʣʠʟʠʨʦʚʘʪʴʩʷ ʤʘʢʩʠʤʫʤ ʰʝʩʪʴʶ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ὲ ᴼ„ᶻ . 

 

ʀʩʧʦʣʴʟʫʷ ʘʥʘʣʠʟ NBO, ʤʳ ʦʙʥʘʨʫʞʠʣʠ, ʯʪʦ ʚ ʤʦʣʝʢʫʣʝ ʪʨʠʩ-ʧʝʨʦʢʩʠʜʘ 

ʠʤʝʶʪʩʷ ʜʚʝ ʦʩʣʘʙʣʝʥʥʳʝ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʠ (ʈʠʩʫʥʦʢ 24). ʇʨʠ ʦʜʠʥʘʢʦʚʦʤ 

ʭʠʤʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʘʷ ʩʪʘʙʠʣʠʟʘʮʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʧʝʨʝʢʨʳʚʘʥʠʝʤ ʦʨʙʠʪʘʣʝʡ, ʢʦʪʦʨʦʝ ʟʘʚʠʩʠʪ ʦʪ ʪʦʨʩʠʦʥʥʦʛʦ ʫʛʣʘ ʩʚʷʟʝʡ ʉïʆ. 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʥʝʨʛʠʡ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠʟ NBO ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ 

ʪʦʨʩʠʦʥʥʳʤʠ ʫʛʣʘʤʠ ʧʦʜʪʚʝʨʜʠʣʦ, ʯʪʦ ʦʩʣʘʙʣʝʥʠʝ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʡ ʚ A3b ʚʳʟʚʘʥʦ 

ʠʤʝʥʥʦ ʛʝʦʤʝʪʨʠʝʡ ʧʦʣʠʮʠʢʣʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʪʨʠʩ-ʧʝʨʦʢʩʠʜʘ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʧʦʚʳʰʝʥʥʘʷ ɝὋ ʧʨʝʚʨʘʱʝʥʠʷ A2ŸA3 ʦʙʫʩʣʦʚʣʝʥʘ ʩʦʚʤʝʩʪʥʳʤ ʜʝʡʩʪʚʠʝʤ 

ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʭ ʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ. 

 



80 

 

 

 

ʈʠʩʫʥʦʢ 24. ʕʥʝʨʛʠʠ ʢʣʶʯʝʚʳʭ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʢʘʨʢʘʩʥʳʭ 

ʧʝʨʦʢʩʠʜʘʭ A1bïA3b ʩ ʫʢʘʟʘʥʠʝʤ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʩʚʷʟʝʡ OïC, ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʦʨʠʝʥʪʘʮʠʶ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʦʨʙʠʪʘʣʝʡ. 

ʏʝʨʥʘʷ ʢʨʠʚʘʷ ʧʦʢʘʟʳʚʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʠʠ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʠ ὲ ᴼ„ᶻ  ʦʪ 

ʪʦʨʩʠʦʥʥʦʛʦ ʫʛʣʘ ʚ ʜʠʤʝʪʦʢʩʠʤʝʪʘʥʝ CH3OCH2OCH3. 

 

ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ 

ʪʦʣʴʢʦ ʦʜʠʥ ʚʦʟʤʦʞʥʳʡ ʢʦʥʬʦʨʤʝʨ ʜʣʷ ʢʘʨʢʘʩʦʚ ʤʦʥʦ- ʠ ʙʠʩ-ʧʝʨʦʢʩʠʜʦʚ A1 ʠ A2. 

ʆʜʥʘʢʦ, ʜʣʷ ʪʨʠʩ-ʧʝʨʦʢʩʠʜʦʚ A3 ʙʳʣʠ ʥʘʡʜʝʥʳ ʜʚʘ ʚʦʟʤʦʞʥʳʭ ʢʦʥʬʦʨʤʝʨʘ (ʩʤ. 

ʧʨʠʤʝʨ ʜʣʷ A3a ʥʘ ʈʠʩʫʥʢʝ 25). ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʰʝʩʪʠʯʣʝʥʥʳʝ ʮʠʢʣʳ ʚ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʢʦʥʬʦʨʤʝʨʝ ʠʤʝʶʪ ʛʝʦʤʝʪʨʠʶ ʢʨʝʩʣʘ, ʘ ʚ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ï ʛʝʦʤʝʪʨʠʶ ʠʩʢʘʞʥyʥʦʡ ʚʘʥʥʳ. ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʵʪʦʛʦ 

ʥʝʦʞʠʜʘʥʥʦʛʦ ʬʘʢʪʘ, ʯʪʦ ʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʡ ʢʦʥʬʦʨʤʝʨ ʚʠʟʫʘʣʴʥʦ 

ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʠʩʢʘʞʸʥʥʳʤ, ʤʳ ʦʧʷʪʴ ʠʩʧʦʣʴʟʦʚʘʣʠ ʘʥʘʣʠʟ NBO. ʄʳ ʦʙʥʘʨʫʞʠʣʠ, 

ʯʪʦ ʚ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʢʦʥʬʦʨʤʝʨʝ ʧʦʯʪʠ ʥʝ ʨʝʘʣʠʟʫʶʪʩʷ ʜʚʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ὲ ᴼ„ᶻ  (ʩʪʘʙʠʣʠʟʘʮʠʷ 2.7 ʢʢʘʣ/ʤʦʣʴ ʦʪ ʢʘʞʜʦʛʦ, ʈʠʩʫʥʦʢ 25). ʊʝ ʞʝ ʩʘʤʳʝ 

ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʝ ʵʬʬʝʢʪʳ ʚ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ, ʭʦʪʴ ʠ ʦʩʣʘʙʣʝʥʳ, 

ʜʘʁʪ ʟʥʘʯʠʪʝʣɹʥʦ ʙʦӢʣɹ ʫhʁ  ʩʪʘʙʠʣʠʟʘʮʠʁ  (9.0 ʠ 6.7 ʢʢʘʣ/ʤʦʣɹ). 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʦʚʝʜʥyʥʳʡ ʚʳʰʝ ʘʥʘʣʠʟ ʠ ʥʘʡʜʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʵʥʝʨʛʠʠ ʧʝʨʦʢʩʠʜʥʦʛʦ ʢʘʨʢʘʩʘ ʦʪ ʩʪʘʙʠʣʠʟʘʮʠʠ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʝʡ ʦʙʣʘʜʘʶʪ 
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ʟʥʘʯʠʪʝʣʴʥʦʡ ʥʦʚʠʟʥʦʡ ï ʧʨʝʜʰʝʩʪʚʫʶʱʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʛʨʘʥʠʯʠʚʘʣʠʩʴ 

ʙʠʮʠʢʣʠʯʝʩʢʠʤʠ ʢʘʨʢʘʩʘʤʠ, ʙʠʩ-ʧʝʨʦʢʩʠʜʘʤʠ ʠ ʦʟʦʥʠʜʘʤʠ [11].  

 

 

ʈʠʩʫʥʦʢ 25. ʂʦʥʪʨʦʣʴ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʨʝʜʧʦʯʪʝʥʠʡ ʪʨʠʩ-ʧʝʨʦʢʩʠʜʘ A3a 

ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʤʠ ʵʬʬʝʢʪʘʤʠ. ʂʦʣʴʮʘʤʠ ʥʘ ʛʨʘʬʠʢʝ ʧʦʢʘʟʘʥʳ ʵʥʝʨʛʠʠ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʠʟ NBO ʦʪ ʢʣʶʯʝʚʳʭ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʢʦʥʬʦʨʤʘʮʠʷʭ 

A3a ʩ ʫʢʘʟʘʥʠʝʤ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ ʩʚʷʟʝʡ OïC, ʦʧʨʝʜʝʣʷʶʱʠʭ ʦʪʥʦʩʠʪʝʣʴʥʫʶ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʦʨʠʝʥʪʘʮʠʶ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʦʨʙʠʪʘʣʝʡ. ʏʝʨʥʘʷ ʢʨʠʚʘʷ 

ʧʦʢʘʟʳʚʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʠʠ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʠ ὲ ᴼ„ᶻ  ʦʪ ʪʦʨʩʠʦʥʥʦʛʦ ʫʛʣʘ 

ʚ ʜʠʤʝʪʦʢʩʠʤʝʪʘʥʝ CH3OCH2OCH3. 

 

ʆʧʠʩʘʥʥʳʝ ʚ ʜʘʥʥʦʤ ʧʦʜʨʘʟʜʝʣʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 

Journal of the American Chemical Society [173]. 
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2.2. ɼʦʙʘʚʣʝʥʠʝ ʢʦʥʢʫʨʠʨʫʶʱʝʛʦ N-ʥʫʢʣʝʦʬʠʣʘ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʨʝʘʢʮʠʠ ɓ,ŭô-ʪʨʠʢʝʪʦʥʦʚ, ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ ʠ ʘʤʤʠʘʢʘ. 

ʋʩʪʘʥʦʚʠʚ ʨʷʜ ʵʣʝʢʪʨʦʥʥʳʭ ɻ ʬʬʝʢʪʦʚ, ʢʦʥʪʨʦʣʠʨʫʶʱʠʭ ʩʙʦʨʢʫ ʢʘʨʢʘʩʥʳʭ 

ʧʝʨʦʢʩʠʜʦʚ ʠʟ ɓ,ɔô-ʪʨʠʢʝʪʦʥʘ ʠ H2O2, ʤʳ ʦʙʨʘʪʠʣʠ ʚʥʠʤʘʥʠʝ ʥʘ ʩʭʦʞʫʶ ʨʝʘʢʮʠʶ ʩ 

ʫʯʘʩʪʠʝʤ ʘʤʤʠʘʢʘ ʚ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʥʫʢʣʝʦʬʠʣʘ. 

ʅʘʰʠʤʠ ʢʦʣʣʝʛʘʤʠ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʩʠʥʪʝʟ ʥʦʚʳʭ ʪʨʠʮʠʢʣʠʯʝʩʢʠʭ 

ʘʤʠʥʦʧʝʨʦʢʩʠʜʦʚ B1 ʠʟ ɓ,ŭô-ʪʨʠʢʝʪʦʥʦʚ BS, ʘʤʤʠʘʢʘ ʠ ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ ʚ ʩʨʝʜʝ 

ʤʝʪʘʥʦʣʘ (ʈʠʩʫʥʦʢ 26ɸ). ɿʘʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʟʥʳʭ 

ʢʦʤʙʠʥʘʮʠʡ ʤʦʩʪʠʢʦʚʳʭ ʛʨʫʧʧ (ïOï, ïOïOï ʠ ïN(H)ï) ʚ ʪʨʠʮʠʢʣʠʯʝʩʢʦʤ ʢʘʨʢʘʩʝ, ʚ 

ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʩʝʣʝʢʪʠʚʥʦ ʦʙʨʘʟʫʝʪʩʷ ʪʦʣʴʢʦ ʪʨʠʮʠʢʣʠʯʝʩʢʠʡ ʘʤʠʥʦʧʝʨʦʢʩʠʜ B1, 

ʩʦʜʝʨʞʘʱʠʡ ʧʦ ʦʜʥʦʤʫ ʬʨʘʛʤʝʥʪʫ ʢʘʞʜʦʛʦ ʪʠʧʘ. ʉ ʧʦʤʦʱʴʶ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʗʄʈ 

ʫʜʘʣʦʩʴ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʪʨʠ ʠʥʪʝʨʤʝʜʠʘʪʘ ʩʙʦʨʢʠ ʧʨʦʜʫʢʪʘ ʠʟ ʪʨʠʢʝʪʦʥʘ ʩ 

ʙʝʥʟʠʣʴʥʳʤ ʟʘʤʝʩʪʠʪʝʣʝʤ (BS', ʈʠʩʫʥʦʢ 26ɹ): ʤʦʥʦʮʠʢʣʠʯʝʩʢʠʡ ʠʤʠʥ B-I', 

ʘʤʠʥʦʛʠʜʨʦʧʝʨʦʢʩʠʜ B-II', ʠ ʙʠʮʠʢʣʠʯʝʩʢʠʡ ʢʝʪʦ-ʘʟʘʦʟʦʥʠʜ B-III', ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʫʧʨʦʩʪʠʣʦ ʧʦʩʣʝʜʫʶʱʝʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ.  

  

ʈʠʩʫʥʦʢ 26. (ɸ) ï ʉʭʝʤʘ ʠʩʩʣʝʜʫʝʤʦʡ ʨʝʘʢʮʠʠ ɓ,ŭô-ʪʨʠʢʝʪʦʥʦʚ ʩ ʧʝʨʦʢʩʠʜʦʤ 

ʚʦʜʦʨʦʜʘ ʠ ʘʤʤʠʘʢʦʤ. (ɹ) ï ʀʥʪʝʨʤʝʜʠʘʪʳ ʧʨʦʮʝʩʩʘ ʩʙʦʨʢʠ ʪʨʠʮʠʢʣʠʯʝʩʢʦʛʦ 

ʘʤʠʥʦʧʝʨʦʢʩʠʜʘ ʠʟ ɓ,ŭô-ʪʨʠʢʝʪʦʥʘ B1'  ʩ ʙʝʥʟʠʣʴʥʳʤ ʟʘʤʝʩʪʠʪʝʣʝʤ, ʦʙʥʘʨʫʞʝʥʥʳʝ 

ʩ ʧʦʤʦʱʴʶ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʗʄʈ. 
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ɺ ʨʘʤʢʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʪʦʡ ʨʝʘʢʮʠʠ ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ ʥʘʙʣʶʜʘʝʤʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʠ 

ʦʙʨʘʟʦʚʘʥʠʷ ʘʤʠʥʦʧʝʨʦʢʩʠʜʦʚ B1. 

 

2.2.1. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʥʘ ʫʨʦʚʥʝ ʪʝʦʨʠʠ PBE0-D3BJ [19,20] / 6-311++G(d,p) 

[21,22] / SMD(MeOH) [23] ʚ Gaussian16 A.03 [18]. ɼʣʷ ʚʩʝʭ ʨʘʩʯʸʪʦʚ ʩʚʦʙʦʜʥʦʡ 

ʵʥʝʨʛʠʠ ʧʨʠʤʝʥʷʣʘʩʴ ʢʚʘʟʠʛʘʨʤʦʥʠʯʝʩʢʘʷ ʧʦʧʨʘʚʢʘ, ʨʘʩʩʯʠʪʳʚʘʝʤʘʷ ʚ ʙʠʙʣʠʦʪʝʢʝ 

GoodVibes [25]. ɺʩʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʦʧʨʘʚʢʠ ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ 0 ÁC. 

ʇʨʠ ʨʘʩʯʸʪʘʭ ʪʨʘʥʩʣʷʮʠʦʥʥʦʡ ʵʥʪʨʦʧʠʠ ʚ ʧʨʦʛʨʘʤʤʝ GoodVibes ʙʳʣʠ ʫʯʪʝʥʳ 

ʨʘʚʥʦʚʝʩʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ NH4+, NH3, H2O, H2O2 ʠ MeOH ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʣʝʜʫʶʱʝʛʦ ʢʠʩʣʦʪʥʦ-ʦʩʥʦʚʥʦʛʦ ʨʘʚʥʦʚʝʩʠʷ: 

 

ὔὌ ὕὌ Ὄὕ ὔὌ  

Ὄὕ ὓὩὕ ὓὩὕὌὕὌ  

Ὄὕ ὔὌ ὔὌ Ὄὕ 

Ὄὕ ὔὌ ὕὕὌ ὔὌ  

ὅ ὓὩὕὌ ςσȢυ ὓȟ ὅ ὔὌ πȢρρ ὓ 

ὅ Ὄὕ ςȢπ ὓȟ ὅ Ὄὕ πȢσσ ὓ 

(10) 

ʅʘʯʘʣʴʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʳʣʠ ʦʮʝʥʝʥʳ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʤʝʪʦʜʠʢʠ 

ʧʨʦʚʝʜʝʥʠʷ ʨʝʘʢʮʠʠ [175]. ɼʣʷ ʨʝʘʢʮʠʡ (10) ʟʥʘʯʝʥʠʷ ɝὋ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʟ 

ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ ʩ ʫʯʸʪʦʤ ʪʨʸʭ ʷʚʥʳʭ ʤʦʣʝʢʫʣ ʤʝʪʘʥʦʣʘ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʢʘʞʜʦʡ ʨʝʘʛʠʨʫʶʱʝʡ ʤʦʣʝʢʫʣʦʡ. ʏʠʩʣʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʢʠʥʝʪʠʯʝʩʢʠʭ 

ʫʨʘʚʥʝʥʠʡ ʩ ʥʝʙʦʣʴʰʠʤʠ ɝὋ (6 ʢʢʘʣ/ʤʦʣʴ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʩ ɝὋ < 0), 

ʩʦʛʣʘʩʦʚʘʥʥʳʤʠ ʩ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʚʝʣʠʯʠʥʘʤʠ ɝὋ, ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ 

ʥʘʭʦʞʜʝʥʠʷ ʪʦʯʢʠ ʨʘʚʥʦʚʝʩʠʷ: 

 

ὓὩὕὌ ςσȢυױὓȟ ὓὩὕ ςȢχẗρπױὓ 

Ὄὕ ςȢπױὓȟ ὕὌ ψȢχψẗρπױὓ 

 Ὄὕ σȢχẗρπ  ὓױ

ὔὌ ρȢφױẗρπ ὓȟ ὔὌ ωȢσẗρπױὓ 

(11) 
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Ὄὕ πȢςτױὓȟ ὕὕὌ ωȢσẗρπױὓ 

ʕʪʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʨʘʩʯʪyʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʦʧʨʘʚʦʢ ʢ 

ʵʥʝʨʛʠʷʤ NH3, H2O, H2O2 ʠ MeOH (ʙʝʟ ʷʚʥʳʭ ʤʦʣʝʢʫʣ ʤʝʪʘʥʦʣʘ), ʘ ʪʘʢʞʝ ʜʣʷ ʦʮʝʥʢʠ 

ʵʥʝʨʛʠʡ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ ʠʥʪʝʨʤʝʜʠʘʪʦʚ. ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ NH4+ ̫ ʚʣʷʝʪʩʷ 

ʥʘʠʣʫʯʰʠʤ ʠʩʪʦʯʥʠʢʦʤ ʧʨʦʪʦʥʦʚ ʚ ʩʠʩʪʝʤʝ, ʧʦʵʪʦʤʫ ʨʘʟʥʠʮʘ ʵʥʝʨʛʠʡ ὋὔὌ

ὋὔὌ  ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʵʥʝʨʛʠʡ ʧʦʣʦʞʠʪʝʣʴʥʦ 

ʟʘʨʷʞʝʥʥʳʭ ʠʥʪʝʨʤʝʜʠʘʪʦʚ. 

ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʧʦʠʩʢ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʦʣʝʢʫʣ ʠ ʇʉ ʙʳʣ ʧʨʦʚʝʜʸʥ 

ʧʫʪʸʤ ʛʝʥʝʨʘʮʠʠ ʥʘʙʦʨʘ ʠʟ ~100 ʢʦʥʬʦʨʤʘʮʠʡ ʤʝʪʦʜʦʤ ETKDG [14], 

ʠʤʧʣʝʤʝʥʪʠʨʦʚʘʥʥʦʤ ʚ ʧʘʢʝʪʝ RDKit [26] ʠ ʦʩʫʱʝʩʪʚʣʷʶʱʝʛʦ ʛʣʦʙʘʣʴʥʳʡ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʧʝʨʝʙʦʨ ʢʘʢ ʮʠʢʣʠʯʝʩʢʠʭ, ʪʘʢ ʠ ʥʝʮʠʢʣʠʯʝʩʢʠʭ ʬʨʘʛʤʝʥʪʦʚ 

ʤʦʣʝʢʫʣʳ (ʩʤ. ʧʦʜʨʘʟʜʝʣ 1.1.1.1). ɿʘʪʝʤ ʜʣʷ ʢʘʞʜʦʡ ʩʪʨʫʢʪʫʨʳ ʠʟ ʩʛʝʥʝʨʠʨʦʚʘʥʥʦʛʦ 

ʥʘʙʦʨʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʟʘʧʫʩʢʠ ʧʘʡʧʣʘʡʥʘ iMTD-GC, ʠʤʧʣʝʤʝʥʪʠʨʦʚʘʥʥʦʛʦ ʚ 

ʧʘʢʝʪʝ CREST [27]. ʂʦʥʬʦʨʤʘʮʠʠ, ʦʪʣʠʯʘʶʱʠʝʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʧʦ ʚʝʣʠʯʠʥʝ RMSD 

(RMSDnon-H > 0.3 ¡), ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʥʘ ʮʝʣʝʚʦʤ ʫʨʦʚʥʝ ʪʝʦʨʠʠ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʩʫʙʩʪʨʘʪʘ BS' ʩ ʙʝʥʟʠʣʴʥʳʤ 

ʟʘʤʝʩʪʠʪʝʣʝʤ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʘʢʮʠʠ ʨʝʰʝʥʦ ʧʨʦʚʦʜʠʪʴ ʜʣʷ BS ʩ ʤʝʪʠʣʴʥʳʤ 

ʟʘʤʝʩʪʠʪʝʣʝʤ, ʪʘʢ ʢʘʢ ʵʪʦ ʫʧʨʦʱʘʝʪ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʪy rʠ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʧʦʠʩʢ ʧʫʪʸʤ ʩʥʠʞʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʘʪʦʤʦʚ ʠ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ 

ʩʠʩʪʝʤʳ. ɼʘʥʥʦʝ ʨʝʰʝʥʠʝ ʙʳʣʦ ʧʦʜʢʨʝʧʣʝʥʦ ʪʝʤ, ʯʪʦ ʥʠʟʢʘʷ ʩʪʝʨʠʯʝʩʢʘʷ 

ʟʘʛʨʫʞʝʥʥʦʩʪʴ ʤʦʣʝʢʫʣʳ ʧʦʟʚʦʣʷʝʪ ʙʝʥʟʠʣʴʥʦʤʫ ʟʘʤʝʩʪʠʪʝʣʶ ʨʘʟʚʝʨʥʫʪʴʩʷ ʪʘʢ, 

ʯʪʦʙʳ ʦʪʪʘʣʢʠʚʘʪʴʩʷ ʦʪ ʜʨʫʛʠʭ ʟʘʤʝʩʪʠʪʝʣʝʡ ʥʝ ʙʦʣʴʰʝ, ʯʝʤ ʤʝʪʠʣ ʥʘ ʝʛʦ ʤʝʩʪʝ, ʘ 

ʦʪʩʫʪʩʪʚʠʝ ʜʨʫʛʠʭ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʬʨʘʛʤʝʥʪʦʚ ʠʩʢʣʶʯʘʝʪ ʝʛʦ ʫʯʘʩʪʠʝ ʚ -́ʩʪʝʢʠʥʛʝ, 

ʯʪʦ ʤʦʛʣʦ ʙʳ ʧʦʚʣʠʷʪʴ ʥʘ ʢʦʥʬʦʨʤʘʮʠʶ ʤʦʣʝʢʫʣʳ. 

 

2.2.2. ʈʝʟʫʣʴʪʘʪʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ɸʥʘʣʦʛʠʯʥʦ ʦʧʠʩʘʥʥʦʤʫ ʚ ʧʦʜʨʘʟʜʝʣʝ 2.1.2, ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʥʘʯʘʣʘ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʤʦʜʝʣʠ 

ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʵʥʝʨʛʠʡ ʦʙʨʘʟʦʚʘʥʠʷ B1, ʧʦʣʫʯʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʠ 

ʛʠʧʦʪʝʪʠʯʝʩʢʠ ʚʦʟʤʦʞʥʳʭ ʧʨʦʜʫʢʪʦʚ B2ïB9.  
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ɼʣʷ ʨʘʩʯʸʪʘ ῳὋ ʩʙʦʨʢʠ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʥʝʦʙʭʦʜʠʤʦ 

ʙʳʣʦ ʧʦʣʫʯʠʪʴ ʠʭ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʢʦʥʬʦʨʤʝʨʳ. ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʘʥʘʣʠʟ 

ʤʦʣʝʢʫʣ B1ïB9 ʤʝʪʦʜʦʤ ETKDG ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʝ ʢʘʨʢʘʩʳ B4ïB6 ʠ B9 

ʠʤʝʶʪ ʦʜʠʥ ʝʜʠʥʩʪʚʝʥʥʳʡ ʢʦʥʬʦʨʤʝʨ. ʅʝʧʦʜʚʠʞʥʳʤ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʤ ʢʘʨʢʘʩʦʤ 

ʦʙʣʘʜʘʶʪ ʪʘʢʞʝ ʤʦʣʝʢʫʣʳ B1ïB3 ʠ B8, ʩʦʜʝʨʞʘʱʠʝ ʤʦʩʪʠʢʠ ïN(H)ï, ʪʝʤ ʥʝ ʤʝʥʝʝ 

ʜʣʷ ʥʠʭ ʙʳʣʦ ʥʘʡʜʝʥʦ ʥʝʩʢʦʣʴʢʦ ʢʦʥʬʦʨʤʝʨʦʚ (ʜʚʘ ï ʜʣʷ B1, B3 ʠ B8, ʠ ʯʝʪʳʨʝ ï ʜʣʷ 

B2), ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʜʚʫʤʷ ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʧʠʨʘʤʠʜʘʣʠʟʘʮʠʠ ʘʪʦʤʦʚ ʘʟʦʪʘ (ʈʠʩʫʥʦʢ 

27ɸ); ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʧʦʜʚʠʞʥʦʩʪʴ ʩʚʷʟʠ NïH ʦʙʩʫʞʜʝʥʘ ʚ ʧʦʜʨʘʟʜʝʣʝ 2.4.3. ɼʣʷ 

ʢʘʨʢʘʩʘ ʪʨʠʩ-ʧʝʨʦʢʩʠʜʘ B7 ʙʳʣʠ ʥʘʡʜʝʥʳ ʜʚʘ ʢʦʥʬʦʨʤʝʨʘ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ 

ʢʦʥʬʦʨʤʘʮʠʝʡ ʦʜʥʦʛʦ ʠʟ ʩʝʤʠʯʣʝʥʥʳʭ ʮʠʢʣʦʚ ʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʝʡ (ʥʘ 1.9 

ʢʢʘʣ/ʤʦʣʴ). ʉʨʘʚʥʝʥʠʝ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʠʟ ʧʦʜʨʘʟʜʝʣʘ 2.1 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʢʦʥʬʦʨʤʘʮʠʦʥʥʘ ̫ʧʦʜʚʠʞʥʦʩʪ ɹA1, A2 ʠ A3 ʩʭʦʞʘ ʩ ʠʭ ʘʥʘʣʦʛʘʤʠ ʩ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʟʚʝʥʦʤ ïCH2ï ʚ ʫʛʣʝʨʦʜʥʦʤ ʤʦʩʪʠʢʝ ï B4, B9 ʠ B7, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʂʘʨʢʘʩʳ A1 / B4 ʠ A2 / B9 ʠʤʝʶʪ ʪʦʣʴʢʦ ʦʜʠʥ ʢʦʥʬʦʨʤʝʨ, ʪʦʛʜʘ ʢʘʢ A3 / B7 ï ʜʚʘ. 

ʈʘʟʣʠʯʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʰʴ ʤʝʞʜʫ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʢʦʥʬʦʨʤʝʨʘʤʠ A3 ʠ B7: 

ʫ A3 h ʝʩʪʠʯʣʝʥʥʳʝ ʮʠʢʣʳ ʧʨʠʥʠʤʘʶʪ ʢʦʥʬʦʨʤʘʮʠʶ ʢʨʝʩʣʘ, ʩʦʟʜʘʚʘʷ ʧʣʦʩʢʦʩʪʴ 

ʩʠʤʤʝʪʨʠʠ, ʪʦʛʜʘ ʢʘʢ ʫ B7 ʦʜʠʥ ʠʟ ʩʝʤʠʯʣʝʥʥʳʭ ʮʠʢʣʦʚ ʥʘʭʦʜʠʪʩʷ ʚ ʢʦʥʬʦʨʤʘʮʠʠ 

ʢʨʝʩʣʘ, ʘ ʜʨʫʛʦʡ ï ʚ ʢʦʥʬʦʨʤʘʮʠʠ ʚʘʥʥʳ. 
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ʈʠʩʫʥʦʢ 27. (A) ï ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ B1ïB9 ʧʦ ʠʭ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʧʦʜʚʠʞʥʦʩʪʠ. (ɹ) ï ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ (B1) ʠ ʛʠʧʦʪʝʪʠʯʝʩʢʠʭ (B2ïB9) ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ. ɼʣʷ 

ʢʘʞʜʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠʚʝʜʝʥʳ ῳὋ ʦʙʨʘʟʦʚʘʥʠʷ ʠʟ ʨʝʘʛʝʥʪʦʚ: ɓ,ŭô-ʪʨʠʢʝʪʦʥʘ BS, 

H2O2 ʠ NH3. B1 ï ʝʜʠʥʩʪʚʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʡ ʧʨʦʜʫʢʪ, B2 ʠ B3 

ï ʥʝ ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʦʜʫʢʪʳ, ʦʢʘʟʳʚʘʶʱʠʝʩʷ ʙʦʣʝʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤʠ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ B1, ʩʦʛʣʘʩʥʦ ʧʨʦʚʝʜʸʥʥʦʤʫ 

ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ.  

 

ɼʣʷ ʧʦʣʫʯʝʥʥʳʭ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʢʦʥʬʦʨʤʝʨʦʚ B1ïB9 ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ῳὋ 

ʩʙʦʨʢʠ ʠʟ ʠʩʭʦʜʥʳʭ ʤʦʣʝʢʫʣ (ʈʠʩʫʥʦʢ 27ɹ). ʄʳ ʦʙʥʘʨʫʞʠʣʠ, ʯʪʦ ʜʚʘ 

ʘʤʠʥʦʧʝʨʦʢʩʠʜʘ B2 ʠ B3 (ʢʨʘʩʥʳʝ ʩʪʨʝʣʢʠ ʥʘ ʈʠʩʫʥʢʝ 27ɹ) ʙʦʣʝʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ 

ʚʳʛʦʜʥʳ, ʯʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʧʨʦʜʫʢʪ B1. ʆʩʪʘʣʴʥʳʝ ʛʠʧʦʪʝʪʠʯʝʩʢʠʝ ʧʨʦʜʫʢʪʳ 

B4ïB9 ʤʝʥʝʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʚʳʛʦʜʥʳ, ʯʝʤ B1. ʇʦʵʪʦʤʫ ʮʝʣʴʶ ʜʘʣʴʥʝʡʰʝʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʘʣʦ ʦʙʲʷʩʥʝʥʠʝ ʦʪʩʫʪʩʪʚʠʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʭ 

ʧʨʦʜʫʢʪʦʚ B2 ʠ B3. 
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ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʠʭ ʧʨʠʯʠʥ, ʧʦ ʢʦʪʦʨʳʤ B2 ʠ B3 ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʘ ʩʙʦʨʢʠ B1ïB3. ʅʘ 

ʦʩʥʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ (ʈʠʩʫʥʦʢ 26ɹ) ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʤʝʭʘʥʠʟʤ 

ʩʙʦʨʢʠ B1 ʯʝʨʝʟ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʦʙʨʘʟʦʚʘʥʠʝ ʘʟʘʦʟʦʥʠʜʘ B-III. ɺ ʨʘʤʢʘʭ ʵʪʦʛʦ 

ʤʝʭʘʥʠʟʤʘ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʵʥʝʨʛʠʠ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʠ ʇʉ, ʘ ʪʘʢʞʝ ʜʣʷ ʩʨʘʚʥʝʥʠʷ 

ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʪyʳ ʧʨʷʤʦʡ ʩʙʦʨʢʠ B1 ʙʝʟ ʦʙʨʘʟʦʚʘʥʠʷ B-III (ʈʠʩʫʥʦʢ 28). 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʚʩʝ ʩʪʘʜʠʠ ʦʪ ʠʩʭʦʜʥʦʛʦ BS ʜʦ ʧʨʦʜʫʢʪʘ B1 

ʯʝʨʝʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʝ ʠʥʪʝʨʤʝʜʠʘʪʳ B-I, B-II ʠ B-III ̫ ʚʣʷʶʪʩʷ 

ʢʠʥʝʪʠʯʝʩʢʠ ʨʘʟʨʝʰʝʥʥʳʤʠ. ʅʘʠʙʦʣʝʝ ʚʳʩʦʢʦʝ ʇʉ ʥʘ ʜʘʥʥʦʤ ʧʫʪʠ ʠʤʝʝʪ 

ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʵʥʝʨʛʠʶ 7.13 ʢʢʘʣ/ʤʦʣʴ, ʯʪʦ ʥʠʞʝ ʙʘʨʴʝʨʘ ʜʣʷ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ 

ʤʘʨʰʨʫʪʘ (8.27 ʢʢʘʣ/ʤʦʣʴ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʟʫʣʴʪʘʪʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʭʘʥʠʟʤʘ ʩʙʦʨʢʠ (ʈʠʩʫʥʦʢ 28) ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʥʘʙʣʶʜʝʥʠʷʤʠ. 

  

ʈʠʩʫʥʦʢ 28. ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʭʘʥʠʟʤ ʩʙʦʨʢʠ ʘʤʠʥʦʧʝʨʦʢʩʠʜʘ B1 ʯʝʨʝʟ 

ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʘʟʘʦʟʦʥʠʜ B-III  (ʧʫʪʴ ʚʚʝʨʭʫ) ʠ ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ ʙʝʟ 

ʦʙʨʘʟʦʚʘʥʠʷ B-III  (ʧʫʪʴ ʩʥʠʟʫ). ʈʘʤʢʦʡ ʚʳʜʝʣʝʥʳ ʠʥʪʝʨʤʝʜʠʘʪʳ, ʠʟ ʢʦʪʦʨʳʭ 

ʚʦʟʤʦʞʥʦ ʚʝʪʚʣʝʥʠʝ ʨʝʘʢʮʠʦʥʥʦʛʦ ʧʫʪʠ ʚ ʩʪʦʨʦʥʫ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʙʦʣʝʝ 

ʚʳʛʦʜʥʳʭ ʧʨʦʜʫʢʪʦʚ B2 ʠ B3. 
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ɸʥʘʣʦʛʠʯʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʩʙʦʨʢʠ ʧʝʨʦʢʩʠʜʦʚ ʠʟ ɓ,ɔô-ʪʨʠʢʝʪʦʥʦʚ, ʢʚʘʥʪʦʚʦ-

ʭʠʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʙʳʣ ʨʘʩʰʠʨʝʥ ʜʣʷ ʫʯʸʪʘ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʠ ʇʉ, ʚʝʜʫʱʠʭ ʢ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ (B1) ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʙʦʣʝʝ ʚʳʛʦʜʥʳʤ (B2 ʠ B3) 

ʧʨʦʜʫʢʪʘʤ. ɹʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʧʷʪʴ ʚʦʟʤʦʞʥʳʭ ʚʘʨʠʘʥʪʦʚ ʚʝʪʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘ 

ʩʙʦʨʢʠ B1 ʚ ʥʘʧʨʘʚʣʝʥʠʠ B2 ʠ B3 (ʈʠʩʫʥʦʢ 30). ʅʘ ʚʩʝʭ ʨʘʟʚʠʣʢʘʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ 

ʙʘʨʴʝʨ ʚ ʩʪʦʨʦʥʫ B1 ʦʢʘʟʳʚʘʝʪʩʷ ʥʠʞʝ. ɺ ʯʘʩʪʥʦʩʪʠ, ʙʘʨʴʝʨʳ ʧʨʠʩʦʝʜʠʥʝʥʠʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʤʦʣʝʢʫʣʳ ʘʤʤʠʘʢʘ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʩʙʦʨʢʠ B3, ʧʦʚʳʰʝʥʳ 

ʚʩʣʝʜʩʪʚʠʝ ʨʘʚʥʦʚʝʩʥʦʛʦ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ ʘʤʤʠʘʢʘ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ. ʉʪʘʜʠʠ 

ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʚʪʦʨʦʡ ʤʦʣʝʢʫʣʳ ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ, ʪʨʝʙʫʶʱʠʝʩʷ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ 

B2, ʢʦʥʢʫʨʠʨʫʶʪ ʩ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʤʠ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʘʤʠ ʥʘ ʧʫʪʠ ʢ B1 ʠ ʪʘʢʞʝ 

ʠʤ ʫʩʪʫʧʘʶʪ ʧʦ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ. 

ʅʘʢʦʥʝʮ, ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ ʫʞʝ ʩʦʙʨʘʥʥʦʛʦ ʢʘʨʢʘʩʘ B1 ʚ B2 ʠ B3 ʠʤʝʶʪ 

ʧʦʚʳʰʝʥʥʳʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ (28 ʠ 33 ʢʢʘʣ/ʤʦʣʴ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʪʘʢ ʢʘʢ 

ʠʭ ʤʝʭʘʥʠʟʤʳ ʚʢʣʶʯʘʶʪ ʦʙʨʘʟʦʚʘʥʠʝ ʥʝʚʳʛʦʜʥʳʭ ʇʂʂ (ʈʠʩʫʥʦʢ 29), 

ʜʝʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʭ ʆɸʕ. 

 

 

ʈʠʩʫʥʦʢ 29. ʇʝʨʝʭʦʜʥʳʝ ʩʦʩʪʦʷʥʠʷ ʟʘʤʳʢʘʥʠʷ ʇʂʂ, ʢʦʪʦʨʳʝ ʙʣʦʢʠʨʫʶʪ 

ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʫ ʧʨʦʜʫʢʪʘ B1 ʚ ʙʦʣʝʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʚʳʛʦʜʥʳʝ 

ʢʘʨʢʘʩʳ B2 ʠ B3. 
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ʈʠʩʫʥʦʢ 30. ʆʪʥʦʩʠʪʝʣʴʥʳʝ ʥɻʝʨʛʠʠ ʠʥʪʝʨʤʝʜʠʘʪʦʚ (ʯʸʨʥʳʡ) ʠ ʧʝʨʝʭʦʜʥʳʭ 

ʩʦʩʪʦʷʥʠʡ (ʬʠʦʣʝʪʦʚʳʡ, ʨʷʜʦʤ ʩʦ ʩʪʨʝʣʢʘʤʠ), ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʪyʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʩʙʦʨʢʠ B1ïB3. 
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2.2.3. ɸʥʘʣʠʟ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʇʦʣʫʯʝʥʥʳʝ ʚʳʰʝ ῳὋ ʩʙʦʨʢʠ ʨʷʜʘ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ (ʈʠʩʫʥʦʢ 27) 

ʧʦʟʚʦʣʷʶʪ ʧʨʦʜʦʣʞʠʪʴ ʘʥʘʣʠʟ, ʥʘʯʘʪʳʡ ʚ ʧʦʜʨʘʟʜʝʣʝ 2.1.4, ʠ ʧʨʦʚʝʨʠʪʴ ʥʘ 

ʨʘʩʰʠʨʝʥʥʦʤ ʥʘʙʦʨʝ ʩʠʩʪʝʤ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʥʝʨʛʠʡ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʡ 

ὲ ᴼ„ᶻ  (ʛʜʝ X ʠ Y ð ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ ʠʣʠ ʘʟʦʪʘ) ʜʣʷ ʦʧʠʩʘʥʠʷ ʠ ʧʨʝʜʩʢʘʟʘʥʠʷ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ. ʉ ʵʪʦʡ ʮʝʣʴʶ ʙʳʣ ʚʥʦʚʴ 

ʧʨʠʤʝʥʥy ʘʥʘʣʠʟ NBO. 

ɺʦ-ʧʝʨʚʳʭ, ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ɻ ʥʝʨʛʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʨʢʘʩʦʚ ʠ ʠʭ 

ʩʪʘʙʠʣʠʟʘʮʠʷ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʝʡ ʟʘʚʠʩʠʪ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ὲ ᴼ„ᶻ , 

ʪʦ ʝʩʪʴ ʦʪ ʯʠʩʣʘ ʘʮʝʪʘʣʴʥʳʭ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ (ʩʦʝʜʠʥʝʥʥʳʭ ʩ ʜʚʫʤʷ ʢʠʩʣʦʨʦʜʘʤʠ). 

ʊʘʢ, ʪʨʠʮʠʢʣʠʯʝʩʢʠʡ ʙʠʩ-ʧʝʨʦʢʩʠʜ B9 ʩ ʪʨʝʤʷ ʘʮʝʪʘʣʴʥʳʤʠ ʫʛʣʝʨʦʜʘʤʠ ʙʦʣʝʝ 

ʩʪʘʙʠʣʠʟʠʨʦʚʘʥ, ʯʝʤ ʙʠʮʠʢʣʠʯʝʩʢʠʡ ʙʠʩ-ʧʝʨʦʢʩʠʜ B6, ʫ ʢʦʪʦʨʦʛʦ ʪʦʣʴʢʦ ʜʚʘ 

ʘʮʝʪʘʣʴʥʳʭ ʫʛʣʝʨʦʜʘ, ʙʣʘʛʦʜʘʨʷ ʙʦʣʴʰʝʤʫ ʢʦʣʠʯʝʩʪʚʫ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

(6 ʧʨʦʪʠʚ 4, ʈʠʩʫʥʦʢ 31). 

ɺʦ-ʚʪʦʨʳʭ, ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʢʦʥʬʦʨʤʘʮʠʷ ʢʘʨʢʘʩʘ, ʚʣʠʷʥʠʝ ʢʦʪʦʨʦʡ 

ʫʞʝ ʦʙʩʫʞʜʘʣʦʩʴ ʚ ʧʦʜʨʘʟʜʝʣʝ 2.1.4. ʅʘʧʨʠʤʝʨ, ʚ ʦʟʦʥʠʜʝ B5 ʚʩʝ ʯʝʪʳʨʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ὲ ᴼ„ᶻ  ʦʩʣʘʙʣʝʥʳ ʠʟ-ʟʘ ʥʝʦʧʪʠʤʘʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʦʨʙʠʪʘʣʝʡ ʠ 

ʦʪʩʫʪʩʪʚʠʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʧʦʜʚʠʞʥʦʩʪʠ, ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ ʝ yʠʩʧʨʘʚʣʝʥʠʷ. ʕʪʠʤ 

ʦʙʲʷʩʥʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʘʷ ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ʩʙʦʨʢʠ ʦʟʦʥʠʜʘ B5 ʠʟ ʨʝʘʛʝʥʪʦʚ 

(ῳὋ = ï2.4 ʢʢʘʣ/ʤʦʣʴ). ɸʥʘʣʦʛʠʯʥʦ, ʚ ʪʨʠʮʠʢʣʠʯʝʩʢʦʤ ʪʨʠʩ-ʧʝʨʦʢʩʠʜʝ B7 ʜʚʝ 

ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʠ ʦʩʣʘʙʣʝʥʳ, ʯʪʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʝʛʦ ʧʦʥʠʞʝʥʥʦʡ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʩʪʴʶ (ῳὋ = ï5.6 ʢʢʘʣ/ʤʦʣʴ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪ ɹʤʝʞʜʫ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʩʪʴʶ 

ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʠ ʧʦʣʥʦʪʦʡ ʘʢʪʠʚʘʮʠʠ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʡ ʚ ʥʠʭ. 
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ʈʠʩʫʥʦʢ 31. ʂʣʶʯʝʚʳʝ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʤʦʣʝʢʫʣʘʭ 

ʧʦʪʝʥʮʠʘʣʴʥʦ ʚʦʟʤʦʞʥʳʭ ʧʨʦʜʫʢʪʦʚ. ɺʥʫʪʨʠ ʛʨʘʬʠʢʦʚ ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ 

ʩʫʤʤ ʵʥʝʨʛʠʡ ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʦ NBO ʦʪ ʰʝʩʪʠ ʠʟʦʙʨʘʞʝʥʥʳʭ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʡ. 

 

ʆʜʥʘʢʦ ʩʠʪʫʘʮʠʷ ʫʩʣʦʞʥʷʝʪʩʷ ʧʨʠ ʧʦʷʚʣʝʥʠʠ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʤʦʣʝʢʫʣʘʭ 

ʘʟʦʪʥʳʭ ʤʦʩʪʠʢʦʚ ὔὌ . ɺ ʨʷʜʫ ʢʘʨʢʘʩʦʚ B4ŸB1ŸB3 ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ 

ʘʟʦʪʥʳʭ ʤʦʩʪʠʢʦʚ ʠ ʫʤʝʥʴʰʝʥʠʝʤ ʯʠʩʣʘ ʢʠʩʣʦʨʦʜʥʳʭ ʦʙʥʘʨʫʞʝʥʘ ʪʝʥʜʝʥʮʠʷ ʨʦʩʪʘ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ (ʈʠʩʫʥʦʢ 32); ʧʨʠ ʵʪʦʤ, ʧʘʨʘʜʦʢʩʘʣʴʥʦ, 

ʩʫʤʤʘʨʥʘʷ ʩʪʘʙʠʣʠʟʘʮʠʷ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʷʤʠ ʚ ʜʘʥʥʦʤ ʨʷʜʫ ʩʫʱʝʩʪʚʝʥʥʦ 

ʧʦʥʠʞʘʝʪʩʷ. ʆʩʣʘʙʣʝʥʠʝ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʠ ʩʚʷʟʘʥʦ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩ ʤʝʥʴʰʝʡ 

ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴʶ ʘʪʦʤʘ ʘʟʦʪʘ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʦʨʙʠʪʘʣʠ „ᶻ  ̫ ʚʣʷʶʪʩʷ 

ʙʦʣʝʝ ʩʣʘʙʳʤʠ ʘʢʮʝʧʪʦʨʘʤʠ, ʯʝʤ „ᶻ . ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʨʦʩʪ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʪʨʝʙʫʝʪ ʥʘʣʠʯʠʷ ʠʥʦʛʦ ʙʦʣʝʝ ʩʠʣʴʥʦʛʦ ʵʬʬʝʢʪʘ, ʢʦʤʧʝʥʩʠʨʫʶʱʝʛʦ 

ʧʦʪʝʨʠ ʚ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʠ. 
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ʈʠʩʫʥʦʢ 32. ʉʨʘʚʥʝʥʠʝ ʵʥʝʨʛʠʠ ʢʣʶʯʝʚʳʭ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ 

ʤʦʣʝʢʫʣʘʭ ʧʦʪʝʥʮʠʘʣʴʥʦ ʚʦʟʤʦʞʥʳʭ ʧʨʦʜʫʢʪʦʚ ʩ ʨʘʟʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʛʨʫʧʧ ὕ

 ʠ ὔὌ . ɺʥʫʪʨʠ ʛʨʘʬʠʢʦʚ ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʩʫʤʤ ʵʥʝʨʛʠʡ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʦ NBO ʦʪ ʰʝʩʪʠ ʠʟʦʙʨʘʞʝʥʥʳʭ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʡ. 

 

ɼʣʷ ʚʳʷʩʥʝʥʠʷ ʧʨʠʯʠʥ ʨʦʩʪʘ ʩʪʘʙʠʣʴʥʦʩʪʠ ʘʟʦʪʩʦʜʝʨʞʘʱʠʭ ʧʝʨʦʢʩʠʜʦʚ ʥʘ ʬʦʥʝ 

ʩʥʠʞʝʥʠʷ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʦʡ ʩʪʘʙʠʣʠʟʘʮʠʠ ʜʦʩʪʘʪʦʯʥʦ ʩʨʘʚʥʠʪʴ ʵʥʝʨʛʠʠ ʩʚʷʟʝʡ. 

ʇʨʝʚʨʘʱʝʥʠʝ ʧʘʨʳ ʩʚʷʟʝʡ CïO / NïH ʚ ʧʘʨʫ CïN / OïH ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʘʤʝʥʝ 

ʤʦʩʪʠʢʦʚʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚ ʧʦʣʠʮʠʢʣʠʯʝʩʢʦʤ ʩʢʝʣʝʪʝ ʥʘ ʤʦʩʪʠʢ NH. ʈʘʩʯʪy ʤʦʜʝʣʴʥʦʡ 

ʨʝʘʢʮʠʠ (ʈʠʩʫʥʦʢ 33ɸ) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʘʨʘ ʩʚʷʟʝʡ CïN / OïH ʜʝʡʩʪʚʠʪʝʣʴʥʦ 

ʚʳʛʦʜʥʝʝ ʥʘ 3.6 ʢʢʘʣ/ʤʦʣʴ ʧʦ ʵʣʝʢʪʨʦʥʥʦʡ ʵʥʝʨʛʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚʦʡ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʦʡ ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʨʠʩʫʪʩʪʚʠʝ ʘʪʦʤʦʚ 

ʘʟʦʪʘ ʚ ʧʨʦʜʫʢʪʝ ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ (ʈʠʩʫʥʦʢ 33ɹ). 
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ʈʠʩʫʥʦʢ 33. (ɸ) ʈʝʘʢʮʠʷ ʧʨʝʚʨʘʱʝʥʠʷ ʧʘʨʳ ʩʚʷʟʝʡ CīO / NīH ʚ ʧʘʨʫ CīN / OīH; 

(ɹ) ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʩʪʴ ʧʨʦʜʫʢʪʦʚ ʩ ʘʟʦʪʥr ʤʠ ʤʦʩʪʠʢʘʤʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʵʥʝʨʛʠʠ ʨʝʘʢʮʠʠ, ȹEr. 

 

ʇʨʠʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ ʘʜʜʠʪʠʚʥʘʷ ʤʦʜʝʣʴ, ʫʯʠʪʳʚʘʶʱʘʷ ʪʦʣʴʢʦ ʵʥʝʨʛʠʠ 

ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʠ ʠʟ NBO ʠ ʩʪʘʙʠʣʠʟʘʮʠʶ ʤʦʣʝʢʫʣʳ ʟʘ ʩʯʸʪ ʟʘʤʝʥʳ ʩʚʷʟʝʡ CïO ʥʘ 

ʩʚʷʟʠ CïN (3.6 ẗ 2 = 7.2 ʢʢʘʣ/ʤʦʣʴ) ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʳʚʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʫʶ 

ʩʪʘʙʠʣʠʟʘʮʠʶ ʤʦʣʝʢʫʣ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʤʦʥʦʧʝʨʦʢʩʠʜʘ B4 ʢ 

ʘʤʠʥʦʧʝʨʦʢʩʠʜʫ B1 ʩʪʘʙʠʣʠʟʘʮʠʷ ʧʦ ʜʘʥʥʳʤ NBO ʩʥʠʞʘʝʪʩʷ ʥʘ 81.9 ï 78.3 = 3.6 

ʢʢʘʣ/ʤʦʣʴ (ʈʠʩʫʥʦʢ 32), ʠ ʩ ʫʯʸʪʦʤ ʩʪʘʙʠʣʠʟʘʮʠʠ 7.2 ʢʢʘʣ/ʤʦʣʴ ʟʘ ʩʯʸʪ ʢʦʚʘʣʝʥʪʥʳʭ 

ʩʚʷʟʝʡ ʨʘʟʥʠʮʫ ʵʥʝʨʛʠʡ ʤʝʞʜʫ B1 ʠ B4 ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʚ 3.6 ʢʢʘʣ/ʤʦʣʴ, ʪʦʛʜʘ ʢʘʢ ʧʦ 

ʜʘʥʥʳʤ ʠʟ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʨʘʩʯʪyʘ ʦʥʘ ʩʦʩʪʘʚʣʷʝʪ 3.0 ʢʢʘʣ/ʤʦʣʴ. ɸʥʘʣʦʛʠʯʥʦ, 

ʨʘʟʥʠʮʫ ʵʥʝʨʛʠʡ ʤʝʞʜʫ B3 ʠ B4 ʤʦʞʥʦ ʦʮʝʥʠʪ ɹʚ 3.8 ʢʢʘʣ/ʤʦʣʴ, ʯʪʦ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʤ ʨʘʩʯʪyʦʤ (3.6 ʢʢʘʣ/ʤʦʣʴ). ʕʪʦ ʥʘʙʣʶʜʝʥʠʝ 

ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʦʙʩʫʞʜʘʝʤʳʝ ʥʘʤʠ ɻ ʬʬʝʢʪʳ, ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʷ ʠ ʵʥʝʨʛʠʠ ʩʚʷʟʝʡ, 

ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʚʥʦʩʷʪ ʢʣʶʯʝʚʦʡ ʚʢʣʘʜ ʚ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʵʥʝʨʛʠʠ ʢʘʨʢʘʩʥʳʭ 

ʧʝʨʦʢʩʠʜʦʚ. 

ʆʧʠʩʘʥʥʳʝ ʚ ʧʦʜʨʘʟʜʝʣʝ 2.2 ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ Journal 

of the American Chemical Society [175]. 

ʆʙʥʘʨʫʞʝʥʥʳʝ ʚʳʩʦʢʠʝ ʙʘʨʴʝʨʳ ʧʝʨʝʛʨʫʧʧʠʨʦʚʦʢ B1ŸB2 ʠ B1ŸB3 (ʩʤ. 

ʈʠʩʫʥʦʢ 29) ʩʣʫʞʘʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʦʜʪʚʝʨʞʜʝʥʠʝʤ ʪʦʛʦ, ʯʪʦ ʩʪʘʜʠʠ, 

ʧʨʦʪʝʢʘʶʱʠʝ ʯʝʨʝʟ ʧʝʨʦʢʩʠʢʘʨʙʝʥʠʝʚʳʝ ʢʘʪʠʦʥʳ (ὕ ὕ ὅ), ʷʚʣʷʶʪʩʷ 

ʢʠʥʝʪʠʯʝʩʢʠ ʥʝʚʳʛʦʜʥʳʤʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʠʟʫʯʝʥʠʝ 

ʘʥʘʣʦʛʠʯʥʦʛʦ ʵʬʬʝʢʪʘ ʩ ʘʪʦʤʘʤʠ ʘʟʦʪʘ, ʪʦ ʝʩʪʴ ʚ ʘʟʘʢʘʨʙʝʥʠʝʚʳʭ ʢʘʪʠʦʥʘʭ 

ὔ ὔὌ ὅ. 
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2.3. ɸʥʘʣʦʛ ʦʙʨʘʪʥʦʛʦ Ŭ-ɻ ʬʬʝʢʪʘ ʩ ʘʪʦʤʘʤʠ ʘʟʦʪʘ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʨʝʘʢʮʠʠ ɓ,ŭô-ʪʨʠʢʝʪʦʥʦʚ ʩ ʧʝʨʦʢʩʠʜʦʤ ʚʦʜʦʨʦʜʘ ʠ ʛʠʜʨʘʟʠʜʦʤ. 

ɺ 2023 ʛʦʜʫ ʥʘʰʠʤʠ ʢʦʣʣʝʛʘʤʠ ʙʳʣʦ ʨʘʩʰʠʨʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʝʘʢʮʠʡ ʩʙʦʨʢʠ 

ʪʨʠʮʠʢʣʠʯʝʩʢʠʭ ʘʤʠʥʦʧʝʨʦʢʩʠʜʦʚ ʉ1 ʠʟ ɓ,ŭô-ʪʨʠʢʝʪʦʥʦʚ BS, N-ʥʫʢʣʝʦʬʠʣʦʚ ʠ 

ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ ʚ ʩʨʝʜʝ ʤʝʪʘʥʦʣʘ ʥʘ ʨʘʩʩʤʦʪʨʝʥʠʝ ʛʠʜʨʘʟʠʜʦʚ ʚ ʢʘʯʝʩʪʚʝ N-

ʥʫʢʣʝʦʬʠʣʦʚ. ɺʚʝʜʝʥʠʝ ʚʪʦʨʦʛʦ ʘʪʦʤʘ ʘʟʦʪʘ ʚ ʥʫʢʣʝʦʬʠʣ ʤʝʥʷʝʪ ʧʨʠʨʦʜʫ ʥʝʢʦʪʦʨʳʭ 

ʠʥʪʝʨʤʝʜʠʘʪʦʚ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʤʝʭʘʥʠʟʤʘ ʩ ʘʤʤʠʘʢʦʤ (ʈʠʩʫʥʦʢ 34ɹ). ʆʙʨʘʟʦʚʘʥʠʝ 

ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʠʤʠʥʦʚ B-I ʩʪʘʥʦʚʠʪʩʷ ʥʝʚʦʟʤʦʞʥʳʤ ʠʟ-ʟʘ ʟʘʤʝʩʪʠʪʝʣʷ ʧʨʠ ʘʪʦʤʝ 

ʘʟʦʪʘ; ʚʤʝʩʪʦ ʥʠʭ ʦʞʠʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʘʟʘʢʘʨʙʝʥʠʝʚʳʭ ʢʘʪʠʦʥʦʚ C-I ʠ C-II. ʕʪʠ 

ʢʘʪʠʦʥʳ ʩʦʜʝʨʞʘʪ ʬʨʘʛʤʝʥʪ, ʷʚʣʷʶʱʠʡʩʷ ʘʥʘʣʦʛʦʤ ʇʂʂ, ʢʦʪʦʨʳʝ 

ʜʝʩʪʘʙʠʣʠʟʠʨʦʚʘʥʳ ʦʙʨʘʪʥʳʤ Ŭ-ɻ ʬʬʝʢʪʦʤ (ʩʤ. ʚʳʰʝ), ʥʦ ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ 

ʧʝʨʦʢʩʠʜʘ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʟʘʤʝʥʝʥʳ ʥʘ ʘʪʦʤʳ ʘʟʦʪʘ (ʈʠʩʫʥʦʢ 34ɸ). 

ʋʜʠʚʠʪʝʣʴʥʦ, ʯʪʦ, ʢʘʢ ʧʦʢʘʟʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʠʟʤʝʥʝʥʠʝ N-ʥʫʢʣʝʦʬʠʣʘ ʥʝ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʧʨʦʪʝʢʘʥʠʶ ʨʝʘʢʮʠʠ ʠ ʧʨʠʚʦʜʠʪ ʢ ʧʨʦʜʫʢʪʫ C1, ʘʥʘʣʦʛʠʯʥʦʤʫ 

ʧʨʦʜʫʢʪʫ B1, ʧʦʣʫʯʘʝʤʦʤʫ ʧʨʠ ʨʝʘʢʮʠʠ ʩ ʘʤʤʠʘʢʦʤ (ʩʤ. ʈʠʩʫʥʦʢ 26).  

ɺ ʨʘʤʢʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʦ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʘʥʥʦʡ ʨʝʘʢʮʠʠ ʩ ʮʝʣʴʶ ʦʙʲʷʩʥʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʥʘʙʣʶʜʘʝʤʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʨʝʘʢʮʠʠ, ʫʩʪʘʥʦʚʣʝʥʠʷ ʥʘʣʠʯʠʷ ʠʣʠ ʦʪʩʫʪʩʪʚʠʷ 

ʦʙʨʘʪʥʦʛʦ Ŭ-ɻ ʬʬʝʢʪʘ ʚ ʠʥʪʝʨʤʝʜʠʘʪʘʭ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʩʨʘʚʥʝʥʠʷ ʝʛʦ 

ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʝʛʦ ʵʬʬʝʢʪʘ ʩ ʧʝʨʦʢʩʠʢʘʨʙʝʥʠʝʚʳʤʠ ʢʘʪʠʦʥʘʤʠ, ʘʥʘʣʦʛʠʯʥʳʤʠ 

ʨʘʩʩʤʦʪʨʝʥʥʳʤ ʚ ʧʦʜʨʘʟʜʝʣʘʭ 2.1 ʠ 2.2. 

 



95 

 

 

 

ʈʠʩʫʥʦʢ 34. (ɸ) ï ʉʭʝʤʘ ʠʩʩʣʝʜʫʝʤʦʡ ʨʝʘʢʮʠʠ ɓ,ŭô-ʪʨʠʢʝʪʦʥʦʚ BS ʩ ʧʝʨʦʢʩʠʜʦʤ 

ʚʦʜʦʨʦʜʘ ʠ ʛʠʜʨʘʟʠʜʦʤ; ʠʣʣʶʩʪʨʘʮʠʷ ʤʦʪʠʚʘ ʦʙʨʘʪʥʦʛʦ Ŭ-ʵʬʬʝʢʪʘ ʩ ʫʯʘʩʪʠʝʤ 

ʘʪʦʤʦʚ ʘʟʦʪʘ ʚ ʢʘʪʠʦʥʥʳʭ ʠʥʪʝʨʤʝʜʠʘʪʘʭ. (ɹ) ï ʉʨʘʚʥʝʥʠʝ ʩ ʘʥʘʣʦʛʠʯʥʳʤ 

ʠʥʪʝʨʤʝʜʠʘʪʦʤ ʚ ʨʝʘʢʮʠʠ ʩ ʘʤʤʠʘʢʦʤ ʠʟ ʧʦʜʨʘʟʜʝʣʘ 2.2 ï ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʥʝʪ 

ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʦʙʨʘʪʥʦʛʦ Ŭ-ʵʬʬʝʢʪʘ. 

 

2.3.1. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʥʘ ʫʨʦʚʥʝ ʪʝʦʨʠʠ PBE0-D3BJ [19,20] / 6-311++G(d,p) 

[21,22] / CPCM(MeOH) [24] ʚ Gaussian16 A.03 [18]. ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʧʦʠʩʢ ʚʩʝʭ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʠ ʇʉ ʙʳʣ ʧʨʦʚʝʜʸʥ ʩ ʧʦʤʦʱʴʶ ʧʘʡʧʣʘʡʥʘ iMTD-GC, 

ʠʤʧʣʝʤʝʥʪʠʨʦʚʘʥʥʦʛʦ ʚ ʧʘʢʝʪʝ CREST [27] (ʩʤ. ʦʙʟʦʨ ʘʣʛʦʨʠʪʤʘ ʚ ʧʦʜʨʘʟʜʝʣʝ 1.1.5). 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʘʢʮʠʠ ʙʳʣʦ ʨʝʰʝʥʦ ʧʨʦʚʦʜʠʪʴ ʜʣʷ ʥʘʠʤʝʥʴʰʝʛʦ ʠʟ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʛʠʜʨʘʟʠʜʦʚ ï ʩʝʤʠʢʘʨʙʘʟʠʜʘ, ὔὌὔὌὅὕὔὌ ï 
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ʯʪʦ ʫʧʨʦʱʘʝʪ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʪyʳ ʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʧʦʠʩʢ ʟʘ ʩʯʪy 

ʫʤʝʥʴʰʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʘʪʦʤʦʚ ʠ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʩʠʩʪʝʤʳ. 

 

2.3.2. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʘʥʘʣʠʟ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʉʨʘʚʥʝʥʠʝ ɝὋ ʩʙʦʨʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʨʦʜʫʢʪʘ C1 ʩ ʵʥʝʨʛʠʷʤʠ 

ʛʠʧʦʪʝʪʠʯʝʩʢʠʭ ʧʨʦʜʫʢʪʦʚ C2 ʠ C3 ʚʳʷʚʠʣʦ ʢʘʨʪʠʥʫ (ʈʠʩʫʥʦʢ 35), ʘʥʘʣʦʛʠʯʥʫʶ 

ʨʝʘʢʮʠʠ ʩ ʘʤʤʠʘʢʦʤ: ʧʨʦʜʫʢʪʳ ʟʘʤʝʱʝʥʠʷ ʪʨʝʪʴʝʛʦ ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤʠ, ʦʜʥʘʢʦ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʢʠʥʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ ʚ ʠʭ ʦʙʨʘʟʦʚʘʥʠʠ. 

ʂʘʢ ʠ ʚ ʨʘʥʝʝ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʨʝʘʢʮʠʷʭ, ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʇʂʂ 

ʩʦʟʜʘʪy ʢʠʥʝʪʠʯʝʩʢʠ ʥʝʧʨʝʦʜʦʣʠʤʳʝ ʙʘʨʴʝʨʳ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʜʘʥʥʳʭ ʧʨʦʜʫʢʪʦʚ 

(ʈʠʩʫʥʦʢ 35). ɼʘʞʝ ʜʣʷ C-III, ̫ʚʣʷʶʱʝʛʦʩʷ ʙʦʣʝʝ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʠʟ ʜʚʫʭ ʇʂʂ, 

ʫʚʝʣʠʯʝʥʠʝ ɻ ʥʝʨʛʠʠ ʧʨʠ ʧʝʨʝʭʦʜʝ ʠʟ C1 ʜʦʩʪʠʛʘʝʪ 26 ʢʢʘʣ/ʤʦʣʴ (ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʭ ʇʉ ʜʣʷ ʜʘʥʥʦʡ ʨʝʘʢʮʠʠ ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚʚʠʜʫ ʩʭʦʞʝʩʪʠ ʩ 

ʨʝʘʢʮʠʝʡ, ʦʧʠʩʘʥʥʦʡ ʚ ʧʦʜʨʘʟʜʝʣʝ 2.2). ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʘʟʘʢʘʨʙʝʥʠʝʚʳʝ ʢʘʪʠʦʥʳ C-

I ʠ C-II ʧʨʦʷʚʣʷʶʪ ʩʝʙʷ ʢʘʢ ʦʯʝʥʴ ʚʳʛʦʜʥʳʝ ʠʥʪʝʨʤʝʜʠʘʪʳ: ʚ ʯʘʩʪʥʦʩʪʠ, ʟʥʘʯʝʥʠʷ 

ɝὋ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ ʠʟ ʠʩʭʦʜʥʳʭ ʤʦʣʝʢʫʣ ʦʪʨʠʮʘʪʝʣʴʥ,r ʙʦʣʝʝ ʪʦʛʦ, ɝὋ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʭ ʩʪʘʜʠʡ ʜʝʛʠʜʨʘʪʘʮʠʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ɻ ʪʠʭ ʢʘʪʠʦʥʦʚ (ʧʦʢʘʟʘʥʳ 

ʢʫʨʩʠʚʦʤ ʥʘ ʈʠʩʫʥʢʝ 35) ʪʘʢʞʝ ʦʪʨʠʮʘʪʝʣʴʥʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʪyʦʚ 

ʵʥʝʨʛʠʠ C1ïC3 ʠ ʢʣʶʯʝʚʳʭ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʠʭ ʩʙʦʨʢʠ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʠ ʨʘʩʯʪyʘʤʠ, ʚʳʧʦʣʥʝʥʥʳʤʠ ʚʳʰʝ ʜʣʷ ʘʤʤʠʘʢʘ ʚ 

ʢʘʯʝʩʪʚʝ ʥʫʢʣʝʦʬʠʣʘ. 
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ʈʠʩʫʥʦʢ 35. ʕʥʝʨʛʠʠ ʢʣʶʯʝʚʳʭ ʠʥʪʝʨʤʝʜʠʘʪʦʚ, ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚ ʨʘʤʢʘʭ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʙʦʨʢʠ C1ïC3. ɝὋ ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʜʫʢʪʦʚ ʠ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʠʟ 

ʠʩʭʦʜʥʳʭ ʤʦʣʝʢʫʣ ʧʨʠʚʝʜʝʥʳ ʞʠʨʥʳʤ ʰʨʠʬʪʦʤ ʨʷʜʦʤ ʩ ʠʭ ʩʪʨʫʢʪʫʨʘʤʠ; ɝὋ 

ʩʪʘʜʠʡ ʜʝʛʠʜʨʘʪʘʮʠʠ ʧʨʠʚʝʜʝʥʳ ʢʫʨʩʠʚʦʤ ʨʷʜʦʤ ʩʦ ʩʪʨʝʣʢʘʤʠ.  

 

ʏʪʦʙʳ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦ ʚʳʷʚʠʪʴ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʨʘʟʣʠʯʥʫʶ 

ʩʪʘʙʠʣʠʟʠʨʫʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ, ʙʳʣ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʨʷʜʘ 

ʠʟʦʜʝʩʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʟʘʤʝʥʳ ʟʘʤʝʩʪʠʪʝʣʝʡ ʧʨʠ ʢʘʨʙʦʢʘʪʠʦʥʥʦʤ ʮʝʥʪʨʝ (ʈʠʩʫʥʦʢ 

36). ʇʨʝʞʜʝ ʚʩʝʛʦ ʦʪʯʪyʣʠʚʦ ʧʨʦʷʚʣʷʝʪʩʷ ʨʘʟʣʠʯʠʝ ʚ -́ʜʦʥʦʨʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʤʝʞʜʫ 

ʘʪʦʤʘʤʠ ʘʟʦʪʘ ʠ ʢʠʩʣʦʨʦʜʘ. ʈʘʟʥʠʮʘ ʤʝʞʜʫ ʥʘʠʤʝʥʝʝ ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʡ ʠʟ 

ʘʟʦʪʩʦʜʝʨʞʘʱʠʭ ʛʨʫʧʧ ʠ ʥʘʠʙʦʣʝʝ ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʡ ʠʟ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ 

ʧʨʝʚʳʰʘʝʪ 16 ʢʢʘʣ/ʤʦʣʴ. ʂʨʦʤʝ ʪʦʛʦ, ʤʦʞʥʦ ʷʚʥʦ ʥʘʙʣʶʜʘʪʴ ʆɸʕ ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ 

ὕὌ ʢ ὕὕὌ (ʜʝʩʪʘʙʠʣʠʟʘʮʠʷ ~7 ʢʢʘʣ/ʤʦʣʴ), ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʦʚʳʰʝʥʥʦʡ ɝὋ 

ʦʙʨʘʟʦʚʘʥʠʷ ʇʂʂ ʠʟ ʨʝʘʛʝʥʪʦʚ, ʢʦʪʦʨʘʷ ʥʘʙʣʶʜʘʣʘʩʴ ʚ ʧʦʜʨʘʟʜʝʣʘʭ 2.1 ʠ 2.2. 



98 

 

 

ɿʘʚʠʩʠʤʦʩʪʴ ʩʪʘʙʠʣʠʟʘʮʠʠ ʦʪ ʧʨʠʨʦʜʳ ʘʟʦʪʥʦʛʦ ʟʘʤʝʩʪʠʪʝʣʷ ʧʦʟʚʦʣʷʝʪ 

ʧʨʦʩʣʝʜʠʪʴ ʨʘʟʣʠʯʥʳʝ ʚʘʨʠʘʥʪʳ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴʶ, 

ʦʙʫʩʣʦʚʣʠʚʘʶʱʝʡ ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʠʡ ʆɸʕ, ʠ ʩʤʝʰʝʥʠʝʤ p-ʦʨʙʠʪʘʣʝʡ, 

ʦʪʚʝʪʩʪʚʝʥʥʳʤ ʟʘ ʩʪʘʙʠʣʠʟʘʮʠʶ (ʧʨʷʤʳʤ) Ŭ-ɻ ʬʬʝʢʪʦʤ. ɺ ʩʣʫʯʘʝ ʩʝʤʠʢʘʨʙʘʟʠʜʥʦʛʦ 

ʟʘʤʝʩʪʠʪʝʣʷ ʢʘʪʠʦʥ ʥʘʠʤʝʥʝʝ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʝʦʙʣʘʜʘʥʠʝ ʆɸʕ, 

ʚʳʟʚʘʥʥʦʛʦ ʩʥʠʞʝʥʠʝʤ ʵʥʝʨʛʠʠ ʥʝʧʦʜʝʣʸʥʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʘʨʳ ʘʟʦʪʘ ʧʨʠ 

ʢʘʨʙʦʢʘʪʠʦʥʝ ʠʟ-ʟʘ ɻʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʠ ʩʦʩʝʜʥʝʛʦ ʩ ʥʠʤ ʘʪʦʤʘ ʘʟʦʪʘ; ʧʨʠ ʵʪʦʤ 

ʧʨʷʤʦʡ Ŭ-ɻ ʬʬʝʢʪ (ʧʦʚʳʰʝʥʠʝ ʵʥʝʨʛʠʠ ʜʘʥʥʦʡ ʥʝʧʦʜʝʣʸʥʥʦʡ ʧʘʨʳ ʟʘ ʩʯʸʪ ʩʤʝʰʝʥʠʷ 

ʩ ʧʘʨʦʡ ʩʦʩʝʜʥʝʛʦ ʘʪʦʤʘ ʘʟʦʪʘ) ʥʝ ʨʝʘʣʠʟʫʝʪʩʷ, ʚʝʨʦʷʪʥʦ, ʠʟ-ʟʘ ʚʦʚʣʝʯʝʥʠ ̫

ʥʝʧʦʜʝʣʸʥʥʦʡ ʧʘʨʳ ʩʦʩʝʜʥʝʛʦ ʘʪʦʤʘ ʘʟʦʪʘ ʚʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ὲ ᴼ“ẘ  ʩ 

ʢʘʨʙʦʥʠʣʴʥʦʡ ʛʨʫʧʧʦʡ. ʅʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʫʶ ʚʝʣʠʯʠʥʫ ʆɸʕ (~8 ʢʢʘʣ/ʤʦʣʴ 

ʦʪʥʦʩʠʪʝʣʴʥʦ NH2-ʛʨʫʧʧʳ), ʩʭʦʞʝʡ ʩ ʵʬʬʝʢʪʦʤ ʚ ʇʂʂ (6ï15 ʢʢʘʣ/ʤʦʣʴ), 

ʩʝʤʠʢʘʨʙʘʟʠʜ ʚʩʸ ʞʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʭʦʨʦʰʫʶ ʩʪʘʙʠʣʠʟʘʮʠʶ ʢʘʪʠʦʥʘ ï ʣʫʯʰʫʶ, ʯʝʤ 

ʛʠʜʨʦʢʩʠʣʴʥʘʷ ʛʨʫʧʧʘ. ɺ ʩʣʫʯʘʝ ʛʠʜʨʘʟʠʥʦʚʦʡ ʛʨʫʧʧʳ ὔὌὔὌ, ʢʦʪʦʨʘʷ ʥʝ 

ʩʦʜʝʨʞʠʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ -́ʘʢʮʝʧʪʦʨʘ, ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʧʨʝʦʙʣʘʜʘʥʠʝ 

(ʧʨʷʤʦʛʦ) Ŭ-ɻ ʬʬʝʢʪʘ: ʩʪʘʙʠʣʠʟʘʮʠʷ ʧʨʠʤʝʨʥʦ ʥʘ 1 ʢʢʘʣ/ʤʦʣʴ ʚʳʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʘʤʠʥʦʛʨʫʧʧʦʡ ὔὌ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʘʥʥʦʡ ʨʝʘʢʮʠʠ ʧʦʟʚʦʣʠʣʦ ʫʛʣʫʙʠʪʴ ʧʦʥʠʤʘʥʠʝ 

ʚʦʟʤʦʞʥʳʭ ʧʨʦʷʚʣʝʥʠʡ ʆɸʕ ʚ ʧʨʦʮʝʩʩʘʭ ʩʙʦʨʢʠ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ. ʈʝʘʢʮʠʷ ʩ 

ʩʝʤʠʢʘʨʙʘʟʠʜʦʤ ʷʚʣʷʝʪʩʷ ʝʱʝ ʦʜʥʠʤ ʧʨʠʤʝʨʦʤ ʢʠʥʝʪʠʯʝʩʢʦʡ ʙʣʦʢʠʨʦʚʢʠ ʩʙʦʨʢʠ 

ʢʘʨʢʘʩʦʚ ʩ ʟʘʤʝʱʝʥʠʝʤ ʪʨʝʪʴʝʛʦ ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ ʢʝʪʦʥʘ ʥʘ ʥʫʢʣʝʦʬʠʣ ʟʘ ʩʯʸʪ 

ʜʝʩʪʘʙʠʣʠʟʘʮʠʠ ʇʂʂ. ʆʜʥʘʢʦ, ʪʘʢʞʝ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʘʟʘʢʘʨʙʝʥʠʝʚʳʭ 

ʠʦʥʦʚ ʆɸʕ ʭʦʪʴ ʠ ʜʦʩʪʠʛʘʝʪ ʧʦʨʷʜʢʘ 8 ʢʢʘʣ/ʤʦʣʴ (ʩʭʦʞʝ ʩ ʤʘʛʥʠʪʫʜʦʡ ʜʘʥʥʦʛʦ 

ʵʬʬʝʢʪʘ ʚ ʇʂʂ), ʥʦ ʥʝ ʩʦʟʜʘʸʪ ʢʠʥʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ ʙʣʘʛʦʜʘʨʷ ʩʠʣʴʥʦʡ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʢʘʨʙʦʢʘʪʠʦʥʘ ʟʘ ʩʯʸʪ -́ʜʦʥʦʨʥʳʭ ʩʚʦʡʩʪʚ ʘʪʦʤʘ ʘʟʦʪʘ. 

ʆʧʠʩʘʥʥʳʝ ʚ ʜʘʥʥʦʤ ʧʦʜʨʘʟʜʝʣʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ The 
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ʈʠʩʫʥʦʢ 36. ʈʷʜ ʠʟʦʜʝʩʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʧʦʩʦʙʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʢʘʨʙʦʢʘʪʠʦʥʦʚ. 

 

2.4. ɼʨʫʛʠʝ ʧʨʦʷʚʣʝʥʠʷ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʭ ʵʬʬʝʢʪʦʚ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʨʝʘʢʮʠʠ ŭ-ʜʠʢʝʪʦʥʦʚ, ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ ʠ ʘʤʤʠʘʢʘ. 

ɺ ʧʦʜʨʘʟʜʝʣʘʭ 2.1 ʠ 2.2 ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʠ ὲ ᴼ„ᶻ  (ʛʜʝ ὢ 

ʠ ὣ ï ʛʝʪʝʨʦʘʪʦʤʳ) ʷʚʣʷʶʪʩʷ ʢʣʶʯʝʚʳʤ ʦʨʙʠʪʘʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, 

ʦʧʨʝʜʝʣʷʶʱʠʤ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʩʪʴ ʩʙʦʨʢʠ ʨʘʟʣʠʯʥʳʭ ʢʘʨʢʘʩʦʚ. ʆʜʥʘʢʦ ʩʠʣʴʥʘʷ 

ʜʝʣʦʢʘʣʠʟʘʮʠʷ ʥʝʧʦʜʝʣʸʥʥʳʭ ʧʘʨ ʛʝʪʝʨʦʘʪʦʤʦʚ, ʢʘʢ ʩʣʝʜʫʝʪ ʦʞʠʜʘʪʴ, ʙʫʜʝʪ 

ʧʨʦʷʚʣʷʪʴʩʷ ʥʝ ʪʦʣʴʢʦ ʚ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʵʥʝʨʛʠʷʭ ʢʘʨʢʘʩʥʳʭ ʧʝʨʦʢʩʠʜʦʚ, ʥʦ ʠ ʚ 

ʜʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ï ʚ ʠʭ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʠ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ. 

ɺ 2020 ʛʦʜʫ ʥʘʰʠʤʠ ʢʦʣʣʝʛʘʤʠ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʘʟʘʦʟʦʥʠʜʦʚ D1 ʠ 

D2 ʠʟ ŭ-ʜʠʢʝʪʦʥʦʚ DS, H2O2 ʠ NH3 ʚ ʩʨʝʜʝ ʤʝʪʘʥʦʣʘ (ʈʠʩʫʥʦʢ 37). ʀʤʠ ʙʳʣ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥ ʨʷʜ ʠʥʪʝʨʝʩʥʳʭ ʩʚʦʡʩʪʚ ʘʪʦʤʘ ʘʟʦʪʘ ʚ D1 ʠ D2. ɺʦ-

ʧʝʨʚʳʭ, ʟʘʬʠʢʩʠʨʦʚʘʥʘ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʥʠʟʢʘʷ ʨʝʘʢʮʠʦʥʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ NH-ʛʨʫʧʧʳ 

ʢʘʢ ʥʫʢʣʝʦʬʠʣʘ ʚ ʨʝʘʢʮʠʷʭ ʥʫʢʣʝʦʬʠʣʴʥʦʛʦ ʟʘʤʝʱʝʥʠʷ. ɺʦ-ʚʪʦʨʳʭ, ʟʥʘʯʝʥʠʷ 

ʭʠʤʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ ʚ ʩʧʝʢʪʨʘʭ ĭN ʗʄʈ ʜʣʷ ʘʪʦʤʦʚ ʘʟʦʪʘ ʚ D1 ʠ D2 (109ï113 ʤ.ʜ.) 

ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʪʠʧʠʯʥʳʭ ʜʣʷ ʘʤʠʥʦʚ (49.6 ʠ 39.1 ʤ.ʜ. ʜʣʷ Et2NH ʠ 
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ʧʠʧʝʨʠʜʠʥʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʠ, ʥʘʧʨʦʪʠʚ, ʦʢʘʟʳʚʘʶʪʩʷ ʙʣʠʟʢʠ ʢ ʜʠʘʧʘʟʦʥʫ, 

ʭʘʨʘʢʪʝʨʥʦʤʫ ʜʣʷ ʘʤʠʜʦʚ (106.4ï108.4 ʠ 102.2ï104.2 ʤ.ʜ. ʜʣʷ N-ʤʝʪʠʣʬʦʨʤʘʤʠʜʘ ʠ 

N-ʤʝʪʠʣʘʮʝʪʘʤʠʜʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʘʨʘʜʦʢʩʘʣʴʥʦ, ʘʪʦʤ ʘʟʦʪʘ ʚ 

ʘʟʘʦʟʦʥʠʜʘʭ ʠʤʝʝʪ ʭʘʨʘʢʪʝʨ, ʙʣʠʟʢʠʡ ʢ ʘʤʠʜʥʦʤʫ. 

ʂʨʦʤʝ ʵʪʦʛʦ, ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʗʄʈ (ʜʣʷ ʩʣʫʯʘʷ R = p-ClBn, E = CO2Et), 

ʩʦʦʪʥʦʰʝʥʠʝ D1:D2 ʤʝʥʷʝʪʩʷ ʚ ʭʦʜʝ ʨʝʘʢʮʠʠ: ʩʠʛʥʘʣʳ ʦʙʦʠʭ ʩʦʝʜʠʥʝʥʠʡ 

ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʫʞʝ ʯʝʨʝʟ 5 ʤʠʥʫʪ, ʧʨʠʯʤy ʩʥʘʯʘʣʘ ʧʨʝʦʙʣʘʜʘʝʪ ʜʠʘʩʪʝʨʝʦʤʝʨ D2 

(ʩʦʦʪʥʦʰʝʥʠʝ ~30:70). ɺ ʜʘʣʴʥʝʡʰʝʤ ʵʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʧʦʩʪʝʧʝʥʥʦ ʩʜʚʠʛʘʝʪʩʷ ʚ 

ʧʦʣʴʟʫ D1 ʠ ʩʧʫʩʪʷ 36 ʯʘʩʦʚ ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʷ D1:D2 = 92:8. 

 

 

  

ʈʠʩʫʥʦʢ 37. ʉʭʝʤʘ ʨʝʘʢʮʠʠ ʧʦʣʫʯʝʥʠʷ ʘʟʘʦʟʦʥʠʜʦʚ D1 ʠ D2 ʠʟ ŭ-ʜʠʢʝʪʦʥʦʚ DS. 

 

ɺ ʨʘʤʢʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʤʠ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʢʚʘʥʪʦʚʦ-

ʭʠʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʪʦʡ ʨʝʘʢʮʠʠ ʩ ʮʝʣʴʶ ʦʙʲʷʩʥʝʥʠʷ ʘʤʠʜʥʦʛʦ ʭʘʨʘʢʪʝʨʘ 

ʘʪʦʤʘ ʘʟʦʪʘ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʠʯʠʥ ʥʘʙʣʶʜʘʝʤʦʡ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ. 

 

2.4.1. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʥʘ ʫʨʦʚʥʝ ʪʝʦʨʠʠ PBE0-D3BJ [19,20] / 6-311++G(d,p) 

[21,22,193,194] / SMD(MeOH) [23] ʚ Gaussian16 A.03 [18]. ɼʣʷ ʚʩʝʭ ʨʘʩʯʸʪʦʚ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʧʨʠʤʝʥʷʣʘʩʴ ʢʚʘʟʠʛʘʨʤʦʥʠʯʝʩʢʘʷ ʧʦʧʨʘʚʢʘ, ʨʘʩʩʯʠʪʳʚʘʝʤʘʷ ʚ 

ʙʠʙʣʠʦʪʝʢʝ GoodVibes [25]. ɺʩʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʦʧʨʘʚʢʠ ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ 

ʪʝʤʧʝʨʘʪʫʨʳ 0 ÁC. ɼʣʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʠʩʢʘ ʤʦʣʝʢʫʣ ʠ ʇʉ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʧʦʜʭʦʜ, ʦʧʠʩʘʥʥʳʡ ʚ ʧʦʜʨʘʟʜʝʣʝ 2.1. ɼʣ ̫ʧʨʝʜʩʢʘʟʘʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ ʗʄʈ 15N 
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ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ GIAO (Gauge-Including Atomic Orbitals, ʢʘʣʠʙʨʦʚʦʯʥʦ-

ʠʥʚʘʨʠʘʥʪʥʳʭ ʘʪʦʤʥʳʭ ʦʨʙʠʪʘʣʝʡ) [195]. 

ɸʥʘʣʦʛʠʯʥʦ ʤʝʪʦʜʠʢʝ, ʦʧʠʩʘʥʥʦʡ ʚ ʧʦʜʨʘʟʜʝʣʝ 2.2, ʪʨʘʥʩʣʷʮʠʦʥʥʘʷ ʵʥʪʨʦʧʠʷ 

NH4+, NH3, H2O ʠ MeOH ʨʘʩʩʯʠʪʘʥʘ ʩ ʫʯʸʪʦʤ ʠʭ ʨʘʚʥʦʚʝʩʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʥʘ 

ʦʩʥʦʚʝ ʩʣʝʜʫʶʱʝʛʦ ʨʘʚʥʦʚʝʩʠʷ: 

 

ὔὌ ὕὌ ᴾὌὕ ὔὌ  

Ὄὕ ὓὩὕ ᴾὓὩὕὌὕὌ  

Ὄὕ ὔὌ ᴾὔὌ Ὄὕ 

ὅ ὓὩὕὌ ςτȢχ ὓȟ ὅ ὔὌ πȢχ ὓȟ

ὅ Ὄὕ ρȢφ ὓ 

(12) 

ʅʘʯʘʣʴʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʮʝʥʝʥʳ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʤʝʪʦʜʠʢʠ ʧʨʦʚʝʜʝʥʠʷ 

ʨʝʘʢʮʠʠ [174]. ʈʘʚʥʦʚʝʩʠʝ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ: 

 

ὓὩὕὌ ςτȢφω ὓȟ ὓὩὕ πȢπρ ὓ 

Ὄὕ ρȢφ ὓȟ ὕὌ ςȢφẗρπ ὓ 

Ὄὕ χȢυẗρπ  ὓ 

ὔὌ πȢφω ὓȟ ὔὌ πȢπρ ὓ 

(13) 

 

ʕʪʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʨʘʩʯʪyʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʧʦʧʨʘʚʦʢ ʢ ʵʥʝʨʛʠʷʤ NH3, H2O ʠ MeOH, ʘ ʪʘʢʞʝ ʜʣʷ ʦʮʝʥʢʠ ʵʥʝʨʛʠʡ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ 

ʠʥʪʝʨʤʝʜʠʘʪʦʚ. ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ NH4+ ʷʚʣʷʝʪʩʷ ʥʘʠʣʫʯʰʠʤ ʠʩʪʦʯʥʠʢʦʤ 

ʧʨʦʪʦʥʦʚ ʚ ʩʠʩʪʝʤʝ, ʧʦʵʪʦʤʫ ʨʘʟʥʠʮʘ ʵʥʝʨʛʠʡ ὋὔὌ ὋὔὌ  ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʵʥʝʨʛʠʡ ʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʭ ʠʥʪʝʨʤʝʜʠʘʪʦʚ. 

 

2.4.2. ʈʝʟʫʣʴʪʘʪʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʉʥʘʯʘʣʘ ʜʣʷ ʦʮʝʥʢʠ ʜʦʩʪʠʞʝʥʠʷ ʨʝʘʢʮʠʝʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ 

ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ɝὋ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ D2ŸD1, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʩ ʧʦʤʦʱʴʶ 

ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʨʘʚʥʦʚʝʩʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ D1:D2 (ʈʠʩʫʥʦʢ 

38). ʈʘʩʯʸʪʥʳʝ ʩʦʦʪʥʦʰʝʥʠ ̫ʦʪʣʠʯʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ 

ʜʣʷ ʦʙʦʠʭ ʠʩʭʦʜʥʳʭ ʜʠʢʝʪʦʥʦʚ. ʀʟ ʵʪʦʛʦ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ, ʯʪʦ ʜʚʠʞʫʱʝʡ ʩʠʣʦʡ 
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ʥʘʙʣʶʜʘʚʰʝʡʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ D2ŸD1 ̫ ʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʤʝʞʜʫ ʜʠʘʩʪʝʨʝʦʤʝʨʘʤʠ ʘʟʘʦʟʦʥʠʜʦʚ. 

 

 

ʈʠʩʫʥʦʢ 38. ʉʭʝʤʘ ʨʝʘʢʮʠʠ ʧʦʣʫʯʝʥʠʷ ʜʠʘʩʪʝʨʝʦʤʝʨʥʳʭ ʘʟʘʦʟʦʥʠʜʦʚ D1 ʠ D2 ʠʟ ŭ-

ʜʠʢʝʪʦʥʦʚ DS. ʊʘʙʣʠʮʘ ʨʘʩʯʪyʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ 

ʜʠʘʩʪʝʨʝʦʤʝʨʦʚ D1:D2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʧʦʣʫʯʝʥʳ 

ʯʝʨʝʟ 3.5 ʯ (R = Me) ʠ 36 ʯ (R = p-ClBn) ʧʦʩʣʝ ʥʘʯʘʣʘ ʨʝʘʢʮʠʠ. 

 

ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʪʦʛʦ, ʧʦʯʝʤʫ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʨʝʘʢʮʠʠ ʦʙʨʘʟʫʝʪʩʷ ʤʝʥʝʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʚʳʛʦʜʥʳʡ ʧʨʦʜʫʢʪ D2, ʧʨʝʜʣʦʞʝʥ ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʜʣʷ 

ʩʫʙʩʪʨʘʪʘ DSa ʩ ʟʘʤʝʩʪʠʪʝʣʷʤʠ R = Me ʠ E = CO2Me ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʚʦʩʴʤʠ ʚʦʟʤʦʞʥʳʭ ʧʫʪʝʡ (ʩʤ. ʇʨʠʣʦʞʝʥʠʝ 2). ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ 

(ʈʠʩʫʥʦʢ 39), ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ ʧʨʝʚʨʘʱʝʥʠʡ DSa Ÿ D1a ʠ DSa Ÿ D2a ʠʤʝʶʪ 

ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʫʶ ʚʳʩʦʪʫ, ʪʦʛʜʘ ʢʘʢ ʙʘʨʴʝʨ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ D2a Ÿ D1a ʚʳʰʝ 

ʥʘ 11.2 ʢʢʘʣ/ʤʦʣʴ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʤʝʥʝʝ ʚʳʛʦʜʥʳʡ D2a 

ʚʳʩʪʫʧʘʝʪ ʚ ʨʦʣʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʣʦʚʫʰʢʠ: ʨʘʩʩʯʠʪʘʥʥʳʡ ʙʘʨʴʝʨ ʝʛʦ ʩʙʦʨʢʠ (8.7 

ʢʢʘʣ/ʤʦʣʴ) ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ ʙʘʨʴʝʨʘ ʝʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʙʦʣʝʝ 

ʚʳʛʦʜʥʳʡ ʠʟʦʤʝʨ D1a (22 ʢʢʘʣ/ʤʦʣʴ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʪʘʥʦʚʣʝʥʠʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʜʣʝʥʥʝʝ, ʯʝʤ ʩʙʦʨʢʘ ʠʟ 

DSa, ʯʪʦ ʠ ʦʙʲʷʩʥʷʝʪ ʥʘʙʣʶʜʘʝʤʫʶ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʫ. 
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ʈʠʩʫʥʦʢ 39. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʭʘʥʠʟʤʘ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ D2a Ÿ D1a ʚ 

ʭʦʜʝ ʨʝʘʢʮʠʠ ŭ-ʜʠʢʝʪʦʥʘ DSa ʩ ʧʝʨʦʢʩʠʜʦʤ ʚʦʜʦʨʦʜʘ ʠ ʘʤʤʠʘʢʦʤ. 

 

2.4.3. ɸʥʘʣʠʟ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ɼʨʫʛʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʨʝʘʢʮʠʠ ʷʚʣʷʝʪʩʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʘʟʘʦʟʦʥʠʜʦʚ 

ʠ ʦʪʩʫʪʩʪʚʠʝ ʦʟʦʥʠʜʦʚ. ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʧʨʠʨʦʜʳ ʵʪʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʤʳ 

ʨʘʩʩʯʠʪʘʣʠ ʪʝʨʤʦʜʠʥʘʤʠʢʫ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ ʦʟʦʥʠʜʘ D11b ʚ ʘʟʘʦʟʦʥʠʜ D1b 

(ʈʠʩʫʥʦʢ 40ɸ). ʆʪʨʠʮʘʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ɝὋ  ï11 ʢʢʘʣ/ʤʦʣʴ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ 

ʘʟʘʦʟʦʥʠʜʳ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳ, ʯʝʤ ʦʟʦʥʠʜʳ, ʯʪʦ ʢʘʢ 

ʤʠʥʠʤʫʤ ʦʪʯʘʩʪʠ ʦʙʫʩʣʦʚʣʝʥʦ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʩʪʴʶ ʟʘʤʝʥʳ ʧʘʨ ʩʚʷʟʝʡ CïN / OïH 

ʥʘ CïO / NïH (ʧʦʜʨʘʟʜʝʣ 2.2.3, ʈʠʩʫʥʦʢ 33). ɼʣʷ ʦʪʜʝʣʝʥʠʷ ʚʢʣʘʜʘ ʵʥʝʨʛʠʠ ʩʚʷʟʝʡ ʦʪ 
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ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʥʘʤʠ ʙʳʣ ʧʨʦʚʝʜʸʥ ʨʘʩʯʪy 

ʠʟʦʜʝʩʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ (ʈʠʩʫʥʦʢ 40ɹ). ʇʦʣʫʯʝʥʥʦʝ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ  

ɝὋ = ï5 ʢʢʘʣ/ʤʦʣʴ ʛʦʚʦʨʠʪ ʦ ʟʥʘʯʠʪʝʣʴʥʦʡ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʩʪʠ ʤʦʩʪʠʢʘ ὔὌ

 ʚ ʢʘʯʝʩʪʚʝ ʩʦʩʝʜʘ ʧʝʨʦʢʩʠʜʥʦʡ ʛʨʫʧʧʳ ʜʘʞʝ ʧʨʠ ʠʩʢʣʶʯʝʥʠʠ ʚʢʣʘʜʘ ʵʥʝʨʛʠʡ ʩʚʷʟʝʡ. 

ɸʥʘʣʦʛʠʯʥʦ ʨʘʩʩʫʞʜʝʥʠʶ ʚ ʧʦʜʨʘʟʜʝʣʝ 2.2.3, ɻ ʥʝʨʛʠ ʁ ʟʘʤʝʱʝʥʠʷ 

(ï11.4 ʢʢʘʣ/ʤʦʣʴ) ʤʦʞʥʦ ʧʨʠʙʣʠʞʝʥʥʦ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʠʟ ʦʮʝʥʢʠ ʨʘʟʥʠʮʳ 

ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠ ʚʢʣʘʜʘ ʵʥʝʨʛʠʡ ʩʚʷʟʝʡ (ï5.0 ï 3.6 ẗ 2 = ï12.2 

ʢʢʘʣ/ʤʦʣʴ). ʕʪʦ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʧʨʝʜʧʦʯʪʝʥʠʝ ʘʟʘʦʟʦʥʠʜʦʚ 

ʦʙʫʩʣʦʚʣʝʥʦ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʚʳʛʦʜʦʡ ʦʙʨʘʟʦʚʘʥʠʷ ʩʚʷʟʝʡ CïN ʠ 

ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʤ ʵʬʬʝʢʪʦʤ ʦʪ ʩʦʩʝʜʩʪʚʘ ʤʦʩʪʠʢʘ ïN(H)ï ʩ ʧʝʨʦʢʩʠʜʥʦʡ ʛʨʫʧʧʦʡ. 

 

 

ʈʠʩʫʥʦʢ 40. ʀʣʣʶʩʪʨʘʮʠʷ ʧʦʚʳʰʝʥʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʘʟʘʦʟʦʥʠʜʦʚ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʦʟʦʥʠʜʘʤʠ. (ɸ) ï ʨʝʘʢʮʠʷ ʛʠʧʦʪʝʪʠʯʝʩʢʦʡ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ, (ɹ) ï ʠʟʦʜʝʩʤʠʯʝʩʢʘʷ 

ʨʝʘʢʮʠʷ ʟʘʤʝʥʳ ʢʠʩʣʦʨʦʜʥʦʛʦ ʤʦʩʪʠʢʘ ʥʘ ʤʦʩʪʠʢ ïN(H)ï. 

 

ɸʥʘʣʠʟ ʦʨʙʠʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʘʟʘʦʟʦʥʠʜʘʭ ʤʝʪʦʜʦʤ NBO ʧʦʢʘʟʳʚʘʝʪ 

ʥʘʣʠʯʠʝ ʜʚʫʭ ʩʠʣʴʥʳʭ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʡ ὲ ᴼ„ᶻ  ʩ ʵʥʝʨʛʠʝʡ ~12 ʢʢʘʣ/ʤʦʣʴ 

ʢʘʞʜʘʷ (ʈʠʩʫʥʦʢ 41ɸ,ɹ). ʇʨʠʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ ʵʪʠ ʩʪʝʨʝʦʵʣʝʢʪʨʦʥʥʳʝ ʵʬʬʝʢʪʳ 

ʦʪʯyʪʣʠʚʦ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʨʝʜʧʦʯʪʝʥʠʷʭ: ʠʟ ʜʚʫʭ ʚʦʟʤʦʞʥʳʭ 

ʦʨʠʝʥʪʘʮʠʡ ʩʚʷʟʠ NïH ʨʝʘʣʠʟʫʝʪʩʷ ʪʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʥʝʧʦʜʝʣʸʥʥʘʷ ʧʘʨʘ ʘʟʦʪʘ 

ʥʘʭʦʜʠʪʩʷ ʚ ʦʜʥʦʡ ʧʣʦʩʢʦʩʪʠ ʩ ʜʚʫʤʷ ʦʨʙʠʪʘʣʷʤʠ „ᶻ  ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʠ. ʕʪʦʪ ʢʦʥʬʦʨʤʝʨ, D1a, ʦʢʘʟʳʚʘʝʪʩʷ ʥʘ 4.7 ʢʢʘʣ/ʤʦʣʴ ʚʳʛʦʜʥʝʝ 

ʢʦʥʬʦʨʤʝʨʘ D1a', ʥʝʩʤʦʪʨʷ ʥʘ ʥʘʣʠʯʠʝ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʦʡ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ 
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ʤʝʞʜʫ NH ʠ ʩʣʦʞʥʦʵʬʠʨʥʦʡ ʛʨʫʧʧʦʡ ʚ ʧʦʩʣʝʜʥʝʡ (ʈʠʩʫʥʦʢ 41ɸ). ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ 

ʪʘʢʞʝ ʦʙʲʷʩʥʷʝʪ ʜʘʥʥʳʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ6 ʘʟʘʦʟʦʥʠʜʘ D1b, ʩʦʛʣʘʩʥʦ 

ʢʦʪʦʨʳʤ ʩʚʷʟʴ NïH ʥʘʧʨʘʚʣʝʥʘ ʘʢʩʠʘʣʴʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʷʪʠʯʣʝʥʥʦʛʦ ʮʠʢʣʘ 

(ʈʠʩʫʥʦʢ 41ɹ). 

 

ʈʠʩʫʥʦʢ 41. (A) ï ɺʣʠʷʥʠʝ ʛʠʧʝʨʢʦʥʲʶʛʘʮʠʡ ὲ ᴼ„ᶻ  ʥʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ 

ʧʨʝʜʧʦʯʪʝʥʠʷ ʘʟʘʦʟʦʥʠʜʦʚ ʥʘ ʧʨʠʤʝʨʝ D1a. (ɹ) ï ʉʦʧʦʩʪʘʚʣʝʥʠʝ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʢʦʥʬʦʨʤʝʨʘ D1b, ʧʦʩʪʨʦʝʥʥʦʛʦ ʤʝʪʦʜʦʤ RMMC ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʡ ʦʧʪʠʤʠʟʘʮʠʝʡ, ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʢʦʥʬʦʨʤʘʮʠʝʡ ʠʟ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ (ʈʉɸ) ʤʦʥʦʢʨʠʩʪʘʣʣʘ. (ɺ) ï 

ʇʨʠʨʦʜʘ ʘʤʠʜʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʘʪʦʤʘ ʘʟʦʪʘ ʚ ʘʟʘʦʟʦʥʠʜʘʭ. 

 

6 ʇʦʣʦʞʝʥʠʝ ʵʪʦʛʦ ʘʪʦʤʘ ʚʦʜʦʨʦʜʘ ʦʧʨʝʜʝʣʝʥʦ ʧʦ ʨʘʟʥʦʩʪʥʦʡ ʢʘʨʪʝ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ; ʫʪʦʯʥʝʥʠʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʥʜʠʚʠʜʫʘʣʴʥʳʤ ʠʟʦʪʨʦʧʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʩʤʝʱʝʥʠʷ. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʳ 

ʚ ʀʥʩʪʠʪʫʪʝ ɻʣʝʤʝʥʪʦʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠʤ. ɸ. ʅ. ʅʝʩʤʝʷʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ ʩ ʧʦʤʦʱʴʶ 

ʜʠʬʨʘʢʪʦʤʝʪʨʘ Bruker APEX II. 






































































































