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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ 

ʅʘ ʧʨʦʪʷʞʝʥʠʠ ʧʦʩʣʝʜʥʠʭ ʩʦʨʦʢʘ ʣʝʪ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʩʪʫɦ ʠʡ ʠʥʪʝʨʝʩ ʢ 

ʤʦʣʝʢʫʣʷʨʥʳʤ ʤʘʪʝʨʠʘʣʘʤ, ʦʙʣʘʜʘʶʱʠʤ ʥʘʙʦʨʦʤ ʩʚʦʡʩʪʚ, ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʭ 

ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ɺʦ ʤʥʦʛʦʤ ʵʪʦʪ ʠʥʪʝʨʝʩ ʦʙʫʩʣʦʚʣʝʥ 

ʤʠʥʠʘʪʶʨʠʟʘʮʠʝʡ ʠʩʧʦʣʴʟʫʝʤʳʭ ʫʩʪʨʦʡʩʪʚ, ʧʨʠʙʦʨʦʚ ʠ ʩʪʨʝʤʣʝʥʠʝʤ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʨʘʟʤʝʨʦʚ ʠʭ ʢʦʤʧʦʥʝʥʪ. [1ï3] ɼʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʪʝʥʜʝʥʮʠʷ ʢ 

ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʘʢʪʠʚʥʦ ʧʨʦʷʚʣʷʣʘʩʴ ʚ ʢʨʝʤʥʠʝʚʳʭ ʪʝʭʥʦʣʦʛʠʷʭ, ʩʪʠʤʫʣʠʨʫʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʷʭ ʬʠʟʠʢʠ ʠ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ʘ ʪʘʢʞʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʘʟʨʘʙʦʪʢʠ ʥʘ ʚʩʝ ʤʝʥʴʰʠʭ ʤʘʩʰʪʘʙʘʭ. [4] ʆʜʥʘʢʦ, ʢʘʢ 

ʠʟʚʝʩʪʥʦ, ʢʨʝʤʥʠʝʚʳʝ ʪʝʭʥʦʣʦʛʠʠ ʧʨʠʙʣʠʞʘʶʪʩʷ ʢ ʩʚʦʝʤʫ ʬʠʟʠʯʝʩʢʦʤʫ 

ʧʨʝʜʝʣʫ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ, ʢʦʛʜʘ ʜʘʣʴʥʝʡʰʝʝ ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʦʚ ʩʪʘʥʦʚʠʪʩʷ 

ʫʞʝ ʥʝʚʦʟʤʦʞʥʳʤ. [4] ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʝʨʝʡʪʠ ʥʘ ʥʦʚʳʡ ʫʨʦʚʝʥʴ ï ʫʨʦʚʝʥʴ 

ʨʘʙʦʪ rʥʘ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʩʰʪʘʙʘʭ ï ʥʝʦʙʭʦʜʠʤ ʧʦʠʩʢ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʭr 

ʤʘʪʝʨʠʘʣʦʚ.  ʇʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʪʘʢʠʝ ʤʘʪʝʨʠʘʣʳ ʤʦʛʣʠ ʚʳʧʦʣʥʷʪʴ 

ʪʨʘʜʠʮʠʦʥʥʳʝ ʬʫʥʢʮʠʠ ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʚʳʩʪʫʧʘʪʴ ʢʘʢ ʭʨʘʥʠʪʝʣʠ ʠʥʬʦʨʤʘʮʠʠ, 

ʧʝʨʝʢʣʶʯʘʪʝʣʠ, ʪʨʘʥʟʠʩʪʦʨʳ ʠ ʪ.ʜ.[5 ï 10] 

ɺ ʢʘʯʝʩʪʚʝ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʢʘʥʜʠʜʘʪʦʚ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʤʥʦʛʠʝ 

ʦʨʛʘʥʠʯʝʩʢʠʝ, ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ. ʇʨʠ ʵʪʦʤ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʦʩʦʙʝʥʥʦ ʠʥʪʝʨʝʩʥʳ, ʧʦʩʢʦʣʴʢʫ ʰʠʨʦʢʠʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʚʘʨʴʠʨʦʚʘʥʠʷ ʢʦʦʨʜʠʥʠʨʫʶʱʠʭ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʠ ʣʠʛʘʥʜʦʚ 

ʧʦʟʚʦʣʷʶʪ ʨʝʛʫʣʠʨʦʚʘʪʴ ʢʦʥʝʯʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʠʭ ʢʦʤʙʠʥʘʮʠʠ.  ɺ 

ʯʘʩʪʥʦʩʪʠ, ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʢʨʘʡʥʝ ʧʦʧʫʣʷʨʥʳ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ (ʚ 

ʟʘʨʫʙʝʞʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʦ ʦʙʦʟʥʘʯʝʥʠʝ SCO = spin-crossover) ʥʘ 

ʦʩʥʦʚʝ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʩ d
n
 ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ (n=4-7) ʠ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʣʠʛʘʥʜʦʚ. [11 ï 15]  

ʀʟʤʝʥʝʥʠʝ ʩʧʠʥʦʚʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʤʦʞʝʪ 

ʙʳʪʴ ʠʥʜʫʮʠʨʦʚʘʥʦ ʨʘʟʥʦʦʙʨʘʟʥʳʤʠ ʚʥʝʰʥʠʤʠ ʚʦʟʜʝʡʩʪʚʠʷʤʠ: ʠʟʤʝʥʝʥʠʝʤ 



6 

 

ʪʝʤʧʝʨʘʪʫʨʳ, ʚʦʟʜʝʡʩʪʚʠʝʤ ʩʚʝʪʘ, ʧʨʠʤʝʥʝʥʠʝʤ ʜʘʚʣʝʥʠʷ, ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ 

ʪ.ʜ. [16 ï 21]   ʌʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʧʨʠ ʤʥʦʛʦʢʨʘʪʥʳʭ ʧʦʚʪʦʨʝʥʠʷʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʮʠʢʣʦʚ, ʢʦʨʦʪʢʠʝ ʚʨʝʤʝʥʘ 

ʨʝʘʛʠʨʦʚʘʥʠʷ, ʵʬʬʝʢʪ rʛʠʩʪʝʨʝʟʠʩʘ ʠ ʜʨʫʛʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩʦʟʜʘʶʪ ʰʠʨʦʢʠʡ ʧʨʦʩʪʦʨ ʜʣʷ ʠʭ ʧʦʪʝʥʮʠʘʣʴʥr ʭ ʧʨʠʤʝʥʝʥʠʡ, 

ʥʘʧʨʠʤʝʨ, ʚ ʤʦʣʝʢʫʣʷʨʥʦʡ ʵʣʝʢʪʨʦʥʠʢʝ, ʩʧʠʥʪʨʦʥʠʢʝ, ʜʣʷ ʭʨʘʥʝʥʠʷ 

ʠʥʬʦʨʤʘʮʠʠ, ʚ ʢʘʯʝʩʪʚʝ ʜʠʩʧʣʝʝʚ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ, ʠ ʪ.ʜ. 

ɺʚʠʜʫ ʚʳʩʦʢʦʡ ʘʢʪʫʘʣʴʥʦʩʪʠ ʠ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʩʪʦʷʥʥʦ ʚʝʜʝʪʩʷ ʧʦʠʩʢ ʥʦʚʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ ʩ 

ʥʝʦʙʳʯʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʊʘʢ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ ʙʳʣ ʦʪʢʨʳʪ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʡ ʢʣʘʩʩ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʤʝʜʠ(II) ʠ ʥʠʪʨʦʢʩʠʣʴʥʳʭ 

ʨʘʜʠʢʘʣʦʚ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʭ ʧʦʚʝʜʝʥʠʝ, ʩʭʦʜʥʦʝ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤ ʩʧʠʥʦʚʳʤ 

ʢʨʦʩʩʦʚʝʨʦʤ ʠ ʧʦʣʫʯʠʚʰʝʝ ʥʘʟʚʘʥʠʝ ʥʝʢʣʘʩʩʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ. 

[22 ï 28] ʉʨʝʜʠ ʥʠʭ ï ʩʝʤʝʡʩʪʚʦ ʧʦʣʠʤʝʨʥʦ-ʮʝʧʦʯʝʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

Cu(hfac)2L
R
 (hfac ï ʛʝʢʩʘʬʪʦʨʘʮʝʪʠʣʘʮʝʪʦʥʘʪ, L

R
 ï ʥʠʪʨʦʢʩʠʣʴʥʳʡ ʣʠʛʘʥʜ ʩ R 

ʟʘʤʝʩʪʠʪʝʣʝʤ), ʩʦʜʝʨʞʘʱʠʭ ʜʚʫʭ - ʠ ʪʨʝʭ-ʩʧʠʥʦʚʳʝ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʳʝ 

ʢʣʘʩʪʝʨʳ ʤʝʜʠ(II) ʠ ʥʠʪʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ. [28 ï 31]   

ʗʚʣʝʥʠʝ ʥʝʢʣʘʩʩʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʪʠʧʘ 

Cu(hfac)2L
R
 ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʩʚʝʪʘ, ʜʘʚʣʝʥʠʷ. [32 ï 

34]  ʂʨʦʤʝ ʪʦʛʦ, ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ Cu(hfac)2L
R
 ʯʨʝʟʚʳʯʘʡʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ 

ʠʟʤʝʥʝʥʠʷʤ ʚ ʩʪʨʫʢʪʫʨʝ ʣʠʛʘʥʜʘ, [32, 35] ʫʧʘʢʦʚʢʝ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ, [36, 37] 

ʚʢʣʶʯʝʥʠʶ ʨʘʩʪʚʦʨʠʪʝʣʷ ʚ ʤʝʞʮʝʧʦʯʝʯʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ, [38 ï 40] ʯʪʦ ʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʭʠʤʠʯʝʩʢʠʤ ʦʙʨʘʟʦʤ ʚʘʨʴʠʨʦʚʘʪʴ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ 

ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ. ʂʘʢ ʠ ʢʣʘʩʩʠʯʝʩʢʠʝ 

ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʢʦʤʧʣʝʢʩʳ Cu(hfac)2L
R
 ʧʨʠʚʣʝʢʘʪʝʣʴʥʳ ʜʣʷ 

ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʩʧʠʥʪʨʦʥʠʢʠ, ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʝʥʩʦʨʦʚ, 

ʚʳʩʦʢʦʧʣʦʪʥʦʛʦ ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ, ʩʚʝʨʭʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʜʘʪʯʠʢʦʚ 

ʜʘʚʣʝʥʠʷ ʠ ʪ.ʜ.   

ɼʣʷ ʩʦʟʜʘʥʠʷ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ 

ʥʝʦʙʭʦʜʠʤʦ ʜʝʪʘʣʴʥʦʝ ʧʦʥʠʤʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʠ ʤʝʭʘʥʠʟʤʦʚ, ʠʤʝʶʱʠʭ ʤʝʩʪʦ ʚ 
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ʵʪʦʤ ʢʣʘʩʩʝ ʩʦʝʜʠʥʝʥʠʡ, ʘ ʪʘʢʞʝ ʨʘʟʚʠʪʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ 

ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʠ ʢʦʥʪʨʦʣʷ ʩʚʦʡʩʪʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɺ ʦʪʣʠʯʠʝ ʦʪ 

ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ, ʥʝʢʣʘʩʩʠʯʝʩʢʠʡ ʩʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨ ʚ  

Cu(hfac)2L
R
 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʩʣʦʞʥʦʝ ʠ ʤʝʥʝʝ ʠʟʫʯʝʥʥʦʝ 

ʷʚʣʝʥʠʝ, ʧʦʥʠʤʘʥʠʝ ʢʦʪʦʨʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʨʘʟʚʠʪʠʷ ʵʪʦʡ ʦʙʣʘʩʪʠ. 

 

ʆʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʧʦʣʠʤʝʨʥʦ-ʮʝʧʦʯʝʯʥʳʝ 

ʢʦʤʧʣʝʢʩʳ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 (hfac ï ʛʝʢʩʘʬʪʦʨʘʮʝʪʠʣʘʮʝʪʦʥʘʪ, 

L
R
 ï ʥʠʪʨʦʢʩʠʣʴʥʳʡ ʣʠʛʘʥʜ ʩ ʟʘʤʝʩʪʠʪʝʣʝʤ R), ʩʦʜʝʨʞʘʱʠʭ ʜʚʫʭ - ʠʣʠ ʪʨʝʭ-

ʩʧʠʥʦʚʳʝ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʳʝ ʢʣʘʩʪʝʨʳ ʤʝʜʠ(II) ʩ ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ 

ʨʘʜʠʢʘʣʘʤʠ. ɼʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʤʘʛʥʠʪʥʦ-

ʩʪʨʫʢʪʫʨʥʳʝ ʘʥʦʤʘʣʠʠ, ʠʥʜʫʮʠʨʫʝʤʳʝ ʚʥʝʰʥʠʤʠ ʚʦʟʜʝʡʩʪʚʠʤ̫ʠ. 

 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʷ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʦʡ 

ʵʥʝʨʛʠʝʡ ʚʥʫʪʨʠʢʣʘʩʪʝʨʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʤʝʪʦʜ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʥʘʨʷʜʫ ʩ ʤʘʛʥʝʪʦʭʠʤʠʯʝʩʢʠʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʠ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʤ ʘʥʘʣʠʟʦʤ, ʤʦʞʝʪ ʙʳʪʴ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. [30 ï 32] ɺ ʥʘʩʪʦʷʱʝʡ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʕʇʈ ʚ ʜʚʫʭ ʯʘʩʪʦʪʥʳʭ 

ʜʠʘʧʘʟʦʥʘʭ ʙʳʣʠ ʠʟʫʯʝʥʳ ʧʨʝʜʩʪʘʚʠʪʝʣʠ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
, ʘ ʪʘʢʞʝ ʠʭ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʘʥʘʣʦʛʠ ʩ ʠʟʤʝʥʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʣʠʛʘʥʜʘ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʳ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠ ̫ ʩʨʝʜʥʝʛʦ 

ʜʠʘʧʘʟʦʥʘ. ɼʣʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠʚʣʝʢʘʣʘʩʴ 

ʦʧʪʠʯʝʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ. ɼʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʚ ʩʨʝʜʝ Matlab ʥʘ ʦʩʥʦʚʝ ʧʘʢʝʪʘ Easyspin. 
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ʎʝʣʠ ʠ ʟʘʜʘʯʠ  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʫʛʣʫʙʣʝʥʠʝ ʧʦʥʠʤʘʥʠʷ ʤʝʭʘʥʠʟʤʦʚ 

ʪʝʨʤʦ- ʠ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʭ ʘʥʦʤʘʣʠʡ ʚ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʘʭ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 ʤʝʪʦʜʦʤ ʕʇʈ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʤʝʪʦʜʠʢ (ʀʂ, ʦʧʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ) ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʪʦʧʦʣʦʛʠʠ ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ ʚ 

ʩʦʝʜʠʥʝʥʠʷʭ  Cu(hfac)2L
R
. 

2. ʀʟʫʯʝʥʠʝ ʤʝʞʢʣʘʩʪʝʨʥʳʭ (ʤʝʞʮʝʧʦʯʝʯʥʳʭ) ʦʙʤʝʥʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠ ʚʦʟʤʦʞʥʦʩʪʝʡ ʫʧʨʘʚʣʝʥʠʷ ʠʤʠ ʧʦʩʨʝʜʩʪʚʦʤ 

ʭʠʤʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʣʠʛʘʥʜʦʚ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
R
. 

3. ʋʩʪʘʥʦʚʣʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ ʨʝʣʘʢʩʘʮʠʠ ʚ 

ʩʦʝʜʠʥʝʥʠʷʭ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 ʩ ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-

ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʣʠʛʘʥʜʘʤʠ. 

4. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʬʦʪʦʛʝʥʝʨʘʮʠʠ ʪʝʨʤʠʯʝʩʢʠ-

ʥʝʜʦʩʪʠʞʠʤʦʛʦ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ Cu(hfac)2L
R
 ʠ 

ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ ʝʛʦ ʩʚʦʡʩʪʚ. 

5. ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʪʠʧʘ Cu(hfac)2L
R
. 

 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʘ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʪʦʧʦʣʦʛʠʷ 

ʤʝʞʢʣʘʩʪʝʨʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʩʝʤʝʡʩʪʚʝ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ 

Cu(hfac)2L
R
, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ 

ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʦʪ ʚʝʣʠʯʠʥʳ ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ɼʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩ ʩʠʣʴʥʳʤ ʤʝʞʢʣʘʩʪʝʨʥʳʤ ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 

ʜʦʩʪʦʚʝʨʥʦ ʧʦʢʘʟʘʥʦ ʦʜʥʦʤʝʨʥʦʝ (1D) ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ. 

ʊʘʢʞʝ ʚʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʳ ʩʦʝʜʠʥʝʥʠʷ ʥʦʚʦʛʦ ʧʦʜʢʣʘʩʩʘ Cu(hfac)2Ltert
R
 ʩ 
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ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʣʠʛʘʥʜʘʤʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʤʦʜʠʬʠʢʘʮʠʷ ʣʠʛʘʥʜʘ ʩʫʱʝʩʪʚʝʥʥʘ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʠ ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ ʤʝʞʮʝʧʦʯʝʯʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠ 

ʫʚʝʣʠʯʝʥʠʶ ʤʝʞʢʣʘʩʪʝʨʥʳʭ ʚʥʫʪʨʠʮʝʧʦʯʝʯʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. 

ʀʩʩʣʝʜʦʚʘʥ ʵʬʬʝʢʪ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ  ʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʤ ʩʦʝʜʠʥʝʥʠʠ 

Cu(hfac)2Ltert
Me

, ʚ ʢʦʪʦʨʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʥʘʙʣʶʜʝʥʠʷ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʧʣʦʪʴ ʜʦ 65 ʂ. ʊʘʢʞʝ 

ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʝʠʤʫʱʝʩʪʚʘ ʥʦʚʦʛʦ ʧʦʜʭʦʜʘ ʢ ʩʠʥʪʝʟʫ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʤʘʛʥʝʪʠʢʦʚ Cu(hfac)2L
R
 ʚ ʧʨʦʟʨʘʯʥʦʡ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʧʦʣʠʤʝʨʥʦʡ 

ʤʘʪʨʠʮʝ. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʳ ʥʘ ʤʘʛʥʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʷ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʪʦʦʙʣʫʯʝʥʠʷ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʪʦʛʝʥʝʨʘʮʠʠ ʪʝʨʤʦʥʝʜʦʩʪʠʞʠʤʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘ ʧʨʠʤʝʨʝ 

Cu(hfac)2L
i-Pr

. ʂʨʦʤʝ ʪʦʛʦ, ʚʧʝʨʚʳʝ ʠʟʫʯʝʥʘ ʩʪʨʫʢʪʫʨʘ ʬʦʪʦʚʦʟʙʫʞʜʝʥʥʦʛʦ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʩʝʨʠʠ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
. 

 

ʅʘʫʯʥʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ 

ʀʩʩʣʝʜʫʝʤʳʝ ʚ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ ʤʦʣʝʢʫʣʷʨʥʳʝ ʤʘʛʥʝʪʠʢʠ ʩʝʤʝʡʩʪʚʘ 

Cu(hfac)2L
R
 ʷʚʣʷʶʪʩʷ ʠʥʪʝʨʝʩʥʳʤʠ ʥʝ ʪʦʣʴʢʦ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, 

ʥʦ ʠ ʚʚʠʜʫ ʠʭ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʤʦʣʝʢʫʣʷʨʥʦ-ʩʧʠʥʦʚʳʭ 

ʫʩʪʨʦʡʩʪʚʘʭ, ʩʧʠʥʪʨʦʥʠʢʝ, ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʝʥʩʦʨʘʭ ʠ ʪ.ʜ. ɼʣʷ ʫʩʧʝʰʥʦʛʦ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʫʤʝʪʴ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʪʘʢʠʝ ʩʦʝʜʠʥʝʥʠʷ 

ʩ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ ʠ ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʫʤʝʪʴ 

ʫʧʨʘʚʣʷʪʴ ʠʤʠ, ʯʪʦ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ ʜʝʪʘʣʴʥʦʛʦ ʧʦʥʠʤʘʥʠ ̫

ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʠʭ ʤʝʭʘʥʠʟʤʦʚ. ʇʨʦʚʝʜʝʥʥʳʝ ʚ ʜʘʥʥʦʡ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʥʦʩʷʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʚ 

ʧʦʥʠʤʘʥʠʝ ʧʨʦʠʩʭʦʜʷʱʠʭ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʭ ʘʥʦʤʘʣʠʡ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʪʠʧʘ 

Cu(hfac)2L
R
. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʣʫʯʝʥʘ ʢʣʶʯʝʚʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʦʙʤʝʥʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ, ʤʝʭʘʥʠʟʤʘʭ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ ʩʚʦʡʩʪʚʘʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʈʝʟʫʣʴʪʘʪʳ  ʜʘʥʥʦʡ  ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ  

ʨʘʙʦʪʳ  ʤʦʛʫʪ  ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ  ʚ  ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʠ ʩʚʦʡʩʪʚ 
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ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ ʪʠʧʘ Cu(hfac)2L
R
. 

 

ʅʘʫʯʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ʄʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʪʦʧʦʣʦʛʠʠ 

ʤʝʞʢʣʘʩʪʝʨʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʘʭ 

ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ  ʕʇʈ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ.  

2. ʆʩʦʙʝʥʥʦʩʪʠ ʤʝʞʢʣʘʩʪʝʨʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠ ʚʣʠʷʥʠʝ 

ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʥʘ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʝ 

ʘʥʦʤʘʣʠʠ ʩʦʝʜʠʥʝʥʠʡ ʧʦʜʩʝʤʝʡʩʪʚʘ Cu(hfac)2Ltert
R
 ʩ ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-

ʟʘʤʝʱʝʥʥʳʤʠ ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ.  

3. ʋʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʙʣʶʜʝʥʠʷ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʤʦʣʝʢʫʣʷʨʥʦʤ ʤʘʛʥʝʪʠʢʝ Cu(hfac)2Ltert
Me

 ʩ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʚʧʣʦʪʴ ʜʦ 65 ʂ.  

4. ʄʝʪʦʜʠʢʘ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʤʘʛʥʠʪʥʦ-ʨʝʟʦʥʘʥʩʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʪʝʨʤʠʯʝʩʢʠ-ʥʝʜʦʩʪʠʞʠʤʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩ ʧʦʤʦʱʴʶ ʬʦʪʦʛʝʥʝʨʘʮʠʠ ʥʘ ʧʨʠʤʝʨʝ 

ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

. 

5. ʆʩʦʙʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
Me

 ʠ Cu(hfac)2L
Pr

. 

 

ɼʦʩʪʦʚʝʨʥʦʩʪ ɹ

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʚʳʚʦʜʦʚ ʠ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ ʦʙʝʩʧʝʯʝʥʘ ʢʦʤʧʣʝʢʩʥʳʤ 

ʧʦʜʭʦʜʦʤ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʠ ʠʭ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʚʨʝʤʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʥʘʭʦʜʷʪʩʷ ʚ ʩʦʛʣʘʩʠʠ ʩ ʠʤʝʶʱʠʤʠʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ ʜʘʥʥʳʤʠ.  

 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʩʦʠʩʢʘʪʝʣʷ 

ɺʝʩʴ ʦʙʲʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦʣʫʯʝʥ ʣʠʯʥʦ ʩʦʠʩʢʘʪʝʣʝʤ. 

ɸʚʪʦʨ ʫʯʘʩʪʚʦʚʘʣ ʚ ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯʠ, ʨʘʟʨʘʙʦʪʢʝ ʧʣʘʥʘ ʠʩʩʣʝʜʦʚʘʥʠʡ, 
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ʦʙʩʫʞʜʝʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʨʠʥʠʤʘʣ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ ʚ ʧʦʜʛʦʪʦʚʢʝ 

ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ. 

 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ  

ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ ʩʣʝʜʫʶʱʠʭ 

ʢʦʥʬʝʨʝʥʮʠʷʭ ʠ ʩʠʤʧʦʟʠʫʤʘʭ: ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ 

ʫʯʘʩʪʠʝʤ "ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʠ ʪʦʤʦʛʨʘʬʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ ʚ ʭʠʤʠʠ ʠ ʙʠʦʣʦʛʠʠ" (ʄʦʩʢʚʘ, ʈʦʩʩʠʷ, 2011 ʛ.), The Annual 

International Meeting of the Royal Society of Chemistry Electron Spin Resonance 

Conference (ʄʘʥʯʝʩʪʝʨ, ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ, 2012), VIII International Voevodsky 

Conference (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 2012), Magnetic Resonance and Magnetic 

Phenomena in Chemical and Biological Physics (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 2012), The 

7th Japanese-Russian International Workshop on Open Shell Compounds and 

Molecular Spin Devices (ɸʚʘʜʞʠ, ʗʧʦʥʠʷ, 2013), The 14
th
 International Conference 

on Molecule-based Magnets (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ, 2014), School for young 

scientists "Magnetic Resonance and Magnetic Phenomena in Chemical and 

Biological Physics" (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 2014), The 8th Russian-Japanese 

Workshop on Open Shell Compounds and Molecular Spin Devices (ʂʘʟʘʥʴ, ʈʦʩʩʠʷ, 

2014), XXVI ʉʠʤʧʦʟʠʫʤ çʉʦʚʨʝʤʝʥʥʘʷ ʭʠʤʠʯʝʩʢʘʷ ʬʠʟʠʢʘ (ʊʫʘʧʩʝ, ʈʦʩʩʠʷ, 

2014), Siberian Youth Conference "Current Topics in Organic Chemistry" 

(ʐʝʨʝʛʝʰ, ʈʦʩʩʠʷ, 2015). 

 

ʉʧʠʩʦʢ ʧʫʙʣʠʢʘʮʠʡ 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 28 ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʠʟ ʥʠʭ 4 ʩʪʘʪʴʠ ʚ 

ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʘʭ ʠʟ ʩʧʠʩʢʘ ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ɺɸʂ ʠ 24 ʪʝʟʠʩʘ 

ʜʦʢʣʘʜʦʚ ʢʦʥʬʝʨʝʥʮʠʡ. 

 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ 

ɼʠʩʩʝʨʪʘʮʠʷ  ʩʦʩʪʦʠʪ  ʠʟ  ʚʚʝʜʝʥʠʷ,  ʩʝʤʠ  ʛʣʘʚ,  ʟʘʢʣʶʯʝʥʠʷ  ʠ  ʩʧʠʩʢʘ  

ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ,  ʩʦʩʪʦʷʱʝʛʦ  ʠʟ 177 ʥʘʠʤʝʥʦʚʘʥʠʡ.  ʈʘʙʦʪʘ  ʠʟʣʦʞʝʥʘ 
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ʥʘ 167 ʩʪʨʘʥʠʮʘʭ ʤʘʰʠʥʦʧʠʩʥʦʛʦ ʪʝʢʩʪʘ, ʩʦʜʝʨʞʠʪ 47 ʨʠʩʫʥʢʦʚ ʠ 5 ʪʘʙʣʠʮ. 

ʄʘʪʝʨʠʘʣ rʜʠʩʩʝʨʪʘʮʠʠ ʠʟʣʦʞʝʥ rʧʦ ʛʣʘʚʘʤ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 

 

ɺʦ ʚʚʝʜʝʥʠʠ ʦʪʨʘʞʝʥʘ ʘʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʜʠʩʩʝʨʪʘʮʠʠ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ 

ʦʩʥʦʚʥʳʝ ʮʝʣʠ ʠ ʟʘʜʘʯʠ ʨʘʙʦʪʳ, ʧʨʠʚʝʜʝʥʳ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ, 

ʜʘʥʘ ʢʨʘʪʢʘʷ ʘʥʥʦʪʘʮʠʷ ʛʣʘʚ ʜʠʩʩʝʨʪʘʮʠʠ. 

 

ʇʝʨʚʘʷ ʛʣʘʚʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʣʠʪʝʨʘʪʫʨʥʳʡ ʦʙʟʦʨ, ʧʦʩʚʷʱʝʥʥʳʡ 

ʪʝʢʫʱʝʤʫ ʩʦʩʪʦʷʥʠʶ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʠ ʥʝʢʣʘʩʩʠʯʝʩʢʦʛʦ 

ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ ʚ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʘʭ. ɺ ʯʘʩʪʥʦʩʪʠ, ʦʙʩʫʞʜʘʝʪʩʷ 

ʧʦʥʷʪʠʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ, ʝʛʦ ʦʪʢʨʳʪʠʝ, ʚʦʟʤʦʞʥʳʝ 

ʧʨʠʤʝʥʝʥʠ ̫ ʠ ʜʘʣʴʥʝʡʰʠʭ ʨʘʙʦʪʘʭ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ; ʦʧʠʩʳʚʘʶʪʩʷ ʥʘʠʙʦʣʝʝ 

ʯʘʩʪʦ ʧʨʠʤʝʥʷʝʤʳʝ ʤʝʪʦʜʠʢʠ ʜʣʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʢʣʘʩʩʠʯʝʩʢʠʭ ʩʧʠʥ-

ʢʨʦʩʩʦʚʝʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ; ʦʧʠʩʳʚʘʝʪʩʷ ʵʬʬʝʢʪ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ LIESST-

ʵʬʬʝʢʪ ʚ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ. ʇʦʩʣʝ ʦʙʩʫʞʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ 

ʦʙʣʘʩʪʠ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ ʘʚʪʦʨ ʧʨʠʚʦʜʠʪ ʦʙʟʦʨ ʨʘʙʦʪ ʚ 

ʦʙʣʘʩʪʠ ʥʝʢʣʘʩʩʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʪʠʧʘ 

Cu(hfac)2L
R
, ʢʦʪʦʨʳʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʩʚʷʟʘʥʳ ʩ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ 

ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʜʨʦʙʥʦ ʦʧʠʩʳʚʘʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ 

ʧʨʠʤʝʥʝʥʠʷ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʣʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ 

Cu(hfac)2L
R
; ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʠʟʚʝʩʪʥʳʝ ʨʘʥʝʝ ʜʘʥʥʳʝ ʦ ʤʝʞʢʣʘʩʪʝʨʥʳʭ 

ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ, ʷʚʣʝʥʠʠ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ 

ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ ʜʘʥʥʦʛʦ ʩʝʤʝʡʩʪʚʘ. 

 

ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʦʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʦʧʠʩʘʥʳ 

ʤʝʪʦʜʠʢʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ, ʫʢʘʟʘʥʳ ʫʩʣʦʚʠʷ ʧʨʦʚʝʜʝʥʠʷ ʠ ʜʝʪʘʣʠ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

 

ɺ ʪʨʝʪʴʝ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠ ̫

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʪʦʧʦʣʦʛʠʠ ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ ʚ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʘʭ 
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Cu(hfac)2L
R
 ʤʝʪʦʜʦʤ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʆʧʠʩʘʥʘ ʤʝʪʦʜʠʢʘ ʘʥʘʣʠʟʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ. 

ʇʦʢʘʟʘʥʘ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʚʝʣʠʯʠʥʦʡ ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʨʘʟʤʝʨʥʦʩʪʴ  ʁ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. ɼʣʷ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʩʠʣʴʥʳʤ ʤʝʞʢʣʘʩʪʝʨʥʳʤ ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʜʦʩʪʦʚʝʨʥʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʦʜʥʦʤʝʨʥʦʝ (1D) ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ.  

 

ɺ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʝ ʠʩʩʣʝʜʦʚʘʥʳ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2Ltert
R
 ʩ ʠʟʤʝʥʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʣʠʛʘʥʜʘ ʤʝʪʦʜʦʤ ʕʇʈ (ʚʤʝʩʪʦ ʪʨʘʜʠʮʠʦʥʥʦʛʦ 

ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-

ʟʘʤʝʱʝʥʥʳʡ ʥʠʪʨʦʢʩʠʣʴʥʳʡ ʨʘʜʠʢʘʣ). ʇʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʩʪʨʫʢʪʫʨʳ 

ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʥʘ ʤʝʞʢʣʘʩʪʝʨʥʳʝ ʤʝʞʮʝʧʦʯʝʯʥʳʝ ʠ 

ʚʥʫʪʨʠʮʝʧʦʯʝʯʥʳʝ ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʇʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʕʇʈ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʜʭʦʜʘ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ɹʣʦʭʘ.  

 

ɺ ʧʷʪʦʡ ʛʣʘʚʝ ʧʦʢʘʟʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʵʬʬʝʢʪʘ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ 

LIESST-ʵʬʬʝʢʪʘ  ʚ ʤʦʣʝʢʫʣʷʨʥʦʤ ʤʘʛʥʝʪʠʢʝ Cu(hfac)2Ltert
Me

  ʥʘ ʦʩʥʦʚʝ ʤʝʜʠ ʠ 

ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-ʟʘʤʝʱʝʥʥʦʛʦ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ. 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʚʣʠʷʥʠʝ ʩʪʨʫʢʪʫʨʳ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʣʠʛʘʥʜʘ ʥʘ ʚʨʝʤʷ 

ʞʠʟʥʠ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

 

ɺ ʰʝʩʪʦʡ ʛʣʘʚʝ ʥʘ ʧʨʠʤʝʨʝ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʪʦʛʝʥʝʨʘʮʠʠ ʪʝʨʤʠʯʝʩʢʠ-

ʥʝʜʦʩʪʠʞʠʤʦʛʦ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʪʝʨʤʠʯʝʩʢʠ ʥʝʧʝʨʝʢʣʶʯʘʝʤʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʠ ʪʝʨʤʠʯʝʩʢʠ 

ʧʝʨʝʢʣʶʯʘʝʤʦʛʦ ʘʥʘʣʦʛʘ Cu(hfac)2L
Pr

 ʧʦʟʚʦʣʠʣ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ Cu(hfac)2L
i-Pr

. ʂʨʦʤʝ ʪʦʛʦ, ʠʟʫʯʘʝʤʳʝ ʚ 

ʜʘʥʥʦʡ ʛʣʘʚʝ ʩʦʝʜʠʥʝʥʠʷ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʥʦʚʳʤ ʤʝʪʦʜʦʤ ʠʥʢʦʨʧʦʨʘʮʠʠ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʚ ʧʨʦʟʨʘʯʥʫʶ ʧʦʣʠʤʝʨʥʫʶ ʤʘʪʨʠʮʫ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ 
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ʫʩʣʦʚʠʡ ʬʦʪʦʦʙʣʫʯʝʥʠʷ. ʆʙʩʫʞʜʘʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʘ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʠ 

ʚʣʠʷʥʠʝ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʳ ʥʘ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ.  

 

ɺ ʩʝʜʴʤʦʡ ʛʣʘʚʝ ʠʩʩʣʝʜʫʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
Me

 ʠ 

Cu(hfac)2L
Pr

 ʤʝʪʦʜʦʤ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʩ 

ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʝʤ. ʆʙʩʫʞʜʘʶʪʩʷ ʧʨʠʯʠʥʳ ʥʘʙʣʶʜʘʝʤʳʭ ʦʪʣʠʯʠʡ ʤʝʞʜʫ ʬʦʪʦ- 

ʠ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ. 

 

ɺ ʟʘʢʣʶʯʝʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʘʥʥʦʡ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ. 
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ɻʃɸɺɸ 1. ʃʀʊɽʈɸʊʋʈʅʓʁ ʆɹɿʆʈ 

1.1 ʂʣʘʩʩʠʯʝʩʢʠʡ ʩʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨ 

1.1.1 ɺʚʝʜʝʥʠʝ 

ʉʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʝʨʝʢʣʶʯʝʥʠʝ ʤʝʞʜʫ ʜʚʫʤʷ 

ʩʧʠʥʦʚʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʤʦʣʝʢʫʣʳ (ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʚʳʩʦʢʦʩʧʠʥʦʚʦʝ (HS) ʠ 

ʥʠʟʢʦʩʧʠʥʦʚʦʝ (LS) ʩʦʩʪʦʷʥʠʷ) ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʩ 

ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ d
4
ïd

7
. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ, ʥʘʯʠʥʘʷ ʩ ʤʦʤʝʥʪʘ 

ʦʪʢʨʳʪʠʷ ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʂʘʤʙʠ ʩ ʩʦʘʚʪʦʨʘʤʠ, [41] ʩʦʪʥʠ ʨʘʟʣʠʯʥʳʭ (ʤʦʥʦ- ʠ 

ʧʦʣʠʷʜʝʨʥʳʭ) ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʚ ʪʚʝʨʜʦʤ, 

ʞʠʜʢʦʤ ʠʣʠ ʛʝʣʝʦʙʨʘʟʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʉʚʦʡʩʪʚʘ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ 

ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ ʦʧʠʩʳʚʘʶʪʩʷ ʪʝʦʨʠʝʡ ʧʦʣʷ ʣʠʛʘʥʜʦʚ. [42] ɼʣʷ ʦʧʠʩʘʥʠʷ 

ʥʘ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʤ ʫʨʦʚʥʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦʙ 

ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ ʠ ʪʝʦʨʠʷ ʫʧʨʫʛʦʩʪʠ ʜʣʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʨʝʰʝʪʦʢ. [43] ʊʘʢʞʝ ʜʣʷ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʪʝʦʨʝʪʠʯʝʩʢʠ 

ʦʙʦʩʥʦʚʘʥʳ ʠ ʧʦʥʷʪʳ ʵʬʬʝʢʪʳ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʜʘʚʣʝʥʠʷ, ʩʚʝʪʘ, 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʭʘʨʘʢʪʝʨ ʤʘʛʥʠʪʥʳʭ ʘʥʦʤʘʣʠʡ. [44] ʀʟʤʝʥʝʥʠʝ ʚ d 

ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʜʣʠʥʳ 

ʩʚʷʟʠ ʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʦʙʲʝʤʘ. ʇʦʵʪʦʤʫ ʧʝʨʝʢʣʶʯʝʥʠʝ ʤʝʞʜʫ ʤʦʣʝʢʫʣʷʨʥʳʤʠ 

ʩʧʠʥʦʚʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʘʟʥʦʦʙʨʘʟʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ 

ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʇʦʤʠʤʦ ʦʯʝʚʠʜʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʠ ʮʚʝʪʘ, ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. [45 ï 49] 

ʄʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʤʦʣʝʢʫʣ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ 

ʚʘʞʥʳʭ ʩʚʦʡʩʪʚ ʜʣʷ ʠʭ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ: 1) ʩʧʠʥʦʚʳʡ ʧʝʨʝʭʦʜ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʜʘʞʝ ʧʨʠ ʨʝʜʫʮʠʨʦʚʘʥʠʠ ʨʘʟʤʝʨʦʚ ʩʠʩʪʝʤʳ ʚʧʣʦʪʴ ʜʦ 

ʥʝʩʢʦʣʴʢʠʭ ʥʘʥʦʤʝʪʨʦʚ; 2) ʧʝʨʝʢʣʶʯʝʥʠʝ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʦʞʝʪ 



16 

 

ʧʨʦʠʩʭʦʜʠʪʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ; 3) ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʢʣʶʯʝʥʠʷ 

ʧʨʦʠʩʭʦʜʷʪ ʫʣʴʪʨʘʙʳʩʪʨʳʝ (ʩʦʪʥʠ ʬʝʤʪʦʩʝʢʫʥʜ) ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ; 4) ʠʤʝʝʪʩʷ ʰʠʨʦʢʦʝ ʭʠʤʠʯʝʩʢʦʝ ʤʥʦʛʦʦʙʨʘʟʠʝ ʦʙʲʝʢʪʦʚ ʠ ʧʦʜʭʦʜʦʚ 

ʜʣʷ ʜʠʟʘʡʥʘ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ.  

ʀʟʥʘʯʘʣʴʥʦ ʚʦʩʧʨʠʥʠʤʘʚʰʠʡʩʷ ʢʘʢ ʥʝ ʙʦʣʝʝ ʯʝʤ ʣʶʙʦʧʳʪʥʳʡ ʵʬʬʝʢʪ, 

ʩʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨ ʨʘʟʚʠʣʩʷ ʚ ʙʦʣʴʰʫʶ ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʫʶ ʦʙʣʘʩʪʴ, 

ʢʦʪʦʨʘʷ ʧʨʠʚʣʝʢʘʝʪ ʚʥʠʤʘʥʠʝ ʤʘʪʝʨʠʘʣʦʚʝʜʦʚ, ʭʠʤʠʢʦʚ-ʥʝʦʨʛʘʥʠʢʦʚ, 

ʢʚʘʥʪʦʚʳʭ ʭʠʤʠʢʦʚ, ʬʠʟʠʢʦʚ, ʩʧʝʢʪʨʦʩʢʦʧʠʩʪʦʚ, ʪʝʦʨʝʪʠʢʦʚ, ʙʠʦʭʠʤʠʢʦʚ, 

ʭʠʤʠʢʦʚ-ʩʠʥʪʝʪʠʢʦʚ, ʩʧʝʮʠʘʣʠʩʪʦʚ ʚ ʦʙʣʘʩʪʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ, ʠ ʜʘʞʝ ʛʝʦʣʦʛʦʚ 

ʠ ʙʠʦʣʦʛʦʚ. ʆʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝʦʙʳʯʘʡʥʘ 

ʰʠʨʦʢʘ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, Fe(II) ʧʨʦʠʟʚʦʜʥʳʝ 1,2,4-ʪʨʠʘʟʦʣʘ ʷʚʣʷʶʪʩʷ 

ʧʨʝʢʨʘʩʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʥʘ ʨʦʣʴ çʫʤʥʳʭè ʢʦʥʪʨʘʩʪʥʳʭ ʘʛʝʥʪʦʚ ʜʣʷ 

ʤʘʛʥʠʪʥʦ-ʨʝʟʦʥʘʥʩʥʦʡ ʪʦʤʦʛʨʘʬʠʠ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʪʘʢʠʝ ʩʠʩʪʝʤʳ ʪʘʢʞʝ 

ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʩʝʥʩʦʨʳ ʧʨʠ ʛʠʧʦʪʝʨʤʠʯʝʩʢʦʤ  

ʣʝʯʝʥʠʠ ʦʧʫʭʦʣʝʡ. [50] ʊʘʢʞʝ, ʚ ʩʠʣʫ ʥʝʙʦʣʴʰʦʛʦ ʨʘʟʤʝʨʘ ʠ ʚʳʩʦʢʦʡ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ, ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʝʥʩʦʨʦʚ ʥʝ ʪʦʣʴʢʦ ʪʝʤʧʝʨʘʪʫʨʳ, ʥʦ ʠ ʜʘʚʣʝʥʠʷ, ʩʣʘʙʳʭ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʩʚʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. [51 ï 59] ʂʦʥʝʯʥʦ, ʦʩʥʦʚʥʘʷ ʦʙʣʘʩʪʴ 

ʧʨʠʤʝʥʝʥʠʷ, ʚʦ ʤʥʦʛʦʤ ʦʙʫʩʣʦʚʠʚʰʘʷ ʩʪʦʣʴ ʞʠʚʦʡ ʠʥʪʝʨʝʩ ʢ ʩʧʠʥ-

ʢʨʦʩʩʦʚʝʨʥʳʤ ʢʦʤʧʣʝʢʩʘʤ ï ʵʪʦ ʤʦʣʝʢʫʣʷʨʥʳʝ ʧʝʨʝʢʣʶʯʘʪʝʣʠ ʜʣʷ 

ʚʳʩʦʢʦʧʣʦʪʥʦʛʦ ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ, ʩʧʠʥʪʨʦʥʠʢʠ, ʢʚʘʥʪʦʚʳʭ ʢʦʤʧʴʶʪʝʨʦʚ, 

ʦʧʪʠʯʝʩʢʠʭ ʜʠʩʧʣʝʝʚ ʠ ʪ.ʜ.  

ʇʨʠʩʫʱʘʷ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʤ ʩʦʝʜʠʥʝʥʠʷʤ ʙʠʩʪʘʙʠʣʴʥʦʩʪʴ (HS ʠ LS 

ʩʦʩʪʦʷʥʠʷ), ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʥʪʨʦʣʠʨʫʝʤʦ ʠʟʤʝʥʷʪʴ ʩʦʩʪʦʷʥʠʝ ʤʦʣʝʢʫʣ 

ʨʘʟʥʦʦʙʨʘʟʥr ʤʠ ʤʝʪʦʜʘʤʠ (ʪʝʤʧʝʨʘʪʫʨʘ, ʜʘʚʣʝʥʠʝ, ʩʚʝʪ, ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʠ 

ʤʘʛʥʠʪʥʦʝ ʧʦʣ)̫, ʤʘʣʳʡ ʨʘʟʤʝʨ, ʬʝʤʪʦʩʝʢʫʥʜʥʦʝ ʚʨʝʤʷ ʦʪʢʣʠʢʘ, ʚʦʟʤʦʞʥʦʩʪʴ 

ʦʙʲʝʜʠʥʷʪʴ ʩʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ (ʤʦʣʝʢʫʣʳ-

ʛʦʩʪʠ, [60,61] ʧʨʦʚʦʜʠʤʦʩʪʴ, [62] ʤʘʛʥʠʪʥʳʡ ʦʙʤʝʥ, [63] ʮʠʩ-, ʪʨʘʥʩ-

ʠʟʦʤʝʨʠʟʘʮʠʷ, [64] ʣʶʤʠʥʝʩʮʝʥʮʠʷ, [65] ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ) ï ʚʩʝ ʵʪʦ ʥʝ 

ʦʩʪʘʚʣʷʝʪ ʩʦʤʥʝʥʠʡ, ʯʪʦ ʦʙʣʘʩʪʴ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ ʯʨʝʟʚʳʯʘʡʥʦ 
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ʤʥʦʛʦʦʙʝʱʘʶʱʘ ʠ ʧʨʠʚʣʝʢʘʪʝʣʴʥʘ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ.  

1.1.2 ʇʦʥʷʪʠʝ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ ʠ ʝʛʦ ʦʪʢʨʳʪʠʝ 

ʂʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ, ʩʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʨʷʜʘ 

ʢʦʤʧʣʝʢʩʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʩ d
n
 ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʠ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʟʤʝʥʝʥʠʝ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʦʤʧʣʝʢʩʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ, ʪʘʢʠʭ ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ (ʠʩʪʦʨʠʯʝʩʢʠ ʧʝʨʚʳʡ ʦʪʢʨʳʪʳʡ 

ʵʬʬʝʢʪ), ʜʘʚʣʝʥʠʝ, ʬʦʪʦʦʙʣʫʯʝʥʠʝ, ʧʨʠʣʦʞʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʂʘʢ ʧʨʘʚʠʣʦ, 

ʩʧʠʥʦʚʳʝ ʩʦʩʪʦʷʥʠʷ ʧʨʠ ʵʪʦʤ ʠʟʤʝʥʷʶʪʩʷ ʤʝʞʜʫ ʚʳʩʦʢʦʩʧʠʥʦʚʳʤ (HS) ʠ 

ʥʠʟʢʦʩʧʠʥʦʚʳʤ (LS). ʇʨʦʠʩʭʦʞʜʝʥʠʝ ʪʝʨʤʠʥʘ çʩʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨè ʦʙʷʟʘʥʦ 

ʧʝʨʝʩʝʯʝʥʠʶ (ʢʨʦʩʩʦʚʝʨʫ) ʟʘʚʠʩʠʤʦʩʪʝʡ ʵʥʝʨʛʠʠ HS ʠ LS ʩʦʩʪʦʷʥʠʡ (ʦʩʥʦʚʥʳʭ 

ʪʝʨʤʦʚ) ʦʪ ʩʠʣʳ ʧʦʣʷ ʣʠʛʘʥʜʦʚ. ʊʝʨʤʠʥ çʩʧʠʥʦʚʳʡ ʧʝʨʝʭʦʜè ʫʧʦʪʨʝʙʣʷʝʪʩʷ 

ʧʦʯʪʠ ʩʠʥʦʥʠʤʠʯʥʦ ʢ ʩʧʠʥʦʚʦʤʫ ʢʨʦʩʩʦʚʝʨʫ, ʦʜʥʘʢʦ ʠʤʝʝʪ ʙʦʣʝʝ ʰʠʨʦʢʫʶ 

ʢʦʥʥʦʪʘʮʠʶ, ʚʢʣʶʯʘʷ ʩʦʧʫʪʩʪʚʫʶʱʠʝ ʩʧʠʥʦʚʦʤʫ ʢʨʦʩʩʦʚʝʨʫ ʵʬʬʝʢʪʳ. 

ɺʧʝʨʚʳʝ ʷʚʣʝʥʠʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ ʙʳʣʦ ʦʪʢʨʳʪʦ 

ʂʘʤʙʠ ʩ ʩʦʘʚʪʦʨʘʤʠ ʚ 1931 ʛ. ʥʘ ʢʦʤʧʣʝʢʩʝ Fe(III) ʜʠʪʠʦʢʘʨʙʘʤʘʪ [41]  ʧʦʯʪʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʧʦʷʚʣʝʥʠʝʤ ʪʝʦʨʠʠ ʧʦʣʷ ʣʠʛʘʥʜʦʚ (ʪʝʦʨʠ ̫ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʧʦʣʷ). [66] ʅʦ ʣʠʰʴ ʩʧʫʩʪʷ ~30 ʣʝʪ ʕʚʘʣʴʜ ʩ ʩʦʘʚʪʦʨʘʤʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʧʨʠʯʠʥʦʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ ʷʚʣʷʝʪʩʷ ʨʝʟʢʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʩʠʣʳ ʧʦʣʷ ʣʠʛʘʥʜʘ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʠ ʨʘʟʥʠʮʘ ʜʣʠʥ 

ʩʚʷʟʝʡ ʤʝʪʘʣʣ-ʣʠʛʘʥʜ ʚ ʜʚʫʭ ʩʦʩʪʦʷʥʠʷʭ. [67] ʈʘʩʩʤʦʪʨʠʤ ʧʦʜʨʦʙʥʝʝ ʷʚʣʝʥʠʝ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ.   
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ʈʠʩʫʥʦʢ 1 ï ʕʣʝʢʪʨʦʥʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʜʚʫʭ ʚʦʟʤʦʞʥʳʭ ʦʩʥʦʚʥʳʭ ʩʦʩʪʦʷʥʠʡ ʜʣʷ 

ʠʦʥʘ Fe(II) ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ. ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [68]. 

ɺ ʠʜʝʘʣʴʥʦ-ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ (ʢʦʦʨʜʠʥʘʮʠʠ) ʣʠʛʘʥʜʦʚ 

ʧʨʦʠʩʭʦʜʠʪ ʨʘʩʱʝʧʣʝʥʠʝ ʧʷʪʠʢʨʘʪʥʦ-ʚʳʨʦʞʜʝʥʥʦʡ nd ʦʨʙʠʪʘʣʠ ʠʦʥʘ 

ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʥʘ ʜʚʘ ʥʘʙʦʨʘ ʩʦʩʪʦʷʥʠʡ: 1) ʪʨʠ ʦʨʙʠʪʘʣʠ Ὠὼώ, Ὠώᾀ ʠ Ὠὼᾀ, 

ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʙʘʟʠʩʦʤ ʥʝʧʨʠʚʦʜʠʤʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ t2g; 2) ʜʚʝ ʦʨʙʠʪʘʣʠ 

Ὠᾀ2 ʠ Ὠὼ2 ώ2, ʙʘʟʠʩ ʥʝʧʨʠʚʦʜʠʤʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ eg ʛʨʫʧʧʳ ʩʠʤʤʝʪʨʠʠ Oh. [66, 

69] ʆʨʙʠʪʘʣʠ t2g ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʷʚʣʷʶʪʩʷ ʥʝʩʚʷʟʳʚʘʶʱʠʤʠ ʠ ʣʝʞʘʪ ʥʠʞʝ ʧʦ 

ʵʥʝʨʛʠʠ, ʯʝʤ ʘʥʪʠ-ʩʚʷʟʳʚʘʶʱʠʝ ʦʨʙʠʪʘʣʠ eg ʧʨʝʜʩʪʘʚʣʝʥʠʷ. [70] ʈʘʩʱʝʧʣʝʥʠʝ 

ʤʝʞʜʫ ʜʚʫʤʷ ʥʘʙʦʨʘʤʠ ʦʨʙʠʪʘʣʝʡ ʥʦʩʠʪ ʥʘʟʚʘʥʠʝ ʨʘʩʱʝʧʣʝʥʠʷ ʚ ʧʦʣʝ ʣʠʛʘʥʜʦʚ 

ʠ ʦʙʦʟʥʘʯʘʝʪʩʷ ʧʘʨʘʤʝʪʨʦʤ 10Dq, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤ ʩʠʣʫ ʧʦʣʷ ʣʠʛʘʥʜʦʚ. ʉʠʣʘ 

ʧʦʣʷ ʣʠʛʘʥʜʘ ʰʠʨʦʢʦ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʢʨʝʪʥʦʛʦ ʥʘʙʦʨʘ 

ʣʠʛʘʥʜʦʚ ʠ ʠʦʥʘ ʤʝʪʘʣʣʘ. [71] ʂʘʢ ʧʨʘʚʠʣʦ, ʧʘʨʘʤʝʪʨ 10Dq ʟʘʚʠʩʠʪ ʦʪ 

ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʠʦʥʦʤ ʤʝʪʘʣʣʘ ʠ ʣʠʛʘʥʜʦʤ ʢʘʢ  
1

ὶὲ
 , ʛʜʝ n=5-6. [72] ɼʣʷ 

ʩʠʩʪʝʤ ʩ ʙʦʣʝʝ ʯʝʤ ʦʜʥʠʤ d-ʵʣʝʢʪʨʦʥʦʤ ʩʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ ʪʘʢʞʝ ʠ ʵʣʝʢʪʨʦʥ-

ʵʣʝʢʪʨʦʥʥʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ P (ʵʥʝʨʛʠʷ ʩʧʘʨʠʚʘʥʠʷ ʩʧʠʥʦʚ). ʈʘʩʩʤʦʪʨʠʤ, ʢ ʯʝʤʫ 

ʵʪʦ ʧʨʠʚʦʜʠʪ, ʥʘ ʰʠʨʦʢʦ ʠʟʚʝʩʪʥʦʤ ʧʨʠʤʝʨʝ ʠʦʥʘ Fe(II) ʩ ʰʝʩʪʴʶ d-

ʵʣʝʢʪʨʦʥʘʤʠ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʧʨʝʜʝʣʠʪʴ ʧʦ ʜʚʫʤ ʥʘʙʦʨʘʤ ʦʨʙʠʪʘʣʝʡ 

(t2g ʠ eg).  

ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ ʧʨʝʚʳʰʘʝʪ 

ʨʘʩʱʝʧʣʝʥʠʝ ʚ ʧʦʣʝ ʣʠʛʘʥʜʦʚ, ʵʣʝʢʪʨʦʥʳ ʨʘʟʤʝʩʪʷʪʩʷ ʥʘ ʦʨʙʠʪʘʣʷʭ ʩʦʛʣʘʩʥʦ 

ʧʨʘʚʠʣʫ ʍʫʥʜʘ (ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʙʣʘʜʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʴʶ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʩʥʦʚʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʠʦʥʘ Fe(II) ʙʫʜʝʪ 
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ʧʘʨʘʤʘʛʥʠʪʥʦʝ, ʪʘʢ ʥʘʟʳʚʘʝʤʦʝ ʚʳʩʦʢʦʩʧʠʥʦʚʦʝ (HS) 
5
T2g(t2g

4
eg

2
) ʩʦʩʪʦʷʥʠʝ. 

ɽʩʣʠ ʞʝ, ʥʘʧʨʦʪʠʚ, 10Dq ʙʫʜʝʪ ʙʦʣʴʰʝ ʵʥʝʨʛʠʠ ʩʧʘʨʠʚʘʥʠʷ ʩʧʠʥʦʚ, ʪʦ Fe(II) 

ʙʫʜʝʪ ʦʙʣʘʜʘʪʴ ʠʥʳʤ ʦʩʥʦʚʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ï ʜʠʘʤʘʛʥʠʪʥʳʤ ʥʠʟʢʦʩʧʠʥʦʚʳʤ 

(LS) 
1
A1g(t2g

6
) ʩʦʩʪʦʷʥʠʝʤ (ʨʠʩʫʥʦʢ 1).  

 

ʈʠʩʫʥʦʢ 2 ï ɸʜʠʘʙʘʪʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʜʣʷ HS (ʚʳʩʦʢʦʩʧʠʥʦʚʦʛʦ) ʠ LS 

(ʥʠʟʢʦʩʧʠʥʦʚʦʛʦ) ʩʦʩʪʦʷʥʠʷ ʚʜʦʣʴ ʥʘʠʙʦʣʝʝ ʚʘʞʥʦʡ ʜʣʷ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ ʢʦʦʨʜʠʥʘʪʳ 

ʨʝʘʢʮʠʠ: ʧʦʣʥʦʩʠʤʤʝʪʨʠʯʥʦʛʦ ʢʦʣʝʙʘʥʠʷ ʜʣʠʥʳ ʩʚʷʟʠ ʤʝʪʘʣʣïʣʠʛʘʥʜ (Fe-L). ɿʘʠʤʩʪʚʦʚʘʥʦ 

ʠʟ [42]. 

ɼʣʷ ʢʦʤʧʣʝʢʩʦʚ ʥʘ ʦʩʥʦʚʝ Fe(II) ʩʧʨʘʚʝʜʣʠʚʦ ʩʣʝʜʫʶʱʝʝ ʫʪʚʝʨʞʜʝʥʠʝ: 

ʜʣʠʥʘ ʩʚʷʟʠ ʤʝʪʘʣʣ-ʣʠʛʘʥʜ ʚ HS ʩʦʩʪʦʷʥʠʠ (rHS) ʟʘʤʝʪʥʦ ʙʦʣʴʰʝ, ʯʝʤ ʚ LS 

ʩʦʩʪʦʷʥʠʠ (rLS). ʕʪʦʪ ʬʘʢʪ ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ ʚ ʩʣʫʯʘʝ HS ʩʦʩʪʦʷʥʠʷ ʜʚʘ ʠʟ 

ʰʝʩʪʠ d ʵʣʝʢʪʨʦʥʦʚ ʟʘʥʠʤʘʶʪ ʘʥʪʠ-ʩʚʷʟʳʚʘʶʱʫʶ eg ʦʨʙʠʪʘʣʴ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ 

LS ʩʦʩʪʦʷʥʠʠ ʚʩʝ ʰʝʩʪʴ ʵʣʝʢʪʨʦʥʦʚ ʩʠʜʷʪ ʥʘ ʥʝʩʚʷʟʳʚʘʶʱʝʡ t2g ʦʨʙʠʪʘʣʠ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ Fe-N ʢʦʦʨʜʠʥʘʮʠʠ ʩʦʩʪʘʚʣʷʶʪ ʦʪ 1.95 ʜʦ 2.00 

¡ ʜʣʷ rLS ʠ ʦʪ 2.12 ʜʦ 2.18 ʜʣʷ rHS. [73,74] ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʘ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʡ 

ʢʦʦʨʜʠʥʘʪʥʦʡ ʜʠʘʛʨʘʤʤʝ (ʪ.ʝ. ʛʨʘʬʠʢʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ ʢʘʢ 

ʬʫʥʢʮʠʠ ʩʤʝʱʝʥʠʷ ʷʜʝʨ) ʜʣʷ ʧʦʣʥʦʩʠʤʤʝʪʨʠʯʥʦʛʦ ʚʘʣʝʥʪʥʦʛʦ ʢʦʣʝʙʘʥʠʷ 

ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʷʤʳ ʜʚʫʭ ʩʦʩʪʦʷʥʠʡ (HS ʠ LS) ʩʜʚʠʥʫʪʳ ʢʘʢ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ, 

ʪʘʢ ʠ ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ (ʨʠʩʫʥʦʢ 2).  
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ʀʩʧʦʣʴʟʫʷ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʫʶ ʜʠʘʛʨʘʤʤʫ, ʠʟʦʙʨʘʞʝʥʥʫ  ʁʥʘ ʨʠʩʫʥʢʝ 2, 

ʥʝʩʣʦʞʥʦ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʫʩʣʦʚʠʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ 

ʢʨʦʩʩʦʚʝʨʘ: ʜʣʷ ʪʝʨʤʠʯʝʩʢʦʛʦ ʟʘʩʝʣʝʥʠʷ ʚʳʩʦʢʦʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʵʥʝʨʛʠʷʤʠ ʥʫʣʝʚʳʭ ʢʦʣʝʙʘʥʠʡ ʜʣʷ HS ʠ LS 

ʩʦʩʪʦʷʥʠʡ ȹE
0
HL= E

0
HS ïE

0
LS  ʧʦ ʧʦʨʷʜʢʫ ʚʝʣʠʯʠʥʳ ʨʘʚʥʷʣʘʩʴ ʪʝʨʤʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʠ kBT. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʢʦʤʧʣʝʢʩʳ ʙʫʜʫʪ 

ʥʘʭʦʜʠʪʴʩʷ ʚ LS ʩʦʩʪʦʷʥʠʠ, ʘ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʢʣʶʯʘʪʴʩʷ 

ʚʩʣʝʜʩʪʚʠʝ ʵʥʪʨʦʧʠʡʥʦʛʦ ʬʘʢʪʦʨʘ ʚ HS ʩʦʩʪʦʷʥʠʝ. ʆʩʥʦʚʥʳʤʠ ʚʢʣʘʜʘʤʠ ʚ 

ʫʚʝʣʠʯʝʥʠʝ ʵʥʪʨʦʧʠʠ ʧʨʠ ʧʝʨʝʭʦʜʝ ʠʟ LS ʚ HS ʩʦʩʪʦʷʥʠʝ ʷʚʣʷʶʪʩʷ 

ʵʣʝʢʪʨʦʥʥʳʡ (ʙʦʣʴʰʝʝ ʚʳʨʦʞʜʝʥʠʝ ʧʦ ʩʧʠʥʫ ʜʣʷ HS ʩʦʩʪʦʷʥʠʷ) ʠ 

ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʚʢʣʘʜ ʦʪ ʠʟʤʝʥʝʥʠʷ ʚʠʙʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʫʨʦʚʥʝʡ (ʙʦʣʝʝ 

ʥʠʟʢʠʝ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʯʘʩʪʦʪʳ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʙʦʣʴʰʘʷ ʧʣʦʪʥʦʩʪʴ 

ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʜʣʷ HS ʩʦʩʪʦʷʥʠʷ). ʊ.ʝ. ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʚʘʥʪʦʚʦʡ 

ʤʝʭʘʥʠʢʠ LS ʩʦʩʪʦʷʥʠʝ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʧʨʠ ʚʩʝʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʦ ʧʨʠ 

ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ kBT~ȹE
0
HL HS ʩʦʩʪʦʷʥʠʝ ʩʪʘʥʦʚʠʪʩʷ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʙʦʣʝʝ ʚʳʛʦʜʥʳʤ.  

ʆʪʤʝʪʠʤ, ʯʪʦ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʱʝʝʩʷ ʫʪʚʝʨʞʜʝʥʠʝ çʜʣʷ ʥʘʙʣʶʜʝʥʠʷ 

ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʵʥʝʨʛʠʷ ʩʧʘʨʠʚʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ 

ʧʨʠʤʝʨʥʦ ʨʘʚʥʷʣʘʩʴ ʨʘʩʱʝʧʣʝʥʠʶ ʚ ʧʦʣʝ ʣʠʛʘʥʜʦʚè ʚʝʩʴʤʘ ʦʙʤʘʥʯʠʚʦ. 

ʕʥʝʨʛʠʷ ʩʧʘʨʠʚʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ P ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʨʘʩʩʪʦʷʥʠʷ 

ʤʝʪʘʣʣ-ʣʠʛʘʥʜ. ʇʨʠ ʵʪʦʤ ʧʘʨʘʤʝʪʨ 10Dq ʠʟʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ 

ʩʚʷʟʠ ʤʝʪʘʣʣ-ʣʠʛʘʥʜ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʚ HS ʩʦʩʪʦʷʥʠʠ 10Dq ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʝʥʴʰʝ P, ʘ ʚ LS ʩʦʩʪʦʷʥʠʠ 10Dq ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ P (ʧʝʨʝʭʦʜ ʠʟ HS ʚ LS 

ʩʦʩʪʦʷʥʠʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ 10Dq ʧʨʠʤʝʨʥʦ ʚ 2 ʨʘʟʘ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʣʦʚʠʝ ʥʘʙʣʶʜʝʥʠʝ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ ʩʣʝʜʫʝʪ 

ʬʦʨʤʫʣʠʨʦʚʘʪʴ ʢʘʢ 10DqHS<P<10DqLS. [67] ʅʘ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʡ ʜʠʘʛʨʘʤʤʝ 

ʪʦʯʢʘ 10Dq=P ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʦʯʢʝ ʧʝʨʝʩʝʯʝʥʠʷ ʜʚʫʭ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʷʤ.  

ʉʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨ ʚʦʟʤʦʞʝʥ ʜʣʷ ʧʨʦʠʟʚʦʜʥʳʭ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʩ d
4
, d

5
, 

d
6
 ʠ d

7
 ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʥ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ 

ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ ʚʩʝʭ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʧʝʨʚʦʛʦ ʨʷʜʘ ʩ ʪʘʢʠʤʠ 
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ʵʣʝʢʪʨʦʥʥʳʤʠ ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ: Cr(II) , Mn(II) , Mn(III),  Fe(II) , Fe(III) , Co(II) , 

Ni(II), Ni(III ). [75ï79] ɼʣʷ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʚʪʦʨʦʛʦ ʨʷʜʘ d
4 
ï d

7
 ʚ 

ʣʠʪʝʨʘʪʫʨʝ ʚʩʪʨʝʯʘʶʪʩʷ ʨʝʜʢʠʝ ʧʨʠʤʝʨʳ ʢʦʤʧʣʝʢʩʦʚ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʭ 

ʩʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨ, ʦʜʥʘʢʦ ʤʝʥʴʰʘʷ ʵʥʝʨʛʠʷ ʩʧʠʥʦʚʦʛʦ ʩʧʘʨʠʚʘʥʠʷ ʚʤʝʩʪʝ ʩ 

ʙʦʣʝʝ ʩʠʣʴʥʳʤ ʧʦʣʝʤ ʣʠʛʘʥʜʘ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʚʦʟʤʦʞʥʳʭ 

ʚʘʨʠʘʥʪʦʚ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʘʠʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʧʦʣʫʯʝʥʦ ʜʣʷ d
6
 ʢʦʥʬʠʛʫʨʘʮʠʠ, ʧʨʠʯʝʤ ʙʦʣʴʰʠʥʩʪʚʦ ʠʟ ʥʠʭ 

ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʥʘ ʦʩʥʦʚʝ Fe(II).  

ʇʦʜʚʝʜ ̫ ʠʪʦʛ ʚʳʰʝʩʢʘʟʘʥʥʦʤʫ, ʚ ʧʨʦʮʝʩʩʝ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ 

ʧʨʦʠʩʭʦʜʠʪ ʜʚʘ ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʳʭ ʠʟʤʝʥʝʥʠʷ ʚ ʢʦʤʧʣʝʢʩʘʭ:  1) ʠʟʤʝʥʝʥʠʝ 

ʜʣʠʥʳ ʩʚʷʟʠ ʤʝʪʘʣʣ-ʣʠʛʘʥʜ, 2) ʠʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʩʧʠʥʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʨʘʟʥʦʦʙʨʘʟʥʳʤʠ ʤʝʪʦʜʠʢʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ 

ʉʂɺʀɼ-ʤʘʛʥʝʪʦʤʝʪʨʠʷ, 
57
Fe ʤʸʩʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʵʣʝʢʪʨʦʥʥʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ (ʈʉɸ), 

ʤʘʛʥʠʪʥʦ-ʨʝʟʦʥʘʥʩʥʳʝ ʤʝʪʦʜʳ ʠ ʜʨ.  ʂʨʘʪʢʠʡ ʦʙʟʦʨ ʤʝʪʦʜʠʢ ʧʨʝʜʩʪʘʚʣʝʥ ʚ 

ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ. 

1.1.3 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʠʢʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʧʠʥʦʚʦʛʦ 

ʢʨʦʩʩʦʚʝʨʘ 

ʀʟʤʝʨʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 

ʀʟʤʝʨʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢʘʢ ʬʫʥʢʮʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ɢ(T) (ʉʂɺʀɼ-ʤʘʛʥʝʪʦʤʝʪʨʠʷ) ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʠ ʣʝʛʢʦʜʦʩʪʫʧʥʳʭ 

ʤʝʪʦʜʦʚ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʀʟʤʝʥʝʥʠʝ ʩʧʠʥʦʚʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʠʟ LS ʚ HS ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʤʘʛʥʠʪʥʦʛʦ 

ʤʦʤʝʥʪʘ ʦʙʨʘʟʮʘ, ʯʪʦ ʷʩʥʦ ʧʨʦʷʚʣʷʝʪʩʷ ʥʘ ʢʨʠʚʦʡ  ɢ(T). ɼʣʷ ʠʟʤʝʨʝʥʠʷ ɢ(T), ʢʘʢ 

ʧʨʘʚʠʣʦ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʉʂɺʀɼ-ʤʘʛʥʝʪʦʤʝʪʨʳ, ʦʙʣʘʜʘʶʱʠʝ ʙʦʣʴʰʝʡ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʠ ʪʦʯʥʦʩʪʴʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʩʪʘʨʝʚʰʠʤʠ ʤʝʪʦʜʠʢʘʤʠ 

ʌʘʨʘʜʝʷ, ɻʫʠ.  
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ɺʠʜ ʢʨʠʚʦʡ ɢ(T) ʜʣʷ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʠʤʳʤʠ ʚʢʣʘʜʘʤʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʜʚʫʭ 

ʩʦʩʪʦʷʥʠʡ  ʧʦ ʬʦʨʤʫʣʝ: 

ɢ(T)=ɔHSĀɢHS+(1īɔHS)ĀɢLS,         (1) 

ʛʜʝ ɢHS ʠ ɢLS - ʤʘʛʥʠʪʥʳʝ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʦʩʪʦʷʥʠʡ, 

ʘ ɔHS ï ʜʦʣʷ HS ʩʦʩʪʦʷʥʠʷ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʟʥʘʷ ʟʥʘʯʝʥʠʷ ɢHS, ɢLS ʠ ʠʟʤʝʨʠʚ 

ʚʝʣʠʯʠʥʫ ɢ(T), ʣʝʛʢʦ ʧʦʣʫʯʠʪʴ ʢʨʠʚʫʶ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʢʦʪʦʨʘʷ ʦʙʳʯʥʦ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ɔHS(T). ʇʦʤʠʤʦ ʢʨʠʚʦʡ ɢ(T), ʜʘʥʥʳʝ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪʦʙʨʘʞʘʶʪ ʚ ʚʠʜʝ ʛʨʘʬʠʢʦʚ ʟʘʚʠʩʠʤʦʩʪʠ ɢT ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʘ ʪʘʢʞʝ ʚ ʪʝʨʤʠʥʘʭ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ  ɛeff(T)= 8ʔT.  

ʉʦʚʨʝʤʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʧʦʟʚʦʣʷʶʪ ʠʟʤʝʨʷʪʴ ʤʘʛʥʠʪʥʫʶ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ (ʚʢʣʶʯʘʷ ʛʝʣʠʝʚʳʝ 

ʪʝʤʧʝʨʘʪʫʨʳ) ʠ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʨʘʟʣʠʯʥʳʭ ʚʥʝʰʥʠʭ ʚʦʟʤʫʱʝʥʠʡ: 

ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠ,̫ [80] ʬʦʪʦʦʙʣʫʯʝʥʠ,̫ [68] ʚʳʩʦʢʠʭ ʤʘʛʥʠʪʥʳʭ 

ʧʦʣʝʡ [53]. 

 

57
Fe ʄʝʩʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ  

ʄʸʩʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʦʩʥʦʚʘʥʘ ʥʘ ʨʝʟʦʥʘʥʩʥʦʤ ʧʦʛʣʦʱʝʥʠʠ 

ʘʪʦʤʥʳʤ ʷʜʨʦʤ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ɔ-ʠʟʣʫʯʝʥʠʷ, ʠʩʧʫʩʢʘʝʤʦʛʦ 

ʨʘʜʠʦʘʢʪʠʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ (ʵʬʬʝʢʪ ʄʸʩʩʙʘʫʵʨʘ). ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʵʬʬʝʢʪ 

ʄʸʩʩʙʘʫʵʨʘ ʠʤʝʝʪ ʤʝʩʪʦ ʜʣʷ ʙʦʣʝʝ ʯʝʤ 40 ʵʣʝʤʝʥʪʦʚ, ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʧʦʜʭʦʜʷʪ ʥʝ ʙʦʣʝʝ 15 ʠʟ ʥʠʭ. [81,82] ʃʠʤʠʪʠʨʫʶʱʠʝ ʬʘʢʪʦʨʳ ï 

ʚʨʝʤʷ ʞʠʟʥʠ ʠ ʵʥʝʨʛʠʷ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʷʜʨʘ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʄʸʩʩʙʘʫʵʨʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʧʦʩʢʦʣʴʢʫ ʚʨʝʤʷ ʞʠʟʥʠ ʦʧʨʝʜʝʣʷʝʪ ʤʠʥʠʤʘʣʴʥʫʶ ʰʠʨʠʥʫ 

ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʠ, ʢʦʪʦʨʘʷ ʥʝ ʜʦʣʞʥʘ ʧʨʝʚʳʰʘʪʴ ʩʚʝʨʭʪʦʥʢʠʝ ʨʘʩʱʝʧʣʝʥʠʷ, 

ʘ ʵʥʝʨʛʠʷ ɔ-ʢʚʘʥʪʘ ʦʧʨʝʜʝʣʷʝʪ ʵʥʝʨʛʠʶ ʦʪʜʘʯʠ.  

ʉʨʝʜʠ ʚʩʝʭ ʚʘʨʠʘʥʪʦʚ ʥʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʘ 
57

Fe 

ʄʝʩʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʩʪʘʚʰʘʷ ʩʪʘʥʜʘʨʪʥʦʡ ʤʝʪʦʜʠʢʦʡ 

ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ. ʀʟʦʤʝʨʥʳʡ 
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ʩʜʚʠʛ d ʠ ʢʚʘʜʨʫʧʦʣʴʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ȹEQ (ʜʚʘ ʥʘʠʙʦʣʝʝ ʠʥʬʦʨʤʘʪʠʚʥʳʭ 

ʧʘʨʘʤʝʪʨʘ, ʠʟʚʣʝʢʘʝʤʳʭ ʠʟ ʄ ʩyʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ) ʟʥʘʯʠʪʝʣʴʥʦ 

ʦʪʣʠʯʘʶʪʩʷ ʚ HS ʠ LS ʩʦʩʪʦʷʥʠʠ ʢʘʢ ʜʣʷ Fe(II), ʪʘʢ ʠ ʜʣʷ Fe(III). [82] ʊ.ʝ., ʝʩʣʠ 

ʦʙʘ ʩʧʠʥʦʚʳʭ ʩʦʩʪʦʷʥʠʷ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʩʪʝʧʝʥʠ (ʥʝ ʤʝʥʝʝ ʯʝʤ 

~3%), ʠ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ LSźHS ʬʣʫʢʪʫʘʮʠʡ ʙʦʣʴʰʝ ʄʝʩʩʙʘʫʵʨʦʚʩʢʦʛʦ 

ʚʨʝʤʝʥʥʦʛʦ ʦʢʥʘ (ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, 

ʢʦʪʦʨʦʝ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 100 ʥʩ ʜʣʷ 
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Fe), ʪʦ ʦʙʘ ʩʧʠʥʦʚʳʭ ʩʦʩʪʦʷʥʠʷ 

ʩʪʘʥʦʚʷʪʩʷ ʨʘʟʣʠʯʠʤʤrʠ ʚ ʠʪʦʛʦʚʦʤ ʩʧʝʢʪʨʝ.  

ʇʦʤʠʤʦ ʢʨʠʚʦʡ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ɔHS(T) ʠʟ ʄʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ 

ʤʦʞʥʦ ʠʟʚʣʝʯʴ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʮʝʥʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ 

ʩʦʝʜʠʥʝʥʠʷʭ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʠʟʦʤʝʨʥʳʡ ʩʜʚʠʛ d ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʩʧʠʥʦʚʦʡ 

ʧʣʦʪʥʦʩʪʠ s-ʵʣʝʢʪʨʦʥʘ ʥʘ ʷʜʨʝ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ 

ʟʘʩʝʣʝʥʥʦʩʪʠ s-ʵʣʝʢʪʨʦʥʦʚ ʠ ʢʦʩʚʝʥʥʦ (ʯʝʨʝʟ ʵʬʬʝʢʪ ʵʢʨʘʥʠʨʦʚʢʠ) ʟʘʚʠʩʠʪ ʦʪ 

ʟʘʩʝʣʝʥʥʦʩʪʠ d-ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʚʘʣʝʥʪʥʦʡ ʦʙʦʣʦʯʢʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ, ʩʧʠʥʦʚʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʥʝʢʦʪʦʨʳʭ 

ʩʚʦʡʩʪʚʘʭ ʩʚʷʟʠ (ʢʦʚʘʣʝʥʪʥʦʩʪʴ, ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ ʣʠʛʘʥʜʘ ʠ ʪ.ʜ.). [81, 

82]  

ʂʚʘʜʨʫʧʦʣʴʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ȹEQ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʧʨʠ ʥʘʣʠʯʠʠ 

ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʄ ʩyʩʙʘʫʨʦʚʩʢʦʤ ʷʜʨʝ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ 

ʙʳʪʴ ʚʳʟʚʘʥʦ ʥʝʩʬʝʨʠʯʝʩʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʥʘ 

ʚʘʣʝʥʪʥʦʡ ʦʙʦʣʦʯʢʝ ʠʣʠ ʞʝ ʥʝʩʠʤʤʝʪʨʠʯʥʳʤ ʦʢʨʫʞʝʥʠʝʤ ʚ ʨʝʰʝʪʢʝ. [81, 82] 

ʀʥʬʦʨʤʘʮʠʷ ʦ ȹEQ ʜʘʝʪ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʤʦʣʝʢʫʣʷʨʥʦʤ ʦʢʨʫʞʝʥʠʠ, ʩʪʝʧʝʥʠ 

ʦʢʠʩʣʝʥʠʷ ʠ ʦ ʩʧʠʥʦʚʦʤ ʩʦʩʪʦʷʥʠʠ.  

ʄʘʛʥʠʪʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ȹHM, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʧʝʢʪʨʘʭ 

ʩʧʠʥ-ʢʨʦʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚʩʣʝʜʩʪʚʠʝ ʫʩʨʝʜʥʝʥʠʷ ʜʦ ʥʫʣʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʥʘ ʷʜʨʝ ʟʘ ʚʨʝʤʷ ʄ ʩyʩʙʘʫʵʨʦʚʩʢʦʛʦ ʚʨʝʤʝʥʥʦʛʦ ʦʢʥʘ (ʫʩʨʝʜʥʝʥʠʝ ʚʳʟʚʘʥʦ 

ʙʳʩʪʨʦʡ ʬʣʫʢʪʫʘʮʠʝʡ ʩʧʠʥʘ ʚʘʣʝʥʪʥʦʛʦ ʵʣʝʢʪʨʦʥʘ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʌʝʨʤʠʝʚʩʢʦʛʦ ʢʦʥʪʘʢʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ). ʆʜʥʘʢʦ ʤʘʛʥʠʪʥʦ-ʜʠʧʦʣʴʥʦʝ 

ʨʘʩʱʝʧʣʝʥʠʝ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʧʨʠ ʧʦʤʝʱʝʥʠʠ ʦʙʨʘʟʮʘ ʚʦ ʚʥʝʰʥʝʝ 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʧʨʠʯʝʤ ʚʝʣʠʯʠʥʘ ʨʘʩʱʝʧʣʝʥʠʷ ȹHM ʠʟʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 
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ʦʪ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʄ ʩyʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʤʦʞʝʪ 

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʩʦʩʪʦʷʥʠʡ, ʚʨʝʤʝʥʠ 

ʨʝʣʘʢʩʘʮʠʠ ʜʣʷ LSźHS ʬʣʫʢʪʫʘʮʠʡ [83] ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʬʦʨʤʳ ʣʠʥʠʠ 

ʩʧʝʢʪʨʦʚ ʠ ʪʝʦʨʠʠ ʨʝʣʘʢʩʘʮʠʠ ɹʣʶʤʘ [84ī86]. 

  

ʆʧʪʠʯʝʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ  

ʊʝʨʤʠʯʝʩʢʠʡ ʩʧʠʥʦʚʳʡ ʧʝʨʝʭʦʜ ʚʩʝʛʜʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ 

ʮʚʝʪʘ (ʷʚʣʝʥʠʝ ʪʝʨʤʦʭʨʦʤʠʟʤʘ). ʏʘʩʪʦ ʪʝʨʤʦʭʨʦʤʠʟʤ ʥʦʩʠʪ ʚʳʨʘʞʝʥʥʳʡ 

ʭʘʨʘʢʪʝʨ ʠ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʜʘʞʝ ʚʠʟʫʘʣʴʥʦ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʣʝʛʢʦ ʠ ʙʳʩʪʨʦ 

ʦʧʨʝʜʝʣʠʪʴ ʥʘʣʠʯʠʝ ʧʝʨʝʭʦʜʘ ʧʦ ʦʪʩʣʝʞʠʚʘʥʠʶ ʮʚʝʪʘ ʩʦʝʜʠʥʝʥʠʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ɼʣʷ ʥʝʢʦʪʦʨʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ Fe(II) 

(ʥʘʧʨʠʤʝʨ, [Fe(alkyltetrazole)6]
2+

) ʮʚʝʪ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʦʣʴʢʦ ʧʦʣʦʩʘʤʠ 

ʧʦʛʣʦʱʝʥʠʷ ʣʠʛʘʥʜʘ ʠ ʤʝʥʷʝʪʩʷ ʦʪ ʙʝʩʮʚʝʪʥʦʛʦ ʚ HS ʩʦʩʪʦʷʥʠʠ ʜʦ ʷʨʢʦ- 

ʧʫʨʧʫʨʥʦʛʦ ʚ LS ʩʦʩʪʦʷʥʠʠ. [87] ʆʜʥʘʢʦ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʩʠʩʪʝʤ ʚ ʦʧʪʠʯʝʩʢʠʭ 

ʩʧʝʢʪʨʘʭ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ ʧʨʠʩʫʪʩʪʚʫʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʦʣʦʩʳ 

ʧʦʛʣʦʱʝʥʠʷ (ʚʩʣʝʜʩʪʚʠʝ ʨʘʟʨʝʰʝʥʥʦʩʪʠ ʧʦ ʩʧʠʥʫ ʠʣʠ ʧʦ ʯʝʪʥʦʩʪʠ ʧʝʨʝʭʦʜʦʚ ʩ 

ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ), ʢʦʪʦʨʳʝ ʤʝʥʷʶʪ ʮʚʝʪ ʩʦʝʜʠʥʝʥʠʷ ʠ ʜʝʣʘʶʪ ʪʝʨʤʦʭʨʦʤʠʟʤ 

ʤʝʥʝʝ ʷʚʥʳʤ. [88, 89] ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʩʩʣʝʜʫʶʪ ʟʘʚʠʩʠʤʦʩʪʠ ʦʧʪʠʯʝʩʢʠʭ 

ʩʧʝʢʪʨʦʚ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʘʥʘʣʠʟʠʨʫʶʪ ʩʜʚʠʛʠ ʠʣʠ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ. ʆʧʪʠʯʝʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʪʘʢʞʝ 

ʷʚʣʷʝʪʩʷ ʥʝʟʘʤʝʥʠʤʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʩʪʨʫʢʪʫʨʳ ʵʣʝʢʪʨʦʥʥʳʭ 

ʫʨʦʚʥʝʡ ʚ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ.  

ʂʨʦʤʝ ʪʦʛʦ, ʟʥʘʥʠʝ ʧʦʣʦʞʝʥʠʷ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʧʪʠʯʝʩʢʠʭ ʧʝʨʝʭʦʜʦʚ 

ʚʘʞʥʦ ʜʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʬʦʪʦʦʙʣʫʯʝʥʠʶ, LIESST-

ʵʬʬʝʢʪʫ (ʨʘʟʜʝʣ 1.1.4), ʠʟʤʝʨʝʥʠʶ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʢʠʥʝʪʠʢ. [68, 90]  ɼʘʥʥʳʝ 

ʦʧʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ (ʚʧʣʦʪʴ ʜʦ 

ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ) ʧʦʟʚʦʣʷʶʪ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʢʦʨʦʪʢʦʞʠʚʫʶʱʠʝ 

ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʩʦʩʪʦʷʥʠʷ, ʬʦʨʤʠʨʫʶʱʠʝʩʷ ʚ ʧʨʦʮʝʩʩʝ ʩʧʠʥʦʚʳʭ ʧʝʨʝʭʦʜʦʚ. 

[91 ï 94]  
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ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʋʤʝʥʴʰʝʥʠʝ ʥʘʩʝʣʝʥʥʦʩʪʠ ʘʥʪʠ-ʩʚʷʟʳʚʘʶʱʝʡ eg ʦʨʙʠʪʘʣʠ ʠ ʚʦʟʨʘʩʪʘʥʠʝ 

ʥʘʩʝʣʝʥʥʦʩʪʠ ʥʝʩʚʷʟʳʚʘʶʱʝʡ ʦʨʙʠʪʘʣʠ t2g ʧʨʠ ʧʝʨʝʭʦʜʝ ʠʟ HS ʚ LS ʩʦʩʪʦʷʥʠʝ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʩʠʣʳ ʩʚʷʟʠ ʤʝʪʘʣʣïʣʠʛʘʥʜ. ʕʪʦʪ ʬʘʢʪ ʦʪʨʘʞʘʝʪʩʷ 

ʚ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʧʝʢʪʨʘʭ ʜʘʣʴʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ (~250 ï 500 ʩʤ
-1
). [95, 96] ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [97 ï 99] ʧʦ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʧʦʚʝʜʝʥʠʶ ʀʂ ʩʧʝʢʪʨʦʚ ʜʘʣʴʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʙʳʣʠ 

ʫʩʪʘʥʦʚʣʝʥʳ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ HS ʠʣʠ LS 

ʩʦʩʪʦʷʥʠʶ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʠʭ ʜʘʥʥʳʭ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʨʠʚʳʝ ʩʧʠʥʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ ɔHS(T).  

ʆʜʥʘʢʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʩʪʘʥʦʚʣʝʥʠʝ ʤʦʜ ʢʦʣʝʙʘʥʠʡ ʩʚʷʟʠ ʤʝʪʘʣʣ-

ʣʠʛʘʥʜ ʯʘʩʪʦ ʙʳʚʘʝʪ ʟʘʪʨʫʜʥʠʪʝʣʴʥʳʤ, ʧʦʵʪʦʤʫ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʚ ʦʩʥʦʚʥʦʤ 

ʠʩʧʦʣʴʟʫʶʪ ʚʥʫʪʨʝʥʥʠʝ ʤʦʜʳ ʣʠʛʘʥʜʘ, ʪ.ʢ. ʠʟʤʝʥʝʥʠʝ ʩʠʣʳ ʩʚʷʟʠ ʤʝʞʜʫ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤ ʘʪʦʤʦʤ ʠ ʣʠʛʘʥʜʦʤ ʚʣʠʷʝʪ ʠ ʥʘ ʩʠʣʳ ʩʚʷʟʝʡ ʩʦʩʝʜʝʡ ʧʝʨʚʦʛʦ 

ʧʦʨʷʜʢʘ. ɼʣʷ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ Fe(II) ʥʘʙʣʶʜʝʥʠʝ 

ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʯʘʱʝ ʚʩʝʛʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ ʢʦʣʝʙʘʥʠʷʤ ʚ CO ʠ CN 

ʛʨʫʧʧʘʭ ʣʠʛʘʥʜʘ, ʯʘʩʪʦʪʘ ʢʦʪʦʨʳʭ ʣʝʞʠʪ ʚ ʩʨʝʜʥʝʤ ʀʂ ʜʠʘʧʘʟʦʥʝ. [100, 101] 

ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʨʫʪʠʥʥʳʭ ʜʘʥʥʳʭ ʦ ʚʠʜʝ ʢʨʠʚʳʭ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠ ʦʧʨʝʜʝʣʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ, [102, 103] ʥʦ ʠ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʠʩʪʝʨʝʟʠʩʥʳʭ ʷʚʣʝʥʠʡ, [101] ʚʣʠʷʥʠʷ ʵʬʬʝʢʪʘ ʜʘʚʣʝʥʠʷ, 

LIESST-ʵʬʬʝʢʪʘ. [98, 99] ʆʩʦʙʝʥʥʦ ʠʥʪʝʨʝʩʝʥ ʧʦʩʣʝʜʥʠʡ ʩʣʫʯʘʡ, ʧʦʩʢʦʣʴʢʫ 

ʧʦʤʠʤʦ ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʦʩʦʙʝʥʥʦʩʪʷʭ LIESST ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʘʝʪ 

ʢʦʩʚʝʥʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʪʨʫʢʪʫʨʝ ʬʦʪʦʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

  

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ (ʈʉɸ) 

ʂʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʨʘʥʝʝ, ʪʝʨʤʠʯʝʩʢʠʡ ʩʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʜʣʠʥʳ ʩʚʷʟʠ ʤʝʪʘʣʣ-ʣʠʛʘʥʜ ʚʩʣʝʜʩʪʚʠʝ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʩʝʣʝʥʥʦʩʪʠ ʘʥʪʠ-ʩʚʷʟʳʚʘʶʱʝʡ eg ʠ ʥʝʩʚʷʟʳʚʘʶʱʝʡ t2g 
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ʦʨʙʠʪʘʣʝʡ. ʊʘʢ, ʜʣʷ Fe(II) ʠʟʤʝʥʝʥʠʝ ʩʫʤʤʘʨʥʦʛʦ ʩʧʠʥʘ ʥʘ ȹS=2 ʧʨʠʚʦʜʠʪ ʢ 

ʠʟʤʝʥʝʥʠʶ ʜʣʠʥʳ ʩʚʷʟʠ ʥʘ ~10%  (ȹr=rHSīrLSå220 ʧʤ ï 200 ʧʤå20 ʧʤ); [104] 

ʜʣʷ Fe(III) ʪʘʢʞʝ ʩ ȹS=2 ʠʟʤʝʥʝʥʠʝ ȹr ʥʝʩʢʦʣʴʢʦ ʤʝʥʴʰʝ (ȹrå13 ʧʤ), ʧʦʩʢʦʣʴʢʫ 

ʚ LS ʩʦʩʪʦʷʥʠʠ ʦʜʠʥ ʵʣʝʢʪʨʦʥ ʚʩʝ ʞʝ ʦʩʪʘʝʪʩʷ ʥʘ eg ʦʨʙʠʪʘʣʠ; ʜʣʷ Co(II) 

ʠʟʤʝʥʝʥʠʝ ʝʱʝ ʤʝʥʴʰʝ (ȹrå10 ʧʤ), ʪ.ʢ. ʧʨʠ ʧʝʨʝʭʦʜʝ ʚ LS ʩʦʩʪʦʷʥʠʝ ȹS=1 

ʪʦʣʴʢʦ ʦʜʠʥ ʵʣʝʢʪʨʦʥ ʧʝʨʝʭʦʜʠʪ ʩ eg ʥʘ t2g ʦʨʙʠʪʘʣʴ.  

ɺʝʣʠʯʠʥʘ ȹr ʠʛʨʘʝʪ ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʚ ʢʦʦʧʝʨʘʪʠʚʥʳʭ ʧʨʦʮʝʩʩʘʭ ʠ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʢʠʥʝʪʠʢʘʭ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʧʨʝʜʝʣʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʠ ʥʠʞʝ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʢʨʘʡʥʝ 

ʠʥʬʦʨʤʘʪʠʚʥʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʠʨʦʜʳ ʩʧʠʥʦʚʳʭ ʧʝʨʝʭʦʜʦʚ (ʚʟʘʠʤʦʩʚʷʟʴ ʩ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ, ʵʬʬʝʢʪʳ ʢʦʦʧʝʨʘʪʠʚʥʦʩʪʠ). ɼʘʞʝ ʚ 

ʩʣʫʯʘʝ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʥʦʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʜʘʥʥʳʝ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 

ʦʩʪʘʶʪʩʷ ʠʥʬʦʨʤʘʪʠʚʥʳʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʠʨʦʜʳ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 

(ʧʣʘʚʥʳʡ/ʨʝʟʢʠʡ) ʠ ʧʨʦʠʩʭʦʜʷʱʠʭ ʠʟʤʝʥʝʥʠʡ ʚ ʧʘʨʘʤʝʪʨʘʭ ʨʝʰʝʪʢʠ. [105] 

ʅʝʤʘʣʦ ʘʢʪʠʚʥʦʤʫ ʧʨʠʤʝʥʝʥʠʶ ʈʉɸ ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʨʘʟʚʠʪʠʝ 

ʪʝʭʥʠʯʝʩʢʠʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ. CCD 

ʜʝʪʝʢʪʦʨʳ ʠ ʬʦʢʫʩʠʨʫʶʱʠʝ ʫʩʪʨʦʡʩʪʚʘ (ʟʝʨʢʘʣʦ ɻʸʙʝʣʷ) ʤʥʦʛʦʢʨʘʪʥʦ 

ʩʦʢʨʘʪʠʣʠ ʚʨʝʤʷ ʵʢʩʧʝʨʠʤʝʥʪʘ; ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʨʠʦʛʝʥʥʳʭ ʩʠʩʪʝʤ ʧʦʟʚʦʣʠʣʦ 

ʨʘʙʦʪʘʪʴ ʧʨʠ ʛʝʣʠʝʚʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʠʩʩʣʝʜʦʚʘʪʴ LIESST-ʵʬʬʝʢʪ ʤʝʪʦʜʦʤ 

ʈʉɸ [106, 107]; ʧʨʠʤʝʥʝʥʠʝ LCLS (Linac Coherent Light Source) ʠʩʪʦʯʥʠʢʦʚ 

ʩʚʝʪʘ ʩʜʝʣʘʣʦ ʚʦʟʤʦʞʥʳʤ ʩʚʝʨʭʙʳʩʪʨʳʡ ʬʝʤʪʦʩʝʢʫʥʜʥʳʡ ʈʉɸ, ʘ ʟʥʘʯʠʪ ʠ 

ʭʘʨʘʢʪʝʨʠʟʘʮʠʶ ʩʪʨʫʢʪʫʨʳ ʢʦʨʦʪʢʦʞʠʚʫʱʠʭ ʩʦʩʪʦʷʥʠʡ [108, 109].  

 

ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ  

ʇʨʦʪʦʥʥʘʷ ʗʄʈ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ ʚ ʨʘʩʪʚʦʨʘʭ. ʄʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʠʟʤʝʨʷʝʪʩʷ 

ʤʝʪʦʜʦʤ ʕʚʘʥʩʘ, ʪ.ʝ. ʠʟ ʠʟʤʝʨʝʥʠʷ ʨʘʟʥʠʮʳ ʭʠʤʠʯʝʩʢʠʭ ʩʜʚʠʛʦʚ, ʚʳʟʚʘʥʥʦʡ 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʧʘʨʘʤʘʛʥʠʪʥʦʡ ʯʘʩʪʠʮʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ ʨʘʩʪʚʦʨʦʤï



27 

 

ʩʪʘʥʜʘʨʪʦʤ. [110, 111] ɺʧʝʨʚʳʝ ʵʪʘ ʤʝʪʦʜʠʢʘ ʜʣʷ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʢ Fe(II)  ʚ ʪʨʠʩ(ʧʠʨʘʟʦʣʠʣ)ʙʦʨʘʪʥʳʭ ʩʠʩʪʝʤʘʭ. 

[112] ʊʚʝʨʜʦʪʝʣʴʥʘʷ ʗʄʈ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʥʘʧʨʦʪʠʚ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʠʩʪʝʤ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʫʩʪʘʥʦʚʣʝʥʠʷ 

ʬʘʢʪʘ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʧʦ ʘʥʘʣʠʟʫ ʰʠʨʠʥʳ ʣʠʥʠʠ, ʧʦʩʢʦʣʴʢʫ ʙʦʣʴʰʦʝ ʯʠʩʣʦ 

ʭʠʤʠʯʝʩʢʠ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʧʨʦʪʦʥʦʚ ʣʠʛʘʥʜʘ ʧʨʠʚʦʜʠʪ ʢ ʪʨʫʜʥʦ 

ʠʥʪʝʨʧʨʝʪʠʨʫʝʤʳʤ ʰʠʨʦʢʠʤ ʣʠʥʠʷʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʘʥʘʣʠʟʘ ʜʝʪʘʣʝʡ ʩʧʠʥʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ.   

ɹʦʣʝʝ ʠʥʪʝʨʝʩʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʤʝʭʘʥʠʟʤʝ ʩʧʠʥʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʤʦʞʝʪ 

ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʦ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ T1. ʇʝʨʚʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʆʟʘʨʦʚʩʢʠ [113], ʚ ʨʘʙʦʪʝ ʢʦʪʦʨʦʛʦ ʙʳʣʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʫʤʝʥʴʰʝʥʠʝ ʚʨʝʤʝʥʠ T1 ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʨʘʩʩʪʦʷʥʠʷ 

ʤʝʞʜʫ ʧʨʦʪʦʥʘʤʠ ʠ ʧʘʨʘʤʘʛʥʠʪʥʳʤ ʠʦʥʦʤ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ Fe(II) . 

ɺʩʣʝʜ ʟʘ ʵʪʦʡ ʨʘʙʦʪʦʡ ʧʦʷʚʠʣʠʩʴ ʜʨʫʛʠʝ ʧʦʜʨʦʙʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ T1 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ Fe(II) ʠ ʠʭ ʮʠʥʢʦʚʳʭ 

ʘʥʘʣʦʛʦʚ, [114 ï 116] ʚ ʭʦʜʝ ʢʦʪʦʨʳʭ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʬʫʥʢʮʠʷ lnT1(1/T) 

ʦʙʣʘʜʘʝʪ ʥʝʩʢʦʣʴʢʠʤʠ ʤʠʥʠʤʫʤʘʤʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʪʫʥʥʝʣʴʥʳʤ (ʧʨʠ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ) ʠ ʢʣʘʩʩʠʯʝʩʢʠʤ (ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ) ʚʨʘʱʝʥʠʷʤ 

ʛʨʫʧʧ, ʠ ʩʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨ ʧʨʦʠʩʭʦʜʠʪ ʥʝ ʚ ʩʪʘʪʠʯʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʝ, ʘ ʚ ʜʠʥʘʤʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʫʢʘʟʘʥʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʗʄʈ, ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʟʥʘʯʠʪʝʣʴʥʦ 

ʯʘʱʝ, ʧʦʩʢʦʣʴʢʫ ʜʚʘ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʠʭ ʢʣʘʩʩʘ (ʥʘ ʦʩʥʦʚʝ Fe(III) ʠ Co(II) ) 

ʦʙʣʘʜʘʶʪ ʭʦʨʦʰʦ ʨʘʟʨʝʰʝʥʥʳʤʠ ʭʘʨʘʢʪʝʨʥʳʤʠ ʕʇʈ ʩʧʝʢʪʨʘʤʠ ʜʣʷ HS ʠ LS 

ʩʦʩʪʦʷʥʠʡ. ɼʣʷ ʩʦʝʜʠʥʝʥʠʡ Fe(III) ʚ HS ʩʦʩʪʦʷʥʠʠ ʦʪʩʫʪʩʪʚʫʝʪ ʩʧʠʥ-

ʦʨʙʠʪʘʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ (ʪʝʨʤ 
6
S), ʪ.ʝ. ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʜʦʩʪʘʪʦʯʥʦ 

ʚʝʣʠʢʦ, ʘ ʕʇʈ ʩʠʛʥʘʣ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ g-ʬʘʢʪʦʨʦʤ ʠ D, E 

ʧʘʨʘʤʝʪʨʘʤʠ ʨʘʩʱʝʧʣʝʥʠʷ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ. ɺ LS ʩʦʩʪʦʷʥʠʠ  (
2
T2) ʩʧʠʥ-

ʦʨʙʠʪʘʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʫʞʝ ʧʨʠʩʫʪʩʪʚʫʝʪ, ʦʜʥʘʢʦ ʧʨʠ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʢʦʣʝʙʘʥʠʷ ʟʘʪʦʨʤʘʞʠʚʘʶʪʩʷ, ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʝ  
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʫʤʝʥʴʰʘʝʪʩʷ, ʠ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʦʩʪʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʜʦʣʛʠʤ. 

[117, 118] 

ɼʣʷ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ Co(II) ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ 

ʘʢʪʫʘʣʴʥʳʤ ʤʝʪʦʜʦʤ. [119 ï 121] ʆʜʥʘʢʦ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ 

HS ʩʦʩʪʦʷʥʠʠ (
4
T1) ʫʤʝʥʴʰʘʝʪ ʚʨʝʤʷ ʩʧʠʥ-ʨʝʰʝʪʦʯʥʦʡ ʨʝʣʘʢʩʘʮʠʠ, ʟʘʪʨʫʜʥʷʷ 

ʧʦʣʫʯʝʥʠʝ ʩʧʝʢʪʨʦʚ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʇʦʵʪʦʤʫ ʕʇʈ ʩʧʝʢʪʨʳ HS 

ʩʦʩʪʦʷʥʠʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʦʣʫʯʘʶʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʯʫʪʴ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ.  

ɺ ʩʣʫʯʘʝ Fe(II) ʢʦʤʧʣʝʢʩʦʚ ʚ HS ʩʦʩʪʦʷʥʠʠ (
5
T2) ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʪʘʢ ʚʝʣʠʢʦ (ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ ʩʧʠʥ-ʨʝʰʝʪʦʯʥʦʡ ʨʝʣʘʢʩʘʮʠʠ), ʯʪʦ 

ʕʇʈ ʩʧʝʢʪʨʳ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʪʦʣʴʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 20 ʂ.  ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʠʤʝʥʷʝʪʩʷ ʜʦʧʠʨʦʚʘʥʠʝ Fe(II) ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 

ʧʦʜʭʦʜʷʱʠʤʠ ʕʇʈ ʧʨʦʙʘʤʠ: Mn(II) ʠʣʠ Cu(II) . ʇʨʠʤʝʥʝʥʠʝ ʜʦʧʠʨʦʚʘʥʠ ̫ï 

ʘʣʴʪʝʨʥʘʪʠʚʥʘʷ ʪʝʭʥʠʢʘ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩʧʠʥʦʚʦʛʦ 

ʢʨʦʩʩʦʚʝʨʘ ʧʦ ʧʦʚʝʜʝʥʠʶ ʩʠʛʥʘʣʘ ʤʦʣʝʢʫʣʳ-ʛʦʩʪʷ. ʕʪʦʪ ʤʝʪʦʜ ʚʧʝʨʚʳʝ ʙʳʣ 

ʠʩʧʦʣʴʟʦʚʘʥ ʄʘʢɻʘʨʚʠ ʩ ʩʦʘʚʪʦʨʘʤʠ ʜʣʷ [Fe(phen)2(NCS)2] ʠ [Fe(2-

pic)3]Cl2ĿEtOH (2-pic=2-picolylamine), ʜʦʧʠʨʦʚʘʥʥʳʭ 1% Mn(II), [122] ʘ ʟʘʪʝʤ 

ʧʦʟʜʥʝʝ ʚ ʨʘʙʦʪʝ [123] ʜʣʷ [Fe(btr)2(NCS)2]ĿH2O, ʜʦʧʠʨʦʚʘʥʥʦʛʦ 10% Cu(II). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʳʤ ʠ ʠʥʬʦʨʤʘʪʠʚʥʳʤ 

ʤʝʪʦʜʦʤ ʜʣʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʘ ʠʤʝʥʥʦ 

ʚʳʷʚʣʝʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʧʠʥʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʠ ʧʨʦʠʩʭʦʜʷʱʠʭ ʩʪʨʫʢʪʫʨʥʳʭ 

ʠʟʤʝʥʝʥʠʡ. 

   

1.1.4 ʆʪʢʨʳʪʠʝ LIESST-ʵʬʬʝʢʪʘ 

ɺ ʥʘʯʘʣʝ 1980-ʭ ʧʨʦʠʟʦʰʣʦ ʜʚʘ ʩʦʙʳʪʠʷ, ʢʣʶʯʝʚʳʭ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ 

ʨʘʟʚʠʪʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʇʨʝʞʜʝ ʚʩʝʛʦ, 

ʄʘʢɻʘʨʚʠ ʩ ʩʦʘʚʪʦʨʘʤʠ ʦʙʥʘʨʫʞʠʣʠ, ʯʪʦ ʜʣʷ ʤʥʦʛʠʭ Fe(II) ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʚ ʨʘʩʪʚʦʨʝ ʚʳʩʦʢʦʩʧʠʥʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʩʦʟʜʘʥʦ ʟʘ ʩʯʝʪ 
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ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʥʠʟʢʦʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ. [124, 125]  

ʊʠʧʠʯʥʦʝ ʚʨʝʤʷ ʞʠʟʥʠ ʩʚʝʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʚʳʩʦʢʦʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʠ 

ʢʦʤʥʘʪʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʦʩʪʘʚʠʣʦ ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʩʝʢʫʥʜ. ɺʪʦʨʳʤ 

ʦʪʢʨʳʪʠʝʤ ʩʪʘʣ ʵʢʩʧʝʨʠʤʝʥʪ ʍʘʫʟʝʨʘ ʩ ʩʦʘʚʪʦʨʘʤʠ, [88, 126] ʚ ʭʦʜʝ ʢʦʪʦʨʦʛʦ 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʢʨʠʦʛʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʨʝʣʘʢʩʘʮʠʷ ʠʟ 

ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʚʳʩʦʢʦʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʦʩʥʦʚʥʦʝ ʥʠʟʢʦʩʧʠʥʦʚʦʝ 

ʟʘʤʝʜʣʷʝʪʩʷ ʥʘʩʪʦʣʴʢʦ ʩʠʣʴʥʦ, ʯʪʦ ʩ ʧʦʤʦʱʴʶ ʦʙʣʫʯʝʥʠʷ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ 

Fe(II) ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʘʷ ʩʠʩʪʝʤʘ ʤʦʞʝʪ ʙʳʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʦ çʟʘʭʚʘʯʝʥʘè ʚ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʤ ʚʳʩʦʢʦʩʧʠʥʦʚʦʤ ʩʦʩʪʦʷʥʠʠ. ʕʪʦ ʷʚʣʝʥʠʝ ʧʦʣʫʯʠʣʦ ʥʘʟʚʘʥʠʝ 

LIESST-ʵʬʬʝʢʪʘ (Light-Induced Excited Spin State Trapping,  ʯʪʦ ʧʝʨʝʚʦʜʠʪʩʷ ʢʘʢ 

ʩʚʝʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʡ ʟʘʭʚʘʪ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ).  

ʆʪʢʨʳʪʠʝ LIESST-ʵʬʬʝʢʪʘ ʧʦʚʣʝʢʣʦ ʟʘ ʩʦʙʦʡ ʚʦʣʥʫ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʧʦʩʚʷʱʝʥʥʳʭ ʤʝʭʘʥʠʟʤʫ ʟʘʭʚʘʪʘ, [87, 127] ʦʩʦʙʝʥʥʦʩʪʷʤ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ 

ʚʣʠʷʥʠʶ ʭʠʤʠʯʝʩʢʠʭ ʠ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʚʨʝʤʷ ʞʠʟʥʠ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. [128, 129]    
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ʈʠʩʫʥʦʢ 3 ï ʕʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʜʣʷ Fe(II) ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

ʄʝʭʘʥʠʟʤ r LIESST-ʵʬʬʝʢʪʘ ʠ ʦʙʨʘʪʥʦʛʦ LIESST-ʵʬʬʝʢʪʘ. ʇʝʨʝʭʦʜʳ ʟʘ ʩʯʝʪ 

ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ ʧʦʢʘʟʘʥʳ ʩʧʣʦʰʥʳʤʠ ʩʪʨʝʣʢʘʤʠ, ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʝʨʝʭʦʜʳ ï ʚʦʣʥʠʩʪʳʤʠ 

ʩʪʨʝʣʢʘʤʠ. [68] 

ɺ 1984 ʛʦʜʫ ʚʧʝʨʚʳʝ ʫʜʘʣʦʩʴ ʧʨʦʥʘʙʣʶʜʘʪʴ LIESST-ʵʬʬʝʢʪ ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʝ ʚ ʩʦʝʜʠʥʝʥʠʠ [Fe(ptz)6](BF4)2, ptz=1-ʧʨʦʧʠʣʪʝʪʨʘʟʦʣ. [88, 

126]  ʆʙʣʫʯʝʥʠʝ ʥʘ ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʠʥʘʭ ʚʦʣʥ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʛʣʦʱʝʥʠʶ 

ʥʠʟʢʦʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʧʨʠʚʦʜʠʪ ʢ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʤʫ ʟʘʩʝʣʝʥʠʶ 

ʚʳʩʦʢʦʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʟʘʩʝʣʝʥʥʦʩʪʠ ʥʠʟʢʦʩʧʠʥʦʚʦʛʦ 

ʩʦʩʪʦʷʥʠʷ. ʀʟʤʝʥʝʥʠʝ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʮʚʝʪʘ 

ʢʨʠʩʪʘʣʣʘ ʩ ʨʦʟʦʚʦ-ʢʨʘʩʥʦʛʦ ʥʘ ʙʝʩʮʚʝʪʥʳʡ. ʇʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʚʝʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʧʦʚʳʰʘʝʪʩʷ ʠ ʜʦʩʪʠʛʘʝʪ ʧʦʯʪʠ 100% ʧʨʠ 

ʦʙʣʫʯʝʥʠʠ ʚ ʧʦʣʦʩʝ ʧʦʛʣʦʱʝʥʠʷ 
1
ɸ1Ÿ 

1
ʊ1 (ʨʠʩʫʥʦʢ 3, 4) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 10 ʂ.  

ʄʝʭʘʥʠʟʤ LIESST-ʵʬʬʝʢʪʘ ʩʭʝʤʘʪʠʯʥʦ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 3: 

ʙʳʩʪʨʳʡ ʠ ʩʠʣʴʥʦ ʥʝʘʜʠʘʙʘʪʠʯʥʳʡ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʳʡ ʧʝʨʝʭʦʜ [130] 
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ʠʟʤʝʥʷʝʪ ʥʘʯʘʣʴʥʦʝ ʩʧʠʥʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʩ ʥʠʟʢʦʩʧʠʥʦʚʦʛʦ ʥʘ ʚʳʩʦʢʦʩʧʠʥʦʚʦʝ. 

ʅʘʣʠʯʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ ʤʝʞʜʫ ʚʳʩʦʢʦʩʧʠʥʦʚʳʤ ʠ ʥʠʟʢʦʩʧʠʥʦʚʳʤ 

ʩʦʩʪʦʷʥʠʝʤ, ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʙʦʣʴʰʦʡ ʨʘʟʥʠʮʝʡ ʤʝʞʜʫ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʜʣʠʥʘʤʠ ʩʚʷʟʝʡ ʤʝʪʘʣʣ-ʣʠʛʘʥʜ (ȹrHL) ʠ ʤʘʣʦʡ ʚʝʣʠʯʠʥʦʡ 

ʵʥʝʨʛʠʠ ʥʫʣʝʚʳʭ ʢʦʣʝʙʘʥʠʡ (ȹE
0
HL), ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʟʘʭʚʘʪʳʚʘʪʴ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ.     

 

 

ʈʠʩʫʥʦʢ 4 ï ʌʦʪʦʛʨʘʬʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ [Fe(ptz)6](BF4)2 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 293 ʂ 

(ʚʝʨʭʥʷʷ ʢʘʨʪʠʥʢʘ) ʠ 10 ʂ (ʥʠʞʥʷʷ ʢʘʨʪʠʥʢʘ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʧʝʢʪʨʳ ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʦʛʣʦʱʝʥʠʷ (ʩʧʨʘʚʘ). [127] 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ LIESST-ʵʬʬʝʢʪ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʠʟʫʯʝʥ ʚ 

ʢʣʘʩʩʠʯʝʩʢʠʭ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʨʘʟʣʠʯʥʳʭ 

ʤʝʪʦʜʠʢ (ʈʉɸ, ʉʂɺʀɼ, ʀʂ, ʕʇʈ, ʋʌ, ʄʩyʩʙʘʫʵʨʦʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ) ʚ 

ʨʘʟʣʠʯʥʳʭ ʬʘʟʦʚʳʭ ʩʦʩʪʦʷʥʠʷʭ (ʞʠʜʢʦʩʪʴ, ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʛʝʣʴ). 

ʆʩʥʦʚʥʳʤ ʧʨʝʧʷʪʩʪʚʠʝʤ ʥʘ ʧʫʪʠ ʢ ʧʦʪʝʥʮʠʘʣʴʥʦʤʫ ʧʨʠʤʝʥʝʥʠʶ ʩʧʠʥ-

ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʦʙʣʘʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʚʳʩʦʢʦʧʣʦʪʥʦʛʦ ʭʨʘʥʝʥʠʷ 

ʠʥʬʦʨʤʘʮʠʠ ʷʚʣʷʝʪʩʷ ʨʝʟʢʦʝ ʫʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʠʟ 

ʚʳʩʦʢʦʩʧʠʥʦʚʦʛʦ ʚ ʥʠʟʢʦʩʧʠʥʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ~50 ʂ. 

ʈʝʰʝʥʠʝʤ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʤʦʞʝʪ ʩʪʘʪʴ ʭʠʤʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʩʦʝʜʠʥʝʥʠʡ 

ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʙʦʣʴʰʝʡ ʚʝʣʠʯʠʥ r ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ.[131] ɹʦʣʴʰʠʝ 
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ʥʘʜʝʞʜʳ ʚʦʟʣʘʛʘʶʪʩʷ ʠ ʥʘ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʫʶ ʙʠʩʪʘʙʠʣʴʥʦʩʪʴ ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʪʝʨʤʠʯʝʩʢʠʤ ʛʠʩʪʝʨʝʟʠʩʦʤ, ʛʜʝ ʦʙʣʫʯʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʪʴ 

ʥʝʦʛʨʘʥʠʯʝʥʥʦ ʜʦʣʛʦʞʠʚʫʱʠʝ ʩʦʩʪʦʷʥʠʷ. [132 ï 134] ʇʦ ʚʩʝʤ 

ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʚʝʜʫʪʩʷ ʘʢʪʠʚʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ, 

ʢʘʢ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʧʦʟʚʦʣʷʪ ʨʝʰʠʪʴ ʧʨʦʙʣʝʤʫ ʥʠʟʢʠʭ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ. 

1.2 ʆʩʦʙʝʥʥʦʩʪʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ ʪʠʧʘ Cu(hfac)2L
R
 

1.2.1 ɺʚʝʜʝʥʠʝ 

ɺ 2002 ʛʦʜʫ ʚ ʃʘʙʦʨʘʪʦʨʠʠ ʄʥʦʛʦʩʧʠʥʦʚʳʭ ʂʦʨʜʠʥʘʮʠʦʥʥʳʭ 

ʉʦʝʜʠʥʝʥʠʡ ʄʊʎ ʉʆ ʈɸʅ, ʚʦʟʛʣʘʚʣʷʝʤʦʡ ʯʣ.-ʢʦʨʨ. ɺ. ʀ. ʆʚʯʘʨʝʥʢʦ, ʚʧʝʨʚʳʝ 

ʙʳʣʠ ʫʩʧʝʰʥʦ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʝ ʢʦʤʧʣʝʢʩʳ ʩʦʩʪʘʚʘ 

Cu(hfac)2L
R
, ʛʜʝ hfac=ʛʝʢʩʘʬʪʦʨʘʮʝʪʠʣʘʮʝʪʦʥʘʪ, L

R
=ʧʠʨʘʟʦʣʠʣ-ʟʘʤʝʱʝʥʥʳʡ 

ʥʠʪʨʦʢʩʠʣʴʥʳʡ ʣʠʛʘʥʜ (ʨʠʩʫʥʦʢ 5). [135] ʉʦʝʜʠʥʝʥʠʷ ʪʠʧʘ Cu(hfac)2L
R
 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʝʤʝʡʩʪʚʦ ʥʦʚʳʭ ʧʝʨʝʢʣʶʯʘʝʤʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʤʘʛʥʝʪʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʠʦʥʦʚ ʤʝʜʠ(II), ʩʦʝʜʠʥʝʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ 

ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ. ɺʦ ʤʥʦʛʠʭ ʩʦʝʜʠʥʝʥʠʷʭ ʢʨʠʩʪʘʣʣʳ ʪʘʢʞʝ 

ʩʦʜʝʨʞʘʪ ʤʦʣʝʢʫʣʳ ʨʘʩʪʚʦʨʠʪʝʣʷ (Solv) ʚ ʤʝʞʮʝʧʦʯʝʯʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ 

(Cu(hfac)2L
R
Ā0.5Solv).  
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ʈʠʩʫʥʦʢ 5 ï ʍʠʤʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ Cu(hfac)2 ʠ ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ L
R
 

(ʚʝʨʭʥʷʷ ʢʘʨʪʠʥʢʘ). ʇʦʣʠʤʝʨʥʦ-ʮʝʧʦʯʝʯʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʜʥʦʛʦ ʠʟ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʝʤʝʡʩʪʚʘ 

Cu(hfac)2L
R
 ï Cu(hfac)2L

Bu 
(ʥʠʞʥʷʷ ʢʘʨʪʠʥʢʘ). H ʘʪʦʤʳ ʠ CH3 ʛʨʫʧʧʳ ʦʧʫʱʝʥʳ ʜʣʷ ʷʩʥʦʩʪʠ. 

ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [136]. 

ʅʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, ʢʘʞʝʪʩʷ, ʯʪʦ ʵʪʠ ʩʦʝʜʠʥʝʥʠʷ ʥʝ ʠʤʝʶʪ ʥʠʯʝʛʦ ʦʙʱʝʛʦ ʩ 

ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʤʠ ʢʦʤʧʣʝʢʩʘʤʠ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʠʣʠ 

ʢʦʙʘʣʴʪʘ. ʊʝʤ ʙʦʣʝʝ ʯʪʦ ʵʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʝʜʠ(II) 3d
9
 ʠʩʢʣʶʯʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ, ʨʘʚʥʦ ʢʘʢ ʥʝʚʦʟʤʦʞʝʥ ʦʥ ʠ ʜʣʷ 

ʥʠʪʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ ʩ ʦʜʥʠʤ ʥʝʩʧʘʨʝʥʥʳʤ ʵʣʝʢʪʨʦʥʦʤ ʠ ʧʦʣʥʳʤ ʩʧʠʥʦʤ 

S=1/2. ʆʜʥʘʢʦ, ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʉʂɺʀɼ ʤʘʛʥʝʪʦʤʝʪʨʠʠ, ʩʦʝʜʠʥʝʥʠʷ ʩʝʤʝʡʩʪʚʘ 

Cu(hfac)2L
R
 ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʝʦʙʳʯʥʳʝ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʝ ʘʥʦʤʘʣʠʠ ʧʨʠ 



34 

 

ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ (ʨʠʩʫʥʦʢ 6).  

 

ʈʠʩʫʥʦʢ 6 ï ʂʨʠʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ɛeff ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 (ʫʢʘʟʘʥʳ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʨʠʩʫʥʢʝ), ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʘʛʥʠʪʥʳʭ 

ʩʚʦʡʩʪʚ ʢ ʚʘʨʠʘʮʠʠ ʣʠʛʘʥʜʘ ʠ ʨʘʩʪʚʦʨʠʪʝʣʷ. ɼʘʥʥʳʝ ʟʘʠʤʩʪʚʦʚʘʥʳ ʠʟ [32], [36].  

ʀʟʤʝʥʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʢʘʯʝʩʪʚʝʥʥʦ ʥʘʧʦʤʠʥʘʶʪ 

ʧʦʚʝʜʝʥʠʝ Fe/Co ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ ʩʠʩʪʝʤ. [28] ɹʦʣʝʝ ʪʦʛʦ, ʜʘʥʥʳʝ ʈʉɸ 

ʘʥʘʣʠʟʘ ʛʦʚʦʨʷʪ ʦ ʟʥʘʯʠʪʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʧʝʨʝʩʪʨʦʡʢʘʭ ʚ ʬʨʘʛʤʝʥʪʘʭ 

ʤʝʜʴ(II)ïʥʠʪʨʦʢʩʠʣʴʥʳʡ ʨʘʜʠʢʘʣ, ʚ ʭʦʜʝ ʢʦʪʦʨʳʭ ʤʝʥʷʝʪʩʷ ʥʘʧʨʘʚʣʝʥʠʝ 

ʚʳʪʷʥʫʪʦʡ ʗʥ-ʊʝʡʣʝʨʦʚʩʢʦʡ ʦʩʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʪʘʵʜʨʘ, ʘ ʢʦʤʧʣʝʢʩ 

ʧʝʨʝʢʣʶʯʘʝʪʩʷ ʤʝʞʜʫ ʜʚʫʤʷ ʨʘʟʣʠʯʥʳʤʠ ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ, ʧʦʢʘʟʘʥʥʳʤʠ ʥʘ 

ʨʠʩʫʥʢʝ 7.  
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ʈʠʩʫʥʦʢ 7 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʟʤʝʥʝʥʠʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʪʘʵʜʨʘ 

CuO6 ʚ ʧʨʦʮʝʩʩʝ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʭ ʧʝʨʝʩʪʨʦʝʢ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚ ʭʦʜʝ ʪʘʢʠʭ 

ʧʝʨʝʩʪʨʦʝʢ ʜʦʩʪʘʪʦʯʥʦ ʟʥʘʯʠʪʝʣʴʥʦ (ʚʧʣʦʪʴ ʜʦ 13%), ʩʧʠʥʦʚʳʝ ʧʝʨʝʭʦʜʳ 

ʧʦʣʥʦʩʪʴʶ ʦʙʨʘʪʠʤʳ ʢʘʢ ʩʦ ʩʪʨʫʢʪʫʨʥʦʡ, ʪʘʢ ʠ ʩ ʤʘʛʥʠʪʥʦʡ ʪʦʯʝʢ ʟʨʝʥʠʷ. ʕʪʦʪ 

ʧʨʦʮʝʩʩ ʠʤʝʝʪ ʦʧʨʝʜʝʣʝʥʥʫʶ ʘʥʘʣʦʛʠʶ ʩ ʧʨʦʮʝʩʩʦʤ ʜʳʭʘʥʠʷ, ʚ ʩʚʷʟʠ, ʩ ʯʝʤ 

ʩʦʝʜʠʥʝʥʠʷ ʪʘʢʦʛʦ ʪʠʧʘ ʪʘʢʞʝ ʥʘʟʳʚʘʶʪ çʜʳʰʘʱʠʤʠ ʢʨʠʩʪʘʣʣʘʤʠè. ʇʨʠʨʦʜʘ 

ʤʘʛʥʠʪʥʳʭ ʘʥʦʤʘʣʠʡ, ʧʦ ʭʘʨʘʢʪʝʨʫ ʟʘʚʠʩʠʤʦʩʪʠ ʩʭʦʜʥʳʭ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤ ʩʧʠʥ-

ʢʨʦʩʩʦʚʝʨʥʳʤ ʧʦʚʝʜʝʥʠʝʤ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʟʤʝʥʝʥʠʠ ʧʦʣʥʦʛʦ ʩʧʠʥʘ ʚ 

ʛʝʪʝʨʦʩʧʠʥʦʚʦʤ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʦʤ ʢʣʘʩʪʝʨʝ ʤʝʜʴ(II)ïʥʠʪʨʦʢʩʠʣʴʥʳʡ ʨʘʜʠʢʘʣ 

(ʠʣʠ ʥʠʪʨʦʢʩʠʣ-ʤʝʜʴ(II)-ʥʠʪʨʦʢʩʠʣ) ʚʩʣʝʜʩʪʚʠʝ ʩʪʨʫʢʪʫʨʥʦʡ ʧʝʨʝʩʪʨʦʡʢʠ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʠʦʥʘ ʤʝʪʘʣʣʘ. ɼʘʥʥʦʝ ʷʚʣʝʥʠʝ ʠʟʤʝʥʝʥʠʷ 

ʧʦʣʥʦʛʦ ʩʧʠʥʘ ʚ ʦʙʤʝʥʥʳʭ ʢʣʘʩʪʝʨʘʭ ʪʘʢʠʭ ʢʦʤʧʣʝʢʩʦʚ ʧʦʣʫʯʠʣʦ ʥʘʟʚʘʥʠʝ 

çʥʝʢʣʘʩʩʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘè. [135] 

ʇʦʜʘʚʣʷʶʱʝʝ ʙʦʣʴʰʠʥʩʪʚʦ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 ʠʤʝʝʪ 

ʧʦʣʠʤʝʨʥʦ-ʮʝʧʦʯʝʯʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʦʨʛʘʥʠʟʦʚʘʥʥʫʶ ʧʦ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʤʫ 

ʤʦʪʠʚʫ çʛʦʣʦʚʘ-ʛʦʣʦʚʘè. ʊʘʢʠʝ ʧʦʣʠʤʝʨʥʳʝ ʮʝʧʠ (ʨʠʩʫʥʦʢ 5) ʩʦʩʪʦʷʪ ʠʟ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʯʝʨʝʜʫʶʱʠʭʩʷ  ʬʨʘʛʤʝʥʪʦʚ ʜʚʫʭ ʪʠʧʦʚ: ʧʝʨʚʳʡ ʪʠʧ ï ʠʦʥ 

ʤʝʜʠ, ʠʤʝʶʱʠʡ ʥʝʩʧʘʨʝʥʥʳʡ ʵʣʝʢʪʨʦʥ (ʟʜʝʩʴ ʠ ʜʘʣʝʝ, ʦʜʠʥʦʯʥʘʷ ʤʝʜʴ, Cu2), 

ʚʪʦʨʦʡ ʪʠʧ ï ʪʨʝʭʩʧʠʥʦʚʳʡ ʦʙʤʝʥʥʳʡ ʢʣʘʩʪʝʨ ʥʠʪʨʦʢʩʠʣ-ʤʝʜʴ(II)-ʥʠʪʨʦʢʩʠʣ 

(ʟʜʝʩʴ ʠ ʜʘʣʝʝ, ʩʧʠʥʦʚʘʷ ʪʨʠʘʜʘ). ʄʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʝ ʘʥʦʤʘʣʠʠ ʧʨʦʠʩʭʦʜʷʪ 

ʚ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜʘʭ ʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʧʝʨʝʭʦʜʘʭ ʤʝʞʜʫ ʜʚʫʤʷ 
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ʯʝʪʢʦ ʚʳʨʘʞʝʥʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ. ʇʦʤʠʤʦ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʩʧʠʥʦʚʳʭ 

ʪʨʠʘʜ ʩ ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ʢʦʦʨʜʠʥʘʮʠʝʡ ʪʠʧʘ çʛʦʣʦʚʘ-ʛʦʣʦʚʘè, ʫʜʘʣʦʩʴ 

ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʠ ʧʦʜʢʣʘʩʩ ʩʦʝʜʠʥʝʥʠʡ ʩ ʢʦʦʨʜʠʥʘʮʠʝʡ ʪʠʧʘ çʛʦʣʦʚʘ-ʭʚʦʩʪè. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʣʠʤʝʨʥʘʷ ʮʝʧʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʜʚʫʭʩʧʠʥʦʚʳʭ ʤʘʛʥʠʪʥʳʭ ʢʣʘʩʪʝʨʦʚ ʤʝʜʴ(II)ïʥʠʪʨʦʢʩʠʣʴʥʳʡ ʨʘʜʠʢʘʣ. 

ʉʦʝʜʠʥʝʥʠʷ ʩ ʤʦʪʠʚʦʤ çʛʦʣʦʚʘ-ʭʚʦʩʪè ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʧʦʩʦʙʥʦʩʪʴ ʢ 

ʦʙʨʘʪʠʤʳʤ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʳʤ ʧʝʨʝʩʪʨʦʡʢʘʤ ʩ ʠʟʤʝʥʝʥʠʝʤ ʚʝʣʠʯʠʥʳ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʠ ʜʣʠʥʳ ʩʚʷʟʠ ʤʝʜʴ-ʨʘʜʠʢʘʣ. [37] ʇʦʩʢʦʣʴʢʫ ʩʦʝʜʠʥʝʥʠʡ 

ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 ʩ ʤʦʪʠʚʦʤ ʮʝʧʠ çʛʦʣʦʚʘ-ʭʚʦʩʪè ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʦ, ʚ 

ʜʘʣʴʥʝʡʰʝʤ ʤʳ ʙʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ ʦʩʥʦʚʥʦʤ ʩʠʩʪʝʤʳ çʛʦʣʦʚʘ-ʛʦʣʦʚʘè, 

ʩʦʜʝʨʞʘʱʠʝ ʩʧʠʥʦʚʳʝ ʪʨʠʘʜʳ ʥʠʪʨʦʢʩʠʣ-ʤʝʜʴ(II )-ʥʠʪʨʦʢʩʠʣ.   

ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʦʢʪʘʵʜʨ CuO6 ʚʳʪʷʥʫʪ ʚʜʦʣʴ ʦʩʠ OLï

CuïOL (ʛʜʝ OL ï ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ NO-ʛʨʫʧʧ ʥʠʪʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ), 

ʥʠʪʨʦʢʩʠʣʴʥʳʝ ʣʠʛʘʥʜʳ ʥʘʭʦʜʷʪʩʷ ʚ ʘʢʩʠʘʣʴʥʦʡ ʧʦʟʠʮʠʠ, ʨʘʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʩʧʠʥʘʤʠ ʤʝʜʠ ʠ ʨʘʜʠʢʘʣʘ ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢʦ (ʜʣʠʥʘ ʩʚʷʟʠ CuïOL ʩʦʩʪʘʚʣʷʝʪ 

~2.3 ¡), ʵʬʬʝʢʪʠʚʥʦʝ ʧʝʨʝʢʨʳʚʘʥʠʝ ʦʨʙʠʪʘʣʠ ʤʝʜʠ ʠ ʦʨʙʠʪʘʣʝʡ 

ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʪʘʢʞʝ ʤʘʣʦ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʦʩʪʦʷʥʠʝ ʩ ʪʘʢʦʡ 

ʛʝʦʤʝʪʨʠʝʡ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʣʘʙʳʤ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʦʙʤʝʥʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʠ ʥʦʩʠʪ ʥʘʟʚʘʥʠʝ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (ʟʜʝʩʴ ʠ ʜʘʣʝʝ 

WS=weakly-coupled spin state). ʂʘʢ ʧʨʘʚʠʣʦ, WS ʩʦʩʪʦʷʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ (TST). ʇʨʠ ʧʦʥʠʞʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ T<TST ʥʘʧʨʘʚʣʝʥʠʝ ʗʥ-ʊʝʡʣʝʨʦʚʩʢʦʡ ʦʩʠ ʤʝʥʷʝʪʩʷ, ʠ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʦʢʪʘʵʜʨ CuO6 ʦʢʘʟʳʚʘʝʪʩʷ ʚʳʪʷʥʫʪʳʤ ʚʜʦʣʴ ʦʩʠ OhfacïCuï

Ohfac (ʛʜʝ Ohfac ï ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ ʛʝʢʩʘʬʪʦʨʘʮʝʪʠʣʘʮʝʪʦʥʘʪʘ ʤʝʜʠ). ɺ ʪʘʢʦʡ 

ʛʝʦʤʝʪʨʠʠ ʥʠʪʨʦʢʩʠʣʴʥʳʝ ʣʠʛʘʥʜʳ ʥʘʭʦʜʷʪʩʷ ʚ ʵʢʚʘʪʦʨʠʘʣʴʥʳʭ ʧʦʣʦʞʝʥʠʷʭ, 

ʨʘʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʧʠʥʘʤʠ ʤʝʜʠ ʠ ʥʠʪʨʦʢʩʠʣʘ ʫʤʝʥʴʰʘʝʪʩʷ (ʜʣʠʥʘ ʩʚʷʟʠ CuïOL 

ʩʦʩʪʘʚʣʷʝʪ ~2.0 ¡), ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʝʨʝʢʨʳʚʘʥʠ ̫ ʦʨʙʠʪʘʣʝʡ ʤʝʜʠ ʠ 

ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʊʘʢʦʝ ʩʦʩʪʦʷʥʠʝ, 

ʥʘʙʣʶʜʘʝʤʦʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ  T< TST, ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʠʣʴʥʳʤ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʠ ʥʘʟʳʚʘʝʪʩʷ  
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ʩʠʣʴʥʦʩʚʷʟʘʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ (ʟʜʝʩʴ ʠ ʜʘʣʝʝ SS=strongly-coupled spin state).  

ʇʦʩʢʦʣʴʢʫ WS ʠ SS ʩʦʩʪʦʷʥʠʷ ʠʤʝʶʪ ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʱʠʝʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ 

ʤʘʛʥʠʪʥʳʝ, ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʝ 

ʧʝʨʝʭʦʜʳ WSźSS ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʧʦʩʣʝʜʥʠʭ ʜʝʩʷʪʠ ʣʝʪ 

ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʤʝʪʦʜʠʢ, ʚʢʣʶʯʘʷ ʉʂɺʀɼ ʤʘʛʥʝʪʦʤʝʪʨʠʶ, ʈʉɸ, ʕʇʈ, ʀʂ ʠ 

ʦʧʪʠʯʝʩʢʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ. [137 ï 141]  ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ 

Cu(hfac)2L
R
 ʚ ʣʠʪʝʨʘʪʫʨʝ ʠʟʚʝʩʪʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʙʦʪʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ab 

initio ʚʳʯʠʩʣʝʥʠʡ [142, 143], ʪʝʦʨʠʠ ʫʧʨʫʛʦʩʪʠ [144 ï 147] ʠ 

ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ [148]. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ 

Cu(hfac)2L
R
 ʦʜʥʫ ʠʟ ʢʣʶʯʝʚʳʭ ʨʦʣʝʡ ʩʳʛʨʘʣʘ ʠʤʝʥʥʦ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʷ. ʊʘʢ, 

ʥʘʧʨʠʤʝʨ, ʠʤʝʥʥʦ ʜʘʥʥʳʝ ʕʇʈ ʜʘʣʠ ʠʥʬʦʨʤʘʮʠʶ ʦ ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ 

ʩʠʩʪʝʤʘʭ ʤʘʛʥʠʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ, ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʢʦʪʦʨʦʡ ʥʝʜʦʩʪʫʧʥʘ 

ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ. [30 ï 33, 137 ï 139, 149 ï 153] ʀʤʝʥʥʦ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ 

ʕʇʈ ʫʜʘʣʦʩʴ ʚʧʝʨʚʳʝ ʧʦʢʘʟʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ LIESST-

ʵʬʬʝʢʪʘ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
R
. [33] ɼʘʣʝʝ ʙʫʜʝʪ ʧʨʝʜʩʪʘʚʣʝʥ ʙʦʣʝʝ 

ʧʦʜʨʦʙʥʳʡ ʦʙʟʦʨ ʦʩʦʙʝʥʥʦʩʪʝʡ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʧʨʠʤʝʥʝʥʠʠ ʢ ʩʝʤʝʡʩʪʚʫ 

ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
, ʘ ʪʘʢʞʝ ʦʙʟʦʨ ʨʘʙʦʪ, ʠʤʝʶʱʠʭ ʥʘʠʙʦʣʴʰʫʶ 

ʟʥʘʯʠʤʦʩʪʴ ʜʣʷ ʧʦʩʪʘʥʦʚʢʠ ʮʝʣʝʡ ʠ ʟʘʜʘʯ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ.  

1.2.2 ʉʧʠʥʦʚʳʝ ʩʦʩʪʦʷʥʠʷ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ 

ʧʨʠʤʝʥʝʥʠʠ ʢ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʳʤ ʪʨʠʘʜʘʤ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
 

ɺʦ ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʩʦʝʜʠʥʝʥʠʷʭ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 

ʩʧʠʥʦʚʳʝ ʪʨʠʘʜʳ ʩʠʤʤʝʪʨʠʯʥʳ ʠ ʣʠʥʝʡʥʳ (ʫʛʦʣ OLïCuïOL ʙʣʠʟʦʢ ʢ 180Á). 

ʉʧʠʥʦʚʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ ʪʘʢʦʡ ʣʠʥʝʡʥʦʡ ʪʨʝʭʩʧʠʥʦʚʦʡ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʦʡ 

ʩʠʩʪʝʤʳ ʥʠʪʨʦʢʩʠʣ-ʤʝʜʴ(II)-ʥʠʪʨʦʢʩʠʣ ʠʤʝʝʪ ʚʠʜ [149]:  

[= ɼἌἯἠ SR1 + SR2 + ɼἌἯἍἽSCu 2J SR1 + SR2 SCu 2JᴂSR1SR2,   (2)                                      

ʛʜʝ ʠʥʜʝʢʩʳ R1 ʠ R2 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʚʫʤ ʥʠʪʨʦʢʩʠʣʴʥʳʤ ʨʘʜʠʢʘʣʘʤ, ʘ 
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ʠʥʜʝʢʩ Cu ï ʠʦʥʫ ʤʝʜʠ; g
R
 ʠ g

Cu
 ʷʚʣʷʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ g-ʪʝʥʟʦʨʘʤʠ. 

ʇʦʩʢʦʣʴʢʫ ʘʥʠʟʦʪʨʦʧʠʷ g-ʪʝʥʟʦʨʘ ʜʣʷ ʠʦʥʘ ʤʝʜʠ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ 

ʥʠʪʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ, ʥʠʪʨʦʢʩʠʣʴʥʳʝ ʨʘʜʠʢʘʣʳ ʤʦʞʥʦ ʩʯʠʪʘʪʴ 

ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʩ ʠʟʦʪʨʦʧʥʳʤ ʟʥʘʯʝʥʠʝʤ g-ʬʘʢʪʦʨʘ 2.007, ʪ.ʝ. g
R
=g

R
1, ʛʜʝ 1 ï 

ʝʜʠʥʠʯʥʘʷ ʤʘʪʨʠʮʘ. ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ ʦʨʠʝʥʪʠʨʦʚʘʥʦ ʚʜʦʣʴ ʦʩʠ z: B=[0,0,B]; J ï 

ʢʦʥʩʪʘʥʪʘ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʥʠʪʨʦʢʩʠʣʴʥʳʤ ʨʘʜʠʢʘʣʦʤ ʠ 

ʠʦʥʦʤ ʤʝʜʠ(II) (J<0 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʤʫ ʦʙʤʝʥʥʦʤʫ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ). ɼʣʷ ʣʠʥʝʡʥʦʡ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ J' ʤʥʦʛʦ ʤʝʥʴʰʝ J, ʠ 

ʧʦʩʣʝʜʥʠʤ ʯʣʝʥʦʤ ʚ ʫʨʘʚʥʝʥʠʠ (2) ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʩʧʠʥʦʚʳʡ 

ʛʘʤʠʣʴʪʦʥʠʘʥ ʥʝ ʚʭʦʜʷʪ ʜʠʧʦʣʴʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʩʧʠʥʘʤʠ ʪʨʠʘʜʳ ʠ 

ʩʚʝʨʭʪʦʥʢʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʷʜʨʦʤ ʤʝʜʠ(II), ʧʦʩʢʦʣʴʢʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʨʘʩʱʝʧʣʝʥʠʝ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ ʠ ʩʚʝʨʭʪʦʥʢʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʚ 

ʩʧʝʢʪʨʘʭ ʕʇʈ ʚʩʣʝʜʩʪʚʠʝ ʦʙʤʝʥʥʦʛʦ ʩʫʞʝʥʠ.̫  

 

ʈʠʩʫʥʦʢ 8 ï ʉʭʝʤʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʦʡ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ 

WS ʠ SS ʩʦʩʪʦʷʥʠʷʭ ʜʣʷ ʩʧʠʥʦʚʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ (2). ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [136].  

ʉʭʝʤʘ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʜʣʷ ʩʧʠʥʦʚʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ 

(2) ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 8. ʂʘʢ ʧʨʘʚʠʣʦ, ʧʝʨʝʩʝʯʝʥʠʝ ʫʨʦʚʥʝʡ ʥʝ ʨʝʘʣʠʟʫʝʪʩʷ, 

ʧʦʩʢʦʣʴʢʫ ʜʣʷ SS ʩʦʩʪʦʷʥʠʡ ʩʧʨʘʚʝʜʣʠʚʦ ʧʨʠʙʣʠʞʝʥʠʝ |J|èB (|J|è
 
100 ʩʤ

-1 
~

 
10 

ʊ), ʚ ʩʣʫʯʘʝ ʞʝ WS ʩʦʩʪʦʷʥʠʷ, ʥʝʩʤʦʪʨʷ ʥʘ ʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠʷ ʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ |J|~
 
10-20 ʩʤ

-1
, ʧʨʠʙʣʠʞʝʥʠʝ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ

 
 ʦʩʪʘʝʪʩʷ 
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ʧʨʠʤʝʥʠʤʳʤ. [154] 

ɺʦʣʥʦʚʳʝ ʬʫʥʢʮʠʠ ʚ ʩʣʫʯʘʝ B=0 ʚ ʙʘʟʠʩʝ ȿὛᾀ
Ὑ1Ὓᾀ

ὅόὛᾀ
Ὑ2Ớ, ʛʜʝ (‌=

+ 1/ 2,‍= 1/ 2), ʠʤʝʶʪ ʚʠʜ: [137] 

ȿ1Ớ=ȿ‌‌‌Ớ 

ȿ2Ớ= ȿ‌‌‍Ớ+ ȿ‍‌‌Ớ+ȿ‌‍‌Ớ/Ѝ3 

ȿ3Ớ= ȿ‌‍‍Ớ+ ȿ‍‍‌Ớ+ȿ‍‌‍Ớ/Ѝ3 

ȿ4Ớ=ȿ‍‍‍Ớ            (3) 

ȿ5Ớ= ȿ‌‌‍Ớ ȿ‍‌‌Ớ/Ѝ2 

ȿ6Ớ= ȿ‌‍‍Ớ ȿ‍‍‌Ớ/Ѝ2 

ȿ7Ớ= ȿ‌‌‍Ớ+ ȿ‍‌‌Ớ 2ȿ‌‍‌Ớ/Ѝ6 

ȿ8Ớ= ȿ‌‍‍Ớ+ ȿ‍‍‌Ớ 2ȿ‍‌‍Ớ/Ѝ6.  

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʜʣʷ ʜʚʫʭ ʜʫʙʣʝʪʦʚ D (S = 1/2) ʠ d (S = 

1/2) ʠ ʦʜʥʦʛʦ ʢʚʘʨʪʝʪʘ Q (S = 3/2) ʨʘʚʥʳ ED=2J, Ed=0 and EQ= J; 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ g-ʬʘʢʪʦʨʘ ʨʘʚʥʳ [149,  155]: 

ὫὈ= 4ὫὙ Ὣὅό / 3,   

ὫὨ= Ὣὅό ,             (4) 

Ὣὗ= (2ὫὙ+ Ὣὅό)/ 3 .      

ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ, SS ʠ WS ʩʦʩʪʦʷʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ 

ʦʪʣʠʯʘʶʪʩ ̫ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ʈʘʩʩʤʦʪʨʠʤ ʧʨʦʷʚʣʝʥʠʷ ʵʪʠʭ ʨʘʟʣʠʯʠʡ ʧʨʠ 

ʨʝʛʠʩʪʨʘʮʠʠ ʜʚʫʤʷ ʯʘʩʪʦ ʧʨʠʤʝʥʷʝʤʳʤʠ ʤʝʪʦʜʘʤʠ ʉʂɺʀɼ ʤʘʛʥʝʪʦʤʝʪʨʠʠ ʠ 

ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. 

 

ʉʂɺʀɼ ʤʘʛʥʠʪʦʤʝʪʨʠʷ 

ʕʬʬʝʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʤʦʞʝʪ ʙʳʪʴ 

ʨʘʩʩʯʠʪʘʥ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

‘ὸὶὭὥὨ,ὩὪὪ
2 (Ὕ) = В ὫὍ2ὛὍὛὍ+ 1 Ͻὑὄ

Ὅ
Ὅ=Ὀ,Ὠ,ὗ    ,      (5) 
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ɼʣʷ ʉʂɺʀɼ ʠʟʤʝʨʝʥʠʡ ʘʥʠʟʦʪʨʦʧʠʷ g-ʪʝʥʟʦʨʘ ʠʤʝʝʪ ʢʨʘʡʥʝ ʩʣʘʙʦʝ 

ʟʥʘʯʝʥʠʝ, ʧʦʵʪʦʤʫ ʚ ʢʘʯʝʩʪʚʝ ὫὍ ʚ ʫʨʘʚʥʝʥʠʠ (5) ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʫʩʨʝʜʥʝʥʥʳʝ ʠʟʦʪʨʦʧʥʳʝ ʟʥʘʯʝʥʠʷ g-ʬʘʢʪʦʨʦʚ ʤʫʣʴʪʠʧʣʝʪʦʚ D,d,Q.  S
I
 ï  

ʧʦʣʥʳʡ ʩʧʠʥ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʤʫʣʴʪʠʧʣʝʪʘ, ʧʘʨʘʤʝʪʨ ὑὄ
Ὅ ʦʧʠʩʳʚʘʝʪ 

ʟʘʩʝʣʝʥʥʦʩʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʫʣʴʪʠʧʣʝʪʦʚ ʩʦʛʣʘʩʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ 

ɹʦʣʴʮʤʘʥʘ: 

ὑὄ
Ὅ=

2ὛὍ+ 1 ϽὩ
ὉὍ
ὯὝ

В 2Ὓὖ+1 Ͻὖ=Ὀ,Ὠ,ὗ Ὡ
Ὁὖ
ὯὝ

  ,         (6) 

ʛʜʝ E
I
 ï ʵʥʝʨʛʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʤʫʣʴʪʠʧʣʝʪʘ, ʚ ʢʦʪʦʨʦʡ ʚ ʩʠʣʫ Bç|J|, 

BçkT ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ ɿʝʝʤʘʥʦʚʩʢʦʡ ʨʘʟʥʠʮʝʡ ʟʘʩʝʣʝʥʥʦʩʪʝʡ (2S+1) 

ʩʦʩʪʦʷʥʠʡ ʢʘʞʜʦʛʦ ʤʫʣʴʪʠʧʣʝʪʘ. ʊʦʛʜʘ ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʦʤʝʥʪʘ 

ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ, ʠʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʷ (5) ʠ (6), ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ:  

‘ὸὶὭὥὨ,ὩὪὪ
2 Ὕ =

3 ὫὈ
2
+3 ὫὨ

2
ϽὩ

2ὐ
ὯὝ+30 Ὣὗ

2
ϽὩ

3ὐ
ὯὝ

4(1+Ὡ
2ὐ
ὯὝ+2Ὡ

3ὐ
ὯὝ)

  .    (7)  

ʋʧʨʦʱʝʥʥʦ ʧʦʣʘʛʘʷ g
D
=g

d
=g

Q
=2, ʜʣʷ WS ʩʦʩʪʦʷʥʠʷ (|J|/kTå0) ʧʦʣʫʯʘʝʤ 

ʟʥʘʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ‘ὸὶὭὥὨ,ὩὪὪ
ὡὛ = 3‍; ʚ ʩʣʫʯʘʝ SS 

ʩʦʩʪʦʷʥʠʷ (|J|/kTè1, J<0) ʧʦʣʫʯʘʝʤ ‘ὸὶὭὥὨ,ὩὪὪ
ὡὛ 1.73 ‍. ʊ.ʝ. ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ WS ź SS ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʤʝʪʥʦʝ ʠʟʤʝʥʝʥʠʝ ʚʝʣʠʯʠʥʳ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ.  

ʂʨʦʤʝ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʚ ʟʥʘʯʝʥʠʝ ʧʦʣʥʦʛʦ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʤʦʤʝʥʪʘ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 ʚʥʦʩʠʪ ʚʢʣʘʜ ʤʘʛʥʠʪʥʳʡ 

ʤʦʤʝʥʪ ʦʜʠʥʦʯʥʳʭ ʠʦʥʦʚ ʤʝʜʠ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʘʥʥʳʝ ʧʦ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʜʚʫʤʷ ʥʝʟʘʚʠʩʠʤʳʤʠ 

ʚʢʣʘʜʘʤʠ ʦʪ ʵʪʠʭ ʬʨʘʛʤʝʥʪʦʚ: 

‘ὩὪὪ
2 = 0.5‘ὸὶὭὥὨ,ὩὪὪ

2 + 0.5‘ὅό2,ὩὪὪ
2

 ,       (8) 

ʛʜʝ  ‘ὸὶὭὥὨ,ὩὪὪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʢʣʘʜʫ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ, ʘ ‘ὅό2,ὩὪὪ ï ʠʦʥʫ 

ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ. ʕʬʬʝʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʜʣʷ ʦʜʠʥʦʯʥʳʭ ʠʦʥʦʚ ʤʝʜʠ 

ʨʘʚʝʥ ‘ὅό2,ὩὪὪ 1.86 ‍, ʧʦʣʘʛʘʷ g
Cu2 

~ 2.15. ʀʩʧʦʣʴʟʫʷ ʵʪʠ ʟʥʘʯʝʥʠʷ, ʘ ʪʘʢʞʝ 
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ʟʥʘʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʜʣʷ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ ʜʚʫʭ 

ʩʦʩʪʦʷʥʠʷʭ ʠ ʬʦʨʤʫʣʫ (8), ʤʦʞʥʦ ʣʝʛʢʦ ʧʦʣʫʯʠʪʴ ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ Cu(hfac)2L
R
 ʚ ʜʚʫʭ ʩʧʠʥʦʚʳʭ 

ʩʦʩʪʦʷʥʠʷʭ: ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʤ ‘ὩὪὪ
ὛὛ 1.78 ‍  ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ‘ὩὪὪ

ὡὛ 2.54 ‍. ʕʪʠ 

ʦʮʝʥʦʯʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʟʥʘʯʝʥʠʷ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ. 

 

ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ɺ SS ʩʦʩʪʦʷʥʠʠ (|J| è kT) ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʟʘʩʝʣʝʥ ʥʠʞʥʠʡ ʜʫʙʣʝʪ D (J<0 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʤʫ ʦʙʤʝʥʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠ)ʁ, ʧʨʠʯʝʤ ʧʨʠ 

ʪʠʧʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ g
Cu
~2.15 ʠ g

R
~2.007, ʚʩʝ ʢʦʤʧʦʥʝʥʪʳ g-ʪʝʥʟʦʨʘ 

ʤʫʣʴʪʠʧʣʝʪʘ D ʦʢʘʟʳʚʘʪʁʩʷ ʤʝʥʴʰʝ g-ʬʘʢʪʦʨʘ ʩʚʦʙʦʜʥʦʛʦ ʵʣʝʢʪʨʦʥʘ (g
D
<2).  

 

ʈʠʩʫʥʦʢ 9 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʝ (ʧʫʥʢʪʠʨʥʘʷ 

ʣʠʥʠʷ) ʕʇʈ ʩʧʝʢʪʨʳ Cu(hfac)2L
Pr

 ʩʦʝʜʠʥʝʥʠʷ ʧʨʠ T = 90 K ʚ X-ʜʠʘʧʘʟʦʥʝ (a) ʠ Q-ʜʠʘʧʘʟʦʥʝ 

(b). ʇʨʠ ʪʝʦʨʝʪʠʯʝʩʢʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ: 1) ʜʣʷ 

ʦʜʠʥʦʯʥʦʛʦ ʠʦʥʘ ʤʝʜʠ(II): g = 2.075, g||= 2.371, AZZ= 15 ʤʊʣ; 2) ʜʣʷ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ: 

gx=2.047, gy=2.097, gz=2.287, J = 115 ʩʤ
1
. ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [149]. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ ʕʇʈ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ 

Cu(hfac)2L
R
 ʧʦʜʪʚʝʨʞʜʘʶʪ ʵʪʦ ʟʘʢʣʶʯʝʥʠʝ. ʅʘ ʨʠʩʫʥʢʝ 9 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ 
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ʕʇʈ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr 
ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T=90 K (T<TST ~ 250 K), 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʚʫʭ ʯʘʩʪʦʪʥʳʭ ʜʠʘʧʘʟʦʥʘ X (9 ɻɻʮ) ʠ Q (34 ɻɻʮ). ʉʧʝʢʪʨʳ 

ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʚʢʣʘʜʦʚ: ʩʠʛʥʘʣʘ ʦʜʠʥʦʯʥʳʭ ʠʦʥʦʚ ʤʝʜʠ(II) ʠ ʩʠʛʥʘʣʘ 

ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʚ ʦʙʣʘʩʪʠ g-ʬʘʢʪʦʨʦʚ, ʤʝʥʴʰʠʭ 2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ 

ʭʦʨʦʰʦ ʤʦʜʝʣʠʨʫʶʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠ ʚ ʦʙʦʠʭ ʯʘʩʪʦʪʥʳʭ ʜʠʘʧʘʟʦʥʘʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʨʘʞʝʥʠʷ   

ὫὛὛ
ὸὶὭὥὨ = ὫὈ= 4ὫὙ Ὣὅό / 3  ʠ ʟʥʘʯʝʥʠʡ g

R
= 2.007, g

Cu
= [2.047, 2.097, 2.287]. 

ɺʪʦʨʳʝ ʠʥʪʝʛʨʘʣʳ ʦʪ ʩʠʛʥʘʣʘ Cu2 (S = 1/2) ʠ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʚ SS ʩʦʩʪʦʷʥʠʠ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʳ, ʦʟʥʘʯʘʷ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʳʡ ʩʧʠʥ ʪʨʠʘʜʳ ʪʘʢʞʝ ʨʘʚʝʥ 1/2. 

ɺʦʟʤʦʞʥʦʩʪʴ ʥʘʙʣʶʜʝʥʠʷ ʩʚʝʨʭʪʦʥʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ AzzÍ0 ʥʘ ʷʜʨʝ ʤʝʜʠ(II) 

(ʩʧʠʥ ʷʜʨʘ I=3/2) ʜʣʷ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ Cu2 ʦʜʥʦʟʥʘʯʥʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʝʝ 

ʤʘʛʥʠʪʥʦʡ ʠʟʦʣʠʨʦʚʘʥʥʦʩʪʠ. ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʚʝʣʠʯʠʥʫ 

ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʦʜʠʥʦʯʥʳʤʠ ʠʦʥʘʤʠ ʤʝʜʠ Cu2  ʠ ʩʦʩʝʜʥʠʤʠ 

ʤʘʛʥʠʪʥʳʤʠ ʢʣʘʩʪʝʨʘʤʠ (ʦʜʠʥʦʯʥʳʝ ʠʦʥʳ ʤʝʜʠ Cu2 ʠʣʠ ʞʝ ʩʧʠʥʦʚʳʝ ʪʨʠʘʜʳ) 

JoneçAzzå0.014 ʩʤ
1
.  

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʩʚʝʨʭʪʦʥʢʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʥʘ ʧʘʨʘʣʣʝʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʝ g-

ʪʝʥʟʦʨʘ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʧʨʠʩʫʪʩʪʚʠʠ 

ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʳʭ ʤʝʞʢʣʘʩʪʝʨʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʧʦʜʨʦʙʥʦ 

ʦʙʩʫʞʜʝʥʳ ʚ ʨʘʟʜʝʣʝ 1.2.3.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʦʛʣʘʩʥʦ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ, ʧʝʨʝʭʦʜ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʚ SS ʩʦʩʪʦʷʥʠʝ 

ʦʪʨʘʞʘʝʪʩʷ ʚ ʬʦʨʤʝ ʕʇʈ ʩʧʝʢʪʨʘ, ʛʜʝ ʧʦʷʚʣʷʶʪʩʷ ʥʝʦʙʳʯʥʳʝ ʩʠʛʥʘʣʳ ʩ g<2. 

ʇʦʷʚʣʝʥʠʝ ʩʠʛʥʘʣʦʚ ʩ g<2 ʦʜʥʦʟʥʘʯʥʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ, ʚʦ-ʧʝʨʚʳʭ, ʦʙ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʤ ʭʘʨʘʢʪʝʨʝ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʠ, ʚʦ-ʚʪʦʨʳʭ, 

ʷʚʣʷʝʪʩʷ ʷʩʥʳʤ ʩʚʠʜʝʪʝʣʴʩʪʚʦʤ ʧʝʨʝʭʦʜʘ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ SS ʩʦʩʪʦʷʥʠʝ. ɺ 

ʪʘʙʣʠʮʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʠʧʠʯʥʳʝ ʟʥʘʯʝʥʠʷ g-ʪʝʥʟʦʨʘ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ SS 

ʩʦʩʪʦʷʥʠʠ, ʧʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ 

ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
, ʘ ʪʘʢʞʝ ʟʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥʳ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

J, ʦʮʝʥʝʥʥʳʝ ʧʦ ʢʨʠʪʝʨʠʶ |J| è kT ʚ SS ʩʦʩʪʦʷʥʠʠ. 
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ʊʘʙʣʠʮʘ 1 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ g-ʪʝʥʟʦʨʘ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ 

ʠ ʚʝʣʠʯʠʥʳ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ |J| (J<0, ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʦʙʤʝʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ) ʚ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʝ ʚ SS ʩʦʩʪʦʷʥʠʠ ʜʣʷ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʝʤʝʡʩʪʚʘ 

Cu(hfac)2L
R
 ʩʦʝʜʠʥʝʥʠʡ.  ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [136]. 

ʉʦʝʜʠʥʝʥʠʝ ὫὛὛ
ὸὶὭὥὨ |J| /ʩʤ

1
 T / K 

Cu(hfac)2L
Bu·0.5C7H16 [1.993; 1.983; 1.905] >150 < 110 

Cu(hfac)2L
Bu·0.5C8H16 [1.993; 1.987; 1.905] >140 < 100 

Cu(hfac)2L
Bu·0.5C8H18 [1.990; 1.979; 1.908] >100 < 70 

Cu(hfac)2L
Pr

 [1.991; 1.974; 1.909] >125 < 90 

Cu(hfac)2L
Bu·0.5C8H10 [1.998; 1.983; 1.905] >140 < 100 

ɺ WS ʩʦʩʪʦʷʥʠʠ (|J|<kT) ʟʘʩʝʣʝʥʳ ʚʩʝ ʪʨʠ ʤʫʣʴʪʠʧʣʝʪʘ Q, d, D, ʠ 

ʤʘʛʥʠʪʥʘʷ ʥʝʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ SS ʠ WS ʩʦʩʪʦʷʥʠʡ ʙʫʜʝʪ ʧʨʦʷʚʣʷʪʴʩʷ ʧʨʠ ʣʶʙʦʤ 

ʟʥʘʢʝ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʝ. ʆʜʥʘʢʦ ʩʦʛʣʘʩʥʦ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʧʨʝʜʧʦʣʦʞʝʥʠʷʤ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ, ʚ WS 

ʩʦʩʪʦʷʥʠʠ ʚ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜʘʭ ʨʝʘʣʠʟʫʝʪʩʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʦʙʤʝʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. [154] 
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ʈʠʩʫʥʦʢ 10 ï (a) ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʕʇʈ ʩʧʝʢʪʨʳ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʧʦʨʦʰʢʘ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

 ʚ  Q-ʜʠʘʧʘʟʦʥʝ (ɜmw= 34.83 ɻɻʮ); g-ʬʘʢʪʦʨ=2 ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ B ʨʘʚʥʦʤʫ Ḑ1.24 T (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ). (b) ʊʝʦʨʝʪʠʯʝʩʢʠ ʤʦʜʝʣʠʨʦʚʘʥʥʳʝ 

ʕʇʈ ʩʧʝʢʪʨʳ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʧʨʠ ʥʘʣʠʯʠʠ ʵʬʬʝʢʪʘ ʙʳʩʪʨʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʤʝʰʠʚʘʥʠʷ 

(ʧʦʜʨʦʙʥʝʝ ʚ  [32, 137]). ʊʝʤʧʝʨʘʪʫʨʳ, ʧʨʠ ʢʦʪʦʨʳʭ ʧʨʦʚʦʜʠʣʠʩʴ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʫʢʘʟʘʥʳ ʥʘ 

ʨʠʩʫʥʢʝ ʩʧʨʘʚʘ. ɺʩʝ ʢʨʠʚʳʝ ʥʦʨʤʠʨʦʚʘʥʳ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ. ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [32, 

137]. 

ʇʦʩʢʦʣʴʢʫ ʚ  WS ʩʦʩʪʦʷʥʠʠ ʟʘʩʝʣʝʥʳ ʚʩʝ ʪʨʠ ʤʫʣʴʪʠʧʣʝʪʘ, ʚ ʩʧʝʢʪʨʘʭ 

ʕʇʈ ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʦʞʠʜʘʪʴ ʧʦʷʚʣʝʥʠʝ ʪʨʝʭ ʩʠʛʥʘʣʦʚ ʩ g-ʬʘʢʪʦʨʘʤʠ g
D
, g

d
,g

Q
, 

ʦʜʥʘʢʦ ʵʪʦʛʦ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. ʅʘ ʧʨʠʤʝʨʝ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

 ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʘʭ ʕʇʈ ʜʣʷ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʦʜʥʘ ʥʝʨʘʟʨʝʰʝʥʥʘʷ ʣʠʥʠʷ ʩ g-ʬʘʢʪʦʨʦʤ ~2.045 

ʃʦʨʝʥʮʝʚʦʡ ʬʦʨʤʳ, ʚʪʦʨʦʡ ʠʥʪʝʛʨʘʣ ʦʪ ʢʦʪʦʨʦʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʨʝʤ 

ʥʝʩʚʷʟʘʥʥʳʤ ʩʧʠʥʘʤ ʩ S=1/2. [149] ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʦʙʲʷʩʥʷʝʪʩʷ ʜʠʥʘʤʠʯʝʩʢʠʤ 

ʩʤʝʰʠʚʘʥʠʝʤ ï ʙʳʩʪʨʳʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʤʝʞʜʫ ʤʫʣʴʪʠʧʣʝʪʘʤʠ 

ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ [32, 137] ï ʠ ʦʙʤʝʥʥʳʤ ʩʫʞʝʥʠʝʤ. 



45 

 

ɽʩʣʠ ʩʢʦʨʦʩʪʴ ʪʘʢʠʭ ʧʝʨʝʭʦʜʦʚ ʧʨʝʚʳʰʘʝʪ ʯʘʩʪʦʪʥʫʶ ʨʘʟʥʠʮʫ ʤʝʞʜʫ 

ʧʦʣʦʞʝʥʠʷʤʠ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʕʇʈ ʣʠʥʠʡ ʤʫʣʴʪʠʧʣʝʪʦʚ, ʪʦ ʚʩʝ ʪʨʠ ʣʠʥʠʠ 

ʩʣʠʚʘʶʪʩʷ ʚ ʦʜʥʫ ʦʙʤʝʥʥʦ-ʩʫʞʝʥʥʫʶ ʣʠʥʠʶ, ʧʦʣʦʞʝʥʠʝ ʢʦʪʦʨʦʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

çʮʝʥʪʨʫ ʤʘʩʩè ʩʧʝʢʪʨʘ. ʌʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠ, ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʯʘʩʪʦʪʥʘʷ ʨʘʟʥʠʮʘ 

ʤʝʞʜʫ ʧʦʣʦʞʝʥʠʷʤʠ ʣʠʥʠʡ ʤʫʣʴʪʠʧʣʝʪʦʚ ʤʝʥʴʰʝ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʯʘʩʪʦʪʳ 

ʜʝʪʝʢʮʠʠ, ʵʬʬʝʢʪʠʚʥʳʡ g-ʬʘʢʪʦʨ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ WS ʩʦʩʪʦʷʥʠʠ ʤʦʞʝʪ ʙʳʪʴ 

ʨʘʩʩʯʠʪʘʥ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ (ʜʝʪʘʣʠ ʨʘʩʯʝʪʘ ʚ [32]): 

‘ὸὶὭὥὨ,ὩὪὪ
2 Ὕ =

3 gD 2
+ 3 gd 2

ϽὩ
2ὐ
ὯὝ+30 gQ 2

ϽὩ
3ὐ
ὯὝ

8 1+Ὡ
2ὐ
ὯὝ+2Ὡ

3ὐ
ὯὝ

.     (9) 

ʊʦʛʜʘ ʜʣʷ WS ʩʦʩʪʦʷʥʠʷ (|J| ç kT) ʵʬʬʝʢʪʠʚʥʳʡ g-ʬʘʢʪʦʨ ʩʧʠʥʦʚʦʡ 

ʪʨʠʘʜʳ ʦʢʘʟʳʚʘʝʪʩʷ ʨʘʚʥʳʤ geff=g
Q
 (ʧʦʩʢʦʣʴʢʫ g

D
+g

d
=2g

Q
, ʯʪʦ ʩʣʝʜʫʝʪ ʠʟ 

ʫʨʘʚʥʝʥʠ ̫4). ɺ ʩʣʫʯʘʝ ʞʝ SS ʩʦʩʪʦʷʥʠʷ (|J| è kT, J < 0), ʢʘʢ ʠ ʨʘʥʝʝ, ʧʦʣʫʯʘʝʤ 

geff=g
D
. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʵʬʬʝʢʪʠʚʥʳʡ g-

ʬʘʢʪʦʨ ʩʤʝʱʘʝʪʩʷ ʥʘ ~0.1 (ʦʮʝʥʦʯʥʦ ʧʦʣʘʛʘʷ g
D
=1.96 ʠ g

Q
=2.05), ʯʪʦ, ʥʘʧʨʠʤʝʨ, 

ʚ W-ʜʠʘʧʘʟʦʥʝ (94 ɻɻʮ) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʜʚʠʛʫ ʧʦʣʦʞʝʥʠʷ ʣʠʥʠʠ ʩʧʠʥʦʚʦʡ 

ʪʨʠʘʜʳ ʥʘ ʟʘʤʝʪʥʫʶ ʚʝʣʠʯʠʥʫ ʧʦʨʷʜʢʘ 150 ʤʊʣ. 

ɽʩʣʠ ʛʦʚʦʨʠʪʴ ʦ ʧʨʠʨʦʜʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʤʝʰʠʚʘʥʠʷ, ʪʦ 

ʩʨʝʜʠ ʚʦʟʤʦʞʥʳʭ ʚʘʨʠʘʥʪʦʚ (ʤʦʜʫʣʷʮʠʷ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 

ʜʠʥʘʤʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʗʥʘ-ʊʝʣʣʝʨʘ, ʤʝʞʢʣʘʩʪʝʨʥʳʝ ʦʙʤʝʥʥʳʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ), ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [153], ʦʩʥʦʚʥʫʶ ʨʦʣʴ 

ʠʛʨʘʝʪ ʤʝʞʢʣʘʩʪʝʨʥʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʩʧʠʥʦʚʳʤʠ ʪʨʠʘʜʘʤʠ. 

ɺ ʨʘʟʜʝʣʝ 1.2.3 ʚʣʠʷʥʠʝ ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʫʜʝʪ 

ʨʘʩʩʤʦʪʨʝʥʦ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ, ʩʝʡʯʘʩ ʞʝ ʦʛʨʘʥʠʯʠʤʩʷ ʦʙʱʠʤʠ ʨʘʩʩʫʞʜʝʥʠʷʤʠ. 

ɺ ʩʣʫʯʘʝ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʤʝʰʠʚʘʥʠʷ, ʚʳʟʚʘʥʥʦʛʦ ʤʝʞʢʣʘʩʪʝʨʥʳʤʠ 

ʦʙʤʝʥʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ, ʩʦʩʝʜʥʠʝ ʩʧʠʥʦʚʳʝ ʪʨʠʘʜʳ ʦʙʤʝʥʠʚʘʶʪʩʷ 

ʵʣʝʢʪʨʦʥʘʤʠ, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢʘʞʜʳʡ ʢʦʥʢʨʝʪʥʳʡ ʵʣʝʢʪʨʦʥ ʧʝʨʝʤʝʱʘʝʪʩʷ ʧʦ 

ʮʝʧʠ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʳʭ ʪʨʠʘʜ, ʢʘʞʜʳʡ ʨʘʟ ʥʘʭʦʜʷʩʴ ʚ ʦʜʥʦʤ ʠʟ ʪʨʝʭ ʩʧʠʥʦʚʳʭ 

ʤʫʣʴʪʠʧʣʝʪʦʚ. ʉʢʦʨʦʩʪʴ çʧʨʳʞʢʦʚè ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʢʘʢ ʦʙʨʘʪʥʦʝ ʟʥʘʯʝʥʠʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʪ.ʝ.  kmix~1/Jinter. ʊʦʛʜʘ ʜʘʞʝ ʧʨʠ 
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ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʤ ʦʙʤʝʥʥʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʦʨʷʜʢʘ 1 ʩʤ
-1
 kmix 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ ~3Ā10
10

 ʩ
ī1
, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʝʞʠʤʫ ʙʳʩʪʨʦʛʦ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʤʝʰʠʚʘʥʠʷ, ʥʘʙʣʶʜʘʝʤʦʤʫ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʘʭ 

ʕʇʈ. 

1.2.3 ʄʝʞʢʣʘʩʪʝʨʥʳʝ ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʩʧʠʥʦʚʳʤʠ 

ʪʨʠʘʜʘʤʠ 

ʂʘʢ ʫʞʝ ʫʧʦʤʠʥʘʣʦʩʴ ʨʘʥʝʝ, ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ Cu(hfac)2L
R
 

ʠʤʝʝʪ ʧʦʣʠʤʝʨʥʦ-ʮʝʧʦʯʝʯʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 

ʯʝʨʝʜʫʶʱʠʭʩʷ ʬʨʘʛʤʝʥʪʦʚ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʠ ʦʜʠʥʦʯʥʳʭ ʠʦʥʦʚ ʤʝʜʠ(II) 

(ʨʠʩʫʥʦʢ 5). ʆʜʠʥʦʯʥʳʝ ʠʦʥʳ ʤʝʜʠ ʤʘʛʥʠʪʥʦ-ʠʟʦʣʠʨʦʚʘʥʳ, ʧʦʩʢʦʣʴʢʫ ʚ 

ʩʧʝʢʪʨʘʭ ʕʇʈ ̫ʚʥʦ ʧʨʦʷʚʣʷʝʪʩʷ ʨʘʟʨʝʰʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʉʊɺ ʵʪʠʭ ʠʦʥʦʚ. 

ɸʥʘʣʦʛʠʯʥʦ ʵʪʦʤʫ ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʩʧʠʥʦʚʳʝ ʪʨʠʘʜʳ ʪʘʢʞʝ 

ʤʘʛʥʠʪʥʦ-ʠʟʦʣʠʨʦʚʘʥʳ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʦʪʜʝʣʝʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʚ ʧʦʣʠʤʝʨʥʦʡ 

ʮʝʧʠ ʦʜʠʥʦʯʥʳʤʠ ʤʘʛʥʠʪʥʦ-ʠʟʦʣʠʨʦʚʘʥʥʳʤʠ ʠʦʥʘʤʠ ʤʝʜʠ.  

ʆʜʥʘʢʦ ʚ ʨʘʙʦʪʝ [31] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ, ʭʦʪʷ ʩʧʠʥʦʚʳʝ ʪʨʠʘʜʳ ʠ ʥʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʦʜʠʥʦʯʥʳʤʠ ʠʦʥʘʤʠ ʤʝʜʠ, ʦʥʠ ʥʝ ʷʚʣʷʶʪʩʷ ʤʘʛʥʠʪʥʦ-

ʠʟʦʣʠʨʦʚʘʥʥʳʤʠ, ʘ ʠʤʝʝʪ ʤʝʩʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʩʦ ʩʧʠʥʦʚʳʤʠ 

ʪʨʠʘʜʘʤʠ ʩʦʩʝʜʥʠʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ. ʇʨʠʯʠʥʦʡ ʵʪʦʛʦ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ 

ʩʧʠʥʦʚʘʷ ʧʣʦʪʥʦʩʪʴ ʥʘ ʢʦʥʮʝʚʳʭ (ʥʝ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʭ) NO ʛʨʫʧʧʘʭ 

ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʠ ʩʧʦʩʦʙʩʪʚʫʶʱʝʝ ʦʙʤʝʥʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ 

ʧʝʨʝʢʨʳʚʘʥʠʝ ɻʣʝʢʪʨʦʥʥʳʭ ʦʨʙʠʪʘʣʝʡ NO ʛʨʫʧʧ ʥʠʪʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ 

ʩʦʩʝʜʥʠʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ. ʅʘʣʠʯʠʝ ʤʝʞʢʣʘʩʪʝʨʥʳʭ ʦʙʤʝʥʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʤʝʪʦʜʦʤ ʕʇʈ ʠ 

ʧʦʜʪʚʝʨʞʜʝʥʦ ʪʝʦʨʝʪʠʯʝʩʢʠ ʩ ʧʦʤʦʱʴʶ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʚʳʯʠʩʣʝʥʠʡ.  

ɿʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ɛeff(T) ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ 

ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʨʝʟʢʦʝ ʫʤʝʥʴʰʝʥʠʝ ʧʨʠ T<10-15 K 

(ʨʠʩʫʥʦʢ 6), ʯʪʦ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʠʩʫʪʩʪʚʠʠ 
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ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʆʜʥʘʢʦ ʚ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʉʂɺʀɼ 

ʤʘʛʥʠʪʦʤʝʪʨʠʷ ʜʝʪʝʢʪʠʨʫʝʪ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʝʱʝʩʪʚʘ ʠ 

ʥʝʩʝʣʝʢʪʠʚʥʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʩʧʠʥʦʚʳʤ ʪʨʠʘʜʘʤ/ʦʜʠʥʦʯʥʳʤ ʠʦʥʘʤ ʤʝʜʠ, ʧʦ 

ʚʠʜʫ ʟʘʚʠʩʠʤʦʩʪʠ ɛeff(T) ʥʝʚʦʟʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ, ʢʘʢʠʝ ʠʤʝʥʥʦ ʧʘʨʘʤʘʛʥʠʪʥʳʝ 

ʮʝʥʪʨʳ ʩʚʷʟʘʥʳ ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. 

ɺ ʩʠʣʫ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʧʨʠʯʠʥ, ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ 

ʥʘʣʠʯʠʷ ʤʝʞʢʣʘʩʪʝʨʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʘʚʪʦʨʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʕʇʈ 

ʩʧʝʢʪʨʦʩʢʦʧʠʶ. ʇʦʩʢʦʣʴʢʫ ʕʇʈ ʩʠʛʥʘʣʳ ʦʜʠʥʦʯʥʦʛʦ ʠʦʥʘ ʤʝʜʠ(II)  ʠ ʩʧʠʥʦʚʦʡ 

ʪʨʠʘʜʳ ʩʧʝʢʪʨʘʣʴʥʦ ʨʘʟʨʝʰʝʥʳ, ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ ʠʟʤʝʨʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʜʝʣʴʥʦ ʜʣʷ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ 

ɢCu2(T) ʠ ʜʣʷ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜ r ɢtriad(T) (ʚʪʦʨʦʡ ʠʥʪʝʛʨʘʣ ʩʧʝʢʪʨʘ ʕʇʈ 

ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʝʛʦ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ). ʌʦʨʤʘ ʢʨʠʚʦʡ ʦʪʥʦʰʝʥʠ ̫ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʝʡ ɝ=ɢtriad/ɢCu2, ʠʟʤʝʨʝʥʥʳʭ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʩ 

ʥʝʧʝʨʝʢʨʳʚʘʶʱʠʤʠʩʷ ʩʠʛʥʘʣʘʤʠ ʠʦʥʘ ʤʝʜʠ(II) ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ, ʩʦʚʧʘʣʘ ʩ 

ʬʦʨʤʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʨʠʚʦʡ ɛeff(T), ʠʟʤʝʨʝʥʥʦʡ ʉʂɺʀɼ ʤʘʛʥʠʪʦʤʝʪʨʠʝʡ 

(ʨʠʩʫʥʦʢ 11).  
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ʈʠʩʫʥʦʢ 11 ï ʃʝʚʘʷ ʢʦʣʦʥʢʘ: ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʤʦʤʝʥʪʘ ʩʦʝʜʠʥʝʥʠʷ  ʜʣʷ ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ (ʫʢʘʟʘʥʳ ʥʘ ʈʠʩʫʥʦʢ). ʇʨʘʚʘʷ ʢʦʣʦʥʢʘ: 

ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʰʝʥʠʷ ʚʪʦʨʦʛʦ ʠʥʪʝʛʨʘʣʘ ʩʠʛʥʘʣʘ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʢʦ 

ʚʪʦʨʦʤʫ ʠʥʪʝʛʨʘʣʫ ʩʠʛʥʘʣʘ ʦʜʠʥʦʯʥʦʛʦ ʠʦʥʘ ʤʝʜʠ ɝ =Itriad/ICu2́ ctriad/cCu2 ʧʦ ʜʘʥʥʳʤ ʕʇʈ. 

ʂʨʘʩʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʬʫʥʢʮʠʠ ɝ(T) ʚ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ. ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [31].  
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ʕʪʦʪ ʬʘʢʪ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʫʤʝʥʴʰʝʥʠʝ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ɛeff(T) ʚʥʦʩʠʪ ʠʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 

ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʣʠʯʠʝ ʤʝʞʢʣʘʩʪʝʨʥʳʭ 

ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʩʧʠʥʦʚʳʤʠ ʪʨʠʘʜʘʤʠ. ɺ ʩʪʘʪʴʝ [31] ʙʳʣʠ 

ʠʟʫʯʝʥʳ ʯʝʪʳʨʝ ʧʨʝʜʩʪʘʚʠʪʝʣ ̫ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
, ʠʤʝʶʱʠʝ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʨʘʟʣʠʯʥʦʝ ʧʦʚʝʜʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ɛeff(T) 

ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʨʠʩʫʥʦʢ 11) ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʨʘʟʣʠʯʥʳʝ ʚʝʣʠʯʠʥʳ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ/ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʊʘʢ, ʜʣʷ ʜʚʫʭ ʠʟ ʥʠʭ 

Cu(hfac)2L
Bu
Ā0.5C8H18 ʠ Cu(hfac)2L

Bu
Ā0.5C7H16 ʭʘʨʘʢʪʝʨʥʦ ʩʠʣʴʥʦʝ 

ʤʝʞʢʣʘʩʪʝʨʥʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʘ ʜʣʷ ʜʚʫʭ ʜʨʫʛʠʭ ʩʦʝʜʠʥʝʥʠʡ 

Cu(hfac)2L
Bu
Ā0.5C8H10 ʠ Cu(hfac)2L

Pr
 ï ʙʦʣʝʝ ʩʣʘʙʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. 

ɺʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʝʜʧʦʣʘʛʘʝʤʦʡ ʚʝʣʠʯʠʥʳ ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʚʩʝʭ ʯʝʪʳʨʝʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘʙʣʶʜʘʣʦʩʴ ʧʨʝʚʦʩʭʦʜʥʦʝ 

ʩʦʛʣʘʩʠʝ ʬʦʨʤ ʢʨʠʚʳʭ ɝ(T) ʠ ɛeff(T), ʯʪʦ ʝʱʝ ʨʘʟ ʦʜʥʦʟʥʘʯʥʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʥʘʣʠʯʠʝ ʦʙʤʝʥʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʩʧʠʥʦʚʳʤʠ ʪʨʠʘʜʘʤʠ (ʥʘ ʨʠʩʫʥʢʝ 11 ʩ,d ʜʘʥʥʳʝ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʨʠʚʝʜʝʥʳ ʚʧʣʦʪʴ ʜʦ ʊ=2 K, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ, ʚ ʩʠʣʫ 

ʪʝʭʥʠʯʝʩʢʠʭ ʦʛʨʘʥʠʯʝʥʠʡ, ʜʘʥʥʳʝ ʕʇʈ ʧʨʠʚʝʜʝʥʳ ʧʨʠ T>4 K, ʯʪʦ ʦʙʲʷʩʥʷʝʪ 

ʦʪʩʫʪʩʪʚʠʝ çʟʘʛʠʙʘè ɝ(T) ʚ ʜʠʘʧʘʟʦʥʝ 2-4 ʂ). 
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ʈʠʩʫʥʦʢ 12 ï ʉʪʨʫʢʪʫʨʘ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ ʠ ʢʘʥʘʣʦʚ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

(ʚʳʜʝʣʝʥʦ ʨʦʟʦʚʳʤ) ʥʘ ʧʨʠʤʝʨʝ ʢʦʤʧʣʝʢʩʘ Cu(hfac)2L
Bu
Ŀ0.5C7H16. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ 3D 

ʩʪʨʫʢʪʫʨʝ ʤʦʣʝʢʫʣʳ ʨʘʩʪʚʦʨʠʪʝʣʷ (ʛʝʧʪʘʥ) ʥʝ ʟʘʥʠʤʘʶʪ ʧʦʣʦʞʝʥʠʝ ʤʝʞʜʫ NO ʛʨʫʧʧʘʤʠ 

ʩʦʩʝʜʥʠʭ ʮʝʧʝʡ, ʢʘʢ ʵʪʦ ʢʘʞʝʪʩʷ ʥʘ ʨʠʩʫʥʢʝ. Cu: ; O: ; C: ; N . ɸʪʦʤʳ H ʠ ʛʨʫʧʧʳ CH3 ʠ 

CF3 ʦʧʫʱʝʥʳ ʜʣʷ ʧʨʦʩʪʦʪʳ. ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [31].  

ʅʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʘʚʪʦʨʳ ʩʪʘʪʴʠ ʧʨʝʜʣʦʞʠʣʠ 

ʪʦʧʦʣʦʛʠʶ ʤʝʞʢʣʘʩʪʝʨʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ (ʨʠʩʫʥʦʢ 12), ʚ ʢʦʪʦʨʦʡ 

ʥʘʧʨʘʚʣʝʥʠʝ ʤʘʛʥʠʪʥʳʭ çʮʝʧʝʡè ʥʝ ʩʦʚʧʘʜʘʝʪ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʩʪʨʫʢʪʫʨʥʳʭ 

ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ.  
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ʈʠʩʫʥʦʢ 12 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʩʧʠʥʦʚʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʩʦʩʝʜʥʠʭ ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʳʭ 

ʨʘʜʠʢʘʣʘʭ: a) Cu(hfac)2L
Bu
Ā0.5C7H16, b) Cu(hfac)2L

Bu
Ā0.5C8H18, c) Cu(hfac)2L

Pr
, d) 

Cu(hfac)2L
Bu
Ā0.5C8H10. ʇʨʠ ʨʘʩʯʝʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ UB3LYP ʩ ʙʘʟʠʩʦʤ 6-31+G(d) 

(ʮʚʝʪʦʚʦʡ ʢʦʜ: ʛʦʣʫʙʦʡ, >0.005; ʟʝʣʝʥʳʡ < -0.005). ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [31]. 

ʊʘʙʣʠʮʘ 2 ï  ʇʘʨʘʤʝʪʨʳ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʙʣʠʞʘʡʰʠʤʠ ʩʦʩʝʜʥʠʤʠ 

ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ, ʧʨʠʥʘʜʣʝʞʘʱʠʤʠ ʨʘʟʥʳʤ ʧʦʣʠʤʝʨʥʳʤ ʮʝʧʷʤ. ʇʨʠ ʨʘʩʯʝʪʘʭ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʘʥʥʳʝ ʈʉɸ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʨʠʤʝʥʷʣʩʷ 

ʤʝʪʦʜ UB3LYP ʩ ʙʘʟʠʩʦʤ 6-31+G*. ɿʥʘʯʝʥʠʝ d(O-O) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʠʥʠʤʘʣʴʥʦʤʫ 

ʨʘʩʩʪʦʷʥʠʶ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʨʘʜʠʢʘʣʦʚ. ɼʘʥʥʳʝ 

ʟʘʠʤʩʪʚʦʚʘʥʳ ʠʟ [31]. 

ʉʦʝʜʠʥʝʥʠʝ 
T / K Jinter / ʩʤ

-1
 d(O-O) / ¡ 

Cu(hfac)2L
Bu
Ā0.5C8H18 

100 -9.55 4.00 

Cu(hfac)2L
Bu
Ā0.5C7H16 

120 -9.74 3.92 

Cu(hfac)2L
Bu
Ā0.5C8H10 

60 -0.94 3.30 

Cu(hfac)2L
Pr

 
50 -0.33 5.26 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʨʘʙʦʪʝ ʧʨʠʚʦʜʷʪʩʷ ʜʘʥʥʳʝ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ 

ʚʝʣʠʯʠʥʳ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ 

ʩʦʩʝʜʥʠʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ (ʪʘʙʣʠʮʘ 2), ʢʦʪʦʨʳʝ ʧʦʜʪʚʝʨʞʜʘʶʪ ʥʘʣʠʯʠʝ 

ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʚʝʣʠʯʠʥʦʡ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʧʦʚʝʜʝʥʠʝʤ ɛeff(T) ʚ 

ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ɽʩʣʠ ʚʟʘʠʤʥʘʷ ʦʨʠʝʥʪʘʮʠʷ NO ʛʨʫʧʧ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʧʝʨʝʢʨʳʚʘʥʠʶ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʨʙʠʪʘʣʝʡ (ʨʠʩʫʥʦʢ 13), ʚʝʣʠʯʠʥʘ ʦʙʤʝʥʥʦʛʦ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢʘ (~10 ʩʤ
-1
), ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʦʙʤʝʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʝ ʧʨʝʚʳʰʘʝʪ 1 ʩʤ
-1
.  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠʚʝʜʝʥʥʳʝ ʚ ʩʪʘʪʴʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ 

ʣʠʰʴ ʢʦʩʚʝʥʥʦ ʧʦʜʪʚʝʨʞʜʘʶʪ 1D ʧʦʚʝʜʝʥʠʝ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 

ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ. ʇʦʩʢʦʣʴʢʫ ʪʦʧʦʣʦʛʠʷ ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ ʠʛʨʘʝʪ 

ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ ʚ ʧʨʦʠʩʭʦʜʷʱʠʭ ʤʘʛʥʠʪʥʳʭ ʘʥʦʤʘʣʠʷʭ, ʥʝʩʦʤʥʝʥʥʦ 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝʩʪʠ ʙʦʣʝʝ ʜʝʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠ ̫ʚ ʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠ 

ʧʦʢʘʟʘʪʴ 1D ʧʦʚʝʜʝʥʠʝ ʥʘ çʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʤè ʫʨʦʚʥʝ.  

1.2.4 ʀʩʩʣʝʜʦʚʘʥʠʝ ʷʚʣʝʥʠʷ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʚ Cu(hfac)2L
R
 

ʅʦʚʳʤ ʠʤʧʫʣʴʩʦʤ ʢ ʜʘʣʴʥʝʡʰʝʤʫ ʘʢʪʠʚʥʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʝʤʝʡʩʪʚʘ 

Cu(hfac)2L
R
 ʩʪʘʣʦ ʦʪʢʨʳʪʠʝ ʚ 2008 ʛʦʜʫ ʷʚʣʝʥʠʷ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ, [33] 

ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ  ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʳʭ ʤʘʛʥʝʪʠʢʦʚ ʚ ʦʙʣʘʩʪʠ 

ʦʧʪʠʯʝʩʢʠ ʫʧʨʘʚʣʷʝʤʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʧʠʥʦʚʳʭ ʫʩʪʨʦʡʩʪʚ, ʤʘʛʥʠʪʥʦʛʦ 

ʚʳʩʦʢʦʧʣʦʪʥʦʛʦ ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ, ʠ ʜʨ. ʆʩʥʦʚʥʦʡ ʩʣʦʞʥʦʩʪʴʶ 

ʥʘʙʣʶʜʝʥʠʷ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
R
 ʷʚʣʷʪʁʩʷ ʢʨʘʡʥʝ 

ʙʦʣʴʰʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʵʢʩʪʠʥʢʮʠʠ (ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʪʳʩʷʯ ʄ
-1
ʩʤ

-1
 ʥʘ 

ʜʣʠʥʘʭ ʚʦʣʥ 400-700 ʥʤ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ʚ ʨʘʩʪʚʦʨʝ ʛʝʢʩʘʥʘ). ʇʦʵʪʦʤʫ 

ʵʬʬʝʢʪʠʚʥʦʝ ʦʙʣʫʯʝʥʠʝ ʨʝʘʣʠʟʫʝʪʩʷ ʣʠʰʴ ʚ ʤʘʣʦʤ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ 

ʢʨʠʩʪʘʣʣʘ ʪʦʣʱʠʥʦʡ ʧʦʨʷʜʢʘ 10
-6
 ʤ, ʠ ʜʘʣʴʥʝʡʰʝʝ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʩʚʝʪʘ ʚʛʣʫʙʴ 

ʢʨʠʩʪʘʣʣʘ ʟʘʪʨʫʜʥʝʥʦ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʠʟʫʯʝʥʠʝ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʩ ʧʦʤʦʱʴʶ 

ʈʉɸ ʠʣʠ ʉʂɺʀɼ ʤʘʛʥʝʪʦʤʝʪʨʠʠ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʤʦʤʝʥʪ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʳʤ. ɺ ʩʣʫʯʘʝ ʞʝ ʕʇʈ, ʚʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʦʟʚʦʣʠʣʘ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʙʨʘʟʮʳ ʚ ʚʠʜʝ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ, ʩʤʝʰʘʥʥʳʭ ʩʦ ʩʪʝʢʣʫʶʱʝʡʩʷ 

ʞʠʜʢʦʩʪʴʶ (ʥʘʧʨʠʤʝʨ, ʛʣʠʮʝʨʠʥʦʤ), ʜʣʷ ʢʦʪʦʨʳʭ ʵʬʬʝʢʪʠʚʥʦ ʦʙʣʫʯʘʝʪʩʷ 

ʧʨʘʢʪʠʯʝʩʢʠ ʚʝʩʴ ʦʙʲʝʤ ʠʩʩʣʝʜʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ.  

 



53 

 

 

ʈʠʩʫʥʦʢ 14 ï ʉʪʘʮʠʦʥʘʨʥʳʝ ʕʇʈ ʩʧʝʢʪʨʳ ʘ) ʯʠʩʪʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʚʝʱʝʩʪʚʘ 

Cu(hfac)2L
Pr

 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 210 ʂ, ɜmw=33.98 ɻɻʮ, ʠ (b-f) Cu(hfac)2L
Pr

, ʩʤʝʰʘʥʥʦʛʦ ʩ 

ʛʣʠʮʝʨʠʥʦʤ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 7 ʂ,  ɜmw=33.94 ɻɻʮ. b) ʩʧʝʢʪʨ, ʧʦʣʫʯʝʥʥʳʡ ʜʦ ʦʙʣʫʯʝʥʠʷ, c) 

ʩʧʝʢʪʨ, ʧʦʣʫʯʝʥʥʳʡ ʩʨʘʟʫ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 900 ʥʤ, d) 5 ʤʠʥʫʪ ʠ e) 210 ʤʠʥʫʪ 

ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ, f) ʩʧʝʢʪʨ, ʧʦʣʫʯʝʥʥʳʡ ʧʦʩʣʝ ʥʘʛʨʝʚʘʥʠʷ ʦʙʨʘʟʮʘ ʜʦ 20 ʂ, ʘ ʟʘʪʝʤ 

ʦʭʣʘʞʜʝʥʠʷ ʦʙʨʘʪʥʦ ʜʦ 7 ʂ. ʆʮʝʥʢʘ ʛʣʫʙʠʥʳ ʬʦʪʦʢʦʥʚʝʨʩʠʠ ʩʦʩʪʘʚʠʣʘ ʦʢʦʣʦ c) 82%, d) 65%, 

e) 40%  ʧʦ ʜʘʥʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʩʧʝʢʪʨʳ ʦʙʦʟʥʘʯʝʥʳ ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ). ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ 

[33]. 
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ɺʧʝʨʚʳʝ ʵʬʬʝʢʪ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ LIESST-ʵʬʬʝʢʪ ʙʳʣʠ 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʥʘ ʩʦʝʜʠʥʝʥʠʠ Cu(hfac)2L
Pr

 ʚ ʛʣʠʮʝʨʠʥʦʚʦʡ ʩʫʩʧʝʥʟʠʠ 

ʤʝʪʦʜʦʤ ʕʇʈ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʩʚʝʪʦʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 900 

ʥʤ ʧʨʠ ʛʝʣʠʝʚʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (T<20 K) ʩʦʝʜʠʥʝʥʠʝ ʧʝʨʝʭʦʜʠʪ ʠʟ ʦʩʥʦʚʥʦʛʦ 

(ʧʨʠ ʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ) ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ SS ʩʦʩʪʦʷʥʠʷ ʚ ʤʝʪʘʩʪʘʙʠʣʴʥʦʝ 

ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ WS ʩʦʩʪʦʷʥʠʝ, ʚʨʝʤʷ ʞʠʟʥʠ ʢʦʪʦʨʦʛʦ ʩʦʩʪʘʚʣʷʝʪ ʥʝʩʢʦʣʴʢʦ 

ʯʘʩʦʚ (ʨʠʩʫʥʦʢ 14). 
 
ʇʦʟʜʥʝʝ ʵʬʬʝʢʪ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ LIESST-ʵʬʬʝʢʪ ʙʳʣʠ 

ʦʙʥʘʨʫʞʝʥʳ ʚʦ ʤʥʦʛʠʭ ʩʦʝʜʠʥʝʥʠʷʭ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
, ʧʨʠʯʝʤ ʚʦ ʚʩʝʭ 

ʩʣʫʯʘʷʭ ʥʘʙʣʶʜʘʣʠʩʴ ʩʭʦʞʠʝ ʪʝʥʜʝʥʮʠʠ ʢʘʢ ʚ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʠ, ʪʘʢ ʠ ʚ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚʘʭ. 

ɺ ʨʘʙʦʪʝ [138] ʙʳʣʘ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʘ ʨʝʣʘʢʩʘʮʠʷ ʠʟ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ WS ʩʦʩʪʦʷʥʠʷ ʚ ʦʩʥʦʚʥʦʝ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʝ 

SS ʩʦʩʪʦʷʥʠʝ ʚ ʪʨʝʭ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
Pr

, Cu(hfac)2L
Bu
Ā0.5C3H7-C5H6,  

Cu(hfac)2L
Bu
Ā0.5C8H10 ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʢʦʦʧʝʨʘʪʠʚʥʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʴʶ ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ (ʨʠʩʫʥʦʢ 15).  

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʤʘʛʥʠʪʥʦ-ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʝ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʳ, ʩʠʛʤʦʠʜʘʣʴʥʦʡ ʩʘʤʦʫʩʢʦʨʷʶʱʠʡʩʷ ʨʝʣʘʢʩʘʮʠʠ, ʪʠʧʠʯʥʦʡ ʚ 

ʪʘʢʦʤ ʩʣʫʯʘʝ ʜʣʷ ʞʝʣʝʟʥʳʭ ʩʧʠʥ-ʢʨʦʩʦʚʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, [68], ʥʝ 

ʥʘʙʣʶʜʘʣʦʩʴ. ʅʘʧʨʦʪʠʚ, ʥʘʙʣʶʜʘʝʤʘʷ ʨʝʣʘʢʩʘʮʠʷ ʥʦʩʠʣʘ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʡ 

ʩʘʤʦʟʘʤʝʜʣʷʶʱʠʡʩʷ ʭʘʨʘʢʪʝʨ (ʨʠʩʫʥʦʢ 15) ʜʣʷ ʚʩʝʭ ʪʨʝʭ ʩʦʝʜʠʥʝʥʠʡ. 

ʇʨʠʯʠʥʦʡ ʪʘʢʦʛʦ ʥʝʦʙʳʯʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʰʠʨʦʢʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʢʦʨʦʩʪʝʡ ʨʝʣʘʢʩʘʮʠʠ ʚ ʨʘʟʣʠʯʥʳʭ ʢʣʘʩʪʝʨʘʭ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ 

ʰʠʨʦʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʚʝʣʠʯʠʥʳ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ ʤʝʞʜʫ ʩʣʘʙʦ- ʠ 

ʩʠʣʴʥʦʩʚʷʟʘʥʥʳʤ ʩʦʩʪʦʷʥʠʷʤʠ. ʈʘʟʫʤʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʢʣʘʩʪʝʨʳ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ, ʤʦʛʫʪ ʨʝʣʘʢʩʠʨʦʚʘʪʴ ʙʳʩʪʨʝʝ, ʚ 

ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʪʨʫʢʪʫʨʥʳʝ ʧʝʨʝʩʪʨʦʡʢʠ ʛʣʫʙʦʢʦ ʚʥʫʪʨʠ ʢʨʠʩʪʘʣʣʘ ʩʪʝʨʠʯʝʩʢʠ 

ʟʘʪʨʫʜʥʝʥʳ ʚʚʠʜʫ ʧʨʠʩʫʪʩʪʚʠʷ ʝʱʝ ʥʝʦʪʨʝʣʘʢʩʠʨʦʚʘʚʰʠʭ ʩʦʩʝʜʥʠʭ ʢʣʘʩʪʝʨʦʚ. 
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ʈʠʩʫʥʦʢ 15 ï ʅʦʨʤʠʨʦʚʘʥʥʳʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʢʨʠʚʳʝ ɔn(t), ʛʜʝ ɔ ï ʜʦʣʷ 

ʧʝʨʝʢʣʶʯʝʥʥʳʭ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ I) Cu(hfac)2L
Pr

, II) 

Cu(hfac)2L
Bu
Ā0.5C3H7-C5H6,  III) Cu(hfac)2L

Bu
Ā0.5C8H10 ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 5-16 ʂ. 

ʉʧʣʦʰʥʦʡ ʣʠʥʠʝʡ ʦʙʦʟʥʘʯʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ 

[138]. 
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ɼʨʫʛʠʤ ʦʙʲʷʩʥʝʥʠʝʤ ʰʠʨʦʢʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʝ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ï ʨʘʟʙʨʦʩ ʧʦ 

ʦʨʠʝʥʪʘʮʠʷʤ ʤʦʣʝʢʫʣ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠ ʘʣʢʠʣʴʥʳʭ ʟʘʤʝʩʪʠʪʝʣʝʡ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ 

ʨʘʜʠʢʘʣʘ, ʢʦʪʦʨʳʡ ʥʘʙʣʶʜʘʝʪʩʷ ʤʝʪʦʜʦʤ ʈʉɸ. ʂʨʦʤʝ ʪʦʛʦ, ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʤʥʦʞʝʩʪʚʘ ʥʠʟʢʦʣʝʞʘʱʠʭ ʪʝʨʤʠʯʝʩʢʠ-ʜʦʩʪʠʞʠʤʳʭ ʩʧʠʥʦʚʳʭ ʫʨʦʚʥʝʡ ʚ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʤ WS ʩʦʩʪʦʷʥʠʠ ʪʘʢʞʝ ʤʦʞʝʪ ʚʥʦʩʠʪʴ ʩʚʦʡ ʚʢʣʘʜ ʚ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ. ʊʘʢ, ʨʘʩʱʝʧʣʝʥʠʝ ʤʝʞʜʫ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ 

ʫʨʦʚʥʷʤʠ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʧʠʥʦʚʳʭ ʤʫʣʴʪʠʧʣʝʪʦʚ ʪʨʠʘʜʳ d ʠ D ʚ WS ʩʦʩʪʦʷʥʠʠ 

ʩʦʩʪʘʚʣʷʝʪ J~10 ʩʤ
-1 
~ 15 ʂ, ʘ ʤʝʞʢʣʘʩʪʝʨʥʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 

ʩʦʩʝʜʥʠʤʠ ʩʧʠʥʦʚʳʤʠ ʪʨʠʘʜʘʤʠ (J~1-10 ʩʤ
-1
) ʧʨʠʚʦʜʠʪ ʢ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ 

ʨʘʩʱʝʧʣʝʥʠʶ ʫʨʦʚʥʝʡ, ʩʦʟʜʘʚʘʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ çʢʚʘʟʠ-ʢʦʥʪʠʥʫʫʤè ʩʧʠʥʦʚʳʭ 

ʩʦʩʪʦʷʥʠʡ ʚ ʜʠʘʧʘʟʦʥʝ 0-20 ʩʤ
-1
. ʉʘʤʦʟʘʤʝʜʣʷʶʱʠʡʩʷ ʭʘʨʘʢʪʝʨ ʨʝʣʘʢʩʘʮʠʠ 

ʥʘʙʣʶʜʘʣʩʷ ʜʣʷ ʚʩʝʭ ʠʟʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
, ʩʧʦʩʦʙʥʳʭ 

ʢ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʶ, ʠ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʦʡ ʯʝʨʪʦʡ ʜʣʷ ʵʪʠʭ ʩʠʩʪʝʤ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʦ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
, 

ʫʧʦʤʷʥʫʪʳʭ ʚʳʰʝ, ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʚ ʩʪʘʮʠʦʥʘʨʥʦʤ 

ʨʝʞʠʤʝ. ʇʨʠʤʝʥʝʥʠʝ ʢ ʩʦʝʜʠʥʝʥʠʷʤ Cu(hfac)2L
R
 ʠʤʧʫʣʴʩʥʳʭ ʕʇʈ ʤʝʪʦʜʠʢ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʩʧʠʥʦʚʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʥʘʙʣʶʜʝʥʠʷ ʪʝʨʤʦ- ʠ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʡ 

ʥʝʚʦʟʤʦʞʥʦ, ʧʦʩʢʦʣʴʢʫ ʜʘʥʥʳʝ ʩʠʩʪʝʤʳ ʤʘʛʥʠʪʥʦ-ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʳ ʠ ʩʢʦʨʦʩʪʴ 

ʵʣʝʢʪʨʦʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʢʨʘʡʥʝ ʚʳʩʦʢʘ. ʈʝʰʝʥʠʝʤ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʤʦʛʣʦ ʙʳ 

ʩʪʘʪʴ ʤʘʛʥʠʪʥʦʝ ʨʘʟʙʘʚʣʝʥʠʝ ʦʙʨʘʟʮʦʚ (ʥʘʧʨʠʤʝʨ, ʩʠʥʪʝʟ ʘʥʘʣʦʛʦʚ Zn(hfac)2L
R
 c 

ʜʦʧʠʨʦʚʘʥʠʝʤ Cu), ʦʜʥʘʢʦ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʤʦʤʝʥʪ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʥʝ 

ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʠʪʴ ʠʟʦʩʪʨʫʢʪʫʨʥʳʭ ʤʘʛʥʠʪʥʦ-ʨʘʟʙʘʚʣʝʥʥʳʭ ʘʥʘʣʦʛʦʚ.  

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ 

ʨʝʣʘʢʩʘʮʠʠ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
R
 ʦʢʘʟʘʣʦʩʴ ʚʦʟʤʦʞʥʳʤ ʧʨʠʤʝʥʝʥʠʝ 

ʢʨʘʡʥʝ ʠʥʬʦʨʤʘʪʠʚʥʦʛʦ ʤʝʪʦʜʘ ʕʇʈ ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ (ɺʈ ʕʇʈ), 

ʢʦʪʦʨʳʡ ʦʙʲʝʜʠʥʷʝʪ ʚ ʩʝʙʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʕʇʈ ʠ ʚʦʟʤʦʞʥʦʩʪʴ 

ʦʪʩʣʝʞʠʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʚʦ ʚʨʝʤʝʥʠ. [139] ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʵʢʩʧʝʨʠʤʝʥʪʳ 

ʧʨʦʚʦʜʠʣʠʩʴ ʚ W-ʜʠʘʧʘʟʦʥʝ (94 ɻɻʮ) ʩ ʥʘʥʦʩʝʢʫʥʜʥʳʤ ʚʨʝʤʝʥʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ çʧʨʷʤʘʷè ʢʦʥʚʝʨʩʠʷ 
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ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʥʝʚʠʜʠʤʘ ʚ 

ʥʘʥʦʩʝʢʫʥʜʥʦʤ ʜʠʘʧʘʟʦʥʝ. ʅʘʙʣʶʜʘʝʤʳʝ ʚ ɺʈ ʕʇʈ ʢʠʥʝʪʠʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

çʚʪʦʨʠʯʥʦʤʫ ʧʨʦʮʝʩʩʫè ʨʝʣʘʢʩʘʮʠʠ ʤʝʞʜʫ ʤʫʣʴʪʠʧʣʝʪʘʤʠ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ WS ʩʦʩʪʦʷʥʠʷ (ʠʟ ʚʦʟʙʫʞʜʝʥʥʦʛʦ 

ʜʫʙʣʝʪʥʦʛʦ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʝ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ WS 

(ʨʠʩʫʥʦʢ 16) ʚ ʦʩʥʦʚʥʦʝ ʢʚʘʨʪʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ WS ʩʦʩʪʦʷʥʠʷ). 

ʈʝʣʘʢʩʘʮʠʷ ʥʦʩʠʪ ʤʦʥʦʵʢʩʧʦʥʝʥʮʠʘʥʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ, ʠ ʝʝ ʪʝʤʧʝʨʘʪʫʨʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʚ ʧʦʣʴʟʫ ʧʨʷʤʦʛʦ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʠ 

T<15 K.  

 

ʈʠʩʫʥʦʢ 16 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
. ɼʚʝ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʷʤʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʠʣʴʥʦ- ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤʫ 

ʩʦʩʪʦʷʥʠʷʤ. ɼʠʘʛʨʘʤʤʘ ʩʧʠʥʦʚʳʭ ʫʨʦʚʥʝʡ ʜʣʷ ʦʩʥʦʚʥʳʭ ʚʠʙʨʦʥʥʳʭ ʫʨʦʚʥʝʡ ʠ ʩʪʨʫʢʪʫʨʘ 

ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʠʟʦʙʨʘʞʝʥʳ ʩʣʝʚʘ ʠ ʩʧʨʘʚʘ. ɿʝʣʝʥʳʤʠ ʠ ʢʨʘʩʥʳʤʠ ʩʪʨʝʣʢʘʤʠ ʦʙʦʟʥʘʯʝʥʳ 

çʧʨʷʤʦʡè ʠ çʚʪʦʨʠʯʥʳʡè ʧʨʦʮʝʩʩʳ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ ʠ ʨʝʣʘʢʩʘʮʠʠ. ʇʫʥʢʪʠʨʥʦʡ ʟʝʣʝʥʦʡ 

ʣʠʥʠʝʡ ʩʭʝʤʘʪʠʯʝʩʢʠ ʠʟʦʙʨʘʞʝʥʘ ʪʫʥʥʝʣʴʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʠʟ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ 

ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʦʩʥʦʚʥʦʝ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʝ. ʇʫʥʢʪʠʨʥʦʡ ʢʨʘʩʥʦʡ ʣʠʥʠʝʡ 

ʦʙʦʟʥʘʯʝʥ ʧʨʦʮʝʩʩ ʵʣʝʢʪʨʦʥʥʦʡ ʩʧʠʥʦʚʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʢʦʪʦʨʳʡ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚ ɺʈ ʕʇʈ. ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [139].   
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ʈʠʩʫʥʦʢ 17 ï ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʢʠʥʝʪʠʢ (ʨʝʣʘʢʩʘʮʠʷ ʠʟ 

Dws ʚ Qws) ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ T=5-15 ʂ. ɺʩʪʘʚʢʘ: ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ 

(1/Trel) ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ (T). ʂʨʘʩʥʦʡ ʣʠʥʠʝʡ ʠʟʦʙʨʘʞʝʥ ʨʝʟʫʣʴʪʘʪ ʣʠʥʝʡʥʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ 1/Trel=0.12+0.06T ʤʢʩ
-1

. 

ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [139].   

ʇʦʤʠʤʦ ʠʥʬʦʨʤʘʮʠʠ ʦ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʘʭ, ʤʝʪʦʜʠʢʘ ɺʈ ʕʇʈ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ ʜʚʘ ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʳʭ ʬʘʢʪʘ. ɺʦ-ʧʝʨʚʳʭ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʪʦ, ʯʪʦ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʦʙʣʘʩʪʠ ʧʦʣʦʩ 

ʧʦʛʣʦʱʝʥʠʷ SS ʠ WS ʩʦʩʪʦʷʥʠʡ (ʯʪʦ ʥʝʫʜʠʚʠʪʝʣʴʥʦ ʚʩʣʝʜʩʪʚʠʝ ʟʥʘʯʠʪʝʣʴʥʦʛʦ 

ʧʝʨʝʢʨʳʚʘʥʠʷ ʩʦʦʪʚʝʪʩʚʫʶʱʠʭ ʩʧʝʢʪʨʦʚ), SSŸWS ʢʦʥʚʝʨʩʠʷ ʜʦʤʠʥʠʨʫʝʪ ʥʘʜ 

ʦʙʨʘʪʥʦʡ WSŸSS ʢʦʥʚʝʨʩʠʝʡ. ʕʪʦ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʦʙʲʷʩʥʝʥʠʝʤ ʪʦʤʫ ʬʘʢʪʫ, 

ʯʪʦ ʜʦ ʩʠʭ ʥʝ ʫʜʘʣʦʩʴ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʦʙʨʘʪʥʦʝ WSŸ SS ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʝ, 

ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ SSŸWS ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʙʦʣʴʰʠʥʩʪʚʝ 

ʩʦʝʜʠʥʝʥʠʡ. ɺʦ-ʚʪʦʨʳʭ, ʚʨʝʤʷ SSŸWS ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʝʝ 

100 ʥʩ, ʯʪʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʦʮʝʥʢʦʡ, ʧʦʣʫʯʝʥʥʦʡ ʠʟ ʜʘʥʥʳʭ ʦʧʪʠʯʝʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ. [156] 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʷ ʢʣʘʩʩʘ Cu(hfac)2L
R
 ʚʧʝʨʚʳʝ ʙʳʣʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʜʦʩʪʘʪʦʯʥʦ ʜʘʚʥʦ, ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʪʦʣʴ 

ʠʥʪʝʨʝʩʥʦʤ ʠ ʧʦʪʝʥʮʠʘʣʴʥʦ ʧʝʨʩʧʝʢʪʠʚʥʦʤ ʵʬʬʝʢʪʝ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ 

LIESST ʥʝ ʪʘʢ ʤʥʦʛʦ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʝʪ ʧʦʣʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʤʝʭʘʥʠʟʤʝ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ, ʨʘʚʥʦ ʢʘʢ ʠ ʥʝʪ ʯʝʪʢʦʡ 
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ʩʪʨʘʪʝʛʠʠ ʧʦ ʫʣʫʯʰʝʥʠʶ ʩʚʦʡʩʪʚ ʵʪʠʭ ʥʝʦʙʳʯʥʳʭ ʠ ʤʥʦʛʦʦʙʝʱʘʶʱʠʭ 

ʩʦʝʜʠʥʝʥʠʡ. ɺʩʝ ʵʪʦ ʩʪʠʤʫʣʠʨʫʝʪ ʘʢʪʠʚʥʳʡ ʠʥʪʝʨʝʩ ʢ ʷʚʣʝʥʠʶ 

ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
R
 ʠ ʩʦʟʜʘʝʪ ʧʨʝʜʧʦʩʳʣʢʠ ʜʣʷ 

ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

1.2.5 ʇʨʠʤʝʥʝʥʠʝ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʣʷ ʠʟʫʯʝʥʠʷ ʤʘʛʥʠʪʥʦ-

ʩʪʨʫʢʪʫʨʥʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
R
 

ʉʦʚʩʝʤ ʥʝʜʘʚʥʦ ʚ ʜʦʧʦʣʥʝʥʠʝ ʢ ʫʞʝ ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʶʱʠʤʩʷ ʤʝʪʦʜʠʢʘʤ 

(ʈʉɸ, ʉʂɺʀɼ ʤʘʛʥʠʪʦʤʝʪʨʠʷ, ʕʇʈ) ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʩʨʝʜʥʝʛʦ ʠ ʜʘʣʴʥʝʛʦ ʜʠʘʧʘʟʦʥʦʚ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʭ 

ʘʥʦʤʘʣʠʡ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
R
. [141]. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩʦʚʤʝʩʪʥʦ ʩ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʤʠ 

ʨʘʩʯʝʪʘʤʠ ʷʚʣʷʝʪʩʷ ʥʦʚʳʤ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦ-

ʩʪʨʫʢʪʫʨʥʳʭ ʘʥʦʤʘʣʠʡ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R 
ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ 

ʫʨʦʚʥʝ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʀʂ ʩʨʝʜʥʝʛʦ ʠ ʜʘʣʴʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʚ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ T = 20 - 295 K ʙʳʣʠ ʚʳʙʨʘʥʳ ʜʚʘ ʧʨʝʜʩʪʘʚʠʪʝʣʷ 

ʵʪʦʛʦ ʩʝʤʝʡʩʪʚʘ: Cu(hfac)2L
Me

 ʩ ʨʝʟʢʠʤ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʤ ʧʝʨʝʭʦʜʦʤ ʠ 

Cu(hfac)2L
Pr

 ʩ ʧʣʘʚʥʳʤ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʤ ʧʝʨʝʭʦʜʦʤ. ɺ ʭʦʜʝ ʨʘʙʦʪʳ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʜʚʘ ʪʠʧʘ ʦʙʨʘʟʮʦʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ: 1) ʪʘʙʣʝʪʢʠ, 

ʧʨʠʛʦʪʦʚʣʝʥʥʳʝ ʧʦ ʩʪʘʥʜʘʨʪʥʦʡ ʜʣʷ ʀʂ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʪʦʜʠʢʝ (ʩʤʝʰʠʚʘʥʠʝ 

ʤʝʣʢʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʨʦʰʢʘ ʠʟʫʯʘʝʤʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʩ ʀʂ-

ʧʨʦʟʨʘʯʥʳʤ ʧʦʨʦʰʢʦʤ ʠ ʧʦʩʣʝʜʫʶɦ ʝʝ ʧʨʝʩʩʦʚʘʥʠʝ ʧʦʣʫʯʝʥʥʦʡ ʩʤʝʩʠ ʚ 

ʪʘʙʣʝʪʢʫ); 2) ʪʦʥʢʠʝ ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʩʦʝʜʠʥʝʥʠʡ ʪʦʣʱʠʥʦʡ 10-15 ʤʢʤ.  

ʅʘ ʦʩʥʦʚʘʥʠʠ ʘʥʘʣʠʟʘ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʠʤʳʭ ʀʂ ʩʧʝʢʪʨʦʚ ʜʣʷ ʜʚʫʭ 

ʪʠʧʦʚ ʦʙʨʘʟʮʦʚ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʦʮʝʜʫʨʘ ʧʨʝʩʩʦʚʘʥʠʷ ʩʦʝʜʠʥʝʥʠʷ ʚ 

KBr ʪʘʙʣʝʪʢʫ ʧʨʠʚʦʜʠʪ ʢ ʯʘʩʪʠʯʥʦʤʫ ʧʦʜʘʚʣʝʥʠʶ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ 

ʧʝʨʝʭʦʜʘ. ʊʘʢ, ʤʦʥʦʢʨʠʩʪʘʣʣ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Me

 ʧʨʝʪʝʨʧʝʚʘʝʪ ʧʦʣʥʳʡ 

ʧʝʨʝʭʦʜ ʧʨʠ ~141 K, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʪʘʙʣʝʪʢʝ KBr ʧʝʨʝʭʦʜ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ 
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ʧʣʘʚʥʳʤ ʠ ʤʝʥʝʝ ʚʳʨʘʞʝʥʥʳʤ, ʠ ʜʘʞʝ ʧʨʠ 20 ʂ ʧʝʨʝʭʦʜʠʪ ʪʦʣʴʢʦ 50-60% 

ʢʣʘʩʪʝʨʦʚ). ɿʘ ʠʩʢʣʶʯʝʥʠʝʤ ʵʬʬʝʢʪʘ ʧʨʝʩʩʦʚʘʥʠʷ, ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʷʚʣʝʥʠʷ 

ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ ʜʣʷ ʦʙʦʠʭ ʪʠʧʦʚ ʦʙʨʘʟʮʦʚ ʘʥʘʣʦʛʠʯʥʳ. 

ʆʩʪʘʥʦʚʠʤʩʷ ʧʦʜʨʦʙʥʝʝ ʥʘ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʧʝʨʝʭʦʜʦʤ, ʧʨʦʠʩʭʦʜʷʱʠʤ ʚ 

ʩʦʝʜʠʥʝʥʠʠ, ʠ ʠʟʤʝʥʝʥʠʝʤ ʚʠʜʘ ʀʂ ʩʧʝʢʪʨʦʚ.  

 

ʈʠʩʫʥʦʢ 18 ï ʀʂ ʩʧʝʢʪʨʳ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ (a,b) ʠ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ (c) ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Me

. (a) ʀʂ ʩʧʝʢʪʨʳ ʩʨʝʜʥʝʛʦ 

ʜʠʘʧʘʟʦʥʘ, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ (SC) ʠ ʪʘʙʣʝʪʦʯʥʦʛʦ ʦʙʨʘʟʮʘ (Plt) ʩʦʝʜʠʥʝʥʠʷ 

Cu(hfac)2L
Me

. ʊʝʤʧʝʨʘʪʫʨʳ ʫʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ ʩʧʨʘʚʘ. (b) ʄʘʩʰʪʘʙʠʨʦʚʘʥʥʘʷ ʯʘʩʪʴ ʀʂ 

ʩʧʝʢʪʨʦʚ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʜʣʷ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ ʧʦʣʦʩʘʤʠ 

ʧʦʛʣʦʱʝʥʠʷ. ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [141].  

ʄʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʡ ʧʝʨʝʭʦʜ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʦʷʚʣʝʥʠʝʤ ʥʦʚʳʭ 

ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʦʣʦʩ ʠ ʠʩʯʝʟʥʦʚʝʥʠʝʤ/ʫʤʝʥʴʰʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʘʥʝʝ 

ʧʨʠʩʫʪʩʪʚʦʚʘʚʰʠʭ ʚ ʩʧʝʢʪʨʝ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ. ʂ ʩʦʞʘʣʝʥʠʶ, ʙʦʣʴʰʘʷ ʯʘʩʪʴ 

ʪʘʢʠʭ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ ʧʝʨʝʢʨʳʚʘʝʪʩʷ ʩ ʧʦʣʦʩʘʤʠ, ʦʩʪʘʶʱʠʤʠʩʷ 

ʥʝʠʟʤʝʥʥʳʤʠ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʭʦʜʘ, ʯʪʦ ʫʩʣʦʞʥʷʝʪ ʘʥʘʣʠʟ. ʆʜʥʘʢʦ ʘʚʪʦʨʘʤ 

ʨʘʙʦʪʳ ʫʜʘʣʦʩʴ ʥʘʡʪʠ ʚ ʩʨʝʜʥʝʤ ʀʂ ʜʠʘʧʘʟʦʥʝ ʜʣʷ ʦʙʦʠʭ ʩʦʝʜʠʥʝʥʠʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʘʣʴʥʦ-ʨʘʟʨʝʰʝʥʥʳʝ ʣʠʥʠʠ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʪʦʨʳʭ 
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ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʘʥʘʣʦʛʠʯʥʦ ʟʘʚʠʩʠʤʦʩʪʠ ʢʨʠʚʦʡ ʤʘʛʥʠʪʥʦ-

ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ.   

ʅʘ ʨʠʩʫʥʢʝ 18a ʧʦʢʘʟʘʥʳ ʀʂ ʩʧʝʢʪʨʳ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ (1800-700 ʩʤ
-1
) 

ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Me

 (ʤʦʥʦʢʨʠʩʪʘʣʣ SC ʠ ʪʘʙʣʝʪʦʯʥʳʡ ʦʙʨʘʟʝʮ Plt) ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ ʠ ʥʠʞʝ ʧʝʨʝʭʦʜʘ (TST~141 K). ʂʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʨʘʥʝʝ, ʚ 

ʪʘʙʣʝʪʦʯʥʦʤ ʦʙʨʘʟʮʝ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʡ ʧʝʨʝʭʦʜ ʥʝʩʢʦʣʴʢʦ ʟʘʪʷʛʠʚʘʝʪʩʷ ʠ 

ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʝʝ ʚʳʨʘʞʝʥʥʳʤ, ʥʦ ʚʩʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʷʚʣʝʥʠʷ ʧʝʨʝʭʦʜʘ 

ʘʥʘʣʦʛʠʯʥʳ ʤʦʥʦʢʨʠʩʪʘʣʣʫ, ʧʦʵʪʦʤʫ ʜʘʣʴʥʝʡʰʝʝ ʦʙʩʫʞʜʝʥʠʝ ʙʫʜʝʪ ʧʨʦʚʝʜʝʥʦ 

ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ, ʢʘʢ ʜʣʷ ʙʦʣʝʝ ʷʚʥʦʛʦ ʩʣʫʯʘʷ.  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 18a, ʩʧʝʢʪʨ ʩʦʝʜʠʥʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 

ʧʝʨʝʭʦʜʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ (190, 150 ʂ). ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʪʨʫʢʪʫʨʘ 

ʢʦʤʧʣʝʢʩʘ ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʦʡ ʚ ʵʪʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ. ʇʨʠ 

ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʀʂ ʩʧʝʢʪʨ ʩʦʝʜʠʥʝʥʠʷ 

ʧʨʝʪʝʨʧʝʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ. ʅʘʠʙʦʣʝʝ ʷʚʥʳʝ ʠ ʧʨʦʩʪʳʝ ʜʣʷ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʠʟʤʝʥʝʥʠʷ ʚ ʚʠʜʝ ʧʦʷʚʣʝʥʠʷ/ʠʩʯʝʟʥʦʚʝʥʠʷ ʥʦʚʳʭ ʧʦʣʦʩ 

ʧʦʛʣʦʱʝʥʠʷ ʧʨʦʠʩʭʦʜʷʪ ʚ ʜʠʘʧʘʟʦʥʝ 1125 ʩʤ
-1 
ï 800 ʩʤ

-1
 (ʨʠʩʫʥʦʢ 18b). 

ʉʨʘʚʥʝʥʠʝ ʩʧʝʢʪʨʦʚ ʧʨʠ 150 ʂ ʠ 140 ʂ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʘʛʥʠʪʥʦ-

ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ ʧʦʷʚʣʷʶʪʩʷ ʥʦʚʳʝ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʧʦʣʦʩʳ ʩ ʤʘʢʩʠʤʫʤʦʤ 

ʥʘ 1098, 1086 ʠ 1034 ʩʤ
-1
, ʧʨʦʠʩʭʦʜʠʪ ʩʜʚʠʛ ʧʦʣʦʩʳ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 884 ʚ 

ʧʦʣʦʩʫ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 890 ʩʤ
-1
, ʘ ʪʘʢʞʝ ʠʩʯʝʟʘʝʪ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʧʦʣʦʩʘ ʩ 

ʤʘʢʩʠʤʫʤʦʤ ʥʘ 815 ʩʤ
-1
. ɼʘʣʴʥʝʡʰʝʝ ʧʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʠʢʘʢ ʥʝ ʚʣʠʷʝʪ 

ʥʘ ʚʠʜ ʀʂ ʩʧʝʢʪʨʦʚ, ʘ ʣʠʰʴ ʧʨʠʚʦʜʠʪ ʢ ʯʘʩʪʠʯʥʦʤʫ ʦʙʫʞʝʥʠʶ ʥʝʢʦʪʦʨʳʭ 

ʣʠʥʠʡ (ʨʠʩʫʥʦʢ 18a,b). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʨʘʞʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʀʂ ʩʧʝʢʪʨʘʭ 

ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Me

 ʧʨʦʠʩʭʦʜʷʪ ʚʩʣʝʜʩʪʚʠʝ 

ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ, ʚ ʧʦʣʥʦʤ ʩʦʛʣʘʩʠʠ ʩ ʜʘʥʥʳʤʠ ʈʉɸ ʠ 

ʉʂɺʀɼ-ʤʘʛʥʝʪʦʤʝʪʨʠʠ. [29, 37]  

ʊʘʢʞʝ ʘʚʪʦʨʳ ʩʪʘʪʴʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʷʪʴ 

ʚʝʣʠʯʠʥʫ ʜʦʣʠ ʧʝʨʝʰʝʜʰʝʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦ ʦʪʥʦʰʝʥʠ ʁ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ, ʥʘʧʨʠʤʝʨ 884 ʩʤ
-1
 (WS ʩʦʩʪʦʷʥʠʝ) ʠ 

890 ʩʤ
-1
 (SS ʩʦʩʪʦʷʥʠʝ). ʌʦʨʤʘ ʧʦʣʫʯʝʥʥʦʡ ʢʨʠʚʦʡ ʭʦʨʦʰʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʠʜʫ 
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ʟʘʚʠʩʠʤʦʩʪʠ ɛeff(T). 

 

ʈʠʩʫʥʦʢ 19 ï ʀʂ ʩʧʝʢʪʨʳ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ (a,b) ʠ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ (c) ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr
. (a) ʀʂ ʩʧʝʢʪʨʳ ʩʨʝʜʥʝʛʦ 

ʜʠʘʧʘʟʦʥʘ, ʠʟʤʝʨʝʥʥʳʝ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ (SC) ʠ ʪʘʙʣʝʪʦʯʥʦʛʦ ʦʙʨʘʟʮʘ (Plt) ʩʦʝʜʠʥʝʥʠʷ 

Cu(hfac)2L
Pr
. ʊʝʤʧʝʨʘʪʫʨʳ ʫʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ ʩʧʨʘʚʘ. (b) ʄʘʩʰʪʘʙʠʨʦʚʘʥʥʘʷ ʯʘʩʪʴ ʀʂ 

ʩʧʝʢʪʨʦʚ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʘʷ ʜʠʥʘʤʠʢʫ ʧʦʷʚʣʝʥʠʷ ʥʦʚʳʭ ʧʦʣʦʩ 

ʧʦʛʣʦʱʝʥʠʷ ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ɿʘʢʨʘʰʝʥʥʳʝ ʦʙʣʘʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʠʘʧʘʟʦʥʫ 

ʯʘʩʪʦʪ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʚʦʜʠʣʦʩʴ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʠʥʠʡ. (d) 

ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ, ʠʟʦʙʨʘʞʝʥʥʳʭ 

ʥʘ ʨʠʩʫʥʢʝ 19b. ɺʩʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʣʷ ʷʩʥʦʩʪʠ ʥʦʨʤʠʨʦʚʘʥʳ ʥʘ ʟʥʘʯʝʥʠʝ ʧʨʠ 20 ʂ. [141]  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 19, ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʡ ʧʝʨʝʭʦʜ ʚ ʩʦʝʜʠʥʝʥʠʠ 

Cu(hfac)2L
Pr

 ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʬʦʨʤʳ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ 

ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ. ʊʘʢ ʞʝ ʢʘʢ ʠ ʚ Cu(hfac)2L
Me

, ʜʣʷ ʪʘʙʣʝʪʦʯʥʦʛʦ ʦʙʨʘʟʮʘ 

ʥʘʙʣʶʜʘʝʪʩʷ ʯʘʩʪʠʯʥʦʝ ʧʦʜʘʚʣʝʥʠʝ ʧʝʨʝʭʦʜʘ. ʉʨʝʜʠ ʥʘʠʙʦʣʝʝ ʟʘʤʝʪʥʳʭ 

ʠʟʤʝʥʝʥʠʡ: ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʧʦʣʦʩʘ 

ʧʦʛʣʦʱʝʥʠʷ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 1650 cm
-1
 ʨʘʩʱʝʧʣʷʝʪʩʷ ʥʘ ʜʚʝ ʧʦʣʦʩʳ ʩ 

ʤʘʢʩʠʤʫʤʘʤʠ ʥʘ 1650 ʠ 1670 ʩʤ
-1
; ʧʦʷʚʣʷʶʪʩʷ ʥʦʚʳʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʩ 

ʤʘʢʩʠʤʫʤʘʤʠ ʥʘ 1504, 1092, 1039, 903, 893, 792 ʩʤ
-1
. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ 
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Cu(hfac)2L
Me

, ʚ ʀʂ ʩʧʝʢʪʨʘʭ Cu(hfac)2L
Pr

 ʥʠ ʦʜʥʘ ʠʟ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʦʣʦʩ 

ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ ʥʝ ʠʩʯʝʟʘʝʪ (ʩʜʚʠʛʘʝʪʩʷ) ʧʦʣʥʦʩʪʴʶ ʧʨʠ ʧʦʥʠʞʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ. 

ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʜʦʣʠ SS ʠ WS ʩʦʩʪʦʷʥʠʡ ʙʳʣʠ ʚʳʙʨʘʥʳ ʜʚʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʣʠʥʠʠ, ʧʨʝʪʝʨʧʝʚʘʶʱʠʝ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʩ 

ʤʘʢʩʠʤʫʤʘʤʠ ʥʘ 1092 (ʩʦʦʪʚʝʪʩʪʚʫʝʪ SS ʩʦʩʪʦʷʥʠʶ) ʠ 1105 ʩʤ
-1
 

(ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʩʦʩʪʦʠʪ ʠʟ ʚʢʣʘʜʘ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ ʠ ʪʨʠʘʜʳ ʚ WS 

ʩʦʩʪʦʷʥʠʠ). ʇʦʚʝʜʝʥʠʝ ʧʦʣʫʯʝʥʥʦʡ ʢʨʠʚʦʡ ʦʪʥʦʰʝʥʠʷ ʜʚʫʭ ʩʦʩʪʦʷʥʠʡ 

ʩʦʚʧʘʜʘʝʪ ʩ ʜʘʥʥʳʤʠ ɛeff(T). ʃʶʙʦʧʳʪʥʦ, ʯʪʦ ʩʫʤʤʘʨʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʵʪʠʭ 

ʜʚʫʭ ʧʦʣʦʩ ʷʚʣʷʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʥʝʟʘʚʠʩʠʤʦʡ (ʠʟʤʝʥʝʥʠʷ ʢʦʣʝʙʣʶʪʩʷ ʚ 

ʧʨʝʜʝʣʝ 10%), ʯʪʦ ʤʦʞʝʪ ʦʟʥʘʯʘʪʴ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʵʪʠʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʦʣʦʩ ʢ 

ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʤʦʜʝ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʦ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʤ ʧʝʨʝʭʦʜʝ 

ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
Me

 ʠ Cu(hfac)2L
Pr 
ʤʝʪʦʜʦʤ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʥʘʭʦʜʷʪʩʷ ʚ ʧʦʣʥʦʤ ʩʦʛʣʘʩʠʠ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩ ʧʦʤʦʱʴʶ ʜʨʫʛʠʭ ʤʝʪʦʜʠʢ (ʈʉɸ, ʉʂɺʀɼ, ʕʇʈ). ʇʦʤʠʤʦ ʵʪʦʛʦ ʀʂ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʥʦʚʫʶ, ʥʝʜʦʩʪʫʧʥʫʶ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ, 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʤʝʭʘʥʠʟʤʝ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ. ʊʘʢ, ʚ ʩʣʫʯʘʝ ʩ 

Cu(hfac)2L
Pr 
ʧʣʘʚʥʳʡ ʧʝʨʝʭʦʜ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʣʘʚʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʚ ʀʂ 

ʩʧʝʢʪʨʘʭ. ʇʨʠ ʵʪʦʤ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʭʦʜʘ ʥʝ ʙʳʣʦ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʧʣʘʚʥʦʛʦ 

ʩʜʚʠʛʘ ʧʦ ʯʘʩʪʦʪʝ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʦʣʦʩ, ʚʤʝʩʪʦ ʵʪʦʛʦ ʥʘʙʣʶʜʘʣʦʩʴ ʧʣʘʚʥʦʝ 

ʠʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʧʦʣʦʩ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʧʣʘʚʥʦʛʦ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ 

ʥʘʙʣʶʜʘʝʪʩʷ ʥʝ ʧʣʘʚʥʦʝ ʠʟʤʝʥʝʥʠʝ ʛʝʦʤʝʪʨʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʩʦʩʪʦʷʥʠʷ, ʘ 

ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʦʷʥʠʡ (WS, SS), ʯʴʠ ʩʪʨʫʢʪʫʨʳ ʷʚʣʷʶʪʩʷ 

ʪʝʤʧʝʨʘʪʫʨʥʦ-ʥʝʟʘʚʠʩʠʤʳʤʠ, ʘ ʜʦʣʠ ʩʦʩʪʦʷʥʠʡ ʟʘʚʠʩʪ̫ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʇʦʣʫʯʝʥʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʯʨʝʟʚʳʯʘʡʥʦ ʮʝʥʥʘ, ʧʦʩʢʦʣʴʢʫ ʦʥʘ ʜʘʝʪ ʥʦʚʦʝ 

ʧʦʥʠʤʘʥʠʝ ʦ ʤʝʭʘʥʠʟʤʝ ʧʣʘʚʥʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʪʠʧʘ Cu(hfac)2L
R 
ʥʘ 

ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ ʠ ʦʪʚʝʨʛʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʣʘʚʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ 

ʧʝʨʝʩʪʨʦʝʢ ʢʘʢ ʦʩʥʦʚʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʪʘʢʠʭ ʧʝʨʝʭʦʜʦʚ.  
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ʇʦʤʠʤʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʦʪʥʝʩʝʥʠʝ ʪʦʡ ʠʣʠ ʠʥʦʡ ʧʦʣʦʩʳ ʀʂ ʩʧʝʢʪʨʘ ʢ ʦʧʨʝʜʝʣʝʥʥʦʡ ʤʦʜʝ 

ʢʦʣʝʙʘʥʠʡ ʚʝʩʴʤʘ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʚ ʩʣʫʯʘʝ ʪʘʢʠʭ ʛʨʦʤʦʟʜʢʠʭ ʩʠʩʪʝʤ ʢʘʢ 

ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

. ʇʦʵʪʦʤʫ ʚ ʨʘʙʦʪʝ [141] ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ 

ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʚʳʯʠʩʣʝʥʠʡ ʜʣʷ ʬʨʘʛʤʝʥʪʦʚ ʩʠʩʪʝʤʳ, ʚʢʣʶʯʘʷ 

ʦʧʪʠʤʠʟʘʮʠ ʁ ʛʝʦʤʝʪʨʠʠ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʀʂ ʩʧʝʢʪʨʦʚ ʜʣʷ ʪʨʝʭʩʧʠʥʦʚʦʛʦ 

ʢʣʘʩʪʝʨʘ Cu(hfac)2, ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʛʦ ʜʚʫʤʷ L
Pr

 ʣʠʛʘʥʜʘʤʠ, ʠ ʜʣʷ ʦʜʠʥʦʯʥʦʛʦ 

ʢʣʘʩʪʝʨʘ Cu(hfac)2. ʆʧʪʠʤʠʟʘʮʠʷ ʛʝʦʤʝʪʨʠʠ ʪʨʝʭʩʧʠʥʦʚʦʛʦ ʢʣʘʩʪʝʨʘ ʚʳʧʦʣʥʝʥʘ 

ʜʣʷ ʩʦʩʪʦʷʥʠʡ ʩ ʧʦʣʥʳʤ ʩʧʠʥʦʤ S=3/2 ʠ S=1/2. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʫʜʘʣʦʩʴ 

ʣʦʢʘʣʠʟʦʚʘʪʴ ʤʠʥʠʤʫʤ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ, ʠ ʦʧʪʠʤʠʟʦʚʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ 

ʙʣʠʟʢʠ ʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʩʪʨʫʢʪʫʨʘʤ ʧʦ ʜʘʥʥʤr ʈʉɸ. 

ʅʘ ʨʠʩʫʥʢʝ 20 ʧʦʢʘʟʘʥʳ ʨʘʩʯʝʪʥʳʝ ʀʂ ʩʧʝʢʪʨʳ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ 

Cu(hfac)2L
Pr
. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʨʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʪʦʣʴʢʦ ʜʣʷ 

ʠʟʦʣʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʘʩʯʝʪʥʳʝ ʀʂ ʩʧʝʢʪʨʳ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʚʦʩʧʨʦʠʟʚʦʜʷʪ ʧʦʚʝʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʀʂ ʩʧʝʢʪʨʦʚ 

ʜʦ ʠ ʧʦʩʣʝ ʧʝʨʝʭʦʜʘ. ɹʦʣʝʝ ʪʦʛʦ, ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʪʘʢʞʝ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʧʨʝʜʩʢʘʟʳʚʘʶʪ ʚʝʣʠʯʠʥʫ ʠ ʥʘʧʨʘʚʣʝʥʠʝ ʩʜʚʠʛʘ 

ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʦʣʦʩ ʚʩʣʝʜʩʪʚʠʝ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ. ʊʘʢ, 

ʥʘʧʨʠʤʝʨ, ʩʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ ʜʣʷ ʚʘʣʝʥʪʥʦʛʦ ʢʦʣʝʙʘʥʠʷ C=O ʛʨʫʧʧʳ Cu(hfac)2 

ʬʨʘʛʤʝʥʪʘ ʚ L
Pr

Cu(hfac)2L
Pr
, ʠʟʤʝʥʝʥʠʷ ʯʘʩʪʦʪʳ ʜʣʷ WS ʠ SS ʩʦʩʪʦʷʥʠʡ 

ʩʦʩʪʘʚʣʷʝʪ 7 ʩʤ
-1
 (1608 ʩʤ

-1
 ʜʣʷ WS (S=3/2) ʠ 1615 ʩʤ

-1
 ʜʣʷ SS (S=1/2)), ʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 8 ʩʤ
-1
.  
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ʈʠʩʫʥʦʢ 20 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʀʂ ʩʧʝʢʪʨʳ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʷ ʪʘʙʣʝʪʦʯʥʦʛʦ 

ʦʙʨʘʟʮʘ Cu(hfac)2L
Pr

 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 290 K (ʢʨʘʩʥʳʡ) ʠ 20 K (ʩʠʥʠʡ), ʘ ʪʘʢʞʝ ʜʣʷ 

ʠʟʦʣʠʨʦʚʘʥʥʦʛʦ ʬʨʘʛʤʝʥʪʘ Cu(hfac)2 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʯʝʨʥʳʡ). ʇʦʣʦʞʝʥʠʝ ʠ 

ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʀʂ ʧʝʨʝʭʦʜʦʚ ʨʘʩʩʯʠʪʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ D3-BP86/def2-

TZVP ʜʣʷ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ L
Pr

Cu(hfac)2L
Pr

 (S=3/2) (ʢʨʘʩʥʳʝ ʚʝʨʪʠʢʘʣʴʥʳʝ ʣʠʥʠʠ) ʠ ʤʝʪʦʜʦʤ 

ʥʘʨʫʰʝʥʥʦʡ ʩʠʤʤʝʪʨʠʠ ʜʣʷ S=1/2 (ʩʠʥʠʝ ʚʝʨʪʠʢʘʣʴʥʳʝ ʣʠʥʠʠ). ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [141].  

ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʧʦʣʦʩʳ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 1105 ʩʤ
-1
 ʠ 

1091 ʩʤ
-1
 (ʨʠʩʫʥʦʢ 19) ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʦʪʥʝʩʝʥʳ ʦʜʥʦʟʥʘʯʥʳʤ ʦʙʨʘʟʦʤ ʢ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʤʦʜʝ ʢʦʣʝʙʘʥʠʡ, ʧʦʩʢʦʣʴʢʫ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʩʧʝʢʪʨʘ ʧʨʠʩʫʪʩʪʚʫʝʪ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʣʠʥʠʡ ʦʪ ʨʘʟʥʳʭ ʤʦʜ. 

ʆʜʥʘʢʦ, ʧʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʡ ʩʜʚʠʛ ʯʘʩʪʦʪʳ 

ʥʘ 14 ʩʤ
-1
, ʘʚʪʦʨʳ ʩʯʠʪʘʶʪ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ ʦʪʥʝʩʝʥʠʝ ʵʪʠʭ ʣʠʥʠʡ ʢ 

ʚʘʣʝʥʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ CO ʠ CF ʛʨʫʧʧ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 1068 cm
-1
 ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ. ʇʦʜʨʦʙʥʦʝ ʦʪʥʝʩʝʥʠʝ ʨʘʩʩʯʠʪʘʥʥʳʭ 

ʤʝʪʦʜʘʤʠ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ ʀʂ ʯʘʩʪʦʪ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʤ ʤʦʜ ʢʦʣʝʙʘʥʠʡ 

ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʨʘʟʜʝʣʝ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʪʘʪʴʠ [141] (ʪʘʙʣʠʮʳ S1, 

S2, S3).  ʂʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʚʳʯʠʩʣʝʥʠʷ ʧʦʟʚʦʣʠʣʠ ʦʧʨʝʜʝʣʠʪʴ ʩʦʦʪʚʝʪʩʪʚʠʝ 

ʤʝʞʜʫ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʠʤʳʤʠ ʣʠʥʠʷʤʠ ʧʦʛʣʦʱʝʥʠʷ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ 
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ʢʦʣʝʙʘʪʝʣʴʥʳʤʠ ʤʦʜʘʤʠ, ʘ ʪʘʢʞʝ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʤ ʦʙʨʘʟʦʤ ʦʧʠʩʘʪʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʝ ʀʂ ʩʧʝʢʪʨʳ ʠ ʠʭ ʠʟʤʝʥʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ 

ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ.  

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʚʳʰʝʦʧʠʩʘʥʥʦʛʦ, ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩʦʚʤʝʩʪʥʦ ʩ 

ʤʝʪʦʜʘʤʠ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ ʷʚʣʷʝʪʩʷ ʥʦʚʳʤ ʠʥʬʦʨʤʘʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʠʤʳʭ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʭ ʘʥʦʤʘʣʠʡ ʚ 

ʩʦʝʜʠʥʝʥʠʷʭ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
, ʯʪʦ ʩʦʟʜʘʝʪ ʧʨʝʜʧʦʩʳʣʢʠ ʜʣʷ ʝʝ 

ʧʨʠʤʝʥʝʥʠʷ ʪʘʢʞʝ ʠ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʤʘʛʥʠʪʥʦ-

ʩʪʨʫʢʪʫʨʥʳʭ ʘʥʦʤʘʣʠʡ.  
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ɻʃɸɺɸ 2. ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

2.1 ʆʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʤʝʪʦʜ rʧʨʠʛʦʪʦʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ 

ɺʩʝ ʩʦʝʜʠʥʝʥʠʷ, ʠʩʩʣʝʜʫʝʤʳʝ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ, ʙʳʣʠ 

ʧʨʝʜʦʩʪʘʚʣʝʥʳ ʩʦʪʨʫʜʥʠʢʘʤʠ ʃʘʙʦʨʘʪʦʨʠʠ ʄʥʦʛʦʩʧʠʥʦʚʳʭ ʂʦʦʨʜʠʥʘʮʠʦʥʥʳʭ 

ʉʦʝʜʠʥʝʥʠʡ ʄʊʎ ʉʆ ʈɸʅ. ɼʘʥʥʳʝ ʧʦ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʤʫ ʘʥʘʣʠʟʫ 

ʧʦʣʫʯʝʥʳ ʜ.ʭ.ʥ. ʈʦʤʘʥʝʥʢʦ ɻʘʣʠʥʦʡ ɺʣʘʜʠʩʣʘʚʦʚʥʦʡ, ʜʘʥʥʳʝ ʤʘʛʥʠʪʥʳʭ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʝʡ ʩʦʝʜʠʥʝʥʠʡ ʧʦʣʫʯʝʥʳ ʢ.ʭ.ʥ. ɸʨʪʝʤʦʤ ʉʪʝʧʘʥʦʚʠʯʝʤ 

ɹʦʛʦʤʷʢʦʚʳʤ. 

ʇʦʣʠʤʝʨʥʦ-ʮʝʧʦʯʝʯʥʳʝ ʧʨʝʜʩʪʘʚʠʪʝʣʠ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
, 

ʠʩʩʣʝʜʫʝʤʳʝ ʚ ʪʨʝʪʴʝʡ ʛʣʘʚʝ, ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʢ.ʭ.ʥ. ʄʘʨʶʥʠʥʦʡ ʂʩʝʥʠʝʡ 

ʖʨʴʝʚʥʦʡ ʩʦʛʣʘʩʥʦ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʨʘʥʝʝ ʤʝʪʦʜʠʢʝ. [32, 37] ʆʥʠ  ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʩʦʙʦʡ ʥʝʙʦʣʴʰʠʝ ʢʨʠʩʪʘʣʣʳ ʪʝʤʥʦ-ʩʠʥʝʛʦ ʮʚʝʪʘ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ ʩ 

ʭʘʨʘʢʪʝʨʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʧʦʨʷʜʢʘ 1-2 ʤʤ. ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʚʣʠʷʥʠʷ ʚʝʣʠʯʠʥʳ 

ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ ʤʘʛʥʠʪʥʳʡ ʤʦʪʠʚ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʩʦʝʜʠʥʝʥʠʷ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ 

ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ ʩʦʩʝʜʥʠʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ:  

Cu(hfac)2L
Pr

, Cu(hfac)2L
Bu
Ŀ0.5C8H10 (C8H10 = o-ʢʩʠʣʦʣ) ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʣʘʙʳʤ 

ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ (ʜʦ 1 ʩʤ
-1
) ʠ Cu(hfac)2L

Bu
Ŀ0.5C7H16 (C7H16=ʛʝʧʪʘʥ), 

Cu(hfac)2L
Bu
Ŀ0.5C8H18 (C8H18=ʦʢʪʘʥ) ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʠʣʴʥʳʤ ʦʙʤʝʥʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ (ʜʦ 11 ʩʤ
-1
). ʂʨʠʚʳʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʜʣʷ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 21 [157].  
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ʈʠʩʫʥʦʢ 21 ï ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʜʣʷ 

ʯʝʪʳʨʝʭ ʠʟʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
: ʘ) Cu(hfac)2L

Bu
Ŀ0.5C7H16,  ʙ) 

Cu(hfac)2L
Bu
Ŀ0.5C8H18,  ʚ) Cu(hfac)2L

Pr
,  ʛ) Cu(hfac)2L

Bu
Ŀ0.5C8H10. [157]  

ɺʦ ʚʩʝʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʦʧʠʩʘʥʥʳʭ ʚ ʪʨʝʪʴʝʡ ʛʣʘʚʝ, ʠʟʫʯʘʣʠʩʴ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ. ʇʨʠ ʧʦʤʦʱʠ ʤʠʢʨʦʩʢʦʧʘ ʦʪʙʠʨʘʣʠʩʴ ʢʨʠʩʪʘʣʣʳ 

ʧʨʘʚʠʣʴʥʦʡ ʬʦʨʤʳ, ʩ ʧʣʦʩʢʠʤʠ, ʭʦʨʦʰʦ ʦʛʨʘʥʝʥʥʳʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ, ʟʘʪʝʤ 

ʢʘʯʝʩʪʚʦ ʢʨʠʩʪʘʣʣʦʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʣʦʩʴ ʧʦ ʚʠʜʫ ʕʇʈ ʩʧʝʢʪʨʦʚ. 

ɺ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʝ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʦʣʝʢʫʣʷʨʥʳʝ ʤʘʛʥʝʪʠʢʠ ʩʝʤʝʡʩʪʚʘ 

Cu(hfac)2L
R
 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʣʠʛʘʥʜʘ (ʨʠʩʫʥʦʢ 

22): ʚʤʝʩʪʦ ʧʨʠʚʳʯʥʳʭ ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ 

ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʣʠʛʘʥʜʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-ʟʘʤʝʱʝʥʥʳʝ 

ʥʠʪʨʦʢʩʠʣʴʥʳʝ ʨʘʜʠʢʘʣʳ L
R

tert, ʛʜʝ R=Me, Et, Pr. ʉʠʥʪʝʟ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʙʳʣ ʚʳʧʦʣʥʝʥ ʢ.ʭ.ʥ. ʊʦʣʩʪʠʢʦʚʳʤ ʉʚʷʪʦʩʣʘʚʦʤ ɽʚʛʝʥʴʝʚʠʯʝʤ. 

[158] ɼʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʥʝʙʦʣʴʰʠʝ ʢʨʠʩʪʘʣʣʳ ʩ 

ʭʘʨʘʢʪʝʨʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʧʦʨʷʜʢʘ 0.5-1 ʤʤ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʢʣʘʩʩʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
, ʮʚʝʪ ʢʨʠʩʪʘʣʣʦʚ Cu(hfac)2L

R
tert ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʠʭ 

ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ (ʨʠʩʫʥʦʢ 23) ʠ ʤʝʥʷʝʪʩʷ ʦʪ ʩʚʝʪʣʦ-ʞʝʣʪʦʛʦ ʚ ʩʣʫʯʘʝ 

ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʦ ʥʘʩʳʱʝʥʥʦ-ʢʨʘʩʥʦʛʦ ʚ ʩʣʫʯʘʝ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ 
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ʩʦʩʪʦʷʥʠʷ.  

 

ʈʠʩʫʥʦʢ 22 ï  ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦʜʩʝʤʝʡʩʪʚʘ 

Cu(hfac)2L
R

tert ,ʛʜʝ R=Me, Et, Pr. ɼʣʷ ʧʨʦʩʪʦʪʳ ʘʪʦʤʳ F ʠ H ʦʧʫʱʝʥʳ. 

 

ʈʠʩʫʥʦʢ 23 ï ʗʚʣʝʥʠʝ ʪʝʨʤʦʭʨʦʤʠʟʤʘ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
: a)  

Cu(hfac)2L
Pr

 ʚ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ,  ʙ) Cu(hfac)2L
Pr

 ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ,  ʚ) 

Cu(hfac)2L
Me

tertÖ0.5C7H16  ʚ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ,  ʛ)  Cu(hfac)2L
Me

tert Ö0.5C7H16 ʚ 

ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ.   

ɺ ʛʣʘʚʝ 4 ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʪʨʝʭ 

ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ: Cu(hfac)2L
Me

tertÖ0.5C7H16, 

Cu(hfac)2L
Et

tertÖ0.5C7H16, Cu(hfac)2L
Pr

tertÖ0.5C7H16. ʊʝʤʧʝʨʘʪʫʨʘ ʧʝʨʝʭʦʜʘ ʜʣʷ ʥʠʭ 

ʣʝʞʠʪ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ï ʦʢʦʣʦ 90 ʂ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ʩ ʤʝʪʠʣʴʥʳʤ 

ʟʘʤʝʩʪʠʪʝʣʝʤ, ʦʢʦʣʦ 190 ʂ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ʩ ʵʪʠʣʴʥʳʤ ʟʘʤʝʩʪʠʪʝʣʝʤ (ʨʠʩʫʥʦʢ 



70 

 

24). ʊʝʤʧʝʨʘʪʫʨʘ ʧʝʨʝʭʦʜʘ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ʩ ʧʨʦʧʠʣʴʥʳʤ ʟʘʤʝʩʪʠʪʝʣʝʤ ʣʝʞʠʪ ʚ 

ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʚʳʰʝ ʢʦʤʥʘʪʥʦʡ (ʨʠʩʫʥʦʢ 24), ʠ ʧʦʵʪʦʤʫ ʚʩʝ ʧʨʦʚʝʜʝʥʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʠ ʊ = 4 ï 295 ʂ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʬʘʟʝ 

ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ʧʨʝʪʝʨʧʝʚʘʶʪ ʩʧʠʥʦʚʳʡ ʧʝʨʝʭʦʜ ʣʠʰʴ ʧʨʠ ʫʜʘʣʝʥʠʠ ʨʘʩʪʚʦʨʠʪʝʣʷ (ʛʝʧʪʘʥʘ) ʠʟ 

ʤʝʞʮʝʧʦʯʝʯʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ. [158] ɼʣʷ ʵʪʦʛʦ ʚʩʝ ʦʙʨʘʟʮʳ ʧʝʨʝʜ ʥʘʯʘʣʦʤ 

ʠʟʤʝʨʝʥʠʡ ʜʝʩʦʣʴʚʘʪʠʨʦʚʘʣʠʩʴ ʧʦʜ ʚʘʢʫʫʤʦʤ (~10
-2
 ʤʙʘʨ). ʆʩʥʦʚʥʦʡ 

ʩʣʦʞʥʦʩʪʴ ʁʨʘʙʦʪʳ ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ ʷʚʣʷʝʪʩʷ ʠʭ ʥʠʟʢʘʷ 

ʭʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ: ʪʨʝʪ-ʙʫʪʠʣʥʠʪʨʦʢʩʠʣʴʥʳʡ ʨʘʜʠʢʘʣ ʧʦʩʪʝʧʝʥʥʦ 

ʨʘʟʣʘʛʘʝʪʩʷ ʚ ʜʠʘʤʘʛʥʠʪʥʳʡ ʧʨʦʜʫʢʪ, ʠ ʩʦʝʜʠʥʝʥʠʝ ʪʝʨʷʝʪ ʩʚʦʶ ʩʧʦʩʦʙʥʦʩʪʴ ʢ 

ʩʧʠʥʦʚʳʤ ʧʝʨʝʭʦʜʘʤ. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʨʘʟʣʦʞʝʥʠʷ ʦʙʨʘʟʮʳ ʭʨʘʥʠʣʠʩʴ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ -20Áʉ, ʠ ʩʪʝʧʝʥʴ ʠʭ ʜʝʛʨʘʜʘʮʠʠ ʦʮʝʥʠʚʘʣʘʩʴ ʧʦ ʜʘʥʥʳʤ ʕʇʈ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ.  

 

ʈʠʩʫʥʦʢ 24 ï a) ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʜʣʷ 

ʪʨʝʭ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ Cu(hfac)2L
R

tert, ʠʟʫʯʝʥʥʳʭ ʚ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʝ: (ƴ) 

Cu(hfac)2L
Me

tertÖ0.5C7H16 , (ƶ) Cu(hfac)2L
Et

tertÖ0.5C7H16 , (ǒ) Cu(hfac)2L
Pr

tert Ö0.5C7H16; ʙ) 

ʩʪʨʫʢʪʫʨʘ ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-ʟʘʤʝʱʝʥʥʦʛʦ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ. 

ɺʦ ʚʩʝʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʦʧʠʩʘʥʥʳʭ ʚ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʝ, ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɼʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 
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ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʢʨʠʩʪʘʣʣʳ ʩʦʝʜʠʥʝʥʠ ̫ʨʘʩʪʠʨʘʣʠʩʴ ʚ ʘʛʘʪʦʚʦʡ 

ʩʪʫʧʢʝ, ʘ ʩʪʝʧʝʥʴ ʠʭ ʠʟʤʝʣʴʯʝʥʠʷ ʧʦʜʙʠʨʘʣʘʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʧʫʪʝʤ. ʇʨʠ 

ʥʝʜʦʩʪʘʪʦʯʥʦʤ ʠʟʤʝʣʴʯʝʥʠʠ ʧʦʨʦʰʢʘ ʩʧʝʢʪʨ ʕʇʈ ʦʙʨʘʟʮʘ ʧʨʦʷʚʣʷʣ ʩʠʣʴʥʫʶ 

ʦʨʠʝʥʪʘʮʠʦʥʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʝʛʦ ʯʨʝʟʤʝʨʥʦʝ ʜʨʦʙʣʝʥʠʝ 

ʧʨʠʚʦʜʠʣʦ ʢ ʦʙʨʳʚʫ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʦʷʚʣʝʥʠʶ ʩʠʛʥʘʣʘ ʦʪ 

ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʩ g-ʬʘʢʪʦʨʦʤ 2.007. ʇʦʷʚʣʝʥʠʝ ʩʠʛʥʘʣʘ ʦʪ ʨʘʜʠʢʘʣʦʚ 

ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʥʝʞʝʣʘʪʝʣʴʥʳʤ ʬʘʢʪʦʤ, ʢʦʪʦʨʳʡ ʫʩʣʦʞʥʷʝʪ ʘʥʘʣʠʟ ʕʇʈ 

ʩʧʝʢʪʨʦʚ, ʪʘʢ ʢʘʢ ʣʝʞʠʪ ʚ ʠʥʪʝʨʝʩʫʶʱʝʤ ʥʘʩ ʜʠʘʧʘʟʦʥʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ.  

ʄʦʜʠʬʠʮʠʨʦʚʘʥʥʦʝ ʩʦʝʜʠʥʝʥʠʝ Cu(hfac)2Ltert
Me

 ʪʘʢʞʝ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʬʦʪʦʦʙʣʫʯʝʥʠʶ, ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʧʷʪʦʡ 

ʛʣʘʚʝ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚʳʩʫʰʝʥʥʳʝ ʧʦʜ ʚʘʢʫʫʤʦʤ (~10
-2
 ʤʙʘʨ) 

ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʧʦʨʷʜʢʘ 0.5-1 

ʤʤ. ʇʨʠ ʦʙʣʫʯʝʥʠʠ ʩʚʝʪʦʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ɚå540 ʥʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʞʠʜʢʦʛʦ 

ʘʟʦʪʘ ʤʦʥʦʢʨʠʩʪʘʣʣʳ Cu(hfac)2Ltert
Me

, ʧʦʤʝʱʝʥʥʳʝ ʚ ʢʚʘʨʮʝʚʫ  ʁʕʇʈ ʘʤʧʫʣʫ, 

ʨʘʩʪʨʝʩʢʠʚʘʣʠʩʴ ʩ ʠʥʪʝʥʩʠʚʥʳʤ ʨʘʟʣʝʪʘʥʠʝʤ ʦʙʨʘʟʫʶʱʠʭʩʷ ʬʨʘʛʤʝʥʪʦʚ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ, ʧʦʩʣʝ ~5 ʤʠʥʫʪ ʦʙʣʫʯʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣ ʧʦʣʥʦʩʪʴʶ 

ʬʨʘʛʤʝʥʪʠʨʦʚʘʣʩʷ, ʘ ʥʘ ʚʥʫʪʨʝʥʥʠʭ ʩʪʝʥʢʘʭ ʢʚʘʨʮʝʚʦʡ ʘʤʧʫʣʳ ʬʦʨʤʠʨʦʚʘʣʘʩʴ 

ʪʦʥʢʘʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʧʣʝʥʢʘ, ʨʘʟʤʝʨ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʚ ʢʦʪʦʨʦʡ ʥʝ 

ʧʨʝʚʳʰʘʣ 10
-2
 ʤʤ. ʊʘʢʘʷ ʪʦʥʢʘʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʧʣʝʥʢʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ, ʘʥʘʣʦʛʠʯʥʦʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤʫ ʧʦʨʦʰʢʫ, ʥʦ ʧʨʠ 

ʵʪʦʤ ʦʙʣʘʜʘʝʪ ʭʦʨʦʰʝʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʜʣʷ ʦʙʣʫʯʝʥʠʷ, ʢʘʢ ʚʩʣʝʜʩʪʚʠʝ ʩʚʦʝʡ 

ʤʘʣʦʡ ʪʦʣʱʠʥʳ, ʪʘʢ ʠ ʙʣʘʛʦʜʘʨʷ ʙʦʣʝʝ ʥʠʟʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʘʤ ʵʢʩʪʠʥʢʮʠʠ 

ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣʥʠʪʨʦʢʩʠʣʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʘʤʠ. 

ʈʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʧʷʪʦʡ ʛʣʘʚʝ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʪʦʥʢʠʭ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ ʩʦʝʜʠʥʝʥʠʷ  Cu(hfac)2Ltert
Me
, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʦʙʣʫʯʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʞʠʜʢʦʛʦ ʘʟʦʪʘ. 

ʀʩʩʣʝʜʫʝʤʳʝ ʚ ʰʝʩʪʦʡ ʛʣʘʚʝ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr 
ʠ Cu(hfac)2L

i-Pr
 ʙʳʣʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʜ.ʭ.ʥ. ʊʨʝʪʴʷʢʦʚʳʤ ɽʚʛʝʥʠʝʤ ɺʠʢʪʦʨʦʚʠʯʝʤ.  ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, 

ʯʪʦ ʵʪʠ ʩʦʝʜʠʥʝʥʠʷ ʦʪʣʠʯʘʶʪʩʷ ʣʠʰʴ ʘʣʢʠʣʴʥʳʤ ʟʘʤʝʩʪʠʪʝʣʝʤ (ʠʟʦ-ʧʨʦʧʠʣ ʠ 
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ʧʨʦʧʠʣ) ʚ ʥʠʪʨʦʢʩʠʣʴʥʦʤ ʨʘʜʠʢʘʣʝ ʠ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʩʭʦʞʘ, 

ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʠʤʝʶʪ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʳʝ ʦʪʣʠʯʠʷ (ʨʠʩʫʥʦʢ 25, 26). ʊʘʢ, 

ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 ʪʝʤʧʝʨʘʪʫʨʘ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʧʨʝʚʳʰʘʝʪ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʠ ʢʦʪʦʨʳʭ ʩʦʝʜʠʥʝʥʠʝ ʭʠʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʦ, ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʦʢʘʟʳʚʘʝʪʩʷ ʪʝʨʤʠʯʝʩʢʠ ʥʝʜʦʩʪʠʞʠʤʳʤ ʚʦ ʚʩʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, Cu(hfac)2L
Pr 
ʠʩʧʳʪʳʚʘʝʪ ʧʣʘʚʥʳʡ 

ʧʝʨʝʭʦʜ, ʢʦʪʦʨʳʡ ʟʘʚʝʨʰʘʝʪʩʷ  ʧʨʠ ~250 ʂ.  

 

ʈʠʩʫʥʦʢ 25 ï ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʜʣʷ 

Cu(hfac)2L
Pr

, Cu(hfac)2L
i-Pr

 ʠ Cu(hfac)2L
ʄʝ

. 

ʉʦʝʜʠʥʝʥʠʝ Cu(hfac)2L
Pr

 ʫʞʝ ʙʳʣʦ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚ ʩʝʨʠʠ ʨʘʙʦʪ 

[28, 30, 31, 33, 138, 139, 141, 153, 156] ʠ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʢʘʢ 

ʨʝʧʝʨʥʦʝ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʩ ʥʝʠʟʫʯʝʥʥʳʤ ʨʘʥʝʝ 

Cu(hfac)2L
i-Pr

. ʂʦʤʧʣʝʢʩʥʦʝ ʩʨʘʚʥʝʥʠʝ ʬʦʪʦʧʝʨʝʢʣʶʯʘʝʤʳʭ ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ 

ʩʚʦʡʩʪʚ ʧʦʟʚʦʣʠʣʦ ʠʟʚʣʝʯʴ, ʢʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʜʘʣʝʝ, ʮʝʥʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʪʝʨʤʦʥʝʜʦʩʪʠʞʠʤʦʤ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʝ Cu(hfac)2L
i-Pr

.  

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʩʪʘʙʠʣʴʥʦʩʪʠ ʩʦʝʜʠʥʝʥʠʡ ʠ ʠʭ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʬʦʪʦʦʙʣʫʯʝʥʠʷ ʜ.ʭ.ʥ. ɽ.ɺ. ʊʨʝʪʴʷʢʦʚʳʤ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʧʦʜʭʦʜ ʢ 

ʩʠʥʪʝʟʫ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
, ʚ ʢʦʪʦʨʦʤ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʧʨʦʠʩʭʦʜʠʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʦʣʠʚʠʥʠʣʭʣʦʨʠʜʥʦʡ (ʇɺʍ) 
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ʤʘʪʨʠʮʝ [-CH2-CHCl-]n. ɼʣʷ ʵʪʦʛʦ ʥʠʟʢʦʤʦʣʝʢʫʣʷʨʥʳʡ ʧʦʣʠʚʠʥʠʣʭʣʦʨʠʜ (1 ʛ) 

ʨʘʩʪʚʦʨʷʝʪʩʷ ʚ ʜʠʭʣʦʨʵʪʘʥʝ (200 ʤʣ), ʟʘʪʝʤ ʚ ʧʦʣʫʯʝʥʥʦʤ ʇɺʍ-ʩʦʜʝʨʞʘʱʝʤ 

ʨʘʩʪʚʦʨʝ (0.3 ʤʣ) ʨʘʩʪʚʦʨʷʝʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ ʠ 

ʠʪʦʛʦʚʘʷ ʩʤʝʩʴ ʧʦʤʝʱʘʝʪʩʷ ʚ ʢʚʘʨʮʝʚʫʶ ʘʤʧʫʣʫ. ʂʚʘʨʮʝʚʘʷ ʘʤʧʫʣʘ ʚʨʘʱʘʝʪʩʷ ʚ 

ʨʦʪʦʨʥʦʤ ʠʩʧʘʨʠʪʝʣʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʪʝʯʝʥʠʝ ʯʘʩʘ ʧʨʠ 

ʧʦʩʪʝʧʝʥʥʦʤ ʫʤʝʥʴʰʝʥʠʝ ʜʘʚʣʝʥʠʷ ʦʪ 200 ʜʦ 60 ʪʦʨʨ, ʘ ʟʘʪʝʤ ʫʜʝʨʞʠʚʘʝʪʩʷ ʧʨʠ 

ʧʦʥʠʞʝʥʥʦʤ ʜʘʚʣʝʥʠʠ 60 ʪʦʨʨ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʯʘʩʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʧʨʦʮʝʜʫʨ ʥʘ ʚʥʫʪʨʝʥʥʠʭ ʩʪʝʥʢʘʭ ʘʤʧʫʣʳ ʬʦʨʤʠʨʫʝʪʩʷ ʪʦʥʢʘʷ, 

ʧʦʣʫʧʨʦʟʨʘʯʥʘʷ,  ʢʦʨʠʯʥʝʚʘʷ ʧʣʝʥʢʘ, ʩʦʜʝʨʞʘʱʘʷ ʦʣʠʛʦʤʝʨʳ ʜʘʥʥʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ. ʇʨʠ ʭʨʘʥʝʥʠʠ ʚ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʝʧʝʥʥʘʷ 

ʧʦʣʠʤʝʨʠʟʘʮʠʷ ʦʣʠʛʦʤʝʨʦʚ Cu(hfac)2L
R
 ʚ ʇɺʍ ʤʘʪʨʠʮʝ, ʢʦʪʦʨʘʷ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʚʠʟʫʘʣʴʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʮʚʝʪʘ ʩ ʢʦʨʠʯʥʝʚʦʛʦ ʥʘ ʛʦʣʫʙʦʡ. 

ʊʘʢʠʝ ʦʙʨʘʟʮʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʢʨʘʡʥʝ ʚʳʩʦʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ (ʤʦʛʫʪ ʭʨʘʥʠʪʴʩʷ 

ʥʝʩʢʦʣʴʢʦ ʣʝʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ -20Áʉ) ʠ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʬʦʪʦʦʙʣʫʯʝʥʠʷ (ʜʦʩʪʠʛʘʶʱʫʶ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʦʙʨʘʟʮʦʚ 100%). ʈʘʟʤʝʨ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʚ ʧʣʝʥʢʝ ʢʨʠʩʪʘʣʣʦʚ ʧʨʠ ʵʪʦʤ ʩʦʩʪʘʚʣʷʝʪ ʜʝʩʷʪʢʠ ʤʢʤ. 

ɺ ʩʝʜʴʤʦʡ ʛʣʘʚʝ ʠʩʩʣʝʜʫʶʪʩʷ ʪʨʠ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

, Cu(hfac)2L
Me

,
 

Cu(hfac)2L
i-Pr

 (ʨʠʩʫʥʦʢ 25, 26) ʤʝʪʦʜʦʤ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ɼʣʷ ʀʂ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʩʨʝʜʥʝʤ ʜʠʘʧʘʟʦʥʝ ʧʨʠʤʝʥʷʣʘʩʴ ʩʪʘʥʜʘʨʪʥʘʷ ʤʝʪʦʜʠʢʘ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ: 1 ʤʛ ʠʟʤʝʣʴʯʝʥʥʦʛʦ ʚʝʱʝʩʪʚʘ ʩʤʝʰʠʚʘʣʩʷ ʩʦ 140 ʤʛ 

ʧʦʨʦʰʢʘ KBr, ʧʦʣʫʯʝʥʥʘʷ ʧʦʨʦʰʢʦʚʘʷ ʩʤʝʩʴ ʧʨʝʩʩʦʚʘʣʘʩʴ ʧʦʜ ʚʘʢʫʫʤʦʤ ʚ 

ʧʨʝʩʩ-ʬʦʨʤʝ ʜʠʘʤʝʪʨʦʤ 13 ʤʤ ʧʨʠ ʜʘʚʣʝʥʠʠ ʦʢʦʣʦ 5 ʪʦʥʥ ʥʘ ʧʨʦʪʷʞʝʥʠʠ 5 

ʤʠʥʫʪ. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ, [141] ʧʨʦʮʝʜʫʨʘ ʧʨʝʩʩʦʚʘʥʠʷ ʧʨʠʚʦʜʠʪ ʢ 

ʯʘʩʪʠʯʥʦʤʫ ʧʦʜʘʚʣʝʥʠʶ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ, ʦʜʥʘʢʦ ʥʝ 

ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʦʩʦʙʝʥʥʦʩʪʷʭ ʝʛʦ ʧʨʦʷʚʣʝʥʠʡ ʚ ʀʂ ʩʧʝʢʪʨʘʭ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʩʧʨʝʩʩʦʚʘʥʥʳʝ ʪʘʙʣʝʪʢʠ KBr ʧʨʦʟʨʘʯʥʳ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʠ ʥʝ ʚʣʠʷʶʪ 

ʥʘ ʫʩʣʦʚʠʷ ʦʙʣʫʯʝʥʠʷ ʦʙʨʘʟʮʦʚ.  
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ʈʠʩʫʥʦʢ 26 ï ʉʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʘ) Cu(hfac)2L
Me

 ʩ 

ʢʦʦʨʜʠʥʘʮʠʝʡ ʪʠʧʘ çʛʦʣʦʚʘ-ʭʚʦʩʪè,  ʚ) Cu(hfac)2L
i-Pr

 ʩ ʢʦʦʨʜʠʥʘʮʠʝʡ ʪʠʧʘ çʛʦʣʦʚʘ-ʛʦʣʦʚʘè; ʙ) 

Cu(hfac)2L
Pr

 ʩ ʢʦʦʨʜʠʥʘʮʠʝʡ ʪʠʧʘ çʛʦʣʦʚʘ-ʛʦʣʦʚʘè ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ (293 K) ʠ ʥʠʞʝ (50 

K) ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ. ɸʣʢʠʣʴʥʳʝ ʟʘʤʝʩʪʠʪʝʣʠ 

ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʚʳʜʝʣʝʥʳ ʮʚʝʪʦʤ.       

2.2 ʆʧʠʩʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 

ɺʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʚ ʄʊʎ ʉʆ ʈɸʅ ʥʘ 

ʢʦʤʤʝʨʯʝʩʢʦʤ ʕʇʈ ʩʧʝʢʪʨʦʤʝʪʨʝ Bruker Elexsys ɽ580 X/Q-ʜʠʘʧʘʟʦʥʦʚ, 

ʦʩʥʘʱʝʥʥʦʤ ʦʙʦʨʫʜʦʚʘʥʠʝʤ ʜʣʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʟʤʝʨʝʥʠʡ (ʢʨʠʦʩʪʘʪʦʤ, 
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ʛʝʣʠʝʚʦʡ ʧʝʨʝʣʠʚʥʦʡ ʣʠʥʠʝʡ, ʪʝʨʤʦʢʦʥʪʨʦʣʣʝʨʦʤ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʤʠ 

ʜʘʪʯʠʢʘʤʠ). ʀʟʤʝʨʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʠʤʳʭ ʩʧʝʢʪʨʦʚ ʕʇʈ ʦʙʨʘʟʮʦʚ 

ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 5-293 ʂ.  ɺʩʝ ʩʧʝʢʪʨʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ 

ʩʪʘʮʠʦʥʘʨʥʦʤ ʨʝʞʠʤʝ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʧʝʢʪʨʦʚ ʕʇʈ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʩʨʝʜʝ 

Matlab ʩ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤ Easyspin. [159]  

ɼʣʷ in situ ʦʙʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʪʚʝʨʜʦʪʝʣʴʥʳʡ Nd:YAG ʣʘʟʝʨ 

LOTIS-TII ʠ ʦʧʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʛʝʥʝʨʘʪʦʨ. ʏʘʩʪʦʪʘ ʠʤʧʫʣʴʩʦʚ 

ʦʙʣʫʯʝʥʠʷ ʩʦʩʪʘʚʣʣ̫ʘ 10 ɻʮ ʧʨʠ ʤʦʱʥʦʩʪʠ ʢʘʞʜʦʛʦ ʠʤʧʫʣʴʩʘ 0.5-3 ʤɼʞ 

(ʠʟʤʝʨʝʥʠʝ ʤʦʱʥʦʩʪʠ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʚʳʭʦʜʝ ʠʟ ʦʧʪʦʚʦʣʦʢʦʥʥʦʡ ʩʠʩʪʝʤʳ) ʥʘ 

ʜʣʠʥʝ ʚʦʣʥʳ 470 ʠ 540 ʥʤ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ɻʣʘʚʝ 5, ʠ 900 

ʥʤ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ɻʣʘʚʝ 6. ʊʠʧʠʯʥʦʝ ʚʨʝʤʷ ʦʙʣʫʯʝʥʠ ̫

ʩʦʩʪʘʚʣʷʣʦ ʦʢʦʣʦ 5-10 ʤʠʥʫʪ, ʧʦ ʠʩʪʝʯʝʥʠʠ ʵʪʦʛʦ ʚʨʝʤʝʥʠ ʩʧʝʢʪʨʳ ʕʇʈ 

ʧʝʨʝʩʪʘʚʘʣʠ ʠʟʤʝʥʷʪʴʩʷ, ʩʚʠʜʝʪʝʣʴʩʪʚʫ ̫ʦ ʧʝʨʝʢʣʶʯʝʥʠʠ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʚʩʝʭ ʪʨʠʘʜ, ʩʧʦʩʦʙʥʳʭ ʢ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʶ, ʠ ʦ ʜʦʩʪʠʞʝʥʠʠ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʛʣʫʙʠʥʳ ʢʦʥʚʝʨʩʠʠ. ʉʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʩʦʝʜʠʥʝʥʠʡ ʚ ʙʣʠʞʥʝʤ ʋʌ ʠ 

ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʧʷʪʦʡ ʛʣʘʚʝ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ 

ʢʦʤʤʝʨʯʝʩʢʦʤ ʀʂ-ʌʫʨʴʝ ʩʧʝʢʪʨʦʤʝʪʨʝ Bruker Vertex v-80 ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ 

ʦʧʪʠʯʝʩʢʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʜʣʷ ʨʘʩʰʠʨʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʦ 

ʚʠʜʠʤʦʡ ʠ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʡ ʦʙʣʘʩʪʠ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 

400-900 ʥʤ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 4 ʩʤ
-1
. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʘʙʣʝʪʦʯʥʳʝ ʦʙʨʘʟʮʳ Cu(hfac)2Ltert
Me
. ʉʧʝʢʪʨʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʠ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ (80 ʂ ʠ 150 ʂ). 

ʂʦʨʨʝʢʮʠʷ ʙʘʟʦʚʦʡ ʣʠʥʠʠ ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ ʩʧʝʢʪʨʘʤ ʧʦʛʣʦʱʝʥʠʷ ʪʘʙʣʝʪʦʢ, 

ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ ʯʠʩʪʦʛʦ KBr.  

ʀʂ ʩʧʝʢʪʨʳ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ ʩʦʝʜʠʥʝʥʠʡ, ʠʩʩʣʝʜʫʝʤʳʭ ʚ 

ʛʣʘʚʝ 7, ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʚ ʩʨʝʜʥʝʤ ʀʂ ʜʠʘʧʘʟʦʥʝ 4000ï550 cm
-1
 ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ T=5-300 K ʥʘ ʢʦʤʤʝʨʯʝʩʢʦʤ ʀʂ-ʌʫʨʴʝ ʩʧʝʢʪʨʦʤʝʪʨʝ Bruker 

Vertex v-80  (Bruker Optics, Germany), ʦʩʥʘʱʝʥʥʦʤ ʢʨʠʦʩʪʘʪʦʤ ʜʣʷ ʨʘʙʦʪʳ ʧʨʠ 

ʛʝʣʠʝʚʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ MCT ʜʝʪʝʢʪʦʨʦʤ, ʦʭʣʘʞʜʘʝʤʳʤ ʞʠʜʢʠʤ ʘʟʦʪʦʤ. 

ʉʧʝʢʪʨʳ ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 2 ʩʤ
-1
. ʆʙʨʘʟʮʳ ʪʝʨʤʦʩʪʘʪʠʨʦʚʘʣʠʩʴ ʥʘ 
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ʧʨʦʪʷʞʝʥʠʠ 5 ʤʠʥʫʪ ʜʣʷ ʚʩʝʭ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʠʤʳʭ ʠʟʤʝʨʝʥʠʡ. ɺ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʬʦʪʦʦʙʣʫʯʝʥʠʶ, ʦʧʠʩʘʥʥʳʭ ʚ ʩʝʜʴʤʦʡ ʛʣʘʚʝ, ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʩʪʘʮʠʦʥʘʨʥʘʷ ʛʘʣʦʛʝʥʥʘʷ ʣʘʤʧʘ ʩʦ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʴʶ ʠʟʣʫʯʝʥʠʷ  20 ʤɺʪ/ʩʤ
2
. 

ʇʨʠ ʦʙʣʫʯʝʥʠʠ ʦʙʨʘʟʝʮ ʨʘʩʧʦʣʘʛʘʣʩʷ ʧʦʜ ʫʛʣʦʤ 45Á ʧʦ ʦʪʥʦʰʝʥʠʶ 

ʩʢʘʥʠʨʫʶʱʝʤʫ ʀʂ ʠʟʣʫʯʝʥʠʶ; ʦʙʣʫʯʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ in situ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʩʢʘʥʠʨʫʶʱʝʤʫ ʠʟʣʫʯʝʥʠʶ. ʊʠʧʠʯʥʦʝ ʚʨʝʤʷ ʦʙʣʫʯʝʥʠʷ ʩʦʩʪʘʚʣʣ̫ʦ 10 ʤʠʥʫʪ, 

ʧʦʩʣʝ ʢʦʪʦʨʳʭ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ ʥʠʢʘʢʠʭ ʜʘʣʴʥʝʡʰʠʭ ʟʥʘʯʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʀʂ ʩʧʝʢʪʨʘʭ.  
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ɻʃɸɺɸ 3. ʀʉʉʃɽɼʆɺɸʅʀɽ ʊʆʇʆʃʆɻʀʀ ʄɸɻʅʀʊʅʓʍ 

ʎɽʇɽʁ ɺ ʇʆʃʀʄɽʈʅʆ-ʎɽʇʆʏɽʏʅʓʍ ʄʆʃɽʂʋʃʗʈʅʓʍ 

ʄɸɻʅɽʊʀʂɸʍ ʉɽʄɽʁʉʊɺɸ Cu(hfac)2L
R
 

3.1 ɺʚʝʜʝʥʠʝ 

ʆʪʥʦʩʠʪʝʣʴʥʦ ʥʝʜʘʚʥʝʝ ʦʪʢʨʳʪʠʝ ʦʜʥʦʮʝʧʦʯʝʯʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʤʘʛʥʝʪʠʢʦʚ (single-chain magnets, SCM) ʚʦʟʦʙʥʦʚʠʣʦ ʠʥʪʝʨʝʩ ʢ 

ʥʠʟʢʦʨʘʟʤʝʨʥʳʤ, ʚ ʯʘʩʪʥʦʩʪʠ ʦʜʥʦʤʝʨʥʳʤ (1D), ʤʦʣʝʢʫʣʷʨʥʳʤ ʤʘʛʥʝʪʠʢʘʤ, 

ʢʦʪʦʨʳʝ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʳʩʦʢʦʧʣʦʪʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ. [160 ï 163] ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʜʘʥʥʦʛʦ 

ʪʠʧʘ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʯʘʱʝ ʚʩʝʛʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʙʤʝʥʥʳʤʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʤʝʞʜʫ ʢʦʚʘʣʝʥʪʥʦ-ʩʚʷʟʘʥʥʳʤʠ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ. 

ʉ ʵʪʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʚʳʩʪʫʧʘʝʪ ʙʘʟʠʩʦʤ ʜʣʷ 

ʦʙʦʩʥʦʚʘʥʠʷ ʜʦʤʠʥʠʨʫʶʱʠʭ ʧʫʪʝʡ ʦʙʤʝʥʘ, ʢʦʪʦʨʳʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʦʧʨʝʜʝʣʷʶʪ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ. [164,165] ʆʜʥʘʢʦ ʪʘʢʦʡ 

ʧʦʜʭʦʜ ʚ ʨʷʜʝ ʩʣʫʯʘʝ ʧʨʠʚʦʜʠʪ ʢ ʥʝʚʝʨʥʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʤʘʛʥʠʪʥʳʭ ʜʘʥʥʳʭ, 

ʦʩʦʙʝʥʥʦ ʚ ʪʝʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʚ ʩʠʩʪʝʤʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʭʦʪʷ ʙʳ 

ʦʜʥʦ ʩʣʘʙʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ.[166] ɺ ʵʪʠʭ ʩʣʫʯʘʷʭ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʤʦʞʝʪ ʧʨʝʜʦʩʪʘʚʠʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʚʘʞʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʤʘʛʥʠʪʥʦʡ 

ʨʘʟʤʝʨʥʦʩʪʠ, ʤʘʛʥʠʪʥʦʤ ʧʦʚʝʜʝʥʠʠ ʠ ʦʩʥʦʚʥʳʭ ʢʘʥʘʣʘʭ ʦʙʤʝʥʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ.  

ɺ ʭʦʜʝ ʧʦʜʨʦʙʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 ʚ 

ʩʪʘʪʴʝ 2010 ʛʦʜʘ ʚʧʝʨʚʳʝ ʙʳʣʦ ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʤʘʛʥʠʪʥʦʡ 

ʦʜʥʦʤʝʨʥʦʩʪʠ ʜʘʥʥʦʛʦ ʪʠʧʘ ʩʦʝʜʠʥʝʥʠʡ. [31] ɹr ʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʩʣʘʙʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ (|Jinter| < 10 ʩʤ
ī1

) ʨʝʘʣʠʟʫʝʪʩʷ ʤʝʞʜʫ ʙʣʠʟʢʦ 

ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ ʩʦʩʝʜʥʠʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ, ʘ 

ʟʥʘʯʠʪ, ʤʘʛʥʠʪʥʳʝ ʮʝʧʠ ʠʤʝʶʪ ʦʜʥʦʤʝʨʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʥʝ ʩʦʚʧʘʜʘʶʪ ʩ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʦʩʪʘ ʧʦʣʠʤʝʨʥʦʡ ʮʝʧʠ, ʢʘʢ ʵʪʦʛʦ ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʦʞʠʜʘʪʴ. ʕʪʠ 
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ʜʘʥʥʳʝ ʙʳʣʠ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʝʥʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʨʘʩʯʝʪʘʤʠ 

ʣʦʢʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ |Jinter| ʤʝʞʜʫ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʤʠ ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ 

ʨʘʜʠʢʘʣʘʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʚʪʦʨʳ ʦʧʨʝʜʝʣʠʣʠ ʣʦʢʘʣʴʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʦʙʦʩʥʦʚʘʣʠ ʝʛʦ ʣʦʢʘʣʴʥʫ  ʁ

ʦʜʥʦʤʝʨʥʦʩʪʴ. ʆʜʥʘʢʦ ʥʠʢʘʢʠʭ ʷʚʥʳʭ ʩʚʠʜʝʪʝʣʴʩʪʚ ʦʜʥʦʤʝʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʚʝʜʝʥʠ ̫ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʰʢʘʣʝ, ʨʘʚʥʦ ʢʘʢ ʠ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ, ʜʦ ʩʠʭ ʧʦʨ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʝ ʙʳʣʦ. ɼʘʥʥʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʜʝʪʘʣʴʥʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʪʦʧʦʣʦʛʠʠ ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʦʧʨʝʜʝʣʝʥʠʶ ʠʭ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʩʪʨʫʢʪʫʨʥʳʤ ʧʦʣʠʤʝʨʥʳʤ ʮʝʧʷʤ, ʘ ʪʘʢʞʝ ʠʟʫʯʝʥʠʶ ʤʘʛʥʠʪʥʦʡ 

ʨʘʟʤʝʨʥʦʩʪʠ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɼʣʷ ʠʟʫʯʝʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʯʝʪʳʨʝ 

ʧʨʝʜʩʪʘʚʠʪʝʣʷ  ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
. ɼʚʘ ʩʦʝʜʠʥʝʥʠʷ, Cu(hfac)2L

Bu
Ŀ0.5C8H18 ʠ 

Cu(hfac)2L
Bu
Ŀ0.5C7H16, ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦʝ ʤʝʞʢʣʘʩʪʝʨʥʦʝ 

ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ (9.55 ʩʤ
-1 
ʠ 9.74 ʩʤ

-1
, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

Cu(hfac)2L
Bu
Ŀ0.5C8H10 ʠ Cu(hfac)2L

Pr
 (0.94 ʩʤ

-1
 ʠ 0.33 ʩʤ

-1
, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) 

ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʩʣʘʙʳʤ ʤʝʞʢʣʘʩʪʝʨʥʳʤ ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. ʉʪʦʣʴ 

ʷʚʥʘʷ (ʧʦʯʪʠ ʜʝʩʷʪʠʢʨʘʪʥʘʷ) ʨʘʟʥʠʮʘ ʚ ʚʝʣʠʯʠʥʝ ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʟʚʦʣʠʣʘ ʠʟʫʯʠʪʴ ʝʛʦ ʚʣʠʷʥʠʝ ʥʘ ʪʦʧʦʣʦʛʠʶ ʤʘʛʥʠʪʥr ʭ ʮʝʧʝʡ 

ʚ ʩʝʤʝʡʩʪʚʝ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ Cu(hfac)2L
R
.  

3.2 ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ɽʩʣʠ ʩʦʝʜʠʥʝʥʠʷ ʪʠʧʘ Cu(hfac)2L
R
 ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʷʚʣʷʶʪʩʷ ʦʜʥʦʤʝʨʥʳʤʠ 

ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʘʥʘʣʦʚ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʦʥʠ ʜʦʣʞʥʳ 

ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʪʠʧʠʯʥʦʝ ʜʣʷ ʦʜʥʦʤʝʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ ʧʦʚʝʜʝʥʠʝ ʫʛʣʦʚʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʰʠʨʠʥʳ ʣʠʥʠʠ ʕʇʈ. ɼʣʷ ʦʜʥʦʤʝʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ ʜʠʧʦʣʴʥʳʡ 

ʚʢʣʘʜ ʚ ʰʠʨʠʥʫ ʣʠʥʠʠ ʕʇʈ ʫʩʨʝʜʥʷʝʪʩʷ, ʵʬʬʝʢʪ ʦʙʤʝʥʥʦʛʦ ʩʫʞʝʥʠʷ 

ʩʪʘʥʦʚʠʪʩʷ ʟʥʘʯʠʪʝʣʝʥ, ʠ ʫʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ ʣʠʥʠʠ ʦʧʠʩʳʚʘʝʪʩʷ 

ʫʨʘʚʥʝʥʠʝʤ 
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ȹBpp(ű) = Ŭ + ɓ(3 cos
2
ű ī 1)

4/3
,        (9) 

ʛʜʝ ű ï ʫʛʦʣ ʤʝʞʜʫ ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʮʝʧʠ ʠ ʥʘʧʨʘʚʣʝʥʠʝʤ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, Ŭ ʠ ɓ ï ʚʘʨʴʠʨʫʝʤʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ. [167] ɼʘʥʥʘʷ ʫʛʣʦʚʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʠʤʝʝʪ ʜʚʘ ʤʘʢʩʠʤʫʤʘ: ʘʙʩʦʣʶʪʥʳʡ ʧʨʠ ű=0Á ʠ ʣʦʢʘʣʴʥʳʡ ʧʨʠ 

ű=90Á; ʘ ʪʘʢʞʝ ʜʚʘ ʤʠʥʠʤʫʤʘ ʧʨʠ ű=Ñ54.74Á, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʘʛʠʯʝʩʢʦʤʫ 

ʫʛʣʫ, ʚʨʘʱʝʥʠʝ ʧʦʜ ʢʦʪʦʨʳʤ, ʥʘʧʨʠʤʝʨ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʗʄʈ. 

ɺ ʩʣʫʯʘʝ ʧʨʦʠʟʚʦʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʘ ʠ ʧʨʠ ʚʨʘʱʝʥʠʠ ʚʦʢʨʫʛ 

ʧʨʦʠʟʚʦʣʴʥʦʡ ʦʩʠ ʤʘʢʩʠʤʫʤ ʟʘʚʠʩʠʤʦʩʪʠ ʰʠʨʠʥʳ ʣʠʥʠʠ ʦʪ ʫʛʣʘ ʚʨʘʱʝʥʠʷ 

ʙʫʜʝʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʤʠʥʠʤʘʣʴʥʦʤʫ ʫʛʣʫ ʤʝʞʜʫ ʤʘʛʥʠʪʥʦʡ ʮʝʧʴʶ ʠ 

ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʵʪʦʪ ʤʦʤʝʥʪ ʤʘʛʥʠʪʥʘʷ ʮʝʧʴ ʙʫʜʝʪ ʣʝʞʘʪʴ 

ʚ ʧʣʦʩʢʦʩʪʠ, ʥʘʪʷʥʫʪʦʡ ʥʘ ʚʝʢʪʦʨʘ ʥʘʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʥʘʧʨʘʚʣʝʥʠʝ 

ʦʩʠ ʚʨʘʱʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʦʨʠʝʥʪʘʮʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ 

ʠ ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʣʦʩʢʦʩʪʷʤ ʢʨʠʩʪʘʣʣʘ 

ʠʟʚʝʩʪʥʳ, ʪʦ ʦʧʨʝʜʝʣʝʥʠʝ ʚʟʘʠʤʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʧʦʣʠʤʝʨʥʦʡ ʠ ʤʘʛʥʠʪʥʦʡ ʮʝʧʠ 

ʥʝ ʩʦʩʪʘʚʣʷʝʪ ʪʨʫʜʘ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ, ʠʩʩʣʝʜʫʝʤʳʭ ʚ 

ʜʘʥʥʦʡ ʛʣʘʚʝ, ʘʥʠʟʦʪʨʦʧʠʷ g-ʪʝʥʟʦʨʘ ʠʦʥʘ ʤʝʜʠ(II) ʚ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʝ ʧʨʠʚʦʜʠʪ 

ʣʠʰʴ ʢ ʩʤʝʱʝʥʠʶ ʧʦʣʦʞʝʥʠʷ ʕʇʈ ʩʠʛʥʘʣʘ ʪʨʠʘʜʳ (ʠʟʤʝʥʝʥʠʶ ʨʝʟʦʥʘʥʩʥʦʡ 

ʯʘʩʪʦʪʳ), ʘ ʘʥʠʟʦʪʨʦʧʠʷ ʩʚʝʨʭʪʦʥʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʩʨʝʜʥʷʝʪʩʷ ʦʙʤʝʥʥʳʤʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʧʦʣʠʤʝʨʥʳʤʠ ʮʝʧʷʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʜʘʥʥʳʤʠ ʘʥʠʟʦʪʨʦʧʥʳʤʠ ʚʢʣʘʜʘʤʠ ʚ ʫʰʠʨʠʥʝʥʠʝ ʣʠʥʠʡ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. 
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ʈʠʩʫʥʦʢ 27 ï ʘ) ʇʦʣʠʤʝʨʥʦ-ʮʝʧʦʯʝʯʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ Cu(hfac)2L
Bu

. Cu: 

ǒ; O: ǒ; N: ǒ; C: ǒ; ʘʪʦʤʳ H ʠ CH3 ʦʧʫʱʝʥʳ ʜʣʷ ʷʩʥʦʩʪʠ. ʅʘʧʨʘʚʣʝʥʠʝ ʧʦʣʠʤʝʨʥʦʡ ʠ 

ʤʘʛʥʠʪʥʦʡ ʮʝʧʝʡ ʚʳʜʝʣʝʥʦ ʬʠʦʣʝʪʦʚʳʤ ʠ ʨʦʟʦʚʳʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʙ) ʀʣʣʶʩʪʨʘʮʠʷ 

ʩʪʨʫʢʪʫʨʥʦʡ ʛʝʦʤʝʪʨʠʠ ʠ ʤʘʛʥʠʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʪʠʧʘ Cu(hfac)2L
R
. 

ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʘʧʨʘʚʣʝʥʦ ʚʜʦʣʴ ʦʩʠ Z, ʤʦʥʦʢʨʠʩʪʘʣʣ ʚʨʘʱʘʝʪʩʷ ʚʦʢʨʫʛ ʦʩʠ Y. ɿʝʣʝʥʘʷ ʠ 

ʢʨʘʩʥʘʷ ʣʠʥʠʷ ʠʟʦʙʨʘʞʘʶʪ ʥʘʧʨʘʚʣʝʥʠʝ gzz ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ ʠ ʩʧʠʥʦʚʦʡ 

ʪʨʠʘʜʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʣʦʩʢʦʩʪʴ ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ ʦʟʥʘʯʘʝʪ ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʜʘʥʥʳʭ ʕʇʈ. ʅʘʧʨʘʚʣʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʮʝʧʠ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʢʘʢ ʧʝʨʝʩʝʯʝʥʠʝ ʧʣʦʩʢʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ ʠ ʧʣʦʩʢʦʩʪʠ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ.    

ʂ ʩʦʞʘʣʝʥʠʶ, ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʦʚ ʠ ʢʘʯʝʩʪʚʦ ʠʭ ʦʛʨʘʥʢʠ ʩʠʣʴʥʦ 

ʟʘʪʨʫʜʥʷʶʪ ʠʭ ʦʨʠʝʥʪʠʨʦʚʘʥʠʝ ʚ ʜʘʪʯʠʢʝ ʕʇʈ ʩʧʝʢʪʨʦʤʝʪʨʘ. ʆʜʥʘʢʦ 

ʧʨʝʦʜʦʣʝʪʴ ʵʪʫ ʩʣʦʞʥʦʩʪʴ ʠ ʦʧʨʝʜʝʣʠʪʴ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʨʠʩʪʘʣʣʘ ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ ʧʦʟʚʦʣʷʝʪ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ. ɺ ʧʨʦʮʝʩʩʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ 1) ʠʟʤʝʨʝʥʥʳʝ ʨʘʥʝʝ ʛʣʘʚʥʳʝ ʟʥʘʯʝʥʠʷ g-
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ʪʝʥʟʦʨʦʚ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ (gCu2) ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ (gtriad), [32]; 2) ʫʛʣʳ ʤʝʞʜʫ 

ʜʘʥʥʳʤʠ g-ʪʝʥʟʦʨʘʤʠ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ  ʘʥʘʣʠʟʘ 

[31] ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʢʦʤʧʦʥʝʥʪʘ gzz ʪʝʥʟʦʨʘ ʥʘʧʨʘʚʣʝʥʘ ʚʜʦʣʴ ʚʳʪʷʥʫʪʦʡ 

ʦʩʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʦʢʪʘʵʜʨʘ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʤʘʛʥʠʪʥʳʝ 

ʮʝʧʠ ʣʝʞʘʪ ʚ ʧʣʦʩʢʦʩʪʠ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ, ʪʘʢ ʢʘʢ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʧʣʦʩʢʦʩʪʷʤʠ ʮʝʧʝʡ ʚ ʨʘʟʣʠʯʥʳʭ ʩʣʦʷʭ ʚ ʢʨʠʩʪʘʣʣʝ ʛʦʨʘʟʜʦ ʙʦʣʴʰʝ 

ʤʝʞʮʝʧʦʯʝʯʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʚʥʫʪʨʠ ʦʜʥʦʛʦ ʩʣʦʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʠʛʥʘʣʦʚ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ 

ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʟʥʘʯʥʳʤ ʦʙʨʘʟʦʤ ʦʧʨʝʜʝʣʠʪʴ ʦʨʠʝʥʪʘʮʠʶ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ (ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 

27), ʘ ʫʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ ʣʠʥʠʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜ rȹBpp ʪʘʢʞʝ ʤʦʞʝʪ 

ʙʳʪʴ ʠʟʚʣʝʯʝʥʘ ʠʟ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ.  

 

 

ʈʠʩʫʥʦʢ 28 ï ʋʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʘ ʕʇʈ Q-ʜʠʘʧʘʟʦʥʘ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 

ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Bu
Ŀ0.5C7H16; ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʦʢʘʟʘʥʳ ʪʨʠ ʨʘʟʣʠʯʥʳʭ ʦʨʠʝʥʪʘʮʠʠ 

ʧʨʠ ʧʦʚʦʨʦʪʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʂʨʘʩʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʠʩʧʦʣʴʟʫʷ ʧʘʨʘʤʝʪʨʳ ʠʟ ʪʘʙʣʠʮʳ 3.  

ɼʣʷ ʚʩʝʭ ʯʝʪʳʨʝʭ ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʚ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʫʛʣʳ ʤʝʞʜʫ ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʧʦʣʠʤʝʨʥʳʭ ʠ ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ 

(Ūp-m) ʠʩʧʦʣʴʟʫʷ ʚʳʰʝʦʧʠʩʘʥʥʫʶ ʤʝʪʦʜʠʢʫ. ʂʘʢ ʧʨʘʚʠʣʦ, ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 
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ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʘ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʚ ʧʦʠʩʢʘʭ ʥʘʠʙʦʣʝʝ 

ʫʜʦʙʥʦʡ ʠ ʷʩʥʦʡ ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʦʨʠʝʥʪʘʮʠʠ. ɺʩʝ ʵʢʩʧʝʨʠʤʝʥʪʳ 

ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, 

ʧʦʩʢʦʣʴʢʫ ʰʠʨʠʥʘ ʩʠʛʥʘʣʘ ʕʇʈ ʚ SS ʩʦʩʪʦʷʥʠʠ ʟʘʤʝʪʥʦ ʫʞʝ ʚ ʩʨʘʚʥʝʥʠʠ ʩ WS 

ʩʦʩʪʦʷʥʠʝʤ; ʢʨʦʤʝ ʪʦʛʦ, ʚ SS ʩʦʩʪʦʷʥʠʠ ʩʠʛʥʘʣʳ ʕʇʈ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ (gtriad<2) 

ʠ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ (gCu>2) ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʝʨʝʢʨʳʚʘʶʪʩʷ ʧʨʠ ʚʩʝʭ 

ʦʨʠʝʥʪʘʮʠʷʭ. ʉʣʝʜʫʝʪ ʧʦʥʠʤʘʪʴ, ʯʪʦ ʩʪʨʫʢʪʫʨʥʘʷ ʨʘʟʥʠʮʘ ʤʝʞʜʫ SS ʠ WS 

ʩʦʩʪʦʷʥʠʷʤʠ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʨʘʟʣʠʯʥʦʤʫ ʤʘʛʥʠʪʥʦʤʫ ʧʦʚʝʜʝʥʠʶ; ʦʜʥʘʢʦ 

ʚʚʠʜʫ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʪʨʫʜʥʦʩʪʝʡ, ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʤʦʤʝʥʪ ʠʟʫʯʝʥʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ȹBpp(ű) ʚ WS ʩʦʩʪʦʷʥʠʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʯʨʝʟʚʳʯʘʡʥʦ ʩʣʦʞʥʳʤ. 

ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʥʝʜʘʚʥʠʝ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʜʣʷ ʦʜʥʦʛʦ ʠʟ 

ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
Bu
Ŀ0.5C8H18 ʧʦʢʘʟʘʣʠ, ʯʪʦ ʤʝʞʢʣʘʩʪʝʨʥʦʝ 

(ʤʝʞʮʝʧʦʯʝʯʥʦʝ) ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ WS ʩʦʩʪʦʷʥʠʠ ʤʝʥʴʰʝ 

ʘʥʘʣʦʛʠʯʥʦʛʦ ʚ SS ʩʦʩʪʦʷʥʠʠ ʚʩʝʛʦ ʚ 2 ʨʘʟʘ, ʯʪʦ ʥʝ ʷʚʣʷʝʪʩʷ ʧʨʠʥʮʠʧʠʘʣʴʥʳʤ 

ʜʣʷ 1D ʧʦʚʝʜʝʥʠʷ. [168] 
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ʈʠʩʫʥʦʢ 29 ï ʋʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ ʣʠʥʠʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ȹBpp (ʣʝʚʘʷ 

ʢʦʣʦʥʢʘ), g-ʬʘʢʪʦʨʘ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ (gtriad) ʠ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ (gCu2) (ʧʨʘʚʘʷ ʢʦʣʦʥʢʘ) ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
Bu
Ŀ0.5C8H18, Cu(hfac)2L

Bu
Ŀ0.5C7H16, Cu(hfac)2L

Bu
Ŀ0.5C8H10 ʠ Cu(hfac)2L

Pr
 

(ʘ, ʙ, ʚ, ʛ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ȹBpp(ű) ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ 9 ʠ ʧʘʨʘʤʝʪʨʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʪʘʙʣʠʮʝ 3. ʂʨʘʩʥʘʷ ʣʠʥʠʷ ʥʘ 

ʨʠʩʫʥʢʝ 29ʛ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʟʘʚʠʩʠʤʦʩʪʠ ȹBpp(ű)́cos
2
ű. 

ɺ ʪʘʙʣʠʮʝ 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʩʝ ʧʘʨʘʤʝʪʨʳ, ʠʩʧʦʣʴʟʦʚʘʚʰʠʝʩʷ ʚ ʧʨʦʮʝʩʩʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ 

Cu(hfac)2L
Bu
Ŀ0.5C8H18, Cu(hfac)2L

Bu
Ŀ0.5C7H16 ʠ Cu(hfac)2L

Bu
Ŀ0.5C8H10.  
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ʊʘʙʣʠʮʘ 3 ï ʇʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ 

Cu(hfac)2L
Bu
Ö0.5C7H16, Cu(hfac)2L

Bu
Ö0.5C8H18, Cu(hfac)2L

Bu
Ö0.5C8H10. ɿʥʘʯʝʥʠʷ ʫʛʣʘ Ūp-m ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʠʟ ʘʥʘʣʠʟʘ ʕʇʈ ʠ ʈʉɸ ʜʘʥʥʳʭ, ʟʥʘʯʝʥʠʝ |Jinter| ʚʟʷʪʦ ʠʟ ʩʪʘʪʴʠ [31]. ɻʣʘʚʥʳʝ 

ʟʥʘʯʝʥʠʷ g-ʬʘʢʪʦʨʦʚ ʚʟʷʪʳ ʠʟ ʩʪʘʪʴʠ. [32] 

 Cu(hfac)2L
Bu
Ŀ0.5C8H18 Cu(hfac)2L

Bu
Ŀ0.5C7H16 Cu(hfac)2L

Bu
Ŀ0.5C8H10 

|Jinter|, ʩʤ
-1

 9.55 9.74 0.94 

gtriad [1.998 1.987 1.905] [1.991 1.981 1.903] [1.988 1.983 1.905] 

gCu2 [2.062 2.081 2.350] [2.060 2.082 2.346] [2.060 2.082 2.360] 

Ŭ, ʤʊʣ 1.55 1.22 13.22 

ɓ, ʤʊʣ 0.51 0.59 0.92 

Ūp-m,
Á
 (ʕʇʈ) 46.2 40.1 39.7 

Ūp-m, 
Á
 (ʈʉɸ) 52.3 50.7 48.8 

ʉʦʝʜʠʥʝʥʠʷ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʠʣʴʥʳʤ ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ 

ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ ʩʦʩʝʜʥʠʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʪʠʧʠʯʥʦʝ 1D ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʠ. ʀʭ ʫʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ ʣʠʥʠʠ 

ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʜʦʩʪʘʪʦʯʥʦ ʩʠʤʤʝʪʨʠʯʥʘ ʠ ʠʤʝʝʪ ʜʚʘ ʤʠʥʠʤʫʤʘ ʧʨʠ űå55Á 

(ʨʠʩʫʥʦʢ 29). ʇʦʣʫʯʝʥʥʳʝ ʫʛʣʳ ʤʝʞʜʫ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʦʩʪʘ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ 

ʠ ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ ʜʣʷ ʦʙʦʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 

ɗp-må40-46Á (ʪʘʙʣʠʮʘ 3). ʉʦʝʜʠʥʝʥʠʝ Cu(hfac)2L
Bu
Ŀ0.5C8H10 ʩ ʙʦʣʝʝ ʩʣʘʙʳʤ 

ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ 1D ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʩ 

ʜʚʫʤʷ ʭʘʨʘʢʪʝʨʥʳʤʠ ʤʠʥʠʤʫʤʘʤʠ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʰʠʨʠʥʳ ʣʠʥʠʠ ʪʨʠʘʜʳ 

ʧʨʠ űå55Á, ʥʦ ʧʦʣʫʯʝʥʥʘʷ ʢʨʠʚʘʷ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʘʩʠʤʤʝʪʨʠʯʥʘ (ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʜʚʫʤʷ ʧʨʝʜʳʜʫʱʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ) ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʣʠʥʠʠ ű=0Á 

(ʨʠʩʫʥʦʢ 29ʚ). ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʜʨʫʛʠʝ ʩʣʘʙʳʝ ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 

ʨʘʚʥʦ ʢʘʢ ʠ ʜʠʧʦʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʤʦʛʫʪ ʚʥʦʩʠʪʴ ʚʢʣʘʜ ʚ ʰʠʨʠʥʫ ʣʠʥʠʠ ʩ 

ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʡ cos
2
ű, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʩʢʘʞʝʥʠʶ 

ʬʦʨʤʳ ʣʠʥʠʠ ȹBpp(ű), ʦʧʠʩʳʚʘʝʤʦʡ ʫʨʘʚʥʝʥʠʝʤ (9). ɺ ʧʦʣʴʟʫ ʵʪʦʛʦ ʬʘʢʪʘ 

ʪʘʢʞʝ ʛʦʚʦʨʠʪ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʘʷ ʘʙʩʦʣʶʪʥʘʷ ʰʠʨʠʥʘ ʣʠʥʠʠ ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Bu
Ŀ0.5C8H10 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Cu(hfac)2L

Bu
Ŀ0.5C8H18 ʠ 

Cu(hfac)2L
Bu
Ŀ0.5C7H16. ɺʩʝ ʵʪʦ ʧʨʝʢʨʘʩʥʦ ʩʦʛʣʘʩʫʝʪʩ ̫ ʩ ʤʝʥʴʰʠʤ ʟʥʘʯʝʥʠʝʤ 

|Jinter|, ʘ ʟʥʘʯʠʪ ʠ ʤʝʥʴʰʠʤ ʵʬʬʝʢʪʠʚʥʳʤ ʦʙʤʝʥʥʳʤ ʩʫʞʝʥʠʝʤ, ʧʨʠʚʦʜʷʱʠʤ ʢ 
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ʫʤʝʥʴʰʝʥʠʶ 1D ʭʘʨʘʢʪʝʨʘ ʟʘʚʠʩʠʤʦʩʪʠ ȹBpp(ű) ʠ ʧʨʦʷʚʣʝʥʠʶ ʜʨʫʛʠʭ 

ʤʝʭʘʥʠʟʤʦʚ ʫʰʠʨʝʥʠʷ.  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʜʚʫʭ ʯʘʩʪʦʪʥʳʭ 

ʜʠʘʧʘʟʦʥʘʭ (9 ʠ 34 ɻɻʮ), ʠ ʥʘʙʣʶʜʘʝʤʳʝ ʪʝʥʜʝʥʮʠʠ ʙʳʣʠ ʦʜʠʥʘʢʦʚʳ. ʊʘʢʞʝ 

ʬʦʨʤʘ ʣʠʥʠʠ ʩʠʛʥʘʣʘ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
Bu
Ŀ0.5C8H18,  

Cu(hfac)2L
Bu
Ŀ0.5C7H16 ʠ Cu(hfac)2L

Bu
Ŀ0.5C8H10 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʧʝʨʧʦʟʠʮʠʶ 

ɻʘʫʩʩʦʚʦʡ ʠ ʃʦʨʝʥʮʝʚʦʡ, ʩ ʜʦʤʠʥʠʨʫʶʱʠʤ ʚʢʣʘʜʦʤ ʃʦʨʝʥʮʝʚʦʡ ʬʦʨʤʳ ʣʠʥʠʠ 

ʧʨʠ űå55Á ʠ ɻʘʫʩʩʦʚʦʡ ʬʦʨʤʳ ʣʠʥʠʠ ʧʨʠ űå0Á, ʯʪʦ ʪʘʢʞʝ ʪʠʧʠʯʥʦ ʜʣʷ 1D 

ʤʘʛʥʝʪʠʢʦʚ. [167] 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʪʘʙʣʠʮʳ 3, ʥʘʙʣʶʜʘʝʪʩʷ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʤʝʞʜʫ 

ʟʥʘʯʝʥʠʷʤʠ ɗp-m, ʧʦʣʫʯʝʥʥʳʤʠ ʠʟ ʜʘʥʥʳʭ ʕʇʈ ʠ ʠʟ ʜʘʥʥʳʭ ʈʉɸ. ʇʦʩʣʝʜʥʠʝ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʫʪʝʤ ʘʥʘʣʠʟʘ ʩʪʨʫʢʪʫʨʳ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʤʘʛʥʠʪʥʳʝ 

ʮʝʧʠ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʚʜʦʣʴ ʚʝʢʪʦʨʘ, ʩʦʝʜʠʥʷʶʱʝʛʦ ʩʤʝʞʥʳʝ ʩʧʠʥʦʚʳʝ 

ʪʨʠʘʜʳ ʩʦʩʝʜʥʠʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ (ʨʠʩʫʥʦʢ 27). ʉʦʛʣʘʩʠʝ ʜʘʥʥʳʭ ʕʇʈ ʠ ʈʉɸ 

ʦʜʥʦʟʥʘʯʥʦ ʜʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʤʘʛʥʠʪʥʳʝ ʮʝʧʠ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʪʠʧʘ Cu(hfac)2L
R
 

ʬʦʨʤʠʨʫʶʪʩʷ ʚʩʣʝʜʩʪʚʠʝ ʤʝʞʢʣʘʩʪʝʨʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ 

ʩʧʠʥʦʚʳʤʠ ʪʨʠʘʜʘʤʠ ʩʦʩʝʜʥʠʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ, ʠ ʜʣʷ ʥʠʭ ʥʘʙʣʶʜʘʝʪʩʷ 1D 

ʧʦʚʝʜʝʥʠʝ ʥʘ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʤ ʤʘʩʰʪʘʙʝ. ɿʥʘʯʝʥʠʝ ɗp-m, ʧʦʣʫʯʝʥʥʦʝ ʠʟ 

ʜʘʥʥʳʭ ʕʇʈ, ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʥʝʩʢʦʣʴʢʦ ʙʦʣʴʰʝ, ʯʝʤ ʟʥʘʯʝʥʠʝ, ʧʦʣʫʯʝʥʥʦʝ ʠʟ 

ʜʘʥʥʳʭ ʈʉɸ. ʅʘʠʣʫʯʰʝʝ ʩʦʛʣʘʩʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ 

Cu(hfac)2L
Bu
Ŀ0.5C8H18 ʩ ʥʘʠʙʦʣʝʝ ʩʠʤʤʝʪʨʠʯʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ȹBpp(ű). 

ʇʦʩʣʝʜʥʝʝ ʚʝʜʝʪ ʢ ʣʦʛʠʯʥʦʤʫ ʟʘʢʣʶʯʝʥʠʶ, ʯʪʦ ʣʶʙʳʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʤʝʭʘʥʠʟʤʳ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʥʘ ʪʦʯʥʦʩʪʴ ʧʦʣʫʯʘʝʤʳʭ 

ʟʥʘʯʝʥʠʡ ɗp-m. 

ɺ ʩʣʫʯʘʝ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

 ʙʳʣ ʧʨʠʤʝʥʝʥ ʘʥʘʣʦʛʠʯʥʳʡ ʧʦʜʭʦʜ ʜʣʷ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ. 

ʆʜʥʘʢʦ ʧʨʠ ʣʶʙʳʭ ʦʨʠʝʥʪʘʮʠʷʭ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʪʠʧʠʯʥʦʛʦ 1D ʧʦʚʝʜʝʥʠʷ ʥʝ 

ʥʘʙʣʶʜʘʣʦʩʴ, ʘ ʫʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ ʣʠʥʠʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʭʦʨʦʰʦ 

ʦʧʠʩʳʚʘʣʘʩʴ ʬʫʥʢʮʠʝʡ cos
2
ű. ɺ ʪʘʢʦʡ ʩʠʪʫʘʮʠʠ ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʝʣʠʯʠʥʳ ɗp-m 

ʥʝʚʦʟʤʦʞʥʦ. ʇʨʠʯʠʥʦʡ ʪʘʢʦʛʦ ʧʦʚʝʜʝʥʠʷ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʷʚʣʷʝʪʩʷ 
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ʩʣʠʰʢʦʤ ʤʘʣʦʝ ʤʝʞʮʝʧʦʯʝʯʥʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ Cu(hfac)2L
Pr

 ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʩʩʤʦʪʨʝʥʥʳʤʠ ʨʘʥʝʝ ʩʦʝʜʠʥʝʥʠʷʤʠ (|Jinter|Ḑ0.33 ʩʤ
ī1

 ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ Ḑ10 ʩʤī1
 ʜʣʷ Cu(hfac)2L

Bu
Ŀ0.5C8H18,  Cu(hfac)2L

Bu
Ŀ0.5C7H16, ʠ Ḑ1 

ʩʤ
ī1

 ʜʣʷ Cu(hfac)2L
Bu
Ŀ0.5C8H10). ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʪʦʣʴ ʤʘʣʦʝ ʦʙʤʝʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʙʲʷʩʥʷʝʪʩʷ çʥʝʫʜʘʯʥʦʡè ʚʟʘʠʤʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ 

ʥʠʪʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ ʩʦʩʝʜʥʠʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ, ʧʨʠ ʢʦʪʦʨʦʡ 

ʧʝʨʝʢʨʳʚʘʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʨʙʠʪʘʣʝʡ ʤʠʥʠʤʘʣʴʥʦ.  

ɼʨʫʛʠʤ ʚʦʟʤʦʞʥʳʤ ʦʙʲʷʩʥʝʥʠʝʤ ʩʣʘʙʦʛʦ ʧʨʦʷʚʣʝʥʠʷ 1D ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʚʝʜʝʥʠʷ ʚ Cu(hfac)2L
Pr

 ʤʦʞʝʪ ʙʪrʴ ʨʘʟʣʠʯʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ 

ʚ ʩʦʩʝʜʥʠʭ ʧʦʣʠʤʝʨʥʳʭ ʩʣʦʷʭ. ɼʣʷ ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʚ ʢʘʞʜʦʤ ʩʣʦʝ 

ʧʦʣʠʤʝʨʥʳʝ ʮʝʧʠ ʩʦʥʘʧʨʘʚʣʝʥ,r ʥʦ ʚ ʨʘʟʣʠʯʥʳʭ ʩʣʦʷʭ ʵʪʦ ʥʘʧʨʘʚʣʝʥʠʝ 

ʨʘʟʣʠʯʥʦ. ʊʘʢʦʡ ʪʠʧ ʩʪʨʫʢʪʫʨʳ ʥʝʪʠʧʠʯʝʥ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
,
 
 ʠ, 

ʚʦʟʤʦʞʥʦ, ʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʧʨʠʯʠʥʦʡ ʦʪʩʫʪʩʪʚʠʷ ʚʳʨʘʞʝʥʥʦʛʦ 1D 

ʧʦʚʝʜʝʥʠʷ ʚ Cu(hfac)2L
Pr

.   

ʉʨʘʚʥʠʚʘʷ ʚʠʜ ʟʘʚʠʩʠʤʦʩʪʠ ȹBpp(ű) ʜʣʷ ʚʩʝʭ ʯʝʪʳʨʝʭ ʩʦʝʜʠʥʝʥʠʡ, 

ʦʯʝʚʠʜʝʥ ʚʳʚʦʜ, ʯʪʦ ʩ ʧʦʥʠʞʝʥʠʝʤ ʚʝʣʠʯʠʥʳ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ |Jinter| 

1D ʧʦʚʝʜʝʥʠʝ ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʤʝʥʝʝ ʚʳʨʘʞʝʥʥʳʤ. ʊʘʢ, ʩʦʝʜʠʥʝʥʠʝ 

Cu(hfac)2L
Bu
Ŀ0.5C8H10 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʩʣʫʯʘʡ ʤʝʞʜʫ ʷʨʢʦ-

ʚʳʨʘʞʝʥʥʳʤʠ 1D ʤʘʛʥʝʪʠʢʘʤʠ Cu(hfac)2L
Bu
Ŀ0.5C8H18, Cu(hfac)2L

Bu
Ŀ0.5C7H16 ʠ 

ʥʝ ʧʨʦʷʚʣʷʶʱʠʤ 1D ʧʦʚʝʜʝʥʠʷ Cu(hfac)2L
Pr

. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʤʧʠʨʠʯʝʩʢʠ 

ʧʦʣʫʯʝʥʥʦʝ ʢʨʠʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ |Jinter| ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʦʜʥʦʤʝʨʥʦʛʦ 

ʧʦʚʝʜʝʥʠʷ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 1 ʩʤ

-1
. 
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3.3 ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʦʧʦʣʦʛʠʠ 

ʤʝʞʢʣʘʩʪʝʨʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʤ ʤʘʛʥʠʪʥʳʭ 

ʮʝʧʝʡ ʚ ʩʝʨʠʠ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʭ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʧʝʢʪʨʦʚ ʕʇʈ ʧʦʟʚʦʣʠʣʦ 

ʦʧʨʝʜʝʣʠʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʮʝʧʝʡ ʚ ʪʨʝʭ 

ʧʨʝʜʩʪʘʚʠʪʝʣʷʭ ʵʪʦʛʦ ʩʝʤʝʡʩʪʚʘ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ 

ʤʘʛʥʠʪʥʳʝ ʮʝʧʠ ʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʬʦʨʤʠʨʫʶʪʩʷ ʩʧʠʥʦʚʳʤʠ ʪʨʠʘʜʘʤʠ 

ʩʦʩʝʜʥʠʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ, ʩʚʷʟʘʥʥʳʤʠ ʤʝʞʜʫ ʩʦʙʦʡ ʤʝʞʢʣʘʩʪʝʨʥʳʤ 

ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. ʂʨʦʤʝ ʪʦʛʦ, ʭʘʨʘʢʪʝʨʥʳʡ ʚʠʜ ʫʛʣʦʚʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʰʠʨʠʥʳ ʣʠʥʠʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʦʜʥʦʟʥʘʯʥʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʝ 1D ʧʦʚʝʜʝʥʠʝ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʭʘʨʘʢʪʝʨʥʦ 

ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʠʣʴʥʳʤʠ ʦʙʤʝʥʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʤ̫ʠ  

(|Jinter|~1-10 ʩʤ
-1
), ʥʦ ʥʝ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʣʘʙʳʤ 

ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ (|Jinter|~0.33 ʩʤ
-1
). ʋʩʪʘʥʦʚʣʝʥʥʳʝ ʚ ʭʦʜʝ ʜʘʥʥʦʡ 

ʨʘʙʦʪʳ ʬʘʢʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʚʘʞʥʦʩʪʴ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʦʙʱʝʛʦ ʧʦʥʠʤʘʥʠʷ 

ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ Cu(hfac)2L
R
, ʘ ʪʘʢʞʝ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʝʟʥʳ 

ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʪʠʭ ʩʠʩʪʝʤ. ʇʨʦʚʝʜʝʥʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʝ ʪʦʣʴʢʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʙʥʘʨʫʞʝʥʥʦʝ ʨʘʥʝʝ ʥʘʣʠʯʠʝ 

ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʤʝʞʮʝʧʦʯʝʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʥʦ ʠ ʧʨʝʜʦʩʪʘʚʣʷʝʪ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚʘʭ 

ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ Cu(hfac)2L
R
. 
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ɻʃɸɺɸ 4.  ʆʉʆɹɽʅʅʆʉʊʀ ʄɽɾʂʃɸʉʊɽʈʅʓʍ 

ʆɹʄɽʅʅʓʍ ɺɿɸʀʄʆɼɽʁʉʊɺʀʁ ɺ ʉʆɽɼʀʅɽʅʀʗʍ 

Cu(hfac)2L
R

tert ʉ ʄʆɼʀʌʀʎʀʈʆɺɸʅʅʆʁ ʉʊʈʋʂʊʋʈʆʁ 

ʃʀɻɸʅɼɸ 

4.1 ɺʚʝʜʝʥʠʝ 

ɺʦ ʚʩʝʭ ʠʟʫʯʘʝʤʳʭ ʨʘʥʝʝ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
R
 ʚ ʢʘʯʝʩʪʚʝ 

ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʣʠʛʘʥʜʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʠʨʘʟʦʣʠʣ-ʟʘʤʝʱʝʥʥʳʡ 

ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʳʡ ʨʘʜʠʢʘʣ L
R
. ʅʝʩʤʦʪʨʷ ʥʘ ʫʩʧʝʰʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʘʣʢʠʣ-ʧʠʨʘʟʦʣʠʣ-ʟʘʤʝʱʝʥʥʳʭ ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ (R=Me, Et, 

Pr, Bu) ʧʦʩʪʦʷʥʥʦ ʚʝʜʝʪʩʷ ʧʦʠʩʢ ʥʦʚʳʭ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʣʠʛʘʥʜʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ 

ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʫʶʱʠʭʩʷ ʢʦʤʧʣʝʢʩʦʚ. ʇʦʩʢʦʣʴʢʫ 

ʥʝʢʣʘʩʩʠʯʝʩʢʠʡ ʩʧʠʥʦʚʳʡ ʢʨʦʩʩʦʚʝʨ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
R
 ʯʨʝʟʚʳʯʘʡʥʦ 

ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʚʘʨʴʠʨʦʚʘʥʠʶ ʩʪʨʫʢʪʫʨʳ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ, 

ʥʘʭʦʞʜʝʥʠʝ ʧʦʜʭʦʜʷʱʝʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʣʠʛʘʥʜʘ ʧʦʟʚʦʣʠʣʦ ʙʳ ʩʫʱʝʩʪʚʝʥʥʦ 

ʨʘʩʰʠʨʠʪʴ ʩʝʤʝʡʩʪʚʦ ʪʘʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʚʘʨʴʠʨʦʚʘʪʴ ʠʭ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʚ 

ʙʦʣʝʝ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ. ʂʨʦʤʝ ʪʦʛʦ, ʢʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʚ ɻʣʘʚʝ 3, ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ Cu(hfac)2L
R
 ʤʝʞʮʝʧʦʯʝʯʥʳʝ ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ 

ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ ʩʦʩʝʜʥʠʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ ʠʛʨʘʶʪ ʦʜʥʫ ʠʟ 

ʢʣʶʯʝʚʳʭ ʨʦʣʝʡ ʚ ʧʨʦʠʩʭʦʜʷʱʠʭ ʤʘʛʥʠʪʥʳʭ ʘʥʦʤʘʣʠʷʭ. [31] ɺ ʵʪʦʤ ʧʣʘʥʝ, 

ʠʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪ ɹ

ʢʦʥʪʨʦʣʠʨʫʝʤʦ ʫʧʨʘʚʣʷʪʴ ʵʪʠʤʠ ʦʙʤʝʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ, ʘ ʟʥʘʯʠʪ ʠ 

ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ. ʉ ʵʪʦʡ ʮʝʣʴʶ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩ ʥʦʚʳʤ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤ ʣʠʛʘʥʜʦʤ. 

ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʧʨʠ ʟʘʤʝʥʝ ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʥʘ ʪʨʝʪ-

ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-ʟʘʤʝɦ ʝʥʥʳʡ ʥʠʪʨʦʢʩʠʣʴʥʳʡ ʨʘʜʠʢʘʣ ʚʝʣʠʯʠʥʘ 

ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʟʤʝʥʠʪʩʷ ʧʨʠʥʮʠʧʠʘʣʴʥʳʤ 

ʦʙʨʘʟʦʤ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʫʜʘʣʝʥʠʠ ʦʜʥʦʡ ʠʟ NO ʛʨʫʧʧ, ʟʘ ʩʯʝʪ ʢʦʪʦʨʦʡ ʠ 
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ʨʝʘʣʠʟʦʚʳʚʘʣʩʷ ʦʙʤʝʥ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʧʦʣʠʤʝʨʥʳʤʠ ʮʝʧʷʤʠ, 

ʤʝʞʮʝʧʦʯʝʯʥʳʡ ʦʙʤʝʥ ʜʦʣʞʝʥ ʙʳʪʴ ʧʦʜʘʚʣʝʥ.  

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ 

Cu(hfac)2Ltert
R
 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʣʠʛʘʥʜʦʤ ʠ ʨʘʟʣʠʯʥʳʤʠ ʘʣʢʠʣʴʥʳʤʠ 

ʟʘʤʝʩʪʠʪʝʣʷʤʠ (ʤʝʪʠʣʴʥʳʤ, ʵʪʠʣʴʥʳʤ, ʧʨʦʧʠʣʴʥʳʤ (R=Me, Et, Pr)) ʤʝʪʦʜʦʤ 

ʩʪʘʮʠʦʥʘʨʥʦʡ ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ Q-ʜʠʘʧʘʟʦʥʘ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ 

ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʵʪʦʡ ʛʣʘʚʝ 

ʦʙʩʫʞʜʘʶʪʩʷ ʦʩʥʦʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʠ ʦʪʣʠʯʠʷ ʕʇʈ ʩʧʝʢʪʨʦʚ ʜʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2Ltert
R
 ʦʪ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ Cu(hfac)2L

R
, ʠʭ 

ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠ ʧʨʦʷʚʣʝʥʠʝ ʩʧʠʥʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, ʠ, ʥʘʢʦʥʝʮ, 

ʦʩʦʙʝʥʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʢʘʥʘʣʦʚ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ.   

4.2 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ɼʣʷ ʪʨʝʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʣʠʛʘʥʜʘ 

Cu(hfac)2Ltert
R
 (R=Me, Et, Pr) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʧʝʢʪʨʳ ʕʇʈ Q-ʜʠʘʧʘʟʦʥʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ T=75-293 ʂ. ʊʝʤʧʝʨʘʪʫʨʘ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʜʣʷ ʵʪʠʭ ʪʨʝʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʝʪʩʷ ʠ ʩʦʩʪʘʚʣʷʝʪ TST~90 K ʜʣʷ Cu(hfac)2Ltert
Me

,    

TST~190 K ʜʣʷ Cu(hfac)2Ltert
Et

. ɺ ʩʣʫʯʘʝ ʞʝ Cu(hfac)2Ltert
Pr

 ʪʝʤʧʝʨʘʪʫʨʘ ʩʧʠʥʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ ʣʝʞʠʪ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʝʛʦ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ, ʠ ʚʦ ʚʩʝʤ 

ʠʟʤʝʨʷʝʤʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʘʥʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʥʘʭʦʜʠʪʩʷ ʚ SS 

ʩʦʩʪʦʷʥʠʠ (ʨʠʩʫʥʦʢ 24). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʪʨʝʭ ʚʳʙʨʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʤʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʩʧʝʢʪʨʳ ʕʇʈ ʙʫʜʫʪ ʧʨʝʪʝʨʧʝʚʘʪʴ ʠʟʤʝʥʝʥʠʷ, 

ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʩʧʠʥʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ, ʧʨʠ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ.   

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ 30-32, ʩʧʝʢʪʨʳ ʕʇʈ ʩʦʝʜʠʥʝʥʠʡ ʩ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʥʠʪʨʦʢʩʠʣʴʥʳʤ ʣʠʛʘʥʜʦʤ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ 

ʪʠʧʠʯʥʳʭ ʩʧʝʢʪʨʦʚ ʕʇʈ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
. [32, 33, 136 ï 138, 149, 152]

 
 



90 

 

ʂʘʢ ʧʨʘʚʠʣʦ, ʩʦʝʜʠʥʝʥʠʷ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R 
ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʭʦʨʦʰʦ 

ʨʘʟʨʝʰʝʥʥʳʝ, ʥʝʧʝʨʝʢʨʳʚʘʶʱʠʝʩʷ ʩʠʛʥʘʣʳ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʠ ʦʜʠʥʦʯʥʦʡ 

ʤʝʜʠ (Cu2), ʢʦʪʦʨʘʷ ʦʢʘʟʳʚʘʝʪʩʷ ʤʘʛʥʠʪʥʦ-ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʠ ʥʝ ʫʯʘʩʪʚʫʝʪ ʚ 

ʧʨʦʠʩʭʦʜʷʱʠʭ ʦʙʤʝʥʥʳʭ ʧʨʦʮʝʩʩʘʭ. ɺ ʩʣʫʯʘʝ ʞʝ ʩʦʝʜʠʥʝʥʠʡ ʩ ʪʨʝʪ-

ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-ʟʘʤʝɦ ʝʥʥʳʤʠ ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ, ʩʠʛʥʘʣʳ ʕʇʈ 

ʤʝʜʠ Cu2 ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʥʝ ʨʘʟʨʝʰʘʶʪʩʷ ʥʠ ʧʨʠ ʢʘʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʪʦ 

ʛʦʚʦʨʠʪ ʦ ʧʨʠʩʫʪʩʪʚʠʠ ʩʠʣʴʥʦʛʦ ʥʘ ʰʢʘʣʝ ʕʇʈ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʚʥʫʪʨʠ ʧʦʣʠʤʝʨʥʦʡ ʮʝʧʠ (ʯʝʛʦ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ ʨʘʥʝʝ). ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʝʜʴ 

Cu2 ʦʢʘʟʳʚʘʝʪʩʷ ʫʞʝ ʥʝ ʤʘʛʥʠʪʥʦ-ʠʟʦʣʠʨʦʚʘʥʥʦʡ, ʢʘʢ ʨʘʥʝʝ ʚ ʩʦʝʜʠʥʝʥʠʷʭ 

Cu(hfac)2L
R
, ʘ ʩʚʷʟʘʥʥʦʡ ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩʦ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʦʡ.  

ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʝʩʣʠ ʨʘʥʝʝ ʨʝʘʣʠʟʦʚʳʚʘʣʦʩʴ ʤʝʞʮʝʧʦʯʝʯʥʦʝ ʦʙʤʝʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʪʦ ʪʝʧʝʨʴ ʦʩʥʦʚʥʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʚʥʫʪʨʠʮʝʧʦʯʝʯʥʦʝ 

ʤʝʞʢʣʘʩʪʝʨʥʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʋʤʝʥʴʰʝʥʠʝ ʚʝʣʠʯʠʥʳ ʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʮʝʧʷʤʠ ʧʨʠʚʝʣʦ ʢ ʦʜʥʦʚʨʝʤʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ 

ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ï ʵʪʦ ʠʥʪʝʨʝʩʥʳʡ ʠ 

ʚʘʞʥʳʡ ʨʝʟʫʣʴʪʘʪ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʥʠʤʘʥʠʷ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʭ 

ʢʦʨʨʝʣʷʮʠʡ ʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ.  

ʅʝʩʤʦʪʨʷ ʥʘ ʦʙʤʝʥʥʦʝ ʩʫʞʝʥʠʝ ʠ ʥʝʨʘʟʨʝʰʝʥʥʦʩʪʴ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ 

ʣʠʥʠʡ ʕʇʈ, ʩʧʝʢʪʨʳ ʧʦ-ʧʨʝʞʥʝʤʫ ʦʩʪʘʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʠʥʬʦʨʤʘʪʠʚʥʳʤʠ. 

ɺʠʜʥʦ, ʯʪʦ ʬʦʨʤʘ ʩʧʝʢʪʨʦʚ ʧʨʝʪʝʨʧʝʚʘʝʪ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. ʊʘʢ, ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2Ltert
Me

 ʠ 

Cu(hfac)2Ltert
Et

 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʘ ʷʚʥʦ ʨʘʟʣʠʯʠʤʳʭ 

ʪʠʧʘ ʩʧʝʢʪʨʦʚ: 1) ʦʙʤʝʥʥʦ-ʩʫʞʝʥʥʳʡ, ʥʝʨʘʟʨʝʰʝʥʥʳʡ, ʙʣʠʟʢʠʡ ʢ ʠʟʦʪʨʦʧʥʦʤʫ 

ʩʧʝʢʪʨ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʠ 2) ʩʧʝʢʪʨ ʙʦʣʝʝ ʩʣʦʞʥʦʡ 

ʬʦʨʤʳ ʩ ʨʘʟʨʝʰʝʥʥʳʤʠ ʩʧʝʢʪʨʘʣʴʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ (ʧʨʠ ʵʪʦʤ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʢʘʢ ʩʠʛʥʘʣ ʩ g>2, ʪʘʢ ʠ ʩʠʛʥʘʣ ʩ g<2 ï ʧʨʦʷʚʣʝʥʠʝ ʩʠʛʥʘʣʘ 

ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ SS ʩʦʩʪʦʷʥʠʠ) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. 
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ʈʠʩʫʥʦʢ 30 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ ʕʇʈ Q-ʜʠʘʧʘʟʦʥʘ (ɜmwå33.52 ɻɻʮ) 

ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2Ltert
Me

 (ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ) ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 293-80 ʂ 

(ʫʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ ʩʧʨʘʚʘ). ʉʦʦʪʚʝʪʩʪʚʠʝ ʩʧʝʢʪʨʦʚ SS ʠʣʠ WS ʩʧʠʥʦʚʦʤʫ ʩʦʩʪʦʷʥʠʶ 

ʫʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ ʩʣʝʚʘ. ʈʘʩʯʝʪʥʳʝ ʩʧʝʢʪʨʳ ʧʨʠ 293 ʂ ʠ 80 ʂ ʧʦʢʘʟʘʥʳ ʢʨʘʩʥʦʡ 

ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʣʝʜʫʶʱʠʡ ʥʘʙʦʨ ʧʘʨʘʤʝʪʨʦʚ: gR = 

2.007, gCu1 = [2.05; 2.10; 2.30], gCu2= [2.075; 2.075;2.370]; ʧʨʠ 293 ʂ:  Ű=1Ā10
-10

 c
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 = 8Ā10
-
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ʈʠʩʫʥʦʢ 31 ï  ʅʘʛʣʷʜʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (ʚʳʜʝʣʝʥʦ ʛʦʣʫʙʳʤ) ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʩʪʨʫʢʪʫʨʥʳʤ ʧʦʣʠʤʝʨʥʳʤ ʮʝʧʷʤ ʚ 

ʩʦʝʜʠʥʝʥʠʷʭ ʪʠʧʘ Cu(hfac)2Lter
R
 (R=Me, Et, Pr).  

ɼʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2Ltert
Pr

 ʚʦ ʚʩʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ T=75-293 ʂ ʟʥʘʯʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʬʦʨʤʳ ʣʠʥʠʡ ʠ ʠʭ ʧʦʣʦʞʝʥʠʡ 

ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʦʜʥʘʢʦ ʩʧʝʢʪʨ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʧʦʤʠʥʘʝʪ ʦʜʠʥ ʠʟ 

ʩʧʝʢʪʨʦʚ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2Ltert
Et

 ʚ ʧʨʦʮʝʩʩʝ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ (ʨʠʩʫʥʦʢ 

33). ʇʦʩʣʝʜʥʝʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʯʘʣʝ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ Cu(hfac)2Ltert
Pr

 ʚ 

ʨʘʡʦʥʝ ʢʦʤʥʘʪʥʳʭ ʪʝʤʧʝʨʘʪʫʨ, ʦʜʥʘʢʦ ʪʝʨʤʠʯʝʩʢʦʝ ʨʘʟʣʦʞʝʥʠʝ ʚʝʱʝʩʪʚʘ ʧʨʠ 

ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʩʢʣʶʯʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʩʝʛʦ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ.  
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ʈʠʩʫʥʦʢ 32 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ ʕʇʈ Q-ʜʠʘʧʘʟʦʥʘ (ɜmwå33.85 ɻɻʮ) 

ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2Ltert
Et

 (ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ) ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 200-75 ʂ 

(ʫʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ ʩʧʨʘʚʘ). ʉʦʦʪʚʝʪʩʪʚʠʝ ʩʧʝʢʪʨʦʚ SS ʠʣʠ WS ʩʧʠʥʦʚʦʤʫ ʩʦʩʪʦʷʥʠʶ 

ʫʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ ʩʣʝʚʘ. ʈʘʩʯʝʪʥʳʝ ʩʧʝʢʪʨ r ʧʨʠ 200 ʂ ʠ 75 ʂ ʧʦʢʘʟʘʥ r ʢʨʘʩʥʦʡ 

ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʣʝʜʫʶʱʠʡ ʥʘʙʦʨ ʧʘʨʘʤʝʪʨʦʚ: gR = 

2.007, gCu1 = [2.05; 2.10; 2.30], gCu2= [2.075; 2.075; 2.370]; ʧʨʠ 200 ʂ: Ű= 1Ā10
-10
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ʈʠʩʫʥʦʢ 33 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ ʕʇʈ Q-ʜʠʘʧʘʟʦʥʘ (ɜmwå33.85 ɻɻʮ) 

ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2Ltert
Pr

 (ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ) ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 293-75 ʂ 

(ʫʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ ʩʧʨʘʚʘ). ʉʦʦʪʚʝʪʩʪʚʠʝ ʩʧʝʢʪʨʦʚ SS ʠʣʠ WS ʩʧʠʥʦʚʦʤʫ ʩʦʩʪʦʷʥʠʶ 

ʫʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ ʩʣʝʚʘ. ʈʘʩʯʝʪʥʳʡ ʩʧʝʢʪʨ ʧʨʠ 75 ʂ ʧʦʢʘʟʘʥ ʢʨʘʩʥʦʡ ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ. 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʣʝʜʫʶʱʠʡ ʥʘʙʦʨ ʧʘʨʘʤʝʪʨʦʚ: gR = 2.007, gCu1 = [2.05; 

2.10; 2.30], gCu2= [2.075; 2.075; 2.370]; ʧʨʠ 75 ʂ: Ű= 1.1Ā10
-11

 c
-1
, T2

triad
 = 1.5Ā10

-10
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-1
, T2

Cu2
 = 

4Ā10
-6

 ʩ
-1
, ɗ = 77Á. 

ʅʘʣʠʯʠʝ ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʚʥʫʪʨʠʮʝʧʦʯʝʯʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʝʞʜʫ ʩʧʠʥʦʤ ʪʨʠʘʜʳ ʠ ʩʧʠʥʦʤ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ(II) ʫʩʣʦʞʥʷʝʪ ʠʥʪʝʨʧʨʝʪʘʮʠʶ 

ʩʧʝʢʪʨʦʚ, ʠ ʜʣʷ ʙʦʣʝʝ ʧʦʣʥʦʛʦ ʧʦʥʠʤʘʥʠʷ ʩʧʝʢʪʨʦʚ ʪʨʝʙʫʝʪʩʷ ʧʨʠʚʣʝʯʝʥʠʝ 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  
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4.3 ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ 

ʉʧʠʥʦʚʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ Cu(hfac)2Ltert
R
 ʤʦʞʥʦ 

ʟʘʧʠʩʘʪʴ ʚ ʩʣʝʜʫʶʱʝʤ ʦʙʱʝʤ ʚʠʜʝ: 

H = ɼἌἯR ἡR1 + ἡR2 + ɼἌἯCu1ἡCu1 2J ἡR1 + ἡR2 ἡCu1 + ɼἌἯCu2ἡCu2 + Hinter    (10)  

ʛʜʝ ʧʝʨʚʳʝ ʪʨʠ ʩʣʘʛʘʝʤʳʭ ʦʪʥʦʩʷʪʩʷ ʢ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʝ, ʠʥʜʝʢʩʳ R1 ʠ R2 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʥʠʪʨʦʢʩʠʣʴʥʳʤ ʨʘʜʠʢʘʣʘʤ ʚ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʝ, ʠʥʜʝʢʩ Cu1 

ʦʪʥʦʩʠʪʩʷ ʢ ʤʝʜʠ ʚ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʝ, ʘ g
R
 ʠ g

Cu1
 ï ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ g-ʪʝʥʟʦʨʳ. 

ʅʠʪʨʦʢʩʠʣʴʥʳʝ ʨʘʜʠʢʘʣʳ R1 ʠ R2 ʧʦʣʘʛʘʶʪʩʷ ʦʜʠʥʘʢʦʚʳʤʠ ʩ ʠʟʦʪʨʦʧʥʳʤ g-

ʬʘʢʪʦʨʦʤ. B ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʥʝʰʥʝʤʫ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ, ʥʘʧʨʘʚʣʝʥʥʦʤʫ ʚʜʦʣʴ 

ʦʩʠ z, J ï ʦʙʤʝʥʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʚ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʝ ʤʝʞʜʫ Cu1 ʠ ʢʘʞʜʳʤ 

ʠʟ ʥʠʪʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ (ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ J ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ). ɼʣʷ ʧʨʦʩʪʦʪʳ ʤʦʜʝʣʠ ʤʦʞʥʦ 

ʧʨʝʥʝʙʨʝʯʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʨʘʜʠʢʘʣʦʚ ʚ ʪʨʠʘʜʝ, ʧʦʩʢʦʣʴʢʫ ʦʙʤʝʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʨʘʜʠʢʘʣʘʤʠ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ ʥʝʩʢʦʣʴʢʠʭ ʩʤ
-1
, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʤʝʜʴʶ ʠ ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ 

ʨʘʜʠʢʘʣʘʤʠ ʜʦʩʪʠʛʘʝʪ ʩʦʪʝʥ ʩʤ
-1
. ʏʝʪʚʝʨʪʦʝ ʩʣʘʛʘʝʤʦʝ ʦʪʥʦʩʠʪʩʷ ʢ ʦʜʠʥʦʯʥʦʡ 

ʤʝʜʠ Cu2 ʩ g-ʬʘʢʪʦʨʦʤ g
Cu2
. ʇʦʩʣʝʜʥʝʝ ʩʣʘʛʘʝʤʦʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪ 

ʤʝʞʢʣʘʩʪʝʨʥʳʝ ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʥʠʤʠ. ʅʘʧʦʤʥʠʤ, ʯʪʦ ʚ 

ʦʪʩʫʪʩʪʚʠʠ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʦʜʠʥʦʯʥʦʡ ʤʝʜʴʶ ʠ ʩʧʠʥʦʚʦʡ 

ʪʨʠʘʜʦʡ (Hinter = 0), ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʫʨʦʚʥʝʡ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ (|J|èB) 

ʩʦʩʪʦʠʪ ʠʟ ʪʨʝʭ ʤʫʣʴʪʠʧʣʝʪʦʚ: ʜʚʫʭ ʜʫʙʣʝʪʦʚ (A ʠ B) ʠ ʦʜʥʦʛʦ ʢʚʘʨʪʝʪʘ (C) ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ g-ʪʝʥʟʦʨʘʤʠ (ʬʦʨʤʫʣʘ 4). [149, 155] 

ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʩʧʠʥʦʚʘʷ 

ʪʨʠʘʜʘ ʥʘʭʦʜʠʪʩʷ ʚ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʤ SS ʩʦʩʪʦʷʥʠʠ (|J|èkT, J<0), ʧʨʠ ʵʪʦʤ 

ʟʘʩʝʣʝʥ ʪʦʣʴʢʦ ʥʠʞʥʠʡ ʤʫʣʴʪʠʧʣʝʪ A ʠ ʵʬʬʝʢʪʠʚʥʳʡ g-ʬʘʢʪʦʨ ʩʧʠʥʦʚʦʡ 

ʪʨʠʘʜʳ ʨʘʚʝʥ g
A
. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 

ʩʧʠʥʦʚʘʷ ʪʨʠʘʜʘ ʥʘʭʦʜʠʪʩʷ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ WS ʩʦʩʪʦʷʥʠʠ (|J|çkT) ʠ 

ʦʧʠʩʳʚʘʝʪʩʷ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ [32], ʪʝʥʟʦʨʦʤ g
C
. ɺ ʜʘʥʥʦʡ 
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ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʩʧʠʥʦʚʘʷ ʪʨʠʘʜʘ ʙʫʜʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ 

ʵʬʬʝʢʪʠʚʥʳʡ ʧʘʨʘʤʘʛʥʠʪʥʳʡ ʮʝʥʪʨ ʩʦ ʩʧʠʥʦʤ 1/2 ʠ g-ʬʘʢʪʦʨʦʤ g
A
 ʧʨʠ 

ʥʘʭʦʞʜʝʥʠʠ ʚ SS ʩʦʩʪʦʷʥʠʠ, ʠ ʢʘʢ ʵʬʬʝʢʪʠʚʥʳʡ ʧʘʨʘʤʘʛʥʠʪʥʳʡ ʮʝʥʪʨ ʩʦ 

ʩʧʠʥʦʤ 3/2 ʠ g-ʬʘʢʪʦʨʦʤ g
ʉ
 ʧʨʠ ʥʘʭʦʞʜʝʥʠʠ ʚ WS ʩʦʩʪʦʷʥʠʠ. 

ʄʝʞʢʣʘʩʪʝʨʥʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ Hinter  ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʚ 

ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʝ: 

Hinter =  В2Jinter Si
Cu2Si

triad  ,       (11) 

ʛʜʝ ʩʫʤʤʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʧʦ ʙʝʩʢʦʥʝʯʥʦʡ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʦʡ 

ʧʦʣʠʤʝʨʥʦʡ ʮʝʧʠ. ɹʝʩʢʦʥʝʯʥʘʷ ʮʝʧʴ ʤʦʞʝʪ ʙʳʪʴ ʩʤʦʜʝʣʠʨʦʚʘʥʘ ʢʦʣʴʮʝʚʦʡ 

ʩʪʨʫʢʪʫʨʦʡ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʜʦʩʪʘʪʦʯʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʬʨʘʛʤʝʥʪʦʚ, ʯʪʦʙʳ 

ʜʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʠʭ ʯʠʩʣʘ ʫʞʝ ʥʝ ʩʢʘʟʳʚʘʣʦʩʴ ʥʘ ʠʪʦʛʦʚʦʡ ʬʦʨʤʝ 

ʩʧʝʢʪʨʘ. ʆʜʥʘʢʦ ʧʨʠ ʪʘʢʦʡ ʬʦʨʤʝ ʟʘʧʠʩʠ ʚ ʚʠʜʝ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ 

ʥʝʚʦʟʤʦʞʥʦ ʫʯʝʩʪʴ ʜʠʥʘʤʠʢʫ ʚʩʣʝʜʩʪʚʠʝ ʜʝʪʝʢʪʠʨʦʚʘʥʠ ̫ ʩʧʝʢʪʨʦʚ 

ʤʠʢʨʦʚʦʣʥʦʚʳʤ ʧʦʣʝʤ, ʘ ʟʥʘʯʠʪ ʠ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʥʘʙʣʶʜʘʝʤʫʶ 

ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʬʦʨʤʫ ʣʠʥʠʡ.  

ʇʦʵʪʦʤʫ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʕʇʈ, ʢʦʪʦʨʳʝ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʫʧʝʨʧʦʟʠʮʠʶ ʦʙʤʝʥʥʦ-ʩʫʞʝʥʥʳʭ ʩʠʛʥʘʣʦʚ ʦʜʠʥʦʯʥʦʡ 

ʤʝʜʠ ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ, ʩʥʘʯʘʣʘ ʥʘʭʦʜʠʣʠʩʴ ʧʨʠʥʮʠʧʠʘʣʴʥʳʝ ʧʦʟʠʮʠʠ ʣʠʥʠʡ 

ʠʟ ʨʝʰʝʥʠʷ ʩʧʠʥʦʚʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʦʪʜʝʣʴʥʦ ʜʣʷ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʠ ʜʣʷ 

ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ, ʘ ʟʘʪʝʤ ʧʨʦʮʝʩʩ ʯʘʩʪʦʪʥʦʛʦ ʦʙʤʝʥʘ ʤʦʜʝʣʠʨʦʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ɹʣʦʭʘ [169, 170]. ʇʦʜʦʙʥʳʡ ʧʦʜʭʦʜ ʨʘʥʝʝ 

ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʣʩʷ ʢ ʩʠʩʪʝʤʘʤ ʪʠʧʘ Cu(hfac)2L
R
. [137, 151] ʇʨʠ ʵʪʦʤ ʩʠʩʪʝʤʘ 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ 

ʟʘʧʠʩʘʥʘ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ:  

ὨὋὸὶὭὥὨ

Ὠὸ
=

1

Ὕ2
ὸὶὭὥὨ ὭϽ‫ ‫ὸὶὭὥὨ

1

†ὸὶὭὥὨ
ϽὋὸὶὭὥὨ+

1

†ὅό2ϽὋ
ὅό2 ὭϽ‫1Ͻὓ0

ὸὶὭὥὨ (12)  

ὨὋὅό2

Ὠὸ
=

1

Ὕ2
ὅό2 ὭϽ‫ ‫ὅό2

1

†ὅό2 ϽὋ
ὅό2 +

1

†ὸὶὭὥὨ
ϽὋὸὶὭὥὨ ὭϽ‫1Ͻὓ0

ὅό2 ,  

 ʛʜʝ ʢʦʤʧʣʝʢʩʥʳʝ ʧʝʨʝʤʝʥʥʳʝ ὋὸὶὭὥὨ,ὅό2 = ὓὼ
ὸὶὭὥὨ,ὅό2 Ὥὓώ

ὸὶὭὥὨ,ὅό2 

ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʧʦʧʝʨʝʯʥʫʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʠ ʦʜʠʥʦʯʥʦʡ 
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ʤʝʜʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ὓ0
ὸὶὭὥὨ,ὅό2 ï ʠʭ ʨʘʚʥʦʚʝʩʥʳʝ ʟʥʘʯʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

(ʧʦʣʘʛʘʝʤ, ʯʪʦ ὓᾀ
ὸὶὭὥὨ,ὅό2 ὓ0

ὸὶὭὥὨ,ὅό2), ,ï ʘʤʧʣʠʪʫʜʘ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʧʦʣʷ ‫1 

Ὕ2
ὸὶὭὥὨ,ὅό2  ï ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʚʨʝʤʝʥʘ ʧʦʧʝʨʝʯʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʵʪʠʭ ʮʝʥʪʨʦʚ, ʘ 

 †ὸὶὭὥὨ,ὅό2 ʭʘʨʘʢʪʝʨʠʟʫʪʁ ʚʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʵʣʝʢʪʨʦʥʘ ʥʘ ʢʘʞʜʦʤ ʠʟ ʜʚʫʭ 

ʮʝʥʪʨʦʚ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʨʘʪʥʦʡ ʚʝʣʠʯʠʥʝ ʩʢʦʨʦʩʪʠ ʦʙʤʝʥʘ ʤʝʞʜʫ ʪʨʠʘʜʦʡ 

ʠ ʦʜʠʥʦʯʥʦʡ ʤʝʜʴʶ. 

ʌʦʨʤʘ ʣʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ ʩʧʝʢʪʨʘ ʕʇʈ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʯʠʩʣʝʥʥʦʛʦ 

ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ (12) ʚ ʫʩʣʦʚʠʷʭ ʩʪʘʮʠʦʥʘʨʘ (ʧʦʣʘʛʘʷ  
ὨὋὸὶὭὥὨ,ὅό2

Ὠὸ
= 0) ʚ ʚʠʜʝ 

ὓώ= Ὅά(ὋὸὶὭὥὨ+ Ὃὅό2). ʅʝʦʙʭʦʜʠʤʦ ʧʨʠʥʷʪʴ ʚʦ ʚʥʠʤʘʥʠʝ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝʩʪʠ ʩʫʤʤʠʨʦʚʘʥʠʝ ʩʧʝʢʪʨʦʚ ʕʇʈ, 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʦʪʜʝʣʴʥʦ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʦʨʠʝʥʪʘʮʠʡ. ʆʪʥʦʩʠʪʝʣʴʥʳʝ ʦʨʠʝʥʪʘʮʠʠ 

g-ʪʝʥʟʦʨʦʚ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʠ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ ʫʯʠʪʳʚʘʣʠʩʴ ʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʢʘʢ ʫʛʦʣ ɗ ʤʝʞʜʫ 

ʫʜʣʠʥʝʥʥʳʤʠ ʦʩʷʤʠ OïCuïO ʠ NïCuïN ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʦʢʪʘʵʜʨʦʚ.  

ʅʘ ʨʠʩʫʥʢʝ 34ʘ (ʚʝʨʭʥʠʡ ʨʷʜ) ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʯʝʪʥʳʝ ʩʧʝʢʪʨʳ 

ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ WS ʩʦʩʪʦʷʥʠʠ (ʭʘʨʘʢʪʝʨʥʳʡ g-ʬʘʢʪʦʨ 

ʨʘʚʝʥ g
C
) ʙʝʟ ʫʯʝʪʘ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɼʣʷ ʷʩʥʦʩʪʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ 

ʩʧʝʢʪʨʳ ʥʦʨʤʠʨʦʚʘʥʳ ʥʘ ʤʘʢʩʠʤʫʤ, ʦʜʥʘʢʦ ʙʝʟ ʥʦʨʤʠʨʦʚʢʠ ʠʭ ʠʥʪʝʛʨʘʣʴʥʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʣʠʯʘʝʪʩʷ ʚ 3 ʨʘʟʘ (3 ʩʧʠʥʘ ʚ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʝ ʠ 1 ʩʧʠʥ ʫ 

ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ). ʅʘ ʨʠʩʫʥʢʝ 34ʘ (ʥʠʞʥʠʡ ʨʷʜ) ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʯʝʪʥʳʝ 

ʩʧʝʢʪʨʳ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ WS ʩʦʩʪʦʷʥʠʠ ʧʨʠ ʚʢʣʶʯʝʥʠʠ 

ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦʛʦ ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʚʥʫʪʨʠʮʝʧʦʯʝʯʥʦʛʦ ʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʉʦʦʪʥʦʰʝʥʠʷ †ὸὶὭὥὨ = 3†ὅό2 = 3†, ὓ0
ὸὶὭὥὨ = 3ὓ0

ὅό2  ʧʦʟʚʦʣʷʶʪ 

ʫʯʝʩʪʴ ʪʨʝʭʢʨʘʪʥʫʶ ʨʘʟʥʠʮʫ ʚ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʡ ʕʇʈ ʦʪ 

ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ ʠ ʪʨʠʘʜʳ.  
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ʈʠʩʫʥʦʢ 34 ï ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʧʝʢʪʨʦʚ ʕʇʈ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2Ltert
R
 

ʚ WS (a) ʠ SS (ʙ) ʩʧʠʥʦʚʳʭ ʩʦʩʪʦʷʥʠʷʭ. ɺ ʚʝʨʭʥʝʤ ʨʷʜʫ ʠʟʦʙʨʘʞʝʥʳ ʦʪʜʝʣʴʥʳʝ ʩʧʝʢʪʨʳ 

ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ (ī) ʠ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ (ī) ʚ ʦʪʩʫʪʩʪʚʠʠ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (Jinter=0). 

ɺ ʥʠʞʥʝʤ ʨʷʜʫ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʥʳʝ ʩʧʝʢʪʨʳ ʧʨʠ ʥʘʣʠʯʠʠ ʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʦʜʠʥʦʯʥʦʡ ʤʝʜʴʶ ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʦʡ (JinterÍ0). ʇʘʨʘʤʝʪʨʳ, 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ, ʫʢʘʟʘʥʳ ʚ ʦʧʠʩʘʥʠʠ ʢ ʨʠʩʫʥʢʘʤ 30, 32, 33. ɼʣʷ ʷʩʥʦʩʪʠ 

ʩʧʝʢʪʨʳ ʥʦʨʤʠʨʦʚʘʥʳ ʥʘ ʤʘʢʩʠʤʫʤ. 

ʅʘ ʨʠʩʫʥʢʝ 34ʙ (ʚʝʨʭʥʠʡ ʨʷʜ) ʧʦʢʘʟʘʥʳ ʨʘʩʯʝʪʥʳʝ ʩʧʝʢʪʨʳ ʦʜʠʥʦʯʥʦʡ 

ʤʝʜʠ ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ SS ʩʦʩʪʦʷʥʠʠ (ʭʘʨʘʢʪʝʨʥʳʡ g-ʬʘʢʪʦʨ ʨʘʚʝʥ g
A
) ʙʝʟ 

ʫʯʝʪʘ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʀʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʙʦʠʭ ʩʧʝʢʪʨʦʚ 

ʦʜʠʥʘʢʦʚʘ, ʧʦʩʢʦʣʴʢʫ ʚ SS ʩʦʩʪʦʷʥʠʠ ʪʨʠʘʜʳ ʟʘʩʝʣʝʥ ʪʦʣʴʢʦ ʥʠʞʥʠʡ ʜʫʙʣʝʪ ʩʦ 

ʩʧʠʥʦʤ S=1/2. ʅʘ ʨʠʩʫʥʢʝ 34ʙ (ʥʠʞʥʠʡ ʨʷʜ) ʠʟʦʙʨʘʞʝʥʳ ʨʘʩʯʝʪʥʳʝ ʩʧʝʢʪʨʳ 

ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ SS ʩʦʩʪʦʷʥʠʠ ʧʨʠ ʥʘʣʠʯʠʠ ʜʦʩʪʘʪʦʯʥʦ 

ʩʠʣʴʥʦʛʦ ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (†ὸὶὭὥὨ = †ὅό2 = †, ὓ0
ὸὶὭὥὨ =

ὓ0
ὅό2).  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ 30 ʠ 32, ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʜʦʩʪʘʪʦʯʥʦ 

ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʶʪ ʧʦʣʦʞʝʥʠʝ ʠ ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʬʦʨʤʫ ʣʠʥʠʡ ʜʣʷ 

ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ SS ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ WS ʩʦʩʪʦʷʥʠʡ ʚ ʩʦʝʜʠʥʝʥʠʷʭ 

Cu(hfac)2Ltert
Me

 ʠ Cu(hfac)2Ltert
Et
. ɺ ʩʣʫʯʘʝ ʩ ʩʦʝʜʠʥʝʥʠʝʤ Cu(hfac)2Ltert

Pr
 



99 

 

ʦʩʥʦʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʩʧʝʢʪʨʘ ʕʇʈ ʪʘʢʞʝ ʦʪʨʘʞʝʥʳ ʚ 

ʤʦʜʝʣʴʥʦʤ ʩʧʝʢʪʨʝ, ʦʜʥʘʢʦ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʠʢʠ ʧʨʠ B=1.05 ʊʣ ʠ B=1.35 ʊʣ ʚ 

ʪʝʦʨʝʪʠʯʝʩʢʦʤ ʩʧʝʢʪʨʝ ʥʝ ʚʦʩʧʨʦʠʟʚʦʜʷʪʩʷ. ɺʝʨʦʷʪʥʦ, ʵʪʠ ʩʠʛʥʘʣʳ ʚʦʟʥʠʢʘʶʪ 

ʠʟ-ʟʘ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʩʣʘʙʦʛʦ ʤʝʞʮʝʧʦʯʝʯʥʦʛʦ ʦʙʤʝʥʘ ʠʣʠ ʞʝ ʚʩʣʝʜʩʪʚʠʝ 

ʜʠʧʦʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʢʦʪʦʨʳʝ ʥʝ ʙʳʣʠ ʫʯʪʝʥʳ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʧʨʦʩʪʦʡ 

ʤʦʜʝʣʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʫʜʘʣʦʩʴ ʜʦʩʪʠʯʴ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʩʦʛʣʘʩʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʜʣʷ ʚʩʝʭ ʪʨʝʭ ʩʦʝʜʠʥʝʥʠʡ. ʊʝʦʨʝʪʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʠʣʦ ʧʦʜʪʚʝʨʜʠʪʴ, ʯʪʦ ʰʠʨʦʢʠʝ ʣʠʥʠʠ ʕʇʈ ʩ 

ʥʝʨʘʟʨʝʰʝʥʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ, ʥʘʙʣʶʜʘʝʤʳʝ ʚ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʷʭ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʧʨʝʜʩʪʘʚʣʷʪʁ ʩʦʙʦʡ ʩʠʛʥʘʣ ʩʧʠʥʦʚʦʡ 

ʪʨʠʘʜʳ ʚ WS ʩʦʩʪʦʷʥʠʠ, ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʦʡ ʩ ʦʜʠʥʦʯʥʦʡ ʤʝʜʴʶ. ʅʘʙʣʶʜʘʝʤʳʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʣʠʥʠʠ ʩ ʨʘʟʨʝʰʝʥʥʳʤʠ 

ʩʧʝʢʪʨʘʣʴʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʦʪʥʦʩʪ̫ʩʷ ʢ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʝ ʚ SS ʩʦʩʪʦʷʥʠʠ, 

ʦʧʷʪʴ ʞʝ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʦʡ ʩ ʦʜʠʥʦʯʥʦʡ ʤʝʜʴʶ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʧʦʣʫʯʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʚʝʣʠʯʠʥʫ ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ 

ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʦʜʠʥʦʯʥʦʡ ʤʝʜʴʶ ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʦʡ. 

ʇʦʩʢʦʣʴʢʫ ʩʠʛʥʘʣʳ ʦʪ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʠ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ ʩʧʝʢʪʨʘʣʴʥʦ ʥʝ 

ʨʘʟʨʝʰʝʥʳ, ʨʘʟʥʠʮʘ ʯʘʩʪʦʪ ʤʝʞʜʫ ʥʠʤʠ (ȿὫὅ,ὃ Ὣὅό2ȿ) ʜʦʣʞʥʘ ʙʳʪʴ ʤʝʥʴʰʝ, 

ʯʝʤ ʩʢʦʨʦʩʪʴ ʩʧʠʥʦʚʦʛʦ ʦʙʤʝʥʘ (1/†~2ὐὭὲὸὩὶ), ʯʪʦ ʜʘʝʪ ȿὐὭὲὸὩὶȿ> 2.5Ͻ

109 ὧ1~0.1 ʩʤ1. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ: ʥʘʠʣʫʯʰʝʝ ʩʦʛʣʘʩʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ 

ʩʧʝʢʪʨʦʚ ʫʜʘʝʪʩʷ ʜʦʩʪʠʯʴ ʧʨʠ ȿὐὭὲὸὩὶȿ> 5Ͻ109 ὧ1~0.15 ʩʤ1 ʜʣʷ 

ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ WS ʩʦʩʪʦʷʥʠʷ, ʠ ʧʨʠ ȿὐὭὲὸὩὶȿ> 4.5Ͻ1010 ὧ1~1.5 ʩʤ1 ʜʣʷ 

ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ SS ʩʦʩʪʦʷʥʠʷ.  

ʃʶʙʦʧʳʪʥʦ, ʯʪʦ ʩʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʤʝʞʢʣʘʩʪʝʨʥʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʦʜʠʥʦʯʥʦʡ ʤʝʜʴʶ ʠ ʩʧʠʥʦʚʦʡ 

ʪʨʠʘʜʦʡ ʚ SS ʩʦʩʪʦʷʥʠʠ ʥʝʩʢʦʣʴʢʦ ʙʦʣʴʰʝ, ʯʝʤ ʤʝʞʜʫ ʦʜʠʥʦʯʥʦʡ ʤʝʜʴʶ ʠ 

ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʦʡ ʚ WS ʩʦʩʪʦʷʥʠʠ. ʆʜʥʘʢʦ ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ 

ʢɻʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʨʦʪʠʚʦʨʝʯʘʪ ʵʪʦʤʫ (ʰʠʨʠʥʘ ʣʠʥʠʠ ʚ ʩʣʫʯʘʝ WS 
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ʩʦʩʪʦʷʥʠʷ ʥʝʩʢʦʣʴʢʦ ʫʞʝ, ʠ ʣʠʥʠʷ ʚʳʛʣʷʜʠʪ ʙʦʣʝʝ ʠʟʦʪʨʦʧʥʦʡ). ʂʘʞʫʱʝʝʩʷ 

ʧʨʦʪʠʚʦʨʝʯʠʝ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʧʨʠ ʧʝʨʝʭʦʜʝ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʠʟ WS 

ʩʦʩʪʦʷʥʠʷ ʩ ʭʘʨʘʢʪʝʨʥʳʤ g-ʬʘʢʪʦʨʦʤ g
C
 ʚ SS ʩʦʩʪʦʷʥʠʝ ʩ g-ʬʘʢʪʦʨʦʤ g

A
 

ʨʘʟʥʠʮʘ ʚ ʧʦʣʦʞʝʥʠʠ ʕʇʈ ʣʠʥʠʡ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʳʭ ʮʝʥʪʨʦʚ ʩʪʘʥʦʚʠʪʩʷ 

ʙʦʣʴʰʝ (|g
C 
ï g

Cu2
|<|g

A 
ï g

Cu2
|), ʪʘʢ ʯʪʦ ʦʙʤʝʥʥʦ-ʩʫʞʝʥʥʘʷ ʣʠʥʠʷ ʚʳʛʣʷʜʠʪ ʙʦʣʝʝ 

ʰʠʨʦʢʦʡ ʠ ʤʝʥʝʝ ʦʜʥʦʨʦʜʥʦʡ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʟʚʦʣʠʣʦ 

ʛʣʫʙʞʝ ʧʦʥʷʪʴ ʧʨʦʠʩʭʦʜʷʱʠʝ ʤʘʛʥʠʪʥʳʝ ʘʥʦʤʘʣʠʠ ʚ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʪʠʧʘ 

Cu(hfac)2Ltert
R
 ʩ ʤʦʜʠʬʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ, 

ʧʨʘʚʠʣʴʥʦ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʧʨʦʷʚʣʝʥʠʷ ʩʧʠʥʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʪʨʠʘʜʳ ʚ 

ʩʧʝʢʪʨʘʭ ʕʇʈ, ʘ ʪʘʢʞʝ ʦʮʝʥʠʪʴ ʚʝʣʠʯʠʥʫ ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʚʥʫʪʨʠʮʝʧʦʯʝʯʥʦʛʦ 

ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

4.4 ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʕʇʈ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʦʚʳʭ 

ʪʝʨʤʦʧʝʨʝʢʣʶʯʘʝʤʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2Ltert
R
. ʕʪʠ 

ʩʦʝʜʠʥʝʥʠʷ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʠʟʫʯʝʥʥʳʭ ʨʘʥʝʝ ʪʠʧʦʤ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʣʠʛʘʥʜʘ. ʅʘ 

ʦʩʥʦʚʘʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʝʜʳʜʫʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʞʠʜʘʣʦʩʴ, ʯʪʦ ʟʘʤʝʥʘ 

ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʣʠʛʘʥʜʘ ʥʘ ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-ʟʘʤʝʱʝʥʥʳʡ 

ʥʠʪʨʦʢʩʠʣʴʥʳʡ ʨʘʜʠʢʘʣ ʧʨʠʚʝʜʝʪ ʢ ʧʦʜʘʚʣʝʥʠʶ ʤʝʞʮʝʧʦʯʝʯʥʦʛʦ ʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʧʦʣʠʤʝʨʥʳʤʠ ʮʝʧʷʤʠ.  

ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʨʝʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʵʪʦʛʦ ʪʠʧʘ ʩʦʝʜʠʥʝʥʠʡ 

Cu(hfac)2Ltert
Me

, Cu(hfac)2Ltert
Et

 ʠ Cu(hfac)2Ltert
Pr

 ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʘʢʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ ʣʠʛʘʥʜʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʧʦʜʘʚʣʷʝʪ ʤʝʞʮʝʧʦʯʝʯʥʳʡ ʦʙʤʝʥ, ʥʦ ʠ 

ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʤʝʞʢʣʘʩʪʝʨʥʦʛʦ ʚʥʫʪʨʠʮʝʧʦʯʝʯʥʦʛʦ ʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʧʣʦʪʴ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʩʤ
-1
. ʀʟʤʝʥʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʧʝʢʪʨʘʭ ʕʇʈ ʚ ʦʙʤʝʥʥʦ-ʩʫʞʝʥʥʦʡ ʬʦʨʤʝ ʣʠʥʠʡ 

ʠ ʥʝʨʘʟʨʝʰʝʥʥʦʩʪʠ ʩʠʛʥʘʣʦʚ ʦʪ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ. ʅʝʩʤʦʪʨʷ 
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ʥʘ ʪʦ, ʯʪʦ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʩʧʝʢʪʨʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʣʦʞʥʷʝʪʩʷ ʠʟ-ʟʘ ʦʙʤʝʥʥʦʛʦ 

ʩʫʞʝʥʠʷ, ʧʦ-ʧʨʝʞʥʝʤʫ ʠʟʤʝʥʝʥʠʝ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ (SSźWS) ʩʫʱʝʩʪʚʝʥʥʦ 

ʚʣʠʷʝʪ ʥʘ ʚʠʜ ʩʧʝʢʪʨʦʚ ʕʇʈ Cu(hfac)2Ltert
R
.   

ʈʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ɹʣʦʭʘ ʧʦʜʪʚʝʨʜʠʣʠ ʧʨʘʚʠʣʴʥʦʩʪʴ ʦʪʥʝʩʝʥʠʷ 

ʨʘʟʥʦʛʦ ʪʠʧʘ ʩʧʝʢʪʨʦʚ ʢ ʦʜʥʦʤʫ ʠʟ ʜʚʫʭ ʩʧʠʥʦʚʳʭ ʩʦʩʪʦʷʥʠʡ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ. 

ʕʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʷʩʥʦ ʠʣʣʶʩʪʨʠʨʫʝʪ ʫʩʧʝʰʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʕʇʈ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʣʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʩʧʠʥʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʥʦʚʳʭ ʢʦʤʧʣʝʢʩʘʭ 

Cu(hfac)2Ltert
R
 ʠ ʩʦʟʜʘʝʪ ʦʩʥʦʚʫ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʬʬʝʢʪʦʚ 

ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʷʭ, ʢʦʪʦʨʳʝ ʠ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʩʣʝʜʫʶʱʝʡ ʛʣʘʚʝ.  
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ɻʃɸɺɸ 5. ʀɿʋʏɽʅʀɽ ʌʆʊʆʀʅɼʋʎʀʈʆɺɸʅʅʓʍ 

ʄɸɻʅʀʊʅʆ-ʉʊʈʋʂʊʋʈʅʓʍ ɸʅʆʄɸʃʀʁ ɺ 

ʄʆɼʀʌʀʎʀʈʆɺɸʅʅʆʄ ʉʆɽɼʀʅɽʅʀʀ Cu(hfac)2L
Me

tert ʉ 

ʊʈɽʊ-ɹʋʊʀʃʇʀʈɸɿʆʃʀʃʅʀʊʈʆʂʉʀʃʔʅʓʄ ʈɸɼʀʂɸʃʆʄ 

5.1 ɺʚʝʜʝʥʠʝ 

ʂʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ ʨʘʥʝʝ (ʨʘʟʜʝʣ 1.2.4), ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʝʧʷʪʩʪʚʠʡ 

ʥʘ ʧʫʪʠ ʠʟʫʯʝʥʠʷ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʘʭ ʪʠʧʘ 

Cu(hfac)2L
R
 ʷʚʣʷʝʪʩʷ ʠʭ ʢʨʘʡʥʝ ʚʳʩʦʢʘʷ ʦʧʪʠʯʝʩʢʘʷ ʧʣʦʪʥʦʩʪʴ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʠʚʣʝʢʘʪʴ ʣʠʙʦ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ 

ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʩʦʝʜʠʥʝʥʠʡ, ʣʠʙʦ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʤʝʪʦʜʠʢʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 

ʦʙʨʘʟʮʦʚ. ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʤʦʞʝʪ ʩʪʘʪʴ 

ʭʠʤʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʩʦʝʜʠʥʝʥʠʡ, ʘ ʠʤʝʥʥʦ ʠʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ 

ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʣʠʛʘʥʜʘ, ʚʥʦʩʷʱʝʛʦ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ 

ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ. ʇʦʪʝʥʮʠʘʣʴʥʦ, ʪʘʢʦʡ ʧʦʜʭʦʜ 

ʧʦʟʚʦʣʠʪ ʩʥʠʟʠʪʴ ʦʧʪʠʯʝʩʢʫʶ ʧʣʦʪʥʦʩʪʴ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʘ 

ʟʥʘʯʠʪ, ʠ ʩʜʝʣʘʪʴ ʠʭ ʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʤʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠ.̫   

ɺ ʧʨʝʜʳʜʫʱʝʡ ʛʣʘʚʝ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠ ̫ʪʝʨʤʦ-

ʧʝʨʝʢʣʶʯʘʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʚ ʢʘʯʝʩʪʚʝ ʢʦʦʨʜʠʥʠʨʫʶʱʝʛʦ ʣʠʛʘʥʜʘ 

ʚʤʝʩʪʦ ʪʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʥʦʚʳʝ ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-ʟʘʤʝʱʝʥʥʳʝ ʥʠʪʨʦʢʩʠʣʴʥʳʝ 

ʨʘʜʠʢʘʣʳ. ʄʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʠʪʨʦʢʩʠʣʴʥʳʝ ʨʘʜʠʢʘʣʳ ʥʝ ʪʦʣʴʢʦ ʧʦʟʚʦʣʷʶʪ 

ʠʟʤʝʥʠʪʴ ʥʘʧʨʘʚʣʝʥʠʝ ʢʘʥʘʣʦʚ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠ,̫ ʥʦ ʠ ʦʙʣʘʜʘʶʪ 

ʩʫʱʝʩʪʚʝʥʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʧʝʨʝʜ ʠʭ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʘʥʘʣʦʛʘʤʠ ï 

ʢʦʵʬʬʠʮʠʝʥʪ ʵʢʩʪʠʥʢʮʠʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʨʘʜʠʢʘʣʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ 

ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ, ʯʪʦ ʢʨʘʡʥʝ ʧʝʨʩʧʝʢʪʠʚʥʦ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʢʦʤʧʣʝʢʩʘʭ ʥʘ ʠʭ ʦʩʥʦʚʝ.  ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʦʢʘʟʘʣʦʩʴ, ʯʪʦ 
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ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʢʦʤʧʣʝʢʩʳ ʪʠʧʘ Cu(hfac)2Ltert
R 
ʦʙʣʘʜʘʶʪ ʤʝʥʴʰʠʤ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʦʛʣʦʱʝʥʠ ̫ʚ ʚʠʜʠʤʦʤ ʠ ʙʣʠʞʥʝʤ ʋʌ ʜʠʘʧʘʟʦʥʝ. ʋʤʝʥʴʰʝʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʚ ʥʝʦʙʭʦʜʠʤʦʤ ʥʘʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʝʣʘʝʪ 

ʠʭ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʜʣʷ ʨʝʰʝʥʠʷ ʦʟʚʫʯʝʥʥʦʡ ʚʳʰʝ ʟʘʜʘʯʠ ʠ 

ʪʨʝʙʫʝʪ ʜʝʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ ʷʚʣʝʥʠʷ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʜʘʥʥʦʤ ʪʠʧʝ 

ʩʦʝʜʠʥʝʥʠʡ.  

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʭ ʘʥʦʤʘʣʠʡ ʚ ʦʜʥʦʤ ʠʟ 

ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʥʦʚʳʭ, ʦʧʪʠʯʝʩʢʠ ʙʦʣʝʝ ʧʨʦʟʨʘʯʥʳʭ, ʩʦʝʜʠʥʝʥʠʡ ʩ ʪʨʝʪ-

ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-ʟʘʤʝʱʝʥʥʳʤ ʥʠʪʨʦʢʩʠʣʴʥʳʤ ʨʘʜʠʢʘʣʦʤ ʩ ʤʝʪʠʣʴʥʳʤ 

ʟʘʤʝʩʪʠʪʝʣʝʤ. ɺ ʭʦʜʝ ʧʦʜʨʦʙʥʦʛʦ ʠʟʫʯʝʥʠʷ ʵʪʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚʳʷʚʠʣʠʩʴ ʢʘʢ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʜʘʥʥʦʛʦ ʪʠʧʘ ʩʦʝʜʠʥʝʥʠʡ (ʫʣʫʯʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʬʦʪʦʦʙʣʫʯʝʥʠʷ, ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʙʣʶʜʝʥʠʷ LIESST-ʵʬʬʝʢʪʘ), ʪʘʢ ʠ 

ʠʭ ʚʦʟʤʦʞʥʳʝ ʥʝʜʦʩʪʘʪʢʠ (ʥʝʜʦʩʪʘʪʦʯʥʘʷ ʭʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ). ʅʘ 

ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʦʡ ʚ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʥʬʦʨʤʘʮʠʠ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ 

ʜʘʣʴʥʝʡʰʘʷ ʩʪʨʘʪʝʛʠʷ ʧʦ ʫʣʫʯʰʝʥʠʶ ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ 

Cu(hfac)2L
R
. 

5.2 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

5.2.1 ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ ʠ ʝʛʦ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ɺʩʣʝʜʩʪʚʠʝ ʚʳʩʦʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʵʢʩʪʠʥʢʮʠʠ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ 

Cu(hfac)2L
R
 ʚ ʋʌ ʠ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʘʭ, ʥʘʙʣʶʜʝʥʠʝ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ 

LIESST-ʵʬʬʝʢʪʘ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʨʘʥʝʝ ʙʳʣʦ ʥʝʚʦʟʤʦʞʥʳʤ. ʕʪʘ ʧʨʦʙʣʝʤʘ 

ʯʘʩʪʠʯʥʦ ʨʝʰʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦʡ ʧʨʦʮʝʜʫʨʳ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 

ʦʙʨʘʟʮʦʚ: ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʧʦʨʦʰʦʢ ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 

ʩʤʝʰʠʚʘʣʩʷ ʩ ʛʣʠʮʝʨʠʥʦʤ, ʜʘʣʝʝ ʧʦʣʫʯʝʥʥʘʷ ʩʫʩʧʝʥʟʠʷ ʧʦʜʚʝʨʛʘʣʘʩʴ ʙʳʩʪʨʦʡ 

ʟʘʤʦʨʦʟʢʝ. [33, 138, 139] ʆʜʥʘʢʦ ʪʘʢʘʷ ʤʝʪʦʜʠʢʘ ʧʨʠʤʝʥʠʤʘ ʪʦʣʴʢʦ ʜʣʷ ʢʨʘʡʥʝ 
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ʩʪʘʙʠʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ; ʢʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʣʘʚʣʝʥʠʷ ʛʣʠʮʝʨʠʥ ʯʘʩʪʠʯʥʦ ʨʘʩʪʚʦʨʷʝʪ ʧʦʣʠʤʝʨʥʳʝ ʮʝʧʠ ʩʦʝʜʠʥʝʥʠʷ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʨʘʪʠʤʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. ʅʝʩʧʦʩʦʙʥʦʩʪʴ ʢ 

ʤʥʦʛʦʢʨʘʪʥʳʤ ʪʝʨʤʠʯʝʩʢʠʤ ʧʝʨʝʢʣʶʯʝʥʠʷʤ, ʩʣʦʞʥʦʩʪʴ ʧʨʠʛʦʪʦʚʣʝʥʠʷ, 

ʥʝʜʦʩʪʘʪʦʯʥʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʤ ʤʝʪʦʜʦʤ ï ʚʩʝ ʵʪʦ 

ʩʪʠʤʫʣʠʨʦʚʘʣʦ ʘʢʪʠʚʥʳʡ ʧʦʠʩʢ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʫʣʫʯʰʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʦʛʦ ʢʘʥʜʠʜʘʪʘ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʩʦʝʜʠʥʝʥʠʝ Cu(hfac)2Ltert
Me

 ʩ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʣʠʛʘʥʜʘ. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʢʘʢ ʚʠʜʥʦ ʠʟ ʩʨʘʚʥʝʥʠʷ ʨʠʩʫʥʢʦʚ 35, 36, ʩʦʝʜʠʥʝʥʠʝ 

Cu(hfac)2Ltert
Me

 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʙʦʣʴʰʫʶ ʦʧʪʠʯʝʩʢʫʶ ʧʨʦʟʨʘʯʥʦʩʪʴ ʚ ʜʠʘʧʘʟʦʥʝ 

400-700 ʥʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ Cu(hfac)2L
R
. ʂʨʦʤʝ 

ʪʦʛʦ, ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʧʝʨʝʩʪʨʦʡʢʠ ʚ Cu(hfac)2Ltert
Me

 

ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʷʨʢʦ-ʚʳʨʘʞʝʥʥʳʤ ʷʚʣʝʥʠʝʤ ʪʝʨʤʦʭʨʦʤʠʟʤʘ. ʎʚʝʪ ʢʨʠʩʪʘʣʣʦʚ 

ʤʝʥʷʝʪʩʷ ʦʪ ʪʝʤʥʦ-ʞʝʣʪʦʛʦ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ ʥʘʩʳʱʝʥʥʦ-ʢʨʘʩʥʦʛʦ 

ʮʚʝʪʘ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʨʠʩʫʥʦʢ 24), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʠʣʴʥʦʡ  

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʧʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ.  

ʆʧʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ (T > TST~90 K) ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʪʝʤʧʝʨʘʪʫʨʥʦ-

ʥʝʟʘʚʠʩʠʤʳʭ ʩʠʛʥʘʣʦʚ: ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-

ʟʘʤʝʱʝʥʥʦʛʦ ʨʘʜʠʢʘʣʘ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 450 ʥʤ ʠ ʤʘʣʦʠʥʪʝʥʩʠʚʥʦʛʦ ʰʠʨʦʢʦʛʦ 

ʩʠʛʥʘʣʘ ʚ ʨʘʡʦʥʝ 900 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ d-d ʧʝʨʝʭʦʜʘʤ ʤʝʜʠ(II). ʇʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʪʝʨʤʠʯʝʩʢʦʛʦ ʧʝʨʝʭʦʜʘ (T < TST~90 K) 

ʧʦʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʩʠʛʥʘʣ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 540 ʥʤ. ɼʘʥʥʳʡ ʧʠʢ 

ʤʦʞʝʪ ʙʳʪʴ ʦʪʥʝʩʝʥ ʢ ʧʦʣʦʩʝ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʩ ʤʝʪʘʣʣʘ ʥʘ ʣʠʛʘʥʜ 

(MLCT=metal-ligand charge transfer). ʈʦʩʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʵʪʦʡ ʧʦʣʦʩʳ 

ʧʦʛʣʦʱʝʥʠʷ ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʚʷʟʘʥ ʩ ʩʦʢʨʘʱʝʥʠʝʤ ʜʣʠʥʳ ʩʚʷʟʠ 

ʤʝʞʜʫ ʤʝʜʴʶ ʠ ʢʠʩʣʦʨʦʜʦʤ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ, ʢʦʪʦʨʘʷ ʫʤʝʥʴʰʘʝʪʩʷ 

ʧʨʠ ʩʧʠʥʦʚʦʤ ʧʝʨʝʭʦʜʝ ʧʦʯʪʠ ʥʘ 12%. ʇʨʠʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʣʠʛʘʥʜʘ, ʚ ʢʣʘʩʩʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ 

Cu(hfac)2L
R
 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʪʘʢʞʝ 
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ʥʘʙʣʶʜʘʝʪʩʷ MLCT ʧʦʣʦʩʘ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ʦʢʦʣʦ 500 ʥʤ 

(ʨʠʩʫʥʦʢ 36). [139]  

 

 

ʈʠʩʫʥʦʢ 35 ï (ʘ) ʉʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʚ ʋʌ ʠ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʩʦʝʜʠʥʝʥʠʷ 

Cu(hfac)2Ltert
Me
, ʩʧʨʝʩʩʦʚʘʥʥʦʛʦ  ʚ ʪʘʙʣʝʪʢʫ KBr. ʉʧʝʢʪʨʳ ʧʦʣʫʯʝʥʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 80 K 

(½)  ʠ 150 K (½); ʦʧʪʠʯʝʩʢʘʷ ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ º0.05 ʧʨʠ l=450 ʥʤ. MLCT ʧʦʣʦʩʘ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʣʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ ʩ ʤʘʢʩʠʤʫʤʦʤ ʚ ʨʘʡʦʥʝ 540 ʥʤ. (ʙ) ʉʧʝʢʪʨ ʧʦʛʣʦʱʝʥʠʷ ʚ 

ʋʌ ʠ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2Ltert
Me
, ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʚ ʛʝʢʩʘʥʝ. ɼʣʷ ʚʩʝʭ 

ʩʧʝʢʪʨʦʚ ʧʨʦʠʟʚʝʜʝʥʘ ʢʦʨʨʝʢʮʠʷ ʙʘʟʦʚʦʡ ʣʠʥʠʠ. 

ɺ ʧʨʝʜʳʜʫʱʝʡ ʛʣʘʚʝ ʙʳʣʠ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʕʇʈ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ 

ʩʝʤʝʡʩʪʚʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚʠʜʘ Cu(hfac)2Ltert
R
, ʛʜʝ R=Me, Et, Pr. 

ʇʨʠʥʮʠʧʠʘʣʴʥʦ ʚʘʞʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʪʦʡ ʛʣʘʚʳ ʷʚʣʷʝʪʩʷ ʪʦʪ 

ʬʘʢʪ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʦʙʤʝʥʥʦ-ʩʫʞʝʥʥʳʡ ʪʠʧ ʩʧʝʢʪʨʦʚ ʕʇʈ ʜʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ (ʧʨʠʯʠʥʦʡ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʩʠʣʴʥʦʝ ʤʝʞʢʣʘʩʪʝʨʥʦʝ ʦʙʤʝʥʥʦʝ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʜʦʣʴ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ), ʩʧʝʢʪʨʳ WS ʠ SS ʩʦʩʪʦʷʥʠʡ 

ʨʘʟʣʠʯʠʤʳ ʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ: 1) ʧʨʘʢʪʠʯʝʩʢʠ ʠʟʦʪʨʦʧʥʫʶ ʣʠʥʠʶ ʜʣʷ WS 

ʩʦʩʪʦʷʥʠʷ, ʠ 2) ʣʠʥʠʶ ʩ ʨʘʟʨʝʰʝʥʥʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʚ SS 

ʩʦʩʪʦʷʥʠʠ, ʚ ʯʠʩʣʝ ʢʦʪʦʨʳʭ ʠ ʩʠʛʥʘʣ ʩ g-ʬʘʢʪʦʨʦʤ ʤʝʥʴʰʝ 2, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ 

ʜʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʧʨʝʜʝʣʝʥʠʝ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʪʨʠʘʜ 

ʤʝʪʦʜʦʤ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʕʇʈ ʦʩʪʘʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʠ ʜʣʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ 

ʩʦʝʜʠʥʝʥʠ.̫ 

 

 

ʈʠʩʫʥʦʢ 36 ï ʉʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʚ ʋʌ ʠ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʩʦʝʜʠʥʝʥʠʷ 

Cu(hfac)2L
Pr
, ʠʥʢʦʨʧʦʨʠʨʦʚʘʥʥʦʛʦ ʚ ʇɺʍ ʤʘʪʨʠʮʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T=80-300 K (ʫʢʘʟʘʥʦ ʚ 

ʧʦʜʧʠʩʠ ʩʧʨʘʚʘ). ʗʚʣʝʥʠʝ ʪʝʨʤʦʭʨʦʤʠʟʤʘ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʩʧʨʘʚʘ ʥʘ ʬʦʪʦʛʨʘʬʠʷʭ 

ʧʣʝʥʢʠ, ʢʦʪʦʨʘʷ ʠʟʤʝʥʷʝʪ ʩʚʦʡ ʮʚʝʪ ʦʪ ʬʠʦʣʝʪʦʚʦ-ʩʝʨʦʛʦ ʧʨʠ ʊ=80 ʂ ʜʦ ʛʦʣʫʙʦʚʘʪʦ-ʩʝʨʦʛʦ 

ʧʨʠ ʊ=300 ʂ.  (ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [139]). 

5.2.2 ʌʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʘ ̫ʬʨʘʛʤʝʥʪʘʮʠʷ ʢʨʠʩʪʘʣʣʦʚ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʪʦʥʢʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ 

ʆʞʠʜʘʣʦʩʴ, ʯʪʦ, ʙʣʘʛʦʜʘʨʷ ʙʦʣʴʰʝʡ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ, ʦʙʣʫʯʝʥʠʝ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘ Cu(hfac)2Ltert
Me

 ʧʨʠ ʛʝʣʠʝʚʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ MLCT-ʧʦʣʦʩʝ ʧʦʛʣʦʱʝʥʠʷ, ʧʨʠʚʝʜʝʪ ʢ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠ ʁ

ʚʩʝʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʠʟ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʤʝʪʘʩʪʘʙʠʣʴʥʦʝ 

ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʆʜʥʘʢʦ ʧʦʚʝʜʝʥʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 
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ʦʢʘʟʘʣʦʩʴ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʠʥʳʤ: ʚʳʷʩʥʠʣʦʩʴ, ʯʪʦ ʝʛʦ ʦʙʣʫʯʝʥʠʝ ʠʥʜʫʮʠʨʫʝʪ 

ʬʨʘʛʤʝʥʪʘʮʠʶ ʢʨʠʩʪʘʣʣʘ ʩ ʠʥʪʝʥʩʠʚʥʳʤ ʨʘʟʣʝʪʘʥʠʝʤ ʢʫʩʢʦʚ ʧʦ ʚʩʝʤʫ 

ʜʦʩʪʫʧʥʦʤʫ ʦʙʲʝʤʫ ʘʤʧʫʣʳ. ɼʘʣʴʥʝʡʰʝʝ ʦʙʣʫʯʝʥʠʝ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʥʝʩʢʦʣʴʢʠʭ 

ʤʠʥʫʪ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʤʦʱʥʦʩʪʴʶ ʠʤʧʫʣʴʩʦʚ ʥʝ ʙʦʣʝʝ 0.5-1 ʤɼʞ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʩʪʝʧʝʥʥʦʡ ʬʨʘʛʤʝʥʪʘʮʠʠ ʚʩʝʭ ʢʨʠʩʪʘʣʣʦʚ ʠ ʟʘʚʝʨʰʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝʤ 

ʩʪʘʙʠʣʴʥʦʡ ʪʦʥʢʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ, ʢʦʪʦʨʘʷ ʧʨʦʯʥʦ ʜʝʨʞʠʪʩʷ ʥʘ 

ʚʥʫʪʨʝʥʥʠʭ ʩʪʝʥʢʘʭ ʘʤʧʫʣʳ (ʨʠʩʫʥʦʢ 37); ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʚ 

ʧʣʝʥʢʝ ʥʝ ʧʨʝʚʳʰʘʝʪ 1-2 ʤʢʤ. 

 

ʈʠʩʫʥʦʢ 37 ï (ʘ) ʂʚʘʨʮʝʚʘʷ ʘʤʧʫʣʘ ʩ ʤʦʥʦʢʨʠʩʪʘʣʣʦʤ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2Ltert
Me

 

ʧʝʨʝʜ ʦʙʣʫʯʝʥʠʝʤ. (ʙ) ʠ (ʚ) ʊʦʥʢʘʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʧʣʝʥʢʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʘʷ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʦʙʣʫʯʝʥʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 540 ʥʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʞʠʜʢʦʛʦ ʘʟʦʪʘ (77 ʂ) ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ 2 ʤʠʥʫʪ, ʬʦʪʦʛʨʘʬʠʷ ʩʜʝʣʘʥʘ ʧʨʠ (ʙ) ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, (ʚ) ʧʨʠ 77 ʂ.  

 ʌʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʘ ̫ ʬʨʘʛʤʝʥʪʘʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʯʪʦ ʜʘʝʪ ʦʩʥʦʚʘʥʠʷ 

ʩʚʷʟʳʚʘʪʴ ʝʝ ʠʤʝʥʥʦ ʩ ʨʝʟʢʠʤ ʫʚʝʣʠʯʝʥʠʝʤ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʨʠ 

ʙʳʩʪʨʦʤ ʧʝʨʝʭʦʜʝ ʪʨʠʘʜʳ ʠʟ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ 

(ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʜʣʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʠʤʝʨʥʦ ʥʘ 

5% ʙʦʣʴʰʝ, ʯʝʤ ʚ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʤ). [158] ʕʪʦʪ ʵʬʬʝʢʪ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʩʥʠʞʝʥʠʠ ʵʣʘʩʪʠʯʥʦʩʪʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʧʦʩʢʦʣʴʢʫ 

ʢʣʘʩʩʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʩʧʦʩʦʙʥʳ ʚʳʜʝʨʞʠʚʘʪʴ ʤʥʦʛʦʢʨʘʪʥʳʝ ʪʝʨʤʦ- ʠ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʧʝʨʝʢʣʶʯʝʥʠʷ, ʩʦʭʨʘʥʷʷ ʧʨʠ ʵʪʦʤ ʩʚʦʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʮʝʣʦʩʪʥʦʩʪʴ.   

ʆʜʥʘʢʦ ʩʘʤʦ ʧʦ ʩʝʙʝ ʥʘʙʣʶʜʝʥʠʝ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʬʨʘʛʤʝʥʪʘʮʠʠ 

ʫʞʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʧʦʩʦʙʥʦʩʪʴ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʢ ʩʧʠʥʦʚʦʤʫ 

ʧʝʨʝʢʣʶʯʝʥʠʶ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʦʙʣʫʯʝʥʠʷ. ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 
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ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʨʘʛʤʝʥʪʘʮʠʠ ʠ ʢʘʯʝʩʪʚʦ ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ 

ʪʦʥʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʦʙʣʫʯʝʥʠʷ. ʊʘʢ, 

ʥʘ lº470 ʥʤ ʧʦ-ʧʨʝʞʥʝʤʫ ʥʘʙʣʶʜʘʝʪʩʷ ʬʨʘʛʤʝʥʪʘʮʠʷ ʢʨʠʩʪʘʣʣʦʚ, ʦʜʥʘʢʦ ʦʥʘ 

ʤʝʥʝʝ ʚʳʨʘʞʝʥʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʣʫʯʝʥʠʝʤ ʥʘ 540 ʥʤ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʣʠʤʠʪʠʨʫʶʱʠʡ ʬʘʢʪʦʨ ʬʨʘʛʤʝʥʪʘʮʠʠ ï ʢʨʠʪʠʯʝʩʢʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʦʚ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʤʠʢʨʦʢʨʠʩʪʘʣʣʳ ʩʧʦʩʦʙʥʳ ʦʙʨʘʪʠʤʦ ʨʘʩʰʠʨʷʪʴʩʷ/ʩʞʠʤʘʪʴʩʷ ʧʨʠ 

ʠʟʤʝʥʝʥʠʠ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʆʮʝʥʢʘ ʢʨʠʪʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʘ ʙʳʣʘ 

ʧʨʦʚʝʜʝʥʘ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʦ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ ʢʘʢ 

ʢʣʶʯʝʚʦʛʦ ʬʘʢʪʦʨʘ ʜʣʷ ʬʨʘʛʤʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʚ. ʇʦʣʘʛʘʷ, ʯʪʦ ʚ ʢʨʠʩʪʘʣʣʝ 

Ůå10
3
 M
ī1
ʩʤ
ī1

 (ʨʠʩʫʥʦʢ 35) ʠ ʢʦʥʮʝʥʪʨʘʮʠ ̫ʨʘʜʠʢʘʣʦʚ Cå2 M, ʤʦʞʥʦ ʦʮʝʥʠʪʴ 

ʣʠʥʝʡʥʳʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʘ lå5Ā10
ī3

 ʤʤ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʧʦʛʣʦʱʝʥʠʝ ʩʚʝʪʘ ʙʫʜʝʪ 

ʨʘʚʥʦʤʝʨʥʳʤ ʚʦ ʚʩʝʤ ʦʙʲʝʤʝ (ŮlC = 1). ʕʪʘ ʧʨʦʩʪʝʡʰʘʷ ʦʮʝʥʢʘ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʥʘʙʣʶʜʘʝʤʳʤ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʦʚ ʚ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʝ, ʢʦʪʦʨʳʡ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 10
ī2

 ʤʤ. 

ʃʶʙʦʧʳʪʥʦ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʧʨʦʠʟʦʰʝʜʰʠʝ ʩ 

ʩʦʝʜʠʥʝʥʠʝʤ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʬʦʪʦʦʙʣʫʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʘʷ ʪʦʥʢʘʷ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʧʣʝʥʢʘ ʩʦʭʨʘʥʷʝʪ ʚʩʝ ʩʚʦʡʩʪʚʘ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʝʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʥʘʣʦʛʘ: ʪʝʤʧʝʨʘʪʫʨʫ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʧʨʠʥʮʠʧʠʘʣʴʥʳʡ 

ʚʠʜ ʩʧʝʢʪʨʦʚ ʕʇʈ, ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʪʝʨʤʦ- ʠ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʶ.  ʂʨʦʤʝ ʪʦʛʦ, 

ʧʦʣʫʯʠʚʰʠʝʩʷ ʧʣʝʥʢʠ ʙʦʣʝʝ ʧʨʦʟʨʘʯʥʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʦʙʣʫʯʘʪʴ 

ʧʨʘʢʪʠʯʝʩʢʠ ʚʝʩʴ ʦʙʲʝʤ ʦʙʨʘʟʮʘ. ɺʩʝ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ ʬʘʢʪʳ ʧʦʟʚʦʣʷʶʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʣʫʯʝʥʥʳʝ ʪʦʥʢʠʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʣʝʥʢʠ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʵʬʬʝʢʪʦʚ. 

 

5.2.3 LIESST-ʵʬʬʝʢʪ ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 

ʅʘ ʨʠʩʫʥʢʝ 38 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʕʇʈ ʪʦʥʢʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʧʣʝʥʢʠ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2Ltert
Me

 ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ʠ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʤ 
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ʩʦʩʪʦʷʥʠʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ (20 ʠ 110 K, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʂʘʢ ʫʞʝ ʫʧʦʤʠʥʘʣʦʩʴ 

ʨʘʥʝʝ, ʩʠʛʥʘʣʳ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ ʠ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʥʝ ʨʘʟʨʝʰʝʥʳ ʜʘʞʝ ʚ Q-

ʜʠʘʧʘʟʦʥʝ ʠʟ-ʟʘ ʩʠʣʴʥʦʛʦ ʚʥʫʪʨʠʮʝʧʦʯʝʯʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (ʦʢʦʣʦ 

~1.5 ʩʤ
-1 
ʚ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ) ʤʝʞʜʫ ʵʪʠʤʠ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ 

ʮʝʥʪʨʘʤʠ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ (T>TST) 

ʩʧʝʢʪʨ ʩʦʩʪʦʠʪ ʠʟ ʦʜʥʦʡ ʢʨʘʡʥʝ ʰʠʨʦʢʦʡ ʣʠʥʠʠ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ 

ʤʘʣʦʠʥʪʝʥʩʠʚʥʦʛʦ ʩʠʛʥʘʣʘ ʩ g-ʬʘʢʪʦʨʦʤ 2.007, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʩʚʦʙʦʜʥʦʤʫ 

ʥʠʪʨʦʢʩʠʣʴʥʦʤʫ ʨʘʜʠʢʘʣʫ, ʢʦʪʦʨʳʡ ʧʦʷʚʣʷʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʬʨʘʛʤʝʥʪʘʮʠʠ 

ʢʨʠʩʪʘʣʣʘ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʜʝʬʝʢʪʦʚ ʚ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧ̫ʭ. ʇʨʠ ʧʦʥʠʞʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ T< TST ʚ ʦʙʣʘʩʪʠ g-ʬʘʢʪʦʨʘ º2 ʧʦʷʚʣʷʪʁʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʠʥʪʝʥʩʠʚʥʳʝ ʩʠʛʥʘʣ,r ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʝʨʝʢʣʶʯʝʥʠʠ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʚ 

ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ.  

ʀʥʪʝʨʧʨʝʪʘʮʠʶ ʩʧʝʢʪʨʦʚ ʕʇʈ ʪʘʢʞʝ ʟʘʪʨʫʜʥʷʝʪ ʥʘʣʠʯʠʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʩʠʛʥʘʣʘ ʦʪ ʤʦʥʦʤʝʨʦʚ ʠʦʥʘ Cu(hfac)2. ʕʪʦʪ ʩʠʛʥʘʣ ï ʩʣʝʜʩʪʚʠʝ 

ʥʝʚʳʩʦʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʪʨʝʪ-

ʙʫʪʠʣʧʠʨʘʟʦʣʠʣʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ, ʢʦʪʦʨʳʝ ʧʦʩʪʝʧʝʥʥʦ 

ʜʝʛʨʘʜʠʨʫʶʪ, ʯʪʦ ʠ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʠʛʥʘʣʘ ʤʦʥʦʤʝʨʘ. ʂ ʩʯʘʩʪʴʶ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʧʨʠʩʫʪʩʪʚʠʝ ʥʝʞʝʣʘʪʝʣʴʥʦʛʦ ʩʠʛʥʘʣʘ, ʥʘʠʙʦʣʝʝ ʠʥʬʦʨʤʘʪʠʚʥʘʷ 

ʯʘʩʪʴ ʩʧʝʢʪʨʘ ʣʦʢʘʣʠʟʦʚʘʥʘ ʚ ʦʙʣʘʩʪʠ g<2, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡ ʧʝʨʝʢʣʶʯʝʥʠʝ 

ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʕʪʘ ʦʙʣʘʩʪʴ ʩʧʝʢʪʨʘ ʩʚʦʙʦʜʥʘ ʦʪ ʩʠʛʥʘʣʦʚ ʧʨʠʤʝʩʝʡ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʷʚʣʝʥʠʝ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʵʪʦʡ ʩʠʩʪʝʤʝ. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 38, ʩʧʝʢʪʨʳ ʕʇʈ ʪʦʥʢʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ, 

ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʤʝʪʦʜʦʤ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʬʨʘʛʤʝʥʪʘʮʠʠ, ʩʭʦʞʠ ʩ ʠʭ 

ʧʦʨʦʰʢʦʚʳʤʠ ʘʥʘʣʦʛʘʤʠ, ʦʜʥʘʢʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʠʛʥʘʣʘ ʦʪ ʤʦʥʦʤʝʨʦʚ 

Cu(hfac)2 ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ, ʧʦʩʢʦʣʴʢʫ ʯʘʩʪʴ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ ʨʘʟʨʫʰʘʝʪʩʷ ʚ 

ʧʨʦʮʝʩʩʝ ʬʨʘʛʤʝʥʪʘʮʠʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʩʧʝʢʪʨʝ ʧʨʝʦʙʣʘʜʘʝʪ ʩʠʛʥʘʣ ʦʪ 

ʩʦʝʜʠʥʝʥʠʷ ʩ ʩʦʭʨʘʥʠʚʰʝʡʩʷ ʧʦʣʠʤʝʨʥʦ-ʮʝʧʦʯʝʥʦʡ ʩʪʨʫʢʪʫʨʦʡ  ʠ,  ʢʘʢ ʠ ʨʘʥʝʝ, 

ʥʘʠʙʦʣʝʝ ʠʥʬʦʨʤʘʪʠʚʥʘʷ ʯʘʩʪʴ ʩʧʝʢʪʨʘ ʩ g-ʬʘʢʪʦʨʦʤ ʤʝʥʴʰʝ 2 ʩʚʦʙʦʜʥʘ ʦʪ 

ʚʢʣʘʜʘ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʦʙʨʳʚʘʤʠ ʮʝʧʝʡ.  
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ʈʠʩʫʥʦʢ 38  ï (ʘ) ʉʪʘʮʠʦʥʘʨʥʳʝ ʩʧʝʢʪʨʳ ʕʇʈ ʯʠʩʪʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʧʦʨʦʰʢʘ Cu(hfac)2Ltert
Me 
ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 20 K (½) ʠ 110 K (½), nmwº33.35 ʠ 33.56 ɻɻʮ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; (ʙ) ʩʪʘʮʠʦʥʘʨʥʳʝ ʩʧʝʢʪʨʳ ʕʇʈ ʪʦʥʢʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ 

Cu(hfac)2Ltert
Me

 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 20 K (½) ʠ 110 K (½), nmwº33.35 ɻɻʮ; (ʚ) ʩʪʘʮʠʦʥʘʨʥʳʝ 

ʩʧʝʢʪʨʳ ʕʇʈ ʪʦʥʢʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ Cu(hfac)2Ltert
Me

 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 60 ʂ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʜ ʦʙʣʫʯʝʥʠʝʤ (½) ʠ ʩʨʘʟʫ ʧʦʩʣʝ ʥʝʛʦ (½),nmwº33.67 ɻɻʮ.  

ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʤʠ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʤʠ ʢʦʤʧʣʝʢʩʘʤʠ 

ʞʝʣʝʟʘ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʨʘʟʤʝʨʘ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʤʦʞʝʪ ʩʠʣʴʥʦ 

ʚʣʠʷʪʴ ʥʘ ʢʦʦʧʝʨʘʪʠʚʥʦʩʪʴ ʩʧʠʥʦʚʦʛʦ ʢʨʦʩʩʦʚʝʨʘ. ʆʜʥʠʤ ʠʟ ʩʚʠʜʝʪʝʣʴʩʪʚ 

ʩʥʠʞʝʥʠʷ ʢʦʦʧʝʨʘʪʠʚʥʦʩʪʠ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʦʚ ʷʚʣʷʝʪʩʷ 

çʨʘʟʤʳʚʘʥʠʝè ʪʝʨʤʠʯʝʩʢʦʛʦ ʧʝʨʝʭʦʜʘ, ʪ.ʝ. ʫʚʝʣʠʯʝʥʠʝ ʝʛʦ ʰʠʨʠʥʳ ʠ ʩʜʚʠʛʘ ʧʦ 

ʪʝʤʧʝʨʘʪʫʨʝ. ʆʜʥʘʢʦ, ʩʦʛʣʘʩʥʦ ʧʨʦʚʝʜʝʥʥʳʤ ʥʘʤʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʤ, ʪʘʢʦʡ ʵʬʬʝʢʪ ʦʪʩʫʪʩʪʚʫʝʪ ʜʣʷ ʪʦʥʢʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʧʣʝʥʢʠ Cu(hfac)2Ltert
Me
, ʠ ʧʣʝʥʢʘ ʧʨʝʪʝʨʧʝʚʘʝʪ ʪʝʨʤʠʯʝʩʢʠʡ ʧʝʨʝʭʦʜ ʧʨʠ ʪʦʡ ʞʝ 

ʪʝʤʧʝʨʘʪʫʨʝ (ʊST ~ 90 ʂ), ʘ ʰʠʨʠʥʘ ʝʛʦ ʥʝ ʧʨʝʚʳʰʘʝʪ 20 ʂ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʦʥʢʘʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʧʣʝʥʢʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʘʷ 

ʤʝʪʦʜʦʤ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʬʨʘʛʤʝʥʪʘʮʠʠ, ʧʨʦʷʚʣʷʝʪ ʚʩʝ ʤʘʛʥʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2Ltert
Me

, ʠ ʩʧʦʩʦʙʥʘ ʢ 

ʵʬʬʝʢʪʠʚʥʦʤʫ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʶ, ʘ ʟʥʘʯʠʪ, ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʤ ʩʦʝʜʠʥʝʥʠʠ. ʇʦ 

ʟʘʚʝʨʰʝʥʠʠ ʧʨʦʮʝʩʩʘ ʬʨʘʛʤʝʥʪʘʮʠʠ, ʧʦʣʫʯʠʚʰʘʷʩʷ ʧʣʝʥʢʘ Cu(hfac)2Ltert
Me

 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʦʙʨʘʪʠʤʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʶ (ʨʠʩʫʥʦʢ 38), 

ʘʥʘʣʦʛʠʯʥʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʩʦʝʜʠʥʝʥʠʷʤ ʪʠʧʘ Cu(hfac)2L
R
. ʆʙʣʫʯʝʥʠʝ ʩʚʝʪʦʤ 

ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 540 ʥʤ ʥʘ ʧʨʦʪʷʞʝʥʠʠ 5-7 ʤʠʥʫʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 60 K 

ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʢʣʶʯʝʥʠʶ ʠʟ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʦʢʦʣʦ 33% ʪʨʠʘʜ; ʦʩʦʙʝʥʥʦ ʦʪʯʝʪʣʠʚʦ ʵʪʦʪ ʧʨʦʮʝʩʩ ʤʦʞʥʦ ʧʨʦʩʣʝʜʠʪʴ ʧʦ 

ʫʤʝʥʴʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʘ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʧʦʣʝ B=1183 

ʤʊʣ. ʂʘʢ ʧʦʢʘʟʘʣʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʦʙʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʥʘ 

ʜʣʠʥʝ ʚʦʣʥʳ 470 ʥʤ ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʬʦʪʦʧʝʨʝʢʣʁ ʯʝʥʠʶ, ʦʜʥʘʢʦ ʩ ʤʝʥʴʰʝʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ. ʕʪʦʪ ʵʬʬʝʢʪ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ 

ʰʠʨʠʥʦʡ MLCT ʣʠʥʠʠ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 540 ʥʤ, ʪʘʢ ʯʪʦ ʧʝʨʝʢʣʶʯʝʥʠʝ ʜʣʠʥʦʡ 

ʚʦʣʥʳ 470 ʥʤ ʝʩʪʴ ʨʝʟʫʣʴʪʘʪ ʚʦʟʙʫʞʜʝʥʠʷ ʥʘ ʢʨʘʶ ʪʦʡ ʞʝ ʩʘʤʦʡ 

ʘʙʩʦʨʙʮʠʦʥʥʦʡ ʣʠʥʠʠ (lmax=540 ʥʤ).  

ʂʣʶʯʝʚʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2Ltert
Me

 

ʩʪʘʣʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʤʝʪʘʩʪʘʙʠʣʴʥʦʩʪʠ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ɽʩʣʠ ʜʣʷ ʪʠʧʠʯʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
 ʵʪʘ ʪʝʤʧʝʨʘʪʫʨʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 20 ʂ, ʜʣʷ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘʙʣʶʜʝʥʠʷ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ 

ʪʝʤʧʝʨʘʪʫʨʝ ʢʠʧʝʥʠʷ ʞʠʜʢʦʛʦ ʘʟʦʪʘ ʠ ʜʦʩʪʠʛʘʝʪ 60-65 ʂ. ʅʘ ʨʠʩʫʥʢʝ 39 

ʠʟʦʙʨʘʞʝʥʘ ʨʝʣʘʢʩʘʮʠʦʥʥʘʷ ʢʨʠʚʘʷ ʜʣʷ Cu(hfac)2Ltert
Me

 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 60 ʂ ʩ 

ʪʠʧʠʯʥʳʤ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʵʪʦʛʦ ʪʠʧʘ ʩʘʤʦʟʘʤʝʜʣʷʶʱʠʤʩʷ ʭʘʨʘʢʪʝʨʦʤ 

ʨʝʣʘʢʩʘʮʠʠ [138]. ʊʘʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ, ʠʩʧʦʣʴʟʫʷ ʰʠʨʦʢʦʝ 

ɻʘʫʩʩʦʚʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ N(EA) eθxp(ī(EA ī EA
0
)
2
/2ů

2
) ʜʣʷ 

ʪʝʨʤʦʘʢʪʠʚʠʨʫʝʤʦʡ ʨʝʣʘʢʩʘʮʠʠ ʠʟ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ WS ʩʦʩʪʦʷʥʠʷ ʚ 

ʦʩʥʦʚʥʦʝ (ʧʨʠ ʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ) SS ʩʦʩʪʦʷʥʠʝ.  
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ʈʠʩʫʥʦʢ 39 ï ʈʝʣʘʢʩʘʮʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʦʣʠ ʢʣʘʩʪʝʨʦʚ, ʧʝʨʝʢʣʶʯʝʥʥʳʭ ʚ 

ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ gn(t) (ʢʨʠʚʘʷ ʥʦʨʤʠʨʦʚʘʥʘ ʥʘ ʟʥʘʯʝʥʠʝ gn(t=0)) ʜʣʷ ʪʦʥʢʦʡ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2Ltert
Me

 ʧʨʠ 60 ʂ. ʉʧʣʦʰʥʦʡ ʯʝʨʥʦʡ ʣʠʥʠʝʡ 

ʧʦʢʘʟʘʥ ʨʝʟʫʣʴʪʘʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʣʝʜʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ: 

EA
0
 = 84 ʩʤ

ī1
 ʠ ů = 48 ʩʤ

ī1
. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʥʘʙʣʶʜʝʥʠʷ LIESST-ʵʬʬʝʢʪʘ ʚʧʣʦʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨ, ʙʣʠʟʢʠʭ ʢ ʪʝʤʧʝʨʘʪʫʨʝ 

ʞʠʜʢʦʛʦ ʘʟʦʪʘ, ʙʳʣʦ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʚʧʝʨʚʳʝ. ʋʚʝʣʠʯʝʥʠʝ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʧʦʥʠʞʝʥʠʝʤ 

ʵʣʘʩʪʠʯʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ, ʘ ʟʥʘʯʠʪ ʠ ʙʦʣʴʰʠʤ ʩʪʝʨʠʯʝʩʢʠʤ ʟʘʪʨʫʜʥʝʥʠʝʤ 

ʧʝʨʝʩʪʨʦʡʢʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ɺ ʧʦʣʴʟʫ ʵʪʦʛʦ ʦʙʲʷʩʥʝʥʠʷ ʛʦʚʦʨʠʪ ʠ 

ʬʘʢʪ ʬʨʘʛʤʝʥʪʘʮʠʠ ʢʨʫʧʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʨʠ ʬʦʪʦʦʙʣʫʯʝʥʠʠ, ʢʦʪʦʨʳʡ ʥʝ 

ʥʘʙʣʶʜʘʣʩʷ ʥʠʢʦʛʜʘ ʨʘʥʝʝ ʚ ʪʠʧʠʯʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ (ʩʦʝʜʠʥʝʥʠʷ ʪʠʧʘ 

Cu(hfac)2L
R
, ʥʘʧʨʦʪʠʚ, ʚʦ ʚʨʝʤʷ ʮʠʢʣʦʚ ʥʘʛʨʝʚʘ-ʦʭʣʘʞʜʝʥʠʷ ʠ ʦʙʣʫʯʝʥʠʷ 

ʣʘʟʝʨʦʤ ʩʦʭʨʘʥʷʣʠ ʩʚʦʶ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ). ʅʘ ʤʦʣʝʢʫʣʷʨʥʦʤ 

ʫʨʦʚʥʝ ʫʤʝʥʴʰʝʥʠʝ ʵʣʘʩʪʠʯʥʦʩʪʠ ʦʟʥʘʯʘʝʪ ʫʚʝʣʠʯʝʥʠʝ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ 

ʤʝʞʜʫ ʩʠʣʴʥʦ- ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ, ʯʪʦ ʠ ʫʚʝʣʠʯʠʚʘʝʪ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʂ ʩʦʞʘʣʝʥʠʶ, ʨʘʩʯʝʪ 

ʵʣʘʩʪʠʯʥʦʩʪʠ ʪʘʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʤʝʪʦʜʘʤʠ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʥʝ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʚʦʟʤʦʞʥʳʤʠ ʚʚʠʜʫ ʝʛʦ ʯʨʝʟʚʳʯʘʡʥʦʡ ʩʣʦʞʥʦʩʪʠ, ʠ ʧʦʢʘ ʜʣʷ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʜʦʩʪʫʧʥʘ ʣʠʰʴ ʠʟʦʣʠʨʦʚʘʥʥʘ ̫ʩʧʠʥʦʚʘ ̫ʪʨʠʘʜʘ. [143] 
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ɼʨʫʛʠʤ ʚʦʟʤʦʞʥʳʤ ʦʙʲʷʩʥʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʤʦʪʠʚʘ 

ʮʝʧʠ ʚ Cu(hfac)2Ltert
Me

 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʠʧʠʯʥʳʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ Cu(hfac)2L
R
. 

ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʝ, ʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ 

ʥʘʧʨʘʚʣʝʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʮʝʧʝʡ ʩʦʚʧʘʜʘʝʪ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ 

ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ. ʂʨʦʤʝ ʪʦʛʦ, ʨʘʥʝʝ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, 

ʯʪʦ ʧʘʨʘʤʘʛʥʝʪʠʟʤ ʣʠʛʘʥʜʘ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʤʘʛʥʠʪʥʳʭ ʘʥʦʤʘʣʠʷʭ 

ʩʦʝʜʠʥʝʥʠʡ ʪʘʢʦʛʦ ʪʠʧʘ, [158] ʨʘʚʥʦ ʢʘʢ ʠ ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ 

ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ. [31] ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʣʠʯʠʝ ʚ ʤʘʛʥʠʪʥʦʤ 

ʤʦʪʠʚʝ ʪʘʢʞʝ ʤʦʞʝʪ ʠʛʨʘʪʴ ʚʘʞʥʫʶ ʨʦʣʴ ʚ LIESST-ʵʬʬʝʢʪʝ ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ 

ʩʚʦʡʩʪʚʘʭ, ʦʜʥʘʢʦ ʵʪʘ ʛʠʧʦʪʝʟʘ ʪʨʝʙʫʝʪ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ.  

5.3 ɿʘʢʣʶʯʝʥʠʝ 

ɼʘʥʥʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ LIESST-

ʵʬʬʝʢʪʘ, ʢʦʪʦʨʳʝ ʚʧʝʨʚʳʝ ʫʜʘʣʦʩʴ ʨʝʘʣʠʟʦʚʘʪʴ ʚ ʦʜʥʦʤ ʠʟ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ 

ʥʦʚʦʛʦ ʧʦʜʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 ï ʚ ʩʦʝʜʠʥʝʥʠʠ Cu(hfac)2Ltert

Me
 ʩ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʧʘʨʘʤʘʛʥʠʪʥʳʤ ʣʠʛʘʥʜʦʤ: ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣ-

ʟʘʤʝʱʝʥʥʳʤ ʥʠʪʨʦʢʩʠʣʴʥʳʤ ʨʘʜʠʢʘʣʦʤ. ʄʦʜʠʬʠʮʠʨʦʚʘʥʥʦʝ ʩʦʝʜʠʥʝʥʠʝ 

ʦʙʣʘʜʘʝʪ ʫʣʫʯʰʝʥʥʳʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʘʥʘʣʦʛʘʤʠ ï ʢʦʵʬʬʠʮʠʝʥʪ ʵʢʩʪʠʥʢʮʠʠ Cu(hfac)2Ltert
Me

 

ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ, ʯʝʤ ʜʣʷ ʢʣʘʩʩʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʦʚ ʩ 

ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ. ʊʘʢʞʝ ʠʟʤʝʥʝʥʠʝ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʚ ʜʘʥʥʦʤ ʩʦʝʜʠʥʝʥʠʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʙʦʣʝʝ ʷʚʥʳʤ ʪʝʨʤʦʭʨʦʤʠʟʤʦʤ ʠ ʩʠʣʴʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʴʶ ʦʧʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʊʘʢ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʩʧʝʢʪʨʘʭ ʧʦʛʣʦʱʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʦʷʚʣʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ MLCT ʧʦʣʦʩʳ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ ~540 ʥʤ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʝʨʝʥʦʩʫ ʟʘʨʷʜʘ ʩ ʤʝʪʘʣʣʘ ʥʘ ʣʠʛʘʥʜ. 

ɼʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚʳʷʚʠʣʦ ʨʷʜ 

ʟʥʘʯʠʪʝʣʴʥʳʭ ʦʪʣʠʯʠʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʥʝʝ ʠʟʫʯʝʥʥʳʤʠ ʢʦʤʧʣʝʢʩʘʤʠ ʩ 
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ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ. ʊʘʢ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʦʙʣʫʯʝʥʠʠ 

ʩʚʝʪʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ l~540 ʥʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʧʨʦʠʩʭʦʜʠʪ ʬʨʘʛʤʝʥʪʘʮʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʡ ʬʦʨʤʠʨʫʝʪ ʪʦʥʢʠʡ, ʧʨʦʟʨʘʯʥʳʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʩʣʦʡ. 

ʇʨʠʯʠʥʦʡ ʪʘʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʷʚʣʷʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʵʣʘʩʪʠʯʥʦʩʪʠ ʩʦʝʜʠʥʝʥʠʷ 

ʚʩʣʝʜʩʪʚʠʝ ʝʛʦ ʩʪʨʫʢʪʫʨʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ. ʇʨʠ ʦʙʣʫʯʝʥʠʠ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 

ʩʚʝʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʦʝ ʧʝʨʝʢʣʶʯʝʥʠʝ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʠʟ 

ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʨʝʟʢʘʷ 

ʩʪʨʫʢʪʫʨʥʘʷ ʧʝʨʝʩʪʨʦʡʢʘ; ʠʟ-ʟʘ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ ʩʦʟʜʘʶʪʩʷ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʦʙʲʝʤʝ ʢʨʠʩʪʘʣʣʘ, ʯʪʦ ʠ ʧʨʠʚʦʜʠʪ ʢ ʝʛʦ 

ʬʨʘʛʤʝʥʪʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʩʬʦʨʤʠʨʦʚʘʥʥʳʡ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʪʦʥʢʦʩʣʦʡʥʳʡ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ ʥʝ ʪʦʣʴʢʦ ʩʦʭʨʘʥʷʝʪ ʚʩʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ 

ʩʚʦʝʛʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʥʘʣʦʛʘ, ʥʦ ʠ ʧʨʠʦʙʨʝʪʘʝʪ ʫʣʫʯʰʝʥʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʟʫʯʝʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ 

(ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘʙʣʶʜʝʥʠʷ LIESST-ʵʬʬʝʢʪʘ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʬʦʪʦʦʙʣʫʯʝʥʠ ̫ ʦʙʨʘʟʮʘ). ɺʩʝ ʚʳʰʝʥʘʟʚʘʥʥʦʝ ʧʦʟʚʦʣʷʝʪ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʪʴ 

ʪʘʢʠʝ ʪʦʥʢʦʧʣʝʥʦʯʥʳʝ ʦʙʨʘʟʮʳ ʜʣʷ ʕʇʈ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʵʬʬʝʢʪʘ 

ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ.  

ʆʩʦʙʝʥʥʦʩʪʠ ʷʚʣʝʥʠ ̫ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ 

ʜʣʷ Cu(hfac)2Ltert
Me

 ʦʢʘʟʘʣʠʩʴ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʩʭʦʜʥʳʤʠ ʩ ʧʨʦʮʝʩʩʘʤʠ ʚ 

ʪʠʧʠʯʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
R
. ʆʜʥʘʢʦ ʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʤ ʩʦʝʜʠʥʝʥʠʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ (ʦʪ 20 ʂ ʜʦ 60-65 ʂ) ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʥʘʙʣʶʜʝʥʠʷ LIESST-ʵʬʬʝʢʪʘ, ʯʪʦ, ʥʝʩʦʤʥʝʥʥʦ, ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʤ ʰʘʛʦʤ 

ʥʘ ʧʫʪʠ ʜʠʟʘʡʥʘ ʤʘʛʥʝʪʠʢʦʚ, ʧʝʨʝʢʣʶʯʘʶʱʠʭʩʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʥʝʣʴʟʷ ʥʝ ʫʧʦʤʷʥʫʪʴ ʦ ʭʠʤʠʯʝʩʢʦʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʪʨʝʪ-

ʙʫʪʠʣʧʠʨʘʟʦʣʠʣʥʠʪʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ ʠ ʠʭ ʧʦʩʪʝʧʝʥʥʦʡ ʜʝʛʨʘʜʘʮʠʠ ʚ 

ʜʠʘʤʘʛʥʠʪʥʳʡ ʧʨʦʜʫʢʪ. ɺ ʩʚʝʪʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ, ʩʪʘʥʦʚʠʪʩʷ ʦʯʝʚʠʜʥʳʤ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʜʘʣʴʥʝʡʰʝʡ ʨʘʙʦʪʳ ʚ ʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ɼʠʟʘʡʥ ʥʦʚʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʘʙʠʣʴʥʳʤ ʥʠʪʨʦʢʩʠʣʴʥʳʤ ʣʠʛʘʥʜʦʤ, ʙʣʠʟʢʠʤ ʧʦ ʵʣʝʢʪʨʦʥʥʦʡ 

ʩʪʨʫʢʪʫʨʝ ʢ ʪʨʝʪ-ʙʫʪʠʣʧʠʨʘʟʦʣʠʣʥʠʪʨʦʢʩʠʣʴʥʦʤʫ, ʧʦʟʚʦʣʠʪ  ʦʙʲʝʜʠʥʠʪʴ 
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ʧʨʝʠʤʫʱʝʩʪʚʘ ʢʣʘʩʩʠʯʝʩʢʠʭ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ: ʚʳʩʦʢʫʶ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʠ ʥʠʟʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʵʢʩʪʠʥʢʮʠʠ ʚ ʪʨʝʙʫʝʤʦʤ 

ʜʠʘʧʘʟʦʥʝ 400-900 ʥʤ ʩ ʜʨʫʛʦʡ. 
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ɻʃɸɺɸ 6. ʀʉʉʃɽɼʆɺɸʅʀɽ ʕʌʌɽʂʊɸ 

ʌʆʊʆʇɽʈɽʂʃʖʏɽʅʀʗ ʀ ʈɽʃɸʂʉɸʎʀʆʅʅʓʍ 

ʇʈʆʎɽʉʉʆɺ ɺ ʊɽʈʄʀʏɽʉʂʀ ʅɽʇɽʈɽʂʃʖʏɸɽʄʆʄ 

ʂʆʄʇʃɽʂʉɽ Cu(hfac)2L
i-Pr 

6.1 ɺʚʝʜʝʥʠʝ 

ʂʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ, ʠʥʪʝʨʝʩ ʢ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʚ ʦʙʣʘʩʪʠ 

ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʙʫʩʣʦʚʣʝʥ ʠʭ ʧʦʪʝʥʮʠʘʣʴʥʳʤ ʧʨʠʤʝʥʝʥʠʝʤ ʚ 

ʦʙʣʘʩʪʠ ʩʧʠʥʪʨʦʥʠʢʠ, ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʝʥʩʦʨʦʚ, ʚʳʩʦʢʦʧʣʦʪʥʦʛʦ ʭʨʘʥʝʥʠʷ 

ʠʥʬʦʨʤʘʮʠʠ ʠ ʢʚʘʥʪʦʚʳʭ ʢʦʤʧʴʶʪʝʨʦʚ. ʅʦ, ʛʦʚʦʨʷ ʦ ʚʦʟʤʦʞʥʦʤ ʧʨʠʤʝʥʝʥʠʠ, 

ʚʘʞʥʦ ʧʦʥʠʤʘʪʴ, ʯʪʦ ʜʣʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʘʢʠʤ ʩʦʝʜʠʥʝʥʠʷʤ 

ʥʝʦʙʭʦʜʠʤʦ ʫʜʦʚʣʝʪʚʦʨʷʪʴ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʜʚʫʤ ʪʨʝʙʦʚʘʥʠʷʤ: 1) ʨʘʙʦʯʘʷ 

ʦʙʣʘʩʪʴ ʪʝʤʧʝʨʘʪʫʨ ʜʦʣʞʥʘ ʥʘʭʦʜʠʪʴʩʷ ʚʙʣʠʟʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ; 2) 

ʥʝʦʙʭʦʜʠʤʘ ʚʳʩʦʢʘʷ ʧʨʦʯʥʦʩʪʴ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʦʝʜʠʥʝʥʠʷ.  

ɺ ʩʣʫʯʘʝ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ Cu(hfac)2L
R
 ʧʨʠʥʮʠʧʠʘʣʴʥʳʤ ʪʝʤʧʝʨʘʪʫʨʥʳʤ 

ʦʛʨʘʥʠʯʝʥʠʝʤ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ ʪʝʨʤʠʯʝʩʢʦʛʦ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ, ʧʦʩʢʦʣʴʢʫ ʵʪʠ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʩʧʦʩʦʙʥʳ 

ʧʝʨʝʢʣʶʯʘʪʴʩʷ ʣʠʰʴ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦ, ʠʟ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ, ʘ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʪʦʣʴʢʦ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʦʧʪʠʤʘʣʴʥʳʤ ʨʝʰʝʥʠʝʤ ʧʨʦʙʣʝʤʳ ʤʦʞʝʪ ʩʪʘʪʴ ʩʤʝʱʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʦʙʣʘʩʪʴ ʪʝʤʧʝʨʘʪʫʨ ʚʳʰʝ ʢʦʤʥʘʪʥʦʡ. ɺʩʝ ʨʘʥʝʝ 

ʠʟʫʯʝʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
, ʩʧʦʩʦʙʥʳʝ ʢ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʶ, 

ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʟʘʚʝʨʰʝʥʥʳʡ ʪʝʨʤʠʯʝʩʢʠʡ ʩʧʠʥʦʚʳʡ ʧʝʨʝʭʦʜ ʚ ʜʠʘʧʘʟʦʥʝ 2-

300 ʂ, ʪʘʢ ʯʪʦ ʦʙʘ ʩʧʠʥʦʚʳʭ ʩʦʩʪʦʷʥʠʷ ʤʦʛʣʠ ʙʳʪʴ ʠʟʦʣʠʨʦʚʘʥʳ ʧʨʠ 

ʦʧʨʝʜʝʣʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʠʟʫʯʝʥʳ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʠʢʘʤʠ (ʈʉɸ ʘʥʘʣʠʟ, 

ʉʂɺʀɼ ʤʘʛʥʠʪʦʤʝʪʨʠʷ, ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʷ).   
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ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʥʠʢʘʣʴʥʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr
, ʢʦʪʦʨʦʝ ʚʦ ʚʩʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʩʚʦʝʡ 

ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʥʝ ʧʨʦʷʚʣʷʝʪ ʟʘʚʝʨʰʝʥʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ 

ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ ʩʧʠʥʦʚʦʝ ʩʦʩʪʦʷʥʠʝ, ʪ.ʝ. ʯʠʩʪʦʝ ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ WS ʩʦʩʪʦʷʥʠʝ 

ʷʚʣʷʝʪʩʷ ʪʝʨʤʠʯʝʩʢʠ ʥʝʜʦʩʪʠʞʠʤʳʤ. ʆʜʥʘʢʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʬʦʪʦʦʙʣʫʯʝʥʠʷ 

ʫʜʘʣʦʩʴ ʩʦʟʜʘʪʴ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʠ ʠʟʫʯʠʪʴ ʩʚʦʡʩʪʚʘ ʵʪʦʛʦ ʚʦʟʙʫʞʜʝʥʥʦʛʦ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʦʧʠʨʘʷʩʴ ʥʘ ʠʟʚʝʩʪʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʠʟʫʯʝʥʥʦʛʦ 

ʨʘʥʝʝ ʪʝʨʤʦʧʝʨʝʢʣʶʯʘʝʤʦʛʦ ʘʥʘʣʦʛʘ ï ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ 

ʫʣʫʯʰʝʥʠʷ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʫʩʣʦʚʠʡ ʬʦʪʦʦʙʣʫʯʝʥʠʷ ʠʟʫʯʘʝʤʳʝ 

ʩʦʝʜʠʥʝʥʠʷ ʙʳʣʠ ʚʥʝʜʨʝʥʳ ʚ ʧʦʣʠʤʝʨʥʫʶ ʤʘʪʨʠʮʫ. ʇʦʩʢʦʣʴʢʫ ʪʘʢʦʡ ʧʦʜʭʦʜ 

ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʚʧʝʨʚʳʝ, ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʪʘʢʞʝ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʚʣʠʷʥʠʝ 

ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʳ ʥʘ ʤʘʛʥʠʪʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʥʝʜʨʝʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
. 

6.2 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

6.2.1 ʊʝʨʤʦʧʝʨʝʢʣʶʯʝʥʠʝ. ɻʣʫʙʠʥʘ ʪʝʨʤʠʯʝʩʢʦʡ ʢʦʥʚʝʨʩʠʠ 

ʕʬʬʝʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ meff(T) ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
i-Pr

 ʠ 

Cu(hfac)2L
Pr

 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʣʘʚʥʦʝ ʠʟʤʝʥʝʥʠʝ ʚ ʰʠʨʦʢʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʜʠʘʧʘʟʦʥʝ T=4-300 K (ʨʠʩʫʥʦʢ 26). ɼʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

 ʧʝʨʝʭʦʜ ʠʟ 

ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʟʘʚʝʨʰʘʝʪʩʷ ʧʨʠ T~300 ʂ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʟʥʘʯʝʥʠʝ meff(300 K) ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʫʧʝʨʧʦʟʠʮʠʠ ~56% ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ ~44% ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ (ʜʝʪʘʣʠ ʨʘʩʯʝʪʘ ʦʙʩʫʞʜʘʶʪʩʷ ʥʠʞʝ). ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʠʟʚʣʝʯʴ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʝʛʦ ʤʘʛʥʠʪʥʳʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ 

ʩʚʦʡʩʪʚʘʭ ʤʝʪʦʜʘʤʠ ʈʉɸ, ʉʂɺʀɼ, ʕʇʈ ʠ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩʪʘʥʦʚʠʪʩʷ 

ʜʦʩʪʘʪʦʯʥʦ ʪʨʫʜʥʦ. 
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ɼʣʷ ʦʮʝʥʢʠ ʛʣʫʙʠʥʳ ʪʝʨʤʠʯʝʩʢʦʡ ʢʦʥʚʝʨʩʠʠ ʚ ʩʦʝʜʠʥʝʥʠʠ Cu(hfac)2L
i-Pr

 

ʧʨʠʤʝʤ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʷ ʪʘʢʦʛʦ ʪʠʧʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʯʝʨʝʜʫʶʱʠʝʩʷ ʬʨʘʛʤʝʥʪʳ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ(II) ʠ 

ʪʨʝʭʩʧʠʥʦʚʳʭ ʢʣʘʩʪʝʨʦʚ ʤʝʜʠ ʩ ʜʚʫʤʷ ʥʠʪʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ. 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʘʥʥʳʝ ʧʦ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ 

ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʜʚʫʤʷ ʥʝʟʘʚʠʩʠʤʳʤʠ ʚʢʣʘʜʘʤʠ ʦʪ ʵʪʠʭ ʬʨʘʛʤʝʥʪʦʚ 

ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʘʤ (5-8), ʯʪʦ ʜʘʝʪ ‘ὩὪὪ
ὛὛ 1.78 ‍ ʠ ‘ὩὪὪ

ὡὛ 2.54 ‍. ɼʣʷ ʩʦʝʜʠʥʝʥʠʷ 

Cu(hfac)2L
Pr

 ʩ ʟʘʚʝʨʰʝʥʥʳʤ ʩʧʠʥʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ 

ʧʨʝʢʨʘʩʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʪʦʡ ʦʮʝʥʢʦʡ. ɺ ʩʣʫʯʘʝ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 ʜʘʞʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300 K ʣʠʰʴ ʯʘʩʪʴ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʠʟʤʝʥʠʣʠ ʩʚʦʝ ʩʧʠʥʦʚʦʝ 

ʩʦʩʪʦʷʥʠʝ. ʆʙʦʟʥʘʯʘʷ ʟʘ ɔ ʜʦʣʶ ʪʨʠʘʜ, ʧʝʨʝʢʣʶʯʠʚʰʠʭʩʷ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ, ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʫʨʘʚʥʝʥʠʝ ʥʘ ʵʬʬʝʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʷ ʩ ʥʝʟʘʚʝʨʰʝʥʥʳʤ ʩʧʠʥʦʚʳʤ ʧʝʨʝʭʦʜʦʤ: 

‘ὩὪὪ
2 300 ὑ = 0.5 ɾʈὸὶὭὥὨ,ὩὪὪ

WS 2
+ 1 ɾ ʈὸὶὭὥὨ,ὩὪὪ

SS 2
+ 0.5‘ὅό2,ὩὪὪ

2          (13) 

ʀʩʧʦʣʴʟʫʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ Cu(hfac)2L
i-Pr

 

‘ὩὪὪ 300 ̠  2.242‍, ʥʘʭʦʜʠʤ ɔå0.56, ʪ.ʝ. å56% ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʥʘʭʦʜʷʪʩʷ ʚ 

ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠʠ ʠ å44% ʚ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʤ.  

6.2.2 ʅʦʚʳʡ ʧʦʭʦʜ ʢ ʩʠʥʪʝʟʫ ï ʚʥʝʜʨʝʥʠʝ ʚ ʧʦʣʠʤʝʨʥʫʶ  ʤʘʪʨʠʮʫ 

ɺ ʛʣʘʚʝ 5 ʫʞʝ ʦʪʤʝʯʘʣʘʩʴ ʧʨʦʙʣʝʤʘ ʩʪʘʙʠʣʴʥʦʩʪʠ ʦʙʨʘʟʮʦʚ, ʧʨʠʛʦʜʥʳʭ 

ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʬʦʪʦʦʙʣʫʯʝʥʠʶ. ʅʘʧʦʤʥʠʤ ʣʠʰʴ, ʯʪʦ ʚʩʣʝʜʩʪʚʠʝ ʢʨʘʡʥʝ 

ʚʳʩʦʢʦʡ ʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
 ʧʨʦʚʝʜʝʥʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʶ ʠ LIESST ʚʝʩʴʤʘ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. 

ʇʨʠʤʝʥʷʝʤʳʡ ʨʘʥʝʝ ʤʝʪʦʜ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘ ʦʩʥʦʚʝ ʩʤʝʰʠʚʘʥʠʷ 

ʚʝʱʝʩʪʚʘ ʩ ʛʣʠʮʝʨʠʥʦʤ [33, 138, 139] ʠʤʝʝʪ ʨʷʜ ʩʫʱʝʩʪʚʝʥʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ 

(ʥʝʩʧʦʩʦʙʥʦʩʪʴ ʢ ʤʥʦʛʦʢʨʘʪʥʳʤ ʪʝʨʤʠʯʝʩʢʠʤ ʧʝʨʝʢʣʶʯʝʥʠʷʤ, ʩʣʦʞʥʦʩʪʴ 

ʧʨʠʛʦʪʦʚʣʝʥʠʷ, ʥʝʜʦʩʪʘʪʦʯʥʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ). ʂʦʥʪʨʦʣʠʨʫʝʤʳʝ ʩʧʦʩʦʙʳ 
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ʫʧʨʘʚʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦʩʨʝʜʩʪʚʦʤ ʭʠʤʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ 

ʩʦʝʜʠʥʝʥʠʷ ʧʦʢʘ ʥʘʭʦʜʪ̫ʩʷ ʥʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʨʘʟʨʘʙʦʪʢʠ, ʢʦʪʦʨʘʷ ʫʞʝ 

ʚʳʷʚʠʣʘ ʨʷʜ ʪʨʫʜʥʦʩʪʝʡ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ (ʭʠʤʠʯʝʩʢʘʷ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ, 

ʠʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ). ɺ ʢʘʯʝʩʪʚʝ ʨʝʛʫʣʷʨʥʦʛʦ ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ 

ʩʧʦʩʦʙʘ ʧʦʣʫʯʝʥʠʷ ʩʪʘʙʠʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
, 

ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʬʦʪʦʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʠʥʢʦʨʧʦʨʘʮʠʠ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʩʦʝʜʠʥʝʥʠʷ ʚ ʧʦʣʠʚʠʥʠʣʭʣʦʨʠʜʥʫʶ (ʇɺʍ) ʤʘʪʨʠʮʫ 

(ʤʝʪʦʜʠʢʘ ʩʠʥʪʝʟʘ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʘ ʚ ʛʣʘʚʝ 2).  

ʉʦʝʜʠʥʝʥʠʷ ʪʠʧʘ Cu(hfac)2L
R
 ʢʨʘʡʥʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʚʥʝʰʥʠʤ 

ʚʦʟʜʝʡʩʪʚʠʷʤ, ʠ ʚʣʠʷʥʠʝ ʇɺʍ ʤʘʪʨʠʮʳ, ʨʘʚʥʦ ʢʘʢ ʠ ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ 

ʢʨʠʩʪʘʣʣʦʚ, ʤʦʞʝʪ ʦʢʘʟʘʪʴ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ 

ʩʦʝʜʠʥʝʥʠʡ. ʊʘʢ, ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʤʠ 

ʩʦʝʜʠʥʝʥʠʷʤʠ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʢʦʦʧʝʨʘʪʠʚʥʦʩʪʴ ʩʦʝʜʠʥʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ 

ʯʘʩʪʠʮ, ʠ ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʚʝʜʝʪ ʢ ʫʰʠʨʝʥʠʶ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʧʝʨʝʭʦʜʘ, ʫʚʝʣʠʯʝʥʠʶ ʝʛʦ ʧʣʘʚʥʦʩʪʠ. [171 ï  174] ʇʦʩʢʦʣʴʢʫ ʘʥʘʣʦʛʠʯʥʦʝ 

ʧʦʚʝʜʝʥʠʝ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʠ ʚ ʩʣʫʯʘʝ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
, ʥʠʞʝ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠ ̫ʚʣʠʷʥʠ ̫ʇɺʍ ʤʘʪʨʠʮʳ ʠ ʠʟʤʝʥʝʥʠʷ 

ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʜʦ ʤʘʩʰʪʘʙʘ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʥʘ ʦʩʦʙʝʥʥʦʩʪʠ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʧʝʨʝʭʦʜʘ ʥʘ ʧʨʠʤʝʨʝ ʪʝʨʤʦʧʝʨʝʢʣʶʯʘʝʤʦʝʛʦ ʘʥʘʣʦʛʘ, ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

.  

ʅʘ ʨʠʩʫʥʢʝ 40 ʧʦʢʘʟʘʥʳ ʩʧʝʢʪʨʳ ʕʇʈ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 50-220 

ʂ ʜʣʷ ʘ) ʯʠʩʪʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, ʠ ʙ) ʩʦʝʜʠʥʝʥʠʷ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʚ ʤʘʪʨʠʮʝ ʇɺʍ. ʉʧʠʥʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʪʨʠʘʜʳ ʤʦʞʝʪ ʙʳʪʴ 

ʦʧʨʝʜʝʣʝʥʦ ʧʦ ʩʠʛʥʘʣʫ ʚ ʦʙʣʘʩʪʠ ʩ g-ʬʘʢʪʦʨʦʤ < 2, ʢʦʪʦʨʳʡ ʧʦʷʚʣʷʝʪʩʷ ʧʨʠ 

ʧʝʨʝʭʦʜʝ ʚ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʀʟʤʝʥʝʥʠʝ ʩʧʝʢʪʨʦʚ ʕʇʈ Q-ʜʠʘʧʘʟʦʥʘ 

ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʜʚʠʛʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʧʝʨʝʭʦʜʘ 

ʚ ʦʙʣʘʩʪʴ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ, ʠʥʢʦʨʧʦʨʠʨʦʚʘʥʥʦʛʦ ʚ 

ʇɺʍ ʤʘʪʨʠʮʫ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʘʥʘʣʦʛʦʤ; 

ʚʝʣʠʯʠʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʜʚʠʛʘ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 40 ʂ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʥʠʞʝ 50 ʂ ʪʨʘʥʩʬʦʨʤʘʮʠ ̫ʩʧʝʢʪʨʦʚ ʕʇʈ ʜʣʷ ʦʙʦʠʭ ʪʠʧʦʚ ʦʙʨʘʟʮʘ ʟʘʚʝʨʰʘʝʪʩʷ, 

ʠ ʜʘʣʴʥʝʡʰʝʝ ʧʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʝ ʠʟʤʝʥʷʝʪ ʚʠʜ ʩʧʝʢʪʨʦʚ. 
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ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

, 

ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʚʥʝʜʨʝʥʠʝ ʚ ʇɺʍ ʤʘʪʨʠʮʫ ʥʝ ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ 

ʚʣʠʷʥʠʷ ʥʘ ʥʘʙʣʶʜʘʝʤʳʝ ʤʘʛʥʠʪʥʳʝ ʘʥʦʤʘʣʠʠ ʚ ʩʝʤʝʡʩʪʚʝ ʩʦʝʜʠʥʝʥʠʡ 

Cu(hfac)2L
R
, ʘ ʣʠʰʴ ʧʨʠʚʦʜʠʪ ʢ ʥʝʙʦʣʴʰʦʤʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʩʤʝʱʝʥʠʶ ʠ 

ʟʘʪʷʛʠʚʘʥʠʶ ʧʝʨʝʭʦʜʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʦʚʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ 

ʩʪʘʙʠʣʴʥʳʝ ʦʙʨʘʟʮʳ ʩ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʦʙʣʫʯʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʨʝʢʨʘʩʥʦ 

ʧʦʜʭʦʜʷʪ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʝʥʠʷ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ.  

 

ʈʠʩʫʥʦʢ 40 ï ʉʪʘʮʠʦʥʘʨʥʳʝ ʩʧʝʢʪʨʳ ʕʇʈ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

 ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʜʠʘʧʘʟʦʥʝ 50-220 ʂ (ʘ) ʯʠʩʪʳʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ;  (ʙ) ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʚ 

ʤʘʪʨʠʮʝ ʇɺʍ; ɜmwå33.9 ɻɻʮ. ʃʠʥʠʷ ʚ ʧʦʣʝ 1.21 ʊʣ, ʥʘʙʣʶʜʘʝʤʘʷ ʪʦʣʴʢʦ ʜʣʷ (ʙ), ʩʚʷʟʘʥʘ ʩ 

ʧʨʠʤʝʩʴʶ ʩʚʦʙʦʜʥʦʛʦ ʨʘʜʠʢʘʣʘ, ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʪʦʨʦʡ ʥʝ ʧʨʝʚʳʰʘʝʪ ~10%.  

6.2.3 LIESST-ʵʬʬʝʢʪ ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 

ʉʧʝʢʪʨʳ ʕʇʈ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
i-Pr

 ʠ Cu(hfac)2L
Pr

 ʩʦʩʪʦʷʪ ʠʟ ʩʠʛʥʘʣʘ 

ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʠ ʩʠʛʥʘʣʘ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ (ʨʠʩʫʥʦʢ 41). ʂʨʦʤʝ ʪʦʛʦ, ʚ 

ʩʧʝʢʪʨʘʭ ʧʨʠʩʫʪʩʪʚʫʝʪ ʧʨʠʤʝʩʥʳʡ ʩʠʛʥʘʣ ʦʪ ʩʚʦʙʦʜʥʦʛʦ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ 

ʨʘʜʠʢʘʣʘ ʚ ʦʙʣʘʩʪʠ g-ʬʘʢʪʦʨʘ ~2.007, ʠʥʪʝʛʨʘʣʴʥʳʡ ʚʢʣʘʜ ʢʦʪʦʨʦʛʦ ʥʝ 

ʧʨʝʚʳʰʘʝʪ ~10% ʦʪ ʦʙʱʝʛʦ ʯʠʩʣʘ ʩʧʠʥʦʚ. ʅʘ ʨʠʩʫʥʢʝ 41 ʦʪʯʝʪʣʠʚʦ ʚʠʜʥʦ, ʯʪʦ 

ʦʙʣʫʯʝʥʠʝ ʩʚʝʪʦʤ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʚ ʩʧʝʢʪʨʘʭ: 
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ʘʥʠʟʦʪʨʦʧʥʳʡ ʩʠʛʥʘʣ ʩ g-ʬʘʢʪʦʨʦʤ <2 ʪʨʘʥʩʬʦʨʤʠʨʫʝʪʩʷ ʚ ʰʠʨʦʢʫʶ, 

ʠʟʦʪʨʦʧʥʫʶ ʣʠʥʠʶ ʤʝʥʴʰʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩ g-ʬʘʢʪʦʨʦʤ >2, ʯʪʦ ʦʜʥʦʟʥʘʯʥʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʠ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʠʟ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ 

ʩʧʝʢʪʨʳ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʡ, ʜʣʷ ʦʙʦʠʭ ʩʦʝʜʠʥʝʥʠʡ 

ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʦʧʠʩʘʥʥʘʷ ʥʠʞʝ ʧʨʦʮʝʜʫʨʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʠ ʚʳʯʠʪʘʥʠʷ ʩʧʝʢʪʨʦʚ. 

ɺʢʣʘʜ rʦʪ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ ʠ ʩʚʦʙʦʜʥʦʛʦ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʥʝ 

ʟʘʚʠʩʷʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʦʟʜʝʡʩʪʚʠʷ ʩʚʝʪʘ, ʘ ʟʥʘʯʠʪ ʦʜʠʥʘʢʦʚʳʤ ʦʙʨʘʟʦʤ 

ʚʭʦʜʷʪ ʚʦ ʚʩʝ ʩʧʝʢʪʨʳ. ʂ ʪʦʤʫ ʞʝ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʚ Q-ʜʠʘʧʘʟʦʥʝ ʩʠʛʥʘʣʳ ʦʪ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʠ ʦʜʠʥʦʯʥʦʡ 

ʤʝʜʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʝʨʝʢʨʳʚʘʶʪʩʷ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠʟ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʩʧʝʢʪʨʦʚ ʜʦ ʦʙʣʫʯʝʥʠʷ ʩʚʝʪʦʤ ʤʦʞʥʦ ʠʟʚʣʝʯʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʩʠʛʥʘʣ ʦʪ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ, ʩʠʛʥʘʣ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ ʠ 

ʩʠʛʥʘʣ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ (ʨʠʩʫʥʦʢ 41). ʇʦʩʣʝ 

ʦʙʣʫʯʝʥʠʷ ʩʚʝʪʦʤ ʩʠʛʥʘʣ ʦʪ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʜʚʫʤʷ ʚʢʣʘʜʘʤʠ: 

ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (ʦʪ ʪʦʡ ʯʘʩʪʠ ʪʨʠʘʜ, ʢʦʪʦʨʳʝ ʧʦ ʢʘʢʦʡ-ʣʠʙʦ 

ʧʨʠʯʠʥʝ ʥʝ ʧʦʜʚʝʨʛʣʠʩʴ ʦʙʣʫʯʝʥʠʶ ʠ ʧʦʪʦʤʫ ʥʝ ʧʝʨʝʢʣʶʯʠʣʠʩʴ) ʠ 

ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (ʦʪ ʯʘʩʪʠ ʪʨʠʘʜ, ʧʝʨʝʰʝʜʰʠʭ ʚ ʤʝʪʘʩʪʘʙʠʣʴʥʦʝ 

ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ). ɽʜʠʥʩʪʚʝʥʥʳʤ ʥʝʠʟʚʝʩʪʥʳʤ ʩʠʛʥʘʣʦʤ ʦʢʘʟʳʚʘʝʪʩʷ 

ʩʠʛʥʘʣ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ 

ʧʦʣʫʯʝʥ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ ʚʳʯʠʪʘʥʠʝʤ ʠʟ ʩʧʝʢʪʨʘ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ ʚʢʣʘʜʘ 

ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ, ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ ʠ ʯʘʩʪʠ ʩʠʛʥʘʣʘ ʦʪ ʪʨʠʘʜʳ ʚ 

ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. ɺʢʣʘʜ ʦʪ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʥʳʭ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ 

ʩʦʩʪʘʚʠʣ ʦʢʦʣʦ 70% ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 ʠ ʧʨʘʢʪʠʯʝʩʢʠ 100% ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr
. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʣʫʯʠʚʰʝʛʦʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʩʧʝʢʪʨʘ ʰʠʨʦʢʦʡ ɻʘʫʩʩʦʚʦʡ ʣʠʥʠʝʡ [33]
 
ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʚʠʜ 

ʩʧʝʢʪʨʘ ʕʇʈ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʣʷ ʦʙʦʠʭ ʩʦʝʜʠʥʝʥʠʡ. 

ʈʠʩʫʥʦʢ 42 ʥʘʛʣʷʜʥʦ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ 

ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 ʢ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʶ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ 
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ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʜʣʷ ʥʝʛʦ ʦʢʘʟʳʚʘʝʪʩʷ ʪʝʨʤʠʯʝʩʢʠ ʥʝʜʦʩʪʠʞʠʤʳʤ. 

ʉʧʝʢʪʨʳ ʪʨʠʘʜ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʜʣʷ Cu(hfac)2L
i-Pr

 ʠ ʝʛʦ 

ʪʝʨʤʦʧʝʨʝʢʣʶʯʘʝʤʦʛʦ ʘʥʘʣʦʛʘ Cu(hfac)2L
Pr

 ʜʦʩʪʘʪʦʯʥʦ ʧʦʭʦʞʠ, ʦʙʣʘʜʘʶʪ 

ʩʭʦʜʥʳʤʠ ʰʠʨʠʥʘʤʠ ʣʠʥʠʡ ʠ ʟʥʘʯʝʥʠʷʤʠ g-ʬʘʢʪʦʨʘ (ʪʘʙʣʠʮʘ 4), ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʨʝʜʧʦʣʘʛʘʪʴ ʩʭʦʜʥʫʶ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ.  

 

 

ʈʠʩʫʥʦʢ 41 ï ʉʪʘʮʠʦʥʘʨʥʳʝ ʩʧʝʢʪʨʳ ʕʇʈ Q-ʜʠʘʧʘʟʦʥʘ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
i-Pr

 

(ʘ) ʠ Cu(hfac)2L
Pr

 (ʙ), ʠʥʢʦʨʧʦʨʠʨʦʚʘʥʥʳʭ ʚ ʇɺʍ ʤʘʪʨʠʮʫ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 7 K ʜʦ ʠ ʩʨʘʟʫ 

ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ (600 ʩ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 900 ʥʤ) (ʯʝʨʥʘʷ ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ). ʈʝʟʫʣʴʪʘʪʳ 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʥʳ ʮʚʝʪʥʳʤʠ ʣʠʥʠʷʤʠ: ʩʧʝʢʪʨʳ ʜʦ ʦʙʣʫʯʝʥʠʷ (½) ʠ 

ʩʨʘʟʫ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ (½); ʠʥʜʠʚʠʜʫʘʣʴʥʳʡ ʚʢʣʘʜ ʦʜʠʥʦʯʥʦʡ ʤʝʜʠ (½); ʠʥʜʠʚʠʜʫʘʣʴʥʳʡ 

ʚʢʣʘʜ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜ ʚ WS/SS ʩʦʩʪʦʷʥʠʠ (½/½).  

 



123 

 

 

ʈʠʩʫʥʦʢ 42 ï  ʉʪʘʮʠʦʥʘʨʥʳʝ ʩʧʝʢʪʨʳ ʕʇʈ ʩʦʝʜʠʥʝʥʠʡ (ʘ) Cu(hfac)2L
i-Pr

 ʠ (ʙ)  

Cu(hfac)2L
Pr

, ʠʥʢʦʨʧʦʨʠʨʦʚʘʥʥʳʭ ʚ ʤʘʪʨʠʮʫ ʇɺʍ. ʉʧʝʢʪʨʳ ʧʦʣʫʯʝʥʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T=7 

K ʜʦ ʦʙʣʫʯʝʥʠʷ (½) ʠ ʩʨʘʟʫ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ (½). ʆʙʣʫʯʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ 900 ʥʤ ʥʘ ʧʨʦʪʷʞʝʥʠʠ 600 ʩ. ʇʨʠʤʝʩʴ ʩʚʦʙʦʜʥʦʛʦ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ (gº2.007) 

ʦʪʤʝʯʝʥʘ ʟʚʝʟʜʦʯʢʦʡ (*). ɺ ʥʠʞʥʠʭ ʯʘʩʪʷʭ ʨʠʩʫʥʢʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʪʜʝʣʴʥʳʝ ʩʧʝʢʪʨʳ ʪʨʠʘʜʳ 

ʚ ʩʠʣʴʥʦ- (SS) ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ (WS) ʩʦʩʪʦʷʥʠʠ, ʧʦʣʫʯʝʥʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ.  

ʊʘʢʞʝ ʙʳʣʠ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝʥʳ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 

ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ɸʥʘʣʦʛʠʯʥʦ ʩʦʝʜʠʥʝʥʠʶ 

Cu(hfac)2L
Pr
, ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ Cu(hfac)2L

i-Pr
 

ʤʝʪʘʩʪʘʙʠʣʴʥʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ T<20 K (ʨʠʩʫʥʦʢ 43). ʈʝʣʘʢʩʘʮʠʷ ʠʟ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʦʩʥʦʚʥʦʝ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʥʦʩʠʪ ʷʚʥʳʡ ʩʘʤʦʟʘʤʝʜʣʷʶʱʠʡʩʷ ʭʘʨʘʢʪʝʨ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ 

ʪʠʧʠʯʥʦ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
 ʠ ʦʙʲʷʩʥʷʝʪʩʷ ʰʠʨʦʢʠʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʙʘʨʴʝʨʘ (EA) ʤʝʞʜʫ ʧʦʪʝʥʮʠʘʣʴʥʳʤʠ 

ʷʤʘʤʠ ʩʠʣʴʥʦ- ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʡ (ʨʘʟʜʝʣ 1.2.4). [138] ɺ ʨʝʟʫʣʴʪʘʪʝ 
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ʙʳʩʪʨʦ ʨʝʣʘʢʩʠʨʫʶʱʠʝ ʢʣʘʩʪʝʨʳ ʚʥʦʩʷʪ ʩʚʦʡ ʚʢʣʘʜ ʚ ʥʘʯʘʣʴʥʫʶ ʩʪʘʜʠʶ 

ʨʝʣʘʢʩʘʮʠʠ ʥʘ ʢʦʨʦʪʢʠʭ ʚʨʝʤʝʥʘʭ, ʘ ʤʝʜʣʝʥʥʦ ʨʝʣʘʢʩʠʨʫʶʱʠʝ ʢʣʘʩʪʝʨʳ ï ʥʘ 

ʙʦʣʴʰʠʭ ʚʨʝʤʝʥʘʭ, ʠ ʠʭ ʠʪʦʛʦʚʘʷ ʩʫʧʝʨʧʦʟʠʮʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʨʠʚʫʶ 

ʩʘʤʦʟʘʤʝʜʣʷʶʱʝʡʩ ̫ʬʦʨʤʳ.  

ʅʘ ʨʠʩʫʥʢʝ 43 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʨʠʚʳʝ ʨʝʣʘʢʩʘʮʠʠ gn(t), ʛʜʝ gn(t) ï ʜʦʣʷ 

ʪʨʠʘʜ ʚ ʬʦʠʥʜʫʮʠʨʦʚʘʥʥʦʤ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʥʘ 

ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ gn(t=0), ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ  Cu(hfac)2L
i-Pr

 ʠ Cu(hfac)2L
Pr
. ɺʠʜʥʦ, 

ʯʪʦ ʢʨʠʚʳʝ ʠʤʝʶʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʩʭʦʜʥʳʡ ʩʘʤʦʟʘʤʝʜʣʷʶʱʠʡʩʷ ʭʘʨʘʢʪʝʨ. 

ʇʦʣʘʛʘʷ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʨʝʣʘʢʩʘʮʠʠ ʦʧʠʩʳʚʘʝʪʩʷ ʬʦʨʤʫʣʦʡ ʜʣʷ ʪʝʨʤʠʯʝʩʢʠ-

ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ krel=k0Öexp(-EA/kT), [138] ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʢʨʠʚʳʝ gn(t) ʭʦʨʦʰʦ ʤʦʜʝʣʠʨʫʶʪʩʷ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʦ ɻʘʫʩʩʦʚʦʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʚʝʣʠʯʠʥʳ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʙʘʨʴʝʨʘ EA ʩʦ ʩʪʘʥʜʘʨʪʥʳʤ 

ʦʪʢʣʦʥʝʥʠʝʤ s (ʪʘʙʣʠʮʘ 4).  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʦ ʚʩʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʥʘʙʣʶʜʝʥʠʷ 

LIESST-ʵʬʬʝʢʪʘ (5-13 ʂ) ʩʢʦʨʦʩʪʴ ʨʝʣʘʢʩʘʮʠʠ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 

ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

 ʧʨʠ ʪʦʡ ʞʝ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨʠʯʝʤ ʵʪʘ ʨʘʟʥʠʮʘ ʚ ʩʢʦʨʦʩʪʷʭ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʢʘʢ ʚʠʜʥʦ ʠʟ ʛʨʘʬʠʢʘ 43ʙ, ʧʦʩʪʨʦʝʥʥʦʛʦ ʚ ɸʨʨʝʥʠʫʩʦʚʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ ln(krel) 

ʦʪ (1/T). ʇʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʟʥʘʯʝʥʠʷ EA ʠ k0 ʪʘʢʞʝ 

ʦʢʘʟʳʚʘʶʪʩʷ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

Cu(hfac)2L
Pr
, ʯʪʦ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʢʨʘʩʥʦʤ ʩʦʛʣʘʩʠʠ ʩ ʢʘʯʝʩʪʚʝʥʥʳʤʠ 

ʨʘʩʩʫʞʜʝʥʠʷʤʠ, ʩʣʝʜʫʶʱʠʤʠ ʠʟ ʪʝʦʨʠʠ ɹʫʭʢʩʘ, [175] ʧʦʣʫʯʠʚʰʝʡ ʰʠʨʦʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʠʟʫʯʝʥʠʠ ʨʝʣʘʢʩʘʮʠʠ ʚ ʢʣʘʩʩʠʯʝʩʢʠʭ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ 

ʩʦʝʜʠʥʝʥʠʷʭ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʩʢʦʨʦʩʪʴ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʠʟ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʚ ʦʩʥʦʚʥʦʝ ʪʝʤ ʚʳʰʝ, ʯʝʤ ʙʦʣʴʰʝ ʨʘʟʥʠʮʘ ʵʥʝʨʛʠʡ ʤʝʞʜʫ 

ʤʠʥʠʤʫʤʘʤʠ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʷʤ ʜʣʷ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʡ (DE0). ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʯʝʤ ʙʦʣʴʰʝ DE0, ʪʝʤ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʘ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʘ ʧʦʩʢʦʣʴʢʫ ʪʝʤʧʝʨʘʪʫʨʘ ʩʧʠʥʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ 
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ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

, ʩʣʝʜʫʝʪ ʦʞʠʜʘʪʴ ʙʦʣʝʝ 

ʙʳʩʪʨʫʶ ʨʝʣʘʢʩʘʮʠʶ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

.  

 

ʈʠʩʫʥʦʢ 43 ï (ʘ) ʅʦʨʤʠʨʦʚʘʥʥʳʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʢʨʠʚʳʝ ɔn(t) ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ 

Cu(hfac)2L
i-Pr

 (½) ʠ Cu(hfac)2L
Pr

 (½) ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 5-13 ʂ. ʎʚʝʪʥʳʤʠ ʣʠʥʠʷʤʠ 

ʠʟʦʙʨʘʞʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. (ʙ) ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ 

ʨʝʣʘʢʩʘʮʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʩʝʚʜʦ-ɸʨʨʝʥʠʫʩʦʚʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ. (ʚ) ʉʭʝʤʘ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʜʣʷ ʩʣʘʙʦ- (WS) ʠ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ (SS) ʩʦʩʪʦʷʥʠʷ. ɿʝʣʝʥʳʤʠ 

ʩʪʨʝʣʢʘʤʠ ʦʙʦʟʥʘʯʝʥ çʧʨʷʤʦʡè ʧʨʦʮʝʩʩ (ʛʣʘʚʘ 1) ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ ʯʝʨʝʟ ʧʨʦʤʝʞʫʪʦʯʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʠ ʢʚʘʥʪʦʚʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʚ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʈʦʟʦʚʳʤʠ ʩʪʨʝʣʢʘʤʠ 

ʦʙʦʟʥʘʯʝʥ çʚʪʦʨʠʯʥʳʡè (ʛʣʘʚʘ 1) ʧʨʦʮʝʩʩ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ ʠ ʨʝʣʘʢʩʘʮʠʠ, ʢʦʪʦʨʳʡ ʪʠʧʠʯʥʦ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚ ɺʈ ʕʇʈ ʵʢʩʧʝʨʠʤʝʥʪʘʭ. ʉʣʝʚʘ ʪʘʢʞʝ ʦʙʦʟʥʘʯʝʥʘ ʵʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʩʧʠʥʦʚʳʭ ʤʫʣʴʪʠʧʣʝʪʦʚ ʚ ʩʣʫʯʘʝ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ɿʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥ EA ʠ k0, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

 ʚ ʇɺʍ 

ʤʘʪʨʠʮʝ (ʪʘʙʣʠʮʘ 4), ʩʣʝʛʢʘ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʟʥʘʯʝʥʠʡ, 

ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʩʫʩʧʝʥʟʠʠ ʚ ʛʣʠʮʝʨʠʥʝ (EA,glycerol= 19 Ñ 5 ʩʤ
-1
 ʠ k0,glycerol = (3.2 Ñ 

1.3)Ĭ10
ī3

 ʩ
-1
 [138]). ʅʝʙʦʣʴʰʦʝ ʫʤʝʥʴʰʝʥʠʝ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʚ ʩʣʫʯʘʝ 

ʦʙʨʘʟʮʘ ʚ ʇɺʍ ʤʘʪʨʠʮʝ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʪʝʤ ʬʘʢʪʦʤ, ʯʪʦ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ 
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ʢʨʠʩʪʘʣʣʦʚ ʚ ʥʝʤ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʩʫʩʧʝʥʟʠʠ ʩ ʛʣʠʮʝʨʠʥʦʤ. 

ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚ ʇɺʍ ʤʘʪʨʠʮʝ ʤʝʥʴʰʠʝ ʦʧʪʠʯʝʩʢʠ ʙʦʣʝʝ ʧʨʦʟʨʘʯʥʳʝ 

ʢʨʠʩʪʘʣʣʳ ʤʦʛʫʪ ʙʳʪʴ ʧʝʨʝʢʣʶʯʝʥʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʚʝʪʘ ʧʦʣʥʦʩʪʴʶ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʚ ʩʫʩʧʝʥʟʠʠ ʩ ʛʣʠʮʝʨʠʥʦʤ ʚ ʢʘʞʜʦʤ ʢʨʠʩʪʘʣʣʝ ʣʠʰʴ ʯʘʩʪʴ ʢʨʠʩʪʘʣʣʘ 

ʩʧʦʩʦʙʥʘ ʢ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʶ, ʠ ʠʟ-ʟʘ ʦʙʨʘʟʫʶʱʝʡʩʷ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʬʘʟ 

ʚʥʫʪʨʠ ʢʨʠʩʪʘʣʣʘ ʚʦʟʥʠʢʘʶʪ ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʢʦʪʦʨʳʝ ʠ ʧʨʠʚʦʜʷʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ.  

ʊʘʙʣʠʮʘ 4 ï ʇʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ ʕʇʈ ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 ʠ Cu(hfac)2L
Pr
, ʛʜʝ gtriad ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ g-

ʪʝʥʟʦʨ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʤ ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ; Gtriad ï ʰʠʨʠʥʘ 

ʣʠʥʠʠ ʕʇʈ ʩʧʠʥʦʚʦʡ ʪʨʠʘʜʳ ʚ ʩʣʘʙʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ; k0, EA ʠ s ï ʧʘʨʘʤʝʪʨʳ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʨʝʣʘʢʩʘʮʠʶ ʩʠʩʪʝʤʳ. 

 Cu(hfac)2L
i-Pr

 Cu(hfac)2L
Pr

 

gtriad (SS) [1.990 1.977 1.919] [1.991 1.982 1.916] 

gtriad (WS) 2.0165 2.0336 

Gtriad(WS) / ʤʊʣ 53.7 65.8 

k0 / ʩ
-1
 (3.9 °0.7)Ā10

-2
 (9.8°1.7)Ā10

-4
 

EA / ʩʤ
-1

 23.3 ° 3.1 13.3 ° 5.9 

s / ʩʤ
-1
 5 K: 11 5 K: 11 

7 K: 16 7 K: 24 

10 K: 17 10 K: 22 

13 K: 20 13 K 27 

ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʣʫʙʠʥʳ ʢʦʥʚʝʨʩʠʠ 

(gmax¹gn(t=0)), ʠʟʦʙʨʘʞʝʥʥʘʷ ʥʘ ʨʠʩʫʥʢʝ 44, ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ 

ʪʝʨʤʠʯʝʩʢʠ-ʥʝʜʦʩʪʠʞʠʤʦʝ ʚʦʟʙʫʞʜʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʝʱʝ ʦʜʥʠʤ ʦʙʨʘʟʦʤ. ʊʘʢʠʝ 

ʢʨʠʚʳʝ ʦʪʦʙʨʘʞʘʶʪ ʨʝʟʫʣʴʪʘʪ ʢʦʥʢʫʨʝʥʮʠʠ ʧʨʦʮʝʩʩʘ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ 

ʨʝʣʘʢʩʘʮʠʠ. ɺ ʧʦʣʥʦʤ ʩʦʛʣʘʩʠʠ ʩ ʥʘʙʣʶʜʘʝʤʳʤʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʤʠ 

ʪʝʥʜʝʥʮʠʷʤʠ, ʟʘʚʠʩʠʤʦʩʪʴ gmax(T) ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 ʥʘʯʠʥʘʝʪ 

ʩʧʘʜʘʪʴ ʥʝʩʢʦʣʴʢʦ ʨʘʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʦʝʜʠʥʝʥʠʝʤ Cu(hfac)2L
Pr
, ʪʘʢ ʯʪʦ 
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ʢʨʠʚʘʷ ʦʢʘʟʳʚʘʝʪʩʷ ʩʜʚʠʥʫʪʘ ʚ ʦʙʣʘʩʪʴ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʥʘ 3-4 K. 

ɺʘʞʥʦ, ʯʪʦ ʜʣʷ ʦʙʦʠʭ ʩʦʝʜʠʥʝʥʠʡ ʜʦʩʪʠʛʘʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʣʘʪʦ ʧʨʠ T~5-7 

K (ʥʘʩʪʫʧʘʝʪ ʥʘʩʳʱʝʥʠʝ), ʠ ʠʤʝʥʥʦ ʧʨʠ ʵʪʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʧʪʠʤʘʣʴʥʦ 

ʧʨʦʚʦʜʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʬʦʪʦʦʙʣʫʯʝʥʠʶ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ 

ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʜʣʷ Cu(hfac)2L
Pr

 ʚ ʤʘʪʨʠʮʝ ʇɺʍ ʙʣʠʟʢʘ ʢ 100%, ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 ʦʥʘ ʥʝʩʢʦʣʴʢʦ ʥʠʞʝ ~67%. ʕʪʠ ʧʨʝʜʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʤʦʨʬʦʣʦʛʠʝʡ ʦʙʨʘʟʮʦʚ ʠ ʫʩʣʦʚʠʷʤʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʬʦʪʦʦʙʣʫʯʝʥʠʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʢʨʠʚʘʷ gmax(T), ʧʦʣʫʯʝʥʥʘʷ ʧʦʩʣʝ ʚʳʯʠʪʘʥʠʷ 

ʪʝʤʥʦʚʳʭ ʩʧʝʢʪʨʦʚ, ʷʚʣʷʝʪʩʷ ʠʩʪʠʥʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʛʣʫʙʠʥʳ ʢʦʥʚʝʨʩʠʠ ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʫʩʣʦʚʠʡ ʟʘʩʚʝʪʢʠ ʠ ʪʠʧʘ ʦʙʨʘʟʮʘ.  

 

ʈʠʩʫʥʦʢ 44 ï  ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʣʫʙʠʥʳ ʢʦʥʚʝʨʩʠʠ 

ɔmax¹ɔn(t=0) ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ  Cu(hfac)2L
i-Pr

 (½) ʠ Cu(hfac)2L
Pr

 (½). ʂʨʠʚʳʝ ʥʦʨʤʠʨʦʚʘʥʳ ʥʘ 

ʟʥʘʯʝʥʠʝ ɔmax(T = 5 K).  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʙʳʣʠ ʧʦʢʘʟʘʥʳ ʜʚʘ ʟʥʘʯʠʤʳʭ ʬʘʢʪʘ: 1) 

ʪʝʨʤʦʥʝʜʦʩʪʠʞʠʤʦʝ ʩʦʩʪʦʷʥʠʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 ʤʦʞʝʪ ʙʳʪʴ 

ʩʦʟʜʘʥʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʦʙʣʫʯʝʥʠʷ ʧʨʠ ʢʨʠʦʛʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʪʦ, ʯʪʦ ʦʥʦ ʷʚʣʷʝʪʩʷ ʪʝʨʤʠʯʝʩʢʠ ʥʝʜʦʩʪʠʞʠʤʳʤ; 2) ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 

ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ 

Cu(hfac)2L
i-Pr

 ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʩʭʦʞʠ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʪʝʨʤʦʧʝʨʝʢʣʶʯʘʝʤʦʛʦ 

ʘʥʘʣʦʛʘ Cu(hfac)2L
Pr
, ʠ ʚʩʝ ʫʩʪʘʥʦʚʣʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʩʦʛʣʘʩʫʶʪʩʷ ʚ ʨʘʤʢʘʭ 

ʧʨʠʥʷʪʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ.  
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ʆʪʤʝʪʠʤ, ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ɺʈ ʕʇʈ, 

ʧʨʦʚʝʜʝʥʥʳʝ ʚ ʋʥʠʚʝʨʩʠʪʝʪʝ ʛ. ʆʩʘʢʘ ʄ.ɺ. ʌʝʜʠʥʳʤ ʠ ʢʦʣʣʝʛʘʤʠ ʧʦ ʘʥʘʣʦʛʠʠ 

ʩ ʧʨʠʤʝʥʝʥʥʦʡ ʤʝʪʦʜʠʢʦʡ ʚ [139], ʧʦʟʚʦʣʠʣʠ ʦʧʨʝʜʝʣʠʪʴ ʟʥʘʢ ʠ ʦʮʝʥʠʪʴ 

ʚʝʣʠʯʠʥʫ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜʘʭ Cu(hfac)2L
i-Pr

, 

ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʤ ʪʝʨʤʠʯʝʩʢʠ-ʥʝʜʦʩʪʠʞʠʤʦʤ WS 

ʩʦʩʪʦʷʥʠʠ. ʅʘ  ʨʠʩʫʥʢʝ 44 ʧʦʢʘʟʘʥʳ ʢʠʥʝʪʠʢʠ ɺʈ ʕʇʈ W-ʜʠʘʧʘʟʦʥʘ 

ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
i-Pr

 ʠ Cu(hfac)2L
Pr

 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ T=5-15 K, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʩʣʝ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ. ʊʘʢʠʝ 

ʢʠʥʝʪʠʢʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʧʨʦʮʝʩʩ ʨʝʣʘʢʩʘʮʠʠ ʤʝʞʜʫ ʤʫʣʴʪʠʧʣʝʪʘʤʠ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ WS ʩʦʩʪʦʷʥʠʷ. [139] ɺ ʩʣʫʯʘʝ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ 

ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ WS ʩʦʩʪʦʷʥʠʠ ʥʘʯʘʣʴʥʳʡ ʩʧʘʜ ʟʘ ʚʨʝʤʷ ʤʝʥʝʝ 1 

ʤʢʩ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʝʧʦʧʫʣʷʮʠʠ ʦʩʥʦʚʥʦʛʦ ʢʚʘʨʪʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (Q). 

ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʩʠʛʥʘʣʘ ʚʳʟʚʘʥʦ ʵʣʝʢʪʨʦʥʥʦʡ ʨʝʣʘʢʩʘʮʠʝʡ ʠʟ 

ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʜʫʙʣʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (D) ʚ ʢʚʘʨʪʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ (Q) 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ WS ʩʦʩʪʦʷʥʠʷ. ɺ ʩʣʫʯʘʝ ʞʝ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ 

ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʘʩʧʦʣʦʞʝʥʠʝ ʤʫʣʴʪʠʧʣʝʪʦʚ ʚ WS ʩʦʩʪʦʷʥʠʠ ʙʫʜʝʪ 

ʦʙʨʘʪʥʳʤ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘʙʣʶʜʘʝʤʘʷ ʬʘʟʘ ʢʠʥʝʪʠʢʠ ʙʫʜʝʪ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʘ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʬʘʟʳ ʢʠʥʝʪʠʢʠ 

ɺʈ ʕʇʈ ʜʣʷ Cu(hfac)2L
i-Pr

 ʠ Cu(hfac)2L
Pr

 ʦʜʠʥʘʢʦʚʳ. ɼʣʷ Cu(hfac)2L
Pr

 ʫʩʪʘʥʦʚʣʝʥ 

ʬʘʢʪ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜʘʭ. [30, 31, 

139] ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʦʩʪʦʚʝʨʥʦ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʚ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜʘʭ 

Cu(hfac)2L
i-Pr

 ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ.   
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ʈʠʩʫʥʦʢ 44  ï ʂʠʥʝʪʠʢʠ ɺʈ ʕʇʈ W-ʜʠʘʧʘʟʦʥʘ ʩʦʝʜʠʥʝʥʠʡ a) Cu(hfac)2L
i-Pr

 ʠ ʙ) 

Cu(hfac)2L
Pr

 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ T=5-13 (15) K (ʫʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ ʩʧʨʘʚʘ).  

ʊʘʙʣʠʮʘ 5 ï ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʚʨʝʤʷ (ʤʦʥʦʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ) ʨʝʣʘʢʩʘʮʠʠ ʤʝʞʜʫ 

ʤʫʣʴʪʠʧʣʝʪʘʤʠ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ WS ʩʦʩʪʦʷʥʠʷ, ʧʦʣʫʯʝʥʥʦʝ ʠʟ 

ʘʥʘʣʠʟʘ ʢʠʥʝʪʠʢ ɺʈ ʕʇʈ, ʠʟʦʙʨʘʞʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ 46. 

 Cu(hfac)2L
i-Pr

 Cu(hfac)2L
n-Pr

 

Trel / ʤʢʩ 5 K: 

10 K: 

13 K: 

3.01 

2.57 

1.61 

5 K: 

10 K: 

15 K: 

3.32 

2.25 

1.54 

ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʳʡ ʤʝʭʘʥʠʟʤ ʵʣʝʢʪʨʦʥʥʦʡ ʩʧʠʥʦʚʦʡ ʨʝʣʘʢʩʘʮʠʠ ʠʟ 

ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʜʫʙʣʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ D ʚ ʦʩʥʦʚʥʦʝ ʢʚʘʨʪʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ Q 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ WS ï ʧʨʷʤʦʡ ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ, [139] ʘ 

ʟʥʘʯʠʪ, ʚʝʣʠʯʠʥʘ ʨʘʩʱʝʧʣʝʥʠʷ ʤʝʞʜʫ ʤʫʣʴʪʠʧʣʝʪʘʤʠ ʦʢʘʟʳʚʘʝʪ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʢʦʨʦʩʪʴ ʨʝʣʘʢʩʘʮʠʠ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 44 ʠ 

ʪʘʙʣʠʮʳ 5, ʧʘʨʘʤʝʪʨʳ ʨʝʣʘʢʩʘʮʠʠ Cu(hfac)2L
i-Pr

 ʙʣʠʟʢʠ ʢ Cu(hfac)2L
Pr
, ʘ ʟʥʘʯʠʪ 

ʙʣʠʟʢʠ ʠ ʚʝʣʠʯʠʥʳ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʩʧʠʥʦʚʳʭ ʪʨʠʘʜʘʭ ʦʙʦʠʭ 

ʩʦʝʜʠʥʝʥʠʡ, ʩʦʛʣʘʩʥʦ ʦʮʝʥʢʘʤ ʩʦʩʪʘʚʣʷʶʱʠʝ ʦʢʦʣʦ |J|<20 ʩʤ
-1
.
  
[30, 153] ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʫʷ ʤʝʪʦʜʳ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʠ ʚʨʝʤʷʨʘʟʨʝʰʝʥʥʦʛʦ ʕʇʈ, ʚʧʝʨʚʳʝ 
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ʫʜʘʣʦʩʴ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 

ʪʝʨʤʦʥʝʜʦʩʪʠʞʠʤʦʛʦ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ WS ʩʦʩʪʦʷʥʠʷ ʚ 

ʩʦʝʜʠʥʝʥʠʠ Cu(hfac)2L
i-Pr

.  

6.3 ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʤʦʣʝʢʫʣʷʨʥʦʤ ʤʘʛʥʝʪʠʢʝ 

Cu(hfac)2L
i-Pr
, ʢʦʪʦʨʳʡ ʥʝ ʩʧʦʩʦʙʝʥ ʢ ʪʝʨʤʠʯʝʩʢʦʤʫ ʩʧʠʥʦʚʦʤʫ ʧʝʨʝʭʦʜʫ. 

ɺʦʟʙʫʞʜʝʥʥʦʝ ʪʝʨʤʦʥʝʜʦʩʪʠʞʠʤʦʝ ʩʧʠʥʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʙʳʣʦ ʩʦʟʜʘʥʦ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʦʙʣʫʯʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʜʣʠʥ ʚʦʣʥ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ ʧʨʠ ʢʨʠʦʛʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ (ʥʠʞʝ 15 ʂ). ɺ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʚʨʝʤʷ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʩʦʩʪʘʚʣʷʝʪ ʥʝʩʢʦʣʴʢʦ ʯʘʩʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʝʛʦ 

ʵʣʝʢʪʨʦʥʥʫ  ʁʩʪʨʫʢʪʫʨʫ ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʤʝʪʦʜʦʤ ʕʇʈ. ʉʨʘʚʥʝʥʠʝ ʩ 

ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʤ ʪʝʨʤʦʧʝʨʝʢʣʶʯʘʝʤʳʤ ʘʥʘʣʦʛʦʤ ï ʩʦʝʜʠʥʝʥʠʝʤ Cu(hfac)2L
Pr

, 

ʦʙʣʘʜʘʶʱʠʤ ʩʭʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ï  ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ 

ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʪʝʨʤʠʯʝʩʢʠ-ʥʝʜʦʩʪʠʞʠʤʦʛʦ ʩʦʩʪʦʷʥʠʷ.  

ʉʧʝʮʠʘʣʴʥʦ ʜʣʷ ʵʪʦʡ ʟʘʜʘʯʠ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʥʦʚʘʷ ʤʝʪʦʜʠʢʘ ʩʠʥʪʝʟʘ 

ʩʦʝʜʠʥʝʥʠʡ, ʚʥʝʜʨʝʥʥʳʭ ʚ ʤʘʪʨʠʮʫ ʇɺʍ. ʇʦʣʫʯʝʥʥʳʝ ʪʘʢʠʤ ʤʝʪʦʜʦʤ ʦʙʨʘʟʮʳ 

ʦʢʘʟʘʣʠʩʴ ʥʝ ʪʦʣʴʢʦ ʯʨʝʟʚʳʯʘʡʥʦ ʩʪʘʙʠʣʴʥʳʤʠ, ʧʨʠʛʦʜʥʳʤʠ ʜʣʷ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʛʦ ʭʨʘʥʝʥʠʷ, ʥʦ ʠ ʧʦʟʚʦʣʠʣʠ ʫʚʝʣʠʯʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʦʙʣʫʯʝʥʠʷ, ʢʦʪʦʨʘʷ ʚ ʥʝʢʦʪʦʨʳʭ ʦʙʨʘʟʮʘʭ ʜʦʩʪʠʛʘʣʘ ʧʨʘʢʪʠʯʝʩʢʠ 100%. ɺ 

ʨʘʤʢʘʭ ʵʪʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʇɺʍ ʤʘʪʨʠʮʳ ʥʘ ʤʘʛʥʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʠʥʢʦʨʧʦʨʠʨʦʚʘʥʥʦʛʦ ʚ ʥʝʝ ʩʦʝʜʠʥʝʥʠʷ. ʂʘʢ ʠ ʦʞʠʜʘʣʦʩʴ, ʫʤʝʥʴʰʝʥʠʝ 

ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʦʚ ʠ ʚʣʠʷʥʠʝ ʚʥʝʰʥʝʡ ʩʨʝʜʳ ʥʝʩʢʦʣʴʢʦ ʩʥʠʞʘʶʪ ʵʬʬʝʢʪ 

ʢʦʦʧʝʨʘʪʠʚʥʦʩʪʠ ʚ ʜʘʥʥʦʤ ʪʠʧʝ ʩʦʝʜʠʥʝʥʠʡ, ʯʪʦ ʜʝʣʘʝʪ ʪʝʨʤʠʯʝʩʢʠʡ ʧʝʨʝʭʦʜ 

ʙʦʣʝʝ ʧʣʘʚʥʳʤ, ʘ ʩʘʤʘ ʪʝʤʧʝʨʘʪʫʨʘ ʩʧʠʥʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʥʝʩʢʦʣʴʢʦ ʩʤʝʱʘʝʪʩʷ ʚ 

ʦʙʣʘʩʪʴ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʩʘʤʘ ʧʦ ʩʝʙʝ ʚʦʟʤʦʞʥʦʩʪʴ 

ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʪʝʨʤʠʯʝʩʢʠ ʥʝʧʝʨʝʢʣʶʯʘʝʤʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʩʝʤʝʡʩʪʚʘ 



131 

 

Cu(hfac)2L
R
 ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʧʝʨʩʧʝʢʪʠʚʥʦʡ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʜʣʷ ʪʘʢʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʚʦʟʤʦʞʥʦ ʧʝʨʝʢʣʶʯʝʥʠʝ ʠʟ ʦʩʥʦʚʥʦʛʦ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʚ ʚʦʟʙʫʞʜʝʥʥʦʝ ʩʣʘʙʦʩʚʷʟʘʥʥʦʝ ʚʦ ʚʩʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 2-350 ʂ. 

ʊʘʢʦʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʣʩʷ ʨʘʥʝʝ ʪʦʣʴʢʦ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʩʧʠʥ-ʢʨʦʩʩʦʚʝʨʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ, ʥʦ ʥʠʢʦʛʜʘ ʨʘʥʝʝ ʥʝ ʙʳʣ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥ ʜʣʷ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʤʝʜʠ. [15, 132 176]  

ʂʦʥʝʯʥʦ, ʛʦʚʦʨʷ ʦ ʧʝʨʝʢʣʶʯʝʥʠʠ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʝʦʙʭʦʜʠʤʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʨʝʣʘʢʩʘʮʠʠ ʠʟ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʚ ʦʩʥʦʚʥʦʝ ʨʝʟʢʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʆʜʥʘʢʦ, ʢʘʢ ʧʦʢʘʟʘʣʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʦʧʪʠʯʝʩʢʦʡ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʩʦʝʜʠʥʝʥʠʷ ʪʠʧʘ Cu(hfac)2L
R
 ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʘʢ 

ʩʚʝʨʭʙʳʩʪʨʳʝ (ʤʝʥʝʝ 50 ʬʩ) ʩʧʠʥʦʚʳʝ ʧʝʨʝʢʣʶʯʘʪʝʣʠ,[156] ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʨʘʙʦʪʘʪʴ ʠ ʧʨʠ ʢʦʤʥʘʪʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʚ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʩʧʠʥʦʚʳʭ ʫʩʪʨʦʡʩʪʚʘʭ.   
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ɻʃɸɺɸ 7. ʀʉʉʃɽɼʆɺɸʅʀɽ ʉʊʈʋʂʊʋʈʓ 

ʌʆʊʆʀʅɼʋʎʀʈʆɺɸʅʅʆɻʆ ʉʆʉʊʆʗʅʀʗ ɺ 

ʄʆʃɽʂʋʃʗʈʅʓʍ ʄɸɻʅɽʊʀʂɸʍ ʊʀʇɸ Cu(hfac)2L
R
 

ʄɽʊʆɼʆʄ ʀʂ ʉʇɽʂʊʈʆʉʂʆʇʀʀ 

7.1 ɺʚʝʜʝʥʠʝ 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʷʚʣʝʥʠʝ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʠ LIESST-ʵʬʬʝʢʪ ʚ 

ʩʦʝʜʠʥʝʥʠʷʭ Cu(hfac)2L
R
 ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʙʦʣʝʝ ʩʝʤʠ ʣʝʪ, 

ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʤʦʤʝʥʪ ʥʝʪ ʜʦʩʪʦʚʝʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʪʦʣʴ ʚʘʞʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʢʘʢ ʩʪʨʫʢʪʫʨʘ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ WS 

ʩʦʩʪʦʷʥʠʷ (ʟʜʝʩʴ ʠ ʜʘʣʝʝ mHT ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ). ʊʘʢʞʝ ʦʪʩʫʪʩʪʚʫʝʪ 

ʠʥʬʦʨʤʘʮʠʷ ʠ ʦ ʩʨʘʚʥʝʥʠʠ ʩʪʨʫʢʪʫʨʳ mHT ʠ ʩʪʨʫʢʪʫʨʳ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟr (HT, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʤʫ WS 

ʩʦʩʪʦʷʥʠʶ). ɺʳʩʦʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʵʢʩʪʠʥʢʮʠʠ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
 ʥʘ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝ ʧʦʟʚʦʣʷʝʪ ʥʘʙʣʶʜʘʪʴ LIESST ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʝʣʘʝʪ ʥʝʜʦʩʪʫʧʥʳʤ ʧʦʣʫʯʝʥʠʝ ʧʨʷʤʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʪʨʫʢʪʫʨʝ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʤʝʪʦʜʦʤ ʈʉɸ.  

ɺ ʥʝʜʘʚʥʝʡ ʨʘʙʦʪʝ [141] ʜʣʷ ʠʟʫʯʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʪʝʨʤʦʧʝʨʝʢʣʶʯʝʥʠʷ 

ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
R
 ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ ʘʚʪʦʨʳ ʧʨʠʤʝʥʠʣʠ ʀʂ 

ʩʧʝʢʪʨʦʩʢʦʧʠʶ (ʨʘʟʜʝʣ 1.2.5). ɺ ʭʦʜʝ ʵʪʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʥʘʡʜʝʥʳ 

ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʠʤʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʣʠʙʦ HT ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʝ (ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʣʫʯʘʝ 

ʩʣʘʙʦʩʚʷʟʘʥʥʦʛʦ WS ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ), ʣʠʙʦ LT ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʝ 

(ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʣʫʯʘʝ ʩʠʣʴʥʦʩʚʷʟʘʥʥʦʛʦ SS ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ). ʂʨʦʤʝ ʪʦʛʦ, 

ʧʨʠʚʣʝʯʝʥʠʝ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʧʦʟʚʦʣʠʣʦ ʫʩʪʘʥʦʚʠʪʴ ʢʦʨʨʝʣʷʮʠʶ 

ʤʝʞʜʫ ʥʘʙʣʶʜʘʝʤʳʤʠ ʀʂ ʩʧʝʢʪʨʘʤʠ ʠ ʩʪʨʫʢʪʫʨʦʡ ʢʦʤʧʣʝʢʩʦʚ. ʆʧʠʨʘʷʩʴ ʥʘ 
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ʵʪʠ ʜʘʥʥʳʝ, ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʙʳʣʘ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥʘ ʚ ʢʘʯʝʩʪʚʝ 

ʥʝʧʨʷʤʦʛʦ ʤʝʪʦʜʘ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʪʠʧʘ Cu(hfac)2L
R
. 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ LIESST-ʵʬʬʝʢʪʘ 

ʤʝʪʦʜʦʤ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʚ ʜʚʫʭ ʧʨʝʜʩʪʘʚʠʪʝʣʷʭ 

ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
: Cu(hfac)2L

Me
 ʩ ʨʝʟʢʠʤ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʤ ʧʝʨʝʭʦʜʦʤ 

ʧʨʠ TST ~ 145 ʂ, ʠ Cu(hfac)2L
Pr

 ʩ ʧʣʘʚʥʳʤ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʤ ʧʝʨʝʭʦʜʦʤ ʚ 

ʜʠʘʧʘʟʦʥʝ 100-250 ʂ. ʉʨʘʚʥʝʥʠʝ ʀʂ ʩʧʝʢʪʨʦʚ ʪʝʨʤʦ- ʠ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ Cu(hfac)2L
Me

 ʩʪʨʫʢʪʫʨʘ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ mHT ʘʥʘʣʦʛʠʯʥʘ HT ʬʘʟʝ. ɺ ʩʣʫʯʘʝ ʞʝ Cu(hfac)2L
Pr

 ʦʙʥʘʨʫʞʝʥʳ 

ʨʘʟʣʠʯʠʷ ʚ ʩʪʨʫʢʪʫʨʘʭ ʪʝʨʤʦ- ʠ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʅʘ ʦʩʥʦʚʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʦʜʩʪʚʝʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr
, ʘ ʪʘʢʞʝ 

ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʨʘʙʦʪʳ [141], ʫʩʪʘʥʦʚʣʝʥ r ʦʩʦʙʝʥʥʦʩʪʠ 

ʩʪʨʫʢʪʫʨ rʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ  mHT ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

.  

7.2 ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ 

ɺ ʨʘʙʦʪʝ [141] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʳʡ ʧʝʨʝʭʦʜ ʚ 

Cu(hfac)2L
Me

 ʠ Cu(hfac)2L
Pr

 ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʀʂ ʩʧʝʢʪʨʘʭ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʚ 

ʧʦʷʚʣʝʥʠʠ/ʠʩʯʝʟʥʦʚʝʥʠʠ ʥʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ, 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ 

ʜʣʷ ʦʮʝʥʢʠ ʛʣʫʙʠʥʳ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʢʦʥʚʝʨʩʠʠ HTźLT. ɺ ʵʪʦʡ ʞʝ 

ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʦ ʧʦʜʨʦʙʥʦʝ ʦʪʥʝʩʝʥʠʝ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʚ ʩʨʝʜʥʝʤ ʀʂ ʜʠʘʧʘʟʦʥʝ ʢ ʢʦʣʝʙʘʥʠʷʤ ʨʘʟʣʠʯʥʳʭ ʛʨʫʧʧ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʢʘʞʜʘʷ ʢʦʥʢʨʝʪʥʘʷ ʧʦʣʦʩʘ ʦʙʫʩʣʦʚʣʝʥʘ ʩʨʘʟʫ ʥʝʩʢʦʣʴʢʠʤ ʪʠʧʘʤ ʢʦʣʝʙʘʥʠʡ, ʯʪʦ 

ʜʝʣʘʝʪ ʦʪʥʝʩʝʥʠʝ ʣʠʥʠʡ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʳʤ.   

ʀʩʧʦʣʴʟʫʷ ʘʥʘʣʦʛʠʯʥʳʡ ʧʦʜʭʦʜ, ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʘʷ 

ʢʦʥʚʝʨʩʠʷ LTŸ mHT. ʅʘ ʨʠʩʫʥʢʝ 45ʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʀʂ ʩʧʝʢʪʨʳ ʩʦʝʜʠʥʝʥʠʷ 

Cu(hfac)2L
Me

 ʚ ʜʠʘʧʘʟʦʥʝ 1100ī800 cm
ī1
, ʚ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʷʪ ʥʘʠʙʦʣʝʝ 
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ʟʘʤʝʪʥʳʝ  ʠʟʤʝʥʝʥʠʷ. ʇʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʢʦʣʝʙʘʥʠʷ ʚ ʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʝʬʦʨʤʘʮʠʦʥʥʳʤ ʢʦʣʝʙʘʥʠʷʤ CO ʛʨʫʧʧ ʠ ʚʘʣʝʥʪʥʳʤ 

ʢʦʣʝʙʘʥʠʷʤ ʩʚʷʟʠ CF ʚ CF3 ʛʨʫʧʧʘʭ hfac ʣʠʛʘʥʜʘ.  

 

ʈʠʩʫʥʦʢ 45 ï ʀʂ ʩʧʝʢʪʨʳ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʷ ʘ) Cu(hfac)2L
Me

 ʚ 

ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ HT ʬʘʟʝ (ʬʠʦʣʝʪʦʚʳʡ, 150 ʂ), ʚ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ mHT ʬʘʟʝ 

(ʯʝʨʥʳʡ, 5 K), ʚ LT ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 50 K (ʙʠʨʶʟʦʚʳʡ) ʠ 25 K 

(ʩʠʥʠʡ); ʙ) Cu(hfac)2L
Pr

 ʚ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ HT ʬʘʟʝ (ʬʠʦʣʝʪʦʚʳʡ, 300 ʂ), ʚ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ mHT ʬʘʟʝ (ʯʝʨʥʳʡ, 5 K), ʚ LT ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

50 K (ʙʠʨʶʟʦʚʳʡ) ʠ 25 K (ʢʨʘʩʥʳʡ). 

ʊʝʤʥʦʚʳʝ ʩʧʝʢʪʨʳ ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʥʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 5 ʂ, ʘ ʧʨʠ 
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ʪʝʤʧʝʨʘʪʫʨʝ 25 ʂ ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ 

ʩʢʘʥʠʨʫʶʱʠʤ ʠʟʣʫʯʝʥʠʝʤ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʠʟʤʝʥʝʥʠʡ 

ʩʧʝʢʪʨʦʚ ʩ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʳʤʠ ʙʳʣʠ ʪʘʢʞʝ ʧʦʣʫʯʝʥʳ ʀʂ ʩʧʝʢʪʨʳ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ (150 ʂ) ʠ ʥʠʞʝ (50 ʂ) ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ 

ʧʝʨʝʭʦʜʘ.  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 45ʘ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʧʦʣʦʩʳ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ LT 

ʬʘʟʳ, ʠʩʯʝʟʘʶʪ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʚʠʜʠʤʳʤ ʩʚʝʪʦʤ (1098 ʩʤ
-1
, 1086 ʩʤ

-1
, 1034 ʩʤ

-1
 , 

890 ʩʤ
-1
). ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʧʦʣʦʩ HT 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ (884 ʩʤ
-1
, 815 ʩʤ

-1
). ɸʥʘʣʦʛʠʯʥʦʝ ʧʦʚʝʜʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ 

ʩʣʫʯʘʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʧʝʨʝʭʦʜʘ ï ʚ ʀʂ ʩʧʝʢʪʨʘʭ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ HT ʬʘʟʳ 

ʠ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ mHT ʬʘʟʳ ʥʝʪ ʧʨʠʥʮʠʧʠʘʣʴʥʳʭ ʦʪʣʠʯʠʡ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʛʝʦʤʝʪʨʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʬʘʟʳ 

mHT ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʪʨʫʢʪʫʨʝ HT ʬʘʟʳ. 

ɺ ʩʣʫʯʘʝ Cu(hfac)2L
Pr

 (ʨʠʩʫʥʦʢ 45ʙ) ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ 

ʠʥʪʝʥʩʠʚʦʩʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ LT ʬʘʟʳ (1092 ʩʤ
-1
,
 
887 

ʩʤ
-1
) ʠ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ HT ʬʘʟʳ (1105 ʩʤ

-1
, 893 

ʩʤ
-1
). ʆʜʥʘʢʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʝʢʦʪʦʨʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʜʣʷ LT ʬʘʟʳ ʧʦʣʦʩ 

ʧʦʛʣʦʱʝʥʠʷ (1039 ʩʤ
-1 
ʠ 904 ʩʤ

-1
) ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʚʝʪʘ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʦʥʘ ʧʨʝʪʝʨʧʝʚʘʝʪ ʠʟʤʝʥʝʥʠʷ ʧʨʠ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʢʦʥʚʝʨʩʠʠ 

(ʨʠʩʫʥʦʢ 45ʙ). ʀʩʭʦʜʷ ʠʟ ʚʠʜʘ ʀʂ ʩʧʝʢʪʨʦʚ, ʤʦʞʥʦ ʦʜʥʦʟʥʘʯʥʦ ʫʪʚʝʨʞʜʘʪʴ ʦʙ 

ʠʤʝʶʱʠʭʩʷ ʦʪʣʠʯʠʷʭ ʚ ʩʪʨʫʢʪʫʨʝ ʪʝʨʤʦ- ʠ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʬʘʟʳ 

Cu(hfac)2L
Pr
. ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʧʨʠʯʠʥʳ ʵʪʠʭ ʦʪʣʠʯʠʡ ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʨʦʙʥʝʝ 

ʨʘʩʩʤʦʪʨʝʪʴ ʤʝʭʘʥʠʟʤ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʧʝʨʝʢʣʶʯʝʥʠʷ.  

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʉɸ ʦʩʥʦʚʥʳʝ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ 

ʧʝʨʝʩʪʨʦʡʢʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʦʠʩʭʦʜʷʪ ʚ ʤʝʜʴ-ʥʠʪʨʦʢʩʠʣʴʥʳʭ ʢʣʘʩʪʝʨʘʭ. ʊʘʢ, 

ʥʘʧʨʠʤʝʨ, ʚ ʧʨʦʮʝʩʩʝ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʧʝʨʝʩʪʨʦʡʢʠ ʩʦʝʜʠʥʝʥʠʷ 

Cu(hfac)2L
Me

 ʤʝʥʷʶʪʩʷ ʣʠʰʴ ʜʣʠʥʳ ʩʚʷʟʝʡ ʚ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʤ ʦʢʪʘʵʜʨʝ ʤʝʜʠ. 

ɺ ʩʣʫʯʘʝ ʞʝ Cu(hfac)2L
Pr

 ʦʨʠʝʥʪʘʮʠʷ ʧʨʦʧʠʣʴʥʦʡ ʛʨʫʧʧʳ 

ʥʠʪʨʦʥʠʣʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʣʠʛʘʥʜʘ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʚ HT ʠ LT ʬʘʟʘʭ 

(ʨʠʩʫʥʦʢ 26). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʥʘʙʣʶʜʘʝʤʳʝ ʦʪʣʠʯʠʷ ʚ ʀʂ 
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ʩʧʝʢʪʨʘʭ HT ʠ mHT ʬʘʟ Cu(hfac)2L
Pr

 ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʦʪʣʠʯʠʷʤʠ ʚ 

ʦʨʠʝʥʪʘʮʠʠ ʧʨʦʧʠʣʴʥʦʡ ʛʨʫʧʧʳ ʚ ʵʪʠʭ ʬʘʟʘʭ.  

 

 

ʈʠʩʫʥʦʢ 46 ï ʀʂ ʩʧʝʢʪʨʳ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩʦʝʜʠʥʝʥʠʡ 

Cu(hfac)2L
Pr

 ʠ Cu(hfac)2L
i-Pr

 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 80 ʠ 300 K. ʅʘ ʨʠʩʫʥʢʝ ʧʦʜʧʠʩʘʥʳ ʯʘʩʪʦʪʳ 

ʢʦʣʝʙʘʥʠʡ, ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʢ ʬʦʪʦʦʙʣʫʯʝʥʠʶ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʧʦʣʦʩ LT ʬʘʟʳ 

Cu(hfac)2L
Pr

.  

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʵʪʦʡ ʛʠʧʦʪʝʟʳ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʩʦʝʜʠʥʝʥʠʝ 

Cu(hfac)2L
i-Pr

 ʩʦ ʩʭʦʜʥʦʡ Cu(hfac)2L
Pr

 ʩʪʨʫʢʪʫʨʦʡ ʠ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʥʦ 

ʦʪʣʠʯʘʶʱʝʝʩʷ ʟʘʤʝʩʪʠʪʝʣʝʤ ʚ ʨʘʜʠʢʘʣʴʥʦʤ ʣʠʛʘʥʜʝ (ʠʟʦʤʝʨʦʤ ʧʨʦʧʠʣʴʥʦʡ 

ʛʨʫʧʧʳ). ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʦʪʣʠʯʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʟʘʤʝʩʪʠʪʝʣʷ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ 

ʨʘʜʠʢʘʣʘ ʧʦʚʣʠʷʶʪ ʥʘ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʦʣʝʙʘʥʠʷʤ ʵʪʦʡ 

ʛʨʫʧʧʳ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʀʂ ʩʧʝʢʪʨʳ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
i-Pr

 ʠ Cu(hfac)2L
Pr

 

ʦʢʘʟʘʣʠʩʴ ʩʭʦʜʥʳʤʠ, ʢʘʢ ʚ ʩʣʫʯʘʝ HT, ʪʘʢ ʠ ʚ ʩʣʫʯʘʝ LT ʬʘʟʳ. ʆʜʥʘʢʦ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ (1039 ʩʤ
-1
 ʠ 904 ʩʤ

-1
), ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ 

ʚ LT ʬʘʟʝ Cu(hfac)2L
Pr

 ʠ ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʢ ʬʦʪʦʦʙʣʫʯʝʥʠʶ, ʦʪʩʫʪʩʪʚʫʶʪ ʚ ʀʂ 

ʩʧʝʢʪʨʘʭ LT ʬʘʟʳ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
i-Pr

 (ʨʠʩʫʥʦʢ 46). ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʧʨʦʚʝʜʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʦʜʥʦʟʥʘʯʥʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʪʥʝʩʝʥʠʝ ʢʦʣʝʙʘʪʝʣʴʥʳʭ 

ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ Cu(hfac)2L
Pr

 ʩ ʤʘʢʩʠʤʫʤʘʤʠ ʥʘ 1039 ʩʤ
-1
 ʠ 904 ʩʤ

-1 
ʢ 
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ʧʨʦʧʠʣʴʥʦʡ ʛʨʫʧʧʝ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʣʠʛʘʥʜʘ. ʂʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ, 

ʧʨʦʚʝʜʝʥʥʳʝ ʚ [141], ʪʘʢʞʝ ʧʨʝʜʩʢʘʟʳʚʘʶʪ ʥʘʣʠʯʠʝ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ 

ʧʨʦʧʠʣʴʥʦʡ ʛʨʫʧʧʳ ʚ ʜʘʥʥʦʤ ʯʘʩʪʦʪʥʦ ʜʠʘʧʘʟʦʥʝ. 

ʂʨʦʤʝ ʪʦʛʦ, ʠʩʧʦʣʴʟʫʷ ʜʘʥʥʳʝ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʳʣʘ ʦʮʝʥʝʥʘ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ Cu(hfac)2L
Me

 ʠ Cu(hfac)2L
Pr

, 

ʠʟʤʝʨʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʣʫʙʠʥʳ ʢʦʥʚʝʨʩʠʠ ɔmax ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʦʮʝʥʝʥʦ ʤʘʢʩʠʤʘʣʴʥʦʝ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʧʨʠ mHTŸLT ʢʦʥʚʝʨʩʠʠ. ɼʣʷ ʦʮʝʥʢʠ 

ʜʦʣʠ mHT ʠ LT ʬʘʟʳ (ɔ) ʙʳʣʠ ʚʳʙʨʘʥʳ ʥʘʠʙʦʣʝʝ ʭʘʨʘʢʪʝʨʥʳʝ ʠ ʭʦʨʦʰʦ 

ʨʘʟʨʝʰʝʥʥʳʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ: (i) ʜʚʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 

884 ʩʤ
-1
 (mHT ʬʘʟʘ) ʠ 890 ʩʤ

-1
 (LT ʬʘʟʘ) ʜʣʷ Cu(hfac)2L

Me
 ʩʦʝʜʠʥʝʥʠʷ; (ii ) ʜʚʝ 

ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 1105 ʩʤ
-1
 (mHT ʬʘʟʘ) ʠ 1092 ʩʤ

-1
 (LT 

ʬʘʟʘ) ʜʣʷ Cu(hfac)2L
Pr

 ʩʦʝʜʠʥʝʥʠʷ. ʇʨʠ ʩʪʘʮʠʦʥʘʨʥʦʤ ʬʦʪʦʦʙʣʫʯʝʥʠʠ ʢʨʠʚʘʷ 

ʟʘʚʠʩʠʤʦʩʪʠ ɔmax(T) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʢʩʠʤʘʣʴʥʦʡ ʢʦʥʚʝʨʩʠʠ ʠʟ LT ʬʘʟʳ ʚ 

ʤʝʪʘʩʪʘʙʠʣʴʥʫʶ mHT ʬʘʟʫ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʘ ʧʨʠ ʜʘʥʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʧʨʦʮʝʩʩ ʨʝʣʘʢʩʘʮʠʠ ʚ ʦʩʥʦʚʥʫʶ LT ʬʘʟʫ.  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 47, ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʤʝʪʘʩʪʘʙʠʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʚ Cu(hfac)2L
Me

 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

Cu(hfac)2L
Pr

. ʊʘʢ, LTŸmHT ʢʦʥʚʝʨʩʠʷ ʜʣʷ Cu(hfac)2L
Me

 ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 25 K ʠ ʚʳʭʦʜʠʪ ʥʘ ʧʣʘʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 10 K. ɺ ʩʣʫʯʘʝ ʞʝ 

Cu(hfac)2L
Pr

, ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʘʷ LTŸmHT ʢʦʥʚʝʨʩʠʷ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ 20 K, 

ʥʦ ʚʳʭʦʜʠʪ ʥʘ ʧʣʘʪʦ ʣʠʰʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ T < 5 K. ʕʪʫ ʞʝ ʪʝʥʜʝʥʮʠʶ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʠ ʚʠʜ ʢʨʠʚʳʭ ʨʝʣʘʢʩʘʮʠʠ ʠʟ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ mHT ʩʦʩʪʦʷʥʠʷ ʚ 

ʦʩʥʦʚʥʦʝ LT ʩʦʩʪʦʷʥʠʝ ʧʨʠ 5 ʂ (ʨʠʩʫʥʦʢ 47 ʙ): ʥʘ ʰʢʘʣʝ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ mHT 

ʩʦʩʪʦʷʥʠʝ ʚ Cu(hfac)2L
Me

 ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʨʝʣʘʢʩʠʨʫʝʪ, ʠ ʝʛʦ ʜʦʣʷ ʦʩʪʘʝʪʩʷ 

ʧʦʩʪʦʷʥʥʦʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ Cu(hfac)2L
Pr

 ʩʦʝʜʠʥʝʥʠʠ ʟʘ 10 ʤʠʥʫʪ ʦʢʦʣʦ 6% 

mHT ʩʦʩʪʦʷʥʠʷ ʧʝʨʝʭʦʜʠʪ ʚ ʦʩʥʦʚʥʦʝ LT ʩʦʩʪʦʷʥʠʝ.  
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ʈʠʩʫʥʦʢ 47 ï a) ɿʘʚʠʩʠʤʦʩʪʴ ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʣʫʙʠʥʳ ʢʦʥʚʝʨʩʠʠ ɔmax=ɔn(t=0) ʚ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʤʝʪʘʩʪʘʙʠʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ 

Cu(hfac)2L
Me

 ʠ Cu(hfac)2L
Pr

. ʂʨʠʚʳʝ ʥʦʨʤʠʨʦʚʘʥʳ ʥʘ ʟʥʘʯʝʥʠʝ ɔmax ʧʨʠ 5 K; ʙ)  

ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʨʝʣʘʢʩʘʮʠʦʥʥʘʷ ʢʨʠʚʘʷ ()tng  ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ Cu(hfac)2L
Me

 ʠ Cu(hfac)2L
Pr

 ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 5 K.    

ʇʨʠʯʠʥʦʡ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

Cu(hfac)2L
Me

 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Cu(hfac)2L
Pr

 ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʘʷ ʚʝʣʠʯʠʥʘ 

ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʙʘʨʴʝʨʘ EA ʤʝʞʜʫ LT ʠ mHT ʬʘʟʘʤʠ. ʕʪʦʪ ʬʘʢʪ, ʨʘʚʥʦ ʢʘʢ ʠ 

ʪʝʤʧʝʨʘʪʫʨʘ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ ʜʣʷ ʦʙʦʠʭ ʩʦʝʜʠʥʝʥʠʡ 

(Cu(hfac)2L
Me

 ï 146 K, Cu(hfac)2L
Pr

  ï 200 K) ʥʘʭʦʜʷʪʩʷ ʚ ʩʦʛʣʘʩʠʠ ʩ ʪʝʦʨʠʝʡ 

ɹʫʭʩʘ [177]: ʩʢʦʨʦʩʪʴ ʪʝʨʤʠʯʝʩʢʠ-ʘʢʪʠʚʠʨʫʝʤʦʡ ʪʫʥʥʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʪʝʤ 

ʚʳʰʝ, ʯʝʤ ʙʦʣʴʰʝ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʵʥʝʨʛʠʷʤʠ ʩʦʩʪʦʷʥʠʡ (ȹE0), ʠ ʯʝʤ ʙʦʣʴʰʝ 

ȹE0, ʪʝʤ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʘ ʤʘʛʥʠʪʥʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ 
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ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ.  

7.3 ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʩ ʧʦʤʦʱʴʶ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ ʙʳʣʘ 

ʠʩʩʣʝʜʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ 

ʜʚʫʭ ʧʨʝʜʩʪʘʚʠʪʝʣʷʭ ʩʝʤʝʡʩʪʚʘ Cu(hfac)2L
R
: Cu(hfac)2L

Me
 ʠ Cu(hfac)2L

Pr
. ɺ 

ʩʣʫʯʘʝ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Me

 ʚʩʝ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʧʦʣʦʩʳ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ LT ʬʘʟʝ, ʠʩʯʝʟʘʶʪ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʬʦʪʦʦʙʣʫʯʝʥʠʷ, ʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ HT ʬʘʟʳ ʚʦʟʨʘʩʪʘʝʪ. 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʀʂ ʩʧʝʢʪʨ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ mHT ʬʘʟʳ 

ʠʜʝʥʪʠʯʝʥ ʩʧʝʢʪʨʫ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ HT ʬʘʟ,r ʯʪʦ ʧʨʝʜʧʦʣʘʛʘʝʪ 

ʦʜʠʥʘʢʦʚʫʶ ʩʪʨʫʢʪʫʨʫ ʜʣʷ ʪʝʨʤʦ- ʠ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ WS ʩʦʩʪʦʷʥʠʡ. 

ɺ ʩʣʫʯʘʝ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

 ʚ ʩʧʝʢʪʨʘʭ mHT ʬʘʟʳ ʥʘʙʣʶʜʘʶʪʩʷ 

ʥʝʢʦʪʦʨʳʝ ʦʪʣʠʯʠʷ ʦʪ HT ʬʘʟʳ ī ʥʝʩʢʦʣʴʢʦ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʧʦʣʦʩ 

ʧʦʛʣʦʱʝʥʠʷ LT ʬʘʟ,r ʦʪʩʫʪʩʪʚʫʶʱʠʭ ʚ ʅʊ ʬʘʟʝ, ʥʝ ʠʩʯʝʟʘʶʪ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʬʦʪʦʦʙʣʫʯʝʥʠʷ. ɼʝʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠʯʠʥʘ ʵʪʦʛʦ 

ʩʦʩʪʦʠʪ ʚ ʨʘʟʣʠʯʠʠ ʚ ʦʨʠʝʥʪʘʮʠʷʭ ʧʨʦʧʠʣʴʥʦʛʦ ʟʘʤʝʩʪʠʪʝʣʷ ʚ ʥʠʪʨʦʢʩʠʣʴʥʦʤ 

ʨʘʜʠʢʘʣʝ, ʠʤʝʶʱʘʷ ʤʝʩʪʦ ʚ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ HT ʠ LT ʬʘʟʘʭ. ɺ ʧʨʦʮʝʩʩʝ 

ʬʦʪʦʧʝʨʝʢʣʶʯʝʥʠʷ ʩʦʝʜʠʥʝʥʠʷ Cu(hfac)2L
Pr

 ʦʩʥʦʚʥʳʝ ʧʝʨʝʩʪʨʦʡʢʠ ʧʨʦʠʩʭʦʜʷʪ 

ʚ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʤ ʦʢʪʘʵʜʨʝ ʤʝʜʠ ʠ ʥʝ ʟʘʪʨʘʛʠʚʘʶʪ ʧʝʨʠʬʝʨʠʶ (ʚ ʪ.ʯ. 

ʧʨʦʧʠʣʴʥʫʶ ʛʨʫʧʧʫ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ). ʇʦʵʪʦʤʫ ʣʦʢʘʣʴʥʦʝ ʦʢʨʫʞʝʥʠʝ 

ʤʝʜʠ ʧʨʠ ʬʦʪʦʦʙʣʫʯʝʥʠʠ ʧʨʝʪʝʨʧʝʚʘʝʪ ʧʝʨʝʩʪʨʦʡʢʠ ʚ ʛʝʦʤʝʪʨʠʶ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʅʊ ʬʘʟʝ, ʘ ʧʝʨʠʬʝʨʠʷ ʦʩʪʘʝʪʩʷ ʚ ʛʝʦʤʝʪʨʠʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ LT ʬʘʟʝ. ʕʪʦʪ ʬʘʢʪ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝʤ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʦʛʘ Cu(hfac)2L
Pr

  ī Cu(hfac)2L
i-Pr

 c ʠʟʦʤʝʨʦʤ ʧʨʦʧʠʣʴʥʦʡ 

ʛʨʫʧʧʳ ʟʘʤʝʩʪʠʪʝʣʷ ʥʠʪʨʦʢʩʠʣʴʥʦʛʦ ʨʘʜʠʢʘʣʘ.  

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʠʚʦʜʠʪʩʷ ʢʨʘʪʢʘʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ Cu(hfac)2L
Me

  ʠ 




