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ʉʆʂʈɸʑɽʅʀʗ ʀ ʋʉʃʆɺʅʓɽ ʆɹʆɿʅɸʏɽʅʀʗ 

 

ɺʃ ï ʚʦʟʙʫʞʜʝʥʠʝ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ɺʌʇʇ ï ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʡ ʬʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ 

ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ï ʠʥʬʨʘʢʨʘʩʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ï ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʈʉɸ ï ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ 

ʈʌɸ ï ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ʉʊɺ ï ʩʚʝʨʭʪʦʥʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʉʊʉ ï ʩʚʝʨʭʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ 

ʊɸɿʌ ï ʪʝʨʤʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʘʷ ʟʘʤʝʜʣʝʥʥʘʷ ʬʣʫʦʨʝʩʮʝʥʮʠʷ 

ʊʂʇ ï ʪʝʦʨʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʋʌ ï ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʡ 

ʌʃ ï ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ 

ʕʇʈ ï ʵʣʝʢʪʨʦʥʥʳʡ ʧʘʨʘʤʘʛʥʠʪʥʳʡ ʨʝʟʦʥʘʥʩ 

 

ADF ï Amsterdam density functional 

DFT ï density functional theory (ʪʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ) 

TDDFT  ï time-dependent DFT (ʪʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʩ ʚʨʝʤʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ) 

TZP ï triple zeta potential 

ZORA  ï zeroth order a regular approximation 

 

L
1
 ï 3-ʘʤʠʥʦ-4-ʵʪʦʢʩʠʢʘʨʙʦʥʠʣ ʧʠʨʘʟʦʣ 

L
2
 ï 2-(N-ʘʮʝʪʠʣʘʤʠʥʦ)-6-ʤʝʪʠʣ ʧʠʨʠʜʠʥ 

L
3
 ï 4-(3,5-ʜʠʬʝʥʠʣ-1ʅ-ʧʠʨʘʟʦʣ-1-ʠʣ)-6-(ʧʠʧʝʨʠʜʠʥ-1-ʠʣ)ʧʠʨʠʤʠʜʠʥ 

L
4
 ï 2-(6-(3,5-ʜʠʤʝʪʠʣ-1H-ʧʠʨʘʟʦʣ-1-ʠʣ-ʧʠʨʠʤʠʜʠʥ-4-ʠʣ)ʬʝʥʦʣ 

CB[8] ï ʢʫʢʫʨʙʠʪ[8]ʫʨʠʣ 

Pc ï ʬʪʘʣʦʮʠʘʥʠʥ 

@ ï ʚʥʝʜʨʝʥʥʳʡ ʚ ʧʦʣʦʩʪʴ 

 

ʇʝʨʝʚʦʜʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ: 

1 [ɻʩ] = 1Ŀ10
-4

 [ʊʣ] = 1.3996Ŀg [ʄɻʮ] = 4.6686Ŀ10
-5
Ŀg [ʩʤ

-1
] = 67.17Ŀ10

-6
Ŀg [K] 

1 [ʕʚ] = 8066.8 [ʩʤ
-1
] = 23.06 [ʢʢʘʣ/ʤʦʣʴ] = 96.49 [ʢɼʞ/ʤʦʣʴ] = 1.160Ŀ10

4
 [K] 

E [ʵɺ] = 1240/ɚ [ʥʤ]  
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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ. ʅʘ ʧʨʦʪʷʞʝʥʠʠ ʤʥʦʛʠʭ ʣʝʪ ʚ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦ-

ʚʳʰʝʥʥʳʡ ʠʥʪʝʨʝʩ ʢ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʚʣʠʷʥʠʷ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʩʚʦʡʩʪʚʘ ʚʝʱʝʩʪʚ. ʆʜʥʦʡ ʠʟ 

ʟʘʜʘʯ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʢʠ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʚʦʡʩʪʚʘʤʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʫʧʨʘʚ-

ʣʷʪʴ ʩ ʧʦʤʦʱʴʶ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ. ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʚ ʧʦʩʣʝʜʥʠʝ 

ʜʝʩʷʪʠʣʝʪʠʷ ʧʦ ʩʦʟʜʘʥʠʶ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʦʚ ʠ ʧʦʜʭʦʜʦʚ ʠʭ ʧʦʣʫʯʝʥʠʷ, ʧʦʜ-

ʯʝʨʢʠʚʘʝʪ ʫʚʝʣʠʯʠʚʘʶʱʠʡʩʷ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʢ ʵʪʦʡ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ, ʭʠʤʠʠ ʠ ʤʘʪʝʨʠʘʣʦ-

ʚʝʜʝʥʠʷ. ʆʜʥʘ ʠʟ ʧʨʠʯʠʥ ʵʪʦʛʦ ʠʥʪʝʨʝʩʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʚʦʟʤʦʞʥʦʩʪʷʭ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʷ ʥʘ ʧʨʘʢʪʠʢʝ ʤʘʪʝʨʠʘʣʦʚ, ʩʚʦʡʩʪʚʘʤʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ. ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʪʘʢʠʝ 

ʤʘʪʝʨʠʘʣʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ ʠ ʦʙʦʨʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ (ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ 

ʞʠʜʢʦʩʪʠ), ʬʦʪʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʝʨʘʧʠʠ (ʬʦʪʦʩʝʥʩʠʙʠʣʠʟʘʪʦʨʳ), ʚ ʘʚʠʘʮʠʠ (ʵʣʝʢʪʨʦʭʨʦʤʥʳʝ ʩʪʸʢ-

ʣʘ), ʚ ʢʘʯʝʩʪʚʝ ʪʝʨʤʦʧʣʘʩʪʠʯʝʩʢʠʭ, ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ. ʈʘʟʚʠʪʠʝ ʜʘʥ-

ʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʩʚʷʟʘʥʦ ʠ ʩ ʤʠʥʠʘʪʶʨʠʟʘʮʠʝʡ ʠʩʧʦʣʴʟʫʝʤʳʭ ʢʦʤʧʦʥʝʥʪ ʠ ʧʦʣʫʯʝʥʠʝʤ ʥʘʥʦʤʘʪʝ-

ʨʠʘʣʦʚ, ʩʚʦʡʩʪʚʘʤʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ, ʘ ʪʘʢʞʝ ʩ ʧʦʠʩʢʦʤ ʤʘʪʝʨʠʘʣʦʚ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ 

ʠ ʜʝʰʸʚʳʭ. ʆʜʥʘʢʦ, ʨʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʡ ʥʝʚʦʟʤʦʞʥʦ ʙʝʟ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʟʥʘʥʠʡ ʦ ʧʨʦʮʝʩʩʘʭ, 

ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ ʥʘ ʚʝʱʝʩʪʚʦ, ʠ ʤʝʭʘʥʠʟʤʘʭ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʠʟʤʝ-

ʥʝʥʠʶ ʩʚʦʡʩʪʚ. ʅʝʜʦʩʪʘʪʦʯʥʦʩʪʴ ʩʚʝʜʝʥʠʡ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪ ʘʢʪʫʘʣʴʥʦʩʪʴ 

ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ. ʅʘʫʯʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ 

ʥʘ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʥʘ ʙʦʣʴʰʠʥʩʪʚʝ ʢʨʫʧʥʳʭ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʡ, ʰʢʦʣ ʠ ʬʦʨʫʤʦʚ, ʧʦʩʚʷʱʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʶ. ʈʝʟʫʣʴʪʘʪʳ ʠʩ-

ʩʣʝʜʦʚʘʥʠʡ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʧʫʙʣʠʢʫʪʁʩʷ ʚ ʠʟʚʝʩʪʥʳʭ ʚʳʩʦʢʦʨʝʡʪʠʥʛʦʚʳʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ ʧʦ 

ʬʠʟʠʢʝ (Reviews of Modern Physics), ʭʠʤʠʠ (Chemical Reviews), ʤʝʜʠʮʠʥʝ (Nature Medicine) ʠ ʪ.ʜ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʧʦ ʜʘʥʥʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ, ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ 

ʧʫʙʣʠʢʘʮʠʡ ʥʝ ʦʧʠʩʳʚʘʝʪ ʤʝʭʘʥʠʟʤʳ, ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʚʝʱʝʩʪʚʝ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʨʘʟʣʠʯʥʳʭ ʚʥʝʰ-

ʥʠʭ ʬʘʢʪʦʨʦʚ. ʅʘʧʨʠʤʝʨ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʫ ʜʠʤʝʨʠʟʘʮʠʠ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʬʪʘ-

ʣʦʮʠʘʥʠʥʦʚ ʤʦʞʥʦ ʫʤʝʥʴʰʠʪʴ ʧʨʠ ʥʘʛʨʝʚʝ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʦʜʥʘʢʦ ʤʝʭʘʥʠʟʤʳ ʜʘʥʥʦʡ ʨʝʘʢʮʠʠ 

ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʠʟʚʝʩʪʥʳ, ʯʪʦ ʫʩʣʦʞʥʷʝʪ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ. ɺ ʧʦʜʘʚʣʷʶʱʝʤ 

ʙʦʣʴʰʠʥʩʪʚʝ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʩʠʥʪʝʟʫ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʦʪʩʫʪʩʪʚʫʝʪ ʠʥʬʦʨʤʘʮʠʷ ʦ ʩʪʘʙʠʣʴ-

ʥʦʩʪʠ ʩʦʝʜʠʥʝʥʠʡ, ʥʘʧʨʠʤʝʨ, ʚʦ ʚʣʘʞʥʦʡ ʩʨʝʜʝ, ʧʦʜ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʤ ʩʚʝʪʦʤ, ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ 

ʠʣʠ ʥʘʛʨʝʚʝ ʠ ʦ ʧʨʦʮʝʩʩʘʭ, ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʠ ʵʪʦʤ. ʍʦʪʷ ʵʪʘ ʠʥʬʦʨʤʘʮʠʷ ʷʚʣʷʝʪʩʷ ʪʘʢʦʡ ʞʝ ʬʫʥ-

ʜʘʤʝʥʪʘʣʴʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʤʘʪʝʨʠʘʣʘ, ʢʘʢ ʠ ʝʛʦ ʩʪʨʫʢʪʫʨʘ ʠ ʩʚʦʡʩʪʚʘ. ʇʦʥʠʤʘʥʠʝ ʧʨʦʮʝʩʩʦʚ, 

ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ ʥʘ ʚʝʱʝʩʪʚʦ, ʠ ʤʝʭʘʥʠʟʤʦʚ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʠʟʤʝ-
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ʥʝʥʠʶ ʩʚʦʡʩʪʚ, ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʠ ʠʭ ʜʘʣɹ-

ʥʝʡʰʝʡ ʤʦʜʠʬʠʢʘʮʠʠ. 

ʎʝʣʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʣʠʷʥʠʷ ʫʩʣʦʚʠʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʚʥʝʰʥʠʭ ʬʘʢ-

ʪʦʨʦʚ ʥʘ ʩʚʦʡʩʪʚʘ ʘʟʦʪʩʦʜʝʨʞʘʱʠʭ ʛʝʪʝʨʦʮʠʢʣʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

ɼʣʷ ʵʪʦʛʦ ʙʳʣʠ ʧʦʩʪʘʚʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

¶ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʫʩʣʦʚʠʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ ʥʘ ʩʪʨʦʝʥʠʝ ʠ ʩʚʦʡʩʪʚʘ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʙʨʦʤʠʜʘ ʤʝʜʠ(II) ʠ ʭʣʦʨʠʜʘ ʥʠʢʝʣʷ(II) ʩ 3-ʘʤʠʥʦ-4-ʵʪʦʢʩʠ-ʢʘʨʙʦʥʠʣ 

ʧʠʨʘʟʦʣʦʤ (L
1
) ʤʝʪʦʜʘʤʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʕʇʈ), ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ 

ʘʥʘʣʠʟʘ (ʈʉɸ), ʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʂʈ); 

¶ ʦʧʨʝʜʝʣʝʥʠʝ ʧʨʠʯʠʥʳ ʚʣʠʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʧʨʦʮʝʩʩ ʦʙʨʘʟʦʚʘʥʠʷ ɛ-ʦʢʩʦ-ʜʠʤʝʨʦʚ ʠʟ 

ʛʘʣʦʛʝʥʠʜʥʠʭ ʢʦʤʧʣʝʢʩʦʚ ʬʪʘʣʦʮʠʘʥʠʥʦʚ (Pc) [(tBu)4PcAlCl], [ClAlPc] ʠ [ClGaPc] ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʤʦʣʝʢʫʣ ʚʦʜʳ; 

¶ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʚʥʝʜʨʝʥʠʷ ʚ SiO2 ʤʝʟʦʧʦʨʠʩʪʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘʥʦʯʘʩʪʠʮ ʢʦʤʧʣʝʢʩʦʚ 

ʤʝʜʠ(II) ʠ ʮʠʥʢʘ(II) ʩ 2-(N-ʘʮʝʪʠʣʘʤʠʥʦ)-6-ʤʝʪʠʣ ʧʠʨʠʜʠʥʦʤ (L
2
) ʥʘ ʠʭ ʤʘʛʥʠʪʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ; 

¶ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʚʝʪʘ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʘ 

ʭʣʦʨʠʜʘ ʤʘʨʛʘʥʮʘ(II) ʩ 4-(3,5-ʜʠʬʝʥʠʣ-1ʅ-ʧʠʨʘʟʦʣ-1-ʠʣ)-6-(ʧʠʧʝʨʠʜʠʥ-1-ʠʣ)ʧʠʨʠʤʠʜʠʥʦʤ (L
3
) ʤʝ-

ʪʦʜʘʤʠ ʕʇʈ, ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʌʃ) ʠ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ; 

¶ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʮʝʩʩʦʚ ʵʤʠʩʩʠʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʨʛʘʥʠ-

ʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ 2-(6-(3,5-ʜʠʤʝʪʠʣ-1H-ʧʠʨʘʟʦʣ-1-ʠʣ-ʧʠʨʠʤʠʜʠʥ-4-ʠʣ)ʬʝʥʦʣ (L
4
) ʠ ʢʦʤʧʣʝʢʩʘ ʭʣʦ-

ʨʠʜʘ ʮʠʥʢʘ(II) ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʤʝʪʦʜʘʤʠ ʌʃ ʠ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ. 

¶ ɺʧʝʨʚʳʝ ʫʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ ʜʘʚʣʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ, ʩʦʣʴʚʘʪʘʮʠʠ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʠ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʙʨʦʤʠʜʘ ʤʝʜʠ ʠ ʭʣʦʨʠʜʘ ʥʠʢʝʣʷ ʩ L
1
. 

¶ ɺʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ɛ-ʦʢʩʦ-ʜʠʤʝʨʦʚ ʠʟ ʛʘʣʦʛʝʥʠʜʥʠʭ ʢʦʤʧʣʝʢʩʦʚ ʬʪʘʣʦʮʠʘ-

ʥʠʥʦʚ [(tBu)4PcAlCl], [ClAlPc] ʠ [ClGaPc] ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʨʘʜʠʢʘʣʴʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. 

¶ ɺʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʥʦʚʦʛʦ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʥʠʪʨʘʪʘ ʤʝʜʠ ʩ L
2
 ʚ 

ʤʝʟʦʧʦʨʠʩʪʳʝ SiO2 ʤʘʪʨʠʮʳ ʧʝʨʚʳʤ ʘʢʪʦʤ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʷʚʣʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʜʠʤʝʨʥʳʭ ʩʪʨʫʢ-

ʪʫʨ ʩ ʵʣʝʢʪʨʦʥʥʳʤ ʩʧʠʥʦʤ S=1. 

¶ ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʥʝʜʨʝʥʠʝ ʥʦʚʦʛʦ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʭʣʦʨʠʜʘ ʮʠʥʢʘ ʩ L
2
 ʚ ʤʝʟʦʧʦ-

ʨʠʩʪʳʝ SiO2 ʤʘʪʨʠʮʳ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ 3.5 ʨʘʟʘ. 
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¶ ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʩʦʙʝʥʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʌʃ ʥʦʚʦʛʦ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠʥʝ-

ʥʠʷ ʭʣʦʨʠʜʘ ʤʘʨʛʘʥʮʘ ʩ L
3
 ʠ ʩʜʚʠʛ ʤʘʢʩʠʤʫʤʘ ʌʃ ʩʚʷʟʘʥʳ ʩ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʬʦʨʤʘʮʠʠ ʧʦʪʝʥʮʠ-

ʘʣʴʥʳʭ ʢʨʠʚʳʭ. 

¶ ɺʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʥʘʣʠʯʠʝ ʚ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ (ʥʘ ʧʨʠʤʝʨʝ ʥʦʚʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʭʣʦʨʠʜʘ ʮʠʥʢʘ ʩ L
4
) ʜʚʫʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʠ (ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʦʛʦ ʬʦ-

ʪʦʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ, ʪʝʨʤʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʟʘʤʝʜʣʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʪʠʧʘ ɽ (ʊɸɿʌ)), 

ʧʨʦʪʝʢʘʶʱʠʭ ʩ ʥʘʨʫʰʝʥʠʝʤ ʧʨʘʚʠʣʘ ʂʘʰʠ. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ. ɿʥʘʥʠʝ ʦ ʩʪʘʙʠʣʴʥʦʩʪʠ ʥʦʚʳʭ ʩʠʥʪʝʟʠ-

ʨʦʚʘʥʥʳʭ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʠʥʬʦʨʤʘ-

ʮʠʝʡ, ʢʦʪʦʨʘ ̫ʟʘʯʘʩʪʫʶ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʧʦʚʝʜʝʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʚʢʣʘʜʦʤ ʚ ʬʫʥʜʘʤʝʥʪʘʣʴʥʫʶ ʬʠʟʠʯʝʩʢʫʶ 

ʭʠʤʠʶ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʪʘʢ ʢʘʢ ʪʘʢʘʷ ʠʥʬʦʨʤʘʮʠʷ ʷʚʣʷʝʪʩʷ ʩʫ-

ʱʝʩʪʚʝʥʥʦʡ ʠ ʥʝʦʙʭʦʜʠʤʦʡ ʧʨʠ ʚʳʙʦʨʝ ʦʙʣʘʩʪʝʡ ʠ ʜʦʧʫʩʪʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. 

ɺ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʘ ʤʥʦʛʦʬʘʢʪʦʨʥʦʩʪʴ ʟʘʜʘʯ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦ-

ʝʜʠʥʝʥʠʡ ʥʘ ʧʨʠʤʝʨʝ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʙʨʦʤʠʜʘ ʤʝʜʠ ʠ ʭʣʦʨʠʜʘ ʥʠʢʝʣʷ ʩ 

ʘʟʦʪʩʦʜʝʨʞʘʱʠʤʠ ʛʝʪʝʨʦʮʠʢʣʠʯʝʩʢʠʤʠ ʣʠʛʘʥʜʘʤʠ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʬʘʢʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ 

ʤʦʣʝʢʫʣ ʚʦʜʳ ʚ ʩʨʝʜʝ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʅʘ ʧʨʠʤʝʨʝ ʛʘʣʦʛʝʥʠʜʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʬʪʘʣʦʮʠʘʥʠʥʦʚ 

ʛʘʣʣʠʷ ʠ ʘʣʶʤʠʥʠʷ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʛʘʣʦʛʝʥʠʜ-ʘʥʠʦʥʦʤ ʧʦ ʨʘʜʠ-

ʢʘʣʴʥʦʤʫ ʤʝʭʘʥʠʟʤʫ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ɛ-ʦʢʩʦ-ʜʠʤʝʨʦʚ. ɺ ʩʨʝʜʝ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝ-

ʥʠʡ ʧʦʜʦʙʥʘʷ ʨʝʘʢʮʠʷ ʜʦʣʞʥʘ ʩʰʠʚʘʪʴ ʙʣʠʞʘʡʰʠʝ ʧʦʣʠʤʝʨʥʳʝ ʮʝʧʠ ʯʝʨʝʟ ʢʠʩʣʦʨʦʜʥʳʝ ʤʦʩʪʠʢʠ 

ʠ ʧʨʠʚʦʜʠʪʴ ʢ ʧʦʷʚʣʝʥʠʶ ʥʝʦʙʳʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. ʉ ʧʦʟʠʮʠʡ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʚʣʠʷ-

ʥʠʷ ʩʣʘʙʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʥʘ ʧʨʦʮʝʩʩʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʧʦʣʫʯʝʥʥʳʝ ʨʝ-

ʟʫʣʴʪʘʪʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ [CuL
1
2Cl2] ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 

ʇʨʘʢʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ ʧʨʝʜʩʪʘʚʣʷʶʪ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʯʝʪʳʨʝʭ ʦʙʨʘʟʫʶ-

ʱʠʭʩʷ ʬʘʟ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʦʣʠʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʙʨʦʤʠʜʘ 

ʤʝʜʠ(II) ʩ L
1
 ʠʟ ʨʘʩʪʚʦʨʘ ʩʤʝʩʠ ʵʪʘʥʦʣ-ʚʦʜʘ. ʇʝʨʝʭʦʜ ʦʪ ʦʙʲʝʤʥʳʭ ʦʙʨʘʟʮʦʚ ʢ ʥʘʥʦʨʘʟʤʝʨʥʳʤ 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʟʤʝʥʝʥʠʝ ʩʚʦʡʩʪʚ ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʦʙʲʝʢʪʘ. ʅʘ ʧʨʠʤʝʨʝ ʢʦʤʧʣʝʢʩʘ ʭʣʦʨʠʜʘ ʮʠʥʢʘ ʩ 

ʣʠʛʘʥʜʦʤ L
2
 ʧʦʢʘʟʘʥ ʵʬʬʝʢʪ ʫʚʝʣʠʯʝʥʠʝ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʚ ʤʝʟ-

ʦʧʦʨʠʩʪʫʶ SiO2 ʤʘʪʨʠʮʫ. ʕʪʦ ʜʘʝʪ ʦʩʥʦʚʘʥʠʝ ʧʨʦʜʦʣʞʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘʥʦʨʘʟ-

ʤʝʨʥʳʭ ʦʙʨʘʟʮʦʚ ʩʦʝʜʠʥʝʥʠʡ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʤʠ ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ SiO2 ʤʝʟʦʧʦʨʠʩʪʳʭ 

ʩʪʨʫʢʪʫʨ. ʇʨʘʢʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ ʠʤʝʶʪ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʠ 

ʵʣʝʢʪʨʦʥʥʦʤ ʚʦʟʙʫʞʜʝʥʠʠ ʣʠʛʘʥʜʘ L
4
 ʠ ʢʦʤʧʣʝʢʩʘ [ZnL

4
Cl2] ʠ ʩʚʷʟʘʥʥʳʭ ʩ ʧʨʦʮʝʩʩʦʤ ʧʝʨʝʥʦʩʘ 

ʧʨʦʪʦʥʘ ʠ ʟʘʤʝʜʣʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʝʡ. 
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ʄʝʪʦʜʦʣʦʛʠʷ ʨʘʙʦʪʳ. ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘ-

ʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʠ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩ-

ʯʝʪʦʚ. ɼʘʥʥʳʝ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʷʚʣʷʶʪʩʷ ʥʝʨʘʟʨʫʰʘʶʱʠʤʠ, ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ ʠ 

ʧʦʟʚʦʣʷʶʪ ʠʟʫʯʘʪʴ ʵʣʝʢʪʨʦʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʩʥʦʚʥʦʛʦ ʠ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

ʅʘ ʟʘʱʠʪʫ ʚʳʥʦʩʷʪʩʷ ʩʣʝʜʫʶʱʠʝ ʧʦʣʦʞʝʥʠʷ: 

¶ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʜʘʚʣʝʥʠʷ ʠ ʩʦʣʴʚʘʪʘʮʠʠ ʥʘ ʤʘʛʥʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʙʨʦʤʠʜʘ ʤʝʜʠ(II) ʠ ʭʣʦʨʠʜʘ ʥʠʢʝʣʷ(II) ʩ L
1
; 

¶ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʨʠʯʠʥ ʚʣʠʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʧʨʦʮʝʩʩ ʦʙʨʘʟʦʚʘʥʠʷ 

ɛ-ʦʢʩʦ-ʜʠʤʝʨʦʚ ʢʦʤʧʣʝʢʩʦʚ ʬʪʘʣʦʮʠʘʥʠʥʦʚ [(tBu)4PcAlCl], [ClAlPc] ʠ [ClGaPc]; 

¶ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʨʘʟʤʝʨʥʦʩʪʠ ʥʘ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʥʠʪʨʘʪʘ ʤʝʜʠ(II) ʩ L
2
 ʠ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʭʣʦʨʠʜʘ 

ʮʠʥʢʘ(II) ʩ L
2
; 

¶ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʚʝʪʘ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʘ ʭʣʦʨʠʜʘ ʤʘʨʛʘʥʮʘ(II) ʩ L
3
; 

¶ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʦʛʦ ʬʦʪʦʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ ʚ ʚʦʟ-

ʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ L
4
 ʠ ʚ ʢʦʤʧʣʝʢʩʝ ʭʣʦʨʠʜʘ ʮʠʥʢʘ(II) ʥʘ ʝʛʦ ʦʩʥʦʚʝ. 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʝ-

ʟʫʣʴʪʘʪʦʚ ʦʙʫʩʣʦʚʣʝʥʘ ʧʨʠʤʝʥʝʥʠʝʤ ʢʦʤʧʣʝʢʩʘ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦ-

ʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ (ʌʃ, ʕʇʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʈʉɸ, ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ), 

ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ), ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʩ 

ʧʦʤʦʱʴʶ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ. ʇʨʠʟʥʘʥʠʝ ʠʥʬʦʨʤʘʪʠʚʥʦʩʪʠ ʠ ʟʥʘʯʠʤʦʩʪʠ ʦʩʥʦʚʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ ʤʠʨʦʚʳʤ ʥʘʫʯʥʳʤ ʩʦʦʙʱʝʩʪʚʦʤ ʦʩʥʦʚʘʥʦ ʥʘ ʧʫʙʣʠʢʘʮʠʷʭ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ 

ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʞʫʨʥʘʣʘʭ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ ʩʣʝ-

ʜʫʶʱʠʭ ʰʢʦʣʘʭ ʠ ʢʦʥʬʝʨʝʥʮʠʷʭ: The School For Young Scientists çMagnetic Resonance and Magnetic 

Phenomena in Chemical and Biological Physicsè (ʅʦʚʦʩʠʙʠʨʩʢ, 2012), ʢʦʥʢʫʨʩ-ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ 

ʫʯʝʥʳʭ, ʧʦʩʚʷʱʝʥʥʘʷ 110-ʣʝʪʠʶ ʩʦ ʜʥʷ ʨʦʞʜʝʥʠʷ ʘʢʘʜʝʤʠʢʘ ɸʥʘʪʦʣʠʷ ɺʘʩʠʣʴʝʚʠʯʘ ʅʠʢʦʣʘʝʚʘ (ʅʦʚʦ-

ʩʠʙʠʨʩʢ, 2012), 50-ʘʷ ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʩʪʫʜʝʥʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ (ʅʦʚʦʩʠʙʠʨʩʢ, 2012), 51-ʘʷ 

ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʩʪʫʜʝʥʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ (ʅʦʚʦʩʠʙʠʨʩʢ, 2013), ʰʢʦʣʘ-ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦ-

ʜʳʭ ʫʯʝʥʳʭ çʅʝʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳè (ʅʦʚʦʩʠʙʠʨʩʢ, 2013), 2-ʘʷ 

ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʳ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 
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ʤʘʪʝʨʠʘʣʦʚè (ʅʦʚʦʩʠʙʠʨʩʢ, 2013), çModern Development of Magnetic Resonanceè (ʂʘʟʘʥʴ, 2013), çMod-

ern Development of Magnetic Resonanceè (ʂʘʟʘʥʴ, 2014), III  School for young scientist. Magnetic Reso-

nance and Magnetic Phenomena in Chemical and Biological Physics (ʅʦʚʦʩʠʙʠʨʩʢ, 2014), 52-ʘʷ ʤʝʞʜʫʥʘ-

ʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʩʪʫʜʝʥʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ (ʅʦʚʦʩʠʙʠʨʩʢ, 2014), 4
th
 International Conference on Super-

conductivity and Magnetism (ɸʥʪʘʣʠʷ, 2014), International Conference çSpin physics, spin chemistry and 

spin technologyè (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 2015), ʂʦʥʢʫʨʩ-ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ, ʧʦʩʚʷʱʸʥʥʘʷ ʧʘʤʷ-

ʪʠ ʯʣ.-ʢ. ɸʅ ʉʉʉʈ, ʧʨʦʬʝʩʩʦʨʘ ɻʝʦʨʛʠʷ ɹʦʨʠʩʦʚʠʯʘ ɹʦʢʠʷ (ʅʦʚʦʩʠʙʠʨʩʢ, 2015), çModern Development 

of Magnetic Resonanceè (ʂʘʟʘʥʴ, 2015), ʂʦʥʢʫʨʩ-ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ, ʧʦʩʚʷʱʝʥʥʘʷ 80-ʣʝʪʠʶ 

ʩʦ ʜʥʷ ʨʦʞʜʝʥʠʷ ɽʚʛʝʥʠʷ ɺʣʘʜʠʤʠʨʦʚʠʯʘ ʉʦʙʦʣʝʚʘ (ʅʦʚʦʩʠʙʠʨʩʢ, 2016), 2017 Annual Meeting of 

Excellent Graduate Schools for Materials Integration Center and Materials Science Center (ʉʝʥʜʘʡ, 2017), IV 

ʐʢʦʣʘ-ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʅʝʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳè 

ICFM-2017 (ʅʦʚʦʩʠʙʠʨʩʢ, 2017), XXIII ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʆʧʪʠʢʘ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʥ-

ʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʨʝʜè (ɸʛʦʡ, 2017), XIV ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʉʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʦʨʜʠʥʘʮʠ-

ʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡè (ʐʝʧʩʠ, 2017). 

ʇʫʙʣʠʢʘʮʠʠ. ʇʦ ʤʘʪʝʨʠʘʣʘʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ ʦʧʫʙʣʠʢʦʚʘʥʦ 7 ʩʪʘʪʝʡ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ 

ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠʟʜʘʥʠʷʭ (ʚʩʝ ʧʫʙʣʠʢʘʮʠʠ ʦʪʥʦʩʷʪʩʷ ʢ ʞʫʨʥʘʣʘʤ, ʚʭʦʜʷʱʠʤ ʚ ʧʝʨʝ-

ʯʝʥʴ ʠʟʜʘʥʠʡ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ ʩʠʩʪʝʤʝ Web of Science, Scopus ʠ ʈʀʅʎ) ʠ 19 ʪʝʟʠʩʦʚ ʜʦʢʣʘʜʦʚ ʥʘ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʨʦʩʩʠʡʩʢʠʭ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ. ɸʚʪʦʨ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʫʯʘʩʪʚʦʚʘʣ ʚ ʧʦʩʪʘʥʦʚʢʝ ʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʣʠʯʥʦ ʧʨʦʚʦʜʠʣ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʚ ʕʇʈ ʥʘ 

ʧʨʠʙʦʨʝ Varian E-109 ʠ ʩʧʝʢʪʨʦʚ ʌʃ ʥʘ ʧʨʠʙʦʨʝ Fluorolog 3, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʚ ʀʅʍ ʉʆ ʈɸʅ, 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʩʠʥʪʝʟʫ ʠ ʨʦʩʪʫ ʯʘʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʇʦʣʫʯʝʥʥʳʝ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʣʠʩʴ ʘʚʪʦʨʦʤ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ 

ʨʫʢʦʚʦʜʠʪʝʣʝʤ ʠ ʩʦʘʚʪʦʨʘʤʠ ʧʫʙʣʠʢʘʮʠʡ. 

ʉʦʦʪʚʝʪʩʪʚʠʝ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 02.00.04 ï ʬʠʟʠʯʝʩʢʘʷ ʭʠʤʠʷ. ɼʠʩʩʝʨʪʘʮʠʷ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝ-

ʜʦʚʘʥʠʶ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʚʥʝʰʥʠʭ ʫʩʣʦʚʠʷʭ ʠ ʩʦʦʪ-

ʚʝʪʩʪʚʫʝʪ ʧ. 1. çʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʠ ʨʘʩʯʝʪ ʧʘʨʘʤʝʪʨʦʚ ʩʪʨʦʝʥʠʷ ʤʦʣʝʢʫʣ ʠ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚʝʱʝʩʪʚè, ʧ. 4. çʊʝʦʨʠʷ ʨʘʩʪʚʦʨʦʚ, ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʝ ʠ ʤʝʞʯʘʩʪʠʯʥʳʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷè, ʧ. 5. çʀʟʫʯʝʥʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʠʩʪʝʤ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʥʝʰʥʠʭ 

ʧʦʣʝʡ, ʘ ʪʘʢʞʝ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʜʘʚʣʝʥʠʡè ʠ ʧ. 7. çʄʘʢʨʦʢʠʥʝʪʠ-

ʢʘ, ʤʝʭʘʥʠʟʤʳ ʩʣʦʞʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʬʠʟʠʢʦʭʠʤʠʯʝʩʢʘʷ ʛʠʜʨʦʜʠʥʘʤʠʢʘ, ʨʘʩʪʚʦʨʝʥʠʝ ʠ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷè ʧʘʩʧʦʨʪʘ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 02.00.04 ï ʬʠʟʠʯʝʩʢʘʷ ʭʠʤʠʷ. 
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ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʸʤ ʨʘʙʦʪʳ. ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʪʨʸʭ ʛʣʘʚ (ʣʠʪʝ-

ʨʘʪʫʨʥʳʡ ʦʙʟʦʨ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ, ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ), ʦʩʥʦʚʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ 

ʚʳʚʦʜʦʚ, ʟʘʢʣʶʯʝʥʠʷ, ʙʣʘʛʦʜʘʨʥʦʩʪʠ ʠ ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ, ʩʦʜʝʨʞʘʱʝʛʦ 174 ʥʘʠʤʝʥʦ-

ʚʘʥʠ.̫ ʈʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 132 ʩʪʨʘʥʠʮʘʭ ʠ ʩʦʜʝʨʞʠʪ 83 ʨʠʩʫʥʢʘ. 
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1. ʃʀʊɽʈɸʊʋʈʅʓʁ ʆɹɿʆʈ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʩʦʩʪʘʚ, ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ ʚʝʱʝʩʪʚ ʷʚʣʷʝʪʩʷ 

ʘʢʪʫʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʥʘʫʢʠ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʚʥʝʜʨʝʥʠʝʤ ʵʪʠʭ ʥʘʫʯʥʳʭ ʟʥʘʥʠʡ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ 

ʠ ʙʳʪ. ɸʢʪʠʚʥʦʝ ʨʘʟʚʠʪʠʝ ʜʘʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʠʣhʦʩʴ ʥʘ ʢʦʥʝʮ XIX  ʚʝʢʘ ï 60-ʝ ʛʦʜʳ XX ʚʝʢʘ ʚ 

ʩʚʷʟʠ ʩ ʧʦʷʚʣʝʥʠʝʤ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʝʱʝʩʪʚ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ. ɺ ʪʦ ʚʨʝʤʷ ʧʦ-

ʷʚʠʣʠʩʴ ʢʦʤʧʴʶʪʝʨʳ, ʣʘʟʝʨʳ ʠ ʤʘʟʝʨʳ, ʤʦʱʥʳʝ ʤʘʛʥʠʪʳ, ʠʩʪʦʯʥʠʢʠ ʪʦʢʘ, ʛʝʥʝʨʘʪʦʨʳ. ɺ ʠʪʦʛʝ, ʵʪʦ 

ʧʨʠʚʝʣʦ ʢ ʧʦʷʚʣʝʥʠʶ ʦʪʜʝʣʴʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʚ ʥʘʫʢʝ ï ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʶ ï ʠʟʫʯʝʥʠʶ ʚʟʘʠʤʦʩʚʷʟʠ 

ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʚʝʱʝʩʪʚ ʠ ʠʭ ʠʟʤʝʥʝʥʠʷ ʧʦʜ ʚʥʝʰʥʠʤʠ ʚʦʟʜʝʡʩʪʚʠʷʤʠ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ 

ʥʘʯʘʣʩʷ ʥʦʚʳʡ ʚʠʪʦʢ ʚ ʠʟʫʯʝʥʠʠ ʚʣʠʷʥʠʷ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʤʘʪʝʨʠʘʣʳ ʚ ʩʚʷʟʠ ʩ ʤʘʩʩʦʚʳʤ 

ʧʦʷʚʣʝʥʠʝʤ ʤʦʱʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʢʣʘʩʪʝʨʦʚ ʠ ʧʨʦʛʨʘʤʤ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ, ʫʚʝʣʠʯʝʥʠʝʤ 

ʚʦʟʤʦʞʥʦʩʪʝʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ, ʠ ʚ ʩʚʷʟʠ ʩ ʧʦʪʨʝʙʥʦʩʪʴʶ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʚ ʥʦʚʳʭ 

ʤʘʪʝʨʠʘʣʘʭ ʠ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʘʭ ʠʭ ʧʦʣʫʯʝʥʠʷ. ʉʫʱʝʩʪʚʫʝʪ ʮʝʣʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʥʘʫʢʠ ʠ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʠ ʚʥʝʜʨʝʥʠʶ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ, ʫʤʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ï ʢʣʘʩʩ ʤʘʪʝʨʠʘ-

ʣʦʚ, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʠʣʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

(ʢʘʢ ʦʙʨʘʪʠʤʦ, ʪʘʢ ʠ ʥʝʦʙʨʘʪʠʤʦ) ʧʦʜ ʚʣʠʷʥʠʝʤ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ: ʜʘʚʣʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ, 

ʚʣʘʞʥʦʩʪʠ, pH-ʩʨʝʜʳ, ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʣʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʂ ʪʘʢʠʤ ʤʘʪʝʨʠʘʣʘʤ ʦʪʥʦʩʷʪʩʷ ʰʠʨʦʢʦ 

ʠʟʚʝʩʪʥʳʝ ʧʴʝʟʦ- ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʢʠ, ʤʫʣʴʪʠʬʝʨʨʦʠʢʠ, ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʠ ʤʘʪʝʨʠʘʣʳ 

ʩ ʵʬʬʝʢʪʦʤ ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʠ ʥʝ ʪʘʢ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʢʘʢ 

ʥʘʧʨʠʤʝʨ, ʩʧʣʘʚʳ ʩ ʵʬʬʝʢʪʦʤ ʧʘʤʷʪʠ ʬʦʨʤʳ CuðZnðAl, ʥʠʢʝʣʠʜ ʪʠʪʘʥʘ [1-3] ʠ ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ 

[4, 5]; ʫʤʥʳʝ ʩʪʝʢʣʘ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʦʢʩʠʜʘ ʠʥʜʠʷ-ʦʣʦʚʘ ʚ ʩʪʝʢʣʘʭ ʦʢʩʠʜʘ ʥʠʦʙʠʷ [6] (ʧʝ-

ʨʝʢʣʶʯʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʪʚʦʤ) ʠ ʥʘ ʦʩʥʦʚʝ ʪʦʥʢʠʭ ʩʣʦʝʚ Ni-Mg ʥʘ ʩʪʝʢʣʝ ʩ ʪʦʥʢʠʤ ʚʥʝʰʥʠʤ ʩʣʦʝʤ 

ʧʘʣʣʘʜʠʷ [7] (ʧʝʨʝʢʣʶʯʝʥʠʝ H2). ʇʦʠʩʢ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʥʦʚʳʭ ʵʬʬʝʢʪʦʚ ʚʣʠʷʥʠʷ ʚʥʝʰʥʠʭ ʚʦʟ-

ʜʝʡʩʪʚʠʡ ʷʚʣʷʣʦʩʴ ʠ ʩʝʡʯʘʩ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʩʘʤʳʭ ʘʢʪʫʘʣʴʥʳʭ ʟʘʜʘʯ ʩʦʚʨʝʤʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝ-

ʜʝʥʠʷ, ʧʦʵʪʦʤʫ ʜʘʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʦʩʪʘʸʪʩʷ ʘʢʪʫʘʣʴʥʳʤ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʜʦʣʛʦʛʦ ʚʨʝʤʝʥʠ. 

ɺʣʠʷʥʠʝ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʤʥʦʞʝʩʪʚʦ ʢʣʘʩʩʦʚ: ʧʦ ʧʨʠʨʦʜʝ ʚʥʝʰʥʝʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ (ʪʝʤʧʝʨʘʪʫʨʘ, ʜʘʚʣʝʥʠʝ, ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʠʟʣʫ-

ʯʝʥʠʝ ʠ ʜʨ.), ʧʦ ʚʨʝʤʝʥʠ ʚʦʟʜʝʡʩʪʚʠʷ (ʚʦ ʚʨʝʤʷ ʩʠʥʪʝʟʘ ʠʣʠ ʧʦʩʣʝ), ʧʦ ʚʝʣʠʯʠʥʝ ʚʦʟʜʝʡʩʪʚʠʷ (ʜʦ-

ʤʠʥʠʨʫʶʱʠʡ ʚʢʣʘʜ ʠʣʠ ʧʦʧʨʘʚʦʯʥʳʡ, ʥʘʧʨʠʤʝʨ, ʚʢʣʘʜ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʵʥʝʨʛʠʶ ɻʠʙʙʩʘ ʧʦ ʦʪ-

ʥʦʰʝʥʠʶ ʢ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʚʢʣʘʜʫ) ʠ ʜʨ. ʅʫʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʣʠʷʥʠʝ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʣʝ-

ʞʠʪ ʚ ʦʩʥʦʚʝ ʙʦʣʴʰʠʥʩʪʚʘ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʅʘʧʨʠʤʝʨ, ʚʣʠʷʥʠʝ ʤʘʛʥʠʪ-

ʥʦʛʦ ʧʦʣʷ ï ʚ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ, ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʉɺʏ ï ʚ ʦʩ-

ʥʦʚʝ ʤʝʪʦʜʦʚ ʕʇʈ ʠ ʗʄʈ; ʚʣʠʷʥʠʝ ʩʚʝʪʘ ï ʚ ʦʩʥʦʚʝ ʮʝʣʦʛʦ ʨʷʜʘ ʤʝʪʦʜʦʚ, ʪʘʢʠʭ ʢʘʢ ʣʶʤʠʥʝʩʮʝʥ-

ʮʠ,̫ ʵʣʣʠʧʩʦʤʝʪʨʠʷ, ʠʥʬʨʘʢʨʘʩʥʘʷ (ʀʂ-) ʠ ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʜʨ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʣʠʷʥʠʝ ʚʥʝʰ-
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ʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ ʠ ʤʘʪʝʨʠʘʣʦʚ ï ʵʪʦ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʚ ʥʘʫʢʝ, ʧʦʵʪʦʤʫ ʚ ʣʠʪʝʨʘʪʫʨʥʦʤ ʦʙʟʦʨʝ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʦʣʴʢʦ ʚʦʟʜʝʡʩʪʚʠʷ, 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʥʳʝ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʙʦʪʳ: ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʜʘʚʣʝʥʠʷ, ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ, ʩʚʝʪʘ ʜʘʣʴʥʝʛʦ ʫʣʴʨʘʬʠʦʣʝʪʘ (ʋʌ) ï ʙʣʠʞʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ ʠ ʩʦʣʴʚʘʪʘʮʠʠ, ʢʘʢ ʥʘ ʭʦʜ ʩʠʥ-

ʪʝʟʘ ʩʦʝʜʠʥʝʥʠʡ, ʪʘʢ ʠ ʥʘ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɺʣʠʷʥʠʝ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ 

ʢʦʥʢʨʝʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʦ ʚ ʦʪʜʝʣʴʥʳʭ ʛʣʘʚʘʭ. 

 

1.1. ɺʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʩʠʥʪʝʟ, ʩʪʨʦʝʥʠʝ ʠ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ 

ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʥʘʨʷʜʫ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ ʜʘʚʣʝʥʠʝʤ, ʷʚʣʷʝʪʩʷ ʬʠʟʠʯʝʩʢʠʤ ʧʘʨʘʤʝʪʨʦʤ, ʢʦ-

ʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚʩʝ ʚʝʱʝʩʪʚʘ ʠʩʧʳʪʳʚʘʶʪ ʦʪʢʣʠʢ ʥʘ 

ʧʨʠʢʣʘʜʳʚʘʝʤʦʝ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ. ʇʝʨʚʦʝ, ʥʘ ʯʪʦ ʩʪʦʠʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ï ʵʪʦ ʭʘʨʘʢʪʝʨ-

ʥʳʝ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. ʊʘʢ, ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ɿʝʤʣʠ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ ~5*10
-5

 ʊʣ; ʤʘʢ-

ʩʠʤʘʣʴʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʜʦʩʪʠʛʥʫʪʦʝ ʯʝʣʦʚʝʢʦʤ ʙʝʟ ʨʘʟʨʫʰʝʥʠʷ ʫʩʪʘʥʦʚʢʠ, ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨ-

ʥʦ 45 ʊʣ ʜʣʷ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʘ ʠ 100 ʊʣ ï ʜʣʷ ʠʤʧʫʣʴʩʥʦʛʦ; ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʘʪʦʤʘʭ ʣʝʞʠʪ ʚ 

ʜʠʘʧʘʟʦʥʝ 10
3
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4
 ʊʣ. ɺʥʝʰʥʠʝ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 0.01-0.1 ʊʣ ʦʪʥʦʩʠʪʩʷ ʢ ʩʣʘʙʳʤ 

ʧʦʣʷʤ, ʘ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ʙʦʣʝʝ >1 ʊʣ ï ʢ ʩʠʣʴʥʳʤ. 

ɺʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʤʦʞʝʪ ʦʧʨʝʜʝʣʷʪʴ ʭʦʜ ʠ ʢʠʥʝʪʠʢʫ ʧʨʦʪʝʢʘʥʠʷ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ, 

ʫʧʦʨʷʜʦʯʝʥʥʦʩʪʴ ʠ ʤʦʨʬʦʣʦʛʠʶ ʦʙʨʘʟʮʘ, ʟʘʨʷʜʦʚʳʝ ʩʦʩʪʦʷʥʠʷ ʘʪʦʤʦʚ ʚ ʚʝʱʝʩʪʚʝ. ʄʝʨʦʡ ʦʪʢʣʠʢʘ 

ʦʙʨʘʟʮʘ ʥʘ ʧʨʠʢʣʘʜʳʚʘʝʤʦʝ ʧʦʣʝ ʷʚʣʷʝʪʩʷ ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ (ɢ) ï ʙʝʟʨʘʟʤʝʨʥʘʷ ʪʝʥʟʦʨ-

ʥʘʷ ʬʠʟʠʯʝʩʢʘʷ ʚʝʣʠʯʠʥʘ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʪʥʦʰʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʚʝʱʝʩʪʚʘ (M) ʢ 

ʥʘʧʨʷʞʸʥʥʦʩʪʠ ʥʘʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ (H): 

… ὓȾὌ (1) 

ɼʣʷ ʜʠʘʤʘʛʥʝʪʠʢʦʚ ɢ ʠʤʝʝʪ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʟʥʘʢ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʤʘʛʥʠʯʠʚʘʥʠʶ ʧʨʦʪʠʚ 

ʥʘʧʨʘʚʣʝʥʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʚʳʪʝʩʥʝʥʠʶ ʜʠʘʤʘʛʥʝʪʠʢʘ ʚ ʦʙʣʘʩʪʴ ʙʦʣʝʝ ʥʠʟʢʠʭ ʤʘʛ-

ʥʠʪʥʳʭ ʧʦʣʝʡ, ʜʣʷ ʧʘʨʘ-, ʬʝʨʨʦ-, ʘʥʪʠʬʝʨʨʦ-, ʬʝʨʨʠʤʘʛʥʝʪʠʢʦʚ, ï ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʟʥʘʢ, ʯʪʦ ʩʦʦʪ-

ʚʝʪʩʪʚʫʝʪ ʥʘʤʘʛʥʠʯʠʚʘʥʠʶ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʚʪʷʛʠʚʘʥʠʶ ʠʭ ʚ ʦʙ-

ʣʘʩʪʴ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. ʇʦʤʠʤʦ ʙʝʟʨʘʟʤʝʨʥʦʡ ɢ, ʧʦʣʴʟʫʶʪʩʷ ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤ-

ʯʠʚʦʩʪʴ ʧʨʠʚʝʜʝʥʥʦʡ ʥʘ ʛʨʘʤʤ (ɢʛ) ʠʣʠ ʥʘ ʤʦʣʴ (ɢʄ) ʚʝʱʝʩʪʚʘ. 

ɼʨʫʛʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʚʝʱʝʩʪʚʘ ʚʳʩʪʫʧʘʝʪ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ (ɛ) ï ʪʝʥʟʦʨʥʘʷ ʬʠ-

ʟʠʯʝʩʢʘʷ ʚʝʣʠʯʠʥʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʩʚʷʟʴ ʤʝʞʜʫ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʝʡ (B) ʠ ʥʘʧʨʷʞʸʥʥʦʩʪʠ 

ʥʘʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ H ʚ ʚʝʱʝʩʪʚʝ: 

ὄ ‘z Ὄ (2) 

ʄʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʩʚʷʟʘʥʘ ʩ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʁʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʝʤ: 
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‘ ‘ᶻρ … (3) 

ʛʜʝ ɛ0 ï ʬʠʟʠʯʝʩʢʘʷ ʢʦʥʩʪʘʥʪʘ, ʯʠʩʣʝʥʥʦ ʨʘʚʥʘʷ 4ˊ*10
-7

 ɻʥ/ʤ ʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʛʥʠʪʥʦʡ ʧʨʦ-

ʥʠʮʘʝʤʦʩʪʠ ʚʘʢʫʫʤʘ. 

ʈʘʩʩʤʦʪʨʠʤ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʦʩʥʦʚʥʳʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʚʝʣʠʯʠʥʳ, ʪʘʢʠʝ ʢʘʢ 

ʵʥʪʨʦʧʠʷ (S), ʵʥʪʘʣʴʧʠʷ (H), ʵʥʝʨʛʠʷ ɻʝʣʴʤʛʦʣʴʮʘ (F) ʠ ʵʥʝʨʛʠʷ ɻʠʙʙʩʘ (G). ʈʘʙʦʪʘ, ʩʦʚʝʨʰʘʝʤʘʷ 

ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʥʘʜ ʚʝʱʝʩʪʚʦʤ ʨʘʚʥʘ: 

‫ Ὄ ὄzȾς (4) 

ɸ ʵʥʝʨʛʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (Eʄʇ) ʩ ʠʥʜʫʢʮʠʝʡ B, ʧʝʨʝʜʘʚʘʝʤʘʷ ʦʙʲʝʤʫ (V) ʦʙʨʘʟʮʘ ʩ ʚʦʩʧʨʠ-

ʠʤʯʠʚʦʩʪʴʶ ɢ ʩʦʩʪʘʚʣʷʝʪ: 

Ὁ̇  ̃
…z ὠ ὄz

ςz ‘
 (5) 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʷʚʣʷʝʪʩʷ ʘʥʠʟʦʪʨʦʧʥʦʡ, ʵʥʝʨʛʠʷ ʷʚʣʷʝʪʩʷ 

ʪʝʥʟʦʨʥʦʡ ʚʝʣʠʯʠʥʦʡ ʠ ʝʸ ʠʟʤʝʥʝʥʠʝ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ɢ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʯʘʩʪʠʮʳ ʦʨʠʝʥʪʠʨʫʶʪʩʷ ʦʩʴʶ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚʜʦʣʴ ʚʥʝʰʥʝʛʦ ʧʦʣʷ, ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ 

ʘʥʠʟʦʪʨʦʧʠʷ Eʄʇ ʧʨʝʚʳʰʘʝʪ ʪʝʨʤʠʯʝʩʢʠʡ ʚʢʣʘʜ (k*T, ʛʜʝ k ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ) ʚ ʵʥʝʨʛʠʶ. 

ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʚʝʱʝʩʪʚʘ ʩ ɢ>0 ʦʨʠʝʥʪʠʨʫʶʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʚʜʦʣʴ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʙʳʣʦ ʤʘʢʩʠʤʘʣʴʥʦʝ ɢ, ʘ ʫ ʚʝʱʝʩʪʚ ʩ ɢ<0 ï ʤʠʥʠʤʘʣʴʥʦʝ ɢ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚʥʦʩʠʪ ʚʢʣʘʜ ʚʦ ʚʥʫʪʨʝʥʥʶʶ ʵʥʝʨʛʠʶ (U), ʵʥʪʘʣʴʧʠʶ ʤʘʛʥʝ-

ʪʠʢʘ, ʵʥʝʨʛʠʠ ɻʝʣʴʤʛʦʣʴʮʘ ʠ ɻʠʙʙʩʘ: 

ὨὟ Ὕz ὨὛ ὖ Ὠzὠ Ὄ Ὠzὓ (6) 

ὨὌ Ὕz ὨὛ ὠ Ὠzὖ ὓ ὨzὌ (7) 

ὨὊ Ὓz ὨὝ ὖ Ὠzὠ Ὄ Ὠzὓ (8) 

ὨὋ Ὓz ὨὝ ὠ Ὠzὖ ὓ ὨzὌ (9) 

ʕʥʪʨʦʧʠ ̫ʩʠʩʪʝʤʳ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʩʦʩʪʦʷʥʠʷ, ʚʢʣʶʯʘʶʱʝʡ ʩʣʘʛʘʝʤʦʝ, ʩʚʷʟʘʥʥʦʝ ʩ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ  ʁʚʝʱʝʩʪʚʘ: 

‬Ὄ

‬Ὓȟ

‬Ὕ

‬ὓ ȟ
ȟ
‬Ὕ

‬Ὄ ȟ

‬ὓ

‬Ὓ ȟ
ȟ
‬Ὓ

‬ὓ ȟ

‬Ὄ

‬Ὕ ȟ
ȟ
‬ὓ

‬Ὕ ȟ

‬Ὓ

‬Ὄ ȟ
 (10) 

ʂʘʢ ʧʦʢʘʟʘʥʦ, ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚʥʦʩʠʪ ʚʢʣʘʜ ʚʦ ʚʩʝ ʢʘʥʦʥʠʯʝʩʢʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʦʪʝʥ-

ʮʠʘʣʳ. ʕʪʦ ʧʨʠʚʦʜʠʪ, ʥʘʧʨʠʤʝʨ, ʢ ʥʘʙʣʶʜʝʥʠʶ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, 

ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʝ ʠʟʤʝʥʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚʝʱʝʩʪʚʘ ʚʜʦʣʴ ʘʜʠʘʙʘʪʳ, ʩʦʛʣʘʩʥʦ 6-10, ʧʨʠʚʦʜʠʪ ʢ 

ʠʟʤʝʥʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʛʥʝʪʠʢʘ ʥʘ ʚʝʣʠʯʠʥʫ: 

ὨὝ 
Ὕz Ὄ

‘ ὧz

Ὠ…

ὨὌ
ὨὌ (11) 
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ʛʜʝ ὧ ï ʪʝʧʣʦʸʤʢʦʩʪʴ ʤʘʛʥʝʪʠʢʘ ʧʨʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H. ɽʩʣʠ ʦʮʝʥʠʪʴ ʚʝʣʠ-

ʯʠʥʫ æT ʜʣʷ ʧʘʨʘʤʘʛʥʝʪʠʢʘ (ʩ …=10
-6
) ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ (ʠ ʚʳʧʦʣʥʝʥʠʷ ʟʘʢʦʥʘ ʂʶʨʠ) ʚ ʧʦ-

ʣʝ 1 ʊʣ, ʪʦ æT~-10
-3
K. ʇʦʵʪʦʤʫ, ʪʘʢʦʡ ʚʢʣʘʜ ʜʣʷ ʧʘʨʘʤʘʛʥʝʪʠʢʦʚ ʫʯʠʪʳʚʘʶʪ ʪʦʣʴʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫ-

ʨʘʭ ʙʣʠʟʢʠʭ ʢ ʘʙʩʦʣʶʪʥʦʤʫ ʥʫʣʶ, ʢʦʛʜʘ ʪʝʧʣʦʝʤʢʦʩʪʴ ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ ʠ æT ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ 

ʟʥʘʯʠʪʝʣʴʥʳʤ. ʅʘ ʦʩʥʦʚʝ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʧʘʨʘʤʘʛʥʝʪʠʢʦʚ ʧʦʣʫʯʘʶʪ ʩʚʝʨʭʥʠʟʢʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʤʝʥʝʝ 0.7K ʧʨʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤ ʦʭʣʘʞʜʝʥʠʠ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʩʦʣʝʡ ʜʦ 0.7K. 

ʉʦʛʣʘʩʥʦ 6-9, ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʪʘʢʞʝ ʩʜʚʠʛʘʝʪ ʨʘʚʥʦʚʝʩʠʝ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʥʘ ʚʝʣʠʯʠʥʫ: 

ЎὋ  
‘

ς
Ўz… Ὄz  (12) 

ʛʜʝ Ў…  ï ʨʘʟʥʠʮʘ ʤʘʛʥʠʪʥʳʭ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʝʡ ʨʝʘʛʝʥʪʦʚ ʠ ʧʨʦʜʫʢʪʦʚ, ʣʠʙʦ ʢʦʥʢʫʨʠʨʫʶ-

ʱʠʭ ʬʘʟ ʧʨʦʜʫʢʪʦʚ. ʆʜʥʠʤ ʠʟ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʧʨʠʤʝʨʦʚ ʷʚʣʷʝʪʩʷ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ 

ʦʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨ ʦʢʩʠʜʘ ʞʝʣʝʟʘ(III). ɸʚʪʦʨʳ ʨʘʙʦʪʳ [8] ʧʦʢʘʟʘʣʠ ʥʘ ʧʨʠʤʝʨʝ ʥʘʥʦʪʨʫʙʦʢ, 

ʯʪʦ ʧʦʣʫʯʝʥʠʝ Fe2O3 ʠʟ Fe(NO3)3 ʧʨʠ 500ÁC ʚ ʦʪʩʫʪʩʪʚʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʛʝʤʘʪʠʪʘ (Ŭ-Fe2O3) [9], ʦʜʥʘʢʦ, ʝʩʣʠ ʨʝʘʢʮʠʶ ʧʨʦʚʦʜʠʪʴ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 12 ʊʣ, ʪʦ ʦʙʨʘʟʫʝʪʩʷ 

ʤʘʛʛʝʤʠʪ (ɔ-Fe2O3). ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʨʘʟʣʠʯʠʝʤ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʬʘʟ ʦʢʩʠʜʘ ʞʝʣʝʟʘ. ʌʘʟʘ 

Ŭ-Fe2O3 ʷʚʣʷʝʪʩʷ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ɔ-Fe2O3 ï ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ, ʧʦʵʪʦʤʫ ʨʘʟʥʠʮʘ 

Ў…  ʠʤʝʝʪ ʙʦʣʴʰʫʶ ʚʝʣʠʯʠʥʫ ʠ ʚʢʣʘʜ ЎὋ  ʦʧʨʝʜʝʣʷʝʪ ʭʦʜ ʨʝʘʢʮʠʠ (ʧʨʠ ʵʪʠʭ ʫʩʣʦʚʠʷʭ). 

ʆʩʦʙʝʥʥʦ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʩʠʥʪʝʟʝ ʢʦʤʧʣʝʢʩʥʳʭ ʤʝʪʘʣʣʦʨʛʘʥʠ-

ʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʪ.ʢ. ʵʪʦ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʜʠʩʩʝʨʪʘʮʠʠ. ʀʥʪʝʨʝʩʥʳʡ ʨʝʟʫʣʴʪʘʪ 

ʙʳʣ ʧʦʣʫʯʝʥ ʚ ʨʘʙʦʪʝ [10]. ɸʚʪʦʨʳ ʨʘʙʦʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʡ ʩʠʥʪʝʟ ʩʫʣʴʬʘʪʘ ʤʝʜʠ ʠ 

4-(ʠʤʠʜʘʟʦʣ-1-ʠʣ) ʙʝʥʟʦʡʥʦʡ ʢʠʩʣʦʪʳ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʘʟʠʜʘ ʥʘʪʨʠʷ ʙʝʟ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʦʣʠʤʝʨʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ [Cu5(C10H7N2O2)4(N3)2(SO4)2]n. ɺ ʧʨʠʩʫʪʩʪʚʠʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 200 ʤʊʣ ʧʨʦʠʩʭʦʜʠʪ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʢʘʢ ʚʳʰʝʫʢʘʟʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, ʪʘʢ ʠ ʥʦ-

ʚʦʡ ʬʘʟʳ ï [Cu(C10H7N2O2)2]n (ʦʪʥʦʰʝʥʠʝ ʧʨʦʜʫʢʪʦʚ 66 ʠ 34%, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɸʚʪʦʨʳ ʧʨʝʜʧʦʣʘ-

ʛʘʶʪ, ʯʪʦ ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʩʠʩʪʝʤʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʪʘʥʦʚʠʪʩʷ ʥʝ-

ʛʦʤʦʛʝʥʥʦʡ. ʇʘʨʘʤʘʛʥʠʪʥʳʝ ʟʘʨʷʞʝʥʥʳʝ ʠʦʥʳ Cu
2+
, ʥʘʭʦʜʷʩʴ ʚ ʨʘʩʪʚʦʨʝ, ʩʪʨʝʤʷʪʩʷ ʢ ʫʧʦʨʷʜʦʯʝ-

ʥʠʶ ʚ ʦʙʣʘʩʪ ɹʥʘʠʙʦʣʴʰʝʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʥʝʩʢʦʤ-

ʧʝʥʩʠʨʦʚʘʥʥʳʭ ʟʘʨʷʜʦʚ, ʘʥʠʦʥʳ ʘʟʠʜʘ ʠ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ ʟʘ ʩʯʸʪ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʩʠʣ 

ʧʨʠʪʷʛʠʚʘʶʪʩʷ ʢ ʠʦʥʘʤ Cu
2+
, ʥʦ ʠʟ-ʟʘ ʨʘʟʤʝʨʥʳʭ ʵʬʬʝʢʪʦʚ ʘʟʠʜ-ʘʥʠʦʥ ʥʝ ʚʩʪʨʘʠʚʘʝʪʩʷ ʚ ʢʦʤʧʣʝʢʩ. 

ɺʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʡ ʩʠʥʪʝʟ ʢʦʤʧʣʝʢʩʘ ʢʦʙʘʣʴʪʘ ʩ ʠʟʦʥʠʢʦʪʠʥʦʚʦʡ ʢʠʩ-

ʣʦʪʦʡ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʘʟʠʜʘ ʠ ʛʠʜʨʦʢʩʠʜʘ ʥʘʪʨʠʷ ʧʦʢʘʟʘʥ ʵʪʦʡ ʞʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʛʨʫʧʧʦʡ 3
ʤʷ

 

ʛʦʜʘʤʠ ʨʘʥʝʝ ʚ ʨʘʙʦʪʝ [11]. ʉʠʥʪʝʟ ʙʝʟ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʧʘʨʘʤʘʛʥʠʪʥʦʡ ʠ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟ ʚʝʱʝʩʪʚʘ (ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʚʳʭʦʜʳ ʧʨʦʜʫʢʪʦʚ 95 ʠ 5%, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɺ 
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ʜʘʥʥʦʤ ʩʣʫʯʘʝ, ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ 200 ʤʊʣ ʥʝ ʧʦʚʣʠʷʣʦ ʥʘ ʧʦʷʚʣʝʥʠʝ ʥʦʚʳʭ ʬʘʟ, ʘ ʣʠʰʴ ʫʤʝʥʴʰʠʣʦ 

ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʳ, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʫʚʝʣʠʯʝʥʠʶ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʚʳʭʦʜʘ 

ʧʨʦʜʫʢʪʘ ʩ 5 ʜʦ 25%. ʇʦʭʦʞʝʝ ʚʣʠʷʥʠʝ ʥʘʙʣʶʜʘʣʦʩʴ ʠ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ ʥʠʢʝʣʷ [12]. 

ɽʩʣʠ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ, ʦʮʝʥʠʪʴ ʚʢʣʘʜ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʚʝʣʠʯʠ-

ʥʫ ЎὋ  ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʧʨʠ ʫʩʣʦʚʠʠ Ў… =5*10
-7
 ʤ

3
/ʤʦʣʴ ʚ ʧʦʣʝ 1 ʊʣ, 

ʪʦ ЎὋ ~10
-4
 ʢɼʞ/ʤʦʣʴ. ʇʨʠ ʚʝʣʠʯʠʥʘʭ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ ЎὋ ~1 ʢɼʞ/ʤʦʣʴ, 

ʚʢʣʘʜ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʤʘʣ. ʇʦʵʪʦʤʫ, ʜʘʥʥʳʡ ʚʢʣʘʜ ʚ ʵʥʝʨʛʠʶ ɻʠʙʙʩʘ ʦʙʳʯʥʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪ, ʢʦʛʜʘ 

ʦʜʠʥ ʠʟ ʨʝʘʛʝʥʪʦʚ ʠʣʠ ʧʨʦʜʫʢʪʦʚ ʠʤʝʝʪ ʤʘʛʥʠʪʥʫʶ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ … >>10
-3
 ʤ

3
/ʤʦʣʴ. 

ɼʨʫʛʠʤ ʬʘʢʪʦʨʦʤ ʚʣʠʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʷʚʣʷʝʪʩʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʜʚʠʞʫʱʝʡ ʩʠʣʳ, ʜʝʡ-

ʩʪʚʫʶʱʝʡ ʥʘ ʘʪʦʤʳ ʧʦʩʨʝʜʩʪʚʦʤ ʵʪʦʛʦ ʧʦʣʷ. ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʜʚʠʞʝʥʠʷ ʟʘ ʩʯʸʪ ʧʦʣʷ ʦʩʦʙʝʥʥʦ ʘʢʪʫ-

ʘʣʴʥʦ ʧʨʠ ʩʠʥʪʝʟʝ ʩʦʝʜʠʥʝʥʠʡ ʠʟ ʛʘʟʦʚʦʡ ʠʣʠ ʞʠʜʢʦʡ ʬʘʟ, ʛʜʝ ʦʪʩʫʪʩʪʚʫʶʪ ʟʘʪʨʫʜʥʝʥʠʷ ʧʝʨʝʤʝʱʝ-

ʥʠʷ ʯʘʩʪʠʮ ʟʘ ʩʯʝʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ɺ ʨʘʙʦʪʝ [13, 14] ʧʨʠʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʜʚʠʞʥʦ-

ʩʪʠ ʨʘʟʣʠʯʥʳʭ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʧʨʠ ʛʨʘʜʠʝʥʪʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɸʚʪʦʨʳ ʨʘʙʦʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʠʦʥʦʚ ʚ ʨʷʜʫ (Mn
2+

>Co
2+

>Cr
3+

>Ni
2+

>Cu
2+

) ʚʦʟʨʘʩʪʘʝʪ ʠ 

ʧʦʜʚʠʞʥʦʩʪʴ ʠʦʥʦʚ ʚ ʛʨʘʜʠʝʥʪʝ ʧʦʣʷ ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʧʘʨʘʤʝʪʨʘʭ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ. ʇʨʠ ʵʪʦʤ ʧʦ-

ʜʚʠʞʥʦʩʪʴ ʜʠʘʤʘʛʥʠʪʥʳʭ ʠʦʥʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʣʷ, ʯʪʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ 

ʨʘʙʦʪʝ [14] ʜʣʷ ʠʦʥʦʚ Zn
2+

, Ag
+
 ʠ Cd

2+
. ɼʨʝʡʬʦʚʫʶ ʩʢʦʨʦʩʪʴ Vʜʨ ʯʘʩʪʠʮ ʚ ʩʨʝʜʝ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʢʘʢ 

ʦʪʥʦʰʝʥʠʝ ʜʚʠʞʫʱʝʡ ʩʠʣʳ F(z) ʢ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʤʫ ʢʦʵʬʬʠʮʠʝʥʪʫ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʯʘʩʪʠʮʳ f: 

ὠ̅  ̑ᾀ Ὂᾀ Ὢϳ …z ὲz Ὄᾀ
‬Ὄᾀ

‬ᾀ
φz “z Ὑ –z (13) 

ʛʜʝ R ï ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʡ ʨʘʜʠʫʩ, ɖ ï ʚʷʟʢʦʩʪʴ ʩʨʝʜʳ, n ï ʯʠʩʣʦ ʤʦʣʝʡ. ʉʢʦʨʦʩʪʴ ʜʨʝʡʬʘ ʚ 

ʛʨʘʜʠʝʥʪʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ~2.6*10
9
 ɸ

2
/ʤ

3
 ʥʘ ʩʠʣʠʢʦʛʝʣʝʚʦʡ ʧʦʜʣʦʞʢʝ ʠʦʥʘ Cu

2+
, ʧʦʣʫʯʝʥʥʦʛʦ 

ʨʘʩʪʚʦʨʝʥʠʝʤ Cu(NO3)2Ŀ3H2O ʚ ʜʝʠʦʥʠʟʠʨʦʚʘʥʥʦʡ ʚʦʜʝ, ʩʦʩʪʘʚʣʷʝʪ 48 ʤʤ/14 ʯ [14]. ʆʮʝʥʢʘ ʘʚʪʦ-

ʨʘʤʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʚʝʣʠʯʠʥʳ Vʜʨ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʦʜʠʥʦʯʥʳʭ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʤʝʞʜʫ ʩʦʙʦʡ 

ʠʦʥʦʚ ʩʦʩʪʘʚʠʣʘ ~10
-5

 ʤʤ/ʯ, ʯʪʦ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʫʯʝʥʥʦʡ ʠʤʠ ʚʝʣʠʯʠʥʝ. ɸʚʪʦʨʳ ʩʚʷʟʳʚʘʶʪ 

ʵʪʦ ʩ ʪʝʤ, ʯʪʦ ʥʫʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʥʝ ʦʪʜʝʣʴʥʳʝ ʯʘʩʪʠʮʳ, ʘ ʨʘʩʪʚʦʨ ʢʘʢ ʮʝʣʦʝ, ʩʦʩʪʦʷʱʠʡ ʠʟ 

ʠʦʥʦʚ ʠ ʤʦʣʝʢʫʣ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʫʯʠʪʳʚʘʷ ʧʨʦʮʝʩʩʳ ʢʦʥʚʝʢʮʠʠ. 

ɼʨʫʛʦʡ ʨʝʟʫʣʴʪʘʪ ʚʣʠʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʚʷʟʘʥ ʩ ʤʦʨʬʦʣʦʛʠʝʡ ʦʙʨʘʟʮʘ. ʕʪʦ ʯʘʩʪʠʯʥʦ ʤʦʞʥʦ 

ʟʘʢʣʶʯʠʪʴ ʠʟ ʨʘʥʝʝ ʥʘʧʠʩʘʥʥʦʛʦ: ʠʦʥʳ ʚʳʩʪʨʘʠʚʘʶʪʩʷ ʦʧʨʝʜʝʣʝʥʥʳʤ ʦʙʨʘʟʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʥʝʰʥʝʛʦ 

ʧʦʣʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʤʝʥʴʰʘʝʪʩʷ çʜʝʥʜʨʠʤʝʨʥʦʩʪʴè ʧʦʣʫʯʘʝʤʳʭ ʯʘʩʪʠʮ ʚʩʣʝʜʩʪʚʠʝ ʚʳʩʪʨʘʠʚʘʥʠ ̫

ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʥʫʞʥʦ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʧʦ ʤʝʨʝ ʩʘʤʦʩʙʦʨʢʠ ʯʘʩʪʠʮ 

ʧʦʷʚʣʷʝʪʩʷ ʘʥʠʟʦʪʨʦʧʠʷ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʠʭ ʥʝʩʬʝʨʠʯʥʦʩʪʴʶ ʠʟ-ʟʘ 

ʥʘʣʠʯʠʷ ʚʳʜʝʣʝʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʠ ʨʦʩʪʝ, ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʧʦʣʦʞʝʥʠʷ ʠ ʚʨʘʱʝʥʠʶ ʯʘ-
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ʩʪʠʮ ʧʨʠ ʩʠʥʪʝʟʝ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ [15]. ʇʦʭʦʞʘ ̫ʩʠʪʫʘʮʠʷ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʜʣʷ ʤʦʣʝʢʫʣ, ʠʤʝʶ-

ʱʠʭ ʙʦʣʴʰʫʶ ʨʘʟʥʠʮʫ ʚ ʧʨʦʜʦʣʴʥʦʤ ʠ ʧʦʧʝʨʝʯʥʦʤ ʨʘʟʤʝʨʘʭ, ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʩʣʫʯʘʝ ʧʦʣʠʤʝʨʦʚ ʠʣʠ 

ʬʪʘʣʦʮʠʘʥʠʥʦʚ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ ʚ [16], ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʨʘʩʧʣʘʚʘ ʥʠʟʢʦʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʧʦʣʠʵʪʠʣʝʥʘ, ʥʘʧʨʘʚʣʝʥʠʝʤ ʝʛʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. ɸʚʪʦʨʳ ʨʘʙʦʪʳ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʩʴ b ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʩʪʘʥʦʚʠʪʩʷ ʩʦʥʘʧʨʘʚʣʝʥʘ ʚʝʢʪʦʨʫ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ ʨʘʙʦʪʫ [17] ʦ ʥʦʚʦʤ ʤʝʪʦʜʝ ʧʦʩʣʦʡʥʦʛʦ ʧʦʣʫʯʝʥʠʷ ʠʟ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ FePt, ʦʙʣʘʜʘʶʱʠʭ ʙʦʣʴʰʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ. 

ʂʘʢ ʥʘʧʠʩʘʣʠ ʘʚʪʦʨʳ ʩʪʘʪʴʠ, ʵʪʦ ʧʝʨʚʳʡ ʧʨʠʤʝʨ ʧʦʣʫʯʝʥʠʷ ʫʣʴʪʨʘʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠʟ ʨʘʩʪʚʦʨʘ, ʩʦʩʪʦʷ-

ʱʠʭ ʠʟ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʩ ʙʦʣʴʰʦʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ. ɺ ʭʦʜʝ ʧʦʣʫʯʝ-

ʥʠʷ ʤʦʥʦʩʣʦʝʚ ʥʘʥʦʯʘʩʪʠʮ FePt ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʚʩʝ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʯʘʩʪʠʮ ʩʦʥʘʧʨʘʚʣʝʥʳ 

ʚʥʝʰʥʝʤʫ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚ ʠʩʧʦʣʴʟʫʝʤʦʤ ʨʘʩʪʚʦʨʝ ʚʩʝ ʥʘʥʦʯʘʩʪʠʮʳ ʠʟʦʣʠ-

ʨʦʚʘʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʠ ʧʨʦʠʩʭʦʜʠʪ ʚʨʘʱʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʣʝʛʢʘʷ ʦʩʴ ʥʘʤʘʛʥʠʯʠʚʘ-

ʥʠʷ ʚʳʩʪʨʘʠʚʘʝʪʩʷ ʚʜʦʣʴ ʚʝʢʪʦʨʘ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ʂʘʢ ʨʝʟʫʣʴʪʘʪ ʟʥʘʯʝʥʠʷ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʩʦʩʪʘʚ-

ʣʷʁʪ 2.4 ʊ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʜʣʦʞʢʝ ʠ 0.5 ʊ ʚʜʦʣʴ ʧʦʜʣʦʞʢʠ. 

ʆʪʜʝʣʴʥʦ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʨʘʜʠʢʘʣʳ ʠ ʨʘʜʠʢʘʣʴʥʳʝ ʨʝʘʢʮʠʠ. 

ʕʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʰʠʨʦʢʦ ʨʘʟʚʠʪʦ ʠ ʜʦ ʩʠʭ ʧʦʨ ʧʨʦʜʦʣʞʘʝʪ ʨʘʟʚʠʚʘʪʴʩʷ. ɼʦʩʪʘʪʦʯʥʦ ʦʙʰʠʨʥʦʝ ʠʩʩʣʝ-

ʜʦʚʘʥʠʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ c ʧʦʣʠʤʝʨʠʟʘʮʠʝʡ ʤʦʥʦʤʝʨʦʚ ʘʢʨʠʣʘʤʠʜʘ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ ʚ ʤʘʛʥʠʪʥʦʤ 

ʧʦʣʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ (ʬʝʥʠʣʙʠʩ(2,4,6-ʪʨʠʤʝʪʠʣʙʝʥʟʦʠʣ)ʬʦʩʬʠʥ ʦʢʩʠʜ {C26H27O3P} ʠ ʧʝʨʦʢʩʦ-

ʜʠʩʫʣʴʬʘʪ ʢʘʣʠʷ {K2S2O6(O2)}) ʠ ʚʝʣʠʯʠʥʳ ʠʥʠʮʠʘʪʦʨʘ ʧʦʣʠʤʝʨʠʟʘʮʠʠ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʦʥʦʤʝʨʘ ʠ 

ʚʷʟʢʦʩʪʠ ʩʨʝʜʳ [18]. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʠʥʠʮʠʘʪʦʨʘ ʧʨʠ ʬʦʪʦʭʠʤʠʯʝʩʢʦʡ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʚ ʤʘʛʥʠʪʥʦʤ 

ʧʦʣʝ ʚʦʟʨʘʩʪʘʝʪ ʥʘ 60%, ʪʘʢʞʝ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪʩʷ ʠ ʧʦʨʷʜʦʢ ʨʝʘʢʮʠʠ. (ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ 

ʪʝʨʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ, ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʠʢʘʢ ʥʝ ʚʣʠʷʝʪ ʥʘ ʧʘʨʘʤʝʪʨʳ ʧʦʣʠʤʝʨʠʟʘʮʠʠ). ʊʘʢʠʝ ʵʬʬʝʢ-

ʪʳ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʚʷʟʢʠʭ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʘʭ, ʢʦʛʜʘ ʢ ʵʬʬʝʢʪʫ ʤʦʣʝʢʫʣʷʨʥʦʡ ʠʤʤʦʙʠʣʠʟʘʮʠʠ ʜʦʙʘʚʣʷ-

ʝʪʩʷ ʵʬʬʝʢʪ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʩʧʠʥʦʚ ʧʘʨ ʨʘʜʠʢʘʣʦʚ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʕʪʠ ʬʘʢ-

ʪʦʨʳ ʧʨʠʚʦʜʷʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʨʘʜʠʢʘʣʦʚ ʠʟ-ʟʘ ʵʬʬʝʢʪʘ çʢʣʝʪʢʠè, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʤʦʣʝ-

ʢʫʣʘʤʠ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠ ʠʥʠʮʠʘʪʦʨʘ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ çʢʣʝʪʢʦʡè ʩ ʦʙʨʘ-

ʟʦʚʘʥʠʝʤ ʤʦʥʦʤʝʨʘ ʠ ʚʳʭʦʜʘ ʠʟ çʢʣʝʪʢʠè. ʈʦʩʪ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʥʠʮʠʘʪʦʨʘ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʩʚʷʟʘʥ ʩ 

ʧʦʜʘʚʣʝʥʠʝʤ ʨʘʜʠʢʘʣʦʚ ʚ T+ ʩʦʩʪʦʷʥʠʠ. ʉʪʦʠʪ ʨʘʩʩʤʦʪʨʝʪʴ ʜʘʥʥʳʡ ʤʝʭʘʥʠʟʤ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦ. ʈʘʜʠ-

ʢʘʣʴʥʳʝ ʧʘʨʳ ʤʦʛʫʪ ʥʘʭʦʜʠʪʴʩʷ ʚ S ʠʣʠ ʦʜʥʦʤ ʠʟ ʪʨʸʭ T ʩʦʩʪʦʷʥʠʡ. ʈʘʜʠʢʘʣʴʥʳʝ ʧʘʨʳ ʚ S ʩʦʩʪʦʷʥʠʠ ʩ 

ʦʯʝʥʴ ʚʳʩʦʢʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ ʨʝʢʦʤʙʠʥʠʨʫʶʪ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʪʘʶʪʩʷ ʪʦʣʴʢʦ ʧʘʨʳ ʚ T ʩʦʩʪʦʷʥʠʷʭ. 

ʆʜʥʘʢʦ ʟʘ ʩʯʸʪ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʢʦʥʚʝʨʩʠʠ T ʩʦʩʪʦʷʥʠʷ ʪʘʢʞʝ ʤʦʛʫʪ ʨʝʢʦʤʙʠʥʠʨʦʚʘʪʴ. ʄʘʛʥʠʪ-

ʥʦʝ ʧʦʣʝ ʨʘʩʱʝʧʣʷʝʪ ʪʨʠʧʣʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʟʘ ʩʯʸʪ ʵʬʬʝʢʪʘ ɿʝʝʤʘʥʘ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪ ʚʝʨʦʷʪ-
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ʥʦʩʪʴ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʢʦʥʚʝʨʩʠʠ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʜʠʢʘʣʦʚ ʧʦ-

ʩʪʫʧʘʝʪ ʚ ʧʦʣʠʤʝʨʠʟʘʮʠʦʥʥʫʶ ʩʨʝʜʫ, ʫʚʝʣʠʯʠʚʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʘ. 

ʇʦʩʣʝʜʥʝʝ, ʯʪʦ ʩʪʦʠʪ ʨʘʩʩʤʦʪʨʝʪʴ ʚ ʜʘʥʥʦʡ ʪʝʤʝ ï ʵʪʦ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʜʠʤʝʨʠʟʘ-

ʮʠʶ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʬʪʘʣʦʮʠʘʥʠʥʦʚ, ʪ.ʢ. ʵʪʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʦʪʥʦʩʠʪʩʷ ʢ ʨʘʙʦʪʝ. ɸʢʪʫ-

ʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʨʬʠʨʠʥʦʚ ʠ ʠʭ ʩʪʨʫʢʪʫʨʥʦ ʨʦʜʩʪʚʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʦʙʫʩʣʦʚʣʝʥʘ ʠʭ ʧʨʘʢ-

ʪʠʯʝʩʢʦʡ ʟʥʘʯʠʤʦʩʪʴʶ ʚ ʥʘʫʢʝ ʠ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʚ ʣʠʪʝʨʘʪʫʨʝ ʠʤʝʝʪʩʷ 

ʥʝ ʪʘʢ ʤʥʦʛʦ ʨʘʙʦʪ, ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʚ ʨʝʘʢ-

ʮʠʷʭ ʩ ʫʯʘʩʪʠʝʤ ʢʦʤʧʣʝʢʩʦʚ ʬʪʘʣʦʮʠʘʥʠʥʦʚ. ɺ ʨʘʙʦʪʝ [19] ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʥʘ ʧʣʝʥʢʠ ʬʪʘʣʦʮʠʘʥʠʥʘ ʤʝʜʠ. ɸʚʪʦʨʳ ʫʢʘʟʳʚʘʶʪ, ʯʪʦ ʨʦʩʪ ʧʣʝʥʦʢ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʧʨʠʚʦʜʠʪ 

ʢ ʩʫʱʝʩʪʚʝʥʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʚ ʩʧʝʢʪʨʘʭ ʈʌɸ ʠ ʦʧʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʩʚʷʟʘʥʥʳʤ ʩ ʦʙʨʘʟʦʚʘʥʠ-

ʝʤ ʜʨʫʛʦʡ ʫʧʘʢʦʚʢʠ ʠ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʦʜʥʘʢʦ ʥʠʯʝʛʦ ʥʝ ʛʦʚʦʨʠʪʩʷ ʦ ʤʝʭʘʥʠʟʤʘʭ, ʧʨʠʚʦ-

ʜʷʱʠʭ ʢ ʪʘʢʠʤ ʠʟʤʝʥʝʥʠʷʤ. ɺ [20] ʘʚʪʦʨʳ ʠʩʩʣʝʜʦʚʘʣʠ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (1.3 ʊ) ʥʘ ʨʦʩʪ ʤʝ-

ʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ ʧʣʝʥʦʢ ʬʪʘʣʦʮʠʘʥʠʥʘ ʚʘʥʘʜʠʣʘ. ʕʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, 

ʯʪʦ ʧʨʠ ʨʦʩʪʝ ʧʣʝʥʦʢ ʚ ʦʪʩʫʪʩʪʚʠʠ ʤʘʛʥʠʪʥʦʛʦ ʫʛʦʣ ʥʘʢʣʦʥʘ ʤʝʞʜʫ ʧʦʜʣʦʞʢʦʡ ʠ ʧʣʦʩʢʦʩʪʴʶ ʤʦʣʝ-

ʢʫʣʳ ʬʪʘʣʦʮʠʘʥʠʥʘ ʩʦʩʪʘʚʣʷʝʪ 24Á. ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʥʘʧʨʘʚʣʝʥʥʦʝ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʜʣʦʞʢʝ, 

ʫʤʝʥʴʰʘʝʪ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʦ 3Á, ʯʪʦ, ʢʘʢ ʠ ʚ ʧʨʝʜʳʜʫʱʝʤ ʩʣʫʯʘʝ, ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʪʨʫʢʪʫʨʳ 

ʧʣʝʥʢʠ ʠ ʧʦʷʚʣʝʥʠʶ ʙʦʣʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʟʝʨʝʥ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʚʜʦʣʴ ʦʩʠ b. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʨʦ-

ʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ ʚʝʱʝʩʪʚʘ ʟʘ ʩʯʸʪ ʠʟʤʝʥʝʥʠʷ ʪʝʥʟʦʨʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝ-

ʤʦʩʪʠ. ɸʚʪʦʨʳ ʨʘʙʦʪʳ ʧʨʝʜʧʦʣʘʛʘʶʪ ʩʣʝʜʫʶʱʠʡ ʤʝʭʘʥʠʟʤ ʚʣʠʷʥʠʷ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ʇʨʠ ʜʚʠʞʝʥʠʠ 

ʬʪʘʣʦʮʠʘʥʠʥʘ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʚʦʟʥʠʢʘʝʪ ʥʘʚʝʜʝʥʥʳʡ ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ ʥʘ ʘʨʦʤʘʪʠʯʝʩʢʦʤ ʢʦʣʴʮʝ 

ʧʦ ʧʨʘʚʠʣʫ ʃʝʥʮʘ ʟʘ ʩʯʸʪ ʥʘʚʝʜʝʥʥʳʭ ʪʦʢʦʚ (ʘʥʘʣʦʛ ʪʦʢʦʚ ʌʫʢʦ), ʧʨʠʚʦʜʷʱʠʡ ʢ ʧʦʚʦʨʦʪʫ ʧʣʦʩʢʦʩʪʠ 

ʤʦʣʝʢʫʣʳ ʚʜʦʣʴ ʚʥʝʰʥʝʛʦ ʧʦʣʷ [15]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʬʪʘʣʦʮʠʘʥʘʥʠʥ ʚʘʥʘʜʠʣʘ ʦʙʣʘʜʘʝʪ ʩʦʙʩʪʚʝʥ-

ʥʳʤ ʧʦʩʪʦʷʥʥʳʤ ʜʠʧʦʣʴʥʳʤ ʤʦʤʝʥʪʦʤ (ʥʘʧʨʘʚʣʝʥʥʳʤ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʩʪʠ ʢʦʣʴʮʘ), ʢʦʪʦ-

ʨʳʡ ʨʘʟʚʦʨʘʯʠʚʘʝʪ ʧʣʦʩʢʦʩʪʴ ʤʦʣʝʢʫʣʳ ʧʦʧʝʨʸʢ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ʕʪʠ ʚʢʣʘʜʳ ʚ ʵʥʝʨʛʠʶ ʠʤʝʶʪ ʨʘʟ-

ʥʳʡ ʟʥʘʢ (5), ʪ.ʢ. ʧʝʨʚʳʡ ʩʚʷʟʘʥ ʩ ʜʠʘʤʘʛʥʠʪʥʳʤ ʚʢʣʘʜʦʤ, ʘ ʚʪʦʨʦʡ ʩ ʧʘʨʘʤʘʛʥʠʪʥʳʤ, ʦʜʥʘʢʦ ʧʘʨʘ-

ʤʘʛʥʠʪʥʳʡ ʚʢʣʘʜ ʙʦʣʴʰʝ, ʠʟ-ʟʘ ʯʝʛʦ ʤʦʣʝʢʫʣʳ ʚʳʩʪʨʘʠʚʘʝʪʩʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʣʶ. 

ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʝ ʪʦʣʴʢʦ ʚ ʤʦʤʝʥʪ ʵʧʠʪʘʢʩʠʠ, ʥʦ ʠ ʥʘ ʫʞʝ ʦʩʘʞʜʝʥʥʳʝ 

ʧʣʸʥʢʠ. ɺ [21, 22] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʪʞʠʛ ʬʪʘʣʦʮʠʘʥʠʥʘ ʭʣʦʨʠʜʘ ʘʣʶʤʠʥʠʷ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦ-

ʚʠʷʭ (ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʧʘʨʦʚ ʚʦʜʳ) ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 1 ʊ, ʚʦ-ʧʝʨʚʳʭ, ʩʥʠʞʘʝʪ ʪʝʤʧʝʨʘʪʫʨʫ ʦʙʨʘʟʦʚʘʥʠʷ 

ʜʠʤʝʨʘ ɛ-ʦʢʩʦ-ʙʠʩʬʪʘʣʦʮʠʘʥʠʥʘ ʘʣʶʤʠʥʠʷ ʩ 300Áʉ ʜʦ 200Áʉ; ʚʦ-ʚʪʦʨʳʭ, ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʤʦʨ-

ʬʦʣʦʛʠʠ ʧʣʝʥʢʠ. ʆʙʨʘʟʫʶʪʩʷ ʫʜʣʠʥʝʥʥʳʝ ʢʨʠʩʪʘʣʣʠʪʳ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ï ʜʣʠʥʥʘʷ 

ʦʩʴ ʢʨʠʩʪʘʣʣʠʪʘ ʦʨʠʝʥʪʠʨʫʝʪʩʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʣʠʥʠʷʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɸʚʪʦʨʳ ʨʘʙʦʪʳ ʨʘʩʩʤʘʪ-

ʨʠʚʘʶʪ ʪʘʢʠʝ ʞʝ ʤʝʭʘʥʠʟʤʳ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʠʟʤʝʥʝʥʠʶ ʤʦʨʬʦʣʦʛʠʠ ʦʙʨʘʟʮʘ, ʢʘʢ ʠ ʘʚʪʦʨʳ ʧʨʝʜʳʜʫ-
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ʱʝʡ ʨʘʙʦʪʳ. ʈʘʟʥʠʮʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ ʜʠʘʤʘʛʥʠʪʥʳʭ ʬʪʘʣʦʮʠʘʥʠʥʦʚ ʘʣʶʤʠʥʠʷ ʧʘʨʘʤʘʛʥʠʪʥʳʡ 

ʚʢʣʘʜ ʚ ʵʥʝʨʛʠʶ ʦʪʩʫʪʩʪʚʫʝʪ, ʧʦʵʪʦʤʫ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʪʦʣʴʢʦ ʚʢʣʘʜ ʦʪ ʥʘʚʝʜʝʥʥʳʭ ʪʦ-

ʢʦʚ, ʢʦʪʦʨʳʡ ʠ ʧʦʚʦʨʘʯʠʚʘʝʪ ʤʦʣʝʢʫʣʫ. ʆʜʥʘʢʦ ʦʪʞʠʛ ʧʨʠ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ ʧʣʝʥʦʢ ʜʠʤʝʨʘ ɛ-ʦʢʩʦ-

ʙʠʩʬʪʘʣʦʮʠʘʥʠʥʘ ʘʣʶʤʠʥʠʷ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʤʦʨʬʦʣʦʛʠʠ. ɼʣʷ ʬʪʦʨ-ʟʘʤʝʱʝʥʥʦʛʦ ʬʪʘʣʦʮʠ-

ʘʥʠʥʘ ʚʘʥʘʜʠʣʘ ʚ ʨʘʙʦʪʝ [23] ʧʦʢʘʟʘʥʦ ʫʤʝʥʴʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ 

ʩ 160Áʉ ʜʦ 100Áʉ ʠʟ-ʟʘ ʧʨʠʩʫʪʩʪʚʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ~1 ʊ ʙʝʟ ʦʙʨʘʟʦʚʘʥʠʷ ʜʠʤʝʨʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟ-

ʜʝʡʩʪʚʠʷ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʥʘʙʣʶʜʘʣʦʩʴ ʥʝ ʪʦʣʴʢʦ ʫʤʝʥʴʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʥʦ ʠ 

ʦʙʨʘʟʦʚʘʥʠʝ ʫʜʣʠʥʝʥʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ. ʉʣʝʜʩʪʚʠʝʤ ʷʚʣʷʝʪʩʷ ʫʚʝ-

ʣʠʯʝʥʠʝ ʧʦʧʝʨʝʯʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʣʝʥʢʠ ʧʨʠ ʦʪʞʠʛʝ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʚ 150 ʨʘʟ. 

ɽʩʣʠ ʟʘ ʠʟʤʝʥʝʥʠʷ ʦʪʚʝʪʩʪʚʝʥʥʳ ʥʘʚʝʜʝʥʥʳʝ ʪʦʢʠ, ʪʦ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʦʣʞʥʦ ʙʳʣʦ 

ʙʳ ʥʘʙʣʶʜʘʪʴʩʷ ʫ ʚʩʝʭ ʬʪʘʣʦʮʠʘʥʠʥʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝ ʫʩʪʘʥʦʚʣʝʥʳ ʪʦʯʥʳʝ 

ʤʝʭʘʥʠʟʤʳ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʪʘʢʠʤ ʠʟʤʝʥʝʥʠʷʤ, ʭʦʪʷ ʨʘʙʦʪ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʦʚʦʜʠʪʩʷ ʥʝʤʘʣʦ. 

ɺ ʟʘʢʣʶʯʝʥʠʠ ʭʦʯʝʪʩʷ ʦʪʤʝʪʠʪʴ ʚʘʞʥʦʩʪʴ ʠʟʫʯʝʥʠʷ ʵʬʬʝʢʪʦʚ ʚʣʠʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʉ 

ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʤʦʞʥʦ: ʫʤʝʥʴʰʠʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠʣʠ ʭʠʤʠʯʝʩʢʦʡ 

ʨʝʘʢʮʠʠ; ʧʦʣʫʯʠʪʴ ʥʦʚʳʝ ʬʘʟʳ ʚʝʱʝʩʪʚʘ; ʠʟʤʝʥʠʪʴ ʤʦʨʬʦʣʦʛʠʶ ʚʝʱʝʩʪʚʘ; ʠʟʤʝʥʠʪʴ ʢʠʥʝʪʠʢʫ ʨʝ-

ʘʢʮʠʠ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ. ʇʦʵʪʦʤʫ ʵʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʥʝ ʧʝʨʝʩʪʘʝʪ ʨʘʟʚʠʚʘʪʴʩʷ ʠ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʧʦ 

ʜʘʥʥʦʡ ʪʝʤʘʪʠʢʝ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʢʘʞʜʳʤ ʛʦʜʦʤ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʪʠʭ ʵʬʬʝʢʪʦʚ ʘʢʪʫ-

ʘʣʴʥʦ ʥʝ ʪʦʣʴʢʦ ʚ ʭʠʤʠʠ ʠ ʬʠʟʠʢʝ, ʥʦ ʠ ʚ ʙʠʦʣʦʛʠʠ, ʠ ʤʝʜʠʮʠʥʝ [24]. 

 

1.2. ɺʣʠʷʥʠʝ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʩʠʥʪʝʟ, ʩʪʨʦʝʥʠʝ ʠ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ 

ɼʘʚʣʝʥʠʝ ʠ ʪʝʤʧʝʨʘʪʫʨʘ, ʢʘʢ ʠ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʠʛʨʘʪʁ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʧʨʦʷʚʣʷʝʤʳʭ ʩʚʦʡ-

ʩʪʚʘʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʚʣʠʷʥʠ ̫ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʠʥʪʫʠʪʠʚʥʦ 

ʙʦʣʝʝ ʧʦʥʷʪʥ,r ʙʦʣʝʝ ʰʠʨʦʢʦ ʠʟʫʯʝʥ rʠ ʯʘʱʝ ʠʩʧʦʣʴʟʫʝʤ .r ɺ ʪʝʨʤʦʜʠʥʘʤʠʢʝ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩ-

ʧʦʣʴʟʫʶʪʩ ̫ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ, ʵʥʪʘʣʴʧʠʠ ʠ ʧʦʪʝʥʮʠʘʣʦʚ ʩʠʩʪʝʤʳ ʩ ʧʦʩʪʦʷʥʥʳʤ 

ʯʠʩʣʦʤ ʯʘʩʪʠʮ (6)-(9) ʩ ʨʘʚʥʳʤ ʥʫʣʶ ʧʨʘʚʳʤ ʩʣʘʛʘʝʤʳʤ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʜʘʚʣʝʥʠʝ ʠ ʪʝʤʧʝʨʘʪʫ-

ʨʘ ʚʥʦʩʪ̫ ʚʢʣʘʜ ʚ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ: ʚ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʚ ʦʧʪʠʯʝʩʢʫʶ ʧʣʦʪʥʦʩʪʴ, ʚ ʪʝʤʧʝʨʘʪʫʨʫ 

ʧʣʘʚʣʝʥʠʷ ʠ ʜʨ.; ʜʘʚʣʝʥʠʝ ʦʧʨʝʜʝʣʷʝʪ ʭʦʜ ʠ ʩʢʦʨʦʩʪʴ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʠ ʜʨ. ʄʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʜʚʘ ʪʠʧʘ ʚʦʟʜʝʡʩʪʚʠʡ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʠ ʝʛʦ ʥʘʨʘʩʪʘʥʠʷ ï ʙʳʩʪʨʦʝ (ʠʤʧʫʣʴʩʥʦʝ) ʠ ʤʝʜ-

ʣʝʥʥʦʝ. ʏʝʪʢʦʡ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʜʚʫʤʷ ʵʪʠʤʠ ʪʠʧʘʤʠ ʚʦʟʜʝʡʩʪʚʠʡ ʥʝʪ, ʪʘʢ ʢʘʢ ʵʪʦ ʨʘʟʜʝʣʝʥʠʝ ʦʩʥʦ-

ʚʘʥʦ ʥʘ ʦʪʥʦʰʝʥʠʠ ʩʢʦʨʦʩʪʠ ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ ʢ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ. ʂ ʧʨʠʤʝʨʘʤ ʙʳʩʪʨʦ-

ʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʤʦʞʥʦ ʦʪʥʝʩʪʠ, ʥʘʧʨʠʤʝʨ, ʟʘʢʘʣʢʫ. ʉʪʦʠʪ ʧʦʤʥʠʪʴ, ʯʪʦ ʜʘʚʣʝʥʠʝ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʥʝ 

ʚʩʝʛʜʘ ʷʚʣʷʶʪʩʷ ʥʝʟʘʚʠʩʠʤʳʤʠ ʚʝʣʠʯʠʥʘʤʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤʠ ʢʘʢʦʡ-ʣʠʙʦ ʧʨʦʮʝʩʩ ʠʣʠ ʩʦʩʪʦʷ-

ʥʠʝ ʚʝʱʝʩʪʚʘ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ ʧʦ ʟʘʢʦʥʫ ʄʝʥʜʝʣʝʝʚʘ-ʂʣʘʧʝʡʨʦʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʠ 
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ʜʘʚʣʝʥʠʝ ʷʚʣʷʶʪʩʷ ʣʠʥʝʡʥʳʤʠ ʬʫʥʢʮʠʷʤʠ ʜʨʫʛ ʜʨʫʛʘ. ɹʦʣʝʝ ʥʘʛʣʷʜʥʦ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʜʘʚʣʝ-

ʥʠʝʤ ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʨʦʪʝʢʘʥʠʷ ʧʨʦʮʝʩʩʘ ʠʣʣʶʩʪʨʠʨʫʶʪ ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ. ʊʘʢʠʝ ʜʠʘʛʨʘʤʤʳ 

ʦʙrʯʥʦ ʧʦʢʘʟʳʚʘʶʪ, ʢʘʢ ʠʟʤʝʥʷʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʘʚʣʝʥʠʷ. ʆʜ-

ʥʠ ʠʟ ʩʘʤʳʭ ʠʟʚʝʩʪʥʳʭ ʠ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʧʨʠʤʝʨʘʭ ʬʘʟʦʚʳʭ ʜʠʘʛʨʘʤʤ ï ʵʪʦ ʜʠʘʛʨʘʤʤʳ ʜʣʷ 

H2O ʠ He. ʇʝʨʚʘʷ ʠʥʪʝʨʝʩʥʘ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʚʦʜʘ ʷʚʣʷʝʪʩʷ ʞʠʟʥʝʥʥʦ ʚʘʞʥʳʤ ʚʝʱʝʩʪʚʦʤ ʩ ʧʨʦʩʪʦʡ, 

ʥʦ ʚʤʝʩʪʝ ʩ ʪʝʤ ʜʦʩʪʘʪʦʯʥʦ ʙʦʛʘʪʦʡ ʜʠʘʛʨʘʤʤʦʡ, ʪʠʧʠʯʥʦʡ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʠʟʚʝʩʪʥʳʭ ʚʝʱʝʩʪʚ. 

ɼʣʷ ʚʦʜʳ ʥʘʡʜʝʥʦ ʥʝʩʢʦʣʴʢʦ ʘʤʦʨʬʥʳʭ ʠ 18 ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʪʚʸʨʜʦʡ ʬʘʟʳ (ʣʴʜʘ). 

ʊʘʢʠʝ ʬʘʟʳ ʧʦʣʫʯʘʶʪʩʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʘʭ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ ʜʠʘʧʘʟʦʥʘʭ PT-

ʧʘʨʘʤʝʪʨʦʚ. ɼʠʘʛʨʘʤʤʘ ʜʣʷ He ʠʥʪʝʨʝʩʥʘ, ʪʘʢ ʢʘʢ ʷʚʣʷʝʪʩʷ ʠʩʢʣʶʯʝʥʠʝʤ. ʉʦʛʣʘʩʥʦ ʬʘʟʦʚʦʡ ʜʠʘ-

ʛʨʘʤʤʝ, ʛʝʣʠʡ ʥʠ ʧʨʠ ʢʘʢʠʭ ʩʦʦʪʥʦʰʝʥʠʷʭ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ ʥʝ ʩʫʙʣʠʤʠʨʫʝʪʩʷ, ʯʪʦ ʩʚʷʟʘʥʦ 

ʩ ʵʢʟʦʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʛʝʣʠʷ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʚʝ-

ʱʝʩʪʚ ʩ ʨʘʟʣʠʯʥʳʤ ʠʟʦʪʦʧʥʳʤ ʩʦʩʪʘʚʦʤ ʨʘʟʣʠʯʘʶʪʩʷ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʛʝʣʠʷ-3 ʪʝʤʧʝʨʘʪʫʨʘ ʢʠʧʝʥʠʷ 

ʨʘʚʥʘ 3.19K (ʪʨʦʡʥʦʡ ʪʦʯʢʠ ï 3.35K), ʘ ʜʣʷ ʛʝʣʠʷ-4 ʪʝʤʧʝʨʘʪʫʨʘ ʢʠʧʝʥʠʷ ʨʘʚʥʘ 4.23K (ʪʨʦʡʥʦʡ 

ʪʦʯʢʠ ï 5.19K). ɼʘʚʣʝʥʠʝ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʤʦʛʫʪ ʥʝ ʪʦʣʴʢʦ ʤʝʥʷʪʴ ʘʛʨʝʛʘʪʥʦʝ ʩʦʩʪʦʷʥʠʝ (ʧʝʨʝʭʦʜ I 

ʨʦʜʘ), ʥʦ ʠ ʷʚʣʷʪʴʩʷ ʧʨʠʯʠʥʦʡ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ (ʥʘʧʨʠʤʝʨ, ʧʝʨʝʭʦʜ HeI-HeII ʠʣʠ ʧʝʨʝʭʦʜ ʤʝʞʜʫ 

ʨʘʟʣʠʯʥʳʤʠ ʤʦʜʠʬʠʢʘʮʠʷʤʠ ʚʦʜʷʥʦʛʦ ʣʴʜʘ), ʧʦʷʚʣʝʥʠʷ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʩʪʨʫʢʪʫʨ ʠ ʜʠʩʩʦʮʠʘʮʠʠ 

ʩʦʝʜʠʥʝʥʠʡ. ʇʨʠʤʝʨʳ ʜʠʩʩʦʮʠʘʮʠʠ ʩʦʝʜʠʥʝʥʠʡ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʠʞʝ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʚʣʠʷʥʠʷ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʤʘʛʥʠʪʥʳʝ ʠ ʦʧʪʠʯʝ-

ʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʝʱʝʩʪʚ ʠ ʠʭ ʩʪʨʫʢʪʫʨʫ. ʇʦʵʪʦʤʫ ʚ ʦʙʟʦʨʝ ʣʠʪʝʨʘʪʫʨʳ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʩʦʩʨʝʜʦʪʦʯʠʪ-

ʩʷ ʥʘ ʨʘʩʩʤʦʪʨʝʥʠʠ ʨʘʙʦʪ ʩʦ ʩʭʦʞʝʡ ʪʝʤʘʪʠʢʦʡ. 

ʈʘʩʩʤʦʪʨʠʤ ʥʝʢʦʪʦʨʳʝ ʦʙʱʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦ ʩʚʦʝʡ ʩʫʪʠ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʝʨʝʢʨʳʚʘʥʠʝʤ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ ʘʪʦʤʦʚ ʠʣʠ ʠʦʥʦʚ. ʉʦʛʣʘʩʥʦ ʟʘʢʦʥʫ ʂʶʨʠ, ʤʘʛ-

ʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʧʘʨʘʤʘʛʥʝʪʠʢʘ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ (ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝ-

ʨʘʪʫʨ ʠ ʩʣʘʙʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ) ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

…
ρ

Ὕ
ᶻ
‍Ὣὐὐ ρ

σὯ
 (14) 

ʛʜʝ ‍ ï ʤʘʛʥʝʪʦʥ ʙʦʨʘ, g ï g-ʬʘʢʪʦʨ, J ï ʢʚʘʥʪʦʚʦʝ ʯʠʩʣʦ ʧʦʣʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. ʆʙʱʠʡ 

ʩʣʫʯʘʡ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʃʘʥʞʝʚʝʥʘ ʜʣʷ ʧʘʨʘʤʘʛʥʝʪʠʢʦʚ, ʢʦʪʦʨʳʡ ʥʝ ʙʫʜʝʪ ʟʜʝʩʴ ʨʘʩʩʤʦʪʨʝʥ. 

ɼʣʷ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʚ ʧʘʨʘʤʘʛʥʠʪʥʦʡ ʦʙʣʘʩʪʠ, ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʢʦʥʦʤ 

ʂʶʨʠ-ɺʝʡʩʩʘ, ʩʭʦʞʠʤ ʥʘ ʟʘʢʦʥ ʂʶʨʠ ʩʦ ʩʜʚʠʛʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʚʝʣʠʯʠʥʫ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ (Ὕ̠): 

ὝᴼὝ Ὕ̠. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʘʢʦʥʘ, ʦʧʠʩʳʚʘʶʱʝʛʦ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʪ 

ʜʘʚʣʝʥʠʷ, ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʝ ʥʘʡʜʝʥʦ. ʅʦ ʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʠ ʦʙʱʠʭ ʩʦʦʙʨʘʞʝʥʠʡ ʧʦ ʘʥʘʣʦʛʠʠ ʩ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʷʩʥʦ, ʯʪʦ ʜʘʚʣʝʥʠʝ ʠʟʤʝʥʷʝʪ ʪʝʤʧʝʨʘʪʫʨʫ ʂʶʨʠ ʟʘ ʩʯʸʪ ʠʟʤʝʥʝʥʠʷ ʢʦʣʝʙʘʥʠʡ ʠ ʚʟʘʠ-
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ʤʦʜʝʡʩʪʚʠʡ ʚ ʩʠʩʪʝʤʝ, ʥʘʨʫʰʘʷ ʠʣʠ ʩʧʦʩʦʙʩʪʚʫʷ ʫʧʦʨʷʜʦʯʠʚʘʥʠʶ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ. ʏʪʦ ʢʘʩʘʝʪ-

ʩʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʪʦ ʟʜʝʩʴ, ʢʘʢ ʠ ʚ ʧʨʝʜʳʜʫʱʝʤ ʩʣʫʯʘʝ, ʥʝʪ ʯʝʪʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʝʞʜʫ ʚʝʣʠ-

ʯʠʥʦʡ ʠ ʪʠʧʦʤ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ. ʄʦʞʥʦ ʣʠʰʴ ʫʢʘʟʘʪʴ ʥʘ ʥʝʢʦʪʦʨʳʝ ʦʙ-

ʱʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ. ʅʘʧʨʠʤʝʨ, ʝʩʣʠ ʣʶʤʠʥʝʩʮʝʥʮʠʷ ʚʳʟʚʘʥʘ ʪʝʨʤʠʯʝʩʢʦʡ ʟʘʩʝʣʝʥʥʦʩʪʴʶ ʠʣʠ ʪʝʨ-

ʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʝʡ ʫʨʦʚʥʝʡ, ʪʦ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʨʦʩʪʫ ʠʥʪʝʥʩʠʚʥʦ-

ʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʢʘʢ ʚ ʩʣʫʯʘʷʭ ʪʝʨʤʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʠ), ʘ ʤʦʞʝʪ ʧʨʠʚʦ-

ʜʠʪʴ ʢ ʪʫʰʝʥʠʶ ʟʘ ʩʯʸʪ ʫʩʠʣʝʥʠʷ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʠ. ʇʦʵʪʦʤʫ, ʨʘʩʩʤʦʪʨʝʥʠʝ ʧʨʠʯʠʥ ʠ 

ʧʨʠʨʦʜʳ ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ ʷʚʣʷʝʪʩʷ ʟʘʯʘʩʪʫʶ ʦʪʜʝʣʴʥʦʡ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʦʩʪʘʥʦʚʠʤʩ ̫ʥʘ ʵʬʬʝʢʪʝ ʜʠʩʩʦʮʠʘʮʠʠ ʩʦʝʜʠʥʝʥʠʡ, ʚr ʟʚʘʥʥʦʡ ʜʘʚʣʝʥʠʝʤ, ʦ 

ʢʦʪʦʨʦʤ ʫʧʦʤʠʥʘʣʦʩʴ ʨʘʥʝʝ. ɺ ʨʘʙʦʪʘʭ [25, 26] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʦʣʴ ʙʨʦʤʠʜʘ ʦʜʥʦʚʘʣʝʥʪʥʦʡ ʤʝʜʠ 

ʧʨʝʪʝʨʧʝʚʘʝʪ ʤʥʦʞʝʩʪʚʦ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ 7 ɻʇʘ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝ-

ʥʠʷ (ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ). ʆʩʦʙʝʥʥʦ ʠʥʪʝʨʝʩʝʥ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʤ ʩʥʷʪʠʠ 

ʜʘʚʣʝʥʠʷ ʜʦ 3.6 ɻʇʘ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʬʘʟʳ ʩʦʣʠ ʙʨʦʤʠʜʘ ʤʝʜʠ(II). ɸʚʪʦʨʳ ʧʨʝʜʧʦʣʘʛʘʶʪ, 

ʯʪʦ ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʜʠʩʧʨʦʧʦʨʮʠʦʥʠʨʦʚʘʥʠʝʤ ʩʦʣʠ CuBr, ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʝʜʠ (ʢʦʪʦ-

ʨʘʷ ʥʝ ʬʠʢʩʠʨʫʝʪʩʷ ʤʝʪʦʜʦʤ ʈʌɸ ʠʟ-ʟʘ ʤʘʣʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʜʝʣʦʢʘʣʠʟʘʮʠʠ ʚʝʱʝʩʪʚʘ ʧʦ ʚʩʝʤʫ 

ʦʙʲʝʤʫ ʷʯʝʡʢʠ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ) ʠ CuBr2. ʆʜʥʘʢʦ ʘʚʪʦʨʳ ʥʠʢʘʢ ʥʝ ʦʙʲʷʩʥʷʶʪ ʧʨʠʯʠʥʫ ʜʠʩʧʨʦ-

ʧʦʨʮʠʦʥʠʨʦʚʘʥʠʷ ʠʤʝʥʥʦ ʧʨʠ ʩʥʷʪʠʠ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ. ʌʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝ ʪʦʣʴ-

ʢʦ ʜʣʷ ʩʦʣʠ CuBr, ʥʦ ʠ ʜʣʷ ʜʨʫʛʠʭ ʩʦʣʝʡ ʛʘʣʦʛʝʥʠʜʦʚ ʤʝʜʠ, ʨʘʙʦʪ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʦʛʨʦʤʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ (ʧʦʤʠʤʦ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚʳʰʝ ʨʘʙʦʪ ï [27-31], ʠ ʵʪʦ ʦʯʝʥʴ ʤʘʣʘʷ ʯʘʩʪʴ ʨʘʙʦʪ, ʠʤʝʶ-

ʱʠʭʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ). ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʠʩʧʨʦʧʦʨʮʠʦʥʠʨʦʚʘʥʠʝ, ʧʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ ʨʘʙʦʪ, 

ʧʨʦʠʩʭʦʜʠʪ ʠ ʚ ʩʦʣʷʭ CuCl [32], Fe2SiO4 [33]. ʀʤʧʫʣʴʩʥʦʝ ʜʘʚʣʝʥʠʝ (ʚʤʝʩʪʦ ʩʪʘʪʠʯʝʩʢʦʛʦ, ʠʩʧʦʣʴ-

ʟʦʚʘʚʰʝʛʦʩʷ ʚ ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʨʘʙʦʪʘʭ), ʧʨʠʚʦʜʠʪ, ʚ ʢʦʥʝʯʥʦʤ ʩʯʸʪʝ, ʢ ʩʭʦʞʠʤ ʨʝʟʫʣʴʪʘʪʘʤ ʜʣʷ 

ʩʦʣʝʡ ʛʘʣʦʛʝʥʠʜʦʚ ʤʝʜʠ. ɺ CuX (X=Cl [34], I [35]), ʥʘʙʣʶʜʘʶʪʩʷ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ ʠ ʜʠʩʧʨʦʧʦʨ-

ʮʠʦʥʠʨʦʚʘʥʠʝ ʪʠʧʘ 2CuXŸCu+CuX2. ʂ ʩʦʞʘʣʝʥʠʶ, ʚ ʜʘʥʥʳʭ ʨʘʙʦʪʘʭ ʘʚʪʦʨʳ ʥʠʯʝʛʦ ʥʝ ʛʦʚʦʨʷʪ ʦ 

ʨʘʟʣʠʯʠʷʭ ʧʦʣʫʯʘʝʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʩʣʫʯʘʝ ʩʪʘʪʠʯʝʩʢʦʛʦ ʠ ʠʤʧʫʣʴʩʥʦʛʦ ʜʘʚʣʝʥʠʷ ï ʧʦʥʠʞʝʥʠʠ 

ʠʣʠ ʧʦʚʳʰʝʥʠʠ ʤʠʥʠʤʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʥʘʯʘʣʘ ʧʨʦʮʝʩʩʘ ʜʠʩʧʨʦʧʦʨʮʠʦʥʠʨʦ-

ʚʘʥʠʷ ʠ ʪ.ʜ. ɺ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʧʦʣʦʞʝʥʠʝ ʘʪʦʤʦʚ, ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʠ ʫʛʣʳ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʠʣʘʤʠ ʧʨʠʪʷʞʝʥʠʷ ʠ ʦʪʪʘʣʢʠʚʘʥʠʷ, ʘ ʧʨʦʯʥʦʩʪʴ ʩʚʷʟʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʣʫʙʠʥʦʡ ʧʦ-

ʪʝʥʮʠʘʣʴʥʦʡ ʷʤʳ. ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʜʘʚʣʝʥʠʷ ʘʪʦʤʳ ʩʙʣʠʞʘʶʪʩʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ 

ʧʨʦʯʥʦʩʪʠ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʜʣʷ, ʥʘʧʨʠʤʝʨ, ʫʩʪʦʡʯʠʚʳʭ ʙʠʥʘʨʥʳʭ ʩʠʩʪʝʤ AB ʩ 

ʵʥʝʨʛʠʝʡ ʩʚʷʟʠ EA-B ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʥʦ ʧʨʠ ʧʦʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ (ʠʣʠ ʪʝʤʧʝʨʘʪʫʨʝ) 

ʦʙʨʘʟʦʚʘʥʠʝ ʩʚʷʟʝʡ ʩ ʵʥʝʨʛʠʷʤʠ EA-A ʠ EB-B ʤʦʞʝʪ ʩʪʘʪʴ ʙʦʣʝʝ ʚʳʛʦʜʥʳʤ. ʊʦʛʜʘ ʫʩʣʦʚʠʷ ʫʩʪʦʡʯʠ-

ʚʦʩʪʠ ʩʦʝʜʠʥʝʥʠʷ AB ʥʘʨʫʰʘʶʪʩʷ, ʠ ʨʘʟʣʦʞʝʥʠʝ ʚʝʱʝʩʪʚʘ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ. ʄʦʞʝʪ ʚʦʟʥʠ-
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ʢʘʪʴ ʩʠʪʫʘʮʠʷ, ʢʦʛʜʘ ʙʦʣʝʝ ʚʳʛʦʜʥʦʡ ʧʦ ʵʥʝʨʛʠʠ ʩʪʘʥʦʚʠʪʩʷ ʩʠʪʫʘʮʠʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʙʠʥʘʨʥʦʡ 

ʩʠʩʪʝʤʳ ʩ ʜʨʫʛʠʤ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤ ʯʠʩʣʦʤ. 

ʆʪʜʝʣʴʥʦ ʩʪʦʠʪ ʨʘʩʩʤʦʪʨʝʪʴ ʧʨʠʤʝʨ ʜʠʩʩʦʮʠʘʮʠʠ ʩʦʝʜʠʥʝʥʠʡ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ 

(ʦʪʞʠʛ). ʅʘʧʨʠʤʝʨ, ʦʢʩʠʜ ʥʠʢʝʣʷ ʧʨʠ ʦʪʞʠʛʝ ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʜʦʨʦʜʘ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʜʦ ʤʝʪʘʣʣʠ-

ʯʝʩʢʦʛʦ ʥʠʢʝʣʷ ʠ ʚʦʜʳ [36, 37]. ʉʭʝʤʫ ʨʝʘʢʮʠʠ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʚʦʜʦʨʦʜ 

ʘʜʩʦʨʙʠʨʫʝʪʩʷ ʥʘ ʠʦʥʘʭ ʥʠʢʝʣʷ, ʩʤʝʞʥʳʭ ʩ ʢʠʩʣʦʨʦʜʥʳʤʠ ʚʘʢʘʥʩʠʷʤʠ (ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʦʪʞʠʛʝ 

(250 ʠ 350ÁC) ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ [38]); ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʤʝʞʜʫ 350 ʠ 400ÁC ʧʨʦʠʩʭʦʜʠʪ 

ʘʛʣʦʤʝʨʘʮʠʷ ʟʘʨʦʜʳʰʝʡ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʥʠʢʝʣʷ ʚ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʜʦʤʝʥʳ, ʧʨʠʯʝʤ H2 ʫʞʝ ʘʜʩʦʨʙʠ-

ʨʫʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ Ni ʩ ʜʝʩʦʨʙʮʠʝʡ H2O; ʜʦʤʝʥʳ Ni ʨʘʩʪʫʪ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʛʨʘʥʠʮʳ ʨʘʟ-

ʜʝʣʘ ʬʘʟ, ʬʦʨʤʠʨʫʶʪʩʷ ʧʦʨʳ ʟʘ ʩʯʸʪ ʢʨʫʧʥʳʭ ʯʘʩʪʠʮ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʘʣʝʥʴʢʠʝ ʯʘʩʪʠʮʳ ʫʤʝʥʴʰʘ-

ʶʪʩʷ ʜʣʷ ʢʦʤʧʝʥʩʘʮʠʠ ʧʦʪʝʨʠ ʦʙʲʝʤʘ, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʮʝʩʩʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ; 

ʦʙʨʘʟʦʚʘʚʰʘʷʩʷ ʚʦʜʘ ʥʘʯʠʥʘʝʪ ʟʘʩʪʘʠʚʘʪʴʩʷ ʚʦʢʨʫʛ ʯʘʩʪʠʮ Ni, ʙʣʦʢʠʨʫʷ ʜʦʩʪʫʧ ʅ2 ʢ ʨʝʘʢʪʠʚʥʳʤ 

ʮʝʥʪʨʘʤ; ʥʝʢʦʪʦʨʳʝ ʯʘʩʪʠʮʳ NiO ʦʩʪʘʶʪʩʷ ʚʥʫʪʨʠ ʩʪʨʫʢʪʫʨʳ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Ni, ʘ H2O ʧʨʝʜʦʪ-

ʚʨʘʱʘʝʪ ʜʘʣʴʥʝʡʰʫʶ ʨʝʘʢʮʠʶ. ʂʦʛʜʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʝʚʳʰʘʝʪ 600ÁC, ʨʘʩʪʫʪ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʟʝʨʥʘ 

Ni, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʝʥʴʰʠʝ ʟʝʨʥʘ ʠʩʯʝʟʘʶʪ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʥʝʨʛʠʠ. 

ɺ ʨʘʙʦʪʝ [39] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ AgO ʩ P21/c ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ 

ʠʤʝʝʪ ʜʚʘ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʠʦʥʘ ʩʝʨʝʙʨʘ ʩ ʨʘʟʥʳʤ ʟʘʨʷʜʦʚʳʤ ʩʦʩʪʦʷʥʠʝʤ (ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʯʠʩʣʘ 

2 ʠ 4, ʦʙʨʘʟʫʶʱʠʝ ʣʠʥʝʡʥʦʝ ʠ ʧʣʦʩʢʦ-ʢʚʘʜʨʘʪʥʦʝ ʦʢʨʫʞʝʥʠʝ), ʘ ʧʨʠ 75 ɻʇʘ ʠʦʥʳ ʩʝʨʝʙʨʘ ʩʪʘʥʦʚʷʪʩʷ 

ʩʪʨʫʢʪʫʨʥʦ ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʩ ʧʣʦʩʢʦ-ʢʚʘʜʨʘʪʥʳʤ ʦʢʨʫʞʝʥʠʝʤ. ʇʨʠ 77 ɻʇʘ ʠʟʤʝʥʷʝʪʩʷ ʧʨʦʩʪʨʘʥ-

ʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ ʥʘ R3m ʠ ʠʦʥʳ ʩʝʨʝʙʨʘ ʩʪʘʥʦʚʷʪʩʷ ʦʜʥʦʟʘʨʷʜʥʳʤʠ, ʘ ʚʳʰʝ 100 ɻʇʘ ʥʘʙʣʶʜʘʝʪʩʷ 

ʝʱʸ ʦʜʠʥ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ, ʧʦʩʣʝ ʢʦʪʦʨʦʛʦ ʠʦʥʳ ʩʝʨʝʙʨʘ ʠʤʝʶʪ ʠʩʢʘʞʝʥʥʦ ʦʢʪʘʵʜʨʠʯʝʩʢʦʝ ʦʢʨʫʞʝ-

ʥʠʝ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʦʣʦʞʝʥʠʷ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʟʘʚʠʩʪ̫ ʦʪ ʚʥʝʰʥʝʛʦ ʜʘʚʣʝʥʠ,̫ ʯʪʦ ʧʨʠʚʦ-

ʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʨʘʩʩʪʦʷʥʠʡ Ag-O ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʘʚʣʝʥʠʷ ï ʥʘʠʙʦʣʴʰʠʝ ʠʟʤʝʥʝʥʠʷ 

ʩʦʩʪʘʚʣʷʶʪ ~1 ¡ (ʩ ~3.1 ʜʦ ~2.1 ¡ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʘʚʣʝʥʠʷ ʩ ʘʪʤʦʩʬʝʨʥʦʛʦ ʜʦ 200 ɻʇʘ). 

ɼʨʫʛʠʤ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʤ ʦʢʩʠʜʦʤ, ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʢ ʜʘʚʣʝʥʠʶ, ʷʚʣʷʝʪʩʷ ʦʢʩʠʜ ʤʝʜʠ 

[40-43]. ɺ ʨʘʙʦʪʘʭ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʦʢʩʠʜʝ ʠʤʝʝʪʩʷ ʥʝʧʨʷʤʦʝ ʩʫʧʝʨʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 

ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ ʯʝʨʝʟ ʥʝʤʘʛʥʠʪʥʳʝ ʠʦʥʳ ʠ 3 ʩʫʧʝʨʩʫʧʝʨʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʝʨʝʟ 

ʮʝʧʦʯʢʫ ʤʘʛʥʠʪʥʳʭ ʠ ʥʝʤʘʛʥʠʪʥʳʭ ʠʦʥʦʚ. ʊʝʤʧʝʨʘʪʫʨʘ ʦʯʝʥʴ ʩʠʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʨʘʟʤʝʨʥʦʩʪʴ ʩʦʝʜʠ-

ʥʝʥʠʷ ʦʢʩʠʜʘ ʤʝʜʠ: ʚʳʰʝ 550K ï ʵʪʦ ʦʜʥʦʤʝʨʥʳʡ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢ, ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʜʦ 230K (ʪʝʤʧʝʨʘʪʫʨʘ ʅʝʝʣʷ) ï ʜʚʫʤʝʨʥʳʡ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢ ʩ ʙʣʠʞʥʠʤ ʧʦʨʷʜʢʦʤ, ʜʦ 213K ï ʥʝ-

ʩʦʨʘʟʤʝʨʥʳʡ ʪʨʝʭʤʝʨʥʳʡ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢ ʩ ʜʘʣʴʥʠʤ ʧʦʨʷʜʢʦʤ, ʥʠʞʝ 213K ï ʩʦʨʘʟʤʝʨʥʳʡ ʪʨʝʭ-

ʤʝʨʥʳʡ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢ ʩ ʜʘʣʴʥʠʤ ʧʦʨʷʜʢʦʤ. ɺʩʸ ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ. ɼʘʚʣʝʥʠʝ ʪʦʞʝ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦ-
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ʜʝʡʩʪʚʠʷ. ɺ ʨʘʙʦʪʝ [41] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʦʪʝʨʤʠʯʝʩʢʦʝ ʫʚʝʣʠʯʝʥʠʝ ʜʘʚʣʝʥʠʷ ʥʘ CuO ʢʘʯʝʩʪʚʝʥʥʦ ʘʥʘ-

ʣʦʛʠʯʥʦ ʠʟʦʙʘʨʠʯʝʩʢʦʤʫ ʦʭʣʘʞʜʝʥʠʶ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʫʛʣʦʚ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ ʚ O3Cu-

O-CuO3 ʢʣʘʩʪʝʨʝ. ʇʨʠ ʵʪʦʤ ʠʟʤʝʥʝʥʠʝ ʚ 10Á (ʩ 146Á ʜʦ 156Á) ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʵʥʝʨʛʠʠ ʦʙʤʝʥ-

ʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 80 ʜʦ 120 ʤʵɺ (645 ʜʦ 970 ʩʤ
-1
). ʀʟʤʝʥʝʥʠʝ ʫʛʣʘ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʥʝ ʪʦʣʴʢʦ ʢ 

ʠʟʤʝʥʝʥʠʶ ʚʝʣʠʯʠʥʳ, ʥʦ ʠ ʟʥʘʢʘ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʯʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʚ CuO. ʊʘʢʘʷ ʟʘʚʠʩʠ-

ʤʦʩʪʴ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʘ ʚ [44], ʦʩʦʙʝʥʥʦ ʜʣʷ ʢʣʘʩʪʝʨʘ Cu2Cl6
2-
, ʜʣʷ ʢʦʪʦʨʦʛʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʟ-

ʤʝʥʝʥʠʝ ʚʝʣʠʯʠʥʳ ʫʛʣʘ ʤʝʞʜʫ ʢʦʥʮʝʚʳʤʠ ʠ ʪʝʨʤʠʥʘʣʴʥʳʤʠ ʭʣʦʨʠʜ-ʘʥʠʦʥʘʤʠ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝ-

ʥʠʶ ʟʥʘʢʘ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʩʣʝʜʩʪʚʠʝ ʠʟʤʝʥʝʥʠʷ ʣʦʢʘʣʠʟʘʮʠʠ ʦʨʙʠʪʘʣʝʡ ʥʘ ʠʦʥʘʭ ʤʝʜʠ. 

ɺʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ, ʢʘʢ ʩ ʧʦʤʦʱʴʶ ʪʝʤʧʝʨʘʪʫʨʳ, ʪʘʢ ʠ ʜʘʚʣʝʥʠʷ ʥʘʙʣʶ-

ʜʘʝʪʩʷ ʠ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ ʩ ʜʨʫʛʠʤʠ 3d ʤʝʪʘʣʣʘʤʠ. ʅʘʧʨʠʤʝʨ, ʚ ʩʦʝʜʠʥʝʥʠʠ [Ni(en)3][NO3]2 

(en=ʵʪʠʣʝʥʜʠʘʤʠʥ) ʧʨʦʠʩʭʦʜʠʪ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ [45] ʧʨʠ ʜʘʚʣʝʥʠʠ 820-870 ʄʇʘ ʩ ʪʨʸʭʢʨʘʪʥʳʤ 

ʫʚʝʣʠʯʝʥʠʝʤ ʦʙʲʸʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʧʦʜʦʙʥʳʡ ʧʝʨʝʭʦʜ ʥʘʙʣʶʜʘʣʩʷ ʠ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʦʙʨʘʟ-

ʮʘ ʥʠʞʝ 109K ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ. ʊʦ ʝʩʪʴ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ 

ʢʘʢ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʘʚʣʝʥʠʷ, ʪʘʢ ʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. 

ɼʘʚʣʝʥʠʝ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʤʦʛʫʪ ʠʟʤʝʥʷʪʴ ʥʝ ʪʦʣʴʢʦ ʤʘʛʥʠʪʥʳʝ, ʥʦ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʥʘʧʨʠ-

ʤʝʨ, ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ. ɺ ʨʘʙʦʪʘʭ [46, 47] ʦʯʝʥʴ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥ r ʠʟʤʝʥʝʥʠ ̫ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ 

ʩʚʦʡʩʪʚ ʢʦʤʧʣʝʢʩʦʚ ʪʠʦʮʠʦʥʘʪʘ ʠ ʩʝʣʝʥʦʮʠʘʥʘʪʘ ʧʣʘʪʠʥʳ ʠ ʧʘʣʣʘʜʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ 5K ʢʨʠʩʪʘʣ-

ʣʳ ɻʪʠʭ ʢʦʤʧʣʝʢʩʦʚ ʠʤʝʶʪ ʰʠʨʦʢʫ  ʁʧʦʣʦʩʫ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʩ ʭʦʨʦʰʦ ʨʘʟʨʝʰʝʥʥʦʡ ʢʦʣʝʙʘʪʝʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ, ʯʪʦ, ʢʘʢ ʧʠʰʫʪ ʘʚʪʦʨʳ, ʫʢʘʟʳʚʘʝʪ ʥʘ ʙʦʣʴʰʠʝ ʩʤʝʱʝʥʠʷ ʤʠʥʠʤʫʤʘ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨ-

ʛʠʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʜʦʣʴ ʥʦʨʤʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪ ʤʝʪʘʣʣ-ʣʠʛʘʥʜ. ʇʦʢʘʟʘʥʦ ʩʠʣʴʥʦʝ ʠʟʤʝʥʝ-

ʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʋʚʝʣʠʯʝʥʠʝ ʚʨʝʤʝ-

ʥʠ ʞʠʟʥʠ ʜʦʩʪʠʛʘʝʪ ʪʨʸʭ ʧʦʨʷʜʢʦʚ ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩ 250K ʜʦ 5K ʜʣʷ ʠʩʩʣʝʜʫʝʤʳʭ ʢʦʤ-

ʧʣʝʢʩʦʚ (ʜʣʷ [Pt(SCN)4](n-Bu4N)2 ï Ű=0.3 ʤʢʩ ʧʨʠ 200K ʠ Ű=320 ʤʢʩ ʧʨʠ 5K), ʧʨʠ ʵʪʦʤ ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦ-

ʨʷʜʦʢ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ɼʣʷ ʩʭʦʞʝʛʦ ʢʦʤʧʣʝʢʩʘ 

[Pt(SeCN)4](n-Bu4N)2 ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʤʘʢʩʠʤʫʤʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʩ ʠʟʤʝʥʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ: ʧʨʠ 225K ʤʘʢʩʠʤʫʤ ʥʘʭʦʜʠʪʩʷ ʥʘ 13690 ʩʤ
-1
 (730 ʥʤ). ʇʨʠ ʧʦʥʠʞʝʥʠʠ ʜʦ 50K ʧʨʦʠʩʭʦ-

ʜʠʪ ʛʠʧʦʭʨʦʤʥʳʡ ʩʜʚʠʛ ʥʘ 600 ʩʤ
-1
 (30 ʥʤ), ʘ ʜʘʣʴʥʝʡʰʝʝ ʧʦʥʠʞʝʥʠʠ ʜʦ 6K ʧʨʠʚʦʜʠʪ ʢ ʙʘʪʦʭʨʦʤʥʦʤʫ 

ʩʜʚʠʛʫ ʥʘ 150 ʩʤ
-1
 (7 ʥʤ). ʉʪʦʠʪ ʦʩʦʙʦ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ, ʥʘ ʩʠʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ 

ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʘʚʣʝʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʜʘʚʣʝʥʠʷ ʦʪ ʘʪʤʦʩʬʝʨʥʦʛʦ ʜʦ 35 ʢʙʘʨ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ ʪʨʠ ʧʦʨʷʜʢʘ, ʘ ʚʨʝʤʷ ʞʠʟʥʠ ʥʘ 

ʜʚʘ). ɼʣʷ ʢʦʤʧʣʝʢʩʘ [Pt(SCN)4](n-Bu4N)2 ʧʦʢʘʟʘʥʦ, ʯʪʦ Ű=0.75 ʤʢʩ ʧʨʠ 5 ʢʙʘʨ ʠ Ű=13 ʤʢʩ ʧʨʠ 30 ʢʙʘʨ; 

ʜʣʷ ʢʦʤʧʣʝʢʩʘ [Pd(SCN)4](n-Bu4N)2 ʧʦʢʘʟʘʥʦ, ʯʪʦ Ű=0.541 ʤʢʩ ʧʨʠ 7 ʢʙʘʨ ʠ Ű=48 ʤʢʩ ʧʨʠ 30 ʢʙʘʨ, ʧʨʠ-

ʯʝʤ ʜʣʷ ʵʪʠʭ ʢʦʤʧʣʝʢʩʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʛʠʧʩʦʭʨʦʤʥʳʡ ʩʜʚʠʛ ʨʘʚʥʳʡ 24 ʩʤ
-1
/ʢʙʘʨ ʠ 29 ʩʤ

-1
/ʢʙʘʨ, ʩʦʦʪ-
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ʚʝʪʩʪʚʝʥʥʦ. ɸʚʪʦʨʳ ʦʙʲʷʩʥʷʶʪ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʫʩʠʣʝʥʠ-

ʝʤ ʥʦʞʥʠʯʥʳʭ ʢʦʣʝʙʘʥʠʡ ʟʘ ʩʯʸʪ ʠʟʤʝʥʝʥʠʷ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ SCN- ʠ SeCN- 

ʣʠʛʘʥʜʳ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʩʚʷʟʘʥʥʦʡ ʩ ʤʝʪʘʣʣʦʤ, ʯʝʨʝʟ ʩʠʣʴʥʦ ʩʤʝʱʝʥʥʳʝ 

ʥʠʟʢʦʯʘʩʪʦʪʥʳʝ ʥʦʞʥʠʯʥʳʝ ʢʦʣʝʙʘʥʠ ̫ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

ʀʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʩʜʚʠʛ ʧʦʣʦʩ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ ʥʘʙʣʶʜʘʣ-

ʩʷ, ʥʘʧʨʠʤʝʨ, ʚ ʩʦʣʠ ʬʪʦʨʠʜʘ ʝʚʨʦʧʠʷ(III) [48]. ɺ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʧʨʠʤʝʨʥʦ ʚ 2 ʨʘʟʘ ʧʨʠ 5 ɻʇʘ ʩʚʷʟʘʥʦ ʩ ʠʩʢʘʞʝʥʠʝʤ ʨʝʰʝʪʢʠ (ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʚʝʨʦʷʪʥʦ-

ʩʪʠ ʧʝʨʝʭʦʜʦʚ ʩʦʛʣʘʩʥʦ ʧʨʘʚʠʣʫ ʦʪʙʦʨʘ); ʧʦʩʣʝʜʫʶʱʝʝ ʫʤʝʥʴʰʝʥʠʝ ʧʨʠʤʝʨʥʦ ʚ 2 ʨʘʟʘ ʧʨʠ 9 ɻʇʘ 

ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʝʬʝʢʪʦʚ ʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʨʘʪʠʤʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʧʨʠ 9.8 ɻʇʘ ʠʟ 

ʨʦʤʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ ʪʠʧʘ ɓ-YF3 ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʫʶ ʪʠʧʘ LaF3. ʌʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʩʦʧʨʦʚʦʞʜʘʝʪʩ ̫

ʧʦʷʚʣʝʥʠʝʤ ʥʦʚʭr ʣʠʥʠʡ ʚ ʩʧʝʢʪʨʝ ʵʤʠʩʩʠʠ: 
2
H11/2Ÿ

4
I15/2, 

4
S3/2Ÿ

4
I15/2 ʠ 

4
F9/2Ÿ

4
I15/2. 

ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʫʶʪ ʚʝʱʝʩʪʚʘ, ʣʶʤʠʥʝʩʮʝʥʮʠʷ ʢʦʪʦʨʳʭ ʠʟʤʝʥʷʝʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʠ ʥʝ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʩʦ ʚʨʝʤʝʥʝʤ, ʧʦʩʣʝ ʩʥʷʪʠʷ ʚʦʟʜʝʡʩʪʚʠʷ. ʊʘʢʠʝ ʚʝʱʝʩʪʚʘ ʪʘʢʞʝ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [49] ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʝʜʠʥʝʥʠʡ, ʩʦ-

ʜʝʨʞʘʱʠʭ ʜʚʝ ʜʝʥʜʨʠʪʥʳʝ ʤʦʣʝʢʫʣʳ ʩ ʜʣʠʥʥʳʤʠ ʘʣʢʠʣʴʥʳʤʠ ʮʝʧʷʤʠ, ʧʨʠʩʦʝʜʠʥʝʥʥʳʤʠ ʢ ʣʶʤʠ-

ʥʝʩʮʝʥʪʥʳʤ ʷʜʨʘʤ (ʧʠʨʝʥ ʠʣʠ ʘʥʪʨʘʮʝʥ). ʄʝʭʘʥʠʯʝʩʢʠʡ ʩʜʚʠʛ ʚʳʟʳʚʘʝʪ ʩʠʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʤʦʣʝ-

ʢʫʣʷʨʥʦʡ ʩʙʦʨʢʠ ʵʪʠʭ ʚʝʱʝʩʪʚ ʩ ʦʙʨʘʟʦʚʘʥʠʝ ʙʦʣʝʝ ʣʠʥʝʡʥʦʡ ʩʪʨʫʢʪʫʨʳ ʟʘ ʩʯʸʪ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷ-

ʟʝʡ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʣʶʤʠʥʝʩʮʝʥʮʠʷ ʤʝʥʷʝʪ ʮʚʝʪ ʦʪ ʞʝʣʪʦʛʦ ʜʦ ʩʠʥʝ-ʟʝʣʝʥʦʛʦ. ʉʭʦʞʝʝ 

ʠʟʤʝʥʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʜʨʫʛʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ï ʧʨʦʠʟʚʦʜʥʦʛʦ ʧʠʨʝʥʘ ʩ ʯʝʪʳʨʴʤʷ ʛʝʢʩʠʣʘʤʠʜ-

ʥʳʤʠ ʛʨʫʧʧʘʤʠ ʚ ʧʘʨʘ-ʧʦʣʦʞʝʥʠʠ ʬʝʥʠʣʴʥʳʭ ʛʨʫʧʧ. ɺʦʟʜʝʡʩʪʚʠʝ ʜʘʚʣʝʥʠʷ ʧʨʠʚʦʜʠʣʦ ʢ ʠʟʤʝʥʝ-

ʥʠʶ ʮʚʝʪʘ ʚʝʱʝʩʪʚʘ ʩ ʙʝʣʦʛʦ ʥʘ ʞʸʣʪʳʡ ʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ï ʩ ʩʠʥʝʛʦ ʥʘ ʟʝʣʸʥʳʡ. ʅʘʛʨʝʚʘʥʠʝ (ʥʠ-

ʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ) ʧʨʠʚʦʜʠʪ ʢ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʚʝʱʝʩʪʚʘ ʚ ʠʩʭʦʜʥʫʶ ʬʦʨʤʫ. 

ɺʳʰʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʙʦʪʳ, ʚ ʢʦʪʦʨʳʭ ʧʨʠʤʝʥʷʣʦʩʴ ʩʪʘʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ ʥʘ ʦʙʨʘʟʮʳ. ʅʦ 

ʥʫʞʥʦ ʠʤʝʪʴ ʚ ʚʠʜʫ, ʯʪʦ ʤʝʞʜʫ ʩʪʘʪʠʯʝʩʢʠʤ ʠ ʠʤʧʫʣʴʩʥʳʤ ʜʘʚʣʝʥʠʷʤʠ ʩʫʱʝʩʪʚʫʝʪ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ 

ʨʘʟʥʠʮʘ. ʆʙʱʠʤ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʣʶʙʦʝ ʜʘʚʣʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʧʦʜʚʠʞʥʦʩʪʠ ʘʪʦʤʦʚ ʠ ʜʝ-

ʬʝʢʪʦʚ ʚ ʩʪʨʫʢʪʫʨʝ, ʧʨʠʯʸʤ ʟʘʯʘʩʪʫʶ ʧʦ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. ʈʘʟʣʠʯʠʷ ʟʘʢʣʶʯʘʶʪʩʷ ʚ 

ʧʨʦʮʝʩʩʘʭ: ʝʩʣʠ ʧʨʠ ʩʪʘʪʠʯʝʩʢʦʤ ʜʘʚʣʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʘ ʚʝʱʝʩʪʚʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʟʘ ʩʯʸʪ 

ʦʙʤʝʥʘ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ (ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ ʤʦʞʝʪ ʠʟʤʝʥʷʪʴʩʷ), ʪʦ ʧʨʠ ʠʤ-

ʧʫʣʴʩʥʦʤ ʜʘʚʣʝʥʠʠ (ʘʜʠʘʙʘʪʥʳʡ ʧʨʦʮʝʩʩ), ʧʨʦʠʩʭʦʜʠʪ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʦʪʦʨʘʷ ʥʝ ʫʩʧʝʚʘʝʪ 

ʨʘʩʩʝʷʪʴʩʷ ʚ ʩʨʝʜʫ. ʕʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʧʨʦʪʝʢʘʥʠʶ ʧʨʦʮʝʩʩʦʚ (ʪʘʢʠʭ ʢʘʢ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ), 

ʜʣʷ ʢʦʪʦʨʳʭ ʪʨʝʙʫʶʪʩʷ ʫʩʣʦʚʠʷ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʠ 

ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʨʘʟʨʫʰʝʥʠʝ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʚʷʟʝʡ, ʠ ʜʘʞʝ ʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʦʡ ʨʝʰʸʪʢʠ ʩ ʧʝʨʝʚʦʜʦʤ ʚʝʱʝʩʪʚʘ ʚ ʧʣʘʩʪʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ (ʜʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʧʨʝʦʜʦʣʝʪʴ 
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ʧʨʝʜʝʣ ʧʣʘʩʪʠʯʥʦʩʪʠ ʚʝʱʝʩʪʚʘ). ʇʨʠ ʵʪʦʤ ʬʠʟʠʯʝʩʢʠʝ ʠ ʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʨʝʟʢʦ ʫʩʢʦʨʷʶʪʩʷ ʧʨʠ 

ʠʤʧʫʣʴʩʥʦʤ ʜʘʚʣʝʥʠʠ [50]. ɽʜʠʥʦʛʦ ʤʥʝʥʠʷ, ʧʦʯʝʤʫ ʵʪʦ ʧʨʦʠʩʭʦʜʠʪ, ʥʝʪ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʠʬʬʫʟʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʥʦ ʦʥʠ ʤʦʛʫʪ ʢʘʢ ʫʩʢʦʨʷʪʴ-

ʩʷ, ʪʘʢ ʠ ʟʘʤʝʜʣʷʪʴʩʷ, ʧʦʵʪʦʤʫ ʜʘʥʥʦʝ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦʩʪʘʝʪʩʷ ʩʧʦʨʥʳʤ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʨʘʩ-

ʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʦʙʱʝ ʙʝʟʜʠʬʬʫʟʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ, ʪ.ʝ. ʠʟʤʝʥʝʥʠʷ ʧʨʦʠʩʭʦʜʷʪ ʚʦ ʚʩʝʤ ʚʝʱʝʩʪʚʝ, ʠ 

ʥʝ ʪʨʝʙʫʝʪʩʷ ʥʘʣʠʯʠʝ ʟʘʨʦʜʳʰʝʡ ʠ ʜʠʬʬʫʟʠʠ ʚʝʱʝʩʪʚʘ [51]. ʅʝʢʦʪʦʨʳʝ ʧʨʝʚʨʘʱʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʧʦ-

ʣʠʤʝʨʠʟʘʮʠʷ ʠ ʧʦʣʠʤʦʨʬʥʳʝ ʧʨʝʚʨʘʱʝʥʠʷ, ʧʨʦʪʝʢʘʶʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʦ ʬʨʦʥʪʝ ʠʤʧʫʣʴʩʘ, ʪʘʢ 

ʢʘʢ ʚʨʝʤʷ ʧʨʝʚʨʘʱʝʥʠʡ ʩʦʧʦʩʪʘʚʠʤʦ ʩʦ ʚʨʝʤʝʥʝʤ ʜʝʡʩʪʚʠʷ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʫʜʘʨʥʦʛʦ ʩʞʘʪʠʷ. ɹʳ-

ʣʦ ʧʦʢʘʟʘʥʦ ʥʘ ʙʨʦʤʠʜʝ ʠ ʭʣʦʨʠʜʝ ʢʘʣʠʷ, ʯʪʦ ʚʨʝʤʷ ʧʦʣʠʤʦʨʬʥʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʤʝʥʴʰʝ 10
-11

 ʩ [52]. 

ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʠʤʧʫʣʴʩʥʦʛʦ ʜʘʚʣʝʥʠʷ ʥʝʤʘʣʦʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʷʚʣʷʝʪʩʷ ʧʝʨʠʦʜ ʠʤʧʫʣʴʩʘ, 

ʩʢʚʘʞʥʦʩʪʴ, ʘʤʧʣʠʪʫʜʘ, ʢʦʣʠʯʝʩʪʚʦ ʠʤʧʫʣʴʩʦʚ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ. ɺ ʨʘʙʦʪʝ [53] ʥʘ ʧʨʠʤʝʨʝ ʭʦ-

ʨʦʰʦ ʠʟʫʯʝʥʥʦʡ [54, 55] ʢʝʨʘʤʠʢʠ ʘʣʶʤʠʥʘʪʘ ʢʘʣʴʮʠʷ CaAl2O4:Eu
2+
, ʦʙʣʘʜʘʶʱʝʛʦ ʌʃ ʩ ɚɻʤ=448 ʥʤ, 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʤʧʫʣʴʩʥʦʝ ʜʘʚʣʝʥʠʝ ʩ ʘʤʧʣʠʪʫʜʦʡ 15 ʄʇʘ ʧʨʠʚʦʜʠʪ ʢ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʝʨʘʤʠʢʠ, 

ʧʨʠʯʝʤ ʠʤʧʫʣʴʩ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʦʚʪʦʨʷʝʪ ʠʤʧʫʣʴʩ ʧʨʠʣʦʞʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ. ʕʪʦ ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ 

ʤʝʭʘʥʦ- ʠʣʠ ʧʴʝʟʦʣʶʤʠʥʝʩʮʝʥʮʠʷ. ɸʚʪʦʨʘʤʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ (0.7 ɻʮ) 

ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʥʦʤʝʨʘ ʠʤʧʫʣʴʩʘ (2
ʡ
 ʠʤ-

ʧʫʣʴʩ ï 50%, 3
ʡ
 ï 12%, ʘ ʟʘʪʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʫʤʝʥʴʰʘʝʪʩʷ ʤʝʜʣʝʥʥʦ). ʀʥʪʝʨʝʩʝʥ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʴ ʤʦʞʥʦ ʚʦʩʩʪʘʥʦʚʠʪʴ ʦʙʣʫʯʝʥʠʝʤ ʋʌ, ʯʪʦ ʧʦʢʘʟʳʚʘʝʪ ʥʝʜʝʩʪʨʫʢʪʠʚʥʳʡ ʭʘʨʘʢʪʝʨ ʧʨʠ-

ʯʠʥʳ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʥʝ ʪʨʠʙʦʣʶʤʠʥʝʩʮʝʥʮʠʷ). ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʢʠʩʣʦ-

ʨʦʜʥʳʤʠ ʚʘʢʘʥʩʠʷʤʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʙʣʠʟʢʦ ʢʦ ʜʥʫ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ï ʵʣʝʢʪʨʦʥʳ ʤʠʛʨʠʨʫʶʪ 

ʠʟ ʦʜʥʦʡ ʣʦʚʫʰʢʠ ʚ ʜʨʫʛʫʶ, ʦʪʜʘʚʘʷ ʠ ʧʨʠʦʙʨʝʪʘʷ ʪʝʧʣʦʚʫʶ ʵʥʝʨʛʠʶ. ʇʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʩʦ-

ʟʜʘʝʪ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʚ ʥʝʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʦʤ ʚʝʱʝʩʪʚʝ, ʯʪʦ ʫʤʝʥʴʰʘʝʪ ʛʣʫʙʠʥʫ ʣʦʚʫʰʢʠ 

ʠ ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʭʦʜʫ ʵʣʝʢʪʨʦʥʦʚ ʦʪ ʣʦʚʫʰʝʢ ʚ ʟʦʥʫ ʧʨʦʚʦʜʠʤʦʩʪʠ. ɿʘʪʝʤ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʢ 5d 

ʫʨʦʚʥʷʤ, ʢʦʪʦʨʳʝ ʯʘʩʪʠʯʥʦ ʥʘʭʦʜʷʪʩʷ ʚ ʟʦʥʝ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʘ ʩʘʤʳʡ ʥʠʞʥʠʡ ʠʟ ʫʨʦʚʥʝʡ ʥʘ ~0.3 ʵɺ 

ʥʠʞʝ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʇʨʦʠʩʭʦʜʠʪ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʚ ʵʪʦ ʥʠʞʥʝʝ ʧʦ ʵʥʝʨʛʠʠ ʩʦʩʪʦ-

ʷʥʠʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʠʩʧʫʩʢʘʥʠʝʤ ʩʚʝʪʘ ʩ ɚɻʤ=448 ʥʤ ʧʨʠ ʧʝʨʝʭʦʜʝ ʚ ʦʩʥʦʚʥʦʝ 4f ʩʦʩʪʦʷʥʠʝ. 

ɺ ʢʦʥʮʝ ʜʘʥʥʦʛʦ ʨʘʟʜʝʣʘ ʦʪʤʝʯʫ, ʯʪʦ ʥʘ ʦʩʥʦʚʝ ʩʦʝʜʠʥʝʥʠʡ, ʦʙʨʘʪʠʤʦ ʤʝʥʷʶʱʠʭ ʩʚʦʠ ʩʚʦʡ-

ʩʪʚʘ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ (ʪʨʠʙʦ-, ʧʴʝʟʦ-, ʤʝʭʘʥʦ-, ʪʝʨʤʦʵʬʬʝʢʪʦʚ ʠ ʪ.ʜ.), ʧʦ-

ʷʚʣʷʶʪʩʷ ʥʦʚʳʝ ʪʠʧʳ ʫʩʪʨʦʡʩʪʚ ʠ ʧʨʠʙʦʨʦʚ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʫʥʠʢʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. 

ʕʪʦ, ʥʘʧʨʠʤʝʨ, ʤʘʛʥʠʪʥʳʝ ʵʣʝʤʝʥʪʳ ʧʘʤʷʪʠ [56], ʤʝʭʘʥʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʜʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ [57], 

ʦʨʛʘʥʠʯʝʩʢʠʝ ʪʝʨʤʦʵʣʝʢʪʨʠʢʠ [58, 59] ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ. ɼʘʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ï ʚʣʠ̫-

ʥʠʝ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨ rï ʠʥʪʝʥʩʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ, ʧʨʦʠʩʭʦʜʠʪ ʧʦʠʩʢ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʩʪʨʫʢʪʫʨʦʡ ʠ ʩʚʦʡʩʪʚʘʤʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ. 
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1.3. ɺʣʠʷʥʠʝ ʩʦʣʴʚʘʪʘʮʠʠ ʥʘ ʩʪʨʦʝʥʠʝ ʠ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ 

ɽʱʸ ʦʜʥʦ ʚʦʟʜʝʡʩʪʚʠʝ, ʢʦʪʦʨʦʝ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʦ ʚ ʣʠʪʝʨʘʪʫʨʥʦʤ ʦʙʟʦʨʝ ï ʵʪʦ ʚʣʠʷʥʠʝ ʤʦ-

ʣʝʢʫʣ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠʣʠ ʩʦʣʴʚʘʪʘʮʠʷ. ʉʦʣʴʚʘʪʘʮʠʷ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʥʝ ʪʦʣʴʢʦ ʚ ʞʠʜʢʦʤ ʨʘʩʪʚʦ-

ʨʠʪʝʣʝ, ʢʘʢ ʦʙʳʯʥʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ, ʥʦ ʠ ʧʨʠ ʩʦʨʙʮʠʠ ʧʘʨʦʚ ʠʟ ʛʘʟʦʚʦʡ ʩʨʝʜʳ. ʉʦʣʴʚʘʪʘʮʠʷ ʧʨʠ-

ʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʚʦʡʩʪʚ ʤʦʣʝʢʫʣ, ʚʣʠʷʝʪ ʥʘ ʚʩʝ ʬʠʟʠʯʝʩʢʠʝ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ: 

ʦʧʨʝʜʝʣʷʝʪ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʡ, ʧʦʣʦʞʝʥʠʝ ʨʘʚʥʦʚʝʩʠʷ ʠ ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʡ, ʦʧʨʝʜʝʣʷʝʪ ʦʪʥʦʩʠʪʝʣʴ-

ʥʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʪʘʫʪʦʤʝʨʦʚ, ʢʦʥʬʦʨʤʝʨʦʚ, ʠʟʦʤʝʨʦʚ ʠ ʜʨ. ʄʦʣʝʢʫʣʳ ʩʦʣʴʚʘʪʳ ʠʛʨʘʶʪ ʢʣʶʯʝ-

ʚʫʶ ʨʦʣʴ ʠ ʚ ʧʨʦʷʚʣʷʝʤʳʭ ʩʚʦʡʩʪʚʘʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ. 

ʆʜʥʘ ʠʟ ʦʩʥʦʚʥʳʭ ʯʘʩʪʝʡ ʨʘʙʦʪʳ ʙʫʜʝʪ ʧʦʩʚʷʱʝʥʘ ʯʘʩʪʥʦʤʫ ʩʣʫʯʘʶ ʩʦʣʴʚʘʪʘʮʠʠ, ʘ ʠʤʝʥʥʦ 

ʛʠʜʨʘʪʘʮʠʠ. ɹʫʜʝʪ ʟʘʪʨʦʥʫʪʘ ʪʝʤʘ ʚʭʦʞʜʝʥʠʷ ʤʦʣʝʢʫʣ ʚʦʜʳ ʚ ʩʪʨʫʢʪʫʨʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ 

ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʠʟʤʝʥʝʥʠʝ ʠʭ ʩʚʦʡʩʪʚ. ɺʦʜʘ ʦʪʥʦʩʠʪʩʷ ʢ ʧʨʦʪʦʥʥʳʤ ʧʦʣʷʨʥʳʤ ʨʘʩʪʚʦʨʠʪʝʣʷʤ 

(ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʥʝʢʦʣʣʠʥʝʘʨʥʳʭ ʜʠʧʦʣʴʥʳʭ ʤʦʤʝʥʪʦʚ ʩʚʷʟʝʡ O-H ʚ ʤʦʣʝʢʫʣʝ) ʩ ʚʳʩʦʢʦʡ ʢʦʥʩʪʘʥ-

ʪʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ůå80. 

ɺ ʧʨʝʜʳʜʫʱʝʡ ʯʘʩʪʠ ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʦʙʟʦʨʘ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʩʦʣʠ ʛʘʣʦʛʝʥʠʜʦʚ ʦʜʥʦʚʘʣʝʥʪʥʦʡ 

ʤʝʜʠ. ʇʦʩʢʦʣʴʢʫ ʯʘʩʪʴ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠ ̫ʚʦʜʳ ʥʘ ʩʪʨʫʢʪʫ-

ʨʫ ʠ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʦʚ ʛʘʣʦʛʝʥʠʜʦʚ ʤʝʜʠ, ʩʣʝʜʫʝʪ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʦʩʪʘʥʦʚʠʪʴʩʷ ʥʘ ʨʘʙʦʪʘʭ ʚ ʵʪʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ. ɹʝʟʚʦʜʥʘʷ ʩʦʣʴ CuCl2 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʠʤʝʨʥʳʝ ʮʝʧʦʯʢʠ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ Cu-

Cu ʩ ʧʣʦʩʢʦʢʚʘʜʨʘʪʥʳʤ ʦʢʨʫʞʝʥʠʝʤ ʤʝʜʠ (-Cl2CuCl2-) c ʢʦʚʘʣʝʥʪʥʳʤʠ ʩʚʷʟʘʤʠ Cu-Cl. ʇʨʝʜʧʦʣʘʛʘ-

ʝʪʩʷ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʝ ʧʦʚʝʜʝʥʠʷ ʪʘʢʦʡ ʩʠʩʪʝʤʳ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ 

ʜʨʫʛʠʭ ʢʫʧʨʘʪʦʚ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʪʘʢʞʝ ʜʘʥʥʳʤʠ ʦ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ [60]. ɹʝʟʚʦʜʥʘʷ 

ʩʦʣʴ ʠʤʝʝʪ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʂʶʨʠ-ɺʝʡʩʘ ɗ=+107K ʠ ʤʘʛʥʠʪʥʳʤ 

ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʧʨʠ T=24K [61], ʥʠʞʝ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʜʘʣʴʥʝʝ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷ-

ʜʦʯʝʥʠʝ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʫʛʦʣ Cu-Cl-Cu ʨʘʚʝʥ 93.6Á, ʯʪʦ, ʢʘʢ ʚ ʩʣʫʯʘʝ ʦʧʠʩʘʥʥʦʛʦ ʨʘʥʝʝ ʢʫʧʨʘʪʘ 

CuO, ʜʦʣʞʥʦ ʧʨʠʚʦʜʠʪʴ ʢ ʬʝʨʨʦʤʘʛʥʠʪʥʦʤʫ ʫʧʦʨʷʜʦʯʝʥʠʶ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʤʝʞʜʫ ʩʦʩʝʜ-

ʥʠʤʠ ʠʦʥʘʤʠ ʤʝʜʠ ʚ ʮʝʧʦʯʢʝ ʚʦʟʥʠʢʘʝʪ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ (ʩʫʧʝʨʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʝ), ʘ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ, ʥʘʭʦʜʷʱʠʤʠʩʷ ʯʝʨʝʟ ʝʱʸ ʦʜʠʥ ʠʦʥ ʤʝʜʠ ï ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷ-

ʜʦʯʝʥʠʝ (ʩʫʧʝʨʩʫʧʝʨʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ) [60]. ɺʦʟʥʠʢʘʝʪ ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʬʨʫʩʪʨʘʮʠʷ ʚ ʙʝʟ-

ʚʦʜʥʦʡ ʩʦʣʠ CuCl2. ʊʦʛʜʘ ʢʘʢ CuCl2Ŀ2H2O ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʘʢʪʠʯʝʩʢʠ ʠʟʦʪʨʦʧʥʳʤ ʪʨʝʭʤʝʨʥʳʤ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʦʤ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʝʨʝʭʦʜʘ T=4.3K [62] ʩʦ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝʡ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʂʶʨʠ-ɺʝʡʩʘ ɗ=+5.3K, ʫʢʘʟʳʚʘʶʱʝʡ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʩʣʘʙʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ɺ ʨʘʙʦ-

ʪʝ [60] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʚʦʜʘ ʤʦʞʝʪ ʠʤʝʪʴ ʨʝʰʘʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʵʣʝʢʪʨʦʥʥʳʝ ʠ ʤʘʛ-

ʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʤʘʛʥʠʪʦʚ. ʊʘʢʞʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʪʝʦʨʝ-
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ʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʜʘʞʝ ʢ ʩʭʦʞʝʡ ʧʦ ʩʪʨʫʢʪʫʨʝ ʩʠʩʪʝʤʝ ʷʚʣʷʝʪʩʷ ʥʝʧʨʘʚʠʣʴʥʳʤ, ʧʨʝʥʝʙʨʝʞʝʥʠʝ ʵʪʠʤ 

ʬʘʢʪʦʤ ʧʨʠʚʦʜʠʪ ʢ ʥʝʪʦʯʥʦʤʫ ʦʧʠʩʘʥʠʶ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. 

ɺ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʥʘʧʨʠʤʝʨ ʚ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ, ʪʘʢʞʝ ʤʦʞʝʪ ʥʘʙʣʶ-

ʜʘʪʴʩʷ ʧʝʨʝʢʣʶʯʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ. ʅʘʧʨʠʤʝʨ, ʚ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʤ ʢʘʨʢʘʩʝ 

[Cu(PDC)((py)2C(OH)2)(H2O)] (PDC ï ʧʠʨʠʜʠʥ-2,5-ʜʠʢʘʨʙʦʥʦʚʦʡ ʢʠʩʣʦʪʳ, (py)2C(OH)2 ï ʜʠʦʣ ʜʠ-

2-ʧʠʨʠʜʠʣ ʢʝʪʦʥʘ (py)2CO) [63] ʤʦʣʝʢʫʣʘ ʚʦʜʳ ʢʦʦʨʜʠʥʠʨʦʚʘʥʘ ʢ ʤʝʪʘʣʣʫ ʠ ʦʙʨʘʟʫʝʪ ʢʚʘʜʨʘʪʥʦ-

ʧʠʨʘʤʠʜʘʣʴʥʦʝ ʦʢʨʫʞʝʥʠʝ. ʋʜʘʣʝʥʠʝ ʚʦʜʳ ʠʥʜʫʮʠʨʫʝʪ ʣʦʢʘʣʴʥʳʝ ʠʩʢʘʞʝʥʠʷ ʚ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ 

ʩʬʝʨʝ ʤʝʜʠ, ʢʦʪʦʨʳʝ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʧʦ ʚʩʝʤʫ ʢʘʨʢʘʩʫ, ʚʣʠʷʷ ʥʘ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʠ ʥʘ ʫʧʘʢʦʚ-

ʢʫ. ɺʦʣʥʦʦʙʨʘʟʥʳʡ ʭʘʨʘʢʪʝʨ ʧʣʦʩʢʦʩʪʝʡ ʢʘʨʢʘʩʘ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʨʝʟʢʠʤ (ʫʛʦʣ ʤʝʞʜʫ ʟʚʝʥʴʷʤʠ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ 170Á ʜʦ 152Á), ʫʤʝʥʴʰʘʝʪʩʷ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ (ʩ 6.473 ¡ ʜʦ 5.042 ¡). 

ʇʨʠ ʵʪʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʪʠʧʘ ʢʨʠʩʪʘʣʣ-ʢʨʠʩʪʘʣʣ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʪʠʤʦ. ɺ ʢʦʤ-

ʧʣʝʢʩʝ [ZnCu(DOTA)(H2O)] (DOTA ï 1,4,7,10-ʪʝʪʨʘʘʟʘʮʠʢʣʦʜʦʜʝʢʘʥ-1,4,7,10-ʪʝʪʨʘʫʢʩʫʩʥʘʷ ʢʠʩʣʦ-

ʪʘ), ʥʘʧʨʠʤʝʨ, ʧʦʢʘʟʘʥʦ ʧʝʨʝʢʣʶʯʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩ ʧʦʤʦʱʴʶ ʤʦʣʝʢʫʣ ʚʦʜʳ [64]. ʂʦʤʧʣʝʢʩ ʦʙʨʘ-

ʟʫʝʪ ʜʚʫʤʝʨʥʳʡ ʢʘʨʢʘʩ ʚʜʦʣʴ ʦʜʥʦʡ ʠʟ ʧʣʦʩʢʦʩʪʝʡ. ɺ ʵʪʠʭ ʩʣʦʷʭ ʠʦʥʳ Cu(II) ʨʘʟʤʝʱʘʶʪʩʷ ʚʥʫʪʨʠ 

ʤʘʢʨʦʮʠʢʣʠʯʝʩʢʦʡ ʧʦʣʦʩʪʠ, ʦʙʨʘʟʫʷ ʠʩʢʘʞʝʥʥʫʶ ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ ʛʝʦʤʝʪʨʠʶ ʟʘ ʩʯʸʪ ʤʘʢʨʦʮʠʢʣʘ ʠ 

ʜʚʫʭ ʘʮʝʪʘʪʥʳʭ ʧʣʝʯ. ʕʪʠ ʜʚʝ ʛʨʫʧʧʳ ʩʚʷʟʳʚʘʶʪ ʠʦʥʳ Cu(II) ʠ Zn(II) ʢʘʢ ʙʠʜʝʥʪʘʪʥʳʝ ʤʦʩʪʠʢʠ. 

Zn(II) ʠʤʝʝʪ ʢʚʘʜʨʘʪʥʦ ʧʠʨʘʤʠʜʘʣʴʥʦʝ ʦʢʨʫʞʝʥʠʝ ʟʘ ʩʯʸʪ ʢʘʨʙʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʠ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʚ 

ʘʧʠʢʘʣʴʥʦʡ ʧʦʟʠʮʠʠ. ɸʚʪʦʨʳ ʫʢʘʟʳʚʘʶʪ, ʯʪʦ ʢʨʠʩʪʘʣʣʳ ʷʚʣʷʶʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʥʝʫʩʪʦʡʯʠ-

ʚʳʤʠ ʚ ʩʚʦʝʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʝ, ʧʦʜʚʝʨʛʘʷʩʴ ʩʧʦʥʪʘʥʥʦʤʫ ʧʝʨʝʭʦʜʫ ʤʦʥʦʢʨʠʩʪʘʣʣ-ʤʦʥʦʢʨʠʩʪʘʣʣ 

ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʥʝʜʝʣʴ, ʘ ʜʦʙʘʚʣʝʥʠʝ ʯʠʩʪʦʡ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʙʝʟ ʜʦʙʘʚʣʝʥʠʷ ʚʥʝʰ-

ʥʠʭ ʠʩʪʦʯʥʠʢʦʚ ʤʝʪʘʣʣʘ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʢʦʨʷʝʪ ʧʨʦʮʝʩʩ ʜʦ 72 ʯʘʩʦʚ. ɺ ʠʪʦʛʝ ʧʦʣʫʯʘʝʪʩʷ ʜʚʫʤʝʨʥʳʡ 

ʢʘʨʢʘʩ ʩ ʬʦʨʤʫʣʦʡ [Zn0.5Cu1.5(DOTA)(H2O)]Ŀ4H2O ʠʟ-ʟʘ ʟʘʥʷʪʦʩʪʠ 1:1 Cu(II):Zn(II) ʚ ʜʚʫʭ ʢʚʘʜʨʘʪ-

ʥʦ-ʧʠʨʘʤʠʜʘʣʴʥʳʭ ʬʨʘʛʤʝʥʪʘʭ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʦʙʱʠʤʠ ʯʝʪʳʨʴʤʷ ʢʘʨʙʦʢʩʠʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ ʠ ʤʦ-

ʣʝʢʫʣʘʤʠ ʚʦʜʳ ʚ ʘʧʠʢʘʣʴʥʳʭ ʧʦʟʠʮʠʷʭ, ʘ ʩʪʨʫʢʪʫʨʘ Cu(II) ʩ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʝʡ ʦʩʪʘʸʪʩʷ 

ʠʜʝʥʪʠʯʥʦʡ ʠ ʚ ʩʪʨʫʢʪʫʨʝ ʠʟ-ʟʘ ʵʪʦʛʦ ʧʦʷʚʣʷʪʁʩʷ ʧʦʣʦʩʪʠ. ʉʭʦʞʫʶ ʩʠʪʫʘʮʠʶ ʘʚʪʦʨʳ ʨʘʙʦʪʳ ʧʦ-

ʣʫʯʠʣʠ ʩ ʛʝʪʝʨʦʤʝʪʘʣʣʠʯʝʩʢʠʤ ʢʦʤʧʣʝʢʩʦʤ Cu(II)-Ni(II). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʙʣʶʜʘʝʪʩʷ ʠʥʜʫʮʠʨʦ-

ʚʘʥʥʳʡ ʚʦʜʦʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʤʦʥʦʢʨʠʩʪʘʣʣ-ʤʦʥʦʢʨʠʩʪʘʣʣ ʠʟ ʢʦʤʧʘʢʪʥʦʛʦ ʛʝʪʝʨʦʙʠʤʝʪʘʣʣʠʯʝ-

ʩʢʦʛʦ ʢʘʨʢʘʩʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ Cu-DOTA ʯʝʨʝʟ ʠʟʦʣʠʨʦʚʘʥʥʳʝ ʠʦʥʳ ʤʝʪʘʣʣʦʚ, ʚ ʙʦʣʝʝ ʦʪʢʨʳʪʳʡ 

ʢʘʨʢʘʩ ʩ ʧʦʣʦʩʪʷʤʠ, ʧʦʩʪʨʦʝʥʥʳʡ ʠʟ ʠʜʝʥʪʠʯʥʳʭ ʝʜʠʥʠʮ Cu-DOTA ʯʝʨʝʟ ʛʝʪʝʨʦʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ 

ʜʚʘ ʩʚʷʟʘʥʥʳʭ ʢʚʘʜʨʘʪʥʦ-ʧʠʨʘʤʠʜʘʣʴʥʳʭ ʬʨʘʛʤʝʥʪʘ. 

ɼʘʣʝʢʦ ʥʝ ʚʩʝʛʜʘ ʫʜʘʣʝʥʠʝ ʤʦʣʝʢʫʣ ʩʦʣʴʚʘʪʦʚ ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʭʦʜʫ ʪʠʧʘ ʤʦʥʦʢʨʠʩʪʘʣʣ-

ʤʦʥʦʢʨʠʩʪʘʣʣ. ɺ ʢʦʤʧʣʝʢʩʘʭ ʢʦʙʘʣʴʪʘ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪ [65-67] ʧʦʢʘʟʘʥ ʧʝʨʝʭʦʜ ʤʦʥʦʢʨʠʩʪʘʣʣ-

ʘʤʦʨʬʥʦʝ ʪʝʣʦ. ʅʘʧʨʠʤʝʨ, ʚ [65] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ [Co(4,4ǋ-bipy)(pro)2(H2O)] (4,4ǋ-bipy ï 
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4,4ǋ-ʙʠʧʠʨʠʜʠʥ, pro ï ʧʨʦʧʠʦʥʘʪ) ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʭʦʜ ʤʦʥʦʢʨʠʩʪʘʣʣ-ʘʤʦʨʬʥʦʝ ʪʝʣʦ ʧʨʠ ʫʜʘʣʝʥʠʠ 

ʚʦʜʳ, ʧʨʠ ʵʪʦʤ ʠʟʤʝʥʷʝʪʩʷ ʮʚʝʪ ʩʦʝʜʠʥʝʥʠʷ ʩ ʦʨʘʥʞʝʚʦʛʦ ʥʘ ʨʦʟʦʚʳʡ. ʂʦʤʧʣʝʢʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦ-

ʙʦʡ ʜʚʫʤʝʨʥʫʶ ʩʣʦʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ ʤʝʞʜʫ ʩʣʦʷʤʠ, ʧʨʠ ʵʪʦʤ ʤʦʣʝʢʫʣʘ ʚʦ-

ʜ  rʩʚʷʟʘʥʘ ʩ ʤʝʪʘʣʣʦʤ ʠ ʫʯʘʩʪʚʫʝʪ ʚ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʷʭ ʢʘʢ ʚʥʫʪʨʠ ʩʣʦʷ, ʪʘʢ ʠ ʤʝʞʜʫ ʩʣʦʷʤʠ. ʇʨʠ 

ʥʘʛʨʝʚʝ ʤʦʣʝʢʫʣʘ ʚʦʜʳ ʫʜʘʣʷʝʪʩʷ ʩ ʨʘʟʨʫʰʝʥʠʝʤ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʩʣʦʝ, ʯʪʦ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʨʘʟʨʫʰʘʝʪ ʠ ʩʠʣʴʥʳʝ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʤʝʞʜʫ ʩʣʦʷʤʠ ʩ çʘʤʦʨʬʠʟʘʮʠʝʡè ʚʝʱʝʩʪʚʘ. ʆʜʥʘʢʦ ʪʘʢʦʡ 

ʧʝʨʝʭʦʜ ʦʙʨʘʪʠʤ ʧʨʠ ʥʘʭʦʞʜʝʥʠʠ ʦʙʨʘʟʮʘ ʚ ʧʘʨʘʭ ʚʦʜʳ. ɼʣʷ ʢʦʤʧʣʝʢʩʦʚ Co(II) ʠʟʤʝʥʝʥʠʝ ʮʚʝʪʘ 

ʤʦʞʝʪ ʙʳʪʴ ʢʘʢ ʨʘʟ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʦʢʨʫʞʝʥʠʷ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʵʪʦ ʜʦʣʞʥʦ ʧʨʠʚʦʜʠʪʴ ʢ ʟʥʘ-

ʯʠʪʝʣʴʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʚ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚʘʭ. ɺ ʨʘʙʦʪʝ [68] ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ 

ʤʦʣʝʢʫʣ ʩʦʣʴʚʘʪʦʚ ʥʘ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʘ [Co(Piv)2(4-ptz)(C2H5OH)2]n (Piv
-
 ï ʧʠʚʘʣʘʪ ʘʥʠʦʥ, 4-ptz - 

2,4,6-ʪʨʠʩ(3-ʧʠʨʠʜʠʣ)-1,3,5-ʪʨʠʘʟʠʥ), ʧʦʣʫʯʘʝʤʦʛʦ ʠʟ ʨʘʩʪʚʦʨʘ ʩ ʵʪʘʥʦʣʦʤ. ʇʦʣʫʯʘʝʤʳʡ ʢʦʤʧʣʝʢʩ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʥʦʤʝʨʥʳʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʧʦʣʠʤʝʨ, ʚ ʢʦʪʦʨʦʤ ʠʦʥʳ Co(II) ʩʚʷʟʘʥʳ ʤʝʞʜʫ 

ʩʦʙʦʡ ʤʦʣʝʢʫʣʘʤʠ 4-ptz, ʦʩʪʘʣʴʥʳʝ ʯʝʪʳʨʝ ʧʦʟʠʮʠʠ ʦʢʪʘʵʜʨʠʯʝʩʢʦʛʦ ʦʢʨʫʞʝʥʠʷ ʟʘʥʠʤʘʶʪ ʘʪʦʤʳ 

ʢʠʩʣʦʨʦʜʘ ʜʚʫʭ ʢʘʨʙʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʠ ʤʦʣʝʢʫʣ ʵʪʘʥʦʣʘ. ʇʘʨʘʤʝʪʨʳ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʧʦʣʠʵʜʨʘ 

ʪʠʧʠʯʥʳ ʜʣʷ ʚʳʩʦʢʦ-ʩʧʠʥʦʚʦʛʦ ʢʦʤʧʣʝʢʩʘ Co(II), ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʜʘʥʥʳʤʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩ-

ʧʨʠʠʤʯʠʚʦʩʪʠ. ʋʜʘʣʝʥʠʝ ʤʦʣʝʢʫʣ ʩʦʣʴʚʘʪʦʚ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʮʚʝʪʘ ʩ ʦʨʘʥʞʝʚʦʛʦ ʥʘ ʢʦʨʠʯ-

ʥʝʚʳʡ, ʯʪʦ ʚ ʩʧʝʢʪʨʘʭ ʧʦʛʣʦʱʝʥʠʷ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʥʦʚʦʡ ʣʠʥʠʠ ʥʘ 570 ʥʤ ʠ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʠʟ-

ʤʝʥʝʥʠʝʤ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʧʦʣʠʵʜʨʘ Co(II). ʄʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʧʨʠʤʝʨʥʦ ʚ ʜʚʘ ʨʘʟʘ 

ʤʝʥʴʰʝ (ʧʨʠ 300K ɢ*T=1.74 ʩʤ
3
ʤʦʣʴ

-1
K), ʯʝʤ ʫ ʩʦʣʴʚʘʪʘ (ʧʨʠ 300K ɢ*T=3.88 ʩʤ

3
ʤʦʣʴ

-1
K). ʊʘʢʦʝ 

ʤʘʣʦʝ ʟʥʘʯʝʥʠʝ, ʥʝ ʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ ʯʠʩʪʦ ʩʧʠʥʦʚʦʛʦ ʟʥʘʯʝʥʠʷ ʩ S=3/2, ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ 

ʥʘʣʠʯʠʝʤ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʷʚʣʝʥʠʶ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʘ, ʢʘʢ ʧʠʰʫʪ ʘʚʪʦʨʳ, ʩʚʷʟʘʥʦ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʩʦ ʩʧʠʥʦʚʳʤ ʧʝʨʝʭʦʜʦʤ. ʉʪʦʠʪ ʦʪʤʝ-

ʪʠʪʴ, ʯʪʦ ʧʦʚʪʦʨʥʦʝ ʥʘʩʳʱʝʥʠʝ ʵʪʘʥʦʣʦʤ ʧʨʠʚʦʜʠʪ ʢ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʩʚʦʡʩʪʚ (ʥʝ ʧʦʣʥʦʤʫ, ʦʢʦʣʦ 

3% ʦʩʪʘʝʪʩʷ ʚ ʥʝʩʦʣʴʚʘʪʠʨʦʚʘʥʥʦʤ ʚʠʜʝ). ʅʘʩʳʱʝʥʠʝ ʚʦʜʦʡ ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʥʦʤʫ ʧʝʨʝʭʦʜʫ ʚʝʝɦ-

ʩʪʚʘ ʚ ʜʠʛʠʜʨʘʪ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʚʳʩʦʢʦʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ Co(II), ʥʦ ʩ ʤʝʥʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ɢ*T 

(ʧʨʠ 300K ɢ*T=3.51 ʩʤ
3
ʤʦʣʴ

-1
K). 

ɺ ʣʠʪʝʨʘʪʫʨʝ ʠʤʝʝʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʢʦʤʧʣʝʢʩʘʤ ʞʝʣʝʟʘ ʠ ʚʣʠʷʥʠʶ 

ʤʦʣʝʢʫʣ ʚʦʜʳ ʥʘ ʠʭ ʩʪʨʫʢʪʫʨʳ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ [69-71]. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʠʦʥʳ ʞʝʣʝʟʘ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʦʜʥʠ ʠʟ ʦʩʥʦʚʥʳʭ ʠʦʥʦʚ ʧʨʠ ʩʦʟʜʘʥʠʠ, ʥʘʧʨʠʤʝʨ, ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ, 

ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʮʝʣʳʤ ʨʷʜʦʤ ʠʥʪʝʨʝʩʥʳʭ ʩʚʦʡʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʩʧʠʥʦʚʳʡ ʧʝʨʝʭʦʜ, ʧʝʨʝʚʦʨʦʪ ʩʧʠʥʘ 

ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ, ʩ ʫʧʨʘʚʣʷʝʤʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʩ ʧʦʤʦʱʴʶ ʩʦʨʙʮʠʠ/ʜʝʩʦʨʙʮʠʠ ʚʦʜʳ. ʆʪʜʝʣʴʥʦ ʩʪʦ-

ʠʪ ʦʩʪʘʥʦʚʠʪʴʩʷ ʥʘ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʭ ʨʘʙʦʪʘʭ. ɺ ʨʘʙʦʪʝ [72] ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷ ʚʣʠʷʥʠʷ ʚʥʝʰʥʝʩʬʝʨʥʳʭ ʤʦʣʝʢʫʣ ʚʦʜʳ ʤʝʪʘʤʘʛʥʠʪʥʦʛʦ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ 
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{[Ni(en)2]3[Fe(CN)6]2ĿxH2O}n (x=3,2,0) (ʩ x=2 ʪʘʢʞʝ ʚ [73, 74]) ʥʘ ʨʝʜʢʦ ʚʩʪʨʝʯʘʶʱʠʝʩʷ ʧʝʨʝʭʦʜʳ ʘʥ-

ʪʠʬʝʨʨʦ-ʬʝʨʨʦ-ʧʘʨʘʤʘʛʥʝʪʠʢ. ʆʙʝʟʚʦʞʠʚʘʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʟʥʘʯʝʥʠʷ ʢʨʠʪʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʜʣʷ ʧʝʨʝʭʦʜʘ ʘʥʪʠʬʝʨʨʦ-ʬʝʨʨʦ- ʠ ʬʝʨʨʦ-ʧʘʨʘʤʘʛʥʝʪʠʢ ʠ ʫʤʝʥʴʰʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ-ɺʝʡʩʩʘ. 

ɼʨʫʛʠʤʠ ʠʥʪʝʨʝʩʥʳʤʠ ʦʙʲʝʢʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʪʁʩʷ ʢʦʤʧʣʝʢʩ rʞʝʣʝʟʘ(II) ʩ 1,2,4-ʪʨʠʘʟʦʣʦʤ ʠ 

ʝʛʦ ʧʨʦʠʟʚʦʜʥʳʤ ï 4-ʘʤʠʥʦ-1,2,4-ʪʨʠʘʟʦʣʦʤ (ATrz) [75-77]. ɺ ʢʦʤʧʣʝʢʩʝ Fe(ATrz)3(NO3)2ĿnH2O ʩ 

n=1.25-1.6 [78] ʥʘʙʣʶʜʘʝʪʩʷ ʫʟʢʠʡ ʜʚʫʭʩʪʫʧʝʥʯʘʪʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʩ ʜʦʩʪʘʪʦʯʥʦ ʫʟʢʠʤ ʛʠʩʪʝʨʝʟʠ-

ʩʦʤ ʧʝʨʝʭʦʜʘ S=2ź0 (~1-4K) ʠ ʢʠʥʝʪʠʢʘ ʧʝʨʝʭʦʜʘ S=2ź0, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʥʠʟʢʦʢʦʦʧʝʨʘʪʠʚʥʳʤ ʭʘ-

ʨʘʢʪʝʨʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ Fe. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ, ʧʨʠ n=3.6-16.6 ʠʤʝʝʪ ʤʝʩʪʦ ʰʠʨʦʢʠʡ ʛʠʩʪʝʨʝʟʠʩ ʧʝʨʝ-

ʭʦʜʘ S=2ź0 (~5-20K), ʮʝʥʪʨ ʢʦʪʦʨʦʛʦ ʩʤʝʱʘʝʪʩʷ ʚ ʥʠʟʢʦʪʝʧʝʨʘʪʫʨʥʫʶ ʦʙʣʘʩʪʴ (ʥʘ ~10-15K), ʠ ʙʦʣʝʝ 

ʙʳʩʪʨʘ ̫ʢʠʥʝʪʠʢʘ ʧʝʨʝʭʦʜʘ S=2ź0, ʟʘ ʩʯʸʪ ʧʦʷʚʣʝʥʠʷ ʢʦʦʧʝʨʘʪʠʚʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ɹʝʟʚʦʜʥʳʡ ʢʦʤʧʣʝʢʩ ʦʙʣʘʜʘʝʪ ʥʘʠʙʦʣʴʰʝʡ ʰʠʨʠʥʦʡ ʛʠʩʪʝʨʝʟʠʩʘ ʠʟ ʦʧʠʩʘʥʥʳʭ ʛʠʜʨʘʪʦʚ ʩ 

n=1.25-1.6. ʉʪʦʠʪ ʧʦʥʠʤʘʪʴ, ʯʪʦ ʢʦʣʠʯʝʩʪʚʦ ʤʦʣʝʢʫʣ ʚʦʜʳ ʤʦʞʥʦ ʚʘʨʴʠʨʦʚʘʪʴ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʠ 

ʚʝʱʝʩʪʚʦ ʦʩʪʘʸʪʩʷ ʩʪʘʙʠʣʴʥʳʤ ʪʦʣʴʢʦ ʚ ʟʘʢʨʳʪʦʡ ʩʠʩʪʝʤʝ, ʘ ʚ ʦʪʢʨʳʪʦʡ ʩʠʩʪʝʤʝ ʧʨʦʠʩʭʦʜʠʪ ʩʦʨʙ-

ʮʠʷ/ʜʝʩʦʨʙʮʠʷ ʚʦʜʳ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʦʥʦʛʠʜʨʘʪʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʢʦʤʧʣʝʢʩʝ Fe(ATrz)3(NO3)2ĿnH2O 

ʩ n=0-16.6 ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ, ʢʠʥʝʪʠʢʠ ʠ ʪʝʨʤʦʜʠʥʘʤʠʢʠ ʩʧʠʥʦʚʦʛʦ ʧʝ-

ʨʝʭʦʜʘ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʤʦʣʝʢʫʣ ʚʦʜʳ, ʚʭʦʜʷʱʝʡ ʚ ʩʦʩʪʘʚ ʚʝʱʝʩʪʚʘ ʠ ʦʙʲʷʩʥʷʝʪʩʷ ʵʥʪʘʣʴʧʠʡʥʦ-

ʵʥʪʨʦʧʠʡʥʳʤ ʢʦʤʧʝʥʩʘʮʠʦʥʥʳʤ ʵʬʬʝʢʪʦʤ: ʩʚʷʟʴʶ ʵʥʪʘʣʴʧʠʠ ʩ ʵʥʪʨʦʧʠʝʡ ʘʢʪʠʚʘʮʠʠ ʠ ʣʦʛʘʨʠʬʤʘ 

ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʛʦ ʤʥʦʞʠʪʝʣʷ ʩ ʵʥʝʨʛʠʝʡ ʘʢʪʠʚʘʮʠʠ ʧʝʨʝʭʦʜʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʘʨʘʤʝʪʨʳ ʧʝʨʝ-

ʭʦʜʦʚ ʥʝ ʠʟʤʝʥʷʶʪʩʷ ʧʨʠ ʤʥʦʛʦʢʨʘʪʥʦʤ ʮʠʢʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʩʧʠʥʦʚʦʛʦ-ʧʝʨʝʭʦʜʘ. 

ɽʩʪʴ ʨʷʜ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠ ̫ʚʦʜʳ ʥʘ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ. 

ʂʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ, ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʤʦʛʫʪ ʪʫʰʠʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʶ, ʯʪʦ ʭʦʨʦʰʦ ʧʦʢʘʟʘʥʦ ʚ ʨʘ-

ʙʦʪʝ [79] ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ ʙʠʷʜʝʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʤʝʜʠ(I) ʩ ʪʨʠʬʝʥʠʣʬʦʩʬʦʥʦʤ ʠ ʤʝʪʦʢʩʠʧʠʨʘʟʠʥʦʤ ʩʦ-

ʩʪʘʚʘ [{Cu(PPh3)2(H2O)}(ɛ-MeOpyz){Cu(PPh3)2(CH3CN)}](BF4)2. ʍʦʪʷ, ʥʝʩʤʦʪʨʷ ʥʘ ʥʘʣʠʯʠʝ ʤʦʣʝʢʫʣʳ 

ʚʦʜʳ (ʯʘʩʪʦ ʚʩʪʨʝʯʘʝʤʦʝ ʪʫʰʝʥʠʝ ʯʝʨʝʟ O-H ʢʦʣʝʙʘʥʠʷ) ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʩʬʝʨʝ ʦʜʥʦʛʦ ʠʦʥʘ ʤʝʜʠ(I) 

ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʨʘʚʝʥ 70% ʩ ʤʘʢʩʠʤʫʤʦʤ ʵʤʠʩʩʠʠ ʧʨʠ ɚ=550 ʥʤ T=300K ʠ ɚ=580 ʥʤ 

T=78K. ɿʘʤʝʱʝʥʠʝ ʤʦʣʝʢʫʣʳ CH3CN ʥʘ H2O ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ ʣʶʤʠʥʝʩ-

ʮʝʥʮʠʠ ʜʦ 5%; ʙʘʪʦʭʨʦʤʥʦʤʫ ʩʜʚʠʛʫ ʥʘ æɚ=30 ʥʤ ʧʨʠ T=300K ʠ æɚ=20 ʥʤ ʧʨʠ T=78K; ʫʤʝʥʴʰʝʥʠʶ 

ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʩ 10.2 ʤʢʩ ʜʦ 0.93 ʤʢʩ (ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ) ʧʨʠ T=300K ʠ ʩ 68.4 ʤʢʩ ʜʦ 

7.8 ʤʢʩ (ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ) ʧʨʠ T=78K. ɸʚʪʦʨʳ ʦʙʲʷʩʥʷʶʪ ʪʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʥʘʣʠʯʠʝʤ ʜʚʫʭ 

ʙʣʠʟʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʪʨʠʧʣʝʪʥʳʭ ʩʦʩʪʦʷʥʠʡ (250 ʩʤ
-1
 ʚ ʢʦʤʧʣʝʢʩʝ ʩ CH3CN), ʢʦʪʦʨʳʝ ʩʚʷʟʘʥʳ ʩ ʧʝ-

ʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʤʝʪʘʣʣ-ʣʠʛʘʥʜ (H2O-Cu ʠ CH3CN-Cu ʥʘ ́*(ʤʝʪʦʢʩʠʧʠʨʘʟʠʥ)) ʠ ʧʝʨʚʳʤ ʩʠʥʛʣʝʪʥʳʤ 

ʫʨʦʚʥʝʤ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 1160ʩʤ
-1
 ʦʪ ʧʝʨʚʦʛʦ ʪʨʠʧʣʝʪʘ. ɺ ʩʣʫʯʘʝ ʜʚʫʭʚʦʜʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʘʚʪʦʨʳ ʫʢʘʟʳ-

ʚʘʶʪ ʥʘ ʧʦʷʚʣʝʥʠʠ ʥʘ ʦʜʥʦʤ ʠʟ ʪʨʠʧʣʝʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʜʳʨʢʠ, ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ ʥʘ ʠʦʥʝ Cu(I) ʩ ʤʝʥʝʝ 
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ʦʙʲʝʤʥʳʤ ʦʢʨʫʞʝʥʠʝʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʯʝʨʝʟ ʩʪʨʫʢʪʫʨʥʳʝ ʠʩʢʘʞʝʥʠ ̫ʩ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʥʘ ʢʚʘʟʠʢʚʘʜʨʘʪʥʫʶ ʛʝʦʤʝʪʨʠʶ. ʕʪʦ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚʘʞʥʦ ʫʯʠʪʳʚʘʪʴ ʩʪʨʫʢʪʫʨʥʫʶ 

ʞʝʩʪʢʦʩʪʴ ʚʦʢʨʫʛ ʠʦʥʘ ʧʨʠ ʩʦʟʜʘʥʠʠ ʵʤʠʪʪʝʨʦʚ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚʦʜʘ ʤʦʞʝʪ ʠ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʧʦʷʚ-

ʣʝʥʠʶ ʠʣʠ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʩʠʣʝʥʠʶ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ɺʦʜʘ, ʩʦʛʣʘʩʥʦ [80], ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʷʚʣʝʥʠʶ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʨʷʜʝ ʢʦʤʧʣʝʢʩʦʚ ʭʣʦʨʠʜʘ Pt(II) ʩ ʩʦʣʴʶ ʜʠʩʫʣʴʬʠʜʘ ʥʘʪʨʠʷ 4,7-ʜʠʬʝʥʠʣ-1,10-

ʬʝʥʘʥʪʨʦʣʠʥʘ ʠ 2-(2,4-ʜʠʬʣʫʦʨʦʬʝʥʠʣ)ʧʠʨʠʜʠʥʦʤ; 2-ʬʝʥʠʣʧʠʨʠʜʠʥʦʤ ʠʣʠ ʙʝʥʟʦʭʠʥʦʣʠʥʦʤ. ʕʪʠ 

ʢʦʤʧʣʝʢʩʳ ʥʝ ʣʶʤʠʥʝʩʮʠʨʫʶʪ ʚ ʨʘʩʪʚʦʨʝ ɼʄʉʆ ʠʟ-ʟʘ ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʦʡ ʜʝʟʘʢʪʠʚʘʮʠʠ ʪʝʨʤʠʯʝʩʢʠ 

ʟʘʩʝʣʸʥʥʳʭ d-d ʩʦʩʪʦʷʥʠʡ. ʂʦʤʧʣʝʢʩʳ çʨʘʟʛʦʨʘʶʪʩʷè ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ ʩ ʤʘʢʩʠʤʫʤʦʤ ʵʤʠʩʩʠʠ ʚ 

ʜʠʘʧʘʟʦʥʝ 656-700 ʥʤ. ɸʚʪʦʨʳ ʩʚʷʟʳʚʘʶʪ ʵʪʦ ʩ ʧʦʷʚʣʝʥʠʝʤ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʤʝʪʘʣʣ-ʤʝʪʘʣʣ-ʣʠʛʘʥʜ, 

ʚʦʟʥʠʢʘʶʱʝʛʦ ʠʟ-ʟʘ ʩʘʤʦʩʙʦʨʢʠ, ʢʦʪʦʨʘʷ ʚ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ ʟʘʚʠʩʠʪ ʦʪ ʪʦʥʢʦʛʦ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʛʠʜʨʦ-

ʬʦʙʥʦʩʪʴʶ ʨʘʩʰʠʨʝʥʥʳʭ -́ʩʠʩʪʝʤ ʠ ʟʘʨʷʞʝʥʥʳʭ ʩʫʣʴʬʦʥʦ-ʛʨʫʧʧ. ɺ ʩʣʫʯʘʝ ʢʦʤʧʣʝʢʩʦʚ Eu(III) ï 

Eu(btfa)3 (Hbtfa ï ʙʝʥʟʠʣʪʨʠʬʪʦʨʘʮʝʪʘʪ) ʦʙʥʘʨʫʞʝʥʦ ʘʥʦʤʘʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩ-

ʮʝʥʮʠʠ ʚ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʘʭ. ɺ ʙʝʟʚʦʜʥʦʤ ʢʦʤʧʣʝʢʩʝ (ʨʘʩʪʚʦʨ ʚ ʪʦʣʫʦʣʝ) ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʨʘʚʝʥ 2.7%, 

ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʠʟʣʫʯʘʪʝʣʴʥʦʛʦ ʧʝʨʝʭʦʜʘ ʨʘʚʥʘ 640 ʩ
-1
, ʘ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʦʛʦ ʧʝʨʝʭʦʜʘ ï 23000 ʩ

-1
. ɺ 

ʩʣʫʯʘʝ ʜʦʙʘʚʣʝʥʠʷ H2O ʧʘʨʘʤʝʪʨʳ ʠʟʤʝʥʷʶʪʩʷ ï ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʠ ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʠʟʣʫʯʘʪʝʣʴ-

ʥʦʛʦ ʧʝʨʝʭʦʜʘ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʜʦ 21% ʠ 2000 ʩ
-1
, ʘ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʦʛʦ ʧʝʨʝʭʦʜʘ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ 

7700 ʩ
-1
. ɸʚʪʦʨʳ ʨʘʙʦʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʪʷʞʝʣʦʡ D2O ʚʦʜʳ ʧʨʠʚʦʜʠʪ ʢ ʝʱʸ ʙʦʣʝʝ ʩʠʣʴʥʦʤʫ 

ʠʟʤʝʥʝʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ï 32%, 2700 ʩ
-1
 ʠ 5400 ʩ

-1
. ʂʦʣʠʯʝʩʪʚʦ ʤʦʣʝʢʫʣ ʚʦʜʳ ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʚ 

ʪʘʢʦʤ ʧʦʚʝʜʝʥʠʠ: ʚ ʧʝʨʚʫʶ ʢʦʦʨʜʠʥʘʮʠʦʥʥʫʶ ʩʬʝʨʫ Eu(III) ʤʦʞʝʪ ʚʦʡʪʠ ʤʘʢʩʠʤʫʤ ʪʨʠ ʤʦʣʝʢʫʣʳ ʚʦ-

ʜʳ, ʠʟʙʳʪʦʢ ʥʘʯʠʥʘʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴ ʘʩʩʦʮʠʘʪʳ ʚʦ ʚʥʝʰʥʝʡ ʩʬʝʨʝ. ʅʘʙʣʶʜʘʝʤʳʡ ʠʟʦʪʦʧʥʳʡ ʵʬʬʝʢʪ 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʩʠʩʪʝʤʝ, ʩʫʱʝʩʪʚʫʶʪ ʜʚʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʵʬʬʝʢʪʘ. ʇʝʨʚʳʡ ï ʪʫʰʝʥʠʝ ʣʶʤʠʥʝʩ-

ʮʝʥʮʠʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʠʦʥʦʚ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ, ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʤʠ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʩʬʝʨʝ Eu(III); ʘ 

ʚʪʦʨʦʡ ï ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠʟ-ʟʘ ʦʙʨʘʟʦʚʘʥʠʷ ʚʥʝʰʥʝʩʬʝʨʥʳʭ ʚʦʜʦʨʦʜʥʳʭ 

ʩʚʷʟʝʡ ʤʝʞʜʫ ʚʦʜʦʡ ʠ ʭʝʣʘʪʥʳʤ ʣʠʛʘʥʜʦʤ (ʩ ʘʪʦʤʘʤʠ ʬʪʦʨʘ ʠʣʠ ʘʨʠʣʴʥʳʤ ʟʘʤʝʩʪʠʪʝʣʝʤ). ʉʪʦʠʪ ʦʪʤʝ-

ʪʠʪʴ, ʯʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʜʦʩʪʘʪʦʯʥʦ ʥʝʧʨʦʩʪʘʷ ʟʘʜʘʯʘ, ʪ.ʢ. ʟʘʯʘʩʪʫʶ ʩʦ-

ʧʨʷʞʝʥʘ ʩ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʪʨʫʜʥʦʩʪʝʡ (ʥʘʧʨʠʤʝʨ, ʤʘʣʦʡ ʚʝʣʠʯʠʥʦʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ; ʥʘʣʦʞʝʥʠʝʤ ʦʙ-

ʨʘʟʦʚʘʥʠʷ ʚʥʫʪʨʠʩʬʝʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʩʪʝʧʝʥʴ ʢʦʪʦʨʦʛʦ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʧʨʦʯʥʦʩʪʠ ʛʠʜʨʘʪʥʦʡ ʦʙʦ-

ʣʦʯʢʠ ʠ ʧʨʠʨʦʜʳ ʚʥʝʰʥʝʩʬʝʨʥʳʭ ʣʠʛʘʥʜʦʚ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ [81]). ɺʦʦʙʱʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʚʝʣʠʯʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʟʘ ʩʯʸʪ ʵʬʬʝʢʪʦʚ ʩʘʤʦʩʙʦʨʢʠ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. ɿʜʝʩʴ ʩʪʦʠʪ 

ʥʝʤʥʦʛʦ ʨʘʩʩʤʦʪʨʝʪʴ ʵʬʬʝʢʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʘʛʨʝʛʘʮʠʝʡ. ʋʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʵʤʠʩʩʠʠ, ʚʳʟʚʘʥ-

ʥʦʝ ʘʛʨʝʛʘʮʠʝʡ ʘʪʦʤʦʚ ʠ ʤʦʣʝʢʫʣ, ʷʚʣʷʝʪʩʷ ʥʝʦʙʳʯʥʳʤ (ʘʥʦʤʘʣʴʥʳʤ) ʷʚʣʝʥʠʝʤ, ʩʚʷʟʘʥʥʳʤ ʩʦ ʩʚʦʙʦʜ-

ʥʳʤ ʚʨʘʱʝʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʛʨʫʧʧ ʤʦʣʝʢʫʣʳ ʚ ʨʘʩʪʚʦʨʘʭ. ʋʤʝʥʴʰʝʥʠʝ ʧʦʜʚʠʞʥʦʩʪʠ ʤʦʣʝʢʫʣ ʧʨʠ ʢʨʠ-

ʩʪʘʣʣʠʟʘʮʠʠ ʠʣʠ ʘʛʨʝʛʘʮʠʠ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʳʭ ʧʦʪʝʨʴ, ʯʪʦ ʠ ʩʧʦʩʦʙʩʪʚʫʝʪ 
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ʫʚʝʣʠʯʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘʝʪʩʷ ʦʙʨʘʪʥʦʝ ʷʚʣʝʥʠʝ ï ʥʘʧʨʠ-

ʤʝʨ, ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʝ ʪʫʰʝʥʠʝ, ʢʦʪʦʨʦʝ ʩʚʷʟʘʥʦ ʢʘʢ ʩ ʩʘʤʦʧʦʛʣʦʱʝʥʠʝʤ, ʪʘʢ ʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝ-

ʬʣʫʦʨʝʩʮʠʨʫʶʱʠʭ ʘʩʩʦʮʠʘʪʦʚ. ʆʜʥʘʢʦ ʥʘʧʨʘʚʣʝʥʠʝ, ʩʚʷʟʘʥʥʦʝ ʩ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʵʬʬʝʢʪʦʚ ʫʩʠʣʝʥʠʷ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʘʛʨʝʛʘʮʠʠ ʘʪʦʤʦʚ ʠ ʤʦʣʝʢʫʣ, ʩʝʡʯʘʩ ʠʥʪʝʥʩʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ ʙʣʘʛʦʜʘʨʷ ʚʦʩʪʨʝʙʦ-

ʚʘʥʥʦʩʪʠ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʷʭ. ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʦ ʝʱʸ ʥʝʩʢʦʣʴʢʦ 

ʧʨʠʤʝʨʦʚ ï ʚʦʟʜʝʡʩʪʚʠʝ ʤʦʣʝʢʫʣ ʚʦʜʳ ʠ ʩʚʷʟʘʥʥʳʭ ʩ ʵʪʠʤ ʵʬʬʝʢʪʦʚ ʨʘʟʤʝʨʥʦʩʪʠ. ʊʝʤʘ ʨʘʟʤʝʨʥʦʩʪʠ 

ʩʦʝʜʠʥʝʥʠʡ ʚ ʣʠʪʝʨʘʪʫʨʥʦʤ ʦʙʟʦʨʝ ʥʝ ʚʳʜʝʣʝʥʘ ʚ ʚʠʜʝ ʦʪʜʝʣʴʥʦʡ ʛʣʘʚʳ, ʥʦ ʦʙʩʫʞʜʘʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʘʭ 

ʨʘʙʦʪʳ, ʧʦʵʪʦʤʫ, ʩʪʦʠʪ ʧʨʦʮʠʪʠʨʦʚʘʪʴ ʨʷʜ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʵʪʦʤʫ ʚʦʧʨʦʩʫ. ʈʘʟʤʝʨʥʦʩʪʴ ʚʝʱʝʩʪʚʘ 

ʠʣʠ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ, ʧʦʜʚʝʨʛʘʶʱʠʭʩʷ ʛʠʜʨʘʪʘʮʠʠ, ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚʘʞʥʳʤ ʧʘʨʘ-

ʤʝʪʨʦʤ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʚʣʠʷʥʠʷ ʛʠʜʨʘʪʘʮʠʠ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [82] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʥʦʢʣʘʩʪʝʨʳ 

ʤʝʜʠ ʤʦʛʫʪ ʙʳʪʴ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥ rʤʦʣʝʢʫʣʘʤʠ ʛʣʫʪʘʪʠʦʥʘ, ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʘʛʨʝʛʘʪʦʚ ʩ ʜʣʠʪʝʣʴʥʳʤ 

ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ (ɚɻʤ=627 ʥʤ; Űå15 ʤʢʩ; ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ 1.9%). ʆʜʥʘʢʦ ʜʦʙʘʚʣʝʥʠʝ 

ʜʘʞʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʦʣʝʢʫʣ ʚʦʜʳ ʚ ʜʠʩʧʝʨʩʠʶ ʥʘʥʦʢʣʘʩʪʝʨʦʚ ʚ ɼʄʉʆ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘ-

ʯʠʪʝʣʴʥʦʤʫ ʪʫʰʝʥʠʶ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʧʨʠ 4*10
-4
 ʦʙʲʸʤʥʳʭ ʧʨʦʮʝʥʪʘ ʚʦʜʳ ʢ ɼʄʉʆ ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʧʦʯʪʠ ʜʚʘ ʨʘʟʘ, ʘ 15*10
-4
 - ʢ ʫʤʝʥʴʰʝʥʠʶ ʥʘ ʧʦʨʷʜʦʢ) ʟʘ ʩʯʸʪ ʜʝʟʘʛʨʝʛʘ-

ʮʠʠ ʢʣʘʩʪʝʨʦʚ. ɼʦʙʘʚʣʝʥʠʝ ʜʠʮʠʢʣʦʛʝʢʩʠʣʢʘʨʙʦʜʠʠʤʠʜʘ (ʨʘʚʥʳʡ ʦʙʲʸʤ ʜʦʙʘʚʣʝʥʥʦʡ ʨʘʥʝʝ ʚʦʜʳ) 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʥʦʤʫ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʟʘ ʩʯʸʪ ʵʬʬʝʢʪʘ ʧʦʚʪʦʨʥʦʡ ʘʛʨʝ-

ʛʘʮʠʠ ʥʘʥʦʯʘʩʪʠʮ. ʇʨʦʮʝʩʩ ʜʝʟʘʛʨʝʛʘʮʠʠ-ʘʛʨʝʛʘʮʠʠ ʢʣʘʩʪʝʨʦʚ ʤʦʞʝʪ ʙʳʪʴ ʧʦʚʪʦʨʸʥ ʥʝʦʜʥʦʢʨʘʪʥʦ. 

ʂʘʢ ʫʪʚʝʨʞʜʘʶʪ ʘʚʪʦʨʳ, ʪʘʢʦʝ ʩʧʝʮʠʬʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʩʧʦʩʦʙʩʪʚʫʝʪ ʦʙʥʘʨʫʞʝʥʠʶ ʩʣʝʜʦ-

ʚʳʭ ʢʦʣʠʯʝʩʪʚ ʚʦʜʳ (ʥʘ ʫʨʦʚʥʝ 10
-6
) ʚ ʘʧʨʦʪʦʥʥʳʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʷʚʣʝʥʠʝ ʯʨʝʟ-

ʚʳʯʘʡʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʤʝʪʦʜʘ ʦʙʥʘʨʫʞʝʥʠʷ ʚʦʜʳ, ʟʘ ʩʯʸʪ çʚʢʣʶʯʝʥʠʷè ʠ çʚʳʢʣʶʯʝʥʠʷè ʣʶʤʠʥʝʩ-

ʮʝʥʮʠʠ. ɺʦʦʙʱʝ, ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʬʬʝʢʪʦʚ ʩʘʤʦʩʙʦʨʢʠ ʠ ʛʠʜʨʘʪʘʮʠʠ ʢʣʘʩʪʝʨʦʚ ʤʝʜʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʣʠ-

ʪʝʨʘʪʫʨʝ ʜʦʩʪʘʪʦʯʥʦ ʤʥʦʛʦ [83, 84]. ʉʪʦʠʪ, ʦʜʥʘʢʦ, ʟʘʦʩʪʨʠʪʴ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʢʣʘʩʪʝʨʳ ʤʝʜʠ ʤʦʛʫʪ ʜʠʩ-

ʧʨʦʧʦʨʮʠʦʥʠʨʦʚʘʪʴ ʠ ʦʢʠʩʣʷʪʴʩ ̫ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ. ʊʘʢ, ʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʨʘʙʦʪʝ [85] ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʢʣʘʩʪʝʨʳ ʤʝʜʠ, ʦʩʘʞʜʝʥʥʳʝ ʥʘ ʧʦʜʣʦʞʢʫ ʠʟ ZnO, ʩ ʥʝʯʝʪʥʳʤ ʯʠʩʣʦʤ ʘʪʦʤʦʚ (ʦʜʠʥ ʠʣʠ ʪʨʠ) ʦʢʠʩʣʷʶʪ-

ʩʷ (ʪʨʠʤʝʨ ʩʥʘʯʘʣʘ ʦʢʠʩʣʷʝʪʩʷ, ʘ ʟʘʪʝʤ ʜʠʩʩʦʮʠʠʨʫʝʪ ʥʘ ʜʠʤʝʨ ʠ ʤʦʥʦʤʝʨ) ʧʨʠ ʘʜʩʦʨʙʮʠʠ ʚʦʜʳ, ʪʦʛʜʘ 

ʢʘʢ ʯʝʪʥʳʝ ʢʣʘʩʪʝʨʳ (ʩʦʩʪʦʷʱʠʝ ʠʟ ʜʚʫʭ ʠ ʯʝʪʳʨʸʭ ʘʪʦʤʦʚ) ʦʩʪʘʶʪʩʷ ʥʝʦʢʠʩʣʝʥʥʳʤʠ ʜʘʞʝ ʧʨʠ ʘʜ-

ʩʦʨʙʮʠʠ ʤʦʣʝʢʫʣʳ ʚʦʜʳ. ʊʘʢʦʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʚ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣʘʭ. 

ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [86] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʠʟʚʦʜʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʜʠʛʠʜʨʦʮʠʢʣʦʧʝʥʪʘʥʜʝʥʘ ʦʙʣʘʜʘʝʪ 

ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʝ, ʘ ʚ ʙʝʟʚʦʜʥʳʭ ʨʘʩʪʚʦʨʘʭ ʜʠʭʣʦʤʝʪʘʥʘ ʠ ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʘ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ (ʩʣʘʙʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩ ʢʚʘʥʪʦʚʳʤ ʚʳʭʦʜʦʤ 0.16%), ʘ ʚ 

ʩʤʝʩʠ 1:9 ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥ:ʚʦʜʘ ʣʶʤʠʥʝʩʮʝʥʮʠʷ ʨʘʟʛʦʨʘʝʪʩʷ (ʩʣʘʙʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩ ʢʚʘʥʪʦʚʳʤ ʚʳ-

ʭʦʜʦʤ 11.7%) ʟʘ ʩʯʸʪ ʘʛʨʝʛʘʮʠʠ ʤʦʣʝʢʫʣ ʚ ʥʘʥʦʯʘʩʪʠʮʳ ʩ ʜʠʘʤʝʪʨʦʤ 10-30 ʥʤ. ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʧʨʦ 
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ʵʬʬʝʢʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʘʛʨʝʛʘʮʠʝʡ ʘʪʦʤʦʚ ʠ ʚʣʠʷʥʠʷ ʤʦʣʝʢʫʣ ʩʦʣʴʚʘʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʦʙʟʦʨʥʳʭ ʩʪʘ-

ʪʴ̫ʭ ʛʨʫʧʧʳ ʘʚʪʦʨʦʚ [87, 88]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʤʦʛʫʪ ʢʘʢ ʪʫʰʠʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʶ ʟʘ 

ʩʯʸʪ ʧʦʷʚʣʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʢʘʥʘʣʦʚ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʦʡ ʜʝʟʘʢʪʠʚʘʮʠʠ, ʪʘʢ ʠ ʫʩʠʣʠʚʘʪʴ, ʥʘʧʨʠʤʝʨ, 

ʟʘ ʩʯʸʪ ʩʧʦʩʦʙʩʪʚʦʚʘʥʠʶ ʩʘʤʦʩʙʦʨʢʝ ʤʦʣʝʢʫʣ ʚ ʘʛʨʝʛʘʪʳ. 

 

1.4. ɺʣʠʷʥʠʝ ʩʚʝʪʘ ʥʘ ʩʪʨʦʝʥʠʝ ʠ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ 

ɽʱʸ ʦʜʥʦ ʚʦʟʜʝʡʩʪʚʠʝ, ʢʦʪʦʨʦʝ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʦ ʚ ʣʠʪʝʨʘʪʫʨʥʦʤ ʦʙʟʦʨʝ ï ʪɻʦ ʚʣʠʷʥʠʝ ʩʚʝʪʘ ʥʘ 

ʩʦʝʜʠʥʝʥʠʷ (ʥʘʧʨʠʤʝʨ, ʬʦʪʦʜʠʩʩʦʮʠʘʮʠʷ, ʬʦʪʦʧʦʣʠʤʝʨʠʟʘʮʠʷ, ʬʦʪʦʩʫʙʣʠʤʘʮʠʷ, ʬʦʪʦʦʢʠʩʣʝʥʠʝ-

ʬʦʪʦʚʦʩʩʪʘʥʦʚʣʝʥʠʝ, ʬʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ). ɺ ʵʪʦʡ ʛʣʘʚʝ ʢʨʘʪʢʦ ʧʨʝʜʩʪʘʚʣʝʥ ʠʤʝʥʥʦ 

ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʡ ʬʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ, ʢʦʪʦʨʳʡ ʧʨʝʜʩʪʘʚʣʝʥ ʪʘʢʞʝ ʚ ʨʝʟʫʣʴʪʘʪʘʭ ʨʘʙʦʪʳ, ʛʜʝ ʙʫ-

ʜʝʪ ʠʩʩʣʝʜʦʚʘʥ ʤʝʪʦʜʦʤ ʌʃ. ʌʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ, ʚ ʩʚʷʟʠ ʩ ʧʦ-

ʷʚʣʝʥʠʝʤ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʠ ʧʦʜʭʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʢʘʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ (ʧʠʢʦʩʝʢʫʥʜʥʳʝ ʣʘʟʝʨʳ), 

ʪʘʢ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ (ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ). ʇʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʩʠʩʪʝʤ, ʥʘʧʨʠ-

ʤʝʨ, ʚ ʢʘʯʝʩʪʚʝ ʬʦʪʦʩʪʘʙʠʣʠʟʘʪʦʨʦʚ, ʩʝʥʩʦʨʦʚ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ, ʦʧʪʠʯʝʩʢʠʭ ʧʝʨʝʢʣʶʯʘʪʝʣʝʡ, ʚ ʢʘʯʝʩʪʚʝ 

ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʟʦʥʜʦʚ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʪʨʘʥʩʤʝʤʙʨʘʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ ʢʣʝʪʦʯʥʳʭ ʤʝʤʙʨʘʥʘʭ [89] 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʘʢʪʫʘʣʴʥʦʩʪʴ ʜʘʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ. ɺʳʜʝʣʷʶʪ ʜʚʘ ʪʠʧʘ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʦʛʦ ʬʦʪʦʧʝʨʝ-

ʥʦʩʘ ʧʨʦʪʦʥʘ ï ʧʦ ʩʠʩʪʝʤʝ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʠ ʙʝʟ ʪʘʢʦʚʳʭ [90]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥ 

ʠʤʝʥʥʦ ʧʝʨʚʳʡ ʪʠʧ, ʦʪʤʝʯʫ ʣʠʰʴ, ʯʪʦ ʤʝʭʘʥʠʟʤʳ ʵʪʠʭ ʨʝʘʢʮʠʡ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʘʶʪʩʷ. ɿʘ ʩʯʸʪ ʧʦ-

ʛʣʦʝɦʥʠʷ ʩʚʝʪʘ ʦʨʛʘʥʠʯʝʩʢʦʡ ʤʦʣʝʢʫʣʦʡ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʝʨʝʭʦʜʘ ʚ ʚʦʟʙʫʞʜʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʚ ʥʝʡ 

ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ. ʅʘʧʨʠʤʝʨ, ʚ ʤʦʣʝʢʫʣʘʭ ʩ N ʠ ʆ ʛʝʪʝʨʦʘʪʦʤʘ-

ʤʠ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʥʝʧʦʜʝʣʝʥʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʘʨʳ ʫ ʛʝʪʝʨʦʘʪʦʤʘ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ 

ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ. ʇʨʠ ʵʪʦʤ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʬʦʪʦʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ ʧʝʨʚʦʛʦ 

ʪʠʧʘ ʚ ʢʦʤʧʣʝʢʩʘʭ ʩʦʩʪʘʚʣʷʶʪ ʧʦʨʷʜʢʘ 10
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, ʯʪʦ ʧʨʠʤʝʨʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʨʝʤʝʥʠ ʢʦʣʝʙʘʥʠʡ 

ʧʨʦʪʦʥʘ. ʆʯʝʥʴ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʤ ʦʙʲʝʢʪʦʤ ʬʦʪʦʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ ʷʚʣʷʝʪʩʷ 3-ʛʠʜʨʦʬʣʘʚʦʥ (ʧʨʦʠʟ-

ʚʦʜʥʘʷ ʭʨʦʤʦʥʘ) [91]. ʕʪʦ ʩʦʝʜʠʥʝʥʠʝ ʠʟʫʯʝʥʦ ʩʪʘʪʠʯʝʩʢʠʤʠ ʠ ʚʨʝʤʷ-ʨʘʟʨʝʰʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ: ʟʘʚʠ-

ʩʠʤʦʩʪʴ ʢʠʥʝʪʠʢʠ ʬʦʪʦʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ ʦʪ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʪʝʤʧʝʨʘʪʫʨʳ, ʠʟʦʪʦʧʦʚ ʠ ʟʘʤʝʩʪʠʪʝʣʝʡ. ɺ 

ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʬʦʪʦʧʝʨʥʦʩ ʧʨʦʪʦʥʘ ʚ ʤʝʪʠʣʦʚʦʤ ʩʧʠʨʪʝ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʜʚʫʭ ʧʦʣʦʩ ʣʶʤʠ-

ʥʝʩʮʝʥʮʠʠ (ʠʩʭʦʜʥʘʷ ʬʦʨʤʘ (ɚ=413 ʥʤ) ʠ ʦʧʪʠʯʝʩʢʠʡ ʪʘʫʪʦʤʝʨ (ɚ=530 ʥʤ)). ɼʣʷ ʧʦʣʦʩʳ ʦʧʪʠʯʝʩʢʦʛʦ 

ʪʘʫʪʦʤʝʨʘ ʚ ʚʨʝʤʷ-ʨʘʟʨʝʰʝʥʥʦʤ ʩʧʝʢʪʨʝ ʵʤʠʩʩʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʚʥʘʯʘʣʝ ʨʦʩʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩ-

ʮʝʥʮʠʠ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ Űå100 ʧʩ (ʜʣʷ ʠʩʭʦʜʥʦʡ ʬʦʨʤʳ Űå10 ʧʩ), ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʧʨʦʮʝʩʩʘʭ çʥʘʢʘʯʢʠè 

ʦʧʪʠʯʝʩʢʦʛʦ ʪʘʫʪʦʤʝʨʘ. ɺ ʨʘʙʦʪʝ [92] ʧʨʷʤʳʤʠ ʤʝʪʦʜʘʤʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ 3-ʛʠʜʨʦʢʩʠʬʣʘʚʦʥʝ ʩʫʝɦ-

ʩʪʚʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʢʘʥʘʣ ʬʦʪʦʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ ʚ S2 ʩʦʩʪʦʷʥʠʠ ʩʦ ʩʢʦʨʦʩʪʴʶ k=1/Ű=0.8 10
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ʩʦ ʩʢʦʨʦʩʪʷʤʠ, ʩʨʘʚʥʠʤʳʤʠ ʩ ʨʝʣʘʢʩʘʮʠʝʡ ʠʟ SnÓ2 ʥʘ S1 ʩʦʩʪʦʷʥʠʝ. ʕʪʦ, ʦʪʯʘʩʪʠ, ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʌʃ ʥʝ 

ʚʩʝʛʜʘ ʧʨʦʠʩʭʦʜʠʪ ʠʟ ʧʝʨʚʳʭ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ (ʩʠʥʛʣʝʪʥʦʛʦ ʠ/ʠʣʠ ʪʨʠʧʣʝʪʥʦʛʦ), ʢʘʢ ʦʙʳʯʥʦ 

ʩʯʠʪʘʝʪʩʷ, ʟʘ ʩʯʸʪ ʙʳʩʪʨʦʡ ʩʢʦʨʦʩʪʠ ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʩ ʚʳʩʦʢʠʭ (nÓ2) ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʫʨʦʚʥʝʡ. ʕʪʦ ʵʤʧʠʨʠʯʝʩʢʦʝ ʧʨʘʚʠʣʦ ʬʦʪʦʭʠʤʠʠ, ʥʝ ʠʤʝʶʱʝʛʦ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʦʙʦʩʥʦʚʘʥʠʷ, ʥʘʟʳʚʘʝʪ-

ʩʷ ʧʨʘʚʠʣʦʤ ʂʘh ʠ. ʀʟ ʵʪʦʛʦ ʧʨʘʚʠʣʘ ʩʫʱʝʩʪʚʫʶʪ ʠʩʢʣʶʯʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʘʟʫʣʝʥ, ʦʚʘʣʝʥ, ʮʠʢʣʘʟʠʥ [93, 

94]. ʊʘʢ, ʜʣʷ ʘʟʫʣʝʥʘ ʧʦʢʘʟʘʥʦ ʥʘʣʠʯʠʝ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʧʝʨʝʭʦʜʝ ʥʝ ʪʦʣʴʢʦ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ 

S2ŸS0, ʥʦ ʠ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ S2ŸS1. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʯʘʩʪʦ ʚ ʣʠʪʝʨʘʪʫʨʝ ʦʙʦʟʥʘʯʘʶʪ ʢʘʢ ʥʘʨʫʰʝʥʠʝ 

ʧʨʘʚʠʣ ʂʘh ʠ. ɺ ʩʦʝʜʠʥʝʥʠʠ 5-(3-ʛʠʜʨʦʢʩʠ-4-ʦʢʩʦ-4H-ʭʨʦʤʝʥ-2-ʠʣ)ʪʠʦʬʝʥ-2-ʢʘʨʙʘʣʴʜʝʛʠʜʝ [95] ʠʤʝʝʪ 

ʤʝʩʪʦ ʢʘʢ ʬʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ, ʪʘʢ ʠ ʥʘʨʫʰʝʥʠʝ ʧʨʘʚʠʣ ʂʘʰʠ, ʥʦ ʘʚʪʦʨʳ ʨʘʙʦʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʦ-

ʪʦʪʠʧʥʦʝ ʩʦʝʜʠʥʝʥʠʝ (ʙʝʟ ʢʘʨʙʦʥʠʣʴʥʦʡ ʛʨʫʧʧʳ), ʠʤʝʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʦʪ 

ʧʨʘʚʠʣʘ ʂʘh ʠ, ʧʦʢʘʟʳʚʘʷ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ ʬʣʫʦʨʦʬʦʨʘ ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʘ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʪʘʢʠʭ ʵʬ-

ʬʝʢʪʦʚ. ɸʚʪʦʨʳ ʨʘʙʦʪʳ ʩʬʦʨʤʫʣʠʨʦʚʘʣʠ ʥʝʩʢʦʣʴʢʦ ʢʨʠʪʝʨʠʝʚ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʪʘʢʦʛʦ ʨʦʜʘ ʵʬʬʝʢʪʦʚ 

ʠʩʭʦʜʷ ʠʟ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʩʦʦʙʨʘʞʝʥʠʡ. ʕʪʠ ʢʨʠʪʝʨʠʠ ʷʚʣʷʶʪʩʷ ʥʝʢʠʤʠ ʪʨʠʚʠʘʣʴʥʳʤʠ ʦʙʱʠʤʠ ʩʦʦʙ-

ʨʘʞʝʥʠʷʤʠ, ʦʩʥʦʚʘʥʥʳʤʠ ʥʘ ʩʢʦʨʦʩʪʷʭ ʨʝʘʢʮʠʡ, ʠ ʧʦʵʪʦʤʫ ʟʜʝʩʴ ʧʨʠʚʝʜʝʥʳ ʥʝ ʙʫʜʫʪ. 

ʉʪʦʠʪ ʦʪʜʝʣʴʥʦ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʯʘʩʪʠʯʥʦ ʜʘʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʧʝʨʝʩʝʢʘʝʪʩʷ ʩ ʧʨʝʜʳʜʫ-

ʱʝʡ ʛʣʘʚʦʡ, ʯʪʦ ʯʘʩʪʠʯʥʦ ʫʧʦʤʷʥʫʪʦ ʚʳʰʝ. ɼʝʣʦ ʚ ʪʦʤ, ʯʪʦ ʧʨʦʮʝʩʩ ʠ ʤʝʭʘʥʠʟʤ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʬʦʪʦʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʦʢʨʫʞʝʥʠʷ, ʪ.ʝ. ʦʪ ʤʦʣʝʢʫʣ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʥʦ ʬʦʪʦʧʝʨʝʥʦʩ 

ʧʨʦʪʦʥʘ ʥʘʙʣʶʜʘʝʪʩʷ, ʚ ʪʦʤ ʯʠʩʣʝ, ʠ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ. ɺ ʨʘʙʦʪʘʭ [96, 97] ʧʦʢʘʟʘʥʦ, ʢʘʢ ʠʟʤʝʥʷʝʪʩʷ ʧʦ-

ʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʩ ʬʦʪʦʧʝʨʝʥʦʩʦʤ ʧʨʦʪʦʥʘ ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ. ʅʘʧʨʠʤʝʨ, ʚ [98] ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʜʣʷ 2,5-ʜʠʛʠʜʨʦʢʩʠʬʝʥʠʣ ʥʘʬʪʘʣʠʥʘ ʚ ʨʘʩʪʚʦʨʝ MeCN ʥʘʙʣʶʜʘʝʪʩʷ ʬʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ, ʧʨʠʯʝʤ, ʜʦ-

ʙʘʚʣʝʥʠʝ ʤʦʣʝʢʫʣ ʚʦʜʳ ʧʨʠʚʦʜʠʪ ʢ ʙʘʪʦʭʨʦʤʥʦʤʫ ʩʜʚʠʛʫ ʠ ʫʤʝʥʴʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʣʦʩʳ ʣʶ-

ʤʠʥʝʩʮʝʥʮʠʠ. ɺ ʩʣʫʯʘʝ ʩʭʦʞʝʡ ʤʦʣʝʢʫʣʳ 2,5-ʜʠʛʠʜʨʦʢʩʠʬʝʥʠʣ ʬʝʥʘʥʪʨʝʥʘ ʚ ʨʘʩʪʚʦʨʝ MeCN ʥʘʙʣʶ-

ʜʘʝʪʩʷ ʬʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ, ʥʦ ʜʦʙʘʚʣʝʥʠʝ ʚʦʜʳ ʧʨʠʚʦʜʠʪ ʢ ʜʚʫʢʨʘʪʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʘʚʪʦʨʳ ʩʚʷʟʳʚʘʶʪ ʵʪʦ ʩ çʙʣʦʢʠʨʦʚʢʦʡè ʚʦʜʦʡ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʦʡ ʜʝʟʘʢʪʠʚʘʮʠʠ) ʠ ʙʘ-

ʪʦʭʨʦʤʥʦʤʫ ʩʜʚʠʛʫ, ʘ ʙʦʣʴʰʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ï ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʦʩʣʘʙʣʝʥʠʶ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʊʫʝh-

ʥʠʝ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʦʩʠʪ ʥʝʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ, ʫʢʘʟʳʚʘʷ ʥʘ ʪʫʰʝʥʠʝ ʩʠʥʛʣʝʥʦʛʦ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʢʣʘʩʪʝʨʘʤʠ ʚʦʜʳ. ɺ ʨʘʙʦʪʘʭ [99, 100] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʢ 

ʦʢʨʫʞʝʥʠʶ ʤʝʪʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʥʦʚʳʡ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʘ ʙʠʦʤʦ-

ʣʝʢʫʣʷʨʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ɼʣʷ N-(2-ʬʫʨʘʥ-2-ʠʣ-3-ʛʠʜʨʦʢʩʠʭʨʦʤʦʥ-6-ʠʣ) ʷʥʪʘʨʥʦʡ ʢʠʩʣʦʪʳ ʧʦʢʘʟʘ-

ʥʦ, ʯʪʦ ʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʠ ʧʦʣʦʞʝʥʠʝ ʤʘʢʩʠʤʫʤʦʚ ʌʃ ʠʩʭʦʜʥʦʡ ʬʦʨʤʳ (N*) ʠ ʦʧʪʠʯʝʩʢʦʛʦ 

ʪʘʫʪʦʤʝʨʘ (T*) ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ ʨʘʩʪʚʦʨʠʪʝʣʷ. ɺ ʥʝʧʦʣʷʨʥʦʤ ʘʧʨʦʪʦʥʥʦʤ ʨʘʩʪʚʦʨʠʪʝʣʝ ʚ ʵʪʠʣʘʮʝʪʘʪʝ, 

ʥʘʧʨʠʤʝʨ, ʥʘʙʣʶʜʘʝʪʩʷ ʵʤʠʩʩʠʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟ ʪʘʫʪʦʤʝʨʥʦʡ ʬʦʨʤʳ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʪʥʦʰʝ-

ʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʌʃ IN*/IT* ʦʯʝʥʴ ʤʘʣʦ. ɺ ʙʦʣʝʝ ʧʦʣʷʨʥʦʤ ʘʧʨʦʪʦʥʥʦʤ ʨʘʩʪʚʦʨʠʪʝʣʝ (ɼʄʌ) ʧʨʦʠʩ-
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ʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ IN*/IT*, ʙʘʪʦʭʨʦʤʥʳʡ ʩʜʚʠʛ ʧʦʣʦʩ (4-11 ʥʤ) ʠ ʫʤʝʥʴʰʝʥʠʝ ʢʚʘʥʪʦʚʦʛʦ 

ʚr ʭʦʜʘ ʩ 13 ʜʦ 6.9%. ɺ ʧʨʦʪʦʥʥʦʤ ʨʘʩʪʚʦʨʠʪʝʣʝ ʝʱʸ ʩʠʣʴʥʝʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪʥʦʰʝʥʠʝ IN*/IT*. ʕʪʦ ʧʦ-

ʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʦʥʦʨʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʧʨʦʪʦʥʥʦʛʦ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠʥʛʠʙʠʨʫʝʪ ʨʝʘʢʮʠʶ ʬʦʪʦʧʨʝʨʝʥʦʩʘ 

ʧʨʦʪʦʥʘ ʠ ʫʤʝʥʴʰʘʝʪ ʵʤʠʩʩʠʶ T*. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʝʱʸ ʥʝʩʢʦʣʴʢʦ ʦʩʦʙʝʥʥʦʩʪʝʡ: ʦʪʥʦʰʝʥʠʝ IN*/IT* 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʧʦʣʷʨʥʦʩʪʴʶ ʨʘʩʪʚʦʨʠʪʝʣʷ (ʥʘ ʧʨʠʤʝʨʝ ʩʧʠʨʪʦʚ); ʜʦʙʘʚʣʝʥʠʝ ʚʦʜʳ ʚ ʨʘʩʪʚʦʨ ʤʝʪʘʥʦ-

ʣʘ ʧʨʠʚʦʜʠʪ ʢ ʝʱʸ ʙʦʣʴʰʝʤʫ ʫʚʝʣʠʯʝʥʠʶ ʦʪʥʦʰʝʥʠʝ IN*/IT* ʠ ʧʨʠʙʣʠʞʘʝʪ ʵʪʦ ʟʥʘʯʝʥʠʝ ʢ ʚʝʣʠʯʠʥʝ, 

ʧʦʣʫʯʝʥʥʦʡ ʚ ʥʘʪʨʠʡ-ʬʦʩʬʘʪʥʦʤ ʙʫʬʝʨʥʦʤ ʨʘʩʪʚʦʨʝ (ʪʘʢʦʡ ʥʘʪʨʠʡ-ʬʦʩʬʘʪʥʳʡ ʙʫʬʝʨʥʳʡ ʨʘʩʪʚʦʨ ʠʩ-

ʧʦʣʴʟʫʝʪʩʷ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ). ʊʘʢʞʝ ʘʚʪʦʨʳ ʨʘʙʦʪʳ ʠʩʩʣʝʜʦʚʘʣʠ ʠʟʤʝʥʝʥʠʝ ʬʦʪʦʣʁ-

ʤʠʥʝʩʮʝʥʪʥʳʭ ʩʚʦʡʩʪʚ ʚʳʰʝʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʚ ʥʘʪʨʠʡ-ʬʦʩʬʘʪʥʦʤ ʙʫʬʝʨʥʦʤ ʨʘʩʪʚʦʨʝ ʧʨʠ 

ʧʨʠʩʦʝʜʠʥʝʥʠʠ ʝʛʦ ʢ ʨʘʟʣʠʯʥʳʤ ʧʝʧʪʠʜʘʤ ʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʢʦʤʧʣʝʢʩ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʦʢʨʫʞʝʥʠʶ (ʨʘʟ-

ʣʠʯʥʦʛʦ ʨʦʜʘ ʧʝʧʪʠʜʘʤ ʠ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʤ), ʘ ʥʝ ʢ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʝ ʢʦʤʧʣʝʢʩʘ ʧʝʧ-

ʪʠʜ-ʦʣʠʛʦʥʫʢʣʝʦʪʠʜ, ʠ ʘʚʪʦʨʳ ʧʨʝʜʣʘʛʘʶʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʘʢʫʶ ʧʨʦʩʪʫʶ ʤʝʪʦʜʠʢʫ ʜʣʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʥʘʙʣʶʜʝʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʧʝʧʪʠʜʘʤʠ ʠ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʘʤʠ. 

ʆʜʥʘʢʦ ʥʝ ʚʩʝʛʜʘ, ʭʦʪʷ ʥʝʨʝʜʢʦ, ʬʦʪʦʧʝʨʝʥʦʩ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʌʃ. ɺ ʨʘʙʦʪʝ [101] ʧʦʢʘʟʘʥʦ 

ʜʣʷ 1-ʛʠʜʨʦʢʩʠʧʠʨʝʥ-2-ʢʘʨʙʘʣʴʜʝʛʠʜʘ ʦʧʪʠʯʝʩʢʠʤ ʧʦʛʣʦʱʝʥʠʝʤ ʠ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʨʘʩʯʸ-

ʪʘʤʠ ʥʘʣʠʯʠʝ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʦʛʦ ʬʦʪʦʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ (Ű=158 ʬʩ) (ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ 

ʢʘʨʙʘʣʴʜʝʛʠʜʘ ʠ ʛʠʜʨʦʢʩʠʛʨʫʧʧʳ) ʙʝʟ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʮʠʢʣʦʛʝʢʩʘʥʝ ʟʘ ʩʯʝʪ ʥʘʣʠʯʠʷ ʠʥʪʝʨʢʦʤ-

ʙʠʥʘʮʠʦʥʥʦʡ ʢʦʥʚʝʨʩʠʠ (Űå11 ʧʩ) ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʦʡ ʜʝʟʘʢʪʠʚʘʮʠʝʡ. ʉʦʛʣʘʩʥʦ 

ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʤ ʨʘʩʯʝʪʘʤ, ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʢʨʠʚʳʝ ʩʦʩʪʦʷʥʠʷ S1 ʠ T2 ʧʝʨʝʩʝʢʘʶʪʩʷ ʧʨʠ ʠʟʤʝ-

ʥʝʥʠʠ ʧʦʣʦʞʝʥʠʷ ʧʨʦʪʦʥʘ, ʦʙʝʩʧʝʯʠʚʘʷ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʫʶ ʢʦʥʚʝʨʩʠʶ ʠ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʫʶ 

ʜʝʟʘʢʪʠʚʘʮʠʶ. ɺ ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʙʣʠʟʢʦʤ ʩʦʝʜʠʥʝʥʠʠ ʩ ʟʘʤʝʱʝʥʠʝʤ ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ ʥʘ ʤʝ-

ʪʠʣʴʥʫʶ ʦʪʩʫʪʩʪʚʫʝʪ ʬʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ, ʥʦ ʣʶʤʠʥʝʩʮʝʥʮʠʷ ʥʘʙʣʶʜʘʝʪʩʷ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʘʚ-

ʪʦʨʘʤʠ ʦʪʩʫʪʩʪʚʠʝʤ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʢʦʥʚʝʨʩʠʠ. 

ɺ ʢʦʥʮʝ ʜʘʥʥʦʛʦ ʨʘʟʜʝʣʘ ʩʪʦʠʪ ʫʢʘʟʘʪʴ, ʯʪʦ ʜʘʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʝʱʸ ʩʣʘʙʦ ʠʟʫʯʝʥʦ, ʥʝʩʤʦʪʨʷ 

ʥʘ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ. ʂ ʧʨʦʙʣʝʤʘʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ, ʚʦ-ʧʝʨʚʳʭ, ʧʨʦʛʥʦʟʠʨʦ-

ʚʘʥʠʝ ʚʝʱʝʩʪʚ ʩ ʬʦʪʦʧʝʨʝʥʦʩʦʤ ʧʨʦʪʦʥʘ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ, ʚʦ-ʚʪʦʨʳʭ, ʥʘʣʠʯʠʝ 

ʦʙʱʠʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʧʦʚʝʜʝʥʠʷ ʚ ʨʘʩʪʚʦʨʘʭ ʠ ʪʚʝʨʜʳʭ ʪʝʣʘʭ, ʚ-ʪʨʝʪʴʠʭ, ʥʘʣʠʯʠʝ ʪʘʢʦʛʦ ʧʦʚʝ-

ʜʝʥʠʷ, ʢʘʢ (ʢʚʘʟʠ-)ʧʝʨʝʩʝʯʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ, ʧʦʩʚʷʱʝʥʥʳʭ ʤʝʪʘʣʣ-ʦʨʛʘʥʠʯʝʩʢʠʤ ʢʦʤ-

ʧʣʝʢʩʥʳʤ ʩʦʝʜʠʥʝʥʠʷʤ, ʨʘʙʦʪʳ ʧʦ ʧʦʣʫʯʝʥʠʶ ʥʦʚʳʭ ʢʦʤʧʣʝʢʩʦʚ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʚʥʝʰ-

ʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʠʭ ʩʚʦʡʩʪʚʘ ʦʩʪʘʶʪʩʷ ʘʢʪʫʘʣʴʥʳʤʠ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʥʝʨʝʰʝʥʥʳʤʠ ʧʨʦʙʣʝʤʘʤʠ 

ʦʩʪʘʶʪʩʷ ʚʦʧʨʦʩʳ ʦ ʚʣʠʷʥʠʠ ʩʪʘʨʝʥʠʷ ʠ ʨʘʟʤʝʨʥʦʩʪʠ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠ ʠʟʫʯʝʥʠʠ ʚʣʠʷʥʠʷ ʚʥʝʰʥʠʭ 

ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʠʭ ʦʧʪʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ. 
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1.5. ʕʣʝʢʪʨʦʥʥʳʡ ʧʘʨʘʤʘʛʥʠʪʥʳʡ ʨʝʟʦʥʘʥʩ 

1.5.1. ʆʙʱʠʝ ʩʚʝʜʝʥʠʷ 

ʇʘʨʘʤʘʛʥʠʪʥʳʡ ʨʝʟʦʥʘʥʩ ï ʬʠʟʠʯʝʩʢʦʝ ʷʚʣʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦ-

ʛʦ ʠʟʣʫʯʝʥʠʷ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʯʘʩʪʠʮʘʤʠ, ʧʦʤʝʱʝʥʥʳʤʠ ʚ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ. ʗʚʣʝʥʠʝ ʦʪʢʨʳʪʦ ɽʚ-

ʛʝʥʠʝʤ ʂʦʥʩʪʘʥʪʠʥʦʚʠʯʝʤ ɿʘʚʦʡʩʢʠʤ ʚ ʂʘʟʘʥʩʢʦʤ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ. 

ʇʘʨʘʤʘʛʥʠʪʥʳʤ ʥʘʟʳʚʘʝʪʩʷ ʚʝʱʝʩʪʚʦ, ʥʝ ʠʤʝʶʱʝʝ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʚ 

ʦʪʩʫʪʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʥʦ ʧʨʠʦʙʨʝʪʘʶʱʝʝ ʝʛʦ ʧʦʩʣʝ ʧʨʠʣʦʞʝʥʠʷ ʧʦʣʷ. ɺʝʣʠʯʠʥʘ 

ʤʦʤʝʥʪʘ ʟʘʚʠʩʠʪ ʦʪ ʧʦʣʷ, ʘ ʩʘʤ ʤʦʤʝʥʪ ʥʘʧʨʘʚʣʝʥ ʚ ʪʫ ʞʝ ʩʪʦʨʦʥʫ, ʯʪʦ ʠ ʧʦʣʝ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, 

ʯʪʦ ʯʘʩʪʠʮʳ ʚ ʚʝʱʝʩʪʚʝ, ʚ ʦʪʩʫʪʩʪʚʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʦʙʣʘʜʘʶʪ, ʩʣʫʯʘʡʥʳʤ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ, ʦʪ-

ʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ, ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ. ʀʟ-ʟʘ ʩʣʫʯʘʡʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ, ʩʫʤʤʘʨʥʳʡ ʤʦʤʝʥʪ 

ʨʘʚʝʥ ʥʫʣʶ. ɺ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʞʝ ʧʨʦʠʩʭʦʜʠʪ ʫʧʦʨʷʜʦʯʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʷʚʣʝʥʠʶ ʩʫʤʤʘʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʦʪʣʠʯʥʦʛʦ ʦʪ ʥʫʣʷ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʧʦʤʝʱʝʥʠʠ ʧʘʨʘʤʘʛʥʝʪʠʢʦʚ ʚ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʧʘʨʘʤʘʛʥʝʪʠʢ ʚʪʷʛʠʚʘʝʪʩʷ ʚ ʵʪʦ 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ. ʕʪʦ ʧʨʦʠʩʭʦʜʠʪ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʫ ʧʘʨʘʤʘʛʥʝʪʠʢʦʚ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʩʦ-

ʟʜʘʶʪʩʷ ʥʝʩʧʘʨʝʥʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ. ʇʨʠʥʮʠʧʠʘʣʴʥʦ ʵʣʝʢʪʨʦʥʥʳʤ ʧʘʨʘʤʘʛʥʝʪʠʟʤʦʤ ʦʙʣʘʜʘʶʪ [102]: 

¶ ʚʩʝ ʘʪʦʤʳ, ʠʦʥʳ ʠ ʤʦʣʝʢʫʣʳ ʩ ʥʝʯʸʪʥʳʤ ʯʠʩʣʦʤ ʵʣʝʢʪʨʦʥʦʚ (H, Na, NO, NO2); 

¶ ʬʪʦʤʳ, ʤʦʣʝʢʫʣʳ ʩ ʯʸʪʥʳʤ ʯʠʩʣʦʤ ʵʣʝʢʪʨʦʥʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʦʪʣʠʯʥʳʤ ʦʪ ʥʫʣʷ ʨʝʟʫʣʴʪʠʨʫʶ-

ʱʠʤ ʤʦʤʝʥʪʦʤ ʢʦʣʠʯʝʩʪʚʘ ʜʚʠʞʝʥʠʷ ʣʠʙʦ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ (ʥʘʧʨʠʤʝʨ, O2), ʣʠʙʦ ʚ ʚʦʟʙʫʞ-

ʜʸʥʥʦʤ ʩʦʩʪʦʷʥʠʠ (ʥʘʧʨʠʤʝʨ, ʘʨʦʤʘʪʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ); 

¶ ʠʦʥʳ, ʠʤʝʶʱʠʝ ʯʘʩʪʠʯʥʦ ʟʘʧʦʣʥʝʥʥʳʝ ʚʥʫʪʨʝʥʥʠʝ ʦʙʦʣʦʯʢʠ (Cu
2+

 , Fe
3+

 ʠ ʪ.ʜ.); 

¶ ʩʚʦʙʦʜʥʳʝ ʨʘʜʠʢʘʣʳ, ʷʚʣʷʶʱʠʝʩʷ ʭʠʤʠʯʝʩʢʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ ʩ ʥʝʩʧʘʨʝʥʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ 

ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʡ ʦʨʙʠʪʝ (CH3 ʠ ʜʨ.); 

¶ ʩʚʦʙʦʜʥʳʝ ʵʣʝʢʪʨʦʥʳ ʚ ʚʘʢʫʫʤʝ, ʤʝʪʘʣʣʘʭ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ; 

¶ ʨʘʜʠʘʮʠʦʥʥʳʝ ʜʝʬʝʢʪʳ ʚ ʢʨʠʩʪʘʣʣʘʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʜʠʵʣʝʢʪʨʠʢʦʚ. 

 

1.5.2. ʇʨʠʥʮʠʧʳ ʕʇʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʋ ʵʣʝʢʪʨʦʥʘ ʠʤʝʝʪʩʷ ʩʦʙʩʪʚʝʥʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ, ʩʚʷʟʘʥʥʳʡ ʩ ʪʝʤ, ʯʪʦ ʵʣʝʢʪʨʦʥ, ʷʚʣʷʷʩʴ 

ʟʘʨʷʞʝʥʥʦʡ ʯʘʩʪʠʮʝʡ ʩ ʩʦʙʩʪʚʝʥʥʳʤ ʤʦʤʝʥʪʦʤ ʠʤʧʫʣʴʩʘ, ʩʦʟʜʘʝʪ ʥʘʧʨʘʚʣʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ. ɽʩ-

ʣʠ ʧʦʤʝʩʪʠʪʴ ʵʣʝʢʪʨʦʥ ʚʦ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʪʦ ʝʛʦ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʥʘʯʠʥʘʝʪ ʧʨʝʮʝʩʩʠʨʦ-

ʚʘʪʴ ʚʦʢʨʫʛ ʚʝʢʪʦʨʘ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʧʨʠʥʮʠʧʘʤʠ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ ʤʘʛʥʠʪʥʳʡ 

ʤʦʤʝʥʪ ʢʚʘʥʪʦʚʦʡ ʯʘʩʪʠʮʳ J ʢʚʘʥʪʫʝʪʩʷ ʥʘ ʢʘʢʦʝ-ʣʠʙʦ ʚʳʜʝʣʝʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ, ʪ.ʝ. ʠʤʝʝʪ ʜʠʩʢʨʝʪ-

ʥʳʝ ʟʥʘʯʝʥʠʷ ʦʪ +J ʜʦ -J. ɺ ʦʪʩʫʪʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʯʘʩʪʠʮʘ, ʧʨʠ ʥʘʣʠʯʠʠ ʧʨʦʝʢʮʠʡ ʤʘʛʥʠʪʥʦʛʦ 

ʤʦʤʝʥʪʘ +Jé-J, ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ ʚʳʨʦʞʜʝʥʳ. ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ ʧʨʠʚʦʜʠʪ ʢ ʩʥʷʪʠʶ ʚʳʨʦʞʜʝ-
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ʥʠʷ ʠ ʧʦʷʚʣʝʥʠʶ 2J + 1 ʫʨʦʚʥʝʡ ʟʘ ʩʯʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʦʝʢʮʠʡ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʩ ʤʘʛʥʠʪʥʳʤ 

ʧʦʣʝʤ (+Jé-J) gɓH. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʧʦʜʫʨʦʚʥʷʤʠ c æM = 1 ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

ЎὉ Ὁ Ὁ Ὣ ‍z Ὄz Ὤz (51) ‮ 

ʛʜʝ Ὤ ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ, .ʠʤʷʥʚʦʨʫ ʫʜʞʝʤ ʘʜʦʭʝʨʝʧ ʘʪʦʪʩʘʯ ï ‮ 

ɽʩʣʠ ʧʦʜʚʝʩʪʠ ʢ ʩʠʩʪʝʤʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʝ ʠʟʣʫʯʝʥʠʝ, ʚʦʟʥʠʢʥʫʪ ʚʳʥʫʞʜʝʥʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ 

ʧʝʨʝʭʦʜʳ. ʇʨʠ ʪʝʧʣʦʚʦʤ ʨʘʚʥʦʚʝʩʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʧʦ ʧʦʜʫʨʦʚʥʷʤ ʧʦʜʯʠʥʷʝʪʩʷ ʟʘʢʦʥʫ 

ɹʦʣʴʮʤʘʥʘ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ ʦʪʥʦʰʝʥʠʝ ʟʘʩʝʣʝʥʥʦʩʪʝʡ ʧʦʜʫʨʦʚʥʝʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

ὲ

ὲ
Ὡὼὴ

ЎὉ

ὯὝ
Ὡὼὴ

Ὣ ‍z Ὄz

ὯὝ
 (16) 

ʛʜʝ ὲ  ʠ ὲ  ʟʘʩʝʣʝʥʥʦʩʪʠ ʚʝʨʭʥʝʛʦ ʠ ʥʠʞʥʝʛʦ ʫʨʦʚʥʝʡ, Ὕ  ʘʙʩʦʣʶʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʠʩʣʦ ʧʝʨʝʭʦʜʦʚ ʩ ʥʠʞʥʝʛʦ ʫʨʦʚʥʷ ʥʘ ʚʝʨʭʥʠʡ ʫʨʦʚʝʥʴ ʙʫʜʝʪ ʙʦʣʴʰʝ, ʪ.ʝ. ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴ-

ʩʷ ʧʦʛʣʦʱʝʥʠʝ ʠʟʣʫʯʝʥʠʷ. ʈʘʟʨʝʰʝʥʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʚ ʕʇʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʥʘʟʳʚʘʶʪʩʷ ʧʝʨʝʭʦʜʳ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʧʨʦʝʢʮʠʠ ʩʧʠʥʘ ʵʣʝʢʪʨʦʥʘ ʥʘ æms=Ñ1 ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʧʨʦʝʢʮʠʠ ʩʧʠʥʘ ʷʜʨʘ æmI=0. ɺ ʥʝ-

ʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʚʦʟʤʦʞʥʦ ʥʘʙʣʶʜʝʥʠʝ çʟʘʧʨʝʱʝʥʥʳʭè ʧʝʨʝʭʦʜʦʚ, ʦ ʢʦʪʦʨʳʭ ʛʦʚʦʨʠʪʩʷ ʥʠʞʝ. 

 

1.5.3. ʊʝʦʨʠʷ ʕʇʈ 

ɻʘʤʠʣʴʪʦʥʠʘʥ 

ɻʘʤʠʣʴʪʦʥʠʘʥ ï ʵʪʦ ʦʧʝʨʘʪʦʨ, ʢʦʪʦʨʳʡ, ʜʝʡʩʪʚʫʷ ʥʘ ʚʦʣʥʦʚʫʶ ʬʫʥʢʮʠʶ ʢʦʥʢʨʝʪʥʦʡ ʩʠʩʪʝʤʳ, 

ʜʘʸʪ ʜʦʧʫʩʪʠʤʳʝ ʟʥʘʯʝʥʠʷ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ ʵʪʦʡ ʩʠʩʪʝʤʳ. ʉʧʠʥʦʚʳʤ ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ ʥʘʟʳʚʘʶʪ ʛʘ-

ʤʠʣʴʪʦʥʠʘʥ, ʩʦʜʝʨʞʘʱʠʡ ʪʦʣʴʢʦ ʩʧʠʥʦʚʳʝ ʦʧʝʨʘʪʦʨ r(ʤʝʪʦʜ ʩʧʠʥʦʚʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ, ʠʛʨʘʶʱʠʡ 

ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʪʝʦʨʠʠ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ, ʙʳʣ ʧʨʝʜʣʦʞʝʥ ɸ. ɸʙʨʘʛʘʤʦʤ ʩʦʚʤʝʩʪʥʦ ʩ 

ʄ. ʇʨʘʡʩʦʤ [103]). ʆʙʱʠʡ ʛʘʤʠʣʴʪʦʥʠʘʥ ʠʦʥʘ, ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ, ʩ ʧʨʠʣʦ-

ʞʝʥʥʳʤ ʚʥʝʰʥʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥ ʩʣʝʜʫʶʱʠʤ ʧʨʦʩʪʳʤ ʦʙʨʘʟʦʤ (ʊʘʙʣ. 1): 

╗ ╗╥ ╗╛╕ ╗╛╢ ╗╔╓ ╗╔╩ ╗╗╕ ╗╝╩ ╗╠ (17) 

ʕʣʝʢʪʨʦʥʥʦʝ ʩʧʠʥ-ʩʧʠʥʦʚʦʝ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʕʣʝʢʪʨʦʥ ʦʙʣʘʜʘʝʪ ʩʦʙʩʪʚʝʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʜʠʧʦʣʴʥʳʤ ʤʦʤʝʥʪʦʤ, ʦʙʫʩʣʦʚʣʝʥʥʳʤ ʥʘʣʠʯʠʝʤ 

ʩʦʙʩʪʚʝʥʥʦʛʦ ʥʝʥʫʣʝʚʦʛʦ ʩʧʠʥʘ, ʢʦʪʦʨʳʡ ʩʦʟʜʘʸʪ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚʦʢʨʫʛ ʩʝʙʷ. ʕʪʦ ʧʦʣʝ ʚʦʟʜʝʡ-

ʩʪʚʫʝʪ ʥʘ ʩʦʩʝʜʥʠʝ ʵʣʝʢʪʨʦʥʳ ʩʠʩʪʝʤʳ, ʪʘʢʞʝ ʦʙʣʘʜʘʶʱʠʝ ʤʘʛʥʠʪʥʳʤ ʜʠʧʦʣʴʥʳʤ ʤʦʤʝʥʪʦʤ, ʧʨʠ-

ʯʸʤ ʦʩʪʘʣʴʥʳʝ ʵʣʝʢʪʨʦʥʳ ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʜʝʡʩʪʚʫʶʪ ʠ ʥʘ ʧʝʨʚʳʡ ʵʣʝʢʪʨʦʥ. ʊʘʢʦʝ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʝ ʥʘʟʳʚʘʝʪʩʷ ʵʣʝʢʪʨʦʥʥʳʤ ʩʧʠʥ-ʩʧʠʥʦʚʳʤ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ (ʦʙʳʯʥʦ ʚ 

ʕʇʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʫʪʦʯʥʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʝ ʩʧʠʥ-ʩʧʠʥʦʚʦʝ ʦʧʫʩʢʘʝʪʩʷ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʙʦʟʥʘ-

ʯʘʝʪʩʷ ʧʨʦʩʪʦ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʝ). 
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ʊ ʘ ʙ ʣ ʠ ʮ ʘ 1 

ʆʧʝʨʘʪʦʨʳ ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ɻʘʤʠʣʴʪʦʥʠʘʥ ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ɺʝʣʠʯʠʥʘ (ʩʤ
-1
) ʆʙʱʘʷ ʬʦʨʤʫʣʘ 

╗╥ ʕʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʦʝ 10
5
 

▄

►▓▒

▪

▓

 

╗╛╕ ʇʦʣʝ ʣʠʛʘʥʜʦʚ 10
4
 ▄╥●▓ȟ◐▓ȟ◑▓

▓

 

╗╛╢ ʉʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʝ 10
2
-10

3
 ⱦ╛z ╢ 

╗╔╓ 
ʕʣʝʢʪʨʦʥʥʦʝ ʩʧʠʥ-ʩʧʠʥʦʚʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 
10

-1
-1 ♫▄► ▼▼

▼► ▼►

►
 

╗╔╩ ʕʣʝʢʪʨʦʥʥʦʝ ɿʝʝʤʘʥʦʚʩʢʦʝ 10
-1
 ♫▄╛ ▌▄╢╗ 

╗╗╕ ʕʣʝʢʪʨʦʥ-ʷʜʝʨʥʦʝ 10
-2
-10

-4
  

╗╗╕═ ɸʥʠʟʦʪʨʦʧʥʘʷ ʯʘʩʪʴ  ╢═╘ 

╗╗╕╘ ʀʟʦʪʨʦʧʥʘʷ ʯʘʩʪʴ  
Ⱬ
▌♫▄▌╝♫╝ȿⱶȿ 

╗╝╩ ʗʜʝʨʥʦʝ ɿʝʝʤʘʥʦʚʩʢʦʝ 10
-2
-10

-3
 ♫╝╗▌╝╘ 

╗╠ ʗʜʝʨʥʦʝ ʢʚʘʜʨʫʧʦʣʴʥʦʝ 10
-3
 

▄╠

╘ ╘

⸗╥

⸗◑
╘◑ ╘╘  

►▓▒ ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ k
ʤ
 ʠ j

ʤ
 ʵʣʝʢʪʨʦʥʘʤʠ; V ï ʧʦʪʝʥʮʠʘʣ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ; ὼȟώȟᾀ ï ʢʦʦʨʜʠʥʘʪʳ k

ʦʛʦ
 ʵʣʝʢ-

ʪʨʦʥʘ; ɚ ï ʢʦʥʩʪʘʥʪʘ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ; ╛ ï ʦʧʝʨʘʪʦʨ ʩʫʤʤʘʨʥʦʛʦ ʦʨʙʠʪʘʣʴʥʦʛʦ ʤʦʤʝʥʪʘ; 

╢ ï ʦʧʝʨʘʪʦʨ ʩʫʤʤʘʨʥʦʛʦ ʩʧʠʥʦʚʦʛʦ ʤʦʤʝʥʪʘ; ▼░ ï ʦʧʝʨʘʪʦʨ ʩʧʠʥʘ i
ʛʦ

 ʵʣʝʢʪʨʦʥʘ; Q ï ʢʚʘʜʨʫʧʦʣʴʥʳʡ ʤʦʤʝʥʪ; 

ȿ‪ȿ ï ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʦʡ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ ʥʘ ʷʜʨʝ 

 

ɽʩʣʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʜʚʫʭʵʣʝʢʪʨʦʥʥʫʶ ʩʠʩʪʝʤʫ ʩʦ ʩʧʠʥʘʤʠ ʵʣʝʢʪʨʦʥʦʚ s1 ʠ s2, ʧʘʨʘʣʣʝʣʴʥʳʭ ʜʨʫʛ 

ʜʨʫʛʫ (ʪʨʠʧʣʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ), ʪʦ ʤʦʞʥʦ ʧʝʨʝʡʪʠ ʦʪ ʯʣʝʥʘ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʚʠʜʘ ╗╔╓ (ʊʘʙʣ. 1) ʢ 

ʩʧʠʥʦʚʦʤʫ ʛʘʤʠʣʴʪʦʥʠʘʥʫ, ʚʳʨʘʞʝʥʥʦʤʫ ʧʦʣʥʦʩʪʴʶ ʯʝʨʝʟ ʦʙʱʠʡ ʩʧʠʥ S ʩʠʩʪʝʤʳ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ, 

ʵʬʬʝʢʪʠʚʥʳʡ ʩʧʠʥʦʚʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ╗╓ ╢╓╢, ʛʜʝ D ï ʩʠʤʤʝʪʨʠʯʥʳʡ 

ʙʝʩʩʣʝʜʦʚʳʡ ʪʝʥʟʦʨ, ʥʘʟʳʚʘʝʤʳʡ ʪʝʥʟʦʨʦʤ ʨʘʩʱʝʧʣʝʥʠʷ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ. ɺ ʩʠʩʪʝʤʝ ʛʣʘʚʥʳʭ ʦʩʝʡ, ʪʝʥ-

ʟʦʨ D ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʩ ʧʦʤʦʱʴʶ ʜʚʫʭ ʥʝʟʘʚʠʩʠʤʳʭ ʢʦʥʩʪʘʥʪ D ʠ E: ╗╓ Ὀ Ὓ ὛὛ ρ

ὉὛ Ὓ . ʅʘʣʠʯʠʝ ʚ ʩʠʩʪʝʤʝ ʜʚʫʭ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʩʧʠʥʦʚ ʧʦ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʤʫ ʤʝʭʘʥʠʟʤʫ 

ʧʨʠʚʦʜʠʪ ʢ ʩʥʷʪʠʶ ʚʳʨʦʞʜʝʥʠʷ ʫʨʦʚʥʝʡ ʜʘʞʝ ʚ ʦʪʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʇʨʠ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʢʦʛʜʘ ʩʧʠʥ ʧʦʣʥʦʩʪʴʶ ʢʚʘʥʪʫʝʪʩʷ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ 

ʧʦʣʷ, ʫʨʦʚʥʠ ʵʥʝʨʛʠʠ ʤʦʞʥʦ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʩʦʛʣʘʩʥʦ ʧʨʦʝʢʮʠʷʤ ʩʧʠʥʘ ms ʠ ʚʳʧʦʣʥʷʝʪʩʷ ʢʣʘʩʩʠ-

ʯʝʩʢʦʝ ʧʨʘʚʠʣʦ ʦʪʙʦʨʘ æms=Ñ1. ʇʨʠ ʥʠʟʢʠʭ ʧʦʣʷʭ ʦʧʝʨʘʪʦʨ Ὓ ʠʤʝʝʪ ʥʝʥʫʣʝʚʳʝ ʤʘʪʨʠʯʥʳʝ ʵʣʝʤʝʥʪʳ 

ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ ɣx ʠ ɣy, ʧʦʵʪʦʤʫ ʝʩʣʠ ʧʝʨʝʤʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʘʧʨʘʚʣʝʥʦ ʚʜʦʣʴ Hz, ʪʦ ʙʫʜʫʪ 

ʚʦʟʤʦʞʥʳ ʧʝʨʝʭʦʜʳ ʩ æms=Ñ2. ʊʘʢʠʝ ʧʝʨʝʭʦʜʳ ʥʘʟʳʚʘʶʪ ʟʘʧʨʝʱʸʥʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ (ʪʘʢʠʝ ʧʝʨʝʭʦʜʳ 

ʥʝ ʥʘʨʫʰʘʶʪ ʦʙʳʯʥʳʝ ʧʨʘʚʠʣʘ ʦʪʙʦʨʘ, ʧʦʩʢʦʣʴʢʫ ʩʧʨʘʚʝʜʣʠʚʦ ʪʦʣʴʢʦ ʜʣʷ ʩʦʙʩʪʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ 
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ʬʫʥʢʮʠʠ Ὓ), ʘ ʣʠʥʠʠ ʚ ʩʧʝʢʪʨʘʭ ʕʇʈ ʥʘʟʳʚʘʶʪ ʣʠʥʠʷʤʠ ʧʦʣʦʚʠʥʥʦʛʦ ʧʦʣʷ. ʇʦʣʦʞʝʥʠʝ ʣʠʥʠʠ ʧʦʣʦ-

ʚʠʥʥʦʛʦ ʧʦʣʷ ʟʘʚʠʩʠʪ ʦʪ ʟʥʘʯʝʥʠʡ D ʠ E ʠ ʦʧʨʝʜʝʣʷʪʩʷ Ὤ‮ τὫ‍Ὄ̍ ̉̎ Ὀ σὉ . 

ɸʥʘʣʠʟ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʪʦʯʝʯʥʳʭ ʜʠʧʦʣʝʡ ʧʦʟʚʦʣʷʝʪ 

ʦʧʨʝʜʝʣʠʪʴ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ (ʚ ʉɻʉ): ὶ ̒̍ ‍
ȿȿ

. 

ʕʣʝʢʪʨʦʥʥʦʝ ɿʝʝʤʘʥʦʚʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ɺʢʣʘʜ ʵʣʝʢʪʨʦʥʥʦʛʦ ɿʝʝʤʘʥʦʚʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʛʘʤʠʣʴʪʦʥʠʘʥ ʠʟ-ʟʘ ʢʚʘʥʪʦʚʘʥʠʷ ʚʝʢʪʦ-

ʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠʤʝʝʪ ʚʠʜ, ʫʢʘʟʘʥʥʳʡ ʚ ʊʘʙʣ. 1. ɺ ʧʝʨʚʦʤ ʧʦʨʷʜʢʝ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʷ ʩʧʠʥʦ-

ʚʳʡ ʠ ʦʨʙʠʪʘʣʴʥʳʡ ʤʦʤʝʥʪ ʤʦʞʥʦ ʦʙʲʝʜʠʥʠʪʴ ʚ ʫʛʣʦʚʦʡ ʤʦʤʝʥʪ, ʪʦʛʜʘ Ὄ ‍ ὒ ὫὛὌ

‍ὫὌὐ ʧʨʠ zƐH, ʛʜʝ g ï ʬʘʢʪʦʨ ʃʘʥʜʝ: Ὣ ρ  
   

  
, ʛʜʝ J ï ʧʦʣʥʳʡ ʤʦʤʝʥʪ, L ï 

ʦʨʙʠʪʘʣʴʥʳʡ ʤʦʤʝʥʪ, S ï ʩʧʠʥʦʚʳʡ ʤʦʤʝʥʪ ʩʠʩʪʝʤʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʧʨʦʠʟʦʡʜʝʪ ʨʘʩʱʝʧʣʝʥʠʝ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘ 2J+1 ʵʢ-

ʚʠʜʠʩʪʘʥʪʥʳʭ ʧʦʜʫʨʦʚʥʷ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʟʥʘʯʝʥʠʷʤʠ Jz. ʇʨʦʩʪʝʡʰʠʡ ʩʣʫʯʘʡ: S=İ, L=0, ʦʧʠ-

ʩʳʚʘʝʪ ʙʘʟʦʚʳʝ ʧʨʠʥʮʠʧʳ ʕʇʈ. ʊʘʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʩʧʨʘʚʝʜʣʠʚʦ, ʚ ʩʣʫʯʘʝ ʤʘʣʦʩʪʠ ʩʧʠʥʦʚʳʭ ʚʟʘ-

ʠʤʦʜʝʡʩʪʚʠʡ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʦʨʙʠʪʘʣʴʥʳʤ. ɼʣʷ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʧʦʣʝ 

ʪʘʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ, ʪ.ʢ. Lå0, ʨʘʩʱʝʧʣʝʥʠʝ ʩʪʘʥʦʚʠʪʩʷ ʘʥʠʟʦʪʨʦʧʥʳʤ, g-ʬʘʢʪʦʨ 

ʩʪʘʥʦʚʠʪʩʷ ʪʝʥʟʦʨʦʤ ʚʪʦʨʦʛʦ ʨʘʥʛʘ. ɿʥʘʯʝʥʠʷ g-ʪʝʥʟʦʨʘ ʜʘʶʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʨʘʩʧʦʣʦʞʝʥʠʠ, ʦʢʨʫ-

ʞʝʥʠʠ ʠ ʣʦʢʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ. 

ʕʣʝʢʪʨʦʥ-ʷʜʝʨʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʕʣʝʢʪʨʦʥ-ʷʜʝʨʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ (ʩʚʝʨʭʪʦʥʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ (ʉʊɺ)) ʦʙʫʩʣʦʚʣʝʥʦ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʵʣʝʢʪʨʦʥʘ ʩ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ ʷʜʨʘ. ʊʘʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʠʚʦʜʠʪ ʢ 

ʨʘʩʱʝʧʣʝʥʠʶ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʣʠʥʠʡ (ʉʚʝʨʭʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ (ʉʊʉ)). 

ʇʨʠ ʥʘʣʠʯʠʠ ʩʚʝʨʭʪʦʥʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʝʩʧʘʨʝʥʥʦʛʦ ʵʣʝʢʪʨʦʥʘ ʩ ʷʜʨʦʤ, ʩʦ ʩʧʠʥʦʤ I, ʣʠ-

ʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʕʇʈ ʨʘʩʱʝʧʣʷʝʪʩʷ ʥʘ (2I+1) ʢʦʤʧʦʥʝʥʪ ʉʊʉ ʨʘʚʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ɺ ʪʦʤ ʩʣʫʯʘʝ, 

ʢʦʛʜʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʦʠʩʭʦʜʠʪ ʤʝʞʜʫ n ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʷʜʨʘʤʠ, ʚ ʩʧʝʢʪʨʝ ʚʦʟʥʠʢʘʶʪ 

ςz Ὅz ὲ ρ ʣʠʥʠʡ, ʤʝʞʜʫ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʷʜʨʘʤʠ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦ ʢʦʣʠʯʝʩʪʚʦ ʣʠʥʠʡ 

Б ςz Ὅ ρ [104]. s-ʦʨʙʠʪʘʣʴ ʚʥʦʩʠʪ ʥʝʟʘʚʠʩʷʱʠʡ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʚʢʣʘʜ ʚ ʚʦʣʥʦʚʫʶ ʬʫʥʢʮʠʶ 

(ʠʟʦʪʨʦʧʥʦʝ ʠʣʠ ʌʝʨʤʠ ʢʦʥʪʘʢʪʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ), ʜʨʫʛʠʝ ʦʨʙʠʪʘʣʠ ï ʟʘʚʠʩʷʱʠʡ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ 

ʦʨʙʠʪʘʣʠ ʠ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʣʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʥʠʟʦʪʨʦʧʥʘʷ ʯʘʩʪʴ ʦʪʨʘʞʘʝʪ ʨʘʜʠʘʣʴʥʦʝ ʧʦʚʝʜʝʥʠʝ 

ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʠʭ ʜʘʥʥʳʭ ʚʝʣʠʯʠʥʘ ʩʧʠʥʦʚʦʡ ʧʣʦʪʥʦʩʪʠ ʥʘ ʷʜʨʝ ʤʦʞʝʪ ʙʳʪʴ 

ʚʳʯʠʩʣʝʥʘ ʥʘ ʦʩʥʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʭ ʢʦʥʩʪʘʥʪ ʉʊɺ (ὃ) ʠ ʟʥʘʯʝʥʠʡ ʢʦʥʩʪʘʥʪ ʉʊɺ 

ʩʚʦʙʦʜʥʳʭ ʘʪʦʤʦʚ (ὃ 
ᶻ), ʢʦʪʦʨʳʝ ʨʘʩʩʯʠʪʘʥʳ ʠ ʷʚʣʷʶʪʩʷ ʪʘʙʣʠʯʥʳʤʠ ʜʘʥʥʳʤʠ [105, 106], ʩʦʛʣʘʩʥʦ: 
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”̎  ́̉ ̏̎̆

ὃ

ὃ  
ᶻ

ὃ

ὃ  
ᶻ ȟ ὃ

ρ

σ
ὃ᷆ ςz ὃ ȟ  ὃ

ρ

σ
ὃ᷆ ὃ  (18) 

ɽʩʣʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʦʥʘ ʧʨʦʠʩʭʦʜʠʪ ʩ ʷʜʨʘʤʠ ʦʢʨʫʞʝʥʠʷ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ, ʪʦ 

ʛʦʚʦʨʷʪ ʦ ʩʫʧʝʨʩʚʝʨʭʪʦʥʢʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ, ʩʚʷʟʘʥʥʦʤ ʩ ʣʦʢʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʝʡ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ 

ʮʝʥʪʨʘ. 

ʗʜʝʨʥʦʝ ɿʝʝʤʘʥʦʚʩʢʦʝ ʠ ʷʜʝʨʥʦʝ ʢʚʘʜʨʫʧʦʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʗʜʨʦ ʘʪʦʤʘ, ʦʙʣʘʜʘʶʱʝʝ ʷʜʝʨʥʳʤ ʩʧʠʥʦʤ IÍ0, ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʝʜʸʪ 

ʩʝʙʷ ʪʘʢʠʤ ʞʝ ʦʙʨʘʟʦʤ, ʢʘʢ ʠ ʵʣʝʢʪʨʦʥ. ɺʢʣʘʜ ʚ ʩʧʠʥʦʚʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ ʩʤ. ʊʘʙʣ. 1. ʊʘʢʦʝ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʷʜʝʨʥʳʤ g-ʬʘʢʪʦʨʦʤ ʠ ʷʚʣʷʝʪʩʷ ʨʘʟʣʠʯʥʳʤ ʜʣʷ ʨʘʟʥʳʭ ʤʘʛʥʠʪʥʳʭ ʷʜʝʨ. ʇʨʠ-

ʯʸʤ, ʜʣʷ ʨʘʟʥʳʭ ʠʟʦʪʦʧʦʚ ʚʝʣʠʯʠʥʘ ʠ ʟʥʘʢ ʷʜʝʨʥʦʛʦ g-ʬʘʢʪʦʨʘ ʨʘʟʣʠʯʥʳ. ʇʦʵʪʦʤʫ, ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳ-

ʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʚʝʣʠʯʠʥʫ ʷʜʝʨʥʦʛʦ g-ʬʘʢʪʦʨʘ ʜʣʷ ʵʣʝʤʝʥʪʘ, ʥʦ ʠ ʝʩʪʝʩʪʚʝʥʥʫʶ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ 

ʢʘʞʜʦʛʦ ʠʟʦʪʦʧʘ ʚ ʧʨʠʨʦʜʝ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʢʚʘʜʨʫʧʦʣʴʥʳʡ ʤʦʤʝʥʪ ʢʘʞʜʦʛʦ ʷʜʨʘ. 

ʗʜʨʘ ʩʦ ʩʧʠʥʦʤ I>İ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʛʨʘʜʠʝʥʪʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʦʪ ʵʣʝʢʪʨʦʥʥʳʭ ʦʙʦʣʦʯʝʢ 

ʣʦʢʘʣʴʥʦʛʦ ʦʢʨʫʞʝʥʠʷ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʧʦʣʝʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʱʝʧʣʝʥʠʶ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ, 

ʜʘʞʝ ʚ ʦʪʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠ-

ʝʤ). ʊʘʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʘʟʳʚʘʝʪʩʷ ʷʜʝʨʥʦʝ ʢʚʘʜʨʫʧʦʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ɺʢʣʘʜ ʚ ʩʧʠʥʦʚʳʡ 

ʛʘʤʠʣʴʪʦʥʠʘʥ ʩʤ. ʊʘʙʣ. 1. ʀʩʩʣʝʜʦʚʘʥʠʝ ʷʜʝʨʥʳʭ ʢʚʘʜʨʫʧʦʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫ-

ʯʠʪʴ ʩʚʝʜʝʥʠʷ ʦ ʧʨʠʨʦʜʝ ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʠ. 

ɺ ʕʇʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʚʘ ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʙʳʯʥʦ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ 

ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ɿʝʝʤʘʥʦʚʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʇʨʠ ʵʪʦʤ 

ʵʥʝʨʛʠʷ ʷʜʝʨʥʦʛʦ ɿʝʝʤʘʥʦʚʩʢʦʛʦ ʠ ʷʜʝʨʥʦʛʦ ʢʚʘʜʨʫʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʦʞʝʪ ʙʳʪʴ ʩʦʧʦʩʪʘ-

ʚʠʤʘ ʩ ʵʥʝʨʛʠʝʡ ʵʣʝʢʪʨʦʥ-ʷʜʝʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (ʩʤ. ʊʘʙʣ. 1), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʚʦʟʤʦʞʥʦʩʪʠ 

ʢʦʨʨʝʢʪʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʷ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʙʣʠʟʢʠʭ ʧʦ ʚʝʣʠʯʠʥʝ ʵʥʝʨʛʠʠ ʚʢʣʘʜʦʚ. 

ɺ ʩʧʝʢʪʨʘʭ ʕʇʈ ʥʘʣʠʯʠʝ ʷʜʝʨʥʦʛʦ ɿʝʝʤʘʥʦʚʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʯʠʩʣʘ ʣʠʥʠʡ ʩʧʝʢʪʨʘ, ʟʘ ʩʯʸʪ ʧʦʷʚʣʝʥʠʷ çʟʘʧʨʝʱʸʥʥʳʭè ʧʦ ʷʜʝʨʥʦʤʫ ʩʧʠʥʫ ʧʝʨʝʭʦʜʦʚ ʩ æmI=Ñ1, ʚ 

ʩʣʫʯʘʝ ʷʜʝʨʥʦʛʦ ʢʚʘʜʨʫʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ï ʚ ʪʦʤ ʯʠʩʣʝ, ʟʘ ʩʯʸʪ ʧʝʨʝʭʦʜʦʚ ʩ æmI=Ñ2. 

ʊʝʦʨʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʊʝʦʨʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʊʂʇ) ð ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʚ ʢʦʪʦʨʦʡ ʵʣʝʢʪʨʦʥʥʘʷ 

ʢʦʥʬʠʛʫʨʘʮʠʷ ʩʦʝʜʠʥʝʥʠʡ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʦʧʠʩʳʚʘʝʪʩʷ ʢʘʢ ʩʦʩʪʦʷʥʠʷ ʠʦʥʘ ʣʠʙʦ ʘʪʦʤʘ, ʥʘʭʦ-

ʜʷʱʝʛʦʩʷ ʚ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʤ ʧʦʣʝ, ʩʦʟʜʘʚʘʝʤʳʝ ʦʢʨʫʞʘʶʱʠʤʠ ʠʦʥʘʤʠ, ʘʪʦʤʘʤʠ ʠʣʠ ʤʦʣʝʢʫʣʘʤʠ. 

ʆʙʱʠʝ ʧʦʣʦʞʝʥʠʷ ʊʂʇ: ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʦʝʜʠʥʝʥʠʷ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʢʘʪʠʦʥʘ ʧʝʨʝʭʦʜʥʦʛʦ 

ʤʝʪʘʣʣʘ ʠ ʣʠʛʘʥʜʦʚ, ʩʚʷʟʘʥʥʳʭ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ; ʣʠʛʘʥʜʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʢʘʢ ʪʦʯʝʯʥʳʝ ʟʘʨʷʜʳ, ʷʚʣʷʶʱʠʝʩʷ ʠʩʪʦʯʥʠʢʦʤ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʣʷ; ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʮʝʥ-
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ʪʨʘʣʴʥʦʛʦ ʘʪʦʤʘ ʩ ʣʠʛʘʥʜʘʤʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩ ʫʯʝʪʦʤ ʚʩʝʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʦʨʙʠʪʘʣʝʡ ʮʝʥʪʨʘʣʴʥʦʛʦ 

ʘʪʦʤʘ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʥʠʭ. 

ʊʂʇ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʩʢʘʟʘʪʴ ʠʣʠ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʦʧʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʠ ʩʧʝʢ-

ʪʨʳ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʢʨʠʩʪʘʣʣʦʚ ʠ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʘ ʪʘʢʞʝ ʵʥ-

ʪʘʣʴʧʠʡ ʛʠʜʨʘʪʘʮʠʠ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʨʘʩʪʚʦʨʘʭ ʢʦʤʧʣʝʢʩʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ.  

ɼʣʷ ʠʦʥʦʚ ʧʝʨʝʭʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʩ ʥʝʧʦʣʥʦʩʪʴʶ ʟʘʧʦʣʥʝʥʥʳʤʠ d-, f-ʦʙʦʣʦʯʢʘʤʠ) ʚ ʧʦʣʫ-

ʧʨʦʚʦʜʥʠʢʘʭ ʠ ʜʠʵʣʝʢʪʨʠʢʘʭ ʭʘʨʘʢʪʝʨʥʦ ʤʘʣʦʝ ʦʪʣʠʯʠʝ ʚ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʷʭ d- ʠʣʠ f- ʩʦʩʪʦʷʥʠʡ ʚ 

ʢʨʠʩʪʘʣʣʝ ʦʪ ʪʘʢʦʚʳʭ ʜʣʷ ʩʚʦʙʦʜʥʳʭ ʠʦʥʦʚ. ʇʨʠ ʵʪʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ d- ʠʣʠ f- ʩʦʩʪʦʷʥʠʡ 

ʦʢʘʟʳʚʘʶʪʩʷ ʛʣʫʙʦʢʦ ʚʥʫʪʨʠ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ ʢʨʠʩʪʘʣʣʘ, ʘ ʚʦʣʥʦʚʳʝ ʬʫʥʢʮʠʠ ʦʢʘʟʳʚʘʶʪʩʷ ʩʣʘ-

ʙʦ ʚʦʟʤʫʱʸʥʥʳʤʠ ʜʝʡʩʪʚʫʶʱʠʤ ʥʘ ʥʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʦʢʨʫʞʝʥʠʝʤ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʩʠʣʴʥʦʡ 

ʣʦʢʘʣʠʟʘʮʠʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ d- ʠ f-ʩʦʩʪʦʷʥʠʡ, ʯʘʩʪʦ ʚ ʧʨʝʜʝʣʘʭ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʢʦʦʨʜʠ-

ʥʘʮʠʦʥʥʳʭ ʩʬʝʨ [102], ʧʦʵʪʦʤʫ ʟʘʯʘʩʪʫʶ ʜʣʷ ʨʘʩʯʝʪʦʚ ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʦʜ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʷ, ʥʦ 

ʚʳʯʠʩʣʝʥʠʷ ʦʢʘʟʳʚʘʶʪʩʷ ʛʨʦʤʦʟʜʢʠʤʠ, ʧʦʵʪʦʤʫ, ʢʦʛʜʘ ʥʝʦʙʭʦʜʠʤʦ ʢʘʯʝʩʪʚʝʥʥʦ ʧʦʥʷʪʴ ʭʘʨʘʢʪʝʨ 

ʨʘʩʱʝʧʣʝʥʠʷ, ʠʩʧʦʣʴʟʫʶʪ ʟʥʘʥʠʝ ʩʠʤʤʝʪʨʠʠ ʢʨʠʩʪʘʣʣʘ. ɽʩʣʠ ʥʝ ʙʨʘʪʴ ʚ ʨʘʩʯʝʪ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʪʦ ʩʦʩʪʦʷʥʠʝ ʣʶʙʦʛʦ d ʵʣʝʢʪʨʦʥʘ 5 ʢʨʘʪʥʦ ʚʳʨʦʞʜʝʥʦ. ʇʨʝʜʩʪʘʚʣʷʷ ʚʦʣʥʦʚʳʝ 

ʬʫʥʢʮʠʠ ʜʣʷ d ʵʣʝʢʪʨʦʥʘ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʬʦʨʤʝ, ʧʦʣʫʯʘʝʤ: 
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ᶻ
ςὼώ

ὶ
ȟ•ȟ

ρυ

ρφ“
ᶻ
ςώᾀ

ὶ
ȟ•ȟ

ρυ

ρφ“
ᶻ
ςὼᾀ

ὶ
ὸ ̠̠̒̏̒̓̏̎̉ 

(19) 

ʉʠʤʤʝʪʨʠʷ ʦʢʨʫʞʝʥʠʷ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ ʧʦʟʚʦʣʷʝʪ ʢʘʯʝʩʪʚʝʥʥʦ ʧʦʥʷʪʴ, ʢʘʢ ʨʘʩʱʝʧʣʷ-

ʶʪʩʷ d-ʫʨʦʚʥʠ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʧʦʣʷ ʣʠʛʘʥʜʦʚ. ʇʨʠ ʵʪʦʤ ʧʦ 

ʩʪʨʫʢʪʫʨʥʳʤ ʜʘʥʥʳʤ ʦʢʨʫʞʝʥʠʷ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ ʤʦʞʥʦ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʚʠʜ ʩʧʝʢʪʨʦʚ 

ʕʇʈ. ʄʦʞʥʦ ʚʳʧʦʣʥʷʪʴ ʠ ʦʙʨʘʪʥʫʶ ʟʘʜʘʯʫ, ʪ.ʢ. ʧʦ ʚʝʣʠʯʠʥʝ ʠ ʩʠʤʤʝʪʨʠʠ g-ʪʝʥʟʦʨʘ ʚ ʩʧʝʢʪʨʘʭ 

ʕʇʈ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʩʠʤʤʝʪʨʠʶ ʙʣʠʞʘʡʰʝʛʦ ʦʢʨʫʞʝʥʠʷ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ [107]. 

 

1.5.4. ʆʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʇʦʤʠʤʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʵʣʝʢʪʨʦʥʘ ʩ ʷʜʨʦʤ, ʚʥʝʰʥʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʦʡ, ʚ ʩʠʩʪʝʤʝ ʤʦʞʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʤʘʛʥʠʪʥʳʤʠ ʠʦʥʘʤʠ ʧʫʪʝʤ ʦʙʤʝ-

ʥʘ ʵʥʝʨʛʠʝʡ ʤʝʞʜʫ ʥʠʤʠ ʠʟ-ʟʘ ʧʝʨʝʢʨʳʚʘʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ ʦʨʙʠʪʘʣʝʡ ʠʦʥʦʚ ʩ ʫʯʝʪʦʤ ʩʧʠʥʘ. ʆʙʤʝʥ-

ʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʯʠʩʪʦ ʢʚʘʥʪʦʚʳʡ ʵʬʬʝʢʪ ʠ ʧʨʠʚʦʜʠʪ ʢ ʟʘʚʠʩʠʤʦʩʪʠ ʟʥʘʯʝʥʠ ̫

ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ ʯʘʩʪʠʮ ʦʪ ʧʦʣʥʦʛʦ ʩʧʠʥʘ ʩʠʩʪʝʤʳ. ʉʦʛʣʘʩʥʦ ʧʨʠʥʮʠʧʫ ʇʘʫʣʠ ʜʚʘ ʬʝʨʤʠʦʥʘ ʥʝ ʤʦ-
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ʛʫʪ ʥʘʭʦʜʠʪʴʩʷ ʚ ʪʦʞʜʝʩʪʚʝʥʥʳʭ ʩʦʩʪʦʷʥʠʷʭ, ʧʦʵʪʦʤʫ ʵʣʝʢʪʨʦʥʳ ʩ ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʩʧʠʥʘʤʠ ʥʝ ʩʫʱʝ-

ʩʪʚʫʶʪ ʚ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʦʙʣʘʩʪʷʭ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʪʘʢʠʝ ʵʣʝʢʪʨʦʥʳ ʠʩʧʳʪʳʚʘʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʦʪʪʘʣʢʠʚʘʥʠʝ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʚ ʩʣʫʯʘʝ ʘʥʪʠʧʘʨʘʣʣʝʣʴʥʳʭ ʩʧʠʥʦʚ ʚʦʟʥʠʢʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʧʨʠʪʷ-

ʞʝʥʠʝ, ʢʦʪʦʨʦʝ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʠ. ʆʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʝ ʩʫʱʝʩʪʚʫʝʪ ʤʝʞʜʫ ʚʩʝʤʠ ʬʝʨʤʠʦʥʘʤʠ ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʜʨʫʛʠʭ ʪʠʧʦʚ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʷ. ʆʙʤʝʥʥʳʡ ʠʥʪʝʛʨʘʣ ʚ ʜʚʫʭʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʫʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʡ 

ʪʨʠʧʣʝʪʥʦʛʦ ʠ ʩʠʥʛʣʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʡ. ɽʩʣʠ ʠʥʪʝʛʨʘʣ ʙʦʣʴʰʝ 0, ʪʦ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ï ʪʨʠʧʣʝʪʥʦʝ, 

ʠ ʩʠʩʪʝʤʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦ ʥʘʭʦʜʠʪʴʩʷ ʚ ʩʦʩʪʦʷʥʠʠ ʩ ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʩʧʠʥʘʤʠ; ʝʩʣʠ ʤʝʥʴʰʝ 0, 

ʪʦ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ï ʩʠʥʛʣʝʪʥʦʝ, ʠ ʩʠʩʪʝʤʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦ ʥʘʭʦʜʠʪʴʩʷ ʚ ʩʦʩʪʦʷʥʠʠ ʩ ʘʥ-

ʪʠʧʘʨʘʣʣʝʣʴʥʳʤʠ ʩʧʠʥʘʤʠ. ʇʝʨʚʳʡ ʩʣʫʯʘʡ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ ʚ ʤʘʪʝʨʠ-

ʘʣʘʭ, ʚʪʦʨʦʡ ï ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ. ʂʘʢ ʧʨʘʚʠʣʦ, 

ʧʨʷʤʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʷʚʣʷʝʪʩʷ ʙʣʠʟʢʦʜʝʡʩʪʚʫʶʱʠʤ ʠ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 

ʤʝʞʜʫ ʵʣʝʢʪʨʦʥʘʤʠ ʥʘ ʦʜʥʦʤ ʘʪʦʤʝ ʠʣʠ ʥʘ ʙʣʠʞʘʡʰʠʭ ʩʦʩʝʜʷʭ. 

ɽʩʣʠ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʤʘʛʥʠʪʥʳʤʠ ʠʦʥʘʤʠ ʙʦʣʴʰʦʝ ʜʣʷ ʧʨʷʤʦʛʦ ʦʙʤʝʥʘ, ʚ ʩʠʩʪʝʤʝ ʤʦʞʝʪ ʩʫ-

ʱʝʩʪʚʦʚʘʪʴ ʠ ʜʨʫʛʦʡ ʢʘʥʘʣ ʦʙʤʝʥʘ: ʢʦʩʚʝʥʥʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʦʙʫʩʣʦʚʣʝʥʦʝ ʧʝʨʝʢʨʳʚʘʥʠ-

ʝʤ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʯʘʩʪʠʮ ʩ ʚʦʣʥʦʚʳʤʠ ʬʫʥʢʮʠʷʤʠ ʯʘʩʪʠʮ-ʧʦʩʨʝʜʥʠʢʠʦʚ. 

ʇʦʩʨʝʜʥʠʢʘʤʠ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʵʣʝʢʪʨʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʊʘʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʘʟʳʚʘʝʪʩʷ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʝʤ ʈʫʜʝʨʤʘʥʘ ð ʂʠʪʪʝʣʷ ð ʂʘʩʫʷ ð ʀʦʩʠʜʳ (ʈʂʂʀ-ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ). ɼʨʫʛʠʤʠ 

ʧʦʩʨʝʜʥʠʢʘʤʠ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʥʝʤʘʛʥʠʪʥʳʝ ʠʦʥʳ (ʚ ʩʣʫʯʘʝ ʜʠʵʣʝʢʪʨʠʢʘ, ʥʘʟʳʚʘʝʪʩʷ ʩʫʧʝʨʦʙʤʝʥʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ). ʅʘʙʣʶʜʘʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʤʝʪʘʣʣʘʭ ʧʝʨʝʭʦʜʥʦʡ ʛʨʫʧʧʳ ʟʘ ʩʯʸʪ ʧʝʨʝʢʨʳʚʘ-

ʥʠ̫ d-ʦʨʙʠʪʘʣʝʡ ʢʘʪʠʦʥʦʚ ʠ p-ʦʨʙʠʪʘʣʠ ʘʥʠʦʥʦʚ. ʀʥʪʝʛʨʘʣʳ ʧʝʨʝʢʨʳʚʘʥʠʷ ʦʨʙʠʪʘʣʝʡ ʠ ʛʝʦʤʝʪʨʠʷ 

ʚʟʘʠʤʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʩʚʷʟʝʡ ʦʧʨʝʜʝʣʷʶʪ ʢʦʩʚʝʥʥʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʧʨʠʚʦʜʷ ʢ ʛʠʙʨʠʜʠ-

ʟʘʮʠʠ ʦʨʙʠʪʘʣʝʡ. ʇʨʠ ʵʪʦʤ ʚʦʟʥʠʢʘʝʪ ʩʠʩʪʝʤʘ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʩʫʤʤʘʨʥʦʤʫ ʩʧʠʥʫ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʠʦʥʦʚ. ʀ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʢʘ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʝʘ-

ʣʠʟʫʝʪʩʷ ʣʠʙʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ, ʣʠʙʦ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. 

ɺ ʩʧʝʢʪʨʘʭ ʕʇʈ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʫʰʠʨʝʥʠʷ ʣʠʥʠʡ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ 

ʪʝʤ, ʯʪʦ ʧʘʨʘʤʘʛʥʠʪʥʳʝ ʮʝʥʪʨʳ ʥʘʭʦʜʷʪʩʷ ʚ ʵʬʬʝʢʪʠʚʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʨʘʚʥʦʤ ʩʫʤʤʝ ʚʥʝʰʥʝʛʦ ʠ 

ʚʥʫʪʨʝʥʥʝʛʦ ʧʦʣʝʡ. ʇʨʠʯʝʤ ʚʥʫʪʨʝʥʥʝʝ ʧʦʣʝ ʠʟ-ʟʘ ʦʙʤʝʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʷʚʣʷʝʪʩʷ ʣʦʢʘʣʴʥʦ ʠʟʤʝʥʷʶ-

ʱʠʤʩʷ, ʯʪʦ ʠ ʧʨʠʚʦʜʠʪ ʯʘʱʝ ʚʩʝʛʦ ʢ ʫʰʠʨʝʥʠʶ. ʆʜʥʘʢʦ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʠ ʪʘʢ ʥʘʟʳʚʘʝʤʦʝ ʦʙʤʝʥ-

ʥʦʝ ʩʫʞʝʥʠʝ ʣʠʥʠʠ, ʝʩʣʠ ʚ ʩʠʩʪʝʤʝ ʠʜʝʥʪʠʯʥʳʭ ʠʦʥʦʚ ʠʤʝʝʪʩʷ ʠʟʦʪʨʦʧʥʳʡ ʦʙʤʝʥ, ʩʚʷʟʘʥʥʦʝ ʩ ʫʩʨʝʜ-

ʥʝʥʠʝʤ ʚʣʠʷʥʠʷ ʣʦʢʘʣʴʥʦʛʦ ʧʦʣʷ ʠ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʚʨʝʤʝʥʠ ʩʧʠʥ-ʩʧʠʥʦʚʦʡ ʨʝʣʘʢʩʘʮʠʠ T2, ʢʦʪʦʨʦʝ ʟʘ-

ʚʠʩʠʪ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ ʠ ʢʦʥʬʠʛʫʨʘʮʠʠ ʦʙʤʝʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ [103]. 
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1.6. ʃʶʤʠʥʝʩʮʝʥʮʠʷ 

1.6.1. ʆʙʱʠʝ ʩʚʝʜʝʥʠʷ 

ʃʶʤʠʥʝʩʮʝʥʮʠʷ ʢʘʢ ʷʚʣʝʥʠʝ ʠʟʚʝʩʪʥʘ ʥʝ ʦʜʥʦ ʩʪʦʣʝʪʠʝ, ʦʜʥʘʢʦ ʦʜʥʠʤ ʠʟ ʫʯʸʥʳʭ, ʩʧʦʩʦʙ-

ʩʪʚʫʶʱʠʭ ʩʪʘʥʦʚʣʝʥʠʶ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʢʘʯʝʩʪʚʝ ʤʦʱʥʦʛʦ ʤʝʪʦʜʘ ʠʟʫʯʝʥʠʷ ʚʝʱʝʩʪʚʘ, ʷʚʣʷʝʪʩʷ 

ʉʝʨʛʝʡ ʀʚʘʥʦʚʠʯ ɺʘʚʠʣʦʚ. ʆʥ ʩʬʦʨʤʫʣʠʨʦʚʘʣ ʦʩʥʦʚʥʳʝ ʧʦʥʷʪʠʷ ʜʘʥʥʦʛʦ ʨʘʟʜʝʣʘ ʥʘʫʢʠ, ʫʩʪʘʥʦ-

ʚʠʣ ʨʷʜ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ, ʧʨʦʚʝʣ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ, ʧʦ ʩʫʪʠ, ʦʧʨʝʜʝʣʠʣ ʩʘʤʦ 

ʧʦʥʷʪʠʝ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʉʦʛʣʘʩʥʦ ʉ. ʀ. ɺʘʚʠʣʦʚʫ, ʣʶʤʠʥʝʩʮʝʥʮʠʷ ʷʚʣʷʝʪʩʷ ʠʟʙʳʪʢʦʤ ʥʘʜ ʪʝʤʧʝ-

ʨʘʪʫʨʥʳʤ ʠʩʧʫʩʢʘʥʠʝʤ ʪʝʣʘ, ʝʩʣʠ ʵʪʦ ʠʟʙʳʪʦʯʥʦʝ ʠʟʣʫʯʝʥʠʝ ʦʙʣʘʜʘʝʪ ʢʦʥʝʯʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʴʶ, 

ʧʨʝʚʳʰʘʶʱʝʡ ʧʝʨʠʦʜ ʩʚʝʪʦʚʳʭ ʢʦʣʝʙʘʥʠʡ. ʆʙʳʯʥʦ ʧʦʜ ʪʘʢʠʤʠ ʚʨʝʤʝʥʘʤʠ ʧʦʥʠʤʘʶʪʩʷ ʚʝʣʠʯʠʥʳ 
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 ʩ, ʯʪʦʙʳ ʦʪʜʝʣʠʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʶ ʦʪ ʪʘʢʠʭ ʷʚʣʝʥʠʡ, ʢʘʢ ʨʘʩʩʝʷʥʠʝ ʠ ʦʪʨʘʞʝʥʠʝ ʩʚʝʪʘ, 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ ʠ ʜʨʫʛʠʭ ʪʠʧʦʚ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʠʩʧʫʩʢʘʥʠʷ [108]. ʉʘʤ ʧʨʦʮʝʩʩ ʣʶʤʠ-

ʥʝʩʮʝʥʮʠʠ ʢʨʘʪʢʦ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʧʝʨʝʭʦʜ ʤʦʣʝʢʫʣʳ ʥʘ ʚʦʟʙʫʞʜʝʥʥʳʡ ʵʣʝʢʪʨʦʥʥʳʡ ʫʨʦ-

ʚʝʥʴ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʝʡ ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʧʝʨʝʭʦʜ ʥʘ ʦʩʥʦʚʥʦʡ 

ʵʣʝʢʪʨʦʥʥʳʡ ʫʨʦʚʝʥʴ ʣʠʙʦ ʩ ʠʩʧʫʩʢʘʥʠʝʤ ʩʚʝʪʘ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʪʦʯʥʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ ʤʦʞʥʦ 

ʚʳʜʝʣʠʪʴ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ: ʌʃ (ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʚʝʪʘ); ʭʝʤʠʣʶʤʠʥʝʩʮʝʥʮʠʶ (ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʵʥʝʨʛʠʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ); ʩʦʥʦʣʶʤʠʥʝʩʮʝʥʮʠʶ (ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʟʚʫʢʘ ʚʳʩʦʢʦʡ ʯʘ-

ʩʪʦʪʳ); ʨʝʥʪʛʝʥʦʣʶʤʠʥʝʩʮʝʥʮʠʶ (ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ); ʧʴʝʟʦʣʶʤʠʥʝʩʮʝʥ-

ʮʠʶ (ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʜʘʚʣʝʥʠʷ); ʵʣʝʢʪʨʦʣʶʤʠʥʝʩʮʝʥʮʠʶ (ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ); 

ʢʘʪʦʜʦʣʶʤʠʥʝʩʮʝʥʮʠʶ (ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ) ʠ ʜʨʫʛʠʝ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʫʜʝʪ 

ʦʩʚʝʱʝʥʘ ʪʦʣʴʢʦ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ. 

 

1.6.2. ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ 

ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ ï ʵʪʦ ʣʶʤʠʥʝʩʮʝʥʮʠʷ, ʚʦʟʥʠʢʘʶʱʘʷ ʧʨʠ ʧʦʛʣʦʱʝʥʠʠ ʠʥʬʨʘʢʨʘʩʥʦʛʦ, 

ʚʠʜʠʤʦʛʦ ʠʣʠ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʩʚʝʪʘ. ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʶ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʘ ʚʠʜʘ ï ʬʣʫ-

ʦʨʝʩʮʝʥʮʠʷ ʠ ʬʦʩʬʦʨʝʩʮʝʥʮʠʷ. ʌʣʫʦʨʝʩʮʝʥʮʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʝʣʘʢʩʘʮʠʠ ʩ ʠʩʧʫʩʢʘʥʠʝʤ ʢʚʘʥʪʦʚ 

ʩʚʝʪʘ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ ʦʜʠʥʘʢʦʚʦʡ ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʠ, ʘ ʬʦʩʬʦʨʝʩʮʝʥʮʠʷ ï ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ ʨʘʟʥʦʡ 

ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʠ (ʵʥʝʨʛʠʷ ʢʚʘʥʪʘ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʙʦʣʴʰʝ ʵʥʝʨʛʠʠ ʢʚʘʥʪʘ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ). ʇʝʨʝ-

ʭʦʜʳ ʩ ʠʟʤʝʥʝʥʠʝʤ ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʠ ʷʚʣʷʶʪʩʷ çʟʘʧʨʝʱʸʥʥʳʤʠè ʧʝʨʝʭʦʜʘʤʠ ʧʦ ʩʧʠʥʫ, ʩʦʛʣʘʩʥʦ 

ʧʨʘʚʠʣʘʤ ʦʪʙʦʨʘ, ʦʜʥʘʢʦ, ʥʘʧʨʠʤʝʨ, ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʦʞʝʪ ʩʥʠʤʘʪʴ ʪʘʢʦʡ ʟʘ-

ʧʨʝʪ ʠ ʧʝʨʝʭʦʜ ʩ ʠʟʤʝʥʝʥʠʝʤ ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʠ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ. ɹʝʟʳʟʣʫʯʘʪʝʣʴʥʳʝ ʧʝʨʝʭʦ-

ʜʳ ʩ ʠʟʤʝʥʝʥʠʝʤ ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʠ ʥʘʟʳʚʘʶʪʩʷ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʢʦʥʚʝʨʩʠʝʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʧʝʨʝʭʦʜʳ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʠ (SiŸSj ʠ TiŸTj) ʥʘʟʳʚʘʶʪʩʷ ʚʥʫʪʨʝʥʥʝʡ ʢʦʥʚʝʨʩʠʝʡ (ʚ 

ʦʪʣʠʯʠʝ ʦʪ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ ʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɺʝʨʦʷʪʥʦʩʪʴ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥ-
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ʥʦʡ ʢʦʥʚʝʨʩʠʠ ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʨʦʜʳ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘʣʠʯʠʝ çʪʷʞʝʣʳʭè ʘʪʦʤʦʚ ʩ ʙʦʣʴʰʦʡ ʢʦʥʩʪʘʥʪʦʡ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ ʫʚʝʣʠʯʠʚʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʢʦʥʚʝʨʩʠʠ. 

ʈʘʟʣʠʯʠʝ ʚ ʤʝʭʘʥʠʟʤʝ ʧʝʨʝʭʦʜʦʚ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʣʠʯʠʷʤ ʚʦ ʚʨʝʤʝʥʘʭ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ. ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʷʚʣʷʝʪʩʷ ʚʨʝʤʷ ʟʘʪʫʭʘʥʠʷ ʠʣʠ ʚʳ-

ʩʚʝʯʠʚʘʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʫʤʝʥʴʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʝ 

ʨʘʟ ʧʦʩʣʝ ʩʥʷʪʠʷ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʦʧʠʩʳʚʘʝʪʩʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ ʟʘʢʦʥʦʤ ʩ ʫʯʝʪʦʤ ʚʩʝʭ ʢʘʥʘʣʦʚ 

ʩʥʷʪʠʷ ʚʦʟʙʫʞʜʝʥʠʷ: 

Ὅ ὃὩ Ⱦ  (20) 

ʛʜʝ ὃ ï ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʤʥʦʞʠʪʝʣʴ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, † ï

 ʩʨʝʜʥʝʝ ʚʨʝʤʷ ʟʘʪʫʭʘʥʠʷ i-ʛʦ ʢʘʥʘʣʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʕʪʠ ʧʘʨʘʤʝʪʨʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʦʪʥʦʩʠʪʝʣʴʥʳʡ 

ʚʢʣʘʜ ʢʘʞʜʦʡ ʠʟ ʢʦʤʧʦʥʝʥʪ ʚ ʦʙʱʠʡ ʩʧʝʢʪʨ ʌʃ. ɺʨʝʤʝʥʘ ʚʳʩʚʝʯʠʚʘʥʠʷ Ű ʢʣʘʩʩʠʯʝʩʢʦʡ ʬʣʫʦʨʝʩʮʝʥ-

ʮʠʠ ʣʝʞʘʪ ʦʙʳʯʥʦ ʚ ʜʠʘʧʘʟʦʥʝ ʜʝʩʷʪʢʦʚ ʧʠʢʦʩʝʢʫʥʜ ï ʩʦʪʝʥ ʥʘʥʦʩʝʢʫʥʜ, ʘ ʜʣʷ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ ʦʪ 

ʤʠʢʨʦʩʝʢʫʥʜ ʜʦ ʪʳʩʷʯ ʩʝʢʫʥʜ. ɼʣʠʪʝʣʴʥʳʝ Ű ʜʣʷ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ ʦʙʫʩʣʦʚʣʝʥʳ ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʠʯʝʩʢʠʤ ʟʘʧʨʝʪʦʤ ʧʝʨʝʭʦʜʦʚ, ʥʦ ʵʪʠ ʟʘʧʨʝʪʳ ʤʦʛʫʪ ʩʥʠʤʘʪʴʩʷ ʟʘ ʩʯʸʪ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʷ (ʩʤʝʰʝʥʠʶ ʫʨʦʚʥʝʡ ʩ ʨʘʟʥʦʡ ʩʧʠʥʦʚʦʡ ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʴʶ). ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʛʨʘʥʠʮʳ 

ʚʨʝʤʸʥ ʚʳʩʚʝʯʠʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʫʩʣʦʚʥʳʤʠ ʠ ʟʘʚʠʩʷʪ ʦʪ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʠ 

ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʠ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʊɸɿʌ, ʦ ʢʦʪʦʨʦʡ ʙʫʜʝʪ ʧʦʜʨʦʙʥʝʝ ʦʧʠʩʘʥʦ ʥʠʞʝ, ʚʨʝʤʝʥʘ ʞʠʟʥʠ 

ʤʦʛʫʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʚʨʝʤʝʥʘʤ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ, ʪ.ʝ. ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʜʣʠʪʝʣʴʥʳʤʠ. ɼʨʫʛʠʤ ʧʘʨʘ-

ʤʝʪʨʦʤ ʌʃ ʷʚʣʷʝʪʩʷ ʚʳʭʦʜ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ɺ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚʳʜʝʣʷʶʪ ʜʚʘ ʪʠʧʘ: ʢʚʘʥʪʦʚʳʡ 

ʚʳʭʦʜ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʚʳʭʦʜ. ʂʚʘʥʪʦʚʳʡ ʚʳʭʦʜ •Ὁ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʪʥʦʰʝʥʠʝʤ ʯʠʩʣʘ ʠʟʣʫʯʸʥʥʳʭ 

ʢʚʘʥʪʦʚ ʢ ʯʠʩʣʫ ʧʦʛʣʦʱʝʥʥʳʭ ʢʚʘʥʪʦʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʵʥʝʨʛʠʠ Ὁ, ʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʚʳʭʦʜ –Ὁ ʦʧʨʝ-

ʜʝʣʷʝʪʩʷ ʦʪʥʦʰʝʥʠʝʤ ʵʥʝʨʛʠʠ ʠʟʣʫʯʸʥʥʳʭ ʢʚʘʥʪʦʚ ʢ ʵʥʝʨʛʠʠ ʧʦʛʣʦʱʸʥʥʳʭ: 

•Ὁ
Ὅ᷿̟̌ Ὠ̍Ὁ

Ὅ᷿̐̏̄̌̏̆̎̉̆̚ὨὉ

ὔ̞ ̠̍̉̒̒̉Ὁ

ὔ̐ ̏̄̌̏̆̎̉̆̚Ὁ
ȟ–Ὁ •Ὁᶻ

Ὁ̞ ̠̍̉̒̒̉

Ὁ̐ ̏̄̌̏̆̎̉̆̚
 (21) 

ʂʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʣʝʞʠʪ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 0 ʜʦ 1, ʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʚʳʭʦʜ ʥʝ ʦʛʨʘʥʠ-

ʯʝʥ çʩʚʝʨʭʫè. ʆʪʣʠʯʠʝ • ʦʪ 1 ʦʙʫʩʣʦʚʣʝʥʦ ʧʨʦʮʝʩʩʘʤʠ ʪʫʰʝʥʠʷ, ʥʘʧʨʠʤʝʨ, ʚʥʫʪʨʝʥʥʠʤ (ʚʥʫʪʨʝʥ-

ʥʷʷ ʢʦʥʚʝʨʩʠʷ ʠ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʨʝʣʘʢʩʘʮʠʷ); ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʤ (ʩʘʤʦʧʦʛʣʦʱʝʥʠʝ ʣʶʤʠʥʝʩʮʝʥ-

ʮʠʠ); ʩʪʘʪʠʯʝʩʢʠʤ ʠ ʜʠʥʘʤʠʯʝʩʢʠʤ (ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʠʟʣʫʯʘʶʱʝʛʦ ʧʨʦʜʫʢʪʘ) 

ʪʫʰʝʥʠʝʤ. ʂʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʩʦʛʣʘʩʥʦ ʟʘʢʦʥʫ ɺʘʚʠʣʦʚʘ, ʚ ʮʝʣʦʤ ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʩʚʝʪʘ [109]. ʕʪʦʪ ʟʘʢʦʥ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʵʤʧʠʨʠʯʝʩʢʦʛʦ ʧʨʘʚʠʣʘ 

ʂʘʰʠ (ʩʤ. ʥʠʞʝ). ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʚʳʭʦʜ ʤʦʞʝʪ ʙʳʪʴ ʙʦʣʴʰʝ 1 ʚ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ, ʘʥʪʠ-ʩʪʦʢʩʦʚʳʭ 
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ʣʶʤʠʥʦʬʦʨʘʭ [110, 111]. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʩʦʛʣʘʩʥʦ ʧʨʘʚʠʣʫ ʉʪʦʢʩʘ-ʃʦʤʤʝʣʷ, ʜʣʷ ʩʧʝʢʪʨʦʚ ʌʃ 

ʥʘʙʣʶʜʘʝʪʩʷ ʩʪʦʢʩʦʚ ʩʜʚʠʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʣʠʥʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (ɺʃ). ʆʜʥʘʢʦ, ʟʘ 

ʩʯʸʪ ʜʚʫʭʬʦʪʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʘʧ-ʢʦʥʚʝʨʩʠʠ ʠʣʠ ʪʝʨʤʠʯʝʩʢʦʡ ʟʘʩʝʣʸʥʥʦʩʪʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʠ/ʠʣʠ 

ʚʨʘʱʘʪʝʣʴʥʳʭ ʫʨʦʚʥʝʡ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (çʛʦʨʷʯʠʝè ʧʦʣʦʩʳ) ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʘʥʪʠ-ʩʪʦʢʩʦʚ 

ʩʜʚʠʛ, ʠ ʵʥʝʨʛʠʷ ʠʟʣʫʯʝʥʥʦʛʦ ʢʚʘʥʪʘ ʙʫʜʝʪ ʙʦʣʴʰʝ, ʯʝʤ ʵʥʝʨʛʠʷ ʧʦʛʣʦʱʝʥʥʦʛʦ ʢʚʘʥʪʘ [112]. ʇʨʘ-

ʚʠʣʦ ʂʘʰʠ ï ʵʪʦ ʵʤʧʠʨʠʯʝʩʢʦʝ ʧʨʘʚʠʣʦ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ, ʤʥʦʛʦʘʪʦʤʥʳʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʦʙʲʝʢʪʳ 

ʣʶʤʠʥʝʩʮʠʨʫʶʪ ʩ ʟʘʤʝʪʥʳʤ ʚʳʭʦʜʦʤ ʪʦʣʴʢʦ ʠʟ ʥʠʞʥʝʛʦ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʘʥʥʦʡ ʤʫʣʴ-

ʪʠʧʣʝʪʥʦʩʪʠ (ʪ.ʝ. S1 ʠʣʠ T1) [109]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʞʝ ʝʩʣʠ ʧʨʠ ʧʦʛʣʦʱʝʥʠʠ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ 

S0ŸSn>1 ʥʘ ʣʶʙʦʡ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʧʦʜʫʨʦʚʝʥʴ, ʪʦ ʟʘʪʝʤ ʧʝʨʚʠʯʥʦ ʩʣʝʜʫʝʪ ʨʝʣʘʢʩʘʮʠʷ Sn>1ŸS1 ʥʘ 

ʦʩʥʦʚʥʦʡ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʧʦʜʫʨʦʚʝʥʴ, ʠ ʪʦʣʴʢʦ ʧʦʩʣʝ ʵʪʦʛʦ ʨʝʘʣʠʟʫʶʪʩʷ ʜʘʣʴʥʝʡʰʠʝ ʤʝʭʘʥʠʟʤʳ, 

ʪʘʢʠʝ ʢʘʢ ʣʶʤʠʥʝʩʮʝʥʮʠʷ, ʠʥʪʝʢʦʤʙʠʥʘʮʠʦʥʥʘʷ ʢʦʥʚʝʨʩʠʷ, ʬʦʪʦʧʝʨʝʥʦʩʳ, ʬʦʪʦʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢ-

ʮʠʠ ʠ ʜʨ. [113]. ʆʜʥʘʢʦ ʠʟ ʵʪʦʛʦ ʵʤʧʠʨʠʯʝʩʢʦʛʦ ʧʨʘʚʠʣʘ ʩʫʱʝʩʪʚʫʶʪ ʠʩʢʣʶʯʝʥʠʷ (ʥʘʧʨʠʤʝʨ, ʘʟʫ-

ʣʝʥ, ʮʠʢʣʘʟʠʥ, ʦʚʘʣʝʥ ʠ ʜʨ.) [94]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞ-

ʥʳʤ ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʥʦ ʚʤʝʩʪʝ ʩ ʵʪʠʤ ʧʦʣʫʯʘʝʤʘʷ ʠʥʬʦʨʤʘʮʠʷ ʵʪʠʤ ʤʝʪʦʜʦʤ (ʚʳʭʦʜ, ʚʨʝ-

ʤʝʥʘ ʞʠʟʥʠ, ʧʦʣʷʨʠʟʘʮʠʷ, ʩʦʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʦʣʦʩ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠ ʜʨ.) ʧʦʟʚʦʣʷʝʪ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʚʝʱʝʩʪʚʦ ʠ ʧʦʥʷʪʴ ʤʝʭʘʥʠʟʤʳ, ʧʨʦʪʝʢʘʶʱʠʝ ʧʨʠ ʝʛʦ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʠ, ʥʘʧʨʠ-

ʤʝʨ, ʧʨʠʨʦʜʫ ʧʝʨʝʭʦʜʘ (ʬʣʫʦʨʝʩʮʝʥʮʠʷ ʠʣʠ ʬʦʩʬʦʨʝʩʮʝʥʮʠʷ), ʥʘʣʠʯʠʝ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʥʦʩʘ ʚʦʟ-

ʙʫʞʜʝʥʠʷ ʠ ʢʘʥʘʣʦʚ ʨʝʣʘʢʩʘʮʠʠ. ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʡ ʤʝʪʦʜ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʘʥʘʣʠʟʘ ʠ ʢʦʥ-

ʪʨʦʣʷ ʧʨʦʪʝʢʘʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʠ ʙʠʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʩʪʨʦ ʧʨʦʪʝʢʘʶʱʠʭ 

ʨʝʘʢʮʠʡ ʚ ʤʦʣʝʢʫʣʘʭ. ɺʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʝʪʦʜʘ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʩʣʝʜʦʚʳʭ 

ʢʦʣʠʯʝʩʪʚ ʬʦʪʦʣʶʤʠʥʝʩʮʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ ʠ ʜʝʬʝʢʪʦʚ. ɺ ʤʝʜʠʮʠʥʝ ʤʝʪʦʜ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʘʥʪʠʪʝʣ, ʛʦʨʤʦʥʦʚ, ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʦʚ. 

 

1.6.3. ʊʝʨʤʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʘʷ ʟʘʤʝʜʣʝʥʥʘʷ ʬʣʫʦʨʝʩʮʝʥʮʠʷ 

ʂʨʦʤʝ ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʪʠʧʦʚ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ï ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ ï 

ʤʦʞʥʦ ʦʪʜʝʣʴʥʦ ʚʳʜʝʣʠʪʴ ʟʘʤʝʜʣʝʥʥʫʶ ʬʣʫʦʨʝʩʮʝʥʮʠʶ, ʢʦʪʦʨʘʷ ʩʧʝʢʪʨʘʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʘ ʚ ʦʙ-

ʣʘʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʥʦ ʠʤʝʝʪ ʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ ʚʨʝʤʷ ʟʘʪʫʭʘʥʠʷ. ɹʦʣʴʰʠʝ ʚʨʝ-

ʤʝʥʘ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʩʚʷʟʘʥʳ ʩ ʪʝʤ, ʯʪʦ ʧʝʨʝʜ ʠʩʧʫʩʢʘʥʠʝʤ ʢʚʘʥʪʘ ʩʠʩʪʝʤʘ ʥʘʭʦʜʠʪʩʷ 

ʩʥʘʯʘʣʘ ʚ ʩʦʩʪʦʷʥʠʠ T1, ʠʟ ʢʦʪʦʨʦʛʦ ʟʘʪʝʤ ʧʝʨʝʭʦʜʠʪ ʚ ʩʦʩʪʦʷʥʠʠ S1, ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʵʤʠʩʩʠʝʡ 

ʢʚʘʥʪʘ. ʈʘʟʣʠʯʘʶʪ ʜʚʘ ʚʠʜʘ ʟʘʤʝʜʣʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ï ʪʠʧʘ ʈ ʠ ʪʠʧʘ ɽ. ɿʜʝʩʴ ʙʫʜʝʪ ʨʘʩʩʤʦʪ-

ʨʝʥʘ ʪʦʣʴʢʦ ʟʘʤʝʜʣʝʥʥʘʷ ʬʣʫʦʨʝʩʮʝʥʮʠʷ ʚʪʦʨʦʛʦ ʪʠʧʘ. ʆʥʘ ʚʦʟʥʠʢʘʝʪ ʟʘ ʩʯʝʪ ʪʝʨʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘ-

ʮʠʠ ʤʦʣʝʢʫʣ ʚ ʪʨʠʧʣʝʪʥʦʤ ʩʦʩʪʦʷʥʠʠ T1ŸS1ŸS0. ɼʣʷ ʟʘʤʝʜʣʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʵʪʦʛʦ ʪʠʧʘ ʭʘ-

ʨʘʢʪʝʨʥʳ ʩʣʝʜʫʶʱʠʝ ʧʨʠʟʥʘʢʠ [114]: 
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¶ ʩʧʝʢʪʨʳ ʙʳʩʪʨʦʡ ʠ ʟʘʤʝʜʣʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʩʦʚʧʘʜʘʶʪ; 

¶ ʚʨʝʤʷ ʞʠʟʥʠ ʟʘʤʝʜʣʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʨʘʚʥʦ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ; 

¶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʟʘʤʝʜʣʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʧʝʨʚʦʡ ʩʪʝʧʝʥʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʠʩʪʦʯʥʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ; 

¶ ʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʟʘʤʝʜʣʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʢ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ 

ʫʤʝʥʴʰʘʝʪʩʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʩ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʊɸɿʌ ʚ ʦʩʥʦʚʥʦʤ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ, ʫ ʢʦʪʦʨʳʭ ʩʠʥʛʣʝʪ-ʪʨʠʧʣʝʪʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʤʝʥʝʝ 

40 ʢɼʞ/ʤʦʣʴ. ʗʚʣʝʥʠʝ ʟʘʤʝʜʣʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʩʣʫʞʠʪ ʤʦʱʥʳʤ ʩʨʝʜʩʪʚʦʤ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʚʦʡʩʪʚ ʚʝʱʝʩʪʚ. 

 

1.6.4. ɺʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʡ ʬʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ 

ʆʪʜʝʣʴʥʦ ʩʪʦʠʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʠ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ʌʃ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʦʜʥʦʡ ʠʟ ʵʣʝʤʝʥʪʘʨʥʳʭ ʬʦʪʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ï ʬʦʪʦʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ. ɿʘ ʚʨʝʤʷ ʞʠʟ-

ʥʠ ʵʣʝʢʪʨʦʥʥʦ-ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʙʳʩʪʨʳʡ ʧʝʨʝʥʦʩ ʘʪʦʤʘ ʚʦʜʦʨʦʜʘ 

ʤʝʞʜʫ ʢʠʩʣʦʪʥʳʤʠ ʠ ʦʩʥʦʚʥʳʤʠ ʛʨʫʧʧʘʤʠ ʤʦʣʝʢʫʣʳ, ʩʦʝʜʠʥʝʥʥʳʤʠ, ʧʦʤʠʤʦ ʧʨʦʯʝʛʦ, ʩʠʣʴʥʦʡ 

ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʴʶ. ɺ ʢʘʯʝʩʪʚʝ ʢʦʦʨʜʠʥʘʪʳ ʨʝʘʢʮʠʠ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʢʨʠʚʳʭ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʝ-

ʨʝʤʝʱʝʥʠʝ (ʨʘʩʩʪʦʷʥʠʝ) ʘʪʦʤʘ ʚʦʜʦʨʦʜʘ ʦʪ ʦʜʥʦʡ ʛʨʫʧʧʳ ʢ ʜʨʫʛʦʡ. ɹʳʩʪʨʦʪʘ ʧʨʦʮʝʩʩʘ ʦʙʫʩʣʦʚʣʝ-

ʥʘ ʥʝʙʦʣʴʰʦʡ ʚʳʩʦʪʦʡ ʙʘʨʴʝʨʘ ʥʘ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ [115]. ʇʦʩʣʝ ʬʦʪʦʧʝʨʝʥʦʩʘ ʧʨʦʠʩ-

ʭʦʜʠʪ ʨʝʣʘʢʩʘʮʠʷ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʧʨʦʪʝʢʘʪʴ ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʦ ʠʣʠ ʩ ʠʩʧʫʩʢʘʥʠʝʤ ʢʚʘʥʪʘ ʩʚʝʪʘ ʩ ʧʦ-

ʩʣʝʜʫʶʱʠʤ ʧʝʨʝʥʦʩʦʤ ʧʨʦʪʦʥʘ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ ʷʚʣʷ-

ʝʪʩʷ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʠʭ ʨʝʘʢʮʠʡ. ʌʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʥʦʩʠʪ ʩʪʘʪʠ-

ʩʪʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʠ ʠʤʝʝʪ ʢʦʥʝʯʥʦʝ ʚʨʝʤʷ, ʧʦʵʪʦʤʫ ʦʜʥʦʚʨʝʤʝʥʥʦ ʤʦʛʫʪ ʩʦʩʫʱʝʩʪʚʦʚʘʪʴ ʦʙʘ 

ʚʦʟʙʫʞʜʝʥʥʳʭ ʪʘʫʪʦʤʝʨʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʣʶʤʠʥʝʩʮʠʨʦʚʘʪʴ ʧʦ-ʨʘʟʥʦʤʫ, ʯʪʦ ʯʘʩʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ 

ʨʘʩʪʚʦʨʘʭ, ʧʨʠʯʝʤ ʪʠʧ ʨʘʩʪʚʦʨʠʪʝʣʷ [116] (ʧʦʣʷʨʥʦʩʪʴ, çʧʨʦʪʦʥʥʦʩʪʴè) ʚʣʠʷʝʪ ʥʘ ʢʦʥʮʝʥʪʨʘʮʠʶ 

ʪʘʫʪʦʤʝʨʦʚ ʠ ʠʭ ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ. ɺʨʝʤʷ ʬʦʪʦʧʝʨʝʥʦʩʘ ʩʨʘʚʥʠʤʦ ʩʦ ʚʨʝʤʝʥʝʤ ʢʦʣʝʙʘʥʠʡ 

ʧʨʦʪʦʥʘ ʚ ʤʦʣʝʢʫʣʘʭ, ʪ.ʝ. ʧʦʨʷʜʢʘ 10
-13

 ʩ, ʥʘʧʨʠʤʝʨ, ʚ OH-ʢʠʩʣʦʪʘʭ ʚʨʝʤʷ ʩʦʩʪʘʚʣʷʝʪ ʜʝʩʷʪʢʠ ʬʝʤ-

ʪʦʩʝʢʫʥʜ [89]. ʇʦ ʦʪʥʦʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʦʣʦʩ ʤʦʞʥʦ ʩʫʜʠʪʴ ʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʪʘʫʪʦʤʝʨʦʚ, 

ʯʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʙʠʦʣʦʛʠʠ ʠ ʤʝʜʠʮʠʥʝ ʜʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ. ɺ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢ-

ʪʫʨʝ ʬʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʫʩʣʦʞʥʸʥ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʦʣʝʢʫʣʳ ʩ ʦʢʨʫʞʝ-

ʥʠʝʤ, ʥʘʧʨʠʤʝʨ, ʩ ʩʦʩʝʜʥʠʤʠ ʤʦʣʝʢʫʣʘʤʠ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʦʡ. 
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2. ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

2.1. ʆʙʦʨʫʜʦʚʘʥʠʝ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʉʧʝʢʪʨʳ ʕʇʈ ʟʘʧʠʩʳʚʘʣʠʩʴ ʥʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ ʬʠʨʤʳ Varian E-109, ʨʘʙʦ-

ʪʘʶʱʝʤ ʚ X- ʠ Q-ʜʠʘʧʘʟʦʥʘʭ ʯʘʩʪʦʪ, ʦʙʦʨʫʜʦʚʘʥʥʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʨʠʩʪʘʚʢʦʡ, ʨʘʙʦʪʘʶʱʝʡ ʚ ʜʠʘ-

ʧʘʟʦʥʝ 77-450K (ʀʅʍ ʉʆ ʈɸʅ). ʇʨʦʛʨʘʤʤʘ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʨʘʟʨʘʙʦʪʘʥʘ ʢ.ʭ.ʥ. ɹʦʛʫʩʣʘʚʩʢʠʤ ɽ. ɻ. 

(ʀʅʍ ʉʆ ʈɸʅ). ɺ ʢʘʯʝʩʪʚʝ ʵʪʘʣʦʥʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 1,1-ʜʠʬʝʥʠʣ-2-ʧʠʢʨʠʣ-ʛʠʜʨʘʟʠʣ (ɼʌʇɻ) ʠ MgO: 

Mn
2+

. ʏʘʩʪʴ ʩʧʝʢʪʨʦʚ ʕʇʈ ʙʳʣʘ ʩʥʷʪʘ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Bruker Elexsys E580 ʩʦʚʤʝʩʪʥʦ ʩ ʜ.ʬ.-ʤ.ʥ. ʌʝ-

ʜʠʥrʤ ʄ. ɺ., ʢ.ʬ.-ʤ.ʥ. ɺʝʙʝʨʦʤ ʉ. ʃ. (ʄʊʎ ʉʆ ʈɸʅ). ʏʘʩʪʴ ʩʧʝʢʪʨʦʚ ʕʇʈ ʙʳʣʘ ʩʥʷʪʘ ʥʘ ʩʧʝʢʪʨʦ-

ʤʝʪʨʝ Bruker ELEXSYS 500 ʚ X-ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 130-420K ʚ ʜʠʘʧʘʟʦʥʝ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʦʪ -60 ʤʊʣ ʜʦ +60 ʤʊʣ (ʀʂ ʉʆ ʈɸʅ) ʩʦʚʤʝʩʪʥʦ ʩ ʢ.ʬ.-ʤ.ʥ. ʗʢʫʰʢʠʥʳʤ ʉ. ʉ. 

ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʩʧʝʢʪʨʦʚ ʕʇʈ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʘʢʝʪʳ ʧʨʦʛʨʘʤʤ Bruker WinEPR ʠ Simfonia 

[117, 118], ʘ ʪʘʢʞʝ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʜʣʷ Matlab ï EasySpin [119]. 

ʉʧʝʢʪʨʳ ʌʃ ʟʘʧʠʩʳʚʘʣʠʩʴ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Fluorolog 3 ʬʠʨʤʳ Horiba Jobin Yvon (ʀʅʍ ʉʆ 

ʈɸʅ), ʦʙʦʨʫʜʦʚʘʥʥʦʤ ʙʝʟʦʟʦʥʦʚʦʡ ʢʩʝʥʦʥʦʚʦʡ ʣʘʤʧʦʡ 450 W ʥʝʧʨʝʨʳʚʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʠʤʧʫʣʴʩ-

ʥʦʡ ʙʝʟʦʟʦʥʦʚʦʡ ʢʩʝʥʦʥʦʚʦʡ ʣʘʤʧʦʡ 50 W, ʦʭʣʘʞʜʘʝʤʳʤ ʤʦʜʫʣʝʤ ʨʝʛʠʩʪʨʘʮʠʠ ʬʦʪʦʥʦʚ PC177CE-

010 ʩ ʌʕʋ R2658, ʜʚʦʡʥʳʤʠ ʤʦʥʦʭʨʦʤʘʪʦʨʘʤʠ ʠʩʪʦʯʥʠʢʘ ʠ ʜʝʪʝʢʪʦʨʘ ʚʳʧʦʣʥʝʥʳʤʠ ʧʦ ʩʭʝʤʝ 

ʏʝʨʥʠ-ʊʝʨʥʝʨʘ. ɸʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦ-

ʱʴʶ ʧʨʠʩʪʘʚʢʠ ʢ ʧʨʠʙʦʨʫ ï ʠʥʪʝʛʨʠʨʫʶʱʝʡ ʩʬʝʨʳ Quanta-ű ʬʠʨʤʳ Horiba Jobin Yvon (ʀʅʍ ʉʆ 

ʈɸʅ). ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʧʨʠʩʪʘʚʢʠ OptistatDN ʬʠʨʤʳ Oxford 

Instruments (ʀʅʍ ʉʆ ʈɸʅ). ɺʨʝʤʝʥʘ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʥʘʥʦʩʝʢʫʥʜ-

ʥ -rʜʝʩʷʪʢʠ ʤʠʢʨʦʩʝʢʫʥʜ ʟʘʧʠʩʳʚʘʣʠʩʴ ʧʦ ʧʨʠʥʮʠʧʫ çʩʪʘʨʪ-ʩʪʦʧè ʤʝʪʦʜʠʢʠ (Time-correlated single 

photon counting, TCSPC) ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Fluorolog 3, ʦʙʦʨʫʜʦʚʘʥʥʦʤ NanoLED ʠʩʪʦʯʥʠʢʘʤʠ ʚʦʟ-

ʙʫʞʜʝʥʠʷ ʩ NanoLED-C2 ʢʦʥʪʨʦʣʣʝʨʦʤ. 

ʉʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ 

Bruker Nonius X8Apex (ʀʅʍ ʉʆ ʈɸʅ) ʩ ʛʨʘʬʠʪʦʚʳʤ ʤʦʥʦʭʨʦʤʘʪʦʨʦʤ ʠʟʣʫʯʝʥʠʷ (MoKŬ ʠ CuKŬ), 

ʦʙʦʨʫʜʦʚʘʥʥʦʤ 4k CCD ʜʝʪʝʢʪʦʨʦʤ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜ ű- ʠ ɤ-ʚʨʘʱʝʥʠʷ. 

ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʦʣʫʯʝʥʳ ʂʦʞʝʤʷʯʝʥʢʦ ʉ. ʀ. ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ SPEX 

Triplemate (ʀʅʍ ʉʆ ʈɸʅ) ʩ ʚʦʟʙʫʞʜʝʥʠʝʤ ʘʨʛʦʥʦʚʳʤ ʣʘʟʝʨʦʤ (ɚ = 488 nm) ʠ ʩʧʝʢʪʨʘʣʴʥʳʤ ʨʘʟ-

ʨʝʰʝʥʠʝʤ 5 ʩʤ
ī1

. 

ɼʘʥʥʳʝ ʧʦ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢ.ʭ.ʥ. ɹʦʛʦʤʷʢʦʚʳʤ ɸ. ʉ ʥʘ 

SQUID-ʤʘʛʥʝʪʦʤʝʪʨʝ MPMSXL Quantum Design ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 5-300K (ʄʊʎ ʉʆ ʈɸʅ). 
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2.2. ʆʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʚʝʱʝʩʪʚʘ: 

¶ ʦʨʛʘʥʠʯʝʩʢʠʡ ʣʠʛʘʥʜ 3-ʘʤʠʥʦ-4-ʵʪʦʢʩʠ-ʢʘʨʙʦʥʠʣ ʧʠʨʘʟʦʣ (L
1
) ʠ ʢʦʤʧʣʝʢʩʥʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ʙʨʦʤʠʜ ʤʝʜʠ(II) ʠ ʭʣʦʨʠʜ rʤʝʜʠ(II), ʥʠʢʝʣʷ(II), ʢʦʙʘʣʴʪʘ(II), ʮʠʥʢʘ(II), ʢʘʜʤʠʷ(II), ʤʘʨʛʘʥʮʘ(II) ʥʘ 

ʝʛʦ ʦʩʥʦʚʝ; 

¶ ʦʨʛʘʥʠʯʝʩʢʠʡ ʣʠʛʘʥʜ 2-(N-ʘʮʝʪʠʣʘʤʠʥʦ)-6-ʤʝʪʠʣ ʧʠʨʠʜʠʥ (L
2
) ʠ ʢʦʤʧʣʝʢʩʥʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ʭʣʦʨʠʜʘ ʮʠʥʢʘ(II) ʠ ʥʠʪʨʘʪʘ ʤʝʜʠ(II) ʥʘ ʝʛʦ ʦʩʥʦʚʝ; 

¶ ʦʨʛʘʥʠʯʝʩʢʠʡ ʣʠʛʘʥʜ 4-(3,5-ʜʠʬʝʥʠʣ-1ʅ-ʧʠʨʘʟʦʣ-1-ʠʣ)-6-(ʧʠʧʝʨʠʜʠʥ-1-ʠʣ)ʧʠʨʠʤʠʜʠʥ (L
3
) 

ʠ ʢʦʤʧʣʝʢʩʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʭʣʦʨʠʜʘ ʤʘʨʛʘʥʮʘ(II) ʥʘ ʝʛʦ ʦʩʥʦʚʝ; 

¶ ʦʨʛʘʥʠʯʝʩʢʠʡ ʣʠʛʘʥʜ 2-(6-(3,5-ʜʠʤʝʪʠʣ-1H-ʧʠʨʘʟʦʣ-1-ʠʣ-ʧʠʨʠʤʠʜʠʥ-4-ʠʣ)ʬʝʥʦʣ (L
4
) ʠ ʢʦʤ-

ʧʣʝʢʩʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʭʣʦʨʠʜʘ ʮʠʥʢʘ(II) ʥʘ ʝʛʦ ʦʩʥʦʚʝ. 

 

2.2.1. ʉʠʥʪʝʟ ʢʦʤʧʣʝʢʩʘ ʙʨʦʤʠʜʘ ʤʝʜʠ(II ) c L
1
 

1:2 ʤʦʣʷʨʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ CuBr2:L
1
 

ʅʘʚʝʩʢʠ ʩʦʣʠ CuBr2 0.22 ʛ (1 ʤʤʦʣ) ʠ 0.32 ʛ (2 ʤʤʦʣʴ) ʣʠʛʘʥʜʘ L
1
 ʨʘʩʪʚʦʨʷʣʠʩʴ ʚ 5 ʠ 7 ʤʣ ʵʪʘʥʦʣʘ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʩʪʚʦʨʳ ʩʤʝʰʠʚʘʣʠʩʴ, ʟʘʪʝʤ ʩʤʝʩʴ ʫʧʘʨʠʚʘʣʘʩʴ ʜʦ 1/3 ʦʙʲʸʤʘ. ʂʦʨʠʯʥʝʚʳʡ ʧʦʣʠʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʡ ʦʩʘʜʦʢ ʚʳʧʘʜʘʣ ʧʨʠ ʧʦʩʪʝʧʝʥʥʦʤ ʦʭʣʘʞʜʝʥʠʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʦʣʫʯʝʥʥʳʡ 

ʦʩʘʜʦʢ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʩʷ, ʧʨʦʤʳʚʘʣʩʷ ʵʪʘʥʦʣʦʤ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʠ ʩʫʰʠʣʩʷ ʥʘ ʚʦʟʜʫʭʝ. [120, 121]. 

1:4 ʤʦʣʷʨʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ CuBr2:L
1
 

ʅʘʚʝʩʢʠ ʩʦʣʠ CuBr2 0.22 ʛ (1 ʤʤʦʣʴ) ʠ ʣʠʛʘʥʜʘ L
1
 0.64 ʛ (4 ʤʤʦʣʴ) ʨʘʩʪʚʦʨʷʣʠ ʦʪʜʝʣʴʥʦ ʚ 5 ʤʣ 

ʵʪʘʥʦʣʘ ʧʨʠ ʥʝʙʦʣʴʰʦʤ ʥʘʛʨʝʚʘʥʠʠ. ʈʘʩʪʚʦʨʳ ʩʤʝʰʠʚʘʣʠʩʴ. ʇʨʠ ʝʩʪʝʩʪʚʝʥʥʦʤ ʫʧʘʨʠʚʘʥʠʠ ʥʘ 

ʩʪʝʥʢʘʭ ʙʶʢʩʘ ʚʳʧʘʜʘʣ ʢʦʨʠʯʥʝʚʳʡ ʦʩʘʜʦʢ. ʇʨʠ ʜʦʙʘʚʣʝʥʠʠ ʢ ʨʘʩʪʚʦʨʫ ~5 ʤʣ ʚʦʜʳ ʥʘ ʩʪʝʥʢʘʭ 

ʙʶʢʩʘ ʦʙʨʘʟʦʚʳʚʘʣʦʩʴ ʚʝʱʝʩʪʚʦ ʟʝʣʸʥʦʛʦ ʮʚʝʪʘ. ʂʦʨʠʯʥʝʚʳʡ ʦʩʘʜʦʢ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʠ, ʧʨʦʤʳʚʘʣʠ 

2 ʨʘʟʘ ʵʪʘʥʦʣʦʤ ʠ ʚʳʩʫʰʠʚʘʣʠ ʥʘ ʚʦʟʜʫʭʝ. ʀʟ ʤʘʪʦʯʥʦʛʦ ʨʘʩʪʚʦʨʘ ʚʳʧʘʜʘʣ ʟʝʣʸʥʳʡ ʦʩʘʜʦʢ, ʢʦʪʦ-

ʨʳʡ ʟʘʪʝʤ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʠ, ʧʨʦʤʳʚʘʣʠ ʵʪʘʥʦʣʦʤ ʠ ʚʳʩʫʰʠʚʘʣʠ ʥʘ ʚʦʟʜʫʭʝ. 

ʅʘʚʝʩʢʠ ʩʦʣʠ CuBr2 0.04 ʛ (0.2 ʤʤʦʣʴ) ʠ ʣʠʛʘʥʜʘ L
1
 0.13 ʛ (0.8 ʤʤʦʣʴ) ʨʘʩʪʚʦʨʷʣʠ ʦʪʜʝʣʴʥʦ ʚ 

6 ʤʣ 50% ʩʤʝʩʠ ʵʪʘʥʦʣ-ʚʦʜʘ ʧʨʠ ʥʝʙʦʣʴʰʦʤ ʥʘʛʨʝʚʘʥʠʠ. ʀʟ ʨʘʩʪʚʦʨʘ ʚʳʧʘʜʘʣʘ ʩʤʝʩʴ ʟʝʣʸʥʳʭ ʠ 

ʢʦʨʠʯʥʝʚʳʭ ʢʨʠʩʪʘʣʣʦʚ. 

1:6 ʤʦʣʷʨʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ CuBr2:L
1
 

ʅʘʚʝʩʢʠ ʩʦʣʠ CuBr2 0.11 ʛ (0.5 ʤʤʦʣʴ) ʠ ʣʠʛʘʥʜʘ L
1
 0.47 ʛ (3 ʤʤʦʣʴ) ʨʘʩʪʚʦʨʷʣʠ ʦʪʜʝʣʴʥʦ ʚ 5 

ʤʣ 50% ʩʤʝʩʠ ʵʪʘʥʦʣ/ʚʦʜʘ ʧʨʠ ʥʝʙʦʣʴʰʦʤ ʥʘʛʨʝʚʘʥʠʠ. ʈʘʩʪʚʦʨ ʣʠʛʘʥʜʘ ʙʳʩʪʨʦ ʧʨʠʣʠʚʘʣʠ ʢ ʨʘʩ-

ʪʚʦʨʫ ʩʦʣʠ. ʀʟ ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʪʸʤʥʦ-ʟʝʣʸʥʦʛʦ ʨʘʩʪʚʦʨʘ ʧʦʩʣʝ ʥʝʙʦʣʴʰʦʛʦ ʫʧʘʨʠʚʘʥʠʷ ʚʳʧʘʜʘʣ 
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ʟʝʣʸʥʳʡ ʦʩʘʜʦʢ. ʈʘʩʪʚʦʨ ʦʭʣʘʞʜʘʣʠ ʚ ʢʨʠʩʪʘʣʣʠʟʘʪʦʨʝ ʩʦ ʣʴʜʦʤ, ʟʝʣʸʥʳʡ ʦʩʘʜʦʢ ʦʪʬʠʣʴʪʨʦʚʳʚʘ-

ʣʠ, ʧʨʦʤʳʚʘʣʠ ʵʪʘʥʦʣʦʤ ʠ ʦʩʪʘʚʣʷʣʠ ʩʫʰʠʪʴʩʷ ʥʘ ʚʦʟʜʫʭʝ. 

ʅʘʚʝʩʢʠ ʩʦʣʠ CuBr2 0.11 ʛ (0.5 ʤʤʦʣʴ) ʠ ʣʠʛʘʥʜʘ L
1
 0.47 ʛ (3 ʤʤʦʣʴ) ʨʘʩʪʚʦʨʷʣʠ ʦʪʜʝʣʴʥʦ ʚ 

5 ʤʣ ʚʦʜʳ ʧʨʠ ʥʝʙʦʣʴʰʦʤ ʥʘʛʨʝʚʘʥʠʠ. ʈʘʩʪʚʦʨ ʩʦʣʠ ʙʳʩʪʨʦ ʜʦʙʘʚʣʷʣʩʷ ʢ ʨʘʩʪʚʦʨʫ ʣʠʛʘʥʜʘ. ʉʤʝʩʴ 

ʨʘʩʪʚʦʨʦʚ ʧʨʠʦʙʨʝʪʘʣʘ ʩʚʝʪʣʦ-ʟʝʣʸʥʳʡ ʮʚʝʪ, ʧʨʠ ʫʧʘʨʠʚʘʥʠʠ ʚʳʧʘʜʘʣ ʦʩʘʜʦʢ ʩʚʝʪʣʦ-ʟʝʣʸʥʦʛʦ ʮʚʝ-

ʪʘ. ʆʩʘʜʦʢ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʠ, ʧʨʦʤʳʚʘʣʠ 2 ʨʘʟʘ ʚʦʜʦʡ ʠ ʦʩʪʘʚʣʷʣʠ ʩʫʰʠʪʴʩʷ ʥʘ ʚʦʟʜʫʭʝ. 

ʅʘʚʝʩʢʠ ʩʦʣʠ CuBr2 0.11 ʛ (0.5 ʤʤʦʣʴ) ʠ ʣʠʛʘʥʜʘ L
1
 0.47 ʛ (3 ʤʤʦʣʴ) ʨʘʩʪʚʦʨʷʣʠ ʦʪʜʝʣʴʥʦ ʚ 

5 ʤʣ ʵʪʘʥʦʣʘ ʧʨʠ ʥʝʙʦʣʴʰʦʤ ʥʘʛʨʝʚʘʥʠʠ. ɼʦʙʘʚʣʝʥʠʝ ʨʘʩʪʚʦʨʘ ʣʠʛʘʥʜʘ ʢ ʨʘʩʪʚʦʨʫ ʩʦʣʠ ʥʝ ʧʨʠʚʦ-

ʜʠʣʦ ʢ ʚʠʜʠʤʳʤ ʠʟʤʝʥʝʥʠʷʤ. ʇʨʠ ʫʧʘʨʠʚʘʥʠʠ ʦʙʨʘʟʦʚʳʚʘʝʪʩʷ ʩʥʘʯʘʣʘ ʢʦʨʠʯʥʝʚʳʡ ʦʩʘʜʦʢ, ʘ ʩʧʫ-

ʩʪʷ ʥʝʢʦʪʦʨʦʝ ʚʨʝʤʷ ʝʱʸ ʠ ʟʝʣʸʥʳʡ ʦʩʘʜʦʢ. ʇʦʣʫʯʝʥʥʫʶ ʩʤʝʩʴ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʠ, ʧʨʦʤʳʚʘʣʠ 2 ʨʘ-

ʟʘ ʵʪʘʥʦʣʦʤ ʠ ʩʫʰʠʣʠ ʥʘ ʚʦʟʜʫʭʝ. ʇʦʩʣʝ ʩʫʰʢʠ, ʦʩʘʜʦʢ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʩʤʝʩʴ ʬʘʟ. 

 

2.2.2. ʉʠʥʪʝʟ ʢʦʤʧʣʝʢʩʘ ʭʣʦʨʠʜʘ ʥʠʢʝʣʷ(II ) c L
1
 

ʅʘʚʝʩʢʠ ʩʦʣʠ NiCl2ẗ6H2O 0.24 ʛ (1 ʤʤʦʣʴ) ʠ ʣʠʛʘʥʜʘ L
1
 0.32 ʛ (2 ʤʤʦʣʴ) ʨʘʩʪʚʦʨʷʣʠʩ ɹʧʨʠ ʥʝ-

ʙʦʣʴʰʦʤ ʥʘʛʨʝʚʘʥʠʠ ʚ 1 ʤʣ ʠ 5-7 ʤʣ ʵʪʘʥʦʣʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʩʪʚʦʨʳ ʩʤʝʰʠʚʘʣʠʩʴ, ʟʘʪʝʤ ʩʤʝʩʴ 

ʫʧʘʨʠʚʘʣʘʩʴ ʜʦ 1/3 ʦʙʲʸʤʘ. ʉʚʝʪʣʦ-ʟʝʣʸʥʳʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʩʘʜʦʢ ʚʳʧʘʜʘʣ ʧʨʠ ʧʦʩʪʝʧʝʥ-

ʥʦʤ ʦʭʣʘʞʜʝʥʠʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʦʣʫʯʝʥʥʳʡ ʦʩʘʜʦʢ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʩʷ, ʧʨʦʤʳʚʘʣʩʷ 

ʵʪʘʥʦʣʦʤ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʠ ʩʫʰʠʣʩʷ ʥʘ ʚʦʟʜʫʭʝ [122]. 

 

2.2.3. ʉʠʥʪʝʟ ʢʦʤʧʣʝʢʩʘ ʥʠʪʨʘʪʘ ʤʝʜʠ(II ) c L
2
 

ʅʘʚʝʩʢʠ ʩʦʣʠ Cu(NO3)2ẗ3H2O 0.60 ʛ (4 ʤʤʦʣʴ) ʠ ʣʠʛʘʥʜʘ L
2
 0.48 ʛ (2 ʤʤʦʣʴ) ʨʘʩʪʚʦʨʷʣʠʩʴ ʚ 

7 ʤʣ ʠ 5 ʤʣ ʛʦʨʷʯʝʛʦ ʵʪʘʥʦʣʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʩʪʚʦʨʳ ʩʤʝʰʠʚʘʣʠʩʴ, ʟʘʪʝʤ ʠʟʣʠʰʝʢ ʨʘʩʪʚʦʨʠʪʝʣʷ 

ʫʧʘʨʠʚʘʣʩʷ, ʠ ʩʤʝʩʴ ʦʭʣʘʞʜʘʣʘʩʴ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʚʦʟʜʫʭʝ. ɿʘʪʝʤ ʚʳʧʘʜʘʣʠ ʟʝʣʝʥʳʝ 

ʧʣʘʩʪʠʥʯʘʪʳʝ ʢʨʠʩʪʘʣʣʳ. ʇʦʣʫʯʝʥʥʳʡ ʦʙʨʘʟʝʮ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʩʷ, ʧʨʦʤʳʚʘʣʩʷ ʵʪʘʥʦʣʦʤ ʠ ʩʫʰʠʣ-

ʩ̫  ʥʘ ʚʦʟʜʫʭʝ [123]. 

 

2.2.4. ʉʠʥʪʝʟ ʢʦʤʧʣʝʢʩʘ ʭʣʦʨʠʜʘ ʮʠʥʢʘ(II ) c L
2
 

ʅʘʚʝʩʢʠ ʩʦʣʠ ZnCl2 0.27 ʛ (2 ʤʤʦʣʴ) ʠ ʣʠʛʘʥʜʘ L
2
 0.30 ʛ (2 ʤʤʦʣʴ) ʨʘʩʪʚʦʨʷʣʠʩʴ ʦʪʜʝʣʴʥʦ ʚ 

5 ʤʣ ʵʪʘʥʦʣʘ. ʈʘʩʪʚʦʨʳ ʩʤʝʰʠʚʘʣʠʩʴ, ʟʘʪʝʤ ʠʟʣʠʰʝʢ ʨʘʩʪʚʦʨʠʪʝʣʷ ʤʝʜʣʝʥʥʦ ʫʧʘʨʠʚʘʣʩ.̫ ɿʘʪʝʤ 

ʚʳʧʘʜʘʣʠ ʧʨʦʟʨʘʯʥʳʝ ʢʨʠʩʪʘʣʣʳ. ʇʦʣʫʯʝʥʥʳʡ ʦʙʨʘʟʝʮ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʩʷ, ʜʚʘʞʜʳ ʧʨʦʤʳʚʘʣʩʷ 

ʵʪʘʥʦʣʦʤ ʠ ʩʫʰʠʣʩʷ ʥʘ ʚʦʟʜʫʭʝ [124]. 
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2.2.5. ʉʠʥʪʝʟ ʢʦʤʧʣʝʢʩʘ ʭʣʦʨʠʜʘ ʤʘʨʛʘʥʮʘ(II ) c L
3
 

ʇʨʠ ʜʦʙʘʚʣʝʥʠʠ ʛʦʨʷʯʝʛʦ ʨʘʩʪʚʦʨʘ ʥʘʚʝʩʢʠ ʩʦʣʠ MnCl2 9.9 ʤʛ (0.079 ʤʤʦʣʴ) ʚ 1 ʤʣ EtOH ʢ 

ʛʦʨʷʯʝʤʫ ʨʘʩʪʚʦʨʫ ʥʘʚʝʩʢʠ ʣʠʛʘʥʜʘ L
4
 60.0 ʤʛ (0.157 ʤʤʦʣʴ) ʚʳʧʘʜʘʝʪ ʙʝʣʳʡ ʧʦʨʦʰʦʢ. ʇʦʨʦʰʦʢ ʠʟ 

ʫʧʘʨʝʥʥʦʛʦ ʜʦ 2 ʤʣ ʤʘʪʦʯʥʦʛʦ ʨʘʩʪʚʦʨʘ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʩʷ, ʜʚʘʞʜʳ ʧʨʦʤʳʚʘʣʩʷ ʛʦʨʷʯʠʤ EtOH ʠ 

ʩʫʰʠʣʩʷ ʥʘ ʚʦʟʜʫʭʝ. ɺʳʧʘʚʰʠʡ ʧʦʨʦʰʦʢ ʠʤʝʝʪ ʩʦʩʪʘʚ [MnL
3
2Cl2]ĿH2O. ʇʨʠ ʤʝʜʣʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠ-

ʟʘʮʠʠ ʠʟ ʨʘʩʪʚʦʨʘ EtOH ʚʳʧʘʜʘʶʪ ʢʨʠʩʪʘʣʣʳ ʩʦʩʪʘʚʘ [MnL
3
2Cl2]ĿH2OĿEtOH, ʢʦʪʦʨʳʝ ʦʭʘʨʘʢʪʝʨʠ-

ʟʦʚʘʥʳ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ʇʨʠ ʤʝʜʣʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠʟ ʨʘʩʪʚʦʨʘ Me2CO 

ʚʳʧʘʜʘʶʪ ʢʨʠʩʪʘʣʣʳ ʩʦʩʪʘʚʘ [MnL
3
2Cl2]ĿMe2CO, ʢʦʪʦʨʳʝ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚ-

ʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ʅʘ ʚʦʟʜʫʭʝ ʤʦʥʦʢʨʠʩʪʘʣʣʳ [MnL
3
2Cl2]ĿH2OĿEtOH ʠ [MnL

3
2Cl2]ĿMe2CO ʪʨʝʩʢʘʶʪ-

ʩʷ ʠʟ-ʟʘ ʧʦʪʝʨʠ ʤʦʣʝʢʫʣ EtOH ʠ Me2CO. 

 

2.2.6. ʉʠʥʪʝʟ ʢʦʤʧʣʝʢʩʘ ʭʣʦʨʠʜʘ ʮʠʥʢʘ(II ) c L
4
 

ʈʘʩʪʚʦʨ L
4
 (20 ʤʛ, 0.075 ʤʤʦʣʴ) ʚ CHCl3 (2 ʤʣ) ʧʦ ʢʘʧʣʷʤ ʜʦʙʘʚʣʷʣʩʷ ʢ ʛʦʨʷʯʝʤʫ ʨʘʩʪʚʦʨʫ 

ZnCl2 (10 ʤʛ, 0.075 ʤʤʦʣʴ) ʚ Me2CO (1 ʤʣ) ʧʨʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ. ʈʘʩʪʚʦʨ ʩʪʘʥʦʚʠʣʩʷ ʩʚʝʪʣʦ-ʞyʣʪʳʤ 

ʠ ʚʳʧʘʜʘʣ ʞyʣʪʡr ʦʩʘʜʦʢ. ʇʦʣʫʯʝʥʥʫʶ ʩʤʝʩʴ ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥʫʪ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ. 

ʇʦʣʫʯʝʥʥʳʡ ʞʸʣʪʳʡ ʦʩʘʜʦʢ (ʢʦʤʧʣʝʢʩ [ZnL
4
Cl2]) ʧʨʦʤʳʚʘʣʩʷ 2 ʤʣ ʪʝʧʣʦʛʦ CHCl3 ʠ ʩʫʰʠʣʩʷ ʥʘ 

ʚʦʟʜʫʭʝ.  
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3. ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

3.1. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʢʦʤʧʣʝʢʩʥʳʝ ʩʦʝʜʠʥʝʥʠʷ 3-

ʘʤʠʥʦ-4-ʵʪʦʢʩʠ-ʢʘʨʙʦʥʠʣ ʧʠʨʘʟʦʣʘ (L
1
) 

ʂʦʤʧʣʝʢʩʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʩ ʛʝʪʝʨʦʮʠʢʣʠʯʝʩʢʠʤʠ ʘʟʦʪʩʦʜʝʨʞʘʱʠʤʠ ʣʠ-

ʛʘʥʜʘʤʠ ʧʨʠʚʣʝʢʘʪʁ ʦʛʨʦʤʥʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʪʘʢʠʝ ʩʦʝʜʠʥʝʥʠʷ 

ʩʢʣʦʥʥʳ ʢ ʧʨʦʷʚʣʝʥʠʶ ʦʪʢʣʠʢʘ ʥʘ ʨʘʟʣʠʯʥʳʝ ʚʥʝʰʥʠʝ ʬʘʢʪʦʨʳ. ʕʪʦ, ʥʘʧʨʠʤʝʨ, ʪʝʨʤʦ-, ʤʝʭʘʥʦ- ʠ 

ʬʦʪʦʭʨʦʤʠʟʤ, ʠʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʠ ʠʟʦʤʝʨʠʟʘʮʠʷ, ʧʦʣʠʤʝʨʠʟʘʮʠʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʪʝʤ-

ʧʝʨʘʪʫʨʳ, ʜʘʚʣʝʥʠʷ, ʩʚʝʪʘ, ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ. ʂʦʤʧʣʝʢʩʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʤʝʜʠ ʠ ʥʠʢʝʣʷ, ʦʪʥʦʩʷʪʩʷ ʢ 

ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʳʭ ʩʠʩʪʝʤ, ʯʪʦ ʩʚʷʟʘʥʦ ʢʘʢ ʩ ʜʦʩʪʫʧʥʦʩʪʴ ʁʵʪʠʭ ʤʝʪʘʣ-

ʣʦʚ ʠ ʧʦʣʫʯʝʥʠʝʤ ʙʦʣʴʰʦʛʦ ʨʘʟʥʦʦʙʨʘʟʠʷ ʩʪʨʫʢʪʫʨ ʠ ʩʚʦʡʩʪʚ ʢʦʤʧʣʝʢʩʦʚ, ʪʘʢ ʠ ʩ ʙʝʟʦʧʘʩʥʦʩʪʴʶ 

ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. ɺ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʭʠʤʠʠ, ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʥʘʧʨʘʚʣʝʥʥʦʤʫ ʩʠʥʪʝʟʫ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʦʪʜʝʣʴʥʦ ʩʠʥʪʝʟʫ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʛʥʝʪʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʧʝ-

ʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʘʨʘ-/ʜʠʘʤʘʛʥʠʪʥʳʭ ʣʠʛʘʥʜʦʚ. ɼʣʷ ʫʩʠʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ 

ʩʚʦʡʩʪʚ (ʦʙʨʘʟʦʚʘʥʠ ̫ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʪʘʣʣʦʚ ʠ ʧʦʷʚʣʝʥʠʶ ʘʥʪʠʬʝʨʨʦ- 

ʠʣʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʚ ʚʝʱʝʩʪʚʝ) ʥʝʦʙʭʦʜʠʤʦ ʦʙʨʘʟʦʚʳʚʘʪʴ ʩʪʨʫʢʪʫʨʥʦ-ʩʚʷʟʘʥʥʳʝ 

ʘʩʩʦʮʠʘʪʳ, ʪʘʢʠʝ ʢʘʢ ʜʠʤʝʨʳ, ʪʨʠʤʝʨʳ, ʪʝʪʨʘʤʝʨʳ ʠ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ï ʧʦʣʠʤʝʨʳ ʠ ʢʘʨʢʘʩʳ. ʂ 

ʧʦʩʣʝʜʥʠʤ, ʥʘʧʨʠʤʝʨ, ʦʪʥʦʩʷʪʩʷ ʧʨʦʩʪʳʝ ʩʦʣʠ, ʪʘʢʠʝ ʢʘʢ ʛʘʣʦʛʝʥʠʜʳ ʤʝʜʠ(II) ʠ ʥʠʢʝʣʷ(II). ʇʨʠ-

ʯʝʤ, ʬʪʦʨʠʜ, ʭʣʦʨʠʜ ʠ ʙʨʦʤʠʜ ʤʝʜʠ(II) ʦʙʨʘʟʫʶʪ ʩʣʦʞʥʫʶ ʬʨʫʩʪʨʠʨʦʚʘʥʥʫʶ ʩʠʩʪʝʤʫ ʦʙʤʝʥʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʇʦʵʪʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʛʘʣʦʛʝʥʠʜʦʚ ʤʝʜʠ(II) ʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʣʠʛʘʥʜʦʚ ʧʨʠ ʩʦ-

ʟʜʘʥʠʠ ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʠʩʪʝʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʤ. ʀʩʧʦʣʴʟʦʚʘ-

ʥʠʝ ʛʘʣʦʛʝʥʠʜʦʚ ʥʠʢʝʣʷ(II) ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʢʘʞʜʦʡ ʤʦʣʝʢʫʣʳ ʟʘ 

ʩʯʸʪ ʙʦʣʴʰʝʛʦ ʯʠʩʣʘ ʥʝʩʧʘʨʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (ʩʣʫʯʘʡ S=1). 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʛʝʪʝʨʦʮʠʢʣʠʯʝʩʢʠʭ ʣʠʛʘʥʜʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʙʦʣʝʝ ʦʜʥʦʛʦ ʛʝʪʝʨʦʘʪʦʤʘ ʚ ʮʠʢʣʝ, ʷʚ-

ʣʷʝʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ ʩʠʥʪʝʟʘ ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘ-

ʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝʤ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʩʦʝʜʠʥʝʥʠʡ ʩ ʪʨʠʘʟʦʣʘʤʠ ʠ ʪʝʪʨʘʟʦʣʘʤʠ ʠ ʠʭ ʧʨʦʠʟʚʦʜʥʳʭ. ɸ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ʤʦʥʦʜʝʥʪʘʥʪʥʳʭ ʣʠʛʘʥʜʦʚ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʩʦʭʨʘʥʠʪʴ ʩʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʩʦʣʝʡ 

ʛʘʣʦʛʝʥʠʜʦʚ ʤʝʜʠ ʠ ʥʠʢʝʣʷ ʠ ʧʦʣʫʯʠʪʴ ʧʦʣʠʤʝʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʯʝʨʝʟ ʤʦʩʪʠʢʦʚʳʝ ʛʘʣʦʛʝʥʠʜ-ʘʥʠʦʥʳ. 

ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʪʘʢʠʭ ʢʦʤʧʣʝʢʩʥʳʭ ʧʦʣʠʤʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʟʘʚʠʩʷʪʩʷ ʦʪ ʙʦʣʴʰʦʛʦ 

ʯʠʩʣʘ ʧʘʨʘʤʝʪʨʦʚ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʦʩʦʙʝʥʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ: ʪʠʧ ʤʦʩʪʠʢʦʚʦʛʦ ʣʠʛʘʥʜʘ; 

ʫʛʦʣ ʤʝʞʜʫ ʤʘʛʥʠʪʥʳʤʠ ʠʦʥʘʤʠ ʯʝʨʝʟ ʤʦʩʪʠʢʦʚʳʝ ʣʠʛʘʥʜʳ ʠ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʥʠʤʠ; ʫʛʦʣ ʤʝʞʜʫ 

ʪʝʨʤʠʥʘʣʴʥʳʤʠ ʣʠʛʘʥʜʘʤʠ ʠ ʧʣʦʩʢʦʩʪʴʶ ʧʦʣʠʤʝʨʘ; ʪʠʧʦʤ ʠ ʚʝʣʠʯʠʥʦʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʣʠʤʝʨʘ 

ʩ ʩʦʩʝʜʥʠʤʠ ʧʦʣʠʤʝʨʘʤʠ, ʤʦʣʝʢʫʣʘʤʠ ʠ ʠʦʥʘʤʠ. ʋʛʣʳ ʠ ʜʣʠʥʳ ʩʚʷʟʝʡ ʚ ʩʠʩʪʝʤʝ ʦʧʨʝʜʝʣʷʶʪʩʷ, 

ʧʦʤʠʤʦ ʚʩʝʛʦ, ʨʘʟʣʠʯʥʳʤʠ ʚʥʝʰʥʠʤʠ ʬʘʢʪʦʨʘʤʠ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʚʥʝʰʥʠʤʠ ʚʦʟ-
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ʜʝʡʩʪʚʠʷʤʠ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ ʚʳʟʚʘʪʴ ʠʟʤʝʥʝʥʠʷ ʫʛʣʦʚ ʠ ʜʣʠʥ ʩʚʷʟʝʡ, ʷʚʣʷʶʪʩʷ ʜʘʚʣʝʥʠʝ ʠ ʪʝʤ-

ʧʝʨʘʪʫʨʘ. ɺʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʢʘʯʝʩʪʚʝ ʚʦʟʜʝʡʩʪʚʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʧʨʠ ʩʠʥʪʝʟʝ 

ʩʦʝʜʠʥʝʥʠʡ ʠʟ ʨʘʩʪʚʦʨʦʚ, ʜʣʷ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʱʝʩʪʚʘ ʚ ʩʠʩʪʝʤʝ ʠ ʜʣʷ 

ʫʧʦʨʷʜʦʯʝʥʠʷ ʚʝʱʝʩʪʚʘ ʚʜʦʣʴ ʚʳʜʝʣʝʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ. ɹʦʣʝʝ ʨʘʜʠʢʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʠʟʤʝʥʝʥʠʷ 

ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʷʚʣʷʝʪʩʷ ʫʜʘʣʝʥʠʝ ʠʣʠ ʚʥʝʜʨʝʥʠʝ ʤʦʣʝʢʫʣ ʩʦʣʴʚʘʪʦʚ, ʪʘʢ ʢʘʢ ʵʪʦ ʤʦʞʝʪ ʧʨʠʚʦ-

ʜʠʪʴ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʚʣʠʷʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʪʠʧʦʚ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʷ ʤʘʪʝʨʠʘʣʦʚ. 

 

3.1.1. ɺʣʠʷʥʠʝ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʢʦʤʧʣʝʢʩ ʙʨʦʤʠʜʘ ʤʝʜʠ(II ) ʩ L
1
 

ʂʦʤʧʣʝʢʩ ʙʨʦʤʠʜʘ ʤʝʜʠ(II) ʩ 3-ʘʤʠʥʦ-4-ʵʪʦʢʩʠ-ʢʘʨʙʦʥʠʣ ʧʠʨʘʟʦʣʦʤ ʧʦʣʫʯʝʥ ʩʦʛʣʘʩʥʦ ʧʫʥʢʪʫ 

2.2.1 ʠʟ ʨʘʩʪʚʦʨʘ ʨʝʢʪʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʩʧʠʨʪʘ ʧʨʠ ʤʦʣʷʨʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʢʦʤʧʦʥʝʥʪ CuBr2:L
1
 1:2. 

ʇʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ, ʚ ʢʦʤʧʣʝʢʩʝ [CuL
1
2Br2]Ð ʠʦʥ ʤʝʜʠ ʠʤʝʝʪ ʠʩʢʘʞʝʥʥʦʝ ʦʢ-

ʪʘʵʜʨʠʯʝʩʢʦʝ ʦʢʨʫʞʝʥʠʝ, ʦʙʨʘʟʦʚʘʥʥʦʝ ʯʝʪʳʨʴʤʷ ʙʨʦʤʠʜ-ʘʥʠʦʥʘʤʠ, ʢʦʪʦʨʳʝ ʢʦʦʨʜʠʥʠʨʫʶʪʩʷ ʧʦ 

ʙʠʜʝʥʪʘʪʥʦ-ʤʦʩʪʠʢʦʚʦʤʫ ʪʠʧʫ ʢ ʩʦʩʝʜʥʠʤ ʠʦʥʘʤ ʤʝʜʠ(II) (R(Cu-Br
1
)=2.49 ¡; R(Cu-Br

2
)=3.04 ¡; 

ű(Br
1
ïCuïBr

2
)=89.4Á) ʠ ʜʚʫʤʷ ʘʪʦʤʘʤʠ ʘʟʦʪʘ ʧʠʨʘʟʦʣʴʥʳʭ ʢʦʣʝʮ ʤʦʥʦʜʝʥʪʘʥʪʥʦʛʦ ʣʠʛʘʥʜʘ L

1
 ʚ 5 ʠ 6 

ʧʦʟʠʮʠʷʭ ʩ R(Cu-N)=1.96 ¡ (ʈʠʩ. 1). ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ [CuL
1
2Br2]Ð ʠʤʝʝʪ ʪʨʠʢʣʠʥʥʫʶ ʩʠʥ-

ʛʦʥʠʶ (ʊʘʙʣ. 2) ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʥʦʤʝʨʥʳʡ ʧʦʣʠʤʝʨʥʳʝ ʮʝʧʦʯʢʠ, ʥʘʧʨʘʚʣʝʥʠʝ ʢʦʪʦʨʳʭ ʩʦʚ-

ʧʘʜʘʝʪ ʩ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʥʘʧʨʘʚʣʝʥʠʝʤ a ʠ ʨʘʩʩʪʦʷʥʠʝʤ Cu-Cu R(Cu-Cu)=3.95 ¡. ʉʪʦʠʪ ʦʙʨʘ-

ʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʥʘʣʠʯʠʝ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʤʝʞʜʫ ʙʨʦʤʠʜ-ʘʥʠʦʥʦʤ ʠ ʚʦʜʦʨʦʜʘʤʠ ʩʦʩʝʜʥʝʡ ʤʦʣʝ-

ʢʫʣʳ ʪʦʡ ʞʝ ʮʝʧʦʯʢʠ (R(BréNHʧʠʨʘʟʦʣ)=2.82 ¡ ʠ R(BréCHʧʠʨʘʟʦʣ)=3.00 ¡) ʠ ʚʦʜʦʨʦʜʘʤʠ ʩʦʩʝʜʥʝʡ ʮʝ-

ʧʦʯʢʠ (R(BréHʘʤʠʥ)=2.71 ¡ ʠ R(BréNHʧʠʨʘʟʦʣ)=2.84 ¡) (ʈʠʩ. 1), ʢʦʪʦʨʳʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʝ ʤʝʞʜʫ ʧʦʣʠʤʝʨʥʳʤʠ ʮʝʧʦʯʢʘʤʠ. 

ʉʧʝʢʪʨ ʕʇʈ (ʈʠʩ. 2) ʟʘʤʦʨʦʞʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʢʦʤʧʣʝʢʩʘ [CuL
1
2Br2]Ð ʚ ʵʪʘʥʦʣʝ ʠʤʝʝʪ ʘʢʩʠ-

ʘʣʴʥʫʶ ʩʠʤʤʝʪʨʠʶ ʠ ʦʧʠʩʳʚʘʝʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ ‍Ὣ ὌὛ ὌὛ ‍Ὣ᷆ὌὛ

ὃ ὛὍ ὛὍ ὃ᷆ὛὍ ʩ ʧʘʨʘʤʝʪʨʘʤʠ S=İ, g
ƍ
=2.067(1), g||=2.343(3) ʠ ʢʦʥʩʪʘʥʪʘʤʠ ʉʊɺ ʦʪ ʠʦʥʘ 

ʤʝʜʠ(II) A||(Cu)=13.5(2) ʤʊʣ, ʦʪ ʜʚʫʭ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʘʪʦʤʦʚ ʘʟʦʪʘ A
ƍ
(N)=1.6(1) ʤʊʣ ʠ ʜʚʫʭ ʵʢʚʠʚʘ-

ʣʝʥʪʥʳʭ ʘʪʦʤʦʚ ʙʨʦʤʘ A
ƍ
(Br)=1.6(1) ʤʊʣ. ʅʘʣʠʯʠʝ ʨʘʟʨʝʰʸʥʥʦʡ ʉʊɺ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ, ʚʦ-ʧʝʨʚʳʭ, 

ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ (ʚʝʨʦʷʪʥʦ ʧʨʦʠʩʭʦʜʠʪ 

ʨʘʟʨʳʚ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ ʥʘ ʤʦʥʦʤʝʨʥʳʝ ʬʨʘʛʤʝʥʪʳ), ʚʦ-ʚʪʦʨʳʭ, ʥʘ ʪʦ, ʯʪʦ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʜʠʩʩʦ-

ʮʠʘʮʠʠ ʤʦʣʝʢʫʣʳ ʢʦʤʧʣʝʢʩʘ. ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ, ʧʘʨʘʤʘʛʥʠʪʥʳʡ ʮʝʥʪʨ Cu(II), ʩ ʥʝʩʧʘ-
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ʨʝʥʥʳʤ ʵʣʝʢʪʨʦʥʦʤ ʥʘ dx
2
-y

2
 ʦʨʙʠʪʘʣʠ [102, 104], ʠʤʝʝʪ ʣʠʙʦ ʨʦʤʙʠʯʝʩʢʠ ʠʩʢʘʞʝʥʥʦʝ ʦʢʪʘʵʜʨʠʯʝ-

ʩʢʦʝ ʦʢʨʫʞʝʥʠʝ, ʣʠʙʦ ʠʩʢʘʞʝʥʥʦʝ ʧʣʦʩʢʦʢʚʘʜʨʘʪʥʦʝ ʦʢʨʫʞʝʥʠʝ [107, 125, 126]. 

 

 

ʈʠʩ. 1. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʫʧʘʢʦʚʢʘ ʠ ʩʪʨʦʝʥʠʝ ʤʦʣʝʢʫʣʳ ʢʦʤʧʣʝʢʩʘ [CuL
1
2Br2]Ð 

 

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 2 

ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ [CuL
1
2Br 2]Ð 

ʌʦʨʤʫʣʘ ʩʦʝʜʠʥʝʥʠʷ C12 H18 Br2 Cu N6 O4 

ʄʦʣʷʨʥʘʷ ʤʘʩʩʘ 533.68 ʛ/ʤʦʣʴ 

ʊʝʤʧʝʨʘʪʫʨʘ 293 K 

ʉʠʥʛʦʥʠʷ ʪʨʠʢʣʠʥʥʘʷ 

ɻʨʫʧʧʘ ʩʠʤʤʝʪʨʠʠ P -1 

ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 
a=3.95(1) ¡ b=6.85(1) ¡ c=17.03(2) ¡ 

Ŭ=97.2(1)Á ɓ=96.0(1)Á ɔ=95.3(1)Á 

ʆʙʲʝʤ ʷʯʝʡʢʠ 452.6(1) ¡
3
 

Z 1 

ʇʣʦʪʥʦʩʪʴ 1.958 ʛ/ʩʤ
3
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ʈʠʩ. 2. ʉʧʝʢʪʨ ʕʇʈ ʟʘʤʦʨʦʞʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ CuL
1
2Br2 ʚ ʵʪʘʥʦʣʝ ʧʨʠ 77K 

 

ʉʧʝʢʪʨ ʕʇʈ (ʈʠʩ. 3) ʠʩʭʦʜʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [CuL
1
2Br2]Ð ʧʨʠ T=300K ʧʨʝʜ-

ʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʠʥʦʯʥʫʶ ʣʠʥʠʶ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ ‍ὫὌὛ ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ S=İ, g=2.155(5), ʬʦʨʤʦʡ ʣʠʥʠʠ ʃʦʨʝʥʮʘ (ȹʅʧʠʢ-ʧʠʢ=83(3) ʤʊʣ), ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ 

ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʀʟ ʈʠʩ. 3 ʪʦʯʥʦ ʫʩʪʘʥʦʚʠʪʴ ʩʧʠʥʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʳʤ. ʅʦ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʤʘʛʥʝʪʦʭʠʤʠʯʝʩʢʠʤʠ ʜʘʥʥʳʤʠ (ʩʤ. ʥʠʞʝ) ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ 

ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ ʷʚʣʷʝʪʩʷ S=İ. ʇʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 77K, ʧʦʣʫʰʠʨʠʥʘ ʣʠʥʠʠ ʚ ʩʧʝʢʪʨʝ 

ʕʇʈ ʧʣʘʚʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ ȹʅʧʠʢ-ʧʠʢ=72(3) ʤʊʣ ʩ ȹ(ȹʅ)/ȹT=0.05 ʤʊʣ/K. ʉ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ 

ʠʟʤʝʥʷʝʪʩʷ ʮʚʝʪ ʦʙʨʘʟʮʘ, ʪ.ʝ. ʦʥ ʧʨʦʷʚʣʷʝʪ ʪʝʨʤʦʭʨʦʤʥʳʝ ʩʚʦʡʩʪʚʘ [127]. ʊʘʢʫʶ ʙʦʣʴʰʫʶ ʰʠʨʠʥʫ ʣʠ-

ʥʠʡ ʤʦʞʥʦ, ʥʘʧʨʠʤʝʨ, ʦʙʲʷʩʥʠʪʴ ʥʘʣʠʯʠʝʤ ʥʝʩʠʤʤʝʪʨʠʯʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʮʝʧʦʯ-

ʢʘʤʠ [128]; ʥʘʣʠʯʠʝʤ ʥʝʩʢʦʣʴʢʠʭ ʢʘʥʘʣʦʚ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ; ʥʘʣʠʯʠʝʤ ʚʥʫʪʨʠʮʝʧʦʯʝʯʥʦʡ 

ʠʣʠ ʤʝʞʮʝʧʦʯʝʯʥʦʡ ʬʨʫʩʪʨʘʮʠʡ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʠʦʥʘʤʠ ʤʝʜʠ ʩʦʩʝʜʥʠʭ ʮʝʧʦʯʝʢ ʚ [CuL
1
2Br2]Ð (6.9 ¡ ʠ 17.0 ¡), ʤʝʞʜʫ ʥʠʤʠ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ ʟʘ ʩʯʸʪ, ʥʘʧʨʠʤʝʨ, ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʢʨʠʩʪʘʣʣʝ. 

100 150 200 250 300 350 400 450 500
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 b
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ʈʠʩ. 3. ʉʧʝʢʪʨʳ ʕʇʈ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
2Br2]Ð ʧʨʠ 300K (a) ʠ 77K (b) 
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ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [129], ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ ʚ ʩʦʣʷʭ CuCl2 ʠ CuBr2 ʩ 

ɓ-ʘʣʘʥʠʥʦʤ (NH3CH2CH2COOH)2CuX4 ʩʦʩʪʘʚʣʷʝʪ 12.1 ¡ ʠ ʧʦʢʘʟʘʥʦ ʥʘʣʠʯʠʝ ʘʥʪʠʩʠʤʤʝʪʨʠʯʥʳʭ ʠ 

ʘʩʩʠʤʝʪʨʠʯʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʧʦʣʠʤʝʨʥʳʤʠ ʩʣʦʷʤʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʦʤʫ ʫʰʠʨʝʥʠʶ ʣʠʥʠʡ ʚ ʩʧʝʢʪʨʘʭ ʕʇʈ, ʧʨʠʯʝʤ ʰʠʨʠʥʘ ʣʠʥʠʠ ʣʠʥʝʡʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʧʦʥʠʞʝ-

ʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ (ȹ(ȹʅ)/ȹT=20 ʤʊʣ/K ʜʣʷ ʙʨʦʤʠʜʘ), ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʚʣʠʷʥʠʝʤ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʣʠʛʘʥʜʦʚ. ʆʜʥʘʢʦ ʪʘʢʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʪʦʣʴʢʦ ʚ ʩʠʩʪʝʤʘʭ, ʥʝ ʩʚʷ-

ʟʘʥʥʳʭ ʮʝʥʪʨʦʤ ʠʥʚʝʨʩʠʠ. ʇʦʜʦʙʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʩʪʨʝʯʘʶʪʩʷ ʠ ʚ ʜʨʫʛʠʭ ʢʦʤʧʣʝʢʩʘʭ ʤʝʜʠ(II), 

ʥʘʧʨʠʤʝʨ, CuBr4 ʩ 2,3-ʜʠʤʝʪʠʣʧʠʨʠʜʠʥʦʤ [130, 131]. ʅʝʟʘʚʠʩʠʤʦʩʪʴ g-ʪʝʥʟʦʨʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 

ʵʪʦʤ ʩʦʝʜʠʥʝʥʠʠ, ʩʚʷʟʳʚʘʝʪʩʷ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [132] ʩ ʥʘʣʠʯʠʝʤ ʬʨʫʩʪʨʘʮʠʠ. 

ʇʦʩʢʦʣʴʢʫ ʰʠʨʠʥʘ ʣʠʥʠʠ ʩʧʝʢʪʨʘ ʕʇʈ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
2Br2]Ð ʦʙʫʩʣʦʚʣʝʥʘ 

ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ, ʪʦ ʝʸ ʫʤʝʥʴʰʝʥʠʝ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ ʠʟʤʝʥʝʥʠʝ ʦʧʪʠ-

ʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʟʥʘʯʘʝʪ ʠʟʤʝʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʙʣʠʞʘʡʰʝʛʦ ʦʢʨʫʞʝʥʠʷ ʠʦʥʘ ʤʝʜʠ(II) ʠ ʧʘʨʘ-

ʤʝʪʨʦʚ ʨʝʰʝʪʢʠ. ʕʪʦ, ʚ ʠʪʦʛʝ, ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʨʘʩʩʪʦʷʥʠʡ ʠ ʫʛʣʦʚ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ ʠ ʣʠʛʘʥ-

ʜʘʤʠ ʚ ʧʦʣʠʤʝʨʥʦʡ ʮʝʧʦʯʢʝ ʠ, ʚʝʨʦʷʪʥʦ, ʢ ʠʟʤʝʥʝʥʠʶ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʧʦʣʠʤʝʨʥʳʤʠ ʮʝʧʦʯʢʘʤʠ. 

ʇʨʠ ʤʥʦʛʦʢʨʘʪʥʦʤ ʧʦʚʪʦʨʝʥʠʠ ʮʠʢʣʦʚ ʟʘʤʦʨʦʟʢʠ (T=77K) ï ʥʘʛʨʝʚʘ (T=300K) ʧʦʣʠʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
2Br2]Ð ʚ ʩʧʝʢʪʨʘʭ ʕʇʈ (ʈʠʩ. 4) ʧʦʷʚʣʷʶʪʩʷ ʠ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʧʦ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʠ ʣʠʥʠʠ ʚ ʩʣʘʙʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʵʪʠʤ ʧʨʦʠʩʭʦʜʠʪ ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʠ ʣʠʥʠʠ ʚ ʩʧʝʢʪʨʘʭ ʕʇʈ ʦʪ ʠʩʭʦʜʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʫʯʘ-

ʩʪʠʝ ʠʦʥʦʚ ʤʝʜʠ ʚʦ ʚʩʝʭ ʣʠʥʠʷʭ ʥʘʙʣʶʜʘʝʤʳʭ ʩʧʝʢʪʨʦʚ ʕʇʈ. ʇʨʠ ʧʝʨʝʭʦʜʝ ʠʟ X- ʚ Q-ʜʠʘʧʘʟʦʥ ʯʘ-

ʩʪʦʪ, ʚ ʩʧʝʢʪʨʝ ʕʇʈ ʣʠʥʠʷ ʚ ʩʣʘʙʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʨʘʟʨʝʰʠʣʘʩʴ: ʯʘʩʪʴ ʣʠʥʠʠ ʥʝ ʩʤʝʩʪʠʣʘʩʴ, ʯʪʦ 

ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʥʘ ʥʝʨʝʟʦʥʘʥʩʥʳʡ ʭʘʨʘʢʪʝʨ ʧʦʛʣʦʱʝʥʠʷ. ɺ ʣʠʪʝʨʘʪʫʨʝ ʦʜʥʠʤ ʠʟ ʦʙʲʷʩʥʝʥʠʡ 

ʥʘʣʠʯʠʷ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʷʚʣʷʝʪʩʷ ʧʦʷʚʣʝʥʠʝ ʬʨʫʩʪʨʘʮʠʡ ʚ ʩʠʩʪʝʤʝ, ʥʘʧʨʠʤʝʨ, ʩʦʩʪʦʷ-

ʥʠʷ ʩʧʠʥʦʚʦʛʦ ʩʪʝʢʣʘ [133]. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʜʝ-

ʥʠʝ ʠʟʤʝʨʝʥʠʡ ʥʠʞʝ ʠ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʩʠʩʪʝʤʳ ʚ ʩʧʠʥ-ʩʪʝʢʦʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ (Tʬ). 

ʆʜʥʘʢʦ ʚ ʢʦʤʧʣʝʢʩʝ [CuL
1
2Br2]Ð ʥʝʨʝʟʦʥʘʥʩʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚʧʣʦʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 

ʨʘʟʣʦʞʝʥʠʷ ʩʦʝʜʠʥʝʥʠʷ (Tå470K), ʧʦʵʪʦʤʫ, ʚʝʨʦʷʪʥʦ Tʬ ʙʦʣʴʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʟʣʦʞʝʥʠʷ, ʠʟ-ʟʘ 

ʯʝʛʦ ʥʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʪʘʥʜʘʨʪʥʳʝ ʤʝʪʦʜʳ ʦʙʥʘʨʫʞʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʩʧʠʥʦʚʦʛʦ ʩʪʝʢʣʘ 

[134, 135]. ɺʝʨʦʷʪʥʦ, ʧʦʤʠʤʦ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʉɺʏ ʵʥʝʨʛʠʠ ʚ ʩʠʩʪʝʤʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʠ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʨʝʟʦʥʘʥʩʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʟʘ ʩʯʸʪ ʥʘʣʠʯʠʷ ʤʘʛʥʠʪʥʳʭ ʜʦʤʝʥʦʚ ʩ ʥʝʩʢʦʤʧʝʥʩʠʨʦ-

ʚʘʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ (ʩʤ. ʥʠʞʝ). ʇʦ ʜʘʥʥʳʤ ʕʇʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʪʦʣʴʢʦ X- ʠ Q-ʜʠʘʧʘʟʦʚ 

ʜʣʷ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʨʠʨʦʜʫ ʧʦʛʣʦʱʝʥʠʷ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. ɺʳʝh-

ʦʧʠʩʘʥʥʦʝ ʧʦʚʝʜʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
2Br2]Ð, ʧʦʜʚʝʨʛʰʝ-

ʤʫʩʷ ʠʤʧʫʣʴʩʥʦʤʫ ʜʘʚʣʝʥʠʶ (å 3000 ʘʪʤ). 
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ʈʠʩ. 4. ʉʧʝʢʪʨʳ ʕʇʈ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
2Br2]Ð ʩ ʥʝʨʝʟʦʥʘʥʩʥʳʤ ʧʦʛʣʦʱʝʥʠʝʤ ʉɺʏ 

ʚ X- (a) ʠ Q- ʜʠʘʧʘʟʦʥʘʭ ʯʘʩʪʦʪ (b) 

 

ʇʦʷʚʣʝʥʠʝ ʣʠʥʠʡ ʕʇʈ ʚ ʩʣʘʙʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʷʤʠ ʚ ʩʪʨʫʢʪʫʨʝ 

[CuL
1
2Br2]Ð. ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʝʡ (ʈʠʩ. 5) ʦʙʨʘʟʮʦʚ, ʧʦʜʚʝʨʛʰʠʭʩʷ ʚʦʟ-

ʜʝʡʩʪʚʠ ʁʠʤʧʫʣʴʩʥʦʛʦ ʜʘʚʣʝʥʠʷ ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʪʨʝʥʠʨʦʚʢʠ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʧʦʩʣʝʜʫʶʱʝʝ ʜʠʩʧʝʨ-

ʛʠʨʦʚʘʥʠʝ ʦʙʨʘʟʮʘ ʫʣʴʪʨʘʟʚʫʢʦʤ ʚʦʟʚʨʘʱʘʝʪ ʩʪʨʫʢʪʫʨʫ ʩʦʝʜʠʥʝʥʠʷ ʚ ʠʩʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ (ʈʠʩ. 5c). 

ʇʨʠ ʵʪʦʤ ʠʩʯʝʟʘʶʪ ʩʧʝʢʪʨʳ ʕʇʈ ʚ ʥʫʣʝʚʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ, ʠ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʩʧʝʢʪʨ ʕʇʈ ʦʪ 

ʠʩʭʦʜʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
2Br2]Ð. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʦʞʝʪ ʛʦʚʦʨʠʪʴ ʦʙ ʦʙʨʘʟʦ-

ʚʘʥʠʠ ʥʘʧʨʷʞʝʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʩʪʨʫʢʪʫʨʳ ʠʣʠ ʘʤʦʨʬʠʟʘʮʠʠ ʚʝʱʝʩʪʚʘ. 

4 6 8 10 12 14 16 18 20 22 24 26 28 30

a

d

c

2q, °

b

 

ʈʠʩ. 5. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ CuL2Br2: ʠʩʭʦʜʥʦʛʦ (a); 

ʩ ʩʠʛʥʘʣʦʤ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ (b); ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʳʡ (c); 

ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ, ʧʦʩʪʨʦʝʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʴʥʦʡ ʜʠʬʨʘʢʮʠʠ (d) 

 

ʇʦʩʣʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʪʨʝʥʠʨʦʚʢʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [CuL
1
2Br2]Ð ʚ ʩʧʝʢʪʨʘʭ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʈʠʩ. 6) ʧʨʘʢʪʠʯʝʩʢʠ ʠʩʯʝʟʘʶʪ ʧʦʣʦʩʳ ʚ ʜʠʘʧʘʟʦʥʝ 1200-1500 ʩʤ
-1
, ʦʪ-

ʥʦʩʷʱʠʝʩʷ ʢ ʢʦʣʝʙʘʥʠʷʤ ʧʠʨʘʟʦʣʴʥʳʭ ʛʨʫʧʧ [136, 137]. 
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ʈʠʩ. 6. ʉʧʝʢʪʨʳ ʂʈ ʠʩʭʦʜʥʦʛʦ (a) ʠ ʪʨʝʥʠʨʦʚʘʥʥʦʛʦ (b) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
2Br2]Ð 

 

ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ (ʈʠʩ. 7) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

[CuL
1
2Br2]Ð ʦʧʠʩʳʚʘʝʪʩʷ ʤʦʜʝʣʴʶ ʌʠʰʝʨʘ (… ÔÁÎÈ ίὩὧὬ    

…᷆ Ὡ ) ʩ ʢʦʥʩʪʘʥʪʦʡ ʩʧʠʥ-ʩʧʠʥʦʚʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʘʚʥʦʡ J=-16(1) ʩʤ
-1
, ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʅʝʝʣʷ ʨʘʚʥʦʡ TN=26(1)K ʠ ʩʨʝʜʥʠʤ g-ʬʘʢʪʦʨʦʤ <g>=2.14(2). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ 

ʨʝʟʫʣʴʪʠʨʫʶʱʠʤ ʠ ʦʩʥʦʚʥʳʤ ʷʚʣʷʝʪʩʷ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʪʠʧ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɿʥʘʯʝʥʠʝ ʤʘʛ-

ʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ɛɻʬʬ=1.95 ɛɹ ʧʨʠ 300K ʷʚʣʷʝʪʩʷ ʪʠʧʠʯʥʳʤ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ, ʩʦʜʝʨʞʘʱʠʭ ʦʜʠʥ ʠʦʥ 

Cu
2+
, ʦʜʥʘʢʦ ʥʝʤʥʦʛʦ ʚʳʰʝ ʯʠʩʪʦ ʩʧʠʥʦʚʦʛʦ ʟʥʘʯʝʥʠʷ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʣʠʷʥʠʝ ʩʧʠʥ-

ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʪʨʝʥʠʨʦ-

ʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ ʩʦʜʝʨʞʠʪ ʩʣʘʛʘʝʤʦʝ ʩʧʦʥʪʘʥʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ů0, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʦʷʚʣʝʥʠʷ 

ʚ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʝ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ɸʧʧʨʦʢʩʠʤʠʨʦʚʘʚ ʧʦʣʫʯʝʥʥʳʝ 

ʜʘʥʥʳʝ ʤʦʜʝʣʴʶ ʌʠʰʝʨʘ, ʩ ʫʯʝʪʦʤ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ „ …Ὄ „, ʧʦʣʫʯʘ-

ʝʪʩʷ <ů0>T=150ɟ*M
-1
å0.55 ɻʩ*ʩʤ

3
*ʛ

-1
. ʅʘʣʠʯʠʝ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʳ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʪʘʢʞʝ ʦʪ-

ʢʣʦʥʝʥʠʝʤ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ T=5K ʜʣʷ ʪʨʝʥʠʨʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ ʦʪ ʣʠ-

ʥʝʡʥʦʛʦ ʟʘʢʦʥʘ. ʂʘʢ ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʬʝʨʨʦʤʘʛʥʝʪʠʟʤ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥ ʥʘʣʠ-

ʯʠʝʤ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʝʡ, ʥʘʧʨʠʤʝʨ, ʞʝʣʝʟʘ, ʢʦʙʘʣʴʪʘ ʠ ʥʠʢʝʣʷ. ʅʦ ʭʠʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʦʙ-

ʨʘʟʮʘ, ʧʨʦʷʚʣʷʶʱʝʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʧʦʢʘʟʘʣ ʦʪʩʫʪʩʪʚʠʝ ʧʨʠʤʝʩʠ ʜʘʥʥʳʭ ʤʝʪʘʣʣʦʚ. 

ʇʦʵʪʦʤʫ, ʬʝʨʨʦʤʘʛʥʝʪʠʟʤ ʦʙʫʩʣʦʚʣʝʥ ʠʤʝʥʥʦ ʠʦʥʘʤʠ ʤʝʜʠ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʘʢʪʠʚʥʦ ʠʜʸʪ ʠʟʫ-

ʯʝʥʠʝ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ ʤʝʜʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ, ʥʘʧʨʠʤʝʨ, ʚ 

ʦʢʩʠʜʘʭ [138, 139]. ɹʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤ ʤʝʜʠ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʦʣʝʢʫ-

ʣʘʭ, ʥʘʧʨʠʤʝʨ, ʚʦ ʬʪʘʣʦʮʠʘʥʠʥʝ ʤʝʜʠ [140], ʚ ʢʦʪʦʨʦʤ ʥʘʙʣʶʜʘʣʦʩʴ ʩʭʦʞʝʝ ʩ [CuL
1
2Br2]Ð ʧʦʚʝʜʝ-

ʥʠʝ. ɸʚʪʦʨʳ ʥʘʟʳʚʘʶʪ ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʬʘʢʪʦʨʘʤʠ ʧʨʦʷʚʣʝʥʠʷ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ ʚ ʢʦʤʧʣʝʢʩʘʭ ʤʝ-

ʜʠ ʧʦʣʷʨʠʟʘʮʠʶ 3d ʩʦʩʪʦʷʥʠʷ ʤʝʜʠ ʠ 2s2p ʩʦʩʪʦʷʥʠʷ ʘʟʦʪʘ; p-d ʠ ́-  ́ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 
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ʈʠʩ. 7. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 

ʠʩʭʦʜʥʦʛʦ (a) ʠ ʪʨʝʥʠʨʦʚʘʥʥʦʛʦ (b) ʦʙʨʘʟʦʚ [CuL
1
2Br2]Ð 

 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʦʙʨʘʟʦʚ [CuL
1
2Br2]Ð, ʧʦʜʚʝʨʛʰʠʭʩʷ ʚʥʝʰʥʠʤ ʚʦʟʜʝʡ-

ʩʪʚʠʷʤ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦ-

ʣʷ ʚ ʠʥʪʝʨʚʘʣʝ -600ź+600 ʤʊʣ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 130-420K. ɺ ʩʧʝʢʪʨʘʭ ʕʇʈ (ʈʠʩ. 8) 

ʥʘʙʣʶʜʘʝʪʩʷ ʘʩʩʠʤʝʪʨʠʯʥʳʡ ʛʠʩʪʝʨʝʟʠʩ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʚ ʦʙʨʘʟʮʝ ʤʘʛʥʠʪ-

ʥʳʭ ʜʦʤʝʥʦʚ ʩ ʥʝʩʢʦʤʧʝʥʩʠʨʦʚʘʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ [141]. 
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ʈʠʩ. 8. ʉʧʝʢʪʨ ʕʇʈ ʚ X-ʜʠʘʧʘʟʦʥʝ ʪʨʝʥʠʨʦʚʘʥʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
2Br2]Ð 

ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ -600ź+600 ʤʊʣ ʧʨʠ 130K (a) ʠ 300K (b) 

 

ʐʠʨʠʥʘ ʣʠʥʠʠ ʕʇʈ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ (ʈʠʩ. 9), 

ʠ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʢʦʥʦʤ Ὄ̐ ̉̋̐ ̉̋ Ὄ ὃ ̕

̕
 ʩ ʧʘʨʘʤʝʪʨʘʤʠ: A=3.5(1) ʤʊʣ, 

B0=255(3) ʤʊʣ, Tʬ=550(50) K, Ŭ=1.9(0.3), ʛʜʝ H0 ï ʥʝʟʘʚʠʩʠʤʘʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʯʘʩʪʴ ʰʠʨʠʥʳ ʣʠ-

ʥʠʠ, Ŭ ï ʧʦʢʘʟʘʪʝʣʴ ʩʪʝʧʝʥʠ, A ï ʢʦʥʩʪʘʥʪʘ. ʇʨʠ ʵʪʦʤ ʣʠʥʠʷ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʥʘʙʣʶʜʘʝʪ-

ʩʷ ʚʧʣʦʪʴ ʜʦ ʨʘʟʣʦʞʝʥʠʷ ʢʦʤʧʣʝʢʩʘ (Tå470K), ʯʪʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 
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ʈʠʩ. 9. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ ʣʠʥʠʠ ʕʇʈ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ 

ʪʨʝʥʠʨʦʚʘʥʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
2Br2]Ð 

 

ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʣʠʥʠʡ ʕʇʈ (ʈʠʩ. 10) ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚ 

ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʠ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʧʦʣʷʭ ʚʝʜʫʪ ʩʝʙʷ ʠʜʝʥʪʠʯʥʦ ʠ ʧʦʜʯʠʥʷʶʪʩʷ ʟʘʢʦʥʫ ʂʶʨʠ. ʊʝʤʧʝʨʘ-

ʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʣʠʥʠʠ ʚ ʥʫʣʝʚʳʭ ʧʦʣʷʭ ʥʝ ʧʦʜʯʠʥʷʶʪʩʷ ʟʘʢʦʥʫ ʂʶʨʠ-ɺʝʡʩʩʘ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ 

ʩʧʠʥʦʚʳʭ ʩʪʝʢʦʣ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ Tʬ: 
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ʈʠʩ. 10. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʠ ʕʇʈ ʚ ʥʫʣʝʚʳʭ ʧʦʣʷʭ 

ʪʨʝʥʠʨʦʚʘʥʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
2Br2]Ð 

 

ʅʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʣʝ-

ʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ, ʥʘʥʝʩʝʥʥʳʭ ʥʘ ʛʠʙʢʠʝ ʧʦʚʝʨʭʥʦʩʪʠ. ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʧʣʸʥʢʠ [CuL
1
2Br2]Ð ʤʝʪʦʜʦʤ 

ʥʘʥʝʩʝʥʠʷ ʢʦʤʧʣʝʢʩʘ ʠʟ ʨʘʩʪʚʦʨʘ ʩ ʵʪʘʥʦʣʦʤ ʥʘ ʚʨʘʱʘʶʱʫʶʩʷ ʛʠʙʢʫʶ ʩʠʣʦʢʩʘʥʦʚʫʶ ʧʦʜʣʦʞʢʫ. 

ʉʧʝʢʪʨ ʕʇʈ (ʈʠʩ. 11) ʧʣʸʥʢʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʠʥʦʯʥʫʶ ʣʠʥʠʶ ʩ ʰʠʨʠʥʦʡ ȹʅʧʠʢ-ʧʠʢ=300(15) ɻʩ, 

ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʰʠʨʠʥʳ ʣʠʥʠʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ. ʇʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʜʘʚʣʝ-

ʥʠʷ ʚ ʩʧʝʢʪʨʝ ʕʇʈ ʥʘʙʣʶʜʘʣʘʩʴ ʧʦʣʦʩʘ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ. ɺ ʧʣʸʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨʘʭ 
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ʥʘʙʣʶʜʘʣʘʩʴ ʩʠʣʴʥʘʷ ʫʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʣʠʥʠʠ ʚ ʥʫʣʝʚʳʭ ʧʦʣʷʭ. ʇʠʢʦʚʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʦʠʟ-

ʚʦʜʥʦʡ ʧʦʛʣʦʱʝʥʠʷ ʤʝʥʷʝʪʩʷ ʦʪ ʤʠʥʠʤʘʣʴʥʦʡ (ʧʨʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʚʝʢʪʦʨʘ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʢ ʥʦʨʤʘʣʠ ʧʣʸʥʢʠ) ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ (ʧʨʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʚʝʢʪʦʨʘ ʧʦʣʷ ʢ 

ʥʦʨʤʘʣʠ). ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʘʥʠʟʦʪʨʦʧʠʶ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʚʳ-

ʟʚʘʥʘ ʦʜʥʦʦʩʥʳʤ ʩʞʘʪʠʝʤ. ʇʦʵʪʦʤʫ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʦʜʥʦʦʩʥʦʝ ʩʞʘʪʠʝ ʧʨʠʚʦʜʠʪ ʥʝ ʪʦʣʴ-

ʢʦ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʩʦʩʪʦʷʥʠʷ ʩʦ ʩʣʫʯʘʡʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʬʝʨʨʦ- / ʘʥʪʠʬʝʨʨʦʤʘʛ-

ʥʠʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʥʦ ʠ ʢ ʫʧʦʨʷʜʦʯʝʥʠʶ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʚ ʥʘʧʨʘʚʣʝ-

ʥʠʠ ʧʨʠʣʘʛʘʝʤʦʡ ʩʠʣʳ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʜʘʚʣʝʥʠ.̫ 
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ʈʠʩ. 11. ʉʧʝʢʪʨʳ ʕʇʈ ʧʨʠ T=300K ʧʣʸʥʢʠ [CuL
1
2Br2]Ð, ʦʩʘʞʜʝʥʥʦʡ ʠʟ ʵʪʘʥʦʣʘ: ʠʩʭʦʜʥʦʡ (a) 

ʠ ʩ ʥʝʨʝʟʦʥʘʥʩʥʳʤ ʧʦʛʣʦʱʝʥʠʝʤ (b) ʧʨʠ ʨʘʟʥʳʭ ʦʨʠʝʥʪʘʮʠʷʭ ʧʣʸʥʢʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʢʦʤʧʣʝʢʩʥʦʤ ʧʦʣʠʤʝʨʥʦʤ ʩʦʝʜʠʥʝʥʠʠ [CuL
1
2Br2]Ð ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʥʝʨʝ-

ʟʦʥʘʥʩʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʉɺʏ ʧʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʠ ʚʦʟʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʥʦʛʦ ʜʘʚʣʝʥʠʷ. 

ʊʘʢʦʝ ʧʦʛʣʦʱʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ ʧʦʷʚʣʝʥʠʝʤ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʣʘʩʪʝʨʦʚ ʤʝʜʠ(0), ʥʦ, ʚ ʪʘʢʦʤ 

ʩʣʫʯʘʝ, ʨʘʩʪʚʦʨʝʥʠʝ ʢʦʤʧʣʝʢʩʘ ʩ ʥʝʨʝʟʦʥʘʥʩʥʳʤ ʧʦʛʣʦʱʝʥʠʝʤ ʥʝ ʜʦʣʞʥʦ ʧʨʠʚʦʜʠʪʴ ʢ ʠʩʯʝʟʥʦʚʝ-

ʥʠʶ ʣʠʥʠʠ, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʧʨʘʢʪʠʢʝ. ɼʨʫʛʦʝ ʦʙʲʷʩʥʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴ-

ʥʳʭ ʢʘʥʘʣʦʚ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʥʘʧʨʷʞʝʥʥʦʩʪʝʡ ʚ ʩʪʨʫʢʪʫʨʝ ʩʦʝʜʠʥʝʥʠʷ ʠʣʠ ʜʝʬʝʢʪʦʚ ʚ 

ʧʦʣʠʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʝ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʪʢʣʠʢ ʢʦʤʧʣʝʢʩʘ [CuL
1
2Br2]Ð ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʜʘʚʣʝʥʠʝ ʦʪʣʠʯʘʶʪʩʷ 

ʜʣʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ ʨʘʟʥʦʝ ʚʨʝʤʷ ʢʦʤʧʣʝʢʩʦʚ, ʚʧʣʦʪʴ ʜʦ ʦʪʩʫʪʩʪʚʠʷ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝ-

ʥʠʷ. ʊʘʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ, ʥʘʧʨʠʤʝʨ, ʩʦ ʚʨʝʤʝʥʝʤ, ʧʨʠ çʩʪʘʨʝʥʠʠè ʧʦʣʠʤʝʨʦʚ. ʆʜ-

ʥʘʢʦ ʦʙʣʫʯʝʥʠʝ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ (10
16

 e/ʩʤ
2
, 3 ʄʵɺ) ʠʥʝʨʪʥʦʛʦ ʢ ʚʥʝʰʥʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ ʦʙ-

ʨʘʟʮʘ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʩʪʠʤʫʣʷʮʠʠ ʧʨʦʷʚʣʝʥʠʷ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʧʨʠ ʜʘʣʴʥʝʡʰʠʭ ʚʦʟʜʝʡ-

ʩʪʚʠʷʭ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ. ɼʨʫʛʠʤ ʬʘʢʪʦʨʦʤ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʠʛʨʘʪʴ ʚʘʞʥʫʶ ʨʦʣʴ ʧʨʠ ʢʨʠ-

ʩʪʘʣʣʠʟʘʮʠʠ ʢʦʤʧʣʝʢʩʘ, ʷʚʣʷʝʪʩʷ, ʥʘʣʠʯʠʝ ʤʦʣʝʢʫʣ ʚʦʜʳ ʚ ʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʦʤ ʨʘʩʪʚʦʨʝ. ɼʝʡ-
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ʩʪʚʠʪʝʣʴʥʦ, ʧʣʦʭʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʢʦʤʧʣʝʢʩʘ [CuL
1
2Br2]Ð ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʙʨʳʚ ʮʝʧʠ ʧʨʠ ʧʦʣʠʤʝʨʠ-

ʟʘʮʠʠ, ʘ ʠʥʠʮʠʘʪʦʨʦʤ ʦʙʨʳʚʘ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʤʦʣʝʢʫʣʳ ʚʦʜʳ. ʉ ʮʝʣʴʶ ʧʨʦʚʝʨʢʠ ʧʨʝʜʧʦʣʦʞʝʥʠʷ 

ʦ ʚʣʠʷʥʠʠ ʚʦʜʳ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, ʧʦʣʫʯʘʝʤʦʛʦ ʚ ʭʦʜʝ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ ʨʘʩʪʚʦʨʘ ʩʦʣʠ CuBr2 ʠ ʨʘʩʪʚʦʨʘ ʣʠʛʘʥʜʘ L
1
, ʧʨʦʚʦʜʠʣʩʷ ʨʷʜ ʩʠʥʪʝʟʦʚ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ 

ʚʚʝʜʝʥʠʝʤ ʚ ʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʳʡ ʨʘʩʪʚʦʨ ʤʦʣʝʢʫʣ ʚʦʜʳ (ʩʤ. ʨʘʟʜʝʣ 3.1.2). 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʝ [120]. 

 

3.1.2. ɺʣʠʷʥʠʝ ʩʦʣʴʚʘʪʘʮʠʠ ʥʘ ʢʦʤʧʣʝʢʩ ʙʨʦʤʠʜʘ ʤʝʜʠ(II ) ʩ L
1
 

ɼʣʷ ʨʘʩʩʤʦʪʨʝʥʠʷ ʚʣʠʷʥʠʷ ʚʦʜʳ ʥʘ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ [CuL
1
2Br2]Ð, ʙʳʣʘ 

ʧʨʦʚʝʜʝʥʘ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʢʦʤʧʣʝʢʩʘ ʚ ʩʤʝʩʠ EtOH/H2O ʩ ʨʘʟʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ EtOH ʠ H2O. 

ʅʘʚʝʩʢʘ 5 ʤʛ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
2Br2]Ð ʨʘʩʪʚʦʨʷʣʘʩʴ ʚ ʩʤʝʩʠ EtOH/H2O 

(2.5 ʤʣ/2.5 ʤʣ). ʇʦʩʣʝ ʤʝʜʣʝʥʥʦʛʦ ʠʩʧʘʨʝʥʠʷ ʥʘ ʩʪʝʥʢʘʭ ʭʠʤʠʯʝʩʢʦʛʦ ʩʪʘʢʘʥʘ ʦʙʨʘʟʦʚʳʚʘʣʠʩʴ ʟʝ-

ʣʸʥʳʝ ʠʛʦʣʴʯʘʪʳʝ ʢʨʠʩʪʘʣʣʳ. ʇʦʣʫʯʝʥʥʳʝ ʢʨʠʩʪʘʣʣʳ, ʧʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʚ̫-

ʣʷʶʪʩʷ ʥʦʚʳʤ ʧʦʣʠʤʝʨʥʳʤ ʢʦʤʧʣʝʢʩʦʤ [CuL
1
4Br]nĿnBrĿnH2O (ʈʠʩ. 12, ʊʘʙʣ. 3). ʇʨʠ ʥʘʭʦʞʜʝʥʠʠ 

ʵʪʠʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʤʘʪʦʯʥʦʤ ʨʘʩʪʚʦʨʝ, ʦʥʠ ʨʘʩʢʘʣʳʚʘʶʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʦʨʠʯʥʝʚʦʛʦ ʧʦʨʦʰʢʘ, 

ʢʦʪʦʨʳʡ, ʩʦʛʣʘʩʥʦ ʈʌɸ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʘʟʝ [CuL
1
2Br2]Ð. ʋʜʘʣʝʥʠʝ ʤʘʪʦʯʥʦʛʦ ʨʘʩʪʚʦʨʘ ʧʨʝʧʷʪ-

ʩʪʚʫʝʪ ʬʘʟʦʚʦʤʫ ʧʝʨʝʭʦʜʫ [CuL
1
4Br]nĿnBrĿnH2OŸ[CuL2Br2]Ð. ʀʜʝʥʪʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪ rʧʦʣʫʯʘʶʪʩʷ 

ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ EtOH/H2O: 25, 75, ʠ 100% ʯʘʩʪʝʡ ʚʦʜʳ. ɼʣʷ ʨʝʢʪʠʬʠʢʘʮʠʦʥʥʦʛʦ ʵʪʘ-

ʥʦʣʘ (å4% ʚʦʜʳ) ʤʝʜʣʝʥʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʧʨʠʚʦʜʠʪ ʢ ʦʩʘʞʜʝʥʠʶ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ 

[CuL
1
2Br2]Ð. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ, ʧʨʠ ʜʣʠʪʝʣʴʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (6 ʤʝʩʷʮʝʚ) ʫʜʘʸʪʩʷ ʧʦʣʫʯʠʪʴ 

ʤʘʣʦʝ ʢʦʣʠʯʝʩʪʚʦ ʬʘʟʳ [CuL
1
4Br]nĿnBrĿnH2O. 

ʄʝʜʣʝʥʥʦʝ ʠʩʧʘʨʝʥʠʝ (ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ) ʨʘʩʪʚʦʨʘ 5 ʤʛ ʢʦʤʧʣʝʢʩʘ [CuL
1
4Br]nĿnBrĿnH2O ʚ ʨʝʢ-

ʪʠʬʠʢʘʮʠʦʥʥʦʤ ʵʪʘʥʦʣʝ (5 ʤʣ) ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʠʛʦʣʴʯʘʪʳʭ ʟʝʣʸʥʳʭ ʢʨʠʩʪʘʣʣʦʚ 

[CuL
1
4Br]nĿnBrĿnH2O, ʠʛʦʣʴʯʘʪʳʭ ʢʦʨʠʯʥʝʚʳʭ ʢʨʠʩʪʘʣʣʦʚ [CuL

1
2Br2]Ð ʠ ʞʝʣʪʦʡ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʦʡ ʬʘʟr [CuL
1
4Br2]Ŀ2H2O

ʞ
. 

ʇʨʠ ʩʠʥʪʝʟʝ ʢʦʤʧʣʝʢʩʦʚ ʧʨʠ ʤʦʣʷʨʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ CuBr2:L
1
 1:6 ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʤʦʣʝʢʫʣ ʚʦ-

ʜʳ (ʩʤ. 2.2.1) ʚʳʧʘʜʘʶʪ ʟʝʣʝʥʳʝ ʢʨʠʩʪʘʣʣʳ ʜʚʫʭ ʪʠʧʦʚ: ʠʛʦʣʴʯʘʪʳʝ [CuL
1
4Br]nĿnBrĿnH2O ʠ ʧʣʘ-

ʩʪʠʥʯʘʪʳʝ [CuL
1
4Br2]Ŀ2H2O

ʟ
 (ʈʠʩ. 13 ʠ ʈʠʩ. 14, ʊʘʙʣ. 4); ʠ ʜʚʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʬʘʟʳ: ʢʦʨʠʯ-

ʥʝʚʘʷ [CuL
1
2Br2]Ð ʠ ʞʝʣʪʘʷ [CuL

1
4Br2]Ŀ2H2O

ʞ
 (ʈʠʩ. 13 ʠ ʈʠʩ. 14, ʊʘʙʣ. 4). 

ʀʩʭʦʜʷ ʠʟ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʦʛʦ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠ-

ʥʝʥʠʷ ʠʟ ʩʦʣʠ ʙʨʦʤʠʜʘ ʤʝʜʠ(II) CuBr2 ʠ 3-ʘʤʠʥʦ-4-ʵʪʦʢʩʠ-ʢʘʨʙʦʥʠʣ ʧʠʨʘʟʦʣʘ L
1
 ʧʦʣʫʯʘʝʪʩʷ 3 ʢʦʤ-

ʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʷ: ʜʚʘ ʧʦʣʠʤʝʨʥʳʭ [CuL
1
2Br2]Ð ʠ [CuL

1
4Br]nĿnBrĿnH2O ʢʦʤʧʣʝʢʩʘ ʠ ʦʜʠʥ ʤʦ-
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ʥʦʤʝʨʥʳʡ [CuL
1
4Br2]Ŀ2H2O ʢʦʤʧʣʝʢʩ, ʢʦʪʦʨʳʡ ʦʙʨʘʟʫʝʪ ʜʚʝ ʧʦʣʠʤʦʨʬʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ï 

[CuL
1
4Br2]Ŀ2H2O

ʞ
 ʠ [CuL

1
4Br2]Ŀ2H2O

ʟ
. 

 

 

ʈʠʩ. 12. ʌʨʘʛʤʝʥʪ rʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʘ ʠ ʩʪʨʦʝʥʠʝ ʤʦʣʝʢʫʣʳ ʢʦʤʧʣʝʢʩʘ [CuL
1
4Br]nĿnBrĿnH2O 

 

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 3 

ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ [CuL
1
4Br] nĿnBrĿnH2O 

ʌʦʨʤʫʣʘ ʩʦʝʜʠʥʝʥʠʷ C24 H38 Br2 Cu N12 O9 

ʄʦʣʷʨʥʘʷ ʤʘʩʩʘ 862.02 ʛ/ʤʦʣʴ 

ʊʝʤʧʝʨʘʪʫʨʘ 150 K 

ʉʠʥʛʦʥʠʷ ʤʦʥʦʢʣʠʥʥʘʷ 

ɻʨʫʧʧʘ ʩʠʤʤʝʪʨʠʠ C 1 c 1 

ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 
a=30.78(1) ¡ b=5.63(1) ¡ c=20.90(1) ¡ 

Ŭ=90.0Á ɓ=100.1(1)Á ɔ=90.0Á 

ʆʙʲʝʤ ʷʯʝʡʢʠ 3567.2(1) ¡
3
 

Z, Zô 4 / 1 

ʇʣʦʪʥʦʩʪʴ 1.605 ʛ/ʩʤ
3
 

 

 

ʈʠʩ. 13. ʉʪʨʦʝʥʠʝ ʤʦʣʝʢʫʣ ʢʦʤʧʣʝʢʩʘ [CuL
1
4Br2]Ŀ2H2O

ʞ
 (ʩʣʝʚʘ) ʠ [CuL

1
4Br2]Ŀ2H2O

ʟ
 (ʩʧʨʘʚʘ) 
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ʈʠʩ. 14. ʉʪʨʦʝʥʠʝ ʬʨʘʛʤʝʥʪʦʚ ʤʦʣʝʢʫʣ ʢʦʤʧʣʝʢʩʘ [CuL
1
4Br2]Ŀ2H2O

ʞ
 (ʩʣʝʚʘ) ʠ [CuL

1
4Br2]Ŀ2H2O

ʟ
 (ʩʧʨʘʚʘ) 

 

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 4 

ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠ ̫[CuL
1
4Br 2]Ŀ2H2O

ʞ
 (ʩʣʝʚʘ) ʠ [CuL

1
4Br 2]Ŀ2H2O

ʟ
 (ʩʧʨʘʚʘ) 

ʌʦʨʤʫʣʘ ʩʦʝʜʠʥʝʥʠʷ C24 H40 Br2 Cu N12 O10 C24 H40 Br2 Cu N12 O10 

ʄʦʣʷʨʥʘʷ ʤʘʩʩʘ 880.04 ʛ/ʤʦʣʴ 880.04 ʛ/ʤʦʣʴ 

ʊʝʤʧʝʨʘʪʫʨʘ 296 K 150 K 

ʉʠʥʛʦʥʠʷ ʪʨʠʢʣʠʥʥʘʷ ʤʦʥʦʢʣʠʥʥʘʷ 

ɻʨʫʧʧʘ ʩʠʤʤʝʪʨʠʠ P -1 P 1 21/n 1 

ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 
a=7.59(1) ¡ b=9.51(1) ¡ c=13.18(1) ¡ a=11.26(1) ¡ b=7.59(1) ¡ c=21.56(1) ¡ 

Ŭ=103.0(1)Á ɓ=106.6(1)Á ɔ=94.8(1)Á Ŭ=90.0Á ɓ=94.8(1)Á ɔ=90.0Á 

ʆʙʲʝʤ ʷʯʝʡʢʠ 876.7(1) ¡
3
 1836(1) ¡

3
 

Z, Zô 1 / İ 2 / İ 

ʇʣʦʪʥʦʩʪʴ 1.667 ʛ/ʩʤ
3
 1.592 ʛ/ʩʤ

3
 

 

ɼʣʷ ʧʦʣʠʤʝʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ [CuL
1
4Br]nĿnBrĿnH2O ʦʞʠʜʘʣʦʩʴ, ʯʪʦ ʩʧʝʢʪʨ ʕʇʈ ʙʫʜʝʪ ʙʣʠʟʦʢ ʢ 

ʩʧʝʢʪʨʫ [CuL
1
2Br2]Ð ʠʣʠ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʦʜʠʥʦʯʥʫʶ ʦʙʤʝʥʥʫʶ ʣʠʥʠʶ. ʆʜʥʘʢʦ ʧʨʠ 300K ʢʦʤ-

ʧʣʝʢʩ [CuL
1
4Br]nĿnBrĿnH2O ʠʤʝʝʪ ʨʘʟʨʝʰʸʥʥʳʡ ʧʦ g-ʪʝʥʟʦʨʫ ʕʇʈ ʩʧʝʢʪʨ (ʈʠʩ. 15), ʢʦʪʦʨʳʡ ʦʧʠʩʳ-

ʚʘʝʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ ‍Ὣ ὌὛ ὌὛ ‍Ὣ᷆ὌὛ ʩ ʧʘʨʘʤʝʪʨʘʤʠ S=İ, g||=2.29(1), 

gƍ=2.067(2) ʠ ʥʝʨʘʟʨʝʰʝʥʥʦʡ ʩʚʝʨʭʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʦʡ A||(Cu) ʠʟ-ʟʘ ʩʣʘʙʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʡ (<<1 ʩʤ
-1
) ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ. ʇʨʠ ʵʪʦʤ ʰʠʨʠʥʘ ʣʠʥʠʠ ʨʘʚʥʘ ȹʅʧʠʢ-ʧʠʢ=7.1(5) ʤʊʣ. ʇʨʠ ʧʦʥʠ-

ʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 77K (ʈʠʩ. 15) ʧʨʦʠʩʭʦʜʠʪ ʫʰʠʨʝʥʠʝ ʢʦʤʧʦʥʝʥʪʳ g|| ʠ ʩʫʞʝʥʠʝ gƍ 

(ȹʅʧʠʢ-ʧʠʢ=4.7(3) ʤʊʣ), ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʠʟʤʝʥʝʥʠʷ ʚ ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ. 

ʇʦ ʜʘʥʥʳʤ ʢʘʣʦʨʠʤʝʪʨʠʠ, ʤʦʥʦʛʠʜʨʘʪ [CuL
1
4Br]nĿnBrĿnH2O ʥʘʯʠʥʘʝʪ ʪʝʨʷʪʴ ʚʦʜʫ ʧʨʠ ʪʝʤʧʝʨʘ-

ʪʫʨʝ 380K, ʯʪʦ ʤʝʥʴʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʟʣʦʞʝʥʠʷ ʢʦʤʧʣʝʢʩʘ. ɺʳʜʝʨʞʠʚʘʥʠʝ ʦʙʨʘʟʮʘ ʧʨʠ 380K ʚ ʪʝʯʝ-

ʥʠʝ 120 ʤʠʥʫʪ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʩʧʝʢʪʨʘ ʕʇʈ. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ, ʚ ʪʘʢʦʤ 

ʩʣʫʯʘʝ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʪʠʧʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ ï ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ. ʉʧʝʢʪʨ ʕʇʈ (ʈʠʩ. 16) 

ʜʝʛʠʜʨʘʪʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ [CuL
1
4Br]nĿnBrĿnH2O ʧʨʠ 300K ʦʧʠʩʳʚʘʝʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ 

Ὄ ‍Ὣ ὌὛ ὌὛ ‍Ὣ᷆ὌὛ Вὃ᷆ὛὍ ʩ ʧʘʨʘʤʝʪʨʘʤʠ S=İ, ʘʢʩʠʘʣʴʥʳʤ g-ʪʝʥʟʦʨʦʤ 
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g||=2.315(5), gƍ=2.060(2) ʠ ʨʘʟʨʝʰʸʥʥʦʡ ʉʊʉ ʦʪ ʦʜʥʦʛʦ ʷʜʨʘ ʤʝʜʠ (A||(Cu)=13.5(5) ʤʊʣ) ʠ ʩʫʧʝʨ ʉʊʉ ʦʪ 

ʜʚʫʭ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʷʜʝʨ ʙʨʦʤʠʜ-ʠʦʥʦʚ (A||(Br1)=13.5(5) ʤʊʣ ʠ A||(Br2)=5.2(5) ʤʊʣ). ʇʦʣʫʯʝʥʥʳʝ 

ʜʘʥʥʳʝ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ ʦʪʩʫʪʩʪʚʫʶʪ ʢʘʢʠʝ-ʣʠʙʦ ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

250 260 270 280 290 300 310 320 330 340 350

͵ΔΗΡΜΧΡΣΙ ΤΣΟΙ, Π΄Ο

 a

 b

 

250 260 270 280 290 300 310 320 330 340 350

͵ΔΗΡΜΧΡΣΙ ΤΣΟΙ, Π΄Ο

 a

 b

 

ʈʠʩ. 15. ʉʧʝʢʪʨʳ ʕʇʈ ʚ X-ʜʠʘʧʘʟʦʥʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
4Br]nĿnBrĿnH2O 

ʧʨʠ 300K (ʩʣʝʚʘ) ʠ ʧʨʠ 77K (ʩʧʨʘʚʘ): ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ (b) 
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ʈʠʩ. 16. ʉʧʝʢʪʨ rʕʇʈ ʧʨʠ 300K ʚ X-ʜʠʘʧʘʟʦʥʝ (ʩʣʝʚʘ) ʠ ʚ Q-ʜʠʘʧʘʟʦʥʝ (ʩʧʨʘʚʘ) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʦʙʨʘʟʮʘ [CuL
1
4Br]nĿnBrĿnH2O, ʦʪʦʞʞʸʥʥʦʛʦ ʧʨʠ 380K: ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ (b) 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʦʪʞʠʛʝ ʧʦʣʠʤʝʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʤʦʥʦʛʠʜʨʘʪʘ [CuL
1
4Br]nĿnBrĿnH2O ʩʦ 

ʩʣʘʙʳʤʠ ʦʙʤʝʥʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ, ʧʨʦʠʩʭʦʜʠʪ ʫʜʘʣʝʥʠʝ ʤʦʣʝʢʫʣʳ ʚʦʜʳ 

ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʠʩʯʝʟʥʦʚʝʥʠʝ ʩʣʘʙʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʫʚʝʣʠʯʝʥʠʝ ʚʝʣʠʯʠʥʳ ʢʦʤʧʦ-

ʥʝʥʪʳ g|| ʥʘ ȹg||=0.025(15) ʠ ʫʤʝʥʴʰʝʥʠʝ ʚʝʣʠʯʠʥʳ ʢʦʤʧʦʥʝʥʪʳ gƍ ʥʘ ȹgƍ=0.007(4). ɺʝʨʦʷʪʥʦ, ʧʨʠ 

ʫʜʘʣʝʥʠʠ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʠʟ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʤʦ-

ʣʝʢʫʣʘʤʠ ʚ ʧʦʣʠʤʝʨʥʦʡ ʮʝʧʠ (ʟʘ ʩʯʸʪ ʫʚʝʣʠʯʝʥʠʷ ʩʚʷʟʠ Cu-Br), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʝʸ çʨʘʟʨʳʚʫè ʥʘ ʦʪ-

ʜʝʣʴʥʳʝ ʠʟʦʣʠʨʦʚʘʥʥʳʝ ʤʦʣʝʢʫʣʳ ʠ, ʚʝʨʦʷʪʥʦ, ʠʟʤʝʥʝʥʠʶ ʧʦʣʦʞʝʥʠʷ ʚʥʝʰʥʝʩʬʝʨʥʦʛʦ ʙʨʦʤʠʜ-

ʘʥʠʦʥʘ. ʄʦʣʝʢʫʣʘ ʚʦʜʳ ʚ ʠʩʭʦʜʥʦʤ ʢʦʤʧʣʝʢʩʝ ʫʯʘʩʪʚʫʝʪ ʚ çʫʜʝʨʞʘʥʠʠè ʙʨʦʤʠʜ-ʘʥʠʦʥʘ ʚʦ ʚʥʝʰ-



63 

ʥʝʡ ʩʬʝʨʝ ʟʘ ʩʯʸʪ ʩʠʣʳ ɺʘʥ-ʜʝʨ-ɺʘʣʴʩʘ, ʘ ʫʜʘʣʝʥʠʝ ʤʦʣʝʢʫʣʳ H2O ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʧʦʚʳʰʝ-

ʥʠʶ ʣʘʙʠʣʴʥʦʩʪʠ ʚʥʝʰʥʝʩʬʝʨʥʦʛʦ ʙʨʦʤʠʜʘ. ʅʘʙʣʶʜʘʝʤʘʷ ʉʊʉ ʦʙʫʩʣʦʚʣʝʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʥʝ-

ʩʧʘʨʝʥʥʦʛʦ ʵʣʝʢʪʨʦʥʘ ʩ ʙʣʠʞʘʡʰʠʤ ʢ ʤʝʜʠ ʠ çʚʥʝʰʥʝʩʬʝʨʥʳʤè ʙʨʦʤʠʜ-ʘʥʠʦʥʘʤʠ 

(A||(Br1)=13.5(5) ʤʊʣ ʠ A||(Br2)=5.2(5) ʤʊʣ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʅʘʭʦʞʜʝʥʠʝ ʦʪʦʞʞʸʥʥʦʛʦ ʦʙʨʘʟʮʘ ʚ 

ʧʘʨʘʭ ʚʦʜʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʠʚʦʜʠʪ ʢ ʯʘʩʪʠʯʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʚʝʱʝʩʪʚʘ, ʩ ʦʙʨʘʟʦʚʘ-

ʥʠʝʤ ʬʘʟʳ [CuL
1
2Br2]Ð. ɺʝʨʦʷʪʥʦ, ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʯʘʩʪʠʯʥʦʝ ʜʠʩʧʨʦʧʦʨʮʠʦʥʠ-

ʨʦʚʘʥʠʝ ʦʪʦʞʞʸʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʧʘʨʦʚ ʚʦʜʳ, ʘʥʘʣʦʛʠʯʥʦ ʜʠʩʧʨʦʧʦʨʮʠʦʥʠʨʦʚʘʥʠʶ 

ʢʦʤʧʣʝʢʩʘ [CuL
1
4Br]nĿnBrĿnH2O ʚ ʤʘʪʦʯʥʦʤ ʨʘʩʪʚʦʨʝ (ʩʤ. ʚʳʰʝ). 

ʉʧʝʢʪʨ ʕʇʈ (ʈʠʩ. 17) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [CuL
1
4Br2]Ŀ2H2O

ʞ
 ʧʨʠ 300K ʦʧʠʩʳʚʘ-

ʝʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ ‍Ὣ ὌὛ ὌὛ ‍Ὣ᷆ὌὛ ὃ᷆ὛὍ ʩ ʧʘʨʘʤʝʪʨʘʤʠ S=İ, ʘʢʩʠ-

ʘʣʴʥʳʤ g-ʪʝʥʟʦʨʦʤ g||=2.296(2), gƍ=2.058(2) ʠ ʨʘʟʨʝʰʸʥʥʦʡ ʉʊʉ ʩ A||(Cu)=16(1) ʤʊʣ. ʇʦʣʫʯʝʥʥʦʝ 

ʟʥʘʯʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʉʊɺ ʷʚʣʷʝʪʩʷ ʪʠʧʠʯʥʳʤ ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʠʦʥʦʚ ʤʝʜʠ(II) ʠ ʧʦʢʘʟʳʚʘʝʪ ʦʪ-

ʩʫʪʩʪʚʠʝ ʢʘʢʠʭ-ʣʠʙʦ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ. 
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ʈʠʩ. 17. ʉʧʝʢʪʨʳ ʕʇʈ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
4Br2]Ŀ2H2O

ʞ
 ʧʨʠ 300K ʚ X-ʜʠʘʧʘʟʦʥʝ (ʩʣʝʚʘ) 

ʠ ʚ Q-ʜʠʘʧʘʟʦʥʝ (ʩʧʨʘʚʘ): ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ (b) 

 

ʉʧʝʢʪʨ ʕʇʈ (ʈʠʩ. 18) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [CuL
1
4Br2]Ŀ2H2O

ʟ
 ʦʧʠʩʳʚʘʝʪʩʷ ʩʧʠʥ-

ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ ‍Ὣ ὌὛ ὌὛ ‍Ὣ᷆ὌὛ ὃ᷆ὛὍ ʩ ʧʘʨʘʤʝʪʨʘʤʠ S=İ, ʘʢʩʠʘʣʴʥʳʤ 

g-ʪʝʥʟʦʨʦʤ g||=2.295(3), gƍ=2.064(2) ʠ ʨʘʟʨʝʰʸʥʥʦʡ ʉʊʉ ʦʪ ʠʦʥʘ ʤʝʜʠ A||(Cu)=16(1) ʤʊʣ. ʌʘʟʳ 

[CuL
1
4Br2]Ŀ2H2O

ʞ
 ʠ [CuL

1
4Br2]Ŀ2H2O

ʟ
 ʦʪʣʠʯʘʶʪʩʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʫʧʘʢʦʚʢʦʡ ʠ ʩʪʨʦʝʥʠʝʤ ʤʦʣʝʢʫʣ 

ʚ ʢʨʠʩʪʘʣʣʝ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʷʤ ʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʢʦʤʧʦʥʝʥʪʝ g-ʪʝʥʟʦʨʘ ȹgƍ=0.006(4), 

ʘ ʢʦʤʧʦʥʝʥʪʳ g|| ʠ A||(Cu) ʦʜʠʥʘʢʦʚʳ ʜʣʷ ʦʙʦʠʭ ʧʦʣʠʤʦʨʬʦʚ. ʊʘʢ, ʢʦʤʧʦʥʝʥʪʘ g|| ʥʘʧʨʘʚʣʝʥʘ ʚʜʦʣʴ 

ʩʚʷʟʠ Cu-Br, ʘ gƍ ʣʝʞʠʪ ʚ ʧʣʦʩʢʦʩʪʠ CuN4 ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʩʚʷʟʠ Cu-Br. ʇʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʢʦʦʨ-

ʜʠʥʘʮʠʦʥʥʦʛʦ ʫʟʣʘ ʚ [CuL
1
4Br2]Ŀ2H2O

ʞ
 ʢ [CuL

1
4Br2]Ŀ2H2O

ʟ
 ʩʚʷʟʴ Cu-Br ʫʤʝʥʴʰʘʝʪʩʷ ʩ 

R(Cu-Br)
ʞ
=2.97(1) ¡ ʜʦ R(Cu-Br)

ʟ
=2.94(1) ¡ (å1%), ʯʪʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʥʝ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ g|| (ʚ ʧʨʝ-
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ʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ). ʈʘʩʩʪʦʷʥʠʝ R(Cu-N) ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ å1.5% ʠ ʠʟʤʝʥʷʶʪʩʷ ʚʝʣʠʯʠʥʳ ʜʚʫ-

ʛʨʘʥʥʳʭ ʫʛʣʦʚ ʤʝʞʜʫ ʣʠʛʘʥʜʦʤ ʠ ʩʚʷʟʴʶ Cu-Br, ʯʪʦ ʠ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʚʝʣʠʯʠʥʳ gƍ. 
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ʈʠʩ. 18. ʉʧʝʢʪʨʳ ʕʇʈ ʚ X-ʜʠʘʧʘʟʦʥʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
1
4Br2]Ŀ2H2O

ʟ
 ʧʨʠ 300K: 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ (b) 

 

ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʤʦʣʝʢʫʣ ʚʦʜʳ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ H2O ʚ ʨʘʩʪʚʦʨʝ ʧʨʠ 

ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʠ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʯʝʪʳʨʸʭ ʬʘʟ ʚʝʱʝʩʪʚʘ: ʧʦʣʠʤʝʨʥʳʝ ʢʦʤʧʣʝʢʩ r

[CuL
1
2Br2]Ð ʠ [CuL

1
4Br]nĿnBrĿnH2O ʩ ʦʙʤʝʥʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ; ʜʚʘ ʧʦ-

ʣʠʤʦʨʬʥʳʭ ʜʠʛʠʜʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʘ [CuL
1
4Br2]Ŀ2H2O

ʞ
 ʠ [CuL

1
4Br2]Ŀ2H2O

ʟ
, ʚ ʢʦʪʦʨʳʭ ʦʙʤʝʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ ʦʪʩʫʪʩʪʚʫʝʪ. ʆʪʞʠʛ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 380K ʢʦʤʧʣʝʢʩʘ 

[CuL
1
4Br]nĿnBrĿnH2O ʧʨʠʚʦʜʠʪ ʢ ʫʜʘʣʝʥʠʶ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʠʟ ʩʪʨʫʢʪʫʨʳ ʠ ʠʟʤʝʥʝʥʠʶ ʦʙʤʝʥʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʥʘʙʣʶʜʘʝ-

ʤʳʭ ʩʚʦʡʩʪʚ, ʦʧʠʩʘʥʥʳʭ ʚ 3.1.1, ʤʦʛʫʪ ʙʳʪʴ ʦʪʚʝʪʩʪʚʝʥʥʳ ʤʦʣʝʢʫʣʳ ʚʦʜʳ, ʢʦʪʦʨʳʝ ʚʩʪʨʘʠʚʘʶʪʩʷ ʚ 

ʩʪʨʫʢʪʫʨʫ ʧʨʠ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʠ ʠ/ʠʣʠ ʧʨʠ ʥʘʭʦʞʜʝʥʠʠ ʢʦʤʧʣʝʢʩʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʧʘʨʦʚ ʚʦʜʳ. 

 

3.1.3. ɺʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʢʦʤʧʣʝʢʩ ʙʨʦʤʠʜʘ ʤʝʜʠ(II ) ʩ L
1
 

ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʥʘʨʷʜʫ ʩ ʜʘʚʣʝʥʠʝʤ ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ, ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʧʨʠ ʢʦʤʧʣʝʢʩʦʦʙ-

ʨʘʟʦʚʘʥʠʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʤʘʣʫʶ ʵʥʝʨʛʠʶ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʪʘʥʜʘʨʪʥʳʭ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ 

(1.2 ʊå0.13 ʤʵɺå1.5K) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʝʡ (25.9 ʤʵɺå300K), ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʚ ʦʙʲʸʤʝ ʨʘʩʪʚʦʨʘ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʦʪ-

ʣʠʯʠʝʤ ʤʘʛʥʠʪʥʳʭ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʝʡ ʯʘʩʪʠʮ. ʆʜʥʦʨʦʜʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʪʘʢʞʝ ʠʤʝʝʪ ʚʳʜʝʣʝʥʥʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. 

ʅʘʚʝʩʢʘ 2 ʤʛ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ [CuL
1
2Br]Ð ʨʘʩʪʚʦʨʷʣʘʩʴ ʚ 2 ʤʣ ʩʤʝʩʠ ʵʪʘʥʦʣ/ʚʦʜʘ (3/2, 

ʧʦ ʦʙʲʸʤʫ). ʈʘʩʪʚʦʨ ʧʦʤʝʱʘʣʩʷ ʚ ʢʚʘʨʮʝʚʫʶ ʘʤʧʫʣʫ, ʥʘʭʦʜʷʱʫʶʩʷ ʚ ʥʝʦʜʥʦʨʦʜʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 
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ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1.2 ʊʣ ʦʪ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ Nd-Fe-B. ʉʧʫʩʪʷ ʥʝʩʢʦʣʴʢʦ ʜʥʝʡ ʦʙʨʘʟʦʚʘʣʩʷ ʢʨʘʩʥʦ-

ʢʦʨʠʯʥʝʚʳʡ ʦʩʘʜʦʢ, ʢʦʪʦʨʳʡ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʩʷ ʠ ʩʫʰʠʣʩʷ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʋʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʘ ʕʇʈ ʚ Q-ʜʠʘʧʘʟʦʥʝ ʧʨʠ 300K ʧʦʣʫʯʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʥʘ ʈʠʩ. 19 ʠ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʥʝʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʢʨʠ-

ʩʪʘʣʣʠʪʦʚ ʚʜʦʣʴ ʦʜʥʦʛʦ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ. ʉʧʝʢʪʨ ʕʇʈ ʥʝ ʦʧʠʩʳʚʘʝʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ ʜʣʷ ʠʟʦ-

ʣʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʤʝʜʠ ï ʣʠʥʠʷ ʩ gʵʬʬ=1.83 ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʥʝʯʝʪʥʦʛʦ ʯʠʩʣʘ ʦʙʤʝʥʥʦʩʚʷ-

ʟʘʥʥʳʭ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ [142, 143]. ɼʣ ̫ ʪʨʠʤʝʨʘ ʩ ʦʙʤʝʥʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʩʧʠʥ-

ʛʘʤʠʣʴʪʦʥʠʘʥ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ ╗ ‍▌̞ ̕╗̕╢ В ╘═ ╢ ╢╓╢, ʛʜʝ ▌̞ ̕̕ ὧ▌

ὧ▌ ὧ▌  (ὧ ὧ ὧ ρ), ═ ὧ═ ὧ═ ὧ═ , ╓ Ὠ╓ Ὠ╓ Ὠ╓ Ὠ ╓

Ὠ ╓ Ὠ ╓  (ʜʣʷ ʩʣʫʯʘʷ, ʢʦʛʜʘ ʩʫʤʤʘʨʥʳʡ ʩʧʠʥ ʩʠʩʪʝʤʳ ʨʘʚʝʥ S=İ, ʢʦʵʬʬʠʮʠʝʥʪʳ D-ʪʝʥʟʦʨʘ 

ʨʘʚʥʳ ʥʫʣʶ Ὠ Ὠ π) [44]. ɼʣʷ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʨʠʤʝʨʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʮʝʥʪʨʘʤʠ ʩ Si=İ ʠ ʩʫʤ-

ʤʘʨʥʳʤ ʩʧʠʥʦʤ S=İ, ʚ ʢʦʪʦʨʦʤ ʜʚʘ ʮʝʥʪʨʘ ʠʤʝʶʪ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʢʦʵʬʬʠʮʠʝʥʪʳ 

g- ʠ A-ʪʝʥʟʦʨʦʚ ʨʘʚʥʳ ὧ ς
σ; ὧ

ς
σ ʠ ὧ

ρ
σ. ɺ ʩʣʫʯʘʝ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʪʨʠʤʝʨʦʚ, ʢʦʵʬʬʠʮʠ-

ʝʥʪʳ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦ ʬʦʨʤʫʣʝ ὧ ς
σ
ς
σÓÉÎ‗

ς
Ѝσ
ÓÉÎ‗ÃÏÓ‗, ὧ ς

σ
ς
σÓÉÎ‗

ς
Ѝσ
ÓÉÎ‗ÃÏÓ‗, ὧ ρ

σ
τ
σÓÉÎ‗, ʛʜʝ ‗ ρ

ςÔÁÎЍσὐ ὐ ςὐ ὐ ὐ  (ὐ ï 

ʚʝʣʠʯʠʥʘ ʠʟʦʪʨʦʧʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʮʝʥʪʨʘʤʠ Ὥ ʠ Ὦ). 
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ʈʠʩ. 19. ʋʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʘ ʕʇʈ ʚ Q-ʜʠʘʧʘʟʦʥʝ ʧʨʠ 300K ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʥʝʦʜʥʦʨʦʜʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ɿʚʟyʜʦʯʢʦʡ ʦʪʤʝʯʝʥʘ ʣʠʥʠʷ ʩ gʵʬʬ=1.83 

 

ʆʜʥʦʟʥʘʯʥʦ ʨʝʰʠʪʴ ʦʙʨʘʪʥʫʶ ʟʘʜʘʯʫ, ʯʪʦʙʳ ʥʘʡʪʠ ʚʩʝ ʧʘʨʘʤʝʪʨʳ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʘ, ʥʝ ʧʨʝʜ-

ʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ, ʧʦʵʪʦʤʫ ʧʨʝʜʣʘʛʘʝʪʩʷ ʤʦʜʝʣʴ ʪʨʠʤʝʨʘ (ʧʦ ʩʦʚʦʢʫʧʥʦʩʪʠ ʜʘʥʥʳʭ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʠ ʕʇʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ), ʚ ʢʦʪʦʨʦʤ ʠʤʝʝʪʩʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 

ʜʚʫʤʷ ʮʝʥʪʨʘʤʠ (1-3) ʠ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ï ʤʝʞʜʫ ʮʝʥʪʨʘʤʠ 1-2 ʠ 2-3. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ, ʫʛʣʦʚʳʝ ʟʘ-

ʚʠʩʠʤʦʩʪʠ ʩʧʝʢʪʨʦʚ ʕʇʈ (ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʝ ʧʣʦʩʢʦʩʪʠ) ʩʫʤʤʠʨʦʚʘʣʠʩʴ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʩʧʝʢʪʨʘ, ʭʘ-
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ʨʘʢʪʝʨʥʦʛʦ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ (ʈʠʩ. 20). ʉʫʤʤʘʨʥʳʡ ʩʧʝʢʪʨ ʕʇʈ ʦʧʠʩʳʚʘʝʪʩʷ ʩʧʠʥ-

ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ ʩ ʧʘʨʘʤʝʪʨʘʤʠ Ὄ В ‍ὫὌίǶ ‍ὫὌίǶ ‍ὫὌίǶ В ὐ╢╢ ʩ ʧʘʨʘʤʝʪ-

ʨʘʤʠ ί=İ, ί=İ, ί=İ (Ὓ=İ); Ὣ=2.02(1), Ὣ=2.01(1), Ὣ=2.14(2); Ὣ=2.20(2), Ὣ=2.01(1), Ὣ=2.01(1); 

Ὣ=2.02(1), Ὣ=2.01(1), Ὣ=2.22(2);  ὐ=-4200 ʄɻʮ, ὐ =-840 ʄɻʮ, ὐ=280 ʄɻʮ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ, ‗=7Á 

ʠ ὧ=0.796,  ὧ=0.518, ὧ=-0.314. 

1000 1050 1100 1150 1200 1250 1300 1350 1400
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ʈʠʩ. 20. ʉʧʝʢʪʨ rʕʇʈ ʚ Q-ʜʠʘʧʘʟʦʥʝ ʧʨʠ 300K ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʥʝʦʜʥʦʨʦʜʥʦʤ ʤʘʛʥʠʪʥʦʤ 

ʧʦʣʝ: ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ, ʧʦʣʫʯʝʥʥʳʡ ʩʫʤʤʠʨʦʚʘʥʠʝʤ ʩʧʝʢʪʨʦʚ ʠʟ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ (b) 

 

ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʢʦʤʧʣʝʢʩʘ ʚ ʥʝʦʜʥʦ-

ʨʦʜʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʚ ʩʪʨʫʢʪʫʨʝ ʢʦʪʦ-

ʨʳʭ ʨʝʘʣʠʟʫʶʪʩʷ ʪʨʠʤʝʨʳ. ʇʘʨʘʤʘʛʥʠʪʥʳʝ ʮʝʥʪʨʳ ʪʨʠʤʝʨʘ ʩʚʷʟʘʥʳ ʦʙʤʝʥʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ-

ʤʠ: ʧʝʨʚʳʝ ʜʚʘ ʮʝʥʪʨʘ ʩʚʷʟʘʥʳ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʳʤ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʜʚʘ 

ʢʨʘʡʥʠʭ ʮʝʥʪʨʘ ʩʚʷʟʘʥʳ ʩʣʘʙʳʤ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʨʝʘʣʠʟʫʷ ʩʠʩʪʝʤʫ ʩ ʩʫʤʤʘʨ-

ʥʳʤ ʩʧʠʥʦʤ Ὓ=İ. ɻʝʦʤʝʪʨʠʯʝʩʢʠ ʪʨʠ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʘ ʤʝʜʠ(II) ʦʙʨʘʟʫʶʪ ʥʝʮʝʥʪʨʦʩʠʤʤʝʪ-

ʨʠʯʥʫʶ ʣʠʥʝʡʥʫʶ ʩʪʨʫʢʪʫʨʫ (ʈʠʩ. 21) ʠʣʠ ʨʘʟʥʦʩʪʦʨʦʥʥʠʡ ʪʨʝʫʛʦʣʴʥʠʢ, ʧʨʠʯʝʤ ʠʦʥʳ ʤʝʜʠ ʩʚʷʟʘ-

ʥ  rʥʝʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʙʨʦʤʠʜʥʳʤʠ ʤʦʩʪʠʢʘʤʠ. ʉʦʩʝʜʥʠʝ ʪʨʠʘʜʳ ʦʙʨʘʟʫʶʪ ʧʦʣʠʤʝʨʥʫʶ ʮʝʧʦʯʝʯ-

ʥʫʶ ʩʪʨʫʢʪʫʨʫ ʯʝʨʝʟ ʙʨʦʤʠʜʥʳʡ ʤʦʩʪʠʢ ʘʥʘʣʦʛʠʯʥʦ ʢʦʤʧʣʝʢʩʫ [CuL
1
4Br]nĿnBrĿnH2O (ʩʤ. 3.1.2), 

ʧʨʠʯʝʤ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʪʨʠʘʜʘʤʠ ʤʘʣʦ ʠ ʧʨʠʚʦʜʠʪ ʣʠʰʴ ʢ ʪʦʤʫ, ʯʪʦ ʉʊʉ ʦʪ 

ʠʦʥʦʚ ʤʝʜʠ(II) ʥʝ ʨʘʟʨʝʰʘʝʪʩʷ ʚ ʩʧʝʢʪʨʘʭ ʕʇʈ. 

 

ʈʠʩ. 21. ʇʨʝʜʧʦʣʘʛʘʝʤʦʝ ʩʪʨʦʝʥʠʝ ʪʨʠʤʝʨʥʦʡ ʤʦʣʝʢʫʣʳ ʢʦʤʧʣʝʢʩʘ CuL
1
2Br2 (ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʥʝʦʜʥʦʨʦʜʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ) 
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ɺʦʟʜʝʡʩʪʚʠʝ ʜʘʚʣʝʥʠʷ (ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʧʫʥʢʪʦʤ 3.1.1) ʧʨʠʚʦʜʠʪ ʢ ʠʩʯʝʟʥʦʚʝʥʠʶ ʩʧʝʢʪʨʘ ʕʇʈ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʤʫ ʥʘ ʨʠʩʫʥʢʝ ʈʠʩ. 19, ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʩʧʝʢʪʨ ʕʇʈ ʦʪ ʠʩʭʦʜʥʦʡ ʬʘʟʳ [CuL
1
2Br]Ð 

(ʈʠʩ. 3). ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʨʘʟʨʫʰʝʥʠʝʤ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ 

ʪʨʠʘʜ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʩʪʘʙʠʣʴʥʳʭ ʧʦʣʠʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ [CuL
1
2Br2]Ð. ʇʨʝʚʨʘʱʝʥʠʝ ʣʠʥʝʡʥʦʡ ʪʨʠʘ-

ʜʳ ʚ ʧʦʣʠʤʝʨʥʫʶ ʩʪʨʫʢʪʫʨʫ [CuL
1
2Br2]Ð ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʟʘ ʩʯʸʪ ʫʤʝʥʴʰʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ 

ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ. 

ʅʝʦʜʥʦʨʦʜʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʩʦʟʜʘʸʪ ʥʝ ʦʜʥʦ ʚʳʜʝʣʝʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʢʦʤʧʣʝʢʩʘ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʚʝʢʪʦʨʘ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ. ʏʪʦʙʳ ʫʩʪʨʘʥʠʪʴ ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʳʡ ʧʘʨʘʤʝʪʨ, ʫʩʣʦʞʥʷʶʱʠʡ ʩʠʥʪʝʟ ʢʦʤʧʣʝʢʩʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʝʛʦ ʩʚʦʡʩʪʚ, ʙʳʣ ʧʨʦʚʝʜʸʥ 

ʩʠʥʪʝʟ ʚ ʦʜʥʦʨʦʜʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ʅʘʚʝʩʢʘ 2 ʤʛ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ [CuL
1
2Br]Ð ʨʘʩʪʚʦ-

ʨʷʣʘʩʴ ʚ 2 ʤʣ ʩʤʝʩʠ ʵʪʘʥʦʣ/ʚʦʜʘ (3/2, ʧʦ ʦʙʲʸʤʫ). ʈʘʩʪʚʦʨ ʧʦʤʝʱʘʣʩʷ ʚ ʢʚʘʨʮʝʚʫ  ʁʘʤʧʫʣʫ, ʥʘʭʦ-

ʜʷʱʫʶʩʷ ʚ ʦʜʥʦʨʦʜʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1.2 ʊʣ ʦʪ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʳʭ ʧʦʩʪʦʷʥ-

ʥʳʭ ʤʘʛʥʠʪʦʚ Nd-Fe-B. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʣʠʷʥʠʷ ʢʦʥʚʝʢʮʠʦʥʥʳʭ ʧʦʪʦʢʦʚ, ʩʠʩʪʝʤʘ ʧʦʤʝʱʘʣʘʩʴ ʚ 

ʭʦʣʦʜʠʣʴʥʫʶ ʢʘʤʝʨʫ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 250K. ʉʧʫʩʪʷ 3 ʤʝʩʷʮʘ ʚ ʘʤʧʫʣʝ ʦʙʨʘʟʦʚʘʣʩʷ ʢʨʘʩʥʦ-

ʢʦʨʠʯʥʝʚʳʡ ʦʩʘʜʦʢ, ʢʦʪʦʨʳʡ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʩʷ ʠ ʩʫʰʠʣʩʷ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʉʧʝʢʪʨ ʕʇʈ ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʩʫʧʝʨʧʦʟʠʮʠʶ ʜʚʫʭ 

ʦʜʠʥʦʯʥʳʭ ʣʠʥʠʡ (ʈʠʩ. 22). ʆʙʝ ʣʠʥʠʠ ʦʧʠʩʳʚʘʪʁʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ ‍ὫὌὛ ʩ ʧʘʨʘʤʝʪʨʘʤʠ 

Ὓ=İ, Ὣ=2.155(5) ʠ ȹʅʧʠʢ-ʧʠʢ=72(3) ʤʊʣ; Ὓ=İ, Ὣ=2.095(2) ʠ ȹʅʧʠʢ-ʧʠʢ=18(3) ʤʊʣ. ʇʝʨʚʘʷ ʣʠʥʠʷ ʩʦʦʪ-

ʚʝʪʩʪʚʫʝʪ ʨʘʥʝʝ ʦʧʠʩʘʥʥʦʤʫ ʩʧʝʢʪʨʫ ʢʦʤʧʣʝʢʩʘ [CuL
1
2Br]Ð (ʈʠʩ. 3); ʚʪʦʨʘʷ ʣʠʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʠʩʪʝ-

ʤʝ ʩʧʠʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʩʠʣʴʥʳʤ ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. ʉʠʣʴʥʳʝ ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦ-

ʛʫʪ ʚʦʟʥʠʢʘʪʴ ʟʘ ʩʯʸʪ ʠʟʤʝʥʝʥʠʷ ʫʛʣʦʚ ʠ ʜʣʠʥ ʩʚʷʟʝʡ ʚ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʤ ʧʦʣʠʵʜʨʝ ʠʦʥʦʚ ʤʝʜʠ(II) 

(Br2{CuL
1
2}Br 2{CuL

1
2}Br 2) ʚ ʩʚʷʟʠ ʩ ʚʣʠʷʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʦʤʧʣʝʢʩʘ. 
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ʈʠʩ. 22. ʉʧʝʢʪʨʳ ʕʇʈ ʚ X-ʜʠʘʧʘʟʦʥʝ ʧʨʠ 300K ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʦʜʥʦʨʦʜʥʦʤ ʤʘʛʥʠʪʥʦʤ 

ʧʦʣʝ: ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ (b). ʅʘ ʚʩʪʘʚʢʝ ʢʦʤʧʦʥʝʥʪʳ ʤʦʜʝʣʠʨʦʚʘʥʥʦʛʦ ʩʧʝʢʪʨʘ (c, d) 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʥʘʣʠʯʠʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘ-

ʮʠʠ ʢʦʤʧʣʝʢʩʘ [CuL
1
2Br2]Ð ʚʣʠʷʝʪ ʥʘ ʝʛʦ ʩʪʨʫʢʪʫʨʫ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ. ʇʨʠʯʝʤ ʢʦʥʬʠʛʫʨʘʮʠʷ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʦʜʥʦʨʦʜʥʦʩʪʴ) ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʠ ʦʧʨʝʜʝʣʷʝʪ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʘʝ-

ʤʦʛʦ ʢʦʤʧʣʝʢʩʘ. ɺ ʩʣʫʯʘʝ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʦʙʨʘʟʫʶʪʩʷ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʳʝ ʪʨʠʘʜʳ, 

ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʦʜʥʦʨʦʜʥʦʤ ʧʦʣʝ ʨʝʘʣʠʟʫʶʪʩʷ ʩʪʨʫʢʪʫʨʳ ʩ ʩʠʣʴʥʳʤʠ ʢʦʦʧʝʨʘʪʠʚʥʳʤʠ ʦʙʤʝʥʥʳ-

ʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ. ʆʜʥʘʢʦ, ʚʦʧʨʦʩ ʦ ʤʝʭʘʥʠʟʤʘʭ ʚʣʠʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ 

ʢʦʤʧʣʝʢʩʘ [CuL
1
2Br2]Ð ʦʩʪʘʸʪʩʷ ʠʟʫʯʝʥʥʳʤ ʥʝ ʧʦʣʥʦʩʪʴʶ, ʯʪʦ ʩʚʷʟʘʥʦ, ʥʘʧʨʠʤʝʨ, ʩ ʧʦʣʫʯʝʥʠʝʤ 

ʥʝʦʜʥʦʬʘʟʥʳʭ ʩʠʩʪʝʤ; ʩʦ ʩʣʦʞʥʦʩʪʴʶ ʧʦʣʫʯʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ, ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʈʉɸ ʠ ʪ.ʜ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʠʯʠʥ ʚʣʠʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʜʠʤʝʨʠʟʘʮʠʶ ʢʦʤʧʣʝʢʩʦʚ ʬʪʘʣʦʮʠʘʥʠʥʦʚ 

ʘʣʶʤʠʥʠʷ(III) ʭʣʦʨʠʜʘ ʠ ʛʘʣʣʠʷ(III) ʭʣʦʨʠʜʘ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʠ ʜʠʤʝʨʠʟʘʮʠʠ ʠ ʧʦʣʠʤʝʨʠʟʘʮʠʠ, ʠ ʚʣʠʷʥʠʷ ʤʘʛ-

ʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʵʪʠ ʧʨʦʮʝʩʩʳ ʙʳʣʠ ʠʟʫʯʝʥʳ ʧʣʸʥʦʯʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʦʚ ʥʝʟʘʤʝʱʝʥʥʳʭ ʬʪʘʣʦ-

ʮʠʘʥʠʥʦʚ ʭʣʦʨʠʜʘ ʘʣʶʤʠʥʠʷ(III) ʠ ʛʘʣʣʠʷ(III) ([ClAlPc], [ClGaPc]) ʠ ʬʪʘʣʦʮʠʘʥʠʥ ʭʣʦʨʠʜʘ ʘʣʶʤʠ-

ʥʠʷ(III) ʩ ʪʨʝʪ-ʙʫʪʠʣʴʥʳʤ ʟʘʤʝʩʪʠʪʝʣʝʤ [(tBu)4PcAlCl]. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʪʞʠʛ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ɛ-ʦʢʩʦ-ʜʠʤʝʨʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʬʪʘʣʦʮʠ-

ʘʥʠʥʦʚ ʤʝʪʘʣʣʦʚ. ʊʘʢ, ʚ ʩʣʫʯʘʝ [(tBu)4PcAlCl] ʦʪʞʠʛ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 1 ʊ, ʧʘʨʘʣʣʝʣʴʥʦʤ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʜʣʦʞʢʠ, ʫʚʝʣʠʯʠʚʘʝʪ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʪʞʠʛʦʤ ʙʝʟ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ) ʘʟʠʤʫʪʘʣʴʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʜʦʤʝʥʦʚ ʩ ʤʦʣʝʢʫʣʘʤʠ ʬʪʘʣʦʮʠʘʥʠʥʘ, ʢʦʪʦʨʳʝ ʦʨʠʝʥʪʠʨʫʶʪʩʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ. 

ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʧʨʠʯʠʥ ʚʣʠʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʧʨʦʮʝʩʩ ʜʠʤʝʨʠʟʘʮʠʠ ʙʳʣ ʧʨʠʤʝʥʸʥ ʤʝ-

ʪʦʜ ʕʇʈ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʠʥʦʚʳʭ ʣʦʚʫʰʝʢ. ʇʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ [(tBu)4PcAlCl] ʩʤʝʰʠ-

ʚʘʣʩʷ ʩ ʬʝʥʠʣ-N-ʪʝʨʪ-ʙʫʪʠʣ ʥʠʪʨʦʥʦʤ (ʌɹʅ) ʚ ʤʦʣʷʨʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 1:1. ʉʤʝʩʴ ʥʘʛʨʝʚʘʣʘʩʴ ʜʦ ʪʝʤ-

ʧʝʨʘʪʫʨʳ 351K ʚ ʚʘʢʫʫʤʝ ʩ ʜʘʚʣʝʥʠʝʤ 13.3 ʤʇʘ ʠ ʥʘ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ. ɿʘʪʝʤ ʩʤʝʩʠ ʦʭʣʘʞʜʘʣʠʩʴ ʜʦ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʨʘʩʪʚʦʨʷʣʠʩʴ ʚ ʘʮʝʪʦʥʝ. ʈʘʩʪʚʦʨʳ ʧʨʦʜʫʚʘʣʠʩʴ ʛʝʣʠʝʤ ʜʣʷ ʫʜʘʣʝʥʠʷ ʦʩʪʘ-

ʪʦʯʥʦʛʦ ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʢʠʩʣʦʨʦʜʘ. ɼʣʷ ʦʙʨʘʟʮʘ, ʥʘʛʨʝʪʦʛʦ ʚ ʚʘʢʫʫʤʝ, ʩʧʝʢʪʨ ʕʇʈ ʦʪʩʫʪʩʪʚʫʝʪ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ, ʜʣʷ ʚʪʦʨʦʛʦ ʦʙʨʘʟʮʘ ʩʧʝʢʪʨ ʕʇʈ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʨʠʧʣʝʪ ʜʫʙʣʝʪʦʚ ʣʠʥʠʡ, ʭʘʨʘʢʪʝʨʥʳʭ 

ʜʣʷ ʩʪʘʙʠʣʴʥʦʛʦ OHĿ ʨʘʜʠʢʘʣʘ ʩ ʌɹʅ. ʉʧʝʢʪʨ ʕʇʈ ʦʧʠʩʳʚʘʝʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ ‍ὫὌὛ

ВὃὛὍ ʩ ʧʘʨʘʤʝʪʨʘʤʠ S=İ, g=2.0052(1) ʠ ʨʘʟʨʝʰʸʥʥʦʡ ʉʊʉ ʦʪ ʘʪʦʤʘ ʘʟʦʪʘ A(N)=1.45(3) ʤʊʣ ʠ ʚʦʜʦʨʦ-

ʜʘ A(H)=0.24(2) ʤʊʣ. ʀʜʝʥʪʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʣʷ [ClAlPc] ʠ [ClGaPc]. 
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ʈʠʩ. 23. ʉʧʝʢʪʨ rʕʇʈ ʘʜʜʫʢʪʦʚ OHĿ ʩ ʌɹʅ: ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ (b) 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʧʨʠ ʦʪʞʠʛʝ ʬʪʘʣʦʮʠʘʥʠʥʦʚ [(tBu)4PcAlCl], [ClAlPc] ʠ 

[ClGaPc] ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʤʦʣʝʢʫʣ ʚʦʜʳ ʧʨʦʠʩʭʦʜʠʪ ʜʠʤʝʨʠʟʘʮʠʷ, ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ɛ-ʦʢʩʦ-ʜʠʤʝʨʦʚ ʧʦ 

ʨʘʜʠʢʘʣʴʥʦʤʫ ʤʝʭʘʥʠʟʤʫ ʟʘ ʩʯʸʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʠ ʭʣʦʨʠʜ-ʘʥʠʦʥʦʚ ʤʦʣʝʢʫʣ ʬʪʘ-

ʣʦʮʠʘʥʠʥʦʚ, ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ HCl, MPc
+
 ʠ OH

-
. ʉʣʝʜʫʶʱʠʤ ʘʢʪʦʤ ʷʚʣʷʝʪʩʷ 

ʙʳʩʪʨʳʡ ʧʝʨʝʥʦʩ ʵʣʝʢʪʨʦʥʘ ʩ OH
-
 ʥʘ MPc

+
 ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʨʘʜʠʢʘʣʦʚ OHĿ ʠ MPcĿ. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʵʪʠʭ ʨʘʜʠʢʘʣʦʚ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʤʦʣʝʢʫʣʳ MPcOH, ʢʦʪʦʨʘʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʩʦʩʝʜʥʝʡ 

ʤʦʣʝʢʫʣʦʡ MPcCl ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ HCl ʠ ɛ-ʦʢʩʦ-ʜʠʤʝʨʘ PcMOMPc (ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ MPcCl ʠ 

MPcOH ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʣʠʙʦ ʧʦ ʠʦʥʥʦʤʫ ʠʣʠ ʨʘʜʠʢʘʣʴʥʦʤʫ ʤʝʭʘʥʠʟʤʫ). 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [144, 145]. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʪʦʜʦʤ ʕʇʈ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʠʥʦʚʳʭ ʣʦʚʫʰʝʢ ʧʨʦʣʠʚʘʝʪ ʥʝʢʦʪʦʨʳʡ ʩʚʝʪ 

ʥʘ ʨʦʣʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʜʠʤʝʨʠʟʘʮʠʠ ʜʠʘʤʘʛʥʠʪʥʳʭ ʤʦʣʝʢʫʣ ʢʦʤʧʣʝʢʩʦʚ ʬʪʘʣʦʮʠʘʥʠʥʦʚ ʠ 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠʯʠʥʦʡ ʚʣʠʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʷʚʣʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʨʘʜʠʢʘ-

ʣʦʚ ʢʦʤʧʣʝʢʩʦʚ ʚ ʧʨʦʮʝʩʩʝ ʜʠʤʝʨʠʟʘʮʠʠ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʣʠʪʝʨʘʪʫʨʥʦʤ ʦʙʟʦʨʝ, ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ 

ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ ʧʨʦʪʝʢʘʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʠʭ ʩʢʦʨʦʩʪʴ, ʚʳʭʦʜ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-

ʚʨʝʤʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʨʦʜʫʢʪʘ, ʦʩʦʙʝʥʥʦ ʜʣʷ ʨʘʜʠʢʘʣʴʥʳʭ ʨʝʘʢʮʠʡ. ʍʦʪʷ ʵʥʝʨʛʠʷ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʥʝ ʚʝʣʠʢʘ (1 ʊʣå1.34K ʧʨʠ g=2.0023). 

ʆʜʥʘʢʦ ʦʩʪʘʸʪʩʷ ʝʱʸ ʜʦʚʦʣʴʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʦʧʨʦʩʦʚ, ʥʝ ʧʦʟʚʦʣʷʶʱʠʭ ʪʦʯʥʦ ʧʦʥʷʪʴ 

ʧʨʠʯʠʥʳ ʥʘʙʣʶʜʘʝʤʦʛʦ ʧʦʚʝʜʝʥʠʷ ʬʪʘʣʦʮʠʘʥʠʥʦʚ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ʂ ʪʘʢʠʤ ʚʦʧʨʦʩʘʤ ʤʦʞʥʦ ʦʪ-

ʥʝʩʪʠ, ʥʘʧʨʠʤʝʨ, ʚʦʧʨʦʩ rʦ ʩʪʨʫʢʪʫʨʝ ʧʦʣʫʯʘʝʤʦʛʦ ʨʘʜʠʢʘʣʘ MPcĿ, ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʚ ʥʸʤ, ʟʘʨʷʜʦʚʦʤ ʩʦʩʪʦʷʥʠʠ ʘʣʶʤʠʥʠʷ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʢʦʤʧʣʝʢʩ ClAlPc 

ʦʪʥʦʩʠʪʩʷ ʢ ʥʝʧʣʘʥʘʨʥʳʤ ʬʪʘʣʦʮʠʘʥʠʥʘʤ, ʥʦ ʫʜʘʣʝʥʠʝ ʭʣʦʨʠʜ-ʘʥʠʦʥʘ ʤʦʞʝʪ ʩʤʝʱʘʪʴ ʠʦʥ ʘʣʶʤʠ-

ʥʠʷ ʚ ʧʣʦʩʢʦʩʪʴ ʦʨʛʘʥʠʯʝʩʢʦʡ ʤʦʣʝʢʫʣʳ, ʯʪʦ ʧʨʠʚʝʜʸʪ ʢ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʶ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʧʨʠʤʝʨʝ ʢʦʤʧʣʝʢʩʦʚ [(tBu)4PcAlCl], [ClAlPc] ʠ [ClGaPc] ʧʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʪʨʘʥʩʬʦʨʤʘʮʠʶ ʩʦʝʜʠʥʝʥʠʡ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʠ ʟʘ ʩʯʸʪ ʤʦʣʝʢʫʣ ʚʦʜʳ. ʇʦʣʫʯʝʥ-

ʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦ ʧʦʥʷʪʴ ʧʨʦʮʝʩʩʳ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʥʘʙʣʶʜʘʝʤʳʤ ʵʬʬʝʢ-

ʪʘʤ ʚ ʢʦʤʧʣʝʢʩʘʭ [CuL
1
2Br2]Ð (ʩʤ. ʨʘʟʜʝʣ 3.1.1) ʠ NiL

1
2Cl2 (ʩʤ. ʨʘʟʜʝʣ 3.1.4). ʈʝʟʫʣʴʪʘʪʳ ʜʘʶʪ ʦʩʥʦ-

ʚʘʥʠʝ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʦʪʚʝʪʩʪʚʝʥʥr  ʟʘ ʦʙʨʘʟʦʚʘʥʠʝ ʢʦʨʦʪʢʠʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝ-

ʧʝʡ ʧʨʠ ʩʠʥʪʝʟʝ [CuL
1
2Br2]Ð ʠ NiL

1
2Cl2 (ʩʤ. ʨʘʟʜʝʣ 3.1.4). ʇʨʠ ʵʪʦʤ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʤʦʛʫʪ ʚʩʪʨʘʠ-

ʚʘʪʴʩʷ ʚ ʧʦʣʦʩʪʠ ʤʝʞʜʫ ʮʝʧʦʯʢʘʤʠ ʩʦʝʜʠʥʝʥʠʷ, ʢʘʢ ʧʨʠ ʩʠʥʪʝʟʝ, ʪʘʢ ʠ ʧʨʠ ʝʛʦ ʭʨʘʥʝʥʠʠ ʥʘ ʘʪʤʦ-

ʩʬʝʨʝ ʚʦʟʜʫʭʘ. ʇʨʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʠ ʠʤʧʫʣʴʩʥʦʤ ʜʘʚʣʝʥʠʠ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʤʦʛʫʪ ʟʘʤʳ-

ʢʘʪʴ ʧʦʣʠʤʝʨʥʳʝ ʮʝʧʦʯʢʠ ʧʦ ʨʘʜʠʢʘʣʴʥʦʤʫ ʤʝʭʘʥʠʟʤʫ, ʯʪʦ ʤʦʞʝʪ ʦʧʨʝʜʝʣʷʪ ɹʥʘʙʣʶʜʘʝʤʳʝ ʥʝ-

ʦʙʳʯʥʳʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦʣʠʤʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

 

3.1.4. ɺʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ ʥʘ ʭʣʦʨʠʜ ʥʠʢʝʣʷ(II) ʩ L
1
 

ʂʦʤʧʣʝʢʩ ʭʣʦʨʠʜʘ ʥʠʢʝʣʷ(II) ʩ 3-ʘʤʠʥʦ-4-ʵʪʦʢʩʠ-ʢʘʨʙʦʥʠʣ ʧʠʨʘʟʦʣʦʤ ʧʦʣʫʯʝʥ ʩʦʛʣʘʩʥʦ ʧʫʥʢʪʫ 

2.2.2 ʠʟ ʨʘʩʪʚʦʨʘ ʨʝʢʪʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʩʧʠʨʪʘ. ʄʦʥʦʢʨʠʩʪʘʣʣʳ ʢʦʤʧʣʝʢʩʘ NiL
1
2Cl2, ʧʨʠʛʦʜʥʳʝ ʜʣʷ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ, ʧʦʣʫʯʠʪʴ ʥʝ ʫʜʘʣʦʩʴ. ʇʦ ʢʦʩʚʝʥʥʳʤ ʜʘʥʥʳʤ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ 

ʢʦʤʧʣʝʢʩ NiL
1
2Cl2 ʠʟʦʩʪʨʫʢʪʫʨʝʥ ʢʦʤʧʣʝʢʩʫ [CuL

1
2Br2]Ð, ʪ.ʝ. ʠʦʥ ʥʠʢʝʣʷ ʠʤʝʝʪ ʠʩʢʘʞʝʥʥʦʝ ʦʢʪʘʵʜ-

ʨʠʯʝʩʢʦʝ ʦʢʨʫʞʝʥʠʝ, ʦʙʨʘʟʦʚʘʥʥʦʝ ʯʝʪʳʨʴʤʷ ʭʣʦʨʠʜ-ʘʥʠʦʥʘʤʠ, ʢʦʪʦʨʳʝ ʢʦʦʨʜʠʥʠʨʫʶʪʩʷ ʧʦ ʙʠʜʝʥ-

ʪʘʪʥʦ-ʤʦʩʪʠʢʦʚʦʤʫ ʪʠʧʫ ʢ ʩʦʩʝʜʥʠʤ ʠʦʥʘʤ ʥʠʢʝʣʷ(II) ʠ ʜʚʫʤʷ ʘʪʦʤʘʤʠ ʘʟʦʪʘ ʧʠʨʘʟʦʣʴʥʳʭ ʢʦʣʝʮ ʤʦ-

ʥʦʜʝʥʪʘʥʪʥʦʛʦ ʣʠʛʘʥʜʘ L
1
 ʚ 5 ʠ 6 ʧʦʟʠʮʠʷʭ, ʦʙʨʘʟʫʷ ʦʜʥʦʤʝʨʥʳʝ ʧʦʣʠʤʝʨʥʳʝ ʮʝʧʦʯʢʠ. 

ʀʦʥ ʥʠʢʝʣʷ ʚ ʢʦʤʧʣʝʢʩʥʦʤ ʩʦʝʜʠʥʝʥʠʠ NiL
1
2Cl2 ʠʤʝʝʪ 3d

8
 ʵʣʝʢʪʨʦʥʥʫʶ ʢʦʥʬʠʛʫʨʘʮʠʶ ʩʦ 

ʟʥʘʯʝʥʠʝʤ ʩʧʠʥʘ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ S=1. ʅʝʩʤʦʪʨʷ ʥʘ ʥʘʣʠʯʠʝ ʥʝʩʧʘʨʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʩʧʝʢʪʨ 

ʕʇʈ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ 3d
8
 ʚ X- ʠ Q-ʜʠʘʧʘʟʦʥʘʭ ʫʜʘʸʪʩʷ ʟʘʧʠʩʘʪʴ ʪʦʣʴʢʦ ʧʨʠ ʛʝʣʠʝ-

ʚʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʟ-ʟʘ ʙʦʣʴʰʠʭ ʥʘʯʘʣʴʥʳʭ ʨʘʩʱʝʧʣʝʥʠʡ. ɺ ʩʣʫʯʘʝ ʢʦʤʧʣʝʢʩʘ NiL
1
2Cl2 ʧʨʠ ʢʦʤ-

ʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʪʨ ʕʇʈ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʥʝ ʫʜʘʣʦʩʴ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 5K ʩʧʝʢʪʨ ʕʇʈ 

(ʈʠʩ. 24) ʚ Q-ʜʠʘʧʘʟʦʥʝ ʦʧʠʩʳʚʘʝʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ ‍Ὣ ὌὛ ὌὛ ‍Ὣ᷆ὌὛ ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ S=İ ʠ ʘʢʩʠʘʣʴʥʳʤ g-ʪʝʥʟʦʨʦʤ g||=2.300(3), gƍ=2.055(2). ʊʘʢʠʝ ʧʘʨʘʤʝʪʨʳ ʭʘʨʘʢʪʝʨʥʳ 

ʜʣʷ ʠʦʥʘ ʥʠʢʝʣʷ ʩ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ 3d
9
. ʊʘʢʠʝ ʩʦʩʪʦʷʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥ rʩ ʢʦʦʨʜʠ-

ʥʘʮʠʝʡ ʠʦʥʦʚ Ni ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ (ʚʤʝʩʪʦ ʘʪʦʤʦʚ ʭʣʦʨʘ) ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʦʤʧʣʝʢʩʘ, ʯʪʦ ʧʨʠ-

ʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʦʩʪʦʷʥʠʷ ʠʦʥʦʚ Ni ʠ ʦʙʨʳʚʫ ʧʦʣʠʤʝʨʠʟʘʮʠʠ. 
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ʈʠʩ. 24. ʉʧʝʢʪʨ rʕʇʈ ʚ Q-ʜʠʘʧʘʟʦʥʝ ʧʨʠ 5K ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ NiL
1
2Cl2: 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ (b) 

 

ɺʦʟʜʝʡʩʪʚʠʝ ʠʤʧʫʣʴʩʥʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘ ʢʦʤʧʣʝʢʩ NiL
1
2Cl2 ʧʨʠʚʦʜʠʪ ʢ ʠʩʯʝʟʥʦʚʝʥʠʶ ʩʧʝʢʪʨʘ 

ʕʇʈ, ʥʘʙʣʶʜʘʝʤʦʛʦ ʧʨʠ 5K, ʠ ʧʦʷʚʣʝʥʠʶ ʥʦʚʦʛʦ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʉʧʝʢʪʨ ʕʇʈ 

(ʈʠʩ. 25) ʚ Q-ʜʠʘʧʘʟʦʥʝ ʦʧʠʩʳʚʘʝʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ ‍Ὣ ὌὛ ὌὛ ‍Ὣ᷆ὌὛ

Ὀ Ὓ ὛὛ ρ  ʩ ʧʘʨʘʤʝʪʨʘʤʠ S=1, ʘʢʩʠʘʣʴʥʳʤ g-ʪʝʥʟʦʨʦʤ g||=2.18(1), gƍ=2.17(2) ʠ ʚʝʣʠʯʠʥʦʡ 

ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ |D|=125(10) ʤʊʣ (E=0). ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʚʟʘ-

ʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʚʳʰʝʦʧʠʩʘʥʥʳʤʠ ʮʝʥʪʨʘʤʠ ʩ S=İ ʧʦ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. 
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ʈʠʩ. 25. ʉʧʝʢʪʨʳ ʕʇʈ ʧʨʠ 293K ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ NiL
1
2Cl2, ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʜʘʚʣʝʥʠʷ, 

ʚ Q-ʜʠʘʧʘʟʦʥʝ (ʩʣʝʚʘ) ʠ ʚ X-ʜʠʘʧʘʟʦʥʝ (ʩʧʨʘʚʘ): ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ (b) 

 

ʇʦ ʩʦʦʪʥʦʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʚʳʩʦʢʦʧʦʣʝʚʦʡ ʠ ʥʠʟʢʦʧʦʣʝʚʦʡ ʢʦʤʧʦʥʝʥʪ Ὅ Ὅϳ  ʩʧʝʢʪʨʘ 

ʕʇʈ ʚ X-ʜʠʘʧʘʟʦʥʝ (ʈʠʩ. 25) ʫʜʘʸʪʩʷ ʦʧʨʝʜʝʣʠʪʴ ʟʥʘʢ ʧʘʨʘʤʝʪʨʘ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ. ɽʩʣʠ ʦʪʥʦʰʝ-

ʥʠʝ Ὅ Ὅϳ  ʙʦʣʴʰʝ 1, ʪʦ ʟʥʘʢ ʧʘʨʘʤʝʪʨʘ ʧʦʣʦʞʠʪʝʣʴʥʳʡ, ʠʥʘʯʝ ï ʦʪʨʠʮʘʪʝʣʴʥʳʡ. ʀʩʭʦʜʷ ʠʟ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʦ ʧʦʣʫʯʝʥʥʳʤ ʟʥʘʯʝʥʠʷʤ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʘ ͯ ρȢςς ʠ 
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ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪ ʩʧʝʢʪʨʘ ρȢσ, ʫʜʘʣʦʩʴ ʦʧʨʝʜʝʣʠʪʴ, ʯʪʦ ʧʘʨʘ-

ʤʝʪʨ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠʤʝʝʪ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʟʥʘʢ. 

ʇʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 77K ʧʨʠʚʦʜʠʪ ʢ ʠʩʯʝʟʥʦʚʝʥʠʶ ʩʧʝʢʪʨʘ ʕʇʈ ʩ S=1, ʥʘʛʨʝʚ ʜʦ 427K, 

ʥʘʧʨʦʪʠʚ, ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʝʢʪʨʘ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʩʠʩʪʝʤʳ ʩ ʦʩʥʦʚ-

ʥʳʤ ʩʠʥʛʣʝʪʥʳʤ ʠ ʚʦʟʙʫʞʜʝʥʥʳʤ ʪʨʠʧʣʝʪʥʳʤ ʩʦʩʪʦʷʥʠʝʤ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦ-

ʩʪʠ ʩʧʝʢʪʨʘ ʕʇʈ (ʈʠʩ. 26), ʧʦʣʫʯʝʥʥʘʷ ʚ ʜʠʘʧʘʟʦʥʝ 77K-427K, ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʫʨʘʚʥʝʥʠʝʤ 

Ὅ
 

 
Ὅ [146], ʛʜʝ æE ï ʨʘʟʥʠʮʘ ʵʥʝʨʛʠʡ ʤʝʞʜʫ ʦʩʥʦʚʥʳʤ ʩʠʥʛʣʝʪʥʳʤ ʠ ʚʦʟ-

ʙʫʞʜʝʥʥʳʤ ʪʨʠʧʣʝʪʥʳʤ ʫʨʦʚʥʷʤʠ (ʚ ʢʘʯʝʩʪʚʝ ʵʪʘʣʦʥʘ ʩʨʘʚʥʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʪʘʥʜʘʨʪ 

CuSO4Ŀ5H2O). ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʩʣʝʜʫʝʪ, ʯʪʦ æE=145 ʩʤ
-1
 ʩ ʥʘʯʘʣʴʥʳʤ ʨʘʩʱʝʧʣʝʥʠʝʤ ʚʦʟʙʫʞ-

ʜʝʥʥʦʛʦ ʪʨʠʧʣʝʪʥʦʛʦ ʫʨʦʚʥʷ ʩ D=+125(10) ʤʊʣ (E=0). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʙʣʶʜʘʝʤʳʡ ʩʧʝʢʪʨ ʕʇʈ ʩʚʷ-

ʟʘʥ ʩ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʟʘʩʝʣʝʥʠʝʤ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʪʨʠʧʣʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʩʦʛʣʘʩʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ 

ɹʦʣʴʮʤʘʥʘ. ʀʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʪʠʤʦʤʫ ʣʠʥʝʡʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʧʘʨʘʤʝʪʨʘ ʪʦʥʢʦʡ 

ʩʪʨʫʢʪʫʨʳ (ʈʠʩ. 26) ʩ æD/æT=ī0.16 ʤʊʣ/K. ɺʝʣʠʯʠʥʘ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʩʪʦʠʪ ʠʟ ʚʢʣʘʜʘ ʜʚʫʭ ʢʦʤʧʦ-

ʥʝʥʪ ï ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɽʩʣʠ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ 

ʚ ʪʦʥʢʫʶ ʩʪʨʫʢʪʫʨʫ ʦʙʫʩʣʦʚʣʝʥ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʜʚʫʤʷ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ 

ʮʝʥʪʨʘʤʠ ʩ S=İ, ʪʦ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʮʝʥʪʨʘʤʠ Ὀͯ ὶ , ʢʦʪʦʨʦʝ ʧʨʠ D=125(10) ʤʊʣ 

ʩʦʩʪʘʚʣʷʝʪ r=2.87 ¡ (293K), ʘ ʧʨʠ D=105(10) ʤʊʣ r=3.08 ¡ (427K). ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʪʁ ʥʘ 

ʥʘʣʠʯʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʝʡ ʚ ʩʪʨʫʢʪʫʨʝ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʜʘʚʣʝʥʠʷ. 
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ʈʠʩ. 26. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ (ʩʣʝʚʘ) ʩʧʝʢʪʨʘ ʕʇʈ ʚ X-ʜʠʘʧʘʟʦʥʝ 

NiL
1
2Cl2, ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʜʘʚʣʝʥʠʷ: ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʘʷ (b); CuSO4Ŀ5H2O (c) 

ʠ ʧʘʨʘʤʝʪʨʘ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ (ʩʧʨʘʚʘ): ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʘʷ (b) 

 

ʄʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ NiL
1
2Cl2, ʠʟʤʝʨʝʥʥʘʷ ʚ ʜʠʘʧʘʟʦʥʝ 

77-430K, ʥʝ ʠʟʤʝʥʷʝʪʩʷ (ʚ ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ) ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʜʘʚʣʝʥʠʷ. ʕʬʬʝʢʪʠʚʥʳʡ ʤʘʛ-
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ʥʠʪʥʳʡ ʤʦʤʝʥʪ ʧʨʠ 300K ʨʘʚʝʥ ɛɻʬʬ=3.55 ɛɹ, ʯʪʦ ʧʨʝʚʳʰʘʝʪ ʯʠʩʪʦ ʩʧʠʥʦʚʦʝ ʟʥʘʯʝʥʠʝ ɛɻʬʬ=2.83 ɛɹ ʠ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʥʘʣʠʯʠʝʤ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠ g>2. ʉʧʝʢʪʨ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʪʘʢʞʝ ʥʝ ʠʟʤʝʥʷʝʪʩʷ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʣʫʯʘʷ ʩ ʢʦʤʧʣʝʢʩʦʤ [CuL
1
2Br2]Ð (ʩʤ. 3.1.1). ʉ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ 

ʠʟʤʝʥʝʥʠʡ ʬʘʟ,r ʙʳʣ ʧʨʦʚʝʜʝʥ ʈʌɸ ʦʙʨʘʟʮʦʚ ʜʦ ʠ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʜʘʚʣʝʥʠʷ, ʦʜʥʘʢʦ, ʧʦʟʠʮʠʠ 

ʚʩʝʭ ʧʠʢʦʚ ʦʩʪʘʣʠʩʴ ʥʝʠʟʤʝʥʥʳ, ʢʘʢ ʠ ʥʝ ʧʦʷʚʠʣʦʩʴ ʥʦʚʳʭ ʧʠʢʦʚ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʧʦ-

ʷʚʣʝʥʠʷ ʥʦʚʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ (ʩ ʫʯʸʪʦʤ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʤʝʪʦʜʘ). ʇʦʜʘʥʥʳʤ ʈʌɸ, ʧʨʦʠʩʭʦ-

ʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʰʠʨʦʢʦʡ ʢʦʤʧʦʥʝʥʪʳ ʚ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʝ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 

21Á 2ɗ ʠ ʰʠʨʠʥʦʡ ~ 10Á 2ɗ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʤʝʪʦʜʘ (ʪʘʢʘʷ ʰʠ-

ʨʦʢʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ, ʥʘʧʨʠʤʝʨ, ʜʠʬʨʘʢʮʠʠ ʟʘ ʩʯʸʪ ʥʘʣʠʯʠʷ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ) ʠʣʠ ʩ ʧʦ-

ʷʚʣʝʥʠʝʤ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʚ ʚʝʱʝʩʪʚʝ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʮʝʥʪʨʦʚ ʩ S=1 ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʤʝʪʦʜ ʕʇʈ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʵʪʘʣʦʥʘ ʩʨʘʚʥʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ CuSO4Ŀ5H2O. ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ 

ʜʘʥʥʳʭ, ʩ ʫʯʸʪʦʤ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚʳʰʝ ʨʝʟʫʣʴʪʘʪʦʚ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʮʝʥʪʨʦʚ ʥʝ ʧʨʝʚʳʰʘʣʘ 3% ʜʣʷ 

ʚʩʝʡ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʊʘʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʦʡ, ʚʦʟʤʦʞʥʦ, ʧʦʵʪʦʤʫ ʥʝ 

ʫʜʘʣʦʩʴ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʠʟʤʝʥʝʥʠʡ ʩ ʧʦʤʦʱʴʶ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚʳʰʝ ʤʝʪʦʜʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ NiL
1
2Cl2 ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʥʘʣʠʯʠʝ ʮʝʥʪʨʦʚ ʩ 

ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʠʦʥʦʚ ʥʠʢʝʣʷ 3d
7
/3d

9
, ʢʘʢ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʥʘ ʢʦʥʮʘʭ ʧʦʣʠʤʝʨʥʳʭ ʮʝ-

ʧʝʡ ʚʦʟʥʠʢʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʢʦʦʨʜʠʥʘʮʠʷ Ni-O(H) ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʠʟ ʵʪʠʭ ʮʝʥʪʨʦʚ ʜʠʤʝʨʥʳʭ 

ʩʪʨʫʢʪʫʨ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʠʟ-ʟʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦʩʪʝʡ ʚ ʩʪʨʫʢ-

ʪʫʨʝ. ɺʣʠʷʥʠʝ ʤʦʣʝʢʫʣ ʚʦʜʳ ʥʘ ʢʦʤʧʣʝʢʩʥʳʝ ʩʦʝʜʠʥʝʥʠʷ Cu(II) ʩ L
1
 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʨʘʟʜʝʣʝ 3.1.2. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʵʪʠʭ ʨʘʟʜʝʣʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʦʩʚʝʥʥʦ ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʚʣʠʷʥʠʷ ʤʦ-

ʣʝʢʫʣ ʚʦʜʳ ʥʘ ʢʦʤʧʣʝʢʩʥʦʝ ʩʦʝʜʠʥʝʥʠʝ NiL
1
2Cl2. ɼʠʤʝʨʳ ʠʤʝʶʪ ʦʩʥʦʚʥʦʝ ʩʠʥʛʣʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩ 

ʨʘʩʩʪʦʷʥʠʝʤ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ ʩʠʥʛʣʝʪ-ʪʨʠʧʣʝʪ æE=145 ʩʤ
-1
, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝ-

ʨʘʪʫʨʝ ʧʨʦʠʩʭʦʜʠʪ ʟʘʩʝʣʝʥʠʝ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʪʨʠʧʣʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ɺʝʣʠʯʠʥʘ ʧʘʨʘʤʝʪʨʘ ʪʦʥʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʪʠʤʦ ʣʠʥʝʡʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʠʟʤʝʥʝʥʠʝ ʚ 

ʨʘʩʩʪʦʷʥʠʠ ʤʝʞʜʫ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ (ʧʨʠ 293K ï r=2.87 ¡, ʧʨʠ 427K ï r=3.08 ¡). ʂʦʥʮʝʥ-

ʪʨʘʮʠʷ ʜʠʤʝʨʦʚ ʥʝ ʧʨʝʚʳʰʘʝʪ 3%. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʝ [147]. 

 

3.2. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʨʘʟʤʝʨʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʤʝʜʠ(II ) 

ʠ ʮʠʥʢʘ(II ) ʩ 2-(N-ʘʮʝʪʠʣʘʤʠʥʦ)-6-ʤʝʪʠʣ ʧʠʨʠʜʠʥʦʤ (L
2
) ʥʘ ʠʭ ʤʘʛʥʠʪʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ 

ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ, ʨʘʟʤʝʨʥʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ ʠ ʩʪʝʨʠʯʝʩʢʠʝ ʟʘʪʨʫʜʥʝʥʠʷ ʢʘʨʜʠʥʘʣʴʥʳʤ 

ʦʙʨʘʟʦʤ ʤʦʛʫʪ ʤʝʥʷʪʴ ʩʚʦʡʩʪʚʘ ʚʝʱʝʩʪʚ. ʉ ʮʝʣʴʶ ʫʩʪʘʥʦʚʣʝʥʠʷ ʚʣʠʷʥʠʷ ʨʘʟʤʝʨʥʦʩʪʠ ʙʳʣʠ ʠʩʩʣʝ-
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ʜʦʚʘʥʳ ʢʦʤʧʣʝʢʩʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʥʠʪʨʘʪʘ ʤʝʜʠ(II) ʤʝʪʦʜʦʤ ʕʇʈ ʠ ʭʣʦʨʠʜʘ ʮʠʥʢʘ(II) ʤʝʪʦʜʦʤ ʌʃ ʩ 

L
2
 ʧʨʠ ʠʭ ʚʥʝʜʨʝʥʠʠ ʚ ʤʝʟʦʧʦʨʠʩʪʫʶ SiO2 ʤʘʪʨʠʮʫ ʩ ʨʘʟʣʠʯʥʳʤ ʜʠʘʤʝʪʨʦʤ ʧʦʨ. ʇʦʣʫʯʝʥʥʳʝ ʨʝ-

ʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [123, 124]. 

 

3.2.1. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʘ [CuL
2
2(H2O)](NO3)2 

ʂʦʤʧʣʝʢʩ [CuL
2
2(H2O)](NO3)2 ʧʦʣʫʯʝʥ ʩʦʛʣʘʩʥʦ ʧʫʥʢʪʫ 2.2.3. ʂʦʦʨʜʠʥʘʮʠʦʥʥʳʡ ʧʦʣʠʵʜʨ 

CuN2O3 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʩʢʘʞʝʥʥʫʶ ʪʨʠʛʦʥʘʣʴʥʫʶ ʙʠʧʠʨʘʤʠʜʫ (ʈʠʩ. 27), ʦʙʨʘʟʦʚʘʥʥʫʶ ʘʪʦ-

ʤʦʤ ʘʟʦʪʘ ʧʠʨʠʜʠʥʦʚʦʛʦ ʬʨʘʛʤʝʥʪʘ (R(Cu-N)=2.05(1) ¡) ʠ ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ ʘʮʝʪʠʣʘʤʠʥʦ-ʛʨʫʧʧʳ 

(R(Cu-O)=2.02(1) ¡) ʦʪ ʜʚʫʭ ʙʠʜʝʥʪʘʥʪʥʳʭ ʣʠʛʘʥʜʦʚ L
2
, ʘ ʧʷʪʫʶ ʧʦʟʠʮʠʶ ʟʘʥʠʤʘʝʪ ʘʪʦʤ ʢʠʩʣʦʨʦʜʘ 

ʤʦʣʝʢʫʣʳ ʚʦʜʳ (R(Cu-O)=1.98(1) ¡). ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ [CuL
2
2(H2O)](NO3)2 

ʠʤʝʝʪ ʨʦʤʙʠʯʝʩʢʫʶ ʩʠʥʛʦʥʠʶ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ Pbcn ʠ ʧʘʨʘʤʝʪʨʘʤʠ a=13.30(1) ¡, 

b=8.44(1) ¡, c=18.53(1) ¡. 

ʉʧʝʢʪʨ ʕʇʈ ʟʘʤʦʨʦʞʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʢʦʤʧʣʝʢʩʘ [CuL
2
2(H2O)](NO3)2 ʚ ʵʪʘʥʦʣʝ ʧʨʠ 77K ʦʧʠ-

ʩʳʚʘʝʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ ‍ὫὌὛ ‍ὫὌὛ ‍ὫὌὛ ὃὛὍ ʩ ʧʘʨʘʤʝʪʨʘʤʠ S=İ, 

ʨʦʤʙʠʯʝʩʢʠʤ g-ʪʝʥʟʦʨʦʤ gz=2.345(5), gy=2.073(3), gx=2.068(3) ʠ ʨʘʟʨʝʰʸʥʥʦʡ ʉʊʉ ʦʪ ʠʦʥʘ ʤʝʜʠ 

Az(Cu)=14.2(4) ʤʊʣ. ʊʘʢʠʝ ʧʘʨʘʤʝʪʨʳ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ ʤʝʜʠ(II) ʚ ʢʚʘʜʨʘʪ-

ʥʦ-ʧʠʨʘʤʠʜʘʣʴʥʦʤ ʠʣʠ ʠʩʢʘʞʝʥʥʦ ʪʨʠʛʦʥʘʣʴʥʦ-ʙʠʧʠʨʘʤʠʜʘʣʴʥʦʤ ʦʢʨʫʞʝʥʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝ-

ʨʝʭʦʜ ʦʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʢ ʠʟʦʣʠʨʦʚʘʥʥʳʤ ʢʦʤʧʣʝʢʩʘʤ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʢʦʦʨ-

ʜʠʥʘʮʠʦʥʥʦʛʦ ʯʠʩʣʘ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ. 

 

ʈʠʩ. 27. ʌʨʘʛʤʝʥʪʳ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʘ [CuL
2
2(H2O)](NO3)2 ʠ ʩʪʨʦʝʥʠʝ ʢʘʪʠʦʥʘ [CuL

2
2(H2O)]

2+
 

 



75 

250 260 270 280 290 300 310 320 330 340

͵ΔΗΡΜΧΡΣΙ ΤΣΟΙ, Π΄Ο

 a

 b

ͩΆͼͨ

 

ʈʠʩ. 28. ʉʧʝʢʪʨ rʕʇʈ ʟʘʤʦʨʦʞʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʢʦʤʧʣʝʢʩʘ [CuL
2
2(H2O)](NO3)2 ʚ ʵʪʘʥʦʣʝ ʧʨʠ 77K ʚ X-ʜʠʘʧʘʟʦʥʝ: 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ (b) 

 

ʉʧʝʢʪʨ ʕʇʈ (ʈʠʩ. 29) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [CuL
2
2(H2O)](NO3)2 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤ-

ʧʝʨʘʪʫʨʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʠʥʦʯʥʫʶ ʣʠʥʠʶ, ʢʦʪʦʨʘʷ ʦʧʠʩʳʚʘʝʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ 

Ὄ ‍ὫὌὛ ʩ ʧʘʨʘʤʝʪʨʘʤʠ S=İ, g=2.170(2) ʠ ʧʦʣʫʰʠʨʠʥʦʡ ʣʠʥʠʠ ȹʅʧʠʢ-ʧʠʢ=16(1) ʤʊʣ. ʉʨʝʜʥʝʝ ʟʥʘ-

ʯʝʥʠʝ g-ʬʘʢʪʦʨʘ ʟʘʤʦʨʦʞʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʚ ʵʪʘʥʦʣʝ ʧʨʠ 77K ʩʦʩʪʘʚʣʷʝʪ gʩʨʝʜ=2.163(3), ʯʪʦ ʤʝʥʴʰʝ 

g-ʬʘʢʪʦʨʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʠʟʤʝʥʝʥʠʝ ʫʛʣʦʚ ʠ ʜʣʠʥ ʩʚʷʟʝʡ ʚ ʢʦʦʨ-

ʜʠʥʘʮʠʦʥʥʦʤ ʧʦʣʠʵʜʨʝ ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʢ ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʤʦʣʝʢʫʣʝ. 
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ʈʠʩ. 29. ʉʧʝʢʪʨ rʕʇʈ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [CuL
2
2(H2O)](NO3)2 ʧʨʠ 300K ʚ X-ʜʠʘʧʘʟʦʥʝ: 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ (b) 

 

ʇʨʠ ʚʥʝʜʨʝʥʠʠ ʢʦʤʧʣʝʢʩʘ [CuL
2
2(H2O)](NO3)2 ʚ ʦʨʠʝʥʪʠʨʦʚʘʥʥʫʶ ʤʝʟʦʧʦʨʠʩʪʫʶ ʤʘʪʨʠʮʫ SiO2 

ʩ ʨʘʟʤʝʨʦʤ ʧʦʨ 4 ʥʤ, ʩʧʝʢʪʨ ʕʇʈ ʠʟʤʝʥʷʝʪʩʷ (ʈʠʩ. 30) ʠ ʦʧʠʩʳʚʘʝʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ

‍ὫὌὛ ‍ὫὌὛ ‍ὫὌὛ ὃὛὍ ὃὛὍ ὃ ὛὍ Ὀ Ὓ ὛὛ ρ  ʩ ʧʘʨʘʤʝʪʨʘʤʠ 

S=1, gôx=gôy=2.252(3), gôz=2.07(1); ʉʊʉ ʦʪ ʜʚʫʭ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʘʪʦʤʦʚ ʤʝʜʠ ʩ Ax(ʉu)=Ay(Cu)=3.2 ʤʊʣ 

ʠ Az(Cu)=0.5 ʤʊʣ; D=5.0(5) ʤʊʣ. ʉʦʦʪʥʦʰʝʥʠʝ gôx=gôy>gôz ʷʚʣʷʝʪʩʷ ʥʝʦʙʳʯʥʳʤ ʜʣʷ ʤʦʥʦʤʝʨʥʳʭ 
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ʢʦʤʧʣʝʢʩʦʚ ʤʝʜʠ(II). ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʠʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʪʝʦʨʠʝʡ ʕʇʈ ʪʘʢʦʝ ʩʦʦʪʥʦ-

ʰʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʠʦʥʦʚ ʤʝʜʠ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʠ ʜʣʷ ʜʠʤʝʨʦʚ ʤʝʜʠ, ʫ ʢʦʪʦʨʳʭ 

ʢʦʤʧʦʥʝʥʪʳ g- ʠ A-ʪʝʥʟʦʨʦʚ ʧʦʚʝʨʥʫʪʳ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ. ʇʦ ʧʦʣʫʯʝʥʥʳʤ ʢʦʩʚʝʥʥʳʤ ʜʘʥ-

ʥʳʤ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʠʤʝʥʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʜʠʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʩʧʝʢʪʨ ʕʇʈ 

ʚʥʝʜʨʝʥʥʦʛʦ ʚ SiO2 ʢʦʤʧʣʝʢʩʘ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ, ʧʦʣʫʯʘʝʤʳʝ ʟʥʘʯʝʥʠʷ g-ʪʝʥʟʦʨʘ ʷʚʣʷʶʪʩʷ çʵʬʬʝʢ-

ʪʠʚʥʳʤʠè ʟʘ ʩʯʸʪ çʩʣʦʞʝʥʠʷè ʢʦʤʧʦʥʝʥʪ ʤʦʥʦʤʝʨʦʚ. ʈʘʩʯʸʪ ʚʝʣʠʯʠʥ g-ʪʝʥʟʦʨʘ ʤʦʥʦʤʝʨʦʚ, ʧʦʚʝʨʥʫ-

ʪʳʭ ʥʘ 90Á, ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʝʥʠʷʤ gôx=gôy=İ(gòz+gòy) ʠ gôz=gòx (gô ï g-ʪʝʥʟʦʨ ʜʠʤʝʨ ʠ gò ï g-ʪʝʥʟʦʨ 

ʤʦʥʦʤʝʨʦʚ ʚ ʜʠʤʝʨʝ). ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʕʇʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʧʦʣʫʯʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ 

ʟʥʘʯʝʥʠʷ g-ʪʝʥʟʦʨʘ ʤʦʥʦʤʝʨʦʚ: gòx=2.07(1), gòy=2.154(8), gòz=2.350(8) ʩ ʧʦʚʦʨʦʪʦʤ gòz ʤʦʥʦʤʝʨʦʚ ʥʘ 

92Á ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ. ʆʮʝʥʢʘ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥʪʨʘʤʠ ʚ ʜʠʤʝʨʝ ʧʦ ʧʘ-

ʨʘʤʝʪʨʫ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʨʘʤʢʘʭ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʘʸʪ ʚʝʣʠʯʠʥʫ R=8.5 ¡. ɺ 

ʢʨʠʩʪʘʣʣʘʭ ʢʦʤʧʣʝʢʩʘ ʨʝʘʣʠʟʫʝʪʩʷ ʧʦʭʦʞʘʷ ʩʪʨʫʢʪʫʨʘ ʩ ʨʘʩʩʪʦʷʥʠʝʤ ʤʝʞʜʫ ʠʦʥʘʤʠ ʤʝʜʠ R=8 ¡ ʠ 

ʪʦʨʩʠʦʥʥʳʤ ʫʛʣʦʤ ʤʝʞʜʫ N-Cu1-N ʠ N-Cu2-N ʨʘʚʥʳʤ 69Á. 

250 260 270 280 290 300 310 320 330 340 350 360 370

͵ΔΗΡΜΧΡΣΙ ΤΣΟΙ, Π΄Ο

 a

 b
ͩΆͼͨ

 

ʈʠʩ. 30. ʉʧʝʢʪʨ rʕʇʈ ʚ X-ʜʠʘʧʘʟʦʥʝ ʧʨʠ 300K ʢʦʤʧʣʝʢʩʘ [CuL
2
2(H2O)](NO3)2, ʚʥʝʜʨʸʥʥʦʛʦ 

ʚ ʤʝʟʦʧʦʨʠʩʪʫʶ SiO2 ʤʘʪʨʠʮʫ ʩ ʜʠʘʤʝʪʨʦʤ ʧʦʨ 4 ʥʤ: ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ (b) 

 

ʇʨʠ ʚʥʝʜʨʝʥʠʠ ʢʦʤʧʣʝʢʩʘ [CuL
2
2(H2O)](NO3)2 ʚ ʦʨʠʝʥʪʠʨʦʚʘʥʥʫʶ ʤʝʟʦʧʦʨʠʩʪʫʶ ʤʘʪʨʠʮʫ SiO2 

ʩ ʨʘʟʤʝʨʦʤ ʧʦʨ 9 ʥʤ, ʩʧʝʢʪʨ ʕʇʈ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʧʝʨʧʦʟʠʮʠʶ ʜʚʫʭ ʩʧʝʢʪʨʦʚ, ʢʦʪʦʨʳʝ ʦʧʠʩʳ-

ʚʘʶʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ ‍ὫὌὛ ‍ὫὌὛ ‍ὫὌὛ ὃὛὍ ὃὛὍ ὃ ὛὍ

Ὀ Ὓ ὛὛ ρ  ʩ ʧʘʨʘʤʝʪʨʘʤʠ S=1, gôx=gôy=2.252(3), gôz=2.07(1); ʉʊʉ ʦʪ ʜʚʫʭ ʵʢʚʠʚʘʣʝʥʪʥʳʭ 

ʘʪʦʤʦʚ ʤʝʜʠ ʩ Ax(ʉu)=Ay(Cu)=3.2 ʤʊʣ ʠ Az(Cu)=0.5 ʤʊʣ; D=5.0(5) ʤʊʣ (E=0) ʠ S=İ, gx=gy=gz=2.17(1). 

ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚʥʫʪʨʠ ʤʝʟʦʧʦʨʠʩʪʦʡ ʤʘʪʨʠʮʳ ʩ ʨʘʟʤʝʨʦʤ ʧʦʨ 9 ʥʤ ʥʘʯʠʥʘʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʟʘ-

ʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʦʚ ʠ ʩʧʝʢʪʨ ʕʇʈ ʷʚʣʷʝʪʩʷ ʩʫʧʝʨʧʦʟʠʮʠʝʡ ʩʧʝʢʪʨʦʚ ʜʠʤʝʨʦʚ ʠ ʨʘʟʦʨʠ-
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ʝʥʪʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʇʦʜʦʙʥʳʡ ʨʝʟʫʣʴʪʘʪ ʧʦʣʫʯʝʥ ʧʨʠ ʥʘʥʝʩʝʥʠʠ ʢʦʤʧʣʝʢʩʘ 

[CuL
2
2(H2O)](NO3)2 ʠʟ ʨʘʩʪʚʦʨʘ ʩ ʵʪʘʥʦʣʦʤ ʥʘ ʢʚʘʨʮʝʚʫʶ ʧʣʘʩʪʠʥʫ ʧʨʠ ʚʨʘʱʝʥʠʠ ʧʦʜʣʦʞʢʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʝʨʚʳʤ ʰʘʛʦʤ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʦʤʧʣʝʢʩʘ 

[CuL
2
2(H2O)](NO3)2 ʷʚʣʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʜʠʤʝʨʦʚ ʩ S=1. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʮʝʥ-

ʪʨʘʤʠ ʩʦʩʪʘʚʣʷʝʪ R=8.5 ¡ ʩ ʪʦʨʩʠʦʥʥʳʤ ʫʛʣʦʤ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ gz ʤʦʥʦʤʝʨʦʚ ʨʘʚʥʳʤ 92Á. 

ʇʨʝʜʣʦʞʝʥʳ ʩʪʨʫʢʪʫʨʳ ʜʠʤʝʨʦʚ (ʈʠʩ. 31), ʢʦʪʦʨʳʝ ʙʣʠʟʢʠ ʢ ʩʪʨʫʢʪʫʨʘʤ, ʨʝʘʣʠʟʫʝʤʳʤ ʚ ʢʨʠʩʪʘʣʣʝ. 

 

ʈʠʩ. 31. ʇʨʝʜʧʦʣʘʛʘʝʤʳʝ ʩʪʨʫʢʪʫʨ rʜʠʤʝʨʘ {[CuL
2
2(H2O)](NO3)2} 2 

 

3.2.2. ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2] 

ʂʦʤʧʣʝʢʩ [ZnL
2
Cl2] ʧʦʣʫʯʝʥ ʩʦʛʣʘʩʥʦ ʧʫʥʢʪʫ 2.2.4. ʂʘʪʠʦʥ Zn(II) ʠʤʝʝʪ ʠʩʢʘʞʝʥʥʦʝ ʪʝʪʨʘʵʜʨʠ-

ʯʝʩʢʦʝ ʦʢʨʫʞʝʥʠʝ (ʈʠʩ. 32), ʦʙʨʘʟʦʚʘʥʥʦʝ ʘʪʦʤʦʤ ʘʟʦʪʘ ʧʠʨʠʜʠʥʦʚʦʛʦ ʬʨʘʛʤʝʥʪʘ 

(R(Cu-N)=2.04(1) ¡) ʠ ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ ʘʮʝʪʠʣʘʤʠʥʦ-ʛʨʫʧʧʳ ʙʠʜʝʥʪʘʪʥʦʛʦ ʣʠʛʘʥʜʘ 

(R(Cu-O)=1.99(1) ¡) ʠ ʜʚʫʤʷ ʭʣʦʨʠʜ-ʘʥʠʦʥʘʤʠ (R(Cu-Cl)=2.22(1) ¡ ʠ R(Cu-Cl)=2.24(1) ¡). ʂʨʠʩʪʘʣ-

ʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2] ʠʤʝʝʪ ʨʦʤʙʠʯʝʩʢʫʶ ʩʠʥʛʦʥʠʶ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ 

P212121 ʠ ʧʘʨʘʤʝʪʨʘʤʠ a=7.63(1) ¡, b=10.15(1) ¡, c=13.78(1) ¡ ʠ Z=4. ʂʘʞʜʘʷ ʤʦʣʝʢʫʣʘ ʢʦʤʧʣʝʢʩʘ 

ZnL
2
Cl2 ʩʚʷʟʘʥʘ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʴʶ ʩ ʜʚʫʤʷ ʩʦʩʝʜʥʠʤʠ ʤʦʣʝʢʫʣʘʤʠ ʯʝʨʝʟ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʘʪʦʤʘ ʚʦ-

ʜʦʨʦʜʘ ʚʪʦʨʠʯʥʦʛʦ ʘʤʠʥʘ ʠ ʭʣʦʨʠʜ-ʘʥʠʦʥʘ (R(H-Cl)=3.34(1) ¡ ʠ ʫʛʣʦʤ N-HéCl ʨʘʚʥʳʤ 156.7(1)Á). 

ʆʙʨʘʟʫʝʪʩʷ ʙʝʩʢʦʥʝʯʥʘ ̫ʦʜʥʦʤʝʨʥʘ ̫ʮʝʧʦʯʢʘ ʚʜʦʣʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʩʠ a (ʈʠʩ. 33). 

 

ʈʠʩ. 32. ʌʨʘʛʤʝʥʪʳ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʘ ʠ ʩʪʨʦʝʥʠʝ ʤʦʣʝʢʫʣʳ ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2] 
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ʈʠʩ. 33. ʌʨʘʛʤʝʥʪʳ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2] ʩ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʡ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʴʶ N-HéCl 

 

ʉʧʝʢʪʨ ʌʃ (ʈʠʩ. 34) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ L
2
 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʧʝʨʧʦʟʠʮʠʶ ʜʚʫʭ 

ʣʠʥʠʡ ʩ ʤʘʢʩʠʤʫʤʘʤʠ ʥʘ ɚɻʤ=321 ʥʤ ʠ ɚɻʤ=435 ʥʤ, ʧʨʠʯʸʤ ʩʧʝʢʪʨ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝ-

ʥʠʷ. ʉʧʝʢʪʨ ʚʦʟʙʫʞʜʝʥʠʷ ʢʦʤʧʦʥʝʥʪʳ ɚɻʤ=321 ʥʤ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ ʥʘ ɚʚʦʟʙ=300 ʥʤ, ʘ ʢʦʤʧʦʥʝʥʪʳ 

ɚɻʤ=435 ʥʤ ï ʥʘ ɚʚʦʟʙ=319 ʥʤ. ʇʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʣʠʛʘʥʜʘ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚɻʤ=319 ʥʤ ʚ ʩʧʝʢʪʨʝ ʌʃ 

ʥʘʙʣʶʜʘʝʪʩʷ ʰʠʨʦʢʘʷ ʣʠʥʠʷ ʩ ʨʘʟʨʝʰʸʥʥʦʡ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʚ ʚʠʜʝ ʢʚʠʥʪʝʪʘ ʣʠʥʠʡ ʩ ʚʦʣʥʦ-

ʚʳʤ ʯʠʩʣʦʤ ȹkʩʨ=1470(80) ʩʤ
ī1
, ʪʠʧʠʯʥʳʤ ʜʣʷ ʢʦʣʝʙʘʥʠʡ ʧʠʨʠʜʠʥʦʚʦʛʦ ʢʦʣʴʮʘ, ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ 

ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ [148]. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʵʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʩʦʜʝʨʞʠʪ 4 ʤʦʣʝʢʫʣʳ ʣʠʛʘʥʜʘ, 

ʧʨʠʯʝʤ, ʫ ʜʚʫʭ ʤʦʣʝʢʫʣ ʧʠʨʠʜʠʥʦʚʳʝ ʢʦʣʴʮʘ ʧʘʨʘʣʣʝʣʴʥʳ ʜʨʫʛ ʜʨʫʛʫ ʩ ʨʘʩʩʪʦʷʥʠʝʤ ȹhå3.6 ¡ ʠ ʩʜʚʠ-

ʛʦʤ ʮʝʥʪʨʦʚ ʢʦʣʝʮ ʥʘ ȹdå1.2 ¡ (ʈʠʩ. 35). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʢʨʳʚʘʥʠʝ -́ʦʨʙʠʪʘʣʝʡ ʢʦʣʝʮ 

ʠ ʚʦʟʥʠʢʘʝʪ, ʪʘʢ ʥʘʟʳʚʘʝʤʦʝ, -́  ́ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ɼʚʝ ʜʨʫʛʠʝ ʤʦʣʝʢʫʣʳ ʥʝ ʩʚʷʟʘʥʳ ʪʘʢʠʤ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʝʤ. ʂʠʥʝʪʠʢʘ ʟʘʪʫʭʘʥʠʷ ʌʃ ʢʦʤʧʦʥʝʥʪʳ ɚɻʤ=321 ʥʤ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=300 ʥʤ ʠʤʝʝʪ 2
ʭ
 ʵʢʩʧʦ-

ʥʝʥʮʠʘʣʴʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʚʨʝʤʝʥʘʤʠ ʞʠʟʥʠ Ű1=0.026(3) ʥʩ ʠ Ű2=1.796(7) ʥʩ (ʩ ʠʥʪʝ-

ʛʨʘʣʴʥʳʤʠ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ 76% ʠ 24%, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ 2
ʭ
 ʨʘʟʥʳʭ ʮʝʥ-

ʪʨʦʚ ʵʤʠʩʩʠʠ ï ʦʜʠʥʦʯʥʳʝ ʤʦʣʝʢʫʣ rʠ ʤʦʣʝʢʫʣʳ, ʩʚʷʟʘʥʥʳʭ -́  ́ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. 
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ʈʠʩ. 34. ʉʧʝʢʪʨʳ ɺʃ (ɚɻʤ=321 ʥʤ (a) ; ɚɻʤ=435 ʥʤ (b)) ʠ ʌʃ (ɚʚʦʟʙ=300 ʥʤ (c); ɚʚʦʟʙ=319 ʥʤ (d)) 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ L
2
 ʧʨʠ 300K 
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ʈʠʩ. 35. ʌʨʘʛʤʝʥʪ ʩʪʨʫʢʪʫʨʳ ʣʠʛʘʥʜʘ L
2
 ʩ ́-  ́ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 

 

ʉʧʝʢʪʨ ʌʃ (ʈʠʩ. 36) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2] ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʧʝʨʧʦ-

ʟʠʮʠʶ ʜʚʫʭ ʥʘʙʦʨʦʚ ʣʠʥʠʡ ʩ ʤʘʢʩʠʤʫʤʘʤʠ ʥʘ ɚɻʤ=330 ʥʤ ʠ ʜʫʙʣʝʪʦʤ ʥʘ ɚɻʤ=508 ʥʤ ʠ ɚɻʤ=543 ʥʤ ʠ 

ʩʧʝʢʪʨ ʌʃ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ. ʉʧʝʢʪʨ ʚʦʟʙʫʞʜʝʥʠʷ ʢʦʤʧʦʥʝʥʪʳ ɚɻʤ=330 ʥʤ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʥʪʝʥʩʠʚʥʫʶ ʣʠʥʠʶ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ ɚʚʦʟʙ=313 ʥʤ ʠ ʩʣʘʙʳʤ ʧʣʝʯʦʤ ʥʘ 

ɚʚʦʟʙ=300 ʥʤ. ʉʧʝʢʪʨ ʚʦʟʙʫʞʜʝʥʠʷ ʜʫʙʣʝʪʘ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʣʠʥʠʡ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ ɚʚʦʟʙ=306 ʥʤ ʠ 

ʰʠʨʦʢʦʡ ʣʠʥʠʝʡ ʚ ʜʠʘʧʘʟʦʥʝ ɚ=275-450 ʥʤ. ʂʠʥʝʪʠʢʘ ʟʘʪʫʭʘʥʠʷ ʌʃ ʢʦʤʧʦʥʝʥʪʳ ɚɻʤ=330 ʥʤ ʧʨʠ 

ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=300 ʥʤ ʠʤʝʝʪ 2
ʭ
 ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʚʨʝʤʝʥʘʤʠ ʞʠʟ-

ʥʠ Ű1=0.282(1) ʥʩ ʠ Ű2=2.34(4) ʥʩ (ʩ ʠʥʪʝʛʨʘʣʴʥʳʤʠ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ 97% ʠ 3%, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʂʠ-

ʥʝʪʠʢʘ ʟʘʪʫʭʘʥʠʷ ʌʃ ʢʦʤʧʦʥʝʥʪʳ ɚɻʤ=508 ʥʤ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=300 ʥʤ ʠʤʝʝʪ 3
ʭ
 ʵʢʩʧʦʥʝʥʮʠ-

ʘʣʴʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʚʨʝʤʝʥʘʤʠ ʞʠʟʥʠ Ű1=0.69(2) ʥʩ, Ű2=3.82(5) ʥʩ ʠ Ű3=20.7(5) ʥʩ (ʩ 

ʠʥʪʝʛʨʘʣʴʥʳʤʠ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ 19%, 52% ʠ 29%, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ, 

ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʢʦʤʧʦʥʝʥʪʘ ʌʃ ɚɻʤ=330 ʥʤ ʩʚʷʟʘʥʘ ʩ ʚʥʫʪʨʠʣʠʛʘʥʜʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ, ʘ 

ʜʫʙʣʝʪ ʩʚʷʟʘʥ ʩ ʥʘʣʠʯʠʝʤ ʤʝʭʘʥʠʟʤʦʚ ʧʝʨʝʥʦʩʘ ʚʦʟʙʫʞʜʝʥʠʷ. 
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ʈʠʩ. 36. ʉʧʝʢʪʨʳ ɺʃ (330 ʥʤ (a) ; 508 ʥʤ (b)) ʠ ʌʃ 315 ʥʤ (c) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2] ʧʨʠ 300K 

 

ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʧʣʝʥʦʯʥʳʝ ʩʪʨʫʢʪʫʨʳ ʣʠʛʘʥʜʘ L
2
 ʠ ʢʦʤʧʣʝʢʩʘ [ZnL

2
Cl2] ʠʟ ʨʘʩʪʚʦʨʘ ʩ ʘʮʝʪʦ-

ʥʠʪʨʠʣʦʤ ʥʘ ʢʚʘʨʮʝʚʦʡ ʧʣʘʩʪʠʥʝ. ʉʧʝʢʪʨ ɺʃ (ʈʠʩ. 37) ʧʣʝʥʢʠ ʣʠʛʘʥʜʘ L
2
 ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʣʠʥʠʡ ʩ 
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ʤʘʢʩʠʤʫʤʘʤʠ ʥʘ ɚʚʦʟʙ=268 ʥʤ ʠ ɚʚʦʟʙ=288 ʥʤ; ʌʃ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʠʥʦʯʥʫʶ ʣʠʥʠʶ ʩ ʤʘʢʩʠ-

ʤʫʤʦʤ ʥʘ 320 ʥʤ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚʚʦʟʙ=268 ʥʤ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ 

ʠʟʤʝʥʝʥʠʷ ʤʦʣʝʢʫʣ ʣʠʛʘʥʜʘ L
2
 ʠ ʦʪʩʫʪʩʪʚʠʶ ʤʦʣʝʢʫʣ, ʩʚʷʟʘʥʥʳʭ -́  ́ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. ʉʧʝʢʪʨ ɺʃ 

(ʈʠʩ. 38) ʧʣʝʥʢʠ ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2] ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʣʠʥʠʡ ʩ ʤʘʢʩʠʤʫʤʘʤʠ ʥʘ ɚʚʦʟʙ=270 ʥʤ ʠ 

ɚʚʦʟʙ=310 ʥʤ; ʌʃ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʧʝʨʧʦʟʠʮʠʶ ʜʚʫʭ ʥʘʙʦʨʦʚ ʣʠʥʠʡ ʩ ʤʘʢʩʠʤʫʤʘʤʠ ʥʘ 

ɚɻʤ=322 ʥʤ ʠ ʜʫʙʣʝʪʦʤ ʥʘ ɚɻʤ=508 ʥʤ ʠ ɚɻʤ=543 ʥʤ, ʘʥʘʣʦʛʠʯʥʦ ʌʃ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤ-

ʧʣʝʢʩʘ. ʕʤʠʩʩʠʷ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ ʢʦʤʧʦʥʝʥʪʳ ʨʘʩʪʝʪ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʤʧʣʝʢʩʘ 

ʚ ʨʘʩʪʚʦʨʝ ʠʣʠ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʥʘʩʣʦʝʥʠʷ ʚʝʱʝʩʪʚʘ ʥʘ ʧʣʸʥʢʫ. 
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ʈʠʩ. 37. ʉʧʝʢʪʨʳ ɺʃ ɚɻʤ=320 ʥʤ (a) ʠ ʌʃ ɚʚʦʟʙ=280 ʥʤ (b) ʧʨʠ 300K ʧʣʝʥʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʣʠʛʘʥʜʘ L
2
, 

ʥʘʥʝʩʸʥʥʦʡ ʠʟ ʨʘʩʪʚʦʨʘ ʩ ʘʮʝʪʦʥʠʪʨʠʣʦʤ 
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ʈʠʩ. 38. ʉʧʝʢʪʨʳ ɺʃ ɚɻʤ=322 ʥʤ (a) ʠ ʌʃ ɚʚʦʟʙ=300 ʥʤ (b) ʧʨʠ 300K ʧʣʝʥʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2], 

ʥʘʥʝʩʸʥʥʦʡ ʠʟ ʨʘʩʪʚʦʨʘ ʩ ʘʮʝʪʦʥʠʪʨʠʣʦʤ 

 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʠʪʝʣʴʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʩʚʝʪʘ ʥʘ ʧʣʝʥʢʠ ʣʠʛʘʥʜʘ L
2
 ʠ 

ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2] ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʩʧʝʢʪʨʝ ʌʃ. ʆʜʥʦʡ 

ʠʟ ʚʦʟʤʦʞʥʳʭ ʧʨʠʯʠʥ ʪʘʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʧʨʦʮʝʩʩ ʬʦʪʦʧʦʣʠʤʝʨʠʟʘʮʠʠ ʠʣʠ ʬʦʪʦ-

ʩʫʙʣʠʤʘʮʠʠ. ɼʣʷ ʧʨʦʚʝʨʢʠ ʛʠʧʦʪʝʟʳ ʦ ʬʦʪʦʩʫʙʣʠʤʘʮʠʠ ʣʠʛʘʥʜʘ L
2
, ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʣʠʛʘʥʜ 
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ʧʦʤʝʱʘʣʩʷ ʚ ʟʘʧʘʷʥʥʳʝ ʢʚʘʨʮʝʚʳʝ ʘʤʧʫʣʳ (ʚ ʦʜʥʦʡ ʠʟ ʘʤʧʫʣ ʩʦʟʜʘʚʘʣʩʷ ʚʘʢʫʫʤ ʩ ʜʘʚʣʝʥʠʝʤ 

~2 ʤʇʘ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʣʠʷʥʠʷ ʛʘʟʦʚ ʥʘ ʧʨʦʪʝʢʘʶʱʠʝ ʧʨʦʮʝʩʩʳ), ʢʦʪʦʨʳʝ ʦʙʣʫʯʘʣʠʩʴ 

ʋʌ-ʩʚʝʪʦʤ ʣʘʤʧʳ ɼʈʐ500. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ ʘʤʧʫʣʝ ʦʙʨʘʟʦʚʳʚʘʣʠʩʴ ʧʦʣʳʝ ʠʛʦʣʴʯʘʪʳʝ ʤʦʥʦʢʨʠ-

ʩʪʘʣʣʳ (ʈʠʩ. 39), ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʳʭ ʠʜʝʥʪʠʯʥʘ ʠʩʭʦʜʥʦʤʫ ʣʠʛʘʥʜʫ L
2
. 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʚʥʝʜʨʝʥʠʶ ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʟʦʧʦʨʠʩʪʳʝ 

ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ SiO2 ʚ ʚʠʜʝ ʦʪʜʝʣʴʥʳʭ ʤʝʟʦʧʦʨ ʩ ʜʠʘʤʝʪʨʦʤ ʧʦʨ ʦʪ 3 ʜʦ 12 ʥʤ. ʉʧʝʢʪʨ ɺʃ 

(ʈʠʩ. 40) ʣʠʛʘʥʜʘ L
2
, ʚʥʝʜʨʝʥʥʦʛʦ ʚ SiO2 ʤʝʟʦʧʦʨʠʩʪʳʝ ʩʪʨʫʢʪʫʨʳ, ʠʤʝʝʪ ʜʚʝ ʢʦʤʧʦʥʝʥʪʳ ʩ ʤʘʢʩʠ-

ʤʫʤʘʤʠ ʥʘ ɚʚʦʟʙ=279 ʥʤ ʠ ɚʚʦʟʙ=320 ʥʤ ʠ ʙʣʠʟʦʢ ʩʧʝʢʪʨʫ ʨʘʩʪʚʦʨʘ ʣʠʛʘʥʜʘ L
2
 ʚ ʘʮʝʪʦʥʠʪʨʠʣʝ, ʯʪʦ, 

ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʦʥʦʤʦʣʝʢʫʣʷʨʥʦʡ ʬʦʨʤʝ ʣʠʛʘʥʜʘ, ʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʥʘ ʚʥʫʪʨʝʥʥʠʭ 

ʩʪʝʥʢʘʭ ʤʝʟʦʧʦʨ. ʉʧʝʢʪʨ ʌʃ ʣʠʛʘʥʜʘ L
2
, ʚʥʝʜʨʝʥʥʦʛʦ ʚ SiO2 ʤʝʟʦʧʦʨʠʩʪʫʶ ʤʘʪʨʠʮʫ, ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʩʧʝʢʪʨʦʚ ʌʃ ʨʘʩʪʚʦʨʘ ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ. ʕʪʦ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʤʦʣʝʢʫʣ ʣʠʛʘʥʜʘ L
2
 ʚʥʫʪʨʠ ʤʝʟʦʧʦʨʠʩʪʦʡ ʤʘʪʨʠʮʳ ï ʤʦʣʝ-

ʢʫʣʳ ʣʠʛʘʥʜʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʮʝʥʪʨʝ ʤʘʪʨʠʮʳ ʠ ʚʙʣʠʟʠ ʩʪʝʥʦʢ ʤʘʪʨʠʮʳ ʠʤʝʶʪ ʨʘʟʣʠʯʥʫʶ ʵʥʝʨ-

ʛʝʪʠʢʫ ʠʟ-ʟʘ ʧʦʣʷʨʠʟʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʣʠʛʘʥʜʘ L
2
 ʙʣʘʛʦʜʘʨʷ ʦʪʨʠʮʘʪʝʣʴʥʦʤʫ ʟʘʨʷʜʫ ʥʘ 

ʘʪʦʤʘʭ ʢʠʩʣʦʨʦʜʘ SiO2. ʇʨʠ ʵʪʦʤ, ʠʟ-ʟʘ ʯʘʩʪʠʯʥʦʛʦ ʧʝʨʝʢʨʳʚʘʥʠʷ ʩʧʝʢʪʨʦʚ ɺʃ ʠ ʌʃ ʜʚʫʭ ʬʦʨʤ 

ʣʠʛʘʥʜʘ, ʧʨʦʠʩʭʦʜʠʪ ʯʘʩʪʠʯʥʦʝ ʩʘʤʦʧʦʛʣʦʱʝʥʠʝ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. 

 

ʈʠʩ. 39. ʌʦʪʦʛʨʘʬʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʣʠʛʘʥʜʘ L
2
 ʧʦʩʣʝ ʬʦʪʦʩʫʙʣʠʤʘʮʠʠ ʧʦʜ ʋʌ-ʩʚʝʪʦʤ, 

ʧʦʣʫʯʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 
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ʈʠʩ. 40. ʉʧʝʢʪʨʳ ʧʨʠ 300K ɺʃ ʩ ɚɻʤ=391 ʥʤ (a) ʠ ʌʃ (ɚʚʦʟʙ=308 ʥʤ (b) ; ɚʚʦʟʙ=279 ʥʤ (c) (ʩʣʝʚʘ) ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʘ ʌʃ 

ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ (ʩʧʨʘʚʘ) ʣʠʛʘʥʜʘ L
2
, ʚʥʝʜʨʝʥʥʦʛʦ ʚ SiO2 ʤʝʟʦʧʦʨʠʩʪʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʨʘʟʤʝʨʦʤ ʧʦʨ 12 ʥʤ 
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ʉʧʝʢʪʨ ʌʃ (ʈʠʩ. 41) ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2], ʚʥʝʜʨʝʥʥʦʛʦ ʚ SiO2 ʤʝʟʦʧʦʨʠʩʪʳʝ ʩʪʨʫʢʪʫʨʳ ʩ 

ʨʘʟʤʝʨʦʤ ʧʦʨ 12 ʥʤ, ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚʚʦʟʙ=300 ʥʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʧʝʨʧʦʟʠ-

ʮʠʶ ʧʦʣʦʩ ʩ ʤʘʢʩʠʤʫʤʘʤʠ ʥʘ ɚɻʤ=336 ʥʤ ʠ ɚɻʤ=369 ʥʤ (ʩ ʠʥʪʝʛʨʘʣʴʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʝʡ I369/I336å2.57 ʨʘʩʱʝʧʣʝʥʠʝ ʵʪʠʭ ʣʠʥʠʡ ʚʠʜʥʦ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=280 ʥʤ). ʇʝʨʚʘʷ ʧʦʣʦʩʘ 

ʩʦʚʧʘʜʘʝʪ ʩ ʣʠʥʠʝʡ, ʥʘʙʣʶʜʘʝʤʦʡ ʚ ʧʣʝʥʢʘʭ, ʚʝʨʦʷʪʥʦ, ʦʥʘ ʦʪʥʦʩʠʪʩʷ ʢ ʤʦʣʝʢʫʣʘʤ [ZnL
2
Cl2], ʦʩʘ-

ʞʜʝʥʥʳʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʟʦʧʦʨ, ʜʨʫʛʘʷ ʦʪʥʦʩʠʪʩʷ ʢ ʤʦʣʝʢʫʣʘʤ, ʚʥʝʜʨʝʥʥʳʤ ʚʥʫʪʨʴ ʧʦʣʦʩʪʠ ʤʝ-

ʟʦʧʦʨ. ʆʜʥʘʢʦ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʣʠʛʘʥʜʘ L
2
, ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʤʦʣʝʢʫʣ ʢʦʤʧʣʝʢʩʘ 

ʚʥʫʪʨʠ ʤʝʟʦʧʦʨʠʩʪʦʡ ʤʘʪʨʠʮʳ ʠ ʜʚʝ ʢʦʤʧʦʥʝʥʪʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʤʦʣʝʢʫʣʘʤ, ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ 

ʚʙʣʠʟʠ ʩʪʝʥʦʢ ʤʝʟʦʧʦʨ ʠ ʚʙʣʠʟʠ ʮʝʥʪʨʘ ʧʦʣʦʩʪʠ. ʂʦʤʧʣʝʢʩ [ZnL
2
Cl2], ʚʥʝʜʨʝʥʥʳʡ ʚ SiO2 ʤʝʟʦʧʦ-

ʨʠʩʪʫʶ ʤʘʪʨʠʮʫ, ʠʤʝʝʪ ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ɚʚʦʟʙ=313 ʥʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʦʙʨʘʟʮʦʤ (ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʩʦʩʪʘʚʣʷʝʪ 

14% ʠ 4%, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʕʪʦ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʚʣʠʷʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ 

ʪʫʰʝʥʠʷ ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʚ ʤʝʟʦʧʦʨʠʩʪʫʶ ʤʘʪʨʠʮʫ ʠ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʬʦʨʤʘʮʠʠ ʤʦʣʝʢʫʣ (ʠ ʢʘʢ ʩʣʝʜ-

ʩʪʚʠʝ ʠʟʤʝʥʝʥʠʝ ʚ ʧʝʨʝʥʦʩʝ ʚʦʟʙʫʞʜʝʥʠʷ (ʤʝʪʘʣʣ- ʠ ʛʘʣʦʛʝʥʠʜ-ʠʦʥ)-ʣʠʛʘʥʜ, ʯʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʝ 

ʦʪʩʫʪʩʪʚʠʷ ʜʫʙʣʝʪʘ ʣʠʥʠʡ ɚɻʤ=508 ʥʤ ʠ ɚɻʤ=543 ʥʤ ʚ ʩʧʝʢʪʨʝ ʌʃ ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2], ʚʥʝʜʨʝʥʥʦʛʦ 

ʚ SiO2 ʤʝʟʦʧʦʨʠʩʪʫʶ ʤʘʪʨʠʮʫ). ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʚ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʢʦʥ-

ʮʝʥʪʨʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʝʧʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ ʩ 

8% ʜʦ 4%, ʯʪʦ ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʤ ʪʫʰʝʥʠʝʤ ʠ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʬʦʨʤʘ-

ʮʠʠ ʤʦʣʝʢʫʣ ʟʘ ʩʯʸʪ ʧʦʩʪʝʧʝʥʥʦʛʦ ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ. 
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 ΑΡΙΥΗΜδ ΩΣΧΣΡΔ, βͧ

 

ʈʠʩ. 41. ʉʧʝʢʪʨʳ ʧʨʠ 300K ɺʃ ɚɻʤ=340 ʥʤ (a) ʠ ʌʃ ɚʚʦʟʙ=300 ʥʤ (b) (ʩʣʝʚʘ) ʠ ʩʧʝʢʪʨ ʌʃ ɚʚʦʟʙ=280 ʥʤ: 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʨʘʟʣʦʞʝʥʠʝ ʥʘ ʬʫʥʢʮʠʠ ɻʘʫʩʩʘ (b, c, d) (ʩʧʨʘʚʘ) ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2], 

ʚʥʝʜʨʝʥʥʦʛʦ ʚ SiO2 ʤʝʟʦʧʦʨʠʩʪʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʨʘʟʤʝʨʦʤ ʧʦʨ 12 ʥʤ 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʣʠʛʘʥʜ L
2
 ʦʙʣʘʜʘʝʪ ʌʃ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨ-

ʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʠ ʧʝʨʝʭʦʜʘʤʠ ʟʘ ʩʯʸʪ -́  ́ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʂʠʥʝʪʠʢʘ ʩʧʘʜʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʣʠ-
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ʛʘʥʜ L
2
 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʚʫʤ ʬʦʨʤʘʤ ʫʧʘʢʦʚʢʠ ʧʠʨʘʟʦʣʴʥʳʭ ʛʨʫʧʧ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ. 

ʂʦʤʧʣʝʢʩ [ZnL
2
Cl2] ʦʙʣʘʜʘʝʪ ʌʃ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʠ ʧʝʨʝʥʦʩʦʤ 

ʚʦʟʙʫʞʜʝʥʠʷ ʪʠʧʘ (ʤʝʪʘʣʣ- ʠ ʛʘʣʦʛʝʥʠʜ-ʠʦʥ)-ʣʠʛʘʥʜ. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʣʠ-

ʛʘʥʜʘ L
2
 ʠ ʢʦʤʧʣʝʢʩʘ [ZnL

2
Cl2] ʧʫʪʸʤ ʚʥʝʜʨʝʥʠʷ ʠʭ ʚ ʤʝʟʦʧʦʨʠʩʪʳʝ SiO2 ʤʘʪʨʠʮʳ, ʧʨʦʠʩʭʦʜʷʪ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʩʧʝʢʪʨʘʭ ʌʃ ʠʟ-ʟʘ ʩʦʨʙʮʠʠ ʤʦʣʝʢʫʣ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʟʦʧʦʨ, ʯʪʦ ʧʨʠ-

ʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʧʦʣʦʞʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʩʦʨʙʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ. ɼʣʷ ʢʦʤʧʣʝʢʩʘ 

[ZnL
2
Cl2], ʚʥʝʜʨʝʥʥʦʛʦ ʚ SiO2 ʤʝʟʦʧʦʨʠʩʪʫʶ ʤʘʪʨʠʮʫ, ʦʙʥʘʨʫʞʝʥʦ ʫʚʝʣʠʯʝʥʠʝ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ 

ʜʦ 14%, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 4% ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʦʤ [ZnL
2
Cl2]. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʋʌ-ʠʟʣʫʯʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʬʦʪʦʩʫʙʣʠʤʘʮʠʷ ʣʠʛʘʥʜʘ L
2
 ʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʬʦʪʦʧʦʣʠʤʝʨʠ-

ʟʘʮʠʷ ʢʦʤʧʣʝʢʩʘ [ZnL
2
Cl2]. 

ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʤʘʛʥʠʪʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ 

ʩʠʣʴʥʦ ʠʟʤʝʥʷʶʪʩʷ ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʢ ʥʘʥʦʨʘʟʤʝʨʥʳʤ ʦʙʨʘʟʮʘʤ. ʇʦ-

ʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [123, 124]. 

 

3.3. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʚʝʪʘ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡ-

ʩʪʚʘ ʢʦʤʧʣʝʢʩʘ ʭʣʦʨʠʜʘ ʤʘʨʛʘʥʮʘ(II) ʩ 4-(3,5-ʜʠʬʝʥʠʣ-1ʅ-ʧʠʨʘʟʦʣ-1-ʠʣ)-6-(ʧʠʧʝʨʠʜʠʥ-1-

ʠʣ)ʧʠʨʠʤʠʜʠʥʘ (L
3
) 

ʀʦʥʳ ʮʠʥʢʘ(II) ʷʚʣʷʶʪʩʷ ʭʦʨʦʰʠʤʠ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʪʝʣʷʤʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʣʶʤʠʥʝʩʮʠ-

ʨʫʶʱʠʭ ʚʝʱʝʩʪʚ, ʥʦ ʪʘʢʠʝ ʢʦʤʧʣʝʢʩʳ ʷʚʣʷʶʪʩʷ ʜʠʘʤʘʛʥʠʪʥʳʤʠ (ʜʠʘʤʘʛʥʠʪʥʳʝ ʣʠʛʘʥʜ)r, ʯʪʦ ʥʝ 

ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʦʟʤʦʞʥʦʩʪʠ ʤʝʪʦʜʘ ʕʇʈ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʭ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. ʉ ʜʨʫ-

ʛʦʡ ʩʪʦʨʦʥʳ, ʢʦʤʧʣʝʢʩʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʤʝʜʠ(II) ʷʚʣʷʶʪʩʷ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ, ʥʦ ʦʥʠ ʥʝ 

ʧʨʦʷʚʣʷʶʪ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʩʚʦʡʩʪʚ. ʉ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʝʜʠʥʝ-

ʥʠʡ, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪ ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʚ ʢʘʯʝʩʪʚʝ ʤʝʪʘʣʣʘ ʧʨʠ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʠ 

ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʠʦʥ ʤʘʨʛʘʥʮʘ. ʀʦʥ ʤʘʨʛʘʥʮʘ(II), ʥʘʧʨʠʤʝʨ, ʦʙʣʘʜʘʝʪ ʧʦʣʫʮʝʣʳʤ ʩʧʠʥʦʤ ʥʝʟʘʚʠ-

ʩʠʤʦ ʦʪ ʩʠʤʤʝʪʨʠʠ ʙʣʠʞʘʡʰʝʛʦ ʦʢʨʫʞʝʥʠʷ ʠ ʚʝʣʠʯʠʥʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʧʦʵʪʦʤʫ ʧʨʦʷʚʣʷʝʪ 

ʧʘʨʘʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ. ɺ ʢʘʯʝʩʪʚʝ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ ʧʨʠ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʠ ʙʳʣ ʚʳ-

ʙʨʘʥ 4-(3,5-ʜʠʬʝʥʠʣ-1ʅ-ʧʠʨʘʟʦʣ-1-ʠʣ)-6-(ʧʠʧʝʨʠʜʠʥ-1-ʠʣ)ʧʠʨʠʤʠʜʠʥ. ʉʠʥʪʝʟ ʢʦʤʧʣʝʢʩʘ ʧʨʦʚʦ-

ʜʠʣʩʷ ʩʦʛʣʘʩʥʦ ʧʫʥʢʪʫ 2.2.5. 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʚ ʩʦʣʴʚʘʪʦʤʦʨʬʘʭ ʢʦʤʧʣʝʢʩʘ MnL
3
2Cl2 ʠʦʥ ʤʘʨ-

ʛʘʥʮʘ(II) ʠʤʝʝʪ ʦʢʪʘʵʜʨʠʯʝʩʢʦʝ ʦʢʨʫʞʝʥʠʝ (ʈʠʩ. 42), ʦʙʨʘʟʦʚʘʥʥʦʝ ʜʚʫʤʷ ʭʣʦʨʠʜ-ʘʥʠʦʥʘʤʠ ʚ ʮʠʩ-

ʧʦʣʦʞʝʥʠʠ ʠ ʘʪʦʤʘʤʠ ʘʟʦʪʘ ʧʠʨʘʟʦʣʴʥʦʛʦ ʠ ʧʠʨʠʤʠʜʠʥʦʚʦʛʦ ʢʦʣʝʮ ʜʚʫʭ ʭʝʣʘʪʥʳʭ ʣʠʛʘʥʜʦʚ L
3
. 

ʍʝʣʘʪʥʳʝ ʮʠʢʣʳ ʩʠʣʴʥʦ ʠʩʢʘʞʝʥʳ: ʨʘʩʩʪʦʷʥʠʝ R(Mn-Nʧʠʨʘʟʦʣ) ʙʦʣʴʰʝ ʥʘ 0.25 ¡, ʯʝʤ ʨʘʩʩʪʦʷʥʠʝ 

R(Mn-Nʧʠʨʠʤʠʜʠʥ); ʪʦʨʩʠʦʥʥʳʡ ʫʛʦʣ ʬʨʘʛʤʝʥʪʦʚ CN3 ʩʦʩʪʘʚʣʷʝʪ 16.7Á ʠ 28.4Á ʜʣʷ ʜʚʫʭ ʣʠʛʘʥʜʦʚ ʚ 
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ʤʦʣʝʢʫʣʝ. ʄʦʣʝʢʫʣʳ ʢʦʤʧʣʝʢʩʘ ʩʚʷʟʘʥʳ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʡ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʴʶ (ʈʠʩ. 43) HʬʝʥʠʣéCl 

ʩ ʨʘʩʩʪʦʷʥʠʷʤʠ R(Hʬʝʥʠʣ-Cl)=3.74 ¡ ʠ R(Hʬʝʥʠʣ-Cl)=3.79 ¡ ʜʣʷ ʜʚʫʭ ʨʘʟʥʳʭ ʣʠʛʘʥʜʦʚ, ʘ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʘʷ ʤʝʞʤʦʣʝʢʫʣʷʨʥʘʷ ʩʚʷʟʴ HʧʠʧʠʨʠʜʠʥéCl (R(Hʧʠʧʠʨʠʜʠʥ-Cl)=3.62 ¡ ʜʣʷ ʢʦʤʧʣʝʢʩʘ 

[MnL
3
2Cl2]ĿH2OĿEtOH ʠ R(Hʧʠʧʠʨʠʜʠʥ-Cl)=3.73 ¡ ʜʣʷ [MnL

3
2Cl2]ĿMe2CO) ʩʚʷʟʳʚʘʝʪ ʤʦʣʝʢʫʣʳ ʚ ʦʜ-

ʥʦʤʝʨʥʫʶ ʮʝʧʦʯʢʫ. ʆʜʥʘʢʦ ʜʣʷ ʜʚʫʭ ʩʦʣʴʚʘʪʦʤʦʨʬʦʚ ʮʝʧʦʯʢʠ ʠʤʝʶʪ ʨʘʟʥʫʶ ʫʧʘʢʦʚʢʫ: ʚ ʢʦʤʧʣʝʢ-

ʩʝ [MnL
3
2Cl2]ĿMe2CO ʮʝʧʦʯʢʠ ʫʧʘʢʦʚʘʥʳ ʧʘʨʘʣʣʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʫ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ 

[MnL
3
2Cl2]ĿH2OĿEtOH, ʧʘʨʘʣʣʝʣʴʥʳʝ ʮʝʧʦʯʢʠ ʯʝʨʝʜʫʶʪʩʷ ʩ ʮʝʧʷʤʠ, ʧʦʚʝʨʥʫʪʳʤʠ ʥʘ ʫʛʦʣ 65.9Á. 

 

ʈʠʩ. 42. ʉʪʨʫʢʪʫʨʘ ʤʦʣʝʢʫʣʳ [MnL
3
2Cl2] (ʠʟ [MnL

3
2Cl2]ĿH2OĿEtOH). ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʥʝ ʧʦʢʘʟʘʥʳ 

 

 

ʈʠʩ. 43. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʫʧʘʢʦʚʢʘ ʢʦʤʧʣʝʢʩʦʚ [MnL
3
2Cl2]ĿH2OĿEtOH (ʩʣʝʚʘ) ʠ [MnL

3
2Cl2]ĿMe2CO (ʩʧʨʘʚʘ) 

ʩ ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʮʝʧʝʡ, ʦʙʦʟʥʘʯʝʥʥʳʭ ʨʘʟʥʳʤʠ ʮʚʝʪʘʤʠ. ʄʦʣʝʢʫʣʳ ʨʘʩʪʚʦʨʠʪʝʣʷ ʥʝ ʧʦʢʘʟʘʥʳ 

 

ʉʧʝʢʪʨʳ ʕʇʈ ʚ Q- (ʈʠʩ. 44) ʠ X-ʜʠʘʧʘʟʦʥʘʭ ʯʘʩʪʦʪ (ʈʠʩ. 45) ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠ-

ʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2]ĿH2O ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʆʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʤʦʤʝʥʪʦʚ ʨʝʰʝ-

ʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ, ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʱʝʛʦ ʥʘʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʜʚʫʭ ʯʘʩʪʦʪ. ʉʧʝʢʪʨʳ 

ʕʇʈ ʚ ʜʚʫʭ ʜʠʘʧʘʟʦʥʘ ʦʧʠʩʳʚʘʶʪʩʷ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ Ὄ ‍ὫὌὛ Ὀ Ὓ ὛὛ ρ

ὉὛ Ὓ  ʩ ʦʙʱʠʤ ʥʘʙʦʨʦʤ ʧʘʨʘʤʝʪʨʦʚ ï S=5/2, ʠʟʦʪʨʦʧʥʳʡ g-ʪʝʥʟʦʨ ʙʣʠʟʢʠʡ ʢ g=2.00, ʚʝʣʠʯʠʥʘ 
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ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ |D|=3980(50) ʄɻʮ (142(2) ʤʊʣ) ʩ ʨʦʤʙʠʯʝʩʢʠʤ ʠʩʢʘʞʝʥʠʝʤ |E|=780(30) ʄɻʮ 

(28(1) ʤʊʣ). ʈʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʠʦʥʘʤʠ Mn(II) ʚ ʢʦʤʧʣʝʢʩʝ ʩʦʩʪʘʚʣʷʶʪ ʥʝ ʤʝʥʝʝ 10 ¡, ʯʪʦ ʚ ʨʘʤʢʘʭ ʤʦ-

ʜʝʣʠ ʪʦʯʝʯʥʳʭ ʜʠʧʦʣʝʡ ʧʨʠʚʦʜʠʪ ʢ ʚʝʣʠʯʠʥʝ |D|å86 ʄɻʮ (3 ʤʊʣ). ʇʦʵʪʦʤʫ, ʦʪʩʫʪʩʪʚʠʝ ʚ ʩʧʝʢʪʨʘʭ ʕʇʈ 

ʉʊʉ ʦʪ ʠʦʥʦʚ ʤʘʨʛʘʥʮʘ (ʠʟʦʪʦʧ 
55

Mn ʩ ʝʩʪʝʩʪʚʝʥʥʦʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴʶ 100% ʷʜʝʨʥʳʡ ʤʘʛʥʠʪʥʳʡ 

ʤʦʤʝʥʪ I=5/2) ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʫʰʠʨʝʥʠʝʤ ʣʠʥʠʡ ʟʘ ʩʯʝʪ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʠʣʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ. ɺʝʣʠʯʠʥʘ ʧʘʨʘʤʝʪʨʘ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʙʣʠʟʢʘ ʢ 

ʵʥʝʨʛʠʠ ʢʚʘʥʪʘ ʉɺʏ ʚ X-ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ (|D|/hvXå0.4), ʧʦʵʪʦʤʫ ʧʘʨʘʤʝʪʨʳ ʙʳʣʠ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʧʦ-

ʣʫʯʝʥʳ ʜʣʷ ʩʧʝʢʪʨʘ ʕʇʈ ʟʘʧʠʩʘʥʥʦʛʦ ʚ Q-ʜʠʘʧʘʟʦʥʝ (|D|/hvQ<<1). ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ, ʠʦʥ 

ʤʘʨʛʘʥʮʘ ʥʘʭʦʜʠʪʩʷ ʚ ʚʳʩʦʢʦʩʧʠʥʦʚʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʧʦʣʝ ʥʝ ʩʥʠʤʘʝʪ ʚʳʨʦʞʜʝʥʠʝ ʦʨ-

ʙʠʪʘʣʴʥʳʭ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ (ʪ.ʝ. ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʷʚʣʷʝʪʩʷ ʦʨʙʠʪʘʣʴʥʳʤ ʩʠʥʛʣʝʪʦʤ 
6
S5/2). ʀʦʥʘ 

ʤʘʨʛʘʥʮʘ ʠʤʝʝʪ ʦʢʪʘʵʜʨʠʯʝʩʢʦʝ ʦʢʨʫʞʝʥʠʝ ʩ ʨʦʤʙʠʯʝʩʢʠʤ ʠʩʢʘʞʝʥʠʝʤ ʩ ʧʘʨʘʤʝʪʨʦʤ ʨʦʤʙʠʯʥʦʩʪʠ 

ɖ=|E|/|D|=0.19(1). ʇʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 77K ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʩʧʝʢʪʨʦʚ ʕʇʈ ʙʝʟ ʠʟʤʝʥʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʩʧʠʥ-ʛʘʤʠʣʴʪʦʥʠʘʥʘ. ʉʧʝʢʪʨʳ ʕʇʈ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʧʨʘʢʪʠʯʝʩʢʠ ʠʟʦʣʠʨʦʚʘʥʥʳʤ (ʦʙʤʝʥ-

ʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ <<1 ʩʤ
-1
) ʠʦʥʘʤ ʤʘʨʛʘʥʮʘ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 77-300K. 

ʄʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2]ĿH2O ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘ-

ʪʫʨʝ ʩʦʩʪʘʚʣʷʝʪ ɛɻʬʬ=5.7-5.8 ɛɹ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʪʠʧʠʯʥʳʤ ʟʥʘʯʝʥʠʝʤ ʜʣʷ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʦʚ 

ʤʘʨʛʘʥʮʘ(II). ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʢʦʥʦʤ ʂʶʨʠ-

ɺʝʡʩʩʘ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʅʝʝʣʷ TN=-6.8Ñ2.4K, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʠʦʥʘʤʠ Mn(II). 
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ʈʠʩ. 44. ʉʧʝʢʪʨ rʕʇʈ ʚ Q-ʜʠʘʧʘʟʦʥʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [MnL
3
2Cl2]ĿH2O ʧʨʠ 300K: ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); 

ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ ʠʟ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ (b); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ ʧʦ ʧʘʨʘʤʝʪʨʘʤ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ (c) 
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ʈʠʩ. 45. ʉʧʝʢʪʨ ʕʇʈ ʚ X-ʜʠʘʧʘʟʦʥʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [MnL
3
2Cl2]ĿH2O ʧʨʠ 300K: 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (a); ʤʦʜʝʣʠʨʦʚʘʥʥʳʡ ʠʟ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ (b) 

 

ʉʧʝʢʪʨʳ ʌʃ (ʈʠʩ. 46) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2]ĿH2O 

ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=250 ʥʤ, ɚʚʦʟʙ=380 ʥʤ ʠ ɚʚʦʟʙ=410 ʥʤ. ʕʪʠ ʚʦʟʙʫʞʜʝʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʧʨʦʷʚʣʝ-

ʥʠʶ ʪʨʸʭ ʧʦʣʦʩ ʌʃ ʩ ɚɻʤ=380 ʥʤ, ɚɻʤ=440 ʥʤ ʠ ɚɻʤ=495 ʥʤ. ʇʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠʥʘʤʠ ʚʦʣʥ ʚ ʜʠʘ-

ʧʘʟʦʥʝ 400-450 ʥʤ, ʚʦʟʥʠʢʘʝʪ ʩʣʘʙʘʷ ʌʃ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ ɚɻʤ=495 ʥʤ. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ ʜʣʠʥʳ 

ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ (ʤʝʥʝʝ 400 ʥʤ) ʧʦʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʩʣʘʙʘʷ ʧʦʣʦʩʘ ʌʃ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 

ɚɻʤ=440 ʥʤ. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʤʝʥʴʰʝʥʠʠ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ (ʤʝʥʝʝ 350 ʥʤ) ʧʦʷʚʣʷʝʪʩʷ 

ʠʥʪʝʥʩʠʚʥʘ̫ ʧʦʣʦʩʘ ʌʃ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ ɚɻʤ=380 ʥʤ. ʇʝʨʝʢʨʳʚʘʥʠʝ ʩʧʝʢʪʨʦʚ ʌʃ ʧʦʣʦʩʳ 380 ʥʤ ʠ 

ɺʃ ʜʚʫʭ ʜʨʫʛʠʭ ʧʦʣʦʩ ʧʨʠʚʦʜʠʪ ʢ ʵʬʬʝʢʪʫ ʨʝʘʙʩʦʨʙʮʠʠ ʠʟʣʫʯʝʥʠʷ. ʊʘʢʘʷ ʞʝ ʩʠʪʫʘʮʠʷ ʚʦʟʥʠʢʘʝʪ 

ʜʣʷ ʧʘʨʳ ʧʦʣʦʩ 440 ʥʤ ʠ 495 ʥʤ. ʂʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʌʃ ʧʨʠ ɚʚʦʟʙ=310 ʥʤ ʩʦʩʪʘʚʣʷʝʪ 3%; ʧʨʠ 

ɚʚʦʟʙ=380 ʥʤ ï 0.1%, ʧʨʠ ɚʚʦʟʙ=400 ʥʤ ï 0.6%. 
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ʈʠʩ. 46. ʉʧʝʢʪʨʳ ɺʃ (ɚɻʤ=380 ʥʤ (a); ɚɻʤ=440 ʥʤ (b); ɚɻʤ=500 ʥʤ (c)) ʠ ʌʃ (ɚʚʦʟʙ=250 ʥʤ (d); ɚʚʦʟʙ=380 ʥʤ (e); 

ɚʚʦʟʙ=410 ʥʤ (f)) (ʩʣʝʚʘ) ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʮʚʝʪʥʦʩʪʠ (CIE 1931) ʌʃ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ (ʩʧʨʘʚʘ) ʜʣʷ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2]ĿH2O ʧʨʠ 300K 
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ʈʠʩ. 47. ʂʠʥʝʪʠʢʠ ʟʘʪʫʭʘʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2] ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=300 ʥʤ 

ʧʨʠ 295K ʥʘ ɚɻʤ=500 ʥʤ (ʩʣʝʚʘ) ʠ ɚɻʤ=380 ʥʤ (ʩʧʨʘʚʘ): ʘʧʧʘʨʘʪʥʘʷ (a); ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ (b) ʠ ʨʝʰʝʥʠʝ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ (c) 
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ʈʠʩ. 48. ʂʠʥʝʪʠʢʠ ʟʘʪʫʭʘʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2] ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=390 ʥʤ 

ʧʨʠ 295K ʥʘ ɚɻʤ=500 ʥʤ: ʘʧʧʘʨʘʪʥʘʷ (a); ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ (b) ʠ ʨʝʰʝʥʠʝ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ (c) 

 

ʂʠʥʝʪʠʢʠ ʟʘʪʫʭʘʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2]ĿH2O ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=300 ʥʤ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩ. 47. ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ, ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʥʘ ɚɻʤ=380 ʥʤ ʩʦʩʪʘʚʣʷʝʪ Ű=0.1 ʥʩ (89% ʢʚʘʥʪʦʚ), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʣʫʦʨʝʩʮʝʥʮʠʠ. ɼʣʷ 
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ɚɻʤ=500 ʥʤ ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʞʠʟʥʠ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʝʜʠʥʠʮ ʥʘʥʦʩʝʢʫʥʜ-ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʩʝʢʫʥʜ, 

ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ. ɺʨʝʤʷ ʞʠʟʥʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʤʧʣʝʢʩʘ 

[MnL
3
2Cl2] ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=390 ʥʤ ʥʘ ɚɻʤ=500 ʥʤ ʪʘʢʞʝ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʝʜʠʥʠʮ ʥʘʥʦʩʝ-

ʢʫʥʜ-ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʩʝʢʫʥʜ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ. 
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ʈʠʩ. 49. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʧʝʢʪʨʦʚ ɺʃ ʜʣʷ ɚɻʤ=380 ʥʤ (ʩʣʝʚʘ) ʠ 

ʌʃ ʧʨʠ ɚʚʦʟʙ=300 ʥʤ (ʩʧʨʘʚʘ) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2]ĿH2O 
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ʈʠʩ. 50. ʉʧʝʢʪʨ rʌʃ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠʥʦʡ ʚʦʣʥʳ 300 ʥʤ (ʩʣʝʚʘ) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2]ĿH2O 

ʧʨʠ 77K ʩ ʨʘʟʣʦʞʝʥʠʷʤʠ ʥʘ ʬʫʥʢʮʠʠ ɻʘʫʩʩʘ ʠ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʦʣʦʩ ʌʃ (ʩʧʨʘʚʘ) 

 

ʇʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʝʢʪʨʘ ʌʃ (ʈʠʩ. 49) ʠ ʢ 

ʧʨʦʷʚʣʝʥʠʶ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʣʦʩʳ 380 ʥʤ ʟʘ ʩʯʸʪ ʫʤʝʥʴʰʝʥʠʷ ʰʠʨʠʥʳ ʣʠʥʠʠ. ʉʧʝʢʪʨ 

ʌʃ ʧʨʠ ɚʚʦʟʙ=300 ʥʤ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2]ĿH2O ʧʨʠ 77K ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦ-

ʙʦʡ ʥʘʣʦʞʝʥʠʝ ʩʝʧʪʝʪʘ ʣʠʥʠʡ, ʢʦʪʦʨʳʝ ʦʧʠʩʳʚʘʶʪʩʷ ʬʫʢʮʠʷʤʠ ɻʘʫʩʩʘ (ʈʠʩ. 50). ʉʝʢʩʪʝʪ ʣʠʥʠʡ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʝ ʩ ʚʦʣʥʦʚʳʤ ʯʠʩʣʦʤ æk=1400(400) ʩʤ
-1

 (175 ʤʵɺ). ɽʱʸ ʦʜʥʘ 

ʢʦʤʧʦʥʝʥʪʘ ʩʧʝʢʪʨʘ ʦʪʥʦʩʠʪʩʷ ʢ ʧʝʨʝʭʦʜʫ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ ɚɻʤ=495 ʥʤ ʧʨʠ 300K. ʉʣʝʜʫʝʪ ʦʙʨʘ-

ʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ (ʈʠʩ. 50) ʦʪʥʦʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʣʠʥʠʡ 365 ʥʤ 
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ʠ 382 ʥʤ. ʇʨʠ 77K ʢʦʤʧʦʥʝʥʪʘ 365 ʥʤ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʡ, ʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ 

150K ï ʢʦʤʧʦʥʝʥʪʘ 382 ʥʤ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʜʚʠʛ ʤʠʥʠʤʫʤʘ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʳ 

ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʦʪʝʥʮʠʘʣʫ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʠʨʦʜʳ ʌʃ ʢʦʤʧʣʝʢʩʘ ʠ ʫʩʪʘʥʦʚʣʝʥʠʷ ʧʨʠʯʠʥ ʧʦʚʝʜʝʥʠʷ, ʦʧʠʩʘʥʥʦʛʦ ʚʳ-

ʰʝ, ʙʳʣʠ ʠʟʫʯʝʥʳ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʣʠʛʘʥʜʘ L
3
. ʉʧʝʢʪʨ ʌʃ (ʈʠʩ. 51) ʧʦʣʠʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ L
3
 ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚʚʦʟʙ=300 ʥʤ ʩʦʩʪʦʠʪ ʠʟ ʥʘʙʦʨʘ ʣʠʥʠʡ ʩ ʤʘʢ-

ʩʠʤʫʤʦʤ ɚɻʤ=360 ʥʤ; ʧʨʠʯʝʤ ʚ ʩʧʝʢʪʨʝ ɺʃ ʠʤʝʝʪʩʷ ʩʣʘʙʘʷ ʰʠʨʦʢʘʷ ʧʦʣʦʩʘ ʚʧʣʦʪʴ ʜʦ 370 ʥʤ. ɺʦʟ-

ʙʫʞʜʝʥʠʝ ʣʠʛʘʥʜʘ L
3
 ʚ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʠʚʦʜʠʪ ʢ ʧʨʦʷʚʣʝʥʠʶ ʩʧʝʢʪʨʘ ʌʃ ʩ ʤʘʢʩʠʤʫʤʦʤ 

ɚɻʤ=395 ʥʤ. ɿʘʚʠʩʠʤʦʩʪʴ ʌʃ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2] ʙʣʠʟʢʘ ʢ ʪʘʢʦʚʦʡ ʫ ʣʠʛʘʥʜʘ L

3
, ʦʜʥʘʢʦ, ʫ ʣʠʛʘʥ-

ʜʘ L
3
 ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠʥʦʡ ʚʦʣʥʳ 410 ʥʤ ʩʧʝʢʪʨ ʌʃ ʦʪʩʫʪʩʪʚʫʝʪ. 
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ʈʠʩ. 51. ʉʧʝʢʪʨʳ ɺʃ ɚɻʤ=360 ʥʤ ʠ ɚɻʤ=400 ʥʤ (ʩʣʝʚʘ) ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʦʚ ʌʃ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ 

ʧʨʠ 295K (ʩʧʨʘʚʘ) ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ L
3
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ʈʠʩ. 52. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʦʚ ʌʃ ʧʨʠ ɚʚʦʟʙ=300 ʥʤ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ L
3
 

 

ʇʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 77K (ʈʠʩ. 52) ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʝʢʪʨʘ, 

ʫʤʝʥʴʰʝʥʠʶ ʰʠʨʠʥʳ ʣʠʥʠʡ ʠ ʧʨʦʷʚʣʝʥʠʶ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʈʠʩ. 53) ʚ ʚʠʜʝ ʢʚʠʥʪʝʪʘ ʣʠ-
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ʥʠʡ ʩ ʚʦʣʥʦʚʳʤ ʯʠʩʣʦʤ æk=1300(300) ʩʤ
-1

 (160 ʤʵɺ). ʇʨʠ 77K ʧʨʦʷʚʣʷʝʪʩʷ ʝʱʸ ʦʜʥʘ ʰʠʨʦʢʘʷ ʣʠ-

ʥʠʷ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 477 ʥʤ. 
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ʈʠʩ. 53. ʉʧʝʢʪʨ ʌʃ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠʥʦʡ ʚʦʣʥʳ 300 ʥʤ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ L
3
 ʧʨʠ 77K 

ʠ ʨʘʟʣʦʞʝʥʠʝ ʥʘ ʬʫʥʢʮʠʠ ɻʘʫʩʩʘ (ʩʣʝʚʘ) ʠ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʣʠʥʠʡ ʌʃ (ʩʧʨʘʚʘ) 

 

ʂʦʣʝʙʘʪʝʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ ʌʃ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʣʠʛʘʥʜʝ L
3
 ʠ ʢʦʤʧʣʝʢʩʝ 

MnL
3
2Cl2 ʩʚʷʟʘʥʘ ʩ ʢʦʣʝʙʘʥʠʝʤ ʧʠʨʠʤʠʜʠʥʦʚʦʛʦ ʠ ʧʠʨʘʟʦʣʴʥʦʛʦ ʢʦʣʝʮ. ʅʘʙʣʶʜʘʝʤʳʝ ʚʦʣ-

ʥʦʚʳʝ ʯʠʩʣʘ ʷʚʣʷʶʪʩʷ ʪʠʧʠʯʥʳʤʠ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ, ʩʦʜʝʨʞʘʱʠʭ ʵʪʠ ʛʝʪʝʨʦʮʠʢʣʠʯʝʩʢʠʝ 

ʬʨʘʛʤʝʥʪʳ. ʆʩʥʦʚʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʌʃ ʠ ʢʦʤʧʦʥʝʥʪʘ ʩ ʤʘʢʩʠʤʫʤʦʤ ɚ=395 ʥʤ ʚ ʣʠʛʘʥʜʝ L
3
 

ʦʙʫʩʣʦʚʣʝʥ rʚʥʫʪʨʠʣʠʛʘʥʜʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ( Ÿ́ˊ
*
 ʠ nŸˊ

*
, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʘ ʥʠʟʢʦʵʥʝʨ-

ʛʝʪʠʯʝʩʢʘʷ ʢʦʤʧʦʥʝʥʪʘ, ʚʝʨʦʷʪʥʦ, ʦʙʫʩʣʦʚʣʝʥʘ -́  ́ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʢʦʪʦʨʦʝ ʨʝʘʣʠʟʫʝʪʩʷ ʚ 

ʩʪʨʫʢʪʫʨʝ ʣʠʛʘʥʜʘ [149]. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʜʣʷ ʘʟʠʥʦʚ ʚ ʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ ʧʦʛʣʦʱʝʥʠʷ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʝ ʧʦʣʦʩʳ: ʠʥʪʝʥʩʠʚʥʘʷ Ÿ́ˊ
*
 ʧʦʣʦʩʘ ʠ ʩʣʘʙʘʷ ʙʘʪʦʭʨʦʤʥʦ ʩʜʚʠʥʫʪʘʷ nŸˊ

*
 

ʧʦʣʦʩʘ. ɺ ʩʣʫʯʘʝ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2]ĿH2O, ʠʥʪʝʥʩʠʚʥʘʷ ʧʦʣʦʩʘ ʌʃ 380 ʥʤ ʦʙʫʩʣʦʚʣʝʥʘ 

ʚʥʫʪʨʠʣʠʛʘʥʜʥʳʤʠ Ÿ́ˊ
*
 ʧʝʨʝʭʦʜʘʤʠ, ʩʣʘʙʘʷ ʧʦʣʦʩʘ ʌʃ 440 ʥʤ ʦʙʫʩʣʦʚʣʝʥʘ ʚʥʫʪʨʠʣʠ-

ʛʘʥʜʥʳʤʠ nŸˊ
*
 ʧʝʨʝʭʦʜʘʤʠ. ʇʦʣʦʩʘ ʌʃ 495 ʥʤ, ʚʝʨʦʷʪʥʦ, ʦʙʫʩʣʦʚʣʝʥʘ çʟʘʧʨʝʱʸʥʥʳʤʠè 

d-d ʧʝʨʝʭʦʜʘʤʠ ʠ/ʠʣʠ ʧʝʨʝʥʦʩʘʤʠ ʚʦʟʙʫʞʜʝʥʠʷ (ʤʝʪʘʣʣ- ʠ ʛʘʣʦʛʝʥʠʜ-ʠʦʥ)-ʣʠʛʘʥʜ. ʌʃ ʚ 

ʜʠʘʧʘʟʦʥʝ 495 ʥʤ ʩ ʤʠʢʨʦʩʝʢʫʥʜʥʳʤʠ ʚʨʝʤʝʥʘʤʠ ʞʠʟʥʠ (ʪʘʢʠʝ ʚʨʝʤʝʥʘ ʷʚʣʷʶʪʩʷ ʪʠʧʠʯ-

ʥr ʤʠ ʜʣʷ çʟʘʧʨʝʱʸʥʥʳʭè d-d ʧʝʨʝʭʦʜʦʚ ʚ ʢʦʤʧʣʝʢʩʘʭ Mn(II )). ʆʜʥʘʢʦ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʚʘʥ-

ʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ ʥʝ ʠʩʢʣʶʯʘʝʪʩʷ ʥʘʣʠʯʠʝ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʥʦʩʘ ʚʦʟʙʫʞʜʝʥʠʷ ʧʦ ʪʠ-

ʧʫ (ʤʝʪʘʣʣ- ʠ ʛʘʣʦʛʝʥʠʜ-ʠʦʥ)-ʣʠʛʘʥʜ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʧʝʢʪʨʳ ʌʃ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2]ĿMe2CO ʧʨʠ 300K ʢʘʯʝʩʪʚʝʥʥʦ 

ʩʦʚʧʘʜʘʶʪ ʩʦ ʩʧʝʢʪʨʘʤʠ ʢʦʤʧʣʝʢʩʘ [MnL
3
2Cl2]ĿH2O. 

ɼʣʷ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʝʜʠ-

ʥʝʥʠʷ MnL
3
2Cl2 ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ ʚ ʧʨʦʛʨʘʤʤʝ Amsterdam 
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density functional (ADF) [150, 151]. ʉʪʨʫʢʪʫʨʘ ʤʦʣʝʢʫʣʳ MnL
3
2Cl2, ʦʧʪʠʤʠʟʠʨʦʚʘʣʘʩʴ ʤʝʪʦ-

ʜʦʤ ʪʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (DFT) spin-unrestricted DFT ʩʦ ʩʧʠʥʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ 

ʨʘʚʥʦʡ 5 ʜʣʷ ʤʦʥʦʤʝʨʦʚ ʠ 10 ʜʣʷ ʜʠʤʝʨʦʚ; ʬʫʥʢʮʠʦʥʘʣʘʤʠ ʤʝʪʦʜʘ ʦʙʦʙʱʸʥʥʦʛʦ ʛʨʘʜʠʝʥʪ-

ʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ (GGA) (BP86 ï Becke [152] and Perdew [153]; PBE ï Perdew-Burke-

Ernzerhof [154]; BLYP ï Becke [152] and Lee-Yang-Parr [155], [156, 157]). Triple zeta potential 

(TZP) [158, 159] ʙʘʟʠʩʥʳʡ ʥʘʙʦʨ ʠ ʧʨʠʙʣʠʞʝʥʠʝ ʟʘʤʦʨʦʞʝʥʥʳʭ ʷʜʝʨ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚʦ ʚʩʝʭ 

ʨʘʩʯʸʪʘʭ. ʀʩʭʦʜʥʳʝ ʧʦʟʠʮʠʠ ʘʪʦʤʦʚ ʚʟʷʪʳ ʠʟ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ ʢʦʤʧʣʝʢʩʘ 

[MnL
3
2Cl2]ĿH2OĿEtOH. ʆʧʪʠʤʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʡ (ʈʠʩ. 54) ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʤʦʥʦʤʝʨʘ 

[MnL
3
2Cl2] ʠ ʜʠʤʝʨʘ [MnL

3
2Cl2]2 (ʩ ʮʝʥʪʨʦʤ ʠʥʚʝʨʩʠʠ Ci) ʩ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʡ ʚʦʜʦʨʦʜʥʦʡ 

ʩʚʷʟʴʶ C-HéCl (ʈʠʩ. 55) (ʚʩʝ ʜʘʣʴʥʝʡʰʠʝ ʨʘʩʯʸʪʳ ʜʠʤʝʨʘ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʦʜʥʦʡ ʤʦʣʝʢʫ-

ʣʳ [MnL
3
2Cl2]). ʈʘʩʯʸʪ ʢʦʣʝʙʘʥʠʡ ʘʪʦʤʦʚ [160, 161] ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ çʣʦʞʥʦʡè ʤʥʠʤʦʡ ʯʘ-

ʩʪʦʪʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʚʨʘʱʝʥʠʶ ʛʨʫʧʧʳ ʧʠʧʝʨʠʜʠʥʘ ʩ ʦʯʝʥʴ ʥʠʟʢʦʡ (ʧʦʯʪʠ ʥʫʣʝʚʦʡ) ʯʘ-

ʩʪʦʪʦʡ. ʇʦʩʣʝ ʯʠʩʣʝʥʥʦʛʦ ʧʝʨʝʨʘʩʯʸʪʘ ʚʜʦʣʴ ʥʦʨʤʘʣʴʥʳʭ ʤʦʜ, ʤʥʠʤʘʷ ʯʘʩʪʦʪʘ ʠʩʯʝʟʘʝʪ 

(ʈʠʩ. 56). 

 

ʈʠʩ. 54. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ (ʩʣʝʚʘ) ʠ ʨʘʩʩʯʠʪʘʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ ADF c BP86 ʬʫʥʢʮʠʦʥʘʣʦʤ (ʩʧʨʘʚʘ) 

ʛʝʦʤʝʪʨʠʠ ʤʦʣʝʢʫʣʳ MnL
3
2Cl2 

 

 

ʈʠʩ. 55. ɻʝʦʤʝʪʨʠʷ ʜʠʤʝʨʘ MnL
3
2Cl2 ʩ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʤʠ ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ C-HéCl, 

ʨʘʩʩʯʠʪʘʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ ADF c BP86 ʬʫʥʢʮʠʦʥʘʣʦʤ 
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ʈʠʩ. 56. ʀʂ ʩʧʝʢʪʨ ʤʦʣʝʢʫʣʳ MnL
3
2Cl2, ʧʦʣʫʯʝʥʥʳʡ ʧʦʩʣʝ ʯʠʩʣʝʥʥʦʛʦ ʧʝʨʝʨʘʩʯʸʪʘ ʚʜʦʣʴ ʥʦʨʤʘʣʴʥʳʭ ʤʦʜ, 

ʨʘʩʩʯʠʪʘʥʥʳʡ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ ADF c BP86 ʬʫʥʢʮʠʦʥʘʣʦʤ. 

 

ʇʘʨʘʤʝʪʨʳ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʯʠʩʣʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʙʣʠʞʝʥʠʷ ʩʢʘʣʷʨʥʦʛʦ 

zeroth order a regular approximation (ZORA ) [162, 163]. ɺʝʣʠʯʠʥʳ ʧʘʨʘʤʝʪʨʦʚ D ʠ E (ʊʘʙʣ. 5) 

ʚʦ ʚʩʝʭ ʨʘʩʯʸʪʘʭ ʠʤʝʶʪ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʟʥʘʢ. ʅʘʠʙʦʣʝʝ ʙʣʠʟʢʠʡ ʢ ʵʢʩʧʝʨʠʤʝʥʪʫ ʨʝʟʫʣʴʪʘʪ 

ʧʦʣʫʯʝʥ ʧʨʠ ʦʧʪʠʤʠʟʘʮʠʠ ʜʠʤʝʨʘ ʩ BP86 ʬʫʥʢʮʠʦʥʘʣʦʤ (D=-3888 ʄɻʮ; E=-886 ʄɻʮ), ʧʦ-

ʵʪʦʤʫ ʚʩʝ ʜʘʣʴʥʝʡʰʠʝ ʨʘʩʯʸʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʵʪʦʡ ʛʝʦʤʝʪʨʠʠ. ʈʘʟʣʠʯʠʝ ʤʝʞʜʫ ʟʥʘʯʝʥʠ-

ʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʜʣʷ ʤʦʥʦʤʝʨʘ ʠ ʜʠʤʝʨʘ, ʩʚʷʟʘʥʳ ʩ ʠʟʤʝʥʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʚʙʣʠʟʠ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʮʝʥʪʨʘ ʧʨʠ ʫʯʸʪʝ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ C-HéCl, ʪʘʢ ʢʘʢ ʥʘʯʘʣʴʥʦʝ 

ʨʘʩʱʝʧʣʝʥʠʝ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ ʚ̫ʣʷʝʪʩʷ ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʢ ʪʘʢʠʤ ʠʟʤʝʥʝʥʠʷʤ. 

 

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 5 

ʇʘʨʘʤʝʪʨʳ ʪʝʥʟʦʨʘ ʥʘʯʘʣʴʥʳʭ ʨʘʩʱʝʧʣʝʥʠʡ ʢʦʤʧʣʝʢʩʘ MnL
3
2Cl2 

ɻʝʦʤʝʪʨʠʷ ɼʠʤʝʨ ʄʦʥʦʤʝʨ ʕʢʩʧʝʨʠʤʝʥʪ 

ʌʫʥʢʮʠʦʥʘʣ BP86 BLYP PBE BP86 BLYP PBE  

D, ʄɻʮ -3888 -4571 -4514 -4303 -5019 -4489 Ñ3980(50) 

E, ʄɻʮ -886 -1143 -950 -1192 -774 -783 Ñ780(30) 

 

ɺʳʯʠʩʣʝʥʠʷ g-ʪʝʥʟʦʨʘ [164] ʚʳʧʦʣʥʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʙʣʠʞʝʥʠʷ ʩʧʠʥ-

ʦʨʙʠʪʘʣʴʥʦʛʦ ZORA. ʇʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ g-ʪʝʥʟʦʨʘ (gʠʟʦʪʨʦʧ=2.003676) ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪ-

ʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʠ ʠʤʝʝʪ ʛʣʘʚʥʳʝ ʟʥʘʯʝʥʠʷ g-ʪʝʟʦʨʘ gx=2.002593, 

gy=2.002900, gz=2.005534. ʂʘʢ ʠ ʦʞʠʜʘʣʦʩʴ, gʠʟʦʪʨʦʧ ʙʣʠʟʢʦ ʢ ʟʥʘʯʝʥʠʶ ʜʣʷ ʩʚʦʙʦʜʥʦʛʦ ʵʣʝʢ-

ʪʨʦʥʘ (2.0023) ʠʟ-ʟʘ ʩʣʘʙʦʛʦ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ Mn
2+

. 

ʕʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ time-dependent DFT (TDDFT ) 

ʧʦ ʧʨʦʮʝʜʫʨʝ Davidson [165, 166] ʜʣʷ ʦʪʢʨʳʪʳʭ ʩʠʩʪʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʙʣʠʞʝʥʠʷ 

ʩʢʘʣʷʨʥʦʛʦ ZORA (ʈʠʩ. 57). ʇʦʣʫʯʝʥʥʳʝ ʧʝʨʝʭʦʜʳ ʤʦʛʫʪ ʙʳʪʴ ʨʘʟʜʝʣʝʥʳ ʥʘ ʜʚʝ ʛʨʫʧʧʳ. 
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ʇʝʨʚʘʷ ʛʨʫʧʧʘ ʩʦʩʪʦʠʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟ ʧʝʨʝʭʦʜʦʚ (ʤʝʪʘʣʣ- ʠ ʛʘʣʦʛʝʥʠʜ-ʠʦʥ)-ʣʠʛʘʥʜ 

(~350-1300 ʥʤ ʠʣʠ ~3.54-0.95 ʵɺ). ɼʨʫʛʘʷ ʛʨʫʧʧʘ ʩʦʩʪʦʠʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟ ʚʥʫʪʨʠʣʠ-

ʛʘʥʜʥʳʭ Ÿ́ˊ
*
 ʠ nŸˊ

*
 ʧʝʨʝʭʦʜʦʚ (~200-350 ʥʤ ʠʣʠ ~6.2-3.54 ʵɺ) (ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘ 

ʘʪʦʤʥʳʝ ʦʨʙʠʪʘʣʠ ʧʠʨʠʤʠʜʠʥʘ ʠ ʧʠʨʘʟʦʣʘ). ʈʘʩʯʸʪʥʳʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʩʦʛʣʘ-

ʩʫʶʪʩʷ ʠ ʜʦʧʦʣʥʷʶʪ ʜʨʫʛ ʜʨʫʛʘ. 

ʉʦʛʣʘʩʥʦ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʤ ʨʘʩʯʸʪʘʤ ʢʦʣʝʙʘʥʠʡ ʤʦʣʝʢʫʣʳ MnL
3
2Cl2, ʚ ʜʠʘʧʘʟʦʥʝ 

1100-1500 ʩʤ
-1
 ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʢʦʣʝʙʘʥʠʷ ʧʠʨʘʟʦʣʴʥʳʭ ʠ ʧʠʨʠʜʠʥʦʚʳʭ ʢʦʣʝʮ. 

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʫʢʘʟʳʚʘʝʪ ʥʘ ʫʯʘʩʪʠʝ, ʧʦ ʤʝʥʴʰʝʡ ʤʝʨʝ, ʧʷ-

ʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʫʨʦʚʥʝʡ ʚ ʧʨʦʮʝʩʩʝ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʌʃ ʢʦʤʧʣʝʢʩʘ MnL
3
2Cl2. ʉʧʝʢʪʨ ɺʃ ʢʦʤʧʣʝʢʩʘ 

MnL
3
2Cl2 ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʪʨʠ ʦʙʣʘʩʪʠ: I)~240-350 ʥʤ; II) 350-400 ʥʤ ʠ III )~400-470 ʥʤ, ʢʦʪʦ-

ʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʧʦʷʚʣʝʥʠʶ ʪʨʸʭ ʧʦʣʦʩ ʚ ʩʧʝʢʪʨʘʭ ʌʃ I) ɚɻʤ=380 ʥʤ; II) ɚɻʤ=440 ʥʤ ʠ III ) ɚɻʤ=495 ʥʤ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʟʣʠʯʠʷ ʚ ʧʨʠʨʦʜʝ ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʧʝʨʝʭʦʜʦʚ, ʩʧʝʢʪʨʳ ɺʃ ʠ ʌʃ ʧʦʢʘʟʳʚʘʶʪ, 

ʯʪʦ ʧʦʣʦʩʳ ʠʩʧʫʩʢʘʥʠʷ ʷʚʣʷʶʪʩʷ ʥʝʟʘʚʠʩʠʤʳʤʠ, ʥʦ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʧʝʨʝʥʦʩ ʚʦʟʙʫʞʜʝʥʠʷ ʧʦ 

ʤʝʭʘʥʠʟʤʫ ʘʙʩʦʨʙʮʠʷ-ʵʤʠʩʩʠʷ-ʨʝʘʙʩʦʨʙʮʠʷ-ʨʝʵʤʠʩʩʠʷ. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʪʝʥʮʠʘʣʦʚ ʩ 

ʫʯʝʪʦʤ ʘʥʛʦʨʤʘʥʠʟʤʘ ʢʦʣʝʙʘʥʠʡ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʧʦʪʝʥʮʠʘʣʘ ʄʦʨʟʝ ʠ ʵʣʝʢʪʨʦʥʥʦ-ʢʦʣʝʙʘʪʝʣʴʥʳʝ 

ʧʝʨʝʭʦʜʳ ʚ [MnL
3
2Cl2]ĿH2O ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩ. 58. ʊʘʢ ʞʝ ʧʦʢʘʟʘʥ ʩʜʚʠʛ ʧʦʪʝʥʮʠʘʣʘ L(ˊ

*
) ʧʨʠ 

ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʦʪʦʨʳʡ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʦʣʦʩ ʌʃ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʝ [167]. 
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ʈʠʩ. 57. ʉʧʝʢʪʨ ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʤʦʣʝʢʫʣʝ MnL
3
2Cl2, ʨʘʩʩʯʠʪʘʥʥʳʡ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ ADF 

c BP86 ʬʫʥʢʮʠʦʥʘʣʦʤ. ʉʧʨʘʚʘ ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ ʧʦʢʘʟʘʥ ʚʢʣʘʜ nŸˊ
*
 ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ 
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E
(M(d)+X)

*

ͧΰΦΣΞΣΟΙΚΔήΜΙ

ΖΣΛΕΨΚΘΙΡΡΰΙ ΦΣΦΧΣδΡΜδ

L(p)

M(d)+X

L(n)

L(p
*
)

ͼΣΟΣΚΙΡΜΙ δΘΙΥ

l l

300K 77K

L(p)

M(d)+X

L(n)

L(p
*
)

(M(d)+X)
*

 

ʈʠʩ. 58. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʪʝʥʮʠʘʣʦʚ ʩ ʫʯʝʪʦʤ ʘʥʛʦʨʤʘʥʠʟʤʘ ʢʦʣʝʙʘʥʠʡ (ʧʦʪʝʥʮʠʘʣ ʄʦʨʟʝ) ʠ ʵʣʝʢʪʨʦʥʥʦ-

ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʦʚ ʚ [MnL
3
2Cl2]ĿH2O (’ ï ʧʦʛʣʦʱʝʥʠʝ, ʩʚʷʟʘʥʥʦʝ ʩ ʨʘʟʨʝʰʸʥʥʳʤ ʧʝʨʝʭʦʜʦʤ ʥʘ ʙʣʠʞʘʡʰʠʡ ʫʨʦʚʝʥʴ, 

’ ï ʧʦʛʣʦʱʝʥʠʝ, ʩʚʷʟʘʥʥʦʝ ʩ ʨʘʟʨʝʰʸʥʥʳʤ ʧʝʨʝʭʦʜʦʤ ʥʘ ʙʦʣʝʝ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ, ’ ï ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʨʝʣʘʢʩʘ-

ʮʠʷ, ’ ï ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʘʷ ʚʥʫʪʨʝʥʥʷʷ ʢʦʥʚʝʨʩʠʷ, ’ ï ʠʟʣʫʯʝʥʠʝ 380 ʥʤ, ’ ï ʠʟʣʫʯʝʥʠʝ 440 ʥʤ, ’ ï ʠʟʣʫʯʝʥʠʝ 495 ʥʤ, Ƶ ï

 ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʫʨʦʚʥʠ. ʇʦʢʘʟʘʥ ʩʜʚʠʛ ʧʦʪʝʥʮʠʘʣʘ L(ˊ
*
) ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʦʪʦʨʳʡ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ 

ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʦʣʦʩ ʌʃ (Ƶ), ʩʚʷʟʘʥʥʳʭ ʩ -́ˊ
*
 ʧʝʨʝʭʦʜʘʤʠ) 

 

3.4. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʦʛʦ ʬʦʪʦʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ ʚ ʚʦʟʙʫʞ-

ʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ 2-(6-(3,5-ʜʠʤʝʪʠʣ-1H-ʧʠʨʘʟʦʣ-1-ʠʣ-ʧʠʨʠʤʠʜʠʥ-4-ʠʣ)ʬʝʥʦʣʝ (L
4
) ʠ ʚ ʢʦʤ-

ʧʣʝʢʩʝ ʭʣʦʨʠʜʘ ʮʠʥʢʘ(II) ʥʘ ʝʛʦ ʦʩʥʦʚʝ 

ɽʱʸ ʦʜʥʠʤ ʨʝʟʫʣʴʪʘʪʦʤ ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʩʚʝʪʘ ʥʘ ʩʦʝʜʠʥʝʥʠʷ, ʧʦʤʠʤʦ ʌʃ, ʬʦʪʦʧʦʣʠ-

ʤʝʨʠʟʘʮʠʠ ʠ ʬʦʪʦʩʫʙʣʠʤʘʮʠʠ, ʷʚʣʷʝʪʩʷ ʬʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʚ ʚʦʟʙʫʞʜʸʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʌʦʪʦʧʝ-

ʨʝʥʦʩ ʧʨʦʪʦʥʘ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʵʣʝʤʝʥʪʘʨʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʠ ʥʦʩʠʪ ʢʘʢ ʦʙʨʘʪʠʤʳʡ, ʪʘʢ ʠ 

ʥʝʦʙʨʘʪʠʤʳʡ ʭʘʨʘʢʪʝʨ. ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʦʙʨʘʪʠʤʦʛʦ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨ-

ʥʦʛʦ ʬʦʪʦʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ ʚ ʚʦʟʙʫʞʜʸʥʥʦʤ ʩʦʩʪʦʷʥʠʠ (ɺʌʇʇ). ʀʥʪʝʨʝʩ ʢ ʠʟʫʯʝʥʠʶ ʪʘʢʦʛʦ ʷʚʣʝ-

ʥʠʷ ʩʚʷʟʘʥ ʩ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʚʦʟʤʦʞʥʦʛʦ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʠʩʪʝʤ ʩ ɺʌʇʇ (ʚ ʢʦʤ-

ʧʴʶʪʝʨʥʦʡ ʪʝʭʥʠʢʝ, ʚ ʙʠʦʤʝʜʠʮʠʥʝ, ʚ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʭʠʤʠʠ). ʉʠʩʪʝʤʳ ʩ ɺʌʇʇ ʷʚʣʷʶʪʩʷ ʠʥʪʝʨʝʩ-

ʥʳʤʠ ʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʥʘʫʢʠ (ʬʠʟʠʢʠ, ʭʠʤʠʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ) ʢʘʢ ʩʠʩʪʝʤʳ 

ʩ ʜʠʥʘʤʠʯʝʩʢʠ ʠʟʤʝʥʷʶʱʠʤʠʩʷ ʧʘʨʘʤʝʪʨʘʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʳʭ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺʌʇʇ ʙʳʣʠ ʚʳʙʨʘʥʳ ʩʠʩʪʝʤʳ ʩ ʩʠʣʴʥʳʤʠ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʤʠ ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ O-H...N - 

ʦʨʛʘʥʠʯʝʩʢʠʡ ʣʠʛʘʥʜ L
4
 ʠ ʢʦʤʧʣʝʢʩ ʭʣʦʨʠʜʘ ʮʠʥʢʘ(II) ʥʘ ʝʛʦ ʦʩʥʦʚʝ. ʉ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ 

ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʣʷ ʨʷʜʘ ʢʦʤʧʣʝʢʩʦʚ ʤʝʜʠ(I) ʩ L
4
 ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥʘ ʩʠʣʴʥʘʷ ʚʥʫʪ-

ʨʠʤʦʣʝʢʫʣʷʨʥʘʷ ʚʦʜʦʨʦʜʥʘʷ ʩʚʷʟʴ O-H...N. ʅʘʣʠʯʠʝ ʪʘʢʦʡ ʩʚʷʟʠ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ɺʌʇʇ. 
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3.4.1. ʉʪʨʫʢʪʫʨʳ ʣʠʛʘʥʜʘ L
4
 ʠ ʢʦʤʧʣʝʢʩʘ [ZnL

4
Cl2] 

ʃʠʛʘʥʜ 2-(6-(3,5-ʜʠʤʝʪʠʣ-1H-ʧʠʨʘʟʦʣ-1-ʠʣ-ʧʠʨʠʤʠʜʠʥ-4-ʠʣ)ʬʝʥʦʣ 

ʇʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ (ʊʘʙʣ. 6), ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʣʠʛʘʥʜʘ L
4
 

ʠʤʝʝʪ ʤʦʥʦʢʣʠʥʥʫʶ ʩʠʥʛʦʥʠʶ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʠʥʦʯʥʳʝ ʤʦʣʝʢʫʣʳ, ʩʚʷʟʘʥʥʳʝ ʢʦʨʦʪʢʠʤʠ 

ʢʦʥʪʘʢʪʘʤʠ, ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʨʸʭʤʝʨʥʦʛʦ ʢʘʨʢʘʩʘ (ʈʠʩ. 59). ʉʪʦʠʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʥʘʣʠʯʠʝ 

ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʘʪʦʤʦʤ ʘʟʦʪʘ ʧʠʨʠʤʠʜʠʥʦʚʦʛʦ ʢʦʣʴʮʘ ʠ ʛʠʜʨʦʢʩʠ-ʛʨʫʧʧʦʡ ʬʝʥʦʣʘ 

(R(O-HéN)=2.58 ¡). 

 

ʈʠʩ. 59. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʫʧʘʢʦʚʢʘ ʣʠʛʘʥʜʘ L
4
 ʚʜʦʣʴ b 

 

ʊ ʘ ʙ ʣ ʠ ʮ ʘ 6 

ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ L
4
 (ʩʣʝʚʘ) ʠ [ZnL

4
Cl2] (ʩʧʨʘʚʘ) 

ʌʦʨʤʫʣʘ ʩʦʝʜʠʥʝʥʠʷ C15 H14 N4 O C15 H14 N4 O Cl2 Zn 

ʄʦʣʷʨʥʘʷ ʤʘʩʩʘ 266.3 ʛ/ʤʦʣʴ 402.6 ʛ/ʤʦʣʴ 

ʊʝʤʧʝʨʘʪʫʨʘ 150 K 150 K 

ʉʠʥʛʦʥʠʷ ʤʦʥʦʢʣʠʥʥʘʷ ʤʦʥʦʢʣʠʥʥʘʷ 

ɻʨʫʧʧʘ ʩʠʤʤʝʪʨʠʠ P 2/c P 21/c 

ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 
a=14.66(1) ¡ b=4.24(1) ¡ c=21.21(1) ¡ a=6.63(1) ¡ b=17.32(1) ¡ c=14.43(1) ¡ 

Ŭ=90.0Á ɓ=100.7(1)Á ɔ=90.0Á Ŭ=90.0Á ɓ=101.5(1)Á ɔ=90.0Á 

ʆʙʲʝʤ ʷʯʝʡʢʠ 1297.1(1) ¡
3
 1624.5(1) ¡

3
 

Z 4 4 

ʇʣʦʪʥʦʩʪʴ 1.369 ʛ/ʩʤ
3
 1.646 ʛ/ʩʤ

3
 

 

ʍʣʦʨʠʜ ʮʠʥʢʘ(II ) ʩ 2-(6-(3,5-ʜʠʤʝʪʠʣ-1H-ʧʠʨʘʟʦʣ-1-ʠʣ-ʧʠʨʠʤʠʜʠʥ-4-ʠʣ)ʬʝʥʦʣʦʤ 

ʇʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ (ʊʘʙʣ. 6), ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ 

[ZnL
4
Cl2] ʠʤʝʝʪ ʤʦʥʦʢʣʠʥʥʫʶ ʩʠʥʛʦʥʠʶ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʠʥʦʯʥʳʝ ʤʦʣʝʢʫʣʳ, ʩʚʷʟʘʥʥʳʝ 

ʢʦʨʦʪʢʠʤʠ ʢʦʥʪʘʢʪʘʤʠ, ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʨʸʭʤʝʨʥʦʛʦ ʢʘʨʢʘʩʘ. ʉʪʦʠʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʥʘʣʠʯʠʝ 

ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʘʪʦʤʦʤ ʘʟʦʪʘ ʧʠʨʠʤʠʜʠʥʦʚʦʛʦ ʢʦʣʴʮʘ ʠ ʛʠʜʨʦʢʩʠ-ʛʨʫʧʧʦʡ ʬʝʥʦʣʘ 

(R(O-HéN)=2.57 ¡). 
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ʈʠʩ. 60. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʫʧʘʢʦʚʢʘ ʚʜʦʣʴ a (ʩʣʝʚʘ) ʠ ʩʪʨʫʢʪʫʨʘ ʤʦʣʝʢʫʣʳ (ʩʧʨʘʚʘ) ʢʦʤʧʣʝʢʩʘ [ZnL
4
Cl2] 

 

3.4.2. ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʣʠʛʘʥʜʘ L
4
 

ʉʧʝʢʪʨ ʌʃ ʣʠʛʘʥʜʘ L
4
 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʠʥʦʯʥʫʶ ʰʠʨʦʢʫʶ ʣʠʥʠʶ ʩ ʤʘʢʩʠʤʫʤʦʤ ʵʤʠʩ-

ʩʠʠ ʥʘ ɚɻʤ=555 ʥʤ (ʈʠʩ. 61), ʥʝ ʟʘʚʠʩʷʱʫʶ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ɺʃ 240-

440 ʥʤ (ʈʠʩ. 62). ɸʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠ ̫ʢʚʘʥʪʦʚʳʭ ʚʳʭʦʜʦʚ ʌʃ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠʥʘʤʠ ʚʦʣʥ 

ɚʚʦʟʙ=320 ʥʤ, 370 ʥʤ ʠ 400 ʥʤ ʩʦʩʪʘʚʣʷʶʪ 15.5%, 17.6% ʠ 23.6%, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʥʠʞʝʥʠʝ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʩ 300K ʜʦ 77K ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʚ 

2 ʨʘʟʘ) ʠ ʩʫʞʝʥʠʶ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʠ ʧʨʠ 77K ʩʧʝʢʪʨ ʩʣʘʙʦ ʨʘʟʨʝʰʘʝʪʩʷ, ʠ ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʝ 

ʣʠʥʠʠ ʩ ʤʘʢʩʠʤʫʤʘ ʥʘ ɚɻʤ=540 ʥʤ ʠ ɚɻʤ=570 ʥʤ (ʈʠʩ. 61). ʈʘʟʣʦʞʝʥʠʝ ʩʧʝʢʪʨʦʚ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʢʘʟʳʚʘʝʪ ʥʘʣʠʯʠʝ ʫʰʠʨʠʥʥʳʭ ʣʠʥʠʡ ɚɻʤ=540 ʥʤ ʠ ɚɻʤ=570 ʥʤ ʢʦʤʧʦʥʝʥʪ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʦʜʥʘ ʣʠʥʠʷ ʩ ʫʩʨʝʜʥʝʥʥʳʤ ʤʘʢʩʠʤʫʤʦʤ ɚɻʤ=555 ʥʤ. 
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ʈʠʩ. 61. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʦʚ ʌʃ ʧʨʠ ɚʚʦʟʙ=370 ʥʤ (ʩʣʝʚʘ) 

ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʘ ʌʃ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ ʧʨʠ 300K (ʩʧʨʘʚʘ) ʣʠʛʘʥʜʘ L
4
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ʈʠʩ. 62. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʧʝʢʪʨʦʚ ɺʃ ɚɻʤ=540 ʥʤ (ʩʣʝʚʘ) ʠ ɚɻʤ=570 ʥʤ (ʩʧʨʘʚʘ) ʣʠʛʘʥʜʘ L
4
 

 

ɸʥʘʣʠʟ ʢʠʥʝʪʠʢ ʟʘʪʫʭʘʥʠʷ ʚʨʝʤʝʥ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʣʠʛʘʥʜʘ L
4
 ʙʳʣ ʧʨʦʚʝʜʝʥ ʩ 

ʮʝʣʴʶ ʫʩʪʘʥʦʚʣʝʥʠʷ ʧʨʠʨʦʜʳ ʠ ʤʝʭʘʥʠʟʤʦʚ ʌʃ. ʇʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=350 ʥʤ (ʈʠʩ. 63) ʧʦʣʦʩʳ 

ɚɻʤ=540 ʥʤ ʠ ɚɻʤ=570 ʥʤ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʦʙʱʠʤ ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ Ű1=1.9 ʥʩ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʠʪʝʣʴ-

ʥʘʷ ʢʠʥʝʪʠʢʘ ʩʦ ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ Ű2>10000 ʥʩ. ɸʥʘʣʠʟ ʜʣʠʪʝʣʴʥʦʡ ʢʠʥʝʪʠʢʠ ʟʘʪʫʭʘʥʠʷ ʣʶʤʠʥʝʩʮʝʥ-

ʮʠʠ ʣʠʛʘʥʜʘ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=370 ʥʤ ʥʘ ɚɻʤ=555 ʥʤ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʚʨʝʤʝʥʠ ʧʦʩʣʝʩʚʝʯʝʥʠʷ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ Ű2=890 ʤʢʩ ʧʨʠ 300K, ʢʦʪʦʨʦʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 1500 ʤʢʩ ʧʨʠ 220K (ʈʠʩ. 64). 
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ʈʠʩ. 63. ʂʠʥʝʪʠʢʠ ʟʘʪʫʭʘʥʠʷ ʌʃ ʣʠʛʘʥʜʘ L
4
 ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ 350 ʥʤ (ʧʨʠ 295K) ʥʘ ɚɻʤ=540 ʥʤ (ʩʣʝʚʘ) 

ʠ ɚɻʤ=570 ʥʤ (ʩʧʨʘʚʘ): ʘʧʧʘʨʘʪʥʘʷ (a); ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ̫(b) ʠ ʨʝʰʝʥʠʝ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ (c) 

 

ɿʘʧʠʩʴ ʩʧʝʢʪʨʦʚ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=370 ʥʤ ʠ ʟʘʜʝʨʞʢʝ 100 ʤʢʩ ʧʦʩʣʝ ʠʤ-

ʧʫʣʴʩʘ ʠʩʪʦʯʥʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ ʧʦʢʘʟʘʣʘ (ʈʠʩ. 65), ʯʪʦ ʩʧʝʢʪʨ ʧʦʩʣʝʩʚʝʯʝʥʠʷ ʩʦʚʧʘʜʘʝʪ ʩʦ ʩʧʝʢʪʨʦʤ, 

ʟʘʧʠʩʘʥʥʳʤ ʚ ʨʝʞʠʤʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ, ʠ ʦʧʠʩʳʚʘʝʪʩʷ ʜʚʫʤʷ ʬʫʥʢʮʠʷʤʠ ɻʘʫʩʩʘ ʩ ʤʘʢʩʠ-

ʤʫʤʘ ɚɻʤ=540 ʥʤ (ʚʢʣʘʜ ʜʦ 20%) ʠ ɚɻʤ=570 ʥʤ (ʚʢʣʘʜ ʙʦʣʝʝ 80%). ʇʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ 

ʢ ʫʤʝʥʴʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʝʢʪʨʘ ʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 200K ʩʧʝʢʪʨʳ ʠʩʯʝʟʘʶʪ, ʠ ʟʘʧʠʩʘʪʴ 

ʠʭ ʥʝ ʫʜʘʸʪʩʷ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ (ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ), ʘ ʜʣʠ-



98 

ʪʝʣʴʥʦʝ ʠʟʣʫʯʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʢʘʢʠʤ-ʪʦ ʜʨʫʛʠʤ ʧʨʦʮʝʩʩʦʤ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʛʨʘʣʴʥʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʝʢʪʨʘ, ʟʘʧʠʩʘʥʥʦʛʦ ʩ ʟʘʜʝʨʞʢʦʡ 100 ʤʢʩ, ʦʧʠʩʳʚʘʝʪʩʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ ʟʘʢʦʥʦʤ 

(ʈʠʩ. 65), ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʢʦʤʧʣʝʢʩʘ (ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʪʨʠʧʣʝʪʥʳʭ ʩʦ-

ʩʪʦʷʥʠʡ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʩʤ. ʨʘʟʜʝʣ 3.4.4): Ὅ ὃ Ὡz
Ў

ȟὃ •̕ ̌̔̏̑zὯ̏ ̉̋̋zὝ, ʛʜʝ Ὕ ï ʢʦʥ-

ʮʝʥʪʨʘʮʠʷ ʪʨʠʧʣʝʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʩ ЎὉ ςρ σ 
̋ˑ̇

̝̍̏̌
. ʇʨʠ ʵʪʦʤ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʩʣʝ-

ʩʚʝʯʝʥʠʷ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʩʪʦʯʥʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ (ʈʠʩ. 66). 
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ʈʠʩ. 64. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʠʥʝʪʠʢʠ ʟʘʪʫʭʘʥʠʷ ʌʃ ʣʠʛʘʥʜʘ L
4
 ʧʨʠ ɚEm=555 ʥʤ ʠ ʚʦʟʙʫʞʜʝʥʠʠ 370 ʥʤ 
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ʈʠʩ. 65. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʧʝʢʪʨʦʚ ʧʦʩʣʝʩʚʝʯʝʥʠʷ (100 ʤʢʩ) ʌʃ (ʩʣʝʚʘ) ʣʠʛʘʥʜʘ L
4
 ʧʨʠ ɚʚʦʟʙ=370 ʥʤ 

ʠ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʤʧʝʢʪʨʦʚ ʧʦʩʣʝʩʚʝʯʝʥʠʷ ʌʃ (ʩʧʨʘʚʘ) 
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ʈʠʩ. 66. ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʩʣʝʩʚʝʯʝʥʠʷ ʌʃ ʣʠʛʘʥʜʘ L
4
 

ʧʨʠ ɚʚʦʟʙ=370 ʥʤ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʩʪʦʯʥʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ ʧʦʩʣʝ 100 ʤʢʩ 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʥʘʣʠʯʠʝ ʧʨʦʮʝʩʩʘ ʊɸɿʌ ʪʠʧʘ E ʚ L
4
, ʜʣʷ ʢʦʪʦʨʦʛʦ 

ʭʘʨʘʢʪʝʨʥʳ ʧʨʠʟʥʘʢʠ, ʫʢʘʟʘʥʥʳʝ ʚ ʨʘʟʜʝʣʝ 1.6.3. ʇʝʨʚʳʝ ʜʚʘ ʧʨʠʟʥʘʢʘ ʷʚʥʦ ʚʳʨʘʞʝʥʳ ʚ ʣʠʛʘʥʜʝ, 

ʪʨʝʪʠʡ ʧʨʠʟʥʘʢ ʥʘʙʣʶʜʘʝʪʩʷ ʩ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤʠ ʜʦʧʫʱʝʥʠʷʤʠ, ʘ ʯʝʪʚʝʨʪʳʡ ʧʨʠʟʥʘʢ, ʢ ʩʦʞʘʣʝʥʠʶ, 

ʧʨʦʚʝʨʠʪʴ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʠʟ-ʟʘ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʘ ʬʦʩʬʦʨʝʩ-

ʮʝʥʮʠʠ. ʆʪʩʫʪʩʪʚʠʝ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʤʘʣʦʡ ʢʦʥʩʪʘʥʪʦʡ ʩʢʦʨʦʩʪʠ ʬʦʩʬʦʨʝʩʮʝʥ-

ʮʠʠ, ʢʘʢ ʪʘʢʦʚʦʡ (ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ ʚʨʝʤʷ ʞʠʟʥʠ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ ʩʪʘʥʦʚʠʪʩʷ ʦʯʝʥʴ ʙʦʣʴʰʠʤ ʧʨʠ 

ʥʝʥʫʣʝʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʦʟʙʫʞʜʝʥʥʳʭ ʪʨʠʧʣʝʪʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʠ ʦʪʩʫʪʩʪʚʠʝ ʩʧʝʢʪʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʧʨʠʙʦʨʘ), ʠʣʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʥʩʪʘʥʪʦʡ ʙʝʟʳʟʣʫʯʝʪʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʠ 

(Ὧ̂ ̜̆̈̈) (ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ ʬʦʩʬʦʨʝʩʮʝʥʮʠʷ ʦʪʩʫʪʩʪʚʫʝʪ). ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʧʦ-

ʩʣʝʜʥʝʝ ʩʦʦʪʥʦʰʝʥʠʝ. ʆʜʥʘʢʦ, ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ, ʩʢʦʨʦʩʪʴ ʦʙʨʘʪʥʦʡ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʜʦʣʞʥʘ 

ʙʳʪʴ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ ʜʚʫʭ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʢʦʥʩʪʘʥʪ Ὧ̏ ̉̋̋>>Ὧ̂ ̜̆̈̈>>Ὧ̕ ̏̒̕. 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʠ 77K ʧʨʦʠʩʭʦʜʠʪ ʨʘʩʱʝʧʣʝʥʠʝ ʣʠʥʠʡ ʥʘ ʜʚʝ, ʥʦ ʧʨʠ ʵʪʦʤ ʦʙʝ ʦʥʠ ʩʚʷʟʘ-

ʥʳ ʩ ʩʠʥʛʣʝʪ-ʩʠʥʛʣʝʪʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ, ʧʨʠʯʸʤ ʦʙʘ ʵʪʠʭ ʧʝʨʝʭʦʜʘ ʟʘʜʝʡʩʪʚʦʚʘʥʳ ʚ ʊɸɿʌ. ʂʠʥʝʪʠʢʘ 

ʧʦʩʣʝʩʚʝʯʝʥʠʷ ʠʤʝʝʪ ʦʜʥʦʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʪʝʨʤʠʯʝʩʢʘʷ ʘʢʪʠʚʘ-

ʮʠʷ ʦʙʝʠʭ ʢʦʤʧʦʥʝʥʪ ʧʨʦʠʩʭʦʜʠʪ ʩ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʪʨʠʧʣʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʪʘʢ ʢʘʢ ʠʤʝʥʥʦ ʪʨʠ-

ʧʣʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʧʨʝʜʝʣʷʝʪ ʚʨʝʤʷ ʞʠʟʥʠ ʊɸɿʌ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʝʡ ʦʙʝʠʭ ʢʦʤʧʦʥʝʥʪ ʩʧʝʢʪʨʘ ʧʦʩʣʝʩʚʝʯʝʥʠʷ ʦʧʠʩʳʚʘʝʪʩʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ ʟʘʢʦʥʦʤ (ʧʨʝʜ-

ʩʪʘʚʣʝʥʥʳʤ ʚʳʰʝ) ʩ ʦʙʱʠʤ ʟʥʘʯʝʥʠʝʤ ЎὉ, ʫʢʘʟʳʚʘʷ ʥʘ ʪʦ, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʪʝʨʤʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ 

ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʠʣʠ ʦʯʝʥʴ ʙʣʠʟʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʫʨʦʚʥʝʡ. ʇʦʵʪʦʤʫ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ ʩʣʝʜʫ-

ʶʱʫʶ ʧʨʠʨʦʜʫ ʨʘʩʱʝʧʣʝʥʠʷ, ʪ.ʝ. ʧʦʷʚʣʝʥʠʷ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪ ʚ ʩʧʝʢʪʨʘʭ ʌʃ. ʈʘʩʱʝʧʣʝʥʠʝ ʤʦʞʝʪ 

ʙʳʪʴ ʩʚʷʟʘʥʥʦ ʩ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʦʜʥʘʢʦ, ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ ʵʥʝʨʛʠʷ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʢʚʘʥʪʘ 

ʩʦʩʪʘʚʣʷʝʪ 121 ʤʵɺ (970 ʩʤ
-1
), ʯʪʦ ʥʝ ʪʠʧʠʯʥʦ ʤʘʣʦ ʜʣʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʪʘʢʦʛʦ ʪʠʧʘ. ɼʨʫʛʠʤ 

ʚʦʟʤʦʞʥʳʤ ʦʙʲʷʩʥʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʦʪʥʝʩʝʥʠʝ ʣʠʥʠʡ ʣʶʤʠʥʝʩʮʝʥʮʠʷ ʢ ʧʝʨʝʭʦʜʘʤ ʠʟ ʨʘʟʥʳʭ ʚʦʟʙʫʞ-
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ʜʝʥʥʳʭ ʩʠʥʛʣʝʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʥʘ ʦʩʥʦʚʥʦʝ (S2ŸS0 ʠ S1ŸS0), ʥʦ ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ 

ʜʦʣʞʥʘ ʙʳʪʴ ʨʘʟʥʦʡ ʜʣʷ ʵʪʠʭ ʢʦʤʧʦʥʝʥʪ. ɽʱʸ ʦʜʥʠʤ ʚʦʟʤʦʞʥʳʤ ʦʙʲʷʩʥʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʣʶʤʠʥʝʩ-

ʮʝʥʮʠʷ ʠʟ ʝʥʦʣʴʥʦʡ ʠ ʢʝʪʦ ʬʦʨʤ ʩʦʩʪʦʷʥʠʷ S1 ʠ ʪʝʨʤʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ ʝʥʦʣʴʥʦʡ ʬʦʨʤʳ, ʢʦʪʦʨʘʷ 

ʟʘʪʝʤ ʯʘʩʪʠʯʥʦ ʧʝʨʝʭʦʜʠʪ ʚ ʢʝʪʦ ʬʦʨʤʫ. ɼʣʷ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʦʙʲʷʩʥʝʥʠʷ ʚʦʟʤʦʞʥʳʭ ʤʝʭʘʥʠʟʤʦʚ 

ʧʝʨʝʭʦʜʦʚ ʧʨʦʚʝʜʝʥʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʢʦʤʧʣʝʢʩʦʤ (ʩʤ. ʥʠʞʝ). 
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3.4.3. ʂʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʣʠʛʘʥʜʘ L
4
 

ʂʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤ ADF [150, 151] ʩ 

B3LYP [168, 169] ʛʠʙʨʠʜʥʳʤ ʬʫʥʢʮʠʦʥʘʣʦʤ ʠ TZP [158, 159] ʙʘʟʠʩʥʳʤ ʥʘʙʦʨʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʢʘʣʷʨʥʦʛʦ ZORA [162, 163]. ɼʣʷ ʨʘʩʯʸʪʘ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʦʧʪʠʤʠʟʘʮʠʷ ʩʪʨʫʢʪʫ-

ʨʳ ʙʝʟ ʬʠʢʩʠʨʦʚʘʥʠʷ ʨʘʩʩʪʦʷʥʠʷ R(O-H). ɺ ʨʘʩʩʯʠʪʘʥʥʦʤ ʀʂ-ʩʧʝʢʪʨʝ [170, 171] ʦʧʪʠʤʠʟʠʨʦʚʘʥ-

ʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʪʩʫʪʩʪʚʫʶʪ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʯʘʩʪʦʪʳ ʢʦʣʝʙʘʥʠʡ. ʈʘʩʯʸʪ ʟʘʚʠʩʠʤʦʩʪʠ ʫʨʦʚʥʷ ʵʥʝʨ-

ʛʠʠ S0 ʦʪ ʨʘʩʩʪʦʷʥʠʷ R(O-H) ʧʨʦʚʦʜʠʣʩʷ ʦʧʪʠʤʠʟʘʮʠʝʡ ʛʝʦʤʝʪʨʠʠ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʨʘʩʩʪʦʷʥʠʠ 

R(O-H) (ʈʠʩ. 67). ɿʘʚʠʩʠʤʦʩʪʴ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ S1, S2, S3 ʠ Tʌʄ (ʩʤ. ʥʠʞʝ), T1, T2 ʦʪ ʨʘʩʩʪʦʷʥʠʷ 

R(O-H) ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ ʨʘʩʯʝʪʘ ʧʝʨʝʭʦʜʦʚ TDDFT ʧʦ ʧʨʦʮʝʜʫʨʝ Davidson [165, 166, 172, 

173] ʜʣʷ ʢʘʞʜʦʡ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʡ ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʰʘʛʝ ʛʝʦʤʝʪʨʠʠ (ʈʠʩ. 67). 
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ʈʠʩ. 67. ɿʘʚʠʩʠʤʦʩʪʴ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ S0, S1, S2 ʠ Tʌʄ, T1, T2 ʦʪ ʨʘʩʩʪʦʷʥʠʷ R(O-H), ʨʘʩʩʯʠʪʘʥʥʘʷ ʚ ADF ʜʣʷ ʣʠʛʘʥʜʘ L
4
. 

ʋʨʦʚʥʠ S0 ʧʦʣʫʯʝʥʳ ʦʧʪʠʤʠʟʘʮʠʝʡ ʛʝʦʤʝʪʨʠʠ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ R(O-H), ʦʩʪʘʣʴʥʳʝ ʫʨʦʚʥʠ ʧʦʣʫʯʝʥʳ 

TDDFT ʤʝʪʦʜʦʤ (ʩʣʝʚʘ). ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʟʥʠʮʳ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ S1-T1, S1-T2, S2-T1 ʠ S2-T2 ʦʪ ʨʘʩʩʪʦʷʥʠʷ R(O-H) (ʩʧʨʘʚʘ) 

 

ʉʦʛʣʘʩʥʦ ʨʘʩʯʸʪʘʤ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʦʣʝʢʫʣʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʝʥʦʣʴʥʦʡ ʬʦʨʤʝ, ʘ ʧʨʠ ʚʦʟ-

ʙʫʞʜʝʥʠʠ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʬʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ O-HéNźOéH-N ʟʘ ʩʯʸʪ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ. 
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ʇʨʠ R(O-H) ʙʣʠʟʢʦʤ ʢ 1 ¡ (ʝʥʦʣʴʥʘʷ ʬʦʨʤʘ) ʠʤʝʝʪʩʷ ʣʦʢʘʣʴʥʳʡ ʤʠʥʠʤʫʤ ʩʦʩʪʦʷʥʠʷ T1, ʪʦʛʜʘ ʢʘʢ 

ʫ ʩʦʩʪʦʷʥʠʷ S1 ʣʦʢʘʣʴʥʳʡ ʤʠʥʠʤʫʤ ʦʪʩʫʪʩʪʚʫʝʪ; ʛʣʦʙʘʣʴʥʳʡ ʤʠʥʠʤʫʤ ʦʙʦʠʭ ʩʦʩʪʦʷʥʠʡ ʜʦʩʪʠʛʘʝʪ-

ʩʷ ʧʨʠ R(O-H)å1.7 ¡ (ʢʝʪʦʥʥʘʷ ʬʦʨʤʘ). ʉʦʩʪʦʷʥʠʝ S2 ʠʤʝʝʪ ʩʭʦʞʝʝ ʧʦʚʝʜʝʥʠʝ ʩ S1, ʥʦ ʛʣʦʙʘʣʴʥʳʡ 

ʤʠʥʠʤʫʤ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ R(O-H)å1.5 ¡. ʉʦʩʪʦʷʥʠʝ T2 ʠʤʝʝʪ ʛʣʦʙʘʣʴʥʳʡ ʤʠʥʠʤʫʤ ʧʨʠ 

R(O-H)å1.1 ¡. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʣʝʢʫʣʘ ʧʝʨʝʭʦʜʠʪ ʠʟ ʝʥʦʣʴʥʦʡ ʬʦʨʤʳ ʚ ʢʝʪʦ-ʬʦʨʤʫ, ʥʘʭʦʜʷʩʴ ʚ 

S1, S2 ʠ T1 ʩʦʩʪʦʷʥʠʷʭ, ʧʨʠʯʝʤ ʧʝʨʝʭʦʜʳ S
ʝ
1ŸS

ʢ
1 ʠ S

ʝ
2ŸS

ʢ
2 ʥʦʩʷʪ ʙʝʟʙʘʨʴʝʨʥʳʡ ʭʘʨʘʢʪʝʨ (ʚ ʦʪʣʠʯʠʝ 

ʦʪ [ZnL
4
Cl2], ʩʤ. ʨʘʟʜʝʣ 3.4.5). 

ɺʥʘʯʘʣʝ ʩʪʦʠʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʥʠʞʥʠʡ ʚʦʟʙʫʞʜʸʥʥʳʡ ʪʨʠʧʣʝʪʥʳʡ ʫʨʦʚʝʥʴ, ʦʙʦʟʥʘ-

ʯʝʥʥʳʡ Tʌʄ. ɼʘʥʥʳʡ ʫʨʦʚʝʥʴ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʥʝ ʫʯʫʚʩʪʚʫʝʪ ʚ ʌʃ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʦʡ 

ʘʤʧʣʠʪʫʜʦʡ ʚʝʨʦʷʪʥʦʩʪʠ ʧʝʨʝʭʦʜʦʚ. ʇʦʵʪʦʤʫ, ʯʪʦʙʳ ʥʝ ʧʫʪʘʪʴʩʷ ʚ ʧʦʨʷʜʢʝ ʦʙʦʟʥʘʯʝʥʠʡ ʫʨʦʚʥʝʡ 

ʵʥʝʨʛʠʠ, ʫʨʦʚʝʥʴ Tʌʄ ʚʳʜʝʣʝʥ ʦʪʜʝʣʴʥʦ. 

ʇʦʩʯʠʪʘʥʳ ʤʘʪʨʠʯʥʳʝ ʵʣʝʤʝʥʪʳ ὛȿὌ ȿὝ  ʧʝʨʝʭʦʜʦʚ, ʥʦ, ʢʘʢ ʠ ʦʞʠʜʘʣʦʩʴ ʜʣʷ ʦʨʛʘʥʠʯʝ-

ʩʢʦʡ ʤʦʣʝʢʫʣʳ, ʩʦʜʝʨʞʘʱʝʡ ʪʦʣʴʢʦ ʘʪʦʤʳ C, N, O, H, ʤʘʪʨʠʯʥʳʝ ʵʣʝʤʝʥʪʳ ʥʝ ʧʨʝʚʳʰʘʶʪ 30 ʩʤ
-1

, 

ʯʪʦ ʫʩʣʦʞʥʷʝʪ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʫʶ ʢʦʥʚʝʨʩʠʶ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚ ʦʙʣʘʩʪʠ R(O-H)=1.1é1.3 ¡ 

ʥʘʙʣʶʜʘʝʪʩʷ ʢʚʘʟʠʧʝʨʝʩʝʯʝʥʠʝ ʫʨʦʚʥʝʡ S1-T2 ʠ S2-T2, ʯʪʦ ʤʦʞʝʪ ʦʙʣʝʛʯʠʪʴ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʫʶ 

ʢʦʥʚʝʨʩʠʶ, ʥʝʩʤʦʪʨʷ ʥʘ ʦʪʩʫʪʩʪʚʠʝ çʪʷʞʝʣʦʛʦè ʘʪʦʤʘ. 

ʄʠʥʠʤʫʤ ʨʘʟʥʠʮʳ ʵʥʝʨʛʠʡ ЎὉ(S1-T1) ʨʘʚʝʥ 80.1 ʤʵɺ (930K ʠʣʠ 7.7 ʢɼʞ/ʤʦʣʴ) ʠ ʩʦʦʪʚʝʪʩʪʚʫ-

ʝʪ ʝʥʦʣʴʥʦʡ ʬʦʨʤʝ R(O-H)å1.13 ¡. ʕʪʦ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʘʭʦʜʷʩʴ ʚ ʩʦʩʪʦʷʥʠʠ T1, ʚʧʦʣʥʝ ʚʦʟʤʦʞʥʦ 

ʪʝʨʤʠʯʝʩʢʠ ʟʘʩʝʣʠʪʴ S1. ʉʦʛʣʘʩʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ɹʦʣʴʮʤʘʥʘ, ʜʣʷ ЎὉ(S1-T1)=80.1 ʤʵɺ ʢʦʥʮʝʥʪʨʘ-

ʮʠʷ ʪʝʨʤʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʩʦʩʪʘʚʣʷʝʪ 4.5%, 1% ʠ 0.2% ʜʣʷ 300K, 200K ʠ 150K, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, 

ʯʪʦ ʩʭʝʤʘ ʧʝʨʝʭʦʜʦʚ ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ (ʈʠʩ. 68): 

ʧʨʠ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʠ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʥʘ Ὓ̆  ʚ ʝʥʦʣʴʥʦʡ ʬʦʨʤʝ ʩ ʙʳʩʪʨʦʡ ʚʥʫʪʨʝʥʥʝʡ 

ʢʦʥʚʝʨʩʠʝʡ ʥʘ Ὓ̆. ɼʘʣʝʝ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʥʘ Ὓ̆ ʩ ʠʟʣʫʯʝʥʠʝʤ (ɚɻʤ=540 ʥʤ) ʠ ʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʚ 

ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʥʘ Ὓ̋ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʨʝʣʘʢʩʘʮʠʝʡ ʥʘ Ὓ̋ (ɚɻʤ=570 ʥʤ). ʇʨʠ ʧʝʨʝʥʦʩʝ ʧʨʦ-

ʪʦʥʘ ʠʟ-ʟʘ (ʢʚʘʟʠ)ʧʝʨʝʩʝʯʝʥʠʷ ʫʨʦʚʥʝʡ Ὓ ʠ Ὕ ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʘʷ ʢʦʥʚʝʨʩʠʷ ʥʘ Ὕ̆. 

ʇʨʦʠʩʭʦʜʠʪ ʚʥʫʪʨʝʥʥʷʷ ʢʦʥʚʝʨʩʠʷ ʩ Ὕ ʥʘ Ὕ, ʘ ʟʘʪʝʤ Ὕ̆ ʪʝʨʤʠʯʝʩʢʠ ʘʢʪʠʚʠʨʫʝʪ ʩʦʩʪʦʷʥʠʝ Ὓ̆. ʇʨʠ 

ʪʝʨʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʩʦʩʪʦʷʥʠʷ Ὓ̆ ʧʨʦʠʩʭʦʜʷʪ ʪʝ ʞʝ ʧʨʦʮʝʩʩʳ, ʯʪʦ ʠ ʧʨʠ ʚʥʫʪʨʝʥʥʝʡ ʢʦʥʚʝʨʩʠʠ 

ʥʘ Ὓ̆, ʥʦ ʩ ʚʨʝʤʝʥʘʤʠ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʦʥʩʪʘʥʪʝ ʩʢʦʨʦʩʪʠ ʦʙ-

ʨʘʪʥʦʡ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʢʦʥʚʝʨʩʠʠ ʟʘ ʩʯʸʪ ʪʝʨʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ (ʊɸɿʌ ɚɻʤ=540 ʥʤ ʠ 
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ɚɻʤ=570 ʥʤ). ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ, ʩʠʩʪʝʤʘ ʠʟ ʩʦʩʪʦʷʥʠʷ Ὓ̋ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʦ ʧʝʨʝʭʦʜʠʪ ʥʘ Ὓ̆ (ʚʥʫʪʨʠ-

ʤʦʣʝʢʫʣʷʨʥʳʡ ʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ). 
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ʈʠʩ. 68. ʇʨʝʜʧʦʣʘʛʘʝʤʳʝ ʩʭʝʤʳ ʧʝʨʝʭʦʜʦʚ ʚ ʣʠʛʘʥʜʝ L
4
 (’ ï ʧʦʛʣʦʱʝʥʠʝ, ’ ï ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʘʷ ʚʥʫʪʨʝʥʥʷʷ ʢʦʥʚʝʨʩʠʷ, 

’ ï ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʘʷ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʘʷ ʢʦʥʚʝʨʩʠʷ, ’ ï ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʳʡ ʬʦʪʦʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ, 

’ ï ʠʟʣʫʯʝʥʠʝ ʩ ɚɻʤ=540 ʥʤ, ’ ï ʠʟʣʫʯʝʥʠʝ ʩ ɚɻʤ=570 ʥʤ) 

 

3.4.4. ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʣʝʢʩʘ [ZnL
4
Cl2] 

ʉʧʝʢʪʨ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʤʧʣʝʢʩʘ [ZnL
4
Cl2] ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʧʝʨʧʦʟʠʮʠʶ ʜʚʫʭ ʣʠʥʠʡ ʩ 

ʤʘʢʩʠʤʫʤʘ ʥʘ ɚɻʤ=565 ʥʤ ʠ ɚɻʤ=640 ʥʤ, ʧʨʠʯʸʤ ʩʧʝʢʪʨ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ 

(ʈʠʩ. 69). ʇʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʚ ʜʠʘʧʘʟʦʥʝ ɚʚʦʟʙ=240-415 ʥʤ ʧʨʦʠʩʭʦʜʠʪ ʵʤʠʩʩʠʷ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ 

ɚɻʤ=640 ʥʤ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʩʣʘʙʘʷ ʧʦʣʦʩʘ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ ɚɻʤ=565 ʥʤ. ʇʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʜʣʠʥʳ 

ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ɚʚʦʟʙ=420-480 ʥʤ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʨʦʩʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʢʦʤʧʦʥʝʥʪʳ ɚɻʤ=565 ʥʤ (~40 ʨʘʟ), ʪʘʢ, ʯʪʦ ʦʥʘ ʩʪʘʥʦʚʠʪʩʷ ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʡ. ɼʣʷ ʥʘʛʣʷʜʥʦʩʪʠ 

ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʜʠʘʛʨʘʤʤʘ ʮʚʝʪʥʦʩʪʠ (CIE 1931) ʌʃ ʢʦʤʧʣʝʢʩʘ [ZnL
4
Cl2] ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞ-

ʜʝʥʠʷ (ʈʠʩ. 70). ɸʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠ-

ʥʦʡ ʚʦʣʥʳ ɚʚʦʟʙ=480 ʥʤ ʩʦʩʪʘʚʣʷʝʪ 7.1%, ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚʚʦʟʙ=380 ʥʤ ï 0.02%. 
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ʈʠʩ. 69. ɿʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʦʚ ʌʃ ʢʦʤʧʣʝʢʩʘ [ZnL
4
Cl2] ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ ʧʨʠ 295K 
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ʈʠʩ. 70. ɿʘʚʠʩʠʤʦʩʪʴ ʮʚʝʪʥʦʩʪʠ (CIE 1931) ʌʃ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ (ʩʣʝʚʘ) ʠ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʮʚʝʪʥʦʩʪʠ (CIE 1931) ʧʦʩʣʝʩʚʝʯʝʥʠʷ ʌʃ (ʧʦʩʣʝ 100 ʤʢʩ) ʧʨʠ ɚʚʦʟʙ=470 ʥʤ (ʩʧʨʘʚʘ) ʢʦʤʧʣʝʢʩʘ [ZnL
4
Cl2] 

 

ɸʥʘʣʠʟ ʢʠʥʝʪʠʢ ʟʘʪʫʭʘʥʠʷ ʚʨʝʤʝʥ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʦʤʧʣʝʢʩʘ [ZnL
4
Cl2] ʙʳʣ 

ʧʨʦʚʝʜʝʥ ʩ ʮʝʣʴʶ ʫʩʪʘʥʦʚʣʝʥʠʷ ʧʨʠʨʦʜʳ ʠ ʤʝʭʘʥʠʟʤʦʚ ʌʃ. ʇʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=455 ʥʤ (ʈʠʩ. 71) 

ʧʦʣʦʩʘ ɚɻʤ=565 ʥʤ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʨʝʤʝʥʘʤʠ ʞʠʟʥʠ Ű1=0.1 ʥʩ (93%) ʠ Ű2=5.5 ʥʩ (7%) ʠ ʥʘʙʣʶʜʘʝʪʩʷ 

ʢʠʥʝʪʠʢʘ ʩʦ ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ Ű3>10000 ʥʩ. ʇʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=390 ʥʤ (ʈʠʩ. 72), ʧʦʣʦʩʘ ɚɻʤ=565 ʥʤ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʨʝʤʝʥʘʤʠ ʞʠʟʥʠ Ű1=4 ʥʩ (18%), Ű2=145 ʥʩ (7%), Ű3=1170 ʥʩ (16%) ʠ Ű4>10000 ʥʩ 

(58%); ʧʦʣʦʩʘ ɚɻʤ=640 ʥʤ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʨʝʤʝʥʘʤʠ ʞʠʟʥʠ Ű1=220 ʥʩ (11%), Ű2=1110 ʥʩ (20%) ʠ 

Ű4>10000 ʥʩ (69%). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=455 ʥʤ ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʢʚʘʥʪʳ ʩ ɚɻʤ=565 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʝʨʝʭʦʜʘʤ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʠ (ʬʣʫʦʨʝʩʮʝʥʮʠʷ); 

ʚ ʪʦ ʞʝ ʚʨʝʤʷ, ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=390 ʥʤ, ʧʦʣʦʩʘ ɚɻʤ=565 ʥʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠ 

ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ (ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ), ʘ ɚɻʤ=640 ʥʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʦʩʬʦʨʝʩʮʝʥʮʠʠ. 
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ʈʠʩ. 71. ʂʠʥʝʪʠʢʘ ʟʘʪʫʭʘʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʤʧʣʝʢʩʘ [ZnL
4
Cl2] ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ 455 ʥʤ (ʧʨʠ 295K) 

ʥʘ ɚɻʤ=565 ʥʤ: ʘʧʧʘʨʘʪʥʘʷ (a); ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ (b) ʠ ʨʝʰʝʥʠʝ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ (c) 
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ʈʠʩ. 72. ʂʠʥʝʪʠʢʠ ʟʘʪʫʭʘʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʤʧʣʝʢʩʘ [ZnL
4
Cl2] ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=390 ʥʤ (ʧʨʠ 295K) 

ʥʘ ɚɻʤ=565 ʥʤ (ʩʣʝʚʘ) ʠ ɚɻʤ=640 ʥʤ (ʩʧʨʘʚʘ): ʘʧʧʘʨʘʪʥʘʷ (a); ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ (b) ʠ ʨʝʰʝʥʠʝ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ (c) 

 

ʂʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʨʘʥʝʝ, ʢʦʤʧʣʝʢʩ [ZnL
4
Cl2] ʦʙʣʘʜʘʝʪ ʜʣʠʪʝʣʴʥʳʤʠ ʚʨʝʤʝʥʘʤʠ ʟʘʪʫʭʘʥʠʷ ʌʃ. 

ʅʘʙʣʶʜʘʝʪʩʷ 3
ʭ
 ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʘʷ ʢʠʥʝʪʠʢʘ ʟʘʪʫʭʘʥʠʷ ʜʣʠʪʝʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ɚɻʤ=565 ʥʤ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʚʨʝʤʝʥʘʤʠ ʞʠʟʥʠ ʩ ʫʯʸʪʦʤ ʧʦʛʨʝʰʥʦʩʪʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠʥʘʤʠ 

ʚʦʣʥ ɚʚʦʟʙ=410 ʥʤ ʠ ɚʚʦʟʙ=470 ʥʤ (ʈʠʩ. 73). ʍʘʨʘʢʪʝʨʥʳʝ ʚʨʝʤʝʥʘ ʞʠʟʥʠ ʨʘʚʥʳ Ű1=45 ʤʢʩ, 

Ű2=190 ʤʢʩ, Ű3=740 ʤʢʩ (ʩ ʨʘʚʥʳʤʠ ʠʥʪʝʛʨʘʣʴʥʳʤʠ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ) ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ ʩ ʦʙʱʠʤ 

ʥʘʙʦʨʦʤ ʚʨʝʤʸʥ ʞʠʟʥʠ. 

 

ʈʠʩ. 73. ʂʠʥʝʪʠʢʠ ʟʘʪʫʭʘʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʤʧʣʝʢʩʘ [ZnL
4
Cl2] ʥʘ ɚɻʤ=565 ʥʤ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ɚʚʦʟʙ=470 ʥʤ (a) 

ʠ b) ɚʚʦʟʙ=410 ʥʤ ʧʨʠ 295K, ʠʭ ʨʘʟʣʦʞʝʥʠʝ ʥʘ ʪʨʠ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʝ ʬʫʥʢʮʠʠ ((c) ʠ (d), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) 

ʩ ʦʙʱʠʤ ʥʘʙʦʨʦʤ ʚʨʝʤʸʥ ʞʠʟʥʠ (ʩʣʝʚʘ) ʠ ʥʝʟʘʚʠʩʠʤʳʤ ʥʘʙʦʨʦʤ ʚʨʝʤʸʥ ʞʠʟʥʠ (ʩʧʨʘʚʘ) 

 

ɿʘʧʠʩʴ ʩʧʝʢʪʨʦʚ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʜʣʠʥʘʤʠ ʚʦʣʥ ɚʚʦʟʙ=410 ʥʤ ʠ ɚʚʦʟʙ=470 ʥʤ 

ʧʨʠ ʟʘʜʝʨʞʢʝ 200 ʤʢʩ ʧʦʩʣʝ ʠʤʧʫʣʴʩʘ ʠʩʪʦʯʥʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ (ʈʠʩ. 74) ʧʦʢʘʟʘʣʘ, ʯʪʦ ʩʧʝʢʪʨʳ ʩʦʚ-

ʧʘʜʘʶʪ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʠ ʥʝ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʩʧʝʢʪʨʘ, ʟʘʧʠʩʘʥʥʦʛʦ ʚ ʨʝʞʠʤʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʦʙʣʫʯʝʥʠʷ 

ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ 470 ʥʤ. 


























































