
 

ʉʦʬʠʡʩʢʠ ʫʥʠʚʝʨʩʠʪʝʪ Ăʉʚʝʪʠ ʂʣʠʤʝʥʪ ʆʭʨʠʜʩʢʠñ 

ʌʘʢʫʣʪʝʪ ʧʦ ʭʠʤʠʷ ʠ ʬʘʨʤʘʮʠʷ 

ʂʘʪʝʜʨʘ Ăʌʘʨʤʘʮʝʚʪʠʯʥʘ ʠ ʧʨʠʣʦʞʥʘ ʦʨʛʘʥʠʯʥʘ ʭʠʤʠʷñ 

 

ʊʝʦʨʝʪʠʯʥʦ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʤʝʭʘʥʠʟʤʘ ʥʘ ʪʝʨʘʧʝʚʪʠʯʥʦ 

ʜʝʡʩʪʚʠʝ ʥʘ ʘʙʠʦʛʝʥʥʠʷ ʤʝʪʘʣʝʥ ʢʘʪʠʦʥ ʛʘʣʠʡ (III)  

 

ʅʠʢʦʣʝʪʘ ʄʠʨʦʩʣʘʚʦʚʘ ʂʠʨʯʝʚʘ 

ɸɺʊʆʈɽʌɽʈɸʊ 

ʅʘ ʜʠʩʝʨʪʘʮʠʷ, ʧʨʝʜʩʪʘʚʝʥʘ ʟʘ ʧʨʠʩʲʞʜʘʥʝ ʥʘ ʦʙʨʘʟʦʚʘʪʝʣʥʘ ʠ ʥʘʫʯʥʘ 

ʩʪʝʧʝʥ Ăɼʦʢʪʦʨñ ʧʦ ʧʨʦʬʝʩʠʦʥʘʣʥʦ ʥʘʧʨʘʚʣʝʥʠʝ 4.2. ʍʠʤʠʯʝʩʢʠ ʥʘʫʢʠ 

(ʊʝʦʨʝʪʠʯʥʘ ʭʠʤʠʷ) 
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ʉʦʬʠʷ 2020ʛ. 
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ɼʠʩʝʨʪʘʮʠʷʪʘ ʩʲʜʲʨʞʘ 98 ʩʪʨʘʥʠʮʠ, ʚ ʢʦʠʪʦ ʩʘ ʚʢʣʶʯʝʥʠ 36 ʬʠʛʫʨʠ, 4 ʊʘʙʣʠʮʠ, 58 

ʫʨʘʚʥʝʥʠʷ ʠ 144 ʮʠʪʠʨʘʥʠ ʣʠʪʝʨʘʪʫʨʥʠ ʠʟʪʦʯʥʠʢʘ. 

ɼʠʩʝʨʪʘʮʠʦʥʥʠʷʪ ʪʨʫʜ ʝ ʦʙʩʲʜʝʥ ʠ ʥʘʩʦʯʝʥ ʟʘ ʟʘʱʠʪʘ ʥʘ ʂʘʪʝʜʨʝʥ ʩʲʚʝʪ ʥʘ ʂʘʪʝʜʨʘ 

Ăʌʘʨʤʘʮʝʚʪʠʯʥʘ ʠ ʧʨʠʣʦʞʥʘ ʦʨʛʘʥʠʯʥʘ ʭʠʤʠʷñ ʢʲʤ ʌʘʢʫʣʪʝʪʘ ʧʦ ʭʠʤʠʷ ʠ ʬʘʨʤʘʮʠʷ ʥʘ 

ʉʋ Ăʉʚ. ʂʣʠʤʝʥʪ ʆʭʨʠʜʩʢʠñ, ʧʨʦʚʝʜʝʥ ʥʘ 13.02.2020ʛ. 

ʅʠʢʦʣʝʪʘ ʂʠʨʯʝʚʘ ʝ ʙʠʣʘ ʨʝʜʦʚʝʥ ʜʦʢʪʦʨʘʥʪ ʢʲʤ ʂʘʪʝʜʨʘ Ăʌʘʨʤʘʮʝʚʪʠʯʥʘ ʠ ʧʨʠʣʦʞʥʘ 

ʦʨʛʘʥʠʯʥʘ ʭʠʤʠʷñ, ʌʍʌ, ʉʋ ʦʪ 15.02.2017ʛ. ʜʦ 13.02.2020ʛ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ɿʘʱʠʪʘʪʘ ʥʘ ʜʠʩʝʨʪʘʮʠʦʥʥʠʷ ʪʨʫʜ ʱʝ ʩʝ ʩʲʩʪʦʠ ʥʘ        .          . 2020ʛ. ʦʪ .........ʯʘʩʘ 

ʚ ɿʘʩʝʜʘʪʝʣʥʘʪʘ ʟʘʣʘ ʥʘ ʌʘʢʫʣʪʝʪʘ ʧʦ ʭʠʤʠʷ ʠ ʬʘʨʤʘʮʠʷ ʥʘ ʉʋ Ăʉʚ. ʂʣʠʤʝʥʪ ʆʭʨʠʜʩʢʠñ. 
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ʉʦʬʠʡʩʢʠ ʫʥʠʚʝʨʩʠʪʝʪ Ăʉʚʝʪʠ ʂʣʠʤʝʥʪ ʆʭʨʠʜʩʢʠñ 

ʌʘʢʫʣʪʝʪ ʧʦ ʭʠʤʠʷ ʠ ʬʘʨʤʘʮʠʷ 

ʂʘʪʝʜʨʘ Ăʌʘʨʤʘʮʝʚʪʠʯʥʘ ʠ ʧʨʠʣʦʞʥʘ ʦʨʛʘʥʠʯʥʘ ʭʠʤʠʷñ 

 

ʊʝʦʨʝʪʠʯʥʦ ʠʟʩʣʝʜʚʘʥʝ ʥʘ ʤʝʭʘʥʠʟʤʘ ʥʘ ʪʝʨʘʧʝʚʪʠʯʥʦ 

ʜʝʡʩʪʚʠʝ ʥʘ ʘʙʠʦʛʝʥʥʠʷ ʤʝʪʘʣʝʥ ʢʘʪʠʦʥ ʛʘʣʠʡ (III)  

 

ʅʠʢʦʣʝʪʘ ʄʠʨʦʩʣʘʚʦʚʘ ʂʠʨʯʝʚʘ 

ɸɺʊʆʈɽʌɽʈɸʊ 

ʅʘ ʜʠʩʝʨʪʘʮʠʷ, ʧʨʝʜʩʪʘʚʝʥʘ ʟʘ ʧʨʠʩʲʞʜʘʥʝ ʥʘ ʦʙʨʘʟʦʚʘʪʝʣʥʘ ʠ ʥʘʫʯʥʘ 

ʩʪʝʧʝʥ Ăɼʦʢʪʦʨñ ʧʦ ʧʨʦʬʝʩʠʦʥʘʣʥʦ ʥʘʧʨʘʚʣʝʥʠʝ 4.2. ʍʠʤʠʯʝʩʢʠ ʥʘʫʢʠ 

(ʊʝʦʨʝʪʠʯʥʘ ʭʠʤʠʷ) 

 

ʅʘʫʯʝʥ ʨʲʢʦʚʦʜʠʪʝʣ: ʧʨʦʬ. ʜʭʥ ʊʦʜʦʨ ʄʠʥʢʦʚ ɼʫʜʝʚ 

ʅʘʫʯʥʦ ʞʫʨʠ: 

˽ͪͦͺΦ ͒ͻͤ ́ͦ͒ͦͪ ˸͙͍ͤͦ͟ ˨͔͍ͯ͒ 

˽ͪͦͺΦ ͒ͻͤ ˣ͙ͦͪͫ ˿͙͔͍ͣͦͤͦ ˥Ά͡Ά͍͋ͦ 

˨ͦͼΦ ͒-ͪ ˮ͍͚͊͊͡ ˹͔͒Ύ͍ͦ͊͟͡ ˽͊ͤ;͔͍͊-˴͔͍͊͒ͪ͊ 

˽ͪͦͺΦ ͒-ͪ ˹͙͚ͦ͊͟͡ ˥͔͎͙͔͍ͦͪ ˤ͙͔͍͊ͫ͡ 

˨ͦͼΦ ͒-ͪ ˮ͍͔͙ͤ͊͡ ˸͙ͪ;͔͍͊ ˥͔͎͙͔͍ͦͪ͊ 
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ʋʚʦʜ 
 ɻʘʣʠʷʪ ʝ ʝʣʝʤʝʥʪ ʦʪ ʪʨʠʥʘʜʝʩʝʪʘ (IIIɸ) ʛʨʫʧʘ ʥʘ ʧʝʨʠʦʜʠʯʥʘʪʘ ʩʠʩʪʝʤʘ. ɺʲʧʨʝʢʠ 

ʯʝ ʪʦʡ ʥʷʤʘ ʧʦʟʥʘʪʠ ʬʠʟʠʦʣʦʛʠʯʥʠ ʬʫʥʢʮʠʠ ʚ ʯʦʚʝʰʢʦʪʦ ʪʷʣʦ, ʦʧʨʝʜʝʣʝʥʠ ʥʝʛʦʚʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʫ ʧʦʟʚʦʣʷʚʘʪ ʜʘ ʩʝ ʚʢʣʶʯʚʘ ʚ ʢʣʝʪʲʯʥʠʪʝ ʧʨʦʮʝʩʠ ʠ ʜʘ ʚʟʘʠʤʦʜʝʡʩʪʚʘ ʩ 

ʥʷʢʦʠ ʙʠʦʣʦʛʠʯʥʦ ʘʢʪʠʚʥʠ ʧʨʦʪʝʠʥʠ, ʦʩʦʙʝʥʦ ʩ ʦʥʝʟʠ, ʢʦʠʪʦ ʫʯʘʩʪʚʘʪ ʚ ʤʝʪʘʙʦʣʠʟʤʘ ʥʘ 

ʞʝʣʷʟʦʪʦ. ʊʦʚʘ ʝ ʜʦʚʝʣʦ ʜʦ ʨʘʟʨʘʙʦʪʚʘʥʝʪʦ ʥʘ ʥʷʢʦʣʢʦ ʛʘʣʠʝʚʠ ʩʲʝʜʠʥʝʥʠʷ ʢʘʪʦ 

ʜʠʘʛʥʦʩʪʠʯʥʠ ʠ ʪʝʨʘʧʝʚʪʠʯʥʠ ʧʨʝʧʘʨʘʪʠ ʚ ʤʝʜʠʮʠʥʘʪʘ, ʥʘʡ-ʚʝʯʝ ʚ ʦʙʣʘʩʪʪʘ ʥʘ 

ʤʝʪʘʙʦʣʠʪʥʠʪʝ ʢʦʩʪʥʠ ʟʘʙʦʣʷʚʘʥʠʷ, ʨʘʢʘ ʠ ʟʘʨʘʟʥʠʪʝ ʙʦʣʝʩʪʠ. ʊʝʤʘʪʠʢʘʪʘ ʥʘ ʥʘʩʪʦʷʱʘʪʘ 

ʜʠʩʝʨʪʘʮʠʷ ʠʟʩʣʝʜʚʘ ʧʨʝʜʧʦʣʘʛʘʝʤʠʪʝ ʤʝʭʘʥʠʟʤʠ ʥʘ ʪʝʨʘʧʝʚʪʠʯʥʦ ʜʝʡʩʪʚʠʝ ʥʘ ʛʘʣʠʷ.  

 ʎʝʣ ʠ ʟʘʜʘʯʠ 
 ʆʩʥʦʚʥʘʪʘ ʮʝʣ ʥʘ ʥʘʩʪʦʷʱʠʷ ʜʠʩʝʨʪʘʮʠʦʥʝʥ ʪʨʫʜ ʝ ʜʘ ʘʥʘʣʠʟʠʨʘ ʜʝʪʘʡʣʥʦ 

ʠʟʢʘʟʘʥʠʪʝ ʚ ʣʠʪʝʨʘʪʫʨʘʪʘ ʪʚʲʨʜʝʥʠʷ, ʘ ʩʲʱʦ ʪʘʢʘ ʠ ʪʝʟʠ, ʬʦʨʤʫʣʠʨʘʥʠ ʦʪ ʥʘʩ, ʢʘʩʘʝʱʠ 

ʤʝʭʘʥʠʟʤʘ ʥʘ ʪʝʨʘʧʝʚʪʠʯʥʦ ʜʝʡʩʪʚʠʝ ʥʘ ʛʘʣʠʷ ʩ ʧʦʤʦʱʪʘ ʥʘ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʥʠ 

ʠʟʯʠʩʣʝʥʠʷ. ʂʨʘʡʲʛʲʣʥʠʷʪ ʢʘʤʲʢ, ʦʢʦʣʦ ʢʦʡʪʦ ʩʝ ʦʙʝʜʠʥʷʚʘ ʜʝʡʩʪʚʠʝʪʦ ʥʘ ʛʘʣʠʷ ʚ 

ʘʥʪʠʪʫʤʦʨʥʘʪʘ ʠ ʘʥʪʠʙʘʢʪʝʨʠʘʣʥʘʪʘ ʪʝʨʘʧʠʠ, ʝ Ăʛʣʘʜʲʪñ ʟʘ ʞʝʣʷʟʦ ʥʘ ʙʲʨʟʦʜʝʣʷʱʠʪʝ ʩʝ 

ʥʝʦʧʣʘʩʪʠʯʥʠ ʠ ʙʘʢʪʝʨʠʘʣʥʠ ʢʣʝʪʢʠ. ʉʧʦʜʝʣʷʡʢʠ ʛʦʣʷʤ ʙʨʦʡ ʬʠʟʠʢʦ-ʭʠʤʠʯʥʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩ ʬʝʨʠ ʡʦʥʘ (Fe3+), ʛʘʣʠʷʪ, ʠʤʠʪʠʨʘʡʢʠ ʥʘʪʠʚʥʠʷ ʢʦʬʘʢʪʦʨ, ʫʩʧʷʚʘ ʜʘ 

ʟʘʙʣʫʜʠ ʮʝʣʝʚʠʪʝ ʢʣʝʪʢʠ, ʟʘʩʷʛʘʡʢʠ ʩʝʣʝʢʪʠʚʥʦ ʪʝʭʥʠʷ ʤʝʪʘʙʦʣʠʟʲʤ. ʉʲʦʪʚʝʪʥʠʪʝ 

ʤʝʪʘʣʦʧʨʦʪʝʠʥʠ, ʩʚʨʲʭʝʢʩʧʨʝʩʠʨʘʥʠ ʚ ʟʘʩʝʛʥʘʪʠʪʝ ʪʲʢʘʥʠ, ʩʝ ʠʥʘʢʪʠʚʠʨʘʪ ʧʦʨʘʜʠ 

ʥʝʚʲʟʤʦʞʥʦʩʪʪʘ ʥʘ ʛʘʣʠʷ ʜʘ ʫʯʘʩʪʚʘ ʚ ʦʢʠʩʣʠʪʝʣʥʦ-ʨʝʜʫʢʮʠʦʥʥʠ ʧʨʦʮʝʩʠ, ʪʠʧʠʯʥʠ ʟʘ 

ʥʘʪʠʚʥʠʷ ʬʝʨʠ ʡʦʥ. ʊʦʚʘ ʧʦʚʜʠʛʘ ʠ ʚʲʧʨʦʩʠʪʝ ʟʘ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʬʘʢʪʦʨʠʪʝ, ʢʦʠʪʦ 

ʫʧʨʘʚʣʷʚʘʪ ʢʦʥʢʫʨʝʥʮʠʷʪʘ ʤʝʞʜʫ ʜʚʘʪʘ ʡʦʥʘ ʚ ʙʠʦʣʦʛʠʯʥʠʪʝ ʩʠʩʪʝʤʠ, ʢʘʢʪʦ ʠ ʟʘ 

ʧʨʦʩʣʝʜʷʚʘʥʝ ʥʘ ʙʠʦʭʠʤʠʯʥʠʪʝ ʧʲʪʠʱʘ, ʧʦ ʢʦʠʪʦ ʘʙʠʦʛʝʥʥʠʷʪ ʛʘʣʠʡ ʧʨʦʷʚʷʚʘ ʩʚʦʷ 

ʪʝʨʘʧʝʚʪʠʯʝʥ ʝʬʝʢʪ. ʉʣʝʜʦʚʘʪʝʣʥʦ, ʟʘ ʠʟʧʲʣʥʝʥʠʝʪʦ ʥʘ ʪʝʟʠ ʮʝʣʠ ʝ ʥʝʦʙʭʦʜʠʤʦ ʜʘ ʩʝ 

ʠʟʧʲʣʥʷʪ ʩʣʝʜʥʠʪʝ ʟʘʜʘʯʠ: 

ü ʇʦʜʨʦʙʥʦ ʧʨʦʫʯʚʘʥʝ ʥʘ ʥʘʣʠʯʥʠʪʝ ʚ ʣʠʪʝʨʘʪʫʨʘʪʘ ʜʘʥʥʠ ʟʘ ʧʨʝʜʧʦʣʘʛʘʝʤʠʪʝ 

ʤʝʭʘʥʠʟʤʠ ʥʘ ʜʝʡʩʪʚʠʝ ʥʘ ʛʘʣʠʷ. 

ü ʂʘʣʠʙʨʠʨʘʥʝ ʠ ʚʘʣʠʜʠʨʘʥʝ ʥʘ ʠʟʙʨʘʥʠʷ ʪʝʦʨʝʪʠʯʝʥ ʤʝʪʦʜ ʠ ʙʘʟʠʩ, ʩ ʢʦʡʪʦ ʜʘ 

ʙʲʜʘʪ ʦʮʝʥʝʥʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʚʩʷʢʘ ʝʜʥʘ ʛʨʫʧʘ ʤʦʜʝʣʥʠ 

ʨʝʘʢʮʠʠ, ʚ ʩʲʦʪʚʝʪʩʪʚʠʝ ʩ ʠʟʚʝʩʪʥʠ ʚ ʣʠʪʝʨʘʪʫʨʘʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʘʥʥʠ. 

ü ʄʦʜʝʣʠʨʘʥʝ ʥʘ ʩʲʦʪʚʝʪʥʠʪʝ ʨʝʘʢʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪ ʦʪ ʠʟʩʣʝʜʚʘʥʘʪʘ ʭʠʧʦʪʝʟʘ. 

ü ʆʙʦʙʱʝʥʠʝ ʠ ʠʥʪʝʨʧʨʝʪʠʨʘʥʝ ʥʘ ʧʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ. 
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ʈʝʟʫʣʪʘʪʠ ʠ ʦʙʩʲʞʜʘʥʝ 
 ɿʘ ʧʨʝʜʩʪʘʚʷʥʝʪʦ ʥʘ ʤʦʜʝʣʠʨʘʥʠʪʝ ʠ ʦʧʪʠʤʠʟʠʨʘʥʠ ʩʪʨʫʢʪʫʨʠ ʚ ʥʘʩʪʦʷʱʠ ̫

ʘʚʪʦʨʝʬʝʨʘʪ ʝ ʠʟʧʦʣʟʚʘʥʘ ʫʥʠʚʝʨʩʘʣʥʘ ʮʚʝʪʦʚʘ ʩʭʝʤʘ, ʧʨʝʜʩʪʘʚʝʥ ʥʘ ʌʠʛʫʨʘ 1:  

 

ʌʠʛʫʨʘ 1.  ʎʚʝʪʦʚʘ ʩʭʝʤʘ ʟʘ ʦʙʦʟʥʘʯʝʥʠʝ ʥʘ ʘʪʦʤʠʪʝ/ʡʦʥʠʪʝ ʚ ʥʘʩʪʦʷʱʠʷ ʘʚʪʦʨʝʬʝʨʘʪ. 

I. ɻʘʣʠʡ (III ) ʚ ʘʥʪʠʪʫʤʦʨʥʘʪʘ ʪʝʨʘʧʠʷ. 

1. ʀʟʩʣʝʜʚʘʥʝ ʢʦʥʢʫʨʝʥʮʠʷʪʘ Ga3+/ Fe3+.  

1.1. ʀʟʯʠʩʣʠʪʝʣʝʥ ʧʨʦʪʦʢʦʣ. 

ʆʩʥʦʚʥʘ ʤʦʜʝʣʥʘ  ʨʝʘʢʮʠʷ ʚ ʪʦʚʘ ʠʟʩʣʝʜʚʘʥʝ ʝ : 

[Ga3+ - aq] + [Fe3+ - protein] Ÿ [Ga3+ - protein] + [Fe3+ - aq] , ʨʝʘʢʮʠʷ (1) 

ʢʲʜʝʪʦ [M3+-aq] ʧʨʝʜʩʪʘʚʣʷʚʘ ʥʝʩʚʲʨʟʘʥʘʪʘ ʬʦʨʤʘ ʥʘ ʤʝʪʘʣʘ ʚ ʨʘʟʪʚʦʨʘ ʚ ʙʣʠʟʦʩʪ ʜʦ 

ʘʢʪʠʚʥʠʷ ʮʝʥʪʲʨ, ʜʦʢʘʪʦ [M 3+ - protein] ʝ ʤʝʪʘʣʥʠʷʪ ʡʦʥ, ʩʚʲʨʟʘʥ ʩ ʣʠʛʘʥʜʠʪʝ ʦʪ ʘʢʪʠʚʥʠʷ 

ʮʝʥʪʲʨ. ʉʚʦʙʦʜʥʘʪʘ ʝʥʝʨʛʠʷ ʟʘ ʡʦʥʥʘ ʦʙʤʷʥʘ ɝὋ) ʚ ʩʨʝʜʘ ʩ ʜʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ Ů 

ʤʦʞʝ ʜʘ ʩʝ ʧʨʝʜʩʪʘʚʠ ʢʘʪʦ ʩʫʤʘ ʦʪ ʝʣʝʢʪʨʦʥʥʠʪʝ (ȹG1) ʠ ʩʦʣʚʘʪʘʮʠʦʥʥʠ (ῳῳὋ ) 

ʝʬʝʢʪʠ: 

ɝὋ  ῳὋ  ῳῳὋ , (1) 

ʂʲʜʝʪʦ ῳὋʝ ʨʘʟʣʠʢʘʪʘ ʚ ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ ʥʘ ʧʨʦʜʫʢʪʠʪʝ ʠ ʨʝʘʛʝʥʪʠʪʝ ʚ ʛʘʟʦʚʘ ʬʘʟʘ 

ʟʘ ʨʝʘʢʮʠʷ (1): 

ɝὋ  В ῳὉ  ῳὉ  В ῳὉ  ῳὉ ὝВ ῳὛ 

В ῳὛ ῳὖὠ, (2) 

ʘ ῳῳὋ  ʝ ʨʘʟʣʠʢʘʪʘ ʚ ʩʦʣʚʘʪʘʮʠʦʥʥʠʪʝ ʩʚʦʙʦʜʥʠ ʝʥʝʨʛʠʠ ʥʘ ʧʨʦʜʫʢʪʠʪʝ ʠ ʨʝʘʛʝʥʪʠʪʝ: 

ῳῳὋ  В ῳὋ   В ῳὋ  , (3) 

ʇʦʣʦʞʠʪʝʣʥʘ ʩʪʦʡʥʦʩʪ ʥʘ ɝὋ  ʧʦʢʘʟʚʘ Fe3+ - ʩʝʣʝʢʪʠʚʝʥ, ʜʦʢʘʪʦ ʦʪʨʠʮʘʪʝʣʥʘ ʩʪʦʡʥʦʩʪ ï 

Ga3+ - ʩʝʣʝʢʪʠʚʝʥ ʤʝʪʘʣʝʥ ʮʝʥʪʲʨ. ʊʨʷʙʚʘ ʜʘ ʩʝ ʦʪʙʝʣʝʞʠ, ʯʝ ʮʝʣʪʘ ʥʘ ʠʟʩʣʝʜʚʘʥʝʪʦ ʥʝ ʝ 

ʚʲʟʧʨʦʠʟʚʝʞʜʘʥʝ ʥʘ ʪʦʯʥʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʘʥʥʠ, ʘ ʧʦ-ʩʢʦʨʦ ʫʩʪʘʥʦʚʷʚʘʥʝ ʥʘ 

ʪʝʥʜʝʥʮʠʠ/ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠ ʠʟʩʣʝʜʚʘʥʠʪʝ ʪʝʨʤʦʜʠʥʘʤʠʯʥʠ ʚʝʣʠʯʠʥʠ,  ʢʘʪʦ ʩʝ ʚʘʨʠʨʘʪ 
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ʧʘʨʘʤʝʪʨʠ ʢʘʪʦ ʢʦʤʧʦʟʠʮʠʷ ʥʘ ʘʢʪʠʚʥʠʷ ʮʝʥʪʲʨ, ʩʲʩʪʦʷʥʠʝ ʥʘ ʧʨʦʪʦʥʠʨʘʥʝ, ʪʠʧ ʥʘ 

ʣʠʛʘʥʜʠʪʝ ʠ ʝʢʩʧʦʟʠʮʠʷ ʢʲʤ ʨʘʟʪʚʦʨʠʪʝʣʷ.  

 ʀʟʯʠʩʣʝʥʠʷʪʘ ʩʘ ʥʘʧʨʘʚʝʥʠ ʩ ʧʨʦʛʨʘʤʥʠʷ ʧʘʢʝʪ Gaussian09 ʥʘ ʪʝʦʨʝʪʠʯʥʦ ʥʠʚʦ 

B3LYP/6-31+G(3d,p). ɿʘ ʚʩʷʢʘ ʩʪʨʫʢʪʫʨʘ ʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʥʘ ʚʠʙʨʘʮʠʦʥʥʠʪʝ ʯʝʩʪʦʪʠ: 

ʠʤʘʛʠʥʝʨʥʠ ʯʝʩʪʦʪʠ ʥʝ ʙʷʭʘ ʫʩʪʘʥʦʚʝʥʠ ʟʘ ʥʠʪʦ ʝʜʥʘ ʦʪ ʠʟʩʣʝʜʚʘʥʠʪʝ ʩʪʨʫʢʪʫʨʠ. 

ɺʣʠʷʥʠʝʪʦ ʥʘ ʜʠʝʣʝʢʪʨʠʯʥʘʪʘ ʩʨʝʜʘ ʚʲʨʭʫ ʪʝʨʤʦʜʠʥʘʤʠʢʘʪʘ ʥʘ ʠʟʩʣʝʜʚʘʥʠʪʝ ʧʨʦʮʝʩʠ 

ʙʝʰʝ ʦʮʝʥʝʥʦ ʩ ʧʦʤʦʱʪʘ ʥʘ PCM ʠʟʯʠʩʣʝʥʠʷ. ɼʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ Ů=4 (ʨʘʟʪʚʦʨʠʪʝʣ 

ʜʠʝʪʠʣʦʚ ʝʪʝʨ) ʠʤʠʪʠʨʘ ʩʨʝʜʘ ʥʘ ʘʢʪʠʚʝʥ ʮʝʥʪʲʨ, ʨʘʟʧʦʣʦʞʝʥ ʜʲʣʙʦʢʦ ʚ ʧʨʦʪʝʠʥʦʚʘʪʘ 

ʦʙʚʠʚʢʘ, ʜʦʢʘʪʦ Ů=32 (ʨʘʟʪʚʦʨʠʪʝʣ ʤʝʪʘʥʦʣ) ʥʘʧʦʜʦʙʷʚʘ ʮʝʥʪʲʨ, ʝʢʩʧʦʥʠʨʘʥ ʢʲʤ 

ʨʘʟʪʚʦʨʠʪʝʣʷ. 

1.2.  ʄʦʜʝʣʥʠ ʨʝʘʢʮʠʠ 

ü ʂʘʨʙʦʢʩʠʣʘʪʥʠ ʣʠʛʘʥʜʠ 

ʍʝʤ-ʥʝʩʲʜʲʨʞʘʱʠ ʞʝʣʝʟʥʠ ʮʝʥʪʨʦʚʝ ʚ ʧʨʦʪʝʠʥʠʪʝ, ʢʦʠʪʦ ʩʘ ʧʦʜʘʪʣʠʚʠ ʥʘ ʛʘʣʠʝʚʘ 

ʘʪʘʢʘ, ʢʘʪʦ ʪʝʟʠ ʚ ʪʨʘʥʩʬʝʨʠʥ ʠ ʈʅʈ, ʩʲʜʲʨʞʘʪ ʥʷʢʦʣʢʦ ʢʘʨʙʦʢʩʠʣʘʪʥʠ ʣʠʛʘʥʜʠ, 

ʧʨʦʠʟʣʠʟʘʱʠ ʦʪ ʩʪʨʘʥʠʯʥʠʪʝ ʚʝʨʠʛʠ ʥʘ ʘʩʧʘʨʪʘʪ ʠʣʠ ʛʣʫʪʘʤʘʪ [48], [109], [110]. ɺ 

ʩʲʦʪʚʝʪʩʪʚʠʝ ʩ ʪʦʚʘ ʙʷʭʘ ʤʦʜʝʣʠʨʘʥʠ ʤʝʪʘʣʥʠ ʮʝʥʪʨʦʚʝ ʩ CH3COOH/CH3COO- ʣʠʛʘʥʜʠ 

ʠ ʙʝʰʝ ʠʟʩʣʝʜʚʘʥʘ ʪʷʭʥʘʪʘ ʤʝʪʘʣʥʘ ʩʝʣʝʢʪʠʚʥʦʩʪ (ʌʠʛʫʨʠ 11 ʠ 12).  
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ʌʠʛʫʨʘ 2. B3LYP/6-31+G (3d, p) ʦʧʪʠʤʠʟʠʨʘʥʠ ʩʪʨʫʢʪʫʨʠ ʥʘ Fe3+ ʠ Ga3+ - ʡʦʥʠ, 

ʩʚʲʨʟʘʥʠ ʩ 5 ʚʦʜʠ ʠ ʝʜʠʥ ʘʮʝʪʘʪʝʥ ʣʠʛʘʥʜ a) ʧʨʠ pHå2, b) ʧʨʠ pHå5 ʠ c) ʧʨʠ pHå7. 

ʇʨʦʮʝʩʲʪ ʥʘ ʟʘʤʝʩʪʚʘʥʝ Ga3+ŸFe3+ ʝ ʜʦʤʠʥʠʨʘʥ ʦʪ ʨʝʘʢʮʠʦʥʥʘʪʘ ʝʥʪʘʣʧʠʷ, ʪʲʡ 

ʢʘʪʦ ʝʥʪʨʦʧʠʡʥʠʷʪ ʬʘʢʪʦʨ (TȹS) ʜʦʧʨʠʥʘʩʷ ʝʜʚʘ 1-2 kcal/mol ʢʲʤ ʮʷʣʘʪʘ ʩʚʦʙʦʜʥʘ 

ʝʥʝʨʛʠʷ. ʂʦʥʢʫʨʝʥʮʠʷʪʘ Ga3+/Fe3+ ʩʠʣʥʦ ʟʘʚʠʩʠ ʦʪ pH ʥʘ ʩʨʝʜʘʪʘ, ʪʲʡ ʢʘʪʦ ʪʦ ʚʣʠʷʝ ʚʲʨʭʫ 

ʩʪʝʧʝʥʪʘ ʥʘ ʧʨʦʪʦʥʠʨʘʥʝ ʥʘ ʤʝʪʘʣʦʩʚʲʨʟʘʥʠʪʝ ʚʦʜʥʠ ʤʦʣʝʢʫʣʠ. ʊʲʡ ʢʘʪʦ ʥʘʡ-ʥʠʩʢʠʪʝ 

ʩʪʦʡʥʦʩʪʠ ʥʘ pKa ʥʘ Ga3+ - ʠ Fe3+- ʭʠʜʨʘʪʠ ʩʘ ʩʲʦʪʚʝʪʥʦ 3.09 ʠ 2.68  ʥʘʧʲʣʥʦ ʧʨʦʪʦʥʠʨʘʥʘ 

ʭʠʜʨʘʪʘʮʠʦʥʥʘ ʩʬʝʨʘ ʥʘ ʜʚʘʪʘ ʤʝʪʘʣʘ ʤʦʞʝ ʜʘ ʩʲʱʝʩʪʚʫʚʘ ʧʨʠ pH Ò 2. ʇʨʠ ʪʦʚʘ 

ʢʠʩʝʣʠʥʥʦ pH ʢʘʨʙʦʢʩʠʣʘʪʥʠʪʝ ʣʠʛʘʥʜʠ ʩʲʱʦ ʩʘ ʧʨʦʪʦʥʠʨʘʥʠ. ʀʟʯʠʩʣʝʥʠʷʪʘ ʧʦʢʘʟʚʘʪ, 

ʯʝ ʧʨʠ pH å 2 ʟʘʤʝʩʪʚʘʥʝʪʦ ʥʘ ʥʘʪʠʚʥʠʷ ʩ ʘʙʠʦʛʝʥʝʥ ʤʝʪʘʣ ʚ ʘʢʪʠʚʥʠʷ ʮʝʥʪʲʨ, ʙʦʛʘʪ ʥʘ 

ʚʦʜʥʠ ʤʦʣʝʢʫʣʠ ʠ ʝʜʠʥ ʥʝʫʪʨʘʣʝʥ CH3COOH, ʝ ʪʝʨʤʦʜʠʥʘʤʠʯʥʦ ʠʟʛʦʜʥʦ ʚ ʨʘʤʢʠʪʝ ʥʘ 

ʠʟʩʣʝʜʚʘʥʠʪʝ ʜʠʝʣʝʢʪʨʠʯʥʠ ʢʦʥʩʪʘʥʪʠ (ʦʪʨʠʮʘʪʝʣʥʠ ʩʪʦʡʥʦʩʪʠ ʥʘ ȹGŮ; Ů = 1-32; ʌʠʛʫʨʘ 

2ʘ). ʇʦʚʠʰʘʚʘʥʝʪʦ ʥʘ pH ʥʘ ʩʨʝʜʘʪʘ, ʦʙʘʯʝ, ʧʨʦʤʝʥʷ ʪʝʥʜʝʥʮʠʷʪʘ, ʢʘʪʦ ʧʨʠ pHÓ5 

ʟʘʤʝʩʪʚʘʥʝʪʦ Ga3+ŸFe3+ ʠʟʛʣʝʞʜʘ ʥʝʧʨʘʚʜʦʧʦʜʦʙʥʦ, ʜʦʢʘʟʘʥʦ ʩ ʧʦʣʦʞʠʪʝʣʥʠʪʝ 

ʩʪʦʡʥʦʩʪʠ ʥʘ ȹG ʥʘ ʌʠʛʫʨʘ 2 b) ʠ c). ʂʦʣʢʦʪʦ ʧʦ-ʚʠʩʦʢʦ ʝ pH, ʪʦʣʢʦʚʘ ʧʦ-ʩʝʣʝʢʪʠʚʝʥ ʢʲʤ 

Fe3+ ʝ ʤʝʪʘʣʥʠʷʪ ʮʝʥʪʲʨ (ʧʦ-ʚʠʩʦʢʠ ʧʦ ʘʙʩʦʣʶʪʥʘ ʩʪʦʡʥʦʩʪ ʩʚʦʙʦʜʥʠ ʝʥʝʨʛʠʠ ʟʘ ʩʤʷʥʘ 

ʥʘ ʤʝʪʘʣʘ ʚʲʚ ʌʠʛʫʨʘ 2 ʩ) ʩʧʨʷʤʦ ʌʠʛʫʨʘ 2 b)). ʊʦʚʘ ʩʝ ʜʲʣʞʠ ʥʘʡ-ʚʝʯʝ ʥʘ ʧʦ-ʛʦʣʷʤʘʪʘ 

ʜʝʧʨʦʪʦʥʠʨʘʱʘ ʩʠʣʘ ʥʘ Ga3+ ʡʦʥ ʩʧʨʷʤʦ Fe3+, ʢʦʝʪʦ ʜʘʚʘ ʢʘʪʦ ʨʝʟʫʣʪʘʪ Ga3+ - ʩʲʜʲʨʞʘʱʠ 

ʢʦʤʧʣʝʢʩʠ ʩ ʧʦʚʝʯʝ ʦʪʨʠʮʘʪʝʣʥʦ ʟʘʨʝʜʝʥʠ HO- ʣʠʛʘʥʜʠ ʚ ʩʨʘʚʥʝʥʠʝ ʩ ʢʦʤʧʣʝʢʩʠʪʝ ʥʘ 

ʥʘʪʠʚʥʠʷ ʡʦʥ: pKa1 = 3.09, pKa2 = 3.55, pKa3 = 4.4 ʟʘ Ga3+ ʧʨʝʜʧʦʣʘʛʘ ʦʙʨʘʟʫʚʘʥʝʪʦ ʥʘ  

[Ga(OH)3(H2O)3]
0 ʧʨʠ pHå 5, ʜʦʢʘʪʦ pKa1 = 2.68, pKa1 = 3.73 ʠ pKa3 = 6.33 ʟʘ Fe3+ ʚʦʜʷʪ ʜʦ 

ʦʙʨʘʟʫʚʘʥʝʪʦ ʥʘ [Fe(OH)2(H2O)4]
+ ʢʦʤʧʣʝʢʩ ʧʨʠ ʩʲʱʦʪʦ pH. ʇʨʦʜʲʣʞʘʚʘʡʢʠ 

ʪʝʥʜʝʥʮʠʷʪʘ, pKa4 = 6.05 ʟʘ ʛʘʣʠʝʚʠʪʝ ʭʠʜʨʘʪʠ ʜʘʚʘ [Ga(OH)4(H2O)2]
- ʧʨʠ pHå7, ʘ ʧʦ-

ʚʠʩʦʢʘʪʘ pKa4 = 9.35 ʟʘ ʞʝʣʝʟʥʠʪʝ ʭʠʜʨʘʪʠ ʜʘʚʘ [Fe(OH)3(H2O)3]
0 ʧʨʠ ʬʠʟʠʦʣʦʛʠʯʥʠ 

ʫʩʣʦʚʠʷ. ʇʦ ʪʦʟʠ ʥʘʯʠʥ ʩ ʧʦʚʠʰʘʚʘʥʝʪʦ ʥʘ pH ʧʦʣʦʞʠʪʝʣʥʠʷʪ ʟʘʨʷʜ ʥʘ Ga3+ ʩʝ ʥʘʩʠʱʘ ʩ 

ʦʪʨʠʮʘʪʝʣʥʦ ʟʘʨʝʜʝʥʠ HO- ʣʠʛʘʥʜʠ ʚ ʧʦ-ʛʦʣʷʤʘ ʩʪʝʧʝʥ, ʦʪʢʦʣʢʦʪʦ Fe3+, ʢʘʪʦ ʪʦʚʘ ʚʦʜʠ ʜʦ 
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ʧʦ-ʩʣʘʙʦ ʠʟʨʘʟʝʥʦʪʦ ʧʨʝʜʧʦʯʠʪʘʥʠʝ ʥʘ Ga3+ ʢʲʤ ʠʜʚʘʱʠʷ ʦʪʥʦʚʦ ʦʪʨʠʮʘʪʝʣʝʥ ʘʮʝʪʘʪʝʥ 

ʡʦʥ CH3COO- (ʦʮʝʪʥʘʪʘ ʢʠʩʝʣʠʥʘ ʩ pKa = 4.8 ʝ ʡʦʥʠʟʠʨʘʥʘ ʧʨʠ pH Ó 5) ʚ ʩʨʘʚʥʝʥʠʝ ʩ 

ʬʝʨʠ-ʡʦʥʘ. ʊʦʟʠ ʝʬʝʢʪ ʝ ʧʦ-ʩʠʣʥʦ ʠʟʨʘʟʝʥ ʧʨʠ pH å 7, ʦʪʢʦʣʢʦʪʦ ʧʨʠ pH å 5, ʪʲʡ ʢʘʪʦ 

ʥʘʩʠʱʘʥʝʪʦ ʩʲʩ ʟʘʨʷʜ ʧʨʠ ʧʦ-ʚʠʩʦʢʦ pH ʝ ʧʦ-ʩʠʣʥʦ ʠʟʨʘʟʝʥʦ. 

ɼʘʣʠ ʠ ʜʦ ʢʘʢʚʘ ʩʪʝʧʝʥ ʧʦʚʠʰʘʚʘʥʝʪʦ ʥʘ ʙʨʦʷ ʥʘ ʢʘʨʙʦʢʩʠʣʘʪʥʠʪʝ ʣʠʛʘʥʜʠ ʚ 

ʩʚʲʨʟʚʘʱʠʷ ʮʝʥʪʲʨ ʚʣʠʷʝ ʚʲʨʭʫ ʪʝʨʤʦʜʠʥʘʤʠʢʘʪʘ ʥʘ ʦʙʤʝʥʘ  Ga3+ŸFe3+? ʆʪʛʦʚʦʨ ʥʘ 

ʪʦʟʠ ʚʲʧʨʦʩ ʤʦʞʝ ʜʘ ʩʝ ʜʘʜʝ ʩ ʤʦʜʝʣʠʨʘʥʝʪʦ ʥʘ ʢʦʤʧʣʝʢʩʠ ʩ ʝʜʠʥ, ʜʚʘ, ʪʨʠ ʠ ʯʝʪʠʨʠ 

CH3COO- ʣʠʛʘʥʜʘ ʠ ʧʨʦʩʣʝʜʷʚʘʥʝʪʦ ʥʘ ʢʦʥʢʫʨʝʥʮʠʷʪʘ ʤʝʞʜʫ ʜʚʘʪʘ ʡʦʥʘ ʚ 

ʟʘʦʙʠʢʘʣʷʱʘʪʘ ʩʨʝʜʘ. ʈʝʟʫʣʪʘʪʠʪʝ ʩʘ ʦʙʦʙʱʝʥʠ ʥʘ ʌʠʛʫʨʘ 3. 
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ʌʠʛʫʨʘ 3. B3LYP/6-31+G (3d, p) ʦʧʪʠʤʠʟʠʨʘʥʠ ʩʪʨʫʢʪʫʨʠ ʥʘ Fe3+ ʠ Ga3+ ʡʦʥʠ, 

ʩʚʲʨʟʘʥʠ ʢʲʤ a) ʝʜʠʥ, b) ʜʚʘ, c) ʪʨʠ, d) ʯʝʪʠʨʠ ʢʘʨʙʦʢʩʠʣʘʪʥʠ ʣʠʛʘʥʜʘ ʧʨʠ pH å 7. 

ʇʨʝʜʩʪʘʚʝʥʠʪʝ ʜʘʥʥʠ ʜʝʤʦʥʩʪʨʠʨʘʪ, ʯʝ ʩʚʲʨʟʚʘʱʠ ʮʝʥʪʨʦʚʝ ʩ ʝʜʠʥ ʠʣʠ ʜʚʘ 

ʘʮʝʪʘʪʥʠ ʘʤʠʥʦ-ʢʠʩʝʣʠʥʥʠ ʦʩʪʘʪʲʢʘ ʩʘ ʩʠʣʥʦ ʩʝʣʝʢʪʠʚʥʠ ʧʦ ʦʪʥʦʰʝʥʠʝ ʥʘ Fe3+ ʡʦʥʠʪʝ ʠ 

ʩʠʣʥʦ ʚʲʟʧʨʝʧʷʪʩʪʚʘʪ Ga3+ŸFe3+ ʟʘʤʝʩʪʚʘʥʝ (ʩʠʣʥʦ ʧʦʣʦʞʠʪʝʣʥʠ ʩʪʦʡʥʦʩʪʠ ʟʘ ȹG ʟʘ 

ʤʝʪʘʣʥʘ ʦʙʤʷʥʘ ʚʲʚ ʌʠʛʫʨʘ 3 a) ʠ b)). ɾʝʣʝʟʥʠ ʮʝʥʪʨʦʚʝ ʩ ʜʚʘ ʢʘʨʙʦʢʩʠʣʘʪʥʠ ʦʩʪʘʪʲʢʘ 

ʩʘ ʧʦ-ʜʦʙʨʝ ʟʘʱʠʪʝʥʠ ʦʪ ʘʪʘʢʘʪʘ ʥʘ ʘʙʠʦʛʝʥʥʠʷ ʛʘʣʠʡ, ʦʪʢʦʣʢʦʪʦ ʦʥʝʟʠ, ʩʲʜʲʨʞʘʱʠ ʩʘʤʦ 

ʝʜʠʥ ʢʘʨʙʦʢʩʠʣʘʪ (ʧʦ-ʚʠʩʦʢʘ ʧʦʣʦʞʠʪʝʣʥʘ ʩʪʦʡʥʦʩʪ ʥʘ ʩʚʦʙʦʜʥʘʪʘ ʝʥʝʨʛʠʷ ʥʘ ʌʠʛʫʨʘ 3 

b) ʚ ʩʨʘʚʥʝʥʠʝ ʩ ʌʠʛʫʨʘ 3 a)). ʀ ʚ ʜʚʘʪʘ ʩʣʫʯʘʷ ʧʦ-ʩʠʣʥʦ ʦʪʨʠʮʘʪʝʣʥʠʷʪ ʟʘʨʷʜ ʥʘ Ga3+ - 

ʢʦʢʧʣʝʢʩʠ ʚ ʩʨʘʚʥʝʥʠʝ ʩ ʪʝʟʠ ʥʘ Fe3+ ʩʪʨʫʢʪʫʨʠ (-2 ʩʨʝʱʫ -1 ʥʘ ʌʠʛʫʨʘ 3 a), ʢʘʢʪʦ ʠ -3 

ʩʨʝʱʫ -2 ʥʘ ʌʠʛʫʨʘ 3 b)) ʧʨʘʚʠ ʧʲʨʚʠʷʪ ʧʦ-ʥʝʩʪʘʙʠʣʝʥ, ʦʪʢʦʣʢʦʪʦ ʚʪʦʨʠʷ, ʢʦʝʪʦ ʧʨʘʚʠ  

Ga3+ŸFe3+ ʟʘʤʷʥʘʪʘ ʥʝʠʟʛʦʜʥʘ. ʅʘʨʘʩʪʚʘʥʝʪʦ ʥʘ ʙʨʦʷ ʥʘ ʢʘʨʙʦʢʩʠʣʘʪʥʠʪʝ ʣʠʛʘʥʜʠ ʥʘʜ 

ʜʚʘ, ʦʙʘʯʝ, ʦʙʨʲʱʘ ʪʝʥʜʝʥʮʠʷʪʘ ʠ ʧʨʘʚʠ ʤʝʪʘʣʥʠʪʝ ʮʝʥʪʨʦʚʝ ʧʦ-ʤʘʣʢʦ ʞʝʣʷʟʦ/ʧʦʚʝʯʝ 

ʛʘʣʠʡ-ʩʝʣʝʢʪʠʚʥʠ: ʜʦʢʘʪʦ ȹG4/ȹG32 ʟʘ ʧʲʨʚʠʪʝ ʜʚʝ ʨʝʘʢʮʠʠ ʩʘ ʩʠʣʥʦ ʧʦʣʦʞʠʪʝʣʥʠ (34/17 

ʠ 55/20 kcal/mol, ʩʲʦʪʚʝʪʥʦ; ʌʠʛʫʨʘ 3a) ʠ b)), ʪʝ ʩʲʱʝʩʪʚʝʥʦ ʩʝ ʧʦʥʠʞʘʚʘʪ ʟʘ ʧʦʩʣʝʜʥʠʪʝ 

ʜʚʝ ʨʝʘʢʮʠʠ, ʢʘʪʦ ʜʦʩʪʠʛʘʪ 5/-8 ʠ 1/-7 kcal/mol, ʩ̡ ʦʪʚʝʪʥʦ (ʌʠʛʫʨʘ 3c) ʠ 3d)). ʊʨʷʙʚʘ ʜʘ 

ʩʝ ʦʪʙʝʣʝʞʠ, ʯʝ ʟʘ ʨʘʟʣʠʢʘ ʦʪ ʧʲʨʚʠʪʝ ʜʚʝ ʨʝʘʢʮʠʠ ʚʲʚ ʌʠʛʫʨʘ 3, ʮʷʣʦʩʪʥʠʪʝ ʟʘʨʷʜʠ ʥʘ 

ʤʝʪʘʣ-ʢʘʨʙʦʢʩʠʣʘʪʥʠʪʝ ʢʦʤʧʣʝʢʩʠ, ʫʯʘʩʪʚʘʱʠ ʚ ʧʦʩʣʝʜʥʠʪʝ ʜʚʝ ʨʝʘʢʮʠʠ (ʌʠʛʫʨʘ 3 c) ʠ 

3 d)), ʩʘ ʝʜʥʘʢʚʠ: -3. ʊʦʚʘ ʧʦʩʪʘʚʷ Ga3+ ʥʘ ʝʜʥʘʢʚʘ ʦʩʥʦʚʘ ʩ ʢʦʥʢʫʨʝʥʪʥʠʷ Fe3+ ʡʦʥ, ʢʘʪʦ 

ʧʦ ʪʦʟʠ ʥʘʯʠʥ ʩʝ ʧʦʚʠʰʘʚʘ ʢʦʥʢʫʨʝʥʪʥʦʩʧʦʩʙʥʦʩʪʪʘ ʥʘ ʧʲʨʚʠʷ. ʆʪʨʠʮʘʪʝʣʥʠʪʝ 

ʩʪʦʡʥʦʩʪʠ, ʠʟʯʠʩʣʝʥʠ ʟʘ ȹG32, ʧʨʝʜʧʦʣʘʛʘʪ, ʯʝ ʩʨʘʚʥʠʪʝʣʥʦ ʝʢʩʧʦʥʠʨʘʥʠ ʢʲʤ 

ʨʘʟʪʚʦʨʠʪʝʣʷ ʘʢʪʠʚʥʠ ʮʝʥʪʨʦʚʝ, ʩʲʜʲʨʞʘʱʠ ʥʷʢʦʣʢʦ Asp/Glu ʘʤʠʥʦ-ʢʠʩʝʣʠʥʥʠ 

ʦʩʪʘʪʲʮʠ, ʩʘ ʩʝʣʝʢʪʠʚʥʠ ʟʘ Ga3+.  

ʇʦʢʘʟʘʥʠʪʝ ʥʘ ʌʠʛʫʨʘ 3 ʨʝʟʫʣʪʘʪʠ (ʢʘʢʪʦ ʠ ʪʝʟʠ ʦʪ ʩʣʝʜʚʘʱʠʪʝ ʌʠʛʫʨʠ 4 ʠ 5) 

ʜʝʤʦʥʩʪʨʠʨʘʪ, ʯʝ ʝʣʝʢʪʨʦʥʥʠʪʝ ʝʬʝʢʪʠ ʩʘ ʪʝʟʠ, ʢʦʠʪʦ ʥʘʩʦʯʚʘʪ ʦʙʤʝʥʥʘʪʘ ʨʝʘʢʮʠʷ ʚ 
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ʧʦʣʟʘ ʥʘ ʬʝʨʠ-ʡʦʥʘ (ʧʦʣʦʞʠʪʝʣʥʠ ʩʚʦʙʦʜʥʠ ʝʥʝʨʛʠʠ ʚ ʛʘʟʦʚʘ ʬʘʟʘ), ʜʦʢʘʪʦ 

ʩʦʣʚʘʪʘʮʠʦʥʥʠʪʝ ʝʬʝʢʪʠ ʩʘ ʪʝʟʠ, ʢʦʠʪʦ ʥʘʢʣʘʥʷʪ ʚʝʟʥʠʪʝ ʚ ʧʦʣʟʘ ʥʘ ʘʙʠʦʛʝʥʥʠʷ ʛʘʣʠʡ 

(ʧʦ-ʩʣʘʙʦ ʧʦʣʦʞʠʪʝʣʥʠ ʠʣʠ ʜʦʨʠ ʦʪʨʠʮʘʪʝʣʥʠ ȹG4/ȹG32 ʩʪʦʡʥʦʩʪʠ). ʂʘʪʦ ʮʷʣʦ,  

ʝʢʩʧʦʥʠʨʘʥʝʪʦ ʚ ʧʦ-ʛʦʣʷʤʘ ʩʪʝʧʝʥ ʥʘ ʘʢʪʠʚʥʠʷ ʮʝʥʪʲʨ ʢʲʤ ʨʘʟʪʚʦʨʠʪʝʣʷ ʧʦʚʠʰʘʚʘ 

ʢʦʥʢʫʨʝʥʪʥʦʩʧʦʩʦʙʥʦʩʪʪʘ ʥʘ Ga3+, ʪʲʡ ʢʘʪʦ ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ ʟʘ Ga3+ŸFe3+ ʟʘʤʷʥʘʪʘ 

ʥʘʤʘʣʷʚʘʪ ʩ ʫʚʝʣʠʯʘʚʘʥʝʪʦ ʩʪʦʡʥʦʩʪʪʘ ʥʘ ʜʠʝʣʝʢʪʨʠʯʥʘʪʘ ʢʦʥʩʪʘʥʪʘ (ʌʠʛʫʨʘ 3). ʊʘʟʠ 

ʪʝʥʜʝʥʮʠʷ ʟʘ ʨʝʘʢʮʠʠʪʝ ʦʪ 3 a) ʠ 3 b) ʩʝ ʜʲʣʞʠ ʥʘʡ-ʚʝʯʝ ʥʘ ʧʦ-ʙʣʘʛʦʧʨʠʷʪʥʘʪʘ ʩʦʣʚʘʪʘʮʠʷ 

ʥʘ ʛʘʣʠʡ-ʘʮʝʪʘʪʥʠʪʝ ʢʦʤʧʣʝʢʩʠ, ʦʪʥʝʩʝʥʠ ʩʧʨʷʤʦ ʩʲʦʪʚʝʪʥʠʪʝ ʞʝʣʷʟʦ-ʩʲʜʲʨʞʘʱʠʪʝ 

ʢʦʤʧʣʝʢʩʠ, ʢʦʷʪʦ ʩʝ ʫʚʝʣʠʯʘʚʘ ʩ ʫʚʝʣʠʯʘʚʘʥʝ ʥʘ Ů: ʨʘʟʣʠʢʠʪʝ ʚ ʩʦʣʚʘʪʘʮʠʦʥʥʠʪʝ ʝʥʝʨʛʠʠ 

ʤʝʞʜʫ ʜʠʘʥʠʦʥʥʠʷ [Ga(OH)4(H2O)(CH3COO-)]2- ʠ ʤʦʥʦʘʥʠʦʥʥʠʷ 

[Fe(OH)3(H2O)2(CH3COO-)]- (ʌʠʛʫʨʘ 3 ʘ) ʧʨʠ Ů=4 ʝ -96.9kcal/mol, ʜʦʢʘʪʦ ʧʨʠ Ů=32 ʝ -123.4 

kcal/mol. ʇʦ ʩʲʱʠʷ ʥʘʯʠʥ, ʨʘʟʣʠʢʠʪʝ ʧʨʠ Ů=4 ʠ 32 ʤʝʞʜʫ ʪʨʠʘʥʠʦʥʥʠʷ 

[Ga(OH)4(CH3COO-)2]
3- ʠ ʜʠʘʥʠʦʥʥʠʷ [Fe(OH)3(H2O)(CH3COO-)2]

2- (ʌʠʛʫʨʘ 3 b)) ʩʘ 

ʩʲʦʪʚʝʪʥʦ -158.3 ʠ -203.1 kcal/mol. ɿʘ ʨʝʘʢʮʠʠ 3 c) ʠ 3 d) ʙʣʘʛʦʧʨʠʷʪʥʘʪʘ ʩʦʣʚʘʪʘʮʠʷ ʥʘ 

ʦʩʚʦʙʘʞʜʘʚʘʱʠʷ ʩʝ HO- ʜʦʧʨʠʥʘʩʷ ʟʘ ʧʦʥʠʞʘʚʘʥʝ ʥʘ ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ ʥʘ ʤʝʪʘʣʝʥ 

ʦʙʤʝʥ ʚ ʘʢʪʠʚʥʠ ʮʝʥʪʨʦʚʝ ʩ ʧʦ-ʚʠʩʦʢʘ ʜʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ. 

ü ʌʝʥʦʣʘʪʥʠ ʣʠʛʘʥʜʠ 

ʂʦʥʢʫʨʝʥʮʠʷʪʘ ʤʝʞʜʫ ʠʟʩʣʝʜʚʘʥʠʪʝ ʤʝʪʘʣʥʠ ʡʦʥʠ ʚ ʩʚʲʨʟʚʘʱʠ ʮʝʥʪʨʦʚʝ, 

ʠʟʛʨʘʜʝʥʠ ʦʪ H2O/HO- ʠ ʬʝʥʦʣʘʪ, C6H5O
- (ʤʦʜʝʣ ʟʘ ʡʦʥʠʟʠʨʘʥ Tyr ʚ ʩʪʨʘʥʠʯʥʘʪʘ ʚʝʨʠʛʘ), 

ʝ ʧʨʝʜʩʪʘʚʝʥʘ ʥʘ ʌʠʛʫʨʘ 4.  

 

ʌʠʛʫʨʘ 4. B3LYP/6-31+G (3d, p) ʦʧʪʠʤʠʟʠʨʘʥʠ ʩʪʨʫʢʪʫʨʠ ʥʘ Fe3+ ʠ Ga3+ ʡʦʥʠ, 

ʩʚʲʨʟʘʥʠ ʩ ʝʜʠʥ ʬʝʥʦʣʘʪ ʧʨʠ pHå7. 

ʅʝʩʚʲʨʟʘʥʠʷʪ ʪʠʨʦʟʠʥ ʩʝ ʭʘʨʘʢʪʝʨʠʟʠʨʘ ʩ pKa ʩʪʦʡʥʦʩʪ ʦʪ 10. ʇʨʠ ʩʚʲʨʟʚʘʥʝʪʦ ʩ 

ʪʨʠʚʘʣʝʥʪʝʥ ʤʝʪʘʣʝʥ ʢʘʪʠʦʥ, ʦʙʘʯʝ, ʢʘʢʲʚʪʦ ʝ ʩʣʫʯʘʷʪ ʥʘ holo-Tf, pKa ʩʪʦʡʥʦʩʪʪʘ ʩʝ 
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ʧʦʥʠʞʘʚʘ ʠ Tyr ʩʝ ʢʦʦʨʜʠʥʠʨʘ ʢʲʤ ʤʝʪʘʣʘ ʚ ʜʝʧʨʦʪʦʥʠʨʘʥʘʪʘ ʩʠ ʬʦʨʤʘ ʢʘʪʦ ʬʝʥʦʣʘʪ. 

ɼʘʥʥʠʪʝ ʦʪ ʌʠʛʫʨʘ 4 ʧʦʢʘʟʚʘʪ, ʯʝ ʤʦʥʦʷʜʨʝʥʠ ʤʝʪʘʣʥʠ ʩʘʡʪʦʚʝ, ʩʲʜʲʨʞʘʱʠ ʬʝʥʦʣʘʪʝʥ 

ʣʠʛʘʥʜ, ʩʘ ʩʝʣʝʢʪʠʚʥʠ ʧʦ ʦʪʥʦʰʝʥʠʝ ʥʘ Fe3+ ʡʦʥʠ (ʧʦʣʦʞʠʪʝʣʥʠ ȹG, ʥʝʟʘʚʠʩʠʤʦ ʦʪ 

ʩʪʦʡʥʦʩʪʠʪʝ ʥʘ Ů) ʠ ʜʦʙʨʝ ʟʘʱʠʪʝʥʠ ʦʪ Ga3+ ʘʪʘʢʘ. ʀʥʪʝʨʝʩʥʦ ʝ, ʯʝ ʯʠʩʣʘʪʘ ʚʲʚ ʌʠʛʫʨʘ 4 

(ȹG1/ ȹG4/ ȹG32 = 87/29/12 kcal/mol; C6H5O
- ʣʠʛʘʥʜ) ʩʘ ʧʦʜʦʙʥʠ ʥʘ ʪʝʟʠ ʦʪ ʌʠʛʫʨʘ 2c)/3 

a) (ȹG1/ ȹG4/ ȹG32 = 96/34/17 kcal/mol; CH3COO- ʣʠʛʘʥʜ), ʢʦʝʪʦ ʧʨʝʜʧʦʣʘʛʘ, ʯʝ ʟʘʨʷʜʲʪ 

ʥʘ ʣʠʛʘʥʜʘ ʠʤʘ ʧʦ-ʛʦʣʷʤʦ ʚʣʠʷʥʠʝ ʚʲʨʭʫ ʩʝʣʝʢʪʠʚʥʦʩʪʪʘ ʥʘ ʩʚʲʨʟʚʘʱʠʷ ʩʘʡʪ, ʦʪʢʦʣʢʦʪʦ 

ʭʠʤʠʯʝʩʢʘʪʘ ʤʫ ʩʪʨʫʢʪʫʨʘ 

ü ʀʤʠʜʘʟʦʣʦʚʠ ʣʠʛʘʥʜʠ 

 

 

ʌʠʛʫʨʘ 5.  B3LYP/6-31+G (3d, p) ʦʧʪʠʤʠʟʠʨʘʥʠ ʩʪʨʫʢʪʫʨʠ ʥʘ Fe3+ ʠ Ga3+ ʡʦʥʠ, 

ʩʚʲʨʟʘʥʠ ʩ ʘ) ʝʜʠʥ ʠ b) ʜʚʘ ʠʤʠʜʘʟʦʣʘ ʧʨʠ pHå7. 

ʉʝʣʝʢʪʠʚʥʦʩʪʪʘ ʥʘ ʩʚʲʨʟʚʘʱʠ ʮʝʥʪʨʦʚʝ, ʠʟʛʨʘʜʝʥʠ ʦʪ ʥʝʫʪʨʘʣʥʠ ʠʤʠʜʘʟʦʣʦʚʠ 

ʣʠʛʘʥʜʠ (ʤʦʜʝʣʠ ʟʘ His-ʩʲʜʲʨʞʘʱʠ ʩʪʨʘʥʠʯʥʠ ʚʝʨʠʛʠ), ʝ ʠʟʩʣʝʜʚʘʥʘ ʠ ʧʨʝʜʩʪʘʚʝʥʘ ʥʘ 

ʌʠʛʫʨʘ 5 ʘ) ʠ b). ʀʤʠʜʘʟʦʣʦʚʠʷʪ ʧʨʲʩʪʝʥ ʦʪ His-ʩʪʨʘʥʠʯʥʘ ʚʝʨʠʛʘ ʠʤʘ pKa ~6 ʠ ʝ 

ʦʙʠʢʥʦʚʝʥʦ ʥʝʟʘʨʝʜʝʥ ʧʨʠ ʬʠʟʠʦʣʦʛʠʯʥʦ pH. ʅʝʫʪʨʘʣʥʠʪʝ ʠʤʠʜʘʟʦʣʠ, ʟʘ ʨʘʟʣʠʢʘ ʦʪ 

ʟʘʨʝʜʝʥʠʪʝ ʣʠʛʘʥʜʠ, ʙʣʘʛʦʧʨʠʷʪʩʪʚʘʪ Ga3+ŸFe3+ ʟʘʤʷʥʘʪʘ, ʪʲʡ ʢʘʪʦ ʩʲʦʪʚʝʪʥʠʪʝ ȹG 

ʩʪʦʡʥʦʩʪʠ ʩʘ ʦʪʨʠʮʘʪʝʣʥʠ ʠʣʠ ʧʦ-ʩʣʘʙʦ ʧʦʣʦʞʠʪʝʣʥʠ ʚ ʩʨʘʚʥʝʥʠʝ ʩʲʩ ʩʲʦʪʚʝʪʥʠʪʝ ʠʤ 
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ʢʘʨʙʦʢʩʠʣʘʪ/ʬʝʥʦʣʘʪ-ʩʲʜʲʨʞʘʱʠ ʢʦʤʧʣʝʢʩʠ (ʩʨʘʚʥʠ ʌʠʛ.5a) ʠ b), ʩ 2c)/3a), b) ʠ 4). 

ʋʚʝʣʠʯʘʚʘʥʝʪʦ ʥʘ ʙʨʦʷ ʥʘ His- ʦʩʪʘʪʲʮʠ ʚ ʩʚʲʨʟʚʘʱʠʷ ʜʞʦʙ ʧʦʚʠʰʘʚʘ ʩʝʣʝʢʪʠʚʥʦʩʪʪʘ 

ʢʲʤ ʚʲʥʰʥʠʷ Ga3+ ʡʦʥ (ʧʦ-ʥʠʩʢʘ  ȹG ʩʪʦʡʥʦʩʪ ʚʲʚ ʌʠʛʫʨʘ 5b) ʚ ʩʨʘʚʥʝʥʠʝ ʩ ʌʠʛʫʨʘ 5 

a)). ʋʚʝʣʠʯʘʚʘʥʝʪʦ ʥʘ ʝʢʩʧʦʥʠʨʘʥʦʩʪʪʘ ʢʲʤ ʨʘʟʪʚʦʨʠʪʝʣʷ ʩʲʱʦ ʩʧʦʤʘʛʘ ʟʘ 

ʢʦʥʢʫʨʝʥʪʥʦʩʧʦʩʦʙʥʦʩʪʪʘ ʥʘ ʘʙʠʦʛʝʥʥʠʷ ʡʦʥ, ʜʦʢʘʟʘʥʦ ʩ ʧʦ-ʥʠʩʢʘʪʘ ȹG32 ʩʪʦʡʥʦʩʪ 

ʩʧʨʷʤʦ ȹG4 ʚʲʚ ʌʠʛʫʨʘ 5 a) ʠ b).  

1.3. ʂʦʥʢʫʨʝʥʮʠʷ Ga3+/ Fe3+ʟʘ ʩʚʲʨʟʚʘʥʝ ʩ ʪʨʘʥʩʬʝʨʠʥ. 

ʉʣʝʜʚʘʡʢʠ ʥʘʣʠʯʥʠʪʝ ʚ ʣʠʪʝʨʘʪʫʨʘʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʘʥʥʠ, ʙʝʰʝ ʤʦʜʝʣʠʨʘʥ 

ʩʚʲʨʟʚʘʱʠʷ ʮʝʥʪʲʨ ʥʘ ʪʨʘʥʩʬʝʨʠʥ, ʦʢʫʧʠʨʘʥ ʦʪ Ga3+ ʠ Fe3+ ʡʦʥʠ. ʆʧʪʠʤʠʟʠʨʘʥʠʪʝ 

ʩʪʨʫʢʪʫʨʠ, ʢʘʢʪʦ ʠ ʨʝʟʫʣʪʘʪʠʪʝ ʟʘ ȹGŮ,  ʩʘ ʧʨʝʜʩʪʘʚʝʥʠ ʥʘ ʌʠʛʫʨʘ 6. 

 

ʌʠʛʫʨʘ 6. B3LYP/6-31+G (3d, p) ʦʧʪʠʤʠʟʠʨʘʥʠ ʩʪʨʫʢʪʫʨʠ ʥʘ Fe3+ ʠ Ga3+ ʡʦʥʠ, 

ʩʚʲʨʟʘʥʠ ʩ ʤʦʜʝʣ ʥʘ ʪʨʘʥʩʬʝʨʠʥʦʚ ʘʢʪʠʚʝʥ ʮʝʥʪʲʨ ʧʨʠ pHå7. 

ʀʟʯʠʩʣʝʥʠʷʪʘ ʜʝʤʦʥʩʪʨʠʨʘʪ, ʯʝ ʛʘʣʠʝʚʠʷʪ ʢʦʤʧʣʝʢʩ ʧʨʠʪʝʞʘʚʘ ʧʦ-ʢʦʤʧʘʢʪʥʘ 

ʛʝʦʤʝʪʨʠʷ ʚ ʩʨʘʚʥʝʥʠʝ ʩʲʩ ʩʲʦʪʚʝʪʥʠʷ ʞʝʣʷʟʦ-ʩʲʜʲʨʞʘʱ ʢʦʤʧʣʝʢʩ, ʢʘʪʦ ʩʨʝʜʥʘʪʘ 

ʜʲʣʞʠʥʘ ʥʘ ʚʨʲʟʢʠʪʝ ʤʝʪʘʣ-O ʠ ʤʝʪʘʣ-N  ʚ Ga3+- Tf ʩʘ ʨʝʩʧʝʢʪʠʚʥʦ 1.95 ʠ 2.06 ¡, ʜʦʢʘʪʦ 

ʪʝʟʠ ʟʘ Fe3+ - Tf ʩʘ 2.02 ʠ 2.33 ¡. ʀ ʜʚʝʪʝ ʩʪʨʫʢʪʫʨʠ ʟʘʧʘʟʚʘʪ ʦʢʪʘʝʜʨʠʯʥʘʪʘ ʛʝʦʤʝʪʨʠʷ, 

ʤʘʢʘʨ ʠ ʠʟʢʨʠʚʝʥʘ ʚ ʠʟʚʝʩʪʥʘ ʩʪʝʧʝʥ. ʆʪ ʧʨʦʚʝʜʝʥʠʪʝ DFT ʠʟʯʠʩʣʝʥʠʷ ʤʦʞʝ ʜʘ ʩʝ 

ʟʘʢʣʶʯʠ, ʯʝ ʠʟʭʦʜʲʪ ʦʪ Ga3+/Fe3+ ʢʦʥʢʫʨʝʥʮʠʷʪʘ ʩʠʣʥʦ ʟʘʚʠʩʠ ʦʪ ʜʦʩʪʲʧʘ ʥʘ ʨʘʟʪʚʦʨʠʪʝʣ, 

ʪ.ʝ. ʦʪ ʦʙʢʨʲʞʘʚʘʱʘʪʘ ʩʨʝʜʘ ʥʘ ʤʝʪʘʣʥʠʷ ʮʝʥʪʲʨ: ʜʲʣʙʦʢʦ ʟʘʨʦʚʝʥ ʚ ʧʨʦʪʝʠʥʦʚʘʪʘ 

ʦʙʚʠʚʢʘ ʜʞʦʙ, ʭʘʨʘʢʪʝʨʠʟʠʨʘʥ ʩ ʥʠʩʢʘ ʩʪʦʡʥʦʩʪ ʥʘ ʜʠʝʣʝʢʪʨʠʯʥʘʪʘ ʢʦʥʩʪʘʥʪʘ, ʝ Fe3+- 

ʩʝʣʝʢʪʠʚʝʥ (ʧʦʣʦʞʠʪʝʣʥʘ ȹG4 ʥʘ ʌʠʛʫʨʘ 6), ʜʦʢʘʪʦ ʝʢʩʧʦʥʠʨʘʥ ʢʲʤ ʨʘʟʪʚʦʨʠʪʝʣʷ 

ʘʢʪʠʚʝʥ ʮʝʥʪʲʨ (ʩ ʚʠʩʦʢʘ Ů) ʧʨʦʷʚʷʚʘ ʧʨʝʜʧʦʯʠʪʘʥʠʝ ʢʲʤ Ga3+ ʡʦʥʠ ( ʦʪʨʠʮʘʪʝʣʥʘ ȹG32 

ʥʘ ʌʠʛʫʨʘ 6). ʅʝʦʙʭʦʜʠʤʦ ʝ ʜʘ ʩʝ ʦʪʙʝʣʝʞʠ, ʯʝ ʪʝʟʠ ʨʝʟʫʣʪʘʪʠ ʩʘ ʚ ʩʲʦʪʚʝʪʩʪʚʠʝ ʩ 
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ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʫʩʪʘʥʦʚʝʥʠʪʝ, ʢʘʪʦ ʠʟʯʠʩʣʝʥʘʪʘ ȹG4 (0.9 kcal/mol) ʟʘ ʦʙʤʝʥʘ Ga3+ŸFe3+ 

ʝ ʙʣʠʟʢʘ ʜʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʦʧʨʝʜʝʣʝʥʘʪʘ ȹG ʟʘ ʜʲʣʙʦʢʦ ʟʘʨʦʚʝʥʠʷ ʪʨʘʥʩʬʝʨʠʥʦʚ 

ʩʚʲʨʟʚʘʱ ʩʘʡʪ ʚ ʛʨʘʥʠʮʠʪʝ ʦʪ 2.4 ʜʦ 2.9 kcal/mol.  

1.4. ʂʦʥʢʫʨʝʥʮʠʷ Ga3+/ Fe3+ʟʘ ʩʚʲʨʟʚʘʥʝ ʩ ʈʅʈ. 

ʈʝʥʪʛʝʥʦʚʘʪʘ ʢʨʠʩʪʘʣʦʛʨʘʬʠʷ ʨʘʟʢʨʠʚʘ ʩʪʨʫʢʪʫʨʘʪʘ ʥʘ ʜʠʞʝʣʝʟʥʠʷ ʩʚʲʨʟʚʘʱ ʮʝʥʪʲʨ 

(PDB 1MXR; 1.42Å ʨʝʟʦʣʶʮʠʷ): ʜʚʘʪʘ Fe3+ - ʡʦʥʘ ʩʘ ʩʚʲʨʟʘʥʠ ʯʨʝʟ ʤʦʩʪ ʦʪ ʛʣʫʪʘʤʘʪ ʠ 

ʦʢʩʦ (ʆ2-) ʡʦʥ, ʜʦʢʘʪʦ ʦʩʪʘʥʘʣʠʪʝ ʧʦʟʠʮʠʠ ʦʪ ʤʝʪʘʣʥʘʪʘ ʢʦʦʨʜʠʥʘʮʠʦʥʥʘ ʩʬʝʨʘ ʩʘ 

ʜʦʧʲʣʥʝʥʠ ʦʪ His, Asp/Glu ʠ ʚʦʜʥʠ ʤʦʣʝʢʫʣʠ. ʊʘʢʘ ʧʦʩʦʯʝʥʘʪʘ ʩʪʨʫʢʪʫʨʘ ʝ ʠʟʧʦʣʟʚʘʥʘ ʟʘ 

ʤʦʜʝʣʠʨʘʥʝ ʥʘ ʈʅʈ ʜʠʬʝʨʠ-ʩʚʲʨʟʚʘʱ ʩʘʡʪ (RR-Fe13+- Fe23+; ʌʠʛʫʨʘ 7), ʦʙʝʢʪ ʥʘ ʥʘʡ-

ʚʝʨʦʷʪʥʘ ʘʪʘʢʘ ʦʪ ʩʪʨʘʥʘ ʥʘ ʘʙʠʦʛʝʥʥʠʷ ʛʘʣʠʡ, ʟʘ ʜʘ ʩʝ ʠʟʩʣʝʜʚʘ ʤʝʪʘʣʦ-ʩʝʣʝʢʪʠʚʥʠʪʝ 

ʩʚʦʡʩʪʚʘ ʥʘ ʘʢʪʠʚʥʠʷ ʮʝʥʪʲʨ.   

 

ʌʠʛʫʨʘ7. B3LYP/6-31+G (3d, p) ʦʧʪʠʤʠʟʠʨʘʥʠ ʩʪʨʫʢʪʫʨʠ ʥʘ Fe3+ ʠ Ga3+ ʡʦʥʠ, 

ʩʚʲʨʟʘʥʠ ʩ ʤʦʜʝʣ ʥʘ ʨʠʙʦʥʫʢʣʝʦʪʠʜ ʨʝʜʫʢʪʘʟʝʥ ʘʢʪʠʚʝʥ ʮʝʥʪʲʨ ʧʨʠ pHå7. 

ɸʣʪʝʨʥʘʪʠʚʥʠ ʩʪʨʫʢʪʫʨʠ ʩ Ga3+ ʡʦʥʠ, ʟʘʤʝʩʪʚʘʱʠ ʠʣʠ ʧʲʨʚʠʷ ( RR-Ga13+- Fe23+ ), ʠʣʠ 

ʚʪʦʨʠʷ  (RR-Fe13+- Ga23+ ) ʬʝʨʠ-ʡʦʥ ʩʘ ʦʧʪʠʤʠʟʠʨʘʥʠ ʠ ʧʦʢʘʟʘʥʠ ʥʘ ʌʠʛʫʨʘ 16 ʟʘʝʜʥʦ 

ʩʲʩ ʩʲʦʪʚʝʪʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʥʘ ȹGŮ. ɿʘʤʷʥʘʪʘ ʥʘ ʥʘʪʠʚʥʠʷ ʩ ʘʙʠʦʛʝʥʥʠʷ ʤʝʪʘʣʝʥ ʡʦʥ 

ʩʢʲʩʷʚʘ ʩʲʦʪʚʝʪʥʠʪʝ ʜʲʣʞʠʥʠ ʥʘ ʚʨʲʟʢʠʪʝ ʩ ʣʠʛʘʥʜʠʪʝ (ʩʨʝʜʥʦ ʩ ʦʢʦʣʦ 0.1 ¡), ʥʦ ʟʘʧʘʟʚʘ 

ʮʷʣʦʩʪʥʘʪʘ ʬʦʨʤʘ ʥʘ ʤʝʪʘʣʥʠʷ ʢʦʤʧʣʝʢʩ ʚʠʜʠʤʦ ʥʝʧʨʦʤʝʥʝʥʘ. ʇʦʣʫʯʝʥʠʪʝ 
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ʪʝʨʤʦʜʠʥʘʤʠʯʥʠ ʜʘʥʥʠ ʧʦʢʘʟʚʘʪ, ʯʝ Ga3+ ʙʠ ʤʦʛʲʣ ʜʘ ʟʘʤʝʥʠ Fe3+ ʚ ʢʦʡ ʜʘ ʝ ʦʪ ʜʚʘʪʘ ʈʅʈ 

ï ʮʝʥʪʲʨʘ, ʘʢʦ ʚ ʛʦʣʷʤʘ ʩʪʝʧʝʥ ʩʘ ʝʢʩʧʦʥʠʨʘʥʠ ʢʲʤ ʨʘʟʪʚʦʨʠʪʝʣʷ (ʦʪʨʠʮʘʪʝʣʥʠ ȹG32 ʚʲʚ 

ʌʠʛʫʨʘ 7). ɺʲʧʨʝʢʠ ʪʦʚʘ, ʜʚʘʪʘ ʩʚʲʨʟʚʘʱʠ ʮʝʥʪʲʨʘ ʩʝ ʨʘʟʣʠʯʘʚʘʪ ʧʦ ʘʬʠʥʠʪʝʪʘ ʩʠ ʢʲʤ 

ʘʙʠʦʛʝʥʥʠʷ ʛʘʣʠʡ: ʚʪʦʨʠʷʪ ʩʚʲʨʟʚʘʱ ʩʘʡʪ, ʩʲʜʲʨʞʘʱ ʧʦʚʝʯʝ ʦʪʨʠʮʘʪʝʣʥʦ ʟʘʨʝʜʝʥʠ 

ʧʨʦʪʝʠʥʦʚʠ ʣʠʛʘʥʜʠ, ʦʪʢʦʣʢʦʪʦ ʧʲʨʚʠʷ, ʧʨʦʷʚʷʚʘ ʧʦ-ʩʠʣʥʦ ʧʨʝʜʧʦʯʠʪʘʥʠʝ ʢʲʤ Ga3+ ʠ 

ʥʘʡ-ʚʝʨʦʷʪʥʦ ʝ ʧʦ-ʧʨʘʚʜʦʧʦʜʦʙʥʘʪʘ ʮʝʣ ʟʘ ʛʘʣʠʝʚʘ ʘʪʘʢʘ: ȹG4/ȹG32  ʟʘ ʨʝʘʢʮʠʷʪʘ ʥʘ 

ʟʘʤʝʩʪʚʘʥʝ RR-Fe13+- Fe23+ Ÿ RR-Fe13+- Ga23+ ʩʘ -9.8/-16.3 kcal/mol ʠ ʩʘ ʩ ʧʦ-ʥʠʩʢʠ 

ʩʪʦʡʦʥʦʩʪʠ ʚ ʩʨʘʚʥʝʥʠʝ ʩ ʨʝʘʢʮʠʷʪʘ ʥʘ ʟʘʤʝʩʪʚʘʥʝ RR-Fe13+- Fe23+ Ÿ  RR-Ga13+- Fe23+ 

ʥʘ ʧʲʨʚʘ ʧʦʟʠʮʠʷ, ʢʦʠʪʦ ʩʘ 0.6/-6.4 kcal/mol (ʌʠʛʫʨʘ 7 a) ʠ b)). ɺʪʦʨʠʷʪ ʤʝʪʘʣʝʥ ʮʝʥʪʲʨ, 

ʤʘʢʘʨ ʠ ʟʘʨʦʚʝʥ ʚ ʧʨʦʪʝʠʥʦʚʘʪʘ ʩʪʨʫʢʪʫʨʘ, ʙʠ ʤʦʛʲʣ ʧʨʝʜʧʦʯʝʪʝʥʦ ʜʘ ʩʚʲʨʞʝ ʘʙʠʦʛʝʥʥʠʷ 

ʛʘʣʠʝʚ ʡʦʥ (ʦʪʨʠʮʘʪʝʣʥʘ ȹG4; ʌʠʛʫʨʘ 7 b)).  

1.5. ɼʠʩʢʫʩʠʷ 

ü ʌʘʢʪʦʨʠ, ʦʧʨʝʜʝʣʷʱʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʘʪʘ  ʩʝʣʝʢʪʠʚʥʦʩʪ ʥʘ 

ʧʨʦʪʝʠʥʠʪʝ ʢʲʤ Ga3+ ʩʧʨʷʤʦ  Fe3+. 

ʇʨʦʚʝʜʝʥʠʪʝ DFT ʠʟʯʠʩʣʝʥʠʷ ʭʚʲʨʣʷʪ ʩʚʝʪʣʠʥʘ ʚʲʨʭʫ ʤʝʭʘʥʠʟʤʘ ʥʘ Fe3+- Ga3+  

ʢʦʥʢʫʨʝʥʮʠʷ ʚ ʧʨʦʪʝʠʥʦʚʠ ʘʢʪʠʚʥʠ ʮʝʥʪʨʦʚʝ ʠ ʨʘʟʢʨʠʚʘʪ ʢʣʶʯʦʚʠʪʝ ʬʘʢʪʦʨʠ, 

ʨʲʢʦʚʦʜʝʱʠ ʪʦʟʠ ʧʨʦʮʝʩ. ʂʘʢʪʦ ʚʲʪʨʝʰʥʠ (ʩʘʤʠʷʪ ʧʨʦʪʝʠʥ), ʪʘʢʘ ʠ ʚʲʥʰʥʠ (pH ʥʘ 

ʚʲʪʨʝ/ʠʟʚʲʥ ʢʣʝʪʲʯʥʘʪʘ ʩʨʝʜʘ) ʬʘʢʪʦʨʠ ʤʦʛʘʪ ʜʘ ʧʦʚʣʠʷʷʪ ʥʘ ʤʝʪʘʣʥʘʪʘ ʩʝʣʝʢʪʠʚʥʦʩʪ: 

¶ pH ʥʘ ʩʨʝʜʘʪʘ. ʇʦʥʠʞʘʚʘʥʝʪʦ ʥʘ pH ʥʘ ʟʘʦʙʠʢʘʣʷʱʠʪʝ ʙʠʦʣʦʛʠʯʥʠ 

ʪʝʯʥʦʩʪʠ ʙʣʘʛʦʧʨʠʷʪʩʪʚʘ ʩʝʣʝʢʪʠʚʥʦʩʪʪʘ ʢʲʤ Ga3+. ʇʨʠ ʩʠʣʥʦ ʢʠʩʝʣʠʥʥʠ 

ʫʩʣʦʚʠʷ (pHå2; ʌʠʛʫʨʘ 11 a)  ʛʘʣʠʝʚʠʷʪ ʢʘʪʠʦʥ ʙʠʚʘ ʧʨʝʜʧʦʯʝʪʝʥ, ʜʦʢʘʪʦ 

ʧʨʠ ʧʦʚʠʰʝʥʦ pH (Ó5) ʩʝ ʥʘʙʣʶʜʘʚʘ ʩʝʣʝʢʪʠʚʥʦʩʪ ʢʲʤ Fe3+ (ʌʠʛʫʨʘ 2 b) ʠ 

c)). 

¶ ɿʘʨʷʜ ʠ ʙʨʦʡ ʥʘ ʧʨʦʪʝʠʥʦʚʠʪʝ ʣʠʛʘʥʜʠ. ʅʝʫʪʨʘʣʥʠ ʣʠʛʘʥʜʠ, ʢʘʪʦ His, 

ʙʣʘʛʦʧʨʠʷʪʩʪʚʘʪ Ga3+ ʧʨʝʜ Fe3+ ( ʌʠʛʫʨʘ 5 a) ʠ b)). ɽʜʠʥ ʠʣʠ ʜʚʘ ʟʘʨʝʜʝʥʠ 

ʦʩʪʘʪʲʢʘ (Asp-/Glu- ʠʣʠ Tyr-) ʠʟʤʝʩʪʚʘʪ ʩʣʝʢʪʠʚʥʦʩʪʪʘ ʧʦ ʧʦʩʦʢʘ ʥʘ ʬʝʨʠ-

ʡʦʥʘ (ʌʠʛʫʨʠ 3 a) ʠ b); 4), ʜʦʢʘʪʦ ʚʢʣʶʯʚʘʥʝʪʦ ʥʘ ʪʨʝʪʠ ʠʣʠ ʯʝʪʚʲʨʪʠ 

ʢʠʩʝʣʠʥʝʥ ʦʩʪʘʪʲʢ ʚ ʧʲʨʚʘʪʘ ʢʦʦʨʜʠʥʘʮʠʦʥʥʘ ʩʬʝʨʘ ʠʟʤʝʩʪʚʘ 

ʩʣʝʢʪʠʚʥʦʩʪʪʘ ʧʦ ʧʦʩʦʢʘ ʥʘ ʛʘʣʠʝʚʠʷ ʢʘʪʠʦʥ (ʌʠʛʫʨʘ 3c) ʠ d)). 

¶ ɽʢʩʧʦʥʠʨʘʥʝ ʥʘ ʘʢʪʠʚʥʠʷ ʮʝʥʪʲʨ ʢʲʤ ʨʘʟʪʚʦʨʠʪʝʣʷ. ʄʝʪʘʣʥʠ ʮʝʥʪʨʦʚʝ, 

ʝʢʩʧʦʥʠʨʘʥʠ ʢʲʤ ʨʘʟʪʚʦʨʠʪʝʣʷ, ʩʝ ʭʘʨʘʢʪʝʨʠʟʠʨʘʪ ʩ ʧʦʚʠʰʝʥʘ Ga3+ ʩʧʨʷʤʦ 
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Fe3+ ʩʝʣʝʢʪʠʚʥʦʩʪ, ʜʦʢʘʪʦ ʥʝʜʦʩʪʲʧʥʠ ʟʘ ʨʘʟʪʚʦʨʠʪʝʣʷ ʩʚʲʨʟʚʘʱʠ ʜʞʦʙʦʚʝ 

ʩʘ ʧʦ-ʜʦʙʨʝ ʟʘʱʠʪʝʥʠ ʦʪ ʛʘʣʠʝʚʘ ʘʪʘʢʘ. 

 

ü ʇʨʝʜʧʦʩʪʘʚʢʠ ʟʘ ʛʘʣʠʡ-ʙʘʟʠʨʘʥʘ ʪʝʨʘʧʠʷ. 

ɻʘʣʠʝʚʠʪʝ ʩʲʝʜʠʥʝʥʠʷ ʩʘ ʰʠʨʦʢʦ ʠʟʫʯʘʚʘʥʠ ʠ ʠʟʧʦʣʟʚʘʥʠ ʚ ʤʝʜʠʮʠʥʩʢʘʪʘ 

ʧʨʘʢʪʠʢʘ ʢʘʪʦ ʣʝʢʘʨʩʪʚʘ ʠ ʢʘʪʦ ʦʙʨʘʟʥʠ ʘʛʝʥʪʠ. ʅʘʩʪʦʷʱʠʪʝ DFT ʠʟʯʠʩʣʝʥʠʷ ʧʦʢʘʟʚʘʪ, 

ʯʝ ʠʟʭʦʜʲʪ ʦʪ ʢʦʥʢʫʨʝʥʮʠʷʪʘ ʤʝʞʜʫ ʥʘʪʠʚʥʦʪʦ ʞʝʣʷʟʦ ʠ ʘʙʠʦʛʝʥʥʠʷ ʛʘʣʠʡ ʝ ʨʝʟʫʣʪʘʪ ʦʪ 

ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʚʲʪʨʝʰʥʠ ʠ ʚʲʥʰʥʠ ʬʘʢʪʦʨʠ, ʢʘʪʦ ʚʘʨʠʨʘʥʝʪʦ ʠʤ ʤʦʞʝ ʜʘ ʥʘʢʣʦʥʠ ʩʪʨʦʛʦ 

ʢʦʥʪʨʦʣʠʨʘʥʦʪʦ ʨʘʚʥʦʚʝʩʠʝ ʚ ʝʜʥʘʪʘ ʠʣʠ ʜʨʫʛʘʪʘ ʧʦʩʦʢʘ. ʉʲʙʨʘʥʠʪʝ ʜʘʥʥʠ ʩʧʦʤʘʛʘʪ ʜʘ 

ʩʝ ʦʧʨʝʜʝʣʷʪ ʚʝʨʦʷʪʥʠʪʝ ʮʝʣʠ ʟʘ ʛʘʣʠʡ-ʙʘʟʠʨʘʥʘ ʪʝʨʘʧʠʷ: ʪʦʚʘ ʩʘ ʦʢʪʘʝʜʨʠʯʥʠ, 

ʩʨʘʚʥʠʪʝʣʥʦ ʝʢʩʧʦʥʠʨʘʥʠ ʢʲʤ ʨʘʟʪʚʦʨʠʪʝʣʷ ʘʢʪʠʚʥʠ ʩʘʡʪʦʚʝ ʥʘ ʤʝʪʘʣʝʥ ʬʝʨʠ-ʡʦʥ, 

ʠʟʛʨʘʜʝʥʠ ʦʪ ʧʦʚʝʯʝ ʘʤʠʥʦ-ʢʠʩʝʣʠʥʥʠ ʦʩʪʘʪʲʮʠ. ʇʦ-ʜʲʣʙʦʢʦ ʟʘʨʦʚʝʥʠ ʚ ʧʨʦʪʝʠʥʦʚʘʪʘ 

ʦʙʚʠʚʢʘ ʤʝʪʘʣʥʠ ʮʝʥʪʨʦʚʝ, ʩʲʩʪʘʚʝʥʠ ʦʪ ʦʪʨʠʮʘʪʝʣʥʦ ʟʘʨʝʜʝʥʠ ʣʠʛʘʥʜʠ, ʠʟʛʣʝʞʜʘʪ ʜʦʙʨʝ 

ʟʘʱʠʪʝʥʠ ʦʪ ʛʘʣʠʝʚʘ ʥʘʤʝʩʘ. 

ʇʨʦʚʝʜʝʥʠʪʝ DFT ʠʟʯʠʩʣʝʥʠʷ ʧʦʪʚʲʨʞʜʘʚʘʪ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ ʜʘʥʥʠ, ʯʝ Ga3+ ʥʝ 

ʤʦʞʝ ʜʘ ʠʟʤʝʩʪʠ Fe3+ ʡʦʥʘ ʚ ʮʝʥʪʲʨʘ ʥʘ ʩʝʨʫʤʥʠʷ ʪʨʘʥʩʬʝʨʠʥ, ʪʲʡ ʢʘʪʦ ʩʚʦʙʦʜʥʠʪʝ 

ʝʥʝʨʛʠʠ ʥʘ ʨʝʘʢʮʠʷʪʘ ʥʘ ʟʘʤʝʩʪʚʘʥʝ Ga3+ Ÿ Fe3+ ʚ ʥʝʜʦʩʪʲʧʥʠʷ ʟʘ ʨʘʟʪʚʦʨʠʪʝʣʷ ʩʘʡʪ ʩʘ 

ʧʦʣʦʞʠʪʝʣʥʠ (ʌʠʛʫʨʘ 6). ɺʲʧʨʝʢʠ ʪʦʚʘ ʘʙʠʦʛʝʥʥʠʷʪ ʛʘʣʠʡ ʤʦʞʝ ʜʘ ʩʝ ʩʚʲʨʞʝ ʩ ʛʦʣʷʤ 

ʘʬʠʥʠʪʝʪ ʩʲʩ ʩʚʦʙʦʜʥʠʪʝ ʤʝʩʪʘ, ʦʩʪʘʚʝʥʠ ʥʝʟʘʝʪʠ ʦʪ ʥʘʪʠʚʥʦʪʦ ʞʝʣʷʟʦ (ʩʘʤʦ 30% ʦʪ 

ʮʝʥʪʨʦʚʝʪʝ ʟʘ ʤʝʪʘʣʥʦ ʩʚʲʨʟʚʘʥʝ ʚ ʪʨʘʥʩʬʝʨʠʥʘ ʩʘ ʟʘʝʪʠ ʦʪ ʬʝʨʠ-ʡʦʥʠ), ʢʘʪʦ ʧʦ ʪʦʟʠ 

ʥʘʯʠʥ ʜʦʩʪʠʛʘ ʠ ʥʘʚʣʠʟʘ ʚ ʪʘʨʛʝʪʥʘʪʘ ʢʣʝʪʢʘ. ɺ ʝʥʜʦʟʦʤʠʪʝ Ga3+ ʩʝ ʦʩʚʦʙʦʞʜʘʚʘ ʦʪ 

ʪʨʘʥʩʬʝʨʠʥʘ ʧʨʠ ʧʦ-ʚʠʩʦʢʦ pH (6.8), ʦʪʢʦʣʢʦʪʦ ʞʝʣʷʟʦʪʦ, ʧʨʠ ʢʦʝʪʦ ʪʦʟʠ ʧʨʦʮʝʩ ʟʘʧʦʯʚʘ 

ʧʨʠ 5.5. ʇʨʦʚʝʜʝʥʠʪʝ ʠʟʯʠʩʣʝʥʠʷ ʩʘ ʚ ʩʲʦʪʚʝʪʩʪʚʠʝ ʠ  ʩ ʪʝʟʠ ʝʢʝʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʘʥʥʠ, 

ʪʲʡ ʢʘʪʦ ʧʦʢʘʟʚʘʪ, ʯʝ ʘʬʠʥʠʪʝʪʲʪ ʥʘ Ga3+ ʡʦʥ  ʢʲʤ ʧʨʦʪʝʠʥʦʚʠʷ ʩʚʲʨʟʚʘʱ ʩʘʡʪ (ʘ ʦʪʪʘʤ 

ʠ ʩʪʘʙʠʣʥʦʩʪʪʘ ʥʘ ʥʝʛʦʚʠʷ Tf-ʢʦʤʧʣʝʢʩ), ʩʲʦʪʥʝʩʝʥ ʢʲʤ ʪʦʟʠ ʥʘ  Fe3+, ʥʘʤʘʣʷʚʘ ʩ 

ʫʚʝʣʠʯʘʚʘʥʝʪʦ ʥʘ pH ʥʘ ʩʨʝʜʘʪʘ (ʧʦ-ʧʦʣʦʞʠʪʝʣʥʠ ʧʦ-ʤʘʣʢʦ ʙʣʘʛʦʧʨʠʷʪʥʘ ȹG ʧʨʠ pH å 

7, ʦʪʢʦʣʢʦʪʦ ʧʨʠ pH å 5 , ʩʲʦʪʚʝʪʥʦ ʚʲʚ ʌʠʛʫʨʘ 2 c) ʠ b)). ʍʠʧʦʪʝʟʘʪʘ, ʯʝ ʚʲʪʨʝ ʚ ʢʣʝʪʢʘʪʘ 

Ga3+ ʤʦʞʝ ʫʩʧʝʰʥʦ ʜʘ ʩʝ ʢʦʥʢʫʨʠʨʘ ʩ ʥʘʪʠʚʥʠʷ Fe3+ ʟʘ ʩʚʲʨʟʚʘʥʝ ʩ ʦʢʠʩʣʝʥʘʪʘ ʬʦʨʤʘ ʥʘ 

ʨʠʙʦʥʫʢʣʝʦʪʠʜ ʨʝʜʫʢʪʘʟʘʪʘ, ʢʦʝʪʦ ʠʥʭʠʙʠʨʘ ʝʥʟʠʤʘ, ʝ ʧʦʜʢʨʝʧʝʥʘ ʦʪ ʧʦʢʘʟʘʥʠʪʝ ʥʘ 

ʌʠʛʫʨʘ 7 ʨʝʟʫʣʪʘʪʠ. ɼʚʘ ʩʘ ʦʩʥʦʚʥʠʪʝ ʬʘʢʪʦʨʠ, ʢʦʠʪʦ ʜʦʧʨʠʥʘʩʷʪ ʢʲʤ ʪʦʟʠ ʧʨʦʮʝʩ: 1) 

ʛʝʦʤʝʪʨʠʷʪʘ ʥʘ ʢʦʤʧʣʝʢʩʘ ʩʝ ʩʚʠʚʘ ʧʨʠ ʩʚʲʨʟʚʘʥʝ ʩ Ga3+ ʡʦʥ, ʨʘʟʣʠʯʘʚʘʱʘ ʩʝ ʩ ʦʢʦʣʦ 

0.1¡ ʟʘ ʚʩʷʢʘ ʤʝʪʘʣ-ʣʠʛʘʥʜ ʜʲʣʞʠʥʘ ʥʘ ʚʨʲʟʢʘ ʩʧʨʷʤʦ Fe3+ - ʢʦʤʧʣʝʢʩʘ; 2) ʟʘʤʝʩʪʚʘʥʝʪʦ 

ʥʘ ʥʘʪʠʚʥʠʷ ʨʝʜʦʢʩ-ʘʢʪʠʚʝʥ ʬʝʨʠ-ʡʦʥ ʩ ʨʝʜʦʢʩ-ʥʝʘʢʪʠʚʥʠʷ ʛʘʣʠʡ ʚʦʜʠ ʜʦ ʥʝʚʲʟʤʦʞʥʦʩʪ 
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ʟʘ ʧʨʦʪʠʯʘʥʝʪʦ ʥʘ ʝʥʟʠʤʥʘʪʘ ʨʝʘʢʮʠʷ. DFT ʠʟʯʠʩʣʝʥʠʷʪʘ ʧʦʢʘʟʚʘʪ, ʯʝ ʚʪʦʨʠʷʪ ʞʝʣʷʟʦ-

ʩʚʲʨʟʚʘʱ ʩʘʡʪ, ʠʟʛʨʘʜʝʥ ʦʪ ʧʦʚʝʯʝ ʦʪʨʠʮʘʪʝʣʥʦ ʟʘʨʝʜʝʥʠ ʦʩʪʘʪʲʮʠ, ʝ ʧʦ-ʚʝʨʦʷʪʥʘʪʘ ʮʝʣ 

ʟʘ ʘʪʘʢʘ ʦʪ ʩʪʨʘʥʘ ʥʘ Ga3+ ʡʦʥ. 

2. ʉʚʲʨʟʚʘʥʝ ʩʲʩ ʩʫʙʩʪʨʘʪʠʪʝ ʥʘ ʈʅʈ. 

2.1. ʀʟʯʠʩʣʠʪʝʣʝʥ ʧʨʦʪʦʢʦʣ. 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝʪʦ ʤʝʞʜʫ NDP ( N = G/C; ʩʲʦʪʚʝʪʥʦ ʛʫʘʥʠʥ/ʮʠʪʦʟʠʥ) ʠ Ga3+ ʤʦʞʝ 

ʜʘ ʩʝ ʟʘʧʠʰʝ ʧʦ ʩʣʝʜʥʠʷ ʩʭʝʤʘʪʠʯʝʥ ʥʘʯʠʥ: 

NDP3- + [Ga (OH)4(H2O)2]
- Ÿ [Ga (OH)3-NDP]3- + 2xH2O + OH-                   ʨʝʘʢʮʠʷ (2); 

           NDP3- + [Ga (OH)4(H2O)2]
- Ÿ [Ga (OH)2-NDP]2- + 2xH2O + 2xOH-           ʨʝʘʢʮʠʷ (3). 

ʈʝʘʢʮʠʷ (2) ʧʨʝʜʩʪʘʚʣʷʚʘ ʦʙʨʘʟʫʚʘʥʝʪʦ ʥʘ ʤʦʥʦʜʝʥʪʘʪʝʥ ʢʦʤʧʣʝʢʩ ʤʝʞʜʫ ʤʝʪʘʣʘ ʠ 

ʧʠʨʦʬʦʩʬʘʪʥʠʷ ʫʯʘʩʪʲʢ ʥʘ ʩʫʙʩʪʨʘʪʘ; ʨʝʘʢʮʠʷ (3) ʧʨʝʜʧʦʣʘʛʘ ʙʠʜʝʥʪʘʪʝʥ ʥʘʯʠʥ ʥʘ 

ʤʝʪʘʣʥʦ ʩʚʲʨʟʚʘʥʝ. ɺʟʝʪʠ ʩʘ ʧʦʜ ʚʥʠʤʘʥʠʝ ʨʘʟʣʠʯʥʠʪʝ ʧʦʟʠʮʠʠ ʥʘ ʩʚʲʨʟʘʥʠʷ ʤʝʪʘʣ ʢʲʤ 

ʬʦʩʬʘʪʥʠʪʝ ʛʨʫʧʘʠ (ʩʚʲʨʟʘʥʠ ʠʟʮʷʣʦ ʩʘʤʦ ʢʲʤ Ŭ ʠʣʠ ʢʲʤ ɓ, ʢʘʢʪʦ ʠ ʝʜʥʦʚʨʝʤʝʥʥʦ ʢʲʤ 

ʜʚʘʪʘ Ŭ- ʠ ɓ- ʫʯʘʩʪʲʢʘ), ʩʣʝʜ ʢʦʝʪʦ ʝ ʦʮʝʥʝʥʘ ʩʪʘʙʠʣʥʦʩʪʪʘ ʥʘ ʧʦʣʫʯʝʥʠʪʝ ʢʦʤʧʣʝʢʩʠ. 

ʅʝʦʙʭʦʜʠʤʦ ʝ ʜʘ ʩʝ ʦʪʙʝʣʝʞʠ, ʯʝ ʩʚʲʨʟʚʘʥʝ ʢʲʤ ʥʫʢʣʝʦʙʘʟʘʪʘ ʠʣʠ ʨʠʙʦʟʥʠʷ ʧʨʲʩʪʝʥ ʢʲʤ 

ʤʝʪʘʣʘ ʥʝ ʝ ʙʠʣʦ ʤʦʜʝʣʠʨʘʥʦ ʪʫʢ, ʪʲʡ ʢʘʪʦ ʧʨʝʜʠʰʥʠ ʠʟʯʠʩʣʝʥʠʷ ʧʦʢʘʟʚʘʪ, ʯʝ ʪʦʚʘ ʥʝ ʩʘ 

ʛʦʨʝʱʠʪʝ ʪʦʯʢʠ (ñhot spotsò) ʟʘ ʢʦʦʨʜʠʥʠʨʘʥʝ ʥʘ ʤʝʪʘʣʘ ʚ ʪʨʠʬʦʩʬʘʪʠ (ATP/GTP) ʠʣʠ 

ʜʠʬʦʩʬʘʪʠ (ADP/GDP).  

 ɹʷʭʘ ʤʦʜʝʣʠʨʘʥʠ ʮʝʣʠʪʝ ʤʦʣʝʢʫʣʠ ʥʘ ʧʫʨʠʥ- ʠ ʧʠʨʠʤʠʜʠʥ-ʩʲʜʲʨʞʘʱ ʥʫʢʣʝʦʪʠʜ 

ʜʠʬʦʩʬʘʪ ï ʩʲʦʪʚʝʪʥʦ ʛʫʘʥʦʟʠʥ ʜʠʬʦʩʬʘʪ ʠ ʮʠʪʠʜʠʥ ʜʠʬʦʩʬʘʪ. ɺ ʫʩʣʦʚʠʷʪʘ ʥʘ 

ʬʠʟʠʦʣʦʛʠʯʥʦ pH ʧʠʨʦʬʦʩʬʘʪʥʠʷʪ ʫʯʘʩʪʲʢ ʝ ʥʘʧʲʣʥʦ ʜʝʧʨʦʪʦʥʠʨʘʥ, ʧʦʨʘʜʠ ʢʦʝʪʦ 

ʩʫʙʩʪʨʘʪʠʪʝ ʩʘ ʤʦʜʝʣʠʨʘʥʠ ʢʘʪʦ ʪʨʠʟʘʨʝʜʝʥʠ ʘʥʠʦʥʠ : GDP3- ʠ CDP3-. ɼʨʫʛʠʷʪ ʨʝʘʛʝʥʪ ʝ 

ʤʦʜʝʣʠʨʘʥ ʢʘʪʦ [Ga(OH)4(H2O)2]
- , ʪ̡ ʡ ʢʘʪʦ ʧʲʨʚʠʪʝ ʯʝʪʠʨʠ pKa ʩʪʦʡʥʦʩʪʠ ʟʘ ʛʘʣʠʝʚʠʷ 

ʘʢʚʘ-ʢʦʤʧʣʝʢʩ ʩʘ ʧʦʜ 7 (pKa1 = 3.09, pKa2 = 3.55, pKa3 = 4.4, pKa4 = 6.05),ʩʣʝʜʦʚʘʪʝʣʥʦ 

ʭʠʜʨʘʪʠʨʘʥʠʷʪ Ga3+ ʩʲʱʝʩʪʚʫʚʘ ʧʦʯʪʠ ʠʟʮʷʣʦ ʢʘʪʦ ʘʥʠʦʥʝʥ ʢʦʤʧʣʝʢʩ [Ga(OH)4(H2O)2]
-.  

 ʂʦʥʬʦʨʤʘʮʠʦʥʥʦʪʦ ʧʨʦʩʪʨʘʥʩʪʚʦ ʥʘ ʤʝʪʘʣʦ-ʩʚʲʨʟʘʥʠʪʝ NDP ʝ ʤʥʦʛʦ ʙʦʛʘʪʦ ʩ 

ʛʦʣʷʤʦ ʨʘʟʥʦʦʙʨʘʟʠʝ ʦʪ ʚʲʟʤʦʞʥʠ ʘʪʨʘʢʪʦʨʠ ʦʪ ʩʪʨʘʥʘ ʥʘ ʣʠʛʘʥʜʘ ʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʠ 

ʬʦʨʤʠ ʥʘ ʩʚʲʨʟʚʘʥʝ ʥʘ ʤʝʪʘʣʥʠʷ ʢʘʪʠʦʥ. ʉʣʝʜʦʚʘʪʝʣʥʦ, ʙʷʭʘ ʤʦʜʝʣʠʨʘʥʠ ʨʘʟʣʠʯʥʠ ʤʝʩʪʘ 

ʥʘ ʩʚʲʨʟʚʘʥʝ ʧʨʠ ʢʠʩʣʦʨʦʜʥʠʪʝ ʘʪʦʤʠ ʦʪ ʧʠʨʦʬʦʩʬʘʪʥʘʪʘ ʯʘʩʪ, ʢʦʝʪʦ ʝ ʩʚʦʝʙʨʘʟʝʥ ʚʠʜ 

ʥʝʪʠʧʠʯʝʥ ʢʦʥʬʦʨʤʘʮʠʦʥʝʥ ʘʥʘʣʠʟ, ʘ ʥʘ ʧʦʣʫʯʝʥʠʪʝ ʠʟʭʦʜʥʠ ʩʪʨʫʢʪʫʨʠ ʙʝʰʝ ʧʨʦʚʝʜʝʥʘ 
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ʧʲʣʥʘ ʦʧʪʠʤʠʟʘʮʠʷ. ɺʩʠʯʢʠ ʥʘʧʲʣʥʦ ʦʧʪʠʤʠʟʠʨʘʥʠ ʩʪʨʫʢʪʫʨʠ ʩʘ ʣʦʢʘʣʥʠ ʤʠʥʠʤʫʤʠ ʦʪ 

ʧʦʪʝʥʮʠʘʣʥʘʪʘ ʝʥʝʨʛʝʪʠʯʥʘ ʧʦʚʲʨʭʥʠʥʘ, ʧʦʪʚʲʨʜʝʥʦ ʦʪ ʣʠʧʩʘʪʘ ʥʘ ʠʤʘʛʠʥʝʨʥʠ 

ʩʪʦʡʥʦʩʪʠ ʚ ʘʥʘʣʠʟʘ ʥʘ ʚʠʙʨʘʮʠʦʥʥʠʪʝ ʯʝʩʪʦʪʠ. 

 ʀ ʪʫʢ ʚʩʠʯʢʠ ʠʟʯʠʩʣʝʥʠʷ ʙʷʭʘ ʧʨʦʚʝʜʝʥʠ ʩ ʧʨʦʛʨʘʤʘʪʘ Gaussian 09[122]. ʉʨʝʜ 

ʛʦʣʷʤ ʥʘʙʦʨ ʦʪ ʧʣʲʪʥʦʩʪʥʠ ʬʫʥʢʮʠʦʥʘʣʠ ʠ ʙʘʟʠʩʥʠ ʥʘʙʦʨʠ, ʢʦʤʙʠʥʘʮʠʷʪʘ ʦʪ M062X/6-

311++G(d,p) ʩʝ ʦʢʘʟʘ ʥʘʡ-ʧʦʜʭʦʜʷʱʘ ʟʘ ʧʨʦʚʝʞʜʘʥʝ ʥʘ ʠʟʩʣʝʜʚʘʥʝʪʦ ʠ ʧʨʠ 

ʚʲʟʧʨʦʠʟʚʝʞʜʘʥʝʪʦ ʥʘ ʨʘʟʣʠʯʥʠ ʩʪʨʫʢʪʫʨʥʠ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʥʘ ʤʝʪʘʣ-

ʥʫʢʣʝʦʪʠʜʥʠ ʢʦʤʧʣʝʢʩʠ. ʉʣʝʜ ʧʲʣʥʘʪʘ ʦʧʪʠʤʠʟʘʮʠʷ ʚ ʛʘʟʦʚʘ ʬʘʟʘ ʠ ʥʘʧʨʘʚʝʥ ʯʝʩʪʦʪʝʥ 

ʘʥʘʣʠʟ, ʩʘ ʠʟʚʝʜʝʥʠ ʩʪʦʡʥʦʩʪʠʪʝ ʟʘ ʝʣʝʢʪʨʦʥʥʠʪʝ ʝʥʝʨʛʠʠ, Eelect, ʪʝʨʤʘʣʥʠʪʝ ʝʥʝʨʛʠʠ, 

ʚʢʣʶʯʠʪʝʣʥʦ ʠ zero-point ʝʥʝʨʛʠʷʪʘ, ET, ʢʘʢʪʦ ʠ ʝʥʪʨʦʧʠʷʪʘ, S. ʉʲʦʪʚʝʪʥʠʪʝ ʚʝʣʠʯʠʥʠ ʩʘ 

ʩʢʘʣʠʨʘʥʠ ʩ ʝʤʧʠʨʠʯʝʥ ʬʘʢʪʦʨ 0.983 ʠ ʧʨʠʣʦʞʝʥʠ ʚ ʫʨʘʚʥʝʥʠʝ (2) ʟʘ ʥʘʤʠʨʘʥʝ ʥʘ 

ʩʚʦʙʦʜʥʘʪʘ ʝʥʝʨʛʠʷ ʚ ʛʘʟʦʚʘ ʬʘʟʘ ȹG1 ʟʘ ʨʝʘʢʮʠʠ (2) ʠ (3), ʧʦ ʘʥʘʣʦʛʠʷ ʩ ʧʨʦʪʦʢʦʣʘ  ʦʪ 

ʪ.1.1. (ʩʪʨ.6).  ʉʦʣʚʘʪʘʮʠʦʥʥʠʪʝ ʝʬʝʢʪʠ ʩʘ ʦʪʨʘʟʝʥʠ ʯʨʝʟ ʧʨʠʣʘʛʘʥʝʪʦ ʥʘ PCM ʠʟʯʠʩʣʝʥʠʷ 

ʥʘ ʥʠʚʦ SMD, ʧʦ ʠʤʧʣʝʤʝʥʪʠʨʘʥʘʪʘ ʚ Gaussian 09 ʩʭʝʤʘ. ʀʟʧʦʣʟʚʘʥʠ ʩʘ ʚʲʚʝʜʝʥʠʪʝ ʚ 

ʧʨʦʛʨʘʤʘʪʘ van der Waals ʨʘʜʠʫʩʠ ʟʘ ʚʩʠʯʢʠ ʠʟʛʨʘʞʜʘʱʠ ʤʦʣʝʢʫʣʠʪʝ ʘʪʦʤʠ, 

ʚʢʣʶʯʠʪʝʣʥʦ ʠ ʟʘ ʛʘʣʠʝʚʠʷ, ʯʠʡʪʦ ʨʘʜʠʫʩ ʝ 2.0 ¡. ɿʘ ʚʩʷʢʘ ʛʝʦʤʝʪʨʠʯʥʦ ʦʧʪʠʤʠʟʠʨʘʥʘ 

ʩʪʨʫʢʪʫʨʘ ʩʘ ʥʘʧʨʘʚʝʥʠ ʪ.ʥʘʨ. single-point ʠʟʯʠʩʣʝʥʠʷ ʩ ʮʝʣ, ʧʦʣʫʯʘʚʘʥʝ ʥʘ ʜʘʥʥʠ ʟʘ 

ʠʟʧʲʣʥʝʥʠʝ ʥʘ ʫʨʘʚʥʝʥʠʝ (3) ʠ ʥʘʤʠʨʘʥʝ ʥʘ ȹGŮsolv ʠʣʠ ʚ ʧʨʦʧʘʥʦʥʠʪʨʠʣ (Ů = 29, 

ʠʤʠʪʠʨʘʱ ʙʝʣʪʲʯʥʘ ʩʨʝʜʘ), ʠʣʠ ʚʲʚ ʚʦʜʘ (Ů = 78). ʈʘʟʣʠʢʘʪʘ ʤʝʞʜʫ ʝʥʝʨʛʠʠʪʝ ʚ ʛʘʟʦʚʘ ʠ 

ʢʦʥʜʝʥʟʠʨʘʥʘ ʬʘʟʘ ʜʘʚʘ ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ ʥʘ ʩʦʣʚʘʪʘʮʠʷ, ȹGŮsolv. ʉʲʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʝ 

(1) ʟʘ ʨʝʘʢʮʠʷ (2) ʤʦʞʝ ʜʘ ʩʝ ʟʘʧʠʰʝ: 

ɝ'  ̑ ̗̠̆́̋̉ ς  ɝ'  ɝ' 'Á/( .$0 ςɝ' (/

ɝ'  /( ɝ'  .$0  ɝ'  'Á/( (/ ȟ (4) 

ʇʦʜʦʙʥʦ ʫʨʘʚʥʝʥʠʝ ʤʦʞʝ ʜʘ ʩʝ ʥʘʧʠʰʝ ʠ ʟʘ ʨʝʘʢʮʠʷ (3). ɺʘʞʥʦ ʝ ʜʘ ʩʝ ʦʪʙʝʣʝʞʠ, ʯʝ ʚ 

ʠʟʯʠʩʣʝʥʠʷʪʘ ʩʘ ʠʟʧʦʣʟʚʘʥʠ  ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʦʧʨʝʜʝʣʝʥʠʪʝ ʩʚʦʙʦʜʥʠ ʝʥʝʨʛʠʠ ʥʘ 

ʭʠʜʨʘʪʘʮʠʷ ʟʘ H2O ( 6.3 kcal/mol) ʠ ʟʘ OH- ( 107 kcal/mol). ʊʘʢʘ ʧʨʦʚʝʜʝʥʘ ʤʝʪʦʜʦʣʦʛʠʷ  

ʩʝ ʝ ʜʦʢʘʟʘʣʘ ʤʥʦʛʦ ʪʦʯʥʘ ʧʨʠ ʚʲʟʧʨʦʠʟʚʝʞʜʘʥʝʪʦ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʪʝʨʤʦʜʠʥʘʤʠʯʥʠ 

ʜʘʥʥʠ. ʅʘʧʨʠʤʝʨ, ʩʚʦʙʦʜʥʘʪʘ ʝʥʝʨʛʠʷ ʥʘ ʜʠʩʦʮʠʘʮʠʷ ʥʘ ʚʦʜʘʪʘ H2O Ÿ HO
- + H+, 

ʦʧʨʝʜʝʣʝʥʘ ʧʦ ʥʘʩʪʦʷʱʠʷ ʧʨʦʪʦʢʦʣ ʯʨʝʟ ʧʨʠʣʘʛʘʥʝʪʦ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ ʩʪʦʡʥʦʩʪʠ 

ʟʘ ʫʯʘʩʪʥʠʮʠʪʝ ʝ 20.9 kcal/mol, ʢʦʝʪʦ ʝ ʤʥʦʛʦ ʜʦʙʨʦ ʩʲʦʪʚʝʪʩʪʚʠʝ ʩ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘʪʘ 

ʩʪʦʡʥʦʩʪ ʦʪ 19.1 kcal/mol.    
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ʂʘʢʪʦ ʪʫʢ, ʪʘʢʘ ʠ ʚ ʧʨʝʜʠʰʥʦʪʦ ʠʟʩʣʝʜʚʘʥʝ, ʨʦʣʷʪʘ ʥʘ ʨʝʣʘʪʠʚʠʩʪʠʯʥʠʪʝ ʝʬʝʢʪʠ 

ʚʲʨʭʫ ʪʝʨʤʦʜʠʥʘʤʠʢʘʪʘ ʥʘ Ga3+ ʝ ʙʠʣʘ ʦʮʝʥʝʥʘ ʠ ʦʧʨʝʜʝʣʝʥʘ ʢʘʪʦ ʥʝʟʥʘʯʠʪʝʣʥʘ ʯʨʝʟ 

ʧʨʦʚʝʞʜʘʥʝʪʦ ʥʘ Ăʨʝʣʘʪʠʚʠʩʪʠʯʥʠñ ʠ Ăʥʝʨʝʣʘʪʠʚʠʩʪʠʯʥʠñ ʠʟʯʠʩʣʝʥʠʷ ʚʲʨʭʫ ʛʘʣʠʝʚʠʪʝ 

ʢʦʤʧʣʝʢʩʠ ʯʨʝʟ ʠʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʧʨʦʛʨʘʤʘʪʘ ADF (ʚʝʨʩʠʷ 2014.10).  

2.2.  ʆʙʨʘʟʫʚʘʥʝ ʥʘ ʤʦʥʦʜʝʥʪʘʪʥʠ ʢʦʤʧʣʝʢʩʠ. 

ʆʙʦʙʱʝʥʦ ʩʘ ʧʨʝʜʩʪʘʚʝʥʠ ʩʪʦʡʥʦʩʪʠʪʝ ʥʘ ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ ʥʘ ʦʙʨʘʟʫʚʘʥʝ ʚ 

ʨʘʟʣʠʯʝʥ ʨʘʟʪʚʦʨʠʪʝʣ ʟʘ ʤʦʥʦʜʝʥʪʘʪʥʠʪʝ Ga-CDP ʢʦʤʧʣʝʢʩʠ ʚ ʊʘʙʣʠʮʘ 1 , ʜʦʢʘʪʦ ʟʘ 

ʤʦʥʦʜʝʥʪʘʪʥʠʪʝ Ga-GDP ʩʪʨʫʢʪʫʨʠ ʪʦʚʘ ʝ ʥʘʧʨʘʚʝʥʦ ʚ ʊʘʙʣʠʮʘ 2. 

ʊʘʙʣʠʮʘ 1. ʉʪʦʡʥʦʩʪʠ ʥʘ ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ ʥʘ ʦʙʨʘʟʫʚʘʥʝ ʥʘ ʤʦʥʦʜʝʥʪʘʪʥʠʪʝ 

Ga-CDP ʢʦʤʧʣʝʢʩʠ ʚ ʧʨʦʧʘʥʦʥʠʪʨʠʣ (ȹG29) ʠ ʚʦʜʘ (ȹG78). 

 Monodentate Ga-CDP complexes 

  ȹG29 kcal/mol ȹG78 kcal/mol 

Ŭ 
1 44.8 -2.9 

2 44.4 -3.7 

ɓ 

1 38.0 -9.3 

2 34.5 -12.7 

3 30.9 -16.5 

 

ʊʘʙʣʠʮʘ 2. ʉʪʦʡʥʦʩʪʠ ʥʘ ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ ʥʘ ʦʙʨʘʟʫʚʘʥʝ ʥʘ ʤʦʥʦʜʝʥʪʘʪʥʠʪʝ 

Ga-GDP ʢʦʤʧʣʝʢʩʠ ʚ ʧʨʦʧʘʥʦʥʠʪʨʠʣ (ȹG29) ʠ ʚʦʜʘ (ȹG78). 

 Monodentate Ga-GDP complexes 

  ȹG29 kcal/mol ȹG78 kcal/mol 

Ŭ 
1 35.0 -9.5 

2 - - 

ɓ 

1 32.9 -11.4 

2 28.3 -15.9 

3 27.3 -17.5 

 

ʆʙʨʘʟʫʚʘʥʝʪʦ ʥʘ ʜʚʘʪʘ ʚʲʟʤʦʞʥʠ Ŭ-Ga-CDP ï ʤʦʥʦʜʝʥʪʘʪʥʠ ʢʦʤʧʣʝʢʩʘ ʝ ʧʦʢʘʟʘʥʦ 

ʥʘ ʌʠʛʫʨʘ 8, ʢʘʢʪʦ ʠ ʩʪʦʡʥʦʩʪʠʪʝ ʥʘ ʩʲʦʪʚʝʪʥʠʪʝ ʩʚʦʙʦʜʥʠ ʝʥʝʨʛʠʠ ʚ ʨʘʟʣʠʯʥʘ ʩʨʝʜʘ.  
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ʌʠʛʫʨʘ 8.ʆʙʨʘʟʫʚʘʥʝ ʥʘ ʤʦʥʦʜʝʥʪʘʪʥʠ Ŭ-Ga-CDP ʢʦʤʧʣʝʢʩʠ. ʇʦʢʘʟʘʥʠʪʝ 

ʩʪʨʫʢʪʫʨʠ ʩʘ ʦʧʪʠʤʠʟʠʨʘʥʠ. 

ʉʪʦʡʥʦʩʪʠʪʝ ʟʘ ȹG78 ʧʦʢʘʟʚʘʪ, ʯʝ ʠʟʩʣʝʜʚʘʥʠʪʝ ʢʦʤʧʣʝʢʩʠ ʩʝ ʦʙʨʘʟʫʚʘʪ ʩʧʦʥʪʘʥʥʦ 

ʠ ʩʘ ʩʪʘʙʠʣʥʠ ʚʲʚ ʚʦʜʥʘ ʩʨʝʜʘ. ʀ ʜʚʘʪʘ ʢʠʩʣʦʨʦʜʥʠ ʘʪʦʤʘ ʚ ʘʣʬʘ-ʧʦʟʠʮʠʷ ʠʟʛʣʝʞʜʘʪ 

ʝʜʥʘʢʚʦ ʙʣʘʛʦʧʨʠʷʪʥʠ ʟʘ ʦʙʨʘʟʫʚʘʥʝ ʥʘ ʢʦʤʧʣʝʢʩ, ʪʲʡ ʢʘʪʦ ʩʲʦʪʚʝʪʥʠʪʝ ʩʚʦʙʦʜʥʠ 

ʝʥʝʨʛʠʠ ʩʘ ʧʦʯʪʠ ʠʜʝʥʪʠʯʥʠ (-2.9 ʠ -3.7 kcal/mol). ʀ ʚ ʜʚʝʪʝ ʩʪʨʫʢʪʫʨʠ ʩʝ ʬʦʨʤʠʨʘʪ 

ʚʦʜʦʨʦʜʥʠ ʚʨʲʟʢʠ ʤʝʞʜʫ H-ʘʪʦʤ ʦʪ HO-Ga ʫʯʘʩʪʲʢ ʠ ʥʝʩʚʲʨʟʘʥʠʷ ʩ ʤʝʪʘʣʘ Ŭ-O(P) ʘʪʦʤ 

ʦʪ ʬʦʩʬʘʪʥʘʪʘ ʛʨʫʧʘ. ɺ ʜʦʧʲʣʥʝʥʠʝ, ɓ-ʬʦʩʬʘʪʲʪ ʝ ʘʥʛʘʞʠʨʘʥ ʚʲʚ ʚʦʜʦʨʦʜʥʦ ʩʚʲʨʟʚʘʥʝ ʩ 

HO-ʛʨʫʧʘ ʦʪ ʨʠʙʦʟʥʠʷ ʧʨʲʩʪʝʥ. ʑʦ ʩʝ ʢʘʩʘʝ ʜʦ ʤʦʥʦʜʝʥʪʘʪʥʠʪʝ Ŭ-Ga-GDP ʢʦʤʧʣʝʢʩʠ, 

ʩʘʤʦ ʝʜʥʘ ʩʪʨʫʢʪʫʨʘ ʙʝʰʝ ʥʘʧʲʣʥʦ ʦʧʪʠʤʠʟʠʨʘʥʘ (ʌʠʛʫʨʘ 9) ʧʦʨʘʜʠ ʩʧʦʥʪʘʥʥʘ 

ʠʟʦʤʝʨʠʟʘʮʠʷ ʥʘ ʚʪʦʨʠʷ ʚʲʟʤʦʞʝʥ Ŭ-ʧʨʦʜʫʢʪ ʚ ɓ-ʩʚʲʨʟʘʥ ʢʦʤʧʣʝʢʩ. ʇʦ-ʥʠʩʢʘʪʘ ʩʚʦʙʦʜʥʘ 

ʝʥʝʨʛʠʷ ʟʘ ʦʙʨʘʟʫʚʘʥʝʪʦ ʥʘ Ŭ-Ga-GDP (ȹG78 = -9.5 kcal/mol; ʌʠʛʫʨʘ 9) ʚ ʩʨʘʚʥʝʥʠʝ ʩ ʜʚʘʪʘ 

Ŭ-Ga-CDP (ȹG78 = -2.9 ʠ -3.7kcal/mol; ʌʠʛʫʨʘ 8) ʧʨʝʜʧʦʣʘʛʘ ʧʦ-ʚʠʩʦʢʘ ʩʪʘʙʠʣʥʦʩʪ ʥʘ 

ʧʲʨʚʠʷ ʩʧʨʷʤʦ ʜʨʫʛʠʪʝ ʜʚʘ ʢʦʤʧʣʝʢʩʘ. ʊʦʚʘ ʩʝ ʜʲʣʞʠ ʥʘ ʬʘʢʪʘ, ʯʝ Ga-GDP ʠʤʘ ʧʦ-ʙʦʛʘʪʘ 

ʤʨʝʞʘ ʦʪ ʚʲʪʨʝʰʥʦʤʦʣʝʢʫʣʥʠ ʚʨʲʟʢʠ. ʂʘʢʪʦ ʩʝ ʚʠʞʜʘ ʦʪ ʌʠʛʫʨʘ 9 ʪʘʢʠʚʘ ʚʨʲʟʢʠ ʩʝ 

ʬʦʨʤʠʨʘʪ ʤʝʞʜʫ ʜʚʝ ʨʘʟʣʠʯʥʠ HO-Ga ʫʯʘʩʪʲʢʘ ʠ Ŭ-O(P) ʠ ɓ-O(P) ʘʪʦʤʠ ʦʪ ʬʦʩʬʘʪʠʪʝ. 

ʉʲʱʦ ʪʘʢʘ ʩʝ ʦʩʲʱʝʩʪʚʷʚʘ ʠ ʚʦʜʦʨʦʜʥʘ ʚʨʲʟʢʘ ʤʝʞʜʫ ʧʫʨʠʥʦʚʘʪʘ ʙʘʟʘ ʠ ɓ-ʬʦʩʬʘʪʥʠʷ 

ʫʯʘʩʪʲʢ. ʊʨʷʙʚʘ ʜʘ ʩʝ ʦʪʙʝʣʝʞʠ ʠ, ʯʝ H-ʚʨʟ̡ʢʘʪʘ ʤʝʞʜʫ ɓ-O(P) ʠ HO-ʛʨʫʧʘʪʘ ʦʪ ʨʠʙʦʟʘʪʘ 

ʝ ʧʦ-ʢʲʩʘ ʩ 0.15¡ ʚ GDP-ʢʦʤʧʣʝʢʩʘ ʩʧʨʷʤʦ CDP, ʢʦʝʪʦ ʧʨʝʜʧʦʣʘʛʘ ʠ ʧʦ-ʛʦʣʷʤʘ ʩʠʣʘ ʥʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʪʦ. 
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ʌʠʛʫʨʘ 9. ʆʙʨʘʟʫʚʘʥʝ ʥʘ ʤʦʥʦʜʝʥʪʘʪʝʥ Ŭ-Ga-GDP ʢʦʤʧʣʝʢʩ. 

 ʇʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʧʦʢʘʟʚʘʪ, ʯʝ ʧʦʥʠʞʘʚʘʥʝʪʦ ʥʘ ʜʠʝʣʝʢʪʨʠʯʥʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ 

ʩʨʝʜʘʪʘ ʚʣʠʷʝ ʥʝʙʣʘʛʦʧʨʠʷʪʥʦ ʚʲʨʭʫ ʧʨʦʮʝʩʘ ʥʘ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʫʚʘʥʝ, ʢʘʪʦ ʩʲʦʪʚʝʪʥʠʪʝ 

ʩʪʦʡʥʦʩʪʠ ʟʘ ȹG29 ʩʘ ʧʦʣʦʞʠʪʝʣʥʠ (ʊʘʙʣʠʮʘ 1 ʠ 2, ʢʘʢʪʦ ʠ ʌʠʛʫʨʘ 8 ʠ 9). 

 ɺʲʟʤʦʞʥʠʪʝ ɓ-ʤʦʥʦʜʝʥʪʘʪʥʠ ʢʦʤʧʣʝʢʩʠ ʙʷʭʘ ʤʦʜʝʣʠʨʘʥʠ ʠ ʛʝʦʤʝʪʨʠʯʥʦ 

ʦʧʪʠʤʠʟʠʨʘʥʠ, ʢʘʪʦ ʪʝʭʥʠʪʝ ʩʪʨʫʢʪʫʨʠ ʩʘ ʧʦʢʘʟʘʥʠ ʥʘ ʌʠʛʫʨʘ 10 (ɓ-Ga-CDP) ʠ ʥʘ ʌʠʛʫʨʘ 

11 (ɓ-Ga-GDP).  

 

ʌʠʛʫʨʘ 10. ʆʙʨʘʟʫʚʘʥʝ ʥʘ ʤʦʥʦʜʝʥʪʘʪʥʠ ɓ-Ga-CDP ʢʦʤʧʣʝʢʩʠ. 



ʉʦʬʠʡʩʢʠ ʫʥʠʚʝʨʩʠʪʝʪ Ăʉʚʝʪʠ ʂʣʠʤʝʥʪ ʆʭʨʠʜʩʢʠñ 

ʉʦʬʠʷ, 2020ʛ. 

 

22 
 

 

ʌʠʛʫʨʘ 11. ʆʙʨʘʟʫʚʘʥʝ ʥʘ ʤʦʥʦʜʝʥʪʘʪʥʠ ɓ-Ga-GDP ʢʦʤʧʣʝʢʩʠ. 

ɿʘ ʚʩʠʯʢʠ ʠʟʩʣʝʜʚʘʥʠ ʨʝʘʢʮʠʠ ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ ʥʘ ʦʙʨʘʟʫʚʘʥʝ ʩʘ ʩʠʣʥʦ ʦʪʨʠʮʘʪʝʣʥʠ 

(ʌʠʛʫʨʠ 10 ʠ 11, ʢʘʢʪʦ ʠ ʊʘʙʣʠʮʠ 1 ʠ 2) ʠ ʧʦ-ʚʠʩʦʢʠ ʧʦ ʘʙʩʦʣʶʪʥʘ ʩʪʦʡʥʦʩʪ ʚ ʩʨʘʚʥʝʥʠʝ 

ʩ ʪʝʟʠ, ʥʘʤʝʨʝʥʠ ʟʘ Ŭ-ʤʦʥʦʜʝʥʪʘʪʥʠʪʝ ʢʦʤʧʣʝʢʩʠ, ʢʦʝʪʦ ʩʚʠʜʝʪʝʣʩʪʚʘ ʟʘ ʪʦʚʘ, ʯʝ 

ʤʦʥʦʜʝʥʪʘʪʥʦʪʦ ʤʝʪʘʣʥʦ ʩʚʲʨʟʚʘʥʝ ʢʲʤ ɓ-ʬʦʩʬʘʪʘ ʝ ʝʥʝʨʛʝʪʠʯʥʦ ʧʦ-ʠʟʛʦʜʥʦ ʩʧʨʷʤʦ ʪʦʚʘ 

ʟʘ ʩʲʩʝʜʥʠʷ Ŭ-ʬʦʩʬʘʪ. ʅʝʦʙʭʦʜʠʤʦ ʝ ʜʘ ʙʲʜʝ ʧʦʜʯʝʨʪʘʥʘ ʨʦʣʷʪʘ ʥʘ 

ʚʲʪʨʝʰʥʦʤʦʣʝʢʫʣʥʠʪʝ ʚʦʜʦʨʦʜʥʠ ʚʨʲʟʢʠ ʟʘ ʩʪʘʙʠʣʠʟʠʨʘʥʝʪʦ ʥʘ ʤʝʪʘʣʥʠʪʝ ʢʦʤʧʣʝʢʩʠ. 

ʅʝ ʝ ʫʯʫʜʚʘʱ ʬʘʢʪʲʪ, ʯʝ ʢʦʣʢʦʪʦ ʧʦ-ʙʦʛʘʪʘ ʝ ʤʨʝʞʘʪʘ ʦʪ ʚʦʜʦʨʦʜʥʠ ʚʨʲʟʢʠ, ʪʦʣʢʦʚʘ ʧʦ-

ʩʪʘʙʠʣʝʥ ʩʪʘʚʘ ʢʦʤʧʣʝʢʩʲʪ. ʇʲʨʚʘʪʘ ɓ-ʤʦʥʦʜʝʥʪʘʪʥʘ Ga-CDP ʩʪʨʫʢʪʫʨʘ (ȹG78 = - 9.3 

kcal/mol; ʦʪʙʝʣʷʟʘʥʘ ʢʘʪʦ ɓ-Ga-CDP complex1 ʥʘ ʌʠʛʫʨʘ 10) ʧʨʠʪʝʞʘʚʘ ʚʦʜʦʨʦʜʥʘ ʚʨʲʟʢʘ 

ʤʝʞʜʫ HO-Ga ʠ ɓ-O(P); ʚʲʚ ʚʪʦʨʘʪʘ ʩʪʨʫʢʪʫʨʘ (ȹG78 = - 12.7 kcal/mol) ʚʩʠʯʢʠ ʪʨʠ HO-Ga 

ʛʨʫʧʠ ʬʦʨʤʠʨʘʪ ʅ-ʚʨʲʟʢʠ ʩ Ŭ-O(P) ʘʪʦʤʘ, ʩ ʢʠʩʣʦʨʦʜ ʦʪ ʭʠʜʨʦʢʩʠʣʥʘ ʛʨʫʧʘ ʦʪ ʨʠʙʦʟʥʠʷ 

ʧʨʲʩʪʝʥ ʠ ʩ ɓ-O(P) ʘʪʦʤ ʥʘ ʧʦ-ʛʦʣʷʤʦ ʨʘʟʩʪʦʷʥʠʝ; ʪʨʝʪʘʪʘ ʠ ʥʘʡ-ʧʨʝʜʧʦʯʝʪʝʥʘ 

ʢʦʥʬʦʨʤʘʮʠʷ  (ȹG78 = - 16.5 kcal/mol) ʧʨʠʪʝʞʘʚʘ ʩʲʱʠʷ ʪʠʧ ʚʦʜʦʨʦʜʥʦ ʩʚʲʨʟʚʘʥʝ, ʢʘʪʦ 

ʚʨʲʟʢʘʪʘ HO-Ga-ɓ-O(P), ʦʙʘʯʝ, ʝ ʟʥʘʯʠʪʝʣʥʦ ʧʦ-ʢʲʩʘ. ʉʲʱʘʪʘ ʪʝʥʜʝʥʮʠʷ ʩʝ ʥʘʙʣʶʜʘʚʘ ʠ 

ʧʨʠ ʤʦʥʦʜʝʥʪʘʪʥʠʪʝ ɓ-Ga-GDP ʢʦʤʧʣʝʢʩʠ (ʌʠʛʫʨʘ 11 ʠ ʊʘʙʣʠʮʘ 2). ʆʪʥʦʚʦ, ʢʘʢʪʦ ʠ ʧʨʠ 

ʤʦʥʦʜʝʥʪʘʪʥʠʪʝ Ŭ-ʩʪʨʫʢʪʫʨʠ, Ga-GDP ʠʟʛʣʝʞʜʘʪ ʧʦ-ʩʪʘʙʠʣʥʠ ʚ ʩʨʘʚʥʝʥʠʝ ʩ Ga-CDP 

ʢʦʤʧʣʝʢʩʠʪʝ (ʧʦ-ʥʠʩʢʠ ʩʚʦʙʦʜʥʠ ʝʥʝʨʛʠʠ ʥʘ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʫʚʘʥʝ, ʧʦʢʘʟʘʥʦ ʥʘ ʌʠʛʫʨʠ 

10 ʠ 11). 

 

 



ʉʦʬʠʡʩʢʠ ʫʥʠʚʝʨʩʠʪʝʪ Ăʉʚʝʪʠ ʂʣʠʤʝʥʪ ʆʭʨʠʜʩʢʠñ 

ʉʦʬʠʷ, 2020ʛ. 

 

23 
 

2.3. ʆʙʨʘʟʫʚʘʥʝ ʥʘ ʙʠʜʝʥʪʘʪʥʠ ʢʦʤʣʝʢʩʠ. 

ʅʷʢʦʣʢʦ ʩʘ ʚʘʨʠʘʥʪʠʪʝ ʟʘ ʙʠʜʝʥʪʘʪʥʦ ʩʚʲʨʟʚʘʥʝ ʥʘ ʤʝʪʘʣʘ ʢʲʤ ʧʠʨʦʬʦʩʬʘʪʥʘʪʘ 

ʯʘʩʪ ʦʪ ʥʫʢʣʝʦʪʠʜ ʜʠʬʦʩʬʘʪʘ: ʝʜʠʥ Ŭ,Ŭ-; ʪʨʠ ɓ,ɓ-; ʰʝʩʪ Ŭ,ɓ- ʢʦʤʧʣʝʢʩʘ. ʆʪ ʪʷʭ ʙʷʭʘ 

ʤʦʜʝʣʠʨʘʥʠ Ŭ,Ŭ-Ga-CDP (ʌʠʛʫʨʘ 12) ʠ  Ŭ,Ŭ-Ga-GDP (ʌʠʛʫʨʘ 15); ʪʨʠʪʝ ɓ,ɓ-Ga-CDP 

(ʌʠʛʫʨʘ 13) ʠ ʪʨʠʪʝ ɓ,ɓ-Ga-GDP (ʌʠʛʫʨʘ 16); ʪʨʠ Ŭ,ɓ- Ga-CDP (ʌʠʛʫʨʘ 12) ʠ ʪʨʠ Ŭ,ɓ- Ga-

CDP ʢʦʤʧʣʝʢʩʘ (ʌʠʛʫʨʘ 15). ʉʪʦʡʥʦʩʪʠʪʝ ʟʘ ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ ʥʘ ʦʙʨʘʟʫʚʘʥʝ ʥʘ 

ʙʠʜʝʥʪʘʪʥʠʪʝ Ga-CDP ʩʪʨʫʢʪʫʨʠ ʩʘ ʦʙʦʙʱʝʥʠ ʚ ʊʘʙʣʠʮʘ 3, ʘ ʪʝʟʠ ʟʘ ʙʠʜʝʥʪʘʪʥʠʪʝ Ga-

GDP ï ʚ ʊʘʙʣʠʮʘ 4. 

ʊʘʙʣʠʮʘ 3. ʉʚʦʙʦʜʥʠ ʝʥʝʨʛʠʠ ʥʘ ʦʙʨʘʟʫʚʘʥʝ ʥʘ ʙʠʜʝʥʪʘʪʥʠ Ga-CDP ʢʦʤʧʣʝʢʩʠ ʚ 

ʩʨʝʜʘ ʩ ʨʘʟʣʠʯʥʘ ʜʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ: ʧʨʦʧʘʥʦʥʠʪʨʠʣ (Ů=29) ʠ ʚʦʜʘ(Ů=78). 

  Bidentate Ga-CDP complexes 

  ȹG29, kcal/mol ȹG78, kcal/mol 

Ŭ, Ŭ  53.5 21.8 

ɓ, ɓ 

1 38.4 6.0 

2 31.4 3.7 

3 28.4 1.7 

Ŭ, ɓ 

1 16.1 -10.3 

2 15.6 -10.8 

3 20.3 -11.5 

 

ʊʘʙʣʠʮʘ 4. ʉʚʦʙʦʜʥʠ ʝʥʝʨʛʠʠ ʥʘ ʦʙʨʘʟʫʚʘʥʝ ʥʘ ʙʠʜʝʥʪʘʪʥʠ Ga-GDP ʢʦʤʧʣʝʢʩʠ ʚ ʩʨʝʜʘ 

ʩ ʨʘʟʣʠʯʥʘ ʜʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ: ʧʨʦʧʘʥʦʥʠʪʨʠʣ (Ů=29) ʠ ʚʦʜʘ(Ů=78). 

  Bidentate Ga-GDP complexes 

  ȹG29, kcal/mol ȹG78, kcal/mol 

Ŭ, Ŭ  60.6 30.7 

ɓ, ɓ 

1 31.9 4.9 

2 24.4 -0.7 

3 13.2 -11.7 

Ŭ, ɓ 

1 11.4 -13.1 

2 11.4 -13.1 

3 11.7 -14.6 
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 ɹʠʜʝʥʪʘʪʥʦʪʦ ʩʚʲʨʟʚʘʥʝ ʥʘ Ga3+ ʥʝ ʝ ʙʣʘʛʦʧʨʠʷʪʥʦ ʥʠʪʦ ʧʨʠ Ŭ-, ʥʠʪʦ ʧʨʠ ɓ- 

ʬʦʩʬʘʪʠʪʝ ʥʘ CDP, ʢʦʝʪʦ ʩʝ ʚʠʞʜʘ ʦʪ ʧʦʣʦʞʠʪʝʣʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʥʘ ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ 

ʥʘ ʢʦʤʧʣʝʩʢʦʦʙʨʘʟʫʚʘʥʝ. ʊʦʚʘ ʩʝ ʜʲʣʞʠ ʦʩʥʦʚʥʦ ʥʘ ʧʨʝʜʠʟʚʠʢʘʥʦʪʦ ʥʘʧʨʝʞʝʥʠʝ ʚ 

ʦʙʣʘʩʪʪʘ ʥʘ ʬʨʘʛʤʝʥʪʘ (P)O-Ga-O(P) ʩʣʝʜ ʠʜʚʘʥʝʪʦ ʥʘ ʢʘʪʠʦʥʘ (O-Ga-O ʲʛʲʣ ʦʪ 77ʦ ʚ 

CDP- ʢʦʤʧʣʝʢʩʘ ʩʧʨʷʤʦ 106ʦ ʚ [Ga(OH)4(H2O)2]
-), ʢʦʝʪʦ ʧʦʚʣʠʷʚʘ ʦʪʨʠʮʘʪʝʣʥʦ ʚʲʨʭʫ 

ʧʨʦʮʝʩʘ. ɺ ʜʦʧʲʣʥʝʥʠʝ, ʚ ʙʠʜʝʥʪʘʪʥʠʷ Ŭ,Ŭ-ʢʦʤʧʣʝʢʩ ʣʠʧʩʚʘʪ ʚʦʜʦʨʦʜʥʠʪʝ ʚʨʲʟʢʠ, ʢʦʠʪʦ 

ʩʘ ʦʪ ʩʲʱʝʩʪʚʝʥʦ ʟʥʘʯʝʥʠʝ ʟʘ ʩʪʘʙʠʣʠʟʠʨʘʥʝʪʦ ʥʘ ʤʦʣʝʢʫʣʘʪʘ, ʢʘʪʦ ʩʘʤʦ ɓ-ʬʦʩʬʘʪʥʠʪʝ 

ʢʠʩʣʦʨʦʜʥʠ ʘʪʦʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʘʪ ʩ ʙʘʟʘʪʘ ʠ HO-ʛʨʫʧʘʪʘ ʦʪ ʨʠʙʦʟʥʠʷ ʧʨʲʩʪʝʥ. 

 

ʌʠʛʫʨʘ 12. ʆʙʨʘʟʫʚʘʥʝ ʥʘ ʙʠʜʝʥʪʘʪʝʥ Ŭ,Ŭ-Ga-CDP ʢʦʤʧʣʝʢʩ. 

 ɹʠʜʝʥʪʘʪʥʠʪʝ ɓ,ɓ-ʩʪʨʫʢʪʫʨʠ ʩʘ ʦʢʘʟʚʘʪ ʧʦ-ʩʪʘʙʠʣʥʠ ʧʦʨʘʜʠ ʥʘʣʠʯʠʝʪʦ ʥʘ ʧʦ-

ʙʦʛʘʪʦ ʫʩʪʨʦʝʥʘ ʤʨʝʞʘ ʦʪ ʚʦʜʦʨʦʜʥʠ ʚʨʲʟʢʠ, ʢʦʝʪʦ ʩʝ ʚʠʞʜʘ ʦʪ ʧʦ-ʥʠʩʢʠʪʝ ʩʪʦʡʥʦʩʪʠ ʥʘ 

ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ ʟʘ ʪʷʭʥʦʪʦ ʬʦʨʤʠʨʘʥʝ (ʊʘʙʣʠʮʘ 3 ʠ ʌʠʛʫʨʘ 13). ɺʩʝ ʧʘʢ, ʦʙʘʯʝ, ʢʘʢʪʦ 

ȹG29, ʪʘʢʘ ʠ ȹG78 ʩʘ ʧʦʣʦʞʠʪʝʣʥʠ, ʢʦʝʪʦ ʧʦʢʘʟʚʘ, ʯʝ ʠ ʪʦʟʠ ʥʘʯʠʥ ʥʘ ʩʚʲʨʟʚʘʥʝ ʥʝ ʝ 

ʙʣʘʛʦʧʨʠʷʪʝʥ. 

 

ʌʠʛʫʨʘ 13. ʆʙʨʘʟʫʚʘʥʝ ʥʘ ʙʠʜʝʥʪʘʪʥʠ ɓ,ɓ-Ga-CDP ʢʦʤʧʣʝʢʩʠ. 
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ʇʨʦʚʝʜʝʥʠʪʝ ʠʟʯʠʩʣʝʥʠʷ ʧʦʢʘʟʚʘʪ, ʯʝ ʝʜʥʦʚʨʝʤʝʥʥʦʪʦ ʩʚʲʨʟʚʘʥʝ ʥʘ ʘʙʠʦʛʝʥʥʠʷ 

ʤʝʪʘʣʝʥ ʢʘʪʠʦʥ ʢʘʢʪʦ ʢʲʤ Ŭ-, ʪʘʢʘ ʠ ʢʲʤ ɓ-ʬʦʩʬʘʪʥʠʪʝ ʫʯʘʩʪʲʮʠ ʝ ʝʥʝʨʛʝʪʠʯʥʦ ʠʟʛʦʜʥʦ, 

ʪʲʡ ʢʘʪʦ ʩʲʦʪʚʝʪʥʠʪʝ ʝʥʝʨʛʠʠ ʥʘ ʦʙʨʘʟʫʚʘʥʝ ʚʲʚ ʚʦʜʥʘ ʩʨʝʜʘ ʩʘ ʩʠʣʥʦ ʦʪʨʠʮʘʪʝʣʥʠ 

(ʌʠʛʫʨʘ 14). ʉʪʦʡʥʦʩʪʠʪʝ ʥʘ ȹG78 ʠ ʟʘ ʪʨʠʪʝ ʠʟʩʣʝʜʚʘʥʠ Ŭ,ɓ-Ga-CDP ʠʟʦʤʝʨʥʠ ʢʦʤʧʣʝʢʩʘ 

ʩʘ ʤʥʦʛʦ ʙʣʠʟʢʠ ʠ ʩʝ ʨʘʟʣʠʯʘʚʘʪ ʚ ʨʘʤʢʠʪʝ ʥʘ 1 kcal/mol. ʊʨʠ ʩʘ ʬʘʢʪʦʨʠʪʝ, ʢʦʠʪʦ 

ʜʦʧʨʠʥʘʩʷʪ ʟʘ ʪʘʟʠ ʩʪʘʙʠʣʥʦʩʪ. ʇʲʨʚʦ, ʥʘʧʨʝʞʝʥʠʝʪʦ ʚ (P)O-Ga-O(P) ʝ ʜʦ ʛʦʣʷʤʘ ʩʪʝʧʝʥ 

ʦʙʣʝʢʯʝʥʦ ( ʲʛʲʣʲʪ ʧʨʠ O-Ga-O ʚ ʢʦʤʧʣʝʢʩʘ ʝ ʚʝʯʝ 96ʦ ʩʧʨʷʤʦ 106ʦ ʚ [Ga(OH)4(H2O)2]
-). 

ɺʪʦʨʦ, ʙʨʦʷʪ ʥʘ ʚʲʪʨʝʰʥʦʤʦʣʝʢʫʣʥʠʪʝ ʚʦʜʦʨʦʜʥʠ ʚʨʲʟʢʠ ʝ ʥʘʨʘʩʥʘʣ ʟʥʘʯʠʪʝʣʥʦ. ʀ 

ʪʨʝʪʦ, ʟʘʨʷʜʲʪ, ʪʨʘʥʩʬʝʨʠʨʘʥ ʦʪ ʣʠʛʘʥʜʠʪʝ ʢʲʤ Ga3+ ʮʝʥʪʲʨ ʚ Ŭ,ɓ-ʩʪʨʫʢʪʫʨʠʪʝ (2.46 e ʟʘ 

ʥʘʡ-ʩʪʘʙʠʣʥʘʪʘ ʩʪʨʫʢʪʫʨʘ; ʧʦʧʫʣʘʮʠʦʥʝʥ ʘʥʘʣʠʟ ʥʘ Hirshfeld), ʝ ʧʦ-ʛʦʣʷʤ ʩʧʨʷʤʦ ʪʦʟʠ ʚ 

ʩʲʦʪʚʝʪʥʠʪʝ Ŭ,Ŭ- (2.43 e) ʠ ɓ,ɓ ï ʩʪʨʫʢʪʫʨʠ (2.45 e). ʉʲʱʠʪʝ ʪʝʥʜʝʥʮʠʠ ʩʝ ʥʘʙʣʶʜʘʚʘʪ ʠ 

ʧʨʠ ʨʘʟʛʣʝʞʜʘʥʝʪʦ ʥʘ ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ ʚ ʧʨʦʧʘʥʦʥʠʪʨʠʣ (ȹG29), ʚʲʧʨʝʢʠ ʯʝ ʪʝ ʚʲʚ 

ʚʩʠʯʢʠ ʩʣʫʯʘʠ ʩʘ ʧʦʜʯʝʨʪʘʥʦ ʧʦʣʦʞʠʪʝʣʥʠ. 

 

ʌʠʛʫʨʘ 14. ʆʙʨʘʟʫʚʘʥʝ ʥʘ ʙʠʜʝʥʪʘʪʥʠ Ŭ,ɓ-Ga-CDP ʢʦʤʧʣʝʢʩʠ. 

 ʇʨʠ ʦʙʨʘʟʫʚʘʥʝʪʦ ʥʘ ʙʠʜʝʥʪʘʪʥʠ Ga-GDP ʢʦʤʧʣʝʢʩʠ ʩʝ ʥʘʙʣʶʜʘʚʘʪ ʩʲʱʠʪʝ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ, ʚʘʣʠʜʥʠ ʠ ʧʨʠ ʜʦʪʫʢ ʦʙʩʲʜʝʥʠʪʝ Ga-CDP ʩʪʨʫʢʪʫʨʠ. ʆʪʥʦʚʦ 

ʙʠʜʝʥʪʘʪʥʠʪʝ Ŭ,ɓ-Ga-GDP ʢʦʤʧʣʝʢʩʠ ʩʘ ʥʘʡ-ʩʪʘʙʠʣʥʠ, ʩʣʝʜʚʘʥʠ ʦʪ ɓ,ɓ-ʘʥʘʣʦʟʠʪʝ ʠʤ.  
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ʌʠʛʫʨʘ 15. ʆʙʨʘʟʫʚʘʥʝ ʥʘ ʙʠʜʝʥʪʘʪʥʠ Ŭ,ɓ-Ga-GDP ʢʦʤʧʣʝʢʩʠ. 

 

ʌʠʛʫʨʘ 16. ʆʙʨʘʟʫʚʘʥʝ ʥʘ ʙʠʜʝʥʪʘʪʥʠ ɓ,ɓ-Ga-GDP ʢʦʤʧʣʝʢʩʠ. 

ʀ ʪʫʢ ʦʙʨʘʟʫʚʘʥʝʪʦ ʥʘ ʙʠʜʝʥʪʘʪʝʥ Ŭ,Ŭ-Ga-GDP ʢʦʤʧʣʝʢʩ ʝ ʥʘʡ-ʥʝʙʣʘʛʦʧʨʠʷʪʥʦ ʧʦʨʘʜʠ 

ʧʦʣʦʞʠʪʝʣʥʠʪʝ ȹGŮ.  
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ʌʠʛʫʨʘ 17. ʆʙʨʘʟʫʚʘʥʝ ʥʘ ʙʠʜʝʥʪʘʪʝʥ Ŭ,Ŭ-Ga-GDP ʢʦʤʧʣʝʢʩ. 

ʇʦʣʫʯʝʥʠʪʝ ʜʘʥʥʠ ʧʦʢʘʟʚʘʪ, ʯʝ ʠ ʪʫʢ Ga3+ ʧʨʝʬʝʨʝʥʮʠʘʣʥʦ ʩʚʲʨʟʚʘ GDP ʧʨʝʜ CDP (ʧʦ-

ʥʠʩʢʠ ȹG29/ ȹG78 ʟʘ ʢʦʤʧʣʝʢʩʠʪʝ ʥʘ ʦʙʨʘʟʫʚʘʥʝ ʩ ʧʲʨʚʘʪʘ ʩʧʨʷʤʦ ʪʝʟʠ ʩ ʚʪʦʨʘʪʘ ʙʘʟʘ), 

ʢʘʪʦ ʦʪʥʦʚʦ ʧʦ-ʛʦʣʝʤʠʷʪ ʙʨʦʡ ʚʲʪʨʝʰʥʦʤʦʣʝʢʫʣʥʠ ʚʦʜʦʨʦʜʥʠ ʚʨʲʟʢʠ ʦʧʨʝʜʝʣʷ ʧʦ-

ʛʦʣʷʤʘʪʘ ʩʪʘʙʠʣʥʦʩʪ ʥʘ Ga-GDP ʩʪʨʫʢʪʫʨʠʪʝ. ʊʦʚʘ ʝ ʦʩʦʙʝʥʦ ʟʘʙʝʣʝʞʠʤʦ, ʟʘʱʦʪʦ ʜʦʨʠ 

ʠ ʩʚʦʙʦʜʥʠʪʝ ʝʥʝʨʛʠʠ ʥʘ ʦʙʨʘʟʫʚʘʥʝ ʟʘ ʜʚʘ ɓ,ɓ-Ga-GDP ʢʦʤʧʣʝʢʩʘ ʩʘ ʦʪʨʠʮʘʪʝʣʥʠ. 

 ʇʨʦʮʝʩʲʪ ʥʘ ʤʝʪʘʣʥʦ ʩʚʲʨʟʚʘʥʝ ʢʲʤ ʥʫʢʣʝʦʪʠʜ ʜʠʬʦʩʬʘʪʠʪʝ ʝ ʠʟʩʣʝʜʚʘʥ ʧʨʠ 

ʠʤʧʣʠʮʠʪʥʦ ʦʪʯʠʪʘʥʝ ʥʘ ʨʘʟʪʚʦʨʠʪʝʣʷ, ʟʘʱʦʪʦ ʩʘ ʚʟʝʪʠ ʧʦʜ ʚʥʠʤʘʥʠʝ ʪʝʭʥʠʯʝʩʢʠʪʝ 

ʪʨʫʜʥʦʩʪʠ, ʧʨʦʠʟʣʠʟʘʱʠ ʦʪ ʤʦʜʝʣʠʨʘʥʝʪʦ ʥʘ ʝʢʩʧʣʠʮʠʪʥʘ ʩʦʣʚʘʪʘʮʠʦʥʥʘ ʦʙʚʠʚʢʘ ʧʨʠ 

ʪʦʟʠ ʪʠʧ ʠʟʯʠʩʣʝʥʠʷ. ɺʩʝ ʧʘʢ ʩʠ ʟʘʜʘʜʦʭʤʝ ʚʲʧʨʦʩʘ ʜʦ ʢʘʢʚʘ ʩʪʝʧʝʥ ʥʘʙʣʶʜʘʚʘʥʠʪʝ 

ʪʝʥʜʝʥʮʠʠ ʟʘʚʠʩʷʪ ʦʪ ʥʘʯʠʥʘ ʥʘ ʟʘʜʘʚʘʥʝ ʥʘ ʨʘʟʪʚʦʨʠʪʝʣʷ ï ʠʤʧʣʠʮʠʪʥʦ ʢʘʪʦ 

ʙʝʟʩʪʨʫʢʪʫʨʝʥ ʢʦʥʪʠʥʫʫʤ ʩ ʦʧʨʝʜʝʣʝʥʘ ʜʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ, ʠʣʠ ʢʘʪʦ ʩʨʝʜʘ, 

ʠʟʛʨʘʜʝʥʘ ʦʪ ʝʢʩʧʣʠʮʠʪʥʠ ʚʦʜʥʠ ʤʦʣʝʢʫʣʠ, ʩʚʲʨʟʘʥʠ ʩ ʚʦʜʦʨʦʜʥʠ ʚʨʲʟʢʠ ʢʲʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʘʱʠʪʝ ʩʠ ʫʯʘʩʪʲʮʠ. ɿʘ ʜʘ ʦʪʛʦʚʦʨʠʤ ʥʘ ʪʦʟʠ ʚʲʧʨʦʩ, ʤʦʜʝʣʠʨʘʭʤʝ ʥʷʢʦʣʢʦ 

ʨʝʘʢʮʠʠ, ʢʘʪʦ ʚʟʝʭʤʝ ʧʦʜ ʚʥʠʤʘʥʠʝ ʜʚʝ ʝʢʩʧʣʠʮʠʪʥʠ ʚʦʜʥʠ ʤʦʣʝʢʫʣʠ ʦʪ ʨʘʟʪʚʦʨʠʪʝʣʷ, 

ʩʚʲʨʟʘʥʠ ʢʲʤ CDP-ʣʠʛʘʥʜʘ ʠ ʤʦʥʦʜʝʥʪʘʪʝʥ Ŭ-Ga-CDP (ʌʠʛʫʨʘ 8), ʢʘʢʪʦ ʠ ʙʠʜʝʥʪʘʪʥʠ 

Ŭ,Ŭ- ʠ Ŭ,ɓ- Ga-CDP (ʌʠʛʫʨʘ 12 ʠ 14) ʢʦʤʧʣʝʢʩʠ. ʀʟʯʠʩʣʝʥʠʷʪʘ ʨʘʟʢʨʠʚʘʪ, ʯʝ ȹG78 ʥʘ 

ʩʲʦʪʚʝʪʥʠʪʝ ʨʝʘʢʮʠʠ ʥʝ ʩʝ ʧʨʦʤʝʥʷʪ ʩʲʱʝʩʪʚʝʥʦ ʧʨʠ ʜʦʙʘʚʷʥʝʪʦ ʥʘ ʝʢʩʧʣʠʮʠʪʥʠ ʚʦʜʥʠ 

ʤʦʣʝʢʫʣʠ: ȹG78(Ŭ) ʩʘ -3.7 kcal/mol (ʠʤʧʣʠʮʠʪʝʥ ʨʘʟʪʚʦʨʠʪʝʣ) ʠ -1.6 kcal/mol 

(ʝʢʩʧʣʠʮʠʪʥʠ ʚʦʜʠ); ȹG78(Ŭ,Ŭ) ʩʘ 21.8 kcal/mol (ʠʤʧʣʠʮʠʪʝʥ ʨʘʟʪʚʦʨʠʪʝʣ) ʠ 21.2 kcal/mol 

(ʝʢʩʧʣʠʮʠʪʥʠ ʚʦʜʠ); ȹG78(Ŭ,ɓ) ʩʘ -10.8 kcal/mol (ʠʤʧʣʠʮʠʪʝʥ ʨʘʟʪʚʦʨʠʪʝʣ) ʠ -10.1 

kcal/mol (ʝʢʩʧʣʠʮʠʪʥʠ ʚʦʜʠ). ʊʦʟʠ ʧʨʠʤʝʨ ʷʩʥʦ ʧʦʢʘʟʚʘ, ʯʝ ʥʘʙʣʶʜʘʚʘʥʠʪʝ ʪʝʥʜʝʥʮʠʠ ʚ 

ʠʤʧʣʠʮʠʪʝʥ ʨʘʟʪʚʦʨʠʪʝʣ ʩʘ ʚʘʣʠʜʥʠ ʠ ʧʨʠ ʝʢʩʧʣʠʮʠʪʥʦ ʤʦʜʝʣʠʨʘʥʝ ʥʘ ʚʦʜʥʠ ʤʦʣʝʢʫʣʠ.  
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2.4.  ʂʦʥʬʦʨʤʘʮʠʷ ʥʘ Ga-CDP/Ga-GDP ʢʦʤʧʣʝʢʩʠʪʝ ʚ ʩʨʘʚʥʝʥʠʝ ʩ 

CDP/GDP ʚ ʘʢʪʠʚʥʠʷ ʮʝʥʪʲʨ ʥʘ ʝʥʟʠʤʘ.  

ʈʠʙʦʥʫʢʣʝʦʪʠʜ ʨʝʜʫʢʪʘʟʥʠʪʝ ʩʪʨʫʢʪʫʨʠ, ʩʲʜʲʨʞʘʱʠ ʩʫʙʩʪʨʘʪʠ CDP ʠ GDP ʚ 

ʘʢʪʠʚʥʠʷ ʩʠ ʮʝʥʪʲʨ ʥʘ R1 ʩʫʙʝʜʠʥʠʮʘʪʘ, ʩʘ ʦʧʨʝʜʝʣʝʥʠ ʯʨʝʟ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʘ 

ʢʨʠʩʪʘʣʦʛʨʘʬʠʷ ʠ ʜʝʧʦʟʠʨʘʥʠ ʚ ʙʘʥʢʘʪʘ ʟʘ ʧʨʦʪʝʠʥʦʚʠ ʜʘʥʥʠ (PDB, ʩʲʩ ʩʲʦʪʚʝʪʥʠ 

ʥʦʤʝʨʘ 5CNS ʠ 3HND). ʎʷʣʦʩʪʥʠʪʝ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʦʧʨʝʜʝʣʝʥʠ ʩʪʨʫʢʪʫʨʠ ʥʘ ʝʥʟʠʤ-

ʩʚʲʨʟʘʥʠʪʝ ʩʫʙʩʪʨʘʪʠ, ʚʟʝʪʠ ʦʪ PDB, ʩʘ ʩʲʧʦʩʪʘʚʝʥʠ ʥʘ ʌʠʛʫʨʘ 18 ʟʘ CDP ʠ ʥʘ ʌʠʛʫʨʘ 19 

ʟʘ GDP ʢʲʤ ʥʘʡ-ʩʪʘʙʠʣʥʠʪʝ (ʤʦʥʦʜʝʥʪʘʪʥʠ ɓ- ʠ ʙʠʜʝʥʪʘʪʥʠ Ŭ,ɓ-ʢʦʤʧʣʝʢʩʠ) ʤʝʪʘʣʦ-

ʩʚʲʨʟʘʥʠ ʩʪʨʫʢʪʫʨʠ, ʟʘ ʧʦʣʫʯʘʚʘʥʝʪʦ ʥʘ ʯʠʷʪʦ ʛʝʦʤʝʪʨʠʷ ʝ ʜʦʧʲʣʥʠʪʝʣʥʦ ʧʨʦʚʝʜʝʥʘ 

ʧʲʣʥʘ ʦʧʪʠʤʠʟʘʮʠʷ ʚʲʚ ʚʦʜʘ. ɺʥʠʤʘʪʝʣʥʦ ʨʘʟʛʣʝʞʜʘʥʝ ʥʘ ʧʨʝʜʩʪʘʚʝʥʠʪʝ ʩʪʨʫʢʪʫʨʠ 

ʨʘʟʢʨʠʚʘ ʟʥʘʯʠʪʝʣʥʠ ʨʘʟʣʠʢʠ ʚ ʢʦʥʬʦʨʤʘʮʠʠʪʝ ʥʘ ʩʚʦʙʦʜʥʠʪʝ ʦʪ ʤʝʪʘʣ ʝʥʟʠʤ-ʩʚʲʨʟʘʥʠ 

ʩʫʙʩʪʨʘʪʠ ʠ ʧʦʣʫʯʝʥʠʪʝ ʥʘʡ-ʩʪʘʙʠʣʥʠ ʤʦʥʦ- ʠ ʙʠʜʝʥʪʘʪʥʠ Ga-CDP ʠ Ga-GDP. ʅʝ ʝ 

ʠʟʥʝʥʘʜʚʘʱʦ, ʯʝ ʦʩʥʦʚʥʠʪʝ ʨʘʟʣʠʯʠʷ ʟʘʩʷʛʘʪ ʧʠʨʦʬʦʩʬʘʪʥʠʷ ʫʯʘʩʪʲʢ, ʯʠʷʪʦ ʩʪʨʫʢʪʫʨʘ ʝ 

ʟʥʘʯʠʪʝʣʥʦ ʜʝʬʦʨʤʠʨʘʥʘ. ʅʘʧʨʠʤʝʨ, ʪʦʨʟʠʦʥʥʠʷʪ ʲʛʲʣ C-O-P-O ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘʪʘ 

CDP-ʩʪʨʫʢʪʫʨʘ ʝ -108.5ʦ, ʜʦʢʘʪʦ ʩʲʱʠʷʪ ʚ ʦʧʪʠʤʠʟʠʨʘʥʠʪʝ ɓ- ʠ Ŭ,ɓ-Ga-CDP ʢʦʤʧʣʝʢʩʠ ʝ 

ʩʲʦʪʚʝʪʥʦ 66.5ʦ ʠ 101.1ʦ (ʌʠʛʫʨʠ 10 ʠ 14). ɼʨʫʛ ʜʠʝʜʨʠʯʝʥ ʲʛʲʣ, ʢʦʡʪʦ ʝ ʧʨʝʜʩʪʘʚʠʪʝʣʝʥ 

ʟʘ ʥʘʩʪʲʧʚʘʱʠʪʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʠ ʨʘʟʣʠʢʠ ʧʨʠ ʩʚʲʨʟʚʘʥʝʪʦ ʩ ʤʝʪʘʣʘ, ʝ O-P-O-P; 

ʥʘʙʣʶʜʘʚʘʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʩʘ 146.4ʦ (CDP), 74.7o (ʤʦʥʦʜʝʥʪʘʪ) ʠ 85.8ʦ (ʙʠʜʝʥʪʘʪ), ʢʘʢʪʦ ʝ 

ʧʨʝʜʩʪʘʚʝʥʦ ʥʘ ʌʠʛʫʨʘ 18.  

 

ʌʠʛʫʨʘ 18. ʉʲʧʦʩʪʘʚʷʥʝ ʥʘ ʥʘʡ-ʩʪʘʙʠʣʥʠʪʝ ʤʦʥʦ- ʠ ʙʠʜʝʥʪʘʪʥʠ ʢʦʤʧʣʝʢʩʠ ʥʘ ʛʘʣʠʷ ʠ 

ʪʘʟʠ ʩʫʙʩʪʨʘʪʘ CDP ʚ ʘʢʪʠʚʥʠʷ ʮʝʥʪʲʨ ʥʘ ʈʅʈ. 
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ʌʠʛʫʨʘ 19. ʉʲʧʦʩʪʘʚʷʥʝ ʥʘ ʥʘʡ-ʩʪʘʙʠʣʥʠʪʝ ʤʦʥʦ- ʠ ʙʠʜʝʥʪʘʪʥʠ ʢʦʤʧʣʝʢʩʠ ʥʘ ʛʘʣʠʷ ʠ 

ʪʘʟʠ ʥʘ ʩʫʙʩʪʨʘʪʘ GDP ʚ ʘʢʪʠʚʥʠʷ ʮʝʥʪʲʨ ʥʘ ʈʅʈ. 

ʅʘʙʣʶʜʘʚʘʥʠʪʝ ʪʝʥʜʝʥʮʠʠ ʩʘ ʚʘʣʠʜʥʠ ʠ ʟʘ ʩʚʦʙʦʜʥʠʷ GDP ʠ ʩʲʦʪʚʝʪʥʠʪʝ ʤʝʪʘʣʦ-

ʩʚʲʨʟʘʥʠ ʢʦʤʧʣʝʢʩʠ, ʢʲʜʝʪʦ ʲʛʲʣʲʪ O-P-O-P ʝ: 136.5ʦ (GDP) ʩʧʨʷʤʦ -154.2ʦ (ʤʦʥʦʜʝʥʪʘʪ) 

ʠ -131.7ʦ(ʙʠʜʝʥʪʘʪ). ʆʯʝʚʠʜʥʦ ʩʚʲʨʟʚʘʥʝʪʦ ʥʘ ʛʘʣʠʝʚʠʷ ʢʘʪʠʦʥ ʢʲʤ ʧʠʨʦʬʦʩʬʘʪʥʠʷ 

ʫʯʘʩʪʲʢ, ʢʦʡʪʦ ʩʝ ʦʯʘʢʚʘ ʜʘ ʝ ʦʪ ʧʲʨʚʦʩʪʝʧʝʥʥʦ ʟʥʘʯʝʥʠʝ ʟʘ ʨʘʟʧʦʟʥʘʚʘʥʝʪʦ ʤʝʞʜʫ 

ʩʫʙʩʪʨʘʪʘ ʠ ʘʢʪʠʚʥʠʷ ʮʝʥʪʲʨ ʥʘ ʝʥʟʠʤʘ, ʩʲʱʝʩʪʚʝʥʦ ʛʦ ʜʝʬʦʨʤʠʨʘ.  

2.5.  ɼʠʩʢʫʩʠʷ. 

ü ʆʙʨʘʟʫʚʘʥʝ ʥʘ Ga-NDP ʢʦʤʧʣʝʢʩʠ. 

ʇʨʦʚʝʜʝʥʠʪʝ ʠʟʯʠʩʣʝʥʠʷ ʭʚʲʨʣʷʪ ʩʚʝʪʣʠʥʘ ʚʲʨʭʫ ʪʝʨʤʦʜʠʥʘʤʠʯʥʠʪʝ ʘʩʧʝʢʪʠ ʦʪ 

ʨʘʟʧʦʟʥʘʚʘʥʝʪʦ ʤʝʞʜʫ Ga3+ ʠ NDP3-. ʇʦʣʫʯʝʥʠʪʝ ʜʘʥʥʠ ʜʝʤʦʥʩʪʨʠʨʘʪ, ʯʝ 

ʧʠʨʦʬʦʩʬʘʪʥʠʷʪ ʫʯʘʩʪʲʢ ʥʘʠʩʪʠʥʘ ʝ Ăʛʦʨʝʱʘ ʪʦʯʢʘñ (ñhot spotò) ʥʘ ʩʚʲʨʟʚʘʥʝ ʩ ʤʝʪʘʣʥʠʷ 

ʢʘʪʠʦʥ, ʪʲʡ ʢʘʪʦ ʢʦʦʨʜʠʥʠʨʘʥʝʪʦ ʥʘ ʤʝʪʘʣʘ ʢʲʤ ʬʦʩʬʘʪʥʠʪʝ ʛʨʫʧʠ ʜʘʚʘ ʩʪʘʙʠʣʥʠ 

ʢʦʤʧʣʝʢʩʠ ʚʲʚ ʚʦʜʥʘ ʩʨʝʜʘ, ʧʦʢʘʟʘʥʦ ʯʨʝʟ ʦʪʨʠʮʘʪʝʣʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʥʘ ʩʚʦʙʦʜʥʠʪʝ 

ɻʠʙʩʦʚʠ ʝʥʝʨʛʠʠ ʥʘ ʦʙʨʘʟʫʚʘʥʝ (ʊʘʙʣʠʮʠ 1 ʜʦ 4). ʊʝʟʠ ʨʝʟʫʣʪʘʪʠ ʩʘ ʚ ʩʲʦʪʚʝʪʩʪʚʠʝ ʩ 

ʜʘʥʥʠ ʦʪ ʜʨʫʛʠ ʠʟʩʣʝʜʚʘʥʠʷ ʚʲʨʭʫ ʤʝʪʘʣ-ʥʫʢʣʝʦʪʠʜʥʦʪʦ ʨʘʟʧʦʟʥʘʚʘʥʝ ʤʝʞʜʫ ATP/GTP 

ʠ ADP/GDP ʠ ʜʨʫʛʠ ʤʝʪʘʣʥʠ ʢʘʪʠʦʥʠ (Mg2+ ʠʣʠ Li+). ʇʨʠ ʪʦʚʘ ʩʨʝʜ ʨʘʟʣʠʯʥʠʪʝ ʥʘʯʠʥʠ 

ʥʘ Ga3+ - ʬʦʩʬʘʪʥʦ ʩʚʲʨʟʚʘʥʝ, ʤʦʥʦʜʝʥʪʘʪʥʦʪʦ ɓ- (ʌʠʛʫʨʠ 10 ʠ 11) ʠ ʙʠʜʝʥʪʘʪʥʦʪʦ Ŭ,ɓ- 

(ʌʠʛʫʨʠ 14 ʠ 15) ʢʦʦʨʜʠʥʠʨʘʥʝ ʠʟʛʣʝʞʜʘʪ ʥʘʡ-ʧʨʝʜʧʦʯʝʪʝʥʠʪʝ, ʟʘʱʦʪʦ ʜʘʚʘʪ ʢʘʪʦ 

ʨʝʟʫʣʪʘʪ ʤʝʪʘʣʥʠ ʢʦʤʧʣʝʢʩʠ, ʭʘʨʘʢʪʝʨʠʟʠʨʘʥʠ ʩʲʩ ʩʠʣʥʦ ʦʪʨʠʮʘʪʝʣʥʠ ʩʪʦʡʥʦʩʪʠ ʥʘ 


