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ɿɸʍɺɸʃʅʀʎɸ 

ʀʟʨʘʜʘ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʨʝʘʣʠʟʦʚʘʥʘ ʿʝ ʫ ʃʘʙʦʨʘʪʦʨʠʿʠ ʟʘ ʬʠʟʠʯʢʫ ʭʝʤʠʿʫ 

(050), ʀʥʩʪʠʪʫʪʘ ʟʘ ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ Ăɺʠʥʯʘñ, ʀʥʩʪʠʪʫʪʘ ʦʜ ʥʘʮʠʦʥʘʣʥʦʛ ʟʥʘʯʘʿʘ ʟʘ 

ʈʝʧʫʙʣʠʢʫ ʉʨʙʠʿʫ, ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ. 

ʆʚʦʤ ʧʨʠʣʠʢʦʤ ʞʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʩʚʠʤʘ ʢʦʿʠ ʩʫ ʤʠ ʧʦʤʦʛʣʠ ʫ ʠʟʨʘʜʠ ʜʦʢʪʦʨʩʢʝ 

ʜʠʩʝʨʪʘʮʠʿʝ. 

ɺʝʣʠʢʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʩʚʦʿʦʿ ʤʝʥʪʦʨʢʠ, ʜʨ ɼʨʘʛʘʥʠ ɺʘʩʠ˂ ɸʥʠ˂ʠʿʝʚʠ˂, ʚʠʰʝʤ 

ʥʘʫʯʥʦʤ ʩʘʨʘʜʥʠʢʫ, ʀʥʩʪʠʪʫʪʘ ʟʘ ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ Ăɺʠʥʯʘñ, ʢʦʿʘ ʤʠ ʿʝ ʦʤʦʛʫ˂ʠʣʘ ʠʟʨʘʜʫ 

ʜʠʩʝʨʪʘʮʠʿʝ, ʧʨʝʥʝʩʝʥʦʤ ʟʥʘˁʫ, ʥʘ ʘʥʛʘʞʦʚʘˁʫ ʫ ʩʚʠʤ ʬʘʟʘʤʘ ʠʟʨʘʜʝ ʨʘʜʘ, ʩʪʨʧˀʝˁʫ, 

ʢʦʨʠʩʥʠʤ ʩʘʚʝʪʠʤʘ ʠ ʩʫʛʝʩʪʠʿʘʤʘ. 

ʀʟʫʟʝʪʥʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʠ ʤʝʥʪʦʨʢʠ ʜʨ ɼʫʙʨʘʚʢʠ ʈʝʣʠ˂, ʚʘʥʨʝʜʥʦʤ ʧʨʦʬʝʩʦʨʫ 

ʍʝʤʠʿʩʢʦʛ ʬʘʢʫʣʪʝʪʘ, ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ, ʥʘ ʧʦʤʦ˂ʠ ʫ ʪʦʢʫ ʜʦʢʪʦʨʩʢʠʭ ʩʪʫʜʠʿʘ ʠ 

ʠʟʨʘʜʝ ʜʠʩʝʨʪʘʮʠʿʝ, ʟʘʣʘʛʘˁʝʤ ʠ ʧʦʜʨʰʮʠ, ʜʦʙʨʦʥʘʤʝʨʥʠʤ ʩʘʚʝʪʠʤʘ ʠ ʩʫʛʝʩʪʠʿʘʤʘ. 

ʊʘʢʦʹʝ, ʟʘʭʚʘˀʫʿʝʤ ʩʝ ʜʨ ɸʣʝʢʩʘʥʜʨʫ ʇʦʧʦʚʠ˂ʫ, ʨʝʜʦʚʥʦʤ ʧʨʦʬʝʩʦʨʫ ʍʝʤʠʿʩʢʦʛ 

ʬʘʢʫʣʪʝʪʘ, ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ,  ʜʨ ɼʫʰʘʥʫ ɺʝˀʢʦʚʠ˂ʫ, ʚʘʥʨʝʜʥʦʤ ʧʨʦʬʝʩʦʨʫ 

ʍʝʤʠʿʩʢʦʛ ʬʘʢʫʣʪʝʪʘ, ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ ʠ ʜʨ ʄʠʣʦʰʫ ʄʦʤʯʠʣʦʚʠ˂ʫ, ʥʘʫʯʥʦʤ 

ʩʘʚʝʪʥʠʢʫ, ʀʥʩʪʠʪʫʪʘ ʟʘ ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ Ăɺʠʥʯʘñ ʥʘ  ʢʦʥʩʪʨʫʢʪʠʚʥʠʤ ʢʦʤʝʥʪʘʨʠʤʘ ʠ 

ʧʦʚʨʘʪʥʠʤ ʠʥʬʦʨʤʘʮʠʿʘʤʘ, ʢʦʿʝ ʩʫ ʟʥʘʯʘʿʥʦ ʜʦʧʨʠʥʝʣʝ ʢʚʘʣʠʪʝʪʫ ʠ ʫʩʘʚʨʰʘʚʘˁʫ ʜʦʢʪʦʨʩʢʝ 

ʜʠʩʝʨʪʘʮʠʿʝ. 

ʇʦʩʝʙʥʦ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʜʨ ʉʘˁʠ ɾʠʚʢʦʚʠ˂, ʚʠʰʝʤ ʥʘʫʯʥʦʤ ʩʘʨʘʜʥʠʢʫ, ʀʥʩʪʠʪʫʪʘ ʟʘ 

ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ Ăɺʠʥʯʘñ, ʟʘ ʫʣʦʞʝʥʠ ʪʨʫʜ, ʟʘʣʘʛʘˁʝ ʠ ʥʝʩʝʙʠʯʥʫ ʧʦʤʦ˂ ʪʦʢʦʤ ʠʟʨʘʜʝ 

ʜʠʩʝʨʪʘʮʠʿʝ, ʢʘʦ ʠ ʟʘ ʩʚʘʢʠ ʩʘʚʝʪ, ʨʘʟʛʦʚʦʨ, ʠʜʝʿʫ ʠ ʧʦʜʨʰʢʫ ʢʦʿʠ ʩʫ ʤʠ ʙʠʣʠ ʜʨʘʛʦʮʝʥʠ ʪʦʢʦʤ 

ʮʝʣʦʛ ʠʩʪʨʘʞʠʚʘʯʢʦʛ ʧʨʦʮʝʩʘ. 

ʊʘʢʦʹʝ, ʞʝʣʝʣʘ ʙʠʭ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʩʚʠʤ ʢʦʣʝʛʘʤʘ ʠʟ ʃʘʙʦʨʘʪʦʨʠʿʝ ʟʘ ʬʠʟʠʯʢʫ ʭʝʤʠʿʫ 

ʀʥʩʪʠʪʫʪʘ Ăɺʠʥʯʘñ, ʢʦʿʠ ʩʫ ʤʠ ʧʨʫʞʠʣʠ ʧʦʤʦ˂ ʠ ʧʦʜʨʰʢʫ ʪʦʢʦʤ ʠʟʨʘʜʝ ʜʠʩʝʨʪʘʮʠʿʝ. 

ʇʦʩʝʙʥʦ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʩʚʦʿʠʤ ʜʨʘʛʠʤ ʢʦʣʝʛʠʥʠʮʘʤʘ ʠ ʧʨʠʿʘʪʝˀʠʮʘʤʘ, ʄʘʨʠʿʠ ʉʠʤʠ˂, 

ʂʘʪʘʨʠʥʠ ʉʪʦʿʘʥʦʚʠ˂, ɼʫˁʠ ɱʦʚʘʥʦʚʠ˂, ʄʘʨʠʿʠ ɺʫʯʢʦʚʩʢʠ ʠ ɼʘʥʠʿʝʣʠ ʊʝʢʠ˂ ʥʘ ʧʦʤʦ˂ʠ ʫ ʨʘʜʫ, 

ʧʦʜʨʰʮʠ ʠ ʜʨʫʞʝˁʫ, ʢʦʿʝ ʿʝ ʫ ʚʝʣʠʢʦʿ ʤʝʨʠ ʦʙʦʛʘʪʠʣʦ ʤʦʿʝ ʩʚʘʢʦʜʥʝʚʥʦ ʠʩʢʫʩʪʚʦ. 

ʀ ʥʘ ʢʨʘʿʫ, ʘʣʠ ʥʝ ʧʦ ʟʥʘʯʘʿʫ, ʭʚʘʣʘ ʤʦʿʦʿ ʧʦʨʦʜʠʮʠ ʠ ʧʨʠʿʘʪʝˀʠʤʘ ʥʘ ʧʦʜʩʪʨʝʢʫ, 

ʤʦʨʘʣʥʦʿ ʧʦʜʨʰʮʠ ʠ ʨʘʟʫʤʝʚʘˁʫ. 

 

 

ʉ ʧʦʰʪʦʚʘˁʝʤ, 

ʄʘʨʠʿʘ. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

ʆʚʘ ʜʠʩʝʨʪʘʮʠʿʘ ʿʝ ʧʦʩʚʝʝ˂ʥʘ ʪʝʙʠ - ʪʝʙʠ ʢʦʿʠ ʝ˂h  ʿ ʝ ʩʚʦʿʠʤ ʠʥʪʝʨʝʩʦʚʘˁʝʤ ʩʘʯʫʚʘʪʠ 

ʦʜ ʟʘʙʦʨʘʚʘ. ɸʢʦ ʠ ʿʝʜʥʘ ʨʝʯʝʥʠʮʘ ʥʘ ʦʚʠʤ ʩʪʨʘʥʠʮʘʤʘ ʧʦʢʨʝʥʝ ʤʠʩʘʦ, ʧʠʪʘˁʝ ʠʣʠ ʩʘʟʥʘˁʝ - 

ʦʥʜʘ ʿʝ ʩʚʝ ʚʨʝʜʝʣʦ.  



 

 

ʊʝʦʨʠʿʩʢʦ ʤʦʜʝʣʦʚʘˁʝ ʠ ʧʨʠʧʨʝʤʘ ʢʘʪʘʣʠʟʘʪʦʨʘ ʪʠʪʘʥ(IV)ïʦʢʩʠʜʘ 

ʤʦʜʠʬʠʢʦʚʘʥʠʭ ʜʝʧʦʟʠʮʠʿʦʤ d-ʤʝʪʘʣʘ ʟʘ ʧʨʠʤʝʥʫ ʫ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʠ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ 

ʉɸɾɽʊɸʂ 

ʆʚʘ ʜʠʩʝʨʪʘʮʠʿʘ ʦʙʫʭʚʘʪʘ ʪʝʦʨʠʿʩʢʦ ʤʦʜʝʣʦʚʘˁʝ ʠ ʧʨʠʧʨʝʤʫ TiO2 ʢʘʪʘʣʠʟʘʪʦʨʘ 

ʤʦʜʠʬʠʢʦʚʘʥʠʭ ʜʝʧʦʟʠʮʠʿʦʤ ʦʜʘʙʨʘʥʠʭ d-ʤʝʪʘʣʘ, ʧʨʠ ʯʝʤʫ ʩʝ ʜʦʙʠʿʘʿʫ ʩʨʦʜʥʠ ʤʘʪʝʨʠʿʘʣʠ 

ʨʘʟʣʠʯʠʪʠʭ ʝʣʝʢʪʨʦʥʩʢʠʭ ʩʚʦʿʩʪʘʚʘ, ʩʘ ʮʠˀʝʤ ˁʠʭʦʚʝ ʧʨʠʤʝʥʝ ʫ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦʿ 

ʜʝʛʨʘʜʘʮʠʿʠ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ. ʄʝʪʘʣʠ ʟʘ ʜʝʧʦʟʠʮʠʿʫ (Cu, Pt, Pd, Fe, Zr) ʦʜʘʙʨʘʥʠ ʩʫ ʥʘʢʦʥ 

ʢʦʤʧʘʨʘʪʠʚʥʦʛ DFT ʪʝʩʪʠʨʘˁʘ ʝʥʝʨʛʠʿʘ ʘʜʭʝʟʠʿʝ. ʇʨʠʧʨʝʤˀʝʥʠ ʢʘʪʘʣʠʟʘʪʦʨʠ ʩʫ 

ʢʘʨʘʢʪʝʨʠʩʘʥʠ ʩʘʚʨʝʤʝʥʠʤ ʪʝʭʥʠʢʘʤʘ ʩʪʨʫʢʪʫʨʥʝ ʘʥʘʣʠʟʝ ʫʢˀʫʯʫʿʫ˂ʠ XRPD, SEM-EDS ʠ 

ICP-OES. ʎʠʧʨʦʬʣʦʢʩʘʮʠʥ (CIP), ʟʙʦʛ ʣʘʢʝ ʜʝʪʝʢʮʠʿʝ, ʧʨʝʜʩʪʘʚˀʘ ʧʦʛʦʜʘʥ ʤʦʜʝʣ ʟʘ 

ʠʩʧʠʪʠʚʘˁʝ ʫʢʣʘˁʘˁʘ ʘʥʪʠʙʠʦʪʠʢʘ ʠʟ ʚʦʜʝ. ʇʨʦʮʝʩ ʜʝʛʨʘʜʘʮʠʿʝ ʿʝ ʧʨʘ˂ʝʥ ʧʫʪʝʤ 

ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʿʝ, LC-MS/MS ʠ TOC ʘʥʘʣʠʟʝ. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʤʦʜʠʬʠʢʘʮʠʿʘ TiO2 

ʨʘʟʣʠʯʠʪʠʤ d-ʤʝʪʘʣʠʤʘ ʫʪʠʯʝ ʥʘ ʙʨʟʠʥʫ ʠ ʝʬʠʢʘʩʥʦʩʪ ʨʘʟʛʨʘʜˁʝ CIP. ʉʘ ʘʩʧʝʢʪʘ ʤʝʭʘʥʠʟʤʘ, 

ʜʦʢʘʟʘʥʘ ʿʝ ʟʥʘʯʘʿʥʘ ʫʣʦʛʘ OH-ʨʘʜʠʢʘʣʘ ʢʘʦ ʦʢʩʠʜʫʿʫ˂ʝ ʚʨʩʪʝ ʫ ʧʨʦʮʝʩʫ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ. 

ʊʝʦʨʠʿʩʢʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʠʩʧʠʪʠʚʘʥʠʭ ʤʘʪʝʨʠʿʘʣʘ DFT ʤʝʪʦʜʦʤ (ʧʨʦʨʘʯʫʥʠ ʝʥʝʨʛʠʿʝ ʚʝʟʝ 

OH-ʨʘʜʠʢʘʣʘ ʥʘ ʤʝʪʘʣʦʤ ʤʦʜʠʬʠʢʦʚʘʥʠʤ ʧʦʚʨʰʠʥʘʤʘ, ʢʘʦ ʠ ʝʣʝʢʪʨʦʥʩʢʠʭ ʩʪʨʫʢʪʫʨʘ) ʠʤʘʣʘ 

ʿʝ ʢˀʫʯʥʫ ʫʣʦʛʫ ʫ ʨʘʟʚʦʿʫ ʧʨʝʜʠʢʪʠʚʥʦʛ ʤʦʜʝʣʘ ʨʝʘʢʪʠʚʥʦʩʪʠ ʠʩʧʠʪʠʚʘʥʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʫ ʯʠʿʦʿ 

ʿʝ ʦʩʥʦʚʠ ʝʥʝʨʛʠʿʘ ʚʝʟʝ ʠʩʧʪʠʚʘʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʩʘ OH-ʨʘʜʠʢʘʣʦʤ. ʆʚʦ ʠʩʪʨʘʞʠʚʘˁʝ 

ʧʨʝʜʩʪʘʚˀʘ ʠʥʦʚʘʪʠʚʥʠ ʧʦʛʣʝʜ ʥʘ ʠʩʧʠʪʠʚʘʥʝ ʘʩʧʝʢʪʝ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʠ ʜʘʿʝ 

ʩʤʝʨʥʠʮʝ ʟʘ ʜʘˀʠ ʨʘʟʚʦʿ ʝʬʠʢʘʩʥʠʿʠʭ ʠ ʦʜʨʞʠʚʠʭ ʤʝʪʦʜʘ ʟʘ ʧʨʝʯʠʰ˂ʘʚʘˁʝ ʚʦʜʘ ʟʘʛʘʹʝʥʠʭ 

ʬʘʨʤʘʮʝʫʪʩʢʠʤ ʩʫʧʩʪʘʥʮʘʤʘ. 
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Theoretical modeling and preparation of titanium(IV) oxide catalysts modified 

by d-metal deposition for application in the photodegradation of ciprofloxacin 

ABSTRACT 

This dissertation encompasses theoretical modeling and the preparation of TiO2 catalysts 

modified by the deposition of selected d-metals, resulting in related materials with different electronic 

properties, with the aim of their application in the photocatalytic degradation of ciprofloxacin. The 

metals chosen for deposition (Cu, Pt, Pd, Fe, Zr) were selected after comparative DFT testing of 

adhesion energies. The prepared catalysts were characterized using advanced structural analysis 

techniques, including XRPD, SEM-EDS, and ICP-OES. Ciprofloxacin (CIP), due to its easy 

detection, serves as a suitable model compound for studying the removal of antibiotics from water. 

The degradation process was monitored using spectrophotometry, LC-MS/MS, and TOC analysis. 

The results showed that modification of TiO  with different d-metals affects the rate and efficiency 

of CIP degradation. From a mechanistic perspective, the significant role of OH radicals as oxidizing 

species in the photodegradation process was demonstrated. Theoretical characterization of the 

investigated materials using DFT (calculations of OH radical binding energy on metal-modified 

surfaces, as well as electronic structures) played a key role in the development of a predictive model 

of reactivity of the studied materials, based on their binding energy with OH radicals. This research 

presents an innovative perspective on the studied aspects of photocatalytic degradation and provides 

guidance for the further development of more efficient and sustainable methods for the purification 

of water contaminated with pharmaceutical substances.  
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1 

1. ʋʚʦʜ 

ɿʘʛʘʹʝˁʝ ʞʠʚʦʪʥʝ ʩʨʝʜʠʥʝ ʘʥʪʠʙʠʦʪʠʮʠʤʘ ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʘʥ ʦʜ ʥʘʿʟʥʘʯʘʿʥʠʿʠʭ ʠʟʘʟʦʚʘ 

ʤʦʜʝʨʥʝ ʝʢʦʣʦʛʠʿʝ. ʉʘ ʧʦʨʘʩʪʦʤ ʠʥʜʫʩʪʨʠʿʩʢʝ ʧʨʦʠʟʚʦʜˁʝ ʣʝʢʦʚʘ, ʠʥʪʝʥʟʠʚʥʝ ʫʧʦʪʨʝʙʝ 

ʘʥʪʠʙʠʦʪʠʢʘ ʫ ʤʝʜʠʮʠʥʠ, ʩʪʦʯʘʨʩʪʚʫ ʠ ʧʦˀʦʧʨʠʚʨʝʜʠ, ʟʥʘʯʘʿʥʘ ʢʦʣʠʯʠʥʘ ʦʚʠʭ ʿʝʜʠˁʝˁʘ 

ʜʦʩʧʝʚʘ ʫ ʚʦʜʝʥʝ ʩʠʩʪʝʤʝ. ɳʠʭʦʚʦ ʧʨʠʩʫʩʪʚʦ ʫ ʞʠʚʦʪʥʦʿ ʩʨʝʜʠʥʠ ʿʝ ʧʦʩʝʙʥʦ ʟʘʙʨʠˁʘʚʘʿʫ˂ʝ ʿʝʨ 

ʩʝ ʥʝ ʨʘʟʛʨʘʫ́ʿʫ ʣʘʢʦ ʠ ʤʦʛʫ ʜʦʚʝʩʪʠ ʜʦ ʨʘʟʚʦʿʘ ʘʥʪʠʙʠʦʪʩʢʝ ʨʝʟʠʩʪʝʥʮʠʿʝ ʢʦʜ ʙʘʢʪʝʨʠʿʘ, ʰʪʦ 

ʧʨʝʜʩʪʘʚˀʘ ʦʟʙʠˀʥʫ ʧʨʝʪˁʫ ʿʘʚʥʦʤ ʟʜʨʘʚˀʫ. ɱʝʜʘʥ ʦʜ ʥʘʿʯʝʰ˂ʝ ʜʝʪʝʢʪʦʚʘʥʠʭ ʘʥʪʠʙʠʦʪʠʢʘ ʫ 

ʧʦʚʨʰʠʥʩʢʠʤ ʠ ʦʪʧʘʜʥʠʤ ʚʦʜʘʤʘ ʿʝ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ (1-ʮʠʢʣʦʧʨʦʧʠʣ-6-ʬʣʫʦʨʦ-4-ʦʢʩʦ-7-

(ʧʠʧʝʨʘʟʠʥ-1-ʠʣ)-ʭʠʥʦʣʠʥ-3-ʢʘʨʙʦʢʩʠʣʥʘ ʢʠʩʝʣʠʥʘ, CIP), ʢʦʿʠ ʧʨʠʧʘʜʘ ʛʨʫʧʠ 

ʬʣʫʦʨʦʭʠʥʦʣʦʥʘ ʠ ʰʠʨʦʢʦ ʩʝ ʢʦʨʠʩʪʠ ʫ ʣʝʯʝˁʫ ʙʘʢʪʝʨʠʿʩʢʠʭ ʠʥʬʝʢʮʠʿʘ ʢʦʜ ˀʫʜʠ ʠ ʞʠʚʦʪʠˁʘ 

[1, 2]. 

ʎʠʧʨʦʬʣʦʢʩʘʮʠʥ ʩʝ ʦʜʣʠʢʫʿʝ ʩʪʘʙʠʣʥʦʤ ʩʪʨʫʢʪʫʨʦʤ ʠ ʦʪʧʦʨʥʦʰ˂ʫ ʥʘ ʙʠʦʜʝʛʨʘʜʘʮʠʿʫ 

ʫ ʧʨʠʨʦʜʠ. ʋʢʣʘˁʘˁʝ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ ʦʚʘʢʚʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʿʝ ʧʨʦʙʣʝʤ ʦʜ ʦʧʰʪʝʛ 

ʠʥʪʝʨʝʩʘ ʠ ʟʘʭʪʝʚʘ ʘʥʛʘʞʦʚʘˁʝ ʩʚʠʭ ʨʘʩʧʦʣʦʞʠʚʠʭ ʨʝʩʫʨʩʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʠʥʩʪʠʪʫʮʠʿʝ, ʩʪʨʫʯʥʫ 

ʠ ʥʘʫʯʥʫ ʿʘʚʥʦʩʪ. ʋ ʧʦʛʣʝʜʫ ʠʩʪʨʘʞʠʚʘˁʘ ʠ ʨʘʟʚʦʿʘ ʤʝʪʦʜʘ ʫʢʣʘˁʘˁʘ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ 

ʩʫʧʩʪʘʥʮʠ, ʥʝʦʧʭʦʜʘʥ ʿʝ ʠʥʪʝʛʨʘʣʥʠ ʧʨʠʩʪʫʧ ʢʦʿʠ ʧʦʢʨʠʚʘ ʬʫʥʜʘʤʝʥʪʘʣʥʝ ʠ ʧʨʘʢʪʠʯʥʝ 

ʘʩʧʝʢʪʝ, ʜʘ ʙʠ ʫʢʣʘˁʘˁʝ ʙʠʣʦ ʧʦʪʧʫʥʦ, ʝʥʝʨʛʝʪʩʢʠ ʝʬʠʢʘʩʥʦ, ʝʢʦʥʦʤʩʢʠ ʠʩʧʣʘʪʠʚʦ ʠ ʙʝʟʙʝʜʥʦ 

ʟʘ ʞʠʚʦʪʥʫ ʩʨʝʜʠʥʫ, ʙʝʟ ʩʝʢʫʥʜʘʨʥʦʛ ʟʘʛʘʹʝˁʘ [3]. 

ʌʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʜʝʛʨʘʜʘʮʠʿʘ ʟʘʫʟʠʤʘ ʟʥʘʯʘʿʥʦ ʤʝʩʪʦ ʫ ʨʘʟʚʦʿʫ ʤʝʪʦʜʘ ʫʢʣʘˁʘˁʘ 

ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ, ʩ ʦʙʟʠʨʦʤ ʜʘ ʥʝ ʟʘʭʪʝʚʘ ʧʨʠʤʝʥʫ ʪʦʢʩʠʯʥʠʭ ʭʝʤʠʢʘʣʠʿʘ ʥʠʪʠ 

ʦʩʪʘʚˀʘ ʦʪʧʘʜ. ʆʧʪʠʤʠʟʘʮʠʿʘ ʝʬʠʢʘʩʥʦʩʪʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʦʨʛʘʥʩʢʠʭ ʠ 

ʬʘʨʤʘʮʝʫʪʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ ʿʝ ʢˀʫʯʥʦ ʧʠʪʘˁʝ ʫ ʦʚʦʿ ʦʙʣʘʩʪʠ, ʘ ʜʘʥʘʩ ʿʝ ʤʦʛʫ˂ʝ 

ʦʜʛʦʚʦʨʠʪʠ ʥʘ ˁʝʛʘ ʟʘʭʚʘˀʫʿʫ˂ʠ ʝʥʦʨʤʥʦʤ ʥʘʧʨʝʪʢʫ ʥʘʫʢʝ ʦ ʤʘʪʝʨʠʿʘʣʠʤʘ, ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘ 

ʧʨʝʮʠʟʥʦ ʜʠʟʘʿʥʠʨʘˁʝ ʩʪʨʫʢʪʫʨʝ ʤʘʪʝʨʠʿʘʣʘ ʜʦ ʘʪʦʤʩʢʦʛ ʥʠʚʦʘ. ʆʚʘʿ ʨʘʟʚʦʿ ʿʝ ʪʘʢʦʹʝ ʧʨʘ˂ʝʥ 

ʨʘʟʚʦʿʝʤ ʨʘʯʫʥʘʨʘ ʠ in silico ʤʝʪʦʜʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʧʨʠʤʝʥʠ ʪʝʦʨʠʿʩʢʝ ʭʝʤʠʿʝ, 

ʯʠʤʝ ʩʝ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʜʚʠʹʘˁʝ ʠ ʦʙʿʘʰˁʝˁʝ ʝʬʠʢʘʩʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʦʜʨʝʹʝʥʫ ʧʨʠʤʝʥʫ, 

ʢʘʦ ʠ ʧʦʚʝʟʠʚʘˁʝ ʩʪʨʫʢʪʫʨʝ ʠ ʩʚʦʿʩʪʘʚʘ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʥʦʤ ʥʠʚʦʫ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʤʦʛʫ˂ʝ ʿʝ 

ʪʘʢʦʹʝ ʜʝʬʠʥʠʩʘʪʠ ʪʝʦʨʠʿʩʢʝ ʜʝʩʢʨʠʧʪʦʨʝ, ʿʝʜʥʦʩʪʘʚʥʝ ʚʝʣʠʯʠʥʝ ʢʦʿʝ ʩʝ ʤʦʛʫ ʪʝʦʨʠʿʩʢʠ 

ʦʜʨʝʜʠʪʠ ʠ ʢʦʨʠʩʪʠʪʠ ʢʘʦ ʤʝʨʘ ʧʦʛʦʜʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʜʘʪʫ ʩʚʨʭʫ ï ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʟʘ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦ ʫʢʣʘˁʘˁʝ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ [4]. 

ʊʠʪʘʥ(IV)-ʦʢʩʠʜ ʩʝ ʩʤʘʪʨʘ ʿʝʜʥʠʤ ʦʜ ʥʘʿʧʝʨʩʧʝʢʪʠʚʥʠʿʠʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʟʙʦʛ ʩʚʦʿʝ 

ʭʝʤʠʿʩʢʝ ʩʪʘʙʠʣʥʦʩʪʠ, ʥʝʪʦʢʩʠʯʥʦʩʪʠ, ʧʨʠʩʪʫʧʘʯʥʦʩʪʠ ʠ ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʬʦʪʦʢʦʨʦʟʠʿʫ. ʆʚʘʿ 

ʤʘʪʝʨʠʿʘʣ ʿʝ ʩʧʦʩʦʙʘʥ ʜʘ ʘʧʩʦʨʙʫʿʝ UV ʟʨʘʯʝˁʝ ʠ ʧʨʦʠʟʚʦʜʠ ʨʝʘʢʪʠʚʥʝ ʢʠʩʝʦʥʠʯʥʝ ʚʨʩʪʝ, ʢʦʿʝ 

ʨʘʟʛʨʘʹʫʿʫ ʦʨʛʘʥʩʢʝ ʟʘʛʘʹʫʿʫ˂ʝ ʩʫʧʩʪʘʥʮʝ. ʄʝʹʫʪʠʤ, ʠ ʧʦʨʝʜ ʩʚʦʿʠʭ ʧʨʝʜʥʦʩʪʠ, TiO2 ʠʤʘ ʠ 

ʥʝʢʦʣʠʢʦ ʦʛʨʘʥʠʯʝˁʘ ï ˁʝʛʦʚʘ ʟʘʙʨʘˁʝʥʘ ʟʦʥʘ ʠʟʥʦʩʠ ʦʢʦ 3,2 eV, ʰʪʦ ʟʥʘʯʠ ʜʘ ʩʝ ʘʢʪʠʚʠʨʘ 

ʫʛʣʘʚʥʦʤ ʫ UV ʜʝʣʫ ʩʧʝʢʪʨʘ, ʢʦʿʠ ʯʠʥʠ ʩʘʤʦ ʥʝʢʦʣʠʢʦ ʧʨʦʮʝʥʘʪʘ ʩʫʥʯʝʚʝ ʩʚʝʪʣʦʩʪʠ. ɼʦʜʘʪʥʦ, 

ʙʨʟʘ ʨʝʢʦʤʙʠʥʘʮʠʿʘ ʬʦʪʦʝʢʩʮʠʪʦʚʘʥʠʭ ʝʣʝʢʪʨʦʥʘ ʠ ʰʫʧˀʠʥʘ ʫʤʘˁʫʿʝ ˁʝʛʦʚʫ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʫ ʝʬʠʢʘʩʥʦʩʪ, ʯʠʤʝ ʩʝ ʩʤʘˁʫʿʝ ˁʝʛʦʚʘ ʩʧʦʩʦʙʥʦʩʪ ʟʘ ʝʬʠʢʘʩʥʫ ʨʘʟʛʨʘʜˁʫ 

ʘʥʪʠʙʠʦʪʠʢʘ ʫ ʨʝʘʣʥʠʤ ʫʩʣʦʚʠʤʘ [1]. 

ʉʪʨʘʪʝʛʠʿʘ ʟʘ ʧʦʙʦˀʰʘˁʝ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʘʢʪʠʚʥʦʩʪʠ TiO2, ʫ ʦʚʦʿ ʜʠʩʝʨʪʘʮʠʿʠ, ʿʝʩʪʝ 

ˁʝʛʦʚʘ ʤʦʜʠʬʠʢʘʮʠʿʘ ʜʝʧʦʟʠʮʠʿʦʤ d-ʤʝʪʘʣʘ. ɼʦʜʘʚʘˁʝ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ ʢʘʦ ʰʪʦ ʩʫ ʙʘʢʘʨ, 

ʛʚʦʞʹʝ, ʧʣʘʪʠʥʘ ʠ ʧʘʣʘʜʠʿʫʤ ʜʦʚʦʜʠ ʜʦ ʟʥʘʯʘʿʥʠʭ ʧʨʦʤʝʥʘ ʫ ʝʣʝʢʪʨʦʥʩʢʦʿ ʩʪʨʫʢʪʫʨʠ TiO2, 

ʦʤʦʛʫ˂ʘʚʘʿʫ˂ʠ ʙʦˀʝ ʨʘʟʜʚʘʿʘˁʝ ʥʦʩʠʣʘʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ, ʩʤʘˁʝˁʝ ʝʥʝʨʛʠʿʝ ʟʘʙʨʘˁʝʥʝ ʟʦʥʝ ʠ 

ʧʦʙʦˀʰʘʥʫ ʘʧʩʦʨʧʮʠʿʫ ʩʚʝʪʣʦʩʪʠ ʫ ʚʠʜˀʠʚʦʤ ʩʧʝʢʪʨʫ. ʆʚʘ ʧʦʙʦˀʰʘˁʘ ʦʤʦʛʫ˂ʘʚʘʿʫ 

ʝʬʠʢʘʩʥʠʿʫ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʫ ʨʘʟʛʨʘʜˁʫ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ, ʫʢˀʫʯʫʿʫ˂ʠ 

ʘʥʪʠʙʠʦʪʠʢʝ, ʯʠʤʝ ʩʝ ʦʚʘʿ ʧʨʠʩʪʫʧ ʩʤʘʪʨʘ ʦʙʝ˂ʘʚʘʿʫ˂ʠʤ ʨʝʰʝˁʝʤ ʟʘ ʧʨʝʯʠʰ˂ʘʚʘˁʝ ʚʦʜʝ [5]. 

ʋ ʦʢʚʠʨʫ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ, ʘʢʮʝʥʘʪ ʿʝ ʩʪʘʚˀʝʥ ʥʘ ʜʠʟʘʿʥ, ʧʨʠʧʨʝʤʫ ʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ 

TiO2 ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʤʦʜʠʬʠʢʦʚʘʥʠʭ ʜʝʧʦʟʠʮʠʿʦʤ d-ʤʝʪʘʣʘ ʠ ˁʠʭʦʚʫ ʧʨʠʤʝʥʫ ʫ 
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ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦʿ ʜʝʛʨʘʜʘʮʠʿʠ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ. ʀʩʪʨʘʞʠʚʘˁʝ ʦʙʫʭʚʘʪʘ ʩʠʥʪʝʟʫ 

ʩʝʨʠʿʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʘʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʩʣʠʯʥʠʭ ʩʪʨʫʢʪʫʨʥʠʭ, ʘ ʨʘʟʣʠʯʠʪʠʭ ʭʝʤʠʿʩʢʠʭ 

ʩʚʦʿʩʪʘʚʘ, ˁʠʭʦʚʫ ʩʪʨʫʢʪʫʨʥʫ, ʤʦʨʬʦʣʦʰʢʫ ʠ ʦʧʪʠʯʢʫ ʘʥʘʣʠʟʫ, ʢʘʦ ʠ ʠʩʧʠʪʠʚʘˁʝ ʤʝʭʘʥʠʟʘʤʘ 

ʠ ʢʠʥʝʪʠʢʝ ʨʘʟʛʨʘʜˁʝ ʘʥʪʠʙʠʦʪʠʢʘ. ʋ ʪʫ ʩʚʨʭʫ ʢʦʨʠʰ˂ʝʥʝ ʩʫ ʩʘʚʨʝʤʝʥʝ ʘʥʘʣʠʪʠʯʢʝ ʪʝʭʥʠʢʝ, 

ʫʢˀʫʯʫʿʫ˂ʠ ʜʠʬʨʘʢʮʠʿʫ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʥʘ ʧʨʘʭʫ (XRPD), ʩʢʝʥʠʨʘʿʫ˂ʫ ʝʣʝʢʪʨʦʥʩʢʫ 

ʤʠʢʨʦʩʢʦʧʠʿʫ (SEM-EDS), ʩʧʝʢʪʨʦʩʢʦʧʠʿʫ ʠʥʜʫʢʪʠʚʥʦ ʩʧʨʝʛʥʫʪʝ ʧʣʘʟʤʝ (ICP-OES), UV-

Vis ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʿʫ ʠ LC-MS/MS ʘʥʘʣʠʟʫ. ʇʦʨʝʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʤʝʪʦʜʘ, ʧʨʠʤʝˁʝʥʠ 

ʩʫ ʠ DFT ʧʨʦʨʘʯʫʥʠ ʢʘʢʦ ʙʠ ʩʝ ʩʪʝʢʣʦ ʙʦˀʝ ʨʘʟʫʤʝʚʘˁʝ ʠʥʪʝʨʘʢʮʠʿʘ ʥʘ ʤʦʣʝʢʫʣʩʢʦʤ ʥʠʚʦʫ 

ʠ ʧʨʝʜʚʠʜʝʣʝ ʤʝʹʫʩʦʙʥʝ ʚʝʟʝ ʩʪʨʫʢʪʫʨʝ, ʭʝʤʠʿʩʢʠʭ ʩʚʦʿʩʪʘʚʘ ʠ ʝʬʠʢʘʩʥʦʩʪʠ ʢʘʪʘʣʠʟʘʪʦʨʘ. 

ʆʚʘ ʜʠʩʝʨʪʘʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʜʦʧʨʠʥʦʩ ʫʥʘʧʨʝʹʝˁʫ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠʭ ʧʨʦʮʝʩʘ 

ʧʨʠʤʝʥʦʤ ʧʨʝʜʠʢʪʠʚʥʦʛ DFT ʤʦʜʝʣʘ ʟʘ ʤʦʜʠʬʠʢʘʮʠʿʫ TiO2 ʢʘʪʘʣʠʟʘʪʦʨʘ, ʢʘʦ ʠ ʰʠʨʝʤ 

ʨʘʟʫʤʝʚʘˁʫ ʤʝʭʘʥʠʟʘʤʘ ʜʝʛʨʘʜʘʮʠʿʝ ʘʥʪʠʙʠʦʪʠʢʘ ʫ ʚʦʜʝʥʦʿ ʩʨʝʜʠʥʠ. ʈʘʟʚʦʿ ʥʦʚʠʭ, 

ʝʬʠʢʘʩʥʠʿʠʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ, ʢʦʿʠ ʢʦʨʠʩʪʝ ʚʠʜˀʠʚʫ ʩʚʝʪʣʦʩʪ ʠ ʦʙʝʟʙʝʹʫʿʫ ʜʫʛʦʨʦʯʥʫ 

ʩʪʘʙʠʣʥʦʩʪ, ʠʤʘ ʧʦʪʝʥʮʠʿʘʣ ʜʘ ʜʦʚʝʜʝ ʜʦ ʧʨʠʤʝʥʝ ʦʚʠʭ ʤʘʪʝʨʠʿʘʣʘ ʫ ʠʥʜʫʩʪʨʠʿʩʢʠʤ 

ʧʦʩʪʨʦʿʝˁʠʤʘ ʟʘ ʧʨʝʯʠʰ˂ʘʚʘˁʝ ʚʦʜʘ, ʯʠʤʝ ʙʠ ʩʝ ʟʥʘʯʘʿʥʦ ʫʤʘˁʠʦ ʫʪʠʮʘʿ ʬʘʨʤʘʮʝʫʪʩʢʠʭ 

ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ ʥʘ ʞʠʚʦʪʥʫ ʩʨʝʜʠʥʫ. 

ʆʩʥʦʚʥʠ ʮʠˀ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʠʩʧʠʪʠʚʘˁʝ ʤʦʛʫ˂ʥʦʩʪʠ ʧʨʠʧʨʝʤʝ in silico 

ʜʠʟʘʿʥʠʨʘʥʠʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʪʠʪʘʥ(IV)ïʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʠʭ ʜʝʧʦʟʠʮʠʿʦʤ ʤʝʪʘʣʘ, ʠ 

ˁʠʭʦʚʝ ʝʬʠʢʘʩʥʝ ʧʨʠʤʝʥʝ ʫ ʜʝʛʨʘʜʘʮʠʿʠ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ. ʇʦʩʝʙʥʘ ʧʘʞˁʘ ʙʠ˂ʝ ʧʦʩʚʝ˂ʝʥʘ 

ʜʝʬʠʥʠʩʘˁʫ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʪʝʦʨʠʿʩʢʠʭ ʜʝʩʢʨʠʧʪʦʨʘ ʧʨʠʤʝʥˀʠʚʠʭ ʫ ʧʨʝʜʚʠʹʘˁʫ ʝʬʠʢʘʩʥʦʩʪʠ 

ʦʚʘʢʚʠʭ ʢʘʪʘʣʠʪʠʯʢʠʭ ʩʠʩʪʝʤʘ. 

 

ʇʦʩʝʙʥʠ ʟʘʜʘʮʠ ʫ ʦʢʚʠʨʫ ʮʠˀʘ ʨʘʜʘ ʦʙʫʭʚʘʪʘʿʫ: 

1. ʀʟʚʨʰʠ˂ʝ ʩʝ ʢʦʤʧʘʨʘʪʠʚʥʦ ʪʝʩʪʠʨʘˁʝ (ʝʥʛ. DFT screening) ʘʜʭʝʟʠʿʝ ʨʘʟʣʠʯʠʪʠʭ d-

ʤʝʪʘʣʘ ʥʘ ʤʦʜʝʣʫ ʧʦʚʨʰʠʥʝ TiO2(001) ʨʘʚʥʠ ʪʠʪʘʥ(IV)ïʦʢʩʠʜʘ, ʤʝʪʦʜʦʤ ʪʝʦʨʠʿʝ 

ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ; 

2. ʆʜʘʙʨʘ˂ʝ ʩʝ, ʥʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ ʢʦʤʧʘʨʘʪʠʚʥʦʛ ʪʝʩʪʠʨʘˁʘ, ʥʘʿʧʦʛʦʜʥʠʿʠ ʤʝʪʘʣʠ ʟʘ 
ʧʨʠʧʨʝʤʫ ʢʘʪʘʣʠʟʘʪʦʨʘ ʤʦʜʠʬʠʢʦʚʘʥʦʛ ʜʝʧʦʟʠʮʠʿʦʤ ʤʝʪʘʣʘ; 

3. ʇʨʠʧʨʝʤˀʝʥʠ ʢʘʪʘʣʠʟʘʪʦʨʠ ʙʠ˂ʝ ʢʘʨʘʢʪʝʨʠʩʘʥʠ, ʫʟ ʧʦʤʦ˂ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ (SEM, 

XRPD) ʠ ʪʝʦʨʠʿʩʢʠʭ (DFT) ʤʝʪʦʜʘ, ʯʠʤʝ ˂ʝ ʩʝ ʫʪʚʨʜʠʪʠ ˁʠʭʦʚʘ ʩʪʨʫʢʪʫʨʥʘ ʠ 

ʝʣʝʢʪʨʦʥʩʢʘ ʩʚʦʿʩʪʚʘ; 

4. ʀʩʧʠʪʘ˂ʝ ʩʝ ʤʦʛʫ˂ʥʦʩʪ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ (ʠʟ ʨʝʘʣʥʦʛ ʠ 

ʩʠʤʫʣʠʨʘʥʦʛ ʫʟʦʨʢʘ) ʫʟ ʧʦʤʦ˂ ʜʦʙʠʿʝʥʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʦʜʨʝʜʠ˂ʝ ʝʬʠʢʘʩʥʦʩʪ 

ʧʨʦʮʝʩʘ ʜʝʛʨʘʜʘʮʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʥʝʤʦʜʠʬʠʢʦʚʘʥʠ ʪʠʪʘʥ(IV)-ʦʢʩʠʜ ʢʘʦ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨ; 

5. ɸʥʘʣʠʟʠʨʘ˂ʝ ʩʝ ʩʘʩʪʘʚ ʬʦʪʦʜʝʛʨʘʜʠʨʘʥʦʛ ʫʟʦʨʢʘ ʢʦʤʙʠʥʦʚʘˁʝʤ ʭʨʦʤʘʪʦʛʨʘʬʩʢʠʭ 
ʤʝʪʦʜʘ ʠ ʤʝʨʝˁʘ ʫʢʫʧʥʦʛ ʦʨʛʘʥʩʢʦʛ ʫʛˀʝʥʠʢʘ (TOC). ʊʦʢʩʠʯʥʦʩʪ ʧʨʦʠʟʚʦʜʘ ʙʠ˂ʝ 

ʧʨʦʚʝʨʝʥʘ ʧʫʪʝʤ CompTox ʙʘʟʝ ʧʦʜʘʪʘʢʘ. 

6. ʀʩʧʠʪʘ˂ʝ ʩʝ ʦʜʘʙʨʘʥʝ ʪʝʦʨʠʿʩʢʠ ʠʟʨʘʯʫʥʘʪʝ ʚʝʣʠʯʠʥʝ (ʝʥʝʨʛʠʿʘ ʚʝʟʠʚʘˁʘ 

ʭʠʜʨʦʢʩʠʣ-ʨʘʜʠʢʘʣʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʠ ʧʨʦʿʝʢʮʠʿʘ ʝʣʝʢʪʨʦʥʩʢʝ 

ʛʫʩʪʠʥʝ ʩʪʘˁʘ) ʢʘʦ ʧʦʪʝʥʮʠʿʘʣʥʠ DFT ʜʝʩʢʨʠʧʪʦʨʠ, ʢʦʿʠ ʤʦʛʫ ʩʣʫʞʠʪʠ ʟʘ 

ʧʨʝʜʚʠʹʘˁʝ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ  ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʠʭ 

ʜʝʧʦʟʠʮʠʿʦʤ ʤʝʪʘʣʘ ʟʘ ʜʝʛʨʘʜʘʮʠʿʫ ʦʨʛʘʥʩʢʠʭ ʿʝʜʠˁʝˁʘ. 

ʆʚʦ ʿʝ, ʧʨʝʤʘ ʜʦʩʪʫʧʥʠʤ ʣʠʪʝʨʘʪʫʨʥʠʤ ʧʦʜʘʮʠʤʘ, ʧʨʚʘ ʩʪʫʜʠʿʘ ʢʦʿʘ ʩʝ ʙʘʚʠ ʪʝʦʨʠʿʩʢʠʤ 

ʧʨʝʜʚʠʹʘˁʝʤ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʘʢʪʠʚʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʜʝʛʨʘʜʘʮʠʿʫ ʦʨʛʘʥʩʢʠʭ ʩʫʧʩʪʘʥʮʠ ʥʘ 

ʦʩʥʦʚʫ ʨʝʘʢʪʠʚʥʦʩʪʠ ʧʦʚʨʰʠʥʝ ʧʨʝʤʘ ʭʠʜʨʦʢʩʠʣ-ʨʘʜʠʢʘʣʫ. 
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ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʧʦʜʝˀʝʥʘ ʿʝ ʫ ʥʝʢʦʣʠʢʦ ʧʦʛʣʘʚˀʘ. ʊʝʦʨʠʿʩʢʠ ʜʝʦ ʯʠʥʝ ʦʩʥʦʚʥʘ 

ʦʙʿʘʰˁʝˁʘ ʢʦʿʘ ʩʝ ʪʠʯʫ ʦʧʘʩʥʦʩʪʠ ʦʜ ʟʘʛʘʹʝˁʘ ʘʥʪʠʙʠʦʪʠʮʠʤʘ ʠ ʥʘʙʨʦʿʘʥʝ ʩʫ ʥʘʿʟʘʩʪʫʧˀʝʥʠʿʝ 

ʤʝʪʦʜʝ ˁʠʭʦʚʦʛ ʫʢʣʘˁʘˁʘ. ɼʘʪ ʿʝ ʧʨʝʛʣʝʜ ʦʩʥʦʚʥʠʭ ʧʨʠʥʮʠʧʘ ʬʦʪʦʢʘʪʘʣʠʟʝ, ʧʨʝʛʣʝʜ ʧʨʠʤʝʥʘ 

ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʫ ʬʦʪʦʢʘʪʘʣʠʟʠ ʠ ʥʘʿʚʘʞʥʠʿʠʭ ʤʝʪʦʜʘ ʩʠʥʪʝʟʝ. ʋ ʥʘʩʪʘʚʢʫ ʩʫ ʦʧʠʩʘʥʝ 

ʧʦʩʪʘʚʢʝ ʧʨʠʤʝˁʝʥʠʭ ʪʝʭʥʠʢʘ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʤʘʪʝʨʠʿʘʣʘ. ʅʘ ʢʨʘʿʫ ʪʝʦʨʠʿʩʢʦʛ ʜʝʣʘ, 

ʦʙʨʘʹʝʥʠ ʩʫ ʦʩʥʦʚʥʠ ʧʨʠʥʮʠʧʠ ʪʝʦʨʠʿʝ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ, ʪʝʭʥʠʯʢʠ ʜʝʪʘˀʠ ʚʝʟʘʥʠ ʟʘ 

ʧʨʘʢʪʠʯʥʦ ʩʧʨʦʚʦʹʝˁʝ ʧʨʦʨʘʯʫʥʘ, ʠ ʧʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ ʢʦʿʠ ʧʦʢʨʠʚʘ ʧʨʠʤʝʥʫ DFT ʧʨʦʨʘʯʫʥʘ 

ʫ ʬʦʪʦʢʘʪʘʣʠʟʠ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʝʦ ʧʦʢʨʠʚʘ ʧʨʦʮʝʜʫʨʝ ʩʠʥʪʝʟʝ ʤʘʪʝʨʠʿʘʣʘ, 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʫʩʣʦʚʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʠ ʧʨʘ˂ʝˁʘ ʜʝʛʨʘʜʘʮʠʿʝ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʘʨʘʤʝʪʨʝ 

ʦʜ ʟʥʘʯʘʿʘ ʟʘ ʤʦʨʬʦ-ʩʪʨʫʢʪʫʨʘʣʥʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʢʘʪʘʣʠʪʠʯʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʠ ʧʨʘ˂ʝˁʝ 

ʜʝʛʨʘʜʘʮʠʿʝ ʧʫʪʝʤ ʩʚʘʢʝ ʦʜ ʧʨʠʤʝˁʝʥʠʭ ʪʝʭʥʠʢʘ. ʅʘ ʢʨʘʿʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʜʝʣʘ ʜʘʪʠ ʩʫ 

ʜʝʪʘˀʠ ʧʨʦʨʘʯʫʥʘ ʚʝʟʘʥʠ ʟʘ DFT ʤʦʜʝʣ. ɼʝʦ ʢʦʿʠ ʩʝ ʦʜʥʦʩʠ ʥʘ ʨʝʟʫʣʪʘʪʝ ʠ ʜʠʩʢʫʩʠʿʫ ʧʦʜʝˀʝʥ 

ʿʝ ʥʘ ʪʨʠ ʮʝʣʠʥʝ. ʇʨʚʘ ʮʝʣʠʥʘ ʿʝ ʚʝʟʘʥʘ ʟʘ DFT ʧʨʦʨʘʯʫʥʝ, ʦʚʜʝ ʩʫ ʜʠʩʢʫʪʦʚʘʥʠ ʨʝʟʫʣʪʘʪʠ 

ʩʢʨʠʥʠʥʛʘ ʝʥʝʨʛʠʿʝ ʘʜʭʝʟʠʿʝ d-ʤʝʪʘʣʘ ʥʘ ʤʦʜʝʣʫ (001) ʧʦʚʨʰʠʥʝ  ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʠ ʧʨʠʢʘʟʘʥ 

ʿʝ ʦʜʘʙʠʨ ʩʝʪʘ d-ʤʝʪʘʣʘ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ ʧʨʠʧʨʝʤʫ ʤʦʜʠʬʠʢʦʚʘʥʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘ. ʅʘ ʢʨʘʿʫ, 

ʜʝʬʠʥʠʩʘʥʠ ʩʫ, ʠʟʨʘʯʫʥʘʪʠ ʠ ʧʨʦʚʝʨʝʥʠ ʢʘʪʘʣʠʪʠʯʢʠ ʜʝʩʢʨʠʧʪʦʨʠ ʥʘ ʦʩʥʦʚʫ ʢʦʿʠʭ ʿʝ 

ʢʦʥʩʪʨʫʠʩʘʥ ʧʨʝʜʠʢʪʠʚʥʠ ʤʦʜʝʣ ʨʝʘʢʪʠʚʥʦʩʪʠ. ʋ ʜʨʫʛʦʿ ʮʝʣʠʥʠ ʧʨʝʜʩʪʘʚˀʝʥʠ ʩʫ ʨʝʟʫʣʪʘʪʠ 

ʤʦʨʬʦ-ʩʪʨʫʢʪʫʨʘʣʥʝ ʘʥʘʣʠʟʝ ʩʠʥʪʝʪʠʩʘʥʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘ. ʊʨʝ˂ʘ ʮʝʣʠʥʘ ʦʙʫʭʚʘʪʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʤʝʨʝˁʘ ʝʬʠʢʘʩʥʦʩʪʠ ʠ ʙʨʟʠʥʝ ʧʨʦʮʝʩʘ ʜʝʛʨʘʜʘʮʠʿʝ, ʨʝʟʫʣʪʘʪʝ ʜʝʪʝʢʮʠʿʝ 

ʧʨʦʠʟʚʦʜʘ ʜʝʛʨʘʜʘʮʠʿʝ ʠ ʠʩʧʠʪʠʚʘˁʘ ʤʝʭʘʥʠʟʤʘ ʧʨʦʮʝʩʘ, ʢʘʦ ʠ ʧʦʨʝʹʝˁʝ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ 

ʩʘ ʜʦʩʪʫʧʥʦʤ ʣʠʪʝʨʘʪʫʨʦʤ. ʋ ʟʘʢˀʫʯʥʦʤ ʜʝʣʫ ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʨʝʟʠʤʝ ʦʩʥʦʚʥʠʭ ʪʚʨʜˁʠ ʢʦʿʝ ʩʝ 

ʪʝʤʝˀʝ ʥʘ ʜʦʙʠʿʝʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ ʠ ʧʦʩʪʘʚˀʝʥʠʤ ʮʠˀʝʚʠʤʘ ʠʩʪʨʘʞʠʚʘˁʘ. 
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2. ʊʝʦʨʠʿʩʢʠ ʜʝʦ 

2.1. ɸʥʪʠʙʠʦʪʠʮʠ ʠ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ, ʫʪʠʮʘʿ ʥʘ ʞʠʚʦʪʥʫ ʩʨʝʜʠʥʫ 

ɾʠʚʦʪʥʘ ʩʨʝʜʠʥʘ ʿʝ ʠʟʣʦʞʝʥʘ ʧʨʝʢʦʤʝʨʥʦʿ ʢʦʣʠʯʠʥʠ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ ʟʙʦʛ ʨʘʩʪʘ 

ʩʪʘʥʦʚʥʠʰʪʚʘ, ʠʥʜʫʩʪʨʠʿʘʣʠʟʘʮʠʿʝ ʠ ˀʫʜʩʢʠʭ ʘʢʪʠʚʥʦʩʪʠ. ʋ ʚʦʜʠ ʩʫ ʜʝʪʝʢʪʦʚʘʥʝ ʤʥʦʛʦʙʨʦʿʥʝ 

ʦʨʛʘʥʩʢʝ ʟʘʛʘʹʫʿ ʫ˂ʝ ʩʫʧʩʪʘʥʮʝ, ʫʢˀʫʯʫʿʫ˂ʠ ʦʨʛʘʥʩʢʝ ʙʦʿʝ, ʧʝʩʪʠʮʠʜʝ, ʠʥʩʝʢʪʠʮʠʜʝ, 

ʧʣʘʩʪʠʬʠʢʘʪʦʨʝ, ʬʘʨʤʘʮʝʫʪʩʢʝ ʧʨʦʠʟʚʦʜʝ ʠ ʧʨʦʠʟʚʦʜʝ ʟʘ ʣʠʯʥʫ ʥʝʛʫ ʠ ʝʥʜʦʢʨʠʥʝ ʜʠʩʨʫʧʪʦʨʝ 

[6ï13]. ʋʧʦʪʨʝʙʘ ʣʝʢʦʚʘ ʟʘ ʣʝʯʝˁʝ ˀʫʜʠ ʠ ʞʠʚʦʪʠˁʘ ʿʝ ʩʚʝ ʚʝ˂ʘ [1, 14]. ɱʝʜʥʠ ʦʜ ʥʘʿʯʝʰ˂ʝ 

ʢʦʥʟʫʤʠʨʘʥʠʭ ʬʘʨʤʘʮʝʫʪʩʢʠʭ ʧʨʦʠʟʚʦʜʘ ʩʫ ʘʥʪʠʙʠʦʪʠʮʠ ʟʙʦʛ ˁʠʭʦʚʝ ʝʬʠʢʘʩʥʦʩʪʠ ʫ ʙʦʨʙʠ 

ʧʨʦʪʠʚ ʙʦʣʝʩʪʠ ʫʟʨʦʢʦʚʘʥʠʭ ʙʘʢʪʝʨʠʿʘʤʘ [1, 15, 16]. ʅʘʯʠʥʠ ʥʘ ʢʦʿʝ ʘʥʪʠʙʠʦʪʠʮʠ ʤʦʛʫ ʜʦʩʧʝʪʠ 

ʫ ʚʦʜʝʥʫ ʩʨʝʜʠʥʫ (ʩʣʠʢʘ 1) ʩʫ ʠʩʧʫʰʪʘˁʝʤ ʦʪʧʘʜʥʠʭ ʚʦʜʘ ʠʟ ʠʥʜʫʩʪʨʠʿʩʢʝ ʧʨʦʠʟʚʦʜˁʝ 

ʘʥʪʠʙʠʦʪʠʢʘ, ʜʦʤʘ˂ʠʥʩʪʘʚʘ, ʬʘʨʤʠ ʠ ʙʦʣʥʠʮʘ. ʊʘʢʦʹʝ, ʢʠʰʘ ʠ ʩʥʝʛ ʠʩʧʠʨʘʿʫ ʘʥʪʠʙʠʦʪʠʢʝ ʩʘ 

ʜʝʧʦʥʠʿʘ, ˁʠʚʘ ʠ ʫʩʝʚʘ ʫ ʚʦʜʝʥʦ ʩʪʘʥʠʰʪʝ [1, 14, 17]. ʀʘʢʦ ʿʝ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʥʪʠʙʠʦʪʠʢʘ 

ʧʨʦʥʘʹʝʥʠʭ ʫ ʚʦʜʘʤʘ ʨʝʣʘʪʠʚʥʦ ʥʠʩʢʘ, ʫ ʨʘʩʧʦʥʫ ʦʜ ʤʠʢʨʦʛʨʘʤʘ ʜʦ ʥʘʥʦʛʨʘʤʘ ʧʦ ʣʠʪʨʫ [12, 

18, 19], ʧʦʩʪʦʿʠ ʟʘʙʨʠʥʫʪʦʩʪ ʜʘ ˂ʝ ʢʘʢʦ ʧʦʧʫʣʘʮʠʿʘ ʨʘʩʪʝ, ʧʦʪʨʦʰˁʘ ʘʥʪʠʙʠʦʪʠʢʘ ʨʘʩʪʠ ʠ 

ʘʢʫʤʫʣʠʨʘʪʠ ʩʝ, ʰʪʦ ʧʦʪʝʥʮʠʿʘʣʥʦ ʜʦʚʦʜʠ ʜʦ ʦʪʧʦʨʥʦʩʪʠ ʙʘʢʪʝʨʠʿʘ ʠ ʧʦʚʝ˂ʘˁʘ ʰʪʝʪʥʠʭ 

ʫʪʠʮʘʿʘ ʥʘ ʟʜʨʘʚˀʝ ˀʫʜʠ ʠ ʞʠʚʦʪʠˁʘ [1, 3, 10, 13, 14, 20]. ɼʦʩʪʫʧʥʠ ʧʦʜʘʮʠ ʛʦʚʦʨʝ ʜʘ ʩʝ 

ʛʦʜʠʰˁʘ ʧʦʪʨʦʰˁʘ ʘʥʪʠʙʠʦʪʠʢʘ ʢʨʝ˂ʝ ʦʜ 100 000 ʜʦ 200 000 ʪʦʥʘ. ʀʟʤʝʹʫ 2000. ʠ 2015. 

ʛʦʜʠʥʝ ʫʧʦʪʨʝʙʘ ʘʥʪʠʙʠʦʪʠʢʘ ʧʦʨʘʩʣʘ ʿʝ ʟʘ 65%, ʘ ʦʯʝʢʫʿʝ ʩʝ ʜʘ ˂ʝ ʧʨʝʤʘʰʠʪʠ 200% ʜʦ 2030. 

ʛʦʜʠʥʝ [3, 21]. ʅʝʢʠ ʦʜ ʥʘʿʯʝʰ˂ʝ ʜʝʪʝʢʪʦʚʘʥʠʭ ʠ ʥʘʿʟʘʩʪʫʧˀʝʥʠʿʠʭ ʘʥʪʠʙʠʦʪʠʢʘ ʫ ʚʦʜʠ ʩʫ 

ʩʫʣʬʘʤʝʪʦʢʩʘʟʦʣ, ʪʨʠʤʝʪʦʧʨʠʤ ʠ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ [1, 3, 22, 23].  

 
ʉʣʠʢʘ 1. ʇʫʪʝʚʠ ʜʦʩʧʝ˂ʘ ʘʥʪʠʙʠʦʪʠʢʘ ʫ ʚʦʜʝʥʫ ʩʨʝʜʠʥʫ (ʇʨʠʢʘʟʘʥʦ ʥʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʠʟ [1, 17]). 

ʂʝʥʠʦʥ (ʝʥʛ. Kenyon) ʿʝ ʩʧʨʦʚʝʦ ʠʩʪʨʘʞʠʚʘˁʝ ʠ ʧʦʨʝʜʠʦ ʫʟʦʨʢʝ ʩʘ ʚʠʰʝ ʦʜ 1000 

ʣʦʢʘʮʠʿʘ ʥʘ 258 ʩʚʝʪʩʢʠʭ ʨʝʢʘ ʫ 104 ʟʝʤˀʝ ʠ ʨʝʟʫʣʪʘʪʠ ʧʦʢʘʟʫʿʫ ʜʘ ʿʝ ʢʦʥʮʝʥʪʨʘʮʠʿʘ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʧʨʝʤʘʰʠʣʘ ʧʨʝʜʣʦʞʝʥʫ ʙʝʟʙʝʜʥʫ ʛʨʘʥʠʮʫ ʦʜ 60 ng·L-1 [24] ʥʘ 64 ʣʦʢʘʮʠʿʝ 

ʦʜ ʩʚʠʭ ʫʟʦʨʢʦʚʘʥʠʭ ʣʦʢʘʮʠʿʘ [25]. ʇʦʩʪʦʿʠ ʥʝʢʦʣʠʢʦ ʨʘʟʣʦʛʘ ʟʙʦʛ ʢʦʿʠʭ ʿʝ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ 

(CIP, ʩʣʠʢʘ 2) ʧʨʠʩʫʪʘʥ ʫ ʚʦʜʝʥʠʤ ʩʨʝʜʠʥʘʤʘ ʠ ʧʨʠʨʦʜʠ ʫʦʧʰʪʝ. ʇʨʚʦ, ʧʦʩʪʨʦʿʝˁʘ ʟʘ 

ʧʨʝʯʠʰ˂ʘʚʘˁʝ ʦʪʧʘʜʥʠʭ ʚʦʜʘ ʥʠʩʫ ʧʦʛʦʜʥʘ ʟʘ ʧʦʪʧʫʥʦ ʫʢʣʘˁʘˁʝ ʘʥʪʠʙʠʦʪʠʢʘ [26]. ɿʘʪʠʤ, 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ (ʪʘʙʝʣʘ 1) ʿʝ ʩʠʥʪʝʪʠʯʢʠ ʜʝʨʠʚʘʪ ʬʣʫʦʨʦʭʠʥʦʣʦʥʘ, ʘ ʪʘ ʿʝʜʠˁʝˁʘ ʩʫ ʩʪʘʙʠʣʥʘ, 

ʰʪʦ ʠʭ ʯʠʥʠ ʪʝʞʠʤ ʟʘ ʨʘʟʣʘʛʘˁʝ [3]. ʅʘ ʢʨʘʿʫ, ʘʣʠ ʥʝ ʠ ʥʘʿʤʘˁʝ ʚʘʞʥʦ, ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ ʿʝ 

ʰʠʨʦʢʦ ʢʦʨʠʰ˂ʝʥ ʣʝʢ ʢʦʿʠ ʤʦʞʝ ʜʘ ʣʝʯʠ ʨʘʟʥʝ ʟʘʨʘʟʥʝ ʙʦʣʝʩʪʠ. ʎʠʧʨʦʬʣʦʢʩʘʮʠʥ ʠʤʘ 
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ʘʥʪʠʙʘʢʪʝʨʠʿʩʢʦ ʜʝʿʩʪʚʦ ʰʠʨʦʢʦʛ ʩʧʝʢʪʨʘ [2], ʫʢˀʫʯʫʿʫ˂ʠ ʠ ʛʨʘʤ-ʧʦʟʠʪʠʚʥʝ ʠ ʛʨʘʤ-ʥʝʛʘʪʠʚʥʝ 

ʙʘʢʪʝʨʠʿʝ, ʿʝʨ ʙʣʦʢʠʨʘ ʩʠʥʪʝʟʫ ɼʅʂ ʙʘʢʪʝʨʠʿʘ ʠʥʪʝʨʘʢʮʠʿʦʤ ʩʘ ʙʘʢʪʝʨʠʿʩʢʦʤ ɼʅʂ ʛʠʨʘʟʦʤ, 

ʝʥʟʠʤʦʤ ʢʦʿʠ ʿʝ ʢˀʫʯʘʥ ʟʘ ʨʝʧʣʠʢʘʮʠʿʫ ʭʨʦʤʦʟʦʤʘ ʙʘʢʪʝʨʠʿʘ [27].  

 
ʉʣʠʢʘ 2. ʉʪʨʫʢʪʫʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ. 

ʊʘʙʝʣʘ 1. ʌʠʟʠʯʢʦ-ʭʝʤʠʿʩʢʘ ʩʚʦʿʩʪʚʘ CIP ʠ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʦʪʢʨʠʚʝʥʝ ʫ ʧʦʚʨʰʠʥʩʢʠʤ ʚʦʜʘʤʘ ʰʠʨʦʤ 

ʩʚʝʪʘ. 

ɸʥʪʠʙʠʦʪʠʢ ʎʠʧʨʦʬʣʦʢʩʘʮʠʥ 

IUPAC-ʦʚ ʥʘʟʠʚ 1-ʮʠʢʣʦʧʨʦʧʠʣ-6-ʬʣʫʦʨʦ-4-ʦʢʩʦ-7-(ʧʠʧʝʨʘʟʠʥ-1-ʠʣ)-

ʭʠʥʦʣʠʥ-3-ʢʘʨʙʦʢʩʠʣʥʘ ʢʠʩʝʣʠʥʘ 

ʂʣʘʩʘ ʌʣʫʦʨʦʢʠʥʦʣʦʥʠ 

ʄʦʣʝʢʫʣʩʢʘ ʬʦʨʤʫʣʘ C17H18FN3O3 

ʄʦʣʘʨʥʘ ʤʘʩʘ (gĿmol-1) 331,34 

pKa1, pKa2   5,76; 8,68 

ʈʘʩʪʚʦʨˀʠʚʦʩʪ ʫ ʚʦʜʠ (gĿL-1) 

[27] 

30 

ʇʨʦʩʝʯʥʘ ʜʝʪʝʢʪʦʚʘʥʘ 

ʢʦʥʮʝʥʪʨʘʮʠʿʘ (ÕgĿL-1)  [1] 

18,99 

ʄʘʢʩʠʤʘʣʥʘ ʜʝʪʝʢʪʦʚʘʥʘ 

ʢʦʥʮʝʥʪʨʘʮʠʿʘ (ÕgĿL-1) [1] 

6500 

2.2. ʄʝʪʦʜʝ ʟʘ ʫʢʣʘˁʘˁʝ ʘʥʪʠʙʠʦʪʠʢʘ 

ɿʘʛʘʹʝˁʝ ʚʦʜʝʥʝ ʩʨʝʜʠʥʝ ʘʥʪʠʙʠʦʪʠʮʠʤʘ ʧʦʩʪʘʿʝ ʛʣʦʙʘʣʥʘ ʟʘʙʨʠʥʫʪʦʩʪ, ʘʣʠ ʥʘ ʩʨʝ˂ʫ, 

ʧʦʩʪʦʿʠ ʪʝʥʜʝʥʮʠʿʘ ʫʩʧʦʩʪʘʚˀʘˁʘ ʥʦʚʠʭ ʤʝʪʦʜʘ ʢʦʿʝ ʤʦʛʫ ʙʠʪʠ ʝʬʠʢʘʩʥʝ ʫ ʫʢʣʘˁʘˁʫ 

ʘʥʪʠʙʠʦʪʠʢʘ ʠʟ ʦʢʦʣʠʥʝ. ʄʝʹʫ ʜʦʩʪʫʧʥʠʤ ʤʝʪʦʜʘʤʘ ʩʫ ʘʜʩʦʨʧʮʠʿʘ, ʤʝʤʙʨʘʥʩʢʘ ʬʠʣʪʨʘʮʠʿʘ, 

ʦʟʦʥ, ʫʣʪʨʘʟʚʫʯʥʦ ʟʨʘʯʝˁʝ ʠ ʯʚʨʩʪʠ ʧʦʣʠʤʝʨʠ, ʢʘʦ ʠ ˁʠʭʦʚʝ ʢʦʤʙʠʥʘʮʠʿʝ [28, 29] . ʅʝʢʝ ʦʜ 

ʥʘʿʯʝʰ˂ʝ ʦʧʠʩʘʥʠʭ ʠ ʥʘʿʠʩʪʨʘʞʝʥʠʿʠʭ ʤʝʪʦʜʘ (ʩʣʠʢʘ 3) ʟʘ ʫʢʣʘˁʘˁʝ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʠʟ 

ʚʦʜʝʥʝ ʩʨʝʜʠʥʝ ʩʫ ʥʘʧʨʝʜʥʠ ʦʢʩʠʜʘʮʠʦʥʠ ʧʨʦʮʝʩʠ (ʝʥʛ. AOP - advanced oxidation processes) ʠ 

ʘʜʩʦʨʧʮʠʿʘ [1, 30]. ʇʦʩʪʦʿʠ ʚʝʣʠʢʠ ʙʨʦʿ ʥʘʫʯʥʠʭ ʨʘʜʦʚʘ ʢʦʿʠ ʫʢˀʫʯʫʿʫ ʦʢʩʠʜʘʮʠʿʫ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʫʧʨʘʚʦ ʧʫʪʝʤ ʥʘʧʨʝʜʥʠʭ ʦʢʩʠʜʘʮʠʦʥʠʭ ʧʨʦʮʝʩʘ - ʦʟʦʥʠʟʘʮʠʿʦʤ [31ï34], 

ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʦʤ ʦʢʩʠʜʘʮʠʿʦʤ [35ï38], ʦʢʩʠʜʘʮʠʿʦʤ ʌʝʥʪʦʥʦʚʠʤ ʨʝʘʛʝʥʩʦʤ [39ï41] ʠ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦʤ ʜʝʛʨʘʜʘʮʠʿʦʤ ʫʟ ʧʦʤʦ˂ UV ʩʚʝʪʣʦʩʪʠ ʢʦʨʠʩʪʝ˂ʠ ʨʘʟʣʠʯʠʪʝ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʝ ʠ ʥʘʥʦʤʘʪʝʨʠʿʘʣʝ [29, 42ï44]. 
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ʉʣʠʢʘ 3. ʄʝʪʦʜʝ ʟʘ ʫʢʣʘˁʘˁʝ ʘʥʪʠʙʠʦʪʠʢʘ (ʇʨʠʢʘʟʘʥʦ ʥʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʠʟ [45]). 

2.2.1. ɸʜʩʦʨʧʮʠʿʘ 

ɸʜʩʦʨʧʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʧʨʦʮʝʩ ʚʝʟʠʚʘˁʘ ʿʦʥʘ ʠʣʠ ʤʦʣʝʢʫʣʘ ʥʘ ʧʦʚʨʰʠʥʠ ʥʝʢʦʛ 

ʤʘʪʝʨʠʿʘʣʘ. ʆʚʘʿ ʧʨʦʮʝʩ ʢʦʜ ʧʨʝʯʠʰ˂ʘʚʘˁʘ ʚʦʜʝ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʦʤʝʥʫ ʬʘʟʝ, ʦʜʥʦʩʥʦ, 

ʚʝʟʠʚʘˁʝ ʩʫʧʩʪʘʥʮʠ ʠʟ ʪʝʯʥʝ ʬʘʟʝ ʟʘ ʯʚʨʩʪʫ ʬʘʟʫ [1, 46ï49]. ʅʝʢʠ ʦʜ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʠʭ 

ʘʜʩʨʦʙʝʥʘʪʘ ʩʫ ʛʣʠʥʘ ʠ ʤʠʥʝʨʘʣʠ, ʤʝʪʘʣʥʠ ʦʢʩʠʜʠ, ʧʦʣʠʤʝʨʠ, ʥʘʥʦʢʦʤʧʦʟʠʪʠ, ʫʛˀʝʥʠʯʥʝ 

ʥʘʥʦʮʝʚʠ, ʘʢʪʠʚʥʠ ʫʛʘˀ ʠ ʙʠʦʫʛʘ ˀ[1, 47, 49]. ʇʨʝʜʥʦʩʪʠ ʢʦʨʠʰ˂ʝˁʘ ʘʜʩʦʨʧʮʠʿʝ ʟʘ ʫʢʣʘˁʘˁʝ 

ʘʥʪʠʙʠʦʪʠʢʘ ʩʫ ʧʨʝ ʩʚʝʛʘ, ʚʠʩʦʢʘ ʝʬʠʢʘʩʥʦʩʪ ʫʢʣʘˁʘˁʘ, ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʟʘ ʠʟʚʦʹʝˁʝ, ʙʨʟʠʥʘ ʠ 

ʰʠʨʦʢʘ ʜʦʩʪʫʧʥʦʩʪ ʘʜʩʦʨʧʮʠʦʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʄʝʹʫʪʠʤ, ʘʜʩʦʨʙʝʥʪʝ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ, ʪʝʰʢʦ ʿʝ 

ʨʝʛʝʥʝʨʠʩʘʪʠ, ʘ ʪʘʿ ʧʨʦʮʝʩ ʿʝ ʯʝʩʪʦ ʩʢʫʧ ʠ ʝʥʝʨʛʝʪʩʢʠ ʟʘʭʪʝʚʘʥ. ʂʘʧʘʮʠʪʝʪ ʘʜʩʦʨʙʝʥʪʘ ʦʧʘʜʘ ʩʘ 

ʙʨʦʿʝʤ ʮʠʢʣʫʩʘ ʫʧʦʪʨʝʙʝ ʠ ʨʝʛʝʥʝʨʘʮʠʿʝ. ɱʦʰ ʿʝʜʘʥ ʥʝʜʦʩʪʘʪʘʢ, ʧʦʩʝʙʥʦ ʟʘ ʘʜʩʦʨʧʮʠʿʫ 

ʘʥʪʠʙʠʦʪʠʢʘ ʿʝʩʪʝ, ʰʪʦ ʿʝ ʦʚʦ ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ ʤʝʪʦʜʘ ʠ ʘʥʪʠʙʠʦʪʠʮʠ ʩʝ ʫ ʘʢʪʠʚʥʦʤ ʦʙʣʠʢʫ 

ʩʘʢʫʧˀʘʿʫ, ʰʪʦ ʩʪʚʘʨʘ ʜʦʜʘʪʥʠ ʧʨʦʙʣʝʤ ˁʠʭʦʚʦʛ ʜʘˀʝʛ ʦʜʣʘʛʘˁʘ [1, 49, 50]. ʅʘʿʯʝʰ˂ʝ 

ʠʩʧʠʪʠʚʘʥʠ ʘʧʩʦʨʙʝʥʪ ʟʘ ʘʥʪʠʙʠʦʪʠʢʝ ʿʝʩʪʝ ʘʢʪʠʚʥʠ ʫʛʘˀ. ɸʢʪʠʚʥʠ ʫʛʘˀ ʿʝ ʜʦʩʪʘ ʿʝʬʪʠʥ 

ʘʜʩʦʨʙʝʥʪ, ʠʤʘ ʦʜʣʠʯʥʫ ʩʪʨʫʢʪʫʨʫ ʧʦʨʘ, ʘ ˁʝʛʦʚʘ ʩʚʦʿʩʪʚʘ ʩʝ ʤʦʛʫ ʧʦʙʦˀʰʘʪʠ ʤʦʜʠʬʠʢʘʮʠʿʦʤ 

ʥʘ ʨʘʟʣʠʯʠʪʝ ʬʠʟʠʯʢʝ ʠ ʭʝʤʠʿʩʢʝ ʥʘʯʠʥʝ. ʄʦʜʠʬʠʢʘʮʠʿʦʤ ʘʢʪʠʚʥʦʛ ʫʛˀʘ, ʤʦʛʫ ʩʝ ʜʦʜʘʪʠ 

ʨʘʟʣʠʯʠʪʝ ʬʫʥʢʮʠʦʥʘʣʥʝ ʛʨʫʧʝ, ʢʦʿʝ ʩʝ ʥʘʣʘʟʝ ʥʘ ʧʦʚʨʰʠʥʠ ʠ ʤʦʛʫ ʜʘ ʠʥʪʝʨʘʛʫʿʫ ʩʘ 

ʘʥʪʠʙʠʦʪʠʮʠʤʘ ʠ ʬʠʟʠʯʢʠ ʠ ʭʝʤʠʿʩʢʠ, ʰʪʦ ʧʦʚʝ˂ʘʚʘ ʝʬʠʢʘʩʥʦʩʪ ʘʜʩʦʨʧʮʠʿʝ [51, 52]. ʊʘʢʦʹʝ, 

ʤʝʪʘʣʥʠ ʦʨʛʘʥʩʢʠ ʦʢʚʠʨʠ ʠʣʠ ʄʆʌ-ʦʚʠ (ʝʥʛ. MOF - Metal organic frameworks) ʩʫ ʩʝ ʧʦʢʘʟʘʣʠ 

ʢʘʦ ʜʦʙʨʠ ʘʜʩʦʨʙʝʥʪʠ. ɿʘ ʘʜʩʦʨʧʮʠʿʫ ʘʥʪʠʙʠʦʪʠʢʘ ʧʨʚʠ ʧʫʪ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʟʝʦʣʠʪ ʠʤʠʜʘʟʦʣʘʪ 

ʄʆʌ-ʦʚʠ, 2015. ʛʦʜʠʥʝ [53]. ʄʆʌ-ʦʚʠ ʩʫ ʢʨʠʩʪʘʣʥʠ ʤʘʪʝʨʠʿʘʣʠ, ʢʦʿʠ ʠʤʘʿʫ ʤʨʝʞʘʩʪʫ 

ʩʪʨʫʢʪʫʨʫ ʠʟʛʨʘʹʝʥʫ ʦʜ ʤʝʪʘʣʥʠʭ ʿʦʥʘ ʠʣʠ ʤʝʪʘʣʥʠʭ ʢʣʘʩʪʝʨʘ ʠ ʦʨʛʘʥʩʢʠʭ ʣʠʛʘʥʘʜʘ. ʀʤʘʿʫ 

ʚʝʣʠʢʫ ʧʦʚʨʰʠʥʫ ʠ ʦʜʣʠʯʥʫ ʩʪʨʫʢʪʫʨʫ ʧʦʨʘ, ʰʪʦ ʠʤ ʧʨʫʞʘ ʚʝʣʠʢʫ ʙʨʦʿ ʘʜʩʦʨʧʮʠʦʥʠʭ ʤʝʩʪʘ 

[54]. 

2.2.2. ʄʝʤʙʨʘʥʩʢʘ ʬʠʣʪʨʘʮʠʿʘ 

ʄʝʤʙʨʘʥʩʢʘ ʬʠʣʪʨʘʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʬʠʟʠʯʢʠ ʧʨʦʮʝʩ ʦʜʚʘʿʘˁʘ ʿʝʜʠˁʝˁʘ ʦʜ ʩʤʝʰʝ, 

ʪʘʢʦ ʰʪʦ ʧʦʩʪʦʿʠ ʬʠʟʠʯʢʘ ʙʘʨʠʿʝʨʘ ʪʿ. ʤʝʤʙʨʘʥʘ ʢʦʿʘ ʦʥʝʤʦʛʫ˂ʘʚʘ ʧʨʦʣʘʟʘʢ ʯʝʩʪʠʮʘ ʚʝ˂ʠʭ 

ʜʠʤʝʥʟʠʿʘ ʦʜ ʜʠʤʝʥʟʠʿʘ ʧʦʨʘ ʤʝʤʙʨʘʥʝ. ʈʘʟʜʚʘʿʘˁʝ ʘʥʪʠʙʠʦʪʠʢʘ ʿʝ ʤʦʛʫ˂ʝ ʩʘʤʦ ʧʨʠʤʝʥʦʤ 

ʥʘʥʦʬʠʣʪʨʘʮʠʿʝ ʠ ʨʝʚʝʨʟʥʝ ʦʩʤʦʟʝ ʢʦʿʝ ʩʝ ʚʨʰʝ ʧʦʜ ʧʨʠʪʠʩʢʦʤ. ʍʠʜʨʦʩʪʘʪʠʯʢʠ ʧʨʠʪʠʩʘʢ ʢʦʿʠ 

ʜʝʣʫʿʝ ʢʨʦʟ ʧʦʣʫʧʨʦʧʫʩʥʫ ʤʝʤʙʨʘʥʫ ʥʘʟʠʚʘ ʩʝ ʪʨʘʥʩʤʝʤʙʨʘʥʩʢʠ ʧʨʠʪʠʩʘʢ, ʢʦʿʠ ʿʝ ʧʦʢʨʝʪʘʯʢʘ 

ʩʥʘʛʘ ʨʘʟʜʚʘʿʘˁʘ ʠ ʠʤʘ ʢˀʫʯʥʫ ʫʣʦʛʫ ʢʦʜ ʨʘʟʜʚʘʿʘˁʘ. ɺʝʣʠʯʠʥʘ ʧʦʨʘ ʢʦʜ ʨʝʚʝʨʟʥʝ ʦʩʤʦʟʝ ʠ 
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ʥʘʥʦʬʠʪʨʘʮʠʿʝ ʿʝ ʤʘʣʘ, ʩʪʦʛʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʚʝ˂ʠ ʧʨʠʪʠʩʘʢ ʢʘʢʦ ʙʠ ʩʝ ʧʨʝʚʘʟʠʰʘʦ ʦʪʧʦʨ, ʘʣʠ ʩʝ 

ʟʘʪʦ ʤʦʛʫ ʨʘʟʜʚʦʿʠʪʠ ʤʘʣʠ ʤʦʣʝʢʫʣʠ ʠʣʠ ʿʦʥʠ [1, 55ï59].  ɻʣʘʚʥʘ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʨʝʚʝʨʟʥʝ 

ʦʩʤʦʟʝ ʠ ʥʘʥʦʬʠʣʪʨʘʮʠʿʝ ʿʝ ʫ ʚʝʣʠʯʠʥʠ ʧʦʨʘ , ʪʿ. ʚʝʣʠʯʠʥʠ ʯʝʩʪʠʮʘ ʢʦʿʝ ʩʝ ʟʘʜʞʘʚʘʿʫ ʥʘ 

ʤʝʤʙʨʘʥʠ, ʘ ʜʘˀʝ ʩʚʝ ʜʨʫʛʝ ʨʘʟʣʠʢʝ (ʪʘʙʝʣʘ 2) ʫ ʩʚʦʿʩʪʚʠʤʘ ʧʨʦʠʩʪʠʯʫ ʫʧʨʘʚʦ ʠʟ ʦʚʝ ʨʘʟʣʠʢʝ 

ʫ ʚʝʣʠʯʠʥʠ ʧʦʨʘ ʥʘʚʝʜʝʥʠʭ ʤʝʤʙʨʘʥʘ ï ʨʘʜʥʠ ʧʨʠʪʠʩʘʢ, ʚʨʩʪʘ ʯʝʩʪʠʮʘ ʢʦʿʝ ʩʝ ʤʦʛʫ ʨʘʟʜʚʦʿʠʪʠ 

ʠ ˁʠʭʦʚʝ ʤʦʣʘʨʥʝ ʤʘʩʝ [55].  

ʊʘʙʝʣʘ 2. ʇʨʠʢʘʟ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʤʝʤʙʨʘʥʘ ʢʦʜ ʥʘʥʦʬʠʣʪʨʘʮʠʿʝ ʠ ʨʝʚʝʨʟʥʝ ʦʩʤʦʟʝ [55]. 

 
ɺʝʣʠʯʠʥʝ 

ʯʝʩʪʠʮʘ (ɛm) 

ʄʦʣʘʨʥʘ ʤʘʩʘ 

(g·mol-1) 
ɺʨʩʪʝ ʯʝʩʪʠʮʘ ʇʨʠʪʠʩʘʢ (bar) 

ʅʘʥʦʬʠʣʪʨʘʮʠʿʘ 0,001 ï 0,01 100 ï 1000 ɱʦʥʠ ʠ ʤʦʣʝʢʫʣʠ 5 ï 70 

ʈʝʚʝʨʟʥʘ ʦʩʤʦʟʘ 0,0001 ï 0,001 100 ɱʦʥʠ 10 ï100 

  ʇʨʝʜʥʦʩʪʠ ʢʦʨʠʰ˂ʝˁʘ ʤʝʤʙʨʘʥʩʢʝ ʬʠʣʪʨʘʮʠʿʝ ʩʫ ʚʠʩʦʢʘ ʝʬʠʢʘʩʥʦʩʪ ʫʢʣʘˁʘˁʘ 

ʘʥʪʠʙʠʦʪʠʢʘ, ʙʨʟʠʥʘ ʠ ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʠʟʚʦʹʝˁʘ ʦʚʝ ʤʝʪʦʜʝ, ʙʝʟ ʫʧʦʪʨʝʙʝ ʜʦʜʘʪʥʠʭ ʭʝʤʠʢʘʣʠʿʘ. 

ʄʝʹʫʪʠʤ, ʦʚʘ ʤʝʪʦʜʘ ʥʠʿʝ ʝʢʦʥʦʤʩʢʠ ʠʩʧʣʘʪʠʚʘ, ʿʝʨ ʿʝ ʚʠʩʦʢʘ ʮʝʥʘ ʨʘʜʘ ʠ ʦʜʨʞʘʚʘˁʘ, ʿʝʨ ʩʝ 

ʤʝʤʙʨʘʥʝ ʧʨˀʘʿʫ. ʊʘʢʦʹʝ, ʤʝʤʙʨʘʥʩʢʘ ʬʠʣʪʨʘʮʠʿʘ ʥʠʿʝ ʧʦʛʦʜʥʘ ʟʘ ʧʨʝʯʠʰ˂ʘʚʘˁʝ ʚʝ˂ʠʭ 

ʟʘʧʨʝʤʠʥʘ ʚʦʜʝ, ʘ ʧʦʧʫʪ ʘʜʩʦʨʧʮʠʿʝ, ʥʠʿʝ ʜʝʩʪʨʫʢʪʠʚʥʘ ʤʝʪʦʜʘ, ʪʝ ʩʝ ʠ ʦʚʜʝ ʿʘʚˀʘ ʧʨʦʙʣʝʤ 

ʦʜʣʘʛʘˁʘ ʘʥʪʠʙʠʦʪʠʢʘ ʥʘʢʦʥ ʬʠʣʪʨʘʮʠʿʝ [1, 56, 59, 60].  

2.2.3. ʅʘʧʨʝʜʥʠ ʦʢʩʠʜʘʮʠʦʥʠ ʧʨʦʮʝʩʠ 

ʅʘʧʨʝʜʥʠ ʦʢʩʠʜʘʮʠʦʥʠ ʧʨʦʮʝʩʠ ʟʘʩʥʠʚʘʿʫ ʩʝ ʥʘ ʝʬʠʢʘʩʥʦʿ ʦʢʩʠʜʘʮʠʿʠ ʦʨʛʘʥʩʢʠʭ 

ʩʫʧʩʪʘʥʮʠ ʧʦʤʦ˂ʫ ʚʠʩʦʢʦ ʨʝʘʢʪʠʚʥʠʭ ʢʠʩʝʦʥʠʯʥʠʭ ʚʨʩʪʘ (ʝʥʛ. ROS - reactive oxygen species), 

ʢʘʦ ʰʪʦ ʩʫ ʭʠʜʨʦʢʩʠʣʥʠ (OHĿ), ʩʫʧʝʨʦʢʩʠʜʥʠ (˛ ) ʠ ʭʠʜʨʦʧʝʨʦʢʩʠʣʥʠ ((/) ʨʘʜʠʢʘʣʠ  [1, 

34, 61, 62]. ʆʥʦ ʰʪʦ ʢʘʨʘʢʪʝʨʠʰʝ ʥʘʧʨʝʜʥʝ ʦʢʩʠʜʘʮʠʦʥʝ ʧʨʦʮʝʩʝ ʿʝʩʪʝ ʜʘ ʿʝ ʤʦʛʫ˂ʝ ʟʘ ʢʨʘʪʢʦ 

ʚʨʝʤʝ ʧʦʩʪʠ˂ʠ ʧʦʪʧʫʥʫ  ʤʠʥʝʨʘʣʠʟʘʮʠʿʫ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ, ʥʝ ʫʢˀʫʯʫʿʫ 

ʜʦʜʘʪʥʝ ʭʝʤʠʢʘʣʠʿʝ, ʪʝ ʿʝ ʦʚʘ ʤʝʪʦʜʘ ʝʢʦʣʦʰʢʠ ʧʨʠʭʚʘʪˀʠʚʘ, ʙʝʟʙʝʜʥʘ ʠ ʦʜʨʞʠʚʘ. ɱʦʰ ʿʝʜʥʘ 

ʧʨʝʜʥʦʩʪ ʦʚʠʭ ʧʨʦʮʝʩʘ ʿʝʩʪʝ ʪʘ ʜʘ ʠʤʘʿʫ ʠ ʜʝʟʠʥʬʝʢʮʠʦʥʘ ʩʚʦʿʩʪʚʘ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʥʝʢʠ ʦʜ 

ʥʝʜʦʩʪʘʪʘʢʘ ʦʚʠʭ ʤʝʪʦʜʘ ʿ ʝʩʫ ʚʠʩʦʢʠ ʪʨʦʰʢʦʚʠ, ʘʣʠ ʠ ʥʝʞʝˀʝʥʠ ʧʨʦʠʟʚʦʜʠ ʦʢʩʠʜʘʮʠʿʝ ʢʦʿʠ ʩʫ 

ʫ ʥʝʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʚʠʰʝ ʪʦʢʩʠʯʥʠ ʦʜ ʧʦʣʘʟʥʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ [1, 61ï64]. ʅʘʧʨʝʜʥʠ 

ʦʢʩʠʜʘʮʠʦʥʠ ʧʨʦʮʝʩʠ ʧʦʢʘʟʫʿʫ ʦʙʝ˂ʘʚʘʿʫ˂ʝ ʨʝʟʫʣʪʘʪʝ ʟʘ ʫʢʣʘˁʘˁʝ ʘʥʪʠʙʠʦʪʠʢʘ ʠ  ʜʘʿʫ ʚʝʣʠʢʠ 

ʧʦʪʝʥʮʠʿʘʣ ʟʘ ʰʠʨʫ ʧʨʠʤʝʥʫ ʫ ʙʫʜʫ˂ʥʦʩʪʠ. 

2.2.3.1. ʆʟʦʥʠʟʘʮʠʿʘ 

ʆʟʦʥ ʿʝ ʿʘʢʦ ʦʢʩʠʜʘʮʠʦʥʦ ʩʨʝʜʩʪʚʦ, ʢʦʿʝ ʤʦʞʝ ʜʘ ʨʝʘʛʫʿʝ ʩʘ ʦʨʛʘʥʩʢʠʤ ʟʘʛʘʹʫʿʫ˂ʠʤ 

ʩʫʧʩʪʘʥʮʘʤʘ ʥʘ ʜʚʘ ʥʘʯʠʥʘ, ʜʠʨʝʢʪʥʦ ʠ ʠʥʜʠʨʝʢʪʥʦ. ɼʠʨʝʢʪʥʘ ʦʟʦʥʠʟʘʮʠʿʘ ʩʝ ʦʜʚʠʿʘ ʫ ʢʠʩʝʣʠʤ 

ʫʩʣʦʚʠʤʘ, ʧʨʠ ʯʝʤʫ ʿʝ ʦʚʘ ʨʝʘʢʮʠʿʘ ʿʘʢʦ ʩʧʦʨʘ ʠ ʩʝʣʝʢʪʠʚʥʘ, ʿʝʨ ʦʟʦʥ ʬʘʚʦʨʠʟʫʿʝ ʨʝʘʢʮʠʿʝ ʩʘ 

ʿʦʥʩʢʠʤ ʠ ʜʠʩʦʩʦʚʘʥʠʤ ʦʙʣʠʮʠʤʘ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ, ʘ ʥʝ ʩʘ ʥʝʫʪʨʘʣʥʠʤ 

ʦʙʣʠʮʠʤʘ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ,  ʠʥʜʠʨʝʢʪʥʘ ʨʝʘʢʮʠʿʘ ʩʝ ʦʜʠʛʨʘʚʘ ʫ ʙʘʟʥʠʤ ʫʩʣʦʚʠʤʘ ʠ ʧʦʜʨʘʟʫʤʝʚʘ 

ʩʪʚʘʨʘˁʝ ʭʠʜʨʦʢʩʠʣʥʦʛ ʨʘʜʠʢʘʣʘ [64ï67]. ʃʠʪʝʨʘʪʫʨʥʠ ʧʦʜʘʮʠ ʧʦʢʘʟʫʿʫ, ʜʘ ʩʝ ʢʦʤʙʠʥʦʚʘˁʝʤ 

ʦʟʦʥʘ ʩʘ ʜʨʫʛʠʤ ʦʢʩʠʜʘʮʠʦʥʠʤ ʩʨʝʜʩʪʚʠʤʘ ʠʣʠ UV ʟʨʘʯʝˁʝʤ, ʧʦʩʧʝʰʫʿʝ ʩʪʚʘʨʘˁʝ 

ʭʠʜʨʦʢʩʠʣʥʦʛ ʨʘʜʠʢʘʣʘ ʠ ʪʠʤʝ ʩʝ ʧʦʙʦˀʰʘʚʘ ʦʢʩʠʜʘʮʠʿʘ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ. ʅʘ 

ʧʨʠʤʝʨ, ʧʝʨʦʢʩʦʥ ʿʝ ʢʦʤʙʠʥʘʮʠʿʘ ʦʟʦʥʘ ʩʘ ʚʦʜʦʥʠʢ-ʧʝʨʦʢʩʠʜʦʤ, ʘ ʯʝʩʪʦ ʩʝ ʢʦʤʙʠʥʫʿʫ ʠ 

ʧʝʨʦʢʩʦʥ ʠ UV ʟʨʘʯʝˁʝ [31ï34, 61, 62, 65, 67]. ʇʨʝʜʥʦʩʪʠ ʢʦʨʠʰ˂ʝˁʘ ʦʟʦʥʠʟʘʮʠʿʝ ʫ 

ʜʝʛʨʘʜʘʮʠʿʠ ʘʥʪʠʙʠʦʪʠʢʘ ʿʝ ʰʪʦ ʩʝ ʦʟʦʥ ʩʪʚʘʨʘ ʫ ʩʘʤʦʿ ʨʝʘʢʮʠʿʠ (in situ) ʠ ʰʪʦ ʥʝʤʘ 

ʧʨʦʠʟʚʦʜˁʝ ʦʪʧʘʜʘ. ʅʝʜʦʩʪʘʮʠ ʢʦʨʠʰ˂ʝˁʘ ʦʚʦʛ ʧʨʦʮʝʩʘ ʩʫ ʚʠʩʦʢʠ ʪʨʦʰʢʦʚʠ ʠ ʧʦʪʨʦʰˁʘ 

ʝʥʝʨʛʠʿʝ, ʦʛʨʘʥʠʯʝʥʦʩʪ ʤʠʥʝʨʘʣʠʟʘʮʠʿʝ ʠ ʤʦʛʫ˂ʦʩʪ ʜʘ ʩʫ ʥʫʩʧʨʦʠʟʚʦʜʠ ʪʦʢʩʠʯʥʠʿʠ ʦʜ ʩʘʤʦʛ 

ʘʥʪʠʙʠʦʪʠʢʘ [1, 68]. 
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2.2.3.2. ʌʝʥʪʦʥʦʚ ʨʝʘʛʝʥʩ 

ʆʢʩʠʜʘʮʠʿʘ ʧʦʤʦ˂ʫ ʌʝʥʪʦʥʦʚʦʛ ʨʝʘʛʝʥʩʘ ʿʝ ʿʝʜʘʥ ʦʜ ʥʘʿʩʪʘʨʠʿʠʭ ʥʘʧʨʝʜʥʠʭ 

ʦʢʩʠʜʘʮʠʦʥʠʭ ʧʨʦʮʝʩʘ ʧʨʠʤʝˁʝʥʠʭ ʟʘ ʧʨʝʯʠʰ˂ʘʚʘˁʝ ʚʦʜʝ. ʍʦʤʦʛʝʥʠ ʌʝʥʪʦʥʦʚ ʨʝʘʛʝʥʩ ʩʝ 

ʩʘʩʪʦʿʠ ʦʜ Fe2+ ʿʦʥʘ ʢʘʦ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʚʦʜʦʥʠʢ-ʧʝʨʦʢʩʠʜʘ ʢʦʿʠ ʧʨʦʠʟʚʦʜʠ ʭʠʜʨʦʢʩʠʣʥʝ 

ʨʘʜʠʢʘʣʝ, ʢʦʿʠ ʜʘˀʝ ʦʢʩʠʜʫʿʫ ʦʨʛʘʥʩʢʝ ʟʘʛʘʹʫʿʫ˂ʝ ʩʫʧʩʪʘʥʮʝ [39ï41, 61, 62, 69]. ʇʨʝʜʥʦʩʪʠ 

ʦʢʩʠʜʘʮʠʿʝ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ ʌʝʥʪʦʥʦʚʠʤ ʨʝʘʛʝʥʩʦʤ ʿʝʩʫ ʰʪʦ ʿʝ ʦʚʘ ʤʝʪʦʜʘ 

ʙʨʟʘ, ʿʝʜʥʦʩʪʘʚʥʘ ʟʘ ʠʟʚʦʹʝˁʝ ʠ ʩʠʛʫʨʥʘ, ʿʝʨ ʛʚʦʞʹʝ ʥʝʤʘ ʥʝʛʘʪʠʚʥʠʭ ʫʪʠʮʘʿʘ ʥʘ ʞʠʚʦʪʥʫ 

ʩʨʝʜʠʥʫ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʦʛʨʘʥʠʯʝˁʝ ʦʚʦʛ ʧʨʦʮʝʩʘ ʿʝ ʰʪʦ ʩʝ ʦʢʩʠʜʘʮʠʿʘ ʦʜʠʛʨʘʚʘ ʩʘʤʦ ʫ 

ʢʠʩʝʣʦʿ ʩʨʝʜʠʥʠ ʥʘ pH ʚʨʝʜʥʦʩʪʠʤʘ ʦʜ 2,5 ʜʦ 4, ʿʝʨ ʦʙʘ ʿʦʥʘ ʛʚʦʞʹʘ ʪʝʞʝ ʜʘ ʨʝʘʛʫʿʫ ʩʘ 

ʭʠʜʨʦʢʩʠʜʦʤ ʰʪʦ ʥʝʛʘʪʠʚʥʦ ʫʪʠʯʝ ʥʘ ʧʨʦʮʝʩ.  ɼʘˀʝ, ʪʝʰʢʦ ʿʝ ʦʙʥʦʚʠʪʠ Fe2+ ʿʦʥʝ ʠʟ Fe3+, ʿʝʨ ʿʝ 

ʨʝʘʢʮʠʿʘ ʨʝʜʫʢʮʠʿʝ ʠʟʫʟʝʪʥʦ ʩʧʦʨʘ. ʋ ʪʦʢʫ ʩʘʤʦʛ ʧʨʦʮʝʩʘ ʩʪʚʘʨʘ ʩʝ ʤʫˀ ʦʜ ʛʚʦʞʹʘ, ʿʝʨ ʿʝ ʟʘ 

ʧʨʦʮʝʩ ʧʦʪʨʝʙʥʘ ʚʝʣʠʢʘ ʢʦʣʠʯʠʥʘ ʩʦʣʠ ʛʚʦʞʹʘ ʠ ʧʝʨʦʢʩʠʜʘ, ʪʝ ʩʝ ʩʪʚʘʨʘ ʩʝʢʫʥʜʘʨʥʠ ʦʪʧʘʜ [1, 

39, 62, 70]. ʇʨʦʙʣʝʤ ʩʪʚʘʨʘˁʘ ʤʫˀʘ ʫ ʨʝʘʢʮʠʿʠ ʤʦʞʝ ʜʘ ʩʝ ʧʨʝʚʘʟʠʹʝ ʢʦʨʠʰ˂ʝˁʝʤ ʭʝʪʝʨʦʛʝʥʦʛ 

ʌʝʥʪʦʥʦʚʦʛ ʨʝʘʛʝʥʩʘ ʢʦʜ ʢʦʛ ʿʝ ʛʚʦʞʹʝ ʿʝ ʫ ʯʚʨʩʪʦʤ ʝʣʝʤʝʥʪʘʨʥʦʤ ʩʪʘˁʫ (Fe0) ʠʣʠ ʫ ʦʙʣʠʢʫ 

ʦʢʩʠʜʘ ʢʘʦ ʰʪʦ ʩʫ ʭʝʤʘʪʠʪ ʠ ʤʘʛʥʝʪʠʪ, ʠʣʠ ʿʝ ʠʤʦʙʠʣʠʟʦʚʘʥʦ ʫʥʫʪʘʨ ʥʝʢʦʛ ʥʦʩʘʯʘ ʢʘʦ ʰʪʦ ʩʫ 

ʛʣʠʥʘ, ʘʢʪʠʚʥʠ ʫʛʘˀ, ʟʝʦʣʠʪ ʠʣʠ ʥʘʥʦʯʝʩʪʠʮʘʤʘ SiO2 ʪʠʧʘ SBA-15 (ʝʥʛ. SBA-15 - Santa Barbara 

Amorphous Silica) [39, 70]. ɱʦʰ ʿʝʜʥʘ ʦʜ ʧʨʝʜʥʦʩʪʠ ʌʝʥʪʦʥʦʚʦʛ ʨʝʘʛʝʥʩʘ ʿʝʩʪʝ ʰʪʦ ʩʝ ʤʦʞʝ 

ʢʦʤʙʠʥʦʚʘʪʠ ʩʘ ʜʨʫʛʠʤ ʥʘʧʨʝʜʥʠʤ ʦʢʩʠʜʘʮʠʦʥʠʤ ʤʝʪʦʜʘʤʘ ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʦʤ ʠ/ʠʣʠ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦʤ ʦʢʩʠʜʘʮʠʿʦʤ [61]. 

2.2.3.3. ɽʣʝʢʪʨʦʭʝʤʠʿʩʢʘ ʦʢʩʠʜʘʮʠʿʘ 

ɽʣʝʢʪʨʦʭʝʤʠʿʩʢʘ ʦʢʩʠʜʘʮʠʿʘ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ ʤʦʞʝ ʩʝ ʩʧʨʦʚʝʩʪʠ ʥʘ ʜʚʘ ʥʘʯʠʥʘ ï 

ʜʠʨʝʢʪʥʦ ʠ ʠʥʜʠʨʝʢʪʥʦ. ʂʦʜ ʜʠʨʝʢʪʥʝ ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʝ ʦʢʩʠʜʘʮʠʿʝ, ʜʝʛʨʘʜʘʮʠʿʘ ʩʝ ʚʨʰʠ 

ʧʨʝʥʦʩʦʤ ʥʘʝʣʝʢʪʨʠʩʘˁʘ, ʦʢʩʠʜʘʮʠʿʦʤ ʘʥʪʠʙʠʦʪʠʢʘ ʥʘ ʘʥʦʜʠ. ɼʦʢ ʩʝ ʢʦʜ ʠʥʜʠʨʝʢʪʥʝ 

ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʝ ʦʢʩʠʜʘʮʠʿʝ, ʦʢʩʠʜʘʮʠʿʘ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ ʚʨʰʠ ʧʨʝʢʦ ʭʠʜʨʦʢʩʠʣʥʦʛ 

ʨʘʜʠʢʘʣʘ ʠʣʠ ʜʨʫʛʠʭ ʨʝʘʢʪʠʚʥʠʭ ʢʠʩʝʦʥʠʯʥʠʭ ʚʨʩʪʘ, ʢʦʿʝ ʥʘʩʪʘʿʫ ʦʢʩʠʜʘʮʠʿʦʤ ʚʦʜʝ ʠʣʠ 

ʝʣʝʢʪʨʦʣʠʪʘ ʠʟ ʨʘʩʪʚʦʨʘ [71ï76]. ʇʨʝʜʥʦʩʪʠ ʢʦʨʠʰ˂ʝˁʘ ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʝ ʦʢʩʠʜʘʮʠʿʝ ʟʘ 

ʜʝʛʨʘʜʘʮʠʿʫ ʘʥʪʠʙʠʦʪʠʢʘ ʫ ʚʦʜʠ ʿʝʩʫ ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʫ ʠʟʚʦʹʝˁʫ ʠ ʝʬʠʢʘʩʥʦʩʪ. ʇʦʛʦʜʥʘ ʿʝ 

ʤʝʪʦʜʘ ʟʘ ʧʨʝʯʠʰ˂ʘʚʘˁʝ ʦʪʧʘʜʥʠʭ ʚʦʜʘ ʢʦʜ ʢʦʿʠʭ ʿʝ ʚʠʩʦʢʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʬʘʨʤʘʮʝʫʪʩʢʠʭ 

ʧʨʦʠʟʚʦʜʘ, ʧʨʠ ʯʝʤʫ ʥʠʩʫ ʧʦʪʨʝʙʥʝ ʜʦʜʘʪʥʝ ʭʝʤʠʢʘʣʠʿʝ ʠ ʥʝʤʘ ʩʪʚʘʨʘˁʘ ʩʝʢʫʥʜʘʨʥʦʛ ʦʪʧʘʜʘ, 

ʢʘʦ ʢʦʜ ʘʜʩʦʨʧʮʠʿʝ ʠʣʠ ʤʝʤʙʨʘʥʩʢʝ ʬʠʣʪʨʘʮʠʿʝ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʦʚʘ ʤʝʪʦʜʘ ʿʝ ʩʢʫʧʘ, ʘ ʩʘʤʝ 

ʝʣʝʢʪʨʦʜʝ ʠʤʘʿʫ ʤʘʣʠ ʨʘʜʥʠ ʚʝʢ ʠ ʛʫʙʝ ʝʬʠʢʘʩʥʦʩʪ ʫʩʣʝʜ ʪʘʣʦʞʝˁʘ ʤʘʪʝʨʠʿʘʣʘ. ʆʛʨʘʥʠʯʝʥʦʩʪ 

ʧʨʠʤʝʥʝ ʿʝ ʥʘ ʚʦʜʝ ʩʘ ʤʘʣʠʤ ʧʨʦʪʦʢʦʤ ʢʦʿʝ ʩʫ ʚʠʩʦʢʦ ʧʨʦʚʦʜˀʠʚʝ, ʿʝʨ ʫ ʩʫʧʨʦʪʥʦʤ, ʧʦʪʨʝʙʥʦ 

ʿʝ ʜʦʜʘʪʠ ʝʣʝʢʪʨʦʣʠʪ [1, 74, 77, 78]. ɸʥʦʜʥʠ ʤʘʪʝʨʠʿʘʣʠ ʠ ʝʣʝʢʪʨʦʜʝ ʢʦʿʝ ʩʫ ʩʝ ʧʦʢʘʟʘʣʝ 

ʝʬʠʢʘʩʥʝ ʟʘ ʦʢʩʠʜʘʮʠʿʫ ʬʘʨʤʘʮʝʫʪʩʢʠʭ ʧʨʦʠʟʚʦʜʘ ʩʫ: ʛʨʘʬʠʪʥʘ, ʧʣʘʪʠʥʩʢʘ, ʣʝʛʫʨʝ ʥʘ ʙʘʟʠ 

ʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʠʨʠʜʠʿʫʤʘ ʠ ʦʣʦʚʘ, ʙʦʨʦʤ ʜʦʧʠʨʘʥʠ ʜʠʿʘʤʘʥʪ [1, 71, 74, 76]. 

2.2.3.4. ʌʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʜʝʛʨʘʜʘʮʠʿʘ UV ʟʨʘʯʝˁʝʤ 

ʌʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʜʝʛʨʘʜʘʮʠʿʘ ʟʘʩʥʦʚʘʥʘ ʥʘ UV ʟʨʘʯʝˁʫ ʿʝ ʜʦʙʨʦ ʫʩʧʦʩʪʘʚˀʝʥʘ ʤʝʪʦʜʘ 

ʟʘ ʫʢʣʘˁʘˁʝ ʠ ʧʨʝʚʦʹʝˁʝ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ ʠ ʥʝʦʨʛʘʥʩʢʠʭ ʿʝʜʠˁʝˁʘ ʫ ʤʘˁʝ 

ʰʪʝʪʥʝ ʩʫʧʩʪʘʥʮʝ. ʊʘʢʦʹʝ, ʧʦʢʘʟʘʣʘ ʿʝ ʦʙʝ˂ʘʚʘʿʫ˂ʝ ʨʝʟʫʣʪʘʪʝ ʫ ʜʝʛʨʘʜʘʮʠʿʠ ʘʥʪʠʙʠʦʪʠʢʘ [4]. 

ʇʦʯʝʪʘʢ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʜʘʪʠʨʘ ʠʟ 1972. ʛʦʜʠʥʝ, ʢʘʜʘ ʩʫ ʌʫ˅ʠʰʠʤʘ (ʝʥʛ. 

Fujishima) ʠ ʍʦʥʜʘ (ʝʥʛ. Honda) ʦʪʢʨʠʣʠ ʬʝʥʦʤʝʥ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʨʘʟʛʨʘʜ ʝˁ ʚʦʜʝ ʥʘ ʚʦʜʦʥʠʢ 

ʠ ʢʠʩʝʦʥʠʢ ʧʦʜ ʜʝʿʩʪʚʦʤ UV ʟʨʘʯʝˁʘ ʥʘ TiO2 ʝʣʝʢʪʨʦʜʠ [79]. ʆʜ ʪʦʛ ʦʪʢʨʠ˂ʘ, ʭʝʪʝʨʦʛʝʥʘ 

ʬʦʪʦʢʘʪʘʣʠʟʘ ʿʝ ʧʦʩʪʘʣʘ ʧʨʝʜʤʝʪ ʨʘʩʪʫ˂ʝʛ ʠʥʪʝʨʝʩʦʚʘˁʘ ʟʙʦʛ ʤʦʛʫ˂ʥʦʩʪʠ ʧʨʠʤʝʥʝ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʧʨʘʭʦʚʘ ʠ ʪʘʥʢʠʭ ʬʠʣʤʦʚʘ ʫ ʢʦʥʚʝʨʟʠʿʠ ʩʚʝʪʣʦʩʥʝ ʝʥʝʨʛʠʿʝ ʫ ʭʝʤʠʿʩʢʫ ʠ 

ʝʣʝʢʪʨʠʯʥʫ ʝʥʝʨʛʠʿʫ [80]. ʇʨʦʮʝʩ ʭʝʪʝʨʦʛʝʥʝ ʬʦʪʦʢʘʪʘʣʠʟʝ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʦʟʨʘʯʠʚʘˁʫ 

ʢʘʪʘʣʠʟʘʪʦʨʘ, ʢʦʿʠ ʿʝ ʦʙʠʯʥʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢ. ʇʦʜ ʫʪʠʮʘʿʝʤ ʩʚʝʪʣʦʩʪʠ, ʧʦʣʫʧʨʦʚʦʜʥʠʢ ʩʝ 

ʬʦʪʦʝʢʩʮʠʪʫʿʝ, ʰʪʦ ʜʦʚʦʜʠ ʜʦ ʬʦʨʤʠʨʘˁʘ ʝʣʝʢʪʨʦʥ-ʜʦʥʦʨʩʢʠʭ ʤʝʩʪʘ, ʢʦʿʘ ʠʤʘʿʫ ʨʝʜʫʢʮʠʦʥʘ 

ʩʚʦʿʩʪʚʘ ʠ ʝʣʝʢʪʨʦʥ-ʘʢʮʝʧʪʦʨʩʢʠʭ ʤʝʩʪʘ ʩʘ ʦʢʩʠʜʘʮʠʦʥʠʤ ʩʚʦʩʿʪʚʠʤʘ. ʇʦʣʫʧʨʦʚʦʜʥʠʮʠ ʤʦʛʫ 
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ʜʝʣʦʚʘʪʠ ʢʘʦ ʬʦʪʦʘʢʪʠʚʘʪʦʨʠ ʟʘ ʨʝʜʦʢʩ ʧʨʦʮʝʩʝ ʠʟʘʟʚʘʥʝ ʩʚʝʪʣʦʰ˂ʫ, ʟʘʭʚʘˀʫʿʫ˂ʠ ˁʠʭʦʚʦʿ 

ʝʣʝʢʪʨʦʥʩʢʦʿ ʩʪʨʫʢʪʫʨʠ, ʢʦʿʘ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʧʦʧʫˁʝʥʝ ʚʘʣʝʥʪʥʝ ʟʦʥʝ (ʝʥʛ. VB -Valence Band) ʠ 

ʧʨʘʟʥʝ ʧʨʦʚʦʜʥʝ ʟʦʥʝ (ʝʥʛ. CB - Conduction Band), ʨʘʟʜʚʦʿʝʥʠʭ ʝʥʝʨʛʝʪʩʢʦʤ ʙʘʨʠʿʝʨʦʤ, 

ʧʦʟʥʘʪʠʤ ʢʘʦ ʟʘʙʨʘˁʝʥʘ ʟʦʥʘ (ʝʥʛ. BG - Band Gap) [81]. ʂʘʜʘ ʿʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢ, ʥʘ ʧʨʠʤʝʨ 

ʪʠʪʘʥ(IV)-ʦʢʩʠʜ (ʝʿʜʥʘʯʠʥʘ (1)), ʠʟʣʦʞʝʥ ʟʨʘʯʝˁʫ ʯʠʿʘ ʝʥʝʨʛʠʿʘ (hɜ) ʦʜʛʦʚʘʨʘ ʝʥʝʨʛʠʿʠ 

ʟʘʙʨʘˁʝʥʝ ʟʦʥʝ (Ebg), ʜʦʣʘʟʠ ʜʦ ʧʦʙʫʹʠʚʘˁʘ ʝʣʝʢʪʨʦʥʘ (Ὡϖ) ʠʟ ʚʘʣʝʥʪʥʝ ʟʦʥʝ ʫ ʧʨʦʚʦʜʥʫ, ʧʨʠ 
ʯʝʤʫ ʦʩʪʘʿʝ ʧʦʟʠʪʠʚʥʘ ʰʫʧˀʠʥʘ (È ): 

4É/O4É/ÅȾÈ ᴼÅ È  

ʅʘʩʪʘʣʠ ʝʣʝʢʪʨʦʥʠ ʠ ʰʫʧˀʠʥʝ ʠʤʘʿʫ ʥʝʢʦʣʠʢʦ ʤʦʛʫ˂ʠʭ ʧʫʪʝʚʘ. ʆʥʠ ʤʦʛʫ ʜʘ ʩʝ ʨʝʢʦʤʙʠʥʫʿʫ 

ʥʘ ʧʦʚʨʰʠʥʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ (ʩʣʠʢʘ 4ɸ) ʠʣʠ ʫ ˁʝʛʦʚʦʿ ʟʘʧʨʝʤʠʥʠ (ʩʣʠʢʘ 4ɹ), ʧʨʠ ʯʝʤʫ ʩʝ 

ʝʥʝʨʛʠʿʘ ʦʩʣʦʙʘʹʘ ʫ ʦʙʣʠʢʫ ʪʦʧʣʦʪʝ. ʊʘʢʦʹʝ, ʝʣʝʢʪʨʦʥ ʠ ʰʫʧˀʠʥʘ ʤʦʛʫ ʤʠʛʨʠʨʘʪʠ ʜʦ 

ʧʦʚʨʰʠʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʅʘ ʧʦʚʨʰʠʥʠ, ʝʣʝʢʪʨʦʥʠ ʤʦʛʫ ʜʘ ʩʝ ʧʨʝʜʘʿʫ ʘʢʮʝʧʪʦʨʠʤʘ 

ʝʣʝʢʪʨʦʥʘ, ʠʟʘʟʠʚʘʿʫ˂ʠ ˁʠʭʦʚʫ ʨʝʜʫʢʮʠʿʫ (ʩʣʠʢʘ 4ɺ), ʜʦʢ ʰʫʧˀʠʥʝ ʤʦʛʫ ʧʨʠʤʘʪʠ ʝʣʝʢʪʨʦʥʝ 

ʦʜ ʜʦʥʦʨʩʢʠʭ ʚʨʩʪʘ, ʯʠʤʝ ʩʝ ʚʨʰʠ ʦʢʩʠʜʘʮʠʿʘ (ʩʣʠʢʘ 4ɻ). ʇʦʨʝʜ ʪʦʛʘ, ʝʣʝʢʪʨʦʥʠ ʠ ʰʫʧˀʠʥʝ 

ʤʦʛʫ ʙʠʪʠ ʟʘʨʦʙˀʝʥʠ (ʝʥʛ. tr - trapped) ʫ ʤʝʪʘʩʪʘʙʠʣʥʠʤ ʩʪʘˁʠʤʘ, ʙʠʣʦ ʫ ʟʘʧʨʝʤʠʥʠ ʠʣʠ ʥʘ 

ʧʦʚʨʰʠʥʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. 

 
ʉʣʠʢʘ 4. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʨʝʘʢʮʠʦʥʠʭ ʧʫʪʝʚʘ ʧʦʙʫʹʝʥʠʭ ʝʣʝʢʪʨʦʥʘ ʠ ʰʫʧˀʠʥʘ (ʇʨʠʢʘʟʘʥʦ ʥʘ 

ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʠʟ [82]). 

ʇʨʦʮʝʩʠ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 4. ʤʦʛʫ ʩʝ ʧʨʝʜʩʪʘʚʠʪʠ ʩʣʝʜʝ˂ʠʤ ʿʝʜʥʘʯʠʥʘʤʘ (2-5): 

Å È ᴼÅ È  (ʟʘʨʦʙˀʝʥʠ ʫ ʨʝʰʝʪʢʠ ʠ/ʠʣʠ ʥʘ ʧʦʚʨʰʠʥʠ) 

Å È Ⱦ̉̉ ̌ ̉È ᴼ̵̗̪̑̆̋̏̍̉̎́̉́ (hɜ1 ʠ ʝʤʠʩʠʿʘ ʬʦʪʦʥʘ) 

Å  ̉ Ⱦ̉ ̌ ̉Å È ᴼ̵̗̪̑̆̋̏̍̉̎́̉́ (hɜ2 ʠ ʝʤʠʩʠʿʘ ʬʦʪʦʥʘ) 

Å È ᴼ̵̗̪̑̆̋̏̍̉̎́̉́ (hɜ3 ʠ ʝʤʠʩʠʿʘ ʬʦʪʦʥʘ) 

(2) 

 

 

 

(3) 

 

 

 

(4) 

 

 

 

(5) 

 

 

 

(1) 
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ʀʥʜʝʢʩʠ ʝʥʝʨʛʠʿʝ ʩʚʝʪʣʦʩʪʠ (hɜx) ʩʫʛʝʨʠʰʫ ʜʘ ʩʚʘʢʠ ʧʨʦʮʝʩ ʝʤʠʪʫʿʝ ʩʚʝʪʣʦʩʪ ʦʜʨʝʹʝʥʝ ʪʘʣʘʩʥʝ 

ʜʫʞʠʥʝ [83]. ʄʝʩʪʘ ʟʘʨʦʙˀʘʚʘˁʘ ʤʦʛʫ ʫʪʠʮʘʪʠ ʥʘ ʨʘʟʜʚʘʿʘˁʝ ʠʣʠ ʨʝʢʦʤʙʠʥʘʮʠʿʫ ʥʦʩʠʣʘʮʘ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ, ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʦʛʘ ʜʘ ʣʠ ʜʝʣʫʿʫ ʥʘ ʿʝʜʥʦʛ ʠʣʠ ʦʙʘ ʥʦʩʠʦʮʘ. ɸʢʦ ʩʫ ʦʚʘ ʤʝʩʪʘ 

ʟʘʨʦʙˀʘʚʘˁʘ ʧʨʝʚʠʰʝ ʜʫʙʦʢʘ, ʚʝʨʦʚʘʪʥʦ˂ʘ ʜʘ ʥʦʩʠʣʘʮ ʥʘʧʫʩʪʠ ʤʝʩʪʦ ʿʝ ʠʟʫʟʝʪʥʦ ʤʘʣʘ, ʰʪʦ 

ʧʨʝʜʩʪʘʚˀʘ ʛʫʙʠʪʘʢ ʟʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠ ʧʨʦʮʝʩ [81]. ʇʦʩʪʦʿʝ ʥʝʩʣʘʛʘˁʘ ʦʢʦ ʧʨʠʨʦʜʝ ʤʦʛʫ˂ʠʭ 

ʤʝʩʪʘ ʟʘʨʦʙˀʘʚʘˁʘ ʟʘ ʬʦʪʦʛʝʥʝʨʠʩʘʥʝ ʝʣʝʢʪʨʦʥʝ ʠ ʰʫʧˀʠʥʝ ʫ TiO2. ʆʚʘ ʤʝʩʪʘ ʤʦʛʫ ʙʠʪʠ 

ʨʘʟʣʠʯʠʪʘ ʫ ʟʘʧʨʝʤʠʥʠ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʚʨʰʠʥʫ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʇʨʝʤʘ ʚʝ˂ʠʥʠ ʘʫʪʦʨʘ, Ti4+ 

ʩʣʫʞʠ ʢʘʦ ʤʝʩʪʦ ʟʘʨʦʙˀʘʚʘˁʘ ʟʘ ʝʣʝʢʪʨʦʥʝ, ʬʦʨʤʠʨʘʿʫ˂ʠ ʧʦʣʘʨʦʥʩʢʦ ʩʪʘˁʝ Ti3+. ɺʘʢʘʥʮʠʿʝ 

ʢʠʩʝʦʥʠʢʘ ʩʝ ʪʘʢʦʹʝ ʧʦʤʠˁʫ ʢʘʦ ʤʦʛʫ˂ʘ ʤʝʩʪʘ ʟʘʨʦʙˀʘʚʘˁʘ, ʛʜʝ ʥʝʢʠ ʠʟʚʦʨʠ ʪʚʨʜʝ ʜʘ ʩʣʫʞʝ 

ʟʘ ʟʘʨʦʙˀʘʚʘˁʝ ʰʫʧˀʠʥʘ, ʠʘʢʦ ʿʝ ʧʦʟʥʘʪʦ ʜʘ ʦʙʠʯʥʦ ʧʨʠʚʣʘʯʝ ʝʣʝʢʪʨʦʥʝ. ʋʦʧʰʪʝʥʦ, ʜʝʬʝʢʪʥʘ 

ʤʝʩʪʘ ʬʫʥʢʮʠʦʥʠʰʫ ʢʘʦ ʤʝʩʪʦ ʟʘ ʟʘʨʦʙˀʘʚʘˁʝ ʥʦʩʠʣʘʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ, ʘʣʠ ʠʩʪʦʚʨʝʤʝʥʦ 

ʤʦʛʫ ʧʨʝʜʩʪʘʚˀʘʪʠ ʠ ʮʝʥʪʨʝ ʨʝʢʦʤʙʠʥʘʮʠʿʝ [83]. 

ɺʨʝʤʝ ʞʠʚʦʪʘ ʥʦʩʠʣʘʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʫ TiO2 ʧʨʘʭʦʚʠʤʘ ʦʜʨʝʹʠʚʘʥʦ ʿ ʝ ʙʝʟʢʦʥʪʘʢʪʥʠʤ 

ʤʝʨʝˁʝʤ ʧʨʦʣʘʟʥʝ ʬʦʪʦʧʨʦʚʦʜˀʠʚʦʩʪʠ. ʂʦʜ ʘʥʘʪʘʩʘ ʿʝ ʧʨʠʤʝ˂ʝʥʦ ʩʧʦʨʦ ʦʧʘʜʘˁʝ ʧʨʦʣʘʟʥʝ 

ʬʦʪʦʩʪʨʫʿʝ, ʰʪʦ ʩʝ ʧʦʪʠʯʝ ʦʜ ʟʘʨʦʙˀʘʚʘˁʘ ʰʫʧˀʠʥʘ ʥʘ ʧʦʚʨʰʠʥʠ ʧʨʘʭʘ. ʆʚʘʿ ʧʨʦʮʝʩ ʜʦʚʦʜʠ 

ʜʦ ʩʤʘˁʝˁʘ ʙʨʟʠʥʝ ʨʝʢʦʤʙʠʥʘʮʠʿʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʥʘ ʠ ʰʫʧˀʠʥʘ [84]. ʉʘ ʪʝʨʤʦʜʠʥʘʤʠʯʢʝ 

ʪʘʯʢʝ ʛʣʝʜʠʰʪʘ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʜʘ ʨʝʜʦʢʩ ʧʦʪʝʥʮʠʿʘʣ ʘʢʮʝʧʪʦʨʘ ʙʫʜʝ ʠʩʧʦʜ, ʪʿ. ʧʦʟʠʪʠʚʥʠʿʠ ʦʜ 

ʧʦʪʝʥʮʠʿʘʣʘ ʜʦˁʝʛ ʜʝʣʘ ʧʨʦʚʦʜʥʝ ʟʦʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʊʘʢʦʹʝ, ʨʝʜʦʢʩ ʧʦʪʝʥʮʠʿʘʣ ʜʦʥʦʨʘ 

ʤʦʨʘ ʙʠʪʠ ʠʟʥʘʜ, ʪʿ. ʥʝʛʘʪʠʚʥʠʿʠ ʦʜ ʧʦʪʝʥʮʠʿʘʣʘ ʛʦʨˁʝʛ ʜʝʣʘ ʚʘʣʝʥʪʥʝ ʟʦʥʝ ʜʘ ʙʠ ʝʣʝʢʪʨʦʥ 

ʤʦʛʘʦ ʙʠʪʠ ʧʨʝʥʝʪ ʫ ʩʣʦʙʦʜʥʫ ʰʫʧˀʠʥʫ [85]. ʂʦʜ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ, ʨʝʜʦʢʩ ʩʚʦʿʩʪʚʘ ʩʝ 

ʦʜʨʝʹʫʿʫ ʝʣʝʢʪʨʦʥʩʢʠʤ ʧʨʝʣʘʟʠʤʘ ʫʥʫʪʘʨ ʝʥʝʨʛʝʪʩʢʠʭ ʟʦʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ɽʣʝʢʪʨʦʥʠ ʢʦʿʠ 

ʩʝ ʥʘʣʘʟʝ ʫ ʧʨʦʚʦʜʥʦʿ ʟʦʥʠ ʠʤʘʿʫ ʚʠʩʦʢ ʨʝʜʫʢʮʠʦʥʠ ʧʦʪʝʥʮʠʿʘʣ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʩʫ ʩʧʦʩʦʙʥʠ ʟʘ 

ʫʯʝʰ˂ʝ ʫ ʨʝʜʫʢʮʠʦʥʠʤ ʨʝʘʢʮʠʿʘʤʘ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʰʫʧˀʠʥʝ ʢʦʿʝ ʥʘʩʪʘʿʫ ʫ ʚʘʣʝʥʪʥʦʿ ʟʦʥʠ 

ʧʦʩʝʜʫʿʫ ʦʢʩʠʜʘʮʠʦʥʠ ʧʦʪʝʥʮʠʿʘʣ, ʦʤʦʛʫ˂ʘʚʘʿʫ˂ʠ ʦʢʩʠʜʘʮʠʦʥʝ ʨʝʘʢʮʠʿʝ. ɼʘ ʙʠ ʨʝʜʦʢʩ 

ʨʝʘʢʮʠʿʝ ʙʠʣʝ ʤʦʛʫ˂ʝ ʥʘ ʧʦʚʨʰʠʥʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ, ʨʝʜʦʢʩ ʧʦʪʝʥʮʠʿʘʣ ʘʜʩʦʨʙʦʚʘʥʠʭ ʨʝʜʦʢʩ 

ʧʘʨʦʚʘ ʤʦʨʘ ʙʠʪʠ ʫʥʫʪʘʨ ʟʘʙʨʘˁʝʥʝ ʟʦʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʆʚʘ ʟʘʙʨʘˁʝʥʘ ʟʦʥʘ ʿʝ ʦʙʣʘʩʪ 

ʝʥʝʨʛʝʪʩʢʠʭ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʚʨʭʘ ʚʘʣʝʥʪʥʝ ʟʦʥʝ ʠ ʜʥʘ ʧʨʦʚʦʜʥʝ ʟʦʥʝ, ʠ ʦʥʘ ʦʜʨʝʹʫʿʝ 

ʝʬʠʢʘʩʥʦʩʪ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦʛ ʧʨʦʮʝʩʘ. ʌʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʘʢʪʠʚʥʦʩʪ ʟʘʚʠʩʠ ʦʜ ʫʩʢʣʘʹʝʥʦʩʪʠ 

ʝʥʝʨʛʝʪʩʢʠʭ ʥʠʚʦʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʩʘ ʧʦʪʝʥʮʠʿʘʣʠʤʘ ʨʝʘʢʪʘʥʘʪʘ, ʯʠʤʝ ʩʝ ʦʩʠʛʫʨʘʚʘ ʜʘ ʩʫ 

ʨʝʘʢʮʠʿʝ ʨʝʜʫʢʮʠʿʝ ʠ ʦʢʩʠʜʘʮʠʿʝ ʤʦʛʫ˂ʝ ʠ ʝʥʝʨʛʝʪʩʢʠ ʦʜʨʞʠʚʝ [86, 87]. 

ʇʦʪʧʫʥʘ ʦʢʩʠʜʘʮʠʿʘ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ ʫ ʧʨʠʩʫʩʪʚʫ ʢʠʩʝʦʥʠʢʘ ʩʝ ʦʜʠʛʨʘʚʘ 

ʧʨʝʤʘ ʩʣʝʜʝ˂ʦʿ ʿʝʜʥʘʯʠʥʠ (6): 

˛̑̄́̎̒̋́ ̗̒̔̐̒̓́̎́/
  ȟ˟˛
ựựựựựựựự #/ (/ ̍̉ ̎̆̑́̌̎̆ ̋̉̒̆̌̉̎̆ 

ʄʠʥʝʨʘʣʥʝ ʢʠʩʝʣʠʥʝ ʥʘʩʪʘʿʫ ʘʢʦ ʩʫ ʫ ʦʨʛʘʥʩʢʦʿ ʟʘʛʘʹʫʿʫ˂ʦʿ ʩʫʧʩʪʘʥʮʠ ʧʨʠʩʫʪʥʠ ʭʝʪʝʨʦʘʪʦʤʠ 

ʢʘʦ ʰʪʦ ʩʫ ʩʫʤʧʦʨ, ʘʟʦʪ ʠ ʭʣʦʨ. ʆʚʘʿ ʢʘʪʘʣʠʪʠʯʢʠ ʧʨʦʮʝʩ ʿʝ ʪʝʨʤʦʜʠʥʘʤʠʯʢʠ ʩʧʦʥʪʘʥ, ʘ 

ʝʥʝʨʛʠʿʘ ʬʦʪʦʥʘ ʩʝ ʥʝ ʪʨʦʰʠ ʜʠʨʝʢʪʥʦ ʥʘ ʩʘʤʫ ʨʝʘʢʮʠʿʫ, ʚʝ˂ ʩʣʫʞʠ ʠʩʢˀʫʯʠʚʦ ʟʘ ʘʢʪʠʚʘʮʠʿʫ 

ʢʘʪʘʣʠʟʘʪʦʨʘ [86, 88]. ʆʧʰʪʠ ʤʝʭʘʥʠʟʘʤ ʭʝʪʝʨʦʛʝʥʝ ʬʦʪʦʢʘʪʘʣʠʟʝ (ʩʣʠʢʘ 5), ʧʨʝʜʣʦʞʠʣʠ ʩʫ 

ʍʦʬʤʘʥ ʠ ʩʘʨʘʜʥʠʮʠ [89], 1995. ʛʦʜʠʥʝ ʠ ʩʘʩʪʦʿʠ ʩʝ ʠʟ ʥʝʢʦʣʠʢʦ ʧʨʦʮʝʩʘ. ʋ  ʿʝʜʥʘʯʠʥʘʤʘ 

ʧʨʦʮʝʩʘ ʤʝʭʘʥʠʟʤʘ  4É/( ʧʨʝʜʩʪʘʚˀʘ ʧʨʠʤʘʨʥʦ ʭʠʜʨʘʪʠʩʘʥʫ ʧʦʚʨʰʠʥʫ ʪʠʪʘʥ()6)-ʦʢʩʠʜʘ, 
ʜʦʢ ʿʝ  4É/(Ɇ  ʧʦʚʨʰʠʥʩʢʠ ʟʘʨʦʙˀʝʥʘ ʰʫʧˀʠʥʘ ʚʘʣʝʥʪʥʝ ʟʦʥʝ, ʦʜʥʦʩʥʦ ʧʦʚʨʰʠʥʩʢʠ 

ʚʝʟʘʥ ʭʠʜʨʦʢʩʠʣʥʠ ʨʘʜʠʢʘʣ. ὝὭὕὌ ʧʨʝʜʩʪʘʚˀʘ ʧʦʚʨʰʠʥʩʢʠ ʟʘʨʦʙˀʝʥʠ ʝʣʝʢʪʨʦʥ 

ʧʨʦʚʦʜʥʝ ʟʦʥʝ. Red ʿʝ ʜʦʥʦʨ ʝʣʝʢʪʨʦʥʘ, ʪʿ. ʨʝʜʫʢʮʠʦʥʦ ʩʨʝʜʩʪʚʦ, ʘ Ox ʿʝ ʘʢʮʝʧʪʦʨ ʝʣʝʢʪʨʦʥʘ, 

ʪʿ. ʦʢʩʠʜʘʮʠʦʥʦ ʩʨʝʜʩʪʚʦ: 

1. ɻʝʥʝʨʠʩʘˁʝ ʥʦʩʠʣʘʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ (ʝʿʜʥʘʯʠʥʘ (7)): 

4É/  Èʉ O  È    Å   

2. ɿʘʨʦʙˀʘʚʘˁʝ ʥʦʩʠʣʘʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ( ʝʿʜʥʘʯʠʥʝ (8-10)): 

(6) 

 

 

 

(7) 
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È    4É/(O 4É/(Ɇ  

Å   4É/(P 4É/( ʧʣʠʪʢʦ ʟʘʨʦʙˀʘʚʘˁʝ 

Å   4Éᴼ4É ʜʫʙʦʢʦ ʟʘʨʦʙˀʘʚʘˁʝ 

3. ʈʝʢʦʤʙʠʥʘʮʠʿʘ ʥʦʩʠʣʘʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ (ʝʿʜʥʘʯʠʥʝ (11-12)): 

Å   4É/(Ɇ ᴼ 4É/( 

È    O 4É/( O 4É/( 

4. ʊʨʘʥʩʬʝʨ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʥʘ ʛʨʘʥʠʯʥʦʿ ʧʦʚʨʰʠʥʠ ( ʝʿʜʥʘʯʠʥʝ (13-14)): 

4É/(Ɇ 2ÅÄO 4É/( 2ÅÄɆ  ʦʢʩʠʜʘʮʠʿʘ 

Å /ØO 4É/( /ØɆ  ʨʝʜʫʢʮʠʿʘ 

ʍʠʜʨʦʢʩʠʣʥʠ ʨʘʜʠʢʘʣʠ ʥʘʩʪʘʿʫ ʥʘ ʧʦʚʨʰʠʥʠ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ, ʫʩʣʝʜ ʨʝʘʢʮʠʿʝ ʰʫʧˀʠʥʘ ʫ 

ʚʘʣʝʥʪʥʦʿ ʟʦʥʠ (È ) ʩʘ ʘʜʩʦʨʙʦʚʘʥʦʤ ʚʦʜʦʤ, ʭʠʜʨʦʢʩʠʣʥʠʤ ʠʣʠ ʧʦʚʨʰʠʥʩʢʠʤ ʪʠʪʘʥʦʣʥʠʤ 
ʛʨʫʧʘʤʘ (>TiOH) ʠʟ ʿʝʜʥʘʯʠʥʝ (8). ʅʘʩʪʘʣʠ ʭʠʜʨʦʢʩʠʣʥʠ ʨʘʜʠʢʘʣʠ ʩʫ ʚʝʦʤʘ ʿʘʢʘ ʦʢʩʠʜʘʮʠʦʥʘ 

ʩʨʝʜʩʪʚʘ (ʝʿʜʥʘʯʠʥʝ (15-16)) [86, 90]: 

4É/È (/ ᴼ4É/Ɇ/( (  

4É/È /( ᴼ4É/Ɇ/(  

ʇʨʝʪʧʦʩʪʘʚʢʘ ʤʝʭʘʥʠʟʤʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʿʝ ʜʘ ʩʝ ʦʙʝ ʨʝʘʢʮʠʿʝ, ʦʢʩʠʜʘʮʠʿʘ ʠ 

ʨʝʜʫʢʮʠʿʘ, ʩʠʤʫʣʪʘʥʦ ʦʜʚʠʿʘʿʫ ʥʘ ʧʦʚʨʰʠʥʠ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ. ʋ ʩʫʧʨʦʪʥʦʤ, ʜʦʣʘʟʠʣʦ ʙʠ ʜʦ 

ʥʘʛʦʤʠʣʘʚʘˁʘ ʥʘʝʣʝʢʪʠʨʩʘˁʘ. ʃʠʪʝʨʘʪʫʨʥʠ ʧʦʜʘʮʠ ʧʦʢʘʟʫʿʫ ʜʘ ʩʝ ʝʣʝʢʪʨʦʥ ʧʨʝʥʦʩʠ ʜʦ 

ʢʠʩʝʦʥʠʢʘ, ʢʦʿʠ ʩʝ ʧʦʥʘʰʘ ʢʘʦ ʦʢʩʠʜʘʮʠʦʥʦ ʩʨʝʜʩʪʚʦ, ʦʜʥʦʩʥʦ ʘʢʮʝʧʪʦʨ ʝʣʝʢʪʨʦʥʘ. ʆʚʘʿ ʢʦʨʘʢ 

ʿʝ ʦʜʛʦʚʦʨʘʥ ʟʘ ʙʨʟʠʥʫ ʨʝʘʢʮʠʿʝ [91]. 

 
ʉʣʠʢʘ 5. ʇʨʠʢʘʟ ʧʨʦʮʝʩʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ (ʇʨʠʢʘʟʘʥʦ ʥʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʠʟ [89]). 

ɻʣʘʚʥʝ ʧʨʝʜʥʦʩʪʠ ʬʦʪʦʢʘʪʘʣʠʟʝ ʩʫ ʥʠʩʢʘ ʮʝʥʘ ʠ ʫʰʪʝʜʘ ʝʥʝʨʛʠʿʝ, ʿʝʨ ʩʝ ʤʦʞʝ ʠʟʚʦʜʠʪʠ 

ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ ʠ ʧʨʠʪʠʩʢʫ, ʘ ʧʨʠʪʦʤ ʩʝ ʢʦʨʠʩʪʠ ʘʪʤʦʩʬʝʨʩʢʠ ʢʠʩʝʦʥʠʢ ʟʘ ʦʢʩʠʜʘʮʠʿʫ. 

ʊʘʢʦʹʝ, ʤʦʛʫ˂ʝ ʿʝ ʥʘʢʦʥ ʦʢʩʠʜʘʮʠʿʝ ʦʜʚʦʿʠʪʠ ʢʘʪʘʣʠʟʘʪʦʨ ʠ ʧʦʥʦʚʦ ʛʘ ʢʦʨʠʩʪʠʪʠ. 

ʌʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʜʝʛʨʘʜʘʮʠʿʘ ʿʝ ʿʝʜʥʦʩʪʘʚʘʥʘ ʟʘ ʨʫʢʦʚʘˁʝ, ʚʝʦʤʘ ʝʬʠʢʘʩʘʥʘ ʤʝʪʦʜʘ ʠ 

(8) 

 

 

(11) 

(12) 

 

 

 

(9) 

(10) 

 

 

 

(13) 

(14) 

 

 

 

(15) 

(16) 
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ʝʢʦʣʦʰʢʠ ʧʨʠʭʚʘʪˀʠʚ ʧʨʦʮʝʩ, ʿʝʨ ʥʝ ʟʘʭʪʝʚʘ ʜʦʜʘʪʥʝ ʭʝʤʠʢʘʣʠʿʝ [1, 4, 10, 92, 93]. ʄʝʹʫʪʠʤ, 

ʧʦʩʪʦʿʝ ʥʝʢʠ ʥʝʜʦʩʪʘʮʠ ʢʦʨʠʰ˂ʝˁʘ ʬʦʪʦʢʘʪʘʣʠʟʝ ʫ ʩʘʜʘʰˁʦʩʪʠ. ʋʧʨʢʦʩ ʚʠʩʦʢʦʿ ʝʬʠʢʘʩʥʦʩʪʠ, 

ʧʦʛʦʜʥʘ ʿʝ ʩʘʤʦ ʟʘ ʫʧʦʪʨʝʙʫ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʥʠʚʦʫ, ʠʥʜʫʩʪʨʠʿʩʢʘ ʫʧʦʪʨʝʙʘ ʩʝ ʥʝ 

ʧʨʝʧʦʨʫʯʫʿʝ. ʆʛʨʘʥʠʯʝʥʦ ʢʦʨʠʰ˂ʝˁʝ ʚʠʜˀʠʚʝ ʩʚʝʪʣʦʩʪʠ ʟʙʦʛ ʤʘʣʦʛ ʫʜʝʣʘ UV ʦʙʣʘʩʪʠ, ʩʘʤʦ 

3-4%, ʙʨʟʘ ʨʝʢʦʤʙʠʥʘʮʠʿʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ, ʦʛʨʘʥʠʯʝʥʘ ʩʧʦʩʦʙʥʦʩʪ ʬʦʪʦʛʝʥʝʨʠʩʘʥʠʭ ʝʣʝʢʪʨʦʥʘ 

ʠ hʫʧˀʠʥʘ ʜʘ ʤʠʛʨʠʨʘʿʫ. ʊʘʢʦʹʝ, ʪʨʝʙʘ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʠ ʪʦʢʩʠʯʥʦʩʪ ʥʫʩʧʨʦʠʟʚʦʜʘ [1, 94, 95]. 

ʅʘʜʘʤʦ ʩʝ ʜʘ ˂ʝ ʙʨʟ ʥʘʧʨʝʜʘʢ ʫ ʨʘʟʚʦʿʫ ʥʦʚʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʦʤʦ˂ʠ ʫ ʧʨʝʚʘʟʠʣʘʞʝˁʫ ʦʚʠʭ 

ʧʦʪʝʰʢʦ˂ʘ. ɼʦʩʘʜʘʰˁʘ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʧʦʢʘʟʘʣʘ ʜʘ ʩʫ ʧʦʣʫʧʨʦʚʦʜʥʠʮʠ ʧʦʧʫʪ ʦʢʩʠʜʘ ʤʝʪʘʣʘ 

(TiO2, SnO2, Fe2O3, WO3, ZnO, Ag3O4, Nb2O5, CeO2, MoO3, ZrO2), ʤʝʪʘʣʥʠʭ ʩʫʣʬʠʜʘ (ZnS, CdS), 

ʢʘʦ ʠ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʙʘʟʠ ʫʛˀʝʥʠʢʘ (g-C3N4), ʧʝʨʩʧʝʢʪʠʚʥʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʠ [1, 10, 42, 92, 93, 

96, 97]. ʄʝʹʫʪʠʤ, ʩʫʣʬʠʜʠ ʤʝʪʘʣʘ ʥʠʩʫ ʜʦʚʦˀʥʦ ʩʪʘʙʠʣʥʠ ʟʘ ʢʘʪʘʣʠʟʫ ʫ ʚʦʜʝʥʠʤ ʩʨʝʜʠʥʘʤʘ, 

ʿʝʨ ʧʦʜʣʝʞʫ ʬʦʪʦʘʥʦʜʥʦʿ ʢʦʨʦʟʠʿʠ, ʘ ʧʦʨʝʜ ʪʦʛʘ ʩʫ ʠ ʪʦʢʩʠʯʥʠ, ʜʦʢ ʦʢʩʠʜʠ ʛʚʦʞʹʘ ʧʦʜʣʝʞʫ 

ʬʦʪʦʢʘʪʦʜʥʦʿ ʢʦʨʦʟʠʿʠ. ʀʘʢʦ ʙʠ ZnO, ʩʘ ʠʩʪʦʤ ʚʨʝʜʥʦʰ˂ʫ ʟʘʙʨʘˁʝʥʝ ʟʦʥʝ ʢʘʦ TiO2, ʤʦʛʘʦ ʙʠʪʠ 

ʨʘʟʤʘʪʨʘʥ ʢʘʦ ʘʣʪʝʨʥʘʪʠʚʘ, ˁʝʛʦʚʘ ʥʝʩʪʘʙʠʣʥʦʩʪ ʫ ʚʦʜʠ ʜʦʚʦʜʠ ʜʦ ʬʦʨʤʠʨʘˁʘ ʮʠʥʢ-

ʭʠʜʨʦʢʩʠʜʘ ʥʘ ʧʦʚʨʰʠʥʠ. ʆʩʪʘʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʮʠ ʘʧʩʦʨʙʫʿʫ ʚʝ˂ʝ ʜʝʣʦʚʝ ʩʫʥʯʝʚʦʛ ʩʧʝʢʪʨʘ ʫ 

ʧʦʨʝʹʝˁʫ ʩʘ TiO2 ʠ ʤʦʛʫ ʬʦʨʤʠʨʘʪʠ ʭʝʤʠʿʩʢʠ ʘʢʪʠʚʥʝ ʠʥʪʝʨʤʝʜʠʿʝʨʝ ʥʘ ʩʚʦʿʦʿ ʧʦʚʨʰʠʥʠ, ʘʣʠ 

ʥʘʞʘʣʦʩʪ, ʪʘʢʚʠ ʢʘʪʘʣʠʟʘʪʦʨʠ ʩʝ ʜʝʛʨʘʜʠʨʘʿʫ ʪʦʢʦʤ ʧʦʥʦʚˀʝʥʠʭ ʢʘʪʘʣʠʪʠʯʢʠʭ ʮʠʢʣʫʩʘ ʫ 

ʭʝʪʝʨʦʛʝʥʦʿ ʬʦʪʦʢʘʪʘʣʠʟʠ [98]. 

2.3. ʊʠʪʘʥ(IV)-ʦʢʩʠʜ ʫ ʬʦʪʦʢʘʪʘʣʠʟʠ 

ʆʪʢʨʠ˂ʝ ʪʠʪʘʥʘ ʟʘʧʦʯʝʪʦ ʿʝ 1791. ʛʦʜʠʥʝ, ʢʘʜʘ ʿʝ ɺʠʣʠʿʘʤ ɻʨʝʛʦʨ, ʢʦʨʥʚʦʣʩʢʠ 

ʩʚʝʰʪʝʥʠʢ ʠ ʭʝʤʠʯʘʨ ʘʤʘʪʝʨ, ʠʩʧʠʪʘʦ ʧʝʩʘʢ ʠʟ ʣʦʢʘʣʥʝ ʨʝʢʝ ʍʝʣʬʦʨʜ. ʇʦʤʦ˂ʫ ʤʘʛʥʝʪʘ ʿʝ 

ʠʟʜʚʦʿʠʦ ʮʨʥʫ ʩʫʧʩʪʘʥʮʫ (ʜʘʥʘʩ ʧʦʟʥʘʪʫ ʢʘʦ ʠʣʤʝʥʠʪ) ʠʟ ʢʦʿʝ ʿʝ ʪʨʝʪʠʨʘˁʝʤ ʭʣʦʨʦʚʦʜʦʥʠʯʥʦʤ 

ʢʠʩʝʣʠʥʦʤ ʫʢʣʦʥʠʦ ʛʚʦʞʹʝ. ʆʩʪʘʮʠ, ʢʦʿʠ ʩʫ ʩʝ ʪʝʰʢʦ ʨʘʩʪʚʘʨʘʣʠ ʫ ʢʦʥʮʝʥʪʨʦʚʘʥʦʿ ʩʫʤʧʦʨʥʦʿ 

ʢʠʩʝʣʠʥʠ, ʙʠʣʠ ʩʫ ʥʝʯʠʩʪʠ ʦʢʩʠʜ ʥʦʚʦʛ ʝʣʝʤʝʥʪʘ, ʘ ɻʨʝʛʦʨ ʿʝ ʥʘʩʪʘʚʠʦ ʜʘ ʦʪʢʨʠʚʘ ʨʝʘʢʮʠʿʝ ʢʦʿʝ 

ʩʫ ʧʦʩʪʘʣʝ ʦʩʥʦʚʘ ʟʘ ʧʨʦʠʟʚʦʜˁʫ ʛʦʪʦʚʦ ʮʝʣʦʢʫʧʥʦʛ TiO2 ʜʦ 1960. ʛʦʜʠʥʝ. ʏʝʪʠʨʠ ʛʦʜʠʥʝ 

ʢʘʩʥʠʿʝ, ʥʝʤʘʯʢʠ ʭʝʤʠʯʘʨ ʂʣʘʧʨʦʪ ʥʝʟʘʚʠʩʥʦ ʿʝ ʦʪʢʨʠʦ ʪʘʿ ʠʩʪʠ ʦʢʩʠʜ (ʠʣʠ "ʟʝʤˀʫ") ʫ ʫʟʦʨʢʫ 

ʨʫʜʝ ʢʦʿʘ ʿʝ ʩʘʜʘ ʧʦʟʥʘʪʘ ʢʘʦ ʨʫʪʠʣ ʠ ʥʘʟʚʘʦ ʿʝ ʝʣʝʤʝʥʪ ʪʠʪʘʥ ʧʦ ʊʠʪʘʥʠʤʘ, ʢʦʿʠ ʩʫ ʫ ʛʨʯʢʦʿ 

ʤʠʪʦʣʦʛʠʿʠ ʙʠʣʠ ʜʝʮʘ ʅʝʙʘ ʠ ɿʝʤˀʝ, ʦʩʫʹʝʥʘ ʜʘ ʞʠʚʝ ʤʝʹʫ ʩʢʨʠʚʝʥʠʤ ʚʘʪʨʘʤʘ ʟʝʤˀʝ. 

ʀʟʫʟʝʪʥʦ ʿʝ ʨʘʩʧʨʦʩʪʨʘˁʝʥ ʝʣʝʤʝʥʪ ʥʘ ɿʝʤˀʠ, ʜʝʚʝʪʠ ʧʦ ʨʝʜʫ, ʘ ʜʚʘ ˁʝʛʦʚʘ ʥʘʿʟʥʘʯʘʿʥʠʿʘ 

ʤʠʥʝʨʘʣʘ ʩʫ ʠʣʤʝʥʠʪ (FeTiO3) ʠ ʨʫʪʠʣ (TiO2) [99]. ʊʠʪʘʥ ʧʨʠʧʘʜʘ ʛʨʫʧʠ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ ʠ 

ʠʤʘ ʝʣʝʢʪʨʦʥʩʢʫ ʢʦʥʬʠʛʫʨʘʮʠʿʫ [Ar] 3dĮ4sĮ, ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ʤʦʛʫʥ˂ʦʩʪ ʬʦʨʤʠʨʘˁʘ ʿʝʜʠˁʝˁʘ 

ʩʘ ʦʢʩʠʜʘʮʠʦʥʠʤ ʙʨʦʿʝʚʠʤʘ +2, +3 ʠ +4. ʆʢʩʠʜʘʮʠʦʥʠ ʙʨʦʿ +2 ʿʝ ʥʘʿʤʘˁʝ ʩʪʘʙʠʣʘʥ ʠ ʧʦʩʪʦʿʠ 

ʩʘʤʦ ʫ ʯʚʨʩʪʦʤ ʘʛʨʝʛʘʪʥʦʤ ʩʪʘˁʫ ʫ ʦʙʣʠʢʫ ʦʢʩʠʜʘ ʠ ʭʘʣʦʛʝʥʠʜʘ. ʋ ʚʦʜʠ ʩʝ ʙʨʟʦ ʦʢʩʠʜʫʿʝ ʜʦ 

+3, ʢʦʿʝ ʿʝ ʜʦʙʨʦ ʨʝʜʫʢʮʠʦʥʦ ʩʨʝʜʩʪʚʦ. ʆʢʩʠʜʘʮʠʦʥʠ ʙʨʦʿ +4 ʿʝ ʥʘʿʩʪʘʙʠʣʥʠʿʠ ʠ ˁʝʛʦʚʘ 

ʿʝʜʠˁʝˁʘ ʩʫ ʧʨʝʪʝʞʥʦ ʢʦʚʘʣʝʥʪʥʦʛ ʢʘʨʘʢʪʝʨʘ. ɽʣʝʤʝʥʪʘʨʥʠ ʪʠʪʘʥ ʩʝ ʪʝʰʢʦ ʜʦʙʠʿʘ, ʿʝʨ ʥʘ 

ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʣʘʢʦ ʨʝʘʛʫʿʝ ʩʘ ʫʛˀʝʥʠʢʦʤ, ʘʟʦʪʦʤ ʠ ʢʠʩʝʦʥʠʢʦʤ. ɼʦʙʠʿʘ ʩʝ 

ʤʝʪʘʣʦʪʝʨʤʠʿʩʢʦʤ ʨʝʜʫʢʮʠʿʦʤ ʪʠʪʘʥ(IV)-ʭʣʦʨʠʜʘ, ʘ ʢʘʦ ʧʦʣʘʟʥʝ ʩʠʨʦʚʠʥʝ ʩʝ ʢʦʨʠʩʪʝ ʨʫʪʠʣ 

ʠʣʠ ʠʣʤʝʥʠʪ, ʢʦʿʠ ʩʝ ʟʘʛʨʝʚʘʿʫ ʥʘ 900 ºC ʫ ʩʪʨʫʿʠ ʭʣʦʨʘ (ʝʿʜʥʘʯʠʥʘ (17)): 

ς4É/σ# τ#ÌO ς4É#Ìς#/#/ 

ʊʠʪʘʥ(IV)-ʭʣʦʨʠʜ ʩʝ ʦʜʚʘʿʘ ʦʜ ʩʤʝʰʝ ʫʛˀʝʥʠʢ(II)-ʦʢʩʠʜʘ ʠ ʫʛˀʝʥʠʢ(IV)-ʦʢʩʠʜʘ ʭʣʘ́ʝˁʝʤ. 

ɼʦʙʠʿʝʥʠ ʪʠʪʘʥ(IV)-ʭʣʦʨʠʜ (ʪʝʤʧʝʨʘʪʫʨʘ ʢˀʫʯʘˁʘ 136 ºC) ʩʝ ʜʘˀʝ ʤʦʞʝ ʧʨʝʯʠʩʪʠʪʠ 

ʬʨʘʢʮʠʦʥʦʤ ʜʝʩʪʠʣʘʮʠʿʦʤ. ʇʦʪʦʤ ʩʝ ʛʘʩʦʚʠʪʠ ʪʠʪʘʥ(IV)-ʭʣʦʨʠʜ ʨʝʜʫʢʫʿʝ ʨʘʩʪʦʧˀʝʥʠʤ 

ʤʘʛʥʝʟʠʿʫʤʦʤ ʫ ʚʠʰʢʫ, ʧʨʠ ʘʪʤʦʩʬʝʨʩʢʦʤ ʧʨʠʪʠʩʢʫ, ʥʘ ʪʝʤʧʝʨʘʪʫʨʠ ʦʜ 800 ºC, ʫ ʩʪʨʫʿʠ ʘʨʛʦʥʘ 

( ʝʿʜʥʘʯʠʥʘ (18)): 

4É#Ìς-ÇO4É-Ç#Ì 

ʄʘʛʥʝʟʠʿʫʤ ʩʝ ʜʦʜʘʿʝ ʫ ʚʠʰʢʫ ʜʘ ʙʠ ʩʝ ʩʧʨʝʯʠʣʘ ʨʝʘʢʮʠʿʘ ʜʦʙʠʿʝʥʦʛ ʪʠʪʘʥʘ ʩʘ ʪʠʪʘʥ(IV)-

ʭʣʦʨʠʜoʤ, ʢʦʿʝ ʤʦʛʫ ʜʦʚʝʩʪʠ ʜʦ ʬʦʨʤʠʨʘˁʘ ʥʠʞʠʭ ʭʣʦʨʠʜʘ ʪʠʪʘʥʘ ( ʝʿʜʥʘʯʠʥʘ (19-20)): 

(17) 

 

 

 

(18) 
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σ4É#Ì4ÉO τ4É#Ì 

ς4É#Ì4ÉO σ4É#Ì 

ʆʭʣʘʹʝʥʘ ʩʤʝʰʘ ʩʝ ʜʘˀʝ ʫʢʣʘʘˁ ʠʟ ʨʝʘʢʪʦʨʘ, ʤʘʛʥʝʟʠʿʫʤ ʠ ʤʘʛʥʝʟʠʿʫʤ-ʭʣʦʨʠʜ ʩʝ ʦʜʚʘʿʘʿʫ 

ʠʩʧʠʨʘˁʝʤ ʨʘʟʙʣʘʞʝʥʠʤ ʢʠʩʝʣʠʥʘʤʘ ʠʣʠ ʜʝʩʪʠʣʘʮʠʿʦʤ ʫ ʚʠʩʦʢʦʤ ʚʘʢʫʫʤʫ. ʆʚʘʿ ʧʨʦʮʝʩ 

ʜʘʪʠʨʘ ʿʦʰ ʠʟ 1932. ʛʦʜʠʥʝ ʢʘʜʘ ʩʝ ʨʝʜʫʢʮʠʿʘ ʚʨʰʠʣʘ ʢʘʣʮʠʿʫʤʦʤ, ʘ ʦʜ 1940. ʛʦʜʠʥʝ ʩʝ ʢʦʨʠʩʪʠ 

ʤʘʛʥʝʟʠʿʫʤ, ʘ ʤʦʛʫ˂ʝ ʿʝ ʢʦʨʠʩʪʠʪʠ ʠ ʥʘʪʨʠʿʫʤ [99, 100]. ʊʠʪʘʥ ʧʦʩʝʜʫʿʝ ʤʝʭʘʥʠʯʢʘ ʩʚʦʿʩʪʚʘ 

ʩʣʠʯʥʘ ʯʝʣʠʢʫ, ʘʣʠ ʿʝ ˁʝʛʦʚʘ ʧʨʦʠʟʚʦʜˁʘ ʟʥʘʪʥʦ ʟʘʭʪʝʚʥʠʿʘ. ʇʨʝʜʥʦʩʪ ʪʠʪʘʥʘ ʿʝ ʦʪʧʦʨʥʦʩʪ ʥʘ 

ʢʦʨʦʟʠʿʫ ʠ ʨʘʩʪʚʘʨʘˁʝ ʫ ʙʘʟʘʤʘ, ʘ ʨʘʩʪʚʘʨʘ ʩʝ ʫ ʬʣʫʦʨʦʚʦʜʦʥʠʯʥʦʿ ʢʠʩʝʣʠʥʠ ʠ ʚʨʫ˂ʠʤ 

ʢʠʩʝʣʠʥʘʤʘ.  

ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʥʘʚʝʜʝʥʦ, ʥʘʿʩʪʘʙʠʣʥʠʿʘ ʿʝʜʠˁʝˁʘ ʪʠʪʘʥʘ ʩʫ ʦʢʩʠʜʘʮʠʦʥʦʛ ʙʨʦʿʘ +4, ʘ 

ˁʝʛʦʚ ʦʢʩʠʜ ʠʤʘ ʰʠʨʦʢʫ ʧʨʠʤʝʥʫ. ʊʠʪʘʥ(IV)-ʦʢʩʠʜ ʠʤʘ ʠʟʫʟʝʪʥʦ ʚʠʩʦʢ ʠʥʜʝʢʩ ʧʨʝʣʘʤʘˁʘ 

(2,54ï2,75 ʥʘ 550 nm) ʠ ʟʙʦʛ ʪʦʛʘ ʩʝ ʢʦʨʠʩʪʠ ʫ ʧʨʦʠʟʚʦʜˁʠ ʘʥʪʠʨʝʬʣʝʢʩʥʠʭ ʧʨʝʚʣʘʢʘ ʟʘ 

ʩʠʣʠʮʠʿʫʤʩʢʝ ʩʦʣʘʨʥʝ ˂ʝʣʠʿʝ, ʢʘʦ ʠ ʟʘ ʧʨʝʚʣʘʢʝ ʫ ʨʘʟʥʠʤ ʦʧʪʠʯʢʠʤ ʫʨʝʹʘʿʠʤʘ. ʇʨʠʤʝˁʫʿʝ ʩʝ 

ʠ ʢʘʦ ʩʝʥʟʦʨ ʛʘʩʦʚʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʚʦʜʦʥʠʢ, ʢʠʩʝʦʥʠʢ, ʫʛˀʝʥʠʢ(II)-ʦʢʩʠʜ, ʤʝʪʘʥʦʣ ʠ ʝʪʘʥʦʣ, ʿʝʨ 

ˁʝʛʦʚʘ ʝʣʝʢʪʨʠʯʥʘ ʧʨʦʚʦʜʥʦʩʪ ʟʘʚʠʩʠ ʦʜ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʛʘʩʦʚʘ ʥʘ ˁʝʛʦʚʦʿ ʧʦʚʨʰʠʥʠ [101ï

107]. ɳʝʛʦʚʘ ʨʝʣʘʪʠʚʥʦ ʚʠʩʦʢʘ ʜʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ (Ůʨʫʪʠʣ > 100) ʦʤʦʛʫ˂ʘʚʘ ʧʨʠʤʝʥʫ ʫ 

ʧʨʦʠʟʚʦʜˁʠ ʢʦʥʜʝʥʟʘʪʦʨʘ. ʆʩʠʤ ʪʦʛʘ, ʊʠʆ2 ʩʝ ʢʦʨʠʩʪʠ ʠ ʫ ʣʠʪʠʿʫʤʩʢʠʤ ʙʘʪʝʨʠʿʘʤʘ, ʛʜʝ ʩʝ 

ʜʦʢʘʟʘʦ ʢʘʦ ʠʟʚʨʩʪʘʥ ʤʘʪʝʨʠʿʘʣ ʟʘ ʘʥʦʜʝ. ʊʠʆ2 ʿʝ ʦʪʧʦʨʘʥ ʥʘ ʢʦʨʦʟʠʿʫ, ʥʝʪʦʢʩʠʯʘʥ, ʭʝʤʠʿʩʢʠ 

ʠʥʝʨʪʘʥ ʠ ʙʠʦʢʦʤʧʘʪʠʙʠʣʘʥ - ʥʝ ʠʟʘʟʠʚʘ ʪʦʢʩʠʯʥʝ, ʠʥʬʣʘʤʘʪʦʨʥʝ ʠʣʠ ʠʤʫʥʝ ʨʝʘʢʮʠʿʝ ʫ 

ʦʨʛʘʥʠʟʤʫ. ʎʝʥʘ ˁʝʛʦʚʝ ʧʨʦʠʟʚʦʜˁʝ ʿʝ ʨʝʣʘʪʠʚʥʦ ʥʠʩʢʘ, ʘ ʜʦʜʘʪʥʘ ʧʨʝʜʥʦʩʪ ʿʝ ʤʦʛʫ˂ʥʦʩʪ 

ʢʦʨʠʰ˂ʝˁʘ ʧʨʠʨʦʜʥʦʛ ʩʫʥʯʝʚʦʛ ʩʚʝʪʣʘ ʫ ʙʣʠʩʢʦʿ UV ʦʙʣʘʩʪʠ, ʰʪʦ ʛʘ ʯʠʥʠ ʧʨʠʤʝʥˀʠʚʠʤ ʫ 

ʙʨʦʿʥʠʤ ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʦʙʣʘʩʪʠʤʘ. ʂʦʨʠʩʪʠ ʩʝ ʢʘʦ ʙʝʣʠ ʧʠʛʤʝʥʪ ʫ ʙʦʿʘʤʘ, ʧʣʘʩʪʠʮʠ, 

ʧʨʝʭʨʘʤʙʝʥʦʿ ʠʥʜʫʩʪʨʠʿʠ, ʧʨʦʠʟʚʦʜˁʠ ʧʘʧʠʨʘ. ʂʦʨʠʩʪʠ ʩʝ ʿʦʰ ʫ ʤʝʜʠʮʠʥʠ, ʢʘʦ ʙʠʦʤʘʪʝʨʠʿʘʣ, 

ʫ ʬʘʨʤʘʮʠʿʠ ʠ ʢʦʟʤʝʪʠʮʠ ʢʘʦ ʟʘʰʪʠʪʘ ʦʜ ʩʫʥʮʘ [86, 108, 109]. 

ʊʠʪʘʥ(IV)-ʦʢʩʠʜ ʫ ʧʨʠʨʦʜʠ ʧʦʩʪʦʿʠ ʫ ʯʝʪʠʨʠ ʨʘʟʣʠʯʠʪʘ ʦʙʣʠʢʘ: ʘʥʘʪʘʩ, ʨʫʪʠʣ, ʙʨʫʢʠʪ ʠ 

TiO2 (B). ʆʜ ˁʠʭ, TiO2 (B) ʿʝ ʥʘʿʤʘˁʝ ʟʘʩʪʫʧˀʝʥ ʠ ʥʘʿʤʘˁʝ ʧʨʦʫʯʘʚʘʥ. ɸʥʘʪʘʩ ʠ ʨʫʪʠʣ ʠʤʘʿʫ 

ʪʝʪʨʘʛʦʥʘʣʥʫ ʢʨʠʩʪʘʣʥʫ ʩʪʨʫʢʪʫʨʫ, ʙʨʫʢʠʪ ʿʝ ʨʦʤʙʠʯʘʥ (ʩʣʠʢʘ 6), ʜʦʢ TiO  (B) ʧʦʩʝʜʫʿʝ 

ʤʦʥʦʢʣʠʥʠʯʥʫ ʩʪʨʫʢʪʫʨʫ [110]. ʈʫʪʠʣ ʿʝ ʪʝʨʤʦʜʠʥʘʤʠʯʢʠ ʥʘʿʩʪʘʙʠʣʥʠʿʠ ʦʙʣʠʢ ʠ ʦʜʣʠʢʫʿʝ ʩʝ 

ʠʟʫʟʝʪʥʠʤ ʬʠʟʠʯʢʠʤ ʠ ʭʝʤʠʿʩʢʠʤ ʩʚʦʿʩʪʚʠʤʘ. ɸʥʘʪʘʩ ʠ ʙʨʫʢʠʪ ʩʫ ʩʪʘʙʠʣʘʥʠ ʥʘ ʥʠʞʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʜʦʢ ʥʘ ʚʠʰʠʤ ʧʨʝʣʘʟʝ ʫ ʨʫʪʠʣ. ʇʦʚʨʰʠʥʩʢʘ ʝʥʝʨʛʠʿʘ ʘʥʘʪʘʩʘ ʿʝ ʥʠʞʘ ʫ 

ʧʦʨʝʹʝˁʫ ʩʘ ʨʫʪʠʣʦʤ, ʰʪʦ ʛʘ ʯʠʥʠ ʩʪʘʙʠʣʥʠʿʦʤ ʬʘʟʦʤ ʢʦʜ ʤʘˁʠʭ ʯʝʩʪʠʮʘ. ʂʘʜʘ ʩʝ ʚʝʣʠʯʠʥʘ 

ʯʝʩʪʠʮʘ ʧʦʚʝ˂ʘ, ʫʪʠʮʘʿ ʧʦʚʨʰʠʥʩʢʝ ʝʥʝʨʛʠʿʝ ʧʦʩʪʘʿʝ ʟʘʥʝʤʘʨˀʠʚ, ʧʘ ʨʫʪʠʣ ʧʨʝʫʟʠʤʘ 

ʜʦʤʠʥʘʮʠʿʫ ʢʘʦ ʩʪʘʙʠʣʥʠʿʘ ʬʘʟʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ, ʘʥʘʪʘʩ ʿʝ ʥʘʿʩʪʘʙʠʣʥʠʿʠ ʢʦʜ ʯʝʩʪʠʮʘ ʤʘˁʠʭ ʦʜ 

11 nm, ʙʨʫʢʠʪ ʿʝ ʩʪʘʙʠʣʥʠʿʠ ʫ ʦʧʩʝʛʫ 11-35 nm, ʜʦʢ ʨʫʪʠʣ ʧʦʩʪʘʿʝ ʥʘʿʩʪʘʙʠʣʥʠʿʠ ʟʘ ʯʝʩʪʠʮʝ 

ʚʝ˂ʝ ʦʜ 35 nm [111].  

(19) 

 

 

 

(20) 
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ʉʣʠʢʘ 6. ʂʨʠʩʪʘʣʥʠ ʦʙʣʠʮʠ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ. ʂʦʜ ʙʦʿʘ: Ti - ʧʣʘʚa ʠ O - ʮʨʚʝʥa. 

ʂʨʠʩʪʘʣʥʘ ʩʪʨʫʢʪʫʨʘ ʘʥʘʪʘʩʘ ʠ ʨʫʪʠʣa, ʢʘʦ ʜʚʝ ʧʦʣʠʤʦʨʬʥʝ ʬʦʨʤʝ ʪʠʪʘʥ-ʜʠʦʢʩʠʜʘ, 

ʦʜʣʠʢʫʿʝ ʩʝ ʪʝʪʨʘʛʦʥʘʣʥʠʤ ʿʝʜʠʥʠʯʥʠʤ ˂ʝʣʠʿʘʤʘ ʫ ʢʦʿʠʤʘ ʩʝ ʿʦʥʠ ʪʠʪʘʥʘ ʥʘʣʘʟʝ ʫ ʫʛʣʦʚʠʤʘ ʠ 

ʮʝʥʪʨʫ ˂ʝʣʠʿʝ, ʜʦʢ ʿʦʥʠ ʢʠʩʝʦʥʠʢʘ ʬʦʨʤʠʨʘʿʫ ʦʢʪʘʝʜʘʨ ʦʢʦ ʮʝʥʪʨʘʣʥʦʛ ʪʠʪʘʥʘ. ʋ ʘʥʘʪʘʩʫ ʠ 

ʨʫʪʠʣʫ ʦʢʪʘʝʜʘʨ ʧʨʝʜʩʪʘʚˀʘ ʦʩʥʦʚʥʠ ʢʦʦʨʜʠʥʘʮʠʦʥʠ ʧʦʣʠʛʦʥ,  ʛʜʝ ʿʝ ʩʚʘʢʠ ʿʦʥ ʪʠʪʘʥʘ ʦʢʨʫʞʝʥ 

ʩʘ ʰʝʩʪ ʿʦʥʘ ʢʠʩʝʦʥʠʢʘ (TiO6). ɱʦʥʠ ʢʠʩʝʦʥʠʢʘ ʫ ʦʚʦʤ ʦʢʪʘʝʜʨʫ ʥʘʣʘʟʝ ʩʝ ʥʘ ʨʘʟʣʠʯʠʪʠʤ 

ʫʜʘˀʝʥʦʩʪʠʤʘ ʦʜ ʮʝʥʪʨʘʣʥʦʛ ʿʦʥʘ ʪʠʪʘʥʘ: ʯʝʪʠʨʠ ʩʫ ʫʜʘˀʝʥʘ 0,188 nm, ʘ ʜʚʘ 0,197 nm. ʆʩʠʤ 

ʪʦʛʘ, ʤʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ ʢʠʩʝʦʥʠʢʘ ʠ ˁʠʭʦʚʘ ʛʝʦʤʝʪʨʠʿʩʢʘ ʨʘʩʧʦʜʝʣʘ ʬʦʨʤʠʨʘʿʫ ʧʨʘʚʠʣʥʫ 

ʩʪʨʫʢʪʫʨʫ ʫʥʫʪʘʨ ˂ʝʣʠʿʝ. ʂʦʜ ʨʫʪʠʣa, ʩʚʘʢʠ ʦʢʪʘʝʜʘʨ ʿʝ ʧʦʚʝʟʘʥ ʩʘ ʜʝʩʝʪ ʩʫʩʝʜʥʠʭ ʦʢʪʘʝʜʘʨʘ 

ʪʘʢʦ ʰʪʦ ʜʝʣʝ ʫʛʣʦʚʝ, ʜʦʢ ʢʦʜ ʘʥʘʪʘʩʘ ʩʚʘʢʠ ʦʢʪʘʝʜʘʨ ʜʦʣʘʟʠ ʫ ʢʦʥʪʘʢʪ ʩʘ ʦʩʘʤ ʜʨʫʛʠʭ, ʧʨʠ 

ʯʝʤʫ ʜʝʣʝ ʠʚʠʮʝ. ɿʙʦʛ ʪʦʛʘ ʿʝ ʘʥʘʪʘʩʦʚʘ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʘʢʪʥʠʿʘ. ɼʫʞʠʥʝ ʚʝʟʘ Ti-O ʪʘʢʦʹʝ 

ʚʘʨʠʨʘʿʫ: ʫ ʨʫʪʠʣʫ ʩʝ ʢʨʝ˂ʫ ʦʜ 0,195 ʜʦ 0,198 nm, ʘ ʫ ʘʥʘʪʘʩʫ ʦʜ 0,194 ʜʦ 0,197 nm. ʈʘʟʣʠʢʝ ʫ 

ʫʛʣʦʚʠʤʘ ʚʝʟʘ O-Ti-O ʠʟʤʝʹʫ ʦʚʘ ʜʚʘ ʦʙʣʠʢʘ ʫʪʠʯʫ ʥʘ ˁʠʭʦʚʘ ʭʝʤʠʿʩʢʘ ʠ ʬʠʟʠʯʢʘ ʩʚʦʿʩʪʚʘ. 

ɹʨʫʢʠʪ, ʪʨʝ˂ʘ ʧʦʣʠʤʦʨʬʥʘ ʬʦʨʤʘ, ʪʘʢʦʹʝ ʧʦʩʝʜʫʿʝ ʦʢʪʘʝʜʨʝ TiO6, ʘʣʠ ˁʝʛʦʚʘ ʩʪʨʫʢʪʫʨʘ ʿʝ 

ʩʧʝʮʠʬʠʯʥʘ ʠ ʨʘʟʣʠʯʠʪʘ ʦʜ ʘʥʘʪʘʩʘ ʠ ʨʫʪʠʣa. ɸʥʘʪʘʩʦʚʘ ʠ ʨʫʪʠʣʦʚʘ ʩʪʨʫʢʪʫʨʘ, ʫʧʨʢʦʩ 

ʟʘʿʝʜʥʠʯʢʦʿ ʦʩʥʦʚʠ, ʧʦʢʘʟʫʿʫ ʟʥʘʯʘʿʥʝ ʨʘʟʣʠʢʝ ʫ ʥʘʯʠʥʫ ʧʦʚʝʟʠʚʘˁʘ ʦʢʪʘʝʜʘʨʘ ʠ ʛʝʦʤʝʪʨʠʿʩʢʠʤ 

ʜʝʪʘˀʠʤʘ, ʰʪʦ ʨʝʟʫʣʪʫʿʝ ʨʘʟʣʠʯʠʪʠʤ ʩʚʦʿʩʪʚʠʤʘ ʦʚʠʭ ʤʘʪʝʨʠʿʘʣʘ [112].  

ʌʘʟʥʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʠʟʤʝʹʫ ʘʥʘʪʘʩʘ ʠ ʨʫʪʠʣa ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʘʥ ʦʜ ʥʘʿʚʠʰʝ 

ʧʨʦʫʯʘʚʘʥʠʭ ʧʨʦʮʝʩʘ ʫ ʤʘʪʝʨʠʿʘʣʠʤʘ ʥʘ ʙʘʟʠ ʪʠʪʘʥ-ʜʠʦʢʩʠʜʘ. ʀʘʢʦ ʿʝ ʘʥʘʪʘʩ ʪʝʨʤʦʜʠʥʘʤʠʯʢʠ 

ʤʘˁʝ ʩʪʘʙʠʣʘʥ ʦʜ ʨʫʪʠʣa, ʦʥ ʩʝ ʣʘʢʰʝ ʬʦʨʤʠʨʘ ʥʘ ʥʠʞʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʦʙʠʯʥʦ ʠʩʧʦʜ 600 

°C. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ, ʘʥʘʪʘʩ ʧʦʩʝʜʫʿʝ ʚʝ˂ʫ ʩʧʝʮʠʬʠʯʥʫ ʧʦʚʨʰʠʥʫ ʠ ʚʠʰʝ ʘʢʪʠʚʥʠʭ ʮʝʥʪʘʨʘ ʢʦʿʠ 

ʩʫ ʧʦʛʦʜʥʠ ʟʘ ʘʜʩʦʨʧʮʠʿʫ ʠ ʢʘʪʘʣʠʟʫ. ɽʥʪʘʣʧʠʿʘ ʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʿʝ ʨʝʣʘʪʠʚʥʦ ʥʠʩʢʘ, ʰʪʦ 

ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʘʥʘʪʘʩ ʙʫʜʝ ʢʠʥʝʪʠʯʢʠ ʩʪʘʙʠʣʘʥ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ. ʄʝʹʫʪʠʤ, ʠʟʥʘʜ 600 ÁC 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʧʦʩʪʘʿʝ ʩʚʝ ʠʟʨʘʞʝʥʠʿʘ, ʘ ˁʝʥʘ ʙʨʟʠʥʘ ʨʘʩʪʝ ʢʘʢʦ ʩʝ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʠʙʣʠʞʘʚʘ 

800 ÁC, ʠʟʥʘʜ ʢʦʿʝ ʨʫʪʠʣ ʧʦʩʪʘʿʝ ʩʪʘʙʠʣʥʠʿʘ ʬʘʟʘ. ʅʘ ʪʝʤʧʝʨʘʪʫʨʫ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʫʪʠʯʫ 

ʙʨʦʿʥʠ ʬʘʢʪʦʨʠ, ʫʢˀʫʯʫʿʫ˂ʠ ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʜʝʬʝʢʘʪʘ ʫ ʢʨʠʩʪʘʣʥʦʿ ʨʝʰʝʪʢʠ ʠ ʥʘ ʧʦʚʨʰʠʥʠ, 

ʧʨʠʩʫʩʪʚʦ ʥʝʯʠʩʪʦ˂ʘ ʠʣʠ ʜʦʧʘʥʘʪʘ, ʚʝʣʠʯʠʥʫ ʯʝʩʪʠʮʘ ʠ ʧʨʠʤʝʥʫ ʚʠʩʦʢʠʭ ʧʨʠʪʠʩʘʢʘ. ʄʘˁʝ 

ʯʝʩʪʠʮʝ, ʟʙʦʛ ʚʝ˂ʝ ʧʦʚʨʰʠʥʩʢʝ ʝʥʝʨʛʠʿʝ ʠ ʥʘʧʨʝʟʘˁʘ, ʧʦʢʘʟʫʿʫ ʫʙʨʟʘʥʫ ʪʨʘʥʩʬʦʨʤʘʮʠʿʫ ʫ 

ʨʫʪʠʣ. ʐʪʦ ʩʝ ʪʠʯʝ ʜʨʫʛʦʛ ʧʦʣʠʤʦʨʬʘ, ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʙʨʫʢʠʪʘ ʫ ʨʫʪʠʣ ʦʜʠʛʨʘʚʘ ʩʝ ʥʘ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʠʟʥʘʜ 650 ÁC [86, 113, 114]. 

ʋ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠʤ ʧʨʠʤʝʥʘʤʘ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʠ ʘʥʘʪʘʩ ʠ ʨʫʪʠʣ, ʘ ˁʠʭʦʚʘ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʩʚʦʿʩʪʚʘ ʩʝ ʯʝʩʪʦ ʫʧʦʨʝʹʫʿʫ. ʊʘʢʦʹʝ, ʩʤʝʰʘ ʘʥʘʪʘʩʥʝ ʠ ʨʫʪʠʣʥʝ ʬʦʨʤʝ 

ʢʦʨʠʩʪʝ ʩʝ ʨʘʜʠ ʧʦʩʪʠʟʘˁʘ ʙʦˀʠʭ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ [115, 116]. ʊʠʪʘʥ(IV)-ʦʢʩʠʜ 

ʿʝ ʿʝʜʘʥ ʦʜ ʥʘʿʚʠʰʝ ʠʩʪʨʘʞʠʚʘʥʠʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʨʘʟʛʨʘʜˁʫ ʤʥʦʛʠʭ 

ʦʨʛʘʥʩʢʠʭ ʩʫʧʩʪʘʥʮʠ ʢʘʦ ʰʪʦ ʩʫ ʙʦʿʝ [117], ʬʘʨʤʘʮʝʫʪʩʢʠ ʧʨʦʠʟʚʦʜʠ ʫʢˀʫʯʫʿʫ˂ʠ ʣʝʢʦʚʝ [1], 

ʩʫʧʣʝʤʝʥʪʠ ʠ ʢʦʟʤʝʪʠʯʢʠ ʧʨʦʠʟʚʦʜʠ [118], ʬʝʥʦʣʠ [119], ʧʦʣʠ(ʘʣʢʠʣ)ʘʢʨʠʣʘʪʠ ʢʦʿʠ ʥʠʩʫ 

ʙʠʦʨʘʟʛʨʘʜʠʚʠ ʧʦʣʠʤʝʨʠ, ʘ ʪʝʰʢʦ ʩʝ ʠ ʨʝʮʠʢʣʠʨʘʿʫ [120], ʧʘ ʯʘʢ ʠ ʟʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʫ 
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ʠʥʘʢʪʠʚʘʮʠʿʫ ʤʠʢʨʦʦʨʛʘʥʠʟʘʤʘ [121, 122]. ʈʘʟʣʦʟʠ ʟʘ ʰʠʨʦʢʫ ʫʧʦʪʨʝʙʫ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʩʫ 

ʦʜʣʠʯʥʘ ʦʧʪʠʯʢʘ ʠ ʝʣʝʢʪʨʦʥʩʢʘ ʩʚʦʿʩʪʚʘ, ʚʠʩʦʢʘ ʭʝʤʠʿʩʢʘ ʠ ʙʠʦʣʦʰʢʘ ʩʪʘʙʠʣʥʦʩʪ, ʥʠʩʢʘ ʮʝʥʘ 

ʠ ʜʦʩʪʫʧʥʦʩʪ, ʥʝʪʦʢʩʠʯʥʦʩʪ, ʦʪʧʦʨʥʦʩʪ ʥʘ ʢʦʨʦʟʠʿʫ ʠ ʧʦʛʦʜʘʥ ʿʝ ʠ ʩʘ ʘʩʧʝʢʪʘ ʝʢʦʣʦʛʠʿʝ, ʥʝ 

ʫʪʠʯʝ ʥʝʛʘʪʠʚʥʦ ʥʘ ʞʠʚʦʪʥʫ ʩʨʝʜʠʥʫ [1, 93]. ʄʝʹʫʪʠʤ, ʧʦʨʝʜ ʩʚʠʭ ʥʘʚʝʜʝʥʠʭ ʧʨʝʜʥʦʩʪʠ ʢʦʿʝ 

ʬʘʚʦʨʠʟʫʿʫ ʪʠʪʘʥ(IV)-ʦʢʩʠʜ, ʧʦʩʪʦʿʝ ʠ ʥʝʢʠ ʥʝʜʦʩʪʘʮʠ ʢʦʨʠʰ˂ʝˁʘ ʦʚʦʛ ʢʘʪʘʣʠʟʘʪʦʨʘ ʫ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʠ, ʢʘʦ ʰʪʦ ʩʫ ʚʝʣʠʢʘ ʟʘʙʨʘˁʝʥʘ ʟʦʥʘ ʠ ʤʠʥʠʤʘʣʥʦ ʢʦʨʠʰ˂ʝˁʝ UV ʦʙʣʘʩʪʠ ʠʟ 

ʩʫʥʯʝʚʝ ʩʚʝʪʣʦʩʪʠ [93, 94, 123, 124]. ʅʝʜʘʚʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʠ ʪʝʦʨʠʿʩʢʘ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ 

ʩʧʨʦʚʝʜʝʥʘ ʜʘ ʙʠ ʩʝ ʧʦʙʦˀʰʘʣʘ ʘʢʪʠʚʘʮʠʿʘ ʚʠʜˀʠʚʝ ʩʚʝʪʣʦʩʪʠ, ʝʬʠʢʘʩʥʦʩʪ ʠ 

ʬʦʪʦʩʝʣʝʢʪʠʚʥʦʩʪ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ. ʅʝʢʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʩʪʨʘʪʝʛʠʿʝ, ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʜʘ ʙʠ 

ʩʝ ʧʦʩʪʠʛʘʦ ʦʚʘʿ ʮʠˀ, ʩʫ ʜʦʧʠʨʘˁʝ ʝʣʝʤʝʥʘʪʘ, ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʜʨʫʛʠʤ ʧʦʣʫʧʨʦʚʦʜʥʠʮʠʤʘ, 

ʩʠʥʪʝʟʘ ʥʘʥʦʩʪʨʫʢʪʫʨʘ ʩʘ ʦʜʨʝʹʝʥʠʤ ʤʦʨʬʦʣʦʛʠʿʘʤʘ, ʥʘ ʧʨʠʤʝʨ (001) ʘʥʘʪʘʩʘ TiO2 ʢʦʠʿ ʿʝ 

ʚʠʩʦʢʦ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠ ʘʢʪʠʚʘʥ, ʟʘʪʠʤ ʧʦʚʨʰʠʥʩʢʘ ʩʝʥʟʠʙʠʣʠʟʘʮʠʿʘ ʨʘʜʠ ʧʦʙʦˀʰʘˁʘ 

ʦʧʪʠʯʢʠʭ ʩʚʦʿʩʪʘʚʘ ʢʦʨʠʰ˂ʝˁʝʤ ʦʨʛʘʥʩʢʠʭ ʙʦʿʘ, ʤʝʪʘʣʥʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨʘ ʠʣʠ ʤʝʪʘʣʥʠʭ 

ʢʦʤʧʣʝʢʩʘ ʠ ʜʨʫʛʠʭ [94, 97, 125, 126]. ɼʦʧʠʨʘˁʝʤ TiO2 ʤʝʪʘʣʥʠʤ ʿʦʥʠʤʘ ʧʦʚʝ˂ʘʚʘ ʩʝ ʩʪʝʧʝʥ 

ʠʩʢʦʨʠʰ˂ʝˁʘ ʚʠʜˀʠʚʝ ʩʚʝʪʣʦʩʪʠ ʟʘ ʨʘʟʜʚʘʿʘˁʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ, ʪʠʤʝ ʰʪʦ ʩʝ ʟʘʙʨʘˁʝʥʘ ʟʦʥʘ 

ʩʤʘˁʫʿʝ, ʘ ʩʘʤʠʤ ʪʠʤ ʧʦʚʝ˂ʘʚʘ ʩʝ ʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʘʢʪʠʚʥʦʩʪ. ʋ ʜʦʩʘʜʘʰˁʠʤ 

ʠʩʪʨʘʞʠʚʘˁʠʤʘ, ʟʘ ʜʦʧʠʨʘˁʝ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʩʫ ʢʦʨʠʰ˂ ʝʥʠ ʨʘʟʣʠʯʠʪʠ ʿʦʥʠ ʧʨʝʣʘʟʥʠʭ 

ʤʝʪʘʣʘ (V, Ni, Cu, Mn, Zr, Fe, Cr, Mo, Co, Nb, W ʠ Zn), ʧʣʝʤʝʥʠʪʠʭ ʤʝʪʘʣʘ (Ru, Pd, Pt, Au ʠ Ag), 

ʨʝʪʢʠʭ ʟʝʤʘˀʘ (Ce, Er, Ho, Gd, Tb, Nd, Yb, Sm, La, Eu ʠ Y) ʠ p -ʤʝʪʘʣʠ (Ga, In, Al ʠ Sn) [1, 10, 

29, 92ï94, 127, 128]. ʅʘʥʦʤʘʪʝʨʠʿʘʣʠ TiO2 ʜʦʧʠʨʘʥʠ ʥʝʤʝʪʘʣʠʤʘ ʩʝ ʪʘʢʦʹʝ ʩʠʥʪʝʪʠʰʫ 

ʢʦʨʠʰ˂ʝˁʝʤ ʜʦʧʘʥʘʪʘ ʢʘʦ ʰʪʦ ʩʫ C, N, I, P, B ʠ S. ʈʝʟʫʣʪʘʪʠ ʧʦʢʘʟʫʿʫ ʜʘ ʜʦʧʠʨʘˁʝ TiO2 ʩʘ 

ʥʝʤʝʪʘʣʦʤ ʫʪʠʯʝ ʥʘ ʚʘʣʝʥʪʥʫ ʟʦʥʫ ʩʪʚʘʨʘˁʝʤ ʥʦʚʦʛ ʥʠʚʦʘ ʚʘʣʝʥʪʥʝ ʟʦʥʝ ʩʘ ʛʦʨˁʝ ʩʪʨʘʥʝ, ʰʪʦ 

ʜʦʚʦʜʠ ʜʦ ʩʤʘˁʝˁʘ ʟʘʙʨʘˁʝʥʝ ʟʦʥʝ. ʅʝʤʝʪʘʣʠʤʘ ʜʦʧʠʨʘʥʠ TiO2, ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʯʠʩʪʠʤ 

ʪʠʪʘʥ(IV)-ʦʢʩʠʜʦʤ, ʠʤʘ ʚʝ˂ʫ ʧʦʚʨʰʠʥʫ ʠ ʤʘˁʫ ʢʨʠʩʪʘʣʥʫ ʚʝʣʠʯʠʥʫ [1, 10, 29, 93, 94, 129]. 

ʇʦʨʝʜ ʤʦʜʠʬʠʢʘʮʠʿʝ TiO2 ʤʝʪʘʣʥʠʤ ʿʦʥʠʤʘ, ʠʩʪʨʘʞʠʚʘˁʘ ʪʘʢʦʹʝ ʧʦʢʘʟʫʿʫ, ʜʘ ʪʘʥʘʢ ʩʣʦʿ 

ʧʣʝʤʝʥʠʪʠʭ ʤʝʪʘʣʘ (Au, Ag, Pt ʠ Pd) ʥʘ ʧʦʚʨʰʠʥʠ TiO2 ʤʦʞʝ ʜʘ ʧʦʙʦˀʰʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʘ 

ʩʚʦʿʩʪʚʘ ʠ ʝʬʠʢʘʩʥʦʩʪ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ [5, 130ï133]. ɿʘ ʩʘʜʘ ʧʦʩʪʦʿʠ ʟʥʘʪʥʦ ʤʘˁʠ ʙʨʦʿ ʩʪʫʜʠʿʘ 

ʦ ʤʝʪʘʣʥʦʿ ʜʝʢʦʨʘʮʠʿʠ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʦʤ, ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʠʩʪʨʘʞʠʚʘˁʠʤʘ ʜʦʧʠʨʘˁʘ ʤʝʪʘʣʥʠʤ 

ʿʦʥʠʤʘ. ɼʝʢʦʨʘʮʠʿʘ ʤʝʪʘʣʠʤʘ ʤʦʞʝ ʧʦʤʦ˂ʠ ʫ ʩʧʨʝʯʘʚʘˁʫ ʨʝʢʦʤʙʠʥʘʮʠʿʝ ʬʦʪʦʛʝʥʝʨʠʩʘʥʠʭ 

ʧʘʨʦʚʘ ʝʣʝʢʪʨʦʥ-ʰʫʧˀʠʥʘ. ɼʦʩʘʜʘʰˁʘ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʧʦʢʘʟʘʣʘ ʜʘ ʘʪʦʤʠ ʤʝʪʘʣʘ ʥʘ 

ʧʦʚʨʰʠʥʠ TiO2 ʜʝʣʫʿʫ ʢʘʦ ʨʝʟʝʨʚʦʘʨʠ ʝʣʝʢʪʨʦʥʘ ʟʘ ʭʚʘʪʘˁʝ ʬʦʪʦʛʝʥʝʨʠʩʘʥʠʭ ʝʣʝʢʪʨʦʥʘ ʠ ʪʦ 

ʤʦʞʝ ʟʥʘʯʘʿʥʦ ʧʨʦʜʫʞʠʪʠ ʞʠʚʦʪʥʠ ʚʝʢ ʧʘʨʦʚʘ ʝʣʝʢʪʨʦʥ- ʰʫʧˀʠʥʘ ʠ ʧʦʚʝ˂ʘʪʠ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʫ ʝʬʠʢʘʩʥʦʩʪ TiO2 [5]. 

2.4. ʉʠʥʪʝʟʘ ʢʘʪʘʣʠʟʘʪʦʨʘ 

ʋ ʢʦʥʪʝʢʩʪʫ ʩʠʥʪʝʟʝ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʥʠʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ, ʜʘʥʘʩ ʩʝ ʥʘʿʯʝʰ˂ʝ 

ʧʨʠʤʝˁʫʿʫ ʨʘʟʣʠʯʠʪʝ ʭʝʤʠʿʩʢʝ ʤʝʪʦʜʝ ʢʘʦ ʰʪʦ ʩʫ ʩʦʣ-ʛʝʣ, (ʢʦ)ʧʨʝʮʠʧʠʪʘʮʠʿʘ, ʭʠʜʨʦʪʝʨʤʘʣʥʘ 

ʠ ʩʦʣʚʦʪʝʨʤʘʣʥʘ ʩʠʥʪʝʟʘ, ʩʦʥʦʭʝʤʠʿʩʢʘ ʩʠʥʪʝʟʘ ʠ ʭʝʤʠʿʩʢʦ ʪʘʣʦʞʝˁʝ ʧʘʨʝ. ʆʚʝ ʤʝʪʦʜʝ ʩʫ 

ʚʝʦʤʘ ʧʦʧʫʣʘʨʥʝ ʟʙʦʛ ʩʚʦʿʝ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ, ʙʨʟʠʥʝ, ʝʥʝʨʛʝʪʩʢʝ ʠʩʧʣʘʪʠʚʦʩʪʠ ʠ ʝʢʦʣʦʰʢʝ 

ʧʨʠʭʚʘʪˀʠʚʦʩʪʠ, ʿʝʨ ʥʝ ʧʨʦʠʟʚʦʜʝ ʪʦʢʩʠʯʥʝ ʦʪʧʘʜʥʝ ʩʫʧʩʪʘʥʮʝ, ʰʪʦ ʠʭ ʯʠʥʠ ʧʦʛʦʜʥʠʤ ʟʘ 

ʧʨʠʤʝʥʝ ʫ ʠʥʜʫʩʪʨʠʿʠ ʠ ʠʩʪʨʘʞʠʚʘʯʢʠʤ ʨʘʜʦʚʠʤʘ [134ï137].  

ʉʦʣ-ʛʝʣ ʤʝʪʦʜʘ ʿʝ ʿʝʜʥʘ ʦʜ ʥʘʿʧʦʧʫʣʘʨʥʠʿʠʭ ʠ ʥʘʿʯʝʰ˂ʝ ʧʨʠʤʝˁʠʚʘʥʠʭ ʪʝʭʥʠʢʘ ʟʘ 

ʩʠʥʪʝʟʫ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ, ʿʝʨ ʩʝ ʦʜʣʠʢʫʿʝ ʥʝʢʠʤ ʢˀʫʯʥʠʤ ʧʨʝʜʥʦʩʪʠʤʘ, ʢʘʦ ʰʪʦ ʩʫ 

ʿʝʜʥʦʩʪʘʚʥʦʩʪ, ʙʨʟʠʥʘ ʧʨʦʮʝʩʘ ʠ ʥʠʩʢʝ ʦʧʝʨʘʪʠʚʥʝ ʪʝʤʧʝʨʘʪʫʨʝ. ʆʚʘ ʤʝʪʦʜʘ ʦʤʦʛʫ˂ʘʚʘ 

ʜʦʙʠʿʘˁʝ ʭʦʤʦʛʝʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʤʦʣʝʢʫʣʩʢʦʤ ʥʠʚʦʫ, ʩʘ ʢʦʥʪʨʦʣʠʩʘʥʦʤ ʤʦʨʬʦʣʦʛʠʿʦʤ ʠ 

ʚʠʩʦʢʦʤ ʯʠʩʪʦ˂ʦʤ, ʰʪʦ ʿʝ ʯʠʥʠ ʧʦʛʦʜʥʦʤ ʟʘ ʨʘʟʣʠʯʠʪʝ ʧʨʠʤʝʥʝ ʫ ʥʘʫʮʠ ʠ ʠʥʜʫʩʪʨʠʿʠ. 

ʊʠʪʘʥ(IV)-ʦʢʩʠʜ ʩʝ ʜʦʙʠʿʘ ʠʟ ʧʨʝʢʫʨʩʦʨʘ ʢʘʦ ʰʪʦ ʩʫ ʤʝʪʘʣʥʠ ʦʢʩʠʜʠ, ʦʨʛʘʥʦʤʝʪʘʣʠ, ʢʘʦ ʰʪʦ 

ʩʫ ʘʣʢʦʢʩʠʜʠ ʪʠʪʘʥʘ, ʠʣʠ ʩʦʣʠ ʤʝʪʘʣʘ, ʢʦʿʠ ʧʨʦʣʘʟʝ ʢʨʦʟ ʧʨʦʮʝʩ ʩʦʣʠʜʠʬʠʢʘʮʠʿʝ ʠʟ ʨʘʩʪʚʦʨʘ. 

ʇʨʦʮʝʩ ʩʝ ʦʙʠʯʥʦ ʩʘʩʪʦʿʠ ʦʜ ʪʨʠ ʛʣʘʚʥʝ ʬʘʟʝ: ʭʠʜʨʦʣʠʟʘ, ʧʦʣʠʤʝʨʠʟʘʮʠʿʘ ʠ ʥʘ ʢʨʘʿʫ ʩʫʰʝˁʝ ʠ 

ʢʘʣʮʠʥʘʮʠʿʘ ʜʦʙʠʿʝʥʦʛ ʛʝʣʘ. ʊʦʢʦʤ ʭʠʜʨʦʣʠʟʝ, ʧʨʝʢʠʜʠ ʫ ʚʝʟʠ ʩʘ ʤʝʪʘʣʥʠʤ ʿʦʥʠʤʘ ʠ ʚʦʜʦʤ 

ʜʦʚʦʜʝ ʜʦ ʩʪʚʘʨʘˁʘ ʭʠʜʨʦʢʩʠʜʥʠʭ ʿʝʜʠˁʝˁʘ, ʢʦʿʘ ʢʘʩʥʠʿʝ ʧʦʣʠʤʝʨʠʟʫʿʫ, ʬʦʨʤʠʨʘʿʫ˂ʠ ʤʨʝʞʫ 
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ʛʝʣʘ. ʉʫʰʝˁʝ ʛʝʣʘ ʟʘʪʠʤ ʚʦʜʠ ʜʦ ʜʦʙʠʿʘˁʘ ʯʚʨʩʪʝ ʩʫʧʩʪʘʥʮʝ, ʢʦʿʘ ʩʝ ʧʦʜʚʨʛʘʚʘ ʢʘʣʮʠʥʘʮʠʿʠ 

ʥʘ ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʫ ʦʧʩʝʛʫ ʦʜ 450 ʜʦ 850 ÜC [134, 136ï138]. ʆʚʘ ʢʘʣʮʠʥʘʮʠʿʘ ʨʝʟʫʣʪʫʿʝ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʦʤ ʘʥʘʪʘʩʥʦʛ ʦʙʣʠʢʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʫ ʨʫʪʠʣʥʠ ʦʙʣʠʢ [113, 114, 139, 140]. 

(ʂʦ)ʧʨʝʮʠʧʠʪʘʮʠʿʘ ʿʝ ʭʝʤʠʿʩʢʘ ʤʝʪʦʜʘ ʢʦʿʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʨʘʩʪʚʦʨˀʠʚʦʩʪʠ ʪʠʪʘʥʦʚʠʭ 

ʩʦʣʠ ʢʘʦ ʰʪʦ ʩʫ ʭʣʦʨʠʜʠ, ʥʠʪʨʘʪʠ, ʩʫʣʬʘʪʠ, ʦʢʩʠʩʫʣʬʘʪʠ ʠ ʜʨʫʛʝ. ʋ ʦʚʦʿ ʤʝʪʦʜʠ, ʥʘʢʦʥ ʰʪʦ ʩʝ 

ʪʠʪʘʥʦʚʝ ʩʦʣʠ ʨʘʩʪʚʦʨe, ʜʦʜʘʿʝ ʩʝ ʙʘʟʘ, ʢʘʦ ʰʪʦ ʩʫ ʥʘʪʨʠʿʫʤ-ʭʠʜʨʦʢʩʠʜ ʠʣʠ ʘʤʦʥʠʿʘʢ, ʢʦʿʘ 

ʠʟʘʟʠʚʘ ʪʘʣʦʞʝˁʝ ʤʝʪʘʣʥʦʛ ʭʠʜʨʦʢʩʠʜʘ. ʋ ʩʣʝʜʝ˂ʝʤ ʢʦʨʘʢʫ, ʩʦʣʠ ʢʦʿʝ ʧʦʪʠʯʫ ʦʜ ʜʦʜʘʪʝ ʙʘʟʝ 

ʩʝ ʧʘʞˀʠʚʦ ʠʩʧʠʨʘʿʫ, ʬʠʣʪʨʠʨʘʿʫ ʠ ʥʘʢʦʥ ʪʦʛʘ ʩʝ ʚʨʰʠ ʢʘʣʮʠʥʘʮʠʿʘ ʜʦʙʠʿʝʥʦʛ ʪʘʣʦʛʘ ʥʘ 

ʚʠʩʦʢʦʿ ʪʝʤʧʝʨʘʪʫʨʠ, ʯʠʤʝ ʩʝ ʜʦʙʠʿʘ ʤʝʪʘʣʥʠ ʦʢʩʠʜ [134, 136]. ʆʚʘ ʤʝʪʦʜʘ ʠʤʘ ʥʝʢʦʣʠʢʦ 

ʟʥʘʯʘʿʥʠʭ ʧʨʝʜʥʦʩʪʠ, ʢʘʦ ʰʪʦ ʩʫ ʩʧʦʩʦʙʥʦʩʪ ʜʦʙʠʿʘˁʘ ʭʦʤʦʛʝʥʠʭ ʠ ʩʠʪʥʠʭ ʯʝʩʪʠʮʘ, ʰʪʦ ʿʝ 

ʨʝʟʫʣʪʘʪ ʩʧʦʨʦʛ ʠ ʢʦʥʪʨʦʣʠʩʘʥʦʛ ʧʨʦʮʝʩʘ ʪʘʣʦʞʝˁʘ. ʊʘʢʦʹʝ, ʤʝʪʦʜ ʿʝ ʿʝʜʥʦʩʪʘʚʘʥ ʟʘ ʨʫʢʦʚʘˁʝ, 

ʙʨʟ ʠ ʝʢʦʥʦʤʩʢʠ ʠʩʧʣʘʪʠʚ, ʰʪʦ ʛʘ ʯʠʥʠ ʘʪʨʘʢʪʠʚʥʠʤ ʠʟʙʦʨʦʤ ʟʘ ʨʘʟʣʠʯʠʪʝ ʠʥʜʫʩʪʨʠʿʩʢʝ ʠ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʝ ʘʧʣʠʢʘʮʠʿʝ. ɿʙʦʛ ʩʚʦʿʝ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ ʠ ʝʬʠʢʘʩʥʦʩʪʠ, (ʢʦ)ʧʨʝʮʠʧʠʪʘʮʠʿʘ ʩʝ 

ʰʠʨʦʢʦ ʢʦʨʠʩʪʠ ʟʘ ʩʠʥʪʝʟʫ ʤʝʪʘʣʥʠʭ ʦʢʩʠʜʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʪʠʪʘʥ(IV)-ʦʢʩʠʜ [141ï143]. 

ʍʠʜʨʦʪʝʨʤʘʣʥʘ ʤʝʪʦʜʘ ʿʝ ʩʠʥʪʝʪʠʯʢʠ ʧʨʦʮʝʩ ʢʦʿʠ ʢʦʨʠʩʪʠ ʚʦʜʫ ʢʘʦ ʤʝʜʠʿʫʤ ʫ ʢʦʤ ʩʝ 

ʦʜʚʠʿʘ ʩʠʥʪʝʟʘ. ʆʚʘ ʤʝʪʦʜʘ ʩʝ ʩʧʨʦʚʦʜʠ ʫ ʘʫʪʦʢʣʘʚʫ, ʛʜʝ ʩʝ ʧʘʞˀʠʚʦ ʢʦʥʪʨʦʣʠʰʫ ʚʠʩʦʢʠ 

ʧʨʠʪʠʩʘʢ ʠ ʪʝʤʧʝʨʘʪʫʨʘ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʧʦʩʪʠʟʘˁʝ ʚʠʩʦʢʠʭ ʯʠʩʪʦ˂ʘ ʠ ʩʠʪʥʠʭ ʯʝʩʪʠʮʘ ʢʘʦ 

ʢʨʘʿˁʝʛ ʧʨʦʠʟʚʦʜʘ. ʍʠʜʨʦʪʝʨʤʘʣʥʠ ʧʨʦʮʝʩ ʿʝ ʚʝʦʤʘ ʿʝʜʥʦʩʪʘʚʘʥ ʠ ʙʨʟ, ʘʣʠ ʟʘʭʪʝʚʘ ʧʨʝʮʠʟʥʫ 

ʢʦʥʪʨʦʣʫ ʫʩʣʦʚʘ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʜʦʙʠʿʘˁʝ ʨʘʟʣʠʯʠʪʠʭ ʦʙʣʠʢʘ ʥʘʥʦʯʝʩʪʠʮʘ. ʇʦʨʝʜ ʦʚʠʭ 

ʧʨʝʜʥʦʩʪʠ, ʦʚʘ ʤʝʪʦʜʘ ʿʝ ʚʝʦʤʘ ʬʣʝʢʩʠʙʠʣʥʘ, ʿ ʝʨ ʩʝ ʧʨʦʤʝʥʦʤ ʫʩʣʦʚʘ ʤʦʛʫ ʜʦʙʠʪʠ ʥʘʥʦʯʝʩʪʠʮʝ 

ʨʘʟʣʠʯʠʪʠʭ ʚʝʣʠʯʠʥʘ ʠ ʤʦʨʬʦʣʦʛʠʿʘ. ʄʝʹʫʪʠʤ, ʟʙʦʛ ʫʧʦʪʨʝʙʝ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘ ʠ 

ʧʨʠʪʠʩʘʢʘ, ʧʨʦʮʝʩ ʟʘʭʪʝʚʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʙʝʟʙʝʜʥʦʩʥʝ ʤʝʨʝ ʠ ʩʧʝʮʠʿʘʣʠʟʦʚʘʥʫ ʦʧʨʝʤʫ, ʯʠʤʝ ʩʝ 

ʧʦʚʝ˂ʘʚʘ ʩʣʦʞʝʥʦʩʪ ˁʝʥʝ ʧʨʠʤʝʥʝ. ʋʧʨʢʦʩ ʦʚʠʤ ʟʘʭʪʝʚʠʤʘ, ʭʠʜʨʦʪʝʨʤʘʣʥʘ ʤʝʪʦʜʘ ʿʝ ʚʝʦʤʘ 

ʧʦʧʫʣʘʨʥʘ ʟʙʦʛ ʩʚʦʿʝ ʝʬʠʢʘʩʥʦʩʪʠ ʠ ʩʧʦʩʦʙʥʦʩʪʠ ʜʘ ʧʨʦʠʟʚʦʜʠ ʥʘʥʦʤʘʪʝʨʠʿʘʣʝ ʚʠʩʦʢʝ ʯʠʩʪʦ˂ʝ 

ʠ ʢʦʥʪʨʦʣʠʩʘʥʠʭ ʩʚʦʿʩʪʘʚʘ [134, 136, 138, 144ï146]. 

ʉʦʣʚʦʪʝʨʤʘʣʥʘ ʤʝʪʦʜʘ ʿʝ ʨʘʟʚʠʿʝʥʘ ʢʘʦ ʤʦʜʠʬʠʢʘʮʠʿʘ ʭʠʜʨʦʪʝʨʤʘʣʥʝ ʤʝʪʦʜʝ, ʘʣʠ 

ʫʤʝʩʪʦ ʚʦʜʝ ʢʦʨʠʩʪʝ ʩʝ ʦʨʛʘʥʩʢʠ ʠʣʠ ʥʝʚʦʜʝʥʠ ʨʘʩʪʚʘʨʘʯʠ. ʈʝʘʢʮʠʦʥʠ ʫʩʣʦʚʠ ʦʚʦʛ ʧʨʦʮʝʩʘ 

ʟʘʚʠʩʝ ʦʜ ʦʜʘʙʨʘʥʦʛ ʨʘʩʪʚʘʨʘʯʘ, ʥʘʨʦʯʠʪʦ ʦʜ ˁʝʛʦʚʝ ʪʝʤʧʝʨʘʪʫʨʝ ʢˀʫʯʘˁʘ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ 

ʩʪʚʘʨʘˁʝ ʢʦʥʪʨʦʣʠʩʘʥʠʭ ʫʩʣʦʚʘ ʟʘ ʩʠʥʪʝʟʫ ʬʠʥʠʭ ʯʝʩʪʠʮʘ ʩʘ ʩʧʝʮʠʬʠʯʥʠʤ ʩʚʦʿʩʪʚʠʤʘ. 

ʉʦʣʚʦʪʝʨʤʘʣʥʠ ʧʨʦʮʝʩ ʧʨʫʞʘ ʚʝ˂ʫ ʬʣʝʢʩʠʙʠʣʥʦʩʪ ʫ ʠʟʙʦʨʫ ʨʘʩʪʚʘʨʘʯʘ, ʰʪʦ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ 

ʨʘʟʣʠʯʠʪʠʭ ʤʦʨʬʦʣʦʛʠʿʘ ʠ ʩʪʨʫʢʪʫʨʘ ʥʘʥʦʯʝʩʪʠʮʘ, ʢʘʦ ʠ ʙʦˀʝ ʢʦʥʪʨʦʣʝ ʥʘʜ ʚʝʣʠʯʠʥʦʤ ʠ 

ʨʘʩʧʦʜʝʣʦʤ ʯʝʩʪʠʮʘ. ʆʚʘ ʤʝʪʦʜʘ ʩʝ ʰʠʨʦʢʦ ʢʦʨʠʩʪʠ ʟʙʦʛ ʩʚʦʿʝ ʝʬʠʢʘʩʥʦʩʪʠ ʫ ʜʦʙʠʿʘˁʫ 

ʤʘʪʝʨʠʿʘʣʘ ʩʘ ʧʨʝʮʠʟʥʦ ʜʝʬʠʥʠʩʘʥʠʤ ʦʩʦʙʠʥʘʤʘ [134, 146ï148]. 

ʉʦʥʦʭʝʤʠʿʩʢʘ ʤʝʪʦʜʘ ʿʝ ʿʝʜʥʘ ʦʜ ʥʘʿʩʪʘʨʠʿʠʭ ʤʝʪʦʜʘ ʟʘ ʩʠʥʪʝʟʫ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ, ʘ ʫ 

ʧʦʩʣʝʜˁʠʭ ʥʝʢʦʣʠʢʦ ʜʝʮʝʥʠʿʘ ʿʝ ʟʥʘʯʘʿʥʦ ʫʥʘʧʨʝʹʝʥʘ ʠ ʧʨʠʤʝˁʝʥʘ ʟʘ ʩʠʥʪʝʟʫ ʨʘʟʣʠʯʠʪʠʭ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ. ʆʚʘ ʤʝʪʦʜʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʫʣʪʨʘʟʚʫʯʥʦʤ ʠʥʠʮʠʨʘˁʫ ʭʝʤʠʿʩʢʠʭ ʨʝʘʢʮʠʿʘ, ʛʜʝ 

ʫʣʪʨʘʟʚʫʯʥʠ ʪʘʣʘʩʠ ʛʝʥʝʨʠʰʫ ʚʠʩʦʢʝ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʧʨʠʪʠʩʢʝ ʣʦʢʘʣʠʟʦʚʘʥʝ ʫ ʤʠʢʨʦʩʢʦʧʩʢʠʤ 

ʤʝʭʫʨʠ˂ʠʤʘ ʢʦʿʠ ʩʝ ʩʪʚʘʨʘʿʫ ʫ ʪʝʯʥʦʩʪʠ. ʆʚʠ ʤʝʭʫʨʠ˂ʠ ʩʝ ʢʘʩʥʠʿʝ ʨʘʩʧʘʜʘʿʫ, ʠʟʘʟʠʚʘʿʫ˂ʠ 

ʠʥʪʝʥʟʠʚʥʦ ʤʝʰʘˁʝ ʠ ʭʝʤʠʿʩʢʝ ʨʝʘʢʮʠʿʝ ʢʦʿʝ ʜʦʚʦʜʝ ʜʦ ʬʦʨʤʠʨʘˁʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ. 

ʇʨʝʜʥʦʩʪʠ ʩʦʥʦʭʝʤʠʿʩʢʝ ʤʝʪʦʜʝ ʫʢˀʫʯʫʿʫ ʥʠʩʢʝ ʪʨʦʰʢʦʚʝ, ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʫ ʧʨʠʤʝʥʠ, ʢʘʦ ʠ 

ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʩʝ ʜʦʙʠʿʫ ʚʠʩʦʢʠ ʧʨʠʥʦʩʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʩʘ ʫʿʝʜʥʘʯʝʥʦʤ ʤʦʨʬʦʣʦʛʠʿʦʤ ʠ 

ʜʦʙʨʦʤ ʢʨʠʩʪʘʣʥʦʤ ʩʪʨʫʢʪʫʨʦʤ. ʊʘʢʦʹʝ, ʦʚʘ ʤʝʪʦʜʘ ʿʝ ʙʨʟʘ ʠ ʣʘʢʦ ʢʦʥʪʨʦʣʠʩʘʥʘ, ʰʪʦ 

ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʦ ʧʦʜʝʰʘʚʘˁʝ ʫʩʣʦʚʘ ʩʠʥʪʝʟʝ ʠ ʜʦʙʠʿʘˁʝ ʞʝˀʝʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ. ʋʧʨʢʦʩ ʩʚʦʿʠʤ ʧʨʝʜʥʦʩʪʠʤʘ, ʦʥʘ ʟʘʭʪʝʚʘ ʘʜʝʢʚʘʪʥʫ ʦʧʨʝʤʫ ʟʘ ʛʝʥʝʨʠʩʘˁʝ 

ʫʣʪʨʘʟʚʫʯʥʠʭ ʪʘʣʘʩʘ, ʘʣʠ ʩʝ ʠ ʜʘˀʝ ʩʤʘʪʨʘ ʿʝʜʥʦʤ ʦʜ ʥʘʿʝʬʠʢʘʩʥʠʿʠʭ ʤʝʪʦʜʘ ʟʘ ʩʠʥʪʝʟʫ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ [149ï152].  

ʍʝʤʠʿʩʢʦ ʪʘʣʦʞʝˁʝ ʧʘʨʝ ʿʝ ʧʨʦʮʝʩ ʫ ʢʦʤʝ ʛʘʩʦʚʠʪʘ ʠʣʠ ʠʩʧʘʨˀʠʚʘ ʩʫʧʩʪʘʥʮʘ ʥʦʩʠ 

ʧʨʝʢʫʨʩʦʨ ʠ ʪʘʣʦʞʠ ʛʘ ʥʘ ʧʦʚʨʰʠʥʠ ʧʦʜ ʢʦʥʪʨʦʣʠʩʘʥʠʤ ʫʩʣʦʚʠʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʚʠʩʦʢ ʚʘʢʫʫʤ, 
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ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʧʨʠʪʠʩʘʢ. ɿʘ ʦʚʫ ʤʝʪʦʜʫ ʩʠʥʪʝʟʝ, ʧʨʝʢʫʨʩʦʨʠ ʤʦʨʘʿʫ ʠʤʘʪʠ ʥʝʢʝ ʚʘʞʥʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʘʦ ʰʪʦ ʩʫ ʚʠʩʦʢʘ ʠʩʧʘʨˀʠʚʦʩʪ, ʚʠʩʦʢʘ ʯʠʩʪʦ˂ʘ ʠ ʪʝʨʤʠʯʢʘ ʩʪʘʙʠʣʥʦʩʪ. ʆʚʘ 

ʤʝʪʦʜʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʜʦʙʠʿʘˁʝ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʚʠʩʦʢʝ ʯʠʩʪʦ˂ʝ, ʢʦʿʠ ʩʫ ʦʙʠʯʥʦ ʫ ʦʙʣʠʢʫ 

ʪʘʥʢʠʭ ʬʠʣʤʦʚʘ ʠʣʠ ʥʘʥʦʩʣʦʿʝʚʘ. ɱʝʜʥʘ ʦʜ ʛʣʘʚʥʠʭ ʧʨʝʜʥʦʩʪʠ ʦʚʝ ʤʝʪʦʜʝ ʿʝ ʜʘ ʦʤʦʛʫ˂ʘʚʘ 

ʜʦʙʠʿʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʚʠʩʦʢʝ ʯʠʩʪʦ˂ʝ ʠ ʧʨʝʮʠʟʥʦ ʢʦʥʪʨʦʣʠʩʘʥʠʭ ʩʚʦʿʩʪʘʚʘ, ʘʣʠ ʠʩʪʦʚʨʝʤʝʥʦ 

ʦʚʘ ʤʝʪʦʜʘ ʟʘʭʪʝʚʘ ʩʢʫʧʫ ʦʧʨʝʤʫ ʠ ʧʦʩʝʙʥʝ ʫʩʣʦʚʝ ʟʘ ʠʟʚʦʹʝˁʝ ʩʠʥʪʝʟʝ. ɿʙʦʛ ʦʚʠʭ ʬʘʢʪʦʨʘ, 

ʭʝʤʠʿʩʢʦ ʪʘʣʦʞʝˁʝ ʧʘʨʝ ʤʦʞʝ ʙʠʪʠ ʝʢʦʥʦʤʩʢʠ ʠʟʘʟʦʚʥʦ, ʘʣʠ ʦʩʪʘʿʝ ʿʝʜʥʘ ʦʜ ʝʬʠʢʘʩʥʠʭ 

ʪʝʭʥʠʢʘ ʟʘ ʧʨʦʠʟʚʦʜˁʫ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʩʘ ʩʧʝʮʠʬʠʯʥʠʤ ʩʚʦʿʩʪʚʠʤʘ [153ï156]. 

2.5. ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʜʝʪʝʢʮʠʿʘ ʧʨʦʠʟʚʦʜʘ 

ʜʝʛʨʘʜʘʮʠʿʝ ʘʥʪʠʙʠʦʪʠʢʘ 

ʌʠʟʠʯʢʘ ʩʚʦʿʩʪʚʘ ʩʫʧʩʪʘʥʮʝ ʠ ˁʝʥʝ ʧʨʦʤʝʥʝ ʩʫ ʜʫʙʦʢʦ ʫʩʣʦʚˀʝʥʝ ˁʝʥʦʤ ʩʪʨʫʢʪʫʨʦʤ, 

ʢʦʿʘ ʫʢˀʫʯʫʿʝ ʨʘʩʧʦʨʝʜ ʘʪʦʤʘ, ʤʦʣʝʢʫʣʘ, ʢʘʦ ʠ ʚʨʩʪʫ ʠ ʧʨʠʨʦʜʫ ʚʝʟʘ ʠʟʤʝʹʫ ˁʠʭ. ʆʚʘ 

ʩʪʨʫʢʪʫʨʘ ʠʤʘ ʢˀʫʯʥʫ ʫʣʦʛʫ ʫ ʦʜʨʝʹʠʚʘˁʫ ʩʚʦʿʩʪʘʚʘ ʢʘʦ ʰʪʦ ʩʫ ʝʣʝʢʪʨʠʯʥʝ, ʦʧʪʠʯʢʝ, 

ʤʝʭʘʥʠʯʢʝ, ʪʝʨʤʘʣʥʝ ʠ ʭʝʤʠʿʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʘʪʝʨʠʿʘʣʘ. ʄʝʹʫʪʠʤ, ʩ ʦʙʟʠʨʦʤ ʥʘ ʩʣʦʞʝʥʦʩʪ 

ʤʘʪʝʨʠʿʘʣʘ ʠ ʚʘʨʠʿʘʙʠʣʥʦʩʪ ˁʠʭʦʚʠʭ ʩʚʦʿʩʪʘʚʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʩʧʦˀʘʰˁʠʭ ʬʘʢʪʦʨʘ ʢʘʦ ʰʪʦ 

ʩʫ ʪʝʤʧʝʨʘʪʫʨʘ, ʧʨʠʪʠʩʘʢ ʠ ʦʢʦʣʠʥʘ, ʥʠʿʝʜʥʘ ʧʦʿʝʜʠʥʘʯʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʤʝʪʦʜʘ ʥʝ ʤʦʞʝ 

ʧʨʫʞʠʪʠ ʧʦʪʧʫʥʫ ʠ ʩʚʝʦʙʫʭʚʘʪʥʫ ʩʣʠʢʫ ʦ ʩʪʨʫʢʪʫʨʠ ʩʫʧʩʪʘʥʮʝ. ɼʘ ʙʠ ʩʝ ʜʦʙʠʦ ʪʘʯʘʥ ʫʚʠʜ ʫ 

ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʿʩʪʚʘ ʤʘʪʝʨʠʿʘʣʘ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʧʨʠʤʝʥʠʪʠ ʢʦʤʙʠʥʘʮʠʿʫ ʨʘʟʣʠʯʠʪʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʪʝʭʥʠʢʘ. ʉʚʘʢʠ ʦʜ ʦʚʠʭ ʠʩʪʨʘʞʠʚʘʯʢʠʭ ʘʣʘʪʘ ʜʘʿʝ ʦʜʨʝʹʝʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦ 

ʨʘʟʣʠʯʠʪʠʤ ʘʩʧʝʢʪʠʤʘ ʩʪʨʫʢʪʫʨʝ ʤʘʪʝʨʠʿʘʣʘ. ʅʘ ʧʨʠʤʝʨ, ʨʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʿʘ ʤʦʞʝ 

ʧʨʫʞʠʪʠ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʢʨʠʩʪʘʣʥʦʿ ʩʪʨʫʢʪʫʨʠ ʠ ʨʘʩʪʦʿʘˁʫ ʠʟʤʝʹʫ ʘʪʦʤʘ, ʜʦʢ ʩʝ ʪʝʭʥʦʣʦʛʠʿʝ 

ʢʘʦ ʰʪʦ ʩʫ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʠ ʤʠʢʨʦʩʢʦʧʠʿʘ ʢʦʨʠʩʪʝ ʟʘ ʘʥʘʣʠʟʫ ʭʝʤʠʿʩʢʠʭ ʚʝʟʘ, ʝʣʝʢʪʨʦʥʩʢʝ 

ʩʪʨʫʢʪʫʨʝ ʠʣʠ ʤʦʨʬʦʣʦʛʠʿʝ ʥʘ ʥʘʥʦʤʝʪʘʨʩʢʦʤ ʥʠʚʦʫ. ʊʘʢʦʹʝ, ʤʝʪʦʜʝ ʢʘʦ ʰʪʦ ʩʫ ʝʣʝʢʪʨʦʥʩʢʘ 

ʠ ʘʪʦʤʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ ʦʤʦʛʫ˂ʘʚʘʿʫ ʠʩʪʨʘʞʠʚʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʥʠʚʦʫ ʧʦʿʝʜʠʥʘʯʥʠʭ ʘʪʦʤʘ ʠ 

ʤʦʣʝʢʫʣʘ, ʰʪʦ ʤʦʞʝ ʦʪʢʨʠʪʠ ʩʘʢʨʠʚʝʥʝ ʜʝʪʘˀ ʝ ʢʦʿʠ ʥʠʩʫ ʚʠʜˀʠʚʠ ʩʪʘʥʜʘʨʜʥʠʤ ʤʝʪʦʜʘʤʘ. 

ʂʦʤʙʠʥʘʮʠʿʦʤ ʚʠʰʝ ʪʝʭʥʠʢʘ ʜʦʙʠʿʘ ʩʝ ʜʫʙˀʠ ʫʚʠʜ ʫ ʤʝʭʘʥʠʟʤʝ ʢʦʿʠ ʩʪʦʿʝ ʠʟʘ ʩʚʦʿʩʪʘʚʘ 

ʤʘʪʝʨʠʿʘʣʘ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʙʦˀʝ ʧʨʝʜʚʠʹʘˁʝ ˁʠʭʦʚʦʛ ʧʦʥʘʰʘˁʘ ʠ ʧʨʠʤʝʥʫ ʫ ʨʘʟʣʠʯʠʪʠʤ 

ʠʥʜʫʩʪʨʠʿʘʤʘ. ɿʙʦʛ ʦʚʠʭ ʨʘʟʣʦʛʘ, ʤʫʣʪʠʜʠʩʮʠʧʣʠʥʘʨʥʠ ʧʨʠʩʪʫʧ ʠ ʠʥʪʝʛʨʘʮʠʿʘ ʨʘʟʣʠʯʠʪʠʭ 

ʘʥʘʣʠʪʠʯʢʠʭ ʤʝʪʦʜʘ ʧʦʩʪʘʿʝ ʢˀʫʯʥʠ ʟʘ ʜʫʙˀʝ ʨʘʟʫʤʝʚʘˁʝ ʩʚʦʿʩʪʘʚʘ ʤʘʪʝʨʠʿʘʣʘ ʠ ˁʠʭʦʚʠʭ 

ʤʦʛʫ˂ʠʭ ʘʧʣʠʢʘʮʠʿʘ [157]. 

2.5.1. ɼʠʬʨʘʢʮʠʿʘ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʥʘ ʧʨʘʭʫ (XRPD) 

ɼʠʬʨʘʢʮʠʿʘ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʥʘ ʧʨʘʭʫ (ʝʥʛ. XRPD - X-Ray Powder Diffraction) ʿʝ 

ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ ʠ ʚʝʦʤʘ ʧʨʝʮʠʟʥʘ ʤʝʪʦʜʘ ʢʦʿʘ ʩʝ ʰʠʨʦʢʦ ʧʨʠʤʝˁʫʿʝ ʟʘ ʘʥʘʣʠʟʫ ʠ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʨʘʟʣʠʯʠʪʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʥʘʥʦʤʘʪʝʨʠʿʘʣʝ, ʰʪʦ ʿʝ ʯʠʥʠ ʿʝʜʥʦʤ ʦʜ 

ʥʘʿʧʦʟʥʘʪʠʿʠʭ ʠ ʥʘʿʧʦʫʟʜʘʥʠʿʠʭ ʪʝʭʥʠʢʘ ʫ ʤʘʪʝʨʠʿʘʣʥʠʤ ʥʘʫʢʘʤʘ. XRPD ʤʝʪʦʜʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ 

ʧʨʠʥʮʠʧʫ ʜʠʬʨʘʢʮʠʿʝ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʦʜ ʘʪʦʤʘ, ʿʦʥʘ ʠʣʠ ʤʦʣʝʢʫʣʘ ʢʦʿʠ ʯʠʥʝ ʢʨʠʩʪʘʣʥʫ 

ʨʝʰʝʪʢʫ ʧʨʘʰʢʘʩʪʠʭ ʫʟʦʨʘʢʘ. ʄʝʪʦʜʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ɹʨʘʛʦʚʦʤ ʟʘʢʦʥʫ [158], ʢʦʿʠ ʧʦʜʨʘʟʫʤʝʚʘ 

ʜʘ ʿʝ ʢʦʥʩʪʨʫʢʪʠʚʥʘ ʠʥʪʝʨʬʝʨʝʥʮʠʿʘ ʜʠʬʨʘʢʪʦʚʘʥʠʭ ʟʨʘʢʘ (ʜʠʬʨʘʢʮʠʦʥʠ ʧʠʢ) ʧʦʜ ʜʘʪʠʤ 

ʫʧʘʜʥʠʤ ʫʛʣʦʤ ʫʩʣʦʚˀʝʥʘ ʨʘʩʪʦʿʘˁʝʤ ʠʟʤʝʹʫ ʢʨʠʩʪʘʣʥʠʭ ʨʘʚʥʠ, ʦʜʥʦʩʥʦ ʩʪʨʫʢʪʫʨʥʠʤ 

ʩʚʦʿʩʪʚʠʤʘ ʤʘʪʝʨʠʿʘʣʘ. ʆʚʘ ʤʝʪʦʜʘ ʦʤʦʛʫ˂ʘʚʘ ʠʩʪʨʘʞʠʚʘˁʝ ʩʪʨʫʢʪʫʨʥʠʭ ʩʚʦʿʩʪʘʚʘ ʦʨʛʘʥʩʢʠʭ 

ʠ ʥʝʦʨʛʘʥʩʢʠʭ ʩʫʧʩʪʘʥʮʠ, ʘ ʿʝʜʥʘ ʦʜ ˁʝʥʠʭ ʥʘʿʟʥʘʯʘʿʥʠʿʠʭ ʧʨʝʜʥʦʩʪʠ ʿʝ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʧʨʫʞʠ 

ʜʝʪʘˀʥʠʿʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʢʨʠʩʪʘʣʥʦʤ ʫʨʝʹʝˁʫ ʤʘʪʝʨʠʿʘʣʘ, ʯʠʤʝ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʢʦʿʘ 

ʢʨʠʩʪʘʣʥʘ ʬʘʟʘ ʿʝ ʧʨʠʩʫʪʥʘ ʫ ʫʟʦʨʢʫ. XRPD ʪʘʢʦʹʝ ʠʛʨʘ ʚʘʞʥʫ ʫʣʦʛʫ ʫ ʘʥʘʣʠʟʠ ʯʠʩʪʦ˂ʝ 

ʫʟʦʨʘʢʘ, ʢʘʦ ʠ ʫ ʫʪʚʨʹʠʚʘˁʫ ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ, ʰʪʦ ʿʝ ʢˀʫʯʥʦ ʟʘ ʨʘʟʫʤʝʚʘˁʝ ʩʚʦʿʩʪʘʚʘ ʢʘʦ 

ʰʪʦ ʩʫ ʤʝʭʘʥʠʯʢʘ ʯʚʨʩʪʦ˂ʘ ʠ ʝʣʝʢʪʨʦʥʩʢʘ ʩʚʦʿʩʪʚʘ ʤʘʪʝʨʠʿʘʣʘ. ʐʪʘʚʠʰʝ, XRPD ʤʝʪʦʜʘ ʿʝ 

ʚʝʦʤʘ ʝʢʦʥʦʤʠʯʥʘ ʠ ʥʝ ʟʘʭʪʝʚʘ ʚʝʣʠʢʝ ʢʦʣʠʯʠʥʝ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʘʥʘʣʠʟʫ, ʿʝʨ ʿʝ ʜʦʚʦˀʥʦ ʩʘʤʦ 2 

ʜʦ 20 mg ʫʟʦʨʢʘ, ʰʪʦ ʯʠʥʠ ʦʚʫ ʪʝʭʥʠʢʫ ʠʜʝʘʣʥʦʤ ʟʘ ʨʘʜ ʩʘ ʨʝʪʢʠʤ ʠʣʠ ʩʢʫʧʦʮʝʥʠʤ 

ʤʘʪʝʨʠʿʘʣʠʤʘ. ʇʦʨʝʜ ʪʦʛʘ, XRPD ʿʝ ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʧʦʥʦʚˀʝʥʝ ʘʥʘʣʠʟʝ ʠʩʪʦʛ 
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ʫʟʦʨʢʘ ʙʝʟ ʛʫʙʠʪʢʘ ʧʦʜʘʪʘʢʘ ʠʣʠ ʦʰʪʝ˂ʝˁʘ ʤʘʪʝʨʠʿʘʣʘ. XRPD ʩʝ ʪʘʢʦʹʝ ʢʦʨʠʩʪʠ ʟʘ ʧʨʘ˂ʝˁʝ 

ʩʪʨʫʢʪʫʨʥʠʭ ʧʨʦʤʝʥʘ ʢʦʿʝ ʥʘʩʪʘʿʫ ʪʦʢʦʤ ʨʘʟʣʠʯʠʪʠʭ ʧʨʦʮʝʩʘ, ʢʘʦ ʰʪʦ ʩʫ ʪʝʨʤʠʯʢʝ ʧʨʦʤʝʥʝ, 

ʭʝʤʠʿʩʢʝ ʨʝʘʢʮʠʿʝ ʠʣʠ ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ ʩʧʦˀʘʰˁʠʤ ʬʘʢʪʦʨʠʤʘ, ʰʪʦ ʿʝ ʯʠʥʠ ʠʟʫʟʝʪʥʦ ʚʘʞʥʦʤ ʫ 

ʜʠʥʘʤʠʯʢʠʤ ʩʪʫʜʠʿʘʤʘ ʠ ʨʘʟʚʦʿʫ ʥʦʚʠʭ ʤʘʪʝʨʠʿʘʣʘ. ɿʙʦʛ ʩʚʦʿʝ ʧʨʝʮʠʟʥʦʩʪʠ ʠ ʤʦʛʫ˂ʥʦʩʪʠ 

ʜʦʙʠʿʘˁʘ ʰʠʨʦʢʦʛ ʩʧʝʢʪʨʘ ʠʥʬʦʨʤʘʮʠʿʘ, XRPD ʦʩʪʘʿʝ ʢˀʫʯʥʘ ʪʝʭʥʠʢʘ ʫ ʨʘʟʣʠʯʠʪʠʤ 

ʦʙʣʘʩʪʠʤʘ ʠʩʪʨʘʞʠʚʘˁʘ, ʢʘʦ ʰʪʦ ʩʫ ʥʘʫʢʘ ʦ ʤʘʪʝʨʠʿʘʣʠʤʘ, ʭʝʤʠʿʘ, ʬʠʟʠʢʘ ʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʿʘ 

[157, 159ï163]. 

2.5.2. ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ ʩʘ ʝʥʝʨʛʝʪʩʢʦ-ʜʠʩʧʝʨʟʠʚʥʦʤ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʦʤ (SEM - EDS) 

ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ ʩʘ ʝʥʝʨʛʝʪʩʢʦ-ʜʠʩʧʝʨʟʠʚʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʠʿʦʤ 

(ʝʥʛ. SEM-EDS - Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy) 

ʧʨʝʜʩʪʘʚˀʘ ʥʘʧʨʝʜʥʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ ʤʝʪʦʜʫ ʢʦʿʘ ʦʤʦʛʫ˂ʘʚʘ ʜʝʪʘˀʥʫ ʘʥʘʣʠʟʫ ʠ 

ʤʦʨʬʦʣʦʰʢʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʧʦʚʨʰʠʥʘ ʢʘʢʦ ʦʨʛʘʥʩʢʠʭ ʪʘʢʦ ʠ ʥʝʦʨʛʘʥʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ [164ï

168]. ʆʚʘ ʤʝʪʦʜʘ ʿʝ ʚʝʦʤʘ ʮʝˁʝʥʘ ʫ ʦʙʣʘʩʪʠ ʥʘʫʢʝ ʦ ʤʘʪʝʨʠʿʘʣʠʤʘ, ʥʘʥʦʪʝʭʥʦʣʦʛʠʿʠ, ʢʘʦ ʠ ʫ 

ʤʥʦʛʠʤ ʜʨʫʛʠʤ ʥʘʫʯʥʠʤ ʜʠʩʮʠʧʣʠʥʘʤʘ ʟʙʦʛ ʩʚʦʿʝ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ ʠ ʩʧʦʩʦʙʥʦʩʪʠ ʜʘ ʧʨʫʞʠ 

ʠʟʫʟʝʪʥʦ ʧʨʝʮʠʟʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʩʪʨʫʢʪʫʨʠ ʠ ʩʘʩʪʘʚʫ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʤʠʢʨʦ- ʠ ʥʘʥʦ-ʩʢʘʣʠ. 

ʇʨʠʥʮʠʧ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʤʘʪʝʨʠʿʘʣʘ ʫʟ ʧʦʤʦ˂ SEM-EDS ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʠʥʪʝʨʘʢʮʠʿʠ ʫʟʦʨʢʘ ʩʘ 

ʚʠʩʦʢʦʝʥʝʨʛʝʪʩʢʠʤ ʝʣʝʢʪʨʦʥʩʢʠʤ ʩʥʦʧʦʤ. ʂʘʜʘ ʝʣʝʢʪʨʦʥʠ ʫʣʘʟʝ ʫ ʫʟʦʨʘʢ, ʜʦʣʘʟʠ ʜʦ 

ʨʘʟʣʠʯʠʪʠʭ ʚʨʩʪʘ ʠʥʪʝʨʘʢʮʠʿʘ, ʢʘʦ ʰʪʦ ʩʫ ʨʘʰʪʨʢʘʚʘˁʝ (ʜʠʩʧʝʨʟʠʿʘ) ʠ ʘʧʩʦʨʧʮʠʿʘ, ʰʪʦ ʜʦʚʦʜʠ 

ʜʦ ʝʤʠʩʠʿʝ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ. ʆʚʠ ʨʝʥʜʛʝʥʩʢʠ ʟʨʘʮʠ ʠʤʘʿʫ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʫ ʝʥʝʨʛʠʿʫ ʢʦʿʘ ʿʝ 

ʩʧʝʮʠʬʠʯʥʘ ʟʘ ʝʣʝʤʝʥʪ ʩʘ ʢʦʿʠʤ ʩʫ ʝʣʝʢʪʨʦʥʠ ʠʥʪʝʨʘʛʦʚʘʣʠ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʢʚʘʣʠʪʘʪʠʚʥʦ 

ʦʜʨʝʹʠʚʘˁʝ ʭʝʤʠʿʩʢʦʛ ʩʘʩʪʘʚʘ ʫʟʦʨʢʘ. ɱʝʜʥʘ ʦʜ ʥʘʿʚʝ˂ʠʭ ʧʨʝʜʥʦʩʪʠ SEM-EDS ʤʝʪʦʜʝ ʿʝ 

ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʦʤʦʛʫ˂ʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʝʣʝʤʝʥʘʪʘ ʢʦʿʠ ʯʠʥʝ ʤʘʪʝʨʠʿʘʣ, ʘʣʠ ʠ ʜʘ ʧʨʫʞʠ ʫʚʠʜ ʫ 

ˁʠʭʦʚʫ ʨʘʩʧʦʜʝʣʫ ʥʘ ʧʦʚʨʰʠʥʠ ʫʟʦʨʢʘ. ʆʚʦ ʩʝ ʧʦʩʪʠʞʝ ʩʪʚʘʨʘˁʝʤ ʝʣʝʤʝʥʪʘʨʥʠʭ ʤʘʧʘ, ʢʦʿʝ 

ʧʨʝʜʩʪʘʚˀʘʿʫ ʚʠʟʫʝʣʥʝ ʧʨʠʢʘʟʝ ʨʘʩʧʦʜʝʣʝ ʦʜʨʝʹʝʥʠʭ ʝʣʝʤʝʥʘʪʘ ʫ ʫʟʦʨʢʫ. ʆʚʘ ʤʦʛʫ˂ʥʦʩʪ ʿʝ 

ʚʝʦʤʘ ʢʦʨʠʩʥʘ ʟʘ ʘʥʘʣʠʟʫ ʭʝʪʝʨʦʛʝʥʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʢʘʦ ʠ ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʩʪʨʫʢʪʫʨʘ ʥʘ ʤʠʢʨʦ- ʠ 

ʥʠʚʦʠʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʧʦʚʨʰʠʥʩʢʝ ʦʜʣʠʢʝ, ʘʛʨʝʛʘʮʠʿʘ ʯʝʩʪʠʮʘ, ʩʣʦʿʝʚʠ ʠ ʥʘʥʦʤʘʪʝʨʠʿʘʣʠ. ʆʩʠʤ 

ʪʦʛʘ, SEM-EDS ʤʝʪʦʜʘ ʦʤʦʛʫ˂ʘʚʘ ʠʩʪʦʚʨʝʤʝʥʦ ʩʥʠʤʘˁʝ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ ʩʣʠʢʝ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʫʟʦʨʢʘ ʠ ʜʝʪʝʢʮʠʿʫ ʝʣʝʤʝʥʘʪʘ ʫ ʰʠʨʦʢʦʤ ʨʘʩʧʦʥʫ ʢʦʥʮʝʥʪʨʘʮʠʿʘ, ʦʜ ʥʝʢʦʣʠʢʦ 

ʘʪʦʤʘ ʜʦ ʚʝ˂ʠʭ ʢʦʣʠʯʠʥʘ, ʰʪʦ ʿʝ ʯʠʥʠ ʠʟʫʟʝʪʥʦ ʢʦʨʠʩʥʦʤ ʫ ʥʘʫʮʠ ʦ ʤʘʪʝʨʠʿʘʣʠʤʘ, 

ʝʣʝʢʪʨʦʥʠʮʠ, ʙʠʦʤʝʜʠʮʠʥʩʢʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ ʠ ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʧʨʠʤʝʥʘʤʘ. ʏʝʩʪʦ ʩʝ ʢʦʨʠʩʪʠ 

ʟʘ ʠʩʪʨʘʞʠʚʘˁʝ ʨʘʟʣʠʯʠʪʠʭ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʘ, ʢʘʦ ʰʪʦ ʩʫ ʥʘʥʦʯʝʩʪʠʮʝ, ʥʘʥʦʚʣʘʢʥʘ, ʘ ʠ ʟʘ 

ʘʥʘʣʠʟʫ ʤʦʜʠʬʠʢʘʮʠʿʘ ʧʦʚʨʰʠʥʝ ʠ ʩʪʚʘʨʘˁʘ ʥʦʚʠʭ ʤʘʪʝʨʠʿʘʣʘ ʫ ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʧʨʦʮʝʩʠʤʘ. 

ʇʦʨʝʜ ʪʦʛʘ, SEM-EDS ʤʝʪʦʜʦʣʦʛʠʿʘ ʿʝ ʬʣʝʢʩʠʙʠʣʥʘ ʠ ʤʦʞʝ ʩʝ ʧʨʠʤʝˁʠʚʘʪʠ ʥʘ ʨʘʟʣʠʯʠʪʝ 

ʚʨʩʪʝ ʤʘʪʝʨʠʿʘʣʘ, ʦʜ ʤʝʪʘʣʘ ʠ ʢʝʨʘʤʠʢʝ ʜʦ ʧʦʣʠʤʝʨʥʠʭ ʠ ʙʠʦʣʦʰʢʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʰʪʦ ʿʝ ʯʠʥʠ 

ʿʝʜʥʦʤ ʦʜ ʥʘʿʧʦʧʫʣʘʨʥʠʿʠʭ ʠ ʥʘʿʧʨʘʢʪʠʯʥʠʿʠʭ ʪʝʭʥʠʢʘ ʫ ʠʩʪʨʘʞʠʚʘˁʫ ʠ ʨʘʟʚʦʿʫ ʥʦʚʠʭ 

ʪʝʭʥʦʣʦʛʠʿʘ ʫ ʦʙʣʘʩʪʠ ʜʠʟʘʿʥʘ ʤʘʪʝʨʠʿʘʣʘ [164ï171]. 

2.5.3. ʆʧʪʠʯʢʘ ʝʤʠʩʠʦʥʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʠʥʜʫʢʪʠʚʥʦ ʩʧʨʝʛʥʫʪʝ ʧʣʘʟʤʝ  

ʆʧʪʠʯʢʘ ʝʤʠʩʠʦʥʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʠʥʜʫʢʪʠʚʥʦ ʩʧʨʝʛʥʫʪʝ ʧʣʘʟʤʝ (ʝʥʛ. ICP-OES - 

Inductively Coupled Plasma Optical Emission Spectrometry) ʧʨʝʜʩʪʘʚˀʘ ʥʘʧʨʝʜʥʫ ʘʥʘʣʠʪʠʯʢʫ 

ʪʝʭʥʠʢʫ ʢʦʿʘ ʩʝ ʰʠʨʦʢʦ ʧʨʠʤʝˁʫʿʝ ʟʘ ʢʚʘʥʪʠʪʘʪʠʚʥʦ ʠ ʢʚʘʣʠʪʘʪʠʚʥʦ ʦʜʨʝʹʠʚʘˁʝ ʝʣʝʤʝʥʘʪʘ ʫ 

ʨʘʟʣʠʯʠʪʠʤ ʫʟʦʨʮʠʤʘ. ʆʩʥʦʚʥʠ ʧʨʠʥʮʠʧ ʦʚʝ ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥ ʿʝ ʥʘ ʛʝʥʝʨʠʩʘˁʫ ʧʣʘʟʤʝ ʚʠʩʦʢʝ 

ʪʝʤʧʝʨʘʪʫʨʝ ʫ ʿʘʢʦʤ ʤʘʛʥʝʪʥʦʤ ʧʦˀʫ, ʫʟ ʧʦʤʦ˂ ʠʥʜʫʢʮʠʦʥʦʛ ʢʘʣʝʤʘ ʠ ʨʘʜʠʦʬʨʝʢʚʝʥʪʥʦʛ 

ʟʨʘʯʝˁʘ, ʢʦʿʘ ʧʦʙʫʹʫʿʝ ʘʪʦʤʝ ʠ ʿʦʥʝ ʠʟ ʫʟʦʨʢʘ. ʅʘʢʦʥ ʧʦʙʫʹʠʚʘˁʘ, ʦʚʠ ʘʪʦʤʠ ʠ ʿʦʥʠ ʚʨʘ˂ʘʿʫ ʩʝ 

ʥʘ ʦʩʥʦʚʥʦ ʩʪʘˁʝ ʝʤʠʪʫʿʫ˂ʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʦ ʟʨʘʯʝˁʝ ʥʘ ʩʧʝʮʠʬʠʯʥʠʤ ʪʘʣʘʩʥʠʤ ʜʫʞʠʥʘʤʘ, 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʤ ʟʘ ʩʚʘʢʠ ʝʣʝʤʝʥʪ. ɱʝʜʥʘ ʦʜ ʢˀʫʯʥʠʭ ʧʨʝʜʥʦʩʪʠ ICP-OES ʤʝʪʦʜʝ ʿʝ ʠʟʫʟʝʪʥʦ 

ʚʠʩʦʢʘ ʦʩʝʪˀʠʚʦʩʪ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʜʝʪʝʢʮʠʿʫ ʯʘʢ ʠ ʚʨʣʦ ʥʠʩʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʝʣʝʤʝʥʘʪʘ, ʧʘ 

ʠ ʫ ʪʨʘʛʦʚʠʤʘ, ʰʪʦ ʿʝ ʦʜ ʚʝʣʠʢʝ ʚʘʞʥʦʩʪʠ ʫ ʘʥʘʣʠʟʠ ʤʘʪʝʨʠʿʘʣʘ, ʧʦʩʝʙʥʦ ʫ ʠʥʜʫʩʪʨʠʿʠ, 

ʝʢʦʣʦʛʠʿʠ ʠ ʙʠʦʤʝʜʠʮʠʥʩʢʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ. ʇʦʨʝʜ ʦʩʝʪˀʠʚʦʩʪʠ, ʦʚʘ ʪʝʭʥʠʢʘ ʦʤʦʛʫ˂ʘʚʘ 
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ʠʩʪʦʚʨʝʤʝʥʫ ʘʥʘʣʠʟʫ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʝʣʝʤʝʥʘʪʘ, ʰʪʦ ʟʥʘʯʘʿʥʦ ʫʙʨʟʘʚʘ ʧʨʦʮʝʩ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ 

ʫʟʦʨʘʢʘ ʠ ʯʠʥʠ ʿʝ ʝʬʠʢʘʩʥʦʤ ʠ ʝʢʦʥʦʤʠʯʥʦʤ. ʄʝʪʦʜʘ ʿʝ ʧʦʩʝʙʥʦ ʢʦʨʠʩʥʘ ʟʘ ʘʥʘʣʠʟʫ ʫʟʦʨʘʢʘ 

ʨʘʟʣʠʯʠʪʝ ʧʨʠʨʦʜʝ, ʫʢˀʫʯʫʿʫ˂ʠ ʪʝʯʥʦʩʪʠ, ʯʚʨʩʪʝ ʤʘʪʝʨʠʿʘʣʝ ʠ ʯʘʢ ʛʘʩʦʚʝ ʥʘʢʦʥ ʦʜʛʦʚʘʨʘʿʫ˂ʝ 

ʧʨʠʧʨʝʤʝ. ʏʝʩʪʦ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʘʥʘʣʠʟʫ ʪʝʰʢʠʭ ʤʝʪʘʣʘ, ʝʩʝʥʮʠʿʘʣʥʠʭ ʤʠʥʝʨʘʣʘ, ʪʨʘʛʦʚʝ 

ʢʦʥʪʘʤʠʥʘʥʘʪʘ, ʢʘʦ ʠ ʟʘ ʢʦʥʪʨʦʣʫ ʢʚʘʣʠʪʝʪʘ ʫ ʠʥʜʫʩʪʨʠʿʠ. ɱʦʰ ʿʝʜʥʘ ʚʘʞʥʘ ʧʨʝʜʥʦʩʪ ʿʝ 

ʨʝʣʘʪʠʚʥʦ ʢʨʘʪʢʦ ʚʨʝʤʝ ʘʥʘʣʠʟʝ. ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʜʨʫʛʠʭ ʪʝʭʥʠʢʘ, ICP-OES ʦʤʦʛʫ˂ʘʚʘ ʙʨʟʦ 

ʜʦʙʠʿʘˁʝ ʧʦʜʘʪʘʢʘ, ʰʪʦ ʿʝ ʠʟʫʟʝʪʥʦ ʢʦʨʠʩʥʦ ʫ ʩʠʪʫʘʮʠʿʘʤʘ ʢʘʜʘ ʿʝ ʧʦʪʨʝʙʥʘ ʘʥʘʣʠʟʘ ʚʝʣʠʢʦʛ 

ʙʨʦʿʘ ʫʟʦʨʘʢʘ ʫ ʢʨʘʪʢʦʤ ʚʨʝʤʝʥʩʢʦʤ ʧʝʨʠʦʜʫ. ʋʧʨʢʦʩ ʩʚʦʿʠʤ ʙʨʦʿʥʠʤ ʧʨʝʜʥʦʩʪʠʤʘ, ʦʚʘ 

ʪʝʭʥʠʢʘ ʟʘʭʪʝʚʘ ʧʘʞˀʠʚʫ ʧʨʠʧʨʝʤʫ ʫʟʦʨʘʢʘ, ʦʧʪʠʤʘʣʥʫ ʢʦʥʪʨʦʣʫ ʧʘʨʘʤʝʪʘʨʘ ʟʘ ʛʝʥʝʨʠʩʘˁʝ 

ʧʣʘʟʤʝ ʠ ʩʠʩʪʝʤʘ ʟʘ ʫʚʦʹʝˁʝ ʫʟʦʨʘʢʘ, ʢʘʦ ʠ ʠʟʙʦʨ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʪʘʣʘʩʥʠʭ ʜʫʞʠʥʘ ʠ 

ʢʦʨʠʰ˂ʝˁʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʩʪʘʥʜʘʨʜʥʠʭ ʨʘʩʪʚʦʨʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʠ ʢʘʣʠʙʨʘʮʠʿʫ. ʋʣʘʛʘˁʝ ʫ 

ʩʣʦʞʝʥʫ ʦʧʨʝʤʫ ʠ ʦʙʫʢʫ ʦʩʦʙˀʘ ʪʘʢʦʹʝ ʧʨʝʜʩʪʘʚˀʘ ʟʥʘʯʘʿʘʥ ʬʘʢʪʦʨ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʦʚʝ 

ʤʝʪʦʜʝ, ʘʣʠ ˁʝʥʝ ʧʨʝʜʥʦʩʪʠ ʫ ʧʦʛʣʝʜʫ ʪʘʯʥʦʩʪʠ, ʙʨʟʠʥʝ ʠ ʦʩʝʪˀʠʚʦʩʪʠ ʦʧʨʘʚʜʘʚʘʿʫ ʦʚʝ ʟʘʭʪʝʚʝ 

[172ï176]. 

2.5.4. UV-Vis ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ 

UV-Vis ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʿʝ ʘʥʘʣʠʪʠʯʢʘ ʤʝʪʦʜʘ ʢʦʿʘ ʩʝ ʰʠʨʦʢʦ ʢʦʨʠʩʪʠ ʟʘ ʘʥʘʣʠʟʫ 

ʦʨʛʘʥʩʢʠʭ ʠ ʥʝʦʨʛʘʥʩʢʠʭ ʩʫʧʩʪʘʥʮʠ, ʟʘʩʥʦʚʘʥʘ ʥʘ ʠʥʪʝʨʘʢʮʠʿʠ ʿʝʜʠˁʝˁʘ ʩʘ ʩʚʝʪʣʦʰ˂ʫ ʫ 

ʫʣʪʨʘˀʫʙʠʯʘʩʪʦʤ ʠ ʚʠʜˀʠʚʦʤ ʜʝʣʫ ʩʧʝʢʪʨʘ. ʆʚʘ ʪʝʭʥʠʢʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʩʫʧʩʪʘʥʮʠ, ʢʘʦ ʠ ʟʘ ʘʥʘʣʠʟʫ ˁʠʭʦʚʦʛ ʩʘʩʪʘʚʘ, ʟʘʭʚʘˀʫʿʫ˂ʠ ʩʧʦʩʦʙʥʦʩʪʠ 

ʭʨʦʤʦʬʦʨʘ ʫ ʫʟʦʨʮʠʤʘ ʜʘ ʘʧʩʦʨʙʫʿʫ ʩʚʝʪʣʦʩʪ ʦʜʨʝʹʝʥʠʭ ʪʘʣʘʩʥʠʭ ʜʫʞʠʥʘ. ʇʨʦʮʝʩ 

ʧʦʜʨʘʟʫʤʝʚʘ ʤʝʨʝˁʝ ʘʧʩʦʨʧʮʠʿʝ ʩʚʝʪʣʦʩʪʠ ʢʦʿʘ ʧʨʦʣʘʟʠ ʢʨʦʟ ʫʟʦʨʘʢ, ʰʪʦ ʜʘʿʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦ 

ʩʪʨʫʢʪʫʨʠ ʠ ʩʚʦʿʩʪʚʠʤʘ ʘʥʘʣʠʟʠʨʘʥʠʭ ʤʦʣʝʢʫʣʘ. ɱʝʜʥʘ ʦʜ ʥʘʿʟʥʘʯʘʿʥʠʿʠʭ ʧʨʝʜʥʦʩʪʠ UV-Vis 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʿʝ ˁʝʥʘ ʿʝʜʥʦʩʪʘʚʥʦʩʪ, ʝʬʠʢʘʩʥʦʩʪ ʠ ʙʨʟʠʥʘ, ʰʪʦ ʿʝ ʯʠʥʠ ʧʦʛʦʜʥʦʤ ʟʘ ʘʥʘʣʠʟʫ 

ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʫʟʦʨʘʢʘ ʫ ʢʨʘʪʢʦʤ ʚʨʝʤʝʥʩʢʦʤ ʧʝʨʠʦʜʫ. ʆʩʠʤ ʪʦʛʘ, ʦʚʘ ʤʝʪʦʜʘ ʿʝ ʝʢʦʥʦʤʠʯʥʘ, 

ʿʝʨ ʟʘʭʪʝʚʘ ʤʠʥʠʤʘʣʥʫ ʢʦʣʠʯʠʥʫ ʭʝʤʠʢʘʣʠʿʘ ʠ ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʥʫ ʦʧʨʝʤʫ. ɳʝʥʘ 

ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ ʧʨʠʨʦʜʘ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʫʟʦʨʮʠ ʦʩʪʘʥʫ ʥʝʪʘʢʥʫʪʠ ʥʘʢʦʥ ʘʥʘʣʠʟʝ, ʯʠʤʝ ʩʝ 

ʦʩʠʛʫʨʘʚʘ ˁʠʭʦʚʘ ʫʧʦʪʨʝʙʘ ʫ ʜʘˀʠʤ ʝʢʩʧʝʨʠʤʝʥʪʠʤʘ. ʀʧʘʢ, UV-Vis ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʠʤʘ 

ʦʜʨʝʹʝʥʘ ʦʛʨʘʥʠʯʝˁʘ. ʇʨʠʩʫʩʪʚʦ ʯʚʨʩʪʠʭ ʯʝʩʪʠʮʘ ʠʣʠ ʤʝʭʫʨʠ˂ʘ ʫ ʨʘʩʪʚʦʨʫ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ 

ʨʘʩʠʧʘˁʘ ʩʚʝʪʣʦʩʪʠ ʠ ʛʨʝʰʘʢʘ ʫ ʤʝʨʝˁʫ. ʇʦʨʝʜ ʪʦʛʘ, ʪʘʯʥʦʩʪ ʨʝʟʫʣʪʘʪʘ ʟʘʚʠʩʠ ʦʜ ʠʩʧʨʘʚʥʦʩʪʠ 

ʩʝʣʝʢʪʦʨʘ ʪʘʣʘʩʥʠʭ ʜʫʞʠʥʘ ʠ ʧʦʜʝʰʘʚʘˁʘ ʠʥʩʪʨʫʤʝʥʪʘ. ʋ ʥʝʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ, ʤʝʪʦʜʘ ʿʝ ʤʘˁʝ 

ʩʝʣʝʢʪʠʚʥʘ, ʥʘʨʦʯʠʪʦ ʢʘʜʘ ʢʦʤʧʦʥʝʥʪʝ ʫ ʩʤʝʰʠ ʠʤʘʿʫ ʩʣʠʯʥʘ ʘʧʩʦʨʧʮʠʦʥʘ ʩʚʦʿʩʪʚʘ. ʋʪʠʮʘʿ 

ʨʘʩʪʚʘʨʘʯʘ ʥʘ ʩʧʝʢʪʨʘʣʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʪʘʢʦʹʝ ʟʘʭʪʝʚʘ ʧʘʞˀʠʚ ʠʟʙʦʨ ʠ ʢʦʥʪʨʦʣʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʫʩʣʦʚʘ. UV-Vis ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ, ʫʧʨʢʦʩ ʦʜʨʝʹʝʥʠʤ ʦʛʨʘʥʠʯʝˁʠʤʘ, 

ʧʨʝʜʩʪʘʚˀʘ ʤʦ˂ʥʫ ʠ ʩʚʝʩʪʨʘʥʫ ʪʝʭʥʠʢʫ ʟʘ ʘʥʘʣʠʟʫ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ ʫʟʦʨʘʢʘ, ʧʨʫʞʘʿʫ˂ʠ 

ʜʨʘʛʦʮʝʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʢʦʿʝ ʩʝ ʤʦʛʫ ʧʨʠʤʝʥʠʪʠ ʫ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʫ ʠʩʪʨʘʞʠʚʘˁʘ ʠ 

ʠʥʜʫʩʪʨʠʿʩʢʠʭ ʧʨʠʤʝʥʘ [177ï180]. 

2.5.5. ɸʥʘʣʠʟʘ ʫʢʫʧʥʦʛ ʦʨʛʘʥʩʢʦʛ ʫʛˀʝʥʠʢʘ 

ɸʥʘʣʠʟʘ ʫʢʫʧʥʦʛ ʦʨʛʘʥʩʢʦʛ ʫʛˀʝʥʠʢʘ (ʝʥʛ. TOC - Total Organic Carbon) ʿʝ ʘʥʘʣʠʪʠʯʢʘ 

ʤʝʪʦʜʘ ʢʦʿʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʨʦʮʝʥʫ ʩʘʜʨʞʘʿʘ ʦʨʛʘʥʩʢʦʛ ʫʛˀʝʥʠʢʘ ʫ ʨʘʟʣʠʯʠʪʠʤ ʫʟʦʨʮʠʤʘ, ʢʘʦ 

ʰʪʦ ʩʫ ʚʦʜʘ, ʟʝʤˀʠʰʪʝ ʠ ʦʪʧʘʜʥʝ ʚʦʜʝ. ʆʚʘ ʤʝʪʦʜʘ ʿʝ ʧʦʩʪʘʣʘ ʩʪʘʥʜʘʨʜʘʥ ʘʣʘʪ ʟʘ ʧʨʘ˂ʝˁʝ 

ʢʚʘʣʠʪʝʪʘ ʚʦʜʝ ʠ ʢʦʥʪʨʦʣʫ ˁʝʥʝ ʢʦʥʪʘʤʠʥʘʮʠʿʝ ʦʨʛʘʥʩʢʠʤ ʩʫʧʩʪʘʥʮʘʤʘ ʦʜ 1960-ʠʭ ʛʦʜʠʥʘ. 

ʇʨʠʥʮʠʧ ʨʘʜʘ TOC ʘʥʘʣʠʟʝ ʧʦʜʨʘʟʫʤʝʚʘ ʦʢʩʠʜʘʮʠʿʫ ʦʨʛʘʥʩʢʠʭ ʿʝʜʠˁʝˁʘ ʢʦʿʘ ʩʫ ʧʨʠʩʫʪʥʘ ʫ 

ʫʟʦʨʢʫ ʜʦ ʫʛˀʝʥʠʢ(IV)-ʦʢʩʠʜʘ, ʢʦʿʠ ʩʝ ʟʘʪʠʤ ʤʝʨʠ ʥʘ ʜʝʪʝʢʪʦʨʫ. ʊʠʤʝ ʩʝ ʜʦʙʠʿʘ ʫʚʠʜ ʫ 

ʢʦʣʠʯʠʥʫ ʫʢʫʧʥʦʛ ʫʛˀʝʥʠʢʘ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʙʨʟʫ ʠ ʝʬʠʢʘʩʥʫ ʧʨʦʮʝʥʫ ʢʚʘʣʠʪʝʪʘ ʚʦʜʝ. ɱʝʜʥʘ 

ʦʜ ʛʣʘʚʥʠʭ ʧʨʝʜʥʦʩʪʠ TOC ʘʥʘʣʠʟʝ ʿʝ ʰʪʦ ʦʥʘ ʜʘʿʝ ʨʝʟʫʣʪʘʪʝ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ, ʯʠʤʝ 

ʦʤʦʛʫ˂ʘʚʘ ʙʨʟʦ ʧʨʘ˂ʝˁʝ ʦʨʛʘʥʩʢʦʛ ʩʘʜʨʞʘʿʘ ʫ ʚʦʜʠ. ʆʚʘ ʪʝʭʥʠʢʘ ʿʝ ʠʟʫʟʝʪʥʦ ʢʦʨʠʩʥʘ ʟʘ 

ʫʪʚʨʹʠʚʘˁʝ ʫʢʫʧʥʝ ʢʦʣʠʯʠʥʝ ʦʨʛʘʥʩʢʦʛ ʫʛˀʝʥʠʢʘ ʢʦʿʠ ʤʦʞʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʢʦʥʪʘʤʠʥʘʮʠʿʫ ʠʣʠ 

ʝʫʪʨʦʬʠʢʘʮʠʿʫ ʚʦʜʥʠʭ ʩʠʩʪʝʤʘ. ʄʝʪʦʜʦʤ TOC ʤʦʞʝ ʩʝ ʧʨʦʮʝʥʠʪʠ ʦʧʰʪʘ ʢʦʥʪʘʤʠʥʘʮʠʿʘ ʚʦʜʝ 

ʠ ˁʝʥ ʢʚʘʣʠʪʝʪ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʠʩʫʩʪʚʦ ʦʨʛʘʥʩʢʠʭ ʤʘʪʝʨʠʿʘ ʢʦʿʝ ʤʦʛʫ ʠʤʘʪʠ ʪʦʢʩʠʯʥʝ ʝʬʝʢʪʝ ʥʘ 
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ʝʢʦʩʠʩʪʝʤʝ. ʄʝʹʫʪʠʤ, ʿʝʜʥʦ ʦʜ ʦʛʨʘʥʠʯʝˁʘ TOC ʘʥʘʣʠʟʝ ʿʝ ʪʦ ʰʪʦ ʥʝ ʨʘʟʣʠʢʫʿʝ ʨʘʟʣʠʯʠʪʝ 

ʚʨʩʪʝ ʦʨʛʘʥʩʢʠʭ ʿʝʜʠˁʝˁʘ ʫ ʫʟʦʨʢʫ. ʆʚʦ ʟʥʘʯʠ ʜʘ ʦʚʘ ʤʝʪʦʜʘ ʥʝ ʧʨʫʞʘ ʜʝʪʘˀʘʥ ʫʚʠʜ ʫ 

ʩʧʝʮʠʬʠʯʥʫ ʧʨʠʨʦʜʫ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ, ʚʝ˂ ʩʘʤʦ ʜʘʿʝ ʫʢʫʧʥʫ ʢʦʣʠʯʠʥʫ 

ʫʛˀʝʥʠʢʘ. ʊʘʢʦʹʝ, ʤʝʪʦʜ ʟʘʭʪʝʚʘ ʨʝʜʦʚʥʦ ʦʜʨʞʘʚʘˁʝ ʠ ʢʘʣʠʙʨʘʮʠʿʫ ʦʧʨʝʤʝ ʢʘʢʦ ʙʠ ʩʝ 

ʦʩʠʛʫʨʘʣʘ ʪʘʯʥʦʩʪ ʤʝʨʝˁʘ, ʘ ʧʦʯʝʪʥʠ ʪʨʦʰʢʦʚʠ ʟʘ ʥʘʙʘʚʢʫ ʘʧʘʨʘʪʘ ʤʦʛʫ ʙʠʪʠ ʟʥʘʯʘʿʥʠ. 

ʅʝʩʧʝʮʠʬʠʯʥʦʩʪ ʫʛˀʝʥʠʢ(IV)-ʦʢʩʠʜʘ ʢʘʦ ʮʠˀʘʥʦʛ ʘʥʘʣʠʪʘ ʫʟʨʦʢʫʿʝ ʚʝʣʠʢʫ ʦʩʝʪˀʠʚʦʩʪ ʥʘ 

ʩʧʦˀʥʝ ʬʘʢʪʦʨʝ. ʀʘʢʦ ʦʚʘ ʤʝʪʦʜʘ ʠʤʘ ʩʚʦʿʘ ʦʛʨʘʥʠʯʝˁʘ, ʦʥʘ ʦʩʪʘʿʝ ʿʝʜʥʘ ʦʜ ʥʘʿʚʘʞʥʠʿʠʭ ʫ 

ʧʨʘ˂ʝˁʫ ʢʚʘʣʠʪʝʪʘ ʚʦʜʝ ʠ ʦʜʨʝʹʠʚʘˁʫ ʥʠʚʦʘ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʠ́ʚʘʯʘ, ʧʦʩʝʙʥʦ ʫ ʠʥʜʫʩʪʨʠʿʩʢʠʤ 

ʠ ʝʢʦʣʦʰʢʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ [181, 182]. 

2.5.6. LC-MS/MS ʘʥʘʣʠʟʘ 

ʊʝʯʥʘ ʭʨʦʤʘʪʦʛʨʘʬʠʿʘ ʩʧʨʝʛʥʫʪʘ ʩʘ ʪʘʥʜʝʤ ʤʘʩʝʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʠʿʦʤ (ʝʥʛ. LC-MS/MS 

ï Liquid Chromatography-Tandem Mass Spectrometry) ʿʝ ʿʝʜʥʘ ʦʜ ʥʘʿʤʦ˂ʥʠʿʠʭ ʘʥʘʣʠʪʠʯʢʠʭ 

ʪʝʭʥʠʢʘ ʢʦʿʘ ʩʝ ʰʠʨʦʢʦ ʢʦʨʠʩʪʠ ʟʘ ʢʚʘʥʪʠʪʘʪʠʚʥʦ ʠ ʢʚʘʣʠʪʘʪʠʚʥʦ ʦʜʨʝʹʠʚʘˁʝ ʘʥʪʠʙʠʦʪʠʢʘ ʠ 

ˁʠʭʦʚʠʭ ʤʝʪʘʙʦʣʠʪʘ ʫ ʨʘʟʣʠʯʠʪʠʤ ʫʟʦʨʮʠʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʙʠʦʣʦʰʢʠ ʤʘʪʝʨʠʿʘʣʠ, ʚʦʜʘ ʠ 

ʟʝʤˀʠʰʪʝ. ʇʨʠʥʮʠʧ ʨʘʜʘ ʦʚʝ ʤʝʪʦʜʝ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʜʚʘ ʛʣʘʚʥʘ ʢʦʨʘʢʘ: ʧʨʚʦ, ʢʦʤʧʦʥʝʥʪʝ ʫ 

ʫʟʦʨʢʫ ʩʝ ʨʘʟʜʚʘʿʘʿʫ ʧʦʤʦ˂ʫ ʪʝʯʥʝ ʭʨʦʤʘʪʦʛʨʘʬʠʿʝ, ʛʜʝ ʩʝ ʢʦʨʠʩʪʝ ʩʪʘʮʠʦʥʘʨʥʘ ʠ ʤʦʙʠʣʥʘ ʬʘʟʘ, 

ʯʠʤʝ ʩʝ ʦʙʝʟʙʝʹʫʿʝ ʨʘʟʜʚʘʿʘˁʝ ʿʝʜʠˁʝˁʘ ʥʘ ʦʩʥʦʚʫ ˁʠʭʦʚʝ ʭʝʤʠʿʩʢʝ ʩʪʨʫʢʪʫʨʝ ʠ ʬʠʟʠʯʢʠʭ 

ʩʚʦʿʩʪʘʚʘ. ʅʘʢʦʥ ʨʘʟʜʚʘʿʘˁʘ, ʩʚʘʢʦ ʿʝʜʠˁʝˁʝ ʫʣʘʟʠ ʫ ʤʘʩʝʥʠ ʩʧʝʢʪʨʦʤʝʪʘʨ, ʛʜʝ ʩʝ ʿʦʥʠʟʫʿʝ, ʘ 

ʟʘʪʠʤ ʠʜʝʥʪʠʬʠʢʫʿʝ ʠ ʢʚʘʥʪʠʬʠʢʫʿʝ ʧʨʝʤʘ ʤʘʩʠ ʠ ʦʜʥʦʩʫ ʤʘʩʝ ʠ ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ʅʘʿʚʝ˂ʝ 

ʧʨʝʜʥʦʩʪʠ LC-MS/MS ʤʝʪʦʜʝ ʩʫ ʚʝʣʠʢʘ ʦʩʝʪˀʠʚʦʩʪ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʘʥʘʣʠʟʫ ʠ 

ʥʘʿʤʘˁʠʭ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʩʫʧʩʪʘʥʮʠ, ʫʢˀʫʯʫʿʫ˂ʠ ʪʨʘʛʦʚʝ ʘʥʪʠʙʠʦʪʠʢʘ ʠ ˁʠʭʦʚʠʭ ʤʝʪʘʙʦʣʠʪʘ. 

ʆʩʠʤ ʪʦʛʘ, ʦʚʘ ʪʝʭʥʠʢʘ ʦʤʦʛʫ˂ʘʚʘ ʠʩʪʦʚʨʝʤʝʥʫ ʘʥʘʣʠʟʫ ʚʠʰʝ ʨʘʟʣʠʯʠʪʠʭ ʢʦʤʧʦʥʝʥʪʠ ʫ ʿʝʜʥʦʤ 

ʘʥʘʣʠʟʠʨʘʥʦʤ ʫʟʦʨʢʫ, ʯʠʥʝ˂ʠ ʿʝ ʚʝʦʤʘ ʝʬʠʢʘʩʥʦʤ ʟʘ ʢʦʤʧʣʝʢʩʥʝ ʘʥʘʣʠʟʝ ʢʦʿʝ ʫʢˀʫʯʫʿʫ ʰʠʨʦʢ 

ʩʧʝʢʪʘʨ ʨʘʟʣʠʯʠʪʠʭ ʭʝʤʠʢʘʣʠʿʘ. ʇʨʫʞʘ ʚʠʩʦʢʫ ʧʨʝʮʠʟʥʦʩʪ ʠ ʪʘʯʥʦʩʪ, ʰʪʦ ʿʝ ʯʠʥʠ ʠʜʝʘʣʥʠʤ 

ʘʣʘʪʦʤ ʟʘ ʘʥʘʣʠʟʫ ʣʝʢʦʚʘ ʠ ˁʠʭʦʚʠʭ ʤʝʪʘʙʦʣʠʪʘ, ʧʦʩʝʙʥʦ ʫ ʬʘʨʤʘʮʝʫʪʩʢʠʤ ʠ ʪʦʢʩʠʢʦʣʦʰʢʠʤ 

ʠʩʪʨʘʞʠʚʘˁʠʤʘ. ʄʝʹʫʪʠʤ, LC-MS/MS ʠʤʘ ʠ ʩʚʦʿʝ ʥʝʜʦʩʪʘʪʢʝ. ɺʠʩʦʢʠ ʪʨʦʰʢʦʚʠ ʦʧʨʝʤʝ ʠ 

ʦʜʨʞʘʚʘˁʘ ʯʠʥʝ ʦʚʫ ʤʝʪʦʜʫ ʩʢʫʧʦʮʝʥʦʤ ʟʘ ʤʘˁʝ ʣʘʙʦʨʘʪʦʨʠʿʝ. ʊʘʢʦʹʝ, ʧʨʠʧʨʝʤʘ ʫʟʦʨʘʢʘ 

ʤʦʞʝ ʙʠʪʠ ʩʣʦʞʝʥʘ ʠ ʚʨʝʤʝʥʩʢʠ ʟʘʭʪʝʚʥʘ, ʰʪʦ ʤʦʞʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʠʟʘʟʦʚ ʫ ʧʨʘʢʩʠ. ʇʨʠʩʫʩʪʚʦ 

ʦʤʝʪʘʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ ʫ ʫʟʦʨʢʫ, ʢʘʦ ʰʪʦ ʩʫ ʜʨʫʛʠ ʭʝʤʠʿʩʢʠ ʩʘʩʪʦʿʮʠ ʠʣʠ ʥʝʯʠʩʪʦ˂ʝ, ʤʦʞʝ 

ʪʘʢʦʹʝ ʜʦʚʝʩʪʠ ʜʦ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʥʝʪʘʯʥʦʩʪʠ ʨʝʟʫʣʪʘʪʘ, ʰʪʦ ʟʘʭʪʝʚʘ ʧʘʞˀʠʚʫ ʦʧʪʠʤʠʟʘʮʠʿʫ 

ʤʝʪʦʜʘ ʠ ʢʦʥʪʨʦʣʫ ʢʚʘʣʠʪʝʪʘ ʫ ʪʦʢʫ ʘʥʘʣʠʟʝ. ʆʚʘ ʤʝʪʦʜʘ ʩʝ ʰʠʨʦʢʦ ʢʦʨʠʩʪʠ ʫ ʨʘʟʣʠʯʠʪʠʤ 

ʦʙʣʘʩʪʠʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʘʥʘʣʠʟʘ ʢʚʘʣʠʪʝʪʘ ʚʦʜʝ, ʠʩʧʠʪʠʚʘˁʝ ʣʝʢʦʚʘ ʠ ˁʠʭʦʚʠʭ ʤʝʪʘʙʦʣʠʪʘ ʫ 

ʙʠʦʣʦʰʢʠʤ ʫʟʦʨʮʠʤʘ, ʢʘʦ ʠ ʟʘ ʠʩʪʨʘʞʠʚʘˁʝ ʢʦʥʪʘʤʠʥʘʮʠʿʝ ʦʢʦʣʠʥʝ ʠ ʟʜʨʘʚʩʪʚʝʥʠʭ ʨʠʟʠʢʘ 

[183ï186]. 

2.6. ʊʝʦʨʠʿʘ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ 

ʋʧʨʢʦʩ ʨʘʟʚʦʿʫ ʥʦʚʠʭ ʥʘʥʦʤʘʪʝʨʠʿʘʣʘ, ʦʩʝʪˀʠʚʠʿʠʭ ʤʝʪʦʜʘ ʠ ʪʝʭʥʠʢʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ, 

ʧʦʩʪʦʿʝ ʩʚʦʿʩʪʚʘ ʩʠʩʪʝʤʘ ʢʦʿʘ ʩʫ ʥʝʜʦʩʪʫʧʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʠʩʧʠʪʠʚʘˁʫ ï ʙʠʣʦ ʫʩʣʝʜ 

ʥʝʧʦʜʦʙʥʦʩʪʠ ʜʦʩʪʫʧʥʠʭ ʪʝʭʥʠʢʘ ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʮʠˀʘʥʠʭ ʩʚʦʿʩʪʘʚʘ  ʤʘʪʝʨʠʿʘʣʘ, ʠʣʠ 

ʥʝʜʦʩʪʫʧʥʦʩʪʠ ʠ ʢʦʤʧʣʠʢʦʚʘʥʦʩʪʠ ʟʘ ʨʘʜ ʧʦʪʨʝʙʥʠʭ ʭʝʤʠʢʘʣʠʿʘ. ʉʠʩʪʝʤʩʢʦ ʨʘʟʫʤʝʚʘˁʝ ʚʝʟʝ 

ʩʪʨʫʢʪʫʨʝ ʠ ʧʝʨʬʦʨʤʘʥʩʠ ʤʘʪʝʨʠʿʘʣʘ, ʢʦʿʝ ʫʢˀʫʯʫʿʝ ʧʦʟʥʘʚʘˁʝ ʬʫʥʜʘʤʝʥʪʘʣʥʠʭ ʝʣʝʢʪʨʦʥʩʢʠʭ 

ʩʚʦʿʩʪʘʚʘ ʠ ʤʝʭʘʥʠʩʪʠʯʢʠʭ ʟʘʢʦʥʠʪʦʩʪʠ, ʧʨʝʜʩʪʘʚˀʘ ʦʩʥʦʚ ʟʘ ʩʚʝ ʧʨʝʜʠʢʪʠʚʥʝ ʤʦʜʝʣʝ, ʠ 

ʩʚʦʿʝʚʨʩʪʘʥ ʿʝ ʠʟʘʟʦʚ ʫ ʠʩʪʨʘʞʠʚʘˁʫ. ɿʘ ʧʨʝʚʘʟʠʣʘʞʝˁʝ ʦʚʦʛ ʠʟʘʟʦʚʘ, in silico ʤʝʪʦʜʝ, 

ʪʝʦʨʠʿʩʢʘ ʠ ʨʘʯʫʥʘʨʩʢʘ ʧʨʦʫʯʘʚʘˁʘ ʩʚʦʿʩʪʘʚʘ (ʥʘʥʦ)ʤʘʪʝʨʠʿʘʣʘ, ʦʜ ʠʟʫʟʝʪʥʦʛ ʩʫ ʟʥʘʯʘʿʘ, ʿʝʨ 

ʦʤʦʛʫ˂ʘʚʘʿʫ ʧʦʫʟʜʘʥʝ ʩʠʤʫʣʘʮʠʿʝ ʩʚʦʿʩʪʘʚʘ ʠ ʧʦʥʘʰʘˁʘ ʥʘʥʦʤʘʪʝʨʠʿʘʣʘ [187]. 

2.6.1. ʋʚʦʜ ʫ DFT ʠ ʠʩʪʦʨʠʿʩʢʠ ʨʘʟʚʦʿ 

ʂʚʘʥʪʥʘ ʭʝʤʠʿʘ ʢʦʨʠʩʪʠ ʿʝʜʥʘʯʠʥʝ ʩʪʘˁʘ, ʤʝʹʫ ʢʦʿʠʤʘ ʿʝ ʥʘʿʧʦʟʥʘʪʠʿʘ ʐʨʝʜʠʥʛʝʨʦʚʘ 

ʿʝʜʥʘʯʠʥʘ, ʟʘ ʦʧʠʩʠʚʘˁʝ ʚʠʰʝʯʝʩʪʠʯʥʠʭ ʩʠʩʪʝʤʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʢʨʠʩʪʘʣʝ, ʪʝʯʥʦʩʪʠ, ʤʦʣʝʢʫʣʝ 
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ʠʣʠ ʧʦʿʝʜʠʥʘʯʦʛ ʘʪʦʤʘ. ʋ ʩʚʦʤ ʚʨʝʤʝʥʩʢʠ ʥʝʟʘʚʠʩʥʦʤ ʦʙʣʠʢʫ, ʦʥʘ ʠʤʘ ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʘʥ 

ʤʘʪʝʤʘʪʠʯʢʠ ʠʟʨʘʟ ʠ ʦʤʦʛʫ˂ʘʚʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʝʥʝʨʛʝʪʩʢʠʭ ʚʨʝʜʥʦʩʪʠ ʠ ʪʘʣʘʩʥʠʭ ʬʫʥʢʮʠʿʘ 

ʩʠʩʪʝʤʘ (jʝʜʥʘʯʠʥʘ (21)). ʈʝʰʘʚʘˁʝʤ ʐʨʝʜʠʥʛʝʨʦʚʝ ʿʝʜʥʘʯʠʥʝ ʜʦʙʠʿʘʿʫ ʩʝ ʢˀʫʯʥʝ 

ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʝʣʝʢʪʨʦʥʩʢʦʿ ʩʪʨʫʢʪʫʨʠ ʠ ʬʠʟʠʯʢʦ-ʭʝʤʠʿʩʢʠʤ ʩʚʦʿʩʪʚʠʤʘ ʩʫʧʩʪʘʥʮʠ, ʰʪʦ ʿʝ 

ʥʝʦʧʭʦʜʥʦ ʟʘ ʦʧʠʩʠʚʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʫ ʥʦʨʤʘʣʥʠʤ ʫʩʣʦʚʠʤʘ. ʆʚʘʿ ʧʨʠʩʪʫʧ ʧʨʫʞʘ ʜʫʙˀʠ ʫʚʠʜ 

ʫ ʝʥʝʨʛʝʪʩʢʘ ʩʪʘˁʘ ʠ ʠʥʪʝʨʘʢʮʠʿʝ ʫʥʫʪʘʨ ʜʘʪʦʛ ʩʠʩʪʝʤʘ [188, 189]. 

( ɰ %ɰ 

Ɋ = Ɋ (r i,ůi..) ʿʝ ʚʠʰʝʯʝʩʪʠʯʥʘ ʪʘʣʘʩʥʘ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʨʝʰʝˁʝ ʐʨʝʜʠʥʛʝʨʦʚʝ 

ʿʝʜʥʘʯʠʥʝ ʟʘʚʠʩʥʦ ʦʜ ʧʨʦʩʪʦʨʘ (r i) ʠ ʩʧʠʥʘ (ů) ʟʘ ʜʘʪʠ ʍʘʤʠʣʪʦʥʠʿʘʥʦʚ ʦʧʝʨʘʪʦʨ ( , ʘ ɽ ʿʝ 
ʫʢʫʧʥʘ ʝʥʝʨʛʠʿʘ ʩʠʩʪʝʤʘ. ʍʘʤʠʣʪʦʥʠʿʘʥ ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʿʝʟʛʘʨʘ ʄ ʠ N ʝʣʝʢʪʨʦʥʘ, ʤʦʞʝ ʩʝ 

ʧʨʝʜʩʪʘʚʠʪʠ ʠʟʨʘʟʦʤ (ʝʿʜʥʘʯʠʥʘ (22)): 
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ʋ ʦʚʦʤ ʠʟʨʘʟʫ, ʄɸ ʧʨʝʜʩʪʘʚˀʘ ʤʘʩʫ A-ʪʦʛ ʿʝʟʛʨʘ, ʜʦʢ ZA ʦʟʥʘʯʘʚʘ ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʠʩʪʦʛ ʿʝʟʛʨʘ. 

ʈʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ i-ʪʝ ʠ j-ʪʝ ʯʝʩʪʠʮʝ ʦʟʥʘʯʝʥʦ ʿʝ ʢʘʦ ri,j  , ʜʦʢ ʿʝ RAB ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ A-ʪʦʛ ʠ 

B-ʪʦʛ ʿʝʟʛʨʘ. ʇʨʚʘ ʜʚʘ ʯʣʘʥʘ ʫ ʿʝʜʥʘʯʠʥʠ ʦʧʠʩʫʿʫ ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ ʿʝʟʛʘʨʘ ʠ ʝʣʝʢʪʨʦʥʘ, ʜʦʢ 

ʧʨʝʦʩʪʘʣʘ ʪʨʠ ʯʣʘʥʘ ʧʨʝʜʩʪʘʚˀʘʿʫ ʠʥʪʝʨʘʢʮʠʿʝ ʫ ʩʠʩʪʝʤʫ: ʧʨʠʚʣʘʯʥʫ ʠʥʪʝʨʘʢʮʠʿʫ ʠʟʤʝʹʫ 

ʿʝʟʛʨʘ ʠ ʝʣʝʢʪʨʦʥʘ, ʢʘʦ ʠ ʦʜʙʦʿʥʝ ʠʥʪʝʨʘʢʮʠʿʝ ʝʣʝʢʪʨʦʥ-ʝʣʝʢʪʨʦʥ ʠ ʿʝʟʛʨʦ-ʿʝʟʛʨʦ [190]. ʆʚʘʢʦ 

ʜʝʬʠʥʠʩʘʥ ʍʘʤʠʣʪʦʥʠʿʘʥ ʤʦʞʝ ʩʝ ʟʥʘʯʘʿʥʦ ʧʦʿʝʜʥʦʩʪʘʚʠʪʠ ʧʨʠʤʝʥʦʤ ɹʦʨʥ-ʆʧʝʥʭʘʿʤʝʨʦʚʝ 

(ʝʥʛ. Born-Oppenheimer) ʘʧʨʦʢʩʠʤʘʮʠʿʝ, ʢʦʿʘ ʧʨʝʪʧʦʩʪʘʚˀʘ ʜʘ ʿʝ ʤʘʩʘ ʝʣʝʢʪʨʦʥʘ ʟʘʥʝʤʘʨˀʠʚʘ 

ʫ ʦʜʥʦʩʫ ʥʘ ʤʘʩʫ ʿʝʟʛʨʘ. ʆʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʯʠˁʝʥʠʮʠ ʜʘ ʩʫ ʿʝʟʛʨʘ ʟʥʘʪʥʦ 

ʤʘʩʠʚʥʠʿʘ ʦʜ ʝʣʝʢʪʨʦʥʘ (ʤʘʩa ʧʨʦʪʦʥʘ ʿʝ ʧʨʠʙʣʠʞʥʦ 2000 ʧʫʪʘ ʚʝ˂ʘ ʦʜ ʤʘʩʝ ʝʣʝʢʪʨʦʥʘ), ʰʪʦ 

ʨʝʟʫʣʪʫʿʝ ʤʥʦʛʦ ʩʧʦʨʠʿʠʤ ʢʨʝʪʘˁʝʤ ʿʝʟʛʘʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʝʣʝʢʪʨʦʥʝ. ʂʘʦ ʧʦʩʣʝʜʠʮʘ ʪʦʛʘ, 

ʝʣʝʢʪʨʦʥʠ ʩʝ ʤʦʛʫ ʨʘʟʤʘʪʨʘʪʠ ʢʘʦ ʜʘ ʩʝ ʢʨʝ˂ʫ ʫ ʝʣʝʢʪʨʠʯʥʦʤ ʧʦˀʫ ʬʠʢʩʥʠʭ ʿʝʟʛʘʨʘ, ʰʪʦ 

ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʢʨʝʪʘˁʝ ʿʝʟʛʘʨʘ ʟʘʥʝʤʘʨʠ ʫ ʤʥʦʛʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʛʜʝ ʿʝ ʧʨʠʤʘʨʥʠ ʮʠ ˀ

ʝʣʝʢʪʨʦʥʩʢʘ ʩʪʨʫʢʪʫʨʘ [191]. ʅʘ ʦʩʥʦʚʫ ʥʘʚʝʜʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ, ʍʘʤʠʣʪʦʥʠʿʘʥ ʩʝ ʤʦʞʝ 

ʧʨʝʜʩʪʘʚʠʪʠ ʩʣʝʜʝ˂ʦʤ ʿʝʜʥʘʯʠʥʦʤ (ʝʿʜʥʘʯʠʥʘ (23)): 
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ʋ ʦʚʦʤ ʠʟʨʘʟʫ m ʧʨʝʜʩʪʘʚˀʘ ʤʘʩʫ ʝʣʝʢʪʨʦʥʘ, ˂ = h/2ˊ, Ů0 ʜʠʝʣʝʢʪʨʠʯʥʫ ʢʦʥʩʪʘʥʪʫ, ʜʦʢ ʿʝ r i,A  

ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ i-ʪʝ ʯʝʩʪʠʮʝ ʠ -ʿʪʦʛ ʿʝʟʛʨʘ. ʇʦʪʦʤ, ʍʘʤʠʣʪʦʥʠʿʘʥ ʿʝ ʠʟʨʘʞʝʥ ʟʙʠʨʦʤ 

ʝʥʝʨʛʝʪʩʢʠʭ ʜʦʧʨʠʥʦʩʘ: T ʦʧʝʨʘʪʦʨ ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ ʝʣʝʢʪʨʦʥʘ, Vee ʦʧʝʨʘʪʦʨ ʧʦʪʝʥʮʠʿʘʣʥʝ 

ʝʥʝʨʛʠʿʝ ʠʥʪʝʨʘʢʮʠʿʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʥʘ, ʜʦʢ Vej ʧʨʝʜʩʪʘʚˀʘ ʦʧʝʨʘʪʦʨ ʧʦʪʝʥʮʠʿʘʣʥʝ ʝʥʝʨʛʠʿʝ 

ʠʥʪʝʨʘʢʮʠʿʝ ʝʣʝʢʪʨʦʥʘ ʩʘ ʧʦˀʝʤ ʿʝʟʛʘʨʘ, ʦʜʥʦʩʥʦ ʩʘ ʩʧʦˀʘʰˁʠʤ ʧʦˀʝʤ [192]. 

ɸʥʘʣʠʪʠʯʢʦ ʨʝʰʘʚʘˁʝ ʐʨʝʜʠʥʛʝʨʦʚʝ ʿʝʜʥʘʯʠʥʝ ʟʘ ʨʝʘʣʥʝ ʩʠʩʪʝʤʝ ʿʝ ʥʝʤʦʛʫ˂ʝ, ʟʙʦʛ 

ʯʝʛʘ ʩʫ ʨʘʟʚʠʿʝʥʝ ʨʘʟʣʠʯʠʪʝ ʘʧʨʦʢʩʠʤʘʮʠʦʥʝ ʤʝʪʦʜʝ. ɱʝʜʥʘ ʦʜ ʦʚʠʭ ʤʝʪʦʜʘ ʟʘʩʥʦʚʘʥʘ ʿʝ ʥʘ 

ʚʘʨʠʿʘʮʠʦʥʦʤ ʧʨʠʥʮʠʧʫ, ʢʦʿʠ ʩʝ ʦʩʣʘˁʘ ʥʘ ʯʠˁʝʥʠʮʫ ʜʘ ʩʚʘʢʘ ʧʨʠʙʣʠʞʥʘ ʚʨʝʜʥʦʩʪ ʪʘʣʘʩʥʝ 

ʬʫʥʢʮʠʿʝ ɣ ʠʤʘ ʝʥʝʨʛʠʿʫ E ʢʦʿʘ ʿʝ ʫʚʝʢ ʚʝ˂ʘ ʦʜ ʝʥʝʨʛʠʿʝ ʦʩʥʦʚʥʦʛ ʩʪʘˁʘ E0, ʰʪʦ ʟʥʘʯʠ ʜʘ 

ʧʨʝʜʩʪʘʚˀʘ ʛʦʨˁʫ ʛʨʘʥʠʮʫ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʤʠʥʠʤʠʟʘʮʠʿʦʤ ʬʫʥʢʮʠʦʥʘʣʘ E(ɣ) ʫ ʦʜʥʦʩʫ ʥʘ ʩʚʝ 

ʜʦʟʚʦˀʝʥʝ N-ʝʣʝʢʪʨʦʥʩʢʝ ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ ʜʦʙʠʿʘ ʩʝ ʪʘʣʘʩʥʘ ʬʫʥʢʮʠʿʘ ʦʩʥʦʚʥʦʛ ʩʪʘˁʘ ɣ0 ʠ 

ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʝʥʝʨʛʠʿʘ ʦʩʥʦʚʥʦʛ ʩʪʘˁʘ E0. ʋ ʩʣʫʯʘʿʫ ʩʠʩʪʝʤʘ ʩʘ N ʝʣʝʢʪʨʦʥʘ ʠ ʬʠʢʩʥʠʤ 

ʧʦʣʦʞʘʿʝʤ ʿʝʟʛʘʨʘ (ʥʘ ʧʦʪʝʥʮʠʿʘʣʫ Vext), ʚʘʨʠʿʘʮʠʦʥʠ ʧʨʠʥʮʠʧ ʧʨʫʞʘ ʥʘʯʠʥ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ ʠ ʝʥʝʨʛʠʿʝ ʦʩʥʦʚʥʦʛ ʩʪʘˁʘ [190]. ɽʥʝʨʛʠʿʘ ʦʩʥʦʚʥʦʛ ʩʪʘˁʘ ʧʨʝʜʩʪʘʚˀʘ 

ʬʫʥʢʮʠʦʥʘʣ ʧʦʪʝʥʮʠʿʘʣʘ Vext ʠ ʟʘʚʠʩʠ ʦʜ ʙʨʦʿʘ ʝʣʝʢʪʨʦʥʘ N ( ʝʿʜʥʘʯʠʥʘ (24)): 

(22) 

(23) 

(21) 
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ɱʝʜʥʘ ʦʜ ʧʨʚʠʭ ʠ ʥʘʿʿʝʜʥʦʩʪʘʚʥʠʿʠʭ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʫ ʢʚʘʥʪʥʦʿ ʤʝʭʘʥʠʮʠ ʟʘ ʨʝʰʘʚʘˁʝ 

ʐʨʝʜʠʥʛʝʨʦʚʝ ʿʝʜʥʘʯʠʥʝ ʟʘ ʩʠʩʪʝʤʝ ʩʘ ʚʠʰʝ ʝʣʝʢʪʨʦʥʘ ʿʝʩʪʝ ʍʘʨʪʨʠ-ʌʦʢʦʚʘ ʤʝʪʦʜʘ. ʆʚʫ 

ʤʝʪʦʜʫ ʟʘʧʦʯʝʦ ʿʝ ɼʘʛʣʘʩ ʍʘʨʪʨʠ 1920-ʠʭ ʛʦʜʠʥʘ, ʠʥʩʧʠʨʠʩʘʥ ʨʘʜʦʤ ʅʠʣʩʘ ɹʦʨʘ. ʆʥ ʿʝ 

ʦʩʤʠʩʣʠʦ ʧʨʠʩʪʫʧ ʟʘʩʥʦʚʘʥ ʥʘ ʩʘʤʦʩʘʛʣʘʩʥʦʤ ʧʦˀʫ ʟʘ ʨʝʰʘʚʘˁʝ ʿʝʜʥʘʯʠʥʘ, ʢʘʩʥʠʿʝ ʧʦʟʥʘʪʠʭ 

ʢʘʦ ʍʘʨʪʨʠʿʝʚʝ ʿʝʜʥʘʯʠʥʝ, ʫ ʢʦʿʠʤʘ ʩʫ ʥʝʧʦʟʥʘʪʠ ʠ ʧʦʪʝʥʮʠʿʘʣʠ ʠ ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ.  ɺʣʘʜʠʤʠʨ 

ʌʦʢ ʿʝ ʫʢʘʟʘʦ ʥʘ ʦʛʨʘʥʠʯʝˁʘ ʍʘʨʪʨʠʿʝʚʝ ʧʨʝʪʧʦʩʪʘʚʢʝ ʦ ʥʝʟʘʚʠʩʥʦʩʪʠ ʝʣʝʢʪʨʦʥʘ ʢʦʿʘ 

ʟʘʥʝʤʘʨʫʿʝ ʇʘʫʣʠʿʝʚ ʧʨʠʥʮʠʧ ʠʩʢˀʫʯʝˁʘ, ʠ ʧʨʦʰʠʨʠʦ ʪʝʦʨʠʿʫ ʫʢˀʫʯʠʚʘˁʝʤ 

ʘʥʪʠʩʠʤʝʪʨʠʟʘʮʠʿʝ ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ (ʪʘʣʘʩʥʘ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʦʧʠʩʫʿʝ ʩʪʘˁʝ ʝʣʝʢʪʨʦʥʘ ʤʦʨʘ 

ʙʠʪʠ ʘʥʪʠʩʠʤʝʪʨʠʯʥʘ, ʿʝʨ ʿʝ ʝʣʝʢʪʨʦʥ ʬʝʨʤʠʦʥ ï ʯʝʩʪʠʮʘ ʩʘ ʜʚʝ ʤʦʛʫ˂ʝ ʚʨʝʜʥʦʩʪʠ ʩʧʠʥʩʢʦʛ 

ʙʨʦʿʘ). ʅʘʢʦʥ ʪʦʛʘ ʍʘʨʪʨʠ ʿʝ ʨʘʟʚʠʦ ʧʨʘʢʪʠʯʥʠʿʫ ʤʝʪʦʜʫ, ʢʦʿʘ ʩʝ ʜʘʥʘʩ ʥʘʟʠʚʘ ʍʘʨʪʨʠ-ʌʦʢʦʚʘ 

ʪʝʦʨʠʿʘ. ʍʘʨʪʨʠ-ʌʦʢʦʚʘ ʤʝʪʦʜʘ ʿʝ ʟʘʩʥʦʚʘʥʘ ʥʘ ʧʨʚʠʤ ʧʨʠʥʮʠʧʠʤʘ ʠ ʥʝ ʢʦʨʠʩʪʠ ʝʤʧʠʨʠʿʩʢʝ 

ʧʘʨʘʤʝʪʨʝ, ʘ ʧʨʝʜʩʪʘʚˀʘ ʧʦʣʘʟʥʫ ʪʘʯʢʫ ʟʘ ʨʘʟʚʦʿ ʩʣʦʞʝʥʠʿʠʭ ʤʝʪʦʜʘ ʢʦʿʝ ʫʢˀʫʯʫʿʫ ʝʣʝʢʪʨʦʥʩʢʝ 

ʢʦʨʝʣʘʮʠʿʝ. ʋ ʪʝʦʨʠʿʠ ʍʘʨʪʨʠ-ʌʦʢ ʪʘʣʘʩʥʘ ʬʫʥʢʮʠʿʘ ʟʘ N ʝʣʝʢʪʨʦʥʘ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘ ʧʨʦʙʥʦʤ 

ʪʘʣʘʩʥʦʤ ʬʫʥʢʮʠʿʦʤ, ʢʦʿʘ ʿʝ ʫ ʦʙʣʠʢʫ ʉʣʝʿʪʝʨʦʚʝ ʜʝʪʝʨʤʠʥʘʥʪʝ. ʆʚʘ ʜʝʪʝʨʤʠʥʘʥʪʘ ʦʩʠʛʫʨʘʚʘ 

ʘʥʪʠʩʠʤʝʪʨʠʟʘʮʠʿʫ ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ, ʯʠʤʝ ʩʝ ʧʦʰʪʫʿʝ ʇʘʫʣʠʿʝʚ ʧʨʠʥʮʠʧ ʠʩʢˀʫʯʝˁʘ ʠ 

ʬʝʨʤʠʦʥʩʢʠ ʢʘʨʘʢʪʝʨ ʝʣʝʢʪʨʦʥʘ. ɺʘʨʠʿʘʮʠʦʥʠ ʧʨʠʥʮʠʧ ʜʝʬʠʥʠʰʝ ʥʘʿʙʦˀʠ ʤʦʛʫ˂ʠ ʦʙʣʠʢ 

ʿʝʜʥʦʝʣʝʢʪʨʦʥʩʢʠʭ ʪʘʣʘʩʥʠʭ ʬʫʥʢʮʠʿʘ, ʪʘʢʦ ʜʘ ʤʠʥʠʤʠʟʠʨʘ ʝʥʝʨʛʠʿʫ ʩʠʩʪʝʤʘ. ʇʨʠʤʝʥʘ ʦʚʦʛ 

ʧʨʠʥʮʠʧʘ ʜʦʚʦʜʠ ʜʦ ʩʠʩʪʝʤʘ ʦʜ N ʩʧʨʝʛʥʫʪʠʭ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʿʝʜʥʘʯʠʥʘ, ʧʦʟʥʘʪʠʭ ʢʘʦ 

ʍʘʨʪʨʠ-ʌʦʢʦʚʝ ʿʝʜʥʘʯʠʥʝ. ʂʘʢʦ ʌʦʢʦʚ ʦʧʝʨʘʪʦʨ ʟʘʚʠʩʠ ʦʜ ʦʙʣʠʢʘ ʿʝʜʥʦʝʣʝʢʪʨʦʥʩʢʠʭ 

ʪʘʣʘʩʥʠʭ ʬʫʥʢʮʠʿʘ, ʿʝʜʥʘʯʠʥʝ ʩʝ ʨʝʰʘʚʘʿʫ ʠʪʝʨʘʪʠʚʥʦ ʩʚʝ ʜʦʢ ʥʝ ʧʦʩʪʠʛʥʫ ʩʘʤʦʩʘʛʣʘʩʥʦʩʪ. 

ɺʨʝʤʝ ʧʦʪʨʝʙʥʦ ʟʘ ʨʝʰʘʚʘˁʝ ʐʨʝʜʠʥʛʝʨʦʚʝ ʿʝʜʥʘʯʠʥʝ ʥʘ ʦʩʥʦʚʫ ʍʘʨʪʨʠ-ʌʦʢ ʪʝʦʨʠʿʝ ʿʝ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʩʘ N7, ʛʜʝ ʿʝ N ʙʨʦʿ ʝʣʝʢʪʨʦʥʘ ʫ ʩʠʩʪʝʤʫ. ɿʙʦʛ ʦʚʝ ʚʠʩʦʢʝ ʩʣʦʞʝʥʦʩʪʠ, ʤʝʪʦʜʘ 

ʿʝ ʠʩʪʦʨʠʿʩʢʠ ʙʠʣʘ ʦʛʨʘʥʠʯʝʥʘ ʥʘ ʿʝʜʥʦʩʪʘʚʥʝ ʩʠʩʪʝʤʝ, ʢʘʦ ʰʪʦ ʩʫ ʤʘʣʠ ʤʦʣʝʢʫʣʠ ʫ ʛʘʩʦʚʠʪʦʤ 

ʩʪʘˁʫ. ʉ ʧʦʚʝ˂ʘˁʝʤ ʙʨʦʿʘ ʝʣʝʢʪʨʦʥʘ ʫ ʩʠʩʪʝʤʫ, ʨʝʰʘʚʘˁʝ ʐʨʝʜʠʥʛʝʨʦʚʝ ʿʝʜʥʘʯʠʥʝ ʧʦʩʪʘʿʝ 

ʠʟʫʟʝʪʥʦ ʪʝʰʢʦ ʠʣʠ ʥʝʤʦʛʫ˂ʝ, ʰʪʦ ʿʝ ʛʣʘʚʥʦ ʦʛʨʘʥʠʯʝˁʝ ʍʘʨʪʨʠ-ʌʦʢ ʤʝʪʦʜʝ. ʍʘʨʪʨʠ-ʌʦʢ 

ʪʝʦʨʠʿʘ ʿʝ ʚʝʦʤʘ ʟʥʘʯʘʿʥʘ, ʘʣʠ ʥʠʿʝ ʜʦʚʦˀʥʦ ʧʨʝʮʠʟʥʘ ʟʘ ʩʣʦʞʝʥʝ ʩʠʩʪʝʤʝ, ʿʝʨ ʟʘʥʝʤʘʨʫʿʝ 

ʢʦʨʝʣʘʮʠʿʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʥʘ [193ï195]. 

ʅʝʜʫʛʦ ʥʘʢʦʥ ʰʪʦ ʿʝ ʫʚʝʜʝʥʘ ʐʨʝʜʠʥʛʝʨʦʚʘ ʿʝʜʥʘʯʠʥʘ, 1927. ʛʦʜʠʥʝ ʊʦʤʘʩ ʠ ʌʝʨʤʠ ʩʫ 

ʧʨʝʜʣʦʞʠʣʠ ʤʦʜʝʣ ʟʘʩʥʦʚʘʥ ʥʘ ʢʦʥʮʝʧʪʫ ʭʦʤʦʛʝʥʦʛ (ʫʥʠʬʦʨʤʥʦʛ) ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ ʟʘʩʥʦʚʘʥ 

ʥʘ ʢʠʥʝʪʠʯʢʦʿ ʝʥʝʨʛʠʿʠ ʢʘʦ ʬʫʥʢʮʠʦʥʘʣʥʦʤ ʠʟʨʘʟʫ ʝʣʝʢʪʨʦʥʩʢʝ ʛʫʩʪʠʥʝ. ʊʦʤʘʩ-ʌʝʨʤʠ ʤʦʜʝʣ 

ʟʥʘʯʘʿʥʦ ʧʦʿʝʜʥʦʩʪʘʚˀʫʿʝ ʦʧʠʩ ʩʠʩʪʝʤʘ ʩʘ ʚʠʰʝ ʝʣʝʢʪʨʦʥʘ, ʩʤʘˁʝˁʝʤ ʙʨʦʿʘ ʧʨʦʩʪʦʨʥʠʭ 

ʢʦʦʨʜʠʥʘʪʘ ʩʘ 3N ʥʘ 3. ʋ ʦʚʦʤ ʤʦʜʝʣʫ, ʮʝʥʪʨʘʣʥʘ ʧʨʦʤʝʥˀʠʚʘ ʿʝ ʝʣʝʢʪʨʦʥʩʢʘ ʛʫʩʪʠʥʘ n(r ), 

ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʤʝʨʫ ʚʝʨʦʚʘʪʥʦ˂ʝ ʧʨʦʥʘʣʘʞʝˁʘ ʝʣʝʢʪʨʦʥʘ ʥʘ ʦʜʨʝʹʝʥʦʿ ʧʦʟʠʮʠʿʠ r. ʋʢʫʧʥʘ 

ʝʥʝʨʛʠʿʘ ʩʠʩʪʝʤʘ ʩʝ ʠʟʨʘʞʘʚʘ ʢʘʦ ʬʫʥʢʮʠʦʥʘʣ ʝʣʝʢʪʨʦʥʩʢʝ ʛʫʩʪʠʥʝ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ 

ʿʝʜʥʦʩʪʘʚʥʦ ʦʜʨʝʹʠʚʘˁʝ ʝʥʝʨʛʠʿʝ ʠʥʪʝʨʘʢʮʠʿʝ ʝʣʝʢʪʨʦʥʘ ʩʘ ʿʝʟʛʨʦʤ, ʢʘʦ ʠ ʤʝʹʫʩʦʙʥʝ 

ʠʥʪʝʨʘʢʮʠʿʝ ʝʣʝʢʪʨʦʥʘ, ʿʝʨ ʩʫ ʦʚʠ ʜʦʧʨʠʥʦʩʠ ʜʝʬʠʥʠʩʘʥʠ ʩʧʦˀʘʰˁʠʤ ʧʦʪʝʥʮʠʿʘʣʦʤ Vext. 

ʄʝʹʫʪʠʤ, ʠʟʨʘʟ ʟʘ ʢʠʥʝʪʠʯʢʫ ʝʥʝʨʛʠʿʫ ʧʨʝʜʩʪʘʚˀʘ ʛʣʘʚʥʠ ʠʟʘʟʦʚ ʫ ʦʚʦʤ ʧʨʠʩʪʫʧʫ. ʆʚʘʿ ʜʝʦ 

ʬʫʥʢʮʠʦʥʘʣʘ ʘʧʨʦʢʩʠʤʠʨʘ ʩʝ ʢʦʨʠʰ˂ʝˁʝʤ ʬʫʥʢʮʠʦʥʘʣʘ ʝʣʝʢʪʨʦʥʩʢʝ ʛʫʩʪʠʥʝ ʟʘ ʭʦʤʦʛʝʥʠ 

ʝʣʝʢʪʨʦʥʩʢʠ ʛʘʩ. ʅʘ ʢʨʘʿʫ, ʜʦʙʠʿʘ ʩʝ ʠʟʨʘʟ ( ʝʿʜʥʘʯʠʥʘ (25)) ʟʘ ʊʦʤʘʩ-ʌʝʨʤʠ ʝʥʝʨʛʠʿʫ ʢʘʦ 

ʬʫʥʢʮʠʿʫ ʝʣʝʢʪʨʦʥʩʢʝ ʛʫʩʪʠʥʝ: 

% ÎἺ #Æ᷿ÎἺ ÄἺ Î᷿Ἲ6 ÄἺ Ḁ
Ἲ Ἲ

Ἲ
ÄἺÄἺ       

ʋ ʜʘʪʦʿ ʿʝʜʥʘʯʠʥʠ ʧʨʚʠ ʩʘʙʠʨʘʢ ʧʨʝʜʩʪʘʚˀʘ ʠʟʨʘʟ ʟʘ ʢʠʥʝʪʠʯʢʫ ʝʥʝʨʛʠʿʫ, ʘ ʜʨʫʛʘ ʜʚʘ ʠʟʨʘʟʘ 

ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʦʪʝʥʮʠʿʘʣʥʫ ʝʥʝʨʛʠʿʫ ʝʣʝʢʪʨʦʥʘ ʫ ʧʦʪʝʥʮʠʿʘʣʫ Vext ʠ ʝʥʝʨʛʠʿʫ ʦʜʙʦʿʥʠʭ 

ʢʫʣʦʥʩʢʠʭ ʠʥʪʝʨʘʢʮʠʿʘ ʝʣʝʢʪʨʦʥ-ʝʣʝʢʪʨʦʥ, ʨʝʜʦʤ. ʋ ʦʚʦʤ ʤʦʜʝʣʫ, ʝʣʝʢʪʨʦʥʠ ʥʠʩʫ ʧʦʜʣʦʞʥʠ 

ʩʧʦˀʘʰˁʠʤ ʩʠʣʘʤʘ ʠ ʥʝʤʘ ʤʝʹʫʩʦʙʥʠʭ ʠʥʪʝʨʘʢʮʠʿʘ, ʘ ʤʦʜʝʣ ʿʝ ʪʘʯʘʥ ʩʘʤʦ ʫ ʩʣʫʯʘʿʫ 

ʙʝʩʢʦʥʘʯʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʿʝʟʛʨʘ. ʊʦʤʘʩ-ʌʝʨʤʠʿʝʚ ʤʦʜʝʣ ʠʤʘ ʠʩʪʦʨʠʿʩʢʠ ʟʥʘʯʘʿ, ʿʝʨ ʩʝ ʩʤʘʪʨʘ 

ʿʝʜʥʠʤ ʦʜ ʪʝʤʝˀʘ ʩʘʚʨʝʤʝʥʝ ʪʝʦʨʠʿʝ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ [196ï199]. 

(24) 

(25) 
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ʊʝʦʨʠʿʘ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ (ʝʥʛ. DFT - Density Functional Theory) ʩʝ ʢʦʨʠʩʪʠ ʟʘ 

ʠʟʨʘʯʫʥʘʚʘˁʝ ʝʣʝʢʪʨʦʥʩʢʝ ʩʪʨʫʢʪʫʨʝ ʚʠʰʝʝʣʝʢʪʨʦʥʩʢʠʭ, ʚʠʰʝʘʪʦʤʩʢʠʭ ʠ ʚʠʰʝʤʦʣʝʢʫʣʩʢʠʭ 

ʩʠʩʪʝʤʘ. ʆʥʘ ʦʤʦʛʫ˂ʘʚʘ ʦʜʨʝʹʠʚʘˁʝ ʫʢʫʧʥʝ ʝʥʝʨʛʠʿʝ ʨʝʘʣʥʠʭ ʩʠʩʪʝʤʘ ʢʘʦ ʬʫʥʢʮʠʦʥʘʣʘ 

ʝʣʝʢʪʨʦʥʩʢʝ ʛʫʩʪʠʥʝ (ʬʫʥʢʮʠʦʥʘʣ ʿʝ ʬʫʥʢʮʠʿʘ ʯʠʿʘ ʿʝ ʥʝʟʘʚʠʩʥʦ ʧʨʦʤʝʥˀʠʚʘ ʪʘʢʦʹʝ ʬʫʥʢʮʠʿʘ, 

ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʝʣʝʢʪʨʦʥʩʢʘ ʛʫʩʪʠʥʘ ʢʦʿʘ ʟʘʚʠʩʠ ʦʜ ʧʨʦʩʪʦʨʥʝ ʢʦʦʨʜʠʥʘʪʝ r ), ʢʦʜ ʢʦʿʠʭ ʿʝ 

ʨʝʰʘʚʘˁʝ ʐʨʝʜʠʥʛʝʨʦʚʝ ʿʝʜʥʘʯʠʥʝ ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ ʥʝʠʟʚʦʜˀʠʚʦ. ʄʝʹʫʪʠʤ, ʢʦʜ DFT-ʘ ʥʠʿʝ 

ʧʦʟʥʘʪʘ ʧʨʝʮʠʟʥʘ ʬʫʥʢʮʠʦʥʘʣʥʘ ʟʘʚʠʩʥʦʩʪ ʝʥʝʨʛʠʿʝ ʦʜ ʛʫʩʪʠʥʝ ʝʣʝʢʪʨʦʥʘ [188, 200]. ʊʦʢʦʤ 

ʛʦʜʠʥʘ, ʪʝʦʨʠʿʘ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ ʧʦʩʪʘʣʘ ʿʝ ʧʦʧʫʣʘʨʘʥ ʠ ʰʠʨʦʢʦ ʢʦʨʠʰ˂ʝʥ ʤʝʪʦʜ ʟʘ 

ʦʜʨʝʹʠʚʘˁʝ ʝʣʝʢʪʨʦʥʩʢʠʭ ʩʪʨʫʢʪʫʨʘ ʫ ʙʨʦʿʥʠʤ ʦʙʣʘʩʪʠʤʘ, ʦʜ ʦʨʛʘʥʩʢʝ ʭʝʤʠʿʝ ʜʦ ʬʠʟʠʢʝ 

ʯʚʨʩʪʦʛ ʩʪʘˁʘ. ɳʝʥʘ ʚʝʣʠʢʘ ʧʨʠʤʝʥʘ ʧʨʦʠʟʣʘʟʠ ʠʟ ʯʠˁʝʥʠʮʝ ʜʘ ʦʚʘ ʤʝʪʦʜʘ ʥʫʜʠ ʧʦʪʧʫʥ 

ʢʚʘʥʪʥʦʤʝʭʘʥʠʯʢʠ ʪʨʝʪʤʘʥ ʩʠʩʪʝʤʘ ʢʦʿʠ ʦʙʫʭʚʘʪʘʿʫ ʥʝʢʦʣʠʢʦ ʩʪʦʪʠʥʘ ʠʣʠ ʯʘʢ ʭʠˀʘʜʘ 

ʝʣʝʢʪʨʦʥʘ, ʠʩʪʦʚʨʝʤʝʥʦ ʫʥʘʧʨʝʹʫʿʫ˂ʠ ʥʘʰʝ ʬʫʥʜʘʤʝʥʪʘʣʥʦ ʨʘʟʫʤʝʚʘˁʝ ʚʠʰʝʘʪʦʤʩʢʠʭ 

ʩʠʩʪʝʤʘ ʦʩʣʘˁʘʿʫ˂ʠ ʩʝ ʥʘ ʝʣʝʢʪʨʦʥʩʢʫ ʛʫʩʪʠʥʫ ï ʩʢʘʣʘʨʥʦ ʧʦˀʝ ʫ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʤ ʨʝʘʣʥʦʤ 

ʧʨʦʩʪʦʨʫ [201].  

ʊʝʦʨʠʿʘ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ ʧʦʯʠʚʘ ʥʘ ʢʦʥʮʝʧʪʫ ʜʘ ʩʝ ʥʝʨʝʣʘʪʠʚʠʩʪʠʯʢʠ ʢʫʣʦʥʦʚʩʢʠ 

ʩʠʩʪʝʤʠ ʨʘʟʣʠʢʫʿʫ ʩʘʤʦ ʫ ʧʦʪʝʥʮʠʿʘʣʫ Vext(r), ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʨʝʜʫʢʮʠʿʫ ʚʠʰʝʝʣʝʢʪʨʦʥʩʢʦʛ 

ʧʨʦʙʣʝʤʘ ʥʘ ʿʝʜʥʦʝʣʝʢʪʨʦʥʩʢʠ ʤʦʜʝʣ. ʆʚʦ ʩʝ ʧʦʩʪʠʞʝ ʫʚʦʹʝˁʝʤ ʝʣʝʢʪʨʦʥʩʢʝ ʛʫʩʪʠʥʝ n(r) ʢʘʦ 

ʢˀʫʯʥʝ ʚʝʣʠʯʠʥʝ, ʠʟ ʢʦʿʝ ʩʝ ʠʟʚʦʜʝ ʩʚʝ ʦʩʪʘʣʝ ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ. DFT ʧʦʯʠʚʘ ʥʘ ʜʚʝ ʪʝʦʨʝʤʝ 

ʢʦʿʝ ʩʫ ʧʦʩʪʘʚʠʣʠ ʍʦʝʥʙʝʨʛ ʠ ʂʦʥ [202, 203]. ʇʨʚʘ ʪʝʦʨʝʤʘ ʛʣʘʩʠ: Ăʆʩʥʦʚʥʦ ʩʪʘˁʝ 

ʥʝʨʝʣʘʪʠʚʠʩʪʠʯʢʦʛ ʩʠʩʪʝʤʘ ʩʘ ʚʠʰʝ ʝʣʝʢʪʨʦʥʘ ʫ ʩʧʦˀʘʰˁʝʤ ʧʦʪʝʥʮʠʿʘʣʫ Vext ʿʝ ʿʝʜʠʥʩʪʚʝʥʦ 

ʦʜʨʝʹʝʥʦ ʝʣʝʢʪʨʦʥʩʢʦʤ ʛʫʩʪʠʥʦʤ n(r)ò [204]. ɽʣʝʢʪʨʦʥʩʢʘ ʛʫʩʪʠʥʘ ʧʨʝʜʩʪʘʚˀʘ ʚʝʨʦʚʘʪʥʦ˂ʫ 

ʧʨʦʥʘʣʘʞʝˁʘ ʥʝʢʦʛ ʦʜ N ʝʣʝʢʪʨʦʥʘ ʫ ʝʣʝʤʝʥʪʫ ʟʘʧʨʝʤʠʥʝ (dr ). ʆʥʘ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʠʥʪʝʛʨʘʣ 

ʢʚʘʜʨʘʪʘ ʤʦʜʫʣʘ ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ ʧʨʝʢʦ ʩʧʠʥʩʢʠʭ (si) ʠ ʧʨʦʩʪʦʨʥʠʭ (r i) ʢʦʦʨʜʠʥʘʪʘ ʩʚʠʭ 

ʝʣʝʢʪʨʦʥʘ, ʦʩʠʤ ʧʨʦʩʪʦʨʥʠʭ ʢʦʦʨʜʠʥʘʪʘ ʿʝʜʥʦʛ ʝʣʝʢʪʨʦʥʘ ( ʝʿʜʥʘʯʠʥʘ (26)): 

ÎἺ .᷿ ȣ Ä᷿ÓÄἺÄÓȣÄἺÄÓȿɰ ἺȟÓȿ     

ɸʜʠʪʠʚʥʘ ʢʦʥʩʪʘʥʪʘ ʫ ʍʘʤʠʣʪʦʥʠʿʘʥʫ ʥʝ ʤʝˁʘ ʩʚʦʿʩʪʚʝʥʝ ʬʫʥʢʮʠʿʝ, ʘʣʠ ʧʦʤʝʨʘ ʩʚʦʿʩʪʚʝʥʝ 

ʝʥʝʨʛʠʿʝ ʟʘ ʚʨʝʜʥʦʩʪ ʪʝ ʢʦʥʩʪʘʥʪʝ. ʂʘʦ ʧʦʩʣʝʜʠʮʘ, ʩʚʘʢʘ ʦʧʩʝʨʚʘʙʣʘ ʩʪʘʮʠʦʥʘʨʥʦʛ 

ʢʚʘʥʪʥʦʤʝʭʘʥʠʯʢʦʛ ʩʠʩʪʝʤʘ ʤʦʞʝ ʩʝ ʠʟʨʘʟʠʪʠ ʢʘʦ ʬʫʥʢʮʠʦʥʘʣ ʛʫʩʪʠʥʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʫ 

ʦʩʥʦʚʥʦʤ ʩʪʘˁʫ. ʆʚʘ ʿʝʜʠʥʩʪʚʝʥʦʩʪ ʟʥʘʯʠ ʜʘ ʜʘʪʘ ʝʣʝʢʪʨʦʥʩʢʘ ʛʫʩʪʠʥʘ ʦʜʨʝʹʫʿʝ ʩʧʦˀʘʰˁʠ 

ʧʦʪʝʥʮʠʿʘʣ ʠ ʪʠʤʝ ʍʘʤʠʣʪʦʥʠʿʘʥ ʩʠʩʪʝʤʘ, ʰʪʦ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʝʣʝʢʪʨʦʥʩʢʘ ʛʫʩʪʠʥʘ ʩʘʜʨʞʠ 

ʩʚʫ ʠʥʬʦʨʤʘʮʠʿʫ ʦ ʦʩʥʦʚʥʦʤ ʩʪʘˁʫ ʩʠʩʪʝʤʘ. ʋʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʬʠʢʩʥʦʛ ʙʨʦʿʘ ʝʣʝʢʪʨʦʥʘ N, 

ʩʣʦʞʝʥ ʧʨʦʙʣʝʤ ʚʠʰʝʝʣʝʢʪʨʦʥʩʢʝ ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ ʟʘʤʝˁʫʿʝ ʩʝ ʿʝʜʥʦʩʪʘʚʥʠʿʠʤ ʧʨʠʩʪʫʧʦʤ 

ʢʦʿʠ ʩʝ ʦʩʣʘˁʘ ʥʘ ʝʣʝʢʪʨʦʥʩʢʫ ʛʫʩʪʠʥʫ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʦʜʨʝʹʝʥʝ ʩʫ ʠ ʢʠʥʝʪʠʯʢʘ ʝʥʝʨʛʠʿʘ 

ʝʣʝʢʪʨʦʥʘ T[n(r)], ʢʘʦ ʠ ʧʦʪʝʥʮʠʿʘʣʥʘ ʝʥʝʨʛʠʿʘ ʢʦʿʘ ʫʢˀʫʯʫʿʝ ʫʪʠʮʘʿ ʩʧʦˀʘʰˁʝʛ ʧʦʪʝʥʮʠʿʘʣʘ 

ʠ ʝʣʝʢʪʨʦʥ-ʝʣʝʢʪʨʦʥ ʠʥʪʝʨʘʢʮʠʿʘ - V[n(r )] = Vee[n(r )] + Vext(r )] ( ʝʿʜʥʘʯʠʥʘ (27)): 

%ÎἺ 6 Î 4Î  6 Î      

ɻʨʫʧʠʩʘˁʝ ʩʚʠʭ ʬʫʥʢʮʠʦʥʘʣʘ ʩʝʤ Vex ʜʘʿʝ (ʝʿʜʥʘʯʠʥʘ(28)): 

%ÎἺ 6 Î 4Î  6 Î 6 Î & .    

FHK ʬʫʥʢʮʠʦʥʘʣ ʿʝ ʫʥʠʚʝʨʟʘʣʥʠ ʬʫʥʢʮʠʦʥʘʣ ʯʠʿʠ ʪʘʯʘʥ ʦʙʣʠʢ ʦʩʪʘʿʝ ʥʝʧʦʟʥʘʪ, ʘ ˁʝʛʦʚʦ 

ʧʦʟʥʘʚʘˁʝ ʙʠ ʦʤʦʛʫ˂ʠʣʦ ʧʨʝʮʠʟʥʦ ʨʝʰʘʚʘˁʝ ʐʨʝʜʠʥʛʝʨʦʚʝ ʿʝʜʥʘʯʠʥʝ, ʥʝʟʘʚʠʩʥʦ ʦʜ ʚʝʣʠʯʠʥʝ 

ʤʦʣʝʢʫʣʘ. ʉʘ FHK ʬʫʥʢʮʠʦʥʘʣʦʤ ʩʝ ʩʘ ʩʠʛʫʨʥʦʰ˂ʫ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʩʘʤʦ ʢʣʘʩʠʯʥʠ ʢʫʣʦʥʩʢʠ ʜʝʦ 

ʠʥʪʝʨʘʢʮʠʿʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʥʘ, J[n], ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʜʦʙʠʿʘˁʝ ʘʣʪʝʨʥʘʪʠʚʥʦʛ ʦʙʣʠʢʘ ʟʘ 

ʬʫʥʢʮʠʦʥʘʣ ʝʥʝʨʛʠʿʝ ʠʥʪʝʨʘʢʮʠʿʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʥʘ (ʝʿʜʥʘʯʠʥʘ (29)): 

% Î ᷿᷿
Ἲ Ἲ

Ἲ
ÄἺÄἺ % *Î % Î    

(26) 

(27) 

(28) 

(29) 
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ʏʣʘʥ Encl ʦʙʫʭʚʘʪʘ ʩʚʝ ʥʝʢʣʘʩʠʯʥʝ ʜʦʧʨʠʥʦʩʝ ʝʥʝʨʛʠʿʠ ʠʥʪʝʨaʢʮʠʿʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʥʘ, 

ʫʢˀʫʯʫʿʫ˂ʠ ʩʘʤʦʠʥʪʝʨʘʢʮʠʿʫ, ʢʦʨʝʣʘʮʠʿʫ ʠ ʠʟʤʝʥʫ. ʈʘʟʫʤʝʚʘˁʝ T[n] ʠ Encl[n] ʧʨʝʜʩʪʘʚˀʘ 

ʢˀʫʯʥʠ ʠʟʘʟʦʚ ʫ ʜʘˀʝʤ ʨʘʟʚʦʿʫ ʪʝʦʨʠʿʝ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ. 

ɼʨʫʛʘ ʍʦʝʥʙʝʨʛ-ʂʦʥʦʚʘ ʪʝʦʨʝʤʘ ʛʣʘʩʠ: Ăʄʦʛʫ˂ʝ ʿʝ ʜʝʬʠʥʠʩʘʪʠ ʫʥʠʚʝʨʟʘʣʥʠ ʬʫʥʢʮʠʦʥʘʣ 

ʝʥʝʨʛʠʿʝ E[n] ʢʦʿʠ ʟʘʚʠʩʠ ʦʜ ʝʣʝʢʪʨʦʥʩʢʝ ʛʫʩʪʠʥʝ. ɽʥʝʨʛʠʿʘ ʦʩʥʦʚʥʦʛ ʩʪʘˁʘ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʘ 

ʝʣʝʢʪʨʦʥʩʢʘ ʛʫʩʪʠʥʘ ʦʜʛʦʚʘʨʘʿʫ ʤʠʥʠʤʫʤʫ ʪʦʛ ʬʫʥʢʮʠʦʥʘʣʘñ. ʆʚʘ ʪʝʦʨʝʤʘ ʧʨʝʮʠʟʥʠʿʝ 

ʦʜʨʝʹʫʿʝ ʬʫʥʢʮʠʦʥʘʣ ʛʫʩʪʠʥʝ, ʫʢˀʫʯʫʿʫ˂ʠ ʧʨʝ ʩʚʝʛʘ ʚʘʨʠʿʘʮʠʦʥʠ ʧʨʠʥʮʠʧ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ, 

ʙʠʣʦ ʢʦʿʘ ʧʨʦʙʥʘ ʛʫʩʪʠʥʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʢʦʿʘ ʟʘʜʦʚʦˀʘʚʘ ʦʜʨʝʹʝʥʝ ʛʨʘʥʠʯʥʝ ʫʩʣʦʚʝ ʠ ʢʦʿʘ ʿʝ 

ʧʦʚʝʟʘʥʘ ʩʘ ʦʜʨʝʹʝʥʠʤ ʩʧʦˀʘʰˁʠʤ ʧʦʪʝʥʮʠʿʘʣʦʤ ʧʨʝʜʩʪʘʚˀʘ ʛʦʨˁʫ ʛʨʘʥʠʮʫ ʝʥʝʨʛʠʿʝ 

ʦʩʥʦʚʥʦʛ ʩʪʘˁʘ ɽ0. ʊʨʝʙʘ ʠʤʘʪʠ ʥʘ ʫʤʫ ʜʘ ʿʝ ʧʨʠʤʝʥʘ ʚʘʨʠʿʘʮʠʦʥʦʛ ʧʨʠʥʮʠʧʘ ʦʛʨʘʥʠʯʝʥʘ ʧʨʝ 

ʩʚʝʛʘ ʥʘ ʦʩʥʦʚʥʦ ʝʣʝʢʪʨʦʥʩʢʦ ʩʪʘˁʝ ʠ ʜʘ ʩʝ ʥʝ ʤʦʞʝ ʣʘʢʦ ʧʨʠʤʝʥʠʪʠ ʥʘ ʧʦʙʫʹʝʥʘ ʩʪʘˁʘ [204]. 

ʍʦʝʥʙʝʨʛ-ʂʦʥʦʚʝ ʪʝʦʨʝʤʝ ʧʨʫʞʘʿʫ ʯʚʨʩʪ ʪʝʦʨʠʿʩʢʠ ʦʢʚʠʨ ʟʘ ʧʦʚʝʟʠʚʘˁʝ ʝʣʝʢʪʨʦʥʩʢʝ 

ʛʫʩʪʠʥʝ ʩʘ ʝʥʝʨʛʠʿʦʤ ʩʠʩʪʝʤʘ, ʘʣʠ ʿʝ ʟʘ ʧʨʘʢʪʠʯʥʫ ʧʨʠʤʝʥʫ ʪʝʦʨʠʿʝ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ ʙʠʣʦ 

ʥʝʦʧʭʦʜʥʦ ʨʘʟʚʠʪʠ ʤʝʪʦʜʦʣʦʛʠʿʫ ʟʘ ʧʨʝʮʠʟʥʦ ʦʧʠʩʠʚʘˁʝ ʿʝʜʥʦʝʣʝʢʪʨʦʥʩʢʠʭ ʝʬʝʢʘʪʘ, ʰʪʦ ʿʝ 

ʜʦʚʝʣʦ ʜʦ ʬʦʨʤʫʣʘʮʠʿʝ ʂʦʥ-ʐʘʤʦʚʠʭ ʿʝʜʥʘʯʠʥʘ. ʂʦʥ ʠ ʐʘʤ [205, 206] ʩʫ 1965. ʛʦʜʠʥʝ 

ʧʨʝʜʣʦʞʠʣʠ ʠʟʨʘʯʫʥʘʚʘˁʝ ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ ʨʝʬʝʨʝʥʪʥʦʛ ʩʠʩʪʝʤʘ ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ ʦʜ 

ʥʝʠʥʪʝʨʘʛʫʿʫ˂ʠʭ ʯʝʩʪʠʮʘ ʠ ʠʤʘ ʠʩʪʫ ʝʣʝʢʪʨʦʥʩʢʫ ʛʫʩʪʠʥʫ ʢʘʦ ʠ ʨʝʘʣʥʠ ʩʠʩʪʝʤ. ʂʘʢʦ ʩʝ ʦʚʘʢʦ 

ʜʦʙʠʿʝʥʘ ʢʠʥʝʪʠʯʢʘ ʝʥʝʨʛʠʿʘ ʨʘʟʣʠʢʫʿʝ ʦʜ ʩʪʚʘʨʥʝ ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ ʩʠʩʪʝʤʘ, ʫʚʝʜʝʥ ʿʝ ʠ 

ʢʦʨʝʢʮʠʦʥʠ ʯʣʘʥ Exc ( ʝʿʜʥʘʯʠʥʘ (30)): 

%Î  4Î  *Î  % Î  6 Î                       (30) 

Exc ʧʨʝʜʩʪʘʚˀʘ ʬʫʥʢʮʠʦʥʘʣ ʢʦʨʝʣʘʮʠʿʝ ʠ ʠʟʤʝʥʝ, ʢʦʿʠ ʦʙʿʝʜʠˁʫʿʝ ʩʚʝ ʢʦʤʧʦʥʝʥʪʝ ʢʦʿʝ ʥʠʿʝ 

ʤʦʛʫ˂ʝ ʝʢʩʧʣʠʮʠʪʥʦ ʬʦʨʤʫʣʠʩʘʪʠ. ʂʘʜʘ ʩʝ ʟʘ ʧʨʝʦʩʪʘʣʝ ʜʝʣʦʚʝ ʬʫʥʢʮʠʦʥʘʣʘ ʜʝʬʠʥʠʰʫ 

ʝʢʩʧʣʠʮʠʪʥʠ ʦʙʣʠʮʠ, ʠʟʨʘʟ ʟʘ E[n] ʜʦʙʠʿʘ ʩʣʝʜʝ˂ʠ ʦʙʣʠʢ ( ʝʿʜʥʘʯʠʥʘ (31 ʠ 32)): 

%Î 4Î
ρ

ς

ÎἺÎἺ

Ἲ
ÄἺÄἺ % Î 6 ÎἺÄἺ 

%Î
ρ

ς
ἂ‪ȿ​ȿ‪ ἃ

ρ

ς
ȿ‪ὶȿȿ‪ὶȿ

ρ

ὶ
ȿ‪ὶȿὨὶὨὶ  Ὁ ὲ

ὤ

ὶ
ȿ‪ὶȿὨὶ 

ɼʘ ʙʠ ʩʝ ʦʜʨʝʜʠʣʝ ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ ʦʨʙʠʪʘʣʝ ʫ ʥʝʠʥʪʝʨʘʛʫʿʫ˂ʝʤ ʨʝʬʝʨʝʥʪʥʦʤ ʩʠʩʪʝʤʫ, ʘ ʜʘ 

ʝʣʝʢʪʨʦʥʩʢʘ ʛʫʩʪʠʥʘ ʦʜʛʦʚʘʨʘ ʨʝʘʣʥʦʤ, ʪʨʝʙʘ ʧʨʠʤʝʥʠʪʠ ʚʘʨʠʿʘʮʠʦʥʠ ʧʨʠʥʮʠʧ. ɼʨʫʛʠʤ 

ʨʝʯʠʤʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʧʨʦʥʘ˂ʠ ʩʢʫʧ ʥʝʠʥʪʝʨʘʛʫʿʫ˂ʠʭ ʦʨʪʦʛʦʥʘʣʥʠʭ ʦʨʙʠʪʘʣʘ {ɣi} ʢʦʿʝ ʜʦʚʦʜʝ 

ʜʦ ʤʠʥʠʤʘʣʥʝ ʝʥʝʨʛʠʿʝ. ɼʦʙʠʿʝʥʝ ʿʝʜʥʘʯʠʥʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʂʦʥ-ʐʘʤʦʚʝ ʿʝʜʥʘʯʠʥʝ ( ʝʿʜʥʘʯʠʥe 

(33 ʠ 34)): 

ρ

ς
ᶯ
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(31) 

(33) 

 

(34) 
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ʇʨʠʢʘʟʘʥʠ ʩʢʫʧ ʥʝʣʠʥʝʘʨʥʠʭ ʿʝʜʥʘʯʠʥʘ ʩʚʦʜʠ ʧʨʦʙʣʝʤ ʩʠʩʪʝʤʘ ʠʥʪʝʨʘʛʫʿʫ˂ʠʭ ʝʣʝʢʪʨʦʥʘ ʫ 

ʩʧʦˀʘʰˁʝʤ ʧʦʪʝʥʮʠʿʘʣʫ ʥʘ ʝʢʚʠʚʘʣʝʥʪʘʥ ʧʨʦʙʣʝʤ ʥʝʠʥʪʝʨʘʛʫʿʫ˂ʠʭ ʝʣʝʢʪʨʦʥʘ ʫ ʝʬʝʢʪʠʚʥʦʤ 

ʣʦʢʘʣʥʦʤ ʧʦʪʝʥʮʠʿʘʣʫ ( ʝʿʜʥʘʯʠʥʘ (35)): 

6 Ἲ 6 6 Ἲ
ɿ% Î 

ɿÎἺ
 

ʋ ʦʚʦʤ ʢʦʥʪʝʢʩʪʫ, Vxc ʧʨʝʜʩʪʘʚˀʘ ʧʦʪʝʥʮʠʿʘʣ ʢʦʨʝʣʘʮʠʿʝ ʠ ʠʟʤʝʥʝ ʢʦʿʠ ʿʝ ʠʟʚʦʜ ʬʫʥʢʮʠʦʥʘʣʘ 

Exc ʧʦ ʝʣʝʢʪʨʦʥʩʢʦʿ ʛʫʩʪʠʥʠ, ʦʜʥʦʩʥʦ VXC = ŭEXC/ŭn. ʂʘʢʦ ʦʚʘʿ ʝʬʝʢʪʠʚʥʠ ʧʦʪʝʥʮʠʿʘʣ ʟʘʚʠʩʠ 

ʦʜ ʝʣʝʢʪʨʦʥʩʢʝ ʛʫʩʪʠʥʝ, ʂʦʥ-ʐʘʤʦʚʝ ʿʝʜʥʘʯʠʥʝ ʟʘʭʪʝʚʘʿʫ ʩʘʤʦʩʘʛʣʘʩʥʦʩʪ, ʦʜʥʦʩʥʦ 

ʠʪʝʨʘʪʠʚʥʦ ʨʝʰʘʚʘˁʝ. ʌʫʥʢʮʠʿʝ ɣi ʠ ˁʠʭʦʚʝ ʩʚʦʿʩʪʚʝʥʝ ʝʥʝʨʛʠʿʝ Ůi ʥʝʤʘʿʫ ʬʠʟʠʯʢʠ ʟʥʘʯʘʿ. 

ɽʣʝʢʪʨʦʥʩʢʘ ʛʫʩʪʠʥʘ ʦʩʥʦʚʥʦʛ ʩʪʘˁʘ ʜʦʙʠʿʘ ʩʝ ʩʘʙʠʨʘˁʝʤ ʝʣʝʢʪʨʦʥʩʢʠʭ ʛʫʩʪʠʥʘ ʧʦ ʦʨʙʠʪʘʣʠ 

ɣi, ʯʠʤʝ ʦʥʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʨʘʢʪʠʯʘʥ ʥʘʯʠʥ ʟʘ ʜʦʙʠʿʘˁʝ ʩʚʦʿʩʪʘʚʘ ʦʩʥʦʚʥʦʛ ʩʪʘˁʘ. ʋʢʦʣʠʢʦ ʙʠ 

VXC, ʦʜʥʦʩʥʦ EXC ʙʠʣʠ ʧʦʟʥʘʪʠ, ʨʝʰʘʚʘˁʝ ʂʦʥ-ʐʘʤʦʚʠʭ ʿʝʜʥʘʯʠʥʘ ʙʠ ʜʘʣʦ ʪʘʯʥʫ ʚʨʝʜʥʦʩʪ. 

ʇʨʘʢʪʠʯʥʘ ʧʨʠʤʝʥˀʠʚʦʩʪ DFT-ʘ ʫ ʧʦʪʧʫʥʦʩʪʠ ʟʘʚʠʩʠ ʦʜ ʩʧʦʩʦʙʥʦʩʪʠ ʜʘ ʩʝ ʧʨʦʥʘʹʝ 

ʘʧʨʦʢʩʠʤʘʪʠʚʥʠ ʬʫʥʢʮʠʦʥʘʣ ʟʘ ʢʦʨʝʣʘʮʠʿʫ ʠ ʠʟʤʝʥʫ VXC ʢʦʿʠ ʿʝ ʫʥʠʚʝʨʟʘʣʘʥ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʥʝ 

ʟʘʚʠʩʠ ʦʜ ʢʦʥʢʨʝʪʥʦʛ ʩʠʩʪʝʤʘ, ʘ ʠʩʪʦʚʨʝʤʝʥʦ ʿʝ ʿʝʜʥʦʩʪʘʚʘʥ ʠ ʜʦʚʦˀʥʦ ʪʘʯʘʥ. ɼʦʩʘʜʘʰˁʠ 

ʧʨʠʩʪʫʧʠ ʫʢˀʫʯʫʿʫ: 

1) ʬʫʥʢʮʠʦʥʘʣʝ ʢʦʿʠ ʢʦʨʠʩʪʝ ʩʘʤʦ ʣʦʢʘʣʥʫ ʝʣʝʢʪʨʦʥʩʢʫ ʛʫʩʪʠʥʫ (ʝʥʛ. LDA - Local Density 

Approximation); 

2) ʝʣʝʢʪʨʦʥʩʢʫ ʛʫʩʪʠʥʫ ʠ ʣʦʢʘʣʥʠ ʛʨʘʜʠʿʝʥʪ ʛʫʩʪʠʥʝ (ʝʥʛ. GGA - Generalized Gradient 

Approximation); 

3) ʤʝʪʘ-ʛʨʘʜʠʿʝʥʪʩʢʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʩʘ ʜʦʜʘʪʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ (ʝʥʛ. Meta-GGA - Meta 

Generalized Gradient Approximation); 

4) ʭʠʙʨʠʜʥʠ ʬʫʥʢʮʠʦʥʘʣʠ, ʢʦʿʠ ʢʦʨʠʩʪʝ LDA, GGA ʠ ʪʘʯʥʫ ʨʘʟʤʝʥʫ ʠʟ ʍʘʨʪʨʠ-ʌʦʢʚʝ 

ʪʝʦʨʠʿʝ (ʝʥʛ. Hybrid Functionals); 

5) ʬʫʥʢʮʠʦʥʘʣʠ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʩʠʩʪʝʤʝ ʢʦʜ ʢʦʿʠʭ ʿʝ ʚʝʣʠʢʘ ʫʜʘˀʝʥʦʩʪ ʤʝʹʫ ʘʪʦʤʠʤʘ 
(ʝʥʛ. LC - Long-range corrected); 

6) ʩʝʤʠ-ʝʤʧʠʨʠʿʩʢʠ ʬʫʥʢʮʠʦʥʘʣʠ. 

LDA ʧʨʝʜʩʪʘʚˀʘ ʥʘʿʨʘʥʠʿʫ ʠʩʪʦʨʠʿʩʢʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʠʟʤʝʥʩʢʦ-ʢʦʨʝʣʘʮʠʦʥʦʛ 

ʧʦʪʝʥʮʠʿʘʣʘ ʠ ʧʦʣʦʞʠʣʘ ʿʝ ʪʝʤʝˀʝ ʟʘ ʢʘʩʥʠʿʝ ʨʘʟʚʠʿʝʥʝ ʪʝʭʥʠʢʝ. ʆʩʥʦʚʥʘ ʠʜʝʿʘ ʢʦʿʫ ʩʫ 1965. 

ʛʦʜʠʥʝ ʧʨʝʜʣʦʞʠʣʠ ʂʦʥ ʠ ʐʘʤ ʿʝ ʜʘ ʩʝ ʮʝʣʦʢʫʧʘʥ ʥʝʭʦʤʦʛʝʥʠ ʝʣʝʢʪʨʦʥʩʢʠ ʨʝʛʠʦʥ ʩʠʩʪʝʤʘ 

ʜʝʣʠ ʥʘ ʚʠʰʝ ʤʘʣʠʭ ʨʝʛʠʦʥʘ, ʘ ʜʘ ʩʝ ʩʚʘʢʠ ʦʜ ʪʠʭ ʤʘʣʠʭ ʨʝʛʠʦʥʘ ʘʧʨʦʢʩʠʤʠʨʘ ʢʘʦ ʭʦʤʦʛʝʥʠ 

ʝʣʝʢʪʨʦʥʩʢʠ ʛʘʩ [198]. ʌʫʥʢʮʠʦʥʘʣ ʠʟʤʝʥʝ ʠ ʢʦʨʝʣʘʮʠʿʝ, EXC, ʤʦʞʝ ʩʝ ʠʟʨʘʟʠʪʠ ʥʘ ʩʣʝʜʝ˂ʠ 

ʥʘʯʠʥ (ʝʿʜʥʘʯʠʥʘ (36)):  

% Î ÎἺʀ ÎἺÄἺ  

ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ, EXC, ʠʟʤʝʥʩʢʦ-ʢʦʨʝʣʘʮʠʦʥʘ ʝʥʝʨʛʠʿʘ ʧʦ ʯʝʩʪʠʮʠ ʫʥʠʬʦʨʤʥʦʛ ʝʣʝʢʪʨʦʥʩʢʦʛ 

ʛʘʩʘ ʯʠʿʘ ʿʝ ʛʫʩʪʠʥʘ n(r ). LDA ʿʝ ʚʝʦʤʘ ʫʩʧʝʰʥʘ ʫ ʦʜʨʝʹʠʚʘˁʫ ʜʫʞʠʥʘ ʚʝʟʘ ʫ ʤʦʣʝʢʫʣʠʤʘ, 

ʯʚʨʩʪʠʤ ʪʝʣʠʤʘ ʠ ʜʨʫʛʠʤ ʢʚʘʥʪʥʠʤ ʩʠʩʪʝʤʠʤʘ ʛʜʝ ʿʝ ʛʫʩʪʠʥʘ ʨʝʣʘʪʠʚʥʦ ʨʘʚʥʦʤʝʨʥʘ, ʢʘʦ ʠ ʫ 

ʠʟʨʘʯʫʥʘʚʘˁʫ ʝʥʝʨʛʠʿʘ ʿʦʥʠʟʘʮʠʿʝ, ʜʠʩʦʮʠʿʘʮʠʿʝ ʠ ʢʦʭʝʟʠʚʥʝ ʝʥʝʨʛʠʿʝ. ʄʝʹʫʪʠʤ, ʫ 

ʠʩʪʨʘʞʠʚʘˁʠʤʘ ʩʚʦʿʩʪʘʚʘ ʠ ʝʥʝʨʛʠʿʘ ʚʝʟʘ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ ʠ ʩʠʩʪʝʤʘ ʩʘ ʿʘʢʦ ʥʝʨʘʚʥʦʤʝʨʥʦʤ 

ʛʫʩʪʠʥʦʤ, LDA ʛʝʥʝʨʘʣʥʦ ʥʝ ʜʘʿʝ ʜʦʚʦˀʥʦ ʪʘʯʥʝ ʨʝʟʫʣʪʘʪʝ [198, 207ï209]. 

ʅʘ ʪʝʤʝˀʠʤʘ ʢʦʿʝ ʿʝ ʧʦʩʪʘʚʠʣʘ LDA, ʇʝʨʜʿʫ (Perdew) ʠ ɺʘʥʛ (Wang) ʩʫ 1986. ʛʦʜʠʥʝ 

ʧʨʝʜʣʦʞʠʣʠ ʜʘ, ʧʦʨʝʜ ʝʣʝʢʪʨʦʥʩʢʝ ʛʫʩʪʠʥʝ, ʠʟʤʝʥʩʢʦ-ʢʦʨʝʣʘʮʠʦʥʘ ʝʥʝʨʛʠʿʘ ʩʠʩʪʝʤʘ ʪʘʢʦʹʝ 

ʟʘʚʠʩʠ ʦʜ ʛʨʘʜʠʿʝʥʪʘ ʛʫʩʪʠʥʝ nɳ(r). ʅʘ ʦʩʥʦʚʫ ʦʚʝ ʪʝʦʨʠʿʝ, ʬʫʥʢʮʠʦʥʘʣ ʠʟʤʝʥʩʢʦ-ʢʦʨʝʣʘʮʠʦʥʝ 

(35) 

(36) 
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ʝʥʝʨʛʠʿʝ ʤʦʞʝ ʩʝ ʠʟʨʘʟʠʪʠ ʢʘʦ ʬʫʥʢʮʠʿʘ ʛʫʩʪʠʥʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʠ ˁʝʥʦʛ ʛʨʘʜʠʿʝʥʪʘ ( ʝʿʜʥʘʯʠʥʘ 

(37)): 

% ÎȟÎ ὪÎȟÎȟɳÎȟɳÎ ÄἺ  

%  ʬʫʥʢʮʠʿʘ ʨʘʟʤʝʥʝ-ʢʦʨʝʣʘʮʠʿʝ ʿʝ ʧʨʝʮʠʟʥʠʿʘ, ʿʝʨ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʥʝ ʩʘʤʦ ʣʦʢʘʣʥʫ ʛʫʩʪʠʥʫ, 

ʚʝ˂ ʠ ʧʨʦʤʝʥʫ ʛʫʩʪʠʥʝ ʫ ʦʢʦʣʠʥʠ. ʇʦʩʪʦʿʠ ʚʠʰʝ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ GGA ʬʫʥʢʮʠʦʥʘʣʘ ʢʦʿʠ ʩʝ 

ʨʘʟʣʠʢʫʿʫ ʫ ʧʨʠʩʪʫʧʠʤʘ ʟʘ ʢʦʥʩʪʨʫʢʮʠʿʫ EXC ʬʫʥʢʮʠʦʥʘʣʘ, ʢʘʦ ʰʪʦ ʩʫ BLYP (ʠʤʝ ʿʝ ʜʦʙʠʣʘ ʧʦ 

ʘʫʪʦʨʠʤʘ ʝʥʛ. Becke, Lee, Yang, Parr), PBE (ʠʤʝ ʿʝ ʜʦʙʠʣʘ ʧʦ ʘʫʪʦʨʠʤʘ ʝʥʛ. Perdew, Burke, 

Ernzerhof) ʠ PW91 (ʠʤʝ ʿʝ ʜʦʙʠʣʘ ʧʦ ʘʫʪʦʨʠʤʘ ʝʥʛ. Perdew-Wang 1991). ɻʣʘʚʥʠ ʧʨʘʚʮʠ ʫ 

ʨʘʟʚʦʿʫ ʬʫʥʢʮʠʦʥʘʣʘ ʫʢˀʫʯʫʿʫ ʩʚʝ ʚʝ˂ʠ ʙʨʦʿ ʢʦʨʝʢʮʠʿʘ ʠ ʧʘʨʘʤʝʪʨʠʟʘʮʠʿʘ, ʩ ʮʠˀʝʤ ʧʦʚʝ˂ʘˁʘ 

ʪʘʯʥʦʩʪʠ. GGA ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʩʝ ʦʙʠʯʥʦ ʢʦʨʠʩʪʠ ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʧʦʚʨʰʠʥʘ ʠ ʘʜʩʦʨʧʮʠʿʫ 

ʤʘʣʠʭ ʤʦʣʝʢʫʣʘ ʥʘ ʧʦʚʨʰʠʥʘʤʘ [198]. ʅʘʿʯʝʰ˂ʝ ʩʝ ʢʦʨʠʩʪʠ ʈɺɽ ʬʫʥʢʮʠʦʥʘʣ ʫ ʦʢʚʠʨʫ GGA, 

ʢʦʿʠ ʧʦʩʪʠʞʝ ʚʝʣʠʢʫ ʪʘʯʥʦʩʪ, ʟʘ ʤʥʦʛʝ ʭʝʤʠʿʩʢʝ ʨʝʘʢʮʠʿʝ ʠ ʝʬʠʢʘʩʥʦ ʦʧʠʩʫʿʝ ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʝ 

ʠʥʪʝʨʘʢʮʠʿʘ ʫ ʩʠʩʪʝʤʠʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʢʦʚʘʣʝʥʪʥʝ, ʿʦʥʩʢʝ ʠ ʤʝʪʘʣʥʝ ʚʝʟʝ, ʢʘʦ ʠ ʚʦʜʦʥʠʯʥʝ ʚʝʟʝ. 

ʄʝʹʫʪʠʤ, GGA-PBE ʠʤʘ ʥʝʜʦʩʪʘʪʘʢ ʫ ʪʦʤʝ ʰʪʦ ʥʝ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʜʠʩʧʝʨʟʠʦʥʝ ʠʥʪʝʨʘʢʮʠʿʝ. 

ʋʢʦʣʠʢʦ ʩʫ ʪʝ ʠʥʪʝʨʘʢʮʠʿʝ ʚʘʞʥʝ ʟʘ ʩʠʩʪʝʤ ʢʦʿʠ ʩʝ ʠʩʪʨʘʞʫʿʝ, ʧʦʪʨʝʙʥʦ ʿʝ ʢʦʨʠʩʪʠʪʠ 

ʬʫʥʢʮʠʦʥʘʣʝ ʩʘ ʢʦʨʝʢʮʠʿʘʤʘ. ʀʟʙʦʨ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʬʫʥʢʮʠʦʥʘʣʘ ʿʝ ʢˀʫʯʘʥ ʟʘ ʪʘʯʥʦ ʦʧʠʩʠʚʘˁʝ 

ʝʥʝʨʛʝʪʠʢʝ ʫ ʢʦʚʘʣʝʥʪʥʠʤ ʨʝʘʢʮʠʿʘʤʘ [209]. 

ʄʝʪʘ-GGA ʬʫʥʢʮʠʦʥʘʣʠ ʥʘʩʪʦʿʝ ʜʘ ʧʦʙʦˀʰʘʿʫ ʪʘʯʥʦʩʪ GGA ʬʫʥʢʮʠʦʥʘʣʘ ʜʦʜʘʚʘˁʝʤ ʛʫʩʪʠʥʝ 

ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ Ű(r ) ʢʘʦ ʠʥʜʠʢʘʪʦʨʘ ʟʘ ʿʝʜʥʦʝʣʝʢʪʨʦʥʩʢʝ ʦʙʣʘʩʪʠ ( ʝʿʜʥʘʯʠʥʘ (38)): 

% Ὢ᷿ὲὶȟ​ὲὶȟ†ὶ Ὠὶ 

ʛʜʝ ʿʝ ʛʫʩʪʠʥʘ ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ ʜʝʬʠʥʠʩʘʥʘ ʢʘʦ ʩʣʝʜʝ˂ʠ ʟʙʠʨ ʧʨʝʢʦ ʩʚʠʭ ʦʢʫʧʠʨʘʥʠʭ ʂʦʥ-

ʐʘʤʦʚʠʭ ʦʨʙʠʪʘʣʘ ( ʝʿʜʥʘʯʠʥʘ (39)): 

†ὶ
ρ

ς
ȿ​‪Ὥὶȿ 

ʆʚʘ ʧʨʦʤʝʥʘ ʦʤʦʛʫ˂ʘʚʘ ʤʝʪʘ-GGA ʬʫʥʢʮʠʦʥʘʣʘ ʜʘ ʪʘʯʥʠʿʝ ʦʧʠʩʫʿʫ ʨʘʟʣʠʯʠʪʝ ʭʝʤʠʿʩʢʝ ʚʝʟʝ, 

ʢʘʦ ʰʪʦ ʩʫ ʢʦʚʘʣʝʥʪʥʝ, ʤʝʪʘʣʥʝ ʠʣʠ ʩʣʘʙʝ ʚʝʟʝ, ʫ ʧʦʨʝʹʝˁʫ ʩʘ LDA ʠ GGA. ʄʝʪʘ-GGA ʪʘʢʦʹʝ 

ʦʤʦʛʫ˂ʘʚʘ ʢʦʨʠʰ˂ʝˁʝ ʝʢʩʧʘʥʟʠʿʘ ʛʨʘʜʠʿʝʥʪʘ ʠʟʤʝʥʩʢʦ-ʢʦʨʝʣʘʮʠʦʥʝ ʝʥʝʨʛʠʿʝ ʟʘ ʩʧʦʨʦ 

ʚʘʨʠʨʘʿʫ˂ʝ ʛʫʩʪʠʥʝ, ʰʪʦ ʥʠʿʝ ʤʦʛʫ˂ʝ ʫ GGA. ʇʦʧʫʣʘʨʥʠ ʤʝʪʘ-GGA ʬʫʥʢʮʠʦʥʘʣʠ ʫʢˀʫʯʫʿʫ 

TPSS (ʝʥʛ. Tao, Perdew, Staroverov, and Scuseria), M06-L (ʝʥʛ. Minnesota 06-L), revTPSS (ʝʥʛ. 

Revised TPSS) ʠ SCAN (ʝʥʛ. Strongly Constrained and Appropriately Normed) [210ï212]. 

ʍʠʙʨʠʜʥʠ ʬʫʥʢʮʠʦʥʘʣʠ ʫʚʦʜʝ ʣʠʥʝʘʨʥʫ ʢʦʤʙʠʥʘʮʠʿʫ ʪʘʯʥʝ ʨʘʟʤʝʥʝ ʜʦʙʠʿʝʥʝ ʠʟ 

ʍʘʨʪʨʠ-ʌʦʢ ʤʝʪʦʜʝ ʠ ʜʝʦ ʨʘʟʤʝʥʝ ʜʦʙʠʿʝʥʝ ʠʟ GGA (ʠʣʠ ʜʨʫʛʦʛ ʬʫʥʢʮʠʦʥʘʣʘ). ʍʠʙʨʠʜʥʠ 

ʦʙʣʠʮʠ ʩʫ ʩʝ ʧʦʢʘʟʘʣʠ ʤʥʦʛʦ ʙʦˀʠʤ ʨʝʰʝˁʝʤ ʦʜ GGA ʠʣʠ LDA ʫ ʧʨʝʜʚʠʹʘˁʫ ʝʥʝʨʛʝʪʩʢʠʭ 

ʩʚʦʿʩʪʘʚʘ ʠ ʛʝʦʤʝʪʨʠʿʝ ʤʦʣʝʢʫʣʘ ʠ ʤʘʪʝʨʠʿʘʣʘ. ɱʝʜʘʥ ʦʜ ʥʘʿʧʦʟʥʘʪʠʿʠʭ ʠ ʥʘʿʚʠʰʝ ʢʦʨʠʰ˂ʝʥʠʭ 

ʭʠʙʨʠʜʥʠʭ ʬʫʥʢʮʠʦʥʘʣʘ ʿʝ B3LYP (ʝʥʛ. Becke, 3-parameter, Lee-Yang-Parr) ʬʫʥʢʮʠʦʥʘʣʘ, ʢʦʿʠ 

ʢʦʨʠʩʪʠ ʩʣʝʜʝ˂ʫ ʬʦʨʤʫʣʫ ( ʝʿʜʥʘʯʠʥʘ (40)): 

% ὥ% ρ ὥ% %  

ʋ ʦʚʦʿ ʬʦʨʤʫʣʠ, %  ʧʨʝʜʩʪʘʚˀʘ ʪʘʯʥʫ ʍʘʨʪʨʠ-ʌʦʢ ʨʘʟʤʝʥʫ, %  ʨʘʟʤʝʥʫ ʠʟʨʘʯʫʥʘʪʫ DFT 

ʤʝʪʦʜʦʤ, %  ʢʦʨʝʣʘʮʠʦʥʫ ʝʥʝʨʛʠʿʫ ʠʟ DFT ʤʝʪʦʜʝ, ʜʦʢ ʿʝ a ʧʘʨʘʤʝʪʘʨ ʢʦʿʠ ʦʜʨʝʹʫʿʝ ʫʜʝʦ 

ʍʘʨʪʨʠ-ʌʦʢ ʨʘʟʤʝʥʝ, ʢʦʿʠ ʿʝ ʦʙʠʯʥʦ 20-25%, ʪʿ. 0,2-0,25 [210, 213ï215]. 

(37) 

(38) 

(39) 

(40) 
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ʂʦʨʝʢʮʠʿʘ ʜʫʛʦʛ ʜʦʤʝʪʘ (ʝʥʛ. LC - Long-range corrected) ʫʚʝʜʝʥʘ ʿʝ ʨʘʜʠ ʧʦʙʦˀʰʘˁʘ 

ʠʟʨʘʯʫʥʘʚʘˁʘ ʠʥʪʝʨʘʢʮʠʿʘ ʥʘ ʚʝ˂ʠʤ ʨʘʩʪʦʿʘˁʠʤʘ. ʌʫʥʢʮʠʦʥʘʣʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʣʦʢʘʣʥʦʿ 

ʛʫʩʪʠʥʠ (LDA) ʠ ʛʝʥʝʨʘʣʠʟʦʚʘʥʦʿ ʛʨʘʜʠʿʝʥʪʥʦʿ ʘʧʨʦʢʩʠʤʘʮʠʿʠ (GGA) ʜʠʟʘʿʥʠʨʘʥʠ ʩʫ ʜʘ 

ʦʧʠʩʫʿʫ ʣʦʢʘʣʥʝ ʜʦʧʨʠʥʦʩʝ. ʄʝʹʫʪʠʤ, ʦʥʠ ʯʝʩʪʦ ʥʝʜʦʚʦˀʥʦ ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ ʝʬʝʢʪʝ 

ʠʥʪʝʨʘʢʮʠʿʘ ʜʫʛʦʛ ʜʦʤʝʪʘ, ʰʪʦ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʧʨʝʮʝˁʠʚʘˁʘ ʣʦʢʘʣʥʠʭ ʠ ʧʦʪʮʝˁʠʚʘˁʘ 

ʥʝʣʦʢʘʣʥʠʭ ʝʬʝʢʘʪʘ ʫ ʦʜʨʝʹʝʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ. ɻʦʜʠʥʝ 1996. ʉʘʚʠʥ ʿʝ ʧʨʝʜʣʦʞʠʦ ʧʨʠʩʪʫʧ ʢʦʿʠ 

ʧʦʙʦˀʰʘʚʘ LDA ʬʫʥʢʮʠʦʥʘʣʝ ʜʦʜʘʚʘˁʝʤ ʢʦʨʝʢʮʠʿʘ ʟʘ ʜʘʣʝʢʦʜʦʤʝʪʥʝ ʠʥʪʝʨʘʢʮʠʿʝ. ʆʚʘʿ 

ʤʝʪʦʜ ʧʦʜʨʘʟʫʤʝʚʘ ʧʦʜʝʣʫ ʝʣʝʢʪʨʦʥʩʢʠʭ ʠʥʪʝʨʘʢʮʠʿʘ ʥʘ ʢʨʘʪʢʦʜʦʤʝʪʥʝ ʠ ʜʫʛʦʜʦʤʝʪʥʝ 

ʢʦʤʧʦʥʝʥʪʝ: ʢʨʘʪʢʦʜʦʤʝʪʥʝ ʠʥʪʝʨʘʢʮʠʿʝ ʦʧʠʩʫʿʫ ʩʝ LDA ʬʫʥʢʮʠʦʥʘʣʦʤ, ʜʦʢ ʜʫʛʦʜʦʤʝʪʥʝ 

ʫʢˀʫʯʫʿʫ ʍʘʨʪʨʠ-ʌʦʢʦʚ ʨʘʟʤʝʥʩʢʠ ʠʥʪʝʛʨʘʣ. ʆʚʘ ʧʦʜʝʣʘ ʟʥʘʯʘʿʥʦ ʧʦʙʦˀʰʘʚʘ ʪʘʯʥʦʩʪ ʫ 

ʤʦʜʝʣʦʚʘˁʫ ʚʝʣʠʢʠʭ ʠ ʢʦʤʧʣʝʢʩʥʠʭ ʩʠʩʪʝʤʘ. ɻʦʜʠʥʝ 2001. ʀʠʢʫʨʘ, ʊʩʫʥʝʜʘ, ʀʘʥʘʠ ʠ ʍʠʨʘʦ 

ʧʨʦʰʠʨʠʣʠ ʩʫ ʦʚʘʿ ʧʨʠʩʪʫʧ ʥʘ GGA ʬʫʥʢʮʠʦʥʘʣʝ. ɳʠʭʦʚʘ ʤʝʪʦʜʘ ʿʝ ʫʢˀʫʯʠʣʘ ʜʦʜʘʪʥʝ 

ʢʦʨʝʢʮʠʿʝ ʟʘ ʠʥʪʝʨʘʢʮʠʿʝ ʜʫʛʦʛ ʜʦʤʝʪʘ, ʧʨʠ ʯʝʤʫ ʿʝ ʜʦʜʘʪ ʢʦʨʝʢʮʠʦʥʠ ʯʣʘʥ ʛʨʘʜʠʿʝʥʪʘ ʫ 

ʤʦʤʝʥʪ ʠʤʧʫʣʩʘ. ʆʚʦ ʿʝ ʦʤʦʛʫ˂ʠʣʦ ʟʘʜʨʞʘʚʘˁʝ ʪʘʯʥʦʩʪʠ ʫ ʦʧʠʩʫ ʢʨʘʪʢʦʜʦʤʝʪʥʠʭ ʜʦʧʨʠʥʦʩʘ, 

ʠʩʪʦʚʨʝʤʝʥʦ ʧʦʙʦˀʰʘʚʘʿʫ˂ʠ ʤʦʜʝʣʦʚʘˁʝ ʜʘʣʝʢʦʜʦʤʝʪʥʠʭ ʠʥʪʝʨʘʢʮʠʿʘ. ʊʦʢʦʤ ʛʦʜʠʥʘ 

ʨʘʟʚʠʿʝʥʦ ʿʝ  ʚʠʰʝ ʪʠʧʦʚʘ ʬʫʥʢʮʠʦʥʘʣʘ ʩʘ ʢʦʨʝʢʮʠʿʦʤ ʜʫʛʦʛ ʜʦʤʝʪʘ: CAM-B3LYP, LCɤPBE, 

ɤB97X, LC-PR ʠ ʜʨʫʛʠ. ʂʦʨʝʢʮʠʿʘ ʜʫʛʦʛ ʜʦʤʝʪʘ ʥʘʣʘʟʠ ʰʠʨʦʢʫ ʧʨʠʤʝʥʫ ʫ ʫʥʘʧʨʝʹʝˁʫ 

ʪʘʯʥʦʩʪʠ ʧʨʦʨʘʯʫʥʘ ʝʥʝʨʛʠʿʝ ʚʘʣʝʥʪʥʠʭ ʦʨʙʠʪʘʣʘ, ʦʜʨʝʹʠʚʘˁʫ ʩʧʝʢʪʘʨʘ ʝʣʝʢʪʨʦʥʩʢʠʭ 

ʝʢʩʮʠʪʘʮʠʿʘ ʠ ʚʘʥ ʜʝʨ ɺʘʣʩʦʚʠʭ ʚʝʟʘ [216ï219]. 

ʉʝʤʠʝʤʧʠʨʠʿʩʢʝ ʤʝʪʦʜʝ ʫ ʨʘʯʫʥʘʨʩʢʦʿ ʭʝʤʠʿʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʝ ʚʝʨʟʠʿʝ 

ʍʘʨʪʨʠ-ʌʦʢ (HF) ʠʣʠ ʪʝʦʨʠʿʝ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ (DFT), ʛʜʝ ʩʝ ʦʜʨʝʹʝʥʠ ʝʣʝʢʪʨʦʥʩʢʠ 

ʠʥʪʝʛʨʘʣʠ ʟʘʥʝʤʘʨʫʿʫ ʠʣʠ ʘʧʨʦʢʩʠʤʠʨʘʿʫ. ʋʚʦʹʝˁʝʤ ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʠ ʩʝ ʦʜʨʝʹʫʿʫ ʥʘ ʦʩʥʦʚʫ 

ʨʝʬʝʨʝʥʪʥʠʭ ʧʨʦʨʘʯʫʥʘ ʠʣʠ ʧʨʠʣʘʛʦʹʘʚʘˁʝʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʧʦʜʘʪʘʢʘ, ʦʚʝ ʤʝʪʦʜʝ 

ʦʤʦʛʫ˂ʘʚʘʿʫ ʟʥʘʯʘʿʥʦ ʙʨʞʝ ʧʨʦʨʘʯʫʥʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʩʪʘʥʜʘʨʜʥʠʤ HF ʠʣʠ DFT ʤʝʪʦʜʘʤʘ, ʘʣʠ 

ʩʫ ʩʧʦʨʠʿʝ ʦʜ ʤʦʣʝʢʫʣʩʢʝ ʤʝʭʘʥʠʢʝ. ɿʙʦʛ ʪʦʛʘ ʩʫ ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʤʝʪʦʜʝ ʥʘʿʧʨʠʢʣʘʜʥʠʿʝ ʟʘ 

ʧʨʦʫʯʘʚʘˁʝ ʩʠʩʪʝʤʘ ʢʦʿʠ ʩʘʜʨʞʝ ʚʝʣʠʢʠ ʙʨʦʿ ʘʪʦʤʘ ʠ ʢʦʿʠ ʩʫ ʧʨʝʚʝʣʠʢʠ ʟʘ ab initio ʠ DFT 

ʤʝʪʦʜʝ, ʢʘʦ ʠ ʟʘ ʧʨʦʙʣʝʤʝ ʛʜʝ ʩʫ ʜʠʥʘʤʠʯʢʠ ʠʣʠ ʝʥʪʨʦʧʠʿʩʢʠ ʝʬʝʢʪʠ ʧʦʩʝʙʥʦ ʚʘʞʥʠ. ʋ ʦʚʠʤ 

ʩʣʫʯʘʿʝʚʠʤʘ ʛʨʝʰʢʝ ʥʘʩʪʘʣʝ ʨʘʟʤʘʪʨʘˁʝʤ ʚʝʦʤʘ ʦʛʨʘʥʠʯʝʥʦʛ ʙʨʦʿʘ ʤʦʣʝʢʫʣʩʢʠʭ ʩʪʨʫʢʪʫʨʘ ʠʣʠ 

ʟʘʥʝʤʘʨʠʚʘˁʝʤ ʝʥʪʨʦʧʠʿʩʢʠʭ ʜʦʧʨʠʥʦʩʘ ʤʦʛʫ ʙʠʪʠ ʤʥʦʛʦ ʚʝ˂ʝ ʦʜ ʥʝʪʘʯʥʦʩʪʠ ʫʩʣʝʜ ʫʧʦʪʨʝʙʝ 

ʩʝʤʠʝʤʧʠʨʠʿʩʢʠʭ ʤʝʪʦʜʘ. ɱʦʰ ʿʝʜʥʘ ʦʙʣʘʩʪ ʛʜʝ ʩʫ ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʤʝʪʦʜʝ ʧʦʛʦʜʥʝ ʿʝ ʘʥʘʣʠʟʘ 

ʩʠʩʪʝʤʘ ʟʘ ʢʦʿʝ ʧʦʫʟʜʘʥʠ ʤʦʜʝʣʠ ʤʦʣʝʢʫʣʩʢʝ ʤʝʭʘʥʠʢʝ ʥʠʩʫ ʣʘʢʦ ʜʦʩʪʫʧʥʠ. ʉʪʦʛʘ, ʯʘʢ ʠ ʫ ʝʨʠ 

ʙʨʟʦʛ ʥʘʧʨʝʪʢʘ ab initio ʤʝʪʦʜʘ, ʧʦʩʪʦʿʠ ʟʥʘʯʘʿʥʦ ʠʥʪʝʨʝʩʦʚʘˁʝ ʟʘ ʜʘˀʠ ʨʘʟʚʦʿ 

ʩʝʤʠʝʤʧʠʨʠʿʩʢʠʭ ʤʝʪʦʜʘ. ʇʨʠʤʝʨ ʟʘ ʪʦ ʿʝ ʨʘʟʚʦʿ ʠ ʧʨʠʤʝʥʘ ʤʝʪʦʜʝ ʪʝʦʨʠʿʝ ʬʫʥʢʮʠʦʥʘʣʘ 

ʛʫʩʪʠʥʝ ʩʘ ʯʚʨʩʪʠʤ ʚʝʟʘʤʘ (ʝʥʛ. Density Functional Tight Binding method), ʘʣʠ ʧʦʨʝʜ ʦʚʝ ʤʝʪʦʜʝ 

ʢʦʨʠʩʪʝ ʩʝ ʿʦʰ ʠ MNDO (ʝʥʛ. Modified Neglect of Diatomic Overlap), AM1 (ʝʥʛ. Austin Model 1), 

PM3 (ʝʥʛ. Parametric Method 3), PM6 (ʝʥʛ. Parametric Method 6) ʠ ʜʨʫʛʝ [220ï223].  

ʊʝʦʨʠʿʘ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ ʧʨʝʜʩʪʘʚˀʘ ʤʦ˂ʘʥ ʘʣʘʪ ʫ ʠʩʪʨʘʞʠʚʘˁʫ ʠ ʧʦʙʦˀʰʘˁʫ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʧʨʫʞʘʿʫ˂ʠ ʜʫʙʦʢʦ ʨʘʟʫʤʝʚʘˁʝ ʝʣʝʢʪʨʦʥʩʢʠʭ ʩʚʦʿʩʪʘʚʘ ʠ 

ʤʝʭʘʥʠʟʘʤʘ ʢʦʿʠ ʩʪʦʿʝ ʠʟʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠʭ ʧʨʦʮʝʩʘ. DFT ʦʤʦʛʫ˂ʘʚʘ ʘʥʘʣʠʟʫ ʩʪʨʫʢʪʫʨʥʠʭ ʠ 

ʝʥʝʨʛʝʪʩʢʠʭ ʩʚʦʿʩʪʘʚʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʘʥʘʣʠʟʠʨʘˁʝ ʧʨʦʤʝʥʘ ʫ ʝʣʝʢʪʨʦʥʩʢʦʿ ʩʪʨʫʢʪʫʨʠ, ʩʪʨʫʢʪʫʨʫ 

ʟʘʙʨʘˁʝʥʝ ʟʦʥʝ, ʢʘʦ ʠ ʘʥʘʣʠʟʫ ʝʥʝʨʛʠʿʘ ʘʜʩʦʨʧʮʠʿʝ, ʨʝʘʢʮʠʦʥʠʭ ʧʫʪʝʚʘ ʠ ʙʘʨʠʿʝʨʘ ʘʢʪʠʚʘʮʠʿʝ. 

ʆʚʘ ʤʝʪʦʜʘ ʿʝ ʢʦʨʠʩʥʘ ʟʘ ʦʙʿʘʰˁʘʚʘˁʝ ʠʥʪʝʨʘʢʮʠʿʘ ʠʟʤʝʹʫ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʨʝʘʢʮʠʦʥʠʭ 

ʚʨʩʪʘ, ʢʘʦ ʠ ʟʘ ʨʘʟʫʤʝʚʘˁʝ ʧʨʦʮʝʩʘ ʧʨʝʥʦʩʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ, ʢʨʝʪʘˁʘ ʝʣʝʢʪʨʦʥʘ ʠ ʰʫʧˀʠʥʘ ʥʘ 

ʘʪʦʤʩʢʦʤ ʥʠʚʦʫ. DFT ʪʘʢʦʹʝ ʧʨʫʞʘ ʫʚʠʜʝ ʫ ʝʥʝʨʛʝʪʩʢʠ ʙʠʣʘʥʩ ʠ ʫʪʠʮʘʿ ʜʝʬʝʢʘʪʘ ʫ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʚʘʢʘʥʮʠʿʝ ʠʣʠ ʜʦʧʘʥʪʠ ʠ ʨʘʟʿʘʰˁʘʚʘ ʤʝʭʘʥʠʟʤʝ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠʭ ʨʝʘʢʮʠʿʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʤʝʹʫʧʨʦʠʟʚʦʜʝ, ʧʨʝʣʘʟʥʘ ʩʪʘˁʘ ʠ ʨʝʘʢʮʠʦʥʝ ʧʫʪʝʚʝ. 

ʀʘʢʦ DFT ʥʫʜʠ ʠʟʫʟʝʪʥʝ ʧʨʝʜʥʦʩʪʠ, ˁʝʛʦʚʘ ʧʨʠʤʝʥʘ ʤʦʞʝ ʙʠʪʠ ʨʘʯʫʥʘʨʩʢʠ ʟʘʭʪʝʚʥʘ, ʘ 

ʪʘʯʥʦʩʪ ʨʝʟʫʣʪʘʪʘ ʟʘʚʠʩʠ ʦʜ ʠʟʙʦʨʘ ʨʘʟʤʝʥʩʢʦ-ʢʦʨʝʣʘʮʠʦʥʦʛ ʬʫʥʢʮʠʦʥʘʣʘ ʢʦʿʠ ʤʦʞʝ 

ʧʨʦʧʫʩʪʠʪʠ ʚʘʞʥʝ ʜʝʪʘˀʝ ʝʣʝʢʪʨʦʥʩʢʠʭ ʠʥʪʝʨʘʢʮʠʿʘ [187, 224]. ʊʘʢʦʹʝ, ʢʘʦ ʪʝʦʨʠʿʘ ʦʩʥʦʚʥʦʛ 

ʩʪʘˁʘ ʯʠʿʘ ʿʝ ʧʨʠʤʝʥʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʚʘʨʠʿʘʮʠʦʥʦʤ ʧʨʠʥʮʠʧʫ, ɼʌʊ ʤʦʞʝ ʠʤʘʪʠ ʦʛʨʘʥʠʯʝʥʫ 
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ʧʨʠʤʝʥˀʠʚʦʩʪ ʫ ʘʥʘʣʠʟʠ ʩʪʘˁʘ ʠʟʥʘʜ ʌʝʨʤʠʿʝʚʦʛ ʥʠʚʦʘ, ʰʪʦ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʠʟʨʘʞʘʿʘ ʫ 

ʪʫʤʘʯʝˁʫ ʩʚʦʿʩʪʘʚʘ ʟʘʙʨʘˁʝʥʝ ʟʦʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. 

2.6.2. ɼʝʪʘˀʠ DFT ʧʨʦʨʘʯʫʥʘ 

ʋ ʧʨʝʪʭʦʜʥʦʤ ʦʜʝˀʢʫ ʧʨʠʢʘʟʘʥ ʿʝ ʟʥʘʯʘʿ ʠ ʫʣʦʛʘ ʪʝʦʨʠʿʝ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ ʫ 

ʧʨʝʜʚʠʹʘˁʫ ʩʚʦʿʩʪʘʚʘ ʥʘʥʦʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʨʠʤʝʥʫ ʫ ʬʦʪʦʢʘʪʘʣʠʟʠ. ʇʦʨʝʜ ʠʟʙʦʨʘ ʘʜʝʢʚʘʪʥʦʛ 

ʬʫʥʢʮʠʦʥʘʣʘ ʟʘ ʩʠʤʫʣʘʮʠʿʫ, ʢˀʫʯʥʦ ʿʝ ʧʘʞˀʠʚʦ ʠ ʧʨʝʮʠʟʥʦ ʦʜʨʝʜʠʪʠ ʥʠʟ ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʠ 

ʫʪʠʯʫ ʥʘ ʪʘʯʥʦʩʪ ʠ ʧʦʫʟʜʘʥʦʩʪ ʨʝʟʫʣʪʘʪʘ. ʅʝʢʝ ʦʜ ʩʧʝʮʠʬʠʯʥʠʭ ʩʪʘʚʢʠ ʢʦʿʠʤʘ ʪʨʝʙʘ ʧʦʩʚʝʪʠʪʠ 

ʧʘʞˁʫ ʫ ʤʦʜʝʣʦʚʘˁʫ ʧʝʨʠʦʜʠʯʥʠʭ ʩʠʩʪʝʤʘ, ʢʘʢʘʚ ʿʝ ʤʦʜʝʣ ʧʦʚʨʰʠʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, 

ʫʢˀʫʯʫʿʫ: ʦʧʪʠʤʘʣʘʥ ʦʜʘʙʠʨ ʙʘʟʥʦʛ ʩʢʫʧʘ, ʢʦʥʬʠʛʫʨʘʮʠʿʫ ʧʝʨʠʦʜʠʯʥʠʭ ʩʠʩʪʝʤʘ, ʨʘʩʧʦʜʝʣʫ k-

ʪʘʯʘʢʘ ʫ ɹʨʠʣʫʝʥʦʚʦʿ ʟʦʥʠ, ʘʣʛʦʨʠʪʤʝ ʨʝʣʘʢʩʘʮʠʿʝ ʠ ʦʧʪʠʤʠʟʘʮʠʿʝ ʩʪʨʫʢʪʫʨʝ, ʢʘʦ ʠ 

ʫʢˀʫʯʠʚʘˁʝ U-ʢʦʨʝʢʮʠʿʘ ʟʘ ʙʦˀʝ ʦʧʠʩʠʚʘˁʝ ʝʣʝʢʪʨʦʥʩʢʠʭ ʢʦʨʝʣʘʮʠʿʘ ʟʘ d-ʤʝʪʘʣʝ. ʋ ʥʘʩʪʘʚʢʫ 

ʨʘʜʘ, ʩʚʠ ʦʚʠ ʧʘʨʘʤʝʪʨʠ ʢʦʿʠ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʫ ʩʠʤʫʣʘʮʠʿʘʤʘ ʧʨʝʜʩʪʘʚˀʝʥʠʤ ʫ ʦʚʦʿ ʜʠʩʝʨʪʘʮʠʿʠ 

ʙʠ˂ʝ ʜʝʪʘˀʥʦ ʦʙʿʘʰˁʝʥʠ, ʫʟ ʦʙʨʘʟʣʦʞʝˁʝ ʠʟʙʦʨʘ ˁʠʭʦʚʠʭ ʚʨʝʜʥʦʩʪʠ ʠ ˁʠʭʦʚʝ ʫʣʦʛʝ ʫ 

ʢʦʥʪʝʢʩʪʫ ʧʨʦʫʯʘʚʘʥʠʭ ʩʠʩʪʝʤʘ. ʆʚʘʿ ʜʝʦ ʠʤʘ ʟʘ ʮʠˀ ʜʘ ʦʙʝʟʙʝʜʠ ʿʘʩʥʫ ʠ ʩʠʩʪʝʤʘʪʩʢʫ ʦʩʥʦʚʫ 

ʟʘ ʨʘʟʫʤʝʚʘˁʝ ʧʨʠʩʪʫʧʘ ʢʦʿʠ ʩʫ ʧʨʠʤʝˁʝʥʠ ʪʦʢʦʤ ʩʠʤʫʣʘʮʠʿʘ, ʢʘʦ ʠ ʜʘ ʦʤʦʛʫ˂ʠ 

ʨʝʧʨʦʜʫʢʪʠʚʥʦʩʪ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ. 

ʇʝʨʠʦʜʠʯʥʠ ʩʠʩʪʝʤʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʤʘʪʝʨʠʿʘʣʝ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʢʦʿʘ ʩʝ ʧʦʥʘʚˀʘ ʫ 

ʧʨʦʩʪʦʨʫ ʫ ʿʝʜʥʦʿ, ʜʚʝ ʠʣʠ ʪʨʠ ʜʠʤʝʥʟʠʿʝ. ʆʚʘʿ ʢʦʥʮʝʧʪ ʿʝ ʢˀʫʯʘʥ ʟʘ ʢʚʘʥʪʥʦʤʝʭʘʥʠʯʢʝ 

ʩʠʤʫʣʘʮʠʿʝ ʤʘʪʝʨʠʿʘʣʘ, ʿʝʨ ʦʤʦʛʫ˂ʘʚʘ ʦʧʠʩʠʚʘˁʝ ʩʣʦʞʝʥʠʭ ʩʠʩʪʝʤʘ ʢʨʦʟ ʿʝʜʥʦʩʪʘʚʥʠʿʝ, 

ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʝ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ ʢʦʿʝ ʩʝ ʪʨʘʥʩʣʘʮʠʦʥʦ ʧʦʥʘʚˀʘʿʫ. ʇʝʨʠʦʜʠʯʥʠ ʩʠʩʪʝʤʠ ʩʫ 

ʦʩʥʦʚʘ ʟʘ ʨʘʟʫʤʝʚʘˁʝ ʩʚʦʿʩʪʘʚʘ ʢʨʠʩʪʘʣʘ, ʥʘʥʦʤʘʪʝʨʠʿʘʣʘ ʠ ʜʨʫʛʠʭ ʩʪʨʫʢʪʫʨʥʦ ʫʨʝʹʝʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ [225]. ʇʨʝʤʘ ʙʨʦʿʫ ʜʠʤʝʥʟʠʿʘ ʫ ʢʦʿʠʤʘ ʧʦʩʪʦʿʠ ʧʝʨʠʦʜʠʯʥʦʩʪ, ʧʝʨʠʦʜʠʯʥʠ ʩʠʩʪʝʤʠ 

ʩʝ ʜʝʣʝ ʥʘ [226, 227]: 

1. ʊʨʦʜʠʤʝʥʟʠʦʥʘʣʥʝ ʧʝʨʠʦʜʠʯʥʝ ʩʠʩʪʝʤʝ (ʝʥʛ. bulk - ʚʦʣʫʤʝʥʩʢʠ ʩʠʩʪʝʤʠ): ʆʚʠ ʩʠʩʪʝʤʠ 

ʠʤʘʿʫ ʧʝʨʠʦʜʠʯʥʦʩʪ ʫ ʩʚʝ ʪʨʠ ʜʠʤʝʥʟʠʿʝ ʠ ʦʧʠʩʫʿʫ ʫʥʫʪʨʘʰˁʦʩʪ ʤʘʪʝʨʠʿʘʣʘ (ʥʘ ʧʨʠʤʝʨ, 

ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʤʝʪʘʣʘ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʠ ʠʟʦʣʘʪʦʨʘ). Bulk ʤʦʜʝʣʠ ʩʫ ʧʦʛʦʜʥʠ ʟʘ 

ʘʥʘʣʠʟʫ ʝʣʝʢʪʨʦʥʩʢʠʭ ʪʨʘʢʘ, ʛʫʩʪʠʥʝ ʩʪʘˁʘ ʠ ʤʝʭʘʥʠʯʢʠʭ ʩʚʦʿʩʪʘʚʘ. 

2. ɼʚʦʜʠʤʝʥʟʠʦʥʘʣʥʝ ʧʝʨʠʦʜʠʯʥʝ ʩʠʩʪʝʤʝ (ʝʥʛ. slab - ʧʦʚʨʰʠʥʩʢʠ ʩʠʩʪʝʤʠ): ʆʚʠ ʤʦʜʝʣʠ 

ʠʤʘʿʫ ʧʝʨʠʦʜʠʯʥʦʩʪ ʫ ʜʚʝ ʜʠʤʝʥʟʠʿʝ, ʜʦʢ ʿʝ ʫ ʪʨʝ˂ʦʿ ʜʠʤʝʥʟʠʿʠ ʩʪʨʫʢʪʫʨʘ ʦʛʨʘʥʠʯʝʥʘ 

ʩʣʦʿʝʚʠʤʘ, ʨʘʟʜʚʦʿʝʥʠʤ ʚʘʢʫʫʤʩʢʠʤ ʨʝʛʠʦʥʦʤ. Slab ʤʦʜʝʣʠ ʩʫ ʢˀʫʯʥʠ ʟʘ ʧʨʦʫʯʘʚʘˁʝ 

ʧʦʚʨʰʠʥʘ, ʘʜʩʦʨʧʮʠʦʥʠʭ ʧʨʦʮʝʩʘ, ʭʝʤʠʿʩʢʝ ʢʘʪʘʣʠʟʘʮʠʿʝ ʠ ʠʥʪʝʨʬʝʿʩʘ ʠʟʤʝʹʫ 

ʨʘʟʣʠʯʠʪʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʇʨʠʤʝʨ ʿʝ ʩʠʤʫʣʘʮʠʿʘ ʨʝʘʢʪʠʚʥʠʭ ʧʦʚʨʰʠʥʘ ʠʣʠ ʪʘʥʢʠʭ 

ʬʠʣʤʦʚʘ. 

3. ɱʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʧʝʨʠʦʜʠʯʥʠ ʩʠʩʪʝʤʠ: ʆʚʠ ʩʠʩʪʝʤʠ ʦʧʠʩʫʿʫ ʥʘʥʦʞʠʮʝ ʠʣʠ ʣʘʥʮʝ 
ʩʘ ʧʝʨʠʦʜʠʯʥʦʤ ʩʪʨʫʢʪʫʨʦʤ ʫ ʿʝʜʥʦʿ ʜʠʤʝʥʟʠʿʠ, ʯʝʩʪʦ ʢʦʨʠʰ˂ʝʥʝ ʟʘ ʤʦʜʝʣʠʨʘˁʝ 

ʢʚʘʥʪʥʠʭ ʥʘʥʦʞʠʮʘ. 

4. ʅʫʣʪʦ-ʜʠʤʝʥʟʠʦʥʘʣʥʠ ʩʠʩʪʝʤʠ: ʇʨʝʜʩʪʘʚˀʘʿʫ ʠʟʦʣʦʚʘʥʝ ʤʦʣʝʢʫʣʝ ʠʣʠ ʥʘʥʦʢʣʘʩʪʝʨʝ, 

ʛʜʝ ʥʝʤʘ ʧʝʨʠʦʜʠʯʥʦʩʪʠ. 

ʋ ʪʝʦʨʠʿʠ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ, ʙʘʟʥʠ ʩʢʫʧʦʚʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʢʫʧʦ ʤʘʪʝʤʘʪʠʯʢʠʭ, 

ʤʝʹʫʩʦʙʥʦ ʦʨʪʦʛʦʥʘʣʥʠʭ ʬʫʥʢʮʠʿʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʨʝʜʩʪʘʚˀʘˁʝ ʝʣʝʢʪʨʦʥʩʢʠʭ ʪʘʣʘʩʥʠʭ 

ʬʫʥʢʮʠʿʘ. ʆʚʝ ʬʫʥʢʮʠʿʝ ʩʝ ʣʠʥʝʘʨʥʦ ʢʦʤʙʠʥʫʿʫ ʢʘʢʦ ʙʠ ʫʢʫʧʥʘ ʪʘʣʘʩʥʘ ʬʫʥʢʮʠʿʘ ʦʧʪʠʤʘʣʥʦ 

ʦʜʛʦʚʘʨʘʣʘ ʛʫʩʪʠʥʠ ʝʣʝʢʪʨʦʥʘ ʠ ʝʣʝʢʪʨʦʥʩʢʦʤ ʩʪʘˁʫ ʩʠʩʪʝʤʘ. ɹʘʟʥʠ ʩʢʫʧʦʚʠ ʩʫ ʢˀʫʯʥʠ, ʿʝʨ 

ʫʪʠʯʫ ʥʘ ʪʘʯʥʦʩʪ ʠ ʝʬʠʢʘʩʥʦʩʪ ʩʠʤʫʣʘʮʠʿʘ [227]. ʇʦʩʪʦʿʠ ʤʥʦʛʦ ʨʘʟʣʠʯʠʪʠʭ ʙʘʟʥʠʭ ʩʢʫʧʦʚʘ 

(ʘʪʦʤʩʢʝ ʦʨʙʠʪʘʣʝ, ɻʘʫʩʦʚʝ ʦʨʙʠʪʘʣʝ, ʉʣʝʿʪʝʨʦʚʝ ʦʨʙʠʪʘʣʝ), ʘʣʠ ʙʘʟʘ ʨʘʚʥʠʭ ʪʘʣʘʩʘ (ʝʥʛ. Plane-

Wave Basis Sets) ʿʝ ʥʘʿʯʝʰ˂ʠ ʠʟʙʦʨ ʟʘ ʧʝʨʠʦʜʠʯʥʝ ʩʠʩʪʝʤʝ. ʆʚʘ ʙʘʟʘ ʧʨʠʨʦʜʥʦ ʫʢˀʫʯʫʿʝ 
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ʪʨʘʥʩʣʘʮʠʦʥʫ ʩʠʤʝʪʨʠʿʫ ʢʦʿʘ ʿʝ ʩʚʦʿʩʪʚʝʥʘ ʢʨʠʩʪʘʣʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ. ʋ ʨʘʚʥʠʤ ʪʘʣʘʩʠʤʘ, 

ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʝ ʢʘʦ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠ ʠʟʨʘʟʠ eikr, ʛʜʝ ʿʝ k ʪʘʣʘʩʥʠ ʚʝʢʪʦʨ. 

ʂˀʫʯʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʙʘʟʝ ʨʘʚʥʠʭ ʪʘʣʘʩʘ ʿ ʝ ʛʦʨˁʘ ʛʨʘʥʠʮʘ ʝʥʝʨʛʠʿʝ ʨʘʚʥʠʭ ʪʘʣʘʩʘ (eng. cutoff 

energy). ʆʜʨʝʹʫʿʝ ʢʦʣʠʢʦ ʪʘʣʘʩʥʠʭ ʬʫʥʢʮʠʿʘ ʩʝ ʫʢˀʫʯʫʿʝ ʫ ʨʘʯʫʥ, ʧʨʠ ʯʝʤʫ ʩʝ ʫʢʣʘˁʘʿʫ 

ʬʫʥʢʮʠʿʝ ʩʘ ʚʠʩʦʢʠʤ ʝʥʝʨʛʝʪʩʢʠʤ ʢʦʤʧʦʥʝʥʪʘʤʘ. ʆʚʦ ʢʦʥʪʨʦʣʠʰʝ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ 

ʪʘʯʥʦʩʪʠ ʠ ʨʘʯʫʥʩʢʝ ʝʬʠʢʘʩʥʦʩʪʠ. ʇʨʝʜʥʦʩʪ ʿʝ ʰʪʦ ʫʢˀʫʯʫʿʫ ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʧʨʠʤʝʥʝ ʫ 

ʧʝʨʠʦʜʠʯʥʠʤ ʫʩʣʦʚʠʤʘ ʠ ʥʝʟʘʚʠʩʥʦʩʪ ʦʜ ʧʦʣʦʞʘʿʘ ʘʪʦʤʘ, ʘʣʠ ʦʛʨʘʥʠʯʝʥʠ ʩʫ ʥʘ ʦʧʠʩ ʚʘʣʝʥʪʥʠʭ 

ʝʣʝʢʪʨʦʥʘ, ʪʝ ʟʘʭʪʝʚʘʿʫ ʢʦʨʠʰ˂ʝˁʝ ʧʩʝʫʜʦʧʦʪʝʥʮʠʿʘʣʘ ʟʘ ʫʥʫʪʨʘʰˁʝ ʝʣʝʢʪʨʦʥʝ [226]. 

ʇʩʝʫʜʦʧʦʪʝʥʮʠʿʘʣʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʨʠʙʣʠʞʥʠ ʦʧʠʩ ʠʥʪʝʨʘʢʮʠʿʝ ʠʟʤʝʹʫ ʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʘ ʠ 

ʦʩʪʘʪʢʘ ʘʪʦʤʘ, ʘ ʫ ʦʚʦʤ ʦʢʚʠʨʫ ʜʝʬʠʥʠʰʝ ʩʝ ʠ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʫ ʢʦʿʦʿ ʩʝ ʪʨʝʪʠʨʘ ʬʫʥʢʮʠʦʥʘʣ 

ʢʦʨʝʣʘʮʠʿʝ ʠ ʠʟʤʝʥʝ. ɳʠʭʦʚʘ ʧʨʠʤʝʥʘ ʠʤʘ ʜʚʝ ʢˀʫʯʥʝ ʬʫʥʢʮʠʿʝ. ʇʨʚʘ ʿʝ ʝʣʠʤʠʥʠʩʘˁʝ 

ʫʥʫʪʨʘʰˁʠʭ ʝʣʝʢʪʨʦʥʘ, ʢʦʿʠ ʩʫ ʩʥʘʞʥʦ ʣʦʢʘʣʠʟʦʚʘʥʠ ʠ ʟʘʭʪʝʚʘʿʫ ʚʝʣʠʢʠ ʙʨʦʿ ʙʘʟʥʠʭ ʬʫʥʢʮʠʿʘ 

ʟʘ ʘʜʝʢʚʘʪʘʥ ʦʧʠʩ. ɼʨʫʛʘ ʿʝ ʩʤʘˁʝˁʝ ʩʣʦʞʝʥʦʩʪʠ ʙʘʟʥʠʭ ʩʢʫʧʦʚʘ, ʿʝʨ ʩʝ ʬʦʢʫʩʠʨʘʿʫ ʩʘʤʦ ʥʘ 

ʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʦʥʝ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʝʬʠʢʘʩʥʠʿʫ ʧʨʠʤʝʥʫ ʨʘʚʥʠʭ ʪʘʣʘʩʘ ʢʘʦ ʙʘʟʝ. ɹʝʟ 

ʧʩʝʫʜʦʧʦʪʝʥʮʠʿʘʣʘ ʙʘʟʘ ʨʘʚʥʠʭ ʪʘʣʘʩʘ ʙʠ ʤʦʨʘʣʘ ʜʘ ʫʢˀʫʯʠ ʚʝʦʤʘ ʚʠʩʦʢʝ ʝʥʝʨʛʠʿʩʢʝ 

ʢʦʤʧʦʥʝʥʪʝ ʟʘ ʦʧʠʩ ʿʝʟʛʨʘ, ʰʪʦ ʙʠ ʟʥʘʯʘʿʥʦ ʧʦʚʝ˂ʘʣʦ ʨʘʯʫʥʩʢʝ ʪʨʦʰʢʦʚʝ. ʅʘ ʧʨʠʤʝʨ, ʢʘʜʘ ʩʝ 

ʤʦʜʝʣʫʿʝ ʤʝʪʘʣ, ʧʦʧʫʪ ʙʘʢʨʘ (Cu), ʚʘʣʝʥʪʥʠ ʝʣʝʢʪʨʦʥʠ (4s, 3d) ʩʫ ʨʝʣʝʚʘʥʪʥʠ ʟʘ ʭʝʤʠʿʩʢʘ 

ʩʚʦʿʩʪʚʘ. ʋʤʝʩʪʦ ʜʘ ʫʢˀʫʯʠ ʫʥʫʪʨʘʰˁʝ ʦʨʙʠʪʘʣʝ (1s, 2s, 2p, 3s ʠ 3p), ʧʩʝʫʜʦʧʦʪʝʥʮʠʿʘʣ 

ʝʣʠʤʠʥʠʰʝ ˁʠʭʦʚ ʫʪʠʮʘʿ ʠ ʙʘʟʘ ʨʘʚʥʠʭ ʪʘʣʘʩʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʩʘʤʦ ʥʘ ʚʘʣʝʥʪʥʝ ʦʨʙʠʪʘʣʝ. ʀʟʙʦʨ 

ʧʩʝʫʜʦʧʦʪʝʥʮʠʿʘʣʘ ʠ ʛʦʨˁ ʝ ʛʨʘʥʠʮʝ ʝʥʝʨʛʠʿʝ ʨʘʚʥʠʭ ʪʘʣʘʩʘ ʟʘʚʠʩʠ ʦʜ ʧʨʠʨʦʜʝ ʩʠʩʪʝʤʘ ʢʦʿʠ ʩʝ 

ʧʨʦʫʯʘʚʘ. Ăʊʚʨʜʠñ ʘʪʦʤʠ, ʢʘʦ ʰʪʦ ʩʫ ʥʝʤʝʪʘʣʠ ʧʨʚʝ ʧʝʨʠʦʜʝ ʠ 3d ʧʨʝʣʘʟʥʠ ʤʝʪʘʣʠ, ʟʘʭʪʝʚʘʿʫ 

ʚʝ˂ʠ ʙʘʟʥʠ ʩʢʫʧ ʠ ʧʨʠʤʝʥʫ ʫʣʪʨʘʤʝʢʠʭ ʧʩʝʫʜʦʧʦʪʝʥʮʠʿʘʣʘ ʢʘʢʦ ʙʠ ʩʝ ʦʙʝʟʙʝʜʠʣʘ 

ʢʦʥʚʝʨʛʝʥʮʠʿʘ ʧʨʦʨʘʯʫʥʘ [227ï229].  

ʇʦʨʝʜ ʠʟʙʦʨʘ ʙʘʟʥʦʛ ʩʢʫʧʘ ʠ ʧʩʝʫʜʦʧʦʪʝʥʮʠʿʘʣʘ, ʠʟʙʦʨ ʠ ʨʘʩʧʦʜʝʣʘ k-ʪʘʯʘʢʘ ʫ 

ɹʨʠʣʫʝʥʦʚʦʿ ʟʦʥʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʿʝʜʥʘʢʦ ʚʘʞʘʥ ʘʩʧʝʢʪ ʫ ʩʠʤʫʣʘʮʠʿʘʤʘ ʧʝʨʠʦʜʠʯʥʠʭ ʩʠʩʪʝʤʘ. 

ʀʟʘʙʨʘʥʝ k-ʪʘʯʢʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʜʠʩʢʨʝʪʥʝ ʚʝʢʪʦʨʝ ʫ ɹʨʠʣʫʝʥʦʚʦʿ ʟʦʥʠ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ 

ʫʟʦʨʢʦʚʘˁʝ ʝʣʝʢʪʨʦʥʩʢʠʭ ʩʪʘˁʘ ʫ ʧʝʨʠʦʜʠʯʥʠʤ ʩʠʩʪʝʤʠʤʘ ʫ ʦʢʚʠʨʫ ʢʚʘʥʪʥʦʤʝʭʘʥʠʯʢʠʭ 

ʧʨʦʨʘʯʫʥʘ. ʆʥʝ ʩʫ ʜʠʨʝʢʪʥʦ ʧʦʚʝʟʘʥʝ ʩʘ ʪʨʘʥʩʣʘʮʠʦʥʦʤ ʩʠʤʝʪʨʠʿʦʤ ʢʨʠʩʪʘʣʘ ʠ ʦʜʨʝʹʫʿʫ ʢʘʢʦ 

ʩʫ ʝʣʝʢʪʨʦʥʩʢʝ ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ ʨʘʩʧʦʨʝʹʝʥʝ ʫ ʠʤʧʫʣʩʥʦʤ ʧʨʦʩʪʦʨʫ [227]. ʇʝʨʠʦʜʠʯʥʦʩʪ 

ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ, ʢʦʿʘ ʿʝ ʜʝʬʠʥʠʩʘʥʘ ʫ ʨʝʮʠʧʨʦʯʥʦʤ ʧʨʦʩʪʦʨʫ ʠʟʙʦʨʦʤ k-ʪʘʯʘʢʘ, ʨʘʟʣʠʢʫʿʝ ʩʝ 

ʦʜ ʬʠʟʠʯʢʝ ʧʝʨʠʦʜʠʯʥʦʩʪʠ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ, ʘʣʠ ʤʝʹʫ ˁʠʤʘ ʧʦʩʪʦʿʠ ʿʘʩʥʘ ʚʝʟʘ. ɿʘ ʠʜʝʘʣʘʥ 

ʢʨʠʩʪʘʣ, ʂʦʥ-ʐʘʤʦʚʝ ʦʨʙʠʪʘʣʝ, ʢʦʿʝ ʩʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ɹʣʦʭʦʚʠʤ ʬʫʥʢʮʠʿʘʤʘ, ʤʦʛʫ ʩʝ ʠʟʨʘʟʠʪʠ 

ʢʘʦ ʧʨʦʠʟʚʦʜ ʜʚʝ ʢʦʤʧʦʥʝʥʪʝ: ʬʫʥʢʮʠʿʘ u(r,k), ʢʦʿʘ ʠʤʘ ʠʩʪʫ ʧʝʨʠʦʜʠʯʥʦʩʪ ʢʘʦ ʢʨʠʩʪʘʣʥʘ 

ʨʝʰʝʪʢʘ, ʠ ʨʘʚʥʦʛ ʪʘʣʘʩʘ eikr. ʌʦʨʤʫʣʘ ʿʝ ʜʘʪʘ ʢʘʦ ( ʝʿʜʥʘʯʠʥʘ (41)): 

ˡ ὶȟὯ  Å όὶȟὯ 

ʆʚʘʿ ʦʙʣʠʢ ʧʦʢʘʟʫʿʝ ʢʘʢʦ ɹʣʦʭʦʚʝ ʬʫʥʢʮʠʿʝ ʦʙʿʝʜʠˁʫʿʫ ʣʦʢʘʣʥʫ ʧʝʨʠʦʜʠʯʥʦʩʪ 

ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ, ʦʧʠʩʘʥʫ ʬʫʥʢʮʠʿʦʤ u(r,k), ʠ ʛʣʦʙʘʣʥʠ ʬʘʟʥʠ ʜʦʧʨʠʥʦʩ ʨʘʚʥʦʛ ʪʘʣʘʩʘ eikr. 

ʇʦʩʣʝʜʠʯʥʦ, ɹʣʦʭʦʚʝ ʪʘʣʘʩʥʝ ʬʫʥʢʮʠʿʝ ʧʦʢʘʟʫʿʫ ʠʥʚʘʨʠʿʘʥʪʥʦʩʪ ʧʨʠ ʪʨʘʥʩʣʘʮʠʿʠ ʫ 

ʨʝʮʠʧʨʦʯʥʦʤ ʧʨʦʩʪʦʨʫ ʫ ʦʜʥʦʩʫ ʥʘ ʧʝʨʠʦʜ ʨʝʮʠʧʨʦʯʥʝ ʨʝʰʝʪʢʝ. ɼʘ ʙʠ ʩʝ ʠʟʨʘʯʫʥʘʣʝ ʬʠʟʠʯʢʝ 

ʚʝʣʠʯʠʥʝ, ʧʦʧʫʪ ʝʣʝʢʪʨʦʥʩʢʝ ʛʫʩʪʠʥʝ ʠʣʠ ʝʥʝʨʛʠʿʝ, ʥʝʦʧʭʦʜʥʘ ʿʝ ʠʥʪʝʛʨʘʮʠʿʘ ʨʝʣʝʚʘʥʪʥʠʭ 

ʚʨʝʜʥʦʩʪʠ ʧʨʝʢʦ ʮʝʣʦʢʫʧʥʝ ʧʨʚʝ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ. ʀʧʘʢ, ʧʦʰʪʦ ʨʝʰʘʚʘˁʝ ʂʦʥ-ʐʘʤʦʚʠʭ 

ʿʝʜʥʘʯʠʥʘ ʟʘ ʙʝʩʢʦʥʘʯʘʥ ʙʨʦʿ k-ʪʘʯʘʢʘ ʥʠʿʝ ʠʟʚʦʜˀʠʚʦ, ʧʨʦʙʣʝʤ ʩʝ ʩʚʦʜʠ ʥʘ ʫʟʦʨʢʦʚʘˁʝ 

ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʛ ʩʢʫʧʘ k-ʪʘʯʘʢʘ, ʧʦ ʢʦʿʠʤʘ ʩʝ ʚʨʰʠ ʩʫʤʠʨʘˁʝ ʦʧʩʝʨʚʘʙʣʠ. ɱʝʜʘʥ ʦʜ ʥʘʿʯʝʰ˂ʝ 

ʢʦʨʠʰ˂ʝʥʠʭ ʧʨʠʩʪʫʧʘ ʟʘ ʨʘʚʥʦʤʝʨʥʦ ʫʟʦʨʢʦʚʘˁʝ k-ʪʘʯʘʢʘ ʿʝ ʧʨʠʤʝʥʘ Monkhorst-Pack ʤʨʝʞʝ. 

ʆʚʘ ʤʨʝʞʘ ʦʙʝʟʙʝʹʫʿʝ ʨʘʚʥʦʤʝʨʥʫ ʨʘʩʧʦʜʝʣʫ k-ʪʘʯʘʢʘ ʫ ʨʝʮʠʧʨʦʯʥʦʤ ʧʨʦʩʪʦʨʫ, ʛʜʝ ʿʝ ʙʨʦʿ k-

ʪʘʯʘʢʘ ʜʫʞ ʩʚʘʢʝ ʦʩʝ ʦʜʨʝʹʝʥ ʢʘʦ ʫʣʘʟʥʠ ʧʘʨʘʤʝʪʘʨ. ɸʢʦ ʩʠʩʪʝʤ ʠʤʘ ʦʜʨʝʹʝʥ ʪʠʧ ʩʠʤʝʪʨʠʿʝ, 

ʙʨʦʿ ʧʦʪʨʝʙʥʠʭ k-ʪʘʯʘʢʘ ʤʦʞʝ ʩʝ ʜʦʜʘʪʥʦ ʩʤʘˁʠʪʠ ʫʟʠʤʘˁʝʤ ʫ ʦʙʟʠʨ ʩʠʤʝʪʨʠʿʩʢʝ 

ʝʢʚʠʚʘʣʝʥʮʠʿʝ ʠʣʠ ʧʨʠʣʘʛʦʹʘʚʘˁʝʤ ʤʨʝʞʝ ʪʘʢʦ ʜʘ ʠʟʙʝʛʘʚʘ ʢʦʦʨʜʠʥʘʪʥʠ ʧʦʯʝʪʘʢ [204, 230]. 

ʂʦʜ ʤʝʪʘʣʥʠʭ ʩʠʩʪʝʤʘ, ʠʟʘʟʦʚ ʫ ʦʚʦʤ ʧʨʠʩʪʫʧʫ ʥʘʩʪʘʿʝ ʟʙʦʛ ʥʘʛʣʠʭ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʘ ʛʫʩʪʠʥʝ 

ʩʪʘˁʘ ʫ ʙʣʠʟʠʥʠ ʌʝʨʤʠʿʝʚʦʛ ʥʠʚʦʘ, ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʥʘʿʚʠʰʠ ʧʦʧʫˁʝʥʠ ʝʥʝʨʛʝʪʩʢʠ ʥʠʚʦ ʫ 

(41) 
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ʤʝʪʘʣʠʤʘ. ʋ ʪʘʢʚʠʤ ʩʣʫʯʘʿʝʚʠʤʘ, ʟʘ ʧʨʝʮʠʟʥʫ ʠʥʪʝʛʨʘʮʠʿʫ ʥʝʦʧʭʦʜʘʥ ʿʝ ʚʝʣʠʢʠ ʙʨʦʿ k-ʪʘʯʘʢʘ, 

ʰʪʦ ʤʦʞʝ ʙʠʪʠ ʠʟʫʟʝʪʥʦ ʨʘʯʫʥʘʨʩʢʠ ʟʘʭʪʝʚʥʦ. ɼʘ ʙʠ ʩʝ ʦʚʘʿ ʧʨʦʙʣʝʤ ʫʙʣʘʞʠʦ, ʢʦʨʠʩʪʠ ʩʝ 

ʪʝʭʥʠʢʘ Ăʨʘʟʤʘʟʠʚʘˁʘñ (ʝʥʛ. smearing), ʢʦʿʘ ʫʢˀʫʯʫʿʝ ʧʨʠʤʝʥʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʦʧʝʨʘʪʦʨʘ, ʢʘʦ 

ʰʪʦ ʩʫ ʌʝʨʤʠ-ɼʠʨʘʢʦʚ (ʝʥʛ. Fermi-Dirac), ɻʘʫʩʦʚ (ʝʥʛ. Gaussian) ʠʣʠ ʄʘʨʮʘʨʠ-ɺʘʥʜʝʨʙʠʣʪʦʚ 

(ʝʥʛ. Marzari-Vanderbilt) ʦʧʝʨʘʪʦʨ. ʅʘ ʧʨʠʤʝʨ, ʌʝʨʤʠ-ɼʠʨʘʢʦʚ ʤʝʪʦʜ ʿʝ ʢʦʨʠʩʪʘʥ ʟʘ ʩʠʩʪʝʤe 

ʩʘ ʥʠʩʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʿʝʨ ʧʨʘʪʠ ʧʨʠʨʦʜʥʫ ʩʪʘʪʠʩʪʠʢʫ ʝʣʝʢʪʨʦʥʘ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ɻʘʫʩʦʚ 

ʤʝʪʦʜ ʧʨʫʞʘ ʿʝʜʥʦʩʪʘʚʥʫ ʤʘʪʝʤʘʪʠʯʢʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ, ʜʦʢ ʄʘʨʮʘʨʠ-ɺʘʥʜʝʨʙʠʣʪʦʚʘ ʪʝʭʥʠʢʘ 

ʦʤʦʛʫ˂ʘʚʘ ʚʠʩʦʢʫ ʪʘʯʥʦʩʪ ʟʘ ʩʣʦʞʝʥʝ ʩʠʩʪʝʤʝ [231ï233]. ʇʨʠʣʠʢʦʤ ʫʟʦʨʢʦʚʘˁʘ k-ʪʘʯʘʢʘ ʠ 

ʠʟʙʦʨʘ ʤʝʪʦʜʝ ʨʘʟʤʘʟʠʚʘˁʘ, ʮʠˀ ʿʝ ʧʨʦʥʘ˂ʠ ʦʧʪʠʤʘʣʥʫ ʨʘʚʥʦʪʝʞʫ ʠʟʤʝʹʫ ʙʨʟʠʥʝ ʠ 

ʨʘʯʫʥʘʨʩʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʠ ʤʦʛʫ˂ʥʦʩʪʠ ʤʦʜʝʣʘ ʜʘ ʨʝʘʣʥʦ ʦʧʠʰʝ ʩʠʩʪʝʤ, ʧʨʠ ʯʝʤʫ ʩʝ ʤʦʨʘ 

ʦʩʠʛʫʨʘʪʠ ʢʦʥʚʝʨʛʝʥʮʠʿʘ ʩʘʤʦʩʘʛʣʘʩʥʠʭ ʧʨʦʨʘʯʫʥʘ ʫʟ ʤʠʥʠʤʘʣʘʥ ʜʦʧʨʠʥʦʩ ʘʨʪʝʬʘʢʘʪʘ ʢʦʿʠ 

ʤʦʛʫ ʙʠʪʠ ʧʦʩʣʝʜʠʮʘ ʥʝʩʣʘʛʘˁʘ ʫ ʠʟʙʦʨʫ ʫʣʘʟʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. 

ʋ ʜʫʙʠʥʠ ʢʨʠʩʪʘʣʘ ʘʪʦʤʠ ʟʘʜʨʞʘʚʘʿʫ ʬʠʢʩʥʘ ʤʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ, ʢʦʿʘ ʦʜʛʦʚʘʨʘʿʫ 

ʤʠʥʠʤʘʣʥʦʿ ʝʥʝʨʛʠʿʠ ʨʝʰʝʪʢʝ. ʅʘʩʫʧʨʦʪ ʪʦʤʝ, ʫ ʤʦʜʝʣʫ ʧʝʨʠʦʜʠʯʥʝ ʧʣʦʯʝ ʘʥʘʣʠʟʠʨʘ ʩʝ 

ʥʝʢʦʣʠʢʦ ʩʣʦʿʝʚʘ ʘʪʦʤʘ ʫ ʙʣʠʟʠʥʠ ʧʦʚʨʰʠʥʝ, ʛʜʝ ʜʝʦ ʘʪʦʤʘ ʠʤʘ ʩʤʘˁʝʥʫ ʢʦʦʨʜʠʥʘʮʠʿʫ, ʰʪʦ 

ʦʥʝʤʦʛʫ˂ʘʚʘ ʟʘʜʨʞʘʚʘˁʝ ʠʩʪʠʭ ʤʝʹʫʘʪʦʤʩʢʠʭ ʨʘʩʪʦʿʘˁʘ ʢʘʦ ʫ ʫʥʫʪʨʘʰˁʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ. 

ʇʨʦʮʝʩ ʧʦʤʝʨʘˁʘ ʘʪʦʤʘ ʧʦʚʨʰʠʥʝ ʜʫʞ ʚʝʨʪʠʢʘʣʥʝ ʦʩʝ ʨʘʜʠ ʧʦʩʪʠʟʘˁʘ ʝʥʝʨʛʝʪʩʢʝ 

ʩʪʘʙʠʣʠʟʘʮʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʥʝʨʝʣʘʢʩʠʨʘʥʫ ʧʦʚʨʰʠʥʫ ʥʘʟʠʚʘ ʩʝ ʨʝʣʘʢʩʘʮʠʿʘ. ʉʣʠʯʥʦ ʪʦʤʝ, 

ʨʝʢʦʥʩʪʨʫʢʮʠʿʘ ʧʦʚʨʰʠʥʝ ʧʦʜʨʘʟʫʤʝʚʘ ʭʦʨʠʟʦʥʪʘʣʥʘ ʧʦʤʝʨʘˁʘ ʘʪʦʤʘ ʩʘ ʮʠˀʝʤ ʤʠʥʠʤʠʟʘʮʠʿʝ 

ʝʥʝʨʛʠʿʝ, ʰʪʦ ʿʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʦ ʟʘ ʧʦʚʨʰʠʥʝ ʩʘ ʤʘʣʦʤ ʛʫʩʪʠʥʦʤ ʧʘʢʦʚʘˁʘ. ʋ ʤʦʜʝʣʫ 

ʧʝʨʠʦʜʠʯʥʝ ʧʣʦʯʝ, ʨʝʣʘʢʩʘʮʠʿʘ ʩʝ ʦʧʠʩʫʿʝ ʜʦʧʫʰʪʘˁʝʤ ʧʦʤʝʨʘˁʘ ʘʪʦʤʘ ʫ ʛʦʨˁʠʤ ʩʣʦʿʝʚʠʤʘ, 

ʜʦʢ ʜʦˁʠ ʩʣʦʿʝʚʠ ʦʩʪʘʿʫ ʬʠʢʩʥʠ, ʧʨʝʜʩʪʘʚˀʘʿʫ˂ʠ ʜʫʙʠʥʫ ʤʘʪʝʨʠʿʘʣʘ. ʄʠʥʠʤʘʣʥʘ ʝʥʝʨʛʠʿʘ 

ʩʠʩʪʝʤʘ ʦʜʨʝʹʫʿʝ ʩʝ ʩʘʤʦʩʘʛʣʘʩʥʠʤ ʨʝʰʘʚʘˁʝʤ ʂʦʥ-ʐʘʤʦʚʠʭ ʿʝʜʥʘʯʠʥʘ ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʛʝʦʤʝʪʨʠʿʩʢʝ ʩʪʨʫʢʪʫʨʝ, ʘ ʧʨʠʤʝˁʝʥʠ ʘʣʛʦʨʠʪʤʠ ʦʧʪʠʤʠʟʘʮʠʿʝ ʟʘʚʠʩʝ ʦʜ ʢʦʨʠʰ˂ʝʥʦʛ 

ʩʦʬʪʚʝʨʘ, ʢʘʦ ʰʪʦ ʩʫ ʦʥʠ ʟʘ ʤʠʥʠʤʠʟʘʮʠʿʫ ʩʠʣʘ ʢʦʿʝ ʜʝʣʫʿʫ ʥʘ ʘʪʦʤʝ. ʅʘ ʩʣʠʮʠ 7. ʧʨʠʢʘʟʘʥ ʿʝ 

ʤʦʜʝʣ ʨʝʣʘʢʩʘʮʠʿʝ ʛʦʨˁʠʭ ʩʣʦʿʝʚʘ ʘʪʦʤʘ ʫʥʫʪʘʨ ʩʠʩʪʝʤʘ. ʇʨʦʤʝʥʝ ʢʦʿʝ ʥʘʩʪʘʿʫ ʫʩʣʝʜ 

ʨʝʣʘʢʩʘʮʠʿʝ ʦʙʠʯʥʦ ʩʝ ʠʟʨʘʞʘʚʘʿʫ ʢʘʦ ʧʨʦʮʝʥʘʪ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʩʣʦʿʝʚʘ ʫ ʫʥʫʪʨʘʰˁʦʩʪʠ 

ʤʘʪʝʨʠʿʘʣʘ. ɸʢʦ ʿʝ ʜʦʰʣʦ ʜʦ ʩʤʘˁʝˁʘ ʨʘʩʪʦʿʘˁʘ, ʢʦʨʠʩʪʠ ʩʝ ʥʝʛʘʪʠʚʘʥ ʧʨʝʜʟʥʘʢ, ʜʦʢ ʩʝ 

ʧʦʟʠʪʠʚʘʥ ʧʨʝʜʟʥʘʢ ʢʦʨʠʩʪʠ ʟʘ ʧʦʚʝ˂ʘˁʝ ʨʘʩʪʦʿʘˁʘ ʫʩʣʝʜ ʝʢʩʧʘʥʟʠʿʝ ʨʝʰʝʪʢʝ. ʈʝʣʘʢʩʘʮʠʿʦʤ 

ʥʘʩʪʘʣʝ ʧʨʦʤʝʥʝ ʩʫ ʫʛʣʘʚʥʦʤ ʠʟʨʘʞʝʥʠʿʝ ʢʦʜ ʧʦʚʨʰʠʥʘ ʩʘ ʥʠʞʦʤ ʛʫʩʪʠʥʦʤ ʧʘʢʦʚʘˁʘ ʠʣʠ 

ʤʘˁʦʤ ʩʪʘʙʠʣʥʦʰ˂ʫ. ʋ ʦʚʦʿ ʘʥʘʣʠʟʠ ʧʦʜʨʘʟʫʤʝʚʘ ʩʝ ʢʦʨʠʰ˂ʝˁʝ ʦʧʪʠʤʠʟʦʚʘʥʝ ʚʨʝʜʥʦʩʪʠ 

ʧʘʨʘʤʝʪʘʨʘ ʨʝʰʝʪʢʝ ʜʦʙʠʿʝʥʝ ʤʝʪʦʜʦʤ DFT. ʋ ʩʣʫʯʘʿʫ ʫʧʦʪʨʝʙʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʠʣʠ ʜʨʫʛʝ 

ʚʨʝʜʥʦʩʪʠ ʨʝʰʝʪʢʝ, ʤʦʛʣʠ ʙʠ ʩʝ ʿʘʚʠʪʠ ʘʨʪʝʬʘʢʪʠ ʫ ʚʠʜʫ ʩʠʣʘ ʢʦʿʝ ʙʠ ʥʘʨʫʰʠʣʝ ʨʝʣʘʢʩʘʮʠʿʫ 

ʘʪʦʤʘ ʥʘ ʧʦʚʨʰʠʥʠ [234]. 
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ʉʣʠʢʘ 7. ʀʣʫʩʪʨʘʮʠʿʘ ʨʝʣʘʢʩʘʮʠʿʝ ʘʪʦʤʘ ʫ ʩʠʩʪʝʤʫ. 

ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʨʝʯʝʥʦ, DFT ʿʝ ʰʠʨʦʢʦ ʢʦʨʠʰ˂ʝʥ ʤʝʪʦʜ ʟʘ ʧʨʝʜʚʠʹʘˁʝ ʩʚʦʿʩʪʘʚʘ 

ʤʘʪʝʨʠʿʘʣʘ, ʘʣʠ ˁʝʛʦʚʘ ʪʘʯʥʦʩʪ ʦʧʘʜʘ ʢʘʜʘ ʩʝ ʧʨʝʜʚʠʹʘʿʫ ʝʣʝʢʪʨʦʥʩʢʘ ʩʚʦʿʩʪʚʘ ʠʟʚʘʥ ʦʩʥʦʚʥʦʛ 

ʩʪʘˁʘ, ʧʦʧʫʪ ʟʘʙʨʘˁʝʥʦʛ ʧʦʿʘʩʘ ʢʦʜ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ɼʘ ʙʠ ʩʝ ʦʚʘʿ ʧʨʦʙʣʝʤ ʨʝʰʠʦ, ʫʚʦʜʝ ʩʝ 

ʥʘʧʨʝʜʥʠʿʝ ʤʝʪʦʜʝ, ʢʘʦ ʰʪʦ ʩʫ ʭʠʙʨʠʜʥʠ ʬʫʥʢʮʠʦʥʘʣʠ ʠ ʪʘʯʥʝ ʍʘʨʪʨʠ-ʌʦʢ ʿʝʜʥʘʯʠʥʝ, ʘʣʠ ʩʝ 

ʜʝʰʘʚʘ ʜʘ ʠ ʦʥʠ ʥʝ ʜʘʿʫ ʪʘʯʥʘ ʧʨʝʜʚʠʹʘˁʘ, ʘ ʨʘʯʫʥʘʨʩʢʠ ʩʫ ʜʘʣʝʢʦ ʩʢʫʧˀʠ ʠ ʟʘʭʪʝʚʥʠʿʠ. 

ʍʘʙʘʨʜʦʚ (ʝʥʛ. Hubbard) ʧʘʨʘʤʝʪʘʨ ʠʣʠ U-ʢʦʨʝʢʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʝʥʝʨʛʠʿʫ ʧʦʪʨʝʙʥʫ ʟʘ 

ʧʨʝʤʝʰʪʘˁʝ ʝʣʝʢʪʨʦʥʘ ʩʘ ʿʝʜʥe ʦʨʙʠʪʘʣe ʥʘ ʜʨʫʛʫ ʫʥʫʪʘʨ ʠʩʪʦʛ ʘʪʦʤʘ. ʆʚʘ ʪʝʭʥʠʢʘ ʧʨʦʰʠʨʫʿʝ 

ʪʝʦʨʠʿʫ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ ʨʘʜʠ ʙʦˀʝʛ ʦʧʠʩʘ ʩʠʩʪʝʤʘ ʩʘ ʿʘʢʠʤ ʝʣʝʢʪʨʦʥʩʢʠʤ ʢʦʨʝʣʘʮʠʿʘʤʘ, 

ʢʘʦ ʰʪʦ ʩʫ ʤʘʪʝʨʠʿʘʣʠ ʩʘ ʣʦʢʘʣʠʟʦʚʘʥʠʤ d- ʠ f-ʝʣʝʢʪʨʦʥʠʤʘ. ʆʥʘ ʿʝ ʧʦʩʝʙʥʦ ʟʥʘʯʘʿʥʘ ʟʘ 

ʩʠʩʪʝʤʝ ʧʦʧʫʪ ʦʢʩʠʜʘ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ, ʨʝʪʢʝ ʟʝʤˀʝ ʠ ʄʦʪʦʚʠʭ ʠʟʦʣʘʪʦʨʘ, ʦʤʦʛʫ˂ʘʚʘʿʫ˂ʠ 

ʧʨʝʮʠʟʥʠʿʘ ʧʨʝʜʚʠʹʘˁʘ ˁʠʭʦʚʠʭ ʬʠʟʠʯʢʠʭ ʠ ʭʝʤʠʿʩʢʠʭ ʩʚʦʿʩʪʘʚʘ. ɺʨʝʜʥʦʩʪ U ʧʘʨʘʤʝʪʨʘ ʿʝ 

ʢˀʫʯʥʘ ʟʘ ʫʩʧʝʰʥʫ ʧʨʠʤʝʥʫ DFT+U ʤʝʪʦʜʝ, ʿʝʨ ʜʠʨʝʢʪʥʦ ʫʪʠʯʝ ʥʘ ʨʝʟʫʣʪʘʪʝ ʩʠʤʫʣʘʮʠʿʝ. ɼʚʘ 

ʛʣʘʚʥʘ ʧʨʠʩʪʫʧʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ U ʢʦʨʝʢʮʠʿʝ ʩʫ ʝʤʧʠʨʠʿʩʢʠ ʧʨʠʩʪʫʧ ʠ ʤʝʪʦʜ ʣʠʥʝʘʨʥʦʛ ʦʜʟʠʚʘ. 

ʋ ʝʤʧʠʨʠʿʩʢʦʤ ʧʨʠʩʪʫʧʫ, ʚʨʝʜʥʦʩʪ U ʩʝ ʧʦʜʝʰʘʚʘ ʪʘʢʦ ʜʘ ʨʝʟʫʣʪʘʪʠ ʩʠʤʫʣʘʮʠʿʝ ʦʜʛʦʚʘʨʘʿʫ 

ʚʝ˂ ʧʦʟʥʘʪʠʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʧʦʜʘʮʠʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʟʘʙʨʘˁʝʥʠ ʧʦʿʘʩ, ʤʘʛʥʝʪʥʠ ʤʦʤʝʥʪʠ 

ʠʣʠ ʝʥʝʨʛʠʿʝ ʬʦʨʤʘʮʠʿʝ. ʆʚʘʿ ʤʝʪʦʜ ʿʝ ʿʝʜʥʦʩʪʘʚʘʥ ʠ ʙʨʟ, ʘʣʠ ʟʘʚʠʩʠ ʦʜ ʜʦʩʪʫʧʥʦʩʪʠ ʪʘʯʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʧʦʜʘʪʘʢʘ ʠ ʜʘʿʝ ʧʘʨʘʤʝʪʘʨ ʩʧʝʮʠʬʠʯʘʥ ʟʘ ʦʜʨʝʹʝʥʠ ʩʠʩʪʝʤ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, 

ʤʝʪʦʜ ʣʠʥʝʘʨʥʦʛ ʦʜʟʠʚʘ ʿʝ ʪʝʦʨʠʿʩʢʠ ʟʘʩʥʦʚʘʥ ʧʨʠʩʪʫʧ ʢʦʿʠ ʠʟʨʘʯʫʥʘʚʘ U ʜʠʨʝʢʪʥʦ ʠʟ DFT 

ʩʠʤʫʣʘʮʠʿʘ. ʆʚʘʿ ʤʝʪʦʜ ʤʝʨʠ ʦʜʟʠʚ ʝʥʝʨʛʠʿʝ ʩʠʩʪʝʤʘ ʥʘ ʧʨʦʤʝʥʝ ʫ ʝʣʝʢʪʨʦʥʩʢʦʿ ʛʫʩʪʠʥʠ, ʰʪʦ 

ʛʘ ʯʠʥʠ ʥʝʟʘʚʠʩʥʠʤ ʦʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʧʦʜʘʪʘʢʘ ʠ ʧʦʛʦʜʥʠʤ ʟʘ ʰʠʨʦʢ ʩʧʝʢʪʘʨ ʩʠʩʪʝʤʘ. 

ʀʘʢʦ ʿʝ ʤʝʪʦʜ ʣʠʥʝʘʨʥʦʛ ʦʜʟʠʚʘ ʪʘʯʥʠʿʠ, ʩʣʦʞʝʥʠʿʠ ʿʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʠ ʟʘʭʪʝʚʘ ʚʝ˂ʝ 

ʨʘʯʫʥʘʨʩʢʝ ʨʝʩʫʨʩʝ. ɽʤʧʠʨʠʿʩʢʠ ʧʨʠʩʪʫʧ ʿʝ ʧʦʞʝˀʘʥ ʟʘ ʙʨʟʝ ʠ ʿʝʜʥʦʩʪʘʚʥʝ ʧʨʠʤʝʥʝ, ʜʦʢ ʤʝʪʦʜ 

ʣʠʥʝʘʨʥʦʛ ʦʜʟʠʚʘ ʦʙʝʟʙʝʹʫʿʝ ʢʦʥʟʠʩʪʝʥʪʥʦʩʪ ʠ ʨʝʧʨʦʜʫʢʪʠʚʥʦʩʪ ʫ ʧʨʦʨʘʯʫʥʠʤʘ. ʆʙʝ ʤʝʪʦʜʝ 

ʠʤʘʿʫ ʩʚʦʿʝ ʧʨʝʜʥʦʩʪʠ ʠ ʦʛʨʘʥʠʯʝˁʘ, ʘ ʠʟʙʦʨ ʟʘʚʠʩʠ ʦʜ ʧʨʠʨʦʜʝ ʩʠʩʪʝʤʘ ʠ ʨʘʩʧʦʣʦʞʠʚʠʭ 

ʨʝʩʫʨʩʘ. ʋʚʦʹʝˁʝ ʍʘʙʘʨʜʦʚʦʛ ʧʘʨʘʤʝʪʨʘ ʦʤʦʛʫ˂ʘʚʘ ʢʦʨʝʢʮʠʿʫ ʝʥʝʨʛʠʿʝ ʨʘʟʤʝʥʝ-ʢʦʨʝʣʘʮʠʿʝ ʫ 

ʩʪʘʥʜʘʨʜʥʠʤ ʬʫʥʢʮʠʦʥʘʣʠʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʣʦʢʘʣʥʝ ʝʣʝʢʪʨʦʥʩʢʝ ʛʫʩʪʠʥʝ ʠ 

ʛʝʥʝʨʘʣʠʟʦʚʘʥʘ ʛʨʘʜʠʿʝʥʪʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʥʝʜʦʩʪʘʮʠ ʦʚʝ ʤʝʪʦʜʝ ʩʫ ʰʪʦ ʯʝʩʪʦ 
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ʥʝ ʫʩʧʝʚʘ ʢʦʜ ʤʝʪʘʣʘ ʠ ʜʨʫʛʠʭ ʩʠʩʪʝʤʘ ʛʜʝ ʝʣʝʢʪʨʦʥʠ ʥʠʩʫ ʣʦʢʘʣʠʟʦʚʘʥʠ, ʘ ʪʘʯʥʦʩʪ ʨʝʟʫʣʪʘʪʘ 

ʟʘʚʠʩʠ ʦʜ ʠʟʙʦʨʘ U ʢʦʨʝʢʮʠʿʝ. ʇʦʨʝʜ ʪʦʛʘ, ʥʝ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʜʠʥʘʤʠʯʢʝ ʢʦʨʝʣʘʮʠʿʝ, ʰʪʦ ʤʦʞʝ 

ʦʛʨʘʥʠʯʠʪʠ ʪʘʯʥʦʩʪ ʫ ʥʝʢʠʤ ʩʣʦʞʝʥʠʿʠʤ ʩʠʩʪʝʤʠʤʘ [235ï239]. 

2.6.3. ʇʨʠʤʝʥʘ ʪʝʦʨʠʿʝ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ ʫ ʠʩʧʠʪʠʚʘˁʫ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠʭ 

ʩʠʩʪʝʤʘ 

ʋ ʧʦʛʣʝʜʫ ʠʩʪʨʘʞʠʚʘˁʘ ʠ ʨʘʟʚʦʿʘ ʤʝʪʦʜʘ ʫʢʣʘˁʘˁʘ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ, 

ʥʝʦʧʭʦʜʘʥ ʿʝ ʠʥʪʝʛʨʘʣʥʠ ʧʨʠʩʪʫʧ ʢʦʿʠ ʧʦʢʨʠʚʘ ʩʚʝ ʬʫʥʜʘʤʝʥʪʘʣʥʝ ʠ ʧʨʘʢʪʠʯʥʝ ʘʩʧʝʢʪʝ, ʜʘ ʙʠ 

ʫʢʣʘˁʘˁʝ ʙʠʣʦ ʧʦʪʧʫʥʦ, ʝʥʝʨʛʝʪʩʢʠ ʝʬʠʢʘʩʥʦ, ʝʢʦʥʦʤʩʢʠ ʠʩʧʣʘʪʠʚʦ ʠ ʙʝʟʙʝʜʥʦ ʟʘ ʦʢʨʫʞʝˁʝ, 

ʙʝʟ ʩʝʢʫʥʜʘʨʥʦʛ ʟʘʛʘʹʝˁʘ. ɼʘʥʘʩ ʿʝ ʤʦʛʫ˂ʝ ʦʜʛʦʚʦʨʠʪʠ ʥʘ ʦʚʝ ʠʟʘʟʦʚʝ ʟʘʭʚʘˀʫʿʫ˂ʠ ʝʥʦʨʤʥʦʤ 

ʥʘʧʨʝʪʢʫ ʥʘʫʢʝ ʦ ʤʘʪʝʨʠʿʘʣʠʤʘ, ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʦ ʜʠʟʘʿʥʠʨʘˁʝ ʩʪʨʫʢʪʫʨʝ ʤʘʪʝʨʠʿʘʣʘ ʜʦ 

ʘʪʦʤʩʢʦʛ ʥʠʚʦʘ. ʆʚʘʿ ʨʘʟʚʦʿ ʿʝ ʪʘʢʦʹʝ ʧʨʘ˂ʝʥ ʨʘʟʚʦʿʝʤ ʨʘʯʫʥʘʨʘ ʠ in silico ʤʝʪʦʜʘ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʧʨʠʤʝʥʠ ʪʝʦʨʠʿʩʢʝ ʭʝʤʠʿʝ, ʯʠʤʝ ʩʝ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʜʚʠʹʘˁʝ ʠ 

ʦʙʿʘʰˁʝˁʝ ʝʬʠʢʘʩʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʦʜʨʝʹʝʥʫ ʧʨʠʤʝʥʫ, ʢʘʦ ʠ ʧʦʚʝʟʠʚʘˁʝ ʩʪʨʫʢʪʫʨʝ ʠ 

ʩʚʦʿʩʪʘʚʘ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʥʦʤ ʥʠʚʦʫ. 

Ab initio ʤʦʜʝʣʠʨʘˁʝ ʦʤʦʛʫ˂ʘʚʘ ʩʪʨʘʪʝʰʢʠ ʨʘʟʚʦʿ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʩʘ ʧʦʙʦˀʰʘʥʠʤ 

ʩʚʦʿʩʪʚʠʤʘ ʫ ʧʦʛʣʝʜʫ ʝʬʠʢʘʩʥʦʩʪʠ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʠ. ʆʚʦ ʩʝ ʧʦʩʪʠʞʝ ʢʨʦʟ ʜʝʪʘˀʥʠʿʝ 

ʨʘʟʫʤʝʚʘˁʝ ʤʝʭʘʥʠʟʘʤʘ ʨʝʘʢʮʠʿʘ, ʧʨʝʮʠʟʥʠʿʠ ʦʜʘʙʠʨ ʤʘʪʝʨʠʿʘʣʘ ʠ ʘʥʘʣʠʟʫ ˁʠʭʦʚʠʭ 

ʝʣʝʢʪʨʦʥʩʢʠʭ ʠ ʜʠʥʘʤʠʯʢʠʭ ʩʚʦʿʩʪʘʚʘ. ʂʚʘʥʪʥʘ ʭʝʤʠʿʘ ʥʫʜʠ ʨʘʟʥʦʚʨʩʥʝ ʨʘʯʫʥʘʨʩʢʝ ʤʝʪʦʜʝ ʟʘ 

ʠʩʧʠʪʠʚʘˁʝ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠʭ ʧʨʦʮʝʩʘ, ʰʪʦ ʜʦʧʨʠʥʦʩʠ ʩʪʚʘʨʘˁʫ ʦʜʨʞʠʚʠʭ ʨʝʰʝˁʘ ʫ 

ʝʥʝʨʛʝʪʠʮʠ ʠ ʟʘʰʪʠʪʠ ʞʠʚʦʪʥʝ ʩʨʝʜʠʥʝ. ʆʚʝ ʪʝʭʥʠʢʝ ʦʤʦʛʫ˂ʘʚʘʿʫ ʧʨʦʫʯʘʚʘˁʝ ʨʘʟʣʠʯʠʪʠʭ 

ʬʝʥʦʤʝʥʘ, ʧʦʧʫʪ ʭʝʤʠʿʩʢʠʭ ʨʝʘʢʮʠʿʘ, ʜʠʥʘʤʠʢʝ ʧʦʙʫʹʝʥʠʭ ʩʪʘˁʘ ʠ ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ ʩʚʝʪʣʦʰ˂ʫ. 

ʀʧʘʢ, ʟʙʦʛ ʩʣʦʞʝʥʦʩʪʠ ʦʚʠʭ ʧʨʦʮʝʩʘ, ˁʠʭʦʚʦ ʤʦʜʝʣʠʨʘˁʝ ʧʨʝʜʩʪʘʚˀʘ ʟʥʘʯʘʿʘʥ ʠʟʘʟʦʚ. ʄʝʪʦʜʝ 

ʟʘʩʥʦʚʘʥʝ ʥʘ ʪʘʣʘʩʥʠʤ ʬʫʥʢʮʠʿʘʤʘ (ʝʥʛ. WF - Wavefunction) ʥʫʜʝ ʚʠʩʦʢʫ ʧʨʝʮʠʟʥʦʩʪ, ʘʣʠ ʩʫ 

ʟʙʦʛ ʚʝʣʠʢʠʭ ʨʘʯʫʥʘʨʩʢʠʭ ʟʘʭʪʝʚʘ ʯʝʩʪʦ ʥʝʧʨʘʢʪʠʯʥʝ ʟʘ ʚʝʣʠʢʝ ʩʠʩʪʝʤʝ. ʅʘʩʫʧʨʦʪ ʪʦʤʝ, ʤʝʪʦʜʝ 

ʟʘʩʥʦʚʘʥʝ ʥʘ ʪʝʦʨʠʿʠ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ ʧʦʩʪʘʣʝ ʩʫ ʧʦʧʫʣʘʨʥʘ ʘʣʪʝʨʥʘʪʠʚʘ, ʿʝʨ ʦʙʝʟʙʝʹʫʿʫ 

ʜʦʙʘʨ ʦʜʥʦʩ ʠʟʤʝʹʫ ʪʘʯʥʦʩʪʠ ʠ ʨʘʯʫʥʘʨʩʢʝ ʝʬʠʢʘʩʥʦʩʪʠ. ʀʧʘʢ, ʧʦʪʨʝʙʥʦ ʿʝ ʙʠʪʠ ʦʙʘʟʨʠʚ ʧʨʠ 

ˁʠʭʦʚʦʿ ʧʨʠʤʝʥʠ, ʿʝʨ ʩʫ ʦʚʝ ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʧʨʠʙʣʠʞʥʠʤ ʬʫʥʢʮʠʦʥʘʣʠʤʘ, ʢʦʿʠ ʤʦʛʫ ʙʠʪʠ 

ʦʧʪʠʤʠʟʦʚʘʥʠ ʟʘ ʦʜʨʝʹʝʥʝ ʩʠʩʪʝʤʝ, ʘʣʠ ʥʠʩʫ ʫʚʝʢ ʫʥʠʚʝʨʟʘʣʥʦ ʧʨʠʤʝʥˀʠʚʠ. [240]. 

ʀʟʘʟʦʚ ʿʝ ʧʦʩʪʠ˂ʠ ʧʨʝʮʠʟʥʦʩʪ, ʘʣʠ ʠʩʪʦʚʨʝʤʝʥʦ ʠ ʧʨʘʢʪʠʯʥʫ ʧʨʠʤʝʥˀʠʚʦʩʪ. ɺʘʨʠʿʘʮʠʦʥʝ 

ʤʝʪʦʜʝ ʫ DFT ʩʫ ʜʦʙʨʝ ʟʘ ʦʧʠʩ ʦʩʥʦʚʥʦʛ ʩʪʘˁʘ. ʅʘ ʧʨʠʤʝʨ, ʧʦʜʝʰʘʚʘˁʝ HOMO-LUMO ʿʘʟʘ 

ʢʘʪʘʣʠʟʘʪʦʨʘ ʧʨʦʤʝʥʦʤ ʧʦʚʨʰʠʥʝ ʧʦʜʣʦʛʝ ʤʦʞʝ ʦʣʘʢʰʘʪʠ ʧʨʦʮʝʩ ʨʘʟʜʚʘʿʘˁʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ 

ʠ ʧʦʙʦˀʰʘʪʠ ʝʬʠʢʘʩʥʦʩʪ ʧʨʝʥʦʩʘ ʝʣʝʢʪʨʦʥ-ʰʫʧˀʠʥʘ, ʯʠʤʝ ʫʪʠʯʝ ʥʘ ʙʨʟʠʥʫ ʨʝʘʢʮʠʿʝ [241, 

242]. ʄʝʹʫʪʠʤ, ʪʘʢʚʠ ʩʠʩʪʝʤʠ ʩʫ ʧʨʝʚʝʣʠʢʠ ʠ ʢʦʤʧʣʠʢʦʚʘʥʠ ʜʘ ʙʠ ʠʭ DFT ʝʢʩʧʣʠʮʠʪʥʦ 

ʤʦʜʝʣʦʚʘʦ ʥʘ ʤʦʣʝʢʫʣʘʨʥʦʤ ʥʠʚʦʫ. ʇʝʨʪʫʨʙʘʮʠʦʥʝ ʤʝʪʦʜʝ (ʝʥʛ. TD-DFT, Time-Dependent 

Density Functional Theory) ʩʫ ʦʩʥʦʚʥʠ ʘʣʘʪ ʟʘ ʠʟʫʯʘʚʘˁʝ ʧʦʙʫʹʝʥʠʭ ʩʪʘˁʘ, ʘʣʠ ʩʫ ʚʨʝʤʝʥʩʢʠ ʠ 

ʣʦʛʠʩʪʠʯʢʠ ʟʘʭʪʝʚʥʝ. ʍʠʙʨʠʜʥʠ ʬʫʥʢʮʠʦʥʘʣʠ ʜʘʿʫ ʥʘʿʙʦˀʝ ʨʝʟʫʣʪʘʪʝ ʟʘ HOMO-LUMO ʿ ʘʟ, ʘʣʠ 

ʩʫ ʥʝʧʨʠʤʝˁʠʚʠ ʫ ʧʝʨʠʦʜʠʯʥʠʤ ʛʨʘʥʠʯʥʠʤ ʫʩʣʦʚʠʤʘ [243]. 

ɱʝʜʘʥ ʦʜ ʧʨʠʩʪʫʧʘ ʫ ʤʦʜʝʣʦʚʘˁʫ ʢʘʪʘʣʠʟʘʪʦʨʘ ʧʦʜʨʘʟʫʤʝʚʘ ʜʝʬʠʥʠʩʘˁʝ ʢʦʤʧʿʫʪʘʮʠʦʥʠʭ 

ʜʝʩʢʨʠʧʪʦʨʘ. ʊʦ ʩʫ ʿʝʜʥʦʩʪʘʚʥʝ ʚʝʣʠʯʠʥʝ ʢʦʿʝ ʩʝ ʤʦʛʫ ʨʝʣʘʪʠʚʥʦ ʣʘʢʦ ʪʝʦʨʠʿʩʢʠ ʦʜʨʝʜʠʪʠ ʠ 

ʢʦʨʠʩʪʠʪʠ ʢʘʦ ʤʝʨʘ ʧʦʛʦʜʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʜʘʪʫ ʩʚʨʭʫ ï ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʟʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦ 

ʫʢʣʘˁʘˁʝ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ. ʋ ʦʚʦʤ ʩʤʠʩʣʫ, ʝʥʝʨʛʝʪʩʢʘ ʩʚʦʿʩʪʚʘ ʚʝʟʠʚʘˁʘ 

ʠʥʪʝʨʤʝʜʠʿʝʨʘ ʧʨʦʮʝʩʘ ʥʘ ʧʦʚʨʰʠʥʠ ʩʫ ʟʘʭʚʘʣʥʘ ʟʘ ʠʩʧʠʪʠʚʘˁʝ DFT ʤʝʪʦʜʦʤ, ʿʝʨ 

ʧʨʝʜʩʪʘʚˀʘʿʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʩʥʦʚʥʦʛ ʩʪʘˁʘ, ʥʝ ʟʘʭʪʝʚʘʿʫ ʤʥʦʛʦ ʨʝʩʫʨʩʘ ʠ ʧʦʛʦʜʥʘ ʩʫ ʟʘ 

ʠʩʧʠʪʠʚʘˁʝ ʫ ʧʝʨʠʦʜʠʯʥʠʤ ʛʨʘʥʠʯʥʠʤ ʫʩʣʦʚʠʤʘ. ʇʦʚʝʟʠʚʘˁʝ ʝʥʝʨʛʠʿʝ ʘʜʩʦʨʧʮʠʿʝ ʚʨʩʪʘ 

ʫʯʝʩʥʠʢʘ ʨʝʘʢʮʠʿʝ ʠ ʝʬʠʢʘʩʥʦʩʪʠ ʢʘʪʘʣʠʪʠʯʢʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʫ ʩʢʣʘʜʫ ʩʘ ʫʥʠʚʝʨʟʘʣʥʠʤ 

ʉʘʙʘʪʠʿʝʦʚʠʤ ʧʨʠʥʮʠʧʦʤ, ʥʠʿʝ ʪʘʢʦ ʯʝʩʪʦ ʫ ʬʦʪʦʢʘʪʘʣʠʟʠ ʠ ʥʝ ʧʦʩʪʦʿʠ ʤʥʦʛʦ ʣʠʪʝʨʘʪʫʨʝ ʥʘ ʪʫ 

ʪʝʤʫ [244]. ʊʦ ʿʝ ʨʘʟʫʤˀʠʚʦ ʩ ʦʙʟʠʨʦʤ ʥʘ ʤʝʭʘʥʠʩʪʠʯʢʫ ʩʣʦʞʝʥʦʩʪ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦʛ ʧʨʦʮʝʩʘ. 

ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʧʨʝʜʠʢʪʠʚʥʠ ʤʦʜʝʣʠ ʢʦʿʠ ʢʦʨʠʩʪʝ ʝʥʝʨʛʠʿʫ ʚʝʟʝ ʠʥʪʝʨʤʝʜʠʿʝʨʘ ʩ ʧʦʚʨʰʠʥʦʤ 

ʢʘʪʘʣʠʟʘʪʦʨʘ ʢʘʦ ʜʝʩʢʨʠʧʪʦʨ ʘʢʪʠʚʥʦʩʪʠ ʫʦʙʠʯʘʿʝʥʠ ʩʫ ʫ ʝʣʝʢʪʨʦʢʘʪʘʣʠʟʠ [245ï247]. 
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ʇʦʪʝʥʮʠʿʘʣʥʠ ʫʩʧʝʭ ʫ ʜʝʬʠʥʠʩʘˁʫ ʪʝʦʨʠʿʩʢʠʭ ʜʝʩʢʨʠʧʪʦʨʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʘʢʪʠʚʥʦʩʪʠ 

ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʜʝʛʨʘʜʘʮʠʿʫ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ, ʤʘʢʘʨ ʠ ʫ ʫʩʢʦʤ ʦʧʩʝʛʫ ʤʘʪʝʨʠʿʘʣʘ 

ʠ ʨʝʘʢʮʠʦʥʠʭ ʫʩʣʦʚʘ, ʧʨʝʜʩʪʘʚˀʘʦ ʙʠ ʟʥʘʯʘʿʥʦ ʦʣʘʢʰʘˁʝ ʟʘ ʙʫʜʫ˂ʘ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʦʚʦʿ 

ʦʙʣʘʩʪʠ.  
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3. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʝʦ 

3.1. ʋʚʦʜʥʝ ʥʘʧʦʤʝʥʝ 

ʋ ʦʢʚʠʨʫ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʠʩʧʠʪʠʚʘʥʘ ʝʿ ʤʦʛʫ˂ʥʦʩʪ ʧʨʠʧʨʝʤʝ   

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘ ʙʘʟʠ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʦʛ ʜʝʧʦʟʠʮʠʿʦʤ d-ʤʝʪʘʣʘ, 

ʦʧʪʠʤʠʟʦʚʘʥʠʭ ʧʫʪʝʤ in silico ʤʦʜʝʣʦʚʘˁʘ ʧʨʠʤʝʥʦʤ ʤʝʪʦʜʝ ʪʝʦʨʠʿʝ ʬʫʥʢʮʠʦʥʘʣʘ ʛʫʩʪʠʥʝ 

(DFT), ʢʘʦ ʠ ʝʬʠʢʘʩʥʦʩʪ ʧʨʠʧʨʝʤˀʝʥʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘ ʟʘ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʫ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʠʟ 

ʚʦʜʝʥʠʭ ʨʘʩʪʚʦʨʘ. ʋ ʧʨʚʦʤ ʜʝʣʫ, ʠʩʧʠʪʠʚʘʥ ʿʝ ʘʬʠʥʠʪʝʪ ʨʘʟʣʠʯʠʪʠʭ d-ʤʝʪʘʣʘ (ʄ) ʟʘ ʚʝʟʠʚʘˁʝ 

ʥʘ ʧʦʚʨʰʠʥʫ ʪʠʪʘʥ(IV)ïʦʢʩʠʜʘ, ʫʟ ʧʦʤʦ˂ DFT ʧʨʦʨʘʯʫʥʘ. ʅʘ ʦʩʥʦʚʫ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ, 

ʦʜʘʙʨʘʥʠ ʩʫ ʥʘʿʧʦʛʦʜʥʠʿʠ ʤʝʪʘʣʠ ʟʘ ʜʝʧʦʟʠʮʠʿʫ ʥʘ ʧʦʚʨʰʠʥʠ ʪʠʪʘʥ(IV)ïʦʢʩʠʜʘ ʠ ʧʨʠʧʨʝʤʫ 

ʤʦʜʠʬʠʢʦʚʘʥʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘ. ʎʠˀʘʥʠ ʢʘʪʘʣʠʟʘʪʦʨʠ (M)TiO2 (M - Fe, Cu, Zr, Pt ʠ Pd) 

ʩʠʥʪʝʪʠʩʘʥʠ ʩʫ ʫ ʨʘʟʣʠʯʠʪʠʤ ʤʦʣʘʨʥʠʤ ʦʜʥʦʩʠʤʘ ʠ ʧʨʠʤʝˁʝʥʠ ʟʘ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʫ ʨʝʘʣʥʦʛ 

(ʨʘʩʪʚʦʨʘ ʟʘ ʠʥʬʫʟʠʿʫ) ʠ ʩʠʤʫʣʠʨʘʥʦʛ (ʩʪʘʥʜʘʨʜʥʦʛ ʨʘʩʪʚʦʨʘ) ʫʟʦʨʢʘ ʬʘʨʤʘʮʝʫʪʩʢʦʛ ʘʛʝʥʩʘ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʫ ʦʙʣʠʢʫ ʣʘʢʪʘʪʘ. ʊʘʢʦʹʝ, ʜʦʙʠʿʝʥʠ ʤʘʪʝʨʠʿʘʣʠ oʢʘʨʘʢʪʝʨʠʩʘʥʠ ʩʫ ʧʦʤʦ˂ʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʤʝʪʦʜʘ ï ʩʢʝʥʠʨʘʿʫ˂ʝ ʝʣʝʢʪʨʦʥʩʢʝ ʤʠʢʨʦʩʢʦʧʠʿʝ (SEM), ʜʠʬʨʘʢʮʠʿʝ 

ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʥʘ ʧʨʘʭʫ (XRPD) ʠ ʦʧʪʠʯʢʝ ʝʤʠʩʠʦʥʝ ʩʧʝʢʪʨʦʩʢʦʧʠʿʝ ʠʥʜʫʢʪʠʚʥʦ 

ʩʧʨʝʛʥʫʪʝ ʧʣʘʟʤʝ (ICP-OS). ʋ ʮʠˀʫ ʜʦʙʠʿʘˁʘ ʫʚʠʜʘ ʫ ʬʫʥʜʘʤʝʥʪʘʣʥʘ ʩʚʦʿʩʪʚʘ ʧʨʠʧʨʝʤˀʝʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ ʠ ʛʨʘʥʠʮʝ ʤʝʪʘʣ/ʧʦʣʫʧʨʦʚʦʜʥʠʢ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʜʦʧʫˁʝʥʘ ʿʝ 

ʜʝʪʘˀʥʠʿʠʤ DFT ʧʨʦʨʘʯʫʥʠʤʘ ʝʥʝʨʛʝʪʠʢʝ ʘʜʩʦʨʧʮʠʿʝ ʤʝʪʘʣʘ ʥʘ ʤʦʜʝʣʠʤʘ ʢʨʠʩʪʘʣʥʠʭ ʨʘʚʥʠ 

TiO2 ʠ ʝʣʝʢʪʨʦʥʩʢʝ ʩʪʨʫʢʪʫʨʝ. ɽʬʠʢʘʩʥʦʩʪ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ ʧʨʘ˂ʝʥʘ ʝʿ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʿʩʢʠ 

ʠ ʩʧʨʝʛʥʫʪʦʤ ʪʝʯʥʦʤ ʭʨʦʤʘʪʦʛʨʘʬʠʿʦʤ ʩʘ ʪʘʥʜʝʤʩʢʦʤ ʤʘʩʝʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʠʿʦʤ (LC-MS/MS). 

ʂʦʥʘʯʥʦ, ʩʪʝʧʝʥ ʪʦʪʘʣʥʝ ʤʠʥʝʨʘʣʠʟʘʮʠʿʝ ʫʟʦʨʢʘ ʚʝʨʠʬʠʢʦʚʘ˂ʝ ʩʝ ʤʝʨʝˁʝʤ ʧʨʦʤʝʥʝ 

ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʫʢʫʧʥʦʛ ʦʨʛʘʥʩʢʦʛ ʫʛˀʝʥʠʢʘ (TOC). 

3.2. DFT ʧʨʦʨʘʯʫʥʠ 

ɿʘ DFT ʧʨʦʨʘʯʫʥʝ ʢʦʨʠʰ˂ʝʥ ʿʝ pwscf (ʝʥʛ. Plane-Wave Self-Consistent Field) ʢʦʜ 

Quantum ESPRESSO ʧʘʢʝʪʘ [248]. ʋ ʠʩʧʠʪʠʚʘˁʠʤʘ ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʫʣʪʨʘʤʝʢʘʥʠ 

ʧʩʝʫʜʦʧʦʪʝʥʮʠʿʘʣʠ ʟʘʩʥʦʚʘʥʠ ʥʘ GGA-PBE ʘʧʨʦʢʩʠʤʘʮʠʿʠ [203] ʩʘ ʛʦʨˁʦʤ ʛʨʘʥʠʮʦʤ 

ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ ʨʘʚʥʠʭ ʪʘʣʘʩʘ ʦʜ 50 eV, ʜʦʢ ʩʫ ʛʦʨˁʝ ʛʨʘʥʠʮʝ ʛʫʩʪʠʥʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʙʠʣʝ 

500 eV ʠ 900 eV. ʆʧʪʠʤʠʟʦʚʘʥʠ ʧʘʨʘʤʝʪʨʠ ʨʫʪʠʣʥʝ ʩʪʨʫʢʪʫʨʝ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʙʠʣʠ ʩʫ a = 

4,639 Å ʠ c = 2,968 Å. ʇʦʚʨʰʠʥʘ TiO2 ʤʦʜʝʣʦʚʘʥʘ ʿʝ ʢʘʦ (110) ʠ (001) ʧʣʦʯʘ. ɿʘ (110) ʧʦʚʨʰʠʥʫ 

ʢʦʨʠʰ˂ʝʥʘ ʿʝ 4 × 4 × 1 (17-ʘʪʦʤʩʢʘ) ˂ʝʣʠʿʘ, ʜʦʢ ʿʝ ʟʘ (001) ʧʦʚʨʰʠʥʫ ʢʦʨʠʰ˂ʝʥʘ 4 × 4 × 1 (12-

ʘʪʦʤʩʢʘ) ˂ʝʣʠʿʘ. ʋ ʤʦʜʝʣʦʚʘˁʫ ʘʜʭʝʟʠʿʝ Cu ʥʘ TiO2, ʨʘʟʤʘʪʨʘʥʝ ʩʫ ʠ 36-ʘʪʦʤʩʢʝ ˂ʝʣʠʿʝ (001) ʠ 

(110) ʧʦʚʨʰʠʥʘ. ɼʘ ʙʠ ʩʝ ʠʟʙʝʛʣʝ ʚʝʰʪʘʯʢʝ ʝʣʝʢʪʨʦʩʪʘʪʯʢʝ ʠʥʪʝʨʘʢʮʠʿʝ, ʠʟʤʝʹʫ ʩʣʦʿʝʚʘ ʿʝ 

ʦʩʪʘʚˀʝʥʦ ʥʘʿʤʘˁʝ 25 ¡ ʚʘʢʫʫʤʘ. 

ʉʚʠ ʧʨʦʨʘʯʫʥʠ ʩʫ ʙʠʣʠ ʩʧʠʥ ʧʦʣʘʨʠʟʦʚʘʥʠ. ʍʘʙʘʨʜʦʚʘ ʢʦʨʝʢʮʠʿʘ (GGA + U) ʿʝ 

ʢʦʨʠʰ˂ʝʥʘ ʫ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʦʿ ʚʝʨʟʠʿʠ Cococcioni ʠ de Gironcoli [235, 249]. ɽʬʝʢʪʠʚʥʘ 

ʚʨʝʜʥʦʩʪ U ʦʜ 3 eV ʟʘ Ti-d [250], 2.0 eV ʟʘ Zr 4d  ʠ 4.0 eV ʟʘ Fe 3d. ʄʨʝʞʘ k-ʪʘʯʘʢʘ ʿʝ ʫʟʦʨʢʦʚʘʥʘ 

ʢʨʦʟ Monkhorst - Pack ʰʝʤʫ, ʢʦʨʠʩʪʝ˂ʠ 4x4x1 k-ʪʘʯʢʝ [230]. ʂʨʠʪʝʨʠʿʫʤʠ ʢʦʥʚʝʨʛʝʥʮʠʿʝ ʙʠʣʠ 

ʩʫ 10-6 Ry ʟʘ ʝʣʝʢʪʨʦʥʩʢʝ ʩʪʨʫʢʪʫʨʝ ʠ 10-4 Ry/Bohr ʟʘ ʿʦʥʩʢʝ ʩʠʣʝ. ʉʪʨʫʢʪʫʨʝ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʝ 

ʫ XcrysDen ʧʨʦʛʨʘʤʫ [251]. ʅʘʝʣʝʢʪʨʠʩʘˁʝ ʘʪʦʤʘ ʿʝ ʘʥʘʣʠʟʠʨʘʥʦ ʧʨʠʤʝʥʦʤ ɹʘʜʝʨʦʚʦʛ (Bader) 

ʢʦʜʘ [252]. 

ɸʜʭʝʟʠʿʘ ʤʝʪʘʣʘ ʿʝ ʠʩʧʠʪʠʚʘʥʘ ʥʘ ʤʝʩʪʠʤʘ ʚʠʩʦʢʝ ʩʠʤʝʪʨʠʿʝ. ɽʥʝʨʛʠʿʘ ʘʜʭʝʟʠʿʝ (Eadh) ʥʘ 

ʧʦʚʨʰʠʥʘʤʘ ʊiʆ2(001) ʠ ʊiʆ2(100) ʠʟʨʘʯʫʥʘʪʘ ʿʝ ʧʨʝʤʘ ʿʝʜʥʘʯʠʥʠ (42): 

%ÁÄÈ % % %   
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ʛʜʝ ʿʝ ɽsurf+ʄ ʫʢʫʧʥʘ ʝʥʝʨʛʠʿʘ ʧʦʚʨʰʠʥʝ ʩʘ ʣʝʧˀʝʥʠʤ ʤʝʪʘʣʦʤ, ɽsurf ʿʝ ʫʢʫʧʥʘ ʝʥʝʨʛʠʿʘ 

ʧʦʚʨʰʠʥʝ ʩʘʤʦʛ ʊiʆ2(001) ʠʣʠ ʊiʆ2(110), ʘ ɽʄ ʿʝ ʫʢʫʧʥʘ ʝʥʝʨʛʠʿʘ ʠʟʦʣʦʚʘʥʦʛ ʘʪʦʤʘ ʤʝʪʘʣʘ 

(ʧʨʠʣʦʛ 1 ʠ 2). 

3.3. ʉʠʥʪʝʟʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 

 3.3.1. ʉʠʥʪʝʟʘ ʪʠʪʘʥ(IV )-ʦʢʩʠʜʘ 

ʉʠʥʪʝʟʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʚʨʰʝʥʘ ʿʝ ʥʘ ʜʚʘ ʥʘʯʠʥʘ, ʧʨʠ ʯʝʤʫ ʩʫ ʤʦʜʠʬʠʢʦʚʘʥʠ 

ʨʝʘʢʮʠʦʥʠ ʫʩʣʦʚʠ ʫ ʮʠˀʫ ʜʦʙʠʿʘˁʘ ʩʠʪʥʠʿʠʭ ʥʘʥʦʯʝʩʪʠʮʘ. 

ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ (TiO2(1)), ʪʠʪʘʥ-ʠʟʦʧʨʦʧʦʢʩʠʜ (Ti(OCH(CH3)2)4) (Sigma-Aldrich, St. 

Louis, MO, USA, 97%) ʟʘʧʨʝʤʠʥʝ 20 mL ʨʘʩʪʚʦʨʝʥ ʿʝ ʫ 3 mL 2-ʧʨʦʧʘʥʦʣʘ (Centrohem, Stara 

Pazova, Serbia, 99,5%) ʠ ʦʩʪʘʚˀʝʥ ʜʘ ʩʝ ʤʝʰʘ ʥʘ ʤʘʛʥʝʪʥʦʿ ʤʝʰʘʣʠʮʠ, ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ. 

ʇʦʪʦʤ ʿʝ ʫʢʘʧʘʥʘ ʜʝʿʦʥʠʟʦʚʘʥʘ ʚʦʜʘ, ʯʠʿʘ ʿʝ pH ʚʨʝʜʥʦʩʪ, ʧʨʝʪʭʦʜʥʦ, ʧʦʜʝʰʝʥʘ ʨʘʩʪʚʦʨʦʤ 

ʥʘʪʨʠʿʫʤ-ʭʠʜʨʦʢʩʠʜʘ (Lach-ner, Neratovice, Czech Republic, 99,6%) ʥʘ 8. ʄʦʣʘʨʥʠ ʦʜʥʦʩ ʪʠʪʘʥ-

ʠʟʦʧʨʦʧʦʢʩʠʜʘ, 2-ʧʨʦʧʘʥʦʣʘ ʠ ʚʦʜʝ ʠʟʥʦʩʠʣʘ ʿʝ 5:3:1 ʨʝʜʦʤ. ʈʝʘʢʮʠʦʥʘ ʩʤʝʰʘ ʿʝ ʤʝʰʘʥʘ 45 

ʤʠʥʫʪʘ, ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ, ʥʘʢʦʥ ʯʝʛʘ ʿʝ ʧʨʝʙʘʯʝʥʘ ʫ ʚʠʘʣʝ ʠ ʮʝʥʪʨʠʬʫʛʠʨʘʥʘ. ɼʦʙʠʿʝʥʠ 

ʪʘʣʦʛ, ʠʩʧʨʘʥ ʿʝ ʪʨʠ ʧʫʪʘ ʜʝʿʦʥʠʟʦʚʘʥʦʤ ʚʦʜʦʤ, ʥʘʢʦʥ ʯʝʛʘ ʿʝ ʦʩʪʘʚˀʝʥ ʧʨʝʢʦ ʥʦ˂ʠ ʫ ʩʫʰʥʠʮʠ 

ʥʘ 100 ÜC ʜʘ ʩʝ ʫʧʘʨʝ ʨʘʩʪʚʘʨʘʯʠ ʢʦʨʠʰ˂ʝʥʠ ʫ ʩʠʥʪʝʟʠ. ʅʘʢʦʥ ʩʫʰʝˁʘ, ʫʩʣʝʜʠʣʘ ʿʝ ʢʘʣʮʠʥʘʮʠʿʘ 

ʜʦʙʠʿʝʥʦʛ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ (ʩʣʠʢʘ 8ʘ) ʫ ʧʝ˂ʠ ʥʘ 700 ÜC ʪʦʢʦʤ 5 ʩʘʪʠ, ʘ ʦʥʜʘ ʿʝ ʦʩʪʘʚˀʝʥʦ ʧʨʝʢʦ 

ʥʦ˂ʠ ʜʘ ʩʝ ʦʭʣʘʜʠ [114].  

ʋ ʜʨʫʛʦ ʿʩʠʥʪʝʟʠ (TiO2),  40 mL ʪʠʪʘʥ-ʠʟʦʧʨʦʧʦʢʩʠʜʘ (Ti(OCH(CH3)2)4) (Sigma-Aldrich, 

St. Louis, MO, USA, 97%) ʿʝ ʨʘʩʪʚʦʨʝʥʦ ʫ 6 mL 2-ʧʨʦʧʘʥʦʣʘ (Centrohem, Stara Pazova, Serbia, 

99,5%) ʠ ʦʩʪʘʚˀʝʥʦ ʿʝ ʜʘ ʩʝ ʤʝʰʘ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ 10 ʤʠʥʫʪʘ. ʇʦʪʦʤ ʩʝ ʫʢʘʧʘ 

ʜʝʿʦʥʠʟʦʚʘʥʘ ʚʦʜʘ, ʯʠʿʘ ʿʝ pH ʚʨʝʜʥʦʩʪ 6, ʪʦʢʦʤ 3 ʩʘʪʘ ʫʟ ʠʥʪʝʥʟʠʚʥʦ ʤʝʰʘˁʝ. ʄʦʣʘʨʥʠ ʦʜʥʦʩ 

ʪʠʪʘʥ-ʠʟʦʧʨʦʧʦʢʩʠʜʘ, 2-ʧʨʦʧʘʥʦʣʘ ʠ ʚʦʜʝ ʠʟʥʦʩʠʣʘ ʿʝ 5:3:10 ʨʝʜʦʤ.  ʅʘʢʦʥ ʪʦʛʘ, ʜʦʙʠʿʝʥʠ 

ʪʘʣʦʛ ʪʨʠ ʧʫʪʘ ʿʝ ʠʩʧʨʘʥ ʝʪʘʥʦʣʦʤ (Reahem, Novi Sad, Serbia, 70%), ʮʝʥʪʨʠʬʫʛʠʨʘʥ ʠ ʩʫʰʝʥ 

ʪʦʢʦʤ ʥʦ˂ʠ ʫ ʩʫʰʥʠʮʠ ʥʘ 100 ÜC. ʂʘʣʮʠʥʘʮʠʿʘ ʜʦʙʠʿʝʥʦʛ  ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ (ʩʣʠʢʘ 8ʙ) ʚʨʰʝʥʘ 

ʿʝ ʥʘ 700 ÜC ʪʦʢʦʤ 5 ʩʘʪʠ, ʘ ʟʘʪʠʤ ʿʝ ʦʩʪʘʚˀʝʥʦ ʧʨʝʢʦ ʥʦ˂ʠ ʜʘ ʩʝ ʦʭʣʘʜʠ [114, 253, 254]. 

 
ʉʣʠʢʘ 8. ʌʦʪʦʛʨʘʬʠʿʘ ʩʠʥʪʝʪʠʩʘʥʠʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ TiO2(1) (ʘ) ʠ TiO2 (ʙ). 

3.3.2. ʉʠʥʪʝʟʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʦʛ ʙʘʢʨʦʤ (Cu)TiO2 

ʄʦʜʠʬʠʢʘʮʠʿʘ ʙʘʢʨʦʤ ʚʨʰʝʥʘ ʿʝ ʥʘ ʦʙʘ ʩʠʥʪʝʪʠʩʘʥʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ. ʇʨʚʠ ʿʝ 

ʤʦʜʠʬʠʢʦʚʘʥ ʩʘ 0,4% ʤʦʣʘʨʥʠʭ ʫʜʝʣʘ ʙʘʢʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʪʠʪʘʥ, ʜʦʢ ʿʝ ʜʨʫʛʠ ʤʦʜʠʬʠʢʦʚʘʥ ʩʘ 

0,5, 1 ʠ 2% ʙʘʢʨʘ [5]. 

(42) 
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ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ, 0,5 g ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ (TiO2(1)) ʿʝ ʜʦʜʘʪʦ ʫ 50 mL ʜʝʿʦʥʠʟʦʚʘʥʝ ʚʦʜʝ 

ʠ ʜʠʩʧʝʨʛʦʚʘʥʦ ʿʝ 30 ʤʠʥʫʪʘ ʥʘ 90 ÜC ʥʘ ʫʣʪʨʘʟʚʫʯʥʦʤ ʢʫʧʘʪʠʣʫ. ʇʦʪʦʤ ʿʝ ʜʦʜʘʪʦ 5,8750 mg 

(0,4% ʤʦʣʘʨʥʠʭ ʫʜʝʣʘ ʙʘʢʨʘ) ʙʘʢʘʨ(II)-ʥʠʪʨʘʪ-ʪʨʠʭʠʜʨʘʪʘ (Cu(NO3)2·3H2O, Merck, Darmstadt, 

Germany, 99,5%), 12,5 mg ʯʚʨʩʪʦʛ ʥʘʪʨʠʿʫʤ-ʭʠʜʨʦʢʩʠʜʘ (Lach-ner, Neratovice, Czech Republic, 

99,6%) ʠ ʫʢʘʧʘʥʦ ʿʝ 5 mL (ɔ = 50 mgĿL-1) ʨʘʩʪʚʦʨʘ ʥʘʪʨʠʿʫʤ-ʙʦʨʭʠʜʨʠʜʘ (BDH Chemicals Ltd., 

Poole, UK, 95%) ʠ ʤʝʰʘʥʦ ʪʦʢʦʤ 90 ʤʠʥʫʪʘ. ʅʘʢʦʥ ʪʦʛʘ, ʜʦʙʠʿʝʥʠ ʪʘʣʦʛ ʿʝ ʠʩʧʨʘʥ ʚʦʜʦʤ, 

ʮʝʥʪʨʠʬʫʛʠʨʘʥ ʠ ʩʫʰʝʥ ʫ ʩʫʰʥʠʮʠ ʥʘ 100 ÜC ʧʨʝʢʦ ʥʦ˂ʠ (ʩʣʠʢʘ 9ʘ).  

ʉʠʥʪʝʟʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʦʛ 0,5, 1 ʠ 2% ʙʘʢʨʦʤ, ʚʨʰʝʥʘ ʿʝ ʪʘʢʦ ʰʪʦ ʿʝ ʧʦ 

0,5 g ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ  ʜʦʜʘʪʦ ʫ 50 mL ʜʝʿʦʥʠʟʦʚʘʥʝ ʚʦʜʝ ʠ ʜʠʩʧʝʨʛʦʚʘʥʦ ʿʝ 30 ʤʠʥʫʪʘ ʥʘ 90 

ºC ʥʘ ʫʣʪʨʘʟʚʫʯʥʦʤ ʢʫʧʘʪʠʣʫ. ʇʦʪʦʤ ʿʝ ʜʦʜʘʪʦ 7,6 mg, 15,1  mg ʠ 30,25 mg ʙʘʢʘʨ(II)-ʥʠʪʨʘʪ-

ʪʨʠʭʠʜʨʘʪʘ (Cu(NO3)2·3H2O, Merck, Darmstadt, Germany, 99,5%) ʟʘ 0,5, 1 ʠ 2% ʤʦʣʘʨʥʠʭ ʫʜʝʣʘ 

ʙʘʢʨʘ, ʨʝʜʦʤ. ʅʘʢʦʥ ʪʦʛʘ ʿʝ ʜʦʜʘʪʦ 12,5 mg ʯʚʨʩʪʦʛ ʥʘʪʨʠʿʫʤ-ʭʠʜʨʦʢʩʠʜʘ (Lach-ner, Neratovice, 

Czech Republic, 99,6%), ʫʢʘʧʘʥʦ ʿʝ 5 mL (ɔ = 0,5, 1 ʠ 2  gĿL-1) ʨʘʩʪʚʦʨʘ ʥʘʪʨʠʿʫʤ-ʙʦʨʭʠʜʨʠʜʘ 

(BDH Chemicals Ltd., Poole, UK, 95%) ʠ ʤʝʰʘʥʦ ʪʦʢʦʤ 2 ʩʘʪʘ. ɼʦʙʠʿʝʥʠ ʪʘʣʦʟʠ ʩʫ ʠʩʧʨʘʥʠ, 

ʮʝʥʪʨʠʬʫʛʠʨʘʥʠ ʠ ʩʫʰʝʥʠ ʥʘ 100 ÜC ʫ ʩʫʰʥʠʮʠ, ʧʨʝʢʦ ʥʦ˂ʠ (ʩʣʠʢʘ 9 ʙ, ʚ ʠ ʛ). 

 
ʉʣʠʢʘ 9. ʌʦʪʦʛʨʘʬʠʿʘ ʩʠʥʪʝʪʠʩʘʥʠʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 0,4% (Cu)TiO2 (ʘ), 0,5% (Cu)TiO2 (ʙ), 1% 

(Cu)TiO2 (ʚ) ʠ 2% (Cu)TiO2 (ʛ). 
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3.3.3. ʉʠʥʪʝʟʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʦʛ ʮʠʨʢʦʥʠʿʫʤʦʤ (Zr)TiO 2 

ʉʠʥʪʝʟʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʦʛ 0,5, 1 ʠ 2% ʮʠʨʢʦʥʠʿʫʤʦʤ [5], ʚʨʰʝʥʘ ʿ ʝ ʪʘʢʦ 

ʰʪʦ ʿʝ ʧʦ 0,5 g ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʜʦʜʘʪʦ ʫ 50 mL ʜʝʿʦʥʠʟʦʚʘʥʝ ʚʦʜʝ ʠ ʜʠʩʧʝʨʛʦʚʘʥʦ ʿʝ 30 ʤʠʥʫʪʘ 

ʥʘ 90 ÜC ʥʘ ʫʣʪʨʘʟʚʫʯʥʦʤ ʢʫʧʘʪʠʣʫ. ʇʦʪʦʤ ʿʝ ʜʦʜʘʪʦ 7,9 mg, 15,8  mg ʠ 31,6 mg ʮʠʨʢʦʥʠʿʫʤ(IV)-

ʥʠʪʨʘʪʘ ʢʦʿʠ ʩʘʜʨʞʠ 40% ʮʠʨʢʦʥʠʿʫʤ(IV)-ʦʢʩʠʜʘ (Zr(NO3)4 60% ʠ 40% ZrO2, Merck, Darmstadt, 

Germany) ʟʘ 0,5, 1 ʠ 2% ʤʦʣʘʨʥʠʭ ʫʜʝʣʘ ʮʠʨʢʦʥʠʿʫʤʘ, ʨʝʜʦʤ. ʅʘʢʦʥ ʪʦʛʘ ʿʝ ʜʦʜʘʪʦ 12,5 mg 

ʯʚʨʩʪʦʛ ʥʘʪʨʠʿʫʤ-ʭʠʜʨʦʢʩʠʜʘ (Lach-ner, Neratovice, Czech Republic, 99,6%), ʫʢʘʧʘʥʦ ʿʝ 5 mL (ɔ 

= 0,5, 1 ʠ 2  gĿL-1) ʨʘʩʪʚʦʨʘ ʥʘʪʨʠʿʫʤ-ʙʦʨʭʠʜʨʠʜʘ (BDH Chemicals Ltd., Poole, UK, 95%) ʪʦʢʦʤ 

2 ʩʘʪʘ. ɼʦʙʠʿʝʥʠ ʪʘʣʦʟʠ ʩʫ ʠʩʧʨʘʥʠ, ʮʝʥʪʨʠʬʫʛʠʨʘʥʠ ʠ ʩʫʰʝʥʠ ʥʘ 100 ÜC ʫ ʩʫʰʥʠʮʠ, ʧʨʝʢʦ 

ʥʦ˂ʠ (ʩʣʠʢʘ 10). 

 
ʉʣʠʢʘ 10. ʌʦʪʦʛʨʘʬʠʿʘ ʩʠʥʪʝʪʠʩʘʥʠʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 0,5% (Zr)TiO2 (ʘ), 1% (Zr)TiO2 (ʙ), 2% 

(Zr)TiO2 (ʚ). 

3.3.4. ʉʠʥʪʝʟʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʦʛ ʛʚʦʞʹʝʤ (Fe)TiO2 

ʉʠʥʪʝʟʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʦʛ 0,5, 1 ʠ 2% ʛʚʦʞʹʝʤ [5], ʚʨʰʝʥʘ ʿʝ ʪʘʢʦ ʰʪʦ 

ʿʝ ʧʦ 0,5 g ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʜʦʜʘʪʦ ʫ 50 mL ʜʝʿʦʥʠʟʦʚʘʥʝ ʚʦʜʝ ʠ ʜʠʩʧʝʨʛʦʚʘʥʦ ʿʝ 30 ʤʠʥʫʪʘ ʥʘ 

90 ºC ʥʘ ʫʣʪʨʘʟʚʫʯʥʦʤ ʢʫʧʘʪʠʣʫ. ʇʦʪʦʤ ʿʝ ʜʦʜʘʪʦ 10,5 mg, 20,9 mg ʠ 41,9 mg ʛʚʦʞʹʝ(III )-

ʮʠʪʨʘʪʘ-ʧʝʥʪʘʭʠʜʨʘʪʘ (FeC6H5O7·5H2O, The British Drug House, London, England, 98%) ʟʘ 0,5, 

1 ʠ 2% ʤʦʣʘʨʥʠʭ ʫʜʝʣʘ ʛʚʦʞʹʘ, ʨʝʜʦʤ. ʅʘʢʦʥ ʪʦʛʘ ʿʝ ʜʦʜʘʪʦ 12,5 mg ʯʚʨʩʪʦʛ ʥʘʪʨʠʿʫʤ-

ʭʠʜʨʦʢʩʠʜʘ (Lach-ner, Neratovice, Czech Republic, 99,6%), ʫʢʘʧʘʥʦ ʿʝ 5 mL (ɔ = 0,5, 1 ʠ 2  gĿL-1) 

ʨʘʩʪʚʦʨʘ ʥʘʪʨʠʿʫʤ-ʙʦʨʭʠʜʨʠʜʘ (BDH Chemicals Ltd., Poole, UK, 95%) ʪʦʢʦʤ 2 ʩʘʪʘ. ɼʦʙʠʿʝʥʠ 

ʪʘʣʦʟʠ ʩʫ ʠʩʧʨʘʥʠ, ʮʝʥʪʨʠʬʫʛʠʨʘʥʠ ʠ ʩʫʰʝʥʠ ʥʘ 100 ÜC ʫ ʩʫʰʥʠʮʠ, ʧʨʝʢʦ ʥʦ˂ʠ (ʩʣʠʢʘ 11). 

 
ʉʣʠʢʘ 11. ʌʦʪʦʛʨʘʬʠʿʘ ʩʠʥʪʝʪʠʩʘʥʠʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 0,5% (Fe)TiO2 (ʘ), 1% (Fe)TiO2 (ʙ), 2% 

(Fe)TiO2 (ʚ). 
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3.3.5. ʉʠʥʪʝʟʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʦʛ ʧʣʘʪʠʥʦʤ (Pt)TiO 2 

ʉʠʥʪʝʟʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʦʛ 0,5, 1 ʠ 2% ʧʣʘʪʠʥʦʤ [5], ʚʨʰʝʥʘ ʿ ʝ ʪʘʢʦ ʰʪʦ 

ʿʝ ʧʦ 0,5 g ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʜʦʜʘʪʦ ʫ 50 mL ʜʝʿʦʥʠʟʦʚʘʥʝ ʚʦʜʝ ʠ ʜʠʩʧʝʨʛʦʚʘʥʦ ʿʝ 30 ʤʠʥʫʪʘ ʥʘ 

90 ºC ʥʘ ʫʣʪʨʘʟʚʫʯʥʦʤ ʢʫʧʘʪʠʣʫ. ʇʦʪʦʤ ʿʝ ʜʦʜʘʪʦ 305 ɛL, 610 ɛL ʠ 1220 ɛL ʩʪʘʥʜʘʨʜʥʦʛ 

ʨʘʩʪʚʦʨʘ ʧʣʘʪʠʥʘ(IV)-ʭʣʦʨʠʜʘ (PtCl4, c = 5,13 mmol·L-1, Standard solution, Spectrosol, London, 

England) ʟʘ 0,5, 1 ʠ 2% ʤʦʣʘʨʥʠʭ ʫʜʝʣʘ ʧʣʘʪʠʥʝ, ʨʝʜʦʤ. ʅʘʢʦʥ ʪʦʛʘ ʿʝ ʜʦʜʘʪʦ 12,5 mg ʯʚʨʩʪʦʛ 

ʥʘʪʨʠʿʫʤ-ʭʠʜʨʦʢʩʠʜʘ (Lach-ner, Neratovice, Czech Republic, 99,6%),ʫʢʘʧʘʥʦ ʿʝ 5 mL (ɔ = 0,5, 1 

ʠ 2  gĿL-1) ʨʘʩʪʚʦʨʘ ʥʘʪʨʠʿʫʤ-ʙʦʨʭʠʜʨʠʜʘ (BDH Chemicals Ltd., Poole, UK, 95%) ʪʦʢʦʤ 2 ʩʘʪʘ. 

ɼʦʙʠʿʝʥʠ ʪʘʣʦʟʠ ʩʫ ʠʩʧʨʘʥʠ, ʮʝʥʪʨʠʬʫʛʠʨʘʥʠ ʠ ʩʫʰʝʥʠ ʥʘ 100 ÜC ʫ ʩʫʰʥʠʮʠ, ʧʨʝʢʦ ʥʦ˂ʠ 

(ʩʣʠʢʘ 12). 

 
ʉʣʠʢʘ 12. ʌʦʪʦʛʨʘʬʠʿʘ ʩʠʥʪʝʪʠʩʘʥʠʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 0,5% (Pt)TiO2 (ʘ), 1% (Pt)TiO2 (ʙ), 2% 

(Pt)TiO2 (ʚ). 

3.3.6. ʉʠʥʪʝʟʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʦʛ ʧʘʣʘʜʠʿʫʤʦʤ (Pd)TiO2 

ʉʠʥʪʝʟʘ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʤʦʜʠʬʠʢʦʚʘʥʦʛ 0,5, 1 ʠ 2% ʧʘʣʘʜʠʿʫʤʦʤ [5], ʚʨʰʝʥʘ ʿʝ ʪʘʢʦ 

ʰʪʦ ʿʝ ʧʦ 0,5 g ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʜʦʜʘʪʦ ʫ 50 mL ʜʝʿʦʥʠʟʦʚʘʥʝ ʚʦʜʝ ʠ ʜʠʩʧʝʨʛʦʚʘʥʦ ʿʝ 30 ʤʠʥʫʪʘ 

ʥʘ 90 ÜC ʥʘ ʫʣʪʨʘʟʚʫʯʥʦʤ ʢʫʧʘʪʠʣʫ. ʇʦʪʦʤ ʿʝ ʜʦʜʘʪʦ 166 ɛL, 333 ɛL ʠ 666 ɛL ʩʪʘʥʜʘʨʜʥʦʛ 

ʨʘʩʪʚʦʨʘ ʧʘʣʘʜʠʿʫʤ(II)-ʥʠʪʨʘʪʘ (Pd(NO3)2, ɔ = 1 gĿL-1 Pd2+, Standard solution, J.T.Baker, 

Phillipsburg, New Jersey) ʟʘ 0,5, 1 ʠ 2% ʤʦʣʘʨʥʠʭ ʫʜʝʣʘ ʧʘʣʘʜʠʿʫʤʘ, ʨʝʜʦʤ. ʅʘʢʦʥ ʪʦʛʘ ʿʝ ʜʦʜʘʪʦ 

12,5 mg ʯʚʨʩʪʦʛ ʥʘʪʨʠʿʫʤ-ʭʠʜʨʦʢʩʠʜʘ (Lach-ner, Neratovice, Czech Republic, 99,6%), ʫʢʘʧʘʥʦ ʿʝ 

5 mL (ɔ = 0,5, 1 ʠ 2  gĿL-1) ʨʘʩʪʚʦʨʘ ʥʘʪʨʠʿʫʤ-ʙʦʨʭʠʜʨʠʜʘ (BDH Chemicals Ltd., Poole, UK, 95%) 

ʪʦʢʦʤ 2 ʩʘʪʘ. ɼʦʙʠʿʝʥʠ ʪʘʣʦʟʠ ʩʫ ʠʩʧʨʘʥʠ, ʮʝʥʪʨʠʬʫʛʠʨʘʥʠ ʠ ʩʫʰʝʥʠ ʥʘ 100 ÜC ʫ ʩʫʰʥʠʮʠ, 

ʧʨʝʢʦ ʥʦ˂ʠ (ʩʣʠʢʘ 13). 

 
ʉʣʠʢʘ 13. ʌʦʪʦʛʨʘʬʠʿʘ ʩʠʥʪʝʪʠʩʘʥʠʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 0,5% (Pd)TiO2 (ʘ), 1% (Pd)TiO2 (ʙ), 2% 

(Pd)TiO2 (ʚ). 
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3.4. ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 

3.4.1. ɼʠʬʨʘʢʮʠʿʘ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʥʘ ʧʨʘʭʫ (XRPD) 

ʂʨʠʩʪʘʣʥʘ ʩʪʨʫʢʪʫʨʘ ʧʨʘʭʦʚʘ ʢʘʪʘʣʠʟʘʪʦʨʘ  TiO2(1) ʠ 0,4% (Cu)TiO2 ʦʜʨʝʹʝʥʘ ʿʝ 

ʘʥʘʣʠʟʦʤ ʧʦʜʘʪʘʢʘ ʜʠʬʨʘʢʮʠʿʝ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʥʘ ʧʨʘʭʫ (XRPD). ʄʝʨʝˁʘ ʩʫ ʩʧʨʦʚʝʜʝʥʘ ʥʘ 

ʦʩʫʰʝʥʠʤ ʧʨʘʭʦʚʠʤʘ ʢʦʨʠʰ˂ʝˁʝʤ SmartLab®  ʜʠʬʨʘʢʪʦʤʝʪʨʘ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ (Rigaku, 

Japan), ʦʧʨʝʤˀʝʥʦʛ Cu KŬ ʠʟʚʦʨʦʤ ʟʨʘʯʝˁʘ (ɚ = 1,5406 Å) ʧʦʜ ʥʘʧʦʥʦʤ ʦʜ 40 kV ʠ ʩʪʨʫʿʦʤ ʦʜ 

30 mA. ʇʨʠʢʫʧˀʘˁʝ ʧʦʜʘʪʘʢʘ ʟʘ ʦʙʨʘʩʮʝ ʿʝ ʦʙʘʚˀʝʥʦ ʫ ʦʧʩʝʛʫ 10ï70Á 2ɗ. ʉʢʝʥʠʨʘˁʝ 

ʜʠʬʨʘʢʮʠʿʝ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʿʝ ʩʧʨʦʚʝʜʝʥʦ ʧʨʠ ʙʨʟʠʥʠ ʩʢʝʥʠʨʘˁʘ ʦʜ 1Á·min-1. ɺʝʣʠʯʠʥʘ 

ʢʦʨʘʢʘ ʢʦʨʠʰ˂ʝʥʘ ʪʦʢʦʤ ʩʢʝʥʠʨʘˁʘ ʙʠʣʘ ʿʝ 0,02Á. ʌʘʟʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʩʠʥʪʝʪʠʩʘʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ, ʢʘʦ ʠ ʚʝʣʠʯʠʥʘ ʢʨʠʩʪʘʣʠʪʘ, ʜʝʬʦʨʤʘʮʠʿʘ ʨʝʰʝʪʢʝ ʠ ʧʘʨʘʤʝʪʘʨ ʨʝʰʝʪʢʝ ʠʟʨʘʯʫʥʘʪʠ 

ʩʫ ʢʦʨʠʰ˂ʝˁʝʤ ʍʘʣʜʝʨ-ɺʘʛʥʝʨc (ʝʥʛ. HalderïWagner) ʤʝʪʦʜʝ ʫʛʨʘʹʝʥʝ ʫ ʩʦʬʪʚʝʨ ʟʘ 

ʜʠʬʨʘʢʮʠʿʫ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʥʘ ʧʨʘʭʫ ʠʥʪʝʛʨʠʩʘʥ ʫ PDXL2 (ɺʝʨʟʠʿʘ 22.8.40; Rigaku 

Corporation, Tokyo, Japan). 

ʄʝʨʝˁʘ ʜʠʬʨʘʢʮʠʿʝ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʥʘ ʧʨʘʭʫ (XRPD) ʟʘ ʫʟʦʨʢʝ TiO2 ʠ 

ʤʦʜʠʬʠʢʦʚʘʥʠʭ ʫʟʦʨʮʘʢʘ TiO2 ʩʧʨʦʚʝʜʝʥʘ ʩʫ ʥʘ ʨʝʥʜʛʝʥʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʫ Philips PW 1050 

ʢʦʨʠʰ˂ʝˁʝʤ Ni -ʬʠʣʪʨʠʨʘʥʦʛ Cu ʟʨʘʯʝˁʘ ʠ ɹʨʘʛ-ɹʨʝʥʪʘʥʦ (ʝʥʛ. Bragg-Brentano) ʛʝʦʤʝʪʨʠʿʝ 

ʬʦʢʫʩʠʨʘˁʘ. ʀʥʪʝʥʟʠʪʝʪ ʜʠʬʨʘʢʮʠʿʝ ʿʝ ʟʘʙʝʣʝʞʝʥ ʫ ʦʧʩʝʛʫ 5ï70Á 2ɗ ʩʘ ʚʝʣʠʯʠʥʦʤ ʢʦʨʘʢʘ ʦʜ 

0,02Á ʠ ʚʨʝʤʝʥʦʤ ʙʨʦʿʘˁʘ ʦʜ 6 s ʧʦ ʢʦʨʘʢʫ. ʂʚʘʣʠʪʘʪʠʚʥʘ ʠ ʧʦʣʫʢʚʘʥʪʠʪʘʪʠʚʥʘ ʬʘʟʥʘ ʘʥʘʣʠʟʘ 

ʿʝ ʠʟʚʨʰʝʥʘ ʫ Difracc. Eva ʩʦʬʪʚʝʨʫ. ʇʘʨʘʤʝʪʨʠ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ ʩʫ ʝʢʩʪʨʘʭʦʚʘʥʠ ʠʟ 

ʩʥʠʤˀʝʥʠʭ XRPD ʫʟʦʨʘʢʘ ʧʦʤʦ˂ʫ ʩʦʬʪʚʝʨʘ Powder Cell [255]. ɿʘ ʧʨʦʮʝʥʫ ʚʝʣʠʯʠʥʝ 

ʢʨʠʩʪʘʣʠʪʘ ʧʨʠʤʝˁʝʥʘ ʿʝ ʢʣʘʩʠʯʥʘ ʐʝʨʝʨʦʚʘ (ʝʥʛ. Scherrer) ʤʝʪʦʜʘ [256].  

3.4.2. ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ ʩʘ ʝʥʝʨʛʝʪʩʢʦ-ʜʠʩʧʝʨʟʠʚʥʦʤ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʦʤ (SEM - EDS) 

ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ (SEM) ʩʘ ʝʥʝʨʛʝʪʩʢʦ ʜʠʩʧʝʨʟʠʚʥʦʤ 

ʨʝʥʜʛʝʥʩʢʦʤ ʩʧʝʢʪʨʦʤʝʪʨʠʿʦʤ (EDS) ʠʟʚʝʜʝʥʘ ʿʝ ʩʘ PhenomProX ʝʣʝʢʪʨʦʥʩʢʠʤ ʤʠʢʨʦʩʢʦʧʦʤ 

(Phenom, Thermo Fisher Scientific, Waltham, MA, USA). ʅʘ ʦʚʦʤ ʫʨʝʹʘʿʫ ʩʥʠʤˀʝʥʠ ʩʫ ʫʟʦʨʮʠ 

TiO2(1) ʠ 0,4% (Cu)TiO2. ʅʘʧʦʥ ʫʙʨʟʘˁʘ ʪʦʢʦʤ ʩʥʠʤʘˁʘ ʙʠʦ ʿʝ 15 kV, ʘ ʫʚʝ˂ʘˁʝ 20.000 ʧʫʪʘ. 

ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ ʩʘ ʝʥʝʨʛʝʪʩʢʦ-ʜʠʩʧʝʨʟʠʚʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʠʿʦʤ 

(SEM - EDS ʘʥʘʣʠʟʘ) ʠʟʚʝʜʝʥʘ ʿʝ ʢʦʨʠʰ˂ʝˁʝʤ JEOL (Tokyo, Japan) JSM-7001F ʝʤʠʩʠʦʥʦʛ 

ʩʢʝʥʠʨʘʿʫ˂ʝʛ ʝʣʝʢʪʨʦʥʩʢʦʛ ʤʠʢʨʦʩʢʦʧʘ, ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ Oxford Instruments (Abingdon, UK)  

Xplore 15 ʝʥʝʨʛʝʪʩʢʠ ʜʠʩʧʝʨʟʠʚʥʦʛ ʨʝʥʜʛʝʥʩʢʦʛ ʟʨʘʢʘ ʩʧʝʢʪʨʦʤʝʪʨʦʤ, ʫ ʨʝʞʠʤʫ ʚʠʩʦʢʦʛ 

ʚʘʢʫʫʤʘ (ʧʨʠʙʣʠʞʥʦ 10-4 Pʘ). ʋʟʦʨʮʠ TiO2 ʠ ʤʦʜʠʬʠʢʦʚʘʥʠ ʫʟʦʨʮʠ TiO2 ʩʫ ʧʨʝʪʭʦʜʥʦ 

ʦʙʣʦʞʝʥʠ ʝʣʝʢʪʨʦʧʨʦʚʦʜˀʠʚʠʤ ʟʣʘʪʥʠʤ ʧʨʝʤʘʟʦʤ ʜʝʙˀʠʥʝ 15 nm. ʉʥʠʤʘˁʝ ʿʝ ʚʨʰʝʥʦ 

ʥʘʧʦʥʦʤ ʫʙʨʟʘˁʘ ʦʜ 30 kV ʠ ʩʪʨʫʿʦʤ ʩʦʥʜʝ ʿʘʯʠʥʝ ʧʨʠʙʣʠʞʥʦ 0,5 nA, ʨʘʜʥʘ ʫʜʘˀʝʥʦʩʪ ʦʜ 5 

mm ʠ ʫʚʝ˂ʘˁʘ ʦʜ 25.000 ʠ 50.000 ʧʫʪʘ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʟʘ EDS ʘʥʘʣʠʟʫ ʢʦʨʠʰ˂ʝʥʠ ʩʫ  ʥʘʧʦʥ 

ʫʙʨʟʘˁʘ ʦʜ 20 kV, ʩʪʨʫʿa ʩʦʥʜʝ ʿʘʯʠʥʝ ʧʨʠʙʣʠʞʥʦ 10 nA, ʨʘʜʥʘ ʫʜʘˀʝʥʦʩʪ ʦʜ 10 mm, ʫʚʝ˂ʘˁʝ 

ʦʜ 200 ʧʫʪʘ ʠ ʚʨʝʤʝ ʘʢʚʠʟʠʮʠʿʝ ʦʜ 100 s. 

3.4.3. ʆʧʪʠʯʢʘ ʝʤʠʩʠʦʥʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʠʥʜʫʢʪʠʚʥʦ ʩʧʨʝʛʥʫʪʝ ʧʣʘʟʤʝ (ICP-OS) 

0,1 g ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʿʝ ʨʘʩʪʚʦʨʝʥʦ ʫ 2 mL ʮʘʨʩʢʝ ʚʦʜʝ (HNO3:HCl = 1:3; HNO3 65%, 

Sigma-Aldrich, St. Louis, Missouri, United States; HCl 37%, Chem-Lab, Zedelgem, Belgium), ʫʟʦʨʮʠ 

ʩʫ ʟʘʛʨʝʚʘʥʠ, ʘ ʟʘʪʠʤ ʨʘʩʪʚʦʨʝʥʠ ʫ ʜʝʿʦʥʠʟʦʚʘʥʦʿ ʚʦʜʠ ʫ ʥʦʨʤʘʣʥʦʤ ʩʫʜʫ ʦʜ 10 mL ʠ 

ʬʠʣʪʨʠʨʘʥʠ. ɺʦʜʝʥʠ ʨʘʩʪʚʦʨʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ (Pt, Pd, Cu ʠ Fe) ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʢʦʨʠʰ˂ʝˁʝʤ 

Thermo Scientific iCAP 7400 duo ICP-OES ʠʥʩʪʨʫʤʝʥʪʘ (ʩʣʠʢʘ 14). ɿʘ ʧʨʠʢʫʧˀʘˁʝ ʠ ʦʙʨʘʜʫ 

ʧʦʜʘʪʘʢʘ ʢʦʨʠʰ˂ʝʥ ʿʝ ʩʦʬʪʚʝʨ Thermo Scientific Qtegra Intelligent Scientific Data Solution 

(ISDS). ɿʘ ʢʘʣʠʙʨʘʮʠʿʝ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʝʢʩʪʝʨʥʠ ʩʪʘʥʜʘʨʜʠ, ʧʨʠʧʨʝʤˀʝʥʠ ʨʘʟʙʣʘʞʝˁʝʤ 
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ʢʦʤʝʨʮʠʿʘʣʥʠʭ ʩʪʘʥʜʘʨʜʘ (1000 mg·L-1 Multi-element ICP Standard solution, Chem-Lab, 

Zedelgem, Belgium; 1 mg·L-1 Pd Standard solution, J.T.Baker, Phillipsburg, New Jersey; 1 mg·L-1 

Pt Standard solution, J.T.Baker, Phillipsburg, New Jersey). 

 
ʉʣʠʢʘ 14. ICP-OES ʠʥʩʪʨʫʤʝʥʪ ʢʦʨʠʰ˂ʝʥ ʫ ʦʢʚʠʨʫ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ. 

3.5. ʌʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʜʝʛʨʘʜʘʮʠʿʘ 

3.5.1. ʇʨʠʧʨʝʤʘ ʨʘʩʪʚʦʨʘ ʟʘ ʬʦʪʦʢʘʪʘʣʠʟʫ 

ɿʘ ʬʦʪʦʢʘʪʘʣʠʟʫ ʢʦʨʠʰ˂ʝʥʘ ʩʫ ʜʚʘ ʫʟʦʨʢʘ. ʈʝʘʣʥʠ ʫʟʦʨʘʢ ʿʝ ʢʦʤʝʨʮʠʿʘʣʥʠ ʨʘʩʪʚʦʨ ʟʘ 

ʠʥʬʫʟʠʿʫ ʢʦʿʠ ʿʝ ʜʝʛʨʘʜʠʨʘʥ ʩʘ ʩʚʠʤ ʩʠʥʪʝʪʠʩʘʥʠʤ ʢʘʪʘʣʠʟʘʪʦʨʠʤʘ. ʉʠʤʫʣʠʨʘʥʠ ʨʘʩʪʚʦʨ ʿʝ 

ʩʪʘʥʜʘʨʜʥʠ ʨʘʩʪʚʦʨ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʢʦʿʠ ʿʝ ʜʝʛʨʘʜʠʨʘʥ ʥʘʿʝʬʠʢʘʩʥʠʿʠʤ ʢʘʪʘʣʠʟʘʪʦʨʦʤ ʫ 

ʮʠˀʫ ʙʦˀʝʛ ʨʘʟʫʤʝʚʘˁʘ ʧʨʦʮʝʩʘ ʬʦʪʦʢʘʪʘʣʠʪʟʝ ʠ ʦʜʨʝʹʠʚʘˁʘ ʩʘʤʦʛ ʤʝʭʘʥʠʟʤʘ ʨʘʟʣʘʛʘˁʘ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ. 

3.5.1.1. ʇʨʠʧʨʝʤʘ ʨʝʘʣʥʦʛ ʨʘʩʪʚʦʨʘ ʟʘ ʬʦʪʦʢʘʪʘʣʠʟʫ 

ɸʤʧʫʣʫ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ, ʢʦʤʝʨʮʠʿʘʣʥʦʛ ʨʘʩʪʚʦʨʘ ʟʘ ʠʥʬʫʟʠʿʫ (Marocen®, Hemofarm, 

Serbia), ʢʦʿʠ ʩʘʜʨʞʠ 100 mg ʫ 10 mL ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ-ʣʘʢʪʘʪʘ, ʨʘʩʪʚʦʨʠʪʠ ʫ ʜʝʿʦʥʠʟʦʚʘʥʦʿ 

ʚʦʜʠ ʫ ʥʦʨʤʘʣʥʦʤ ʩʫʜʫ ʦʜ 250 mL. ʇʦʪʦʤ, 12,5 mL ʦʚʘʢʦ ʜʦʙʠʿʝʥʦʛ ʨʘʩʪʚʦʨʘ ʨʘʟʙʣʘʞʠʪʠ ʜʦ 

250 mL ʫ ʜʨʫʛʦʤ ʥʦʨʤʘʣʥʦʤ ʩʫʜʫ. ʂʦʥʘʯʥʘ ʢʦʣʠʯʠʥʩʢʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʨʘʩʪʚʦʨʘ ʠʟʥʦʩʠ 

4,75·10-5 mol·L-1, ʦʜʥʦʩʥʦ ʤʘʩʝʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ 20 mg·L-1. 

3.5.1.2. ʇʨʠʧʨʝʤʘ ʩʠʤʫʣʠʨʘʥʦʛ ʨʘʩʪʚʦʨʘ ʟʘ ʬʦʪʦʢʘʪʘʣʠʟʫ 

5 mg ʯʚʨʩʪʦʛ ʮʠʧʨʦʬʣʦʢʘʩʮʠʥ-ʣʘʢʪʘʪʘ (Dr. Ehrenstorfer, Augsburg, Germany, 99%) 

ʨʘʩʪʚʦʨʝʥʦ ʿʝ ʫ 250 mL ʜʝʿʦʥʠʟʦʚʘʥʝ ʚʦʜʝ. ʂʦʣʠʯʠʥʩʢʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʨʘʩʪʚʦʨʘ ʠʟʥʦʩʠ ʠʩʪʦ 

ʢʦʣʠʢʦ ʠ ʫ ʨʘʩʪʚʦʨʫ ʟʘ ʠʥʬʫʟʠʿʫ (c = 4,75·10-5 mol·L-1, ɔ = 20 mg·L-1). 
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3.5.2. ʌʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʜʝʛʨʘʜʘʮʠʿʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ 

ʌʦʪʦʢʘʪʘʣʠʟʘ ʨʝʘʣʥʦʛ ʫʟʦʨʢʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʚʨʰʝʥʘ ʿʝ ʫ ʜʚʝ ʩʝʨʠʿʝ. ʇʨʚʘ ʩʝʨʠʿʘ ʿʝ 

ʚʨʰʝʥʘ ʩʘ 20 mg ʩʚʠʭ ʩʠʥʪʝʪʠʩʘʥʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘ. ɼʨʫʛʘ ʩʝʨʠʿʘ ʿʝ ʚʨʰʝʥʘ ʩʘ 30 mg 

ʢʘʪʘʣʠʟʘʪʦʨʘ ʯʠʩʪʦʛ ʠ ʤʦʜʠʬʠʢʦʚʘʥʠʭ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ (TiO2). ʉʠʤʫʣʠʨʘʥʠ ʫʟʦʨʘʢ ʿʝ 

ʜʝʛʨʘʜʠʨʘʥ ʩʘ 20 mg 1% (Pt)TiO2. 

ʌʦʪʦʢʘʪʘʣʠʟʘ ʩʚʠʭ ʫʟʦʨʘʢʘ ʚʨʰʝʥʘ ʿʝ ʥʘ ʠʩʪʠ ʥʘʯʠʥ. ʆʜʛʦʚʘʨʘʿʫ˂ʘ ʤʘʩʘ (20 mg ʠʣʠ 30 

mg) ʢʘʪʘʣʠʟʘʪʦʨʘ ʜʦʜʘʪʘ ʿʝ ʫ 50 mL ʨʘʩʪʚʦʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ (ɔ = 20 mg·L-1) ʠ ʟʘʿʝʜʥʦ ʩʘ 50 

mL ʩʣʝʧʝ ʧʨʦʙʝ (ʨʘʩʪʚʦʨ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ, ʙʝʟ ʜʦʜʘʪʦʛ ʢʘʪʘʣʠʟʘʪʦʨʘ), ʦʩʪʘʚˀʝʥʠ ʩʫ ʫ ʤʨʘʢʫ 

30 ʤʠʥʫʪʘ, ʫʟ ʤʝʰʘˁʝ, ʜʘ ʩʝ ʫʩʧʦʩʪʘʚʠ ʨʘʚʥʦʪʝʞʘ. ʇʦʪʦʤ ʩʫ ʨʘʩʪʚʦʨ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʠ ʩʣʝʧʘ 

ʧʨʦʙʘ, ʦʟʨʘʯʠʚʘʥʠ UV ʣʘʤʧʦʤ (Philips TUV 15W UVC Disinfection, Poland) ʪʦʢʦʤ 4 ʩʘʪʘ. 

ɸʣʠʢʚʦʪʠ ʩʫ ʫʟʠʤʘʥʠ ʥʘ 0, 15, 30, 60, 90, 120, 150, 180, 210 ʠ 240 ʤʠʥʫʪʘ, ʘ ʩʣʝʧʝ ʧʨʦʙʝ ʥʘ 60 

ʤʠʥʫʪʘ, ʫ ʢʠʚʝʪʫ ʦʜ 4 mL. ʇʨʦʮʝʩ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ ʧʨʘ˂ʝʥ ʿʝ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʿʩʢʠ (LLG 

Labware, Detroit, USA), ʩʥʠʤʘˁʝʤ ʩʧʝʢʪʘʨʘ ʦʜ 190 ʜʦ 500 nm ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ (ʩʣʠʢʘ 15). 

 
ʉʣʠʢʘ 15. ʌʦʪʦʛʨʘʬʠʿʘ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʘʨʘ (LLG Labware, Detroit, USA) ʢʦʨʠʰ˂ʝʥʦʛ ʟʘ ʧʨʘ˂ʝˁʝ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ. 

3.6. ʆʜʨʝʹʠʚʘˁʝ ʩʪʝʧʝʥʘ ʤʠʥʝʨʘʣʠʟʘʮʠʿʝ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ 

ʇʨʘ˂ʝˁʝ ʧʨʦʤʝʥʝ ʫʢʫʧʥʦʛ ʦʨʛʘʥʩʢʦʛ ʫʛˀʝʥʠʢʘ (TOC) ʚʨʰʝʥ ʿʝ ʥʘ TOC-LCPH ʫʨʝʹʘʿʫ 

(Shimadzu Co., Kyoto, Japan, ʩʣʠʢʘ 16). ʉʥʠʤʘʥʦ ʿʝ ʧʦ 10 mL ʨʝʘʣʥʦʛ ʠ ʩʠʤʫʣʠʨʘʥʦʛ ʨʘʩʪʚʦʨʘ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʠ ʩʣʝʧʝ ʧʨʦʙʝ ʩʘ ʧʦʯʝʪʢʘ ʠ ʢʨʘʿʘ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ. ɽʬʠʢʘʩʥʦʩʪ 

ʤʠʥʝʨʘʣʠʟʘʮʠʿʝ ʨʘʯʫʥʘʪʘ ʿʝ ʧʨʝʤʘ ʩʣʝʜʝ˂ʦʿ ʿʝʜʥʘʯʠʥʠ (43): 

˞̓̆̐̆̎ ̗̪̍̉̎̆̑́̌̉̈́̉̆ Ϸ   
̐̏ ̘̆̓̎́ ̋̑ ̪̮́́

̐̏ ̘̆̓̎́
ρππ  (43) 
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ʉʣʠʢʘ 16. ʌʦʪʦʛʨʘʬʠʿʘ ʫʨʝʹʘʿʘ  ʟʘ ʧʨʘ˂ʝˁʝ ʩʪʝʧʝʥʘ ʤʠʥʝʨʘʣʠʟʘʮʠʿʝ (TOC-LCPH, Shimadzu Co., 

Kyoto, Japan). 

3.7. LC-MS/MS ʘʥʘʣʠʟʘ 

ʎʠʧʨʦʬʣʦʢʩʘʮʠʥ ʠ ˁʝʛʦʚʠ ʧʨʦʜʫʢʪʠ ʨʘʟʛʨʘʜˁʝ ʦʜʨʝʹʝʥʠ ʩʫ ʪʝʭʥʠʢʦʤ ʪʝʯʥʝ 

ʭʨʦʤʘʪʦʛʨʘʬʠʿʝ-ʪʘʥʜʝʤ ʤʘʩʝʥʝ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ (LC-MS/MS). ʊʝʯʥʘ ʭʨʦʤʘʪʦʛʨʘʬʠʿʘ ʿʝ 

ʠʟʚʝʜʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ Dionex UltiMate 3000® LC ʩʠʩʪʝʤʘ (Thermo Fisher Scientific, Waltham, 

MA, USA). Zorbax Eclipse® XDB-C18 ʢʦʣʦʥʘ ʨʝʚʝʨʟʥʝ ʬʘʟʝ, 75 mmĬ4,6 mm i.d. ʠ 3,5 Õm 

ʚʝʣʠʯʠʥʝ ʯʝʩʪʠʮʘ (Agilent Technologies, Santa Clara, CA, USA), ʢʦʨʠʰ˂ʝʥ ʿʝ ʟʘ ʨʘʟʜʚʘʿʘˁʝ 

ʿʝʜʠˁʝˁʘ. ʀʩʧʨʝʜ ʭʨʦʤʘʪʦʛʨʘʬʩʢʝ ʢʦʣʦʥʝ ʧʦʩʪʘʚˀʝʥʘ ʿʝ ʧʨʝʜʢʦʣʦʥʘ: 12,5 mm×4,6 mm i.d. ʠ 5 

µm ʚʝʣʠʯʠʥʝ ʯʝʩʪʠʮʘ (Agilent Technologies). ʄʦʙʠʣʥʘ ʬʘʟʘ ʩʝ ʩʘʩʪʦʿʘʣʘ ʦʜ ʜʝʿʦʥʠʟʦʚʘʥʝ ʚʦʜʝ, 

ʤʝʪʘʥʦʣʘ ʠ 10% ʩʠʨ˂ʝʪʥʝ ʢʠʩʝʣʠʥʝ (v/v), ʘ ʙʨʟʠʥʘ ʧʨʦʪʦʢʘ ʿʝ ʧʦʜʝʰʝʥʘ ʥʘ 0,6 mL·minï1. 

ɻʨʘʜʠʿʝʥʪ ʤʦʙʠʣʥʝ ʬʘʟʝ ʿʝ ʧʦʯʝʦ ʩʘ 20% ʤʝʪʘʥʦʣʘ ʠ 1% ʩʠʨ˂ʝʪʥʝ ʢʠʩʝʣʠʥʝ, ʧʦʚʝ˂ʘʦ ʩʝ ʥʘ 40% 

ʤʝʪʘʥʦʣʘ ʫ ʨʦʢʫ ʦʜ 15 ʤʠʥʫʪʘ, ʢʦʣʦʥʘ ʿʝ ʟʘʪʠʤ ʠʩʧʠʨʘʥʘ ʩʘ 100% ʤʝʪʘʥʦʣʘ ʪʦʢʦʤ 5 ʤʠʥʫʪʘ, ʘ 

ʧʦʯʝʪʥʠ ʫʩʣʦʚʠ ʩʫ ʧʦʥʦʚʦ ʫʩʧʦʩʪʘʚˀʝʥʠ ʫ ʨʦʢʫ ʦʜ 5 ʤʠʥʫʪʘ. ʄʘʩʝʥʠ ʩʧʝʢʪʨʠ ʩʫ ʜʦʙʠʿʝʥʠ 

ʧʦʤʦ˂ʫ LTQ XL (Thermo Fisher Scientific) ʤʘʩʝʥʦʛ ʩʧʝʢʪʨʦʤʝʪʨʘ ʩʘ ʣʠʥʝʘʨʥʠʤ ʭʚʘʪʘˁʝʤ ʿʦʥʘ. 

ʂʘʦ ʪʝʭʥʠʢʘ ʿʦʥʠʟʘʮʠʿʝ ʫ ʧʦʟʠʪʠʚʥʦʤ ʨʝʞʠʤʫ ʢʦʨʠʰ˂ʝʥ ʿʝ ʝʣʝʢʪʨʦʩʧʨʝʿ. ʆʧʪʠʤʘʣʥʠ 

ʧʘʨʘʤʝʪʨʠ ʠʟʚʦʨʘ ʙʠʣʠ ʩʫ ʩʣʝʜʝ˂ʠ: ʥʘʧʦʥ ʠʟʚʦʨʘ (5 kV), ʛʘʩ ʦʤʦʪʘʯʘ (43 au, ʪʿ. 43 ʧʨʦʠʟʚʦˀʥʝ 

(ʘʨʙʠʪʘʨʥʠʭ) ʿ ʝʜʠʥʠʮʝ ʫ ʦʧʩʝʛʫ 0-100 ʜʝʬʠʥʠʩʘʥʦʤ LTQ XL ʩʠʩʪʝʤʦʤ) ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʢʘʧʠʣʘʨʘ 

(220 ºC). ʍʝʣʠʿʫʤ ʿʝ ʢʦʨʠʰ˂ʝʥ ʢʘʦ ʢʦʣʠʟʠʦʥʠ ʛʘʩ. ʄʘʩʝʥʠ ʩʧʝʢʪʨʠ ʩʫ ʩʥʠʤˀʝʥʠ ʫ ʦʧʩʝʛʫ m/z 

ʦʜ 100 ʜʦ 500. 
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4. ʈʝʟʫʣʪʘʪʠ ʠ ʜʠʩʢʫʩʠʿʘ 

4.1. DFT ʧʨʦʨʘʯʫʥʠ 

4.1.1. ɺʝʟʠʚʘˁʝ d-ʤʝʪʘʣʘ ʥʘ ʊiʆ2(001) ʧʦʚʨʰʠʥʠ 

DFT ʢʦʤʧʘʨʘʪʠʚʥʦ ʪʝʩʪʠʨʘˁʝ ʿʝ ʠʟʚʝʜʝʥʦ ʟʘ ʨʫʪʠʣ ʊiʆ2(001) ʠ (ʄ)ʊiʆ2(001) ʟʘ 24 

ʧʨʝʣʘʟʥʘ ʤʝʪʘʣʘ (ʄ) ʥʘ ʪʨʠ ʨʘʟʣʠʯʠʪʘ ʤʝʩʪʘ ʚʝʟʠʚʘˁʘ: ʫ hʫʧʠˀʥʠ ʠʟʤʝʹʫ ʘʪʦʤʘ ʫ ʊiʆ2 

(hollow), ʤʦʩʪ ʠʟʥʘʜ ʘʪʦʤʘ ʫ ʊiʆ2 (bridge) ʠ ʠʟʥʘʜ ʘʪʦʤʘ ʪʠʪʘʥʘ ʫ ʊiʆ2 (top) (ʩʣʠʢʘ 17). 

 
ʉʣʠʢʘ 17. ʉʪʨʫʢʪʫʨʝ ʊiʆ2 (a) ʠ (ʄ)ʊiʆ2 ʩʘ ʄ ʫ ʰʫʧʠˀʥʠ (hollow) (ʙ), ʤʦʩʪ (bridge) (ʚ) ʠ ʠʟʥʘʜ (top) 

(ʛ). ʂʦʜ ʙʦʿʘ: ʊiðʩʠʚʘ, ʆðʮʨʚʝʥʘ, ʄðʙʝʣʘ. 

ʀʟʨʘʯʫʥʘʪʝ ʝʥʝʨʛʠʿʝ ʘʜʭʝʟʠʿʝ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ ʥʘ ʚʠʩʦʢʦʩʠʤʝʪʨʠʯʥʠʤ ʤʝʩʪʠʤʘ 

ʧʦʚʨʰʠʥʝ ʊiʆ2 (001) ʜʘʪʝ ʩʫ ʫ ʪʘʙʝʣʠ 3. 

ʊʘʙʝʣʘ 3. ɽʥʝʨʛʠʿʝ ʘʜʭʝʟʠʿʝ (ɽadh) ʠʩʧʠʪʠʚʘʥʠʭ ʤʝʪʘʣʘ ʥʘ ʚʠʩʦʢʦʩʠʤʝʪʨʠʯʥʠʤ ʤʝʩʪʠʤʘ 

ʧʦʚʨʰʠʥʝ ʊiʆ2(001) (ʥ.ʩ. ʦʟʥʘʯʘʚʘ Ăʥʝʩʪʘʙʠʣʘʥñ). 

 

ʄʝʪʘʣ / 

ʤʝʩʪʦ 

ʚʝʟʠʚʘˁʘ 

Bridge 

(eV) 

Hollow 

(eV) 
Top (eV) 

ʄʝʪʘʣ / 

ʤʝʩʪʦ 

ʚʝʟʠʚʘˁʘ 

Bridge 

(eV) 

Hollow 

(eV) 
Top (eV) 

Ag -0,868 -0,690 -0,274 Nb -4,476 -4,416 -0,604 

Au -0,680 -0,757 -0,523 Ni -3,376 -2,967 ʥ.ʩ. 

Cd -0,220 ʥ.ʩ. -0,050 Os -4,675 -3,902 -0,675 

Co -3,581 -2,967 -0,422 Pd -1,398 -1,830 -0,806 

Cr -0,870 ʥ.ʩ. -0,115 Pt -1,962 -2,698 -0,939 

Cu -2,376 -1,206 -0,270 Re -2,700 -3,382 -0,259 

Fe -2,492 -2,994 -0,431 Rh -2,429 -1,802 -0,799 

Hf -6,817 -2,695 -1,106 Ru -2,805 -3,145 -0,860 

Hg -0,076 -0,048 -0,041 Ta -4,805 -6,435 -0,769 

Ir -2,887 -3,897 -0,979 V -4,006 -2,348 -0,342 

Mn -2,385 -0,931 -0,268 Zn -0,314 -0,077 -0,053 

Mo -2,628 -2,598 -0,141 Zr -6,014 -5,503 -1,170 

ʇʨʝʤʘ ʜʦʙʠʿʝʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ DFT ʧʨʦʨʘʯʫʥʘ, ʤʝʩʪʦ ʘʜʩʦʨʧʮʠʿʝ ʤʦʩʪʘ (bridge) ʿʝ 

ʧʨʝʬʝʨʝʥʮʠʿʘʣʥʦ ʟʘ ʚʝ˂ʠʥʫ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ. ʉʚʠ ʠʩʧʠʪʠʚʘʥʠ ʤʝʪʘʣʠ ʧʦʢʘʟʫʿʫ ʥʝʛʘʪʠʚʥʝ 

ʝʥʝʨʛʠʿʝ ʘʜʭʝʟʠʿʝ, ʪʿ. ʘʜʭʝʟʠʿʘ ʿʝ ʪʝʨʤʦʜʠʥʘʤʠʯʢʠ ʤʦʛʫ˂ʘ. ʇʦʨʝʜ ɽadh, ʬʠʟʠʯʢʘ ʩʪʘʙʠʣʥʦʩʪ 

ʜʝʧʦʥʦʚʘʥʦʛ ʩʣʦʿʘ ʪʘʢʦʹʝ ʟʘʚʠʩʠ ʦʜ ʦʜʥʦʩʘ ʠʟʤʝʹʫ ɽadh ʠ ʢʦʭʝʟʠʚʥʝ ʝʥʝʨʛʠʿʝ ʢʘʦ ʫʥʫʪʨʘʰˁʝʛ 

ʩʚʦʿʩʪʚʘ ʤʝʪʘʣʘ (ɽcoh). ʂʘʜʘ ʿʝ ɽadh > ɽcoh, ʦʯʝʢʫʿʝ ʩʝ ʜʘ ʤʝʪʘʣ ʬʦʨʤʠʨʘ ʩʪʘʙʠʣʘʥ ʤʦʥʦʩʣʦʿ ʠ 

ʦʙʨʥʫʪʦ, ʢʘʜʘ ʿʝ ɽcoh > ɽadh, ʤʝʪʘʣ ʿʝ ʩʢʣʦʥ ʬʦʨʤʠʨʘˁʫ ʘʛʣʦʤʝʨʘʪʘ [257]. ʀʟʨʘʯʫʥʘʪʝ ʝʥʝʨʛʠʿʝ 
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ʘʜʭʝʟʠʿʝ ʥʘ ʧʨʝʬʝʨʝʥʮʠʿʘʣʥʠʤ ʤʝʩʪʠʤʘ ʚʝʟʠʚʘˁʘ (ʩʣʠʢʘ 18) ʩʫ ʫ ʢʦʨʝʣʘʮʠʿʠ ʩʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʣʠʪʝʨʘʪʫʨʥʠʤ ʧʦʜʘʮʠʤʘ ʦ ʝʥʝʨʛʠʿʘʤʘ ʢʦʭʝʟʠʿʝ ʤʝʪʘʣʘ. ʅʘ ʦʩʥʦʚʫ 

ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ ʤʦʞʝ ʩʝ ʧʨʝʜʚʠʜʝʪʠ ʘʬʠʥʠʪʝʪ ʟʘ ʘʛʣʦʤʝʨʘʮʠʿʫ ʥʘ ʧʦʚʨʰʠʥʠ ʪʠʪʘʥ(IV)-

ʦʢʩʠʜʘ. 

 
ʉʣʠʢʘ 18. ʂʦʨʝʣʘʮʠʿʘ ʠʟʤʝʹʫ ʝʥʝʨʛʠʿʘ ʢʦʭʝʟʠʿʝ ʤʝʪʘʣʘ ʠʟ ʣʠʪʝʨʘʪʫʨʥʠʭ ʧʦʜʘʪʘʢʘ (ɽcoh) [257] ʠ ʝʥʝʨʛʠʿʘ 

ʘʜʭʝʟʠʿʝ ʤʝʪʘʣʘ ʥʘ ʊiʆ2(001) ʠʟʨʘʯʫʥʘʪʝ ʫ ʦʚʦʿ ʩʪʫʜʠʿʠ (ɽadh) ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʮʨʥʠʤ ʢʚʘʜʨʘʪʠʤʘ. Ă1-1 

ʣʠʥʠʿʘñ (ɽadh = ɽcoh), ʜʘʪʘ ʟʘ ʨʝʬʝʨʝʥʮʫ, ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʮʨʚʝʥʠʤ ʪʨʦʫʛʣʦʚʠʤʘ. ɿʘ ʪʘʢʚʝ ʨʝʧʨʝʟʝʥʪʘʮʠʿʝ, 

ʩʚʠ ʤʝʪʘʣʠ ʩʘ ɽadh < ɽcoh (ʩʣʘʙʠʿʘ ʘʜʭʝʟʠʿʘ ʥʘ TiO2(001) ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʢʦʭʝʟʠʿʦʤ) ʩʫ ʠʩʧʦʜ Ăʣʠʥʠʿʝ 1-1ñ. 

ʂʘʦ ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʥʘ ʩʣʠʮʠ 18, ʩʚʠ d-ʝʣʝʤʝʥʪʠ ʦʩʠʤ Hf ʧʦʢʘʟʫʿʫ ʥʠʞʝ ʠʟʨʘʯʫʥʘʪʝ 

ɽadh ʥʘ ʧʦʚʨʰʠʥʠ ʊiʆ2(001) ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʢʦʭʝʟʠʦʥʠʤ ʝʥʝʨʛʠʿʘʤʘ ʠʟ 

ʣʠʪʝʨʘʪʫʨʝ (ɽadh < ɽcoh). ɿʙʦʛ ʪʦʛʘ ʩʝ ʪʝʨʤʦʜʠʥʘʤʠʯʢʠ ʧʦʜʩʪʠʯʝ ʘʛʣʦʤʝʨʘʮʠʿʘ ʩʚʠʭ ʤʝʪʘʣʘ 

(ʦʩʠʤ Hf) ʫ ʦʙʣʠʢʫ ʥʘʥʦʯʝʩʪʠʮʘ, ʘ ʥʝ ʬʦʨʤʠʨʘˁʝ ʤʦʥʦʩʣʦʿʝʚʘ, ʰʪʦ ʦʥʝʤʦʛʫ˂ʘʚʘ ʪʘʣʦʞʝˁʝ 

ʩʪʘʙʠʣʥʠʭ ʫʥʠʬʦʨʤʥʠʭ ʩʣʦʿʝʚʘ ʧʨʠ ʚʠʩʦʢʠʤ ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ ʤʝʪʘʣʘ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʥʘ 

ʩʣʠʮʠ 18, ʤʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ ʥʝʢʠ ʤʝʪʘʣʠ ð Hg, Cd, Zn, Mn, Cu, Fe, Co, Ni, V, Zr ʠ Hf ð ʠ ʜʘˀʝ 

ʧʦʢʘʟʫʿʫ ʤʘˁʫ ʨʘʟʣʠʢʫ ɽadh - ɽcoh (ʙʣʠʞʠ ʩʫ ʜʦ Ăʣʠʥʠʿʝ 1-1ñ) ʦʜ ʦʩʪʘʣʠʭ (Ag, Au, Cr, Rh, Pt, Mo, 

Ru, Ir, Nb, Re and Os). ʉ ʦʙʟʠʨʦʤ ʜʘ ʥʠʿʝʜʘʥ ʦʜ ʤʝʪʘʣʘ ʥʠʿʝ ʧʦʢʘʟʘʦ ʘʬʠʥʠʪʝʪ ʧʨʝʤʘ ʚʝʟʠʚʘˁʫ 

ʥʘ ʧʦʚʨʰʠʥʠ ʊiʆ2 ʜʦʚʦˀʘʥ ʜʘ ʙʠ ʩʝ ʬʦʨʤʠʨʘʦ ʪʘʥʘʢ ʩʣʦʿ, ʦʜʣʫʯʝʥʦ ʿʝ ʜʘ ʩʝ ʥʘʩʪʘʚʘʢ 

ʠʩʪʨʘʞʠʚʘˁʘ ʦʛʨʘʥʠʯʠ ʥʘ ʥʝʢʦʣʠʢʦ ʤʝʪʘʣʘ ʢʦʿʠ ʩʝ ʫʦʙʠʯʘʿʝʥʦ ʢʦʨʠʩʪʝ ʫ ʢʘʪʘʣʠʪʠʯʢʠʤ 

ʤʘʪʝʨʠʿʘʣʠʤʘ. ʅʘ ʦʩʥʦʚʫ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ, ʦʜʣʫʯʝʥʦ ʿʝ ʜʘ ʩʝ ʫ ʧʨʚʦʤ ʜʝʣʫ ʠʩʪʨʘʞʠʚʘˁʘ 

ʠʟʚʨʰʠ ʜʝʧʦʟʠʮʠʿʘ ʙʘʢʨʦʤ, ʘ  ʧʦʪʦʤ, ʥʘʢʦʥ ʰʪʦ ʩʫ ʫʩʧʦʩʪʘʚˀʝʥʠ ʫʩʣʦʚʠ ʟʘ ʠʟʚʦʹʝˁʝ 

ʝʢʩʧʝʨʠʤʝʥʪʘ, ʩʠʥʪʝʪʠʩʘʥʠ ʩʫ ʠ ʢʘʪʘʣʠʟʘʪʦʨʠ ʩʘ ʜʝʧʦʟʠʮʠʿʦʤ ʛʚʦʞʹʝʤ, ʧʣʘʪʠʥʦʤ, 

ʧʘʣʘʜʠʿʫʤʦʤ, ʮʠʢʨʦʥʠʿʫʤʦʤ ʠ ʙʘʢʨʦʤ ʫ ʨʘʟʣʠʯʠʪʠʤ ʤʦʣʩʢʠʤ ʫʜʝʣʠʤʘ. 

4.1.2. ʇʨʠʤʝʨ (Cu)ʊiʆ2. ʇʦʨʝʹʝˁʝ ʘʜʭʝʟʠʿʝ Cu ʥʘ (001) ʠ (110) ʨʘʚʥʠʤʘ 

ɼʘ ʙʠ ʩʝ ʙʣʠʞʝ ʠʩʪʨʘʞʠʣʘ ʩʧʦʩʦʙʥʦʩʪ ʚʝʟʠʚʘˁʘ ʦʜʘʙʨʘʥʠʭ ʤʝʪʘʣʘ ʥʘ ʧʦʚʨʰʠʥʠ ʊiʆ2 ʠ 

ʜʘˀʝ ʧʨʦʫʯʘʚʘʣʘ ʝʣʝʢʪʨʦʥʩʢʘ ʩʚʦʿʩʪʚʘ ʩʠʩʪʝʤʘ, ʤʦʜʝʣ ʿʝ ʧʨʦʰʠʨʝʥ ʥʘ ʘʜʭʝʟʠʿʫ ʿʝʜʥʦʛ ʘʪʦʤʘ 

ʙʘʢʨʘ ʥʘ (001) ʠ (110) ʨʘʚʥʠ ʨʫʪʠʣʘ ʫ ʚʝ˂ʦʿ, 36-ʘʪʦʤʩʢʦʿ ˂ʝʣʠʿʠ. ʆʧʪʠʤʠʟʦʚʘʥʝ ʛʝʦʤʝʪʨʠʿʝ 

ʠʩʧʠʪʠʚʘʥʠʭ ʧʦʚʨʰʠʥʘ ʩʘ ʠ ʙʝʟ ʘʜʩʦʨʙʦʚʘʥʦʛ ʙʘʢʨʘ ʧʨʠʢʘʟʘʥʝ ʩʫ ʥʘ ʩʣʠʮʠ 19. 
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ʉʣʠʢʘ 19. ʆʧʪʠʤʠʟʦʚʘʥʝ ʛʝʦʤʝʪʨʠʿʝ ʧʣʦʯʘ ʦʜ 36 ʘʪʦʤʘ TiO2(001)ð(ʘ,ʮ) ʠ TiO2 (110)ð(ʙ,ʜ) ʩʘ 

ʘʜʩʦʨʙʦʚʘʥʠʤ ʙʘʢʨʦʤ ʫ ʧʦʣʦʞʘʿʫ ʤʦʩʪʘ (bridge). ʂʦʜ ʙʦʿʘ: Ti - ʩʠʚʘ, ʆ - ʮʨʚʝʥʘ, Cu - ʙʨʘʦʥ. 

ʀʟʨʘʯʫʥʘʪʝ ʝʥʝʨʛʠʿʝ ʘʜʭʝʟʠʿʝ ʙʘʢʨʘ ʥʘ ʤʝʩʪʫ ʤʦʩʪʘ ʟʘʿʝʜʥʦ ʩʘ ɹʘʜʝʨʦʚʠʤ (ʝʥʛ. Bader) 

ʧʨʝʥʦʩʦʤ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʥʘʢʦʥ ʚʝʟʠʚʘˁʘ ʜʘʪʝ ʩʫ ʫ ʪʘʙʝʣʠ 4. 

ʊʘʙʝʣʘ 4. ʀʟʨʘʯʫʥʘʪʝ ʝʥʝʨʛʠʿʝ ʘʜʭʝʟʠʿʝ ʙʘʢʨʘ ʠ ʧʨʝʥʦʩʘ ʝʣʝʢʪʨʦʥʘ. 

ʌʦʪʦʢʘʪʘʣʠʟʘʪʦʨ Eadh (eV) 
ʇʨʝʥʦʩ ʝʣʝʢʪʨʦʥʘ ʩʘ ʙʘʢʨʘ 

ʥʘ TiO2 

(Cu)TiO2(001) ī2,61 0,65 

(Cu)TiO2(110) ī6,71 1,05 

ɼʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʝʥʝʨʛʠʿʘ ʘʜʭʝʟʠʿʝ ʧʦʪʚʨʹʫʿʫ ʜʘ ʿʝ ʘʪʦʤ ʙʘʢʨʘ ʪʝʨʤʦʜʠʥʘʤʠʯʢʠ 

ʩʪʘʙʠʣʘʥ ʥʘ ʧʦʚʨʰʠʥʠ TiO2 ʨʫʪʠʣʘ, ʘ ʚʝʟʠʚʘˁʝ ʿʝ ʧʨʘ˂ʝʥʦ ʟʥʘʯʘʿʥʠʤ ʧʨʝʥʦʩʦʤ ʥʘʝʣʝʢʪʨʠʩʘˁʘ 

ʩʘ ʙʘʢʨʘ ʥʘ TiO2. ɸʜʭʝʟʠʿʘ ʥʘ TiO2(110) ʿʝ ʟʥʘʯʘʿʥʦ ʿʘʯʘ ʫ ʦʜʥʦʩʫ ʥʘ TiO2(001). ʐʪʘʚʠʰʝ, ʠʘʢʦ 

ʩʝ ʠʥʠʮʠʿʘʣʥʦ ʦʯʝʢʠʚʘʣʘ ʘʛʣʦʤʝʨʘʮʠʿʘ ʥʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ DFT ʩʢʨʠʥʠʥʛʘ, ʚʝʟʠʚʘˁʝ ʙʘʢʨʘ ʩʘ 

ʆ(2) ʢʠʩʝʦʥʠʢʦʤ ʧʦʚʨʰʠʥʝ TiO2(110) ʜʦʚʦʜʠ ʜʦ ʿʘʢʦʛ ʿʦʥʩʢʦʛ ʚʝʟʠʚʘˁʘ (ɽadh > ɽcoh) ʠ ʿʝʜʘʥ 

ʝʣʝʢʪʨʦʥ ʩʝ ʧʦʪʧʫʥʦ ʧʨʝʥʦʩʠ ʩʘ ʙʘʢʨʘ ʥʘ TiO2. 

ʋʢʨʘʪʢʦ, ʜʦʙʠʿʝʥʠ DFT ʨʝʟʫʣʪʘʪʠ ʫʢʘʟʫʿʫ ʥʘ ʪʦ ʜʘ ʩʝ, ʧʨʠ ʥʠʩʢʠʤ ʧʦʚʨʰʠʥʩʢʠʤ 

ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ ʙʘʢʨʘ, ʪʝʨʤʦʜʠʥʘʤʠʯʢʠ ʧʦʜʩʪʠʯʝ ʩʪʚʘʨʘˁʝ ʧʦʚʨʰʠʥʩʢʦʛ ʦʢʩʠʜʘ, ʟʙʦʛ 

ʜʦʩʪʫʧʥʦʩʪʠ ʤʝʩʪʘ ʙʦʛʘʪʠʭ ʥʝʟʘʩʠ˂ʝʥʠʤ ʢʠʩʝʦʥʠʢʦʤ (ʚʠʩʦʢʘ ʧʦʚʨʰʠʥʩʢʘ ʝʥʝʨʛʠʿʘ). ʇʨʠ 

ʚʠʰʠʤ ʧʦʚʨʰʠʥʩʢʠʤ ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ ʙʘʢʨʘ, ʥʘʢʦʥ ʟʘʩʠ˂ʝˁʘ ʤʝʩʪʘ ʙʦʛʘʪʠʭ ʢʠʩʝʦʥʠʢʦʤ, 

ʤʦʛʣʠ ʙʠ ʩʝ ʦʯʝʢʠʚʘʪʠ ʘʛʣʦʤʝʨʘʪʠ ʘʪʦʤʘ ʙʘʢʨʘ ʢʦʿʠ ʩʫ ʫ ʧʦʯʝʪʢʫ ʟʘʩʝʿʘʥʠ ʥʘ ʦʚʠʤ ʤʝʩʪʠʤʘ. 

ʆʜʘʚʜʝ ʩʝ ʚʠʜʠ ʢʘʢʦ ʚʨʣʦ ʤʘʣʝ ʧʨʦʤʝʥʝ ʠʥʠʮʠʿʘʣʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʤʝʪʘʣʘ ʤʦʛʫ ʜʘ ʫʪʠʯʫ ʥʘ 

ʩʪʘˁʝ ʜʝʧʦʟʠʪʘ ʥʘ ʧʦʚʨʰʠʥʠ, ʢʦʥʪʨʦʣʠʰʫ˂ʠ ʢʦʿʘ ˂ʝ ʘʜʩʦʨʧʮʠʦʥʘ ʤʝʩʪʘ ʙʠʪʠ ʟʘʫʟʝʪʘ. 

ɽʣʝʢʪʨʦʥʩʢʘ ʩʪʨʫʢʪʫʨʘ ʧʨʦʿʝʢʪʦʚʘʥʝ ʛʫʩʪʠʥʝ ʩʪʘˁʘ (PDOS) TiO2(001) ʠ TiO2(110) ʩʘ ʠ 

ʙʝʟ ʘʜʩʦʨʙʦʚʘʥʦʛ ʙʘʢʨʘ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʥʘ ʩʣʠʮʠ 20. 
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ʉʣʠʢʘ 20. ɽʣʝʢʪʨʦʥʩʢʝ ʩʪʨʫʢʪʫʨʝ PDOS ʧʦʚʨʰʠʥʘ ʩʘ ʠ ʙʝʟ ʘʜʩʦʨʙʦʚʘʥʦʛ ʙʘʢʨʘ (ʘ) TiO2(001), (ʙ) 

TiO2(110), (ʚ) (Cu)TiO2(001) ʠ (ʛ) (Cu)TiO2(110). ʌʝʨʤʠʿʝʚ ʥʠʚʦ ʩʝ ʫʟʠʤʘ ʢʘʦ ʝʥʝʨʛʠʿʘ ʥʫʣʘ. ʂʦʜ ʙʦʿʘ: 

Ti ʩʪʘˁʘ - ʩʠʚʘ, ʆ ʩʪʘˁʘ - ʮʨʚʝʥʘ, Cu ʩʪʘˁʘ - ʙʦʨʜʦ. 

PDOS ʩʪʨʫʢʪʫʨʝ ʫ ʩʫʰʪʠʥʠ ʧʦʪʚʨʹʫʿʫ ʬʦʨʤʠʨʘˁʝ Cu-O ʚʝʟʝ. ʋ ʦʙʘ ʩʣʫʯʘʿʘ (001) ʠ (110) 

ʧʦʚʨʰʠʥʘ, Cu ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʝ ʧʦʿʘʚˀʫʿʫ ʥʘ ʚʨʭʫ ʚʘʣʝʥʪʥʦʛ ʧʦʿʘʩʘ, ʧʨʝʢʣʘʧʘʿʫ˂ʠ ʩʝ ʩʘ ʆ 

ʩʪʘˁʠʤʘ. ʀʘʢʦ ʢʚʘʥʪʠʪʘʪʠʚʥʦ ʧʨʝʜʩʪʘʚˀʘˁʝ ʧʦʿʘʩʥʦʛ ʨʘʟʤʘʢʘ ʩʘ DFT-ʦʤ ʟʘʭʪʝʚʘ ʚʝʰʪʘʯʢʠ 

ʚʝʣʠʢʫ U-ʢʦʨʝʢʮʠʿʫ [258], ʩʤʘˁʝˁʝ ʰʠʨʠʥʝ ʧʦʿʘʩʥʦʛ ʨʘʟʤʘʢʘ ʥʘʢʦʥ ʫʚʦʹʝˁʘ ʥʦʚʠʭ ʩʪʘˁʘ ʿʝ 

ʿʘʩʥʦ ʚʠʜˀʠʚʦ. ʊʘʢʦʹʝ, ʫ ʩʣʫʯʘʿʫ ʧʦʚʨʰʠʥʝ (001) ʜʦʣʘʟʠ ʜʦ ʧʦʤʝʨʘˁʘ Ti d-ʚʝʟʝ ʥʘʥʠʞʝ ʥʘʢʦʥ 

ʘʜʩʦʨʧʮʠʿʝ Cu, ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ʜʝʣʠʤʠʯʥʠ ʜʦʧʨʠʥʦʩ ʤʝʪʘʣʥʝ ʚʝʟʝ, ʜʦʢ ʥʘ ʧʦʚʨʰʠʥʠ (110) ʥʝʤʘ 

ʟʥʘʯʘʿʥʦʛ ʧʦʤʝʨʘˁʘ ʥʘʥʠʞʝ Ti d-ʚʝʟʝ, ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ʪʦ ʜʘ ʿʝ ʥʦʚʦʬʦʨʤʠʨʘʥʘ Cu-O ʚʝʟʘ ʿʝʜʚʘ 

ʿʦʥʩʢʘ. 

4.1.3 ɺʝʟʠʚʘˁʝ d-ʤʝʪʘʣʘ ʥʘ ʊiʆ2(110) ʧʦʚʨʰʠʥʠ 

ʋ ʩʢʣʘʜʫ ʩʘ ʩʣʠʯʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʙʠʿʝʥʠʤ ʟʘ ʩʚʝ ʤʝʪʘʣʝ ʥʘ 001 ʧʦʚʨʰʠʥʠ, ʥʘ 110 

ʧʦʚʨʰʠʥʠ ʫ 16-ʘʪʦʤʩʢʦʿ ˂ʝʣʠʿʠ ʠʩʧʠʪʘʥʦ ʿʝ ʩʘʤʦ 5 ʦʜʘʙʨʘʥʠʭ ʤʝʪʘʣʘ (ʩʣʠʢʘ 21) ʢʦʿʠ ʩʝ ʯʝʩʪʦ 

ʢʦʨʠʩʪʝ ʫ ʢʘʪʘʣʠʟʠ, ʘ ʠʤʘʿʫ ʨʘʟʣʠʯʠʪʘ ʝʣʝʢʪʨʦʥʩʢʘ ʠ ʢʦʭʝʟʠʦʥʘ ʩʚʦʿʩʪʚʘ. ʄʝʪʘʣʠ ʩʫ ʦʜʘʙʨʘʥʠ 

ʥʘ ʦʩʥʦʚʫ ʜʦʩʪʫʧʥʦʩʪʠ ʠ ʤʦʛʫ˂ʥʦʩʪʠ ʜʘ ʩʝ ʠʩʧʠʪʘʿʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ. ʈʘʚʘʥ 110 ʦʜʘʙʨʘʥʘ ʿʝ 



47 

ʢʘʦ ʤʦʜʝʣ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʩʧʠʪʘʥʝ ʤʝʪʘʣʝ, ʥʘ ʦʩʥʦʚʫ XRPD ʘʥʘʣʠʟʝ, ʛʜʝ ʩʝ ʧʦʢʘʟʘʣʘ ʢʘʦ 

ʥʘʿʟʘʩʪʫʧˀʝʥʠʿʘ ʫ ʩʠʥʪʝʪʠʩʘʥʠʤ ʫʟʦʨʮʠʤʘ TiO2 (ʧʦʛʣʘʚˀʝ 5.2.1).    

 
ʉʣʠʢʘ 21. ɿʘʚʠʩʥʦʩʪ ʠʟʤʝʹʫ DFT-ʠʟʨʘʯʫʥʘʪʝ ʚʨʝʜʥʦʩʪʠ %  ʠ ʣʠʪʝʨʘʪʫʨʥʝ ʚʨʝʜʥʦʩʪʠ 

Ecoh,lit ʥʘ TiO2(110) [259] ʠ ʟʘ ʠʩʧʠʪʠʚʘʥʝ ʤʝʪʘʣe ʧʨʠ ʧʦʚʨʰʠʥʩʢʦʿ ʧʦʢʨʠʚʝʥʦʩʪʠ ʦʜ 0,5 ML 

(ʤʦʥʦʩʣoʿʘ ʝʥʛ. ML Monolayer). ɸʧʩʦʣʫʪʥʝ ʚʨʝʜʥʦʩʪʠ ʩʫ ʧʨʠʢʘʟʘʥʝ ʨʘʜʠ ʧʨʝʛʣʝʜʥʦʩʪʠ. ʎʨʚʝʥʘ 

ʣʠʥʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʟʘʚʠʩʥʦʩʪ % = Ecoh. 

ʅʘ ʩʣʠʮʠ 21 ʚʠʜʠ ʩʝ ʜʘ ʩʝ ʝʥʝʨʛʠʿʝ ʘʜʭʝʟʠʿʝ ʤʘʣʦ ʨʘʟʣʠʢʫʿʫ ʫ ʦʜʥʦʩʫ ʥʘ (001) ʨʘʚʘʥ. 

ʆʚʘʢʚʠ ʨʝʟʫʣʪʘʪʠ ʥʘʤʝ˂ʫ ʧʦʪʨʝʙʫ ʟʘ ʨʘʟʤʘʪʨʘˁʝʤ ʬʘʢʪʦʨʘ ʢʦʿʠ ʦʜʨʝʹʫʿʫ ʩʧʦʩʦʙʥʦʩʪ ʤʝʪʘʣʘ 

ʜʘ ʩʝ ʚʝʞʝ ʟʘ ʧʦʚʨʰʠʥʫ. ʋ ʪʦʤ ʩʤʠʩʣʫ, ʚʨʝʜʥʦʩʪʠ ʢʦʭʝʟʠʦʥʝ ʝʥʝʨʛʠʿʝ ʤʝʪʘʣʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ 

(Ecoh,lit) ʜʦʚʦʜʝ ʩʝ ʫ ʢʦʨʝʣʘʮʠʿʫ ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ ʠʟʨʘʯʫʥʘʪʠʤ ʧʦʤʦ˂ʫ DFT ʤʝʪʦʜʝ (% ) ʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʧʦʜʘʮʠʤʘ ʦ ʧʦʢʨʠʚʝʥʦʩʪʠ ʤʝʪʘʣʘ. ʐʪʦ ʿʝ ʚʝ˂ʘ ʘʧʩʦʣʫʪʥʘ ʚʨʝʜʥʦʩʪ %  

ʫ ʦʜʥʦʩʫ ʥʘ Ecoh, ʪʦ ʩʝ ʦʯʝʢʫʿʝ ʩʪʘʙʠʣʥʠʿʝ ʪʘʣʦʞʝˁʝ. ʂʘʜʘ ʿʝ Ecoh ʚʝ˂ʠ ʦʜ ʘʧʩʦʣʫʪʥʝ ʚʨʝʜʥʦʩʪʠ 

% , ʦʯʝʢʫʿʝ ʩʝ ʬʦʨʤʠʨʘˁʝ ʤʝʪʘʣʥʠʭ ʘʛʣʦʤʝʨʘʪʘ, ʠ ʦʙʨʥʫʪʦ ï ʢʘʜʘ ʿʝ ʘʧʩʦʣʫʪʥʘ ʚʨʝʜʥʦʩʪ 

%  ʚʝ˂ʘ ʦʜ Ecoh, ʚʝʨʦʚʘʪʥʦ ʿʝ ʬʦʨʤʠʨʘˁʝ ʩʪʘʙʠʣʥʠʭ ʥʘʩʣʘʛʘ ʠ ʪʘʥʢʠʭ ʩʣʦʿʝʚʘ (ʩʣʠʢʘ 22).  

ɼʘ ʙʠ ʩʝ ʫʪʚʨʜʠʣʘ ʝʚʝʥʪʫʘʣʥʘ ʚʝʟʘ ʠʟʤʝʹʫ ʝʥʝʨʛʠʿʝ ʘʜʭʝʟʠʿʝ ʥʘ ʧʦʚʨʰʠʥʠ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ, 

ʝʥʝʨʛʠʿʝ ʢʦʭʝʟʠʿʝ ʤʝʪʘʣʘ ʠ ˁʝʛʦʚʦʛ ʩʪʘˁʘ ʧʨʠʣʠʢʦʤ ʜʝʧʦʟʠʮʠʿʝ ʥʘ ʧʦʚʨʰʠʥʠ, ʜʝʬʠʥʠʩʘʥʘ ʿʝ 

ʨʘʟʣʠʢʘ ʝʥʝʨʛʠʿʝ ʘʜʭʝʟʠʿʝ, ETiO-M, ʢʦʿʘ ʿʝ ʤʝʨʘ ʘʬʠʥʠʪʝʪʘ ʤʝʪʘʣʘ ʧʨʝʤʘ ʧʦʚʨʰʠʥʠ ʠ ʝʥʝʨʛʠʿʝ 

ʢʦʭʝʟʠʿʝ, Ecoh, ʢʦʿʘ ʿʝ ʫʥʫʪʨʘʰˁʝ ʩʚʦʿʩʪʚʦ ʤʝʪʘʣʘ ʠ ʤʝʨʘ ʘʬʠʥʠʪʝʪʘ ʤʝʪʘʣʘ ʜʘ ʩʝ ʘʛʣʦʤʝʨʠʰʝ. 

ʈʘʟʣʠʢʘ % ī Ecoh ʪʨʝʙʘʣʦ ʙʠ ʜʘ ʧʨʝʜʩʪʘʚˀʘ ʚʫʯʥʫ ʩʠʣʫ ʜʝʧʦʟʠʮʠʿʝ ʤʝʪʘʣʘ. ʆʚʘ ʚʝʣʠʯʠʥʘ 

ʿʝ ʟʘʪʠʤ ʧʦʚʝʟʘʥʘ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʜʝʪʝʢʪʦʚʘʥʦʤ ʢʦʣʠʯʠʥʦʤ ʤʝʪʘʣʘ ʫ ʨʝʘʣʥʠʤ 

ʩʠʥʪʝʪʠʩʘʥʠʤ ʫʟʦʨʮʠʤʘ. 
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ʉʣʠʢʘ 22. ɿʘʚʠʩʥʦʩʪ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʜʝʪʝʢʪʦʚʘʥʦʛ ʥʠʚʦʘ ʤʝʪʘʣʘ (ʠʟʨʘʞʝʥʦʛ ʢʘʦ mol/100 mg) 

ʫ ʫʟʦʨʮʠʤʘ ʢʘʪʘʣʠʟʘʪʦʨʘ ʦʜ ʨʘʟʣʠʢʝ % ï Ecoh, ʟʘ ʪʨʠ ʫʣʘʟʥʘ ʥʠʚʦʘ ʤʝʪʘʣʘ (0,5, 1 ʠ 2%). 

ʉʣʠʢʘ 22 ʧʨʝʜʩʪʘʚˀʘ ʢʦʨʝʣʘʮʠʿʫ ʠʟʤʝʹʫ ETiO-M ī Ecoh ʠ ʤʦʣʘʨʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʜʝʪʝʢʪʦʚʘʥʝ 

ICP-OES ʤʝʪʦʜʦʤ ʟʘ ʪʨʠ ʫʜʝʣʘ ʤʝʪʘʣʘ (0,5, 1 ʠ 2%) (ʜʝʪʘˀʥʠʿʝ ʫ ʧʦʛʣʘʚˀʫ 5.2.3). ɻʨʘʬʠʢʦʥ 

ʧʦʢʘʟʫʿʝ ʪʨʝʥʜ ʧʦʚʝ˂ʘˁʘ ʢʦʣʠʯʠʥʝ ʥʘʥʝʪʦʛ ʤʝʪʘʣʘ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʚʨʝʜʥʦʩʪʠ ʨʘʟʣʠʢʝ ETiO-M ī 

Ecoh ʠ ʧʦʯʝʪʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʤʝʪʘʣʘ, ʩʘ ʠʟʫʟʝʪʢʦʤ Pd, ʯʠʿʘ ʿʝ ʢʦʣʠʯʠʥʘ ʜʝʧʦʥʦʚʘʥʦʛ ʤʝʪʘʣʘ 

ʦʩʪʘʣʘ ʚʝʦʤʘ ʥʠʩʢʘ ʫʧʨʢʦʩ ʧʦʟʠʪʠʚʥʦʿ ʚʨʝʜʥʦʩʪʠ ETiO-M ī Ecoh. 

4.1.4 ɼʝʬʠʥʠʩʘˁʝ ʪʝʦʨʠʿʩʢʠʭ ʜʝʩʢʨʠʧʪʦʨʘ ʘʢʪʠʚʥʦʩʪʠ 

ʋʩʧʦʩʪʘʚˀʘˁʝ ʚʘʣʠʜʥʠʭ ʪʝʦʨʠʿʩʢʠʭ ʜʝʩʢʨʠʧʪʦʨʘ ʧʦʜʨʘʟʫʤʝʚʘ ʫʩʧʝʰʥʫ ʢʦʨʝʣʘʮʠʿʫ 

ʧʨʝʜʣʦʞʝʥʠʭ ʧʨʦʨʘʯʫʥʩʢʠʭ ʩʚʦʿʩʪʘʚʘ ʢʘʪʘʣʠʟʘʪʦʨʘ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʟʤʝʨʝʥʠʤ 

ʧʝʨʬʦʨʤʘʥʩʘʤʘ, ʪʿ. ʩʪʦʧʦʤ ʠ ʝʬʠʢʘʩʥʦʰ˂ʫ ʧʨʦʮʝʩʘ ʨʘʟʛʨʘʹʠʚʘˁʘ. ʋ ʦʚʦʤ ʨʘʜʫ, 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʪʝʦʨʠʿʩʢʠʭ ʜʝʩʢʨʠʧʪʦʨʘ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʜʦʙʨʦ ʫʪʚʨʹʝʥʦʤ 

ʤʝʭʘʥʠʟʤʫ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʨʝʘʢʪʠʚʥʦʩʪʠ ʢʦʿʠ ʿʝ ʜʝʪʘˀʥʦ ʧʨʝʜʩʪʘʚˀʝʥ ʫ ʧʦʛʣʘʚˀʫ 

Ăʌʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʜʝʛʨʘʜʘʮʠʿʘ UV ʟʨʘʯʝˁʝʤñ (ʧʦʛʣʘʚˀʝ 2.2.3.4), ʘʣʠ ˂ʝʤʦ ʦʚʜʝ ʧʦʥʦʚʦ 

ʧʨʝʜʩʪʘʚʠʪʠ ʢʦʨʘʢʝ ʢʦʿʠ ʩʫ ʥʘʤ ʥʝʦʧʭʦʜʥʠ ʟʘ DFT ʧʨʦʨʘʯʫʥʝ (ʩʣʠʢʘ 23): 

1) ʇʨʚʠ ʢʦʨʘʢ ʫ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦʤ ʧʨʦʮʝʩʫ ʿʝ ʬʦʨʤʠʨʘˁʝ ʧʘʨʘ ʝʣʝʢʪʨʦʥïh ʫʧˀʠʥʘ. 

ɽʥʝʨʛʠʿʘ ʧʦʪʨʝʙʥʘ ʟʘ ʦʚʘʿ ʢʦʨʘʢ ʦʜʛʦʚʘʨʘ ʝʥʝʨʛʠʿʠ ʟʘʙʨʘˁʝʥʦʛ ʧʦʿʘʩʘ. ʂʘʜʘ ʩʫ ʫ 

ʧʠʪʘˁʫ ʧʦʪʝʥʮʠʿʘʣʥʠ ʪʝʦʨʠʿʩʢʠ ʜʝʩʢʨʠʧʪʦʨʠ, ʦʚʘʿ ʢʦʨʘʢ ʩʝ ʤʦʞʝ ʧʨʦʮʝʥʠʪʠ 

ʫʢʦʣʠʢʦ ʩʝ ʝʥʝʨʛʠʿʘ ʟʘʙʨʘˁʝʥʦʛ ʧʦʿʘʩʘ Egap, ʜʦʙʠʿʝʥʘ ʧʦʤʦ˂ʫ DFT ʧʨʦʨʘʯʫʥʘ 

ʧʨʦʿʝʢʪʦʚʘʥʝ ʛʫʩʪʠʥʝ ʩʪʘˁʘ (PDOS), ʜʦʚʝʜʝ ʫ ʢʦʨʝʣʘʮʠʿʫ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ 

ʠʟʤʝʨʝʥʠʤ ʢʘʪʘʣʠʪʠʯʢʠʤ ʧʝʨʬʦʨʤʘʥʩʘʤʘ. ʆʯʝʢʫʿʝ ʩʝ ʜʘ ˂ʝ ʫʞʘ ʟʘʙʨʘˁʝʥʘ ʟʦʥʘ 

ʦʜʛʦʚʘʨʘʪʠ ʚʝ˂ʦʿ ʝʬʠʢʘʩʥʦʩʪʠ ʢʘʪʘʣʠʪʠʯʢʦʛ ʧʨʦʮʝʩʘ. 

2) ʅʘʨʝʜʥʠ ʢʦʨʘʮʠ ʨʝʘʢʮʠʿʝ ʫʢˀʫʯʫʿʫ ʬʦʨʤʠʨʘˁʝ, ʠʥʪʝʨʘʢʮʠʿʫ ʠ ʜʝʩʦʨʧʮʠʿʫ OH 
ʨʘʜʠʢʘʣʘ. ʇʨʝʤʘ ʧʨʠʩʪʫʧʫ ʢʦʿʠ ʩʫ ʧʨʝʜʣʦʞʠʣʠ ʊʨʘʥ ʠ ʩʘʨʘʜʥʠʮʠ [260], ʥʘʢʦʥ ʰʪʦ 
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ʿʝ ʧʦʚʨʰʠʥʩʢʠ ʮʝʥʪʘʨ ʠʟʣʦʞʝʥ ʬʦʪʦʝʢʩʮʠʪʘʮʠʿʠ, ʧʨʝʪʧʦʩʪʘʚˀʘ ʩʝ ʜʘ ʜʦʣʘʟʠ ʜʦ 

ʪʨʝʥʫʪʥʝ ʨʝʘʢʮʠʿʝ ʨʘʟʣʘʛʘˁʘ ʚʦʜʝ, ʧʘ ʿʝ ʢʦʣʠʯʠʥʘ OH ʨʘʜʠʢʘʣʘ ʛʝʥʝʨʠʩʘʥʠʭ ʥʘ 

ʧʦʚʨʰʠʥʠ ʝʢʚʠʚʘʣʝʥʪʥʘ ʫʢʫʧʥʦʤ ʙʨʦʿʫ ʬʦʪʦʝʢʩʮʠʪʦʚʘʥʠʭ ʮʝʥʪʘʨʘ. 

3) ʉʣʝʜʝ˂ʠ ʢʦʨʘʢ ʫʢˀʫʯʫʿʝ ʨʝʚʝʨʟʠʙʠʣʥʫ ʘʜʩʦʨʧʮʠʿʫ ʨʝʘʛʝʥʪʘ, ʘ ʥʘʢʦʥ ʪʦʛʘ, 

ʘʜʩʦʨʙʦʚʘʥʠ ʨʝʘʛʝʥʪ ʩʘ OH, ʧʨʦʣʘʟʠ ʢʨʦʟ ʧʨʦʮʝʩ ʜʝʩʦʨʧʮʠʿʝ ʠ ʨʘʟʣʘʛʘˁʘ, 

ʦʩʪʘʚˀʘʿʫ˂ʠ ʩʣʦʙʦʜʥʦ ʘʢʪʠʚʥʦ ʤʝʩʪʦ ʟʘ ʥʘʩʪʘʚʘʢ ʧʨʦʮʝʩʘ. ɿʘ ʦʚʘʿ ʧʨʦʮʝʩ ʝʥʝʨʛʠʿʘ 

ʚʝʟʠʚʘˁʘ OH ʨʘʜʠʢʘʣʘ ʥʘ ʧʦʚʨʰʠʥʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʤʦʨʘ ʙʠʪʠ ʫ ʦʢʚʠʨʫ ʦʧʪʠʤʘʣʥʠʭ 

ʚʨʝʜʥʦʩʪʠ ï ʥʠ ʧʨʝʚʝʣʠʢʘ, ʥʠ ʧʨʝʤʘʣʘ.  

ʉʣʠʢʘ 23. ʇʨʠʢʘʟ ʧʨʝʪʧʦʩʪʘʚˀʝʥʦʛ ʤʝʭʘʥʠʟʤʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʦʢʩʠʜʘʮʠʿʝ ʧʫʪʝʤ ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ 

ʭʠʜʨʦʢʩʠʣ-ʨʘʜʠʢʘʣʦʤ.  

ɼʦʧʨʠʥʦʩ ʢʦʨʘʢʘ (2) ʠ (3) ʤʦʞʝ ʩʝ ʧʨʦʮʝʥʠʪʠ ʘʢʦ ʩʝ DFT-ʠʟʨʘʯʫʥʘʪʘ ʝʥʝʨʛʠʿʘ 

ʘʜʩʦʨʧʮʠʿʝ OH ʨʘʜʠʢʘʣʘ (Eads,OH) ʜʦʚʝʜʝ ʫ ʚʝʟʫ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʟʤʝʨʝʥʠʤ ʢʘʪʘʣʠʪʠʯʢʠʤ 

ʧʝʨʬʦʨʤʘʥʩʘʤʘ. ʅʘ ʦʩʥʦʚʫ ʛʦʨʝ ʥʘʚʝʜʝʥʠʭ ʨʘʟʤʘʪʨʘˁʘ, ʠʟʘʙʨʘʣʠ ʩʤʦ DFT-ʠʟʨʘʯʫʥʘʪʝ 

ʚʨʝʜʥʦʩʪʠ Eads,OH ʠ ʧʨʦʿʝʢʮʠʿʫ ʝʣʝʢʪʨʦʥʩʢʝ ʛʫʩʪʠʥʝ ʩʪʘˁʘ (PDOS) ʟʘ ʝʚʘʣʫʘʮʠʿʫ ʢʘʦ 

ʧʦʪʝʥʮʠʿʘʣʥʝ ʜʝʩʢʨʠʧʪʦʨʝ ʨʝʘʢʪʠʚʥʦʩʪʠ (M)TiO2  ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ. 

ɿʘ DFT ʧʨʦʨʘʯʫʥʝ, (M)TiO2 ʢʘʪʘʣʠʟʘʪʦʨʠ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʢʘʦ TiO2(110) ʧʦʚʨʰʠʥʩʢʝ 

ʧʣʦʯʝ ʩʘ ʘʜʩʦʨʙʦʚʘʥʠʤ ʤʝʪʘʣʥʠʤ ʘʪʦʤʠʤʘ ʧʨʠ ʧʦʢʨʠʚʝʥʦʩʪʠ ʦʜ 0,5 ML (ʤʦʥʦʩʣoʿʘ ʝʥʛ. ML 

Monolayer), ʿʝʨ ʿʝ TiO2(110) ʥʘʿʟʘʩʪʫʧˀʝʥʠʿʘ ʨʘʚʘʥ ʫ ʩʚʠʤ ʫʟʦʨʮʠʤʘ, ʧʨʝʤʘ XRPD ʤʝʨʝˁʠʤʘ 

(ʜʝʪʘˀʠ ʫ ʦʜʝˀʢʫ 5.2.1). ʆʜʘʙʨʘʥʘ ʿʝ 16-ʘʪʦʤʩʢʘ ˂ʝʣʠʿʘ, ʜʘ ʙʠ ʧʨʦʨʘʯʫʥʠ ʙʠʣʠ ʚʨʝʤʝʥʩʢʠ 

ʝʬʠʢʘʩʥʠ ʠ ʫ ʩʢʣʘʜʫ ʩʘ ʜʦʩʪʫʧʥʠʤ ʨʘʯʫʥʘʨʩʢʠʤ ʨʝʩʫʨʩʠʤʘ. ʆʧʪʠʤʠʟʦʚʘʥʝ ʩʪʨʫʢʪʫʨʝ ʤʦʜʝʣʘ 

ʩʘ ʘʜʩʦʨʙʦʚʘʥʠʤ ʤʝʪʘʣʠʤʘ ʜʘʪʝ ʩʫ ʫ ʪʘʙʝʣʠ 5. 
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ʊʘʙʝʣʘ 5. DFT-ʦʧʪʠʤʠʟʦʚʘʥʝ ʩʪʨʫʢʪʫʨʝ ʧʦʚʨʰʠʥʝ TiO2(110) ʩʘ ʘʜʩʦʨʙʦʚʘʥʠʤ ʤʝʪʘʣʦʤ ʧʨʠ 0,5 ML  

ʧʦʢʨʠʚʝʥʦʩʪʠ, ʫʢˀʫʯʫʿʫ˂ʠ ʧʨʝʬʝʨʝʥʮʠʿʘʣʥʝ ʣʦʢʘʮʠʿʝ ʘʜʩʦʨʧʮʠʿʝ ʤʝʪʘʣʘ, ʝʥʝʨʛʠʿʝ ʘʜʩʦʨʧʮʠʿʝ ʤʝʪʘʣʘ 

%  ʠ ʝʥʝʨʛʠʿʝ ʘʜʩʦʨʧʮʠʿʝ OH ʨʘʜʠʢʘʣʘ ʥʘ ʚʨʭʫ ʤʝʪʘʣʥʦʛ ʤʝʩʪʘ (Eads,OH). 

ʄʝʪʘʣ Fe Zr Cu Pt Pd 

ʇʦʛʣʝʜ 

ʦʜʦʟʛʦ 

     

ʇʦʛʣʝʜ ʩʘ 

ʩʪʨʘʥʝ 

     

ɸʜʩʦʨʧʮʠʦʥʦ 

ʤʝʩʪʦ 
O-ʚʨʭ ʰʫʧˀʠʥʘ O-ʚʨʭ ʰʫʧˀʠʥʘ ʰʫʧˀʠʥʘ 

%  [eV] -3,93 -6,06 -3,99 -4,94 -3,93 

ɽʥʝʨʛʠʿʘ ʘʜʩʦʨʧʮʠʿʝ OH ʨʘʜʠʢʘʣʘ ʥʘ M-ʚʨʭ ʤʝʩʪʫ ʠʟʨʘʯʫʥʘʪʘ ʿʝ ʥʘ ʛʝʦʤʝʪʨʠʿʩʢʠ 

ʦʧʪʠʤʠʟʦʚʘʥʠʤ (M)TiO2 ʧʦʚʨʰʠʥʘʤʘ. ʅʘ ʦʧʪʠʤʠʟʦʚʘʥʦʿ TiO2 ʧʦʚʨʰʠʥʠ, Fe ʠ Cu ʟʘʫʟʠʤʘʿʫ O-

ʚʨʭ ʤʝʩʪʘ, ʜʦʢ ʩʫ Zr, Pd ʠ Pt ʫ ʰʫʧˀʠʥʠ. Eads,OH ʿʝ ʜʦʚʝʜʝʥ ʫ ʢʦʨʝʣʘʮʠʿʫ ʩʘ ʦʜʘʙʨʘʥʠʤ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʠʥʜʠʢʘʪʦʨʠʤʘ ʜʝʛʨʘʜʘʮʠʿʝ, ʢʦʿʠ ʩʫ ʤʘʢʩʠʤʘʣʥʘ ʝʬʠʢʘʩʥʦʩʪ ʨʘʟʣʘʛʘˁʘ ʠ 

ʤʘʢʩʠʤʘʣʥʘ ʩʪʦʧʘ ʨʝʘʢʮʠʿʝ ʟʘ ʩʚʘʢʠ (M)TiO2 ʩʠʩʪʝʤ (ʩʣʠʢʘ 24). 

ʄʘʢʩʠʤʘʣʥʘ ʝʬʠʢʘʩʥʦʩʪ ʨʘʟʣʘʛʘˁʘ ʠʣʠ ʩʪʦʧʘ ʨʝʘʢʮʠʿʝ ʿʝ ʠʟʘʙʨʘʥʘ ʢʘʦ ʥʘʿʚʝ˂ʘ ʚʨʝʜʥʦʩʪ 

ʨʘʟʣʘʛʘˁʘ ʠʣʠ ʥʘʿʚʝ˂ʘ ʩʪʦʧʘ ʨʝʘʢʮʠʿʝ, ʤʝʹʫ 0,5, 1 ʠ 2% (M)TiO2 ʢʘʪʘʣʠʟʘʪʦʨʠʤʘ. ɼʝʪʘˀʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘ ʨʘʟʣʘʛʘˁʘ ʜʘʪʠ ʩʫ ʫ ʦʜʝˀʢʫ 5.3.1. 

 
ʉʣʠʢʘ 24. ʆʜʥʦʩ ʠʟʤʝʹʫ DFT-ʠʟʨʘʯʫʥʘʪʝ Eads,OH ʠ (ʘ) ʤʘʢʩʠʤʘʣʥʝ ʝʬʠʢʘʩʥʦʩʪʠ ʨʘʟʣʘʛʘˁʘ ʠ (ʙ) 

ʤʘʢʩʠʤʘʣʥʝ ʩʪʦʧʝ ʨʘʟʣʘʛʘˁʘ. ʋ DFT ʫʣʘʟʥʠʤ ʛʝʦʤʝʪʨʠʿʘʤʘ, OH ʨʘʜʠʢʘʣ ʿʝ ʧʦʩʪʘʚˀʝʥ ʥʘ ʚʨʭ ʤʝʪʘʣʥʦʛ 

ʤʝʩʪʘ. 
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ʉʘ ʩʣʠʢʝ 24 ʿ ʝ ʦʯʠʛʣʝʜʥʦ ʜʘ ʩʝ ʠ ʩʪʦʧʘ ʠ ʝʬʠʢʘʩʥʦʩʪ ʨʘʟʣʘʛʘˁʘ ʧʦʚʝ˂ʘʚʘʿʫ ʩʘ ʩʤʘˁʝˁʝʤ 

ʩʥʘʛʝ ʘʜʩʦʨʧʮʠʿʝ OH ʨʘʜʠʢʘʣʘ ʥʘ ʠʩʧʠʪʠʚʘʥʦʿ ʧʦʚʨʰʠʥʠ. ʉʣʘʙʠʿʘ ʚʝʟʘ OH ʨʘʜʠʢʘʣʘ ʟʥʘʯʠ 

ʝʬʠʢʘʩʥʠʿʝ ʨʘʟʣʘʛʘˁʝ. ʇʦʚʝ˂ʘˁʝ ʝʬʠʢʘʩʥʦʩʪʠ ʨʘʟʣʘʛʘˁʘ ʠ ʙʨʟʠʥʝ ʨʝʘʢʮʠʿʝ ʫʩʣʝʜ ʩʤʘˁʝˁʘ 

DFT-ʠʟʨʘʯʫʥʘʪʝ Eads,OH ʥʘ ʤʝʪʘʣʦʤ ʜʝʢʦʨʠʩʘʥʦʿ TiO2 ʧʦʚʨʰʠʥʠ ʧʦʪʚʨʹʫʿʝ ʢˀʫʯʥʫ ʫʣʦʛʫ 

ʭʝʤʠʿʩʢʠʭ ʧʦʚʨʰʠʥʩʢʠʭ ʩʚʦʿʩʪʘʚʘ ʠ ʩʥʘʛʝ ʚʝʟʠʚʘˁʘ OH ʨʘʜʠʢʘʣʘ ʫ ʨʝʘʢʪʠʚʥʦʩʪʠ ʟʘ ʨʘʟʛʨʘʜˁʫ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ. 

ʇʨʝʤʘ ʫʦʯʝʥʦʤ ʪʨʝʥʜʫ, ʩʣʘʙʠʿʝ ʚʝʟʠʚʘˁʝ OH ʨʘʜʠʢʘʣʘ ʫʙʨʟʘʚʘ ʜʝʩʦʨʧʮʠʿʫ (ʢʦʨʘʢ 3). 

ʐʪʘʚʠʰʝ, ʧʨʝʤʘ ʧʨʝʪʭʦʜʥʠʤ ʣʠʪʝʨʘʪʫʨʥʠʤ ʧʦʜʘʮʠʤʘ ʦ ʩʣʠʯʥʠʤ ʧʨʦʮʝʩʠʤʘ ʢʦʿʠ ʫʢˀʫʯʫʿʫ 

ʘʜʩʦʨʧʮʠʿʫ ʠ ʜʝʩʦʨʧʮʠʿʫ ʢʠʩʝʦʥʠʯʥʠʭ ʚʨʩʪʘ [261, 262], ʤʦʞʝ ʩʝ ʧʨʝʜʣʦʞʠʪʠ ʜʘ ʜʦʙʠʿʝʥʘ 

ʟʘʚʠʩʥʦʩʪ ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʥʫ ʛʨʘʥʫ ʦʧʰʪʠʿʝ ʚʫʣʢʘʥʩʢʝ ʢʨʠʚʝ, ʰʪʦ ʠʤʧʣʠʮʠʨʘ ʜʘ ʚʝʨʦʚʘʪʥʦ 

ʧʦʩʪʦʿʠ ʦʧʪʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʝʥʝʨʛʠʿʝ ʚʝʟʠʚʘˁʘ OH ʨʘʜʠʢʘʣʘ ʟʘ ʥʘʿʙʦˀʝ ʧʝʨʬʦʨʤʘʥʩʝ 

ʨʘʟʣʘʛʘˁʘ. ɸʢʦ ʙʠ ʩʝ ʝʥʝʨʛʠʿʘ ʚʝʟʠʚʘˁʘ OH ʨʘʜʠʢʘʣʘ ʜʦʜʘʪʥʦ ʩʤʘˁʠʣʘ ʠʩʧʦʜ ʦʧʪʠʤʘʣʥʝ 

ʚʨʝʜʥʦʩʪʠ, ʤʦʛʣʦ ʙʠ ʩʝ ʦʯʝʢʠʚʘʪʠ ʩʤʘˁʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ ʨʘʟʣʘʛʘˁʘ ʟʙʦʛ ʪʝʨʤʦʜʠʥʘʤʠʯʢʝ 

ʥʝʤʦʛʫ˂ʥʦʩʪʠ ʤʝʪʘʣʥʦʛ ʘʢʪʠʚʥʦʛ ʤʝʩʪʘ ʜʘ ʨʘʟʣʦʞʠ ʤʦʣʝʢʫʣ ʚʦʜʝ (ʩʣʠʢʘ 25). 

 
ʉʣʠʢʘ 25. ʇʨʝʪʧʦʩʪʘʚˀʝʥʠ  ʦʧʰʪʠ ʦʙʣʠʢ ʟʘʚʠʩʥʦʩʪʠ ʧʝʨʬʦʨʤʘʥʩʠ TiO2 ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʩʘ 

ʜʝʧʦʥʦʚʘʥʠʤ d-ʤʝʪʘʣʦʤ ʦʜ ʝʥʝʨʛʠʿʝ ʚʝʟʠʚʘˁʘ ʭʠʜʨʦʢʩʠʣ-ʨʘʜʠʢʘʣʘ ʥʘ ʧʦʚʨʰʠʥʠ ʢʘʪʘʣʠʟʘʪʦʨʘ. 

ɼʘ ʙʠ ʩʝ ʦʮʝʥʠʣʘ ʩʪʨʫʢʪʫʨʘ PDOS ʢʘʦ ʧʦʪʝʥʮʠʿʘʣʥʠ ʢʘʪʘʣʠʪʠʯʢʠ ʜʝʩʢʨʠʧʪʦʨ, DFT-

ʠʟʨʘʯʫʥʘʪʝ PDOS ʩʪʨʫʢʪʫʨʝ ʧʨʝʜʩʪʘʚˀʝʥʝ ʩʫ ʟʘ ʯʠʩʪ TiO2 ʠ ʩʚʝ (M)TiO2 ʧʦʚʨʰʠʥʩʢʝ ʤʦʜʝʣʝ 

(ʩʣʠʢʘ 26). 
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ʉʣʠʢʘ 26. PDOS ʩʪʨʫʢʪʫʨʝ (Pt)TiO2 (ʘ), (Zr)TiO2 (ʙ), (Cu)TiO2 (ʚ), (Pd)TiO2 (ʛ), (Fe)TiO2 (ʜ) ʠ ʯʠʩʪ 

TiO2 (ʹ). 

ʋ ʚʝ˂ʠʥʠ ʩʪʫʜʠʿʘ ʢʦʿʝ ʩʝ ʙʘʚʝ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʠʤ ʨʘʟʣʘʛʘˁʝʤ ʧʦʤʦ˂ʫ (M)TiO2 

ʤʘʪʝʨʠʿʘʣʘ, ʧʨʝʜʣʦʞʝʥʘ ʧʦʙʦˀʰʘˁʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʯʠʩʪʠʤ TiO2 ʧʨʠʧʠʩʫʿʫ ʩʝ ʤʦʜʠʬʠʢʘʮʠʿʠ 

ʦʧʪʠʯʢʠʭ ʩʚʦʿʩʪʘʚʘ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʩʤʘˁʝˁʫ ʝʥʝʨʛʠʿʝ ʟʘʙʨʘˁʝʥʦʛ ʧʦʿʘʩʘ, ʰʪʦ ʜʦʚʦʜʠ ʜʦ 

ʝʬʠʢʘʩʥʠʿʝʛ ʩʪʚʘʨʘˁʘ ʘʢʪʠʚʥʠʭ ʤʝʩʪʘ [263]. 

ʄʝʹʫʪʠʤ, ʢʦʨʠʩʪʝ˂ʠ ʧʨʝʜʣʦʞʝʥʝ ʤʦʜʝʣʝ ʧʦʚʨʰʠʥʘ ʩʘ ʨʝʣʘʪʠʚʥʦ ʚʠʩʦʢʠʤ (M)TiO2 

ʦʜʥʦʩʦʤ ʠ ʧʦʢʨʠʚʝʥʦʰ˂ʫ ʤʝʪʘʣʘ ʦʜ 0,5 ML, ʥʠʿʝ ʤʦʛʫ˂ʝ ʟʘʢˀʫʯʠʪʠ ʦ ʩʠʩʪʝʤʘʪʩʢʦʤ ʫʪʠʮʘʿʫ 

ʜʝʧʦʥʦʚʘʥʦʛ ʤʝʪʘʣʘ ʥʘ ʩʪʨʫʢʪʫʨʫ ʟʘʙʨʘˁʝʥʦʛ ʧʦʿʘʩʘ. ʅʘʰ ʤʦʜʝʣ ʛʝʥʝʨʘʣʥʦ ʫʢʘʟʫʿʝ ʜʘ 
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ʧʦʚʨʰʠʥʘ ʢʘʪʘʣʠʟʘʪʦʨʘ ʣʦʢʘʣʥʦ, ʫ ʙʣʠʟʠʥʠ ʚʝʣʠʢʠʭ ʤʝʪʘʣʥʠʭ ʘʪʦʤʘ ʧʦʧʫʪ Pd ʠ Pt ʠʣʠ ʧʨʠ 

ʚʠʩʦʢʦʿ ʧʦʢʨʠʚʝʥʦʩʪʠ ʜʝʧʦʥʦʚʘʥʠʤ ʤʝʪʘʣʠʤʘ, ʩʪʠʯʝ ʤʝʪʘʣʥʠ ʢʘʨʘʢʪʝʨ. 

4.2. ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 

4.2.1. ɼʠʬʨʘʢʮʠʿʘ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʥʘ ʧʨʘʭʫ (XRPD) 

XRPD ʜʠʬʨʘʢʪʦʛʨʘʤʠ (ʩʣʠʢʝ 27 ʠ 28) ʧʦʢʘʟʫʿʫ ʜʘ ʩʫ ʫʟʦʨʮʠ ʤʦʜʠʬʠʢʦʚʘʥʠʭ (ʄ)ʊiʆ2 

ʠʟʫʟʝʪʥʦ ʩʣʠʯʥʠ ʯʠʩʪʦʤ ʊiʆ2. ɼʦʙʨʘ ʫʩʘʛʣʘʰʝʥʦʩʪ ʩʘ JCPDS #9015662 ʠʩʪʠʯʝ ʜʘ ʧʨʠʧʨʝʤˀʝʥʠ 

ʤʘʪʝʨʠʿʘʣʠ 0,4% (Cu)ʊiʆ2 ʠ ʊiʆ2 (1) ʢʨʠʩʪʘʣʠʰʫ ʫ ʪʝʪʨʘʛʦʥʘʣʥʦʿ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ P42/mnm 

ʢʘʦ ʯʠʩʪʘ ʨʫʪʠʣʥʘ ʬʘʟʘ ʪʠʪʘʥ-ʜʠʦʢʩʠʜʘ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʨʝʟʫʣʪʘʪʠ ʟʘ ʜʨʫʛʠ ʧʨʠʧʨʝʤˀʝʥʠ ʊiʆ2 

ʧʨʘʭ ʠ ˁʝʛʦʚʝ ʤʦʜʠʬʠʢʘʮʠʿʝ ʧʦʢʘʟʫʿʫ ʜʘ ʩʫ ʩʚʝ ʨʝʬʣʝʢʩʠʿʝ ʠʥʜʝʢʩʠʨʘʥʝ ʫʥʫʪʘʨ ʬʘʟʝ ʨʫʪʠʣʘ 

(ʇɼʌ ʢʘʨʪʠʮʘ ʙʨʦʿ 21-1276) ʠ ʘʥʘʪʘʩʘ (ʇɼʌ ʢʘʨʪʠʮʘ ʙʨʦʿ 21-1272). ʅʘ ʦʩʥʦʚʫ ʨʝʣʘʪʠʚʥʦʛ 

ʦʜʥʦʩʘ ʠʥʪʝʥʟʠʪʝʪʘ ʩʚʠʭ ʧʠʢʦʚʘ ʠ ʚʨʝʜʥʦʩʪʠ ʢʦʝʬʠʮʠʿʝʥʪʘ I/Icor (ʝʥʛ. RIR [76]) ʟʘ ʧʨʝʜʣʦʞʝʥʝ 

ʇɼʌ ʢʘʨʪʠʮʝ, ʧʨʦʮʝˁʝʥʦ ʿʝ ʜʘ ʫʜʝʦ ʘʥʘʪʘʩ ʬʘʟʝ ʥʠʿʝ ʚʝ˂ʠ ʦʜ 5 ʪʝʞʠʥʩʢʠʭ ʧʨʦʮʝʥʘʪʘ. XRPD 

ʜʠʬʨʘʢʪʦʛʨʘʤʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʧʨʘʭʦʚʘ, ʤʝʪʘʣʦʤ ʫʢʨʘʰʝʥʠʭ ʊiʆ2, ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʢʘʤʘ 27 ʠ 

28 ʧʦʢʘʟʫʿʫ ʜʘ ʥʝʤʘ ʜʦʜʘʪʥʠʭ ʨʝʬʣʝʢʩʠʿʘ ʢʦʿʝ ʩʫ ʜʝʪʝʢʪʦʚʘʥʝ, ʚʝʨʦʚʘʪʥʦ ʟʙʦʛ ʚʝʦʤʘ ʤʘʣʦʛ 

ʤʦʣʩʢʦʛ ʫʜʝʣʘ ʜʝʧʦʥʦʚʘʥʦʛ ʤʝʪʘʣʘ ʠ/ʠʣʠ ʣʦʰʝ ʢʨʠʩʪʘʣʥʦʩʪʠ ʙʠʣʦ ʢʦʿʝ ʧʦʚʝʟʘʥʝ ʬʘʟʝ. ʆʙʨʘʩʮʠ 

ʪʘʢʦʹʝ ʧʦʢʘʟʫʿʫ ʜʘ ʢʨʠʩʪʘʣʥʘ ʩʪʨʫʢʪʫʨʘ TiO2 ʦʩʪʘʿʝ ʩʪʘʙʠʣʥʘ ʥʘʢʦʥ ʤʦʜʠʬʠʢʘʮʠʿʝ ʩʘ d-

ʤʝʪʘʣʠʤʘ. 

 
ʉʣʠʢʘ 27. XRPD ʜʠʬʨʘʢʪʦʛʨʘʤʠ ʟʘ ʯʠʩʪ ʊiʆ2 ʩʘ ʟʘʩʪʫʧˀʝʥʠʤ ʨʘʚʥʠʤʘ ʠ ʬʘʟʘʤʘ (ʘ) ʠ ʯʠʩʪʝ ʫʟʦʨʢʝ 

ʊiʆ2 ʠ ʤʦʜʠʬʠʢʦʚʘʥʝ ʢʘʪʘʣʠʟʘʪʦʨʝ (Cu)TiO2 (ʙ). 

 



54 

 
ʉʣʠʢʘ 28. XRPD ʜʠʬʨʘʢʪʦʛʨʘʤʠ ʟʘ (Fe)TiO2 ʠ (Zr)TiO2 (ʘ), (Pd)TiO2 ʠ (Pt)TiO2 (ʙ). 

ʇʘʨʘʤʝʪʨʠ ʨʝʰʝʪʢʝ ʦʜʨʝʹʝʥʠ ʩʫ ʥʘ ʦʩʥʦʚʫ ʧʦʣʦʞʘʿʘ ʨʝʬʣʝʢʩʠʿʘ ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʛʨʘʤʘ 

PowderCell [255]. ʉʨʝʜˁʘ ʚʝʣʠʯʠʥʘ ʢʨʠʩʪʘʣʠʪʘ ʠʟʨʘʯʫʥʘʪʘ ʿʝ ʧʨʠʤʝʥʦʤ ʐʝʨʝʨʦʚʝ (ʝʥʛ. 

Scherrer) ʢʣʘʩʠʯʥʝ ʿʝʜʥʘʯʠʥʝ [256]. ɺʝʣʠʯʠʥʘ ʢʨʠʩʪʘʣʠʪʘ TiO2 (ʪʘʙʝʣʘ 6) ʿʝ ʧʨʦʮʝˁʝʥʘ ʠʟ 

ʰʠʨʠʥʝ ʥʘ ʧʦʣʦʚʠʥʠ ʚʠʩʠʥʝ (ʝʥʛ. FWHM - full-width at half-maximum) ʣʠʥʠʿʝ ʨʫʪʠʣʘ (110). ʂʘʦ 

ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʥʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʠʟ ʪʘʙʝʣʝ 6, ʧʦʩʪʦʿʝ ʩʘʤʦ ʤʘʣʝ ʨʘʟʣʠʢʝ ʫ ʢʨʠʩʪʘʣʥʠʤ 

ʩʚʦʿʩʪʚʠʤʘ ʦʚʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʧʨʠ ʯʝʤʫ ʩʫ ʢʨʠʩʪʘʣʠʪʠ ʥʝʰʪʦ ʚʝ˂ʠ ʫ ʫʟʦʨʮʠʤʘ 0,4% ʠ 0,5% 

(Cu)TiO2 ʠ 1% (Fe)TiO2. 

ʊʘʙʝʣʘ 6. ɺʝʣʠʯʠʥʘ ʢʨʠʩʪʘʣʠʪʘ ʠ ʧʘʨʘʤʝʪʨʠ ʨʝʰʝʪʢʝ ʧʨʠʧʨʝʤˀʝʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʯʠʩʪʠʭ ʠ ʤʝʪʘʣʠʤʘ 

ʤʦʜʠʬʠʢʦʚʘʥʠʤ TiO2. 

ʌʦʪʦʢʘʪʘʣʠʟʘʪʦʨ 
ʄʦʣʩʢʠ ʫʜʝʦ 

(%) 

ʇʘʨʘʤʝʪʨʠ ˂ʝʣʠʿʝ 
ɺʝʣʠʯʠʥʘ ʢʨʠʩʪʘʣʠʪʘ 

(nm) 

a (Å) c (Å)  

TiO2 (1) - 4,5927 2,9596 69 

TiO2 - 4,5946 2,9598 71 

(Cu)TiO2 

0,4 4.5933 2.9591 75.1 

0,5 4,5910 2,9574 72 

1 4,5976 2,9623 64 

2 4,5981 2,9614 65 

(Fe)TiO2 

0,5 4,5986 2,9639 64 

1 4,5937 2,9584 73 

2 4,5903 2,9576 65 

(Pd)TiO2 

0,5 4,5935 2,9594 68 

1 4,5948 2,9586 67 

2 4,5989 2,9636 65 

(Pt)TiO2 

0.5 4,5936 2,9586 53 

1 4,5950 2,9599 56 

2 4,5931 2,9581 67 

(Zr)TiO2 

0,5 4,5943 2,9594 70 

1 4,5942 2,9596 71 

2 4,5943 2,9594 65 
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ʌʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʨʝʘʢʮʠʿʘ ʥʝ ʠʟʘʟʠʚʘ ʧʨʠʤʝʪʥʝ ʧʨʦʤʝʥʝ ʫ ʢʨʠʩʪʘʣʥʦʿ ʩʪʨʫʢʪʫʨʠ TiO2, 

ʰʪʦ ʿʝ ʧʦʪʚʨʹʝʥʦ ex situ XRPD ʤʝʨʝˁʠʤʘ. ɼʠʬʨʘʢʪʦʛʨʘʤʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʩʥʠʤˀʝʥʠ ʥʘʢʦʥ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʨʝʘʢʮʠʿʝ ʫʧʦʨʝʹʝʥʠ ʩʫ ʩʘ ʦʥʠʤʘ ʜʦʙʠʿʝʥʠʤ ʧʨʝ ʨʝʘʢʮʠʿʝ, ʢʘʦ ʠ ʩʘ 

ʨʝʬʝʨʝʥʪʥʠʤ ʧʦʜʘʮʠʤʘ ʠʟ ʙʘʟʝ. ɸʥʘʣʠʟʘ ʥʠʿʝ ʧʦʢʘʟʘʣʘ ʟʥʘʯʘʿʥʘ ʦʜʩʪʫʧʘˁʘ ʫ ʧʦʣʦʞʘʿʫ ʠ 

ʠʥʪʝʥʟʠʪʝʪʫ ʜʠʬʨʘʢʮʠʦʥʠʭ ʣʠʥʠʿʘ, ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ʦʯʫʚʘˁʝ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʪʦʢʦʤ 

ʧʨʦʮʝʩʘ. ʆʚʠ ʨʝʟʫʣʪʘʪʠ ʧʦʪʚʨʹʫʿʫ ʜʘ ʬʦʪʦʢʘʪʘʣʠʟʘ ʥʠʿʝ ʜʦʚʝʣʘ ʜʦ ʬʘʟʥʠʭ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʠʣʠ 

ʩʪʨʫʢʪʫʨʥʠʭ ʦʰʪʝ˂ʝˁʘ TiO2, ʯʠʤʝ ʩʝ ʜʦʜʘʪʥʦ ʧʦʪʚʨʹʫʿʝ ˁʝʛʦʚʘ ʩʪʘʙʠʣʥʦʩʪ ʫ ʠʩʧʠʪʠʚʘʥʠʤ 

ʨʝʘʢʮʠʦʥʠʤ ʫʩʣʦʚʠʤʘ (ʩʣʠʢʘ 29).  

 
ʉʣʠʢʘ 29. XRPD ʜʠʬʨʘʢʪʦʛʨʘʤʠ ʟʘ (Pt)TiO2 ʥʘʢʦʥ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʨʝʘʢʮʠʿʝ (ʘ), ʧʨʝ ʨʝʘʢʮʠʿʝ (Pt)TiO2 

(ʙ) ʠ ʨʝʬʣʝʢʩʠʿʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ PDF ʢʘʨʪʠʮʘ (ʚ). 

4.2.2. ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ (SEM) 

SEM ʤʠʢʨʦʩʥʠʤʮʠ ʯʠʩʪʦʛ TiO2 ʠ TiO2 ʤʦʜʠʬʦʢʦʚʘʥʦʛ Pt, Pd ʠ Zr ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ ʩʣʠʮʠ 

30. ʄʠʢʨʦʛʨʘʬ ʯʠʩʪʦʛ TiO2 ʧʦʪʚʨʹʫʿʝ ʧʦʩʪʦʿʘˁʝ ʚʝ˂ʠʭ ʘʛʣʦʤʝʨʘʪʘ ʥʘʥʦʯʝʩʪʠʮʘ ʚʝʣʠʯʠʥʝ ʦʢʦ 

1 ʤʠʢʨʦʤʝʪʘʨ, ʩʘ ʠʟʨʘʞʝʥʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʬʠʥʠʿʝ ʩʪʨʫʢʪʫʨʝ ʥʘ ʧʦʚʨʰʠʥʠ, ʫ ʦʧʩʝʛʫ 

ʚʝʣʠʯʠʥʘ ʦʜ 20-100 nm (ʩʣʠʢʘ 30ʘ ʠ 30ʙ). ʊʘʣʦʞʝˁʝ ʤʝʪʘʣʘ ʜʦʚʦʜʠ ʜʦ ʧʦʿʘʚʝ ʬʠʥʦ 

ʩʪʨʫʢʪʫʨʠʨʘʥʠʭ ʟʨʥʘ ʫ ʨʘʩʧʦʥʫ ʚʝʣʠʯʠʥʘ ʦʜ 20-30 nm, ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ʙʦˀʝ ʨʘʟʚʠʿʝʥʫ 

ʧʦʚʨʰʠʥʫ ʫ ʦʜʥʦʩʫ ʥʘ ʯʠʩʪ TiO2.  
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ʉʣʠʢʘ 30. SEM ʩʣʠʢʝ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘ (ʘ) TiO2 ʫʚʝ˂ʘˁʝ 50.000 ʧʫʪʘ, (ʙ) TiO2, (ʮ) 2% 

(Zr)TiO2, (ʜ) 1% (Pd)TiO2, (ʝ) 1% (Pt)TiO2 ʠ (ʬ ) 2% (Pt)TiO2 ʫʚʝ˂ʘˁʘ 25.000 ʧʫʪʘ. 

SEM ʩʥʠʤʮʠ (ʩʣʠʢʘ 31) ʯʠʩʪʦʛ TiO2 (1) ʠ 0,4% (Cu)TiO2 ʦʪʢʨʠʚʘʿʫ ʘʛʣʦʤʝʨʘʪʝ 

ʧʨʦʤʝʥˀʠʚʦʛ ʦʙʣʠʢʘ ʩʬʝʨʥʠʭ ʥʘʥʦʯʝʩʪʠʮʘ ʧʨʝʯʥʠʢʘ ʦʢʦ 1 Õʤ. ʋʟʦʨʘʢ 0,4 % (Cu)TiO2 ʧʦʢʘʟʫʿʝ 

ʩʣʠʯʥʫ ʩʪʨʫʢʪʫʨʫ, ʠʘʢʦ ʿʝ ʧʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ʘʛʣʦʤʝʨʘʪʘ ʤʘˁʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʯʠʩʪʠʤ TiO2 (1). 

ʇʨʦʩʝʯʘʥ ʧʨʝʯʥʠʢ ʥʘʥʦʩʬʝʨʘ ʫ 0,4% (Cu)TiO2 ʿ ʝ ʪʘʢʦʹʝ ʥʠʞʠ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʯʠʩʪʠʤ TiO2 (1) (ʦʢʦ 

100 nm), ʫʧʦʨʝʜʠʚ ʩʘ ʧʨʦʩʝʯʥʦʤ ʚʝʣʠʯʠʥʦʤ ʢʨʠʩʪʘʣʠʪʘ ʜʦʙʠʿʝʥʦʤ DebyeïScherrer ʘʥʘʣʠʟʦʤ. 
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ʉʣʠʢʘ 31. SEM ʩʣʠʢʝ (ʘ) 0,4% (Cu)TiO2 ʠ (ʙ) ʯʠʩʪ TiO2 (1) ʧʨʠ ʫʚʝ˂ʘˁʫ 20.000 ʧʫʪʘ. 

 

ʋ ʩʚʠʤ ʘʥʘʣʠʟʠʨʘʥʠʤ ʫʟʦʨʮʠʤʘ TiO2 ʿʝ, ʢʘʦ ʰʪʦ ʿʝ ʠ ʦʯʝʢʠʚʘʥʦ, ʧʨʠʩʫʪʘʥ ʫ ʥʘʿʚʝ˂ʦʿ 

ʢʦʣʠʯʠʥʠ (ʩʣʠʢʘ 32). ʋ ʫʟʦʨʢʫ 2% (Zr)TiO2 ʮʠʨʢʦʥʠʿʫʤ ʿʝ ʟʘʩʪʫʧˀʝʥ ʫ 1,57 ʤʘʩʝʥʠʭ ʧʨʦʮʝʥʘʪʘ, 

ʫ ʫʟʦʨʢʫ ʦʜ 1% (Pd)TiO2 ʤʘʩʝʥʠ ʧʨʦʮʝʥʘʪ ʧʘʣʘʜʠʿʫʤʘ ʿʝ 0,09,  ʘ ʤʘʩʝʥʠ ʧʨʦʮʝʥʘʪ ʧʣʘʪʠʥʝ  ʫ 

ʫʟʦʨʢʫ 1% (Pt)TiO2 ʠ 2% (Pt)TiO2 ʠʟʥʦʩʠ 0,16 ʠ 0,27 ʨʝʜʦʤ. ʇʦʿʘʚʝ ʟʣʘʪʘ ʠ ʘʣʫʤʠʥʠʿʫʤʘ ʫ 

ʘʥʘʣʠʟʠʨʘʥʠʤ ʫʟʦʨʮʠʤʘ ʿʝ ʧʦʩʣʝʜʠʮʘ ʧʨʠʧʨʝʤʝ ʫʟʦʨʢʘ ʟʘ SEM-EDS ʘʥʘʣʠʟʫ. ɿʣʘʪʦ ʿʝ 

ʢʦʨʠʰ˂ʝʥʦ ʟʘ ʥʘʧʘʨʠʚʘˁʝ ʫʟʦʨʢʘ, ʢʘʢʦ ʙʠ ʤʘʪʝʨʠʿʘʣ ʙʠʦ ʧʨʦʚʦʜʘʥ, ʘ ʥʦʩʘʯ ʥʘʥʝʪʠʭ ʫʟʦʨʘʢʘ ʿʝ 

ʦʜ ʘʣʫʤʠʥʠʿʫʤʘ. ʇʨʠʩʫʩʪʚʦ ʩʠʣʠʮʠʿʫʤʘ ʠ ʭʣʦʨʘ ʚʝʨʦʚʘʪʥʦ ʿʝ ʧʦʩʣʝʜʠʮʘ ʩʠʥʪʝʟʝ ʩʘʤʦʛ 

ʢʘʪʘʣʠʟʘʪʦʨʘ, ʢʦʨʠʰ˂ʝʥʠʭ ʩʫʧʩʪʘʥʮʠ ʠ ʧʦʩʫʹʘ. 
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ʉʣʠʢʘ 32. SEM-EDS ʩʧʝʢʪʨʠ ʠ ʥʦʨʤʘʣʠʟʦʚʘʥʘ ʢʦʣʠʯʠʥʘ ʝʣʝʤʝʥʘʪʘ ʠʟ EDS ʘʥʘʣʠʟʝ (ʘ) 2% (Zr)TiO2, 

(ʙ) 1% (Pd)TiO2, (ʚ) 1% (Pt)TiO2 ʠ (ʛ) 2% (Pt)TiO2. 
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ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʠʟ EDS ʧʦʜʘʪʘʢʘ (ʩʣʠʢʝ 33-36) ʧʦʪʚʨʹʫʿʫ ʧʨʠʩʫʩʪʚʦ ʯʝʩʪʠʮʘ 

ʤʝʪʘʣʥʝ ʜʝʧʦʟʠʮʠʿʝ, ʭʦʤʦʛʝʥʦ ʨʘʩʧʦʨʝʹʝʥʠʭ, ʥʘ ʧʦʚʨʰʠʥʠ ʤʦʜʠʬʠʢʦʚʘʥʠʭ TiO2 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʢʦʥʘʯʥʘ ʢʦʣʠʯʠʥʘ ʤʝʪʘʣʘ ʥʘ ʧʦʚʨʰʠʥʠ ʟʘʚʠʩʠ ʦʜ ʘʬʠʥʠʪʝʪʘ 

ʭʝʤʠʿʩʢʦʛ ʚʝʟʠʚʘˁʘ ʠʟʤʝʹʫ ʜʝʧʦʥʦʚʘʥʦʛ ʤʝʪʘʣʘ ʠ ʧʦʚʨʰʠʥʝ TiO2 ʠ ʫ ʧʨʦʩʝʢʫ ʿʝ ʥʝʢʦʣʠʢʦ ʧʫʪʘ 

ʥʠʞʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʥʠʚʦʦʤ ʧʦʯʝʪʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʤʝʪʘʣʘ.  

 
ʉʣʠʢʘ 33. ɽʣʝʤʝʥʪʘʨʥʝ ʤʘʧʝ ʠ ʨʘʩʧʦʜʝʣʘ ʤʝʪʘʣʘ ʟʘ 2% (Zr)TiO2. 
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ʉʣʠʢʘ 34. ɽʣʝʤʝʥʪʘʨʥʝ ʤʘʧʝ ʠ ʨʘʩʧʦʜʝʣʘ ʤʝʪʘʣʘ ʟʘ 1% (Pd)TiO2. 
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ʉʣʠʢʘ 35. ɽʣʝʤʝʥʪʘʨʥʝ ʤʘʧʝ ʠ ʨʘʩʧʦʜʝʣʘ ʤʝʪʘʣʘ ʟʘ 1% (Pt)TiO2. 
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ʉʣʠʢʘ 36. ɽʣʝʤʝʥʪʘʨʥʝ ʤʘʧʝ ʠ ʨʘʩʧʦʜʝʣʘ ʤʝʪʘʣʘ ʟʘ 2% (Pt)TiO2. 

ʋʟʦʨʘʢ 0,4% (Cu)TiO2 ʢʘʦ ʰʪʦ ʿʝ ʥʘʚʝʜʝʥʦ, ʩʥʠʤʘʥ ʿʝ ʥʘ ʜʨʫʛʦʤ ʫʨʝʹʘʿʫ (ʩʣʠʢʘ 37). ʈʝʟʫʣʪʘʪʠ 

EDS ʘʥʘʣʠʟʝ ʧʦʢʘʟʫʿʫ ʜʘ ʿʝ, ʧʦʥʦʚʦ ʢʘʦ ʠ ʫ ʜʨʫʛʠʤ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʠʤʘ, ʥʘʿʚʠʰʝ ʟʘʩʪʫʧˀʝʥ TiO2, 

ʙʘʢʘʨ ʿʝ ʟʘʩʪʫʧˀʝʥ ʫ ʤʘʩʝʥʦʤ ʧʨʦʮʝʥʪʫ ʦʜ 0,63% (ʩʣʠʢʘ 37ʘ). ʇʦʿʘʚʘ ʫʛˀʝʥʠʢʘ ʫ ʫʟʦʨʢʫ ʿʝ ʦʜ 

ʫʛˀʝʥʠʯʥʦʛ ʥʦʩʘʯʘ ʥʘ ʢʦʿʠ ʿʝ ʥʘʥʝʩʝʥ ʫʟʦʨʘʢ ʧʨʠʣʠʢʦʤ ʩʥʠʤʘˁʘ, ʘ ʩʠʣʠʮʠʿʫʤ ʿʝ ʧʦʥʦʚʦ 

ʧʦʩʣʝʜʠʮʘ ʩʠʥʪʝʟʝ ʢʘʪʘʣʠʟʘʪʦʨʘ. ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʠʟ EDS ʧʦʜʘʪʘʢʘ ʧʦʪʚʨʹʫʿʫ ʧʨʠʩʫʩʪʚʦ 

ʜʝʧʦʟʠʮʠʿʝ ʙʘʢʨʘ, ʢʦʿʠ ʿʝ ʭʦʤʦʛʝʥʦ ʨʘʩʧʦʨʝʹʝʥ ʥʘ ʧʦʚʨʰʠʥʠ ʤʦʜʠʬʠʢʦʚʘʥʦʛ TiO2 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ (ʩʣʠʢʘ 37ʙ). 
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ʉʣʠʢʘ 37. (ʘ) SEM-EDS ʩʧʝʢʪʨʠ ʠ ʥʦʨʤʘʣʠʟʦʚʘʥʘ ʢʦʣʠʯʠʥʘ ʝʣʝʤʝʥʘʪʘ ʠʟ EDS ʘʥʘʣʠʟʝ ʠ  (ʙ) 

ʝʣʝʤʝʥʪʘʨʥʝ ʤʘʧʝ ʠ ʨʘʩʧʦʜʝʣʘ ʤʝʪʘʣʘ ʟʘ 0,4% (Cu)TiO2. 
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4.2.3. ʆʧʪʠʯʢʘ ʝʤʠʩʠʦʥʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʠʥʜʫʢʪʠʚʥʦ ʩʧʨʝʛʥʫʪʝ ʧʣʘʟʤʝ (ICP-OS) 

ɿʘ ʜʝʪʘˀʥʠʿʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʠ ʦʜʨʝʹʠʚʘˁʝ ʢʦʣʠʯʠʥʝ ʠ ʨʘʩʧʦʜʝʣʝ ʤʝʪʘʣʘ ʥʘ ʪʠʪʘʥ(IV)-

ʦʢʩʠʜʫ, ʠʟʚʨʰʝʥʦ ʿʝ ʿʦʰ ʿʝʜʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʤʝʨʝˁʝ. ʋ ʪʫ ʩʚʨʭʫ, ʩʚʘʢʠ (M)TiO2 

ʢʘʪʘʣʠʟʘʪʦʨ ʿʝ ʧʨʠʧʨʝʤˀʝʥ ʩʘ ʪʨʠ ʫʣʘʟʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʤʝʪʘʣʘ (0,5, 1 ʠ 2% ʤʝʪʘʣʘ), ʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʘʥʘʣʠʟʘ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʦʧʪʠʯʢʝ ʝʤʠʩʠʦʥʝ ʩʧʝʢʪʨʦʩʢʦʧʠʿʝ 

ʠʥʜʫʢʪʠʚʥʦ ʩʧʨʝʛʥʫʪʝ ʧʣʘʟʤʝ. ICP-OES ʿʝ ʧʨʠʤʝˁʝʥ ʟʘ ʢʚʘʥʪʠʪʘʪʠʚʥʦ ʦʜʨʝʹʠʚʘˁʝ ʫʢʫʧʥʦʛ 

ʩʘʜʨʞʘʿʘ ʤʝʪʘʣʘ, ʜʦʢ ʩʫ ʜʦʙʠʿʝʥʠ ʧʦʜʘʮʠ ʜʘˀʝ ʢʦʨʠʰ˂ʝʥʠ ʟʘ ʧʨʦʮʝʥʫ ʧʦʚʨʰʠʥʩʢʝ 

ʧʦʢʨʠʚʝʥʦʩʪʠ ʤʝʪʘʣʦʤ (ʪʘʙʝʣʘ 7). ʇʦʢʨʠʚʝʥʦʩʪ TiO2 ʤʝʪʘʣʦʤ (ⱥ) ʿʝ ʧʨʦʮʝˁʝʥʘ ʢʘʦ ʙʨʦʿ ʘʪʦʤʘ 

ʤʝʪʘʣʘ ʧʦ ʢʚʘʜʨʘʪʥʦʤ ʘʥʛʩʪʨʝʤʫ ʧʦʚʨʰʠʥʝ TiO2. ʄʦʣʘʨʥʘ ʧʦʚʨʰʠʥʘ TiO2 ʿʝ ʠʟʨʘʯʫʥʘʪʘ ʧʦʜ 

ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʜʘ 1 mol TiO2 ʯʠʥʝ ʩʬʝʨʝ ʧʨʝʯʥʠʢʘ 50 nm ( ʝʿʜʥʘʯʠʥʝ (44 ʠ 45)). 

ץ
Í̍ ̆̓́̌́

3 Ͻ-̍ ̆̓́̌́

τ
σϽʌϽÒϽÄ Ͻɾ Ͻ.

τϽÒϽʌϽ-̍ ̆̓́̌́
 

ץ

τ
σϽÒϽÄ Ͻɾ Ͻ.

τ-̍ ̆̓́̌́
 

ʋ ʿʝʜʥʘʯʠʥʠ r ʧʨʝʜʩʪʘʚˀʘ ʧʨʦʩʝʯʘʥ ʧʦʣʫʧʨʝʯʥʠʢ TiO2 ʩʬʝʨʝ, ʧʨʦʮʝˁʝʥ ʠʟ SEM ʤʠʢʨʦʛʨʘʬʠʿʘ 

(R å 25 nm), dTiO2 ʿʝ ʛʫʩʪʠʥʘ TiO2 ʫ ʨʫʪʠʣʥʦʿ ʬʦʨʤʠ (4,23 g·cm-³), ɔICP-OES ʿʝ ʤʘʩʝʥʘ 

ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʤʝʪʘʣʘ ʫ ʫʟʦʨʢʫ TiO2 ʜʦʙʠʿʝʥʘ ICP-OES ʘʥʘʣʠʟʦʤ (g·L-1), Mʤʝʪʘʣ ʿ ʝ ʤʦʣʘʨʥʘ ʤʘʩʘ 

ʤʝʪʘʣʘ ʠ N  ʿʝ ɸʚʦʛʘʜʨʦʚ ʙʨʦʿ. 

ʊʘʙʝʣʘ 7. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʜʝʪʝʢʪʦʚʘʥʝ ʚʨʝʜʥʦʩʪʠ ʥʠʚʦʘ ʜʝʧʦʥʦʚʘʥʦʛ ʤʝʪʘʣʘ, ʠʟʨʘʯʫʥʘʪʘ 

ʧʦʢʨʠʚʝʥʦʩʪ ʠ ʦʯʝʢʠʚʘʥʦ ʩʪʘˁʝ. 

TiO2-M Fe Zr Cu Pt Pd 

ʅʘʿʚʠʰʠ 

ʜʝʪʝʢʪʦʚʘʥʠ 

ʥʠʚʦ ʤʝʪʘʣʘ 

(ʤʘʩʝʥʠ %) 

0,51ʘ 1,60ʙ 1,73ʘ 0,23ʘ 0,11ʘ 

ʅʘʿʚʠʰʘ 

ʧʨʦʮʝˁʝʥʘ 

ʧʦʢʨʠʚʝʥʦʩʪ 

(ʘʪʦʤ/nm2) 

10-11 20 32 1-2 1-2 

ʆʯʝʢʠʚʘʥʦ 

ʩʪʘˁʝ 

Fe-OX ʬʘʟʘ, 

ʘʛʣʦʤʝʨʠʩʘʥʘ 

Zr-OX ʬʘʟʘ, 

ʘʛʣʦʤʝʨʠʩʘʥʘ 

Cu-OX ʬʘʟʘ, 

ʪʘʥʘʢ ʩʣʦʿ 

ɱʝʜʥʦʘʪʦʤʩʢʦ 

ʩʪʘˁʝ 

ɱʝʜʥʦʘʪʦʤʩʢʦ 

ʩʪʘˁʝ 
ʘ ICP-OES ʤʝʨʝˁʝ, ʙ SEM-EDS ʤʝʨʝˁʝ. 

ʋʧʨʢʦʩ ʚʝʦʤʘ ʥʠʩʢʦʿ ʧʦʢʨʠʚʝʥʦʩʪʠ Pd ʠ Pt ï ʩʘʤʦ 1ï2 ʘʪʦʤʘ ʧʦ nmĮ, ʯʘʢ ʠ ʧʨʠ ʥʘʿʚʠʰʠʤ 

ʫʣʘʟʥʠʤ ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ ʤʝʪʘʣʘ ʦʜ 2% ï ʦʚʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʠ ʧʦʢʘʟʫʿʫ ʥʘʿʚʝ˂ʫ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʫ ʘʢʪʠʚʥʦʩʪ ʤʝʹʫ ʩʚʠʤ ʠʩʧʠʪʠʚʘʥʠʤ ʢʘʪʘʣʠʟʘʪʦʨʠʤʘ. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʪʚʨʹʝʥʠ 

EDS ʩʧʝʢʪʨʠʤʘ ʠ ʤʘʧʘʤʘ (ʩʣʠʢʝ 32, 34-36). ʆʚʠ ʧʦʜʘʮʠ ʠʩʪʠʯʫ ʟʥʘʯʘʿ ʧʦʿʝʜʠʥʘʯʥʠʭ ʘʪʦʤʩʢʠʭ 

ʮʝʥʪʘʨʘ ʢʘʦ ʢˀʫʯʥʠʭ ʪʘʯʘʢʘ ʫ ʢʦʿʠʤʘ ʩʝ ʭʠʜʨʦʢʩʠʣʥʠ ʨʘʜʠʢʘʣʠ ʝʬʠʢʘʩʥʦ ʛʝʥʝʨʠʰʫ ʠ 

ʜʝʩʦʨʙʫʿʫ ʪʦʢʦʤ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦʛ ʧʨʦʮʝʩʘ. 

ʈʝʟʫʣʪʘʪʠ ʛʝʥʝʨʘʣʥʦ ʧʦʪʚʨʹʫʿʫ ʜʘ ˂ʝ ʩʝ ʚʠʩʦʢʦ ʢʦʭʝʟʠʚʥʠ ʤʝʪʘʣʠ, ʢʘʦ ʰʪʦ ʿʝ Pt 

ʪʘʣʦʞʠʪʠ ʫ ʚʝʦʤʘ ʤʘʣʠʤ ʢʦʣʠʯʠʥʘʤʘ ʠ ʩʣʘʙʦ ʠʥʪʝʨʘʛʦʚʘʪʠ ʩʘ ʧʦʜʣʦʛʦʤ, ʜʦʢ ʩʝ ʦʜ ʤʝʪʘʣʘ ʩʘ 

ʥʠʞʦʤ ʢʦʭʝʟʠʚʥʦʰ˂ʫ ʠ ʚʠʩʦʢʠʤ ʘʬʠʥʠʪʝʪʦʤ ʟʘ ʚʝʟʠʚʘˁʝ ʟʘ TiO2(110), ʧʦʧʫʪ Cu, ʦʯʝʢʫʿʝ ʜʘ 

ʬʦʨʤʠʨʘʿʫ ʪʘʥʢʝ ʩʣʦʿʝʚʝ. ʄʝʹʫʪʠʤ, ʥʝʟʘʚʠʩʥʦ ʦʜ ˁʠʭʦʚʦʛ ʧʦʚʨʰʠʥʩʢʦʛ ʩʪʘˁʘ, ʠʩʧʠʪʠʚʘʥʠ 

ʤʝʪʘʣʠ ʜʦʧʨʠʥʦʩʝ ʢʘʪʘʣʠʪʠʯʢʦʿ ʘʢʪʠʚʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʠʩʪʠ ʥʘʯʠʥ, ʢʨʦʟ ʧʨʝʪʭʦʜʥʦ 

(44) 

 

(45) 

 



65 

ʧʨʝʜʣʦʞʝʥʫ ʤʦʜʠʬʠʢʘʮʠʿʫ ʨʝʘʢʪʠʚʥʦʩʪʠ OH ʨʘʜʠʢʘʣʘ. ʆʚʘʿ ʝʬʝʢʘʪ ʿʝ ʥʘʿʠʟʨʘʞʝʥʠʿʠ ʫ ʩʣʫʯʘʿʫ 

ʜʝʧʦʥʦʚʘʥʠʭ Pt ʠ Pd, ʛʜʝ ʧʦʿʝʜʠʥʘʯʥʠ ʘʪʦʤʠ ʧʦʢʘʟʫʿʫ ʠʟʫʟʝʪʥʫ ʤʦ˂ ʫ ʧʨʦʮʝʩʫ ʮʝʧʘˁʘ ʚʦʜʝ. 

4.3. ʌʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʜʝʛʨʘʜʘʮʠʿʘ 

ɼʘ ʙʠ ʩʝ ʦʜʨʝʜʠʣʘ ʧʨʦʤʝʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʫ ʨʘʩʪʚʦʨʠʤʘ ʪʦʢʦʤ 

ʠʩʧʠʪʠʚʘˁʘ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ, ʢʦʨʠʰ˂ʝʥʘ ʿʝ UV-Vis ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʿʘ. ʋ ʪʫ ʩʚʨʭʫ, ʧʨʚʦ ʿʝ 

ʩʥʠʤˀʝʥ ʢʘʣʠʙʨʘʮʠʦʥʠ ʛʨʘʬʠʢ ʥʘ ʦʩʥʦʚʫ ʩʝʨʠʿʝ ʩʪʘʥʜʘʨʜʥʠʭ ʨʘʩʪʚʦʨʘ ʧʦʟʥʘʪʠʭ 

ʢʦʥʮʝʥʪʨʘʮʠʿʘ, ʯʠʤʝ ʿʝ ʫʩʧʦʩʪʘʚˀʝʥʘ ʣʠʥʝʘʨʥʘ ʟʘʚʠʩʥʦʩʪ ʠʟʤʝʹʫ ʘʧʩʦʨʙʘʥʮʝ ʠ ʢʦʥʮʝʥʪʨʘʮʠʿʝ. 

ʆʚʘʿ ʢʘʣʠʙʨʘʮʠʦʥʠ ʛʨʘʬʠʢ ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʥʘ ʪʘʣʘʩʥʦʿ ʜʫʞʠʥʠ ʦʜ 315 nm (ʩʣʠʢʘ 38), ʰʪʦ 

ʦʤʦʛʫ˂ʘʚʘ ʢʚʘʥʪʠʪʘʪʠʚʥʫ ʘʥʘʣʠʟʫ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʫ ʫʟʦʨʮʠʤʘ. 

 

ʉʣʠʢʘ 38. UV-Vis ʩʧʝʢʪʨʠ ʢʦʤʝʨʮʠʿʘʣʥʦʛ CIP ʨʘʩʪʚʦʨʘ ʫ ʢʦʥʮʝʥʪʨʘʮʠʦʥʦʤ ʦʧʩʝʛʫ 1 ï 5·10-5 M (ʘ) ʠ 

ʢʘʣʠʙʨʘʮʠʦʥʠ ʛʨʘʬʠʢ ʥʘ 315 nm (ʙ). 

ʉʪʝʧʝʥ ʨʘʟʛʨʘʜˁʝ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʪʦʢʦʤ ʬʦʪʦʜʝʛʨʘʜʘʮʠʦʥʦʛ ʧʨʦʮʝʩʘ ʧʨʘ˂ʝʥ ʿʝ 

ʦʜʨʝʹʠʚʘˁʝʤ ʧʨʦʤʝʥʝ ˁʝʛʦʚʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʫ ʚʨʝʤʝʥʫ. ɽʬʠʢʘʩʥʦʩʪ ʨʘʟʛʨʘʜˁʝ ʫ ʦʜʨʝʹʝʥʦʤ 

ʪʨʝʥʫʪʢʫ (t) ʠʟʨʘʯʫʥʘʪʘ ʿʝ ʥʘ ʦʩʥʦʚʫ ʩʤʘˁʝˁʘ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʧʦʯʝʪʥʫ ʚʨʝʜʥʦʩʪ, ʢʦʨʠʩʪʝ˂ʠ ʩʪʝʭʠʦʤʝʪʨʠʿʩʢʫ ʟʘʚʠʩʥʦʩʪ ʜʝʬʠʥʠʩʘʥʫ ʿʝʜʥʘʯʠʥʦʤ (46). ʆʚʘ 

ʤʝʪʦʜʘ ʦʤʦʛʫ˂ʘʚʘ ʢʚʘʥʪʠʪʘʪʠʚʥʫ ʧʨʦʮʝʥʫ ʥʘʧʨʝʪʢʘ ʨʘʟʛʨʘʜˁʝ ʠ ʧʨʦʮʝʥʫ ʝʬʠʢʘʩʥʦʩʪʠ 

ʧʨʠʤʝˁʝʥʦʛ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦʛ ʩʠʩʪʝʤʘ. 

˒̕ ̉̋́̒̎̏̒̓ ̮̑́̈̄̑́̅̆
# #

#
ϽρππϷ 

ʇʨʠʧʨʝʤˀʝʥʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʠ ʧʨʠʤʝˁʝʥʠ ʩʫ ʟʘ ʨʘʟʛʨʘʜˁʫ ʢʦʤʝʨʮʠʿʘʣʥʦʛ ʨʘʩʪʚʦʨʘ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʟʘ ʠʥʬʫʟʠʿʫ. UV-Vis ʩʧʝʢʪʨʠ 4,75Ŀ10ī4 mol·L-1 (20 mg·L-1) ʨʘʩʪʚʦʨʘ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʪʦʢʦʤ 240 ʤʠʥʫʪʘ ʬʦʪʦ-ʪʨʝʪʤʘʥʘ ʩʘ 20 mg ʯʠʩʪʠʭ ʪʠʪʘʥ(IV)-ʦʢʩʠʜʘ ʠ 

ʤʝʪʘʣʦʤ ʤʦʜʠʬʠʢʦʚʘʥʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘ (ʩʣʠʢʝ 39-41). 

(46) 
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ʉʣʠʢʘ 39. UV-Vis ʩʧʝʢʪʨʠ ʨʘʩʪʚʦʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʧʦʯʝʪʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ 4,75·10-4 ʄ ʪʦʢʦʤ 240 

ʤʠʥʫʪʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʩʘ 20 mg TiO2(1) (ʘ), TiO2 (ʙ), 0,4% (Cu)TiO2 (ʚ) 0,5% (Cu)TiO2 

(ʛ) 1% (Cu)TiO2 (ʜ), 2% (Cu)TiO2 (ʹ). 
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ʉʣʠʢʘ 40. UV-Vis ʩʧʝʢʪʨʠ ʨʘʩʪʚʦʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʧʦʯʝʪʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ 4,75·10-4 ʄ ʪʦʢʦʤ 240 

ʤʠʥʫʪʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʩʘ 20 mg 0,5% (Fe)TiO2 (ʘ), 1% (Fe)TiO2 (ʙ), 2% (Fe)TiO2 (ʚ), 

0,5% (Zr)TiO2 (ʛ), 1% (Zr)TiO2 (ʜ), 2% (Zr)TiO2 ( )́. 
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ʉʣʠʢʘ 41. UV-Vis ʩʧʝʢʪʨʠ ʨʘʩʪʚʦʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʧʦʯʝʪʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ 4,75·10-4 ʄ ʪʦʢʦʤ 240 

ʤʠʥʫʪʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʩʘ 20 mg 0,5% (Pd) TiO2 (ʘ), 1% (Pd) TiO2 (ʙ) , 2% (Pd) TiO2 (ʚ), 

0,5% (Pt) TiO2 (ʛ), 1% (Pt) TiO2 (ʜ), 2% (Pt) TiO2 ( )́. 

UV-Vis ʩʧʝʢʪʨʠ (ʩʣʠʢʝ 39-41) ʧʦʪʚʨʹʫʿʫ ʜʘ ʩʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʘʥ ʤʘʢʩʠʤʫʤ ʘʧʩʦʨʧʮʠʿʝ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ, ʥʘ ʦʢʦ 277 nm, ʩʤʘˁʫʿʝ ʩ ʚʨʝʤʝʥʦʤ ʟʙʦʛ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ. ʇʦʩʪʝʧʝʥʦ 

ʧʦʤʝʨʘˁʝ ʤʘʢʩʠʤʫʤʘ ʘʧʩʦʨʧʮʠʿʝ ʫʣʝʚʦ, ʢʘʦ ʠ ʧʦʩʪʦʿʘˁʝ ʦʙʣʘʩʪʠ ʧʨʝʢʣʘʧʘˁʘ ʩʧʝʢʪʨʘ ʥʘ ʦʢʦ 
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200-270 nm ʫʧʫ˂ʫʿʫ ʥʘ ʬʦʨʤʠʨʘˁʝ ʧʨʦʜʫʢʘʪʘ ʨʘʟʛʨʘʜˁʝ ʢʦʿʠ ʩʫ ʩʪʨʫʢʪʫʨʥʦ ʩʣʠʯʥʠ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʫ. 

ʌʦʪʦʜʝʛʨʘʜʘʮʠʿʘ ʠʩʪʦʛ ʨʘʩʪʚʦʨʘ, ʘʣʠ ʩʘ 30 mg ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʜʘʣʘ ʿʝ ʥʝʰʪʦ 

ʜʨʫʛʘʯʠʿʝ ʨʝʟʫʣʪʘʪʝ ʢʦʿʠ ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʢʘʤʘ 42-44. ʋ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʠ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ 

ʩʘ 30 mg ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ, ʥʘʿʤʘˁʝ ʝʬʠʢʘʩʘʥ ʿʝ ʯʠʩʪ TiO2, ʘ ʟʘʪʠʤ (Zr)TiO2 ʩʘ ʤʦʣʘʨʥʠʤ 

ʫʜʝʣʦʤ ʦʜ 0,5%. ɺʠʩʦʢʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʨʝʟʫʣʪʠʨʘ ʙʨʟʦʤ ʠ ʝʬʠʢʘʩʥʦʤ 

ʜʝʛʨʘʜʘʮʠʿʦʤ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʥʘʢʦʥ ʿʝʜʥʦʛ ʩʘʪʘ, ʘ UV-Vis ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʥʠʿʝ ʧʦʛʦʜʥʘ ʟʘ 

ʧʨʘ˂ʝˁʝ ʜʝʛʨʘʜʘʮʠʿʝ. ʉʪʦʛʘ ʩʤʦ ʦʜʣʫʯʠʣʠ ʜʘ ʥʘʩʪʘʚʠʤʦ ʩʘ ʠʩʪʨʘʞʠʚʘˁʝʤ ʩʘ 20 mg 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ, ʿʝʨ ʜʘʿʝ ʧʦʫʟʜʘʥʠʿʝ ʠ ʧʨʝʮʠʟʥʠʿʝ ʨʝʟʫʣʪʘʪʝ.  

ʉʣʠʢʘ 42. UV-Vis ʩʧʝʢʪʨʠ ʨʘʩʪʚʦʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʧʦʯʝʪʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ 4,75·10-4 ʄ ʪʦʢʦʤ 240 

ʤʠʥʫʪʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʩʘ 30 mg ʯʠʩʪʦʛ TiO2 (ʘ), 0,5% (Cu)TiO2 (ʙ), 1% (Cu)TiO2 (ʚ), 2% 

(Cu)TiO2 (ʛ). 
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ʉʣʠʢʘ 43. UV-Vis ʩʧʝʢʪʨʠ ʨʘʩʪʚʦʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʧʦʯʝʪʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ 4,75·10-4 ʄ ʪʦʢʦʤ 240 

ʤʠʥʫʪʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʩʘ 30 mg 0,5% (Fe)TiO2 (ʘ), 1% (Fe)TiO2 (ʙ), 2% (Fe)TiO2 (ʚ), 0,5% 

(Zr)TiO2 (ʛ), 1% (Zr)TiO2 (ʜ), 2 % (Zr)TiO2 ( )́. 
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ʉʣʠʢʘ 44. UV-Vis ʩʧʝʢʪʨʠ ʨʘʩʪʚʦʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʧʦʯʝʪʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ 4,75·10-4 ʄ ʪʦʢʦʤ 240 

ʤʠʥʫʪʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʩʘ 30 mg 0,5% (Pd) TiO2 (ʘ), 1% (Pd) TiO2 (ʙ) , 2% (Pd) TiO2 (ʚ), 

0,5% (Pt) TiO2 (ʛ), 1% (Pt) TiO2 (ʜ), 2% (Pt) TiO2 ( )́. 

ʇʦʨʝʹʝˁʝ ʩʘ ʩʧʝʢʪʨʠʤʘ ʩʣʝʧʝ ʧʨʦʙʝ ʠʟʣʦʞʝʥʝ ʟʨʘʯʝˁʫ (ʩʣʠʢʘ 45) ʧʦʪʚʨʹʫʿʝ ʜʘ ʿʝ 

ʝʬʠʢʘʩʥʦʩʪ ʧʨʦʮʝʩʘ ʟʘʥʝʤʘʨˀʠʚʘ ʫ ʧʨʠʩʫʩʪʚʫ UV ʩʚʝʪʣʦʩʪʠ ʙʝʟ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʩʝ 

ʛʣʘʚʥʘ ʨʘʟʛʨʘʜˁʘ ʜʝʰʘʚʘ ʥʘ ʧʦʚʨʰʠʥʠ ʢʘʪʘʣʠʟʘʪʦʨʘ. 
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ʉʣʠʢʘ 45. ʉʧʝʢʪʨʠ ʨʘʩʪʚʦʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʠʟʣʦʞʝʥʦʛ ʟʨʘʯʝˁʫ ʙʝʟ ʧʨʠʩʫʩʪʚʘ ʢʘʪʘʣʠʟʘʪʦʨʘ (ʩʣʝʧʘ 

ʧʨʦʙʘ). 

4.3.1. ɽʬʠʢʘʩʥʦʩʪ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʢʠʥʝʪʠʢʘ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ 

UV-Vis ʩʧʝʢʪʨʠ (ʩʣʠʢʝ 39-44) ʧʦʪʚʨʹʫʿʫ ʜʘ ʩʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʘʥ ʤʘʢʩʠʤʫʤ ʘʧʩʦʨʧʮʠʿʝ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʥʘʣʘʟʠ ʥʘ ʦʢʦ 277 nm, ʘ ˁʝʛʦʚʘ ʚʨʝʜʥʦʩʪ ʩʝ ʩʤʘˁʫʿʝ ʪʦʢʦʤ ʚʨʝʤʝʥʘ ʫʩʣʝʜ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ. ʇʦʿʘʚʘ ʿʘʩʥʦ ʜʝʬʠʥʠʩʘʥʠʭ ʠʟʦʩʙʝʩʪʠʯʢʠʭ ʪʘʯʘʢʘ ʥʘ ʦʢʦ 215 ʠ 260 nm ʫʢʘʟʫʿʝ 

ʥʘ ʨʘʚʥʦʪʝʞʥʠ ʧʨʦʮʝʩ ʢʦʿʠ ʫʢˀʫʯʫʿʝ ʨʘʟʣʘʛʘˁʝ ʠ ʥʘʩʪʘʿʘˁʝ ʥʦʚʠʭ ʿʝʜʠˁʝˁʘ. ʇʦʩʪʝʧʝʥʠ 

ʭʠʧʩʦʭʨʦʤʥʠ ʧʦʤʘʢ, ʧʦʤʝʨʘˁʝ ʢʘ ʢʨʘ˂ʠʤ ʪʘʣʘʩʥʠʤ ʜʫʞʠʥʘʤʘ, ʘʧʩʦʨʧʮʠʦʥʦʛ ʤʘʢʩʠʤʫʤʘ ʩʘ 

277 nm ʫʢʘʟʫʿʝ ʥʘ ʬʦʨʤʠʨʘˁʝ ʧʨʦʜʫʢʘʪʘ ʨʘʟʛʨʘʜˁʝ ʢʦʿʠ ʩʫ ʩʪʨʫʢʪʫʨʥʦ ʩʣʠʯʥʠ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʫ, ʘʣʠ ʠʤʘʿʫ ʩʣʘʙʠʿʫ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʜʦʥʠʨʘʿʫ ʝʣʝʢʪʨʦʥ. ʇʦʨʝʹʝˁʝ ʩʘ ʩʧʝʢʪʨʦʤ 

ʩʣʝʧʝ ʧʨʦʙʝ ʠʟʣʦʞʝʥʠʭ ʟʨʘʯʝˁʫ (ʩʣʠʢʘ 45) ʧʦʪʚʨʹʫʿʝ ʜʘ ʿʝ ʝʬʠʢʘʩʥʦʩʪ ʜʝʛʨʘʜʘʮʠʿʝ 

ʟʘʥʝʤʘʨˀʠʚʘ ʫ ʧʨʠʩʫʩʪʚʫ UV ʩʚʝʪʣʦʩʪʠ ʙʝʟ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʩʝ ʛʣʘʚʥʘ ʨʘʟʛʨʘʜˁʘ 

ʜʝʰʘʚʘ ʥʘ ʧʦʚʨʰʠʥʠ ʢʘʪʘʣʠʟʘʪʦʨʘ. 

ʋ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʩʪʝʧʝʥ ʨʘʟʛʨʘʜˁʝ ʿʝ ʦʜʨʝʹʝʥ ʥʘ ʦʩʥʦʚʫ ʧʨʠʣʘʛʦʹʘʚʘˁʘ ʟʘʚʠʩʥʦʩʪʠ 

ʩʤʘˁʝˁʘ ʢʦʥʮʝʥʪʨʘʮʠʿʝ (c/c0) ʢʠʥʝʪʠʯʢʠʤ ʤʦʜʝʣʠʤʘ ʧʩʝʫʜʦ-ʧʨʚʦʛ ʠ ʧʩʝʫʜʦ-ʥʫʣʪʦʛ ʨʝʜʘ: 

¶ ʇʩʝʫʜʦ-ʧʨʚʠ ʨʝʜ ( ʝʿʜʥʘʯʠʥʘ (47)): 

Ã Ã Å  

¶ ʇʩʝʫʜʦ-ʥʫʣʪʠ ʨʝʜ ( ʝʿʜʥʘʯʠʥʘ (48)): 

Ã Ã ËÔ 

ɻʜʝ ʿʝ c0 ʧʦʯʝʪʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʧʨʠ t=0, ʘ k1 (min-1) ʠ k0 (mol·L-1·min-1) ʩʫ 

ʢʦʥʩʪʘʥʪʝ ʙʨʟʠʥʝ ʨʝʘʢʮʠʿʝ ʟʘ ʧʩʝʫʜʦ-ʧʨʚʠ ʠ ʧʩʝʫʜʦ-ʥʫʣʪʠ ʨʝʜ, ʨʝʜʦʤ. 

ʀʟʨʘʯʫʥʘʪʝ ʢʦʥʩʪʘʥʪʝ ʙʨʟʠʥʝ ʨʝʘʢʮʠʿʘ ʠ ʢʦʥʘʯʥʘ ʝʬʠʢʘʩʥʦʩʪ ʨʘʟʛʨʘʜˁʝ ʥʘʢʦʥ 240 

ʤʠʥʫʪʘ ʜʘʪʝ ʩʫ ʫ ʪʘʙʝʣʠ 8. ɼʦʙʠʿʝʥʝ ʢʠʥʝʪʠʯʢʝ ʢʨʠʚʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ ʢʦʤʝʨʮʠʿʘʣʥʦʛ ʨʘʩʪʚʦʨʘ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʟʘ ʠʥʬʫʟʠʫʿ ʩʘ 20 mg ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʝ ʥʘ ʩʣʠʢʘʤʘ 46 ʠ 47. 

(47) 

 

(48) 
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ʉʣʠʢʘ 46. ʂʨʠʚʝ ʜʝʛʨʘʜʘʮʠʿʝ (ʘ) ʠ ˁʠʭʦʚʝ ʣʠʥʝʘʨʠʟʦʚʘʥʝ ʧʨʘʚʝ ʥʫʣʪʦʛ ʨʝʜʘ (ʙ) ʢʦʤʝʨʮʠʿʘʣʥʦʛ 

ʨʘʩʪʚʦʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʟʘ ʠʥʬʫʟʠʿʫ. 
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ʉʣʠʢʘ 47. ʃʠʥʝʘʨʠʟʦʚʘʥʝ ʧʨʘʚʝ ʧʨʚʦʛ ʨʝʜʘ ʢʦʤʝʨʮʠʿʘʣʥʦʛ ʨʘʩʪʚʦʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʟʘ ʠʥʬʫʟʠʿʫ. 

ʊʘʙʝʣʘ 8. ʀʟʨʘʯʫʥʘʪʝ ʢʦʥʩʪʘʥʪʝ ʙʨʟʠʥʝ ʨʝʘʢʮʠʿʝ ʧʩʝʫʜʦ-ʧʨʚʦʛ ʠ ʧʩʝʫʜʦ-ʥʫʣʪʦʛ ʨʝʜʘ ʟʘ ʨʘʟʛʨʘʜˁʫ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ (CIP) ʠ ʧʦʨʝʹʝˁʝ ʩʪʦʧʘ ʨʘʟʛʨʘʜˁʝ ʠ ʝʬʠʢʘʩʥʦʩʪʠ ʨʘʟʛʨʘʜˁʝ (ʧʨʦʮʝʥʘʪ ʨʘʟʛʨʘʜˁʝ 

CIP ʥʘʢʦʥ 240 ʤʠʥʫʪʘ). 

ʂʘʪʘʣʠʟʘʪʦʨ k1 (min
ī1)Ŀ103 R2 

k0 (molĿL
ī1 

minī1)Ŀ103 
R2 

k(TiO2) 

k((M)TiO2) 

ɽʬʠʢʘʩʥʦʩʪ 

(%)  

TiO2 (1) 2,31 0,995 1,78 0,981 1,02 41,96 

TiO2 2,27  0,994 1,74 0,988 1,00 43,74 

0,4% (Cu)TiO2 3,56 0,990 2,38 0,966 1,57 56,59 

0,5% (Cu)TiO2 3,28  0,981 2,20 0,938 1,44 56,30 

1% (Cu)TiO2 3,20  0,994 2,23 0,971 1,41 54,16 

2% (Cu)TiO2 3,06  0,985 2,16 0,976 1,35 54,81 

0,5% (Fe)TiO2 1,91 0,980 1,09 0,959 0,84 37,26 

1% (Fe)TiO2 2,01 0,981 1,58 0,974 0,89 39,21 

2% (Fe)TiO2 2,45 0,991 1,86 0,973 1,08 43,63 

0,5% (Zr)TiO2 2,01 0,997 1,58 0,993 0,89 39,26 

1% (Zr)TiO2 1,96 0,996 1,56 0,993 0,86 38,78 

2% (Zr)TiO2 1,78 0,995 1,44 0,994 0,78 35,09 

0,5% (Pd)TiO2 3,42 0,998 2,31 0,979 1,51 56,64 

1% (Pd)TiO2 3,63 0,996 2,41 0,992 1,60 59,67 

2% (Pd)TiO2 3,21 0,998 2,19 0,982 1,41 52,00 

0,5% (Pt)TiO2 2,96 0,993 2,08 0,970 1,30 51,72 

1% (Pt)TiO2 3,87 0,997 2,44 0,930 1,70 61,36 

2% (Pt)TiO2 3,40  0,997 2,31 0,972 1,50 55,83 

ʇʦʚʝ˂ʘˁʝ ʢʘʪʘʣʠʪʠʯʢʝ ʘʢʪʠʚʥʦʩʪʠ ʥʘʢʦʥ ʜʝʧʦʟʠʮʠʿʝ d-ʤʝʪʘʣʘ ʦʧʘʞʘ ʩʝ ʫ ʧʦʨʘʩʪʫ 

ʝʬʠʢʘʩʥʦʩʪʠ ʨʘʟʛʨʘʜˁʝ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʩʘ 43% ʥʘ 61%, ʢʘʦ ʠ ʫ ʧʦʚʝ˂ʘˁʫ ʢʦʥʩʪʘʥʪʝ ʙʨʟʠʥʝ 

ʨʝʘʢʮʠʿʝ ʨʘʟʛʨʘʜˁʝ ʠ ʜʦ 1,70 ʧʫʪʘ, ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʚʨʩʪʝ d-ʤʝʪʘʣʘ ʥʘʥʝʪʦʛ ʥʘ ʧʦʚʨʰʠʥʫ TiO2. 
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ɺʨʝʜʥʦʩʪʠ ʢʦʝʬʠʮʠʿʝʥʪʘ ʜʝʪʝʨʤʠʥʘʮʠʿʝ (R2) ʧʦʪʚʨʹʫʿʫ ʙʦˀʫ ʢʦʨʝʣʘʮʠʿʫ ʩʘ ʢʠʥʝʪʠʢʦʤ ʧʩʝʫʜʦ-

ʧʨʚʦʛ ʨʝʜʘ ʥʝʛʦ ʩʘ ʢʠʥʝʪʠʢʦʤ ʧʩʝʫʜʦ-ʥʫʣʪʦʛ ʨʝʜʘ ʟʘ ʩʚʝ ʤʘʪʝʨʠʿʘʣʝ, ʦʩʠʤ ʟʘ (Zr)TiO2, ʛʜʝ ʩʫ 

R2 ʚʨʝʜʥʦʩʪʠ ʩʣʠʯʥʝ ʟʘ ʦʙʘ ʪʠʧʘ ʢʠʥʝʪʠʢʝ. ɹʦˀʘ ʧʨʠʤʝʥˀʠʚʦʩʪ ʢʠʥʝʪʠʢʝ ʧʩʝʫʜʦ-ʧʨʚʦʛ ʨʝʜʘ ʫ 

ʦʜʥʦʩʫ ʥʘ ʧʩʝʫʜʦ-ʥʫʣʪʠ ʨʝʜ, ʫ ʩʚʝʪʣʫ ʨʘʟʤʘʪʨʘˁʘ ʠʟ [260], ʫʢʘʟʫʿʝ ʥʘ ʪʦ ʜʘ ʿʝ ʧʨʦʮʝʩ 

ʘʜʩʦʨʧʮʠʿʝ (ʨʝʜʫʢʦʚʘʥʝ ʬʦʨʤʝ) ʠ ʜʝʩʦʨʧʮʠʿʝ (ʦʢʩʠʜʦʚʘʥʝ ʬʦʨʤʝ) ʦʜʣʫʯʫʿʫ˂ʠ ʢʦʨʘʢ ʢʦʿʠ 

ʢʦʥʪʨʦʣʠʰʝ ʙʨʟʠʥʫ ʨʝʘʢʮʠʿʝ, ʰʪʦ ʿʝ ʪʘʢʦʹʝ ʫ ʜʦʙʨʦʿ ʩʘʛʣʘʩʥʦʩʪʠ ʩʘ ʧʨʝʜʣʦʞʝʥʠʤ ʤʦʜʝʣʦʤ ʠ 

DFT ʧʨʝʜʚʠʹʘˁʠʤʘ ʦ ʢˀʫʯʥʦʿ ʫʣʦʟʠ OH ʨʘʜʠʢʘʣʘ ʫ ʜʝʩʦʨʧʮʠʿʠ. 

ɼʘ ʙʠ ʩʝ ʧʦʪʚʨʜʠʦ ʜʦʧʨʠʥʦʩ ʭʠʜʨʦʢʩʠʣʥʦʛ ʨʘʜʠʢʘʣʘ ʧʨʦʮʝʩʫ ʦʢʩʠʜʘʮʠʿʝ, ʠʟʚʝʜʝʥ ʿʝ 

ʝʢʩʧʝʨʠʤʝʥʪ ʜʝʛʨʘʜʘʮʠʿʝ ʩʘ ʥʘʿʝʬʠʢʘʩʥʠʿʠʤ 1% (Pt)TiO2 ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʤ ʫ ʧʨʠʩʫʩʪʚʫ 

ʤʝʪʘʥʦʣʘ. ʄʝʪʘʥʦʣ ʜʝʣʫʿʝ ʢʘʦ ʭʚʘʪʘʯ OH ʨʘʜʠʢʘʣʘ, ʰʪʦ ʜʦʚʦʜʠ ʜʦ ʩʤʘˁʝˁʘ ʙʨʟʠʥʝ ʨʝʘʢʮʠʿʝ ʠ 

ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʛʨʘʜʘʮʠʿʝ (ʩʣʠʢʘ 48). 

 
ʉʣʠʢʘ 48. ʂʨʠʚʘ ʜʝʛʨʘʜʘʮʠʿʝ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʥʘ 1% (Pt)TiO2 ʫ ʧʨʠʩʫʩʪʚʫ ʠ ʦʜʩʫʩʪʚʫ ʤʝʪʘʥʦʣʘ. 

ʅʘ ʦʩʥʦʚʫ ʧʨʠʢʘʟʘʥʠʭ ʧʦʜʘʪʘʢʘ ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ OH ʨʘʜʠʢʘʣʠ ʠʤʘʿʫ ʟʥʘʯʘʿʥʫ 

ʫʣʦʛʫ ʫ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦʿ ʨʘʟʛʨʘʜˁʠ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ, ʿʝʨ ˁʠʭʦʚʦ ʭʚʘʪʘˁʝ ʜʦʚʦʜʠ ʜʦ 

ʟʥʘʯʘʿʥʦʛ ʩʤʘˁʝˁʘ ʝʬʠʢʘʩʥʦʩʪʠ ʧʨʦʮʝʩʘ. ʋ ʦʜʩʫʩʪʚʫ ʤʝʪʘʥʦʣʘ, ʝʬʠʢʘʩʥʦʩʪ ʜʝʛʨʘʜʘʮʠʿʝ 

ʠʟʥʦʩʠ 61,5%, ʜʦʢ ʫ ʧʨʠʩʫʩʪʚʫ ʤʝʪʘʥʦʣʘ ʦʧʘʜʘ ʥʘ 46,5%. ʂʨʠʚʝ ʜʝʛʨʘʜʘʮʠʿʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʚʨʝʤʝʥʘ ʜʦʜʘʪʥʦ ʧʦʪʚʨʹʫʿʫ ʜʘ ʿʝ ʙʨʟʠʥʘ ʜʝʛʨʘʜʘʮʠʿʝ ʤʘˁʘ ʢʘʜʘ ʿʝ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʤʝʪʘʥʦʣʘ ʚʝ˂ʘ, 

ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ˁʝʛʦʚʫ ʢʦʥʢʫʨʝʥʪʥʫ ʠʥʪʝʨʘʢʮʠʿʫ ʩʘ OH ʨʘʜʠʢʘʣʠʤʘ. ʆʚʦ ʿʝ ʧʨʘ˂ʝʥʦ ʩʤʘˁʝˁʝʤ 

ʢʦʥʩʪʘʥʪʝ ʙʨʟʠʥʝ ʨʝʘʢʮʠʿʝ ʩʘ 3,87·10-3 min-1 ʥʘ 2,51·10-3 min-1. 

4.3.2. ɸʥʘʣʠʟʘ ʧʨʦʠʟʚʦʜʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ 

ɼʘ ʙʠ ʩʝ ʩʪʝʢʘʦ ʙʦˀʠ ʫʚʠʜ ʫ ʧʨʦʮʝʩ ʨʘʟʛʨʘʜˁʝ ʠ ʧʨʦʠʟʚʦʜʝ ʢʦʿʠ ʥʘʩʪʘʿʫ, 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʘ ʯʠʩʪʦʛ ʨʘʩʪʚʦʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ-ʣʘʢʪʘʪʘ ʩʘ 20 mg 1% (Pt)TiO2 ʠʟʚʝʜʝʥʘ ʿʝ 

ʧʦʜ ʠʩʪʠʤ ʫʩʣʦʚʠʤʘ ʢʘʦ ʧʨʝʪʭʦʜʥʦ ʫʨʘʹʝʥʦ ʟʘ ʢʦʤʝʨʮʠʿʘʣʥʫ ʩʤʝʰʫ (ʩʣʠʢʘ 49), ʘ ʟʘʪʠʤ 

ʨʝʘʢʮʠʦʥʘ ʩʤʝʰʘ ʿʝ ʘʥʘʣʠʟʠʨʘʥʘ TOC ʘʥʘʣʠʟʘʪʦʨʦʤ ʠ LC-MS/MS ʤʝʪʦʜʦʤ. 
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ʉʣʠʢʘ 49. ʌʦʪʦʜʝʛʨʘʜʘʮʠʿʘ ʨʘʩʪʚʦʨʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ. 

ʉʪʝʧʝʥ ʤʠʥʝʨʘʣʠʟʘʮʠʿʝ ʿʝ ʧʨʘ˂ʝʥ ʧʨʦʤʝʥʦʤ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʦʨʛʘʥʩʢʦʛ ʫʛˀʝʥʠʢʘ ʥʘ TOC 

ʘʥʘʣʠʟʘʪʦʨʫ (ʪʘʙʝʣʘ 9) ʥʘ ʢʨʘʿʫ ʧʨʦʮʝʩʘ ʜʝʛʨʘʜʘʮʠʿʝ. ʇʦʩʣʝ 240 ʤʠʥʫʪʘ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ ʩʘ 1% 

(Pt)TiO2, ʨʝʟʫʣʪʘʪʠ ʧʦʢʘʟʫʿʫ ʜʘ ʿʝ 24% ʦʨʛʘʥʩʢʦʛ ʫʛˀʝʥʠʢʘ ʤʠʥʝʨʘʣʠʟʦʚʘʥʦ ʟʘ ʨʘʩʪʚʦʨ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʠ 16% ʦʨʛʘʥʩʢʦʛ ʫʛˀʝʥʠʢʘ ʩʤʘˁʝˁʦ ʟʘ ʢʦʤʝʨʮʠʿʘʣʥʫ ʩʤʝʰʫ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ. 

ʊʘʙʝʣʘ 9. ʈʝʟʫʣʪʘʪʠ TOC ʘʥʘʣʠʟʝ. 

20 mg 1% (Pt)TiO2 ʇʦʯʝʪʥʘ TOC mg·L-1 

(t = 0 min) 

ʂʨʘʿˁʘ TOC mg·L-1 

(t = 240 min) 

ʉʪʝʧʝʥ 

ʤʠʥʝʨʘʣʠʟʘʮʠʿʝ 

(%) 

CIP ʩʤʝʰʘ 12,41 10,42 16 

CIP ʨʘʩʪʚʦʨ 8,75 6,63 24 

ʈʘʩʪʚʦʨ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ, ʥʘʢʦʥ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ, ʿʝ ʘʥʘʣʠʟʠʨʘʥ ʧʦʤʦ˂ʫ 

LC-MS/MS. ʎʠʧʨʦʬʣʦʢʩʘʮʠʥ ʥʠʿʝ ʜʝʪʝʢʪʦʚʘʥ ʩʘ ʩʧʨʝʛʥʫʪʦʤ ʪʝʯʥʦʤ ʠ ʪʘʥʜʝʤʩʢʦʤ MS/MS 

ʘʥʘʣʠʟʦʤ ʟʘ ʫʟʦʨʢʝ ʧʦʩʣʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ ʦʜ 240 ʤʠʥʫʪʘ, ʘ ʫʟʦʨʮʠ ʟʘ 120 ʠ 180 ʤʠʥʫʪʘ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ ʩʫ ʠʤʘʣʠ ʿʝʜʚʘ ʚʠʜˀʠʚʝ ʧʠʢʦʚʝ. ɿʙʦʛ ʪʦʛʘ ʿʝ ʫʟʦʨʘʢ ʜʦʙʠʿʝʥ ʥʘʢʦʥ 60 ʤʠʥʫʪʘ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʜʠʨʝʢʪʥʦ ʫʙʨʠʟʛʘʥ ʫ ʤʘʩʝʥʠ ʩʧʝʢʪʨʦʤʝʪʘʨ. ʋ ʜʦʙʠʿʝʥʦʤ ʩʧʝʢʪʨʫ 

ʤʘʩʝ (ʥʘʢʦʥ ʦʜʫʟʠʤʘˁʘ ʧʦʟʘʜʠʥʝ) ʠʟʜʚʦʿʠʣʦ ʩʝ ʰʝʩʪ ʧʨʦʠʟʚʦʜʘ ʨʘʟʛʨʘʜˁʝ (P1ïP6, ʩʣʠʢʘ 50). 

ʇʨʝʢʫʨʩʦʨʩʢʠ ʿʦʥ ʩʚʘʢʦʛ ʧʨʦʠʟʚʦʜʘ ʨʘʟʛʨʘʜˁʝ ʿʝ ʟʘʪʠʤ ʧʦʜʚʨʛʥʫʪ MS/MS ʘʥʘʣʠʟʠ ʜʘ ʙʠ ʩʝ 

ʦʜʨʝʜʠʦ ʥʘʿʠʥʪʝʥʟʠʚʥʠʿʠ ʬʨʘʛʤʝʥʪ ʿʦʥʘ (ʪʘʙʝʣʘ 10). ʆʚʝ ʨʝʘʢʮʠʿʝ ʬʨʘʛʤʝʥʪʘʮʠʿʝ ʩʫ ʥʘʢʥʘʜʥʦ 

ʧʨʠʤʝˁʝʥʝ ʟʘ ʧʦʫʟʜʘʥʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ CIP-ʘ ʠ ˁʝʛʦʚʠʭ ʧʨʦʠʟʚʦʜʘ ʨʘʟʛʨʘʜˁʝ ʫ ʫʟʦʨʮʠʤʘ. 

ʊʠʧʠʯʥʠ ʭʨʦʤʘʪʦʛʨʘʤ ʤʘʩʝ ʜʦʙʠʿʝʥ LC-MS/MS ʘʥʘʣʠʟʦʤ ʫʟʦʨʘʢʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ 

ʜʝʛʨʘʜʘʮʠʿʝ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 51. 
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ʊʘʙʝʣʘ 10. ʇʨʦʠʟʚʦʜʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ CIP ʠ ˁʠʭʦʚʠ MS/MS ʬʨʘʛʤʝʥʪʘʮʠʦʥʠ ʿʦʥʠ. 

ʄʦʣʝʢʫʣʩʢʘ ʬʦʨʤʫʣʘ 
ɱʦʥ ʧʨʝʢʫʨʩʦʨ 

(m/z) 

ʌʨʘʛʤʝʥʪʘʮʠʦʥʠ ʿʦʥʠ 

(m/z) 
ʇʨʝʜʣʦʞʝʥʝ ʩʪʨʫʢʪʫʨʝ 

CIP 

C17H18FN3O3 
332 [M+H]+ 314, 288, 268, 245 

 

P1 

C13H11FN2O3 
263 245, 277, 202, 231 

 

P2 

C14H11FN2O4 
291 273, 263, 231, 221 

 

P3 

C15H16FN3O3 
306 288, 278, 320, 260 

 

P4 

C16H16FN3O4 
334 316, 306, 296 

 

P5 

C17H18FN3O4 
348 330, 310, 320, 291 

 

P6 

C17H16FN3O5 
362 344, 334, 316, 376 
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ʉʣʠʢʘ 50. ʄʘʩʝʥʠ ʩʧʝʢʪʘʨ ʫʟʦʨʢʘ ʥʘʢʦʥ 60 ʤʠʥ CIP ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ. 

 
ʉʣʠʢʘ 51. ʄʘʩʝʥʠ ʭʨʦʤʘʪʦʛʨʘʤ ʫʟʦʨʘʢʘ ʧʦʩʣʝ 60 ʤʠʥʫʪʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ. 

LC-MS/MS ʧʦʜʘʮʠ ʧʦʪʚʨʹʫʿʫ 100% ʨʘʟʛʨʘʜˁʫ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ (CIP) ʫ ʧʨʚʠʭ 120 

ʤʠʥʫʪʘ ʨʝʘʢʮʠʿʝ, ʜʦʢ ʩʝ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʧʨʦʜʫʢʪʠ ʨʘʟʛʨʘʜˁʝ (P1ïP6) ʧʦʿʘʚˀʫʿʫ ʫ ʨʝʘʢʮʠʦʥʦʿ 

ʩʤʝʰʠ ʪʦʢʦʤ ʧʨʦʮʝʩʘ. ʅʘʿʠʟʨʘʞʝʥʠʿʝ ʧʨʦʤʝʥʝ ʫ ʠʥʪʝʥʟʠʪʝʪʫ ʩʠʛʥʘʣʘ ʫʦʯʝʥʝ ʩʫ ʟʘ P4, ʰʪʦ 

ʧʦʪʚʨʹʫʿʝ ʜʘ ʧʨʦʜʫʢʪʠ ʨʘʟʛʨʘʜˁʝ ʥʘʩʪʘʚˀʘʿʫ ʜʘ ʩʝ ʜʘˀʝ ʨʘʩʧʘʜʘʿʫ (ʩʣʠʢʘ 52). ʇʨʦʤʝʥʘ 
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ʠʥʪʝʥʟʠʪʝʪʘ ʩʚʠʭ ʜʝʪʝʢʪʦʚʘʥʠʭ ʧʨʦʠʟʚʦʜʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʧʨʠʢʘʟʘʥʘ ʿʝ ʫ 

ʧʨʠʣʦʛʫ (ʧʨʠʣʦʛ 3). 

 
ʉʣʠʢʘ 52. LC-MS/MS ʩʠʛʥʘʣʠ CIP ʧʨʦʠʟʚʦʜʘ ʨʘʟʛʨʘʜˁʝ P1ïP6 ʪʦʢʦʤ ʚʨʝʤʝʥʘ. 

ʅʘ ʦʩʥʦʚʫ LC-MS/MS ʘʥʘʣʠʟʝ ʠ ʧʦʜʘʪʘʢʘ ʠʟ ʧʦʩʪʦʿʝ˂ʝ ʣʠʪʝʨʘʪʫʨʝ [1, 31, 33, 264ï269], 

ʤʦʞʝ ʩʝ ʧʨʦʪʫʤʘʯʠʪʠ ʜʘ ʩʝ ʤʝʭʘʥʠʟʘʤ ʜʝʛʨʘʜʘʮʠʿʝ CIP-ʘ ʟʘ 1% (Pt)TiO2 ʦʜʚʠʿʘ ʢʨʦʟ ʧʫʪʝʚʝ 

ʨʘʟʛʨʘʜˁʝ ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʝhʤʠ 1, ʩʪʚʘʨʘˁʝʤ ʥʝʢʦʣʠʢʦ ʿʝʜʠˁʝˁʘ. ʇʫʪ ʜʝʛʨʘʜʘʮʠʿʝ I 

ʿʝ ʟʘʧʦʯʝʪ ʥʘʧʘʜʦʤ ʥʘ ʥʝʩʪʘʙʠʣʥʠ ʧʠʧʝʨʘʟʠʥʩʢʠ ʧʨʩʪʝʥ ʦʜ ʩʪʨʘʥʝ OH ʨʘʜʠʢʘʣʘ ʜʘʿʫ˂ʠ ʜʚʘ 

ʩʪʨʫʢʪʫʨʥʘ ʠʟʦʤʝʨʘ P6 ʠ P6' (m/z 362). ɿʘʪʠʤ, ʜʝʢʘʨʙʦʢʩʠʣʘʮʠʿʘ ʧʠʧʝʨʘʟʠʥʩʢʦʛ ʜʝʣʘ P6 ʜʦʚʦʜʠ 

ʜʦ ʬʦʨʤʠʨʘˁʘ ʜʚʘ ʢʝʪʦ-ʜʝʨʠʚʘʪʘ P4 ʠ P4ǋ (m/z 334). ɻʫʙʠʪʘʢ ʠ ʜʨʫʛʦʛ ʤʦʣʝʢʫʣʘ CO2 ʩʪʚʦʨʠʦ 

ʿʝ ʜʝʩʝʪʠʣʝʥ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ P3 (m/z 306). ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʦʪʚʘʨʘˁʝʤ ʧʠʧʝʨʘʟʠʥʩʢʦʛ ʧʨʩʪʝʥʘ 

P6' ʠ ʥʘʢʥʘʜʥʠʤ ʛʫʙʠʪʢʦʤ ʜʚʘ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʫ ʦʙʣʠʢʫ ʤʦʣʝʢʫʣʘ CO2, ʜʘʿʫ˂ʠ ʿʝʜʠˁʝˁʝ P3 

(m/z 306). ɼʘˀʦʤ ʦʢʩʠʜʘʮʠʿʦʤ P3, ʛʫʙʠʪʢʦʤ ʿʦʰ ʿʝʜʥʦʛ ʤʦʣʝʢʫʣʘ CO2 ʠ ʿʝʜʥʦʛ ʤʦʣʝʢʫʣʘ NH3, 

ʥʘʩʪʘʿʝ P2 (m/z 291). ʅʘ ʢʨʘʿʫ, ʜʝʢʘʨʙʦʢʩʠʣʘʮʠʿʦʤ P2 ʜʦʙʠʿʘ ʩʝ ʜʝʨʠʚʘʪ ʘʥʠʣʠʥʘ P1 (m/z 263). 

ʇʫʪ ʜʝʛʨʘʜʘʮʠʿʝ II ʩʫʛʝʨʠʰʝ ʜʘ ʿʝ ʭʠʜʨʦʢʩʠʣʥʠ ʨʘʜʠʢʘʣ ʜʦʜʘʪ ʥʘ C10 ʤʝʩʪʦ ʭʠʥʦʣʦʥʩʢʦʛ 

ʧʨʩʪʝʥʘ ʬʦʨʤʠʨʘʿʫ˂ʠ P5 (m/z 348). ɿʘʪʠʤ, ʢʠʥʦʣʦʥʩʢʠ ʧʨʩʪʝʥ P5 (m/z 348) ʧʦʜʣʝʞʝ 

ʦʢʩʠʜʘʮʠʿʠ, ʰʪʦ ʜʦʚʦʜʠ ʜʦ ʮʝʧʘˁʘ ʭʠʜʨʦʢʩʠʣʥʝ ʚʝʟʝ ʠ ʜʝʢʘʨʙʦʢʩʠʣʘʮʠʿʝ ʜʘʿʫ˂ʠ 

ʬʨʘʛʤʝʥʪʘʮʠʦʥʠ ʿʦʥ (m/z 288) ʯʠʿʘ ʿʝ ʟʘʩʪʫʧˀʝʥʦʩʪ ʧʨʠʣʠʯʥʦ ʥʠʩʢʘ ʫ ʤʘʩʝʥʦʤ ʩʧʝʢʪʨʫ (ʩʣʠʢʘ 

50). ʂʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 50, ʠʥʪʝʥʟʠʪʝʪ ʧʠʢʦʚʘ ʟʘ P1, P2, P3, P6 ʠ ʧʦʩʝʙʥʦ P4, ʢʦʿʠ 

ʩʫ ʩʝ ʿʘʚʠʣʠ ʫ ʜʝʛʨʘʜʘʮʠʦʥʦʤ ʧʫʪʫ I, ʙʠʦ ʿʝ ʤʥʦʛʦ ʚʝ˂ʠ ʦʜ ʦʥʦʛ ʫʦʯʝʥʦʛ ʟʘ ʦʨʛʘʥʩʢʘ ʿʝʜʠˁʝˁʘ 

ʦʧʠʩʘʥʘ ʫ ʜʝʛʨʘʜʘʮʠʦʥʦʤ ʧʫʪʫ II. ʆʚʦ ʟʘʧʘʞʘˁʝ ʿʝ ʧʦʪʚʨʜʠʣʦ ʜʘ ʿʝ ʜʝʛʨʘʜʘʮʠʦʥʠ ʧʫʪ I, ʙʠʦ 

ʛʣʘʚʥʠ ʧʫʪ ʟʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʫ ʜʝʛʨʘʜʘʮʠʿʫ CIP-ʘ. ʇʨʝʤʘ ʣʠʪʝʨʘʪʫʨʥʠʤ ʧʦʜʘʮʠʤʘ, ʜʘˀʘ 

ʜʝʛʨʘʜʘʮʠʿʘ ˂ʝ ʥʘʢʥʘʜʥʦ ʙʠʪʠ ʧʦʜʚʨʛʥʫʪʘ ʜʝʬʣʫʦʨʘʮʠʿʠ, ʦʢʩʠʜʘʮʠʿʠ ʠ ʦʪʚʘʨʘˁʫ ʧʨʩʪʝʥʘ, ʜʘ 

ʙʠ ʩʝ ʜʦʙʠʣʘ ʚʠʩʦʢʦ ʦʢʩʠʜʦʚʘʥʘ ʿʝʜʠˁʝˁʘ ʩʘ ʤʥʦʛʦ ʢʦˁʫʛʦʚʘʥʠʭ ʜʚʦʩʪʨʫʢʠʭ ʚʝʟʘ ʠ ʙʝʟ 

ʧʨʩʪʝʥʘ ʫ ˁʠʭʦʚʦʿ ʩʪʨʫʢʪʫʨʠ ʠ ʥʘ ʢʨʘʿʫ ʜʦ CO2 [1, 31, 33, 264ï269]. ʄʝʹʫʪʠʤ, ʫ ʦʚʦʿ ʩʪʫʜʠʿʠ, 

ʩʤʝʰʘ ʨʝʟʠʜʫʘʣʥʠʭ ʿʦʥʘ ʥʘʢʦʥ 180 ʤʠʥʫʪʘ ʨʘʟʛʨʘʜˁʝ ʠ ʜʘˀʝ ʩʘʜʨʞʠ ʟʥʘʯʘʿʥʫ ʢʦʣʠʯʠʥʫ 

ʨʘʟʣʠʯʠʪʠʭ ʿʦʥʘ ʫ m/z ʦʧʩʝʛʫ ʦʜ 207 ʜʦ 362, ʩʘ ʥʘʿʠʥʪʝʥʟʠʚʥʠʿʠʤ ʩʠʛʥʘʣʦʤ ʥʘ m/z = 279 (ʧʨʠʣʦʛ 

3). ʆʚʦ ʦʙʿʘʰˁʘʚʘ ʧʨʝʦʩʪʘʣʫ ʘʧʩʦʨʧʮʠʿʫ ʫ UV-Vis ʩʧʝʢʪʨʠʤʘ. ʉʣʠʯʥʦʩʪ ʨʝʟʠʜʫʘʣʥʠʭ UV-Vis 

ʩʧʝʢʪʨʘ ʩʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʦʤ, ʢʘʦ ʠ ʟʥʘʯʘʿʥʘ ʟʘʩʪʫʧˀʝʥʦʩʪ ʿʝʜʠˁʝˁʘ ʩʘ m/z ʚʨʝʜʥʦʩʪʠʤʘ 

ʚʝ˂ʠʤ ʦʜ 220, ʫʢʘʟʫʿʫ ʥʘ ʪʦ ʜʘ ʿʝ ʥʘʿʦʪʧʦʨʥʠʿʘ ʩʪʨʫʢʪʫʨʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʦʜʫʢʘʪʘ ʨʘʟʛʨʘʜˁʝ 

ʬʣʫʦʨʦ-ʮʠʢʣʦʧʨʦʧʠʣ-ʭʠʥʦʣʠʥʩʢʘ ʦʩʥʦʚʘ. ʋʧʨʢʦʩ ʟʥʘʯʘʿʥʦʤ ʩʤʘˁʝˁʫ UV-Vis ʠ LC-MS 

ʩʠʛʥʘʣʘ, ʥʝ ʧʦʩʪʦʿʝ ʧʦʫʟʜʘʥʠ ʜʦʢʘʟʠ ʫ ʦʚʦʿ ʩʪʫʜʠʿʠ ʢʦʿʠ ʙʠ ʫʢʘʟʘʣʠ ʥʘ ʨʘʩʧʘʜ ʬʣʫʦʨʦ-

ʮʠʢʣʦʧʨʦʧʠʣ-ʭʠʥʦʣʠʥʩʢʝ ʩʪʨʫʢʪʫʨʝ. ʆʚʦ ʿʝ ʫ ʩʢʣʘʜʫ ʩʘ ʟʘʧʘʞʘˁʝʤ ʜʘ ʩʫ ʛʣʘʚʥʠ ʦʢʩʠʜʘʪʠʚʥʠ 

ʘʛʝʥʩʠ ʫ ʩʠʩʪʝʤʫ ʭʠʜʨʦʢʩʠʣʥʠ ʨʘʜʠʢʘʣʠ (OHÅ). ɼʘ ʙʠ ʩʝ ʧʦʩʪʠʛʣʦ ʨʘʟʣʘʛʘˁʝ ʩʪʨʫʢʪʫʨʝ ʜʦ 
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ʘʣʠʬʘʪʠʯʥʠʭ ʿʝʜʠˁʝˁʘ, ʙʠʣʦ ʙʠ ʧʦʪʨʝʙʥʦ ʧʨʠʤʝʥʠʪʠ ʩʥʘʞʥʠʿʝ ʦʢʩʠʜʘʮʠʦʥʝ ʘʛʝʥʩʝ, ʿʘʯʝ UV 

ʟʨʘʯʝˁʝ, ʫʚʝʩʪʠ ʜʦʜʘʪʥʠ ʥʝʘʪʤʦʩʬʝʨʩʢʠ ʢʠʩʝʦʥʠʢ ʠʣʠ ʢʦʨʠʩʪʠʪʠ ʢʦʤʙʠʥʦʚʘʥʝ ʤʝʪʦʜʝ ʧʦʧʫʪ 

ʬʦʪʦʝʣʝʢʪʨʦʜʝʛʨʘʜʘʮʠʿʝ [270]. 

 
ʐʝʤʘ 1. ʄʝʭʘʥʠʟʘʤ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ. 

ɼʝʪʝʢʪʦʚʘʥʠ ʧʨʦʜʫʢʪʠ ʨʘʟʛʨʘʜˁʝ P1ïP6, ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʧʦʤʦ˂ʫ LC-MS/MS, ʧʦʪʦʤ ʩʫ 

ʘʥʘʣʠʟʠʨʘʥʠ ʢʦʨʠʰ˂ʝˁʝʤ CompTox Chemicals Dashboard ʩʦʬʪʚʝʨʘ (ʚʝʨʟʠʿʘ 3.0.5) [271]. 

ʇʨʠʢʫʧˀʝʥʝ ʚʨʝʜʥʦʩʪʠ LC50 (ʃʝʪʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ 50% - ʝʥʛ. Lethal Concentration 50 %) ʟʘ 

96-ʯʘʩʦʚʥʠ ʪʝʩʪ ʥʘ ʨʠʙʠ ɼʝʙʝʣʦʛʣʘʚʘ ʛʘʚʯʠʮʘ (ʝʥʛ. Fathead minnow) ʠ LD50 (ʃʝʪʘʣʥʘ ʜʦʟʘ 50% 

- ʝʥʛ. Lethal Dose 50 %) ʦʨʘʣʥʠ ʪʝʩʪ ʥʘ ʧʘʮʦʚʫ, ʟʘʿʝʜʥʦ ʩʘ ʧʦʜʘʮʠʤʘ ʦ ʨʘʟʚʦʿʥʦʿ ʪʦʢʩʠʯʥʦʩʪʠ ʠ 

ɽʿʤʩʦʚʦʤ ʪʝʩʪʫ ʤʫʪʘʛʝʥʦʩʪʠ, ʧʨʠʢʘʟʘʥʝ ʩʫ ʫ ʪʘʙʝʣʠ 11. 
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ʊʘʙʝʣʘ 11. CompTox ʚʨʝʜʥʦʩʪʠ LC50 (96 ʯ, ɼʝʙʝʣʦʛʣʘʚʘ ʛʘʚʯʠʮʘ), LD50  (ʧʘʮʦʚ), ʨʘʟʚʦʿʥʘ ʪʦʢʩʠʯʥʦʩʪ ʠ ɽʤʿʩʦʚ ʪʝʩʪ ʤʫʪʘʛʝʥʦʩʪʠ ʟʘ ʦʪʢʨʠʚʝʥʝ ʥʫʩʧʨʦʠʟʚʦʜʝ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʝ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ. 

ɸ ï ʝʥʛ. Environmental Protection Agency; ɹ ï ʝʥʛ. Globally Harmonized System of Classification and Labelling of Chemicals. 

ɱʝʜʠˁʝˁʝ 

ɼʝʙʝʣʦʛʣʘʚʘ ʛʘʚʯʠʮʘ 

LC50 

ʆʨʘʣʥʠ ʪʝʩʪ ʥʘ ʧʘʮʦʚʫ 

LD50 
ʈʘʟʚʦʿʥʘ ʪʦʢʩʠʯʥʦʩʪ 

ɽʿʤʩʦʚ  ʪʝʩʪ 

ʤʫʪʘʛʝʥʦʩʪʠ 

ʂʣʘʩʘ 

ʪʦʢʩʠʯʥʦʩʪʠ 

-log10 

(molĿkg-1) 
mgĿkg-1 

-log10 

(molĿkg-1) 
mgĿkg-1 ɺʨʝʜʥʦʩʪ ʈʝʟʫʣʪʘʪ ɺʨʝʜʥʦʩʪ ʈʝʟʫʣʪʘʪ EPAɸ GHSɹ 

CIP 6,24 0,19 1,88 4344 1,09 ʊʘʯʥʦ 0,62 ʊʘʯʥʦ III V 

P1 6,16 0,18 2,38 1099 1,06 ʊʘʯʥʦ 0,48 ʅʝʪʘʯʥʦ III IV 

P2 6,36 0,13 2,62 691 1,02 ʊʘʯʥʦ 0,47 ʅʝʪʘʯʥʦ III IV 

P3 6,35 0,14 2,05 2699 1,01 ʊʘʯʥʦ 0,39 ʅʝʪʘʯʥʦ III V 

P4 6,39 0,13 2,43 1251 1,06 ʊʘʯʥʦ 0,40 ʅʝʪʘʯʥʦ III IV 

P4ô 6,11 0, 26 2,32 1591 1,21 ʊʘʯʥʦ 0,39 ʅʝʪʘʯʥʦ III IV 

P5 6,32 0,17 1,95 3887 0,96 ʊʘʯʥʦ 0,63 ʊʘʯʥʦ III V 

P6 6,04 0,33 1,96 3953 0,76 ʊʘʯʥʦ 0,43 ʅʝʪʘʯʥʦ III V 

P6ô 6,07 0,31 / / 1,22 ʊʘʯʥʦ 0,58 ʊʘʯʥʦ / / 

fi (m/z = 288) 6,05 0,26 1,99 2912 0,83 ʊʘʯʥʦ 0,60 ʊʘʯʥʦ III V 
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ʇʦʩʤʘʪʨʘʥʠ ʨʝʟʫʣʪʘʪʠ ʫʢʘʟʫʿʫ ʥʘ ʪʦ ʜʘ ʪʦʢʩʠʯʥʦʩʪ ʥʝʢʠʭ ʧʨʦʜʫʢʘʪʘ ʜʝʛʨʘʜʘʮʠʿʝ 

ʧʨʝʚʘʟʠʣʘʟʠ ʪʦʢʩʠʯʥʦʩʪ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ (CIP). ʅʘʿʥʠʞʘ LD50 ʚʨʝʜʥʦʩʪ (691 mg/kg) 

ʟʘʙʝʣʝʞʝʥʘ ʿʝ ʟʘ ʿʝʜʠˁʝˁʝ P2 ï ʩʫʧʩʪʘʥʮʫ ʢʦʿʘ ʩʘʜʨʞʠ ʘʤʠʜʥʝ ʛʨʫʧʝ ʠ ʢʦʿʘ ʿʝ ʩʚʨʩʪʘʥʘ ʫ ʂʣʘʩʫ 

III ʧʨʝʤʘ ʢʣʘʩʠʬʠʢʘʮʠʿʠ ʘʤʝʨʠʯʢʝ ɸʛʝʥʮʠʿʝ ʟʘ ʟʘʰʪʠʪʫ ʞʠʚʦʪʥʝ ʩʨʝʜʠʥʝ (ʝʥʛ. US EPA) ʟʘ 

ʧʝʩʪʠʮʠʜʝ [272]. ʊʘʢʦʹʝ, ɽʿʤʩʦʚ ʪʝʩʪ ʤʫʪʘʛʝʥʦʩʪʠ ʿʝ ʧʦʢʘʟʘʦ ʩʤʘˁʝʥʫ ʤʫʪʘʛʝʥʦʩʪ ʫ ʧʦʨʝʹʝˁʫ 

ʩʘ CIP ʟʘ ʩʚʘ ʦʪʢʨʠʚʝʥʘ ʿʝʜʠˁʝˁʘ, ʦʩʠʤ P5, ʢʦʿʠ ʧʦʢʘʟʫʿʝ ʠʩʪʫ ʚʨʝʜʥʦʩʪ ʢʘʦ CIP. ʋʢʨʘʪʢʦ, 

ʫʧʨʢʦʩ ʜʦʢʘʟʘʥʦʿ ʤʦʛʫ˂ʥʦʩʪʠ ʧʦʜʝʰʘʚʘˁʘ ʢʠʥʝʪʠʢʝ ʧʨʦʮʝʩʘ ʧʫʪʝʤ ʪʘʣʦʞʝˁʘ d-ʤʝʪʘʣʘ, 

ʧʨʦʜʫʢʪʠ ʨʘʟʛʨʘʜˁʝ ʫ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦʤ ʧʨʦʮʝʩʫ ʚʦʹʝʥʦʤ OH ʨʘʜʠʢʘʣʠʤʘ ʦʩʪʘʿʫ ʧʨʦʙʣʝʤ 

ʟʙʦʛ ʦʛʨʘʥʠʯʝʥʝ ʩʧʦʩʦʙʥʦʩʪʠ ʨʘʟʣʘʛʘˁʘ ʬʣʫʦʨʦʭʠʥʦʣʦʥʩʢʝ ʩʪʨʫʢʪʫʨʝ. ʈʠʟʠʢ ʦʜ ʬʦʨʤʠʨʘˁʘ 

ʤʘʣʠʭ ʤʦʣʝʢʫʣʘ, ʢʘʦ ʰʪʦ ʩʫ ʬʦʨʤʘʤʠʜ ʠ ʘʮʝʪʘʤʠʜ, ʪʦʢʦʤ ʨʘʟʛʨʘʜˁʝ ʧʠʧʝʨʘʟʠʥʩʢʦʛ ʧʨʩʪʝʥʘ 

ʪʘʢʦʹʝ ʦʩʪʘʿʝ ʢʘʦ ʦʧʰʪʠ ʠʟʘʟʦʚ ʫ ʧʨʠʤʝʥʠ ʥʘʧʨʝʜʥʠʭ ʦʢʩʠʜʘʮʠʦʥʠʭ ʧʨʦʮʝʩʘ ʟʘ ʨʘʟʛʨʘʜˁʫ 

ʦʨʛʘʥʩʢʠʭ ʤʦʣʝʢʫʣʘ ʩʘ N-ʭʝʪʝʨʦʮʠʢʣʠʯʥʠʤ ʩʪʨʫʢʪʫʨʘʤʘ. ʉʭʦʜʥʦ ʪʦʤʝ, ʧʦʞʝˀʥʘ ʿʝ ʜʦʜʘʪʥʘ in 

situ ʩʪʫʜʠʿʘ ʪʦʢʩʠʯʥʦʩʪʠ ʧʨʝ ʰʠʨʝ ʧʨʠʤʝʥʝ ʧʨʝʜʩʪʘʚˀʝʥʝ ʤʝʪʦʜʦʣʦʛʠʿʝ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, 

ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʩʚʠʭ ʜʝʪʝʢʪʦʚʘʥʠʭ ʧʨʦʜʫʢʘʪʘ ʙʠʣʝ ʩʫ ʟʥʘʪʥʦ ʥʠʞʝ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʯʝʪʥʫ 

ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ, ʘ LC-MS/MS ʘʥʘʣʠʟʘ ʥʠʿʝ ʦʪʢʨʠʣʘ ʚʠʩʦʢʦ ʪʦʢʩʠʯʥʝ 

ʧʨʦʜʫʢʪʝ. 

4.3.3. ʇʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ ʦʚʝ ʩʪʫʜʠʿʝ ʩʘ ʧʦʜʘʮʠʤʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ 

ʌʦʪʦʢʘʪʘʣʠʪʠʯʢʘ ʜʝʛʨʘʜʘʮʠʿʘ ʦʨʛʘʥʩʢʠʭ ʟʘʛʘʹʫʿʫ˂ʠʭ ʩʫʧʩʪʘʥʮʠ ʧʦʢʘʟʫʿʝ ʚʝʣʠʢʠ 

ʧʦʪʝʥʮʠʿʘʣ ʟʘ ʤʦʛʫ˂ʫ ʧʨʠʤʝʥʫ ʫ ʧʨʝʯʠʰ˂ʘʚʘˁʫ ʚʦʜʝ, ʘ ʪʠʪʘʥ-ʜʠʦʢʩʠʜ ʠ ˁʝʛʦʚʝ ʤʦʜʠʬʠʢʦʚʘʥʝ 

ʬʦʨʤʝ ʧʦʢʘʟʘʣʠ ʩʫ ʩʝ ʢʘʦ ʝʬʠʢʘʩʥʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʠ. ʄʝʹʫʪʠʤ, ʨʘʟʣʠʯʠʪʠ ʬʘʢʪʦʨʠ, ʢʘʦ ʰʪʦ 

ʩʫ ʪʠʧ ʠ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʠʥʪʝʥʟʠʪʝʪ ʩʚʝʪʣʦʩʪʠ ʠ ʚʨʝʤʝ ʨʝʘʢʮʠʿʝ, ʤʦʛʫ ʟʥʘʯʘʿʥʦ 

ʫʪʠʮʘʪʠ ʥʘ ʝʬʠʢʘʩʥʦʩʪ ʜʝʛʨʘʜʘʮʠʿʝ. ʋ ʮʠˀʫ ʙʦˀʝʛ ʨʘʟʫʤʝʚʘˁʘ ʝʬʠʢʘʩʥʦʩʪʠ ʦʚʦʛ ʧʨʠʩʪʫʧʘ, 

ʙʨʦʿʥʝ ʩʪʫʜʠʿʝ ʩʫ ʠʩʧʠʪʠʚʘʣʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʫ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʢʦʨʠʩʪʝ˂ʠ ʨʘʟʣʠʯʠʪʝ TiO2 

ʢʘʪʘʣʠʟʘʪʦʨʝ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʫʩʣʦʚʝ. ʋ ʥʘʩʪʘʚʢʫ ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʨʝʟʫʣʪʘʪʠ ʧʨʝʪʭʦʜʥʠʭ 

ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʦʜʥʦʩʫ ʥʘ ʜʦʙʠʿʝʥʝ ʧʦʜʘʪʢʝ ʫ ʦʚʦʿ ʩʪʫʜʠʿʠ, ʩʘ ʧʦʩʝʙʥʠʤ ʦʩʚʨʪʦʤ ʥʘ ʢʠʥʝʪʠʯʢʝ 

ʘʩʧʝʢʪʝ ʨʝʘʢʮʠʿʝ, ʫʪʠʮʘʿ OH ʨʘʜʠʢʘʣʘ ʠ ʫʣʦʛʫ ʤʝʪʘʣʦʤ ʤʦʜʠʬʠʢʦʚʘʥʦʛ TiO2 ʫ ʧʦʙʦˀʰʘˁʫ 

ʢʘʪʘʣʠʪʠʯʢʝ ʘʢʪʠʚʥʦʩʪʠ. 

ʊʘʙʝʣʘ 12 ʧʨʠʢʘʟʫʿʝ ʨʝʟʫʣʪʘʪʝ ʜʨʫʛʠʭ ʩʪʫʜʠʿʘ ʢʦʿʝ ʩʫ ʠʩʧʠʪʠʚʘʣʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʿʫ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʩʘ ʩʣʠʯʥʠʤ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʠʤʘ. ʂʘʦ ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʠʟ ʪʘʙʝʣʝ 12, 

ʚʝ˂ʠʥʘ ʩʪʫʜʠʿʘ ʢʦʨʠʩʪʠʣʘ ʿʝ ʚʝʣʠʢʝ ʜʦʟʝ ʢʘʪʘʣʠʟʘʪʦʨʘ (200ï1500 mg·L-1), ʜʫʛʘ ʚʨʝʤʝʥʘ 

ʜʝʛʨʘʜʘʮʠʿʝ ʠ ʣʘʤʧʝ ʚʠʩʦʢʝ ʩʥʘʛʝ ʢʘʢʦ ʙʠ ʧʦʩʪʠʛʣʠ ʩʪʝʧʝʥ ʜʝʛʨʘʜʘʮʠʿʝ ʫ ʨʘʩʧʦʥʫ ʦʜ 75ï100% 

[4, 32, 264, 273, 274]. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʫ ʦʚʦʿ ʩʪʫʜʠʿʠ ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʣʘʤʧʘ ʥʠʩʢʝ ʩʥʘʛʝ (0,8 W·m-

2), ʜʠʟʘʿʥʠʨʘʥʘ ʪʘʢʦ ʜʘ ʦʙʝʟʙʝʜʠ ʧʦʫʟʜʘʥʦ UV-Vis ʧʨʘ˂ʝˁʝ ʢʠʥʝʪʠʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʠ ʤʠʥʠʤʠʟʠʨʘ 

ʥʝʢʦʥʪʨʦʣʠʩʘʥʝ ʩʧʦˀʘʰˁʝ ʬʘʢʪʦʨʝ ʢʘʦ ʰʪʦ ʿʝ ʟʘʛʨʝʚʘˁʝ ʢʦʤʦʨʝ. ʌʦʪʦʜʝʛʨʘʜʘʮʠʿʘ ʩʘ 20 mg 

ʯʠʩʪʦʛ TiO2 ʧʦʢʘʟʘʣʘ ʿʝ ʝʬʠʢʘʩʥʦʩʪ ʦʜ ʦʢʦ 42% ʥʘ ʦʩʥʦʚʫ UV-Vis ʨʝʟʫʣʪʘʪʘ. ʋ ʮʝʣʠʥʠ, 

ʨʝʟʫʣʪʘʪʠ ʩʫ ʫ ʨʘʟʫʤʥʦʿ ʩʘʛʣʘʩʥʦʩʪʠ ʩʘ ʜʦʩʪʫʧʥʠʤ ʧʦʜʘʮʠʤʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʦ ʩʣʠʯʥʠʤ 

ʢʘʪʘʣʠʪʠʯʢʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ, ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʤʘʣʫ ʢʦʣʠʯʠʥʫ ʢʘʪʘʣʠʟʘʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʟʘʛʘʹʫʿʫ˂ʝ ʩʫʧʩʪʘʥʮʝ, ʩʥʘʛʫ ʣʘʤʧʠ ʠ ʪʨʘʿʘˁʝ ʜʝʛʨʘʜʘʮʠʿʝ. 

ʂʘʜʘ ʿʝ ʨʝʯ ʦ ʤʝʪʘʣʦʤ ʤʦʜʠʬʠʢʦʚʘʥʦʤ TiO2, ʚʝ˂ʠʥʘ ʩʪʫʜʠʿʘ ʧʨʠʢʘʟʘʥʠʭ ʫ ʪʘʙʝʣʠ 12 

ʙʘʚʠ ʩʝ ʜʦʧʠʨʘʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ ʠ ʤʦʛʫ˂ʥʦʩʪʠʤʘ ʠʟʤʝʥʝ ʫʥʫʪʨʘʰˁʠʭ ʩʚʦʿʩʪʘʚʘ ʠ ʰʠʨʠʥʝ 

ʝʥʝʨʛʝʪʩʢʦʛ ʦʧʩʝʛʘ. ʅʝʢʝ ʦʜ ʪʠʭ ʩʪʫʜʠʿʘ ʠʩʪʠʯʫ ʚʠʰʝʥʘʤʝʥʩʢʫ ʧʨʠʤʝʥʫ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʟʘ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʫ ʜʝʛʨʘʜʘʮʠʿʫ ʠ ʧʨʦʠʟʚʦʜˁʫ ʚʦʜʦʥʠʢʘ, ʥʘʛʣʘʰʘʚʘʿʫ˂ʠ ʧʦʪʨʝʙʫ ʟʘ 

ʛʝʥʝʨʘʣʠʟʘʮʠʿʦʤ ʟʥʘˁʘ ʦ ʢʘʪʘʣʠʪʠʯʢʠʤ ʧʨʦʮʝʩʠʤʘ ʥʘ ʧʦʚʨʰʠʥʠ ʤʘʪʝʨʠʿʘʣʘ ʠ ʨʘʟʚʦʿʝʤ 

ʟʘʿʝʜʥʠʯʢʠʭ ʨʘʯʫʥʘʨʩʢʠʭ ʜʝʩʢʨʠʧʪʦʨʘ [275]. ʃʠ ʠ ʩʘʨ. [276] ʩʫ ʧʨʝʜʩʪʘʚʠʣʠ ʦʧʩʝʞʥʫ 

ʨʘʯʫʥʘʨʩʢʫ ʠ ʪʝʦʨʠʿʩʢʫ ʩʪʫʜʠʿʫ ʦ ʧʦʿʝʜʠʥʘʯʥʠʤ ʘʪʦʤʠʤʘ Cu/TiO2, ʰʪʦ ʿʝ ʜʦʚʝʣʦ ʜʦ 66-ʩʪʨʫʢʦʛ 

ʧʦʚʝ˂ʘˁʘ ʬʦʪʦʨʝʜʫʢʮʠʿʝ CO2. ʉʪʫʜʠʿʘ ʥʘʛʣʘʰʘʚʘ ʢʘʪʘʣʠʪʠʯʢʫ ʩʥʘʛʫ ʧʦʿʝʜʠʥʘʯʥʠʭ ʘʪʦʤʘ ʠ 

ˁʠʭʦʚʫ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʧʦʜʝʩʝ ʢʘʪʘʣʠʪʠʯʢʫ ʘʢʪʠʚʥʦʩʪ ʧʫʪʝʤ ʤʦʜʠʬʠʢʘʮʠʿʝ ʝʥʝʨʛʠʿʝ ʘʜʩʦʨʧʮʠʿʝ 

ʨʝʘʛʫʿʫ˂ʠʭ ʚʨʩʪʘ. ʅʘʰʘ ʩʪʫʜʠʿʘ ʿʝ ʠʟʚʨh ʝʥʘ ʠ ʧʦʜʝˀʝʥʘ ʫ ʜʚʝ ʮʝʣʠʥʝ. ʇʨʚʘ ʢʦʿʘ ʩʝ ʙʘʚʠ 

ʝʥʝʨʛʝʪʠʢʦʤ ʠ ʨʝʘʢʪʠʚʥʦʰ˂ʫ OH ʨʘʜʠʢʘʣʘ ʫ ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʦʿ ʜʝʛʨʘʜʘʮʠʿʠ, ʧʨʦʮʝˁʫʿʫ˂ʠ 
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ʤʦʛʫ˂ʥʦʩʪ ˁʝʛʦʚʦʛ ʧʦʜʝʰʘʚʘˁʘ ʧʫʪʝʤ ʜʝʧʦʥʦʚʘˁʘ d-ʤʝʪʘʣʘ ʠ ʧʦʢʘʟʫʿʫ˂ʠ ʢʦʣʠʢʦ ʩʫ ʝʬʝʢʪʠ 

ʪʦʛʘ ʟʥʘʯʘʿʥʠ.  

ʐʪʦ ʩʝ ʪʠʯʝ ʢʠʥʝʪʠʢʝ ʨʝʘʢʮʠʿ ʝ ʠ ʜʘˀʝ ʥʝʜʦʩʪʘʿʫ ʧʦʜʘʮʠ ʫ ʣʠʪʝʨʘʪʫʨʠ ʢʦʿʠ ʥʫʜʝ ʦʧʰʪʝ 

ʫʚʠʜʝ. ɺʝ˂ʠʥʘ ʩʪʫʜʠʿʘ ʬʦʢʫʩʠʨʘ ʩʝ ʥʘ ʢʦʥʘʯʥʫ ʝʬʠʢʘʩʥʦʩʪ ʧʨʦʮʝʩʘ. ʅʘʰʠ ʨʝʟʫʣʪʘʪʠ ʩʝ 

ʦʩʣʘˁʘʿʫ ʥʘ ʤʦʜʝʣ ʊʨʘʥʘ ʠ ʩʘʨ. [260], ʢʦʿʠ ʧʨʝʪʧʦʩʪʘʚˀʘ ʢʠʥʝʪʠʢʫ ʧʨʚʦʛ ʨʝʜʘ ʟʘ ʢʘʪʘʣʠʪʠʯʢʠ 

ʧʨʦʮʝʩ ʫ ʢʦʿʝʤ ʿʝ ʘʜʩʦʨʧʮʠʿʘ/ʜʝʩʦʨʧʮʠʿʘ ʩʧʦʨ ʢʦʨʘʢ ʠ ʢʠʥʝʪʠʢʫ ʥʫʣʪʦʛ ʨʝʜʘ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ 

ʩʫ ʧʨʦʮʝʩʠ ʜʘˀʝ ʨʘʟʛʨʘʜˁʝ ʫ ʨʘʩʪʚʦʨʫ ʩʧʦʨʠ. ʉʣʦʞʝʥʦʩʪ ʢʠʥʝʪʠʢʝ ʧʨʦʮʝʩʘ ʜʦʜʘʪʥʦ ʩʫ 

ʨʘʟʨʘʜʠʣʠ ɿʝʣʢʠʥʜ ʠ ʈʠʪʚʦ [277], ʢʦʿʠ ʩʫ ʠʟʚʝʩʪʠʣʠ ʜʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʧʩʝʫʜʦ-ʨʝʜ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʢʝ ʜʝʛʨʘʜʘʮʠʿʝ ʦʬʣʦʢʩʘʮʠʥʘ (ʠʟʤʝʹʫ 0,26 ʠ 1,20) ʟʘʚʠʩʠ ʦʜ ʫʣʘʟʥʝ 

ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʟʘʛʘʹʫʿʫ˂ʝ ʩʫʧʩʪʘʥʮʝ ʠ ʢʦʥʘʯʥʦʛ ʩʪʝʧʝʥʘ ʜʝʛʨʘʜʘʮʠʿʝ. 

 






















































