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ʆʙʦʟʥʘʯʝʥʠʷ ʠ ʩʦʢʨʘʱʝʥʠʷ. 

HF ï Hartree Fock, ʍʘʨʪʨʠ ʌʦʢ 

DFT ð density functional theory, ʪʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ 

TDDFT ð Time dependent DFT, ʥʝʩʪʘʮʠʦʥʘʨʥʘʷ ʪʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ  

PCM ð polarizable continuum model, ʤʦʜʝʣʴ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ ʢʦʥʪʠʥʫʫʤʘ 

QM/MM ð Quantum mechanics/molecular mechanics, ʛʠʙʨʠʜʥʳʡ ʧʦʜʭʦʜ 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʚʘʥʪʦʚʦʡ ʠ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ 

EFP ï Effective fragment potential, ɻ ʬʬʝʢʪʠʚʥʳʡ ʬʨʘʛʤʝʥʪʥʳʡ ʧʦʪʝʥʮʠʘʣ 

FMO ï Fragment molecular orbitals, ʬʨʘʛʤʝʥʪʥʳʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʦʨʙʠʪʘʣʠ 

TDA ï Tamm-Dancoff approximation, ʧʨʠʙʣʠʞʝʥʠʝ ʊʘʤʤ-ɼʘʥʢʦʚʘ  

S0 ï ʆʩʥʦʚʥʦʝ ʩʠʥʛʣʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ 

S1 ï ʇʝʨʚʦʝ ʚʦʟʙʫʞʜʝʥʥʦʝ ʩʠʥʛʣʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ 

HOMO ï Highest occupied molecular orbital, ʚʳʩʰʘʷ ʟʘʥʷʪʘʷ ʤʦʣʝʢʫʣʷʨʥʘʷ 

ʦʨʙʠʪʘʣʴ 

LUMO ï Lowest unoccupied molecular orbital, ʥʠʟʰʘʷ ʚʘʢʘʥʪʥʘʷ ʤʦʣʝʢʫʣʷʨʥʘʷ 

ʦʨʙʠʪʘʣʴ 

CT ï Charge transfer, ʧʝʨʝʥʦʩ ʟʘʨʷʜʘ 

LE ï Locally excited, ʣʦʢʘʣʴʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ 

 

 



3 
 

ʆʛʣʘʚʣʝʥʠʝ 

ɺʚʝʜʝʥʠʝ. .................................................................................................................. 6 

1. ʃʠʪʝʨʘʪʫʨʥʳʡ ʦʙʟʦʨ. ........................................................................................ 15 

1.1. ʆʨʛʘʥʠʯʝʩʢʠʝ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʝ ʫʩʪʨʦʡʩʪʚʘ. .......................................... 15 

1.2. ʕʢʩʠʧʣʝʢʩʳ ʠ ʵʢʩʠʤʝʨʳ. ............................................................................ 16 

1.2.1. ʕʢʩʠʧʣʝʢʩʳ ʚ OLED ........................................................................... 18 

1.2.2. ʕʢʩʠʧʣʝʢʩʳ ʚ ʬʦʪʦʚʦʣʴʪʘʠʢʝ ............................................................ 20 

1.3. ʂʦʤʙʠʥʠʨʦʚʘʥʥʳʝ QM/MM, QM/EFP ʤʝʪʦʜʳ. ....................................... 21 

1.4. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ 

(TDDFT) ʜʣʷ ʨʘʩʯʝʪʘ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʦʣʝʢʫʣ. ...................... 24 

1.4.1. ʊʝʦʨʝʤʘ ʈʫʥʛʝ-ɻʨʦʩʩʘ. ......................................................................... 25 

1.4.2. ʀʥʪʝʛʨʘʣ ɼʝʡʩʪʚʠʷ. .............................................................................. 29 

1.4.3. ɺʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʝ ʫʨʘʚʥʝʥʠʝ ʂʦʥʘ-ʐʝʤʘ .................................... 30 

1.4.4. ɺʳʚʦʜ ʣʠʥʝʡʥʦʛʦ ʫʨʘʚʥʝʥʠʷ TDDFT. ................................................ 34 

1.5. ʄʝʪʦʜ QM/MM. ........................................................................................... 41 

1.5.1. ʄʝʭʘʥʠʯʝʩʢʦʝ ʚʢʣʶʯʝʥʠʝ.................................................................... 42 

1.5.2. ʂʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʡ ʫʯʝʪ ʵʣʝʢʪʨʦʩʪʘʪʠʢʠ. ................................. 44 

1.5.3. ʂʣʘʩʩʠʯʝʩʢʠʡ ʫʯʝʪ ʧʦʣʷʨʠʟʘʮʠʠ ........................................................ 45 

1.6. ʄʝʪʦʜ EFP. .................................................................................................. 47 

1.6.1. EFP ʢʘʢ ʤʝʪʦʜ ʩʠʣʦʚʦʛʦ ʧʦʣʷ. ............................................................. 48 

1.6.2. QM/EFP ʠʥʪʝʨʬʝʡʩ. ............................................................................. 52 

1.6.3. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ EFP ................................................................. 54 

2. ʄʝʪʦʜʠʢʘ ʠʩʩʣʝʜʦʚʘʥʠʡ. .................................................................................. 57 

2.1. ʈʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ 

ʩʠʩʪʝʤ ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʨʘʛʤʝʥʪʦʚ (pyEFP).. ....................................... 57 

2.1.1. ɸʚʪʦʤʘʪʠʯʝʩʢʠʡ ʧʦʠʩʢ ʬʨʘʛʤʝʥʪʦʚ. .................................................. 58 

2.1.2. ʈʘʩʯʝʪ ʫʪʦʯʥʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪ. ........................................................... 60 

2.1.3. ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʘʟʦʨʚʘʥʥʳʭ ʩʚʷʟʝʡ. ........................... 61 

2.1.4. ʆʙʟʦʨ ʢʦʜʘ. ............................................................................................ 62 



4 
 

2.2. ʉʦʟʜʘʥʠʝ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʙʠʙʣʠʦʪʝʯʥʳʭ EFP 

ʬʨʘʛʤʝʥʪʦʚ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʛʝʦʤʝʪʨʠʷʤʠ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ (Flexible 

EFP). .................................................................................................................... 64 

2.3. ʀʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʩʧʦʩʦʙʦʚ ʦʧʠʩʘʥʠʷ ʦʢʨʫʞʝʥʠʷ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʩʪʨʫʢʪʫʨ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʝ ʥʘ ʧʨʠʤʝʨʝ ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ 

ʚʦʜʥʦʡ ʩʨʝʜʝ. ...................................................................................................... 66 

2.4. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʦʚ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʠ ʵʥʝʨʛʠʡ ʚʦʟʙʫʞʜʝʥʠʷ ʜʣʷ 

ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ ʢʦʤʧʣʝʢʩʝ b-ɼʅʂ. ........................................................ 71 

2.5. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʦʚ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚ, ʩʠʥʛʣʝʪʥʳʭ ʠ ʪʨʠʧʣʝʪʥʳʭ 

ʩʧʝʢʪʨʦʚ ʜʣʷ ʬʦʩʬʦʨʝʩʮʝʥʪʥʦʛʦ OLED ʜʦʧʘʥʪʘ IrMDQ. .............................. 76 

2.6. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʠʧʣʝʢʩʦʚ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʦʚ ʩʣʦʝʚ B3PYMPM 

ʠ CBP.. ................................................................................................................. 81 

2.7. ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʢʩʠʧʣʝʢʩʦʚ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʚ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʬʦʪʦʚʘʣʴʪʘʠʢʘʭ. ......................................................................... 88 

3. ʆʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ. ................................................................................. 93 

3.1. ʈʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ 

ʩʠʩʪʝʤ ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʨʘʛʤʝʥʪʦʚ (pyEFP). ........................................ 93 

3.1.1. ʇʨʦʚʝʨʢʘ ʪʦʯʥʦʩʪʠ ʤʦʜʝʣʠ ʜʣʷ ʩʣʫʯʘʷ ʥʠʟʢʦʤʦʣʝʢʫʣʷʨʥʳʭ 

ʜʠʤʝʨʦʚ. ........................................................................................................... 93 

3.1.2. ʇʨʦʚʝʨʢʘ ʪʦʯʥʦʩʪʠ ʤʦʜʝʣʠ ʜʣʷ ʤʦʣʝʢʫʣʳ ʪʠʧʠʯʥʦʛʦ ʦʨʛʘʥʠʯʝʩʢʦʛʦ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ............................................................................................. 96 

3.2. ʉʦʟʜʘʥʠʝ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʙʠʙʣʠʦʪʝʯʥʳʭ EFP 

ʬʨʘʛʤʝʥʪʦʚ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʛʝʦʤʝʪʨʠʷʤʠ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ (Flexible 

EFP). .................................................................................................................... 98 



5 
 

3.3. ʀʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʩʧʦʩʦʙʦʚ ʦʧʠʩʘʥʠʷ ʦʢʨʫʞʝʥʠʷ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʩʪʨʫʢʪʫʨ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʝ ʥʘ ʧʨʠʤʝʨʝ ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ 

ʚʦʜʥʦʡ ʩʨʝʜʝ. .................................................................................................... 104 

3.4. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʦʚ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʠ ʵʥʝʨʛʠʡ ʚʦʟʙʫʞʜʝʥʠʷ ʜʣʷ 

ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ ʢʦʤʧʣʝʢʩʝ b-ɼʅʂ. ...................................................... 108 

3.5. ʉʦʟʜʘʥʠʝ ʦʥʣʘʡʥ ʙʘʟʳ ʜʘʥʥʳʭ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ʚ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʝ.. ............................................................................... 113 

3.6. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʦʚ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚ, ʩʠʥʛʣʝʪʥʳʭ ʠ ʪʨʠʧʣʝʪʥʳʭ 

ʩʧʝʢʪʨʦʚ ʜʣʷ ʬʦʩʬʦʨʝʩʮʝʥʪʥʦʛʦ OLED ʜʦʧʘʥʪʘ IrMDQ. ............................ 115 

3.7. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʠʧʣʝʢʩʦʚ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʦʚ ʩʣʦʝʚ B3PYMPM 

ʠ CBP. ................................................................................................................ 126 

3.8. ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʢʩʠʧʣʝʢʩʦʚ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʚ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʬʦʪʦʚʘʣʴʪʘʠʢʘʭ. ....................................................................... 130 

4. ɿʘʢʣʶʯʝʥʠʝ ...................................................................................................... 133 

ʀʩʧʦʣʴʟʦʚʘʥʥʘʷ ʣʠʪʝʨʘʪʫʨʘ. .............................................................................. 135 

 

 

 

 

 



6 
 

ɺʚʝʜʝʥʠʝ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ. ʆʨʛʘʥʠʯʝʩʢʠʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʦʥʢʦʧʣʸʥʦʯʥʳʭ ʧʦʣʝʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ, ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ 

ʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʜʠʦʜʦʚ. ʉ ʥʠʤʠ ʩʚʷʟʘʥʳ ʦʞʠʜʘʥʠʷ 

ʧʦʷʚʣʝʥʠʷ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʵʪʠʭ ʫʩʪʨʦʡʩʪʚ, ʦʙʣʘʜʘʶʱʠʭ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤʠ 

ʧʦʪʨʝʙʠʪʝʣʴʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ.  

ʌʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʭ ʩʪʨʫʢʪʫʨʥʦʡ ʦʨʛʘʥʠʟʘʮʠʝʡ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ. ʆʜʥʘʢʦ, 

ʜʘʞʝ ʚʝʩʴʤʘ ʠʟʦʱʨʝʥʥʳʡ ʠ ʜʦʨʦʛʦʩʪʦʷʱʠʡ ʵʢʩʧʝʨʠʤʝʥʪ ʜʘʣʝʢʦ ʥʝ ʚʩʝʛʜʘ 

ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʘʪʦʯʥʦ ʜʝʪʘʣʴʥʦ ʦʧʠʩʘʪʴ ʢʘʨʪʠʥʫ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʥʘ 

ʵʪʦʤ ʫʨʦʚʥʝ, ʘ ʪʘʢʞʝ ʥʘʧʨʷʤʫʶ ʠʟʤʝʨʠʪʴ ʚʘʞʥʝʡʰʠʝ ʵʣʝʢʪʨʦʥʥʳʝ, 

ʬʦʪʦʬʠʟʠʯʝʩʢʠʝ ʠ ʬʦʪʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ.  

ʕʪʠ ʪʨʫʜʥʦʩʪʠ ʤʦʞʥʦ ʧʨʝʦʜʦʣʝʪʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  

ʉʪʨʫʢʪʫʨʫ, ʦʩʥʦʚʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʵʣʝʤʝʥʪʘʨʥʳʝ ʧʨʦʮʝʩʩʳ ʧʝʨʝʥʦʩʘ 

ʟʘʨʷʜʘ ʠ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʤʦʞʥʦ ʠʟʫʯʘʪʴ ʪʝʦʨʝʪʠʯʝʩʢʠ, 

ʢʦʤʙʠʥʠʨʫʷ ʩʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʘʪʦʤʠʩʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ 

ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʨʘʩʯʝʪʘʤʠ ʩʚʦʡʩʪʚ ʵʣʝʢʪʨʦʥʥʦʡ ʦʙʦʣʦʯʢʠ ʤʦʣʝʢʫʣ ʠ ʩ 

ʧʦʜʭʦʜʷʱʠʤ ʚʘʨʠʘʥʪʦʤ ʪʝʦʨʠʠ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʠʣʠ ʚʦʟʙʫʞʜʝʥʠʷ. ʊʘʢʦʡ 

"ʤʥʦʛʦʤʘʩʰʪʘʙʥʳʡ" ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʘʪʴ ʩʚʦʡʩʪʚʘ ʩʣʦʞʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʠʩʭʦʜʷ ʠʟ ʥʘʠʙʦʣʝʝ ʪʦʯʥʦʛʦ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʝʛʦ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʢʦʤʧʦʥʝʥʪ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʪʝʭʥʦʣʦʛʠʷ ʩʦʟʜʘʥʠʷ ʫʩʪʨʦʡʩʪʚ 

ʦʨʛʘʥʠʯʝʩʢʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʜʦʩʪʠʛʣʘ ʪʘʢʦʛʦ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ, ʯʪʦ ʧʨʠ ʩʦʟʜʘʥʠʠ 

ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝʣʴʟʷ ʠʛʥʦʨʠʨʦʚʘʪʴ ʧʦʜʨʦʙʥʦʩʪʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʪʨʦʝʥʠʷ 

ʚʝʱʝʩʪʚʘ. ʕʪʦ ʦʧʨʝʜʝʣʷʝʪ ʙʦʣʴʰʫʶ ʘʢʪʫʘʣʴʥʦʩʪʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ. 

ʆʩʦʙʝʥʥʦ ʚʘʞʥʦ ʪʦ, ʯʪʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ ʠ ʧʦʜʭʦʜʳ 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʣʝʛʢʦ ʧʨʦʚʝʨʝʥʳ ʥʘ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʠʩʪʝʤʘʭ, ʜʣʷ ʢʦʪʦʨʳʭ ʠʤʝʶʪʩʷ ʠʣʠ ʤʦʛʫʪ 

ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʥʘʜʝʞʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʪʘʢʠʭ ʚʘʞʥʳʭ 
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ʚʝʣʠʯʠʥ, ʢʘʢ ʧʦʪʝʥʮʠʘʣʳ ʠʦʥʠʟʘʮʠʠ, ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ, 

ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʩʧʝʢʪʨʳ ʠ ʜʨʫʛʠʝ ʩʚʦʡʩʪʚʘ. ʊʦ ʝʩʪʴ ʚʦʟʤʦʞʥʘ ʧʨʷʤʘʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʨʦʚʝʨʢʘ ʥʘʜʝʞʥʦʩʪʠ ʧʦʣʫʯʘʝʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. 

ʎʝʥʪʨ ʪʷʞʝʩʪʠ ʟʜʝʩʴ ʣʝʞʠʪ ʚ ʨʘʟʨʘʙʦʪʢʝ ʘʜʝʢʚʘʪʥʳʭ ʤʦʜʝʣʝʡ ʩʣʦʞʥʦʡ 

ʩʠʩʪʝʤʳ, ʧʦʜʙʦʨʝ ʥʘʠʙʦʣʝʝ ʥʘʜʝʞʥʳʭ ʤʝʪʦʜʦʚ ʨʘʩʯʝʪʘ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʠʩʪʝʤ 

ʩ ʫʯʝʪʦʤ ʙʣʠʞʥʝʛʦ ʠ ʜʘʣʴʥʝʛʦ ʦʢʨʫʞʝʥʠʷ, ʘ ʪʘʢʞʝ ʚʳʙʦʨʝ ʧʦʜʭʦʜʷʱʝʡ ʜʣʷ 

ʜʘʥʥʦʛʦ ʩʣʫʯʘʷ ʪʝʦʨʠʠ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʠʣʠ ʚʦʟʙʫʞʜʝʥʠʷ. ɼʝʪʘʣʴʥʦʡ 

ʨʘʟʨʘʙʦʪʢʝ ʧʦʜʦʙʥʦʡ ʤʝʪʦʜʠʢʠ  ʧʦʩʚʷʱʝʥʘ ʜʘʥʥʘʷ ʨʘʙʦʪʘ.  

ʄʝʞʤʦʣʝʢʫʣʷʨʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʛʨʘʶʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚʦ ʤʥʦʛʠʭ 

ʦʙʣʘʩʪʷʭ ʭʠʤʠʠ, ʙʠʦʣʦʛʠʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ. ɺʦʟʤʦʞʥʦ, ʥʘʠʙʦʣʝʝ 

ʦʯʝʚʠʜʥʳʤ ʧʨʠʤʝʨʦʤ ʷʚʣʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʠ 

ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʨʘʩʪʚʦʨʠʪʝʣʝʡ. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʘʨʘʢʪʝʨʘ ʤʦʞʝʪ ʙʳʪʴ ʥʝʩʢʦʣʴʢʦ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʆʥʠ ʤʦʛʫʪ ʚʢʣʶʯʘʪʴ ʚ ʩʝʙʷ ʢʫʣʦʥʦʚʩʢʦʝ 

ʵʬʬʝʢʪʳ, ʧʦʣʷʨʠʟʘʮʠʶ, ʜʠʩʧʝʨʩʠʶ, ʦʙʤʝʥʥʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ, ʧʝʨʝʥʦʩ ʟʘʨʷʜʘ. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʥʝʢʦʪʦʨʳʝ ʠʟ ʵʪʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʵʥʝʨʛʠʠ ʚʥʦʩʷʪ ʟʥʘʯʠʪʝʣʴʥʳʡ 

ʚʢʣʘʜ ʚ ʧʦʣʥʫʶ ʵʥʝʨʛʠʶ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʚʘʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʤʝʪʦʜ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʦʭʚʘʪʠʪʴ ʚʩʝ 

ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʩ ʧʨʠʝʤʣʝʤʦʡ ʪʦʯʥʦʩʪʴʶ.  

ʂʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ (QM) ʤʝʪʦʜʳ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʵʣʝʢʪʨʦʥʥʫʶ 

ʢʦʨʨʝʣʷʮʠʶ, ʪʘʢʠʝ ʢʘʢ ʪʝʦʨʠʷ ʚʦʟʤʫʱʝʥʠʷ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ (MP2 [1]) ʠ ʤʝʪʦʜ 

ʩʚʷʟʘʥʥʳʭ ʢʣʘʩʪʝʨʦʚ (CC [2,3]), ʝʩʪʝʩʪʚʝʥʥʦ, ʚʢʣʶʯʘʶʪ ʚʩʝ ʠʟ ʚʳʰʝʫʢʘʟʘʥʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʊʘʢʞʝ ʤʝʪʦʜ ʩʠʤʤʝʪʨʠʯʝʩʢʠ 

ʘʜʘʧʪʠʨʦʚʘʥʥʦʡ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ [4,5] ʩʧʦʩʦʙʝʥ ʫʯʠʪʳʚʘʪʴ ʚʩʝ ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʠʯʝʩʢʠʝ ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʪʝʨʤʠʥʘʭ ʬʠʟʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʢʦʨʨʝʣʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʳ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ 

ʪʨʝʙʫʶʪ ʙʦʣʴʰʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. ʊʘʢʠʝ ʤʝʪʦʜʳ ʙʳʩʪʨʦ ʩʪʘʥʦʚʷʪʩʷ 

ʥʝʨʘʟʨʝʰʠʤʳʤʠ ʜʣʷ ʙʦʣʴʰʠʭ ʢʣʘʩʪʝʨʦʚ ʠ, ʦʩʦʙʝʥʥʦ, ʯʪʦʙʳ ʚʳʧʦʣʥʷʪʴ 

ʨʘʩʯʝʪʳ ʜʣʷ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ. 
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ʉʠʣʦʚʳʝ ʧʦʣʷ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ (ʄʄ) ʪʨʝʙʫʶʪ ʥʘ ʧʦʨʷʜʦʢ 

ʤʝʥʴʰʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʦʜʘʤʠ QM. ʊʝʤ ʥʝ 

ʤʝʥʝʝ ʧʦʯʪʠ ʚʩʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʧʦʣʷ ʩʠʣ ʦʧʠʨʘʶʪʩʷ ʥʘ ʙʦʣʴʰʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʚʩʪʨʦʝʥʥʳʭ ʵʤʧʠʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʙʳʪʴ 

ʧʦʣʫʯʝʥʳ ʜʣʷ ʢʘʞʜʦʛʦ ʪʠʧʘ ʩʠʩʪʝʤ. ʆʜʠʥʘʢʦʚʳʡ ʥʘʙʦʨ ʧʘʨʘʤʝʪʨʦʚ ʯʘʩʪʦ 

ʥʝʣʴʟʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʩʠʩʪʝʤ ʨʘʟʥʦʛʦ ʪʠʧʘ, ʪʝʤ ʩʘʤʳʤ ʫʩʣʦʞʥʷʷ 

ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʚʳʚʦʜʳ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʱʠʝʩʷ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʠʣʦʚʳʝ ʧʦʣʷ ʥʝ ʩʦʜʝʨʞʘʪ ʚʩʝʭ ʢʣʶʯʝʚʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʦʙʩʫʞʜʘʝʤʳʭ ʚʳʰʝ.  

 ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʦʩʪʨʦ ʩʪʦʠʪ ʚʦʧʨʦʩ ʚʳʙʦʨʘ ʢʦʥʢʨʝʪʥʦʛʦ ʤʝʪʦʜʘ, 

ʧʦʟʚʦʣʷʶʱʝʛʦ ʥʘʠʙʦʣʝʝ ʪʦʯʥʦ ʠ ʙʳʩʪʨʦ ʚʳʧʦʣʥʠʪʴ ʨʘʩʯʝʪʳ ʜʣʷ ʩʠʩʪʝʤ 

ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʨʘʟʤʝʨʘ, ʚʢʣʶʯʘʶʱʠʭ ʚ ʩʝʙʷ ʦʧʨʝʜʝʣʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ.  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ ʜʣʷ ʨʘʩʯʝʪʦʚ 

ʧʘʨʘʤʝʪʨʦʚ ʤʦʣʝʢʫʣ ʚ ʬʦʪʦʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤʘʭ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩʧʦʩʦʙʳ ʦʧʠʩʘʥʠʷ 

ʩʪʨʫʢʪʫʨ ʨʘʩʪʚʦʨʠʪʝʣʝʡ / ʦʢʨʫʞʝʥʠʷ ʚʦʟʙʫʞʜʘʶʱʝʡʩʷ ʤʦʣʝʢʫʣʳ. ɼʘʥʥʳʝ 

ʧʦʜʭʦʜʳ ʩʪʨʦʷʪʩʷ ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʦʢʨʫʞʝʥʠʷ ʚ ʚʠʜʝ ʪʦʯʝʯʥʳʭ ʟʘʨʷʜʦʚ, ʣʠʙʦ 

ʚ ʚʠʜʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʣʦʚʳʭ ʧʦʣʝʡ. ɽʱʸ ʦʜʥʠʤ ʚʘʨʠʘʥʪʦʤ 

ʷʚʣʷʶʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ çʬʨʘʛʤʝʥʪʥʳʝè ʤʝʪʦʜʳ, ʚ ʯʘʩʪʥʦʩʪʠ, EFP 

(ʕʬʬʝʢʪʠʚʥʳʝ ʬʨʘʛʤʝʥʪʥʳʝ ʧʦʪʝʥʮʠʘʣʳ), FMO (ʌʨʘʛʤʝʥʪʥʳʝ ʤʦʣʝʢʫʣʷʨʥʳʝ 

ʦʨʙʠʪʘʣʠ), ʚ ʢʦʪʦʨʳʭ ʚʩʷ ʩʠʩʪʝʤʘ ʜʝʣʠʪʩʷ ʥʘ ʬʨʘʛʤʝʥʪʳ, ʠ ʧʨʦʠʟʚʦʜʷʪʩʷ 

ʨʘʩʯʝʪʳ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ.  

ʄʝʪʦʜ EFP ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ, ʪʦʯʥʳʭ ʠ ʤʝʥʝʝ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʟʘʪʨʘʪʥʳʭ ʩʧʦʩʦʙʦʚ ʦʧʠʩʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤ. ʆʥ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʪʝʥʮʠʘʣ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ, ʚ ʢʦʪʦʨʦʤ 

ʧʦʣʥʘʷ ʤʝʞʤʦʣʝʢʫʣʷʨʥʘʷ ʵʥʝʨʛʠʷ ʩʠʩʪʝʤʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʩʫʤʤʘ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ (ʢʫʣʦʥʦʚʩʢʠʭ), ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ (ʠʥʜʫʢʮʠʦʥʥʳʭ), 

ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʘ ʪʘʢʞʝ ʦʙʤʝʥʥʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ ʠ ʵʥʝʨʛʠʠ 

ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ. 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʢʦʤʧʣʝʢʩʥʳʡ ʧʦʜʭʦʜ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʠ 

ʪʝʩʪʠʨʦʚʘʥʠ ̫ ʤʝʪʦʜʠʢʠ ʤʥʦʛʦʤʘʩʰʪʘʙʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ 

ʩʚʦʡʩʪʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʤʝʪʦʜʝ EFP, ʘ ʪʘʢʞʝ 

ʩʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʜʨʫʛʠʤʠ ʢʦʤʙʠʥʘʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ, 

ʪʘʢʠʭ ʢʘʢ QM/MM (ʢʚʘʥʪʦʚʘʷ ʤʝʭʘʥʠʢʘ/ʤʦʣʝʢʫʣʷʨʥʘʷ ʤʝʭʘʥʠʢʘ) ʠ FMO.  

 ʊʘʢ ʢʘʢ ʤʝʪʦʜ EFP çʩʪʨʦʠʪè ʠʩʩʣʝʜʫʝʤʫʶ ʩʠʩʪʝʤʫ ʠʟ ʬʨʘʛʤʝʥʪʦʚ, 

ʢʦʪʦʨʳʝ ʟʘʯʘʩʪʫʶ ʷʚʣʷʶʪʩʷ ʦʜʠʥʘʢʦʚʳʤʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤ (ʙʝʥʟʦʣʴʥʦʝ 

ʢʦʣʴʮʦ, ʧʠʨʠʜʠʥʦʚʦʝ ʢʦʣʴʮʦ, ʢʩʝʥʦʣʳ, ʩʘʭʘʨʘ, ʬʦʩʬʘʪʳ ʠ ʜʨ.), ʪʦ ʜʣʷ 

ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʫʩʢʦʨʝʥʠʷ ʚʳʯʠʩʣʝʥʠʡ ʨʘʮʠʦʥʘʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʛʦʪʦʚʳʝ 

ʙʘʟʳ ʜʘʥʥʳʭ EFP ʧʘʨʘʤʝʪʨʦʚ ʬʨʘʛʤʝʥʪʦʚ. ʆʜʥʘʢʦ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʦʟʥʠʢʘʝʪ 

ʧʨʦʙʣʝʤʘ ʜʣʷ çʥʝʞʝʩʪʢʠʭè ʬʨʘʛʤʝʥʪʦʚ, ʛʝʦʤʝʪʨʠʷ ʢʦʪʦʨʳʭ ʤʦʞʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʪʴʩʷ. ɼʘʥʥʦʡ ʧʨʦʙʣʝʤʝ ʧʦʩʚʷʱʝʥʦ ʧʝʨʚʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ, 

ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʠ ʫʩʧʝʰʥʦ ʧʨʦʚʝʨʝʥ ʘʣʛʦʨʠʪʤ 

ʧʦʩʪʨʦʝʥʠʷ EFP ʧʦʪʝʥʮʠʘʣʘ ʤʦʣʝʢʫʣʳ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʭ EFP 

ʧʘʨʘʤʝʪʨʘʭ çʙʠʙʣʠʦʪʝʯʥʦʛʦè ʬʨʘʛʤʝʥʪʘ ʠ çʥʦʚʦʡè ʛʝʦʤʝʪʨʠʠ [D1]. 

 ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʷʚʣʷʝʪʩʷ çʵʬʬʝʢʪʠʚʥʦʝè ʧʦʩʪʨʦʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʠʟ ʛʦʪʦʚʳʭ ʬʨʘʛʤʝʥʪʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ. ɼʣʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʙʳʣ 

ʨʘʟʨʘʙʦʪʘʥ, ʧʨʦʪʝʩʪʠʨʦʚʘʥ ʠ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥ ʘʣʛʦʨʠʪʤ çʩʢʣʝʠʚʘʥʠʷè 

ʬʨʘʛʤʝʥʪʦʚ, ʢʦʪʦʨʳʡ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʠʩʧʦʣʴʟʫʝʪ ʥʝʦʙʭʦʜʠʤʳʝ ʬʨʘʛʤʝʥʪʳ ʠʟ 

ʙʘʟʳ ʜʘʥʥʳʭ, ʦʧʨʝʜʝʣʷʝʪ ʭʠʤʠʯʝʩʢʠʝ ʩʚʷʟʠ ʤʝʞʜʫ ʥʠʤʠ ʠ ʧʦʟʚʦʣʷʝʪ 

ʫʯʠʪʳʚʘʪʴ EFP ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʜʘʥʥʳʭ ʩʚʷʟʝʡ. ʊʘʢʞʝ ʜʘʥʥʳʡ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ 

ʢʦʤʧʣʝʢʩ ʩʧʦʩʦʙʝʥ ʦʧʨʝʜʝʣʠʪʴ ʦʪʩʫʪʩʪʚʫʶʱʠʡ ʬʨʘʛʤʝʥʪ ʠʩʩʣʝʜʫʝʤʦʡ 

ʩʠʩʪʝʤʳ ʚ ʙʘʟʝ ʜʘʥʥʳʭ, ʟʘʧʫʩʪʠʪʴ ʨʘʩʯʝʪʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʝʛʦ EFP 

ʧʘʨʘʤʝʪʨʦʚ ʠ ʜʦʙʘʚʠʪʴ ʝʛʦ ʚ ʙʘʟʫ ʜʘʥʥʳʭ [D2]. 

 ʀʩʧʦʣʴʟʫʷ ʜʘʥʥʳʝ ʘʣʛʦʨʠʪʤʳ, ʧʦʷʚʠʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ 

ʤʥʦʛʦʤʘʩʰʪʘʙʥʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʫʨʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʚʳʧʦʣʥʝʥʠʷ ʧʨʝʜʩʢʘʟʘʪʝʣʴʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʦʚʘʥʠʷ ʵʢʩʠʧʣʝʢʩʦʚ, ʩʧʦʩʦʙʥʳʭ ʩʫʱʝʩʪʚʝʥʥʦ 

ʫʣʫʯʰʠʪʴ ʩʚʦʡʩʪʚʘ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʠ ʩʚʝʪʦʧʦʛʣʦʱʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚ, 
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ʩʦʟʜʘʥʠʷ ʦʥʣʘʡʥ ʙʘʟʳ ʜʘʥʥʳʭ (cophee.photonics.me) ʨʘʟʣʠʯʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, 

ʚʢʣʶʯʘʶʱʠʭ ʚ ʩʝʙʷ ʠʥʬʦʨʤʘʮʠʶ ʦ ʚʳʙʨʘʥʥʦʤ ʢʦʤʧʣʝʢʩʝ (ʚ ʯʘʩʪʥʦʩʪʠ çʛʘʟʦ-

ʬʘʟʥʳʝè ʛʝʦʤʝʪʨʠʠ; ʩʪʨʫʢʪʫʨʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʘʟʣʠʯʥʳʤ ʰʘʛʘʤ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ QM/MM, QM/EFP, FMO 

ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ʜʣʷ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨ; ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʛʘʟʦʚʦʡ 

ʬʘʟʝ, ʦʧʠʩʘʥʥʳʝ ʨʘʟʣʠʯʥʳʤʠ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ; ʛʨʘʬʠʢʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʥʝʨʛʠʡ ʚʦʟʙʫʞʜʝʥʠʷ (ʪ.ʝ. ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ); 

ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ ʩʨʝʜʥʠʝ 

ʩʦʣʴʚʘʪʦʭʨʦʤʥʳʝ ʩʜʚʠʛʠ, ʰʠʨʠʥʳ ʩʧʝʢʪʨʘʣʴʥʳʡ ʣʠʥʠʡ; ʠ ʜʨ.). 

 

ʎʝʣɹ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ: ʨʘʟʨʘʙʦʪʢʘ ʠ ʪʝʩʪʠʨʦʚʘʥʠʝ ʤʝʪʦʜʠʢʠ 

ʤʥʦʛʦʤʘʩʰʪʘʙʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʬʦʪʦʘʢʪʠʚʥʳʭ ʩʣʦʝʚ 

ʠ ʠʥʪʝʨʬʝʡʩʦʚ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʮʝʣʴʶ ʨʘʙʦʪʳ ʙʳʣʠ ʧʦʩʪʘʚʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ:  

1. ʈʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ 

ʩʠʩʪʝʤ ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʨʘʛʤʝʥʪʦʚ. ɸʚʪʦʤʘʪʠʟʘʮʠʷ ʠ ʪʝʩʪʠʨʦʚʘʥʠʝ 

ʧʦʣʫʯʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ.  

2. ʉʦʟʜʘʥʠʝ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʙʠʙʣʠʦʪʝʯʥʳʭ EFP 

ʬʨʘʛʤʝʥʪʦʚ ʚ ʩʦʦʪʚʝʪʩʚʠʠ ʩ ʛʝʦʤʝʪʨʠʷʤʠ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ. 

ɸʚʪʦʤʘʪʠʟʘʮʠʷ ʠ ʪʝʩʪʠʨʦʚʘʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʥʘ ʧʨʠʤʝʨʝ 

ʩʦʚʝʢʫʧʥʦʩʪʠ ʧʨʦʠʟʚʦʜʥʳʭ ʤʫʨʘʚʴʠʥʦʡ ʢʠʩʣʦʪʳ (FaOO, FaON, FaNN) . 

3. ʀʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʩʧʦʩʦʙʦʚ ʦʧʠʩʘʥʠʷ ʦʢʨʫʞʝʥʠʷ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʩʪʨʫʢʪʫʨ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʝ ʥʘ ʧʨʠʤʝʨʝ ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ ʚʦʜʥʦʡ 

ʩʨʝʜʝ. 

4. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʦʚ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʠ ʵʥʝʨʛʠʡ ʚʦʟʙʫʞʜʝʥʠʷ ʜʣʷ ʤʦʣʝʢʫʣʳ 

ʮʠʪʦʟʠʥʘ ʚ ʢʦʤʧʣʝʢʩʝ b-ɼʅʂ. 

5. ʉʦʟʜʘʥʠʝ ʦʥʣʘʡʥ ʙʘʟʳ ʜʘʥʥʳʭ ʵʥʝʨʛʠʡ ʚʦʟʙʫʞʜʝʥʠʷ ʚ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʝ. 
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6. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʦʚ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚ, ʩʠʥʛʣʝʪʥʳʭ ʠ ʪʨʠʧʣʝʪʥʳʭ ʩʧʝʢʪʨʦʚ 

ʜʣʷ ʬʦʩʬʦʨʝʩʮʝʥʪʥʦʛʦ OLED ʜʦʧʘʥʪʘ IrMDQ. 

7. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʦʚʘʥʠʷ ʵʢʩʠʧʣʝʢʩʦʚ ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʦʚ ʩʣʦʝʚ B3PYMPM ʠ CBP. 

8. ʇʨʝʜʩʢʘʟʘʪʝʣʴʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 

ʬʫʣʝʨʝʥ + ʦʣʠʛʦʪʠʦʬʝʥ, ʩʧʦʩʦʙʥʳʭ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʵʢʩʠʧʣʝʢʩʦʚ ʩ ʧʝʨʝʥʦʩʦʤ 

ʟʘʨʷʜʘ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʣʫʯʰʠʪʴ ʩʚʦʡʩʪʚʘ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚ ʥʘ ʠʭ ʦʩʥʦʚʝ.  

 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʠ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (DFT) ʩ ʫʯʝʪʦʤ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʧʦʧʨʦʚʢʠ (DFT-D) ʠ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (TD-DFT). ɼʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʫʢʪʫʨʳ ʩʣʦʝʚ ʧʨʠʤʝʥʷʣʦʩʴ ʤʦʣʝʢʫʣʷʨʥʦ ʜʠʥʘʤʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ (MD) ʩ ʨʘʟʣʠʯʥʳʤʠ ʩʠʣʦʚʳʤʠ ʧʦʣʷʤʠ. ɼʣʷ ʫʯʝʪʘ ʙʣʠʞʥʝʛʦ 

ʦʢʨʫʞʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʦʥʪʠʥʫʘʣʴʥʳʝ ʤʦʜʝʣʠ ʩʨʝʜʳ, ʘ ʪʘʢʞʝ ʛʠʙʨʠʜʥʘʷ 

ʤʦʜʝʣʴ QM/MM. ɼʣʷ ʨʘʩʯʝʪʘ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʛʠʙʨʠʜʥʘʷ ʤʦʜʝʣʴ QM/EFP. 

 

ʅʦʚʠʟʥʘ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʈʘʟʨʘʙʦʪʘʥ ʠ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥ (ʥʘʧʠʩʘʥ ʩʢʨʠʧʪ) ʘʣʛʦʨʠʪʤ, ʢʦʪʦʨʳʡ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʠʩʩʣʝʜʫʝʤʳʡ ʢʦʤʧʣʝʢʩ ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʨʘʛʤʝʥʪʦʚ ʜʣʷ EFP ʨʘʩʯʝʪʦʚ, ʘ 

ʟʘʪʝʤ ʩʢʣʝʠʚʘʝʪ ʜʘʥʥʳʝ ʬʨʘʛʤʝʥʪʳ ʦʙʨʘʪʥʦ. ɼʘʥʥʳʡ ʩʢʨʠʧʪ ʘʚʪʦʤʘʪʠʯʝʩʢʠ 

ʦʧʨʝʜʝʣʷʝʪ ʚʠʜ ʬʨʘʛʤʝʥʪʦʚ, ʘ ʪʘʢʞʝ ʥʘʭʦʜʠʪ ʝʛʦ ʚ ʙʘʟʝ ʜʘʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ, 

ʣʠʙʦ ʜʦʙʘʚʣʷʝʪ ʝʛʦ. ɼʘʥʥʳʝ ʦʧʝʨʘʮʠʠ ʥʝ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ ʚ ʨʘʥʝʝ 

ʧʨʠʤʝʥʷʝʤʳʭ ʘʥʘʣʦʛʠʯʥʳʭ ʧʨʦʛʨʘʤʤʘʭ.  

ʉʦʟʜʘʥ ʠ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥ (ʥʘʧʠʩʘʥ ʩʢʨʠʧʪ) ʘʣʛʦʨʠʪʤ ʜʣʷ ʠʟʤʝʥʝʥʠʷ 

EFP ʧʘʨʘʤʝʪʨʦʚ ʬʨʘʛʤʝʥʪʘ, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʫʝʪ ʨʘʥʝʝ ʨʘʩʩʯʠʪʘʥʥʳʝ EFP 
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ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʛʘʟʦʚʦʡ ʬʘʟʳ ʠ ʧʨʠʤʝʥʷʝʪ/ʢʦʨʨʝʢʪʠʨʫʝʪ ʠʭ ʥʘ ʦʩʥʦʚʝ 

çʨʝʘʣʴʥʦʡè ʛʝʦʤʝʪʨʠʠ. ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʚʧʝʨʚʳʝ ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ, ʘ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʪʦʯʥʳʤ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʥʥʝʝ ʠʩʧʦʣʴʟʫʝʤʳʤʠ 

ʧʦʜʭʦʜʘʤʠ.  

ɹʳʣʘ ʩʦʟʜʘʥʘ ʦʥʣʘʡʥ ʙʘʟʘ ʜʘʥʥʳʭ ʵʥʝʨʛʠʡ ʚʦʟʙʫʞʜʝʥʠʷ ʚ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʡ ʩʨʝʜʝ, ʢʦʪʦʨʘʷ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʥʘʣʦʛʠʯʥʳʤʠ ʙʘʟʘʤʠ 

ʜʘʥʥʳʭ, ʨʘʩʩʤʘʪʨʠʚʘʝʪ ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʠʢʠ ʦʧʠʩʘʥʠʷ ʦʢʨʫʞʝʥʠʷ, ʘ ʪʘʢʞʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʝʝ ʯʠʩʣʦ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. 

 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ, ʧʦʟʚʦʣʷʶʱʠʡ ʧʨʝʜʩʪʘʚʣʷʪʴ ʠʩʩʣʝʜʫʝʤʫʶ 

ʩʠʩʪʝʤʫ ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʨʘʛʤʝʥʪʦʚ, ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʪʦʯʥʦʩʪʠ EFP ʨʘʩʯʸʪʦʚ. ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʠʪʴ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ çʙʦʣʴʰʠʭè ʩʠʩʪʝʤ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʧʦʚʪʦʨʷʶʱʠʭʩʷ 

ʵʣʝʤʝʥʪʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ ʧʦʣʠʤʝʨʦʚ ʠʣʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ.  

2. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʠʟʤʝʥʝʥʠʷ EFP ʧʘʨʘʤʝʪʨʦʚ ʙʠʙʣʠʦʪʝʯʥʳʭ 

ʬʨʘʛʤʝʥʪʦʚ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʢʦʨʠʪʴ ʨʘʩʯʝʪʳ, ʘ ʪʘʢʞʝ 

ʫʚʝʣʠʯʠʪʴ ʠʭ ʪʦʯʥʦʩʪʴ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʥʝʝ ʠʩʧʦʣʴʟʦʚʘʥʥʳʤʠ 

ʧʦʜʭʦʜʘʤʠ. ɸʥʘʣʠʟ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʩʠʣʴʥʳʝ 

ʦʪʢʣʦʥʝʥʠʷ ʥʘ ʤʘʣʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʢʦʤʧʝʥʩʠʨʫʶʪʩʷ ʧʨʠ ʩʫʤʤʠʨʦʚʘʥʠʠ 

ʚʩʝʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ.  

3. ʇʦʢʘʟʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ QM/EFP 

ʧʦʜʭʦʜʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʘʪʨʠʯʥʦʛʦ ʩʣʦʷ ʩ 

ʜʦʧʘʥʪʦʤ, ʘ ʪʘʢʞʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʦʚʘʥʠʷ ɻ ʢʩʠʧʣʝʢʩʦʚ ʥʘ 

ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʦʚ.  

4. ʇʨʝʜʩʢʘʟʘʥʳ ʚʦʟʤʦʞʥʳʝ ʧʘʨʳ PC61BM + [NMe2-PPT]6 ʠ PC61BM + 

[PEDOT]8, ʩʧʦʩʦʙʥʳʝ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʵʢʩʠʧʣʝʢʩʘ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ, ʯʪʦ 
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ʧʦʟʚʦʣʠʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʣʫʯʰʠʪʴ ʩʚʦʡʩʪʚʘ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚ ʥʘ ʠʭ ʦʩʥʦʚʝ.  

 

ʅʘʫʯʥʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʇʨʝʜʣʦʞʝʥʥʳʝ ʤʝʪʦʜʳ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʜʣʷ ʨʘʩʯʝʪʦʚ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʦʧʪʠʯʝʩʢʠʭ ʩʝʥʩʦʨʘʭ, ʦʨʛʘʥʠʯʝʩʢʦʡ ʵʣʝʢʪʨʦʥʠʢʝ ʠ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʢʦʤʧʴʶʪʝʨʘʭ.  

ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʠʪ ʟʥʘʯʠʪʝʣʴʥʦ ʩʦʢʨʘʪʠʪʴ ʟʘʪʨʘʪʳ 

ʚʨʝʤʝʥʠ ʠ ʤʘʪʝʨʠʘʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʥʘ ʧʨʦʚʝʜʝʥʠʝ ʜʦʨʦʛʦʩʪʦʷʱʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ʉʦʟʜʘʥʥʳʝ ʤʝʪʦʜʠʢʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠʤʝʥʷʶʪʩʷ ʩʦʪʨʫʜʥʠʢʘʤʠ 

ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʌʦʪʦʥʠʢʘè. 

 

ʃʠʯʥʦʝ ʚʢʣʘʜ ʘʚʪʦʨʘ. ɺʩʝ ʨʘʩʯʝʪʳ ʠ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʝʜʝʥʳ 

ʣʠʯʥʦ ʘʚʪʦʨʦʤ. ʆʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ ʫʯʘʩʪʠʠ ʥʘʫʯʥʦʛʦ 

ʨʫʢʦʚʦʜʠʪʝʣʷ ʜ. ʭ. ʥ. ʧʨʦʬʝʩʩʦʨʘ ɸ.ɸ. ɹʘʛʘʪʫʨʴʷʥʮʘ (ʙʳʣʠ ʧʦʩʪʘʚʣʝʥʳ ʮʝʣʴ ʠ 

ʟʘʜʘʯʠ ʥʘʫʯʥʦʡ ʨʘʙʦʪʳ), ʃ.ɺ. ʉʣʠʧʯʝʥʢʦ, ɸ.ʗ. ʌʨʝʡʜʟʦʥ, ʠ ɸ.ɺ. ʆʜʠʥʦʢʦʚʘ. 

ɸʚʪʦʨʦʤ ʨʘʙʦʪʳ ʙʳʣʠ ʦʩʚʦʝʥʳ ʧʘʢʝʪʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʛʨʘʤʤ 

Gamess, Orca, Q-Chem ʠ Gromacs, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʧʨʦʚʦʜʠʣʠʩʴ ʨʘʩʯʝʪʳ, 

ʪʨʝʙʫʝʤʳʝ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʮʝʣʝʡ. 

 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʀʩʧʦʣʴʟʦʚʘʥʥʳʝ ʚ ʨʘʙʦʪʝ ʯʠʩʣʝʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʠ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ 

ʧʨʦʛʨʘʤʤʥʳʝ ʧʘʢʝʪʳ ʧʨʦʚʝʨʝʥʳ ʥʘ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʟʘʜʘʯ, ʠ 

ʦʧʫʙʣʠʢʦʚʘʥʥʳ ʚ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʞʫʨʥʘʣʘʭ, ʮʠʪʠʨʫʝʤʳʝ ʚ Web of Science, 

Scopus ʠ ʈʀʅʎ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʦʢʦʥʯʘʪʝʣʴʥʳʭ ʚʳʚʦʜʦʚ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴʶ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʤʠ. ɺʩʝ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ 
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ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʠ ʠʥʜʝʢʩʠʨʫʝʤʳʭ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʥʘʫʯʥʳʭ ʠʟʜʘʥʠʷʭ. 

 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ ʠ ʧʫʙʣʠʢʘʮʠʠ. ʄʘʪʝʨʠʘʣʳ ʜʠʩʩʝʨʪʘʮʠʠ ʙʳʣʠ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: çCECAM-Workshop, 

çComputational insight into photo-induced processes at interfacesè, Universitªt 

Bremen, ɹʨʝʤʝʥ, ɻʝʨʤʘʥʠʷ, 2016; çAtomistic Simulation of Functional Materials 

(ASFM 2016)è, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ, 2016; ç49 Midwest Theoretical Chemistry 

Conferenceè, MSU, East Lansing, MI , ʉʐɸ, 2017; çEnergy in the Rockiesè Rocky 

Mountain Regional Meeting ACS, Loveland, CO, ʉʐɸ, 2017; ç3-rd International 

Scholar Research Symposiumè, Purdue University, West Lafayette, IN, ʉʐɸ, 

2018; çAtomistic Simulation of Functional Materials (ASFM 2018)è, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ, 2018; ç4th International Fall School on Organic Electronics (IFSOE-

2018)è, ʄʦʩʢʦʚʩʢʘʷ ʆʙʣʘʩʪʴ, ʈʦʩʩʠʷ, 2018; ç64-ʘ ̫ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

ʄʌʊʀè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ, 2021; çIX ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʤʦʣʦʜʝʞʥʘʷ 

ʰʢʦʣʘ-ʢʦʥʬʝʨʝʥʮʠʷ "ʍʠʤʠʷ, ʬʠʟʠʢʘ, ʙʠʦʣʦʛʠʷ: ʧʫʪʠ ʠʥʪʝʛʨʘʮʠʠ"è, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ, 2022, ʘ ʪʘʢʞʝ ʥʘ ʥʘʫʯʥʳʭ ʢʦʥʢʫʨʩʘʭ ʠ ʩʝʤʠʥʘʨʘʭ ʌʅʀʎ 

çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʌʦʪʦʥʠʢʘè. 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 19 ʥʘʫʯʥʳʭ ʧʝʯʘʪʥʳʭ ʨʘʙʦʪ, ʚ ʪʦʤ 

ʯʠʩʣʝ 7 ʩʪʘʪʴʠ ʚ ʞʫʨʥʘʣʘʭ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ ʙʘʟʘʭ ʜʘʥʥʳʭ Web of Science, 

Scopus, RSCI, ʠ 12 ʪʝʟʠʩʦʚ ʚ ʩʙʦʨʥʠʢʘʭ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʡ. 

 

ʉʪʨʫʢʪʫʨʘ ʜʠʩʩʝʨʪʘʮʠʠ. ɼʠʩʩʝʨʪʘʮʠʷ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʚʚʝʜʝʥʠʝ, 4 

ʛʣʘʚʳ, ʚʳʚʦʜʳ ʠ ʩʧʠʩʦʢ ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ, ʚʢʣʶʯʘʶʱʠʡ 222 

ʥʘʠʤʝʥʦʚʘʥʠʡ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ ʠʩʪʦʯʥʠʢʦʚ. ʈʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 

159 ʩʪʨʘʥʠʮʘʭ ʠ ʩʦʜʝʨʞʠʪ 56 ʨʠʩʫʥʢʦʚ ʠ 14 ʪʘʙʣʠʮ. 
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1. ʃʠʪʝʨʘʪʫʨʥʳʡ ʦʙʟʦʨ. 

1.1 ʆʨʛʘʥʠʯʝʩʢʠʝ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʝ ʫʩʪʨʦʡʩʪʚʘ. 

ʆʨʛʘʥʠʯʝʩʢʠʝ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʝ ʜʠʦʜʳ (OLED) ʷʚʣʷʶʪʩʷ ʣʠʜʝʨʘʤʠ ʧʦ 

ʢʦʤʤʝʨʮʠʘʣʠʟʘʮʠʠ ʩʨʝʜʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ. ʀʭ ʰʠʨʦʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʜʠʩʧʣʝʷʭ ʠ ʦʩʚʝʪʠʪʝʣʴʥʳʭ ʧʘʥʝʣʷʭ ʦʩʥʦʚʘʥʦ ʥʘ ʠʭ ʚʳʩʦʢʦʡ 

ʷʨʢʦʩʪʠ ʠ ʢʦʥʪʨʘʩʪʥʦʩʪʠ, ʛʠʙʢʦʩʪʠ, ʠʩʪʠʥʥʦʤ ʯʝʨʥʦʤ ʮʚʝʪʝ, ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʝʜʦʨʦʛʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ, ʤʘʣʦʤ ʚʝʩʝ (ʙʝʟ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʠ ʢʚʘʨʮʝʚʦʡ 

ʧʦʜʣʦʞʢʠ) ʠ ʨʘʟʤʝʨʘʭ [6ï9]. ɺ ʧʝʨʚʦʤ ʧʦʢʦʣʝʥʠʠ OLED ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʬʣʫʦʨʦʬʦʨʳ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʥʠʟʢʦʡ ʢʚʘʥʪʦʚʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʁ (EQE), 

ʧʦʩʢʦʣʴʢʫ 75% ʵʣʝʢʪʨʠʯʝʩʢʠ ʛʝʥʝʨʠʨʫʝʤʳʭ ʵʢʩʠʪʦʥʦʚ ʪʝʨʷʣʠʩʴ ʚ 

ʥʝʠʟʣʫʯʘʶʱʠʭ ʪʨʠʧʣʝʪʥʳʭ ʩʦʩʪʦʷʥʠʷʭ. ʅʘʧʨʦʪʠʚ, ʚ OLED ʚʪʦʨʦʛʦ ʧʦʢʦʣʝʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʬʦʩʬʦʨʝʩʮʝʥʪʥʳʝ ʣʶʤʠʥʦʬʦʨʳ, ʚ ʢʦʪʦʨʳʭ ʙʳʣʠ ʩʦʙʨʘʥʳ 

ʪʨʠʧʣʝʪʥʳʝ ʵʢʩʠʪʦʥʳ, ʥʦ ʵʪʠ ʫʩʪʨʦʡʩʪʚʘ ʩʪʨʘʜʘʣʠ ʧʣʦʭʦʡ ʯʠʩʪʦʪʦʡ ʮʚʝʪʘ ʠ 

ʤʝʥʴʰʝʡ ʷʨʢʦʩʪʴʶ. ʅʘʢʦʥʝʮ, OLED ʪʨʝʪʴʝʛʦ ʠ ʯʝʪʚʝʨʪʦʛʦ ʧʦʢʦʣʝʥʠʷ 

ʦʩʥʦʚʘʥʳ ʥʘ ʣʶʤʠʥʦʬʦʨʘʭ, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪ ʪʝʨʤʠʯʝʩʢʠ ʘʢʪʠʚʠʨʫʝʤʫʶ 

ʟʘʜʝʨʞʘʥʥʫʶ ʬʣʫʦʨʝʩʮʝʥʮʠʶ (TADF). ɺ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʷʭ ʥʠʟʰʠʝ 

ʪʨʠʧʣʝʪʥʳʝ ʩʦʩʪʦʷʥʠʷ ʙʣʠʟʢʠ ʧʦ ʵʥʝʨʛʠʠ ʢ ʥʠʟʰʠʤ ʩʠʥʛʣʝʪʥʳʤ 

ʚʦʟʙʫʞʜʝʥʥʳʤ ʩʦʩʪʦʷʥʠʷʤ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʪʝʧʣʦʚʳʤ ʬʣʫʢʪʫʘʮʠʷʤ 

ʦʩʫʱʝʩʪʚʣʷʪʴ ʦʙʨʘʪʥʳʡ ʠʥʪʝʨʢʦʤʙʠʥʘʮʠʦʥʥʳʡ ʢʨʦʩʩʠʥʛ, ʯʪʦʙʳ ʧʦʚʪʦʨʥʦ 

ʟʘʩʝʣʠʪʴ ʩʠʥʛʣʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠʟ ʪʨʠʧʣʝʪʥʦʛʦ ʠ ʦʙʝʩʧʝʯʠʪʴ ʟʘʤʝʜʣʝʥʥʫʶ 

ʬʣʫʦʨʝʩʮʝʥʮʠʶ [10]. 

ʃʶʤʠʥʦʬʦʨʳ TADF ʦʙʳʯʥʦ ʩʦʩʪʦʷʪ ʠʟ ʜʦʥʦʨʥʦʡ ʠ ʘʢʮʝʧʪʦʨʥʦʡ ʯʘʩʪʝʡ 

[10]. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʛʨʘʥʠʯʥʳʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʦʨʙʠʪʘʣʠ ʵʪʠʭ ʣʶʤʠʥʦʬʦʨʦʚ 

ʨʘʟʜʝʣʝʥʳ: ʚʳʩʰʘʷ ʟʘʥʷʪʘʷ ʤʦʣʝʢʫʣʷʨʥʘʷ ʦʨʙʠʪʘʣʴ (HOMO) ʨʘʩʧʦʣʦʞʝʥʘ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘ ʜʦʥʦʨʥʦʤ ʬʨʘʛʤʝʥʪʝ (ʠʣʠ ʬʨʘʛʤʝʥʪʘʭ), ʘ ʥʠʟʰʘʷ 

ʚʘʢʘʥʪʥʘʷ ʤʦʣʝʢʫʣʷʨʥʘʷ ʦʨʙʠʪʘʣʴ (LUMO) ʨʘʩʧʦʣʦʞʝʥʘ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘ 

ʘʢʮʝʧʪʦʨʥʦʤ ʬʨʘʛʤʝʥʪʝ (ʠʣʠ ʬʨʘʛʤʝʥʪʘʭ). ɹʦʣʝʝ ʪʦʛʦ, ʜʦʥʦʨʥʘʷ ʠ 

ʘʢʮʝʧʪʦʨʥʘʷ ʯʘʩʪʠ ʦʙʳʯʥʦ ʦʨʪʦʛʦʥʘʣʴʥʳ ʠʟ-ʟʘ ʩʪʝʨʠʯʝʩʢʠʭ ʟʘʪʨʫʜʥʝʥʠʡ, 

ʧʨʝʧʷʪʩʪʚʫʶʱʠʭ ʠʭ ʢʦʧʣʘʥʘʨʥʦʡ ʦʨʠʝʥʪʘʮʠʠ. ɺʩʝ ʵʪʦ ʦʩʣʘʙʣʷʝʪ ʧʝʨʝʢʨʳʪʠʝ 
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ʤʝʞʜʫ HOMO ʠ LUMO ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʤʝʥʴʰʘʝʪ ʨʘʟʥʠʮʫ ʵʥʝʨʛʠʡ ʤʝʞʜʫ 

ʥʠʟʰʠʤ ʚʦʟʙʫʞʜʝʥʥʳʤ ʩʠʥʛʣʝʪʥʳʤ ʠ ʥʠʟʰʠʤ ʪʨʠʧʣʝʪʥʳʤ ʩʦʩʪʦʷʥʠʷʤʠ, ʯʪʦ 

ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ TADF. 

ʆʙʳʯʥʦ ʣʶʤʠʥʦʬʦʨʳ TADF ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʜʦʧʘʥʪʦʚ, 

ʚʩʪʨʘʠʚʘʝʤʳʭ ʚ ʘʤʦʨʬʥʫʶ ʦʨʛʘʥʠʯʝʩʢʫʶ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʫʶ ʦʩʥʦʚʫ. ʊʝʤ ʥʝ 

ʤʝʥʝʝ, ʥʝʣʝʛʠʨʦʚʘʥʥʳʝ TADF OLED, ʚ ʢʦʪʦʨʳʭ ʠʩʭʦʜʥʳʝ ʧʣʝʥʢʠ 

ʣʶʤʠʥʦʬʦʨʦʚ TADF ʩʣʫʞʘʪ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʤʠ ʩʣʦʷʤʠ, ʥʝʜʘʚʥʦ ʧʨʠʚʣʝʢʣʠ 

ʚʥʠʤʘʥʠʝ ʠʟ-ʟʘ ʧʨʦʩʪʦʪʳ ʠʭ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʣʫʯʰʝʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ ʚ ʨʘʙʦʪʘʭ.  [10,11,D3,D4] 

 

 

ʈʠʩ. 1. ʇʨʠʤʝʨʳ ʥʝʣʝʛʠʨʦʚʘʥʥʳʭ TADF ʣʶʤʠʥʦʬʦʨʦʚ (TTPTT-CO [D3] 

ʠ OTE-DRZ [D4]). 

 

1.2 ʕʢʩʠʧʣʝʢʩʳ ʠ ʵʢʩʠʤʝʨʳ 

ʕʢʩʠʧʣʝʢʩʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʦʨʦʪʢʦʞʠʚʫʱʠʝ ʛʝʪʝʨʦʜʠʤʝʨʥʳʝ 

çʚʦʟʙʫʞʜʝʥʥʳʝ ʢʦʤʧʣʝʢʩʳè, ʢʦʪʦʨʳʝ ʩʪʘʙʠʣʴʥʳ ʚ ʵʣʝʢʪʨʦʥʥʦ-ʚʦʟʙʫʞʜʝʥʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʠ ʜʠʩʩʦʮʠʘʪʠʚʥʳ ʚ ʦʩʥʦʚʥʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʩʦʩʪʦʷʥʠʠ [12,13]. ʀʭ 

ʦʙʨʘʟʦʚʘʥʠʝ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʢʦʤʧʣʝʢʩ ʤʝʞʜʫ ʚʦʟʙʫʞʜʝʥʥʳʤ 

ʤʦʥʦʤʝʨʦʤ M ʠ ʚʪʦʨʳʤ ʤʦʥʦʤʝʨʦʤ N ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ. ɺ ʠʜʝʘʣʝ 

ʤʦʥʦʤʝʨʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʧʦʣʷʨʥʳʝ ʠʣʠ ʧʦʣʷʨʠʟʫʝʤʳʝ ʯʘʩʪʠʮʳ, 

ʩʧʦʩʦʙʥʳ ʩʦʟʜʘʪʴ ʢʦʤʧʣʝʢʩ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. ɺ 

ʛʦʤʦʜʠʤʝʨʥʦʤ ʩʣʫʯʘʝ (M = N) ʵʢʩʠʧʣʝʢʩʳ ʥʘʟʳʚʘʶʪʩʷ çʵʢʩʠʤʝʨʘʤʠè, ʢ 

ʧʨʠʤʝʨʫ ʵʢʩʠʤʝʨ ʥʘʬʪʘʣʠʥʘ [D5]. 
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ʉʚʦʡʩʪʚʘ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʠʤʝʨʥʳʭ ʯʘʩʪʠʮ ʫʥʠʢʘʣʴʥʳ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʣʶʙʦʛʦ ʤʦʥʦʤʝʨʘ [14]. ʉʪʘʙʠʣʠʟʠʨʫʶʱʠʡ ʵʬʬʝʢʪ ʚ 

ʵʢʩʠʧʣʝʢʩʘʭ ʠ ʵʢʩʠʤʝʨʘʭ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʩ ʧʦʤʦʱʴʶ ʪʝʦʨʠʠ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʦʨʙʠʪʘʣʝʡ (ʄʆ). ʇʨʠ ʚʟʘʤʦʜʝʡʩʪʚʠʠ ʜʚʫʭ ʤʦʥʦʤʝʨʦʚ ʧʨʝʦʙʣʘʜʘʶʱʝʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʦʠʩʭʦʜʠʪ ʤʝʞʜʫ ʚʳʩʰʝʡ ʟʘʥʷʪʦʡ (HOMO) ʠ ʥʠʟʰʝʡ 

ʥʝʟʘʥʷʪʦʡ (LUMO) ʤʦʣʝʢʫʣʷʨʥʳʤʠ ʦʨʙʠʪʘʣʷʤʠ ʢʘʞʜʦʛʦ ʚʠʜʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʥʦʚʦʛʦ ʥʘʙʦʨʘ ʦʨʙʠʪʘʣʝʡ [15ï17]. ɺ ʩʣʫʯʘʝ ʜʚʫʭ ʤʦʣʝʢʫʣ ʚ ʦʩʥʦʚʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʨʝʟʫʣʴʪʠʨʫʶʱʠʝ ʚʢʣʘʜʳ ʢʦʥʩʪʨʫʢʪʠʚʥʦʡ ʠ ʜʝʩʪʨʫʢʪʠʚʥʦʡ 

ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʢʦʤʧʝʥʩʠʨʫʶʪʩʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʤʠʥʠʤʘʣʴʥʦʡ ʦʙʱʝʡ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʠʣʠ ʝʝ ʦʪʩʫʪʩʪʚʠʶ. ɺ ʵʢʩʠʤʝʨʝ ʠʣʠ ʵʢʩʠʧʣʝʢʩʝ ʵʣʝʢʪʨʦʥʥʦ-

ʚʦʟʙʫʞʜʝʥʥʳʝ ʯʘʩʪʠʮʳ ʚʳʟʳʚʘʶʪ ʦʜʥʦʢʨʘʪʥʦʝ ʟʘʥʷʪʠʝ ʜʚʫʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʦʨʙʠʪʘʣʝʡ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʟʘ ʩʯʝʪ 

ʦʙʨʘʟʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʘ [15].  

  

ʈʠʩ. 2. ɺʠʜ ʛʨʘʥʠʯʥʳʭ ʦʨʙʠʪʘʣʝʡ ʵʢʩʠʤʝʨʘ ʥʘʬʪʘʣʠʥʘ. [D5] 

ʕʪʦʪ ʵʬʬʝʢʪ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʘʙʠʣʠʟʘʮʠʠ ʥʝʜʦʣʛʦʚʝʯʝʥ, ʪʘʢ ʢʘʢ 

ʨʝʣʘʢʩʘʮʠʷ ʚ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʦ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʝ ʩʠʣʳ ʦʪʪʘʣʢʠʚʘʥʠʷ ʧʨʦʪʠʚʦʜʝʡʩʪʚʫʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʩʣʘʙʳʤ ʩʠʣʘʤ ʧʨʠʪʷʞʝʥʠʷ. ɸʥʘʣʠʟ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʵʥʝʨʛʠʠ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʵʢʩʠʤʝʨʘ/ʵʢʩʠʧʣʝʢʩʘ ʚʳʷʚʠʣ ʩʣʝʜʫʶʱʠʝ ʩʦʩʪʘʚʣʷʶʱʠʝ: 
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ʵʣʝʢʪʨʦʩʪʘʪʠʢʘ, ʦʪʪʘʣʢʠʚʘʥʠʝ ʇʘʫʣʠ, ʧʝʨʝʥʦʩ ʟʘʨʷʜʘ, ʵʢʩʠʪʦʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠ ʜʠʩʧʝʨʩʠʷ ʃʦʥʜʦʥʘ [18,19].  

ɸʨʦʤʘʪʠʯʝʩʢʠʝ ʵʢʩʠʤʝʨʳ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚ 

ʩʧʝʢʪʨʝ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʧʠʨʝʥʘ ʚ ʨʘʩʪʚʦʨʝ ʮʠʢʣʦʛʝʢʩʘʥʘ ʧʦ ʰʠʨʦʢʦʡ 

ʙʝʩʩʪʨʫʢʪʫʨʥʦʡ ʧʦʣʦʩʝ ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʦʡ 

ʵʥʝʨʛʠʠ, ʯʝʤ ʩʚʷʟʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʤʦʥʦʤʝʨʘ. ʉ ʪʝʭ ʧʦʨ ʵʢʩʠʤʝʨʳ ʪʘʢʞʝ 

ʦʢʘʟʘʣʠʩʴ ʢʣʶʯʝʚʳʤ ʟʚʝʥʦʤ ʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʠ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʥʘʫʢʘʭ. 

ɺʦʧʨʝʢʠ ʩʚʦʝʡ ʜʫʨʥʦʡ ʩʣʘʚʝ ʢʘʢ ʥʝʞʝʣʘʪʝʣʴʥʦʡ ʣʦʚʫʰʢʠ ʵʥʝʨʛʠʠ ʜʣʷ 

ʩʠʥʛʣʝʪʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ [20], ʥʝʢʦʪʦʨʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ 

ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʢʩʠʧʣʝʢʩʦʚ ʠ ʵʢʩʠʤʝʨʦʚ ʚ 

ʦʨʛʘʥʠʯʝʩʢʦʡ ʵʣʝʢʪʨʦʥʠʢʝ ʜʣʷ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʝʨʝʥʦʩʘ ʵʣʝʢʪʨʦʥʦʚ 

[21] ʠ ʨʘʟʜʝʣʝʥʠʷ ʟʘʨʷʜʦʚ [22] ʠʣʠ ʫʰʠʨʝʥʠ ̫ɻ ʤʠʩʩʠʠ ʜʣʷ ʙʝʣʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʜʠʦʜʦʚ [23,24]. 

ʂʨʦʤʝ ʪʦʛʦ, ʵʢʩʠʤʝʨʳ ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʭʝʤʦʩʝʥʩʦʨʦʚ 

[25,26], ʤʦʣʝʢʫʣʷʨʥʳʭ ʣʠʥʝʝʢ [27,28] ʠ ʧʨʦʤʳʰʣʝʥʥʳʭ ʣʘʟʝʨʦʚ. ʕʢʩʠʤʝʨʳ 

ʪʘʢʞʝ ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ, ʠʛʨʘʷ ʨʦʣʴ ʚ ʬʦʪʦʧʦʚʨʝʞʜʝʥʠʠ 

ɼʅʂ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʤʦʛʫʪ ʥʘʭʦʜʠʪʴʩʷ ʤʝʞʜʫ ʘʟʦʪʠʩʪʳʤʠ ʦʩʥʦʚʘʥʠʷʤʠ, 

ʪʘʢʠʤʠ ʢʘʢ ʘʜʝʥʠʥ [29] ʠ ʛʫʘʥʠʥ [30]. 

 

1.2.1 ʕʢʩʠʧʣʝʢʩʳ ʚ OLED 

ʉʦʟʜʘʥʠʝ ʵʢʩʠʧʣʝʢʩʦʦʙʨʘʟʫʶʱʠʭ ʩʠʩʪʝʤ ʩ ʤʘʣʦʚʝʨʦʷʪʥʳʤʠ 

ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪʢʨʳʚʘʝʪ 

ʤʥʦʛʦʦʙʝʱʘʶʱʠʡ ʧʫʪʴ ʢ ʩʦʟʜʘʥʠʶ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ OLED [31]. ɺ OLED, 

ʩʦʩʪʦʷʱʠʭ ʠʟ ʜʳʨʦʯʥʦ-ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʣʦʷ ʠ ʵʣʝʢʪʨʦʥ-ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʣʦʷ, 

ʥʝʠʟʙʝʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʵʢʩʠʧʣʝʢʩʦʚ ʥʘ ʛʨʘʥʠʮʝ ʵʪʠʭ ʩʣʦʝʚ ʠ ʠʭ ʩʧʝʢʪʨʳ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠʤʝʶʪ ʢʨʘʩʥʦʝ ʩʤʝʱʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʧʝʢʪʨʦʚ 

ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ (ʥʘʧʨʠʤʝʨ: TCTA ʠ B3PYMPM [32], NPB 

ʠ PPSPP [33], TPD ʠ BBOT [34], NPB ʠ Alq3 [35], CBP ʠ B3PYMPM [36], TPAF 

ʠ B3PYMPM [37], ʠ THCA ʠ FIrpic [38]). ɺʩʝ ʵʪʠ ʩʠʩʪʝʤʳ ʦʙʣʘʜʘʶʪ ʩʧʝʢʪʨʘʤʠ 
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ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʚ ʜʠʘʧʘʟʦʥʝ 2,2ï2,9 ʵɺ, 

ʘ ʫʨʦʚʝʥʴ HOMO ʤʦʣʝʢʫʣʳ ʜʳʨʦʯʥʦ-ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʣʦʷ ʙʣʠʞʝ ʢ ʫʨʦʚʥʶ 

LUMO ʤʦʣʝʢʫʣʳ ʵʣʝʢʪʨʦʥ-ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʣʦʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʦʙʩʪʚʝʥʥʳʤ 

LUMO. 

ʉʚʝʪʦʚʦʝ ʠʟʣʫʯʝʥʠʝ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʠʟʣʫʯʘʪʝʣʴʥʳʤ ʨʘʩʧʘʜʦʤ 

ʵʢʩʠʧʣʝʢʩʦʚ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʤʝʞʜʫ  ʜʳʨʦʯʥʦ-ʪʨʘʥʩʧʦʨʪʥʳʤ ʩʣʦʝʤ 4,4'-

ʙʠʩ[1-ʥʘʬʪʠʣ-(ʬʝʥʠʣ)ʘʤʠʥʦ]-1,10-ʙʠʬʝʥʠʣʘ (a-NPD) ʠ ɻʣʝʢʪʨʦʥʥʦ-

ʪʨʘʥʩʧʦʨʪʥʳʤ ʩʣʦʝʤ ʙʠʩ(2-ʤʝʪʠʣ-8-ʭʠʥʦʣʠʥʘʪʦ)(4-

ʬʝʥʠʣʬʝʥʦʣʦʣʘʪʦ)ʘʣʶʤʠʥʠʷ (BAlq), ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʂʘʨʚʝʣʣʠ ʠ ʜʨ.[31]. 

ɸʚʪʦʨʳ ʧʨʝʜʧʦʣʦʞʠʣʠ ʦʙʨʘʟʦʚʘʥʠʝ ʵʢʩʠʧʣʝʢʩʘ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʥʘ ʛʨʘʥʠʮʝ 

ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʠʟ ʩʦʩʝʜʥʠʭ ʩʣʦʝʚ ʠʟ-ʟʘ ʜʦʩʪʘʪʦʯʥʦ ʫʟʢʦʡ ʱʝʣʠ ʤʝʞʜʫ 

HOMO a-NPD ʠ LUMO BAlq. ʀʩʩʣʝʜʫʝʤʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ 

ITO/HIL/a-NPD/BAlq/EIL/Al, ʛʜʝ HIL ð ʩʣʦʡ ʠʥʞʝʢʮʠʠ ʜʳʨʦʢ, ʘ EIL ð ʩʣʦʡ 

ʠʥʞʝʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ. ɺ ʵʪʦʡ ʩʪʨʫʢʪʫʨʝ a-NPD ʠ BAlq ʩʦʚʤʝʩʪʥʦ ʠʩʧʘʨʷʣʠʩʴ 

ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1:1. ɺ ʩʧʝʢʪʨʘʭ, ʠʟʤʝʨʝʥʥʳʭ ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, 

ʦʙʥʘʨʫʞʝʥʘ ʰʠʨʦʢʘʷ ʧʦʣʦʩʘ ʠʟʣʫʯʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 2,0ï2,75 ʵɺ ʩ ʤʘʢʩʠʤʫʤʦʤ 

ʦʢʦʣʦ 2,4ï2,5 ʵɺ ʠ ʭʘʨʘʢʪʝʨʥʳʤ ʢʨʘʩʥʳʤ ʩʜʚʠʛʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʣʦʩ 

ʠʟʣʫʯʝʥʠʷ ʯʠʩʪʳʭ ʩʣʦʝʚ a-NPD ʠ BAlq. ʂʘʨʚʝʣʣʠ ʠ ʜʨ. ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ 

ʠʟʤʝʨʝʥʥʳʡ ʩʧʝʢʪʨ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʷʚʣʷʝʪʩʷ ʩʧʝʢʪʨʦʤ ʵʢʩʠʧʣʝʢʩʘ a-

NPD-BAlq ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ. ʆʜʥʘʢʦ ʦʥʠ ʥʝ ʧʨʝʜʩʪʘʚʠʣʠ ʜʘʥʥʳʭ ʦ ʩʪʨʫʢʪʫʨʝ 

ʠ ʩʚʦʡʩʪʚʘʭ ʵʢʩʠʧʣʝʢʩʘ ʠ ʤʝʭʘʥʠʟʤʝ ʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ.  

ɺ ʩʪʘʪʴʝ [39] ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʵʢʩʠʧʣʝʢʩʦʚ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʚʙʣʠʟʠ ʠʥʪʝʨʬʝʡʩʘ 

a-NPD/BAlq ʚ OLED, ʚʢʣʶʯʘʶʱʝʝ ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ: (1) ʧʦʩʪʨʦʝʥʠʝ ʤʦʜʝʣʠ 

ʠʥʪʝʨʬʝʡʩʘ ʩ ʧʦʤʦʱʴʶ ʄɼ-ʤʦʜʝʣʠʨʦʚʘʥʠʷ, (2) ʚʳʜʝʣʝʥʠʝ ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʧʘʨ ʩ ʨʘʟʣʠʯʥʦʡ ʚʟʘʠʤʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʤʦʣʝʢʫʣ a-NPD ʠ BAlq 

ʠʟ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, 3) ʨʘʩʯʝʪ ʵʥʝʨʛʠʡ ʩʚʷʟʠ ʚʳʜʝʣʝʥʥʳʭ ʧʘʨ ʚ ʦʩʥʦʚʥʦʤ ʠ 

ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʷʭ, 4) ʧʦʠʩʢ ʥʘʣʠʯʠʷ CT-ʩʦʩʪʦʷʥʠʡ ʠ ʨʘʩʯʝʪ 
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ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʵʥʝʨʛʠʡ ʧʝʨʝʭʦʜʦʚ, 5) ʧʦʠʩʢ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, 

ʜʘʶʱʠʭ ʥʘʠʙʦʣʝʝ ʥʘʜʝʞʥʳʝ ʜʘʥʥʳʝ, ʩʨʘʚʥʠʤʳʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ [31]. 

 

1.2.2 ʕʢʩʠʧʣʝʢʩʳ ʚ ʬʦʪʦʚʦʣʴʪʘʠʢʝ 

ʕʢʩʠʧʣʝʢʩʳ ʚ ʩʤʝʩʷʭ ʜʦʥʦʨʥʳʭ ʠ ʘʢʮʝʧʪʦʨʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʚʩʪʨʝʯʘʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʯʘʩʪʦ [40]. ʀʭ ʤʦʞʥʦ ʦʙʥʘʨʫʞʠʪʴ 

ʧʦ ɻʢʩʠʧʣʝʢʩʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʠʣʴʥʦ 

ʩʜʚʠʥʫʪʫʶ ʚ ʢʨʘʩʥʫʶ ʦʙʣʘʩʪʴ ʰʠʨʦʢʫʶ ʙʝʩʩʪʨʫʢʪʫʨʥʫʶ ʧʦʣʦʩʫ, ʟʘʯʘʩʪʫʶ 

ʤʘʣʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʆʜʥʘʢʦ ʜʘʣʝʢʦ ʥʝ ʚʩʝʛʜʘ ʵʢʩʠʧʣʝʢʩʳ ʦʙʣʘʜʘʶʪ 

ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ, ʧʦʵʪʦʤʫ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʥʝʠʟʣʫʯʘʶʱʠʝ 

ʵʢʩʠʧʣʝʢʩʳ ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʪʘʢʠʭ ʩʤʝʩʷʭ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʛʜʘ.  

ʆʙʨʘʟʦʚʘʥʠʝ ʥʝʠʟʣʫʯʘʶʱʠʭ ʵʢʩʠʧʣʝʢʩʦʚ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʬʦʪʦʚʦʣʴʪʘʠʢʘʭ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʩʤʝʩʷʭ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʩ ʜʳʨʦʯʥʳʤ ʠʣʠ ʵʣʝʢʪʨʦʥʥʳʤ ʭʘʨʘʢʪʝʨʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ 

(bulk heterojunction) [41,42].  

ʆʜʥʦʡ ʠʟ ʩʝʨʴʝʟʥʳʭ ʧʨʦʙʣʝʤ ʦʨʛʘʥʠʯʝʩʢʠʭ ʬʦʪʦʚʦʣʴʪʘʠʢʦʚ ʷʚʣʷʝʪʩʷ 

ʥʠʟʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʟʘʨʷʜʦʚ ʟʘ ʩʯʝʪ ʨʝʢʦʤʙʠʥʘʮʠʠ [43]. 

ʆʙʨʘʟʦʚʘʚʰʠʝʩʷ ʧʨʠ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʠ ʵʣʝʢʪʨʦʥ ʠ ʜʳʨʢʘ ʙʳʩʪʨʦ 

ʨʝʢʦʤʙʠʥʠʨʫʶʪ ʟʘ ʩʯʝʪ ʠʟʣʫʯʘʪʝʣʴʥʳʭ ʠ ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʊʘʢʠʝ 

ʧʨʦʮʝʩʩʳ ʦʩʦʙʝʥʥʦ ʵʬʬʝʢʪʠʚʥʳ ʟʘ ʩʯʝʪ ʪʦʛʦ, ʯʪʦ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʝ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʩʠʥʛʣʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʣʦʢʘʣʠʟʦʚʘʥʥʦʝ ʥʘ ʦʜʥʦʡ ʠʟ ʤʦʣʝʢʫʣ 

(ʜʦʥʦʨʝ ʠʣʠ ʘʢʮʝʧʪʦʨʝ).  

ʇʨʠ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʠʣʝ ʦʩʮʠʣʣʷʪʦʨʘ ʧʝʨʝʭʦʜʘ ʚ ʣʦʢʘʣʴʥʦʝ 

ʚʦʟʙʫʞʜʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʙʨʘʪʥʳʡ ʧʝʨʝʭʦʜ ʪʘʢʞʝ ʚʝʩʴʤʘ ʚʝʨʦʷʪʝʥ. ʆʜʥʘʢʦ 

ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʤʦʞʥʦ ʚʦʩʧʨʝʧʷʪʩʪʚʦʚʘʪʴ ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ 

ʵʢʩʠʧʣʝʢʩʦʚ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʤʝʞʜʫ ʜʦʥʦʨʦʤ ʠ ʘʢʮʝʧʪʦʨʦʤ. ʊʘʢʦʝ 

ʩʦʩʪʦʷʥʠʝ ʩʫʧʝʨʤʦʣʝʢʫʣʳ ʩ ʨʘʟʜʝʣʸʥʥʳʤʠ ʟʘʨʷʜʘʤʠ ʤʦʞʝʪ ʞʠʪʴ ʜʦʩʪʘʪʦʯʥʦ 

ʜʦʣʛʦ. ɺʜʦʙʘʚʦʢ, ʠʤʝʝʪʩʷ ʚʝʨʦʷʪʥʦʩʪʴ ʧʝʨʝʭʦʜʘ ʪʘʢʦʛʦ ʩʠʥʛʣʝʪʘ ʩ 
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ʨʘʟʜʝʣʝʥʥʳʤʠ ʟʘʨʷʜʘ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʪʨʠʧʣʝʪ, ʯʴʝ ʚʨʝʤʷ ʞʠʟʥʠ ʤʦʞʝʪ 

ʙʳʪʴ ʝʱʸ ʙʦʣʝʝ ʜʦʣʛʠʤ, ʘ ʨʝʢʦʤʙʠʥʘʮʠʷ ʝʱʸ ʙʦʣʝʝ ʟʘʪʨʫʜʥʝʥʘ.  

ʊʘʢʠʝ ʜʦʣʛʦʞʠʚʫʱʠʝ ʩʦʩʪʦʷʥʠʷ ʩ ʨʘʟʜʝʣʸʥʥʳʤʠ ʟʘʨʷʜʘʤʠ ʤʦʛʫʪ ʙʳʪʴ ʚ 

ʜʘʣʴʥʝʡʰʝʤ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʚ 

ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʦʡ ʷʯʝʡʢʝ.  

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʜʦʥʦʨʘʤʠ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʬʦʪʦʚʦʣʴʪʘʠʢʘʭ ʷʚʣʷʶʪʩʷ ʦʣʠʛʦʪʠʦʬʝʥʳ [44,45], ʘ ʚ ʢʘʯʝʩʪʚʝ ʘʢʮʝʧʪʦʨʦʚ ʯʘʱʝ 

ʚʩʝʛʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʬʫʣʣʝʨʝʥʳ [46].ʊʦʛʜʘ ʢʘʢ ʦʣʠʛʦʪʠʦʬʝʥʳ ʦʙʣʘʜʘʶʪ 

ʭʦʨʦʰʠʤ ʧʦʛʣʦʱʝʥʠʝʤ ʚ ʚʠʜʠʤʦʡ ʠ ʙʣʠʞʥʝʡ ʀʂ ʦʙʣʘʩʪʠ, ʬʫʣʣʝʨʝʥʳ ʚ ʵʪʦʡ 

ʦʙʣʘʩʪʠ ʧʦʛʣʦʱʘʶʪ ʧʣʦʭʦ.  

 

1.3 ʂʦʤʙʠʥʠʨʦʚʘʥʥʳʝ QM/MM , QM/EFP ʤʝʪʦʜʳ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʝʦʜʥʦʨʦʜʥʘʷ ʩʨʝʜʘ ʚʣʠʷʝʪ ʥʘ ʩʧʝʢʪʨʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ 

ʬʦʪʦʘʢʪʠʚʥʳʭ ʤʦʣʝʢʫʣ [47ï50], ʢʦʪʦʨʳʝ ʚʣʠʷʶʪ ʥʘ ʚʳʭʦʜʥʫʶ ʩʚʷʟʴ ʚ 

ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʪʦʛʘʣʴʚʘʥʠʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚ [51ï58]. 

ʀʤʝʶʱʠʝʩʷ ʤʦʜʝʣʠ ʧʦʣʷʨʠʟʫʝʤʳʭ ʢʦʥʪʠʥʫʫʤʦʚ (PCM) [59ï62] ʥʝ ʜʘʶʪ 

ʥʘʜʝʞʥʦʛʦ ʦʧʠʩʘʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʳ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʷʚʥʳʡ ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʜʣʷ ʫʯʝʪʘ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʥʝʧʦʤʝʨʥʦ ʜʦʨʦʛ. 

ʄʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʚ ʨʘʤʢʘʭ ʩʭʝʤʳ 

QM/MM ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʧʝʨʩʧʝʢʪʠʚʥʳʤ, ʦʩʦʙʝʥʥʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʧʦʣʷʨʠʟʫʝʤʳʭ ʩʠʣʦʚʳʭ ʧʦʣʝʡ. ʆʜʥʘʢʦ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʠʡ ʧʦʜʭʦʜ 

ʟʘʚʠʩʠʪ ʦʪ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʩʠʣʦʚʦʛʦ ʧʦʣʷ. 

ʊʘʢ, ʚ ʨʘʙʦʪʘʭ [63ï68] ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʇʇʕ ʚʦʟʙʫʞʜʝʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʠʩʧʦʣʴʟʫʶʪ ʥʝʵʤʧʠʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ QM/MM 

ʦʧʠʩʘʥʠʝʤ ʦʢʨʫʞʝʥʠʷ ʭʨʦʤʦʬʦʨʘ. ɺ ʨʘʙʦʪʘʭ [69ï73] ʥʝʵʤʧʠʨʠʯʝʩʢʠʤʠ 

ʤʝʪʦʜʘʤʠ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ (CASSCF, MCQDPT2) ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥʳ 

ʚʝʨʪʠʢʘʣʴʥʳʝ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʠʟʦʤʝʨʠʟʘʮʠʷ ʨʘʟʣʠʯʥʳʭ ʙʠʦʣʦʛʠʯʝʩʢʠ ʚʘʞʥʳʭ 

ʭʨʦʤʦʬʦʨʦʚ ʩ ʫʯʝʪʦʤ ʨʘʩʪʚʦʨʠʪʝʣʷ ʚ ʨʘʤʢʘʭ QM/MM. 
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ɺʘʞʥʳʝ ʧʨʠʤʝʨʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʘ QM/MM ʧʦʢʘʟʘʥʳ ʚ ʨʘʙʦʪʘʭ 

[74ï78]. ɺ ʵʪʠʭ ʨʘʙʦʪʘʭ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ QM/MM ʠʩʩʣʝʜʦʚʘʣʠ ʧʨʦʮʝʩʩ 

ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ. ʇʨʠ ʵʪʦʤ MM ʯʘʩʪʴʶ 

ʩʣʫʞʠʣʠ ʪʘʢʠʝ ʞʝ ʤʦʣʝʢʫʣʳ, ʢʘʢ ʠ ʩʘʤ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ. ɺ ʨʘʙʦʪʝ [79] 

ʤʦʜʝʣʠʨʦʚʘʣʠ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ fac-Ir(ppy)3 ʚ ʘʤʦʨʬʥʦʡ ʧʣʝʥʢʝ CBP, 

ʧʨʠʯʝʤ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʣʝʥʢʠ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʩ ʧʦʤʦʱʴʶ QM/MM 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ. ɸ ʚ ʨʘʙʦʪʝ [80] ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʩʥʦʚʘʥʥʘʷ ʥʘ QM/MM 

ʤʦʜʝʣʴ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʬʘʟʝ. 

ʄʝʪʦʜʳ ʥʘ ʦʩʥʦʚʝ ʬʨʘʛʤʝʥʪʦʚ, ʪʘʢʠʝ ʢʘʢ ʤʝʪʦʜ ʵʬʬʝʢʪʠʚʥʳʭ 

ʬʨʘʛʤʝʥʪʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ (EFP) [81ï83] ʠ ʤʝʪʦʜ ʬʨʘʛʤʝʥʪʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʦʨʙʠʪʘʣʝʡ (FMO) [84ï86], ʦʩʥʦʚʘʥʳ ʥʘ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ab initio ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʦʛʫʪ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʘʥʘʣʠʟʘ ʣʶʙʦʛʦ 

ʪʠʧʘ ʩʠʩʪʝʤ. 

ʆʜʥʠʤ ʠʟ ʧʨʝʠʤʫʱʝʩʪʚ ʤʝʪʦʜʘ EFP ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʟʙʠʝʥʠʷ 

ʙʦʣʴʰʠʭ ʤʦʣʝʢʫʣ ʦʢʨʫʞʝʥʠʷ ʥʘ ʙʦʣʝʝ ʤʝʣʢʠʝ ʬʨʘʛʤʝʥʪʳ [87], ʩʦʟʜʘʥʠʝ ʜʣʷ 

ʥʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʝʥʮʠʘʣʘ ʠ ʧʦʩʪʨʦʝʥʠʝ ʧʦʣʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʦʢʨʫʞʝʥʠʷ ʠʟ 

ʧʦʪʝʥʮʠʘʣʦʚ ʬʨʘʛʤʝʥʪʦʚ [88]. 

ʇʨʠʤʝʨʳ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ EFP ʜʣʷ ʨʘʩʯʝʪʘ ʩʧʝʢʪʨʘʣʴʥʳʭ ʠ 

ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚ ʩʠʩʪʝʤ ʜʘʥʳ ʚ ʨʘʙʦʪʘʭ [89ï97]. ɺ ʵʪʠʭ ʨʘʙʦʪʘʭ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʚʘʥʪʦʚʘʷ ʭʠʤʠʷ ʩʘʤʦʛʦ ʨʘʟʣʠʯʥʦʛʦ ʫʨʦʚʥʷ, ʦʪ RHF ʠ DFT ʜʦ 

EOM-CC. ʄʝʪʦʜ EFP, ʚ ʦʩʥʦʚʥʦʤ, ʫʩʧʝʰʥʦ ʩʧʨʘʚʣʷʝʪʩʷ ʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ 

ʩʚʦʡʩʪʚ ʦʢʨʫʞʝʥʠʷ ʠ ʦʩʪʘʚʣʷʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʣʷ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ 

ʫʣʫʯʰʝʥʠʷ. 

ʊʘʢʞʝ ʤʝʪʦʜ EFP ʨʘʥʝʝ ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨ ʠ 

ʤʦʜʝʣʝʡ ʩʚʷʟʘʥʥʳʭ ʢʣʘʩʪʝʨʦʚ ʚ ʞʠʜʢʦʩʪʷʭ, [98ï102] ʚʢʣʶʯʘʷ ʩʠʩʪʝʤʳ ʚʦʜʘ-

ʩʧʠʨʪ [103,104] ʠ ʚʦʜʘ-ʙʝʥʟʦʣ, [105] ɼʅʂ ʦʩʥʦʚʘʥʠʷ [106] ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ. 

ʂʨʦʤʝ ʪʦʛʦ, ʧʦʪʝʥʮʠʘʣʳ EFP ʤʦʛʫʪ ʙʳʪʴ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʨʘʩʪʚʦʨʠʪʝʣʴ-ʨʘʩʪʚʦʨʠʪʝʣʴ ʚ ʧʦʣʷʨʠʟʫʝʤʳʭ ʩʭʝʤʘʭ 



23 
 

QM / MM-ʪʠʧʘ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʨʷʜʝ ʥʝʜʘʚʥʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. [91ï

93,98,107ï110]  

 ʆʜʥʘʢʦ, ʜʘʞʝ ʨʘʙʦʪʘʷ ʩ ʥʝʙʦʣʴʰʠʤʠ ʩʠʩʪʝʤʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʜʠʤʝʨʳ, 

ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʥʝʩʢʦʣʴʢʦ ʩʣʫʯʘʝʚ, ʢʦʛʜʘ ʛʘʟʦʬʘʟʥʳʝ ʩʪʨʫʢʪʫʨʳ 

ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʤʦʥʦʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ, ʘʜʘʧʪʠʨʦʚʘʥʥʳʭ ʚ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʤ ʢʦʤʧʣʝʢʩʝ, ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʧʨʠʤʝʨʘʤʠ, ʷʚʣʷʶʱʠʤʠʩʷ 

ʜʠʤʝʨʘʤʠ ʩ ʩʠʣʴʥʦʡ H-ʩʚʷʟʴʶ, ʪʘʢʠʤʠ ʢʘʢ ʜʠʤʝʨ ʤʫʨʘʚʴʠʥʦʡ ʢʠʩʣʦʪʳ ʠʣʠ 

ʘʜʝʥʠʥ- ʜʠʤʝʨ ʪʠʤʠʥʘ.[99] 

ʇʨʦʙʣʝʤʘ ʛʠʙʢʠʭ ʬʨʘʛʤʝʥʪʦʚ ʠʟʷʱʥʦ ʨʝʰʘʝʪʩʷ ʚ ʛʠʙʨʠʜʥʳʭ ʤʝʪʦʜʘʭ 

EFP ʠ FMO (ʤʦʣʝʢʫʣʷʨʥʦ-ʦʨʙʠʪʘʣʴʥʳʡ ʬʨʘʛʤʝʥʪ), [84ï86,111] ʥʘʟʳʚʘʝʤʳʭ 

ʤʝʪʦʜʦʤ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʦʨʙʠʪʘʣʴʥʦʛʦ ʬʨʘʛʤʝʥʪʘ (EFMO) [112ï

114]. ɺ EFMO ʢʘʞʜʳʡ ʬʨʘʛʤʝʥʪ ʦʧʠʩʳʚʘʝʪʩʷ ʢʚʘʥʪʦʚʦ ʤʝʭʘʥʠʯʝʩʢʠ ʚ ʨʘʤʢʘʭ 

FMO, ʥʦ ʥʝʢʦʚʘʣʝʥʪʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʬʨʘʛʤʝʥʪʘʤʠ ʦʧʠʩʘʥʳ ʥʘ 

ʫʨʦʚʥʝ EFP. ʇʦʣʫʯʝʥʥʳʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʦʜʭʦʜ ʷʚʣʷʝʪʩʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʤ ʠ ʯʘʩʪʦ ʙʦʣʝʝ ʪʦʯʥʳʤ, ʯʝʤ ʠʩʭʦʜʥʳʡ ʤʝʪʦʜ FMO, ʚ ʢʦʪʦʨʦʤ ʢʘʢ 

ʚʥʫʪʨʠ-, ʪʘʢ ʠ ʚʥʫʪʨʠʬʨʘʛʤʝʥʪʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʧʠʩʳʚʘʶʪʩʷ ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʠʯʝʩʢʠ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, EFMO ʫʣʫʯʰʘʝʪ ʦʩʥʦʚʥʦʡ ʥʝʜʦʩʪʘʪʦʢ EFP, 

ʦʙʝʩʧʝʯʠʚʘʷ ʛʠʙʢʦʩʪʴ ʚʥʫʪʨʠʤʦʥʦʤʝʨʘ, ʥʦ ʟʘ ʩʯʝʪ ʮʝʥʳ, ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʚʘʶʱʝʡ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʥʘ ʚʳʯʠʩʣʝʥʠʷ EFP. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʧʝʨʝʩʯʝʪ ʧʘʨʘʤʝʪʨʦʚ EFP ʜʣʷ ʢʘʞʜʦʡ ʫʥʠʢʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ ʬʨʘʛʤʝʥʪʘ 

ʷʚʣʷʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʨʘʩʭʦʜʦʤ ʥʘ ʚʳʯʠʩʣʝʥʠʷ EFMO. 

ʄʝʪʦʜ EFP1 ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʙʦʣʴʰʠʥʩʪʚʦʤ 

ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ. ɺ ʜʦʧʦʣʥʝʥʠʝ ʢ HF ʠ DFT, ʵʪʠ ʤʝʪʦʜʳ 

ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ, ʟʘʚʠʩʷʱʫʶ ʦʪ ʚʨʝʤʝʥʠ ʪʝʦʨʠʶ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (TD-

DFT), ʤʝʪʦʜ ʦʜʥʦʢʨʘʪʥʦ ʚʦʟʙʫʞʜʝʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

(CIS) [109], ʤʝʪʦʜ ʤʥʦʛʦʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʛʦ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʧʦʣʷ 

(MCSCF), ʤʝʪʦʜ MP2 [91] ʠ ʤʝʪʦʜ ʩʚʷʟʘʥʥʳʭ ʢʣʘʩʪʝʨʦʚ (CC). ɹʦʣʴʰʠʥʩʪʚʦ 

ʧʨʠʣʦʞʝʥʠʡ ʢ ʤʝʪʦʜʫ EFP1 ʩʚʷʟʘʥʦ ʩ ʵʬʬʝʢʪʘʤʠ ʚʣʠʷʥʠʝʤ ʚʦʜʥʳʭ 
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ʨʘʩʪʚʦʨʠʪʝʣʝʡ ʥʘ ʩʚʦʡʩʪʚʘ ʠ ʧʨʦʪʝʢʘʶʱʠʝ ʧʨʦʮʝʩʩʳ ʚ ʦʩʥʦʚʥʦʤ ʠ 

ʵʣʝʢʪʨʦʥʥʦʤ ʚʦʟʙʫʞʜʸʥʥʦʤ ʩʦʩʪʦʷʥʠʠ [65ï67,93ï96,99,102,103,115ï137]. 

ɺ ʥʝʢʦʪʦʨʳʭ ʧʨʠʣʦʞʝʥʠʷʭ [59,100,105,107,108,138ï142] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʤʝʪʦʜ EFP2 ʤʦʞʝʪ ʪʦʯʥʦ ʧʨʝʜʩʢʘʟʘʪʴ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʦʪ ʢʫʣʦʥʦʚʩʢʠʭ ʜʦ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʋʨʦʚʝʥʴ 

ʪʦʯʥʦʩʪʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʵʢʚʠʚʘʣʝʥʪʝʥ MP2, ʥʦ ʪʨʝʙʫʝʪ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʦʱʥʦʩʪʝʡ [101]. ʕʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ EFP2 ʯʘʩʪʦ ʙʣʠʞʝ 

ʢ ʵʥʝʨʛʠʷʤ, ʧʦʣʫʯʝʥʥʳʤ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ CC, ʯʝʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʵʥʝʨʛʠʠ ʚ MP2 [103,106] ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʣʫʯʰʝ, ʯʝʤ ʫ ʙʦʣʴʰʠʥʩʪʚʘ 

ʬʫʥʢʮʠʦʥʘʣʦʚ ʚ ʤʝʪʦʜʘʭ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ, ʠʟ-ʟʘ ʥʘʣʠʯʠʷ 

ʵʤʧʠʨʠʯʝʩʢʠ ʦʧʨʝʜʝʣʷʝʤʳʭ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʯʣʝʥʦʚ.  

ɺ ʨʘʙʦʪʝ [143] ʧʨʝʜʩʪʘʚʣʝʥ ʰʠʨʦʢʠʡ ʦʙʟʦʨ ʤʝʪʦʜʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ 

ʬʨʘʛʤʝʥʪʘʮʠʠ. ɼʘʥʳ ʨʘʟʣʠʯʥʳʝ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʵʪʠʭ ʤʝʪʦʜʦʚ ʠ ʧʨʠʚʝʜʝʥʦ 

ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʤʝʨʦʚ ʫʩʧʝʰʥʦʛʦ ʠʭ ʧʨʠʤʝʥʝʥʠʷ. 

   

1.4 ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ 

(TDDFT) ʜʣʷ ʨʘʩʯʝʪʘ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʦʣʝʢʫʣ. 

ʉʧʫʩʪʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʨʝʤʝʥʠ, ʧʦʩʣʝ ʧʦʷʚʣʝʥʠʷ ʪʝʦʨʝʤʳ ʈʫʥʛʘ ï 

ɻʨʦʩʩʘ, ʚ ʢʦʪʦʨʦʡ ʟʘʣʦʞʝʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʜʣʷ time dependent density 

functional theory TD-DFT, ʦʥʘ ʩʪʘʣʘ ʦʜʥʦʡ ʠʟ ʩʘʤʳʭ ʧʦʧʫʣʷʨʥʳʭ ʠ ʥʘʠʙʦʣʝʝ 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʱʠʭʩʷ ʧʦʜʭʦʜʦʚ ʜʣʷ ʨʘʩʯʝʪʘ ʩʚʦʡʩʪʚ ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʦʪ ʩʨʝʜʥʠʭ ʜʦ ʙʦʣʴʰʠʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʠʩʪʝʤ.  

ʊʨʘʜʠʮʠʦʥʥʘʷ DFT ʜʣʷ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʬʦʨʤʫʣʠʨʦʚʢʝ ʂʦʥʘ ï 

ʐʝʤʘ ʧʦʣʘʛʘʝʪʩʷ ʥʘ ʪʝʦʨʝʤʳ ʍʦʵʥʙʝʨʛʘ ï ʂʦʥʘ ʠ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʩʠʩʪʝʤ ʦʪʩʯʸʪʘ, ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʢʦʪʦʨʳʭ ʨʘʚʥʘ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʨʝʘʣʴʥʦʡ ʩʠʩʪʝʤʳ. ʇʝʨʚʘʷ ʪʝʦʨʝʤʘ ʍʘʨʪʨʠ ï ʌʦʢʘ 

ʫʩʪʘʥʘʚʣʠʚʘʝʪ ʦʜʠʥ ʚ ʦʜʠʥ ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʪʦʯʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʴʶ ɟ(r), ʠ ʪʦʯʥʳʤ ʚʥʝʰʥʠʤ ʧʦʪʝʥʮʠʘʣʦʤ Vext(r), ʠ ʟʘʪʝʤ ʦʧʨʝʜʝʣʷʝʪ 

ʪʦʯʥʫʶ ʚʦʣʥʦʚʫʶ ʬʫʥʢʮʠʶ ʜʣʷ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (r), ʪʦʯʥʫʶ ʚʦʣʥʦʚʫʶ 
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ʬʫʥʢʮʠʶ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ [ɟ](r). ɺʪʦʨʘʷ ʪʝʦʨʝʤʘ 

HK (HK II) ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʧʨʠʥʮʠʧʘ, ʩʦʛʣʘʩʥʦ 

ʢʦʪʦʨʦʤʫ ʵʣʝʢʪʨʦʥʥʳʝ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʨʘʩʯʝʪʥʦʡ 

ʧʣʦʪʥʦʩʪʴʶ, ʚʩʝʛʜʘ ʚʳʰʝ, ʯʝʤ ʦʙʱʘʷ ʵʥʝʨʛʠʷ, ʧʦʣʫʯʝʥʥʘʷ ʩ ʪʦʯʥʦʡ 

ʧʣʦʪʥʦʩʪʴʶ. ʀʟ ʵʪʠʭ ʜʚʫʭ ʪʝʦʨʝʤ ʤʦʞʥʦ ʩʦʟʜʘʪʴ ʢʦʥʩʪʨʫʢʮʠʶ, ʧʦʟʚʦʣʷʶʱʫʶ 

ʨʝʰʘʪʴ ʪʦʯʥʦ ʟʘʜʘʯʠ ʜʣʷ ʪʝʦʨʠʠ ʤʥʦʛʠʭ ʪʝʣ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʚ ʢʘʯʝʩʪʚʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʚʝʣʠʯʠʥʳ. ʇʨʝʜʧʦʣʦʞʝʥʠʝ, ʦ 

ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ ʩʠʩʪʝʤʳ ʦʪʩʯʝʪʘ, ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʢʦʪʦʨʦʡ ʦʧʠʩʳʚʘʝʪʩʷ ʦʜʥʠʤ ʉʣʝʡʪʝʨʦʚʩʢʠʤ ʜʝʪʝʨʤʠʥʘʥʪʦʤ ʠ ʧʣʦʪʥʦʩʪʴʶ 

ʵʣʝʢʪʨʦʥʦʚ, ʧʨʠʚʦʜʠʪ ʢ ʚʳʚʦʜʫ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʭ ʫʨʘʚʥʝʥʠʡ ʂʦʥʘ ï ʐʝʤʘ. 

 

1.4.1 ʊʝʦʨʝʤʘ ʈʫʥʛʝ-ɻʨʦʩʩʘ. 

ʊʝʦʨʝʤʫ ʈʫʥʛʝ ï ɻʨʦʩʩʘ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʡ 

ʘʥʘʣʦʛ ʧʝʨʚʦʡ ʪʝʦʨʝʤʳ ʍʦʵʥʙʝʨʛʘ ï ʂʦʥʘ ʠ ʷʚʣʷʶʱʝʡʩʷ ʢʨʘʝʫʛʦʣʴʥʳʤ ʢʘʤʥʝʤ 

ʬʦʨʤʘʣʴʥʳʭ ʦʩʥʦʚ ʚʨʝʤʝʥʥʦ-ʟʘʚʠʩʷʱʝʛʦ ʬʦʨʤʘʣʠʟʤʘ ʂʦʥʘ ï ʐʝʤʘ. ɺ ʥʝʡ 

ʛʦʚʦʨʠʪʩʷ, ʯʪʦ ʪʦʯʥʘʷ, ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ɟ(r, t), 

ʦʧʨʝʜʝʣʷʝʪ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʡ ʚʥʝʰʥʠʡ ʧʦʪʝʥʮʠʘʣ V(r,t) ʜʦ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʧʦʩʪʦʷʥʥʦʡ, ʟʘʚʠʩʷʱʝʡ ʦʪ ʚʨʝʤʝʥʠ C(t), ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʫʶ ʚʦʣʥʦʚʫʶ ʬʫʥʢʮʠʶ Ɋ(R, T), ʜʦ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʛʦ 

ʬʘʟʦʚʦʛʦ ʤʥʦʞʠʪʝʣʷ. ɺʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʷʚʣʷʝʪʩʷ 

ʬʫʥʢʮʠʦʥʘʣʦʤ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

( )( , ) [ ( )]( ) i tr t t t e ar -Y =Y   (1) 

ʛʜʝ (d/dt)Ŭ(t) = C(t). ʇʣʦʪʥʦʩʪʴ, ʪʘʢʞʝ ʢʘʢ ʠ ʧʦʪʝʥʮʠʘʣ, ʜʦʣʞʥʘ ʚʳʧʦʣʥʷʪʴ 

ʦʧʨʝʜʝʣʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ. ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʝʦʨʝʤʳ ʈʫʥʛʝ ï ɻʨʦʩʩʘ ʥʘʯʠʥʘʝʪʩʷ 

ʩ ʦʙʱʝʛʦ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ 

Ĕ( , ) ( , ) ( , )i r t H r t r t
t

µ
Y = Y
µ

  (1) 

ʛʜʝ  

Ĕ Ĕ Ĕ Ĕ Ĕ( , ) ( ) ( ) ( ) ( )el el el nucH r t T r V r V r V t- -= + + +   (2) 
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T(r), Vel-nuc ʠ Vel-el(r) ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʧʝʨʘʪʦʨʘʤ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ, 

ʵʣʝʢʪʨʦʥʥʦ-ʷʜʝʨʥʦʤʫ ʧʨʠʪʷʞʝʥʠʶ ʠ ʵʣʝʢʪʨʦʥʥʦ-ʵʣʝʢʪʨʦʥʥʦʤʫ 

ʦʪʪʘʣʢʠʚʘʥʠʶ. V(t) ʷʚʣʷʝʪʩʷ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʤ ʚʥʝʰʥʠʤ ʧʦʪʝʥʮʠʘʣʦʤ ʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʩʫʤʤʘ ʦʜʥʦʯʘʩʪʠʯʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ. 

1

Ĕ Ĕ( ) ( , )
N

i

i

V t r tu
=

=ä   (3) 

N ï ʯʠʩʣʦ ʵʣʝʢʪʨʦʥʦʚ ʠ ʚʨʝʤʝʥʥʳʭ ʢʦʥʩʪʘʥʪ. ʕʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʟʘʜʘʸʪʩʷ 

ʢʘʢ 

2

1 2 3 2 3( , ) | ( , , ,..., , ) | ...N Nr t r r r r t dr dr drr = Yñ   (4) 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʩʧʠʥʦʚʳʝ ʧʝʨʝʤʝʥʥʳʝ ʙʫʜʫʪ ʦʧʫʱʝʥʳ ʜʣʷ ʷʩʥʦʩʪʠ. ʏʪʦ 

ʙʳ ʜʦʢʘʟʘʪʴ ʪʝʦʨʝʤʫ ʈʫʥʛʝ ï ɻʨʦʩʩʘ, ʥʫʞʥʦ ʜʦʢʘʟʘʪʴ, ʯʪʦ ʜʚʝ ʧʣʦʪʥʦʩʪʠ ɟA(r,t) 

ʠ ɟB(r,t), ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʦʙʱʝʛʦ ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ Ɋ0 ʧʦʜ ʚʣʠʷʥʠʝʤ ʜʚʫʭ 

ʨʘʟʣʠʯʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ɡA(r,t) ʠ ɡB(r,t), ʚʩʝʛʜʘ ʨʘʟʥʳʝ, ʠ ʦʥʠ ʦʪʣʠʯʘʶʪʩʷ ʥʝ 

ʪʦʣʴʢʦ ʥʘ ʚʨʝʤʝʥʥʦ ï ʟʘʚʠʩʷʱʫʶ ʬʫʥʢʮʠʶ, ʪʦ ʝʩʪʴ 

( , ) ( , ) ( )A Br t r t C tu u¸ +   (5) 

ʇʝʨʚʦʝ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʦʪʝʥʮʠʘʣʳ ʤʦʞʥʦ 

ʨʘʟʣʦʞʠʪʴ ʚ ʨʷʜ ʊʝʡʣʦʨʘ, ʧʦ ʚʨʝʤʝʥʠ ʚ ʦʢʨʝʩʪʥʦʩʪʠ t0  

0 00 0

0 0

1 ( , ) 1
( , ) | ( ) ( ) | ( )

! !

k
k k

t k tk
k k

r t
r t t t r t t

k t k

u
u u

¤ ¤

= =

µ
= - = -

µ
ä ä   (6) 

ʇʦʩʢʦʣʴʢʫ ɡA(r,t) ʠ ɡB(r,t) ʦʪʣʠʯʘʶʪʩʷ ʙʦʣʝʝ ʯʝʤ ʥʘ ʚʨʝʤʝʥʥʦ ï 

ʟʘʚʠʩʷʱʫʶ  ʬʫʥʢʮʠʶ, ʥʝʢʦʪʦʨʳʝ ʠʟ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʟʣʦʞʝʥʠʷ ɡAk(r) = ( k 

ɡA(r,t))/ tk|to ʠ ɡ
Bk(r) = ( k ɡB(r,t))/ tk|to  ʜʦʣʞʥʳ ʦʪʣʠʯʘʪʴʩʷ ʙʦʣʝʝ ʯʝʤ ʥʘ 

ʢʦʥʩʪʘʥʪʫ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʫʱʝʩʪʚʫʝʪ ʦʜʥʦ ʤʘʣʦʝ ʧʦʣʦʞʠʪʝʣʴʥʦʝ k, ʪʘʢʦʝ 

ʯʪʦ 

( ) ( )A B

k kr r constu u- ¸   (7) 

ʆʪʩʶʜʘ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʧʨʦʚʦʜʠʪʩʷ ʚ ʜʚʘ ʵʪʘʧʘ. ʉʥʘʯʘʣʘ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ jA(r,t) ʠ jB(r,t), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ɡA(r,t) ʠ ɡB(r,t), ʚʩʝʛʜʘ 

ʨʘʟʥʳʝ, ʘ ʥʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʙʫʜʝʪ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʨʘʟʣʠʯʥʳʝ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 

µ

µ µ µ
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ʪʨʝʙʫʶʪ ʨʘʟʣʠʯʥʦʡ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ. ɺ ʦʙʱʝʤ, ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

* *1
( , ) [ ( , ) ( , ) ( , ) ( , )]

2
j r t r t r t r t r t

i
= Y ÐY -ÐY Y  (8) 

ʇʦ ʦʧʨʝʜʝʣʝʥʠʶ, ʪʝʢʫʱʘʷ ʧʣʦʪʥʦʩʪʴ j(r,t) ʠ ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ 

ɟ(r,t) ʧʦʜʯʠʥʷʶʪʩʷ, ʪʘʢ ʥʘʟʳʚʘʝʤʦʤʫ, ʫʨʘʚʥʝʥʠʶ ʥʝʧʨʝʨʳʚʥʦʩʪʠ. 

( , ) ( , )r t j r t
t
r
µ

=-Ð
µ

  (10) 

ʚ ʢʦʪʦʨʦʤ ʛʦʚʦʨʠʪʩʷ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʧʦ ʚʨʝʤʝʥʠ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ʚ 

ʦʧʨʝʜʝʣʝʥʥʦʤ ʦʙʲʝʤʝ ʨʘʚʥʦ ʧʦʪʦʢʫ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʯʝʨʝʟ ʧʦʚʝʨʭʥʦʩʪʴ ʜʘʥʥʦʛʦ 

ʦʙʲʝʤʘ. ʇʨʠ ʵʪʦʤ, ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t=t0, ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʠ 

ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʢʘʯʝʩʪʚʝ 

0 0 0

0 0 0

( , ) ( , ) ( )

( , ) ( , ) ( )

A B

A B

j r t j r t j r

r t r t rr r r

= =

= =
  

(11) 

 

ʠ ʚʨʝʤʷ ʵʚʦʣʶʮʠʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ, jA(r,t) ʠ jB(r,t) ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʭ ʫʨʘʚʥʝʥʠʝʤ 

ʜʚʠʞʝʥʠʷ 

ĔĔ( , ) ( , ) | [ ( ), ( , )] | ( , )

ĔĔ( , ) ( , ) | [ ( ), ( , )] | ( , )

A A

B B

j r t i r t j r r t r t
t

j r t i r t j r r t r t
t

µ
=-àY H Y ð

µ

µ
=-àY H Y ð

µ

  
(12) 

(13) 

ʇʦʩʣʝ ʚʳʯʠʪʘʥʠʷ ʧʦʣʫʯʘʝʤ 

Ĕ ĔĔ[ ( , ) ( , )] ( , ) | [ ( ),{ ( , ) ( , )}] | ( , )A B A Bj r t j r t i r t j r r t r t r t
t

µ
- =-àY H -H Y ð

µ
  (14) 

ʠ ʦʮʝʥʢʘ ʵʪʦʛʦ ʚʳʨʘʞʝʥʠʷ ʧʨʠ t=t0 ʜʘʸʪ ʚʳʨʘʞʝʥʠʝ, ʩʚʷʟʳʚʘʶʱʝʝ ʚʨʝʤʷ 

ʵʚʦʣʶʮʠʠ ʨʘʟʣʠʯʥʳʭ ʧʣʦʪʥʦʩʪʝʡ ʪʦʢʘ ʩ ʚʥʝʰʥʠʤ ʧʦʪʝʥʮʠʘʣʦʤ 

0 0[ ( , ) ( , )] | ( ( , ) ( , ))A B A B

t tj r t j r t r t r t
t

r u u=

µ
- = Ð -

µ
  (15) 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʝʩʣʠ ʧʦʪʝʥʮʠʘʣʳ ɡA(r,t) ʠ ɡB(r,t) ʦʪʣʠʯʘʶʪʩʷ ʥʘ t=t0, 

ʧʨʘʚʘʷ ʯʘʩʪʴ ʫʨʘʚʥʝʥʠʷ (15) ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʪʦʞʜʝʩʪʚʝʥʥʦ ʨʘʚʥʘ ʥʫʣʶ, ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ jA(r,t) ʠ jB(r,t) ʙʫʜʫʪ ʦʪʣʠʯʘʪʴʩʷ ʙʝʩʢʦʥʝʯʥʦ 

ʧʦʟʜʥʝʝ t0. ʄʳ ʫʩʪʘʥʦʚʠʣʠ ʚʟʘʠʤʥʦ ʦʜʥʦʟʥʘʯʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ 

ʟʘʚʠʩʷʱʠʤ ʦʪ ʚʨʝʤʝʥʠ ʧʦʪʝʥʮʠʘʣʦʤ ʠ ʧʣʦʪʥʦʩʪʴʶ ʪʦʢʘ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 
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ʫʨʘʚʥʝʥʠʝ (15) ʧʨʠʥʠʤʘʝʪ ʵʪʫ ʬʦʨʤʫ, ʪʦʣʴʢʦ ʝʩʣʠ ʫʨʘʚʥʝʥʠʝ (7) ʚʳʧʦʣʥʷʝʪʩʷ 

ʜʣʷ k=0. ɽʩʣʠ ʮʝʣʦʝ ʯʠʩʣʦ k, ʧʨʠ ʢʦʪʦʨʦʤ ʫʨʘʚʥʝʥʠʝ (7) ʙʦʣʴʰʝ ʥʫʣʷ, ʪʦ (ʢ + 

1) ʧʨʦʠʟʚʦʜʥʘʷ ʧʦ ʚʨʝʤʝʥʠ, ʚʳʨʘʞʝʥʠʷ (jA(r,t) - jB(r,t)), ʜʦʣʞʥʘ ʙʳʪʴ ʦʮʝʥʝʥʘ 

ʧʨʠ t=t0, ʠ ʫʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʝ ʜʦʣʞʥʦ ʙʳʪʴ ʧʨʠʤʝʥʝʥʦ (k+1) ʨʘʟ.  

ʊʝʧʝʨʴ ʫʩʪʘʥʦʚʣʝʥʦ ʨʘʚʝʥʩʪʚʦ ʤʝʞʜʫ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʤ ʚʥʝʰʥʠʤ 

ʧʦʪʝʥʮʠʘʣʦʤ ʠ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ, ʥʦ ʝʱʝ ʧʨʝʜʩʪʦʠʪ 

ʜʦʢʘʟʘʪʴ, ʯʪʦ ʨʘʟʣʠʯʥʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʪʨʝʙʫʝʪʩʷ ʨʘʟʣʠʯʥʘʷ ʧʣʦʪʥʦʩʪʴ 

ʵʣʝʢʪʨʦʥʦʚ. ɼʣʷ ʵʪʦʡ ʮʝʣʠ, ʫʨʘʚʥʝʥʠʝ ʥʝʨʘʟʨʳʚʥʦʩʪʠ ʧʨʠʤʝʥʷʝʪʩʷ ʢ ɟA(r,t) ʠ 

ɟB(r,t), ʠ, ʧʨʠ ʚʳʯʠʪʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʠ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʠ ʧʦ 

ʚʨʝʤʝʥʠ, ʧʦʣʫʯʠʤ 

2

2
[ ( , ) ( , )] ( ( , ) ( , ))A B A Br t r t j r t j r t

t t
r r

µ µ
- =-Ð -

µ µ
  (16) 

ʇʦʜʩʪʘʚʣʷʝʤ ʚ ʧʨʝʜʳʜʫʱʝʝ ʚʳʨʘʞʝʥʠʝ  

2

02
[ ( , ) ( , )] [ ( ( , ) ( , ))]A B A Br t r t r t r t

t
r r r u u

µ
- =Ð Ð -

µ
  (17) 

 ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʨʝʙʫʝʤʦʤʫ ʩʦʦʪʥʦʰʝʥʠʶ ʤʝʞʜʫ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʡ 

ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʳʤ ʚʥʝʰʥʠʤ ʧʦʪʝʥʮʠʘʣʦʤ. ɽʩʣʠ ʤʦʞʥʦ 

ʧʦʢʘʟʘʪʴ, ʯʪʦ ʧʨʘʚʘʷ ʯʘʩʪʴ ʵʪʦʛʦ ʫʨʘʚʥʝʥʠʷ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʪʦʞʜʝʩʪʚʝʥʥʦ ʨʘʚʥʘ 

ʥʫʣʶ, ʪʦ ʥʝʦʙʭʦʜʠʤʦ ʜʦʢʘʟʘʪʴ,  ʯʪʦ ɟA(r,t) ʠ ɟB(r,t) ʨʘʟʣʠʯʥʳ, ʝʩʣʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʚʥʝʰʥʠʝ ʧʦʪʝʥʮʠʘʣʳ ʨʘʟʣʠʯʥʳ. ʕʪʦ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ 

ʜʝʣʘʝʪʩʷ ʦʪ ʧʨʦʪʠʚʥʦʛʦ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʧʨʘʚʘʷ ʯʘʩʪʴ ʚʦʚʩʝ ʠʩʯʝʟʘʝʪ. 

ʉʦʛʣʘʩʥʦ ʪʝʦʨʝʤʝ ɻʘʫʩʩʘ, ʠʤʝʝʪ ʤʝʩʪʦ ʨʘʚʝʥʩʪʚʦ 

2 3 3

0 0 0( ( )) ( ) ( ( )) ( ) ( )A B A B A B A B A Bd r d r dSr u u u u r u u u u r u uÐ - =- - Ð Ð - + - Ð -ñ ñ ñ   
(18

) 

ʅʘ ʩʘʤʦʤ ʜʝʣʝ, ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʠʥʪʝʛʨʘʣ ʨʘʚʝʥ ʥʫʣʶ, ʪʘʢ ʢʘʢ 

ʦʪʚʘʣʠʚʘʝʪʩʷ ʦʪ ʘʩʠʤʧʪʦʪʳ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʢʘʢ 1/r, ʘ ʚʪʦʨʦʡ ʯʣʝʥ ʧʨʘʚʦʡ 

ʯʘʩʪʠ ʨʘʚʝʥ ʥʫʣʶ ʧʦ ʫʩʣʦʚʠʶ. ʇʦʩʢʦʣʴʢʫ ʧʦʜʳʥʪʝʛʨʘʣʴʥʦʝ ʚʳʨʘʞʝʥʠʝ 

ʥʝʦʪʨʠʮʘʪʝʣʴʥʦ, ʩʣʝʜʫʝʪ, ʯʪʦ ʜʣʷ ʚʩʝʭ ʛ: 

2

0[ ( ( , ) ( , ))] 0A Br t r tr u uÐ - =  (19) 

ʘ ʪʘʢ ʢʘʢ ɟ0 ʙʦʣʴʰʝ ʥʫʣʷ 
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( ( , ) ( , )) 0A Br t r tu uÐ - =  (20) 

ʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

( , ) ( , )A Br t r t constu u= +   (21) 

ʯʪʦ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʦʪʠʚʦʨʝʯʠʠ ʩ ʧʨʝʜʧʦʣʦʞʝʥʠʝʤ (6). ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʘʚʘʷ 

ʯʘʩʪʴ ʫʨʘʚʥʝʥʠʷ (17) ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʪʦʞʜʝʩʪʚʝʥʥʦ ʨʘʚʥʘ ʥʫʣʶ, ʠ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ, ʟʘʚʠʩʷʱʠʭ ʦʪ ʚʨʝʤʝʥʠ ʚʥʝʰʥʠʭ ʧʦʪʝʥʮʠʘʣʦʚ t=t0, ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ 

ʨʘʟʣʠʯʥʳʝ ʟʘʚʠʩʷʱʠʝ ʦʪ ʚʨʝʤʝʥʠ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ʙʝʩʢʦʥʝʯʥʦ ʧʦʟʜʥʝʝ 

t0. ʇʨʠ ʵʪʦʤ ʫʩʪʘʥʦʚʣʝʥʦ ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʟʘʚʠʩʷʱʝʡ ʦʪ ʚʨʝʤʝʥʠ ʧʣʦʪʥʦʩʪʠ 

ʠ ʟʘʚʠʩʷʱʠʤʠ ʦʪ ʚʨʝʤʝʥʠ ʧʦʪʝʥʮʠʘʣʦʚ, ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʪʝʥʮʠʘʣ ʠ 

ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ ʷʚʣʷʶʪʩʷ ʬʫʥʢʮʠʦʥʘʣʘʤʠ ʧʣʦʪʥʦʩʪʠ. 

( )( , ) [ ]( , ) ( ) [ ]( , ) i tr t r t C t r t e ar u r r -ª + ªY   (22) 

 

1.4.2 ʀʥʪʝʛʨʘʣ ɼʝʡʩʪʚʠʷ. 

ɺ ʧʨʝʜʳʜʫʱʝʤ ʨʘʟʜʝʣʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʚʟʘʠʤʥʦ ʦʜʥʦʟʥʘʯʥʦʝ 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʤʠ ʧʦʪʝʥʮʠʘʣʘʤʠ ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʳʤʠ 

ʬʫʥʢʮʠʦʥʘʣʘʤʠ, ʢʦʪʦʨʦʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʝʨʚʳʡ ʰʘʛ ʚ ʨʘʟʚʠʪʠʠ ʚʨʝʤʝʥʥʦ 

ʟʘʚʠʩʷʱʝʡ ʪʝʦʨʠʠ ʤʥʦʛʠʭ ʪʝʣ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʦʪʥʦʩʪʠ, ʢʘʢ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʚʝʣʠʯʠʥʳ. ɺʪʦʨʦʝ ʪʨʝʙʦʚʘʥʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʫʱʝʩʪʚʦʚʘʥʠʠ 

ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʧʨʠʥʮʠʧʘ, ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʤ ʩʣʫʯʘʝʤ, ʚ 

ʢʦʪʦʨʦʤ ʦʥ ʜʘʝʪʩʷ ʚ ʚʳʰʝʦʧʠʩʘʥʥʦʡ ʚʪʦʨʦʡ ʪʝʦʨʝʤʝ ʍʦʵʥʙʝʨʛʘ ï ʂʦʥʘ. 

ɺ ʦʙʱʝʤ, ʝʩʣʠ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʘʷ ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ Ɋ(r,t) ʷʚʣʷʝʪʩʷ 

ʨʝʰʝʥʠʝ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ ʩ ʥʘʯʘʣʴʥʳʤ ʫʩʣʦʚʠʝʤ 

Ɋ(r,t0) = Ɋ0(t)  (23) 

ʪʦ ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʪʘʮʠʦʥʘʨʥʦʡ ʪʦʯʢʠ ʢʚʘʥʪʦʚʦ ï 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʠʥʪʝʛʨʘʣʘ ʜʝʡʩʪʚʠʷ. 

1

0

Ĕ( , ) | ( , ) | ( , )

t

t

A dt r t i H r t r t
t

µ
= àY - Y ð

µñ   (24) 

ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʦʥʘʣʦʤ ɟ(r,t), ʚʩʣʝʜʩʪʚʠʝ ʜʦʢʘʟʘʥʥʦʡ ʚʳʰʝ ʪʝʦʨʝʤʳ 

ʈʫʥʛʝ-ɻʨʦʩʩʘ, ʪʦ ʝʩʪʴ, 
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1
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Ĕ[ ] [ ]( , ) | ( , ) | [ ]( , )

t

t

A dt r t i H r t r t
t
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= àY - Y ð
µñ   (25) 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʦʯʥʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ɟ(r,t) ʤʦʞʝʪ ʙʳʪʴ 

ʧʦʣʫʯʝʥʘ ʠʟ ʫʨʘʚʥʝʥʠʷ ʕʡʣʝʨʘ 

[ ]
0

( , )

A

r t

d r

dr
=   (26) 

ʢʦʛʜʘ ʧʨʠʤʝʥʷʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. ɼʘʣʝʝ ʠʟ ʫʨʘʚʥʝʥʠʷ 

(3) ʠʥʪʝʛʨʘʣ ʜʝʡʩʪʚʠʷ ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʜʝʣʝʥ ʥʘ ʜʚʝ ʯʘʩʪʠ, ʦʜʥʘ ʠʟ ʢʦʪʦʨʳʭ 

ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʦʡ (ʜʣʷ ʜʘʥʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʢʪʨʦʥʦʚ), ʘ ʜʨʫʛʘʷ, ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ɡ (r,t) = Vel-nuc(r) + V(r,t) 

1

0

3[ ] [ ] ( , ) ( , )

t

t

A B dt d r r t r tr r r u= -ñ ñ   (27) 

ʋʥʠʚʝʨʩʘʣʴʥʳʡ ʬʫʥʢʮʠʦʥʘʣ B[ɟ] ʷʚʣʷʝʪʩʷ ʥʝʟʘʚʠʩʠʤʳʤ ʦʪ ʧʦʪʝʥʮʠʘʣʘ 

ɡ (r,t) ʠ ʟʘʜʘʝʪʩʷ 
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Ĕ Ĕ[ ] [ ]( , ) | ( ) ( ) | [ ]( , )

t

el el

t

B dt r t i T r V r r t
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r r r-

µ
= àY - - Y ð

µñ   (28) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʠʥʪʝʛʨʘʣʘ ʜʝʡʩʪʚʠʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʧʣʦʪʥʦʩʪʠ, ʩʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ (26), ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʪʦʯʥʘʷ ʧʣʦʪʥʦʩʪʴ. 

ɺ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ ʵʪʦʪ ʩʪʘʮʠʦʥʘʨʥʳʡ ʧʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʙʫʜʝʪ 

ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʂʦʥʘ ï ʐʝʤʘ ʧʦ 

ʘʥʘʣʦʛʠʠ ʩ ʥʝ ʟʘʚʠʩʷʱʠʤ ʦʪ ʚʨʝʤʝʥʠ ʜʫʙʣʠʢʘʪʦʤ. 

 

1.4.3. ɺʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʝ ʫʨʘʚʥʝʥʠʝ ʂʦʥʘ-ʐʝʤʘ. 

ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʚʳʚʦʜʦʤ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʭ ʫʨʘʚʥʝʥʠʡ ʂʦʥʘ ï ʐʝʤʘ, 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʪ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʝ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʝ 

ʩʠʩʪʝʤʳ ʦʪʩʯʝʪʘ ʩ ʚʥʝʰʥʠʤ ʦʜʥʦʯʘʩʪʠʯʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ɡs(r,t), ʠʟ ʢʦʪʦʨʦʛʦ 

ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ ɟs(r,t) ʨʘʚʥʘ ʪʦʯʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ɟ(r,t) 

ʨʝʘʣʴʥʦʡ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ ʩʠʩʪʝʤʳ. ʉʦʛʣʘʩʥʦ ʦʙʦʙʱʝʥʠʶ ʤʝʪʦʜʦʚ 

ʪʝʦʨʝʤʳ ʈʫʥʛʝ ï ɻʨʦʩʩ ʃʠʫʚʝʥʦʤ, ʦʙʝʩʧʝʯʝʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʚʨʝʤʝʥʥʦ 

ʟʘʚʠʩʷʱʝʡ ʩʠʩʪʝʤʳ ʦʪʩʯʝʪʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. 
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ʅʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʘʷ ʩʠʩʪʝʤʘ ʟʘʪʝʤ ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʜʥʠʤ ʉʣʝʡʪʝʨʦʚʩʢʠʤ 

ʜʝʪʝʨʤʠʥʘʥʪʦʤ ʌ(r,t), ʩʦʩʪʦʷʱʠʤ ʠʟ ʦʜʥʦʵʣʝʢʪʨʦʥʥʳʭ ʦʨʙʠʪʘʣʝʡ ūi(r,t); ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʝʛʦ ʧʣʦʪʥʦʩʪʴ ʟʘʜʘʝʪʩʷ 

2( , ) ( , ) | ( , ) |
N

s i

i

r t r t r tr r f= =ä   (29) 

ʇʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʦʜʥʦʯʘʩʪʠʯʥʳʡ ʧʦʪʝʥʮʠʘʣ ɡs(r,t), 

ʦʜʥʦʵʣʝʢʪʨʦʥʥʳʝ ʦʨʙʠʪʘʣʠ ʜʘʶʪʩʷ ʢʘʢ ʨʝʰʝʥʠʝ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʦʜʥʦʯʘʩʪʠʯʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ: 

21
( , ) ( ( , )) ( , )

2
i i s ii r t r t r t

t
f u f
µ

= - Ð +
µ

  (30) 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʘʷ ʧʣʦʪʥʦʩʪʴ, ʢʦʪʦʨʘʷ, ʧʦ 

ʧʨʝʜʧʦʣʦʞʝʥʠʶ, ʨʘʚʥʘ ʪʦʯʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʪʘʢʞʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʠ ʧʦʤʦʱʠ 

ʫʨʘʚʥʝʥʠʷ ʕʡʣʝʨʘ, ʚ ʢʦʪʦʨʦʤ ʠʥʪʝʛʨʘʣ ʜʝʡʩʪʚʠʷ ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʧʣʦʪʥʦʩʪʠ. ɼʣʷ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ ʩʠʩʪʝʤʳ (Vel-el = 0 ʚ ʫʨʘʚʥʝʥʠʠ (28)), 

ʬʫʥʢʮʠʦʥʘʣ ʜʝʡʩʪʚʠʷ ʧʨʠʥʠʤʘʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

1

0

3[ ] [ ] ( , ) ( , )

t

s s s

t

A B dt d r r t r tr r r u= -ñ ñ   (31) 

ʛʜʝ 

1

0

Ĕ[ ] [ ]( , ) | ( ) | [ ]( , )

t

s

t

B dt r t i T r r t
t

r r r
µ

= àY - Y ð
µñ   (32) 

ʠ ɡ(r,t) ʩʦʦʪʚʝʪʩʪʚʫʝʪ, ʢʘʢ ʦʙʳʯʥʦ, ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʤʫ ʚʥʝʰʥʝʤʫ 

ʧʦʪʝʥʮʠʘʣʫ, ʢʘʢ ʦʧʨʝʜʝʣʝʥʦ ʚ ʬʦʨʤʫʣʝ (4). ʇʨʠʤʝʥʷʷ ʧʨʠʥʮʠʧ ʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʜʝʡʩʪʚʠʷ (ʫʨʘʚʥʝʥʠʝ (26)), ʧʦʣʫʯʘʝʤ 

[ ] [ ]
0 ( , )

( , ) ( , )
s s

s

A B
r t

r t r t

d r d r
u

dr dr
= = -   (33), 

ʝʩʣʠ ʪʝʧʝʨʴ ʩʫʱʝʩʪʚʫʝʪ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʡ ʥʝʩʪʘʮʠʦʥʘʨʥʳʡ ʦʜʥʦʯʘʩʪʠʯʥʳʡ 

ʧʦʪʝʥʮʠʘʣ ɡs(r,t), ʢʦʪʦʨʳʡ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʛʦ 

ʦʜʥʦʯʘʩʪʠʯʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ, ʪʦ ʵʪʦʪ ʧʦʪʝʥʮʠʘʣ ʷʚʣʷʝʪʩʷ 

ʫʥʠʢʘʣʴʥʳʤ ʬʫʥʢʮʠʦʥʘʣʦʤ ʧʣʦʪʥʦʩʪʠ ʚ ʩʠʣʫ ʪʝʦʨʝʤʳ ʈʫʥʛʝ ï ɻʨʦʩʩʘ ʠ ʤʦʞʝʪ 

ʙʳʪʴ ʚʳʨʘʞʝʥ ʢʘʢ 
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( , ) ( , )

[ ]
( , ) |

( , )
s

s r t r t

B
r t

r t
x r

d r
u

dx
==   (34), 

ʦʮʝʥʠʚʘʝʪʩʷ ʚ ʪʦʯʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ɟ(r,t). ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʙʦʣʝʝ 

ʧʦʜʨʦʙʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʚʦʡʩʪʚʘʭ Bs[ɟ], ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʬʫʥʢʮʠʦʥʘʣ 

ʜʝʡʩʪʚʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ ʩʠʩʪʝʤʳ, ʠ, ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʚʦʛʦ ʰʘʛʘ, 

ʧʝʨʝʧʠʩʳʚʘʶʪ ʝʛʦ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ 

1 1

0 0

3 31 ( , ) ( , )
[ ] [ ] ( , ) ( , ) [ ]

2 | |

t t

s s xc

t t

r t r t
A B dt d r r t r t dt d r A

r r

r r
r r r u r

¡
¡= - - -

¡-ñ ñ ñ ñ   (35) 

Axc, ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ "ʦʙʤʝʥʥʦ ï ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ" ʯʘʩʪʴ ʠʥʪʝʛʨʘʣʘ ʜʝʡʩʪʚʠʷ, ʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

1

0

3 31 ( , ) ( , )
[ ] [ ] [ ]

2 | |

t

xc s

t

r t r t
A B dt d r d r B

r r

r r
r r r

¡
¡= - -

¡-ñ ñ ñ   (36) 

ɽʩʣʠ ʫʨʘʚʥʝʥʠʝ (35) ʚʩʪʘʚʠʪʴ ʚ ʩʪʘʮʠʦʥʘʨʥʳʡ ʧʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʫʨʘʚʥʝʥʠʶ ʕʡʣʝʨʘ, ʧʦʣʫʯʘʝʤ 

3[ ] [ ]( , )
( , )

( , ) | | ( , )
s xcB Ar t

r t d r
r t r r r t

d r d rr
u

dr dr

¡
¡= + +

¡-ñ   (37) 

ʕʪʦ ʫʨʘʚʥʝʥʠʝ ʨʝʰʘʝʪʩʷ ʪʦʣʴʢʦ ʩ ʧʦʤʦʱʴʶ ʪʦʯʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʉʨʘʚʥʝʥʠʝ ʩ ʬʦʨʤʫʣʦʡ (34) ʜʘʝʪ ʚʳʨʘʞʝʥʠʝ ʜʣʷ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʦʜʥʦʯʘʩʪʠʯʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

3 [ ]( , )
( , ) ( , )

| | ( , )
xc

s

Ar t
r t r t d r

r r r t

d rr
u u

dr

¡
¡= + +

¡-ñ   (38) 

ʇʦʜʩʪʘʚʣʷʷ ʵʪʦ ʫʨʘʚʥʝʥʠʝ ʚʦ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʝ ʦʜʥʦʯʘʩʪʠʯʥʦʝ 

ʫʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ, ʧʦʣʫʯʘʝʤ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʝ ʫʨʘʚʥʝʥʠʷ ʂʦʥʘ ï 

ʐʝʤʘ  

2 3 [ ]1 ( , )
( , ) ( ( , ) ) ( , )

2 | | ( , )

Ĕ( , ) ( , )

xc
i i i

KS

i i

Ar t
i r t r t d r r t

t r r r t

i r t F r t
t

d rr
f u f

dr

f f

¡µ
¡= - Ð + + +

¡µ -

µ
=

µ

ñ
  

(39) 

(40), 

ʚ ʢʦʪʦʨʳʭ ʧʣʦʪʥʦʩʪʴ ʜʘʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʦʡ (29). ɺʨʝʤʝʥʥʦ 

ʟʘʚʠʩʷʱʠʝ ʫʨʘʚʥʝʥʠʷ ʂʦʥʘ ï ʐʝʤʘ ʷʚʣʷʶʪʩʷ ʘʥʘʣʦʛʠʝʡ ʩ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʤ 

ʩʣʫʯʘʝʤ ʦʜʥʦʯʘʩʪʠʯʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʢʘʞʜʳʡ ʵʣʝʢʪʨʦʥ 
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ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʠʥʜʠʚʠʜʫʘʣʴʥʦ ʚ ʦʙʣʘʩʪʠ ʚʩʝʭ ʦʩʪʘʣʴʥʳʭ. ɺ ʥʠʭ ʷʚʥʦ 

ʩʦʜʝʨʞʠʪʩʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ ʨʘʚʥʘʷ -1/2Ði
2; ʚʨʝʤʝʥʥʦ 

ʟʘʚʠʩʷʱʠʭ ʚʥʝʰʥʠʡ ʧʦʪʝʥʮʠʘʣ ɡ(r,t) ʠ ʢʫʣʦʥʦʚʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʟʘʨʷʜʘ ʚʩʝʭ ʵʣʝʢʪʨʦʥʦʚ ʩ ʜʨʫʛʠʤʠ ʵʣʝʢʪʨʦʥʘʤʠ. ʇʦ ʘʥʘʣʦʛʠʠ 

ʩ ʪʨʘʜʠʮʠʦʥʥʦʡ, ʥʝ ʟʘʚʠʩʷʱʝʡ ʦʪ ʚʨʝʤʝʥʠ ʩʭʝʤʝ ʂʦʥʘ ï ʐʝʤʘ, ʚʩʝ ʵʬʬʝʢʪʳ 

ʦʙʤʝʥʘ ʠ ʢʦʨʨʝʣʷʮʠʠ (ʷʚʥʳʝ ʢʫʣʦʥʦʚʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 

ʵʣʝʢʪʨʦʥʘʤʠ) ʩʦʙʨʘʥʳ ʚ (ŭAxc[ɟ])/(ŭɟ(r,t)). ʉ ʵʪʦʡ ʮʝʣʴʶ ʥʝ ʙʳʣʘ ʚʚʝʜʝʥʘ 

ʘʧʧʨʦʢʩʠʤʘʮʠʷ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʘʷ ʪʝʦʨʠʷ ʂʦʥʘ ï ʐʝʤʘ 

ʬʦʨʤʘʣʴʥʦ ʪʦʯʥʘ ʜʣʷ ʪʝʦʨʠʠ ʤʥʦʛʠʭ ʪʝʣ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʪʦʯʥʳʡ ʚʨʝʤʝʥʥʦ 

ʟʘʚʠʩʷʱʠʡ "ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ" ʬʫʥʢʮʠʦʥʘʣ ʜʝʡʩʪʚʠʷ (ʪʘʢʞʝ 

ʥʘʟʳʚʘʝʤʳʡ XC ʷʜʨʦʤ) ʥʝ ʠʟʚʝʩʪʝʥ, ʠ ʜʦʣʞʥʳ ʙʳʪʴ ʚʚʝʜʝʥʳ ʜʣʷ ʥʝʛʦ 

ʧʨʠʙʣʠʞʝʥʠʷ. ʇʝʨʚʦʝ ʧʨʠʙʣʠʞʝʥʠʝ, ʪʘʢ ʥʘʟʳʚʘʝʤʦʝ ʘʜʠʘʙʘʪʠʯʝʩʢʦʝ 

ʧʨʠʙʣʠʞʝʥʠʝ ʣʦʢʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ (ALDA), ʚ ʢʦʪʦʨʦʤ ʧʝʨʚʦʥʘʯʘʣʴʥʦ 

ʥʝʣʦʢʘʣʴʥʦʝ (ʚʦ ʚʨʝʤʝʥʠ) ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʝ XC ʷʜʨʦ ʟʘʤʝʥʷʝʪʩʷ ʥʘ 

ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʡ ʣʦʢʘʣʴʥʦʝ ʷʜʨʦ, ʧʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʤʝʥʷʝʪʩʷ 

ʦʯʝʥʴ ʤʝʜʣʝʥʥʦ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ. ʕʪʦ ʧʨʠʙʣʠʞʝʥʠʝ ʧʦʟʚʦʣʷʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʪʘʥʜʘʨʪʥʳʡ ʣʦʢʘʣʴʥʳʡ ʧʦʪʝʥʮʠʘʣ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ XC ʚ 

ʨʘʤʢʘʭ TD-DFT.  

ɺʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʝ ʫʨʘʚʥʝʥʠʷ ʂʦʥʘ ï ʐʝʤʘ ʤʦʞʥʦ ʫʜʦʙʥʦ ʚʳʨʘʟʠʪʴ ʚ 

ʤʘʪʨʠʯʥʦʡ ʦʩʥʦʚʝ, ʩʢʘʞʝʤ, M ʥʝ ʟʘʚʠʩʷʱʝʡ ʦʪ ʚʨʝʤʝʥʠ ʦʜʥʦʯʘʩʪʠʯʥʳʭ 

ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ {ɢi(r)} ʪʘʢʠʭ, ʯʪʦ 

( , ) ( ) ( )
M

p pj j

j

r t c t rf c=ä   (41) 

ʊʦʛʜʘ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʝ ʫʨʘʚʥʝʥʠʝ ʂʦʥʘ ï ʐʝʤʘ ʧʨʠʥʠʤʘʝʪ ʚʠʜ 

KSi
t

µ
=

µ
C F C   (42) 

ɿʜʝʩʴ i-ʳʡ ʩʪʦʣʙʝʮ ʤʘʪʨʠʮʳ C ʩʦʜʝʨʞʠʪ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʣʦʞʝʥʠʷ ūi(r,t) ʠ FKS ʷʚʣʷʝʪʩʷ ʤʘʪʨʠʯʥʳʤ ʧʨʝʜʩʪʘʚʣʝʥʠʝʤ 

ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʛʦ ʦʧʝʨʘʪʦʨʘ ʂʦʥʘ ï ʐʝʤʘ ʚ ʜʘʥʥʦʤ ʙʘʟʠʩʝ. ʋʤʥʦʞʝʥʠʝ 

ʫʨʘʚʥʝʥʠʷ (42) ʩʧʨʘʚʘ ʥʘ CÀ, ʘ ʟʘʪʝʤ ʚʳʯʠʪʘʥʠʝ ʠʟ ʧʦʣʫʯʝʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʝʛʦ 
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ʕʨʤʠʪʦʚʩʢʦʛʦ ʪʨʘʥʩʧʦʥʠʨʦʚʘʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ɼʠʨʘʢʦʚʩʢʦʡ ʬʦʨʤʝ ʚʨʝʤʝʥʥʦ 

ʟʘʚʠʩʷʱʝʛʦ ʫʨʘʚʥʝʥʠʷ ʂʦʥʘ ï ʐʝʤʘ ʜʣʷ ʧʣʦʪʥʦʩʪʠ ʚ ʤʘʪʨʠʯʥʦʡ ʬʦʨʤʝ. 

{ }pq pq pq pq pr

q

F P P F i P
t

µ
- =

µ
ä   (43) 

ʛʜʝ ʤʘʪʨʠʮʘ ʧʣʦʪʥʦʩʪʠ Ppr ʚ ʮʝʣʦʤ ʩʚʷʟʘʥʥʘ ʩ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʯʝʨʝʟ 

* * *

, ,

( , ) ( ) ( ) ( ) ( ) ( ) ( )
M M

p q p q pq p q

p q p q

r t c t c t r r P r rr c c c c= =ä ä   (44) 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʠʡ 

KS ʧʦʜʭʦʜ, ʚ ʢʦʪʦʨʦʤ ʤʦʞʥʦ ʩʣʝʜʦʚʘʪʴ ʜʚʫʤ ʨʘʟʣʠʯʥʳʤ ʩʪʨʘʪʝʛʠʷʤ. ʆʜʥʠʤ 

ʠʟ ʚʦʟʤʦʞʥʳʭ ʚʘʨʠʘʥʪʦʚ ʷʚʣʷʝʪʩʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʡ 

ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ KS ʚʦ ʚʨʝʤʝʥʠ, ʯʪʦ ʥʘʟʳʚʘʝʪʩʷ ʨʝʘʣʴʥʳʤ ʚʨʝʤʝʥʥʳʤ 

TDDFT. ʕʪʦʪ ʤʝʪʦʜ ʜʦ ʩʠʭ ʧʦʨ ʠʤʝʝʪ ʩʪʘʪʫʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʤʝʪʦʜʘ, ʥʦ 

ʥʘʯʠʥʘʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʚ ʭʠʤʠʠ ʠ ʙʠʦʬʠʟʠʢʠ, ʠ ʙʳʣʦ ʦʧʫʙʣʠʢʦʚʘʥʦ ʥʝʩʢʦʣʴʢʦ 

ʫʩʧʝʰʥʳʭ ʩʪʘʪʝʡ. 

 

1.4.4 ɺʳʚʦʜ ʣʠʥʝʡʥʦʛʦ ʫʨʘʚʥʝʥʠʷ TDDFT.  

ʀʩʧʦʣʴʟʫʷ ʬʦʨʤʘʣʠʟʤ ʤʘʪʨʠʮʳ ʧʣʦʪʥʦʩʪʠ, ʧʦʢʘʟʘʥʦ, ʢʘʢ ʵʥʝʨʛʠʷ 

ʚʦʟʙʫʞʜʝʥʠʷ ʧʦʣʫʯʘʝʪʩʷ ʠʟ ʣʠʥʝʡʥʦʡ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʨʝʘʢʮʠʠ, ʥʝ ʟʘʚʠʩʷʱʝʡ 

ʦʪ ʚʨʝʤʝʥʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʣʷ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ɺʥʘʯʘʣʝ ʧʨʠʤʝʥʷʝʪʩʷ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʩʠʩʪʝʤʘ ʥʘʭʦʜʠʪʩʷ ʚ ʩʚʦʝʤ ʦʩʥʦʚʥʦʤ 

ʵʣʝʢʪʨʦʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʪʘʥʜʘʨʪʥʳʤ ʚʨʝʤʝʥʥʦ 

ʟʘʚʠʩʷʱʠʤ ʫʨʘʚʥʝʥʠʝʤ ʂʦʥʘ ï ʐʝʤʘ, ʢʦʪʦʨʦʝ ʚ ʬʦʨʤʫʣʠʨʦʚʢʠ ʤʘʪʨʠʮʳ 

ʧʣʦʪʥʦʩʪʠ ʧʨʠʥʠʤʘʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

(0) (0) (0) (0){ } 0pq qr pq qr

q

F P P F- =ä   (45) 

ʩ ʠʜʝʤʧʦʪʝʥʪʥʦʩʪʴʶ ʩʦʩʪʦʷʥʠʷ 

(0) (0) (0)

pq qr pr

q

P P P=ä   (46) 
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F(0)
pq ʠ P

(0)
pq  ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʛʘʤʠʣʴʪʦʥʠʘʥʫ ʂʦʥʘ ï ʐʝʤʘ ʠ ʤʘʪʨʠʮʝ ʧʣʦʪʥʦʩʪʠ 

ʚ ʥʝʚʦʟʤʫʱʝʥʥʦʤ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʣʝʤʝʥʪʳ ʤʘʪʨʠʮʳ 

ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʂʦʥʘ ï ʐʝʤʘ ʜʘʥʳ ʚ ʢʘʯʝʩʪʚʝ 

(0) 3 * 2 3

1
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2 | | | | ( )

M
k xc

pq p q
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Z Er
F d r r d r r

r R r r r

dr
f f

dr=

¡ ûë
¡= - Ð - + +ì ü

¡- -í ý
äñ ñ   (47) 

ɺ ʦʩʥʦʚʝ ʦʨʪʦʥʦʨʤʠʨʦʚʘʥʥʳʭ ʥʝʚʦʟʤʫʱʝʥʥʳʭ ʦʜʥʦʯʘʩʪʠʯʥʳʭ 

ʦʨʙʠʪʘʣʝʡ ʜʣʷ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʵʪʠ ʤʘʪʨʠʮʳ ʧʨʦʩʪʦ ʜʘʶʪʩʷ ʢʘʢ 

(0)

pq pq pF ed=   (48) 

ʠ 

(0)

(0) (0) (0) 0

ij ij

ia ai ab

P

P P P

d=

= = =
  

(49) 

(50) 

 

ʆʧʷʪʴ ʞʝ ʤʳ ʩʣʝʜʫʝʤ ʫʪʚʝʨʞʜʝʥʠʶ, ʯʪʦ ʠʥʜʝʢʩʳ i, j ʠ ʪ.ʧ. ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʟʘʥʷʪʳʤ ʦʨʙʠʪʘʣʷʤ a, b, ʠ ʪ.ʧ., ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʠʨʪʫʘʣʴʥʳʤ ʦʨʙʠʪʘʣʷʤ ʠ p, q, 

r ʠ ʜʨ., ʦʪʥʦʩʷʪʩʷ ʢ ʦʙʱʠʤ ʦʨʙʠʪʘʣʷʤ, ʘ ep ʷʚʣʷʝʪʩʷ ʦʨʙʠʪʘʣʴʥʦʡ ʵʥʝʨʛʠʝʡ ʠʟ 

ʦʜʥʦʵʣʝʢʪʨʦʥʥʦʡ ʦʨʙʠʪʘʣʠ ʨ. 

ʊʝʧʝʨʴ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʢʦʣʝʙʘʪʝʣʴʥʦʝ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʝ ʚʥʝʰʥʝʝ 

ʧʦʣʝ ʠ ʧʝʨʚʳʡ ʧʦʨʷʜʦʢ (ʣʠʥʝʡʥʳʡ) ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʷ. ɺ ʦʙʱʝʡ ʪʝʦʨʠʠ 

ʚʦʟʤʫʱʝʥʠʡ ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ ʠʣʠ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ, ʤʘʪʨʠʮʘ ʧʣʦʪʥʦʩʪʠ 

ʩʯʠʪʘʝʪʩʷ ʢʘʢ ʩʫʤʤʘ ʥʝʚʦʟʤʫʱʝʥʥʦʛʦ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ ʝʛʦ ʚʨʝʤʝʥʥʦ 

ʟʘʚʠʩʷʱʝʛʦ ʠʟʤʝʥʝʥʠʷ ʜʣʷ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ, 

(0) (1)

pq pq pqP P P= +   (51) 

ʊʦ ʞʝ ʩʘʤʦʝ ʩʧʨʘʚʝʜʣʠʚʦ ʠ ʜʣʷ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ 

ʂʦʥʘ ï ʐʝʤʘ, ʯʪʦ ʚ ʧʝʨʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʜʘʝʪʩʷ ʢʘʢ ʩʫʤʤʘ ʦʩʥʦʚʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ KS ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʠ ʠʟʤʝʥʝʥʠʷ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ  

(0) (1)

pq pq pqF F F= +   (52) 

ʇʦʜʩʪʘʚʣʷʷ ʫʨʘʚʥʝʥʠʷ (51) ʠ (52) ʚ ʥʝʩʪʘʮʠʦʥʘʨʥʦʝ ʫʨʘʚʥʝʥʠʝ ʂʦʥʘ ï 

ʐʝʤʘ (43) ʠ ʩʦʙʠʨʘʷ ʚʩʝ ʯʣʝʥʳ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ, ʧʦʣʫʯʘʝʤ 
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F P P F F P P F i P
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µ
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µ
ä   (53) 

ʀʟʤʝʥʝʥʠʝ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʜʣʷ ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʂʦʥʘ ï ʐʝʤʘ ʩʦʩʪʦʠʪ ʠʟ 

ʜʚʫʭ ʩʣʘʛʘʝʤʳʭ. ʇʝʨʚʳʡ ʚʢʣʘʜ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʠʤʝʥʝʥʠʶ ʚʦʟʤʫʱʝʥʠʷ, ʪ.ʝ 

ʧʨʠʤʝʥʷʝʪʩʷ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, ʠ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʦʪʨʝʪʴ ʪʦʣʴʢʦ ʦʜʠʥ ʢʦʤʧʦʥʝʥʪ ʚʦʟʤʫʱʝʥʠʷ ʌʫʨʴʝ, ʢʦʪʦʨʳʡ 

ʜʘʝʪʩʷ ʚ ʥʦʪʘʮʠʠ ʢ ʤʘʪʨʠʮʝ ʢʘʢ 

*1
[ ]

2

i t i t

pq pq qpg f e f ew w-= +   (54) 

ɺ ʵʪʦʤ ʫʨʘʚʥʝʥʠʠ ʤʘʪʨʠʮʘ fpq ʷʚʣʷʝʪʩʷ ʦʜʥʦʵʣʝʢʪʨʦʥʥʳʤ ʦʧʝʨʘʪʦʨʦʤ ʠ 

ʦʧʠʩʳʚʘʝʪ ʜʝʪʘʣʠ ʧʨʠʤʝʥʷʝʤʦʛʦ ʚʦʟʤʫʱʝʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʜʚʫʭʵʣʝʢʪʨʦʥʥʘʷ 

ʯʘʩʪʴ ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʂʦʥʘ ï ʐʝʤʘ ʨʝʘʛʠʨʫʝʪ ʥʘ ʠʟʤʝʥʝʥʠʷ ʚ ʤʘʪʨʠʮʝ 

ʧʣʦʪʥʦʩʪʠ, ʦʪ ʢʦʪʦʨʳʭ ʦʥʘ ʷʚʥʦ ʟʘʚʠʩʠʪ. ʀʟʤʝʥʝʥʠʷ ʚ ʛʘʤʠʣʴʪʦʥʠʘʥʝ KS ʚ 

ʩʚʷʟʠ ʩ ʠʟʤʝʥʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʧʨʠʚʝʜʝʥʳ ʚ ʧʝʨʚʦʤ ʧʦʨʷʜʢʝ ʢʘʢ 
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(0) (1)pq

pq st

st st

F
F P

P

µ
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µ
ä   (55) 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʚʳʡ ʧʦʨʷʜʦʢ ʠʟʤʝʥʝʥʠʷ ʛʘʤʠʣʴʪʦʥʠʘʥʘ KS ʚ ʮʝʣʦʤ 

ʟʘʜʘʝʪʩʷ ʢʘʢ 

(1) (0)

pq pq pqF g F= +D   (56) 

ʆʙʨʘʱʘʷʩʴ ʢ ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʤʫ ʠʟʤʝʥʝʥʠʶ ʤʘʪʨʠʮʳ ʧʣʦʪʥʦʩʪʠ, 

ʚʳʟʚʘʥʥʦʝ ʚʦʟʤʫʱʝʥʠʝʤ ʛʘʤʠʣʴʪʦʥʠʘʥʘ KS, ʪʦ ʚ ʧʝʨʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ 

ʟʘʜʘʝʪʩʷ ʢʘʢ 

(1) *1
[ ]

2

iwt iwt

pq pq qpP d e d e-= +   (57) 

ʛʜʝ dpq ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʦʟʤʫʱʝʥʠʝ ʧʣʦʪʥʦʩʪʠ. ʋʤʥʦʞʘʷ ʫʩʣʦʚʠʷ ʥʘ i te w- , 

ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʝʝ ʚʳʨʘʞʝʥʠʝ 
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ʋʩʣʦʚʠʷ, ʫʤʥʦʞʝʥʥʳʝ ʥʘ i tew, ʧʨʠʚʝʜʫʪ ʢ ʢʦʤʧʣʝʢʩʥʦʤʫ ʩʦʧʨʷʞʝʥʠʶ 

ʧʨʠʚʝʜʝʥʥʦʛʦ ʚʳʰʝ ʫʨʘʚʥʝʥʠʷ. ʀʜʝʤʧʦʪʝʥʪʥʦʩʪʴ ʫʩʣʦʚʠʷ (ʫʨʘʚʥʝʥʠʝ (46)) 

ʜʘʝʪ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʠʟʤʝʥʝʥʠʷ ʤʘʪʨʠʮʳ ʧʣʦʪʥʦʩʪʠ ʚʠʜʘ 

(0) (1) (1) (0) (1){ }pq qr pq qr pr

q

P P P P P+ =ä   (59), 

ʢʦʪʦʨʳʡ ʦʛʨʘʥʠʯʠʚʘʝʪ ʚʠʜ ʤʘʪʨʠʮʳ dpq ʚ ʫʨʘʚʥʝʥʠʠ (58) ʪʘʢ, ʯʪʦ ʟʘʥʷʪʳʝ - 

ʟʘʥʷʪʳʝ ʠ ʚʘʢʘʥʪʥʳʝ - ʚʘʢʘʥʪʥʳʝ ʙʣʦʢʠ dii ʠ daa ʨʘʚʥʳ ʥʫʣʶ, ʠ ʪʦʣʴʢʦ ʟʘʥʷʪʳʝ 

- ʚʘʢʘʥʪʥʳʝ ʠ ʚʘʢʘʥʪʥʦ - ʟʘʥʷʪʳʝ ʙʣʦʢʠ  dia ʠ dai, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʥʦʩʷʪ ʩʚʦʡ 

ʚʢʣʘʜ ʠ ʫʯʠʪʳʚʘʶʪʩʷ. ɺʩʧʦʤʠʥʘʷ ʜʠʘʛʦʥʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ ʛʘʤʠʣʴʪʦʥʠʘʥʘ 

ʥʝʚʦʟʤʫʱʝʥʥʦʡ KS ʠ ʤʘʪʨʠʮʳ ʧʣʦʪʥʦʩʪʠ, ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʩʣʝʜʫʶʱʫʶ ʧʘʨʫ 

ʫʨʘʚʥʝʥʠʡ: 
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(61) 

ʛʜʝ ʧʦʣʦʞʠʣʠ xai = dai  ʠ yai  = dia, ʩʣʝʜʫʷ ʦʙʳʯʥʦʡ ʥʦʤʝʥʢʣʘʪʫʨʝ. ɺ ʥʫʣʝʚʦʤ 

ʧʨʝʜʝʣʝ ʜʣʷ ʯʘʩʪʦʪʳ (fai =  fia = 0), ʪʦ ʝʩʪʴ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʵʣʝʢʪʨʦʥʥʳʝ 

ʧʝʨʝʭʦʜʳ ʧʨʦʠʩʭʦʜʷʪ  ʜʣʷ ʙʝʩʢʦʥʝʯʥʦ ʤʘʣʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʪʦʛʦ ʬʘʢʪʘ, ʯʪʦ ʚ ʦʩʥʦʚʝ ʢʘʥʦʥʠʯʝʩʢʠʭ ʦʨʙʠʪʘʣʝʡ F(0)
pp=ep ʠ P

(0)
ii=1 (ʫʨʘʚʥʝʥʠʷ 

(48), (49) ʠ (50)) ʣʝʞʠʪ ʦʜʥʦʦʨʙʠʪʘʣʴʥʦʝ ʥʝʵʨʤʠʪʦʚʦʝ ʩʦʙʩʪʚʝʥʥʦʝ ʨʝʰʝʥʠʝ 

ʫʨʘʚʥʝʥʠʷ, ʧʦʣʫʯʘʝʤ ʫʨʘʚʥʝʥʠʝ TDDFT 

* *

1 0

0 1
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w
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  (62) 

ʩʪʨʫʢʪʫʨʘ, ʢʦʪʦʨʘʷ ʵʢʚʠʚʘʣʝʥʪʥʘ TDHF. ʕʣʝʤʝʥʪʳ ʤʘʪʨʠʮ ɸ ʠ ɺ ʧʨʠʚʝʜʝʥʳ ʚ 

ʢʘʯʝʩʪʚʝ 

,

,

( ) ( | ) ( | | )

( | ) ( | | )

ia jb ij ab a i xc

ia jb xc

A e e ia jb ia f jb

B ia bj ia f bj

d d= - + +

= +
  

(63) 

(64) 

ʛʜʝ ʜʚʫʭʵʣʝʢʪʨʦʥʥʳʝ ʠʥʪʝʛʨʘʣʳ ʜʘʶʪʩʷ ʚ ʄʘʣʣʠʢʝʥʦʚʩʢʦʤ ʦʙʦʟʥʘʯʝʥʠʠ. ʇʦ 

ʩʨʘʚʥʝʥʠʶ ʩ TDHF ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʪʨʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʦʪʣʠʯʘʶʪʩʷ ʪʦʣʴʢʦ 

ʧʦʩʣʝʜʥʠʤʠ ʯʣʝʥʘʤʠ. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ TDHF ʧʦʩʣʝʜʥʠʝ ʯʣʝʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 
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ʦʪʚʝʪʫ ʥʘ ʥʝʣʦʢʘʣʴʥʳʡ HF ʦʙʤʝʥʥʳʡ ʧʦʪʝʥʮʠʘʣ, ʢʦʪʦʨʳʡ ʧʦʣʫʯʘʝʪʩʷ ʠʟ ʠʭ 

ʢʫʣʦʥʦʚʩʢʦʛʦ ʫʩʣʦʚʠʷ, ʚ TDDFT ʦʥʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʳʙʨʘʥʥʦʤʫ XC 

ʧʦʪʝʥʮʠʘʣʫ, ʢʦʪʦʨʳʡ ʟʘʤʝʥʷʝʪ HF ʦʙʤʝʥʥʳʡ ʧʦʪʝʥʮʠʘʣ ʚ KS-DFT. ɺ 

ʧʨʠʙʣʠʞʝʥʠʠ ALDA  ʨʝʘʢʮʠʠ ʥʘ XC ʧʦʪʝʥʮʠʘʣ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʪʦʨʘʷ 

ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʵʥʝʨʛʠʠ, ʢʦʪʦʨʫʶ 

ʪʘʢʞʝ ʥʘʟʳʚʘʶʪ ʍʉ ʷʜʨʦʤ, ʠ ʟʘʜʘʝʪʩʷ ʢʘʢ 

2
3 3 * *( | | ) ( ) ( ) ( ) ( )

( ) ( )
xc

xc i a b j

E
ia f jb d r d r r r r r

r r

d
f f f f

dr dr
¡ ¡ ¡=

¡ñ   (65) 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʦʜʭʦʜ ʢ ʚʳʚʦʜʫ ʣʠʥʝʡʥʳʭ ʚʳʨʘʞʝʥʠʡ ʜʣʷ ʫʨʘʚʥʝʥʠʡ 

TDDFT (ʫʨʘʚʥʝʥʠʝ (62)) ʯʝʨʝʟ ʟʘʚʠʩʷʱʫʶ ʦʪ ʵʥʝʨʛʠʠ ʧʣʦʪʥʦʩʪʴ ï ʬʫʥʢʮʠʶ 

ʧʣʦʪʥʦʩʪʠ ɢ (r, rô, ɤ) ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʘʷ ʩʦʜʝʨʞʠʪ ʚʩʶ 

ʬʠʟʠʯʝʩʢʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʪʦʤ, ʢʘʢ ʪʦʯʥʘʷ ʧʣʦʪʥʦʩʪʴ ɟ (r, ɤ) ʤʝʥʷʝʪʩʷ ʧʨʠ 

ʤʘʣʳʭ ʠʟʤʝʥʝʥʠʷʭ ʚʥʝʰʥʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ɡ ext(r, ɤ), ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ ʄʘʨʢʫʩʦʤ 

ʠ ɻʨʦʩʩʦʤ. ɺʝʣʠʯʠʥʳ ʟʘʚʠʩʷʪ ʦʪ ʵʥʝʨʛʠʠ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʌʫʨʴʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʶ, ʢʦʪʦʨʦʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʟʘʚʠʩʠʪ ʦʪ ʚʨʝʤʝʥʠ. ʀʟʤʝʥʝʥʠʝ 

ʧʣʦʪʥʦʩʪʠ ʤʦʞʝʪ ʪʘʢʞʝ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ ʩʠʩʪʝʤʳ ʂʦʥʘ ï ʐʝʤʘ, ɢKS (r, rô, ɤ) ʠ ʜʘʝʪʩʷ ʢʘʢ 

3( , ) ( , , ) ( , )KS sr d r r r rdr w c wdu w¡ ¡ ¡=ñ   (66) 

ʀʟ ʫʨʘʚʥʝʥʠʷ (66) ʤʦʞʥʦ ʬʦʨʤʘʣʴʥʦ ʧʦʣʫʯʠʪʴ ʪʦʯʥʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ 

ʪʦʯʥʦʡ ʬʫʥʢʮʠʠ ʦʪʢʣʠʢʘ ʧʣʦʪʥʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʦʝ 

ʧʦʣʫʯʘʝʪʩʷ 

3 3 1
( , , ) ( , , ) ( , , )[ ( , , )] ( , , )

| |
KS xc KSr r r r d r d r r r f r r r r

r r
c w c w c w w c w¡ ¡ ¡¡ ¡¡¡ ¡¡ ¡¡ ¡¡¡ ¡¡¡ ¡= + +

¡¡ ¡¡¡-ñ ñ   (67) 

ɿʥʘʷ, ʯʪʦ ʪʦʯʥʘʷ ʬʫʥʢʮʠʷ ʦʪʢʣʠʢʘ ʧʣʦʪʥʦʩʪʠ ʠʤʝʝʪ ʧʦʣʶʩʳ ʚ ʪʦʯʥʦʡ 

ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ʩʠʩʪʝʤʳ, ʤʦʞʥʦ, ʥʘʯʠʥʘʷ ʩ ʫʨʘʚʥʝʥʠʷ (67) ʠ ʯʝʨʝʟ ʩʝʨʠʶ 

ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ, ʧʨʠʡʪʠ ʢ ʧʩʝʚʜʦʩʦʙʩʪʚʝʥʥʦʤʫ ʟʥʘʯʝʥʠʶ 

ʫʨʘʚʥʝʥʠʷ, ʘʥʘʣʦʛʠʯʥʦʤʫ ʫʨʘʚʥʝʥʠʶ (62), ʯʪʦ ʜʘʝʪ ʪʦʯʥʦʝ ʵʥʝʨʛʠʶ 

ʚʦʟʙʫʞʜʝʥʠʷ. ɽʩʣʠ ʢ ʪʦʤʫ ʞʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʜʥʦʧʦʣʶʩʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ (SPA) 
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ʠ ʧʨʠʙʣʠʞʝʥʠʝ ALDA, ʪʦ ʧʦʣʫʯʘʝʤ ʠʤʝʥʥʦ ʣʠʥʝʡʥʳʡ ʦʪʢʣʠʢ TDDFT 

(ʫʨʘʚʥʝʥʠʝ (62)). 

ɸʥʘʣʦʛʠʯʥʦ ʚ TDHF ʠ CIS, ʚʚʦʜʠʪʩʷ ʧʨʠʙʣʠʞʝʥʠʝ ʊʘʤʤʘ ï ɼʘʥʢʦʚʘ 

(TDA). ʆʧʷʪʴ ʞʝ ʵʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʝʥʝʙʨʝʞʝʥʠʷʤ ʤʘʪʨʠʮʳ B ʚ ʫʨʘʚʥʝʥʠʠ 

(62), ʪʦ ʝʩʪʴ ʫʯʠʪʳʚʘʝʪʩʷ ʪʦʣʴʢʦ ʟʘʥʷʪʳʡ ʚʠʨʪʫʘʣʴʥʳʡ ʙʣʦʢ ʥʘʯʘʣʴʥʦʡ 

ʤʘʪʨʠʮʳ d (ʫʨʘʚʥʝʥʠʝ (58)). ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʵʨʤʠʪʦʚʦʤʫ ʫʨʘʚʥʝʥʠʶ ʥʘ 

ʩʦʙʩʪʚʝʥʥʦʝ ʟʥʘʯʝʥʠʝ 

w=AX X   (68) 

ʛʜʝ ʤʘʪʨʠʯʥʳʝ ʵʣʝʤʝʥʪʳ ʤʘʪʨʠʮʳ A ʧʦ-ʧʨʝʞʥʝʤʫ ʪʘʢ ʞʝ ʦʧʨʝʜʝʣʝʥʳ, ʢʘʢ ʚ 

ʫʨʘʚʥʝʥʠʠ (63). ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ TDA / TDDFT, ʢʘʢ ʧʨʘʚʠʣʦ, ʜʘʝʪ ʦʯʝʥʴ 

ʭʦʨʦʰʝʝ ʧʨʠʙʣʠʞʝʥʠʝ ʢ TDDFT. ɺʦʟʤʦʞʥʘʷ ʧʨʠʯʠʥʘ ʵʪʦʛʦ ʤʦʞʝʪ ʙʳʪʴ ʚ ʪʦʤ, 

ʯʪʦ DFT ʢʦʨʨʝʣʷʮʠʷ ʫʞʝ ʚʢʣʶʯʝʥʘ ʚ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʩʠʣʫ XC 

ʬʫʥʢʮʠʦʥʘʣʘ, ʯʝʛʦ ʥʝʪ ʚ ʪʝʦʨʠʠ HF. ʇʦʩʢʦʣʴʢʫ ʚʝʣʠʯʠʥʘ Y ʘʤʧʣʠʪʫʜ ʠ 

ʵʣʝʤʝʥʪʳ ʤʘʪʨʠʮʳ B ʷʚʣʷʶʪʩʷ ʤʝʨʦʡ ʦʪʩʫʪʩʪʚʫʶʱʝʡ ʢʦʨʨʝʣʷʮʠʠ ʚ ʦʩʥʦʚʥʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʦʥʠ ʜʦʣʞʥʳ ʙʳʪʴ ʝʱʝ ʤʝʥʴʰʝ, ʯʝʤ ʚ TDDFT ʚ TDHF ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʙʳʪʴ ʤʝʥʝʝ ʚʘʞʥʳʤ. TDDFT ʪʘʢʞʝ ʙʦʣʝʝ ʫʩʪʦʡʯʠʚʦ ʢ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʪʨʠʧʣʝʪʘ, ʯʝʤ TDHF. 

ʋʨʘʚʥʝʥʠʷ (62), (63) ʠ (64) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ TDDFT ʬʦʨʤʘʣʠʟʤ, 

ʢʦʪʦʨʳʡ ʨʝʰʘʝʪʩʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ɤ ʠ ʚʝʢʪʦʨʘ ʧʝʨʝʭʦʜʘ 

|XY>, ʢʦʛʜʘ ʥʝʚʦʟʤʫʱʝʥʥʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ KS (ʫʨʘʚʥʝʥʠʝ (47)), ʩʦʜʝʨʞʠʪ, ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʡ, ʯʠʩʪʳʡ DFT XC ʧʦʪʝʥʮʠʘʣ ʠ ʪʘʢʞʝ ʥʝ ʩʦʜʝʨʞʠʪ ʯʘʩʪʠ ʍʘʨʪʨʠ ï 

ʌʦʢʦʚʩʢʦʛʦ ʦʙʤʝʥʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʝʡʯʘʩ ʜʦʚʦʣʴʥʦ ʯʘʩʪʦ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ 

ʯʘʩʪʠ ʍʌ ʦʙʤʝʥʘ ʚ XC ʧʦʪʝʥʮʠʘʣ, ʯʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʭ ʛʠʙʨʠʜʥʳʭ ʬʫʥʢʮʠʦʥʘʣʦʚ. ʅʘʧʨʠʤʝʨ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʡ 

ʬʫʥʢʮʠʦʥʘʣ B3LYP, ʩʦʜʝʨʞʘʱʠʡ 20% HF ʦʙʤʝʥʘ (cHF= 0,2 ʚ ʫʨʘʚʥʝʥʠʠ (69)). 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚ ʥʝʚʦʟʤʫʱʝʥʥʦʤ ʛʘʤʠʣʴʪʦʥʠʘʥʝ KS ʧʦʷʚʣʷʝʪʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʯʣʝʥ, ʠ ʦʥ ʧʨʠʥʠʤʘʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 
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  (69) 

ʀʩʧʦʣʴʟʫʷ ʵʪʦʪ ʙʦʣʝʝ ʦʙʱʠʡ, ʥʝ ʟʘʚʠʩʷʱʠʡ ʦʪ ʚʨʝʤʝʥʠ, KS 

ʛʘʤʠʣʴʪʦʥʠʘʥ ʠ, ʧʨʦʚʦʜʷ ʘʥʘʣʦʛʠʯʥʳʝ ʨʘʩʩʫʞʜʝʥʠʷ, ʧʨʠʭʦʜʠʤ ʢ ʙʦʣʝʝ 

ʦʙʱʝʤʫ ʚʳʨʘʞʝʥʠʶ ʜʣʷ TDDFT ʫʨʘʚʥʝʥʠʡ, ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʛʠʙʨʠʜʥʳʝ ʬʫʥʢʮʠʦʥʘʣʳ. ʍʦʪʷ ʥʝʵʨʤʠʪʦʚʦʝ ʩʦʙʩʪʚʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʫʨʘʚʥʝʥʠʷ 

(62) ʦʩʪʘʝʪʩʷ ʧʨʝʞʥʠʤ, ʵʣʝʤʝʥʪʳ ʝʛʦ ʤʘʪʨʠʮʳ ɸ ʠ ɺ ʪʝʧʝʨʴ ʜʘʶʪʩʷ ʢʘʢ 

,

,

( ) ( | ) ( | ) (1 )( | | )

( | ) ( | ) (1 )( | | )

ia jb ij ab a i HF HF xc

ia jb HF HF xc

A e e ia jb c ij ab c ia f jb

B ia bj c ib aj c ia f bj

d d= - + - + -

= - + -
  

(70) 

(71) 

ʩʦʜʝʨʞʘʱʠʝ ʯʘʩʪʴ ʠʟ ʍʌ ʦʙʤʝʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, ʘ ʪʘʢʞʝ ʦʜʥʦʛʦ ʠʟ ʚʳʙʨʘʥʥʳʭ 

XC ʧʦʪʝʥʮʠʘʣʦʚ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ, ʦʧʨʝʜʝʣʷʝʤʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ cHF, 

ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʛʠʙʨʠʜʥʦʤ XC ʬʫʥʢʮʠʦʥʘʣʝ. ʉʨʘʚʥʠʚʘʷ ʤʘʪʨʠʯʥʳʝ 

ʵʣʝʤʝʥʪʳ ʚ TDHF ʠ ʚ TDDFT ʩ ʬʦʨʤʫʣʦʡ (71), ʩʪʘʥʦʚʠʪʩʷ ʦʯʝʚʠʜʥʳʤ, ʯʪʦ 

ʧʦʩʣʝʜʥʝʝ ʫʨʘʚʥʝʥʠʝ ʩʦʜʝʨʞʠʪ TDHF ʠ TDDFT ʢʘʢ ʧʨʝʜʝʣʴʥʳʝ ʩʣʫʯʘʠ, ʝʩʣʠ 

cHF=1 ʠʣʠ cHF=0 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʫʨʘʚʥʝʥʠʝ (71) 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʣʠʥʝʡʥʦʡ ʢʦʤʙʠʥʘʮʠʝʡ ʫʨʘʚʥʝʥʠʡ ʜʣʷ TDHF ʠ TDDFT, ʠ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, TDHF ʠ TDDFT ʩʦʚʤʝʱʘʶʪʩʷ ʚ ʦʜʥʦʡ ʛʠʙʨʠʜʥʦʡ ʩʭʝʤʝ. 

 
ʈʠʩ.3. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʚʷʟʠ ʤʝʞʜʫ ʍʘʨʪʨʠ-ʌʦʢʦʤ (HF), ʪʝʦʨʠʝʡ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (DFT), ʟʘʚʠʩʷʱʠʤ ʦʪ ʚʨʝʤʝʥʠ ʍʘʨʪʨʠ-ʌʦʢʦʤ, 

ʚʨʝʤʝʥʥʦ ʟʘʚʠʩʷʱʝʡ DFT (TDDFT), ʦʜʠʥʦʯʥʳʤ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ (CIS) ʠ ʧʨʠʙʣʠʞʝʥʠʝʤ ʊʘʤʤʘ-ɼʘʥʢʦʚʘ ʢ TDDFT (TDA). 
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1.5 ʄʝʪʦʜ QM/MM . 

QM/MM ï ʵʪʦ ʢʦʤʙʠʥʘʮʠʷ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʩʩʤʦʪʨʝʥʠʷ 

ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʦʛʦ (ʤʦʣʝʢʫʣʷʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʦʛʦ) ʫʯʝʪʘ ʦʢʨʫʞʝʥʠʷ [144,145]. ʇʦʣʥʘʷ ʩʠʩʪʝʤʘ ʧʦʜʨʘʟʜʝʣʷʝʪʩʷ ʥʘ 

ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʫʶ ʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʫʶ ʧʦʜʩʠʩʪʝʤʳ. 

ɺ ʨʘʤʢʘʭ ʤʝʪʦʜʘ QM/MM ʠʩʧʦʣʴʟʫʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ 

(Heff), ʜʝʡʩʪʚʫʶʱʠʡ ʥʘ ʚʦʣʥʦʚʫʶ ʬʫʥʢʮʠʶ Ɋ ʩʠʩʪʝʤʳ. ɺʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ 

ʟʘʚʠʩʠʪ ʦʪ ʢʦʦʨʜʠʥʘʪ ʷʜʝʨ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʜʩʠʩʪʝʤʳ RQM, ʷʜʝʨ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʜʩʠʩʪʝʤʳ RM ʠ ʢʦʦʨʜʠʥʘʪ ʵʣʝʢʪʨʦʥʦʚ r. 

( , ) ( ) ( , )eff QM M QM M QM Mr R R E R R r R RH Y = Y
  (72) 

/eff QM MM QM MMH =H +H +H
  (73) 

/eff QM MM QM MME E E E= + +
  (74) 

ʕʬʬʝʢʪʠʚʥʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʪʨʠ ʩʣʘʛʘʝʤʳʭ 

(ʫʨʘʚʥʝʥʠʝ (73)), ʦʪʚʝʯʘʶʱʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤ ʚʥʫʪʨʠ ʧʦʜʩʠʩʪʝʤ ʠ ʤʝʞʜʫ 

ʧʦʜʩʠʩʪʝʤʘʤʠ. ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʚʢʣʘʜʳ ʚʢʣʶʯʘʶʪ ʧʦʣʥʦʩʪʴʶ ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʠʯʝʩʢʠʡ HQM, ʯʠʩʪʦ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʠʡ HMM ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʝʞʜʫ QM ʠ MM ʧʦʜʩʠʩʪʝʤʘʤʠ HQM/MM. ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʜʝʣʠʪʩʷ ʠ 

ʧʦʣʥʘʷ ʵʥʝʨʛʠʷ ʩʠʩʪʝʤʳ. 

/| |eff QM QM MM MME E=àY H +H Yð+
  (75) 

ʕʥʝʨʛʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʤʦʞʥʦ ʥʘʡʪʠ, ʨʝʰʘʷ ʫʨʘʚʥʝʥʠʷ 

ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʧʦʣʷ (ʉʉʇ) ʜʣʷ Heff. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʦʣʥʫʶ ʵʥʝʨʛʠʶ 

ʩʠʩʪʝʤʳ ʤʦʞʥʦ ʚʳʨʘʟʠʪʴ ʢʘʢ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ Heff. ʇʨʠ ʵʪʦʤ ʯʠʩʪʦ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʠʡ ʯʣʝʥ, ʢʘʢ ʥʝ ʟʘʚʠʩʷʱʠʡ ʦʪ ʢʦʦʨʜʠʥʘʪ ʵʣʝʢʪʨʦʥʦʚ, 

ʤʦʞʥʦ ʚʳʥʝʩʪʠ ʟʘ ʟʥʘʢ ʠʥʪʝʛʨʘʣʘ (ʫʨʘʚʥʝʥʠʝ (75)). ɺ ʵʪʦʤ ʫʨʘʚʥʝʥʠʠ HQM ï 

ʦʙʳʯʥʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ, ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ ʤʝʪʦʜʘʭ ʉʉʇ (ʭʘʨʪʨʠ-ʬʦʢʦʚʩʢʠʡ, 

ʢʦʥ-ʰʵʤʦʚʩʢʠʡ ʠʣʠ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʡ), ʘ EMM ï ɻ ʥʝʨʛʠʷ, ʧʦʣʫʯʝʥʥʘʷ ʚ ʢʘʢʦʤ-

ʣʠʙʦ ʢʣʘʩʩʠʯʝʩʢʦʤ ʩʠʣʦʚʦʤ ʧʦʣʝ. ʆʩʪʘʚʰʠʡʩʷ ʯʣʝʥ HQM/MM ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʷʜʝʨ ʩ ʵʣʝʢʪʨʦʥʥʳʤ 
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ʦʙʣʘʢʦʤ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʜʩʠʩʪʝʤʳ, ʘ ʪʘʢʞʝ ʦʪʪʘʣʢʠʚʘʥʠʝ ʤʝʞʜʫ 

ʷʜʨʘʤʠ QM ʠ MM ʧʦʜʩʠʩʪʝʤ. 

ʊʘʢʞʝ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʫʶ ʯʘʩʪʴ ʧʦʣʝʟʥʦ 

ʜʦʙʘʚʠʪʴ ʃʝʥʥʘʨʜ-ɼʞʦʥʩʦʚʩʢʦʝ ʩʣʘʛʘʝʤʦʝ (ʫʨʘʚʥʝʥʠʝ (76)), ʯʪʦʙʳ ʣʫʯʰʝ 

ʦʧʠʩʘʪʴ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʛʝʦʤʝʪʨʠʠ: 

/ 12 6| | | | | | | |
M M A AM AM

QM MM

iM iM iMiM AM AM AM

q q Z A B

r R R R

å õ
H =- + + -æ ö

ç ÷
ä ä ä

 
 (76) 

ʛʜʝ qM ï ʪʦʯʝʯʥʳʡ ʟʘʨʷʜ ʥʘ MM ʘʪʦʤʝ, r iM ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʵʣʝʢʪʨʦʥʘ ʚ QM 

ʯʘʩʪʠ ʜʦ MM ʘʪʦʤʘ, ZA ï ʟʘʨʷʜ ʷʜʨʘ QM ʘʪʦʤʘ A, RAM ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ QM 

ʘʪʦʤʘ A ʜʦ MM ʘʪʦʤʘ M ʠ AAM ʠ BAM ï ʧʘʨʘʤʝʪʨʳ ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ ʜʣʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ QM ʘʪʦʤʘ A ʩ MM ʘʪʦʤʦʤ M. ʂʨʠʪʠʯʝʩʢʠʡ ʯʣʝʥ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʘʪʦʤʘʤ QM ʦʙʣʘʩʪʠ çʚʠʜʝʪʴè MM ʦʢʨʫʞʝʥʠʝ, ï ʵʪʦ ʧʝʨʚʦʝ 

ʩʣʘʛʘʝʤʦʝ ʚ ʫʨʘʚʥʝʥʠʠ (5), ʛʜʝ ʩʫʤʤʠʨʦʚʘʥʠʝ ʠʜʝʪ ʧʦ ʚʩʝʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤ 

ʤʝʞʜʫ MM ʘʪʦʤʘʤʠ ʠ ʵʣʝʢʪʨʦʥʘʤʠ QM ʯʘʩʪʠ. ʆʥ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʩʪʦʚʥʳʭ ʵʣʝʢʪʨʦʥʦʚ QM ʯʘʩʪʠ ʩ MM ʘʪʦʤʘʤʠ. ʕʪʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʢʣʶʯʝʥʦ ʚ QM ʛʘʤʠʣʴʪʦʥʠʘʥ ʚ ʷʚʥʦʤ ʚʠʜʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʵʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ QM ʯʘʩʪʠ ʤʦʞʝʪ ʨʝʘʛʠʨʦʚʘʪʴ ʥʘ ʦʢʨʫʞʝʥʠʝ ʯʝʨʝʟ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʥʠʤ ʵʣʝʢʪʨʦʥʦʚ. ʇʦʩʣʝʜʥʠʝ ʜʚʘ ʩʣʘʛʘʝʤʳʭ ʚ ʫʨʘʚʥʝʥʠʠ (76) 

ʜʦʙʘʚʣʷʶʪʩʷ ʢ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʧʦʩʣʝ ʉʉʇ ʧʨʦʮʝʜʫʨʳ ʠ ʥʝ ʚʣʠʷʶʪ ʥʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʚ QM ʧʦʜʩʠʩʪʝʤʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ, ʥʦ ʚʣʠʷʶʪ ʥʘ 

ʛʝʦʤʝʪʨʠʶ ʚʩʝʡ ʩʠʩʪʝʤʳ ʯʝʨʝʟ ʛʨʘʜʠʝʥʪʳ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʘ ʠʪʦʛʦʚʫʶ 

ʵʣʝʢʪʨʦʥʥʫʶ ʵʥʝʨʛʠʶ ʚ ʧʦʩʣʝʜʫʶʱʠʭ ʮʠʢʣʘʭ ʉʉʇ. 

 

1.5.1 ʄʝʭʘʥʠʯʝʩʢʦʝ ʚʢʣʶʯʝʥʠʝ.  

ʂʦʤʙʠʥʠʨʦʚʘʥʥʦʝ QM/MM ʦʧʠʩʘʥʠʝ ʩʠʩʪʝʤʳ ʠʟ ʜʚʫʭ ʤʦʣʝʢʫʣ X ʠ Y ʥʝ 

ʚʳʟʳʚʘʝʪ ʧʨʦʙʣʝʤ. ʆʜʥʫ ʠʟ ʤʦʣʝʢʫʣ (X) ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʢʣʘʩʩʠʯʝʩʢʠ, ʘ ʜʨʫʛʫʶ 

(Y) ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠ, ʪʘʢ ʯʪʦ ʨʘʟʨʘʙʦʪʢʘ QM/MM ʤʦʜʝʣʠ ʩʚʦʜʠʪʩʷ ʢ 

ʘʜʝʢʚʘʪʥʦʤʫ ʧʨʝʜʩʪʘʚʣʝʥʠʶ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ E(X,Y). 

ʇʦʣʥʘʷ ʵʥʝʨʛʠʷ Etot(X,Y) ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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( , ) ( ) ( ) ( , )tot MM QME X Y E X E Y E X Y= + +
  (77) 

ɹʦʣʝʝ ʩʣʦʞʥʦʡ ʷʚʣʷʝʪʩʷ ʟʘʜʘʯʘ ʨʘʟʙʠʝʥʠʷ ʥʘ QM ʠ MM ʧʦʜʩʠʩʪʝʤʳ 

ʤʦʣʝʢʫʣʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʢʦʚʘʣʝʥʪʥʦ ʩʚʷʟʘʥʥʳʭ ʯʘʩʪʝʡ. 

ʀʟʚʝʩʪʝʥ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʬʨʘʛʤʝʥʪʥʳʭ ʦʨʙʠʪʘʣʷʭ [146]. ʆʥ 

ʚʢʣʶʯʘʝʪ ʪʘʢʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʘʪʦʤʥʳʭ ʦʨʙʠʪʘʣʝʡ ñʛʨʘʥʠʯʥʦʛʦò QM ʘʪʦʤʘ, 

ʯʪʦʙʳ ʧʦʣʫʯʠʚʰʠʝʩʷ ʛʠʙʨʠʜʥʳʝ ʦʨʙʠʪʘʣʠ ʙʳʣʠ ʢʦʣʣʠʥʝʘʨʥʳ ʩʚʷʟʷʤ ʵʪʦʛʦ 

ʘʪʦʤʘ. ʊʝ ʛʠʙʨʠʜʥʳʝ ʦʨʙʠʪʘʣʠ, ʢʦʪʦʨʳʝ ʧʨʠʥʘʜʣʝʞʘʪ ʩʚʷʟʷʤ QM ʘʪʦʤʘ ʩ MM 

ʘʪʦʤʘʤʠ, ʠʩʢʣʶʯʘʶʪʩʷ ʠʟ ʦʨʙʠʪʘʣʴʥʦʛʦ ʙʘʟʠʩʘ QM ʧʦʜʩʠʩʪʝʤʳ, ʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʣʝʢʪʨʦʥʥʳʝ ʧʣʦʪʥʦʩʪʠ ʚʳʩʪʫʧʘʶʪ ʚ ʢʘʯʝʩʪʚʝ ʚʥʝʰʥʠʭ 

ʪʦʯʝʯʥʳʭ ʟʘʨʷʜʦʚ ʥʘ ʢʘʪʠʦʥʥʦʤ QM ʬʨʘʛʤʝʥʪʝ. ʅʝʩʤʦʪʨʷ ʥʘ ʬʠʟʠʯʝʩʢʫʶ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʩʪʴ ʵʪʦʛʦ ʧʦʜʭʦʜʘ, ʝʛʦ ʥʝʜʦʩʪʘʪʢʦʤ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ 

ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʠʩʢʣʶʯʝʥʥʳʭ ʦʨʙʠʪʘʣʝʡ ʥʝʠʟʚʝʩʪʥʘ, ʧʦʢʘ ʥʝ ʧʨʦʚʝʜʝʥ 

ʧʦʣʥʦʮʝʥʥʳʡ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʚʩʝʡ ʩʠʩʪʝʤʳ. ɼʣʷ ʥʝʡʪʨʘʣʴʥʳʭ 

QM ʩʠʩʪʝʤ ʧʦʣʥʳʡ ʟʘʨʷʜ ʥʝ ʫʜʝʨʞʠʚʘʝʪʩʷ ʨʘʚʥʳʤ 0, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʨʦʙʣʝʤʘʤ ʧʨʠ ʨʘʩʯʝʪʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ QM/MM 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. 

ɹʦʣʝʝ ʧʨʦʩʪʳʤ ʨʝʰʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʥʘʩʳʱʝʥʠʝ ʩʚʦʙʦʜʥʳʭ ʚʘʣʝʥʪʥʦʩʪʝʡ 

ʘʪʦʤʘʤʠ ʚʦʜʦʨʦʜʘ (ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ çʩʦʝʜʠʥʠʪʝʣʴʥʳʝ ʘʪʦʤʳè, ñlinkatomsò, L) 

ʠ ʚʢʣʶʯʝʥʠʝ ʠʭ ʚ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ QM ʬʨʘʛʤʝʥʪʘ [147]. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʦʝʜʠʥʠʪʝʣʴʥʳʭ ʘʪʦʤʦʚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʭʠʤʠʯʝʩʢʠ 

ʠʥʪʫʠʪʠʚʥʦʤʫ ʧʨʝʜʩʪʘʚʣʝʥʠʶ ʦ ʟʘʨʷʜʦʚʦʡ ʧʣʦʪʥʦʩʪʠ ʬʨʘʛʤʝʥʪʘ ʢʘʢ ʯʘʩʪʠ 

ʤʦʣʝʢʫʣʳ. ʏʘʩʪʦ ʵʪʫ ʠʜʝʶ ʧʨʠʤʝʥʷʶʪ ʪʦʛʜʘ, ʢʦʛʜʘ ʟʘʤʝʥʷʶʪ, ʥʘʧʨʠʤʝʨ, 

ʜʣʠʥʥʳʝ ʙʦʢʦʚʳʝ ʮʝʧʠ ʤʦʣʝʢʫʣʳ ʘʪʦʤʘʤʠ ʚʦʜʦʨʦʜʘ, ʯʪʦʙʳ ʟʘʜʘʪʴ ʤʦʜʝʣʴʥʫʶ 

ʩʠʩʪʝʤʫ, ʧʨʠʛʦʜʥʫʶ ʜʣʷ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ. ɺ ʛʠʙʨʠʜʥʳʭ 

QM/MM ʤʦʜʝʣʷʭ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʵʬʬʝʢʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʚʳʙʨʦʰʝʥʥʳʤʠ 

ʙʦʢʦʚʳʤʠ ʮʝʧʷʤʠ, ʚʢʣʶʯʘʶʪ ʚ ʚʠʜʝ ʚʦʟʤʫʱʝʥʠʷ. ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ 

ʨʝʘʣʠʟʘʮʠʠ ʤʝʪʦʜʘ QM/MM ʩ ʩʦʝʜʠʥʠʪʝʣʴʥʳʤʠ ʘʪʦʤʘʤʠ, ʚ ʯʘʩʪʥʦʩʪʠ, 

SurfaceIntegratedMolecularOrbital/MolecularMechanics 

(SIMOMM) [148ï151] ʠ ONIOM [152ï158]. 
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1.5.2 ʂʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʡ ʫʯʝʪ ʵʣʝʢʪʨʦʩʪʘʪʠʢʠ.  

ʂʣʘʩʩʠʯʝʩʢʠʝ ʩʠʣʦʚʳʝ ʧʦʣʷ, ʪʘʢʠʝ ʢʘʢ MM3 ʠ MM2, ʫʯʠʪʳʚʘʶʪ 

ʵʣʝʢʪʨʦʩʪʘʪʠʢʫ ʚ ʚʠʜʝ ʩʚʷʟʝʚʳʭ ʜʠʧʦʣʝʡ, ʘ ʤʥʦʛʠʝ ʜʨʫʛʠʝ ʧʦʣʷ ï ʚ ʚʠʜʝ 

ʯʘʩʪʠʯʥʳʭ ʘʪʦʤʥʳʭ ʟʘʨʷʜʦʚ. ʂʘʢ ʜʠʧʦʣʠ, ʪʘʢ ʠ ʭʘʨʘʢʪʝʨʥʳʝ ʟʘʨʷʜʳ ʥʘ ʘʪʦʤʘʭ 

ʷʚʣʷʶʪʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʩʠʣʦʚʦʛʦ ʧʦʣʷ, ʠ ʧʦʪʦʤʫ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʚ ʨʘʚʥʦʡ ʤʝʨʝ 

ʧʨʠʛʦʜʥʳʤʠ ʜʣʷ ʣʶʙʳʭ ʧʨʦʠʟʚʦʣʴʥʳʭ ʩʠʩʪʝʤ. ɼʣʷ ʫʯʝʪʘ ʵʣʝʢʪʨʦʩʪʘʪʠʢʠ ʚ 

QM/MM ʪʨʝʙʫʝʪʩʷ ʙʦʣʝʝ ʘʜʝʢʚʘʪʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ, ʥʘʧʨʠʤʝʨ, ʩ ʧʦʤʦʱʴʶ 

ʟʘʤʝʥʳ ʩʚʷʟʝʚʳʭ ʜʠʧʦʣʝʡ ʥʘ ʪʦʯʝʯʥʳʝ ʟʘʨʷʜʳ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʤʦʣʝʢʫʣʳ (potential-derivedcharges, PD). ʕʪʠ 

ʟʘʨʷʜʳ ʤʦʞʥʦ ʚ ʷʚʥʦʤ ʚʠʜʝ ʚʢʣʶʯʠʪʴ ʚ ʛʘʤʠʣʴʪʦʥʠʘʥ ʜʣʷ ʧʦʜʩʠʩʪʝʤʳ Y-L: 

Ĕ Ĕ( ; ) ( )
JY X

el el J
i j i

q
H Y L X H Y L

r
- = - -ää   (78) 

Ǧel(Y-L;X) ʠ Ǧel(Y-L) ï ʵʣʝʢʪʨʦʥʥʳʝ ʛʘʤʠʣʴʪʦʥʠʘʥʳ ʧʦʜʩʠʩʪʝʤʳ Y-L, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʠ ʚ ʦʪʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ 

ʪʦʯʝʯʥʳʤʠ ʟʘʨʷʜʘʤʠ Jq MM ʯʘʩʪʠ. ʉʣʝʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ Ĕ( ; )elH Y L X-

Ǧel(Y-L;X) ʥʝ ʚʢʣʶʯʘʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʩʦʝʜʠʥʠʪʝʣʴʥʳʤʠ ʘʪʦʤʘʤʠ ʠ 

ʘʪʦʤʘʤʠ MM ʯʘʩʪʠ. 

ɺ ʧʨʠʙʣʠʞʝʥʠʠ ʃʂɸʆ ʚʢʣʶʯʝʥʠʝ MM ʟʘʨʷʜʦʚ ʠʟʤʝʥʷʝʪ ʵʣʝʤʝʥʪʳ h ɛ ɜ 

ʦʩʪʦʚʥʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

X
J

J

Y

h h q Vmn mn mn= -ä   (79) 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʢʫʣʦʥʦʚʩʢʘʷ, ʠʣʠ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʘʷ, ʵʥʝʨʛʠʷ ʚʳʨʘʞʘʝʪʩʷ 

ʬʦʨʤʫʣʦʡ: 

( , )
Y Y X Y X

cuol J J J AJ

A

J A J

E X Y P q V Z q Vmn mn
m n

= +äää ää   (80) 

ɿʜʝʩʴ Pmnʠ ZA, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʵʣʝʤʝʥʪʳ ʤʘʪʨʠʮʳ ʧʣʦʪʥʦʩʪʠ ʠ ʟʘʨʷʜʳ 

ʷʜʝʨ. JVmnʠ
AJV ʦʙʦʟʥʘʯʘʶʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠʥʪʝʛʨʘʣʳ ʧʨʠʪʷʞʝʥʠʷ ʢ ʷʜʨʘʤ ʠ 

ʢʫʣʦʥʦʚʩʢʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ, ʦʧʠʩʳʚʘʶʱʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʝʜʠʥʠʯʥʦʛʦ ʟʘʨʷʜʘ 

ʥʘ MM ʘʪʦʤʝ J ʠ ʵʣʝʢʪʨʦʥʦʤ ʠʣʠ ʦʩʪʦʚʦʤ A ʚ QM ʯʘʩʪʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʦʩʪʦʚʥʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ hӉ ʚ ʧʨʦʮʝʜʫʨʝ ʉʉʇ ʧʨʠʚʦʜʠʪ ʢ 



45 
 

ʠʟʤʝʥʝʥʠʶ ʤʘʪʨʠʮʳ ʧʣʦʪʥʦʩʪʠ PӉ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢ ʜʨʫʛʦʤʫ ʟʥʘʯʝʥʠʶ 

ʵʥʝʨʛʠʠ ʉʉʇ( )QME Y L- . ʕʪʦʪ ʧʨʦʮʝʩʩ ʤʦʞʥʦ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʢʘʢ 

ʧʦʣʷʨʠʟʘʮʠʶ (ʠʥʜʫʢʮʠʶ) ʚ QM ʦʙʣʘʩʪʠ. 

ɺʳʠʛʨʳʰ ʚ ʵʥʝʨʛʠʠ ʧʨʠ ʵʪʦʤ ʩʦʩʪʘʚʣʷʝʪ: 

( ) ( ) ( ) ( , )ind coul

QM QME Y E Y L E Y L E X Y= - - - -   (81) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʪʦʯʥʝʥʥʘʷ ʤʦʜʝʣʴ, ʚʢʣʶʯʘʶʱʘʷ ʧʦʣʷʨʠʟʘʮʠʶ QM 

ʯʘʩʪʠ MM ʯʘʩʪʴʶ, ʩʦʜʝʨʞʠʪ ʩʫʤʤʫ ʢʫʣʦʥʦʚʩʢʠʭ ʠ ʠʥʜʫʢʮʠʦʥʥʳʭ ʯʣʝʥʦʚ ʠʟ 

ʫʨʘʚʥʝʥʠʡ (80) ʠ (81) ʚʤʝʩʪʦ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʡ ʯʘʩʪʠ QM/MM ʤʦʜʝʣʠ ʩ 

ʤʝʭʘʥʠʯʝʩʢʠʤ ʚʢʣʶʯʝʥʠʝʤ, ʪʦʛʜʘ ʢʘʢ ʚʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʩʢʠʝ ʯʣʝʥʳ 

(EMMvdW(X,Y)) ʠ ʩʚʷʟʘʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (EMM
bonded(X,Y)) ʦʩʪʘʶʪʩʷ 

ʧʨʝʞʥʠʤʠ. ʇʦʪʝʥʮʠʘʣʴʥʘʷ ʠ ʧʦʣʥʘʷ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ ʚʳʨʘʞʘʶʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

( ) ( ) ( , ) ( )

( ) ( , ) ( , )

( ) ( )

B coul ind

pot MM

bonded vdW

QM MM MM

B B

tot pot LINK

E X Y E X E X Y E Y

E Y L E X Y E X Y

E X Y E X Y E

- = + + +

+ - + +

- = - +

  (82) 

 

1.5.3 ʂʣʘʩʩʠʯʝʩʢʠʡ ʫʯʝʪ ʧʦʣʷʨʠʟʘʮʠʠ.  

ɺ ʨʘʥʝʝ ʨʘʩʩʤʦʪʨʝʥʥʦʤ ʧʦʜʭʦʜʝ ʚʦʟʥʠʢʘʝʪ ʥʝʧʨʠʝʤʣʝʤʘʷ ʘʩʠʤʤʝʪʨʠʷ 

ʦʧʠʩʘʥʠʷ ʥʝʩʚʷʟʘʥʥʳʭ QM/MM ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ: ʧʦʣʷʨʠʟʘʮʠʷ QM ʬʨʘʛʤʝʥʪʘ 

MM ʯʘʩʪʴʶ ʚʢʣʶʯʝʥʘ, ʪʦʛʜʘ ʢʘʢ ʧʦʣʷʨʠʟʘʮʠʷ MM ʯʘʩʪʠ QM ʬʨʘʛʤʝʥʪʦʤ ï 

ʥʝʪ. ʆʯʝʚʠʜʥʦ, ʚ ʫʨʘʚʥʝʥʠʠ (82) ʦʪʩʫʪʩʪʚʫʝʪ ʩʣʘʛʘʝʤʦʝ Eind(X), ʦʧʠʩʳʚʘʶʱʝʝ 

ʧʦʣʷʨʠʟʘʮʠʶ MM ʬʨʘʛʤʝʥʪʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʣʷ QM 

ʯʘʩʪʠ. ʂʣʘʩʩʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ MD ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʦʥʥʳʭ 

ʩʠʩʪʝʤ ʨʘʩʩʤʘʪʨʠʚʘʝʪ ʵʥʝʨʛʠʶ ʠʥʜʫʢʮʠʠ ʢʘʢ ʩʫʤʤʫ ʘʪʦʤʥʳʭ ʚʢʣʘʜʦʚ 

1
( )

2

X
ind J J

J

E X Fa am=-ä   (83) 

ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʯʠʪʳʚʘʝʪ ʥʝʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʣʷ. ɺ ʢʦʥʪʝʢʩʪʝ ʤʦʜʝʣʠ QM/MM ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʤʦʞʥʦ ʦʪʦʞʜʝʩʪʚʠʪʴ 
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ʩʦ ʩʨʝʜʥʠʤ ʟʥʘʯʝʥʠʝʤ ʦʧʝʨʘʪʦʨʘ ʝʜʠʥʠʯʥʦʛʦ ʧʦʣʷ. ɺ ʧʨʠʙʣʠʞʝʥʠʠ ʃʂɸʆ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʢʦʤʧʦʥʝʥʪʘ Ŭ ʚ ʧʦʣʦʞʝʥʠʠ J ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

Y Y Y
J J AJ

A

A

F P V Z Va mn a mn a
m n

= Ð - Ðää ä   (84) 

ʊʝʧʝʨʴ ʥʫʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʘʪʦʤʥʳʝ ʜʠʧʦʣʴʥʳʝ ʤʦʤʝʥʪʳ ɛŬ
J. ɹʳʣʘ ʧʨʝʜʣʦʞʝʥʘ 

ʫʜʦʙʥʘʷ ʤʦʜʝʣʴ [159], ʪʨʝʙʫʶʱʘʷ ʚʩʝʛʦ ʦʜʠʥ ʧʘʨʘʤʝʪʨ ʜʣʷ ʢʘʞʜʦʛʦ ʵʣʝʤʝʥʪʘ 

ï ʠʟʦʪʨʦʧʥʫʶ ʘʪʦʤʥʫʶ ʧʦʣʷʨʠʟʫʝʤʦʩʪʴ ŬJ, ï ʠ ʫʯʠʪʳʚʘʶʱʘʷ ʧʨʘʚʠʣʴʥʦʝ 

ʧʦʚʝʜʝʥʠʝ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ ʥʘ ʢʦʨʦʪʢʠʭ ʨʘʩʩʪʦʷʥʠʷʭ: 
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TŬɓ
IJ ʦʙʦʟʥʘʯʘʝʪ ʦʙʳʯʥʳʡ ʪʝʥʟʦʨ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 

ʦʧʨʝʜʝʣʷʝʤʳʡ ʯʝʨʝʟ ʤʘʪʨʠʮʫ ʚʪʦʨʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʦʪ ʦʙʨʘʪʥʳʭ ʤʝʞʘʪʦʤʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ (TŬɓ
IJ = Ŭɳɳ ɓrIJ

ï1), ŭŬɓ ï ʜʝʣʴʪʘ-ʩʠʤʚʦʣ ʂʨʦʥʝʢʝʨʘ, ʘ ɜ ï 

ʤʘʩʰʪʘʙʠʨʫʶʱʘʷ ʬʫʥʢʮʠʷ, ʠʤʠʪʠʨʫʶʱʘʷ ʧʦʚʝʜʝʥʠʝ ʥʘ ʤʘʣʳʭ ʨʘʩʩʪʦʷʥʠʷʭ (ɜ 

= rIJ/sIJ ʧʨʠ rIJ<sIJ ʠ ɜ = 1 ʚ ʦʩʪʘʣʴʥʳʭ ʩʣʫʯʘʷʭ, sIJ = 1.662(Ŭ
IŬJ)1/6). 

ɺ ʨʘʙʦʪʝ [160] ʪʘʢʞʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʩʭʝʤʳ ʚʢʣʶʯʝʥʠʷ QM 

ʧʦʜʩʠʩʪʝʤʳ ʚ MM (ʤʝʭʘʥʠʯʝʩʢʫʶ ʠ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʫʶ). ʈʘʩʩʤʦʪʨʝʥʳ 

ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʩʭʝʤʳ ʨʝʘʣʠʟʘʮʠʠ ʥʘʠʙʦʣʝʝ ʧʨʦʜʚʠʥʫʪʳʭ QM/MM ʤʦʜʝʣʝʡ. 

ɹʦʣʴʰʠʥʩʪʚʦ QM/MM ʤʦʜʝʣʝʡ ʥʘʮʝʣʝʥʳ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʥʘ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝ ʧʨʘʚʠʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʠ ʝʛʦ ʙʣʠʞʘʡʰʝʛʦ 

ʦʢʨʫʞʝʥʠʷ. ʕʪʦʛʦ ʨʝʟʫʣʴʪʘʪʘ ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʜʘʞʝ ʧʨʠ ʥʝʩʙʘʣʘʥʩʠʨʦʚʘʥʥʦʡ 

ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʩʠʣʦʚʦʛʦ ʧʦʣʷ MM ʧʦʜʩʠʩʪʝʤʳ ʟʘ ʩʯʝʪ ʢʦʤʧʝʥʩʘʮʠʠ ʦʰʠʙʦʢ. 

ʆʜʥʘʢʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ (ʩʧʝʢʪʨʦʚ 

ʧʦʛʣʦʱʝʥʠʷ/ʠʩʧʫʩʢʘʥʠʷ, ʪʨʘʥʩʧʦʨʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ) ʪʨʝʙʫʝʪ ʘʢʢʫʨʘʪʥʦʛʦ 

ʫʯʝʪʘ ʚʟʘʠʤʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʠ ʝʛʦ ʦʢʨʫʞʝʥʠʷ, ʯʪʦʙʳ 

ʧʨʘʚʠʣʴʥʦ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʘʢʪʠʚʥʦʛʦ 

ʮʝʥʪʨʘ. ʕʪʦ ʦʟʥʘʯʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʪʱʘʪʝʣʴʥʦʛʦ ʚʳʙʦʨʘ QM/MM ʤʦʜʝʣʠ ʠ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʥʝʡ ʩʠʣʦʚʦʛʦ ʧʦʣʷ. 
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1.6 ʄʝʪʦʜ EFP. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʜʚʝ ʚʝʨʩʠʠ ʤʝʪʦʜʘ ʬʨʘʛʤʝʥʪʥʳʭ 

ʧʦʪʝʥʮʠʘʣʦʚ EFP [82,83,161,162]  ʥʘʟʳʚʘʝʤʳʝ EFP1 ʠ EFP2. ʕʥʝʨʛʠʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʤʝʪʦʜʝ EFP1 [57] ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ: 

1( ) coul pol remE EFP E E E= + +   (86) 

ɺ ʫʨʘʚʥʝʥʠʠ (86) ECoul ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʫʣʦʥʦʚʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, 

ʦʧʨʝʜʝʣʷʝʤʦʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʫʣʴʪʠʧʦʣʴʥʳʤ ʨʘʟʣʦʞʝʥʠʝʤ, [163,164] 

ʨʘʩʧʦʣʦʞʝʥʥʦʝ ʥʘ ʘʪʦʤʥʳʭ ʮʝʥʪʨʘʭ ʠ ʚ ʩʝʨʝʜʠʥʘʭ ʩʚʷʟʝʡ. ʊʝʨʤ ʧʦʣʷʨʠʟʘʮʠʠ 

Epol ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʫʤʤʳ ʪʝʥʟʦʨʦʚ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʦʨʙʠʪʘʣʝʡ (LMO). ʊʝʥʟʦʨʳ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ LMO ʮʝʥʪʨʦʠʜʘʭ. ʊʨʝʪʠʡ ʯʣʝʥ 

ʚ ʫʨʘʚʥʝʥʠʠ (86), Erem, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʩʪʘʪʦʯʥʳʡ ʯʣʝʥ, ʢʦʪʦʨʳʡ 

ʧʦʣʫʯʘʝʪʩʷ ʧʫʪʝʤ ʚʳʯʠʪʘʥʠʷ ʧʝʨʚʳʭ ʜʚʫʭ ʯʣʝʥʦʚ ʦʪ ʧʦʣʥʦʡ ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʠʤʝʨʘ ʚʦʜʳ ʠ ʦʩʪʘʪʢʘ, ʢʦʪʦʨʳʡ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦʤ ʚʠʜʝ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʚʳʙʦʨʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ: QM-EFP ʠʣʠ EFP-EFP. ʂʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʦʣʫʯʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʍʘʨʪʨʠ-ʌʦʢʘ (EFP1/HF) 

ʠʣʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (DFT) ʩ ʬʫʥʢʮʠʦʥʘʣʦʤ B3LYP,  

(EFP1/DFT) [121]. ɺ ʤʝʪʦʜʝ EFP1/HF, Erem ʩʦʜʝʨʞʠʪ ʦʙʤʝʥʥʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ 

ʪʝʨʤʳ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ. ɺ ʚʝʨʩʠʠ EFP1/DFT, Erem ʪʘʢʞʝ ʚʢʣʶʯʘʝʪ ʙʣʠʞʥʶʶ 

ʢʦʨʨʝʣʷʮʠʶ, ʠʩʧʦʣʴʟʫʷ ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʬʫʥʢʮʠʦʥʘʣ. ʕʥʝʨʛʠʶ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʤʝʪʦʜʝ EFP2 ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ 

exp

1( ) coul pol er disp ctE EFP E E E E E= + + + +  (87) 

ʇʝʨʚʳʝ ʜʚʘ ʯʣʝʥʘ ʚ ʫʨʘʚʥʝʥʠʠ (87) ʪʘʢʠʝ ʞʝ, ʢʘʢ ʚ ʫʨʘʚʥʝʥʠʠ (86). 

ʆʩʪʘʣʴʥʳʝ ʯʣʝʥʳ ʚ ʫʨʘʚʥʝʥʠʠ (87) ʦʪʚʝʯʘʶʪ ʟʘ ʦʙʤʝʥʥʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ, 

ʜʠʩʧʝʨʩʠʶ ʠ ʧʝʨʝʥʦʩ ʟʘʨʷʜʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʆʥʠ ʧʦʣʫʯʘʶʪʩʷ ʠʟ ʧʝʨʚʳʭ 

ʧʨʠʥʮʠʧʦʚ, ʪʘʢ ʯʪʦ ʚ ʤʝʪʦʜʝ EFP2 ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʝʵʤʧʠʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ, 

ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʥ ʥʝ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʪʦʣʴʢʦ ʚʦʜʦʡ. ʊʨʠ ʩʣʘʛʘʝʤʳʭ ʚ 

ʫʨʘʚʥʝʥʠʠ (87) (ECoul, Epol ʠ Edisp) ʜʦʣʞʥʳ ʟʘʪʫʭʘʪʴ, ʙʫʜʴ ʵʪʦ ʙʦʣʴʰʠʝ ʠʣʠ 

ʢʦʨʦʪʢʠʝ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʝ ʨʘʩʩʪʦʷʥʠʷ.  
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ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʝʪʦʜ EFP2 ʥʘ ʧʦʨʷʜʢʠ ʙʳʩʪʨʝʝ, ʯʝʤ ʢʦʨʨʝʣʠʨʦʚʘʥʥʳʝ 

ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, ʦʥ ʚʩʝ ʝʱʸ ʫʩʪʫʧʘʝʪ ʧʦ ʩʢʦʨʦʩʪʠ ʨʘʩʯʝʪʦʚ 

ʙʦʣʴʰʠʥʩʪʚʫ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ. ʆʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʵʪʦʛʦ 

ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʪʝʨʤʘ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ [165], ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʟʘʥʷʪʳʤʠ ʦʨʙʠʪʘʣʷʤʠ ʚ ʦʜʥʦʤ ʬʨʘʛʤʝʥʪʝ ʩ 

ʥʝʟʘʥʷʪʳʤʠ ʦʨʙʠʪʘʣʷʤʠ ʚ ʜʨʫʛʦʤ. ɼʣʷ ʵʪʦʛʦ ʪʨʝʙʫʝʪʩʷ ʧʦʩʯʠʪʘʪʴ ʙʦʣʴʰʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʙʣʠʞʝʥʥʳʭ ʜʚʫʭ ʵʣʝʢʪʨʦʥʥʳʭ ʠʥʪʝʛʨʘʣʦʚ (2EIs) ʚʦ ʚʩʝʤ 

ʦʨʙʠʪʘʣʴʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʉʦʚʩʝʤ ʥʝʜʘʚʥʦ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʧʦʜʭʦʜ ʜʣʷ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ, ʢʦʪʦʨʳʡ ʟʥʘʯʠʪʝʣʴʥʦ 

ʩʥʠʞʘʝʪ ʚʳʯʠʩʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ. ɼʦ ʥʝʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ, ʪʦʣʴʢʦ ʧʝʨʚʳʝ ʜʚʘ 

ʢʦʤʧʦʥʝʥʪʘ ʚ ʫʨʘʚʥʝʥʠʠ (87), ʥʝ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ ʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʤʝʞʜʫ 

QM ʠ EFP ʯʘʩʪʷʤʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʙʳʣʦ ʦʛʨʘʥʠʯʝʥʥʦ ʠʟʫʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ 

ʨʘʩʪʚʦʨʠʪʝʣʝʡ. ʆʙʤʝʥʥʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ [166] ʠ ʜʠʩʧʝʨʩʠʷ [167] ʜʣʷ ʜʘʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠ ʨʝʘʣʠʟʦʚʘʥʳ ʚ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʧʨʦʛʨʘʤʤʘʭ, ʠ ʚ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʩʦʟʜʘʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ 

ʛʨʘʜʠʝʥʪʳ. ʕʪʠ ʥʦʚʳʝ ʨʘʟʨʘʙʦʪʢʠ ʧʦʣʥʦʩʪʴʶ ʨʝʘʣʠʟʦʚʘʥʳ ʚ ʧʨʦʛʨʘʤʤʝ 

GAMESS [168,169] ʠ ʯʘʩʪʠʯʥʦ ʨʝʘʣʠʟʦʚʘʥʳ ʚ Q-Chem [170]. 

 

1.6.1 EFP ʢʘʢ ʤʝʪʦʜ ʩʠʣʦʚʦʛʦ ʧʦʣʷ  

ʄʝʪʦʜ EFP ʧʦʷʚʠʣʩʷ ʢʘʢ ʚʦʜʥʳʡ ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʦʧʠʩʘʥʠʷ ʵʬʬʝʢʪʦʚ 

ʚʦʟʜʝʡʩʪʚʠʷ ʛʠʜʨʘʪʘʮʠʠ ʥʘ ʤʦʣʝʢʫʣʳ [171]. ɼʘʥʥʳʡ ʚʦʜʥʳʡ ʧʦʪʝʥʮʠʘʣ (ʟʘʪʝʤ 

ʥʘʟʚʘʥʥʳʡ EFP1), ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ ʫʨʘʚʥʝʥʠʠ (86), ʩʦʜʝʨʞʠʪ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʝ 

ʩʦʩʪʘʚʣʷʶʱʠʝ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩʪʨʫʢʪʫʨʳ 

ʚʦʜʳ ʠ ʝʸ ʧʦʚʝʜʝʥʠʷ. ʂʫʣʦʥʦʚʩʢʠʝ ʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʫʣʴʪʠʧʦʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʢʪʫʧʦʣʝʡ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ LMO ʧʦʣʷʨʠʟʘʮʠʡ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʪʪʘʣʢʠʚʘʥʠʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʬʦʨʤʝ ʠ ʚʳʯʠʩʣʷʝʪʩʷ ʣʠʙʦ ʧʨʠ ʧʦʤʦʱʠ 

ʤʝʪʦʜʘ HF (EFP1/HF) ʠʣʠ ʧʨʠ ʧʦʤʦʱʠ ʬʫʥʢʮʠʦʥʘʣʘ B3LYP ʚ ʤʝʪʦʜʝ DFT 

(EFP1/DFT). ɼʠʩʧʝʨʩʠʷ (ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʜʦʚʦʣʴʥʦ ʤʘʣʦʡ, ʥʦ, ʢʘʢ ʧʨʘʚʠʣʦ, 
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ʫʯʠʪʳʚʘʝʤʦʡ ʚ ʚʦʜʝ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʫʪʝʤ ʧʦʜʩʪʘʥʦʚʢʠ EFP1 ʚ ʤʝʪʦʜ MP2. 

ʕʤʧʠʨʠʯʝʩʢʠ ʜʠʩʧʝʨʩʠʷ ʚ ʤʝʪʦʜʝ EFP1/MP2 ʠʤʝʝʪ ʚʠʜ C6/R
6 + ʉ8/R

8. 

ʀʟʥʘʯʘʣʴʥʦ, ʤʝʪʦʜ EFP1 ʙʳʣ ʩʚʷʟʘʥ ʩ ʨʘʟʣʠʯʥʳʤʠ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ: HF, DFT, MP2, CIS, 

MCSCF, MRPT2, TD-DFT ʠ EOM-CCSD. ʄʝʪʦʜ QM/EFP1 ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʚ 

ʨʘʟʣʠʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʜʣʷ ʚʦʜʥʳʭ ʩʠʩʪʝʤ: ʦʧʨʝʜʝʣʝʥʠʝ ʠʭ ʩʪʨʫʢʪʫʨ ʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ, ʦʧʨʝʜʝʣʝʥʠʝ ʤʝʭʘʥʠʟʤʦʚ ʨʝʘʢʮʠʡ ʠ ʵʣʝʢʪʨʦʥʥʳʭ 

ʚʦʟʙʫʞʜʝʥʠʡ, ʘ ʪʘʢ ʞʝ ʠʭ ʜʠʥʘʤʠʢʠ [172]. 

ʇʦʧʫʣʷʨʥʦʩʪʴ ʤʝʪʦʜʘ EFP1 (EFP1/HF ʠ EFP1/DFT) ʩʚʷʟʘʥʘ ʩ ʪʦʯʥʦʩʪʴʶ 

ʧʦʪʝʥʮʠʘʣʘ ʚʦʜʳ; ʧʨʦʩʪʦʪʦʡ ʬʦʨʤʳ ʬʫʥʢʮʠʦʥʘʣʘ, ʯʪʦ ʦʯʝʥʴ ʚʘʞʥʦ ʜʣʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, ʘ ʪʘʢʞʝ ʩ ʧʨʦʩʪʦʪʦʡ 

ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʛʦ ʠʥʪʝʨʬʝʡʩʘ ʤʝʪʦʜʘ EFP1 ʚ ʧʨʦʛʨʘʤʤʝ GAMESS. ʋʩʧʝʰʥʘʷ 

ʨʝʘʣʠʟʘʮʠʷ ʠ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ EFP1 ʧʨʠʚʝʣʠ ʢ ʠʩʩʣʝʜʦʚʘʥʠʷʤ, ʮʝʣʴ 

ʢʦʪʦʨʳʭ: ʦʙʦʙʱʠʪʴ ʜʘʥʥʳʡ ʧʦʣʷʨʠʟʫʝʤʳʡ ʚʦʜʥʳʡ ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʣʶʙʦʛʦ 

ʨʘʩʪʚʦʨʠʪʝʣʴ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʤʧʠʨʠʯʝʩʢʦʡ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ. ʕʪʦ 

ʦʙʦʙʱʝʥʠʝ ʧʦʜʭʦʜʘ EFP ʪʨʝʙʫʝʪ ʧʝʨʝʬʦʨʤʫʣʠʨʦʚʢʠ ʚʩʝʭ ʚʳʯʠʩʣʷʝʤʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʠʩʧʦʣʴʟʫʷ ʩʫʱʝʩʪʚʫʶʱʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʜʣʷ 

ʵʥʝʨʛʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʦʪʪʘʣʢʠʚʘʥʠʷ ʚ ʩʣʫʯʘʝ ʜʠʩʧʝʨʩʠʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʜʘʚʥʠʝ ʫʩʠʣʠʷ ʧʦ ʨʘʟʚʠʪʠʶ ʦʙʦʙʱʝʥʥʦʛʦ ʤʝʪʦʜʘ EFP (ʪʘʢʞʝ 

ʥʘʟʳʚʘʝʤʳʡ EFP2) ʙʳʣʠ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʬʦʨʤʫʣʠʨʦʚʢʝ ʦʙʤʝʥʥʦʛʦ 

ʦʪʪʘʣʢʠʚʘʥʠʷ, ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ (ʢʦʪʦʨʳʡ ʥʝʷʚʥʦ ʚʭʦʜʠʪ ʚ ʦʪʪʘʣʢʠʚʘʥʠʝ ʚ 

ʤʝʪʦʜʝ EFP1), ʜʠʩʧʝʨʩʠʠ, ʘ ʪʘʢʞʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʪʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩ 

ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʵʥʝʨʛʠʷʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ QM/EFP.  

ɺʩʝ ʯʣʝʥʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʤʝʪʦʜʝ EFP2 ʧʨʠʚʝʜʝʥʳ ʚ ʫʨʘʚʥʝʥʠʠ (38) 

[165,173]. ʕʪʠ ʯʣʝʥʳ ʤʦʛʫʪ ʙʳʪʴ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʢʘʢ ʚʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʘ 

ʙʦʣʴʰʠʭ ʨʘʩʩʪʦʷʥʠʷʭ, ʢʦʪʦʨʳʝ ʟʘʚʠʩʷʪ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʢʘʢ (1/R)n, ʪʘʢ ʠ ʚ 

ʙʣʠʞʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʢʦʪʦʨʳʝ ʫʤʝʥʴʰʘʶʪʩʷ ʧʦ ʵʢʩʧʦʥʝʥʪʝ. ʂʫʣʦʥʦʚʩʢʦʝ, 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʝ ʠ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ ʙʦʣʴʰʠʭ ʨʘʩʩʪʦʷʥʠʷʭ, 

ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʧʝʨʚʦʛʦ (ʢʫʣʦʥʦʚʩʢʠʝ ʩʠʣʳ) ʠ 
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ʚʪʦʨʦʛʦ (ʧʦʣʷʨʠʟʘʮʠʷ ʠ ʜʠʩʧʝʨʩʠʷ) ʯʣʝʥʦʚ ʚ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʷ ʈʵʣʝʷ-

ʐʨʝʜʠʥʛʝʨʘ. ʆʙʤʝʥʥʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ ʠ ʧʝʨʝʥʦʩ ʟʘʨʷʜʘ ʥʘ ʢʦʨʦʪʢʠʭ 

ʨʘʩʩʪʦʷʥʠʷʭ ʤʦʛʫʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʢ ʬʫʥʢʮʠʠ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʧʝʨʝʢʨʳʚʘʥʠʷ.  

ʂʫʣʦʥʦʚʩʢʘʷ ʯʘʩʪʴ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ECoul, 

ʧʦʣʫʯʘʝʪʩʷ ʠʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʥʦʛʦʧʦʣʶʩʥʦʛʦ ʨʘʩʧʨʝʜʝʣʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟ 

ʉʪʦʫʥʘ. Epol ʚʦʟʥʠʢʘʝʪ ʠʟ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʜʠʧʦʣʝʡ ʥʘ ʦʜʥʦʤ 

ʬʨʘʛʤʝʥʪʝ ʩ ʧʦʣʝʤ ʠʟ ʤʫʣʴʪʠ- ʠʣʠ ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʜʠʧʦʣʝʡ ʥʘ ʜʨʫʛʠʭ 

ʬʨʘʛʤʝʥʪʘʭ. ʀʥʜʫʮʠʨʦʚʘʥʥʳʝ ʜʠʧʦʣʠ ʧʦʣʫʯʘʶʪʩʷ ʠʟ ʘʥʠʟʦʪʨʦʧʥʦʡ LMO 

ʧʦʣʷʨʠʟʘʮʠʠ. ʂʦʣʠʯʝʩʪʚʦ ʪʦʯʝʢ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ ʨʘʚʥʦ ʯʠʩʣʫ ʩʚʷʟʝʡ ʤʝʞʜʫ 

ʦʪʜʝʣʴʥʳʤʠ ʧʘʨʘʤʠ ʚ ʩʠʩʪʝʤʝ. ʀʥʜʫʮʠʨʦʚʘʥʥʳʝ ʜʠʧʦʣʠ ʧʦʚʪʦʨʷʶʪʩʷ, ʪʘʢ ʯʪʦ 

ʫʯʠʪʳʚʘʶʪʩʷ ʥʝʢʦʪʦʨʳʝ ʵʬʬʝʢʪʳ ʤʥʦʛʠʭ ʪʝʣ [174].  

ʕʥʝʨʛʠʷ ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʘʢ 

ʨʘʟʣʦʞʝʥʠʝ ʃʦʥʜʦʥʘ ʜʣʷ ʦʙʨʘʪʥʦʛʦ R, E = ×nCn/R
n, ʧʨʠ n Ó 6. ʉʪʘʨʰʠʡ ʯʣʝʥ, 

ʧʨʠ n=6, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʛʥʦʚʝʥʥʦʤʫ ʜʠʧʦʣʴʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʤʫ ʜʠʧʦʣʴʥʦʤʫ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ. ʂʦʵʬʬʠʮʠʝʥʪ ʨʘʟʣʦʞʝʥʠʷ C6 ʧʦʣʫʯʘʝʪʩʷ ʠʟ ʯʘʩʪʦʪʥʦ 

ʟʘʚʠʩʠʤʦʡ ʧʦʣʷʨʠʟʘʮʠʠ (ʤʥʠʤʦʡ), ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʡ ʧʦ ʚʩʝʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ 

ʯʘʩʪʦʪ [175,176]. ɼʠʥʘʤʠʯʝʩʢʠʝ ʪʝʥʟʦʨʳ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ ʧʦʣʫʯʘʶʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ HF, ʟʘʚʠʩʷʱʝʛʦ ʦʪ ʚʨʝʤʝʥʠ. ʂʨʦʤʝ ʪʦʛʦ, ʚʢʣʘʜ ʯʣʝʥʦʚ ʧʨʠ n 

= 8 ʨʘʚʝʥ ʪʨʝʪʠ ʦʪ ʚʢʣʘʜʘ ʧʨʠ n = 6.  

ʅʘ ʢʦʨʦʪʢʠʭ ʤʝʞʬʨʘʛʤʝʥʪʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ, ʢʣʘʩʩʠʯʝʩʢʦʝ 

ʤʥʦʛʦʧʦʣʷʨʥʦʝ ʨʘʟʣʦʞʝʥʠʝ ʨʘʩʭʦʜʠʪʩʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʧʨʘʚʠʣʴʥʦʡ 

ʘʩʠʤʧʪʦʪʠʢʠ (R Ÿ 0) ʢʫʣʦʥʦʚʩʢʠʭ ʩʠʣ, ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʜʠʩʧʝʨʩʠʠ. ɼʣʷ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʨʘʟʣʦʞʝʥʠʝ ʤʥʦʛʦʧʦʣʷʨʥʦʛʦ ʨʘʩʰʠʨʝʥʠʝ 

ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʪʘʢ ʥʘʟʳʚʘʝʤʦʤʫ ʨʘʩʧʘʜʫ ʧʦʣʷʨʠʟʘʮʠʠ: ʥʝʚʦʟʤʦʞʥʳʤ 

ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʧʦʣʫʯʠʪʴ ʢʦʥʝʯʥʳʝ ʟʥʘʯʝʥʠʷ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʭ 

ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʜʠʧʦʣʝʡ. ʏʪʦʙʳ ʠʟʙʝʞʘʪʴ ʧʨʦʙʣʝʤ ʧʨʠ ʙʣʠʞʥʝʤ ʧʦʨʷʜʢʝ, 

ʤʦʞʥʦ ʠʟʤʝʥʠʪʴ ʚ EFP ʢʫʣʦʥʦʚʩʢʠʝ, ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʠ ʜʠʩʧʝʨʩʠʦʥʥʳʝ 

ʯʣʝʥʳ ʧʨʠ ʧʦʤʦʱʠ ʟʘʪʫʭʘʶʱʠʭ ʬʫʥʢʮʠʡ [177]. ʈʘʟʣʠʯʥʳʝ ʚʠʜʳ ʟʘʪʫʭʘʶʱʠʭ 
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ʬʫʥʢʮʠʡ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʚ ʪʝʯʝʥʠʝ ʜʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ; ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʘʨʘʤʝʪʨʳ ʥʘ ʦʩʥʦʚʝ ʧʝʨʝʢʨʳʚʘʥʠʷ ʜʣʷ 

ʢʫʣʦʥʦʚʩʢʦʛʦ ʠ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʩʣʘʛʘʝʤʳʭ, ʘ ʪʘʢʞʝ ʟʘʪʫʭʘʶʱʠʭ ʬʫʥʢʮʠʡ 

ɻʘʫʩʩʠʘʥʩʢʦʛʦ ʚʠʜʘ ʜʣʷ ʧʦʣʷʨʠʟʘʮʠʠ.  

ʉʣʘʛʘʝʤʦʝ, ʦʪʚʝʯʘʶʱʝʝ ʦʙʤʝʥʥʦʤʫ ʦʪʪʘʣʢʠʚʘʥʠʶ Eexrep, ʷʚʣʷʝʪʩʷ 

ʫʥʠʢʘʣʴʥʳʤ ʜʣʷ ʤʝʪʦʜʘ EFP. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʬʨʘʛʤʝʥʪʘʤʠ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʤʫ ʧʝʨʝʢʨʳʚʘʥʠʶ, 

ʦʛʨʘʥʠʯʝʥʥʦʤ ʢʚʘʜʨʘʪʠʯʥʳʤ ʯʣʝʥʦʤ [178,179]. ʅʝʦʙʭʦʜʠʤʦʝ ʧʝʨʝʢʨʳʚʘʥʠʝ ʠ 

ʠʥʪʝʛʨʘʣʳ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʜʣʷ ʢʘʞʜʦʡ ʧʘʨʳ ʬʨʘʛʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ 

ʦʩʥʦʚʳʚʘʶʪʩʷ ʥʘ ʙʘʟʠʩʥʦʤ ʥʘʙʦʨʝ ʠ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ, 

ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦʯʪʠ ʤʛʥʦʚʝʥʥʦ. 

ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ, ʫʤʝʥʴʰʝʥʠʝ ʵʥʝʨʛʠʠ ʧʝʨʝʥʦʩʘ 

ʟʘʨʷʜʘ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʟʘʥʷʪʳʭ ʦʨʙʠʪʘʣʝʡ ʥʘ ʦʜʥʦʛʦ 

ʬʨʘʛʤʝʥʪʘ ʩ ʚʘʢʘʥʪʥʳʤʠ ʦʨʙʠʪʘʣʷʤʠ ʥʘ ʜʨʫʛʦʤ. ʉʣʘʛʘʝʤʦʝ, ʦʪʚʝʯʘʶʱʝʝ 

ʧʝʨʝʥʦʩʳ ʟʘʨʷʜʘ, ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʧʦʣʷʨʥʳʭ ʠʣʠ ʠʦʥʥʳʭ ʯʘʩʪʠʮ. ɼʘʥʥʳʡ 

ʯʣʝʥ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʜʣʷ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʆʨʠʛʠʥʘʣʴʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʧʝʨʝʥʦʩʘ 

ʟʘʨʷʜʘ ʠʩʧʦʣʴʟʫʝʪ ʢʘʥʦʥʠʯʝʩʢʠʝ ʍʘʨʪʨʠ-ʌʦʢʦʚʩʢʠʝ ʦʨʙʠʪʘʣʠ ʥʘ ʦʪʜʝʣʴʥʳʭ 

ʬʨʘʛʤʝʥʪʘʭ ʠ ʤʥʦʛʦʧʦʣʷʨʥʦʝ ʨʘʟʣʦʞʝʥʠʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

ʬʨʘʛʤʝʥʪʘ. ʉʣʘʛʘʝʤʦʝ, ʦʪʚʝʯʘʶʱʝʝ ʧʝʨʝʥʦʩʫ ʟʘʨʷʜʘ, ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʫʩʠʣʠʡ ʠ ʤʦʱʥʦʩʪʝʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʠʤ ʯʘʩʪʦ 

ʧʨʝʥʝʙʨʝʛʘʶʪ. ʆʜʥʘʢʦ, ʦʥʦ ʜʦʚʦʣʴʥʦ ʚʘʞʥʦ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʨʫʢʪʫʨʳ, 

ʜʠʥʘʤʠʢʠ ʠ ʬʦʨʤ ʩʧʝʢʪʨʦʚ [180ï189] 

ʅʘʣʠʯʠʝ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʛʨʘʜʠʝʥʪʦʚ ʜʣʷ ʚʩʝʭ EFP ʩʣʘʛʘʝʤʳʭ 

ʩʫʱʝʩʪʚʝʥʥʦ ʦʙʣʝʛʯʘʝʪ ʧʨʷʤʳʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʦʧʪʠʤʠʟʘʮʠʠ ʤʘʣʳʭ 

ʢʣʘʩʪʝʨʦʚ, ʪʘʢ ʞʝ, ʢʘʢ ʠ ʤʝʪʦʜʳ ʄʦʥʪʝ-ʂʘʨʣʦ ʠʣʠ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʦʣʴʰʠʭ ʢʣʘʩʪʝʨʦʚ ʠʣʠ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʤʝʪʦʜ EFP ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʤʝʪʦʜ, ʧʦʣʫʯʝʥʥʳʡ ʠʟ ʧʝʨʚʳʭ 
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ʧʨʠʥʮʠʧʦʚ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʢʣʘʩʩʠʯʝʩʢʠʭ ʩʠʣʦʚʳʭ ʧʦʣʷʭ, ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʤʦʣʝʢʫʣʷʨʥʳʭ ʢʣʘʩʪʝʨʦʚ ʠ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. 

 

1.6.2 QM/EFP ʠʥʪʝʨʬʝʡʩ. 

ʂʦʤʙʠʥʘʮʠʦʥʥʳʝ QM/MM ʤʝʪʦʜʳ ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʯʘʩʪʝʡ: ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʠʯʝʩʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ, ʠʩʧʦʣʴʟʫʝʤʦʝ ʜʣʷ ʣʦʢʘʮʠʡ, ʚ ʢʦʪʦʨʳʭ ʚ ʦʩʥʦʚʥʦʤ 

ʧʨʦʠʩʭʦʜʷʪ ʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʧʦʪʝʥʮʠʘʣʳ, 

ʢʦʪʦʨʳʝ ʚʚʝʣ Warshel [167,190,191] ʠ ʜʨʫʛʠʝ[192ï200], ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ 

ʦʩʪʘʣʴʥʦʡ ʯʘʩʪʠ. QM/MM ʤʝʪʦʜʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʙʦʣʴʰʠʭ ʩʠʩʪʝʤ 

(ʥʘʧʨʠʤʝʨ, ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʚʝʱʝʩʪʚʘ ʚ ʨʘʩʪʚʦʨʠʪʝʣʝ, ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʠʝ 

ʢʦʤʧʣʝʢʩʳ ʩ ʙʦʣʴʰʠʤʠ ʣʠʛʘʥʜʘʤʠ), ʢʦʪʦʨʳʝ ʪʨʫʜʥʦ ʧʦʜʜʘʶʪʩʷ ʯʠʩʪʳʤ 

ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʤ ʤʝʪʦʜʘʤʠ QM. EFP ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʣʦʞʥʳʝ ʠʥʪʝʨʬʝʡʩ 

QM/EFP, ʧʦʭʦʞʠʡ ʥʘ QM/MM. 

ʂʫʣʦʥʦʚʩʢʠʝ ʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʯʣʝʥʳ ʚ QM/EFP ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ 

ʦʜʥʦʵʣʝʢʪʨʦʥʥʳʝ ʚʢʣʘʜʳ, VCoul ʠ VPOL, ʚ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʡ 

ɻʘʤʠʣʴʪʦʥʠʘʥ HQM: 

QM EFP QM coul polE H V Vy y- = + +   (88) 

ʇʦʣʷʨʠʟʘʮʠʷ ʚ ʤʝʪʦʜʝ QM/EFP ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ ʦʧʨʝʜʝʣʷʝʪʩʷ, ʧʨʠ 

ʧʦʤʦʱʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʜʚʫʭʫʨʦʚʥʝʚʳʭ ʠʪʝʨʘʮʠʡ. ʅʠʞʥʠʡ ʫʨʦʚʝʥʴ 

ʫʯʠʪʳʚʘʝʪ ʩʭʦʜʠʤʦʩʪʴ ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʜʠʧʦʣʝʡ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʟʘʤʦʨʦʞʝʥʥʳʭ ʥʝʵʤʧʠʨʠʯʝʩʢʠʭ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ. ɺʝʨʭʥʠʡ ʫʨʦʚʝʥʴ 

ʷʚʣʷʝʪʩʷ ʦʙʳʯʥʳʤ ʍʘʨʪʨʠ-ʌʦʢʦʚʩʢʠʤ ʠʪʝʨʘʮʠʦʥʥʳʤ ʮʠʢʣʦʤ, ʚ ʢʦʪʦʨʦʤ 

ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ ʦʙʥʦʚʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʩʦʰʝʜʰʠʭʩʷ ʟʥʘʯʝʥʠʡ 

ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʜʠʧʦʣʝʡ ʦʪ ʥʠʞʥʝʛʦ ʫʨʦʚʥʷ. ʉʭʦʜʠʤʦʩʪʴ ʧʨʦʮʝʜʫʨʳ 

ʜʚʫʭʫʨʦʚʥʝʚʦʛʦ ʤʝʪʦʜʘ ʜʘʝʪ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʝ ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʜʠʧʦʣʠ ʠ 

ʥʝʵʤʧʠʨʠʯʝʩʢʠʝ ʚʦʣʥʦʚʳʝ ʬʫʥʢʮʠʠ.  

ɼʣʷ ʧʦʪʝʥʮʠʘʣʘ ʚʦʜʳ ʚ ʤʝʪʦʜʝ EFP1, ʪʦʣʴʢʦ ʯʣʝʥ ʩ ʦʙʤʝʥʥʳʤ 

ʦʪʪʘʣʢʠʚʘʥʠʝʤ ʧʦʣʫʯʘʝʪʩʷ ʧʦ ʪʘʢʦʤʫ ʞʝ ʤʝʪʦʜʫ, ʯʪʦ ʦʧʠʩʘʥ ʚʳʰʝ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʵʥʝʨʛʠʷ ʠ ʛʨʘʜʠʝʥʪʳ ʜʣʷ ʤʝʪʦʜʘ QM/EFP1 ʧʦʣʥʦʩʪʴʶ 



53 
 

ʨʘʟʨʘʙʦʪʘʥʳ ʠ ʜʦʩʪʫʧʥʳ ʚ ʧʨʦʛʨʘʤʤʝ GAMESS. ʈʘʟʨʘʙʦʪʢʘ ʠ ʨʝʘʣʠʟʘʮʠʷ 

ʤʝʪʦʜʘ QM/EFP2 ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ ʩʣʦʞʥʳʤʠ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʩʣʦʞʥʦʛʦ 

ʦʙʤʝʥʥʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ, ʜʠʩʧʝʨʩʠʠ, ʠ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ, ʧʨʠ ʵʪʦʤ ʢʘʞʜʳʡ ʠʟ 

ʥʠʭ ʷʚʣʷʝʪʩʷ ʥʝʵʤʧʠʨʠʯʝʩʢʠ ʦʧʨʝʜʝʣʝʥʥʳʤ. ɹʦʣʝʝ ʦʙʱʠʡ QM/EFP2 ʤʝʪʦʜ 

ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ, ʪʘʢ ʢʘʢ ʦʥ ʨʘʩʰʠʨʷʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʬʬʝʢʪʦʚ 

ʨʘʩʪʚʦʨʠʪʝʣʷ ʥʘ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʭʠʤʠʯʝʩʢʠʭ ʠ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ ʜʣʷ 

ʚʩʝʭ ʨʘʩʪʚʦʨʠʪʝʣʝʡ. 

QM/EFP2 ʙʳʣ ʯʘʩʪʠʯʥʦ ʨʝʘʣʠʟʦʚʘʥ ʚ ʧʨʦʛʨʘʤʤʘʭ GAMESS ʠ Q-Chem. 

ɼʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʤʝʪʦʜʳ: 

CCSD(T), EOM-CCSD, TD-DFT, CIS, CIS(D), MCSCF, ʠ ʤʫʣʴʪʠʚʳʨʦʞʜʝʥʥʫʶ 

ʪʝʦʨʠʶ ʚʦʟʤʫʱʝʥʠʡ ʜʣʷ ʦʩʥʦʚʥʦʛʦ ʠ ʚʦʟʙʫʞʜʝʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʩʦʚʤʝʩʪʥʦ ʩ ʤʝʪʦʜʦʤ EFP [92,98,115]. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʢʣʶʯʝʥʠʝ ʢʫʣʦʥʦʚʩʢʠʭ ʩʠʣ ʠ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʠʯʝʩʢʠʡ ʛʘʤʠʣʴʪʦʥʠʘʥ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʴʰʠʥʩʪʚʦ ʵʬʬʝʢʪʦʚ 

ʩʦʣʴʚʘʪʘʮʠʠ, ʪʘʢʠʭ ʢʘʢ ʩʦʣʴʚʘʪʦʭʨʦʤʥʳʝ ʩʜʚʠʛʠ ʚ ʧʦʣʷʨʥʳʭ ʠʣʠ 

ʧʦʣʷʨʠʟʫʝʤʳʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ. ʇʦʣʷʨʠʟʫʝʤʘʷ ʩʨʝʜʘ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʢʘʞʜʳʤ 

ʵʣʝʢʪʨʦʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʧʦ-ʨʘʟʥʦʤʫ, ʪʘʢ ʯʪʦ ʵʬʬʝʢʪʠʚʥʳʝ ʛʘʤʠʣʴʪʦʥʠʘʥʳ 

ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʦʷʥʠʡ ʦʪʣʠʯʘʶʪʩʷ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʢʨʝʪʥʳʭ ʫʩʣʦʚʠʡ VPOL. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʤʦʞʥʦ ʣʠʙʦ ʧʦʣʥʦʩʪʴʶ ʦʧʨʝʜʝʣʠʪʴ ʧʦʣʷʨʠʟʘʮʠʶ ʩʨʝʜʳ 

ʜʣʷ ʢʘʞʜʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʣʠʙʦ ʨʘʟʜʝʣʠʪʴ ʨʘʩʪʚʦʨʠʪʝʣʴ ʠ 

ʨʘʩʪʚʦʨʝʥʥʦʝ ʚʝʱʝʩʪʚʦ ʠ ʨʝʰʠʪʴ ʟʘʜʘʯʫ ʥʘ ʩʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ 

ʵʣʝʢʪʨʦʥʥʳʭ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʩ ʧʦʩʪʦʷʥʥʦʡ (ʟʘʤʦʨʦʞʝʥʥʦʡ) 

ʨʝʘʢʮʠʝʡ ʩʨʝʜʳ EFP, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʝʛʦ ʵʣʝʢʪʨʦʥʥʦʤʫ ʩʦʩʪʦʷʥʠʶ. 

ʇʦʩʣʝʜʥʠʡ ʧʦʜʭʦʜ, ʢʦʪʦʨʳʡ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʩʦʭʨʘʥʷʝʪ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʴ 

ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʦʧʠʩʳʚʘʝʪ ʧʦʜʘʚʣʷʶʱʝʝ ʙʦʣʴʰʠʥʩʪʚʦ ʚʣʠʷʥʠʡ 

ʨʘʩʪʚʦʨʠʪʝʣʷ ʚ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʇʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ, ʤʦʛʫʪ ʙʳʪʴ 

ʚʢʣʶʯʝʥʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩ 

ʧʦʣʷʨʠʟʫʶʱʠʤ ʦʢʨʫʞʝʥʠʝʤ. 
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1.6.3 ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ EFP. 

ʇʦʣʥʦʩʪʴʶ ʤʝʪʦʜ EFP ʨʝʘʣʠʟʦʚʘʥ ʣʠʰʴ ʚ ʧʨʦʛʨʘʤʤʝ GAMESS. ʆʥʘ 

ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʘʪʴ ʧʦʣʥʦʩʪʴʶ ʵʥʝʨʛʠʠ ʠ ʛʨʘʜʠʝʥʪʳ ʜʣʷ ʤʝʪʦʜʘ EFP1 ʜʣʷ 

ʚʦʜʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, ʜʣʷ ʤʝʪʦʜʘ QM/EFP1, ʘ ʪʘʢʞʝ ʵʥʝʨʛʠʶ ʠ ʛʨʘʜʠʝʥʪ ʜʣʷ 

ʤʝʪʦʜʘ EFP2 ʜʣʷ ʨʘʩʯʝʪʦʚ ʬʨʘʛʤʝʥʪʦʚ. EFP1 ʩʦʧʨʷʞʝʥ ʩ ʙʦʣʴʰʠʥʩʪʚʦʤ 

ʤʝʪʦʜʦʚ, ʜʦʩʪʫʧʥʳʭ ʚ ʧʨʦʛʨʘʤʤʝ GAMESS.  

ʅʝʜʘʚʥʦ ʤʝʪʦʜ EFP ʪʘʢʞʝ ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʚ ʧʨʦʛʨʘʤʤʝ Q-Chem. ɼʘʥʥʘʷ 

ʧʨʦʛʨʘʤʤʘ ʩʧʦʩʦʙʥʘ ʚʳʯʠʩʣʠʪʴ ʵʥʝʨʛʠʶ ʠ ʛʨʘʜʠʝʥʪʳ ʜʣʷ ʚʩʝʭ EFP 

ʧʦʪʝʥʮʠʘʣʦʚ ʜʣʷ ʬʨʘʛʤʝʥʪ-ʬʨʘʛʤʝʥʪʥʳʭ ʚʳʯʠʩʣʝʥʠʡ. ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ, 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʠ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʯʣʝʥʳ ʵʥʝʨʛʠʠ ʚ ʤʝʪʦʜʝ QM/EFP ʪʘʢʞʝ 

ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ ʜʘʥʥʦʡ ʧʨʦʛʨʘʤʤʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʠʟʚʦʜʠʪʴ EFP 

ʚʳʯʠʩʣʝʥʠʷ ʚ ʩʦʯʝʪʘʥʠʠ ʩʦ ʤʥʦʛʠʤʠ ʤʝʪʦʜʘʤʠ ʜʣʷ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, 

ʜʦʩʪʫʧʥʳʭ ʚ Q-Chem. 

 

ʈʠʩ.4. ʀʥʪʝʨʬʝʡʩ ʤʝʞʜʫ ʥʝʵʤʧʠʨʠʯʝʩʢʦʡ ʤʦʜʝʣʴʶ ʠ EFP. 
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ʇʦʩʢʦʣʴʢʫ ʤʝʪʦʜ EFP ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʤʦʪʨʝʥ ʚ ʢʘʯʝʩʪʚʝ ʪʦʯʥʦʡ ʟʘʤʝʥʳ 

ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʩʠʣʦʚʦʛʦ ʧʦʣʷ ʚ QM/MM ʤʦʜʝʣʠʨʦʚʘʥʠʠ, ʦʥ ʤʦʞʝʪ ʙʳʪʴ 

ʨʝʘʣʠʟʦʚʘʥ ʢʘʢ ʤʦʜʫʣʴ ʩ ʧʨʦʩʪʳʤ ʠʥʪʝʨʬʝʡʩʦʤ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʧʘʢʝʪʦʚ (ʨʠʩ. 4). ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʨʘʟʣʠʯʥʳʤʠ EFP ʧʘʢʝʪʘʤ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʥʦʞʝʩʪʚʦ ʚʦʟʤʦʞʥʦʩʪʝʡ ʜʣʷ ʨʘʩʰʠʨʝʥʠʷ ʤʝʪʦʜʦʣʦʛʠʡ, 

ʠʟʥʘʯʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʜʣʷ ʭʠʤʠʠ ʚ ʛʘʟʦʚʦʤ ʩʦʩʪʦʷʥʠʠ ʚ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʬʘʟʝ ʠ ʧʨʦʪʷʞʝʥʥʳʭ ʩʠʩʪʝʤ, ʙʝʟ ʩʫʱʝʩʪʚʝʥʥʦʛʦ 

ʫʚʝʣʠʯʝʥʠʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʦʱʥʦʩʪʝʡ. ʊʘʢʦʡ EFP ʤʦʜʫʣʴ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʦʥʝʥʪʦʚ [201].  

ʕʬʬʝʢʪʠʚʥʳʡ ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʬʨʘʛʤʝʥʪʘ ʩʦʜʝʨʞʠʪ ʩʣʝʜʫʶʱʫʶ 

ʠʥʬʦʨʤʘʮʠʶ. ʉʣʘʛʘʝʤʦʝ, ʚʢʣʶʯʘʶʱʝʝ ʚ ʩʝʙʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʢʦʦʨʜʠʥʘʪʳ 

ʘʪʦʤʦʚ ʠ ʩʝʨʝʜʠʥʳ ʩʚʷʟʝʡ, ʘ ʪʘʢʞʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʫʣʴʪʠʧʦʣʝʡ (ʟʘʨʷʜʳ, 

ʜʠʧʦʣʠ, ʢʚʘʜʨʫʧʦʣʠ, ʦʢʪʫʧʦʣʠ) ʚ ʵʪʠʭ ʪʦʯʢʘʭ; ʚ ʩʣʫʯʘʝ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ, 

ʢʘʞʜʘʷ ʪʦʯʢʘ ʜʦʣʞʥʘ ʩʦʜʝʨʞʘʪʴ ʦʜʠʥ ʧʘʨʘʤʝʪʨ. ʊʘʢʞʝ ʚʭʦʜʠʪ ʩʣʘʛʘʝʤʦʝ, 

ʦʪʚʝʯʘʶʱʝʝ ʟʘ ʧʦʣʷʨʠʟʘʮʠʶ, ʩʦʜʝʨʞʘʱʝʝ ʢʦʦʨʜʠʥʘʪʳ LMO ʮʝʥʪʨʦʚ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʪʝʥʟʦʨʦʚ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ (ʩ ʜʝʚʷʪʴʶ ʢʦʤʧʦʥʝʥʪʘʤʠ ʢʘʞʜʳʡ) 

ʚ ʵʪʠʭ ʪʦʯʢʘʭ; ʚ ʩʣʫʯʘʝ ʙʣʠʞʥʝʛʦ ɻʘʫʩʩʘ ʜʦʙʘʚʣʷʝʪʩʷ ʝʱʸ ʦʜʠʥ ʦʙʱʠʡ 

ʧʘʨʘʤʝʪʨ. ʊʘʢʞʝ ʩʣʘʛʘʝʤʦʝ, ʦʪʚʝʯʘʶʱʝʝ ʟʘ ʜʠʩʧʝʨʩʠʶ, ʩʦʩʪʦʷʱʠʡ ʠʟ 

ʢʦʦʨʜʠʥʘʪ LMO ʮʝʥʪʨʦʚ ʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʪʝʥʟʦʨʦʚ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ, 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʥʘ 12 ʟʘʨʘʥʝʝ ʦʧʨʝʜʝʣʝʥʥʳʭ ʤʥʠʤʳʭ ʯʘʩʪʦʪʘʭ ʥʘ LMO ʮʝʥʪʨʘʭ. 

ʊʘʢʞʝ ʩʣʘʛʘʝʤʦʝ, ʚʢʣʶʯʘʶʱʝʝ ʦʙʤʝʥʥʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ, ʩʦʜʝʨʞʘʱʝʝ 

ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ ʠ LMO ʮʝʥʪʨʦʚ, ʙʘʟʠʩʥʳʡ ʥʘʙʦʨ, ʣʦʢʘʣʠʟʦʚʘʥʥʫʶ 

ʚʦʣʥʦʚʫʶ ʬʫʥʢʮʠʶ ʠ ʤʘʪʨʠʯʥʳʝ ʵʣʝʤʝʥʪʳ ʌʦʢʘ ʚ ʣʦʢʘʣʠʟʦʚʘʥʥʦʤ ʙʘʟʠʩʝ. ʀ 

ʧʦʩʣʝʜʥʝʝ ʩʣʘʛʘʝʤʦʝ, ʦʪʚʝʯʘʶʱʝʝ ʧʝʨʝʥʦʩʫ ʟʘʨʷʜʘ, ʩʦʩʪʦʷʱʝʝ ʠʟ ʢʦʦʨʜʠʥʘʪ 

ʘʪʦʤʦʚ, ʙʘʟʠʩʥʦʛʦ ʥʘʙʦʨʘ, ʢʘʥʦʥʠʯʝʩʢʠʭ ʠʣʠ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʚʦʣʥʦʚʳʭ 

ʬʫʥʢʮʠʡ ʠ ʦʨʙʠʪʘʣʴʥʳʭ ʵʥʝʨʛʠʡ.  

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʫʧʨʦʩʪʠʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ EFP, ʦʙʝ ʧʨʦʛʨʘʤʤʳ: 

Gamess ʠ Q-Chem ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʪʘʥʜʘʨʪʥʳʡ ʥʘʙʦʨ ʵʬʬʝʢʪʠʚʥʳʭ 

ʧʦʪʝʥʮʠʘʣʦʚ ʜʣʷ ʦʙʳʯʥʳʭ ʨʘʩʪʚʦʨʠʪʝʣʝʡ, ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ, ʠ ʦʩʥʦʚʘʥʠʡ 
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ʚ ɼʅʂ. ʕʪʠ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʳʝ ʵʬʬʝʢʪʠʚʥʳʝ ʧʦʪʝʥʮʠʘʣʳ ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ ʤʝʪʦʜʘ EFP, ʠʩʧʦʣʴʟʫʷ S22 [202] ʠ S66 

[203] ʥʘʙʦʨʳ ʜʘʥʥʳʭ ʜʣʷ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʥʝʢʦʚʘʣʝʥʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. 

Cʨʝʜʥʠʝ ʘʙʩʦʣʶʪʥʝr ʦʪʢʣʦʥʝʥʠ ̫(MADs) ʵʥʝʨʛʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ EFP, ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʦʜʦʚ CCSD(ʊ), ʨʘʚʥʳ 0,91 ʢʢʘʣ/ʤʦʣʴ ʠ 0,61 ʢʢʘʣ/ʤʦʣʴ ʜʣʷ 

ʥʘʙʦʨʦʚ S22 ʠ S66, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʪʥʦʩʠʪʝʣʴʥʳʝ ʦʰʠʙʢʠ ʵʥʝʨʛʠʡ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ EFP ʨʘʚʥʳ 11-12%. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʦʯʥʦʩʪʴ ʤʝʪʦʜʘ EFP ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩʨʘʚʥʠʤʘ ʩ MP2, ʘ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ EFP ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʤʝʥʴʰʝ. ʄʝʪʦʜ EFP 

ʦʙʳʯʥʦ ʧʨʝʚʦʩʭʦʜʠʪ ʤʥʦʛʠʝ ʩʠʣʦʚʳʝ ʢʣʘʩʩʠʯʝʩʢʠʝ ʧʦʣʷ. 

 

ʈʠʩ 5. ʉʨʘʚʥʝʥʠʝ ʤʝʪʦʜʘ EFP ʩ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʠʣʦʚʳʤʠ 

ʧʦʣʷʤʠ. 

ʌʦʨʤʘʣʴʥʘʷ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʦʰʠʙʢʘ ʤʝʪʦʜʘ EFP ʜʣʷ ʬʨʘʛʤʝʥʪ ï 

ʬʨʘʛʤʝʥʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʘʚʥʘ O(N2), ʛʜʝ N - ʯʠʩʣʦ ʬʨʘʛʤʝʥʪʦʚ. ɽʩʣʠ 

ʢʫʣʦʥʦʚʩʢʠʝ ʠ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʫʜʫʪ ʨʘʚʥʳ 1 ʝʜʠʥʠʮʝ, ʪʦ 

ʧʦʣʷʨʠʟʘʮʠʷ ʦʙʦʡʜʝʪʩʷ ʚ ʜʚʝ ʝʜʠʥʠʮʳ, ʘ ʦʙʤʝʥʥʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ ï ʧʷʪʴ. 

ʇʝʨʝʥʦʩ ʟʘʨʷʜʘ ʚ ʦʨʠʛʠʥʘʣʴʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʩ ʢʘʥʦʥʠʯʝʩʢʠʤʠ ʦʨʙʠʪʘʣʝʡ 

ʦʙʦʡʜʝʪʩʷ ʚ 50 ʝʜʠʥʠʮ, ʥʦ ʵʪʦʪ ʢʦʤʧʦʥʝʥʪ ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʙʦʣʝʝ ʜʦʩʪʫʧʥʳʤ ʚ 
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ʥʦʚʦʡ ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʨʝʘʣʠʟʘʮʠʠ (20-30 ʝʜʠʥʠʮ). ɼʣʷ ʩʠʩʪʝʤ ʩ 

ʙʦʣʴʰʠʤ N, ʫʤʝʥʴʰʝʥʠʝ ʙʣʠʞʥʝʛʦ ʦʙʤʝʥʥʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ ʠ ʧʝʨʝʥʦʩ ʟʘʨʷʜʘ 

ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ O(N), ʠʩʧʦʣʴʟʫʷ ʵʢʨʘʥʠʨʦʚʘʥʠʝ ʠʥʪʝʛʨʘʣʦʚ ʧʝʨʝʢʨʳʚʘʥʠʷ, ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʩʩʪʦʷʥʠʷ. ɺ ʠʪʦʛʝ, ʦʙʱʠʝ ʟʘʪʨʘʪʳ ʜʣʷ EFP ʨʘʩʯʝʪʦʚ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤʠ ʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʥʘ 

ʜʘʣʴʥʠʭ ʨʘʩʩʪʦʷʥʠʷʭ.  

ɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ QM/EFP ʦʙʳʯʥʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʘʪʨʘʪʘʤʠ ʥʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʨʘʩʯʝʪʘ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ. ʊʝʤ ʥʝ 

ʤʝʥʝʝ, ʚ ʩʠʩʪʝʤʘʭ ʩ ʦʯʝʥʴ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʵʬʬʝʢʪʠʚʥʳʭ ʬʨʘʛʤʝʥʪʦʚ, 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʷʚʣʷʶʪʩʷ ʛʣʘʚʥʳʤʠ. 

 

2. ʄʝʪʦʜʠʢʘ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

2.1 ʈʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ 

ʩʠʩʪʝʤ ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʨʘʛʤʝʥʪʦʚ (pyEFP).  

ɹr ʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʟʘʜʘʯʠ ʵʬʬʝʢʪʠʚʥʦʛʦ çʨʘʟʨʝʟʘʥʠʷè ʠʩʩʣʝʜʫʝʤʦʡ 

ʩʠʩʪʝʤʳ ʥʘ ʦʪʜʝʣʴʥʳʝ ʬʨʘʛʤʝʥʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʚ ʚʠʜʝ 

ʧʦʣʫʯʝʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ, ʘ ʪʘʢʞʝ ʩʦʟʜʘʥʠʝ ʙʠʙʣʠʦʪʝʢʠ ʜʘʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ.  

ɼʣʷ ʵʪʦʛʦ ʙʳʣ ʩʦʟʜʘʥ ʢʦʤʧʣʝʢʩ ʩʢʨʠʧʪʦʚ ʥʘ ʷʟʳʢʝ PYTHON (pyEFP), ʢʦʪʦʨʳʡ 

ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʧʨʦʜʝʣʳʚʘʶʪ ʦʧʠʩʘʥʥʳʝ ʧʨʦʮʝʜʫʨʳ. [D2] 

ʈʘʙʦʪʘ pyEFP ʥʘʯʠʥʘʝʪʩʷ ʩ ʚʚʦʜʘ ʢʦʦʨʜʠʥʘʪ ʚ ʬʦʨʤʘʪʝ PDB (Protein Data 

Bank). ʆʢʦʥʯʘʪʝʣʴʥʳʡ ʨʝʟʫʣʴʪʘʪ ʨʘʙʦʪʳ - ʚʭʦʜʥʦʡ ʬʘʡʣ ʜʣʷ EFP 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʚʝʨʩʠʷ EFP2) ʩ ʚʥʝʰʥʠʤʠ ʧʨʦʛʨʘʤʤʥʳʤʠ ʧʘʢʝʪʘʤʠ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʦʜʜʝʨʞʠʚʘʶʪʩʷ ʪʦʣʴʢʦ ʬʦʨʤʘʪʳ ʧʨʦʛʨʘʤʤ GAMESS US ʠ 

PSI-4. ʊʠʧʠʯʥʳʡ ʘʣʛʦʨʠʪʤ ʜʣʷ ʜʘʥʥʳʭ ʧʨʦʛʨʘʤʤ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʩʣʝʜʫʶʱʠʝ 

ʵʪʘʧʳ: 

1. ʇʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ ʚʭʦʜʥʳʭ ʢʦʦʨʜʠʥʘʪ. ʂʦʦʨʜʠʥʘʪʳ ʤʦʛʫʪ 

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʙʝʟ ʢʘʢʠʭ-ʣʠʙʦ ʠʟʤʝʥʝʥʠʡ ʠʣʠ ʧʨʝʦʙʨʘʟʦʚʘʥʳ ʚ 

ʬʦʨʤʫ ʢʚʘʟʠʩʬʝʨʠʯʝʩʢʦʛʦ ʢʣʘʩʪʝʨʘ, ʛʜʝ çʷʜʨʦè (ʥʘʧʨʠʤʝʨ, ʯʘʩʪʴ QM) 

ʨʘʩʧʦʣʦʞʝʥʦ ʚ ʮʝʥʪʨʝ ʠ ʦʢʨʫʞʝʥʦ ʦʙʦʣʦʯʢʦʡ ʟʘʜʘʥʥʦʡ ʪʦʣʱʠʥʳ. ʏʘʩʪʴ 
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ʩʠʩʪʝʤʳ ʚʥʝ ʵʪʦʛʦ ʢʣʘʩʪʝʨʘ ʫʜʘʣʷʝʪʩʷ. ɺʦ ʚʨʝʤʷ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʣʠʙʦ 

ʤʦʣʝʢʫʣʳ ʚ ʦʙʦʣʦʯʢʝ ʤʦʛʫʪ ʦʩʪʘʚʘʪʴʩʷ ʮʝʣʳʤʠ, ʣʠʙʦ ʩʚʷʟʠ, 

ʩʦʝʜʠʥʷʶʱʠʝ ʬʨʘʛʤʝʥʪʳ, ʤʦʛʫʪ ʙʳʪʴ ʨʘʟʦʨʚʘʥʳ ʠ çʟʘʤʝʱʝʥʳè ʘʪʦʤʘʤʠ 

ʚʦʜʦʨʦʜʘ. 

2. ʇʦʠʩʢ ʠʟʚʝʩʪʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʚ ʩʠʩʪʝʤʝ, ʚʢʣʶʯʘʷ ʘʚʪʦʤʘʪʠʯʝʩʢʫʶ 

ʧʨʦʚʝʨʢʫ ʙʘʟʳ ʜʘʥʥʳʭ ʠ ʘʥʘʣʠʟ ʩʚʷʟʝʡ ʤʝʞʜʫ ʬʨʘʛʤʝʥʪʘʤʠ. 

3. ʉʦʟʜʘʥʠʝ ʫʪʦʯʥʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪ. ʂʦʦʨʜʠʥʘʪʳ ʚʩʝʭ ʘʪʦʤʦʚ ʟʘʤʝʥʷʶʪʩʷ 

ʢʦʦʨʜʠʥʘʪʘʤʠ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʧʦʜʚʝʨʛʘʶʪʩʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʧʝʨʝʥʦʩʘʤʠ ʠ ʧʦʚʦʨʦʪʘʤʠ. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʦʜʠʥʘʢʦʚʫʶ ʚʥʫʪʨʝʥʥʶʶ ʛʝʦʤʝʪʨʠʶ ʜʣʷ ʬʨʘʛʤʝʥʪʦʚ ʦʜʥʦʛʦ ʪʠʧʘ. 

4. ʇʦʩʪʨʦʝʥʠʝ ʤʦʜʝʣʠ EFP ʜʣʷ ʚʩʝʡ ʩʠʩʪʝʤʳ. ʇʘʨʘʤʝʪʨʳ ʩʠʩʪʝʤʳ 

ʛʝʥʝʨʠʨʫʶʪʩʷ ʧʫʪʝʤ ʦʙʲʝʜʠʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʦʪʜʝʣʴʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʩ 

ʥʝʦʙʭʦʜʠʤʳʤʠ ʢʦʨʨʝʢʪʠʨʦʚʢʘʤʠ ʚʙʣʠʟʠ ʨʘʟʦʨʚʘʥʥʳʭ ʢʦʚʘʣʝʥʪʥʳʭ 

ʩʚʷʟʝʡ. 

5. ʉʦʟʜʘʥʠʝ ʠ ʤʦʜʠʬʠʢʘʮʠʷ ʙʘʟʳ ʜʘʥʥʳʭ. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʥʝʝ ʥʝ 

ʦʭʚʘʯʝʥʥʳʭ ʩʠʩʪʝʤ pyEFP ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʠʥʩʪʨʫʤʝʥʪʳ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʚʭʦʜʥʳʭ ʬʘʡʣʦʚ ʜʣʷ ʨʘʩʯʝʪʦʚ ʧʘʨʘʤʝʪʨʦʚ, ʘʥʘʣʠʟʘ ʠʭ ʚʳʭʦʜʥʳʭ ʜʘʥʥʳʭ 

ʠ ʜʦʙʘʚʣʝʥʠʷ ʥʦʚʳʭ ʬʨʘʛʤʝʥʪʦʚ ʚ ʙʘʟʫ ʜʘʥʥʳʭ. 

 

2.1.1 ɸʚʪʦʤʘʪʠʯʝʩʢʠʡ ʧʦʠʩʢ ʬʨʘʛʤʝʥʪʦʚ. 

ɺ ʩʘʤʦʤ ʥʘʯʘʣʝ ʩʠʩʪʝʤʘ ʜʦʣʞʥʘ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʥʘʙʦʨʘ 

ʥʝʧʝʨʝʩʝʢʘʶʱʠʭʩʷ ʬʨʘʛʤʝʥʪʦʚ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʢʘʞʜʳʡ 

ʪʷʞʝʣʳʡ ʘʪʦʤ ʚ ʩʠʩʪʝʤʝ ʜʦʣʞʝʥ ʙʳʪʴ ʯʘʩʪʴʶ ʦʜʥʦʛʦ ʠ ʪʦʣʴʢʦ ʦʜʥʦʛʦ 

ʬʨʘʛʤʝʥʪʘ. ʕʪʘ ʟʘʜʘʯʘ ʨʝʰʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʠʩʢʦʚʦʡ ʩʠʩʪʝʤʳ 

ʧʦʜʩʪʨʫʢʪʫʨʳ, ʧʨʝʜʦʩʪʘʚʣʷʝʤʦʡ ʧʘʢʝʪʦʤ pybel. ɺʦ-ʧʝʨʚʳʭ, ʘʣʛʦʨʠʪʤ 

ʧʨʦʩʤʘʪʨʠʚʘʝʪ ʙʘʟʫ ʜʘʥʥʳʭ ʠ ʚʳʙʠʨʘʝʪ ʚʩʝ ʬʨʘʛʤʝʥʪʳ, ʢʦʪʦʨʳʝ ʚʩʪʨʝʯʘʣʠʩʴ 

ʭʦʪʷ ʙʳ ʨʘʟ ʚ ʩʪʨʫʢʪʫʨʝ ʩʠʩʪʝʤʳ. ɿʘʪʝʤ ʜʣʷ ʚʩʝʭ ʧʘʨ ʬʨʘʛʤʝʥʪʦʚ ʚʳʯʠʩʣʷʝʪʩʷ 

ʧʝʨʝʢʨʳʚʘʥʠʝ, ʦʧʨʝʜʝʣʷʝʤʦʝ ʢʘʢ ʣʦʛʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ, ʫʢʘʟʳʚʘʶʱʝʝ, ʠʤʝʶʪ 

ʣʠ ʵʪʠ ʬʨʘʛʤʝʥʪʳ ʦʜʠʥʘʢʦʚʳʝ ʪʷʞʝʣʳʝ ʘʪʦʤʳ. ʄʥʦʞʝʩʪʚʦ 
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ʥʝʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʬʨʘʛʤʝʥʪʦʚ (ʝʩʣʠ ʪʘʢʦʚʳʝ ʩʫʱʝʩʪʚʫʶʪ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ 

ʵʪʠʤ ʜʘʥʥʳʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʠʩʢʘ ʧʦ ʚʩʝʤ ʚʦʟʤʦʞʥʳʤ ʢʦʤʙʠʥʘʮʠʷʤ. 

ɽʩʣʠ ʜʦʩʪʫʧʥʦ ʥʝʩʢʦʣʴʢʦ ʚʘʨʠʘʥʪʦʚ, ʘʣʛʦʨʠʪʤ ʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʧʦʩʣʝ 

ʥʘʭʦʞʜʝʥʠʷ ʧʝʨʚʦʛʦ. 

ʇʦʠʩʢ ʧʦʜʩʪʨʫʢʪʫʨʳ ʦʩʥʦʚʘʥ ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʤʦʣʝʢʫʣʳ ʠ ʬʨʘʛʤʝʥʪʦʚ 

ʚ ʙʘʟʝ ʜʘʥʥʳʭ ʧʨʠ ʧʦʤʦʱʠ SMILES (ʋʧʨʦʱʝʥʥʘʷ ʩʠʩʪʝʤʘ ʚʚʦʜʘ-ʚʳʚʦʜʘ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʚʭʦʜʦʚ). ʍʦʪʷ ʩʪʨʦʢʠ SMILES ʚʢʣʶʯʘʶʪ ʪʦʣʴʢʦ ʪʷʞʝʣʳʝ 

ʘʪʦʤʳ, ʩʦʩʪʦʷʥʠʝ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ ʠ ʧʦʣʥʳʡ ʟʘʨʷʜ ʬʨʘʛʤʝʥʪʘ ʤʦʛʫʪ ʙʳʪʴ 

ʦʧʨʝʜʝʣʝʥʳ ʩ ʷʚʥʳʤ ʦʧʨʝʜʝʣʝʥʠʝʤ ʧʦʨʷʜʢʦʚ ʩʚʷʟʠ ʠ ʟʘʨʷʜʦʚ ʪʷʞʝʣʳʭ ʘʪʦʤʦʚ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ, ʦʧʠʩʳʚʘʶʱʠʭ ʢʦʚʘʣʝʥʪʥʫʶ ʩʚʷʟʴ ʤʝʞʜʫ 

ʬʨʘʛʤʝʥʪʘʤʠ, ʘ ʪʘʢʞʝ ʘʪʦʤʘʤʠ, ʩʚʷʟʘʥʥʳʤʠ ʩ ʥʝʡ, ʥʝʦʙʭʦʜʠʤʦ ʚʢʣʶʯʠʪʴ ʵʪʫ 

ʦʙʣʘʩʪʴ ʚ ʦʧʨʝʜʝʣʝʥʠʝ ʬʨʘʛʤʝʥʪʘ ʥʘ ʵʪʘʧʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʢʚʘʥʪʦʚʦ-

ʭʠʤʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ. ɺʦʪ ʧʦʯʝʤʫ ʧʦʩʣʝ ʨʘʟʜʝʣʝʥʠʷ ʩʠʩʪʝʤʳ ʥʘ ʬʨʘʛʤʝʥʪʳ, 

ʜʣʷ ʢʘʞʜʦʛʦ ʬʨʘʛʤʝʥʪʘ ʥʝʦʙʭʦʜʠʤʦ ʥʘʡʪʠ çʰʘʙʣʦʥ ʩʚʷʟʠè, ʪʦ ʝʩʪʴ ʚʦʧʨʦʩ, ʥʘ 

ʢʦʪʦʨʳʡ ʥʝʦʙʭʦʜʠʤʦ ʦʪʚʝʪʠʪʴ: ʩ ʢʘʢʠʤʠ ʘʪʦʤʘʤʠ ʵʪʦʛʦ ʬʨʘʛʤʝʥʪʘ ʩʚʷʟʘʥʳ 

ʜʨʫʛʠʝ ʬʨʘʛʤʝʥʪʳ ʠ ʩ ʢʘʢʠʤʠ ʭʠʤʠʯʝʩʢʠʤʠ ʵʣʝʤʝʥʪʘʤʠ ʦʥʠ ʩʚʷʟʘʥʳ? ʕʪʦ 

çʰʘʙʣʦʥ ʩʚʷʟʠè, ʢʦʪʦʨʳʡ ʩʣʫʞʠʪ ʦʪʜʝʣʴʥʦʡ ʟʘʧʠʩʴʶ ʚ ʙʘʟʝ ʜʘʥʥʳʭ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʦʜʜʝʨʞʠʚʘʶʪʩʷ ʩʚʷʟʠ ʩ ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ ʠ ʘʟʦʪʘ. ʇʨʠ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʤ ʨʘʩʯʝʪʝ, ʩʚʷʟʴ çʟʘʤʝʱʘʝʪʩè̫ 

ʤʝʪʠʣʴʥʦʡ ʛʨʫʧʧʦʡ ʜʣʷ ʧʝʨʚʦʡ ʠ ʘʤʠʥʦʛʨʫʧʧʦʡ ʜʣʷ ʚʪʦʨʦʡ.  
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ʈʠʩ. 6. ɹʣʦʢ-ʩʭʝʤʘ ʘʣʛʦʨʠʪʤʘ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʧʦʠʩʢʘ.   

 

2.1.2 ʈʘʩʯʝʪ ʫʪʦʯʥʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪ. 

ʂʘʞʜʳʡ ʨʘʟ, ʢʦʛʜʘ ʢʦʥʢʨʝʪʥʳʡ ʬʨʘʛʤʝʥʪ ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʩʠʩʪʝʤʝ, 

ʢʦʦʨʜʠʥʘʪʳ ʚʩʝʭ ʝʛʦ ʘʪʦʤʦʚ ʟʘʤʝʥʷʶʪʩʷ ʢʦʦʨʜʠʥʘʪʘʤʠ, ʚʟʷʪʳʤʠ ʠʟ ʙʘʟʳ 

ʜʘʥʥʳʭ. ʅʝʦʙʨʘʙʦʪʘʥʥʳʝ ʜʘʥʥʳʝ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ ʤʦʜʠʬʠʮʠʨʫʶʪʩʷ ʧʫʪʝʤ 

ʧʝʨʝʤʝʱʝʥʠʷ ʠ ʚʨʘʱʝʥʠʷ, ʪʝʤ ʩʘʤʳʤ ʤʠʥʠʤʠʟʠʨʫʷ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ 

ʩʤʝʱʝʥʠʝ ʤʝʞʜʫ ʩʪʘʨʳʤʠ ʠ ʥʦʚʳʤʠ ʢʦʦʨʜʠʥʘʪʘʤʠ. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʠ ʘʪʦʤʳ 

ʢʦʥʮʝʚʳʭ ʛʨʫʧʧ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʭʘʨʘʢʪʝʨ ʩʚʷʟʠ, ʥʝ ʚʢʣʶʯʝʥʳ ʚ ʧʦʜʙʦʨ. 

ɼʘʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʨʝʘʣʠʟʫʝʪ ʘʣʛʦʨʠʪʤ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʂʘʙʩʯʝʤ.  
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2.1.3 ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʘʟʦʨʚʘʥʥʳʭ ʩʚʷʟʝʡ. 

ɺʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ EFP ʧʨʠʙʣʠʞʝʥʠʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʯʝʨʝʟ ʧʦʣʦʞʝʥʠʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʧʦʟʠʮʠʷʤʠ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʩʠʩʪʝʤʝ ʦʪʩʯʝʪʘ 

ʬʨʘʛʤʝʥʪʘ. ʏʪʦʙʳ ʦʧʠʩʘʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʫʯʘʩʪʠʝʤ ʢʦʚʘʣʝʥʪʥʦʡ ʩʚʷʟʠ, 

ʩʦʝʜʠʥʷʶʱʝʡ ʜʚʘ ʬʨʘʛʤʝʥʪʘ, ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʥʦʚʳʝ ʧʦʣʦʞʝʥʠʷ ʠ 

ʫʩʪʘʥʦʚʠʪʴ ʟʥʘʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʇʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ 

ʬʨʘʛʤʝʥʪʳ ʩʚʷʟʘʥʳ ʩ ʦʜʠʥʘʨʥʦʡ ʩʚʷʟʴʶ (ʥʝʨʘʟʫʤʥʦ ʨʘʟʨʳʚʘʪʴ ʩʚʷʟʴ ʙʦʣʝʝ 

ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ), ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʜʚʘ ʧʦʣʦʞʝʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ: 

ʦʜʠʥ ʩ ʤʫʣʴʪʠʧʦʣʴʥʳʤʠ ʤʦʤʝʥʪʘʤʠ ʚ ʩʨʝʜʥʝʡ ʪʦʯʢʝ ʩʚʷʟʠ, ʘ ʜʨʫʛʦʡ ʩ ʪʝʥʟʦʨʦʤ 

ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʮʝʥʪʨʦʠʜʝ ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ ʦʨʙʠʪʘʣʠ, ʪʘʢʞʝ ʨʘʩʧʦʣʦʞʝʥʥrʤ 

ʛʜʝ-ʪʦ ʥʝʜʘʣʝʢʦ ʦʪ ʩʝʨʝʜʠʥʳ ʩʚʷʟʠ. ʇʦʩʣʝʜʥʷʷ ʧʨʦʙʣʝʤʘ ʨʝʰʘʝʪʩʷ ʩʘʤʳʤ 

ʧʨʦʩʪʳʤ ʩʧʦʩʦʙʦʤ: ʮʝʥʪʨʦʠʜ ʫʜʘʣʷʝʪʩʷ ʠ ʥʝ ʚʢʣʶʯʘʝʪʩʷ ʚ ʦʢʦʥʯʘʪʝʣʴʥʫʶ 

ʤʦʜʝʣʴ EFP. ɺ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʥʝʠʟʙʝʞʥʘ ʧʦʣʷʨʠʟʘʮʠʦʥʥʘʷ ʢʘʪʘʩʪʨʦʬʘ, 

ʧʦʩʢʦʣʴʢʫ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʮʝʥʪʨʦʠʜʦʤ ʠ ʦʙʦʠʤʠ ʬʨʘʛʤʝʥʪʘʤʠ ʩʦʩʪʘʚʣʷʝʪ 

ʧʨʠʤʝʨʥʦ ʧʦʣʦʚʠʥʫ ʜʣʠʥʳ ʩʚʷʟʠ. 

ʇʨʘʚʠʣʘ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʜʣʷ ʵʣʝʢʪʨʦʩʪʘʪʠʢʠ ʟʘʩʣʫʞʠʚʘʶʪ ʦʩʦʙʦʛʦ 

ʚʥʠʤʘʥʠʷ. ʉʝʨʝʜʠʥʘ ʩʚʷʟʠ ʚʢʣʶʯʘʝʪʩʷ ʚ ʦʧʨʝʜʝʣʝʥʠʝ ʦʙʦʠʭ ʬʨʘʛʤʝʥʪʦʚ, ʝʩʣʠ 

ʧʨʠʥʠʤʘʝʪʩʷ ʚʦ ʚʥʠʤʘʥʠʝ ʧʨʘʚʠʣʴʥʘʷ ʩʭʝʤʘ ʩʦʝʜʠʥʝʥʠʷ. ʂʦʥʝʯʥʘʷ ʤʦʜʝʣʴ 

EFP ʠʩʧʦʣʴʟʫʝʪ ʧʘʨʘʤʝʪʨʳ ʠʟ ʬʨʘʛʤʝʥʪʘ ʩ ʧʦʣʦʞʝʥʠʝʤ ʩʨʝʜʥʝʡ ʪʦʯʢʠ ʙʣʠʞʝ 

ʢ ʝʝ ʨʝʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ. ʆʩʥʦʚʥʳʤ ʢʨʠʪʝʨʠʝʤ ʷʚʣʷʝʪʩʷ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʪʷʞʝʣʳʤ ʘʪʦʤʦʤ ʪʝʨʤʠʥʘʣʴʥʦʡ ʛʨʫʧʧʳ ʠ ʝʛʦ ʧʦʣʦʞʝʥʠʝʤ ʚʦ ʚʭʦʜʥʳʭ 

ʢʦʦʨʜʠʥʘʪʘʭ. 

 

ʈʠʩ. 7. ʇʨʦʮʝʜʫʨʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʤʝʞʬʨʘʛʤʝʥʪʘʨʥʦʡ ʩʚʷʟʠ. 
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ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʩʝ ʜʨʫʛʠʝ ʤʫʣʴʪʠʧʦʣʴʥʳʝ ʤʦʤʝʥʪʳ 

ʪʝʨʤʠʥʘʣʴʥʳʭ ʛʨʫʧʧ ʫʜʘʣʷʶʪʩʷ, ʚʢʣʶʯʘʷ ʯʘʩʪʠʯʥʳʝ ʟʘʨʷʜʳ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʥʫʣʝʚʦʤʫ ʦʙʱʝʤʫ ʟʘʨʷʜʫ ʩʠʩʪʝʤʳ. ʏʪʦʙʳ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʵʪʦʪ ʵʬʬʝʢʪ, 

ʧʦʣʫʯʝʥʥʘʷ ʨʘʟʥʦʩʪʴ ʟʘʨʷʜʦʚ ʜʦʙʘʚʣʷʝʪʩʷ ʢ ʟʘʨʷʜʫ ʩʨʝʜʥʝʡ ʪʦʯʢʠ 

ʤʝʞʬʨʘʛʤʝʥʪʘʨʥʦʡ ʩʚʷʟʠ. 

 

2.1.4 ʆʙʟʦʨ ʢʦʜʘ. 

ʂʦʜ pyEFP ʥʘʧʠʩʘʥ ʥʘ python 2.7 ʠ ʦʩʥʦʚʘʥ ʥʘ ʤʦʜʫʣʷʭ numpy, openbabel ʠ 

pybel. ʆʥ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥ ʜʣʷ numpy 1.8.2 ʠ openbabel python 

API 2.3.2, ʥʦ ʪʘʢʞʝ ʜʦʣʞʝʥ ʨʘʙʦʪʘʪʴ ʩ ʜʨʫʛʠʤʠ, ʥʝ ʦʯʝʥʴ ʫʩʪʘʨʝʚʰʠʤʠ 

ʚʝʨʩʠʷʤʠ. ʂʦʜ ʨʘʟʜʝʣʝʥ ʥʘ ʥʝʩʢʦʣʴʢʦ ʫʪʠʣʠʪ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʩʢʨʠʧʪʦʚ. 

ʂʨʘʪʢʦʝ ʦʧʠʩʘʥʠʝ ʚʭʦʜʥʳʭ ʠ ʚʳʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʢʘʞʜʦʡ ʫʪʠʣʠʪʳ 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʩ ʧʦʤʦʱʴʶ ʩʪʨʦʢʠ ïhelp ʚ ʢʘʯʝʩʪʚʝ ʘʨʛʫʤʝʥʪʘ ʢʦʤʘʥʜʥʦʡ 

ʩʪʨʦʢʠ. ɺ ʜʠʩʪʨʠʙʫʪʠʚʝ ʝʩʪʴ ʧʷʪʴ ʬʘʡʣʦʚ: 

1. pyEFP.py - ʙʘʟʦʚʘʷ ʙʠʙʣʠʦʪʝʢʘ ʢʣʘʩʩʦʚ ʠ ʤʝʪʦʜʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʩ 

ʤʦʜʝʣʷʤʠ EFP, ʠʭ ʚʚʦʜʦʤ ʠ ʚʳʚʦʜʦʤ, ʦʙʨʘʙʦʪʢʘ ʚʳʭʦʜʥʳʭ ʜʘʥʥʳʭ ʜʣʷ 

ʧʨʦʛʨʘʤʤʳ GAMESS US. 

2. fragrepr.py - ʙʠʙʣʠʦʪʝʢʘ ʢʣʘʩʩʦʚ ʠ ʤʝʪʦʜʦʚ, ʦʧʠʩʳʚʘʶʱʠʭ ʩʪʨʫʢʪʫʨʫ 

ʙʘʟʳ ʜʘʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʠ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʩʣʦʞʥʦʡ ʤʦʣʝʢʫʣʳ ʚ ʚʠʜʝ 

ʦʙʲʝʜʠʥʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʬʨʘʛʤʝʥʪʦʚ, ʚʢʣʶʯʘʷ ʧʨʦʮʝʜʫʨʫ 

ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʜʝʣʝʥʠʷ. 

3. gencluster.py - ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʣʘʩʪʝʨʥʳʭ ʤʦʜʝʣʝʡ ʠʟ ʚʭʦʜʥʳʭ 

ʢʦʦʨʜʠʥʘʪ ʦʙʱʝʛʦ ʚʠʜʘ. ʆʥ ʪʨʝʙʫʝʪ ʜʨʫʛʠʭ ʯʘʩʪʝʡ ʢʦʜʘ, ʪʦʣʴʢʦ ʝʩʣʠ 

ʤʦʣʝʢʫʣʳ ʥʝ ʩʦʭʨʘʥʷʶʪʩʷ ʚ ʭʦʜʝ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ. 

4. CreateNewFragment.py - ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʜʦʙʘʚʣʝʥʠʷ ʥʦʚʦʛʦ ʬʨʘʛʤʝʥʪʘ ʚ 

ʙʘʟʫ ʜʘʥʥʳʭ. ɺʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʧʠʩʘʥʠʝ ʬʨʘʛʤʝʥʪʘ 

ʚ ʚʠʜʝ SMILES ʩʪʨʦʢ. ɺʳʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʥʘʙʦʨ 

ʚʭʦʜʥʳʭ ʬʘʡʣʦʚ ʜʣʷ ʧʨʦʛʨʘʤʤʳ GAMESS US. ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ 
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ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʚʳʭʦʜʥʳʝ ʜʘʥʥʳʝ ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʠ 

ʦʙʲʝʜʠʥʷʶʪʩʷ ʩ ʙʘʟʦʡ ʜʘʥʥʳʭ. 

5. convert2EFP.py - ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʛʝʥʝʨʘʮʠʠ EFP-ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʩʠʩʪʝʤʳ. ʆʥ ʧʨʝʦʙʨʘʟʫʝʪ ʢʦʦʨʜʠʥʘʪʳ ʚʦ ʚʭʦʜʥʦʡ ʬʘʡʣ, ʧʦʜʭʦʜʷʱʠʡ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩ pyEFP ʥʘʯʠʥʘʝʪʩʷ ʩ ʘʥʘʣʠʟʘ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʠʥʪʝʨʝʩʫʶʱʝʡ ʩʠʩʪʝʤʳ. ʇʦʣʴʟʦʚʘʪʝʣʴ ʜʦʣʞʝʥ ʦʧʨʝʜʝʣʠʪʴ ʩʧʠʩʦʢ 

ʵʬʬʝʢʪʠʚʥʳʭ ʬʨʘʛʤʝʥʪʦʚ. ɽʩʣʠ ʦʥʠ ʦʪʩʫʪʩʪʚʫʶʪ ʚ ʙʘʟʝ ʜʘʥʥʳʭ, ʦʥ ʜʦʣʞʝʥ 

ʧʘʨʘʤʝʪʨʠʟʠʨʦʚʘʪʴ ʠʭ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ GAMESS US. ɼʣʷ ʢʘʞʜʦʡ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʚʭʦʜʥʳʭ ʢʦʦʨʜʠʥʘʪ ʧʦʣʴʟʦʚʘʪʝʣʴ ʜʦʣʞʝʥ ʫʢʘʟʘʪʴ QM ʯʘʩʪʴ ʠ 

ʩʦʟʜʘʪʴ ʧʦʜʭʦʜʷʱʫʶ ʤʦʜʝʣʴ ʢʣʘʩʪʝʨʘ ʜʣʷ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʦʢʨʫʞʝʥʠʷ. ɿʘʪʝʤ, 

ʛʝʥʝʨʠʨʫʶʪʩʷ ʬʘʡʣʳ, ʩʦʜʝʨʞʘʱʠʝ ʦʧʠʩʘʥʠʝ ʯʘʩʪʝʡ ʩʠʩʪʝʤʳ QM ʠ EFP. ʕʪʠ 

ʬʘʡʣʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʜʘʣʴʥʝʡʰʠʭ ʨʘʩʯʝʪʘʭ ʵʥʝʨʛʠʠ ʠʣʠ 

ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ. 

ɹʘʟʘ ʜʘʥʥʳʭ ʵʬʬʝʢʪʠʚʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʚʳʧʦʣʥʝʥʘ ʚ ʚʠʜʝ ʜʝʨʝʚʘ 

ʢʘʪʘʣʦʛʦʚ, ʩʦʜʝʨʞʘʱʝʛʦ ʚʳʭʦʜʥʳʝ ʬʘʡʣʳ ʧʨʦʛʨʘʤʤʳ GAMESS US ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ EFP ʜʣʷ ʢʘʞʜʦʛʦ ʬʨʘʛʤʝʥʪʘ. ɺ ʢʦʨʥʝʚʦʤ ʢʘʪʘʣʦʛʝ ʥʘʭʦʜʠʪʩʷ 

ʬʘʡʣ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʥʘʟʳʚʘʝʤʳʡ fragments, ʩ ʦʧʠʩʘʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʙʘʟʳ 

ʜʘʥʥʳʭ. ʉʦʜʝʨʞʠʤʦʝ ʵʪʦʛʦ ʬʘʡʣʘ ʨʘʟʜʝʣʝʥʦ ʥʘ ʦʪʜʝʣʴʥʳʝ ʙʣʦʢʠ ʪʝʢʩʪʘ, 

ʚʩʪʨʦʝʥʥʳʝ ʤʝʞʜʫ ʪʝʛʘʤʠ $frag ʠ $endfrag. ʂʘʞʜʳʡ ʙʣʦʢ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʢʦʥʢʨʝʪʥʦʤʫ ʬʨʘʛʤʝʥʪʫ. ʇʝʨʚʘʷ ʩʪʨʦʢʘ ʚ ʙʣʦʢʝ ʦʧʨʝʜʝʣʷʝʪ ʫʥʠʢʘʣʴʥʦʝ ʠʤʷ 

ʬʨʘʛʤʝʥʪʘ, ʢʦʪʦʨʦʝ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʠʤʝʥʝʤ ʧʦʜʢʘʪʘʣʦʛʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʚʩʝ 

ʥʝʦʙʭʦʜʠʤʳʝ ʜʘʥʥʳʝ. ɺʪʦʨʘʷ ʩʪʨʦʢʘ ʦʧʠʩʳʚʘʝʪ ʭʠʤʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ 

ʬʨʘʛʤʝʥʪʘ ʢʘʢ ʩʪʨʦʢʫ SMILES. ʉʣʝʜʫʶʱʠʝ ʩʪʨʦʢʠ ʦʧʠʩʳʚʘʶʪ ʨʘʟʣʠʯʥʳʝ 

ʤʦʜʝʣʠ ʩʢʣʝʠʚʘʥʠʷ. ʂʘʞʜʘʷ ʠʟ ʵʪʠʭ ʩʪʨʦʢ ʥʘʯʠʥʘʝʪʩʷ ʩ ʮʝʣʦʛʦ ʯʠʩʣʘ, ʟʘ 

ʢʦʪʦʨʳʤ ʩʣʝʜʫʝʪ ʤʘʩʩʠʚ ʠʤʝʥ ʪʠʧʦʚ ʩʚʷʟʠ, ʠʤʝʶʱʠʭ ʦʜʠʥʘʢʦʚʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʩʚʷʟʝʡ. ʕʪʠ ʠʤʝʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʠʤʝʥʘʤ ʬʘʡʣʦʚ ʩ ʨʘʩʰʠʨʝʥʠʝʤ .efp, 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʧʦʜʢʘʪʘʣʦʛʝ ʬʨʘʛʤʝʥʪʘ. 
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2.2 ʉʦʟʜʘʥʠʝ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʙʠʙʣʠʦʪʝʯʥʳʭ EFP 

ʬʨʘʛʤʝʥʪʦʚ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʛʝʦʤʝʪʨʠʷʤʠ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ 

(Flexible EFP). 

ʇʦʩʣʝ ʩʦʟʜʘʥʠʷ ʠ ʪʝʩʪʠʨʦʚʘʥʠʷ ʩʢʨʠʧʪʦʚ pyEFP, ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ 

ʟʘʜʘʯʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʠʙʣʠʦʪʝʯʥʳʭ ʩʪʨʫʢʪʫʨ ʠ EFP ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʦʧʠʩʘʥʠʷ 

çʨʝʘʣʴʥʦʡè ʛʝʦʤʝʪʨʠʠ ʩʠʩʪʝʤʳ, ʚ ʯʘʩʪʥʦʩʪʠ ʜʣʷ ʥʝʞʝʩʪʢʠʭ (Flexible) 

ʬʨʘʛʤʝʥʪʦʚ. [D1] 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ, ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ HBC6 ʙʳʣʠ ʚʟʷʪʳ 3 

ʩʪʨʫʢʪʫʨʳ: ʜʠʤʝʨʳ ʤʫʨʘʚʴʠʥʦʚʦʡ ʢʠʩʣʦʪʳ (FaOO), ʜʠʤʝʨʳ ʬʦʨʤʘʥʠʜʘ 

(FaON) ʠ ʜʠʤʝʨʳ ʬʦʨʤʘʤʠʜʠʥʳ (FaNN). ɼʣʷ ʢʘʞʜʦʛʦ ʜʠʤʝʨʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʥʘʙʦʨ ʧʦʣʥʦʩʪʴʶ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨ (CCSD(T)/aug-ccpVDZ) ʩ 

ʨʘʟʣʠʯʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ ʤʝʞʜʫ ʚʦʜʦʨʦʜʘʤʠ.  ʈʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʚʦʜʦʨʦʜʘʤʠ 

ʙʳʣʠ 3.4-10.0 ¡ ʩ ʰʘʛʦʤ 0.1 ¡ ʜʣʷ ʢʦʨʦʪʢʠʭ ʨʘʩʩʪʦʷʥʠʡ ʠ 0.2-0.6 ¡ ʜʣʷ 

ʜʣʠʥʥʳʭ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʘʤʠ 

CCSD(T)/CBS ʠ SAPT2+3(CCD)/aug-cc-pVTZ. 

EFP ʧʘʨʘʤʝʪʨʳ ʙʳʣʠ ʨʘʩʯʠʪʘʥʳ ʜʣʷ ʦʜʠʥʦʯʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʪʨʫʢʪʫʨ, 

ʠʩʧʦʣʴʟʫʷ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʡ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʧʘʢʝʪ GAMESS. 

ʇʘʨʘʤʝʪʨʳ ʚʢʣʶʯʘʣʠ: ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʤʫʣʴʪʠʧʦʣʠ (ʟʘʨʷʜʳ, ʜʠʧʦʣʠ, 

ʢʚʘʜʨʫʧʦʣʠ, ʦʢʪʫʧʦʣʠ), ʚʳʯʠʩʣʝʥʥʳʝ ʥʘ ʘʪʦʤʘʭ, ʘ ʪʘʢʞʝ ʥʘ ʩʝʨʝʜʠʥʘʭ ʩʚʷʟʝʡ, 

ʪʝʥʟʦʨʳ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʠ ʜʠʤʘʥʠʯʝʩʢʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, ʚʳʯʠʩʣʝʥʥʳʝ ʥʘ 

ʮʝʥʪʨʦʠʜʘʭ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʦʨʙʠʪʘʣʝʡ (LMO), 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʚʦʣʥʦʚʳʝ ʬʫʥʢʮʠʠ, ʤʘʪʨʠʮʫ ʌʦʢʘ, ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ ʠ 

ʩʝʨʝʜʠʥ ʩʚʷʟʝʡ, ʘ ʪʘʢʞʝ ʢʦʦʨʜʠʥʘʪʳ LMO.  

 ɼʣʷ ʨʘʩʯʝʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʙʘʟʠʩ 6-31+G*. ʊʘʢ ʢʘʢ EFP ʧʘʨʘʤʝʪʨʳ 

ʠʤʝʶʪ ʨʘʟʥʫʶ ʘʩʠʤʧʪʦʪʠʢʫ ʥʘ ʢʦʨʦʪʢʠʭ ʠ ʜʣʠʥʥʳʭ ʨʘʩʩʪʦʷʥʠʭ̫, ʚ ʥʝʢʦʪʦʨʳʭ 

ʩʭʝʤʘʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʤʝʰʘʥʥʳʡ ʙʘʟʠʩ: 6-31G* ʜʣʷ ʵʣʝʢʪʨʦʩʪʘʪʠʢʠ ʠ 6-

311++G(3df,2p) ʜʣʷ ʦʩʪʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ.  

 ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 4 ʨʘʟʣʠʯʥʳʝ ʩʭʝʤʳ: 
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1. ñoptimized parametersò. ɼʣʷ ʢʘʞʜʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʥʘʙʦʨʘʭ ʜʣʷ 3 

ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʸʪʳ EFP ʧʘʨʘʤʝʪʨʦʚ. ɼʘʥʥʘʷ ʩʭʝʤʘ 

ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʪʦʯʥʦʡ (ʩʦʛʣʘʩʥʦ ʪʦʯʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ EFP ʤʝʪʦʜʘ), 

ʥʦ ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ, ʘ ʪʘʢʞʝ ʨʝʜʢʦ ʤʦʞʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʥʘ ʧʨʘʢʪʠʢʝ. 

2. ñgas phase parametersò. ʉʪʨʫʢʪʫʨʳ ʤʦʥʦʤʝʨʦʚ, ʚʟʷʪʳʝ ʠʟ ʜʠʤʝʨʦʚ ʩ 

ʨʘʩʩʪʦʷʥʠʝʤ 10 ¡, ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʛʘʟʦʬʘʟʥʳʭ ʩʪʨʫʢʪʫʨ. EFP 

ʧʘʨʘʤʝʪʨʳ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʜʣʷ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨ. EFP ʬʨʘʛʤʝʥʪʳ ʦʩʪʘʶʪʩʷ 

ʥʝʠʟʤʝʥʥʳʤʠ. ʕʪʘ ʩʪʘʥʜʘʨʪʥʘʷ ʩʭʝʤʘ, ʢʦʪʦʨʫʶ ʠʩʧʦʣʴʟʫʶʪ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ.  

3. ñmixed basis gas phase parametersò. ɼʘʥʥʘʷ ʩʭʝʤʘ ʩʭʦʞʘ ʩʦ ʩʭʝʤʦʡ 2, 

ʪʦʣʴʢʦ ʠʩʧʦʣʴʟʫʝʪ ʩʤʝʰʘʥʥʳʡ ʙʘʟʠʩʥʳʡ ʥʘʙʦʨ: 6-31G* ʜʣʷ ʵʣʝʢʪʨʦʩʪʘʪʠʢʠ ʠ 

6-311++G(3df,2p) ʜʣʷ ʦʩʪʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ. 

4. ñshifted parametersò. ɼʘʥʥʘʷ ʩʭʝʤʘ ʷʚʣʷʝʪʩʷ ʛʠʙʨʠʜʦʤ ʩʭʝʤʳ 1 ʠ 2. 

ʇʘʨʘʤʝʪʨʳ ʜʣʷ ʛʘʟʦʬʘʟʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ, ʩʦʛʣʘʩʥʦ ʩʭʝʤʝ 2, 

ʆʜʥʘʢʦ, ʜʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʜʚʠʥʫʪʳ ʢ ʢʦʦʨʜʠʥʘʪʘʤ ʪʦʯʢʘʤ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʣʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ, ʢʘʢ ʚ ʩʭʝʤʝ 1. ʅʘ ʧʨʘʢʪʠʢʝ ʵʪʦ 

ʦʟʥʘʯʘʝʪ, ʯʪʦ EFP ʧʘʨʘʤʝʪʨʳ, ʚʟʷʪʳʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ, ʠʤʝʶʪ ʢʦʦʨʜʠʥʘʪʳ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʣʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ. ɼʘʥʥʘʷ ʩʭʝʤʘ ʚʧʝʨʚʳʝ ʠʩʧʦʣʴʟʦʚʘʥʘ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ.  

ʊʘʢʞʝ ʚ ʩʭʝʤʘʭ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʥʝ ʛʘʟʦʬʘʟʥʳʝ ʢʦʦʨʜʠʥʘʪʳ (ʩʭʝʤʳ 1 ʠ 4), 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʚʢʣʘʜ ʵʥʝʨʛʠʠ ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʦʣʥʫʶ ʵʥʝʨʛʠʶ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ: 

Ὁ Ὁ Ὁ Ὁ Ὁ Ὁ                                       (89) 

ʛʜʝ Ὁ
Ⱦ

Ὁ
Ⱦ  - ʵʥʝʨʛʠʷ ʜʝʬʦʨʤʘʮʠʠ, ʢʦʪʦʨʫʶ ʥʫʞʥʦ ʧʨʠʣʦʞʠʪʴ, ʯʪʦʙʳ 

ʤʦʥʦʤʝʨ A/B ʠʟʤʝʥʠʣ ʩʚʦʶ ʨʘʚʥʦʚʝʩʥʫʶ ʛʝʦʤʝʪʨʠʶ ʥʘ ʛʝʦʤʝʪʨʠʶ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʜʘʥʥʦʤʫ ʢʦʤʧʣʝʢʩʫ, Ὁ  - EFP ʵʥʝʨʛʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʜʣʷ ʜʠʤʝʨʘ ʚ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʡ ʛʝʦʤʝʪʨʠʠ, Ὁ  - ʵʥʝʨʛʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʜʠʤʝʨʘ ʩ ʫʯʝʪʦʤ ʙʝʩʢʦʥʝʯʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʤʦʥʦʤʝʨʦʚ.  
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2.3 ʀʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʩʧʦʩʦʙʦʚ ʦʧʠʩʘʥʠʷ ʦʢʨʫʞʝʥʠʷ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʩʪʨʫʢʪʫʨ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʝ ʥʘ ʧʨʠʤʝʨʝ ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ 

ʚʦʜʥʦʡ ʩʨʝʜʝ. 

ʉʣʝʜʫʶʱʝʡ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʟʘʜʘʯʝʡ, ʷʚʣʷʣʦʩʴ ʦʧʨʝʜʝʣʝʥʠʝ ʩʧʦʩʦʙʘ 

ʦʧʠʩʘʥʠʷ ʦʢʨʫʞʝʥʠʷ ʧʨʠ ʧʦʤʦʱʠ ʨʘʟʣʠʯʥʳʭ ʜʦʩʪʫʧʥʳʭ ʤʝʪʦʜʦʚ, ʘ ʪʘʢʞʝ 

ʩʨʘʚʥʝʥʠʝ ʠʭ ʪʦʯʥʦʩʪʠ. ɺ ʢʘʯʝʩʪʚʝ ʧʝʨʚʦʥʘʯʘʣʴʥʦʡ ñʪʝʩʪʦʚʦʡò ʩʪʨʫʢʪʫʨʳ 

ʙʳʣʘ ʚʳʙʨʘʥʘ ʤʦʣʝʢʫʣʘ ʮʠʪʦʟʠʥʘ, ʪʘʢ ʢʘʢ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 5 ʘʟʦʪʠʩʪʳʭ 

ʦʩʥʦʚʘʥʠʡ ʚ ɼʅʂ ʠ ʈʅʂ, ʠ ʩʫʱʝʩʪʚʫʝʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʜʘʥʥʦʡ ʤʦʣʝʢʫʣʳ (ʚ ʯʘʩʪʥʦʩʪʠ ʵʥʝʨʛʠʠ 

ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʵʥʝʨʛʠʠ ʧʝʨʝʭʦʜʦʚ). ʇʝʨʚʦʥʘʯʘʣʴʥʘʷ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʘʷ 

ʛʝʦʤʝʪʨʠʷ ʙʳʣʘ ʚʟʷʪʘ ʠʟ ʩʪʘʪʴʠ [204]. 

 

ʈʠʩ. 8. ʄʦʣʝʢʫʣʘ ʮʠʪʦʟʠʥʘ.  

ɼʣʷ ʧʝʨʚʦʥʘʯʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʦʠʟʚʝʜʝʥʳ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ 

ʨʘʩʯʝʪʳ ʵʥʝʨʛʠʡ ʚʦʟʙʫʞʜʝʥʠʷ ʜʣʷ ʧʝʨʚʳʭ 8 ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. ɺ 

ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʦʚ ʨʘʩʯʝʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʪʦʜʳ: EOM-CCSD, CIS(D), TD-

DFT ʩ ʛʠʙʨʠʜʥʳʤʠ ʬʫʥʢʮʠʦʥʘʣʘʤʠ PBE0 ʠ wB97xD. ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʠʩʦʚ ʙʳʣʠ 

ʚʳʙʨʘʥʳ ʙʘʟʠʩʳ: ʢʦʨʨʝʣʷʮʠʦʥʥʦ-ʩʦʛʣʘʩʦʚʘʥʥʳʡ cc-pVDZ ʠ ʜʦʧʦʣʥʝʥʥʳʡ 

ʢʦʨʨʝʣʷʮʠʦʥʥʦ-ʩʦʛʣʘʩʦʚʘʥʥʳʡ aug-cc-pVDZ.  

ʊʘʢ ʢʘʢ ʧʨʠ ʧʨʦʚʝʜʝʥʠʷ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʠʟʤʝʥʷʝʪʩʷ 

ʧʦʨʷʜʦʢ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʙʳʣʘ ʧʨʦʠʟʚʝʜʝʥʘ ʧʨʦʮʝʜʫʨʘ 

ʫʧʦʨʷʜʦʯʠʚʘʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʩʦʛʣʘʩʥʦ ʧʦʨʷʜʢʫ, ʫʢʘʟʘʥʥʦʤʫ ʚ ʩʪʘʪʴʝ[205]. ʇʨʠ ʧʨʦʮʝʜʫʨʝ ʫʧʦʨʷʜʦʯʠʚʘʥʠʷ, 
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ʩʨʘʚʥʠʚʘʣʠʩʴ ʥʦʤʝʨʘ ʤʦʣʝʢʫʣʷʨʥʳʭ ʦʨʙʠʪʘʣʝʡ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʧʝʨʝʭʦʜʝ, ʚʠʜ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʦʨʙʠʪʘʣʝʡ, ʘ ʪʘʢʞʝ ʩʠʣʳ ʦʩʮʠʣʣʷʪʦʨʘ ʜʣʷ ʜʘʥʥʳʭ ʧʝʨʝʭʦʜʦʚ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʦʪʦʙʨʘʥʳ 2 ʧʝʨʚʳʭ ˊ-ˊ* ʧʝʨʝʭʦʜʦʚ, 3 ʧʝʨʚʳʭ n-ˊ* ʧʝʨʝʭʦʜʦʚ, 

ʘ ʪʘʢʞʝ 1 ˊ-ñRydberg-typeò. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʙʘʟʠʩʘ 

aug-cc-pVDZ ʚ ʤʝʪʦʜʘʭ EOM-CCSD ʠ CIS(D) ʫʜʘʣʦʩʴ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʣʠʰʴ 

ʧʦʣʦʚʠʥʫ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʝʨʝʭʦʜʦʚ, ʫʢʘʟʘʥʥʳʭ ʚ ñʵʪʘʣʦʥʥʦʡò ʩʪʘʪʴʝ.  

 

ʈʠʩ. 9. ʄʦʣʝʢʫʣʷʨʥʳʝ ʦʨʙʠʪʘʣʠ. 

ʊʘʙʣʠʮʘ. 1. ʊʦʯʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ.  

cc-pVDZ, eV aug-cc-pVDZ, eV 

EOM-CCSD  0.721 EOM-CCSD  0.338 

CIS(D) 1.970 CIS(D) 1.354 

TD-DFT/ 

PBE0 
0.443 

TD-DFT/ 

PBE0 
0.226 

TDDFT/ 

wB97xD 
0.747 

TDDFT/ 

wB97xD 
0.387 

ɹʳʣ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʪʦʯʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʟʥʘʯʝʥʠʡ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʝʨʝʭʦʜʦʚ. ʅʘʠʙʦʣʝʝ ʪʦʯʥʳʤ ʦʢʘʟʘʣʩʷ ʤʝʪʦʜ TD-DFT ʚ ʙʘʟʠʩʝ 

aug-cc-pVDZ (ʩʨʝʜʥʝʝ ʘʙʩʦʣʶʪʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʜʣʷ ʬʫʥʢʮʠʦʥʘʣʘ PBE0: 0.226, 

ʬʫʥʢʮʠʦʥʘʣʘ wB97xD: 0.387). ʊʘʢʞʝ ʤʝʪʦʜ TD-DFT ʧʦʢʘʟʳʚʘʣ 

ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʪʦʯʥʦʩʪʴ ʠ ʜʣʷ ʙʘʟʠʩʘ cc-pVDZ (PBE0: 0.443, wB97xD: 0.747).  

ʏʫʪʴ ʤʝʥʝʝ ʪʦʯʥʳʤ ʦʢʘʟʘʣʩʷ ʤʝʪʦʜ EOM-CCSD (aug-cc-pVDZ: 0.338, cc-pVDZ: 

0.721). ʍʫʞʝ ʧʦ ʪʦʯʥʦʩʪʠ ʦʢʘʟʘʣʩʷ ʤʝʪʦʜ CIS(D) (aug-cc-pVDZ: 1.354, cc-
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pVDZ: 1.970). ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʤʝʪʦʜ TD-DFT ʙʳʣ ʚʳʙʨʘʥ 

ʚ ʢʘʯʝʩʪʚʝ ʜʘʣʴʥʝʡʰʝʛʦ ʤʝʪʦʜʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ QM/EFP, QM/MM, QM/FMO 

ʨʘʩʯʝʪʦʚ. 

ʊʘʙʣʠʮʘ. 2. ɿʘʪʨʘʯʝʥʥʦʝ ʚʨʝʤʷ ʨʘʩʯʝʪʘ 

cc-pVDZ, ʤʠʥ aug-cc-pVDZ, ʤʠʥ 

EOM-CCSD  216 EOM-CCSD  753 

CIS(D) 14 CIS(D) 100 

TD-DFT/ 

PBE0 
1 

TD-DFT/ 

PBE0 
6 

TDDFT/ 

wB97xD 
2 

TDDFT/ 

wB97xD 
13 

 

ɹʳʣ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʟʘʪʨʘʯʝʥʥʦʛʦ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʚʨʝʤʝʥʠ ʜʣʷ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʝʪʦʜʦʚ, ʪʘʢ ʢʘʢ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʙʘʟʳ ʜʘʥʥʳʭ ʩ ʙʦʣʴʰʠʤ 

ʢʦʣʠʯʝʩʪʚʦʤ ʬʨʘʛʤʝʥʪʦʚ, ʜʘʥʥʳʡ ʧʘʨʘʤʝʪʨ ʙʫʜʝʪ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ. 

ʅʘʠʙʦʣʝʝ ʙʳʩʪʨʳʤ ʚʥʦʚʴ ʦʢʘʟʘʣʩʷ ʤʝʪʦʜ TD-DFT (1-10 ʤʠʥʫʪ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʙʘʟʠʩʘ ʠ ʬʫʥʢʮʠʦʥʘʣʘ ʜʣʷ ʦʜʥʦʛʦ ʬʨʘʛʤʝʥʪʘ). ɹʦʣʝʝ ʟʘʪʨʘʪʥʳʤ ʦʢʘʟʘʣʩʷ 

ʤʝʪʦʜ CIS(D) (14 ʤʠʥʫʪ ʜʣʷ ʙʘʟʠʩʘ cc-pVDZ ʠ 100 ʤʠʥʫʪ ʜʣʷ aug-cc-pVDZ). 

ʅʘʠʙʦʣʝʝ ʟʘʪʨʘʪʥʳʤ ʦʢʘʟʘʣʩʷ ʤʝʪʦʜ EOM-CCSD (216 ʤʠʥʫʪ ʜʣʷ ʙʘʟʠʩʘ cc-

pVDZ ʠ 753 ʤʠʥʫʪʳ ʜʣʷ aug-cc-pVDZ). ɼʘʥʥʳʡ ʘʥʘʣʠʟ ʪʘʢʞʝ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʤʝʪʦʜ TD-DFT ʷʚʣʷʝʪ ʣʫʯʰʠʤ ʤʝʪʦʜʦʚ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʨʘʙʦʪʳ. 

ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨ ʮʠʪʦʟʠʥʘ ʚ ʨʘʩʪʚʦʨʝ (ʚ ʚʦʜʝ). ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ GROMACS.  

ɹʳʣʘ ʩʦʟʜʘʥʘ ʢʫʙʠʯʝʩʢʘʷ ʧʝʨʠʦʜʠʯʥʘʷ ʷʯʝʡʢʘ ʨʘʟʤʝʨʦʤ 60*60*60 A ʩ 

ʤʦʣʝʢʫʣʦʡ ʮʠʪʦʟʠʥʘ ʚ ʮʝʥʪʨʝ ʠ ʟʘʧʦʣʥʝʥʥʦʡ ʚʦʜʦʡ ʜʦ ʧʣʦʪʥʦʩʪʠ å 982 ʢʛ/ʤ3. 

ɼʘʥʥʳʡ ʨʘʟʤʝʨ ʙʳʣ ʚʳʙʨʘʥ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʣʥʦʩʪʴʶ ʫʯʠʪʳʚʘʪʴ ʚʩʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʚʦʜʦʡ, ʪʘʢ ʢʘʢ ʧʝʨʚʦʥʘʯʘʣʴʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʠ ʨʘʟʤʝʨʘʭ 

ʢʫʙʠʯʝʩʢʦʡ ʷʯʝʡʢʠ 30*30*30 ɸ, ʧʦʢʘʟʘʣʦ, ʯʪʦ ʤʦʣʝʢʫʣʘ ʮʠʪʦʟʠʥʘ ʚ ʭʦʜʝ NPT 
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ʨʝʣʘʢʩʘʮʠʠ ñʩʜʚʠʛʘʝʪʩʷò ʢ ʦʜʥʦʡ ʠʟ ʛʨʘʥʠ ʷʯʝʡʢʠ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ, ʧʨʠ 

ʥʘʣʦʞʝʥʠʠ ʧʝʨʠʦʜʠʯʥʳʭ ʫʩʣʦʚʠʡ, ʦʙʨʝʟʘʝʪʩʷ ʯʘʩʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ.  

 

ʈʠʩ. 10. ʄʦʣʝʢʫʣʘ ʮʠʪʦʟʠʥʘ ʚ ʢʫʙʠʯʝʩʢʦʡ ʷʯʝʡʢʝ 60 A. 

ʇʝʨʚʳʤ ʰʘʛʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʘ 

ʚʳʧʦʣʥʝʥʘ ʧʨʦʮʝʜʫʨʘ ʤʠʥʠʤʠʟʘʮʠʠ ʵʥʝʨʛʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʘʣʛʦʨʠʪʤʘ 

ʤʠʥʠʤʠʟʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʣʛʦʨʠʪʤ ʥʘʠʤʝʥʴʰʝʛʦ ʩʧʫʩʢʘ. ɺ ʢʘʯʝʩʪʚʝ 

ʩʠʣʦʚʦʛʦ ʧʦʣʷ, ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʩʠʣʦʚʦʝ ʧʦʣʝ OPLS-aa (all atom). ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʷʯʝʡʢʘ ʩ ʛʝʦʤʝʪʨʠʝʡ, ʦʪʚʝʯʘʶʱʝʡ ʥʘʠʤʝʥʴʰʝʡ ʧʦʪʝʥʮʠʘʣʴʥʦʡ 

ʵʥʝʨʛʠʠ. 

ɺʪʦʨʳʤ ʰʘʛʦʤ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ NVT ʧʨʦʮʝʜʫʨʘ ʜʣʷ ñʫʨʘʚʥʦʚʝʰʠʚʘʥʠʷò 

ʤʦʣʝʢʫʣ ʚʦʜʳ ʚʦʢʨʫʛ ʮʠʪʦʟʠʥʘ ʚ ʧʦʣʫʯʝʥʥʦʡ ʷʯʝʡʢʠ. ʇʨʦʮʝʜʫʨʘ NVT 

ʚʢʣʶʯʘʣʘ ʚ ʩʝʙʷ 100 ʧʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ 50000 ʰʘʛʦʚ ʩ ʜʣʠʥʦʡ 2 

ʬʩ, ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʧʦʜʜʝʨʞʘʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ å 300K. ɺ ʜʘʥʥʦʤ 

  
  

  с
л)
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ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ Berendsen ʪʝʨʤʦʩʪʘʪ. ɺ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʙʳʣʠ ʥʘʣʦʞʝʥʳ ʫʩʣʦʚʠʷ ʜʣʷ ʫʜʝʨʞʘʥʠʷ ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ ʮʝʥʪʨʝ ʷʯʝʡʢʠ.   

ʊʨʝʪʴʠʤ ʰʘʛʦʤ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ NPT ʧʨʦʮʝʜʫʨʘ ʜʣʷ ʧʦʣʥʦʛʦ 

ñʫʨʘʚʥʦʚʝʰʠʚʘʥʠʷò ʤʦʣʝʢʫʣ ʚʦʜʳ ʚʦʢʨʫʛ ʮʠʪʦʟʠʥʘ ʚ ʧʦʣʫʯʝʥʥʦʡ ʷʯʝʡʢʝ. 

ʇʨʦʮʝʜʫʨʘ NPT ʚʢʣʶʯʘʣʘ ʚ ʩʝʙʷ 2 ʥʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʩʦʩʪʦʷʱʝʝ ʠʟ 1000000 

ʰʘʛʦʚ ʩ ʜʣʠʥʦʡ 2 ʬʩ, ʩʦ ʩʨʝʜʥʠʤ ʟʥʘʯʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʚ 1.05 ʙʘʨ. ɺ ʜʘʥʥʦʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ Parrinello-Rahman ʙʘʨʦʩʪʘʪ. ɺ ʭʦʜʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʣʝʢʫʣʘ ʮʠʪʦʟʠʥʘ ñʩʚʦʙʦʜʥʦ ʧʝʨʝʜʚʠʛʘʣʘʩʴò ʚʥʫʪʨʠ ʷʯʝʡʢʠ.   

ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʘ 

ʧʦʣʫʯʝʥʘ ʪʨʘʝʢʪʦʨʠʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʷʯʝʡʢʠ, ʩʦʩʪʦʷʱʝʡ ʠʟ 

ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ.  

ɹʳʣ ʥʘʧʠʩʘʥ ʩʢʨʠʧʪ ʥʘ ʷʟʳʢʝ Python, ʨʘʩʧʦʣʘʛʘʶʱʠʡ ʠʩʩʣʝʜʫʝʤʫʶ 

ʤʦʣʝʢʫʣʫ ʚ ʮʝʥʪʨʝ ʧʦʣʫʯʝʥʥʦʡ ʷʯʝʡʢʠ. ʊʘʢ ʢʘʢ ʚ ʭʦʜʝ NPT ʧʨʦʮʝʜʫʨʳ 

ʤʦʣʝʢʫʣʘ ʮʠʪʦʟʠʥʘ ñʩʚʦʙʦʜʥʦ ʧʝʨʝʤʝʱʘʣʘʩʴò ʚʥʫʪʨʠ ʷʯʝʡʢʠ, ʪʦ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʚ ʢʦʥʝʯʥʳʭ ʛʝʦʤʝʪʨʠʷʭ 

ʤʦʣʝʢʫʣʘ ʮʠʪʦʟʠʥʘ ʥʘʭʦʜʠʣʘʩʴ ʥʝ ʧʦ ʮʝʥʪʨʫ. ʉʢʨʠʧʪ ʠʩʧʦʣʴʟʫʝʪ 

ʧʝʨʠʦʜʠʯʥʦʩʪʴ ʢʫʙʠʯʝʩʢʦʡ ʷʯʝʡʢʠ, ʫʚʝʣʠʯʠʚʘʷ ʝʸ ʨʘʟʤʝʨʳ, ʠ ʚʳʨʝʟʘʝʪ 

ʢʫʙʠʯʝʩʢʫʶ ʷʯʝʡʢʫ ʧʝʨʚʦʥʘʯʘʣʴʥʳʭ ʨʘʟʤʝʨʦʤ ʚʦʢʨʫʛ ʠʩʩʣʝʜʫʝʤʦʡ ʤʦʣʝʢʫʣʳ, 

ʪʝʤ ʩʘʤʳʤ ʥʘ ʚʳʭʦʜʝ ʤʳ ʧʦʣʫʯʘʝʤ ʷʯʝʡʢʫ ʩ ʠʩʩʣʝʜʫʝʤʦʡ ʤʦʣʝʢʫʣʦʡ ʚ ʮʝʥʪʨʝ. 

ʀʟ ʧʦʣʫʯʝʥʥʦʡ ʚ ʭʦʜʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʨʘʝʢʪʦʨʠʠ ʜʣʷ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʥʘʯʠʥʘʷ ʩ 1.1 ʥʩ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʜʦ 

2.0 ʥʩ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʩ ʰʘʛʦʤ ʚ 0.1 ʥʩ, ʙʳʣʠ ʚʳʜʝʣʝʥʳ 100 ʨʘʟʣʠʯʥʳʭ 

ʩʪʨʫʢʪʫʨ ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ ʚʦʜʥʦʡ ʩʨʝʜʝ. ʂ ʜʘʥʥʳʤ ʛʝʦʤʝʪʨʠʷʤ ʙʳʣ 

ʧʨʠʤʝʥʝʥ ʩʢʨʠʧʪ, ʨʘʩʧʦʣʘʛʘʶʱʠʡ ʤʦʣʝʢʫʣʫ ʮʠʪʦʟʠʥʘ ʚ ʮʝʥʪʨʝ ʷʯʝʡʢʠ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ 100 ʩʪʨʫʢʪʫʨ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʩ ʤʦʣʝʢʫʣʦʡ ʮʠʪʦʟʠʥʘ, 

ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʮʝʥʪʨʝ ʢʫʙʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʨʘʟʤʝʨʦʤ å 60 A, ʚ ʚʦʜʥʦʡ ʩʨʝʜʝ, 

ʩʦʩʪʦʷʱʝʡ ʠʟ 7089 ʤʦʣʝʢʫʣ ʚʦʜʳ.  
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2.4 ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʦʚ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʠ ʵʥʝʨʛʠʡ ʚʦʟʙʫʞʜʝʥʠʷ ʜʣʷ 

ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ ʢʦʤʧʣʝʢʩʝ b-ɼʅʂ. 

ʇʦʩʣʝ ʪʦʛʦ, ʢʘʢ ʙʳʣʠ ʩʦʟʜʘʥʳ ʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ ʩʢʨʠʧʪʳ çʨʘʟʨʝʟʘʥʠʷè 

ʩʠʩʪʝʤʳ ʥʘ ʨʘʟʣʠʯʥʳʝ ʬʨʘʛʤʝʥʪʳ ʠ ʜʦʙʘʚʣʝʥʠʷ ʠʭ ʚ ʙʘʟʫ ʜʘʥʥʳʭ (pyEFP), 

ʧʦʪʝʩʪʠʨʦʚʘʥʳ ʠ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʳ ʘʣʛʦʨʠʪʤʳ ʧʨʠʤʝʥʝʥʠʷ ʙʠʙʣʠʦʪʝʢʠ 

ʬʨʘʛʤʝʥʪʦʚ ʢ ʨʝʘʣʴʥʳʤ ʩʠʩʪʝʤʘʤ (Flexible EFP), ʘ ʪʘʢʞʝ ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ ʠ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʦʧʠʩʘʥʠʷ ʦʢʨʫʞʝʥʠʷ, ʙʳʣʘ 

ʨʘʩʩʤʦʪʨʝʥʘ ʟʘʜʘʯʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʳʭ 

ʩʢʨʠʧʪʦʚ ʠ ʘʣʛʦʨʠʪʤʦʚ ʜʣʷ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʩʠʩʪʝʤ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ ʚʳʙʨʘʥ ʢʦʤʧʣʝʢʩ b-ɼʅʂ (5'-

D(*CP*CP*AP*GP*CP*GP*CP*TP*GP*G)-3' dna), ʪʘʢ ʢʘʢ ʩʦʛʣʘʩʥʦ ʦʙʟʦʨʫ 

ʣʠʪʝʨʘʪʫʨʳ ʠ ʙʘʟ ʜʘʥʥʳʭ ʤʦʣʝʢʫʣ, ʛʝʦʤʝʪʨʠʠ ʜʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, 

ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʦʙʱʝʤ ʜʦʩʪʫʧʝ, ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ (ʩʦʦʪʚʝʪʩʪʚʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ), ʘ ʪʘʢʞʝ ʚ ʜʘʥʥʦʤ ʢʦʤʧʣʝʢʩʝ, ʮʠʪʦʟʠʥ ʥʘʭʦʜʠʪʩʷ 

ʧʦ ʮʝʥʪʨʫ ʩʧʠʨʘʣʠ. ɼʣʷ ʫʯʝʪʘ ʚʣʠʷʥʠʷ ʦʢʨʫʞʝʥʠʷ ʥʘ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ, 

ʢʦʤʧʣʝʢʩ b-ɼʅʂ ʙʳʣʘ ʧʦʤʝʱʝʥ ʚ ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ. 
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ʈʠʩ. 11. ʂʦʤʧʣʝʢʩ b-ɼʅʂ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨ ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ ʢʦʤʧʣʝʢʩʝ b-

ɼʅʂ ʚ ʨʘʩʪʚʦʨʝ (ʚ ʚʦʜʝ) ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ɺ ʢʘʯʝʩʪʚʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʧʘʢʝʪʘ, ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ GROMACS.  

ɹʳʣʘ ʩʦʟʜʘʥʘ ʢʫʙʠʯʝʩʢʘʷ ʧʝʨʠʦʜʠʯʥʘʷ ʷʯʝʡʢʘ ʨʘʟʤʝʨʦʤ 65*65*65 A ʩ 

ʢʦʤʧʣʝʢʩʦʤ b-ɼʅʂ ʚ ʮʝʥʪʨʝ ʠ ʟʘʧʦʣʥʝʥʥʘʷ ʚʦʜʦʡ ʜʦ ʧʣʦʪʥʦʩʪʠ å 982 ʢʛ/ʤ3. 

ɼʘʥʥʳʡ ʨʘʟʤʝʨ ʙʳʣ ʚʳʙʨʘʥ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʣʥʦʩʪʴʶ ʫʯʠʪʳʚʘʪʴ ʚʩʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʚʦʜʦʡ. ʊʘʢ ʢʘʢ ʢʦʤʧʣʝʢʩ b-ɼʅʂ ʥʝ ʷʚʣʷʝʪʩʷ 

ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʳʤ, ʚ ʠʩʩʣʝʜʫʝʤʫʶ ʷʯʝʡʢʫ ʙʳʣʦ ʜʦʙʘʚʣʝʥʦ 18 ʠʦʥʦʚ Na.  
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ʈʠʩ. 12. ʄɼ ʷʯʝʡʢʘ ʨʘʟʤʝʨʦʤ 65ɸ, ʩ ʢʦʤʧʣʝʢʩʦʤ b-ɼʅʂ ʧʦ ʮʝʥʪʨʫ. 

ʇʝʨʚʳʤ ʰʘʛʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʘ 

ʚʳʧʦʣʥʝʥʘ ʧʨʦʮʝʜʫʨʘ ʤʠʥʠʤʠʟʘʮʠʠ ʵʥʝʨʛʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʘʣʛʦʨʠʪʤʘ 

ʤʠʥʠʤʠʟʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʣʛʦʨʠʪʤ ʥʘʠʤʝʥʴʰʝʛʦ ʩʧʫʩʢʘ. ɺ ʢʘʯʝʩʪʚʝ 

ʩʠʣʦʚʦʛʦ ʧʦʣʷ, ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʩʠʣʦʚʦʝ ʧʦʣʝ Amber99. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʘ 

ʧʦʣʫʯʝʥʘ ʷʯʝʡʢʘ ʩ ʛʝʦʤʝʪʨʠʝʡ, ʦʪʚʝʯʘʶʱʝʡ ʥʘʠʤʝʥʴʰʝʡ ʧʦʪʝʥʮʠʘʣʴʥʦʡ 

ʵʥʝʨʛʠʠ. 

ɺʪʦʨʳʤ ʰʘʛʦʤ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ NVT ʧʨʦʮʝʜʫʨʘ ʜʣʷ ñʫʨʘʚʥʦʚʝʰʠʚʘʥʠʷò 

ʤʦʣʝʢʫʣ ʚʦʜʳ ʩ ʠʦʥʘʤʠ Na ʠ ʢʦʤʧʣʝʢʩʘ b-ɼʅʂ ʚʦʢʨʫʛ ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ 

ʧʦʣʫʯʝʥʥʦʡ ʷʯʝʡʢʝ. ʇʨʦʮʝʜʫʨʘ NVT ʚʢʣʶʯʘʣʘ ʚ ʩʝʙʷ 100 ʧʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, 

ʩʦʩʪʦʷʱʝʝ ʠʟ 50000 ʰʘʛʦʚ ʩ ʜʣʠʥʦʡ 2 ʬʩ, ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʧʦʜʜʝʨʞʘʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ å 300K. ɺ ʜʘʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ Berendsen 

ʪʝʨʤʦʩʪʘʪ. ɺ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʠ ʥʘʣʦʞʝʥʳ ʫʩʣʦʚʠʷ ʜʣʷ ʫʜʝʨʞʘʥʠʷ 

ʩʪʨʫʢʪʫʨʳ b-ɼʅʂ ʚ ʮʝʥʪʨʝ ʷʯʝʡʢʠ.   
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ʊʨʝʪʴʠʤ ʰʘʛʦʤ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ NPT ʧʨʦʮʝʜʫʨʘ ʜʣʷ ʧʦʣʥʦʛʦ 

ñʫʨʘʚʥʦʚʝʰʠʚʘʥʠʷò ʤʦʣʝʢʫʣ ʚʦʜʳ ʩ ʠʦʥʘʤʠ Na ʠ ʢʦʤʧʣʝʢʩʘ b-ɼʅʂ ʚʦʢʨʫʛ 

ʮʠʪʦʟʠʥʘ ʚ ʧʦʣʫʯʝʥʥʦʡ ʷʯʝʡʢʝ. ʇʨʦʮʝʜʫʨʘ NPT ʚʢʣʶʯʘʣʘ ʚ ʩʝʙʷ 2 ʥʩ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʩʦʩʪʦʷʱʝʝ ʠʟ 1000000 ʰʘʛʦʚ ʩ ʜʣʠʥʦʡ 2 ʬʩ, ʩʦ ʩʨʝʜʥʠʤ 

ʟʥʘʯʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʚ 1.05 ʙʘʨ. ɺ ʜʘʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

Parrinello-Rahman ʙʘʨʦʩʪʘʪ. ɺ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩ b-ɼʅʂ ʠ 

ʤʦʣʝʢʫʣʘ ʮʠʪʦʟʠʥʘ, ʚ ʯʘʩʪʥʦʩʪʠ, ñʩʚʦʙʦʜʥʦ ʧʝʨʝʜʚʠʛʘʣʠʩʴò ʚʥʫʪʨʠ ʷʯʝʡʢʠ.   

ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʘ ʧʦʣʫʯʝʥʘ 

ʪʨʘʝʢʪʦʨʠʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʷʯʝʡʢʠ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʤʦʣʝʢʫʣʳ 

ʮʠʪʦʟʠʥʘ ʚ ʢʦʤʧʣʝʢʩʝ b-ɼʅʂ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ ʩ ʠʦʥʘʤʠ Na.  

ʊʘʢ ʢʘʢ ʚ ʭʦʜʝ NPT ʧʨʦʮʝʜʫʨʳ ʤʦʣʝʢʫʣʘ ʮʠʪʦʟʠʥʘ ʚʤʝʩʪʝ ʩ ʢʦʤʧʣʝʢʩʦʤ 

b-ɼʅʂ ñʩʚʦʙʦʜʥʦ ʧʝʨʝʤʝʱʘʣʘʩʴò ʚʥʫʪʨʠ ʷʯʝʡʢʠ, ʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʦʣʝʢʫʣʷʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʚ ʢʦʥʝʯʥʳʭ ʛʝʦʤʝʪʨʠʷʭ, ʤʦʣʝʢʫʣʘ ʮʠʪʦʟʠʥʘ 

ʚʤʝʩʪʝ ʩ ʢʦʤʧʣʝʢʩʦʤ b-ɼʅʂ ʥʘʭʦʜʠʣʠʩʴ ʥʝ ʧʦ ʮʝʥʪʨʫ. ɹʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʨʘʥʝʝ 

ʥʘʧʠʩʘʥʥʳʡ ʩʢʨʠʧʪ ʥʘ ʷʟʳʢʝ Python, ʨʘʩʧʦʣʘʛʘʶʱʠʡ ʠʩʩʣʝʜʫʝʤʫʶ ʤʦʣʝʢʫʣʫ 

ʚ ʮʝʥʪʨʝ ʧʦʣʫʯʝʥʥʦʡ ʷʯʝʡʢʠ.  

ʀʟ ʧʦʣʫʯʝʥʥʦʡ ʚ ʭʦʜʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʨʘʝʢʪʦʨʠʠ, ʜʣʷ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʥʘʯʠʥʘʷ ʩ 1.1 ʥʩ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʜʦ 

2.0 ʥʩ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʩ ʰʘʛʦʤ ʚ 0.1 ʥʩ, ʙʳʣʠ ʚʳʜʝʣʝʥʳ 100 ʨʘʟʣʠʯʥʳʭ 

ʩʪʨʫʢʪʫʨ ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ ʚ ʢʦʤʧʣʝʢʩʝ b-ɼʅʂ ʚ ʚʦʜʥʦʡ ʩʨʝʜʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʙʳʣʦ ʧʦʣʫʯʝʥʦ 100 ʩʪʨʫʢʪʫʨ, ʩ ʤʦʣʝʢʫʣʦʡ ʮʠʪʦʟʠʥʘ ʚ ʢʦʤʧʣʝʢʩʝ b-ɼʅʂ, 

ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʮʝʥʪʨʝ ʢʫʙʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʨʘʟʤʝʨʦʤ å 65 A, ʚ ʚʦʜʥʦʡ ʩʨʝʜʝ, 

ʩʦʩʪʦʷʱʝʡ ʠʟ 9136 ʤʦʣʝʢʫʣ ʚʦʜʳ ʠ 18 ʠʦʥʦʚ Na.  

ʊʘʢ ʢʘʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʳ ʷʚʣʷʶʪʩʷ 

ʬʨʘʛʤʝʥʪʥʳʤʠ (ʪ.ʝ. ʧʨʝʜʩʪʘʚʣʷʶʪ ʚʩʶ ʩʠʩʪʝʤʫ ʢʘʢ ʩʦʚʦʢʫʧʥʦʩʪʴ ʦʪʜʝʣʴʥʳʭ 

ʬʨʘʛʤʝʥʪʦʚ), ʪʦ ʧʨʦʙʣʝʤʘ ʚʳʙʦʨʘ ʩʧʦʩʦʙʘ ʨʘʟʙʠʝʥʠʷ ʩʪʨʫʢʪʫʨ ʥʘ ʬʨʘʛʤʝʥʪʳ 

ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʚʘʞʥʳʭ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠ 2 ʩʧʦʩʦʙʘ 

ʨʘʟʙʠʝʥʠʷ: ʚ ʢʦʤʧʣʝʢʩʝ b-ɼʅʂ ʢʘʞʜʳʝ ʘʟʦʪʠʩʪʳʝ ʦʩʥʦʚʘʥʠʷ, ʩʘʭʘʨʘ, ʬʦʩʬʘʪʳ, 

ʘ ʪʘʢʞʝ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʠ ʠʦʥʳ Na ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʢ ʦʪʜʝʣʴʥʳʝ 
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ʬʨʘʛʤʝʥʪʳ (çʤʘʣʳʝè ʬʨʘʛʤʝʥʪʳ), ʣʠʙʦ, ʚ ʢʦʤʧʣʝʢʩʝ b-ɼʅʂ, ʘʟʦʪʠʩʪʦʝ 

ʦʩʥʦʚʘʥʠʝ + ʩʘʭʘʨ + ʬʦʩʬʘʪ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʢ ʮʝʣʴʥʳʡ ʬʨʘʛʤʝʥʪ, ʘ 

ʪʘʢʞʝ ʦʪʜʝʣʴʥʦ ʬʨʘʛʤʝʥʪʳ ʚʦʜʳ ʠ ʠʦʥʦʚ Na (çʙʦʣʴʰʠʝè ʬʨʘʛʤʝʥʪʳ).  

  

ʈʠʩ 13. ʈʘʟʙʠʝʥʠʝ ʢʦʤʧʣʝʢʩʘ b-ɼʅʂ 

ʥʘ çʤʘʣʳʝè ʬʨʘʛʤʝʥʪʳ. 

ʈʠʩ 14. ʈʘʟʙʠʝʥʠʝ ʢʦʤʧʣʝʢʩʘ b-ɼʅʂ 

ʥʘ çʙʦʣʴʰʠʝè ʬʨʘʛʤʝʥʪʳ. 

ɼʘʥʥʳʝ ʩʭʝʤʳ ʙʳʣʠ ʚʳʙʨʘʥʳ ʩʦʛʣʘʩʥʦ ʩʪʘʪʴʝ [206], ʚ ʢʦʪʦʨʦʡ ʙʳʣʠ 

ʨʘʩʩʤʦʪʨʝʥʳ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ ʩʭʝʤʳ ʨʘʟʙʠʝʥʠʷ ʢʦʤʧʣʝʢʩʘ 

ɼʅʂ ʥʘ ʬʨʘʛʤʝʥʪʳ. 

ʊʘʢʞʝ ʦʜʥʦʡ ʠʟ ʧʨʦʙʣʝʤ ʙʳʣʦ ʢʦʨʨʝʢʪʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʨʘʥʠʮʳ 

ʤʝʞʜʫ QM ʠ MM ʯʘʩʪʷʤʠ, ʪʘʢ ʢʘʢ ʚ ʢʦʤʧʣʝʢʩʝ b-ɼʅʂ ʤʦʣʝʢʫʣʘ ʮʠʪʦʟʠʥʘ ʠ 

ʙʣʠʞʘʡʰʠʡ ʢ ʥʝʡ ʩʘʭʘʨ ʩʚʷʟʘʥʳ ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʴʶ. ɼʘʥʥʘʷ ʧʨʦʙʣʝʤʘ 

ʦʪʥʦʩʠʣʘʩʴ ʢ QM/EFP ʠ QM/MM ʤʝʪʦʜʘʤ ʨʘʩʯʝʪʘ, ʪʘʢ ʢʘʢ ʪʝʭʥʠʯʝʩʢʘʷ 

ʦʩʦʙʝʥʥʦʩʪʴ ʜʘʥʥʳʭ ʤʝʪʦʜʦʚ ʪʨʝʙʫʝʪ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ QM ʠ MM ʯʘʩʪʝʡ. 
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ɺ ʤʝʪʦʜʝ FMO ʜʘʥʥʘʷ ʧʨʦʙʣʝʤʘ ʨʝʰʘʝʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʚ ʚʳʯʠʩʣʠʪʝʣʴʥʦʤ 

ʧʘʢʝʪʝ. ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʚ ʙʣʠʟʣʝʞʘʱʝʤ, ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ, ʩʘʭʘʨʝ ʙʳʣʠ ʫʙʨʘʥʳ ʘʪʦʤ ʫʛʣʝʨʦʜʘ, ʢʦʪʦʨʳʡ ʥʘʭʦʜʠʪʩʷ ʚ 

ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʠ ʩ ʘʪʦʤʦʤ ʘʟʦʪʘ ʚ ʤʦʣʝʢʫʣʝ ʮʠʪʦʟʠʥʘ, ʠ ʘʪʦʤ ʚʦʜʦʨʦʜʘ, 

ʩʚʷʟʘʥʥʳʡ ʩ ʜʘʥʥʳʤ ʫʛʣʝʨʦʜʦʤ. ʀʭ ʟʘʨʷʜʳ, ʘ ʪʘʢʞʝ ʟʘʨʷʜʳ ʥʘ ʩʝʨʝʜʠʥʘʭ 

ʩʚʷʟʝʡ (ʜʣʷ ʩʣʫʯʘʷ EFP) ʙʳʣʠ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʥʘ ʙʣʠʞʘʡʰʠʝ ʘʪʦʤʳ. 

ʊʘʢʞʝ ʜʣʷ ʫʯʸʪʘ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʤʦʣʝʢʫʣʳ ʮʠʪʦʟʠʥʘ, ʢ ʘʪʦʤʫ ʘʟʦʪʘ ʙʳʣ 

ʜʦʙʘʚʣʝʥ ʘʪʦʤ ʚʦʜʦʨʦʜʘ.  

 

ʈʠʩ. 15. ʉʭʝʤʘ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨ ʥʘ ʛʨʘʥʠʮʝ QM ʠ MM ʯʘʩʪʝʡ. 

 

2.5 ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʦʚ ʩʠʥʛʣʝʪʥʳʭ ʠ ʪʨʠʧʣʝʪʥʳʭ ʩʧʝʢʪʨʦʚ ʜʣʷ 

ʬʦʩʬʦʨʝʩʮʝʥʪʥʦʛʦ OLED ʜʦʧʘʥʪʘ IrMDQ. 

ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʦʛʦ ʦʙʲʝʢʪʘ (ʭʨʦʤʦʬʦʨʘ) ʙʳʣ ʚʳʙʨʘʥ ʢʦʤʧʣʝʢʩ 

iridium(III) (Ir(MDQ)2(acac)) (IrMDQ). ɼʘʥʥʳʡ ʢʦʤʧʣʝʢʩ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ 

ʬʦʩʬʦʨʝʩʮʝʥʮʠʝʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ 

ʬʦʩʬʦʨʝʩʮʝʥʪʥʦʛʦ ʜʦʧʘʥʪʘ ʚ ʵʤʠʩʩʠʦʥʥʦʤ ʩʣʦʝ ʧʨʠ ʩʦʟʜʘʥʠʠ OLED (Organic 

Light Emitted Diode) [207ï209]. ɽʛʦ ʦʢʨʫʞʝʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʤʦʨʬʥʫʶ 

ʤʘʪʨʠʮʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʘʤʠʥʦʚ aNPD ʠʣʠ CBP. ɼʘʥʥʳʡ 
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ʢʦʤʧʣʝʢʩ ʜʦʙʘʚʣʷʶʪ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʬʦʩʬʦʨʠʩʮʝʥʮʠʠ ʠ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʧʝʨʝʥʦʩʘ ʵʢʩʠʪʦʥʦʚ ʥʘ ʤʦʣʝʢʫʣʫ ʜʦʧʘʥʪʘ.  

ɺ ʜʘʥʥʦʡ ʟʘʜʘʯʝ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʥʦ ʚʣʠʷʥʠʝ ʫʯʝʪʘ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʳ 

ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʘʤʠʥʦʚ ʥʘ ʨʘʩʩʯʠʪʘʥʥʦʝ ʧʦʣʦʞʝʥʠʝ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʜʣʠʥʥʦʚʦʣʥʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ iridium(III) complex ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʩʯʝʪʘʤʠ, 

ʥʝ ʚʢʣʶʯʘʶʱʠʤʠ ʦʢʨʫʞʝʥʠʝ. [D6] 

 

ʈʠʩ. 16. ʂʦʤʧʣʝʢʩ IrMDQ. 

ʅʝʦʜʥʦʨʦʜʥʦʝ ʦʢʨʫʞʝʥʠʝ IrMDQ ʚ ʘʤʦʨʬʥʦʤ ʩʣʦʝ ʙʳʣʦ ʩʤʦʜʝʣʠʨʦʚʘʥʦ 

ʩ ʧʦʤʦʱʴʶ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʱʝʛʦ ʩʠʣʦʚʦʛʦ ʧʦʣʷ 

AMBER [210]. ʇʘʨʘʤʝʪʨʳ ʜʣʷ ʢʦʤʧʣʝʢʩʘ Ir ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦɦ ʴʶ 

ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ (B3LYP/LANL2DZ). ʆʢʨʫʞʝʥʠʝ ʩʦʩʪʦʷʣʦ ʠʟ 

ʤʦʣʝʢʫʣ N,Nǋ-di(naphthalen-2-yl)-N,Nǋ-diphenyl-benzidine (aNPD) ʠʣʠ 4,4ô-

bis(N-carbazolyl)-1,1ô-biphenyl (CBP). ɼʣʷ ʵʪʦʛʦ IrMDQ ʙʳʣ ʧʦʤʝʱʝʥ ʚ 

ʢʫʙʠʯʝʩʢʠʝ ʷʯʝʡʢʠ, ʟʘʧʦʣʥʝʥʥʳʝ 122 ʤʦʣʝʢʫʣʘʤʠ aNPD ʠʣʠ 220 ʤʦʣʝʢʫʣʘʤʠ 

CBP, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʘʣʝʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʘʙʠʣʴʥʳʭ 

ʩʪʨʫʢʪʫʨ ʜʣʷ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʧʨʦʮʝʜʫʨʘ ʨʝʣʘʢʩʘʮʠʠ ʧʨʠ 

ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 900K. ɿʘʪʝʤ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʨʝʘʣʠʩʪʠʯʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʨʘʩʪʚʦʨʘ, ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʧʨʦʮʝʜʫʨʘ NPT ʨʝʣʘʢʩʘʮʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 600K ʚ 

ʙʘʨʦʩʪʘʪʝ ɹʝʨʝʥʜʩʝʥʘ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʪʨʫʢʪʫʨ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʜʘʥʥʘʷ NPT ʧʨʦʮʝʜʫʨʘ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʧʦʚʪʦʨʥʦ, ʥʦ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 298K. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 
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ʙʳʣʠ ʧʦʣʫʯʝʥʳ 2 ʢʫʙʠʯʝʩʢʠʝ ʷʯʝʡʢʠ, ʩʦʩʪʦʷʱʠʝ ʠʟ IrMDQ ʚ ʦʢʨʫʞʝʥʠʠ aNPD 

ʠ ʚ ʦʢʨʫʞʝʥʠʠ CBP, ʨʘʟʤʝʨʘʤʠ 4.8 ʠ 5.4 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

  

a b 

ʈʠʩ. 17. ʗʯʝʡʢʠ, ʩʪʦʩʷʱʠʝ ʠʟ ʢʦʤʧʣʝʢʩʘ IrMDQ (a) ʩ ʦʢʨʫʞʝʥʠʝʤ aNPD 

ʤʦʣʝʢʫʣ, 4.8 nm; (b) ʩ ʦʢʨʫʞʝʥʠʝʤ CBP ʤʦʣʝʢʫʣ, 5.4 nm 

 ɼʣʷ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʜʣʷ ʢʘʞʜʦʡ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʷʯʝʡʢʠ, ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʧʨʦʮʝʜʫʨʘ NPT ʨʝʣʘʢʩʘʮʠʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʨʦʩʪʘʪʘ Berendsen ʜʣʠʥʦʡ 500 000 ʰʘʛʦʚ ʧʦ 

2 ʬʩ ʢʘʞʜʳʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʚʝ 1-ʥʩ ʤʦʣʝʢʫʣʷʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʠʝ ʪʨʘʝʢʪʦʨʠʠ. ɼʘʣʝʝ ʠʟ ʢʘʞʜʦʡ ʪʨʘʝʢʪʦʨʠʠ ʙʳʣʠ çʚʳʨʝʟʘʥʳè 100 

ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʷʯʝʡʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 0.01 ʥʩ ʰʘʛʫ ʪʨʘʝʢʪʦʨʠʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ 100 ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʷʯʝʡʢʠ ʤʦʣʝʢʫʣʳ 

IrMDQ ʚ ʦʢʨʫʞʝʥʠʠ aNPD ʠ 100 ï ʚ ʦʢʨʫʞʝʥʠʠ CBP.  

 ɼʘʣʝʝ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʭ ʷʯʝʝʢ 

ʙʳʣʠ çʚʳʨʝʟʘʥʳè ʤʦʣʝʢʫʣʳ IrMDQ ʠ ʙʣʠʞʘʡʰʝʛʦ ʦʢʨʫʞʝʥʠʷ (ʥʝ ʙʦʣʝʝ 7 ¡). 
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a b 

ʈʠʩ. 18. ʆʢʨʫʞʝʥʠʝ ʢʦʤʧʣʝʢʩʘ IrMDQ ʧʨʠ R = 7 A (a) ʜʣʷ ʩʣʫʯʘʷ aNPD, (b) ʜʣʷ 

ʩʣʫʯʘʷ CBP. 

 ɼʣʷ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦʢʨʫʞʝʥʠʷ ʚ ʚʠʜʝ EFP ʬʨʘʛʤʝʥʪʦʚ (ʚ ʷʚʥʦʤ ʚʠʜʝ), 

ʢʘʞʜʘʷ ʤʦʣʝʢʫʣʘ aNPD ʙʳʣʘ ʧʦʨʝʟʘʥʘ ʥʘ ʬʨʘʛʤʝʥʪʳ: 4 ʙʝʥʟʦʣʘ ʠ 2 2-

ʘʤʠʥʦʥʘʬʪʘʣʠʥʘ, ʤʦʣʝʢʫʣʘ CBP: 2 ʢʘʨʙʘʟʦʣʘ ʠ 2 ʙʝʥʟʦʣʘ. ɼʣʷ ʩʦʭʨʘʥʝʥʠʷ 

ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʬʨʘʛʤʝʥʪʦʚ, ʤʝʩʪʘ ʨʘʟʨʳʚʦʚ ʩʚʷʟʝʡ ʙʳʣʠ çʟʘʪʢʥʫʪʳè 

ʚʦʜʦʨʦʜʘʤʠ.  

 

ʈʠʩ. ð 19. ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʤʦʣʝʢʫʣʳ aNPD ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʨʘʛʤʝʥʪʦʚ. 



80 
 

 

ʈʠʩ. ð 20. ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʤʦʣʝʢʫʣʳ CBP ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʨʘʛʤʝʥʪʦʚ. 

ɻʝʦʤʝʪʨʠʠ ʧʦʣʫʯʝʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʙʳʣʠ ʩʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ 

ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ (B3LYP/SVP), ʘ ʩʘʤʠ ʵʬʬʝʢʪʠʚʥʳʝ ʬʨʘʛʤʝʥʪʥʳʝ 

ʧʦʪʝʥʮʠʘʣʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʠ ʧʦʤʦʱʠ ʩʪʘʥʜʘʨʪʥʦʡ MAKEFP ʧʨʦʮʝʜʫʨʳ ʚ 

ʧʨʦʛʨʘʤʤʥʦʡ ʢʦʤʧʣʝʢʩʝ GAMESS. ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʠʩʘ, ʚ ʧʨʦʮʝʜʫʨʝ MAKEFP 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ 6-31G(d,p). ʂʦʦʨʜʠʥʘʪʳ ʧʦʣʫʯʝʥʥʳʭ EFP ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ 

ʢʘʞʜʦʛʦ ʬʨʘʛʤʝʥʪʘ ʙʳʣʠ ʧʨʝʦʙʨʘʟʦʚʘʥʳ ʚ ʩʦʦʪʚʝʪʩʚʠʠ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ 

ʬʨʘʛʤʝʪʘ ʚ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ, ʘ ʚʩʝ ʟʘʚʠʩʷʱʠʝ ʦʪ ʢʦʦʨʜʠʥʘʪ 

ʧʘʨʘʤʝʪʨʳ, ʙʳʣʠ ʧʝʨʝʩʯʠʪʘʥʳ ʩʦʛʣʘʩʥʦ ʨʘʥʝʝ ʦʧʠʩʘʥʥʦʤʫ ʘʣʛʦʨʠʪʤʫ. ɼʘʣʝʝ 

ʧʦʣʫʯʝʥʥʳʝ ʬʨʘʛʤʝʥʪʳ ʙʳʣʠ çʩʢʣʝʝʥʳè ʦʙʨʘʪʥʦ ʚ ʙʦʣʴʰʠʝ ʤʦʣʝʢʫʣʳ, ʘ 

ʟʘʤʝʱʘʶʱʠʝ ʚʦʜʦʨʦʜʳ ʙʳʣʠ ʫʜʘʣʝʥʳ, ʘ ʠʭ ʟʘʨʷʜʳ ʙʳʣʠ ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʳ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʘʪʦʤʘʤʠ. ʇʦʣʫʯʝʥʥʳʡ ʬʨʘʛʤʝʥʪʥʳʡ 

ʧʦʪʝʥʮʠʘʣ ʩʦʦʪʚʝʪʩʪʦʚʘʣ EFP1 ʪʠʧʫ, ʪʘʢ ʢʘʢ ʦʥ ʩʦʜʝʨʞʘʣ ʚ ʩʝʙʝ ʪʦʣʴʢʦ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʩʣʘʛʘʝʤʥʳʝ, ʘ ʪʘʢʞʝ ʩʣʘʛʘʝʤʳʝ ʜʣʷ ʫʯʝʪʘ ʩʪʘʪʠʯʝʩʢʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ. 

ɼʘʣʝʝ ʛʘʟʦʬʘʟʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʩ ʠʤʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʢʦʥʪʠʥʫʘʣʴʥʦʡ ʤʦʜʝʣʠ (PCM) ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ (Ů = 3) ʙʳʣʠ ʩʨʘʚʥʝʥʳ ʩ ʨʘʩʯʝʪʘʤʠ ʜʣʷ ʢʦʤʧʣʝʢʩʘ IrMDQ 

(B3LYP/6-31G(d,p) ʩʦ ʐʪʫʪʪʛʘʨʩʢʠʤ RSC ECP ʙʘʟʠʩʦʤ [211] ʜʣʷ Ir) ʚ 

ʦʢʨʫʞʝʥʠʠ EFP ʬʨʘʛʤʝʥʪʦʚ. ɹʳʣʠ ʨʘʩʯʠʪʘʥʳ ʧʦʪʝʥʮʠʘʣʳ ʠʦʥʠʟʘʮʠʠ (IP = 

E(M+) ī E(M0)), ʩʨʦʜʩʪʚʦ ʢ ʵʣʝʢʪʨʦʥʫ (EA = E(M0) ī E(Mī)), ʘ ʪʘʢʞʝ ʵʥʝʨʛʠʠ 
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ʥʠʟʞʠʭ 5 ʩʠʥʛʣʝʪʥʳʭ ʠ 5 ʪʨʠʧʣʝʪʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ, 

ʚ ʤʦʜʝʣʠ PCM ʠ ʚ EFP ʦʢʨʫʞʝʥʠʠ. ɺ ʛʘʟʦʚʦʡ ʬʘʟʝ, ʘ ʪʘʢʞʝ ʚ ʤʦʜʝʣʠ PCM, 

ʧʨʦʮʝʜʫʨʘ ʦʧʪʠʤʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʠ ʢʦʤʧʣʝʢʩʘ IrMDQ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ʍʘʨʪʨʠ-ʌʦʢʘ, ʘ ʪʘʢʞʝ ʤʝʪʦʜʘ ʊʝʦʨʠʠ ʌʫʥʢʮʠʦʥʘʣʘ 

ʇʣʦʩʪʥʦʩʪʠ (DFT) ʩ ʬʫʥʢʮʠʦʥʘʣʘʤʠ B3LYP ʠ CAM-B3LYP.  ʈʘʩʯʝʪʳ 

ʪʨʠʧʣʝʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʩ/ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠ ̫ʧʦʧʨʘʚʢʠ Tamm-

Dancoff, ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʫʪʦʯʥʝʥʠʷ ʟʘʚʳʰʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʡ 

ʪʨʠʧʣʝʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ TDDFT. 

ʊʘʢ ʢʘʢ ʛʝʦʤʝʪʨʠʠ ʢʦʤʧʣʝʢʩʦʚ IrMDQ ʚ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ, ʘ 

ʪʘʢʞʝ ʦʪ ʛʘʟʘʬʦʟʥʳʭ ʠ PCM ʩʪʨʫʢʪʫʨ, ʘʥʘʣʦʛʠʯʥʳʝ ʨʘʩʯʝʪʳ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ 

ʜʣʷ ʥʘʙʦʨʦʚ ʛʝʦʤʝʪʨʠʡ ʢʦʤʧʣʝʢʩʘ IrMDQ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʠʨʦʚʘʥʠʡ, ʥʦ ʙʝʟ ʫʯʝʪʘ ʩʨʝʜʳ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʝʩʪʠ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʵʬʬʝʢʪʘʤʠ, ʚʳʟʚʘʥʥʳʤʠ ʜʝʬʦʨʤʘʮʠʝʡ 

ʦʪʜʝʣʴʥʳʭ ʤʦʣʝʢʫʣ IrMDQ ʚ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ, ʠ 

ʵʬʬʝʢʪʘʤʠ, ʚʳʟʚʘʥʥʳʤʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʦʢʨʫʞʝʥʠʷ. 

 

2.6 ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʠʧʣʝʢʩʦʚ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʦʚ ʩʣʦʝʚ 

B3PYMPM  ʠ CBP. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʳʭ ʤʦʣʝʢʫʣ ʙʳʣʠ ʚʳʙʨʘʥʳ ʤʦʣʝʢʫʣʳ 4,6-Bis(3,5-

di(pyridin-3-yl)phenyl)-2-methylpyrimidine, 4,6-Bis(3,5-di-3-pyridinylphenyl)-2-

methylpyrimidine (B3PYMPM) ʠ 4,4ô-bis(N-carbazolyl)-1,1ô-biphenyl (CBP).  

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʵʢʩʠʧʣʝʢʩʘ ʠʟ ʜʘʥʥʳʭ ʤʦʣʝʢʫʣ, 

ʤʦʣʝʢʫʣʘ CBP ʷʚʣʷʝʪʩʷ ʜʦʥʦʨʦʤ, ʘ B3PYMPM ï ʘʢʮʝʧʪʦʨʦʤ. 
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a. b. 

ʈʠʩ. 21. ʄʦʣʝʢʫʣʳ B3PYMPM (ʘ) ʠ CBP (b). 

ɼʣʷ ʢʘʞʜʦʡ ʩʪʨʫʢʪʫʨʳ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʧʨʦʮʝʜʫʨʳ ʦʧʪʠʤʠʟʘʮʠʠ 

ʛʝʦʤʝʪʨʠʡ, ʚ ʦʩʥʦʚʥʦʤ ʠ ʚ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʷʭ, ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ 

DFT/TD-DFT ʩ ʬʫʥʢʮʠʦʥʘʣʦʤ BH&HLYP ʚ ʙʘʟʠʩʝ SVp ʠ ʜʠʩʧʝʨʩʠʦʥʥʦʡ 

ʧʦʧʨʘʚʢʦʡ D3BJ. ʀʩʧʦʣʴʟʫʷ ʧʦʣʫʯʝʥʥʳʝ ʛʝʦʤʝʪʨʠʠ, ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʧʦʣʥʳʝ 

ʵʥʝʨʛʠʠ ʤʦʥʦʤʝʨʦʚ ʘʥʘʣʦʛʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʚ ʙʘʟʠʩʝ SVp, ʘ ʪʘʢʞʝ, ʜʣʷ 

ʩʨʘʚʥʝʥʠʷ, ʚ ʨʘʩʰʠʨʝʥʥʦʤ ʙʘʟʠʩʝ TZVp. ʊʘʢʞʝ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʧʦʪʝʥʮʠʘʣ 

ʠʦʥʠʟʘʮʠʠ ʠ ʩʨʦʜʩʪʚʦ ʢ ʵʣʝʢʪʨʦʥʫ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 3.  

ʊʘʙʣʠʮʘ 3. ɿʥʘʯʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʠʦʥʠʟʘʮʠʠ, ʩʨʦʜʩʪʚʦ ʢ ʵʣʝʢʪʨʦʥʫ ʠ ʵʥʝʨʛʠʡ 

ʤʘʢʩʠʤʫʤʦʚ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʙʘʟʠʩʥʳʭ ʥʘʙʦʨʦʚ.  

 SVp, ʵɺ TZVp, ɻ ɺ 

EAB3PYMPM -0.88 -0.96 

EA = IP ī E(S1) B3PYMPM 3.35 3.36 

EA = IP ī E(S1) CBP 2.37 2.43 

IPCBP 6.85 6.82 

ɚ max (S0ŸS1) B3PYMPM 4.596 4.563 

ɚ max (S1ŸS0) B3PYMPM 3.567 3.547 
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ɚ max (S0ŸS1) CBP 4.474 4.388 

ɚ max (S1ŸS0) CBP 3.804 3.708 

 

ʊʘʢ ʢʘʢ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʥʝ ʩʠʣʴʥʦ ʤʝʥʷʶʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʙʘʟʠʩʥʳʭ ʬʫʥʢʮʠʡ, ʪʦ ʜʘʣʴʥʝʡʰʠʝ ʨʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʪʦʣʴʢʦ ʚ ʙʘʟʠʩʝ SVp. 

ʊʘʢʞʝ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʧʦʣʦʞʝʥʠʝ ʛʘʨʥʠʯʥʳʭ ʦʨʙʠʪʘʣʝʡ (HOMO ʠ 

LUMO) ʜʣʷ ʜʘʥʥʳʭ ʤʦʣʝʢʫʣ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. ð 19. 

 

ʈʠʩ. 22. ʕʥʝʨʛʠʠ ʛʨʘʥʠʯʥʳʭ ʦʨʙʠʪʘʣʝʡ ʤʦʣʝʢʫʣ B3PYMPM  ʠ CBP. 

ɼʘʣʝʝ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʜʘʥʥʳʭ ʤʦʣʝʢʫʣ ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ ʚ ʧʨʦʛʨʘʤʤʝ Gromacs ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʠʣʦʚʦʛʦ ʧʦʣʷ OPLS-aa. ɼʣʷ ʵʪʦʛʦ ʙʳʣʠ ʩʤʦʜʝʣʠʨʦʚʘʥʳ ʢʫʙʠʯʝʩʢʠʝ ʷʯʝʡʢʠ 

ʨʘʟʤʝʨʘʤʠ 10*10*5 ʥʤ, ʟʘʧʦʣʥʝʥʥʳʝ ʤʦʣʝʢʫʣʘʤʠ B3PYMPM (396 ʰʪʫʢ), ʠ 

CBP (455 ʰʪʫʢ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɿʘʪʝʤ ʜʣʷ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʧʨʦʮʝʜʫʨʳ ʤʠʥʠʤʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʠ, NPT ʨʝʣʘʢʩʘʮʠʠ ʧʨʠ 600K (ʜʣʷ 

ʫʧʣʦʪʥʝʥʠʷ ʷʯʝʡʢʠ), ʘ ʟʘʪʝʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʨʘʟʤʝʨʦʤ 100 000 

ʰʘʛʦʚ ʧʦ 2 ʬʩ ʢʘʞʜʳʡ.  
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a b 

ʈʠʩ. 23. ɺʠʜʳ ʤʦʣʝʢʫʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʭ ʢʫʙʠʯʝʩʢʠʭ ʷʯʝʝʢ ʜʣʷ ʤʦʥʦʩʣʦʝʚ 

B3PYMPM (ʘ)  ʠ CBP (b). 

ɿʘʪʝʤ ʧʦʣʫʯʝʥʥʳʝ ʷʯʝʡʢʠ ʙʳʣʠ çʩʢʣʝʝʥʳè ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʚʜʦʣʴ ʦʩʠ z, ʠ 

ʜʣʷ ʧʦʣʫʯʠʚʰʝʡʩʷ ʷʯʝʡʢʠ ʨʘʟʤʝʨʦʤ 10*10*10 ʥʤ ʪʘʢʞʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ 

ʤʦʣʝʢʫʣʷʨʥʦ ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ʉʥʘʯʘʣʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ 

ʧʨʦʮʝʜʫʨʘ ʤʠʥʠʤʠʟʘʮʠʠ ʵʥʝʨʛʠʠ, ʟʘʪʝʤ NPT ʨʝʣʘʢʩʘʮʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʨʘʟʤʝʨʦʤ 250 000 ʰʘʛʦʚ ʧʦ 2 ʬʩ ʢʘʞʜʳʡ.  

 

ʈʠʩ. 24. ʄʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠ ̫ ʢʫʙʠʯʝʩʢʘ ̫ ʷʯʝʡʢʘ, ʤʦʜʝʣʠʨʫʶʱʘʷ 

ʩʪʨʫʢʪʫʨʫ ʠʥʪʝʨʬʝʡʩʘ ʥʘ ʛʨʘʥʠʮʝ ʩʣʦʚ B3PYMPM ʠ CBP. 
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ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʪʘʢʪʥʳʭ ʧʘʨ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʩʣʦʝʤ ʙʳʣʦ 

ʠʩʧʦʣʴʟʦʚʘʥʦ ʫʩʣʦʚʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 2 ʘʪʦʤʘʤʠ ʘʟʦʪʘ 

ʤʦʣʝʢʫʣʳ CBP ʠ 3 ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ ʤʦʣʝʢʫʣʳ B3PYMPM ʥʝ ʧʨʝʚʳʰʘʣʦ 5.6 

ɸ (ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʩʭʝʤʝ).  

 

ʈʠʩ. 25. ɸʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʵʢʩʠʧʣʝʢʩʦʚ ʥʘ ʛʨʘʥʠʮʝ ʩʣʦʝʚ B3PYMPM ʠ CBP. 

ɺ ʠʪʦʛʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ 20 ʧʘʨ ʵʢʩʠʧʣʝʢʩʦʚ ʤʦʣʝʢʫʣ CBP ʠ B3PYMPM. 
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ʈʠʩ. 26. ɺʠʜʳ ʩʪʨʫʢʪʫʨ ʵʢʩʠʧʣʝʢʩʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʛʨʘʥʠʮʝ ʩʣʦʝʚ B3PYMPM 

ʠ CBP. 

ɿʘʪʝʤ ʜʣʷ ʢʘʞʜʦʡ ʧʘʨʳ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʧʨʦʮʝʜʫʨʳ ʦʧʪʠʤʠʟʘʮʠʠ 

ʛʝʦʤʝʪʨʠʠ ʜʣʷ ʦʩʥʦʚʥʦʛʦ ʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʡ ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ 

DFT/TD-DFT ʩ ʬʫʥʢʮʠʦʥʘʣʦʤ BH&HLYP ʚ ʙʘʟʠʩʝ SVp ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ. 

ʀʩʧʦʣʴʟʫʷ ʧʦʣʫʯʝʥʥʳʝ ʛʝʦʤʝʪʨʠʠ, ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʵʥʝʨʛʠʠ ʩʚʷʟʠ 

ʵʢʩʠʧʣʝʢʩʦʚ, ʘ ʪʘʢʞʝ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ ʧʨʠ ʧʦʤʦʱʠ 

ʘʥʘʣʦʛʠʯʥʦʛʦ ʤʝʪʦʜʘ.  

ʊʘʢʞʝ ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʧʨʦʮʝʜʫʨʳ ʦʧʪʠʤʠʟʘʮʠʠ 

ʛʝʦʤʝʪʨʠʡ ʠ ʨʘʩʯʝʪ ʵʥʝʨʛʠʡ ʩʚʷʟʠ ʠ ʩʧʝʢʪʨʦʚ ʠʩʧʫʩʢʘʥʠʷ, ʥʦ ʩ ʥʝʷʚʥʳʤ ʫʯʝʪʦʤ 

ʦʢʨʫʞʝʥʠʷ (ʤʦʜʝʣʴ PCM, Ů=3). ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʚʦʟʙʫʞʜʝʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʤʦʜʝʣʴ PCM ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʪʦʣʴʢʦ ʜʣʷ ʨʘʩʯʝʪʘ ʵʥʝʨʛʠʡ ʩʚʷʟʠ ʠ 

ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ, ʦʧʪʠʤʠʟʘʮʠʷ ʛʝʦʤʝʪʨʠʷ ʧʨʦʠʩʭʦʜʠʣʘ ʙʝʟ 

ʫʯʸʪʘ ʤʦʜʝʣʠ PCM. 

ɼʘʣʝʝ, ʜʣʷ ̫ ʚʥʦʛʦ ʫʯʝʪʘ ʦʢʨʫʞʝʥʠʷ, ʠʩʧʦʣʴʟʫʷ ʧʦʣʫʯʝʥʥʫʶ ʤʦʣʝʢʫʣʷʨʥʦ 

ʜʠʥʘʤʠʯʝʩʢʫʶ ʷʯʝʡʢʫ, ʜʣʷ ʢʘʞʜʦʛʦ ʵʢʩʠʧʣʝʢʩʘ ʙʳʣʦ çʚʳʨʝʟʘʥʦè ʦʢʨʫʞʝʥʠʝ 

ʨʘʜʠʫʩʦʤ 7A. 

ɼʣʷ ʢʘʞʜʦʛʦ ʵʢʩʠʧʣʝʢʩʘ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʧʨʦʮʝʜʫʨʳ ʦʧʪʠʤʠʟʘʮʠʠ 

ʛʝʦʤʝʪʨʠʠ ʜʣʷ ʦʩʥʦʚʥʦʛʦ ʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʡ ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ 

DFT/TD-DFT ʩ ʬʫʥʢʮʠʦʥʘʣʦʤ BH&HLYP ʚ ʙʘʟʠʩʝ SVp ʤʝʪʦʜʦʤ QM/MM. 
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ʀʩʩʣʝʜʫʝʤʳʝ ʧʘʨʳ ʤʦʣʝʢʫʣ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ QM ʯʘʩʪʠ, ʘ ʦʢʨʫʞʝʥʠʝ ï ʚ 

ʟʘʤʦʨʦʞʝʥʥʦʡ MM ʯʘʩʪʠ. ʀʩʧʦʣʴʟʫʷ ʧʦʣʫʯʝʥʥʳʝ ʛʝʦʤʝʪʨʠʠ, ʙʳʣʠ 

ʨʘʩʩʯʠʪʘʥʳ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʵʢʩʠʧʣʝʢʩʦʚ, ʘ ʪʘʢʞʝ ʩʧʝʢʪʨʳ ʠʩʧʫʩʢʘʥʠʷ ʧʨʠ 

ʧʦʤʦʱʠ ʘʥʘʣʦʛʠʯʥʦʛʦ ʤʝʪʦʜʘ. 

ʀʩʧʦʣʴʟʫʷ ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ QM/MM ʨʘʩʯʝʪʦʚ ʩʪʨʫʢʪʫʨʳ, ʙʳʣʠ 

ʚʳʧʦʣʥʝʥʳ QM/EFP ʨʘʩʯʝʪʳ. ɼʣʷ ʵʪʦʛʦ ʢʘʞʜʘʷ ʤʦʣʝʢʫʣʘ ʦʢʨʫʞʝʥʠʷ ʙʳʣʘ 

(CBP ʠ B3PYMPM) ʙʳʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ EFP ʧʦʪʝʥʮʠʘʣʦʚ. 

ʄʦʣʝʢʫʣʘ CBP ʚ ʚʠʜʝ 2 ʙʝʥʟʦʣʦʚ ʠ 2 ʢʘʨʙʘʟʦʣʘ. ʄʦʣʝʢʫʣʘ B3PYMPM ʚ ʚʠʜʝ 2 

ʙʝʥʟʦʣʦʚ, 4 ʧʠʨʠʜʠʥʘ ʠ 1 ʧʠʨʘʟʠʥ.  

 

 

ʈʠʩ. 27. ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʤʦʣʝʢʫʣ CBP ʠ B3PYMPM ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ 

ʬʨʘʛʤʝʥʪʦʚ 

ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ çʦʙʨʘʟʮʦʚʦʛʦè ʬʨʘʛʤʝʥʪʘ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ EFP 

ʧʘʨʘʤʝʪʨʳ, ʘ ʟʘʪʝʤ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʧʨʦʮʝʜʫʨʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ EFP 

ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ çʨʝʘʣʴʥʳʭè ʛʝʦʤʝʪʨʠʡ ʬʨʘʛʤʝʥʪʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ 20 ʵʢʩʠʧʣʝʢʩʦʚ ʚ ʦʢʨʫʞʝʥʠʠ EFP ʬʨʘʛʤʝʥʪʦʚ. 

ɼʘʣʝʝ, ʘʥʘʣʦʛʠʯʥʦ QM/MM ʨʘʩʯʝʪʘʤ, ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʧʨʦʮʝʜʫʨʳ 

ʦʧʪʠʤʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʡ ʠ ʨʘʩʯʝʪ ʵʥʝʨʛʠʡ ʩʚʷʟʠ ʠ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʠ 

ʠʩʧʫʩʢʘʥʠʷ.  
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ ʜʣʷ 

ʵʢʩʠʧʣʝʢʩʘ B3PYMPM/CBP, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʨʘʟʣʠʯʥʳʤ ʫʯʝʪʦʤ ʦʢʨʫʞʝʥʠʷ. 

ʊʘʢʞʝ, ʚ ʜʦʧʦʣʥʝʥʠʠ ʢ ʨʘʩʯʝʪʘʤ ʵʢʩʠʧʣʝʢʩʦʚ, ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʨʘʩʯʝʪʳ 

ʦʪʜʝʣʴʥʳʭ ʤʦʣʝʢʫʣ CBP ʠ B3PYMPM ʚ ʘʤʦʨʬʥʳʭ ʤʦʥʦʩʣʦʷʭ. ɺ ʢʘʯʝʩʪʚʝ 

ʤʦʥʦʩʣʦʝʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʝ 

ʢʫʙʠʯʝʩʢʠʝ ʷʯʝʡʢʠ ʨʘʟʤʝʨʘʤʠ 10*10*5 ʥʤ ʟʘʧʦʣʥʝʥʥʳʝ ʤʦʣʝʢʫʣʘʤʠ 

B3PYMPM (396 ʰʪʫʢ) ʠ CBP (455 ʰʪʫʢ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʟ ʧʦʣʫʯʝʥʥʳʭ 

ʷʯʝʝʢ ʙʳʣʠ çʚʳʨʝʟʘʥʳè ʧʦ 5 ʨʘʟʣʠʯʥʳʭ ʤʦʣʝʢʫʣ CBP ʠ B3PYMPM ʩ 

ʙʣʠʞʘʡʰʠʤ ʦʢʨʫʞʝʥʠʝʤ (7ɸ).  ɼʘʣʝʝ, ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʵʢʩʠʧʣʝʢʩʘʤʠ, ʙʳʣʠ 

ʚʳʧʦʣʥʝʥʳ QM/MM ʠ QM/EFP ʨʘʩʯʝʪʳ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ 

ʜʣʷ ʜʘʥʥʳʭ ʤʦʣʝʢʫʣ.  

2.7 ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʢʩʠʧʣʝʢʩʦʚ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʚ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʬʦʪʦʚʘʣʴʪʘʠʢʘʭ. 

 ʊʘʢ ʢʘʢ ʧʨʦʮʝʩʩ ʦʙʨʘʟʦʚʘʥʠʷ ʵʢʩʠʧʣʝʢʩʦʚ ʫʣʫʯʰʘʝʪ ʭʘʨʘʢʪʝʨʠʩʪʠ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, (ʩʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʦʤʫ ʦʙʟʦʨʫ) ʙʳʣʘ 

ʨʘʩʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʦʚʘʥʠʷ ʵʢʩʠʧʣʝʢʩʦʚ ʩ ʧʝʨʝʥʦʩʦʤ 

ʟʘʨʷʜʘ, ʢʦʪʦʨʳʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚʘ. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʩʧʝʢʪʨʘ ʩʦʣʥʝʯʥʦʛʦ ʩʚʝʪʘ 

ʥʘʭʦʜʠʪʩʷ ʚ ʙʣʠʞʥʝʤ ʀʂ ʜʠʘʧʘʟʦʥʝ, ʧʦʵʪʦʤʫ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʦʣʥʝʯʥʳʭ 

ʙʘʪʘʨʝʡ ʦʧʨʝʜʝʣʷʝʪʩʷ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʧʦʛʣʦʱʝʥʠʝʤ ʘʢʪʠʚʥʦʛʦ ʩʣʦʷ ʙʘʪʘʨʝʠ 

ʚ ʙʣʠʞʥʝʡ ʀʂ ʦʙʣʘʩʪʠ. ʆʩʦʙʝʥʥʦ ʵʪʦ ʘʢʪʫʘʣʴʥʦ ʚ ʫʩʣʦʚʠʷʭ ʧʦʥʠʞʝʥʥʦʡ 

ʠʥʩʦʣʷʮʠʠ (ʚ ʦʙʣʘʯʥʳʭ ʨʝʛʠʦʥʘʭ) ʠʣʠ ʧʨʠ ʨʘʙʦʪʝ ʬʦʪʦʙʘʪʘʨʝʡ ʚ ʧʦʤʝʱʝʥʠʠ. 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʙʳʣʠ ʧʦʜʦʙʨʘʥʳ ʧʘʨʳ ʜʦʥʦʨ - ʘʢʮʝʧʪʦʨ ʩ 

ʧʦʛʣʦʱʝʥʠʝʤ ʦʜʥʦʛʦ ʠʟ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʚ ʙʣʠʞʥʝʡ ʀʂ ʦʙʣʘʩʪʠ ʠ 

ʦʙʨʘʟʫʶʱʝʡ ʵʢʩʠʧʣʝʢʩ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ. ʊʘʢʘʷ ʧʘʨʘ ʜʦʥʦʨ - ʘʢʮʝʧʪʦʨ ʤʦʛʣʘ 

ʙʳ ʩʣʫʞʠʪʴ ʘʢʪʠʚʥʳʤ ʩʣʦʝʤ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ, ʨʘʙʦʪʘʶʱʝʡ ʚ ʙʣʠʞʥʝʡ ʀʂ 

ʦʙʣʘʩʪʠ. [D7] 
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ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʜʦʥʦʨʘʤʠ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʬʦʪʦʚʦʣʴʪʘʠʢʘʭ ʷʚʣʷʶʪʩʷ ʦʣʠʛʦʪʠʦʬʝʥʳ, ʘ ʚ ʢʘʯʝʩʪʚʝ ʘʢʮʝʧʪʦʨʦʚ ʯʘʱʝ ʚʩʝʛʦ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʬʫʣʣʝʨʝʥʳ. ʊʦʛʜʘ ʢʘʢ ʦʣʠʛʦʪʠʦʬʝʥʳ ʦʙʣʘʜʘʶʪ ʭʦʨʦʰʠʤ 

ʧʦʛʣʦʱʝʥʠʝʤ ʚ ʚʠʜʠʤʦʡ ʠ ʙʣʠʞʥʝʡ ʀʂ ʦʙʣʘʩʪʠ, ʬʫʣʣʝʨʝʥʳ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ 

ʧʦʛʣʦʱʘʶʪ ʧʣʦʭʦ. ɹʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʤʦʜʠʬʠʢʘʮʠʠ ʜʦʥʦʨʘ ʩ 

ʮʝʣʴʶ ʫʚʝʣʠʯʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʪʘʢʠʭ ʵʢʩʠʧʣʝʢʩʦʚ, ʘ ʪʘʢʞʝ ʩʜʚʠʛʘ 

ʧʦʛʣʦʱʝʥʠʷ ʚ ʙʣʠʞʥʶʶ ʀʂ ʦʙʣʘʩʪʴ. 

ɼʣʷ ʦʙʣʝʛʯʝʥʠʷ ʨʘʩʯʝʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩ ̫ ʤʦʜʝʣʴʥʳʡ ʬʫʣʣʝʨʝʥ, 

ʦʪʣʠʯʘʶʱʠʡʩʷ ʦʪ PC61BM ʟʘʤʝʥʦʡ ʤʝʪʠʣʙʫʪʠʨʘʪʥʦʛʦ ʬʨʘʛʤʝʥʪʘ ʥʘ ʤʝʪʠʣ.  

 

R

 
ʈʠʩ. 28. ʄʦʜʝʣʴʥʳʡ ʬʫʣʣʝʨʝʥʦʚʳʡ ʘʢʮʝʧʪʦʨ. 

ʏʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ, ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʩʣʝʜʫʝʪ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʤʦʣʝʢʫʣʫ 

ʜʦʥʦʨʘ, ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥ  rʪʠʦʬʝʥʦʚʳʝ ʤʦʥʦʤʝʨʳ ʩ ʨʘʟʣʠʯʥʳʤʠ ʮʠʢʣʘʤʠ ʠ 

ʟʘʤʝʩʪʠʪʝʣʷʤʠ. 
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T DT TMeN 

    

PPT PedNHT PedOT pedNEnt 

  

 

 

PPTCN NMe2-PPT BTN DTOMe 

ʈʠʩ. 29. ʄʦʜʠʬʠʢʘʮʠʠ ʪʠʦʬʝʥʦʚʳʭ ʤʦʥʦʤʝʨʦʚ  

  ɺ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʷ ʦʪʙʦʨʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʵʥʝʨʛʠʠ ʛʨʘʥʠʯʥʳʭ 

ʦʨʙʠʪʘʣʝʡ. ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʦʤ DFT ʩ ʬʫʥʢʮʠʦʥʘʣʦʤ BHHLYP ʚ 

ʙʘʟʠʩʝ 6-31+G(d,p). ʕʥʝʨʛʠʷ LUMO ʤʦʥʦʤʝʨʘ ʜʦʥʦʨʘ ʜʦʣʞʥʘ ʙʳʪʴ ʥʝ ʥʠʞʝ 

ʵʥʝʨʛʠʠ LUMO ʬʫʣʣʝʨʝʥʦʚʦʛʦ ʘʢʮʝʧʪʦʨʘ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʧʝʨʝʥʦʩ 

ʵʣʝʢʪʨʦʥʘ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʱʝʣʴ HOMO-LUMO ʜʦʣʞʥʘ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ 

ʤʘʣʝʥʴʢʦʡ, ʯʪʦʙʳ ʧʦʛʣʦʱʝʥʠʝ ʜʦʥʦʨʘ ʣʝʞʘʣʦ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ ʦʙʣʘʩʪʠ. 
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ʈʠʩ. 30. ʕʥʝʨʛʠʠ ʛʨʘʥʠʯʥʳʭ ʦʨʙʠʪʘʣʝʡ ʤʦʥʦʤʝʨʦʚ. 

ʕʪʠʤ ʢʨʠʪʝʨʠʷʤ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʤʦʥʦʤʝʨ NMe2-PPT. ɼʣʷ ʩʨʘʚʥʝʥʠʷ 

ʪʘʢʞʝ ʙʳʣʠ ʚʳʙʨʘʣʠ PEDOT ʠ 6T. 

 
 

 

[PEDOT]8 [NME2-PPT]6 PT6 

ʈʠʩ. 31. ʉʪʨʫʢʪʫʨʳ ʦʣʠʛʦʪʠʦʬʝʥʦʚʳʭ ʜʦʥʦʨʦʚ. 

ʀʟ ʜʘʥʥʳʭ ʤʦʜʝʣʴʥʳʭ ʜʦʥʦʨʦʚ ʠ ʘʢʮʝʧʪʦʨʘ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʧʘʨʳ: 

PC61BM+[PEDOT]8, PC61BM+[NME2-PPT]6, PC61BM+[PT]6. ɺ ʢʘʞʜʦʡ ʧʘʨʝ 

ʬʫʣʣʝʨʝʥ ʙʳʣ ʦʨʠʝʥʪʠʨʦʚʘʥ ʪʨʝʤʷ ʩʧʦʩʦʙʘʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʣʠʛʦʪʠʦʬʝʥʘ: 

ʤʝʪʠʣʴʥʘʷ ʛʨʫʧʧʘ ʥʘʧʨʘʚʣʝʥʘ ʚ ʩʪʦʨʦʥʫ ʦʣʠʛʦʪʠʦʬʝʥʘ, ʬʝʥʠʣʴʥʦʝ ʢʦʣʴʮʦ 

ʥʘʧʨʘʚʣʝʥʦ ʚ ʩʪʦʨʦʥʫ ʦʣʠʛʦʪʠʦʬʝʥʘ, ʘ ʪʘʢʞʝ ʦʙʘ ʟʘʤʝʩʪʠʪʝʣʷ ʥʘʧʨʘʚʣʝʥʳ ʚ 

ʩʪʦʨʦʥʫ ʦʪ ʦʣʠʛʦʪʠʦʬʝʥʘ. 
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PC61BM+[PEDOT]8 PC61BM+[NME2-PPT]6 PC61BM+PT6 

ʈʠʩ. 32. ʇʘʨʳ ʜʦʥʦʨ-ʘʢʮʝʧʪʦʨ ʠ ʦʨʠʝʥʪʘʮʠʷ ʬʫʣʣʝʨʝʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʦʥʦʨʘ 

ɻʝʦʤʝʪʨʠ ̫ ʢʦʤʧʣʝʢʩʦʚ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʦʧʪʠʤʠʟʠʨʦʚʘʣʘʩʴ 

ʤʝʪʦʜʦʤ DFT ʩ ʬʫʥʢʮʠʦʥʘʣʦʤ BHHLYP ʚ ʙʘʟʠʩʝ 6-31+G(d,p). ɿʘʪʝʤ ʤʝʪʦʜʦʤ 

TD-DFT ʩ ʪʝʤ ʞʝ ʬʫʥʢʮʠʦʥʘʣʦʤ ʠ ʙʘʟʠʩʦʤ ʨʘʩʩʯʠʪʳʚʘʣʠʩ ɹʚʝʨʪʠʢʘʣʴʥʳʝ 

ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʢʦʤʧʣʝʢʩʦʚ ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʣʠʩ ɹ ʥʠʟʰʝʝ ʣʦʢʘʣʴʥʦ-

ʚʦʟʙʫʞʜʝʥʥʦʝ (LE) ʩʦʩʪʦʷʥʠʝ ʠ ʥʠʟʰʝʝ ʩʦʩʪʦʷʥʠʝ ʩ ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ (CT). 

ɺʣʠʷʥʠʝ ʦʢʨʫʞʝʥʠʷ ʤʦʜʝʣʠʨʦʚʘʣʠ ʚ ʨʘʤʢʘʭ ʢʦʥʪʠʥʫʘʣʴʥʦʡ ʤʦʜʝʣʠ C-PCM.  
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ʈʠʩ. 33. ɻʨʘʥʠʯʥʳʝ ʦʨʙʠʪʘʣʠ PC61BM+[NME2-PPT]6 
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3. ʆʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ. 

3.1. ʈʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ 

ʩʠʩʪʝʤ ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʨʘʛʤʝʥʪʦʚ (pyEFP) 

3.1.1 ʇʨʦʚʝʨʢʘ ʪʦʯʥʦʩʪʠ ʤʦʜʝʣʠ ʜʣʷ ʩʣʫʯʘʷ ʥʠʟʢʦʤʦʣʝʢʫʣʷʨʥʳʭ ʜʠʤʝʨʦʚ. 

ʏʪʦʙʳ ʧʨʦʚʝʨʠʪʴ ʘʣʛʦʨʠʪʤ ʨʘʟʣʦʞʝʥʠʷ, ʥʫʞʥʦ ʦʮʝʥʠʪʴ ʚʝʣʠʯʠʥʫ 

ʠʩʢʘʞʝʥʠʡ, ʚʥʝʩʝʥʥʳʭ ʵʪʠʤ ʧʦʜʭʦʜʦʤ ʚ ʦʨʠʛʠʥʘʣʴʥʫʶ ʤʦʜʝʣʴ EFP. ɹʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʵʥʝʨʛʠʡ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʠʤʝʨʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʤʦʣʝʢʫʣ, ʜʣʷ ʢʦʪʦʨʳʭ ʜʘʥʥʳʡ ʧʦʜʭʦʜ 

ʜʦʣʞʝʥ ʙʳʣ ʧʦʢʘʟʘʪʴ ʨʘʟʣʠʯʥʫʶ ʪʦʯʥʦʩʪʴ. 

 

ʈʠʩ. 34. ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʘʷ ʯʘʩʪʴ ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʜʠʤʝʨʘ 

ʙʝʥʟʦʣʘ. ʉʠʥʠʝ ʪʦʯʢʠ ï ʜʘʥʥʳʡ ʘʣʛʦʨʠʪʤ. ʂʨʘʩʥʳʝ ʪʦʯʢʠ ï ʟʥʘʯʝʥʠʷ, 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʦʯʝʯʥʳʭ ʟʘʨʷʜʦʚ. 

ʇʝʨʚʳʤ ʠʩʩʣʝʜʦʚʘʥʥʳʤ ʚʝʱʝʩʪʚʦʤ ʙʳʣ ʙʝʥʟʦʣ. ʕʪʦ ʘʨʦʤʘʪʠʯʝʩʢʘʷ 

ʤʦʣʝʢʫʣʘ ʙʝʟ ʢʘʢʠʭ-ʣʠʙʦ ʚʥʫʪʨʝʥʥʠʭ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ, 

ʧʦʵʪʦʤʫ ʝʝ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʦʜʥʠʤ ʞʝʩʪʢʠʤ ʬʨʘʛʤʝʥʪʦʤ.  
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ʈʠʩ. 35. ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʘʷ ʯʘʩʪʴ ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʜʠʤʝʨʘ 

ʙʠʬʝʥʠʣʘ. ʉʠʥʠʝ ʪʦʯʢʠ ï ʜʘʥʥʳʡ ʘʣʛʦʨʠʪʤ. ʂʨʘʩʥʳʝ ʪʦʯʢʠ ï ʟʥʘʯʝʥʠʷ, 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʦʯʝʯʥʳʭ ʟʘʨʷʜʦʚ. 

ɺʪʦʨʳʤ ʚʝʱʝʩʪʚʦʤ ʙʳʣ ʙʠʬʝʥʠʣ. ʕʪʘ ʤʦʣʝʢʫʣʘ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʞʝʩʪʢʠʭ 

ʬʝʥʠʣʴʥʳʭ ʢʦʣʝʮ, ʩʚʷʟʘʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ.  

 

ʈʠʩ. 36. ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʘʷ ʯʘʩʪʴ ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʜʠʤʝʨʘ 

ʛʝʢʩʘʥʘ. ʉʠʥʠʝ ʪʦʯʢʠ ï ʜʘʥʥʳʡ ʘʣʛʦʨʠʪʤ. ʂʨʘʩʥʳʝ ʪʦʯʢʠ ï ʟʥʘʯʝʥʠʷ, 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʦʯʝʯʥʳʭ ʟʘʨʷʜʦʚ. 

ʊʨʝʪʴʠʤ ʚʝʱʝʩʪʚʦʤ ʙʳʣ ʛʝʢʩʘʥ, ʛʜʝ ʥʝʩʢʦʣʴʢʦ ʛʠʙʢʠʭ ʩʚʷʟʝʡ ʤʦʛʣʠ 

ʦʙʨʘʟʦʚʳʚʘʪʴ ʤʥʦʞʝʩʪʚʦ ʢʦʥʬʦʨʤʝʨʦʚ. 
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ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʵʪʠʭ ʚʝʱʝʩʪʚ ʙʳʣ ʩʦʟʜʘʥ ʘʥʩʘʤʙʣʴ ʜʠʤʝʨʦʚ ʚ ʨʘʟʥʳʭ 

ʢʦʥʬʠʛʫʨʘʮʠʷʭ. ʂʦʥʬʠʛʫʨʘʮʠʠ ʙʳʣʠ ʠʟʚʣʝʯʝʥʳ ʠʟ ʨʘʚʥʦʚʝʩʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʞʠʜʢʦʩʪʠ, ʧʦʣʫʯʝʥʥʦʡ ʠʟ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʱʝʛʦ ʩʠʣʦʚʦʛʦ ʧʦʣʷ GAFF. ɹʳʣʠ ʨʘʩʩʤʦʪʨʝʥ  r ʚʩʝ 

ʚʦʟʤʦʞʥʳʝ ʧʘʨʳ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʚ ʥʝʙʦʣʴʰʦʤ ʥʘʙʦʨʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 

ʢʦʪʦʨʦʝ ʚʢʣʶʯʘʣʦ 15 (ʜʣʷ ʙʠʬʝʥʠʣʘ ʠ ʛʝʢʩʘʥʘ) ʠʣʠ 25 (ʜʣʷ ʙʝʥʟʦʣʘ) ʤʦʣʝʢʫʣ. 

ɼʣʷ ʢʘʞʜʦʛʦ ʜʠʤʝʨʘ ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʩ ʫʯʝʪʦʤ ʧʦʣʷʨʠʟʘʮʠʠ. ɹʳʣʦ 

ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʚʘ ʩʧʦʩʦʙʘ ʦʧʨʝʜʝʣʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ 

ʬʨʘʛʤʝʥʪʦʚ ʜʣʷ ʤʦʣʝʢʫʣ. ʇʝʨʚʳʡ - ʦʨʠʛʠʥʘʣʴʥʳʡ ʧʦʜʭʦʜ EFP, ʛʜʝ ʢʘʞʜʘʷ 

ʤʦʣʝʢʫʣʘ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʢʘʢ ʦʪʜʝʣʴʥʳʡ ʬʨʘʛʤʝʥʪ, ʜʣʷ ʢʦʪʦʨʦʛʦ EFP 

ʢʦʦʨʜʠʥʘʪʳ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʝʛʦ ʥʘʯʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪ. 

ɺʪʦʨʳʤ ʩʧʦʩʦʙʦʤ ʙʳʣʘ ʦʧʠʩʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʨʘʟʣʦʞʝʥʠʷ, ʚ ʢʦʪʦʨʦʡ ʤʦʣʝʢʫʣʘ 

ʙʳʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʢʦʤʙʠʥʘʮʠʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʳʯʠʩʣʝʥʥʳʭ 

ʬʨʘʛʤʝʥʪʦʚ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ, ʢʦʪʦʨʳʝ ʩʣʝʛʢʘ ʢʦʨʨʝʢʪʠʨʦʚʘʣʠʩʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ 

ʩ ʙʘʟʦʡ ʜʘʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʪʘʢʞʝ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʵʥʝʨʛʠʠ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʪʦʯʝʯʥʳʭ 

ʟʘʨʷʜʦʚ, ʟʘʠʤʩʪʚʦʚʘʥʥʳʭ ʠʟ ʩʠʣʦʚʦʛʦ ʧʦʣʷ. 

ɼʣʷ ʙʝʥʟʦʣʘ ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʢ ʨʘʟʣʦʞʝʥʠʶ ʨʘʙʦʪʘʝʪ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ, 

ʦʩʦʙʝʥʥʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʦʯʝʯʥʳʤʠ ʟʘʨʷʜʘʤʠ. ʕʪʦ ʥʝʫʜʠʚʠʪʝʣʴʥʦ, ʧʦʩʢʦʣʴʢʫ 

ʤʦʣʝʢʫʣʘ ʙʝʥʟʦʣʘ ʤʦʞʝʪ ʙʳʪʴ ʣʝʛʢʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʜʥʠʤ ʞʝʩʪʢʠʤ 

ʬʨʘʛʤʝʥʪʦʤ. ɹʦʣʝʝ ʪʦʛʦ, ʜʘʞʝ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʩʦʭʨʘʥʷʝʪʩʷ ʥʝʢʦʪʦʨʘʷ 

ʥʝʪʦʯʥʦʩʪʴ, ʧʦʩʢʦʣʴʢʫ ʜʚʘ ʨʘʟʥʳʭ ʩʧʦʩʦʙʘ ʚʳʯʠʩʣʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʬʨʘʛʤʝʥʪʘ ʜʘʶʪ ʨʘʟʥʳʝ ʩʪʨʫʢʪʫʨʳ Kekule ʠ ʨʘʟʥʳʝ ʧʦʣʦʞʝʥʠʷ ʜʣʷ ʮʝʥʪʨʦʠʜʦʚ 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʦʨʙʠʪʘʣʝʡ. ʕʪʦ ʥʝ ʦʰʠʙʢʘ, ʘ ʩʢʦʨʝʝ 

ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ, ʪʘʢ ʢʘʢ ʦʜʥʘ ʩʪʨʫʢʪʫʨʘ Kekule ʥʝ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ ʜʨʫʛʦʡ. ʕʪʦʪ ʵʬʬʝʢʪ ʥʝʠʟʙʝʞʝʥ ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ EFP, ʥʦ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʘʟʣʠʯʠʷ ʚ ʵʥʝʨʛʠʠ ʤʘʣʳ ʠ ʧʨʠʝʤʣʝʤʳ ʚ ʙʦʣʴʰʠʥʩʪʚʝ 

ʧʨʠʣʦʞʝʥʠʡ. ɼʣʷ ʩʣʫʯʘʷ ʙʠʬʝʥʠʣʘ ʦʪʢʣʦʥʝʥʠʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʧʦʜʭʦʜʘ ʦʪ 
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ʠʩʭʦʜʥʦʛʦ ʤʝʪʦʜʘ EFP ʚʩʝ ʝʱʝ ʤʘʣʦ ʠ ʩʦʧʦʩʪʘʚʠʤʦ ʩ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʝʡ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʉʪʦʠʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʙʠʬʝʥʠʣ ʧʨʠʤʝʨʥʦ ʚ ʜʚʘ 

ʨʘʟʘ ʙʦʣʴʰʝ ʙʝʥʟʦʣʘ, ʧʦʵʪʦʤʫ ʦʞʠʜʘʝʪʩʷ, ʯʪʦ ʦʙʱʠʡ ʤʘʩʰʪʘʙ ʵʥʝʨʛʠʡ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʪʠʧʠʯʥʘʷ ʦʰʠʙʢʘ ʙʫʜʫʪ ʙʦʣʴʰʝ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʧʣʦʭʦʝ ʦʧʠʩʘʥʠʝ ʵʣʝʢʪʨʦʩʪʘʪʠʢʠ ʚʙʣʠʟʠ 

ʩʦʝʜʠʥʝʥʠʷ ʤʝʞʜʫ ʬʨʘʛʤʝʥʪʘʤʠ, ʜʘʥʥʘʷ ʤʦʜʝʣʴ ʩʧʦʩʦʙʥʘ ʜʘʚʘʪʴ ʨʝʟʫʣʴʪʘʪʳ 

ʧʦʯʪʠ ʪʘʢʦʛʦ ʞʝ ʢʘʯʝʩʪʚʘ. ʂʘʢ ʜʣʷ ʙʝʥʟʦʣʘ, ʪʘʢ ʠ ʜʣʷ ʙʠʬʝʥʠʣʘ ʚʠʜʥʦ, ʯʪʦ 

ʧʨʠʙʣʠʞʝʥʠʝ ʪʦʯʝʯʥʳʭ ʟʘʨʷʜʦʚ ʩʠʣʴʥʦ ʥʝʜʦʦʮʝʥʠʚʘʝʪ ʩʠʣʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ɺ ʩʣʫʯʘʝ ʛʝʢʩʘʥʘ ʩʠʪʫʘʮʠʷ ʠʥʘʷ. ʈʘʟʣʦʞʝʥʠʝ ʤʦʣʝʢʫʣʳ ʥʘ ʜʚʘ ʬʨʘʛʤʝʥʪʘ 

ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʪʢʣʦʥʝʥʠʷʤ ʦʪ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʧʦʜʭʦʜʘ EFP. ʕʪʦ 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʣʷ ʛʠʙʢʠʭ ʤʦʣʝʢʫʣ, ʪʘʢʠʭ ʢʘʢ ʛʝʢʩʘʥ, ʜʘʥʥʳʡ ʤʝʪʦʜ ʥʝ ʜʘʝʪ 

ʥʘʜʝʞʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʭʦʪʷ ʬʦʨʤʘʣʴʥʦ ʧʨʠʤʝʥʠʤ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʝʛʦ 

ʪʦʯʥʦʩʪʴ ʥʘʤʥʦʛʦ ʚʳʰʝ, ʯʝʤ ʪʦʯʥʦʩʪʴ ʤʦʜʝʣʠ ʪʦʯʝʯʥʳʭ ʟʘʨʷʜʦʚ, ʢʦʪʦʨʘʷ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʩʦʚʝʨʰʝʥʥʦ ʥʝʘʜʝʢʚʘʪʥʦʡ. 

 

3.1.2 ʇʨʦʚʝʨʢʘ ʪʦʯʥʦʩʪʠ ʤʦʜʝʣʠ ʜʣʷ ʤʦʣʝʢʫʣʳ ʪʠʧʠʯʥʦʛʦ ʦʨʛʘʥʠʯʝʩʢʦʛʦ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. 

ɹʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ, ʢʘʢ pyEFP ʜʝʣʠʪ ʤʦʣʝʢʫʣʫ ʥʘ ʞʝʩʪʢʠʝ ʧʦʣʷʨʠʟʫʝʤʳʝ 

ʬʨʘʛʤʝʥʪʳ ʜʣʷ ʩʣʫʯʘʷ N,N0-di(biphenyl-2-yl)-N,N0-diphenyl-[1,10-biphenyl]-

4,40-diamine (ʦ-BPD).   

 

ʈʠʩ. 37. ʄʦʣʝʢʫʣʘ o-BPD. ʂʨʘʩʥʳʤ ʦʪʤʝʯʝʥʳ ʩʝʨʝʜʠʥʳ ʩʚʷʟʠ, ʜʣʷ ʢʦʪʦʨʳʭ 

ʪʘʢʞʝ ʨʘʩʩʯʠʪʘʥʳ EFP ʧʘʨʘʤʝʪʨʳ. 
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ʕʪʦ ʚʝʱʝʩʪʚʦ ʷʚʣʷʝʪʩʷ ʪʠʧʠʯʥʳʤ ʦʨʛʘʥʠʯʝʩʢʠʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ, 

ʧʦʜʭʦʜʷʱʠʤ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʜʳʨʦʯʥʦʛʦ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʣʦʷ.  

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘʯʠʥʘʣʦʩʴ ʩ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʙʦʨʘ ʬʨʘʛʤʝʥʪʦʚ, ʜʣʷ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʚ ʚʠʜʝ EFP ʤʦʜʝʣʠ. ɺ ʩʣʫʯʘʝ o-BPD ʦʥ ʜʦʣʞʝʥ ʚʢʣʶʯʘʪʴ, 

ʦʯʝʚʠʜʥʦ, ʬʝʥʠʣʴʥʳʡ ʦʩʪʘʪʦʢ, ʢʦʪʦʨʳʡ ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʝ 

ʚʦʩʝʤʴ ʨʘʟ. ʆʜʥʘʢʦ ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʥʝʦʙʭʦʜʠʤʦ ʫʜʝʣʷʪʴ ʘʪʦʤʘʤ ʘʟʦʪʘ, 

ʢʦʪʦʨʳʝ ʥʝ ʧʨʠʥʘʜʣʝʞʘʪ ʥʠ ʢ ʦʜʥʦʡ ʘʨʦʤʘʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ. ʅʝʚʦʟʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʵʬʬʝʢʪʠʚʥʳʡ ʬʨʘʛʤʝʥʪ ʠʟ ʦʜʥʦʛʦ ʘʪʦʤʘ, ʧʦʩʢʦʣʴʢʫ ʚʥʫʪʨʝʥʥʶʶ 

ʩʠʩʪʝʤʫ ʦʪʩʯʝʪʘ ʬʨʘʛʤʝʥʪʘ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʥʘ ʦʩʥʦʚʝ, ʧʦ ʤʝʥʴʰʝʡ ʤʝʨʝ, 

ʪʨʝʭ ʘʪʦʤʦʚ, ʥʝ ʣʝʞʘʱʠʭ ʥʘ ʦʜʥʦʡ ʣʠʥʠʠ. ʕʪʦ ʧʨʝʧʷʪʩʪʚʠʝ ʷʚʣʷʝʪʩʷ ʪʠʧʠʯʥʦʡ 

ʩʠʪʫʘʮʠʝʡ ʜʣʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʛʜʝ ʪʨʠʬʝʥʠʣʘʤʠʥʦʚʘʷ ʯʘʩʪʴ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʠʟʦʙʠʣʠʠ. ʄʳ ʧʨʝʜʣʘʛʘʝʤ ʨʝʰʠʪʴ ʵʪʫ ʧʨʦʙʣʝʤʫ ʧʫʪʝʤ 

ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʘʟʦʪʘ ʢ ʬʝʥʠʣʴʥʦʤʫ ʦʩʪʘʪʢʫ, ʧʦʵʪʦʤʫ ʚʪʦʨʳʤ ʬʨʘʛʤʝʥʪʦʤ ʜʣʷ 

o-BPD ʷʚʣʷʝʪʩʷ ʬʝʥʠʣʘʤʠʥ. ʂʘʢʦʝ ʠʟ ʬʝʥʠʣʴʥʳʭ ʢʦʣʝʮ ʚʦʢʨʫʛ ʘʪʦʤʘ ʘʟʦʪʘ 

ʧʨʠʩʦʝʜʠʥʷʝʪʩʷ ʢ ʥʝʤʫ ʚ ʢʘʞʜʦʤ ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʝ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦʨʷʜʢʦʤ, 

ʚ ʢʦʪʦʨʦʤ ʦʥʠ ʚʳʙʠʨʘʶʪʩʷ ʧʨʦʮʝʜʫʨʦʡ ʬʨʘʛʤʝʥʪʘʮʠʠ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʩʣʫʯʘʡʥʘʷ. ʈʘʟʣʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʵʪʦʛʦ ʚʳʙʦʨʘ ʪʨʝʙʫʶʪ 

ʨʘʟʥʳʭ ʤʦʜʝʣʝʡ ʩʢʣʝʠʚʘʥʠʷ. ɺʩʝ ʦʥʠ ʜʦʣʞʥʳ ʙʳʪʴ ʧʨʠʥʷʪʳ ʚʦ ʚʥʠʤʘʥʠʝ ʠ 

ʯʝʪʢʦ ʟʘʜʘʥʳ ʚ ʧʘʨʘʤʝʪʨʘʭ, ʯʪʦʙʳ ʧʨʦʮʝʜʫʨʘ ʬʨʘʛʤʝʥʪʘʮʠʠ ʫʩʧʝʰʥʦ ʜʦʩʪʠʛʣʘ 

ʩʚʦʝʡ ʮʝʣʠ. 

ʇʘʨʘʤʝʪʨʳ EFP ʜʣʷ ʬʝʥʠʣʴʥʳʭ ʠ ʬʝʥʠʣʘʤʠʥʦʚʳʭ ʬʨʘʛʤʝʥʪʦʚ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ GAMESS US. ɻʝʦʤʝʪʨʠʷ ʠ ʵʣʝʢʪʨʦʥʥʘʷ 

ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʥʘ ʫʨʦʚʥʝ ʪʝʦʨʠʠ HF / 6ï31G *, ʢʘʢ ʵʪʦ 

ʙʳʣʦ ʨʝʢʦʤʝʥʜʦʚʘʥʦ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ EFP. ʇʦʩʣʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʦʡ 

ʤʦʜʝʣʠ, ʤʦʣʝʢʫʣʘ o-BPD ʙʳʣʘ ʫʩʧʝʰʥʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ 

EFP ʬʨʘʛʤʝʥʪʦʚ, ʙʝʟ ʧʦʪʝʨʠ EFP ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʩʚʷʟʷʭ ʤʝʞʜʫ ʬʨʘʛʤʝʥʪʘʤʠ. 
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3.2 ʉʦʟʜʘʥʠʝ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʙʠʙʣʠʦʪʝʯʥʳʭ EFP 

ʬʨʘʛʤʝʥʪʦʚ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʛʝʦʤʝʪʨʠʷʤʠ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ 

(Flexible EFP). 

 

ʈʠʩ 38. FaOO 

3.4¡ ï 10.0¡ 

FaOO - FaOO 
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ɼʣʷ ʚʩʝʭ ʜʠʤʝʨʦʚ CCSD(T) ʧʦʣʥʳʝ ʵʥʝʨʛʠʠ ʷʚʣʷʶʪʩʷ ʥʘʠʤʝʥʝʝ ʩʚʷʟʘʥʥʳʤʠ 

ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ SAPT ʠ ʚʩʝʤ ʩʭʝʤʘʤ EFP. EFP ʩʭʝʤʘ 1, ʚ ʢʦʪʦʨʦʡ ʧʘʨʘʤʝʪʨʳ 

ʧʝʨʝʩʯʠʪʘʥʳ ʜʣʷ ʢʘʞʜʦʡ ʛʝʦʤʝʪʨʠʠ ʤʦʥʦʤʝʨʘ, ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʩʚʷʟʘʥʥʦʡ ʠʟ 

ʚʩʝʭ ʢʨʠʚʳʭ EFP ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʥʝʝ ʪʦʯʥʦʡ ʜʣʷ ʚʩʝʭ ʪʨʝʭ ʜʠʤʝʨʦʚ. 

ʈʠʩ 39. FaON 

3.4¡ ï 10.0¡ 

FaON - FaON 
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ʉʭʝʤʘ 2 ʩ ʛʘʟʦʬʘʟʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚʩʝʛʜʘ ʥʠʞʝ, ʯʝʤ ʩʭʝʤʘ 1. ʂʨʦʤʝ ʪʦʛʦ, ʩʭʝʤʘ 

3 ʩ ʛʘʟʦʬʘʟʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʠʟ ʩʤʝʰʘʥʥʦʛʦ ʙʘʟʠʩʘ, ʥʠʞʝ, ʯʝʤ 

ʩʭʝʤʘ 2 ʠ ʙʣʠʞʝ ʚʩʝʛʦ ʨʘʩʧʦʣʦʞʝʥʘ ʢ CCSD(ʊ).   

ʈʠʩ 40. FaNN 

3.4¡ ï 10.0¡ 

FaNN - FaNN 


