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1.  

1.1 EL 

(Electroluminescence  EL)

EL (light emitting diode : 

LED)

[1–15]  

 

1.2  

EL

TADF [16–19]

(IQEmax) 25%

(IQEmax = 100 %) [17,18]

(Thermally Activated Delay Fluorescence : TADF)

[19]  

 

1.3  

EL
[5,8,12,14,20,21] π

[1,5,15,20–25]

π

 

[26-34]

2
[26,27]

monomer H-dimer π-dimer tetramer
[33]
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1.4  

(Aggregation Induced 

Emission : AIE) [35]

(density 

functional theory : DFT) ���

(TICT)

Crystallization 

Induced Emission Enhancement (CIEE) (Fig. 1-1 a−b)

AIE  

 

Fig. 1-1. (a) LE TICT . (b)

. 

 

[36] π−π

(Fig. 1-2 a−b)  

 

Fig. 1-2. (a) PhTCz . (b) . 
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1.5  

TADF Highest Occupied Molecular Orbital (HOMO)

(Cz) Lowest Unoccupied Molecular Orbital (LUMO) (DBF)

(D)− (A) Cz DBF
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2.  

2.1  

1 Fig. 1-3 1-1 1−5

NMR 5  

 

 

Fig. 1-3. 1−5 . 

 

1-1. EL . 

MoO3  

1,3-di-9-carbazolylbenzene (mCP) Lumitec 

2,2',2"-(1,3,5-benzinetriyl)-tris 

(1-phenyl-1-H-benzimidazole (TBPi) 

Sigma-Aldrich Co. 

LiF Sigma-Aldrich Co. 

Al  

 

2.2  

1 1-2  

 

1-2. 1 . 
1H and 13C NMR JNM-LA400   

GPC LC-9101   

HPLC LC-2000Plus series  

X Miniflex600,Smart lab  

 U-3000  

F-7000  

 C11367-1  

FT-IR FT/IR-4200  

PL  C11347  

EL  CS-1000A/ CS-2000  

  



 13 

2.3 PL UV  

2.3.1  

3cm 5.0 x 10–5 Pa 1.0 Å s–1

30 nm

( 10 ppm 3 ppm) (GB)

 

 

2.3.2  

3cm GB

0.75 wt% (500 rpm, 30 s) 50 nm GB 130°C  

30  

 

2.4 EL  

3 cm ITO (110) MoO3 (3 nm)

mCP (10 nm) 1 (100 nm) TBPi (20 nm) LiF (0.5 nm) Al (100 nm)

MoO3 LiF 0.1 Å s–1 mPC 1 TPBi 0.5 Å s–1 Al 1.0 Å s–1  
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3.  

3.1  

Fig. 1-4 Winmoster 1 ( B3LIP

6−31G* ) HOMO Cz LUMO DBF

HOMO = −5.21 eV LUMO = −1.21 eV  

 
Fig. 1-4. (a) 1 HOMO( )−LUMO( ) . 1 (b) 

HOMO (c) LUMO . 

 

3.2  

3.2.1  

1 2-MeTHF ([1] = 1.0 x 10–5 M) (298 K) 280 nm

(λex) 0-0 0-1 (λem) 350 nm 365 nm

(Fig. 5a) N2 5 λem 

= 441, 475 nm (Fig. 1-5 a inset)

1 1

(77K) λ = 340–390 nm

(0-0, 0-1, 0-2, 0-3) λ = 420–500 nm (0-0, 0-1, 0-2, 0-3, 

0-4) (Fig. 1-5 b)
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Fig. 1-5. 1 2-MeTHF 298 K  (a, : N2 , : N2 ) 77 

K (b) . 

 

3.2.2  

1 30 nm

λex = 320 nm

0-0 0-1 λem = 358, 372 nm

(Fig. 1-6 ) 7−8 nm

λem = 358 nm, 372 nm λ = 540 nm 580 nm

(Fig. 1-6 )

1 1 (ΦPL) 0.13

 

 

Fig. 1-6. 1 ( : , : ). 

 

1

PMMA 1 π

(500rpm, 30s) 50 nm 1 15wt%

λem = 540 nm (Fig. 1-7 )

50wt% 1 λem = 540 nm

λem = 540 nm 1

(Fig. 1-7 )  
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Fig. 1-7. PMMA 1 ( : 15wt%, : 50wt%, : 100wt%). 

  

3.2.3 UV  

1 λ = 320 nm UV λ = 350–390 nm

λ = 420–460 nm λ = 520–650 nm

(Fig. 1-8 a) 1

(λ = 420–460 nm) (λ = 520–650 nm)

Fig. 1-8 b CIE

(x, y) = (0.183, 0.098) 60

(x, y) = (0.282, 0.333) (Fig. 1-8 b) ΦPL 0.10  

 
Fig. 1-8. UV (a) PL ( : , UV 3, 5, 10, 20, 30, 60, 120, 

180, 240, 300 min). (b) UV 1 CIE (UV : 0–60min). 

  



 17 

3.3 UV  

1  

 

3.3.1 HPLC  

CH2Cl2 HPLC (JASCO 

LC-2000Plus series) λ = 320 nm UV 1

UV 1

(Fig. 1-9) UV

5 min 1

 

 

 

Fig. 1-9. 1 HPLC ( : UV , : UV ). 

 

3.3.2 PL  

1 λem = 370, 430, 540 nm

(Fig. 1-10 a, )

UV

(Fig. 1-10 a, )  
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Fig. 1-10. (a) 1 UV  (λem = 370 ( ), 430 ( ), and 540 nm (

)) ( : ,  UV ). (b) UV PL

( : , UV 3, 5, 10, 20, 30, 60, 120, 180, 240, 300 min). 

 

3.3.3 X XRD  

XRD SiO2 / Si

1 1.0 Å s–1 100 nm λ = 320 nm UV 1

XRD 2θ = 5.9° (d = 14.9 Å)

(Fig. 1-12 ) UV

2θ = 5.2° (d = 16.9 Å) (Fig. 1-11, 

)

λ = 420–460 nm 1

λ = 520–650 nm 1

 

 

Fig. 1-11. XRD ( : , : UV ). 

 

1 Tg (~140 °C) 2θ  = 5.9°

2θ  = 20° (Fig. 1-12 a,

) λ = 420–460 nm λ = 

520–650 nm (Fig. 1-12 b, )

λ = 420–460 nm λ = 520–650 nm (Fig. 1-12 c, )

UV 1 λ = 420–460 nm

1 λ = 520–650 nm (Fig. 

1-12 c, )  



 19 

 

Fig. 1-12. (a) 1 XRD (b) 1 ( : , 

: 120 	 , : 140°C , : 160°C ). (c) 1 UV 1 (

) 160°C ( ) UV (

). 

 

3.4  

UV 1

UV  λ = 280 nm 0.5 ns

 λ = 350–390 nm 20 ns  

λ = 420–460 nm 1  λ  = 520–650 nm 50 ns

1  λ = 520–650 nm (Fig. 1-13 a−c) 1

ΦPL 0.13 0.10 (τ)  λ  = 360 nm 2.1 ns

1.4 ns λ = 540 nm 14.3 ns 13.4 ns

 λ = 420 nm τ 5.14 ns (Fig. 1-13 d)  
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Fig. 1-13. UV 1 λ = 280 nm (a) 0–0.5, (b) 20–20.5, (c) 50–50.5 ns 

PL (d) 360 nm( ), 420 nm( ), 540 nm( ) . 

 

1

1 λ = 350–390 nm (S1) λ = 520–650 nm (T1)

0.126 0.004 λ = 360 nm λ = 540 nm τ 2.1 ns

14.3 ns 1–5 UV

1 S1 S0 (kr) S1 T1 (kISC)

( 1-3, Fig. 1-14 a)

		

φPL =
kr

kr +knr +kISC
⋅⋅⋅(1)

τ = 1
kr +knr +kISC

⋅⋅⋅(2)

kr =
φPL
τ

⋅⋅⋅(3)

knr =
1
τ
−kr −kISC ⋅⋅⋅(4)
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kISC360→540 = kr540 +knr540 ⋅⋅⋅(5)
kISC420→540 = kr540 +knr540 −kISC360→540 ⋅⋅⋅(6)
kISC360→420 = kr420 +knr420 +kISC420→540 ⋅⋅⋅(7)  
 

1-3. UV 1 . 

 total λ = 360 nm λ = 420 nm λ = 540 nm 
φPL 0.130 0.126 – 0.004 
τ (s) – 2.10 x 10–9  – 1.43 x 10–8 
kr (s–1) – 6.00 x 107 – 2.80 x 105 
knr (s–1) – 3.47 x 108 – 6.97 x 107 
kISC 360→420 (s–1) – – – – 
kISC 360→540 (s–1) – 6.97 x 107 – – 
kISC 420→540 (s–1) – – – – 

 

 

Fig. 1-14. . (a) (b)UV . 
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1 λ = 420–460 nm

(T1’)  λ = 340–399 nm 1

λ = 400–499 nm 1  λ = 500–630 nm

0.032, 0.028, 0.039  λ = 360 nm λ = 420 nm λ = 540 

nm τ 1.4, 5.1, 13.4 ns τ ( 1-4, Fig. 

1-15 a-b)  

1-4. UV 1 . 

 Total λ = 360 nm λ = 420 nm λ = 540 nm 
φPL 0.101 0.032 0.028 0.039 
τ (s) – 1.40 x 10–9  5.14 x10–9  1.34 x10–8 
kr (s–1) – 2.27 x 107  5.49 x106 2.98 x106 
knr (s–1) – 4.27 x 108  1.87 x108 7.16 x107 
kISC 360→420 (s–1) – 1.95 x 108  – – 
kISC 360→540 (s–1) – 6.97 x 107 – – 
kISC 420→540 (s–1) – – 2.00 x 106 – 

 

 
Fig. 1-15. 1 (a) λ = 360 nm (b) λ = 540 nm ( : , : UV

). 

 

1 T1’

(kISC = 2.0 x 108 s–1, Fig. 15b) S1 S0

T1’ (kr = 5.5 x 106 s–1) T1 (kISC = 2.0 x 106 s–1)

T1 S0 kr = 3.0 x 106 s–1 2
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3.5  

UV T1'

UV T1'( )

T1 ( ) (MO)

winmoster Fig. 1-16 a Cz-DBF Cz-phenyl

(δ) 61° ortho-terphenyl

(δ = 53–55°) λ = 420–460 nm T1' Cz–DBF (δ)

35° (Fig. 1-16 b) T1 1 CZ-DBF Cz-

δ 2° 22° ortho-terphenyl (d = 7–11°, Fig. 1-16 c)

UV 1 UV 1 3

 

 
Fig. 1-16. winmoster 1 (a) (b) λ = 418 nm (c) λ = 518 nm 

. 

 

3.6 FT-IR  

UV

FT-IR PL 30 nm

UV C–N 900–1100 cm–1

UV Cz–DBF

(Fig. 1-17)  
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Fig. 1-17. UV 1 FT-IR ( : UV , : UV ). 

 

 

3.7  

2–5

UV

30 nm 320 nm DBF

2 2 Cz 3 ortho-biphenyl 3 UV

1 2 (Fig. 1-18 a–b) Cz 3

tertiary buthyl meta-biphenyl 4 5 UV

(Fig. 1-18 c–d) tertiary butyl

4 5 UV

2  
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Fig. 1-18. UV (a) 2, (b) 3, (c) 4, (d) 5 ( : UV , : UV

). 

 

3.8 EL  

1 EL ITO

MoO3 (3 nm)/ 1,3-di-9-carbazolylbenzene(mCP) (10 nm)/ 1 (100 nm)/ 2,2',2"-(1,3,5-benzinetriyl)-tris 

(1-phenyl-1-H-benzimidazole(TBPi) (20 nm)/ LiF (0.5 nm)/ Al (100 nm) EL

0.7 mA λ = 400 nm 1 S1 S0 EL 420–

460 nm 1 520–650 nm

1 (Fig. 1-19 a, ) 4 V EL

12 V 1000 cd m–2 400 mA cm–2

0.6 % (Fig. 1-19 b–d)  
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Fig. 1-19. (a) EL ( ) ( 12, 24, 36, 50, 60, 76, 89, 100min ( )).  

(b) vs . (c) vs (J) . (d) EQE vs J . 

 

λ = 400 nm 12 

EL  (Fig. 1-19 a) (x, y = 0.319, 

0.270) EL (Fig. 1-20)  

 
Fig. 1-20. EL (a) (b) 0.7 mA 12 min . 
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4.  

-

2

2 D–A

EL Adv. Funct. Mater. 2018, 1805824/1−6.
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5.  

5.1  Synthesis of 1 

 

 
Synthesis of S2 

To an acetic acid (150 mL) solution of S1 (19.0 g, 64.6 mmol) was added bromine (4.3 mL, 84 mmol) 

dropwise at 60 °C. The reaction mixture was cooled to 25 °C and stirred for 16 h, solid precipitated out. 

Filtered the solid washed with water (2 × 100 mL) followed by 10% NaHCO3 (2 × 50 mL) and dried well 

under vacuum. The crude product was subjected to re-crystallization from diethyl ether (three times) to yield 

the S2 as a white solid (17.3 g, 46.4 mmol, 72% yield). 1H NMR (CDCl3) δ 8.04 (d, J = 1.7 Hz, 1H), 7.86 (dd, 

J = 2.8, 7.7 Hz, 2H), 7.60 (dd, J = 1.8, 8.7 Hz, 1H), 7.54 (d, J = 8.7 Hz, 1H), 7.12 (t, J = 7.7 Hz, 1H). 

 

Synthesis of S3 

To a mixture of S2 (17.0 g, 46 mmol), carbazole (6.1 g, 36 mmol), potassium phosphate (19.3 g, 91 mmol), 

dipivolyl methane (2.9 mL, 14 mmol) and copper (I) oxide (1.3 g, 9.1 mmol) was added dimethylsulfoxide 

(DMSO, 170 mL) at 25 °C. After stirring for 8 h at 100 °C, the reaction mixture was cooled to 25 °C and 

poured into water. The precipitated solid was filtered, washed with water and suck dried to obtain a crude S3. 

Crude S3 was purified by column chromatography on silica gel gave S3 as white solid (10.0 g, 24.3 mmol, 

53% yield). 1H NMR (CDCl3) δ 8.23-8.20 (m, 3H), 8.07 (dd, J = 1.2, 7.6 Hz, 1H), 7.73 (dd, J = 1.2, 7.8 Hz, 

1H), 7.45-7.41 (m, 2H), 7.62-7.56 (m, 2H), 7.37-7.34 (m, 3H), 7.26 (t, J = 8.0 Hz, 2H). 
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Synthesis of S4 

To a mixture of S3 (5.00 g, 12.1 mmol), phenylboronic acid (1.48 g, 12.1 mmol), Pd(PPh3)4 (699 mg, 0.605 

mmol) and potassium carbonate (5.01 g, 36.3 mmol) was added 1,2-dimethoxyethane (50 mL) and water (5 

mL) at 25 °C. The mixture was heated under reflux for 6 h. The reaction mixture was cooled to 25 °C, was 

diluted with ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, 

the residue was subjected to silica gel column chromatography to give S4 as white solid (4.34 g, 10.6 mmol, 

88% yield). 1H NMR (CDCl3) δ 8.24 (d, J = 1.72 Hz, 1H), 8.21 (d, J=8.0 Hz, 2H), 8.14 (d, J=8.0Hz, 1H), 

7.72-7.66 (m, 4H), 7.58 (t, J = 7.6Hz, 1H), 7.53-7.47 (m, 3H), 7.44-7.37 (m, 3H), 7.34 (t, J = 6.8 Hz, 2H), 

7.27 (d, J = 8Hz, 2H). 

 

Synthesis of S5 

To a CH2Cl2 (30 mL) solution of S4 (3.44 g, 8.40 mmol), NBS (1.50 g, 8.40 mmol) was added at 25 °C. 

After stirring for 8 h, water was added. The organic layer was washed with water and brine, dried over 

MgSO4. After evaporation of the volatiles, S5 was obtained as white solid. S5 was used without further 

purification in the next step. 

 

Synthesis of S6 

To a mixture of S5 (3.00 g, 6.15 mmol), B2(pin)2 (1.87 g, 7.38 mmol), PdCl2(dppf) CH2Cl2 (252 mg, 0.308 

mmol), and potassium acetate (1.79 g, 18.5 mmol) was added DMSO (30 mL) at 25 °C. The mixture was 

heated to 90 °C for 12 h. The reaction mixture was cooled to 25 °C and poured into water. The resulting 

solid was filtered and washed with water. The crude solid was subjected to silica gel column 

chromatography to give S6 as white solid (2.27 g, 4.23 mmol, 69% yield). 1H NMR (CDCl3) δ 8.71 (s, 1H), 

8.27-8.22 (m, 2H), 8.14 (d, J = 8.0Hz, 1H), 7.87 (d, J = 7.6Hz, 1H), 7.71-7.65 (m, 4H), 7.58 (t, J = 8.0Hz, 

1H), 7.53-7.47 (m, 3H), 7.44-7.31 (m, 3H), 7.28-7.22 (m, 2H), 1.42 (s, 12H). 

 

Synthesis of 1 

To a mixture of S6 (1.00 g, 1.87 mmol), 1-iodo-2,6-diphenylbenzene (1.00 g, 2.80 mmol), Pd2(dba)3 CHCl3 

(97 mg, 0.0934 mmol), SPhos (153 mg, 0.374 mmol), potassium phosphate (1.19 g, 5.6 mmol) was added 

1,2-dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. The 

reaction mixture was cooled to 25 °C and filtered through a pad of Celite®. The filtrate was extracted with 

ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the residue 

was subjected to silica gel column chromatography. The crude 1 was purified with preparative GPC and 

sublimation under reduced pressure to give 1 as white solid (538 mg, 0.843 mmol, 45% yield). 1H NMR 

(CDCl3) δ 8.19 (s, 1H), 8.05 (d, J = 6.8Hz, 1Hz), 7.88 (d, J = 7.8Hz, 1H), 7.70-7.60 (m, 5H), 7.51-7.46 (m, 

7H), 7.40-7.31 (m, 2H), 7.22-7.08 (m, 12H), 6.92-6.86 (m, 2H); 13C NMR (CDCl3) δ 155.7, 151.5, 142.4, 
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142.3, 141.1, 140.8, 139.5, 139.1, 137.0, 131.5, 130.0, 129.7, 128.9, 127.6, 127.5, 127.24, 127.22, 127.1, 

126.7, 126.1, 125.6, 124.6, 123.9, 123.6, 123.0, 122.3, 120.2, 119.9, 119.3, 112.2, 110.3, 109.1 (Fig. 1-21 

and 1-22). 

 

5.2 Synthesis of 2 

 

 

Synthesis of S7 

To a mixture of S1 (17.0 g, 46 mmol), carbazole (6.1 g, 36 mmol), potassium phosphate (19.3 g, 91 mmol), 

dipivolyl methane (2.9 mL, 14 mmol) and copper (I) oxide (1.3 g, 9.1 mmol) was added DMSO (170 mL) at 

25 °C. After stirring for 8 h at 100 °C, the reaction mixture was cooled to 25 °C and poured into water. The 

precipitated solid was filtered, washed with water and suck dried. The crude solid was subjected to silica gel 

column chromatography to give S7 as white solid (10.0 g, 24.3 mmol, 53% yield). 1H NMR (CDCl3) δ 8.21 

(d, J = 7.6Hz, 2H), 8.10 (d, J = 7.6Hz, 1H), 8.06 (d, J = 7.6Hz, 1H), 7.68 (d, J = 8.0Hz, 1H), 7.56 (t, J = 

8.0Hz, 1H), 7.48-7.37 (m, 5H), 7.33 (t, J = 7.6Hz, 2H), 7.26 (d, J = 8.0Hz, 2H). 

 

Synthesis of S8 

To a CH2Cl2 (50 mL) solution of S7 (5.00 g, 15.0 mmol), NBS (2.67 g, 15.0 mmol) was added at 25 °C. 

After stirring for 8 h, water was added. The organic layer was washed with water and brine, dried over 

MgSO4. After evaporation of the volatiles, S8 was obtained as white solid. S8 was used without further 

purification in the next step. 

 

Synthesis of S9 

To a mixture of S8 (5.00 g, 12.1 mmol), B2(pin)2 (3.70 g, 14.6 mmol), PdCl2(dppf) CH2Cl2 (0.495 mg, 0.606 

mmol), and potassium acetate (3.57 g, 36.4 mmol) was added DMSO (50 mL) at 25 °C. The mixture was 
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heated 90 °C for 12 h. The reaction mixture was cooled to 25 °C and poured into water. The resulting solid 

was filtered and washed with water. The crude solid was subjected to silica gel column chromatography to 

give S9 as white solid (3.96 g, 8.62 mmol, 71% yield). 1H NMR (CDCl3) δ 8.72 (s, 1H), 8.26 (d, J = 7.64 Hz, 

1H), 8.14-8.11 (m, 1H), 8.07 (d, J = 7.52 Hz, 1H), 7.89-7.87 (m, 1H), 7.68 (dd, J = 1.32, 7.78 Hz, 1H), 

7.60-7.56 (m, 1H), 7.50-7.34 (m, 5H), 7.32-7.28 (m, 2H), 1.44 (s, 12H). 

 

Synthesis of 2 

To a mixture of S9 (1.00 g, 2.18 mmol), 1-iodo-2,6-diphenylbenzene (1.16 g, 3.27 mmol), Pd2(dba)3 CHCl3 

(113 mg, 0.109 mmol), SPhos (178 mg, 0.435 mmol), potassium phosphate (1.38 g, 6.53 mmol) was added 

1,2-Dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. The 

reaction mixture was cooled to 25 °C and filtered through a pad of Celite®. The filtrate was extracted with 

ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the residue 

was subjected to silica gel column chromatography. The crude 2 was purified with preparative GPC and 

sublimation under reduced pressure to give 2 as white solid (527 mg, 0.938 mmol, 43% yield). 1H NMR 

(CDCl3) δ 8.01 (s, 1H), 7.99 (s, 1H), 7.87 (d, J = 7.8Hz, 1H), 7.64 (s, 1H), 7.58 (d, J = 7.8Hz, 1H), 7.49-7.30 

(m, 8H), 7.21-7.05(m, 12H), 6.91-6.85 (m, 2H); 13C NMR (CDCl3) δ 156.1, 151.0, 142.4, 142.2, 140.8, 

139.5, 139.2, 131.5, 130.00, 129.97, 129.7, 127.7, 127.6, 127.1, 126.6, 126.0, 125.9, 125.6, 124.0, 123.8, 

123.5, 123.4, 123.2, 123.0, 122.2, 120.8, 120.1, 119.9, 112.1, 110.3, 109.1 (Fig. 1-23 and 1-24). 

 

5.3 Synthesis of 3 

 

3 

 

To a mixture of S6 (1.00 g, 1.87 mmol), 2-bromobiphenyl (653 mg, 2.80 mmol), Pd2(dba)3 CHCl3 (97 mg, 

0.0934 mmol), SPhos (153 mg, 0.374 mmol), potassium phosphate (1.19 g, 5.6 mmol) was added 

1,2-dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. The 

reaction mixture was cooled to 25 °C, was filtered through a pad of Celite®. The filtrate was extracted with 

ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the residue 

was subjected to silica gel column chromatography. The crude 3 was purified with preparative GPC and 

sublimation under reduced pressure to give 3 as white solid (632 mg, 1.13 mmol, 61% yield). 1H NMR 
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(CDCl3) δ 8.20 (s, 1H), 8.09-8.06 (m, 3H), 7.67-7.59 (m, 5H), 7.54-7.04 (m, 18H); 13C NMR (CDCl3) δ 

155.7, 151.7, 141.9, 141.14, 141.10, 141.06, 140.7, 139.6, 137.0, 133.8, 131.1, 130.7, 130.0, 128.9, 128.5, 

127.9, 127.51, 127.45, 127.3, 127.2, 127.1, 126.8, 126.3, 126.2, 125.9, 124.5, 123.8, 123.7, 123.6, 122.2, 

121.4, 120.3, 120.2, 120.1, 119.3, 112.3, 110.4, 109.6 (Fig. 1-25 and 1-26). 

 

5.4 Synthesis of 4 

 
4 

 

To a mixture of S6 (1.00 g, 1.87 mmol), 1-bromo-2,6-diisopropylbenzene (676 mg, 2.80 mmol), Pd2(dba)3

CHCl3 (97 mg, 0.0934 mmol), SPhos (153 mg, 0.374 mmol), potassium phosphate (1.19 g, 5.6 mmol) was 

added 1,2-dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. 

The reaction mixture was cooled to 25 °C and filtered through a pad of Celite®. The filtrate was extracted 

with ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the 

residue was subjected to silica gel column chromatography. The crude 4 was purified with preparative GPC 

and sublimation under reduced pressure to give 4 as white solid (555 mg, 0.974 mmol, 52% yield). 1H NMR 

(CDCl3) δ 8.23 (s, 1H), 8.13 (t, J = 8.8Hz, 2H), 7.95 (s, 1H), 7.75 (d, J = 7.8Hz, 1H), 7.69-7.66 (m, 3H), 

7.59-7.17 (m, 13H), 2.82-2.68 (m, 2H), 1.14-1.04 (m, 12H).; 13C NMR (CDCl3) δ 155.8, 151.8, 147.6, 147.5, 

141.14, 141.13, 140.1, 139.8, 137.1, 132.5, 128.9, 127.73, 127.70, 127.5, 127.33, 127.26, 126.8, 126.4, 126.1, 

124.6, 123.8, 123.6, 123.5, 122.51, 122.45, 122.39, 120.9, 120.4, 120.23, 120.21, 119.4, 112.4, 110.6, 109.7, 

30.3, 30.2, 24.3 (Fig. 1-27 and 1-28). 

  
O

N
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5.5 Synthesis of 5 

 
5 

 

To a mixture of S6 (1.00 g, 1.87 mmol), 3-bromobiphenyl (653 mg, 2.80 mmol), Pd2(dba)3 CHCl3 (97 mg, 

0.0934 mmol), SPhos (153 mg, 0.374 mmol), potassium phosphate (1.19 g, 5.6 mmol) was added 

1,2-dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. The 

reaction mixture was cooled to 25 °C and filtered through a pad of Celite®. The filtrate was extracted with 

ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the residue 

was subjected to silica gel column chromatography. The crude 5 was purified with preparative GPC and 

sublimation under reduced pressure to give 5 as white solid (707 mg, 1.26 mmol, 67% yield). 1H NMR 

(CDCl3) δ 8.45 (s, 1H), 8.25 (d, J = 7.8Hz, 2H), 8.23 (s, 1H), 7.95 (s, 1H), 7.72-7.27 (m, 23H); 13C NMR 

(CDCl3) δ 155.8, 151.8, 142.6, 141.8, 141.41, 141.37, 141.1, 140.5, 137.1, 133.7, 129.2, 128.9, 128.8, 127.5, 

127.35, 127.32, 127.2, 126.9, 126.4, 126.3, 126.2, 125.6, 125.5, 124.5, 124.2, 123.8, 122.2, 120.5, 120.3, 

119.4, 119.0, 112.3, 110.6, 110.4 (Fig. 1-29 and 1-30). 
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Fig. 1-21. 1H NMR spectrum of 1. 

 
Fig. 1-22. 13C NMR spectrum of 1.  
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Fig. 1-23. 1H NMR spectrum of 2. 

 
Fig. 1-24. 13C NMR spectrum of 2. 
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Fig. 1-25. 1H NMR spectrum of 3. 

 

 
Fig. 1-26. 13C NMR spectrum of 3. 
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Fig. 1-27. 1H NMR spectrum of 4. 

 
Fig. 1-28. 13C NMR spectrum of 4. 
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Fig. 1-29. 1H NMR spectrum of 5. 

 
Fig. 1-31. 13C NMR spectrum of 5.  
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1.  

1.1  

p n

[1]

RFID
[2]  

 

1.2 (OFET) 

(Fig. 2-1a)

FET

[3.4]  

 

 
Fig. 2-1. (a) .  

(b) (750 µm) (50 µm). 
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/ MIS

/

W L

FET

(Id) (Vg)

50 µm

750 µm (Fig. 2-1 b)  

 

1.3  

OFET

(Edge-on) (Fig. 2-2 a)
[5.6] (OPVs)

(Face-on) (Fig. 2-2 b)
[7.8]  

 

Fig. 2-2. . 

(a) (Edge-on) . (b) (Face-on) . 

 

 

 

 

  

(a) (b)
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1.4 (CuPc)  

CuPc π Cu2+

Cu2+ S = 1/2 d π

K|| K

π ΔK  

		ΔK = K||−K⊥( )⋅⋅⋅ 8( )  

(K – K||) > 0 (  2-1) [9]  CuPc K

(Fig. 2-3 a–b)  

 

2-1. CuPc π . 

 

 

 

 
Fig. 2-3. (a) CuPc . (b) (N) . 

 

1.5  

5 (Fig. 2–4 a–b)

π K1 K2 K3�

K1 K2 K3 K1 K2 K1 (= K2)

 

		ΔK = K3 −K1 =3 χM −K1( )⋅⋅⋅ 9( )  

271.5×10-6 [cm3 mol-1] [10]  

 

2-2. . 

 

 

 

N

NN

N
N

N

N

N M

D4h

K⊥

K //
H //H⊥

N

N

(a) (b) H

 (K – K||) [1×10-6 cm3 mol-1] 

CuPc 644 

 –χM•103 –K1•103 ΔK [1×10-6 cm3 mol-1] 

 205.4 114.9 271.5 
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Fig. 2-4. (a) . (b) . 

 

 

1.6  

OFET

(Edge-on)

OFET CuPc

(Fig. 2-5 a–b)  

FET

FET

(25, 45, 60 75, 90 °C)

(0.5 T)

 

 

 
Fig. 2-5. . (a) . (b) . 
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2.  

2.1  

2 2-3  

 

2-3. 2 . 

  /  
CuPc 
 
Copper Phthalocyanine 

 

Sigma Aldrich Co. 

NiPc 
 
Nickel Phthalocyanine 

 

Sigma Aldrich Co. 

H2Pc 
 
Phthalocyanine 

 

Sigma Aldrich Co. 

  

 

Sigma Aldrich Co. 

HMDS 
1,1,1,3,3,3-hexamethyldisil
azane 

 

Sigma Aldrich Co. 
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2.2  

2 2-4  

 

2-4. 2 . 

  

1H-D7  

EC-40R  

SVC-700TMSG/7PS80  

X MiniFlex 600, Smart Lab.  

  

SCS4200 KEITHLEY 

JSM-5610  

 

0 V -10 V -50 V

0 V -50 V

-50 V 10 V -50 V

(10) [1]  

 

		
Id =

µWCi
2L Vg −Vth( )⋅⋅⋅ 10( )  

 

Id Vg Vth µ W L

W = 0.75mm L = 50 µm  

 

2.3 FET  

1.5 cm SiO2(200 nm) / Si 1,1,1,3,3,3-

(HMDS) 1–2 (3000 rpm, 60 s) (110°C, 1 h)

HMDS SiO2 (200 nm) / Si

Ti (3 nm) /Au (2 nm)

15 nm Au (50 nm)

 

 

---------------------------------------------------------------- 

[1]    8  .  
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3. ~CuPc~ 

3.1 XRD  

3.1.1 Out-of-Plane  

MPc(M=Cu, Ni) H2Pc Out-of-Plane

Ni H2Pc π

( 2-5)  

 

2-5. . 

CuPc π  + S = 1/2 

H2Pc π  

NiPc π (S = 0) 

 

50 nm 0.35 T

X 2θ = 6.8 ° (Fig. 2–6 a-c)

(11) (d = 12.8 Å) MPc

Edge-on  

		2dsinθ = nλ ⋅⋅⋅ 11( )  

(200)

1.5 (Fig. 2-6 a–c )  

Edge–on CuPc

π  

 

Fig. 2-6. Out-of-Plane ( : , : , : ). (a)CuPc. (b)NiPc. (c)H2Pc. 
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Fig. 2-7. Au(10 nm) CuPc Out-of-Plane . 

 

Au(10 nm)
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3.1.2 In-Plane  

Edge-on

In-Plane

(Fig. 2-8 a)

(Fig. 2-8 b)  

 

Fig. 2-8. (a)In-Plane . (b) .( : , : ). 
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3.2 FET  

3.2.1 CuPc 

15 nm 0.35 T, 0.5 T FET ( )

(Fig. 2-9, 

2-6)  

 

Fig. 2-9. FET  ( : , :  (0.35 T), : (0.5 T), : (0.5 T)).  

(a) . (b) . (c) . (d) . 
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2-6. FET . 

 No H H⊥ = 0.35 T H⊥ = 0.5 T 
H// = 0.35 T 

(⊥ Channel) 

H// = 0.35 T 

(// Channel) 

µFET  

(x 10–3 cm2 V–1 s–1) 
1.75 2.55 3.81 1.33 1.64 

Vth (V) –18.6 –11.0 –1.4 –18.1 –12.8 

on/off ( x 104) 4.2 1.4 16.0 3.0 3.6 

 

FET –2.5×10-7 [A]

–9.2×10-7 [A] 4

FET 1.77×10-3 [cm2/Vs]

FET 3.05×10-3 [cm2/Vs] 2

(0.5 T)

FET –18.6 V –1.6 V (Fig. 

2-9c. 2-6)  

 

 

3.2.2 NiPc, H2Pc 

NiPc H2Pc FET NiPc

H2Pc

(Fig. 2-10 a–b)  

 
Fig. 2-10. (a) NiPc. (b) H2Pc (Inset). 
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3.3 AFM  

AFM (Fig. 2-11)  

RMS 48 nm 55 nm

RMS 0.79 nm 0.75 nm ( 2-7)

 

 

2-7. AFM . 

 No H Vertical H (0.5 T) 

 (nm) 48 55 

RMS  (nm) 0.79 0.75 

 

 
Fig. 2-11. (a) (b) CuPc (50 nm) AFM . 

 

 

 

 

 

 

 

 

 

 

 

---------------------------------------------------------------- 

[1] M. K. Debe et al., Thin Solid Films 1990, 186, 289. 
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4. ~ ~ 

4.1  

CuPc π Edge-on

FET [1] CuPc π

( )

FET  

 

4.2 XRD  

FET XRD

AFM 3 nm(2 ) Edge-on

π [2.3]

(Out-of-Plane) (In-plane) XRD  

 

4.2.1 Out-of-Plane  

2θ = 5.4 (°) (Fig. 2-12)

(d = 15.4 Å) c

(001) 1.2

1.1

Edge-on

In-Plane  

 
Fig. 2-12. (3 nm) Out-of-Plane . 

( :Si , : , : , : ). 
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4.2.2 In-Plane  

3 nm

50 nm  

In-plane (Fig. 2-13 a–b)  

 

Fig. 2-13. (a) In-Plane . (b) φ .  

( : , : , : ). 
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4.3 AFM  

FET FET
[4–8]  

 

2-8. AFM . 

 No H Vertical H (0.5 T) Parallel H (0.5 T) 

 (nm) 71.9 71.8 99.6 

 (103 nm2) 4.05 4.09 7.79 

 ( ) 97 95 75 

RMS  (nm) 1.91 2.11 1.97 

 

 
Fig. 2-14. (a) . (b) . (c) AFM2 . 

(d) . (e) . (f) AFM 3 . 

 

 

AFM

(Fig. 

2-14 a–f. 2-8)  
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4.4 FET  

 
Fig. 2-15. FET ( : , : (0.5 T), : (0.5 T)).  

(a) . (b) . (c) . (d) . 

 

 

2-9. FET FET . 

 No H H⊥ = 0.5 T 
H// = 0. 5 T 

(⊥ Channel) 

H// = 0. 5 T 

(// Channel) 

µFET  

( cm2 V–1 s–1) 
0.007  0.064 0.162  0.112 

Vth (V) -13.1  -12.7  -18.6  -23.8  
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FET 7

11

9 23

FET (Vth= –13.1 V)

FET –12.7 V (Fig. 2-15, . 2-9)  

FET ( )

Edge-on

FET  

 

 

4.5  

90 0.5 T (Fig. 2-16)  

 
Fig. 2-16. . 
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4.6 XRD ~Out-of-Plane ~ 

(25, 45, 60, 75, 90 ) (15 nm)

(001) 60 

(001) 90 

(Fig. 2-17)  

 
Fig. 2-17. XRD ( : 25 , : 60 , : 75 , : 90 ). (a) 

(b) (0.5 T) (15 nm)

(001) (Inset).  
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4.7 AFM  

4.7.1  

XRD AFM (1×1 µm)  

RMS  

(Fig. 2-18 a–f)  

 

Fig. 2-18. AFM . (a)(a’) 25 . (b) (b’) 45 . 

(c)(c’) 60 . (d)(d’) 75 . (e)(e’) 90 . (f) RMS

. 

  



 60 

4.7.2  

XRD AFM (1×1 µm)  

RMS  

(Fig. 2-19 a–f)  

 

 

Fig. 2-19. AFM . (a)(a’) 25 . (b) (b’) 

45 . (c)(c’) 60 . (d)(d’) 75 . (e)(e’) 90 . (f) RMS

. 
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4.8 FET  

4.8.1  

15 nm 25, 60, 75, 90 FET (

) (Fig. 2-20, . 2-10) 
 

 
 

Fig. 2-20. FET ( : 25 , : 60 , : 75 , : 90 ). 

(a) . (b) . (c) . (d) . 

 

2-10. FET FET . 

 ( ) 25 60 75 90 

µFET  

( cm2 V–1 s–1) 
0.007  0.010 0.030  0.058 

Vth (V) -13.1  -16.7  -18.2  -15.7  

 

25 FET 90 

FET 8   
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4.8.2  

15 nm 25, 60, 75, 90 FET (

) (Fig. 2-21, . 2-11)  

 
 

 

Fig. 2-21. FET ( : 25 , : 60 , : 75 , : 90 ). 

(a) . (b) . (c) . (d) . 

 

2-11. FET FET . 

 ( ) 25 60 75 90 

µFET  

( cm2 V–1 s–1) 
0.162  0.053 0.104  0.168 

Vth (V) -18.6  -18.9  -22.9  -23.2  
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5.  

5.1  

5.1.1 CuPc 

Edge-on edge-on

 

ΔK  

		I d
2θ /dt2( ) = −mΔKB2sin2θ ⋅⋅⋅ 12( )  

		
U = −12KB

2 ⋅⋅⋅ 13( )  

(8) ( )  

		
ΔU = −12 K||−K⊥( )B2 = 12ΔKB

2 ⋅⋅⋅ 14( )  

ΔU

(Fig. 2-22)  

 

Fig. 2-22. . 

 

Edge-on

Edge-on

FET

Edge-on (

)  

���

H�

���

H�
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5.1.2   

CuPc FET Edge-on

FET  

Edge-on

FET

23

(AFM)
[1-2]

(15)

 

		 
µ =

q v l
8kT exp −

Eb
kT

⎛

⎝⎜
⎞

⎠⎟
! 15( )  

v l Eb

(Fig. 2-23a)[1]

(Fig. 2-23b)[2]  

 

 

Fig. 2-23. (a) . (b) . 

 

50~100 nm FET

Fig. 2–23

3 nm AFM
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8 CuPc

(71.9→ 99.6 nm)

(97→ 75)

FET

FET –

HOMO [3–5]  

 

5.1.3  

AFM

(XLoss) (Fig. 2-24, 2-13)

50 µm  

 

 

 
Fig. 2-24. .   

 

 

2-13. AFM . 

 No H Vertical H (0.5 T) Parallel H (0.5 T) 

 (nm) 

 

71.9 

695  

71.8 

696  

99.6 

502  

 ( ) 

 

97 

492  

95 

487  

75 

433  
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XLoss  

 

0.983

Edge-on

X’Loss  

 

695, 696 695

X’Loss = 0.995 XLoss X’Loss

1.02  

 

 

XLoss  

 

 

0.948

Edge-on

X’Loss  

 

 

 

 

!!

µParallel H × XLoss
193 = µNo H

XLoss
193 = µNo H /µParallel H

XLoss = 0.983

!!

µParallel H × XLoss
' 194 = µVertical H

XLoss
' 194 = µVertical H /µParallel H
XLoss
' = 0.995

!!

µParallel H × XLoss
59 = µNo H

XLoss
59 = µNo H /µParallel H

XLoss = 0.948

!!

µParallel H × XLoss
' 54 = µVertical H

XLoss
' 54 = µVertical H /µParallel H
XLoss
' = 0.984



 68 

1.04  

0.95~ 0.98

1.02~ 1.04

0.98~ 0.99 (Fig. 2-25)  

 

 

 
Fig. 2-25. . 
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6.  

CuPc  

d π CuPc NiPc H2Pc

XRD  

(0.5 T) CuPc FET

2 Edge-on

AFM

Appl. Phys. Lett. 2013, 103, 043301  

 

 

(0.5 T) FET

9 Edge-on

(0.5 T) FET

23

0.95~ 0.98

1.02~ 1.04

Thin Solid Films 2016, 603, 408–412.  
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1.  

1.1  

[1]

( )
[2.3]

[4–7]  

[8–13]

DNA
[14.15]

π

[8.9]  

 

1.2 π  

π π

[16]

π

EL
[17–20]  
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1.3 Whispering Gallery Mode(WGM)  

(laser) (light amplification by stimulated emission of 

radiation)

 

( )

Whispering Gallery Mode(WGM)

(Fig. 3-1) 1

WGM WGM WGM [21-25]

WGM  

		ηπd = nλ ⋅⋅⋅ 16( )  

h ( )

d n l 
[26] WGM

[27-29]  

  

 
Fig. 3-1. WGM . 
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WGM (Fig. 3-2 a–

b)

[29]

WGM
[30]  

 

Fig. 3-2. WGM .(a)Si (b) . 

 

1.4  

π

WG EL

(Fig. 3-3 a–b) WGM

π WGM

 

 

Fig. 3-3. (a) (b) WGM . 

 

 

  

(a) (b)

(a) (b)
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2.  

2.1  

3 3-1, 3-2  

 

3-1. 3 . 

  /  
F8TMT2 
poly[(9,9-dioctylfluorenyl-2,7-di
yl)-alt-(3,3',4,4'-tetramethylbithi
ophene-2,5'-diyl)]  

 

2,7–CTMT2 
poly[(N-octadecylcarbazol-2,7-d
iyl)-alt-(3,3',4,4'-tetramethylbith
iophene-2,5'-diyl)]  

 

PTTMT2 
poly[(N-(2-ethylhexyl)phenothia
zine-3,7-diyl)-alt-(3,3',4,4'-tetra
methylbithiophene-2,5'-diyl)] 

 

 

AZO-ANI 
poly[N-(4-octylphenyl)iminoazo
benzene-4,4’-diyl] 

 

 

 

 

3-2. 3 . 

 

  

C8H17C8H17

S

Me Me

S

Me Me
n

N

C18H37

S

Me Me
S

Me Me
n

S

N
S

Me Me

S

Me Me
n

N
N

N

C8H17

n

  
CHCl3( )  

MeOH( )  
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2.2 π  

( 5 mL)

2 mL( 1 mg/ mL) ( 50 mL)

5 mL ( ) ( ) ( )

25 3 ( )

(Fig. 3-4)[1.2]  

 

 
Fig. 3-4. . 

 

 

2.3  

3 3-3  

 

 3-3. 3 . 

  

EC-40R  

VH-S5, VH-Z250R  

JSM-5610  

Helios NanoLab DualBeam  FEIC 

1H-D7  

X JPS 9010 TR   

M-2000 J.A.Woollam Co., Inc. 

Nano 250 Opto Science. Inc 

SVC-700TMSG/7PS80  
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2.3.1 (µ-PL) 

µ–PL

405 

nm CW 500 nm

(Fig. 3-5) CCD

Duisburg-Essen Axel Lorke  

 
Fig. 3-5. µ-PL . 

 

 

 

 

 

 

 

 

----------------------------------------------------------------------------------------- 

[1] T. Adachi et al., J. Am. Chem. Soc. 2013, 135, 870–876. 

[2] L. Tong et al., Polym. Chem. 2014, 5, 3583–3587. 
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3.  

3.1 π  

F8TMT2(Mn = 31800, Mw/Mn = 2.46) 2,7–CTMT2(Mn = 26000, Mw/Mn = 

2.76) PTTMT2(Mn = 21000, Mw/Mn = 2.82) AZO-ANI(Mn = 18900, Mw/Mn = 2.31))

(SEM) (Fig. 3-6)  

 

Fig. 3-6. (a) π SEM ( 5000 ). 

(b)F8TMT2.(c)F8TMT2 .(d)2,7–CTMT2.(e)PTTMT2.(f)AZO-ANI.  
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SEM ( ) π

(Fig. 3-6c)  

FIB TEM

( XSTEM )

TEM

F8TMT2

(Fig. 3-7 a–d)  

 

Fig. 3-7. XSTEM . (a)SEM . (b)(c)

. (d)F8TMT2 STEM . 

 

  

a b

c d
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3.2 π  

WGM
[1.2]

(Fig. 3-8) 3

3-3  

 

3-3. . 

 

 

 

 

 

 

Fig. 3-8. . 

 

  

良溶媒
(CH3Cl)

ポリマー
厚膜　

  (µm) 
F8TMT2 65.6 

2,7–CTMT2 38 
PTTMT2 89.5 

AZO–ANI 30.53 
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Fig. 3-9. h ( ) k ( ). 

 (a)F8TMT2. (b)2.7–KTMT2. (c)PTTMT2. (d)AZO–ANI. 

 

1.6-1.8 (Fig. 3-9)

π  
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3.3  

3.3.1 (F8TMT2) 

SEM ( )

(Fig. 3-10 a)  

(F8TMT2) SiO2(200 nm)/Si

(Fig. 3-10 b)  

 

Fig. 3-10. (a)F8TMT2 ( ) ( ) . 

(b) . 

 

1 405 nm 500 nm

(Fig. 3-11 a) 2.6 µm

(Fig. 3-11b)  

 

Fig. 3-11. F8TMT2 (a) (b) 2.3 µm . 
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2-4 (Fig. 3-12 a–d)

WGM

(ηPolymer) 1.6–1.8

(hAir)

 

WGM (1)

( )
[3] TE TM

(Fig. 3-13, . 17–18)  

 

Fig. 3-12. ( ) ( ) (inset).  

(a)F8TMT2 (2.6 µm). (b)2,7–CTMT2 (2.4 µm). (c)PTTMT2 (2.4 µm). (d)AZO–ANI (2.4 µm). 
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F8TMT2 2,7–CTMT2 PTTMT2 AZO–ANI

WGM

 

 

 

 

  

 
Fig. 3-13. . 
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3.3.2  

1 1.6 µm

n( )

( )

WGM WGM

2–4 (Fig. 3-14 a–d)  
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 87 

 
 

Fig. 3-14. WGM .  

(a)F8TMT2. (b)2,7–CTMT2. (c)PTTMT2. (d)AZO–ANI. 
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3.4  

WGM

(Fig. 15a)

SiO2 (ηSiO2) 1.5

(Fig. 

3-15 b) (Fig. 3-15 

c)  

 

 

Fig. 3-15. (a,b) (c) . 
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3.5  

3.5.1  

π

100

(Fig. 3-16 a) WGM 525

(Fig. 3-16 b)

 

WGM  

 

Fig. 3-16. (a)100 . (b)525 nm . 
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3.5.2  TiO2  

3.5.1

TiO2(η 2.5)

Ti 5, 20 nm XPS

F8TMT2  

XPS B.E= 406.2 eV (2p3/2) Ti TiO2

(Fig. 3-17)[4]  

 

Fig. 3-17. TiO2 F8TMT2 XPS .  
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100

(Fig. 3-18 a–c) TiO2

 

 

Fig. 3-18. (a)5 nm(b)20 nm TiO2 F8TMT2 WGM .(c)

( : W/O TiO2, : 5 nm TiO2, : 20 nm TiO2). 

 

 

3.5.3 C60  

TiO2 C60 (20 nm)

C60 XSTEM XSTEM

C60 (Fig. 3-19) µ-PL

C60 WGM (Fig. 3–20 a–d)  

 
Fig. 3-19. C60 AZO-ANI XSTEM . 
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Fig. 3-20. C60 .  

(a)F8TMT2–C60. (b)2,7–CTMT2–C60. (c)PTTMT2–C60. (d)AZO–ANI–C60.  
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3.6  

WGM SiO2(200 nm)/Si

SiO2(200 nm)/Si

(Fluorescence Resonance Energy Transfer FRET)
[5] FRET
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) 1400( ) 2.5

 

 

Fig. 3-21. AZO–ANI . 
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3.7  

[6.7]  

1.2 ,2.17, 2.91, 5.03, 9.15, 12.3, 16.70, 38.1, 86.5, 146, 199, 322, 561, 665, 

1430, 2340 (µW) AZO–ANI

710, 720, 735 nm

(Fig. 3-22 a) CW

16.7 µW

(Fig. 3-22 b)

π

 

 

Fig. 3-22. (a) ( : 750 nm, : 760 nm, : 775 nm). 
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4.  

4.1  

WGM

Q 3-5 Q

19  

		Q = λ /Δλ ⋅⋅⋅ 19( )  

l ∆l  

 

3-5. . 

F8TMT2 d (µm)a d (µm)b Qmax
c 2,7–CTMT2 d (µm)a d (µm)b Qmax

c 

 1.6 1.38 62  2.6 2.53 310 

 2.3 2.25 216  3.1 3.28 291 

 2.6 2.71 280  3.7 3.54 292 

 3.3 3.35 268  4.3 4.07 470 

 4.2 3.92 313  5.5 5.44 445 

 

PTTMT2 d (µm)a d (µm)b Qmax
c AZO–ANI d (µm)a d (µm)b Qmax

c 

 1.5 1.38 56  1.8 1.74 97 

 1.9 1.90 84  2.4 2.34 210 

 2.2 2.18 151  3.3 3.10 241 

 2.4 2.49 254  5.4 5.21 559 

 2.6 2.32 167  6.8 6.35 547 

 
a  
b  
c WGM Q  
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4.2 WGM  

2 µm WGM

WGM

WGM Q  

2 µm

Q

WGM

(Fig. 3-23 a–b)  

 
Fig. 3-23. Q ( : F8TMT2, : 2,7–CTMT2, : PTTMT2, : AZO–ANI).  
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4.3 WGM  

WGM

WGM (Fig. 3-24 a)  

WGM Q

Q 700

(Fig. 3-24 b–c)  

 

 
 

Fig. 3-24. (a) ( ) .  

(b) . (c)C60 Q . 

 

 

 

  



 99 

4.4 EL  

WGM WGM

Ti

Ti

SiO2(200 nm)/Si F8TMT2  

SEM Ti

Ti (Fig. 3-25 a–b)  

 

Fig. 3-25. TiO2 F8TMT2 F8TMT2 (a) (b) SEM . 
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5.  

 

π WGM

“ ”

WGM

 

WGM

1

Sci. Rep. 2014, 4, 5902/1–5.  
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