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Figure 1-1. Orbital energy diagram of organofluorine compound. 
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Figure 1-2. Molecular structure of perfluoroalkyl chain. 
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Table 1-1. Intermolecular interactions for supramolecular structure formation. 
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Figure 1-3. Relationship between gelation and crystallization. 
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Figure 1-4. Typical examples of low-molecular-mass gelators. 
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Figure 1-5. Examples of gelators having perfluoroalkyl moieties. 
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Table 1-1. Types of primary and secondary batteries26). 
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Table 1-2. Properties of the various secondary batteries29). 
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Figure 1-6. Comparison of the various battery technologies in terms of volumetric and 
gravimetric energy density30).
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Figure 1-7. Market forecast of Li ion battery. 
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34)
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Figure 1-8. Shape and components of various Li ion battery30).  
(a) Cylindrical, (b) Coin, (c) Prismatic, (d) Flat. 
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Figure 1-8. Classification of Solidified Li ion battery electrolyte. 
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2- -6- [4- 2- ]

2-1 

1)

2)

4-
[2-( ) ]

3) 4)

2-1

Figure 2-1. Molecular structure of low-molecular-mass gelators in this chapter. 

2-2 
2-2-1 

 2-1  1-n
1-n IR 1H NMR HRMS

Scheme 2-1. Synthetic scheme for Compounds 1-n.

4- [2- ]  (A)
-2-  (30.02 g, 63.33 mmol), 4-

 (11.96 g, 63.29 mmol),  (13.29 g, 96.16 mmol) ,  100 mL
300 mL 1

 100 mL  100 
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mL 3

4- [2- ] A 32.41 g
60.76 mmol 96 % mp. 43 44 , IR KBr disc = 1248-
1140 cm-1 1H NMR 500 MHz, CDCl3): = 2.33-2.43 (2H, m) , 3.09-3.12 2H, m , 7.23 
(2H, d,  = 8.5 Hz , 7.46 2H, d,  = 8.5 Hz ppm, HRMS ESI m/z calcd. for C14H7BrF13S, 
[M  532.9285. 

2- -6-[4-(2- ) ]  (
 1-1)

4- [2- ]  ( A) (13.38 g, 
25.00 mmol), 6- -2-  (5.00 g, 24.75 mmol),  (5.30 
g, 50.00 mmol),  (0.05 g, 0.9 mol%), (2- )
(0.15 g, 2 mol%), 1,4-  40 mL  40 mL 200 mL

12
 100 mL 100 mL 3

 = 8 2
 1-1 (14.55 g, 23.76 mmol) 95 % IR KBr disc  = 

1, 1H NMR (500 MHz, CDCl3

3.95 (3H, s), 7.17 (1H, d, 2.4 Hz),7.18 (1H, dd,  = 10.9, 2.4 Hz), 7.47 (2H, d, = 8.5 Hz), 
7.68 (2H, d,  = 8.5 Hz), 7.69 (1H, dd,  = 10.9, 2.4 Hz), 7.79 (1H, d,  = 9.8 Hz), 7.81 (1H, 
d, = 9.8 Hz), 7.97 (1H, d, = 2.4 Hz) ppm, HRMS (ESI): m/z calcd. for C25H16OF13S, 

 611.0712. 
2- -6-[4-(2- ) ]  (

 1-2)
4-[2-(2- ) ]  ( A) (1.24 g, 

2.31 mmol), 6- -2-  (0.50 g, 2.31 mmol),  0.49 g, 
4.63 mmol),  (0.01 g, 2 mol%), (2- ) (0.03 
g, 4 mol%) , 1,4-  40 mL  40 mL 200 mL , 

12
 100 mL  100 mL 3

= 8 2  1-
2 1.26 g 2.01 mmol 87 %  2980, 2936, 
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1, 1H NMR (500 MHz, CDCl3

 = 6.7 Hz), 7.17 (1H, d, 2.4 Hz), 7.18 (1H, dd,  = 
10.9, 2.4 Hz), 7.47 (2H, d,  = 8.5 Hz), 7.68 (2H, d, = 8.5 Hz), 7.69 (1H, dd,  =10.9, 2.4 
Hz), 7.79 (1H, d,  = 9.8 Hz), 7.81 (1H, d,  = 9.8 Hz), 7.97 (1H, d,  = 2.4 Hz) ppm. 

2- -6-[4-(2- ) ]
 (  1-6)
4-[2-(2- ) ]  (  A) (1.18 g, 

2.20 mmol), 6- -2-  (0.90 g, 3.30 mmol), 
(0.63 g, 5.94 mmol),  (0.01 g, 2 mol %), 2-

 (0.03 g, 4 mol%) , 1,4-  40 mL  40 mL 200 mL
12

 100 mL  100 mL 3

= 8 2
 1-6 0.24 g 0.132 mmol 6 % IR (KBr disc): 

1, 1H NMR (500 MHz, CDCl3  = 6.7 Hz), 
1.38 (2H, quin,  = 3.7 Hz), 1.52 (2H, quin,  = 7.3 Hz), 1.86 (2H, quin,  = 7.6 Hz), 

= 6.7 Hz), 7.17 (1H, d, = 2.4 Hz), 
7.18 (1H, dd,  = 10.9, 2.4 Hz), 7.47 (2H, d,  = 8.5 Hz), 7.68 (2H, d,  = 8.5 Hz), 7.69 (1H, 
dd,  = 10.9, 2.4 Hz), 7.79 (1H, d, = 9.8 Hz), 7.81 (1H, d,  = 9.8 Hz), 7.97 (1H, d,  = 2.4 
Hz) ppm, HRMS (ESI): m/z calcd. for C30H26OF13

2-2-2 
SSC-5200DSC 99.9 %

mp = 156.6 28.4 J/g DSC 5 /

POH FP-900
Tore SP-810

1H NMR
JEOL JNM-LA500 IR

Shimadzu Prestige-21 HPLC

11 mm
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Minimum gelation concentration, MGC
MGC

SEM JEOL JSM-6510LA
JEOL JFC-1600 10 kV

SEI

2-3 
2-3-1 

1-n DSC 1-1
DSC

144 170 
192 189 166 110 

2-2

166 

A SmA B SmB
1-6

2-3 a SmA
1-6 2-3 b

C SmC
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Figure 2-2. Polarized micrographs for Compound 1-1 (a) at 180 °C and (b) at 155 °C.
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Figure 2-3. Polarized micrographs for Compound 1-6 (a) at 145 °C and (b) at 130 °C.

1-n 2-1 2-2 1-1 SmB-SmA
SmA-I 9.1 kJ mol -1 9.7 kJ mol -1 1-

2 SmB-SmA SmA-I 8.6 kJ mol 
-1 11.2 kJ mol -1 1-6 SmA-I 1-1 1-
2 9.6 kJ mol -1 -SmA

0.1 kJ mol-1 SmB-SmA
SmB

-SmA SmC
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Table 2-1. Transition temperatures for Compounds 1-n ( ). 

Table 2-2. Latent heats for Compounds 1-n (kJ/mol). 

Parenthses indicate a monotropic transition (Both Table 2-1 and Table 2-2). 

2-3-2 
1-n

1-1 1-6

2-3 1-1 1-6
1-1 1-

PC - GBL MGC 0.6
5.0 0.5 0.6 0.4 0.2 0.4 wt% , - DMF

1-6 2-3 1-1
1-n

2-4 1-1 1-
6 PC -

PC - 1-1 1-6
1-1 1 wt% 60 

1-6 1-1 -
1-6

-
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          Table 2-3. MGC for Compound 1-1 and Compound 1-6.

Figure 2-4. Plots for sol-gel transition temperatures of propylene carbonate gel against 
concentration of Compound 1-1 (circle) and Compound 1-6 (triangle). 

SEM 1-6 3 wt%
PC 2-5
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Figure 2-5. SEM image for xerogel prepared from propylene carbonate gel (x5000). 

2-4 
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3-1 

1) 2)

3-2 
3-2-1 

3-1

2)

Figure 3-1. Molecular structure of low molecular-mass gelators in this chapter. 

3-1

1

1,2- 3-
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1,2-
3-

m  -n

Compounds 2 (m-n)
 Scheme 3-1. Synthetic scheme for Compounds 2 (m-n), reagents and conditions; (i) 
CmF2m+1C2H4I, K2CO3, 1,2-dimethoxyethane, 50  for 5 hours, (ii) CnH2n+1Br, K2CO3, 3-
pentanone, 120  for 5 hours, (iii) H2O2, CH3COOH, 70  for 2 hours. 

-2-( ) Daikin Industries
-2-( ) , -2-( )

Daikin Industries 
4- , 1-
1,2- , 3- , , , 

4-[2-( ) ]
-2-( )  (21.23 g, 31.5 mmol), 4-

(3.78 g, 30 mmol),  (6.21 g, 45 mmol), 1,2-  (100 mL) 
200 mL , 50 5

4-[2-( ) ]  (22.26 g, 33.11 mmol) 
100 % 1H NMR (400 MHz, CDCl3

(2H, m), 6.81 (2H, d,  = 8.0 Hz), 7.35 (2H, d,  = 8.0 Hz) ppm. 
4-[2-( ) ]

-2-( )  (14.93 g, 31.5 mmol), 4-
(3.78 g, 30 mmol),  (6.21 g, 45 mmol), 1,2-  (100 mL) 
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200 mL , 50 5

4-[2-( ) ]  (14.94 g, 31.63 mmol) 
100 % 1H NMR (400 MHz, CDCl3

(2H, m), 6.79(2H, d,  = 8.0 Hz), 7.29 (2H, d,  = 8.0 Hz) ppm; 19F NMR (400 MHz, 
CDCl3 -126.97 (2F, m), -123.97 (2F, m), -123.56 (2F, m), -122.61 (2F, m), -114.56 
(2F, m), -81.91 (3F, m) ppm 

4-[2-( ) ]
-2-( )  (11.78 g, 31.5 mmol), 4-

(3.78 g, 30 mmol),  (6.21 g, 45 mmol), 1,2-  100 mL
200 mL , 50 5

4-[2-( ) ]  (11.78 g, 31.64 mmol)
 100 % 1H NMR (400 MHz, CDCl3

m), 6.17 (1H, s), 6.78 (2H, d,  = 8.0 Hz), 7.27 (2H, d,  = 8.0 Hz) ppm; 19F NMR (400 
MHz, CDCl3 -126.79 (2F, m), -124.91 (2F, m), -114.70 (2F, m), -82.05 (3F, m) ppm. 

4-[2-( ) ]
4-[2-( ) ]  (9.75 g, 14.5 mmol), 1-
(2.48 g, 15 mmol),  (3.11 g, 22.5 mmol), 3-  50 mL 100 mL

, 120 5

4-[2-( ) ]  (10.45 g, 13.81 mmol) 
95 % 1H NMR (400 MHz, CDCl3 -

1.55 (16H, m), 1.78 (2H, m), 2.35 (2H, m), 2.98 (2H, m), 3.94 (2H, m), 6.86 (2H, d,  = 
8.0 Hz), 7.37 (2H, d, = 8.0 Hz) ppm. 

4-[2-( ) ]
4-[2-( ) ]  (3.65 g, 7.73 mmol), 1-
 (3.65 g, 16.5 mmol),  (1.56 g, 11.3 mmol), 3-  50 mL 100 

mL , 120 5

4-[2-( ) ]  (4.31 g, 7.03 mmol)
91 % 1H NMR (400 MHz, CDCl3

1.34-1.55 (14H, m), 1.79 (2H, m), 2.36 (2H, m), 3.00 (2H, m), 3.94 (2H, m), 6.88 (2H, d, 
= 8.0 Hz), 7.35 (2H, d,  = 8.0 Hz) ppm 

4-[2-( ) ]
4-[2-( ) ]  (3.65 g, 7.73 mmol), 1-
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 (3.19 g, 16.5 mmol),  (1.56 g, 11.3 mmol)  3-  (50 mL) 
100 mL , 120 5

4-[2-( ) ]  (4.12 g, 7.05 
mmol) 91 % 1H NMR (400 MHz, CDCl3

m), 1.29-1.55 (10H, m), 1.78 (2H, m), 2.35 (2H, m), 2.98 (2H, m), 3.94 (2H, m), 6.86 (2H, 
d,  = 8.0 Hz), 7.36 (2H, d, = 8.0 Hz) ppm. 

4-[2-( ) ]
4-[2-( ) ]  (6.85 g, 14.5 mmol), 1-

 (2.48 g, 15 mmol),  (3.11 g, 22.5 mmol), 3-  50 mL 100 
mL , 120 5

4-[2-( ) ]  (7.66 g, 13.77 
mmol) 95 % 1H NMR (400 MHz, CDCl3

m), 1.34-1.54 (6H, m), 1.78 (2H, m), 2.33 (2H, m), 2.97 (2H, m), 3.94 (2H, m), 6.85 (2H, 
d, = 8.0 Hz), 7.36 (2H, d, = 8.0 Hz) ppm. 

4-[2-( ) ]
4-[2-( ) ]  (2.99 g, 7.6 mmol), 1-

(1.99 g, 9 mmol),  (1.56 g, 11.3 mmol)  3-  25 mL 100 mL
, 120 5

4-[2-( ) ]  (3.85 g, 7.51 mmol) 
99 % 1H NMR (400 MHz, CDCl3 , 1.28-1.56 

(14H, m), 1.78 (2H, m), 2.35 (2H, m), 2.98 (2H, m), 3.94 (2H, m), 6.86 (2H, d,  = 8.0 
Hz), 7.36 (2H, d, = 8.0 Hz) ppm. 

4-[2-( ) ]
4-[2-( ) ]  (5.89 g, 10.3 mmol), 1-
 (2.48 g, 15 mmol),  (3.11 g, 22.5 mmol), 3-  50 mL 100 mL

, 120 5

4-[2-( ) ]  (6.29 g, 13.78 mmol)
92 % 1H NMR (400 MHz, CDCl3 -

1.45 (6H, m), 1.78 (2H, m), 2.33 (2H, m), 2.98 (2H, m), 3.94 (2H, m), 6.86 (2H, d,  = 8.0 
Hz), 7.35 (2H, d, = 8.0 Hz) ppm. 

4-[2-( ) ] 2 (10-
6)
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4-[2-( ) ]  (10.45 g, 13.8 mmol), 
35 %  (6 mL, 69.8 mmol),  100 mL 300 mL 
70 2

4-[2-( ) ]
 (8.44 g, 10.7 mmol) 78 % 1H NMR (400 

MHz, CDCl3 -1.55 (6H, m), 1.82 (2H, m), 2.57(2H, m), 3.29 (2H, 
m), 4.04 (2H, m), 7.04 (2H, d,  = 8.0 Hz), 7.83 (2H, d,  = 8.0 Hz) ppm; 19F NMR (400 
MHz, CDCl3 -126.54 (2F, m), -123.57 (2F, m), -123.13 (2F, m), -122.16 (10F, m), -
113.99 (2F, m), -81.20 (3F, m) ppm. 

4-[2-( ) ] 2 (6-
10)

4-[2-( ) ]  (4.19 g, 6.8 mmol), 
35 %  (2.7 mL, 31.4 mmol),   35 mL 200 mL 
70 2

4-[2-( ) ]
 (3.69 g, 5.72 mmol) 83 % 1H NMR (400 MHz, 

CDCl3 -1.55 (14H, m), 1.81 (2H, m), 2.57 (2H, m), 3.29 (2H, m), 
4.04 (2H, m), 7.03 (2H, d,  = 8.0 Hz), 7.83 (2H, d,  = 8.0 Hz) ppm; 19F NMR (400 MHz, 
CDCl3 -126.61 (2F, m), -123.63 (2F, m), -123.33 (2F, m), -122.36 (2F, m), -114.00 
(2F, m), -81.24 (3F, m) ppm. 

4-[2-( ) ] 2 (6-9)

4-[2-( ) ]  (3.65 g, 7.73 mmol), 1-
(3.72 g, 18 mmol),  (1.56 g, 11.3 mmol), 3-  50 mL 200 mL

, 120 5

, 35 %  (2.7 mL, 31.4 mmol)  50 mL
70 2

2 4-[2-(
) ]  (3.03 g, 6.08 mmol)

79 % 1H NMR (400 MHz, CDCl3 -1.56 (12H, 
m), 1.81 (2H, m), 2.57(2H, m), 3.29 (2H, m), 4.04 (2H, m), 7.04 (2H, d, = 8.0 Hz), 7.83 
(2H, d,  = 8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3 -126.62 (2F, m), -123.66 (2F, 
m), -123.37 (2F, m), -122.38 (2F, m), -114.04 (2F, m), -81.25 (3F, m) ppm. 
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4-[2-( ) ] 2 (6-
8)

4-[2-( ) ]  (4.12 g, 7.1 mmol), 
35 %  (2.7 mL, 31.4 mmol) ,  35 mL 200 mL 
70 2

4-[2-( ) ]
 (3.33 g, 5.4 mmol) 77 % 1H NMR (400 MHz, 

CDCl3 .29-1.55 (10H, m), 1.81 (2H, m), 2.57 (2H, m), 3.29 (2H, m), 
4.04 (2H, m), 7.04 (2H, d,  = 8.0 Hz), 7.83 (2H, d,  = 8.0 Hz) ppm; 19F NMR (400 MHz, 
CDCl3 -126.58 (2F, m), -123.64 (2F, m), -123.34 (2F, m), -122.36 (2F, m), -114.01 
(2F, m), -81.26 (3F, m) ppm. 

4-[2-( ) ]-2-
2 (6-8brn)
4-[2-( )  (3.65 g, 7.73 mmol), 2-

 (3.48 g, 18 mmol), (1.56 g, 11.3 mmol), 3-  40 
mL 200 mL , 120 5

, 35 %  (2.7 mL, 31.4 mmol)  50 mL
70 2

2 3
 4-[2-( ) ]-2-

 (4.27 g, 6.92 mmol) 90 % 1H NMR (400 
MHz, CDCl3 -1.65 (8H, m), 1.79 (1H, m), 2.60 (2H, m), 3.32 (2H, 
m), 3.95 (2H, m), 7.05 (2H, d,  = 8.0 Hz), 7.84 (2H, d,  = 8.0 Hz) ppm; 19F NMR (400 
MHz, CDCl3 -126.62 (2F, m), -123.63 (2F, m), -123.34 (2F, m), -122.36 (2F, m), -
114.04 (2F, m), -81.25 (3F, m) ppm. 

4-[2-( ) ] 2 (6-
6)

4-[2-( ) ]  (7.66 g, 13.8 mmol), 
35 %  (6 mL, 69.8 mmol),  70 mL 200 mL 70 

2

4-[2-( ) ]
 (7.22 g, 12.2 mmol) 89 % 1H NMR (400 MHz, 

CDCl3 -1.56 (6H, m), 1.83 (2H, m), 2.57 (2H, m), 3.29 (2H, m), 
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4.04 (2H, m), 7.04 (2H, d,  = 8.0 Hz), 7.83 (2H, d,  = 8.0 Hz) ppm; 19F NMR (400 MHz, 
-126.59 (2F, m), -123.61 (2F, m), -123.32 (2F, m), -122.35 (2F, m), -114.00 

(2F, m), -81.26 (3F, m) ppm. 
4-[2-( ) ] 2 (4-10)

4-[2-( ) ]  (3.85 g, 7.51 mmol), 35 %
 (2.8 mL, 32.6 mmol),  35 mL 200 mL 70 

2
 / (10 vol /1 vol) 

( : / (10 vol /1 vol)). 
4-[2-( ) ]  (3.59 g, 6.59 mmol)

88 % 1H NMR (400 MHz, CDCl3 -
1.59 (14H, m), 1.82 (2H, m), 2.59 (2H, m), 3.29 (2H, m), 4.04 (2H, m), 7.03 (2H, d, = 
8.0 Hz), 7.83 (2H, d, = 8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3): -126.50 (2F, m), 
-124.58 (2F, m), -114.26 (2F, m), -81.47 (3F, m) ppm. 

4-[2-( ) ] 2 (4-6)

4-[2-( l) ]  (6.29 g, 13.8 mmol), 
35 %  (6 mL, 69.8 mmol)  70 mL 200 mL 
70 2

/ (10 vol /1 vol) 
 ( :  / 

(10 vol /1 vol)) 4-[2-( ) ]
(5.87 g, 12.0 mmol) 87 % 1H NMR (400 MHz, CDCl3

0.91 (3H, m), 1.34-1.55 (6H, m), 1.81 (2H, m), 2.57(2H, m), 3.29 (2H, m), 4.04 (2H, m), 
7.03 (2H, d,  = 8.0 Hz), 7.83 (2H, d, = 8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3 -
126.49 (2F, m), -124.59 (2F, m), -114.24 (2F, m), -81.48 (3F, m) ppm. 

3-2-2 

NICHIDENRIKA-GLASS 20 mL

25 MGC



47 

MGC
5 wt% 3  3

Tgel-sol

25 
50 5 5

Tgel-sol 50 5
55 5 5 

Tgel-sol

19F NMR -122.5 ppm
CF2 LiPF6

LiPF6 -74.8 ppm
400 MHz ECA400 JEOL

SEM S-4700

2.0 kV 20 mm

 Rheosol-G1000 40 
mm 0.01 Hz 10.0 Hz

X
XPS ESCALAB250

C F S O

MD SciMaps3.1
MD Lammps pcff

300 K
NVT 100ps

1 bar, NP 5 ns NVT 3 ns

3-3 
3-3-1

MGC
3-1 5 wt%

m
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2 10-6 2 8-8 30
2 6-n 2 4-n

1 m

n
m n

2-
 2 (6-8(brn)) 2 (6-8)

2

MGC

Table 3-1. Gelation abilities of Compounds 2 (m-n).

A: Good stability, no change from initial state B: Inferior of stability, a little solid-liquid separation 

MGC 2 10-6 70 
2 6-n 60 2 4-n 55 

1 wt% 2 10-6 1
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50 
2 10-6 80 30 50 

3-2 MGC

MGC 3-2

100 

3)

Table3-2. Gelation abilities of Compounds 2 (m-n) for various solvents. 

10-6 8-8 6-10 4-10
Propylene carbonate 0.3 1.0 3.0 5.0

1.0 1.6 3.5 5.0
Acetonitrile 2.0 2.5 4.0 7.0

N,N-
Dimethylformamide

1.0 No data No data No data

Ethanol 1.6 Precipitat
ed

Solution Solution

Ethyl methyl
carbonate

Solution Solution Solution Solution

Toluene 3.6 No data No data No data
Cyclohexane Solution No data No data No data

Solvent
MGC (wt%)
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Figure 3-2. Relationship of MGC with dielectric constant of solvents. 

3-3
19F NMR 30 

2 10-6

70 

2 10-6

Figure 3-3. Concentrations of dissolving gelator in propylene carbonate. 
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3-3-2 

3-4 SEM
2 10-6 2 6-

10

2 10-6
2 6-10

3-5 2 10-6
SEM 0.15 %

1 % 3 %

Figure 3-4. SEM images of xerogels. (a): 1 wt% Compound 2 (10-6),
 (b): 3 wt% Compound 3 (6-6).
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Figure 3-5. SEM images of xerogels by Compound 2 (10-6); (a), (d): 0.15 wt%,  
(b), (e): 1 wt%, (c), (f): 3 wt%; (d), (e), (f): Magnifications of (a), (b), (c). 

3-3-3 
 2 (10-6

3-6 25 G
G G G

 2 (10-6

Figure 3-6. Frequency dependence of the storage modules; 
: Storage modulus, : Loss modulus. 
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3-3-4 
 2 (10-6)

XPS

3-3 3-4

F

XPS

Table 3-3. Simulation results of relative atomic concentration of gelator surfaces  
(Compound 2 (10-6)). 

CF: C10F21-, SO2: -C2H4SO2-, CH: -ph-OC6H13

Table 3-4. XPS analysis of relative atomic concentration of gelator surfaces. 

CF SO2+HC

20.4 28.6 42.9 6.1 2 21

Relative atomic concentration (atomic%)

1.7

17.52.1

24

[C] [F] [O] [S] [F]/[S]

17.4

19.4

36.3

30.5

36 8.2

41.9 6.4

21.4 22.1 50.8 4.2 1.5 34.7

23 18 52.9 4.6 1.6 33.4

CF CHOS

23.3 19.5

20.7 27.1

1.6 32.4

[F]

44.8 5.7 1.8 24.6

[O] [S]
[F]/[S]

42.8

47.8

51.2 4.4

[C]
Relative atomic concentration (atomic%)

Xerogel

Powder of
gelator
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XPS

2 10-6
2 10-6 5 5 2

100
3-7

2 10-6

(1), (2), (3)
XPS
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Figure 3-7. MD Simulations of Compound 2 (10-6) arrangement,  
(A): Molecular arrangement of initial states,  
(B): Snapshots after simulation, (C): Energy changings in simulation. 

2 10-6
2.6 nm
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Figure 3-8. Stable structure of isolated molecule by quantum-chemistry calculation. 

2 6-6
3-9

2 6-6 MD

Figure 3-9. Snapshot of Compound 2 (6-6) arrangement after simulation. 

4)

3-4 

100 nm 100 nm
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2 10-6
10 8 PFOA PFOS
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4-1 

1)

2) 3)

4-2 
4-2-1 

4-1
m n

m-n 2 10-6
4-1

LiPF6

Figure 4-1. Chemical structure of low-molecular-mass gelator in this chapter. 
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Scheme 4-1. Synthetic scheme of Compounds 2 (m-n) gelator. 

4-2-2 

NMR 7Li 19F
1H

19F NMR JEOL ECA400 400 MHz
13 T/m GR 7Li 19F

AC NMR
4) AC

NMR
D D NMR DAC

1 M 0.1 0.6
5)

AC

NMR

6) NMR
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5 cm2 0.012 cm, 73 %
4 kgf/cm2

4 kgf/cm2

4 kgf/cm2

4-2

Figure 4-2. Pressurization method of electrolyte retention. 

1 mL 13 mm 125 mm 2 mm
4-3 UL

MCM-2

Figure 4-3. Flame test method. 

6 mAh 45 mAh
720 mAh 2 cm2
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5.0 
cm 3.0 cm 5.2 cm 3.2 cm

8 5.0 cm
2.8 cm 9 5.2 cm 3.0 cm

PVdF

PVdF

ND420

ACD-01 PLM-63S
25 

0.2 C CC-CV 4.2 V
8 10 2.75 V 0.2 C CC

AC
20000-0.1 Hz 10 mV

25 
1 C CC-CV 4.2 V 10 CC
0.33 C 0.5 C 1 C 2 C 3 C 3.0 V

0.2 C CC-CV 4.2 V 10
0.2 C 0.5 C 1 C 2 C 3 C CC 2.75 C

0.2 C
AC

25 1 C
0.33 C 0.5 C 1 C -20 -10 0 

25 60 4.2 V CC-
CV 3.0 V CC 1 C

Li
Li 1 C CC 4.5 V
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2.5 C 3 C CC-CV

45 mAh 720 mAh

4-3 
4-3-1 

2 10-6
MGC 4-1

1:2 LiPF6 1M
MGC

0.5 %

50 
60 

100  2 10-6

Figure 4-4. Gel electrolyte used in this chapter (1M-LiPF6, EC/EMC =1/2). 
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Table 4-1. MGCs of Compound 2 (10-6) for various electrolytes. 

EC: Ethylene carbonate, EMC: Ethyl methyl carbonate, BL: -Butyrolactone,  
PC: Propylene carbonate. 

Table 4-2. Phase transition temperatures of Compound 2 (10-6). 

4-3-2 
4-3 NMR 7Li

Li 19F
0 % 1 wt% 7Li 19F

3 wt%
-20 30 

70 

4-5

MGC (wt%)

1M-LiPF6

EC/EMC=1/2 (v/v)
0.5

1M-LiPF6

EC/EMC=3/7 (v/v)
0.7

1.5M-LiBF4 1.5

1.5M-LiBETI 1.5

1M-LiPF6

PC
0.5

1M-LiPF6

EMC
Dissolution
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Tg

Tg

1H

PVdF-HFP
MGC 15 wt%

4-4
2 (10-6)

Table 4-3. Diffusion coefficients of each electrolyte component. 

7Li  (Li+) 19F (PF6
-) 19F (Gelator) 1H (EC) 1H (EMC)

0 4.83E-11 7.57E-11 1.04E-10 1.30E-10
1 4.16E-11 6.10E-11 3.99E-11 8.91E-11 1.12E-10
0 1.98E-10 3.12E-10 4.38E-10 4.99E-10

0.2 1.78E-10 3.08E-10 1.69E-10 4.19E-10 4.83E-10
1 1.79E-10 3.02E-10 1.39E-10 4.04E-10 4.93E-10
3 1.73E-10 2.71E-10 1.09E-10 3.54E-10 4.13E-10
0 7.89E-10 9.77E-10 1.25E-09 1.60E-09

0.2 1.02E-09 1.23E-09 8.07E-10 1.51E-09 1.60E-09
1 5.77E-10 7.81E-10 5.22E-10 1.14E-09 1.27E-09
3 3.61E-10 5.59E-10 2.91E-10 7.54E-10 8.67E-10

-20

30

70

Nuclear speciesConcentration
of Compound2

(10-6)
Temperature
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Table 4-4. Diffusion coefficients of polymer gel electrolyte components. 

Figure 4-5. Arrhenius plots based on diffusion coefficient of electrolyte components. 
(A): 7Li (B): 19F. 

7Li (Li+) 19F (PF6-) 1H (EC) 1H(MEC)
Li
transport
number

4.83E-11 7.57E-11 1.04E-10 1.3E-10 0.39
1.98E-10 3.12E-10 4.38E-10 4.99E-10 0.39
7.89E-10 9.77E-10 1.25E-09 1.6E-09 0.45
2.45E-11 4.65E-11 6.70E-11 8.09E-11 0.34
1.34E-10 2.06E-10 2.99E-10 3.48E-10 0.39
2.87E-10 3.83E-10 6.24E-10 7.20E-10 0.43

Electrolyte Temperature

Nuclear spieces

Control
electrolyte

Polymer
gel

electrolyte
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D
Dsolvent  Danion  DLi 4)

7) D Stokes-Einstein

D=kT/c rs

K: : rs: 

Dsolvent  DLi

Dsolvent/ DLi = rLi/rsolvent

1 wt% Dsolvent DLi

1:2
-20 

Li
30 70 1.1

Table 4-5. Diffusion diameters of solvent and Li.  
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4-3-3 
4-

6

26.5 

8)  (2,2,2- ) 
TFEP

TFEP 20 %

TFEP F
TFEP TFEP

TFEP 2 10-6 TFEP

TFEP

Table 4-6. Flame spread times of flame tests. 

4-3-4 
4-7

1 kgf/cm2

1 kgf/cm2

4 kgf/cm2

4-8 4-8

Control electrolyte Control electrolyte
with flame retardant Gel electrolyte Gel electrolyte with

flame retardant
Concentration of
Compound2 (10-6) (wt%) 1.0 1.0

Concentration of TFEP
(wt%) 10.0 10.0

Flame spread time (s) 17.4 20.3 40.3 Self-extinguish
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4-9

100 %

 Table 4-7. Electrolyte retention comparison between before and after application of 
pressure (4 kgf/cm2). 

Table 4-8. Property of non-woven fabric for electrolyte retention test. 

g ml g ml
Impregnating electrolyte amount 0.0383 0.0460 0.0387 0.0464
Leakage electrolyte amount 0.0231 0.0277 0.0102 0.0122
Residual electrolyte amount 0.0152 0.0182 0.0285 0.0342
Electrolyte retention (%)

Control electrolyte

39.69

Gel electrolyte
(Compound 2 (6-6) 3wt%)

73.64

Before
pressurization

After
pressurization

Porosity 73 59
Porosity retention 100 80.8
Available impregnating
electrolyte amount g 0.0264 0.0214

Available impregnating
electrolyte amount ml 0.0318 0.0257
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Table 4-9. Real electrolyte retention by pressurization after the revision based on the  
non-woven porosity. 

4-3-5 
4-10

7Li 19F

AC
4-11

20000 Hz 0.3 
Rr, 0.1 Hz 20,000 Hz

g ml g ml
Real amount of electrolyte
retention 0.0152 0.0182 0.0285 0.0342

Real ratio of electolyte retntion by
pressurization (%)

70.99

Gel electrolyte
(Compound 2 (6-6) 3wt%)

133.11

Control electrolyte
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Table 4-10. First charge-discharge properties. 

Figure 4-6. Discharge capacities at various discharge rates at 25 . 
Rated capacity (A): 6 mAh (Coin cell), (B): 45 mAh (Single layered pouch cell). 
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Figure 4-7. Discharge capacities at various discharge rates (low temperatures). 

Table 4-11. AC impedance analysis before and after rate tests. 

25 60 

25 
100

Tgel-sol 60 
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100

Figure 4-8. Charge-discharge cycle performance (25 ). (A): Discharge capacities,  
(B): Discharge capacity retentions by charge-discharge cycles. 
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Figure 4-9. Discharge capacity by charge-discharge cycles (60 ). 

4-3-6 
4-10 4-11

+/-5 

10 100
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Figure 4-10. Anode surfaces of overcharged cells by optical microscope. 
(A): Control electrolyte, (B): Gel electrolyte (Compound 2 (10-6): 3 wt%). 

Figure 4-11. Anode cross-sections of overcharged cells by optical microscope. 
(A): Control electrolyte, (B): Gel electrolyte (Compound 2 (10-6): 3 wt%). 
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4-3-7 
SOC

4-12 4-13

2 10-6 3 wt% TFEP 10 wt% 3 C
SOC 150 %

0 V

4-14
TFEP

4-12

2.5 C 3 C
2.5 C

3 C

6 
2 C

2
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Table 4-12. Maximum achieving temperature of overcharging cells. 
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Figure 4-12. Thermal runaway behavior by overcharge test at 3 C. 
(A): Control electrolyte, (B): Gel electrolyte (Compound 2 (10-6): 3 wt%), 
(C): Gel electrolyte with flame retardant (TFEP: 10wt%). 
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Figure 4-13. Thermal runaway behavior by overcharge test at 2.5 C. 
(A): Control electrolyte, (B): Gel electrolyte (Compound 2 (10-6): 3 wt%), 
(C): Gel electrolyte with flame retardant (TFEP: 10 wt%). 
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Figure 4-14. Cell form after overcharge test at 3 C. 
(A): Control electrolyte, (B): Gel electrolyte (Compound 2 (10-6): 3 wt%), 
(C): Gel electrolyte with flame retardant (TFEP: 10 wt%) 

Figure 4-15. Flame behavior in the overcharge test at 3 C. 
(A): Control electrolyte, (B): Gel electrolyte (Compound 2 (10-6): 3 wt%). 
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Figure 4-16. Cell form after overcharge test at 2.5 C. 
(A): Control electrolyte, (B): Gel electrolyte (Compound 2 (10-6): 3 wt%), 
(C): Gel electrolyte with flame retardant (TFEP: 10 wt%). 

4-4 
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5-1 

10

1)

5-2 
5-2-1 

5-1

3 5-1
m( )-n 2

Figure 5-1. Chemical formula of gelators in this chapter. 
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Scheme 5-1. Synthetic scheme of Compounds 3 (m-n).

2 3

2
2 3

2- p- 1- 4-
4,4,5,5- -1,3,2- -2- )

1,2- 3-
1,4-

1H NMR 19F NMR
GC

4-[2-( ) ]-4 - , 
200 mL p- 11.34 g (60 mmol)

70 mL 2-(
) 29.86 (63 mmol) 12.42 g (90 mmol) 50 
3
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50 
32.82 g 1H NMR 19F NMR 4-[2-(

) ]-4 - 1H NMR 
(400 MHz, CDCl3): 2.37 (2H, m), 3.11 (2H, m), 7.22 (2H, d,  = 8.0 Hz), 7.45 (2H, d, 
= 8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3 -126.60 (2F, m), -123.54 (2F, m), -123.33 
(2F, m), -122.35 (2F, m), -113.65 (2F, m), -81.26 (3F, m) ppm; GC: 97.8 %(8.76 )  

4-[2-( ) ]-4 -
200 mL 4-[2-( ) ]-4 -

32.82 g 100 mL 35 % 26 mL (300 mmol)
70 2

2 1
90 26.34 g, 75 % 1H 

NMR 19F NMR 4-[2-( ) ]-4 -
1H NMR (4 60 (2H, m), 3.33 (2H, 

m), 7.80 (4H, m) ppm; 19F NMR (400 MHz, CDCl3): -126.63 (2F, m), -123.58 (2F, m), -
123.37 (2F, m), -113.66 (2F, m), -81.26 (3F, m) ppm, GC: 98.2 %(10.28 ) 

4-[2-( ) ]-4 - , 
2L p- 100 g (529 mmol)

660 mL 2-(
) 208 (556 mmol) 110 g (794 mmol) 50 
3

50 
221 g 1H NMR

4-[2-( ) ]-4 -
1H NMR (400 MHz, CDCl3 2.37 (2H, m), 3.10 (2H, m), 7.22 (2H, d,  = 

8.0 Hz), 7.45 (2H, d,  = 8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3 -126.52 (2F, m), -
124.73 (2F, m), -114.90 (2F, m), -81.48 (3F, m) ppm; GC: 97.8 %(8.76 ) 

4-[2-( ) ]-4 -
2L 4-[2-( ) ]-4 -

221 g 1000 mL 35 % 230 mL (2650 mmol)
70 2

2 1
90 158.26 g, 78 % 1H NMR

4-[2-( ) ]4 -
1H NMR (400 MHz, CDCl3 60(2H, m), 3.35 (2H, m), 7.82 (4H, 

m) ppm; 19F NMR (400 MHz, CDCl3): -126.55 (2F, m), -124.77 (2F, m), -114.86 (2F, m), 
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-81.60 (3F, m) ppm; GC: 99.2 %(9.33 ) 
4-(4,4,5,5- -1,3,2- -2- )

200 mL 4-(4,4,5,5- -1,3,2- -2-
) 4.4 g (20 mmol) 3-  70 mL

1- 2.72 g (25 mmol) 4.14 g (30 mmol)
120 11

6.87 g  (80 )
1H NMR  4-(4,4,5,5- -1,3,2- -2- )

4-(4,4,5,5- -1,3,2- -2- )
200 mL 4-(4,4,5,5- -1,3,2-

-2- ) 4.4 g (20 mmol) 3-  (70 mL)
1- 3.42 g (25 mmol) 4.14 g (30 

mmol) 120 11

6.87g  (80 )
1H NMR 4-(4,4,5,5- -1,3,2- -2- )

1H NMR (400 MHz, CDCl3 0.97 (3H, m), 
1.33 (12H, m), 1.48 (2H, m), 1.75 (2H, m), 3.98 (2H, m), 6.88 (2H, d, = 8.0 Hz), 7.73 (2H, 
d,  = 8.0 Hz) ppm 

4-(4,4,5,5- -1,3,2- -2- )
200 mL 4-(4,4,5,5- -1,3,2-

-2- ) 4.4 g(20 mmol) 3- 70 mL
1- 4.13 g(25 mmol) 4.14 g(30 

mmol) 120 11

6.87 g (80 )
1H NMR 4-(4,4,5,5- -1,3,2- -2- )

1H NMR (400 MHz, CDCl3 0.88 
(3H, m), 1.32 (12H, m), 1.45 (6H, m), 1.76 (2H, m), 3.96 (2H, m), 6.87 (2H, d,  = 8.0 Hz), 
7.73 (2H, d,  = 8.0 Hz)ppm; GC: 98.5 %(13.74 ) 

4-(4,4,5,5- -1,3,2- -2- )
200 mL 4-(4,4,5,5- -1,3,2-

-2- ) 4.4g(20 mmol) 3- 70 mL
1- 4.82 g (25 mmol) 4.14 g (30 
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mmol) 120 11

6.87 g (80 )
1H NMR 4-(4,4,5,5- -1,3,2- -2- )

1H NMR (400 MHz, CDCl3

0.88(3H, m), 1.30(12H, m), 1.43(10H, m), 1.79(2H, m), 3.98 (2H, m), 6.88 (2H, d,  = 8.0 
Hz), 7.73 (2H, d,  = 8.0 Hz) ppm, GC: 98.6 %(15.71 ) 

4-(4,4,5,5- -1,3,2- -2- )
200 mL 4-(4,4,5,5- -1,3,2- -2-

) 4.4g (20 mmol) 3- 70 mL
1- 6.23 g (25 mmol) 4.14 g (30 mmol)

120 11
6.87 g

 (80 ) 1H NMR
4-(4,4,5,5- -1,3,2- -2-

1H NMR (400 MHz, CDCl3 0.88(3H, m), 1.30(12H, 
m), 1.43(18H, m), 1.77(2H, m), 3.97 (2H, m), 6.88 (2H, d, = 8.0 Hz), 7.73 (2H, d,  = 8.0 
Hz) ppm 

4-(4,4,5,5- -1,3,2- -2- )

200 mL 4-(4,4,5,5- -1,3,2- -2-
) 4.4 g (20 mmol) 3- 70 mL

1- 6.93 g (25 mmol) 4.14 g (30 
mmol) 120 11

6.87 g  (80 ) 
1H NMR 4-(4,4,5,5- -1,3,2- -2- )

1H NMR (400 MHz, CDCl3

= 0.88(3H, m), 1.31(12H, m), 1.44(22H, m), 1.77(2H, m), 3.97 (2H, m), 6.89 (2H, d, = 8.0 
Hz), 7.73 (2H, d,  = 8.0 Hz) ppm 

3 (6-2)
4-[2-( ) ]-4 - 27.7 g (48.8 mmol)

4-(4,4,5,5- -1,3,2- -2- ) 12.2 g (49.3 
mmol) 2.2 mg (0.0098 mmol) 9.0m (0.034 mmol)

52 g (488 mmol) 1,4- 450 mL 250 mL 2 L
95  
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40 2
2 27.0 g 1H NMR

3 (6-2) 91 %
 3 (6-4)

4-[2-( ) ]-4 - 27.7 g (48.8 mmol)
4-(4,4,5,5- -1,3,2- -2- ) 13.6 g (49.3 
mmol) 2.2 mg (0.0098 mmol) 9.0 mg (0.034 
mmol) 52 g (488 mmol) 1,4- 450 mL 250 mL
2 L

95 40 2
2 28.6 g 1H 

NMR 19F NMR 3 (6-4) 92 % 1H NMR (400 MHz, 
CDCl3)  1.00 (3H, m), 1.51 (2H, m), 1.81 (2H, m), 2.64 (2H, m), 3.36 (2H, m), 4.03 (2H, 
m), 7.01 (2H, d,  = 8.0 Hz), 7.56 (2H, d,  = 8.0 Hz), 7.77 (2H, d, = 8.0 Hz), 7.95 (2H, d, 

= 8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3 -126.62 (2F, m), -123.60 (2F, m), -123.34 
(2F, m), -122.37 (2F, m), -114.02 (2F, m), -81.25 (3F, m) ppm, GC: 93.8 %(19.21 ) 

3 (6-6)
4-[2-( ) ]-4 - 27.7 g (48.8 mmol)

4-(4,4,5,5- -1,3,2- -2- ) 15 g 
(49.3 mmol) 2.2 mg (0.0098 mmol) 9.0 m (0.034 
mmol) 52 g (488 mmol) 1,4- 450 mL 250 mL
2L

95 40 2
2 29.4 g

1H NMR 19F NMR 3 (6-6) 91 % 1H NMR (400 
MHz, CDCl3)  0.92 (3H, m), 1.48 (6H, m), 1.81 (2H, m), 2.65 (2H, m), 3.33 (2H, m), 
4.02 (2H, m), 7.01 (2H, d,  = 8.0 Hz), 7.56 (2H, d,  = 8.0 Hz), 7.76 (2H, d,  = 8.0 Hz), 
7.95 (2H, d,  = 8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3 -126.62 (2F, m), -123.60 
(2F, m), -123.35 (2F, m),-122.36 (2F, m),-114.01 (2F, m), -81.25 (3F, m) ppm; GC: 
99.1 %(20.50 ) 

3 (6-8)
4-[2-( ) ]-4 - 27.7 g (48.8 mmol)

4-(4,4,5,5- -1,3,2- -2- ) 16.38 g 
(49.3 mmol) 2.2 mg (0.0098 mmol) 9.0mg (0.034 
mmol) 52 g (488 mmol) 1,4- 450 mL 250 mL
2 L
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95 40 2
2 31.4 g

1H NMR 19F NMR 3 (6-8) 93 % 1H NMR (400 
MHz, CDCl3)  0.88 (3H, m), 1.48 (10H, m), 1.80 (2H, m), 2.65 (2H, m), 3.35 (2H, m), 
4.02 (2H, m), 7.01 (2H, d,  = 8.0 Hz), 7.56 (2H, d, = 8.0 Hz), 7.77 (2H, d,  = 8.0 Hz), 
7.95 (2H, d, = 8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3 -126.62 (2F, m), -123.60 
(2F, m), -123.34 (2F, m),-122.36 (2F, m),-114.01 (2F, m), -81.25 (3F, m) ppm; GC: 
98.2 %(22.06 ) 

3 (6-12)
4-[2-( ) ]-4 - 27.7g(48.8 mmol) 4-

(4,4,5,5- -1,3,2- -2- ) 19.15 g 
(49.3 mmol) 2.2 mg (0.0098 mmol) 9.0mg (0.034 
mmol) 52 g (488 mmol) 1,4- 450 mL 250 mL
2 L
95 40 2

2 32.9 g 1H 
NMR 19F NMR 3 (6-12) 90 % 1H NMR (400 MHz, 
CDCl3)  0.89 (3H, m), 1.47 (18H, m), 1.83 (2H, m), 2.64 (2H, m), 3.36 (2H, m), 4.02 (2H, 
m), 7.02 (2H, d, = 8.0 Hz), 7.56 (2H, d, = 8.0 Hz), 7.79 (2H, d, = 8.0 Hz), 7.99 (2H, d, 

 = 8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3 -126.61 (2F, m), -123.60 (2F, m), -123.35 
(2F, m), -122.36 (2F, m), -114.01 (2F, m), -81.25 (3F, m) ppm; 

3 (6-14)
4-[2-( ) ]-4 - 27.7 g (48.8 mmol)

4-(4,4,5,5- -1,3,2- -2- ) 21 g 
(49.3 mmol) 2.2 mg (0.0098 mmol) 9.0 mg 
(0.034 mmol) 52 g (488 mmol) 1,4- 450 mL 250 
mL 2 L

95 40 2
2 34.1 g

1H NMR 19F NMR 3 (6-14) 90 % 1H NMR 
(400 MHz, CDCl3)  0.88 (3H, m), 1.48 (22H, m), 1.80 (2H, m), 2.63 (2H, m), 3.35 (2H, 
m), 4.02 (2H, m), 7.00 (2H, d,  = 8.0 Hz), 7.56 (2H, d,  = 8.0 Hz), 7.76 (2H, d, = 8.0 
Hz), 7.95 (2H, d,  = 8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3 -126.62 (2F, m), -
123.59 (2F, m), -123.34 (2F, m), -122.35 (2F, m), -114.01 (2F, m), -81.25 (3F, m) ppm 

3 (4-2)
4-[2-( ) ]-4 - 22.8 g (48.8 mmol) 4-
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(4,4,5,5- -1,3,2- -2- ) 12.2 g (49.3 
mmol) 2.2 mg (0.0098 mmol) 9.0 m (0.034 
mmol) 52 g (488 mmol) 1,4- 450 mL 250 mL
2 L
95 40 2

2 22.3 g 1H NMR
3 (4-2) 90 % 1H NMR (400 MHz, CDCl3)  1.43 

(3H, m), 2.64 (2H, m), 3.35 (2H, m), 4.03 (2H, m), 7.00 (2H, d,  = 8.0 Hz), 7.56 (2H, d, 
= 8.0 Hz), 7.76 (2H, d, = 8.0 Hz), 7.94 (2H, d,  = 8.0 Hz) ppm 

3 (4-4)
4-[2-( ) ]-4 - 22.8 g (48.8 mmol) 4-

(4,4,5,5- -1,3,2- -2- ) 13.6 g (49.3 
mmol) 2.2 mg (0.0098 mmol) 9.0 m (0.034 
mmol) 52 g (488 mmol) 1,4- 450 mL 250 mL
2 L
95 40 2

2 23.8 g 1H NMR
19F NMR 3 (4-4) 91 % 1H NMR (400 MHz, CDCl3) 

 1.00 (3H,m), 1.51 (2H, m), 1.81 (2H, m), 2.65 (2H, m), 3.35 (2H, m), 4.03 (2H, m), 7.01 
(2H, d,  = 8.0 Hz), 7.56 (2H, d, = 8.0 Hz), 7.76(2H, d, = 8.0 Hz), 7.95 (2H, d, = 8.0 
Hz) ppm; 19F NMR (400 MHz, CDCl3 -126.50 (2F, m), -122.50 (2F, m), -114.24 (2F, 
m), -81.46 (3F, m) ppm 

3 (4-6)
4-[2-( ) ]-4 - 22.8 g (48.8 mmol) 4-

(4,4,5,5- -1,3,2- -2- ) 15 g(49.3 
mmol) 2.2 mg (0.0098 mmol) 9.0 m (0.034 
mmol) 52 g (488 mmol) 1,4- 450 mL 250 mL
2 L
95 40 2

2 25.6 g 1H NMR
19F NMR 3 (4-6) 93 % 1H NMR (400 MHz, CDCl3) 

 0.93 (3H, m), 1.48 (6H, m), 1.81 (2H, m), 2.65 (2H, m), 3.35 (2H, m), 4.02 (2H, m), 
7.01 (2H, d,  = 8.0 Hz), 7.56 (2H, d,  = 8.0 Hz), 7.76 (2H, d, = 8.0 Hz), 7.94 (2H, d,  = 
8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3) -126.50 (2F, m), -122.56 (2F, m), -114.24 
(2F, m), -81.46 (3F, m) ppm 

3 (4-8)
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4-[2-( ) ]-4 - 22.8 g (48.8 mmol) 4-
(4,4,5,5- -1,3,2- -2- ) 16.38 g 
(49.3 mmol) 2.2 mg (0.0098 mmol) 9.0 mg 
(0.034 mmol) 52 g (488 mmol) 1,4- 450 mL 250 
mL 2 L

95 40 2
2 27.2 g

1H NMR 19F NMR 3 (4-8) 94 % 1H NMR (400 
MHz, CDCl3)  0.88 (3H, m), 1.48 (10H, m), 1.80 (2H, m), 2.65 (2H, m), 3.35 (2H, m), 
4.01 (2H, m), 7.01 (2H, d, = 8.0 Hz), 7.56 (2H, d,  = 8.0 Hz), 7.76 (2H, d, = 8.0 Hz), 
7.94 (2H, d,  = 8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3 -126.50 (2F, m), -122.36 
(2F, m), -114.20 (2F, m), -81.48 (3F, m) ppm; GC: 98.7 %(21.59 ) 

3 (4-14)
4-[2-( ) ]-4 - 22.8 g (48.8 mmol) 4-

(4,4,5,5- -1,3,2- -2- ) 21 g 
(49.3 mmol) 2.2 mg (0.0098 mmol) 9.0 mg 
(0.034 mmol) 52 g (488 mmol) 1,4- 450 mL 250 
mL 2L

95 40 2
2 29.7 g

1H NMR 19F NMR 3 (4-14) 90 % 1H NMR(400 
MHz, CDCl3) = 0.88 (3H, m), 1.45 (22H, m), 1.80 (2H, m), 2.60 (2H, m), 3.34 (2H, m), 
4.00 (2H, m), 7.01 (2H, d,  = 8.0 Hz), 7.56 (2H, d, = 8.0 Hz), 7.76 (2H, d, = 8.0 Hz), 
7.94 (2H, d,  = 8.0 Hz) ppm; 19F NMR (400 MHz, CDCl3 -126.50 (2F, m), -122.35 
(2F, m), -114.20 (2F, m), -81.48 (3F, m) ppm 

5-2-2 

NICHIDENRIKA-GLASS 20 mL

100 
100 5 5

5
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19F NMR F
LiTFSI 372.46 MHz

SEM S-4700
1.0 kV

X X X
USAXS X SAXS X WAXS

SAXS&WAXS 100 
Nano Viewer X = 0.154 
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Figure 5-2. Temperature-drop measurement method of SAXS. 
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1)en( ) en

en

5-1

Table 5-1. Hierarchical structure of gel. 

q: Wavenumber vector of scattering light, : Size of structure 

MD SciMaps3.1
MD Lammps pcff

300 K
NVT 100 ps

1 bar, NP 5 ns NVT 3 ns
TA ARES

130 
1 / 40 1 rad/s

5-3 
5-3-1 

MGC
5-1 3

2
3

n 3
n=12 14 120 
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120 
m n n

m
n n m=6
3 n n=1 n=2

m=4 n

3 n
m=6 n

2
3

2 (6-n) 3 (6-n) 2 (6-n)
n 2 (6-n) n

3 m
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Table 5-2. MGC and sol-gel phase transition temperature of MGC gel 
in propylene carbonate. 

Upper line, MGC; Lower line, Phase transition temperature. 
1) It became solution under heating, but phase separation at room temperature. 
2) Gelator did not dissolve in solvent under heating (120 ). 
3) Gelator dissolved in solvent at room temperature. (>10 wt%). 

3
2

2 3
2 3

3
1 wt%

1
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Table 5-3. Sol-gel phase transition temperatures of gels 

5-5

2 10-6
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Table 5-4. MGC in various solvent (wt%). 

1) It became solution under heating, but phase separation at room temperature. 
2) Gelator did not dissolve in solvent under heating. 

Table 5-5. Gelator concentration that dissolved in propylene carbonate (mM). 

5-3-2 

SEM SEM
5-3

Solvent
Compound 3

(6-6)
Compound 2

(10-6)
Compound 2

(6-10)

Propylene carbonate 0.5 0.5 3

Acetonitrile 0.5 2 4

Butyrolactone 0.5 2 3.5

N-Methylpyrrolidone 0.5 2.5 4

Ethanol 1 3 Solution

2-propanol 1 3 Solution

Ethyl methyl carbonate 5 Solution Solution

Hexane Low solubility1) Low solubility1) Low solubility1)

Water Insolubility2) Insolubility2) Insolubility2)

Galator
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3(6-6) SEM

MGC
MGC

2 (10-6)
3 (6-6)

3 (6-6) 2 (10-6)

Figure 5-3. SEM images of xerogels by various gelators (Additive amount: 3 wt%). 
(A): Compound 3 (6-6), (B): Compound 2 (10-6), (C): Compound 2 (6-10).

Figure 5-4. SEM images of xerogels by Compound 3 (6-6) (A): 1 wt%, (B), 3 wt%. 
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5-3-3 
SEM

3 6-6
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5 q q
/)2/sin(4 0nq 0 X

SEM

80 nm
SEM
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SEM

2 nm-1

SAXS WAXS 5-6
d

2.9 nm 2.9 nm

mqd /2 m 1 q 
2.9 nm

2

2(10-6) XPS
2 14 nm
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Figure 5-5. USAXS and SAXS measurements of propylene carbonate gels by 
Compound 3 (6-6).   

Figure 5-6. SAXS and WAXS measurements of propylene carbonate gels by 
Compound 3 (6-6). 

5-7 3 (6-6)

5-6

3 (4-8) 3 (6-6)
3 (4-8) 3 (6-6)
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6
6

Figure 5-7. Snapshot of Compound 3 (6-6) arrangement after MD simulation. 

Table 5-6. Stabilities of bilayerd structure in propylene carbonate by MD simulations 

X
30 1)en( )

70 3 %
1 % 0.5 %

10-3 1 3 wt%
0.5 %

max

1.4
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max
B

2

6
Tkq

B 0.5 mPa s

1 % 3 m 0.5 %
10

3 
wt% 70 

1 wt%
0.5 wt%

1 wt%
1 wt%

NMR
1 %

Table 5-7. Correlation length of each motion mode by dynamic light scattering 70 . 

5-3-4

X USAXS SAXS
120 

3 % 25 
SAXS 5-8

45

Scattering
anagle °)

Slow mode Fast mode Slow mode Fast mode

40 600 - 2900 0.3
60 230 - 3100 1.1
90 120 - 3100 0.3

Average 320 - 3030 0.6

Gelator: 0.5 % Gelator: 1.0 %

Correlation
length (nm)
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45 8

Figure 5-8. Time-division USAXS and SAXS measurement of gels 
 (Compound 3 (6-6) amount: 3 wt%).

SAXS

40 

Figure 5-9. Change in peak intensity of q=2.1 nm-1 and sample temperature 
after temperature drop to RT. 
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75 

Figure 5-10. USAXS patterns after temperature drop of gels (A): Drop to RT,  
(B): Drop to 75 . 

USAXS 5-11
75 

SAXS
t=630 76 nm

75 90 100
130

25 
q 0.1 nm-1
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Figure 5-11. Changes in circular average USAXS profile of gels by temperature drop 
(A):Drop to RT (B): Drop to 75 . 

75 SAXS
SAXS USAXS

SAXS 5-12 SAXS 25 
SAXS 5- 10(B)

11 X

5-13
XPS

2.9 nm 75 100 nm

Figure 5-12. SAXS pattern after temperature drop to 75 . 
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Figure 5-13. Probable layered structures in a lod structure. 

1 % 0.5 %
X

Invariant Q
X=(Q Q )/(Gmax-Q0) 

Figure 5-14. Correlation between gelator amounts and structure forming time 
 by time-division USAXS and SAXS measurement of gels. 
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Figure 5-15. Probable formation mechanism of fibrous structures.  

5-3-5 
3 (6-6)
 5-16 G G

G
G

3) G 1 wt% 78 
3 wt% 92 

X

G G
2 (10-6) 3 (6-6)
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 Figure 5-16. Temperature dispersion rheology measurements (Compound 3 (6-6)
             in propylene carbonate). 

5-4 

2.9 nm 80 nm

80 nm
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6-1 

6-2 
6-2-1 

6-1

m n m-n
6-1

LiPF6

Figure 6-1. Chemical formula of gelators in this chapter. 
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Scheme 6-1. Synthetic scheme of gelators. 

6-2-2

1:2
3:7 LiPF6 1M
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ND420

ACD-01 PLM-63S
25 

0.2 C CC-CV 4.2 V
8 10 2.75 V 0.2 C CC

25 1 C CC-CV 4.2 V
10 CC 0.33 C 0.5 C 1 C 2 C 3 

C 3.0 V 25 1 C
0.33 C 0.5 C 1 C -20 -10 0 
25 60 4.2 V

CC-CV 3.0 V CC 1 C
CC-

CV 4.2 V 50 28 1 C CC 3 V
1 C CC-CV 4.2 V 1 

C CC

CV

Li

AC 5 kgf/cm2

200 kgf/cm2 10
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Figure 6-2. Test method of electrolyte retention by pressure. 
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150 5 /
(

Figure 6-3. Test method of electrolyte retention by temperature 

Li Li
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130 % 150 %
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3 C CC Li
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Li
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200 25 
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Li

250 mAh
4 3 6

1 M LiPF6

1.5 wt% 1.5 %

1 C 150 %
3

1 kgf/cm2 1 / 165 
6-4

1)

DSC
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Figure 6-4. Test method of exothermal behavior of Li-doped electrode1).

2
Li

Li

DSC
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200 %

DSC 350 
3 6-6 3 wt%
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6-3 
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1:2 3:7
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6-5
1:2

1:2
LiPF6 1M

Figure 6-5. Gel-sol phase transition behavior of gel electrolyte used in this chapter. 
 (A): Gel, (B): Sol. 

6-3-2 
3 wt%

6-1 2

2 10-6 3 %
3 6-6

2 10-6
3 6-6

3 6-6 2 10-6
3 6-6 Li F

3 4-8 -20 Li
6-3

3 6-6 Li F
2 10-6 Li
3 6-6

2 10-6
3 6-6

LiBF4 1.5M
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Table 6-1. Diffusion coefficients of each electrolyte component. 

Figure 6-6. Arrhenius plots based on diffusion coefficient of electrolyte components. 
(A): 7Li (Li+), (B): 19F (PF6-), Gelator: 3 wt%. 

7Li (Li+) 19F (PF6
-)

19F
(Comp. 3)

1H (EC) 1H(MEC)
Li transport

number
-20 4.83E-11 7.57E-11 - 1.04E-10 1.3E-10 0.39
30 1.98E-10 3.12E-10 - 4.38E-10 4.99E-10 0.39
70 7.89E-10 9.77E-10 - 1.25E-09 1.6E-09 0.45
-20 3.94E-11 6.18E-11 3.79E-11 8.34E-11 1.08E-10 0.39
30 2.05E-10 2.94E-10 1.72E-10 4.11E-10 4.75E-10 0.41
70 5.76E-10 7.08E-10 4.32E-10 9.97E-10 1.09E-09 0.45
-20 3.98E-11 6.42E-11 4.52E-11 9.02E-11 1.18E-10 0.38
30 2.08E-10 3.09E-10 1.72E-10 4.21E-10 4.96E-10 0.4
70 6.78E-10 8.72E-10 6.00E-10 1.07E-09 1.17E-09 0.44

Nuclear spieces

Control electrolyte

Gel electrolyte
Compound3

(6-6)
Gel electrolyte
Compound3

(4-8)

Electrolyte Tempera
ture
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6-3-3 

25 

25 0.5 C 100 %
25 

3 6-6
2 10-6

25 

50 
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Figure 6-7. Discharge capacities at various discharge rate (25 ). 

Figure 6-8. Discharge capacity retentions at various discharge rates (low-temperature). 
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Figure 6-9. Discharge capacity (A) and capacity retention (B) 
 by charge-discharge cycle (25 ). 

Figure 6-10. Discharge capacity by charge-discharge cycle (60 ). 
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Table 6-2. Discharge capacity after high-temperature storage test.  

6-3-4 

SEI Solid 
electrolyte interface

SEI
VC FEC SO

2) VC FEC C-F SEI
SO CF SEI

SEI

1 1.3-1.4 V
2
SEI

SEI

4.5 V
4.2 V

4.5 V 3)

SEI 4) 1
3 SEI

MGC
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Figure 6-11. Electrochemical analysis by cyclic voltammogram. 
(A): Redox side (Carbon electrode), (B): Oxidation side (LiNiCoMnO2 electrode). 

6-3-5 

3 6-6

AC
3 6-6 3 wt%

20,000 Hz 200 kgf/cm2

197 % 175 % -22 %
1,000 Hz 186 %

136 % 0.1 Hz-20000 Hz 
175 %

50 kgf/cm2
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10 %

3 6-6 3 wt%

Figure 6-12. Resistance changing rate by pressure. 
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Table 6-3. Electrolyte retention of centrifugalized cells. 

6-3-6 

105 

100 105 27 32 % 110 24 % 115 120 13 %
125 7 %

m 20 

2 10-6
3 6-6

Figure 6-13. Generated gas volume by heating of full charged cells. 

6-3-7 
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130 %

1 C 
1 3 10 15 

3 C 

1 C 
1 C 3 C

1 C 3 C 5 20 

150 %

10 1
100 1
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Figure 6-14. Anode surface of overcharged cell by optical microscope. 
 (A): Control electrolyte (1 C), (B): Gel electrolyte (1 C), 
 (C): Control electrolyte (3 C), (D): Gel electrolyte (3 C). 



128 

Figure 6-15. Anode cross section of overcharged cell by optical microscope. 
 (A): Control electrolyte (1 C), (B): Gel electrolyte (1 C), 
 (C): Control electrolyte (3 C), (D): Gel electrolyte (3 C). 
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Figure 6-16. Anode cross section of overcharged cell by optical microscope (1 C, 150 %).  
(A): Control electrolyte, (B): Gel electrolyte.  

6-3-8 
Li

170 % CV 200 %

300 %
300 % CC CV
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3 C
1 C

Figure 6-16. Cell short behavior by overcharge (PP membrane separator). 
 (Dotted line: Control electrolyte, Solid line: Gel electrolyte) 
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Table 6-4. Cell short behavior by overcharge (PET non-woven separator). 

6-3-9 

Li

3 wt% 1.5 wt%

6-5 
112 

119 

7 6-19

2/3
7.5 

Li
6-19
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Figure 6-17. Anode surface of overcharged cell by optical microscope. 
 (A): Control electrolyte, (B): Gel electrolyte. 

Figure 6-18. Anode cross-section of overcharged cell by optical microscope. 
 (A): Control electrolyte, (B): Gel electrolyte. 
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Table 6-5. Generated gas amounts by heating. 

Figure 6-19. Gas generation temperature and generating speed. 

6-3-10 
Li

DSC

100 %
320 

200 % 270 
310 

4.5 V
SEI
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Figure 6-20. DSC thermogram of charging electrolyte and electrolyte complexes. 

6-3-11 

150 %

150 
200 %
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SEI

Figure 6-21. Cell behavior of overcharge condition.  
(A): Control electrolyte, (B): Gel electrolyte (Compound 3 (6-6) amount: 3 wt%). 
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Figure 6-21. Cell form after overcharge. (A): Control electrolyte, (B): Gel electrolyte. 

6-4

2 10-6
4.5 V

SEI

4.5 V



137 

References 
1) (LIC)

 (2010). 
2) S. S. Zhang, , 162, 1379-1394 (2006) 
3) Z. Lue, J. R. Dahn, ., 149, A 815-A822 (2002). K. Kang, Y. S. Meng, 
J. Bréger, C. P. Grey, G. Ceder, , 311, 977-980 (2006). M. Kundurac, J. F. A.-
Shara, G. G. Amatucci, , 18, 3585-3592 (2006). Manthiram, K. 
Chemelewskia, E. S. Lee, , 7, 1339-1350 (2014). 
4) S.-K. Jeong, M. Inaba, R. Mogi, Y. Iriyama, T. Abe & Z. Ogumi, , 17, 8281-
8286 (2001). 



138 

7-1 

7-2

1,4-

2KHSO5 KHSO4 K2SO4

S SO SO SO2

pH

pH

2



139 



140 

7-3
7-2 1 L

7-3-1 

Scheme 7-1. Perfluoroalkylation process. 

3 100 %

Figure 7-1. Gas chromatograph of toluene solution after reaction. 
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Figure 7-2. Gas chromatograph of water solution after reaction. 

7-3-2 

Scheme 7-2. Oxidation process. 
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100 %

Figure 7-3. Gas chromatograph of toluene solution after oxidation reaction. 

100 %

Figure 7-4. Gas chromatograph of water solution after oxidation reaction. 

Figure 7-5. Gas chromatograph of water solution after removal of Na2SO3. 



143 

Figure 7-6. Gas chromatograph of cleaning water.  

Figure 7-7. Gas chromatograph of mother liquid after reprecipitation by hexane.  

Figure 7-8. Gas chromatograph of cleaning hexane.  

Wet
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Figure 7-9. Gas chromatograph of wet compound after purification. 

7-3-3 

Scheme 7-3. Suzuki coupling process. 

3 100 %
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Figure 7-10. Gas chromatograph of toluene solution after coupling reaction. 

Figure 7-11. Gas chromatograph of water solution after coupling reaction. 

7-3 wet 3 6-6
wet 3 6-6

100 % 27 % 90 % 73 %



146 

Figure 7-12. Solvent recovery process. 

7-3-4

1 1
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Figure 7-13. Time chart of Compound 3 (6-6) synthetic process. 
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8-1

Table 8-1. Purposes and resurlts of each chapter. 
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8-2 
8-1

8-3 

Material Infomatics (MI)

3 6-6
3

6-6

X

80 nm
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