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2-1.  

2-1-1.  

X
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1950 Workman

Reynolds [29] [30]

[31,32]

[33-35]

[33] 2-1 5 × 

10-4 M 2 mm
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100 V

[36]   

Costa Ribeiro

[37] Costa 

Ribeiro

 

 

2-1-2.  

 (LLPT; Liquid-Liquid Phase Transition) [38] [39] [40]

Pb[41], Co[42] Pb-Sn[43], Co-Sn[44,45], Co-B[46] LLPT

2-1.  5 × 10-4 M LiCl 2 mm
[33]  
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2-2.  

2-2-1.  

N,N,N N

TMPA TFSI  < 50ppm TMPA 

TFSI 2-1  

 

2-1.  TMPA TFSI [54]

 TMPA TFSI 

, M 382.34 

, d / g cm-3 1.434 

, σ / mS cm-1 3.2 

, η / cP 72 

, Tm / K 292 
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2-2-2.   

2-2-2-1.   

IL 2-2 2-3

IL 0.5 ml

15 mm ϕ 0.5 mm ϕ 0.6 mm

ϕ 0.5 #180, 500, 1000, 2000

2-4 JASTEC JMJD-6T150E1

HF10-100VHT-4  

FPH1-12707AC

13 mm

Keithley 617

2  

TMPA TFSI

IL

± 0.3 K

3 2-2

10 , 

2-2  
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2-2.  6 mm

IL ϕ 0.5

IL

 

2-3.   
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2-2.  TMPA TFSI  

 TMPA TFSI 

, T / K 283, 289, 294, 295, 296, 298, 300, 303, 305, 310 

, B / T 6, 10 

,  / T min-1 0.3 0.37 

,  / T min-1 0.3 0.37 

  

2-4.  

, IL
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2-2-2-2.   

2-2-2-1

TMPA TFSI 293 K

0.33 K min-1 258 K

, 303 ± 

0.5 K IL 303 K 30 293 

 0.5 K 0 6 T FP  

 

2-3.  TMPA TFSI  

 TMPA TFSI 

, B / T 0, 3, 4, 6 

,  / K min-1 0.33 
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2-2-3.   

Quantum Design PC 2-5

2-5 Quantum Design 66 mm

Quantum Design

, Quantum 

Design MPMS3

PC TMPA TFSI 80 μL 100 

mg TMPA TFSI PC

10-1 Pa 15 TMPA 

TFSI PC 66 mm  

 

  

2-5.  PC PC

MPMS3

, 

, 66 mm
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2-2-3-1.   

TMPA TFSI m m-B MPMS3

TMPA TFSI PC 66 mm

MPMS3 0.1 

T VSM

14 Hz 2 mm

2-4  

2-4.  

 TMPA TFSI 

, T / K 243, 268, 283, 296, 298, 303, 308, 320 

, B / T 0  7 

,  / T min-1 0.3 

 

 

2-2-3-2.   

TMPA TFSI m m-T MPMS3

m-B VSM , 14 

Hz, 2 mm 2-5  

 

2-5.

 TMPA TFSI 

, B / T 0.07, 0.5, 1, 5, 6, 7 

, T / K 320  240 

,  / K min-1 2, 1.5, 1, 0.5, 0.33 
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2-2-4. 

2-6 2-7

3D

2-6 405 nm Thorlabs CPS405

10×10 mm

Edmund optics 12.5 

mm Thorlabos 25.4 mm

298 ± 0.2 K

2-7

10 T 0 10 T

10 T 16 10

 

 

 

  

2-6.   
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2-7.   
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2-2-5.   

2-2-5-1.  TMPA TFSI  

15 μL Al Pan TMPA TFSI 9.12 mg

23.78 mg Al Pan  

DSC8230

DSC

300 K , 0 T 0.5 T 6 T 300 K

255 K 0.33 K min-1 255 K 5 305 K 0.33 

K min-1  

 

2-2-5-2.  TMPA TFSI  

2-2-5-1 DSC8230

298 K 0.3 T min-1

 

 

2-2-5-3.  TMPA TFSI  

2 DSC8230

0 T SEIKO DSC6100 DSC (3)

0.779 J / g·K  

  (3) 

Ys : [mW] 

Cr : [J/K] 

Cs : [J/K] 

dT/dt:  [K/s] 

Al Pan (15μl) TMPA TFSI 20 mg

23.78 mg 296 K 323 K 1 K min-1
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TMPA TFSI DSC 300 K

296 K B/T = 0, 1, 2, 4, 6 30 296 K 323 K

1 K min-1  

 

2-2-5-4.  TMPA TFSI DSC  

20 mg TMPA TFSI 70 μl Al Pan

Al Pan 57.75 mg

298 ± 0.1 K

6 T

5 6 T /h

1, 3, 12, 16, 20, 26, 36 7 /h = 0

298 ± 0.1 K TMPA TFSI

TMPATFSI

TMPA TFSI DSC  

285 K

DSC6100(SEIKO) 26 h 250 K 310 K

280 K 298 K 0.1 K min-1

 

0.5 h TMPA TFSI

DSC  
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2-2-6.  Raman  

2-2-6-1.  Raman  

in situ Raman 2-8 TMPA TFSI

1

10 × 10 mm TMPA TFSI 1 mL , 

 

In Photonics 5 mm 3 mm

, 

298 ± 0.1 K 1 298  0.1 K

Ocean Optics

QE65000 , 785 nm

0 T 10 T , 

15 , 3  
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2-2-6-2.  Raman  

TMPA TFSI

2-2-6-1 TMPA TFSI 1

298 ± 0.1 K

0 T 1

2-8.  in situ Raman , 

IL

3 mm .
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0.3 T min-1 6 T 6 T 10 0.3 T min-1 0 T

0 T 12 6 T 0 T 1

5 3

 

 

  
2-2-6-3.  Raman  

in situ Raman

[56] TMPA TFSI

2 orthogonal 

projection approach (OPA)[57,58]

multivariate curve resolution with 

alternative least square (MCR-ALS)[56,57,59-62]  

 

2-2-7.   

10 × 10 mm TMPA TFSI

3 m

TMPA TFSI

6 T 6 T 15 , 6 T TMPA 

TFSI TMPA TFSI  
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2-3.   

2-3-1.   

TMPA TFSI 295 ± 0.5 K

2-9  
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2-3-2.  TMPA TFSI  

TMPA TFSI 0.33 K min-1 , 2-11

IL Tl/K Tel/K

264.4 K 30 mV

VFP , 

VFP , 

 

 

 
  

2-11.  TMPA TFSI 0 T Tel/K 0.33 K min-1

Tel/K Tl/K

0 s ,  
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TMPA TFSI TMPA TFSI

2-12 3 T 0 T TMPA 

TFSI Tel/K = 266.8 30 mV 3 T

150 s 40 mV

6 T 264.8 K 45 mV

, 0 T, 3 T, 6 T

VFP , 2-12

, TMPA TFSI

 

    

2-12.  TMPA TFSI Tel  Tl 

Tel/K Tl/K 0 s , 

B/T ; 0, ; 3, ; 6  
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2-3-3.  TMPA TFSI  

298  0.01 K m m B

2-13 0 T 7 T

0 T 1.5 T 4.5 T 7 T 2

153.8 μemu mol-1 157.2 μemu mol-1

Bth

 

 

 
  

2-13.  298 K m B 0 T 1.5 T
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2-3-4.  

TMPA TFSI , m

m M (= 382.34) mol/emu mol-1 (

) , T 2-14 TMPA TFSI 0.33 

K min-1 Tf/K = 265.5 , 2.4 × emu mol-1

250 K 0.33 K min-1 30 

K 293.0 K

295.2 K 296.9 

K

2 T 5 T 6 T 0.33 K min-1 T TMPA 

TFSI
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10
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2-14.  0.5 T TMPA TFSI T 0.5 T , T/K

0.33 K min-1 m ,  
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2-3-5.  TMPA TFSI  

2-15 DSC
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2-3-6.  TMPA TFSI  

298 ± 0.2 K

2-16 Bth
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2-16.  298 ± 0.2 K TMPA TFSI  
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2-3-7.   

2-3-7-1.  TMPA TFSI  

298 K TMPA TFSI DSC

2-17

in situ DSC
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2-3-7-2.  TMPA TFSI  

Bth 1 K min-1 DSC

2-18 300 K SEIKO

DSC 0 T 2.25 J (g·K)-1 DSC

0 T 2.29 J (g·K)-1 SEIKO

DSC
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2-18.  TMPA TFSI

DSC8230, SEIKO DSC6100  
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2-3-7-3.  TMPA TFSI DSC  

2-3-7-1 in situ DSC

298  0.1 K

TMPA TFSI 6 T 0.5 h

TMPA TFSI 6 T

TMPA TFSI DSC 2-19 DSC

2 1

292 K 1 285 K

TMPA 

-50

-40

-30

-20

-10

0

10

280 285 290 295

[(
dQ

/d
t)/

w
] /

 m
W

 g
-1

Temperature, T / K

0.1 K/min

2-19.  298 ± 0.1 K 6 T 0.5 h

TMPA TFSI DSC TMPA TFSI  



39 
 

TFSI DSC 2-20 0 T 285 K

/h = 1

Tm

2-21 Tm 3 h

1.0 K 290.8 K 1

7  

2-22 1

2 H1 H2

Hall Hall

H1 H2  

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

280 285 290 295

0
1
3
16
20
36

(d
Q

/d
t) 

/ m
W

Temperature, T / K

0.1 K / min

t ex /h6T

Tm

2-20.  298 ± 0.1 K ( ) 6 T

TMPA TFSI DSC Tm / h = 0 TMPA TFSI  
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TMPA TFSI TMPA TFSI

TFSI

285 K [63] 1 TFSI
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291
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M
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g 

po
in

t, 
T m

 / 
K
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hold
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H
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H
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H
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2-22.  1 H1 H2 Hall

 

2-21.  TMPA TFSI  
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2-3-8.  TMPA TFSI  

2-3-8-1.   

TMPA TFSI 2-23

298 ± 0.2 K 2-6 TFSI [64-67] 2-7

Spartan DFT [68] TMPA

TMPA TFSI 2-24

0 T

I

2-25  

  

2-23.  TMPA TFSI  
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2-6.  TFSI [64-67] 

 / cm-1 Vibration mode 

280 CF3 Rocking 

310, 325 SO2 Twisting 

340, 350 SO2 Rocking 

400, 405 SO2 Wagging 

550 SO2 Bending(s) 

570 CF3 Bending(a) 

590 SO2 Bending(a) 

740 CF3 Bending(s) 

1130 SO2 Stretching(a) 

1200, 1240 CF3 Stretching(a, s) 

1330, 1350 SO2 Stretching(s) 

s  a  

2-7.  TMPA [68] 

 / cm-1 Vibration mode 

1000  C-C Stretching 

1400  C-H Bending 

3000  C-H Stretching 

 

2-24.  TMPA TFSI  
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TFSI C-F 740 cm-1 SO2 1100 

cm-1 TMPA C-H 3000 cm-1 2-26

C-F 740 cm-1

TFSI

[66,67]

TFSI 1100 cm-1

740 cm-1 3000 cm-1

200 400 600 800 1000 1200 1400 1600 2800 3000 3200

10
6
4
2
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0.5

-800

-400
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400

800
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I =

 I B - 
I 0T

(s
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rt
)

Raman shift,  / cm-1

TFSI
s

TFSI
B TFSI

s

TMPA
s

B/T

2-25.  300 ± 0.2 K TMPA TFSI

 

2-26.  2-25 400-700 cm-1 a 2800-3100 cm-1

b I ( ) 2-25  
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TFSI

2-27

TFSI

 

2-23 2

2-28

2-29

2-27 TFSI: SO2 twisting; (336 cm-1;

transoid), CF3 bending; (724 cm-1; cisoid),  (737 cm-1; transoid), SO2 stretching; (1119 cm-1;

cisoid),  (1136 cm-1; transoid), TMPA: (1445 cm-1), (2956 cm-1). 
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10 T 49%  
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2-3-8-2.   

TMPA TFSI

2

2-3-8-1 2-30

 2-31 2-30

2-31 2-30

2-31 t/min = 60

t/min = 30 t/min = 60

t/min = 60

6 T 5 t/min = 85

0.62 30 t/min = 110

0 T 30 70

0.42 302.5 ± 0.2 K 302.5 

± 0.2 K 6 T 0.52 0 T 0.42 t/min = 1400 0 T

300 K

6 T 30

0 T 70  
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2-30.  TFSI

t/min = 0  

2-31.  2-29 t/min = 0 ~ 180  t/min = 670 ~ 910  
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2-3-9.   

IL

IL

IL 2-32 Bth

 

 

 
 

2-32.  0 T 6 T TMPA TFSI TMPA TFSI 10×10 mm

, Canon  EOS Kiss X7

3 m 0 T 6 T

TMPA TFSI  
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2-4.  

TMPA TFSI 3 T

in situ

3 T

3 kJ 

mol-1

 

TMPA TFSI

3 1 7

50

7 1
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3 SBA-15  

3-1.  

3-1-1.  

[69-74]

[72,73] Ih

Ic [74]

[71,75]

[71] IL

IL 1 IL

[76]
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3-1-2.   

MIL 2004 1- -3-

bmim FeCl4 [16]

MIL [16-23] MIL 1- -3-

emim FeCl4 [77-79] MIL 3.8 K

3.8 K emim FeCl4 Cl Fe

[80,81]  

3-1-3.   

emim FeCl4 SBA-

15[82] emim FeCl4 emim 

FeCl4

SBA-15 emim FeCl4

X   
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3-2.   

3-2-1  

3-1 1-

-3- (emim FeCl4) 3-2

 

3-1.   

 

3-2.  emim FeCl4  

 emim FeCl4 

, M 308.81 

, d / g cm-3 1.4580 

, σ / mS cm-1 18[18] 

, η / cP 14 (303 K) [18] 

, Tm / K 291 

, χmol / emu mol-1 1.42 × 10-2[19] 

 

  

Reagent  Purity (wt%)  Pore size Pore volume Purchased from  

SBA-15  

(Lot:MKCG7812) 

>99.9  4 nm 0.7-0.9 cm3 g-1 Sigma Aldrich Co. LLC.  

MCM-41 

(Lot:MKBV0934V) 

― 2.1-2.7 nm 0.98 cm3 g-1 Sigma Aldrich Co. LLC. 

emim FeCl4 > 98.0   Kanto reagent  

Acetonitrile >99.5   FUJIFILM Wako Pure 

Chemical Corp. 
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3-2-2.  emim FeCl4  

(ACTN) SBA-15 emim 

FeCl4 200 mg SBA-15

P < 10-1 Pa 393 K 6

393 K

emim FeCl4 1 g 20 ml

ACTN 20 ml 0.16 M ACTN

SBA-15 298 ± 0.1 K 1 2 ml

ACTN emim FeCl4-ACTN 298 ± 0.1 K

1 Hz ACTN ACTN

SBA-15 24 h emim FeCl4-ACTN SBA-15 tr

1.5, 3, 6, 12, 24, 36 h 7

1 ml

10 ml ACTN 15

P < 10-1 Pa 393 K 6

3-3  

3-3.   
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3-2-3.  

24

SBA-15 393 K 6

SBA-15 200 mg

0.05, 0.1, 0.15, 0.5, 0.8 M emim FeCl4-ACTN 4 ml 298 ± 0.1 K

24 1 Hz 3-2-2

 

 

3-2-4.   

SBA-15 emim FeCl4 SBA-15

 (Quantachrome Instruments Autosorb iQ) 9 mm

SBA-15 20.7 mg 20 mg

393 K, 10-5 Pa 6

G3 grade 99.9995 vol% 77 K

BET  

 

3-2-5.   

emim FeCl4-ACTN UV-vis

V-670 1 mm

750 nm 450 

nm medium  
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3-2-5.  SQUID  

2 MPMS3 SBA-15

m-B

m-T 2 3-1 Quantum 

Design P125E VSM SBA-15 2.2 mg, 

6 mg emim FeCl4

Quantum Design ACMS emim FeCl4

9.0 mg

1.5 h

0.1 T DC scan  4 s

VSM 2 mm 14 Hz DC scan

40 mm 4 s m-B

298 K 1.8 K 7 T -7 T 0.02 T sec-1 m-T 0.1 T

300 K 1.8 K 2 K min-1  

  

  

3-1. P125E VSM
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3-2-7 X  

3-2-7-1 SBA-15 emim FeCl4 X  

SBA-15 emim FeCl4 X X

RINT-Ultima3 3-2

1 mm

4.5 m 50 m

3-4  

3-4. XRD  

0.07107 nm 

Tube voltage 50 kV 

Tube current 30 mA 

Method Transmission 

Temperature 298 K 

Range 4.63 – 135 nm-1 

Sampling 0.01° step-1 

Scan speed 5° min-1 

Detector Scintillation detector or D/teX 

Integration 10 times 

 

  

3-2.  
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3-2-7-2 X  

X

3-3 1 mm 4.5 m

0.5 M emim FeCl4-ACTN

42 mg

CRT-006

X

Be

T/K = 50, 70, 90, 110, 130, 150, 180, 298 8

± 0.1 K emim FeCl4 ACTN

X 298 ± 0.1 K  

  

3-3. X  
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3-3.   

3-3-1.  

SBA-15 0.16 M emim FeCl4-ACTN tr

3-4 IUPAC

IV(a) 0.6

H2 (b) SBA-15 BET

303.5 m2 g-1, 0.519 cm3 g-1, 3.6 nm

tr/h= 0 ACTN SBA-15

tr

3.6 nm

0
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 n
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3  g
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Relative pressure, P / P0
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3 h
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24 h

SBA-15

12 h

1.5 h

36 h

3-4. SBA-15 0.16 M emim FeCl4-ACTN tr

SBA-15; , tr/h = 0; , 1.5; 3; , 6; , 12; 

, 24; , 36;  
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tr

3-5 DR

3-5 0 12

24 SBA-15 emim FeCl4

24

0.1

0.2
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0.4
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0 5 10 15 20 25 30 35

total pore volume
mesopore volume
micropore volume

Po
re
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 V
 /c

m
3  g

-1

Time, tr / h

3-5.  
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3-3-2.  

24

0.5 M emim FeCl4-ACTN 3-6

529.5 nm

3-7 529.5 

nm 592.5 nm

SBA-15 emim FeCl4

(5)  

(5)

3-6. 0.5 M emim FeCl4-ACTN  

0

0.1

0.2

0.3

0.4

0.5

0.6

450 500 550 600 650 700 750

A
bs

Wavelength,  / nm
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M emim FeCl4 Vsoln cpre

cads Vpore (5)

 

  (6) 

(7)

(7)

3-8

3-5 emim FeCl4

3-7. (before adsorption) (after adsorption) 529.5 nm . 

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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after adsorption

A
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3-9

3-5.

3-9

, c/M 0.027 0.075 0.12 0.46 0.68 

,  0.20 0.22 0.29 0.48 1.04 

3-8.  

0

0.2

0.4

0.6

0.8

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Fr
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l f
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3-10 3-5

2

0.15 M

SBA-15 emim FeCl4

 = 0.48

3-9.  

 = 0 ( ),  = 0.20 ( ),  = 0.22 ( ),  = 0.29 ( ), 

 = 0.48 ( )  
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3-10.   
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3-3-3. emim FeCl4  

3-3-3-1.  

emim FeCl4  = 0.48 298 K 1.8 K

M-B 3-11

298 K

3-12 emim FeCl4

SBA15 m-B 298 K SBA-15

emim FeCl4

[83]
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3-11.  298 K 1.8 K emim FeCl4

M-B  
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1.8 K emim FeCl4

2.7 B/Fe ion 4.6 B/Fe ion emim FeCl4 3

5 B/Fe ion [77-80]

-0.5 T 0.5 T

298 K 1.8 K emim 

FeCl4 emim FeCl4

emim FeCl4 3-3-4  

3-12.  298 K SBA-15 m-B  
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1

-6 -4 -2 0 2 4 6

M
ag

ne
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m
 / 

10
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u
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3-3-3-2. 

 = 0.48 0.1 T

3-13 3-13 emim FeCl4 TN 1.8 K 10 

K 280 K 300 K emim FeCl4

3.8 K

 [58]

emim FeCl4-ACF-A10 ACF-A20 3-13

285.0 K

291.1 K emim FeCl4

emim FeCl4

emim FeCl4

 

3-13.  emim FeCl4 ( )  = 0.48  ( )  0.1 T

300 K 1.8 K 2 K min-1 1.8 K

10 K 280 K 300 K  
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3-14

 

   (8) 

3-15 x

3-14 ACTN

 = 0 emim FeCl4

3-14

emim FeCl4 emim FeCl4 120 K

 

3-14.  ( ) ( ) emim FeCl4 ; 

;  

0
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270 K emim FeCl4

10 K 60 K 1.3 K emim 

FeCl4 10 K 60 K 180 K 270 K

  = 

3.7 K  = 66.5 K Fe3+

IL 0.1 K 4 K [18,19,77,78,80]

emim FeCl4

emim FeCl4

3-6 270 K

180-270 K 10-60 K

270 K

3-16  

 

 

3-15.  . 
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3-6.  emim FeCl4

emim FeCl4

TN 50 K

TN TN

emim FeCl4

50 K

Temperature range 10-60 K 180-270 K 270-300K 

Cooling 3.7 K 66.5 K 20.6 K 

Heating 3.1 K 64.2 K +8.4 K 

1
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TN

emim FeCl4

3-17 emim FeCl4

 3-14 270 K

270 K

 

emim FeCl4

X emim FeCl4  
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3-3-4. emim FeCl4  

emim FeCl4

emim FeCl4 120 K

emim FeCl4 X

3-18  = 0.48 X

(9) Q

 

(9)

3-18.   emim FeCl4 ( )  SBA-15 ( ) 

(  = 0.48) X

T/K = 298; , 180; , 150; , 130; ,

110; , 90; , 70; , 50;  
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emim FeCl4 SBA-15 298 K

emim FeCl4 SBA-15

emim FeCl4 9, 12, 19 nm-1 emim 

FeCl4 SBA-15

emim FeCl4 285 K

[78,84] emim FeCl4

18 nm-1 Q SBA-

15  

 3-19

 

Be  

  = 0

0
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cell
silica(  = 0)
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,  
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3-19.  ( )  = 0  = 0.48 X
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emim FeCl4 X

emim FeCl4 X

3-20

18 nm-1 Q 130 K 50 K

16.7 nm-1 120 K

16.7 nm-1  d

d = 0.376 nm emim FeCl4 X

FeCl4 Cl-Cl [84] emim FeCl4 Fe

Cl [80,81]

10 15 20 25

In
te

ns
ity

,  
I

Scattering vector, Q / nm-1

3-20.  emim FeCl4 X T/K = 298; , 180; , 150; , 130; 

, 110; , 90; , 70; , 50;  
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emim FeCl4

emim FeCl4
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3-4.  

SBA-15 emim FeCl4

120 K

emim FeCl4

bmim FeCl4 [85] emim FeCl4

[74]

120 K
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4  

2

1000 

1 GPa

TMPA TFSI

 

3

emim FeCl4

3.8 K

emim FeCl4

120 K emim 

FeCl4 120 K
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