
  

 

 

 

 

 

 
 

 

 
 
 
 
 
 
 
 

 
 

2016 3  
 
 

 
 



Page 2 

 

1.0.  

1.1.  

1.1.1.  

1.1.2.  

1.2.  

 
 

 

2.0. Poly(N-isopropylacrylamide)  

2.1.  

2.2.  

2.3.  

2.3.1. Poly(N-isopropylacrylamide)   

2.3.2. Poly(N-isopropylacrylamide)  

2.3.3. Poly(N-isopropylacrylamide)  

2.3.4. Poly(N-isopropylacrylamide)  

2.3.5. Poly(N-isopropylacrylamide)

 

2.4.  

2.5.  

 

 

2.6. Poly(N-isopropylacrylamide)  

2.7.  

2.8.  

2.8.1. Poly(N-isopropylacrylamide)  

2.8.2.  

2.8.3. Poly(N-isopropylacrylamide)

 

2.8.4. Poly(N-isopropylacrylamide)  

2.8.5.  

2.8.6.  



Page 3 

 

2.9.  

2.10.  

 

 

 

3.0. Poly(N-isopropylacrylamide)  

3.1.  

3.2.  

3.3.  

3.3.1. Poly(N-isopropylacrylamide)  

3.3.2. Poly(N-isopropylacrylamide)  

3.3.3. Poly(N-isopropylacrylamide)  

3.3.4. Poly(N-isopropylacrylamide)  

3.3.5.  

3.3.6.  

3.3.7. Poly(N-isopropylacrylamide)

 

3.4.  

3.5.  

 

 

4.0.  

4.1.  

4.2.  

4.3.  

4.3.1. Poly(N-isopropylmethacrylamide)  

4.3.2. Poly(N-isopropylmethacrylamide)  

4.3.3. Poly(N-isopropylmethacrylamide)  

4.3.4. Poly(N-isopropylmethacrylamide)

 

4.3.5.  

4.3.6.  

4.3.7.  

4.3.8.  



Page 4 

 

4.3.9.  

4.3.10.  

4.4.  

4.5.  

 

 

 

5.0.  

5.1.  

5.2.  

5.2.1. Poly(2-vinylprydine)  

5.2.2. Poly(2-vinylprydine)  

5.2.3. Poly(2-vinylprydine)  

5.2.4. N-isopropylacrylamie  

5.2.5.  

5.3.  

5.4.  

 

 

 

 



Page 5 

 

 
A. AAc  Acrylic acid 
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AFM  Atomic force microscopy 
AIBN 2,2′-azobis(isobutyronitrile) 
APS  Ammonium peroxodisulfate 
2-AET 2-aminoethanethiol 
 

B. BIS  N, N′-methylenebis(acrylamide) 
 
C. CV  Coefficient of variation 

cs  Core-shell particle 
 

D. DLS  Dynamic light scattering 
Dh  Hydrodynamic diameter 
DVB  Divinylbenzene (mixture of isomers) 
DMAB Dimethylamine borane 
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E. EPM  Electropholetic mobility 
 
F. FE-SEM Field-emission scanning electron microscopy 

 
G. γ  Surface tension 
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L. LCST Lower critical solution temperature 
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NIH  National Institutes of Health 
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SEM  Scanning electron microscopy 
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T. TEM  Transmission electron microscopy 
 

U. UV-vis Ultraviolet-visible spectroscopy 
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VTT  Volume transition temperature 
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Table 1-1-1. Chemical Composition, Hydrodynamic Diameter (Dh), and Electrophoretic Mobility (EPM) of 

the Microgels. Reprinted with permission from { Horigome, K.; Suzuki, D. Drying Mechanism of Poly(N-

isopropylacrylamide) Microgel Dispersions, Langmuir 2012, 28, 12962−1297. }. Copyright {2012} 

American Chemical Society. 

 
 

 

 
2, 3 Figure 1-1-1

25 °C  

1000 nm 

( 3.0 

wt % DLS ~0.005 wt.%)   

 

 

 

Figure 1-1-1. Optical microscope image of microgel colloidal crystal assembled in deionized water at 25 °C. 

Microgel concentration is 3.0 wt.%. Inset was photograph of the microgel assembly in the rectangular 

capillary tube. Reprinted with permission from { Horigome, K.; Suzuki, D. Drying Mechanism of Poly(N-

isopropylacrylamide) Microgel Dispersions, Langmuir 2012, 28, 12962−1297. }. Copyright {2012} 

American Chemical Society. 
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2.3.2. poly(N-isopropylacrylamide)  

 

Figure 1-1-2

25 ± 2 °C 20 %
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(Figure1-1-3a,b)
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(Figure 1-1-3c,d,e) 0.001, 0.0006 wt %
4, 5 Figure 1-1-3f 0.0005 wt.%

(Figure 1-1-3f) Figure 1-1-3g

 

 

Figure 1-1-2. Photographs of microgel thin films formed after drying the microgel dispersions. 50 μL of 

microgel dispersions were dried on polystyrene substrates at room temperature (25 ± 2 °C). Humidity was 
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less than 20 % in all cases. Microgel concentrations were (a) 0.1 wt %, (b) 0.01 wt %, (c) 0.002 wt %, (d) 

0.001 wt %, (e), 0.0006 wt %, and (f) 0.0005 wt %. Reprinted with permission from { Horigome, K.; Suzuki, 

D. Drying Mechanism of Poly(N-isopropylacrylamide) Microgel Dispersions, Langmuir 2012, 28, 

12962−1297. }. Copyright {2012} American Chemical Society. 

 

 

Figure 1-1-3. SEM images of the microgel thin films dried on polystyrene substrates at 25 °C. These are 

close up images of Figure 1-1-2 (white rectangle). Microgel concentrations were (a) 0.1 wt %, (b) 0.01 wt %, 

(c) 0.002 wt %, (d) 0.001wt %, (e) 0.0006 wt % and (f), (g) 0.0005 wt %(f: white rectangle, g: red rectangle). 

Reprinted with permission from { Horigome, K.; Suzuki, D. Drying Mechanism of Poly(N-

isopropylacrylamide) Microgel Dispersions, Langmuir 2012, 28, 12962−1297. }. Copyright {2012} 

American Chemical Society. 

 

2.3.3. poly(N-isopropylacrylamide)  

 

Figure 1-1-2d  0.001 wt.%

Figure 1-1-4 

Figure 1-1-5
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100

(Figure 1-1-4A(h−j), Figure 1-1-5)

Figure 1-1-6B

(Figure 1-1-6A)

(Figure 1-1-6AB)

(Figure 1-1-7)  

 

 

Figure 1-1-4. Time dependence of shapes of the microgel dispersion on polystyrene substrate at 25 °C. The 

photographs were taken from different angles: (A) top view and (B) side view. Reprinted with permission 

from { Horigome, K.; Suzuki, D. Drying Mechanism of Poly(N-isopropylacrylamide) Microgel Dispersions, 

Langmuir 2012, 28, 12962−1297. }. Copyright {2012} American Chemical Society. 
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Figure 1-1-5. (A) Changes in height, width, and contact angle of the 0.001 wt % microgel dispersion as a 

function of time. The droplet was dried on polystyrene substrate at 25 °C. (B) Schematic image of the drying 

process of the microgel dispersion. Reprinted with permission from { Horigome, K.; Suzuki, D. Drying 

Mechanism of Poly(N-isopropylacrylamide) Microgel Dispersions, Langmuir 2012, 28, 12962−1297. }. 

Copyright {2012} American Chemical Society. 

 

Figure 1-1-6. (A) Changes in height, width, and contact angle of the water as a function of time. (B) Time 

variations of a shape for the water. The droplets were viewed from above,(left side:(a)~(e)) and the side.(right 

side:(f)~(j)) Each cases the droplets were dried on polystyrene substrate at 25 °C, humidity < 20%. Reprinted 

with permission from { Horigome, K.; Suzuki, D. Drying Mechanism of Poly(N-isopropylacrylamide) 

Microgel Dispersions, Langmuir 2012, 28, 12962−1297. }. Copyright {2012} American Chemical Society. 
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Figure 1-1-7. Optical microscope observation of the droplet of 0.001 wt % microgel dispersion as a function 

of time. The droplet was dried on polystyrene substrate at 25 °C. The air/water interface of the droplet was 

observed. In this case, the amount of the dispersion was 5 μL, and the droplet was dried within 30 min. 

Reprinted with permission from { Horigome, K.; Suzuki, D. Drying Mechanism of Poly(N-

isopropylacrylamide) Microgel Dispersions, Langmuir 2012, 28, 12962−1297. }. Copyright {2012} 

American Chemical Society. 

 

2.3.4. Poly(N-isopropylacrylamide)  

 

0.001 wt %

3 (Figure 1-1-8 (A) / (B) (C)

)

3 (

) 20 (Figure 1-1-

8Aa) ~20

60

(Table 1-1-2)

60 (Figure 1-1-

8Ab) 60

(Table 1-1-2)

(Figure 1-1-8B)

Zhang Pelton pNIPAm
6-8 

pNIPAm

Figure 1-1-8C

( 50min > t )
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50

(Figure 1-1-8Ci−k)

~103

(Figure 1-1-8Cl) 4, 5 

 

Figure 1-1-8. Optical microscope observation of the droplet of 0.001 wt % microgel dispersion as a function 

of time. The droplet was dried on polystyrene substrate at 25 °C. (A) the air/water interface, (B) inside, and 

(C) the solid/water interface of the droplet were observed. The arrow indicates the microgel in focus. The 

microgels are indicated by the arrows. Reprinted with permission from { Horigome, K.; Suzuki, D. Drying 

Mechanism of Poly(N-isopropylacrylamide) Microgel Dispersions, Langmuir 2012, 28, 12962−1297. }. 

Copyright {2012} American Chemical Society. 
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Table 1-1-2. Changes in center to center distances of the microgels adsorbed at the air/water interface 

through the drying of the microgel dispersions (n=20) Reprinted with permission from { Horigome, K.; 

Suzuki, D. Drying Mechanism of Poly(N-isopropylacrylamide) Microgel Dispersions, Langmuir 2012, 28, 

12962−1297. }. Copyright {2012} American Chemical Society. 

 

 

2.3.5. Poly(N-isopropylacrylamide)

 

 10 (0.01 wt% (Figure 

1-1-9)) (Figure 1-1-9A)

(Figure 1-1-9B,C)

(Table 1-1-2) Figure 1-1-9Ad

Table 1-1-2 (Figure 1-1-8Ad)

(0.01 wt.%: 0.9 μm, 0.001 wt.%: 1.4 μm) Figure 1-1-9Ad

116 min

(Figures 1-1-3b, 1-1-9Cl) Figure 1-1-2b

(Figures 1-1-3b, 1-1-9Cl) 
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Figure 1-1-9. Optical microscope observation of the droplet of 0.01 wt % microgel dispersion as a function 

of time. The droplet was dried on polystyrene substrate at 25 °C. (A) the air/water interface, (B) inside, and 

(C) the solid/water interface of the droplet were observed. The microgels are indicated by the arrows. 

Reprinted with permission from { Horigome, K.; Suzuki, D. Drying Mechanism of Poly(N-

isopropylacrylamide) Microgel Dispersions, Langmuir 2012, 28, 12962−1297. }. Copyright {2012} 

American Chemical Society. 

 

 Figure 1-1-10

0.002 wt. % Figure 

1-1-8 2 Figure 1-1-8B, C

0.001 wt.%

(Figure 1-1-10, Table 1-1-2)

0.0005 wt.%

Figure 1-1-

11 (Figure 1-1-2f)

Figure 1-1-2a−d

(Figure 1-11d)
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Figure 1-1-10. Optical microscope observation of the droplet of 0.002 wt % microgel dispersion as a 

function of time. The droplet was dried on polystyrene substrate at 25 °C. The air/water interface of the 

droplet was observed. Reprinted with permission from { Horigome, K.; Suzuki, D. Drying Mechanism of 

Poly(N-isopropylacrylamide) Microgel Dispersions, Langmuir 2012, 28, 12962−1297. }. Copyright {2012} 

American Chemical Society. 

 

 

 
Figure 1-1-11. Optical microscope observation of the droplet of 0.0005 wt % microgel dispersion as a 

function of time. The droplet was dried on polystyrene substrate at 25 °C. The air/water interface of the 

droplet was observed. Space is highlighted by white dot. Reprinted with permission from { Horigome, K.; 

Suzuki, D. Drying Mechanism of Poly(N-isopropylacrylamide) Microgel Dispersions, Langmuir 2012, 28, 

12962−1297. }. Copyright {2012} American Chemical Society. 

 

2.4.  

 pNIPAm

pNIPAm

pNIPAm

0005−0.01 wt %
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0.001 wt % pNIPAm

0.0005 wt %

pNIPAm

 

 

 

 

http://pubs.acs.org/doi/pdf/10.1021/la302465w 

 

2.5.  
1-1(1) Meng, Z.; Smith, M. H.; Lyon, L. A. Temperature-Programmed Synthesis of Micron-Sized Multi-

Responsive Microgels. Colloid Polym. Sci. 2009, 287, 277−285. 

1-1(2) Lyon, L. A.; Debord, J. D.; Debord, S. B.; Jones, C. D.; McGrath, J. G.; Serpe, M. J. Microgel 

Colloidal Crystals. J. Phys. Chem. B 2004, 108, 19099−19108. 

1-1(3) Suzuki, D.; McGrath, J. G.; Kawaguchi, H.; Lyon, L. A. Colloidal Crystals of Thermosensitive, 

Core/Shell Hybrid Microgels. J. Phys. Chem. C 2007, 111, 5667−5672. 

1-1(4) Tsuji, S.; Kawaguchi, H. Colored Thin Films Prepared from Hydrogel Microspheres. Langmuir 2005, 

21, 8439−8442.  

1-1(5) Pelton, R. H.; Chibante, P. Preparation of Aqueous Latices with N-isopropylacrylamide. Colloids Surf. 

1986, 20, 247−256. 

1-1(6) Zhang, J.; Pelton, R. Poly(N-isopropylacrylamide) at the Air-Water Interface. Langmuir 1996, 12, 

2611−2612. 

1-1(7) Zhang, J.; Pelton, R. The Dynamic Behavior of Poly(N-isopropylacrylamide) at the Air-Water 

Interface. Colloids Surf., A 1999, 156, 111−122. 

1-1(8) Zhang, J.; Pelton, R. Poly(N-isopropylacrylamide) Microgels at the Air-Water Interface. Langmuir 

1999, 15, 8032−8036. 
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2.6. Poly(N-isopropylacrylamide)  

 pNIPAm

pNIPAm

pNIPAm

 

 

2.7.  

2.7.1.  

 NIPAm, AAm, MAc, BIS, KPS, Ethanol, Aceto nitrile

NIPMAm NtBAm Sigma-Aldrich

(EYELA, SA-2100E1) (Iwaki, Asahi Glass Co., Ltd.) 

 

 

2.7.2. pNIPAm  

 pNIPAm SDS

 

 

2.7.3. Poly(N-isopropylmethacrylamide)  

pNIPMAm NIPMAm, BIS

4

KPS
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2.7.4. Poly(N-tert-butylacrylamide)  

pNtBAm Kawaguchi S.
1 NtBAm, BIS, water, Aceto nitrile 4

KPS

 

2.7.5. Poly (Acrylamide–co–methacrylic acid)  

Poly (Acrylamide–co–methacrylic acid)

Mac

(Table 1-2-1)

AAm, MAc, BIS, ethanol 4

AIBN

 

 

Table 1-2-1. Polymerization list of AAm microgels. 

 

2.7.6. Styrene-co-NIPAm (SN )  

 SN St

NIPAm BIS

KPS
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2.7.7.  

 (DLS: Malvern Instruments Ltd., 

ZetasizerNanoS).  

 

2.7.8.  

 1 wt% ~ 0.0001 wt%

CBVP-Z 5

 

 

2.7.9.  

(Canon, EOS kiss ×4)

(SEM; Hitachi Ltd., S-3000N) SEM

 

 

2.8.  

2.8.1. Poly(N-isopropylacrylamide)

 

 

pNIPAm Langmuir-blodgett

pNIPAm
2-4 Pelton pNIPAm

3 pNIPAm
5 

pNIPAm (Table 1-2-2: 56-1473 nm)
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Table 1-2-2. Chemical composition, hydrodynamic diameter, diffusion constant of the pNIPAm microgels 

 
 

SDS

(Figure 1-2-1 Figure 1-2-2) SEM

(Figure 1-2-3) 211~1473 nm

(Figure 1-2-3 (b-e)) 399 517 1473 nm

(Figure 1-2-1(c-e)) 211 nm 

56 nm SEM

(Figure 1-2-3a)

(Figure 1-2-1(a)) 56 nm

pNIPAm
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Figure 1-2-1. Observation of drying process of pNIPAm microgel dispersions. The droplets (50 μL) were 

dried at 24.2 °C and 60 % (RH). The scale bars are 0.5 mm. 

 

 

 

 

Figure 1-2-2. Observation of dried structure of pNIPAm microgel dispersions. The droplets (50 μL) were 

dried at 25 ± 2 °C and 60 % (RH). The scale bars are 0.5 mm. 

(a) (b) (c) (d) (e) 
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Figure 1-2-3. FE-SEM and optical microscope images of the dried structure of pNIPAm microgel 

dispersions. The dispersions (10 μL) were dried at 24.1 °C and 67 % (RH).  

 

 

 237-

246 min (Figure 1-2-1)

(Figure 1-2-4)

60 sec pNIPAm

 

 

Figure 1-2-4. A schematic image of the observation method. 
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(Figure 1-2-5, Figure 1-2-6)

1473 nm

(Figure 1-2-5) 20~30 sec

 

 
Figure 1-2-5. Suerface tension of pNIPAm microgels as a function of time. The microgel concentration is 

fixed at 0.5 wt. %. The surface tension is measured by Wilhelmy method with Pt plate. 

 
Figure 1-2-6. Suerface tension of pNIPAm microgels as a function of microgel concentrations. The surface 

tension is measured by Wilhelmy method with Pt plate. 
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3 (LD) 6  

 LD =   

D t

t (LD) Figure 1-2-7

~60 sec > t (LD) 0.014 mm LD 30sec

 

 
Figure 1-2-7. The diffusion length of pNIPAm microgel as a function of time. 

 

2.8.2.  

 

pNIPAm

7

8 2

8



Page 39 

 

 

 

2.8.3. Poly(N-isopropylacrylamide)

 

 

Pelton 4  Pelton pNIPAm

30

pNIPAm

Table 1-2-3 ~700 

nm FE-SEM

Figure 1-2-8, 9, 10, 11

2, 5, 8 mol. %

Figure 1-2-9, 10 BIS 0.5 mol. % 

(Figure 1-2-8)

8 mol.%

(Figure 1-2-12) Pelton

pNIPAm

pNIPAm

 

 

Table 1-2-3. Chemical composition and hydrodynamic diameter of the pNIPAm microgels 
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Figure 1-2-8. Drying process of pNIPAm microgel dispersion. The 0.5 mol.% crosslinker was used for the 

polymerization.  

 

 

 

Figure 1-2-9. Drying process of pNIPAm microgel dispersion. The 2 mol.% crosslinker was used for the 

polymerization. 

 

 

 

Figure 1-2-10. Drying process of pNIPAmmicrogel dispersion. The 5 mol.% crosslinker was used for the 

polymerization. 
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Figure 1-2-11 Drying process of pNIPAmmicrogel dispersion. The 8 mol.% crosslinker was used for the 

polymerization. 

 

Figure 1-2-12. Surface tention of pNIPAm microgels. (a) 2 mol.% (b) 5 mol.%, and (c) 8 mol.% BIS was 

used for the polymerization. Microgel concentrations were fixed at 0.5 wt.%. The surface tentions were 

measured at 25 °C. 

 

2.8.5.  

 

pNIPAm

pNIPAm
2-4 

pNIPAm

Figure 1-2-

14 NIPMAm NtBAm 25 °C

pNIPAm
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AAm

Figure 1-2-13b

pNIPAm pNIPMAm

pAAm pNtBAm

pNIPAm pNtBAm

pNtBAm

pNtBAm

(Figure 1-2-14(A)(b)) SEM

(Figure 1-2-14(B)(b)) 

 

 

 

Figure 1-2-13. Surface tension of (a) monomer aqueous solution and (b) microgel dispersions. The samples 

were measured by Wilhelmy method at 25 °C. 

 

(a) (b) 
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Figure 1-2-14. Drying structures of (a) pNIPAm and (b) pNtBAmmicrogel dispersion. The microgels were 

dried at 25 ±2 °C and 10 %(RH) 

 

 

25 °C pNIPAm

pNtBAm

(Figure 1-2-15) 

pNIPAm

pNIPAm

(Figure 1-2-16) 

pNtBAm tert-butyl

tert-butyl

Figure 1-2-15  
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Figure 1-2-15. Schematic images of (left) pNIPAm or (right) pNtBAm microgel in aqueous media. 

 

 

Figure 1-2-16. Drying structures of pNIPAm microgel dispersions. The microgels were dried at 25 °C (Left) 

and 50 °C (Right). 

 

2.8.4. pNIPAm  

 pNIPAm

poly(styrene-co-NIPAm)

pNIPAm

Table 1-2-4

25 °C 28 nm 222 nm

Figure 1-2-17

Figure 1-2-18

(Figure 1-2-19) pNIPAm 0.01, 0.001, 0.0005 wt.%

γ

poly(styrene-co-NIPAm)



Page 45 

 

pNIPAm

pNIPAm

0.001wt.% pNIPAm

Figure 11-2-18(c)

pNIPAm

pNIPAm

pNIPAm

pNIPAm  

 

Table 1-2-4. hydrodynamic diameter and shell thickness of polystyrene, poly(styrene-co-NIPAm) microgels, 

and core shell microgels. 

 

 

Figure 1-2-17. FE-SEM observation of (a) polystyrene, (b) core, (c) core-shell particles.  
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Figure 1-2-18. Dried structure of core-shell particle dispersions. The dispersions were dried at room 

temperature. When 0.001 wt.% microgel dispersion was dried at the temperature, the dried structure showed 

the structural color. 

 

  
Figure 1-2-19. Dried structure of core particle dispersions. The dispersions were dried at room temperature. 

 

2.9.  

30 

nm pNIPAm

 

 
2.10.  

1-2(1)  Narumi, A.; Kimura, Y.; Kawaguchi, S. Precipitation polymerization of N-tert-butylacrylamide in 

water producing monodisperse polymer particles Colloid Polym Sci 2012, 290:379–384. 

1-2(2)  Kawaguchi, M.; Saito, W.; Kato, T. Poly(N-isopropylacrylamide) Films at the Air-Water 

InterfaceMacromolecules 1994, 27, 5882-5884.  

1-2(3)  Kawaguchi, M.; Hirose, Y; Kato, T. Effects of Temperature and Concentration on Surface Tension 

of Poly(N-isopropylacrylamide) Solutions. Langmuir 1996, 12, 3523-3526. 

1-2(4)  Zhang, J.; Pelton, R. Poly(N-Isopropylacrylamide) at the Air/Water Interface. Langmuir 1996, 12, 

2611-2612  

1-2(5)  Horigome, K.; Suzuki, D. Drying Mechanism of Poly(N-isopropylacrylamide) Microgel 

Dispersions. Langmuir 2012, 28, 12962−12970 

1-2(6)  Kaniya, H. J. Jpn. Soc.Color. Mater. 2013, 86. 26-30 
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1-2(7)  Hu, H.; Larson, R. G. Analysis of the Effects of Marangoni Stresses on the Microflow in an 

Evaporating Sessile Droplet. Langmuir 2005, 21, 3972−3980. 

1-2(8)  Joshua R. Trantum, Zachary E. Eagleton, Chetan A. Patil, Jason M. Tucker-Schwartz, Mark L. 

Baglia, Melissa C. Skala, and Frederick R. Haselton Langmuir 2013, 29, 6221−6231 
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1.1.1

pNIPAm pNIPAm

 

 

 

 

 

 

3.1.  

 

1 1

1 DLVO

2-4 

 

 

5-9 
10-11
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 2

pH

/ 12-17 DDS18-21 /
22,23 24-27 28-30 31-35

36,37 38

1.1.1

2
39-44 Snoswell p2VP pStyrene

39

Iyer Lyon
40 Hou

41 

poly(N-isopropylacrylamide- co-sodium acrylate)

poly(N-isopropylacrylamide-co-vinylbenzyl trimethylammonium chloride)

2  

 2

pNIPAm

(Uv-vis)

(FE-SEM)  

 

3.2.  

3.2.1.  

 

(EYELA, SA-2100E1).  
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3.2.2.  

 

V-50

V-50

MAPTAC (NIPAm, BIS, 

MAPTAC) 4

MAPTAC

V-50

NM(+) Scheme 2-

1-1  

 
Scheme 2-1-1. Chemical structures of the microgels in this study. Reprinted with permission from { Suzuki, 

D.; Horigome K. Binary Mixtures of Cationic and Anionic Microgels, Langmuir 2011, 27, 12368-12374. }. 

Copyright {2011} American Chemical Society. 
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3.2.3.  

 

KPS

N( ) Scheme 2-1-1  

 

3.2.4.  

 

 

 ZetasizerNanoZS (Malvern, Zetasizer software Ver. 4.20

 

 (JASCO, V-630iRM) Canon, 

EOS kiss×4 Olympas, BX51 FE-SEM

(JASCO, V-630iRM)  

FE-SEM (FE-SEM, Hitachi Ltd., S-5000) 

Pt/Pd  

 

3.3.  

3.3.1. Poly(N-isopropylacrylamide)  

 N(+) N(-)

12-15 pNIPAm

pNIPAm ~31°C LCST

45-46 pNIPAm pNIPAm

LCST 47

N(+) N(-) EPM 25 °C

( 1.637×10-8 m2V-1s-1,  -0.590×10-8 m2V-1s-1)

EPM

EPM NaCl

0 (NM(+); 0.090×10-8 m2V-1s-1 ([NaCl] = 1 mM) 0.005×10-8 m2V-1s-1 ([NaCl] = 
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10mM)  N(-); - 0.109×10-8 m2V-1s-1 ([NaCl] = 1 mM), -0.075×10-8 m2V-1s-1 ([NaCl] = 10 mM))

(NM(+); 615 nm ([NaCl]=1 mM) 609 nm ([NaCl]=10 mM) N(-); 638 

nm ([NaCl]=1 mM) 627 nm ([NaCl]=10 mM))

 

 

NM(+) N(-) 25,26 Figure 2-1-1

N(+) N(-)

N(+) N(-)  

 

 
 

Figure 2-1-1. Optical microscope images of microgel colloidal crystals assembled from (a) NM(+) and (b) 

N( ) microgels in deionized water at 25 °C. Microgel concentrations are 5.0 wt.% in each case.  Insets are 

photographs of each microgel assembly in the rectangular capillary tube. Reprinted with permission from 

{ Suzuki, D.; Horigome K. Binary Mixtures of Cationic and Anionic Microgels, Langmuir 2011, 27, 12368-

12374. }. Copyright {2011} American Chemical Society. 

 

3.3.2. Poly(N-isopropylacrylamide)  

 Figure 2-1-2 NM(+) N(-)

~33 °C

~600 nm ~250 nm

NM(+)

NM(+) N(-) EPM Figure 2-1-3

EPM 0 EPM

45 °C EPM
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Figure 2-1-2, 3 EPM

EPM

48 

 

 
 

Figure 2-1-2. Temperature dependence of hydrodynamic diameter for NM(+) (red triangle) and N( ) 

microgels (blue square) as measured by dynamic light scattering. Microgels (~0.005 wt.%) were dispersed 

in 1 mM NaCl solutions. Reprinted with permission from { Suzuki, D.; Horigome K. Binary Mixtures of 

Cationic and Anionic Microgels, Langmuir 2011, 27, 12368-12374. }. Copyright {2011} American 

Chemical Society. 
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Figure 2-1-3. Temperature dependence of electrophoretic mobility for NM(+) (red triangle) and N( ) 

microgels (blue square) by laser Doppler velocimetry. Microgels (~0.005 wt.%) were dispersed in 1 mM 

NaCl solutions. Reprinted with permission from { Suzuki, D.; Horigome K. Binary Mixtures of Cationic 

and Anionic Microgels, Langmuir 2011, 27, 12368-12374. }. Copyright {2011} American Chemical Society. 

 

3.3.3. Poly(N-isopropylacrylamide)

 

 

Figure 2-1-4

(800 rpm)

~33 °C

0-10 mM, N(+); 0-

1mM, N(-)

50mM, N(+); 10-50 mM, N(-)
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Figure 2-1-4. Temperature dependence of optical transmittance for (a) NM(+) and (b) N( ) microgel 

dispersions measured under each NaCl concentration. Microgel concentrations were 0.025 wt.% in each case. 

Temperature increased at the rate of 0.5 ºC/min. The dispersions were stirred at 800 rpm for homogenizing. 

Reprinted with permission from { Suzuki, D.; Horigome K. Binary Mixtures of Cationic and Anionic 

Microgels, Langmuir 2011, 27, 12368-12374. }. Copyright {2011} American Chemical Society. 

 

3.3.4. Poly(N-isopropylacrylamide)

 

 NM(+) N(-)

(Figure 2-1-5)

(800 rpm) NM(+) N(-)

0.025 wt.%

(~33 °C)

(Figure 2-1-5b 

)

(Figure 2-1-5b )

20 °C

(25 °C) (Figure 2-1-6)

5000

(Figure 2-1-6b )

(Figure 2-1-7)

~12

NM(+) N(-)
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1 mM 2

 

 

 
Figure 2-1-5. (a) Temperature dependence of optical transmittance for the binary mixtures of NM(+) and 

N( ) microgels measured under each NaCl concentration. Total microgel concentration was 0.025 wt.% in 

each case. Temperature increased at the rate of 0.5 ºC/min. The mixtures were stirred at 800 rpm to 

homogenize them in the cuvettes. (b) Photographs of the mixtures under different conditions. The conditions 

(α-δ) correspond to those shown in (a). Reprinted with permission from { Suzuki, D.; Horigome K. Binary 

Mixtures of Cationic and Anionic Microgels, Langmuir 2011, 27, 12368-12374. }. Copyright {2011} 

American Chemical Society. 

 

 
Figure 2-1-6. (a) Time dependence of optical transmittance for the binary mixtures of NM(+) and N( ) 

microgels measured at 25 ºC under each NaCl concentration. Microgel concentrations were 0.025 wt.% in 

each case. The mixtures were stirred at 800 rpm to homogenize them in the cuvettes. (b) Photographs of the 

mixtures under different conditions. The conditions (α-δ) correspond to those shown in (a). Reprinted with 

permission from { Suzuki, D.; Horigome K. Binary Mixtures of Cationic and Anionic Microgels, Langmuir 

2011, 27, 12368-12374. }. Copyright {2011} American Chemical Society. 
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Figure 2-1-7. Observation of the binary mixtures of NM(+) and N( ) microgels at 25 ºC without stirring. 

Reprinted with permission from { Suzuki, D.; Horigome K. Binary Mixtures of Cationic and Anionic 

Microgels, Langmuir 2011, 27, 12368-12374. }. Copyright {2011} American Chemical Society. 

 

3.3.5.  

 NM(+) N(-)

(Figure 2-1-8) 12

~1.0×10-6 M
27 NM(+)

(○)

(●)(Figure 2-1- 8 (a))

N(-) 10 mM

35 °C 40 °C (Figure 

2-1-8b ▲)

Figure 2-1-8c

1 mM

12 (▲)

Okubo

Suzuki pNIPAm
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27,49

27 

 

 
 

Figure 2-1-8. Phase diagrams of (a) NM(+) microgels, (b) N( ) microgels, and (c) the binary mixtures of 

NM(+) and N( ) microgels as a function of temperature and salt concentration. Open circle: colloidally 

stable, solid triangle: colloidally unstable (slow flocculation), solid circle: colloidally unstable (fast 

flocculation). Microgel concentrations were 0.1 wt.% in each case. Reprinted with permission from { Suzuki, 

D.; Horigome K. Binary Mixtures of Cationic and Anionic Microgels, Langmuir 2011, 27, 12368-12374. }. 

Copyright {2011} American Chemical Society. 
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3.3.6.  

 FE-

SEM 10 μL

pNIPAm
50-52 Figure 2-1-9a,b NM(+) N(-)

(Figure 2-1-8c)

NaCl

(Figure 2-8d)

NaCl

 

 

Figure 2-1-9. SEM images of (a) NM(+) microgels, (b) N( ) microgels, (c, d) the binary mixtures of NM(+) 

and N( ) microgels deposited on a polystyrene substrate dried at 25 ºC. Sample of (d) was prepared by 

drying the mixture with 1 mM NaCl, after which NaCl was washed with deionized water gently and 

repeatedly. Reprinted with permission from { Suzuki, D.; Horigome K. Binary Mixtures of Cationic and 

Anionic Microgels, Langmuir 2011, 27, 12368-12374. }. Copyright {2011} American Chemical Society. 
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3.3.7. Poly(N-isopropylacrylamide)
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1 (Figure 2-1-10 ) 2

(Figure 2-1-10 )
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Figure 2-1-10. Test of redispersion from flocculation composed of NM(+) and N(-) microgels. Microgels 

were flocculated at 50 °C (top) and at 25 °C (bottom). Reprinted with permission from { Suzuki, D.; 

Horigome K. Binary Mixtures of Cationic and Anionic Microgels, Langmuir 2011, 27, 12368-12374. }. 

Copyright {2011} American Chemical Society. 
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 NIPMAm, DHEA Sigma-Aldrich Co. LLC BIS, MAPTAC, AAc, V-50, KPS, 

NaCl, Wako Pure Chemical Industries, Ltd. 
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mm/Nontreated Dish, Asahi Glass Co., Ltd.) 1

 

 

4.2.2.  
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MAPTAC NIPMAm, BIS, 

MAPTAC, water

MAPTAC NaCl

V-50

N(+) Figure 2-2-1.  
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Figure 2-2-1. Chemical Structures of the Microgels in This Passage. Reprinted with permission from 

{ Suzuki, D.; Horigome K. Assembly of Oppositely Charged Microgels at the Air/Water Interface, 

J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American Chemical Society. 
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4.3.  

4.3.1. Poly(N-isopropylmethacrylamide)
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51 

NAD(-)

N(-)

25 °C  

 

Table 2-2-1. Chemical Composition, Hydrodynamic Diameter (Dh), and Electrophoretic Mobility (EPM) of 

the Microgels. Reprinted with permission from { Suzuki, D.; Horigome K. Assembly of Oppositely Charged 

Microgels at the Air/Water Interface, J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American 

Chemical Society. 
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4.3.2. Poly(N-isopropylmethacrylamide)  

 

Figure 2-2-2

25 °C 0.9 μm N(+), 1.0 μm N(-), 0.8 μm NAD(-)

 

 

 
Figure 2-2-2. Optical microscope images of microgel colloidal crystals assembled from (a) N(+), (b) N(-) 

and (c) NAD(-) microgels in deionized water at 25 °C. Microgel concentrations are 5.0 wt % in all cases. 

Insets were photographs of each microgel assembly in the rectangular capillary tubes. Reprinted with 

permission from { Suzuki, D.; Horigome K. Assembly of Oppositely Charged Microgels at the Air/Water 

Interface, J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American Chemical Society. 

 

4.3.3. Poly(N-isopropylmethacrylamide)
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51 
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(>10 mM) 0
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Figure 2-2-3. Electrophoretic mobility for N(+) (open diamond) and N(-) microgels (open square) measured 

at 25 ºC as a function of NaCl concentration. Reprinted with permission from { Suzuki, D.; Horigome K. 

Assembly of Oppositely Charged Microgels at the Air/Water Interface, J.Phys.Chem.B 2013, 117, 

9073−9082. }. Copyright {2013} American Chemical Society. 

 

4.3.4. Poly(N-isopropylmethacrylamide)
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Figure 2-2-4. Photographs of the binary mixtures of N(+) and N(-) microgels at 25 ºC as a function of NaCl 

concentration. (a) 0, (b) 1×10-5, (c) 1×10-4, (d) 3×10-4, (e) 5×10-4, (f) 3×10-3, (g) 5×10-3,(h) 1×10-2 ,(i) 1×10-

1, and (j) 1 M. Total microgel concentration was 0.05 wt % in each case. Reprinted with permission from 

{ Suzuki, D.; Horigome K. Assembly of Oppositely Charged Microgels at the Air/Water Interface, 

J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American Chemical Society. 
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Figure 2-2-5. Phase diagram of the binary mixtures of N(+) and N(-) microgels as a function of temperature 

and NaCl concentration: (open circle) colloidally stable state more than 12 h, (solid circle) flocculated within 

several minutes (fast flocculation), and (solid triangle) sedimentation within 12 h (slow flocculation). 

Microgel concentrations were 0.1 wt % in each case. We did not try to assemble microgels at high 

temperatures because of the fast flocculation as can be seen from this Figure, and focused on salt 

concentration dependence on microgel assembly at low temperature, 25 ºC . Reprinted with permission from 

{ Suzuki, D.; Horigome K. Assembly of Oppositely Charged Microgels at the Air/Water Interface, 

J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American Chemical Society. 
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: (i) , (ii) , (iii) , (iv)  (4

),  (v) Figure 2-2-8(A)

(0, 0.3, and 0.5mM)

(10 mM)

(Figure 2-2-8(A)(d)) pNIPMAm pNIPAm
60 

(N(+), N(-)) 10 mM NaCl pNIPAm

NaCl 10 mM

NaCl

(Figure 2-2-8(B)(a)-(c)) ImageJ (Ver. 1.45s)

Figure 2-2-9 

Figure 2-2-3

10 mM 0

 

 
 

Figure 2-2-6. Optical microscope images of the binary mixtures of N(+) and N(-) microgels at 25 ºC as a 

function of total microgel concentration. NaCl concentration was 0 mM. The air/water interfaces were 

observed in all cases. The images were taken after 50 min of the mixing. When total microgel concentration 

was high (>0.005 wt %), it was difficult to distinguish one dimensional structures of microgels. Therefore, 

total microgel concentration was fixed at 0.0025 wt % in this study. Reprinted with permission from { Suzuki, 

D.; Horigome K. Assembly of Oppositely Charged Microgels at the Air/Water Interface, J.Phys.Chem.B 

2013, 117, 9073−9082. }. Copyright {2013} American Chemical Society. 
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Figure 2-2-7. Optical microscope observation of the binary mixtures of N(+) and N(-) microgels at 25 ºC as 

a function of time. NaCl concentration was 0.3 mM in all cases. Total microgel concentration was 0.0025 

wt %. The droplet of the mixture was put on polystyrene substrate. (A) The air/water interface, (B) inside, 

and (C) the solid/water interface of the droplet were observed. Note that almost all microgels and microgel 

assemblies were observed near the air/water interface. Therefore, we observed the microgel assembly at the 

air/water interfaces in this study. Reprinted with permission from { Suzuki, D.; Horigome K. Assembly of 

Oppositely Charged Microgels at the Air/Water Interface, J.Phys.Chem.B 2013, 117, 9073−9082. }. 

Copyright {2013} American Chemical Society. 
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Figure 2-2-8. (A) Optical microscope images of the binary mixtures of N(+) and N(-) microgels at 25 ºC as 
a function of NaCl concentration; (a) 0, (b) 0.3, (c) 0.5, and (d) 10 mM. Total microgel concentration was 
0.0025 wt % in each case. The air/water interfaces were observed in all cases due to the adsorption of these 
microgels, see Figure 2-2-6. The images were taken after 50 min of the mixing. (B) Number distribution of 
microgels and microgel assemblies for the binary mixtures of N(+) and N(-) microgels shown in (A). (i) 
monomer, (ii) dimer, (iii) trimer, (iv) chain like assembly (more than 4 microgels), and (v) aggregates. 
Microgels or microgel assemblies observed per unit area (3640 μm2) were counted. Reprinted with 
permission from { Suzuki, D.; Horigome K. Assembly of Oppositely Charged Microgels at the Air/Water 
Interface, J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American Chemical Society. 
 

 
Figure 2-2-9. The distributions of the linear(L)- and branched(Bra.)-chain like structures as shown in Figure 
5 (B)(iv). We counted the chain-like structures per unit area (3640μm2), and measured with ImageJ (Ver. 
1.45s). The total numbers of the chain like structures were (a) 32, (b) 49, (c) 111, (d) 19 per the unit area. 
The average lengths of the chain-like structures were (a) L = 6.6μm, Bra. = 10.9μm, (b) L = 5.6μm, Bra. = 
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10.8μm, (c) L = 5.3μm, Bra. = 8.7μm, (d) L = 4.3μm, Bra. = 6.3μm. As a result, the average length at high 

NaCl concentration tended to be shorter than at low NaCl concentrations. Reprinted with permission from 
{ Suzuki, D.; Horigome K. Assembly of Oppositely Charged Microgels at the Air/Water Interface, 
J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American Chemical Society. 
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Figure 2-2-10. (A) Optical microscope observation of the binary mixtures of N(+) and N(-) microgels at 25 

ºC as a function of time; The images were taken (a) 13, (b) 27, and (c) 49 min after the mixing. No NaCl 

was added. Total microgel concentration was 0.0025 wt % in each case. The air/water interfaces were 

observed in all cases. Concentration ratio of N(+) and N(-) microgels was 1:1 (wt %/ wt%). (B) Number 

distribution of microgels and microgel assemblies for the binary mixtures of N(+) and N(-) microgels shown 

in (A). (i) monomer, (ii) dimer, (iii) trimer, (iv) chain like assembly (more than 4 microgels), and (v) 

aggregates. Microgels or microgel assemblies observed per unit area (3640 μm2) were counted. Reprinted 

with permission from { Suzuki, D.; Horigome K. Assembly of Oppositely Charged Microgels at the 

Air/Water Interface, J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American Chemical 

Society. 
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Table 2-2-2. the size of the aggregates shown in Figures 2-2-10(B)(v), 2-2-12(B)(v), 2-2-14(B)(v) at each 

time. Reprinted with permission from { Suzuki, D.; Horigome K. Assembly of Oppositely Charged 

Microgels at the Air/Water Interface, J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American 

Chemical Society. 

 

 

 

 
 

Figure 2-2-11. Mechanism of One Dimensional Assembly of Oppositely Charged Microgels. (a) Cationic 

and anionic microgels were adsorbed mainly at the air/water interface, respectively. (b) The microgels were 

assembled each other by electrostatic interaction. (c) The microgels assemblies grew into 1D string like 

structure. Reprinted with permission from { Suzuki, D.; Horigome K. Assembly of Oppositely Charged 

Microgels at the Air/Water Interface, J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American 

Chemical Society. 
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4.3.7.  

 (0.3 mM)

(Figure 2-2-12 (A))

Figure 2-2-10  Figure 2-2-11 (Figure 2-2-12 

(A)(c)) Figure 2-2-10

( Figure 2-2-10 (B)(c) Figure 2-2-12 (B)(c))

Figure 2-2-4 (d) Figure 2-2-12 

NaCl

(Figure 2-2-13) ((a) 11 min, (b) 32 min, 

(c) 68 min) (a)82, (b)281, (c)1117 68min

pNIPAm
60  

 

 
Figure 2-2-12. (A) Optical microscope observation of the binary mixtures of N(+) and N(-) microgels at 25 

ºC as a function of time; The images were taken (a) 3, (b) 25, and (c) 55 min after the mixing. NaCl 

concentration was 0.3 mM. Total microgel concentration was 0.0025 wt % in each case. The air/water 

interfaces were observed in all cases. Concentration ratio of N(+) and N(-) microgels was 1:1 (wt %/ wt%). 

(B) Number distribution of microgels and microgel assemblies for the binary mixtures of N(+) and N(-) 

microgels shown in (A). (i) monomer, (ii) dimer, (iii) trimer, (iv) chain like assembly (more than 4 microgels), 

and (v) aggregates. Microgels or microgel assemblies observed per unit area (3640 μm2) were counted. 

Reprinted with permission from { Suzuki, D.; Horigome K. Assembly of Oppositely Charged Microgels at 

the Air/Water Interface, J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American Chemical 

Society. 
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Figure 2-2-13. (A) Optical microscope observation of the binary mixtures of N(+) and N(-) microgels at 25 

ºC as a function of time; The images were taken (a) 11, (b) 32, and (c) 68 min after the mixing. NaCl 

concentration was 10 mM. Total microgel concentration was 0.0025 wt % in each case. The air/water 

interfaces were observed in all cases. Concentration ratio of N(+) and N(-) microgels was 1:1 (wt %/ wt%). 

(B) Number distribution of microgels and microgel assemblies for the binary mixtures of N(+) and N(-) 

microgels shown in (A). (i) monomer, (ii) dimer, (iii) trimer, (iv) chain like assembly (more than 4 microgels), 

and (v) aggregates. Microgels or microgel assemblies observed per unit area (3640  μm2) were counted. 

Reprinted with permission from { Suzuki, D.; Horigome K. Assembly of Oppositely Charged Microgels at 

the Air/Water Interface, J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American Chemical 

Society. 
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Figure 2-2-14. (A) Optical microscope observation of the binary mixtures of N(+) and N(-) microgels at 25 

ºC as a function of time; The images were taken (a) 19, (b) 26, and (c) 50 min after the mixing. No NaCl 

was added. Concentration ratio of N(+) and N(-) microgels was 1:9 (wt %/ wt%). Total microgel 

concentration was 0.0025 wt % in each case. The air/water interfaces were observed in all cases. (B) Number 

distribution of microgels and microgel assemblies for the binary mixtures of N(+) and N(-) microgels shown 

in (A). (i) monomer, (ii) dimer, (iii) trimer, (iv) chain like assembly (more than 4 microgels), and (v) 

aggregates. Microgels or microgel assemblies observed per unit area (3640 μm2) were counted. Reprinted 

with permission from { Suzuki, D.; Horigome K. Assembly of Oppositely Charged Microgels at the 

Air/Water Interface, J.Phys.Chem.B 2013, 117, 9073−9082. }. Copyright {2013} American Chemical 

Society. 
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N(r) r r 

(Df) 1.88 (Figure 2-2-16) 64 5 wt %

NAD(-)

(Figure 2-2-15 (b))

Figure 2-2-11

 

 

 
 

Figure 2-2-15. SEM observation of the binary mixtures of N(+) and NAD(-) microgels dried on polystyrene 

substrate at 25 ºC. NaCl concentration was 3 mM. (a) before and (b) after degradation of NAD(-) microgels 

by soaking in a 5 wt % NaIO4 solution. NaCl and NaIO4 were washed with deionized water gently and 

repeatedly. Scale bars are 1 μm. Reprinted with permission from { Suzuki, D.; Horigome K. Assembly of 

Oppositely Charged Microgels at the Air/Water Interface, J.Phys.Chem.B 2013, 117, 9073−9082. }. 

Copyright {2013} American Chemical Society. 
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Figure 2-2-16. The fractal dimension is obtained by box counting analysis. The analysis is commonly used 

technique to estimate the fractal dimension arbitrary for images. Each image was covered by a sequence grid 

of appropriate size (r). The numbers of squares which belong to the grid N(r) (box) were recorded. The 

square (box) size is 2×2, 3×3 square pixels, and so on. A lot of the number of occupied boxes is developed, 

and then the slope of the straight line fitted to the point gives the fractal dimension. As a result, the dimension 

was 1.88, implying diffusion-limited aggregation. Reprinted with permission from { Suzuki, D.; Horigome 

K. Assembly of Oppositely Charged Microgels at the Air/Water Interface, J.Phys.Chem.B 2013, 117, 

9073−9082. }. Copyright {2013} American Chemical Society. 
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Figure 2-2-17. SEM images of the mixture of cationic and anionic microgels. Total microgel and NaCl 

concentrations were fixed at 0.0025 wt.% and 10 mM, respectively.. 

 

4.3.10.  

 

Figure 2-2-18 (a) (b)

SEM

Figure 2-2-18, inset

AAc

Figure 2-2-19

Figure 2-2-20 30
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Figure 2-2-18. Optical microscopy and SEM (inset) images of the mixture of cationic and anionic microgels. 

The experimental condisions were shown in above the data. 

Figure 2-2-19. Characterization of cationic and anionic microgels. 

 

(a) (b) 
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Figure 2-2-20. Optical microscope images of the mixtures. The cationic and anionic microgels were mixed 

at 24.3 °C and 20%(RH). The microgel concentration was fixed at 0.0025 wt.%. 
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5.2.  

5.2.1.  
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(EYELA, SA-2100E1, TOKYO RIKAKIKAI CO., 

LTD. (Tokyo, Japan)) 

Pt/Pd (IWAKI, ASAHI GLASS CO. LTD.) imidazole 

1,1,1-trifluoro-N-[(trifluoromethyl) sulfonyl] methanesulfonamide ([Im][NTf2]) diethylmethylamine 

trifluorosulfonate ([dema][TfO]), 27 
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5.2.6. SEM/FE-SEM  
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5.2.7. SEM/FE-SEM  

  [Im][NTf2] [dema][TfO] SEM FE-SEM 

Pt/Pd
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5.2.8.  

 ImageJ

 

 

5.3.  

5.3.1. Poly(2-vinylprydine)  

pH p2VP 26 

pH p2VP pKa 

~4.1 [26] pH 3.3 pH 6.4 1 

mM pH 3.3 1347 nm (Dh-pH3) pH 6.4 234 nm (Dh-

pH6) p2VP 0.152 0.024
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p2VP Pt/Pd FE-SEM  (Figure 3-

1(a)) SEM

FE-SEM (Figure 3-2) FE-

SEM Figure 3-1(a) p2VP

p2VP

(Ddry) 245 ± 13 nm (N = 30) (CV) 5.3 %

p2VP  

 

 
Figure 3-1. FE-SEM images of (a) dried microgels and (b) IL-swollen microgels. In both case, 10 µL of a 

0.001 wt.% microgels was dried at 24.5 °C on a Pt/Pd substrate, and the sample stage was tilted at 40 °. (b) 

The microgels were swollen using 0.5 μL of [Im][NTf2]. 

 

 

Figure 3-2. SEM image of dried p2VP microgels. (a) A 0.001 wt.% microgel dispersion was deposited on 

a Pt/Pd substrate and dried at 24 °C. (b) A mixture of the microgel dispersion and [Im][NTf2] was dried at 

~25 °C and observed via SEM without Pt/Pd sputtering. The microgels were located near the pools of 

[Im][NTf2]. In both cases, the sample stage was tilted at 75°. The insets show the magnification of a microgel. 
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5.3.2. Poly(2-vinylprydine)  
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[Im][NTf2] (~0.5 µL) FE-
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Figure 3-3. Schematic of the sample preparation for scanning electron microscopy (SEM) or field emission 

SEM (FE-SEM) observations of IL-swollen microgels. 

 

 

 
Figure 3-4. SEM images of the dried state of a mixture of a p2VP microgel dispersion and ionic liquid. 0.5 

μL ionic liquid was added to 1 mL dispersion and the mixture (10 μL) was dried on a Pt/Pd substrate. (b) 

and (c) were magnification of the local area as shown in (a). (b) Pools of ionic liquid. A white arrow indicates 

one example indicating a pool of ionic liquid. (c) IL-swollen microgels located at near the area of pools 

 

 

 

Figure 3-5. SEM image of the dried structure of a p2VP microgel dispersion. The sample was observed via 

SEM without sputtering (i.e., the microgel was not coated with a Pt/Pd layer). A white arrow indicates one 

example indicating artifacts due to the accumulation of electrons on the microgel. 
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5.3.3. Poly(2-vinylprydine)  

 p2VP FE-SEM

(Figure 3-1(b)) p2VP

(DIL) 523 ± 39 nm(N = 30) CV 7.4 %

DIL p2VP 2 (Ddry: 245 nm)

p2VP 0.4

(Dh-pH3: 1347 nm) p2VP

[Im][NTf2] (Dh-pH3)

p2VP

Dh

pH 3.1 DLS (1 M NaCl) 

(Dh-pH3-1MNaCl) Dh 677 nm

DIL p2VP

Table 3-1

NaCl [Im][NTf2]  

 

Table 3-1. Measurements of the diameter of the p2VP microgels under various conditions. 

 

 

 

 

 

 

 

 

 

 

 

 p2VP

[Im][NTf2] p2VP p2VP p2VP

(Figure 3-6) p2VP

8 p2VP

(Figure 3-6(a) vs. Figure 3-6(d)) p2VP

[Im][NTf2]

Table 3-2

Code Dh [nm] pH NaCl concentration [mM] 

Dh-pH3 1347 3.3 1 

Dh-pH6 234 6.4 1 

Dh-pH3-1MNaCl 677 3.1 1000 

Ddry 245 - - 

DIL 523 - - 



 Page 102 

 

p2VP 0.1%

p2VP

 

 

Figure 3-6. (a) A photograph of p2VP bulk gel. [Im][NTf2] was dropped onto the p2VP bulk gel, and the 

bulk gel was observed at (b) 3 h, (c) 5 days and (d) 8 days. 

 

Table 3-2. Measurements of the weight before or after drying of p2VP microgel dispersion and the mixture. 

The water content (Z) was calculated by the following equation: Z = Y/X×100 using the measurements.  

  

5.3.4. N-isopropylacrylamie  

 pNIPAm

[dema][TfO]
[31] [Im][NTf2] pNIPAm 

(Figure 3-7; pNIPAm

) 32 

pNIPAm

pNIPAm

pNIPAm ( ) [dema][TfO]

Suzuki 14,15 

FE-SEM (Figure 3-8(a))

FE-SEM Figure 3-8(a) (bright dots)
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372 ± 25 nm (N = 

30) CV 6.7 % (9 µL) [dema][TfO](1 µL)

FE-SEM

(Figure 3-8(b)) 555 ± 43 nm (N = 30) CV 7.7 %

29 nm (N = 30) TEM

(26 nm, N = 30) (Figure 3-9) SEM

pNIPAm

0.27 % (Table 3-3) pNIPAm [dema][TfO]

(AFM) (Figure 3-10, 

11) AFM FE-SEM

AFM

AFM pNIPAm

(φ)  

 ,   (eq 1) 

VIL-swollen Figure 3-8(b) V0 Figure 3-8(a).

VIL-swollen V0 AFM (Figure 3-10)

eq1 [dema][TfO]  φ 

3.82 Figure 3-3

pNIPAm  
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Figure 3-7. SEM images of pNIPAm-based microgels obtained using 0.5 μL [Im][NTf2]. A mixture of the 

microgel dispersion and [Im][NTf2] (10 µL) was dried at room temperature and then observed via SEM 

without Pt/Pd sputtering. The sample stage was tilted at 75°. The average size was calculated to be 347 nm. 

The size of the hybrid microgels was thus approximately equal to that of the dried state of the microgel when 

[Im][NTf2] was used for this observation (372 nm: Figure 3-8(a) in the main text). Therefore, to observe 

swollen microgels via this method (as shown in Figure 3-3 in the main text), selection of the appropriate 

ionic liquid (IL) is required in order to obtain good affinity between the IL and the cross-linked polymer 

network in the microgels. For the pNIPAm hybrid microgels containing Au nanoparticles, the water-soluble 

IL [dema][TfO] was found to be effective. 

 

 

 

Figure 3-8. FE-SEM images of hybrid microgels containing Au nanoparticles. (a) Pt/Pd sputtering was 

performed prior to the observation. (b) The microgels were swollen using 0.5 μL of [dema][TfO]. In both 

cases, 10 µL of a 0.001 wt.% microgel dispersion was dried at 24 °C on a Pt/Pd substrate and the sample 

stage was tilted at 40°. 
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Figure 3-9. Transmission electron microscopy image of the dried structure of hybrid microgels. The 

microgel dispersion (1.5 µL) was dried on a carbon-coated copper grid. The average size of the Au 

nanoparticles, determined using ImageJ software, was 26 ± 6.8 nm (N = 30), and was in good agreement 

with the size determined from the FE-SEM observation (Figure 3-8(b) in the main text). 

 

 

 

Table 3-3. Measurements of the weight before or after drying of the poly(NIPAm-co-GMA)microgel 

dispersion and the mixture. The water content (Z) was calculated by the following equation: Z = Y/X×100 

using the measurements.  

 



 Page 106 

 

 

 

Figure 3-10. AFM images (scan size: 10×10 μm2) of (a) dried pNIPAm based microgels and (b) the IL-

swollen microgels. The measurements data are summarized at the Table. The areas that are indicated by 

white dotted squares show magnification points, and the magnification images are shown in Figure 3-11. 

The pNIPAm microgel dispersion was dried at room temperature, and then the samples was dried under 

reduced pressure. The dried structure was recorded by cantilever (Figure 3-10(a)). The diameter (DAFM-dry) 

and height (hdry) of the dried pNIPAm microgels were measured to be 315 nm and 201 nm (N=4), respectively. 

DAFM-dry is good agreement with FE-SEM measurements (DFE-SEM_dry 372 ± 25 nm). In addition, to estimate 

the swelling of the microgels, we tried to record the topography of IL-swollen microgels. First, the IL was 

dissolved in water, and then the microgel dispersion was added to the mixture. Next, the mixture was dried 

on the polystyrene substrate, and then the dried structure was recorded via AFM (Figure 3-10(b)). As a 

result, the diameter (DAFM-IL) and the height (hIL) of IL-swollen pNIPAm microgels were measured to be 547 

nm and 255 nm (N=4), respectively. DAFM-IL is good agreement with FE-SEM measurements (DFE-SEM_IL 555 

± 43 nm). As a result, the swelling ratio, φ, of the IL-swollen pNIPAm microgel was calculated to be 3.82. 
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Figure 3-11. (a) Cross section data of dried and IL-swollen microgels. Magnifications of AFM images of 

(b) IL-swollen (c) dried microgel. White doted square in Figure 3-10 indicate the magnification area. 

 

5.3.5.  
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Figure 3-12. Field emission scanning electron microscopy (FE-SEM) image and averaged grayscale value 

data for three dried hybrid pNIPAm microgels. The grayscale values were fixed between 0 and 255 using 

ImageJ software. (a), (b), and (c) show the grayscale values along the white solid lines (a), (b), and (c), 

respectively, indicated in the FE-SEM image. The width of the located Au nanoparticles (between α and β)  

was estimated to be (a) 192 nm, (b) 151 nm, and (c) 165 nm. The average width was 169 nm.  

 

Figure 3-13. Field emission scanning electron microscopy (FE-SEM) image and averaged grayscale value 

data for three ionic liquid (IL)-swollen hybrid pNIPAm microgels. The grayscale values were fixed between 

0 and 255 using ImageJ software. The black solid lines as shown in each grayscale value graph ((a), (b), and 

(c)) indicate the average brightness, which was estimated along the substrate using ImageJ software. The 
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graphs (a), (b), and (c) show the grayscale values along the white solid lines (a), (b), and (c), respectively, 

indicated in the FE-SEM image. The distance at which the Au nanoparticles were located (between α and β) 

was estimated to be (a) 265 nm, (b) 267 nm, and (c) 232 nm by calculating the lateral axis. The average 

distance was 254 nm. 

 

5.4.  
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