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"Salon de la chimie"  
 

⁸   
 

 ñSalonò≤™℮ │ ⌐ ™╠╣╢⅜⁸ⱨꜝfi☻ ╩ ≤⇔√ ₁⌂ ╩ ≈ ≢№╢⁹ ⌐

╟╣┌⁸ ─ ╡─ ⅜ ↕╣≡™╢ ⁹ 

 ─ ⁹ ⁹╕√⁸ⱱ♥ꜟה ⌂≥─ ⁹ 

Ɽ⁸♇꜡כꜜ  ⌐ⱨꜝfi☻≢⁸ ─ ≢ ™√ ⌂ ╕╡⁹ ↄ─ ⁸ ╩ ⇔√⁹ 

 ─ ⁹ 

 ╛ ⌂≥─ ╩ ≤∆╢ ה ⌐≈↑╢ ⁹ 

 ₈ ₉│⁸ ≢№╢ ⱪ₈כꜟ◓ -

─ ₉╩ ╘╢≤⁸ ⌐ ⅛╠ ⅜ ⇔≡™╢⁹↓─ │⁸ ─ ⌂≥ ⅜╕∫√ↄ ╕⌂

™╦↑≢│⌂™⅜⁸ ≤⇔≡⁸∕─╟℮⌂ ╩ ⅎ√ ⌂ ≢№╢⁹ ⌂ ⌐ ╩ ™√

⅜ ⇔⁸↕╠⌐ ⇔≡™╢↓≤│ ╠⇔™↓≤≢№╡⁸ ↄ─ ─ ⌐ ╩ ™√™⁹ ─

│⁸ ⌂╙─⅜ ╠╣⁸ ┼≤ ⅝ↄ◦ⱨ♩⇔≡™╢⁹ ⌐⅔™≡│⁸╙│╛⁸

⅜⌂↑╣┌ ╙╕╕⌂╠⌂™ ≤⌂∫≡™╢⁹∕─╟℮⌂ ⌐⅔™≡│⁸ ─√╘⌐⁸

⌐ ─ ─ ╩ ™ ╘╢╟℮⌐⌂╡⁸ ⌐│⁸ ╣⌐ ↕∆ ⌐ ⅝⅜∟≢№╢⁹ ⌐ ≢ ≢ ─ ⌐

ↄ™ ≢│⁸ ╩ ∆╢↓≤⅜≢⅝∏⁸ ⌐ ⌐⌂╡⅜∟≢№╢⁹ │⁸ ╙ ╙ ─ ─

⌐ ™ ≡╠╣≡™╢⁹ ≢№╢ ⁸ ⌐⅔™≡╙⁸ ⌂ ╩ ℮─│⌂⅛⌂⅛ ⌂ ≢№

╢⁹ ─ ╩ ⇔≡ ╩ ╘╢─≢№╢⅛╠⁸∕─ ⅜ ╘╠╣╢─│ ≢│№╢⅜⁸ ⌐ ⌐ ⅎ╢ ⁸

√ ⌐ ₁⇔™ ┌⅛╡⅜ ↕╣╢─│ ≢№╤℮⁹ ─ ╩ ⅎ√ ⁸ ⌐ │ ⅎ╠╣⌠ ─

≢│№╢⅛╙ ╣⌂™⅜⁸∕─╟℮⌂ ≢№╢⅛╠↓∕⁸ ⌐ ⌂⁸╕√│⁸ ─ ⌐ ∫√ ─

╙ ╠╣╢═⅝≢№╢⁹ ≤⇔≡│⁸ ─ ⁸ ה ─ ⌂≥⅜Ᵽꜝfi☻╟ↄ ╦╣╢═⅝≢№

╢⁹⇔⅛⇔⁸ ─ ⁸ ⅜ ≢⁸ ⌐ ⌂ ╩ ∟⁸ ╩ ⇔≡™ↄ↓≤│⌂⅛⌂⅛⌐ ╩

≤∆╢≢№╤℮⁹∕╣╝ⅎ⌐⁸₈ ₉│ ⌂ ≤⌂╡℮╢⁹ ⌐⁸ ⅝⌐⁸

⌐ ⌐ ⅝≈↑ ℮ ₁─ ─ ñSalonò≤⇔≡ ⇔≡⅝≡™╢≤ ∂╠╣╢⁹ñSalonò─ │⁸ ╙№╤℮

⅜⁸╕↕⌐ ≤⇔≡─ ⌂ ╖╩ ⇔√╙─≢№╢⁹∕↓⅛╠⁸ ⌐≤∫≡ ⌂⁸ ↄ─ ⁸ ⅜ ↕

╣≡ √⁹ │Ɽfi─╖⌐≡ ⅝╢⌐№╠∏⁸≢№╢⁹ │⁸ ⌐⁸♫ⱡ◦⁸♩כ ⌂≥─

─ ↕⁸ ⇔↕⌐ ⇔√ √∟⅜ ╕∫≡™╢ ≢№╡⁸╕↕⌐"Salon de la chimie ─◘꜡fi "≤⌂╡℮╢

≢№╢⁹ ⅜⁸ ⇔√ ╩ ∫√ ₁⁸⇔⅛╙ ™Ᵽ♇◒◓ꜝ►fi♪╩ ∫√ ₁⅜ ╕╢ ≤⇔≡ ⇔

⁸ ⌐│⁸ↄ≈╤→╢ ≤⇔≡ ⁸↕╠⌐ ↄ─ ₁⅜ ⌐ ╡≢⅝╢ ≤⇔≡ ∆

╢↓≤╩ ∫≡╛╕⌂™⁹↓─╟℮⌂ ⅛╠⁸└™≡│ ↄ─ ⇔√ ⅜ ↕╣⁸ ─ ⅜ ↑╢╟℮⌂

≤⌂╢↓≤╩ ∂≡™╢⁹ │⁸ ╩ ╘╢≤ ╩ √≤│™ⅎ⁸╕∞╕∞ñSalonò≤⇔≡ ⌂

⅜ ™≢№╤℮⁹ ─ ─כ♫Ⱶ☿כⱴ◘ה ⁸ ≢─ ⁸ (Pacifichem

⌂≥)≢─☿♇◦ꜛfi ─כ♃꜠☻כꜙ♬⁸ ⌂≥⁸ ⌐ ⅎ╢ ⅜ ∫≡⅝≡™╢⁹↕╠⌐⁸ ╩│∂╘≤∆╢

─ ⌂↔ ≤ ⌂™↔ ⌐╟╡⁸ ⅜ ₁ ⇔≡™ↄ↓≤╩ ∫≡™╢⁹ 

   

 

 √⅛⅞ ⇔╪∆↑  

ה  

⁸ ⁸ Tulane

⁸↕⅝⅜↑ ⌂≥╩ ≡⁸ 18 ⁸

⁸ 19 ╟╡ ⁸ ⌐ ╢⁹ ⁸Langmuir 

Advisory Editorial Board ⌂≥⁹ ▪☺▪ ⁸ ⁸
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─ ⱴכ♥/ / ─ ⁸♫ⱡ◦כ♩╩ ≤⇔√
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⌐ ↑√ⱷ♁ ─  
 

◐ꜘⱡfi ⱨ꜡fi♥▫▪ ☿fi♃⁸כ  
 

│∂╘⌐ 

 ─♫ⱡ☻◔כꜟ≢─ │⁸Ᵽꜟ◒ ≤│ ⌂◒כ♬ꜚ╢⌂ ╩ ∆╢ ─ ╩ ⌐∆

╢⁹♫ⱡ☻◔כꜟ≢─ ─ │⁸ ─ ⌂ ⁸ ⁸ ⅛╠─ ╩ ⌐∆╢⁸

─√╘─ ⌂ ≢№╢⁹╕√⁸ ─ ≢╙⁸♫ⱡ☻◔כꜟ≢ ↕╣√ ∕─╙─⅜⁸∕─ ↕╣

√Ɽꜝⱷכ♃⌐ ∆╢ ⌂ ╩ ∆╢↓≤╙ ™⁹ ─ ╩ ⅎ╢ ≢⁸ ─♫ⱡ☻◔כ

ꜟ⌐⅔↑╢ │ ⌂ ≢№╡⁸ ─ │ ⁸ ─ ⅜ ╘≡ ™≤ ⅎ╠╣╢⁹ 

 ≤ ─ ⌐╟∫≡ ↕╣╢⁸

⌐ ⇔√ ™ ╩ ∫√♫ⱡ ╩ ⇔ ╢ ≢№╢ⱷ

♁ ⱷ♁ⱳכꜝ☻ │⁸∕─♫ⱡ ╩ ⇔√ ─ ⌐╟

∫≡⁸ ⌂ ╩ ≢⅝╢ ≢№╢⁹ⱷ♁ │⁸╕√⁸ ₁─

⅜ ≢⁸ ⇔√ ╩ ↕∑╢─⌐ ╕⇔™ ≢№╢

⅜ ≢№╢⁹↓─ⱷ♁ │⁸ ₁─ ⌐╟∫≡⁸ ⌐⅔

↑╢ ╩ ∆╢↓≤⅜≢⅝⁸∕╣│⁸ ─≢ꜟכ◔☻⌂

─ ╩ ⌐∆╢⁹ ꜠ⱦꜙ⁸│≢כⱷ♁ ─ כ◔☻

ꜟ≢─ ⌐≈™≡ ═⁸ ⌐╟∫≡ ↕╣╢™ↄ≈⅛─

⌐ ∆╢ ╩ ℮⁹ 

 

ⱷ♁  

ⱷ♁ 1)-4) 

 ™ ╩ ∆╢ⱷ♁ ─ⱨ꜠כⱶ꞉כ◒╩ ∆╢ ╙

⌂ │◦ꜞ◌≢№╢⁹◦ꜞ◌ⱷ♁ │⁸ ╩ ╗◦ꜞ◌

╩ ⌐ ⇔ ↕∑╢♂ꜟ ◕ꜟ ⌐ ≠ↄ 5)-9)⁸ ≤◦ꜞ◌

╩ ╗ ≢─ ⌐╟╢ 10),11)⁸ ╩ ╪∞ ─ ⌐

⅛╠◦ꜞ◌ ╩ ∆╢ 12)-14) ⌐╟╡ ∆╢↓≤⅜≢⅝╢⁹◦ꜞ◌

≤⇔≡│⁸♥♩ꜝ◄♩◐◦◦ꜝfi TEOS ─╟℮⌂▪ꜟ◖◐◦♪⅜ ⌐ ™

╠╣╢⁹♂ꜟ ◕ꜟ ⌐ ≠ↄ │⁸ ≤⇔≡⁸ ⅜ⱳꜞ◄♅꜠fi

○◐◦♪≢№╢ ▬○fi ╩ ™⁸ ▪ꜟ◖◐◦♪╛Ɫ꜡◕fi

╩ ⌐ ™╢↓≤≢⁸◦ꜞ◌ ─ ≢╙ⱷ♁ ╩ ≢⅝╢

⌐ ╣√ ≢№╡3), 4), 15)-17)⁸ ╙⁸♦▫♇ⱪ◖⁸♩כ☻Ⱨfi◖⁸♩כ

Ⱶ☻♩◖כ♩ ™⁹ⱷ♁ ─ ⌐│⁸ Ⱶ☿ꜟ⅜ ∆╢ꜞ○♩

꜡Ⱨ♇◒ ⅜ ↄ ╦∫≡⅔╡⁸↓─ ≤ ─ ⌐╟∫≡⁸

⌐ ∆╢ⱷ♁ ─ ⅜ ↕╣╢⁹ ⅎ┌⁸◦ꜞfi♄כ Ⱶ☿

ꜟ⅛╠ ↕╣╢⁸ Ⱬ◐◘◗♫ꜟ ─ⱷ♁ ─ ⁸ ≥─ ⌐⅔™≡⁸Ⱶ☿ꜟ│ ⌐ ⇔≡

⌐ ↕╣⁸Ⱬ◐◘◗♫ꜟ ─ 01 ⅜ ⌐ ⌐⌂╢╟℮⌐ ∆╢⁹ Ⱬ◐◘◗♫ꜟ ╩ ∆╢◦ꜞ◌

ⱷ♁ ─ ─ SEM ╩ ⌐ ∆⁹ ↕╣√ⱷ♁ ⅛╠⁸ ─ ⌐╟∫≡

╩ ∆╢↓≤⌐╟∫≡⁸ ─ ╩ ∆╢ⱷ♁ⱳכꜝ☻ ⅜ ╠╣╢⁹ⱷ♁ ─ │

─ ⌐ ⅝ↄ ⇔⁸◦ꜞ◌≢│ ⌐╟╢ ⅜ ↕™⅜⁸ ♅♃fi⁸ ▪ꜟⱵ♬►ⱶ ─

≢│⁸ ⌐╟╡⁸ⱷ♁ ⅜ ⇔≡⇔╕℮╙─⅜№╢⁹↓─ ™│⁸ ⌐ ╩ ∆╢ⱦꜟ♦▫

fi◓ꜚ♬♇♩≤⁸∕─ ⌐╟╢⁹SiO4 ⅜ ╩ ⇔≡ ⇔√ ─◦ꜞ◌│ⱨ꜠◐◦ⱦꜞ♥▫⅜ ™√╘⁸

↕⌂ ≢╙ ─ ⅎ ⇔⌐ ╩ ∆╢⌐ ╢ ─Ⱡ♇♩꞉כ◒╩ ≢⅝╢≤ ⅎ╠╣╢⁹

≢⁸ ⅜ ╩ ∆╢ ─ │⁸ⱨ꜠◐◦ⱦꜞ♥▫⅜ ↕ↄ⁸ ⌂Ⱡ♇♩꞉כ◒╩◖fiⱤ◒♩⌐

∆╢↓≤⅜ ⇔ↄ⁸ ⅜ ↕™ ⌐│ ╩ ∆╢─⌐ ⌂ ╩ ╠╣⌂™≤ ⅎ╠╣╢⁹ 

 

100 nm

surface

substrate

film

<01>

1. ⱷ♁ ─ ⱷ◌♬☼ⱶ 

+

2. ⱷ♁ ─ SEM  
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ⱷ♁ ─  

 ─╟℮⌐⁸ ⌐⅔™≡ ─ⱷ♁ ─

─ │ ⌐ ↕╣╢↓≤⅜ ™⁹⇔⅛⇔⁸ ─ ⌐⅔

↑╢ │⁸ ⌐●ꜝ☻⌂≥─ ⌂ ≢│ ↕╣⌂™⁹↓

─ ⁸◦ꜞfi♄כ Ⱶ☿ꜟ─ ⌐│ ⌐⅔™≡◦ꜞfi♄כ⅜

⅜╡ↄ⌡∫√ ╩≤∫√╡⁸ Ⱶ☿ꜟ─ ⌐│ ⌐⅔↑╢

─ ⌂╢ ─♪ⱷ▬fi⅜ ↕╣√╡∆╢↓≤⌐⌂╢⁹ⱷ♁

│⁸∕─⁸ ─ ⅜ ≢№╡⁸∕─ ╛ ╩ ⅛

⇔√ ─ ⅜ ↕╣╢─∞⅜⁸ ─╟℮⌐⁸ ≢─

⅜ ↕╣≡⅔╠∏ ⌂ ≢ ⅜ ∆╢ ⌐│⁸

⌐ ╢≤⁸∕─ │ ⌂ ≤ ∂↓≤⌐⌂╢⁹ ⌐ ⅎ

╢≤⁸↓─ │⁸ ⌐ ∆╢ ╩ ≈⅜ ≢│ꜝfi♄ⱶ⌂ ╩ ™√ ⌂ ⅛╠ ↕╣╢

≤™℮↓≤⅜≢⅝╢⁹↓─ ─ ⌐│⁸ ♁⁸ⱷ≢ꜟכ◔☻⌂ ─ ⌐ ∆╢╟℮⌂ ╩

↕∑╢↓≤│≢⅝∏⁸∕─√╘⌐│⁸ ⌐ ∆╟℮⌐⁸ ≢─ ╩ ⌐ ⇔⁸ ⌂ ╩ ∆╢

ⱷ♁ ╩ ∆╢ ⅜№╢⁹ 

 ⱷ♁ ─ ≢─ │ ⇔≡2≈─ ≢ ↕╣╢⁹ │⁸ ─ 18),19)╛ 20),21)⁸◦▼

▪☻♩꜠☻22)-24)─╟℮⌂ ╩ ™╢ ≢⁸╙℮ │⁸ ⌐ ╩ ∆╢ ╩ ™╢ ≢№╢⁹™∏╣╙⁸

─ ≤ ∆╢ ≢№╢⁹ │⁸ ╩ ↕∑╢√╘─ ⅜ ⌐⌂╡⁸╕√⁸ ⌐ ↕╣╢

│ ∏⇔╙ ™╙─≢│⌂™⅜⁸ │⁸ ⌂ ╩ ≤∑∏⁸ ⌐ ™ ╩ ≢⅝╢≤™℮

╩ ∆╢⁹↓↓≢│⁸ ─⁸ ╩ ™√ ⌐ ⇔≡ ⌐ ═╢⁹ 

 ╩ ∆╢ ≤ ⌐ ∫≡╙⁸∕─ ⌐│ ♁⁸ⱷ⅜╢№⅜─╙─ꜟכ◔☻⌂₁ │⁸ ₁⌂

─ꜟכ◔☻ ╩ ∆╢ ╩ ™≡ ╩ ℮↓≤⅜ ≢№╢⁹ ─ꜟכ◔☻⁸ ⌂╢ ╩ ∆╢ ╩

™√ⱷ♁ ─ ⌐≈™≡ ⌐ ═╢⁹ 

꜠ⱬꜟ≢─ ╩ ∆╢ ╩ ™√ 10),11),25)-27) 

 │⁸ ꜠ⱬꜟ≢─ ╩ ∆╢ ≤╖⌂∆↓≤⅜≢⅝╢⁹ⱴ▬◌10)╛◓ꜝⱨ□▬♩11), 25)─╟℮⌂

─ ⌐◦ꜞ◌ⱷ♁ ╩ ∆╢≤⁸ ─ ╩ ⇔≡⁸ⱷ♁ ⌐╙

⅜ ╣╢⁹ⱴ▬◌╛◓ꜝⱨ□▬♩│ ╩ ∆╢√╘⁸ ─ ⅜ ╣╢─⅜ ≢№╢⅜⁸♂ꜟ ◕ꜟ

⌐╟∫≡ⱴ▬◌ ⌐ ⇔√◦ꜞ◌ⱷ♁ ⌐⅔™≡│⁸ ™↓≤⌐ ⌐ ™ ─ ⅜ ↕╣≡

™╢26)⁹ ╩ ⇔ ╢ │⁸ ─ ⌐ ↕╣╢╙─≢│⌂™⁹ ╠│⁸ ─ ⌂╢

◦ꜞ◖fi ⌐ ≢◦ꜞ◌ⱷ♁ ╩ ⇔⁸ ─ ─ ™ 110 ≢ ⌐ⱷ♁♅ꜗ

Ⱡꜟ⅜ ↕╣╢↓≤╩ ⇔≡™╢27)⁹ ≢─ ◦ꜞ◌ⱷ♁ │⁸☿♅ꜟ♩ꜞⱷ♅ꜟ

▪fi⸗♬►ⱶⱢꜝ▬♪ C16TMA ─╟℮⌂◌♅○fi ⁸ⱳꜞ○◐◦◄♅꜠fi10☿♅ꜟ◄כ♥ꜟ Brij56 ─╟℮

⌂ ▬○fi ≢ ↕╣≡™╢⁹ 

꜠ⱬꜟ≢─ ╩ ∆╢ ╩ ™√ 28)-38) 

 ─╟℮⌐⁸ ╩ ™≡⁸ⱷ♁ ⌐⅔↑╢ ─ ╩ ∆╢↓≤⅜≢⅝╢⁹⇔⅛⇔⁸

ⱷ♁ ╩ ⌐ ∆╢ ⌐│⁸ │⁸●ꜝ☻─╟℮⌂ ⌐⁸ ╩ ⌐

⇔≡ ∆╢↓≤⅜ ╕╣╢⁹ⱷ♁ │⁸∕─ ⌐⅔™≡ ⌂ ╩ ∆√╘⁸ ─ ⌐

™╠╣╢⁸ ╩ ™√ ⌐╟∫≡ ⅜ ≢№╢⁹↓╣│⁸ ⌐ ╩ ∆╢ ╩◓fi▫♥כ◖

∆╙─≢⁸™ↄ≈⅛─ ⅜ ≢№╢⁹ 

╩ ∆╢ ╩ ≤⇔≡ ™√ⱷ♁ ─  

 ꜝⱦfi◓ │⁸ ♦▫☻ⱪ꜠▬─ ⌐ ↄ⅛╠ ™╠╣≡⅝√ ≢⁸ⱳꜞ▬Ⱶ♪─╟℮⌂ ╩⁸ ╩ ™

כꜝכ꜡√ ╩ ™≡ ⌐ ╢≤™℮ ≢№╢⁹ꜝ ⱦfi◓⌐╟╢ ─ⱷ◌♬☼ⱶ│ ∞ ⌐│ ↕╣≡™

⌂™⅜⁸ ─ ≤─ ⌐╟╢ꜝⱦfi◓ ⌐ ∫√ ⌂ ─ ≤⁸ ⌐╟╢ ─ ─⁸

≈─ ⅜№╢≤ ⅎ╠╣≡™╢⁹ ╠│⁸ꜝⱦfi◓╩ ⇔√ⱳꜞ▬Ⱶ♪ ╩ ⇔√ ≢⁸ ⅜▪ꜟ

◐ꜟ ≢№╢⁸C16TMA╛Brij56 ─ ╩ ™≡◦ꜞ◌ⱷ♁ ╩ ∆╢≤⁸ ≢─ ⅜ ↕╣

╢↓≤╩ ⇔√28)-31)⁹ ⁸⅔╟┘ │⁸ ∆╢ⱳꜞ▬Ⱶ♪─ ⌐ ⅝ↄ ⇔⁸Ⱬ◐◘ⱷ♅꜠fi ╩

⌐ ╗ⱨ꜠◐◦Ⱪꜟ⌂ⱳꜞ▬Ⱶ♪╩ ™╢↓≤≢⁸ ⅎ┌⁸ ⌐⅔™≡ꜝⱦfi◓ ≤ ⌂ ⌐ ⌐◦ꜞ

fi♄כ Ⱶ☿ꜟ⅜ ↕╣√ⱷ♁ ╩ ∆╢↓≤⅜ ≢№╢29),30)⁹ꜝⱦfi◓⌐╟∫≡⁸ ─ⱳꜞ▬Ⱶ

3. ⱷ♁ ─ :( )◦ꜞfi♄כ

Ⱶ☿ꜟ ( ) Ⱶ☿ꜟ 
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♪ ⅜ ⌐ ⇔⁸↓─ ⌐ ⇔≡

⌐ ⅜ ∆╢ ⁸ 4⌐ ∆╟℮⌐ꜝⱦfi

◓ ⌐ ⌐ ⇔√ Ⱶ☿ꜟ⅜ ↕╣⁸

─ ⌂ ⌐╟∫≡ ─Ⱶ☿ꜟ─

⅜⁸↓─ Ⱶ☿ꜟ─ ⌐ ℮↓≤⌐╟∫≡ ─

⅜ ↕╣╢╙─≤ ╠│ ⇔≡™╢⁹↓─ ≢

⇔√ⱷ♁ │⁸ ⇔≡ ╩ ∆╢

↓≤≢ⱳכꜝ☻ ∆╢↓≤⅜≢⅝╢⅜⁸↓─ ⁸ ⌐

⇔√ⱳꜞ▬Ⱶ♪ ╙ ⌐ ↕╣╢√╘⁸

⌐ ⱷ♁ⱳכꜝ☻ ╩ ∆╢↓≤⅜≢⅝╢⁹ 

 ↓─ꜝⱦfi◓ ╩ ⇔√ⱳꜞ▬Ⱶ♪ ─ │

ↄ⁸ 29),30)⁸♦▫♇ⱪ◖כ♩ 31)⁸☻Ⱨfi◖כ♩

⁸ ₁─ ≢ ⱷ♁ ╩ ∆╢↓≤⅜≢

⅝╢⁹◦ꜞfi♄כ Ⱶ☿ꜟ─ │ ↄ⁸♂ꜟ ◕

ꜟ ≢ ⇔√ ⌐⅔™≡│⁸ X ─꜡♇◐

fi◓◌כⱩ ≢ ╙∫√ ╩5° ⌐

⇔ ╢31)⁹ꜝⱦfi◓ ╩ ⇔√ⱳꜞ▬Ⱶ♪╩◖כ♩

⇔√ ⌐ ↕╣√ Ⱬ◐◘◗♫ꜟ ─

◦ꜞ◌ⱷ♁ ─ TEM ⁸

┘ X ꜡♇◐fi◓◌כⱩ─ⱪ꜡ⱨ□▬ꜟ╩

5⌐ ∆⁹ 

 ꜝⱦfi◓ ╩ ⇔√ⱳꜞ▬Ⱶ♪ ≢│⁸◦ꜞfi♄כ

Ⱶ☿ꜟ⌐ ╠∏⁸ Ⱶ☿ꜟ─ ─ ╙ ≢⁸

↓─ ⌐│⁸ ꜝ▬◒⌂ ─ⱷ♁ ⅜ ↕╣╢32),33)⁹╕√⁸♂ꜟ ◕ꜟ ⌐ ≠ↄ ⌐╟╣┌⁸ ╩

∆╢↓≤⌐╟∫≡⁸ꜝⱦfi◓ ⱳꜞ▬Ⱶ♪ ≢⁸◦ꜞ◌╟╡╙ ─ ⅝⌂⁸ ♅♃fi─╟℮⌂

≢╙ ⱷ♁ ╩ ∆╢↓≤╙≢⅝╢34)⁹ ≢ ═√╟℮⌐⁸ ⅜◦ꜞ◌─ ⌐│

─ ⅜ ≢№╢⅜⁸ ♅♃fi ─ ⌐│⁸ ⌐ ™ ⅜ ⇔≡⇔╕℮√╘⌐⁸ⱳכꜝ☻

─√╘⌐│⁸ⱨ꜠כⱶ꞉כ◒╩ ⇔√ ≢ ⱪ꜡☿☻╩ ℮ ─ ⅜ ≢№╢34)⁹ 

 ꜝⱦfi◓ ⌐ ⇔√ ≤⇔≡⁸ ─ꜝfi◓Ⱶꜙ▪ Ⱪ꜡☺▼♇♩ LB ╩ ∆╢ ⅜№╢35)⁹ ₁⅜ ™

√ │⁸ⱳꜞ▬Ⱶ♪─ ≢№╢ⱳꜞ▪Ⱶ♇◒ ─▪Ⱶfi ╩ ⌐ ⇔≡ꜝfi◓Ⱶꜙ▪ ╩ ⇔⁸↓╣⌐ ⇔≡⁸

┼─ ≤ ⅝ →╩ ╡ ∆↓≤⌐╟∫≡⁸ ─LB ╩ ⌐ ∆╢╙─≢⁸ ⇔≡▪Ⱶfi─ ≤▬

Ⱶ♪ ╩ ↓∆↓≤≢ⱳꜞ▬Ⱶ♪LB ╩ ∆╢↓≤⅜≢⅝╢⁹↓─╟℮⌐⇔≡ ⇔√ⱳꜞ▬Ⱶ♪LB ≢│⁸

⅜⁸LB ─ ─ ⅝ → ⌐ ⌐ ∆╢⁹↓─ ╩ ™≡╙⁸ ─ꜝⱦfi◓ ╩ ⇔√ⱳꜞ▬Ⱶ♪

╩ ⇔√ ≤ ⌐ ─◦ꜞ◌ⱷ♁ ╩ ∆╢↓≤⅜≢⅝╢⁸◦ꜞfi♄כ Ⱶ☿ꜟ─ │⁸ⱳꜞ

▬Ⱶ♪ ─ ≤ ≢№╢⁹LB ─ │ ™ ╩ ∆╢↓≤⅛╠⁸ ↕╣√Ⱶ☿ꜟ─ │ ─

⌐ ∆╢╙─≢│⌂ↄ⁸ ─ ≤ ─▪ꜟ◐ꜟ ≤─ ⌐╟╢╙─≢№╢↓≤⅜ ╠⅛≢№╢⁹ 

 ⌐╟∫≡ ╩ ⇔√ ╙⁸ ♦▫☻ⱪ꜠▬ ⌐⅔↑╢ ⌐ ™╠╣≡™╢⁹Seki╠│⁸

⌐╟∫≡ ╩ ⇔√ ╩ ™√⁸ ◦ꜞ◌ⱷ♁ ─ ╩ ⇔≡™╢36),37)⁹ ↕╣√

│⁸ ╩ ∆╢ ⱳꜞⱴכpoly[6-(4-(4'-methoxycinnamoyloxy)biphenyloxy)hexyl methacrylate]≢⁸↓─

│⁸ ⇔√ ─ ⌐ ⌂ ⌐ ⅜ ↓╢⁹↓─ ≢│⁸ ⁸≈╕╡ ⇔√ ⌐

⌂ ⌐Ⱶ☿ꜟ⅜ ↕╣╢37)⁹↓─⁸ ⌐╟∫≡ ╩ ∆╢ │⁸ ─ ⌂╢ ⌐ ╩ ⅎ≡

∆╢↓≤⌐╟∫≡⁸ ─ ⌂╢ ─ ╩ ╗◦ꜞ◌ⱷ♁ ╩ ≈─ ⌐ ∆╢↓≤⅜

≢№╢≤™℮ ╩ ⇔≡™╢⁹ 

 ╩ ∆╢ ≢ ⱷ♁ ╩ ⇔ ╢ │⁸ ⇔√╟℮⌐⁸ ⅜▪ꜟ◐ꜟ

⅛╠ ↕╣╢╙─⌐ ↕╣≡⅔╡⁸Pluronic P123─╟℮⌂ⱳꜞ◄♅꜠fi○◐◦♪ ⱳꜞⱪ꜡Ⱨ꜠fi○◐◦♪ Ⱪ꜡♇

◒◖ⱳꜞⱴכ≢│ ⌂ ⅜ ↕╣⌂™√╘⁸SBA-15─╟℮⌐ ─ ⅝⌂ⱷ♁ ─ ╩ ∆╢↓

≤│ ≢⅝≡™⌂⅛∫√⁹↓╣⌐ ⇔≡⁸ ╠│⁸ ⁸ ⱷ♁ ╩ ⇔ ╢▪ꜟ◐ꜟ ╩ ╗

≤⁸ ─ ⅝⌂ⱷ♁ ╩ ⇔ ╢Ⱪ꜡♇◒◖ⱳꜞⱴכ ╩ ⇔≡ ™╢≤⁸ꜝⱦfi◓

4. ꜝⱦfi◓ ╩ ⇔√ⱳꜞ▬Ⱶ♪╩◖כ♩⇔√

≢─ ⱷ♁ ─ ⱷ◌♬☼ⱶ 

5. ꜝⱦfi◓ ⱳꜞ▬Ⱶ♪ ⌐♂ꜟ ◕ꜟ ⌐╟∫

≡ ↕╣√◦ꜞ◌ⱷ♁ ─ TEM ⁸

X ꜡♇◐fi◓◌כⱩ 

f/ o

1

2

3

-90 0 90 180

In
te

n
s
it
y

Rubbing

50 nm

<01> 
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ⱳꜞ▬Ⱶ♪ ≢ ⅝⌂ ─ ◦ꜞ◌ⱷ♁

⅜ ╠╣╢↓≤╩ ⇔√38)⁹↓─ ⁸▪ꜟ◐ꜟ ╩ ╗

⅜ⱳꜞ▬Ⱶ♪ ⌐ ╩ ∫≡ ⇔≡

Ⱶ☿ꜟ╩ ⇔⁸∕─ ⌐⁸ ≢─ ╩

⌐ ∟≈≈⁸ ⅛╠ ↄ╠™╕≢⁸ ─

╩ ₁⌐ ↕∑⌂⅜╠⁸Ⱬ♥꜡◄Ⱨ♃◐◦ꜗꜟ ⌐

─ ⅝⌂ⱷ♁ ⅜ ↕╣≡™ↄ↓≤⅜ ╠⅛≤⌂∫√

6 ⁹ ⱷ♁ ─ │⁸∕─ ╩

→╢ ≢ ⌂ ≢№╢⅜⁸↓─ ⌐ ≠⅝⁸ ─

╩ ℮↓≤⌐╟∫≡⁸↕╠⌂╢ ─ ⅜ ≢⅝╢⁹ 

─≢ꜟכ◔☻ ╩ Ⱳfiכ◌╢∆ ╩ ≤⇔≡ ™√ⱷ♁ ─ 39) 

 ─ ≤⇔≡⁸ ─♦▫☻ⱪ꜠▬⌐│⁸ ─ ⅜ ↕╣╢⅜⁸ ─ ⅝⌂ ─ ≢

↕╣╢ⱪ꜡☺▼◒♃כ ─ ⌐│⁸◦ꜞ◌ ─ ─ ⅜ ≤⇔≡ ™╠╣╢↓≤⅜ ™⁹

│⁸☿ꜟⱨ◦ꜗ♪כ▬fi◓ ⌐╟∫≡ ↕╣╢⁸ ⌐ ⇔√ ⌂◌ꜝⱶ ╩ ⇔⁸∕─

⌐╟∫≡ ╩ ∆╢↓≤⅜≢⅝╢⁹ ╠│⁸↓─ ⌐╟∫≡╙ⱷ♁ ─ ⅜

≢│⌂™⅛≤ ⅎ⁸80°─ ≢ ⇔√◦ꜞ◌ ⌐⁸ ⌐╟∫≡◦ꜞ◌ⱷ♁ ─ ╩

╖√⁹⇔⅛⇔⁸↓─ ≢│⁸◦ꜞ◌ⱷ♁ │ ─ ≤⌂╡⁸ ╩ ╢↓≤│≢⅝⌂⅛∫√⁹↓─

│⁸ ⅜ ≢№╢↓≤⌐№╢≤ ⅎ⁸ ◦ꜞ◌ ╩⁸◦ꜝfi◌♇ⱪꜞfi◓ ╩ ™≡ ≢ ⇔

√⅜⁸ ⌐│ ╠⌂⅛∫√⁹∕↓≢⁸ ╠│⁸↕╠⌐ ─ ™ ⌐Ⱳfiכ◌≡⇔≥ ⇔⁸ ◌ꜝⱶ♫

כ ╩ Ⱳfiכ◌╢∆ ─ ╩ Ⱳfiכ◌⁹√╖ │⁸ ─ ≢│ Ⱳfiכ◌⁸╘√™⌂⅝≢⅜≥↓╢∆ ─

⅜ ≢№╢⁸ⱨ▫ꜟ♃כ▪♪כ◒♦ⱳ☺◦ꜛfi FAD ╩ ™√⁹↓─ ⌐╟╢≤⁸ ≤⇔≡SP3 ⅛╠ ↕╣

╢⁸ ⌂♥♩ꜝⱫ♪ꜝꜟ▪⸗ꜟⱨ□☻◌כⱲfi ta-C ─ ⅜ ╠╣╢⁹↓─FAD⌐╟∫≡⁸ ╩60°⅛╠85°─

≢ ↕∑≡ ⇔√ta-C ╩ ⇔√ ⁸60° ─ ≢│ ⌂ ⅜ ↕╣╢ ≢⁸80° ─

≢│⁸ ◦ꜞ◌ ⌐╖╠╣╢╟℮⌂ ◌ꜝⱶ♫כ ⅜ ↕╣⁸ ─ ⌐ ™ ─ꜝⱨⱠ☻⅜ ∆

╢ ⅜ ↕╣√⁹↓─ ─ ⌐ ≢◦ꜞ◌ⱷ♁ ╩ ⇔√≤↓╤⁸70° ─ ─ ⌐⁸

⌐ ⅜ ↕╣√⁹◦ꜞ◌ⱷ♁ ─ │⁸ ⅜ ⅝™╒≥ ↄ⁸↓╣│⁸ ꜝⱨⱠ☻─

≤ ™ ╩ ⇔√⁹◦ꜞfi♄כ Ⱶ☿ꜟ─ │⁸ ─ ⌐ ⇔≡ ⌂ ≢⁸ ↕╣√

│⁸◌ꜝⱶ◄♇☺⌐⅔↑╢ ─ ⌐ ∆╢≤ ⅎ╠╣√⁹↓─ FAD≢ ⇔√ta-C ─ꜝⱨⱠ

☻│⁸ ⌐ ∫≡ ∆╢≤│™℮╙──⁸85°≢ ⇔√ ≢╙RMS 0.2 0.3 nm ≤ ↕ↄ⁸○fi◓☻♩꜡כ

ⱶ꜠ⱬꜟ─ ╘≡ ↕⌂ ─ ⅜ⱷ♁ ─ ╩ ≠↑≡™╢↓≤⅜ ↕╣√39)⁹ 

◘ⱩⱵ◒꜡fi☻◔כꜟ─ ╩ ∆╢ ╩ ™√ 40)-46) 

 ꜞ♁◓ꜝⱨ▫כ⌐╟∫≡ ↕╣╢⁸ ╩ ∆╢◘ⱩⱵ◒꜡fi☻◔כꜟ─ ─ ≢⁸♂ꜟ ◕ꜟ ⌐╟∫≡◦

ꜞ◌ⱷ♁ ╩ ℮≤⁸ⱷ♁ ─ ⌐⅔™≡ ╣╢ │⁸ ─ ≤ ─ ⅛╠─ ╩

↑╢ ⁸ ─ ⌐ ∫√ ⌐◦ꜞfi♄כ ⅜ ∆╢40)⁹ ─ │ ─ ⌐╟∫≡ ⌂╡⁸ ⅜

2 mm ⌐⌂╢≤ ⅜ ≢⅝⌂ↄ⌂╢⁹↓─ ≢│⁸ ─ꜝⱦfi◓ ╩ ⇔√ ≢│ ⱷ♁ ╩

∆╢↓≤⅜≢⅝⌂™polyethyleneoxide-b-polypropyleneoxide-b-polyethyleneoxide ♩ꜞⱩ꜡♇◒◖ⱳꜞⱴכ╩ ≤

⇔≡ ™≡╙ ⅜ ↕╣╢√╘⁸ ─ ⅝⌂ ⱷ♁ ╩ ╢↓≤⅜≢⅝╢⁹ ⇔↓─ ⁸

⅜⌂↕╣╢─│ ─ ≢№╡⁸ ─ ≢─ │ ⇔™⁹ⱷ♁ ─ ≢─ │⁸ ╩ ∆

╢ ⌐╙ ⇔⁸ ─ ↕⌐╟∫≡ ⅜ ∆╢↓≤⅜ ↕╣≡™╢41)⁹╕√⁸◦ꜞ◌ⱷ♁ ⌐⅔

↑╢♦▫♇ⱪ◖כ♥▫fi◓ ╩ ↕∑≡⁸ ─ ↕⌐ ∆╢ ╩ ↕∑√ ⁸ ─ ↕╟╡╙ ™ ⅜ ↕╣

╢⁸ ™♦▫♇ⱪ ─ ⌐│⁸ ⅜ ↕╣⌂ↄ⌂╢≤™℮ ⅜⌂↕╣≡™╢42)⁹ⱷ♁ ╩ ⇔ ╢

│⁸ꜞ♁◓ꜝⱨ▫כ≢ ⇔√╙─⌐ ↕╣╢╙─≢│⌂™⁹ ⅎ┌⁸ⱳꜞ▬Ⱶ♪ ╩כ◙כ꜠⌐ ∆╢↓≤⌐╟∫≡

↕╣╢⁸ ─ ⌐╟∫≡╙ │ ↕╣⁸↓─ ⌐│⁸ ─ ─╖⌂╠∏⁸∕─ ⌐ ↕╣

╢ⱷ♁ ─ ⅜ ↕╣╢↓≤⅜Su╠⌐╟∫≡ ↕╣≡™╢43), 44)⁹ 

 ≢─ ⌐ ↕╣╢╟℮⌐⁸ ⌂ ⌐ ∂ ╘╠╣√ⱷ♁ ─ │⁸∕─ ─ ⌐ ⅝

ↄ ∆╢⁹ ─ⱷ♁ ─ ⌂ ⌐ ⇔≡╙⁸ ↄ─ ⅜ ↕╣≡⅔╡⁸ ⌐ ▪ꜟⱵ

♫─♫ⱡⱱכꜟ ─ ⌐ ⇔≡ ⌂ ⅜⌂↕╣≡™╢⁹↓╣⌐ ∆╢ │⁸ ╠⅛ⱪכ◖☻─ ⇔∏╣╢

√╘↓↓≢│ ∆╢⅜⁸Stucky45)╠⁸ ┘Wu╠46)⌐╟╢꜠ⱦꜙכ ╩ ↕╣√™⁹ 

50 nm

constant

transition

6. ꜝⱦfi◓ ⱳꜞ▬Ⱶ♪ ⌐Brij56≤P123

─ ╩ ™≡ ↕╣√◦ꜞ◌ⱷ♁

─ TEM ⁸ ┘∕─ ─  
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ⱷ♁ ⌐⅔↑╢ ─ 47)-55) 

 ─ ≢ ═√╟℮⌐⁸ⱷ♁ ─ ─ │⁸◦ꜞfi♄כ Ⱶ☿ꜟ⌐ ∆╢ ─ ™♫ⱡ

╩⁸ ─ ⌐ ↕∑╢↓≤≢№╢⁹ⱷ♁ ⌐ ⌐ ™╠╣╢╟℮⌂ ╩ ╪∞

─ⱷ♁ │⁸∕─╕╕≢│ ─ ™√ ╩ ╢↓≤⅜ ⇔™⁹ ─√╘⌐│⁸ ⱷ♁ ╩⁸

─ ™ ↕╣√♫ⱡ ≤⇔≡ ⇔⁸∕─♫ⱡ ⌐ ╩ ∆╢ ⅜ ╙ ≢№╢⁹ ⱷ

♁ ⅛╠⁸ ╛ ─ ≢ ╩ ⇔√⁸ ⱷ♁ⱳכꜝ☻ ─ ⌐ ⇔ ╢ │⁸

─ ⁸ ⱳꜞⱴ⁸כ ⁸ ⌐╦√╡⁸ ≤™℮ ⅛╠╙ ╣√ ≢№╢≤ ⅎ╢⁹

⁸ ─ⱪכꜟ◓─╠ ╩ ⌐⁸™ↄ≈⅛─ ╩ ∆╢⁹ 

╩ ⇔√ ⱷ♁ⱳכꜝ☻◦ꜞ◌ 47)-50) 

 ─ ─╟℮⌂♫ⱡ ⌐ ⅛╣√ ─⁸Ᵽꜟ◒≤│ ⌂╢ ⌂ ─ │ ↄ ╦╣≡™╢⅜⁸ ╩

⇔√ ─ ⌐ ∆╢╙─⅜ ™⁹ ╠│⁸ⱷ♁ⱳכꜝ☻◦ꜞ◌ ─ ⌐ ⅜ ⌐ ╡

╕╣╢↓≤╩ ⇔⁸ ⱷ♁ⱳכꜝ☻◦ꜞ◌ ≤™ↄ≈⅛─ ≤─ ╩ ╖⁸ ╩ ⇔√⁹∕─ ⁸

─ ─ ™⁸◦▪♬fi 1,1A-diethyl-2,2A-cyanine╩ ⇔√ ⌐│⁸ ⌐ ⌂ ─ ⅜ ⌐ ⌂

╟╡╙ ⅝⌂ ╩ ∆╢≤™℮⁸ ⌂ ╩ ∆↓≤╩ ⇔√48)⁹◦▪♬fi ─ ◘▬☼│⁸ⱷ

♁ⱳכꜝ☻◦ꜞ◌─ ╟╡╙∏∫≤ ↕™⌐╙⅛⅛╦╠∏⁸↓─ ⌂ ⅜ ↕╣√≤™℮↓≤│⁸◦▪♬fi

⅜ ≢ ╩ ∫≡ ⇔≡™╢↓≤╩ ⇔⁸♫ⱡ ─ ⅜◕☻♩ ─ ╩ ≠↑≡™╢≤ ⅎ╠╣√⁹

≤⇔≡⁸ ─ ⅜⌂↕╣≡™⌂™ⱷ♁ⱳכꜝ☻◦ꜞ◌ ⌐ ∂ ╩ ⇔√ ⌐│⁸ ─

│ ↄ ↕╣⌂⅛∫√⁹╕√⁸ ─ ⅜ ╩Ⱶfi6G♄כ꜡™↕ ⇔√ ⌐│⁸ ─ │

≥ ↕╣∏⁸ ∆╢ ─ ⅜ ⌐ ⅝ↄ ∆╢↓≤⅜ ↕╣√⁹ 

 ─ⱳꜞⱴ⁸│כ ⅜ ╘≡ ⅝™ ≤ ≢⅝╢⁹

∫≡⁸ ◦ꜞfi♄כ ⱷ♁ ⌐ ╩ ∆╢↓≤⅜≢⅝╣

┌⁸ ⅝⌂ ─ ⅜ ≢⅝╢⁹ ╠│⁸ ─

≢ № ╢ ⁸ MEH-PPV ( poly[2-methoxy-5-(2ó-ethylhexyloxy)-1,4- 

phenylenevinylene]╩⁸ ≢ ⇔√ ⱷ♁ⱳכꜝ☻◦ꜞ◌

─ ⌐ ⇔⁸ ™ ╩ ∆╢ ╩ ╢↓≤⌐

⇔√49)⁹ⱷ♁ⱳכꜝ☻◦ꜞ◌ ─◦ꜞfi♄כ │⁸ ⌐ ⇔≡

⌐ ↕╣╢√╘⁸ ⌂ ⅜ ↕╣√ ⁸ ⌐│ⱷ♁

─ ⅜ ↄ⁸◕☻♩ ─ ⌐│ ⅜ ↕╣╢⁹⇔⅛⇔⁸

≢ ⇔√ ─ⱷ♁ⱳכꜝ☻◦ꜞ◌ ⌐│⁸ ⌐ ⌂

─ ⅜ ∆╢√╘⁸ ─◦ꜞfi♄כ │ ⅛╠─

accessibility╩ ∆╢⁹↓─√╘⁸ ◕☻♩ ⌐ ∆╣┌ │ ≢№╢╙──⁸ ╩ ⇔⁸ ⌂

╩⅛↑╢↓≤≢⁸ ┼─ ─ ⅜ ⌐⌂╢⁹◦ꜞfi♄כ ⱷ♁ ⌐ ↕╣√ⱳꜞⱴ⁸│כ ⌐⁸

∕─ ⅜ ─ ⌐ ∆╢⁹ ∫≡⁸MEH-PPV─ │ ⌐╦√∫≡ ⌐ ↕╣╢↓≤⌐

⌂╡⁸↓╣⅜ ™ ⌂ ╩ ╖ ∆⁹↓─ │⁸MEH-PPV⌐ ∆╢ ™ ─ ╩ ∆⅜⁸∕─

│⁸ ─ ⌐ ⌂ ╩ ⇔√ ⌐│╒≤╪≥ ≢⅝⌂™ 7 ⁹╕√⁸↓─ ─MEH-PPV

⅛╠─ │⁸ ≥ ⌐ ─ ⌐ ⇔√╙─≤⌂╡⁸ │10╩ ⅎ╢╙─≢№∫√⁹ ⱳꜞⱴכ╩

⇔√ ⌂ ─ │⁸ⱳꜞⱨꜟ○꜠fi ⁸ⱳꜞ♅○ⱨ▼fi ─ⱳꜞⱴכ≢╙ ↕╣≡™╢⁹ 

 ↓─⁸MEH-PPV╩ ⇔√ ╩ ●ꜝ☻ ⌐ ⇔⁸ ╩ ●ꜝ☻≤ ∂ ─◓ꜞ☿ꜞfi≢◌Ᵽכ

∆╢≤⁸ ╩ ─ ™ ⌐ ∂ ╘√ ╩ ∆╢↓≤⅜≢⅝╢⁹↓─ ⁸ ⅛╠─

─ ⌐ ⌂ ⌐╟∫≡ ⅝ ↓↕╣╢ │⁸ ─ ⌐ ⌂ ⅛╠─╖ ↓╢↓≤⌐⌂╡⁸

∕─ │⁸ ─╟℮⌐⁸ ─ ⌐ ⌂╙─≤⌂╢⁹↓─ ⌐⅔™≡⁸ ╩ ↕∑≡™ↄ≤⁸

⌐ ∆╢ ⌂ ─ ≤⁸∕╣⌐ ℮ ☻Ɑ◒♩ꜟ─ ⅜ ↕╣╢50)⁹↓╣│⁸ ─

╟╡╙ ⅜ ⌐⌂∫√ ≢№╢⅜⁸∕─☻Ɑ◒♩ꜟ─ ─ ↓╢ │⁸ ∂ ─ ↕╣≡™⌂

™MEH-PPV╩ ╗ⱳꜞ☻♅꜠fi ≢ ↕╣╢ ⌐ ⇔≡ 1/20≤™℮ ⌐ ™ ≢№∫√⁹↓╣│⁸ ⌐ ∆

╢chromophore⅜ ⌐ ↕╣√ ≢№╡⁸ ↕╣√♫ⱡ ╩ ™√◕☻♩ ─ ⌂ ⅜ ⌐⇔√

≤ ⅎ╟℮⁹ 

 

♫ⱡ꜡♇♪╩ ⇔√ ⱷ♁ⱳכꜝ☻◦ꜞ◌ 47), 52)-54) 

7. MEH-PPV╩ ⇔√ ⱷ♁ⱳכꜝ☻

◦ꜞ◌ ─ ⌐

⁸ ⌂ ≢ ⇔√  
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 ─╟℮⌐⁸ ─ ─ ⅝⌂ ╩ ⇔√ ⱷ♁ⱳכꜝ☻◦ꜞ◌ │ ⌂ ╩

∆⁹⇔⅛⇔⁸ ╩ ⇔ ╢◕☻♩ │∕╣⌐ ↕╣∏⁸ ⅎ┌⁸ ⌐ ╩ ⇔√ ⌐╙

⌂ ⅜ ↕╣╢⁹ │⁸∕─ ⅜ ─ ™꜡♇♪ ─ ⁸∕─꜡♇♪─ ≤

≤≢─ ⱪꜝ☼⸗fi⌐╟╢ ⅜ ⌂╢√╘⌐⁸ ⌂ ╩ ∆⁹ ⅎ┌⁸ ⌐ ♫ⱡ꜡♇♪╩

↕∑⁸ ╩ ∆╢↓≤⌐╟∫≡⁸ ≢ꜟכ◔☻⌂ ╩ ↕∑√ 51) ⅜ ╠╣≡™╢⁹ ╠│⁸

ꜝⱦfi◓ ╩ ⇔√ⱳꜞ▬Ⱶ♪╩Indium-tin oxide ITO ⌐ ⇔⁸♂ꜟ ◕ꜟ ⌐╟∫≡⁸Brij56╩ ⌐

™⁸ ⱷ♁ⱳכꜝ☻◦ꜞ◌ ╩ ⇔√⁹↓─ ⁸ ⌐╟∫≡ ╩ ∆╢ ⌐⁸ ─ⱳꜞ▬

Ⱶ♪╙ ↕╣╢√╘⌐⁸ ⌐ ⱷ♁ⱳכꜝ☻◦ꜞ◌ ⅜ ↕╣√ ╩ ∆╢↓≤⅜ ⌐⌂

╢⁹ ╠│⁸↓─ITO╩ ≤⇔≡ ™⁸ ⱷ♁ⱳכꜝ☻◦ꜞ◌ ─ ⌐⁸ ╘∫⅝⌐╟∫≡ ╩ ⇔√
52)⁹ │⁸ⱷ♁ⱳכꜝ☻◦ꜞ◌ ─ ⌐ ™ ╩ ∫≡ ↕╣⁸ ≢─♫ⱡ꜡♇♪ │

⌐╟∫≡ ↕╣√⁹↓─ ╘∫⅝⌐╟╢ │⁸♂ꜟ ◕ꜟ ≢ ⇔√ⱷ♁ⱳכꜝ☻◦ꜞ◌ ≢№

∫≡╙⁸ⱷ♁ ╩ ∆╢complimentary ⅜ ⇔⁸∕╣╩ ⇔√ ─ ⅜ ≢№╢≤™℮↓≤╩ ⇔≡™

╢⁹ 

 ↕╣√ ≢│⁸ ♫ⱡ꜡♇♪⅜

⌐ ⇔≡™╢√╘⁸ ₁─♫ⱡ꜡♇♪⌐ ∆╢

⅜ ⌂ ≤⇔≡ ↕╣╢⁹ ♫ⱡ꜡

♇♪─ ⁸ ⌐ ⌂ ─ ⅜ ⌐

ↄ ╣╢√╘⁸ ─ ⌐ ⌂ ≢↓─

╩ ⇔√ ⌐│ ∫╔ↄ ⅎ⁸ ⁸ ─

⌐ ⌂ ≢ ⇔√ ⌐│ ⅜ ⌂™√

╘⌐ ╢ↄ ⅎ╢≤™℮ ╩ ∆52)⁹ 

─♫ⱡ꜡♇♪─ ⌐│⁸ ⱪꜝ☼⸗fi⌐ ∆

╢ ⅜⁸ ⁸ ≤╙⌐ ⌐№∫≡⁸∕─

⅜ ⌂╢√╘⌐⁸ │╟╡ ⌐ ╣╢⁹

╘∫⅝⌐╟╢ ─ │ ≢№∫√√

╘⁸ ╠│ ⌐ ⇔√ ╩ ∆╢↓≤⌐╟∫≡⁸ ⌐ ╩ ⇔√ ╩ ⇔√⁹↓

─ │⁸ ⌐ ⌂ ≢ ⇔√ ⌐│ ↄ⁸ ⌂ ≢ ⇔√ ⌐│ ↄ ⅎ╢≤™℮⁸ ⌂

╩ ⇔√ 8 ⁹ 

 Cui╠│⁸ ─ ⌐ ─ ╩ ⅝ ↑╢ ≢ ⇔√ ⱷ♁ⱳכꜝ☻◦ꜞ◌ ≢⁸ ♬♇◔

ꜟ─ ⌐╟∫≡ ♬♇◔ꜟ♫ⱡ꞉▬ꜘ╩ ⇔⁸∕─ ♬♇◔ꜟ ╩ ⌐ ™√ ⌐ ∆╢ ╩

™⁸ ⌐ ∆╢ ♫ⱡ꞉▬ꜘ ─ ╩ ⇔≡™╢53)⁹╕√⁸Kawamura╠│⁸ⱴ▬◌─ ╩

⇔≡ ⇔√ ⱷ♁ⱳכꜝ☻◦ꜞ◌ ≢⁸ ♫ⱡ ╩ ⇔⁸∕─ ⌐ ∆╢ ╩ ∫≡

™╢54)⁹ 

ⱷ♁ⱳכꜝ☻ ⌐ ⌂ 34) 

 ─╟℮⌐⁸ ⱷ♁ⱳכꜝ☻◦ꜞ◌─ ⌐⁸ ─ ⅝⌂◕☻♩ ╩ ∆╢↓≤⌐╟∫≡⁸ ₁─◕

☻♩ ⅜ ⌐ ∆╢ ─ ╩⁸ ≢ꜟכ◔☻ ↕∑ ╢↓≤⅜ ↕╣√⁹⇔⅛⇔⁸ ⱷ♁ⱳכꜝ☻

⅜ ╩ ⇔≡™╢ ⁸ ⌐ ╙ ⇔≡™⌂™ ≢╙⁸ ╠⅛─ ⅜ ↕╣╢│∏≢№╢⁹

╠│⁸↓╣╠ ⱷ♁ⱳכꜝ☻ ─ ⌂ ⁸≈╕╡ ⌐ ⇔√⁹ ≤│⁸ ⌐

╟∫≡ ≢─ ⅜ ⌂╢⁸∆⌂╦∟ ─ ⅜ ⌂╢≤™℮ ≢№╢⁹ ─ ╩ ⇔≡ ⌐ ™√

╩ ╢≤ ⌐ ⅎ╢≤™℮ │⁸ ─ ∆╢ ⌐╟╢╙─≢⁸ ─ ≢ ╩ √ ╙ ™∞╤℮⁹

│ ╩ ℮ ≤⇔≡ ≢⁸ ─ ⅝↕Dn⌐ d╩ ∂√Dnǐd│⁸ ≥fiꜛ◦כ♦כ♃ꜞ

┌╣⁸↓─ ╩ ─1/2╛1/4⌐ ∆╢↓≤≢⁸ ╩90° ∆╢↓≤─≢⅝╢l/2 ╛⁸ ≤ ╩

≢⅝╢l/4 ╩ ∆╢↓≤⅜≢⅝╢⁹ 

ⱷ♁ⱳכꜝ☻ │⁸ ⅛↑─ ⌐ ⅜№╢√╘⌐ ⌐ ╩ ∆34), 55)⁹⇔⅛⇔⁸∕─Dn │ⱷ♁

ⱳכꜝ☻ ─ ╩ ∆╢ ─ ⌐ ⅝ↄ ⇔⁸ 40%╩ ⇔√ ⁸Ᵽꜟ◒─ ⅜1.46─◦ꜞ

◌─ ⌐│⁸0.04 ─ ↕⌂ ⌐⇔⅛⌂╠⌂™⁹Dn╩ ⅝ↄ⇔≡⁸ ≢ ⅝⌂Dnǐd╩ ∆╢√╘⌐│⁸ ─

⅝⌂ ≢ ╩ ∆╢ ⅜№╢⁹ ⅎ┌⁸40%─ ╩ ⇔√╕╕⁸ ╩ 2.2─▪⸗ꜟⱨ□☻♅♃♬

▪≢ ∆╢↓≤⅜≢⅝╣┌⁸0.14 ─ ⅝⌂Dn ⅜ ≢⅝╢⁹ 

8. ⌐ ♫ⱡ꜡♇♪╩ ⇔√ ⱷ♁ⱳכꜝ☻◦

ꜞ◌ ─  

//

^

400

0.25

0.30

0.35
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b
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o

rb
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e

500 600 700 800
Wavelength / nm

0.20
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─╟℮⌂⸗♅ⱬכ◦ꜛfi⌐╟∫≡⁸ ╠│ ⱷ♁ⱳכꜝ☻ ♅♃fi ─ ╩ ╖√⁹ │⁸

ⱷ♁ⱳכꜝ☻◦ꜞ◌ ⌐ ⇔√─≤ ∂ꜝⱦfi◓ ╩ ⇔√ⱳꜞ▬Ⱶ♪╩ ⇔√ ╩ ™⁸♂ꜟ ◕ꜟ

⌐╟∫≡ ∫√⁹ ♅♃fi─♂ꜟכ◕ꜟ ⌐╟╢ ⌐⅔™≡│⁸ ─ ♅♃fi ─ ⅜ ↄ⁸

─ ╩ ─ ⅜ ╗≤ ╦╣⁸◦ꜞ◌⌐ ⇔≡ ⱷ♁ ─ ⅜ ≢№╢↓≤⅜

↕╣╢⁹⇔⅛⇔⁸ꜝⱦfi◓ ╩ ⇔√ⱳꜞ▬Ⱶ♪─ │ ↄ⁸ ♅♃fi≢╙⁸ ≢◦ꜞfi♄כ ⅜

ꜝⱦfi◓ ⌐ ⌐ ⇔√ⱷ♁ ╩ ∆╢↓≤⅜≢⅝╢↓≤╩ ₁│ ⇔√⁹ ⇔⁸ ⌐ ╢

│ ↕╣≡⅔╠∏⁸ ⌐│⁸ ─1/4 ─ ↕≢⁸ ≢─ ⅜⌂↕╣≡™⌂™ ♅♃fiⱷ♁

─ ⅜ ↕╣≡™√⁹↓─ │⁸ ─ ╩ ↑⌂™ ⅛╠ⱷ♁ ─ ⅜ ↓∫√↓≤╩

⇔⁸ ♅♃fi ─ ™ ⅜⁸∕─ ≢№╢≤ ⅎ╠╣╢⁹ 

⌐ ∫≡ ⌐ ⅜ ↕╣≡™⌂™≤│™ⅎ⁸ ↕╣√ │ ⌂ ╩ ∆╢√╘⁸♥fiⱪ꜠כ♩

─ ╩ ∆╣┌⁸ ─╟℮⌐ ⅝⌂ ⅜ ≢⅝╢⁹⇔⅛⇔⁸ ─╟℮⌐⁸ ─ⱦꜟ♦▫fi◓ꜚ♬

♇♩⅛╠ ↕╣╢ ♅♃fi─ ⌐│⁸ ─ ⌐╟∫≡ ─ ⱷ♁ │ ⌐ ⇔≡⇔╕℮⁹

∕↓≢⁸ ⌐ ⌂ ─√╘⌐⁸ ₁│⁸ ╩ ╪∞ ─ ♅♃fiⱷ♁ ╩

TEOS─ ⌐ ∆╢↓≤⌐╟╡⁸ ♅♃fi ╩◦ꜞ◌⌐╟╡ ⇔⁸ ⌐╟╢ ─ ╩

⇔√⁹ⱷ♁♅ꜗⱠꜟ ⌐│ ⅜ ↕╣≡™╢⌐╙⅛⅛╦╠∏⁸TEOS│ ≈ ⌐ ⌐ ╡ ╕╣⁸

Ti≤Si╩╒╓ ╗⁸ ⱷ♁ⱳכꜝ☻TiO2 SiO2◖fiⱳ☺♇♩ ⅜ ╠╣√⁹ ╩ ™√ ⌂

⌐╟╡⁸◦ꜞ◌│ ♅♃fi ─ ↄ⁸⌂≢↑∞╢╣↕♩כ◖⌐ ⌐╙ ⇔≡™╢↓≤⅜ ↕╣√⁹ 

⅛╠ ↕╣╢≤⅔╡⁸↓─

ⱷ♁ⱳכꜝ☻TiO2 SiO2

│ ⌂ ╩ ∆34)⁹ ⌐

╟∫≡ ╙╠╣√Dn─ │0.06≢

№╡⁸↓╣│ⱷ♁ⱳכꜝ☻◦ꜞ◌≢

│ ⇔≡ ⇔ ⌂™ ⅝⌂

≢№╢⁹ ⌐ ↕╣≡™╢

│ ⌐ ⇔⌂™↓≤

╩ ∆╢≤⁸↓─ TiO2

SiO2 ─ ─Dn─ │0.08 ≤ ↕╣╢⁹↓╣│⁸ ♅♃fi─╖≢ ⱷ♁ⱳכꜝ☻ ╩ ⇔√ ⌐

↕╣╢Dn 0.14⌐│ ⅝ↄ ┌⌂™⅜⁸ ℮╕≢╙⌂ↄ⁸↓╣│⁸ ─◦ꜞ◌⅜50% ╕╣≡™╢↓≤⌐╟╢╙

─≢⁸ ⅜TiO2≤SiO2╩1:1─ ≢ ╗ ⅛╠ ↕╣≡™╢≤ ⇔√ ─ ⌐╒╓ ∆╢⁹ ≢

fiꜛ◦כ♦כ♃ꜞ─ ╩ ╢√╘⌐│⁸◦ꜞ◌⌐╟╢ ⌂⇔⌐TiO2─╖≢ ╩ ⇔≡Dn╩ ⅝ↄ∆╢↓≤≤⁸

⌐ ╢ⱷ♁ ─ ╩ ∆╢↓≤⅜ ⅜№╡⁸ ╠│∕╣╠─ ⌐ ↑≡ ╩ ⇔≡™╢⁹

↕╣≡™╢ │⁸ ╛ ⅜ ↄ⁸ ╛ ≤™∫√ ≢ ╩ ∆╢⅜⁸ ⅝⌂Dn ╩

∆╢ ⱷ♁ⱳכꜝ☻ ♅♃fi │⁸ ⱪ꜡☿☻≢ ⌂ ≤⇔≡⁸ ⅝⌂ ╩ ╖ ∆≤ ↕

╣╢⁹ 

 

⅔╦╡⌐ 

 ⱷ♁ │⁸∕─ ⌐ ↕╣╢ ≤⇔≡─ ⌐╟╡⁸ ⌐ ╩ ∆╢ ₁─ ╩ ™≡⁸ ─

╩⁸ ≢ ∆╢↓≤⅜≢⅝╢⁹◦ꜞfi♄כ ⅜ ≢ ⌐ ⇔√ⱷ♁ⱳכꜝ☻ │⁸

♫ⱡ ≢─ ◕☻♩ ─ ⌐╟╢ ─ ⌐ ⅎ≡⁸ ⱷ♁ⱳכꜝ☻ ─ ∆╢

╩ ⌐≈⌂→╢↓≤╙≢⅝╢⁹↕╠⌂╢ ╛⁸ ─Ᵽꜞ◄כ◦ꜛfi ⌐╟╡⁸

ⱷ♁ │⁸ ₁⌂ ─ⱪꜝ♇♩ⱨ◊כⱶ⌐⌂╡ ╢ ⌐⌂╢≤ ↕╣╢⁹ 

꜠ⱦꜙ⁸│≢כⱷ♁ ─ ⌂ ⌐╟╢ ⌐☻ⱳ♇♩╩ ≡√⅜⁸↓╣│⁸ ─ ∫√

⅜ ⌐ ╪≢™╢≤™℮ ╩ ⇔√╙─≢№╢⁹⇔⅛⇔⁸↓╣╠ ⱷ♁ ─ ─ │∕╣∞↑

≢│⌂™⁹ ⱷ♁ │⁸ ≢─ ⌂ ⅜ ⌐ ↕╣≡™╢⁸ ╩ ∆╢ⱷ♁☻

─ꜟכ◔ ≤≤╠ⅎ╢↓≤⅜≢⅝╢⁹↓╣│⁸↓─ ⅜⁸ ─╟℮⌂ ╩ ⇔⁸∕─ ⅜ ⌐ ⇔

≡ ↕╣╢≤™℮↓≤╩ ⇔≡™╢⁹◄꜠◒♩꜡♬◒☻│⁸ ─ ∆╢ ╩ ⇔≡⅔╡⁸╕√⁸◘ⱩⱵ

◒꜡fi☻◔כꜟ≢─ │⁸ ⅎ┌ⱨ◊♩♬♇◒ ⌐ ∆╢↓≤⅜≢⅝╢⁹⇔⅛⇔⁸ ╕≢⌐⁸ⱷ♁ ─

∆╢◦fi◓ꜟ♫ⱡ 20 nm ─ ╩ ⇔√ ─ │ ⌐ ⇔™⁹ ₁│⁸ⱷ♁ ─ │⁸X

9. ◒꜡☻♬◖ꜟ ─ ⌐ ™√ ⱷ♁ⱳכꜝ☻ ♅♃fi ◦ꜞ◌

─ polarizer≤ ─ ─⌂∆ 10°⁸ 45° 

 

20 mm

f= 10 o

20 mm

f= 45 o
f

polarizeranalyzer
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─ ─ ╩ ⇔√ ⌐ ≢⅝╢─≢│⌂™⅛≤ ⅎ≡⅔╡⁸ⱷ♁ ─ ≤ ─

╩ ∆╢ ╩ ™≡⁸ ⌂X ⅜ ≢⅝╢↓≤╩ ⇔√56)⁹ ⁸ⱷ♁ ─↕╠

⌂╢ ⌐╟╢ ─ ╛ ─ ⅜⁸ⱷ♁ ─ ⇔™ ╩ ⅛⇔√ ₁─ ╩ ╗↓≤⅜

↕╣╢⁹ 

 

 

│⁸◐ꜘⱡfi ≤ ⁸ ┘◌ꜞⱨ◊ꜟ♬▪ ꜡☻▪fi♀ꜟ☻ UCLA ≤─ ≤

⇔≡ ╦╣√╙─≢№╡⁸ ⁸UCLA Tolbert ⁸Schwartz ⁸◐ꜘⱡfi( ) ⁸

╩│∂╘≤∆╢ ↄ─ ₁─↔ ⌐ ⇔⁸↓─ ╩ ╡≡ ™ ─ ╩ ∆╢⁹ 
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∆╢↓≤⅜ ™∞↕╣⁸ ₁│↓╣╩₈♫ⱡ◦כ♩ ₉≤ ╪≢ ╩ ╘≡™╢⁹♫ⱡ◦כ♩ │⁸ ╩

∫√ 4─⸗♦ꜟ ╛ ♁ⱨ♩ⱴ♥ꜞ▪ꜟ≤⇔≡ ⌐ ∆╢⁹ ≢╙ │⁸◔▬ ⁸▪ꜟⱵ♬►ⱶ

⌂≥─ ╩ ≤⇔√ ה ה♩☻◖ ─ ≢№╡⁸ ₁⌂ ≢─ ╙ ↕╣╢⁹ ≢│⁸
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♫ⱡ◦כ♩  

 ♫ⱡ◦כ♩ │⁸ ─

─ ⅜ ∆╢↓≤≢ ⅜
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─ ⁸ ⌐ ∫

≡ ⅜ ⇔≡Ⱶ☿ꜟ╛

─ ⅜ ↓╢⁹⇔⅛⇔⁸ │
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↓╣≤│ ⌂╢⁹ ◖꜡▬♪
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─╟℮⌂ ─ ⌐ ≠ↄ │ ╘≡ ⌂™⁹⌂⅛≢╙♫ⱡ◦⁸│♩כ ─ ≤ ═≡ ⇔ↄ ⅝⌂ ⌂≥
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 ♫ⱡ◦כ♩ ─ │⁸1930 ─Langmuir7─ ╛Onsager─ 8⌂≥⌐ ╩ ⇔≡™╢⅜⁸∕─ ╒

≤╪≥ │⌂⅛∫√⁹⇔⅛⇔2001 ⁸ⱨꜝfi☻─Davidson╠│⁸ ▪fi♅⸗ꜞfi K3Sb3P2O14⅛╠ ╠╣╢♫ⱡ◦כ

♩◖꜡▬♪⅜ ꜝⱷꜝ ╩ ≈ ╩ ∆╢↓≤╩Nature ⌐ ⇔√2⁹╕√╒╓ ⌐ ≤ │⁸ ♬

○Ⱪ K4Nb6O17⅛╠ ╠╣╢♫ⱡ◦כ♩◖꜡▬♪─ ╩

⇔√3⁹ ⁸○ꜝfi♄─Lekkerkerker╠│⁸♫ⱡ◦כ♩≤ ⇔√
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ⱨ▼fi 11,14⁸ 12,13,15⌂≥ ₁⌂♫ⱡ◦כ♩ ╛⁸∕─
18,19⅜ ↕╣≡™╢⁹ ≢│ ⌐ ╩ ╢⅜⁸∕─ ─

⌐≈™≡⁸ ─ 20╙↔ ⅝√™⁹ 

 

◖꜡▬♪─ ≤◕ꜟ  

 ☻ⱷ◒♃▬♩ ⌐ ↕╣╢ │⁸ ╩ ┘√

≤⁸ ╩ ∆╢ ⌂◌♅○fi Na+ ⅜ ⌐ ⇔√

╩ ⇔≡™╢ Figure 2 ⁹↓╣╩ ⌐ ∆╢≤⁸ ⅜╒╓ ⌐

⇔⁸♫ⱡ◦כ♩⅜ ⌐ ⇔√ ⌂◖꜡▬♪ ≤⌂╢⁹ ─

─ ≤│ ⌂╡⁸▪ꜟ◐ꜟ▪fi⸗♬►ⱶ⌂≥─ ╩
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Figure 1. ♫ⱡ◦⁸♩כ♫ⱡⱪ꜠⁸♩כ♫ⱡ꜡♇♪ ╕√│ ⁸⅔╟┘
⌐ ≠ↄꜞ○♩꜡Ⱨ♇◒ ─ ⁹ 

 
of the most importantfeatures. Becauseof this largeani-
sotropy, nanosheetcolloidstransit to liquidcrystal phases
even at very low concentrations, as summarized in
Figure3, andthereforethey arevery fluid,allowingmac-
roscopicalignmentby weakexternal forces. It isalsono-
table that the nanosheetspossesssomeflexibility com-

paredto rodsor platesso that they can be crumpledor
folded,althoughthey arerather rigidcomparedto surfac-
tant membranesor polymers. Furthermore, the synthesis
of inorganicnanosheetsis simpleand inexpensive, and
awidevarietyof materialswith well-definedcrystal struc-
tures, compositions, and functionalitiescan be obtained.
The surface of the nanosheetscan be modifiedby the
techniques developed for intercalation chemistry.[1,14]

Thesefeaturesarevaluablein viewof the potentialappli-
cationsas optical, magneticand electrical devices, tem-
platesfor porousmaterials,[15] soft matricesof functional
molecules,[16] photoenergystorage,[17] anisotropicmatrices
for two-dimensionalnuclear magneticresonanceanaly-
sis,[18] andcompositematerialswith highstructural regu-
larity, aswell as for fundamentalstudiesof colloid sys-
tems. In thisreview, weintroducerecentprogressesin the
fieldof liquidcrystal inorganicnanosheetcolloids.

2.LiquidCrystal Phasesof InorganicNanosheet
Dispersions

2.1.LayeredPhosphateK3Sb3P2O14

The K3Sb3P2O14 system reported by Gabriel et al. in
2001[18] wasa breakthroughrediscoveryof liquidcrystal-
line nanosheetsystems after a long interruption since
Langmuirs pioneering work 70 years ago.[29] The
K3Sb3P2O14 layer consistsof corner-shared SbO6 octahe-
dra andPO4 tetrahedraand its thicknessis 1.1nm (Fig-
ure1b); the layer chargeis compensatedby interlayer
K+. The homogeneous, transparent,and colorlessaque-
ouscolloid of the exfoliatednanosheetsis preparedby
the solid-state synthesisof the starting layeredmaterial
K3Sb3P2O14, followedby dispersioninto water, exchange
of K+ with H+ , and rinse/dialysiswithout any stabilizer
or exfoliatingagent.Thiscolloidis fluid andbirefringent
at concentrationsbetween 0.75 and 1.78vol.% .Above
1.78vol.% , it becomes a birefringent gel. Below
0.75vol.% ,the colloidisbiphasicwith a well-definedin-
terface between the denser birefringent fluid phase
(bottom) and an isotropic phase (top). The isotropic

Figure2. Comparisonof lyotropicliquidcrystalsbasedonnanosheets,plates,rods,andsurfactants.

Figure3. Summaryof the phasediagramsfor aqueousnanosheet
dispersionsof K3Sb3P2O14,

[18] K4Nb6O17,
[19] KTiNbO5,

[20] H1.07Ti1.73O4,
[21]

KNb3O8,
[20] KCa2Nb3O10,

[22] grapheneoxide,[23] fluorohectorite,[24] fluo-
rtetrasilicic mica,[24] beidellite,[25] nontronite,[26] montmorillonite,[27]

andhectorite[28] at relativelylowsalt concentrations,collectedfrom
the references.The valuesin parenthesesare the averagelateral
lengthsof thenanosheets.

Isr. J. Chem.2012, 52,881 894 2012Wiley-VCH VerlagGmbH&Co.KGaA,Weinheim www.ijc.wiley-vch.de 883

LiquidCrystallineInorganicNanosheetColloids

 
Figure 2. ⱨꜟ○꜡┼◒♩ꜝ▬♩─ ⅔╟
┘∕─ ה ─ ⁹O─ │ F

≢ ↕╣≡™╢⁹ 
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│⁸ ◦ꜞ◌ ⌂≥─ ─◖꜡▬♪ ≤

│ ⅝ↄ ⌂╢ ╩ ⇔⁸ wt.% ─ ™ ≢

╩ ℮↓≤╛ ה ⌂ ╩ ∆↓

≤⌂≥⅜ ↄ⅛╠ ╠╣≡⅝√⁹⇔⅛⇔⁸ ⌂

─ⱷ◌♬☼ⱶ╛◖꜡▬♪─ ⌂≥⌐≈™≡│⁸

∞⌐ ≤⌂∫≡™╢⁹╕√ ™ ≢◕ꜟ ⅜ ↓╢

√╘⁸ ─◕ꜟ│ ™∞↕╣≡™√╙──⁸

─№╢ ─ │ ↕╣≡™⌂⅛∫√⁹ 

 ≤↓╤⅜ ⌐⌂∫≡⁸ ⱡfi♩꜡♫▬♩ 15⁸ⱨꜟ

○꜡┼◒♩ꜝ▬♩( FHT) 12⁸ⱨ♇ ◔▬ 12⁸

⅔╟┘ Ᵽ▬♦ꜝ▬♩ 13⅜ ⌂ ╩ ∆↓≤⅜ ↕╣√⁹

₁⅜ ™∞⇔√ⱨꜟ○꜡┼◒♩ꜝ▬♩ ─ ≤ ╩

Figure 3⌐ ∆⁹ │ ─ ≤ ⌐ (I sol)⅛╠ (LC/I sol)⁸

(LC sol)⌐ ∆╢⁹ ⌐│ ⇔≡™⌂™⅜⁸╟╡ ™ ≢│

─ ◕ꜟ≤⌂╢⁹ ─♫ⱡ◦כ♩◖꜡▬♪ ≢│⁸

─ ⌐ ─ ⅜ ╦╣ ⅜ ≢⅝⌂™⅛⁸ ╩ ∆

⅜ ╠╣≡™╢ ⅜ ™ (Figure 4)⁹⇔⅛⇔⁸ⱨꜟ○꜡┼◒♩ꜝ

▬♩ ≢│ ─№╢ ╩ ∆ ⅜ ™⁹♫ⱡ◦כ♩─

⌐╟∫≡ ™⅜ ╣╢ ─ │ ∞⅜⁸ - - ◌♅○fi

─ ⅜⁸ ⁸ ⁸ ⌂≥ ₁⌂ ⌐╟∫

≡ ╩ ↑╢√╘≤ ⅎ╠╣╢⁹ 

 ─ ⌐≈™≡╙℮ ⇔ ⇔ↄ ∆╢⁹Figure 3─ ─

≢│⁸ ╩ ╡ ⅛⇔√≤⅝─╖ ⅜ ╣

⁸∕─ │ ⅜ ∆╢╒≥ ↄ⌂╢⁹ ɫI╩

ⅎ╢≤⁸ ≤ ─ ≤⌂╢⁹ ─ ╩ ≢⇔

┌╠ↄ ∆╢≤⁸ ⌂ ╩ ∫≡⁸ ─ ™ ⅜ ⌐⁸

─ ™ ⅜ ⌐ ∆╢ ⅜╖╠╣╢⁹ ─ ≤

⌐⁸ ─ ⅜ ∆╢⁹↕╠⌐ ɫLC ≢│ ⅜

≤⌂╢⁹ ╕√│ ≢│⁸◒꜡☻♬◖ꜟ ≢ ה

 
Figure 3. FHT/ ◖꜡▬♪ ─ ≤
⁹ 

 
Figure 4. ₁⌂♫ⱡ◦כ♩◖꜡▬♪(K3Sb3P2O14

2⁸K4Nb6O17
3⁸

KTiNbO5
5⁸H1.07Ti1.73O4

6⁸KNb3O8
5⁸KCaNb3O10

9⁸◓ꜝⱨ▼fi
11⁸ⱨꜟ○꜡┼◒♩ꜝ▬♩ 12⁸ⱨ♇ ◔▬ 12⁸

Ᵽ▬♦ꜝ▬♩ 13⁸ⱡfi♩꜡♫▬♩ 15⁸⸗fi⸗ꜞ꜡♫▬♩ 16⁸
Ⱬ◒♩ꜝ▬♩ 17 ─ ⁹ ─ │♫ⱡ◦כ♩─

⁹ 

 
Figure 5. ⱨꜟ○꜡Ⱬ◒♩ꜝ▬♩♫ⱡ◦כ♩

0.19 ɡm)─◖꜡▬♪ ─ X

ⱪ꜡ⱨ□▬ꜟ⁹♫ⱡ◦כ♩ │
(a)2.8, (b)2.0, (c)1.6, (d)1.2, (3)0.8 ⅔╟┘(f)0.6 

vol.%. 
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⌐╟∫≡ ─ ⌐ ≠ↄ ╛

╛ ⌂ ♪ⱷ▬fi ⌐ ∆╢ ─♥◒☻♅ꜗ

⅜ ↕╣╢⁹♥◒☻♅ꜗ│♫ⱡ◦כ♩─ ╛ ⌐╟∫≡

⌂∫≡™╢⁹ 

 │⁸♫ⱡ◦כ♩─ ⅜ ⅝™╒≥ ↄ⌂

╢⁹FHT─ ⁸ɫI│ 2.2 ɡm≢│0.12 vol%⁸ 0.35 ɡ

m≢│0.40 vol.%─ ≢№╢⁹↓─ │⁸ ⌐

≠ↄOnsager ─ 8≤ ⇔≡™╢⁹ 

 ─♫ⱡ◦כ♩ ╩ ≢ ∆╢

≤⁸ ⌂2 ⱪ꜡ⱨ□▬ꜟ≤ ⌐⁸ 80 nm

─ ⌂ ꜝⱷꜝ ⌐ ↕╣╢ ─Ⱨכ◒

⅜ ↕╣╢ Figure 5 ⁹♫ⱡ◦כ♩ ⅜ ∆╢≤

│ ↕╣╢⁹↓─╟℮⌐⇔≡ ↕╣╢

│⁸♫ⱡ◦כ♩⅜ ⌐ ⌐ ⇔≡ ⇔√↓≤

╩ ⇔≡ ↕╣╢ ╟╡╙ ↕™ ⅜ ™⁹

╩ ↕∑╢≤ ⅜ ∆╢⌂≥─ ╙

↕╣≡™╢⁹ │⁸↓─╟℮⌂ ╛⁸ꜝ ⱷꜝ ─

│⁸ ⌐ ═√Onsager ─╖≢│ ≢⅝⌂™⁹↓╣

╠╩ ⌐ ∆╢ ⌂ ╩ ╘≡™ↄ↓≤

╙⁸ ─ ⌂ ≢№╢⁹ 

 

─  

 ♫ⱡ◦כ♩ ⅜ ∆╢ⱷ♂☻◔כꜟ─ ⅔╟┘

⌂ ╩∕─╕╕ ∆╢↓≤⅜ ╣┌⁸

⌐ ↕╣√ ╩ ∆╢√╘─ ⌂ ≤

⌂╢⁹ ₁│ ⁸ ─ⱳꜞ(N-▬♁ⱪ꜡Ⱨꜟ

▪◒ꜞꜟ▪Ⱶ♪)(pNIPAm)≤FHT♫ⱡ◦כ♩ ⅜

↕╣√ ◕ꜟ╩ ⇔√18⁹NIPAm⸗ⱡⱴ⁸כ

⁸⅔╟┘ ╩FHT♫ⱡ◦כ♩ ⌐

⇔⁸ 5 mm╒≥─●ꜝ☻ ─ ⌐ ⇔ ╗≤⁸ ⌐

╟∫≡ ⅜ ⌐ ⇔√ ≢ꜝ☺◌ꜟ

⅜ ∆╢⁹ ⅜ ∆╢≤⁸ ≢ ⌂ⱥ

♪꜡◕ꜟ⅜ ╠╣√⁹Figure 6⌐ ⇔√╟℮⌐⁸ ≤

╩ ™╢≤ ╛ ─ ⅜ ↕╣√⁹↓─

⅛╠⁸◕ꜟ─ ⌐ ∫≡♫ⱡ◦כ♩⅜ ⌐

⇔≡™╢↓≤⅜ ↕╣√⁹ 

 ◕ꜟ─ │ X (SAXS)⌐╟∫≡╙ ↕╣

√⁹Figure 7⌐│ ╩ ╘√SAXSⱤ♃כfi╩ ⇔

√⁹ ≢│ 35 nm─ꜝⱷꜝ ⌐ ↕╣╢

─Ⱨכ◒⅜ ↕╣╢⁹ ⅜ ∆╢≤⁸

≤♫ⱡ◦כ♩─ ─√╘ ⅜9 nm ╕≢

∆╢⁹⇔⅛⇔♫ⱡ◦כ♩⅜ ה ∆╢↓≤│⌂

ↄ⁸ ≤ ─ꜝⱷꜝ ╩ ⇔≡™╢⁹ ─ ◕ꜟ╩ ⌐ ╣≡⅔ↄ≤⁸◕ꜟ│ ⇔≡

⌐ ⇔⁸ │60 nm ╕≢ ┘ ∆╢⁹ 

 ↓─╟℮⌂ ⌂ ─√╘⁸◕ꜟ│ ⌂ ╛ ╩ ⇔√⁹◕ꜟ ⌐ ™√ │

≢№╡⁸34 ϴ ≢ ⅝⌂ ⅜ ↓╢↓≤⅜╟ↄ ╠╣≡™╢⁹≤↓╤⅜⁸ ⌐ ═≡ ™ ♫ⱡ◦כ

♩⅜ ⌐ ↕╣≡™╢√╘⌐⁸ ⌐ ⌂ ⅜ ∂√ Figure 8A ⁹↕╠⌐⁸◕ꜟ╩ ⌐ ⇔≡⁸

─ ╩ ⇔√≤↓╤⁸◕ꜟ─ ┼─ ⅜ ╟╡╙ ™↓≤⅜ ⅛∫√ Figure 8B)⁹ 

 
Figure 8 ♫ⱡ◦כ♩⅜◕ꜟ ⌐ ⇔√ FHT/PNIPA

◕ꜟ─ ⌂ ⁹(A)◕ꜟ─ (a)

⅔╟┘(b) ─ ◘▬☼≤⁸(c) ⌂◕ꜟ ⁹
(B)꜡כ♄Ⱶfi 6G ⌐◕ꜟ╩ ⇔√≤⅝─⁸
─ ⁹xs, xb│∕╣∙╣ ⁸ ─ ⁹ 

 
Figure 7. FHT♫ⱡ◦כ♩/pNIPAm ◕ꜟ ─ X

ⱪ꜡ⱨ□▬ꜟ⁹(a) ─ ⁹(b),(c) ⅛╠∕╣∙
╣ 1 ⅔╟┘ 10 ⁹(d) ─◕ꜟ⁹(e), (f), (g)

⌐ ≢∕╣∙╣ 15 ⁸30 ⁸60 ⁹ 

 

Figure 6. ♫ⱡ◦כ♩/PNIPAm ◕ꜟ 3 mm─

╩ ╘√ ⅔╟┘∕─ ⁹ ♬◖ꜟ

≤ ╩ ™≡ ⁹ 
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Γ ◘ⱴכ☿Ⱶ♫כin Δ 
       

                    2 ◘ⱴכ☿Ⱶ♫כ  

                    

 

╛ ⌂≥ │⁸ ⌂ ╩ ∆╢ ─√╘─ ≤⇔≡ ↄ

╩ ╘≡™╕∆⁹ ⁸↓─ ⌐ ⇔≡∕╣∙╣ ─ ⅛╠ ╩ ╘╠╣≡™╢ ─ ╩

≤⇔≡⅔ ⅝⇔╕⇔√⁹ ≢│⁸ ↕╪╩◄fi◌꜠♇☺⇔≡™√∞↑╢↓≤╩ ⌐⁸ ╩

╘√⅝∫⅛↑⁸ ↕╣√↓≤⁸↕╠⌐│ ╩ ╘≡⅝√↔ ─ ⌂≥⌐≈™≡⁸ ≢│ ↄ↓≤─≢

⅝⌂™╟℮⌂ ⌂ ─⅔ ⇔≡™√∞⅝╕⇔√⁹ ≢ ™ ⌐⅞√≈ ⌐≡

⁸Γ≢≥╙─ꜟכꜙ☺◔☻─ ∂ ─ Δ╩ ═⌂⅜╠ ↄ ╩ ╘╢↓≤⅜≢⅝√≤ ™╕∆⁹ 

☿Ⱶ♫כ─ ≤⇔╕⇔≡│⁸╕∏ ─↔ ─ ⌐⁸ ≤⇔≡

─ ⌐╟╢Γ ─ ─ ╩ ≢ ╢Δ≤™℮ ─↔ ─

╩⇔≡™√∞⅝╕⇔√⁹ │⁸⅔ ─ ─ ⌐╟╡Γ ─ ⌐ ↑

√Modern DFT─ ≤ Δ≤⇔≡ ─ DFT ─ ה ╩╦⅛╡╛∆ↄ⅔ ⇔≡™√∞⅝╕⇔

√⁹ 

ⱷfiⱣכ⌐╟╢ ≤⇔╕⇔≡⁸ ─ ⁸ ─ ⁸

─ ⁸ ─ ⁸ ─ ⅛╠⁸ ─ ⌐ ⇔≡⁸∕─

☻♃fi☻⌂≥╩ ╘≡↔ ™√∞⅝╕⇔√⁹ ─ ─ ⁸ ─

⁸ ─ ⁸ ─ ⅜ ╩ ╠⇔≡ ╩↔ ™√∞

⅝╕⇔√⁹ ─↓╙∫√ ─╙≤⌐⁸ ─ ₁⅛╠╙ ↄ─ ⅜№╡⁸ ⌂ ⅜⌂↕╣╕⇔√⁹ 

│ ─ ⅜ ╩⇔≡ↄ∞↕™╕⇔√⁹ ─ ⅛╠─

╕⇔─↓≤┌≤ ─ ⁸ ⁸

⅛╠↔ ™√∞⅝╕⇔√⁹∕─

⁸ⱳ☻♃כ ⌐ ╡2

╡⌐╦√╢ ─ ⌐⁸ ┼≤ ╖⁸

≤ ⅜ ⌐⌂∫≡⁸≤↓≤╪ ╖

╪∞ ╩ ⇔╗ ⅜ ╠╣╕⇔√⁹

─ ⌐⁸ⱳ☻♃כ ⌐ ∆╢

⁸ ─ ⅜↕╣╕⇔√⁹

⅛╠─ ╘─ ≢

╩ ⌐ ∆╢↓≤⅜≢⅝╕⇔√⁹ 

─↔ ─ ⅛╠⁸Γ ⌐

╡∑╗≤ ≡┌ ╙⅛⌂™⌠ │ ⅞
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≢⌂Δ≤™℮⌐⅞√≈ ─ ─ ╩ ─ ≤⇔≡↔ ⇔≡™√∞⅝╕⇔√⁹ ─ ⅜

™√∞™√ ↕╪─ ⌐ ∫≡ↄ╣╢↓≤⁸∕⇔≡⁸ ─ ┼─ ⇔™ ≤⌂∫≡™∫≡ↄ╣╢↓≤

╩ ≤⇔≡ ⌐ ∫≡⅔╡╕∆⁹ 

⌐⌂╡╕∆⅜⁸ ⁸ ⅔╟┘⁸ ☿Ⱶ♫כ─ ⁸ ↑⌂≥⌐ ╦∫≡ↄ∞↕∫√

─ ↕╪⁸ ↕╪⁸ ─ ↕╪⁸ ↕╪⁸ ↕

╪⌐ ⅛╠ ™√⇔╕∆⁹≥℮╙№╡⅜≤℮↔↨™╕⇔√⁹ 

 

↕╣╕⇔√ ↕╪│ ─ ₁≢∆  

⁸ ⅔ )⁸ ⁸

⁸ ⁸ ⁸  

⁸ ⁸ ⁸
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