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ɄȺɅȽȿȼɊȼ 

 

ȼ ŭɘŬŰɟɘɓɐ ŬɡŰɐ ŬűɞɟɎ Űɘɠ ɛŮŰɟɐůŮɘɠ ůɡɜŰŮɚŮůŰɐ ŬɡŰɞŭɘɎɢɡůɖɠ (D) ɛɏůɤ ɛŮɗɧŭɤɜ 

ˊɡɟɖɜɘəɞɨ ɛŬɔɜɖŰɘəɞɨ ɆɡɜŰɞɜɘůɛɞɨ (NMR). Ƀɘ ɛŮŰɟɐůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ŭɡɞ 

əŬŰɖɔɞɟɑŮɠ ɡɚɘəɩɜ: ɜŮɟɧ ˊŮɟɘɞɟɘůɛɏɜɞ ůŮ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ əŬɗɩɠ əŬɘ ɘɞɜŰɘəɧ ɡɔɟɧ 

ˊŮɟɘɞɟɘůɛɏɜɞ ůŮ ŭɡɞ ɛŮůɞˊɞɟɩŭɖ ŭɞɛɏɠ.  

Ƀɘ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ (CNTs Carbon Nanotubes) ɏɢɞɡɜ ˊɟɞůŮɚəɨůŮɘ Űɞ ŮɜŭɘŬűɏɟɞɜ 

Űɤɜ ŮɟŮɡɜɖŰɩɜ ůŮ ˊŬɔəɧůɛɘɞ ŮˊɑˊŮŭɞ, ɚɧɔɤ Űɤɜ ˊɞɚɡɎɟɘɗɛɤɜ ŮűŬɟɛɞɔɩɜ Űɞɡɠ ůŮ ɏɜŬ Ůɡɟɨ 

űɎůɛŬ ˊŮŭɑɤɜ ˊɞɡ ŮəŰŮɑɜŮŰŬɘ Ŭˊɧ Űɖɜ ɘŬŰɟɘəɐ əŬɘ Űɖ űŬɟɛŬəŮɡŰɘəɐ ɤɠ Űɖɜ ŮɜɏɟɔŮɘŬ əŬɘ Űɞ 

ˊŮɟɘɓɎɚɚɞɜ əŬɘ Ŭˊɧ Űɖɜ ɖɚŮəŰɟɞɜɘəɐ əŬɘ Űɘɠ ŰɖɚŮˊɘəɞɘɜɤɜɑŮɠ ɤɠ Űɖ ɓɘɞɛɖɢŬɜɑŬ əŬɘ Űɖɜ 

ŬŮɟɞŭɘŬůŰɖɛɘəɐ. Ⱥˊɘˊɚɏɞɜ, Űɞ ůɡɛɛŮŰɟɘəɧ ůɢɐɛŬ əŬɘ ɖ ɡɣɖɚɐ ɛɖɢŬɜɘəɐ, ɢɖɛɘəɐ əŬɘ 

ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰɎ Űɞɡɠ ŮɝŬůűŬɚɑɕɞɡɜ əŬɚɎ əŬɗɞɟɘůɛɏɜŮɠ ɘŭɘɧŰɖŰŮɠ ɛŮŰŬűɞɟɎɠ əŬɘ 

əŬɗɘůŰɞɨɜ Űɞɡɠ CNTs ɘŭŬɜɘəɎ ˊɟɧŰɡˊŬ ůɡůŰɐɛŬŰŬ ɔɘŬ Űɖ ɛŮɚɏŰɖ űŬɘɜɞɛɏɜɤɜ ɛŮŰŬűɞɟɎɠ 

ůŮ ˊŮɟɘɞɟɘůɛɏɜŮɠ ɔŮɤɛŮŰɟɑŮɠ ɛŮ ŭɘŬůŰɎůŮɘɠ ůŰɖ ɜŬɜɞəɚɑɛŬəŬ. ȾŬŰɎ ůɡɜɏˊŮɘŬ ɖ ɛŮɚɏŰɖ Űɖɠ 

ŭɘɎɢɡůɖɠ Űɞɡ ɨŭŬŰɞɠ ůŮ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ɢɟɐůɘɛɖ ůŰɘɠ ˊɟɞůˊɎɗŮɘŮɠ 

əŬŰŬɜɧɖůɖɠ Űɖɠ ɟɞɐɠ ɜŮɟɞɨ ɛɏůɤ ɡŭɟɧűɞɓɤɜ ɜŬɜɞŭɘŬɨɚɤɜ ɔɘŬ Űɖɜ Ŭɝɘɞˊɞɑɖůɖ Űɤɜ CNTs 

ɤɠ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ ůŮ ŭɘŬŰɎɝŮɘɠ ŰŮɢɜɞɚɞɔɑŬɠ ɜɏŬɠ ɔŮɜɘɎɠ. ȷɟəŮŰɏɠ ɛŮɚɏŰŮɠ, ůŰɖɜ 

ˊɚŮɘɞɣɖűɑŬ Űɞɡɠ ɗŮɤɟɖŰɘəɏɠ, ɏɢɞɡɜ ŭɘŮɝŬɢɗŮɑ ɛɏɢɟɘ ůɐɛŮɟŬ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɘŮɟŮɡɜɖɗŮɑ ɖ 

ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɞɡ ɜŮɟɞɨ əŬɘ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ɜŬɜɞůɤɚɐɜɤɜ ɎɜɗɟŬəŬ (CNTs). 

ɋůŰɧůɞ, ɞɘ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮɚɏŰŮɠ ŮɑɜŬɘ ŬəɧɛŬ ɞɚɘɔɎɟɘɗɛŮɠ əŬɘ ɏɢɞɡɜ ˊŮɟɘɞɟɘůɛɏɜŮɠ 

ŭɡɜŬŰɧŰɖŰŮɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɝŬəɞɚɞɡɗɞɨɜ ɜŬ ɡˊɎɟɢɞɡɜ ŬɛűɘɚŮɔɧɛŮɜŬ ŬˊɞŰŮɚɏůɛŬŰŬ.  

ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ Űɞ ŮɜŭɘŬűɏɟɞɜ Űɖɠ ŮˊɘůŰɖɛɞɜɘəɐɠ əɞɘɜɧŰɖŰŬɠ ɏɢŮɘ ŮˊɘəŮɜŰɟɤɗŮɑ ůŰɖɜ 

ɘŭɘɎɕɞɡůŬ ůɡɛˊŮɟɘűɞɟɎ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ ɖ ɟɞɐ ɜŮɟɞɨ ɛɏůŬ Ŭˊɧ ɡŭɟɧűɞɓɞɡɠ CNTs. 

ɄɟɧůűŬŰŮɠ ɗŮɤɟɖŰɘəɏɠ əŬɘ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮɚɏŰŮɠ əŬŰŬŭŮɘəɜɨɞɡɜ ɧŰɘ ŰŬ ɛɧɟɘŬ Űɞɡ ɜŮɟɞɨ, 

ɧŰŬɜ ˊŮɟɘɞɟɑɕɞɜŰŬɘ ůŮ ɜŬɜɞŭɘŬɨɚɞɡɠ ɛŮ ŭɘŬůŰɎůŮɘɠ ůɡɔəɟɑůɘɛŮɠ ɛŮ Űɞ ɛɏɔŮɗɧɠ Űɞɡɠ, 

ŮɛűŬɜɑɕɞɡɜ ɘŭɘɧɟɟɡɗɛɖ ůɡɛˊŮɟɘűɞɟɎ, ɛŮ əɨɟɘɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɖɜ ŮɝŬɘɟŮŰɘəɎ Ŭɡɝɖɛɏɜɖ 

ɟɞɐ ɜŮɟɞɨ. ȼ ɘŭɘɧɛɞɟűɖ ɟɞɐ ůŰɞ ŮůɤŰŮɟɘəɧ Űɤɜ ɜŬɜɞůɤɚɐɜɤɜ ŬˊɞŰɡˊɩɜŮŰŬɘ ůŰɘɠ Űɘɛɏɠ 

Űɞɡ ůɡɜŰŮɚŮůŰɐ ŬɡŰɞŭɘɎɢɡůɖɠ D Űɤɜ ˊɟɤŰɞɜɑɤɜ Űɞɡ ɜŮɟɞɨ, ˊɞɡ ɓɟɏɗɖəŬɜ ɜŬ ŮɑɜŬɘ 

ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ Űɞ ůɡɜŰŮɚŮůŰɐ D Űɞɡ ŮɚŮɨɗŮɟɞɡ ɜŮɟɞɨ ɔɘŬ ŰŬ ɛɧɟɘŬ ˊɞɡ əɘɜɞɨɜŰŬɘ əŬŰɎ 

ɛɐəɞɠ Űɞɡ ɎɝɞɜŬ ůŰɞ əɏɜŰɟɞ Űɤɜ ůɤɚɐɜɤɜ. ɇɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ ɏɢŮɘ ɘŭɘŬɑŰŮɟŬ ůɖɛŬɜŰɘəɧ 

ŬɜŰɑəŰɡˊɞ ůŮ ˊɞɚɚɏɠ ŮűŬɟɛɞɔɏɠ Űɤɜ CNTs, Ŭˊɧ Űɖɜ ŮůŰɘŬůɛɏɜɖ ɢɞɟɐɔɖůɖ űŬɟɛɎəɤɜ ɛɏɢɟɘ 

Űɘɠ ɛŮɛɓɟɎɜŮɠ ɜɏŬɠ ɔŮɜɘɎɠ, ɞɘ ɞˊɞɑŮɠ ŬˊŬɘŰɞɨɜ Űɖɜ ˊŬɟɞɢɐ ɡɔɟɩɜ, əɡɟɑɤɠ ɡŭŬŰɘəɩɜ 

ŭɘŬɚɡɛɎŰɤɜ, ɛɏůɤ Űɞɡ ŮůɤŰŮɟɘəɞɨ Űɤɜ ɜŬɜɞůɤɚɐɜɤɜ ɎɜɗɟŬəŬ.  
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Ƀ Ʉɡɟɖɜɘəɧɠ ɀŬɔɜɖŰɘəɧɠ ɆɡɜŰɞɜɘůɛɧɠ NMR ɗŮɤɟŮɑŰŬɘ ɛɘŬ Ŭˊɧ Űɘɠ ˊɘɞ ůɖɛŬɜŰɘəɏɠ ɛɖ 

ŮˊŮɛɓŬŰɘəɏɠ ŰŮɢɜɘəɏɠ ɔɘŬ Űɖɜ ɛŮɚɏŰɖ ůɡɛˊŮɟɘűɞɟɎɠ ɟŮɡůŰɩɜ ˊŮɟɘɞɟɘůɛɏɜɤɜ ůŮ 

ɛŮůɞˊɞɟɩŭɖ əŬɘ ɜŬɜɞˊɞɟɩŭɖ ůŰŮɟŮɎ ůɡůŰɐɛŬŰŬ. ȸŬůɑɕŮŰŬɘ ůŰɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ 

ˊɡɟɖɜɘəɩɜ ůˊɑɜ ɛŮ ɏɜŬ ŮɝɤŰŮɟɘəɧ ɛŬɔɜɖŰɘəɧ ˊŮŭɑɞ, əŬɗɩɠ əŬɘ ůŰɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ 

ˊɡɟɖɜɘəɩɜ ůˊɑɜ ɛŮ ŰŬ ɔŮɘŰɞɜɘəɎ ˊɡɟɖɜɘəɎ əŬɘ ɛɖ ůɡɕŮɡɔɛɏɜŬ ɖɚŮəŰɟɞɜɘəɎ ůˊɑɜ. ȷɡŰɧ Űɖɜ 

əŬɗɘůŰɎ ŮɝŬɘɟŮŰɘəɎ ŮɡŬɑůɗɖŰɖ ůŰɞ Űɞˊɘəɧ ŬŰɞɛɘəɧ ˊŮɟɘɓɎɚɚɞɜ, ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖ ɛŮɚɏŰɖ Űɖɠ 

ŬŰɞɛɘəɐɠ əŬɘ ɛɞɟɘŬəɐɠ ŭɡɜŬɛɘəɐɠ ůŮ ɢɟɞɜɘəɏɠ əɚɑɛŬəŮɠ ˊɞɡ ŮəŰŮɑɜɞɜŰŬɘ Ŭˊɧ 

ɜŬɜɞŭŮɡŰŮɟɧɚŮˊŰŬ ɏɤɠ əŬɘ ɩɟŮɠ ɐ ŬəɧɛŬ əŬɘ ŮɓŭɞɛɎŭŮɠ ɐ ɛɐɜŮɠ.  

ȼ ŮűŬɟɛɞɔɐ Űɤɜ ůɡɛɓŬŰɘəɩɜ ŰŮɢɜɘəɩɜ Ʉɡɟɖɜɘəɞɨ ɀŬɔɜɖŰɘəɞɨ ɆɡɜŰɞɜɘůɛɞɨ ɛɑŬɠ 

ŭɘɎůŰŬůɖɠ (1D-NMR) ɔɘŬ Űɖɜ ɛŮɚɏŰɖ Űɖɠ ɛɞɟɘŬəɐɠ ŭɡɜŬɛɘəɐɠ Űɤɜ ɟŮɡůŰɩɜ ˊŮɟɘɚŬɛɓɎɜŮɘ 

Űɖɜ ˊŬɟŬəɞɚɞɨɗɖůɖ əŬɘ əŬŰŬɔɟŬűɐ Űɖɠ űŬůɛŬŰɘəɐɠ ɔɟŬɛɛɐɠ, Űɤɜ ɢɟɧɜɤɜ ŮűɖůɡɢŬůɛɞɨ 

ɇ1 (ůˊɑɜ-ˊɚɏɔɛŬŰɞɠ) əŬɘ ɇ2 (ůˊɑɜ-ůˊɑɜ) əŬɘ Űɖɠ ůŰŬɗŮɟɎɠ ŬɡŰɞŭɘɎɢɡůɖɠ D Űɤɜ 

ŮɝŮŰŬɕɧɛŮɜɤɜ ˊɡɟɐɜɤɜ. ɄɟɞəɨˊŰɞɡɜ ůɖɛŬɜŰɘəɏɠ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɖɜ əɘɜɖɛŬŰɘəɐ əŬɘ Űɘɠ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ Űɧůɞ ůŮ ŬŰɞɛɘəɧ ŮˊɑˊŮŭɞ ůŰɞ Űɞˊɘəɧ ˊŮɟɘɓɎɚɚɞɜ Űɤɜ ˊɡɟɐɜɤɜ ɧůɞ əŬɘ 

ɔɘŬ ůɡɚɚɞɔɘəɏɠ əɘɜɐůŮɘɠ. ȰŰůɘ, Ŭˊɧ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮɚɏŰŮɠ 1ȼ 1D-NMR Űɤɜ ˊɟɤŰɞɜɑɤɜ (1ȼ) 

ůŰŬ ɛɧɟɘŬ Űɞɡ ɜŮɟɞɨ ůɡɚɚɏɔɞɜŰŬɘ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɞɡɠ ˊɘɗŬɜɞɨɠ ɛɖɢŬɜɘůɛɞɨɠ ŭɘɎɢɡůɖɠ 

Űɞɡ ɜŮɟɞɨ ůŰɞ ŮůɤŰŮɟɘəɧ Űɤɜ CNTs. Ƀɘ ŰŮɢɜɘəɏɠ 1D-NMR ɧɛɤɠ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ 

ŭɘŬɢɤɟɑůɞɡɜ ˊɘɗŬɜɏɠ ŭɘŬűɞɟŮŰɘəɏɠ ůɡɜŮɘůűɞɟɏɠ ůŰɖ ɛɞɟɘŬəɐ ŭɘɎɢɡůɖ ɐ ůŰɞɡɠ ɛɖɢŬɜɘůɛɞɨɠ 

ŮűɖůɡɢŬůɛɞɨ ɞɨŰŮ ɜŬ ŭɘŬəɟɑɜɞɡɜ Űɘɠ ˊɘɗŬɜɏɠ ůɡůɢŮŰɑůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ŭɘŬəɟɘŰɩɜ 

ůɡɜŮɘůűɞɟɩɜ.  

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɔɘŬ ˊɟɩŰɖ űɞɟɎ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ ɛɏůɤ 

Űɤɜ ɞˊɞɑɤɜ ɏɔɘɜŮ ŭɡɜŬŰɧ ɜŬ ŭɘŬəɟɘɗɞɨɜ ŭɘŬűɞɟŮŰɘəɏɠ ůɡɜɘůŰɩůŮɠ ůŰɖ ɟɞɐ Űɞɡ ɜŮɟɞɨ ůŰɞ 

ŮůɤŰŮɟɘəɧ Űɤɜ ɜŬɜɞůɤɚɐɜɤɜ ŮűŬɟɛɧɕɞɜŰŬɠ ɛɘŬ ˊɟɤŰɞˊɞɟɘŬəɐ ɛɏɗɞŭɞ ˊɞɡ ůɡɜŭɡɎɕŮɘ 

ŰŮɢɜɘəɏɠ (D-T2 əŬɘ ɇ1 -ɇ2) Űɖɠ űŬůɛŬŰɞůəɞˊɑŬɠ Ʉɡɟɖɜɘəɞɨ ɀŬɔɜɖŰɘəɞɨ ɆɡɜŰɞɜɘůɛɞɨ ŭɨɞ 

ŭɘŬůŰɎůŮɤɜ 2D-NMR ɛŮ ˊɟɞɖɔɛɏɜɞɡɠ Ŭɚɔɞɟɑɗɛɞɡɠ ŬɜŰɘůŰɟɞűɐɠ Tikhonov. ɆŰɖɜ 

ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ, ŮűŬɟɛɧůŰɖəŬɜ  ˊɟɞɖɔɛɏɜɞɘ Ŭɚɔɧɟɘɗɛɞɘ 

ŬɜŰɘůŰɟɞűɐɠ ŭɨɞ ŭɘŬůŰɎůŮɤɜ, ɩůŰŮ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ ɖ əŬŰŬɜɞɛɐ Űɞɡ ůɡɜŰŮɚŮůŰɐ 

ŬɡŰɞŭɘɎɢɡůɖɠ D Űɞɡ ɜŮɟɞɨ əŬɘ ɜŬ ůɡůɢŮŰɘůŰŮɑ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ əŬŰŬɜɞɛɏɠ Űɤɜ ɢɟɧɜɤɜ 

ɇ1, ɇ2. 

ȷɟɢɘəɎ ɛŮɚŮŰɐɗɖəŬɜ ɖ ŭɘɎɢɡůɖ ɜŮɟɞɨ ɛɏůŬ ůŮ CNTs ɛŮ ɛɞɜɧ əŬɘ ŭɘˊɚɧ ŰɞɑɢɤɛŬ (SWCNT 

əŬɘ DWCNT). ȼ ɛɏɗɞŭɞɠ ŬɡŰɐ ɏŭɤůŮ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ˊŬɟŬŰɖɟɐůɞɡɛŮ ˊŮɘɟŬɛŬŰɘəɎ Űɖ 

ŭɘɎɢɡůɖ Űɞɡ ɜŮɟɞɨ ůŰɖ ɜŬɜɞəɚɑɛŬəŬ əŬɘ ɜŬ ŭɘŬəɟɘɗɞɨɜ ɞɛɎŭŮɠ ɛɞɟɑɤɜ ɛɏůɤ 

ɗŮɟɛɞəɟŬůɘŬəɩɜ ɛŮŰɟɐůŮɤɜ Ŭˊɧ 265Ⱦ ɏɤɠ 300Ⱦ ɛŮ ŭɘŬűɞɟŮŰɘəɐ ŭɡɜŬɛɘəɐ-əɘɜɖɛŬŰɘəɐ 
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ůɡɛˊŮɟɘűɞɟɎ. ɄŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ əŬŰɎ Űɖ ɟɞɐ ɜŮɟɞɨ ɛɏůŬ Ŭˊɧ CNTs Űɞ Űɞˊɘəɧ ˊŮɟɘɓɎɚɚɞɜ 

ŭŮɜ ŮɑɜŬɘ Űɞ ɑŭɘɞ ɔɘŬ ɧɚŬ ŰŬ ɛɧɟɘŬ Űɞɡ ɟŮɡůŰɞɨ. ɆŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ ɞɘ ɛɖɢŬɜɘůɛɞɑ 

ŮűɖůɡɢŬůɛɞɨ əŬɘ ŭɘɎɢɡůɖɠ əŬɗɞɟɑɕɞɜŰŬɘ Ŭˊɧ Űɞ Űɞˊɘəɧ ˊŮɟɘɓɎɚɚɞɜ əŬɘ Űɘɠ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ Űɤɜ ɛɞɟɑɤɜ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ əɎɗŮ ɞɛɎŭŬ ɛɞɟɑɤɜ ɜŮɟɞɨ ɜŬ ŭɑɜŮɘ ɏɜŬ 

ɝŮɢɤɟɘůŰɧ ůɐɛŬ NMR ɛŮ ŭɘŬűɞɟŮŰɘəɧ ůɡɜŰŮɚŮůŰɐ ŬɡŰɞŭɘɎɢɡůɖɠ. ɄŬɟŬŰɖɟɐɗɖəŮ ɛɘŬ 

əŬŰŬɜɞɛɐ Űɘɛɩɜ Űɤɜ ɢɟɧɜɤɜ ŮűɖůɡɢŬůɛɞɨ əŬɘ Űɖɠ ůŰŬɗŮɟɎɠ ŭɘɎɢɡůɖɠ ˊɞɡ ŬɜŰŬɜŬəɚɎ Űɖɜ 

əŬŰŬɜɞɛɐ ɛɞɟɑɤɜ ɜŮɟɞɨ ůŮ ŭɘŬűɞɟŮŰɘəɎ ŭɡɜŬɛɘəɎ ˊŮɟɘɓɎɚɚɞɜŰŬ ůŰŬ ŰɞɘɢɩɛŬŰŬ əŬɘ ůŰɞ 

ŮůɤŰŮɟɘəɧ Űɤɜ ɜŬɜɞůɤɚɐɜɤɜ. 

ɀŮ Űɖɜ ɛɏɗɞŭɞ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ɏɔɘɜŮ ŭɡɜŬŰɧ ɜŬ ˊŬɟŬŰɖɟɖɗɞɨɜ 

ɔɘŬ ˊɟɩŰɖ űɞɟɎ ˊŮɘɟŬɛŬŰɘəɎ ŭɘŬűɞɟŮŰɘəɏɠ ɞɛɎŭŮɠ ɜŮɟɞɨ ůŰŬ ŰɞɘɢɩɛŬŰŬ əŬɘ əŬŰɎ ɛɐəɞɠ 

Űɞɡ ɎɝɞɜŬ Űɤɜ ɜŬɜɞůɤɚɐɜɤɜ əŬɘ ɜŬ ŮˊɘɓŮɓŬɘɤɗɞɨɜ ɔɘŬ ˊɟɩŰɖ űɞɟɎ ˊŮɘɟŬɛŬŰɘəɎ ɞɘ 

ˊɟɞɓɚɏɣŮɘɠ Űɤɜ ɗŮɤɟɖŰɘəɩɜ ɛɞɜŰɏɚɤɜ (MD Molecular Dynamics). ȼ ˊŮɘɟŬɛŬŰɘəɐ ɛɏɗɞŭɞɠ 

NMR ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ɡˊŮɟŰŮɟŮɑ ɏɜŬɜŰɘ Űɤɜ ɗŮɤɟɖŰɘəɩɜ ɡˊɞɚɞɔɘůɛɩɜ MD ɚɧɔɞɡ Űɞɡ ɧŰɘ 

ɖ ɢɟɞɜɘəɐ əɚɑɛŬəŬ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ŭɘɎɢɡůɖɠ NMR ŮɑɜŬɘ 2-3 ŰɎɝŮɘɠ ɛŮɔɏɗɞɡɠ ɛŮɔŬɚɨŰŮɟɖ 

Ŭˊɧ Űɖɜ ŬɜŰɑůŰɞɘɢɖ əɚɑɛŬəŬ Űɖɠ ɛŮɗɧŭɞɡ MD. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ŮˊɏŰɟŮɣŮ Űɖɜ 

ˊŬɟŬəɞɚɞɨɗɖůɖ ˊɞɚɨ Ŭɟɔɩɜ əɘɜɐůŮɤɜ ɞɨŰɤɠ ɩůŰŮ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ ɘŭɘɧɛɞɟűɖ ŭɘɎɢɡůɖ Űɞɡ 

ɜŮɟɞɨ ŮɜŰɧɠ Űɤɜ ɜŬɜɞůɤɚɐɜɤɜ ɎɜɗɟŬəŬ. ɃˊɧŰŮ ŮűŬɟɛɧɕɞɜŰŬɠ Űɖɜ ŰŮɢɜɘəɐ 2D D-T2  əŬɘ 

ɇ1-ɇ2 
1H NMR ůŮ SWCNT əŬɘ DWCNT ɜŬɜɞůɤɚɐɜŮɠ ˊŬɟŬŰɖɟɐɗɖəŮ ɛɘŬ ˊɞɚɡůŰɟɤɛŬŰɘəɐ 

ŭɞɛɐ ůŰɖ ŭɘɎɢɡůɖ Űɞɡ ɜŮɟɞɨ ůŰɞɡɠ DWCNTs əŬɘ Űɖɜ ˊŬɟɞɡůɑŬ ɛɘŬɠ çɔɟɐɔɞɟɖɠè 

ůɡɜɘůŰɩůŬɠ ŭɘɎɢɡůɖɠ ˊɞɡ ŬˊŮɘəɞɜɑɕŮɘ Űɖ ɟɞɐ ɛɞɟɑɤɜ ɜŮɟɞɨ əŬŰɎ ɛɐəɞɠ Űɞɡ əŮɜŰɟɘəɞɨ 

ɎɝɞɜŬ Űɞɡ ɜŬɜɞůɤɚɐɜŬ.  

ɆŮ ŭŮɨŰŮɟɞ ůŰɎŭɘɞ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ ɛŮ 

Űɖɜ ɘŭɘŬ ɛŮɗɞŭɞɚɞɔɑŬ ůŮ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ ŮůɤŰŮɟɘəɐɠ 

ŭɘŬɛɏŰɟɞɡ Ŭˊɧ 1.1 nm ɤɠ 6 nm ůŰɖɜ ˊŮɟɘɞɢɐ ɗŮɟɛɞəɟŬůɘɩɜ Ŭˊɧ Űɞɡɠ 265Ⱦ ɤɠ Űɞɡɠ 300Ⱦ, 

ɛŮ ůəɞˊɧ ɜŬ ŬˊɞůŬűɖɜɘůŰŮɑ ɞ ɟɧɚɞɠ ˊɞɡ ˊŬɑɕŮɘ Űɞ ɛɏɔŮɗɞɠ Űɖɠ ŭɘŬɛɏŰɟɞɡ ůŰɞ ɛɖɢŬɜɘůɛɧ 

ŭɘɎɢɡůɖɠ Űɞɡ ɜŮɟɞɨ. ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ˊŮɘɟŬɛŬŰɘəɎ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ ɛɑŬɠ ɓɏɚŰɘůŰɖɠ 

ŭɘŬɛɏŰɟɞɡ ɛŮŰŬɝɨ 3.0nm-4.5nm ɔɘŬ Űɖɜ ɞˊɞɑŬ ɛŮɔɘůŰɞˊɞɘŮɑŰŬɘ ɖ ŰŬɢɨŰɖŰŬ ɟɞɐɠ Űɤɜ ɛɞɟɑɤɜ 

ɜŮɟɞɨ ůŰɞɡɠ CNTs.  

Ⱥˊɘˊɚɏɞɜ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰɎ ɡˊɞŭŮɘəɜɨɞɡɜ ɧŰɘ ůŮ ŬɡŰɏɠ Űɘɠ ŭɘŬɛɏŰɟɞɡɠ Űɞ ɜŮɟɧ ůŰŬ CNTs 

ŬɜŬɚɨŮŰŬɘ ˊŮɟŬɘŰɏɟɤ ůŮ ŭɨɞ ůɡɜɘůŰɩůŮɠ ŭɘɎɢɡůɖɠ ɛŮ Űɖɜ əŮɜŰɟɘəɐ əŬŰɎ ɛɐəɞɠ Űɞɡ ɎɝɞɜŬ 

Űɞɡ ɜŬɜɞůɤɚɐɜŬ ɜŬ ˊŬɟɞɡůɘɎɕŮɘ ŮəˊɚɖəŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɛŮŰŬűɞɟɎɠ, ɧˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ 

ɜɤɟɑŰŮɟŬ, ɛŮ Űɘɛɏɠ D əɡɛŬɘɜɧɛŮɜŮɠ Ŭˊɧ ŭɨɞ ɏɤɠ ůɢŮŭɧɜ ŰɏůůŮɟɘɠ űɞɟɏɠ ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ 

Űɘɠ Űɘɛɏɠ D Űɞɡ ŮɚŮɨɗŮɟɞɡ ɜŮɟɞɨ. 
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ɆŰɞ ŰŮɚŮɡŰŬɑɞ ůŰɎŭɘɞ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ɛŮɚŮŰɐɗɖəŮ ůŮ ɏɜŬ ɛŮɔɎɚɞ Ůɨɟɞɠ 

ɗŮɟɛɞəɟŬůɘɩɜ ɖ ůɡɛˊŮɟɘűɞɟɎ Ůɜɧɠ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ůŮ ɡɔɟɐ ɛɞɟűɐ əŬɗɩɠ əŬɘ 

ˊɟɞůɟɞűɖɛɏɜɞ ůŮ ŭɡɞ ɛŮůɞˊɞɟɩŭŮɘɠ ŭɞɛɏɠ.  

ɇŬ ɘɞɜŰɘəɎ ɡɔɟɎ (ȽɈ) ŮɑɜŬɘ ɎɚŬŰŬ ɛŮ ŬɟəŮŰɎ ɢŬɛɖɚɧ ůɖɛŮɑɞ ŰɐɝŮɤɠ, ɛɘəɟɧŰŮɟɞ Ŭˊɧ 100ɞC, 

ŰŬ ɞˊɞɑŬ űɏɟɞɡɜ ɞɟɔŬɜɘəɎ əŬŰɘɧɜŰŬ, ˊɞɡ ŮɑɜŬɘ ɞɔəɩŭɖ əŬɘ ɛɘəɟɐɠ ůɡɛɛŮŰɟɑŬɠ, Ůɜɩ ŰŬ 

ŬɜɘɧɜŰŬ Űɞɡɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŬɜɧɟɔŬɜŬ ɐ ɞɟɔŬɜɘəɎ. ȷɡŰɎ ŰŬ ɎɚŬŰŬ ůɡɜŬɜŰɩɜŰŬɘ ůɡɜɐɗɤɠ 

ɤɠ ɡɔɟɎ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, ɞˊɧŰŮ ŬɜŬűɏɟɞɜŰŬɘ ɤɠ ɘɞɜŰɘəɎ ɡɔɟɎ ɗŮɟɛɞəɟŬůɑŬɠ 

ŭɤɛŬŰɑɞɡ (Room Temperature Ionic Liquids, RTILs). Ƀɘ ŮɜŭɘŬűɏɟɞɡůŮɠ űɡůɘəɞɢɖɛɘəɏɠ 

ɘŭɘɧŰɖŰɏɠ Űɞɡɠ, ɞ ŭɘŬűɞɟŮŰɘəɧɠ Űɟɧˊɞɠ ůɡɛɛŮŰɞɢɐɠ Űɞɡɠ (ɤɠ ŭɘŬɚɨŰŮɠ) ůŮ ŬɜŰɘŭɟɎůŮɘɠ əŬɘ ɖ 

ůɖɛŬɜŰɘəɐ ɘəŬɜɧŰɖŰŬ ŭɏůɛŮɡůɖɠ ɞɟɘůɛɏɜɤɜ ŬŮɟɑɤɜ, ɧˊɤɠ Űɞ CO2, ɏɢɞɡɜ ˊɟɞůŮɚəɨůŮɘ 

ɘŭɘŬɑŰŮɟŬ ɏɜŰɞɜɞ ŮɟŮɡɜɖŰɘəɧ ŮɜŭɘŬűɏɟɞɜ. ɇŬ ɘɞɜŰɘəɎ ɡɔɟɎ (ȽɈ) ɡˊŮɟŰŮɟɞɨɜ ɏɜŬɜŰɘ Űɤɜ 

ůɡɛɓŬŰɘəɩɜ ŭɘŬɚɡŰɩɜ ɔɘŬ Űɖ ŭɏůɛŮɡůɖ Űɞɡ CO2 əŬɘ ŭɘŬɗɏŰɞɡɜ űɘɚɘəɐ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ 

ůɡɛˊŮɟɘűɞɟɎ, əŬɗɩɠ ɏɢɞɡɜ ɛŮɔɎɚɖ ˊŮɟɘɞɢɐ ɗŮɟɛɞəɟŬůɘɩɜ ɡɔɟɐɠ əŬŰɎůŰŬůɖɠ əŬɘ 

ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ŬɛŮɚɖŰɏŬ ŰɎůɖ ŬŰɛɩɜ əŬɘ ˊŰɖŰɘəɧŰɖŰŬ. ɆɡůŰɐɛŬŰŬ ɡˊɞůŰɖɟɘɕɧɛŮɜɖɠ 

űɎůɖɠ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ (ɘɞɜŰɘəɎ ɡɔɟɎ ɛɏůŬ ůŮ ɛŮůɞˊɞɟɩŭɖ ŭɞɛɏɠ) ɏɢɞɡɜ ˊɞɚɚŬˊɚɏɠ 

ŮűŬɟɛɞɔɏɠ ɧˊɤɠ ůŮ ŭɘŮɟɔŬůɑŮɠ ŭɏůɛŮɡůɖɠ əŬɘ ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ, ŭɘŮɟɔŬůɑŮɠ əŬŰɎɚɡůɖɠ, 

ɚɘˊŬɜŰɘəɎ, ɜŬɜɞůɨɜɗŮŰŬ ɡɚɘəɎ, ˊɡəɜɤŰɏɠ, əŬɨůɘɛŬ ə.Ŭ. ȼ Ŭˊɧŭɞůɖ ɧɚɤɜ ŬɡŰɩɜ Űɤɜ 

ŭɘŮɟɔŬůɘɩɜ ŮɝŬɟŰɎŰŬɘ əɡɟɑɤɠ Ŭˊɧ Űɖɜ ɘɞɜŰɘəɐ ɛŮŰŬűɞɟɎ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ ůŰɖ 

ɜŬɜɞəɚɑɛŬəŬ. ȼ űŬůɛŬŰɞůəɞˊɑŬ Ʉɡɟɖɜɘəɞɨ ɀŬɔɜɖŰɘəɞɨ ɆɡɜŰɞɜɘůɛɞɨ (NMR) ɏɢŮɘ 

ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ŮɑɜŬɘ ɏɜŬ ˊɞɚɨ ůɖɛŬɜŰɘəɧ ɛɖ ŮˊŮɛɓŬŰɘəɧ ŮɟɔŬɚŮɑɞ ɔɘŬ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ 

ŭɡɜŬɛɘəɐɠ əŬɘ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ILs. ɆɡɔəŮəɟɘɛɏɜŬ, ˊŮɘɟɎɛŬŰŬ NMR ůŰɖɜ ɔɟŬɛɛɘəɐ 

ˊŮɟɘɞɢɐ ɓŬɗɛɑŭŬɠ ˊŮŭɑɞɡ ɡˊŮɟŬɔɩɔɘɛɞɡ ɛŬɔɜɐŰɖ  ŮˊɘŰɟɏˊɞɡɜ Űɞɜ ɎɛŮůɞ ɡˊɞɚɞɔɘůɛɧ Űɞɡ 

ůɡɜŰŮɚŮůŰɐ ŬɡŰɞŭɘɎɢɡůɖɠ D. 

ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɗŮɟɛɞəɟŬůɘŬəɏɠ ɛŮŰɟɐůŮɘɠ ˊɟɤŰɞɜɑɞɡ 1ȼ NMR ɛŮ ůɡɛɓŬŰɘəɏɠ 

ɛɞɜɞŭɘɎůŰŬŰŮɠ əŬɘ ŭɘůŭɘɎůŰŬŰŮɠ ŰŮɢɜɘəɏɠ Ʉɡɟɖɜɘəɞɨ ɀŬɔɜɖŰɘəɞɨ ɆɡɜŰɞɜɘůɛɞɨ əŬɗɩɠ əŬɘ 

ɛŮŰɟɐůŮɘɠ Űɤɜ ɢɟɧɜɤɜ ŮűɖůɡɢŬůɛɞɨ ɇ1 (ůˊɑɜ-ˊɚɏɔɛŬŰɞɠ), əŬɘ ɇ2 (ůˊɑɜ-ůˊɑɜ) əŬɘ Űɖɠ 

ůŰŬɗŮɟɎɠ ŬɡŰɞŭɘɎɢɡůɖɠ D ůŰɞ ɘɞɜŰɘəɧ ɡɔɟɧ BMIM TCM ůŮ ŮɚŮɨɗŮɟɖ ɛɞɟűɐ əŬɗɩɠ əŬɘ 

ˊɟɞůɟɞűɖɛɏɜɞ ůŮ ŭɨɞ ˊɞɟɩŭɖ ŭɞɛɏɠ ˊɡɟɘŰɑɞɡ ŭɘŬűɞɟŮŰɘəɞɨ ɛŮɔɏɗɞɡɠ ˊɧɟɤɜ əŬɘ 

ɔŮɤɛŮŰɟɑŬɠ, Űɞ MCM-41 (Mobile Composition of Matter No41) əŬɘ Űɞ SBA-15 (Santa 

Barbara Amorphus Ɂɞ15). Ƀɘ ɛŮŰɟɐůŮɘɠ ŭɘŮɝɐɢɗɖůŬɜ ůŰɘɠ ˊŬɟɡűɏɠ Űɞɡ ˊŮŭɑɞɡ 

ɈˊŮɟŬɔɩɔɘɛɞɡ ɛŬɔɜɐŰɖ 4.7 T ɛŮ ɔɟŬɛɛɘəɐ ɓŬɗɛɑŭŬ ɛŬɔɜɖŰɘəɞɨ ˊŮŭɑɞɡ 34.7 T/m ůŰɖɜ 

ˊŮɟɘɞɢɐ ɗŮɟɛɞəɟŬůɘɩɜ 100Ⱦ ɏɤɠ 400Ⱦ ɛŮ ɗɏɟɛŬɜůɖ.  
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ɀŮɚŮŰɐɗɖəŮ ɗŮɟɛɞəɟŬůɘŬəɎ ɖ ŭɡɜŬɛɘəɐ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ BMIM TCM ˊɞɡ ˊŮɟɘɞɟɑɕŮŰŬɘ 

ůŰɞ MCM-41 əŬɘ Űɞ SBA-15 ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ. ũɘŬ ɜŬ ŭɘŮɟŮɡɜɖɗŮɑ ɖ 

ŮˊɑŭɟŬůɖ Űɖɠ ɗŮɟɛɘəɐɠ ŮˊŮɝŮɟɔŬůɑŬɠ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ůɡɔəɟɑɗɖəŬɜ ɛŮ Űɘɠ Űɘɛɏɠ ˊɞɡ 

ɚɐűɗɖəŬɜ ɔɘŬ Űɞ ɘɞɜŰɘəɧ ɡɔɟɧ ůŮ ŮɚŮɨɗŮɟɖ ɛɞɟűɐ əŬɘ ɞɘ ɛŮŰɟɐůŮɘɠ ɡˊɞŭŮɘəɜɨɞɡɜ Űɖɜ 

ɨˊŬɟɝɖ ŭɨɞ ŮɚŬɢɑůŰɤɜ ůŰɞɜ ɢɟɧɜɞ ŮűɖůɡɢŬůɛɞɨ ɇ1 ɖ ɞˊɞɑŬ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ŮɛűɎɜɘůɖ 

ɛŮŰŬɓŬŰɘəɐɠ űɎůɖɠ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ůŮ ɛɘŬ ɡŬɚɩŭɖ űɎůɖ. ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ 

ˊŮɘɟŬɛŬŰɘəɧɠ ɡˊɞɚɞɔɘůɛɧɠ Űɞɡ ɢɟɧɜɞɡ ůɡůɢɏŰɘůɖɠ ɛɏůɤ Űɞɡ ɢɟɧɜɞɡ ŮűɖůɡɢŬůɛɞɨ ɇ1 əŬɘ 

ɛɏůɤ ɗŮɤɟɖŰɘəɩɜ ɛɞɜŰɏɚɤɜ Ʉɡɟɖɜɘəɞɨ ɀŬɔɜɖŰɘəɞɨ ɆɡɜŰɞɜɘůɛɞɨ Űɖɠ ɗŮɤɟɑŬɠ BPP 

(Bloembergen-Purcell-Pound theory-BPP theory) ŮɜŰɞˊɑůŰɖəŬɜ ˊŮɘɟŬɛŬŰɘəɎ 2 ŮɚɎɢɘůŰŬ 

ˊɞɡ ɡˊɞŭɖɚɩɜɞɡɜ ɛŮŰɎɓŬůɖ űɎůɖɠ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ. 

 

ȿȺɂȺȽɆ ȾȿȺȽȹȽȷ:  Ʉɡɟɖɜɘəɧɠ ɀŬɔɜɖŰɘəɧɠ ɆɡɜŰɞɜɘůɛɧɠ, ɁŬɜɞůɤɚɐɜŮɠ ȯɜɗɟŬəŬ, 

ȽɞɜŰɘəɎ ɈɔɟɎ 
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ABSTRACT 

 

In this dissertation we considered self-diffusion coefficient (D) and relaxation 

measurements by nuclear magnetic resonance (NMR) methods. The measurements were 

carried out in two categories: water confined in different types of carbon nanotubes as well 

as an ionic liquid in bulk form and confined into two mesoporous structures. 

Carbon Nanotubes (CNTs) have attracted considerable interest by researcher community 

the recent years, because of their numerous applications in a wide range of fields ranging 

from medicine and pharmaceuticals to energy, environment, electronics and 

telecommunications to industry and aerospace. In addition, their symmetrical shape and 

high mechanical, chemical and thermal stability ensure well-defined transport properties 

and make CNTs ideal prototype systems for studying transport phenomena in confined 

geometries in nanoscale. Consequently, the study of diffusion of water inside carbon 

nanotubes is extremely useful in attempts to understand the flow of water through 

hydrophobic nanostructures to exploit CNTs as building blocks in a new generation of 

technology devices. Several studies, mostly theoretical , have been conducted so far in order 

to investigate the interaction between water and the surface of CNTs. However, 

experimental studies are still scarce and have limited potential, resulting in controversial 

results. 

In recent years, the interest of the scientific community has focused on the particular 

behavior of the flow of water through hydrophobic CNTs. Recent theoretical and 

experimental studies have shown that water molecules when confined to Nanoporous 

materials of dimensions comparable to their size, exhibit peculiar behavior, such as one of 

the main characteristic is the exceptionally high water flow. The peculiar fast flow inside 

the nanotubes is imprinted on the values of the self-diffusion coefficient D of the protons of 

water, and it is found to be greater than the diffusion coefficient D of free water for the 

molecules moving along the axis at the center of the tubes. This phenomenon has a 

particularly significance impact on many CNTs applications, from targeted drug delivery 

systems to new generation membranes, which require the supply of liquid through the 

interior of carbon nanotubes. 

Nuclear Magnetic Resonance is considered to be one of the most important non-invasive 

techniques to study the behavior of fluids when confined into mesoporous and nanoporous 

solid materials. It is based on the interaction of nuclear spins with an external magnetic field, 
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as well as on the interaction of nuclear spins with neighboring nuclear and unconjugated 

electron spins. This makes the technique it extremely sensitive to the local atomic 

environment, allowing the study of atomic and molecular dynamics in time ranges ranging 

from nanosecond to hours or even weeks or months. 

The application of one dimension conventional Nuclear Magnetic Resonance (1D-NMR) 

techniques to study the molecular dynamics of fluids involves the observation and recording 

of the spectral line, the relaxation time T1 (spin-lattice) and T2 (spin-spin) along with the 

self-diffusion coefficient D of the under investigation nuclei. Significant information on the 

dynamics and the interactions both at atomic level and at the local environment as well as 

for the translational motions of the molecules. Thus, from experimental 1ȼ 1D-NMR studies 

of protons (1ȼ) in water molecules, we retrieve information on possible water diffusion 

mechanisms inside CNTs. Therefore, 1D-NMR techniques cannot distinguish the potential 

different contributions to molecular diffusion or in the relaxation mechanisms nor 

distinguish the possible correlations between the discrete contributions. 

In this dissertation experimental measurements were made for the first time and it became 

possible to distinguish different diffusion coefficient components in the water flow inside 

the nanotubes by applying a pioneering method that combines two dimensional techniques 

(D-T2 əŬɘ ɇ1 -ɇ2) of 2D Magnetic Resonance Spectroscopy with an modified version of 

advanced Tikhonov Inversion algorithms. In the experimental data analysis, advanced two-

dimensional inversion algorithms were used to determine the distribution of the self-

diffusion coefficient D of  water in order to correlate them with the distributions in the 

relaxation times T1 and T2. 

Initially, water diffusion into single and double wall CNTs (SWCNT and DWCNT) was 

studied. This method allowed us to investigate experimentally the diffusion of water at the 

nanoscale and to distinguish different groups of molecules through temperature studies from 

265K up to 300K with different dynamics-kinematic behavior. It was observed that when 

water flows through CNTs the local environment is not the same for all the fluid water 

molecules. In each case, the relaxation and diffusion mechanisms are determined by the 

local environment and the interactions of the molecules, resulting in each group of water 

molecules giving a separate NMR signal with a different self-diffusion coefficient. A 

distribution on the values of relaxation times and diffusion coefficient values was observed 

which reflects into the distribution of water molecules in different dynamic environments 

close to the walls and close to the axis of the nanotube. 
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By the method developed in this dissertation it was possible to observe experimentally for 

the first time different water groups on the walls and along the axis of the nanotubes and to 

confirm the predictions of the theoretical models (MD Molecular Dynamics) that exist in 

the literature. The experimental NMR method developed is advantageous than MD 

simulations because the time scale of the NMR diffusion experiments was 2-3 orders of 

magnitude larger than the MD scale. This allowed us to be able to observe very slow 

movements of the studied molecules in order to study the peculiar diffusion of water inside 

CNTs. By applying 2D D-T2 and ɇ1-ɇ2 
1H NMR techniques to study water inside SWCNT 

and DWCNT nanotubes, a multilayer structure was observed in the diffusion of water in 

DWCNTs and the presence of a "fast" diffusion component resulting on a fast diffusion of 

water molecules along the central axis of the nanotube. 

In the second stage of the present study, experimental measurements were conducted using 

the same methodology on carbon nanotubes with different values of internal diameter 

ranging from 1.1 nm to 6 nm in the temperature range from 265K up to 300K in order to 

disentangle the effect of the diameter on the water diffusion mechanism. It was 

experimentally identified the optimum diameter between 3.0nm-4.5nm which we observed 

an enhancement on the flow of water molecules inside the CNTs. 

In addition, the results indicate that in these diameters the water inside CNTs is further 

analyzed in two diffusion components with the central longitudinal axis component of the 

nanotube exhibiting surprising fast transport properties as mentioned earlier, with D values 

ranging from two to almost four times higher than the D values of free water. 

In the final stage of the present study, the behavior of an ionic liquid in bulk form as well as 

confined in two mesoporous structures was studied in a wide range of temperatures. 

Ionic Liquids (ILs) are  a novel class of materials which are salts having a melting points 

less than 100 °C and they consist by organic cations, which are bulky and with low 

symmetry, while their anions may be inorganic or organic. These salts are usually met as 

liquids at room temperature, so they are referred to as Room Temperature Ionic Liquids 

(RTILs). Their interesting physicochemical properties, the different ways in which they are 

involved (as solvents) in reactions and the significant ability to capture certain gases, such 

as CO2, have attracted a particularly strong the interest of the research community. Ionic 

liquids (ILs) are superior compared to conventional solvents in the capture of CO2 and have 

an environmental friendly behavior as they are characterized by negligible vapor pressure 

and volatility. Supported Ionic Liquid Phase Systems (ionic liquids confined in mesoporous 

structures) have multiple applications such as gas capture and separation processes, catalysis 
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processes, lubricants, nanocomposite materials, capacitors, fuels, etc. The performance of 

all these processes depends mainly on the ionic transfer of ionic liquids at nanoscale. 

Nuclear Magnetic Resonance (NMR) spectroscopy has been shown to be a very important 

non-invasive tool for investigating the dynamics and properties of ILs. In particular, NMR 

experiments in the  fringe field of a superconducting magnet which ranges linearly allows 

us for the direct calculation of the self-diffusion coefficient D.  

1ȼ NMR temperature studies were performed with conventional one-dimensional and two-

dimensional Nuclear Magnetic Resonance spectroscopy techniques as well as 

measurements of T1 (spin-lattice) and T2 (spin-spin) and D self-diffusion coefficients of  

BMIM TCM ionic liquid in bulk form as well as confined into two mesoporous silica 

structures of different pore size and geometry, MCM-41 (Mobile Composition of Matter 

No41) and SBA-15 (Santa Barbara Amorphus No15). The measurements were conducted 

in the fringe field of the superconducting magnet 4.7T with a gradient varying linearly of 

the value of 34.7 T/m in the temperature range 100K to 400K while heating. 

The reorientational dynamics of the BMIM TCM ionic liquid limited to MCM-41 and SBA-

15 as a function of temperature was studied in order to investigate the effect of thermal 

treatment and the results were compared with the values obtained for the bulk  ILs and the 

results indicate the existence of two minima in the T1 values due to the occurrence of a 

transition phase of the ionic liquid in a glassy supercooled state. Experimental calculation 

of correlation time was carried out through T1 and T2 relaxation times and by the use of 

theoretical models of BPP theory (Bloembergen-Purcell-Pound theory) we experimentally 

identified two local minima indicating a phase transition of the ionic liquid. 

 

 

 

KEYWORDS : Nuclear Magnetic Resonance NMR, Carbon Nanotubes CNTs, Ionic 
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1. Theory 

 

 Nuclear Magnetic Resonance 

 

The evolution of quantum theory in the 1920s paved the way for the discovery of Nuclear 

Magnetic Resonance (NMR) as the concept of spin was developed. Stern and Gerlachôs 

eminent experiment in 1922 examined the behaviour of a beam of silver atoms passing 

through a magnetic field: they observed a discrete number of deflected beams, rather than a 

continuous range of deflection, confirming that the particles possessed an intrinsic angular 

momentum of certain quantized values. Uhlenbeck and Goudsmit proposed the concept of 

an electron spinning around its own axis in 1925, with angular momentum and a magnetic 

dipole moment resulting from the spinning electrical charge. Pauli had first suggested in 

1924 that nuclei possess spin in his explanation for the origin of hyperfine splitting in atomic 

optical spectra. He went on to formulate a theoretical framework of spin angular momentum 

in 1927. The nuclear spin was first observed by Stern, Frisch and Estermann in 1933 after 

they adapted their equipment to measure the magnetic moment of the proton in a beam of 

hydrogen molecules. In 1938 Isidor Rabi extended the Stern Gerlach experiment and he 

managed to measure nuclear spin in lithium isotopes and protons[1, 2]. 

The first observations of the NMR phenomenon were made in December of 1945 when 

Purcell, Torrey and Pound (Purcell group at Harvard University) detected weak radio 

frequency signals generated by the nuclei of the atoms in 1Kg of paraffin wax. At the same 

time Bloch, Hansen and Packard (Bloch group at Stanford University) they observed radio 

frequency signals coming from the atomic nuclei of water. In 1952, Felix Bloch and Edward 

M. Purcell shared the Nobel Prize in Physics for their discovery [3]. The two aforementioned 

experiments actually discovered that magnetic nuclei could absorb energy in the 

radiofrequency band when exposed to a magnetic field which was actually the birth of the 

Nuclear magnetic Resonance. Since then NMR has become an incredible noninvasive tool 

to investigate matter . 

Nuclear magnetic resonance is, like all atomic physics phenomena, a fundamentally 

quantum mechanical process. Nuclear Magnetic Resonance (NMR) is a powerful 

spectroscopic technique frequently used in Physics, Chemistry, Geology, Medicine , 
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Archaeology and Biology for the study of matter. In principle, it is possible to perform NMR 

experiments on every nucleus with nuclear spin I not equal to zero. 

The NMR phenomenon relies basically on the interaction of the magnetic dipolar moment 

of the nucleus with the magnetic field and of the electric quadrupole moment with the 

electric field gradient. The information obtained from the experiments gives us information 

about the local magnetic, electrical and structural properties of the system under 

investigation and microscopic build up and phase transitions.  

In this NMR theory section we are going to present the NMR basics and introduce shortly 

the used methods and expected effects. For deeper consideration for NMR spectroscopy we 

cite the NMR books of A. Abragam Ref. [4], C.P. Slichter Ref. [5], P.Callaghan [6] and E. 

Fukushima [7]. 

 

1.1.1  Basic Principles of Nuclear Magnetic Resonance 

Matter is made of atoms which are made of electrons and nuclei. Each atomic nucleus has 

four important physical properties: mass, electric charge, magnetism and spin. Many atomic 

nuclei possess angular momentum or spin. NMR is a quantum mechanical phenomenon of 

nuclear spin.  

It is well known from Nuclear Physics the atomic nucleus consists of neutrons and protons. 

Neutrons and protons are known collectively as nucleons. An atomic nucleus is specified 

by three numbers: the atomic number, the mass number, and the spin quantum number.  

The atomic number Z specifies the number of protons inside the nucleus. The electric charge 

of the nucleus is Ze. The electric charge of the nucleus determines the chemical properties 

of the atom of which the nucleus is a part. The mass number specifies the number of 

nucleons in the nucleus, i.e. the total number of protons and neutrons. Nuclei with the same 

atomic number but different mass numbers are called isotopes. NMR is mainly concerned 

with stable isotopes. Stable nuclei are usually formed from approximately equal numbers of 

protons and neutrons.[8] 
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1.1.2 Classical description 

Proton and neutron have magnetic moments (2.79ɛn and -1.91ɛn respectively where 

ɛn=eh/2mp ) [4, 6]. As a result all atomic nuclei with  odd atomic number, odd mass number 

or with both these odd number, exhibit a nonzero total angular momentum J and a non-zero 

magnetic moment ɛ.  

When a nuclei is inserted in a static uniform magnetic field the net magnetization which is 

equivalent to a bulk magnetic moment arising from the nuclei in a sample is M and it is the 

vectorial sum of all individual magnetic moments associated with all the nuclei as seen in 

Figure 1. 

 

Figure 1. The classical model of the formation of net nuclear magnetization in a sample. In the absence 

of a magnetic field, the individual nuclear magnetic moments (represented by the vector arrows) have 

random orientation so that there is no net magnetization. In the presence of an applied magnetic field 

the nuclear magnetic moments are aligned preferentially with the applied field, except that thermal 

effects cause a distribution of orientations rather than perfect alignment. Nevertheless, there is a net 

nuclear magnetization [8] 

 

The sum of all magnetic moments ɛi will be the net magnetization M as follows: 

 

Ἑ В ἱἱ        (ρ) 
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where ɛi is the magnetic moment associated with the ith nucleus. Ⱥach nuclear magnetic 

moment is related to the nuclear spin Ii of the nucleus by 

 

ἱ ἓἱ         (2) 

 

g is the magnetogyric ratio, a constant for a given type of nucleus. So we can write the net 

magnetization of the sample as 

Ἑ ἔ         (3) 

 

where J is the net spin angular momentum of the sample giving rise to the magnetization M. 

If the nuclei are placed in a uniform magnetic field B as in the NMR experiment, a torque 

T is exerted on the magnetization vector: 

ἢ
Ἤ

ἬἼ
ἔ         (4) 

 

The torque in this situation is given by  

ἢ Ἑ Ἄ        (5) 

Combining equation 3 and 5 we derive: 

 

ἬἙ

ἬἼ
          (6) 

 

which describes the motion of the magnetization vector M in the static magnetic field B. It 

is shown that M precesses about a fixed B at a constant rate ɤ=ɔȸ. This is called in the NMR 

Larmor frequency and is characteristic of the nuclei involved, and proportional to the 

strength of the external magnetic field. Actually it is the frequency with which the 

magnetization precesses about the magnetic field B0 and it is common as ɤ0 [9, 10] 

 

         (7) 
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Where ɔ is a scalar called the gyromagnetic ratio. Each nucleus has a specific gyromagnetic 

ratio, proton or 1H, for instance, has ɔ = 42.5774 MHz/T and 2H has ɔ =6.53896MHz/T 

 

Figure 2. Precession under Larmor frequency in a static magnetic field. The large arrow indicates the 

external magnetic field, the small arrow the spin angular momentum of the particle 

The above transition occurs at a constant angle to the axis of the constant magnetic field 

resulting in the magnetic moment to describe a circular path around B0. The fact this means 

that the magnetic moment is characterized by a given projection at axis of the field and the 

speed at which the magnetic moments precess around the external magnetic field is called 

precessional frequency. 
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1.1.3 Quantum mechanical description 

As described before when a magnetic moment ɛ interacts with an applied magnetic field B0 

an interaction commonly called the Zeeman interaction in quantum mechanics. Classically, 

the energy of this system varies, with the cosine of the angle between ɛ and B0, with the 

lowest energy when they are aligned. In quantum theory, the Zeeman appears in the 

Hamiltonian operator H as follows: 

 

╗ Ⱨ ◓         (8) 

 

Where ‘Ƕ is the nuclear magnetic moment operator and B0 is the magnetic field applied. This 

Hamiltonian is often referred as Zeeman Hamiltonian and if we substitute the ɛ in terms of 

the nuclear spin operator I it will be [4-6] 

 

ἒ  ἰ            ἿἰἭἺἭ   ἰ        (9) 

 

Considering that the magnetic field is applied in the z direction the eigenvalues of this 

Hamiltonian are simple multiples of (ɔhH0) of the eigenvalues of Iz.  

The eigenfunctions ( of are the wavefunctions describing the possible states of the spin 

system in the B0 field. Since (  is proportional to the operator Ƚz in this case, the 

eigenfunctions ( of are the eigenfunctions of Ƚz, which are simply written as |I,m> in bra-

ket notation, or alternatively as Ɋm, where I is the nuclear spin quantum number. The 

quantum number m can take 2I + 1 values: I, I - 1, I - 2, . . . , -I. The eigenvalues of (  are 

the energies associated with the different possible states of the spin. The eigenvalues are 

obtained by operating with (  on the spin wavefunctions: 

 

ἒ╘ȟ□  ╔╘ȟ□ ╘ȟ□       (ρπ) 

 

Where El,m is the energy of the eigenstate |I,m>.By substitution in equation 9  
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ἒ╘ȟ□  ♬▐║╘
╩
╘ȟ□ ♬▐║ □ȿ╘ȟ□      (11) 

 

Since |I,m> is an eigenfunction of )ᾀ, with an eigenvalue m, 

 

╘Ƕ◑ȿ╘ȟ□ □ȿ╘ȟ□           (12) 

 

The allowed energies o the eigenstates are obtain and there are  

 

Ἇ  ἰ Ἄἵ          ἿἰἭἺἭ  ἵ ἓȟἓ ȟȣȟἓ    (13) 

 

There are thus 2I+1 energy levels each of which may be thought of as arising from an 

orientation of ɛ with respect to ȸ0 such as its projection on B0 is quantitized. Equation 9 

shows that the energy separation between the states is linearly dependent on the magnetic 

field strength. For the particularly important case of I=1/2 like proton there are just two 

energy levels and two wave functions, m=1/2 and m=-1/2. 

For a spin with I = 1/2 , m = ±1/2 so there are two possible eigenstates with energies E1/2, 

±1/2=-+1/2 ɔhB0. These states are frequently referred to as the Zeeman states. The transition 

energy ȹE between the spin states is ɔhB0. In frequency units, this corresponds to ɤ0 (= 

ɔB0), the Larmor frequency in the vector model. ɇhe Larmor frequency in the vector model 

corresponds to a rotation of the net nuclear magnetization vector about B0 and not to a 

transition. So in a sample of non-interacting spin 1/2 nuclei, each spin system can exist in 

one of two possible eigenstates. At equilibrium, there is a Boltzmann distribution of nuclear 

spins over these two states. 
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Figure 3. Component of angular momentum along the magnetic field direction for an s orbital (with 

spin quantum number s = 1/2). The radius of the circle is ЍȾ ▐ The energy levels for a spin- 1/2 nucleus 

in an applied magnetic field B0. The levels are labelled according to their magnetic quantum number, 

m 

 

Considering that for two energy levels, only one transition is possible. We will define the 

population numbers in thermal equilibrium ὔ and ὔ  so that ὲ ὔ ὔ  will be the 

population difference between the levels. From Maxwell-Boltzmann-statistics we derive the 

population ratio 

 

╝

╝
ἭὀἸ

◕◖

▓║╣
ἭὀἸ 

╔ ╔

▓║╣
       14 

Where kB is Boltzmann constant 

 

1.1.4 Bloch equations 

In case of independent spin -1/2 nuclei the motion of the ensemble of spins may be described 

in terms of the precession of the spin magnetization vector. In such a model the macroscopic 

angular momentum vector is simply M/ɔ where M is the magnetization and ɔ is the 

gyromagnetic ratio. Solving equation 6 to obtain the expression for the spin evolution we 

need to retain only the circularly polarized component of the oscillating transverse field 

which is rotating in the same sense as the spin precession as [11] 

║ ◄ ║╬▫▼ⱷ◄░║▼░▪ⱷ◄▒       (15) 

Where i,j,k are unit vectors along the x y and z axes respectively. 
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▀╜●

▀◄
♬╜◐║ ╜◑║▼░▪ⱷ◄        (16) 

▀╜◐

▀◄
♬╜◑║╬▫▼ⱷ◄  ╜●║         (17) 

▀╜◑

▀◄
♬ ╜●║▼░▪ⱷ◄ ╜◐║╬▫▼ⱷ◄       (18) 

The solution under the initial condition M(t)=M0k is 

╜● ╜ ▼░▪ⱷ◄ ▼░▪ⱷ◄       (19) 

╜◐ ╜▼░▪ⱷ◄ ╬▫▼ⱷ◄      (20) 

╜◑ ╜  ╬▫▼ⱷ◄       (21) 

Where ɤ1=ɔ B1. On the application of a rotating magnetic field of frequency ɤ0 the 

magnetization simultaneously precesses about the longitudinal polarizing field B0 at ɤ0  and 

about the rf field B1 at ɤ1.A s can be seen in Figure 4 in the frame of reference rotating with 

B1 about B0.[6, 12] 

 

Figure 4. Evolution of the nuclear spin magnetization in the laboratory frame in a longitudinal field B0 

and a transverse rotating field B1 

 

After the nuclear magnetization vector is rotated by applying magnetic field B1 for a short 

time, it starts  to restore to its original position along the main magnetic field. Mz will grow 

towards M0 with a characteristic time T1. This process is called the longitudinal or spin-

lattice relaxation. During this process energy of the spins is transferred to the environment. 

If B1 is applied along the x-axis, the net magnetization in the rotating frame will rotate 

towards the y-axis. When B1 is stopped when the flip angle is 90o, we have a so called 90-

pulse. After a 90-pulse the magnetization resides in the xy-plane. Mx and My will disappear 
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with a characteristic time T2. This is called the transverse or spin-spin relaxation time. This 

spin-spin relaxation is caused by interaction between spins and not between the spins and 

the environment [11].  

 

▀╜
●

▀◄

╜
●

╣
♬☼ ║ ●        (22) 

▀╜
◐

▀◄

╜
◐

╣
♬☼ ║ ◐        (23) 

▀╜◑

▀◄

╜◑ ╜

╣
♬☼ ║ ◑        (24) 

 

The solution of the Bloch equations for a system in which the magnetization has been placed 

in the xôyô plane by a 90 pulse along the xô-axis:  

 

╜●         (25) 

╜◐ ╜ ▄
◄

╣        (26) 

╜◑ ╜ ▄
◄

╣       (27) 

 

 

 

1.1.5  FID- Spin Echo  

The precessing transverse magnetization is very small after an rf pulse. It is detectable, 

because it oscillates at a very well-defined frequency Larmor frequency. A rotating magnetic 

moment generates a rotating magnetic field. Through Maxwellôs equations, a changing 

magnetic field is associated with an electric field. If a wire coil is near the sample, then the 

electric field sets the electrons in the wire in motion, i.e. an oscillating electric current flows 

in the wire.[8].  

In Fourier transform nuclear magnetic resonance spectroscopy, free induction decay (FID) 

is the observable NMR signal generated by non-equilibrium nuclear spin magnetization 
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precessing about the magnetic field ( along z-axis). This non-equilibrium magnetization can 

be induced, generally by applying a pulse in the radio-frequency band close to the Larmor 

frequency of the nuclear spins as shown in Figure 5. 

 

  

Figure 5. The induction of an NMR signal and the Free Induction Decay FID [13] 

 

The oscillating electric current induced by the precessing nuclear transverse magnetization 

is called the NMR signal or free-induction decay (FID). With NMR spectroscopy we are 

capable to magnetize the nuclear spins with a large applied magnetic field and also to rotate 

the spin polarizations by using rf pulses to produce transverse nuclear magnetization and 

finally to detect the small oscillating electric currents induced by the precessing transverse 

spin magnetization [8].Because the magnetic field can never be perfectly homogeneous not 

all spins in the sample will be resonate in the same frequency but an extra dephasing 

mechanism will occur that will add up to the dephasing caused by the transverse relaxation. 

Fro an ensemble of spins considered this ends up to a loss of coherence and as time passes 

the individual spins will end up in largely different phases.This extra mechanism is called 

inhomogeneous broadening and we have to consider in Bloch equations a modified version 

of T2 the T2
* as [7] 

ᶻ ɝɛ       (28) 

Apart from Bloch equations approach we will now discuss the pulse sequences which were 

used frequently in our experiments. At time t < 0, the sample is in its thermal equilibrium 

state. Then at when the 90-pulse is applied along the xô-axis, which causes the magnetization 

to rotate into the xôyô-plane. Because of the transverse relaxation, the magnetization in this 

plane will vanish with a characteristic time T2. However, this is only true if the magnetic 

field B0 is perfectly homogeneous. If some inhomogeneities are present not all spins will 
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precess with the same frequency. There is a distribution of Larmor frequencies, which 

causes the spins to dephase in the xôyô-plane. This dephasing is often faster than the 

transverse relaxation and has a characteristic time constant T2
*. When measuring 

 

 

 

 

Figure 6. Longitudinal and transverse relaxation 

 

Due to ringing of the RF coil and the recovery time of the receiver it is not often used FID. 

When at t=Ű a 180 pulse along the xô-axis is given, the phase angle of all spins with respect 

to the xô-axis in the xôyô-plane is inverted. Spins that were ahead, because of a higher than 

average Larmor frequency, are now behind and the spins that were behind are now ahead. 

The faster moving spins are behind and the slower moving spins are ahead, resulting in a 

rephasing of the spins. At exactly t = 2Ű all spins have rephased, but they immediately 

dephase again after t = 2Ű . The signal obtained from this effect is called the spin echo, and 

has a maximum at t = 2Ű , which is the echo time (TE) as seen in Figure 7 which is the most 

common pulse sequence Hahn spin-echo sequence (as seen in Figure 8 also). Due to T2 

relaxation the maximum magnetization that can be obtained by rephasing of the spins 

decreases exponentially in time.[4, 7] 
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Figure 7. Spin-echo pulse sequence: the magnetization is tipped by a 90 pulse and the spins start to phase 

out on the xy plane forming a FID signal. A second pulse flipped the spins 180 and they regroup then 

dephase again forming the spin echo signal 

 

 

 

Figure 8. Hahn -echo pulse sequence 
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1.1.6 T2 Relaxation and Carr -Purcell-Meiboom-Gill pulse 

sequence  

The Carr-Purcell-Meiboom-Gill (CPMG) sequence starts identically to the Hahn spin echo 

pulse sequence and it is followed by a train of 180pulses. First, at t = 0 a 90pulse is applied 

to put the magnetization vector in the transverse plain and then at t =Ű a 180 pulse is applied, 

causing a spin echo at t = 2Ű . Instead of waiting for the longitudinal relaxation to return to 

equilibrium another 180pulse is given a t = 3Ű. The accumulated phase of the spins that 

started to dephase since the first spin echo will be inverted. ɇhe spins will rephase, resulting 

in a spin echo at t = 4Ű . The intensity of this echo will be smaller because of the T2 relaxation 

as seen in Figure 9.[14] 

 

 

Figure 9. CPMG pulse sequence 

 

For an ensemble of static spins, the spin-echo intensity is not influenced by magnetic field 

inhomogeneities, but only by the transverse relaxation mechanism. This sequence can be 

extended to an arbitrary number of 180 pulses, which will all give spin echoes. Most of the 

times numbers of 180 pulses and spin echoes are between 64 and 1024. This way of 

measuring T2 is much faster than the repetitive Hahn spin echo with increasing interpulse 

time and as a result the duration of measuring T2 is significantly reduced.  
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1.1.7 T1 Relaxation and Saturation / Inversion Recovery pulse 

sequences 

 

T1 relaxation is the process by which the net magnetization M grows/returns to its initial 

maximum value Mo parallel to Bo. T1 relaxation is referred also as longitudinal relaxation, 

thermal relaxation and spin-lattice relaxation. There are two popular sequences for 

measuring T1. The ́ /2- /́2  also called 90-90 and the ́- /́2 called 180-90 which are named 

saturation and inversion recovery pulse sequences respectively. In both sequences the first 

pulse prepares the spins and the second pulse measures the magnetization after the waiting 

period. In the inversion recovery pulse sequence the preparation pulse inverts the spin 

population and thus the magnetization and the recovery therefore goes from -M0 to M0 

where M0 is the thermal equilibrium magnetization attainable only after waiting for a time 

much longer than T1. [7] 

 

 

Figure 10. The spin-lattice relaxation time T1 with a saturation recovery technique (a) a ˊ/2 pulse is 

followed by a variable delay time which allows the growth of longitudinal magnetization Mz as it 

increases. The ˊ/2īˊ spin-echo sequence ñinspectsò the recovery of this magnetization which is reflected 

in (b) where the constant of the exponential growth is T1 
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For the inversion recovery pulse sequence the range of the magnetization is 2M0 as opposed 

to M0 for the saturation recovery pulse sequence. The magnetization after a time Ű is given 

by: 

ἙἼ

Ἑ
Ἥἢ         (29) 

When for saturation recovery pulse sequence the magnetization after time Ű is given by:  

ἙἼ

Ἑ
Ἥἢ        (30) 

 

1.1.8 BPP Theory 

 

Nicolas Bloembergen, Edward Mills Purcell, and Robert Pound in 1948 proposed the 

Bloembergen-Purcell-Pound theory known as BPP theory to explain the relaxation constant 

of a pure substance in correspondence with its state, taking into account the effect of 

tumbling motion of molecules on the local magnetic field disturbance [3].  In general liquids 

or gases the oscillating field can come from molecules that are in rapid, random motion, 

Brownian motion. Such motions are incoherent, they can be Fourier analyzed the range of 

frequencies , is continuous and broad and it can be described by the spectral density function 

Among these frequencies is the Larmor frequency which its relative contribution governs 

the strength of the oscillating field that can cause energy exchange and relaxation. The 

average length of time that a molecule remains in a position before a collision with another 

molecule causes it to change its state of motion in BPP theory is called correlation time Űc 

[3, 15]. Y(t) is a function related to second-order spherical harmonics which describes the 

orientation of a molecule at time t and the after time Ű is defined as Y(t+Ű) . The correlation 

function is expressed by k(Ű) which describes the extent of motion during the period Ű: [3]  

ἳ ἧἼἧἼ       (31) 

where the bar means that k(Ű) is the average of the entire ensemble of molecules. The new 

position of the molecule is related to its initial position with an exponential form: 

ἳ ἳ Ἥ
Ⱳ

Ⱳ╬        (32) 
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the time constant sets the scale of time so that the spectral density J(ɤ) which is the fourrier 

transform of k(Ű) is defined as: 

ὐ‫ Ὧ†Ὡ Ὠὸ ὯπὩ Ὡ Ὠὸὃ
†

ρ †‫
 

 

where A is the constant which we will evaluate separately for each relaxation mechanism. 

Different values of Űc vs J(ɤ) are illustrated in é For very short or very long Űc , J(ɤ) at ɤ0 

is relatively small and J(ɤ) reaches its maximum value when Űc=1/ɤ0 when the average 

molecular tumbling frequency is equal to the nuclear precession frequency. 

 

Figure 11. Spectral density function vs ɤŰc[15] 

Energy transfer between the precessing nuclei and randomly tumbling molecules is most 

efficient when spin lattice relaxation time T1 reaches a minimum. This description applies 

only for isotropic motion but in most complex systems where a number of translational and 

rotational times may be present. Applying the results of a single Űc into a plot of T1 versus 

Űc, T1 reaches a minimum at Űc =1/ɤ0=1/2́ ɜ0 . For NMR frequencies between 1-1000MHz 

for various nuclei and different magnetic fields the minimum of T1 fluctuates between  2x10-

10 to 2x10-7 seconds. 
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Figure 12. Dependence of Relaxation times T1 and T2 vs Correlation time Űc according to the simplified 

theory in which all interactions are assumed to have the same correlation time [3] 

 

T2 as seen in Figure 12 behaves the same way as T1 but considering that T2 involves 

dephasing of precessing nuclear magnetizations rather than exchange of energy between the 

nuclei and the environment (spin-lattice) the dependence on the molecular motion is 

different from that of T1. As a result spin-spin relaxation T2 processes depend on high 

frequency (short correlation time) motions in the same way as T1 processes, but low 

frequency motions and other low frequency processes, such as chemical exchange, 

significantly shorten T2. So T2 decreases monotonically as Űc increases and it approaches a 

limiting value characteristic of a completely rigid solid lattice. Relaxation occurs only if 

there is some specific interaction between the nucleus and its environment that can result in 

energy exchange independent from the types of molecular motion.[3, 12, 15]. 

 

If we consider that the characteristic times of motion of the molecules can be described with 

the correlation time Űc that can be considered analogue of the ɖ/T as described above, then 

the T1 and T2 times where T1 > T2 are given for the isotropic rotational motions which 

interacts with bipolar interactions, from the following relationships 
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where ɤ0 is the Larmor frequency in correspondence with the strength of the main magnetic 

field , Űc is the correlation time of the molecular tumbling motion. K is defined for spin-1/2 

nuclei and is a constant with ɛ0 being the magnetic permeability of free space of h=h/2́  of 

the reduced Planck constant, ɔ the gyromagnetic ratio of nuclei and r the distance between 

the two nuclei carrying magnetic dipole moment.[3] 

 

1.1.9 Liquid Fragility  

 

In general liquids are relatively dense material phases characterized by their flow under 

shear forces. And in these phases there is high molecular mobility. Molecular mobility has 

two aspects: translation mobility and rotational mobility where translation molecular 

mobility is defined as the molecules or atoms who slide past each other rather freely and 

wander over small distances in a relatively short time. Rotational molecular mobility means 

that the molecules rotate around their own centers of gravity in a more or less random 

fashion. These types of mobility are very important for NMR, because they tend to average 

out many of the nuclear spin interactions, simplifying the behaviour of the nuclear spins.[8] 
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Figure 13. Molecules of a liquid (a) translation mobility  and (b) rotational mobility [8] 

 

In isotropic liquids, the mobilities are the  same in all directions where in anisotropic liquids 

(called liquid crystals ) the molecules adopt a non-isotropic special configuration. This 

motional anisotropy leads to incomplete averaging of the nuclear spin interactions and, 

hence, more complicated NMR spectra [8]. 

 

Figure 14. In an anisotropic liquid, the molecular mobilities depend on the direction in space [8] 

In general the Arrhenius plot is obtained by plotting the logarithm of the rate constant, k, 

versus the inverse temperature, 1/T. The slope of the line is equal to the negative activation 

energy divided by the gas constant, R.  

▓╣ ═▄●▬
╔╪

╡╣
      (33) 

Where Ea, is the activation energy in the same units as RT,4ÙÐÅ ÅÑÕÁÔÉÏÎ ÈÅÒÅȢ k is the rate 

constant, T is the absolute at temperature in Kelvins, A is the pre-exponential factor 



Diffusion Studies of Fluids in Mesoporous and Nanoporous Materials using NMR Methods 

L.Gkoura 
58 

corresponding to the frequency of collisions in the correct orientation. The activation 

energy, Ea, is the minimum energy molecules must possess in order to react. The slope of 

the Arrhenius plot can be used to find the activation energy.[16] 

 

■▪▓■▪═
╔╪

╡╣
     or   (34) 

■▪▓
╔╪

╡ ╣
■▪═      (35) 

 

The Arrhenius plot can also be used by extrapolating the line back to the y-intercept to obtain 

the pre-exponential factor, A. The pre-exponential, or frequency, factor is related to the 

amount of times molecules will hit in the orientation necessary to cause a reaction. The 

Arrhenius equation is based on the collision theory meaning that the particles must collide 

with proper orientation and with enough energy.[16] 

 

Figure 15. Arrhenius plot 

 

Liquid fragility is a concept that has been widely used in the investigation on the glass 

community. The term ófragilityô was first coined in 1995 by Austen Angell known for his 

research on the physics of glasses and glass-forming liquids [17-19]. If crystallization can 

be avoided when a liquid is cooled, it will typically form a glass. In glass physics, fragility 

characterizes how rapidly the dynamics of a material slow down as it is cooled toward the 

glass transition. Materials with a higher fragility have a relatively narrow glass transition 

temperature range, while those with low fragility have a relatively broad glass transition 
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temperature range. Physically, fragility may be related to the presence of dynamical 

heterogeneity in glasses, as well as to the breakdown of the usual StokesïEinstein 

relationship between viscosity and diffusion. 

The concept enables the comparison between the glass-forming liquids with different 

dynamic characters by using a general criterion, in which the temperature scale is reduced 

by the glass transition temperature. The classification of liquids as having different degrees 

of 'strong' and 'fragile' behavior has been advocated firstly by Angell at as a framework for 

describing relaxation in liquids. [20] 

Liquid behavior during cooling is classified between strong and fragile. Strong liquids 

become fragile liquids on compression. In some cases, such conversions occur during 

cooling by a weak first-order transition. Near the glass transition temperature the viscosity 

increases continuously but rapidly with cooling. As the glass forms, the molecular relaxation 

time increases with an Arrhenius-like (simple activated) form in some liquids, but shows 

highly non-Arrhenius behaviour in others. The former are said to be strong liquids, and the 

latter fragile. 

 

Angellôs concept of fragility, liquids with an approximately Arrhenius temperature 

dependence together with a physical (phonon-like) pre-exponent, are designated as strong 

as seen in Figure 16 [21]. As liquids show an increasing deviation from Arrhenius 

behaviour, they are considered to be more and more fragile. The viscosities of strong and 

fragile liquids are shown in Figure 16 as a function of the inverse temperature scaled to the 

glass transition temperature, Tg. All liquids will display some non-Arrhenius behaviour at 

temperatures near their glass transition, but for fragile liquids this is more dramatic [19, 21]. 

The representation of log viscosity vs reduced inverse temperature Tg/T is also known as 

the "Angell plot". 
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Figure 16. Liquid viscosity as a function of scaled temperature (Tg/T), illustrating Angellôs strong fragile 

classification. The viscosities of strong liquids have a nearly temperature-independent activation energy, 

while the effective activation energy for fragile (less strong) liquids dramatically increases with 

temperature on approaching the glass transition temperature, Tg. 

Liquids showing only small deviations from Arrhenius behaviour tend to exhibit only small 

changes of heat capacity as the liquid like degrees of freedom are lost or gained at the glass 

transition [18]. The degree to which the viscosity displays non-Arrhenius behavior is often 

parameterized by fits to the VogelïFulcherï Tammann (VFT) equation, 

 

Ɫ ⱢἭὀἸ 
╓z╣

╣ ╣
        (36) 

where ɖ0 is the viscosity in the infinite temperature limit and T0 is the temperature at which 

the viscosity becomes infinite. The quantity D* is a measure of the fragility of the liquid, 

called the kinetic strength to differentiate it from the fragility index, which is defined near 

Tg. As D* increases, the behaviour of the VFT equation becomes more Arrhenius-like, 

consistent with a stronger (less fragile) liquid [17, 18].  
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1.1.10   Introduction to MAS NMR  

 

Magic-angle spinning (MAS) is used in the vast majority of solid-state NMR experiments, 

and it is able to remove the effects of chemical shift anisotropy and assist in the removal of 

heteronuclear dipolar-coupling effects. It is also used to narrow lines from quadrupolar 

nuclei and is increasingly the method of choice for removing the effects of homonuclear 

dipolar coupling from NMR spectra. (in very high spinning speeds). [9] 

 

 

 

Figure 17. Representation of a magic-angle spinning experiment. The sample is spun rapidly in a 

cylindrical rotor about a spinning axis oriented at the magic angle (b = 54.74°) with respect to the applied 

magnetic field B0. [9] 

Magic-angle spinning removes the effects of chemical shielding anisotropy and 

heteronuclear dipolar coupling. The chemical shielding tensor is represented by an ellipsoid 

as seen in Figure 17, and  it is fixed in the molecule to which it applies and so rotates with 

the sample. The angle q is the angle between B0 and the principal z-axis of the shielding 

tensor; c is the angle between the z-axis of the shielding tensor principal axis frame and the 

spinning axis. In solution NMR spectra, effects of chemical shift anisotropy, dipolar 

coupling, etc., are rarely observed because the rapid tumbling of the molecules in a solution 

means that the angle q (or in general, q and f) describing the orientation of the 

shielding/dipolar tensor with respect to the applied field B0 is rapidly averaged over all 

possible values. This averages the (3 cos2ɗ-1) dependence of the transition frequencies to 

zero on the NMR timescale, i.e. rate of change of molecular orientation is fast relative to the 

chemical shift anisotropy, dipoleïdipole coupling, etc. Magic-angle spinning achieves the 
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same result for solids. If we spin the sample about an axis inclined at an angle ɗR to the 

applied field, then ɗ, the angle describing the orientation of the interaction tensor fixed in a 

molecule within the sample, varies with time as the molecule rotates with the sample. The 

average of (3 cos2ɗ-1) in shown to be 

 

ἫἷἻ ἫἷἻἠ ἫἷἻ     (37) 

 

Where the angle  ɓ is between the principal z-axis of the shielding tensor and the spinning 

axis ɗR is the angle between the applied field and the spinning axis ɗ is the angle between 

the principal z-axis of the interaction tensor and the applied field B0 [9] 

The angle b is obviously fixed for a given nucleus in a rigid solid, but like ɗ it takes on all 

possible values in a powder sample. If ɗR is set to 54.74°, then (3 cos2ɗ-1)=0, and so the 

average, <3 cos2ɗ-1> is zero also. The interaction anisotropy averages to zero if the spinning 

rate is fast so that ɗ is averaged rapidly compared with the anisotropy of the interaction,  

This technique averages the anisotropy associated with any interaction which causes a shift 

in the energies of the Zeeman spin functions, such as chemical shift anisotropy, 

heteronuclear dipolar coupling, but no mixing between Zeeman functions (to first order). 

However, it also has an effect on secular interactions which mix Zeeman functions, i.e. 

homonuclear dipolar coupling. [9] 
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 Diffusion 

 

1.2.1 Random walk and Brownian motion 

 

Diffusion is the translational motion of particles, which occurs in all liquids and gases and 

is driven by thermal energy. The induced random motion of the particles is called Brownian 

motion, and is caused by constant inter-particle collisions. This motion is named after the 

botanist Robert Brown, who in 1827 while looking through a microscope at pollen of the 

plant Clarkia pulchella immersed in water, the triangular shaped pollen burst at the corners, 

emitting particles which he noted jiggled around in the water in random fashion. He was not 

able to determine the specific motion till Albert Einstein in 1905 published a paper that 

explained how the motion that Brown had observed was a result of the pollen being moved 

by individual water molecules [22]. This explanation of Brownian motion served as 

convincing evidence that atoms and molecules exist. The direction of the force of atomic 

bombardment is constantly changing, and at different times the particle is hit more on one 

side than another, leading to the seemingly random nature of the motion. 

Under equilibrium conditions as seen in Figure 18 , molecules of a system move only under 

Brownian motion (thermal conditions) which means that their position is changed even with 

the absence of a concentration gradient. This procedure is commonly known as self-

diffusion a processes which can be described by a diffusion equation as: 
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Figure 18. Self-Diffusion coefficient Vs Diffusion coefficient  under equilibrium and non-equilibrium 

conditions respectively [23] 

Diffusion equations describes theoretically these two changes by transport diffusion and 

self-diffusion respectively. In order to be able to measure self-diffusion coefficient values 

we have to labelize the particle to observe their movement. As so the self-diffusion process 

is described as: 

⸗╬z ►ȟ◄

⸗◄
╓ ╬ᶻ►ȟ◄     (38) 

where c* is the concentration of the labeled particles. [23] 

By solving the above diffusion equation (proposed in the book [24]) we derive the diffusion 

propagator P(r1,r2,t) quantity which describes the probability density to find a particle in the 

position r2 at time t in the volume element dr with initial position r1 at time t=0. For any 

other initial condition we can write: 

ἜἺȟἼ ᷿ ἜἺ ἺȟἺȟἼἸ ἺἬἺ
ἤ

    (39) 

Where we can replace r2 position by the particle displacement r=r2-r1 so that P(r,t) will be 

the averaged propagator  which describes the probability density that a particle will be places 

in the distance r at time t. If we consider a 3-dimensional homogeneous space where the 

molecules are normally distributed ,the average propagator will be described by a 3-

dimensional Gaussian function:  

╟►ȟ◄
Ⱬ╓◄

ἭὀἸ 
►◄

╓◄
    (40) 
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Where r(t)2 is the mean square displacement of a particle which can be described as 

ộ► ◄Ớ ᷿ ╟►ȟ◄►▀►
╥

    (41) 

The calculation of the second moment using the average propagator as described before 

result on an alternative definition of the self-diffusion coefficient also known as Einstein 

relation:  

ộ► ◄Ớ ╓◄      (42) 

 

 

Figure 19. Spatial distribution of particles due to self-diffusion. The initial position is z-z0=0 and for self-

diffusion coefficient of water at 298K. [23] 
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1.2.2 NMR and Diffusion in a Field Gradient 

 

When a static magnetic field gradient (Gz) is applied then the magnetic field becomes a 

function of position: 

║╩ ║ ╖◑ ◑       (43) 

Because of the gradient, the Larmor frequency now depends on position: 

 

Ἦἴ Ἄ ἑὂ ὂ      (44) 

 

This has two effects. Firstly dephasing of spins occurs and the also only a slice selection is 

observable due to a limited band width of the rf pulse. The thickness (ŭz) of the slice is 

described as : 

ὂ ἼἸἑὂ
        (45) 

 

where tp is the duration of the rf pulse. If the RF-pulse becomes longer, the band width 

becomes smaller and the slice thinner. A larger gradient also decreases the slice thickness 

as illustrated also in Figure 20. 

 

Figure 20. RF Frequency vs z axis and slice selection 
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The advantage of using a constant magnetic field gradient instead of a pulsed one is that: 

(i) G in the stray field of a superconductive magnet is very strong, allowing the 

measurement of very slow diffusion processes 

(ii)  the time between pulses can be set to very short values, due to the absence of 

pulsed gradient  stabilization effects, allowing measurements of very short T2 

values 

(iii)  the very high G value allows reliable measurement of diffusion in D-T2 

experiments with very low T2 values, which fulfill the experimental constraints 

 

Figure 21. Larmor frequency in magnetic field gradient 
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1.2.3 NMR and Diffusion in Porous Media 

 

Molecules in the porous material will move randomly, they will probe the pore structure and 

this will influence the transverse relaxation times. Therefore, NMR can provide information 

on the pore-size distribution of a porous material. NMR experiments are able to provide 

information on pore-molecule interactions and the dynamics of the examined molecule 

through the characteristic relaxation times T1 spin-lattice relaxation time and T2 the spin-

spin relaxation time.T1 is associated with the dissipation processes from the spin system 

through all the other degrees of freedom the lattice and T2 controls the dephasing within the 

spin system. These times are strongly influenced by the diffusion of the molecules through 

large internal magnetic field gradients arising from discontinuities in magnetic 

susceptibilities at pore wall interfaces.  

Considering a spherical pore with a volume V and a surface S, which is completely filled 

with a liquid. The molecules in this pore will move randomly due to Brownian motion and 

this random motion is characterized by the self-diffusion coefficient D0 and relaxation times 

T1, T2. Brownstein and Tarr in 1979 calculated the resulting relaxation times which are 

largely decreased for molecules near the pore wall as: 

 

ἢȟ ȟ ἪἽἴἳ

ἡ

ἤἢȟ ἻἽἺἮἩἫἭ
     (τφ) 

 

where Ů is the thickness of the surface layer, ɤ/2  ́is the NMR frequency and  S/V surface 

to volume ratio. Because the bulk relaxation time is much larger than the surface relaxation 

time which means that the principal contribution on the overall rate derives from the surface 

term which means that the first term can be neglected [25, 26].  
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 2D D-T2 and T1-T2 Correlation NMR techniques 

 

Multi -dimensional NMR experiments became very popular recently because they can 

provide many useful information that one dimensional NMR experiments fail to provide. 

They are able to provide information about correlations between the variables of the 

experiment and be able to distinguish between the chemical or the physical environment. 

[8, 10] 

Diffusion-editing CPMG experiment  in which two-dimensional (2D) experiments are 

performed with a leading diffusion experiment and followed by a T2 sensitive CPMG pulse 

train.  

The acquired 2D dataset is processed with a 2D inverse transform (2D-Tikhonov) resulting 

in 2D maps, which correlates diffusion coefficients and transverse relaxation times (D-T2)  

 

 

 

Figure 22. D-T2 Pulse Sequence 
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 Tikhonov Regularization algorithm 

 

Tikhonov Regularization is a popular way to deal with linear discrete ill-posed problems. 

Ill -posed problems violate one of the terms of a well-posed problem which means that they 

do not have a solution that is unique and they have a solution that changes as the initial 

condition changes. Regularization stabilizes ill­-posed problems, giving accurate 

approximate solutions ð often by including prior information (Vogel). The numerical 

solution of linear discrete ill-posed problems typically requires regularization, i.e., 

replacement of the available ill-conditioned problem by a nearby better conditioned one. 

One of the most popular regularization methods which allows the evaluation of the singular 

value decomposition of the matrix defining the problem is Tikhonov regularization 

Algorithm. When using this method all the NMR data (eg. relaxation and diffusion) can be 

modelled by a Fredholm integral equation of the first kind :[27-31] 

 

      (47) 

 

Where h(t) h(0) is the normalized signal without the noise at time t and p is the density 

distribution governed by the time constants x and k0 is the model function which describes 

the signal. In the log10 scale we have 

  

    (48) 

 

As a result the inversion method provides f(x) and not the actual density distribution The 

determination of f(x) from h(t) is the difficult inverse problem that we have to solve. In 

NMR experiments the data that we acquire from the experiments will form an equation of 

the form g(t)=h(t)+e(t)where e(t) is the noise which forms a Gaussian distribution. The 

model kernel will be of the form  

     (49) 
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Our goal is to invert the one dimension al 1D Fredholm integral of the previous equation to 

determine the optimal distribution of f(x). In 2D NMR experiments data are acquired 

through 2 dimensions the direct and the indirect. Direct dimension is usually the experiments 

are acquired through single shot techniques as T2 through Carr Purcell Meiboom Gill CPMG 

echo experiments and the indirect dimension is measured through multiple experiments by 

varying some precondition parameter like T1 relaxation experiments via the inversion 

recovery method. When we are working with two dimensions we need to extended the 

Fredholm equation of the first kind into two dimensions as[29, 32, 33] 

 

 (50) 

 

Where the index 1,2 denotes the direct and indirect dimension respectively. The analysis of 

the data is described as 1D vector which comes from the 2D matrix of the experimental data 

A general overview of the key stages of the inversion process that follows and the structure 

of this procedure is shown in Figure 23 

 

 

Figure 23. The key stages in the inversion of 2D relaxation or diffusion data [29] 
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In the final stage of this process we unwrap the 2D data matrix G into a 1D vector g by 

stacking the individual columns of G as shown in  

Figure 24. The kernel matrix now will be transformed in order to encompass all the values 

of t1,2 and x1,2 on the log10 scale, and satisfy the expression g=K0f+e. This optimization 

problem in this vectorïmatrix notation is shown in the following Figure  where K0 is real. 

Considering the size of all the vector and matrices determining and storing K0 is 

computationally extremely expensive so the following step is to compress G in order to 

reduce the size of K0.  

 

 

Figure 24. Graphical Representation of the transformation of data matrix G into vector g and then the 

optimization problem expressed in vector matrix notation (gray scale denotes black-maximum signal, 

white-zero signal) [29] 

The degree of smoothing on the solution will be determined by the size of F as shown in 

Figure 25 which implies there are more unknowns than equations to be solved. In the case 

of Tikhonov regularization, f is substituted with a vector of fitting parameters containing as 

many parameters as there are elements in g.  
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Figure 25. The compressed optimization problem and the reshape of the solution f into a matrix [29] 

The last step in this procedure is to reverse the initial process  GĄg in order to get the final 

2D distribution F by reshaping the vector f as illustrated in Figure 25. Further details on the 

mathematical approach and on the algorithm can be found in Ref [27-29] [31-36] 
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2. Experiments 

 

 Experimental Apparatus 

 

In this chapter we are going to present the basic instrumentation used to conduct the NMR 

experiments. All the measurements were conducted in Superconductive magnets of Nuclear 

Magnetic Resonance Laboratory of Institute of Nanoscience and Nanotechnology at NCSR 

Demokritos. 

 

 

Figure 26. NMR Laboratory of INN at NCSR Demokritos 
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ü  4.7T, 9.4T Bruker Superconducting magnet 

Superconducting magnet of 4.7 T and proton 1H Larmor frequency of 200MHz. It 

provides 34.7 T/m constant magnetic field gradient. Additionally experiments were 

performed in the superconducting magnet of 9.4T and proton 1H Larmor frequency of 

400MHz 

ü Temperature Controller  

ITC5 Temperature Controller by National Instruments 

ü NMR home build spectrometer  

Broadband home-built NMR spectrometer was used operating in the frequency 

range 5 MHz - 1 GHz. 

         

Figure 27 NMR Spectrometer at INN 

 

ü Frequency Generator 

The frequency generator creates the frequency signal for the spectrometer. The radio 

frequency (RF) to be set is the sum of the spectrometer's internal working frequency and 

the chosen frequency for the experiment. It also produces the reference frequency of 

10MHz for the spectrometer. We used the National Instruments digital card NI in the 

PXI system  

ü Pulse Amplifier  

The pulse package is strongly amplified, and is given forward through the duplexer to 

the probe head. Because of the amplifier's slow response the gate/delay is set before the 

amplifier 
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Figure 28. RF Generator 

 

ü Preamplifier  

Amplifies the weak spin signal and sends it to the spectrometer. The amplification is of 53:5 

dB according to the constructors data sheet. Antiparallel diodes are set to the ground before 

the preamplifier to prevent damage on it through extruding remnants of the pulse. This way 

voltages over 0.6V are absorbed. 

ü National Instrument PXI Chassis 

 

Figure 29. NI PXI -1031 

The National Instruments PXI-1031 chassis contains the following:  

NI 6534 card 

NI 5114 card 

PXI-8840Controller 

ü National Instrument PXI Controller  

NI-784341-04 2.6 GHz quad-core Intel i7-5700EQ PXI-8840Controller 
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ü Oscilloscope  

The received complex signal is shown on the screen, temporarily saved in the memory, and 

its average is calculated. Up to one million entries can be summed. Over digital port the 

complex data is passed to the computer through National Instruments NI 5114 card 

 

ü Digital I/O   

National Instruments NI 6534 card 

 

ü Software 

The software runs on LabVIEW on a Windows 10 64bit operating system3. Build in 

Software in Labview able to conduct 1D 2D and PFG NMR experiments. 

 

ü NMR Probe 

 

 

 

 

Figure 30. Home build NMR probe head able to conduct measurements in 100MHz 

The main purpose of the electrical system of the probe head is to deposit the major part of 

electrical energy as an oscillating magnetic field in the coil where the sample is placed. 

Moreover it is supposed to pick up the voltage, which is the response of the spinning nuclear 

magnetic moments. In order to avoid reactions the electric impedance of the resonance 

circuit has to match the impedance of the amplifiers, which have internal impedances of 

50ɋ. As a result on the top of the probe head there is the stainless steel die cast aluminum 

box which contains the resonance circuit (2 capacitors etc) specifically build-in in order to 

be able to conduct experiments on 100MHz and on the lower part there is the build-in coil. 
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Figure 31 NMR Probe 

 

Schematic representation of the key parts of the probe. The coil is shown on the left with 

the sample tube and  a tuned circuit is formed by a capacitor ñtuningò. The power transfer 

to the transmitter and receiver (tx. and rx.) is optimized by adjusting the ñmatchingò 

capacitor. A schematic block diagram of the basic parts of the NMR experiment is shown 

in the following figure. 

 

Picture 1. A schematic block diagram of the basic NMR apparatus 
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 Setting up a solid-state NMR experiment 

 

Measurements were performed on a broadband home-built NMR spectrometer operating in 

the frequency range 5 MHz - 1 GHz. The probe was placed in the stray field of a 4:7 T 

Bruker magnet with a magnetic field gradient G=34:7 T/m at 1H NMR frequency of 101:324 

MHz.  

 

 

 

 

 

 

 

 

 

Figure 32. Schematic presentation of the fringe field of a Superconducting magnet 

 

This was achieved by lifting the cryostat at that position of the fringe field of the 

superconductive magnet, where the NMR frequency was varying linearly with the position 

the magnetic field gradient in the z-direction is constant. 

 

 

 

 

 

Figure 33. Diagram of B vs z of the magnetic field. The field gradient is constant and linear for a certain 

area of z 
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3. Carbon Nanotubes CNTs 

 

Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical nanostructure. They 

are large molecules consisting of a hexagonal arrangement of sp2 hybridized carbon atoms 

The distance between any two adjacent carbon atoms is about 0.14 nm. The form of a 

Carbon Nanotube can be visualized by rolling one graphene sheet seamlessly into a carbon 

tube. They are rolled-up sheets of single-layer carbon atoms (graphene) as seen in Figure 

34. 

 

 

Figure 34. Rolling up a carbon nanotube 

 

There are 2 big groups of CNTs depending on the number of graphene layers. The wall of 

the CNTs consists of a single (SWCNT) layer or multiple (MWCNT) layers of graphene 

sheets. 
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Figure 35. Multiple layers of CNTs 

 

The properties of a CNT depend on how they are rolled up. The structures can be specified 

completely by their chiral vectors, which are defined by the chiral indices (n, m) giving three 

different types of CNTs; armchair, zigzag, and chiral. 

 

 

Figure 36. Chiral Vector of CNTs 

The interlayer separation of the graphene layers of MWCNTs is approximately 0.34 nm in 

average, each one forming an individual tube, with all the tubes having a larger outer 

diameter (2.5 to 100 nm) compared to that of SWCNTs (0.6 to 2.4 nm). The latter has a 

better defined wall, whereas MWCNTs are more likely to have structural defects. The quasi-
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one-dimensional character of SWCNTs has attracted more and more research attention on 

the water adsorption on their surface, partly due to the fact that SWCNTs can be used as a 

model system for understanding water transport in biological cells and possibly for drug 

delivery applications Many cancer drugs are hydrophobic in nature and CNT is one of the 

potential materials as drug carrier 

 

 Single Wall Carbon Nanotubes (SWCNTs) Double Wall Carbon 

Nanotubes (DWCNTs) and Multi Wall Carbon Nanotubes 

(MWCNTs) 

3.1.1 Materials  

Purified and open-ended SWCNTs and DWCNTs were purchased from SES research, USA.  

 

Picture 2. SES Research samples of CNTs 

 

The inner and the outer diameter of the CNTs used in this work are represented in the 

following tables.  

Carbon Nanotubes Inner/Outer diameter 

Single Wall 1.2nm / 2.0nm 

Double Wall 3.5nm / 5.0nm 

Average length  ~1ɛm 

Table 1 SWCNTS and DWCNTs inner and outer diameters 
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The outer/inner diameters of the CNTs used in the first part of this work were 2/1.2 nm for 

SWCNT and 5/3.5 nm for DWCNT. Both types of CNTs had average length 1ɛm. 

Morphological analysis of the CNTs was performed with Transmission Electron 

Microscopy (TEM) using an FEI Tecnai G20 microscope with a 0.11 nm point to point 

resolution, operated at 200 kV in the infrastructure at INN on NCSR Demokritos. For this 

analysis, approximately 1 mg of each sample was dispersed in 20 ml of high purity 

cyclohexane (Merck, 99.9 %) via sonication (15 s) a drop of each suspension was deposited 

on copper grids (400 mesh) covered with a thin amorphous carbon lm (lacey carbon). To 

avoid contamination, CNT samples were inserted into the TEM machine immediately 

following preparation. Bright field images were collected at several magnifications in order 

to observe structure and size homogeneity. Figure 37 shows representative TEM images of 

SWCNT and DWCNT samples.  

 

 

 

 

 

 

 

 

 

Figure 37. TEM images for the SWCNT (left) of outer/inner diameter of ~ 2/1.2 nm and DWCNT 

(right) of diameter of ~5/3.5 nm 

Further MWCNT samples were purchased from Nanocs, USA with inner diameters of 3.0 

nm, 5.0 nm, 5.5 nm, and 6.0 nm and outer diameters <8nm, 10-15nm, 20-30nm and 30-

40nm respectively. The length of the CNT channels were about 20ɛm and all the CNTs were 

open ended as provided by the manufacturer.  

 

  



Diffusion Studies of Fluids in Mesoporous and Nanoporous Materials using NMR Methods 

L.Gkoura 
84 

Carbon Nanotubes Inner/Outer diameter 

Multi Wall 3.0nm / <8.0nm 

Multi Wall 5.0nm / 10-15nm 

Multi Wall 5.5nm / 20-30nm 

Multi Wall 6.0nm / 30-40nm 

Average length  ~15-20ɛm 

Table 2 MWCNTS inner and outer diameters 

 

Figure 38. Representative TEM images of the MWCNT samples. The inner diameter of CNTs is 

indicated within each image 
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 Unveiling the ultrafast stratified diffusion of water inside carbon 

nanotubes; direct experimental evidence with 2D D-T2 NMR 

spectroscopy 

3.2.1 Preparation of the samples for NMR measurements 

 

For the NMR experiments, CNT powders were used with no further treatment and double-

distilled water was used in all measurements. Samples with different water-content were 

prepared by immersing CNT powders in deionized water, inside NMR quartz tubes (inner 

diameter 3 mm, length 25 mm) as seen in Figure 39 

 

 

 

 

 

 

Figure 39. Preparation of the samples for NMR measurements 

 

Specifically, 30 mg of SWCNTs and 40 mg of DWCNTs were mixed in the tubes with 260ɛl 

and 270ɛl of deionized water, respectively. Samples were let to come to equilibrium at room 

temperature for a couple of hours. The NMR tubes were then connected to a vacuum system 

as seen in Figure 39 and air was carefully pumped out to ensure water entering into the CNT 

nanotubes. A water loss of 5 -10 ɛl was observed at the end of the process. Subsequently, 

the NMR tubes were left at ambient conditions for different time intervals, ranging from 8 

hours to 96 hours, to prepare samples with different water-content. Each sample was then 

flame sealed under low vacuum. With this procedure, the overall water content in the 

DWCNT samples as seen in Figure 40 was measured to be 260 ɛl (fully saturated), 90 ɛl 

(medium saturated) and 50ɛl (low saturated). ratios of the total area of the relevant 1H NMR 

T2 distributions (obtained after inverting the 1H NMR CPMG spin echo decay train, as 

explained later).  
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Figure 40. Diffusion profile of water in SWCNTs and DWCNTs at room temperatures at different water 

content. For better visualization the spectra are rescaled accordingly. Upon the lowering water content, 

the profile moves toward higher values of D, in agreement with MD simulation results [37] 

 

A good match between the two sets of measurements was obtained. Subsequently, the 

nanotube water saturation level was estimated by comparing the areas corresponding to the 

low T2 signal component of the nanotube water, considering that the nanotube water 

saturation of the fi rst sample is 100%. In this way the nanotube water saturation level of the 

three samples in Figure 40 was estimated to be 100% (fully saturated), 60-70% (medium 

saturated), and 30-35% (low saturated). It should be stressed that  

(i) only a thin sample-slice is observed with 1H NMR in the strong magnetic field 

gradient in the stray field of the superconducting magnet, as shown in Figure 20 

on the theory part on page 66, so exact volumetric analysis from the NMR water 

signal is not possible  

(ii)  most water in the fully hydrated sample is coming from bulk water, as only 12 -

15% of the signal intensity remains after freezing to 275 K 
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3.2.2 1H NMR T 1, T2 and T1 -T2 relaxation analysis of water in CNTs 

 

1D 1H NMR spin-lattice relaxation T1 and spin-spin relaxation T2 measurements, as well as 

2D T1-T2 correlation spectroscopy were performed  

¶ in magnetic field 9:4 T  at Larmor frequency 400 MHz 

¶ in the stray field of a 4.7 T superconductive magnet at Larmor frequency 

101.324MHz 

¶  

 

Figure 41. 1H NMR CPMG spin echo decay of water in DWCNT, at room temperature, in a magnetic 

field 9.4 T (400 MHz). The yellow line is the theoretical fit  by applying the 1D Tikhonov regularization 

inversion 

 

Figure 41 shows the spin echo decay obtained with a CPMG pulse sequence in 9:4 T, of 

water in DWCNT sample, at room temperature. The yellow line is the theoretical fit by 

implementing 1D-nonnegative Tikhonov regularization algorithm. 

In Figure 42 we applied 1D-nonnegative Tikhonov regularization algorithm for the T2 

distribution in 9.4T (gray circles). Water is shown to be grouped in two main T2 peaks; a 
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low-intensity narrow peak with T2 = 1:2s (bulk water), and a second broad line with a peak 

at 10 ms, corresponds to interstitial water as well as nanotube water. These assignments are 

confirmed with T1 measurements (cyan circles), obtained with the inversion recovery pulse 

sequence (́ ï t - ́ /2). T1 shows a peak with T1 value coinciding with the long T2 component 

(as expected for bulk water), and the second one with T1 value significantly higher than the 

short T2 component, as expected for interstitial and nanotube water molecules. Important 

observation is that the T2 projection of the D-T2 contour plot at 295K (green circles), 

coincides with the T2 distribution of nanotube and interstitial water at 9.4 T (grey circles). 

This is a direct evidence of the correct assignments of the water signals in the 2D D-T2 

measurement, which are presented in the next chapter. However, in the fringe field of the 

magnet effective T2 values are influenced by the diffusion in the strong magnetic field 

gradient.[38] To minimize the contribution of bulk water into the NMR signal, the repetition 

time of the D - T2 NMR experiments was set to 1 sec. At lower repetition times sample 

heating was observed, due to the extremely high number of  ́pulses in the CPMG pulse-

train.  

 

Figure 42. The graph shows the relevant 1H T2 distribution (gray circles), 1H T1 distribution (cyan 

circles) as well as T2 distribution obtained from 2D D-T2 (green circles) 
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Figure 43. The T1-T2 NMR pulse sequence used in the experiments 

The 2D 1H NMR T1-T2 pulse sequence is shown in Figure 43. It consists of a  ́ - t1 ï /́2 

Inversion Recovery pulse sequence, followed by a CPMG spin-echo decay train [39, 40]. 

 

Figure 44. The CPMG spin-echo decay for three different tD time 
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Figure 44 demonstrates the SEDs at three different tD values. The intensity of the SEDs as 

a function of tD look to vary from negative values for short tD values to positive values for 

long tD values, following the relation: 

 

☼ ☼ ▄
◄

╣ )      (51) 

 

However, in the presence of a broad T1 and T2 distribution, the 1H NMR T1-T2 spectrum, 

i.e. the distribution function f(T1,T2) [29] is obtained by applying a non-negative 2D 

Tikhonov inversion algorithm on the time domain data, according to the equation: 
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The 1H NMR T1-T2 spectrum of DWCNTs at room temperature is presented in Figure 45. 

To further examine different water groups in CNTs, 1H NMR T1īT2 correlation 

spectroscopy was performed under static conditions (no MAS), as shown in Figure 45. 2D 

T1īT2 provides information about the ñliquidityò of the local molecular environment: in 

general, molecules in unconstraint liquid environment are characterized by T2 å T1, whereas 

molecules in a rigid (solid) environment show T2 Ḻ T1. In this context, bulk water with T2 

å T1, semi-free interstitial water with T2 < T1, and solid-like nanotube water with T2 Ḻ T1 

can be distinguished in Figure 45. 

It is stressed that according to MD the interaction of water with the CNT walls depends on 

the wall curvature; in the outer space, water molecules are shown to interact moderately 

with the external CNT surfaces, whereas inside the CNTs, water molecules do not interact 

with the CNT walls [41, 42]. Evidently, the very short T2/T1 Ḻ 1 ratio of water inside the 

CNTs indicates that nanotubular water molecules are in a rigid molecular environment. This 

fact corroborates with the predictions from MD simulations, which show that water 

molecules in CNTs are organized in hydrogen-bonded nanotubular clusters 
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Figure 45. Contour plot of the static (no MAS) 1H NMR T 1īT2 spectrum of water in DWCNTs obtained 

with the help of a 2D Tikhonov inversion algorithm in 3.5 nm DWCNTs sample, at room temperature. 

On the basis of the T2/T1 ratios, three different water groups; bulk, interstitial and nanotube are 

resolved 

 

Figure 46 shows the experimental data of an 1D inversion recovery experiment on DWCNTs 

in magnetic field 9:4 T, under static conditions (no MAS spinning). Using Tikhonov 

inversion we derive the relevant T1 distribution which is shown in Figure 47. A weak peak 

at T1~1:2s is observed, which corresponds to bulk water, and a second one at ~150ms, 

corresponding to nanotubular and interstitial water. 
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Figure 46. The Inversion Recovery curve as obtained by recording the signal intensity of the first spin-

echo 

 

 

Figure 47. T1 distribution by implementing 1D Tikhonov inversion algorithm on the relaxation data 

presented in Figure 46 

Results are in full agreement with the high resolution 1H MAS NMR T1 measurements, 

shown in the following chapter. 
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3.2.3 MAS NMR T 1 relaxation analysis of water in CNTs 

 

The 1H magic angle spinning (MAS) NMR experiments were performed at room 

temperature on a Bruker (AVANCE 400) NMR spectrometer in Khalifa University in Abu 

Dhabi in 4 mm rotors and at spinning frequency of 12 kHz. Figure 48 shows the 1H NMR 

T1 distribution analysis of water in DWCNTs. 

 

Figure 48. 1H MAS NMR T 1 analysis of water in DWCNTs, at room temperature. The right panel shows 

the relevant 1H MAS NMR spectrum at spinning frequency of 12 kHz. Peak 1 corresponds to bulk water 

and the broad peak 2 to nanotube/interstitial water. The main panel shows 1H MAS NMR  relaxation 

data from the shaded areas of the spectrum (saturation recovery curves). The solid lines are theoretical 

fits by using an 1D inversion algorithm. 

 

The right panel of Figure 48 shows the relevant 1H MAS NMR spectrum, obtained at a 

spinning rate of 12 kHz. Two peaks are observed, in agreement with the literature [43] a 

broad one at 2.73 ppm, which is attributed to water inside the CNTs (nanotubular water) and 

possibly to water in the space between the CNT bundles (interstitial water) and a relatively 

narrow peak at 4.9 ppm, very close to the frequency of bulk water, 4.8 ppm. The frequency 

shift of the first peak from the frequency of the bulk water may be assigned either to less 

number of hydrogen bonds per water molecules inside CNTs or to shielding from ring 

currents induced on the CNT walls.[43] 
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The main panel of Figure 48 shows the experimental relaxation data acquired separately on 

each of the two peaks, by using a saturation recovery technique.[44]. The T1 analysis was 

then performed by implementing an 1D inversion algorithm on the relaxation data which is 

shown in the following Figure 49 [29]. 

 

Figure 49. T1 distributions of bulk and confined water, respectively, obtained by the inversion 

 

It is observed that bulk water acquires T1 distribution with peak at å1.2 s (violet line 

corresponding to the shaded area around 4.9 ppm), whereas the nanotube/interstitial water 

holds T1 distribution with a peak at å0.15 s (cyan line corresponding to the shaded area 

around 2.73 ppm). Both values are sufficiently shorter than that of distilled bulk water T1 å 

2 s because of the unavoidable presence of paramagnetic impurities on the CNT walls. The 

weak violet T1 peak at å0.15 s belongs to the tail of the nanotubular water NMR signal, 

which overlaps with the NMR signal of the bulk water. In addition, a second weak T1 peak 

at å1 s is observed in the cyan line, which shows that a small component of the confined 

water acquires bulk water dynamics. 
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3.2.4 2D 1H D - T2 relaxation analysis of water in CNTs 

 

1H NMR 2D diffusionīrelaxation 2D DīT2 measurements were performed in the stray field 

of a 4.7 T Bruker superconductive magnet providing a 34.7 T/m constant magnetic field 

gradient at 1H NMR frequency of 101.324MHz. The experiments were carried out by using 

a pulse sequence with more than 5000 pulses. The temperature was controlled by the ITC-

5 temperature controller in a flow type Oxford cryostat as described above. The accuracy of 

the temperature was 0.1 K. A 30 min time window was allowed at each temperature before 

collecting data. NMR data were analyzed using a modified version of 2D non-negative 

Tikhonov regularization inversion algorithm code. 

We applied two-dimensional 1H NMR Diffusion Spin-Spin Relaxation Time D-T2 in order 

to study water diffusion in CNTs. The D-T2 pulse sequence is shown in Figure 50. 

 

Figure 50. Upper panel: 2D D - T2 NMR pulse sequence used for the measurements . 

 

It consists of a ́/2 - tD -  ́(Hahn echo) pulse sequence, followed by a train of 5000 pulses, 

generating a Carr- Purcell-Meiboom-Gill (CPMG) spin-echo decay (SED) train.[39, 40]. 

The ́ /2 pulse duration was set to 4ɛs and the CPMG interpulse time distance óôtôô to 30ɛs. 

D-T2 data were acquired with a series of 1D experiments. Data in the ñdirectò (T2) 

dimension, were collected in a single shot, by recording simultaneously the intensity of all 

CPMG echoes. Data in the ñindirectò dimension (D) were accumulated in successive 

experiments by incrementing tD [29, 39] Overall, 30-40 experiments were performed with 

tD values between 30ɛs to 1000ɛs in logarithmic scale, but practically the NMR signal for 
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most experiments disappears after 300-350ɛs, due to the extremely strong magnetic field 

gradient. Figure 51 demonstrates the decrease of the intensity of CPMG echo trains at three 

different tD values 50 ɛs 133 ɛs 236ɛs. 

 

Figure 51. CPMG spin-echo decay of water in saturated SWCNTs, at room temperature, acquired at 

three different tD values 

Figure 52 shows the decrease of the signal intensity of the first spin-echo as a function of 

tD. The solid line is the theoretical fit  according to the relation [39, 40, 45, 46]  
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Where ɔ, D and G are 1H gyromagnetic ratio, diffusion coefficient and magnetic field 

gradient strength, respectively.  

0.00 0.05 0.10

0

500

1000

1500

 

 

 
S

p
in

 E
ch

o
 D

e
ca

y 
[a

.u
.]

 t
D
=   50 ms

 t
D
= 133 ms

 t
D
= 236 ms

Time [sec]



Diffusion Studies of Fluids in Mesoporous and Nanoporous Materials using NMR Methods 

 L.Gkoura 
97 

 

Figure 52. The signal intensity of the first spin-echo versus tD and the solid line is the fit-line using Eq.1 

 

In the presence of a broad distribution of diffusion processes and relaxation times, the D-T2 

signal intensity decays according to the relation [39, 40] 
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where D is the diffusion coefficient, T2 is the transverse relaxation time, ɔ the proton 

gyromagnetic ratio and Ô ςÔ where Ô  is the variable delay between the pulses as shown 

in Figure 50 and f(D; T2) is the distribution function of D and T2. The first two exponential 

terms describe the signal decay of the first echo, in the diffusion part of the pulse sequence, 

due to both diffusion and transverse relaxation and the third exponential term describes the 

echo attenuation during the CPMG pulses due to the transverse relaxation. To determine 

Æ$ȟ4  a change of variables Ô Ô Ôᴂ was applied. This allows separation of the D and 

T2 axis, resulting in the following expression: 
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Because of this transformation a few number of echoes at the beginning of the data array is 

not taken into consideration in the 2D inversion. In these experiments, the first 5 echoes out 

of 5000 echoes were excluded, which accounts for NMR signals with T2 component shorter 

than ~0:2 ms to be invisible. D-T2 (i.e. the f(D;T2) distribution function) were obtained using 

a 2D non-negative Tikhonov regularization algorithm [27, 29] developed in Matlab as 

described in the theoretical part in Chapter 1.4 

 

In case of diffusion in a bundle of randomly oriented one-dimensional (1D) nanochannels, 

Eq. 1, which describes unrestricted 3D diffusion, should be modified in order to take into 

account 

(i) the 1D properties of the diffusion 

(ii)  the random orientation of the CNTs in respect to the external magnetic field 

gradient G.  

This issue was addressed by Callaghan [47] who demonstrated that water diffusion in 

endosperm tissue of wheat grains, when simulated with diffusion in 1D randomly oriented 

array of capillaries, and averaged over all solid angles, gives spin-echo attenuation R1D 

according to relation:  

╡╓ ᷿ἭὀἸ▓╓● ▀●      (56) 

For diffusion in the stray field gradient G of the magnet k is given by  

▓ ♬╖ἼἎ       (57) 
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Figure 53. Decay of the first spin echo in the CPMG echo train of the external water (white circles) and 

the nanotube water (yellow circles) in DWCNTs as a function of tD at RT. The blue and black lines in 

the inset are the theoretical curves acquired using Eq.53 for isotropic 3D and Eq.56 for restricted 1D 

diffusion, respectively 

 

The difference in the spin-echo decay between unrestricted 3D diffusion and restricted 1D 

diffusion is excellently demonstrated in Figure 53, which shows the decay of the first CPMG 

echo as a function of t3
D for external water (white circles) and nanotube water (yellow 

circles) in the case of partially water-saturated DWCNTs at room temperature. For reasons 

of comparison, the theoretical SED curves acquired by Equation 53 for bulk water diffusion 

(blue line) and Equation 56 for 1D restricted diffusion (black line), are shown in the inset of 

Figure 53.  

The difference in the spin-echo decay between unrestricted 3D diffusion and restricted 1D 

diffusion is excellently demonstrated in Figure 53, which shows the decay of the first CPMG 

echo as a function of t3D for external water (white circles) and nanotube water (yellow 

circles) in the case of partially water-saturated DWCNTs at room temperature. For reasons 

of comparison, the theoretical SED curves acquired by Equation 53 for bulk water diffusion 

(blue line) and Equation 56. While the spin-echo attenuation for unrestricted 3D diffusion 

decreases linearly in the semi-log plot, the spin-echo intensity of 1D diffusion decreases 

with a successively declining slope. It is noticed that the inversion of the theoretical 1D spin-

echo decay curve gives rise to an asymmetric distribution of D with a long tail towards the 

low D values Figure 54. 
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Figure 54. Self-diffusion coefficient D distribution simulations acquired by implementing a 1D Tikhonov 

regularization algorithm on the theoretical 1H NMR Spin Echo decays of  

 

This is the fingerprint of uniform 1D restricted diffusion in a set of randomly oriented 

nanochannels. SEDs of nanotube water in DWCNTs reveal unambiguously the profile of 

1D restricted diffusion. Notably, at short times a very fast diffusing water component is 

observed as demonstrated by the very steep initial slope. 

 

We applied static 2D (DīT2) NMR experiments were performed in the stray field of a 

superconductive magnet of 4.7T with a constant magnetic field gradient G = 34.7 T/m. The 

conventional 1D NMR method for measuring water diffusion in a constant magnetic field 

gradient is to monitor the 1H NMR spin-echo decay and then fitting the obtained decay curve 

to Eq. 1 where ɔ =26.7522 (107 rad/sT) is the gyromagnetic ratio for 1H, and D the water 

self-diffusion coefficient (D = 2.3 × 10ī9 m2/s for bulk water at room temperature). The 

linearly exponential part of the decay corresponds to the 1H NMR spinīspin T2 relaxation, 

whereas the cubic exponential decay corresponds to 1H NMR spin-echo dephasing in the 
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magnetic field gradient G, in the presence of diffusional motion. In the case of nonuniform 

diffusion processes with multiple D values, diffusion is expressed with a distribution 

function f(D), which is obtained by implementing an appropriate 2D inversion algorithm 

[29] as explained previously. In this method 2D data are lexicographically transformed in a 

single column and subsequently inverted by applying a 1D Tikhonov inversion. The 

inverted data are presented as 1D vector, where the 2D spectrum is encrypted. Unwrapping 

this again in 2D provides the 2D D -T2 contour plots. 

It is extremely difficult with conventional 1D NMR diffusion experiments to disentangle 

water components with overlapping D coefficients. Consequently,1H NMR studies of water 

diffusion inside CNTs have been reported in the literature but only presented weighted D 

values [48-50]. To overcome this obstacle, we take benefit of the fact that nanotube water, 

interstitial water, and bulk water acquire different T2 values. Diffusion differences can be 

thus acquired by analyzing signals in different T2 windows. This intricate assignment of 

diffusion differences in T2-resolved water groups was excellently demonstrated in the past, 

through the 1H NMR study of water mobility in hydrated collagen II. [51]  

In Figure 55 we present the 2D DīT2 contour plots of water in SWCNTs and DWCNTs at 

selected temperatures. Signals at different temperatures have been scaled accordingly to 

improve visualization. We observe two main peaks representing water inside the CNT 

channels (nanotube water) with very short T2 at å0.5 ms and external water with long T2 at 

å10ī12 ms. The latter comprises interstitial water and bulk water because the effective T2 

of bulk water in the very strong magnetic field gradient in the stray field of the magnet is 

sufficiently shorter than that in a homogeneous magnetic field. [38]  
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Figure 55. Contour plots of 1H NMR DīT2 spectra of water in SWCNT (left panel) and DWCNT (right 

panel) at selected temperatures. Two main components are seen at each temperature, corresponding to 

nanotube water confined in the CNTs (low T2 values) and interlayer and bulk water external to the 

CNTs (high T2 values). Plots at the left side of the contour plots are the relevant D projections. 

In both CNTs, external water attains D value å2.5 Ĭ 10ī9m2/s at room temperature, which 

is close to that of bulk water. Upon lowering the temperature, water mobility decreases and 

the signal shifts to lower D values, as expected. At the same time, the intensity of the NMR 

signal from the external water decreases rapidly. It is noticed that part of the signal persists 

even at temperatures lower than the typical freezing point of bulk water (å273 K), in 

agreement with previous 1H MAS NMR measurements [43]. Therefore, the signal of the 

long T2 water component, which remains at temperatures below the water freezing 

temperature, cannot be assigned to ñbulkò water but rather to interstitial water confined in 

the space between the CNT bundles (confined water is known to freeze at T Ò273 K) [52]. 
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3.2.5 T2 Projection of D-T2 contour plots 

 

Figure 56 presents the T2 projections of 2D D - T2 spectra at selected temperatures for both 

SWCNT and DWCNT. Each projection mainly has two peaks; a short T2 peak 

corresponding to the nanotube water (water in the interior of the CNTs) and a long T2 

component assigned to the external water. A rapid decrease of the signal intensity of the 

external water is observed by decreasing temperature, unveiling the presence of the 

nanotube water.  

 

 

Figure 56. Water T2 projections obtained from 2D D-T2 contour plots in (a) SWCNTs and (b) DWCNTs. 

For clarity, the projections have been normalized. Fits (dashed lines) were performed with inversion of 

a stretched exponential spin echo decay and a log-norm distribution of T 2. The short and long T2 

components correspond to the nanotube and the interstitial water 

 

As previously discussed, in the D - T2 experiment the bulk water signal is included into the 

external water signal. It is very difficult to estimate the total amount of the bulk water in the 
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sample, because only a sample-slice is observed in the strong permanent magnetic field 

gradient (as discussed in Figure 20 of Chapter 1.2.2). An estimate of the bulk water 

percentage in the "observed sample slice" from the NMR signal loss above and below the 

bulk water freezing temperature 273 K [53] is 0.7 of the total water content (ice-water is not 

observed because of the extremely short T2).  

 

Figure 57. Temperature dependence of water-T2 inside a) SWCNT and b) DWCNT samples. The green 

and cyan data-points are nanotube and interstitial water T2 components, respectively. 

 

Figure 57 shows the temperature dependence of the T2 peak positions. Upon lowering 

temperature, the short T2 component in SWCNT shifts to lower values, from ~2 ms at room 

temperature to ~0.2 ms at 265 K while remaining almost constant at ~0.5 ms in DWCNT. 

On the other hand, the long T2 component shows an apparent local minimum at about 285 

K for both samples. This might be related to the change of hydrophobicity, as discussed in 

a recent NMR publication,[54] but more work is required to examine this point. 
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3.2.6 D Projections of D-T2 contour plots 

 

The D projections shown at the left side of the contour plots in Figure 55 have a contribution 

from both interstitial and nanotube water signals; the diffusion peak from water inside the 

CNTs is distorted or even masked by the signal from the external water.  

In order to uncover the water dynamics inside the CNT channels, the D projections of 

nanotube water from both SWCNTs and DWCNTs were separately calculated, as presented 

in Figure 58. 

 

 

Figure 58. D projections of nanotube water in (a) SWCNTs and (b) DWCNTs. The insets show the 

selected areas of projection. For better visualization spectra are normalized to one. The red line at 275 

K in SWCNT is the simulation curve of water diffusion in a bundle of randomly oriented CNTs. The 

dark cyan line is the relevant simulation curve of unrestricted bulk water diffusion. In DWCNTs, 

nanotube water shows stratified fast diffusion. The red line corresponds to shell water as in SWCNTs, 

whereas the cyan line represents the axial fast nanotube water component. 

 

In the case of SWCNTs (left panel of the Figure 58a, at temperatures below 285 K, the D 

projection exhibits the characteristic low-D tail, encountered with 1D diffusion in randomly 
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oriented CNTs [47]. This is manifested with the theoretical red line details are provided as 

follows, which simulates accurately the experimental spectrum at 275 K.  

Short T2 values might distort the self-diffusion coefficient D-distribution [55] This is so as 

short T2 might enhance the spin echo decay at long interpulse time delays, giving rise to 

illusively high D-values (tails in the direction of the high D-values). In order to examine the 

reliability of the inversion algorithm used in this work at very short T2 values, we have 

compared the D-profiles of experimental and simulated D - T2 data, by using simulated data 

with T2 values similar to the experimental ones, but only a single diffusion coefficient D 

value. All other used inversion parameters were kept exactly the same for both simulated 

and experimental data. Figure 59 presents the results of this comparison for the cases of (i) 

fully hydrated DWCNTs at 285 K and (ii) partially hydrated DWCNTs at 293K.  

 

Figure 59. Comparison of the self-diffusion coefficient D distribution of water in (i) fully hydrated 

DWCNTs at 285K (black line in the upper panel) and (ii) partially hydrated DWCNTs at 293K (black 

line in the lower panel), as obtained from D-T2 experiments with simulated data (blue lines). It is noticed 

that simulated data acquire similar T2 distribution with the experimental data but only one D-value, D 

= 1:8 x 10-9 m2/sec. 

Despite the very short T2 value, the simulated data are shown to acquire only a slight 

broadening of the D- distribution, which is an order of magnitude narrower than that of the 
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experimental spectra. This provides straightforward evidence that the short T2 values in the 

very strong permanent magnetic field gradient G = 34:7 T/m used in this work do not create 

any significant artifact in the D-T2 spectra. In addition the proposed method acquires reliable 

information even in the case where the external water masks almost completely the D-

projection of the nanotube water, as shown in Figure 60. 

 

Figure 60. The D-projection of water in fully water hydrated DWCNTs at room temperature, as 

obtained from the relevant D-T2 spectrum. The blue/red lines correspond to the individual D-

projections of the external/nanotube water with the high (short) T2 values 

Furthermore, it is noticed that the validity of our experimental analysis is in agreement with 

recent results by Kausik et al.,[55] on the sensitivity of D-T2 measurements. They introduced 

two parameters Ŭ and C (equations (3) and (5) in their article), which measure the relative 

strength of diffusion/relaxation and what they call diffusion contrast. According to their 

analysis the inversion of the D-T2 data is reliable if Ŭ Ó1 and C has values between 0-1, with 

the 1 being the ideal value. In our study, for the short D-T2 component Ŭ= 1:3 and C has 

intermediate values reaching a maximum value of 0:7. 

 

Back in the D-projections the fitting of the curve to the 1D model with a unique D value is 

consistent with the confinement of water molecules in a randomly oriented array of CNT 

tubes with short (nanometer scale) inner radial dimension but long (micrometer scale) axial 

dimension. Most importantly, the restricted diffusion in SWCNTs acquires D values close 

to that of free water, in agreement with MD in the literature [56]. In DWCNTs Figure 58b, 
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the D distribution of water inside the CNTs attains a more intriguing picture. At T = 285 K, 

the diffusion profile of the nanotube water can be resolved in two components having 

different dynamics with D peaks centered at å2.58Ĭ10ī9 and 9.60 × 10ī9 m2/s. This 

corroborates with neutron scattering experiments, which show the presence of two different 

water groups, that is, a shell of water close to the CNT walls and a chain-water at the center 

of the CNTs [57]. The stratified arrangement of water in the DWCNTs can be explained by 

considering  

(i) the larger inner size of 3.5 nm in comparison to the SWCNT 

(ii)  the repulsive Coulomb forces [58] between next neighboring oxygen atoms, 

which become important when water is squeezed into the hydrophobic CNTs 

According to MD, depending on the CNTs diameter, the free energy of the nanotube water 

molecules shows a number of minima in the radial direction. In this energy configuration, 

water molecules reside at the local minima, giving rise to a stratified water arrangement [56, 

59-61]. At low temperatures, the radial exchange of water molecules among different water 

shells is prohibited by the energy barrier, and water molecules diffuse preferentially in the 

axial than in the radial direction [56]. In this picture, water inside DWCNTs is organized 

into shell and chain-water, the latter showing astonishing diffusion enhancement, å8ī9 

times higher than that of bulk water. This behavior was not observed in SWCNTs because 

of the small confinement size of å1 nm. It is noticed that at elevated temperatures 

liquefaction and fast exchange of water molecules between the two shells becomes possible. 

This explains the merging of the two diffusion peaks into a single one at 295 K in the 

DWCNTs, which is observed in Figure 58b. Evidently, at this temperature water molecules 

in the two different tubular shells overcome the energy barrier and fast exchange takes place 

in the radial direction. This effect is similar to the high-temperature ice-water shell melting, 

observed in SWCNTs with neutron scattering experiments [57]. We notice that the diffusion 

of water molecules is further enhanced upon decreasing the water content in the CNT 

samples, in agreement with the theoretical predictions [37].  

 

In the materials section we showed (Figure 40) the D-distribution profile of water, at room 

temperature, in SWCNT as well as in three DWCNTs samples with different water contents 

as shown here in Figure 61 on the left panel. Results show that by reducing water, a very 

broad distribution of D unveils, which decomposes into a very broad fast diffusing 
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component belonging to the nanotube water and a second one belonging to the external 

water.  

 

 

Figure 61. 1H NMR DīT2 spectrum of DWCNTs with intermediate water content corresponding to the 

black line in panel. Left panel D-profile of water in SWCNTs and DWCNTs, at room temperature at 

different water content (Figure 40). Upper panel: T2 projection obtained from 2D D-T2 contour plot of 

DWCNTs 

 

To summarize the results, a schematic representation of the water groups in SWCNTs and 

DWCNTs is shown in Figure 62. According to the NMR experiments, in SWCNT with an 

inner diameter of å1.2 nm, only a single shell nanotube water component was detected 

(represented by the red spheres in the figure), in agreement with the  MD [59, 60]. Water 

molecules of this group have self-diffusion coefficients (red squares in the figure) 

comparable to that of bulk water. Remarkably, in DWCNTs with an inner diameter of å3.5 

nm, in addition to the shell water, a second water component is observed (cyan spheres in 

the figure), with sufficiently higher D values in comparison to those of bulk water. The 

green lines in Figure 62 represent water profiles according to MD [59, 62] These findings 

confirm theoretical calculations, which depending on the CNT-size, predict that water inside 

CNTs diffuses in the shape of hollowed nanotubular clusters with an ultrafast mechanism 

[37, 63] The lower D values of the outermost axial water component in both SWCNTs and 

DWCNTs may be attributed to ñfrictionò from the interaction of water molecules with 

defects and oxygen moieties, which are unavoidably present on the CNT walls. 
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Figure 62. Schematic presentation of water diffusion in SWCNTs (left panel) and DWCNTs (right 

panel). Water structure has been sketched by combining DīT2 NMR experimental data with recent 

MD[59, 62] The green peaks in panels are sketches of the relevant water density.  

 

To further enlighten the dynamics of the nanotube water in both CNTs, the inverse of the 

self-diffusion coefficient, 1/D versus 1000/T is presented in Figure 63. For comparison, 1/D 

of bulk water (black circles) is shown in the same figure. The blue line is the theoretical 

simulation of an ideal ñstrongò liquid with 1/D exhibiting Arrhenius temperature 

dependence 

Ἆ
ᶿἭὀἸ

ἣ

ἕἌἢ
       (58) 

Bulk water is observed to deviate significantly from the Arrhenius behavior; within Angellôs 

concept of fragility [20], bulk water is considered to be fragile [64, 65], that is, it slows 

down gradually upon cooling and freezes rapidly near the water glass transition temperature 

at Tg å 140 K. The black line is the theoretical fit to the empirical formula  

Ἆ Ἆ

ἢ ἢἻ

ἢἻ
      (59) 

which is widely used in the literature to fit the non-Arrhenius temperature dependence of 

the water transport properties [20]. Ts in this formula is the thermodynamic limit where 
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transport properties become zero, and the exponent ɔ provides a measure of the growth of 

the hydrogen bonding by cooling. 

 

Figure 63. Inverse of the experimental self-diffusion coefficient 1/D as a function of 1000/T. The blue 

line shows the temperature dependence of an ideal ñstrongò liquid following Arrhenius law. The solid 

black and the dashed cyan lines are theoretical fits as described in the text 

 

Experimental data are nicely fitted with ɔ å 2 and TS å 215 K, in agreement with previous 

reported values [66]. In the case of SWCNTs, the 1/D values of nanotube water matches 

well with those of bulk water. However, the 1/D values of the central water component in 

the DWCNTs (cyan circles in Figure 63) deviate strongly from those of bulk water, 

acquiring low values which vary slowly by decreasing temperature. This indicates that the 

central nanotubular water component is more fragile, and ñresistsò the formation of 

hydrogen bonds upon cooling [21, 59]. It is possible that at room temperature, liquid islands 

in this fragile water component are responsible for the weak ñliquid-likeò T1 component at 

å1.2 s, which is observed in Figure 49. These findings provide a different viewpoint to the 

way that water is organized inside the CNTs. It is generally accepted that water mobility in 

CNTs depends strongly on the number of hydrogen bonds per water molecule and the inner 

diameter of the CNTs [61, 62]. Specifically, MD have shown that the number of hydrogen 

bonds per water molecule is å3.7 at the center of the nanotubes (the same as bulk water) and 

å2 close to the CNT walls, which gives rise to enhanced water mobility close to the 
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hydrophobic CNT walls [61, 62, 67]. This is in contrast to the results presented here, which 

show that water diffusion at the center of DWCNTs is sufficiently faster than diffusion near 

the walls. The observed reduced mobility close to the walls might be related to ñfrictionò 

caused by the interaction of the water molecules with defects and oxygen moieties, which 

are unavoidably present on the CNT walls. Furthermore, our experimental results are in 

agreement with viscosity measurements [68], which show that shear viscosity of water 

confined in CNTs is about an order of magnitude lower than that in bulk water and increases 

nonlinearly with the CNT diameter, while enhanced diffusion of water inside CNTs appears 

only for diameters higher than 4 nm.  
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3.2.7 Conclusions 

 

In conclusion, herein, we report the first experimental measurement of fast water diffusion 

in SWCNTs and DWCNTs with the help of 2D 1H NMR (DīT2) and 2D 1H NMR (T1īT2) 

methods. Unlike previous works where diffusion of water in CNTs at the molecular level 

has been monitored almost solely with MDS, here we demonstrate a fast and scalable 

method to acquire experimentally the diffusion of water and other fluids in nanotubular 

channels at nanoscale resolution. With this method, water in DWCNTs is shown to have a 

stratified diffusion profile, revealing an axial component with extraordinary high D values, 

a phenomenon not present in SWCNTs. However, at room temperature, fast exchange of 

water molecules in fully saturated DWCNTs appears to establish a uniform diffusion 

mechanism. Interestingly, in partially saturated DWCNTs, an anomalously high water 

diffusion mechanism unveils, which shows the complexity of water diffusion into 

hydrophobic nanochannels. The discovery of stratified fast diffusion in CNTs is new 

experimental evidence, which confirms MDS predictions, with important impacts on our 

current understanding of water flow through hydrophobic nanochannels and nanostructured 

membranes [69, 70]. It is also expected to be very helpful in the efforts to understand fluidic 

properties through extremely narrow pores, with the aim to develop high-readout single-

molecule detectors [71, 72] and regulate the cellular traffic of important biological 

solutes[73]. 
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 The Peculiar Size Dependent Ultrafast Water Diffusion in Carbon 

Nanotubes: A Combined 2D NMR Diffusion-Relaxation (D-T2) and 

Molecular Dynamics Simulations Study 

The study of water confinement in Carbon Nanotubes (CNTs) attracted great 

interdisciplinary interest as conduit for understanding nanofluidic properties in a variety of 

nanoporous systems aiming to novel applications, such as  water treatment technologies 

[74], drug delivery [75, 76], intracellular solute transport control[77], and energy 

applications [78, 79]. Several experimental and theoretical methods ï mostly Molecular 

Dynamics (MD) simulations [75, 80, 81] have been utilized to investigate the way water 

molecules are confined inside CNTs. A major outcome of the MD studies is that water 

molecules in the nanotubular CNT space tend to stratify in coaxial tubular sheets [56, 59, 

80]. Furthermore, water confined in the CNTs is predicted to diffuse faster than bulk water, 

in a certain range of CNT diameters[61, 80, 82]. This fast water motion has been explained 

by several authors as due to H-bond modifications in the hydrophobic nanochannels, or due 

to geometrical effects and curvature induced incommensurability between the water and the 

CNT walls [80].  

From the experimental point of view, a great number of methods, such as infrared 

spectroscopy [83], Raman spectroscopy [84, 85], Thermogravimetric analysis [84, 86], 

Transmission Electron Microscopy (TEM) [67, 87-90], X-ray Compton scattering [91, 92] 

[22, 23], and Nuclear Magnetic Resonance (NMR) [24-27] have been widely used in the 

study of molecular confinement and transport through the CNT channels [50]. However, 

until now there is scarce experimental evidence at molecular scale, regarding the way that 

water organizes and diffuses inside the CNTs.   

NMR is considered an important noninvasive tool with atomic scale resolution for studying 

water-surface and nano-confined water systems. Standard NMR experiments typically 

include longitudinal T1, transverse T2 relaxation times, self-diffusion coefficient D, and line-

shape measurements. In a recent survey [50] of NMR studies on the water dynamics in 

CNTs, it is revealed that the majority of the published work [43, 93-96] is focused on 1H-

water NMR-lineshape versus temperature in order to establish the freezing point of the 

confined water. However, any change in the water structure and dynamics induced by the 

nano-confinement is expected to be also reflected in the 1H NMR T1, T2 and D values of the 
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water molecules. Such measurements for water-in CNTs have been rarely published [49, 

54].  

In this work, we utilize two-dimensional 1H NMR diffusion-relaxation correlation 

spectroscopy (D-T2) to study water confinement in CNTs of various diameters as a function 

of temperature. In a previous work [97] we reported the diffusion enhancement of water 

inside 3.5 nm double walled CNTs. Herein we present a new NMR study of CNT samples 

of different diameters (1.1 nm-6.0 nm) and temperatures (265K-305K) to investigate the 

influence of the nanoconfinement size on water dynamics. In addition, we have carried out 

MD simulations on the same systems in order to compare the theoretical with the 

experimental results. Notably, in the CNTs diameter range 3.0 nm -4.5 nm, water is shown 

to split into coaxial tubular sheets (WTS), with the central one acquiring an order of 

magnitude higher self-diffusion coefficient D compared to the outer WTS close to the CNT 

wall. This result is not foreseen by any MD calculations performed until now. Even more, 

water molecules along the CNTs axis show remarkable deviation from the Arrhenius 

temperature dependence; a very fragile, almost liquid-like axial water component even at 

very low temperatures is formed, with fragility sufficiently higher than that of the bulk 

water, which depends strongly on the CNTs size. 

 

Purified carbon nanotubes (SWCNT, DWCNT, and MWCNT) were purchased from SES 

research, USA. The inner diameter of the CNTs used in this work was ~1.1 nm for the 

SWCNT, ~3.5 nm for the DWCNT and 4.5 nm for the MWCNT. Additionally, further 

MWCNT samples were purchased from Nanocs, USA with inner diameters 3.0, 5.0, 5.5, 

and 6.0 nm. The length of the tubes in all the CNTs used in this work was from 15ɛm  to 20 

ɛm and all the CNTs were open ended as provided by the manufacturer. The samples were 

characterized using TEM-FEI Tecnai G20 with a 0.11 nm point to point resolution and found 

consistent with manufacturerôs specifications as shown in the Materials section in the TEM 

images (Figure 38). The CNT powder was used with no further treatment and doubly 

distilled water was used in all the measurements.  

For the two dimensional 1H NMR diffusion-relaxation 2D D-T2 measurement, the fringe 

field of a 4.7 T Bruker magnet which provides a 34.7 T/m constant field gradient with 1H 

NMR frequency of 101.324MHz was used and for the 2D T1-T2 experiment a 9.4T Oxford 

Magnet with 1H NMR frequency of 398.822 MHz was used as described in previous 

Chapters. 
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3.3.1 Molecular Dynamics Simulations 

 

Molecular dynamics simulations were used to investigate the diffusion of water inside single 

walled carbon nanotubes. Different systems were simulated for CNTôs with different 

diameters. Each system consists of a nanotube of length 20nm immersed in a water bath. 

The nanotubes studied are the armchairs (4, 4), (8, 8), (15, 15), (18, 18), (22, 22), (26, 26), 

(37, 37), and (73, 73) of diameters 0.55 nm, 1.10 nm, 2.06 nm, 2.47 nm, 3.02 nm, 3.57 nm, 

5.08 nm, and 10.02 nm correspondingly. The molecular dynamics simulations were 

implemented using NAMD [98]. Water molecules was represented using the Simple Point 

Charge/Extended (SPC/E) model [99]. The non-bonded interactions between carbon atoms 

were modeled using Lennard-Jones (LJ) potential with the parameters (Ů=0.069kcal/mol, 

rmin=3.805 Å) given by Werder et al [100]. The positions of the carbon atoms were held 

fixed throughout the simulations. The systems were kept at the same temperature of 300 K 

using Langevin Thermostat. In addition, the pressure was maintained at 1.0 atm using Nosé-

Hoover Langevin piston with a period of 100 fs and a damping time scale of 50 fs. The 

simulations were performed using periodic boundary conditions in which electrostatic 

interactions were calculated using Particle Mesh Ewald (PME). The simulation integration 

time step was 2.0 fs. Bonded interactions were calculated every time step while non-bonded 

interaction was calculated every two steps with a cut-off of 12 Å and switching function of 

10 Å. 

All simulated systems were minimized for 10,000 steps and then gradually heated to the 

target temperature of 300K. Each system was then equilibrated at 300K for 50,000 steps 

(100 ps) before the production runs. The production simulations were run for a total time of 

50 ns. The system configuration was saved every 500 steps (1.0 ps) for analysis. The water 

density profile was calculated for each simulated system inside the CNTs in order to 

elucidate the structure. The self-diffusion coefficient was determined using the mean 

squared displacement function (MSD) in the axial direction. MSD was calculated over a 

time interval of 1.0 ns at a sampling rate of 1 ps. MSD was then averaged over 50 such time 

intervals. The interval length, 1.0 ns, was chosen carefully to give water molecule enough 

time inside the carbon nanotube before exiting. The long time MSD was then fit to the 

formula, MSD tĄÐ0=2Dt , to obtain the value of the diffusion coefficient, D. The diffusion 
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coefficients were calculated for all of the water inside the CNT and for all the components 

obtained from the density profile.  

 

 

The water structure inside CNTs varies upon increasing the CNTs diameter; it forms a 1D 

chain of water molecules in ultranarrow single walled CNTs (d<1nm), and it is organized 

into coaxial WTS as the CNTs diameter increases. Figure 64, shows three MD simulation 

snapshots of the water configuration at room temperature inside CNTs with diameters 

1.1nm, 3.0nm, and 5.0nm.  

 

 

Figure 64. Snapshots from MD simulations of water molecules arrangements inside CNT nanotubes of 

different sizes (green: carbon atoms of the CNT wall, red: Oxygen atoms white: Hydrogen atoms and 

black shaded-circles represent different water layers). 

 

In all three cases, water molecules inside the CNT channels are shown to arrange in 

concentric WTS (black circles in the snapshot), in agreement with previous publications (for 

example Alexiadis et al.[56] and references therein).  

The number of WTS that can be accommodated inside the CNT channels depends on the 

size and on the Oxygen-Oxygen as well as Oxygen-Carbon interactions [56]. It is 

furthermore observed that the stratified water arrangement into WTS becomes denser by 

increasing the CNT size and gradually the dynamics of water molecules approach that of 

bulk water [56].  
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3.3.2 NMR Experiments 

In order to verify experimentally the role of the CNTs diameter on the water structure and 

dynamics, we conducted 2D 1H NMR D-T2 measurements of water in various CNT sizes, 

ranging from 1.1 nm to 6.0 nm, and in the temperature range 265K to 305K. Here, T2 acts 

as filter in resolving the nanotube water from the external water in saturated CNT samples. 

The way that T2 filters out the external water component is clearly demonstrated in the 2D 

1H NMR T1-T2 correlation spectrum of Figure 45 from the previous experiments for 

DWCNTs. [101] 

 

Figure 65. 2D 1H NMR D- T2 contour-plots of water inside CNT of sizes 1.1nm, 3.5nm, 5.0nm and 5.5nm, 

at selected temperatures (270 K and 285 K). Two main T2 peaks are observed, corresponding to two 
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different water reservoirs (interstitial and nanotube water) ï as seen in the T2 projection for a 1.1nm 

sample at 285 K. Plots are rescaled accordingly to improve visualization 

 

In the conventional 1D NMR diffusion experiments in a constant magnetic field gradient, 

the self-diffusion coefficient is obtained by appropriate fitting the 1H NMR spin-echo decay 

data [45]. However, in the case of nonuniform diffusion processes with multiple D values, 

diffusion is given by a distribution function f(D), which can be obtained by implementing 

an appropriate 2D inversion algorithm, as explained before. The advantage of the D-T2 

spectroscopy is that the self-diffusion coefficient of the nanotube water can be resolved by 

analyzing the spin-echo decay signals in different T2 windows. 

Figure 65 shows the 2D NMR D-T2 spectra of four characteristic samples measured in 

this study, at 270K and 285K. The NMR contour plots are rescaled accordingly to improve 

visualization. Two main signals are visible acquiring different T2 values, i.e. 0.5 ms and 10 

ms, respectively. The short T2 signal is assigned to the water inside the CNTs [97], while 

the long T2 signal is assigned to interstitial water, i.e. external water confined in the space 

between CNTs, which are assembled in CNT-bundles, as explained in detail in ref.[101]. It 

is noticed that at room temperature, the long T2 signal component includes interstitial as 

well as bulk water; the latter in the very strong constant magnetic field gradient acquires an 

effective T2 value å 10 ms, which is sufficiently shorter than T2 å 2 s in a homogeneous 

magnetic field [102]. Upon lowering the temperature, bulk water freezes and the intensity 

of the NMR signal from the external water is observed to decrease rapidly. According to 

Figure 65 and the following Figure 66, the high T2 value signal, persisting below the freezing 

temperature of water, is assigned to the interstitial water.  
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Figure 66, the signal with the high T2 value persists even below the freezing temperature 

of water, confirming the assignment of this signal to the interstitial water. It is stressed that 

normal liquids confined in hydrophilic porous structures acquire short T2 values and T1åT2 

due to the fast exchange between the slow relaxing bulk liquid and the fast relaxing adsorbed 

liquid on the porous surface. 

 

Figure 66. T2 distributions of water inside 5.0 nm and 6.0nm MWCNT, at three different temperatures 

(a) 285K (b) 275K and (c) 265K. 
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Figure 67. 1H NMR Diffusion projections (solid lines) from the 2D D-T2 spectra of the internal nanotube 

water in different CNT sizes, at 285 K. Diffusion projections at certain CNT sizes (3.0nm, 3.5nm and 

4.5nm) are resolved into two components (dashed curves), represented by the main and the shoulder 

peaks 

 

However, when water is enclosed into the hydrophobic CNT walls, the short T2 values 

with T2<<T1 is a strong indication of a solid-like water arrangement [97]. This observation 

corroborates with the WTS structure in Figure 64 from the MD simulations. To uncover the 

nanotube water dynamics, we calculated separately the D projections corresponding to the 

short T2 signal component. Figure 67 shows the diffusion profile of the nanotube water for 
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all measured samples at 285 K. As seen, the diffusion profile at certain CNT sizes (3.0nm, 

3.5nm and 4.5nm) can be fitted with two Gaussians, representing nanotube water groups 

with different dynamics. Furthermore, in the same CNT size range, the D values of the slow 

water component are sufficiently higher than those in the rest CNT sizes. 

For instance, it is found that D~2.6 x10-9 m2/s in the 3.5 nm CNT, sufficiently higher than 

D~1.6 x 10-9 m2/s in the 5.5 nm sample. This result is in agreement with previous studies 

[49, 103], which show that the mean D value of water in small CNT sizes is twice as large 

than in large CNT sizes. At higher CNT diameters, D acquires the value of bulk water. It is 

furthermore observed that in most cases the f(D) distribution shows a tail in the direction of 

the low D values, as expected in the case of one dimensional diffusion processes [47, 101]. 

In order to understand the split of water dynamics in two components, MD simulations 

were conducted at room temperature in different sizes of CNTs, to reveal the local density 

of the water layers and the diffusion coefficients. Results are presented in Figure 68. The 

stratified water arrangement is clearly seen within the CNTs. In small CNT size of 1.1nm, 

water molecules form a single tubular layer in agreement to the literature [80]. Due to the 

hydrophobic interaction between water molecules and carbon atoms of the CNT walls, water 

molecules of this layer are far from the CNT wall by ~0.3nm. Furthermore, the calculated 

D values are about ~0.7x10-9 m2/s as seen in Figure 68.  
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Figure 68. Water local density inside different CNT sizes along with their corresponding models 

obtained using MD simulations, at room temperature. The x-axis is the CNT inner diameter where zero 

represents the center of the nanotube. Self-diffusion coefficients for the observed water layers inside 

CNTs were also calculated. 
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Upon increasing the CNT diameter, additional water-layers are formed. In the 3.5nm size 

sample, MD simulations revealed two concentric WTS with different D values in agreement 

with the NMR results. The water density profiles indicate that the outer WTS close to the 

CNT wall corresponds to the main diffusion peak in Figure 67, while the central WTS 

corresponds to the fast diffusion component in .Figure 67. The outer WTS shows a mean D 

value of ~2.2x10-9 m2/s, in agreement with the NMR results, however, the central WTS 

differs significantly from the experimentally measured D value at the center of the CNT 

channel. Finally, in the large diameter sample (5.0nm), although the MD simulation has 

revealed multiple water layers, their calculated D values are close to each other, unveiling 

uniform dynamics across the diameter, in agreement to the NMR results of Figure 67. 

Similar analysis was performed to all samples at various temperatures.  

At this point, it is important to rule out diffusion of water molecules in the radial direction 

of the CNT channels. This is due to the large free-energy-barrier between consecutive layers 

in the radial direction, which might take values as high as 1-2 kcal/mol [57]. Therefore, 

radial diffusion is prohibited especially at low temperatures, where molecules do not have 

sufficient thermal energy to overcome the free energy barrier.  
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Figure 69. . Experimental 1/D vs. 1000/T of the nanotube water in CNTs of various sizes. The blue lines 

(in both the main figure and the inset) are theoretical 1/D vs. 1000/T curves of an ideal ñstrongò liquid 

obeying the Arrhenius law. The yellow circles and the black line are the experimental values of bulk 

water and the relevant power law fit. The self-diffusion data of bulk water at temperatures below 260 

K were taken from ref [104] . In CNT sizes 3.0, 3.5, and 4.5 nm, two water groups are resolved with 

different dynamics (slow and fast) with fitting parameters Ts=218 K, ɔ=--3 (3.5nm, 4.5nm) and ɔ=-5 

(3.0nm). The grey and the black dashed-lines are the power line fits of the data of the fast nanotube 

water group. The blue arrows are the relevant liquidus temperatures Tl. The inset is magnification of 

the 1/D vs. 1000/T curves of the fast water component for CNT sizes 3.0, 3.5, and 4.5 nm.  

 

 

Figure 69 shows the temperature dependence of the inverse of the self-diffusion coefficient 

1/D vs.1000/T, of the nanotube water in CNTs with sizes ranging from 1.1 nm to 6.0 nm, in 

the temperature range of 265K to 305K. The blue lines is the 1/D vs. T curve of an ideal 

liquid, denoted in the literature as strong liquid [105], which obeys the Arrhenius law 
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For two different initial 1/D0 values. Such liquids are denoted in the literature as strong 

liquids [105] The yellow circles are the experimental values of bulk water; at high 

temperatures water follows the Arrhenius law, however below the liquidus temperature at 

Tlå273K Figure 69 strong deviation from the Arrhenius law is observed, while by 

approaching the glass forming transition temperature, ρȾὈ obeys the Arrhenius behavior 

again[106] Liquids with this kind of behavior are denoted as ñfragileò liquids. The high 

temperature Arrhenious-non Arrhenious dynamic crossover at the liquidus temperature Tl 

(the temperature above which a material is completely liquid) has been observed in many 

glass-forming systems [107] 

Similar to bulk water, the temperature dependence of the diffusion coefficients of water in 

our samples shows a non-Arrhenius behavior. Many theoretical explanations have been 

proposed to explain this behavior, such as the change in the translational and reorientation 

dynamics [108], the coexistence of high and low-density liquid structures [109, 110], the 

increasingly collective character of water motions at low temperatures [111] the freezing of 

some collective motions [112] [113] and a connection of hydrogen-bond exchange 

dynamics to local structural fluctuations [114]. For a quantitative description of our data we 

adopted the Speedy-Angell power-law approach, having the following form [20] 

 

ἎἭἮἮ Ἆ
ἢȾἢἡ       (61) 

 

where Ts is the thermodynamic limit at which transport properties become zero [115], and 

the exponent ɔ may be associated with the existence of cooperative fluctuations within a 

formation of an open hydrogen-bonded network. The concept of fragility was introduced to 

describe the degree of concaveness in the temperature dependence plot, where the 

macroscopic transport coefficient under discussion (for instance the diffusion coefficient D 

or the viscosity ɖ) or microscopic structural relaxation time was plotted as a function of the 

reduced temperature Ts/T [115] . Bulk water is considered to be fragile [64] [116], which 
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means that it slows down gradually upon cooling and freezes rapidly near the water glass 

transition temperature (å 140 K). The black line is the power-law fit to the experimental 

data (yellow circles) of bulk water with Ts=218 K and ɔ=-2 in agreement with previously 

reported values [117]. In small and large CNT sizes (1.1, 5.0, 5.5 and 6.0 nm), the nanotube 

water dynamics is similar to that of bulk water, while in the CNT size range 3.0 nm, to 4.5 

nm, two nanotube water groups with different dynamics (slow and fast) are resolved (circles 

and rhombus). In the 3.5 nm, the ratio of the D values of the fast water component over the 

slow water component (Dfast/Dslow) is ~4.0, while for the 3.0 nm and 4.5 nm samples, 

Dfast/Dslow is ~2.5 and ~3.5, respectively. The data of the fast nanotube water group (rhombus 

data points) can be fitted to the Speedy-Angell power-law only when ‎ values in the range 

of 2.0-5.0 are considered. This indicates that the fast axial water component attains a very 

fragile ï almost liquid like structure [97], resisting to the formation of hydrogen bonds upon 

cooling. Besides, the liquidus temperature Ὕ of the fast water component, i.e. the 

temperature at which diffusion starts deviating from the Arrhenius behavior [107], shifts to 

higher temperatures; this kind of behavior resembles the size dependent raise of the melting 

temperature in single-walled CNTs by decreasing size [118, 119]. 

It is furthermore noticed that in the 3.0, 3.5 and 4.5 nm samples, the 1/D vs. T curve of the 

slow water component, deviates from that of bulk water indicating a higher fragility even 

for the outer WTS close to the CNT walls . It is important to mention that this assignment 

is different from the picture conveyed by some MD simulation reports [61] where water 

close to the CNT walls assumed to diffuse faster due to the ñidealò CNT wall assumption 

that often used in modeling CNT tubes. In those studies, pure hydrophobic interaction 

between water and CNT walls is typically which however fail to explain the complex spatial 

heterogeneity regarding the dynamics observed between the central and the outer WTS 

components revealed by our experiments. In addition, the fast diffusion data, for the 3.0, 3.5 

and 4.5nm samples, shown in Figure 69 are assigned to the water molecules located at the 

center of the CNT channels, exhibiting an ultrafast-diffusion mechanism [95, 120] with D 

values ranging from two to four times than the corresponding values of the bulk water.  
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Figure 70. Temperature dependence of the inverse self-diffusion coefficient 1/D as a function of 1000/T 

of the bulk water (yellow circles).The blue line is the fit of an ideal strong liquid obeying Arrhenius law 

 

The experimental temperature dependent self-diffusion coefficient D of bulk water is shown 

as yellow circles in Figure 70 The data have been compiled using two data set from the 

literature within the T range between 298K and 373K of boiling water down to the normal 

freezing temperature  [121] and in the temperature range of supercooled water 298K-238K 

[104] All  data were fitted with the Speedy Angell power law formula D=D0[(T/Ts)-1]ɔ with 

fitted parameters D0=1.635 m2/s, Ts=215.05K and ɔ=2.063. It is seen from the above figure 

that for bulk water the experimental diffusion coefficient data deviate from the Arrhenius 

behavior (blue line, strong liquid) to a power law behavior at around 270K, essentially when 

the bulk water enters the metastable supercooled state below the óônormalôô freezing point. 

When water is confined inside the 3.5nm CNT this deviation point moves towards higher 

temperatures in particular at 285K. Thus the confinement of water this specific diameter 

obliviates the necessity of supercooling. 

It is also observed that the degree of fragility which can be estimated from the ɔ index, is 

much higher than that of the bulk fragility. This is clearly seen by the steeper rise of 1/D 
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data points as a function of temperature compared with that of the bulk. It is evident that 

only for that CNTs diameter there is an appreciable Arrhenius non Arrhenius deviation 

observed at this high temperature range. 

Figure 71 shows the CNT size dependence of the experimental D values of the outer slow 

diffusing WTS component. A diffusion maximum is observed in the diameter range of 3.0 

- 4.5 nm, as also shown in Figure 67. The maximum D value decreases by lowering 

temperature, indicating the freezing of the diffusion process. It is noticed that the MD 

simulation results (Black-solid triangle in Figure 71) which represent the D values of water 

in different sizes of CNT channels, at room temperature, follow excellently the relevant 

experimental curve. The low D values in the 1.0 nm CNT is caused by the extreme 

confinement effect and was reported in early studies on water in small CNT sizes [122, 123] 

 

 

Figure 71. . NMR experimental self-Diffusion coefficients of the shell nanotube water group versus CNT 

sizes, at different temperatures (285K, 275K, 270K and 265K). The black solid triangles are our MD 

simulation results, at room temperature which are similar to those previously reported [61]. The lines 




















































































