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ǚű� ǲǠ*1�Èö� �ɘ*2�ąǒ� ȠƐ*3�ȼ� ļȏ*4 

 

aApp}Kd^t~dHƱ�%^t~dǆÇ¢2ǢĈŽȯ¾ŵ0)�+ɢ 1H2ƀǪçŦɀ¾Ģ2ƚčǥŶ

�B HalperinB2ŠƏHƱ�+WzǢĈɓ÷0Ƀč�%ǑɆ¾ĢŏčHȃ(%�DSCY�uq|tdy�,

2ǥŶ-Ƈȧ�D�-,#2ÚǷĿ0)�+ŻȎ�ɢj�T2¡Ǳ@ĲƩ0)�+ż1śÞĿ�Ǉȕ�E%�

Y�uq|tdy�2¾ȌǷ3 2nm ��,�D�ɢNMR 3#EACĘ��ǢĈ0Ĕ�+?ŪÅ,�DÚǷ

Ŀ��Cɢ;%ǁŦɀ,ƚč,�D-��Àƣ?�D�%&�ɢ�ì3��ɃBE%Ų�2ȓŞ0ADǥŶ

0-.;D%>ɢ�Ķ2Ǟĭ2á�ɢčȻÇ2ŇƏ0)�+3ŻȎ�ĻȈ,�D� 

�!�!�p^t~dǆÇ¢ɢǢĈŽȯɢ1H NMRɢǪçŦɀɢY�uq|tdy� 

 

1.RQ�_C 

� ȪĨɢX~Ty�dŽȯƧ3ɚıĭÇ�ȾĕæÇHŌ

á�D²á0�D�ɢ�2%>03X~Ty�d2ǵ�

Ŀ@ıĭ-�(%ȚƧĿ0)�+ɢACrT|/\V�

z,2ƮȌ�ĻȈ,�D�^t~dǆÇ¢3ĄŚ2ǑɆ

Hâ=ĄĈȢŰŞ,�Cɢ^xraT/.2ĄĈȢŰŞ

2ǢĈĵ¾Ģƚč2ŇƏHĽƱ�%Žȯ¾ŵ�ȃGE+

�%�#2�Š,ſ/ą��2ǢĈ�Ȱǥ�%ȇɊ/

Žȯ,�D�-ɢ�ņ¾�ƉçƧ,�D�-/.2ƮƳ

�BɢƄǇ/ƚč3Ɍ��-�E+�D�;%ɢ X~T

y�d2�Ʀ×Ǯ0 100�101nm2Ìĵ2ǢĈɠWzǑɆɡ

�ą��ɁG(+�D-Ǵ�BE+�D�-�Bɢ

C-S-H2Žȯ0)�+2ucz�ǴŹ�E+�D 1)� 

� ǢĈŽȯ¾ŵ0��+3ɢȓŞ2 C-S-HŽȯH��0

ĂÇ�! 0ƚč�D��ȺȈ,�D�ɢŇƏ0A(+ɢ

�Á2�Ʀ�ƚč�/.0ǑɆŽȯ2ǅĀ�ư�DŅľ

@ɢƉçÖĽ�ƑƷ0Ȳ=ǽŰɞ0��+3ƚčŦɀ2

Ⱦ��ǥŶ0ĳɐH��DÚǷĿ��CɢƄǇ�)¹ƭ

Ŀ2�D¾ŵ2%>0ɢſ/ƚčŇƏ�ĥ0ŻȎ�E

+�D 2),3)�ȪĨė´�E))�DŸǈƈ¶ɜɠNMRɡ

HƱ�%ƚč3ɢȓŞHǅŒ�D�-/�ǁŦɀ,ƚč

,�D�-�Bɢň'ȩ<ƼĶ�B2ƉçȴǍ2Ȳȃ2

Ȋē0Ʊ�BE+�%�C-S-H �2Ɖ2ĉðƩŃ2É¾

-čȻ0Ɂ�Dǃǐ3ȪĨƨ0ȲI,�CɢǪçŦɀ¾

Ģ2ǤŦĂÇHƉçȴǍ2Ȳȃ\b�[0ĤĚ�Dùä

�Ą�/�E+�D 4), 5), 6), 7), 8)��Š,ɢNMR0ADǪ

çŦɀƚč-^t~dǆÇ¢2ǢĈĵ¾Ģ2Ɂª0ǀƻ

�%ǃǐ03 Halperin B2ǃǐ 9)��D?22ɢ#E�

ɂ3ØC��BED�-�ę/�ɢ¾ȌǷǕ2ŻȒ��

Ê¾,�D� 

� ŭǃǐ3ɢƉ^t~dƇ2ƶ/Dp}Kd^t~dǆ

Ç¢Hȓə¢-�+WzǑɆ2ɓ÷,2ƚč�ǑɆ¾Ģ

ŏč2ÚǷĿ0)�+ŻȎ�D?2,�D� 

 

2.@;TW 

2.1 �� �U*$
Y2Hf 

� ^t~dǆÇ¢3ɢPzZLsZyV�dgKe{�

eɠC-S-Hɡ-å4EDƉçƧH�ņ¾-�D�C-S-H3

ǯǦƩ2ɎŧȢ,ɢ�2ɉÞ¢2·ă0ǑɆ�ĉð�+

�Cɢ#2YK]-ņí�BƂ2A�0¾ɕ�ED 10)� 

 (1) ěɀǑɆɠ�1 nmɡ 

 (2) WzǢĈ 

� (a) small gel poreɠ1�3 nmɡɦC-S-Hǜć·ȸ2ǑɆ 

� (b) large gel poreɠ3�12 nmɡɦC-S-HWz·ȸ2ǑɆ  

 (3) Rvjxy�Ĉɠ12 nm�30�mɡ 

�  ɦƉ2Ð>+�%ȸ¾�Ɖç2Ȳȃ,ǑɆÇ�%?2 

�EB2ǢĈȄɏ,2Ɖ¾2Ǹǀ0AC C-S-HŽȯ�Ă

Ç��Ʀ×Ǯ/.2ÃÇ2Óí-/D�-�Ōœ�E+

�D 11)� 

2.2 NMR	�Y2HfbE 

2.2.1 GVJ'klNMRm�]0 

� 1H Óć2ÓćŸ0ɢɍǈú H0 2?-,ōÆǈú H1

H��D-ɢH10ADNfzS�Hã×�+ƩŃ�ȶǌ

�ɠŸǈƈ¶ɜɢNMRɡɢH1H¿D-NfzS�2ŗ½

@¡ƽ2�E0A(+¬Ü�Ɨȅ�+����2Ɨȅ0

��DŦɀHǪçŦɀ-A5ɢNfzS�řȳ0ADǪ

çŦɀɠǭǪçɡH T1ɢ¡ƽ2�E0ADǪçŦɀɠƀ

ǪçɡH T2-å6
12)� 

2.2.2 Fast-Exchange model 

� ZimmermanB3ɢZyPWz�2Ɖ¾ć2ǪçȴǍ�

*1 Ŵ�ąĊąĊɄ� ĠĊǟǃǐǋĮǙĊĖŖ� ĠĊĊā� ɠĊư�è) 

*2 Ŵ�ąĊąĊɄ� ĠĊǟǃǐǋĮǙĊĖŖ� țģ� ĠĊÏā� ɠƄ�èɡ 

*3 ËǾąĊąĊɄ� ĠĊǃǐǋ¶ưĽƱÇĊĖŖ� ÄŘ� ĠĊÏā 

*4 Ŵ�ąĊąĊɄ� ĠĊǟǃǐǋĮǙĊĖŖ� ĠĊā� ɠĊư�èɡ 
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BɢȇŚ2ƽ�ĉð�DúÞ0��+ɢƽ2ɀ,2\j

~2ÇĊ�őHǴń�%uczHŽǙ�% 13)�#E0A

E4ɢƽɀ,ÇĊ�ő��Cɢ�2�ő�Ÿ\j~2Ǫ

ç0Ƈ8+Ê¾Ȯ�-�ɢȊƚ�EDǪçŦɀ3�ő�

ŕȹƹ-/D�ƽ i = �, �2uzƇH Pi ɢƽ i0��

DŸ\j~2ǪçŦɀH Ti-�D-ɢȉ��2ǪçŦɀ

Tav3Ƃį,Ȅ�ED� 

1
!!"

= !!
!!
+ !!!!

� � � � � � � � � � � � � � (1) 

� ^t~dǆÇ¢2ǢĈ·2Ɖ¾ć3ɢ^t~dȄɏ2

ãǀƉɠǪçŦɀ Tsɡ-#E�ă2hzTƉɠǪçŦɀ

Tbɡ2ɥƽ0G�BEɢ!! ≪ !!,�D�-�B(1)į0�

�+ Ts2đ��ŕȹƹ-/D�ãǀƉ-hzTƉ2ƧȢ

ȻH#E$E ns, nb-�D-ɢTav3Ƃį2A�0/D� 

1
!!"

= !!
!! + !!

ɤ

!!
� � � � � � � � � � � � � (2) 

2.2.3 Diffusion Cell model 

� �����������������������

������������������������

�����������������������

Halperin 3ɢȓŞHƚčŦɀ�%C2ħóŊřȾ ξ ��

����¿(%¢Ǐǡ(cell)0¾Ȍ�,�2ɓ÷HũĘÎ

¡-�+ƪǓ0ŉ��-HŐŹ�%ɠDiffusion Cell modelɡ
9), 14)� 

� jƵƻ2¢Ǐǡ0��DǈƈǪç3Ƃį,Ȅ�ED� 

! !; ! = !!! exp − !
!!(!)

� � � � !� � � !� � (3) 

��0ɢT2(j)3¢Ǐǡ j0��DƉ2ƀǪçŦɀ,�D�

į(1)ACɢT2(j)3ãǀƉ-hzTƉ2đ�0¾Ȍ�Eɢ 

1
!!(!)

= 1
!!!

+ !! !!!!
!! !! ! ! � � � � � � � � � (4) 

!! ≪ !!,�D�-�Bɢǔɥɑ2đ�2<-</!D�
Ý¢Ǐǡ,2ǈÇHY~mzµ¢,ȣ�ÞG!D-Ȋƚ

ǈÇ-/D�A(+Ȋƚ�EDǈÇ M2(t)3Ƃį,Ȅ�E

D� 

!! ! = !!! !(!)!!!"!"
!

!
� � � � � � !!!!!� (5) 

!! ≡ !! !!!!
!! !! ! ! � � � � � � � � � � � !!!!� (6) 

��,ɢ!(!)3¢Ǐ2¾ĢɁŚɢ ∙ !3¢Ǐǡ�-2ħó
®HȄ�� 

2.3 DSCM3	�Y2HfbEl�!������!m 

� Ę�/ǢĈ�0ȿ�ȩ>BE%Ɖ3ɢǹƳNfzS�

�þą�¼ǥ�¼î2ƙĭ���D�-�G�(+�D�

�EHÀƱ�ɢƉ0âƔ�!%ĄĈȢŰŞ2ƠƥĂÇ�

BǢĈĵ¾ĢHƌ>DŇƏ�ǴŹ�E+�D�Brun3ɢ

¸ǖĲƩ2ǢĈ0��DȂȌ�»ǥ2Ȳȃ2Ī£ƹǴē

�BɢƉ-ZT|nRY~0)�+ɢǢĈÌĵr-¼îƣ

ɂ�ĭ�T2ɁªHÝȴǍ0)�+ė�%15)��B0Ƌȝ

B3ɢÿɏ�ƕƉ-ƕƉ�Ɗ2ɥ)2ƴɏɀ0ĉð�Dƽ

�¥ƱHǴń�DPellenqB2ȜșH?-0ɢBrun2Őé

�%ɁªįHȆƄ�ƂįHė�%16), 17), 18)� 

!!" = !−
73.031
Δ! + 0.095� (nm)� � � � � (7)!

!!"# = !−
38.172
Δ! + 0.36� (nm)� � � � � (8) 

��0ɢrfr3ºÑȴǍ0��Dƙĭ0��D»ǥÌĵɢ

rmel 3ţƙȴǍ0��DȂȌÌĵ,�D�ƋȝB3�2

įH^t~dǆÇ¢0)�+ȵƱ�ɢƉȽï´Ə2ǥŶ

-Ƈȧ�+ŻȒ�+�D�ɢ»ǥ�ȂȌ0��ǑɆƉ2

ûƢĭ2ĂÇ2ĳɐ3ȕ>BE+�/�� 

� Y�uq|tdy�3ɢǢĈHɖƉƩŃ0�%ȓŞ0

ƥȻH��/�BƙĭHƚč�ɠDSCƚčɡɢƉ2»ǥ�

ȂȌŦ2ƠƥĂÇȻ�BƉȻɠɧǑɆ¢ǏɡHɢƽȥǌ

ƣ2ƙĭ�BǢĈĵHƌ>D?2,�D� 

� %&�ɢǢĈHƜ%�Ɖ�8+�»ǥ�D2,3/�ɢ

Ɗ�ÿɏ2ɀ0�»Ɖě�Ļ ĉð�D��»Ɖě2Ò�

H�-�D-ɢƿ2ǢĈÌĵ3!!"#$ = ! + !!,Ȅ�Eɢ
�2®3 0.8nmǍĭ,�D-ùä�E+�D 15), 16)� 

 

3.4j 

3.1 NMR	�M3 

� 3.1.14j?L 

� p}Kd^t~dHƉ^t~dƇ 40,50,60%,ǫCƖ

"ɢly�[~UƉ�/�/D;,ǫCȫ�+�BɢƼ

 
1�1� /SK����K
#= 

�

1�2� Diffusion Cell 

Ci

bulk-phase

surface-phase
Ts , ns

Tb , nb

ւ

ւ
ւ
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ĵ 12mm, ɚ� 20mm 2¸ǖõ0ňȐ�%�ǸõĶɤȱ

ɀ 80	2 Ca(OH)2 ɖçƉƞƕ�,ɗư�%ĶɢĘž,

5mmȋǍĭ0ǝǅǄ�+�BɢōÆrz0+ĹǛǄ�%�

�EHJ^d~0 30¾ƔƟ�!ɢãİFȴ,¾ɋ�%?

2Hɢ�B 6ŦɀJ^d~0ƔƟɢ¾ɋ�+ĸBE%Ǜ

ŬHɢ20	ɢƽĔƛĭ 11ɟƯý�, 2ȱɀȘƛ�%�Ș

ƛ03ûÇy`LsɖçûHƱ�%� 

� ŭǃǐ,3ɢß�ƉƝ2Y~mzH DSCY�uq|t

dy�0A(+?ƚč�D���,ɢƉHƱ�%Y�u

q|tdy�,3ɢ100nm��2ǝąǑɆ2ŏčȖġ�

ą��/D%>ɢĹǢǑɆ0Ƀ(%ƚčHȃ�%>0ɚ

ƙɗưHŎƱ�Žȯ2ǬĒÇH3�(% 19), 20)� 

� ƚčŦ3·ĵ 5mm2NMRǘHŮ2�0ôƼ0Ǔ++

�BɢY~mzH´Eɢǘ2ĬHȦ�Ů,Ù�/�Bɢ

ǛŬ�ß�ƉƝ,ǹƤ0iaR~U�EDA�0ɢ�)ɢ

NMR ǘ0ǈú���Dɓ÷HǇĎ0Ph��DȻ;,

Ȕ>%ɣ;%ɢ\o�Y�0Ƽĵ 4mm 2bk|~źH

Ʊ�%�Ȑ±-�+Ő¨ǈú 11.75Tɠǈúó�ĭ 2.6�

10-6/20mmDSVɡɢďƙŪÅĵ 100mm2ǭǱ�õǈǂHƱ

�ɢďƙ 20	Ưý�,ƚčHȃ(%�ƚč03

Carr-Purcell-Meiboom-Gill (CPMG)ƏHƱ�% 21), 22)�Ɓë

Ŕ¥03 Delta NMR softwareHƱ�ɢiz\ıĭ 0.5dBɢ

90°iz\Ħ 2.35�sɢY~my~UɀɅ 100�s-�%� 

� 3.1.2bE?L 

� Ȋƚ�E%ǈÇ2¬Ü 

! ! = !! ! !!! exp!(−
!
!!!

!

!
)!!!!!� � � !� (9) 

HBRDƏ 23),ɋřȭxmx\Ăő�+P(T2s)Hƌ>%Ķɢ

2.2.3,Ȭ8%Diffusion Cell model0ø*�Ƃ2Ňɒ,Ȍ

ŵHȃ(%� 

(1) T2s 
�2Ăő 

� į(6)0��+ɢ¢Ǐǡ j �0��+ T2s��č,�D

-�č�ɢ#2�2ªŚ3ƉȀƈãǀ0��DÎ¾ćě

ãǀȻ!!-ǢĈǧ¢Ǐ!!2Ƈ,Ȫ �D� 

!! ≡ !! !!!!
! !
! ! ! ! ≅ !

1
!!!

!! ! ! !
! ! ! ! !≅

!!
!!

1
!!!

!!!!(10) 

�(j)ɦ¢Ǐǡ j0��DãǀƉěÒ� 

s(j)ɦǢĈ·ȄɏǏ 

v(j)ɦǢĈ¢Ǐ 

 (2) �
ǢĈÌĵ r2Ăő 

� ¸ǖĲǢĈ0��+ɢσ- r3Ƃ2ɁªH<%�� 

! = 2!
! !! , � ! ! = !!

!! !
2! � � � � � � � !!!(11) 

%&��3ǢĈȄɏĿƩHȄ�ªŚ,ɢƂį,č;D� 

! = !!!!!, � ! = !! !!!!
! !
!

!

!
!"� � � � � 12 !! 

� Ďɇ2Ȍŵ0�%(+3ɢ�= 0.3nmɢƉȀƈãǀȻ3

·ƓB2Ďə®HƱ�% 24), 25)� 

3.2 DSC	�M3 

� 3.2.14j?L 

� 3.1.1-ßſ0Y~mzH¥ņ�ɢǛǄ! 0 6ŦɀJ

^d~ƔƟ�+ƉçHƃ>%Ķɢ20	ɢƽĔƛĭ 11%Ư

ý�, 4 ȱɀ«ǘ�+�%?2HɢƚčÁ 3mm ȋǍĭ

0ǝǅǄ�ɢ85Ŧɀ 20	2KO~�őƉ0ƔƟ�!+ɖ

ƉƩŃ0�%�ƚč3 10	�B-60	;,ºÑ�%Ķ

10	;,ţƙ�%�ºÑ�ţƙƙĭ3 0.5	/min-�%� 

� 3.2.2bE?L 

� ţƙȴǍ,ĸBE% DSC ŨǨ0ɢį(8)HȵƱ�%�

;%ɢƊ�Ɖ2ȂȌƠƥN~_zj�Δ!3Ȃƣɂ�ĭΔ!
ɠ�ǻ0ȟ®ɡ2ɁŚ,Ȅ�E%Ƃ2®HƱ�% 16), 17)� 

Δ! = 6010 + 32.4Δ!! (J/mol)� � � � � �  (13) 
� Ìĵ r 2¸ǖĲǢĈ2ɢÎ¡Ⱦ��%C¢Ǐ2Ȋƚ®

H!ɢ�»Ɖě2Ò�H�-�D-ɢƿ2¢Ǐ!!"#$3Ƃ
į,Ȅ�ED� 

!!"#$ = !! ∙ 1 + !!
!!
� � � � � � � � � !!!� (14) 

� ŭǃǐ2ȓə¢3ɚƙɗư0ACǑɆ2ǬĒÇ�ȲI

,�CɢÌĵ 100nm��2ǑɆ��G>+ę/�-Ǵ�
BED�#�,įACƌ;D 100nm ��2ǧǑɆȻ�ɢ
^t~dǆÇ¢2ãƉƬ�Bƌ>%ǧǑɆȻ-�Ǻ�D

A�0�2®Hč>%� 
 

4.ZF��^5 

4.1 NMR	�bE 

� 3.10+Ȭ8%ŠƏHƱ�+NMR2¬Ü�BǑɆ¾Ģ

ŏčHȃ(%�ǥŶH1�3n4�A5`−10ǉ��/�ɢ

`−10)�+Ìĵ�ǢĈ¢Ǐ¾ĢɠdV/drɡ�ũą®H-

D-�2Ìĵ(nm)ɢ¾Ģ�ũą®2 1/2 -/DĦ(nm)H

1−4�Bȗ<ØC#E$Ej�TÌĵɢÌ®Ħ-�%� 

� ǪçŦɀ2¾Ģ3 100�s 2¡Ǳ0ą�/j�T�ȉ

BEɢ#E�ă2ņ¾�9-I.Ż½�E/�-��ǥ

Ŷ-/(%�ŭǃǐ2ȓə¢3 RH11%,Șƛ�%p}K

d^t~dǆÇ¢2ǛŬ,�CɢǢĈ·ÿ72ãǀƉH

�¢-�DƉ¾ć2 T2 ¾Ģ�ĸBE%-Ǵ�BED�

Bortolotti3ɢp}Kd^t~do�\d�2Ɖ¾ć2 T2
Hɢk{aZwƩŃ�BŰɞ 30Ţ;,2ɀǤŦƹ0ƚč

�+�Cɢ�E0AE4 T23Űɞ 30Ţ,ŚƸ�s0×Ŝ

�D 26)�ŭĎə2ǥŶ?�E-ßǕ2²áHǉ�+�D

-Ǵ�BED� 

� ǢĈĵ¾Ģ,3 2nm�Ȫ0j�T�ȉBEɢj�T¡

Ǳ3Ɖ^t~dƇ2þÂ0��Ęĵ°0Zkd�ɢj�

TĦ?Ę��/(+�D�šĴ2Y�uq|tdy�0

ADĎə,3ɢƉ^t~dƇ�ą��/DǍĘĵ2ǢĈ

�þÂ�D-��ǥŶ��C 16)ɢ ŭǃǐ2ǥŶ3�E- 
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1�3� ]0Bh
%.:9)8 P(T2) 

 
1�4� NMRbE	�Xi)8<3 

ßǕ2²áHǉ�+�D-ȍ�D�� ǪçŦɀ¾Ģ0ą

�/ġ�/�0?ɁGB �2²á�ȉBED23ɢį

(12),�Hƍč�Dɇ2ªŚ v0/vm2Ɖ^t~dƇ©ĉĿ

0ADĳɐ,�D��ì2Ȍŵ0��+3ŝƫ®HƱ�

%�ɢß�Y~mz2 v0/vm2Ďə®HƱ�E4Ǟĭ2Ǽ

�Ȍŵ�ÚǷ,�D-Ǵ�BED� 

� ;%ɢǪçŦɀ¾Ģ�Ąņ¾0/(%úÞ2ÚǷĿ0

)�+3ūŻȒ,�Cɢ�E0)�+3ȘƛƛĭHĂ�

%Y~mz,ßſ2ƚč�ȌŵHȃ�ĻȈ��D� 

4.2 DSC�!������! 

� 3.2 0+Ȭ8%ŠƏHƱ�+ɢDSC Y�uq|tdy

�0A(+ǑɆ¾ĢŏčHȃ(%ɣǥŶH1−5ɢ6 �A

5`−20ǉ�� 

� 1−6 2ǥŶ3ɢšĴ2 W/C50ɟ2^t~dǆÇ¢2

ƚčǥŶ�Bȉ+ż1ɕ �%ŨǨ-/(% 16)�Ɖ^t

~dƇ-j�T®0ŤǇ/ƽɁ3ȉBE/��ɢɚƉ^ 

 

1�5� DSCD\ 

 

1�6� �!������!	�Xi)8<3 

t~dƇ2Y~mz0��+3ǝąǑɆ°0¾Ģ�<B

ED�-�G�D�j�T®3 1.8-1.9nm 0�Cɢż1

Sun0ADĎəǥŶ2²á-�Ǻ�+�D 27)�%&�ɢ

�2ɓ÷3Y�uq|tdy�2�ɃȪ�,�Cɢƚč

Ǟĭá�2%>0ɢ�ĶŻȎ2¤ñ��D-Ǵ�BED� 

� 3.2.2 ,Ȭ8%ŠƏ,�»ƉěÒ��Hƌ>%-�F

`−2 2A�0/(%�Brun, ƋȝB2ǃǐ,3 0.8nm, 
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