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º £

� ��öBº tetraethyl orthosilicate(TEOS)/vinyltriethoxysilane(VTES) bW z+ Ï�öB~ Jz �ÿ" J ��¢ ³

êjf Nê¢ æz~� &V~&
. Jzº ÖWÏ�öB >¯>îb� SEM, UV, NMR, 6êG;, �'' &Vö ~�B

J~ ��f Jz �*j G;~&
. 
¦
2çB� VTES �ï� ôjî>� Jz�*f Ã&~º ãËj ��¾ F;'

b� jf~æº pb�, >wNê& Ã&�ö V¢ Jz �*f /Ï® 6²~&
. �Þ, VTES �ï� Ã&�>� 
�W

� � J� ;WNj �«~&
. .¢
�, VTES~ ³ê& TEOS~ 9Vö ��² >� � V�
j ��~º &&ê J�

;W>�, JÂ �* ?W ê xerogel ç�öBê ¦b>»� �~ ìî
. 
� �Wj¢ <º ãÖöº � ¦b>»j ��

� ��¦V º-J �;öB ê¾Ò ";~ 7ºWj {�~&
.

Abstract − In this article, the gelation behavior and gel structure were analyzed for the coating solutions of TEOS(tetraethyl

orthosilicate)/VTES(vinyltriethoxysilane) with various molar ratios at different temperatures. Gelation was accomplished through the

sol-gel method in aqueous solution. The gelation time and gel structure proceeded by the SEM, UV, NMR, rheometry, and visual

observation. The gelation time was increased, but not linearly, with the content of the silane coupling agent VTES. Meanwhile,

the gelation time was reduced with temperature. As the content of VTES was increased, the pore size of the prepared gel was

increased. For example, when the VTES content was nine times as high as the TEOS content, the gel possessed large pores

with low density structure. Moreover, in the latter case, the volume contraction was negligible with a considerably long aging

time, which was different from the cases for other molar ratios. The present results showed that the post-treatment conditions in

the sol-gel process affected the gel structure significantly.
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1. B �

º-J(sol-gel) �;f �"ö î�Ú ²Ò¢ ò
V *� >�b�B

'7 A� ®º ª¢�B ôf Ë6j <� ®
. º-J �;~ Ë6b

�º �*'� Ï[»�
 �« �Öb� <º ®Bb~ ·j �²z

� > ®�, ¸f z�' �¢Wj �W� > ®
. 6�, &NöB ê

¯>V r^ö ö.æ ²Î G�öB FÒ~� �¢ç~ Ö;W z�

bj �W� > ®
. ß®, V�~ ^¢� B� �;f ¢>'b� ^

¢�j 1,200oC�çöB ²Ö~V r^ö FV-ZV ��Ú¢ ò�º

� '�~æ pæò, &NöB ê¯>º º-J �;j �Ï~� FV �

ª¶f~ ��Ú¢ ò
V& Ï�~V r^ö FVb~ Ë6� F�W

" êWj &�� > ®º �²Ò¢ áj > ®² B
. ��¾, >wb

~ &Ï� j�� �Ö®~ ·� ·j öò jî¢ �Ö�;öB � >

» 5 ��j ¢V~V r^ö ê¾Ò ";� j>'� 6f º-J �

;� n� ®º ^B6�
. jv' ôf �� Ö"
� B�>� ®º

� j~�, 
î'b� ÖëzB �;� ç&'b� ôæ pf ©f �

�� �6j j*® ��~æ á~&V r^�
[1-3]. 6�, º-J �

;öB ��¾º ^B6~ ~¾º �� FÚ(complex fluid)f ç�®


�W(porous) � �Ú¢ 
�V r^ö jç � "�' V>� .�

�êö ^b� ®
º ©�
. *�Ú~ Òò' ª~ G�öB 
Ò�

(silica) V>~ º-J �;~ ��º ç&'b� jv' ô� ê¯>Ú

z
. �©f �²z�b� *V·Wê& ÔjB >z >w" w»>w

� jv' ¶Ò² ê¯>V r^ö >wj �.~V& Ï�~� V·

(mechanism)j &V~V& �Ö� 6� &Ë ¶ö� ³¦~V r^ö


� .³W �æª�¾ æ�zªö j~� ôf ��& ê¯>î
.
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~æò, Jzö &� V·�¾ J~ ��ö &� ��º jç �ê� ç

��
.

� ��öBº TEOS(tetraethyl orthosilicate)f 
¦
2çB� VTES

(vinyltriethoxy silane)~ b� �Wb� ��Úê z+ Ï�~ çªÒ �

ÿ" Jz�ÿj &V~� &ª¶ *�Ú� áÚê J~ ��f ßW

j SEM, UV, Fæ�' G; 5 �'' &Vj Û~� �«~&
.

2. º-J �;~ >wV�

º-J �;f Ï
~ WÏö V¢ >Ï�ç~ >w" rzR Ï�ç~

>wb� �² ¾2 > ®
. rzR Ï�çöBº 
r~ ^&æ >w

� �Ò~² B
.

 hydrolysis
≡Si-OR+H2O: ≡Si-OR+ROH (1)

esterification

    alcohol condensation
≡Si-OR+HO-Si: ≡Si-O-Si+ROH (2)

       alcoholysis

  water condensation
≡Si-OH+HO-Si: ≡Si-O-Si+H2O (3)

 hydrolysis

>wf bö ~� 
¦R(silanol)� ;W>º >z >w(hydrolysis)"


� -OHV& »�>Ú b� ¦Öb� �W>º »� >wb� &ê�

> ®
.

Ö /
 ~öB H+ �N� 
Ò~ r{Ò��(silicon alkoxide)~ �

*¶Wj � -ORV¢ �Ï~� B*'b� ®n;� r{Ò�� *�

��¢ ;W~� �r rzR� ÎÚ^ ¾&�B r{Ò��º >z >

wj ¢bÎ
. >z >wöB áÚê 
¦Rf 
� H+~ �Ïj Aj

·W¶zB(protonated) 
¦R� �Wz>� "æ~ 
¦R" >w~

� b ª¶ _f rzR ª¶ �~ ·f ª¶¢ �W~º j&� »�

>wj ¢bB ��Ú(dimmer)¢ ;W~² B
. ��� ~~ >wöB

�J�¢ � 7º� �¶º 
Ò~ "æ~ ·ÏV~ �Vö V� «Ú

Ë� 'Ë" *¶ ª�ö V� Fê(inductive) 'Ëj �þ �J�¢ B


º 6�
. ÖöBº >z¾ »�� >� ¾� *¶¢ jº -OH Vf

-OSi V r^ö >wW� ' �êî
 ÎÚæ² B
. ò£ VTESf ?

� r{�(alkoxy) V& rÒ(alkyl)V� ~~B FV 
¦~ ãÖ TEOS

ö j� 
Ò~ 7�öB~ *¶ &ê& Ã&~V r^ö ��W >w

� >z >w� /êF > ®
. ¢>'b� VTESf ?f FV 
¦~

º ö¾~ r{Ò�� ��öB z�'b� æ;B ;�� "� >z

>w" »� >w~ ³ê¢ �.~V *� ÒÏ~�¾ FZV �� b

îj ò
V *� Ï'b� ô� ÒÏ>� ®
.

rzR Ï
öB >¯>º º-J �;öB ÒÏ>º >wb�º ®�

��V(-OH)� ~~F > ®º Ò*�¢ &æ� ®º *�� .³ F

V z�b
� "� ÒÏB
. r{� 
¦~º bö �æ pV r^ö

�Û Ï
�� zêR, öêR, *�6R �~ &/ rzRj ÒÏ�
.

rzR Ï
º �
 >wb" bö &� �Û Ï
 ��j � öò j

î¢ &�'b� ê¯>º �>wö >wb� ^�~² B
. TEOS~

bö &� >wWf �Ò � Þ� jîÚB, >z >wj /ê~� "

V *~� /
¢ ÒÏ�¢ ~º�, �Û Ö�¾ "V¢ /
� ÒÏ�


. ��� /
~ Î"º Ï
¾ Nê 'Ë�
 
Ö � �, ß® ÖW

��öBº "VW ���
 /
~ 'Ë� �R �
. º-J >wf �

ê¯ 7ö �J~�¢ ~º >w ��
� 
Ö ôj öò jî¢, �

>w� ê¯>Ú >w �*ö ~�Bê ôf 'Ëj AV r^ö Ö"

& 
Ö ç�~² ¾R > ®
. ¢>'b� "VW /
 �� ~öB

º »� >w ³ê& >z >w�
 �¢B ~&� ��~ ���� «

¶& áÚê
. ��¾ ÖW /
 ~öBº, ß® �*~6(isoelectric

point; pH ~2.5) �~~ pH '�öBº, >z >w� 
Ö ��� ç&

'b� »� >w� ¶ÒV r^ö F; �� �Wbj áº
. �Þ

pH 2.5 �~öBº »�B 
Ò&�Þ~ Ï�>w 6� ¶Ò² ê¯B


. Ï�>w ³ê& £~V r^ö ÖöB ;WB 
Ò&�Þº �Ö

(open) ��¢ ¾æÚV £
. �Þ b~ Î&ï� ·j b" 
¦~ Ö

j& 4�~� ãÖ TEOS& j*® &> ª�>V *ö »� >w� ¢

Ú¾B *Ú'b� " r F;~ 
�b(siloxane) �ª¶¢ �W~V

�Ú >�, b� ôb� &> ª�& ô� >� 3Nöb� WË~� �

;~ ����ç 
Ò� «¶¢ �W~V £
. J� B �êöê >w

f ê³>V r^ö ò
Úê Jf ê³ »� >w" �� ¾ö ~�

�Ú¢ V�(pore)b�¦V VÂ~�B � ��& ê³ æ~² B
. �

�ê¢ ?W(aging)�¢ ~� ¢>'b� ç�� ¦b~ >»j &^N


. Ï¶ ��& ;W~º V�~ �V& ®�¢� ãÖ çã� � V

� Ú~ Ï
& ·f V� Ú~ Ï
ö j~� Æ �� ³ê� ÃB~

æ� Vãj Ò�ö v� Î^& wK(capillary stress)~ N�ö ~~�

ËK� �V² B
. �º 
r~ Gibbs-Kelvin �b� �*B
[4].

(4)

�VB

Ps: vapor pressure over the meniscus of the pore

P0: vapor pressure over a flat surface

B: molar volume of the liquid

γ: interfacial energy

rm: raidius of curvature of the meniscus

� ËK" Ï¶~ ;ê Ò�~ �;� �æ� ��� �V² B
. �

�� �6j ��~V *~� FV �ª¶¢ �Ï� ��bj º-J �

;ö ê«~Jº �ê& ��Ú æ� ®
. .¢ 
Ú Vê' bW� ±

æ pf �Òjö j^r�Þ[poly(vinyl acetate)]¾ �Òjö rzR

[poly(vinyl alcohol)]ö TEOS¢ ÒÏ~� ~�2Ò�¢ áj r VTES

¢ 
2çB� ÒÏ~� �Ë;ê¢ Ëç�Ò öò jî¢ N� ï

(carrier film)b� � röº Ö² R"ê¢ 6²�ÊV r^ö �® �

ËÒò�B~ wÏ &ËWj ��"� ®
[5].

3. 
 þ

3-1.º(sol) Ï�~ B�

Jz(gelation)¢ *� *�Ú�º 4&ËV(tetra-fuctional)� TEOS[tetra-

ethyl orthosilicate; Si(OC2H5)4; Aldrich, 98%]f jöV(CH2=CH-)& >

w� ìº 3&ËV(tri-functional)� VTES(vinyltriethoxysilane; CH2=CHSi

(OC2H5)3; Aldrich, 98%)¢ ÒÏ~&b� &>ª�¢ *� 3N Ã~>

¢ ÒÏ~&
. 
þ~ *Ú'� ê¯";f Fig. lö ¾æÚî
. /
º

"Ö(Junsei, extra pure GR)j ÒÏ~&b� �ÛÏ
�º öêR(Merck,

absolute GR)� ÒÏ>î
. /
� �³ê "Ö(35%)j b"~ Ö j&

0.04& >ê� "Ö 67.1 mlö 3N Ã~> 337.7 ml¢ b�� Ê "Ö~

ÃBj ïV *� 15oCöB �&~&
. Fig. 1ö ��B �W" ?�

TEOSf VTES~ �Wê b��ö ?f Ö j~ öêRj ;ï~� b

�� êö j*® R«~² F rræ £ 1ª ÿn ¶V v>V� v>

~&
. &jB /
¢ �Wö �² b�� Ê Jz ";j ÚÚ �V *

~� £ 30ª* v>~� j*� &>ª� >wj Fê~&
.

3-2.¶�F ª7 ªC

&>ª� >w~ ê¯" »� >w~ ê¯j G;~V *~� Ï�

ç�~ º Ï�j C' vÙö �f Ê ¶�F ª7V(UV-Visible spectro-

photometer, Varian, Cary-3)¢ �Ï~� �*ö V¢ çNöB R«ê¢

�Ò~&
[6]. �r �ò~ ÃBj ïV *� 2¢f jªb� C' v

Ps

P0

-----ln Bγ
RT
------- 2

rm

-----=
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Ùj &/~&
. G; �ò~ �Wf TEOSf VTES ò~ �¢ Wªò

�F� º Ï�" ?f Ö j~ b� º Ï� ^&æ �òö &�B '

' >¯~&
.

3-3.�¶V �« ª7 ªC

º Ï�~ �*ö V� z� �W~ æz¢ &V~V *� TEOSf

VTES~ Ö j& ÿ¢� º Ï�ö &� çNöB �¶V �« ª7 ª

Cj >¯~&
. 29Si NMRf AMX 500 Bruker(11747 T)¢ �Ï~&

b� b& Êº ³ê& �� 10 mm Â2� >w~ ";j G;~&b

� ªêK� �ÚÂ 5 mm Â2¢ �Ï~� Ò*Wj ¦Æ~&
. �ç
29Si NMRöB ÒÏB �¶º Iwamoto �[7]ö ~� >¯B 
þ" ?


. êÿ�(pulse width)f 10µs, jz æ�(relaxation delay)f 6.��, V

& bîf TMS(tetramethylsilane)�, Æ.(locking) Ï
�º CDCl3(cloroform-

d)& ÒÏ>î
. �r ÒÏB �ò Ï�~ ·f çã 10 mm Â2öB

º 4 cm3~ TEOS/VTES �òö 0.1 cm3~ TMSf 0.9 cm3~ b��j &

� Ê Î&B� ��º Si spin �jB� Cr(acac)3[triacetylacetonatochromium

(III)]¢ ö� �òö 0.01 Mj R«~&
. � ê �¢� ç�& F r

ræ £ 2ª* ¾ z
Ú & Ê ªCj >¯~&
. �r ÒÏB �j

B~ ��f 29Si& Z spin �j �*j <V r^ö B�~º b� �

ÿ(peak shift) *ç� negative nuclear overhauser enhancement(NOE)¢

ÛB~º ©�
[8].

3-4.7�' ªC

�W� 
� Ï� 15 ml¢ �þ&ö '' �f ê ÃBj ïV *�

Â÷b� ¾ ïf Ê 15oCöB 65oCræ 10oC *Ïb� Jzf ç�

ÿj &V~&
. �r Jz �*f �þ&j VÞ� j*® v�æ p

º ç�& >îj r� �;~� G;~&
[9]. çªÒ �ÿ 6� �'

'b� &V>î
. JzB �òº �þ& îB¢ � Ê çN~ ê�

(hood)öB �� �ç ÿn BB® ���Î êö SEMj �Ï� ��

��¢ ªC~&b� ;ï ç�~ J~ �� ��¢ &V~V *� Ò

¢�� &¾Ê *öB ' �W" Nêê� Jz�Î Ê 7� *�ã

(Nikon)j �Ï~� ��" çªÒ �ÿj &V~&
. çNöB ��

�Î J(xerogel)f *�® Z²f ¦b¢ G;~� ²� &ê(bulk

density)¢ ºÖ~&
. ' �W~ ««f >w *�Ú TEOSf VTES~

^Ò&¶¢ VB TV¢ � Ê � Êö TEOSf VTES Ö j¢ � ��

10� >ê� �V~&
. 6� Nêê� 
þ� ãÖ &_, TV37C45~

ãÖ TEOSf VTES~ >w �W Ö j& 3:7�� Nê 45oCöB 


þ� �ò¢ ~��
 TEOSf VTES �¢Wª òb� B�B �ò~

ãÖ �ò «j �&� TEOSf VTES� '' ��~&
.

3-5.Fæ�' ªC

Fæ�' ç�ÿ" Jz �*j G;~V *� �*ö V¢ 6êf

*�wKj *� ³ê~ �>� G;~&
. ;ç *�Ë(steady shear

field)öB 106 cP[mPa.s];ê~ jv' ¸f 6êræ G;� &Ë� 6

êê(HAAKE; Rotovisco RV20: HAAKE)¢ ÒÏ~&
. Jz �*j

Fæ�'b� Ö;~V *� ÿ' êÿ 
þ(dynamic oscillation test)�

&Ë� ARES FæVV(Rheometrics)¢ ÒÏ~&
[10-12].

4. Ö" 5 �V

4-1.¶�F ª7 ªC

Fig. 2º UV '�� 2Ë 245 nmöB �*ö V� �7ê æz¢ ê

�� �¾*�
. �¾*öB " > ®�� *Ú'b� VTES Wª�

Ã&�>� �7 Ö�j <� ®º jöV� �� �7ê& Ã&�j

r > ®
. B>� TEOS òb� áÚê �ò TEOSf TEOSf VTES

1:1� b�B �ò TV55º ßê� �7ê~ æz& ìæò B>�

VTES~ ãÖöº 85�* ã"ê /Ï� �7ê~ Ã&& ¢ÚÒ
. ¯,

Fig. 1. Experimental procedures.

Fig. 2. UV absorbance for the reacting sol as a function of the gelation
time.
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R"ê& /Ï® 6²�j r > ®b�, �º çªÒ& ¢Ú¾ Ï��

bç�rV r^�
. çªÒ~ ö�f VTES& ²>W� jöV¢ 


� �ò�
 ç&'b� ô� &æ� ®V r^�
. ~æò, �*� æ

¾�B çªÒ >Úê VTES& J� ç*�>�B :�� �*� �Î

Ï�� ÷j^ 
� �7ê& 6²�
. � ö�f VTESº TEOSf ?

� Z ÒÒ; 7�� >º ©� jî¢ �Ò; J«¶& >Ú çªÒB

VTES 7�Ú& B� ïV�B j7� Ï��
 
æ² >Ú UV cell

:�ö &¢ o² >� * ¦ªf 
� Ï�� ÷j^B R"ê& Ã&

~V r^�
.

4-2. NMR ªC

Fig. 3" 4º �ò TV55~ NMR ªCÖ"�B '' .Vö /
¢

IV *" /
¢ If ê �« J� B êö ªC� ©�
. Fig. 4ö

B Qnf TEOS~ »�B ·ÏV~ >¢ ¾æÚ� Tmf VTES~ »�

B ·ÏV~ >¢ ¾æÞ
. TEOS~ ·ÏV& 4B�æ� Q4º 100%

»�B ç�¢ ¾æÞ
. Fig. 4öB r > ®�� Q3 peakf Q4 peak

& �~ ?f jN� ¾æ¾� ®º >� T3& T2�
 z ¸² ¾z
.

�º VTES& »�>Jº ãË� z ;�j ¾æÞ
.

4-3.Fæ�' G;

Fig. 5öB " > ®�� >w .V~ º Ï� ç�öBº �â vª

�ÿj ��
. >w.Vöº �*� æÎö V¢ polysilicate ³ê&

æ³'b� Ã&~�B 6ê& Ã&~² >¾ polysilicate *~ ç^ ·

Ïf jç £~V r^ö j�âW �ÿf &V>æ p~
. ��¾, »

� >w� z× ê¯Nö V¢ polysilicate~ �V& Ã&~² Nb��

«¶*~ ç^·Ï� 
æ² B
. ��� polysilicate «¶~ �V&

WË~� �Ú~ ¦b ªN� ªê6ö ê�~� Ôf *�³ê(shear

rate)öBº ¸f 6ê¢ ¾æÚ� ¸f *�³êöBº oöê «¶


� �ÚæV r^ö 6êº 6²~² >º *��z(shear thinning)�

ÿj ¾æÞ
. �Þ, VTES �òö &�Bº �B® �*ö V¢ 6ê

ò Ã&~º �â�ÿ� Ö^~² ¾æÒ
. �f ?f Ö"�¦V VTES

�ò~ ãÖ Ú¶ ;ê «¶& WË>� çªÒ& ¢Ú¾B z �ç W

Ë~æ á�
º ©j r > ®b� �º �B UV 
þ~ Ö"�ê r

> ®î
. ��� çªÒ~ ö�f VTES& z� ��'b� " r >

wW� ìb� ²>Wj jº jöV(-CH=CH2)¢ <� ®V r^�


[13]. TEOSò �FB �òö j� � ãË� £~æò, �ò VTESö

Bº ÚÒ
Ö �ª¶(silicic acid polymer)~ �V& .Vö Ïª® ·

b� B� >² Ö�� &Ë~� �WV� -OH& ÚÒ
Ö �ª¶ ã

b� VË~V r^ö �ç�*Ú(liquid precipitate)¢ ;W~² B
.

*Ú'b� FV ��� :�ãb� VË~² Nb�� "Ö�¾ &W

²
f ?� "� &�ê �Wj ¾æÚº b�¾ £� �Wj ¾æÚ

º rzRöB çªÒ¢ ¢bÊ² B
. «¶ªÖê~ �� �ÿb�

��Ú �� �ç �*b~ �� �7[~ vþ(debye length)& ;�

"~ �Ò� �� ­jöö V¢ ;*V' >BK�
º >��BÊ

(van der Waalse)¾ö ~� B� o~² B
. �� &6b� �� VTES

~ ·� Ã&�>� Jz& ¶Jæ² >� î~ «¶ö ²>W z+j

~º ��j ~² B
. ��� *çf Ôf pH '�öBò ¢Ú¾º�

�º pH& ¸² >� Si-OH& Si-O−� ~~>V r^ö >BK� B

�~� >² Ö�� ÚJòæV r^�
. �f FÒ~² �ª¶~ ³

ê& Ã&�ö V� 6ê Ã&� �~� {Ö� &�¢ AV r^ö J

z& ¶Jæ� 6� �Ob� �� ·ÏV~ VËj ÎÚNÒº *ç

� ��>î
[9].

Fig. 6f Winter[11]& B�� ÿ' 
72Ë(dynamic multiwave) 


þj �Ï~�, ' Nê ê� Jz�*j Fæ�'b� G;� 8b�

*Ú >w º Ï�7 r{Ò��~ VTES �ïö V¢ ê�� �â�


. �¾*öB r > ®�� VTES �ï� ôjî>� *>'b� J

z�*ê Ã&~æò F;'b� jf~æ prj r > ®
. �º 
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Fig. 3. NMR peaks before the catalyst injection(TV55).

Fig. 4. NMR peaks after the catalyst injection(TV55).

Fig. 5. Shear stress as a function of the shear rate for sample TV37 at var-
ious reaction times.
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Fig. 6. Gelation time as a function of the molar ratio of VTES/TEOS at
various temperatures.

Fig. 7. Gelation time as a function of the composition of TEOS/VTES at
various temperatures.

Fig. 8. Surface morphology observed by a microscope.

Fig. 9. Bulk density as a function of the composition of TEOS/VTES for
various xerogels.
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Fig. 10. SEM images of TEOS/VTES gels.

Fig. 11. Xerogel photo of TV19 and TV91.
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