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�©JÑ
|^INØ\{ïÄY/�í.¡þ SiO2 B��âü��6CA5�#�{. ÏLIN�Ø\Úþ
,¦ü���)AC, ¢�ÿ½INØ\ – þ,Ì�L§¥L¡Ø�Cz. ¢�L², L¡Ø�kbCz´dü�
�É��.�AC���. L¡ØCz�ÌÝ dΠ Úµþ�m τ wÍ�6u�â3.¡�áNU, Ï
��âd�
5
u)²wCz. dΠ Ú τ ©O�ü����5ÚÅ5�'. ù
(JL², T�{k�U��\ïÄB��âü
���6C5�Jø#�å».
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1 Ú ó

Cc5,áNuY/�í.¡þ�B��âü�
�Úå
2��ïÄ,� [1]. B��â3.¡�á
NÚg|C´��#á��­�Ãã. 3B��â
�­½�^e, �«�#�^Ô� —–“Vv�” �
¤õï� [2,3], ¿�LyÑ#Û�6Ä1�. Ó�,

g,.¥�3�
�â���^u­½��.¡

ØE¤�¸À/, ^ù« “�¸lÐ.” ��â
��L¡¹5J�O�¬ò3ZzEâ¥u�­
��^. Ïd, B��âü��äk­��A^d
�Úã��A^cµ. Ø
3A^+��­�5,

B��âü���LyÑ´LÕA� 2DÔn!z
Æ1�, ´ïÄ 2D �=C [4]!�âà8 [5] Ú.¡
6C [6] �n�1N, Ïd, éÙ?1ïÄäk­�
��Æ¿Â.

B��âü���6C5�´û½ÙA^�
­�Ï�. .¡6CÆïÄ�´�\&¢ü���
*(��­��{. ü��NX  �3�ú�(

�µþ, Ly�6C5��6uÿþ��mºÝ/ª
Ç [7]. B��âü���6CA5�ûu�â��
�5� (�â�/G!º�!L¡5��) ±9.
¡�5� (.¡�¤©�). cÏïÄ(JL² [8],

�â�d�5éü���6CA5äkr�K�,

¥�d�5��â�äk����5�þ. Ï
,

é���&�äk�Z�­½�^ [9]. Ó�, 3�
Ó�L¡ßÝe, ý��â¤/¤�ü��'¥/
�â�äk����5�þ [10]. ü���6CA
5�)Ø Å�5Ú}�Å�5üÜ©. Ï~Ø 
Å�5�ÏL Langmuir ø¥�wæ��±9í�
½�%����{?1ïÄ, }�Å�5�ÏL�
kVIN½ du Nouy ����}�6C¤5ïÄ.

�8c��, <�é�È½áN36N/6N.
¡�ü���"yv
�@£, Ù6CÅn�Ø�
Ù, �ß�6CÆ�.ÿ�ïá. AO´'u SiO2

B��âü���ïÄ�éØ¿©. DÚ�{�U
4ü���)Ø ½}�AC, UÄ4ü���)
.�AC, ¿ïÄÙ3.�^�e��A, ���
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�é�. 3cÏïÄÄ:þ, �©ò?�ÚéY/�
í.¡þ SiO2 B��âü��?1ïÄ, }Á|
^INØ\¦ü���).�AC, ¿d Wilhelmy

¡¢�P¹ù�L§�L¡ØCz, ¿?
©Ûü
���6C5U.

2 ¢��{

2.1 ¢¢¢���ááá���

¢�¥¦^� SiO2 B��â´^zÆí��
È{���Ã½/�â, Ù�©º��� 20 nm, d
�I Wacker Chemie úiJø. �âL¡�ÏL�

�Å�`Ä7�u)�A?1?», Xã 1 ¤«.

�â�d�5d�âL¡ SiOH Äì��é¹þ5
L�, SiOH ¹þ�$, �âÕY5�r. �©¤^
�â� SiOH �é¹þ� 20 —100 .

¢�æ^ÉZU���â©ÑJ, �â©Ñ�
��ªßÝ� 1g/L.�L��â3©Ñ�¥�º�
9Ù©Ñ5, æ^g���éÙ?1
Ä�1Ñ�
ïÄ. � SiOH ¹þ�O�, �â�»l� 174 nm

~��� 144 nm. �â3ÉZU¥äk�Ð�ü
©Ñ5. ¢�cé©Ñ�?1�(»�?n, ¦�
U�»Ù¥��º�à8N, ±;�dÙÚå�
¢��Ø�­E5. ¢�¥¦^�XY, Ù>{Ç
� 18.25 MΩ· cm, d EPED-20TH �XYÅ��.

SiO2
SiO2

ã 1 SiO2 B��â�L¡?» (a) �©�âL¡ (100%SiOH); (b) ?»�Ü© SiOH Ä� Si(CH3)2 ��

2.2 ¢¢¢���CCC���999ÚÚÚ½½½

� © � ¢ � C � d v 7 á á � � I
N !Wilhelmy ¡ D a ì Ü © ± 9 Ý / Teflon

ø (30 cm × 40 cm) �¤, Xã 2 ¤«. IN��
»� 34.14 mm, �� α� 5◦, dpÑ>ÅVÚ¿�
����úþe$Ä, Ù$Ä�Ý�� 0.25 mm/s,

l
;�ü��eY��²w6Ä. Wilhelmy ¡�
iÿü���L¡ØCz, Ù¥ Wilhelmy ¡�I
N¥%ål� 10 cm.

¢�c, kò Teflon ø�WZÀ, 3Ù¥\\
�XY, �\ Wilhelmy ¡¿uÿY�L¡ÜåØ
$u 72.5 mN/m, ±(�Y�XÝÚøZÀ. Å%\
\ SiO2 B��â�©Ñ�, ¦Y¡þ/¤þ!�
B��âü��, L¡ßÝ Γ � 50 mg/m2. 3dß
Ýe, Y¡Ä�����âCX. ·�����©
ÑJ�u�, 2m©?1INØ\ - þ,Ì�¢�.

�úòINeü¿ÅìØ\ü��, ����Ev

IN. -Ù·� 2 min, ¦ü��¿©µþ¡E, �
��úJ,IN, ����ølü��. ?1Ø\ -

þ,¢� 3—4 �Ì�, ¿|^ Wilhelmy ¡P¹¢
�L§¥�L¡ØCz. ¢�3¿§ (∼ 22 ◦C) e
�¤.

Wilhelmy 

10cm

α

ã 2 ¢�C�«¿ã, Ù¥IN�»� 34.14 mm, α = 5◦

3 ¢�(J9?Ø

3.1 LLL¡¡¡ØØØCCCzzz

ã 3 ¤«�ØÓd�5�âü��3INØ
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\ – þ,Ì�¢�¥�L¡Ø. dã��, ü�
� Π-t ­�þ/¤
�X�kb�e�¸. ù

¸©OéAuIN�Ø\L§ÚINþ,�.¡
�ølL§. �INeü¿�>��â��, ü�
��L¡Ø:ìeü, ������, L¡Ø¯�
¡E�ÙÐ©�. �IN�þ$ÄÅìøl.¡�,

L¡Ø�Cz��e$Ä��q.

L¡Ø�Cz´ü��3IN�^e�)A
C���, 
Ø´ü��L¡ßÝ�CzE¤�.

�INØ\�â��, duI¡�� α ��3, �
U¬�)�½� “ü@” �^, E¤ü��L¡ß
Ý�O\, ?
ÚåL¡Ø�O�. 
¢�¥%�
����(J: INØ\ÄkE¤L¡Ø�:ìe
ü, 
Ø´þ,. ùÒÄ½
I¡ü@E¤L¡ß
ÝO��ß�. ¿�lL¡Ø��mCz�­�5
w, zgÌ��, L¡ØþÄ�¡E�Ð©�, ù?
�Úy²
ü���L¡ßÝÄ�vku)UC.

INþe$ÄÚåY¡pÝ�UC, ù�¬E¤L
¡Ø�Cz. ��©¥IN��E\E¤�Y¡þ
,� ∼ 10−2 mm, Ïd, éL¡Ø�K��±�Ñ.

� X Ì � g ê � O \, Õ Y 5 � r � � â
� (20%SiOH) L¡Ø�CzÌÝ dΠ Åì~�,

¿�L¡Ø�²ï��¥~�ª³. ùÌ�´Ï
�ù«�â´uu)Ø�_à8 [8]. ¿�duÙ
3Y¡�áNU�$, 3Ø\ – þ,Ì�¢�¥�
Ü©�âlY¡øN
ÅN3INL¡, ù�k�
U��L¡Ø�eü. 
éÙ¦�â�, ¢�¥�
uy�â3I¡�ÅNy�. dΠ Ä��±ð½, L
¡Ø�²ï���±ØC. '�ã 3(a)—(d) ��,

dΠ wÍ�6u�â�d�5. éÕY5r��â,

dΠ �� 10 mN/m. 
é�Y5r��â, dΠ =
k 1 mN/m, �cö����êþ?. Xd²w��
O`², ü«�â3Y/�í.¡þ��p�^�3
²w�É.

ã 3 ØÓd�5�âü���L¡ØCz­� (a) 20%SiOH; (b) 34%SiOH; (c) 62%siOH; (d) 100%SiOH

3.2 üüü������ÉÉÉååå©©©ÛÛÛ

ã 4 ´ü��3¢�L§¥�AC«¿ã. �
âáNuY/�í.¡þ�, �â�m�3�p�

^
/¤ “åó”�ä. duIN� α �é�, IN
kàØ¬�� “e»” ü��, 
´�INeüE
¤ü���.�AC, Xã 4(a) ¤«. duåó�
VÚ, ¦� Wilhelmy ¡É��e�.å, l
��
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L¡Ø�eü. �INþ,�, du�â�I¡�
áN�^, Ó�E¤ü���.�AC, Xã 4(b)

¤«. Ï
, �IN�.¡øl��E¤L¡Ø
�eü

B��âü��¥åó�rf��â3.
¡�áNU�'. cÏïÄ(JL² [11], �Y5
�r� 100%SiOH �â�áNU�� 20 kT , Ù

¥ k �À�[ù~ê. 
¥�d�5��â (34%

Ú 62%SiOH), ÙáNUKp� 1400 kT . áNU�
�É����
�âm�p�^��O, =Ly�
L¡ØCzÌÝ��O. �,, áNU�´�â�
.¡m�p�^3Uþ�¡�ïþ. �â�m�ý
¢�p�^Å��©E, [12−14], �8c�vk�
Ù�@£.

Down Wilhelmy片

(a)

(b)

力链

力链

Wilhelmy片Up

ã 4 Ø\ – þ,Ì�¥B��âü��Éå«¿ã

3.3 üüü������666CCCAAA555

é Langmuir ü � �, Ù Ø   � 5 � þ � Ï

L Π-Γ ­���Ç¼� [15]: E = Γ
∂Π
∂Γ

. 3�
©¥, L¡Ø�CzÌÝ dΠ �¹
ü����5
&E, �^eªL«:

dΠ = E · ε, (1)

Ù¥ ε ´ü���.�AC. ��O(��ü�
��ACþ, =�¼�Ù�5�þ. ���Ñ�´,

dΠ ´ü��L¡Ø�]�Cz, Ï
, ε �´]�
AC.

ã 3 ¥¸�°Ý©O� τdown Ú τup, Xã 3(a)

¤«, ½Â�ü���µþ�m. µþ�m τ �û
u�â�[£Ç:

τ ∝ 1
ν

. (2)


 ν �d Arrhenius ½Æ [16] L«�

ν = ν0 exp
(
− ∆Gb

kT

)
, (3)

��

τ ∝ 1
ν

= τ0 e∆Gb/kT . (4)

ùp, τ0 ´ü�����µþ�m, ∆Gb ´�

â?1 �[£�U^, ¿���â�áNUk
'. ²Lÿþ, ÕY5r��â� (20%SiOH), τ �
� 100 s, 
�Y5r��â� (100%SiOH), τ �
� 70 s. ù`²�Y5r�B��âäk�$�[
£³^.

Ó�, ü���µþ�m��N
�âm�
ÞÚå�¢�, §�ü���ÅÝ η �3Xe'
X [17]:

η = Eτ0. (5)

�cÏïÄ(J [7] �', �©¥�È�â�
�µþ�m'Ø �á�õ, Ï
äk�$�ÅÝ.

¯�Ø ¬¦ü����l9åÆ²ï�, Ù�²
ï��µþéE,, ���¹ 3 «µþÅn [7]. 

�©¥��È�, ÙµþÅn'©z [7] ¥{ü�
õ, �â3ü��S�?1á§� �N�.

4 ( Ø

æ^INØ\{éY/�í.¡þ SiO2 B��
âü��?1
ïÄ, Ì���±e(Ø:

1. INØ\Ø¬UCB��âü���L¡
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ßÝ, INØ\ü��½ølü���þ¬E¤ü
���.�AC, ¿ÚåL¡Ø�wÍCz.

2. 3Ø\ - þ,Ì�¢�¥, ü��L¡Ø�
CzÌÝ dΠ Úµþ�m τ wÍ�6u�â�d
�5. ÕY5�r��â, dΠ Ú τ ��, �N
�
â�mäk�r��p�^.

3. dΠ Ú τ ©O�ü����5�þÚÅÝ�
'. �È��ÅÝ²w�uØ �, ÙµþÅn�

'Ø �{ü�õ.

4. ±þïÄ(JL², |^INØ\{éü�
�E¤.�AC, ?
éÙL¡Ø?1©Û, k�
U��ü���6CÆ5�. ��8c��, ÿ�
ïá�ß�Ôn�., ù�k�u?�ÚïÄ.
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Abstract

We propose a novel approach for the study of rheological properties of silica nanoparticle monolayers at the air-water interface.

The layers are deformed by indenting and raising a titanium cone. The surface pressure variations in these down-up cycles are recorded

and analysed. The oscillation amplitude of surface pressure dΠ results from the tensile deformation of the particle layer. dΠ and the

relaxation time are strongly dependent on the adsorption energy of particles at the interface, thereby significantly changing the particle

hydrophobicity. The results provide a deeper insight into the viscoelastic behaviour of particle layer, suggesting that the proposed

method can be utilized for the rheological study of the layers of this kind.

Keywords: nanoparticle, monolayer, surface pressure, rheology
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