
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 136801

$$$§§§eee������zzz777000���SSSYYY������ÄÄÄ555���*

�D¸1)2) �r�1) o��2) �r2)† �f2) º%�2)

1) ( �®�E�ÆênÆ�ÔnX, �® 100083 )

2) ( ¥I�Æ�ÔnïÄ¤^Ô�Ôn:¢�¿, �® 100190 )

( 2011 c 10 � 9 FÂ�; 2011 c 11 � 1 FÂ�?Uv )

|^.ùÌÿþ
 100 K—303 K §Ý��SÉ�u��z70�SY��Ä5�. |^Y©f3�Y0�S,
k»��¶��áN)�A:, UC�S.¡YÚ u�¥%Y��é¹þ. uy��C.¡, Y$§���ÄÌ
� lN�8�X��ÄÌ. �.¡Y�~���uü�Y©f�þÝ�, .¡Y3ü§L§¥Øäk¬z1�,
Ù$§��N��¬X��.ùÌÌ¸ 3ØÓ�§«S�§Ý�Czª³�Ó!ëY.

'�c: É�Y, �Ä5�, $§.ùÌ, .¡�A

PACS: 68.18.Jk, 82.30.RS, 87.64.kp

1 Ú ó

 u0�½��S�É�YÚÉ�YM�, d
uÉ.¡�AÚÉ�º��A�K�, 3(�!L
zÚv�!Y©f9lf�*Ñ5��Ãõ�¡
þ²wØÓuN� [1−6]. L¡�Y�0�¥YÏ
~�©�üÜ©, =�C.¡þÝ� 1 nm �.¡
YÚ�l.¡! u�»¥%«�¥%Y. üÜ©
YäkØÓ�(�ÚÄåÆ5� [7,8]. �º��0
�¥%YäkN�Y½öCqN�Y�(�ÚÄ
åÆ5�, >.YduÉ.¡�A�K�, Ù(
�Ú5��N�YkwÍ�O. ~X, ���åN
XY%�» d > 5.5 nm �, ¥%Y���µþ�m
� 2.6 ps, �N�Y��, .¡Y���µþ�m
� 18 ps[9].

É�Y�� - �=CL§, �)=C§Ý, ó
CÚ$§��(���´<��~'5�SN.
éu��=C§Ý�L�, <�Ï~æ^ Gibbs-
Thomson(GT) ú ª £ ã v �L e Ý ∆T � � �
» R �'X [2,3,5,10]:

∆T = Tconf − Tbulk =
α

R
· VmTbulkγsl

∆Hf
, (1)

Ù¥, ∆T �v�Le§Ý; Tconf �É�Y�v�

§Ý; Tbulk �N�Y�v�§Ý; α ��/GX
ê, éu�Î� α = 2, éu¥/, α = 3; R ��
�»; Vm �N�Y���NÈ; γsl ���.¡?
Y�L¡Üå; ∆Hf �N�Yv�ó. �«×£
þ9{ (differential scanning calorimetry, DSC) Á�
uy, �Y.¡B��S.¡Y�,!ü§ DSC
�Ø�3²w��9½á9¸ [7,10,11]. Ïd
3U?� GT úª¥, �» R ~�Øv�Y�þ
Ý τ [7,12−15], =: ∆T =

α

R − τ
· VmTmγsl

∆Hf
. GT úª

Ì��^u©Û�¿÷É�^�e�¢�(J. é
u�¿÷�B��, .¡Y��é¹þO\, Liu[7]

�<|^ S/V �� GT úª¥�ëê α/(R − τ)
L�
B��SØÓW¿Ç^�eÉ�Y ∆T �
�SY¹þ�'X, Ù¥ S ´É��N�.¡��
>¡È (�g'L¡È), V ´É��N�NÈ.

þãïÄ(JÌ�ýuÉ�^��Czé
É�Yv�½Lz§Ý�K�. Øë\¬z1
��.¡Y3ü§L§¥Ù�Ä5�!(�´X
Û�§ÝCz�!�N��¬X3.ùÌ�§Ý
Czþ�ÉÓ, 8cþÿØ�Ù. �©ïÄ
L¡
�Y���z7Ä0�SÉ�Y3ØÓW¿Çe
�$§.ùÌ. ��
�A DSC �þvk²w
á/�9y�.¡Y��ÄÌ�§Ý�Cz. é'

* g,�ÆÄ7¡þ�8 (1OÒ: 10874208 Ú 50971023) Ú¥I�Æ� “Y�ÆÄ:¯K” �8]Ï��K.

† E-mail: qwang@aphy.iphy.ac.cn

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

136801-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 136801


.¡Y$§�ÚN��¬Xüö.ùÌÌ¸ 
�§Ý�Cz. uy�,ÿþ§«ØÓ, �üö�
§Ý�Czª³�Ó.

2 ¢ �

Á � á � � Vycor R©7930 õ � À æ ({
I Corning ú i). ² þ � » � 6.9 nm, ' L ¡
È� 130 m2/g, �YÇ� 0.25 cm3/g. ¤©Ì�
� SiO2(96%). ��ØkÅ,�, ^ 35%�V�Y
3 90◦C ��¹eE�õ�Àæ 4 h, ,�3�lf
YE� 4 h. �E?n�¿©�ØB��S�kÅ
,�Úk�ü$õ�Àæ�F1�.. ã 1 �Y©
f3 Vycor Àæ0�S��§áøN�. ¢�^
Y��XY (>{Ç� 18 MΩ·cm).� �

ã 1 ¿§eY3 Vycor7930 0�¥��§áNøN�

ò?nZÀ��¬k�\¹kZHJ��µ
Ý¥�µ 48 h, ±B�Ø�S�Ü©Y. 2uý
� (10−4 Pa) \9 (90 ◦C) 24 h, �Ø�S�Ü©�
í{Y. òøY�� Vycor ¡�µ3ØÓ�Ý��
¸e?1Y©f�áN, 48h ���áN²ï. ÏL
O�ØÓ�Ý�¸e��SY��þ��S�¿
÷Y�þ�', ���S�¹Yþ φ.

. ù Ì ¤ � Ô n ¤ © Û ÿ Á Ü LabRAM
HR800, -1Å�� 532 nm. ���Y©f�u,
ÿþ��¬�ug��$§����µøS. Ù�
mÑ�u�¬NÈ, �j�µ. zg¢�c�þò
�¬�Ñ¡, uy�¬Y¹þ�Cz$u 5%. 1
´þ^� 0.2 mm �LK�=¡���µI�. -
1���¬L¡�õÇ$u 1 mW. .ùÌÿþL
§¥, �¬�C§�Ç�� 2 ◦C/min. 3z�ÿþ
§Ý:�§ 15 min.

3 (J�?Ø

3.1 NNN���YYY$$$§§§...ùùùÌÌÌ���ÿÿÿþþþ

ã 2(a) w«
N�Y3ØÓ§Ýe, ²¡È8
�z��.ù�ÄÌ.  u 3100 cm−1 NC�Ì¸
´X�I�¸ [16]. §Ýü$����\r, ¦ OH
�ÄªÇu)ù£, Ly�Ì¸ ¤éAÅê�§
Ý�ü$ü$. ã 2(b) ´.ùÌÌ¸ �§Ý
�éA'X, ¢�êâL²ü§Ú��,§L§¥
¤�(J�_. éØÓ§Ýe�Ì¸ ?1�5
[Ü�� λmax = 3072 + 0.0679T + 7.2 × 10−4T 2,
Ù¥, λmax Ì¸ éA�Åê, ü  cm−1; T : §
Ý, ü  K. T[Ü(JL², 3 100 K—303 K §«
S λmax � T ÷v�gõ�ª'X, Ø´DÚ@
���5'X [17].

�
�

� ���� � � 	 
 �
� 

� � � � � � � � � � � � � � � � � � � � � � � �  � � � 
ã 2 (a) N�Yü§L§¥ØÓ§Ýe²¡È8�z�.ùÌ;
(b) ü!,§L§¥N�Y.ùÌ3 3100 cm−1 NC�Ì¸ 
�§Ý�Cz
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3.2 000���SSSØØØÓÓÓ¹¹¹YYYþþþ^̂̂���eeeYYY���$$$§§§���
ÄÄÄÌÌÌ

Á�Ó�ÿþ
 Vycor 0�S, 3 �ØÓ¹Y
þ φ(100%, 36%, 20%) É�^�eY�.ù�ÄÌ
�§Ý�Cz, C§��� 100 K—303 K. Xã 1
¤«, ��é�Ý�O\, Y©f3 Vycor7930 õ
�ÀæS�3ü�áNW¿L§. 3$¹Yþ,
X φ < 35%, Y©f�W¿L§�0�S.¡Y�
�»�)�. �¹Yþ�u 35%�, 3�Ä��Ý
��S, �SY¹þâC. TL§éAY3�¥%
¶�và)��f[và [7,18]. �âTáNL§
�±�ä, Y¹þ 36%�, 0�SÌ��.¡Y, Y
�þÝ$u 3 �Y©f�; Y¹þ 20%, .¡Y�
þÝ~��$uü�Y©f�. ã 3 é'
 197 K
ØÓ φ �É�Y�$§.ùÌ. Y�$§.ùÌ
�±�©)�Ê�pd¸ [19]: (I): 3000 cm−1, (II):
3100 cm−1, (III): 3200 cm−1, (IV): 3300 cm−1, (V):
3400 cm−1. lã 3 �±wÑ, φ �$, É�Y$§
��.ùÌ3 3100 cm−1 f¸�rÝ��uN�
8�X� (Ih) �A�rÝ. ,	, É�Y�$§�
3 2800 cm−1 Ú 3600 cm−1 ?õÑ
ü�f¸.

� � � � � � � � � � � � � � � �� � � � �� � � � �� � � 	 
 �
�  � � � � � � ��  � � � � � ��  � � � � � �

ã 3 N�YÚ Vycor ÀæØÓ¹Yþ^�eÉ�Y3 197 K
²¡È8�z��.ùÌ

�
��ß/�ÑC§L§¥, ØÓ¹Yþe
É�Y�Ä5��Cz, ã 4 �Ñ
N�YÚ Vy-
cor ÀæSØÓ¹Yþ (100%, 36%, 20%) É�Y�
.ùÌ¸ �§Ý�éA'X. �
Bu'�, Ó
��Ñ
Ü©©z¤�N�YÚ�¬�¤éA�
.ùÌÌ¸ �§Ý�Cz. Xã 4 ¤«: �N�
Yaq, 100%, 36%¹Yþ^�e�É�Y3ü§
L§¥, Ù.ùÌÌ¸¸ 3ØÓ§Ý:u)â
C, âC§Ý©O� ∼258 K, ∼236 K.  DSC ÿ
Á(JL²þãü�¬¥É�Yu)��=C�

�9¸¸�§Ý� 253 K, 231 K[7]. DSC ÿÁL§
C§�Ý� 5 ◦C/min; .ùÌÿþL§¥C§�Ý
� 2 ◦C/min, �3z�ÿþ§Ý:k 15 min ��§
?n. Ïd.ùÌÌ¸ �aC§ÝéA¤ÿ�¬
�� - �=C§Ý. .ùÌ¤��C§Ýpu DSC
ÿþ(J, ù´Ï�ü§�Ý�¯, �C§Ý�$.
� φ = 20% (.¡Y�þÝ$u 2 �Y©f�),
É�Y.ùÌÌ¸ �§Ý�ü$Ly�ìC. ù
L²W¿Ç 20%�É�Y3ü§L§¥Øäk²
w�¬z1�, ù� DSC ÿþ�(J�� [7]. ��
��´, ã 4 é'
Øë\¬z.¡Y�$§�
ÚN��¬X.ùÌÌ¸ �§Ý�Cz [20]. '
�(JL², üö�.ùÌÌ¸ 3ØÓ�§«�
§Ýäk�~�q�Cz5Æ. ã 4 ¥N��¬X
´ÏL�Y%�ú%3$§ (110 K) Ô�þ:e¼
�, Ù½�3�§Ý��� T < 135 K. �§Ýp
u 135 K, �¬X¬z. �©¤�9.¡Y�ü§
e%�Ç� 2 ◦/min, áu�úe%. Y©fÚ.¡
7àÄm�r����^, ¦.¡Y3�úü§L
§¥Øäk¬z=CL§. Y©f��ÄÌ�ûu
Ù(�, Ïd, þã(JL².¡Y$§��U¹
k�½þ�N��¬X�S�(�ü�.� ���� � � � �� 	 
 � � 	 
 �� �  � � � � � �� �  � � � � �� �  � � � � �

�
ã 4 N�YÚ Vycor 7930 ¥ØÓ¹YþÉ�Y$§��.ù
ÌÌ¸ �§Ý�Cz. Ù¥: ¢%ÎÒ�Lü§, �%ÎÒ�
L���,§, ÒK«�¸ âC§Ý«m

Vycor 0�SØÓ¹YþeÉ�Y�.ùÌ
�ÿþ(JL²: ��SY¹þ�ü$, AO´
� φ < 35% �, o� (�Y¹þü$$� 
(�Y¹þ²wO\ [8]. ùL²��C.¡, .¡
Y�(�� lN�Y. Ó�, DSC ÿþ(Juy,
�0�S¹Yþ�ü$, É�Y�v�óC�5�
� [7]. ù`²��C.¡, ü§L§¥É�Y��
=Cc��(�Cz��. .¡Y.ùÌÚ DSC
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ÿÁ(Jüö(Üå5L²:  lo� G�.¡
Y�(�3ü§L§¥´���3, TíØ��©
¤�$uü�Y©f�þÝ�.¡Yü§L§Ø
¬z(Ø��.

4 ( Ø

ÏLé'ïÄN�YÚ Vycor 7930 Àæ0�

SØÓ¹YþÉ�Y$§���Ä5�, uy: (1)
N�X��.ùÌÌ¸ 3 100 K—303K §«S
�§Ý÷v�gõ�ª'XØ´DÚ@���
5'X; (2) �0�S.¡Y�þÝ$uü�Y©
f�þÝ�, ü§L§¥.¡YØu)¬z1�;
Ù$§�ÚN��¬X�.ùÌÌ¸ �§Ý�
Cz�q!ëY.
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Vibrational dynamics of water confined in
mesoporous silica under low temperature∗
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Abstract
The Raman vibrational spectra of water inside mesoporous silicate are measured in a temperature range of 100 6 T 6 303 K. It

is found that the Raman spectrum of confined water becomes more different from that of bulk water with the decrease of water content
in pores. For samples with high water content in pore, the main peak position of the Raman spectrum of water changes abruptly in a
narrow temperature range. However, when water content decreases down to 20%, the red shift of the main peak of the Raman spectrum
is continuous with temperature decreasing. At the same time, its temperature-dependence is the same as that of bulk amorphous ice.

Keywords: confined water, vibrational property, low temperature Raman spectrum, interfacial effect
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