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VOxH2O (x = 1—5) ìììqqq���(((���999­­­½½½555ïïïÄÄÄ*

7I �¡ö†

( Üu�ÆÔn�zÆÆ�, Üu�Æk?O�ïÄ¥%, ¤Ñ 610039 )

( 2011 c 6 � 20 FÂ�; 2011 c 9 � 3 FÂ�?Uv )

^�Ý�¼nØ (DFT), 3 B3LYP/DZP Y²þé H2O ©f� VOx /¤�ìq VOxH2O (x = 1—5) ?1(�
`z!UþÚªÇ�O�, ïÄ
ìq�­½(�!­½5ÚªÇA5. (JL² VOxH2O (x = 1—5) ìq�Ä
��.�>f�þ� 2A, é¡5þá C1 é¡:+, Ù¥ x = 1, 4, 5 �Ä��.¥Y©f®�)l. Y©f��
uáN3ìq VOx þ, /¤ VOxH2O (x = 1—5) ìq. VOxH2O (x = 1—5) ìq¥, VOxH2O (x = 1,4,5) �zÆ
¹5�u VOxH2O (x = 2, 3) �zÆ¹5. d	, H2O NX� VOx �m�(Ürf^S� VO4H2O > VO5H2O >

VOH2O > VO3H2O > VO2H2O. VOH2O ¥l)Ñ H �f�Uþ� 2.88 eV Úl VO5H2O ¥l)Ñ OH Äì�Uþ
� 2.38 eV, þ3��1Uþ��S, ùü�zÆL§k�U3��1xz^�e?1. �±ÏLìq�ù	Ú.ù
ÌA�, ÐÚ�äY©f3 VOxH2O ìq¥´Äl).

'�c: �Ý�¼nØ, ­½�., Ä�, ­½5

PACS: 31.15.es, 36.20.Ng, 36.40.Qv

1 Ú ó

LÞ7á�zÔdu3��Nì�!B�á
�!xz�A!�Ômu��¡äk�2�A^

É�­À [1,2]. �ìq´|CØÓ�ÝÚºÝà
Üá��Ä�, Ï
LÞ7á�zÔ�ìq�(
�Ú­½5, ±9§���©f��AÅn¤�
<�&Ï�­�8I [3−7]. V2O5 ´ó�þ^ SO2

)� SO3, ?
)�1��­�xzJ, ��LÞ
7á�zÔ[x¥�
���zÔ3�õzÆ�
A¥�ûÐxzA5�Øäuy, Cc5É��
õ'5 [8−22].

nØÚ ¢ � ï Ä � ¡, Calatayud � [8,9]

^ Gaussian94 ^��, 3 B3LYP/6-31g∗ Y²ïÄ

 VOx (x = 1—4)!VxOy (x = 2—4, y = 2—10)

©fìqÚ��dlf�(�!9åÆ5�Ú>
f5�. Vyboishchikov Ú Sauer[10] ^Ó���{
ïÄ
 VOx (x = 1—4) Ú V2Oy (y = 4—7) �K
�dlf(�Úl)U. Chertihin � [11] ^Ä��

lEâïÄ
 VO, VO2, OOVO2 Ú V2O2 �ù	1
Ì, ¿^ Gaussian94 ^��3 B3LYP/6-311++g Y
²eïÄ
�'©fìq�­½�., |^¢�ù
	ÌéTX�©fìq?1©E. Engeser � [12−14]

^g^1Ì CMS47 XFT-ICR �Ì¤, l¢�þï
Ä
�í�zü)�lfìq)¤ +1 d��ì
qÚ��ìq. Balducci � [15] p§�Ì¤ïÄ

 VO, VO2 Ú V2O2 �9åÆ5�. Pykavy � [16]

3 CASSCF nØe^ MOLPRO 2000.1/2002.1 ^�
�?Ø
 VOn± (n = 0, ±1) �Ä�!1�Ú1
�-u��(�!>f�Ú�[. Ú�� [17,18]

^�Ý�¼nØ, 3�éØk�¢³Cqe, ïÄ

 VOn± (n = 0, ±1, ±2) X�©f�Ä�³U¼
ê!1ÌÚ­½5±9 VOx (x = 1—5) ìq(�
9­½5. Bjarnason � [19] ^Fp�C��Ì{
ïÄ
 V+ Ú VO+ �`��zÆ�A. Jakubikova

� [20] ^ Gaussian98 ^��, 3 BPW91/LANL2DZ

Y²þïÄ
¥5��zÔ�ìq���z1�
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�A. du3xz�A¥Y´ SCR �A��Ô�
�, §�7á�zÔL¡��^éxzJ5UkX
���K�, Ïd�¤�<�'5����:. 8
c, k'�Ä�zÔ�N�Y©f��A®k�

ïÄ [21,22], ~X, ©z [21] Äu�Ý�¼nØ
^ PWSCF §S�ïÄ
Yé��zvK1��z
ÔxzÔ VOx/TiO2(001) ¹5 >f(��K�,

©z [22] ^C0dAû�Ý�¼ (Amsterdam den-

sity functional, ADF) ^� 2006.01 �� V2O5 (010)

¬NéY©f�áN�^, ����©fìq�Y
©f/¤�(�Ú�A��©z��.

�©3 VOx (x = 1—5) Ä�ìq�Ä:þï
Ä
 VOxH2O (x = 1—5) ìq�AÛ�.!­½
5ÚªÇA�, §�k'(ØU
é��n��L
Þ7á�zÔxzJJønØë�.

2 O��{

�©�ÏL DFT (density functional theory ) ¥
� B3LYP �{�Ä>f�'�A, B3LYP �{´
ò�¹FÝ?�� Becke ���¼ [23] Ú¹FÝ?
�� Lee, Yang Ú Parr �'�¼ [24] (Ü3�å, Û
��'�¼¦^ VWN (Vosko, Wilk, Nusair) Û�g
^�Ý?n, ���nëê��¼

EXC
B3LYP = EXC

LDA + c0(EX
HF − EX

LDA) + cx∆EX
B88

+EC
VWN3 + cC(EC

LYP − EC
VWN3).

ÏLN!ëê c0 cx Ú cc ��, �±é��UÚ
� ' U ? 1 ` z ? �, � ± � Ð / � A L Þ 7
á� d—d ;�m�>f�'�A. �Ý�¼n
Ø (DFT) ´ÏL�E>f�Ý��¼�[>f�
'��«ïÄ�{, §òNX�oUþ©�>f
�ÄU!Ø�>f�áÚUÚØ�Ø�¥Õü½
³!>f�>f�ü½³±9���'U�A�

©O?n.

�©O�¥^�Ä|��>f�V ζ \4z
Ä| (DZP)[25,26], 3 Gaussian09 §S�e�¤. O
��, Äk3 B3LYP/ DZP Y²(½ VOx (x = 1—

5) ìq�Ä�. O�¥�Ä
�þ��UÐ©�
., Ù¥��)©z [8 ,18] ¥�¤k�.. O�l
g^V­�m©, æ�g^����{, é¤k�
U�g^õ­Ý`z, ²ªÇO�À�ÑÃJª,

�Uþ�$�­½�.� VOx (x = 1—5) ìq�
Ä�. ,�3�ÓO�Y²eòY©f©O�c¡
¤�� VOx (x = 1—5) ìqÄ��å?1(�`
z, ±Ïé VOxH2O (x = 1—5) ìq�Ä��..

2gO�¥, ·�¦�Uõ�rY©f�u VOx

(x = 1—5) ìq�ØÓ �, Ó�lg^V­�m
©, é¤k�U�g^õ­Ý`z, ¿²ªÇO�
À�ÑÃJª�(��� VOxH2O (x = 1—5) �
­½(�. Ïd, z�­½ìq9ÙÓ©É�N�
AÛ(�Úo�UÑéAuÛ���.

� © ^ B3LYP � { 3 DZP Ä | Y ² þ
O �
 VO, VO2 © f Ä � l ) U, Ù � © O
� 6.38 eV Ú 11.79 eV, � ¢ � � 6.48±0.09[15]

Ú 12.20±0.19 eV[15] Ä���, �©¤À^��
{ÚÄ|Ñ´k��5�.

3 (J�?Ø

3.1 VOx (x = 1—5) ���ÄÄÄ���(((���

ã 1 �Ñ
O�¤�� VOx (x = 1—5) �Ä
��. (ã¥êi��fIÒ), k'ëê�L 1. �
©¤�Ä� VOx (x = 1—4) �©z [8] Ú©z [18]

��äÄ���, VO5 �©z [18] �(Jk���
É. ©z [18] VO5 �é¡5� C2V , >f�� 4B2.

ã 1 VOx (x = 1—5) �Ä��.
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L 1 VOx(x = 1—5) Ä��Uþ (E), V—O �� (R), �� (A), �¡� (D), �ÄªÇ�� Fr

ìq E/a.u. R/nm A/(◦) D/(◦) Fr/cm−1

VO –1019.24110 R21 = 0.1585 1051

VO2 –1094.52311 R12 = R13 = 0.1613 ∠213 = 115.0 200—1100

VO3 –1169.75400 R41 = 0.1755 ∠142 = ∠143 = 111.8 D3V12 = 128.0 150—1050

R42 = R43 = 0.1607 ∠243 = 113.1

VO4 –1244.97990 R12 = R13 = 0.1591 ∠213 = 113.3 D4V52 = −102.4 100—1300

R14 = R15 = 0.1976 ∠415 = 39.1 D4V23 = −157.0

D523V = 13.6

VO5 –1320.15411 R61 = 0.1572 ∠263 = 46.5 D1V54 = −96.0 150—1300

R62 = 0.1787 ∠465 = 39.3 D1V53 = −148.6

R63 = 0.1827 ∠162 = 112.3 D1V52 = −148.6

R64 = 0.1980 ∠165 = 111.8

R65 = 0.1940

3.2 VOxH2O (x = 1—5) ���­­­½½½���...

�Ä� U þ p � � . ­ ½ 5 � $, ã 2 �
Ñ
O � ¤ � Y © f � VOx (x = 1—5) / ¤
� VOxH2O(x = 1—5) ìq��$Uþ�­½�
. (UþØpuÄ� 1.5 eV), UUþd$�p�
gI� xa, xb ,xc · · · (x éA VOxH2O ¥� x), z
��­½�.¥, n�IÒ���f5gY©f.

L 2 �Ñ
 VOxH2O (x = 1—5) Ä��>f�!
Uþ!��.

éu VOH2O, ÙÄ�(� (1a) �é¡5á
u C1 :+, Ù>f�� 2A. T�.¥5g VO

©f��Ú��fm��� R21 � 0.1579 nm,

�CÕá�3� VO ©f¥��Ú��fm�
��; Y©f��.u)
�~��Cz, �Y
©f¥���f O(3) ���f H(5) m�Øm
å R35 � 0.2856 nm, � u H Ú O � f � � �
u�»�Ú (H Ú O ���u�»©O� 0.12

Ú 0.14 nm)[27], `² O(3) � H(5) A�vk�p
�^, =Y©f®�)l¤ H Ú OH. lY©f¥
)lÑ� OH Äì¥� O(3) �f� V(2) �fm
�²ïØmå R23 � 0.1784 nm, ' O � V �f
��d��»�Ú� 0.0345 nm(O Ú V ��d�
�»©O� 0.077 nm Ú 0.136 nm)[27], Ï
 O(3)

�f� V(2) �fm�3�r��p�^. 
l
Y©f¥)lÑ� H(5) �f� V(2) �f�Øm
å R25 � 0.1652 nm, �,�C H Ú V �f��

d�»�Ú (H Ú V ��d�»©O� 0.032 nm

Ú 0.136 nm)[27], �´, O�uy§� Mulliken �f
>Ö=� –0.087 e, ¤± H(5) � V(2) �f�m�
�p�^�f. (1b) �é¡5áu C1 :+, >f�
� 4A, §�Ð©�.� (1a) ��Ó, �dug^õ
­Ý�ØÓ, `z¤�(J3�.þ�Ä���é
� (Y©f��)l), �Uþ'Ä�p 1.148 eV.

VO2H2O �Ä�(� (2a) é¡5áu C1 :
+, > f � � 2A, H2O v k � ) l. § � � �
f O(6) � VO2 ¥���f V(1) �²ïØmå R61

� 0.2099 nm, �C O � V �f��d��»�
Ú, ' VOH2O(1a) ¥ O(3) � V(2) m�²ïØm
å� 0.0315 nm, �� O(6) � V(1) m��p�^
' VOH2O(1a) ¥ O(3) � V(2) m��p�^f;

H2O ¥�ü� H �f� VO2 ¥�ü� O �f
'u O(6)-V(1) ë��Cé¡©Ù, ü����
� R64, R65 � 0.0972 nm, ������ 107.4◦;

ü � � � � � R12, R13 þ � 0.1623 nm, O-V-O

� � � 118.6◦, =, � é u Õ á � H2O Ú VO2,

VO2H2O(2a) ¥�����Ú����Ñ�k�
���, H-V-H ��Ú O-V-O ��O�, ÙO\�
©O� 2.6◦, 3.6◦, � H2O Ú VO2 �oN(�Cz
Ø�. VO2H2O �Ù¦­½�.þÃY©f�)
l��.Ñy, �UþpuÄ��� 1.97 eV, `
² (2a) ´ VO2H2O �­½(�¥��`�..

VO3H2O ��$Uþ�­½�.=k��,

�vkÑyY©f�)l��¹. Ä�(� (3a)

093103-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 9 (2012) 093103

�é¡5áu C1 :+, >f�� 2A, H2O ��
�f O(5) � VO3 ¥���f V(4) �²ïØm
å R45 � 0.2080 nm, ' VO2H2O ¥ H2O ¥��
�f� VO3 ¥���f�ål� 0.0019 nm, `²
üö��p�^�r�
. (3a) ¥5g H2O ¥�
ü���fØu O(5)-V(4) ë�Óý, ü����
��� 0.0972 nm, ������ 108.0◦; �éuÕ
á� H2O ©f, ����Ñk��
�����

O�, ù�:� VO2H2O �Ä��q; VO3 Äì�
éuÕá�3� VO3 ©f, �'AÛëêCz$
�, (�L 1!L 2), =Ä�¥, H2O Ú VO2 �oN
( � C z � Ø �. (3b) � é ¡ 5 Ú > f � �
(3a) �Ó, ØÓ�´5g H2O ¥�ü���f
Ø u O(5)-V(4) ë � É ý, U þ = ' (3a) p

0.04 eV, L²ùü���f3�m�� éUþ
k���K�.

ã 2 Y©f� VOxH2O (x = 1—5) �­½�.
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VO4H2O �3n«$Uþ�­½�., §��
é¡5©Oáu C1, CS Ú C1 :+, §��>f
�©O� 2A, 2A′′ Ú 4A. (4a), (4c) �.¥Y©f
®�)l, � (4c) �.¥du O(4) Ú O(5) ü��
�f� V �f�Ømå R45 p� 0.35 nm, ¤±
��)
�éÕá� O2 Äì, � (4c) �.�Uþ
' VO4H2O �Ä��. (4a) �Uþp 1.34 eV, Ø

­½. Ä��. (4a) ¥, Y©fÚ VO4 �(�u
)
�~��Cz (�ã 2, L 1 ÚL 2). l H2O ©
lÑ� OH Äì�� R67 � 0.0971 nm, ¿ÏL O(6)

� f � V(1) � f ¤ �, � � R16 � 0.1792 nm,

� VOH2O ¥� O(3)-V(2) ���C, L² O(6) �
f� V(1) �fm�3�r��p�^; l H2O ©
lÑ���f H(8) � VO4 ¥��f O(2) ¤�,

/¤��#��lY©f©lÑ� OH Äì�
�� OH Äì, 
�TÄì¥��f O(2) ���
f V(1) �m�ål R12 �� 0.1792 nm, L² O(2)

�f� V(1) �fm��3�r��p�^. (4b)

�.¥Y©f H2O ��)l, Uþ'Ä� (4a) �
Uþp 0.37 eV, 2�gL², Y©f¥ H—O �ä
�¿� VO4 ¥� O �f/¤#� OH ���(
� (4a) �\­½.

é u VO5H2O, ` z u y � 38« $ U

þ � ­ ½ � . (� ã 2), § � � é ¡ 5 þ á
u C1 : +. Ù ¥ (5a), (5b), (5c) � > f � �
Ó, � 2A, (5d), (5e), (5f) � > f � � Ó, � 4A.

n��­� (5a), (5b), (5c) �Uþ�~�C, �
ü ö � U þ = = ' Ä � (5a) © O p Ñ 0.01 eV

Ú 0.09 eV, � � ü ö 3 � . þ � Ä � � � É
� ~ ² w, = (5b), (5c) � . ¥ � k � Y © f
� � ) l, 
 Ä � (5a) ¥ H2O Ú VO5 � (
� C z � � ~ �, � 5 � Y © f ® � ) l.

o­� (5d), (5e), (5f) �Uþ©OpuÄ� 0.85 eV,

1.02 eV, 1.43 eV. VO5H2O Ä � (5a) ¥, l H2O

© l Ñ � OH Ä ì ¥ � � � f O(7) � � VO5

¥���f V(6) �m�ål R67 � 0.2263 nm,

' O � V �f��d��»�Ú� 0.0133 nm,

Ï
d�.¥� OH Äì� V �f�m��p
� ^ � VOH2O Ú VO4H2O ¥ � 3 � Ó a � p
� ^ f; l H2O © l Ñ � � � f H(8) � VO5

¥��f O(3) ¤�/¤ OH Äì, �� R38 �
0.0970 nm, Ó�¦��f O(3) � V(6) �f��
� R63 d�5� 0.1827 nm  á� 0.1788 nm, ù
ü���ëê� VO4H2O ¥�Óa�¹�~�
C, ¤±��éA��p�^rf�� VO4H2O

¥���.

L 2 H2O 9 VOxH2O (x = 1—5) Ä��>f� (state), Uþ (E), �� (R); VOx Ú H2O ��� A 9�¡� (D)

ìq state E/a.u. R/nm A/(◦) D/(◦)

H2O 1A1 –76.44454 R12 = R13 = 0.9673 ∠213 = 104.7

VOH2O 2A –1095.75991 R21 = 0.1579 R23 = 0.1784

R35 = 0.2856 R34 = 0.0968

R25 = 0.1652

VO2H2O 2A –1171.02580 R12 = R13 = 0.1623 R61 = 0.2099 ∠213 = 118.6

R64 = R65 = 0.0972 ∠465 = 107.4

VO3H2O 2A –1246.26106 R41 = 0.1760 R45 = 0.2080 ∠142 = 111.1 D3V12 = 127.8

R42 = R43 = 0.1617 R56 = R57 = 0.972 ∠143 = 111.1

∠243 = 113.8

VO4H2O 2A –1321.48988 R12 = R16 = 0.1792 R13 = 0.1565 ∠213 = 107.3 D4V52 = −151.9

R14 = 0.1979 R15 = 0.1975 ∠415 = 39.0 D4V23 = 133.8

R67 = R28 = 0.0971 D523V = 47.3

VO5H2O 2A –1396.64373 R61 = 0.1575 R62=0.1845 ∠213 = 107.3 D1V54 = −84.8

R63 = 0.1788 R64 = 0.1971 ∠415 = 39.1 D1V53 = −138.6

R65 = 0.1978 R38 = 0.0970 D1V52 = 107.9

R79 = 0.0979 R61 = 0.2263
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O�L², VOxH2O (x = 1—5) �Ä��.�
é¡5þáu C1 :+, >f�þ� 2A, x = 1, 4,

5 �Ä�¥Y©f®�)l,,üö�Ä�¥Y©
f��)l. �)l�p�^¥Y©fÚØÓº�
� VOx �m��p�^Ñ´ÏLY©f¥� O �
fÚ V �f(Ü�, 
� H �f, ù�U´duY
©f¥� O �fPk�é�á�>f, � H �f
�' O �f�k|u�	¡�Ù¦�f½©fu
)�p�^; )l�p�^¥, �)l� H Ú OH

Ø VOH2O ¥ H �f� V �f�3�f��p�
^	, Ù¦üö¥� H Ú OH ½´ÏLY©f¥�
��f½´ÏL VOx ¥�,���f� V (Ü�.

3.3 VOxH2O (x = 1—5) ììì qqq ��� ��� ééé
­­­½½½555

VOxH2O (x = 1—5) Ä�ìq�²þ(ÜU,

�pÓâ;� (HOMO) ��$�;� (LUMO) �
Uþ9ÙU?mY©O3L 3 ¥�Ñ. ²þ(ÜU
½ÂXe:

Eb(x) = [(x + 1)E(O) + E(V) + 2E(H)

−E(VOxH2O)]/(x + 4),

Ù¥ E(O), E(V), E(H) Ú E(VOxH2O) ©OL«�
­½� O, V, H Ú VOxH2O ìq�oUþ.

ÏL©Ûìq�²þ(ÜU�±
)ìqm
��é­½5, éu VOxH2O ìq, é­���
:��w§�­½5´Ä�éu�p�^c�
ìq H2O Ú VOx �­½5k¤Jp, �d, L 3

¥��Ñ
 H2O Ú VOx �²þ(ÜU. dL 3

��, VOxH2O (x = 1—5) �²þ(ÜUþ'g
dG�� H2O ©f�²þ(ÜUp, pÑ�0
u 0.36—0.62 eV � m, Ó � VOxH2O � ² þ (
ÜU�u½�C VOx (x = 1—5) �²þ(ÜU,

L²Y©f��u3ìq VOx þáN, l
/
¤ VOxH2O (x = 1—5) ìq.VOxH2O(x = 1—5) ì
q¥ VOxH2O (x = 2, 3, 4) �²þ(ÜU�C, �
�� 3.9 eV, puÙ¦ VOxH2O ¤
�²þ(Ü
U, L² VOxH2O (x = 2, 3, 4) nö�­½5�p;

,	ü�ìq VOH2O, VO5H2O �²þ(ÜU�
� 3.7 eV, ­½5�$.

�pÓâ©f;��U?�A
ìq©f�
>fUå�rf, U Koopmanns ½n, �pÓâ©

f;�U?�K��LTÔ��1�>lU, >l
U�$�pÓâ©f;�U?Ò�p, TÔ��´
��>f; 
�$�©f;�U?3ê�þ�©f
�>f�Ú³��, �$�©f;�U?�$, T
Ô��´��>f. lL 3 �wÑ,VOxH2O(x =

1—5) �ìq��pÓâ©f;�U?þ�K�,

`²ìqØ´��>f; �$�©f;�U?��
K, y²TÔ�´�>f. UY�����N
>
flÓâ;���;�u)�[�Uå, 3�½§
Ýþ�L©fë�zÆ�A�Uå. XL 3 ¥¤�,

VOxH2O ìq�UYo´�uéA� VOx ìq�
UY, L² H2O � VOx (Ü�zÆ¹5C�, ­
½5Or. Ù¥'�
ó, Y©f�l)�n�ì
q VOxH2O (x = 1, 4, 5) �zÆ¹5��, Y©f
��l)���ìq VOxH2O (x = 2, 3) �zÆ¹
5��.

�
�	Y©fÚ VOx ìq��p�^, �
©O�
TNX��p�^U (�L 4), �p�^
U½ÂXe:

Ei = E[VOxH2O] − E[(VOx)abs]

−E[(H2O)abs],

Ù ¥ E[VOxH2O] � VOxH2O ? u Ä � � U þ,

E[(VOx)abs], E[(H2O)abs] �©f?uáNG��
.�äk�Uþ, Ù����3 VOxH2O Ä�¥5
g VOx ½ H2O ��f¤
, Ù{Ü©���K, ,
�?1ü:UO�¤��Uþ. �p�^U Ei �
K��u3�± VOxH2O Ä�¥� VOx �.ØC
�^�e, ò5g H2O �¤
Ó�l VOxH2O ¥
l)¤I�Uþ.

Ei �K�L�
 H2O Ú VOx �m�(ÜU
å, Ei �K���, L«(ÜUå�r, ��, K
��. O�êâw«, H2O NX� VOx �m�(
Ürf^S� VO4H2O > VO5H2O > VOH2O >

VO3H2O > VO2H2O, 
���)l� H2O � VOx

�m�(ÜUå��u�)l� H2O NX� VOx

�m�(ÜUå, =´ul VOxH2O (x = 2, 3) ì
q¥l)Ñ H2O ©f, �%4Jl VOxH2O(x = 1,

4, 5) ìq¥l)Ñ H2O ©f.

éu VOxH2O (x = 1, 4, 5) ìq, ·�O�

5gY©f� H �fÚ OH Äìlìql)�
l)U (�L 4). dL 4 ��lY©f��)l
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�ìq VO2H2O Ú VO3H2O �Ä�¥l)ÑY©
f�Uþ� 1.65 eV �m, �©z [21] �O�(
J 1.67 eV �C, �´lY©f®�)l�,n
�ìqÄ�¥©lÑ�5�Y©f¤
¤IUþ
%��éõ. O�w«, VOH2O Ú VO5H2O ¥5
g H2O � H Ú OH ok���ìq(Ü�Ø
;
�, ù´ùü�ìq¥ H2O NXÚ VOx �m�(
ÜUå' VO4H2O ¥ H2O NXÚ VOx �m�(

ÜUåf�Ì��Ï, �´ VOH2O Ú VO5H2O

' VO4H2O � ² þ ( Ü U � � ­ � Ï �.

O � � w «, l VOH2O ¥ l ) Ñ H � f Ú
l VO5H2O ¥ l ) Ñ OH Ä ì � U þ © O
� 2.881 eV Ú 2.376 eV, '��lY©f¥ò�
��äm¤I²þUþ 4.82 eV[27] �éõ, 
�þ
3��1Uþ��S, ùü�zÆL§k�U3�
�1xz^�e?1.

L 3 VOxH2O (x = 1—5) Ä��(ÜU (Eb), �pÓâ;� (HOMO), �$�;� (LUMO) Uþ9ÙU?mY (GAP)

ìq Eb /eV ìq Eb /eV GAP/eV ìq Eb/eV HOMO/a.u. LUMO/a.u. GAP/eV

H2O 3.299

VO 3.190 2.553 VOH2O 3.659 –0.25999 –0.12401 3.700

VO2 3.931 2.758 VO2H2O 3.879 –0.20787 –0.08699 3.289

VO3 3.954 2.772 VO3H2O 3.916 –0.29386 –0.19137 2.789

VO4 3.941 3.528 VO4H2O 3.922 –0.31230 –0.17862 3.638

VO5 3.697 2.465 VO5H2O 3.701 –0.30715 –0.17037 3.722

L 4 VOxH2O (x = 1—5) Ä���p�^U (Ei) 9l)U (Ed)

ìq –Ei/eV Ed(OH) /eV Ed(H) /eV Ed(H2O) /eV

VOH2O 7.308 5.186 2.881 7.308

VO2H2O 1.599 1.599

VO3H2O 1.716 1.716

VO4H2O 8.254 4.089 5.100 8.254

VO5H2O 7.604 2.376 5.219 7.604

3.4 ���ÄÄÄªªªÇÇÇ©©©ÛÛÛ

ìq��ÄªÌ´dÙ���S3(�¤û
½�, Ïd, ·�O�
VOxH2O (x = 1—5) Ä�ì
q��ÄªÇ, ªÌXã 3 ¤«. éu�á� VOx

(x = 1—5) ìq��ÄÌÌ�©Ù3 100 cm−1

� 1300 cm−1 �$ª« (�L 1), �áNY©f
±�, VOxH2O (x = 1—5) �1Ì3 1300 cm−1

� 4000 cm−1 pª?Ñy
�ÄÌ, $ª�Ä�Ì
�éAu VOx ¥��Ä, pª�Ä�� H2O ¥�
¤
��Äk'.

é u VO2 H2O Ú VO3H2O ì q, Ù ù 	 Ú
.ù1 Ì ã X ã 3 ¤ «. d ã � ± w �, ü ö
�ù	�Ä¸éA�ªÇ�~�C. VO2H2O ì
q u 1628 cm−1, 3783 cm−1, 3879 cm−1 �pª
�ÄÚ VO3H2O ìq u 1623 cm−1, 3788 cm−1,

3886 cm−1 �pª�Ä©OéAuüìq¥Y©
f� OH ���­�Ä�Ú� �Ä�, ù�(J
�Y©fáN3��zvìqþ��/�q [28].

�áY©f¥ OH ���­�Ä�Ú� �Ä
�éA�ªÇ©O u 1640 cm−1, 3825 cm−1,

3944 cm−1, �� VO2H2O Ú VO3H2O üìq�Y
©f¥ OH ���­�Ä�Ú� �Ä�éA�
ªÇ�éu�áY©f�CzØ�, `² VOx(x =

1, 2) �Y©fm��p�^'�f, Y©fÄ
�(�A�vkUC. üöªÌ��wÍ�ØÓ
´ VO3H2O ìq3$ª 602 cm−1 ?k��é²w
�.ù¸, ù�ØÓk|u3¢�þ«Oùü«ì
q©f.

VOH2O ì q 3 p ª « 1808 cm−1

Ú 3882 cm−1 ?éAu�r�ù	Ú.ù¸�,

cö��Ä�éAul H2O �)lÑ� H �f
÷ V �f� H �fë��� �Ä, �ö��Ä
�éAul H2O �)lÑ� OH Äì�� �
Ä. VO4H2O ìq¥ü� OH Äì�� �ÄªÇ
�~�C, � 3831 cm−1 Ú 3837 cm−1, §�éA
�¸�Q´ù	¹5�Ä��´.ù¹5�Ä�.

VO5H2O ìq�ù	Ú.ù¸Ñy3 3706 cm−1

Ú 3850 cm−1 ?, §�©OéAuil OH �� 
�ÄÚ#)¤� OH �� �Ä.
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'� VOxH2O(x = 1, 4, 5) n�ìq��ÄÌ
ØJuy§�äk��ÓA�: Ù�´3ù	Ì
¥ 1600 cm−1 ªÇNCØ2ÑyY©f��­�
ÄA�¸, Ù�´.ùÌ¥.ù¸l$ª«���,

==Ñy3ªÇ�u 1300 cm−1 �pª«. ùü�
A�´�)l�p�^¤Øä��, ¤±�^�l
¢�þ�OY©f3 VOxH2O ìq¥´Ä�l)
�kå�â.

ã 3 VOxH2O (x = 1—5) Ä��ªÌ (��ù	Ì; m�.ùÌ)
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4 ( Ø

3 Gaussian09 §S�e, ÏL�Ý�¼nØ
¥ B3LYP/DZP �{, é VOxH2O (x = 1—5) ìq
?1
(�`z!UþÚªÇ�O�, ©Û
ìq
�­½59ªÇA�. ïÄL²:

1©VOxH2O (x = 1—5) �Ä��.�é¡5
þáu C1 :+, >f�þ� 2A, Ù¥ x = 1, 4, 5 �
Ä�¥Y©f®�)l, x = 2, 3 �Ä�¥Y©f
��)l.

2©VOxH2O (x = 1—5) �²þ(ÜUþ'g
dG�� H2O ©f�²þ(ÜUp, �u½�
C VOx(x = 1—5) �²þ(ÜU, L²Y©f�
�u3ìq VOx þáN, l
/¤ VOxH2O (x =

1—5) ìq. áN�/¤� VOxH2O (x = 1—5) ì
q¥, n�ìq VOxH2O(x = 1, 4, 5) �zÆ¹5

��, ,��ìq VOxH2O(x = 2, 3) �zÆ¹5
��. d	,H2O NX� VOx �m�(Ürf^
S� VO4H2O > VO5H2O > VOH2O > VO3H2O >

VO2H2O.

3©VOH2O Ú VO5H2O ¥ 5 g H2O � H

Ú OH ok���ìq(Ü�Ø
;�, l VOH2O

¥l)Ñ H �fÚl VO5H2O ¥l)Ñ OH Ä
ì�Uþ©O� 2.881 eV Ú 2.376 eV, L²�3
ÏL��1ì�l VOH2O ¥l)Ñ H �fÚ
l VO5H2O ¥l)Ñ OH Äì��U.

4©Y©f®�)l�ìq VOxH2O (x = 1, 4,

5), 3ù	Ì¥ 1600 cm−1 ªÇNCØ2ÑyY©
f��­�ÄA�¸, .ùÌ¥�.ù¸==Ñy
3ªÇ�u 1300 cm−1 �pª«, ùü�A�ªÇ
���l¢�þ�OY©f3 VOxH2O ìq¥´
Ä�l)��â.
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Abstract

The equilibrium geometries, vibrational frequencies of VOxH2O (x = 1—5) and interactions between H2O with VOx(x = 1—5)

are studied by using the density functional theory B3LYP/DZP method. The results show that ground states for VOxH2O (x = 1—5)

belong to C1 point group symmetry,their electronic state is 2A, and in ground state of VOxH2O (x = 1, 4, 5) water molecule H2O

is dissociated; H2O molecule is absorbed easily in VOx(x = 1—5) and VOxH2O(x = 1—5) are formed; In VOxH2O(x =1—5),

chemical activations of VOxH2O (x = 1, 4, 5) are lower than those of VOxH2O (x = 2, 3); the sequence of interaction strength

between H2O and VOx(x = 1—5) is VO4H2O > VO5H2O > VOH2O > VO3H2O > VO2H2O; there is possibility that OH segment

and H atom are dissociated easily from VOH2O and VO5H2O, respectively by visible light exposure. Criterion that H2O molecule is

dissociated in VOxH2O(x = 1—5) is obtained by analyzing frequency spectrum.
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