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^ Gaussian09 §S���Ý�¼nØ DFT �{, 3 BP86/6-311++g(d,p) Y²þé O2, TiO Ú TiO2 ©f?1

`z. ��TX�©f�Ä�>f�©O�µO2(X3Σg), TiO(X3Πg), TiO2(X̃1A1), TiO2 ©f�­½�.� C2v �
.. ^ Murrell-Sorbie ³U¼êé TiO Ú O2 ©f�×£³U:?1[Ü, Ù×£:Ñ�oëê Murrell-Sorbie ¼ê
[Ü­�ÎÜ�éÐ, 3dÄ:þí�Ñ§��1ÌêâÚå~ê. ^õN�ÐmnØ�Ñ TiO2 ©f���m)
Û³U¼ê, 3�½�� ∠OTiO=110.5◦ ��¹e, RTi−O = 0.1652 nm ?�3���Ý� 15.09 eV �³², L²3
T?´/¤­½� TiO2 ©f.

'�c: TiO, O2 Ú TiO2, �Ý�¼nØ, ³U¼ê

PACS: 31.10.+z, 31.15.ae, 82.20.Kh

1 Ú ó

~§e, v´ÕxÚk1L�7á, �/�~
�J, k�r�>5ÚF@¡. v��zÔ��x
zJ, �2�ïÄ. ¢�þ,TiO ©f� B3Π→X3∆

Ú C3∆→X3∆ � [ á Â Ì 3 U N Ô n z Æ ¥
ée(1Ì©Û��uy [1−4]. Namiki[5] 3 Ar,

TiC4 Ú O2 ��¸¥ÏL 2.45 GHz �Å�>�)

 TiO ©f. ��zv�¡vx, 1972 c Fujishima

Ú Honda[6] 3ïÄ��N�zÔé1��A�, 1
�guy
��zv�1xz�A. d���z
v��´��ïÄ9:. �N TiO2 �¬´�«È
x®", Øß1, ÊNår, Ø´åzÆCz. vx
ÃÓ, L:ép, �^5�EF»Àæ!o�!|
F!>è!Fp§�¢�ì®�. Ó���fx
Ú��>7á�zÔ®", B���zv�2�/
^u>fó�ÚÊUÊ�ó�, 
���[ TiO2

�¾®ô�±�½'~·Ü�¤/¤�æ�lØ

Ó���þU*	�ØÓ�ðÚ. ù�ÕA�1Æ
5U¦�[ TiO2 �Éð�1���à
��¤�
��p�g�ô�. TiO2 3zD¬!|b	�á
ÂJ!õU>b!í¯Daì���¡Ñäk2
,�A^cµ. TiO2 ±n«ØÓ�/ª�3u7
ù�!bv¶Ú�v¶¥, §´�«éÐ�àÜÔ
W¿�. �²�� [7] , �Á�ÚÇ´ [8] ®é��
zv�Ü¤!L�Ú1xz5U?1
©Û. �é
u TiO2 ©f�©Û³U¼êÚ1Ìêâ�ïÄÿ
����. ÏdïÄ TiO2 �³U¼ê, é��zv
�A^kë�d�.

©f³U¼ê´ïÄ©fÄåÆ�Ä:, ´Ô
nzÆ�­�ïÄ�K��, 3)º©fy�, X
1Ì5�!©f(���¡k¢^d�. ³U¼ê
õN�ÐmnØ [9] ´ïÄ©f(�Úõ�f©f
)Û³U¼ê��{��, T�{®²2�A^u
LÞ7áÚ,
á±Ï��/¤�zÜÔþ, ¿�
�
�Ð�¤J. �©^ Gaussian09 §S���Ý
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�¼nØ (DFT) �{, 3 Linux �¸e, 3 BP86/6-

311++g(d, p) Y²þé O2, TiO Ú TiO2 ©f?1

nØO�. ^ Murrell-Sorbie ³U¼êé O2, TiO ³
U:?1[Ü, ��[Ü­�, ©Û³U¼êÚV
�f©f�1Ìêâ. (Ü TiO2 Ä�(�ëê, |
^õN�ÐmnØ�{í�Ñ TiO2 ©f���m
)Û³U¼ê, ?�Ú2y
 TiO2 ©f(�. �

) TiO2 ©f5�!(�!1Ì©ÛÚxzÅnJ
ø
­��nØêâ.

2 nØO�

2.1 TiO,O2 ÚÚÚ TiO2 ���(((���

Gaussian09 §S�� BP86/6-311++g(d, p) Y
², éV�f©f Ti—O Ú O—O õ­5� 1, 3,

5, 7, 9 �õ«�¹?1AÛ(�`zÚªÇO
�, �� TiO Ú O2 ©f�Ä�²ïAÛ�.. O
�(JL²: TiO ©f�$Uþ(�� 3 ­�,

T�{O��ÙUþ� –924.8065539 a.u, Ù²ï
Ømå� R0

e = 0.1619 nm, ��ªÇ 1013.4 cm−1,

Ù>f�� 3Πg, �¢�� [10−12]µ²ïØmå
� 0.1620 nm Ú��ªÇ� 924.2 cm−1 �~Î
Ü; � © O � � O2 © f � $ U þ ( � � 3 ­
� ( �, Ù U þ � –150.3799728 a.u, O—O � �
� 0.1223 nm, ��ªÇ 1520.4 cm−1, Ä�>f�
� 3Σg, �¢�� [10−12] : ²ïØmå 0.1207 nm Ú
��ªÇ 1580.2 cm−1 ÎÜ�éÐ. `²^�©À
J��{ÚÄ|, ïÄv�zÜÔ(�ÚªÇ´Ü
·�.

ã 1 TiO2 ©f(�«¿ã

é TiO2 © f, ^ CCSD, BP86 Ú B3LYP �
3 6-311++g(d, p) Y²þ, éÙ Ti—O—O Ú O—

Ti—O ���.!���.±9�öü����
�ÚØ��!õ­5� 1, 3, 5, 7, 9 �õ«�¹?
1AÛ(�`zÚªÇO�. O�(JL²: T©

f��$Uþ(�äk C2v é¡5, >f�� 1A1.

Ù²ïØmå RTi−−−O, RO−O, �� ∠OTiO, l)
U De ÚÄ��ÄªÇ ν1, ν2, ν3 �L 1, L 2 Ú
ã 1. CCSD, BP86 Ú B3LYP n«�{ýÿ�(J
´Ä����. �uc¡��¦^ BP86 �{, �
L 2 ��Ñ
 BP86 �{e TiO2 ©f���!�
�!l)UÚå~ê�ëê.

L 1 n«ØÓ�{e TiO2 ©f��ëê�

�{ RTi−O/nm RO−O/nm ∠OTiO/(◦) E/a.u.

CCSD 0.1632 0.2727 113.3 –998.126

BP86 0.1652 0.2714 110.5 –1000.138

B3LYP 0.1640 0.2716 111.8 –1000.004

L 2 BP86 �{e TiO2 �ëþ

Ônþ/ü  ê�

��/nm RTi−O = 0.1652

RO−O = 0.2714

��/◦ ∠OTiO = 110.5

l)U/eV 15.09

å~ê f11 = f22=0.422 a.u.,

f21 = 0.047 a.u.,

f44 = 0.258 a.u.

�ÄªÇ/cm−1 ν1 = 338,

ν2 = 948,

ν3 = 986

2.2 TiO,O2 ÚÚÚ TiO2 ©©©fff���lll)))444���

BP86/6-311++g(d, p) Y ² O � � � TiO �
Ä � > f � � 3Πg. � â � f © f � A · å
Æ � n [13], Ti � f � Ä � � 3Fg,O � f � Ä
� � 3Pg, ù ü � � f +, © O © ) � C∞v +
� L «:3Σ−

g +3Πg+ 3∆g+3Φg Ú 3Σ−
g +3Πg, Ù �

È� (3Σ−
g +3Πg+3∆g +3 Φg)⊗ (3Σ−

g +3 Πg)=1,3,5

Σ−
g +31,3,5Πg+21,3,5Σ+

g +31,3,5∆g+21,3,5Φg+1,3,5

Γg, Ù¥�)
 3Πg, �O��ä� TiO ©fÄ
� 3Πg ��. ¤± TiO(3Πg)→Ti(3Fg)+O(3Pg) ´Ü
n�l)Ï�.

éu O2 ©f, BP86/6-311++g(d, p) Y²O��
�§�Ä�>f�� 3Σg. O �Ä�� 3Pg, �©)
� D∞H +�L«: 3Σ−

g +3Πg, Ù�È� (3Σg+3Πg)

⊗(3Σg+3Πg)=21,3,5Σ+
g + 21,3,5Πg+1,3,5∆g+1,3,5Σg,

Ù¥�)
 3Σg, �O��ä� O2 ©fÄ� 3Σg
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��. ¤± O2(3Σg)→O(3Pg)+O(3Pg) ´Ün�l
)Ï�.

O � � � TiO2 � Ä � � 1A1, O � f Ä �
� 3Pg, TiO © f Ä � � 3Πg. ò T C∞v + �
+L«©)� C2v +���L«� 3B1 +3 B2,


 3Pg � ± © ) � C2v © f + ¥ � Ø � � L
«� 3Pg→3A2+3B1+3B2. O �f� TiO ©f/
¤ TiO2 © f �, Ù é ¡ 5 ¬ ? � Ú ü $, � â
�f©f�A·åÆ [13], Ä�� O(3Pg) �fÚ
Ä�� TiO(3Πg) ©f©)� C2v Ø��L«�
�È, ¿�zL«� (3A2+3B1+3B2)⊗(3B1+3B2)=
1,3,5B2+1,3,5A1+1,3,5B1+1,3,5A2, Ù ¥ � ) 1A1,

� O � � ä � Ä � TiO2 � > f � � �.

d u O Ú TiO Ñ � Ä �, ¤ ± l ) Ï
� TiO2(1A1)→O(3Pg)+TiO(3Πg) ´ � U �. Ó
n � �, Ï � TiO2(1A1)→ Ti(3Fg)+O2(3Σg),

TiO2(1A1)→Ti(3Fg)+2O(3Pg) �´�U�.

� â � * L § � � _ 5 � n [13], Ä
� TiO2(1A1) ©f�U�l)4��

TiO2(1A1) →


TiO(3Πg) + O(3Pg)

Ti(3Fg) + O2(3Σg) .

Ti(3Fg) + 2O(3Pg)

(1)

2.3 TiO ÚÚÚ O2 ©©©fff���©©©ÛÛÛ³³³UUU¼¼¼êêê

^ BP86/6-311++g(d, p), éÄ� TiO Ú O2 ©
f�AÛ(�`z¿éÄ�?1ü:UO�, é�
���X�ü:³U�, æ^���¦{[Ü� 4

ëê Murrell-Sorbie ³U¼ê/ª [9,14,15]:

V = −De(1 + a1ρ + a2ρ
2 + a3ρ

3)exp(−a1ρ), (2)

ª¥ ρ = R − Re, R Ú Re ©O�ØmåÚ²ïØ
må"[Ü(J�uL 3. lL 3 �±wÑ, æ^T
�{ÚÄ|O��²ï��Úl)U�¢���
~�C.

Äu 4 ëê Murrell-Sorbie ³U¼ê, �âë
ê ai Ú De �å~êÚ1Ìêâ�'X, O�

Ñ TiO Ú O2 ©f�å~ê�1Ìêâ, ±9�'
¢�êâ�uL 4. ÏLL 4 ¥�'���: ^�
©� BP86/6-311++g(d, p) �{���êâ�¢�
�ÎÜ�éÐ.

L 3 TiO Ú O2 ©f 4 ëê Murrell-Sorbie ³U¼êëê

ëê TiO O2

De/eV(�©) 7.305 7.838

De/eV[10] 6.942 5.080

Re/nm(�©) 0.1619 0.1223

Re/nm[10] 0.1620 0.1207

a1/nm−1 0.2137 0.4116

a2/nm−2 -0.0734 0.4133

a3/nm−3 0.0367 0.3862

ã 2 O2 ©fÄ��³U­�

ã 3 TiO ©fÄ��³U­�

L 4 TiO Ú O2 ©f�1ÌêâÚå~ê

Re/nm ωe/cm−1 ωeχe/cm−1 Be/cm−1 αe/cm−1 f2/aJ · nm−2 f3/aJ · nm−3 f4/aJ · nm−4

O2 1520.4 9.20 1.40 –0.03 10.90 76.07 505.33

(O2)[11] 1580.2 11.95 1.45 0.02

TiO 999.9 4.30 0.50 –0.01 7.07 36.45 142.42

(TiO)[12] 924.2 5.10
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ã 2 Úã 3 �Ñ
 TiO Ú O2 ©f�Ä�³
U­�. l¥�±wÑ: 3O���S×£���
Uþ:�[Ü­�­Ü, [Ü���l)UÚ²ï
Ømå�¢��ÎÜ�éÐ. ù`²[ÜÑ� 4 ë
ê Murrell-Sorbie ³U¼êU
�(£ãÄ� TiO

Ú O2 ©f�³U¼ê.

2.4 TiO2 ©©©fffõõõNNN���ÐÐÐmmm���©©©ÛÛÛ³³³UUU¼¼¼êêê

TiO2 Ä�©f� C2v �., �Ä��fUþ�
", K÷v (1) ªl)4��õN�Ðm�©Û³
U¼êA�

V (R1, R2, R3) = VTiO(R1) + VTiO(R2) + VOO(R3)

+VTiO2(R1, R2, R3), (3)

Ù¥ R1 = R2=0.1652 nm, R3 = 0.2714 nm, S�I ρi

= Ri-Ro
i �UeªC��`zS�Iµ

S1

S2

S3

 =


1 0 0

0
√

1/2
√

1/2

0
√

1/2
√

1/2




ρ1

ρ2

ρ3

 ,

(3) ª ¥ VTiO2 (R1, R2, R3) � n N �, Ù / ª
� [9,16,17]

VTiO2(R1, R2, R3) = PT, (4)

(4) ª¥ P �é¡S�I si �õ�ª, T �þ§¼
ê, §��/ª©OL«�

P = C1 + S1C2 + S2
2C3 + S3C4

+S3S1C5 + S2
1C6 + S2

3C7, (5)

T =
(

1 − tanh
(

γ1S1

2

))
(1 − tanh(

γ3S3

2
)), (6)

Ù¥ s2 é R1, R2 ´���é¡�, � R1, R2 �
���©f(�´�Ó�. �
÷vù�Ôn¿
Â, s2 �U¹óg�. ª¥k 7 ��5Xê (C1, C2,

C3, C4, C5, C6, C7) Úü���5Xê (γ1, γ3). é
³UL¡?1��5`zÚ¦^L 2 �êâ, �±
(½Ñü���5XêÚ 7 ��5Xê, Ù(J�
uL 5 ¥.

�����Ð�©Û³U¼ê, éïÄ�f
Ú©f�-EÚzÆ�A´k¿Â�. ±Ñ
Ä
� TiO2 ©f�� �Ä³UãÚ^=³Uã, X
ã 4—6 ¤« [18−20].

ã 4 TiO2 ©f� �Ä³Uã Ù¥êi©O� 1, –15.09

eV; 2, –13.5 eV; 3, –12.0 eV; 4, –10.5 eV; 5, –9.0 eV; 6, –7.5 eV; 7,

–6.0 eV; 8, –5.0 eV; 9, –3.5 eV; 10, –2.0 eV; 11,–1.0 eV

ã 5 TiO2 ©f^=³Uã Ù¥êi©OL«:1,–15.09 eV;

2, –14.0 eV; 3, –13.0 eV; 4, –11.0 eV; 5, –9.0 eV; 6, –7.0 eV; 7, –5.0

eV; 8, –3.0 eV; 9, –1.0 eV

ã 6 TiO2 ©f^=³Uã Ù¥êi©OL«:1, –15.0 eV;

2, –13.5 eV; 3, –12.0 eV; 4, –10.5 eV; 5, –9.0 eV; 6, –7.5 eV; 7, –5.0

eV; 8, –3.5 eV; 9, –2.0 eV; 10, –1.0 eV

ã 4 ´�â TiO2 ©f�)Û³U¼ê3�½
�� ∠OTiO = 110.5◦ ��¹e, ±�� O—O �
é¡� �Ä��³U¡ã. lã 4 ¥w�, Ù
��³U¡2y
 TiO2 ©f� C2v (��A�,

ã¥ X = 0.1652 nm ?�3��³², ³²�Ý
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� 15.09 eV, L«3T?´/¤­½� TiO2 ©f,

ù�`zO�(J���.

ã 5 ´ò�� Ti—O ��½3 X ¶þ, 4,�
� O �f7 Ti—O �^=���³Uã. ã¥�(
�N
 TiO2 ©f�²ï(�A�, 3 X = 0.0633

nm,Y = 0.1589 nm ?k��4�� 15.09 eV, ù`
² O �fl Ti—O �� Ti �f�ý�C�Ø�3
³^, N´/¤ TiO2 ­½(�.

ã 6 ò O—O ��½3 X ¶þ, ± O—O ��
¥:��:, 4 Ti �f7 O—O �^=���³U
ã. �(2y
²ï� TiO2 ©f� C2v (�, � Ti

�f^=�R�u O—O �,X = 0.0 nm,Y = 0.0942

nm �, NXUþ�$, � 15.0 eV, � TiO2 ©f(
��`z9l)U�O�(J��, L²� Ti �
flR�u O—O ��C O2 ©f�, �)¤­½
� TiO2 ©f.

L 5 Ä� TiO2(1A1) ©f�)Û³U¼ê�ëê

C1 C2 C3 C4 C5 C6 C7 γ1 γ3

29.245 46.867 –0.664 –37.171 –36.798 26.643 11.871 1.85 0.925

3 ( Ø

1) ^ BP86/6-311++g(d, p) é TiO, O2 Ú TiO2

©f�(�?1`z. ��§��Ä�>f�©
O´: O2(X3Σg), TiO(X3Πg) Ú TiO2(X̃1A1). TiO2

©f�Ä��.� C2v �., Ä� TiO2 �ëê�:

²ïØmå RTi−O1 = RTi−O2 = 0.1652 nm, RO−O

= 0.2714 nm, ∠OTiO = 110.5◦, ��l)U De = –

15.09 eV, �ÄªÇ ν1 = 338 cm−1, ν2 = 948 cm−1,

ν3 = 986 cm−1. Ä� TiO �l)U� 7.305 eV, ²
ïØmå RTi−O = 0.1619 nm, �¢�� 6.942 eV,

0.1620 nm ÎÜ; O2 ©f�l)U 7.838 eV, ²ïØ
må 0.1223 nm, �¢�� 5.080 eV, 0.1207 nm ��
$�.

2) ^���¦{[Ü
 TiO Ú O2 ©f� 4

ëê Murrell-Sorbie ¼ê, ¿í�Ñ
§��1Ì
êâÚå~ê. O2 �1Ìêâ: ωe = 1520.4 cm−1,

ωeχe = 9.20 cm−1, Be = 1.40 cm−1, ��A�¢�
� 1580.161 cm−1, 11.951 cm−1, 1.45 cm−1 ÎÜ.

TiO �1Ìêâ ωe = 999.9 cm−1, ωeχe = 4.3 cm−1,

�C¢�� 924.2 cm−1, 5.1 cm−1. TiO Ú O2 ©f
�³U×£:Ñ� 4 ëê Murrell-Sorbie ¼ê[Ü
­�ÎÜ�éÐ.

3) ^õN�ÐmnØ�Ñ� TiO2 ©f�©
Û³U¼ê, °(�N
 TiO2 ©f�²ï(�!
åÆëê. ÏLé³U¼ê­¡�©Û�±wÑ:

�½�� ∠OTiO = 110.5◦ �, 3 X = 0.1652 nm ?
�3���Ý� 15.09 eV �³², L²3T?´
/¤­½� TiO2 ©f; �½ Ti—O ��, 3 X =

–0.1633 nm,Y = 0.1589 nm ?�3 15.09 eV �4�
�, L² O �fl Ti—O �¥ Ti �f��ý�C
�Ø�3³^, N´/¤ TiO2 ­½(�; �½ O—

O ���¹e, 3 X = 0 nm,Y = 0.0942 nm ?NX
Uþ�$, L²)¤­½� TiO2 ©f��U5.
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Structure and analytic potential energy function of
the molecules TiO, O2 and TiO2
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Abstract

The molecular structures of ground state O2,TiO and TiO2 are calculated on the level of BP86/6-311++g(d, p) using density

function theory method in Gaussian09 programs. The results show that the electron states of the ground states of the molecules

respectively are O2(X3Σg),TiO(X3Πg) and TiO2(X̃1A1).The stable structure of TiO2 molecule is of C2v symmetry. Each potential

energy curve is obtained via scanning the single point energies of TiO and O2, which match well with those fitted with the four-

parameter Murrell-Sorbie Function,according to which spectral data and force constants are deduced. The whole special analytical

potential energy function of TiO2 is derived from the many-body expansion theory. And there exists a potential trap of 15.09 eV depth

at 0.1652 nm (RTi−O) when the OTiO angle is fixed at 110.5◦, which suggests that a stable TiO2 molecule could be formed easily.
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