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æ^ Gassian09 §S�¥�õ«�{é OH, OCl, HOCl ©f�Ä�(�?1`zO�, `ÀÑ QCISD/6-
311G(2df), B3P86/6-311+G(2df) �{©Oé OH(X2Π), OCl(X2Π) ©f?1O�, ��²ïØmå ROH = 0.09696

nm, ROCl = 0.1569 nm, ��ªÇ ω(OH) = 3745.37 cm−1, ω(OCl) = 892.046 cm−1, �¢�(J�~ÎÜ.
^ Murrell-Sorbie ³U¼êé OH Ú OCl ©f�×£³U:?1[Ü, Ù×£:Ñ�oëê Murrell-Sorbie ¼
ê[Ü­�ÎÜ�éÐ©`ÀÑ QCISD(T)/D95(df, pd) �{é HOCl ©f?1O�, ��Ä�� X1A′, �
� ROH = 0.0966 nm, �� ∠HOCl = 102.3◦, ��ªÇ ω1(a1) = 738.69 cm−1, ω2(b2) = 1260.25 cm−1, l)
U De = 2.24 eV. ÏL'�uyù
(J�¢��ÎÜ�éÐ, ¿`u©z���(J. ��O�Ñ
å~ê, 3d
Ä:þ, í�Ñ HOCl ©f�õNÐª³U¼ê. ��
 HOCl ©fé¡� �Ä³Uã¥3 H+OCl→HOCl �A
Ï�þk�Q:, H �fI��L 1.74 eV �U^âU)¤ HOCl �­½(�, 3 Cl+OH→HOCl Ï�þØ�3²w
³^, N´/¤­½� HOCl ©f.

'�c: OH, OCl, HOCl, ³U¼ê

PACS: 31.15.A−, 31.30.jc, 33.15.Dj, 33.15.Fm

1 Ú ó

©f�lÞ�Ú³U¼ê´�f©fÔnÆ
¥���­�ïÄ��. °(�³U¼êØ=Ué
©f1Ì~ê�Ôn5��Ñ��
�(�`²,

��´�f©f-E!>f©f-E�-EÄ
åÆÚzÆ�AÄåÆ�Ä: [1−3]. �©f�(
�´¤k©f¥�é'�{ü�, �XþfåÆ!
©f1ÌÚ©f(�nØ9¢�Eâ�FÃ�õ
ÚJp, ©fØmå!l)UÚ1Ì~ê�ïÄ
©f³U¼ê¤7I�êâ��´¼�. Ó�, N
õ�'�ÆïÄ+�é�©f³U¼ê�°ÝJ
Ñ
�p��¦, X3>fÚ©f�Ä-uÑ�ï
Ä¥, evk°(�©f³U¼ê, Ò��Ã{�
�©f°(��ÄÅ¼ê, �ÒØU¼�°(�Ñ
��¡ [4]©Ïd, ïÄ��°(�³U¼êE´

é7��.
HOCl ��´zÆïÄ+�¥���­�é

�. §äkér��z5, Ùía�^�¤xJ!
ØÏJÚ�ÓJ. 3)ÔÆ¥, HOCl �µ¥5x[
� (neutrophil) ^5à«[ÿ. g5Y~^Åí (1 L
YpÏ\� 0.002 g Åí) 5àÿ�Ó, iY³�
2�A^¹Å�ÓJ�¬. @3 1967 c, Schwager
Ú Arkell[5] é HOCl, HOBr �:
ù	1Ì?1

ïÄ. 1979 c, NiKi � [6] |^Fp�C��ù
	1Ì(½
 H2O + Cl2O = 2HOCl �þïXê.
1998 c, Franz � [7] ^lÞ��{é HOCl, HCl,
H2O, Cl2 � H2O ��p�^?1
ïÄ. 2006 c,
Denis[8] ïÄ
 HOCl, HOBr �9zÆ�A. HOCl
�(�!1Ì9Ù¦ÔnzÆ5���±5Ñ�
É'5 [5−13]. é HOCl �(��³U¼ê�ïÄ
�k�� [9,13], 1999 c, Dominik Ú Bernhard[9] 
|^ anti-Morse ¼ê [14] Ú DIM �. [15] é HOCl
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©f�8��$ü��³U¼êëê�
�Û`
z, �ù
ëê�`z´ïá3Ú^©zêâÄ:
þ�, ¿�vké³U¡�Ñ[��?Ø. 2009 c,
ÎÁ=� [16] ^�Ý�¼nØ (DFT) � B3P86 �
{é HOCl ©fNX�(�Ú5�?1
nØO
�, ¿íÑ
 HOCl ©f�)Û³U¼ê. �Ü©
O���¢�(J�'��3�½��å, �l)
U�O��k�½�Ø�, ù�¦�³U¼ê9³
U¡ã�3é��É, ØU°(�N HOCl ©f�
A�, �J±?�Ú^uÄåÆ�ïÄ.

�d, |^ Gaussian09 §S�, æ^üV�
� � � g | � � p � ^ (QCISD)!| � � p
� ^ � n ­ - u (QCISD(T))!ü V S � � n
­ � 6 ó Ü x n Ø (CCSD(T)) Ú � Ý � ¼ ¥
� B3LYP, B3P86 ��{�k�õ«Ä|é OH,
OCl, HOCl ©f?1AÛ`z, ÏLO�(J�¢
���é', `ÀÑ QCISD/6-311G(2df), B3P86/6-
311+G(2df) �{©Oé OH, OCl ©f?�ÚO�,
¿��©f� Murrell-Sorbie (M-S) ³U¼ê. `À
Ñ QCISD(T)/ D95(df, pd) �{é HOCl ©f?1O
�, 3dÄ:þ, í�Ñ HOCl ©f�õNÐª³U
¼ê, ¿?Ø
Ù·�³U¡A�. �?�ÚïÄ
�AÄåÆA5Jø
­��nØ�â.

2 nØO�

2.1 OH, OCl ���(((���!!!������ªªªÇÇÇ!!!³³³UUU­­­
���

æ ^ QCISD, QCISD(T), CCSD(T), B3LYP,
B3P86 ��{, À^õ«Ä|é OH, OCl ©fÄ�
?1AÛ`zÚªÇO�, Ù(J�©z�!¢�
�'���, é OH ©fÀ^ QCISD/6-311G(2df)
�{�, ���²ï�� Re = 0.09696 nm �©

z [2, 17] �¢�(J 0.09696 nm ����; ��
ªÇ ω e = 3745.37 cm−1 �©z [2, 17] �¢�
(J 3737.76 cm−1 �Ø�=� 0.2%. �,®k
õ< [18−20] é OH ©f�5��LïÄ, ��©
�(J�ÎÜ¢��. é OCl ©fÀ^ B3P86/6-
311+G(2df) �{�, ���²ï�� R e = 0.1569
nm �©z [17] �¢�(J 0.15696nm �Ø�=
� 0.038%; � � ª Ç ω e = 892.046 cm−1 � ©
z [13] �¢�(J 853.8 cm−1 ��~�C. ��,
�©�O�(J��
�p�°Ý. ¿�� OH
Ú OCl ©f�Ä�Ñ� X2Π , �©z [17] ��. 3
dÄ:þ, éùü�©f?1ü:U×£O�. ×
£L§¥, Ø O Ú H ½ O Ú Cl �f�ØmåØä
UC	, Ù¦��ëê�(�`z��±��. �
���X�ü:³U��, ^�5�§|òÙ[Ü
� M-S ³U¼ê/ª [2]

V = − D e(1 + a1ρ + a2ρ
2 + a3ρ

3)

× exp(−a1ρ), (1)

Ù¥ ρ = R − R e , R, R e ©O�V�f©f�Øm
åÚ²ïØmå, D e �l)U, a1, a2, a3 �[Üë
ê, Ù(J�uL 1.

L 1 ¥ ∆ERMSE ��þ�Ø�, Ù��

∆ERMSE =

√√√√ 1
N

[
N∑

i=1

(VAPEF − Vabinitio)2
]
, (2)

Tª^5µdL 1 ¥�Ñ�³U¼ê�[
Ü°Ý, ª¥ VAPEF ��A:�[Ü³U¼ê,
Vabinitio �lÞ�×£¼��ü:³U�, N �[
Ü�êâ:ê (N = 190), d (1) ª[Ü����þ
�Ø�©O� 0.02258 Ú 0.01399 eV (��u 0.52
Ú 0.32 kcal/mol), w,©¥�[Ü°Ý�L
Ï~
¤�¦�zÆ°Ý (1.0 kcal/mol)[21]. Ïd©¥[Ü
Ñ�³U¼ê´�&�.

L 1 OH, OCl, HCl Ä�� M-S ³U¼êëê9��ªÇ

R e/nm D e/eV a1/nm−1 a2/nm−2 a3/nm−3 ω e/cm−1 ∆ERMSE/ eV êâ5


OH O�� 0.09696 4.1399 54.241 892.52 5758.7 3745.37 0.02258 �©
OH ¢�� 0.09696 4.621 45.07 488.4 3795 3737.76 — ©z [2, 17]

OH nØ� 0.09703 — — — — 3757.3 — ©z [18]

OH nØ� 0.0971 — — — — 3717.78 — ©z [19]

OCl O�� 0.1569 2.8086 37.224 196.44 1620.0 892.046 0.01399 �©
OCl ¢�� 0.15696 2.803 51.42 797.1 6116 — — ©z [17]

OCl ¢�� — — — — — 853.8 — ©z [13]

HCl ¢�� 0.12745 4.617 36.97 334.5 1996 — — ©z [2]

HCl ¢�� — — — — — 2989.7 — ©z [13]
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ã 1 ±Ñ
 OH(X2Π), OCl(X2Π) �³U­
�. lã 1 �±wÑ OH ©f�²ïØmå 0.09696
nm �u OCl �²ïØmå 0.1569 nm, `² O, H �
f(Ü�' O, Cl �f;�, ù¦� OH ©f�l
)U�u OCl ©f�l)U, �Xã 1 w« OH �
l)U� 4.1399 eV, OCl �l)U� 2.8086 eV, �
O�(J9nØ©Û(J��ÎÜ. ã 1 ¥�ü^
[Ü³U���(�N
 OH, OCl ©f³U�Ø
må�Czª³. T³U¼ê�^unN� HOCl
©f³U¼ê�ïÄ.

� � � � � � � � � � � � � � � � � � �� �� ����� 	 
 �	 �
���� �� � � � � � � � � � � � �
ã 1 OH(X2Π), OCl(X2Π)) ©f�³U­�

2.2 HOCl ©©©fff���>>>fffGGG������lll)))444���

HOCl © f á u Cs +, � d ± e Ï � � E
Ñ HOCl �Ä>fG� X1A′:

1 Cl(2Pu) + OH(2Π)

2 H(2Sg) + OCl(2Π)

3 O(1Dg) + HCl(X1Σ+)

4 H(2Sg) + O(1Dg) + Cl(2Pu)


→ HOCl(X1A′). (3)

é Ï � 1, � Cl � f � OH � p � C 
 /
¤ HOCl © f �, é ¡ 5 þ ü $ � Cs, Cl � f
�Ä� 2Pu ©)� Cs � 2 2A′ + 2A′′, OH ©f
�Ä� 2Π ©)���Ñ “g, u” é¡5, ¿��
�� C∞V �R�é¡¡ σV � Cs � σ ¡­Ü,
K 2Π ©)� Cs � 2A′ + 2A′′, d Cs +L«�
�È 2 2A′ + 2A′′ ⊗ 2A′ + 2A′′ = 31,3A′ + 31,3A′′,
Ù¥�¹ HOCl � X1A′ ¤©, ¤±Ï� 1 ´Ü
n�. Ón, éÏ� 2, H �fÄ� 2Sg ©)� Cs

� 2A′, OCl ©fÄ� 2Π ©)� Cs � 2A′ + 2A′′,

K 2A′ ⊗ 2A′ + 2A′′ = 1,3A′ + 1,3A′′, ��¹ HOCl
� X1A′ ¤©. éÏ� 3, � HCl Ú O �f©O?
uÄ� 1Σ+ Ú 3Pg �, �U��n­�, Ø¬�
� HOCl �Ä� X1A′, � O �f?u-u� 1Dg

�, U�� HOCl � X1A′ ¤©. éÏ� 4 �´�1
�.

�â�*L§��_5�n, ��Ä� HOCl
©f��Ul)4�� HOCl(X1A′) →

Cl(2Pu) + OH(2Π), (4a)

H(2Sg) + OCl(2Π), (4b)

O(1Dg) + HCl(1Σ), (4c)

H(2Sg) + O(1Dg) + Cl(2Pu). (4d)

¦ + þ ã o � L § Ñ � ò HOCl l ), � l )
U � � � (4a) ª ´ � ` U þ L §, = HOCl ©
fl)U�L�ª� D e(HOCl) = E e(OH) +
E e(Cl) − E e(HOCl), Ù ( J � D e(HOCl) =
2.24 eV, ©z [22, 23] ¥ÏL¢��� Cl—OH �
�l)U D e = 19290(19288.8)±0.6 cm−1 (��
u 2.39 eV), 
©z [16] �l)U D e = 10.22 eV
�¢����$�. ��, �©�O�(J�¢�
��\�C.

2.3 HOCl ©©©fff���ÄÄÄ���(((���!!!������ªªªÇÇÇ!!!
ååå~~~êêê

æ^ QCISD, QCISD(T) ��{, �ØÓ�Ä|
O�
 HOCl ©f��� R!�� ∠HOCl!é¡
� �ÄªÇ ω1!�­�ÄªÇ ω2!�é¡� 
�ÄªÇ ω3, Ù(J�L 2. ¿�� HOCl ©fÄ
�� 1A′[9], äk Cs �..

L 2 ¥, QCISD(T)/D95(df, pd) � { e O �
� ROH = 0.0966 nm, ∠HOCl = 102.3◦, ω1 =
738.69 cm−1, ω2 = 1260.25 cm−1, �©z [24] �
¢��ÎÜ��Ð, �'ÎÁ=� [16] �O�(
J (ROH = 0.0965 nm, ∠HOCl = 102.9◦, ω1 =
769.6 cm−1, ω2 = 1273.3 cm−1) ��C¢��. Ï
d, ©¥æ^ QCISD(T)/D95(df, pd) �{é HOCl
©f�å~ê�
?�ÚO�, �� f11 = 0.56661
a.u., f12 = −0.01971 a.u., f13 = −0.00025 a.u.,
f22 = 0.24357 a.u., f23 = 0.05296 a.u., f33 =
0.18895 a.u., þãêâ��?�ÚïÄ HOCl ©
f�Ù¦5�Jøkå�ë�êâ.
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L 2 ØÓ�{Ä|O��� HOCl ©f�(�~ê9��ªÇ

HOCl ROH/nm ROCl/nm ∠HOCl/(◦) ω1/cm−1 ω2/cm−1 ω3/cm−1

QCISD/6-311G(3df) 0.09624 0.16892 103.3859 758.2296 1330.3893 3829.8838

QCISD/6-311+G(3df,3pd) 0.09616 0.16871 103.5497 761.5864 1275.9134 3867.0777

QCISD/cc-PVTZ 0.09623 0.16964 102.5464 761.7581 1297.7287 3850.2611

CCSD/CC-pVDZ 0.09711 0.17365 101.117 709.9125 1259.4479 3810.7345

QCISD(T)/D95++(3df, 3pd) 0.09615 0.16992 102.6003 734.3187 1279.6786 3849.9632

QCISD(T)/D95(df, pd) 0.0966 0.17137 102.3031 738.6966 1260.2497 3976.4037

QCISD(T)/CC-pVDZ 0.09735 0.17507 100.5523 673.6069 1236.4780 3774.7424

QCISD(T)/Aug-CC-pVDZ 0.09735 0.17479 101.8928 697.4251 1251.7171 3742.6809

QCISD(T)/6-311++G(3df,3pd) 0.09651 0.17003 102.875 727.4156 1255.2008 3817.7641

QCISD(T)/6-311++G(2df,2pd) 0.09641 0.17073 102.244 726.4540 1272.6232 3831.7582

¢�� [21] 0.0967 0.169 102.4 728/724.36 1239/1238.62 3581/3609

nØ� [12] 0.0965 0.1692 102.9 769.6 1273.3 3805.8

nØ� [22] — — — 725 1242 3609

2.4 HOCl ©©©fff���õõõNNN���ÐÐÐªªª³³³UUU¼¼¼êêê

éu HOCl ©f, �Ä��fUþ�", ÷
v (4) ªl)4��õN�Ðª�

V (R1, R2, R3) =V
(2)
OCl(R1) + V

(2)
OH(R2) + V

(2)
HCl(R3)

+ V
(3)
HOCl(R1, R2, R3), (5)

Ù ¥ R1, R2, R3 © O � O � Cl, O � H, H
� Cl � f � Ø m å (R1 = ROCl, R2 = ROH,
R3 = RHCl), ª¥ V

(2)
OCl(R1), V

(2)
OH(R2), V

(2)
HCl(R3) �

ü N � OCl(X2Π), OH(X2Π), HCl(X1Σ+) � ³
U¼ê, Ùëê�L 1; V

(3)
HOCl(R1, R2, R3) �nN

� HOCl(X1A′) �³U¼ê, æ^©z [14] /ª�

V
(3)
HOCl(R1, R2, R3) = PT, (6)

Ù¥, P �é¡S�I Si �õ�ª, Ù/ª�

P =C0 + C1S1 + C2S2 + C3

(
S2

1 +
1
4
S4

1

)
+ C4S1S2 + C5S

2
2 + C6S

2
3 + C7S1(S2

2 + S2
3)

+ C8S2S
2
3 + C9S

4
3 , (7)

T �þ§¼ê, Ù/ª�

T = [1 − tanh (λ1S1/2)][1 − tanh(λ3S3/2)]. (8)

Ù¥ λ1, λ3 ���5Xê.
Ä� HOCl ©f�²ï�.� Cs (�, �


�BïÄ³U¼ê, �â³U¡�(�A�, æ^
`zS�I. � HOCl �ü�²ï���ë�(�,
R0

1 = 0.17137 nm, R0
2 = R0

3 = 0.15525 nm, �S�

I ρi ²e�C�¤�`zS�I Si:


S1

S2

S3

 =


1 0 0

0
1√
2

1√
2

0
1√
2
− 1√

2




ρ1

ρ2

ρ3

 , (9)

ª¥ ρi = Ri − R0
i (i = 1, 2, 3), S3 é R2, R3 ��

�´�é¡�, � R2 Ú R3 ���©f´�Ó�,
�
÷vù�Ôn¿Â, S3 �U¹óg�.

d±þ��, ���nN� HOCl �³U¼ê
I(½ (7) ª¥����5Xê (C0, C1, C2, C3,
C4, C5, C6, C7, C8, C9) Ú (8) ª¥�ü���5
Xê (λ1, λ3). æ^�³U¡`z5(½ λ1, λ3,

���5Xêd��®�^�(½. �âL 1
¤��²ï(�ëê±9l)UÚå~ê�^
�, �±(½Ñ©Û³U¼ê (6) ª�ëê�©
O´ C0 = 6.5766, C1 = 4.02362, C2 = −1.2247,
C3 = 27.4145, C4 = −6.39924, C5 = −4.81954,
C6 = −0.325288, C7 = −4.19892, C8 = 12.6189,
C9 = −0.73367, λ1 = 1.2, λ3 = 1.0.

� 
 � * / © Û ³ U ¼ ê � Ô n ¿ Â, Ð
« HOCl ©f�(�9/¤Ån, ±Ñ
Ä� HOCl
©f�� �ÄãÚ^=ã [25−30]. Xã 2—5 ¤
«

ã 2 ´ � ½ ∠HOCl = 102.3◦ �, é ³ U
¼ ê (5) ª ± � � � � ³ U ã, ã ¥ � ( E y

 O—Cl Ú O—H �é¡� �Ä���³U
ã. lã 2 ²ww�©f HOCl � Cs (�A�.
3 (0.17137 nm, 0.0966 nm) ?k�³²Ñy, Ù
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��� 2.24 eV, ù�lÞ����(J ROCl =
0.17137 nm, ROH = 0.0966 nm, D e = 2.24 eV
´ � � �, L ² 3 T ? / ¤ ­ ½ � HOCl © f.
3 Cl+OH→HOCl Ï�þØ�3²w³^, `² Cl
�f?ô O—H ��N´/¤­½� HOCl ©f.

3 H+OCl→HOCl Ï�þ,  u (0.178 nm, 0.332
nm) ?Ñy�Q:, ÙUþ�� 0.5 eV, `² H �f
l O—Cl �� O ý¡?ô O—Cl �I�Ñ 1.74 eV
�U^âU/¤­½� HOCl ©f.  u (0.178
nm, 0.332 nm) ?Ñy�4�:, Ù��� 5.5 eV.

2.5

1.5

0.50
-0.50

-1.5

-2.5

-3.5

-4.5

-0.50

0.1 0.2 0.3 0.4 0.5 0.6

0.1

0.2

0.3

0.4

XOCl/nm

Y
O
H
/
n
m

ã 2 HOCl(1A′) ©f� �Ä���³Uã, ����
m�� 1 eV

ã 3 ��½ O—Cl �3 X ¶þ, 4 H �f
7 O—Cl �^=���³Uã. lã 3 ¥��ß/
w� H �f=� (−0.021 nm, 0.0944 nm) ?, Ñy�
³² (2.24 eV), ù�lÞ�(J��. 3 (0.071 nm,
0.149 nm) ?k�Q:Ñy, �ã 2 �(J��Î
Ü.

ã 3 H 7 O—Cl (ROCl = 0.1737 nm) ^=���³U
ã, ����m�� 1 eV

ã 4 ��½ H—Cl �3 X ¶þ, Cl �f��
:ïá Y ¶¿4 O �f7 H—Cl �^=���³

Uã. dã 4 ��ß/w� HOCl ©f� Cs (�.

-1.0

0

1.0

2.0
3.0

1.0

0
-1.0

-2.0

-0.6 -0.4 -0.2 0 0.2 0.4 0.6
0

0.2

0.4

0.6

0.8

X/nm

Y
/
n
m

ã 4 O 7 H—Cl (RHCl = 0.2139 nm) ^=���³U
ã, ����m�� 1 eV

ã 5 ´ã 4 ���ã, ã 5 �ß/w«� O
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�{`zÑ OH(X2Π), OCl(X2Π) ©f�AÛ�
., ïÄ
©f³U�Ømå�Czª³, �©�
O�(J��
�p°Ý. æ^ QCISD(T)/D95(df,
pd) �{é HOCl(X1A′) ©f?1nØO�, uy
Ù²ï(�!��ªÇ�¢��ÎÜ�éÐ, ¿
`u©z [16] ��. �âí�Ñ�l)4�(½

 HOCl ©f�Ä>f�9l)U, T�?�

©z [16] ��, ¿�¢���~�C. ��?�
ÚO�
T©f�å~ê. $^õN�ÐªnØ

�Ñ HOCl ©f�)Û³U¼ê¿±Ñ§�� 
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NX�(�ÚUþCzA�, ¿�Ñ�
Äå
Æ&E. ��
 HOCl ©f�n���³Uã¥
3 H+OCl→HOCl �AÏ�þk�Q:, H �fI
��L 1.74 eV �U^âU)¤ HOCl �­½(�,
3 Cl+OH→HOCl Ï�þØ�3²w³^, N´/
¤­½� HOCl ©f.
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Abstract
The possible ground state structures of OH, OCl and HOCl are optimized by using some methods included in Gaussian 09.

Among them, the methods QCISD/6-311G(2df) and B3P86/6-311+G(2df) are the most suitable for the calculation of OH(X2Π)
and OCl(X2Π) the spacings between eguilibrium nuclei ROH = 0.09696 nm and ROCl = 0.1569 nm, and harmonic freguencies
ω(OH) = 3745.37 cm−1 and ω(OCl) = 892.046 cm−1 are calculated respectively. The calculation results are in good agreement
with experimental results, Each potential energy curve obtained via scanning the single point energies of OH and OCl is well fit with
the four-parameter Murrell-Sorbie function, according to which spectral data and force constants are deduced. The ground state of
HOCl molecule is of 2A′

1 state, and the parameters of structure are ROH = 0.0966 nm, ∠HOCl = 102.3◦, ω1(a1) = 738.69 cm−1,
ω2(b2) = 1260.25 cm−1, D e = 2.24 eV with QCISD(T)/D95(df,pd). The present calculation results are in excellent agreement with
the experimental values, and they are better than those given in the literature. And the force constants are calculated at the same time.
The potential energy function of HOCl is derived from the many-body expansion theory. In the symmetric-stretch potential energy
diagram, there is a saddle point in reaction channel H+OCl→HOCl, and a stable HOCl molecule could be formed only when H atom
crosses an energy barrier of 1.74 eV. However there is no clear energy barrier in the reaction channel Cl+OH→HOCl, therefore a stable
HOCl molecule can form easily.
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