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A^+Ø9�f©f�A·åÆ�{í�
 TiN ©fÄ� (X2Σ ) �l)4�. æ^ØÓ��Ý�¼�{,

�) BP86, B3P86, B3LYP, B3PW91, ©OÀ^ØÓ�Ä|é TiN ©fÄ�?1(�`zO�. ÏL'��Ñ¦

^ BP86 �{, é N �f¦^ D95V++(d,P) Ä|Ú Ti �f¦^ 6-311++G∗∗ Ä|�, O����²ïAÛ(�!©

fl)UÚ��ªÇ�¢��ÎÜ��Ð. ¿æ^���¦{[ÜU?� Murrell-Sorbie ¼ê��
�A>f��

��³U¼ê. O����1Ì~ê�¢�1ÌêâÎÜ�éÐ.
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1 Ú ó

©f³U¼ê´©fAÛ9>f(����
£ã, °(�³U¼êØ=Ué©f1Ì~ê�Ô
n5��Ñ��
�(�`², 
��´�f©f
-E!>f©f-E�-EÄåÆÚzÆ�AÄ
åÆ�Ä: [1−3]. V�f©f(�´¤k©f¥
�é'�{ü�, �XþfåÆ!©f1ÌÚ©f
(��nØ9¢�Eâ�FÃ�õÚJp, ©fØ
må!l)UÚ1Ì~ê�ïÄ©f³U¼ê¤
7I�êâ��´¼�, V�f©f³U¼ê�ï
Ä®��2� [4−6]. Ó�, Nõ�'�ÆïÄ+�
éV�f©f³U¼ê�°ÝJÑ
�p��¦,

X3>fÚV�f©f�Ä-uÑ�ïÄ¥, ev
k°(�V�f©f³U¼ê, Ò��Ã{��©
f�°(�ÄÅ¼ê, �ÒØU¼�°(�Ñ��
¡ [7]. Ïd, ïÄ��°(�³U¼êE´é7�
�.

TiN ´�«#.�õõUá�, §äkL:
p!zÆ­½5Ð!MÝp!�>5Ð�`û

5�. 3~§e, §�>{ÇA��±� Cu �
', �±^�Lí>)�>4Ú>>Þ��>á
� [8]. du TiN æ�Ãõ�`û5U, ®2�A^
u
�äÚ�«F�"�9C»æ�þ [9,10]. 1980

c Douglas � [11] ÿþ
 TiN �áÂ1Ì, ¿�Ñ

1Ì~ê. 1990 c Simard � [12] ��
 TiN 3Ä
� X2Σ Ú-u� A2Π �ó4ÝÚ�°[(�ë
ê. 1983 c Bawschlicher � [13] $^ CAS-SCF-CI

�{O�
 TiN �>f(�. 1993 c Mattar[14] $
^ LDF-LCAO �{O�
 TiN �1Ì~ê. �'
u TiN ©f³U¼ê�ïÄ�����, �3þã
���O�¥é²ïØmå!l)UÚ1Ì~ê
�O�°ÝØ��-<÷¿. �©¦^ Gaussian03

§S�¥ØÓ��Ý�¼�{'�O�
ØÓ�
Ä|é TiN ©fÄ��²ïØmåÚUþ�K�,

�â`ÀÑ��{Ä|éÄ�?1ü:U×£O
�. 3dÄ:þ�â{z�õNÐmªnØ[Ü
Ñ Murrell-Sorbie ¼ê, ¿í�Ñ1Ì~ê. ¿�©
z�Ú1Ì¢��?1
'�. '�(JL², �
©O���¢�� [11,15] ÎÜ��~Ð.
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2 nØ�{�O�

2.1 TiN ÄÄÄ������lll)))444���

�
�(L� TiN ©fÄ��éA�³U¼
ê, I�Ün/(½Ùl)4�. �â�f©f�
A·åÆ¥�©l�f{, U(½�U�>fG�
Úl)4�. Ti Ú N �Ä�>fG�©O� 3Fg

Ú 4Su þáu SO(3) +, )¤� TiN ©fáu C∞v

+. SO (3) +�Ø��L«�±©)� C∞v +�
Ø��L«��Ú, ÏL�ÈÚ�z�� C∞v +
�Ø��L«, =¤/¤©f�U�>fG�. =

3Fg(Ti) −→3 Σ−− +3 π +3 ∆ +3 Φ

4Su(N) −→4 Σ−−.

� â © f > f G � � � E � n, � ± í �
Ñ TiN ©f�U�>fG�. (J�

(3Σ +3 π +3 ∆ +3 Φ) ⊗4 Σ −→
2,4,6Σ+ +2,4,6 π +2,4,6 ∆ +2,4,6 Φ, (1)

N ´ w Ñ ( J ¥ ¹ k TiN © f � 2Σ �, Ï d
l Ti(3Fg) Ú N(4Su) Ä��f�|Ü�±�� TiN

©f�Ä�. d�f©f�A·åÆ��*�_�
n, TiN Ä��Ünl)4��±L«�

TiN(2Σ) −→ Ti(3Fg) + N(4Su).

2.2 TiN ©©©fffÄÄÄ������(((���ëëëêêêÚÚÚ���ÄÄÄªªªÇÇÇ

æ ^ Gaussian03 ^ � [16] é TiN © f
� Ä � ? 1 ( � ` z O. À ^ � � Ý
� ¼ � { k BP86, B3P86, B3LYP, B3PW91,

© O ( Ü Ø Ó � Ä |, STO-3G, 6-311G, 6-

311++G, 6-311++G∗∗, SVP, DGDZVP, DGDZVP2,

SDD, LANL2MB, TZV, TZVP, 6-311+G, 6-311G∗∗,

D95V++(d,P)/6-311++G∗∗, 6-311+G/6-311++G∗∗, 6-

311+G∗/6-311++G∗∗, ¦^·ÜÄ|�c��� N

� f � Ä |, � � � � Ti � f � Ä |. O �
( J � u L 1. d L 1 � ± w Ñ µ 3 ± þ
| Ü � { ¥, æ ^ BP86 � { Ú D95V++(d,P)/6-

311++G∗∗ Ä | ` z � � � TiN © f Ä � ² ï
Ømå Re � 0.1582 nm, �¢�� [14] Ã�. �
ÙO�����ÄªÇ ωe � 1080.46 cm−1, �

¢�� 1049.73 cm−1 ÎÜ���Ð. Ïd, e¡
é TiN ©fÄ�^ BP86 �{(Ü D95V++(d,P)/6-

311++G∗∗ Ä|?1ü:U×£.

2.3 TiN ©©©fffÄÄÄ������(((���ëëëêêêÚÚÚ���ÄÄÄªªªÇÇÇ

æ^ BP86 �{, D95V++(d,P)/6-311++G∗∗ Ä
|é TiN ©fÄ�3Ømå 0.088—0.658 nm �m
×£ 284 �ü:³U�. ×£L§¥¦^��«ë
ê, Ø Ti Ú N �f�Ømå´Cþ±	, Ù¦ë
ê�(�`z�î��±��. ,�|^ Murrell-

Sorbie (M-S) ¼ê [17]

V (ρ) = −De

[
1 +

n∑
i=1

aiρ
i

]
exp(−a1ρ) (2)

?1��5���¦{[Ü, (1) ª¥ De �l)U,

ρ = R − Re, R �Ømå, Re �²ïØmå. éu
V�f©f, ��@�� n = 3 ½ 4 ��±��n
��(J. ·�ÏL¢D�{?1Ð©ßÿÚ��
5���¦{[Ü�Ñ M-S ¼ê�ëê. [Ü(
JL², ^ n = 3 � M-S ¼êL�n�. = De, ai(i

¸ 1,2,3) �[ÜXê. (J�uL 2.

/Ïù
ëêO� TiN Ä�©f�å~ê, (1)

ª¥�ëê De, ai �å~ê�éX�

f2 = De(a2
1 − 2a2),

f3 = −6De

[
a3 − a1a2 +

a3
1

3

]
,

f4 = De(24a1a3 + 3a4
1 − 12a2

1a2), (3)

å~ê�1Ì~ê�'X�

Be =
h

8π2µcR2
e

,

ωe =

√
f2

4π2µc2
,

αe = −6B2
e

ωe

[
f3Re

3f2
+ 1

]
,

ωeχe =
Be

8

[
−f4R

2
e

f2
+ 15

(
1 +

αeωe

6B2
e

)2]
,

De =
4B3

e

ω2
e

. (4)
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L 1 Ä� TiO ©f(�`z(J

�{ (J BP86 B3P86 B3LYP B3PW91

Re/nm 0.1671 0.1662 0.1670 0.1663

STO-3G E/a.u. –894.646 –895.139 –894.553 –894.491

ωe/cm−1 1186.35 1245.65 1232.10 1242.92

Re/nm 0.1590 0.1564 0.1571 0.1566

6-311G E/a.u. –904.211 –904.653 –904.091 –904.010

ωe/cm−1 1107.86 1169.69 1155.41 1164.43

Re/nm 0.1605 0.1605 0.1583 0.1608

6-311++G E/a.u. –904.238 –904.666 –904.117 –904.022

ωe/cm−1 1058.51 1052.21 1120.62 1044.82

Re/nm 0.1580 0.1583 0.1557 0.1585

6-311++G∗∗ E/a.u. –904.250 –904.678 –904.133 –904.034

ωe/cm−1 1078.08 1069.06 1146.02 1063.10

Re/nm 0.1573 0.1578 0.1555 0.1550

SVP E/a.u. –904.083 –904.507 –903.967 –903.887

ωe/cm−1 1149.19 1113.58 1194.82 1203.64

Re/nm 0.1597 0.1565 0.1574 0.1567

DGDZVP E/a.u. –904.128 –904.567 –904.008 –903.923

ωe/cm−1 1084.83 1168.51 1150.49 1163.51

Re/nm 0.1602 0.1572 0.1581 0.1573

DGDZVP2 E/a.u. –904.136 -904.575 –904.017 –903.932

ωe/cm−1 1078.30 1157.04 1127.93 1152.27

Re/nm 0.1588 0.1598 0.1611 0.1600

SDD E/a.u. –113.044 –113.346 –112.968 –112.960

ωe/cm−1 1105.61 1061.11 1029.35 1052.91

Re/nm 0.1633 0.1611 0.1624 0.1617

LANL2MB E/a.u. –112.084 –112.398 –112.004 –112.006

ωe/cm−1 1170.02 1251.31 1164.79 1187.31

Re/nm 0.1600 0.1600 0.1578 0.16026

TZV E/a.u. –904.244 –904.673 –904.126 –904.0285

ωe/cm−1 1065.85 1051.33 1125.67 1044.55

Re/nm 0.1587 0.1590 0.1566 0.1592

TZVP E/a.u. –904.258 –904.686 –904.141 –904.042

ωe/cm−1 1080.21 1064.57 1138.67 1057.50

Re/nm 0.1605 0.1605 0.1583 0.1633

6-311+G E/a.u. –904.238 –904.666 –904.117 –902.680

ωe/cm−1 1058.51 1052.21 1120.62 3418.96

Re/nm 0.1564 0.1536 0.1544 0.1538

6-311G∗∗ E/a.u. –904.224 –904.670 –904.107 –904.026

ωe/cm−1 1125.64 1195.98 1179.01 1191.67

Re/nm 0.1582 0.1586 0.1559 0.1588

D95V + +(d, P)/6 − 311 + +G∗∗ E/a.u. –904.246 –904.675 –904.129 –904.031

ωe/cm−1 1080.46 1067.71 1146.73 1062.54

Re/nm 0.1588 0.1590 0.1564 0.1592
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L 1 (Y)

�{ (J BP86 B3P86 B3LYP B3PW91

6-311+G/6-311++G∗∗ E/a.u. -904.244 -904.672 -904.125 -904.028

ωe/cm−1 1062.63 1056.59 1130.52 1050.17

Re/nm 0.1580 0.1583 0.1557 0.1585

6-311+G∗/6-311++G∗∗ E/a.u. –904.250 –904.678 –904.133 –904.034

ωe/cm−1 1078.08 1069.06 1146.02 1063.10

L 2 Ä� TiN ©f� M-S ³U¼êëê

�{ Re/nm De/eV a1/nm−1 a2/nm−1 a3/nm−1

BP86 0.1582 6.48 17.96 –198.19 1057.38

©z [13] 0.1630 3.78 — — —

©z [14] 0.1568 8.05 — — —

¢�� 0.1582[15] 6.87[12] — — —

L 3 Ä� TiN ©f�å~êÚ1Ì~ê

f2/aJ·nm−2 f3/aJ·nm−3 f4/aJ·nm −4 ωe/cm−1 ωeχe/cm−1 Be/cm−1 αe/cm1

BP86 730.16 –39896 1558663 1080.73a 5.525 0.6216 0.0040

©z [13] — — — 1010.0 — — —

©z [14] — — — 1139.2 –1.403 0.633 21.07

¢�� — — — 1049.73[11] 5.052[11] 0.6211[15] 0.0037[11]

a:ωe �ÏL M-S )Û³U¼ê�í��

(2) ª¥ f2, f3, f4 ©O���!n�Úo�å~
ê; (3) ª¥ µ �ü�©f��z�þ, c �ý�¥
�1�, ωe ���ªÇ, ωeχe ����ªÇ, Be �
f5=ÄÏf, αe ��f5=ÄÏf. nØO��
�
å~êÚ1Ì~ê(J�uL 3. lL 3 �
±wÑ: ÏL BP86 �{×£(J[Ü� M-S ¼
êí��1Ì~ê ωe, ωeχe, Be, αe �¢����
éØ�©O� 2.95%, 9.36%, 0.08%Ú 8.11%. 
©
z [14] |^ LDF-LCAO �{O����1Ì~ê
�éØ�Ò��õ. �©�O�°Ý'©z [14] p
éõ, �¢��ÎÜ��Ð, ¤¦^��{O��
��(J��n��õ, ��C¢�êâ.

�âO�[Ü¼ê (1) ª, Ù³U­�Xã 1

¤«. Ù¥¢��[Ü��� M-S ¼êO�(J,

����Ý�¼�{ü:U×£(J. dã 1 �
±wÑ, Uþ×£���Ä�l)U�[Ü��
�(JA���, Ù¦ �?�:!�m�ÎÜ
�éÐ. dd�±`²ÏL BP86//D95V++(d,P)/6-

311++G∗∗ �{×£(J[Ü� M-S )Û³U¼ê

O��²ïØmå!l)UÚ1Ì~ê�°Ý�
p, [Ü� M-S ¼ê�(L�
�Ý�¼�{×£
Ñ� TiN ©f�Ä�³U¼ê, T³U¼êUO(
£ãV�f©f TiN Ä� (X2Σ) �(�A�ÚU
þCz.

ã 1 Ä� TiN ©f�³U­� ¢��[Ü(J, ���×
£(J (BP86)

3 ( Ø

3 Gaussian03 §S�¥©OÀ^ØÓnØ�
{(ÜØÓ�Ä|é TiN ©fÄ� (X2Σ) ?1(
�`zÚ�ÄªÇO�. æ^`zÀÑ� BP86 �
{, N �f¦^ D95V++(d, P) Ä|, Ti �f¦^ 6-
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311++G∗∗ Ä|, é TiN ©fÄ�?1³U­�×
£. |^ü:U×£(J, æ^��5���¦{
[ÜÑ
 TiN ©fÄ�� M-S )Û³U¼ê, ¿O
�
1Ì~ê. ÏL�¢��Ú©zO�(J'�,

�©O�(J�¢��ÎÜ��Ð. ùL² M-S ³
U¼ê)Ûª�O(/�N
 TiN ©fÄ��(
�A�, �?�Ú^uïÄ©f��AÄåÆA�,

��zvNX5��ïÄJø
�½�nØë�.
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Structure and potential energy function for the
ground state (X2Σ)of TiN molecule∗
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Abstract

Based on the group theory and the theory of atomic-molecular reaction statics, the reasonable dissociation limit for the ground

state (X2Σ) of TiN molecule is derived. Optimization calculation is performed using different groups of density functional method

including BP86, B3P86, B3LYP, B3PW91 with different basis sets. The results show that the BP86 method with D95V++ (d, P) basis

set for nitrogen atom and 6-311++G∗∗ basis set for titanium atom is the best group for calculating the geometric structure, the vibration

frequency and the dissociation energy. The potential energy curves and the relevant spectroscopic constants for the ground state of TiN

are obtained by least square fitting to the Murrell-Sorbie analytical potential function. All calculation results are in good agreement

with the experimental data.
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