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A^�Ý�¼nØ (DFT) ¥ B3LYP �{3 6-311+G(d)Y²þO�¿©Û
 NaBn(n = 1—9) ìq�AÛ(�

9>f5�. Ó�, ?Ø
ìq�²þ(ÜU!U?mY!��Uþ�©Ú4zÇ. ïÄL²:NaBn(n = 1—9) ìq

Ä�ý�õê�²¡�.. U?mYÚ��Uþ�©(JL² NaB3 � NaB5 ´�êìq.,	, é²þ�54zÇ

Ú4zÇ���É5ØCþïÄL²Ä� NaBn ìq�>f(�� B �f�O\�,ªu;n, �ÿ�/¤A½

�æÈ�ª.

'�c: NaBn(n = 1—9) ìq, �Ý�¼nØ, AÛ(�, >f5�

PACS: 31.15.es, 36.40.Cg, 36.40.Qv

1 Ú ó

'zÔ��ÑäkFp§!F@¡Ú|�z

�`:, 31>f�+�kX2��A^cµ. C

c5, �X<�é'zÔìqnØïÄ�XÚÚ

�\, ±9�«7á�,'ìqØä�uy [1−10].

�CïÄuyw7á'�äÜÔNXäkép�

NÈ;��ÝÚ�þ;��Ý!±9ûÐ�á�

�1�ÚÌ�­½5�ÔnzÆ5�, dw7á

'����¤�� 7á�zÔk"¤�ò5�

kuÐcµ�#.Ñ�á��� [11−13], î8�

�, éw7áX�,'ìq�ïÄ®k�
©z

�� [13−16], <�Ï"lnØþ�«w7á�,'

ìq�/¤Ån, Ïd, éw7á�,'ìq�n

ØïÄm©É�<��'5. X Zhao� [17], ïÄ


MB10(M=Li,Na,K) ìqNX�AÛ(�Ú�Ä

ªÇ; Li � [18,19], ïÄ
MB5(M=Li,Na,K,Rb,Cs)

Ú MB7(M=Li,Na,K,Rb,Cs)ìqNX�Ä�AÛ

(�Ú�ÄªÇ�. ,
é NaBn(n = 1—9) ìq

XÚ�nØïÄ�8��é�. �©é NaBn(n =

1—9) ìq?1
XÚ�nØïÄ, ��
Ä�(

�, Ù(Øéun)�º�ìq�/¤ÅnÚ­½

55Æ±9Ïé��º�ìq�nØïÄ�Jø

k¿Â�ë�.

2 O��{

æ^ Gaussvieŵ �é NaBn(n = 1—9) ì

q��«�U�.?1
(��OÚ:+(½.

�
!�Å�, nØ`zL§©nÚ?1. 1�

Ú3 HF/3-21GY²þé¤k�U�.?1Ðg

(�`z, ¿^�ÄªÇ�yO��.�3��

U5; 1�ÚòÐg`z����ìq¥Uþ�

$�(�9Ù�U�3�é¡5?1:+N�,

�� B3LYP/6-31G∗ Y²�Ð©ëê­#?1(

�`z, l
(½Uþ�$�­½(�; ��é

1�Ú`z¤�Uþ�$�(�3�p�gþ

^ B3LYP/6-311+G(d)�{ [20,21] ?1�°(�`

zÚªÇO�, �ª(½
 NaBn(n = 1—9) ìq

�Ä�(�. ¤kó�þ3 Gaussian 03§S� [22]

e�¤.

��y¤^�{���5, O�
'�àN

��� (0.1616 nm)Ú�ÄªÇ (1002.09 cm−1),

� ® k n Ø � (� � 0.1620 nm, � Ä ª

Ç 1004.44 cm−1)[10] Ú (� � 0.1617 nm,� Ä

ªÇ 1004.50 cm−1)[23] 9 ¢ � ( J (0.1590 nm,

1051.30 cm−1)[24] ÎÜ�éÐ, ù`²O�À^�

�{´T��.

NaBn ìq�²þ(ÜU!��Uþ�©±9
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c�;�UYæ^Xe�§:

Eb =(Etot − ENa − nEB)/n, (1)

∆2En =Etot(NaBn+1) + Etot(NaBn−1)

− 2Etot(NaBn), n > 1, (2)

Eg =E(LUMO) − E(HOMO), (3)

Eb � NaBn ìq�²þ(ÜU, ENa Ú EB ©O�

ü� Na Ú B �f�Uþ, Etot � NaBn ìq�o

Uþ, E(LUMO) � NaBn ìq��$�;��U

þ, E(HOMO) �Ù�pÓâ;��Uþ.

3 (J�?Ø

3.1 NaBn(n = 1—9) ìììqqq���AAAÛÛÛ���...ÚÚÚ

>>>fff(((���

d B3LYP/6-311+G(d) n Ø ` z � �

� NaBn(n = 1–9) ìq�¤k�U�.�­½

(�, 3¤k`z��.¥À�Uþ�$�¤k�

ÄªÇÑ���(��Ä�(�, Ù¦Uþ�$

�¤k�ÄªÇÑ���(��$UÉ�N(�,

ã 1 �Ñ
 NaBn(n = 1—9) ìqÄ�ÚeZ$U

É�N�«¿ã, ¿�Ñ
§�pÑ�AÄ�(�

�Uþ�.

NaB (�´��äk C∞v é¡5�V�f©

f, B—Na �� 0.2510 nm' B2 ��� 0.1616 nm

� 0.0894 nm,g^õ­Ý� 3. n = 2 �(�¥,

± Na �f�\ B—B �¥/¤©f:+ C2v (�

�Ä�(�,,	�`zÑ
�� Cs .Ú D∞h �

�.�$-u�(�. Ù¥Ä� NaB2 (�¥ B—B

��� 0.1574 nm, B—Na�� 0.2587 nm, B-Na-B

��� 35.43◦. NaB3 Ä�� C3v é¡�ncI, �

�3�� C∞v ��.�$-u�(�. Ä� NaB3

� Na—B �� 0.2610 nm, B—B��� 0.1541 nm.

Ä� NaB4 �²¡ Cs �., �`zÑ
�� C2v

Ú�� C4v é¡�ocI�.±9����.Ú

ü�²¡.�$-u�(�. Ä� NaB4 �.´

3 B4 �Ä:þV\�� Na �f���²¡(�,

B—Na ²þ��� 0.2527 nm, B—B�²þ��

� 0.1619 nm, B-Na-B��� 38.41◦. NaB5 ìq`

zÑ
��²¡Ú����.$UÉ�N�.. Ù

¥Ä� NaB5 �²¡ Cs �., `zO�ÚªÇ©

Û, �� B—B �f²þmå 0.1636 nm,B—Na�

fmå 0.2436 nm;éAªÇ©O� 56, 89, 255, 318,

373, 492, 662,729, 957 cm−1; ©z [19] nØO�Ä

� NaB5 ìq, B—B �f²þmå 0.1580 nm, B—

Na �fmå 0.2436 nm,ªÇ©O�:56, 89, 255,

318, 373, 491, 662,729, 957 cm−1. ·��(J�©

z [19] �êâÎÜ��~Ð, ¿�>fG�ÚA

Û(�����. é NaB6 ìq?1`zO�Úª

Ç©Û, ��n�²¡Ún�áN� 6 «$UÉ�

N�.. Ù¥Ä� NaB6 �áN C1 �., `zO�

ÚªÇ©Û, �� B—B �f²þmå 0.1681 nm,

B—Na �f²þmå 0.2797 nm. NaB7 ìq?1

nØO�, ��ü�²¡Ú8�áN� 8 «É�N

�.. Ä� NaB7 �áN C2v �., d�.´3 B7

C8�I/ [25] �Ä:þV\�� Na �f���

C8�VI/(�, Uþ� −336.06488 a.u, B—B

²þmå 0.1642 nm, B—Na²þmå 0.2807 nm.

Li [20] �<nØO� NaB7 ìq�:+ C7v �Ô

cI�., Uþ� −335.97789 a.u, B—B ²þm

å 0.1547 nm, B—Na²þmå 0.2783 nm. ·�

é C7v ÔcI�.�nØO�, (J�©z [20]

�êâ����. ù��¡`²·�¤À^�{

´�~T��, ,��¡duÙUþ' C2v C8

�VI/(�p 2.3671 eV.��, C7v �ÔcI(

�Ø´ NaB7 ìq�Ä��.. `zO� NaB8 ì

q����²¡Úo�áN�Ê«$UÉ�N

�.. Ä� NaB8 �²¡ Cs �., B—B ²þm

å 0.1650 nm, B—Na²þmå 0.2611 nm.nØO

� NaB9 ìq��ü�²¡ÚÊ�áN�Ô«$U

É�N�.. Ä� NaB9 �²¡ Cs �., B—B ²

þmå 0.1509 nm, B—Na²þmå 0.2670 nm,g

^õ­Ý� 3. du B Ú Na �f¥Ûê>f�A

:, Ø NaB Ú NaB9 �	, Ä� NaBn(n = 1—9) g

^õ­Ý� n �O�Ñy 1,2�OCz�5Æ, Ù

¥ n �óê�ìqg^õ­Ý� 2, n �Ûê�ì

qg^õ­Ý� 1.

ã 1 ��,NaBn(n = 1—9) ìqÄ�ý�õê

�²¡(�. ¿�, B �fÑkg¤�N�ª³, Na

��� �f� B �f|¤�ìq�¤� zÜ

Ôìq. ã 2 ±�
 NaBn(n = 1—9) ìqÄ�(

� B—Na Ú B—B ��²þ��, ±9©fo�²

þ��� n �'X­�. �±wÑ, B—Na ��²

þ���X n �O�, 3 n = 6, 7 �áN(���

�, Ù¦²¡(��K�á. B—B ��3 0.1509—

0.1681 nm��Cz, �õ0uV� (0.159 nm)Ú

ü� (0.178 nm)�m. Ù²þ���X n �O�,

­�Cz'�²", � n = 6 Ú 8 ����
. ©

fo�²þ��duÉzÆ�.Úêþ�K�, �

X n �O�, ­�m©×�eü, 3 n = 6 Ú 7 �

��â,C�, U
qÅìC�.
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B2
3ΣgD∞h  NaB2 

2ΣuD∞h(3.519eV)

 NaB3 
3ΣC∞v(1.975eV)  NaB4 

2ΣC∞v(1.772eV)

 NaB5 
1ΣC∞v(3.719eV)

 NaB3  
1Α1C3vNaB2 

2Β1C2v NaB2 
2Α∋Cs(0.246eV)

NaB4 
2Α∋Cs

NaB5 
1Α∋Cs

NaB( )C∞v

NaB4 
2Α1C2v(0.337eV)

NaB4 
4Α1C2v(2.093eV)

NaB6 
2Α1C2v(2.423eV) NaB6 

2Β1C2v(3.340eV) NaB6 
2Α∋Cs(3.586eV)NaB6 

4ΑC1(0.441eV)

NaB4 
4Α1C2v(2.028eV)

NaB4 
2Β2C4v(0.337eV)

NaB6 
2ΑC1

NaB6 
4Α∋∋Cs(0.286eV)

NaB7 
3ΑC1(0.504eV) NaB7 

3ΑC1(0.522eV) NaB7 
3Α∋Cs(0.529eV)NaB7 

1Α∋Cs(0.495eV)NaB7 
1Α1Cv

NaB7 
1Α1Cv(2.3671eV)NaB7 

1ΑC1(0.546eV)NaB7 
1ΑC1(0.544eV) NaB8 

2ΑC1(0.361eV)

NaB8 
4ΑC1(2.223eV) NaB9 

3Α∋∋Cs

NaB8 
2Α∋Cs

NaB9 
1ΑC1(0.006eV)NaB8 

4ΑC1(2.019eV)NaB8 
2ΑC1(1.821eV)

NaB9 
3ΑC1(1.219eV) NaB9 

1ΑC1(1.524eV) NaB9 
1ΑC1(2.097eV)NaB9 

1Α∋Cs(0.899eV)NaB9 
3ΑC(0.057eV)

ã 1 NaBn ìq�AÛ�.
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3.2 NaBn(n = 1—9) ììì qqq ÄÄÄ ��� ((( ��� ���

­­­½½½555

�
Ï¦Ä�Uþ�X n CzLyÑ�5Æ

5, L 1 �Ñ
NaBn(n = 1—9) ìq�oUþ!²

þ(ÜU ( Eb)!UY (Eg) Ú��Uþ�© (∆2E).

l NaBn(n = 1—9) ìqÄ�(��ª³�±wÑ,

�X n �O�, ²þ(ÜUê��O�, �3 n = 3

�OÌwÍC�, L²ù
�ìq¥UþÂñ�¬

N�1�´�ú�, L¡�A´Ì��. Ïd, TN

X�±/¤��º��ìq.

LUMO � HOMO �m�UY (Eg) ���N


>fl HOMO � LUMO u)�[�Uå, UY

��L«-u>f��Óâ�Ò�(J, =¢y¤

�U?ÚÓâ�����(J, ìq�­½, 3�

½§Ýþ�L
ìq©fë�zÆ�A�Uå. d

ã 4 �±wÑ, �X'�f�O\, NaBn ìq�U

YLyÑ “Û - ó” ��y�. n = 3, 5 �,NaBn ì

q�UY'��, `²ù
ìq'�­½.

L 1 NaBn Ä�(��Uþ!²þ(ÜU!���©UÚ�ÄªÇ

Uþ Eb HOMO-LUMO ªÇ/cm−1

NaBn /a.u. /eV Eg /eV ∆2E /eV �$ªÇ �pªÇ

NaB −186.9795 0.4117 1.5715 311.8

NaB2 −211.7812 1.5373 1.8373 −2.6640 239.1 1079.2

NaB3 −236.6808 2.7661 3.4648 2.1769 185.4 1241.2

NaB4 −261.5004 3.0681 2.1470 −1.0803 126.8 1242.7

NaB5 −286.3597 3.4494 2.6955 0.7048 55.5 1315.5

NaB6 −311.1931 3.6211 2.0642 −1.0422 46.1 1340.8

NaB7 −336.0648 3.8802 1.8387 0.8354 94.4 1213.4

NaB8 −360.9058 3.9888 2.2716 −0.6830 41.4 1355.1

NaB9 −385.7719 4.1440 1.8977 43.3 1429.2
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n
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2 3 4 5 6 7 8
-3

-2

-1

0

1

2

3

D
2
E

/
e
V

n

ã 5 Ä� NaBn ìq���Uþ�© (∆2E)
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��Uþ�© (∆2E) ´�Nìq­½5��

é¯a�Ônþ, ��Uþ�©���, `²ìq

�­½5�p. dã 5 ��, NaBn ìq�Uþ��

�©� B �fêCz3�K��ma�, LyÑ²

w� “Û - ó” ��y�. �ìq�foê�óê (n

�Ûê) �, þ���, ¿�Xù
ìq�­½5�

p; � n = 3 �, ìq���Uþ�©�'Ù¦�

��õ, L²§�­½5�puÙ¦ìq.

3.3 NaBn(n = 1—9) ìììqqqÄÄÄ���(((������444

zzzÇÇÇ©©©ÛÛÛ

4zÇL�XNXé	>|��A, û½
N

X���51Æ5�, Ó��UK�©fm�p�

å!ÚÑå��§�p�^±9-EL§�Ñ�

�¡ [26]. �?�Ú�	 NaBn(n = 1–9) ìqé	

|��A, d

〈α〉 =(αXX + αY Y + αZZ)/3, (4)

∆α =
[

((αXX − αY Y )2 + (αY Y − αZZ)2

+ (αZZ − αXX)2

+ 6(α2
XY + α2

Y Z + α2
XZ))/2

]1/2
(5)

O � 4 zÇÜ þ � ² þ � 〈α〉, ² þ � 5 4 z

Ç 〈α〉/n Ú4zÇ���É5ØCþ ∆α.

L 2 NaBn(n = 1–9) Ä��4zÇ

αXX αXY αY Y αXZ αY Z αZZ 〈α〉 〈α〉/n ∆α

NaB 91.090 0.000 57.944 0.000 0.000 182.972 110.668 55.334 112.190

NaB2 95.964 0.000 89.851 0.000 0.000 112.914 99.576 33.192 20.695

NaB3 73.855 0.000 73.854 0.000 0.001 70.939 72.882 18.221 2.916

NaB4 103.946 −14.836 127.527 −0.008 −0.005 54.357 95.277 19.055 69.594

NaB5 125.268 45.929 209.269 0.001 −0.019 75.404 136.647 22.774 141.632

NaB6 181.915 1.381 82.496 1.273 0.008 95.158 119.856 17.122 93.788

NaB7 79.647 −0.022 144.515 0.004 −0.037 122.796 115.653 14.456 57.190

NaB8 138.635 27.601 338.432 0.009 0.010 82.386 186.484 20.720 237.922

NaB9 170.577 10.752 219.516 −0.003 −0.008 88.348 159.480 15.948 116.308

dL 2 �±wÑ, 3 NaBn(n = 1—9) ìqÄ

�(�¥, 4zÇÜþ�²þ�� n �O�
O

�, L² NaBn(n = 1—9) ìq¥�fm�¤��

p�^� n �O�
Or; ²þ�54zÇ� n �

O��,Ñy��y�, ��Nþ¥eüª³, L

² NaBn(n = 1—9) ìq�>f(�� B �f�O

\ªu;n; 4zÇ���É5ØCþ�ìqº�

�O\åÏ��, `² NaBn(n = 1—9) ìq�v

k/¤A½�æÈ�ª.

4 ( Ø

1. nØþýÿ
 NaBn(n = 1—9) ìq�Ä�

(�. (JL², NaBn(n = 1—9) ìqÄ�ý�õ

ê�²¡(�. ¿� B �fÑkg¤NX�ª³,

Na ��� �f� B �f|¤�NX�¤� z

ÜÔìq.

2. NaBn ìq�UYÚ��Uþ�©Ly

Ñ “Û - ó” ��y�Ú “�ê” �A, n = 3,5 �

�ê, =� n = 3, 5 �, ìq�­½5�Ð.

3. 4zÇÜþ�²þ�L² NaBn ìq¥�

fm�¤��p�^� n �O�
Or; �,²þ

�54zÇ� n �O�Ñy��y�, ��Nþ¥

eüª³, �4zÇ���É5ØCþ�ìqº�

�O\åÏ��, L² NaBn ìq�>f(�� B

�f�O\�,ªu;n, �ÿ�/¤A½�æÈ

�ª.
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Geometric structure and electronic characteristics of
NaBn (n =1—9) clusters∗
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Abstract

The geometric configurations, electronic structures, vibrational frequencies, and average binding energies of NaBn(n = 1—9)

clusters are studied using the B3LYP DFT method at 6-311+G(d) level. The stabilities of the ground states of NaBn(n = 1—9) clusters

are analysized by means of energy gaps, and secondary energydifferences between the ground state structures. And the polarizations

are studied.

Keywords: NaBn (n = 1—9) clusters, DFT, geometric structure, electronic characteristics

PACS: 31.15.es, 36.40.Cg, 36.40.Qv

* Project supported by the National Natural Science Foundation of China (Grant Nos. 10965002, 30960031), the Science Foundation of Education

Committee of Jiangxi Province, China (Grant Nos. Gjj10540 and GJJ11540), and the Doctoral Startup Fund of Jingguangshang University.

† E-mail: ruanwensongyan@126.com

043102-6


