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Al2O3X2 (X = H, D, T) �>f�ÄCq�{*
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^�Ý�¼nØ3 B3LYP/6-311++g (d, p) Ä|Y²þé Al2O3X2 (X = H, D, T) ©f��U�$Uþ�.?
1
AÛ`z. (JL²T©f�Ä�>f�Úé¡5� Al2O3X2 (X = H, D, T) (1A′) Cs, O�
�Ó �©f
9 Al2O3X2 (X = H, D, T) �>fUþ E!½N9N CV Ú� S. ^>f�ÄCq�{O�
�N Al2O3 ��z9
åÆ¼ê ∆H0, ∆S0, ∆G0 , ±9²ïØå�§Ý�'X. � Al2O3 áN� (�, �) /¤�N�, �A����ü�
�A�^S��ü��, �ü��, �v�7á��9ÙÓ ��A����ü��A�^S��. oN5`, ù«
ü��AÑ�~f. �X§Ý�O\, ùX��A����ü��Aªu��.

'�c: Al2O3X2 (X = H, D, T) ©fìq, 9åÆ¼ê, �Ó ��A, 3ÙdgdUUC

PACS: 05.70.–Ce, 31.15.A–, 67.80.ff, 82.20.Nk

1 Ú ó

¾zÜÔ^å2�, 3»�í?á�Ú�¿
á���¡ÑkA^. Cc5, <�éeZ¾z
ÜÔ�1Ì!Äþ!Uþ!©f(�Ú-u�?
1
�þ�nØÚ¢�ïÄ, é�
­�¾�z
Ôí�©f�1ÌïÄ�k�� [1−6]. ¾�zÔ
9Ù�zÔ�zÆ|©!�m�.!>ÖG�Ú
g^G�õ«õ�. l¹UzÜÔ�Ý5w, ¾�
�zÚ�z�A´�»!-��zÆL§¥�­
��A [7−12,13]; 3Ø>ÕEâ¥, ���!�í
*Ñk¿Â: Ï���f�¥fÑ��¡��, 

�Ú��f�¥fÑ��¡��
, <�ØF"
�*ÑK, 
F"��*ÑK. 3���ØàCE
â¥, �kaq�¹. Al2O3H2 ©f�)u Al2O3

��í½Y�A±9¾½�z¾���!í�!
-�½�»�A¥. é¾��zÔ9¾�zÔ�
�zÔ�ïÄk�õ��, Ù¥nØþ, Cobos[14]

^ B3lyp/6-311++g (3df, 2p), B3lyp /6-311g (d), CBS-

Q, G2, CCSD (T)/ TZ (2df, 2pd) Ú CBS-RAD ��{
ïÄ
 AlH, AlOH, OAlH, Ú OAlOH ±9§��d
�lf�/¤9; Vacek � [15] ^ CCSD (T)/TZ (2df,

2pd) ��{ïÄ
 AlOH Ú HAlO ü�É�N�(
��5�Ú§�m�=�U. ¢�þ, Pilgrim � [16]

*	
 AlOH ©fÄ��>f1Ì; NIST-JANAF

�Ñ
 AlOH �Ü©9åÆêâ. Al2O3 ��­
��¾�zÔ, nØÚ¢�þÑk2��ïÄ, �
§�z���Ô��Øõ. 8c�vk��'
u Al2O3 �� (�, �) í�A)¤ Al2O3X2 (X =

H, D, T) �9åÆ¼ê�§Ý'X�¢�ÚnØk
'�©z��. Al2O3(s) + H2(g) → Al2O3H2 (s) á
õ��A, �O�ÑTL§�óC ∆H0, �C ∆S0

Ú3ÙdgdUUC ∆G0 ±9§��§Ý�'X,

âUO�ù�L§��í²ïØ�§Ý�'X. é
uí��A,AO´n�íN�A, �éN´, éu
k��ë���A, �'O�JÝ��, =^U�
nØéJO((½þã9åÆ¼êCz'X. ^þ
fåÆO�Ñ¬N�>f!�ÄÚ=ÄU?(�,

�Kþ�^ÚO9åÆO�9åÆ¼êCz, 
ù
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«O���p�^³9�.È©´'�, éJO(
)û. ù«�{´î��(�, �(JE´Cq�.

�©^��K|JÑ�>f�ÄCq�{, ï
Ä Al2O3(s) + H2(g) → Al2O3H2 (s) �9åÆ¼ê
�§Ý�'X. O�L²: � Al2O3 áN� (�!
�) /¤ Cs é¡5�í� Al2O3X2 (X = H, D, T)

(�éA��N�, ���ü��A�^S��ü
��, �ü��. ���K|±cïÄv�7á�
���ü��A�^S��. �ù«ü��A�~
f, �X§Ý�O\ªu��. ù«�A�©=l
nØ��, I�¢�?�Úy¢. XJ¢�y¢ù
«ü�^S�(, òk|u)û3Ø>ÕEâp�
¥fúzL§¥~�Ø|u¥fúz��Ú�.

2 >f-�ÄCqnØ

��K|JÑ�>f-�ÄCq�{�Ä�
�:�: �3���, ��Ä>f��Ä, �ÑÙ
²ÄÚ=Ä. ^þfåÆ�{`zÄ� Al2O3X2

(X = H, D, T) ©f, �Ù>fÚ�ÄUþ9�, C
q� Al2O3X2 (X = H, D, T) ?u�N���. í
� Al2O3 (g) + H2(g) → Al2O3H2(g) �A, �O(
O�Ùl)U De, §�u�AL§�>fUþC
z, ¢Sþ=�A�>fóCz ∆He, b½ù�
>fóCO��{Ó�·^u¹����AL
§ Al2O3(s) + H2(g) → Al2O3H2 (s), ¤±, ù��
A� ∆He, 2\þÙ9åÆ²Ä=Ä�ÄóCz,

K�Ùo�óCz ∆H0.

�~-OÏd" (Debye-Einstein) ��N9Nn
Ø [17,18] �Ä�b½�Ñ�N��f(�, À�N
�þ!Ú��Ó5�²;�Ä. ù«�Ä�ÓªÇ
þf��, l
���N9N�§Ý�'X. ù�
nØ¥vk�Ä²Ä!=Ä�>f$Ä, ��Ä

�Ä$Ä, éu�NØ�Ä²Ä�=Ä´Ün�,


>f$ÄCq�§ÝÃ', Ïd, �~-OÏd"
��N9NnØ´Cq�(, �(J´�&�.

3 þ f å Æ ¥, � � 3 a q � ¹. Born-

Oppenheimer n Ø ´ C q �, 
 ( J ´ � & �.

Hartree-Fock gU| (HFSCF) ´Cq�, 
)�(
J�±´O(�. Kohn-Shan gU| (KSSCF) ´î
��(�, �´)�±´Cq� [19,20].

��K|JÑ�>f-�ÄCq�{®²A^
u Ni-H XÚ [21,22]!ZrCo Ü7-H XÚ [22]!Pd-H

XÚÚ Al-H XÚ [21−23], ���²ïØå�¢�
ÎÜ, ¿���Ó ��A, = PH2 < PD2 < PT2 ,

=��ü��, 
��ü��, �©?�ÚA^
u Al2O3X2 (X = H, D, T) XÚ, ?�Ú�õ>
f-�ÄCq�{ [21].

3 Al2O3 �zÔ�þfåÆO�

�
O��Ó �©f� Al2O3 �A��
9åÆ¼êCz, l
O�Ñ�Ó ��áN²
ïØå, I�O� H2, D2, T2, Al2O3H2, Al2O3D2

Ú Al2O3T2 ©fÄ��n�Ä�9åÆ¼ê, =>
fUþ E, ½N9N CV Ú� S, KÙ¦Ñ�±d9
åÆ'X�Ñ.

�
O� Al2O3H2, Al2O3D2 Ú Al2O3T2 �9
åÆ¼ê, Äk�(½ Al2O3X2 (X = H, D, T) �
Ä�(�. í� Al2O3X2 (X = H, D, T) �AÛÄ
��.�í� Al2O3H2 �Ó, 9åÆ¼êÚUþ
ØÓ, ¤±�©Äk(½ Al2O3H2 �Ä�AÛ�
., ¿òÄ�(�CqéA�« Al2O3H2 �N. �
â©z [22—24] ��, Gaussian03 §S [25]B3LYP

�{ éí�©f(��ýÿ´Ün�, du í
� Al2O3X2 (X = H, D, T) �(�"�¢�êâ,

¤±�©�^T�{éÙÄ��.?1
ýÿ.

B3LYP �{´ B3, =nëê Becek[15] �¼Ú Lee-

Yang-Parr (LYP)[15] �2ÂFÝ�¼�(Ü��«
�¼�{.

Al2O3X2 (X = H, D, T) ©f�U��.�~
õ, é Al2O3X2 (X = H, D, T) ��«(�3z�
� Al ½ O �fþ©O\����f, 3 B3LYP/6-

311++g(d, p) Y²þ, õ­5� 1, 3, 5 �©O`z,

�Uþ�$!ÃKªÇ��.. ���Ä�(�
�^�f©f�A·åÆ©Û��Uõ­5�
U� 1 ½ 3 �(J´���. ÙUþXL 1, ã 1

�Ñ
 Al2O3X2 (X = H, D, T) ©f�AÛ(�
ã. Ù¥�­� 14 �, n­� 6 �ÚÊ­� 2 �.

ã 1 ¥I5� S ��­�, T �n­�, Q �Ê­
�. Al2O3H2 ©f�(��~E,, ^±þ��
{��Uþ�$� 21 ��U�­½Úæ­½�
.. lL 1 �±wÑ, ù
Uþ�$��.¥, �
�Uþ�$�´ S-1 (Cs), T©f�²¡©f, Ù
¥�� Al �f± sp2 ,z;��n���f�¤
�d�, ,	�� Al �f± p ;����f¤�.
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ã 1 Al2O3H2 ©f�­½AÛ�.
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ü� Al �fmk����f. Uþ1�$�� S-2,

�´²¡©f, ü� Al �fmå� 2.424 Å (1 Å=

0.1 nm), §�´¤��, ü� Al �fÚü���f
�¤
ü��. ùo��f�¤
l��, §�U
þ�'Ä�Uþp 17.2 kJ/mol. Ù¦É�N'Ä�

Uþp 126 kJ/mol ±þ, éd�©Ø�[?Ø. �
,én­�ÚÊ­�Ñ?1
ïÄ, �Uþ'Ä�
Uþp��õ, Ø
­½. äkáN�.� S-6, S-7,

S-10, S-13 Ú S-14 Ñäk�p�Uþ, n­�ÚÊ
­��­½�.¥áN�.'�õ.

L 1 Al2O3H2 ©f��$Uþ­½�.oUþ

S-1 S-2 S-3 S-4 S-5 S-6 S-7 S-8 S-9 S-10

(Cs, 1A′) (Cs, 1A′) (Cs, 1A′) (Cs, 1A′) (C2v, 1A1) (Cs, 1A′) (C2v, 1A1) (C2h, 1Ag) (Cl, 1A) (C2v, 1A1)

−E 712.08622 712.07972 712.01605 712.01444 712.01327 711.99863 711.99621 711.99482 711.97576 711.93634

∆E 0.0 17.2 184.2 188.4 191.8 230.3 236.6 239.9 290.1 393.6

Al-Al 3.419 2.424 3.393 2.664 2.995 2.402 2.407 3.441 2.432 2.458

〈S2〉 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

S-11 S-12 S-13 S-14 T-1 T-2 T-3 T-4 T-5 Q-1 Q-2

(C2v, 1A1) (Cs,)(Cl, 1A) (Cs,) (Cs, 3A′′) (C2v, 3B1) (Cl, 3A) (C2v, 3B1) (Cl, 3A) (Cs,) (Cs,)

−E 711.93337 711.92013 711.91255 711.84839 711.99105 711.98915 711.93724 711.92317 711.87835 711.78767 711.76528

∆E 401.5 436.3 456.4 624.7 250.0 255.0 391.5 428.3 546.0 784.2 843.2

Al-Al 2.779 3.343 3.432 2.070 2.396 2.402 3.013 2.466 2.422 2.484 3.008

〈S2〉 0.0 0.0 0.0 0.0 2.00 2.00 2.00 2.02 2.00 6.03 6.03

ã 1 � S-1 �Ñ
 Al2O3X2 (X = H, D, T) ©
fÄ��AÛ(�. Al2O3X2 (X = H, D, T) �Ä
�AÛ(�´²¡©f, T©f�ü�¾�fÑ�
¥m����f¤�, Ù¥��¾�f2�,	ü
���f¤�, ùü��	>��2©O����
�f¤�. T©f¥ Al Ú O �zÆ�(Ü�©z
�Ñ�Ä� Al2O3 ©fØ��, 
�©z [14] �
��Ä� Al2O3 (�3 Al Ú�	¡� O ©O(
Ü�� H � S-2 �.�Ä�Uþ�.�'Uþp

 17.2 kJ/mol.

� © ^ B3LYP/6-311++g(d, p) � { ý ÿ
Al2O3X2 (X = H, D, T) ©fÄ�(��, éz�«
©fb�õ«�U(�, ØÓ�õ­5, ¿O�U

þ�$�ÃKªÇ�(����ªÇ, Al2O3H2 ©
fÄ�(����ªÇ υ Ú�ÄrÝ I ��L 2.

ªÇ�� ( ) S�T�Ä�é¡5, [ ] S�T�Ä
�ù	ÌrÝ (km·mol−1), (�Ü©©fª� ( )

S�T©f(��>f�, >f���T(�©f
�é¡5. ã 1 � S-1 (��{��Ä¥k 5 �
{��Ä�ù	ÌrÝ�r, = 352(A′′), 621(A′),

641(A′), 905(A′) Ú 1049 cm−1 (A′). §��ù	Ì
rÝ�L 100 km·mol−1. XJ�^ù	Ì(½T©
f, AÌ�éù
ù	áÂ�. �,ù�X�©f
"�¢�êâ, ���K| [14] é AlxOy (x = 1—

2, y = 1—3) X�©fïÄL²^ B3LYP/6-311++g

(d, p) �{ïÄTXÚ�´���.

L 2 Ä� Al2O3H2 ©f���ªÇÚù	ÌrÝ

©f ��ªÇ/cm−1 Úù	ÌrÝ/km·mol−1

70 (A′) [1], 112 (A′′) [0], 205 (A′) [37], 266 (A′) [35], 310 (A′) [18],

Al2O3H2 (A′) Cs 352 (A′′) [282], 383 (A′′) [41], 469 (A′) [31], 621 (A′) [157], 641 (A′) [161],

797 (A′) [33], 905 (A′) [160], 1049 (A′) [622], 3934 (A′) [89], 3942 (A′) [71]

L 3 �Ñ
 Al2O3H2 ©f�U�Ä�(��
>fUþ (ET)!":U (Ez)!��9N (CV)!I
O� (S)!�fzU (∆Em)!R�>lU (IP) 9R

�>f�ÚU (EA). d�f©f�A·åÆ��,

TX�©f��UÄ��Ünl)4�Ï��~
E,, 
ã 1 S-1 � Al2O3H2 (1A′) Cs ©f�Xe
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l)4�: 2·Al (X2Pg) +3·O (X3Pg) +2H (X2Sg)

´Ünn)Ï���. ��	 Al2O3H2 ©f�­½
5, ½Â ∆Em = 2 ·EAl +3 ·EO +2 ·EH−EAl2O3H2

�T©f��fzU. EAl = −242.386 a.u., EO =

−75.090 a.u., EH = −0.502 a.u. T©f��UÄ�
��fzU�L 3. R�>lU½Â�: ò¤ïÄ�
©f�AÛ(�ØC, =Ù��!��!�¡�Ñ

ØUC�, Ù>Ö� +1 d, õ­5�¥5©f��
õ­5\ 1 ½~ 1 �, ^`z¥5©f�Ó��{
ÚÄ|, ?1ü:UO����Uþ�T(��¥
5©f�Uþ�~, ���Uþ�. `z��±þ
�{�Ó, >Ö� –1 �, ���Uþ��ÙR�>
fU. Al2O3H (2A′) Cs ©fR�>lUÚR�>f
�ÚU�L 3.

L 3 Ä� Al2O3H2 ©f�UþÚ9åÆ5�

ET/a.u. Ez/kJ·mol−1 CV/J·mol−1·K−1 S/J·mol−1·K−1 ∆Em/kJ·mol−1 IP/kJ·mol−1 EA/kJ·mol−1

–712.0862 20.08 95.88 351.54 2728.60 868.70 –8.17

dî��9åÆéN´�Ñ H Ú S �§Ý�
'X,

HT − H298 = aT +
1
2

(
b × 10−3

)
T 2

+
1
3

(
c × 10−6

)
T 3 −

(
d × 105

)
T

− A,

(1)

ST = 2.303a log T +
(
b × 10−3

)
T

+
1
2

(
c × 10−6

)
T 2 −

[
d × 105

2T 2

]
− B.

(2)

��ýé�´�±ÿ½�, 
ó�ýé�Ã{(½,

�âþfåÆÚ Debye ��NþfØúª

E = 3N
hv

ehv/kT − 1
+

3
2
Nhv, (3)

ª ¥ N ´ C Ï \ � Û ~ ê. Ó�, Debye § Ý
½Â�

Θ =
hv

k
=

~ω

k
, (4)

ª¥ h Ú ~ �ÊK�~ê, k �À�[ù~ê,

v(s−1) Ú ω(cm−1) � � � ª Ç. Ù ¥
k = 1.38 × 10−23 J·K−1. Al2O3 � Debye §
Ý Θ = 980 K, K � ± � Ñ 298 K � � E298

� 13.17kJ·mol−1. � ± @ � T �N3 298 K �
� ó H298 = 13.17 kJ·mol−1. é u Al2O3, (1)

Ú (2) ª¥�~ê a = 109.36 J·K−1·mol−1, b =

18.34 J·K−2·mol−1, c = 0, d = −30.43 J·K−1·mol−1,

A = 43.63 kJ·K−1·mol−1, B = 93.20 J·K−1·mol−1,

l
O�Ñ Al2O3 ØÓ§Ýe� H Ú S, �L 4.

^ Al2O3 � Debye §ÝO���§3 298 K ��
ó, 2�â Al2O3 � a, b, c, d, A Ú B �d (1) ª,

(2) ªO���§3ØÓ§Ýe� H Ú S, �u
L 4. òT©fÚ�©f±9§�^ D, T �O H

�f©O���©f�(�^ B3lyp/6-311++g (d,

p) ?1(�ÚªÇ`z, UC§ÝÚÓ ��þ�
�§�3§Ý� 298, 398, 498, 598, 698, 798, 898,

1098 K ��>f�ÄUþ!�Ú�N9N, �u
L 5—7. �â>f�-=CqnØ, ò§��>f�
ÄoUþCq��TíN©f�A��N�ó, >
fo�Ä�Cq��T�N��. 2�âzÆ�A
��!óÚ3ÙdgdUUC�úªO��� Al2
O3 (s) +X2 (g) → Al2 O3 X2 (s) (X = H, D, T) �A
��!óÚ3ÙdgdUUC.

�â>f�-=CqnØ, �
O� X (X = H,

D, T) íN�²ïØå, I�O�eã8��A�
IO)¤ó ∆H0!)¤� ∆S0 Ú Gibbs ¼êU
C ∆G0.

H2 (g) + Al2O3 (s) → Al2O3H2 (s) (a), (5)

D2 (g) + Al2O3 (s) → Al2O3D2 (s) (a) , (6)

T2 (g) + Al2O3 (s) → Al2O3T2 (s) (a) . (7)

L 4 Al2O3 ��Úó�§Ý�'X

§Ý/K 298 398 498 598 698 798 898 998 1098

S/J·K−1·mol−1 51.133 77.083 99.956 119.923 137.532 153.275 167.518 180.539 192.551

H/kJ·mol−1 13.171 22.188 32.415 43.338 54.738 66.503 78.574 90.912 103.494
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L 5 Ä� H2, Al2O3 Ú Al2O3H2 �oUþÚ�fzU

©f Al2O3 (3B2) C2v H2 (1Σg) D∞h Al2O3H2 (1A′) Cs

Ez/a.u. –710.73703 –1.17957 –712.08621581

De/eV 18.90091 4.76356 28.2799296

De/kJ·mol−1 1823.64243 459.60887 2728.571186

L 6 Ä�X2 Ú Al2O3X2 (X = H, D, T) ©f�9åÆ¼ê�

§Ý/K 298 398 498 598 698 798 898 998 1098

H2 (1Σg) D∞h

SEV/J·K−1·mol−1 130.377 138.797 145.324 150.654 155.163 159.077 162.544 165.667 168.515

EV /kJ·mol−1 32.645 34.725 36.806 38.887 40.972 43.0654 45.1714 47.2983 49.4461

CV/J·K−1·mol−1 20.800 20.800 20.804 20.821 20.875 20.984 21.152 21.382 21.658

D2 (1Σg) D∞h

SEV/J·K−1·mol−1 144.775 153.199 159.735 165.090 169.653 173.648 177.227 180.476 183.461

EV /kJ·mol−1 24.907 26.988 29.073 31.167 33.289 35.441 37.639 39.888 42.182

CV/J·K−1·mol−1 20.800 20.813 20.880 21.055 21.353 21.750 22.215 22.709 23.203

T2 (1Σg) D∞h

SEV/J·K−1·mol−1 153.174 161.606 168.167 173.576 178.224 182.323 186.007 189.365 192.455

EV /kJ·mol−1 21.487 23.572 25.665 27.792 29.965 32.196 34.487 36.840 39.243

CV/J·K−1·mol−1 20.804 20.871 21.085 21.478 22.006 22.600 23.207 23.789 24.325

Al2O3H2 (1A′) Cs

SEV/J·K−1·mol−1 351.477 383.320 410.094 433.058 453.088 470.837 486.761 501.211 514.443

EV/kJ·mol−1 102.884 113.089 124.220 135.945 148.080 160.504 173.166 186.026 199.053

CV/J·K−1·mol−1 95.859 107.375 114.696 119.527 122.930 125.521 127.640 129.465 131.093

Al2O3D2 (1A′) Cs

SEV/J·K−1·mol−1 360.440 393.413 420.835 444.248 464.663 482.776 499.063 513.873 527.453

EV/kJ·mol−1

CV/J·K−1·mol−1 88.065 98.656 110.075 122.051 134.429 147.130 160.098 173.296 186.691

100.401 110.657 117.283 121.942 125.509 128.426 130.892 133.010 134.839

Al2O3T2 (1A′) Cs

SEV/J·K−1·mol−1 366.451 399.897 427.625 451.305 471.980 490.348 506.879 521.915 535.703

EV /kJ·mol−1 81.828 92.582 104.139 116.258 128.803 141.696 154.874 168.290 181.898

CV/J·K−1·mol−1 102.327 112.084 118.652 123.495 127.317 130.436 133.023 135.183 136.995

∆H0, ∆S0 Ú ∆G0 � äNO � � { � ©
z [23], ¿�uL 8. �âúª ∆G = 2.303 × 0.5 ×
kT × lg PX2 , Ù¥ PX2 � X í (X = H, D, T) �²
ïØr, O�Ñ X í (X = H, D, T) �²ïØr. O
����²ïØr�uL 8.

4 Al2O3(s) +X2 (g) → Al2O3 X2 (s) (a)
(X = H, D, T) �A�9åÆ¼ê

L 7 O�Ñ
�A Al2O3(s) +X2 (g) → Al2O3

X2 (s) (a) (X = H, D, T) 3 298—1098 K ��áN
²ïØå, TáN²ïØå�§Ý�'X�ã 2. Ù
)ÛL«�

lg PH2 = −7.19058/T + 3.10843

− 0.12931 × 10−6T, (8)

lg PD2 = −6.00906/T + 3.19069

− 0.09678 × 10−6T, (9)

lg PT2 = −3.56581/T + 3.41319

− 0.01229 × 10−6T. (10)
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lã 2 �±wÑ, ùn��A¥, �Ú��ü��
AØ²w, �Ñk�Ú��ü�, 
��±ü��,

ù���K|ïÄv�����ü��A�^S
��, �I�?�Ú�¢�|±. �X§Ý�O\,

ù«ü��Aªu��.

3L 7 ¥, ∆H0 �ü � kJ·mol−1, ∆S0 �ü
 � J·mol−1·K−1, ∆G0 �ü � kJ·mol−1. ã 2(b)

�ã 2(a) 3§Ý�$��ÛÜ��ã.

ã 2 Al2O3 + X2→Al2O3X2 (X = H, D, T) �A��²ïØå�§Ý�'X­�

L 7 Al2O3 + X2→Al2O3X2 (X = H, D, T) �A�9åÆ¼ê3§Ý 298.15—1098.15 K �O�� (1 atm = 1.013 × 105 Pa)

T /K 298.15 398.15 498.15 598.15 698.15 798.15 898.15 998.15 1098.15

Al2O3+H2→Al2O3H2

−∆H0 93.32015 93.73155 94.21085 94.71435 95.23505 95.77575 96.33545 96.91715 97.52185

∆S0 40.612 40.01 39.384 38.828 38.33 37.875 37.449 37.045 36.657

−∆G0 105.4286 109.6615 113.83 117.9393 121.9951 126.0057 129.9703 133.8936 137.7767

–lg PH2 77.317 60.2225 49.9629 43.1122 38.2072 34.5189 31.6407 29.3302 27.4325

PH2/atm
4.8192 5.99055 1.08908 7.72368 6.20582 3.02756 2.28699 4.67486 3.69388

×10−78 ×10−61 ×10−50 ×10−44 ×10−39 ×10−35 ×10−32 ×10−30 ×10−28

Al2O3+D2→Al2O3D2

−∆H0 95.01215 95.33155 95.74285 96.18935 96.66105 97.14975 97.65845 98.18815 98.73985

∆S0 39.314 38.981 38.508 38.053 37.634 37.247 36.881 36.533 36.195

−∆G0 106.7336 110.8518 114.9256 118.9508 122.9352 126.8784 130.7831 134.6536 138.4874

–lg PD2 78.2741 60.8762 50.4438 43.4819 38.5016 34.758 31.8386 29.4967 27.574

PD2/atm 5.32036 1.32981 3.59884 3.29685 3.15048 1.74583 1.45004 3.18638 2.66677

×10−79 ×10−61 ×10−51 ×10−44 ×10−39 ×10−35 ×10−32 ×10−30 ×10−28

Al2O3+T2→Al2O3T2

−∆H0 95.68515 95.96655 96.34685 96.76735 97.21105 97.67275 98.15345 98.65615 99.18285

∆S0 38.744 38.522 38.116 37.712 37.335 36.984 36.651 36.331 36.018

−∆G0 107.2367 111.3041 115.3343 119.3248 123.2765 127.1915 131.0715 134.9199 138.736

–lg PT2 78.643 61.1246 50.6232 43.6186 38.6085 34.8438 31.9088 29.5551 27.6235

PT2/atm 2.27521 7.50637 2.38102 2.40644 2.46321 1.43296 1.23357 2.78578 2.37948

×10−79 ×10−62 ×10−51 ×10−44 ×10−39 ×10−35 ×10−32 ×10−30 ×10−28

5 ( Ø

1) Al2O3H2 í�©f�Ä��äk Cs é¡5
� Al2O3H2 (1A′), §´²¡©f. T©f�ü�¾
�fÑ�¥m����f¤�, Ù¥��¾�f2

�,	ü���f¤�, ùü��	>��2©O
�����f¤�.

2) lL 7 Úã 2 �±w�: Al2O3 áN� (�,

�) /¤ Cs é¡5(��í� Al2O3X2 (X = H,

D, T) (��éA��N�, �A����ü��
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A�^S��ü��, �ü��. ù�v���Ó
 ��A����ü��A�^S��. oN5`,

ù«ü��A�~f, �X§Ý�O\, TX��
AL§����ü��Aªu��.
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Electron-vibration approximate method for hydrogen
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Abstract

The geometric configurations, vibration frequencies and thermodynamics properties of Al2O3X2 (X = H, D, T) molecular

clusters with lower energy are optimized using the B3LYP/6-311++g (d, p) method. The changes of entropy, enthalpy and Gibbs

free energy of the reactions between Al2O3 and hydrogen (deuterium or tritium) gas are calculated by the solid electron-vibration

approximate method and thermodynamic formulae at temperatures of 298, 398, 498, 598, 698, 798, 898, 998 and 1098 K, and then the

relationships between the equilibrium pressure of hydrogen (deuterium or tritium) gas and temperature in these reactions are obtained.

The results show that the ground state of the gaseous Al2O3H2 is Al2O3X2 (X = H, D, T) (1A′) Cs. Hydrogen can be displaced

by deuterium; deuterium can be displaced by tritium in the reactions between Al2O3 and X2 with the productions of solid Al2O3X2

which relates to ground gaseous Al2O3X2 with Cs symmetry. This displacement sequence is opposite to that in the reactions between

titanium and X2. These displacement effects are very weak, and they are weaker and weaker as the temperature increases.

Keywords: Al2O3X2 (X = H, D, T) molecular cluster, thermodynamic function, hydrogen isotope effect, change
of Gibbs free energy
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