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�� AlPO4-H3�����,  �!"#$%� H2O��&'�$%()*+ T,��

-�./01, 23�456��� AlPO4-H3 ����78	9.  �:;<78	

9=>?@ABCD, E8
FG���HI&J��KLM. 	
�NOP, ���
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&'�(). *%�+,-.�/01234��5678", �90��.	 AlO4 � PO4

:;<=>�?!", Al/P@A 1. B , $C����+,4�DEFGHEF�AlI�, Al

I�JKLM��� H2ON�G-OHOPQR, ST: VPI-5, AlPO4-12, 14, 15, 17� 21. �U

VWX7, M���"NT H2O N��/0123YZ[, \7$]���90��. B ,

����+,^N�_$`a.bcdefQ, �UV7Yghi8Qjk, l"$Cm�

��n![1~3]. � 1961o, d’Yvoire�pq3r, s//01234�567, tu+"#$v

wp+���(xy AlPO4-H1z AlPO4-H4)
[4]. �r, AlPO4-H3r4�HEF��I�, AlI�

JKLM��� H2ON�R{. |WXz 100}~, H2ON�Z[, AlPO4-H3jkA AlPO4-C.

�$��b AlPO4-Cz 250}, AlPO4-CjkA����n!��� AlPO4-D. ��, ��Q�

�Qjk��<n!��$�������[2,5~8].

�o�, ��01���������Q������+,�n!���r���N��

N����12 ��¡¢£¤#&'¥�[9,10]. ¦$�;, ��01§¨©ªª«U#��

¬90��()l"0­T"®, �<8¯�p<vr12 ��°±[11]. $²�³, N�

c´��Tgµ¶·��N�cd�N�¸cd����
1�N�_�n!¹�fº»�

�� [12]. �*¼ , ½�¾'¿À�N�¸cd��1���UV7 AlPO4-H3 z AlPO4-C,

AlPO4-C z AlPO4-D �QjkLÁ, �$�«U¬����+,UVQjk0Â�°±, Ã
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1 ����

1.1 ��������

�����Burchart1.01-Dreiding 2.21��. �	��
��
��:��Burchart� �
[13]����
����; Dreiding���[14]����
���
������.

1.2 	
���

� !"#�� Cerius2 Package[15]. �$� !"#%&'()*: (1) %& Pluth �

Smith[7]!+,"# AlPO4-H3!-./�� ; (2) 0 AlPO4-H3� Al 1��23! H2O 
�

45, 6(7	�89:��, 
�;< Al16P16O64, =>< M-1; (3) ?�$� M-1 @A,

BCDE��FGH� T1�!I(3JKL, M�@7NOAlPO4-CPQ�!�$� , =

>< M-n (n > 1).

1.3 
������

RSBCTUM��$� !VWXY�Z[���\]PQ( AlPO4-H3^Z!�_E

/�. `�a, RSbcdeb.��!Z[(Ef), fghF�
: Bonds, Urey-Bradley, van

der Waals (VDW)� ElectrostaticZ[. ���, ij��Z[klYmnopXY, qr�


�s�t(MD)�! Anneal Dynamics-NPHuvmnwxXY.

2 ����	

+,! AlPO4-H3
[7]9:��y
 Al1�� P1�BC2z{|3J��. U} P1�~

yF��; �	-.t���! Al1��7	yF��, �7	
���	 H2O
��3<

���. PO4F�.� AlO4(� AlO6)��.{|�3��� AlPO4-H3!����. AlPO4-H3�

}�n� C�!�GH�,, ����}:���!�����, H2O
��|}:����

GH�,�(� 1). ��+,  AlPO4-H3 ¡¢

£ 100¤¥, Al1��23!H2O
���,�

! H2O 
�¦@, Al 1�E�F��, §��

AlPO4-C
[5].   AlPO4-C ¡¢£ 250¤¥, ¨�

7©ª !
�� AlPO4-D
[5]. � 2(a)�(b)


«¬@� AlPO4-C� AlPO4-D��­®3J!

¯°�. � AlPO4-C±², AlPO4-D!9:��

³�}F´�GH!µ�¶(2D 4.8-¶)�· C

u�!�GH�,, ¸µ�¶I T 1�!I(

3JKL� AlPO4-C��, �¹ AlPO4-D�}

I(I((UDUD)3J! narsarsukite-type FG

Hº(� 2(c)), » AlPO4-C�}II(((UUDD)

3J! double-crankshaftFGHº(� 2(d)).

RS�
�s�tuv�¼de�

AlPO4-H3PQ(!�_EC½. ` AlPO4-H3-

.� �, Al-O¾¿` 0.1724~0.1967 nmÀ�, � 1 AlPO4-H3�[001]������	
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O-Al-O ¾Á? 87.2 EY£ 177.0. fSÂ���YÃÄ�Å ! Al-O ¾¿� O-Al-O ¾Á

(Al-O: 0.1710~0.1750 nm; O-Al-O: 105.0~115.0)!EYÆÇ�. �È, ��! AlPO4-H3��Z

[ Ef<-1215.21 kJ/mol(É	 T1�), ³ÂÅ !���YÃÄ! EfZP. ÊË: AlPO4-5, 8�

11! EfZ
«<−1655.74, −1661.30�−1649.01 kJ/mol (É	 T1�). �yÌ< AlPO4-H3�

� Al1��3! H2O
��¹���! Bonds� Urey- BradleyZÍP.

� 2 AlPO4-C (a)
AlPO4-D (b)��
�����	���� narsarsukite-type (c)�

double-crankshaft (d)����
��������(U), 	����
��(D), ��
������ Al 
 P ��

? AlPO4-H3!-.� �4ÎÏ�� H2O
�, Ð§�� M-1. ��, U}! Al1�

� P 1�Ñ<F��. q», ? AlPO4-H3���� Al 1�EYÒ£! AlO4�.yPÓÔÕ

!, O-Al-O¾Á? 89.3EY£ 175.0. �À�Ö, � M-1!��Z[ EfÂÍP, <−1619.27

kJ/mol(É	 T1�). VWXYr, � M-1�U}! Al1�~��×Ø!F�.ÙÚ, �Ñ

! Al-O¾¿< 0.1735 nm, O-Al-O¾Á!EYÆÇ` 107.3� 115.6À�(Û� 3(a)), ��+,

! AlPO4-H3ÜÝrÒ£! AlPO4-C!/�
[5](Û� 3(b))ÏÞ�². XYr� M-1! Ef Z[

(ß£−1664.55 kJ/mol (É	 T1�), � AlPO4-CXYr! EfZ[−1664.70 kJ/mol(É	 T1

�)Và��. á 1¬@� AlPO4-C�XY!� M-1!-.â�.

� 1 AlPO4-C������ M-1� !" a)

���� AlPO4-C[5] AlPO4-C �� M-1

��� Pbca Pbca Pbca

a/nm 1.982 2.013 2.012

b/nm 1.003 0.953 0.950

c/nm 0.894 0.873 0.877

a) α, β, γ = 90.00°

ËãUä, AlPO4-C £ AlPO4-D !/�_EbcyÌ< AlPO4-C ��/��! UUDD

double-cranshaft FGHº_E< UDUD narsarsukite-typeFGHº. Ìå, <�de AlPO4-C

£ AlPO4-D!/�_E, RSijde� UUDD� UDUD�©FGHº!/��Z[. `/

�I, UUDD º^'BCDEFGH� T 1�!I(3JKLÒ£ UDUD º. `Z[I,
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UUDDº� UDUDº`æ
ÙÚ(!Z[ÏÞ

�ç , 
«<−2200.57 �−2200.39 kJ/mol(É

Al3P3O12 /�èG). Ìå, `PQ(��©º

éêë��_E. ìíîï³ðì�RS!�

�/ñ, Meieròó£ UUDDº¡¢£ 200¤'

I^'_E< UDUD º. �È, AlPO4-21 £

AlPO4-25!�_E³g��UUDDº£UDUD

º!_E[1] . ô�'I!de/ñ, RS?�

$� M-1 @A, BCDEµ�¶�F´�G

H! T 1�3JKL , Ð UUDD º_E<

UDUD º, M��7NO AlPO4-C PQ�_E

!�$� , � 4 ¬@��©�$� (=><

M-2~M-7)­®3J!��¯°.

?� 4 ^'õ@, �$� M-2 !­®3

J�+,! AlPO4-C PQ(!ÜÝ� AlPO4-D

� 4 ���� AlPO4-C���	
��
�
(a) M-2; (b) M-3; (c) M-4; (d) M-5; (e) M-6; (f) M-7. ��
	��������(U)
�
(D)��; ��
����

�� Al ��
 P ��

� 3 ����� AlPO4-H3 (a)��� M-1��

�� AlPO4-C[5] (b)�����
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!­®3J��. öCwx!VWXY, �$� M-2!��/�(� 5(a))�+, AlPO4-D!

��/�[5](� 5(b))÷Ã!éø. ��Ò£! M-2 � Al-O ¾¿(0.1724~0.1734 nm)� O-Al-O

¾Á(107.8~110.8)~ÏÞÃ�. ���Z[y−1667.64 kJ/mol (É	 T 1�), ��XYr!

AlPO4-D! EfZ−1667.66 kJ/mol (É	 T1�)ÏÞJç. �È, ��!M-2-./�ùú{-

N, û�üy Pca21, -ýâ� a = 1.820, b = 0.828� c = 0.902 nm. �þ�+,! AlPO4-D!

-.â�}U��, ¸f�XYr! AlPO4-D!-.â��w��(Ûá 2).

� 5 ��� AlPO4-C (a)��� M-2���� AlPO4-D (b)�����

� 2 ������� AlPO4-D!"#$�%&'� Ef(()* T+,)

�� ��� ���	/nm Ef/kJ�mol−1 
M-2 Pca21 a = 1.820, b = 0.828, c = 0.902 −1667.64

M-3 Pbca a = 1.925, b = 0.986, c = 0.858 −1664.65

M-4 Pba2 a = 0.930, b = 0.840, c = 0.822 −1669.48

M-5 P42212 a = 0.936, b = 0.936, c = 0.845 −1666.74

M-6 Pca21 a = 1.880, b = 0.940, c = 0.927 −1665.13

M-7 Pbcn a = 0.956, b = 0.945, c = 0.868 −1665.90

AlPO4-D[5] Pca21 a = 1.920, b = 0.858, c = 0.980 −1637.16

AlPO4-D ��
Pca21 a = 1.820, b = 0.828, c = 0.902 −1667.66

��, ������, 	
��
��� M-3~M-7 ���������
, 	����

���� Ef� !� 2, ��� T-O"#� O-T-O"$ !� 3. %&'��(, )*+,�
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��-./0���123, 45����6789:�AlPO4-C�AlPO4-D � Ef�6;<.

	=, �� M-3, M-4� M-5�>?���@. UDUDABCD, E M-6� M-7�>?��

@. UUDDABCD. FE, �G45>?��� 2D 4.8-H= TIJ�KLMNOPQRS

TU45VW��QR.

� 3 ������� T-O 	
(nm)� O-T-O 	�(°)

�� M-2 M-3 M-4 M-5 M-6 M-7

��

Al-O 0.1724~0.1734 0.1721~0.1741 0.1728~0.1746 0.1732~0.1740 0.1718~0.1741 0.1727~0.1737

P-O 0.1509~0.1520 0.1503~0.1522 0.1509~0.1520 0.1510~0.1517 0.1503~0.1517 0.1507~0.1517

��

O-Al-O 107.8~110.8 107.3~113.1 105.8~113.3 107.9~112.9 105.2~113.2 108.4~111.5

O-P-O 108.4~111.7 107.7~111.4 108.4~110.5 108.8~110.8 107.6~110.8 108.5~109.9


���M-3-.7 AlPO4-C;R���123(XY�Z, Pbca). �GM-3>?�� 2D

H=ABC�[BC� TIJMNOP\]^ UDUD� UUDDUDUD. M-3 � Ef�6_ M-2

� Ef�`0, ^–1664.65 kJ/mol(ab TIJ), 7 AlPO4-C� Ef�c;<. ��� M-4def

�Z(ghi^ Iba2), 	�j(M-2� M-3�j�kl, \Jm^Al8P8O32. 4>?��� 2D

H=, ABC�[BC� T IJ(noKLfpMN�, q UDUD� UDUDUDUD �MNO

P . )���rst	
uvwxy��=(c�z� , {| : AlPO4-5 =�}~BC ,

AlPO4-11 =�}BC, AlPO4-tridymite =��BC� AlPO4-25 =�[BC�-.KLKLf

pMN�r�. %&k��(, M-4(�5���+,��=������, 4��� Ef�(

−1669.48 kJ/mol (ab TIJ). M-5�\Jm^ Al8P8O32, 4 2DH=ABC�[BC. UDUD

� UUDDUUDD�MNOP. ;��, 	�������def�Z, ghi P42212, �j�

� a = 0.936, b = 0.936� c = 0.845 nm. ��� M-5���6 Ef7 AlPO4-D� Ef�;<, (

−1666.74 kJ/mol (ab TIJ).

UUDDABCD;M�GU M-6� M-7�����. t M-6�>?��=, 2D 4.8-H=

[BC� T IJ.����;��MNOP: k�( UUDUUUUD, �k�( DDUDDDDU,

	ghi(Pca21)7 AlPO4-D�ghik�. M-7�\Jm( Al8P8O32, 	 2D 4.8-H=[BC�

T IJMNOP( UUDUDDUD. ��� M-7 ����6 Ef(−1665.90 kJ/mol(ab T IJ),

)7���wxy� Ef�;_(�
�.

.��(, �������AlPO4-H3����^AlPO4-C���(�6.��. ��, t

�5���� AlPO4-C 0�;�
���=, M-2 (_/���, 4-./�����6, Ef

^−1667.74 kJ/mol(ab T IJ). )k����7����� ¡¢(kT�. �kY£, 	


¤�
���M-3~M-7� Ef�6%¥−1664.65 kJ/mol�9�−1669.48 kJ/mol (ab TIJ),

)1wxy��¦'(�
�, §¨t©*r��ª«L45.¬�­t.

3 ��

®\J¯°±���Y²¬³.´µ¶·wxyt0�L�;���� . ¥���

AlPO4-H3¸¹, Gºµ��¸40�L»¼:���AlPO4-C�AlPO4-D. ���
���"



360 � � � � (B �) � 33 �

#½"$����6�7����¾kT. ��, ¿�À���ABC= TIJ�KLMNO

P, ¤���ÁÂ½�6�
�
���ÃÄ��¸¦. ������, )*+,��t©

*r��ª«L¬�­t, )Å.�!-.r���uv����Æ����Æ�G.
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