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abStract

&RQ¿UPDWLRQ�RI�VWUXFWXUDO�+2O in apatites using 2+�VROLG�VWDWH�105�VSHFWURVFRS\�KDV�EHHQ�IRO-
ORZHG�E\�WKH�GHWHUPLQDWLRQ�RI�WKH�QXPEHU�RI�PROHFXOHV�RI�+2O per unit cell (MPUC) using thermal 
JUDYLPHWULF�DQDO\VLV��7*$��LQ����VHULHV�RI�FDUERQDWHG�DSDWLWHV�>&0$S;��010(PO4)6;2� �0$S;@�
FRQWDLQLQJ�WKH�GLYDOHQW�FDWLRQV��0��FDOFLXP��VWURQWLXP��EDULXP��DQG�OHDG��DQG�PRQRYDOHQW�DQLRQV�
�;��2+–, F–, and Cl–. For many of the series, the average MPUC ranges from ca. 1.5–2.5 and is 
LQGHSHQGHQW�RI�WKH�FRQFHQWUDWLRQ��ZW���RI�FDUERQDWH��)RU�RWKHU�VHULHV��WKH�DYHUDJH�038&�LV�DV�ORZ�
DV�FD������RU�DV�KLJK�DV�FD�������:H�KDYH�IRXQG�IRU�VL[�RI�WKH�VHULHV��L�H���WKRVH�LQ�ZKLFK�FDUERQDWH�
SUHGRPLQDQWO\��!�����VXEVWLWXWHV�IRU�SKRVSKDWH�WKDW�WKH�DYHUDJH�038&�FRUUHODWHV�ZLWK�FDWLRQ�DQG�
anion atomic radii, with unit-cell axial lengths, and, especially, with our calculations of the void 
VSDFH�DYDLODEOH�LQ�WKH�c-axis channels. 

:H�VSHFXODWH�WKDW�WKH�YROXPH�RI�WKH�FKDQQHOV�LQ�DSDWLWHV�DIIHFWV�WKH�DELOLW\�RI�+2O to occupy 
channel sites. In most low-temperature apatites of the type M10(PO4)6;2� WKDW�KDYH�EHHQ�VWXGLHG��
FDUERQDWH�SUHIHUV�WR�VXEVWLWXWH�IRU�SKRVSKDWH��%�W\SH�VXEVWLWXWLRQ��UDWKHU�WKDQ�IRU�PRQRYDOHQW�DQ-
LRQV�LQ�FKDQQHO�VLWHV��$�W\SH�VXEVWLWXWLRQ���DOWKRXJK�FRPSXWHU�VLPXODWLRQV�LQGLFDWH�WKDW�FDUERQDWH�
LV�PRUH�WKHUPRG\QDPLFDOO\�VWDEOH�LQ�WKH�FKDQQHO�VLWHV�UDWKHU�WKDQ�WKH�SKRVSKDWH�VLWHV��,Q�DSDWLWHV�
ZLWK� QHDUO\� WRWDO�%�W\SH� FDUERQDWH� VXEVWLWXWLRQ�� WKHUH� LV� QR� UHODWLRQVKLS� EHWZHHQ� WKH� QXPEHU� RI�
PROHFXOHV�RI�+22� LQ� WKH� FKDQQHOV� DQG� WKH�ZHLJKW�SHUFHQW� FDUERQDWH� LQ� WKH� DSDWLWH��7KLV� ODFN�RI�
FRUUHODWLRQ�ZRXOG�EH�H[SHFWHG�ZKHQ�WKHUH�LV�QR�FRPSHWLWLRQ�ZLWKLQ�WKH�FKDQQHO�EHWZHHQ�+2O and 
FDUERQDWH�RFFXSDQF\��,Q�DSDWLWHV�ZLWK�JUHDWHU�FKDQQHO�YROXPHV��KRZHYHU��ZH�LQIHU�WKDW�LQFUHDVHG�HDVH�
RI�FDUERQDWH�LQFRUSRUDWLRQ�LQ�WKH�FKDQQHOV�DOVR�LQFUHDVHV�FRPSHWLWLRQ�EHWZHHQ�+22�DQG�FDUERQDWH��
7KH�RULJLQDOO\�LQFRUSRUDWHG�DPRXQW�RI�+2O is diminished to accommodate the thermodynamically 
IDYRUHG�FDUERQDWH� LRQ�VXEVWLWXWLRQ�LQ� WKH�FKDQQHOV��:H�IXUWKHU�VSHFXODWH� WKDW� WKHVH�VFHQDULRV�DUH�
PRVW�HDVLO\�UDWLRQDOL]HG�E\�LQFRUSRUDWLRQ�RI�+2O early in the formation of nascent crystallites of 
DSDWLWHV�IRUPHG�LQ�DTXHRXV�VROXWLRQ��ZLWK�FDUERQDWH�HQWHULQJ�WKH�QHZO\�IRUPHG�FKDQQHOV�ODWHU�DQG��
LQ�VRPH�FDVHV��ZLWK�GLI¿FXOW\�
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introduction

7KH�DVVRFLDWLRQ�RI�ZDWHU�ZLWK�DSDWLWHV�KDV�ORQJ�EHHQ�UHFRJ-
QL]HG�EXW�WKH�SUHVHQFH�RI�LQFRUSRUDWHG�PROHFXODU�+2O has only 
UHFHQWO\�EHHQ�YHULILHG�E\�LQFRUSRUDWLRQ�RI�'2O in the apatite 
structure and identification of the D22�E\�,5��5DPDQ��DQG�2+�
VROLG�VWDWH�105�VSHFWURVFRS\��<RGHU�HW�DO������F��3DVWHULV�HW�
al. 2014). The presence of this molecular species in the c-axis 
FKDQQHOV�RI�DSDWLWHV�PD\�EH�D�IDFWRU�LQ�WKH�SUHIHUHQFH�RI�V\Q-
thetic low temperature (<100 q&��DSDWLWHV�IRU�%�W\SH�FDUERQDWH�
VXEVWLWXWLRQ�IRU�SKRVSKDWH��GHVSLWH�WKH�OLNHO\�WKHUPRG\QDPLF�
SUHIHUHQFH�IRU�VXEVWLWXWLRQ�RI�WKH�FKDQQHO�LRQ�YLD�$��RU�PL[HG�
$%�W\SH�FDUERQDWH�VXEVWLWXWLRQ��3HURRV�DQG�GH�/HHXZ��������
7KH�FKDUJH�LPEDODQFH�FDXVHG�E\�%�W\SH�VXEVWLWXWLRQ�RI�&23

2– 

RU�+324
2– for PO4

3– typically leads to anion vacancies in the 
FKDQQHO�VLWH��+\GURJHQ�ERQGLQJ�RI�+2O to phosphate oxygen 
DWRPV�DV�ZHOO�DV�FKDUJH�GLSROH�LQWHUDFWLRQV�PD\�KHOS�VWDELOL]H�
VWUXFWXUHV�LQ�ZKLFK�PDQ\�RI�WKH�FKDQQHO�DQLRQV�KDYH�EHHQ�UH-
PRYHG��)LQDOO\��WKH�SUHVHQFH�RI�FKDQQHO�+2O may account for 
UHK\GUR[\ODWLRQ�RI�LQLWLDO�FDUERQDWHG��K\GUR[\O�GHILFLHQW�DSD-
WLWHV�WKDW�XQGHUJR�WKHUPDO�GHFDUERQDWLRQ��3DVWHULV�HW�DO��������

We have continued our exploration of structurally incor-
SRUDWHG�+22�E\�V\QWKHVL]LQJ�FDUERQDWHG�DSDWLWHV�RI�FDOFLXP��
VWURQWLXP��EDULXP��DQG�OHDG�FRQWDLQLQJ�WKH�PRQRYDOHQW�DQLRQV�
2+–, F–, Cl–��DQG�%U–��7KH�DPRXQW�RI�VWUXFWXUDO�+2O in 76 syn-
WKHVL]HG�FDUERQDWHG�DSDWLWHV��&0$S;��KDV�EHHQ�GHWHUPLQHG�
E\�WKHUPRJUDYLPHWULF�DQDO\VLV��7*$���DQG�WKH�FHOO�SDUDPHWHUV�
RI�D�VXEVHW�RI�WKHVH�DSDWLWHV�KDYH�EHHQ�GHWHUPLQHG�E\�5LHWYHOG�
DQDO\VLV�RI�;�UD\�GLIIUDFWLRQ�GDWD��2XU�REMHFWLYH�KDV�EHHQ�WR�
identify structural parameters and lattice interactions that are 
UHVSRQVLEOH�IRU�WKH�QXPEHU�RI�+2O molecules incorporated in 
the unit cell.
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