
��UI�&VSPQFBO�$SZTUBMMPHSBQIJD�.FFUJOH
���SE���UI�"VHVTU�����
�3PWJOK
�$SPBUJB

T����``````````````````�``````````````````�``````````````````�``````````````````�```````````�Acta Cryst.�	����
��"��
�T���

'JHVSF����5FNQFSBUVSF�EFQFOEFODF�BCPWF�SPPN�UFNQFSBUVSF�	MFGU

BOE� BU� MPX� UFNQFSBUVSF� 	SJHIU
� PG� 3C.O10�� EFNPOTUSBUJOH� UIF
FYJTUFODF�PG���EJGGFSFOU�QIBTFT�JO�UIF�FYQMPSFE�UFNQFSBUVSF�SBOHF�

,FZXPSET��NVMUJGFSSPJD
�QIBTF�USBOTJUJPO
NBHOFUPFMFDUSJD

MS14-P10�&OBNFM�NJDSPTUSVDUVSF�BOE�UPPUI
FNCSZPOJD�EFWFMPQNFOU

"OOB�,BMMJTUPWe�
�
�*WBO�)PSe�FL�
�1FUS��FKDIBO�
�3PNBO�4LeMB�
�

��� *OTUJUVUF� PG�(FPDIFNJTUSZ
�.JOFSBMPHZ� BOE�.JOFSBM� 3FTPVSDFT

'BDVMUZ� PG� 4DJFODF
� $IBSMFT� 6OJWFSTJUZ
� "MCFSUPW� �
� 1SBHVF� �

$[FDI�3FQVCMJD�
��� *OTUJUVUF� PG� (FPMPHZ
� $[FDI� "DBEFNZ� PG� 4DJFODFT
� W�W�J�

3P[WPKPWe����
�1SBHVF��
�$[FDI�3FQVCMJD�
���%FQBSUNFOU�PG�;PPMPHZ
�'BDVMUZ�PG�4DJFODF
�$IBSMFT�6OJWFSTJUZ

7JOJ�Oe��
�1SBHVF��
�$[FDI�3FQVCMJD�

FNBJM��LBMMJTUPWB!HMJ�DBT�D[
*/530%6$5*0/
5PPUI� FOBNFM� JT� POF� PG� UIF� NPTU� SFTJTUBOU� JOPSHBOJD

DPNQPOFOUT� JO� UIF� NBNNBMJBO� CPEJFT� UIBU� TJHOJGJDBOUMZ
BGGFDU�CPUI�RVBMJUZ�BOE�MJGF�FYQFDUBODZ�PG�BO�JOEJWJEVBM��JU
EFQFOET�PO� UIF�NVUVBM�BSSBOHFNFOU�PG�BHHSFHBUFT�PG� UIF
IZESPYZBQBUJUF� DSZTUBMMJUFT� 	,PFOJHTXBME� �� $MFNFOT

����
� BOE� UIFJS� DIBSBDUFSJTUJD� QSPQFSUJFT�� 8IJMF� UIF
PSHBOJ[BUJPO�PG�BHHSFHBUFT�JT�DPOUSPMMFE�CZ�DPPQFSBUJPO�PG
DFMMVMBS� BDUJWJUZ� 	BNFMPCMBTUT
� BOE� QSF�FYJTUJOH� PSHBOJD
NBUSJY� 	#PTLFZ
� ����

� UIF� JOGMVFODF� PG�)BQ� DSZTUBMMJUFT
QSPQFSUJFT�PO� UIF�FOBNFM�RVBMJUZ�IBT�OPU�CFFO�TUVEJFE� JO
EFUBJM� VQ� UP� OPX�� *O� UIF� QSFTFOU� TUVEZ� XF� GPDVT� PO� UIF
NJDSPTUSVDUVSF� 	J�F�� DSZTUBMMJUF� TJ[F
�NJDSP�TUSBJO
� PG� )BQ
PG�UIF�MBCPSBUPSZ�NJOJQJH�NPMBST�XJUI�EJGGFSFOU�MFOHUIT�PG
FNCSZPOJD�EFWFMPQNFOU�TUBHF�BOE�JUT�JNQMJDBUJPOT�GPS�UIF
GJOBM�RVBMJUZ�PG�UIF�FOBNFM�
."5&3*"-4
�.&5)0%4
4BNQMFT� GSPN����NJOJQJHT� 	BHFE� ��� �� ����NUIT
�XFSF

TUVEJFE��'JSTU
� TFDPOE�BOE� UIJSE�NPMBS�PG� FBDI� JOEJWJEVBM
XFSF� VTFE� UP� PCUBJO� UFFUI�XJUI� UIF� TBNF� EFOUBM� GVODUJPO
CVU�XJUI�EJGGFSFOU�MFOHUI�PG�FNCSZPOJD�EFWFMPQNFOU�
3&46-54
8IJMF� UIF� DSZTUBMMJUF� TJ[F� BU� MB
C�MD� EJSFDUJPO� JODSFBTFTGSPN�.�� `UP�.�� GPS� BMM� TBNQMFT� TUVEJFE
� UIF�NJDSP�TUSBJO

TIPXT�BO�PQQPTJUF�USFOE�	'JH���
��5IF�QSPMPOHFE�QFSJPE�PG
.��NPMBS� GPSNBUJPO� MFBET� UP� FOBNFM�XJUI� MPXFTU� EFHSFF
PG� MBUUJDF� JNQFSGFDUJPO� BOE
� IFODF
� BSHVBCMZ� ZJFMET� UPPUI
XJUI�IJHIFTU� SFTJTUBODF� UP�CPUI�NFDIBOJDBM�BOE�DIFNJDBM
EBNBHF� BOE� DBO� QFSGPSN� JUT� GVODUJPO� GPS� B� MPOH� UJNF
QFSJPE� UP� FOTVSF� BO� BEFRVBUF� OVUSJUJPO�� .PSFPWFS
� CZ
DPNQBSJOH�UIF�ZPVOH�BOE�PME�JOEJWJEVBMT
�XF�TIPXFE�UIBU
UIF� FOBNFM� NJDSPTUSVDUVSF� PG� JOEJWJEVBM� NPMBS� UZQFT� JT
UJNF�JOWBSJBOU�
$0/$-64*0/4
*O� UIF� QSFTFOU� TUVEZ� XF� TIPXFE� UIBU� UIF� FGGFDU� PG

NFDIBOJDBM� BCSBTJPO� BOE�PS� UIF� DIFNJDBM� EFHSBEBUJPO
DBVTFE�CZ�UIF�PSBM�FOWJSPONFOU�	IFODF�UIF�TVCKFDUmT�BHF

PO� UIF� NJDSPTUSVDUVSF� DBO� CF� FYDMVEFE�� 8F� BMTP
EFNPOTUSBUFE� UIBU� UIF� MFOHUI� PG� UIF� UPPUImT� FNCSZPOJD
EFWFMPQNFOU�TUBHF�IBT�B�QPTJUJWF�FGGFDU�PO�UIF�RVBMJUZ�PG
JUT�FOBNFM�
3&'&3&/$&4
#PTLFZ
� "�� -�� 	����
�� .JOFSBMJ[BUJPO� PG� CPOFT� BOE

UFFUI�� Elements
� �
� ��������� ,PFOJHTXBME
� 8�� WPO� BOE
$MFNFOT
� 8�� "�� 	����
�� -FWFMT� PG� DPNQMFYJUZ� JO� UIF
NJDSPTUSVDUVSF� PG� NBNNBMJBO� FOBNFM� BOE� UIFJS
BQQMJDBUJPO� JO� TUVEJFT� PG� TZTUFNBUJDT�� Scan. Micr.
� �

���v�����`�`



��UI�&VSPQFBO�$SZTUBMMPHSBQIJD�.FFUJOH
���SE���UI�"VHVTU�����
�3PWJOK
�$SPBUJB

Acta Cryst.�	����
��" 
�T����``````````````````�``````````````````�``````````````````�``````````````````�```````````�

�$SZTUBMMJUF� TJ[F� BMPOH�a� BYJT� 	SFE� DJSDMFT
� MFGU� PSEJOBUF

BOE� NJDSP�TUSBJO� 	CMVF� USJBOHMFT
� SJHIU� PSEJOBUF
� PG� WBSJPVT
NPMBS`UZQFT�� $SZTUBMMJUF� TJ[F`BMPOH� UIF� EJSFDUJPO� PG`D� BYJT`TIPXT
BOBMPHVFT�CFIBWJPS�

�DSZTUBMMJUF�TJ[F
�NJDSP�TUSBJO
�FOBNFM�EFWFMPQNFOU

MS14-P11�)JHI�UFNQFSBUVSF
�IJHI�QSFTTVSF
IZESPUIFSNBM�TZOUIFTJT�PG�VSBOJVN�TJMJDBUFT

BOE�HFSNBOBUFT
,XBOH�)XB�-JJ�

���%FQBSUNFOU�PG�$IFNJTUSZ
�/BUJPOBM�$FOUSBM�6OJWFSTJUZ
�;IPOHMJ

5BJXBO

FNBJM��MJJLI!DD�ODV�FEV�UX
.PTU� VSBOJVN� NJOFSBMT� DBO� CF� DMBTTJGJFE� BT� PYJEJ[FE

TQFDJFT�JO�XIJDI�6�JT�GVMMZ�PYJEJ[FE�UP�6��
�BOE�SFEVDFE
TQFDJFT
� JO� XIJDI� 6� PDDVST� QSJNBSJMZ� BT� 6���� 6SBOZM
TJMJDBUFT�BSF�BO�JNQPSUBOU�HSPVQ�PG�6	7*
�NJOFSBMT�JO�UIF
BMUFSFE� [POFT� PG�NBOZ� VSBOJVN� EFQPTJUT��� 0OF� OBUVSBMMZ
PDDVSSJOH�6	*7
�TJMJDBUF�FYJTUT
�OBNFMZ�DPGGJOJUF�	64J0�

XIJDI�JT�BO�JNQPSUBOU�PSF�NJOFSBM�GPS�VSBOJVN��/VNFSPVT
TZOUIFUJD� 6	7*
� TJMJDBUFT� BOE� HFSNBOBUFT� DPOUBJOJOH
PSHBOJD� BNJOFT� PS� BMLBMJ� NFUBMT� BT� DPVOUFSDBUJPOT� IBWF
BMTP�CFFO�SFQPSUFE���*O�DPOUSBTU�UP�UIF�6	7*
�DPNQPVOET

UIF� DIFNJTUSZ� PG� NBUFSJBMT� DPOUBJOJOH� 6	7
� JT
DPOTJEFSBCMZ�MFTT�EFWFMPQFE�PXJOH�UP�UIF�UFOEFODZ�PG�6��
UP� FJUIFS� PYJEJ[F� UP� 6��� PS� EJTQSPQPSUJPOBUF� UP� 6��� BOE
6���`8F� IBWF� TZOUIFTJ[FE� B� 6	7
� TJMJDBUF� BOE� B
HFSNBOBUF� CZ� B� IJHI�5
� IJHI�1� IZESPUIFSNBM�NFUIPE� JO
HPME� BNQPVMFT� DPOUBJOFE� JO� B� IJHI�QSFTTVSF� SFBDUJPO
WFTTFM� BU� DB�� ���� u$� BOE� ���� .1B��a,3b� 'PMMPXJOH� UIF
TZOUIFTJT� PG� UIF� 6	7
� DPNQPVOE
� B� OVNCFS� PG
NJYFE�WBMFODF� VSBOJVN� TJMJDBUFT� BOE� HFSNBOBUFT� IBWF
CFFO�TZOUIFTJ[FE
�GPS�FYBNQMF
�B�NJYFE�WBMFODF�6	*7
7

TJMJDBUF
� $T�,	60
�4J�0��
�c� 6	*7
7*
� HFSNBOBUF

$T�6	60�
�	(F�0�
���)�0
�d� 6	7
7*
� HFSNBOBUFT

"�	6�0�
(F�0�� 	"� �� 3C
� $T

�e� BOE� B� 6	*7
7
7*

TJMJDBUF
� /B�6*70�	670
�	67�7*0�
�4J�0��
�f� JO� XIJDI
UISFF� PYJEBUJPO� TUBUFT� PG� VSBOJVN� DP�FYJTU� JO� POF
DPNQPVOE�� *O� BEEJUJPO
� UFUSBWBMFOU�VSBOJVN� DPNQPVOET

$T�64J�0���BOE�$T�6(F�0��
�g,3h�XFSF�BMTP�TZOUIFTJ[FE�
"MM� NFNCFST� JO� UIF� GBNJMZ� PG� VSBOJVN� TJMJDBUFT� BOE
HFSNBOBUFT�XJUI�UIF�PYJEBUJPO�TUBUFT�PG�VSBOJVN�GSPN���
UP����IBWF�CFFO�PCTFSWFE�``

��`	B
� #VSOT
� 1�� $��Rev. Mineral.� ����
� 38
� ������� 	C

'JODI
� 3�� +��� .VSBLBNJ
� 5�� Rev. Mineral.� ����
� 38

�������
��� 	B
`8BOH
� 9��� )VBOH
� +��� +BDPCTPO
� "�� +�� J�� Am�

Chem�� Soc�� ����
� 124
� ������������� 	C
� -JO
� $��)��
$IJBOH
�3��,���-JJ
�,��)��J. Am. Chem. Soc.� ����
�131

����������
���	B
�$IFO
�$��4���-FF
�4��'���-JJ
�,��)�`�J��Am��Chem�

Soc�� ����
�127
� ������������� 	C
�/HVZFO
�2��#���$IFO

$��-���$IJBOH
�:��8���-JJ
�,��)��Inorg. Chem.�����
�51

�����������	D
�-FF
�$��4���8BOH
�4��-���-JJ
�,��)��J. Am.
Chem. Soc.�����
�131
��������������	E
�/HVZFO
�2��#��
-JV
�)��,���$IBOH
�8��+���-JJ
�,��)��Inorg. Chem.�����

50
� ����������� 	F
�-JO
�$��)���-JJ
�,��)��Angew��Chem�
Int��Ed�� ����
�47
� ����������� 	G
�-FF
�$��4���-JO
�$��)��
8BOH
�4��-���-JJ
�,��)��Angew. Chem. Int. Ed.�����
�49

�����������	H
�-JV
�)��,���-JJ
�,��)��Inorg. Chem.�����

50
� ����������� 	I
� /HVZFO
� 2�� #��� -JJ
� ,��)�� Inorg.
Chem. ����
�50
�����������

�VSBOJVN
�TJMJDBUF
�HFSNBOBUF
�IZESPUIFSNBM


