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132547698:8<;>=@?A694B472C=@D@E FHG<IKJMLONPL7QSRUTWVKJYXZLO[3\]J_^PI`IKJMLba�LOXPcKd>IKLbIKLO^fehgjihkmlonplqJMQsrK[tTuXPJMdvGwTWG
TWrKNPxWLO\zyWcK[_XPL7G�{@N|XZ^Pr~}oXPrK^PLO[M[���c9Tu^ZTW}�XZLO^PJ_NPJMLO^�XPL7G<a�dqI~L7[M[�n|l>�>N|XZL7Q�L7G�xvL�XZLON�XZL�XB�5k�N�\]J_^PI�IKJ_Lba	�vxun
[MJM��c~}WL7JYXsI~L7Q�dvGKN�XP^PJ_L7^�X7{�NPd�\$dvcK[mIKL7G�Tu�KNPdv[_r~XZLOG`�3LO^P[tTur~��IKLO^�RUTWG�XZLOGKN�XP^PrK}�XPrK^�TW[_NsTurK��c:�hG~IKL�n
^PrKGKxWL7G�TWr~��xv^�rKGKI��vdvG����qJMI9T�XZJMdWGKNP�OrKN�XZTWGKIKNPyWGKIKLO^PrKGKxWL7G�IKrK^P��c����7�H ¢¡9 ¢£¤ ¦¥¨§zLO^PLO��cKGorKGKxvLOGª©or9TWGqn
XZJ_XZTuXZJY�!�Or«��L7NP��c~^PL7J_�¬LOG���k3J_G��L7N�dvGKIKLO^PLO^®lq��c�\$L7^�VKrKGK}�X�[MJ_L7xWX*TWr~��I~L7^�lqJMQ�r~[tTuXPJMdvG!I~L7^�¯�Gqn
XZL7^�NP��cKJ_L7IKL,J_Q°ejgji�kml±�vdvG²N�XP^PrK}�XPrK^PLO[M[³JMIKLOGoXPJMN���cKL7G´R�dWQ�VK[_L��qL7G�JMG��WL7^PN���cKJMLOIKL7G~L7G«�h�qJ_I9T�n
XZJMdWGKNPN|XZr~��LOG��¶µhJ_L7N�[_L7xWXfIKJ_L*·¨^PrKGKI~[tTWxvL¸��¹K^�I~JML�µhJMN�}>r~NPNPJ_dvG�IKLO^sejghihkmlon|loXZ^Pr~}oXPrK^�IKLON�ºmlqFPF¦n
a�TWGKx�TuGK}WdvQ�VK[_L��qL7N»J_G*IKL7Gª��dv[_xvL7G~IKL7G¼RUTWVKJYXZLO[MG��>µjTW^�¹K��L7^Pc~JMG9TWr~N�\]JM^PI¼TuG*�O\$L7J�§zLOJMN�VKJMLO[ML7GbIKJML
a��vxv[_JM��cK}uL7J_XfIKLO^fejghihkmlonAghG9TW[Y�>NPLbI~rK^P��c½R¨rK^|�vL7GKTWGKV9TWN�NPrKG~x,rKG�XZL7^f�mTW^PJMTuXZJ_dvG�TWrKN�xvLO\zyWcK[YXZL7^
xvL7dvQ�LOXP^PJ_NP��cKLO^@º¾TW^PTWQ�L�XZLO^�IKL7Q�dvGKN|XZ^PJ_L7^|XB{7I~JML�JMQ¿³TWcKQ�L7G¨IKJ_L7NPLO^@gh^P��L7JYX�JMQ�VK[_L7Q�L7G�XZJ_L7^�X�\]rK^�IKLW�
µjT�}o^PJ_N�XZTW[M[_dvxv^ZTuVKcKJMN���c¼�¬LON�XZJ_Q�QfXZLUR�d>dv^�IKJMG9T�XZL7G¼IKJ_L�·¨^Pr~GKIK[tTuxvL¨IKL7^hlqJ_Q�rK[tT�XZJMdWGKL7G¼TWG	IKLOG®JMG
IKJMLONPL7Q'RUTWV~J_XZLO[9�¬LONPVK^�dq��c~L7GKLOG	l>�>N�XZLOQ�LOGb�KJ_[MIKL�XZLOG�{v\]JM^�I�J_G�LOJMGKLOQÀ�vdv^PTWGKxvLON�XPL7[M[YXZLOG�g��KNP��cKG~J_XPX
IKJMLfÁÂr~�WL7^P[MyWNPN�JMxv}uL7JYX]rKGKI�·ULOG9TWrKJ_xv}WLOJ_X»IKJ_L7N�L7^³R¨^PJMN|X�TW[_[MN|XZ^Pr~}oXPrK^PIKTuXZLOG*IKJMN�}>rqXZJMLO^�X7�

ÃbÄOÅ Æ�ÇUÈ¾É,Ê�Ë�È¾Ì�Í�Î¸Ë5Ï¼Ð*ÑfÊ]Ð Ò�Ï*È Ó¸ÈCÔ7Õ�Ë5ÌUÖOÖ�ÇfÑUÈ¾Ì�×	Î*Ô7Õ@Í�Î*Ê]Ð
Ø Ë�È¶Ï*Ó¸Ë5ÏªÈ¶Ì�Ï*ÙuÓ�Ö7Ú¨È¾Ï	Ð*Ñ ÛÜÆÝÌUÖ�Ê]Ð¼ÒzÖOÇ�ÓjÌUÖOÔOÕ@ÌUË@ÔOÇ�Ð

FHG,IKJMLONPL7QÞgh�~NP��cKGKJYXPX¨N�dv[M[_L7G	ejg¨l�npµjTuXPL7G®�WdvGwa�TWGKxvTWGqnpR³dvQ�VK[MLß�~LOG®Q�J_X³�¬LO}�TWGKG�XZLO^Ul>XZ^�rK}�XZrK^
I9TW�7r½IKJ_L7GKLOG�{¶IKJ_Lb�3L7^�[tyWN�NP[_JM��cK}uL7J_Xf�vdvG�ehgjihkmlonplqJMQsrK[tTuXPJMdvG~L7G<�Or�XZL7N|XZLOG��3à¾¹K^�LOJMG~�¤Tu��cKL¼l>�>N|n
XZL7Q�L�á¢�>xv[¦�>RUTWV��>â~�äã�rKG~I*â~�æå�ç�èKGKIKLOXzQbTuGbNPLOcK^zxWr~XZLhé���L7^PLOJMGKN|XZJ_Q�Q�r~GKxf��\]JMN���cKL7G	lqJ_Q�rK[MTuXZJ_dvG
rKGKI¸k¾�qV¬LO^PJMQ�L7G�X7�Wà¾¹~^¾}WdWQ�VK[_L��qL7^�L�Q�dvGKd��uTW[MLOGoXPL�lo�qN|XZLOQ�L�J_N�X¾IKJMLzé���L7^PLOJMGKN|XZJ_Q�Q�r~GKx�LO�¬LOG~�¤TW[_[MN
xvr~XB��ghr~��c,�¬LOJ¾IKJ_L7NPLOG,TW[_[ML7^�IKJMG~xvN][tyWN�N�XjN�JM��c®I~rK^P��c,Q�JMGKJ_QbTu[MLh�mTW^�JtTuXPJMdvG~L7G	IKL7^U·¨L7dWQ�L�XZ^PJ_LUIKJML
é���L7^PLOJMGKN|XZJ_Q�Q�r~GKx��WdvG�ê»cKL7dW^PJML�rKGKI�k¾�qV�L7^PJ_Q�LOG�X�IKL7rqXZ[MJ_��c`�WL7^P��L7N�NPLO^PG«áëRUTWV��Câ~�íìK�îãWç���ï´yWcqn
^PL7G~I�LOJMGKLO^PNPLOJ_XPN¶}o^PJMN|X�TW[_[MdvxW^ZTWVKc~JMNP��cs�¬LON�XZJ_Q�QfXZL»loXZ^Pr~}oXPrK^PLOG�I~JML»§�TuNPJMN¶��¹~^¶L7Q�VKJM^�JMN���cKL»§zLONP��cK^�L7JYn
�KrKGKxvLOGs�vdWG¸a�dv[_L7}o¹K[MN|XZ^�rK}�XZrK^�L7G¼á��¬LOJMNPV~JML7[_N�\$L7J_NPL$§zJMGKI~rKGKxvN�[tyWGKxWL7Gqn¦�mTW[MLOGK��nH¿³LOxvL7[_G�{�RUTWV���ðq�Yñv�Yñv{
dqIKLO^sQ�dv[MLO}o¹K[MQ�L7��c9TuGKJMN���cKLbR¨^PTu�¢XP��LO[MIKLO^bòæózdvQ��9T�rKGKI�ô�TWQ��K[_LO�v{ãWõWõ~ñ7ötçU�KJ_[MIKLOG�{�\zLO^PIKLOG÷TWGqn
IKL7^�L7^PN�L7JYXZN�NPdvxvLOG9TWGKG�XPLbR¨^PJ_N�XZTW[M[_V9TW��}orKGKxvN�LOø¬L7}�XZL¸�OrK^sk�^�}>[MyW^Pr~GKx*�vdvG<µhJMN�}>^�L7V9TuGK�7LOG<�O\]J_NP��cKLOG
JMG!ù��vN�rKGKx<TWrKNPxWLO��¹KcK^|XZLOGúk¾�~V�L7^�JMQ�L7G�XZLOG!rKGKI!TWGKc9TWG~I±�vdWGúR¨^PJMN|X�TW[_[MN|XZ^Pr~}oXPrK^PLOG�TuGKxvL7N|XZLO[M[_XPL7G
§zL7^�L7��cKGorKGKxWL7G<c~L7^ZTuGKxvL7�OdvxvLOG���µhL�X�TWJ_[M[_JML7^|XZL�¯�G�XPL7^PN�rK��corKGKxvLOG<�Or,IKJMLONPL7Qûº�^Pdv�K[_L7Qü[MLOxvL7G®�3dW^|n
NPJM��c�X³��L7J�IKLO^»�3L7^�\$L7G~IKrKGKx¸�vdvG�l>XP^PrK}�XZr~^PL7G�TWrKN»I~L7^�ó�TWQ��K^�JMIKxWLUl>XZ^�rK�OXPrK^ZTu[�µjTuXZTW�9TWN�Lbáëó»l~µs{
òíg�[M[MLOG�{'ãWõWõ�ã�ötç¸G9TucKLW�$�j^Px�TuGKdun|a	LOX�Tu[M[YnHR�dvQ�VK[_L��qLb\]rK^�IKL7G!J_G«òýê»JMLO}oJMGK}�L�X*TW[ë�_{'ãuõvõvõuö]J_G±LOJYn
GKL7^5R�dWQ��KJMGKTuXZJ_dvGUTWrKN5R¨^PJ_N�X�Tu[M[MN|XZ^�rK}�XZrK^PTWG9TW[Y�qN�L¾rKG~IsµjàCêzn|·¨L7dvQ�LOXP^PJMLOdvV~XPJMQ�JML7^�rKGKx$rKG�XZL7^�NPrK��c�X7�
µhJMLmghr~XPdv^PLOGf�¤TWG~IKL7Gfgh��\zLOJM��corKGKxWL7G��O\]J_NP��cKLOG��O\$L7J>V¬dW[_�>Q�dW^PVKcKLOG�ÁÂr~N�X�yuGKIKL7GÂ{�I~L7^PLOG�k¾�qJMN�XPL7GK�
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L#D4MONQP2R6S TVUWDGXYFID#RZD[FIRZD$FI\
MnII,III

2

M^]`_&\baGc6FedfRZD#g
hGi�jWDGKkRZKkl�FIRZT2m�_&DEGFIH)noFI\ba�FIHVUWT JGHYpqPrUWH K�FsS TtFIcZcZT�StRZD$EuE4R6F`FIRZDGXYFIcZD$FIDvLwUWDGK(UWD4M^xyRZK(UWD$EqM^P2R6S TVUWDGXYFID>z{JGD(TtFIH hGHt_q|ti$FIDfxyRZDGR6FID~}EGFsS
MnII M^��_&D$S�z{hGcAUWJ~}�JGD$E,EGFsS

MnIII M^�O_&D$Sfz{Ht_&T�}ep�P2JGHt|tiGK�FIXY_&K�FID$FfxyRZDGR6FID�HtFIaGHVj&SVFID(T R6FIHtFID�EGFID�L#RZT�MTtFIcZ�)FIH T2���GH2E4R6F�h�FIR6EGFIDwLwUWDGK(UWD4M^��_&D$FID�St_���R6F����GH�EGFID#K�FsSVUW\�TtFID�]`_&\baGc6FedypyP
R6Fb�<T H JGlqT JGHtFID���JGHtEGFIDl<H R6StTVUWcZc6_&KkHVUWaGiGR6St|ti#h�FsS T RZ\b\�T�JGD$EfE4R6F�PrUWTtFID[StRZD$EfUWJ$S���PrUWHt_Ym4S l<�vFIT
UWc�pZ���Y�k�k����FID(T D$_&\b\�FID�p
N�JML]R¨^PJ_N�X�Tu[M[MVKTW��}orKGKxvN�LOø¬L7}�XZLOG��OrKNP��c~^PL7J_�¬LOG�{��vdvG��KJ_N��7r

0.05 � JMG¸IKLOGbµ�JMN�XZTWGK�OL7G�rKGKI¸�KJMN��Orbâ ◦J_G*IKL7G¼ï²JMGK}uL7[_G��9µhJ_L¨ghr~XPdv^PLOG	\$L7J_NPL7G	I9TW^PTWr~�CcKJMGÂ{KI9TWN�N³I~L7^]L7GKLO^PxvL�XZJ_NP��cKL�¯�G�XPL7^PN���cKJMLOI�á¢XZdWXZT�n
[_Lfk�GKLO^PxvJ_LUIKL7N�Q�dv[_L7}orK[MTW^PLOG�lo�qN|XZLOQ�NZç³�O\]J_NP��cKLOG®IKLOG��vLO^PN���cKJMLOIKL7GKLOG�xvLO��rKG~IKL7GKLOG�l>XP^PrK}�XZr~^PL7G
�K��\U�9IKL7G	xvLOQ�LONPNPLOGKL7G�rKGKI¼XZcKLOdv^PL�XZJMN���c�dWV~XZJ_Q�J_L7^�XPL7G	l>XP^PrK}�XPrK^PLOG�GorK^³õ~�æõ�ã nHõ~�äõWâf� �¬L�XZ^PyWxWXB�
a�TW^|XZJ_GbrKGKIª�j^PV�L7G,ò�ñk�4�vâ�ö rKG�XZL7^�NPrK��c�XPL7G�{9r��æT~�oIKrK^���c*IKL7G��3L7^PxW[ML7J_��c�xW[ML7J_��cKL7^$R�dWQ�VK[_L��qL³JMG

rKG�XPL7^PN���cKJMLOIK[MJ_��cKL7Gfù��vNPLOQ�JYXPXPL7[MGÂ{ON�V¬LO�7JMLO[M[vI~JML3ÁÂr~�WL7^�[tyWN�NPJMxW}WL7JYX@IKL7^@TurKN�e¨¿³µ³npµjT�XZL7GU��L7N|XZJMQ�QsXPL7G
a�L�X�TW[_[Ynpa�LOXZTW[M[�npµhJ_N�X�TuGK�7LOG�TW��L7^jTWrK��c`TWGKIKLO^PL7^�loXZ^Pr~}oXPrK^PVKTW^ZTWQ�LOXPL7^O�ÂFHQ�l>JMGKGKLf�vdvG<l>X�TuGKI9TW^�Iqn
TW��\$L7J_��c>r~GKxvL7G�\]rK^PI~L7G���dW[MxvLOGKIKL»gh��\$L7J_��c>r~GKxvL7GªTWGKxvLOxvL7��L7G� 

0.01−0.02 � ��¹K^�I~JML]µhJ_N�X�TuGK�7LOG�{�KJ_N»�7r
3◦
��¹K^»IKJMLj�mTu[ML7G~�O\]JMG~}WL7[�r~GKI

5 − 10◦
��¹~^³ê5dv^�NPJMdWGKN�\]J_GK}WLO[¦�

i�LO�¬LOGI~JML7N�L7G´TW[_[MxvLOQ�LOJMGKLOG!§zL�XZ^ZTu��coXPrKGKxvLOG�OrK^	R¨^PJMN|X�TW[_[MdvxW^ZTWVKc~JMLªè9GKI~L7G´NPJM��c´¯³GoXPL7^�NPrqn
��corKGKxWL7G!Q�J_X�\$L7N�L7G�XZ[_JM��cKLOGúk�^PxvLO�KGKJMN�NPLOG!�7rK^�ê5L7Q�V¬LO^ZTuXPrK^ZTW�~c9yWGKxvJ_xv}WLOJ_X�rKGKI±�7rKQ R¨^�JMN�XZTW[M[_JYn
NPTuXZJ_dvGKN��WL7^�c9TW[_XPL7G,�vdWG<xvLOQ�J_NP��c�XP�uTW[_L7G�XZLOG<R³dvQ�V~[ML��qLOG���µjTW^�d��qN�}��`L�XfTW[¦�¾òYñk�q�vâuö��OL7JMxuXZL7G`TWG�L7J�n
GKLOQ

MnIIMnIII npR³dvQ�VK[MLß�,IKJ_L�ê5L7Q�V¬LO^ZTuXPrK^ZTu�Kc9yWGKxWJMxv}uL7J_XUI~L7N�é³�¬LO^Px�TuGKxvNU�vdvQSR�dWQ�VK[_L���I~L7^R¨[tTuNPNPL	FPF*á¤V9TW^|XZJ_L7[M[zIKL7[_dv}�TW[MJ_NPJMLO^�XW¡�k�JMG�XZLOJM[Mr~GKx�IKL7^�xvL7Q�JMN���coX��uTW[MLOGoXPL7G�R�dvQ�VK[MLß�qL`òí¿]dv�KJMG±rKGKI
µjTB��{	ñk�vâ�ð�ötç¶�7rKQ R�dWQ�VK[_L���IKLO^�R¨[tTuNPNPL³F³á��Wdv[M[_N�XZyWGKIKJ_x�[_dv}�TW[MJ_NPJ_L7^�XPL]ù@TWIKrKGKxWL7G çß�~µjTu�¬LOJ¬GKJ_Q�QfX
IKJ_L�ghN|�>Q�Q�LOXP^PJMLzIKL7^ma�G>n|ÁÂL7G�XP^PL7G¸Q�J_X¶TW�KGKLOcKQ�LOGKIKLO^mê5L7Q�V�L7^ZT�XZrK^¶�Or�{vI��íc��vI~JML»L7J_GK�7LO[MGKLOG����~J�n
I9T�XZJMdWGKNP�OrKN�XZyWGKIKL�NPJMG~IbL7^�N�Xz�¬LOJ�XPJMLO��LOGbê5L7Q�V¬LO^ZTuXPrK^PLOGb\]JM^�}o[MJM��c�[MdW}uTu[MJMN�JMLO^�XB�v§zL7J IKLO^»lqJ_Q�rK[tT�XZJMdWG
xvLOQ�J_NP��c�XP�uTW[_L7G�XZLO^sR³dvQ�VK[MLß�~L�TWG~c9TWGKI:��L7}�TWG~GoXPL7^f¿�TurKQsXZLOQ�V�L7^PTuXZr~^|npR¨^�JMN�XZTW[M[_N�XP^PrK}�XZr~^PL7G,\]J_^PI
IKJ_L7N�L7^�k¶ø¬L7}�X]JMG�IKL7G*N�JMQ�r~[MJMLO^�XPL7GªRUTWG�XPL7G��vLO^PNP��c~JML7�~rKGKxvLOG�\]JMLOIKL7^��7r~èKGKIKL7G¼N�L7JMGÂ�qï´yWcK^�L7GKI*I~L7^
¯³GoXPL7^�NP��cKJ_L7I:J_QûQ�J_XPXP[MLO^PL7G`a�G>n|� g��KN�XZTWGKI<I~L7^UL7^�N�XZLOG�R�d>dv^�IKJMG9T�XZJMdWGKNPN�VKc9yW^�L��vdvG

MnII rKGKI
MnIII JMG	gh�K�Â�Ââ~�Yñs��L7J¾ãq�vþ�RÀGorK^hL�XH\�Tªã4¢���á ∼ õ~�æõG¢ � ç»IKL7N�G9TW��c,§zJ_GKIKrKG~xvNP[MyWGKxvLOGqnA�mTW[_L7GK�ßn§zL�XZ^PTW��c�XZrKGKxWL7G:LO^�\zTW^�XPLOXZLOG:ï<LO^�XPL7N��¬L�XZ^ZyuxWXB{@NPJ_GKI<LONf��L7JzãWõ	R JMQ�Q�LO^PcKJ_GwðWâ��°á ∼ õ~�_ñk¢ � ç��ï`L7JYXZL7^�Lzg�^P��L7J_XPL7G��vL7^�NP��cKJ_L7IKLOGKL7^$·¨^PrKV~V¬LOG��¬LON�XZyuXZJ_xvL7G�I~JML7N�L7G�ê5^PLOGKI¼òæ�¨csLOX�Tu[¦�Y{�ñ&�vþ�ð~¡»ï`dqLOcqn
[_L7^¨LOXfTW[ë�_{´ñk�vþvð�ö¦�¬ï<rwLOXfTW[ë��òYñ&�4�vþuö�xWL7��L7G`TWGKc9TWG~I`�vdWG:a��q£v�9TWrKLO^|nHµjTuXZLOG`LOJMGKL¸ê5L7Q�V¬LO^ZTuXPrK^
�WdvG¤�vâ½R���¹K^*I~L7G´é���L7^�x�TWGKx½�O\]J_NP��cKLOG«[_dv}�TW[MJ_NPJMLO^�XPL7Q°rKGKI²IKLO[Mdv}�TW[_JMN�JML7^|XZLOQ ÁÂr~N�X�TuGKI²L7JMG~L7N
XP^PJYnAGorK}o[MLBTu^PL7G¼k�J_NPL7G~}WdvQ�VK[MLß�qL7N�TWG��
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MnII[H2O]6

�s�w��8 �)�¤;��
k�JMG~LfGKLOrKL7^�L�gh^��¬LOJ_Xsòäa��B·U^PTWI~�	rKGKI,l>XZ^PTWGKxvLO^7{÷ñk�4��ð�ö5rKG�XPL7^PN�rK��c�XZL�^�L7IKdB�onHJ_GKIKrK�OJML7^|XZLf�hGqn

IKL7^�rKGKxvLOG�IKLO^m·ULOdvQ�LOXZ^�JML$rKGKI�IKL7^�LO[ML7}�XP^PdvGKJ_NP��cKLOG�l>XZ^�rK}�XZrK^3NPV�L7�OJMLO[M[~J_G�IKJYn
µ2

nAdB�~dj�WL7^��K^P¹K��}�XPL7G
a�TWGKx�TuGqnpµhJ_Q�LO^PLOG*rKGKI¼cKJMLO^P��L7J�\]JML7I~L7^Pr~Q NPV�L7�OJMLO[M[ÂJ_GªxvLOQ�J_NP��c�XP�uTW[_L7G�XZLOG

MnIII,IV npl>XZ^�rK}�XZrK^�L7G��µhJMLONzNPJ_GKI*loXZ^Pr~}oXPrK^PLOGª�vdvGbxvL7G9TurbIKLO^zgh^|XB{�\]JML�NPJ_L�J_GbRUTWV��qðq�Yñhr~GKI*þ~�íìs�OrK^»a�d>IKLO[M[MJ_L7^�rKGKxUIKL7N
º$l>FPF¦n|a�TWGKx�TWG~}WdvQ�VK[MLß�qL7Nf�WL7^|\zLOGKIKLOX�\$L7^�IKL7GÂ�¾ghrq��NP��cK[_rKNPN�^PL7J_��c:JMN|XsI~JML¸ghr
	KJMN�XPrKGKx��¬LO}uTuGKG�XZL7^
RU^�JMN|X�TW[_[MN�XP^PrK}�XPrK^PLOG�JMG¼òæa���·¨^ZTWIq��rKGKI�l>XP^ZTWG~xvL7^O{�ñ&�4��ð�öë{WI9T¨TurK��c�I~dv^�X�I~L7r~XP[MJM��c~L]¯�G�XZLO^PNP��c~JML7I~L
JMG�IKL7^¾l>XZ^�rK}�XZrK^@�vdWGsê3�qVsFPF¦n¬rKGKIfêm�>V�F�FPF¦npR³dvQ�VK[MLß�~LOGUJMG�gh�Kc9yuGKxvJMxW}WL7JYX5r��äTq�B�vdvQÝù��vN�rKGKxvN�Q�JYX�n
XZL7[q�7r�LO^PNPLOcKL7G¸N�JMGKI��u§zLOJMNPV~JML7[_N�\$L7J_NPL���LOXP^ZTWxvLOG�IKJ_L»a�Gqnp��npµhJ_N�X�TuGK�7LOGs��¹K^¾I~L7G

Mn2O2(cyclam)2
n

R�dvQ�VK[MLß�±JMQ
MnIII,IV npÁÂrKN�XZTWGKIúLOGoXH\$L7I~L7^	TWN��>Q�Q�L�XZ^�JMNP��c 1.862 − 1.788 � áëãWþvõ:R�{mêC^�J�	 T�X�n·ULOxvL7GKJ_dvG ç*dqI~L7^¼N��>Q�Q�L�XZ^PJ_NP��c

1.821 � á|ñ ðuå±R�{³§z^PdWQ�J_Iqn�dqI~L7^�µhJ_XPcKJMdvGKTuX�np·ULOxvL7GKJ_dvG çß��µhJ_Lghr~XPdv^PLOGÀ�¬LOGor~XZ�OL7G�I9TW^�¹K��L7^Pc~JMG9TWr~N<µjàCêzn|a�L�XZcKd>IKL7G��7rK^:·ULOdvQ�L�XZ^�JML7dWV~XZJ_Q�J_L7^Pr~GKx!rKGKI��7rK^
ghG9TW[Y�>NPL,IKLO^*L7[MLO}�XZ^PdWGKJMN���cKL7Gl>XP^PrK}�XZr~^7��FHcK^�L7Q k�^�xvL7�KG~JMNªG9Tu��c´[_JMLOxvL7GúJ_Q

MnIII,III
2

n¸rKGKI²J_Q
MnIV,IV

2

npÁÂrKN�XZTWGKI÷[Mdv}�TW[_JMN�JML7^|XZL¼loXZ^Pr~}oXPrK^PLOG±�Wdv^7��ï´yWcK^�L7GKI���L7IKd>��c�J_Q
MnIII,IV

2

npR³dvQ�V~[ML���IKL7^
MnIV npÁÂrKN�XZTWGKIb\$L7JYXZxvLOcKL7GKI¼J_IKL7G�XZJ_NP��cªQ�J_X$IKLOQ J_Q MnIV,IV nHµhJMQ�L7^mxvL���rKGKIKLOGKL7G¼JMN|XB{o\zLOJMN|X»I9TWN
MnIII n|ÁÂLOG�XZ^Pr~Q JMQ MnIII,IV

2

npR�dWQ�VK[_L��bL7J_GKLj[MLOJM��c�XZLUµ�L7[MdW}uTu[MJMN�JMLO^PrKGKxfxvL7xWL7Go¹K��L7^]IKL7Q
MnIII,III

2

n
ÁÂrKN�XZTWGKI�TWr~�p�
k�^�\zyWcKG�X	NPLOJ¨TWGúIKJ_L7N�L7^	l>XPL7[M[_L�GKd>��c²IKL7^	ÁÂr~NZTWQ�Q�LOGKc9TWG~x:IKL7N	é³�¬LO^Px�TWG~xvN*�O\]J_NP��cKLOG[_dun

}uTu[MJMN�JMLO^�XZLOQ r~GKI±I~L7[MdW}uTu[MJMN�JMLO^�XZLOQ ÁÂrKN�XZTWGKIá���mTu[ML7G~�7L�nAIKLOXP^ZTWV~VKJMGKx�Bçf�K��\U��IKL7^¸ù�dv}�TW[_JMNPJ_L7^�rKGKx
�vdvG<���~J_I9TuXPJMdvGKN��7rKN|X�yWG~IKL7G±á¤J_G�XZ^ZTuQ�dv[_L7}orK[MTW^PLO^hk�[MLO}�XZ^PdWGKL7G�XZ^PTWGKN|��L7^�çhLOJMGKLO^PN�L7J_XPN¨rKGKI�IKLO^�ê5L7Q�n
V¬LO^ZTuXPrK^jTWG~IKL7^�L7^PN�L7JYXZN7��FHG��WL7^�NP��cKJ_L7IKLOGKL7Gwgh^��¬LOJ_XZLOG�è9G~IKL7G®N�JM��c®g�GKx�TW��L7G��7r,º�c9TuNPL7Go¹K��L7^�x�yWGqn
xvL7G��O\]JMN���cKL7Gb[Mdv}�TW[_JMNPJ_L7^|XZL7G�r~GKIbGKJ_��c�X�nH[_dv}�TW[MJ_NPJ_L7^�XPL7G¸ÁÂr~N�X�yuGKIKL7G���¹K^��vLO^PNP��c~JML7I~L7GKLjN|�>GoXPcKLOXPJMN���cKL
é���L7^PxvTWGKxvN�Q�L�X�TW[_[M}WdWQ�VK[_L��qLW���vTuGKx®LOX�TW[¦�mò�ñk�vþ4��öm�¤TuGKIKL7G<IKrK^P��c:ï´yu^PQ�L7}�TWV9TW�OJ_XZyuXZN�Q�LONPNPr~GKxvL7G
��¹K^

[Mn3O(O2CCH3)6(py)3](py)
LOJMGKLOG�º�c9TWN�L7Go¹K��L7^�x�TWGKxªLO^PN|XZL7^h�j^PIKGorKG~xb��L7J3ñ�þWìK�æâG¢�R����jc

LOX]TW[ë��òYñk�Wþ�ð�ö�IKJMN�}or~XZJ_L7^�XPL7GªIKTW^P¹K��L7^�cKJMGKTWrKN�GKd>��cªIKJ_LjR³dvVKVK[_rKGKx�IKLON�L7[_L7}�XZ^�dvGKJ_NP��cKLOG¼é���L7^PxvTWGKxvN
TWG<I9TuN�·¨J_X�XZL7^U�K��\U�@IKJML�\$L7J_XPL7^�Lª¯�Q�xvLO�KrKGKx	IKL7N�a�LOXZTW[M[_�7LOGoXP^PrKQ�N�áëù��vN�rKGKxvN�Q�JYXPXZLO[MQ�dv[MLO}o¹K[MLBç
�¬LOJ¬TurK��c�L�XH\�TsãWõvõUR��oµhJMLONPL�k�^PxvLO�KGKJMN�NPL³NPJ_GKI�J_G�XZL7^�L7N�NZTWG�X$JMQ�ÁÂr~NZTWQ�Q�LOGKc9TWG~x�Q�J_X¶IKL7Gbl>XZ^PTWcqn
[MrKGKxWNPNP��cKyWIKJMxWrKGKxvN�rKG�XZL7^�NPrK��corKG~xvL7G�TWQ�ºmlqF�F»òä·¨^ZTu�¬dv[_[ML�L�X�Tu[¦�Y{vJMG�VK^PLOV��ýö¦�>FHGbk¾�qV�L7^PJ_Q�LOG�XZL7Gb�7rK^
º3c~dWXZdv^�L7IKr~}oXPJMdvG�\]rK^PI~LhIKdv^|X3��L7N�XPxvL7N|XZLO[M[_X7{oI9TWNPNmIKJ_L�¿]L7I~rK}�XZJMdWGKNPxvLONP��c�\]JMG~IKJMxv}uL7JYX�IKLON�a�TuGKx�TWGKN
JMQ'ºmlqFPF¦npa�TWGKxvTWGK}WdWQ�VK[_L���dv��L7^�c9TW[_���WdvG*ãWõWõfRÜ^PTWVKJMI~LhTWG~N�XZLOJMxWX7�oµhJML³IKJ_NP}or~XZJ_L7^|XZL7Gbk¶øÂLO}oXPLhLOJYn
GKL7N$NPdvxvLOG9TWGKG�XPL7G¼º�^PdWXPL7J_Gqn|·¨[tTWNpnpé³�¬LO^Px�TWG~xvN¶�K��\U�qLOJMGKLONzi³dv^PQ�TW[MQ�d>IKL7GqnHé���L7^�x�TWGKxvN¾[tTWN�NPL7GbNPJM��c
dWøÂLOGo�9TW^³TWr~�¾I9TWN³a�L�X�TW[_[M�7LOG�XZ^Pr~Q NPLO[M�KN|X�LO^�\$L7JYXZL7^�G��
FHQ�ô�J_G>�~[MJM��}UTur~��IKJML�lqJMQ�r~[tTuXPJMdvGKLOGf�OrKQ�º$l>FPF¦n|a�TWGKx�TWG~}WdvQ�VK[MLß���~�O\U�vTur~��IKJMLzà ^PTWxvLu{udv�sL7JMG

co�>V�dWXZc~LOXZJ_NP��cKLON¨a�d>IKLO[M[@TWrKN][_dv}�TW[MJ_NPJMLO^�XPL7G¼a�TuGKx�TWGK�OL7G�XZ^�L7G��¬LON�XZLOcKL7G�NPdv[_[_XZLhdqIKLO^]GKJM��c�XB{KèKGKIKLOX
NPJM��c,J_G:òælq��c9yu��LO^jLOXjTW[¦�Y{�ñk�4�Wþuö5L7JMG�gh^PxWrKQ�LOG�Xj�7r~^��mTW[_L7GK�ßnpù�dv}�TW[MJ_NZTuXPJMdvG*J_Q�G9TuXPJ_�vLOG�a�TWG~x�TWGqn
}WdvQ�VK[MLß�o ~k�JMG

MnIIIMnIV npR�dWQ�VK[_L��¸Q�J_XmIKLO[Mdv}�TW[_JMN�JML7^|XZLO^3�mTu[ML7G~��LO^PxvJ_�~Xz��L7J�lqJMQsrK[tTuXPJMdvG~L7G¸IKL7Nkmº3¿�l>V¬LO}oXP^PrKQ�N¨L7J_G�ñvñOnHù@J_GKJMLOGKNPJ_xvG9TW[ë{~\zyWcK^PLOGKIwJMQ
S2
L7J_G���ñBâ�npù�JMG~JML7G®a�rK[YXZJM[_JMGKLßn|lqJ_xvG9TW[ÂxvL�n

��rKGKIKLOG!\]JM^PIÂ�$µ�JML	ê¾TuXPNZTW��c~LW{zIKTWNPN�JMQ°k¶ejghà�l±}uL7JMG~L�NPJ_xvGKJYè9}�TWG�XZL7G�¯�G�XZLO^PN���cKJMLOIKL®�O\]J_NP��cKLOG
¿�TWr~Q¸nCrKGKI�ê»JML��¢XZL7Q�V�L7^ZT�XZrK^�Q�LONPNPr~GKxvL7GbxvLO��rKG~IKL7Gb\$L7^�IKL7Gwá¤RUTWV���ìoçß{>}u�vGKG�XZLhL7��L7G~�¤TW[_[MN3JMG�IKJ_L�n
NPL7^¶¿³J_��coXPrKGKxjJ_G�XZL7^�VK^PL�XZJ_L7^�XC\zLO^PIKLOG���§zLOIKL7G~}oX¶QbTWGsTW��L7^7{�I9TWN�N¶IKJ_LzQ�J_XPXP[MLO^PL7GfµhJ_N�X�TuGK�7LOG�JMGsI~L7Q
JMG	gh�K��� âq�_ñ�I9TW^�xvL7N|XZL7[_[_XPL7G	R�dvQ�VK[_L��*GKTWcKL7�Or�}udvGKN�XZTWG�Xh�~[ML7J_�¬LOG�{KN�db[tTuNPNPLOG�I~JMLUk¶ejghà�lonpµhTuXZLOG
}WL7J_GKL7G�IKJM^�L7}�XZLOG®l>��cK[MrKN�NhTur~�¾I~JMLj�mTW[_L7GK�O[Mdv}�TW[_JMNPJ_L7^�rKGKxs�Or��

ÃbÄ�� �ûÊ�È
MnII[H2O]6

Û��üÇ�� ×	Ö�Ê��
µhJML³RUTWG�XZLOGKN�XP^PrK}�XZr~^zIKLON [

MnII[H2O]6
]2+ nHR�dvQ�VK[_L��qL7N3NPdW[M[KLOJMGKLOG�LO^PN�XPL7G�êCLON�Xm��¹K^3IKJML��jr9TW[_J_XZyuX�vdvG�R�TuGoXPL7GKN�JMQ�r~[tTuXPJMdvGKLOG½rKGKI±TWrK��c±�WdvG!RUTWG�XPL7GqnHà¾J_XPN�I9TW^PN|XZLO[M[MLOG��3µhJ_L	N�JMQ�r~[MJMLO^�XPL¼l>XZ^�rK}�XZrK^

\]rK^PIKL�\]JML���dW[MxWXmxvLOGKL7^�JML7^|X& >I9TWN
MnII[H2O]6

n|a	dqIKLO[M[K\]rK^�IKLjQ�J_XmNPLOQ�J�nHLOQ�VKJ_^PJ_NP��cKLO^$k�GKLO^PxvJ_L7��L�n
^PL7��c~G>r~GKx`á¦ÁÂFpihµj�üòæÁÂL7^�GKL7^�LOXjTW[¦�Y{�ñk�vþvõ�ö¢ç»^PLO[tT��qJMLO^�X³rKGKI,I~JMLsa�Gqn|��nHµhJMN|X�TWGK�OL7G,TuGKNP��cK[_JML�£vL7GKI
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i ¿
2σ2 ∆E0

à¾JYX�nH§zL7^�L7JM��c���LA�
Rk¶ejgjà¶l â~�æõvâ ãq�äãWõG¢ õ~�æõ~ñ�â õ~�äã âG¢vðqñOnpðWõvþvõ õ~�Yñ�þ aejghihkml â�� ãq�äãqñ�â õ~�æõvõvõ n�ñW�æìoã âG¢Wåvþ�nHâvâvõvõ õ~�Yñ�¢ bâ��

2.205♦ 0.02♠
n�ñW�îðqñ âG¢Wåvþ�nHâvâvõvõ õ~�Yñ�å b

���$1
	45 5�	 =�?A@$B� FsS T RZ\b\ JGDGK EGFIH�LwUWDGK(UWD4M^xyRZK(UWD$EqM^P2R6S TVUWDGX�RZ\ [
MnII(H2O)6

]2+ M^]`_&\baGc6Fed E4JGHt|ti�]�JGH�Mm�FID�UWDGa�U&StS JGDGK[UWD�����g�� �(M�JGD$E��2g����)�(MO�<a�FIlqT HtFID�p���]`_q_&HtE4RZD�UWT R6_&D$S X�UWiGc��Gd4R6FIH T�� ♦ L#RZT TtFIcZ�)FIH T UWJ$S
� pZ� � �k� � pZ��� � � � pZ�����4� � p ����� � � p � � � JGD$E � p�� ����! � ♠ h�FIHtFs|tiGD$FITvUWc6S

2σ2 m�_&D ♦ � a) Rf (1.2 − 2.3
!

)
�

b) ��g����)�#"�M$��UWl<Tt_&H z�g
DGi�UWDGK$p�g p � p � }
TWG~c9TWGKI�I~L7^�k¶ejghà�lonHk3^�xvL7�~GKJMN�NPLz��LON�XZxWL7[MLOxWXB�WµjTWN�k�^�xvL7�KG~JMN¾J_N�X¾L7JMGs^PL7xWL7[MQ�yq£vJ_xvL7^C�j}�X�TWLOIKL7^¾Q�JYX
LOJMGKLOQ

MnII nHFHdvG¼J_Q�ÁÂL7G�XP^PrKQ r~GKI�â�ï<TWNPN�L7^PQ�dv[_L7}o¹K[MLOG	TWG¼IKL7G�k���}WL7GÂ�

021$1436587�9$:<;�=�?&%�B'��H K�FIhGDGR6S�FIRZD$FsS ]�UWD(TtFID�$TtS�UW\ L[D4M�i$Fed$UkU)(<J$_WM*�2g������(MO�<a�FIlqT H JG\fp4P�UWH K�FsStTtFIcZcZT StRZD$EE$U&S�Fed4a�FIH RZ\�FID(TtFIcZc2K�FI\�FsStStFID$F��<a�FIlqT H JG\ z
µexp

}bSt_���R6F#E4HtFIR��+�,�+�oMO�<RZ\�JGcAUWT R6_&D$FID�p�-~J.� FIKkRZDGD EGFIH�<RZ\ JGcAUWT R6_&D z
µini

}�h�FIT H JGK�EGFIHfL[D4MON`M^g
h$S TVUWD$E � p � �/! p���\0��H K�FIhGDGR6S[FIRZD$FsS1��g����)�(M$��RZTtS�\bRZT#FIR MD$FIH�FIRZDGi$FIRZT cZR6|ti$FID32 FIHVjWD$EGFIH JGDGK¤EGFIH�L#D4MON`M^P2R6S TVUWDGX z
µfit 4 1

}�hGXs��pbStFs|ti$S,m�FIHtSt|ViGR6FsEGFID$FID L#D4MON`M
P2R6S TVUWDGX�jWD$EGFIH JGDGK�FID�z

µfit 4 6
}�HtFsE4JGXsR6FIH TtF�S R6|ti�E4R6F�P
R6StTVUWDGX
UWJ4� � p � �5! hGXs��p � p ����6 !�pkP2R6F�g`h<�)FIR6|Vi(JGDGKRZ\3� FIHtFIR6|tifm�_&D#� 6 � � M�� 6 � � F*2 R6S T�E$UWHVUWJ4��XsJGH �$|tlqXsJ4�{�GiGHtFID��~E$U&StS D(JGH`E4R6FrFIHtStTtF�]`_q_&HtE4RZD�UWT R6_&D$StS aGi�jWHtFh�FIH �$|VlqStR6|ti(T RZKkT
��JGHtEGFkp

gh�~���5â~�îãª�OL7JMxuXUI9TWNfk3^�xvL7�~GKJMNU�O\$L7J_L7^fRUTWG�XZL7GqèKXZNfTWQ�a�G>nHcKLß�KTWTW©orKdunpR³dvQ�VK[MLß�� @k�J_GKL7^�à¾JYX
Q�J_X�LOJMGKLOQ�{uIKL7^mTWG~IKL7^�L�Q�J_X�N�L7��cKN3��^PLOJMLOGbºCTW^ZTWQ�LOXPL7^�G���µhLO^zk�JMG>npº¾Tu^ZTWQ�LOXPL7^|nHà¾J_X¾JMN|XmTW[MN3§zLOJMN�VKJMLO[
��¹K^hIKJML�àCJ_X�nH¿³dWr~XZJ_GKLfJ_QüghGKc9TuGKx¼gs�äãq�îãªTur~��xvLO��¹~cK^�X7��µhJ_L�Q�JYXPXP[ML7^�Lsµ�JMN�XZTWGK��N|XZJMQ�QsXhJMG®��L7J_IKL7G
à¶yu[M[MLOG:xvr~X��K��\U��xvL7GKTWr±Q�J_X�IKL7^�TWrKN¸IKLO^�k�ehgjà�l�nHghGKTW[_�>NPL¼LO^Pc9TW[YXZLOGKL7G±µhJMN|X�TWG~�<á�ê¾Tu���3â~�Yñ ç
¹K��L7^�L7J_G,rKGKIwTWrK��cwJMG,IKLOGw¿»nHà�Tu}oXPdv^PLOG,JMN|X¨IKL7^U¯³G�XZL7^�NP��cKJ_L7IwQ�J_GKJMQ�TW[má¤µhL7^UghGq�¤TWGKxvN|\zLO^�XU��L�n
XP^PrKx`JMG���L7J_IKL7G!à¶yW[M[_L7G±ãq�äãvð � ç��$µhJML�gh��\$L7JM��corKG~x�JMQ §zLO^PL7J_��c��vdWG²âG¢Wâvõ�nHâG¢vðWõ,LA�ûJMN�X�I9TW^pnTWrq�@�7rK^�¹K��}o�7r~��¹Kc~^PL7GÂ{�IKTWNPN»J_GªIKL7G*ehgjihkmlonplqJMQsrK[tTuXPJMdvG~L7G�G>r~^»IKJML�L7^PN|XZLUR³dqdv^�IKJMGKTuXZJ_dvGKNPN�VKc9yW^�L
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�¬LO^P¹K��}oNPJ_��c�XZJMxuXs\]rK^�IKLW�5µhLO^�â�nHº¾TW^PTWQ�L�XZLO^|npàCJ_Xj�WL7^PI~L7r~XP[MJM��c�XsTWr�£vLO^PIKLOQ�{�\]J_LbTurK��c<IKLO^sµ�L7���vLßn
ï:TW[_[MLO^|npà TW}�XPdv^¨IKrK^���c:ghr~��N�V9TW[YXZL7G`IKL7^�L7J_GK�7LO[MGKLOG:µhJ_N�XZTWGK�7LOG:^PLOVK^Pd>IKrK�OJMLO^�X�\]JM^PIÂ�Cµ�JML7N�JMN|X�L7JMG
�¬LOQ�LO^P}WLOGKN�\$L7^|XZLON�k�^�xvL7�KG~JMN7{mI9T`¯�GKdv^�IKGorKGKx:I~rK^P��c!XPcKL7^�Q�J_NP��cKL	�jJM�~^ZTuXPJMdvGKLOGÜá�I~�>G9TWQ�JMN���cKL7^
rKGKI®N|X�TuXPJMNP��c~L7^hg�G�XZL7J_[@IKL7NhµhL7���vLßnAï<TW[M[_L7^pnpà TW}�XZdv^�N7{@òýêCLOdK{½ñk�vþvâ�ö¢ç�JMG�à�a®l�np§zLO^PL7��c~G>r~GKxvL7G,GorK^
G9yWcKLO^PrKGKxWN�\$L7JMN�Lh��L7^�¹K��}oNPJM��c�XPJMxWXm\]JM^�I�òí¿]L7cK^3rKGKI�gh[_�¬LO^PNO{�ãWõWõvõuöë��µhJML]I~�>G9TuQ�J_NP��cKL³¯�G~dv^PIKGorKG~x
\]JM^PI�TW[_NPd¸JMG¼IKJ_L7NPLOQ�à TW[M[¬IKrK^���c�L7J_GKLUN�XZTuXZJ_NP��cKLf¯�GKdW^PIKGorKGKx�JMQ�J_XPJMLO^�XB�qµhLO^�¯³G�XZL7^�NP��cKJ_L7I�JMG	IKL7^
�¨rKTW[MJYX�yuX�á¤¿»n¦ï<LO^�Xßç�IKLONhñOnHº¾TW^PTWQ�L�XZLO^|npàCJ_XZN3rKG~IªIKL7Nzâ�npºCTW^ZTuQ�L�XZL7^pnpà¾JYXZN�J_N�XzTW[M[_L7^PI~JMGKxvN�Q�JMG~JMQ�TW[¦�
µhJML³k�JMGKI~L7r~XPJMxv}uL7J_X3I~L7N$k3^�xvL7�~GKJMN�NPL7NmJMN|XmI9TW��L7J9JMQ�L7GKxWL7^PLOG*lqJ_GKGKL»GKJ_��c�X$xWLO\zyWcK^P[_L7J_N�XZL�XB{�LON$N�VKJMLO[_X
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á�òælqJMLOxv�9TWcKGÂ{÷ãWõvõvõuöë{ÂN�JMLOcKL¸TWrK��c�gh�~���@ðq�Yñ¸JMG,RUTWV���ðq�_ñW�îãvç]è9GKIKLOGwN�JM��c�JMQ

MnII n|ÁÂLOGoXP^PrKQü�vdWGR�dvQ�VK[MLß� � ^PLO[tTuXPJ_�h[tTWGKxWL$µ�JMN�XZTWGK�OL7G�rKG~IsJMG~cKdvQ�dvxvL7G~L3µhJMN|X�TWGK���vLO^�XZLOJM[_rKGKxvLOG��WàC¹K^@IKJMLONPL7GsR�dvQ�nVK[MLß�U}WdvQ�QsX�c~JMGK�Or�{�I9TWN�N5I~L7^5k¶øÂLO}oX@�WdvGfFHdWGKJMNPTuXZJ_dvG¨�K�O\U� ù@TWI~rKGKxvLOGfQ�J_X@à¾kmà¾àªG>r~^5N���cK[MLO��c�X¾�Or
c9TWGKIKcKTW�¬LOG,JMN|XB� ï´yWcK^PLOGKI�TW[_[MLfTWGKIKLO^PL7Gwl>JMQ�rK[MTuXZJ_dvGKLOG�dvc~GKL��7r~NZyuXP�7[MJ_��cKL�FHdvG~JMNZT�XZJMdWG�TWr~NP}WdWQ¸n
Q�LOG�{vJMN|X3I9TWN3k�^PxWL7�KGKJ_N�IKL7^ml>JMQ�rK[MTuXZJ_dvGf��¹~^�I9TWN

MnII nHFHdvG�J_G¸R�dvQ�VK[_L�� � }WdWQ�VK[_LOX�X��vL7^�NP��cKJ_L7IKLOG�vdvG*IKLOG*L��qV�L7^PJ_Q�LOG�XZL7[_[MLOGªµjTuXPL7G��q§zLO^P¹K��}oNPJ_��c�XZJMxuX»QbTuGbIKJ_LhFHdvGKJ_NZTuXPJMdvG�IKLON]a�GqnHR�dvQ�VK[MLß�qL7N7{>NPd
è9GKIKL�XfQ�TWG�TW��LOJMGKLOQ FHdvGKJ_NZTuXPJMdvGKN�xv^ZTuI��vdvG`õ~� ¢bIKL7N

MnII nHg�XPdvQ�NjL7J_GKL7G�xv^�rKGKIKNPyuXZ�O[MJM��cwTWG~IKL�n^PL7G½RUTWG�XPL7G��vLO^P[tTur~�p{¾IKLO^�IKLOG�L��qV¬LO^PJ_Q�LOGoXPL7[_[ML7G<µjTuXPL7G:\$L7NPLOG�XZ[MJ_��c�G9yWcKLO^�}WdWQ�QsX*á¤g��K���Câ~�æì�ç��
µhJML¸k�^P}o[MyW^PrKG~xª��¹K^jIKJ_L7NPLONj�3L7^�c9TW[_XPL7G,[_JML7xuXjJMG,I~L7^UlKó�à@np§zLO^PL7��c~G>r~GKxK{@IKJML�à¶k3à¶à��7r~^U§zL7N|XZJMQ�n

Rcryst Rexafs

Mn(II,II) 2.205 � 2.14 �
Mn(II,III) 2.126 � ]

2.07 �
Mn(III,III) 2.047 � 2.05 �

����1
	45 5�	�=�?���B�L#RZT T c6FIHtFuP2R6S TVUWDGX�EGFIH FIHtS TtFID�]
_<_&HtE4RZD�UWT R6_&D$SVS aGi�jWHtFuRZ\ ]`_&\baGc6Fed����yh�FsS T RZ\b\ T E4JGHt|ti]�H R6StTVUWcZc6_&KkHVUWaGiGR6F hGXs��p
� �2g�� ��p ] L#RZT TtFIcZJGDGKuEGFIH`x�jWDGK�FID#m�_&D�h�FIR6EGFID[LwUWDGK(UWD4M -�FID(T HtFID�p
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Q�r~GKx¨IKL7^mloXZ^PLOrKV�dWXZLOGoXPJtTW[_L�IKrK^���c~��¹KcK^|XB�oµhJ_L]·¨^P�4£vL
qi
xvJ_�~X�IKLOG�ºCTW^�XPJtTW[_[tTWI~rKGKxvN|XZ^ZTuGKN���LO^C��¹K^�IKJ_L

LOJMGK�OL7[MG~L7G*º5dWXZLOGoXPJtTW[YXH�>V¬LOGb\]JMLOIKL7^Uá^�f�vLO^PN���cKJMLOIKL7GKLUJ_GbIKJ_L7NPLOQ à TW[_[¢çß�vï´yWcK^PLOGKIª��¹K^zTW[M[_L³FHdWGKJMNPT�n
XPJMdvGKN�xv^ZTuIKL��WdvG

QPot � MnII < 0.5
LOJMG¼ù@TWIKr~GKxvN�XP^ZTWG~N���L7^��WdvG

qi ' −1.1 e
xvL���rKGKIKLOG¼\]J_^PI�{

MnIITW[_NPdªN���cKL7J_Go�9TW^jGKLOx�TuXPJ_�	\]JM^PIÂ{¬LO^PxvJ_�~XjN�JM��c�TW�
Q > 0.5

L7JMG®ù5TuIKrKGKxvN|XZ^PTWGKN���LO^j�vdvG
qi ' 0.26 e

{
TW[_NPdfL7JMG~LhV�dvNPJYXZJ_�WLjºCTW^�XPJtTW[_[tTWIKr~GKxK{W\]J_LhQ�TWGªNPJ_L ��WL7^�G>¹~G~�¢XZJ_xvL7G �¿³LO��cKGorKGKxvLOG	è9G~IKLOX»r~GKI*TWrK��c
LO^�\zTW^�XPL7G¼\]¹K^PIKLu�
µhLO^jk¶øÂLO}�XjIKLO^hFHdvGKJ_NZTuXPJMdvG�TWr~�¶I9TWN

MnIII n|ÁÂLOGoXP^PrKQ�J_N�X�xv^Pr~GKIK[MLOxvL7G~I®TWGKI~L7^PNjTW[MN]IKLO^hdv��L7G��L7N�VK^Pd>��cKL7G~L�rKGKI,�7r~IKL7Q0IKL7^hi�dv^�QbTW[Y�¤TW[M[ë{~I��íc��¬I9TWN¨k�^PxWL7�KGKJ_Nh��¹K^�I9TWN
MnIII n|ÁÂL7G�XP^PrKQüJMN|XhXH��nVKJ_NP��c���¹K^¨IKJ_L�lqJMQ�r~[tTuXPJMdvGKLOG®IKLO^�Q�L7J_N�XPL7G�rKG�XZLO^PNPr~��coXPL7G½loXZ^Pr~}oXPrK^PLOG��5ô�J_L7^¨JMN|XUJMG,LO^PN�XPL7^fù�JMGKJ_L

LOJMGKL�L7J_G~�¤TW��cKLU�3L7^�NP��cKJ_L7�KrKG~xªIKL7N�NPJ_Q�rK[MJ_L7^|XZL7G�lqV�L7}�XZ^�rKQ�N���L7�O¹Kxv[MJ_��c�IKLO^hk�GKLO^PxvJ_LBTW��c~NPL��Or���L�n
dv�KTW��c�XZL7GÂ�

021$1436587�9$:<;>=�?��yB �2g����)�(MO�<a�FIlqT HtFIDfm�_&D[]
_&\baGc6Fed �~p'2 FIH Kkc6FIR6|Vi[m�_&D[Fed4a�FIH RZ\�FID<TtFIcZc6FID�PrUWTtFIDf\bRZT��<R M\ JGcAUWT R6_&D$FID�p~P
R6F _&h�FIHtFr]�JGH m�FID$St|Vi�UWH
S TtFIcZcZT
E4R6FrFedqa�FIH RZ\�FID(TtFIcZc6FID��<a�FIlqT HtFID>z�Fed4a~}�m�_&Df]`_&\baGc6Fed ��RZDEGFID -~J$S TVjWD$EGFID
MnII,II

2

z�St|Vi(� UWH X�}e�
MnII,III

2

z{Ht_&T�}�JGD$E
MnIII,III

2

z{KkH �GD~} E$UWHYpoP2R6Fu\bRZT T c6FIHtF ]�JGH m�FID4MSt|ti�UWH���JGHtEGF \bRZTrEGFID�]`_q_&HtE4RZD�UWTtFID�UWJ$SrEGFIHr]�H R6S TVUWcZc6S T H JGlqT JGH����GH�E$U&S
MnII M^�O_&D z�St|ti<��UWH X�}rJGD$E�E$U&S

MnIII M^�O_&D S RZ\ JGcZR6FIH T`z
simcryst

}ep�P2R6F�Ht_&TtF xyRZDGR6F FID(TtS aGH R6|Vi(T EGFI\QL[RZT TtFIcZ��FIH T�UWJ$S�E4R6FsStFID h�FIR6EGFID�p&g
D�UWc6_&KE$UWXsJ���JGHtEGFID����GH�E4R6F � FIHtFs|tiGD(JGDGKwEGFIHrJGD(TtFIHtF�]�JGH m�FID$St|ti�UWHvz
simfit

}2E4R6F�� RZDGl�FIc�JGD$E�P2R6S TVUWDGXYFID>RZDFIRZD$FI\ FIDGK�FID � FIHtFIR6|ti>E4JGHt|Vi>FIRZD$F �2g����)�(M^g`DGa�U&SVS JGDGK>z{XsJ�EGFID
��UWHVUW\�FITtFIH D�JGD$E���H K�FIhGDGR6StStFID>m�FIH�MKkc6FIR6|ti$F�noFedqT�}��{�GH�E$U&S
MnII M�JGD$EbE$U&S

MnIII M^�O_&D[z�St|ti<��UWH X
JGD$E KkH �GD~}�m&UWH RZR6FIH T SV_Y��R6F�EGFIHtFID�L#RZT TtFIcZ�)FIH Th�FIHtFs|ViGD$FIT p
FHG�gh�~�KJM[_IKrKGKx,âq� ¢�N�JMGKI�I~JMLªk�^�xvL7�KG~JMNPN�Lª�vdvG±lqJ_Q�rK[MTuXZJ_dvGKL7G`TWrKNs�O\$L7J��vLO^PN���cKJMLOIKL7GKLOG±g�Gqn

NPyuXZ�OL7G!xvLO�7LOJMxWX7�zÁÂr~G9yW��cKN|Xb\]rK^�IKL7G²l>JMQ�rK[MTuXZJ_dvGKLOG±TuGKc9TWGKI±IKL7^bR¨^PJMN|X�TW[_[MN|XZ^Pr~}oXPrK^PLOG½IKrK^P��c~xvL�n
��¹Kc~^�XB�@µhT	J_GwI~JML7N�L7Q�à TW[_[¶IKJML�l~ó�à5np§zLO^PLO��cKGorKGKxvLOG:��¹K^UI9TWN

MnII nHFHdvG�GKJ_��coXfd>IKL7^UrKGKV~co�>N�JM}�T�n[_JMNP��c÷}WdWGo�WL7^�xvJMLO^�XZLOG á¤N�JML7c~L�dv��L7G9ç�{3\]rK^PIKL�N�XZTuXPX�IKL7N�x�TWGK�OL7GúR³dvQ�VK[MLß�~LON�GorK^�L7J_G�ghGKTW[MdvxWdvG
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�7rKQ c~L��~TvTW©orKd÷R�dWQ�VK[_L���NPJ_Q�rK[MJ_L7^|XB�mµjTW�Or²\]r~^PIKLOGGorK^*IKJ_L,ù�JMx�TuGKIKL7GúI~L7^*L7^�N�XPL7GR�d>dv^PIKJ�n
G9TuXZJ_dvGKN�NPVKc9yu^PL¸TWrKN¨I~L7^UR¨^PJ_N�X�Tu[M[MN|XZ^�rK}�XZrK^³¹K��L7^PG~dvQ�Q�L7G,r~GKI�IKJMLsXPL7^�Q�J_G9TW[MLOG�l>XPJM��}oN�XPdWø�n»�K�O\U�
l~TWrKLO^PN�XPdWøÂTuXZdvQ�LU�7r

NH3

�K��\U�
OH2

LO^Px�yWG~�OXB��µhJ_L�TWr~�CIKJMLONPL�gh^�X³��L7^�L7��cKGKL�XZLOG�lqV�L7}�XZ^�L7G�N�JMGKI
JMG¼gh�K�Â� â~� ¢	á

simcryst.

çzI9TW^�xvL7N|XZLO[M[_X7�9µhLO^³xWL7GKLO^PL7[_[MLURUTWG�XZLOG��vL7^�[tTWrq�¶JMN|X³cKJMLO^»^PL7V~^Pd>IKrK�7J_L7^|XB{9TWr~��c
\zLOGKG½IKJML¼l>JMQ�rK[MTuXZJ_dvG,��¹K^�I9TuN

MnII nHFHdvG<Q�LOcK^��hc~GK[MJ_��cK}WLOJ_X�Q�J_XfIKLOQ J_G�RUTWV��Câ~�îã���L7N���cK^PJ_L�n�¬LOGKL7Ga�TWG~x�TWGqnAcKL��~TvTW©orKd�npR�dWQ�VK[_L��±TWrq�¢\zLOJMN�X7{�TW[_NbQ�J_X�IKLOQ N��>G�XZc~LOXZJ_NP��cKLOG«R³dvQ�VK[MLß� � J_Q
MnII,II n|ÁÂr~N�X�TuGKI��µhJ_L*§zLO^PL7��c~G>r~GKx`I~L7^¸ºCduXZL7G�XPJtTW[_L�\zTW^���¹K^�IKJ_L7N�L7G÷R�dvQ�VK[_L��`dWø¬L7Go�9TW^���L7N�dvGKIKLO^PN¸}o^PJYXZJMN���c��
¯�Q �Or±rKG�XPL7^PN�rK��cKLOG�{m\]J_L*N�XZTW^P}`IKL7^�k�JMG
	KrKNPN¸IKLO^b·¨L7dWQ�L�XZ^PJ_LªTWrq�hIKJ_L¼ºCdWXPL7G�XZJMTW[M��L7^�L7��cKGorKG~x
JMN�X7{�\]rK^PIKLOG�JMQ�¿³TWcKQ�L7G`L7JMG~L7NUejgji�kmlonpà¾JYXZNU��¹K^ ��LOIKL7G<IKL7^f�¬LOJMIKLOG�a�TWG~x�TWG9TW�~NPdv^��¬LO^sQ�JMGKJ�n
QbTW[_L�l>XZ^�rK}�XZrK^PyWGKIKLO^PrKGKxWL7G!�OrKxvL7[MTWNPN�L7G��$µjTWNbk�^PxvLO�KGKJMN�JMN|X�JMG÷gh�K���mâ~� ¢�á

simfit

ç�I9TW^�xvL7N|XZLO[M[_X7�
à¾¹K^zIKTWN

MnII nplqV¬LO}�XZ^Pr~Q'\]r~^PIKLOGªï²JMGK}uL7[�rKGKI*µhJ_N�XZTWGK�7LOG*JMG�L7J_GKL7Q'L7G~xvL7G¼l>VKJMLO[M^ZTurKQÀ�uTW^PJ_JML7^|Xá
∆(θ, ϕ) �

â ◦ { ∆R < 0.1 � ç]rKGKI�IKLO^jgh�KN�dv^P��L7^j\]r~^PIKL�Tur~��xv^Pr~GKI,IKL7N¨J_G®gh�~����â~�íì*xvLO�7L7J_xWXZLOGk�ø¬L7}�XPL7Nsr~Q
∆Q = 0.5

JMdvGKJ_NPJ_L7^�X7�Âµ�JML�IKrK^���c<IKLOGwehgji�k$l�npà¾JYX¨�¬LON�XPJMQ�QsXZL�Q�J_X�XZ[_L7^PL�µhJMN|X�TWGqn
�ByWGKI~L7^Pr~GKx½IKL7^*LO^PN�XPL7G´R�d>dv^�IKJMG9T�XZJMdWGKNPN���c9TW[ML	��LOXZ^PyWxWX

∆Rmean = 0.065 � J_Q �3LO^Pxv[_L7J_��c!�7rIKL7GwghGKxvTW�¬LOGwTWrKN¨IKLO^URU^�JMN|X�TW[_[MN�XP^PrK}�XPrK^7{9\zTWNUxvL7G9TurwI~L7Q k¶ehgjà�lonHk�^PxvLO�KGKJMN¨LOG�XZNPV~^PJM��c�X7�@µhJML
gh��\zLOJM��corKGKx�IKLO^»TW�KN�dv[Mr~XPL7G¼k�GKLO^PxvJ_L7NP}�TW[MTf��LOXP^ZyWxWX

∆E = −3.3 eV
rKG~I	I~L7^

R
nAï`L7^|X�^�L7IKrK�OJMLO^�X

NPJM��c��WdvG¸õ~�íìKñ»TWr~�¬õ~�äãvãq�uà¾¹K^¾I9TWN
MnIII n|lqV�L7}�XZ^�rKQ�\]r~^PIKLOG¸ï²J_GK}WLO[~rKG~Iba	Gqnpù�JMxvTWGKIqnHµhJMN|X�TWGK�OL7GTWG9TW[_dvx¨�7rKQ

MnII nHà¾J_X¾�WTu^PJMJ_L7^|XB�vµ�JML»Q�T��qJMQ�TW[MLmï²JMGK}uL7[tyuGKIKL7^�rKGKxU��LOXZ^�rKx�I9TW��L7J max(∆α) ≈ 6◦rKGKI	IKJMLUQ�T��qJMQ�TW[ML�µhJMN|X�TWG~�ByWGKI~L7^Pr~GKx
max(∆r) = 0.015 � � µhJ_L¨�hGKI~L7^Pr~GKx�I~L7^]Q�JYXPXP[ML7^�L7G¼µhJ�nN�X�TuGK�$J_N�X@Tur~��xv^Pr~GKIfI~L7^5k¶ejgjà¶lonpk�^PxWL7�KGKJ_NPN�L3��LON�XPxvL7N�LOXZ��X¶Tur~�

∆Rmean = −0.003 � {�TW[_NPd]G9TWcKLO�7rè~�qJML7^|XB�¾µjT��7r~Q k�^P^�L7J_��cKL7G�N�JMGKG��vdW[M[MLO^sºCTW^�XPJtTW[_[tTWI~rKGKxvN|XZ^ZTuGKN���LO^PN
qi
}uL7JMG~LªFHdvGKJ_NZTuXPJMdvGwGKdWXH\$L7Gqn

IKJMx¼\�Tu^7{@\]rK^PIKL�I9TW^PTWr~�z�WL7^��7JM��c�XPLOXB�¾µhJML¸�3L7^�NP��cKJ_L7�Kr~GKx®IKLO^sTW�~NPdv[_r~XZLOG:k�GKL7^�xvJML7TW��cKN�Lb��LOXZ^PyWxWX
∆E = −0.92 eV

{~rKGKI	IKL7^³¿�nAï`L7^�X»�WL7^��¬LONPNPLO^�XhNPJM��c¼�vdWG�õ~�Yñ ã�TWr~�¶õ~�æõG¢q�
ï²J_L�TWrKN�gh�K�Â��â~� ¢��7r,LO^PN�L7cKLOGwJ_N�X7{�\]J_^PI®IKJ_L�é³�¬LO^PL7J_GKN�XPJMQ�Q�rKGKx�IKrK^���c�IKJMLfQ�J_GKJMQ�TW[MLh�hGqn

IKL7^�rKGKx¼IKL7^¨·ULOdvQ�L�XZ^�JML�IKL7r~XP[MJ_��c®L7^�cK�vc�XB�ÂµhrK^P��c�xvLOL7J_xvGKLOXPL�§zLONP��cK^PyWGK}orKGKx	IKL7N¨a�dqI~L7[M[_Nh}�TWGKG
TWrK��cú��¹K^ªIKLOG

MnII n|ÁÂrKN|X�TWGKIú©or9TuGoXPJ_XZTuXZJY�vL®é³�¬LO^PLOJMGKN|XZJMQ�Q�rKG~x<Q�J_X�IKL7G´µjTuXPL7G²L7^��7J_L7[_X�\$L7^|nIKL7G���k3^|\�yucKG�XfN�L7JCGKdq��cÂ{�I9TWN�N�lqJMQ�r~[tTuXPJMdvGKLOG�dWcKGKL�lKó�à5nH§zL7^�L7��cKGorKG~x�LO�¬LOG~�¤TW[M[_NhIKLOr~XZ[_JM��c��WdvQ
L��qV¬LO^PJ_Q�LOGoXPL7[_[ML7G	k�^PxWL7�KGKJ_N³TW��\]JM��cKLOG��
� ��� ��� ������� ������� !

Mn−N2O4µhJML�R¨^PJMN|X�TW[_[MN|XZ^Pr~}oXPrK^¾�WdvGªR³dvQ�V~[ML�� ��{�I~L7^mJMQ��3LO^Pxv[_L7JM��c¸�OrªR�dWQ�VK[_L�� � L7JMG~L7Gbc~�vcKL7^�L7G�ghG�XZLOJM[TWGwl~TWrKLO^PN|XZdWø�J_G®IKLO^jL7^�N�XZLOGwR�d>dv^PIKJ_G9TuXPJMdvGKN�NPVKcKyW^PLsTWr~�¢\$L7JMN|XB{�\]rK^PIKL���L7J$ñ�õvõªR'JMQ
Mn(III,III)ÁÂrKN�XZTWGKI¸�¬LON�XPJMQ�QsXB��µhJ_L]lqJMQsrK[tTuXPJMdvG~L7G��7r¸IKJMLONPLOQÀR�dWQ�VK[_L��fIKJ_L7G�XZLOG��vdv^3TW[_[MLOQ�I9TW�7rÂ{vIKJML$dvV~XPJYn

QbTW[_L7G¸ºCTW^ZTWQ�LOXPL7^���¹K^3à�a�lon|lqJ_Q�rK[MTuXZJ_dvGKL7GsTWG�a�Gqnpl>�>N�XZLOQ�LOGb�Or���L7N|XZJMQ�Q�L7G�{uIKJML»J_Q��3L7^�xv[MLOJM��c
�7r�à9L7N|XZ}W�W^PV�L7^PGÂ{¬��¹K^�IKL7^�L7G�§zLOc9TWGKIK[_rKGKxbà¶k3à¶à�rK^�NPVK^�¹KGKxv[_JM��c�LOG�XH\]JM��}WLO[_Xj\]r~^PIKLu{�L7J_GKLf^�L7[MTuXZJY�
dWøÂLOGKL,loXZ^Pr~}oXPrK^ªTur~�¢\zLOJMN�L7GÝá¤TW[MN�d`N|�qG�XPcKLOXPJMNP��c~L,R�dvQ�VK[_L��qLW{3c��>V¬dWXPcKLOXPJMN���cKL,a�d>IKLO[M[ML*��¹K^�IKLOG
a�TWGKx�TuGK}WdvQ�VK[_L��Kç��
k�JMG~L��OL7G�XZ^PTW[MLf¿]dv[M[_L¨�¬LOJMQü§zLO^PL7��c~GKL7G®�WdvG�ehg¨lonHR�TuGoXPL7G�NPVKJ_L7[_X³IKJ_Lf·U^��4£vLUIKL7N��¬L�XZ^PTW��c�XZL�n

XZL7G�óz[MrKN|XZL7^�N7�CµhJMLONPL�\]JM^P}�XfNPJ_��c<JMQ \$L7N�L7G�XZ[_JM��cKLOG�TWG`�O\$L7J»loXZL7[_[MLOG<TWr~NW C§zL7J3IKLO^�§zLO^PL7��c~G>r~GKx
IKL7^]NPLO[M�KN|XZ}udvGKNPJ_N�XPL7G�XZLOG,ºCdWXPL7G�XZJMTW[ML�áëlKó�à�çß{KI9TW��L7J��Wdv^³TW[M[_L7Q'¹K��L7^]IKL7G Og�XPdvQ�J_��nA�9TW��}oxv^PdWrKGKI 
µ0
{¬r~GKI®��L7J5IKL7^¨§$L7^PLO��cKGorKGKx*�vdWG

χ
{ÂIKLOQûloXZ^PLOr9TWG�XZLOJM[CL7G�XP��LO^PG�XZLO^PL7^¨lq��c9TW[_L7G�TWG�IKL7^jg��KNPdW^PVqn

XZJMdWGKNP}�TWG�XZLu��µhJ_L�à¶k3à¶à5nAghr~XPdv^PLOG÷á �~� �~��¿]L7cK^O{Âgf�ÂghG~}>r~IKJMGKd���LOXUTW[ë�îç]L7Q�V~��L7c~[ML7G,xWL7GKLO^PL7[_[¾LOJMGKL
óz[MrKN|XZL7^�xv^P�q£vL*�vdvG±�BT~�3þvõ�g�XZdWQ�LOG÷r~GKI�Q�L7cK^O�3µhJMLON¸JMN�X��Wdv^�TW[M[_L7QSI9TWGKG�TWGKxvLO�K^ZTW��c�X7{3\$L7G~G
\zLOxvL7G±[tTWGKxW^PL7J_��c�\zLOJ_XZJ_xvL7^��¨^�IKGorKGKxw�qJ_L7[_L	lq��c9TW[_L7G½�7rK^�à9L7J_GKN�XP^PrK}�XZr~^��¬LOJ_XZ^PTWxvLOG��¶FHG�a�LOXZTW[M[_dun
º3^�dWXZLOJMGqnpÁÂL7G�XZ^�L7G�rKGKIªTurK��cbJ_G�N|�qG�XPcKLOXPJMNP��c~L7G*dv^�x�TWGKdunAQ�L�X�TW[_[MJ_NP��cKLOGs�3L7^��KJMGKI~rKGKxvLOG�è9GKI~LOX�Q�TWG
NPdv[_��cKL�[tTuGKxv^PLOJM��c�\$L7J_XPJMxvLz�j^PIKGorKG~x ��L7IKd>��c¸GKJM��c�XB{�rKGKI�LON�N�XPL7[M[YX¾N�JM��c�IKJ_L�à9^ZTuxvLW{ \]JML��qJ_L7[_L»lq��c9Tu[ML7G
rKQ'I9TWN$TW�KNPdW^P�KJ_L7^PLOGKIKL³g�XZdvQ�c~L7^Pr~Q�¹K�¬LO^Pc9TurKV~X���L7^�¹K��}oNPJ_��coXPJMxWXm\$L7^PI~L7GªQ�¹~NPNPLOG��>FHGbgh�~���>â~�äâ
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U&E4RAUWc6F�"��$|VlqS T HtFIJ$FIH�M*2 FIH TtFIRZcZJGDGK�S �{JGDGlqT R6_&D�z "`P � }�m�_&D�]
_&\baGc6Fed��yp�z{Ht_&T�M�N �khGcAUWJuM
����St|ti<��UWH X�M��2��m<R6_&c6FIT T�M�L#D���� M�DGR6|ti<T�E$UWH K�FsS TtFIcZcZT�}ep�P�FIJGT cZR6|Vi�XsJ FIH l�FIDGD$FID S RZD$E�E4HtFIR<P2R6S TVUWDGXsh�FIHtFIR6|ti$FhGXs��p��)cZJ$S TtFIH HVU&E4R6FID#\bRZT

Rc ≤ 2.7
! �

Rc =≤ 3.9
!2JGD$E

Rc =≥ 3.9
! p

J_N�X@IKJ_L�^ZTWIKJMTW[MLC�3L7^�XPL7J_[MrKGKx]IKLO^5¿³¹K��}oN|XZ^PLOrKL7^O{��WdvQÝTW�KN�dv^P�~JML7^�L7GKI~L7G�a	GqnHg�XPdvQ�TWrKN@xvLONPLOcKL7G�{�I9TW^pn
xvLON�XPL7[M[YXB�oô³JML7^��¬LOJ9\]JM^PI�Q�JYXmL7JMG~L7Q'TWGKxWL7GKdvQ�Q�L7GKLOGªµhLO�o�WL�n¦ï:TW[_[MLO^|npà TW}�XPdv^��vdvG

2σ2 = 0.003 � 2á¢XH�qV~JMNP��c~L7^Uk¶ejghà�lonAï`L7^|Xßç ��LOIKL7Q0g�XZdvQ0L7J_GKL¸·UTWr�£un¦���v^PQ�JMxvLU¿]¹K��}oN�XP^PLOrKL7^�IKJM��c�XZL��7r~xvL7dv^�IKGKL�X&¡
I9TuN�FHG�XZL7xW^ZTW[�¹~�¬LO^�IKJMLhL7JMG~�7L7[_GKL7G	·UTWr�£W}>r~^��vLOG¼JMN�X»TWr~�mñ¨GKdv^�Q�J_L7^�X7�>µhJMLUl>rKQ�Q�LjIKJ_L7N�L7^»k�JMG~�7L7[�n
�WL7^�XPL7J_[MrKGKxWN���rKGK}�XPJMdvGKLOGfLOG�XZNPV~^PJM��c�X¾I9TWGKG�IKL7^5JMQ«k¶ejgjà¶l�xvLOQ�LONPNPLOGKL7G�·ULONZTWQfXP�vLO^�XPL7JM[_rKGKxvN|��rKGK}vn
XPJMdvG¼á¢�>xv[¦�WR�TuV��G¢q�æå~�íìoç��ughGKcKTWGKI��vdvG¸g��K����â~�æâj[tTuNPNPLOG¸NPJM��c�N�dW��dv^|X3IK^PLOJK§zLO^PL7J_��cKL]rKG�XZLO^PNP��c~L7JMI~L7G�{
IKJ_LzIKJ_LzXH�>VKJMN���cKL7G�JMG¸à9^PTWxvLz}udvQ�Q�LOGKIKL7G�óz[_rKN�XPL7^|np·U^��4£vLOG�IKLOèKGKJMLO^PL7G�  áëT�çCTW[M[_L�¿]¹K��}oN�XZ^�L7rKLO^3Q�JYX
LOJMGKLOQ�gh�KN|X�TWGKI��vdvG�\$L7G~JMxvLO^hTW[_N

2.7 � { I9TWNhLOG�XZNPV~^PJM��c�X¨I~L7^³L7^PN|XZLOG�R�d>dv^PIKJ_G9TuXPJMdvGKN�NP��c9Tu[MLq¡�á¤� çTW[_[MLs¿³¹K��}oN|XZ^PLOrKL7^UQ�J_XhL7JMG~L7Qûg��KN�XZTWGKI��vdvG,\$L7GKJ_xvL7^UTu[MN
3.9 � N�d \]J_L	á¤�BçhL7JMG`óz[_rKN�XPL7^j�vdWGw�7T~�

5 � ¿³TWIKJ_rKN7�FHG�gh�K���vâ~�îðjJ_N�X3IKLO^$k�J_G
	9rKN�NmI~L7^$·U^��4£vL�I~L7^$a�d>IKL7[_[MN�XP^PrK}�XPrK^3TWr~�¬IKJML»N�JMQ�r~[MJMLO^�XPL7G�¿]�vG�XZxvLOGqn
TW�~NPdv^��~XZJ_dvGKNP}�TWG�XPL7G®I9Tu^PxvLON�XZLO[M[YXB��¯�G�XZLO^PN�rK��c�X�\]r~^PIKL�TurK��c�{ÂdW�®IKL7^h}>^�J_XPJMNP��c~L�º¾Tu^ZTWQ�LOXPL7^hIKTW�¬LOJ
IKLO^z¿³TWIKJ_rKNmIKL7^$ºCdWXPL7G�XZJMTW[YnCd>IKL7^zl>XP^PL7r~�¬LO^PL7��c~G>r~GKx�JMN|XB�q�høÂLOGKNPJ_��coXP[MJ_��cbJMN|XmIKL7^$}>[_L7J_GKN�XPLjóz[_rKN�XPL7^
N�d \$dvcK[�JMQ ô³JMGo�K[MJ_��}�TWr~�UI~JML�ºCdWXPL7G�XZJMTW[YnsTW[_NbTWr~��c²TWr~�¨IKJ_L®loXZ^PLOrK��L7^PLO��cKGorKGKx½rKGK�OrK^PLOJM��cKLOGKI��
µhLO^s¯³G�XZL7^�NP��cKJ_L7I���\]JMNP��c~L7G:IKLOQ�Q�JYXUL7JMG~L7Q�¿³TWIKJMr~NU�WdvG

3.9 � �K�O\U� 5 � rKQ�IKLOG:gh�KN�dv^P��L7^��L7^�L7��cKGKL�XZLOG�l>V¬LO}oXP^PrKQ JMN|X ��LOIKd>��c*xvL7^�JMGKxfxvL7GorKxK{>rKQ'JMc~Gª�7rKxWrKGKN�XPL7G*IKLO^�¿]L7��cKLOGK�7LOJ_X»J_G*RUTWr~�
�Or�GKLOcKQ�L7G��
ï´yWcK^�L7GKI*N�JM��c¼TWr~NzIKLO^»R¨^PJMN|X�TW[_[MN|XZ^Pr~}oXPrK^3��¹K^zIKJ_LhLO^PN�XPL¨R�d>dv^�IKJMG9T�XZJMdWGKNPN�VKc9yW^�L�LOJMGKL�Q�JYXPXZ[_L7^�L

µhJ_N�XZTWGK���vdvG
Rcryst

mean = 2.084 � LO^PxvJ_�~XB{�è9G~IKLOX�Q�TWG�JMQ�k¶ejghà�l,L7JMG~L7Gw}>[_L7J_GKL7^�L7G�ï<LO^�XB{�GKyWQ¸n[_JM��c
Rexafs

mean = 2.010 � á ∆R = 0.074 � ç��qk�N�JMN|Xz\]JMLOIKL7^�TWGK�OrKGKL7c~Q�LOG�{~I9TuNPN�IKJ_L7N�L¨µhJ_ø¬L7^�L7GK�hIKL7^rKG�XPL7^PN���cKJMLOIK[MJ_��cKL7Gba�LONPN�XPL7Q�V¬LO^ZTuXPrK^3rKGKI�Q��Wxv[MJ_��cKL7G�R¨^�JMN�XZTW[M[_V9TW��}orKGKxWNPLOø¬L7}�XPL7G¸xvL7N���corK[MIKL�XzJ_N�X7�
µjTuN�k�^PxvLO�KGKJMNfIKL7^�lqJMQ�r~[tTuXPJMdvGwJMG`IKJMLONPL7QSQ�dvGKd��uTW[MLOGoXPL7G½lo�qN|XZLOQ�{5\]JMLªLON�TWGKc9TuGKI�IKL7^sR¨^PJMNpn
XZTW[M[_N�XZ^�rK}�XZrK^U��L7^�L7��cKGKL�X�\]rK^�IKLW{C�KJML�XZLOXfNP��c~dvG:L7J_GKLbN�L7cK^fxvr~XPLb§zLONP��cK^�L7J_�KrKGKx,IKLONsxvLOQ�LONPN�L7GKLOG
�3LO^P[tTur~��NsIKLO^�L��qV�L7^PJ_Q�LOG�XZL7[_[MLOG�µjTuXPL7G��¾�3dW^�TW[M[_L7Q�JMQS§zLO^PLOJM��c½rKQ âG¢vð4¢�LA��[MyWNPN|X�NPJ_��c½TW[M[_L7^pn
IKJ_GKxvNUL7J_GKL�IKL7r~XP[MJ_��cKL¸gh��\zLOJM��corKGKx®��LON�XPN�XZLO[M[_L7G�{@IKJ_L�Tur~��IKLOG�¯�G�XPL7^PN���cKJMLOI:�O\]J_NP��cKLOG:IKLOG:}o^PJMNpn
XZTW[M[_dvxv^ZTuVKcKJMN���c*rKGKI®I~L7G�Q�J_X�XZLO[MN]k¶ejghà�l	��L7N|XZJMQ�QsXPL7G�µhJMN|X�TWGK�OL7G®�OrK^P¹~��}>xWL7c�XB�ÂµjTWNPN�IKJMLON�I~L7^
·¨^PrKG~I���¹K^hI~JMLf�Wdv^PcKTWGKIKLOGKL�gh��\$L7J_��c>r~GKx�J_N�X7{�}�TWG~G,xvL7�OL7JMxuX�\$L7^�IKL7G�{ÂJMGKIKLOQüIKJMLsR�d>dv^PIKJ_G9TuXPL7G
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0�1$1436587�9$:(; =�?���B �)cZJ$S TtFIH�M �2H�� ��F ���GH � � �oM$��L�� � FIHtFs|tiGD(JGDGK�FID�pog`DGi�UWD$Ewm�_&D>�<RZ\�JGcAUWT R6_&D$FID����GH2EGFID| � M^]
_&\baGc6Fed���RZHtEwEGFIH ��RZD��$J$StS�EGFIH �)cZJ$S TtFIH KkH�� ��F h�FIR�EGFIH �o_&TtFID<T RAUWc M`JGD$E[h�FIR�EGFIH��<T HtFIJGh�FIHtFs|tiGD<JGDGKEGFI\�_&D$StT H R6FIH TYp�� jWiGHtFID$E�FIRZD�D(JGH�E4R6FbFIHtS TtFb]
_<_&HtE4RZD�UWT R6_&D$SVS aGi�jWHtF�JG\ ��U&StStFID$EGFIH �)cZJ$StTtFIH�EGFIJGT cZR6|ti>XsJlqc6FIRZD R6S TY��FIH ��FIR6S T�S R6|ti FIRZD$F[]�JGK�FIc�\bRZT�|YU4p
4
! "
U&E4RZJ$S�RZD�h�FIR6EGFID ��jWcZc6FID UWc6SvUWJ$S HtFIR6|ti$FID$Eyp�P2R6FsStFJG\ ��U&StS TY�q_&iGD$F�E4R6F2K�FsSt_&D$EGFIH T h�FIi�UWD$EGFIcZTtFID �`M^g Tt_&\�Fk� � �
g Tt_&\�F�z � � \bRZT ��}ep � FIR�FIRZD$FI\ "
U&E4RZJ$S�m�_&D

5
! S RZD$E�FsS ��6 g Tt_&\�Fuz�� 6 \bRZT �r}
IKL7^UR¨^PJ_N�XZTW[M[_N�XZ^�rK}�XZrK^³L7G�XPNPVK^�L7��cKLOGKI:IKLONUµhJMN|X�TWGK�OrKG�XZLO^PNP��c~JML7I~L7N�JMG,IKLO^jL7^�N�XZLOG<R³dqdW^PIKJ_G9TuXZJ_dvGKNpn
NP��c9TW[_LªQ�dqIKJYè9�7J_L7^|X¨\zLO^PIKLOG��¶à¶k3à¶à´�KJML�XZL�X�IKJ_Lªa��Wxv[MJ_��cK}WLOJ_XB{5TW[_[ML�µhJ_N�X�TuGK�7LOG:xv[MLOJM��cKQ�yq£vJ_x¼rKQ
L7JMG~L7G�}udvGKN|X�TWG�XZLOG²à TW}�XZdv^¸�7r�N�XZ^�L7��}uL7Gú�K��\U�$�Or!N�XZTWrK��cKLOGÝáë¿�a�¯hù>ê��BTW^�I ç��3FHG±IKJMLONPL7Q à TW[_[
\�TW^

RMULT = 0.964
á
Rexafs

mean/R
cryst
mean

ç��qµhJMLONPLU�jV~XPJMdvG��K^PJ_GKxWX$�O\zTW^���L7N�NPL7^�LUé���L7^�L7JMG~N�XZJ_Q�QsrKGKx
�vdvG®ê»c~L7dv^�JML�rKGKI®k¾�qV�L7^PJ_Q�LOG�XB{ JMN|XjTW��L7^³JMG~NPxvLONZTWQsX³��\zLOJ_��L7[_c9Tu�¢X7{9I9T�GKJ_��c�XhGorK^�IKJMLUQ��vxv[MJ_��cKL7^pn
\zLOJMNPLs�7r,}WdW^P^PJ_xvJMLO^PLOGKIKL7G®µhJMN|X�TWGK�OL7G÷áëa�LOXZTW[M[�npù�JMx�TuGKI ç�{~NPdvGKI~L7^PG�TurK��c�TW[M[_L�TWGKIKLO^PL7G,g��KN�XZyWGKIKL
á¤��L7JMN�VKJMLO[MN|\zLOJMNPL	IKJ_L�J_GoXPL7^PTuXZdvQ�TW^�L7G÷gh�KN|X�yWGKI~L�L7J_GKL7N�TW^�dvQbT�XZJMN���cKL7G�¿³J_GKxvLON�ç�xvL7N|X�TWr~��coXª�K�O\U�
xvL7N|XZ^PLO��}�Xh\$L7^PI~L7G��
µhJ_LzN�JMGKG��vdW[M[MLO^PL��¨VqXZJMdWG��¬LOJMQ é���L7^�x�TWGKxj�WdvG¸R¨^PJ_N�X�Tu[M[YnHR�d>dv^PI~JMG9TuXPL7G¨�Or¸k�ehgjà�l�npµhJ_N�X�TuGK�7LOG

JMN�XmLON7{�IKJ_L�ù�J_x�TWGKIKLOGKN��>N|XZL7Q�L³TW[MN�N|X�TW^�^mTWGK�7r~GKL7cKQ�L7G�rKGKI�TW[MNm·¨L7NPTWQsXPcKL7JYX3�7r¸�vL7^�NP��cKJ_L7��L7G��qµjTWN
º3^�dvxv^PTWQ�Q��3£��	��
��������� �~JMLOXPLOX	IKJ_L7NPL<a��vxW[MJM��c~}WL7JYX¼JMQ ÁÂr~NZTWQ�Q�LOGKc9TWG~x÷Q�J_Xbejgji�kmlonpà¾JYXZN
á¤NPJ_L7cKLUg�GKc9TWGKx�gs�äãq�äãvç��
g��K���@â~�æþ*�7L7J_xWXUI9TWN�k�^PxWL7�KGKJ_NUIKL7Nfà¾J_XPN7��g�rKNPxWL7cKLOGKI`�WdvG<IKLO^�RU^�JMN|X�TW[_[MN�XP^PrK}�XPrK^h\]rK^�IKL¸L7JMG

a�dqI~L7[M[¬��¹K^]IKL7G�RUTWG�XZL7GqèKX³xvL7GKLO^PJ_L7^�X³Q�J_X$��dv[MxvLOGKIKLOG�k�JMxWL7GKN���c9Tu�¢XZLOG� 
ñv�]§zL7^�¹K��}oNPJ_��coXPJMxvr~GKxhè9GKI~L7G�GorK^Cg�XZdvQ�L3Q�JYX�\zLOGKJMxvLO^¾Tu[MN

3.9 � g��KN�XZTWGKIf�WdvQ�ÁÂL7G�XZ^PTW[tT�XZdvQ	�
ãq�]µjTj��L7JMI~L

MnIII npÁÂL7G�XZ^�L7G�JMI~L7G�XZJ_NP��c�NPJ_GKI�{u}uTuGKG�IKJMLz§zL7^�L7��cKGorKG~xfN|XZL7[_[_�WL7^�XP^PL�XZL7G~I¸��¹~^¶L7J_GKL7NIKL7^]��L7J_IKL7G�a�GqnAg�XZdvQ�L¨IKrK^���cKxvLO��¹~cK^�X³\zLO^PIKLOG��
å~�]µjTWN�ù�J_x�TWGKIKLOGKN��>N|XZL7Q�\]JM^�I:JMG`N�XZTW^P^�L*k�JMGKcKLOJ_XPL7Gúá 7¯�G~J_XZN Bç�r~GoXPL7^|XZL7J_[_X7{5I~JMLbJ_Q �3L7^�[tTWr~�
IKL7Nsà¾J_XPNUTW[MNf·UTWGK�OL7N�JMcK^�L7Gwgh�KN|X�TWGKI`rKGKI`JMcK^�L�N�VKc9yW^�JMN���cKL7G<ï²J_GK}WLO[��WTu^PJMJ_L7^�L7G�}W�vG~GKL7G��
�3dvG,IKLO^¨�jV~XZJ_dvG�{�IKJMLfN�XZTW^P^�L7G�k�JMGKc~L7J_XPL7G®J_G�N�JM��c,�7r,I~^PL7c~L7G±áëTWGKTW[Mdvx��7r,I~L7G����������]rKG~I
������ !����"#�m§$LO��L7c~[ML7G�JMG�k¶e�ó�¯h¿��¨k��vþ�çß{>\]J_^PI�JMQ�FHG�XZLO^PLONPNPLhIKL7^$§zL7xW^PL7G~�7rKGKxsIKL7^mghGK�7TWcK[
IKL7^»��^�L7JMLOG	º¾TW^PTWQ�L�XZLO^³}uL7J_G®·¨L7�K^PTWrK��c	xvL7Q�TW��c�XB�
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021$1436587�9$:<; =�?���B���g����)�(M$��RZT �{�GH EGFID
MnIII,III M -~J$S TVUWD$E m�_&D,]
_&\baGc6Fed ��p��o�GHbE$U&SbUWh$St_&H hGR6FIHtFID$EGF��_&D ��UWHtFID St_��)_&iGc�E4R6F�P
R6StTVUWDGXYFID z ±0.2
!�}uUWc6S�UWJ$|Vi E4R6F � RZDGl�FIc z ±10◦

}bmkUWH RAUWh�FIc�p � jWiGHtFID$E E4R6F
� RZDGl�FIcAjWD$EGFIH JGDGK�FID l<c6FIRZD z{\uU�d�p

4.8◦
��\bRZT TtFIc

1.3◦
} S RZD$Ey��HtFsE4JGXsR6FIH T�StR6|ti E4R6F�\bRZT T c6FIHtFfP2R6S TVUWDGX[JG\

0.036
!�z{\uU�dyp

0.078
! }ep�P2FIH2K�FI��R6|ti<TtFITtF "�M$�~UWl<Tt_&H2HtFsE4JGXsR6FIH T�S R6|ti�m�_&D

Rinitial = 0.13
UWJ4�

Rfinal =
0.077

poP
R6FuE4JGHt|tiGK�FIXY_&K�FID$F St|ti<��UWH XYFux�RZDGR6F�HtFIaGHVj&StFID<T R6FIH T�E$U&S�Fed4a�FIH RZ\�FID<TtFIcZc6Fv�<a�FIlqT H JG\f��E4R6F KkH �GD$FJGD(TtFIH hGHt_q|ti$FID$F2xyRZDGR6F�E4R6F`�<RZ\�JGcAUWT R6_&DvUWJ4�yEGFIH ��U&S R6S EGFIH ]�H R6S TVUWcZc6S T H JGlqT JGH JGD$E�E4R6F�Ht_&TtF JGD(TtFIH hGHt_q|ti$FID$FxyRZDGR6F�E$U&S � H K�FIhGDGR6S�EGFIH���g����)�(M^g
DGa�U&StS JGDGK$p���DbEGFIH�FIRZDGK�FsStFIT XsTtFID �2HVUWaGiGRZl S RZD$E�E4R6F�]�H R6StTVUWcZc6S T H JGl<T JGHz ��UWH hGRZK[\bRZT���mqR6_&c6FIT T�M
L#D���Ht_&TrM�N �yhGcAUWJ�M���� � M`DGR6|Vi(T K�FIXYFIRZKkT�}�SV_Y��R6FuE4R6Fu\�_<E4R&�$XsR6FIH TtFv�<T H JGl<T JGHz{KkH �GD~} E$UWH K�FsS TtFIcZcZTYp
ì~��µ�L7^	k�JMG
	9r~NPN¼IKL7N¼�3dv^�}uTuGoXPL7Go��L7^PLOJM��cKLON�J_N�X¼JMG²IKLO^	§zL7^�L7��cKGorKGKx�IKL7N	¿�npà TW}�XZdv^�Nwá

R =∫
|µexp − µsim|2 fweight dE

çm\$L7xvLOG�I~L7^»Q�TWGKxvLO[MGKIKLOG	·ULOG9TWrKJ_xv}WLOJ_XzIKL7N³à¶k3à¶à5npózdqI~L7N�J_Q
§$L7^PLOJM��c¼�vdvG ¢�LA� dv�¬LO^Pc9Tu[M�

Ef

áë§zLOxvJMG~G	I~L7N»�3dv^P}�TWG�XPL7GKV�LBTW}oNZç]cKLO^ZTW�~xvLO\]J_��coXPLOX�xvL7Q�yq£

fweight = 1/(1 + exp(−A (E − Efw
o )); A = 0.5, Efw

0 = 6540 eV

¢>�³ê5^PduXZ�³IKL7N$L7^Pc~L7�K[_JM��cKLOG*¿³LO��cKL7G~Q�LOcK^ZTWrq�¢\�TWG~IKL7N�\$L7^�IKL7G*IKJ_L»ï:TWN�NPLO^PNPN|XZdWøÂTuXPdvQ�L��¬LO^P¹K��}vn
N�JM��c�XZJ_xWXB{~I9T�JMcK^]k�JMG 	9rKNPN³TWrq�

µ0

NPLOcK^]IKL7rqXZ[MJ_��c�J_N�X7�
µhLO^�[ML�XZ��XZLªº�rKG~}oX��¬LOI9TW^��]GKyWcKL7^�L7^�k�^�[tyWr~XPL7^�rKGKxK�CµhJMLbôhTWG~IKc9TW�Kr~GKx®�vdvG:ï<TWN�NPL7^�N�XPdWø�T�XZdvQ�L7G
J_Qüà¶k3à¶à5n|ózd>IKL�N�XPL7[M[YXhLOJMGKLfG9TW��c�XZ^PyWxv[_JM��cKLsk3^|\zLOJ_XPL7^Pr~GKx*rKGKI,LOJMGKLfgh��\zLOJM��corKGKx*�WdvQ0xWL7GKLO^PL7[�n
[_L7G÷gh[MxWdv^PJYXZcKQ�r~N�I9TW^7�3g�r~��xv^Pr~GKI�J_cK^PLON�}o[MLOJMGKLOG±g�XPdvQ�^ZTWIKJ_rKN���r~GKI�IKLO^�IKTWQ�JYX��vLO^P�KrKG~IKL7GKLOG
}o[MLOJMGKLOG	§zJMGKI~rKGKxvN�[tyWGKxWL¨�7r¼XH�qV~JMNP��c~L7G,§zJ_GKIKrKG~xvNPV9Tu^�XZG~L7^PG¼\]JMLf��{9i�d>IKL7^�ó´N�VK^PLOGKxvLOG�NPJ_LUI9TWN
��¹K^zIKJMLU§zLO^PLO��cKGorKGKxvLOG�xv^�rKGKIK[_L7xvLOGKIKL Ba�r���Gqn¦XZJ_G ßnpR³dvGK�OL7V~X7�K§zLOJMQ�·¨L7G~L7^PJ_L7^�L7G¼IKL7^ 7a�r���Gqn
XPJMG ßnH¿�TuIKJMLOG�{�\$L7^�IKL7GwIKJ_L�ï:TWN�NPLO^PN�XPdWøÂTuXZdvQ�L�IKLONPc9TW[_�wTWr~�$L7JMG~L¸k3G�X���L7^PGorKG~x	�WdvG`�7T~�

1.5 � �7r
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µ2

�I� ��� "�;$!���!(�)% ����;$!��Ý=�� ���ë8<;$!

0�1$1436587�9$:(; =�?���B ��RZD��$J$SVS EGFIH �>U&StSVFIHtS Tt_	�yUWTt_&\�FQUWJ4��E4R6F ]�UWD(TtFID$StRZ\ JGcAUWT R6_&D�p[PrUWH K�FsS TtFIcZcZT S RZD$E
��g����)�(MO�<RZ\�JGcAUWT R6_&D$FID UWD�]
_&\baGc6Fed �w\bRZTbz{Ht_&TtFbx�RZDGR6F�}2JGD$Ew_&iGD$Ffz{hGcAUWJ$FbxyRZDGR6F�} � FIH �$|tl4S R6|ti<T RZKkJGDGKEGFIH ��M^g Tt_&\�Fkp�P2FIH 2 FIH Kkc6FIR6|ti \bRZT EGFID�PrUWTtFID z�St|Vi(� UWH XYF x�RZDGR6F�}2\uU&|ti<T EGFID�� RZD��$J$StS�EGFIH ��M^g Tt_&\�FUWJ4� E4R6FrFIH HtFIR6|Vi(TtF�
`h�FIHtFIRZD$S T RZ\b\ JGDGK EGFIJGT cZR6|ti�p
JMcK^�L7Q�GKyW��cKN�XPL7GbihTW��co�9TW^�G��WL7^�NP��cKdv��L7GbrKGKI�JMG�IKJ_L7NPLO^$·ULOdvQ�L�XZ^�JML��OrK^3§zL7^�L7��cKGorKG~xf�vdWGbà9L7^�Q�J�n
k3G~L7^PxWJMLUrKGKI�º3cKTWNPLOGo�WL7^�NP��cKJ_L7�KrKG~xvL7G�IKLO^�ºCTW^�XPJtTW[Y\zLO[M[_L7G*��L7[tTuNPNPLOG<òíà9^PLOGK}WLO[5L�X�TW[¦�Y{®ãuõvõvõuöë� ÁÂrK^
è9G9TW[_L7GbehgjihkmlonH§zL7^�L7��cKGorKG~x�\]J_^PIbr~GoXPL7^�g�GKG9TWc~Q�L³�vdvG¼º�c9TWN�L7G�XZ^PTWGKN|��L7^ZTu�KJM[_J_X�y�X¨á¤º3cKTWNPLOGo�WL7^pn
NP��cKJ_L7�KrKG~xvL7G�IKLO^¶ºCTW^�XPJtTW[Y\zLO[M[MLOG���¹~^¾ô»nHg�XZdWQ�Lmc9yWGKxWL7GsG~JM��c�X¾�WdvG�rKQ�xvL7��L7G~IKL7G�º5dWXZLOG�XZJtTu[ML7GsTW� ç
IKJML¸dv^�JMxvJ_G9TW[ML�·ULOdvQ�LOXZ^�JMLs\]J_L7IKLO^fc~L7^PxWL7N�XPL7[_[_XB�ÂêC^�dWXZ�¸IKJ_L7NPLO^U^PL7��c�XsrKGKVKc��>NPJ_}uTu[MJMN���c`LO^PN���cKL7J_GKL7Gqn
IKL7G	ôhTuGKIKc9TW�~rKGKx�IKLON»º�^Pdv�K[_L7Q�Nz�OL7JMxWL7G*IKJ_L¨lqJ_Q�rK[tT�XZJMdWGKL7G�IKL7rqXZ[MJ_��c�{~IKTWNPN�I~JML7N�L¨§zLO^P¹K��}oNPJ_��c�XZJYn
xvrKGKxfIKL7^mô]nAg�XZdvQ�L]IKJML³é³�¬LO^PL7J_GKN�XPJMQ�Q�rKGKx¨��\]JMN���cKL7G¼l>JMQ�rK[MTuXZJ_dvG�rKG~Iªk¾�qV¬LO^PJMQ�L7G�Xm�vLO^P��L7NPN�L7^|X
á¤gh�~��� â~� ��ç��
FHG¸IKLOG�[_LOXZ��XZLOG���L7J_IKL7G¸gh�~NP��cKGKJYXPXPL7G¸\]rK^PIKL³IKJ_L³a�LOXPcKdqI~L³I~L7^¶ejghihkmlonplqJMQ�r~[tTuXPJMdvG�TuGKc9TWGKI

IKL7^C�KJMGorK}o[ML7TW^PLOG¸a�TWG~x�TWGK}udvQ�V~[ML��qL$TWrKN¾R�TuV��<¢³IKJ_NP}or~XZJ_L7^|XB�uk3N5\]rK^PI~LzIKLO^¶k�JMG
	KrKNPNCIKL7^5\zLONPL7G�X|n
[MJM��c~L7G�º¾Tu^ZTWQ�LOXPL7^UTWr~�mIKJ_L¸lqJ_Q�rK[tT�XZJMdWG�IKLOQ�dWGKN�XP^PJMLO^�XhrKGKI�L7N¨}udvGKG�XZL¸xvr~XPL¸é���L7^�L7JMG~N�XZJ_Q�QsrKGKx
Q�JYXjIKLOG,L��qV¬LO^PJ_Q�LOGoXPL7[_[ML7G®µjTuXZLOG,}WdvG~N�X�T�XZJMLO^�Xj\$L7^�IKL7GÂ��FHG,IKL7G,G9yu��cKN�XPL7Gw�¬LOJMIKLOG,gh�KN���cKGKJ_X�XZLOG
\zLO^PIKLOG`GorKG�cK�vc~L7^|n¦�uTW[MLOGoXPLW{ÂTWrKNPN���cK[MJ_LW£v[_JM��c

µ
nHdB�qdunA�WL7^P�~^P¹K��}�XZL�a�TuGKx�TWGK}udvQ�VK[MLß�~LsrKG�XZL7^�NPrK��c�X7{

IKL7^�L7G²lqV�L7}�XP^PL7G�IKL7^ ��LO\$L7J_[MN��7JYXZJMLO^�XPL7G÷ù�J_XZLO^ZTuXPrK^¸L7G�XZG~dvQ�Q�L7G½\]rK^�IKL7G!r~GKI±I~L7^PLOG!}o^PJ_N�X�Tu[M[Md�n
xv^ZTWV~cKJMN���c���L7N�XPJMQ�QsXZL�loXZ^Pr~}oXPrK^PLOG�IKLO^jó»lqµ�L7G�XPGKdvQ�Q�LOG	\$L7^�IKL7G®}udvGKG�XZLOG���FHG®§zLO�7rKx�TWr~�¾IKJML
�mTW[MJ_IKJMLO^PrKGKx�IKLO^UlqJMQsrK[tTuXPJMdvG~L7G*��¹K^Ua�d>IKLO[M[ML�IKLON¨ºmlqFPF¦npa�TWGKx�TuGK}WdvQ�VK[_L��qL7Nj��L7N�dvGKIKLO^PNj\]J_��coXPJMx
NPJMG~I<I9TW��L7J3IKJ_L��h�qJ_I9TuXZJ_dvGKN��7rKN|X�yWGKI~L

MnIII rKGKI MnIV N�d�\]JML�IKJML�ejghihkmlonA�hGKIKLO^PrKG~xvL7G:��L7J_Qé���L7^PxvTWGKx¸�vdvQ LOJMGKLOG®���qJMIKTuXZJ_dvGKNP�OrKN�XZTWGKI¼�7r~Q�TWGKIKLO^PLOG��

ÃbÄ� �ÀÔ��¨ÌUÖOÊ]Ð�Ë@Ê�È 	*Ô�Û
µ2
ÛKÇ �ªÇ ��Ê�ÈCÉ*È��¼Í¶Ó¸Ë@Ê�È�� ÐbÛ �ûÔ � Ê�È

µjT�IKJ�n
µ2

nHdB�qdunA�WL7^��K^P¹K��}�XPL*a�GqnHº¾TvTu^PL�TWrK��c`JMQ ºmlqF�F¦n|a�TuGKx�TWGK}udvQ�VK[MLß�,�vdv^�}WdvQ�Q�L7G�{�J_N�X�IKJMLONPL
l>XZ^�rK}�XZrK^��vdWGf��L7N�dvGKIKLO^PL7Q«FHGoXPL7^�L7NPN�Lm��¹~^�IKJML3µhJ_NP}orKN�NPJMdWG�I~L7^�ejgjlonpRUTWG�XPL7G¨�vdvGfºmlqFPF¦nHº¾TW^|XZJ_}WL7[_G��
µhJML<l>�>G�XZcKLONPL:IKLO^ [

(phen)2 MnIII (µ−O)2 MnIV (phen)2

]
(ClO4)4

n|l>XP^PrK}�XZr~^�J_N�X	JMG�òäózd>dvV�L7^
rKGKIó�TW[_�>J_G�{ûñk�vðvð�ö��¬LONP��cK^�JML7��L7GÂ{�IKJML®RU^�JMN|X�TW[_[MN�XP^PrK}�XPrK^ZTWrq��}>[MyW^Pr~GKx`LO^���dv[_xWXZL�IKrK^���c l>XPL7�K[_L7^
LOX¨Tu[¦��ò�ñk�vþvâ�öCJ_Q

MnIII,IV n|ÁÂrKN|X�TWGKI<á¦ó»lqµ  ���LO�K}orKN�ç³rKGKI�J_Q
MnIV,IV n|ÁÂrKN|X�TWG~I�á¦ó»lqµ  ���LO�K}WdWQªç

�¬LOJjñ�õvõ®R��¾µhL7^
MnIII,IV n|ÁÂrKN|X�TWG~I�JMN�X�I9TW��L7J$�Wdv[M[_N�XZyWGKIKJ_x�IKLO[Mdv}�TW[_JMNPJ_L7^|XB{�\]JMLªI~rK^P��c½IKJ_LªJMIKLOGqnXZJMN���cKL7G®§zJMGKI~rKGKxvN�[tyWGKxWL7G���L7J_IKL7^ha�TWG~x�TWGqnpÁÂL7G�XZ^�L7G®TuGKxvL7�OL7J_xWX�\]J_^PI���µhJ_L�ehgji�k$l�npµjTuXPL7G��WdvQ

MnIII,IV
2

nhrKGKI<�WdvQ
MnIV,IV

2

npÁÂrKN�XZTWGKIwè9GKIKLOG�NPJM��c<NPd�\zdWcK[$J_G!òæ·Ur~JM[MLON7{�ñk�Wþvþ~{5à¾JMx~��¢ nV¢¼�~ö�Tu[MN
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021$1436587�9$:<; =�?A@���B�2 FIH Kkc6FIR6|ti m�_&D>]�UWD<TtFID$S RZ\ JGcAUWT R6_&D$FID���h�U&S R6FIHtFID$E UWJ4� ]�H R6StTVUWcZc6S T H JGl<T JGH l�_q_&HtE4RZD�UWTtFIDJGD$E#Fed4a�FIH RZ\�FID(TtFIcZc6FID ��g��(M^PrUWTtFID �
MnIII,IV z�SV|ti(� UWH X�� ���qP
M ��_<EGF���FIhGl<J$S�}

MnIV,IV z{Ht_&TY� ���qP
M ��_<EGF��FIhGl�_&\�}ep�P2R6F#E4JGHt|ViGK�FIXY_&K�FID$FID xyRZDGR6FID h�FIXYFIR6|ViGD$FID E4R6F#Fed4a�FIH RZ\�FID<TtFIcZc6FID P�UWTtFIDQz{HtFIaGHt_qE4JGXsR6FIH T�UWJ$S� 2
R6SVStFIH)FIT�UWc�pZ� ����� �e�{}e�4E4R6F`K�FsStT H R6|ti$FIcZTtFIDfE4R6F��<RZ\ JGcAUWT R6_&D�pGP2R6Fr�<T H JGl<T JGH�EGFIH ]�UWD(TtF2R6S T)�{�GH EGFID�i$_&\�_WMm&UWc6FID<TtFID
MnIV,IV M ]
_&\baGc6FedwUWDGD�jWi$FIH D$E���R6FsEGFIH K�FIK�FIh�FID��ySt_Y��_&iGc�RZD�UWh$St_&cZJGTtFIH ��_kS RZT R6_&D�UWc6S�UWJ$|ViwRZDEGFIH ]�UWD(TtFID4��_&H \fp ���GH EGFID

MnIII,IV M�]
_&\baGc6Fed cZR6FIKkT E4R6F�g
h$St_&H aGT R6_&D$S lkUWD(TtF�XsJbi$_<|Vi��kJGD$EbE4R6F�g`J$StaGHVj�MKkJGDGK�EGFIHr�q|ti(JGcZTtFIH�h�FIR�� 6�6�� F*2 �$D$EGFIT2S R6|tiwSt_�EGFIJGT cZR6|Vi�DGR6|Vi(T2RZD#EGFID��<RZ\ JGcAUWT R6_&D$FIDw��R6FsEGFIHYp�z��^D�EGFID�<RZ\ JGcAUWT R6_&D$FID ��JGHtEGF��)FsEGFIH�m�_&DuEGFIH�� N���M^|YUWHtE �rFIhGHVUWJ$|tiuK�FI\uU&|Vi(TY�(D$_<|Vi���JGHtEGFID�E4R6F � D$FIH KkR6FYU&|ti$StFIDD�U&|ti<T HVjWKkcZR6|ti�m�FIHtSt|ti$_&h�FID�� }
TWr~��c,JMG�ò �jJ_NPNPLO^jLOX¨TW[¦�Y{:ãuõvõ~ñv{¬à¾JMx~��¢ ö¾rKG~I�\]r~^PIKLOG,�¬LOJzñ�õªR'xvLOQ�LONPNPLOG���µhJ_L�lqJ_Q�rK[MTuXZJ_dvG�I~L7^
RUTWG�XZLOG�J_Q �3L7^�xv[MLOJM��c¼�7r�IKL7G®xWL7Q�L7NPN�L7GKLOG,RUTWG�XZLOG�\]JM^�I�J_G�g��K����â~�Yñ�õ¸xvL7�OL7JMxuXB�Kï´yWcK^�L7GKI	��¹K^
IKLOG�Q�dvGKd��uTW[MLOG�XZL7G!ÁÂrKN�XZTWGKI±IKJML�é���L7^�L7JMG~N�XZJ_Q�QsrKGKx�NPLOcK^ªTW}o�OL7V~XZTW�¬LO[�J_N�X7{m[MyWNPN|XbN�JML¼��¹K^¸IKL7G
�KJY�uTW[MLOGoXPL7G

MnIII,IV n|ÁÂr~N�X�TuGKI*�7r*\]¹KGKN���cKL7G�¹K�K^�JMxK�>�3dv^»TW[_[ML7Q'IKJ_LjN�XZTW^P}bTWrKN�xvL7VK^PyWxWXPLUlq��corK[_XPL7^��L7J$âG¢4¢Wõ�LA� JMN|X�J_G:IKL7^�lqJMQsrK[tTuXPJMdvGwGorK^�TuGKxvL7I~L7r~XPLOXB�¶à¾¹K^sIKTWN�µhJYøÂLO^PL7G~�7NPV�L7}�XP^PrKQ �¬LOIKL7r~XPLOX
IKJ_L7NO{WI9TWN�N��O\zTW^�IKJ_L�ù@TWxvL�I~L7Nma�J_GKJMQ�r~Q�NC�¬LOJKâG¢4¢Wð�LA�²^PLOVK^Pd>IKrK�OJML7^|X¶\]JM^�I�rKGKI�TWr~��c�IKTWN¶�O\$L7JYXZL
a�J_GKJMQsrKQûTuGKxvL7I~L7r~XPLOXfJMN�X7{�JMG~NPxvLONZTWQsX�Tu�¬LO^�J_QûrKG�XPL7^PLOG:RUTWG�XZLOGo�¬LO^PL7J_��c<LOJMGwà TW}�XZdv^j�WdvGw�¤TuN�X
ì,J_G:IKL7^¸Tu�KNPdv[_r~XZLOG½ô��vc~Lb��L7cK[YXB�Cghr~�³IKLOG÷LO^PN|XZL7G±§z[_JM��}�NPVK^�JM��c�X¸I9TWN�xWL7xvLOG�IKJML¼a	�vxv[MJ_��cK}WLOJ_X7{
���qJMI9T�XZJMdWGKNP�OrKN�XZTWGKIKNPyWGKIKLO^PrKGKxWL7G�Q�J_X�à¶k3à¶à��7r	NPJ_Q�rK[MJ_L7^�L7G��
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µ2

�e� ��� �w�¬8 ����;��
¯³GoXPL7^�§$L7^P¹~��}>N�JM��c�XZJ_xvrKGKx�IKLO^¶ghrKN|��¹KcK^�rKGKxvLOG�J_G�RUTWV��Wâ~�_ñ�á¢�>xv[¦�uTWrK��c	òíô�dv^�GKL7^¶L�X3TW[ë�_{fñk�4�4�uötç

JMN�X ��L7IKd>��c�IKJML�a��vxv[_JM��cK}uL7J_XhJMG,§$LOXZ^PTW��c�XU�7r��7J_L7cKLOG�{ÂIKTWNPN¨IKJ_Ls�vdWGwI~L7^¨R¨^PJ_N�XZTW[M[_N�XZ^�rK}�XZrK^³xvLOxvL�n
�¬LOGKL7G*R³dqdW^PIKJ_G9TuXZLOG¸GKJM��c�X$L��~TW}�XzI~L7GKLOGªL7G�XZN�VK^PLO��cKL7GÂ{KIKJML»\zyWcK^�L7GKIªI~L7N3ejg¨l�npk¾�qV¬LO^PJMQ�L7G�XPNzTWG
xvLO��^�dv^PLOGKL7^zù@�WNPrKGKx��vdv^�[MJ_L7xvLOG��oµhJML�µhJ_N�X�TuGK�O�WL7^�XPL7J_[MrKGKxfIKL7^$L7^�N�XZLOG*R�d>dv^�IKJMG9T�XZJMdWGKNPN�VKc9yW^�L³LO^PxvJ_�~X
L7JMG~L7G�Q�J_X�XZ[_L7^PLOG±a�Gqnpù�J_x�TWGKIqnAgh�KN|X�TWG~I½�WdvGÜñv� �G¢vð � ��¹K^ MnIV r~GKI±�WdvGúãq�æõ~ñ ð � ��¹K^ MnIII �µhL7^fµhJMN|X�TWG~�7rKG�XZLO^PN���cKJMLOI

∆R
�¬L�XZ^ZyuxWX

0.06 � �5·¨L7c�X�Q�TWG,�vdvG`IKL7G<§zJMGKI~rKGKxvN�[tyWGKxWL7Gqn¦�mTW[MLOGK��n§zLOXP^ZTW��c�XZr~GKxvL7G�áëRUTWVÂ��ðq�Yñv�Yñ ç]��¹K^ja�Gqnp�'g��KN�XZyWGKIKL¸TWr~N7{ÂN�dª\]¹K^PI~L�QbTWG�L7JMG~L7G�µhJ_N�X�TuGK�7rKG�XPL7^|n
NP��cKJ_L7I

∆R
�vdvG

0.11 � L7^�\zTW^|XZL7G�á RBV(MnIII − O6) = 2.016 � { RBV(MnIV − O6) = 1.957 � çß{TW[MN�d�r~GKxvLO�¤yucK^]I9TWN³µhdvVKV�L7[YXZLu�
µhLON³ï`L7JYXZLO^PL7G*�¤yW[_[_X»J_Q �3LO^Pxv[_L7JM��c¼��\]JMNP��c~L7G�I~L7^�Bl>XP^ZTWJ_xvc�X�nA��dW^�\zTW^PI �n|lqJ_Q�rK[tT�XZJMdWG�r~GKI�I~L7Q

k¶�qV�L7^�JMQ�L7G�X³TWr~�p{qI9TWNPN»I~JML¨k�GKLO^PxvJ_LjIKL7N»g�GKN�XPJMLOxvL7N»IKLON��3dv^P}�TWG�XPL7GqnHºCLBTu}>N]N�JM��c*JMQ k¾�qV¬LO^PJMQ�L7G�X
�¬LOJMQ

MnIII,IV → MnIV,IV nUé���L7^�x�TWGKx,r~Q �7T~�¶õ~�äð�LA� �WL7^�NP��cKJ_L7�~X�rKGKI�IKTWNPN�IKJ_L7N�L7^�k¶ø¬L7}�X¸JMGIKL7^�lqJ_Q�rK[tT�XZJMdWG:GKJM��c�X¸\]JMLOIKL7^�xvL7xWL7��L7G÷JMN�X7�¶FHG÷IKL7G±à¶k3à¶à5nplqJMQ�r~[tTuXPJMdvGKLOG`\]rK^�IKL	xvL7GKLO^PLO[M[»TWrq�
IKJML¸k�G�XP��LO^PGorKGKx¼�vdvGwù@TWIKr~GKxvL7G�d>IKL7^UºCTW^�XPJtTW[_[tTWI~rKGKxvLOG�áëà¾kmà¾à2 ÂF|�¨i]nA�BTW^�I ç³�WL7^P�OJM��c�XZL�X*á�NPJ_L7cKL
R�TuV��5â~�æì~�_ñ çß�@µjTWcKLO^s[_JML7xuXUcKJMLO^�LOJMG<k�ø¬L7}�X��vdv^O{5��¹~^�I~L7G:IKJ_L�lqJMQ�r~[tTuXPJMdvGKLOG�GKJM��c�XsTWr~��}WdWQ�Q�L7G
}W�vGKG~L7G�{5IKL7G~G:GorK^fI~rK^P��c:LOJMGKL¸��GKIKL7^�rKGKx�IKL7^s·ULONZTWQfXZ[tTuIKrKGKx	}W�vG~GoXPL�N�d�LOJMGKL¸�3L7^�NP��cKJ_L7�KrKG~x
IKL7Nh�3dW^P}�TWG�XZLOGqnpº5LBTW}oNjLO^P�7LOrKxWXj\$L7^�IKL7GÂ��µhLO^jk�JMG
	KrKNPNh�WdvG®FHdvG~JMNZT�XZJMdWG�IKLONjR³dvQ�V~[ML��qLONjTWr~�¶IKJML
NPJMQsrK[MJ_L7^�XPL7G�lqV�L7}�XZ^�L7G,\]rK^PI~L�TWGKcKTWGKI®�vdWG®gh�K�Â�Ââ~�íìªJ_G®RUTWV��¬â~�íìK�_ñfIKJMN�}or~XZJ_L7^�X7��k3^h�¬LON�XZLOc�X¨JMG
IKL7G®Q�L7J_N�XPL7G�à¶yW[M[_L7G*J_G�LOJMGKLO^]�3LO^PN���cKJMLO�KrKGKxªI~L7NhlqV¬LO}�XZ^Pr~Q�NO�ÂµjTuN�g�rKNPQ�Tq£�IKL7^]�3L7^�NP��cKJ_L7�KrKG~x
JMN�X³Tu[M[MLO^PIKJ_GKxvN�G~JM��c�X³IKJM^�L7}�X³TWrKN]IKLO^�TuVKVK[MJ_�7J_L7^�XPL7G	·¨L7NPTWQsXZ[MTWIKrKG~x¸TW�K�7r~[ML7JYXZLOG��
ê5^ZyWxuX�Q�TWGªIKJ_L7NPLO^»k�GKL7^�xvJML��vLO^PNP��c~JML7�~rKGKx¸IKL7N��3dW^P}�TWG�XZLOG9TWGKNPTuXZ�OL7N»N�XZTuXPX�IKrK^P��c*VKTW^�XPJML7[_[ML³FHdun

GKJMNPTuXZJ_dvG,IKrK^���c<L7J_GKL��3L7^�NP��cKJ_L7�Kr~GKx�IKLO^¨�¬LOJMIKLOG`N�JMQ�r~[MJMLO^�XPL7G,RUTWG�XZLOG`r~Q�õ~�äð*LA�'xWL7xvLOGKL7J_G9TWGqn
IKL7^U¿]L7��cKGorKG~xK{�NPd*LO^PxvJ_�~XjN�JM��c,LOJMG,µhJYøÂLO^PLOGK�7N�V¬LO}oXP^PrKQ	{�I9TuNUTW[M[_L�\$L7N�L7G�XZ[_JM��cKLOG<a	L7^P}oQ�TW[MLsIKL7^
L��qV¬LO^PJ_Q�LOGoXPL7[_[ML7G²µhTuXZLOG´^�L7VK^�dqI~rK�7J_L7^�X`á�gh�K�Â�»â~�Yñvñ ç��zi�rK^bJMQ rKG�XZL7^�N�XPL7GR�TuGoXPL7Go��L7^PLOJM��c´rKGqn
XZL7^Uâ4¢4¢WõbLA�'J_N�X¨I9TuN¨NPJMQsrK[MJ_L7^�XPLsµ�J_ø¬L7^PLOGK�7N�V¬LO}�XZ^Pr~Q�GKdq��c,r~QûL7J_GKL7Gwà TW}�XZdW^¨ãb�7r�}o[MLOJMG��Âk�JMGKL
Q��vxW[MJM��c~L�§$L7xv^�¹KGKIKrKG~x®[MJ_L7xWX�I9TW^�JMG�{@I9TuNPNsr~GoXPL7^�c9TW[M�`IKJMLONPLO^�k�GKL7^�xvJML�IKJML�TW�KN�dv[MrqXZLb·U^��4£vL�IKL7^
lqJMQ�r~[tTuXPJMdvGKLOG:IKLOr~XZ[_JM��cá O(2)

çf�WdvQ°k¾�qV¬LO^PJMQ�L7G�X�TW��\$L7J_��coX7�mµhJMLONPL7N�º�^PdW�K[MLOQ è9GKI~LOX�NPJ_��c±J_G
�¤TWN�X�TW[_[ML7G÷l>JMQ�rK[MTuXZJ_dvGKLOG:rKGKI÷JMN|X�\�TWc~^PNP��c~L7JMG~[MJM��c�TWr~��IKJML*g�rKN�\]J_^P}orKGKxWL7G�I~L7^ Ba�r���Gqn¦XZJ_G ßn
ihyWcKLO^PrKG~x���L7J�GKJ_L7IK^�JMxvLOG�k�GKL7^�xvJMLOG`�OrK^P¹K��}o�Or~��¹KcK^�L7G��Ck�JMG,\zLOJ_XPL7^PLO^UQ��vxW[MJM��c~L7^U·¨^PrKG~I���¹~^¨IKJML
gh��\zLOJM��corKGKx<JMN�X�IKL7^O{�I9TWNPN¸cKJ_L7^�LOJMG½é���L7^�x�TWGKx,�WdvG÷�Wdv[M[zIKL7[_dv}�TW[MJ_NPJMLO^�XPL7Q

MnIII,IV
2

�7r÷[MdW}uTu[MJYn
NPJMLO^�XPL7Q

MnIV,IV
2

N�JMQ�r~[MJMLO^�X$\]rK^PIKLu{9\�yWc~^PL7G~I���L7J¶ñ�õ�R�GKTW��c<òæa��B·U^PTWI~�*rKG~I,l>XP^ZTWGKxWL7^7{wñk�4�vð�ö
�7rKQ�JMGKI~L7N�X]XPL7JM[Y\zLOJMN�LUù@dW}uTu[MJMN�JMLO^PrKGKxf�vdv^�[MJMLOxvL7G¼N�dv[M[YXZLW�

ÃbÄ|Ã �ÀÔ��¨ÌUÖOÊ]Ð�Ë@Ê�È � ÇfÐ*ÇUÛ
µ2
ÛKÇ �ªÇ �ÞÇ�� ×¼ÖOÊ��

ô�dv^�GKL7^�LOX`TW[ë��ò�ñk�4�4�uös�¬LONP��cK^�L7J_�¬LOG�IKJ_L�lo�qG�XPcKL7N�L�rKGKI IKJ_L÷l>XZ^�rK}�XZrK^�IKJ_L7NPLON [
LMnIII n µ2O

n
MnIVL

]
(Cl O4)2

npR�dWQ�VK[_L��qL7Nsáëù½JMN|XhI~L7^jQ�dvGKd�TuGKJMdvG~JMNP��c~Lsi�{äi»nH�KJ_N�á¦ã�nHV��>^PJMIq�q[_Q�L�XZc~�>[tçHnpi �ýnANZTW[_JYn
�O�>[MJ_IKL7GqnZñv{äã nHIKJMTWQ�JMGKdvL�XZc9TuGqnpù�JMxvTWGKI çß��µhJML3R¨^�JMN�XZTW[M[_N�XP^PrK}�XZr~^P��L7N�XPJMQ�Q�rKGKxmL7^|��dv[MxuXZL¶��L7J>ãq�Wå»R÷rKG~I
TWrKN�IKLOG�Q�J_X�XZ[_L7^PLOG�a�TuGKx�TWGqnHù�JMx�TWG~IqnpµhJ_N�XZTWGK�7LOG�}�TWGKG¸Q�TWG�TWr~� \$L7JYXZxvLOcKL7GKI~L�ù�dv}�TW[_JMN�JML7^�rKGKx�IKL7^
�mTW[MLOGK�7LOG*JMQ

MnIII,IV n|ÁÂrKN|X�TWG~IªNP��cK[_JML�£vL7G�á R̄MnIII−L = 2.051 � r~GKI R̄MnIV−L = 1.939 � çß�~µhJ_LJMG´òý�hJMN�NPL7^¸L�XbTu[¦�Y{ ãWõvõ~ñv{¶à¾JMxK�¾âuö»xvLO�7LOJMxWXPL7G�ejghihkmlon|l>V¬LO}oXP^PLOG�xvLO�¬LOG±I9TuN¸�3LO^Pc9Tu[_XZLOG½IKJMLONPL7N
[MJMG~LBTW^pnHQ�dvGKdun

µ
nHdB�qd,�vL7^��K^P¹~��}oXPL7GÜa�TWGKx�TuGqnpµhJ_Q�LO^PN�JMG!I~^PL7J��vL7^�NP��cKJ_L7IKLOGKL7G«���qJMI9TuXPJMdvG~NPN�XPr~��L7G

\]JML7I~L7^7�qghrKNzIKL7G*IKdW^�X�LOG�XZGKdvQ�Q�L7GKLOG	lqV¬LO}�XZ^PLOGª��¹K^�IKJ_LhIK^�L7JÂÁÂrKN�XZyWGKIKL
MnIII,III { MnIII,IV rKG~I

MnIV,IV [tTWN�NPLOG�NPJ_��c�I~^PL7J��WL7^PN���cKJMLOIKL7G~L�µhJ_ø¬L7^�L7GK�ONPV�L7}�XZ^�L7G���¹~^³LOJMGKLOG MnIII→MnIV n$é���L7^�x�TWGKx�¬LO^PL7��c~GKL7G��
§zL�XZ^PTW��c�XZLOX�Q�TWG,IKJ_L¸TW�KNPdW[Mr~XPL�ghQ�VK[MJYXZrKIKLfIKL7^Uµ�J_ø¬L7^PLOGK�7N�V¬LO}�XZ^PLOG²á¤g��K����âq�_ñ ãWç�{�N�d	LO^PxvJ_�~X

G>r~^�IKJML
MnIV,IV n MnIII,III npµhJYøÂLO^PLOGK�hIKJ_LhJ_Q'º$l>FPF�xvL���rKGKIKLOGKLU·¨^P�4£vLOGKdv^�IKGorKGKx� 

min(∆µ) ≈ 0.1VK^Pd	ì®a	GqnHg�XPdvQ�L��~�O\U�
min(∆µ) ≈ 0.4

��¹K^¨L7J_GKL7Gwgh�~NPdv^��¬LO^ªá�ghGKG9TucKQ�L< �GorK^UL7JMG�g��KNPdv^��¬LO^
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021$1436587�9$:<; =�? @G@$By�<RZ\�JGcAUWT R6_&D�EGFIH
]�UWD<TtFID(m�FIHtSt|ViGR6FIhGJGDGK[h�FIRZ\
MnIII,IV→MnIV,IV M 

h�FIH K(UWDGKuRZDwFIR MD$FI\

[L2MnIII(µ
M
O)2MnIVL2](ClO4)

M^]`_&\baGc6Fed p�P2R6F#�<RZ\�JGcAUWT R6_&D EGFsS
MnIII,IV M -~J$S TVUWD$EGFsS���JGHtEGFXsJG\ g
DGa�U&StStFIDfEGFIH"��_kS RZT R6_&D#EGFsS�g
D$S T R6FIK�S
EGFsS52 _&H l&UWD<TtFID4M �oFYUWl4S
JG\

∆E = −0.7 eV
m�FIHtSt|Vi$_&h�FID�p

XP^ZyWxWX��7r÷gh�KN�dv^PV~XPJMdvG~NZyWGKI~L7^Pr~GKx`��L7Jtç���µ�L7^
MnIII,IV → MnIV,IV nHé���L7^�x�TWGKx�JMN|X¸IKL7rqXZ[MJ_��c½}>[_L7J�nGKLO^�á

min(∆µ) ≈ −0.3
çjrKGKI�IKLO^

MnIV,IV → MnIII,III npé³�¬LO^Px�TuGKx*JMN|XUQ�JYX min(∆µ) ≈ −0.62IKLOr~XZ[_JM��c�xv^P�4£WL7^ �>gh�K���qâ~�Yñ ã�J_[M[_rKN�XP^PJMLO^�X�I~JML7N�L7G¼k¶ø¬L7}�X�rKG~Iª�7LOJMxWX7{>IKTWNPN�I~JML�à dW^PQ�IKLO^�µhJYøÂLO^PL7G~��n
N�V¬LO}oXP^PLOG�{zTu[MNPdwIKJ_L�g�^�X�IKL7^�RUTWG�XZL7GKyWGKIKLO^PrKGKx<JMQ ���qJMI9T�XZJMdWGKNP�OrKN�XZTWGKIKN�¹K�¬LO^Px�TuGKxK{mNPV�L7�7JYè9NP��c
J_N�XB{q\zdvc~JMGKxvLOxvL7G	IKJ_LUTW�KNPdW[Mr~XPL�·U^��4£vL¨IKLO^»�hGKIKLO^PrKG~xb�7r~NZyuXP�7[MJ_��c*�vdvG�TWGKIKLO^PLOG®à TW}�XZdv^�L7G	TW�K�Orqn
c9yuGKxvL7G	NP��c~L7JMG�X7�
µhJ_L*lqJ_Q�rK[tT�XZJMdWGwI~L7^�RUTWG�XPL7G´á¤g��K���Câ~�Yñ�å�ç¨�7L7J_xWX���LBTu��coXP[MJ_��cKLªé³�¬LO^PL7J_GKN�XPJMQ�Q�rKGKx	Q�J_X�IKL7G

Lß�~V�L7^�JMQ�L7G�XZLO[M[_L7G�µhTuXZLOG���a�TuG�è9GKIKL�X�L7J_GKLzIKLOr~XZ[_JM��cKL�R�TuGoXPL7G��vLO^PN���cKJMLO�KrKGKxU�vdvG
MnIII �7r MnIV {rKG~I`��¹K^��¬LOJMIKLb���qJMI9TuXPJMdvG~NP�7r~N�X�yuGKIKLbJ_N�XfTWrK��c<IKJML�RUTWG�XZL7Gq��dv^PQ�N�L7cK^f¹K�¬LO^P�OL7rKxvLOGKI�xvL�XZ^PduøÂLOG��

µhJ_LUTW�KN�dv[Mr~XPLUù@TWxvLUIKL7^
MnIII npRUTWG�XZLULO^PNP��c~L7JMG�X��¬LOJ�LOXH\zTWN³�7r	cKdvcKLOG�k�GKLO^PxvJ_L7G��ï²JMLzJMQÝ�vdv^PTWGKxvLOx�TWGKxvLOGKL7G¸g��KNP��cKG~J_XPX�á¤RUTWV��vâq� ¢vçß{uXP^PJ_X�X�TWr~��c�c~JML7^¾�¬LOJKIKL7G¸Lß�~V�L7^�JMQ�L7G�XZLO[M[_L7G

lqV�L7}�XP^PL7G�L7J_GKLj�3L7^�NP��cKJ_L7�KrKG~xbIKLON³�3dv^�}�TWG�XZL7G>nHghG~N�XZJ_L7xvLON]rKQ�õ~�äð�LA��Tur~�p{KIKJ_LU�WdvG�à¶k3à¶à�GKJM��c�X
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0�1$1436587�9$:(; =�?A@ %�B "`FIaGHt_qE4JGl<T R6_&D�m�_&D � 2
R6SVStFIH�FIT�UWc�pZ� ����� �k� ��RZK$p���� z�_&h�FID~} SV_Y��R6FfE4R6FfE$UWHVUWJ$Suh�FeMHtFs|ViGD$FITtFIDQP
R��yFIHtFIDGXYS a�FIl<T HtFID EGFIH ��RZD4M$� c6FIl<T Ht_&D$FID4MON`d4R6E$UWT R6_&D$FID z{JGD(TtFID~}ep2P2R6F>_&h�FIHtF �2HVU �$l XYFIRZKkTE4R6F �2g����)�(MO�<a�FIlqT HtFID�FIRZD$FsS \�_&D$_WM
µ
M^_sdG_#]
_&\baGc6Fed4FsS�RZD�E4HtFIR m�FIHtSV|tiGR6FsEGFID$FID�N`dqR6E$UWT R6_&D$StXsJ$S TVjWD$EGFID

MnIII,III � MnIII,IV JGD$E
MnIV,IV p ��\ JGD(TtFIHtFID n�FIRZc�StRZD$E UWJ$S�EGFID _&h�FIHtFID �<a�FIlqT HtFID E4R6FwP2R���FIHtFIDGXIMSta�FIlqT HtFID �{�GHvFIRZD$FID FIRZDGXYFIcZD$FID

MnIII →MnIV 

h�FIH K(UWDGK h�FIHtFs|tiGD$FITYp � jWiGHtFID$E E4R6F ��_&H \ RZD UWcZc6FID
��jWcZc6FID jWiGDGcZR6|Vi�R6S TY��mkUWH RZR6FIH T�E4R6F[UWh$St_&cZJGTtF[g`\baGcZRZT J$EGF�JG\ |YU4p

∆(∆µ) ≈ 0.3
p�PrU&S�FID<TtS aGH R6|ti<T�FIRZD$FIH

2�UWH RAUWT R6_&D EGFsS L#RZDGRZ\ JG\�SbEGFIH P
R��yFIHtFIDGXYS a�FIl<T HtFID m�_&D ��U&StT�� ����� p�P
R6F P2R���FIHtFIDGXYSta�FIlqT HtFID�S RZD$E�\bRZTEGFI\ ��UWlqTt_&H � p ��6 \ JGcZT RZaGcZRZXsR6FIH TY��JG\ FIRZD$FID E4RZHtFIl<TtFID.2 FIH Kkc6FIR6|ti \bRZT�EGFID P
R��yFIHtFIDGXYS a�FIl<T HtFID EGFIHv�(M
-~J$StTVUWD$EGS �Gh�FIH K(jWDGK�F�EGFsS��)�q�V��M^LwUWDGK(UWDGl�_&\baGc6Fed�XsJ[FIH \ �&KkcZR6|ti$FID�p
^PL7V~^Pd>IKrK�7J_L7^|X�\zLO^PIKLOG½}uTuGKG��¶àC¹K^sg��K���¶âq�_ñBì�\]rK^PIKLbIKJML*k�GKLO^PxvJ_LBTW��c~NPLªIKLON

MnIII nplqV¬LO}�XZ^Pr~Q�NI9TWcKLO^U\]J_L¸NP��cKdvGwJMQÞ�vdv^PTWGKxvLOx�TWGKxWL7GKLOG<gh�~NP��cKGKJYXPX�rKQ
∆E1 = −0.7 eV

�vL7^�NP��cKdW�¬LOG��CFHQ k3^pn
xvL7�KG~JMN³JMN�X³IKJ_LsTu�KNPdv[_r~XZLUg�Q�VK[_J_XPrKIKL¨IKLONjµhJYøÂLO^PL7G~�7NPV�L7}�XP^PrKQ�NhQ�JMGKJ_QbTu[¬¹K��L7^�NP��c9y�XZ�OX7{�TW��L7^]��L�n
Q�LO^P}WLOGKN�\$L7^|XZLO^�\$L7JMN�L®JMN|X¸IKJML¼µ�J_ø¬L7^PLOGK�¼�KJMN¸�Or±GKJ_L7IK^�JMxvN|XZLOG±k�GKLO^PxvJ_L7G½rKGKI÷L7J_GKNP��c~[MJML�£v[MJ_��c�IKL7N
�3dv^P}�TWG�XZLOGqnHg�GKN�XPJMLOxvL7N³}Wdv^�^PLO}oX]\]J_L7IKLO^PxvLOxvL7��L7G��
g�G�IKJ_L7NPLO^¨l>XPL7[_[MLUJMN|XhGKd>��c®LOJMGKQ�TW[��7r��¬L�XZdvGKLOG�{�I9TWNPN³\zLOIKL7^hJMG	IKJMLONPL7QüGKd>��c®J_Q �vdv^�cKL7^�xvL�n

cKL7GKI~L7G®RUTWV~J_XZLO[Âg��o\$L7J_��corKGKxvLOG®IKL7^���¹~^»IKJML�lqJ_Q�rK[MTuXZJ_dvGKL7G��vLO^�\$L7GKIKL�XZLOG�l>XZ^�rK}�XZrK^�L7G	�vdvG¼IKLOG
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021$1436587�9$:<;�=�?A@ ��B�]�UWD(TtFID$S a�FIlqT HtFID z�_&h�FID~}�JGD$E�P2R���FIHtFIDGXYS a�FIlqT HtFID z{JGD(TtFID~}
���GH FIRZD$FID�\�_&D$_WM
µ
M^_sdG_WMm�FIH hGH �$|tlqTtFID L[D4M^P2RZ\�FIHvRZ\

MnIII,III M -~J$StTVUWD$E z�SV|ti(� UWH XYF�xyRZDGR6Fk��_&h�FID~}bJGD$E RZ\
MnIV,IV M -~J$S TVUWD$Ez{Ht_&TtF�xyRZDGR6Fk�$_&h�FID~}µhJ_LhIKr~^P��cKxvLO�7dvxWL7GKL�ù�JMGKJ_Lh�OL7JMxuX���LO\$L7J_[MN�I~JMLhLß�qV¬LO^PJMQ�L7G�XPL7[M[_L7G*µhTuXZLOG�{KIKJ_LjrKG�XZLO^P�K^�dq��cKLOGKL�ù�JMGKJ_L

IKJ_LUlqJ_Q�rK[tT�XZJMdWG��oµhJMLjehg¨lonHµjTuXPL7G¼NPJ_GKI	TWrKNUò �jJMN�NPLO^»LOX³TW[ë�_{¼ãuõvõ~ñv{qà¾JMx~�KâuöÂL7G�XZGKdWQ�Q�L7G*rKG~I�IKJ_L
lqJ_Q�rK[MTuXZJ_dvGbLO^���dv[_xWXZL¨TuGKc9TWGKI	IKLO^hloXZ^Pr~}oXPrK^³TWrKN�òíô�dv^�GKL7^]LOX�TW[ë�_{�ñk�q�4�uöë�
}o^PJ_N�XZTW[M[_dvxv^ZTuVKcKJMN���c��¬LON�XPJMQ�QsXZLOGb·¨L7dWQ�L�XZ^PJ_L7G¸L7J_GKxvL���¹KcK^�X3\]rK^�IKL7GÂ�~k�N3\]rK^PIKL³}WLOJMG�ejgji�kmlonpà¾JYX
IKr~^P��cKxvL���¹KcK^|XB{�rKGKI�TWrK��c¸IKJ_L]ºCdvN�J_XPJMdvGKLOG�IKL7^mº�^PduXZdvGKLOG�\]rK^PIKLOGbGKJ_��c�X3xvLByWG~IKL7^|XB��gh�~NP��cK[_JMLW£WL7GKI
}�TWGKG<QbTWG<TWGKc9TuGKI�IKJMLONPLO^�lqJ_Q�rK[tT�XZJMdWGKL7G�\zdWcK[$��LON�XZN|XZLO[M[MLOG�{5I9TWNPNsIKJMLbà¶k3à¶à5n|l>JMQ�rK[MTuXZJ_dvGKLOG,JMG
IKLO^¸ù@TWxvLW{¾NPJMG~I��hGKIKLO^PrKG~xvL7G÷IKL7^�¿]�vG�XZxvLOG9TW�KN�dv^PVqXZJMdWGKNP}�TWG�XZLOG÷TWr~��xv^�rKGKI��vdvG±���qJMI9T�XZJMdWGKNP�Orqn
N|X�TWGKI~NZyWGKI~L7^Pr~GKxvL7G�©or9TWG�XZJYX�TuXPJ_�ª�Or���L7N���cK^PLOJM��L7G��
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R��yFIHtFIDGXYS a�FIl<T HtFID�z{JGD<TtFID~}2���GH�FIRZD$FID�\�_&D$_WM
µ
M^_sdG_WMm�FIH hGH �$|Vl<TtFID�L#D4M^P2RZ\�FIH
RZ\

MnIII,III
2

M -~J$S TVUWD$E[JGD$E#RZ\
MnIV,IV M -~J$S TVUWD$EwUWD�UWc6_&K�XsJwg`hGh�p��4pZ���4p�P
R6FUWh$SV_&cZJGTtF#� D$FIH KkR6Fv��JGHtEGFuiGR6FIH JG\

∆E1 = −0.7 eV
���GH E$U&S

MnIII MO�<a�FIlqT H JG\ JGD$E
∆E2 = 0 eV

���GHE$U&S
MnIV MO�<a�FIl<T H JG\ m�FIHtSt|ti$_&h�FID�p�PrUWHVUWJ$S HtFsS JGcZT R6FIH T E4R6F�Fed4a�FIH RZ\�FID<TtFIcZc)h�Fs_&h�U&|ti<TtFITtF 2 FIHtSV|tiGR6FIhGJGDGKEGFsS 2 _&H l&UWD<TtFID4M^g`D$StT R6FIK�S`JG\ � p � F$2 p

ÃbÄ�� Ø Í�Î*Ö7Ï¼Õ@Õ�ÙuÇ�ÖOÑ�Ê�È¾Ï	Ð*Ñ�Ê]Ð
ghrKNjI~L7G,JMG�IKJMLONPLOQ0RUTWV~J_XZLO[@IKJMN�}>rqXZJMLO^�XPL7G�lqJ_Q�rK[MTuXZJ_dvGKL7G�TWGKI,a�dqI~L7[M[_N��>N�XPL7Q�Lf[MTWNPN�L7G,N�JM��c���dv[�n
xvL7GKI~L�lq��c~[MrKN�N���dv[_xvL7^�rKGKxvLOG��OJML7c~L7G� 

• µhJ_Lm·ULOG9TWrKJ_xv}WLOJ_X�IKLO^5lqJMQsrK[tTuXPJMdvG~L7Gj[MyWNPN|X��¬LOJok�GKL7^�xvJMLOG�GKTWcKL�IKLOQ«�3dv^P}�TWG�XPL7GqnHºCLBTu}jG9TW��c��µhL7^3xvLOGKL7^�L7[_[MLz�3LO^P[tTur~�9\]JM^�I���\�Tu^��¬LONP��cK^�JML7��L7G�rKGKI�\]J_L»JMQ à TW[M[qIKL7N3R�a�G
O4
nplqV¬LO}�XZ^Pr~Q�N

\zLO^PIKLOG*TWrK��c���c9TW^PTW}�XZL7^�JMN|XZJMN���cKL��3LO^P[MyWr~��L]}Wdv^�^PLO}oXm\]JMLOIKL7^�xvL7xWL7��L7G��>FHQ'TW[M[_xvL7Q�L7J_GKL7Gf\]JM^PI
IKJML¨g��KNPdW^PV~XPJMdvG¼JMQ §zLO^PL7J_��c�I~L7^��3dv^�}uTuGoXPL���L7IKd>��c�N|�>N�XZLOQbT�XZJMN���c�r~Q LOXH\zT¸L7JMG~L7G�à�Tu}oXPdv^
ã®¹K�¬LO^PN���c9yuXZ��XB�3µhLO^�·U^�rKGKI:��¹K^�IKJ_L7N�L¼é���L7^PN���c9yuXP�7rKGKx`[MJ_L7xWXsI9TW^PJ_G�{5I9TWNPN¸��L7J�G~JML7I~^PJMxWL7^
k�GKL7^�xvJMLUIKLON�º�cKduXZd>L7[MLO}�XZ^PdWGKN»IKL7^]xvLOG9TWrKL¨�3LO^P[tTur~�5IKL7^�l>XP^PL7r~V¬dWXPL7G�XZJMTW[ML¨�OrKGKLOcKQ�LOGKI�§zL�n
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