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798;:=<?>@>BADCFEG<H:I:I8FCFJLK MONQPSRUTWVXTZY\[]V_^a`_bdceNgfh[DR]Yaie`kjeN=Pml@TW`_`_NQP_`onHTZY\V_i?p?q�j?N=`Srtsvu_uxwhNQ^ap?cHTWY\VXNyV
z ^aNQP{`_ieRD|QN=`o`_^ z N~}9^\pv��}9YaNQR�VXP_�Zp?N=pv���x�e^\jHTWV_^a��p?NQpgj?NQ` Mn4Ca

���x��� n?Y\Ny�vN=`Q�?M�TZw�N=^�w?YaNQ^aweV�jHTZ`���Ny�j?�I�vn��ZVXNQp]V_^�TZY�j?NQP��2TZp?q�TZp?�I�v^ajHTWV_^a��p-���?P.TWYaYaN��xw�N=Poq��Zp?qZN z �Z� S0

|Qi?�
S3

whNQ^xNQ^ap?NQ� RW��pv�`�VdTZp�VXNQp�l�N=P�V z ��p�i?p?q�Ny���Zc?P)��� ��¡¢�?P#|y£�NQ^¤w?^ap]i?R]YaN=TZP_N¥������neYaNy�vN-¦�§%i?p?j+¨ª©�£�i?P_j?N¥^a���TZc?� N=p�j?^aNQ`_NQP�«xP_w�N=^\V	j?^\N¥�x��n?neYai?p?q z �Zp¬�x�e^\jHTWV_^a��p?`o|=i?`�VdTZpej?`_�?w�N=Poq��Zp?qZN=p+TWp­sDV_P_i?R�VXieP���Zpej?N=Poi?p?q�NQp�� ^\VoVXN=Y\`m��®�p�VXq�NQpHTZw?`o��P_neV_^a��pe`_`_n�N=R�V_P_��`oRZ��n?^\N�iep]V_N=Po`_i?bdc�VI�;MO^\N¯whNQ^aj?NQpB������neYaNy�vNW°j?^\N±`_^abdc�^ap�j?NQPBf�ie`XTZ� ��NQp?`_NyVX|Qi?p?q²jeN=P¥j?^aPoN=R�VXNQp5�2TWp?q�TZpv��³�^aq�TZpej?N=p´¦
N3O3

^\p4§H°
N2O4^\pµ¨ª©¶iep]V_N=Po`_bdc?NQ^aj?NQp�°{£�i?P_jeN=pµ^ap)·oNQ£¸N=^\Ya` j?P_NQ^�TZie��NQ^apHTWp?j?N=P�����YaqZN=p?j?NQp�NQYaN=R�V_P_�Dbdc?N=� ^a`obdc��vjeN=Pn?ce�ZVX�Dbdc?N=� ^a`obdc¬N=P_|QN=i?qWVXN=p5�x�e^\jHTWV_^a��p?`o|=i?`�Vd�Zpej?N=p�i?p�VXNQP_`_iebdc]V=�~Mx^aN@����Y\q�N=p?jeN=p¬¹Op?jeN=P_iep?q�N=pj?NQP��2TZp?q�TWpv� z N=P_weP_�?bdRWN=p?j?NQp�sDVXPoi?R�VXi?P¶NQP_q�NQwhNQp%`o^abdc%TZi?`¶j?N=P }»º�«O¡9s]�¼«OpHTZY½[D`_NZ¾9^\p�§ MnII �
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MnIII → MnIII � (µ� OR)(µ

�
OCO)2

�
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MnIV �;u�pÀw�N=^\j?N=p±����� n?YaNÁ�eNQp z �ZYaYa|Q^aNQc]VS`_^\bdcÀj?^aN�N=Po`oVXN#�O�v^\jHTWVX^\��pB�Zc?p?NNQ^ap?Nx¹Op?j?NQP_i?peq¯j?N=PÃÂ¸P_�?bdRWN=p?`�VXP_ieR]V_i?P=°H���?cePoVF·oNQj?�Dbdc#|=i#N=^\p?N=P�}9P_c?®�c]i?peq¯j?N=`���N=j?�I�vn��ZVXNQp]V_^�TZY\`i?�4Äe�ÆÅk����� �HMO^\Nm|Q£¸N=^½VXNS�x�e^\jHTWV_^a��p.^\`oV�TWp	je^aNmÂ�^\Yaj?iep?q¯N=^\p?N=P

µ
���I�v�W��Â�Po�?bdRZN�¦��vj?NQP

µ− OH
©q�NQRZ��nenhNQY\VI°Zj?^aNÃNQ^ap?N{£¸N=^½VXN=PoN�}9P_c?®�c]i?peqSj?NQ`t��NQj?�I�en��ZV_N=p�VX^aTZYa`9|Qi z N=Poc?^ap?jeN=P_p�`_bdc?NQ^ap�VI�]Mx^aNÃ«Oie`��w?^\Yaj?iep?q¤N=^apeN=P

µ
���I�v�W��Â¸P_�?bdRWNOVXPo^\V_VÇ^\pgw�N=^\j?N=pg�x��� n?YaNÁ�vN=p.TWie��°]`_��wHTWYaj N=^apg��NQj?�I�vnh�ZV_N=p�VX^aTZY z ��pNyV�£{T#�m�¬N=PoP_N=^\bdc�V�^a`oV=°e£�TZ`Ã^ap�§¶���?PÃj?N=p

MnII,III i?p?j�^ap	¨#���?PÃj?NQp MnIII,III ��f�i?`�VdTZpej	jeN=P�¡ªTZYaY^\`oVI�hMO^\N¯Èx®�ceN¯j?N=`k�x�v^ajHTUVX^a�Zp?`_|Qi?`oVXTZp?j?NQ` z ��PmjeN=PmÂ�Po�?bdRZNQp]w?^aY\j?i?p?q#£�^aPoj)�ZÉhN=p]wHTZP z ����ÊOË��x��ÇNQP_cH�ZY½VXp?^\`¸jeN=P��2TWp?q�TZpv��³�^aq�TZpej?N=p�whNQ`oVX^\���SVI�D}9`�£�^aPoj z ��Poq�N=`obdc?Y�TWq�N=p�°ejHTZ`_`{TZi?bdc#^a� S2→S3

���whNQP_q�TZpeq-jeN=`	rtsvu_uG���2TZp?q�TWp?RZ��� n?Y\Ny�vN=`	j?^aN)«xi?`_we^aYajei?p?q±N=^\p?N=P#|Qi?`X�WV_|=Y\^abdc?NQp
µ
�¼�I�e�U��Â�Po�?bdRZNjHTW|=i#j?^\N=p�VI°?j?TZ`Ãr;�WVXN=p�V_^�TZY����?PÃTZie��NQ^apHTWp?j?N=P¸����Yaq�NQp?j?Nm}9^\pv��}9YaNQR�VXP_�Zp?N=pv���x�e^\jHTWV_^a��p?`o`_bdc?Po^\VoVXN�TWpv�pH�Wc?N=Pop?j�RW��p?`�VdTZp�Vx|=i	cHTZY\V_N=p��

Ì¶Í=Î Ï�ÐQÑ#ÒQÓÃÐÁÔFÕ�Ñ#Ö
svNQ^\VÃ� N=cePÃTZYa`�×WÄ¶Ø�TZc?P_NQp#£�i?P_j?NQp z ^\N=Y\���WY\VX^\q�N�«Op?`�VXP_NQp?q�i?peq�N=p	i?p�VXNQP_p?��� � N=p�°HTWie�Fn?c?�ZV_��^ap?jeiv�|Q^aN=P�VXNQP{³LTZj?i?peq�`oV_P_N=pepDiep?q�w?TZ`_^\N=P_NQp?j?N�R]�?pe`oVXY\^abdc?NOn?c?�ZV_��`o[Dp�VXc?NyVX^\`_bdc?NSsD[D`oV_N=� Nm|=i�N=p�V�£�^\bdRZN=Y\p��u��ÙÈ�^ap]w?Ya^\bdR�TZie�¢j?^aNS}9P_|=NQi?q�i?peq.bdc?N=� ^a`obdc?N=P�}ÇpeN=P_qZ^aNQV_PX�ZqZN=P�`oVXNQc�V�j?NQPxNQp]V_`_bdc?NQ^aj?NQp?j?N¶MOieP_bdcv�
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MnIII,III
2 U

V 7�23.(,/=�:�M

w?P_i?bdcgTZie��j?^\N=`_NQ�^]mN=w?^\NQV9p?�Dbdc�TZi?`=��sv� £���ceY?���?P9jHTZ`»�ÇNQP_`oVX�Zp?j?pe^a`Çj?N=PZ]mP_iep?j?Y�TWq�N=p TZie��j?^\N=`oN=�
]¤NQw?^aNyV¢TWYa`LTZi?bdc¤���?PLjHTZ`��ÇNQP_`oVX�Zp?j?pe^a`Lj?N=PFpHTWV_�?P_Y\^abdc?NQp¤n?c?�ZV_��`o[Dp�VXc?NyVX^\`_bdc?NQp¯r9P_��|QN=`_`oN�`o^ap?jkj?^aNQ`_N
_xp�VXNQP_`_iebdcDiep?q�N=p�·oNQj?�Dbdc z ��p�qZP_��`�NQP�Â�N=jeN=ieV_i?p?q?�}9^ap~r9P_�U·oNQR]V9TZie�Hj?^\N=`oN=�a]¤NQw?^aNyV¢w�N=`obdcH�W� VX^\qZV»`o^abdc � ^\VFj?NQP»ÊxTZbdc]w?^aY\j?i?p?qxj?N=P¢MO��p?��Po`_NQ^\VXN�j?N=P}ÇY\N=R�VXPo��p?NQp]V_PXTZpe`_n���PoV_RZNQVoVXN�^a�!r¸sDu_uPb ÈxTZ����TZPo`oVXPo®���NQVtTZY �\°k×ZÄZÄe�/c ��M�TZw�N=^v£�^aP_j¶NQ^ap¯n?c?�WVX��TZR�V_^½�
z N=P RuII VXP_^\`��¼w?^an�[DP_^\j?^apv���x��� n?Y\Ny�	¦ RuII(bpy)3

©y°ejeN=PÃj?^\Nm���ZYaYaN�j?NQ`Ã� �v^\j?^aNQP_N=pej?N=ped�c?Y\��P_��nec][DY\Ya`^a��rtsvuou»�?w�N=P_pe^a� �~VI°�� ^\V»N=^apeN=��P_NQj?�I�eTZR�VX^ z N=p�f�NQp�VXP_ie� z N=Pow?i?p?jeN=p�°DjHTZ`tN=^\p?N=p.�2TZp?q�TWp?RZ���¯�n?YaNÁ��N=p�VXc?�ZY\Vfb svi?p2NyVxTZYG�½°��Hg�g9h ¿ ÈOTW����TZP_`�VXPo®��4NyVOTWYG�½°1×ZÄZÄe� ¿ «Ow?P_TZcHTZ� `_`o��p�NyVxTZYG�½°1×WÄ�Ä�×�c �
_xp�VXNQP1f�i?q�TZwhN)NQ^ap?NQ`�Ny�DVXNQP_p?NQp­}9YaN=R�V_P_��p?NQpHTZR]|=NQneVX�ZP_`�£�i?P_j?N����?P z NQP_`obdc?^aNQj?N=p?N�i?p�VXNQP_`_iebdc]V_NsDVXPoi?R�VXi?PoN=p	}9YaN=R�V_P_��p?NQp�VXPXTWp?`o��NQP z ��p#jeN=�4�2TZp?q�TWp?^a��p)¦�w?|y£¤�ej?NQp	�2TZp?q�TWp?^a��peN=pª©Ç|=i?� n?c?�ZV_�W�� �v^\j?^aNQPoVXNQp@��ieVXceN=p?^\i?��pHTZbdc?qZNQ£�^aNQ`_NQp��»}9^ap�whNQ`_��pej?N=Po` z ^aN=Y z NQP_`_neP_N=bdceN=p?j?NQP¯�x�Z��n?Y\Ny�¥� ^\V¤NQ^½�p?N=�

MnII,II
2

��MO^\��NQP�^a� �¤NQP_p¥i?p?j�N=^apeN=�
N3O3

��³�^aq�TZp?j?NQp?`XTWV_|¶^a`oV¤jeN=P¤^ap�«Owew��FÅv�½� ¦�� ©�jHTWP��q�N=`�VXN=Y\Y\V_N1i?p?j�^apib MO^aPo^aY�NQV	TZY �\°��Hg�j9h�cx`_� £�^aN)^\pibÆsDi?p�NyV	TZYG�½°Ù×ZÄZÄ�Ä5c�w�N=`obdc?P_^\N=w�N=p?NW°Ãj?N=P�^\�����Yaq�NQp?j?NQpÀTZYa`S�x�Z��n?Y\Ny�%§)w�N=|=NQ^abdc?peNQV¯£�^aPoj��FMO^aN�whNQ^aj?NQp±�2TZpeq�TZp?^\��p?N=pB^ap@����� n?YaNÁ�%§�`o^ap?j�?whNQP;NQ^ap?Ntr9c?NQp?�I�v[��3]¤Poi?n?n�N�`_� £�^\N¸|y£�NQ^]V_N=Po��^\pHTZYaN9«x|=NyVdTWV��(]mP_i?n?n�N=p z NQP_w?iep?j?N=p�����^½VFÈx^aY½��N9j?N=`
RuII(bpy)3

��svN=pe`_^\V_^a|QN=P_`�Ya^\N/`¶`_^\bdc2j?^\N=`oN=Px�x��� n?YaNÁ��j?i?Pobdc)Â�Y\^\VX|Qn?c?�ZV_��Y\[D`oNk^\p�� N=ceP_N=PoN=p�sDbdc?P_^½Vo�VXN=p�TZi?`oq�N=ceN=p?j z ��� MnII,II
2

�¶�ewhNQP#j?N=p
MnII,III

2

�¶|=ie�
MnIII,III

2

��f�i?`oVXTZp?j �I�v^aj?^\N=P_NQpib È�iHTZp?qNQVgTZYG�½°�×ZÄZÄ�×�c �ÇMON=P
MnIII,IV

2

��f�i?`oVXTZp?j%RWTWp?p%j?TZwhNQ^�^ap�VXNQP_N=`o`XTZp�V_N=Po£¸N=^\`_N1pe^abdc�Vg^\p-£�TZ`o`_N=P���P_NQ^aN=P
_x� q�N=w?iep?q�N=P_|QN=i?qWV £¸N=Poj?N=p�°Ç£¸��c?Y�TWwhNQP¯^ap±«Op�£¸N=`_NQp?c?NQ^\V�q�N=Po^ap?q�NQP l@TW`_`_NQP_RW��p?|=NQp�VXPXTUVX^a�Zp?N=p��lBNQ^\VXNQP_c?^\p¥£�ieP_j?N ��N=`oV_q�N=`�VXNQYaY\V=°�jHTZ`o`SjHTW`~��N=j?�I�vn��ZVXNQp]V_^�TZYÇj?NQPSjeP_^\VoVXNQp@�x�v^ajHTUVX^a�Zp¥p]i?Pk^apk]mNy�q�N=p�£�TZPoV z ��p�lBTZ`_`oN=P.^\p%je^aNl]¤Po®�`�N=pe��P_j?p]i?peq@j?N=` RuII(bpy)3

����N=j?�I�vnh�WVXN=p�V_^�TZY\N=`�TZw?q�NQ`_N=peR]V£�^aP_j��HM�TZc?NQPÃ^a`�VÃN=`{£�TZc?Po`_bdc?NQ^ap?Y\^abdc�°?j?TZ`_`�N=Po`oV�j?^\N�«Op�£¸N=`oN=p?c?NQ^\V z ��p#lBTZ`_`oN=P�`oV_P_i?R�V_i?P_NQYaYaNO¹Opv�j?N=Poi?p?q�NQp�NQP_� ®�q�Ya^\bdc�VI° j?^aN�j?^aN��Ç�ZPXTZi?`o`_NyVX|=iep?qm���?P»jHTZ`Ç}9PoP_N=^\bdc?N=p¶j?NQ`
MnIII,IV

2

��f�i?`oVXTZp?j?NQ`9`_^\p?j��}Ç^\p?N)� ®�q�Ya^\bdc?N2¹xp?j?NQP_i?p?q±^\`oV#j?NQP#«Oi?`�VdTZie`_bdc�N=^apeN=`�Â�Po�?bdRZNQp?Ya^\q�TZp?j?NQp�°{£�^aN2N=P#^apib Â��DN=Y\P_^ ·oRNQVxTZYG�½°�×ZÄ�Ä�Ä�c�whNQ`_bdc?Po^aNQwhNQp�£�i?Poj?NZ�MO^\N¤«Op?|=TZc?YFj?N=POseTZi?NQP_`�VX�&m ^aq�TZp?j?NQp�^\p2������neYaNy��§.^a`oV�q�Y\N=^\bdc�j?NQPxjeN=POsDVX^\bdRD`�VX�&m ^\q�TZp?j?NQp�°^a�n]mN=qZN=p?`_TWVX| |=i?��r¸sDu_ud°�£��2sDV_^abdR]`oV_�ZÉ±p]i?P¤N=^apeN=p¥RDY\N=^\p?N=ppoFN=^aY9jeN=PS�2TZp?q�TZp?Ya^\q�TZp?jeN=p)`oV_N=Y\Y\V
b MON=���Z`_N�NQVÇTWYG�½°~�Ng�gv� ¿ o;TZp?qmNyVtTZYG�½°~�Ng&g&q ¿ ��TZq�p]i?`_�Zp iep?j¯«Op?jeP_NITW`_`_�Zp�°¶�Ng�g9h�c �5_x��j?^aN{¹xc?pv�Ya^abdceRZN=^½Vm� ^\Vxj?N=� pHTWVX^ z NQpB��TZp?q�TZpeRZ��� n?YaNÁ�1|Qi)N=Poc?®�c?NQp�°�£�i?P_jeN z ��prb ³L�Z���ZV_c1NQVmTZYG�½°±×ZÄ�Ä�×�cN=^ap��Wc?p?Ya^\bdc?N=Pxw?^ap]i?R]Y\NITZPoN=P������ n?YaNÁ�2� ^\VxN=^\p?N=�Ù^\�Ù�ÇNQP_q�Y\N=^\bdc1|=i�������neYaNy�B§�N=Poc?®�c�VXNQp¥seTZiv�
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NQP_`oV_�ZÉ�TZp�VXN=^\Y�i?p�VXNQP�j?N=p2�2TZp?q�TZp?Ya^\q�TZp?jeN=p#c?NQP_q�NQ`oVXNQYaY½VS¦�«Owew���Åv�½�~×D°H�x��� n?Y\Ny�	¨ª©Á�HMOi?Pobdc2«Oie`��VXTZi?`_bdc z ��p@|y£�NQ^{r»[DP_^\j?^ap?qZP_i?n?n�N=p�q�N=qZN=pB`_TZi?NQP_`oV_�ZÉhcHTZY\V_^aq�N r9c?NQp?��YaqZP_i?n?n�N=pBN=p�VX`�VdTZp?jB`_�1NQ^ap
N2O4

��³�^aq�TWp?j?N=pe`XTWV_|Z��«xie��q�Poi?p?j¥j?N=P¤}9YaNQR�VXP_�Zp?N=pv��MO��p?�ZP���}9^\q�N=p?`obdcHTW� V_N=p¥j?N=Pk³�^aq�TWp?j?N=p1£�ieP_j?N���?P������ n?YaNÁ��¨�NQ^ap?N¤}9Poc?®�c]i?p?q j?N=P�TZR]R]i?� ieYa^aNQP_wHTWP_N=p	³LTZj?iep?q¯���?P��x��� n?Y\Ny�	× z ��P_c?NQP_q�NQ`XTZqWVI�u�p)j?NQPJo¢TUVm|=NQ^aqZV_N=p¥��NQ`_`_iep?q�N=p�°�jHTZ`_`mwe^a`�|Qi1���?pe���x�e^\jHTWV_^a��p?`o|=i?`�Vd�Zpej?N z �Zp¥je^aN=`oN=������YaNQR]�?Yj?ieP_bdc?YaTZie��N=p £�NQP_j?NQp#RZ��pep]V_N=ppb ³������WVXc NQVÃTWYG�½°¶×ZÄ�Ä�×GcG�]u�p#Â�Y\^\V_|=n?c?�WVX��Y½[v`oN=NÁ�en�N=Po^a� N=p�VXNQp £�ieP_j?Nj?NQP
MnIII,IV

2

��f�i?`oVXTZp?j¥��^½Vmc?��c?NQPS«xi?`_w�N=ivVXN N=P_c?TZY\V_N=pRb È�iHTZp?q	NQVSTZY �\°�×ZÄ�Ä&q&c ��M�TWwhNQ^tY\^aNQqZVm^a�
]mN=q�NQp?`XTUVX|k|=i1����� n?YaNÁ�¥§gjHTZ`x��N=j?�I�vnh�WVXN=p�V_^�TZYLj?NQ`

Mn
III,III/III,IV
2

��r¢TZTZP_NQ`OTZiebdc2��c?peNklBTZ`_`oN=P^\�ÙÂ�N=PoN=^abdc2j?N=`
RuII(bpy)3

��r;�ZV_N=p�VX^aTZYa`Q����^\Vxj?NQ��f�^\N=YG°ej?^aNQ`_N~iep]V_N=Po`_bdc?^\N=j?Y\^abdc?NQp���NQj?�I�eNQ^aq�NQpv�`obdcHTW� VXNQp)whNQ`_`oN=Pm|=i z N=Po`oVXNQc?N=p�°�£�i?P_jeN=p�P_®�p�V_q�N=pHTWw?`_��PoneVX^\��p?`o`_n�N=R�VXPo��`_RW��n?^a`obdc?N���N=`o`_i?peq�N=p¥TZpw�N=^\j?N=p	�x�Z��n?Y\Ny�vN=p�^\p	jeN=p z N=Po`_bdc?^\N=j?NQp?N=p¥�x�v^aj?TWVX^\��p?`_|Qi?`oVX�Zp?j?NQp�jei?P_bdc?qZNQ���?c?P�VI�
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E1/2/ eV E1/2/ eV E1/2/ eV E1/2/ eV

1a − (MnO3N3)2 � M � !NM�!
1.75♦ U

1b − (MnO3N3)2 · [H2O]x 0.8 − 1.0\

2 − (MnO4N2)2 U � M " [ � M � !NM � (1.13)]
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p?NSNQ^ape��TWbdc?N ]¤TZi�`W��i?p?R�VX^\��p�P_N=^\bdc�VOp?^\bdc�Vx� N=cePxTWi?`=��}9^ap�£�NQ^\V_N=P_NQP _�p�VXN=Po`_bdc?^\N=j1|Qi2����� n?YaNÁ�¥§whNQ`oVXNQc�V{jHTZPo^ap�°�j?TZ`_`¸^ap �x��� n?Y\Ny��¨gj?^\N�«Op?|=TZc?Yªj?N=PtYaNQ^abdc�VXNQp.���?bdR]`oV_P_N=ieN=P{� ^\V9NQ^ap?NQ��«Ow?`�VdTZpej
z ���­«xw?`_��PowhNQP¢�Wc?p?Ya^\bdc¤j?N=����pD����pv�¼«Ow?`�VdTZpej~j?NQieVXY\^abdckc?®�c?NQPF^\`oV=°I£{TZ`L£�TZc?P_`obdc?N=^\p?Ya^\bdc~|Qi?PFÂ�Ny�N=^ap�V_PX�Zbdc�VX^\q�i?p?q j?NQPOMO^\`oVXTZp?|=w�N=`�VX^\��� iep?q¯���?PO����� n?YaNÁ�	¨	���?cePoVI��MONQP��O^aNQP���sDbdcHTZYaNQpv��¡;^\VdTWp?`XTWV_|^a`oV�TWYa`_�¯���?PÃje^aNkÂ�N=`obdc?P_NQ^aw?iep?q�jeN=P��xMO¡ª`�^\p������ n?YaNÁ�	¨	pe^abdc�VxTZi?`_PoN=^\bdc?N=p?j��MOieP_bdc�jHTZ`�oFN=`�VXNQp z N=Po`_bdc?^\N=j?NQp?N=P¤«Ope`X�WV_|=N¯RZ�Zp?p�VXN~��NQ`oVXqZN=`oV_N=Y\Y\VO£¸N=Poj?N=p�°�jHTZ`_`Oj?^aN svbdc�£�^aNy�P_^aqZRZN=^½VXNQp1whNQ^;jeN=PO«xpHTZY½[v`oN~j?NQP�}»º�«O¡9s]��M�TWVXNQp z ��p1�x��� n?YaNÁ�2×�j?i?Pobdc)j?N=p1}Ç^\p?`XTUVX| z ��p1j?PoN=^svbdcHTZY\N=p@Y\N=^abdc�V_N=PS���?bdR]`�VXP_NQi?N=P~^a���{��Â�NQP_NQ^abdcB|y£�^a`obdc?N=p-×v� g�i?p?j Ze� h!M´�?w�N=P�£�i?p?j?NQp@£�NQP_j?NQpRZ®�p?peN=p��¢}Ç^\pB`o��Yabdc?NQP ¡¢^½Vo�¼«Op?`_TWVX|�¦ z q�Y � o¢TZw��»Åv� Z�©�N=Poq�^awvV ���v��Poj?^ap?TWVX^\��p?`_|=TZc?Y\N=p z ��p NMn−MnpHTZc?NÀ��� ÄBi?pejµ^a�

MnIII,III
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��f�i?`oVXTZp?j�NQ^ap?NQp���pv���	pv��«xw?`oVXTZp?j�°{jeN=P.pHTWc?N1w�N=^a� R]P_^\`oVXTZYaY\��q�PXT �n?c?^a`obdc�whNQ`oVX^\���SVXN=p lBNQPoV z ��p�Ze�ÆÅ�×1M+Y\^aNQqZVI�D¡¢�?P¸j?N=p���whNQP_q�TWp?q |=ie� MnIII,IV
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��f�i?`�VdTZp?j�£�^aP_j��^½VÃj?^aNQ`_NQ� «Op?`_TWVX|kN=^\p?N��ÇN=PoR]�?P_|Qi?p?qgjeN=Px��pv����pv��Mx^a`oVXTZp?|¤i?� b=Te�ªÄe�ÆÅ M­N=P_� ^\VoVXNQY\VI�}9`F^a`oV���NQ`oV_|=i?cHTWY\VXNQp�° jHTZ`o`;� ^\VLw�N=^\j?N=pS¡¢^\VXTZp?`_�WVX|QN=pkN=^apeNtjeN=ieV_Ya^abdceNÇ�ÇNQP_R]�?Po|=i?p?qxj?N=P¢��pv����pv�MO^a`�VdTZp?|¤w�N=`�VX^a� �~V{£�^\P_j��?Â�NQV_PXTZbdc�VXNyVO��TZp.£¸N=q�NQp2j?NQP��ZÉ�NQp?`_^\bdc�VXYa^\bdc?N=p2�2�Zpeq�N=Y�j?NQPÃN=^\pe��TZbdc?NQpsv^a� ieY�TWV_^a��p?NQp@���?P��x��� n?YaNÁ�%¨�j?^\N�}9Poq�N=w?pe^a`_`oN2j?NQ`gRW����neYaNy�vNQP_N=p�¡¢^\VXTZp?`_TWVX|QN=`�TZYa` TZjH� �Di?TWVXNÂ�N=`obdc?P_NQ^aw?i?peq@j?N=PgsDV_P_i?R�VXiePX�Zp?jeN=P_iep?q�N=p­¦ �Zc?peYa^abdceN#«Op?`_�WVX|QN����?P �x�Z��n?Y\Ny�µ§ z N=P_�Zp?j?NQP_p%j?^aN|=N=p�V_PXTZY\N=p+}9Poq�N=w?pe^a`_`oNBj?�ZPoV	p?^abdc�Vd©y°�`_�-^a`�V�je^aN=`oN¥�ÇNQP_R]�?Po|=i?p?q z ��p²�Zc?p?Y\^abdc?NQPl]mP_®&`�N1£�^aN¥^ap�x��� n?YaNÁ��§H�f�i?`_TZ� ��NQpe��TZ`_`oN=p?j	RUTZp?p�q�N=`_TZqZV�£�NQP_j?NQp�°�jHTZ`_`xj?^aNk}»º�«O¡9s]�¼«OpHTZY½[D`_N¤p]i?PxNQ^ap?Nkq�NQP_^apeqZ���?q�^ �q�N�¹xp?j?NQP_i?p?q�j?N=`k«Owe`oVdTWp?j?N=`S|Q£�^\`_bdc?NQp@j?N=p@�2TZp?q�TZp?^a�Zp?N=p����?Pkj?^aN �xw�N=Poq��Zp?qZN
MnII,II
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pHTWbdc
MnII,III

2

^apk������neYaNy� §O`o� £�^\N
MnII,III

2

pHTWbdc
MnIII,III

2

^\pS����� n?YaNÁ�¤¨~TWp?|=NQ^aqZV=�Iu�� ]mN=q�NQp?`XTUVX|ÇjHTZ|Qi^a`oVtj?^\NÃ¹Op?jeN=P_iep?q z ��pgÄv� Å M ^ap¶j?N=p��xw�N=Poq��Zp?qZN=p MnII,III
2

p?TZbdc
MnIII,III

2

¦�§v©»w?|y£¤�
MnIII,III

2

pHTWbdc
MnIII,IV
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¦ ¨�©¶i?p?q�Ny£�®Zc?p?Ya^\bdcµq�P_�&`?�tMO^aNQ`_N)}9P_qZN=w?p?^\`_`oN1YaNQq�N=p�je^aN)sDbdc?Yai?`o`o����Y\q�N=Poi?p?q@p?TZc�°tjHTZ`_`^a��·oNQ£¸N=^aY\`#N=Po`oVXNQp��O�v^\jHTWVX^\��p?`o`_bdc?Po^\V_V.RZN=^\p?N)q�Po®�`�N=PoN=pµ`�VXP_ieR]V_i?P_NQYaY\N=p ¹Op?jeN=P_iep?q�N=p�TZie� V_P_NyVXN=pi?p?j�j?TZ`_`¶^a� ]¤NQq�N=pe`XTWV_|	j?TZ|=i-j?N=PO·oNy£�NQ^aYa`¶|y£�NQ^\VXN��x�v^ajHTUVX^a�Zp?`_`obdc?P_^½V_V TZp±N=^\p?N=pR_x�~wHTZi-j?N=PÂ�P_�?bdRWN=p?`�VXPoi?R�VXi?P¯|y£�^a`_bdceN=pBjeN=pÀ��TZp?q�TZpe^a��p?NQp�qZN=RZ�Zn?nhNQY\Vk^a`�V¤w?|Q£¤�FTZY\`k¡ª�ZYaq�N jeN=P~�O�v^\jHTWVX^\��pTZie� VXPo^\VoVI�
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u�p%w�N=^\j?N=p±������neYaNy�vNQp±£�^\P_jÀNQ^ap?N#j?P_TZ`oV_^a`obdc?N#�ÇN=P_R]�?Po|=i?peq�j?NQ` �2TZp?q�TZpv����TZp?q�TZpD��«Owe`oVdTWp?j?N=`TZie��i?p?q�Ny���Zc?P
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M´whNQ��wHTZbdc�V_NQV	¦�`_^aNQc?N.Y\NQVX|yVXNQP~«Owe`_bdc?p?^½V_V¯iep?jCo¢TWw��9Åv�Æ×�i?pej-Åv� Z�©y�Fu�pÀw?^ap]iv�RDY\NITZPoN=p�`o[Dp�VXceNQVX^\`_bdc?NQpÀ�2TWp?q�TZp?RW��� n?YaNÁ�eNQp KHp?j?NyV¤�gTZp¥�	pv����pD��MO^\`oVdTWp?|=NQp z ��p�i?p�VXNQP1Zv�ÆÄ M
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p]i?P¯^\p-«xp�£�NQ`_N=pec?N=^½V z ��p%� ^apej?N=`�VXN=pe`¯|Q£¸N=^�w?P_�ebdRZN=pej?N=p�seTZi?NQP_`oV_�&m ^aq�TWp?j?N=p±£�^aN#^\p Mn2(µ
�

O, µ
�
OR)

��sDVXPoi?R�VXi?PoN=p�°�£���Mx^a`oVXTZp?|QN=p1i?� ×v� gYM5TWie� VXPoNQVXNQpCb l ^aN=qZcHTZP_jvVI°-�Ng�j�g ¿ ³LTZP_`o��p1i?pejrFN=b=�ZPXTZPo�?° �Ng�g�×�c �¢u�p±NQ^ap?NQ� `_n�N=|Q^aNQYaYaNQp
MnIV

2 (µ
�
O, µ

�
OCH3)

���x��� n?YaNÁ�B£�ieP_j?N�N=^\p-��pv����pv�«xw?`oVXTZp?j z ��p�×v� j�Å M3w�N=�ZwHTZbdc�VXNyV;b Â{TZYajv£�^ap	NQVOTZYG�½°@�Ng�g&g5cG�Hu�p�YaNyVX|QV_q�N=p?TZp?p�VXNQPmsDV_P_i?R�VXieP����?cePoVNQ^ap?N
µ
���I�v�W�

µ
��c�[Dj?P_�I�v�W�G�ÇN=P_weP_�?bdR]i?p?qB|=i ��pD����pv�¼«Ow?`�Vd�Zpej?N=p�ie� ×D� j�× M~°9£��Zc?P_NQp?jµN=^\p?N

µ
��I�v�W��Â¸P_�?bdRWN�×v� h Z M N=Poq�^aweV=�FMO^aN �ÇN=P_R]�?Po|=i?peq)j?N=P ��NQVXTZYaY ����NyVdTZY\Y½��Mx^a`oVXTZp?|QN=p z �Zp@NQV�£�T Ze�ÆÅ MTZiv�{lBNQPoV_N.i?� ×v� g M4^\p@j?N=p±����� n?YaNÁ�eNQp�§)i?p?j-¨@^\`oV¯TWYa`_�2TZYa`SÂ�^\Yaj?i?peq2N=^\p?N=PS|=i?`_�WVX|QYa^\bdc?N=p

µ− O
�vjeN=P

µ− OH
��Â�P_�ebdRZNk|=i	j?N=ieV_N=p��MO^\N=`_NBsvbdc?Y\i?`_`�����YaqZN=P_iep?q�N=p�£�NQP_j?NQp+£�NQ^\V_N=P	i?p�VXN=Po`oV_�eVX|yV1j?i?Pobdc+}ÇrÇ�Ã��}9P_q�NQw?p?^a`o`_N b È�iHTZp?qNyV¶TZYG�½°­×WÄ�Ä�× ¿ ³L�Z���ZV_c@NQV¯TZYG�½°­×ZÄZÄ�×�c �»MO^\Ng«OivVX��PoN=p±j?^a`oR]ieVX^\N=P_NQp±TZYa` ]¤Poi?p?j@���?P~j?^aN.`�VdTZPoRZNTZp�V_^\��N=PoP_����TZq�peNQVX^\`_bdc?N�����n?n?Y\i?p?qSj?N=P
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���x�Z��n?Y\Ny�vN�j?^aNx}9P_`oNQVX|Qi?p?q NQ^ap?NQPÇ«O|=NyVdTWV���Â�Po�?bdRZNj?ieP_bdc~NQ^ap?N
µ
�¼�I�e�U��Â�Po�?bdRZNW� }Ç^\p?NtTZpHTZY\��q�N9u�p�VXNQP_n?PoNQVXTWVX^\��pk£�^\P_jm���?PF}tsvuG���2s]��}9P_qZN=w?p?^\`_`oN�q�NQq�N=w�N=p

b f�NQVoVXN=Po`oV_N=p	NQVxTZYG�½°ª�2TWpDie`_R]P_^\neV�^ap#�Ç��P_w�N=PoN=^½VXi?p?q5cG��ÇN=Poq�YaNQ^abdc�V¸�gTZp�j?^aN�sDVXPoi?R�VXi?P¸i?p?j#jHTW`{��N=j?�I� z NQP_cHTZY½VXNQp z ��p�������neYaNy��§¯i?pej#�x��� n?Y\Ny�g¨�°`o�2Ya^\N=qZV¤je^aN¶�ÇN=P_�~ieVXi?peq2pHTZceNZ°LjHTZ`o`~j?^\N �=svbdc�£�NQYaYaN�� ���?PkjHTZ`S}9^ap?`oNQVX|QN=p@`�VXPoi?R�VXi?PoN=YaY\N=Pk¹Op?jeNy�Poi?p?q�NQp z ����seTZi?NQP_`oV_�ZÉª��|=iD��sDV_^abdR]`oV_�ZÉ��G�ÇN=PocH�ZY\V_p?^a`OTZw?cH�Wp?qZVI°hN=^\p?N¶Â�N=�ZwHTZbdc�VXi?peq	je^aN `o^abdc�TZi?bdc^\p���whNQP_NQ^ap?`�VX^a� � i?peq#��^½Vmj?N=p�N=Y\N=R�VXPo�vbdc?NQ��^\`_bdc?NQp@M�TUVXN=pBTZi?` o;TZw��FÅv�½��w�N K?p?j?NQV=�Lu�p�w�N=^\j?N=p������neYaNy�vNQp#^a`oV�je^aNmÂ�^\Yaj?iep?q¯N=^\p?N=P{£¸N=^½VXN=PoN=p
µ
���I�v�W��Â�P_�?bdRWNkTZp#N=^\p?N¤��NQj?�I�vP_NITWR]V_^a��p	w�N=^�NQ^ap?NQ�rF�ZVXNQp]V_^�TZY z ��p ∼ 1 V

q�N=RW��n?n�N=Y\V=°�£���w�N=^�j?^\N=`9���?P¸�x��� n?Y\Ny�	§ j?NQP
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����whNQP_q�TZpeq?°����?P������neYaNy�)¨#·oNQj?�vbdc¥j?NQP
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����whNQP_q�TWp?q#^a`�VI��MO^\N �xw�N=P_`o^abdc�Vk�?w�N=P¤j?^aN¶��N=je� �vn��ZVXNQpv�V_^�TZY\NS^\plo;TZw���ÅD�\�¯Ya�Z`_`�V�N=PoRZNQp?p?N=p�°�jHTZ`_`mjei?P_bdc�j?^\N~c?®�ceN=P_N~«Op?|=TZc?Y z ��p¥seTZi?NQP_`�VX�&m ^aq�TZp?j?NQp)^ap������neYaNy��¨Bc?®�c?NQP_Ng�x�e^\jHTWV_^a��p?`o|=i?`�Vd�Zpej?N¶`oVdTWw?^aY\^a`_^\N=P�V�£�NQP_j?NQp ¦ MOTZ`~��N=je� �vnHTZTZP
Mn

II,III/III,III
2Y\^aN=qWV9^ap��x��� n?Y\Ny��¨gi?� ∼ 1 V

p?^\N=j?Po^aq�NQP¸TWYa`9^\pg������neYaNy��§v©Á�DM�TZ`twhNQj?N=ieV_NQV=°vjHTW`_`t^ap��x��� n?YaNÁ�¨�^a� ]mN=q�NQp?`XTUVX|1|Qiµ�x��� n?Y\Ny�²§Àj?N=P
MnIII,III
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��f�ie`oVdTWp?jµwhNQP_NQ^\VX`�j?i?Pobdcµj?^aN1seTZi?NQP_`oV_�&m ^aq�TWpv�j?NQp1c?^\p?P_NQ^abdc?NQp?j2`�VdTZw?^\Ya^\`_^aNQPoV�^\`oVI°H`o�vj?TZ`_`xRZN=^\p?N~peN=i?N
µ− �I�v�W��Â�P_�?bdRWN q�NQw?^aY\j?NQV�£�^aPoj��ª«Op?jeN=P_NQP��`oN=^\V_`~^\`oV¯����� n?YaNÁ��§)^\�

MnII,II
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��f�i?`�VdTZpej@`oVXTZw?^aY °�£{�ZceP_N=pej%����� n?YaNÁ�À¨@^\p@���Zp?��� N=P_N
MnII �

_�p]V_N=PoN=^apec?N=^½VXN=pÀ|QN=P����ZYaY½VDb ³������WVXc@NyV¶TZYG�½°­×WÄ�Ä�×�c �¢«xi?bdc±jHTZ` i?p�V_N=P_`�VX�eV_|QV j?^\Ngu�p�VXNQP_n?PoNQVdTUVX^a�Zp�°jHTW`_`{^\p.whNQ^aj?NQp��x��� n?Y\Ny�vN=p#NQ^ap?N¤�x�v^aj?TWVX^\��pªËZ��N=j?ieR]V_^a��p�i?� ��NQc?P{TZY\`{N=^\p?N�³LTZjei?p?q¯� ^\V¸N=^apeN=PsDV_P_i?R�V_i?PX�Zpej?N=Poi?p?q N=^apec?N=Poq�N=c�VI�MO^\N¥�O�v^\jHTWVX^\��p?`o|=i?`�VdTZp?je`_�?w�N=Poq��Zp?q�N)iep?j�je^aN1jHTW��^½V z NQP_w?i?pej?N=p?NQp­sDV_P_i?R�V_i?PX�Zpej?N=Poi?p?q�NQp`o^ap?j�^ap�«xw?w���Åv�ÆÅ |=i?`_TZ��� N=peq�NQ��TZ`o`oV=�
Ì¶ÍXÌ � Ñ��¤Ò  kÖkÐQÓ��ÃÕ � �������
	�� �kÑ#ÖB�kÑ��B � ��ÒQÓ��
MONQPk�2TZp?q�TZp?RZ�Z��n?Y\Ny�2j?N=Pm�I�D[Dq�N=peN=p�rÇce�ZVX��`�[Dp]V_c?N=`oN�jei?P_bdc?Ya�Zie� V�£��Zc?PoN=p?j¥j?NQ`mRWTUVdTZY½[DV_^a`obdc?N=pfh[DR]Yai?` z ��� S0

�{�?whNQP�j?NQp
S1

�Ãiep?j
S2

��|=i?�
S3

��f�ie`oVdTWp?j1N=^\p?N «xwe����YaqZN z ��p�}9^apv��}ÇY\N=R�VXPo��p?NQpv��x�v^ajHTUVX^a�Zp?N=p.¦�j?^\N{sview?`_R]P_^\neVX`9qZN=w�N=p jHTWwhNQ^ej?^\N¸«xp?|ITZceYej?NQP9TZR]R]i?� i?Y\^aN=P�VXNQp¶�x�e^\jHTWV_^a��p?`_� �]i?^ z TU�Y\N=p�VXNkTZpª©Á�ªMO^aN¤��N=je� �vn��ZVXNQp�VX^�TWYaNm���?P�j?^aNmNQ^ap?|QN=Y\p?N=p��xw�N=Poq��Zp?q�N¤`o^ap?j	|Q£�TZP�w?^a`oc?N=P�p?^\bdc]V�q�NQpHTZiw�N=RUTZp?p�V=°�q�Po��whN�«Ow?`obdcH�WV_|=i?p?qZN=p�Ya^aNQq�N=p�·oN=j?�Dbdc z ��PQ��u�p TZY\YaNQpµs]��f�i?`oVXTZp?j?`o�?whNQP_q��Wp?q�N=pµ£�^\P_jj?NQP#�2TWp?q�TZp?RW��� n?YaNÁ�-j?i?P_bdcµj?TZ`�PoN=j?�I�eTZR�VX^ z N oÇ[DP��X� Ú �1j?NQP.M~�y�3_xp�V_N=P_NQ^ap?ceN=^\V��I�v^aj?^\N=PoV=�ÇM�TZ`rF�ZVXNQp]V_^�TZY9jeN=`
TyrZ/Tyr•Z

��r;T�TZPoN=`¤£�i?P_j?N |=i ∼ 1 V
w�N=`�VX^a� �~VWb �mYa^a� � z NQVSTZYG�½°²�Hg9h&g ¿ ��NQV_|NyVOTWYG�½°@�Ng�j�g�cG�HMx^aNSr;�ZV_N=p�VX^aTZYaNm���?P�j?^\NS��whNQP_q��Wp?q�N

S1

pHTWbdc
S2

`o� £�^aN
S2

pHTWbdc
S3

Ya^aNQq�N=p	NQV�£�TZ`p?^\N=j?Po^aq�NQP=°�^ap?peN=P_c?TZYaw z ��p�bITe�LÅWÄ.�O�5i?p�V_N=P¤j?N=� TyrZ/Tyr•Z
����NQj?�I�en?T�TZP=��M�TZ`kr;�WVXN=p�V_^�TZY;j?N=`

S0

Ë
S1

��r;T�TZPoN=` Y\^aN=qWVS� ^\VSbITv�»×�ÅWÄ2�O� pe�vbdc@V_^aNQ��NQPDb �tTZ`_`~i?p?j-sDV�[DP_^\p?q?°��Ng�ge� ¿ oF��� ����`Si?p?jÂ{TWwhbQ�vbdRª°²×ZÄ�Ä�Ä ¿ ]mN=^ ·oN=PkNQV TZYG�½°�×ZÄ�Äe� cG�FMO^\N�NQ^ap?|QN=YapeN=pÀ}9^apD��}9YaNQR]V_P_��peN=pv���xw�N=P_q��Zp?q�N � �?`o`_N=pTZY\`_�¯��cep?N¤N=^apeNkjeN=ieV_Ya^abdceNkf�i?pHTZc?� Nmj?NQ`O��N=j?�I�vn��ZVXNQp]V_^�TZY\`Ãj?N=`x�2TWp?q�TZp?RW��� n?YaNÁ�eNQ`OTWw?Y�TZiv��N=p��MO^\N�_xp?TZw?cH�Zpeq�^aq�RWN=^½V�j?NQ`Ã��N=j?�I�vnh�WVXN=p�V_^�TZY\` z ��� �x�v^aj?TWVX^\��p?`_|Qi?`oVXTZp?j�j?N=`���TZp?q�TZpeRZ��� n?YaNÁ��vN=` ^a`�V¶|=i?p?�Zbdc?`oV�p?^\bdc]V `oN=Yawe`oV z N=Po`oVd�Wp?j?Ya^\bdc��t¡¢�?P z ^aNQP¶i?pHTZw?c?�Zp?q�^\q�NZ°»pe^abdc�V q�N=RW��n?n�N=Y\V_N MnIII
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→ MnIV ����whNQP_q��Wp?q�N £��ZP_N¶N=^\p�RZ��p?`�VdTZp�V_N=` ��N=je� �vn��ZVXNQp�VX^�TWY9|=i¥N=Po£�TZP�VXN=p���«Ow?q�NQ`_NQc?N=p@j?T z ��p�°jHTZ`_` z ��YaY\RZ��� ��NQpÀi?pHTZwecH�Zp?q�^\q�N��2TWp?q�TZp?^\��p?NQp@£���ceYÃp?^abdc�V¶^ap±j?NQP¶³LTZq�N.£��ZP_NQp�°»l@TW`_`_NQP_�I�v^½�jHTWVX^\��p�|Qi�RUTWVdTZY½[D`_^aNQP_NQp�°¸w�N=Y\N=q�NQp�j?^\N2R]i?P_|QN=p�MO^\`oVdTWp?|=NQp TZi?`.}»ºO«�¡9s]����N=`o`_i?peq�N=p b rFN=p?peN=P��ÈOTZc?p�° �Ng&g�j ¿ M�TZi�NyV#TZY �\°´×ZÄZÄe� ¿ ���Zw?w?YaNQN�NyV#TZY �\°´×ZÄZÄe�/c�i?p?j sD^a� i?YaTWVX^\��p?NQp z ��p }ÇrÇ�Ã�}ÇPoq�N=wep?^a`o`_N=p b ÈOTZ`oN=q�TI£�T1NQV TZYG�½°­�Ng�g�g ¿ rFN=Y\� �]i?^\p@i?p?jÀÂ¸P_^\VoVI°�×ZÄ�Äv� ¿ d{TZP_PoN=YaYÇNyV¯TZY �\°�×ZÄ�Ä�×�cN=^apeN-`�VdTZPoRZN-�x�Zn?n?Yaiep?q j?N=P��2TZpeq�TZp?^\��p?N=p���}9`)£{�ZPoN%jeN=� |=ie����Y\q�NÀTZpe|=i?p?NQc?� N=p�°mjHTW`_`g·oN=j?N`oVdTUV_V K?p?j?N=pej?NS�O�v^\jHTWVX^\��p.j?NQ`��2TZp?q�TZp?RZ�Z��n?Y\Ny�vN=`Ãj?TZ`��x�v^ajHTWV_^a��pe`_n��ZVXNQp]V_^�TZYH���?P�j?N=p�pH�Zbdce`oVXNQp
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��whNQP_q�TZpeq.j?N=ivVXYa^\bdc)N=Poc?®�c?NQp�£��eP_j?NW��MO^aNQ`_NQP¤}9ÉhN=R�VmRUTZpep¥NÁ�vN=� n?Y�TZPo^a`obdc)TZp)j?NQ�
Mn

II,II/II,III
2

���whNQP_q�TZpeq z ��p¥�x�Z��n?Y\Ny�@§	�Dj?NQPmj?N=� Mn
II,III/III,III
2

���xw�N=Poq�TZp?q z ��p¥�x��� n?Y\Ny�)¨ z N=P_jeN=ieV_Ya^abdc�V£¸N=Poj?N=p�¾¸Â�NQ^ÃwhNQ^aj?NQp-V_PXTWV N=^\p?N	}9P_c?®�c]i?peqBj?NQ`.�x�v^ajHTUVX^a�Zp?`_n��ZVXNQp�VX^�TWYa`~ie� Äe� Ú w?|y£¤���	� TZie�¦ o¢TZw��ªÅv�½� ©y�e}Ç^\p?Nm`_�ZYabdc?N¤}9P_ce®�c]i?p?q j?N=P�rF�ZVXNQp]V_^�TZY\N�£��?P_jeNmj?^aNm«xwe����YaqZN���NQc?P_NQP_NQP��O�v^\jHTWVX^\��p?`��`obdc?P_^½V_VXNt^a�¬rtsvuou�i?p�VXNQP_w?^\p?j?N=p���MO^\N���N=j?�I�vN=^\q�N=pe`_bdcHTW� V_N=p z ��p¯�x�Z��n?Y\Ny��§�i?pej¶¨S£�NQ^a`oN=px·oN=je�vbdcp?^\bdc�V�pDiePOTZiv�¢jHTW`xr9Po��w?YaNQ�4c?^\p�°?`o��p?j?NQP_p1TWi?bdc2TWie�¢je^aNm� ®�q�Ya^\bdc?Nm³�®�`oi?p?q?�¡¢�?P�N=^apeN�j?P_^½V_V_Nm�x�v^ajHTWV_^a��p z ��p	�x�Z��n?Y\Ny�2§¯£�i?P_j?NmNQ^ap?Nx£�NQ^\VXNQP_N¤}9P_ce®�c]i?p?q¶j?N=`���N=je� �vn��W�V_N=p�VX^aTZYa`Ãp]i?P�^ap	«Ow�£¸N=`oN=p?c?NQ^\V z ��p�l@TW`_`_NQPO^\� ³�®�`_iep?q�`_� ^\VoVXNQY�whNQ��wHTZbdc�V_NQVI�h¡¢�?PÃje^aN¤n?c?�ZV_�vbdceNy�� ^a`obdc?Nm�x�v^ajHTUVX^a�Zp�^\pg«Op�£¸N=`oN=p?c?NQ^\V z ��p.l@TW`_`_NQP{Ya^\N=qZVtjHTW`Ãr;�ZV_N=p�VX^aTZY�j?N=` Mn
III,III/III,IV
2

��r;T�TZPoN=`pHTWbdc�b È�iHTZp?q2NQV¯TWYG�½°�×ZÄ�Ä�×�ctpHTWc?Ngw�N=^����~°F£�TZ` w�N=j?NQieVXNyVI°;jHTZ`_`Sj?^aN�whNQ^aj?NQp@TZiv��N=^ap?TZp?j?NQPo����Y �q�NQp?j?NQpg�x�v^aj?TWVX^\��p?`_`obdc?P_^½V_V_N¤¦
II, III → III, III

i?p?j
III, III → III, IV

©FwhNQ^HTZp?pH�Wc?N=Pop?j¶q�YaNQ^abdc?NQ�rF�ZVXNQp]V_^�TZYH`�VdTWVoV KHpej?N=p��v}9`�RUTZp?pgTZYa`o� z N=Po� ieV_NQV�£¸N=Poj?N=p�°ejHTZ`o`¸je^aN�Â�^aY\j?i?p?qkN=^\p?N=P µ �¼�I�e�U��Â�Po�?bdRZN^\p1�x�Z��n?Y\Ny�B§�¦
MnIII,III

2

��f�i?`�VdTZp?jH©xjHTZ`mrF�ZVXNQp�VX^�TWYF���?POj?^aNSpHTZbdce����Y\q�N=pej?N¶�x�v^ajHTWV_^a��p�j?PXTW`oVX^\`_bdc
z N=P_Po^ap?qZN=PoV=��MO^\N=`oN �ÇN=P_Po^ap?qZN=P_iep?q#j?N=`¤��N=je� �vn��ZVXNQp�VX^�TWYa`�j?ieP_bdc¥«Oi?`ow?^aY\j?i?p?q.NQ^ap?NQPm|=i?`_�WVX|QYa^\bdc?N=p
µ
�¼�I�e�U��Â�Po�?bdRZN¤N=P�����YaqWVXNm^ap������ n?YaNÁ�	¨�NQP_`oV�^\�

MnIII,IV
2

��f�i?`�VdTZpej��}9` ^a`�VS£�TZc?Po`_bdc?NQ^ap?Y\^abdc�°FjHTZ`o` ^ap�N=Y\N=R�VXPo��p?^a`obdc@q�NQRZ��n?n�N=Y½VXNQp@� i?Y½VX^ap]i?R]Y\NITZPoN=pÀ��TZp?q�TZpeRZ���¯�n?Y\Ny�vN=p�sDVXPoi?R�VXi?P_�Zp?j?NQP_i?peq�N=p�neP_^ape|=^ane^aN=Y\Y�NQPo����Poj?N=PoYa^abdc±`o^ap?j�°Çi?� ��NQc?Po��TZbdceN1�2TWp?q�TZp?�I�v^aj?TWVX^ ���p�whNQ^OTZpepH�Zc?NQP_p?j�qZYaN=^\bdc?N=� rF�ZVXNQp]V_^�TZY�|=iµNQP_� ®�q�Y\^abdc?NQp��»l��Zc?PoN=p?jµ^\p�j?NQpµc?^aNQP z ��P_q�NQ`oV_N=YaY �V_N=p }9P_q�NQw?p?^\`_`_NQp�je^aN=`oN)r;�WVXN=p�V_^�TZY\whNQN=^ap:XHi?`_`oi?p?qÀ`oN=c?P#N ��|Q^aNQp]V�jei?P_bdc j?^\N)ÊxNQi?w?^aY\j?i?p?qBN=^apeN=P
µ
�¼�I�e�)�Dj?NQP

µ
��c�[Dj?Po� �v�W��Â�P_�ebdRZN	whNy£�^aP_R�V¯£�^\P_j�°9j?^\N=p�V¶^ap±TWp?j?N=PoN=p%¡»�ZY\YaN=p¥£{TWc?P_`obdc?N=^\p?Ya^\bdc%j?^\NMONQn?P_�WVX��p?^\N=Poi?p?q)N=^\p?N=PSwhNQ`oV_N=c?NQp?j?N=p

µ
�¼c][Dj?Po�I�e�U��Â�Po�?bdRZN b�oÃc?��P_nÀNyV TZYG�½°��Ng�j�g ¿ ³LTZP_`o��pÀi?p?jrFN=b=�ZPXTZPo�?°B�Ng&g�× ¿ Â{TZYajv£�^ap�i?p?j�r;NQb=��P_TZP_�?°B�Ng�g Ú ¿ Â��DN=Y\P_^ ·oR NQVxTZY �\°2×ZÄ�ÄZÄ5c��Dj?N=P�TZi?bdc	j?^\NSMxNy�n?Po�ZVX�Zp?^aNQP_i?p?q z ��p2qZN=w?i?pej?N=p?NQ� l@TW`_`_NQP b d{TZi?jeYaNmi?p?j�r;NQb=��P_TZP_�e°B�Ng�g�h�c�j?NQ� `_NQYaw�N=p2fh£�NQbdR��Èx^\N=P_TZi?`»RW®�p?p?NQp�È�[Dnh�ZV_c?N=`oN=p¶���?P»j?^\N{����p?`oVXTZp�VXcHTWY\VXiep?qmj?N=P»��NQj?�I�en��ZV_N=p�VX^aTZYaN¸^a�!�2TZp?q�TWpv�RW����neYaNy�mrtsvu_u�TWw?q�N=Y\N=^½VXNQV�£�NQP_j?NQp�� l ^aNtTZpkTZp?j?NQP_NQp¯sDV_N=YaY\N=p¤j?^\N=`_NQPL«OP_w�N=^½VLpH�Zc?NQPLN=P_Ya�ZieV_N=PoV�£�ieP��j?NS¦��kTWn���q?� qSiep?j qe� Å�©Á°�£�^aPoj jeN=P

S0 → S1

�xw�N=Poq�TZp?qg¦�£¸N=^½VXq�NQc?N=p?j �?w�N=PoN=^ape`oVX^\��� N=pejª©»TZYa`ÇMxNy�n?Po�ZVX�Zp?^aNQP_i?p?q¯NQ^ap?NQP
µ
���I�v�W��Â¸P_�?bdRWNS^\p]V_N=Pon?P_NyVX^aNQPoV=�HMO^aN¤}9Poq�N=w?pe^a`_`oNk���ePÃj?N=p

S2 → S3

���xw�N=P_q�TZp?q£�i?Poj?N=pSj?��P�V{¦��¤TZn��Nq?� qxiep?j q?�ÆÅ�©�i?p�VXNQP¢Â¸N=P_iv��i?p?q�TWie�H³�^\V_N=P_TWVXi?P�iep?j TZiv�?j?^\NtnePX�Z`oN=p�VX^\N=PoV_N=p~M�TU�V_N=p	TZYa`Ã�2TZp?q�TWpv���x�v^ajHTUVX^a�Zp.^ap�VXNQP_n?PoNQV_^aN=P�VI°vj?^aN�� ^\V�j?N=P�Â�^\Yaj?iep?q N=^\p?N=P{£¸N=^½VXNQP_N=p
µ
�¼�I�e�U��Â�Po�?bdRZN

z N=P_wei?p?j?NQp@^a`�V¤i?p?j�£�TZc?Po`_bdc?NQ^ap?Y\^abdc¥j?N=pB�xw�N=Poq�TZp?q	N=^\p?N=`m���?peÉ�TZbdc�RZ�D��P_j?^\p?^aNQPoV_N=p MnIII �¼u���p?`^\pBN=^\p@`_NQbdc?`o��TWbdc%RW�v��Poj?^ape^aN=P�VXNQ`
MnIV ��u���pBN=^ape`_bdc?Y\^aN/`WVI�FÊxi?PS���?P~j?NQp S1 → S2

���xw�N=Poq�TZp?q KHpv�j?NQp#`_^\bdc.^a� }»º�«O¡9s�RZNQ^ap?NQP_Y\N=^�«Op?|QN=^abdceN=p#���?P�NQ^ap?Nx¹Op?jeN=P_iep?q¯j?N=P¸�ÇN=P_weP_�?bdR]i?p?qZ`_`oV_P_i?R�V_i?P�j?N=`�2TWp?q�TZp?RW��� n?YaNÁ�eNQ`=°?£¸��PXTWie�»TWi?bdc2TWp?j?N=PoNkÂ�N=`o��p?j?NQP_c?NQ^\VXNQp2j?^\N=`oN=`��xw�N=Poq�TZp?q�NQ`�c?^ap�£¸N=^a`oN=p�°ªj?^\N^\p��kTWn���q?� q iep?jeqe� Å ^a�´N=^\p?|=NQYap?NQp�w�N=`on?P_�Dbdc?N=p	£�i?P_jeN=p��f�i?`_TZ��� N=pv��TZ`_`oN=p?j�RWTWp?p�qZN=`XTWqZV¤£�NQP_j?NQp�°;j?TZ`_`{·oN=j?NQP �x�v^aj?TWVX^\��p?`_`obdc?P_^½V_V¤j?NQ`~rtsvuouG���2TWp?qW�TZpeRZ��� n?YaNÁ�vN=`�N=^\p?N=p	`_n�N=|Q^aN=Y\YaNQp2�	N=bdcHTZpe^a`_�~i?`�whNQ`_^\V_|=NQp2� i?`o`=°Hj?NQP�N=`�^ac?�´N=P_YaTZi?weV=°?j?NQp�NQp?q�N=pNQp?N=Poq�NQV_^a`_bdceN=p@«xw?`oVXTZp?jB|Qi?�
Tyrz

|=i�£�TZc?PoN=p��FM�TWwhNQ^¸RW����� N=p¥�ZÉhN=p]wHTZPSTZi?bdc�¹Op?jeN=P_iep?q�N=pj?NQP~�ÇN=Pow?P_�ebdRDiep?q�`_`�VXPoi?R�VXi?P�N=^ape`_bdc?Y\^aN/`ZYa^abdc�j?N=P¶Â¸^aYajei?p?q2NQ^ap?NQP p?NQi?N=p
µ
���I�v�W��Â�P_�?bdRWN z ��PQ�»«OY\`Â�NQ^a`on?^aNQYh���?P{je^aN=`oN=`Ã�ÇN=PocHTZY½VXN=p#RW®�p?p?NQp�je^aN��I�v^ajHTUVX^a�Zp?`_|Qi?`oVXTZp?j?`_TZw?cH�Zpeq�^aq�NQp�`oVXPoi?R�VXi?PoN=Y\YaN=p#¹xpv�j?NQP_i?peq�N=p�j?N=PÇ^ap¶j?^\N=`oN=���¤TZn?^½VXNQY?j?^a`oR]ieVX^\N=PoV_N=p `o[Dp�VXc?NyVX^\`_bdc?NQp	�2TZp?q�TWp?RZ��� n?Y\Ny�vN�j?^aNQp?N=p���l�N=^ �V_N=P_ce^ap�RUTZp?p z N=Po� ieVXNyVS£¸N=Poj?N=p�°;jHTW`_`kj?^aNQ`_N¶`oV_P_i?R�VXieP_N=Y\YaNQpB¹Opej?N=Poi?p?q�NQpB^a��r¸sDu_uOjeN=� fh£¸N=bdRj?^\N=p?NQp�°�j?^aNS��NQj?�I�vnh�ZV_N=p�VX^aTZYaN¤���?POTZie��N=^\pHTZp?jeN=Po���ZYaq�NQp?j?NS}Ç^\pv��}9Y\N=R�VXPo��p?N=pD��r9P_��|QN=`o`_N TWp?pH�Zc?NQP_p?jRW��p?`oVXTZp�V�|=i�cHTZY½VXN=p��v�Ç��p�u�p�VXNQP_N=`o`_Nk£{�ZPoN=p�`_^\bdc?N=PoYa^\bdc�£¸N=^½VXNQP_N _xp�V_N=P_`oi?bdc]i?p?q�NQp1� ^\V{jeN=�Ùf�^\N=YG°j?^\NOÂ¸N=j?NQieVXi?peq¯j?^aNQ`_N=P¸p?N=i#qZN=w?^\Yaj?NyVXN=p

µ
���I�v�W��Â�P_�?bdRWN=pg�¢whNQ^a`on?^aNQYa`o£¸N=^\`_NOTZYa`¸r9P_�ZV_��p?N=p?TZR]|=N=nvVX��P^\�!`XTWi?N=Po`oVX�WÉ�NQp]V�£�^\bdRZNQYap?j?NQp�svbdc?Po^\VoV

S3→S4→S0

b M�TZi NQV¸TZYG�½°S×ZÄ�Äe� ce�F|=i i?p�VXNQP_`_iebdc?N=p��v«Oi?bdc^\� È�^ap]w?Ya^\bdR2TWie��we^a��� ^a� NQV_^a`_bdceN ���Dj?NQYaYaN~j?N=P¤n?c?�WVX��`�[vp�V_c?NQV_^a`_bdceN=p�lBTZ`o`_N=Po`_nHTWY\VXiep?q�`o^ap?j�j?^\N
z ��P_q�NQpHTZp?p�V_N=p.��whNQP_Y\N=q�i?peq�N=p z �ZpgÂ�NQj?N=ivVXi?p?qe°�jHTkje^aN���®Zq�Ya^\bdc?RZNQ^\VÇ`oV_P_i?R�V_i?P_NQYaYaNQP9¹Op?jeN=P_iep?q�N=p|Qi?P��x��p?`�VdTZp�V_cHTZY\V_i?p?q¶j?NQ`O��N=j?�I�vn��ZVXNQp]V_^�TZY\`Ãc?^aNQPÃ`_^\bdc?N=PoYa^abdc	N=^\p?Nmw�N=`_�Zp?j?N=PoN~È�N=P_TZi?`o���ZP_j?NQP_i?p?qjHTWP_`oV_N=Y\Y\VI�


