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5&1&!./13&=!42-1&/+423!(%&!*&(&-(/6.&!.43%(=!6,(!*&-1&/+423!(%&!+0&-(1/.!1&+).,(4)27!

*+#,"-.,5#40("-&)$/%)!3#,"-.#+#,"-.,5#40("-&) )

>.&-(1)-%&'4-/.! '&/+,1&'&2(+! 5&1&! -/114&*! ),(! 42! /2! /13)2! /(')+0%&1&! 3.);&6)8!

ZJ/-,,'!C(')+0%&1&+[!,+423!/!NCO!EJFGH\!&.&-(1)-%&'4-/.!/2/.:L&17! !C!+(/2*/1*!(%1&&F

&.&-(1)*&!/11/23&'&2(!5/+!,+&*!-)2+4+(423!)9!/!S(!*4+M!5)1M423!&.&-(1)*&=!/!31/0%4(&!1)*!

-),2(&1!&.&-(1)*&=!/2*!/!C3]C3@^T!)1!C3]C3E.!1&9&1&2-&!&.&-(1)*&7! !A&/+,1&'&2(+!5&1&!

-/114&*!),(!42!/!H7K!A!$NCSQ_!+,00)1(423!&.&-(1).:(&!+).,(4)2!)9!+0&-(1)0%)()'&(14-!31/*&!

/-&()24(14.&=! 5%4-%! 5/+! 91&&L&F0,'0F(%/5! *&3/++&*! 6&9)1&! ,+&7! E:-.4-! ;).(/''&(1:! 5/+!

,+&*! ()!*&(&1'42&! (%&! .43/2*! 1&*,-(4)2!/2*!'&(/.! )84*/(4)2!0)(&2(4/.+! 9)1! &/-%! -)'0.&87!!

B&*,-(4)2!/2*!)84*/(4)2!>K]"!0)(&2(4/.+!5&1&!-/.-,./(&*!/+!(%&!/;&1/3&!)9!(%&!/2)*4-!/2*!

-/(%)*4-!5/;&!0&/M+!9)1!&/-%!01)-&++7!!$%&!9&11)-&2&]9&11)-&24,'!1&*)8!-),0.&!5/+!,+&*!

/+! /2! &8(&12/.! 1&9&1&2-&! 9)1! &/-%! +/'0.&7! J/.,&+! /1&! 1&0)1(&*! 1&9&1&2-&*! ()!@P>! ,2.&++!

)(%&154+&!+(/(&*7!



! "_!

 

1-23'&()45*((63#0($#%"40&/2%"(7$&8%'9&0&8%'98"&.-8#0(8&00:((

IJF;4+46.&! +0&-(1)&.&-(1)-%&'4-/.! &80&14'&2(+! 5&1&! 0&19)1'&*! 42! /! *,/.F0/(%! .&23(%!

+0&-(1)&.&-(1)-%&'4-/.! -&..! ZEPXK#HC=!EP! X2+(1,'&2(+=! Q43,1&!K[! 42! /2!C1F94..&*!3.);&6)8!

ZJ/-,,'!C(')+0%&1&+[7!$%&!K!-'!8!K!-'!+0/-&!)2!(%&!()0!)9!(%&!-&..!%).*+!(%&!C3]C3@^T!

)1! C3]C3E.! 1&9&1&2-&! &.&-(1)*&! /2*! 0./(42,'! )1! +4.;&1!541&! -),2(&1! &.&-(1)*&!5%4.&! (%&!

0./(42,'!'&+%!5)1M423!&.&-(1)*&!94(!42()!(%&!K!''!8!K!-'!0/(%!.&23(%!6)(()'!)9!(%&!-&..!()!

&.&-(1).:L&! (%&! +).,(4)2!5%4.&! 4(! 4+! 42(&11)3/(&*! 6:! .43%(!54(%! /! OX#HH! EEY! +0&-(1)'&(&17!

A&/+,1&'&2(+! 5&1&! 0&19)1'&*! 42! +0&-(1)0%)()'&(14-! 31/*&! /-&()24(14.&=! 5%4-%! 5/+!

91&&L&F0,'0F(%/5! *&3/++&*! 6&9)1&! ,+&=! /.)23! 54(%! H7K! A! $NCSQ_! /+! (%&! +,00)1(423!

&.&-(1).:(&7! ! O).,(4)2+! )9! &/-%! -)'0.&8! /2*! +,00)1(423! &.&-(1).:(&!5&1&! /*`,+(&*! ()!%/;&!

/6+)16/2-&! ;/.,&+! 6&(5&&2!H7_FH7R! /(! (%&! 31),2*! +(/(&!AVE$!0&/M7!@)! +(411423! )--,11&*!

*,1423!(%&!&80&14'&2(7!C2!);&10)(&2(4/.!)9!KHHF"HH!'J!0/+(!(%&!941+(!)84*/(4)2]1&*,-(4)2!

0&/M!5/+!/00.4&*!()!(%&!+/'0.&!42!/!-%1)2)/'0)'&(1:!&80&14'&2(7!O0&-(1/!5&1&!-)..&-(&*!

/3/42+(! /! 6/-M31),2*! )9! (%&! +).,(4)2! 54(%),(! (%&! ').&-,.&! Z&.&-(1).:(&! 5/+! 0/1(! )9! (%&!



! "a!

6./2M!+0&-(1,'[7!^2&!KH!'V!+/'0.&!+).,(4)2!5/+!01&0/1&*!91)'!5%4-%!/!K!'V!/.4<,)(!)9!

(%&! +()-M! +).,(4)2! 5/+! ,+&*! ()! 94..! (%&! +/'0.&! -&..! 9)1! &/-%! )84*/(4;&! )1! 1&*,-(4;&!

&80&14'&2(7!C!31),2*!+(/(&!+0&-(1,'!5/+!(/M&2!6&9)1&!&.&-(1).:+4+!6&3/27!^2-&!&.&-(1).:+4+!

6&3/2=! +0&-(1/!5&1&! (/M&2! &;&1:! "HFTH! +&-)2*+! 9)1! "H!'42,(&+7! $%&! .&;&.! )9! -)'0.&(4)2!

;/14&*! +.43%(.:! /+! /! 9,2-(4)2! )9! (%&! );&10)(&2(4/.! ,+&*! /2*! (%&! +0&-494-! 0)+4(4)2+! )9! (%&!

&.&-(1)*&+!42!1&./(4)2!()!&/-%!)(%&17!!

>/-%! +0&-(1)&.&-(1)-%&'4-/.! '&/+,1&'&2(! 5/+! 1&0&/(&*! TF#! (4'&+7! $%&! ')+(!

1&01&+&2(/(4;&! +0&-(1,'! )9! &/-%! +0&-4&+! Z31),2*=! )84*4L&*=! 1&*,-&*[! 4+! 01&+&2(&*7! $%&!

OX#HH! EEY! +0&-(1)'&(&1! ,+&+! (5)! ./'0+! Z*&,(&14,'! /2*! (,23+(&2[! ()! 01)*,-&! (%&!54*&!

5/;&.&23(%!1/23&=!/2*!/!*4+-)2(42,4(:!/(!#aG!2'!-/2!6&!+&&2! 42!+)'&!+0&-(1/!*,&! ()! (%&!

*499&1&2-&!42!42(&2+4(:!/(!(%&!-%/23&);&1!6&(5&&2!(%&!(5)!./'0+7!!

N&-/,+&!(%&!&8-4(&*!+(/(&!)9!42(&1&+(!4+!AVE$!42!2/(,1&=!/!-)'642/(4)2!)9!(%&!+0&-(1/!91)'!

(%&! )84*4L&*! +0&-4&+=! (%&! 1&*,-&*! +0&-4&+=! /2*! (%&! 31),2*! +(/(&! +0&-4&+! -/2! +4',./(&! (%&!

&8-4(&*!+(/(&!+0&-(1,'!(%1),3%!(%&!,+&!)9!><,/(4)2+!"!/2*!T7!

!ex = !ox + !red " !gr !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!><,/(4)2!"!

!A = ("ex # "gr )b Cgr$% &'( !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!><,/(4)2!T!

5%&1&!!8!4+!(%&!&8(42-(4)2!-)&994-4&2(!)9!(%&!&8-4(&*!+(/(&=!31),2*!+(/(&=!)84*4L&*!+0&-4&+=!)1!

1&*,-&*! +0&-4&+=! E31! 4+! (%&! -)2-&2(1/(4)2! )9! (%&! 31),2*! +(/(&=! /2*!"! 4+! (%&!0&1-&2(/3&! )9!

0%)()42*,-&*! &8-4(&*! +(/(&! -1&/(&*! *,1423! (%&! ./+&1! &80&14'&2(! )1! /++,'&*! 9)1! (%&!

-/.-,./(4)27! X2! (%&! -)'0.&8&+! )9! 42(&1&+(! Z/2*! 6:! *&9424(4)2! 42! /2:! AVE$! &8-4(&*! +(/(&[=!

1&*,-(4)2!)9!(%&!').&-,.&!0./-&+!/2!&.&-(1)2!)2!(%&!.43/2*!/2*!)84*/(4)2!1&');&+!)2&!91)'!

(%&!'&(/.!/+!+%)52!42!Q43,1&!"7!!



! "R!

(

1-23'&( )4)*( ( ;,-<-=&<>( '&<38&<>( #/<( $"9%9&,8-%&<( ?@)AB%&'$CD)E)A( 89.$0&,:( F"&(
.&%#0( 8&/%&'( 9G( %"&( 9,-<-=&<( 7$&8-&7( 89.H-/&<( I-%"( %"&( 0-2#/<( 7&%( 9G( %"&( '&<38&<(
7$&8-&7(8#/(H&(89.H-/&<(%9(.9<&0(%"&($"9%9&,8-%&<(7$&8-&7:(

Q43,1&!T!+%)5+!+0&-(1/!9)1!(%&!31),2*=!)84*4L&*=!/2*!1&*,-&*!+0&-4&+!)9!bQ&Z(&10:["c"d!

/.)23!54(%! (%&!-/.-,./(&*!#C!+0&-(1,'!-)'0/1&*!()! (%&!0%)()42*,-&*!#C!+0&-(1,'7!$%4+!

-/.-,./(4)2!42-.,*&*!/2!"!;/.,&!)9!H7Ka=!'&/2423!Kae!)9!(%&!31),2*!+(/(&!5/+!&8-4(&*7!$%4+!



! "U!

-/.-,./(&*! +0&-(1,'! *)&+! 2)(! (/M&! 42()! -)2+4*&1/(4)2! *4+-1&0/2-4&+! 6&(5&&2! (%&!

0%)()&8-4(&*!+0&-4&+!/2*!(%&!')*&.&*!&8-4(&*!+0&-4&+=!5%4-%!/1&!.4+(&*!42!$/6.&+!K!/2*!"=!

6,(!'/(-%&+! (%&!0%)()42*,-&*!&8-4(&*!+(/(&!01&((:!5&..7!E)2+4*&1423!(%/(! (%&!0,10)+&! 9)1!

(%4+!'&/+,1&'&2(! /2*! -/.-,./(4)2! 4+! ()! 4*&2(49:!5/;&.&23(%+!5%&1&! (%&!AVE$!/2*! .43/2*!

94&.*! &8-4(&*! +(/(&+! /6+)16! *499&1&2(.:=! (%&! .&;&.! )9! /--,1/-:! /99)1*&*! 6:! (%4+! '&(%)*! 4+!

+,994-4&2(7!!

(
1-23'&( )4J*( ( +0&8%'9/-8( #H79'$%-9/( 7$&8%'#( G9'( %"&( 2'93/<( BH0#8KD>( 9,-<-=&<( BH03&D>(

#/<('&<38&<(B'&<D(?L3B%&'$CD)E)A(#'&(7"9I/(#/<(37&<(-/(&M3#%-9/7()(#/<(J(%9(2&%(%"&(
8#0830#%&<( 7$&8%'3.:( N"9%9-/<38&<( B2'&&/D( #/<( 8#0830#%&<( B$3'$0&D( 8"#/2&( -/(
#H79'H#/8&(7$&8%'#(#'&(89.$#'&<(I-%"(JOP(&,8-%&<(7%#%&(37&<(-/(%"&(.9<&0:(

C+! +&&2! 42! $/6.&! "=! (%&! -/.-,./(&*! +0&-(1,'! 4+! &80&-(&*! ()! *499&1! 91)'! (%&! '&/+,1&*!

0%)()&8-4(&*! +0&-(1,'!6&-/,+&! (%1&&! 42(&1/-(4)2+! /1&! -/.-,./(&*! (%/(! *)! 2)(! &84+(! 42! (%&!

0%)()&8-4(&*! +0&-4&+=! /2*! )2&! 42(&1/-(4)2! (%/(! 4+! 01&+&2(! -/22)(! 6&! -/.-,./(&*7! Y&+04(&!

(%&+&!42-)2+4+(&2-4&+=!(%&!'&/+,1&*!/2*!-/.-,./(&*!+0&-(1/!-)11&./(&!<,4(&!5&..=!/+!+&&2!9)1!
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! TH!

bB,Z(&10:["c"d! 42!Q43,1&!K7! X2!-41-,'+(/2-&+!5%&1&! (%&!+0&-(1/!*)!2)(!'/(-%!&8/-(.:=! (%&!

42-)2+4+(&2-4&+! -/2!6&! &80./42&*!6:! (%&! *4+-1&0/2-4&+! 42! (%&! -/.-,./(&*! ;&1+,+!'&/+,1&*!

-)'0.&87!$%&!9&/(,1&+!91)'!6)(%!(%&!1&*,-&*!/2*!)84*4L&*!+0&-4&+!/1&!+(4..!01&+&2(!/2*!-/2!

6&!,+&*!()!4*&2(49:!(%&!(:0&!)9!+(/(&!+&&2!42!(%&!(1/2+4&2(!/6+)10(4)2!*/(/7!

F#H0&()45*( Q-2#/<(#/<(.&%#0( 7$&8-&7(#09/2(I-%"( -/%&'#8%-9/7($'&7&/%( -/(&#8"(9G( %"&(

2'93/<>(9,-<-=&<>(#/<('&<38&<(G9'.7(9G(%"&(2&/&'-8(?@Q)E)A(89.$0&,:(

D1),2*!
O(/(&!

^84*4L&*!
O0&-4&+!

B&*,-&*!
O0&-4&+!

A"d! ATd! A"d!

VK! VK! VKF!

V"! V"! V"!

A"d!F!VK! ATd!F!VK! A"d!F!VKF!

A"d!F!V"! ATd!F!V"! A"d!F!V"!

F#H0&()4)*(Q-2#/<(#/<(.&%#0(7$&8-&7(#09/2(I-%"(-/%&'#8%-9/7($'&7&/%(-/(%"&(8#0830#%&<(

#/<($"9%9&,8-%&<(?@Q)E)A(89.$0&,:(

E/.-,./(&*! A&/+,1&*!

VKF! VKF!

V"! V"!

ATd!F!VK! ATd!F!VKF!

ATd!F!V"! ATd!F!V"!

ATd! ATd!

A"d!F!VKF! !

F!ZA"d!F!VK[! !



! TK!

6$-0$2+#)7#43#-$"8-#)*9$/:();#"5.%)<;=)

@,-.&/1! '/32&(4-! 1&+)2/2-&! Z@AB[! 4+! /! 54*&.:! &'0.):&*! &80&14'&2(/.! (&-%24<,&!

(:04-/..:!,+&*! 9)1! 4*&2(494-/(4)2!/2*!-%/1/-(&14L/(4)2!)9!*4/'/32&(4-! -)'0.&8&+7K! O&.&-(&*!

/()'+!42!(%&!').&-,.&!/1&!42(&11)3/(&*!54(%!/!'/32&(4-!0,.+&!/2*!(%&!+%49(!/++)-4/(&*!54(%!

1&./8/(4)2! 9)1! &/-%! /()'! 4+! %43%.:! +&2+4(4;&! ()! 4(+! +,11),2*423! &2;41)2'&2(7! $:04-/.!

&80&14'&2(+! '&/+,1&! (%&! +%49(+! )9! /()'4-! 4+)()0&+! 54(%! 1&+0&-(! ()! )2&! /2)(%&1! /2*!

429)1'/(4)2! 4+! 3.&/2&*! 91)'! (%&! '/324(,*&+! /2*! 0/((&12+! )9! (%&! 0&/M+7! S/1/'/32&(4-!

-)2(146,(4)2+!'/+M!')+(! )9! (%&! ,+&9,.! 429)1'/(4)2! 6:! 61)/*&2423! 0&/M+7! >;/2?+!'&(%)*!

@AB! (/M&+! /*;/2(/3&! )9! 6)(%! (%&! +&2+4(4;4(:! )9! (%&! +%49(! ()! (%&! &2;41)2'&2(! /2*! (%&!

-)2(146,(4)2!/!0/1/'/32&(4-! +0&-4&+!%/+! ()! (%/(! &2;41)2'&2(7! Q1)'! (%&+&!*/(/=!'/32&(4-!

01)0&1(4&+!)9!/!').&-,.&!'/:!6&!-)..&-(&*7!

E)2-&2(14-!@AB!(,6&+!/1&!,+&*!42!(%4+!&80&14'&2(f!!6)(%!(%&!422&1!(,6&!/2*!),(&1!(,6&!

-)2(/42!*&,(&1/(&*!+).;&2(!+04M&*!54(%!/!+(/2*/1*!5%4.&!(%&!),(&1!(,6&!/.+)!%/+!/!M2)52!

-)2-&2(1/(4)2!)9! (%&!').&-,.&!)9! 42(&1&+(!*4++).;&*7!$%&!+%49(!)9! (%&!0&/M!/++)-4/(&*!54(%!

(%&!+(/2*/1*!4+!'&/+,1&*7!Y,&!()!(%&!*499&1&2(!'/32&(4-!&2;41)2'&2(+!9&.(!6:!(%&!+(/2*/1*!

42!(%&!422&1!/2*!),(&1!(,6&+=!(%&!0&/M+!54..!/00&/1!/(!*499&1&2(!94&.*+7!$%&!'/324(,*&!)9!(%&!

-%/23&! 42! +%49(+! 4+! *&0&2*&2(! )2! (%&! 94&.*! )9! (%&! +0&-(1)'&(&1=! (%&! -)2-&2(1/(4)2! )9! (%&!

+/'0.&=!/2*!(%&!2,'6&1!)9!,20/41&*!&.&-(1)2+!42!(%&!+/'0.&=!/+!+%)52!42!><,/(4)2!#f!

!M = 3000*"#
4$# C[ ] !!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!><,/(4)2!#!

5%&1&!$% 4+!(%&!'&/+,1&*!+,+-&0(464.4(:=!&! 4+!(%&!91&<,&2-:!)9!(%&!+0&-(1)'&(&1=!#&! 4+!(%&!

*499&1&2-&!42!(%&!0&/M!+%49(+=!/2*!bEc!4+!(%&!-)2-&2(1/(4)2!)9!(%&!+/'0.&7!



! T"!

X2!')+(!').&-,.&+=! (%&!2,'6&1!)9!,20/41&*!&.&-(1)2+! 4+!-)2+(/2(!);&1!(%&!(&'0&1/(,1&!

1/23&!)9! 42(&1&+(7!P)5&;&1=! (%)+&! (%/(! 9/..! 42()! (%&!-./++!)9! +042F-1)++);&1! -)'0.&8&+! -/2!

%/;&!/!;&1:!./13&!;/14/(4)2!42!2,'6&1!)9!,20/41&*!&.&-(1)2+!/+!/!9,2-(4)2!)9!(&'0&1/(,1&7!

Q)1!(%4+!1&/+)2=!'&/+,1&'&2(+!/1&!-)..&-(&*!);&1!/!1/23&!)9!(&'0&1/(,1&+!()!*&(&1'42&!(%&!

(&'0&1/(,1&F*&0&2*&2(!'/32&(4-!01)0&1(4&+!)9! (%&! -)'0.&87!$&'0&1/(,1&! 1&/*423+!5&1&!

0&19)1'&*! 54(%! /! '&(%/2).! +(/2*/1*! Z/2! @AB! (,6&! 54(%! +0&-(1)+-)04-! 31/*&=! 6,(! @^$!

*&,(&1/(&*=! '&(%/2).[7! O%4''423! 5/+! 0&19)1'&*! 014)1! ()! */(/! -)..&-(4)2! /(! /..!

(&'0&1/(,1&+=! 6,(! .)-M423! /2*! +%4''423! 4+! 2)(! 2&-&++/1:! Z)1! 0)++46.&[! 9)1! (%&!'&(%/2).!

+(/2*/1*7!

Y/(/!5/+!-)..&-(&*!42!*,0.4-/(&!)2!/!g!KH!'A!+/'0.&!42!*&,(&1/(&*!/-&()2&!91)'!g!FaH!

hE! ()!TH! hE!)2!/!GHH!APL!+0&-(1)'&(&1! ZC2,64+[7!$&'0&1/(,1&!;/14/(4)2!5/+!0&19)1'&*!

54(%!/!5/(&1!-%4..&1!/2*!5/+!*&(&1'42&*!,+423!/!'&(%/2).!+(/2*/1*!/(!&/-%!(&'0&1/(,1&!6:!

'&/+,1423! (%&! *499&1&2-&! 6&(5&&2! (%&! '&(%:.! /2*! /.-)%).! 01)()2! 0&/M+7! ^2-&! (%&!

(&'0&1/(,1&!5/+!/*`,+(&*=!+/'0.&!+0&-(1/!5&1&!-)..&-(&*!,2(4.!(%&!+&0/1/(4)2!6&(5&&2!(%&!

0&/M+!5/+!2)! .)23&1!-%/234237!$%&!(&'0&1/(,1&!5/+!1&-)1*&*!/2*!(%&!+/'0.&!)9! 42(&1&+(!

5/+!42+&1(&*7!C!949(&&2F'42,(&!5/4(423!0&14)*!9)..)5&*=!5%4-%!42-.,*&*!0&14)*4-!-%&-M+!)9!

(%&! +(/2*/1*!0&/M+! ()!/++,1&!/! -)2+(/2(! (&'0&1/(,1&!5/+! 1&/-%&*7!$%&! +/'0.&!5/+! (%&2!

-)..&-(&*!9)1!T"!+-/2+7!$%&!*499&1&2-&!42!(%&!0&/M+!5/+!1&-)1*&*!/2*!1&0)1(&*!/+!'/32&(4-!

*/(/! ,+423! ><,/(4)2! #7! A/32&(4-! +,+-&0(464.4(:! Zi[! */(/! /..)5&*! (%&! -/.-,./(4)2! )9! ').&!

91/-(4)2+!)9!%43%!+042!/2*!.)5!+042!Q&"d!,+423!><,/(4)2+!G=!_=!/2*!a!

mhs =
(!m " !ls )
(!hs " !ls ) !!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!><,/(4)2!G!



! TT!

mls =
(!hs " !m )
(!hs " !ls ) !!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!><,/(4)2!_!

Keq =
mhs
mls !!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!><,/(4)2!a!

5%&1&!5(!42*4-/(&+!(%&!%43%!+042!+0&-4&+!/2*!+(!42*4-/(&+!(%&!.)5!+042!+0&-4&+7!C..!'!;/.,&+!

/1&! -/.-,./(&*! Z)1! '&/+,1&*[! /+! /! 9,2-(4)2! )9! (&'0&1/(,1&7! Q1)'! (%)+&! '/32&(4-!

+,+-&0(464.4(:! ;/.,&+=! (%&! (&'0&1/(,1&! *&0&2*&2(! '/32&(4-! ')'&2(! Zµ&99[! -),.*! 6&!

)6(/42&*!91)'!><,/(4)2!R7!

µeff = 2.828 !MT !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!><,/(4)2!R!

$%&!'/32&(4-!')'&2(!4+!,+&*!()!'&/+,1&!(%&!2,'6&1!)9!,20/41&*!&.&-(1)2+!42!/!+:+(&'!

/2*!4+!(&'0&1/(,1&!42*&0&2*&2(7!

!$%&!&<,4.4614,'!-)2+(/2(+!-/.-,./(&*!42!><,/(4)2a!5&1&!31/0%&*!/3/42+(!(&'0&1/(,1&!42!

,+423!><,/(4)2!U!

!G = "RT lnKeq !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!><,/(4)2!U!

5%&1&!#D!4+!(%&!D466+!91&&!&2&13:!-%/23&!6&(5&&2!%43%!+042!/2*!.)5!+042!+(/(&!42!-'FK=!B!4+!

(%&!3/+!-)2+(/2(!42!!-'FKjFK7!D1/0%423!(%&!*/(/!/+!.2Zj&<[!;+!K]$!:4&.*+!/!+(1/43%(!.42&!(%/(!

-/2!6&!94(!()!><,/(4)2!KH7!!

lnKeq = ! "H
RT

+ "S
R
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!><,/(4)2!KH!

5%&1&!#O!/2*!#P!/1&!(%&!(%&1')*:2/'4-!01)0&1(4&+!&2(1)0:!-%/23&!/2*!&2(%/.0:!-%/23&!

42!-'FK=!1&+0&-(4;&.:=!/++)-4/(&*!54(%!(%&!%43%!+042!()!.)5!+042!(1/2+4(4)27!$%&+&!

(%&1')*:2/'4-!-)2+(/2(+!/..)5!9)1!#D!()!6&!*&(&1'42&*!/+!/!9,2-(4)2!)9!(&'0&1/(,1&7!!



! T#!

7-$/(0#/")12(.-3"0./)

$1/2+4&2(! /6+)10(4)2! +0&-(1)+-)0:! '&/+,1&+! (%&! /6+)10(4)2! +0&-(1,'! )9! (%&! &8-4(&*!

+(/(&! )9! /! +/'0.&7! Q43,1&! #! +%)5+! (%&! &2&13:! .&;&.! *4/31/'! /2*! +/'0.&! )14&2(/(4)2!

/++)-4/(&*!54(%!(1/2+4&2(!/6+)10(4)2!&80&14'&2(+7!!

!

1-23'&()4R*( BQ&G%(N#/&0D(+/&'2C( 0&S&0(<-#2'#.(#/<(B'-2"%($#/&0D(&,$&'-.&/%#0(7&%3$(
G9'(%'#/7-&/%(#H79'$%-9/($3.$T$'9H&(&,$&'-.&/%:(F"&($3.$(H&#.(BH03&D($'&$#'&7(
#/( &,8-%&<( 7%#%&( G9009I&<( HC( #( $'9H&( H&#.( B#00( 9%"&'( 8909'7D( %"#%( .&#73'&7( %"&(
#H79'H#/8&( <-GG&'&/8&( 9G( %"#%( &,8-%&<( 7%#%&:( U7( 7&&/( -/( %"&( '-2"%( $#/&0>( $3.$( #/<(
$'9H&(H&#.7(89.&(-/(70-2"%0C(/9/4890-/&#'(I-%"(%"&($3.$(H&#.(70-2"%0C(0#'2&'(%"#/(
%"&($'9H&:(

$%&!&8-4(&*!+(/(&!+0&-4&+!(%/(! 4+!01&0/1&*!6:!(%&!0,'0!6&/'!4+!-)'0.&(&.:!*&0&2*&2(!)2!

(%&!5/;&.&23(%!/2*!/6+)16/2-&!9&/(,1&+!)9!(%&!').&-,.&!)9!42(&1&+(7!Q)1!&8/'0.&=!'/2:!)9!

(%&!').&-,.&+!*4+-,++&*!42!(%4+!*4++&1(/(4)2!%/;&!AVE$!(1/2+4(4)2+!/+!5&..!/+!.43/2*F6/+&*!

/2*! .43/2*!94&.*!(1/2+4(4)2+7!C6+)10(4)2!+0&-(1/!/++)-4/(&*!54(%!&/-%!)9! (%&+&!+0&-4&+!54..!

6&!,24<,&!/2*!54..!6&!)6+&1;&*!)2.:!5%&2!(%)+&!+0&-4&+!/1&!01&+&2(7!!

I2.4M&! +(&/*:! +(/(&! /6+)10(4)2=! (%&! &8/-(! -)2-&2(1/(4)2! )9! (%&! &8-4(&*! +(/(&! +0&-4&+!

-/22)(!6&!M2)52!$)3-0.-07!$%&!&8-4(&*!+(/(&!4+!01&0/1&*!6:!./+&1!.43%(!&8-4(/(4)2!/2*!01)6&*!

6:!/!+&-)2*/1:!6&/'7!C!+'/..!0&1-&2(/3&!)9!(%&!31),2*!+(/(&!54..!6&!&8-4(&*=!.&/;423!/!./13&!



! TG!

6/-M31),2*!)9!31),2*!+(/(&!91)'!5%4-%!(%&!&8-4(&*!+(/(&!+0&-(1,'!',+(!6&!*4+(423,4+%&*7!

Q)1!(%4+!1&/+)2=!(%&!+432/.!4+!-)..&-(&*!/+!/!*499&1&2-&!+0&-(1,'!/+!34;&2!6:!><,/(4)2!T7!$%&!

31),2*! +(/(&! /6+)16/2-&! +0&-(1,'! 6&-)'&+! (%&! 6/-M31),2*! /3/42+(! 5%4-%! (%&! &8-4(&*!

+(/(&! +0&-(1,'! 4+! -)'0/1&*7! $%4+! '&/2+! (%/(! (%&! +432/.! -/2! 6&! 0)+4(4;&! )1! 2&3/(4;&=!

*&0&2*423!)2!(%&!1&./(4;&!/6+)16/2-&!)9!(%&!&8-4(&*!+(/(&!/+!-)'0/1&*!()!(%&!31),2*!+(/(&7!

Q43,1&! #! +%)5+! /! +4',./(&*! k31),2*l! /2*! k&8-4(&*l! +(/(&! /.)23! 54(%! (%&! *499&1&2-&!

+0&-(1,'!/++)-4/(&*!54(%!(%&!(5)!+0&-4&+7!!

X2!1&34)2+!)9!(%&!+0&-(1,'!5%&1&!(%&!31),2*!+(/(&!/6+)16+!')1&!(%/2!(%&!&8-4(&*!+(/(&=!

(%&!*499&1&2-&!+0&-(1,'!+%)5+!/!2&3/(4;&!+432/.=!5%4-%!4+!-/..&*!/!k6.&/-%l7!$%&!(&1'!6.&/-%!

-)'&+!91)'!(%&!9/-(!(%/(!')1&!.43%(!4+!3&((423!(%1),3%!(%&!+/'0.&!42!(%&!&8-4(&*!+(/(&!(%/2!

42!(%&!)14342/.!31),2*!+(/(&7!>8-4(&*!+(/(&!/6+)10(4)2!1&34)2+!)--,1!5%&1&!(%&!&8-4(&*!+(/(&!

/6+)16+!')1&!(%/2!(%&!31),2*!+(/(&=!.&++!.43%(!(1/;&1+&+!(%&!+/'0.&=!/2*!/!0)+4(4;&!9&/(,1&!

4+!)6+&1;&*7!C6+)10(4;&! 9&/(,1&+!/1&!')1&! 429)1'/(4;&!(%/2!6.&/-%!9&/(,1&+7!C!6.&/-%!54..!

/.5/:+! )--,1! 42! /! (1/2+4&2(! /6+)10(4)2! &80&14'&2(! 6&-/,+&! (%&! &8-4(/(4)2! )9! ').&-,.&+!

/,()'/(4-/..:! .&/*+! ()! /! *&-1&/+&! 42! 31),2*! +(/(&! -)2-&2(1/(4)2! /+! (%&! ').&-,.&+! /1&!

&8-4(&*7! X(! 4+! *4994-,.(! ()! 4*&2(49:! +'/..! &8-4(&*! +(/(&! /6+)10(4)2+! )2! /! ./13&! 31),2*! +(/(&!

6.&/-%=!+)!(%&!'/324(,*&!)9!#!! 4+!2)(!-.&/17!\%&2!/!0)+4(4;&!9&/(,1&! 4+!*&(&-(&*=!%)5&;&1=!

(%/(!/.5/:+!'&/2+!(%/(!(%&!&8-4(&*!+(/(&!/6+)16+!')1&!(%/2!(%&!31),2*!+(/(&7!



! T_!

!

!

1-23'&( )4V*( BF9$( $#/&0D( W'93/<( BH0#8KD( #/<( &,8-%&<( BH03&D( 7%#%&( 7$&8%'#:( BX9%%9.(
$#/&0D(6-GG&'&/8&(7$&8%'3.(G9'(2'93/<(#/<(&,8-%&<(7%#%&(7$&8-&7:(L&2-9/7(I"&'&(%"&(
1-23'&(V(B89/%:D*(&,8-%&<(7%#%&(7$&8-&7(#H79'H7(.9'&(%"#/(%"&(2'93/<(7%#%&(7"9I7(3$(
#7(#($97-%-S&(#H79'$%-9/(#/<('&2-9/7(I"&'&(%"&(2'93/<(7%#%&(#H79'H7(.9'&(%"#/(%"&(
&,8-%&<(7%#%&(7"9I7(3$(#7(#(/&2#%-S&(H0&#8"(-/(%"&(<-GG&'&/8&(7$&8%'3.:((
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! Ta!

$%&! /6+)10(4)2! +0&-(1,'! )9! (%&! 01&0/1&*! &8-4(&*! +(/(&! +0&-4&+! -/2! 6&! 01)6&*! 9)1!

+0&-(1/.! 9&/(,1&+=!M42&(4-+=!)1!/! -)'642/(4)27!Q,..! +0&-(1/.! (1/-&+!/1&!-)..&-(&*!6:!01)6423!

54(%!/!+0&-(1/..:!61)/*F6/2*!6&/'7!X2!(%&!;4+46.&=!(%4+!'/249&+(+!/+!5%4(&!.43%(!5%4-%!-/2!6&!

-),0.&*! 42()! /! +0&-(1)'&(&1! ()! 1&-)1*! (%&! +0&-(1,'! /+! /! 9,2-(4)2! )9! (4'&7! O423.&!

5/;&.&23(%! M42&(4-+! /1&! -)..&-(&*! ')1&! /--,1/(&.:! 6:! +&.&-(423! ),(! )2&! 5/;&.&23(%! 9)1!

*&(&-(4)2!/2*!')24()1423!(%&! 42(&2+4(:!)9! (%/(! .43%(!/+!/! 9,2-(4)2!)9!+(/3&!0)+4(4)2!Z(4'&[7!

$%&! (4'&+-/.&!)2!5%4-%! (%4+! &80&14'&2(! 4+!0&19)1'&*!%/+!2)! 4'0/-(!)2! (%&! 9,2*/'&2(/.!

(%&)1&(4-/.!/+0&-(+!*4+-,++&*7!S1/-(4-/.!-)..&-(4)2!+&(,0!/2*!(&-%24<,&+=!%)5&;&1=!54..!;/1:!

54(%!(4'&+-/.&!/2*!(&'0&1/(,1&!1/23&!);&1!5%4-%!(%&!&80&14'&2(!4+!-)..&-(&*7!

6$-0$2+#)7#43#-$"8-#)7-$/(0#/")12(.-3"0./!

J/14/6.&! (&'0&1/(,1&! (1/2+4&2(! /6+)10(4)2! +0&-(1)+-)0:! 5/+! 0&19)1'&*! )2! /!

2/2)+&-)2*!+0&-(1)'&(&1!*&+-146&*!01&;4),+.:7"=T!$%&!TGG!2'!),(0,(! 4+!-),0.&*! 42()!/2!

)0(4-/.! 0/1/'&(14-! )+-4../()1! Z^S^[! 54(%! /! 1&0&(4(4)2! 1/(&! )9! KH! PL7! $%&! ^S^! 01);4*&+!

(,2/6.&!5/;&.&23(%! -)2(1).! 91)'! TGHF_GH!54(%! (4'&! 1&+).,(4)2! )9! gKT! 2+7! $&'0&1/(,1&!

-)2(1).!5/+!&+(/6.4+%&*!54(%!/!W/24+!OJ$FKHH!)0(4-/.!*&5/1!*&+-146&*!01&;4),+.:7#!j42&(4-!

(1/-&+!5&1&!-)..&-(&*!/(!&/-%!01)6&!5/;&.&23(%!)9!42(&1&+(!/9(&1!+,994-4&2(!(4'&!5/+!/..)5&*!

9)1!(&'0&1/(,1&!+(/64.4L/(4)27!>80)2&2(4/.!*&-/:!94(+!5&1&!,+&*!()!*&(&1'42&!(%&!.49&(4'&+!

)9!(%&!&8-4(&*!+0&-4&+!/+!/!9,2-(4)2!)9!(&'0&1/(,1&7!Q,..!+0&-(1/!5&1&!1&-1&/(&*!6:!0.)((423!

(%&! 424(4/.! /'0.4(,*&! /+! /! 9,2-(4)2! )9! (4'&7! S.)(+! )9! .49&(4'&! /+! /! 9,2-(4)2! )9! (&'0&1/(,1&!

5&1&! 94(! ()! 6)(%! (%&! C11%&24,+! &<,/(4)2! Z><,/(4)2! KK[! /2*! /! A/1-,+! 9)1'! )9! (%&! 2)2F

1/*4/(4;&!*&-/:!(%&)1:!&<,/(4)2!Z><,/(4)2!K"[!!

k = Aexp(!EA
kBT

)
!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!><,/(4)2!KK!



! TR!

 
k = 2!
!
HAB

2 1
4!"kBT

exp(#($G + ")2

4"kBT
)
!!!!!!!!!!!!!!!!!!!

!!!!!!!><,/(4)2!K"!

5%&1&! C! 4+! (%&! 91&<,&2-:! 9/-()1! Z-'FK[=! >C! 4+! (%&! /-(4;/(4)2! &2&13:! Z-'FK[=! MN! 4+! (%&!

N).(L'/22!-)2+(/2(!Z-'FK]j[=!$!4+!(&'0&1/(,1&!Zj[=!PCN!4+!(%&!-),0.423!-)2+(/2(!Z-'FK[=!(!

4+!(%&!1&)13/24L/(4)2!&2&13:!Z-'FK[=!/2*!#D!4+!(%&!&2&13:!*499&1&2-&!6&(5&&2!(%&!+(/(&+!)9!

42(&1&+(!Z-'FK[7!Q4((423+!01);4*&*!;/.,&+!9)1!C=!>C=!PCN=!(!/2*!#D7!

>#4".(#,./%)7-$/(0#/")12(.-3"0./)

$%&!-)'642/(4)2!)9!(%&!2/2)+&-)2*!./+&1!+:+(&'!/.)23!54(%!(%&!KHH!9+!./+&1!+:+(&'!(%/(!

%/*!6&&2!42!(%&!./6!9)1!);&1!KH!:&/1+!01);4*&*!(&'0)1/.!1&+).,(4)2!91)'!/6),(!KHH!9+!m!K!2+!

/2*!KT!2+! F!KHH+!)9!'4-1)+&-)2*+7!$%&! (4'&+-/.&!/6+&2(!6&(5&&2! (%&+&! (5)!+:+(&'+!%/*!

6&-)'&!01)6.&'/(4-!*,&!()!(%&!2,'6&1!)9!M42&(4-!01)-&++&+!(%/(!9&..!42()!(%4+!542*)57!!C..!

)9! (%&! ').&-,.&+! 42! (%&! 41)2ZXX[F6/+&*! +(,*4&+! *&+-146&*! 42! (%4+! (%&+4+! %/;&! (5)! (4'&!

-)'0)2&2(+f!!)2&!5/+!())!9/+(!()!1&+).;&!)2!(%&!KHH!9+!+:+(&'!5%4.&!(%&!)(%&1!5/+!())!+.)5!

9)1!(%&! 9+!+:+(&'!/2*!())!9/+(! 9)1! (%&!2+!+:+(&'7!C+!/2!/2+5&1!()!6)(%!)9! (%&+&!01)6.&'+=!

9,2*423!9)1!/!2&5!TG!9+! ./+&1!+:+(&'!5/+!/001)014/(&*!/.)23!54(%!')2&:!9)1!/!KHTG!''!

+(/3&7!C9(&1!1&.)-/(4)2!)9!(%&!2/2)+&-)2*!+:+(&'!/2*!1&2);/(4)2+!()!(%&!./+&1!./6=!6)(%!KHH!

9+!+:+(&'!Z\4.&!>[!/2*!TG!9+!+:+(&'!ZB)/*!B,22&1[!/1&!.)-/(&*!42!)2&!1))'7!$%&!+&(,0!9)1!

\4.&!>!42-.,*&+!(%&!KHTG!''!+(/3&=!01);4*423!(4'&!*&./:+!),(!()!KT!2+7!B)/*!B,22&1!%/+!

(%&!-/0/64.4(:!()!*&(&-(!(4'&!*&./:+!/+!+%)1(!/+!#H!9+7!$%&!-)'642/(4)2!)9!(%&+&!(5)!+:+(&'+!

%/+!&99&-(4;&.:!-.)+&*!(%&!k*/1M!542*)5l!/2*!0,+%&*!),1!(&'0)1/.!1&+).,(4)2!()!(%&!0)42(!

)9! '&/+,1423! (%&! +%)1(&+(! (4'&! -)2+(/2(+! 5&! %/;&! 42! (%&+&! ').&-,.&+7! $%4+! +&-(4)2!

*&+-146&+!6)(%!./+&1!+&(,0+7!



! TU!

?@@'A()(&("#4)BC0+#)*D)E>0F8-#)GHI)

\4.&!>!%/+!(%&!+/'&!+&(,0!/+!(%&!KHH!9+!+:+(&'!(%/(!%/+!6&&2!01&;4),+.:!1&0)1(&*"=G!54(%!

(%&! /**4(4)2! )9! /! KHTG! ''! *&./:! +(/3&7! $4'&! -)2+(/2(+! 6&(5&&2! KH+! )9! 04-)+&-)2*+! ()!

2/2)+&-)2*+!-/2!/--,1/(&.:!6&!'&/+,1&*!)2!(%4+!2&5.:!-)2943,1&*!+&(,07!C!J&1*4!JFG!+).4*!

+(/(&!*4)*&F0,'0&*=! 91&<,&2-:!*),6.&*!@*fnJ^#! ./+&1!ZGT"!2'=!E)%&1&2([!0,'0+!/!A41/!

UHH!')*&.)-M&*! $4fO/00%41&! ^+-4../()1! ZRHT! 2'=! E)%&1&2([7! $%&! ),(0,(! )9! (%&! )+-4../()1!

ZKHH! 9+=! RHT! 2'=! KT! 2'! Q\PA=! #GH! '\! o! a_! APL[! +&&*+! (%&! -/;4(:! )9! /! O04(941&!

$4fO/00%41&!1&3&2&1/(4;&!/'0.494&1!ZKHH!9+=!K!\!o!K!MPL=!S)+4(4;&!V43%([!(%/(!4+!0,'0&*!6:!

/2!>;).,(4)2!KG!*4)*&F0,'0&*=!42(1/F-/;4(:!*),6.&*=!pF+54(-%&*!@*fnVQ!./+&1!ZG"a!2'=!K!

MPL=!E)%&1&2([7!$%&!),(0,(!91)'!(%&!O04(941&!4+!+0.4(!aHfTH!()!01);4*&!(%&!0,'0!/2*!01)6&!

6&/'+!1&+0&-(4;&.:7!

(

1-23'&()4Y*(Q#C93%(9G(%"&(5OO(G7(%'#/7-&/%(#H79'$%-9/(7$&8%'9.&%&'>(Z[-0&(+\:(

$%&! 01)6&! 6&/'! 4+! -1&/(&*! 91)'! THe! )9! (%&! RHH! 2'! /'0.494&1! ),(0,(7! $%4+! 6&/'! 4+!

*41&-(&*! /.)23! (%&! (/6.&! +&;&1/.! (4'&+! ()! -1&/(&! /! -)2+(/2(! (4'&! *&./:! .)23! &2),3%! ()!

'/84'4L&! (%&! 0)+4(4;&! (4'&! *499&1&2-&! 6&(5&&2! (%&! 0,'0! /2*! 01)6&7! S)./14L/(4)2! )9! (%&!

01)6&!4+!-)2(1)..&*!54(%!/!0)./14L423!6&/'!+0.4((&1!/.)23!54(%!/!<,/1(&1!5/;&0./(&!6&9)1&!



! #H!

6&423! 9)-,+&*! 42()! /! +&.9! 0%/+&!')*,./(4)2!'&*4,'!+,-%! /+!E/Q"!)1! O/00%41&!5%&1&42! /!

-)2(42,,'!4+!01)*,-&*!ZT"H2'FUHH2'!/2*!#TH2'FRHH2'!1&+0&-(4;&.:[7!$%&!5%4(&! .43%(!

-)2(42,,'!4+!9)-,+&*!42()!(%&!+/'0.&!54(%!)99F/84+!0/1/6).4-!'411)1+7!C!+'/..!/'),2(!)9!(%&!
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/! *40).&! )14&2(&*! /.)23! (%&! 0)./14L/(4)2! /84+7! $%&! 0)./14L/(4)2! )9! (%&! 01)6&! 6&/'! 54..!

.4M&54+&! )2.:! 42(&11)3/(&! &8-4(&*!').&-,.&+! (%/(! %/;&! *40).&! ')'&2(+! /.)23! (%&! /84+! )9!

01)6&!0)./14L/(4)27!$%&!&8-4(&*!').&-,.&+!54..!1)(/(&!42!+).,(4)2!/+!(%&:!1&./8=!-%/23423!(%&!

)14&2(/(4)2!)9!(%&41!*40).&!')'&2(+7!S1)6&!0)./14L/(4)2+!0&10&2*4-,./1!/2*!0/1/..&.!()!(%&!

0,'0!-/2!01);4*&!429)1'/(4)2!/6),(!%)5!<,4-M.:!(%&!').&-,.&+!/1&!1)(/(4237!C.(%),3%!(%4+!

4+!/2! 42(&1&+(423!0%&2)'&2)2=! 4(!)2.:!/**+!-)'0.&84(:! ()! (%&!'&/+,1&'&2(!)9! 42(&1&+(! 42!

(%&+&!+(,*4&+7!S)./14L/(4)2!)9!(%&!01)6&!4+=!(%&1&9)1&=!+&(!()!(%&!k'/34-!/23.&l!)9!G#7ah!91)'!

(%&!0,'07!C(!(%4+!)14&2(/(4)2=!)2.:!0)0,./(4)2!*:2/'4-+!/1&!'&/+,1&*7!$%&!0)./14L/(4)2!)9!

(%&! 01)6&! 6&/'! 4+! +&(! 6:! /! 5/;&0./(&! /2*! 0)./14L423! 6&/'! +0.4((&1! 42! +&14&+7! $%&!

-)'642/(4)2!/..)5+!9)1!/((&2,/(4)2!)9!(%&!.43%(!/.)23!54(%!-%/23423!(%&!0)./14L/(4)27!O42-&!

5%4(&! .43%(! 4+!'/*&! 91)'! 9)-,+423! (%&! 9,2*/'&2(/.!RHH!2'!6&/'! 42()!/!'&*4,'!+,-%!/+!

E/Q"!)1!O/00%41&=!);&1*14;423!(%&!+,6+(1/(&!1&+,.(+!42!42+(/64.4(:!)9!(%&!.43%(!/2*!*/'/3&!()!



! #a!

(%&!)0(4-7!$%&!6&/'!+0.4((423!-,6&!*&(&1'42&+!(%&!0)./14L/(4)2!)9!(%&!.43%(!(%/(!3&(+!(%1),3%!

5%4.&! (%&! 5/;&0./(&! ')*,./(&+! (%&! /'),2(! )9! (%/(! 0)./14L/(4)2! (%/(! 3&(+! (%1),3%7! $%&!

1)(/(4)2/.!*499,+4)2!(%/(!1&+,.(+!42!(%&!+432/.!-%/23&+!91)'!0)./14L/(4)2!4+!+&&2!)2!(%&!)1*&1!

)9!%,2*1&*+!)9! 9+R=U! ()!0+7KH!E/1&! 4+! (/M&2! ()!'&/+,1&! (%&!*499&1&2-&! 42!0,'0!/2*!01)6&!

0)./14L/(4)2!6&9)1&!&/-%!&80&14'&2(7!

!"$F#)1+0F/4#/"I!

$%&!942/.!+),1-&!)9!M42&(4-!/1(49/-(!/14+&+!*,&!()!(%&!2/(,1&!)9!(%&!*/(/!-)..&-(4)2!'&(%)*7!

\%&2!-)..&-(423!*/(/!)2!(%&!2/2)+&-)2*!/2*!+.)5&1!(4'&+-/.&+=!M42&(4-!429)1'/(4)2!-/2!6&!

3/(%&1&*! 42! k1&/.! (4'&l7! ! $%4+! '&/2+! &.&-(1)24-+! 1&+0)2+46.&! 9)1! -)..&-(423! (%&! */(/! -/2!

3/(%&1! /2*! +()1&! 0)0,./(4)2! 429)1'/(4)2! /+! (%&! &;&2(! )--,1+7! O,62/2)+&-)2*! 01)-&++&+=!

%)5&;&1=!)--,1!9/+(&1!(%/2!&.&-(1)24-+!-/2!1&+0)2*7!$%4+!01&-.,*&+!(%&!-)..&-(4)2!)9!*/(/!42!

k1&/.!(4'&l!/2*!1&<,41&+!(%&!6,4.*F,0!)9!(%&!*/(/!/2*!0%:+4-/.!'/240,./(4)2!)9!(%&!*4+(/2-&+!

(1/;&.&*!6&(5&&2!6&/'+7!>'0.):423!(%&!+0&&*!)9!.43%(=!*499&1&2-&+!42!(%&!*4+(/2-&!(%&!0,'0!
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6&(5&&2! (%&! (5)! 0,.+&+! 4+! ;/14&*! (%1),3%),(! (%&! &80&14'&2(=! 0)0,./(4)2! 429)1'/(4)2! 4+!

-)..&-(&*!/+!/!9,2-(4)2!)9!(4'&7!k$4'&!L&1)l!4+!*&(&1'42&*!()!6&!5%&2!6)(%!0,.+&+!1&/-%!(%&!

+/'0.&!/(!(%&!+/'&!(4'&!Z/2*!(%&1&9)1&!/1&!(1/;&.423!(%&!+/'&!*4+(/2-&[!54(%!2&3/(4;&!(4'&!

6&423!5%&2!(%&!01)6&!1&/-%&+!(%&!+/'0.&!941+(!/2*!0)+4(4;&!(4'&!4+!5%&2!(%&!0,'0!1&/-%&+!

(%&!+/'0.&!()!&8-4(&!4(!6&9)1&!(%&!01)6&!-)'&+!42!()!')24()1!(%&!0)0,./(4)27!

$%&! 42(&2+4(:! )9! (%&! (1/2+4&2(! /6+)10(4)2! +432/.! -)'&+! 91)'! /! -)'642/(4)2! )9! (%&!

'/324(,*&!)9!#!!Z3)/.!)9!(%&!&80&14'&2([!6&(5&&2!(%&!31),2*!+(/(&!/2*!(%&!&8-4(&*!+(/(&!)9!

(%&!-)'0.&8=!(%&!+/'0.&!-)2-&2(1/(4)2!/2*!0,'0!0)5&1!*&2+4(:!Z/++,'&*!()!6&!-)2+(/2(!

);&1!(%&!-),1+&!)9!(%&!&80&14'&2([!5%4-%!*&(&1'42&+!(%&!/'),2(!)9!&8-4(&*!+(/(&!4+!6&423!



! #R!

9)1'&*=!/2*!(%&!0,'0]01)6&!-1)++F+&-(4)2!42!(%&!+/'0.&!5%4-%!*&(&1'42&+!(%&!0&1-&2(/3&!

)9!(%&!&8-4(&*!+(/(&!(%/(!54..!6&!42(&11)3/(&*7!$%&!0,'0]01)6&!-1)++F+&-(4)2!-/2!-%/23&!/+!

/!9,2-(4)2!)9!+(/3&!0)+4(4)2!49!(%&!6&/'!*41&-(4)2!;/14&+!54(%!');&'&2(!)9!(%&!+(/3&7!$%4+!

54..!'/249&+(!/+!/!-%/23&!42!42(&2+4(:!5%&1&!2)!-%/23&!42!&8-4(&*!+(/(&!/6+)16/2-&!&84+(+7!

$)! /++,1&! -)2+(/2(! 0,'0]01)6&! );&1./0=! k+(/3&! +-/2+l! /1&! -)..&-(&*! 6:! -)2941'423! 2)!

*&-/:!)1!31)5(%!)2!/!+(/2*/1*!').&-,.&!);&1!(%&!.&23(%!)9!(%&!+(/3&7!O(/2*/1*!').&-,.&+!

',+(! %/;&! 2)! M42&(4-! 01)-&++&+! (%/(! )--,1! )2! /! (4'&+-/.&! )9! /1),2*! KH! (4'&+! (%&! *&./:!

/;/4./6.&!9)1!(%&!+(/3&7!

Q)1!B)/*!B,22&1=! 942*423! +(/2*/1*!').&-,.&+! 4+! 1&./(4;&.:! +(1/43%(9)15/1*7! ! $%&! *&./:!

/;/4./6.&! 4+! gK7#! 2+! /2*! '/2:! ').&-,.&+! /6+)16! ;4+46.&! .43%(! /2*! %/;&! &8-4(&*! +(/(&!

.49&(4'&+!.)23&1!(%/2!K#!2+7!Q)1!\4.&!>=!%)5&;&1=!(%&!(/+M!4+!/!64(!')1&!*4994-,.(7!A).&-,.&+!

)9!42(&1&+(!',+(!%/;&!&8-4(&*!+(/(&+!(%/(!./+(!.)23&1!(%/2!KTH!2+!()!+%)5!2)!*&-/:!)2!(%&!KT!

2+! *&./:! .42&7! X(! 4+! /.+)! 2&-&++/1:! 9)1! (%&! +(/2*/1*! ').&-,.&! ()! /6+)16! (%&! &8-4(/(4)2!

5/;&.&23(%!&994-4&2(.:!&2),3%! ()! -1&/(&! /! ./13&!&2),3%!&8-4(&*! +(/(&!0)0,./(4)2! ()!01)6&!

54(%),(! /.+)! /6+)16423! /..! )9! (%&! 01)6&!5/;&.&23(%! 0%)()2+7! $%4+!5),.*! 1&+,.(! 42! 2)! X31!

91)'!5%4-%! ()!*&(&-(!/!-%/23&! 42! (%&!+432/.7!><,/(4)2!KT! 4+!/2)(%&1!5/:!()! 91/'&!(%&!#C!

1&./(4)2+%40!34;&2!42!><,/(4)2!T7!
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/!').&-,.&!(%/(!4+!&80&-(&*!()!+%)5!2)!M42&(4-!6&%/;4)17!\%&2!/!k9./(!+(/3&l!4+!)6(/42&*=!4(!

-/2!6&!/++,1&*! (%/(! -%/23&+! 42!0)0,./(4)2! 91)'!(%&!+/'0.&!)9! 42(&1&+(!/1&!*,&! ()!M42&(4-!

01)-&++&+!54(%42! (%&! &8-4(&*! +(/(&Z+[! )9! (%&!').&-,.&7! C2! &8/'0.&! )9! /! k9./(! +(/3&l! /.)23!



! #U!

54(%! */(/! -)..&-(&*! )9! /! M42&(4-! 01)-&++! 4+! +%)52! 42! Q43,1&! KH7! ^9! -),1+&=! &;&2!54(%! (%&!

/001)014/(&! +(/2*/1*!').&-,.&+=! (1/;&.!)9! (%&!*&./:! .42&!)2&!'&(&1!54(%),(!');&'&2(!)9!

(%&!6&/'!4+!&8(1&'&.:!*4994-,.(7!!

!
1-23'&( )45O*( !"#/2&( -/( #H79'H#/8&( S&'737( %-.&( %'#8&7( G9'( #( 09/240-S&<( 7%#/<#'<(
.90&830&(BH0#8KD(#/<(#(.90&830&(%"#%(<&8#C7(9/(%"&(%-.&78#0&(9G()^O($7(BH03&D:(F"&(
7%#/<#'<( .90&830&( .37%( 7"9I( /9( K-/&%-8( H&"#S-9'( %9( &/73'&( %"&( $3.$T$'9H&(
9S&'0#$(-7(/9%(8"#/2-/2(#7(#(G3/8%-9/(9G(7%#2&($97-%-9/:(

>.&-(1)2!X2`&-(4)2f!

\4(%! (%&! 42+(1,'&2(/.! +&(,0! /;/4./6.&! 42! ),1! ./6=! &.&-(1)2! 42`&-(4)2! -/2! 6&! '&/+,1&*!

*41&-(.:!)1!42*41&-(.:7!Y41&-(!*&(&-(4)2!1&<,41&+!.))M423!/(!/!+432/.!(%/(!)14342/(&+!91)'!(%&!

01&+&2-&!)1!6,4.*!,0!)9!&.&-(1)2+!42!(%&!-)2*,-(4)2!6/2*7!$%4+!4+!42!-)2(1/+(!()!(%&!42*41&-(!

'&/+,1&'&2(! (%/(! -/2! 6&! *&(&-(&*! 91)'! (%&! +0&-4&+! 01&+&2(! 6&9)1&! /2*! /9(&1! &.&-(1)2!
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! GH!

+&2+4(4L&1! Z/9(&1[7! ^2&! 01)6.&'! /14+423! 91)'! (%&! 42*41&-(! *&(&-(4)2! )9! (%&! &.&-(1)2! 4+! (%&!

-)29.,&2-&!)9!+432/.+7!C6+)10(4)2+!9)1!(%&!+432/.!)9!6)(%!(%&!&8-4(&*!/2*!)84*4L&*!+&2+4(4L&1+!

/00&/1! 42! (%&! ;4+46.&7! X2! &'4++4)2=! ',.(40.&! <,&2-%423! 0/(%5/:+! &84+(=! 34;423! 14+&! ()!

/'643,4(:!/6),(!5%4-%!+432/.!)1!*&-/:!01)-&++!4+!*,&!()!&.&-(1)2!42`&-(4)27!!

$)!&.4'42/(&!/+!',-%!)9!(%4+!/'643,4(:!/+!0)++46.&=!+432/.+!/1&!6,4.(!,0)2!&/-%!)(%&1!/+!/!

01)31&++4)2!)9!+432/.+!/1&!4*&2(494&*!/2*!'&/+,1&*7!N&9)1&!(%&!(1/2+4&2(!+432/.!)9!/!-)'0.&8!!

'&/+,1&*!)2!$4^"!Z42()!5%4-%!&.&-(1)2!42`&-(4)2!4+!&80&-(&*!()!)--,1[!-/2!6&!42(&101&(&*=!

(%&!42(142+4-!6&%/;4)1!)9!(%&!').&-,.&!42!+).,(4)2!',+(!941+(!6&!*&(&1'42&*7!N)(%!M42&(4-!/2*!

+0&-(1/.!*/(/!/1&!'&/+,1&*!()!'/M&!+,1&!/!-)'0.&(&!04-(,1&!4+!)6(/42&*7!^2-&!(%&!-)'0.&8!

%/+! 6&&2!'&/+,1&*! 42! +).,(4)2=! (%&! 6&%/;4)1! )9! (%&!').&-,.&! )2! /! 2)2F42`&-(423! +,19/-&!

',+(! 6&! 4*&2(494&*7! C2:! *499&1&2-&! 6&(5&&2! (%&! +).,(4)2F6/+&*! +432/.! /2*! (%&! +432/.!

'&/+,1&*! 5%&2! /((/-%&*! ()! /! 2)2F42`&-(423! +,6+(1/(&! ',+(! 6&! *,&! ()! (%&! 01)-&++! )9!

/((/-%423! ()! /2:! +,19/-&=! 2)(! &.&-(1)2! 42`&-(4)27! C!54*&! 6/2*! 3/0! +&'4-)2*,-()1! +,-%! /+!

u1^"!)1!C."^T! 4+!,+&*! 9)1! (%4+!0,10)+&7KK!^2-&! (%&!M42&(4-!/2*!+0&-(1/.! +432/(,1&+! 9)1!/2!

/*+)16&*!-)'0.&8!/1&!*&(&1'42&*=!+0&-(1/!-/2!6&!-)..&-(&*!9)1!(%&!-)'0.&8!)2!(%&!42`&-(423!

+,6+(1/(&7! X2! (%&! 01&+&2(! -/+&=! (%4+! 4+! $4^"=! 6,(!',-%!5)1M! %/+! /.+)! 6&&2! -)'0.&(&*! )2!

)(%&1!+,6+(1/(&+!+,-%!/+!X2"^T=!O2^"=!/2*!u2^7KKFTH!

$%&! 2&5! bQ&Z*M00["c"d! ').&-,.&! /2*! *&14;/(4;&+! (%&1&)9! %/;&! %43%! 0)(&2(4/.! 9)1!

4'01);&*!&.&-(1)2! 42`&-(4)2!Z/2*!(%&1&9)1&!);&1/..!&994-4&2-:[! 42!YOOE+7!$%&!+:2(%&+4+! 9)1!

/**4(4)2! )9! (%&! /2-%)1423! 31),0+! ()! (%4+! ').&-,.&! 4+! -,11&2(.:! 42! 01)31&++! 6:! V42*+&:!

W/',./7!\%4.&!5/4(423! 9)1! (%&!2&5!+&2+4(4L&1! ()!6&!01&0/1&*! 9)1!+)./1!-&..! 42;&+(43/(4)2=!/!



! GK!

01)()-).! 9)1! +(,*:! )9! (%&+&! 01)-&++&+! ',+(! 6&! *&(&1'42&*7! C.(%),3%! (%&1&! /1&! '/2:!

*&(&-(4)2! '&(%)*+! 9)1! (%&! &.&-(1)2! 42`&-(4)2! 01)-&++=! (%&! )2&! -,11&2(.:! /;/4./6.&! 4+!

J4+]@&/1FXB!(1/2+4&2(!/6+)10(4)2!+0&-(1)+-)0:7!O432/.+!9)1!&/-%!)9!(%&!&8-4(&*!/2*!)84*4L&*!

9)1'! )9! (%&! -)'0.&8! /00&/1! 42! (%&! ;4+46.&! 1&34)2=! 5%4.&! (%&! -)2*,-(4)2! 6/2*! &.&-(1)2!

/6+)16+! 91)'!aHH!2'!/2*! 42-1&/+&+!/+!/!0)5&1!)9! (%&!5/;&.&23(%! ()! (%&!1&*7TK!Q)1!&/-%!

-)'0.&8!+(,*4&*=!/!+&14&+!)9!9,..!+0&-(1/!(1/-&+!54..!2&&*!()!6&!-)..&-(&*!42!)1*&1!()!4*&2(49:!

(%&!)14342!)9!&/-%!+432/.7!$%&!&8-4(&*!').&-,.&!42!+).,(4)2!-/2!6&!-%/1/-(&14L&*!6:!(1/2+4&2(!

/6+)10(4)2! +0&-(1)+-)0:! /2*! -)'0/1&*! ()! (%&! )84*4L&*! ').&-,.&! 6:! '&/2+! )9!

+0&-(1)&.&-(1)-%&'4+(1:7!C2:!0./-&!5%&1&!6)(%!)9!(%&+&!+0&-4&+!%/+!/!2&3.4346.&!+432/.!54..!

6&!/!3))*!0./-&!()!01)6&!9)1!(%&!-)2*,-(4)2!6/2*!&.&-(1)27!
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! GT!

L&G&'&/8&7*(!"#$%&'()(

!

!

ZK[! >;/2+=!Y7!Q7!Q.8-/$+).A)"5#)M5#40,$+)!.,0#"&!5_V_=!"HHT7!
! !
Z"[! W,6/2=!>7!C7s!A-E,+M&1=! W7!j7! Q.8-/$+) .A) "5#)14#-0,$/)M5#40,$+) !.,0#"&!)OOV=!

?RL=!_RGa7!
! !
ZT[! ! O'&43%=!C7!V7=!A4-%43/2!O(/(&!I24;&1+4(:=!"HHa7!
!
Z#[! ! Y/'1/,&1=!@7!P7s!A-E,+M&1=!W7!j7!S/.-F$/0,)M5#40("-&!5___=!JT=!#"_R7!
!
ZG[! Y/'1/,&1=!@7!P7s!N),++4&=!$7!B7s!Y&;&22&:=!A7s!A-E,+M&1=! W7!j7! Q.8-/$+).A) "5#)

14#-0,$/)M5#40,$+)!.,0#"&!5__]=!??U=!R"GT7!
! !
Z_[! ! \14((&2!6:!@4&.+!Y/'1/,&1=!>14-!W,6/2=!/2*!>4.&&2!Y48)2!
!
Za[! S14+'!E)'01&++)1!9)1!I.(1/+%)1(!V/+&1!S,.+&+=!C00.4-/(4)2!@)(&!"U=!@&50)1(!

E))10)1/(4)2+!
!
ZR[! Y/'1/,&1=!@7!P7s!E&1,..)=!D7s!n&%=!C7s!N),++4&=!$7!B7s!O%/2M=!E7!J7s!A-E,+M&1=!W7!

j7!!,0#/,#!5__]=!RLK=!G#7!
! !
ZU[! \/..42=! O7s! Y/;4*++)2=! W7s! A)*42=! W7s! P/''/1+(1)'=! V7! Q.8-/$+) .A) O5&(0,$+)

M5#40("-&)1!)OOV=!?@U=!UTaR7!
!
ZKH[! ! A/.)2&=!B7!C7s!j&..&:=!Y7!Q7!Q.8-/$+).A)M5#40,$+)O5&(0,(!5__5=!UK=!RUaH7!
!
ZKK[! \/23=!n7!p7s!C+6,1:=!W7!N7s!V4/2=!$7!p7!Q.8-/$+).A)O5&(0,$+)M5#40("-&)1!)OOO=!?@V=!

#"UK7!
!
ZK"[! i4&=!n7s! W)+%4=!S7s!Y/1.423=!O7!N7s!E%&2=!p7!V7s!u%/23=!$7s!D/.40&/,=!Y7s!p4/)=!p7!p7!

Q.8-/$+).A)O5&(0,$+)M5#40("-&)M!)O5O=!??V=!KaRRH7!
!
ZKT[! \/23=!P7!Q7s!E%&2=!V7!n7s!O,=!\7!@7s!E%,23=!W7!E7s!P5/23=!N7!W7!Q.8-/$+).A)O5&(0,$+)

M5#40("-&)M!)O5O=!??V=!TKRG7!
! !
ZK#[! O()-M5&..=!Y7s!n/23=!n7s!P,/23=!W7s!C29,+)=!E7s!P,/23=!u7!p7s!V4/2=!$7!p7!Q.8-/$+).A)

O5&(0,$+)M5#40("-&)M!)O5O=!??V=!_G_H7!
! !
ZKG[! V,=!i7!W7s!A),=!i7!V7s!\,=!W7!W7s!u%/23=!Y7!\7s!u%/23=!V7!V7s!P,/23=!Q7!p7s!i,=!Q7!Q7s!

P,/23=!O7!A7!1%9$/,#%)>8/,"0./$+);$"#-0$+(!)O5O=!R@=!GHU7!
!



! G#!

ZK_[! OL/1M)=! W7! A7s! @&,6/,&1=! C7s! N/1(&.(=! C7s! O)-/-4,FO4&6&1(=! V7s! N41M2&1=! Q7s!
O-%5/1L6,13=!j7s!P/22/00&.=!$7s!>4-%6&13&1=!B7!Q.8-/$+).A)O5&(0,$+)M5#40("-&)M!
)OO^=!??R=!KHG#"7!

!
ZKa[! P,/23=!W7s!O()-M5&..=!Y7s!N),.&+6//=!C7s!D,)=!W7!E7s!V4/2=!$7!p7!Q.8-/$+).A)O5&(0,$+)

M5#40("-&)M!)OO^=!??R=!G"HT7!
! !
ZKR[! D,)=!W7!E7s!O()-M5&..=!Y7s!C4=!i7s!O%&=!E7!i7s!C2*&1+)2=!@7!C7s!V4/2=!$7!p7!Q.8-/$+).A)

O5&(0,$+)M5#40("-&)W!)OOY=!??@=!G"TR7!
! !
ZKU[! C4=! i7s!C2*&1+)2=!@7!C7s! D,)=! W7! E7s! V4/2=!$7!p7! Q.8-/$+) .A) O5&(0,$+) M5#40("-&)W!

)OOV=!?@U=!aHRR7!
! !
Z"H[! V&2-%&2M);=!J7!C7s!O%&=!E7!i7s!V4/2=!$7!p7!Q.8-/$+).A)O5&(0,$+)M5#40("-&)W!)OOR=!

?@T=!K_KU#7!
!
Z"K[! C4=! i7s! D,)=! W7! E7s!C2*&1+)2=!@7!C7s! V4/2=!$7!p7! Q.8-/$+) .A) O5&(0,$+) M5#40("-&)W!

)OOR=!?@T=!K"aUG7!
! !
Z""[! C2*&1+)2=!@7!C7s!C4=!i7s!V4/2=!$7!p7! Q.8-/$+).A)O5&(0,$+)M5#40("-&)W!)OOJ=!?@L=!

K##K#7!
!
Z"T[! C2*&1+)2=!@7!C7s!C4=!i7s!E%&2=!Y7!$7s!A)%.&1=!Y7!V7s!V4/2=!$7!p7!Q.8-/$+).A)O5&(0,$+)

M5#40("-&)W!)OOJ=!?@L=!K#"TK7!
!
Z"#[! C+6,1:=! W7! N7s! \/23=! n7! p7s! P/)=! >7! E7s! D%)+%=! P7! @7s! V4/2=! $7! p7! =#(#$-,5) ./)

M5#40,$+)S/"#-4#%0$"#(!)OO5=!RL=!TUT7!
!
Z"G[! C2*&1+)2=! @7! C7s! P/23=! j7s! C+6,1:=! W7! N7s! V4/2=! $7! p7!M5#40,$+) O5&(0,() X#""#-(!

)OOO=!JRU=!TR_7!
!
Z"_[! >..423+)2=!B7!W7s!C+6,1:=!W7!N7s!Q&11&1&=!O7s!D%)+%=!P7!@7s!O01/3,&=!W7!B7s!V4/2=!$7s!

@)L4M=! C7! W7! Y#0"(,5-0A") >8-) O5&(0Z$+0(,5#) M5#40#'S/"#-/$"0./$+) Q.8-/$+) .A)
=#(#$-,5)0/)O5&(0,$+)M5#40("-&)[)M5#40,$+)O5&(0,(!5___=!R?R=!aa7!

!
Z"a[! C+6,1:=!W7!N7s!\/23=!n7!p7s!V4/2=!$7!p7!Q.8-/$+).A)O5&(0,$+)M5#40("-&)W!5___=!?@J=!

__#T7!
!
Z"R[! C+6,1:=! W7!N7s!>..423+)2=!B7! W7s!D%)+%=!P7!@7s!Q&11&1&=!O7s!@)L4M=!C7! W7s!V4/2=!$7!p7!

Q.8-/$+).A)O5&(0,$+)M5#40("-&)W!5___=!?@J=!TKKH7!
!
Z"U[! D%)+%=!P7!@7s!C+6,1:=! W7!N7s! V4/2=!$7!p7! Q.8-/$+) .A)O5&(0,$+) M5#40("-&)W!5__^=!

?@R=!_#R"7!
!
ZTH[! j/()%=!B7s!Q,1,6&=!C7s!n)+%4%/1/=!$7s!P/1/=!j7s!Q,`4%/+%4=!D7s!$/M/2)=!O7s!A,1/(/=!

O7s!C1/M/5/=!P7s!$/-%4:/=!A7!Q.8-/$+).A)O5&(0,$+)M5#40("-&)W!)OOR=!?@T=!#RKR7!



! GG!

!
ZTK[! ! C2*&1+)2=!@7!C7s!V4/2=!$7!p7!1//8$+)=#90#\).A)O5&(0,$+)M5#40("-&!)OOV=!KG=!#UK7!
!
!



! "#!

!"#$%&'()*(+&%&',-.#%-/.(/0(1&/'2#.-3#%-/.(4.&'25(

(

$%&'($$)!*&+,-./.0!1.%.!2%3.4-5!6.06.7!80!,&0032-.!8-6.%'8639.0!6&!%:6;.'3:+($$)<280.7!

0.'0363=.%0! 3'! 75.<0.'0363=.7! 0&-8%! *.--0! (>??@0)AB<C! D-6;&:E;! ,;&6&*:%%.'60! 1.%.!

+.80:%.7! 4%&+! 6;.0.! ./,.%3+.'60F! 6;.! &,.'! *3%*:36! 9&-68E.0F! 0;&%6! *3%*:36! *:%%.'6!

7.'0363.0F! 8'7! &9.%8--! .443*3.'*3.0! 1.%.! 730*&:%8E3'E-5! -&1G! 9.%5! -366-.! 4&--&1<:,! &%!

&,63+3=863&'!&4! 6;.! *.--! *&'7363&'0!1.%.!866.+,6.7A!H'.!,&0032-.!./,-8'863&'! 4&%!8--!&4!

6;.0.!7308,,&3'63'E!98-:.0! 30! -&1!.-.*6%&'! 3'I.*63&'!53.-70!J! 6;.!,.%*.'68E.!&4! 3'I.*6.7!

.-.*6%&'0! 6;86! %.0:-6! 4%&+! ./*36.7! +&-.*:-.0! J! %.0:-63'E! 4%&+! %8,37! %.-8/863&'! &4! 6;.!

3'3638--5! ./*36.7! *;8%E.! 6%8'04.%! 0686.! 6&! 6;.! -&1! .'.%E5! -3E8'7! 43.-7! +8'34&-7A!

$+,%&9.+.'6!&4!6;.!3%&'<280.7!0.'0363=.%!%.K:3%.0!6;.!./6.'03&'!&4!6;.!*;8%E.!6%8'04.%!

0686.! -34.63+.!25!7.*%.803'E! 6;.! %86.!86!1;3*;!7.8*639863&'! 6&! 6;.! -3E8'7! 43.-7!+8'34&-7!

&**:%0A! $'! &%7.%! 6&! 7.6.%+3'.! 6;.! 06%:*6:%8-! 8'7! .-.*6%&'3*! *;8'E.0! 6;86! 844.*6! 6;.!

98%3&:0! L3'.63*! ,%&*.00.0F! 36! 30! 3+,&%68'6! 8'7! 3'06%:*639.! 6&! :'7.%068'7! 6;.! 2803*!

6;.%+&75'8+3*! 8'7! ,;&6&,;503*8-! *;8%8*6.%3063*0! 800&*386.7! 136;! 6;.0.! %.-8/863&'!

,%&*.00.0A!!

M&!6;86!.'7F!8!0.%3.0!&4!+&-.*:-.0!280.7!&'!6;.!0*844&-7!&4!NO.(6%.'(P<,5)C)QRS!(O3E:%.!

BF! 1;.%.! P! *8'! 2.! .36;.%! 8!+.6;5-! E%&:,! &%! 8! ,%&6&')! ;89.! 2..'! ./6.'039.-5! 06:73.7!

,%.93&:0-5!8'7!3'!6;30!1&%LA!M;.!2.'.436!,%&937.7!25!6;30!0.%3.0!30!6;.!+&7:-863&'!&4!6;.!

.'.%E5! 0.,8%863&'! 2.61..'! 6;.! E%&:'7! 8'7! -&1.06! .'.%E5! -3E8'7! 43.-7! ./*36.7! 0686.0F!

3'*-:73'E!3'9.%03&'!&4!6;.0.!0686.0!2.61..'!*&+,-./.0!B!8'7!TA!!!!



! "U!

!
6-27'&( )89*( ( :6&;%'&.;<8=&8$5>?;$5>;)8?>>@AB( C/,$D&?&E( F-%"( ?GH8)I( J"-E( E&'-&E(
E$#.E(E$-.(E%#%&E(0'/,(D/F(E$-.(;9>(%/("-2"(E$-.(;K>(F-%"(%F/(%"&',#DD5(#CC&EE-LD&(
E$-.(C'/EE8/M&'(C/,$D&?&E(;A>(#.N(;)>I(

D0!0..'!3'!6;.!M8'82.<?:E8'&!738E%8+!4&%!7#!*&+,-./.0!(O3E:%.!R)F!6;.!BDB!./*36.7!0686.!

4&%!;3E;!0,3'!O.RS!*&+,-./.0!2.*&+.0!6;.!E%&:'7!0686.!1;.'!6;.!-3E8'7!43.-7!2.*&+.0!

-8%E.!.'&:E;!6&!06823-3=.!0,3'!,83%3'E!8'7!6;.!-&1!0,3'!*&+,-./!30!489&%.7A!M;.!3'9.%0.!30!

8-0&! 6%:.V! 6;.! "MR! E%&:'7! 0686.! 3'! 6;.! ;3E;! 0,3'! *&+,-./! 2.*&+.0! 6;.! -&1.06! .'.%E5!

./*36.7!0686.!86!06%&'E.%!43.-70A!>:.!6&!6;.!823-365!6&!05'6;.03=.!8'7!;89.!W3'!;8'7X!2&6;!

6;.!;3E;!0,3'!8'7!-&1!0,3'!9.%03&'!&4!6;30!*&+,-./F!0,.*6%&0*&,3*!3'4&%+863&'!82&:6!6;.!

-&1.06!.'.%E5!./*36.7!0686.!&4!(B)!*8'!2.!&2683'.7!25!06:753'E!6;.!E%&:'7!0686.!&4!(T)A!

M;.!,83%!&4!*&+,-./.0!;80!,%&937.7!3'4&%+863&'!82&:6!0,.*6%&0*&,3*!03E'86:%.0FTF"!O.<Y!

2&'7!-.'E6;0F#!8'7!%.-8/863&'!63+.0*8-.0UFZ!800&*386.7!136;!6;.!BDB!6&!"MR!6%8'0363&'A!D--!

&4! 6;.0.!,8%8+.6.%0!8,,.8%! 6&!2.!*&'0306.'6!136;!*&%%.0,&'73'E!%.0:-60! 4&%!&6;.%! -&1<

0,3'!O.RS!,&-5,5%375-!*&+,-./.0F[<R\!+8L3'E!6;.!*&+,8%30&'0!2.61..'!*&+,-./.0!B!8'7!

T!98-37!4&%!E.'.%8-3=863&'!&4!03+3-8%!3%&'($$)!*&+,-./.0A!

NR1

N

N

R3

N

N

R2

N

Fe

N

(1) R1 = R2 = R3 = H       (low spin)

(2) R1 = CH3 R2 = R3 = H     (SCO)

(3) R1 = R2 = CH3 R3 = H     (SCO)

(4) R1 = R2 = R3 = CH3  (high spin)



! "Z!

!

6-27'&( )8A*( J"&( D/F&E%( &.&'25( D-2#.N( 0-&DN( E%#%&E( #E( C#DC7D#%&N( -.( %"&( J#.#L&8

O72#./(N-#2'#,(0/'(N<(C/,$D&?&EI(P%(%"&(E$-.8C'/EE/M&'($/-.%Q(%"&(D/F&E%(&.&'25(
&?C-%&N(E%#%&(#.N(2'/7.N(E%#%&(#'&(-.M&'%&NI((R.&8&D&C%'/.($-C%7'&E(#'&(E"/F.(0/'(
%"&(2'/7.N(E%#%&E(0/'(L/%"(%"&("-2"(E$-.(#.N(D/F(E$-.('&2-/.E(F"&'&(C/,$D&?(K(#.N(

9( D-&Q( '&E$&C%-M&D5I( J"&( )J9( E%#%&( -E( E"/F.( %/( &,$"#E-3&( -%E( '/D&( -.( $'/M-N-.2(
&D&C%'/.-C(C/,,7.-C#%-/.(L&%F&&.(%"&(E-.2D&%(#.N(S7-.%&%(E%#%&EI((

!"#$%&'($'")$*+,#-%).)$/%)'-*'.*0'1#(%*2-#&34*25$)%#,*!%/%#*

D0! ,&3'6.7! &:6! 3'! *;8,6.%! BF! 866%32:6.0! &4! 8! E&&7! 0.'0363=3'E! +&-.*:-.! 3'*-:7.! 6;.!

823-365! 6&!.44.*639.-5!820&%2! -3E;6! 3'! 6;.!0&-8%!0,.*6%:+F!*&'683'!8'!./*36.7!0686.! 6;86! 30!

2&6;! .'.%E.63*8--5! 489&%82-.! 4&%! .-.*6%&'! 3'I.*63&'! 80! 1.--! 80! -&'E<-39.7! 6&! &,63+3=.!

.443*3.'6!3'I.*63&'F!8'7!2.!0682-.!3'!6;.!&/373=.7!4&%+!&4!6;.!*&+,-./!2.61..'!6;.!63+.!&4!



! "[!

.-.*6%&'! 3'I.*63&'! 8'7! 0:20.K:.'6! %.E.'.%863&'A! D0! 0;&1'! 3'! O3E:%.! RF! 6;.! BDB! 0686.!

,-8*.0! 8--! 03/! .-.*6%&'0! 3'! 6;.! 6RE! &%2368-0!1;3-.! 6;.! ;3E;! 0,3'! "MR! 0686.!+&9.0! 61&! &4!

6;&0.! .-.*6%&'0! 3'6&! 6;.! .E]!&%2368-0A! ^&,:-863&'!&4! 6;.! 8'63<2&'73'E!.E]!&%2368-0! 3'! 6;.!

;3E;!0,3'!*&+,-./.0!%.0:-60!3'!03E'343*8'6!(B\_)!.-&'E863&'!&4!6;.!O.<Y!2&'70A#!`&'E.%!

2&'70! 7.*%.80.! 6;.! .-.*6%&'3*! &9.%-8,! 2.61..'! 6;.! +.68-! *.'6.%! 8'7! 6;.! -3E8'70F!

7.*%.803'E! 6;.! &**:%%.'*.! &4! a`@M! 6%8'0363&'0A! b3E;! 0,3'! O.RS! *&+,-./.0F! 6;.%.4&%.F!

-8*L!6;.! -8%E.!./63'*63&'!*&.443*3.'60!&4!*;8%E.!6%8'04.%!28'70!80!1.--!80!06823-365! 3'!6;.!

&/373=.7!4&%+F!%.0:-63'E!3'!+&%.!-823-.!*&+,-./.0A!P.9.%032-.!%.7&/!*;.+306%5!2.61..'!

O.RS!8'7!O.CS!30!+&%.!0682-.!3'!-&1!0,3'!*&+,-./.0A!$6!30!6;.!-&1!0,3'!*&+,-./.0!6;86!8%.!

&4! 3'6.%.06! 4&%! 0.'0363=.%0F! 2:6! 6;.! *&+,8%30&'! 2.61..'! 6;.! ;3E;! 0,3'! 8'7! -&1! 0,3'!

0,.*3.0! 8--&10! 4&%! E%.86.%! 3'03E;6! 3'6&! 6;.!,;&6&,;503*0! 800&*386.7!136;! 6;.! -&'E<-39.7!

./*36.7!8'7!E%&:'7!0686.0!&4!6;.!0.'0363=.%0A!

`&1! 0,3'! 3%&'! ($$)! *&+,-./.0! ;89.! 2&6;! -3E8'7! 43.-7! 8'7! +.68-<6&<-3E8'7! *;8%E.!

6%8'04.%!(a`@M)!6%8'0363&'0!6;86!8,,.8%!3'!6;.!93032-.!%.E3&'!&4!6;.!820&%,63&'!0,.*6%:+A!

$'! &%7.%! 6&! 0,.*6%&0*&,3*8--5! 37.'6345! 8! 0686.! 8'7! +.80:%.! 360! -34.63+.F! 73063'E:30;3'E!

4.86:%.0! 800&*386.7! 136;! .8*;! &4! 6;.! -3E8'7! 43.-7! 8'7!a@`M! 0686.0! +:06! 2.! 37.'6343.7A!

H'*.!8!0,.*6%&0*&,3*!03E'86:%.! 4&%! 6;.! 6%8'0363&'! 4%&+!&'.!0686.! 6&! 6;.!&6;.%!;80!2..'!

7.6.%+3'.7F! 6;.! 63+.0*8-.!&4! 6;86! 6%8'0363&'!*8'!2.!+.80:%.7A!c.*8:0.! 6;.!820&%28'*.!

0,.*6%:+! 4&%! 6;.! ./*36.7! 0686.! &4! *&+,-./! B! 30! 6;.! E%&:'7! 0686.! &4! *&+,-./! TF! 6;.!

820&%28'*.! 7344.%.'*.! *8'! 2.! 37.'6343.7! 8'7!+.80:%.7ARB!d03'E! ./,.%3+.'60! 3'*-:73'E!

63+.!%.0&-9.7!e<%85#FUF!%8+8'ZF!8'7!820&%,63&'"F!6;.!0,.*6%&0*&,3*!37.'6343*863&'!&4!.8*;!



! #\!

0686.!80!1.--!80!6;.!63+.0*8-.!800&*386.7!136;!6;.!6%8'0363&'!4%&+!&'.!0686.!6&!6;.!&6;.%!

;89.!2..'!+.80:%.7A!$'!8--!&4!6;.0.!./,.%3+.'60F!36!;80!2..'!7.6.%+3'.7!6;86!6;.!-&1.06!

.'.%E5! ./*36.7! 0686.! 30! 6;.! "MR! -3E8'7! 43.-7! 0686.! 8'7! 30! 4&%+.7!136;3'! 6;.! 43%06! B\\! 40!

846.%!./*36863&'!3'6&!6;.!Ba`@M!28'7A!M;.!+.*;8'30+!4&%!6;.!%8,37!!?fR!*&'9.%03&'!3'!

6;30!8'7!&6;.%!E%&:,!Z!,&-5,5%375-!*&+,-./.0!;80!2..'!,%&,&0.7!6&!4&--&1!6;.!0.K:.'*.!

BDB!Ba`@M!"MRABZFRR<R"! O3E:%.! C! 0;&10! 6;.! ,-.6;&%8! &4! .-.*6%&'3*! 0686.0! 6;86! -3.!

2.61..'! 6;.! 3'3638--5! ./*36.7! Ba`@M! 0686.! 8'7! 6;.! "MR! -3E8'7! 43.-7! 0686.! 8'7! +85!

*&'6%32:6.!6&!6;.!%8,37!*&'9.%03&'A!!



! #B!

!

6-27'&()8)*(T/F&E%(&.&'25(C"#'2&(%'#.E0&'(E%#%&E(#D/.2(F-%"( D-2#.N(0-&DN(E%#%&E(/0(

-'/.;UU>( C/,$D&?&E( #E( C#DC7D#%&N( L5( J#.#L&( #.N( O72#./( 0/'( N<( C/,$D&?&EI( J"&(

'&D#%-M&( /'N&'-.2( -E( C/''&C%( 0/'( D/F( E$-.( 6&AB( E5E%&,EQ( L7%( %"&( N-#2'#,( -E( ./%(
S7#.%-%#%-M&I((

g3'.63*! ,%&*.00.0! 800&*386.7! 136;! 6;.! Ba`@M!"MR! 6%8'0363&'! 8%.! 4806! .'&:E;! 6;86!

0,.*6%&0*&,3*!7.6.%+3'863&'!&4!6;.!63+.0*8-.0!;80!&'-5!%.*.'6-5!2..'!86683'82-.A!c.4&%.!

6;.!8983-823-365!&4!0:2<,3*&0.*&'7!63+.!%.0&-:63&'F!&'-5!6;.!:,,.%!-3+36!&'!6;.!63+.0*8-.!

&4! 6;30!6%8'0363&'!*&:-7!2.!+.80:%.7A!@8-*:-863&'0!1.%.!:0.7!6&!0:,,-.+.'6!6;.!L3'.63*!

7868! 8'7! ,%&937.7! 3'03E;6! 3'6&! 6;.! +.*;8'30+! &4! 6%8'0363&'! 25! 37.'63453'E! 6;.! 0686.0!

8983-82-.!4&%!+3/3'EAR#FRU!h8%3&:0!,&00323-363.0!4&%!1;3*;!0686.0!+3/F!8%.!*&:,-.7F!&%!8%.!



! #R!

08+,-.7!7:%3'E!6;30!%8,37!6%8'0363&'!4%&+!03'E-.6!*;8%E.!6%8'04.%!0686.!6&!K:3'6.6!-3E8'7!

43.-7!0686.!;89.!2..'!,%&,&0.7A! $'!&6;.%!O.($$)!*&+,-./.0F!.937.'*.!;80!2..'!0..'!6;86!

6;.! Ca`@M! 0686.! 30! 08+,-.7! 7:%3'E! 6;.! 6%8'0363&'! 4%&+! 3'3638-! 6&! -&'E<-39.7! ./*36.7!

0686.AB\! @8-*:-863&'0! ;89.! 8-0&! 2..'! .+,-&5.7! 6;86! 0:EE.06! 8! -8%E.!+3/3'E! &4! 6;.! CMB!

0686.!6&!837!E%&:'7!0686.!%.*&9.%5ARU!>.0,36.!6;.0.!&20.%9863&'0F!'&!0686.!3'9&-9.7!3'!6;.!

6%8'0363&'!4%&+!3'3638-!6&!-&'E.06<-39.7!;80!8!-&'E!.'&:E;!-34.63+.!6&!2:3-7!:,!8!03E'343*8'6!

,&,:-863&'! 6;86!+3E;6! 837! 3'! 6;.! 37.'6343*863&'!&4! 6;.! 0686.0A!P.,.86.7!9.%343*863&'! 6;86!

6;.! "MR! 0686.! 30! 6;.! -&'E<-39.7! ./*36.7! 0686.! 4&%! *&+,-./!B! (80!1.--! 80! 8--! &6;.%! L'&1'!

-&1<0,3'! 3%&'($$)! *&+,-./.0)! 8'7! 6;.! E%&:'7! 0686.! 4&%! *&+,-./! T! ;80! ,%&937.7! 6;.!

'.*.008%5! 4%8+.1&%L! 6&! 9.%345! 6;.! '&63&'! 6;86! 0,.*6%&0*&,3*! 3'4&%+863&'! 82&:6! 6;.!

./*36.7! 0686.! &4! B! *8'! 2.! E-.8'.7! 4%&+! 6;.! E%&:'7! 0686.! &4! TA! d03'E! 8! *&+23'863&'! &4!

0,.*6%&.-.*6%&*;.+306%5!8'7!6%8'03.'6!820&%,63&'!0,.*6%&0*&,5F!8!0,.*6%&0*&,3*!68E!180!

.0682-30;.7! 6&! 7.6.%+3'.! 6;.! 63+.0*8-.! &4! -3E8'7! 43.-7! 0686.! 4&%+863&'! 846.%! *;8%E.!

6%8'04.%!0686.!,&,:-863&'AT<#!!

*

6()-3*78#9%&#-9:;<;"4==>?@A%'*B#%#&C)-#*DE#&C',4-/C)$*F/GH#(*

^%.93&:0!1&%L!;80! 0;&1'! 6;86F! :,&'! ./*36863&'! 3'6&! 6;.! Ba`@M! 0686.F! ,&,:-863&'!&4!

6;.!"MR!0686.!3'!-&1!0,3'!3%&'($$)!*&+,-./.0!30!:'365ARZ!i%&:'7!0686.!%.*&9.%5!4%&+!6;.!

"MR!0686.!6&!6;.!BDB!0686.!180!-3L.130.!37.'6343.7!8'7!+.80:%.7!4&%!*&+,-./!BA!?3'*.!6;.!

.'63%.!,&,:-863&'!&4!*&+,-./!B!3'!6;.!E%&:'7!0686.!86!%&&+!6.+,.%86:%.!30!BDB!8'7!6;.!



! #C!

.'63%.!./*36.7!0686.!,&,:-863&'!.'70!:,!3'!"MRF!8!43%06!&%7.%!7.*85!L3'.63*!+&7.-!180!:0.7!

6&!7.6.%+3'.!6;.!-34.63+.!&4!6;.!"MR!0686.A!$'!6;30!*80.F!6;.!&20.%9.7!%86.!30!6;.!08+.!80!

6;.!%86.!4&%!6;.!BDB""MR!,%&*.00A!

1A1 k!1
" ### 5T2 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!jK:863&'!B!

h8%382-.!6.+,.%86:%.!6%8'03.'6!820&%,63&'!7868!180!*&--.*6.7!6;%&:E;&:6!8!6.+,.%86:%.!

%8'E.!1;.%.!6;.!"MR!0686.!180!'&6!6;.%+8--5!8**.0032-.!4%&+!6;.!E%&:'7!0686.A!M;.!%86.!

8'7!6.+,.%86:%.!7868!*8'!2.!436!6&!6;.!D%%;.'3:0!.K:863&'!(jK:863&'!R)V!!

k = Aexp(!EA
kBT

)
!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!jK:863&'!R!

1;.%.!L!30!6;.!%86.!&4!6;.!%.-8/863&'!,%&*.00!3'!0<BF!D!30!6;.!4%.K:.'*5!48*6&%!3'!0<BF!jD!30!

6;.! 8*639863&'! 28%%3.%! 3'! *+<BF! Lc! 30! 6;.! c&-6=+8''! *&'068'6! 3'! *+<Bg<BF! 8'7! M! 30!

6.+,.%86:%.! 3'!gA!D-6;&:E;F! ;306&%3*8--5F! 6;30! 7868!;80!2..'! 436! 6&! 8! 06%83E;6! -3'.! 3'! 6;.!

4&%+! -'(L)! 90! BkMF! '.1! E%8,;3*8-! 8'7! 43663'E! ,%&E%8+0! +8L.! 36! 03+,-.! 6&! :0.! 6;.!

:'+&7343.7! .K:863&'! 8'7! 89&37! 6;.! .%%&%! 800&*386.7!136;!+8'3,:-863'E! 6;.! 7868! 6&! 2.!

-3'.8%A!D0!7.,3*6.7!3'!O3E:%.!TF!6;.!8*639863&'!.'.%E5!30!6;.!.'.%E5!7344.%.'*.!2.61..'!6;.!

%.8*68'6!("MR)!=.%&<,&3'6!.'.%E5!8'7!6;.!*%&003'E!,&3'6!&4!6;.!61&!,&6.'638-!1.--0A!$'!6;.!

820.'*.! &4! 8! 28%%3.%F! 6;.! %86.! 1&:-7! 2.! .K:398-.'6! 6&! 6;.! 4%.K:.'*5! 48*6&%F! 1;3*;! 30!

7.,.'7.'6!&'!6;.!%.&%E8'3=863&'!.'.%E5!80!1.--!80!6;.!.-.*6%&'3*!*&:,-3'E!2.61..'!6;.!

61&!0686.0A!M;30!*&%%.-863&'!*8'!2.!7.6.%+3'.7!1;.'!*&+,8%3'E!6;.!D%%;.'3:0!.K:863&'!

6&!8!a8%*:0!4&%+!&4!'&'<%8738639.!7.*85!6;.&%5!80!0;&1'!3'!jK:863&'!CV!!!



! #T!

 
k = 2!

! Hab
2 1

4!"kBT
exp( #($G+" )2

4"kBT )
!!!!!!!!jK:863&'!C!

1;.%.!b82!30!6;.!*&:,-3'E!*&'068'6!3'!*+<BF!"! 30!6;.!%.&%E8'3=863&'!.'.%E5!3'!*+<BF!8'7!

!i!30!6;.!.'.%E5!7344.%.'*.!2.61..'!6;.!%.8*68'6!8'7!,%&7:*6!3'!*+<B!80!0;&1'!3'!O3E:%.!

TA! H2683'3'E! 98-:.0! 4&%! !iF! "F! 8'7! b82! 6;86! *8'! 2.! *&%%.-86.7! 6&! 98%3863&'0! 3'! %86.!

,%&937.0! 3'03E;6! 3'6&! 6;.! ,8%8+.6.%0! 844.*63'E! 6;.! -34.63+.0! &4! 0686.0A! M;30! 8--&10! 8!

06%:*6:%.k4:'*63&'! *&%%.-863&'! 6&! 2.! +87.F! 8'7! ,%&937.0! 8! +.*;8'30+! 25! 1;3*;!

3'6.--3E.'6!+&7343*863&'0!&4!+&-.*:-.0k0.'0363=.%0!*8'!2.!866.+,6.7A!!

!

6-27'&()8K*( UDD7E%'#%-M&( N&$-C%-/.( /0( %"&( &.&'25( E&$#'#%-/.E( N&%&',-.-.2( '#%&E( /0(

'&D#?#%-/.(0'/,(%"&(VJA(&?C-%&N(E%#%&(%/(%"&(9P9(2'/7.N(E%#%&I(



! #"!

M;.!98%382-.! 6.+,.%86:%.! 6%8'03.'6!820&%,63&'!7868! 0;&1'! 3'!O3E:%.!"!,%&937.0! 6;.!

98-:.0!4&%!j8!8'7!D!&4!@&+,-./!B!1;.'!436!6&!jK:863&'!RA!D6!.8*;!6.+,.%86:%.F!8!7.*85!

6%8*.!180! *&--.*6.7! &'! 6;.! '8'&0.*&'7! 6%8'03.'6! 820&%,63&'! 0,.*6%&+.6.%! 8'7! 436! 6&! 8!

03'E-.!./,&'.'638-!7.*85!!

I = I0 + Aexp(!(t ! t0)
"

) !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!jK:863&'!T!

1;.%.!$!30!6;.!3'6.'0365!&4!6;.!03E'8-!86!63+.!(6)F!$\!30!6;.!3'6.'0365!&440.6!86!'.E8639.!63+.F!

6\!30!63+.!=.%&F!D!30!6;.!3'3638-!8+,-36:7.!&4!6;.!03E'8-F!8'7!#!30!-34.63+.!3'!'8'&0.*&'70A!

M;.!-34.63+.!(#)!8'7!%86.!(0<B)!8%.!%.-86.7!25!jK:863&'!"A!!

k = 1
! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!jK:863&'!"!

D0!0686.7!.8%-3.%F!2.*8:0.!'&!6;.%+8-!,&,:-863&'!&4!6;.!"MR!0686.!&**:%0!3'!*&+,-./!BF!6;.!

&20.%9.7!%86.!180!8-0&! 6;.! %86.!&4!7.*85! 4&%! 6;.!K:3'6.6! 6&! 03'E-.6!,%&*.00A!M;.0.!7868!

1.%.!*&--.*6.7!3'!61&!7344.%.'6!0&-9.'60!8'7!-.87!6&!98-:.0!4&%!D!8'7!j8!136;3'!.%%&%!&4!

.8*;!&6;.%A!^%.93&:0!+.80:%.+.'60!&4!6;30!65,.!;89.!0;&1'!0&-9.'6!8'7!*&'*.'6%863&'!

7.,.'7.'*.0! 8'7! *&+,8%30&'! 2.61..'! -36.%86:%.! 98-:.0! 8'7! 7868! ,%.0.'6.7! 3'! 6;30!

6;.030!0:EE.060!8!*&:'6.%<3&'!7.,.'7.'*.!&4!6;.0.!98-:.0AR[!i39.'!6;.!98%3863&'!4&%!6;.0.!

,8%8+.6.%0F!*&+,8%30&'!2.61..'!7868!0.60!%.K:3%.0!8!E%.86!7.8-!&4!*8%.!6&!2.!68L.'!6&!

800:%.!08+,-.!*&'7363&'0!8%.!6;.!08+.A!!



! ##!

!

6-27'&()8V*(W#'-#LD&(%&,$&'#%7'&(X-.&%-C(N#%#(/0(:6&;%'&.;$5>)>@AB(;!/,$D&?(9>(-.(
#C&%/.-%'-D&(#.N(N-C"D/'/,&%"#.&(#.N(0-%(%/(&S7#%-/.(AI(

O3663'E!6;.!98%382-.!6.+,.%86:%.!7868!6&!.K:863&'!C!2.*&+.0!8!236!+&%.!6%&:2-.0&+.F!

80!6;.%.!8%.!6;%..!98%382-.0V!b82F!"F!8'7!!iA!l36;&:6!L'&1-.7E.!&4!6;.!%.80&'82-.!%8'E.F!

&%!2.66.%!5.6F! 3'7.,.'7.'6!7.6.%+3'863&'!&4!&'.!&4!6;.0.!98%382-.0F!+8'5!*&+23'863&'0!

&4!98-:.0!*8'!436!6;.!7868!8'7!'&!43%+!*&'*-:03&'0!*8'!2.!7%81'!4%&+!8'5!4360A!l36;!6;.!

E&8-!&4!+.80:%3'E!&'.!&4!6;.0.!98-:.0!./,.%3+.'68--5!8'7!,%&9373'E!6;.!&,,&%6:'365!6&!

436!&6;.%!61&!8'8-563*8--5F!*&+,-./.0!R!8'7!C!1.%.!,%.,8%.7A!!

@&+,-./.0!R!8'7!C!;89.!6;.!08+.!2803*!06%:*6:%.!80!@&+,-./!BF!136;!6;.!877363&'!&4!

&'.! 8'7! 61&!+.6;5-! E%&:,0F! %.0,.*639.-5F! 87I8*.'6! 6&! 6;.! *&&%73'863'E! '36%&E.'! &4! 6;.!

,5%373'.! %3'E0A! M;30! ,%&937.0! 06%:*6:%8-! *;8'E.0! 136;&:6! 8773'E! 8'! .-.*6%&'3*!

*&+,&'.'6A! M;.! 06.%3*! 2:-L! 6;86! 8**&+,8'3.0! .8*;! 877363&'8-! +.6;5-! E%&:,! 8770!

06823-365!6&!6;.!;3E;!0,3'!4&%+!&4!6;.!*&+,-./A!c&6;!*&+,-./.0!8%.!6;.%+8--5!8**.0032-.!

15

10

5

R
at

e 
(x

10
-9

 s
-1

)

300280260240220200
Temperature (K)

   Ea (cm-1)
 
  1197 ± 97 
 
  1282 ± 62 

    A (x109 s-1)    
 
    5.38 ± 2.63            
 
    6.83 ± 2.22          

                    
 
MeCN       
 
CH2Cl2      



! #U!

0,3'! *%&00&9.%! *&+,-./.0A! M;30! +.8'0! 6;86! &9.%! 8'! ./,.%3+.'68--5! 8**.0032-.!

6.+,.%86:%.! %8'E.F! 6;.! 4%8*63&'8-!,&,:-863&'0!&4! -&1!0,3'! BDB! 0686.! 8'7!;3E;! 0,3'! "MR!

0686.0!98%5A!b3E;.%!6.+,.%86:%.0!3'*%.80.!6;.!4%8*63&'8-!,&,:-863&'!&4!6;.!;3E;!0,3'!0686.!

1;3*;! 3'*%.80.0! 6;.! 6&68-! 0,3'! &4! 6;.! 0506.+A! jK:863&'! "! 30! 6;.! ./,%.003&'! 4&%! 6;30!

.K:3-32%3:+!*&'068'6A!

Keq =
5T2!

"
#
$

1A1!
"

#
$ !!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!jK:863&'!"!

M;.!g.K!4&%!*&+,-./!B!30!\F!136;!'&!,&,:-863&'!&4!6;.!;3E;!0,3'!0686.!86!8'5!6.+,.%86:%.!

06:73.7A! @&+,-./.0! R! 8'7! C! ;89.! g.K! 98-:.0! 6;86! 98%5! 136;! 6.+,.%86:%.A! M;.0.!

6.+,.%86:%.<7.,.'7.'6!g.K!98-:.0!*8'!2.!7.6.%+3'.7!4%&+!+8E'.63*!0:0*.,6323-365!7868!

25!*&+,8%3'E!6;.!6.+,.%86:%.!6&!6;.!+.80:%.7!':+2.%!&4!:',83%.7!.-.*6%&'0A!a8E'.63*!

0:0*.,6323-365! ,%&937.0! 3'4&%+863&'! 82&:6! 6;.! ':+2.%! &4! :',83%.7! 0,3'0! 3'! 8! 0506.+!

6;%&:E;!jK:863&'!#A!

µeff (spin only) = g S(S +1) !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!jK:863&'!#!

1;.%.! m.44! 30! 6;.! .44.*639.! +8E'.63*! +&+.'6! &4! 6;.! 08+,-.! 68L3'E! 3'6&! *&'037.%863&'!

*&'6%32:63&'0! 4%&+! &'-5! 6;.! 0,3'! &4! 6;.! 0506.+F! E! 68L.0! 8! 98-:.! &4! R! 4&%! 6;.! 0,3'! &'-5!

8,,%&/3+863&'F! 8'7! ?! 30! 6;.! 6&68-! 0,3'! &4! 6;.! 0506.+! 8'7! 30! n! 63+.0! 6;.! ':+2.%! &4!

:',83%.7! .-.*6%&'0A! j9.%5! +&-.*:-.! 3'! 6;.! 0506.+! 30! .36;.%! 3'! 6;.! BDB! 0686.! 136;! \!

:',83%.7!.-.*6%&'0!&%!3'!6;.!"MR!0686.!136;!T!:',83%.7!.-.*6%&'0A!O%&+!6;.!+.80:%.7!µ.44!

98-:.F!jK:863&'!U!*8'!2.!:0.7!6&!7.6.%+3'.!g.K!



! #Z!

Keq =
xµeff

5T2!
"#

$
%&

yµeff

1A1!
"#

$
%& !!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!jK:863&'!U!

1;.%.!/!30!6;.!4%8*63&'8-!,&,:-863&'!&4!6;.!"MR!0686.!8'7!5!30!6;.!4%8*63&'8-!,&,:-863&'!&4!

6;.!BDB!0686.!3'!6;.!*&+,-./A!!

M;30! *8'! 2.! 7&'.! 3'! 6;.! 0&-37! 0686.! :03'E! ?od$>! +.80:%.+.'60! &%! 3'! 6;.! 0&-:63&'!

,;80.!:03'E!j98'p0!+.6;&7!YaPAC\!?:0*.,6323-365!7868!;89.!2..'!,%.93&:0-5!+.80:%.7!

&'! @&+,-./.0! B<T! :03'E! 2&6;! +.6;&70B[! 8'7! ;89.! 2..'! %.+.80:%.7! :03'E! j98'0!

+.6;&7! 3'! 6;30! 1&%LA! O3E:%.! #! 0;&10! 6;.! µ.44! 7868! &2683'.7! 3'! 6;30! 1&%L! 4&%! 2&6;!

@&+,-./.0!R!8'7!CA!

!

6-27'&( )8<*( =#2.&%-C( ,/,&.%( M&'E7E( %&,$&'#%7'&( N#%#( C/DD&C%&N( 0'/,( 4M#.YE(
,&%"/N( Z=1( 0/'( !/,$D&?&E( A( ;'&N( C-'CD&E>( #.N( )( ;LD7&( ES7#'&>I( O#,$D&E( F&'&(
%#X&.(-.(N7$D-C#%&(

6

5

4

3

2

1

0

µ e
ff

320300280260240220200180
Temperature (K)



! #[!

!
!
6-27'&()8[*(\'#$"-C#D(W#.]%(^/00('&D#%-/.E"-$(0/'(!/,$D&?&E(A(;LD7&(ES7#'&E>(#.N()(
;'&N(C-'CD&E>I(J"&(&S7#%-/.E(D-E%&N($'/M-N&(%"&(%"&',/N5.#,-C(M#D7&E(/0(!^(
;$7'$D&>(#.N(!O(;2'&&.>(#D/.2(F-%"(%"&-'(&''/'E(-.($#'&.%"&E&EI(

M;.!6.+,.%86:%.!7.,.'7.'6!g.K!98-:.0!*8'!6;.'!2.!:0.7!6&!43'7!!iF!!?F!8'7!!b!98-:.0!

:03'E!6;.!h8'p6!b&44!%.-863&'0;3,!!

!G = "RT lnKeq !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!jK:863&'!Z!

lnKeq = ! "H
RT

+ "S
R !!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!jK:863&'![!

1;.%.!!iF!!bF!8'7!!?!8%.! 6;.! 6;.%+&75'8+3*!,8%8+.6.%0!i3220! 4%..!.'.%E5F!.'6;8-,5!

*;8'E.F!8'7!.'6%&,5!*;8'E.F!%.0,.*639.-5F!4&%!6;.!"MR!8'7!BDB!0686.!0.,8%863&'G!P!30!6;.!

E80! *&'068'6! 3'! *+<B+&-<Bg<BG! M! 30! 6;.! 6.+,.%86:%.! 3'! gG! 8'7! g.K! 30! 6;.! .K:3-32%3:+!

*&'068'6A! M;.! 436! 98-:.0! 8%.! 0;&1'! &'! 6;.! E%8,;! 3'! O3E:%.! U! 8'7! *8'! 2.! *&+,8%.7! 6&!

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

ln
 (K

eq
)

4.84.64.44.24.03.83.63.4

Inverse Temperature (1/K) (x10-3)

ln(K) = -3.5317 (.0936) (1/T) - 895.4 (23.4)

ln(K) = -3.3164 (.118) (1/T) - 1220.4 (29.6)



! U\!

-36.%86:%.!98-:.0AB[!M;.!.%%&%0!800&*386.7!136;!6;.!4360!&%3E3'86.!4%&+!6;.!98-:.0!:0.7!4&%!

6;.!;3E;!0,3'!8'7!-&1!0,3'!µ.44!98-:.0!4%&+!1;3*;!6;.!e+!98-:.0!1.%.!7.6.%+3'.7A!!

h8%382-.! 6.+,.%86:%.! '8'&0.*&'7! 6%8'03.'6! 820&%,63&'! L3'.63*0! 1.%.! *&--.*6.7! &'!

*&+,-./.0!R!8'7!C!6&!8**&+,8'5!6;.!6;.%+&75'8+3*!98-:.0!7.6.%+3'.7!25!6;.!+8E'.63*!

7868A!l36;!6;.!!i!98%382-.!4%&+!jK:863&'!C!'&1!7.6.%+3'.7F!6;.!&6;.%!61&!*8'!2.!436!6&!

8'7! 98-:.0! 4&%!"! 8'7!b82! *8'! 2.! 7.6.%+3'.7! ./8*6-5A! b&1.9.%F! 6;.! L3'.63*! ,3*6:%.! 4&%!

*&+,-./.0! R! 8'7! C! 30! 7344.%.'6! 6;8'! 4&%! *&+,-./! BA! ?3'*.! 0&+.! &4! 6;.! "MR! 0686.! 30!

6;.%+8--5! ,&,:-86.7! 3'! 6;.! E%&:'7! 0686.F! .K:863&'! B! '&! -&'E.%! ,%&937.0! 8! *&+,-.6.!

7.0*%3,63&'!&4!6;.!L3'.63*0A!$'06.87F!61&!%86.0!+:06!2.!*&'037.%.7F!L<B!8'7!LBA!

1A1
k1
k!1

" #""$ """ 5T2 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!jK:863&'!B\
!

kobs = k1 + k!1 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!jK:863&'!BB!

Keq =
k1
k!1 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!jK:863&'!BR

!

O%&+!6;.!&20.%9.7!%86.!8'7!6;.!.K:3-32%3:+!*&'068'6F!6;.!%86.!&4!%.-8/863&'!4%&+!6;.!"MR!

0686.!6&!6;.!BDB!0686.!*8'!2.!7.6.%+3'.7!80!8! 4:'*63&'!&4! 6.+,.%86:%.A!O3E:%.0!#!8'7!U!

0;&1! 6;.! 6.+,.%86:%.k%86.! %.-863&'0;3,! 4&%! *&+,-./!C! 3'!8*.6&'.!8-&'E!136;! 6;.! 436! 6&!

jK:863&'!C!:03'E!0&-:63&'<280.7!6;.%+&75'8+3*!,8%8+.6.%0!&4!!b!f!<Z["AT!*+<B!8'7!!?!

f! <CA"CR! *+<Bg<B! 4&%! *&+,-./! C! 8'7!!b! f! <BRR\AT! *+<B! 8'7!!?! f! <CACB#! *+<Bg<B! 4&%!

*&+,-./!RA!



! UB!

!

6-27'&( )8_*( ( J&,$&'#%7'&( ME( '#%&( 2'#$"( 0/'( !/,$D&?( )I( J"&( E/D-N( D-.&( -E( #( 0-%( %/(
&S7#%-/.()(7E-.2(%"&(E/D7%-/.($"#E&(%"&',/N5.#,-C(M#D7&E(0'/,(%"-E(F/'X(#.N(%"&(
$#'#,&%&'E(D-E%&N(-.(%"&($D/%I((
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280260240220200
Temperature (K)

[Fe(tren(6-Me-py)2(py)](PF6)2
 
Acetone 
 
!H = -895 ± 155 cm-1

!S = -3.53 ± 0.94 cm-1/K
" = 6932 ± 427 cm-1 
Hab = 10 ± 4 cm-1
 
 



! UR!

(

6-27'&( )8`*( J&,$&'#%7'&( ME( '#%&( 2'#$"( 0/'( !/,$D&?( AI( J"&( E/D-N( D-.&( -E( #( 0-%( %/(
&S7#%-/.()(7E-.2(%"&(E/D7%-/.($"#E&(%"&',/N5.#,-C(M#D7&E(0'/,(%"-E(F/'X(#.N(%"&(
$#'#,&%&'E(D-E%&N(-.(%"&($D/%I(

!

M;.!98-:.0!4&%!%.&%E8'3=863&'!.'.%E5!8'7!.-.*6%&'3*!*&:,-3'E!98%5!136;!+&-.*:-.F!80!30!6&!

2.!./,.*6.7G!;&1.9.%F!6;.!7344.%.'*.0!8%.!0+8--!.'&:E;!6&!,%&937.!8!28--,8%L!4%&+!1;3*;!

&6;.%! 3%&'($$)! *&+,-./.0! *8'!2.! ,%.73*6.7! &%! 8,,%&/3+86.7A! M;30! ,%&937.0! 8! %8'E.! 4&%!

%.80&'82-.! 4360! &4! *&+,-./.0! 4&%!1;3*;! '&! ,8%8+.6.%! *8'! 2.! 73%.*6-5! &%! K:8'6368639.-5!

7.6.%+3'.7A! M;30! 30! 6;.! 43%06! ./,.%3+.'68-! 7.6.%+3'863&'! &4! 6;.! ,8%8+.6.%0! 4&%!

%.&%E8'3=863&'!.'.%E5!8'7!.-.*6%&'3*!*&:,-3'E!4&%!3%&'($$)<280.7!*&+,-./.0A!

d03'E! 6;.0.! %8'E.0! 80! E:37.0F! *&+,-./! B! 180! %../8+3'.7A! Y&! !i! 98-:.0! ;80! 2..'!

+.80:%.7! 4&%! *&+,-./! BF! 2:6! 30! .063+86.7! 6&! 2.! 8%&:'7! B\\\! *+<B! 86! %&&+!

6.+,.%86:%.AR[!O%&+!6;30!068%63'E!,&3'6F!*&+23'863&'0!&4!!b!8'7 !?!98-:.0!,%&9373'E!!i!

8

6

4

2

R
at

e 
(x

10
6  s

-1
)

280260240220200
Temperature (K)

[Fe(tren(6-Me-py)(py)2](PF6)2
 
Acetone 
 
!H = -1220 ± 78 cm-1

!S = -3.32 ± 0.21 cm-1/K
" = 7821 ± 158 cm-1 
Hab = 16 ± 3 cm-1



! UC!

98-:.0!%8'E3'E!2.61..'!<"\\!8'7!<B"\\!*+<B!1.%.!:0.7!6&!436!6;.!98%382-.!6.+,.%86:%.!

7868! 8'7! ./6%8*6! ':+2.%0! 4&%! %.&%E8'3=863&'! .'.%E5! 8'7! 6;.! .-.*6%&'3*! *&:,-3'E!

*&'068'6A!D!%.,%.0.'68639.!436!30!0;&1'!3'!O3E:%.!ZF!8-&'E!136;!6;.!,8%8+.6.%0!:0.7!6&!436!

6;.!7868!6;%&:E;&:6!6;.!%8'E.!&4!!i!98-:.0A!

!

6-27'&()89H*(W#'-#LD&( %&,$&'#%7'&(X-.&%-C(N#%#(#D/.2(F-%"(#( 0-%( %/(&S7#%-/.()( 0/'(

C/,$D&?(9I(!^(M#D7&E('#.2-.2(L&%F&&.(89HHH(C,89(#.N(8AHHH(C,89((#.N(!O(M#D7&E(
'#.2-.2(L&%F&&.(8)(C,89ab(#.N(8K(C,89ab(F&'&(7E&N(0/'(%"&(0-%EI(PEE/C-#%&N(M#D7&E(

0/'(%"&('&/'2#.-3#%-/.(&.&'25(#.N(^#L(%&',E(#'&(D-E%&N(-.(%"&(2'#$"I(

D0!6;.!-&1!0,3'!0686.!2.*&+.0!+&%.!0682-.!(*&+,-./!C!!!R!!!B)F!6;.!7344.%.'*.!2.61..'!

6;.!98-:.0!4&%!%.&%E8'3=863&'!.'.%E5!8'7!*&:,-3'E!*&'068'6!E.6!0+8--.%A!M;30!,%.73*60!

6;86!36!13--!805+,6&63*8--5!%.8*;!8!0.6!&4!98-:.0!6;86!8%.!0682-.!8'7!*8'!2.!:0.7!4&%!8--!-&1!

0,3'!*&+,-./.0!136;!-8%E.!.'&:E;!-3E8'7!43.-7!0,-3663'EA!@&'6&:%!,-&60!:03'E!!b!98-:.0!&4!

<B\\\!6&!<R\\\!*+<B!8'7!!?!98-:.0!&4!<C!6&!<T!*+<B!8%.!0;&1'!3'!O3E:%.!BBA!M;.0.!,-&60!
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280260240220200
Temperature (K)

[Fe(tren(py)3](PF6)2
 
 
 
!H = -1500 ± 500 cm-1

!S = -3.5 ± 1 cm-1/K
" = 8200 ± 900 cm-1 
Hab = 20 ± 4 cm-1
 
 



! UT!

0;&1!6;.!.%%&%!800&*386.7!136;!4360!:03'E!6;.!*&%%.0,&'73'E!98-:.0!&4!%.&%E8'3=863&'!

.'.%E5!8'7!*&:,-3'E!*&'068'6A!O%&+!6;.0.!4360F!%.80&'82-.!%8'E.0!&4!U\\\<B\F\\\!*+<B!

4&%!%.&%E8'3=863&'!.'.%E5!8'7!R\!J!T\!*+<B!4&%!6;.!*&:,-3'E!*&'068'6!1.%.!7.6.%+3'.7!

4&%!*&+,-./!BA!

!

6-27'&()899*(!/.%/7'($D/%E(/0(C/,$D&?(9(E"/F-.2(%"&(&''/'(#EE/C-#%&N(F-%"(0-%E(%/(
&S7#%-/.()(7E-.2(M#'-/7E(M#D7&E(0/'(!O(#.N(!^I(J"&('#.2&(/0('&/'2#.-3#%-/.(
&.&'2-&E(-E([VHH(c(9HQHHH(C,89(#.N(%"&('#.2&(/0(C/7$D-.2(C/.E%#.%(M#D7&E(-E(AH(c(VH(

C,89I(
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! U"!

!

!!!!

6-27'&()89A(;C/.%I>*(!/.%/7'($D/%E(/0(C/,$D&?(9(E"/F-.2(%"&(&''/'(#EE/C-#%&N(F-%"(
0-%E(%/(&S7#%-/.()(7E-.2(M#'-/7E(M#D7&E(0/'(!O(#.N(!^I(J"&('#.2&(/0('&/'2#.-3#%-/.(
&.&'2-&E(-E([VHH(c(9HQHHH(C,89(#.N(%"&('#.2&(/0(C/7$D-.2(C/.E%#.%(M#D7&E(-E(AH(c(VH(

C,89I(

M;.0.!*&'6&:%!,-&60!8-0&!3--:06%86.!6;86!!b!;80!6;.!-8%E.06!.44.*6!&'!%.&%E8'3=863&'!

.'.%E5!8'7!!?!844.*60!b82A!M;30!30!:0.4:-!1;.'!-&&L3'E!86!4:6:%.!+&-.*:-.0A!$'06.87!&4!

-&&L3'E!86!.9.%5!,&0032-.!*&+23'863&'!&4!!b!8'7!!?F!6;.!&'-5!61&!98-:.0!&4!.8*;!(86!6;.!
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! U#!

./6%.+.0!&4!6;.!%8'E.0)!*8'!2.!:0.7!6&!7.6.%+3'.!6;.!%8'E.!&4!%.&%E8'3=863&'!.'.%E3.0!

8'7!*&:,-3'E!*&'068'60!,&0032-.!4&%!6;.!+&-.*:-.A!

@8-*:-863&'0!8%.!*:%%.'6-5!3'!,%&E%.00!25!D'7%.1!g&:=.-&0!6&!*&%%&2&%86.!6;.0.!

.'.%E5!98-:.0A!j'.%E5!*8-*:-863&'0!13--!2.!,.%4&%+.7!&'!6;.!;3E;!0,3'!("MR)!8'7!-&1!0,3'!

(BDB)!E.&+.6%3.0!4&%!*&+,-./.0!B<CA!M;.!.'.%E5!0.,8%863&'0!2.61..'!6;.!;3E;!8'7!-&1!

0,3'!0686.0!%.,%.0.'6!6;.!!i!98-:.0!86!%&&+!6.+,.%86:%.A!D-0&F!6;.!-&1!0,3'!E.&+.6%5!4&%!

6;.!;3E;!0,3'!0686.!13--!8--&1!4&%!*8-*:-863&'0!&4!6;.!%.&%E8'3=863&'!.'.%E5A!DE%..+.'6!

2.61..'!6;.!98-:.0!4%&+!*8-*:-863&'0!8'7!./,.%3+.'6!,%&937.0!8!+.6;&7&-&E5!4&%!

7.6.%+3'863&'!&4!6;.0.!98-:.0!3'!4:6:%.!+&-.*:-.0A!h8-37863&'!&4!6;.!*8-*:-863&'0!13--!877!

8!9.%5!,&1.%4:-!6&&-!6&!6;.!8%0.'8-!:0.7!6&!7.6.%+3'.!6;.%+&75'8+3*!98-:.0!3'!6;.0.!

*&+,-./.0!8'7!,%.0.'6!8!0506.+!4&%!.0682-30;3'E!8!*&%%.-863&'!2.61..'!06%:*6:%.!8'7!

%86.0A!$'!6;.!*&'6./6!&4!%.,-8*3'E!%:6;.'3:+<280.7!0.'0363=.%0!3'!75.<0.'0363=.7!0&-8%!

*.--0!136;!3%&'<280.7!75.0F!6;30!*&%%.-863&'!13--!2.!,%3*.-.00A!
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! UZ!

1&0&'&.C&E*(!"#$%&'()( (
(
(
(
(
(B)! ! O.%%.%.F!?A!+-'&3/-)$/*IE)C)$/*J$%/!AHHAF!>@KF!U[A!
!
(R)! ! O.%%.%.F!?A!IE#C)(%&4*'.*L/%#&)/G(!AHHHF!M@F!B\ZCA!
!
(C)! O.%%.%.F!?AG!i%.EEF!cA!DA!N'H&-/G*'.*%E#*JC#&)$/-*IE#C)$/G*!'$)#%4!9``_F!M@OF!

ZTCA!
!
(T)! q:28'F! jA! DAG! ?+.3E;F! DA! `AG! a&'86F! qA! jAG! a*@:0L.%F! qA! gA! I''&,)-/%)'-*

IE#C)(%&4*<#P)#1(!AHH<F!@QOF!BUZCA!
!
(")! a&'86F!qA!jAG!a*@:0L.%F!qA!gA!N'H&-/G*'.*%E#*JC#&)$/-*IE#C)$/G*!'$)#%4!AHHHF!

M@@F!T\[RA!
!
(#)! g;8-3-F!aAG!a8%*:0F!aA! DAG! ?+.3E;F! DA! `AG!a*@:0L.%F! qA! gAG! @;&'EF! bA! bA!lAG!

?*;&.'-.3'F!PA!lA!N'H&-/G*'.*RE4()$/G*IE#C)(%&4*J!AHH<F!MMOF!CZA!
!
(U)! b:0.F! YAG! @;&F! bAG! b&'EF! gAG! q8+:-8F! `AG! 7.! i%&&6F! OA! aA! OAG! g3+F! MA! gAG!

a*@:0L.%F! qA! gAG! ?*;&.'-.3'F! PA! lA! N'H&-/G* '.* RE4()$/G* IE#C)(%&4* 0#%%#&(!
AH99F!@F!ZZ\A!

!
(Z)! ?+.3E;F!DA! `AG! @%..-+8'F!aAG!a86;3.0F! PA! DAG!a*@:0L.%F! qA! gA! N'H&-/G* '.* %E#*

JC#&)$/-*IE#C)$/G*!'$)#%4!AHH_F!M>OF!BTB\"A!
!
([)! g%39&L8,3*F! $AG! @;8L%82&%65F! ^AG! c%&'30=F! PAG! j'8*;.0*:F! @AG! b8:0.%F! DA!

J-3#1/-,%#*IE#C)#;+-%#&-/%)'-/G*2,)%)'-!AH9HF!SKF!Z"\[A!
!
(B\)! @8''3==&F!DAG!a3-'.F!@A!qAG!@&'08'3F!@AG!i81.-78F!lAG!c%.00-.%F!@AG!98'!a&:%3LF!

OAG!@;.%E:3F!aA!I''&,)-/%)'-*IE#C)(%&4*<#P)#1(!AH9HF!@QSF!R#UUA!
!
(BB)! c%.00-.%F! @AG! a3-'.F! @AG! ^;8+F! hA! MAG! j-Y8;;80F! DAG! 98'! 7.%! h..'F! PA! aAG!

i81.-78F!lAG!q&;'0&'F!?AG!c.8:7F!^AG!i%&-3+:'7F!>AG!g830.%F!aAG!c&%*8F!@A!YAG!
$'E&-7F!iAG!D2.-8F!PAG!@;.%E:3F!aA!!$)#-$#!AHH`F!>@>F!TZ[A!

!
(BR)! ! b8-*%&1F!aA!DA!R'G4E#,&'-!AHH[F!@:F!C"RCA!
! !
(BC)! i81.-78F! lAG! ^;8+F! hA! MAG! c.'4866&F! aAG! r8:0;3605'F! sAG! g830.%F! aAG!

i%&-3+:'7F!>AG!q&;'0&'F!?A!`AG!D2.-8F!PAG!b8:0.%F!DAG!c%.00-.%F!@AG!@;.%E:3F!aA!
RE4()$/G*<#P)#1*0#%%#&(!AHH[F!KTA!

! !
(BT)! i81.-78F!lAG!@8''3==&F!DAG!^;8+F!hA!MAG!98'!a&:%3LF!OAG!c%.00-.%F!@AG!@;.%E:3F!

aA!N'H&-/G*'.*%E#*JC#&)$/-*IE#C)$/G*!'$)#%4!AHH[F!M@KF!ZB[[A!



! U[!

! !
(B")! a8%*;393.F! aAG! i:3&''.8:F! ^AG! `.68%7F! qA! OAG! @;800.8:F! >A! J$%/*

I&4(%/GG'3&/"E)$/*!#$%)'-*U;!%&H$%H&/G*!$)#-$#!AHHVF!:MF!R"A!
! !
(B#)! b8:0.%F!DA!!")-*I&'(('P#&*)-*D&/-()%)'-*L#%/G*I'C"'H-,(*+)!AHHKF!@>SF!B""A!
!
(BU)! c%875F!@AG!a*i8%9.5F! qA! qAG!a*@:0L.%F! qA!gAG!M&46-:'7F!bAG!b.'7%3*L0&'F!>A!YA!

!")-*I&'(('P#&*)-*D&/-()%)'-*L#%/G*I'C"'H-,(*+))!AHHKF!@>QF!BA!
! !
(BZ)! @%.:6=F! @AG! @;&:F! aAG! Y.6=.-F! MA! `AG! HL:+:%8F! aAG! ?:63'F! YA! N'H&-/G* '.* %E#*

JC#&)$/-*IE#C)$/G*!'$)#%4!9`_HF!MO@F!BC\[A!
! !
(B[)! b&0.-6&'F!aA!DAG!>%8E&F!PA!?AG!l3-0&'F!`A!qAG!?:63'F!YA!N'H&-/G*'.*%E#*JC#&)$/-*

IE#C)$/G*!'$)#%4!9`[<F!KTF!#[#UA!
! !
(R\)! b&0.-6&'F!aA!DAG!l3-0&'F!`A!qAG!>%8E&F!PA!?A!N'H&-/G*'.*%E#*JC#&)$/-*IE#C)$/G*

!'$)#%4!9`[VF!KVF!BURRA!
! !
(RB)! O&%! 8!+&%.! *&+,-.6.! ./,-8'863&'! &4! 6%8'03.'6! 820&%,63&'! 8'7! 7344.%.'*.!

0,.*6%8F!,-.80.!0..!*;8,6.%!RA!
! !
(RR)! a*@:0L.%F! qA! gAG! P;.3'E&-7F! DA! `AG! b.'7%3*L0&'F! >A! YA! +-'&3/-)$* IE#C)(%&4!

9``<F!>QF!RB\\A!
! !
(RC)! a*@:0L.%F! qA! gAG! l8-78F! gA! YAG! >:''F! PA! @AG! ?3+&'F! qA! >AG! a8E7.F! >AG!

b.'7%3*L0&'F! >A! YA! N'H&-/G* '.* %E#* JC#&)$/-* IE#C)$/G* !'$)#%4! 9``)F! MMQF!
R[ZA!

! !
(RT)! a*@:0L.%F!qA!gAG!M&46-:'7F!bAG!P;.3'E&-7F!DA!`AG!b.'7%3*L0&'F!>A!YA!N'H&-/G*'.*

%E#*JC#&)$/-*IE#C)$/G*!'$)#%4!9``)F!MMQF!BU[UA!
! !
(R")! a*@:0L.%F! qA! gAG! l8-78F! gA! YAG! >:''F! PA! @AG! ?3+&'F! qA! >AG! a8E7.F! >AG!

b.'7%3*L0&'F! >A! YA! N'H&-/G* '.* %E#* JC#&)$/-* IE#C)$/G* !'$)#%4! 9``AF! MMSF!
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+::+5)(%!+-!?.&(!?&5!%1:%'(%2!=0!3%/&1),4!(.%!-&5(%5(!),5(%&2!+-!(.%!3%/&1&()+,!3&(%!=%),4!

3%(&32%2!(.%!9+5(!2>%!(+!5(%3)'!=>/;B!O),'%!(.%!%1:%'(%2!3%5>/(!?&5!-+3!(.)5!'+9:/%1!(+!5.+?!

(.%! 9+5(! 3%(&32&()+,! +-! (.%! 3%/&1&()+,! 3&(%C! )(! )5! ),(%3%5(),4! (.&(! )(! 3%/&1%2! (.%! -&5(%5(!

),5(%&2B!N.%! &'()*&()+,!=&33)%3!2)--%3%,'%5!2+!,+(! %1:/&),! (.)5! +=5%3*&()+,C! =>(! (.%3%! )5! &!

'/%&3! 5%:&3&()+,! ),! -3%W>%,'0! -&'(+35B! !N.%!*&/>%5! -+3! (.%! -3%W>%,'0! -&'(+3! -+//+?!&! (3%,2!

&55+')&(%2! ?)(.! ),'3%&5),4! 5(%3)'! =>/;j! .+?%*%3C! (.%! %33+35! &55+')&(%2! ?)(.! (.%! *&/>%5!

120

100

80

60

40

20

k 
(µ

s-1
)

250240230220210200190180
Temperature (K)

              
[Fe(terpy)2]

2+         
[Fe(adterpy)2]

2+                     
[Fe(tbterpy)2]

2+                
[Fe(maniterpy)2]

2+               
[Fe(paniterpy)2]

2+              
 



! Q#!

:3%'/>2%! 9&;),4! 2%-),)(%! '+33%/&()+,5! =%(?%%,! 5(%3)'! =>/;! &,2! (.%! -3%W>%,'0! -&'(+3a

%1'%:(!-+3!(.%!:&,)!5>=5()(>%,(B!!!

N.%!-3%W>%,'0!-&'(+3!:3+*)2%5!),-+39&()+,!&=+>(!(.%!3&(%!+-!(.%!3%/&1&()+,!)-!(.%3%!?%3%!

,+!&'()*&()+,!=&33)%3!-+3!(.%!:3+'%55B!N.)5!2%5'3):()+,!:3+*)2%5!&!?&0!(+!:)'(>3%!(.%!%--%'(!

+-!(.%!*&3)&=/%C!=>(!:3+*)2%5!/)((/%!),-+39&()+,!+,!.+?!(+!9+2%3&(%!(.%!*&/>%B! !7,!+32%3!(+!

-),2!&!:&3&9%(%3!(.&(!'&,!=%!9+2>/&(%2!(+!'.&,4%!(.%!-3%W>%,'0!-&'(+3C!&!'+9:&3)5+,!?&5!

9&2%! =%(?%%,! (.%! D33.%,)>5! %W>&()+,! &,2! (.%! X&3'>5! %W>&()+,! -+3! %/%'(3+,! (3&,5-%3!

6ZW>&()+,!H8B!!

 
k = 2!
!
HAB

2 1
4!"kBT

exp(#($G + ")2

4"kBT
)
!!!!!!!!!!!!!

!!!!!!!!!!ZW>&()+,!H!
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BUUQQ(X(>QVQQQ(2F=>C(H&'&(2#;2-;#%&/J(
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! QL!

!

N.%! >,5>=5()(>(%2! '+9:/%1! 3%W>)3%5! &! 59&//%3! 3%+34&,)A&()+,! %,%340! -+3! 43+>,2! 5(&(%!

3%'+*%30C! ?.)/%! &! 59&//! ),'3%&5%! ),! "! )5! 5%%,! -+3! &22)()+,! +-! =+(.! (.%! (@=>(0/! &,2! :&,)!

5>=5()(>%,(B!D5!?&5!5%%,!-+3!(.%!D33.%,)>5!%W>&()+,C!&,0!&22)()+,!(+!(.%!:&3%,(!(%3:0!3),4!

.&5! (.%!%--%'(!+-! ),'3%&5),4!3%+34&,)A&()+,!%,%340!?)(.! /)((/%!2)--%3%,'%!=%(?%%,!&3+9&()'!

&,2!&/):.&()'!+3!=%(?%%,!(.%!&9+>,(!+-!5(%3)'!=>/;B!!

_.%3%&5!,+! (3%,2!?&5! -+>,2!=%(?%%,! /)4&,2!5>=5()(>%,(!&,2! 3%+34&,)A&()+,!%,%340C! &!

'+33%/&()+,!2+%5!5%%9!(+!=%!:3%5%,(!=%(?%%,!(.%!-3%W>%,'0!-&'(+3!2%(%39),%2!-3+9!-)(5!(+!

(.%!D33.%,)>5!%W>&()+,!&,2! (.%!'+>:/),4!'+,5(&,(!2%(%39),%2! -3+9!X&3'>5! (.%+30! -)(5B!D!

/&34%3! '+>:/),4! '+,5(&,(! &''+9:&,)%5! (.%!:&,)! 5>=5()(>%,(C! :3+*)2),4! ),-+39&()+,!+,! (.%!

+3)4),! +-! (.%! -&5(%3! 3&(%! &55+')&(%2! ?)(.! (.)5! '+9:/%1B! D/(.+>4.! (.%! /)4&,2! 5.+?5! ,+!

%*)2%,'%!+-!),'3%&5%2!%/%'(3+,)'!'+>:/),4!),!(.%!43+>,2!5(&(%C!(.%3%!)5!%*)2%,'%!(.&(!%1')(%2!

5(&(%!5:%')%5!2+!'.&,4%!4%+9%(30!&,2!'&,!2%'3%&5%!(.%!&,4/%!=%(?%%,!&3+9&()'!3),45!?)(.!

3%5:%'(!(+!(.%!:/&,%!+-!(.%!3%5(!+-!(.%!/)4&,2B#YC#M!

N.%!43+>,2!5(&(%!3%'+*%30!3&(%5!-+3!(.%!(%3:0!5%3)%5!?%3%!,+(!&5!5(3&)4.(-+3?&32!&5!?&5!

+3)4),&//0!:3%2)'(%2B!D/(.+>4.!)(!?&5!%1:%'(%2!(.&(!5(%3)'!=>/;!?+>/2! ),'3%&5%!(.%!43+>,2!

5(&(%!3%'+*%30!3&(%C!)(!)5!'/%&3!(.&(!(.%!:.05)'&/!=&33)%3!(+!(?)5(),4!)5!,+(!(.%!+,/0!),-/>%,'%!

+,! (.%! 3&(%B!k0! -)((),4! (.%! *&3)&=/%! (%9:%3&(>3%!2&(&! (+!=+(.! (.%!D33.%,)>5! %W>&()+,! &,2!

X&3'>5!(.%+30!-+3!%/%'(3+,!(3&,5-%3!%W>&()+,C!'+,(3)=>()+,5!-3+9!&'()*&()+,!=&33)%35!&5!?%//!

&5!%/%'(3+,)'!'+>:/),45!.&*%!=%%,!%1(3&'(%2B!$>%!(+!(.%!/&34%!%33+35!&55+')&(%2!?)(.!(.%5%!

*&3)&=/%5C! )(! )5! 2)--)'>/(! (+! )2%,()-0! W>&,()(&()*%! (3%,25! &55+')&(%2! ?)(.! (.%! /)4&,2! 5%(5B!

U+?%*%3C!W>&/)(&()*%!+>(/)%35!'&,!=%!)2%,()-)%2B!7(!)5!'/%&3!(.&(!&22),4!&!:.05)'&/!=&33)%3!(+!

(.%! (?)5(),4!9+()+,!.&5! (.%!%--%'(!+-! ),'3%&5),4! (.%!&'()*&()+,!=&33)%3!&,2!3%+34&,)A&()+,!



! QR!

%,%340B!D/5+C!&22)()+,!+-!&3+9&()'!43+>:5!),'3%&5%5!(.%!%/%'(3+,)'!'+>:/),4!(.&(!-&')/)(&(%5!

43+>,2!5(&(%!3%'+*%30B!!

g,%! %1:/&,&()+,! (.&(! .&5! =%%,! '+,5)2%3%2! (+! &''+>,(! -+3! (.%5%! 3%5>/(5! ),*+/*%5! (.%!

:/&'%9%,(!+-! (.%! 43+>,2! 5(&(%!:+(%,()&/! 5>3-&'%! ),! 3%/&()+,! (+! (.%! %1')(%2! 5(&(%! &/+,4! (.%!

3%&'()+,! '++32),&(%B! 7-! (.%! 9+()+,! &55+')&(%2! ?)(.! (.%! (3&,5)()+,! )5! (.%! (+35)+,&/! (?)5(!

&''+9:&,)%2! =0! &! =+,2! /%,4(.! '.&,4%! 6&5! .&5! =%%,! 5.+?,! ),! +(.%3! 9+/%'>/%58C! )(! )5!

3%&5+,&=/%! (+! (.),;! (.&(! (.%!9+3%! 5(%3)'! .),23&,'%! (.%3%! )5C! (.%! '/+5%3! (.%! 43+>,2! 5(&(%!

4%+9%(30!)5!(+!(.%!%1')(%2!5(&(%!4%+9%(30B!_)(.!/%55!9+()+,!3%W>)3%2!(+!3%&'.!(.%!%1')(%2!

5(&(%!4%+9%(30C! /%55! 3%+34&,)A&()+,!%,%340!?+>/2!=%! 3%W>)3%2! (+!'+9:/%(%! (.%! (3&,5)()+,B!

D/(.+>4.! (.)5!&34>9%,(! )5! '+,5)5(%,(!?)(.! (.%!2&(&!:3%5%,(%2! ),! '.&:(%3!K! -+3! (.%! EF%6G@

(3%,6:08K8IHJ!5%3)%5C! (.%!9+3%!5(%3)'&//0!.),2%3%2!'+9:/%1%5! ),! (.)5!5%3)%5! @!?.)'.!?+>/2!

:>5.! (.%! 43+>,2! 5(&(%! 4%+9%(3)%5! '/+5%3! (+! (.+5%! +-! (.%! %1')(%2! 5(&(%5! @! .&*%! (.%! /&34%3!

3%+34&,)A&()+,!%,%34)%5B!f3+>,2!5(&(%!+:()9)A%2!4%+9%(3)%5!6i@F%@i!=+,2!&,4/%5!&,2!F%@i!

=+,2! /%,4(.58! &3%! &/5+! W>)(%! 5)9)/&3! -+3! (.%! 5%3)%5B! O>=5()(>()+,5! &(! (.%! 9%(&! :+5)()+,!

9)()4&(%!%/%'(3+,)'!),2>'()*%!%--%'(5!&5!2+%5!(.%!+3(.+4+,&/!&,4/%!+-!(.%!&3+9&()'!43+>:5!(+!

(.%!3%5(!+-!(.%!(%3:0!/)4&,2B!!

N.%! 5%'+,2! %1:/&,&()+,! -+3! (.%! (3%,25! 5.+?,! ),! (.)5! 5%3)%5! )5! (.&(! (.%! &/):.&()'!

5>=5()(>%,(5!=%.&*%!%1&'(/0!&5!?+>/2!=%!:3%2)'(%2!=0!(.%!/)(%3&(>3%B!D22)()+,!+-!(.%!(@=>(0/!

43+>:C! -+3! %1&9:/%C! ),'3%&5%5! (.%! &'()*&()+,! =&33)%3C! 3%+34&,)A&()+,! %,%340C! &,2! (.%!

%/%'(3+,)'!'+>:/),4! ),!3%/&()+,! (+! (.%!>,5>=5()(>(%2!:&3%,(!'+9:/%1B!N.%!5&9%!%--%'(5!&3%!

&/5+!:3%5%,(!),!(.%!&2&9&,(0/!5>=5()(>(%2!/)4&,2C!=>(!(.%!&3+9&()'!'+9:/%1%5!2%*)&(%!-3+9!

%1:%'(&()+,5B! N.)5! 2%*)&()+,! '+>/2! =%! %1:/&),%2! =0! (.%! &//+?),4! -+3! ),'3%&5%2! %/%'(3+,)'!

'+99>,)'&()+,!+-!(.%!9%(.+10!43+>:!?)(.!(.%!(%3:0B!Z/%'(3+,)'!2)--%3%,'%5!),!(.%!%1')(%2!



! Q"!

5(&(%! ?+>/2! '3%&(%! 2)5'3%:&,')%5! -3+9! (.%! %1:%'(%2! '+33%/&()+,! =%(?%%,! '+9:/%1%5B! 7,!

+(.%3!?+325C!&//!=%(5!&3%!+--!)-!(.%!9%(.+10!43+>:5!&3%!,+!/+,4%3!+3(.+4+,&/!&,2!.&*%!5+9%!

%/%'(3+,)'!),(%3&'()+,!?)(.!(.%!/)4&,2B!!

Z1')(%2! 5(&(%! 4%+9%(30! +:()9)A&()+,5! ?+>/2! :3+*)2%! ),-+39&()+,! &=+>(! (.%! 3%/&()*%!

&,4>/&3!+3)%,(&()+,!+-!(.%!&3+9&()'!43+>:5!),!(.%!%1')(%2!5(&(%!&,2!.%/:!W>&,()-0!(.%!%--%'(!

(.&(!+3)%,(&()+,!?+>/2!.&*%!+,!(.%!%/%'(3+,)'!'+99>,)'&()+,!=%(?%%,!(.%!(%3:0!/)4&,2!&,2!

(.%!&3+9&()'!5>=5()(>%,(B!N.)5!?+>/2!.%/:!(+!%/>')2&(%!(.%!,&(>3%!+-!(.%!5(%3)'!%--%'(!(.&(!(.%!

/)4&,25!:3+2>'%!&5!?%//!&5!(.%!%1(%,(!(+!?.)'.!(.%!+3(.+4+,&/!4%+9%(30!=%(?%%,!(.%!:&3%,(!

(%3:0!3),4!&,2!(.%!9%(.+10!3),4!+-!(.%!&3+9&()'!5>=5()(>%,(5!)5!9&),(&),%2!(.3+>4.+>(!(.%!

%1')(&()+,! &,2! 5>=5%W>%,(! 3%/&1&()+,B! ].&,4%5! ),! 4%+9%(30! (.3+>4.+>(! (.%! (3&,5)()+,!

?+>/2! .&*%! )9:/)'&()+,5! -+3! (.%! %/%'(3+,)'! '+>:/),4! ),*+/*%2! ),! (.%! %1')(%2! 5(&(%! &5!

'+9:&3%2!(+!(.%!43+>,2!5(&(%B!

M%0+N&/O+0#3P&+/!$0$&/Q&0($'L0$',#)/

O(>20!+-! 43+>,2! 5(&(%! 3%'+*%30!.&5!=%%,!?%//! 2+'>9%,(%2!&,2! 5(>2)%2!+*%3! (.%!0%&35!

&,2! -+3!9&,0!'/&55%5!+-!9+/%'>/%5B!N.%!2)--%3%,'%!?)(.! (.%!5(>20!:3%5%,(%2!.%3%),! )5! (.%!

'+>:/%2!%1&9),&()+,!+-!43+>,2!5(&(%! 3%'+*%30!&/+,4!?)(.! (.%!2%&'()*&()+,!+-! (.%! ),)()&//0!

%1')(%2! '.&34%! (3&,5-%3! 5(&(%B! D! 5)9)/&3! 5%(! +-! %1:%3)9%,(5! (+! (.+5%! <>5(! :3%5%,(%2! -+3!

43+>,2! 5(&(%! 3%'+*%30! ?&5! :%3-+39%2! +,! &! 5.+3(%3! ()9%5'&/%B! $>%! (+! (.%! 3%'%,(!

'+99%3')&/)A&()+,!+-!>/(3&-&5(!/&5%35!5>'.!&5!(.%!+,%5!>5%2!),!(.)5!5:%'(3+9%(%3C!(.%!&=)/)(0!

(+!%1&9),%!:3+'%55%5!+,!>/(3&5.+3(!()9%5'&/%!)5!*%30!3%'%,(B!

D5! ?&5! 2)5'>55%2! ),! '.&:(%3! HC! ),! +32%3! (+! -+//+?! (.%! ;),%()'! :3+'%55C! 5:%'(3+5'+:)'!

5)4,&(>3%5! -+3! 5(&3(),4! &,2! %,2),4! 5(&(%5! 9>5(! =%! )2%,()-)%2B! 7,! (.)5! '&5%! +-! (.%! '.&34%!

(3&,5-%3! 2%&'()*&()+,C! (.%! 5(&3(),4! 5(&(%! )5! (.%! ),)()&//0! %1')(%2! 9%(&/@(+@/)4&,2! '.&34%!



! QQ!

(3&,5-%3! 5(&(%! &,2! (.%! %,2),4! 5(&(%! )5! (.%! /+,4@/)*%2! MNH! /)4&,2! -)%/2! %1')(%2! 5(&(%! <>5(!

2)5'>55%2B! ^5),4! 5:%'(3+%/%'(3+'.%9)5(30C! &! 5:%'(3+5'+:)'! (&4! -+3! (.)5! 5(&(%! '&,! =%!

)2%,()-)%2B#L!N.%!43+?!),!&,2!5>=5%W>%,(!2%'&0!+-!(.)5!5(&(%!'&,!=%!9+,)(+3%2!=0!?&('.),4!

(.%! :+5)()*%! 5)4,&/! &55+')&(%2! ?)(.! (.%! /)4&,2! 3&2)'&/! 2%'&0! (+! &! ,%4&()*%! 5)4,&/!

'+33%5:+,2),4! (+! (.%! 9%(&/! '%,(%3%2! 5(&(%B! N.)5! 5)4,&/! )5! >,)*%35&/! -+3! /+?@5:),! )3+,6778!

:+/0:03)20/! '+9:/%1%5! 5(>2)%2! +,! (.)5! ()9%5'&/%! &,2! .&5! =%%,! :+5)()*%/0! )2%,()-)%2! -+3!

EF%6(%3:08HIHJB#RC#"!!!

!!!!!!!!!

!

<:5-'&( )=]*( 9:88&'&.2&( 7$&2%'#( 8,'( A<&B%&'$4C?D?E( 8',F( %'#.7:&.%( #@7,'$%:,.(
7$&2%',72,$4(#%(?SS(87(B5'&&.CV(>QQQ(87(B'&/C(#8%&'($",%,&G2:%#%:,.(#%(U[Q(.F(#./(%"&(
2#;2-;#%&/(7$&2%'-F(8',F(7$&2%',&;&2%',2"&F:7%'4(B@;#2ICJ(6"&(2#;2-;#%&/(7$&2%'-F(
'&$'&7&.%7(%"&(7:5.#%-'&(,8(%"&(2"#'5&(%'#.78&'(7$&2:&7J(6"&(8&#%-'&7(#77,2:#%&/(H:%"(
%"&( 2"#'5&( %'#.78&'( 7$&2:&7( #'&( $'&7&.%( #%( &#';4( %:F&V( @-%( 5,( #H#4( #%( ;#%&'( %:F&V(
:./:2#%:.5(#(2"#.5&(:.(&G2:%&/(7%#%&(:/&.%:%4J(

C
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600550500450400350
Wavelength (nm)

Transient Absorption:    233 fs  
 
Transient Absorption:  1000 fs
 
Calculated Difference: 17% excited state



! #\\!

N.%!5:%'(3&!5.+?,!),!F)4>3%!R!'+33%5:+,2!(+!(.%!EF%6(%3:08HIHJ(5:%')%5!HKK!-5!643%%,8!

&,2! #\\\! -5! 63%28! &-(%3! :.+(+%1')(&()+,B! ! N.%! =/&';! 5:%'(3>9! )5! (.%! (.%+3%()'&/! '.&34%!

(3&,5-%3! 5:%')%5! '&/'>/&(%2! (.3+>4.! (.%! 9%(.+25! 2)5'>55%2! ),! ].&:(%3! HB! 799%2)&(%/0!

-+//+?),4!:.+(+%1')(&()+,C!5:%'(3+5'+:)'! -%&(>3%5!9&('.),4! (.+5%!+-! (.%!'&/'>/&(%2!'.&34%!

(3&,5-%3!5:%')%5!&3%!:3%5%,(B!D5!5++,!&5!#!:5!&-(%3!),)()&/!%1')(&()+,C!.+?%*%3C!(.%5%!-%&(>3%5!

&3%!4+,%B!F)4>3%!"!5.+?5!&!9+3%!2%(&)/%2!:3+43%55)+,!+-!(.%!2%'&0!+-!(.%!-%&(>3%!'%,(%3%2!

&3+>,2!Y\\!,9B!N.%!,%?!5:%'(3>9!)5!&55+')&(%2!?)(.!(.%!/+,4@/)*%2!/)4&,2!-)%/2!5(&(%!&,2!

.&5!&!()9%!'+,5(&,(!+-!MBY!,5!),!&'%(+,)(3)/%B!

!

!

<:5-'&( )=Z*( K#';4( %:F&( 7$&2%'#;( 7.#$7",%7( ,8( A<&B%&'$4C?D?E( :FF&/:#%&;4( 8,;;,H:.5(
$",%,&G2:%#%:,.( #%( U[Q( .FJ( 6"&( :.:%:#;( $,7:%:3&( 8&#%-'&( %"#%( /&2#47( %,( #( .&5#%:3&(
8&#%-'&(#',-./()>Q(.F(:7(#(2;&#'(%'#.7:%:,.(,8(7$&2:&7(8',F(%"&(2"#'5&(%'#.78&'(7%#%&(
%,(%"&(;:5#./(8:&;/(7%#%&J(
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27000 26000 25000 24000 23000

Energy (cm-1)

400

200 fs
233 fs
266 fs
300 fs
400 fs
500 fs
1000 fs



! #\#!

D/(.+>4.! (.%! =&5)'! 5.&:%! &,2! ;),%()'5! -+3! (.)5! (3&,5)()+,! &3%! (.%! 5&9%! (.3+>4.+>(! (.%!

5%3)%5C! (.%! :3%5%,'%! +-! (.%! &3+9&()'! 5>=5()(>%,(5! :3+2>'%2! &! 5.)-(! +-! (.%! :+5)()*%@(+@

,%4&()*%!-%&(>3%B!D5!5.+?,!),!F)4>3%!Q!?.)'.!'+9:&3%5!(.%!5:%'(3&!+-!(.%!'+9:/%1%5!&(!#!:5!

&-(%3!%1')(&()+,C!(.%!:+5)()*%!-%&(>3%!'%,(%3%2!&(!Y\\!,9!,%*%3!'.&,4%5!5)4,!),!(.%!&3+9&()'!

505(%95B!]+,*%35%/0C!,+!:+5)()*%!-%&(>3%!)5!5%%,!3%2!+-!(.)5!5)4,&/!-+3!(.%!>,5>=5()(>(%2!&,2!

&/):.&()'!'+9:/%1%5B!!!!

!

<:5-'&()=>Q*(0$&2%'#;(7.#$7",%7(,8(%"&(/:88&'&.2&(7$&2%'#(8,'(%"&(A<&B%&'$4C?D?E(7&':&7(
#%(>($7(#8%&'($",%,&G2:%#%:,.(#%(U[Q(.FJ(L;%",-5"( %"&(5&.&'#;( 7"#$&( :7( 7:F:;#'V( %"&(
/:88&'&.2&(:.(#',F#%:2:%4(,8(%"&(7-@7%:%-&.%7("#7(#(7;:5"%(&88&2%(,.(%"&(;:5#./('#/:2#;(
$;#2&F&.%J(

F+3!(.)5!3%&5+,C!2)--%3%,(!:3+=%!?&*%/%,4(.5!?%3%!>5%2!(+!9+,)(+3!(.%!:+5)()*%@(+@,%4&()*%!

5)4,&/5! &,2! 9%&5>3%! (.%! ;),%()'5! &55+')&(%2! ?)(.! (.%! '.&34%! (3&,5-%3@(+@/)4&,2! -)%/2!

(3&,5)()+,5!5.+?,!),!F)4>3%5!#\!&,2!##B!!
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Wavelength (nm)

25000 20000 18000 16000Energy (cm-1)
terpy
tbterpy
adterpy
maniterpy
paniterpy
 



! #\H!

!

!

<:5-'&()=>>*( !"#'5&( %'#.78&'( %,( ;:5#./( 8:&;/( %'#.7:%:,.( 8,'( %"&( A<&B%&'$4C?D?E( 7&':&7(
#;,.5( H:%"( %"&( /&2,.3,;3&/( 8:%7J( <,;;,H:.5( U[Q( .F( &G2:%#%:,.V( %"&( $',%:,( #./(
#;:$"#%:2( 2,F$;&G&7( H&'&( $',@&/( #%( )>Q( .F( H":;&( %"&( #',F#%:2( 2,F$;&G&7( H&'&(
$',@&/(#%()UQ(.FJ(0,;:/(;:.&7('&$'&7&.%(%"&(/&2,.3,;3&/(8:%7(H:%"(%"&(%:F&(2,.7%#.%7(
;:7%&/(:.(%"&(;&5&./(#./(#(\U(87(:.7%'-F&.%('&7$,.7&(8-.2%:,.J(

3

2

1

0
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-2C
ha

ng
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in
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e 
(x

10
-3

)

3.02.52.01.51.00.50.0
Time (ps)

  terpy           57 ± 15 fs    
  tbterpy        70 ± 15 fs   
  adterpy       63 ± 15 fs 
  maniterpy   20 ± 10 fs    
  paniterpy    28 ± 10 fs    



! #\K!

(

(

<:5-'&( )=>?*( ^,,F=:.( ,8( <:5-'&( >Q( H:%"( %"&( &#';4=%:F&( I:.&%:2( %'#2&7( 8,'( %"&(

A<&B%&'$4C?D?E(7&':&7(#./(/&2,.3,;3&/(8:%7J!

F)4>3%5! #\! &,2! ##! 5.+?! (.%! 2&(&! &,2! 2%'+,*+/*%2! -)(5! -+3! (.%! (%3:0! 5%3)%5! +,! (.%!

>/(3&5.+3(! ()9%5'&/%B! D//! '+9:/%1%5! ?%3%! %1')(%2! &(! ML\! ,9! ?)(.! &=5+3=&,'%! *&/>%5!

=%(?%%,! \BY@\BLB! N.%! >,5>=5()(>(%2! &,2! &/):.&()'! 5>=5()(>(%2! '+9:/%1%5!?%3%! :3+=%2! &(!

Y#\! ,9! ?.)/%! (.%! &3+9&()'! 5>=5()(>(%2! '+9:/%1%5! ?%3%! :3+=%2! &(! YM\! ,9B! N.%5%!

?&*%/%,4(.5!?%3%!'.+5%,!(+!9&1)9)A%!(.%!:+5)()*%@(+@,%4&()*%!&9:/)(>2%!'.&,4%5!-+3!%&'.!

9+/%'>/%B! N)9%! A%3+! ?&5! )2%,()-)%2! =0! 9%&5>3),4! (.%! 5+/*%,(! 3%5:+,5%! -+3! %&'.!

:>9:V:3+=%!?&*%/%,4(.!'+9=),&()+,B!N.)5!5+/*%,(!5)4,&/!?&5!9+3%!:3+9),%,(!&(!YM\!,9!

:3+=%!&,2! (.%!5)4,&/! '&,!=%!5%%,!&(! /&(%3! ()9%5! ),! (.%! (3&'%5! -+3! (.%!&3+9&()'!'+9:/%1%5B!

F)4>3%!#H!5.+?5!(.%!(3&'%!-+3!(.%!:&,)(%3:0!&/+,4!?)(.!(.%!&'%(+,)(3)/%!5+/*%,(!5)4,&/B!N.%!

2%'+,*+/>()+,!:3+43&9!>5%2!)5!+-!/+'&/!+3)4),!&,2!&//+?5!-+3!+:()9)A&()+,!+-!(.%!-)(!>5),4!(\C!
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0.60.40.20.0-0.2
Time (ps)

   terpy           57 ± 15 fs    
  tbterpy        70 ± 15 fs   
  adterpy       63 ± 15 fs 
  maniterpy   20 ± 10 fs    
  paniterpy    28 ± 10 fs    



! #\Y!

7GFC!/+,4@()9%!+--5%(C!&9:/)(>2%5C!&,2!()9%!'+,5(&,(5!-+3!#@K!%1:+,%,()&/!->,'()+,5B!7,!+32%3!

(+! -)(! (.%! (3&'%5! ?)(.! (.%! +5')//&()+,5C! (.+5%! :+),(5! ?%3%! +9)((%2! 2>3),4! 2%'+,*+/>()+,B!

Z33+35! +,! (.%! -)(5!?%3%!2%(%39),%2!=0! )(%3&()*%! -)((),4!?)(.!2)--%3%,(! ()9%! '+,5(&,(5! (.&(!

3%&5+,&=/0! -)(! =+(.! (.%! 3)5%! &,2! (.%! 2%'&0! +-! (.%! 5)4,&/! &5! %*&/>&(%2! =0! %0%B! D//! ()9%!

'+,5(&,(5!?%3%!&5'%3(&),%2!>5),4!(.%!5&9%!7GF!+-!RM!-5B!

!

<:5-'&( )=>)*( K#';4( %:F&( I:.&%:2( %'#2&( ,8( A<&B$#.:%&'$4C?D?E( #;,.5( H:%"( %"&( 7,;3&.%(
'&7$,.7&(8',F(#2&%,.:%':;&J(

N.%! -)(5! -3+9!F)4>3%5!#\!&,2!##! 5.+?!&! (3%,2! ),! 3&(%5! (.&(! '&,!=%! 5%:&3&(%2! ),(+! (?+!

'&(%4+3)%5d! >,5>=5()(>(%2V&/):.&()'! 5>=5()(>%,(5! &,2! &3+9&()'! 5>=5()(>%,(5B! _.%,!

'+9:&3),4!(.%!>,5>=5()(>(%2!(%3:0!?)(.!(.%!(@=>(0/!&,2!&2&9&,(0/!&/):.&()'!5>=5()(>%,(5C!&!

5/)4.(!),'3%&5%!),!'.&34%!(3&,5-%3@(+@/)4&,2!-)%/2!'+,*%35)+,!()9%!)5!2%(%'(&=/%B!7(!5.+>/2!=%!

,+(%2C!.+?%*%3C! (.&(!(.%!*&/>%5!&3%!?)(.),!(.%!%33+3!&55+')&(%2!?)(.!(.%!9%&5>3%9%,(!5+!

2%-),)(%! '+,'/>5)+,5! '&,,+(! =%! 9&2%! &=+>(! 5(%3)'! =>/;! &--%'(),4! (.%! '.&34%! (3&,5-%3!
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1.00.80.60.40.20.0-0.2
Time (ps)

  paniterpy   
 
  acetonitrile



! #\M!

2%&'()*&()+,! 3&(%! =&5%2! +,! (.)5! 2&(&! &/+,%B! N.%! 3&(%5! +-! 2%&'()*&()+,! -+3! (.%! &3+9&()'!

5>=5()(>(%2! '+9:/%1%5! &3%! +>(5)2%! +-! %1:%3)9%,(&/! %33+3! &,2! '&,! =%! 5&)2! (+! =%! 2)--%3%,(!

-3+9! (.%! >,5>=5()(>(%2! &,2! &/):.&()'! '+9:/%1%5C! &/(.+>4.! ,+(! 2)--%3%,(! -3+9! %&'.! +(.%3B!

N.%5%!&3+9&()'!5>=5()(>%,(5!2+!.&*%!&!5)9)/&3!3&(%!),'3%&5),4!%--%'(!-+3!(.%!'.&34%!(3&,5-%3!

2%&'()*&()+,!&5!(.%0!2)2!-+3!(.%!43+>,2!5(&(%!3%'+*%30B!

D/(.+>4.! )(! ?+>/2! :3+*)2%! 9+3%! ),-+39&()+,! &=+>(! (.%! =%.&*)+3! +-! (.%5%! 505(%95C!

*&3)&=/%! (%9:%3&(>3%! (3&,5)%,(! &=5+3:()+,! 2&(&! )5! ,+(! &! :3&'()'&/! :+55)=)/)(0! -+3!

9%&5>3%9%,(5!+,!(.%!KM!-5!505(%9d!!%1(3&!4/&55!),(3+2>'%2!),(+!(.%!5&9:/%!.+/2%3!-3+9!(.%!

2%?&3! &225! '.)3:! (+! (.%! 505(%9C! -),2),4! (.%! '+33%'(! +*%3/&:! ),! (.%! 2%?&3! ?+>/2! =%!

%1(3%9%/0! 2)--)'>/(! &(! =%5(C! (.%! &9+>,(! +-! ?.)(%! /)4.(! 4%((),4! (.3+>4.! (.%! 5%(>:! ?)//! =%!

23&5()'&//0! 3%2>'%2C! &,2! 5'&((%3! )55>%5! ?)//! =%! &9:/)-)%2B! 7-! &=5+/>(%/0! ,%'%55&30C! (.%5%!

:3+=/%95! '+>/2! =%! +*%3'+9%C! =>(! &! :3&'()'&/! /)9)(! (+! (.%! &9+>,(! +-! ),-+39&()+,! 4&),%2!

5.+>/2!=%!(&;%,!),(+!'+,5)2%3&()+,B!!F+3!(.)5!'&5%C!(.%!4+&/!)5!(+!),'3%&5%!(.%!'.&34%!(3&,5-%3!

5(&(%!/)-%()9%!(+!#\!:5C!+3!&!-&'(+3!+-!#\\!/+,4%3!(.&,!(.%!'>33%,(!/)-%()9%B!N.)5!'+33%5:+,25!

(+!&!2%'3%&5%!),!(.%!'+>:/),4!'+,5(&,(!=0!&!-&'(+3!+-!(%,B!D!5)9:/%!'&/'>/&()+,!'&,!=%!9&2%!

(+!%5()9&(%!(.%!'+>:/),4!'+,5(&,(!-+3!(.)5!:3+'%55B!!

N.%! %,%340! 5%:&3&()+,! =%(?%%,! (.%! #D#! 43+>,2! 5(&(%! &,2! MNH! /+?%5(! %,%340! %1')(%2!

5(&(%!+-!(%3:0!)5!(.+>4.(!(+!/)%!),!=%(?%%,!(.&(!-+3!(3%,!6m#\\\!'9@#8#Q!&,2!=:0!6mL\\\!'9@

#8QB! !N.%!3%+34&,)A&()+,!%,%340!=%(?%%,!(.%!#X`]N!&,2!MNH! )5!:3%2)'(%2!(+!=%!5)9)/&3!(+!

(.%!3%+34&,)A&()+,!%,%340!=%(?%%,!MNH!&,2!#D#!2>%!(+!(.%!5)9)/&3!5:),!5(&(%!'.&,4%5!&,2!

(.%!43%&(%5(! 5(3>'(>3&/! '.&,4%! '+9),4! -3+9!:+:>/&()+,!+-! (.%!MNH! 5(&(%B!N.%!+,5%(!+-! (.%!



! #\L!

&=5+3:()+,!5:%'(3>9!+-! (.%!43+>,2!5(&(%!'&,!:3+*)2%!&,!&::3+1)9&(%!%,%340!5:/)((),4! -+3!

(.%! #D#! &,2! #X`]NB! N.%5%! *&/>%5! &//+?! -+3! (.%! %5()9&()+,! +-! (.%! %,%340! 5%:&3&()+,!

=%(?%%,!(.%!#X`]N!&,2!MNHB!k0!&55>9),4!&!3%+34&,)A&()+,!%,%340!R\\\!'9@#!&,2!#KCM\\!

'9@#! %,%340! 5%:&3&()+,C! &! '+>:/),4! '+,5(&,(! +-! #\C\\\! '9@#! )5! ,%'%55&30! (+! :3+2>'%! &!

'.&34%!(3&,5-%3!2%&'()*&()+,!3&(%!+,!(.%!+32%3!+-!#1#\#K!5@#B!7,!+32%3!(+!2%'3%&5%!(.%!3&(%!(+!

#1#\##!6?.)'.!?+>/2!&//+?!-+3!%--)')%,(!%/%'(3+,! ),<%'()+,8!(.%!'+>:/),4!'+,5(&,(!9>5(!=%!

2%'3%&5%2!=0!&!-&'(+3!+-!#\B!!

]+>:/),4! =%(?%%,! (.%! #X`]N! &,2! MNH! %1')(%2! 5(&(%5! 9)4.(! +''>3! =0! &! ,>9=%3! +-!

9%'.&,)595B!F)35(C! (.%!2%,5)(0!+-! /)4&,2! -)%/2! 5(&(%5! (.&(!9&0!=%! ),*+/*%2! ),!'+>:/),4! (.%!

5(&(%5!)5!W>)(%!/&34%B!D/(.+>4.!(.%!5),4/%(!(+!W>),(%(!(3&,5)()+,!)5!!OPH!&,2!5.+>/2!=%!5/+?!

2>%! (+! )(5! 5:),@-+3=)22%,! ,&(>3%C! (.%! >/(3&-&5(! (3&,5)()+,! ),-%35! %1(%,5)*%! 9)1),4! +-! (.%!

5(&(%5B! N.)5! )5! =+(.! %/%'(3+,)'&//0! &,2! %,%34%()'&//0! 3%&5+,&=/%B! O%'+,2C! )(! )5! ?%//!

2+'>9%,(%2!(.&(!'.&34%!(3&,5-%3!5(&(%5!3%5:+,2!(+!5+/*%,(!%--%'(5B!N.%5%!%--%'(5!.&*%!&/5+!

=%%,!5%%,!-+3!/)4&,2!-)%/2!(3&,5)()+,5!6?.)'.!?)//!=%!2)5'>55%2!->3(.%3!),!'.&:(%3!L8B!O+/*%,(!

9+2>/&(%2! '+>:/),4! '+>/2! +''>3! (.3+>4.! (.%! 5(&=)/)A&()+,! +-! (.%! 9%(&/! '%,(%3%2! 5(&(%5!

?.%3%!(.%!'.&34%2!/)4&,2!)5!/%55!-&*+3&=/%B!F),&//0C!(.%!#X`]N!&,2!MNH!(3&,5)()+,!)5!),!(.%!

X&3'>5!,+39&/!3%4)+,B!D5!(.%!23)*),4!-+3'%!),'3%&5%5C!5+!5.+>/2!(.%!'+>:/),4C!9&,)-%5(),4!),!

&! -&5(%3! 3&(%B! N.)5! &34>9%,(! )5! 5>::+3(%2! =0! (.%! 5)9)/&3! 3%5:+,5%5! +-! (.%! 5>=5()(>(%2!

'+9:/%1%5!-+3!=+(.!(3&,5)()+,5B!

N.%! -),&/!%--+3(! ),! (.)5!2)3%'()+,!+-! (.%!:3+<%'(! )5! (+!9&;%!&!'&4%! /)4&,2!?)(.!*%30! /)((/%!

5(3>'(>3&/!-/%1)=)/)(0B!N.%!(.+>4.(!)5!(+!3%5(3)'(!&//!9+*%9%,(j!=+(.!(.%!(+35)+,&/!(?)5(!&,2!



! #\R!

(.%!=+,2!%/+,4&()+,B!k%'&>5%!(.%!#X`]N!%1')(%2!&,2!#D#!43+>,2!5(&(%5!&3%!(.+>4.(!(+!.&*%!

5)9)/&3! 4%+9%(3)%5C! :.+(+%1')(&()+,! '&,! 3%5>/(! ),! :+:>/&()+,! +-! (.%! '.&34%! (3&,5-%3! 5(&(%C!

=>(!3%+34&,)A&()+,!?)//!=%!.),2%3%2!(+!(.%!%1(3%9%!&,2!-+39&()+,!+-!(.%!MNH!5(&(%!?)//!=%!&5!

2)--)'>/(!&5!?%!'&,!(.),;!(+!9&;%!)(B!!
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! #\Q!

1&8&'&.2&7*(!"#$%&'()(

!

6#8! X']>5;%3C! bB! SBj! G.%),4+/2C! DB! `Bj! U%,23)';5+,C! $B! iB! R#,+N0#'(/ M%&;'3$+"!
>ZZ[C!DEC!H#\\B!

6H8! O:&3(&,!'&/'>/&()+,5!?%3%!:%3-+39%2!=0!`),25%0!b&9>/&B!

6K8! T>3'%//C!SB!FB!S,-+#09/,P/$%&/1;&+'(0#/M%&;'(09/!,('&$"!>Z\ZC!CHCC!M#YRB!

6Y8! k>.;5C! ZBj!i&*+,C! fBj! k)1+,C!XBj! b+3(,%3C! bB! S,-+#09/ ,P/ $%&/1;&+'(0#/ M%&;'(09/
!,('&$"!>Z]QC!CH@C!HQ#"B!

6M8! X']>5;%3C!bB!SBj!_&/2&C!SB!iBj!$>,,C!GB!]Bj!O)9+,C!bB!$Bj!X&42%C!$Bj!U%,23)';5+,C!
$B!iB!S,-+#09/,P/$%&/1;&+'(0#/M%&;'(09/!,('&$"!>ZZSC!CCEC!HQ"B!

6L8! X']>5;%3C!bB!SBj!N+-(/>,2C!UBj!G.%),4+/2C!DB!`Bj!U%,23)';5+,C!$B!iB!S,-+#09/,P/$%&/
1;&+'(0#/M%&;'(09/!,('&$"!>ZZSC!CCEC!#RQRB!

6R8! ]3%>(AC! ]Bj! ].+>C! XBj! i%(A%/C! NB! `Bj! g;>9>3&C! XBj! O>(),C! iB! S,-+#09/ ,P/ $%&/
1;&+'(0#/M%&;'(09/!,('&$"!>Z]QC!CH@C!#K\QB!

6"8! k%34;&9:C!XB!DBj!].&,4C!]B!SBj!i%(A%/C!NB!`B!S,-+#09/,P/8%"3'(09/M%&;'3$+"!>Z]SC!
JTC!YYY#B!

6Q8! f&?%/2&C!_Bj!]&,,)AA+C!DBj!T.&9C!cB!NBj!*&,!X+>3);C!FBj!k3%55/%3C!]Bj!].%34>)C!
XB!S,-+#09/,P/$%&/1;&+'(0#/M%&;'(09/!,('&$"!?QQ\C!C@KC!"#QQB!

6#\8! X']>5;%3C!bB!SBj!_&/2&C!SB!iBj!$>,,C!GB!]Bj!O)9+,C!bB!$Bj!X&42%C!$Bj!U%,23)';5+,C!
$B!iB!S,-+#09/,P/$%&/1;&+'(0#/M%&;'(09/!,('&$"!>ZZ?C!CCIC!LQ#QB!

6##8! f%+9%(30!'&/'>/&()+,5!?%3%!:%3-+39%2!=0!`),25%0!b&9>/&B!

6#H8! `+3%,C! bB! ]Bj! f&,(A%/C! TBj! `),2%,C! DBj! O)%4%/C! bB! OB! 6+N0#'(/ U/ V',;,9&(-90+/
M%&;'3$+"!?QQUC!DC!K#\MB!



! ##\!

6#K8! N.)5! '.&,4%! ),! /)-%()9%! ?)(.! &! 2)--%3%,(! 5+/*%,(! ?)//! =%! &223%55%2! 9+3%!
'+9:/%(%/0!),!'.&:(%3!LB!

6#Y8! $&93&>%3C!iB!UBj!_%/2+,C!kB!NBj!X']>5;%3C!bB!SB!S,-+#09/,P/8%"3'(09/M%&;'3$+"/1!
>ZZ]C!CH@C!KK"HB!

6#M8! $&93&>%3C!iB!UBj!k+>55)%C!NB!GBj!$%*%,,%0C!XBj!X']>5;%3C! bB!SB! S,-+#09/,P/ $%&/
1;&+'(0#/M%&;'(09/!,('&$"!>ZZ\C!CCKC!"HMKB!

6#L8! X+,&(C! bB! ZBj!X']>5;%3C! bB!SB! S,-+#09/ ,P/ $%&/1;&+'(0#/M%&;'(09/ !,('&$"!?QQQC!
C@@C!Y\QHB!

6#R8! O9%)4.C!DB!`BC!k3+?,C!DB!XBC!X']>5;%3C!bB!SB!W0#-3(+'4$/'#/8+&40+0$',#!?Q>>B!

6#"8! k3+?,C! DB! XBj! X']>5;%3C! ]B! ZBj! X']>5;%3C! bB! SB! W0#-3(+'4$/ '#/ 8+&40+0$',#!
?Q>>B!

6#Q8! ]+,()C! DB! bBj! n)%C! ]B! `Bj! U%,23)';5+,C! $B! iB! S,-+#09/ ,P/ $%&/ 1;&+'(0#/ M%&;'(09/
!,('&$"!>Z]ZC!CCCC!##R#B!

!

!



! """!

!"#$%&'()*(+&,-&%'.(/00&1%(,2(3#%&4!

!

#$%&'()! *! +,-./--(-! %0! %''(1&'! '2! +(.)(%-(! '$(! .$%)3(4')%0-5()! '2! 6,3%0+45,(6+!

.207()-,20! 25! 8(9:!&26;&;),+;6! .21&6(<(-! '$)2/3$! '$(! ,0$,=,',20! 25! 20(!12+(!25!12',20!

'$%'! $%-! =((0! &)(7,2/-6;! )(&2)'(+! '2! %55(.'! '$(! 3)2/0+! -'%'(! )(.27();! &)2.(--! ,0! '$(-(!

126(./6(->!?6'$2/3$! '$(! (<&(),1(0'-!&)27,+(+! %! 322+! 52/0+%',20! %0+! -21(!(0.2/)%3,03!

)(-/6'-!52)!.2))(6%',03!'$(!)(%.',20!.22)+,0%'(-!52)!=2'$!.$%)3(!')%0-5()!-'%'(!+(%.',7%',20!

%0+!3)2/0+!-'%'(!)(.27();@!,'!=(.%1(!.6(%)!(%)6;!20!,0!'$(!)(-(%).$!'$%'!%02'$()!%7(0/(!'2!

(<'(0+!'$(!.$%)3(!')%0-5()!-'%'(!6,5(',1(!-$2/6+!=(!&/)-/(+!.20./))(0'6;>!

?.$,(7,03!A.'%$(+)%6!B(21(');!

?! &,.'2),%6! )(&)(-(0'%',20! 52)! '$(! (6(.')20,.! -')/.'/)(! 25! 62C! -&,0! +D! .21&6(<(-! C%-!

-$2C0!,0!.$%&'()!E>!F$(!&,.'/)(!-$2C0!%0+!'$(!F%0%=(4G/3%02!+,%3)%1-!5)21!C$,.$!,'!,-!

=%-(+!%--/1(!2.'%$(+)%6!3(21(');!C,'$!)(3%)+-!'2!'$(!1('%6!.(0'()>!A.'%$(+)%6!-;11(');!

-/&&2)'-!'$(!'$)((4526+!-;11(');!-((0!,0!'$(!+,%3)%1!%0+!'$(!HFI!-'%'(!1%0,5(-',03!%-!'$(!

62C!(0()3;!(<.,'(+!-'%'(!52)!'$(!,)20JKKL!.21&6(<(-!-'/+,(+>!F$(!-/=-','/'(+!'()&;!6,3%0+-!

'$%'!C()(!+,-./--(+!'%M(!20!%!52)1%6!N9+!-;11(');!C,'$!%!H&-(/+242.'%$(+)%6I!3(21(');!

,0! '$(! 0,')23(0! (07,)201(0'! -/))2/0+,03! '$(! 1('%6! .(0'()>! ?6'$2/3$! '$(! (07,)201(0'!

%)2/0+! '$(! ,)20!.(0'()! ,0! '$(-(!.21&6(<(-! ,-!&-(/+242.'%$(+)%6@!=20+!%036(-!%)(!02'! '$(!
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'$%'@! 3,7(0!%! -')203!(02/3$! 6,3%0+! 5,(6+@! '$(! 62C(-'! (0()3;!(<.,'(+! -'%'(!25! %! 62C4-&,0!+D!

.21&6(<! C,66! 02! 6203()! =(! '$(! ]F9! =/'! )%'$()! '$(! EF">! T7(0! '$(! -')203! 6,3%0+! 5,(6+! 25!



! "99!

X8(J#[LDY*4! ,-!02'!-')203!(02/3$!'2!/0+()32!'$,-!)(2)3%0,`%',20!25! 62C(-'!(0()3;!(<.,'(+!

-'%'(-"9>!h2C(7()@!C,'$!'$(!%++,',20%6!.$%)3(!+(0-,';!25!#2E:!%-!.21&%)(+!'2!8(9:@!'$(!EF"!

$%-! =((0! %--,30(+! %-! '$(! 62C(-'! (0()3;! (<.,'(+! -'%'(! 52)! X#2J#[LDYE4>"E! F$,-! 2=-()7%',20!

7(),5,(-!'$%'!%!-')203!(02/3$!6,3%0+!5,(6+!C,66!,0+((+!,07()'!'$(!'C2!62C(-'!(0()3;!(<.,'(+!

-'%'(->! F$(! 52662C,03! +,-./--,20! &)(-(0'-! (7,+(0.(! '$%'! '$(! 5,)-'! (<%1&6(! 25! %0! 8(9:!

.21&6(<!C,'$!%!EF"! 62C(-'!(0()3;!(<.,'(+!-'%'(!$%-!=((0!&)(&%)(+>!F$(! ,1&6,.%',20-!'$%'!

'$(!.21&6(<!25! ,0'()(-'@! X8(J+M&&L9Y9:@!$%-!%!-')203()! 6,3%0+! 5,(6+! '$%0!#[4!)(+(5,0(-! '$(!

5,(6+! 25! 62C4-&,0! 8(JKKL! &$2'2&$;-,.-! %0+! (<&%0+-! '$(! &2--,=6(! /-(-! 52)! '$,-! 5%1,6;! 25!

.21&6(<(->! U,'$! %! .21=,0%',20! 25! '$(! (6(.')2.$(1,.%6! %0+! -')/.'/)%6! +%'%! %6)(%+;!

+,-./--(+! %6203! C,'$! 6,5(',1(! +%'%@! %! .21&%),-20! =('C((0! '$(! .21&6(<! 25! ,0'()(-'! %0+!

M02C0!&26;&;),+;6!.21&6(<(-!&)27,+(-!(7,+(0.(!52)!'$(!%--,301(0'!25!'$,-!/0,S/(!-&(.,(->!

?6203!C,'$!'$(!,0.)(%-(!,0!2)=,'%6!27()6%&!+/(!'2!'$(!-')/.'/)%6!.20-,+()%',20-!+,-./--(+@!

'$(! (0()3(',.! 1%'.$! =('C((0! '$(! 6,3%0+! "m! 2)=,'%6-! %0+! '$(! 1('%6! '93! 2)=,'%6-! ,-! %6-2!

2=-()7(+>! T6(.')2.$(1,.%6! 1(%-/)(1(0'-! -$2C! %! &2-,',7(! -$,5'! 25! \PP! 1c! 52)! '$(! 5,)-'!

)(+/.',20!&2'(0',%6!25!X8(J+M&&L9Y9:!%-!.21&%)(+!'2!'$(!X8(J=&;LEY9:!%0+!X8(J'()&;L9Y9:@!

%-!,-!-((0!,0!F%=6(!">!F$,-!-$,5'!$%-!=((0!%''),=/'(+!'2!'$(!&)(-(0.(!25!'$(!-')2036;!(6(.')20!

C,'$+)%C,03! .%)=20;6! 3)2/&->! G'%=,6,`%',20! 25! '$(! 6,3%0+!"m! 2)=,'%6-! %662C-! 52)! ,0.)(%-(+!

1,<,03!C,'$!1('%6! '93! 2)=,'%6-! %0+! )(-/6'-! ,0! %! 6%)3()! -&6,'',03!25! '$(! '93! %0+! '93m! (0()3;!

6(7(6->!F$(!2<,+%',20!&2'(0',%6!25!'$(-(!-'%=,6,`(+!2)=,'%6-!,-!-$,5'(+!%!.2))(-&20+,036;!6%)3(!

]PP! 1c! &2-,',7(! .21&%)(+! '2! '$(! ,)20JKKL! )(5()(0.(! .21&6(<(->! U$(0! .21&%)(+! '2! '$(!



! "9E!

g/9:!%0%623@!'$(!8(9:!.21&6(<!-$2C-!%!1/.$!6%)3()!&2-,',7(!-$,5'!,0!'$(!2<,+%',20!&2'(0',%6>!

F$,-! ,-! (7,+(0.(! '$%'! '$(!1,<,03! =('C((0! '$(! 6,3%0+! %0+!1('%64=%-(+!"! 2)=,'%6-! ,-!1/.$!

6%)3()! ,0! '$(! ,)20! ,20! '$%0! ,0! '$(! )/'$(0,/1! .2/0'()&%)'>! G$2)'()! =20+-! %0+! ,0.)(%-(+!

27()6%&!%)(!12-'!6,M(6;!'$(!.%/-(!25!'$,-!1,<,03>!

!

5678'&( )9Z*( +&2&'#;(-,;&18;#'( ,'F6%#;( >6#7'#-( 0,'( <5&KTBACD( E"&( '&76,2( 62( %"&( F,V(

W6;;( F&( &V$#2>&>( %,( >&41'6F&( %"&( ,'F6%#;( -,N&-&2%( #00&1%627( %"&( ,F4&'N&>(

$",%,$".461#;( #2>( &;&1%',1"&-61#;( >600&'&21&4( F&%W&&2( <5&=>?$$@ABAC( #2>(

<5&=%&'$.@ABACD(



! "9*!

F$(!+,%3)%1-! ,0!8,3/)(-!\! %0+!O!&)27,+(!%!&,.'2),%6! (<&6%0%',20!25!$2C! '$(! .$%03(! ,0!

6,3%0+!-('! 5)21!'()&;! '2!+M&&!$%-!%55(.'(+! '$(! 6,3%0+! 5,(6+!-')(03'$>!8,3/)(!\! ,-!%!3(0()%6!

126(./6%)!2)=,'%6!+,%3)%1!52)!%!8(VD9:!.21&6(<>!n,<,03!=('C((0!6,3%0+!%0+!1('%6!2)=,'%6-!

=%-(+! 20! (0()3(',.!1%'.$! %0+! (6(.')20,.! .211/0,.%',20! .)(%'(-! 0(C!126(./6%)! 2)=,'%6-!

'$%'! .21=,0(! %0+! -&6,'! '2! '$(! (<'(0'! '$%'! 1,<,03! 2../)->! 8,3/)(! O! .21&%)(-! '$%'!

1,<,03Q-&6,'',03! =('C((0! X8(J'()&;L9Y9:! %0+! X8(J+M&&L9Y9:! %0+! '$(! (55(.'! ,'! $%-! 20! '$(!

6,3%0+!5,(6+!-&6,'',03Q-')(03'$>"*!?))2C-!%)(!0/1=()(+!,0!'$(!+,%3)%1!'2!&)27,+(!%!.6(%)()!

(<&6%0%',20!25!$2C!(%.$!,0'()%.',20!%55(.'-!'$(!2)=,'%6!127(1(0'>!

! !

5678'&()9[*(R,;&18;#'(,'F6%#;(>6#7'#-4(0,'(<5&=%&'$.@ABAC(#2>(<5&=>?$$@ABAC(4",W627(

%"&(&00&1%4(,0(;67#2>(,'F6%#;(-,N&-&2%(,2(;67#2>(06&;>(4$;6%%627D(S,(4$;6%%627(4",W2(62(
&6%"&'(>6#7'#-(64(-&#48'&>(,'(\8#2%606&>D(

K0.)(%-(+!#4,0'()%.',20! ,-! ,0')2+/.(+!C,'$!'$(!+M&&!6,3%0+!+/(!'2!'$(! 6%)3()!=,'(!%036(!

&)27,+,03! %! 12)(! &()5(.'! 2.'%$(+)%6! 3(21(');! -/))2/0+,03! '$(! 1('%6! .(0'()>! a(''()!

27()6%&! =('C((0! '$(!1('%6! %0+! 6,3%0+! )(-/6'-! ,0! +(-'%=,6,`%',20! 25! '$(!#! 2)=,'%6-! +/(! '2!

,0.)(%-(+! (6(.')204(6(.')20! )(&/6-,20>! F$,-! ,-! )(&)(-(0'(+! =;! %))2C! ">! N(-'%=,6,`%',20! 25!



! "9]!

'$(-(! 6,3%0+!#! 2)=,'%6-! ,1&)27(-! '$(! (0()3(',.!1%'.$! =('C((0! '$(! %'21,.!#! 2)=,'%6-! %0+!

)(-/6'-! ,0! 6%)3()! -&6,'',03! 25! '$(! #Q#m! 2)=,'%6->! ?))2C! 9! )(&)(-(0'-! '$(! )(-/6',03!

+(-'%=,6,`%',20! 25! '$(!1('%64=%-(+!#m! J(3mL! 2)=,'%6>! ?-! ,0+,.%'(+! =;! (6(.')2.$(1,-');@! '$(!

)(+/.',20! &2'(0',%6! 25! '$(! +M&&! 6,3%0+! ,-! -$,5'(+! -,30,5,.%0'6;! &2-,',7(! .21&%)(+! '2! '$(!

'()&;! 6,3%0+@! C$,.$! ,0+,.%'(-! %! -'%=,6,`%',20! 25! '$(! "m! 2)=,'%6-! J%))2C! EL>! F$,-! $%-! 'C2!

(55(.'-b! 5,)-'@! '$(! =%);.(0'()! 25! '$(! "4-;11(');! 126(./6%)! 2)=,'%6-! $%-! %! .2))(-&20+,03!

&2-,',7(!-$,5'o!-(.20+@!'$(!(0()3(',.!1%'.$!25!'$(-(!2)=,'%6-!,1&)27(-@!,0.)(%-,03!'$(!1,<,03!

%0+!-&6,'',03>!F$(!.21=,0%',20!25!'$(-(!'C2!127(1(0'-!)(-/6'-! ,0!%!-1%66!J,5!%0;L!-$,5'!25!

'$(!"m! 6,3%0+4=%-(+!126(./6%)!2)=,'%6-!J%))2C!*L@!%6203!C,'$!%!-,30,5,.%0'!&2-,',7(!-$,5'!25!

'$(!"4.$%)%.'()!'93!1('%64=%-(+!2)=,'%6-!J%))2C!]L>!F$(!.21=,0%',20!25!'$(!+(-'%=,6,`%',20!

25!'$(!(3m!J%))2C!9L!%0+!-'%=,6,`%',20!25!'$(!'93!6,3%0+!5,(6+!2)=,'%6-!J%))2C!]L!$%-!'$(!(55(.'!

25!,0.)(%-,03!'$(!6,3%0+!5,(6+!-&6,'',03@!,0+,.%'(+!=;!%))2C-!D!%0+!\>!



! "9D!

! !

5678'&()9]*( E#2#F&9G87#2,(>6#7'#-( 0,'( >T( 1,-$;&V&4D( H'',W4( '&$'&4&2%( $'&>61%&>(

'&;#%6N&( ;67#2>( 06&;>( 4%'&27%"4( 0,'( <5&=%&'$.@ABAC( =F;#1?@O( <5&=F$.@ABAC( ='&>@O( #2>(

<5&=>?$$@ABAC(=F;8&@D(

n27,03!5)21!%!126(./6%)!2)=,'%6!&,.'/)(!'2!%0!(0()3;!6(7(6!&,.'/)(@!8,3/)(!R!=),03-!=%.M!

'$(!+D!F%0%=(4G/3%02!+,%3)%1!5)21!.$%&'()!9!C,'$!%0!(<'(0-,20!25!'$(!-')203!5,(6+!6,1,'>!

F$(! %))2C-! 20! '$(! +,%3)%1! )(&)(-(0'! '$(! )(6%',7(! J=/'! 02'! S/%0','%',7(L! 6,3%0+! 5,(6+!

-')(03'$!&)2&2-(+!52)!X8(J'()&;L9Y9:!J=6%.ML@!X8(J=&;L9Y9:!J)(+L@!%0+!X8(J+M&&L9Y9:!J=6/(L>!

F$(! )(2)3%0,`%',20! (0()3;! %0+! (0()3;! 3%&! 52)! X8(J=&;L9Y9:!$%7(!=((0!+('()1,0(+! '2!=(!

.21&%)%=6(@! &6%.,03! ,'! %'! '$(! =%)),()6(--! )(3,20! 25! %! n%)./-! ./)7(! J8,3/)(! "PL>"]!



! "9\!

g(2)3%0,`%',20! (0()3,(-! 52)! %66! '$)((! .21&6(<(-! %)(! (<&(.'(+! '2! =(! -,1,6%)! +/(! '2! '$(!

1('%64=%-(+! (6(.')20,.! -'%'(-! ,07267(+! ,0! '$(! ')%0-,',20>! F$(! ]F9! -'%'(! $%-! %! J'93L*J(3mL9!

2)=,'%6!&2&/6%',20!C$,6(!'$(!"?"!3)2/0+!-'%'(!$%-!%!J'93LD!2)=,'%6!.205,3/)%',20>!F$(!P>9!j!

(6203%',20!/&20!&2&/6%',20!25! '$(!]F9!-'%'(! ,-!.20-,-'(0'!C,'$! '$(!&2&/6%',20!25!(3m!%0',4

=20+,03!2)=,'%6->!U,'$! -,1,6%)! )(2)3%0,`%',20!(0()3,(-! J%-! ,-! (<&(.'(+! 52)! '$(! "?"!k4l! ]F9!

')%0-,',20L@!=2'$!6%)3()!(0()3;!3%&-!%0+!-1%66()!(0()3;!3%&-!C,66!&)(+,.'!-62C()!)(6%<%',20!

&)2.(--(->!

!!!!!!!!!!!!!!!!!!!!!!!!!!!

!

5678'&( )9:X*( R#'184( 18'N&( '&$'&4&2%627( %"&( )EA!:H:( %'#246%6,2( 0,'(

<5&=>?$$@ABAC=F;8&@O( <5&=F$.@PBAC='&>@O( #2>( <5&=%&'$.@ABAC=F;#1?@D( ^6%"( %"&(

82>&'4%#2>627( %"#%( <5&=F$.@PBAC( 64( F#''6&';&44( #2>( %"&( #448-$%6,2( %"#%( %"&(

&;&1%',261( 1,8$;627( 64( '&;#%6N&;.( 1,24%#2%( 0,'( %"&( %"'&&( 1,-$;&V&4O( F,%"(

<5&=>?$$@ABAC(#2>(<5&=%&'$.@ABAC(4",8;>(&V"6F6%(4;,W&'(7',82>(4%#%&('&1,N&'.('#%&4(

%"#2(<5&=F$.@PBACD(((



! "9O!

K072M,03!%!n%)./-!'$(2);!(<&6%0%',20@!C(!.%0!/-(!'$(!)(-&(.',7(!(0()3;!3%&-!%6203!C,'$!

'$(!%--/1&',20!'$%'!'$(!)(2)3%0,`%',20!(0()3,(-!C,66!02'!7%);!'2!%!3)(%'!(<'(0'!'2!&)(+,.'!

'$(!')(0+!,0!)%'(-!25!3)2/0+!-'%'(!)(.27();!52)!'$(!-(),(-!25!,0'()(-'>!B)2/0+!-'%'(!)(.27();!

',1(! 52)! X8(J=&;LEY9:! ,-! P>RD!p! P>P9!0->"D! X8(J'()&;L9Y9:! $%-! %0! (0()3;! 3%&! -1%66()! '$%0!

'$%'! 25! X8(J=&;LEY9:@! &6%.,03! ,'! ,0! '$(! 02)1%6! )(3,20! J!! ,-! 6%)3()! '$%0!%BL>! ?-! -$2C0! ,0!

8,3/)(! ""@! %! )(6%<%',20! ',1(! 25! ]>EO! p! P>"P! 0-! $%-! =((0! 1(%-/)(+! 52)! '$(! 3)2/0+! -'%'(!

)(.27();! 25! X8(J'()&;L9Y9:>"\! F$(! ,0.)(%-(+! 6,5(',1(! C$(0! .21&%)(+! '2! X8(J=&;LEY9:! ,-!

(<&(.'(+!%0+!.20-,-'(0'!C,'$! ,+(0',.%6!-'%)',03!%0+!(0+,03!(6(.')20,.!-'%'(->!?..2)+,03!'2!

'$(! (6(.')2.$(1,.%6! 1(%-/)(1(0'-! %0+! -')/.'/)%6! .20-,+()%',20-! %6)(%+;! +,-./--(+@! '$(!

(0()3;!3%&!52)!X8(J+M&&L9Y9:!$%-!=((0!&)(+,.'(+!'2!=(!6%)3()!'$%0!'$%'!25!X8(J=&;LEY9:@!;('!

'$(!6,5(',1(!25!X8(J+M&&L9Y9:!,-!P>9O!p!P>P*!0->!F$(!+(.)(%-(!,0!6,5(',1(!C$(0!%0!,0.)(%-(!,-!

(<&(.'(+! &)(-(0'-! %! +,7()3(0.(! 5)21! '$(!n%)./-! ./)7(! (-'%=6,-$(+! 52)! X8(J=&;LEY9:! %0+!

X8(J'()&;L9Y9:>!!



! "9R!

!

5678'&()9::*(+',82>(4%#%&('&1,N&'.(4627;&(W#N&;&27%"(%'#246&2%(#F4,'$%6,2(%'#1&4(,0(

<5&=>?$$@ABAC=F;8&@O( <5&=F$.@PBAC='&>@O( #2>( <5&=%&'$.@ABAC=F;#1?@D( G,;6>( ;62&4(

'&$'&4&2%(4627;&(&V$,2&2%6#;(>&1#.(06%4D(
!

FC2!(<&6%0%',20-!.2/6+!6(%+!'2!'$,-!+(7,%',20b!(,'$()!'$(!]F9!-'%'(!,-!'$(!62C(-'!(0()3;!

(<.,'(+!-'%'(!%0+!)(2)3%0,`%',20!(0()3;!%0+Q2)!.2/&6,03!.20-'%0'!,-!-,30,5,.%0'6;!+,55()(0'!

52)!'$,-!.21&6(<!'$%0!52)!X8(J=&;LEY9:!%0+!X8(J'()&;L9Y9:!2)!'$(!EF"!-'%'(!$%-!=(.21(!'$(!

62C(-'!(0()3;!(<.,'(+!-'%'(!,07267(+!,0!'$(!)(6%<%',20>!K5!'$(!62C(-'!(0()3;!(<.,'(+!-'%'(!,-!

,0+((+!'$(!]F9@!'$()(!,-!02!)(%-20!'2!(<&(.'!%!-,30,5,.%0'!.$%03(!,0!)(2)3%0,`%',20!(0()3;>!

F$(!-%1(! 'C2!1('%64=%-(+!(6(.')20,.!-'%'(-!%)(! ,07267(+!%0+! '$(!-%1(!"Pq!=20+! 6(03'$!

.$%03(! ,-! %--2.,%'(+!C,'$! %66! '$)((! .21&6(<(->! F$,-! ,-! 7(),5,(+! =;! 3(21(');! 2&',1,`%',20!

.%6./6%',20-!%0+!,-!,0!'$(!1,+-'!25!=(,03!(<&(),1(0'%66;!1(%-/)(+!/-,03!5(1'2-(.20+!i4)%;!

-&(.')2-.2&;>"O@"R! U,'$! %! -')203()! 5,(6+@! ,'! ,-! )(%-20%=6(! '2! &)(+,.'! %! 5%-'()! )%'(! 52)!
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! "EP!

)(6%<%',20! ,5! '$(! .2/&6,03! .20-'%0'! Jh%=L! ,-! ,0.)(%-(+@! $2C(7()>! F$(!%Gr9! &)2.(--! '2! 32!

5)21!%!S/,0'('!'2!%!-,036('!)(S/,)(-!'$(!,056/(0.(!25!%!'),&6('!-'%'(>!F$(!EF"!-'%'(!-$2C0!,0!

5,3/)(!R!5%.,6,'%'(-!'$(!.2/&6,03!52)!'$,-!')%0-,',20>!F$(!-(.20+42)+()!.2/&6,03!=('C((0!'$(!

]F9!%0+!"?"!-'%'(-!,-!+(&(0+(0'!20!'$(!(<'(0'!'2!C$,.$!'$(!'C2!.2/&6(!C,'$!'$(!EF"@!C$,.$!

,-@!,0!'/)0@!+(&(0+(0'!20!'$(!)(6%',7(!(0()3;!-(&%)%',20-!=('C((0!'$(!'C2!&%,)-!25!-'%'(->!?-!

%!-')203()!5,(6+!,-!(<&(),(0.(+@!'$(!%12/0'!25!.2/&6,03!=('C((0!'$(!"?"!%0+!EF"!+(.)(%-(-!

%-! '$(! (0()3;! -(&%)%',20! ,0.)(%-(->! h2C(7()@! '$(! .2/&6,03! =('C((0! '$(! ]F9! %0+! EF"!

,0.)(%-(-!'C2!',1(-!12)(!'$%0!'$(!+(.)(%-(!,0!'$(!"?"QEF"!.2/&6,03!+/(!'2!'$(!-62&(-!25!

'$(!]F9!%0+!EF"!6,0(-!C,'$!)(-&(.'!'2!'$(!"?"!3)2/0+!-'%'(>!82)!'$,-!)(%-20@!,'!,-!)(%-20%=6(!

'2!(<&(.'!%0!,0.)(%-(!,0!'$(!27()%66!.2/&6,03@!%0+!=;!(<'(0-,20@!'$(!)%'(!%'!-')203()!6,3%0+!

5,(6+->!

K5@!20!'$(!2'$()!$%0+@!,'!,-!'$(!.%-(!'$%'!'$(!.)2--,03!&2,0'!$%-!=((0!)(%.$(+!%0+!'$(!EF"!

-'%'(! ,-! '$(! 62C(-'! (0()3;! (<.,'(+! -'%'(@! %! +(.)(%-(! ,0! )(2)3%0,`%',20! (0()3;! C2/6+! =(!

(<&(.'(+>!F$(!=20+!6(03'$!.$%03(!=('C((0!"?"!%0+!]F9!,-!P>9!j!%0+!,-!(<&(.'(+!'2!=(!%=2/'!

$%65!25!'$%'!52)!'$(!EF"!+/(!'2!'$(!+,55()(0.(!,0!2)=,'%6!&2&/6%',20b!J'93L*J(3mL9!52)!'$(!]F9!,-!

)(&6%.(+!C,'$!%0!2)=,'%6!&2&/6%',20!25!J'93L]J(3mL"! 52)! '$(!EF">!?++,',20%66;@!%!EF"! 62C(-'!

(0()3;!(<.,'(+!-'%'(!.$%03(-!'$(!.2/&6,03!'2!%!5,)-'42)+()!&)2.(--!)%'$()!'$%0!-(.20+42)+()!

%-!,'!,-!52)!'$(!S/,0'('!'2!-,036('!')%0-,',20>!?6'$2/3$!=2'$!&2--,=6(!-.(0%),2-!.%0!(<&6%,0!'$(!

3)2/0+! -'%'(! )(.27();! +;0%1,.-! 2=-()7(+@! %! .2/&6(! 25! (<&(),1(0'-! .%0! %0-C()! '$(!



! "E"!

S/(-',20! 25! C$,.$! (<.,'(+! -'%'(! ,-! &2&/6%'(+b! ',1(4)(-267(+! i4)%;! -&(.')2-.2&;! %0+!

(1,--,20!-&(.')2-.2&;>!!

F,1(4)(-267(+!i4)%;!&)27,+(-!-')/.'/)%6!+('%,6-!25!'$(!.21&6(<!%-!%!5/0.',20!25!',1(>!F$(!

-')/.'/)(! 25! '$(! ]F9! $%-! %! =20+! 6(03'$! ,0.)(%-(! 25! P>9! j! 20! %! 9>P! j! 8(4[! =20+>!U,'$! %!

+(.)(%-(! ,0!%0',4=20+,03!.$%)%.'()!%0+! ,0.)(%-(! ,0!=20+,03!.$%)%.'()!C$(0!127,03! 5)21!

'$(!]F9!-'%'(!'2!'$(!EF"!-'%'(@!'$(!=20+!6(03'$!.$%03(!,-!(<&(.'(+!'2!=(!-1%66()!,5!'$(!EF"!,-!

'$(!62C(-'!(0()3;!(<.,'(+!-'%'(>!!

T1,--,20! ,-! '$(! 2'$()! (<&(),1(0'! '$%'! .%0! &)27,+(! -')(03'$! '2! '$(! %)3/1(0'! '$%'! '$(!

62C(-'!(0()3;!(<.,'(+!-'%'(!,-!EF">![2!,)20JKKL!.21&6(<!,-!M02C0!'2!(1,'>!F$,-!,-!)(6%'(+!'2!

'$(!2=-()7%',20!'$%'!%66!62C4-&,0!,)20JKKL!.21&6(<(-!$%7(!%!]F9!62C(-'!(0()3;!(<.,'(+!-'%'(>!

?!%Gr9!-&,0!-'%'(!.$%03(!32,03!5)21!'$(!S/,0'('!'2!'$(!-,036('!(6,1,0%'(-!'$(!&2--,=,6,';!52)!

%! -')203!(02/3$!2-.,66%'2)! -')(03'$! '2! )%+,%',7(6;! .2/&6(! '$(! ]F9!(<.,'(+!-'%'(! '2! '$(!"?"!

3)2/0+! -'%'(>! F$(! EF"!"?"! ')%0-,',20! ,-! %!%Gr"!&)2.(--@!C$,.$! .%0! $%7(! -')203! (02/3$!

)%+,%',7(!.2/&6,03!'2!=(!2=-()7(+>!?-!&)(7,2/-6;!1(0',20(+@!X#2J#[LDYE:.21&6(<!$%-!%!EF"!

62C(-'!(0()3;!(<.,'(+!-'%'(@!%0+!,'!(1,'->"E!

8,3/)(-!"94"*!-$2C!(1,--,20!%0+!(<.,'%',20!&)25,6(-!52)!X8(J+M&&L9Y9:>!8,3/)(!"9!,-!'$(!

.2))(.'(+! %0+! /0.2))(.'(+! J,0-('L! (1,--,20! &)25,6(! 25! X8(J+M&&L9Y9:! C,'$! D"P! 01!

(<.,'%',20>!H#2))(.',20I!25!'$(!+%'%!,-!&()52)1(+!'2!%..2/0'!52)!'$(!C%7(6(03'$!+(&(0+(0'!

2/'&/'!25! '$(!(1,--,20! 6%1&!%-!C(66!%-! '$(!C%7(6(03'$!+(&(0+(0'!+('(.',20!%=,6,';!25! '$(!

+('(.'2)>!T1,--,20!C%-!02'!+('(.'%=6(!%=27(!RP!s@!-2!1(%-/)(1(0'-!C()(!'%M(0!%'!OP!s!,0!



! "E9!

%!Rb9!=/';)20,'),6(b&)2&,20,'),6(! 36%-->!F$(! 5(%'/)(! .(0'()(+! %'! OPP!01! ,-! %--,30(+! '2! '$(!

6,3%0+! 5,(6+! (1,--,20! 5)21! '$(! EF"!"?"! ')%0-,',20>! F$(! D]P! 01! 5(%'/)(! ,-! '$2/3$'! '2!

2),3,0%'(!5)21!%!.$%)3(!')%0-5()!(1,--,20>!!

!

5678'&( )9:A*( !,''&1%&>( #2>( 821,''&1%&>( =624&%@( &-6446,2( 41#24( 8$,2( T:X( 2-(

&V16%#%6,2(,0( 4,;8%6,29$"#4&( <5&=>?$$@ABAC(#%([X(_D(/-6446,2( ;&N&;4(#'&( %,,( ;,W( 0,'(

',,-(%&-$&'#%8'&(>&%&1%6,2(,'(\8#2%8-(.6&;>(>&%&'-62#%6,2D(

?! -/=-'%0',%',03! (<&(),1(0'! ,-! %0! (<.,'%',20! -.%0@! C$,.$! &)27,+(-! ,052)1%',20! 20! '$(!

%=-2)&',20!5(%'/)(-!'$%'!6(%+!'2!'$(!(1,--,20!(7(0'>!8,3/)(!"E!,-!'$(!(<.,'%',20!-.%0!25!'$(!

X8(J+M&&L9Y9:!+('(.'(+!%'!%0!(1,--,20!C%7(6(03'$!25!OPP!01!%'!OP!s! ! J)(+L!&62''(+!C,'$!

'$(!3)2/0+!-'%'(!(6(.')20,.!%=-2)&',20!-&(.')/1!J=6/(L>!F$(!27()6%;!25!'$(!(<.,'%',20!%0+!

%=-2)&',20!5(%'/)(-!,0+,.%'(-!'$%'!'$(!-%1(!-'%'(-!)(-&20-,=6(!52)!3)2/0+!-'%'(!%=-2)&',20!

)(-/6'!,0!(1,--,7(!-&(.,(->!F$,-!,-!%!-')203!%)3/1(0'!%3%,0-'!'$(!(1,--,20!.21,03!5)21!%0!
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! "EE!

!

5678'&( )9:P*( ( G,;8%6,29$"#4&( &V16%#%6,2( 41#2( ='&>@( ,0( <5&=>?$$@ABAC( #%( [XX( 2-(

&-6446,2(#2>([X(_D(E"&(#F4,'F#21&(4$&1%'8-(64(,N&';#6>(=F;8&@(%,(1,-$#'&D((

N/(!'2!=2'$!'$(!62C!,0'(0-,';!(1,--,20!%-!C(66!%-!'$(!+('(.'2)!./'255!C%7(6(03'$!25!OPP!

01@! '$(-(! +%'%! %)(! ,0.20.6/-,7(>! ?''(1&'-! C()(! 1%+(! '2! )(.266(.'! '$,-! +%'%! C,'$! %! )(+!

-(0-,',7(! +('(.'2)@! =/'! C,'$2/'! -/..(-->! ?-! %! -(.20+%);! .$(.M@! .);-'%66,0(! -%1&6(-! C()(!

-(0'!'2!#$),-',%0!g(=()!%'!'$(!d0,7()-,'t!+(!n20')t%6>!T1,--,20!%0+!(<.,'%',20!')%.(-!5)21!

'$%'! (<&(),1(0'! %)(! -$2C0! ,0! 8,3/)(! "*@! %6203! C,'$! '$(! 3)2/0+! -'%'(! %=-2)&',20>! A0.(!

%3%,0@!%!C(%M!-,30%6!C%-!1(%-/)(+!%0+!'$(!(<.,'%',20!-.%0!1%'.$(-!/&!C,'$!'$(!%=-2)=%0.(!

-&(.')/1>! F$(! =6/(! -$,5'! 25! '$(! 6,3%0+! 5,(6+! (1,--,20! ,-! )(%-20%=6(! +/(! '2! '$(! -26,+! -'%'(!

-%1&6(!%0+!.26+()!'(1&()%'/)(!%'!C$,.$!'$(!1(%-/)(1(0'!C%-!.266(.'(+>!F$(!+('(.',20!25!

'$(! 6,3%0+! 5,(6+! (1,--,20! %0+! +,-%&&(%)%0.(! 25! '$(! .$%)3(! ')%0-5()! -'%'(! (1,--,20! ,-!
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! "E*!

C(66! %-! .);-'%6! 52)1! ,-! %02'$()! %)3/1(0'! %3%,0-'! '$(! (1,--,20! .21,03! 5)21!%0! ,1&/),';>!

?6'$2/3$!'$(-(!)(-/6'-!%)(!(<.,',03@!'$(;!%)(!,0!'$(!&)2.(--!25!=(,03!7(),5,(+!%0+!)(.266(.'(+>!

!

5678'&( )9:Q*( G,;6>94%#%&( &-6446,2( ='&>O( '67"%@( #2>( &V16%#%6,2( ='&>O( ;&0%@( 41#24( ,0(

<5&=>?$$@ABAC(-&#48'&>(#%(Q_D(E"&(#F4,'$%6,2(4$&1%'8-(64($;,%%&>(0,'(1,-$#'64,2D(

K1&6,.%',20-!52)!G26%)!T0()3;!#207()-,20b!

?-!+,-./--(+!,0!(%)6,()!.$%&'()-@!,'!,-!'$(!1('%64'246,3%0+!.$%)3(!')%0-5()!JnV#FL!(<.,'(+!

-'%'(-! '$%'! %)(! )(-&20-,=6(! 52)! '$(!12-'! (55,.,(0'! ,0^(.',20! ,0'2! +;(4-(0-,',`(+! -26%)! .(66-!

JNGG#-L>!?6'$2/3$!5)21!%!=%-,.!-.,(0.(!&()-&(.',7(@!5,0+,03!'$(!5,)-'!,)20JKKL!126(./6(!C,'$!

%! EF"! 62C(-'! (0()3;! (<.,'(+! -'%'(! ,-! (<.,',03@! ,'! +2(-! 02'! 1%M(! %0;! &)23)(--! '2C%)+!

)(&6%.,03!g/9:! -(0-,',`()-!C,'$!8(9:! .21&6(<(->!F$(! .$%)3(! ')%0-5()! -'%'(! 6,5(',1(!25! '$(!

X8(J+M&&L9Y9:!C%-! '$(!2),3,0%6! 32%6!25!1%M,03! '$,-! .21&6(<>!8,3/)(!"]! -$2C-! '$(!M,0(',.!

')%.(!52)!!X8(J+M&&L9Y9:!,0!n(#[>!!



! "E]!

!

5678'&()9:)*(!"#'7&(%'#240&'(%,(;67#2>(06&;>(1,2N&'46,2(,0(<5&=>?$$@ABAC(62(R&!SD(E"&(

4,;6>(F;#1?(;62&(64(%"&(>&1,2N,;N&>(06%(W6%"(#(;60&%6-&(,0(ZT(`(:)(04(#2>(a35(,0(Z)(04D((

?-! -((0! ,0! '$(! '()&;! -(),(-! +,-./--(+! ,0! .$%&'()! E@! '$(! -,30%'/)(! &2-,',7(4'240(3%',7(!

')%0-,',20!,-!%0!,0+,.%',20!'$%'!'$(!.$%)3(!')%0-5()!-'%'(!$%-!=((0!52)1(+!%0+!'$(0!+(&6('(+!

,0!5%72)!25!'$(!6,3%0+!5,(6+!-'%'(>9P!?!6,5(',1(!25!\D!5-!C%-!1(%-/)(+!52)!'$,-!')%0-,',20@!02!

6203()!'$%0!'$(!'()&;!.21&6(<(-!-'/+,(+!&)(7,2/-6;>!!

?66!,-!02'!62-'@!$2C(7()>!V22M,03!=%.M!%'!'$(!126(./6%)!2)=,'%6!+,%3)%1-!%0+!+(-.),&',20-!

25! 2)=,'%6!127(1(0'@! ,'! =(.21(-! .6(%)! '$%'! '$(! 6,3%0+! 5,(6+Q.$%)3(! ')%0-5()! -'%'(! 3%&!$%-!

+(.)(%-(+! 52)! '$,-! .21&6(<! .21&%)(+! '2! X8(J'()&;L9Y9:! %0+! X8(J=&;LEY9:>! K'! ,-! &)2=%=6(!

'$%'! '$(!(0()3(',.!1%'.$!25! '$(! 620346,7(+! 6,3%0+! 5,(6+!(<.,'(+!-'%'(! ,-!=(''()!%0+!(6(.')20!

,0^(.',20! ,0'2! (,'$()! F,A9! 2)! %! -6,3$'6;! &2-,',7(6;! -$,5'(+! -/=-')%'(! ,-! &2--,=6(>! 8,3/)(! "D!

-$2C-!'$(!(0()3(',.!1%'.$/&!25!X8(J+M&&L9Y9:!C,'$!F,A9!%0+!G=9AE>!U$()(%-!C,'$!2'$()!
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! "ED!

,)20JKKL! .21&6(<(-! '$(! 6,3%0+! 5,(6+! -'%'(-! C()(! =2'$! (6(.')20,.%66;! %0+! (0()3(',.%66;!

,0.%&%=6(! 25! (6(.')20! ,0^(.',20@! '$(! (0()3(',.! 1%'.$! $%-! ,1&)27(+! 3)(%'6;! 52)!

X8(J+M&&L9Y9:>!K0^(.',20!1%;!=(!&2--,=6(!5)21!X8(J+M&&L9Y9:@!(-&(.,%66;!,5!%!-/=-')%'(!C,'$!

%!&2-,',7(6;!-$,5'(+!.20+/.',20!=%0+!J-/.$!%-!G=9AEL!,-!/-(+>!?6'$2/3$!02!20(!,-!%=2/'!'2!

-'%)'!1%--!&)2+/.,03!-26%)!.(66-!C,'$!%0',120;@!&)225!25!&),0.,&6(!'$%'!(6(.')20!,0^(.',20!,-!

&2--,=6(! 5)21! ,)20JKKL4=%-(+! .$)212&$2)(-! C2/6+! &)27,+(! 1/.$! %0',.,&%'(+!

(0.2/)%3(1(0'!'2!'$,-!&)2^(.'>!

! !

5678'&()9:T*(J#2>(4%'81%8'&(,0(E6bA(#2>(GFAbP(1,-$#'&>(%,(%"&(&2&'7.(;&N&;(>6#7'#-(

,0(<5&=>?$$@ABACD(E"&(1,-$#'64,2(64(-#>&(%,(6;;84%'#%&(%"&($,446F;&(6-$#1%(%"64(1;#44(

,0(1,-$;&V&4(-#.("#N&(,2(4,;#'(1&;;(#$$;61#%6,24D(



! "E\!

U,'$!%!-6,3$'6;!-')203()! 6,3%0+! 5,(6+@! ,07()-,20!25! '$(!nV#F!%0+! 6,3%0+! 5,(6+!-'%'(-!1%;!

%6-2!=(!&2--,=6(>!U()(!'$,-!'2!2../)@!'$(!620346,7(+!-'%'(!25!'$(!,)204=%-(+!-(0-,',`()!C2/6+!

=(.21(! .$%)3(! ')%0-5()! ,0! 0%'/)(o! 5/65,66,03! 20(! 12)(! (<&(.'(+! )(S/,)(1(0'! 25! H322+I!

-(0-,',`()->!N(-,30!25!0(C!6,3%0+!-('-!C,'$!%0',.,&%'(+!-')203()!6,3%0+!5,(6+-!,-!/0+()C%;>!!

8)21!'$(!.21&%),-20-!+,-./--(+!,0!'$,-!.$%&'()@!'$(!5,)-'!,)20JKKL!.21&6(<!C,'$!%!-')203!

(02/3$!6,3%0+!5,(6+!'2!&)2+/.(!%!EF"! 62C(-'!(0()3;!(<.,'(+!-'%'(!$%-!=((0!&)2&2-(+>! K'! ,-!

,0'()(-',03!'$%'!'$,-!12+,5,(+!&26;&;),+;6!6,3%0+!$%-!3(0()%'(+!%!6,3%0+!5,(6+!-')203()!'$%0!

'$%'!25!#[4>!U,'$! 5/)'$()!/0+()-'%0+,03!25! '$(!(6(.')20,.!%0+!3(21('),.! 5%.'2)-! '$%'!$%7(!

&)2+/.(+! -/.$! %! -')203! 6,3%0+! 5,(6+@! %! 0(C! 5,(6+! 25! ,)20JKKL! .$(1,-');! .%0! =(! 2&(0(+>!!

?0%6232/-! '2! X#2J#[LDYE4@! %! 0(C! -('! 25! .$(1,.%6! %0+! &$2'2&$;-,.%6! 5/0.',20-! .%0! =(!

(<&(.'(+!5)21!'$,-!0(C!.6%--!25!.21&2/0+->!!
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! "ER!

3&0&'&21&4*(!"#$%&'()(

(

J"L! G.$)%11@!8>o!n(+(+@!c>o!86,(36@!h>o!8,0M@!s>o!8/$)@!A>o!u/@!v>!g>o!s62&&()@!U>o!

8,00@!G>o!s(;(-@!F>!T>o!g/=(0@!n>!!"#$%&"'()*+,-'./$0!AXX]@!12@!]D\\>!

J9L! W%1/6%@!V>!V>!a>@!?>!n>o!B/2@!N>o!n.#/-M()@!W>!s>!3#4$"&5)#6)/+,)7-,$'(&")*+,-'(&5)
8#(',/0!AX::@!849-'//,:)6#$);495'(&/'#">!

JEL! B%C(6+%@!U>o!#%00,``2@!?>o!f$%1@!c>!F>o!7%0!n2/),M@!8>o!a)(--6()@!#>o!#$()3/,@!

n>!3#4$"&5)#6)/+,)7-,$'(&")*+,-'(&5)8#(',/0!AXXZ@!<=>@!O"RR>!

J*L! G1(,3$@!?>!V>@!n,.$,3%0!G'%'(!d0,7()-,';@!9PP\>!

J]L! N(./)',0-@!G>o!8(6,<@!8>o!8()3/-20@!W>o!B/+(6@!h>!d>o!V/+,@!?>!3#4$"&5)#6)/+,)
7-,$'(&")*+,-'(&5)8#(',/0!:][X@!<?=@!*"P9>!

JDL! F%0%=(@!w>o!G/3%02@!G>!3#4$"&5)#6)/+,);+0.'(&5)8#(',/0)#6)3&@&"!:])Q@!>@!\DD>!

J\L! G$,1/)%@!w>o!F-/.$,+%@!g>!A455,/'")#6)/+,)*+,-'(&5)8#(',/0)#6)3&@&"!:]))@!=2@!
]\9>!

JOL! n20%'@!W>!T>o!n.#/-M()@!W>!s>!3#4$"&5)#6)/+,)7-,$'(&")*+,-'(&5)8#(',/0!AXXX@!
<==@!*PR9>!

JRL! G1(,3$@!?>!V>o!#)((61%0@!n>o!n%'$,(-@!g>!?>o!n.#/-M()@!W>!s>!3#4$"&5)#6)/+,)
7-,$'(&")*+,-'(&5)8#(',/0!AXX[@!<B?@!"*"P]>!

J"PL! s$%6,6@!n>o!n%)./-@!n>!?>o!G1(,3$@!?>!V>o!n.#/-M()@!W>!s>o!#$203@!h>!h>!U>o!

G.$2(06(,0@!g>!U>!3#4$"&5)#6);+0.'(&5)*+,-'./$0)7!AXXT@!<<?@!EO>!

J""L! B%C(6+%@!U>o!f$%1@!c>!F>o!a(05%''2@!n>o!v%/-$,'-;0@!w>o!s%,-()@!n>o!B)26,1/0+@!

N>o!W2$0-20@!G>!V>o!?=(6%@!g>o!h%/-()@!?>o!a)(--6()@!#>o!#$()3/,@!n>!;+0.'(&5)
C,D',E)F,//,$.!AXXZ@!>2>!
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J"9L! n.#/-M()@!W>!s>o!U%6+%@!s>![>o!N/00@!g>!#>o!G,120@!W>!N>o!n%3+(@!N>o!h(0+),.M-20@!

N>![>!3#4$"&5)#6)/+,)7-,$'(&")*+,-'(&5)8#(',/0!:]]P@!<<G@!9RO>!

J"EL! n,-M2C-M,@!c>!n>o!B)%;@!h>!a>o!U,6-20@!g>!a>o!G262120@!T>!K>!!"#$%&"'()*+,-'./$0!
:]Z]@!<2@!"*"P>!

J"*L! #21&%),-20-!%)(!1%+(!=('C((0!'$(!+M&&!6,3%0+!%0+!'()&;@!=/'!'$(!-%1(!

3(0()%6!+,55()(0.(-!C2/6+!=(!-((0!,5!.21&%)(+!'2!=&;@!%-!C(66>!

J"]L! G/',0@![>!7((#4"/.)#6)*+,-'(&5)C,.,&$(+!:][A@!<G@!9\]>!

J"DL! n.#/-M()@!W>!s>o!U%6+%@!s>![>o!N/00@!g>!#>o!G,120@!W>!N>o!n%3+(@!N>o!h(0+),.M-20@!

N>![>!3#4$"&5)#6)/+,)7-,$'(&")*+,-'(&5)8#(',/0!:]]A@!<<1@!DR"R>!

J"\L! #)(/'`@!#>o!#$2/@!n>o![('`(6@!F>!V>o!AM/1/)%@!n>o!G/',0@![>!3#4$"&5)#6)/+,)
7-,$'(&")*+,-'(&5)8#(',/0!:][X@!<?=@!"EPR>!

J"OL! B(21(');!2&',1,`%',20!.%6./6%',20-!52)!=2'$!$,3$!-&,0!%0+!62C!-&,0!

.21&6(<(-!C()(!&()52)1(+!=;!V,0+-(;!W%1/6%>!

J"RL! [,6-!h/-(!%'!'$(!d0,7()-,';!25!#%6,52)0,%@!a()M(6(;!$%-!&()52)1(+!&)(6,1,0%);!

1(%-/)(1(0'-!20!'$(!X8(J+M&&L9Y9:!.21&6(<!%0+!C(!%)(!%C%,',03!'$(!

)(-/6'->!?!12)(!'$2/2)2/3$!-'/+;!,-!&6%00(+>!

J9PL! U$('$()!'$(!620346,7(+!(<.,'(+!-'%'(!25!'$(!.21&6(<!,-!S/,0'('!2)!'),&6('!,0!

0%'/)(@!'$(!3)2/0+!-'%'(!=6(%.$!C,66!-',66!+21,0%'(!'$(!-&(.')/1>!F$(!.$%03(!

,0!.$%)3(!')%0-5()!-'%'(!7()-/-!6,3%0+!5,(6+!-'%'(!C,66!-',66!=(!'$(!+21,0%',03!

+,55()(0.(!,0!'$(!-&(.')%>!

!

!



! "#"!

!"#$%&'()*(+,%,'&(-.'&/%.012(

(

$!%&'()*!+,!-&)./0+%.!1)*)!233*)..)3!2%3!2%.1)*)3!0%!/4)!5+&*.)!+,!/40.!*).)2*546!(&/!

2.!10/4!'2%7!8++3!*).)2*54!9*+:)5/.6!'2%7!'+*)!-&)./0+%.!52')!&9!2%3!9;)%/7!1)*)!;),/!

&%2%.1)*)3<!=40.!5429/)*!10;;!.9+/;084/!/4)!*).)2*54!>!();0)?)!/+!()!/4)!'+./!0'9+*/2%/!+*!

0%/)*)./0%8! /+! 9&*.&)6! 2;+%8! 10/4! 2330/0+%2;! )@9)*0')%/2;! /)54%0-&).! /42/! 5+&;3! ()!

0%5+*9+*2/)3!0%/+!/4)!.9)5/*+.5+905!2*.)%2;!+,!/4)!;2(<!!

!"#$%&%$'()!(*+,-)&(.)/'01*(%)2*3*(.*(#*4)

A429/)*!B!30.5&..).!2!5+'9;)@!10/4!%)2*;7!9)*,)5/!+5/24)3*2;!.7'')/*76!CD)E3F99GHIHJK!

14)*)! 3F99! 0.! H6LK30EHKF)/+97*037;G97*030%)6! /42/! )@40(0/.! &%0-&)! 2%3! )%5+&*280%8!

94+/+947.052;! ()42?0+*<! =4)! ;082%3! ,0);3! )@50/)3! ./2/)! +,! /40.! 5+'9;)@! 3)527.!10/4! 2! ,2./!

*2/)! ,+;;+10%8! *2903! 542*8)! /*2%.,)*! ./2/)! 3)25/0?2/0+%<! $;+%8! 10/4! /4)! ')2.&*)')%/.!

30.5&..)3! 0%! A429/)*! B6! /40.! *);2@2/0+%! *2/)! 12.! ')2.&*)3! 2.! 2! ,&%5/0+%! +,! )@50/2/0+%!

)%)*87<!M0/4!)254!9&'9!12?);)%8/46!2!30,,)*)%/!2(.+*9/0+%!(2%3! 0.!)@50/)3<!D08&*)!"! 0.!2!

*)9*+3&5/0+%! +,! /4)! 8*+&%3! ./2/)! );)5/*+%05! 2(.+*9/0+%! .9)5/*&'! ,+*! CD)E3F99GHIHJ!10/4!

5+**).9+%30%8!.7'(+;.!0%3052/0%8!/4)!30,,)*)%/!)@50/2/0+%!12?);)%8/4.!,+*!/4)!)@9)*0')%/<!

=4)!2(.+*9/0+%!.9)5/*&'!.4+1.!,+&*!30./0%5/!9)2F.!10/4!)@/0%5/0+%!5+),,050)%/.!10/40%!/4)!

*2%8)! ,+*! 542*8)! /*2%.,)*! ./2/)! /*2%.0/0+%.<! M0/4+&/! /4)! 3N! 2%2;+8! +,! /4)! 5+'9;)@! ,*+'!

14054! 542*8)! /*2%.,)*! 2%3! ;082%3! ;+52;0O)3! /*2%.0/0+%.! 52%! ()! 2..08%)36! 2! 5+'(0%2/0+%! +,!

;0/)*2/&*)!2..08%')%/.!2%3!)@/0%5/0+%!5+),,050)%/.!2*)!/4)!()./!127!/+!3)/)*'0%)!/4)!%2/&*)!

+,!/4).)!/*2%.0/0+%.<!

!



! "#H!

!

+.3,'&()45*(6'0,17(2%#%&(&8&/%'01./(#920'$%.01(2$&/%',:(0;(<+&=7>$$?@A@B(.1(C&!DE(
!080'&7(:#'>&'2( .17./#%&( %"&(&F/.%#%.01(G#H&8&13%"2( ;0'( %"&( 8.3#17( ;.&87('&8#F#%.01(
>.1&%./(%'#/&2(2"0G1(.1(+.3,'&(@E(

=4)!)%)*80).!,+*!/4)!/4*))!*)3!/*2%.0/0+%.!E#PB!%'6!(;&)!302'+%3Q!B"N!%'6!8*))%!50*5;)Q!

LHN! %'6! *)3! /*02%8;)G! 2*)! 0%! /4)! 12?);)%8/4! *)80+%! 14)*)! /4)! ')/2;K/+K;082%3! 542*8)!

/*2%.,)*! /*2%.0/0+%.! +,! '2%7! 0*+%E>>GK9+;797*037;! 5+'9;)@).! 299)2*<! $;+%8! 10/4! /4)!

)@/0%5/0+%! 5+),,050)%/.! 2%3!9*)?0+&.! 2..08%')%/.6! /4).)! /*2%.0/0+%.! 2*)! 2..08%)3!2.!RSA=!

(2%3.<!=4)!(;&)!'+./!/*2%.0/0+%!EPBB!%'6!32*F!(;&)!.-&2*)G!0.!2!(0/!'+*)!2'(08&+&.<!=4)!

12?);)%8/4!*)80+%!0.!5;+.)*!/+!/42/!,+*!;082%3!;+52;0O)3!/*2%.0/0+%.6!(&/!/4)!0%/)%.0/7!+,!/4)!

/*2%.0/0+%!0.!;+1!,+*!!!!T!/*2%.0/0+%.<!M0/4+&/!/4)!3N!2%2;+86!/4)!2..08%')%/!12.!&%5;)2*<!

=*2%.0)%/! 2(.+*9/0+%! .9)5/*+.5+97! 12.! 9)*,+*')3! /+! 3)/)*'0%)! 0,! 3)527! *2/).! 1)*)!

9&'9!)%)*87!3)9)%3)%/<!U*+&%3!./2/)!*)5+?)*7!0.!.4+1%!0%!D08&*)!H<!=0')!5+%./2%/.!,*+'!

/4)! *)3K'+./! 2%3! (;&)K'+./! )@50/2/0+%! )%)*80).! ')2.&*)! 10/40%! )**+*! +,! )254! +/4)*! ,+*!



! "#P!

8*+&%3!./2/)!*)5+?)*7<!=40.!0.!%+/!/4)!52.)!,+*!542*8)!/*2%.,)*!./2/)!3)25/0?2/0+%6!.4+1%!0%!

D08&*)!P<!=1+!+(.)*?2/0+%.!52%!()!'23)! ,*+'!/4)!*).&;/.!+,!D08&*)!PV! ! ,0*./6! /4)!()42?0+*!

,*+'!/4)!PBB!%'!)@50/2/0+%!0.!%+/!.0'0;2*!/+!/42/!+,!2;;!+/4)*!9&'9!12?);)%8/4.Q!.)5+%36!2!

?2*02/0+%!0%!;+%8!;0?)3!/*2%.0)%/!.08%2;!0.!)@50/2/0+%!)%)*87!3)9)%3)%/!,+*!/4)!/4*))!9&'9.!

0%!/4)!RSA=!*)80+%<!

!

!

+.3,'&( )4@*( I01348.H&7( &F/.%&7( 2%#%&( 7&/#J( %'#/&2( 0;( <+&=7>$$?@A@B( KG.%"( 7.;;&'&1%(
&F/.%#%.01(&1&'3.&2E(L0%"( %'#/&2(G&'&($'09&7( .1( %"&(&F/.%&7(2%#%&(98&#/"(#%()MM(1:(
;0'(NKK(1:(&F/.%#%.01(#17(K)M(1:(;0'()@M(1:(&F/.%#%.01E(
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355 nm, 276.2 ± 1.3 ps
 
620 nm, 283.6 ± 1.9 ps



! "##!

!

+.3,'&()4N*(-&/#J(%'#/&2(;0'(<+&=7>$$?@A@B(G.%".1(%"&(;.'2%(N($2(0;(&F/.%#%.01(G.%"(%"&(
.17./#%&7($,:$(&1&'3.&2E(O"&(98,&(;.%(8.1&(2"0G2(#(%.:&(/012%#1%(0;(5EMP(Q(MEM)($2E(R88(
%'#/&2(G&'&($'09&7(#%(S5M(1:E(

=4)!,0*./!+(.)*?2/0+%!52%!()!)@9;20%)3!(7!2..08%0%8!/4)!PBB!%'!(2%3!0%!/4)!2(.+*(2%5)!

.9)5/*&'!2.!;082%3!;+52;0O)3<!=4)!3)5*)2.)!0%!)@/0%5/0+%!5+),,050)%/!5+'92*)3!/+!/4)!!!!T!

/*2%.0/0+%.! +,! CD)E/)*97GHIHJ! +*! CD)E(97GPIHJ! 52%! ()! 3&)! /+! 0%/)%.0/7! ./)2;0%8! ,*+'!+/4)*!

/*2%.0/0+%.<!$330/0+%2;;76!/4)!.08%0,052%/!*)3K.40,/!+,!/40.!/*2%.0/0+%!52%!()!)@9;20%)3!(7!/4)!

0%5*)2.)! 0%!5+%:&82/0+%! ,+*! /4)!3F99! ;082%3!2.!5+'92*)3! /+! /)*97!+*!(97<!W0%5)! /4)! /4*))!

*)33)*!/*2%.0/0+%.!2*)!+,!+%)!/79)!2%3!/4)!(;&)./!/*2%.0/0+%!0.!+,!2%+/4)*6!0/!0.!%+/!.&*9*0.0%8!

/42/!/4)!/0')!5+%./2%/.!E+*!*);2@2/0+%!92/4127.G!1+&;3!()!30,,)*)%/<!

=4)! .)5+%3! +(.)*?2/0+%! 0.! /42/! /4)! ;+%8K;0?)3! .9)50).! 2,/)*! 542*8)! /*2%.,)*! )@50/2/0+%!

?2*0).!0%!0%/)%.0/7!10/4!30,,)*)%/!9&'9!)%)*80).<!X+*'2;0O2/0+%!12.!9)*,+*')3!2/!/YN<!>/!0.!

'+*)!*)2.+%2(;)!/+!/40%F!/42/!"NNZ!+,!/4)!)@50/)3!'+;)5&;).!9+9&;2/)!/4)!0%0/02;;7!)@50/)3!
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Pump: 
    355 nm
    435 nm 
    510 nm
    620 nm
 
Probe:  410 nm



! "#B!

);)5/*+%05!./2/)!/42%!/+!2..&')!"NNZ!+,!/4)!)@50/)3!.9)50).!)%3!&9!0%!/4)!.2')!;+%8K;0?)3!

./2/)<!D+*!/40.!*)2.+%6!%+*'2;0O2/0+%!2/!/4)!9)2F!+,!/4)!0%0/02;;7!)@50/)3!./2/)!2*+&%3!/YN!12.!

3))')3!255&*2/)!,+*!5+'92*0.+%.<!>/! 0.!7)/!&%3)/)*'0%)3!14)/4)*!/40.!30,,)*)%5)!0%!;+%8K

;0?)3! )@50/)3! ./2/)! .08%2;! 0%/)%.0/7! 0.! 3&)! /+! ;2.)*! +9)*2/0+%! +*! 3&)! /+! 2! 30,,)*)%5)! 0%!

,+*'2/0+%!70);3!+,!/4)!)@50/)3!./2/)<!

W7./)'2/052;;7!.'2;;)*!9&'9!9+1)*.!1)*)!&.)3!2.!/4)!)@50/2/0+%!12?);)%8/4!12.!'+?)3!

/+12*3!/4)!(;&)<!M0/4!;+1)*!9&'9!0%/)%.0/0).6! ;)..!)@50/)3!./2/)!0.!)@9)5/)3!/+!()!5*)2/)3!

2%3!2!.'2;;)*!.08%2;! 0%3052/).! /40.!30,,)*)%5)! 0%!)@50/2/0+%<!A+&%/)*25/0%8! /40.!3)5*)2.)! 0%!

9&'9!9+1)*!0.!2!5+%5&**)%/!3)5*)2.)!0%!/4)!()2'!.0O)!+&/!+,!/4)!=[\$W!2.!/4)!12?);)%8/4!

'+?).! (;&)<! =4).)! 0%?)*.);7! 5+**);2/)3! ),,)5/.! 52%! +,,.)/! )254! +/4)*! /+! F))9! /4)! 9&'9!

3)%.0/7! 5+%./2%/<! $! .)5+%3! 9&'9! 3)9)%3)%/! ./&37!'&./! ()! 5+'9;)/)3!14)*)! /4)! 9&'9!

3)%.0/7!0.!F)9/!2.!5+%./2%/!2.!9+..0(;)<!

$%+/4)*! )@9;2%2/0+%! 5+&;3! ()! /42/! /4)! 70);3! ,+*! ;+%8K;0?)3! )@50/)3! ./2/)! ,+*'2/0+%! 0.!

)@50/2/0+%!)%)*87!3)9)%3)%/<!>,!4084)*!)%)*87!)@50/2/0+%!.+')4+1!*).&;/.!0%!;)..!;+%8K;0?)3!

9+9&;2/0+%!/42%! ;+1!)%)*87!)@50/2/0+%6!2!.'2;;)*!+,,.)/!1+&;3!()!.))%!2/! ;+%8)*! /0').! ,+*!

/4)!(;&)!12?);)%8/4!9&'9.<! >%! +*3)*! /+!3)/)*'0%)! /40.6! 2! 9&'9!3)9)%3)%/! )@50/)3! ./2/)!

70);3!./&37!1+&;3!42?)!/+!()!9)*,+*')3<!X)/O);!)@9;20%.!2!9*+5)3&*)!,+*!3)/)*'0%0%8!/4)!

70);3! ,+*! ;082%3! ,0);3! )@50/)3! ./2/).! &.0%8! CD)E94)%GPIHJ<"! $;/4+&84! /4).)! '+;)5&;).! 2*)!

.0'0;2*6! /4)! ()42?0+*! +,! CD)E3F99GHIHJ! 0.! 30,,)*)%/! )%+&84! ,*+'! /4)! +/4)*! 0*+%E>>G!

9+;797*037;! 5+'9;)@).! ./&30)3! /42/! 0/! 52%%+/! ()! 2..&')3! /42/! /4)! *);2@2/0+%! ()42?0+*! 0.!

.0'0;2*<! =4).)! 9&'9! 3)9)%3)%/! ./&30).! 1+&;3! 9*+?03)! '+*)! 0%.084/! 0%/+! 4+1! /4)!



! "#L!

CD)E3F99GHIHJ!.7./)'!1+*F.!2%3!9)*429.! /4)!542%8).! /42/!5+&;3!()!'23)! /+! 0'9*+?)! 0/.!

()42?0+*!0%!/4)!.+;2*!5);;!299;052/0+%<!

$%+/4)*!0%/)*)./0%8!*).&;/!52')!0%!/4)!,+*'!+,!.+;?)%/!3)9)%3)%/!8*+&%3!./2/)!*)5+?)*7!

,+*! /4)! ;082%3! ,0);3! *);2@2/0+%! 9*+5)..).! +,! /4)! 0*+%! 5+'9;)@).<! $;/4+&84! .+;?)%/!

3)9)%3)%5).! 0%! '2%7! 2*)2.! +,! 54)'0./*7! 2*)! F%+1%6! /4)7! 2*)! )@9)5/)3! '+./;7! ,+*!

9*+5)..).! /42/! ./*+%8;7! 0%?+;?)! /4)! +&/)*'+./! 92*/! +,! /4)! 5+'9;)@<! W0%5)! ;082%3! ,0);3!

/*2%.0/0+%.! 2*)! ')/2;! 5)%/)*! (2.)36! /4)! )@9)5/2/0+%! 12.! /42/! /4)7! 1+&;3! %+/! ?2*7! 10/4!

.+;?)%/!/+!2!;2*8)!)@/)%/<!

W+;?)%/!3)9)%3)%/!()42?0+*!12.!+(.)*?)3! ,+*!'2%7!+,! /4)! )@9)*0')%/.!9)*,+*')3!+%!

/4)! 5+'9;)@).! +?)*! /4)! 5+&*.)! +,! /4)! *).)2*54<! ];)5/*+54)'052;! 9+/)%/02;.6! 8*+&%3! ./2/)!

);)5/*+%05!2(.+*9/0+%!.9)5/*26!F0%)/05!()42?0+*6!2%3!/4)*'+37%2'05!9*+9)*/0).H!2;;!)@40(0/!

.+;?)%/! 3)9)%3)%50).! /+! .+')! )@/)%/<! W+;?)%/! )?)%! 9;27.! 2! *+;)! 0%! .+;2*! 5);;! ),,050)%57<P!

=4).)!3)9)%3)%5).6!4+1)?)*6!0%?+;?)3!542*8)!/*2%.,)*!./2/).<!A42*8)!/*2%.,)*!./2/).!'+?)!

);)5/*+%.!()/1))%!/4)!')/2;!0%!/4)!5)%/)*!2%3!/4)!;082%3!+%!9)*094)*7!+,!/4)!5+'9;)@!2%3!

.+;?)%/!'+;)5&;).!2*)!)@9)5/)3!/+!*).9+%3<!$%!)@/*2!F0%)/05!5+'9+%)%/!52%!.+')/0').!()!

+(.)*?)3! 0%! 3)527! /*25).! 2,/)*! 542*8)! /*2%.,)*! )@50/2/0+%6! 0%3052/0%8! 2! )%)*87! 30..092/0+%!

92/4127!3&)!/+!/4)!.+;?)%/<!=4)!.+;?2/)3!5+'9;)@!42.!2!92*/05&;2*!542*8)!30./*0(&/0+%!0%!0/.!

8*+&%3!./2/)!2%3!.+;?)%/!'+;)5&;).!+*0)%/!/4)'.);?).!/+!'0%0'0O)!/4)!)%)*87!*)-&0*)3!/+!

0%/)*25/!10/4!/40.!542*8)!30./*0(&/0+%<!R+?)')%/!+,!);)5/*+%.!,*+'!+%)!92*/!+,!/4)!'+;)5&;)!

/+!/4)!+/4)*!542%8).!/4)!542*8)!+%!/4)!;082%3!2%3!*)-&0*).!2!*).9+%.)!,*+'!/4)!.+;?)%/!/+!

*)30./*0(&/)! 0/.! +1%! 542*8).<! A42*8)! /*2%.,)*! /*2%.0/0+%.! 2*)! )@9)5/)3! /+! 0%50/)! 2! .+;?)%/!



! "#^!

*).9+%.)!2%3!/4)!*).9+%.)!10;;!?2*7!10/4!.+;?)%/!/79)Q!9+;2*0/76!.0O)6!./*)%8/4!+,!0%/)*25/0+%!

2%3!+/4)*!.+;?)%/!542*25/)*0./05.!3)/)*'0%)!/4)!.0O)!+,!/4)!*).9+%.)<!!

M4)%!2!/*2%.0/0+%!3+).!%+/!0%?+;?)!;082%3.!2%3!0.6!0%./)236!;+52;0O)3!+%!/4)!')/2;!5)%/)*!

+,! /4)! 5+'9;)@6! 2! '&54! .'2;;)*! .+;?)%/! *).9+%.)! 0.! )@9)5/)3<! =4)! 542*8)! 30./*0(&/0+%!

5)%/)*.! +%! /4)! '033;)! +,! /4)! 5+'9;)@! 14)*)! .+;?)%/! 42.! ;)..! 0%/)*25/0+%! 2%3! 3+).! %+/!

542%8)! +?)*! /4)! 5+&*.)! +,! /4)! /*2%.0/0+%<! $.! .4+1%! 0%! D08&*).! "! 2%3! H6! 4+1)?)*6! 2!

.08%0,052%/!542%8)!0%!8*+&%3!./2/)!*)5+?)*7!*2/).!0.!.))%!10/4!?2*0+&.!.+;?)%/.<!=4)!/*)%3.!

2;+%8! /4)! .+;?)%/! .)*0).! 3+! %+/! .))'! /+! /*25F! 9+;2*0/76! 30);)5/*05! 5+%./2%/6! .0O)6! +*!

9*+/+%2/0+%<! >/! 0.! 9+..0(;)! /42/! /4)! .0O)! +*! .429)! +,! /4)! .+;?)%/!'+;)5&;).! 52%! ),,)5/! /4)!

2'+&%/! +,! 0%/)*25/0+%! 9+..0(;)!10/4! /4)!')/2;! 5)%/)*! 2.! /4)! ;082%3! ,0);3! /*2%.0/0+%! /2F).!

9;25)<! >%! +*3)*! /+! 3)/)*'0%)! /4)! 52&.)! +,! /4).)! ?2*02/0+%.6! 52;5&;2/0+%.! 2*)! &%3)*127! /+!

3)/)*'0%)! /4)!.0O)6! .429)6!2%3!+*0)%/2/0+%!+,! /4)! ;082%3.!2*+&%3! /4)!5+'9;)@! 0%! /)*'.!+,!
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+.3,'&()4S*(T.138&(G#H&8&13%"(7&/#J(%'#/&2(0;(<+&=9$J?NA@B(.1(H#'.0,2(208H&1%2E(
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+,! 30);)5/*05! 5+%./2%/.6! 9+;2*0/76! 2%3! 5+%/20%! (+/4! 9*+/05! 2%3! 29*+/05! .+;?)%/.<! S0%3.)7!

`2'&;2!0.!9)*,+*'0%8!52;5&;2/0+%.!/+!3)/)*'0%)!14)/4)*!/4)!2'+&%/!+,!255)..!/+!/4)!')/2;!

2,,+*3)3! /+! /4)! .+;?)%/! ,*+'! /4)! ;082%3! 8)+')/*7! 52%! ()! 5+**);2/)3! 10/4! /4)! *2/)! +,!

*);2@2/0+%<! >/! 0.! 9*)305/)3! /42/! /4)! '+*)! 255)..! /4)! .+;?)%/! 42.! /+! /4)! ')/2;! 5)%/)*6! /4)!

;2*8)*!/4)!.+;?)%/!),,)5/!10;;!()!.))%!+%!/4)!8*+&%3!./2/)!*)5+?)*7<!$.!.))%!0%!D08&*)!B6!/4)!

/*)%3! 0.! (2.052;;7! /4)! .2')! ,+*! CD)E/)*97GHIHJ! 2.! 0/! 0.! ,+*! CD)E(97GPIHJ6! (&/! /4)! ),,)5/! 0.!
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H2O   715 ± 15 ps
MeOH   963 ± 28 ps
MeCN   985 ± 24 ps
CH2Cl2 1288 ± 52 ps
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!
+.3,'&()4K*((T.138&(G#H&8&13%"(7&/#J(%'#/&2(0;(<+&=%&'$J?NA@B(.1(H#'.0,2(208H&1%2E(

!
D+*! %+16! /4)! )'90*052;! +(.)*?2/0+%! /42/! /4)! 8*+&%3! ./2/)! *)5+?)*7! 9*+5)..! 0.! .+;?)%/!

3)9)%3)%/! 0.! )%+&84! /+! ()8! /4)! -&)./0+%! +,! 14)/4)*! /4)! 542*8)! /*2%.,)*! 3)25/0?2/0+%!

9*+5)..! 0.! 2.! 1);;<! b)9+*/.! 42?)! ())%! '23)! +%! .+;2*! 5);;! ),,050)%57! /42/! 0.! .+;?)%/!

3)9)%3)%/6! (&/! %+! +/4)*! 92*2')/)*! 0%! /4)! .+;2*! 5);;!12.! 542%8)3<![%5)! 2820%6!14)%!+%)!

5+'9+%)%/! 542%8).6! /4)! +99+*/&%0/7! /+! +9/0'0O)! /4)! )%/0*)! 5);;! +9)%.! &9<! W+;?)%/! 5+&;3!

9;27!2%! 0'9+*/2%/!*+;)! 0%!/40.!9*+5)..<! >,! 0/! 0.! ,+&%3!/42/!+%)!.+;?)%/!./2(0;0O).!/4)!542*8)!

/*2%.,)*!./2/)!+,!2%!0*+%!E>>GK(2.)3!.)%.0/0O)*!'+*)!/42%!2%+/4)*6!/42/!.+;?)%/!10;;!;0F);7!80?)!

/4)!;2*8)./!+?)*2;;!),,050)%57!2.!1);;<!

=4)!32/2!9*).)%/)3!4)*)!2*)!-&0/)!9*);0'0%2*7!2%3!'&./!%+/!+%;7!()!*)5+;;)5/)36!(&/!2;.+!

)@92%3)3!&9+%<!$! ;2*8)*! *2%8)!+,!'+;)5&;).!10/4!?2*70%8!./)*05!(&;F!10;;!9*+?03)! 0%.084/!
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H2O   3.05 ± 0.12 ns 
MeOH   4.49 ± 0.21 ns 
MeCN   5.35 ± 0.32 ns 
CH2Cl2   5.30 ± 0.31 ns 
 
 



! "BN!

0%/+! 14)/4)*! /4)! ),,)5/! 0.! ./)*05.K(2.)3! 2%3! 52;5&;2/0+%.! 52%! 4);9! 30.5)*%! 14)/4)*! 0/! 0.!

);)5/*+%05.! 2%3! )%)*8)/05.! (2.)3<! ]0/4)*! 1276! 5290/2;0O0%8! +%! /4)! .+;?)%/! 3)9)%3)%57! +,!

/4).)!9*+5)..).! 52%!+%;7!()%),0/! /4)! *).)2*54<! =4)! .+;?)%/!&.)3! ,+*! /4).)!')2.&*)')%/.!

42?)!())%6!&9!/+!%+16!F)9/!5+%./2%/!2%3!+%;7!?2*0)3!14)%!.+;&(0;0/7!+*!/)'9)*2/&*)!*2%8)!

305/2/).! 0/<! c2?0%8! 2! ()//)*! &%3)*./2%30%8! +,! 4+1! /4)! .+;?2/0%8! ')30&'! 2,,)5/.! /4)!

37%2'05.! 2%3! ),,050)%50).! +,! /4)! 9*+5)..).! 52%! ;)23! /+! '+*)! 0%/);;08)%/! 3).08%! +,! /4)!

.7./)'.!2..)'(;)3!,+*!/)./0%8<!

!0*#%+'()5(6*#%$'()%')73%$8$9*):*00;4)

>/! 12.! /4)! +*080%2;! 8+2;! +,! /40.! *).)2*54! 9*+:)5/! /+! ')2.&*)! /4)! );)5/*+%! 0%:)5/0+%!

37%2'05.!+,!2%!0*+%!E>>G!(2.)3!.+;2*!5);;<!M0/4!/4)!+(.)*?2/0+%!+,!2!94+/+5&**)%/!,*+'!.&54!

2!5);;6#!);)5/*+%! 0%:)5/0+%! 0.!F%+1%!/+!+55&*<!=4)!*2/)!2/!14054! 0%:)5/0+%! /2F).!9;25)! 0.!2%!

0'9+*/2%/! ')/*05! /+! ()! 2(;)! /+! '+%0/+*! 2.! /4)! .)%.0/0O)*.d5);;! 92*2')/)*.! 2*)! 542%8)3<!

];)5/*+%! 0%:)5/0+%! 37%2'05.! ,+*! D)EH6HeK(097*030%)K#6#eK3052*(+@0;05! 2503GHEAXGH6! /4)!

.)%.0/0O)*! /42/! 9*+3&5)3! 2! 94+/+5&**)%/! ,*+'! /4)! D)**)*)! 2%3! U*)88! *)9+*/6! 42.! ())%!

')2.&*)3!(),+*)<B!=4)!*2/)!+,!0%:)5/0+%!12.!3)/)*'0%)3!/+!()!+%!/4)!/0').52;)!+,!f!"NN!,.6!

4+1)?)*!?)*7!;0//;)!12.!')%/0+%)3!2(+&/!/40.!,0%30%8!2%3!%+!,+;;+1K&9!)@0./.<!>/!0.!/4)!8+2;!

+,!/40.!*).)2*54!8*+&9!/+!(&0;3!+%!/4+.)!0%0/02;!*)9+*/.!2%3!&.)!/4)!5+'(0%2/0+%!+,!.7%/4)/05!

3).08%6! ./)237! ./2/)! 542*25/)*0O2/0+%6! 2%3! );)5/*+%! 0%:)5/0+%! 3)/)5/0+%! /+! )@42&./! /4)!

9+..0(0;0/0).!,+*!0*+%!E>>G!(2.)3!.+;2*!5);;.<!!

=4)! ,0*./! 8+2;! 10;;! ()! /+! *)9*+3&5)! 9*)?0+&.! *).&;/.! +%! /4)! 1);;! ./&30)3! XP! 5+'9;)@!

Eb&EH6HeK(097*030%)K#6#eK3052*(+@0;05! 2503GHEWAXGHG<! \*);0'0%2*7! 0%0/02;! *).&;/.! .4+1! 2!

*)2.+%2(;7!.0'0;2*!*0.)!/0')!,+*!/4)!5+%3&5/0+%!(2%3!);)5/*+%!2/!"^NN!%'6!(&/!)@9)*0')%/2;!



! "B"!

9*+5)3&*).!2*)!./0;;!()0%8! ,0%)K/&%)3<![%5)! /4)!.08%2;! ,+*!XP! 0.!5+;;)5/)3!10/4!5+%,03)%5)6!

/4)!D)HJ! 2%2;+8!10;;! ()! /)./)3! 0%! /4)! .2')! 5);;! 5+%30/0+%.<!=40.!10;;! ()! 5+'9;0')%/)3!(7!

/)./.!+%! /4)! /*0.!2503!?)*.0+%!+,! /4)!.)%.0/0O)*! CD)EH6HeK(097*030%)K#6#eK3052*(+@0;05!2503GPI<!

=4)!/*0.!2503!*).&;/!10;;!9*+?03)!0%,+*'2/0+%!+%!/4)!*);2/0?)!),,050)%50).!2%3!*2/).!,+*!542*8)!

/*2%.,)*!./2/)!0%:)5/0+%!5+'92*)3!/+!')/2;!/+!92*/05;)!542*8)!/*2%.,)*!ER\A=G<!$!%&'()*!+,!

./&30).!42?)!,+&%3!0%:)5/0+%!,*+'!CD)EAXGLI#K!/+!=0[H!,0;'.<!LK_!=4).)!,0%30%8.6!2;+%8!10/4!

2%! 2(.+*9/0+%! (2%3K3)9)%3)%/! 94+/+5&**)%/6! .&88)./! 2! ;2*8)*! ),,050)%57! ,+*! R\A=! /42%!

0%:)5/0+%!,*+'!/4)!RSA=!./2/)<!>/!0.!5*&502;!/+!3)/)*'0%)!/4)!')542%0.'!,+*!542*8)!0%:)5/0+%!

0%!/4).)!5+'9;)@).!0,!+9/0'0O2/0+%!10;;!+55&*<!

D*+'!/4)!*).&;/.!+,! /4).)!./&30).6!+9/0'0O2/0+%!+,!+/4)*!92*2')/)*.! 0%! /4)!5);;.! 52%!()!

./2*/)3<!=4)!9;2/0%&'!5+&%/)*!);)5/*+3)6!>PKd>K!*)3+@!5+&9;)6!2%3!)?)%!=0[H!.)'05+%3&5/+*!

'27!%+/!()!/4)!+9/0'2;!'2/)*02;.! ,+*!/4)! 0*+%!E>>GK(2.)3!5);;6!2;/4+&84!/4)7!1+*F!()./! ,+*!

/4)!*&/4)%0&'!5);;.<!$!%&'()*!+,!);)5/*+;7/)!5+'9+.0/0+%.!10/4!?2*70%8!*)3+@!5+&9;).!10;;!

()!5*2,/)3!0%/+!/4)!5);;.<!$;+%8!10/4!9*+?030%8!()//)*!);)5/*+%05!'2/54).!/42/!'27!0'9*+?)!

/4)! +9)%! 50*5&0/! ?+;/28).6! /4)! *)'+?2;! +,! >H! ,*+'! /4)! );)5/*+;7/)! 10;;! 3)5*)2.)! /4)!

3)/*0')%/2;!;084/!2(.+*9/0+%!/42/!+55&*.!,*+'!/4)!32*F!(*+1%!.+;&/0+%<!

=4)!+9/0'0O2/0+%6!+*!)?)%!/4)!3)/)5/2(;)!0'9*+?)')%/6!+,!2%!0*+%K(2.)3!37)!.)%.0/0O)3!

.+;2*!5);;!42.! /4)!9*+'0.)!+,!8*)2/! *)/&*%.<!R+?)')%/!2127! ,*+'!/4)!*2*)!2%3!)@9)%.0?)!

*&/4)%0&'K(2.)3! .)%.0/0O)*.! 0.! 5*&502;! ,+*! /4)! '2..! 9*+3&5/0+%! +,! /4).)! 3)?05).<! >/! 2;.+!

9*+?03).!%)1!2?)%&).!/4*+&84!14054!0'9*+?)')%/.!0%!/4)!+?)*2;;!1+*F0%8!+,!/4)!5);;!52%!

()!'23)<!=4)*)! 0.!%+!8&2*2%/))! /42/! /4)!)%3!+,! /40.!*).)2*54!9*+:)5/!10;;! ;)23! /+!2!&.),&;!



! "BH!

0*+%K(2.)3!.+;2*!5);;6!(&/!/4)!/4+*+&84!0%?)./082/0+%!0.!%)5)..2*7<!X+/!+%;7!0.!/4)*)!9*+'0.)!

0%! /4)! ,0%30%8.!+,!9*)?0+&.!1+*F6!(&/! /4)! ;25F!+,!+9/0'0O2/0+%! 0%! /4)!5);;.6! /4)! ,25/! /42/!.+!

'2%7! ,25/+*.! 9;27! 2! *+;)! 0%! /4)! 0%30?03&2;! .+;2*! 5);;e.! ),,050)%576! 2%3! /4)! 9*+'0.0%8!

)%)*8)/05.!.4+1%!0%!%+?);!0*+%!E>>G!(2.)3!5+'9;)@).!233!/+!/4)!)@50/)')%/!2%3!9+..0(0;0/0).!

/40.!*).)2*54!4+;3.<!

M0/4! /4)! %)1! );)5/*+%! 0%:)5/0+%! 3)/)5/0+%!')/4+3.! 3)/)*'0%)3! ,+*! /4)! %)1! .7./)'6!

*).)2*54!+%!+9/0'0O2/0+%!+,! 5);;.! 52%!'+?)! ,+*12*3! ,&;;! /4*+//;)<!g2*02/0+%.! 0%! ;082%3! .)/6!

2%54+*0%8! 8*+&96! .)'05+%3&5/+*! .&(./*2/)6! 2%3! );)5/*+;7/)! 5+'9+.0/0+%! 2*)! /4)! )@9)5/)3!

92*2')/)*.!/+!542%8)!2%3!'+%0/+*!2.!/4)!5);;! 0.!+9/0'0O)3<! >%!+*3)*!/+!)2.)!/4)!.7%/4)/05!

1+*F;+236!0/!12.!3)503)3!/42/!+%;7!/4)!()./!52%3032/).!,+*!.)%.0/0O)*.!1+&;3!()!3)*0?2/0O)3!

/+!233!/4)!2%54+*0%8!8*+&9<!$.!12.!.4+1%!0%!5429/)*!#6!/4)!,0*./!,0?)!5+'9;)@).!.7%/4).0O)3!

2%3!./&30)3!%+/!+%;7!,20;)3!/+!.4+1!2!3)5*)2.)!0%!542*8)!/*2%.,)*!3)25/0?2/0+%!*2/)6!(&/!/4)!

9*+5)..!8+/!,2./)*<!h)52&.)!'+*)!/0')!0%!/40.!30..)*/2/0+%!12.!.9)%/!./&370%8!/4)!.+;&/0+%K

(2.)3! ,&%32')%/2;! 94+/+947.05.! +,! /4).)! 5+'9;)@).6! ?)*7! ;0//;)! 12.! 3+%)! +%! ,&;;! 5);;.<!

A&**)%/;76! .)%.0/0O)*.! 2*)! ()0%8! '+30,0)3! /+! ./2*/! /4)! 9*+5)..! +,! ')2.&*0%8! );)5/*+%!

0%:)5/0+%!2.!1);;!2.!,&;;!5);;!92*2')/)*.<!!!

<..$%$'(&0)!"3*+$8*(%&0)=*#>($?@*;4)

$;+%8!10/4! /4)!.7%/4)/05!2%3! ,&%32')%/2;!54)'0./*7!+(./25;).! /+! /4)!./&37!+,!);)5/*+%!

0%:)5/0+%! 37%2'05.! 12.! /4)! /0').52;)! 2?20;2(;)! 0%! /4)! 9*)?0+&.! ;2.)*! .)/&9<! $.! 12.!

30.5&..)3! 0%! 5429/)*! H6! 2! %)1! PB! ,.! ;2.)*! .7./)'! 12.! 9&*542.)3! /+! .&99;)')%/! /4)!

.9)5/*+.5+905!5292(0;0/0).!0%!/4)!R5A&.F)*!8*+&9<!R2%7!9*)?0+&.!./&30).!+%!/4)!/+905!42?)!

')2.&*)3! 2/! ;)2./! +%)! 5+'9+%)%/! +,! );)5/*+%! 0%:)5/0+%! ,*+'! *&/4)%0&'K(2.)3! 5);;.! 0%/+!

=0[H! 0%! /4)! f"NN! ,.! *)80')<aK"P! M0/4! /4)! 8+2;.! +,! +9/0'0O0%8! 2%7! 0*+%K(2.)3! 5);;! 2%3!



! "BP!

5+**);2/0%8! /4)!./)237!./2/)!()42?0+*!10/4!);)5/*+%! 0%:)5/0+%!37%2'05.6! /0')!*).+;&/0+%!+,!

()//)*!/42%!"NN!,.!0.!2%!2(.+;&/)!%)5)..0/7<!b+23!*&%%)*!0.!%+1!+9)*2/0+%2;!10/4!/4)!540*9!

5+'9)%.2/0+%6!12?);)%8/4!/&%2(0;0/76!2%3!0%,*2*)3!3)/)5/0+%!2(0;0/7!%)5)..2*7!,+*!);)5/*+%!

0%:)5/0+%!3)/)5/0+%<!

>'9*+?)')%/! +,! /40.! 3)/)5/0+%! 5+&;3! 2;.+! ()! 255+'9;0.4)3! (7!'+?0%8! /4)! 3)/)5/0+%!

5292(0;0/0).!,&*/4)*!0%/+!/4)!'03K>b<!A+%3&5/0+%!(2%3!);)5/*+%.!42?)!./*+%8)*!=$!.08%2;.!2.!

/4)! 9*+()! 3)5*)2.).! 0%! )%)*87<"P! $! .)5+%3! ()%),0/! 5+').! ,*+'! ,)1)*! (*+236!

0%30./0%8&0.42(;)! .08%2;.! 0%! /4)!'03K>b! /+! 5+'9;052/)! /4)!3)/)5/0+%!+,! /4)!);)5/*+%! .08%2;<!

=40.!3)/)5/0+%!5292(0;0/7!*)-&0*).!/4)!9&*542.)!+,!2!RA=!2**27!3)/)5/+*!,*+'!>b!$..+502/).!

2%3! /4)! 2..+502/)3! );)5/*+%05.! ,*+'! >b! W7./)'.! i)?);+9')%/! 2;+%8! 10/4! 9)*,+*'0%8!

30,,)*)%5)! ,*)-&)%57!8)%)*2/0+%! /+!*)254! /4)!'03K>b!12?);)%8/4.! ,+*!9*+(0%8<!\;2%.!42?)!

())%!'23)!,+*!2330%8!/40.!/)54%0-&)!/+!/4)!;2(!2%3!2*)!2120/0%8!,&%30%8<!

j;/*2,2./!)'0..0+%!)@9)*0')%/.!2*)!2;.+!0%!/4)!;+%8K/)*'!9;2%.!+,!/4)!;2.)*!;2(<!$!=0')K

A+**);2/)3! W0%8;)! \4+/+%! A+&%/0%8! E=AW\AG! .7./)'! ,*+'! j;/*2,2./! W7./)'.! 10;;! 9*+?03)!

)'0..0+%! 2%3! /*2%.0)%/! 2(.+*9/0+%! 5292(0;0/0).! ,*+'! &;/*2,2./! /+! '05*+.)5+%3! /0').52;).!

E10/4! /4)! 8)%)*+&.! .&99;)')%/! +,! U2*7! h;2%542*3e.! =AW\A! .7./)'G<! j;/*2,2./! )'0..0+%!

5292(0;0/0).!10;;!9*+?03)!2%+/4)*!3)/)5/0+%!')/4+3!,+*!*);2@2/0+%!37%2'05.!+,!5+'9;)@).!0%!

.+;&/0+%!2%3!0%!5);;.6!'2F0%8!2..08%')%/.!+,!9*+5)..).!;)..!2'(08&+&.<!

=4)! ,0%2;!)@9)*0')%/2;!2330/0+%! /+! /4)!&;/*2,2./! ;2(!10;;!()!?2*02(;)! /)'9)*2/&*)!=$<!

M0/4!/4)!2330/0+%!+,!/4)!"P!%.!3);27!;0%)6!2330/0+%2;!540*9!,*+'!/4)!3)12*!.)/&9!+%!/4)!"NN!

,.! .7./)'!10;;! ()! %)8;080(;)! 5+'92*)3! /+! /4)! /0').52;)! +,! /4)! 0%/)*)./0%8! 9*+5)..).<! =4)!

3)12*! &.)3! ,+*! /4)! .2')! )@9)*0')%/! +%! /4)! %2%+.)5+%3! /0').52;)! 10;;! 9*+?03)! *);02(;)!

/)'9)*2/&*).! *2%80%8! 3+1%! /+! #! k<! i0,,05&;/0).! +,! .52//)*! 2%3! 9&'9d9*+()! +?)*;29! 10;;!



! "B#!

'2F)! /40.! )@9)*0')%/! 2%7/40%8! (&/! /*0?02;6! (&/! /4)! 2(0;0/7! /+! 5+;;)5/! ;+1! /)'9)*2/&*)!

/*2%.0)%/!2(.+*9/0+%!F0%)/05.!10;;!,0;;!0%!+%)!'+*)!829!0%!/4)!;2(e.!2(0;0/0).<!

=4)! +99+*/&%0/0).! 2,,+*3)3! (7! /4)! 5+%/0%&2/0+%! +,! /4)! .7%/4).0.6! 52;5&;2/0+%.6! 2%3!

.9)5/*+.5+97!0%!/40.!2*)2!2*)!?)*7!9*+'0.0%8<!M0/4!2!8*+&9!+,!/2;)%/)3!.50)%/0./.!'+/0?2/)3!

/+!'+?)!/40.!9*+:)5/!,+*12*36!>!2'!?)*7!)@50/)3!/+!.))!142/!52%!()!255+'9;0.4)3<!>!,));!?)*7!
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