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3"&45-26($'($(!""5(7"%(8-609+0%"*601*+(

:",1*+$+-"2$5(;0"+"<-"5"6=(
#$%$&'()!*$+,((')-./.!*,&0,!%$+!1,&2$3!*,&03-.4.!5+$66')!7,+$38'3'-.!#,9')!*)38'6('-.!:'+;',!<'3,+%'-.!

*,&()!1=$&>9'3'!-.!?>(=>3!@,3A.4!@)6='8,B,!C,8)44.!*'(=,$+!:8$3&>D.E!@)$+;'6!F&)G()HI)3G,+$G.J.4!

K'()+,6!#$&&L.E!M)'!N'3A!N>B4.!M'%$B'!C,3%)&'44!,3%!*,66'2)!F+';>(('-.4.J.JJ/!

-O$D,&82$38!)P!Q')8$(=3)+)AR.!1='2'68&R!$!S=,&2,(R.!T3';$&6'8U!%'!:'$3,.!;',!5V!*)&)!W.!XHYZ"[[!:'$3,.!X8,+R.!
4O$D,&82$38!)P!1=$2'68&R.!Q)\+'3A!I&$$3!:8,8$!T3';$&6'8R.!Q)\+'3A!I&$$3.!FM!]Z][Z.!T:5.!44O$D,&82$38!)P!
#&)38'$&!*,8$&',+6.!I&,%>,8$!:(=))+!)P!^3A'3$$&'3A.!K,A)R,!X368'8>8$!)P!_$(=3)+)AR.!I)B'6)H(=).!:=)\,HB>.!
K,A)R,.!`,D,3.!E5'a!*,&6$'++$!T3';.!1K<:.!X1<.!*,&6$'++$.!#&,3($.!JX368'8>8!%$!S=R6'b>$!$8!1='2'$!%$6!
*,8L&',>a!%$!:8&,69)>&A.!T*<!cY[]!T3';$&6'8L!%$!:8&,69)>&AH1K<:.!#Hdc[Z]!:8&,69)>&A.!#&,3($.!JJT:X5:!
X368'8>8!%ef8>%$6!5;,3(L$6.!T3';$&6'8L!%$!:8&,69)>&A.!!Y!,++L$!%>!IL3L&,+!<)>;'++)'6.!#Hdc[gZ!:8&,69)>&A.!
#&,3($V!

!"#$%&'$(

!

h$! &$D)&8! )3! ,! D&)8)8RD$! D&)8)()+! P)&! 8=$! ,>8)2,8'(! ,3%! P,68! ()368&>(8')3! )P! ()3A&>)>6! 6$86! )P!

i*j**! 2)%$+6! )P! &=)%)D6'3H+'B$! D=)8)&$($D8)&6! ,3%! )P! 8=$'&! 2>8,386V! X3! 8=$! D&$6$38!

'2D+$2$38,8')3! 8=$! '3P)&2,8')3! &$b>'&$%! P)&! 8=$! ()368&>(8')3! )P! $,(=! 2)%$+! '6! $66$38',++R! ,!

(&R68,++)A&,D='(! 68&>(8>&$! )&! ,! ()2D,&,8';$! 2)%$+! ()2D+$2$38$%! \'8=! '3P)&2,8')3! )3! 8=$!

D&)8)3,8')3! 68,8$! )P! ')3'G,9+$! 6'%$H(=,'36! ,3%! %'68&'9>8')36! )P! $a8$&3,+! ()>38$&')36V! :8,&8'3A! \'8=!

6>(=! '3P)&2,8')3! ,!2)%$+! P)&2$%! 9R! ,! P'a$%! $3;'&)32$38! 6R68$2.! ,! P+$a'9+$! (,;'8R! 6R68$2! ,3%! ,!

(=&)2)D=)&$! 6R68$2! '6! ,>8)2,8'(,++R! A$3$&,8$%V! _=$! &$6>+86! )P! 8=$! D&$%'(8$%! ;$&8'(,+! $a('8,8')3!

$3$&AR! P)&! Wc! %'PP$&$38! &=)%)D6'36! '3(+>%'3A! ;$&8$9&,8$.! '3;$&8$9&,8$! ,3%! 2'(&)9',+! D'A2$386!

'3%'(,8$!8=,8!6>(=!9,6'(!2)%$+6!()>+%!9$!$2D+)R$%!P)&!D&$%'(8'3A!8&$3%6!'3!6D$(8&,+!(=,3A$6!,3%j)&!

()&&$+,8$!8=$!6D$(8&,+!(=,3A$6!\'8=!68&>(8>&,+!;,&',8')36!'3!+,&A$!6$86!)P!D&)8$'36V!!
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! W!

)*$%+,-'$.+*(

1=$,D! ,3%! P,68! 8))+6! P)&! A$3$! 6$b>$3('3A.! D&)8$'3! $aD&$66')3! ,3%! ,3,+R6'6! ,&$! &)>8'3$+R! >6$%! P)&!

='A=H8=&)>A=D>8!A$3)2'(6V".W!M)\$;$&.!%>$! 8)!$aD$&'2$38,+!%'PP'(>+8'$6!,3%! +)3A$&! 8'2$6(,+$6! k$VAV!

P)&!(&R68,++'G,8')3l.!D&)8$'3!68&>(8>&$!%$8$&2'3,8')3!(,33)8!D&$6$38+R!9$!D$&P)&2$%!,8!8=$!6,2$!P,68!

D,($m!,!P,(8!8=,8!'6!6+)\'3A!%)\3!8=$!%'6();$&R!)P!D&)8$'36!\'8=!3$\!P$,8>&$6!,6!\$++!,6!8=$'&!!"#$%&%!

%$6'A3VZ! _=$6$! %'PP'(>+8'$6! ,PP$(8! =$,;'+R! 8=$! P'$+%! )P! D=)8)9')+)AR! \=$&$! 8=$! 3>29$&! )P! B3)\3!

D=)8)&$($D8)&!68&>(8>&$6!'6!+'2'8$%V!#)&!'368,3($!8=$!(&R68,+!68&>(8>&$!)P!9);'3$!&=)%)D6'3.!8=$!&$8'3,!

%'2H+'A=8!;'6>,+!D=)8)&$($D8)&.!'6!8=$!)3+R!68&>(8>&$!,;,'+,9+$!P)&!68>%R'3A!2)3)(=&)2,8'(!,3%!()+)&!

;'6')3!'3!;$&8$9&,8$6V!X3!D&'3('D+$.!8=$!A,D!()>+%!9$!P'++$%!9R!8=$!()368&>(8')3!)P!6>PP'('$38+R!,((>&,8$!

,8)2'68'(! ()2D>8$&! 2)%$+6! )P! 8=$! 6$8! )P! D=)8)&$($D8)&6! )P! '38$&$68.! \='(=! \)>+%! ,++)\! '$# (')'*%!

P>3(8')3,+! (=,&,(8$&'G,8')3.! D&)D$&8R! 6(&$$3'3A! ,3%! !"+$%&%! %$6'A3V! M)\$;$&.! 8)! 9$! >6$P>+.! 6>(=!

2)%$+6! 6=)>+%! 9$! D&)%>($%! >6'3A! ,! P,68! ,3%! 68,3%,&%'G$%! k'3! 8=$! 6$36$! )P! ,! \$++! %$P'3$%! ,3%!

&$D+'(,9+$l!D&)8)()+!\'8=!B3)\3!$&&)&!9,&6V!

1)2D>8$&! 2)%$+6! )P! 9')+)A'(,+! D=)8)&$($D8)&6! P)&! 68>%R'3A! D&)D$&8'$6! +'B$! 6D$(8&,+! 8>3'3A! ,3%!

D=)8)'6)2$&'G,8')3! 8'2$6(,+$6! ,&$! ()2D>8,8')3,++R! ()2D+$aV! 56! )&'A'3,++R! D&)D)6$%! 9R! h,&6=$+].!

8=$6$!2)%$+6!=,;$!8)!'3()&D)&,8$!,!b>,38>2!2$(=,3'(,+!ki*l!%$6(&'D8')3!)P!8=$!(=&)2)D=)&$!k'V$V!

8=$! D&)8$'3! 6D$(8&)6()D'(,++R! ,3%! D=)8)(=$2'(,++R! ,(8';$! D&)68=$8'(! A&)>Dl! ,3%! ,(()>38! P)&! 8=$!

'38$&,(8')3!\'8=!8=$!,D)D&)8$'3!>6'3A!,!()2D>8,8')3,++R! +$66!$aD$36';$!2)+$(>+,&!2$(=,3'(6!k**l!

P)&($! P'$+%V! X3! 8=$! D,68.! )>&! A&)>D! =,6! ()38&'9>8$%! 8)! 6=)\! 8=,8! =R9&'%! b>,38>2H2$(=,3'(6! j!

2)+$(>+,&H2$(=,3'(6! ki*j**l! ,DD&),(=$6! ()29'3'3A! ,3! ,-# '$'.'%! 2>+8'()3P'A>&,8')3,+! i*!

%$6(&'D8')3! )P! 8=$! +'A=8! ,96)&9'3A! 2)'$8R! k'V$V! 8=$! (=&)2)D=)&$l! \'8=! ,! **! %$6(&'D8')3! )P! '86!

2)+$(>+,&! $3;'&)32$38! (,3! 9$! ,DD+'$%! 8)! %'PP$&$38! D=)8)&$6D)36';$! D&)8$'36! '3(+>%'3A! 9);'3$!

&=)%)D6'3! ,3%!)8=$&!=)2)+)A)>6!D&)8$'36VYH"[! :'2'+,&!)&!%'68'3(8!i*j**!2)%$+6!)P! 6>(=! 6R68$26!

=,;$!9$$3!&$D)&8$%!9R!)8=$&!A&)>D6!,3%!2,'3+R!>6$%!P)&!>3%$&68,3%'3A!8=$'&!,96)&D8')3!6D$(8&,V""H"]!

X3%$$%.!8=$!&=)%)D6'3!D&)8$'3!P,2'+R!&$D&$6$386!,3!'2D&$66';$!(,6$!)P!&$A>+,8')3!)P!8=$!\,;$+$3A8=!

)P!8=$!,96)&D8')3!2,a'2>2!kn,2,al!D+,R'3A!,!&)+$!'3!P>3%,2$38,+!9')+)A'(,+!D&)($66$6!6>(=!,6!;'6')3.!

(=&)2,8'(! ,%,D8,8')3.! ')3HA,8'3A! ,3%! ')3HD>2D'3AV"Y."d! X3! 8=$6$! 8&,36H2$29&,3$! D&)8$'36.! 8=$!

(=&)2)D=)&$! n,2,a! '6! 2)%>+,8$%! 9R! 8=$! $3;'&)32$38! P&)2! ]W[! 32! k=>2,3! 6=)&8! \,;$H6$36'8';$!

D'A2$38.!=:h:l!8)!Ygc!32!k6$36)&R!&=)%)D6'3!XlV"d!56!%'6D+,R$%!'3!:(=$2$!"5.!8=$!(=&)2)D=)&$!'6!

P)&2$%!9R!,!&$8'3R+'%$3$!'6)2$&!9)>3%!8)!,!+R6'3$!&$6'%>$!;',!,3!'2'3'>2!P>3(8')3!k,+6)!B3)\3!,6!,!

D&)8)3,8$%!:(='PP!9,6$.!S:QlV!_=$!%$8,'+$%!B3)\+$%A$!)P!8=$!2)+$(>+,&!P,(8)&6!()38&)++'3A!8=$!n,2,a!)P!

&=)%)D6'36!'6!'2D)&8,38!3)8!)3+R!P)&!>3%$&68,3%'3A!8=$!P>3(8')36!)P!8=$6$!D=)8)&$($D8)&6.!9>8!,+6)!

P)&! 8=$! &,8')3,+!%$6'A3!)P!3);$+.! A$3$8'(,++R! $3()%,9+$! 8))+6V! X3! P,(8.! 8=$&$! '6! ,! A&)\'3A! '38$&$68! '3!
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! Z!

$2D+)R'3A! &=)%)D6'36! 8)! 6\'8(=! o)3p! ,3%! o)PPp! 2$8,9)+'(! D,8=\,R6.! A$3$! $aD&$66')3! ,3%! ')3!

(=,33$+6V"cHW[!#>&8=$&2)&$.!&=)%)D6'36!,&$!(>&&$38+R!($38&,+!8)!8=$!P'$+%!)P!)D8)A$3$8'(6W"!\=$&$!8=$!

A$3$!$aD&$66'3A!,!+'A=8HA,8$%!')3H(=,33$+!(=,33$+&=)%)D6'3!'6!>6$%!8)!$3A'3$$&!+'A=8H6$36'8';'8R!'38)!

3$>&)36V!

56! 2$38')3$%! ,9);$! i*j**! 2)%$+6! )P! &=)%)D6'36! ,&$! \$++! $68,9+'6=$%.! 9>8! ,! b>'(B! +'8$&,8>&$!

6>&;$R!%$2)368&,8$6!8=,8!$;$3!2)%$+6!)P!8=$!6,2$!D&)8$'3!(,3!9$!=,&%+R!()2D,&$%V!_,B'3A!9);'3$!

&=)%)D6'3!k<=l!,6!,!&$P$&$3($.!9$'3A!8=$!2)68!&$D&$6$38,8';$!,3%!68>%'$%!6R68$2.!,8!+$,68!d!%'PP$&$38!

i*j**!6$8>D6!=,;$!9$$3!>6$%d."W."Z.WWHW]!k6$$!:>DD)&8'3A!X3P)&2,8')3!P)&!2)&$!%$8,'+6l!&$6>+8'3A!'3!,!

Zd!32! &,3A$! P)&! 8=$!D&$%'(8$%!<=! ;'6'9+$! ,96)&D8')3!2,a'2>2!\,;$+$3A8=! kn,2,alV! _=$! 6>968,38',+!

%'PP$&$3($6!%'6D+,R$%!9R!6'2'+,&!,DD&),(=$6!k$VAV!53%&>3')\!!.#,)Vd!,3%!_)2,6$++)!!.#,)V"Wl.!2>68!9$!

%>$! 8)! 8=$!%'68'3(8!2,3'D>+,8')36!>6$%! P)&! 8=$!D&$D,&,8')3!)P! 8=$! '3'8',+! D&)8$'3! 68&>(8>&$! k'V$V! 8=$!

68&>(8>&$! $b>'+'9&,8')3.! 8=$! $a8$&3,+! $3;'&)32$38j6)+;,8')3.! 8=$! D&)8)3,8')3! 68,8$6! )P! ')3'G,9+$!

&$6'%>$6.!8=$!'38$&3,+!\,8$&6.!$8(Vl!,3%!8=$!2>+8'D+$!;,&',9+$6!8)!9$!6$+$(8$%!%>&'3A!8=$!()368&>(8')3!

)P! 8=$! P'3,+!i*j**!2)%$+! k$VAV! 8=$! (=)'($!)P! 8=$!i*!2$8=)%!)&!2$8=)%6.! 8=$! 8&$,82$38!)P! 8=$!

i*j**! P&)38'$&! ,3%! )P! i*j**! 3)3H9)3%'3A! '38$&,(8')36.! 8=$! $2D+)R$%! **! P)&($! P'$+%lV!

*)&$);$&.! 8=$6$!2,3'D>+,8')36! ,&$!D&)3$! 8)!)D$&,8)&! $&&)&6! ,3%.! '3!D&,(8'($.! ,&$! (>29$&6)2$! 8)!

&$D+'(,8$V!_=>6.!=,;'3A!,!\$++!%$P'3$%!i*j**!2)%$+6!\='(=!(,3!9$!&$,%'+R!&$D+'(,8$%!'3!)8=$&!+,96!

,3%!,++)\!P)&!()36'68$38!$;,+>,8')3!)P!8=$!$&&)&!,66)(',8$%!8)!8=$!()2D>8,8')3!)P!6D$('P'(!D&)D$&8'$6.!

'6! ='A=+R! %$6'&,9+$.! 'P! 3)8! 2,3%,8)&R.! P)&! 8=$! ()&&$(8! ,DD+'(,8')3! ,3%! P>&8=$&! %$;$+)D2$38! )P! 8=$!

2$8=)%)+)ARV!

M$&$!\$!&$D)&8!)3!8=$!%$6'A3!,3%!8$68'3A!)P!,3!5>8)2,8'(!<=)%)D6'3!*)%$+'3A!D&)8)()+!kP&)2!3)\!

)3! 6'2D+R! (,++$%! 5<*l! ,%%&$66'3A! 8=$! ,9);$! '66>$V! :>(=! D&)8)()+! =,6! 8=$! D&'2,&R! 8,&A$8! )P!

A$3$&,8'3A! ()3A&>)>6! i*j**! 2)%$+6! )P! &=)%)D6'36! 8=,8! 2,R! P,('+'8,8$! 6R68$2,8'(! &=)%)D6'3!

68>%'$6VWY.Wd!*)&$!6D$('P'(,++R.!5<*!,>8)2,8$6!,3%!6D$$%6!>D!8=$!()368&>(8')3!)P!2)%$+6!9,6$%!)3!

,3!,%%'8';$.!MH+'3BH,8)2!6(=$2$Wc!P)&!9)8=!\'+%!8RD$!,3%!2>8,38!&=)%)D6'36V!5<*!'6!$%.!%$6'A3$%!8)!

D&)%>($! 8=$! 2)68! ,((>&,8$! 2)%$+6! D)66'9+$! k6$$! P)&! '368,3($! 8=$! 2)%$+6! )P! &$PV! WgHZW! 8,&A$8'3A!

,((>&,8$!6D$(8&)6()D'(!68>%'$6l.!9>8!9,6'(.!A,6HD=,6$!,3%!()2D>8,8')3,++R!P,68!2)%$+6!,'2$%!8)!8=$!

/,.'%$,)'0,.'%$#,$1#2/!1'*.'%$#%3#./!$1(#-!.4!!$#(!56!$*!#&,/',-')'.7#,$1#36$*.'%$V!_=$&$P)&$.!5<*!

2)%$+6! ,'2! 8)! 6,8'6PR! 8=$! P)++)\'3A! %$6'&,9+$! P$,8>&$6! P)&! ,! ='A=H8=&)>A=D>8! ,DD&),(=m! k,l!

,>8)2,8')3.!8)!&$%>($!,(('%$38,+!$&&)&6!,3%!,;)'%!9',6$%!2)%$+'3Aq!k9l!6D$$%.!8)!%$,+!\'8=!+,&A$!6$86!

)P! D&)8$'3! )P! 8=$! 6,2$! P,2'+Rq! k(l! %)(>2$38$%! ,((>&,(R.! 8)! 8&,36+,8$! &$6>+86! '38)! $aD$&'2$38,++R!

,66$66,9+$!=RD)8=$6'6q!k%l!8&,36P$&,9'+'8R.!8)!8&$,8!&=)%)D6'36!\'8=!+,&A$!%'PP$&$3($6!'3!6$b>$3($!k'V$V!

P&)2!%'PP$&$38!%)2,'36!,3%!B'3A%)26lV!
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! ]!

X3!8=$!D&$6$38!\)&B.!,!2'3'2,+!(=&)2)D=)&$!(,;'8R.!,!2'3'2,+!i*!6>96R68$2!,3%!6=)&8!2)+$(>+,&!

%R3,2'(6! k*Ol! ()3P)&2,8')3,+! 6,2D+'3A! ,&$! ()36'%$&$%! (=,&,(8$&'68'(6! )P! 8=$! '3;$68'A,8$%!2)%$+.!

8=>6!2,B'3A!'86!()368&>(8')3!P,68!,3%!,;)'%'3A!>39',6$%!()368&>(8')3!68$D6!k6$$!P$,8>&$6!,H9!,9);$lV!

F3! 8=$! )8=$&! =,3%.! ,! 9$3(=2,&B'3A! 6$8! ()2D&'6'3A! ;$&8$9&,8$.! '3;$&8$9&,8$! ,3%! 2'(&)9',+!

&=)%)D6'36!'6!$2D+)R$%!8)!$aD+)&$!P$,>8>&$6!(H%!8=&)>A=!n,2,a!()2D>8,8')36!k'V$V!8=$!()&&$6D)3%'3A!

;$&8'(,+!$a('8,8')3!D&)($66!)P!:(=$2$!"QlV!*)&$!6D$('P'(,++R!\$!>6$m!8=$!,++H./,$(#,3%!"ZH*'(#'6)2$&6!

)P!8$,-,!$,!:$36)&R!<=)%)D6'3!k5:<.!2'(&)9',+.!6$36)&',+l!,3%!Y!)P!8=$'&!2>8,386!P)&!\='(=!\$!,+6)!

2$,6>&$!8=$!n,2,aq
ZZ.Z]!9);'3$!<=)%)D6'3!k<=.!;$&8$9&,8$.!;'6>,+!D'A2$38lZY!,3%!c!)P! '86!2>8,386!P)&!

\='(=! 8=$!2$,6>&$%! n,2,a! '6! &$D)&8$%! '3! 8=$! +'8$&,8>&$q! 6b>'%! <=)%)D6'3! k:b<.! '3;$&8$9&,8$.! ;'6>,+!

D'A2$38lqZd! =>2,3! 2$+,3)D6'3! k=*$FD.! ;$&8$9&,8$.! 3)3H;'6>,+! D'A2$38lqr.Zc! 8=$! +'A=8H! ,3%! %,&BH

,%,D8$%! P)&26! )P! 9,(8$&')&=)%)D6'3! k9<N5! ,3%! 9<O5.! ,3! 5&(=,$,! D&)8)3! D>2DlZg.Zrq! 9+>$!

D&)8$)&=)%)D6'3!kS<.!,3!$>9,(8$&',+!D&)8)3!D>2Dl][!,3%!8=$!,!(='2$&,!(=,33$+&=)%)D6'3!k1=<1"1W.!,!

+,9!()368&>(8!)P!2'(&)9',+!$>B,&R)8'(! +'A=8HA,8$%!')3!(=,33$+6!P&)2!8=$!A&$$3!,+A,!9:),;71%;%$,(#

/!'$:,/1.''lVZ"! _=$! 6$+$(8$%! 6'3A+$H6'8$!2>8,386! ,&$! :gdO.! :W"]O.! NgZi.! 7""WK.!hcd#! P)&! 5:<! ,3%!

Ir[:.! _r]:.! _""g5.! #Wd"@.!hWdY#.!hWdY@! ,3%! 5WrW:! P)&! <=V!*)&$);$&.! 8)! P>&8=$&! '3(&$,6$! 8=$!

6()D$! )P! )>&! ,DD&),(=.! ,! 2)%$+! )P! 8=$! <=! D&'2,&R! D=)8)(R(+$! '38$&2$%',8$! 9,8=)&=)%)D6'3!

k9,8=)<=.! $aD$&'2$38,+! n,2,a! )P! Y]Z! 32! ,8! +)\! 8$2D$&,8>&$]"l! =,6! 9$$3! 9>'+8! P&)2! '86! (&R68,+!

68&>(8>&$]WV! X3! 8)8,+! 8=$! 6$8! 6D,36! Wd! )96$&;$%! n,2,a! ;,+>$6! ()2D&'6$%! 9$8\$$3! ]cZ! ,3%! Ydg! 32!

()&&$6D)3%'3A! 8)!;$&8'(,+!$a('8,8')3!$3$&A'$6! k'V$V.! ,6! '++>68&,8$%! '3!:(=$2$!"Q.! 8=$!s^:"H:[!D)8$38',+!

$3$&AR! A,D! ()2D>8$%! ,8! 8=$! :[! $b>'+'9&'>2! 68&>(8>&$!\='(=! '6! ,+6)! ,66>2$%! 8)! ()&&$6D)3%! 8)! 8=$!

n,2,a!;,+>$V!FP!()>&6$.! '3!%)'3A!6).!\$!3$A+$(8!8=$!$PP$(8!)P!8=$!=)2)A$3$)>6!,3%!'3=)2)A$3$)>6!

9&),%$3'3A!\='(=!\$!,66>2$!8)!9$!6'2'+,&! '3!%'PP$&$38!&=)%)D6'3!6D$('$6l! '3!8=$!YW!8)!d"!B(,+j2)+!

&,3A$V!_=$!6$8!=,6!9$$3!%$6'A3$%!'3!6>(=!,!\,R!8)!'3(+>%$!$;)+>8')3,&R!%'68,38!6$36)&R!&=)%)D6'36!

P&)2!%'PP$&$38!B'3A%)26!k53'2,+',!,3%!Q,(8$&',l!,3%!D=R+,!k1=)&%,8,.!*)++>6(,!,3%!1R,3)9,(8$&',l.!

8\)!D&)8)3!D>2D6!P&)2!%'PP$&$38!B'3A%)26!k5&(=,$,!,3%!Q,(8$&',l!,3%!)3$!+'A=8HA,8$%!')3!(=,33$+!

P&)2!8=$!B'3A%)2!S+,38,$V!_=$!o$;)+>8')3,&R!%'68,3($p!9$8\$$3!&$D&$6$38,8';$!2$29$&6!)P!8=$!6$8!

'6!%)(>2$38$%!'3!8=$!:>DD)&8'3A!X3P)&2,8')3!'3!8$&26!)P!D$&($38,A$!)P!=)2)+)AR!,3%!'3!#'AV!"5!9R!

()2D,&'3A!8=$!68&>(8>&$!)P!8=$!(,;'8'$6!)P!P)>&!6$36)&R!&=)%)D6'36V!!
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! Y!

!

"#$%&%!'!5V!:8&>(8>&$!)P!8=$!&$8'3,+!(=&)2)D=)&$!)P!9);'3$!&=)%)D6'3!,3%!)P!8=$!NR6Hi*!6R68$2!)P!8=$!5<*!
2)%$+V! QV! :(=$2,8'(! '++>68&,8')3! )P! 8=$! ;$&8'(,+! $a('8,8')3! )P! 8=$! (=&)2)D=)&$V! K)8'($! 8=$! %'PP$&$38! (=,&A$!
%'68&'9>8')3!'3!8=$!A&)>3%!k:[l!,3%!$a('8$%!k:"l!68,8$6!()3t>A,8$%!(,&9)3!P&,2$\)&BV

]Z.]]
!

S=)8)9')+)A'(,+! 68>%'$6! P)(>6'3A! )3! 9)8=! 6D$(8&)6()DR! ,3%! (=$2'(,+! &$,(8';'8R! &$b>'&$! 8=$! >6$! )P!

,((>&,8$.!()&&$+,8$%!i*!2$8=)%6VWd!5<*!$2D+)R6!8=$!2>+8'()3P'A>&,8')3,+!1)2D+$8$!5(8';$!:D,($!

:$+P!1)36'68$38!#'$+%!k15::1#l]Y!2$8=)%!8)!)98,'3!A&)>3%!68,8$!A$)2$8&'$6V!^a('8,8')3!$3$&A'$6!,&$!

8=$3!()2D>8$%!>6'3A!2>+8'()3P'A>&,8')3,+! 6$()3%H)&%$&!D$&8>&9,8')3! 8=$)&R! k15:S_Wl]d! 8)! &$();$&!

8=$! 2'66'3A! %R3,2'(,+! $+$(8&)3! ()&&$+,8')3! ,66)(',8$%! \'8=! 8=$! 15::1#! %$6(&'D8')3V! :>(=! ,!

15:S_Wjj15::1#! 8&$,82$38! =,6! 9$$3! $a8$36';$+R! '3;$68'A,8$%! ,3%! '86! +'2'8,8')36! ,&$! \$++!

>3%$&68))%V! M$&$.! \$! 68&$66! 8=,8.! ,6! D&$;')>6+R! %)(>2$38$%.! 8=$! &,8=$&! +'2'8$%! (,V! ZH]! B(,+j2)+!

$&&)&YHg."].WY.]cHY[! '3! $a('8,8')3! $3$&AR! &$D)&8$%! '3! 6$;$&,+! 68>%'$6Y"HYZ! ,3%! ()2D&'6'3A!

15:S_Wjj15::1#jdHZ"I/j**! (,+(>+,8')36! ,&$! D,&8+R! %>$! 8)! $&&)&! (,3($++,8')36! ,66)(',8$%! 8)! 8=$!

+'2'8$%! b>,+'8R! )P! 15::1#jdHZ"I/! $b>'+'9&'>2! A$)2$8&'$6VY]! K$;$&8=$+$66! \$! %$('%$%! 8)! %$;$+)D!

5<*!)3!8=$!9,6'6!)P!6>(=!i*!8&$,82$38!9$(,>6$!15::1#!,++)\6!8=$!>6$!)P!68,8$H,;$&,A$%!$3$&A'$6!

P)&!2,DD'3A!8=$&2,+!,3%!D=)8)(=$2'(,+!&$,(8')3!D,8=6!\'8=!%'PP$&$38!$+$(8&)3'(!(=,&,(8$&6!,3%!P)&!

D&)D,A,8'3A! 6$2'H(+,66'(,+! $a('8$%! 68,8$! 8&,t$(8)&'$6V! _=$&$P)&$! 15::1#jdHZ"I/j**! $b>'+'9&'>2!

2)%$+6!)P!8=$!6$+$(8$%!&=)%)D6'3!9$3(=2,&B!6$8!kP&)2!3)\!)3!(,++$%!5<*!2)%$+6l!,&$!6>'8,9+$!P)&!

()36'68$38!,3%!()2D&$=$36';$!D=)8)(=$2'(,+!68>%'$6V!

Q$+)\!\$!6=)\!8=,8!5<*!&$D&$6$386!,!P'&68H)&%$&!,36\$&!8)!8=$!3$$%!P)&!='A=H8=&)>A=D>8!i*j**!

2)%$+! A$3$&,8')3! P)&! &=)%)D6'36.! R'$+%'3A! 9+>$H6='P8$%! s^:"H:[! ;,+>$6!\'8=! ,! 68,3%,&%! %$;',8')3! )P!

P$\! B(,+j2)+! ,3%! ,96)+>8$! %$;',8')36! 6>AA$68'3A! 8=$! D&$6$3($! )P! ,! 6R68$2,8'(! $&&)&V! 5%%'8')3,++R.!

>6'3A!8=$!6,2$!6$8.!\$!%)(>2$38!8=$!6$36'8';'8R!,3%!+'2'8,8')36!)P!5<*!2)%$+6!\'8=!&$6D$(8!8)m!k'l!

8=$!>3($&8,'38R!'3!8=$!,66'A32$38!)P!8=$!')3'G,8')3!68,8$!)P!8=$!D&)8$'3!&$6'%>$6.!k''l!8=$!$a8$&3,+!k'V$V!

D&)8$'3! 6>&P,($l! ()>38$&')3! D+,($2$38! ,3%! %'68&'9>8')3.! ,3%! k'''l! 8=$! 68,9'+'8R! )P! 8=$! 6'%$H(=,'3!

()3P)&2,8')3!,PP$(8'3A!8=$!MQK!3$,&!8=$!(=&)2)D=)&$V!

!"

#
$

11 12
13

14

15
10

9

8

Lys-QM system

QM Lys

hν

S0

S1

= %ES1-S0

A B
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d

()*+,%!' <=)%)D6'3!2)%$+6V 5V ^a,2D+$6!)P!(,;'8R ,3%!(=&)2)D=)&$!;,&',9'+'8R!'3!8=$!6$+$(8$% 9$3(=2,&B 6$8V!
_=$!%'6D+,R$% 68&>(8>&$6!,&$!9,6$%!)3!aH&,R!(&R68,++)A&,D='(!%,8,!$a($D8!P)&!=*$FD!8=,8!=,6!9$$3!D&)%>($%!
;',! ()2D,&,8';$!2)%$++'3A k6$$!*$8=)%6! 6$(8')3lV X)3'G,9+$! 6'%$H(=,'36!,&$!2,&B$%!\'8=!,!/m ,('%'(! &$6'%>$6!
,&$!6=)\3!'3!&$% ,3% ,+B,+'3$!'3!9+>$V K)3H')3'G,9+$ D)+,&!&$6'%>$6!,&$!6=)\3!'3!A&$$3V QV I$3$&,+!68&>(8>&$!)P!
8=$!i*j** 2)%$+!()368&>(8$%!>6'3A 5<* %'6D+,R'3A!8=$!$3;'&)32$38!k'3!A&$R \'8=!$a8$&3,+!()>38$&')36! '3!
9+>$!,3%!&$%l.!(,;'8R!k&$6'%>$6!'3!&$%l!,3%!NR6Hi*!6R68$26 k'3!9+>$!,3%!A&$$3lV

/0$1+,#

<&!/&'!4 %3#8=>

_=$!i*j**!2)%$+! ()368&>(8$%! 9R! 5<*! '6! ,! A,6HD=,6$ ,3% A+)9,++R! >3(=,&A$% 2)3)2$&!2)%$+!

\=)6$! 68&>(8>&$! '6! '++>68&,8$%! '3! #'AV! "QV! _=$! 2)%$+! '6! %';'%$%! '3! 8=$! 8=&$$! 6R68$26! (,++$%!

$3;'&)32$38.!(,;'8R!,3%!NR6Hi*V!_=$!$3;'&)32$38!=,6!9,(B9)3$ ,3% 6'%$H(=,'3!,8)26!P'a$%!,8!8=$!

(&R68,++)A&,D='(! k)&! ()2D,&,8';$! 2)%$+l! 68&>(8>&$. ,3%! '3()&D)&,8$6! 6>'8,9+R! D+,($%! $a8$&3,+!

()>38$&')36 ,+6)!B$D8!P'a$% ,8!()2D>8$%!D)6'8')36!k6$$!8=$!%$8,'+6!9$+)\lV!_=$!(,;'8R.!\='(=!'3(+>%$6!

8=$!NR6Hi*!6R68$2!%$8,'+$%!'3!8=$!+$P8!D,&8!)P!:(=$2$!".!,+6)!P$,8>&$6!P'a$%!9,(B9)3$!,8)26!9>8!'86!

6'%$H(=,'3!,8)26!,&$!P&$$!8)!&$+,aV!_=$!NR6Hi*!6R68$2!()2D&'6$6!8=$!,8)26!)P!8=$!NR6!6'%$H(=,'3!'3!

()38,(8!k8=&)>A=!1ul!\'8=!8=$!i*j**!P&)38'$&!,3%!8=$!$38'&$!i*!6>96R68$2 8=,8!()&&$6D)3%6!8)!,3!

KH2$8=R+,8$%!&$8'3,+!(=&)2)D=)&$V!5++!NR6Hi*!,8)26!,&$!P&$$!8)!&$+,aV!_=$!$3;'&)32$38.!(,;'8R!,3%!

NR6!6'%$H(=,'3!P)&2!8=$!**!6>96R68$2V!K)8'($!8=,8!\='+$!5<*!2)%$+6!P$,8>&$!,!P'a$% $3;'&)32$38!

6R68$2!k6$$!#'AV!"Ql.!)8=$&!9,&$!i*j**!&=)%)D6'3!2)%$+6!&$D)&8$%!'3!8=$!+'8$&,8>&$!,&$!9,6$%!)3!

A$)2$8&'(,++R! )D8'2'G$%! ,D)D&)8$'3! 68&>(8>&$6V"Z."].YY.Yd X3! 8='6! &$6D$(8! 5<*! 2)%$+6. ,&$
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! c!

o()36$&;,8';$p! '3! 8=$! 6$36$! 8=,8! 8=$R! $36>&$! 8=,8! 8=$! '3P)&2,8')3! P&)2! 8=$! aH&,R! (&R68,++)A&,D='(!

68&>(8>&$!'6!&$8,'3$%!'3!8=$!P'3,+!i*j**!2)%$+V!

_$(=3'(,++R.! 5<*! '6! ,! N'3>a! ()22,3%H+'3$! 8))+! 8=,8! '38$&P,($6! ;,&')>6! D>9+'(+R! ,;,'+,9+$! )&!

6D$('P'(,++R! %$6'A3$%! k$VAV! 8=$! XFK! 2)%>+$l! ()2D>8,8')3,+! (=$2'68&R! D&)A&,26! k6$$! 8=$! :X! P)&!

%$8,'+$%! '3P)&2,8')3l! (,&&R'3A! )>8! 8=$! %'PP$&$38! 8,6B6! &$b>'&$%! 8)! ()368&>(8! i*j**!2)%$+6V!!"#$

!"#$%&'"(')!*$%+",-)%+".#-(/0%'%1*!)/+"%2')'%3'"4%51236%7+#/%.!")'+"+"8%'"%+"+)+'#%58-/006%*9!(!,0+"%

!"#$%"$#&'()"*'+!!),-&.')/-)0+")/-'!"+"&!1'+-.'+'2)!"'/3'"+#,&"'#&!).$&!'#&4$)#&.'"/'.#)5&'"*&'!"#$%&%'()

!"# $%&$'()*# +!,(&$'-!(./# 0!1$2$'3# &4$# !'-5-()*# 678#9):# ;$# <'$H!"#$%&&%'( )*( $#+!,%-./0( "%&.'1%&(

!"#$%&"''"()%*#+&'%,&"''"()%-.'"/0.'%*-.%(+#%*//./1%0'"()%#$.%'2.3"4"3%0#"5"#6%!"#$%&'$()*+,-*.#(/0123*

!"#$%&#'()#*+,-+./VYc!_=$!6$b>$3($!)P!68$D6!P&)2!8=$!'3D>8!8)!8=$!P'3,+!&$6>+86!'6!D&$H%$P'3$%.!,3%!

$'8=$&!,>8)2,8'(!)&!,>8)2,8,9+$!'3!,!P>8>&$!;$&6')3!)P!8=$!6(&'D8!k6$$!8=$!?/!(!$.#,6.%;,.'%$#)';'.(!

6>96$(8')3!'3!8=$!<$6>+86!,3%!O'6(>66')3!6$(8')3lV!

!"#$%&''#()*+$#,)-.*/,"#0$12#'-**$345$61'78*16$/,$0#9/%)#0$/($:/;<$=<$!"#$61'78*16$,)-'),$.+$'#-0/(;$

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

!"#$%#&'()**+,-.!!"#$%&'()*+%"#$,*%(-'&)#.#%"/(012$*3#%(&"*.(-'&)#.#%"/(44(#%#$31(.,%,.,5&",*%/(

!"#$%&#'(!"#!"#$%$&'()!!!"#$%&'()H!"#"!$%&'&&$()!(*!)+,-./0$12,(2$)3"$()33,"4$-*+$+-$53"5)3"$+2"$

!"#$%&'()&!"#$%&#'(!"#""$%&'(&)*+$',)-(-./)-'0!!"!"#$%&'$()*+,#$-.##$/#,)0$12*$3!"#$%&#'(()#*+#

!"#$%&%$'"(!%)%(*!' )+#'#,)#-*./'0.1'.*2'3/
H
! !"#$%&'()!&'*%+"%#')+&,-!.'% +/'%0"*'-1%23% !#*'4'#*'#+-3%

!"#$%&'()(!*+ $,"+ (!!"%+ &!-+ .#$"%+ /(0"0+ (!$%&H!"##$#%&' %()' "*+&%H!"##$#%&'( )&*+",-( .$&/%!".0( 12,.( 3*$#4(

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

!"#$%&'$&$()**#+#",$)!"$-!"-#",+&,)!"$)"$,%#$)""#+$&"($!.,#+$/+!,#)"$'.+*&-#'!"!"#$#!!"#!!"#$%&'!(%#'(

!"#$%"!&'(&)&*$+,&-#&,)./",&."+$!0"+&1.-2$!"!&'(&,3"&0+".&4+""&5$/6&786&93"&*$+,&$%:*0!"&)&+",!"#$"%!#&'()*"

!"#$%!&'()*+,-!&(,!%.&/!%(0$)+1!&(+2$3!(+4&(2!0$5(1*!()*,$6$#*$,!7(5*.)*(6+8(#$1!41.+008(*+,2$,(

!"#$!%$&!%#$'!(")#%*!"+,$-"+)#./0$)1#$#2.')$3!+*)*!"$!4$)1#$'!(")#%*!"+$*+$/#)#%&*"#/$56$."$#"#%76$

!"#"!"$%&"'#( )*'+,-.*,/( 0'*,( 1),+"2"+%3345( 2'*( !"#$% &'()"#!*% +$!% ,-&+% .)% +"(/!+% (!&-0'!&% '&'",,1%

!"#$%&'()*$$)+'(!&%'(),-.(')#-*+/'()-*0')1-')(*2')(!/")*()1-')#.++'(3."&!"/)(%+4*#')"'1)#-*+/'5!!"#

!"#!$%&'()&*)%+!),!%&(-.H!"#$%$&'()*#%&+#$&*,)&-".#,%/*"#0&12*-2&3+(&!%&%4-'.$%$&*#&"/$%/&,"&5/%6%#,&

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

!"#$%&'()$*)%'(+"$,&)-!.(!!"#$%$&!"#$%&#'(#)*+,!-&#!"#$%&'()*!+',-"&.&!!"##$%&"'$!"#$%&'()*+(%'(!"#$
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!"#$%&'!( )%!( #'*"'!+',( -.( +/'( 012( !&/'3'!" #$$" !"#$% &'(% !"#$%&'(&)*+ ,-)."!! !"#$ %&!'()*%+%,-.$

!"#"$%"&'!""#$%&'()*#)+'+$(,)"$&*+$&!-!

!"#$ %!"#$%&$ '("!)*("$!"#$%$%&'!"#$%#!&'()$*"%+,+-"+%#$!"#$%&!" #$%"&'()#)'*"'+" #$%",-#%."!"#$%&!!!"#!

!"#$ !"#$ %&$ '($ #)"$!"# !"#$%$&'()!! !"#$ !"#$%&'('&) *('H!""#$%&'( )!*!+&,&*!!! !"#$ !"#$%$"&!! !"# $%&#

!!"#$%&&'(!%)*+,- .%$/!- !"#$%&'! !"#"$ %&"'$ (&$ ($ &)(#)*+,$ ,%"&&$ !"#$ %&'! !!"#$%H!!"! !"#!$#"%&'(!

!""#$%#%$&'()&!"!#!$%&'(!)"#$#!'"&'*&$%%&+$#)(&!"#$%&'(!!"#$!!!!"!!"#$!"!#!$%&!"#$%&!"#$"%&'(#)%*+,"-(

!"#$ !!"#$%$&'()! !"#$!"#$! !"# $%&'()")# !"#! !"#$%& '()*$+,& -%$,$+#& .+& !"#! !"#$ !"#$%&!"! !"#$

!"#$%$&'#!(!!!

!

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

56!,+&$,%R!2$38')3$%!,9);$! 8=$!,66'A32$38!)P! 8=$!D&)8)3,8')3! 68,8$6!)P! 8=$! ')3'G,9+$! &$6'%>$6! '6!

D,&8!)P!8=$!5<*!'3D>8V!h=$3!,!%'PP$&$38!')3'G,8')3!68,8$!'6!,66'A3$%!8)!,!(,;'8R!k)&!3$,&!(,;'8Rl!6'%$H

(=,'3.!6'A3'P'(,38!(=,3A$6!'3!8=$!s^:"H:[!;,+>$6!,&$!$aD$(8$%V!X3!8=$!<$6>+8!,3%!O'6(>66')3!6$(8')3!\$!

'3;$68'A,8$!8='6!$PP$(8!'3!8\)!(,6$6m!8=$!^"g"!6'%$H(=,'3!)P!<=!k#'AV!"5l.!\=)6$!')3'G,8')3!68,8$!'6!68'++!

%$9,8$%qcdHcg!,3%!8=$!OgY!,3%!OW"W!&$6'%>$6!'3!9<.!\=)6$!()2D+$a!=R%&)A$3!9)3%!3$8\)&B!,++)\6!

P)&!%'PP$&$38!()29'3,8')36!)P!D&)8)3,8')3!68,8$6Vcr!X3!8=$!(,6$!)P!<=.!^"g"!'6!D&$%'(8$%!8)!9$!3$>8&,+!

9R!S<FSC5.!\='(=!A';$6!,3!$68'2,8$%!DC,wcVd.!()&&$6D)3%'3A!8)!wg[x!3$>8&,+!2)+$(>+$6!'3!,!6,2D+$!

,8!DM!cV!_=$&$P)&$!\$!()368&>(8$%!,!2)%$+!\'8=!,3!')3'G$%!^"g"!6'%$H(=,'3!k+,9$+$%!<="g"l!9R!>6'3A!

8=$! 6,2$! '3'8',+! A$)2$8&R! ,6! P)&! 8=$! &$P$&$3($!2)%$+! k<=l! 6)! 8=,8! 8=$! $PP$(8! )P! 8=$! (=,&A$%! ^"g"!

()>+%! 9$! 6'3A+$%! )>8V! #)&! 9<!\$! >6$%! 8=$! S<FSC5! D&$%'(8')3! A';'3A! ,! 3$>8&,+! OgY! ,3%! ,! (=,&A$%!

OW"WV!K$;$&8=$+$66.!S<FSC5!+,9$+6!8=$2!,6!o()&&$+,8$%p!&$6'%>$6.!'V$V!8=$!(=)'($!)P!')3'G,8')3!68,8$!

)3!)3$!&$6'%>$!%$8$&2'3$6!8=$!)8=$&.!2)68+R!9$(,>6$!8=$R!,&$!)3+R!,9)>8!d!y!,D,&8V!5+6).!OgY!,3%!

OW"W! ,&$! ()33$(8$%! ;',! ,! \,8$&! 2)+$(>+$.! 6)! D&)8)36! (,3.! '3! D&'3('D+$.! 6=>PP+$! 9$8\$$3! 8=$2V!

M)\$;$&.!6'3($!OW"W!2,B$6!=R%&)A$3!9)3%6!\'8=!@Yc!,3%!@"gY.!,!D&)8)3,8$%!68,8$!6$$26!>3+'B$+RV!

F3! 8=$!)8=$&!=,3%.!OgY!(,3!,(()22)%,8$!,!D&)8)3!9>8! 8=$!D&$6$3($!)P!2,3R!D)+,&! &$6'%>$6!,3%!

\,8$&!2)+$(>+$6!\)>+%!68,9'+'G$!,!(=,&A$%! P)&2!8))V!#)&! 8='6! &$,6)3!\$!()368&>(8$%!,3!,%%'8')3,+!

2)%$+!\'8=!,!(=,&A$%!OgY!6'%$!(=,'3!k9<gY.!6$$!8=$!6>96$(8')3!8).!/$,.'&!#,(('@$;!$.(#%3#'%$'0,.'%$#

(.,.!(A#=:#,$1#-=!9$+)\l.!\='+$!B$$D'3A!OW"W!(=,&A$%!,6!'3!8=$!&$P$&$3($!5<*!2)%$+V!
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! "W!

!

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

_=$!6$36'8';'8R!)P!8=$!5<*!2)%$+6!8)!8=$!3$>8&,+'G,8')3!6(=$2$!=,6!,+6)!9$$3!,66$66$%!9$(,>6$!8=$!

68,3%,&%!K:1!3$>8&,+'G,8')3!6(=$2$!%)$6!3)8!3$($66,&'+R!&$P+$(8!8=$!D=R6')+)A'(,+!()3%'8')36!k'V$V!'3!

A$3$&,+.!2$29&,3$!D&)8$'36!,&$!$aD)6$%!8)!8&,36H2$29&,3$!$+$(8&)68,8'(!P'$+%6!'3!8=$!&,3A$!)P!P$\!

8$36!)P!27!)&'A'3,8'3A! P&)2!,3!,6R22$8&'(,+!%'68&'9>8')3!)P! 8=$!6>&P,($! ')36lV!56!\$! &$D)&8!9$+)\!

k6$$! 8=$! 8((!(('$@# .:!# 2/%.!'$# !$&'/%$;!$.# B*%6$.!/'%$# 1'(./'-6.'%$# ,$1# 2%('.'%$C# ,22/%"';,.'%$#

6>96$(8')3! 9$+)\lD#\$! +))B! ,8! 8=$! s^:"H:[! ;,&',8')36! )98,'3$%! \=$3.! '368$,%! )P! 3$>8&,+! '33$&! ,3%!

)>8$&! 6>&P,($6.! $a8$&3,+!1+H! ,3%!K,z! ()>38$&')36! ,&$!D+,($%! '3! 6>(=!,!\,R! 8=,8!)DD)6'8$+R! (=,&A$%!

6>&P,($6! ,&$! )98,'3$%.! \='+$! 68'++! ,(='$;'3A! ,3! );$&,++! 3$>8&,+! 2)%$+V! X3! 8=$! +,88$&! (,6$.! ,3!

$+$(8&)68,8'(! P'$+%!,(&)66! 8=$! (=&)2)D=)&$! '6! A$3$&,8$%V!_='6!$PP$(8! '6! 8$68$%! P)&!<=.!<="g"! ,3%! 8=$!

9,(8$&',+! &=)%)D6'3! '6)2$&! 5:<5_V! Q$+)\! \$! ,+6)! %)(>2$38$%! 8=$! s^:"H:[! ;,&',8')36! 9$8\$$3! ,!

2,3>,+!k'V$V!9',6$%l!$a8$&3,+!()>38$&')3!D+,($2$38!6(=$2$!k6$$!8=$!:X!P)&!%$8,'+6l!,3%!8=$!,>8)2,8'(!

D+,($2$38!)98,'3$%!\'8=!8=$!XFK!2)%>+$!P)&!<=.!5:<.!:b<.!=*$FD.!9<.!S<.!9,8=)<=V!

!

!"#$%&%'%&()*+),-.)/*0"1$)&*)&2")3"$%04")$%0"+!"#$%&!'%(')*#+$'%,#

<$6'%>$! 6'%$! (=,'3! ()3P)&2,8')36! ,PP$(8'3A! 8=$! MQK! '3! 8=$! ;'('3'8R! )P! 8=$! (=&)2)D=)&$! ()>+%!

6'A3'P'(,38+R!,PP$(8!8=$!()2D>8$%!s^:"H:[!;,+>$!'3!&=)%)D6'36V!_=>6!8=$!$PP$(8!)P!8=$!P+$a'9'+'8R!)P!8=$!

6'%$H(=,'3! ()3P)&2,8')3! ,3%! MQK! 68,9'+'8R! =,6! 9$$3! ,66$66$%! k6$$! 8=$! 6>96$(8')3! E.,-')'.7# %3# .:!#

*%;26.!1# ('1!+*:,'$# *%$3%/;,.'%$(# ,$1# :71/%@!$# -%$1# $!.4%/F! 9$+)\l! ,6! ,! P>3(8')3! )Pm! k'l! 8=$!

3>29$&!K!)P! &$D+'(,8$%!"!36!*O! &$+,a,8')36! P)&!<=! ,3%!5:<!,3%! k''l! 8=$! +$3A8=! k>D! 8)!Z[!36l! )P! ,!

6'3A+$!*O!&$+,a,8')3!P)&!<=!,3%!<="g"V!:>(=!6'A3'P'(,38+R! +)3A$&!*O!&$+,a,8')3!'6!>6$%!8)!6$,&(=!P)&!

'368,9'+'8'$6!)&!,+8$&3,8$!()3P)&2,8')36!8=,8!,&$!>3&$,(=,9+$!%>&'3A!6'3A+$!"!36!&$+,a,8')3!$2D+)R$%!

\=$3!9>'+%'3A!5<*!2)%$+6!,3%!8)!$68'2,8$!8=$'&!$PP$(86!)3!()2D>8$%!s^:"H:[!;,+>$6V!

!

!"#$%"%&'()*%)+!!
!

!"#!!"#$%&"!"'($)*+)!"#!!"#$%#&!#

X3! )&%$&! 8)! $aD,3%! 8=$! 9$3(=2,&B'3A! )P! 2>8,386! 9$R)3%! 8=$! 6$8! )P! <=! 2>8,386! P)>3%! '3! 8=$!

+'8$&,8>&$.!\$!=,;$!D&$D,&$%!Y!5:<!2>8,386V!_=$!()&&$6D)3%'3A!n,2,a!;,+>$6!=,;$!9$$3!%$8$&2'3$%!

;',!MSN1! ,3,+R6'6! ,3%! 6D$(8&,+!2$,6>&$2$386! P)&! 9)8=! 8=$!5:<5_! ,3%!5:<"Z1! '6)2$&6! D&);'%'3A! "[!

$aD$&'2$38,++R! )96$&;$%! ;,+>$6! 8)! 9$! >6$%! '3! 8=$! 9$3(=2,&B! 68>%RV! #>++H+$3A8=! 5:<6! =,;'3A! 6'a!

='68'%'3$!&$6'%>$6!,8!8=$!1!8$&2'3>6!\$&$!$aD&$66$%!'3!^V!()+'V!QNW".!1]"kO^Zl!)&!T_Yd[[!68&,'36V!_=$!

D&)8$'3! \,6! 6)+>9'+'G$%! '3! 3H%)%$(R+H{HOH2,+8)6'%$! kOO*l.! ,3%! D>&'P'$%! ;',! K'WzH,PP'3'8R! ()+>23!

(=&)2,8)A&,D=R! '3! 2,33$&! D&$;')>6+R! %$6(&'9$%VZZ.g[.g"! _=$! n,2,a! )P! 5:<5_! ,3%! 5:<"Z1! P)&26! \$&$!

%$8$&2'3$%!P&)2!8=$!T7H;'6!6D$(8&)6()DR!,3%!8=$!MSN1!,3,+R6'6!)3!%,&BH!,3%!+'A=8H,%,D8$%!6,2D+$!
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! "Z!

,8!DM!c.!,(()&%'3A!8)!8=$!2$8=)%!%$6(&'9$%!D&$;')>6+RVgW!#)&!8=$6$!2$,6>&$2$386.!OO*!6)+>9'+'G$%!

6,2D+$!\$&$!>6$%V!_=$!%$8,'+$%!&$6>+86!,&$!&$D)&8$%!'3!8=$!:XV!

?/!(!$.#,6.%;,.'%$#)';'.(G##

_=$! ,>8)2,8')3! )P! 5<*! '6! D&$6$38+R! 3)8! ()2D+$8$V! #'&68! )P! ,++! 8=$! ,66'A32$38! )P! 8=$! ,2'3)! ,('%!

')3'G,8')3!68,8$6.! '3(+>%'3A!8=$!A$3$&,8')3!)P!2)%$+6!)P!8=$!6,2$!&=)%)D6'3!\'8=!%'PP$&$38!D)66'9+$!

')3'G,8')36!,3%!')3'G,8')3!$b>'+'9&',!k$VAV!,!D)66'9+$!$b>'+'9&'>2!9$8\$$3!<=!,3%!<="g"l.!,&$!2,3>,++R!

=,3%+$%! ,P8$&! '36D$(8')3! )P! 8=$! S<FSC5! )>8D>8! )&.! \=$3! ,;,'+,9+$.! )3! 8=$! 9,6'6! )P! $aD$&'2$38,+!

%,8,V!:$()3%+R.!,6!%$6(&'9$%!,9);$.!8=$!8,&A$8!&$6'%>$6!)P!8=$!XFK!2)%>+$!,&$!2,3>,++R!D&);'%$%!P)&!

8=$!)>8$&!,3%!'33$&!D&)8$'3!6>&P,($6!$;$3!'P!6>(=!,!+'68!()>+%!9$!,>8)2,8'(,++R!A$3$&,8$%!)3!8=$!9,6'6!

)P!8=$!')3'G,8')3!68,8$!'3P)&2,8')3!,3%!8=$!A$)2$8&'(,+!D,&,2$8$&6!)P!8=$!&$6'%>$V!_='&%+R.!8=$!+'68!)P!

8=$!15:_D! (,;'8R! &$6'%>$6! '6! D&$6$38+R! A$3$&,8$%!>6'3A! 8=$!15:_Dd]! )3+'3$! 6$&;$&!\=)6$!)>8D>8! '6!

D,68$%!'3!,!()22,3%!+'3$V!h='+$!8=$!D&$;')>6!+'2'8,8')36!&$b>'&$!)3+R!6>'8,9+$!()%'3A!8)!9$!&$2);$%!

,!P)>&8=!+'2'8,8')3!&$b>'&$6!2)&$!6$&')>6!$PP)&86!8)!9$!);$&()2$V!_='6! '6!&$+,8$%!8)!8=$!6$+$(8')3!)P!

8=$!15::1#!,(8';$! 6D,($V! X3!,++!9$3(=2,&B!2)%$+6! '++>68&,8$%!=$&$! 8=$!M#jZHW"I!)D8'2'G,8')3! k6$$!

#'AV! "l! R'$+%6! 8=$! "W! |! 2)+$(>+,&! )&9'8,+6! '3! 8=$! MF*FHY! 8)! NT*FzY! D)6'8')3V! h='+$! 8='6!

,>8)2,8'(,++R! +$,%6! 8)! ,! 15::1#! ()&&$(8! ,(8';$! 6D,($! 6$+$(8')3! k'V$V! 3)! )&9'8,+! D$&2>8,8')3! '6!

3$($66,&R! ,3%! 8=$! M#! 2)+$(>+,&! )&9'8,+6! (,3! 9$! %'&$(8+R! >6$%! ,6! 2)+$(>+,&! )&9'8,+! A>$66! P)&! 8=$!

6>(($66';$!15::1#!(,+(>+,8')3l.!6>(=! P,;)&,9+$!)&%$&'3A!2>68!9$!()36'%$&$%!,3!$a($D8')3V! X3!)8=$&!

\)&%6.! '3! %'PP$&$38! &=)%)D6'3! )&!2>8,38!2)%$+6.! 8=$! MF*FHY! 8)! NT*FzY! D)6'8')36!2,R! ()38,'3!

)&9'8,+6!3)8!9$+)3A'3A!8)!8=$!6B$+$8,+!|H6R68$2V!53!,>8)2,8'(!\,R!)P!%$8$(8'3A!8='6!6'8>,8')3.!9,6$%!

)3!15::1#!)&9'8,+!)((>D,8')36.!'6!'2D+$2$38$%!'3!5<*V!5!\&)3A!)&9'8,+!'6!+'B$+R!8)!=,;$!$'8=$&!W!)&![!

k+,&A$&!8=,3!"Vrrr!)&!+)\$&!8=,3![V[["l!)&9'8,+!)((>D,8')3!&,8=$&!8=,3!,!;,+>$!'3!9$8\$$3V!h=$3!8='6!

=,DD$36.! '8! '6!3$($66,&R!8)!;'6>,++R! '36D$(8!8=$!)&9'8,+6!,3%!D$&2>8$!8=$'&!)&%$&!9$P)&$!8=$!15::1#!

(,+(>+,8')3! '6! &$68,&8$%.! 8=>6!2,B'3A! 8=$!\)&BP+)\!3)8!,>8)2,8'(V!M)\$;$&.!,! &$6$,&(=! +'3$!)3! 8=$!

,>8)2,8'(!6$+$(8')3!)P!8=$!15::1#!,(8';$!6D,($!'6!D&$6$38+R!(,&&'$%!)3gZ.!2,B'3A!8=$!D)66'9'+'8R!)P!,!

&)9>68!,>8)2,8')3!)P!5<*!&$,+'68'(V!

20#-3$#(&*,(4.#'-##.+*(

_=$!,;$&,A$!kK}"[l!s^:"H:[!;,+>$6!(,+(>+,8$%!\'8=!5<*!>6'3A!8=$!%$P,>+8!D,&,2$8$&6!%$P'3$%!,9);$!

,&$!&$D)&8$%!'3!_,9+$!"!k\'+%H8RD$!&=)%)D6'36l!,3%!_,9+$!W!k2>8,386l!,3%!D+)88$%!,6!P>++!('&(+$6!'3!#'AV!

Z5!,3%!ZQ!\=$&$!8=$R!,&$!()2D,&$%!8)!8=$!$aD$&'2$38,+!;,+>$6V!:'3($!8=$!)96$&;$%!n,2,a!'6!3)8!\$++!

%$P'3$%! P)&! =*$FD.! 8=$! ]cZ! 32! ;,+>$! k'V$V! ,! s^:"H:[! ;,+>$! )P! d[V]! B(,+j2)+l! ()&&$6D)3%'3A! 8)! 8=$!

,;$&,A$!)P!8=$!)96$&;$%!&,3A$!k]dcH]g[!32lr.g].gY!\,6!8,B$3!,6!,!&$P$&$3($V!5++!'3D>8!68&>(8>&$6!k'V$V!
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! "]!

(&R68,++)A&,D='(! 68&>(8>&$6!,3%! 8=$!=*$FD!()2D,&,8';$!2)%$+!\'8=!,66'A3$%! ')3'G,8')3!68,8$6!,3%!

$a8$&3,+! ()>38$&')36l! ,&$! D&);'%$%! ,6! :XV! 56! D,&8! )P! 8=$! :X! \$! ,+6)! D&);'%$! )3$! 6$+$(8$%! )>8D>8!

68&>(8>&$!P)&!$,(=!\'+%H8RD$!&=)%)D6'3!,3%!&=)%)D6'3!2>8,38.!\='(=!()&&$6D)3%6!8)!8=$!2)%$+!\'8=!

8=$!s^:"H:[!(+)6$68!8)!8=$!,;$&,A$!s^:"H:[V!!

_=$! );$&,++! 68,3%,&%! %$;',8')3! )P! 8=$! ,;$&,A$! s^:"H:[! ;,+>$6! \'8=! &$6D$(8! 8)! )96$&;$%! ;,+>$6!

k()33$(8$%! 9R! ,! P>++! +'3$! '3! #'AV! Zl! ,3%!\=$3! $a(+>%'3A! 8=$! <=.! 9<O5kgYl! ,3%! ! 9<N5kgYl!2)%$+6! '6! ZVd!

B(,+j2)+!\'8=! 8=$!,96)+>8$!%$;',8')36! k8=$!%'PP$&$3($!9$8\$$3! 8=$! (,+(>+,8$%!,3%!)96$&;$%!s^:"H:[!

;,+>$6l! &,3A'3A! P&)2! H[VW! 8)! z]V"! B(,+j2)+V! h=$3! ()36'%$&'3A! 8=$! \'+%H8RD$! D&)8$'36! )3+R.! 8=$!

68,3%,&%! %$;',8')3! '3(&$,6$6! 8)! ZVg! B(,+j2)+! \'8=! 8=$! +,&A$68! ;,+>$! P)>3%! P)&! 8=$! <="g"! kzWVg!

B(,+j2)+lV! _=$! 8&$3%.! \='(=! D,&,++$+6! 8=$! )96$&;$%! ;,+>$6.! ,3%! 9+>$H6='P8$%! %$;',8')3! )P! 8=$!

()2D>8$%!;,+>$6! '3%'(,8$!8=$!D&$6$3($!)P!,!6R68$2,8'(!$&&)&!)P!P$\!B(,+j2)+!\=)6$!$a,(8!)&'A'3! '6!

%'PP'(>+8!8)!(=,&,(8$&'G$V!K)8'($!8=,8!8=$!*:H15:S_W!+$;$+!)P!8=$)&R!R'$+%!8=$!6,2$!8&$3%!k6$$!_,9+$!

:d! '3! 8=$! :Xl! ,6! 8=$!15:S_W! +$;$+! $;$3! 'P! 8=$! $a('8,8')3! $3$&A'$6! ,DD$,&! P>&8=$&! 9+>$H6='P8$%V! :>(=!

9$=,;')>&!'6!,88&'9>8$%!8)!,3!);$&6D+'88'3A!)P!8=$!$+$(8&)3'(!$3$&A'$6!'3!8=$!D&$6$3($!)P!68,8$!2'a'3A!

k'V$V! 8\)! +,&A$! )PPH%',A)3,+! $+$2$386! '3! 8=$! *:H15:S_W! =,2'+8)3',3! $6D$(',++R! \=$3! >6'3A! 62,++!

,8)2'(!9,6'6l!,+&$,%R!%$6(&'9$%!'3!8=$!+'8$&,8>&$Vgd.gc!

56!'8!\'++!9$!%'6(>66$%!+,8$&.!>6'3A!8=$!,;$&,A$!)P!8$3!s^:"H:[!;,+>$6!A$3$&,8$%!P&)2!>3()&&$+,8$%!*O!

&$+,a,8')36! &,8=$&! 8=,3! >6'3A! ,! 6'3A+$! s^:"H:[! ;,+>$.! %$(&$,6$6! 8=$! s^:"H:[!%$;',8')36V! X3%$$%.! 8=$!

()2D,&'6)3!)P!P>++!kK}"[l!,3%!)D$3!kK}"l!('&(+$6!'3!#'AV!Z5!6=)\6!,!A$3$&,+!'2D&);$2$38!'3!8=$!P'&68!

6$8!\'8=!&$6D$(8!8)!8=$!6$()3%V!F3$!$a8&$2$!(,6$!'6!8=,8!)P!S<!\='(=!D,66!P&)2!,!3$A,8';$!%$;',8')3!

kH[Vdl! 8)!,!D)6'8';$+R!%$;',8')3! kzWVYl!\=$3!()36'%$&'3A! 8=$!s^:"H:[!,;$&,A$!;,+>$V!5! 6'2'+,&!9>8! +$66!

%&,2,8'(!$PP$(8!'6!6$$3!P)&!5:<"Z1V!#>&8=$&2)&$.!'3!8=$!(,6$!)P!9);'3$!&=)%)D6'3.!8=$!K}"[!,;$&,A'3A!

2);$6! 8=$!<="g"!2)%$+! '3!9$88$&!,A&$$2$38!\'8=! 8=$!A$3$&,+! 8&$3%!\'8=! &$6D$(8! 8)! 8=$!<=!2)%$+V!

_='6! '6!\=R! '3! 8='6!\)&B! 8=$! <="g"!2)%$+! '6! 6$+$(8$%! ,6! 8=$! &$P$&$3($!2)%$+! )P! 9);'3$! &=)%)D6'3V!

h='+$!\$!(,33)8!D&$6$38+R!$a(+>%$!8=$!D&$6$3($!)P!,3!$b>'+'9&'>2!9$8\$$3!<=!,3%!<="g"!)&!8=,8!)>&!

&$6>+86!,&$!,!()36$b>$3($!)P!8=$!6D$('P'(!5<*!2)%$+!6$8>D.!,!P>&8=$&!'3;$68'A,8')3!)P!8=$6$!'66>$6!'6!

9$R)3%!8=$!6()D$!)P! 8=$!D&$6$38!\)&B!2,'3+R! P)(>6'3A!)3!8=$!,((>&,(R!)P!()2D>8$%!s^:"H:[! 8&$3%6!

,3%!3)8!6D$('P'(!s^:"H:[!,96)+>8$!;,+>$6V!
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"Y

()*+,% .! Q$3(=2,&B! &$6>+86V! k5l! F96$&;$%! ;6V ()2D>8$%! ;,+>$6! P)&! ;$&8'(,+! $a('8,8')3! $3$&A'$6! )P! \'+%H8RD$!
&=)%)D6'36V!_=$!%',A&,2!'3(+>%$6!8=$!&$6>+86!)P 6$36'8';'8R!8$686!P)&!'3D>8!D,&,2$8$&6.!6>(=!,6!')3'G,8')3!68,8$!
kP)&!<="g".!9<N5 ,3%!9<O5l.!MQK!;,&',8')36!,3%!6'%$H(=,'3!()3P)&2,8')3,+!(=,3A$6V!_=$!$PP$(86!)P!MQK!;,&',8')36
,3%!()3P)&2,8')3,+ (=,3A$6!,&$!,66$66$%!9R!()2D,&'6)3!9$8\$$3!,;$&,A$!,3%!6'3A+$!s^:"H:[ ;,+>$6 k6$$!8$a8lV!
#>++! ()+)&$%! +'3$6 ()33$(8! 8=$! ,;$&,A$! s^:"H:[ ;,+>$6! )98,'3$%! P&)2! K}"[! 5<*! 2)%$+6 A$3$&,8$%! >6'3A!
'3%$D$3%$38!*O!&>36V!_=$!%,6=$%!()+)&$%! +'3$6!()33$(8!8=$!6'3A+$!s^:"H:[ ;,+>$6!)98,'3$%!\'8=!,!6'3A+$!K}"!
5<*!2)%$+V!_=$!()+)&6!&$P$&!8)!;$&8$9&,8$!&=)%)D6'3!k)&,3A$l.!'3;$&8$9&,8$!,3%!3)3H;'6>,+!&=)%)D6'36!k9+>$l.!
9,(8$&',+! &=)%)D6'36! kA&$$3l! ,3%! ,&(=,$,! &=)%)D6'3! k9&)\3'6=lV! 1=,33$+&=)%)D6'3! 1=<1"1W '6! 8=$! )3+R!
&=)%)D6'3! )&'A'3,8'3A! P&)2!2'(&)9',+! $>B,&R)8'(! &=)%)D6'36V! _=$! &$%! ,&&)\6! 6=)\! 8=$!s^:"H:[ (=,3A$6!\=$3!
D,66'3A! P&)2! 6'3A+$! k)D$3! ('&(+$6l! 8)! ,;$&,A$! kP>++! ('&(+$6l! ;,+>$6V kQl! 1)2D,&'6)3! 9$8\$$3! ()2D>8$%! ,3%!
)96$&;$%!,;$&,A$!s^:"H:[ ;,+>$6!kP>++!('&(+$6l!P&)2!K}"[ 5<*!2)%$+6!)P!,!6$8!)P!5:<5_.!5:<"Z1 k8$3!;,+>$6!)3!8=$!
+$P8! D,&8! )P! 8=$! %',A&,2l! ,3%! <="g" k6$;$3! ;,+>$6! )3! 8=$! &'A=8 D,&8! )P! 8=$! %',A&,2l! 2>8,386V! k1l! <$+,8';$!
)96$&;$%!,3%!()2D>8$%!s^:"H:[ (=,3A$6 kss^:"H:[l!\'8=!&$6D$(8!8)!<="g"V!I&$R!9,&6!,&$!)96$&;$%!;,+>$6.!\='8$!
9,&6!()&&$6D)3%!8)!ss^:"H:[!;,+>$6!()2D>8$%!>6'3A!6'3A+$!s^:"H:[ ;,+>$6!\='+$!9+,(B!9,&6!()&&$6D)3%!8)!ss^:"H:[!

;,+>$6!()2D>8$%!>6'3A!,;$&,A$!s^:"H:[ ;,+>$6V

/012%!'V!1)2D,&'6)3!9$8\$$3!()2D>8$%!,3%!)96$&;$%!;$&8'(,+!$a('8,8')3!$3$&A'$6!s^:"H:[ '3!B(,+j2)+

k2,a'2>2!,96)&D8')3!\,;$+$3A8=6!n,2,a '3!32l!P)&!)>&!9$3(=2,&B!6$8!)P!"Z!\'+%H8RD$!5<*!2)%$+6!

()2D>8'3A!6'3A+$!,3%!2>+8'D+$!(,+(>+,8')36V!1)2D>8$%!)6('++,8)&! 68&$3A8=6! PF6( ,&$!,+6)!6=)\3V!_=$!

()&&$6D)3%'3A!*:H15:S_W!;,+>$6!)P!8=$!&$+$;,38!2)%$+6!,&$!A';$3!'3!8=$!:XV

3145!∆Ε

6!!"#
! 7

802#5!∆Ε

6!!"#
! 7!

")9*2%

802#5!∆Ε

6!!"#
! 7

:;%,0*%!

6<='>7

?,,@,

")9*2%

?,,@,

:;%,0*%

6<='>7

A34#
:;%,0*%

6<='>7

B$ YcV]!k]rglg" Y]VY!kYW]l YZVg!kYZ"l! HWVr HZVd! "V[g

B$'C' YcV]!k]rglg" d[Vr!k]drl d[VW!k]c]l ZVY WVg! [Vrr!
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! "d!

10D$@B$! Y]V[!kYWrlgW! YYVr!kY""l! YYVd!kY"Zl! "Vr! "Vd!! "V[]!!

"EB! YgVY!k]grlgZ! YrV"!k]g]l! YrV[!k]g]l! [Vd! [VY!! [Vg"!

$F%3G! d[V]!k]cZl,! dWVW!k]Yrl! dWVY!k]Ycl!! "Vg! WV"!! [Vcg!

:"B:/! YWV"!kY]rlZ]! YZVr!kYWrl! YZVY!kYZ]l!! "Vg! "V]!! "V"]!

:"B'.8! YZVW!kYZclZ]! YZVc!kYZWl! Y]VY!kYWdl!! [VY! "VZ!! "V[]!!

1BH:! Y[VZ!kYdglg]! Y"Vr!kYY[l! Y"Vg!kYY"l!! "Vd! "VY!! "VZ[!!

1BH:6CI7! Y[VZ!kYdglg]! dWVZ!k]Ygl! dWV[!k]d"l!! "WV[! ""Vc!! [Vd!

1BJ:! YWVW!kY]glg]! YZVZ!kYZYl! YWVr!kY][l!! "V"! [Vc!! [Vr[!!

1BJ:6CI7! YWVW!kY]glg]! dWVr!k]Y]l! dZVZ!k]Y"l! "[Vc! ""V"! [Vc]!

KB! YgVZ!k]r[lgY! YcVc!k]rYl! d[Vg!k]c[l!! H[Vd! WVY!! [Vgg!!

8$B8'8-! d[V"!k]cdl9! YrVW!k]gZl! YrVr!k]ccl! H[Vr! H[VW! [VrY!

,
!5;$&,A$!)P!,;,'+,9+$!;,+>$6!P&)2!&$P6V!g].!gY!
9
!5;,'+,9+$!;,+>$!'6!D&);'%$%!'3!&$PV!c]!

!

! !
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! "c!

/012%! -V! 1)2D,&'6)3! 9$8\$$3! ()2D>8$%! ,3%! )96$&;$%! ;$&8'(,+! $a('8,8')3! $3$&A'$6! s^:"H:[! '3! B(,+j2)+!
k2,a'2>2!,96)&D8')3!\,;$+$3A8=6!n

,
2,a!'3!32l!P)&!)>&!9$3(=2,&B!6$8!)P!5<*!2)%$+6!P)&!"c!5:<"Z1.!5:<5_!,3%!

<="g"!2>8,386.!()2D>8'3A!6'3A+$!,3%!2>+8'D+$!(,+(>+,8')36V!1)2D>8$%!)6('++,8)&!68&$3A8=6!PF6(!,&$!,+6)!6=)\3V!

!
3145!∆Ε !

6!!"#
! 7!

802#5!∆Ε !

6!!"#
! 7!!

")9*2%!

802#5!∆Ε !

6!!"#
! 7!

:;%,0*%!

6<='>7!

?,,@,!

")9*2%!

?,,@,!

:;%,0*%!

6<='>7!

A34#!
:;%,0*%!

6<='>7!

LM>"! YgVc!k]gclgd! YgVg!k]gYl! YrVg!k]cgl! [V"! "V"! [VrY!

/MN"! YcVr!k]r]lgc! d[V[!k]cYl! d[VY!k]cWl! WV"! WVd! [Vgd!

/''C:! YrV"!k]g]lgd! dWVg!k]Y]l! dWVW!k]Yrl! ZVc! ZV"! [Vcg!

(-O'P! YdV"!kY"[lgg! d[Vc!k]c[l! YrVg!k]ccl! ]Vd! ZVc! [Vr"!

Q-OI(! YrVd!k]g[lgr! dWVd!k]Ydl! dWVW!k]d[l! ZV[! WVd! [Vgr!

Q-OIP! YrVW!k]gZlgr! d"Vr!k]d"l! d"VY!k]d]l! WVc! WVZ! [Vgc!

:-M-"! YgVY!k]grlgd! dZV[!k]YZl! dWVd!k]Ycl! ]VY! ]V"! [VgZ!

R''-<'.8! Y]VZ!kYWdl!,! Y]VY!kYW]l! !YYVd!kY"]l! [VW! "VZ! "V[c!

QSO('.8! YYVd!kY"]l!,! YcV[!kY["l! YcVZ!k]rgl! "V]! "Vc! [Vrd!

HC.T'.8! YZV]!kYZYl!,! Y]V"!kYWgl! Y]V]!kYW]l! [Vc! "V[! [Vgd!

"COJ'.8! YZVZ!kYZdl!,! Y]V[!kYWrl! Y]V"!kYWgl! [Vc! [Vg! "V["!

"-'NJ!'.8! YZVZ!kYZdl!,! Y]V"!kYWgl! Y]VZ!kYWdl! [VY! [Vc! [Vrr!

R''-<:/! Y]V"!kYWrl!,! YYVc!kY"Wl! YYVc!kY"Wl! "Vd! "Vd! "V"g!

QSO(:/! Y]VZ!kYWcl!,! YdVd!kY[]l! YdV"!kY[rl! WVZ! "Vg! [Vrg!

HC.T:/! YWVW!kY]gl!,! YZVW!kYZdl! YZVd!kYZZl! "V[! "V]! "V"c!

"COJ:/! YWV"!kY]rl!,! Y]V[!kYWrl! YZVY!kYZZl! "Vr! "V]! "V"Y!

"-'NJ!:/! YWV[!kYY[l!,! YZVd!kYZWl! YZVZ!kYZdl! "VZ! "V[! "V"d!

,
!S&$6$38!\)&BV!:$$!8=$!:X!P)&!%$8,'+6V!

!

X3!D&'3('D+$.!8=$!6$8!)P!2>8,386!\)>+%!9$!2)&$!(=,++$3A'3A!\'8=!&$6D$(8!8)!\'+%H8RD$!2)%$+6!%>$!8)!

8=$!62,++$&!(=,3A$6!'3!8=$!)96$&;$%!s^:"H:[!;,+>$6!,3%!8=$!+,(B!)P!(&R68,++)A&,D='(!68&>(8>&$6V!X3%$$%.!

8=$! %$;',8')36! )P! 8=$! ()2D>8$%! ,;$&,A$! s^:"H:[! ;,+>$6! P)&! 5:<! ,3%! <="g"! 2>8,38! 6$8! ,&$! [VcH]V"!

B(,+j2)+!,3%!8=$&$P)&$!='A=$&!8=,3!8=)6$!)P!8=$!H[VWHWVg!B(,+j2)+!)P!8=$!\'+%H8RD$!6$8V!X3!P,(8.!>D)3!

&$D+,($2$38!)P!,!6'%$!(=,'3.!8=$!+)(,+!68$&'(!='3%&,3($!,3%!D)+,&'8R!,&$!D$&8>&9$%!>D)3!6>968'8>8')3!
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! "g!

,3%!8='6! '3%>($%!,!&$H)&A,3'G,8')3!)P!8=$!3$,&9R!&$6'%>$6!8=,8!2,R!3)8!9$!,((>&,8$+R!%$6(&'9$%!9R!

8=$!:1h<N]!2)%>+$!,3%!+'2'8$%!15:_D!(,;'8R!&$+,a,8')3V!F3!8=$!)8=$&!=,3%.!,6!6=)\3!'3!#'AV!Z1.!8=$!

6'A3! )P! 8=$! $aD$&'2$38,++R! )96$&;$%! ss^:"H:[! ,&$! ,+\,R6! b>,+'8,8';$+R! &$D&)%>($%.! \'8=! 8=$! )3+R!

$a($D8')3!)P!Ir[:.!\=$3!>6'3A!ss^:"H:[!()2D>8$%!)3!8=$!9,6'6!)P!,;$&,A$!s^:"H:[!;,+>$6V!h'8=!6'3A+$!

s^:"H:[! ;,+>$6!9)8=!Ir[:!,3%!_r]:!<="g"!2>8,386!%)!3)8!D&);'%$! 8=$!()&&$(8! 6='P8!%'&$(8')3! P>&8=$&!

'3%'(,8'3A!8=$!'2D)&8,3($!)P!8=$!6,2D+'3A!)3!8=$!MQK!,3%!6'%$H(=,'3!()3P)&2,8')36V!M)\$;$&.!8=$6$!

8\)! o+$66! ,((>&,8$p!2>8,38!2)%$+6! ,&$! %'PP$&$38! P&)2! 8=$! )8=$&!2)%$+6! 6'3($! 8=$'&! 15:_D! (,;'8R!

%)$6!3)8!'3()&D)&,8$!8=$!2>8,8$%!6'%$H(=,'36V!5(()&%'3A+R.!8=$6$!6'%$H(=,'36!,&$!B$D8!P&)G$3!%>&'3A!

8=$!*O!,3%!i*j**!)D8'2'G,8')3!&>36!,3%!3)8!&$+,a$%!,6!P)&!8=$!2>8,8$%!6'%$H(=,'36!)P!8=$!)8=$&!

2$29$&6!)P! 8=$! 6$8V!M)\$;$&.! '3(+>6')3!)P! 8=$!r[!,3%!r]! 6'%$!(=,'36! '3! 8=$!(=&)2)D=)&$!(,;'8'$6!

k\='(=!8=$&$P)&$!%)$6!3)8!()&&$6D)3%!8)!8=$!%$P,>+8!15:_D!(,;'8Rl!%)$6!3)8!(=,3A$!8=$!8&$3%!\=$3!

()2D,&$%!\'8=!,!\'+%H8RD$!68&>(8>&$!\'8=!8=$!6,2$!$aD,3%$%!15:_D!(,;'8RV!

_=$! ,9'+'8R! )P! 5<*! 8)! &$D&)%>($jD&$%'(8! 8=$! )96$&;$%! s^:"H:[! ;,+>$6!2,R! ,DD$,&! 6>&D&'6'3A!\=$3!

()36'%$&'3A! 8=$! &$+,8';$+R! 62,++! A&)>D! )P! Wc! ;,+>$6! k'V$V! $a(+>%'3A! 8=$! <=.! 9<N5kgYl! ,3%! ! 9<O5kgYl!

%'6(>66$%! 9$+)\l.! 8=$! A$3$&,+! >3($&8,'38R! ,66)(',8$%! \'8=! 8=$! A$3$&,8')3! )P! ()2D,&,8';$! k'V$V!

=*$FDl!,3%!2>8,38!2)%$+6!,3%.!)P!()>&6$.!8=$!9,6'(!2)%$+6!A$3$&,8$%!9R!5<*V!#>&8=$&2)&$.!\$!

$aD$(8! 8=$!()2D>8$%!;,+>$6!8)!9$!,PP$(8$%!9R!6R68$2,8'(!$&&)&!(,3($++,8')36V!53!$&&)&!)P! 8='6! 8RD$!

=,6! 9$$3! ,+&$,%R!2$38')3$%! ,9);$! ,3%!)((>&6!\=$3! 8=$!2>+8'()3P'A>&,8')3,+! 15:S_Wjj15::1#jdH

Z"I/! 68&,8$AR! '6!>6$%!,3%! '8! '6! $a(+>6';$+R! +'2'8$%! 8)! 8=$!i*!D,&8!)P! 8=$! ()2D>8,8')3Vgc!M)\$;$&.!

\=,8!'6!2)68!'2D)&8,38!=$&$!'6!8=$!,9'+'8R!8)!&$D&)%>($!8=$!)96$&;$%!s^:"H:[!8&$3%6!k'V$V!8=$!6'A3!,3%!

2,A3'8>%$! )P! 8=$! ss^:"H:[! ;,+>$6lV! :>(=! ,9'+'8R! ,DD$,&6! 8)! 9$! 6,8'6P,(8)&R! k6$$! #'AV! Z1l! $6D$(',++R!

\=$3!()2D,&'3A!&=)%)D6'3!)&'A'3,8'3A!'3!6'2'+,&!)&A,3'626!,3%!8=$&$P)&$!\'8=!='A=$&!=)2)+)AR!k6$$!

)&,3A$.!9+>$.!A&$$3!,3%!9&)\3'6=!P>++!+'3$6!'3!#'AV!Z5!,3%!ZQlV!

!

8((!(('$@#.:!#2/%.!'$#!$&'/%$;!$.#B*%6$.!/'%$#1'(./'-6.'%$#,$1#2%('.'%$C#,22/%"';,.'%$G##

h='+$! &=)%)D6'36!,&$! 8&,36H2$29&,3$!D&)8$'36.!5<*!2)%$+6!%)!3)8! '3()&D)&,8$! 8=$!$3;'&)32$38!

D&);'%$%!9R! 8=$! ()2D+$a!=R%&,8$%!2$29&,3$!9'+,R$&! ,3%j)&! ,(()>38! P)&! 8=$! $a'68$3($!)P! D&)8$'3!

%'2$&6!)&!8&'2$&6V!_=$!$PP$(8!)P!8=$!D&)8$'3!$3;'&)32$38! '6! '3%'&$(8+R! '3()&D)&,8$%! '3!8=$!2)%$+!,8!

8=$! '3D>8! +$;$+!9R!>6'3A! 8=$!$aD$&'2$38,++R!%$&';$%!68&>(8>&$! 8)!9>'+%! 8=$! P'a$%!D,&8!)P! 8=$!D&)8$'3!

9)%R! k6$$! #'AV! "Ql.! 9R! ,66>2'3A! ,! 8)8,+! (=,&A$! )P! G$&)! ,3%.! ,(()&%'3A! 8)! )>&! K:1! &$P$&$3($!

3$>8&,+'G,8')3! 6(=$2$! k6$$! *$8=)%! 6$(8')3l.! ,66>2'3A! 8=,8! 8=$! 6)+;$38! 2)+$(>+$! %'68&'9>8')3! )3!

9)8=! 8=$! '33$&! ,3%! )>8$&! 6>&P,($6! 6(&$$36! 8=$! 6>&P,($! (=,&A$%! &$6'%>$6! ,3%! ()>38$&')36V! #)&!

'368,3($.!6'3($!<=!=,6!,!z]!8)8,+!(=,&A$!,P8$&!8=$!,66'A32$38!)P!8=$!&$6'%>$!D&)8)3,8')3!68,8$6!k'V$V!,8!

DM}cl.! 6'a! 1+~! ,&$! %'68&'9>8$%! )3! 8=$! '38&,($++>+,&! 6>&P,($.! \=$&$! 8=$&$! ,&$! "d! D)6'8';$+R! ,3%! "[!
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"r

3$A,8';$+R!(=,&A$%!&$6'%>$6.!,3%!8\)!K,z )3!8=$!$a8&,($++>+,&!6'%$.!\=$&$!8=$&$!,&$ d!D)6'8';$+R!,3%!

g! 3$A,8';$+R! (=,&A$%! &$6'%>$6! k6$$ <=! 68&>(8>&$! '3! #'AV! ]5lV! _='6 D&)($%>&$! &$6>+86! '3! ,! 3$>8&,+!

&=)%)D6'3 2)%$+!\'8=!3$>8&,+ k[!(=,&A$l!'33$&!,3%!)>8$&!6>&P,($6V

_=$!K:1!6(=$2$!%$P'3$6!=)\!8=$!()>38$&')36 6=,++!9$ %'68&'9>8$%!9$8\$$3 8=$!8\)!D&)8$'3!6>&P,($6V!

M)\$;$&.!8=$!$a,(8!D)6'8')3!)P!$,(=!()>38$&')3!'6!%$('%$%!,>8)2,8'(,++R!9R!8=$!XFK!2)%>+$.!\='(=!

$2D+)R6!$3$&AR!(&'8$&',!k6$$!8=$!:X!P)&!%$8,'+6lV!_=$!6$36'8';'8R!8)!8=$!()>38$&')3!D)6'8')3 '6!,66$66$%!

'3! #'AV! ]Q.! \=$&$! 8=$! 6'3A+$ kK}"l s^:"H:[ ;,+>$6! ()2D>8$%! >6'3A! XFK! ,&$! ()2D,&$%! 8)! 8=$! s^:"H:[

;,+>$6! ()2D>8$%! 9R! D+,('3A! 8=$! ()>38$&')36!2,3>,++R! ,(()&%'3A! 8)! )D$&,8)&! %$P'3$% &>+$6! k'V$V! ,6!

%$8,'+$%!'3!8=$!:X.!1+H )&!K,z ,&$!D+,($% ,8!b>,+'8,8';$+R!D&$%$P'3$%!%'68,3($6 ,3%!)&'$38,8')36 (+)6$!8)!

8=$! D)6'8';$! ,3%! 3$A,8';$! &$6'%>$6! &$6D$(8';$+RlV! _=$! ()2D,&'6)3! 6=)\6! ,3! '2D&);$2$38! '3! 8=$!

8&$3%! )P! ()2D>8$%! s^:"H:[ ;,+>$6! P)&! 8=$! 6$8! )P! \'+%H8RD$! &=)%)D6'36! )P! #'AV! Z5! \=$3! >6'3A! 8=$!

,>8)2,8'(!D+,($2$38. \'8=!8=$ $a($D8')3!)P!8=$!&$%H6='P8$%!<=!,3%!S<!;,+>$6.!\=)6$!%$;',8')36!,&$

%'6(>66$%!'3!8=$!P)++)\'3A!6$(8')36 %$,+'3A!\'8=!')3'G,8')3!68,8$6!,3%!8=$&2,+!6,2D+'3AV

()*+,%!N #$,8>&$6!,PP$(8'3A!8=$!;$&8'(,+!$a('8,8')3!$3$&AR!'3!5<* &=)%)D6'3!2)%$+6V!k5l XFK!D+,($2$38!)P!8=$!
K,

z
,3%!1+

H
()>38$&')36 '3!<=V!kQl O'PP$&$3($6!9$8\$$3!8=$!s^:"H:[ ;,+>$6!)98,'3$%!;',!,!2,3>,+!D+,($2$38!k6$$!

8=$!:Xl!,3%!8=$!XFK D+,($2$38V!_=$!&$%!,&&)\6 6=)\!8=$!s^:"H:[ (=,3A$6!\=$3!D,66'3A!P&)2!,!2,3>,+!k%,6=$%
('&(+$6l!8)!,3!,>8)2,8'(!k)D$3 ('&(+$6l!D+,($2$38V

5(()&%'3A! 8)! 8=$! K:1! 6(=$2$! 8=$! ()>38$&')36 ,&$! %'68&'9>8$%! '3! 6>(=! ,! \,R! 8)! R'$+%! >3(=,&A$%!

6>&P,($6V!M)\$;$&.!'3!,++!&=)%)D6'36!8=$!6>2!)P!8=$!')3'G,9+$!&$6'%>$!(=,&A$6!'6!2)&$!D)6'8';$!'3!8=$!

'33$&!6>&P,($!,3%!2)&$!3$A,8';$!k+$66!D)6'8';$l!'3!8=$!)>8$&!6>&P,($!k%>$!8)!8=$!D=R6')+)A'(,+!$a($66!

)P! $a8&,H($++>+,&! D)6'8';$! ')36! )P! ($++! 2$29&,3$6! ()2D,&$%! 8)! 8=$'&! '38&,H($++>+,& )3$lV! _='6!

>39,+,3($%! 6'8>,8')3! (&$,8$6! ,3! $+$(8&)68,8'(! P'$+%! k,! ;)+8,A$l! ,(&)66! 8=$! 2$29&,3$. \='(=!

>+8'2,8$+R! &$6>+86! P&)2! %'PP$&$38+R! (=,&A$%! '33$&! ,3%! )>8$&! D&)8$'3! 6>&P,($6V! #)&! 8='6! &$,6)3. ,3%

\'8=)>8!8,&A$8'3A!,!6'2>+,8')3!)P 8=$!D=R6')+)A'(,+!68,8$.!\$!8$68!8=$!6$36'8';'8R!)P!5<*!2)%$+6!\'8=!

&$6D$(8! 8)!,3! '3(&$,6$! k%$(&$,6$l )P!)3$!>3'8!)P!6>&P,($!(=,&A$ )3!8=$!5:<5_. <=!,3%!<="g" 2)%$+6

!"#$

!"%$

$&"'()

!*+,-",

",'.'
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&4"
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! W[!

k6$$!#'AV!Y5!P)&!<=lV!#&)2!'36D$(8')3!)P!8=$!&$6>+86!%'6D+,R$%!'3!#'AV!YQ.!'8!'6!,DD,&$38!8=,8!8=$!2)%$+6!

=,;$! )DD)6'8$! 6$36'8';'8'$6! 8)! $+$(8&)68,8'(! P'$+%6! ,DD&)a'2,8$+R! ,+'A3$%! ,+)3A! 8=$! D&)8$'3! ,a'6V! <=!

,3%!<="g"!%'6D+,R!,!s^:"H:[! '3(&$,6$!\=$3! '3(&$,6'3A! 8=$!(=,&A$!)3! 8=$!)>8$&! k$a8&,($++>+,&l! 6>&P,($!

,3%!%$(&$,6'3A!8=$! '33$&! k'38&,($++>+,&l!6>&P,($V! X368$,%.!5:<5_!%'6D+,R6!8=$!)DD)6'8$!8&$3%V! X3!9)8=!

(,6$6!8=$!s^:"H:[!(=,3A$6!,&$!+'2'8$%!8)!(,V!W!B(,+j2)+!P)&!>3'8!(=,&A$V!!

_=$!)DD)6'8$!6$36'8';'8'$6!%'6D+,R$%!9R!5:<5_!,3%!<=!k)&!<="g"l!(,++!P)&!,!2)+$(>+,&H+$;$+!$aD+,3,8')3V!

56!D&$;')>6+R!&$D)&8$%.gg! 8=$!$PP$(86!)P!8=$!6>&P,($!(=,&A$6!)3!8=$!s^:"H:[!;,+>$!(,3!9$!>3%$&68))%!

>6'3A! 8=$!2$(=,3'68'(!2)%$+! '++>68&,8$%! '3!:(=$2$!"QV!53!$+$(8&)68,8'(! P'$+%!68,9'+'G'3A! 8=$!D)6'8';$!

(=,&A$! '3! '86! :[! +)(,8')3! 3$,&! 8=$! D&)8)3,8$%! :(='PP! 9,6$! \'++! '3(&$,6$! 8=$! s^:"H:[! ;,+>$.! \='+$! ,!

%$68,9'+'G'3A! P'$+%!\)>+%! %$(&$,6$! s^:"H:[V! X3! ()38&,68.! ,3! $+$(8&)68,8'(! P'$+%! 68,9'+'G'3A! 8=$! D)6'8';$!

(=,&A$! '3! '86!:"! +)(,8')3!3$,&!8=$!{H')3)3$!&'3A!\'++!%$(&$,6$!8=$!s^:"H:[!;,+>$.!\='+$!,!%$68,9'+'G'3A!

P'$+%!\)>+%!'3(&$,6$!s^:"H:[V!56!6=)\3!'3!#'AV!Y1!+$P8.!8=$!(=&)2)D=)&$!'3!<=!,3%!<="g"! '6!D+,($%!P,&!

P&)2! 8=$! 8\)! D&)8$'3! 6'%$6! ,3%! )&'$38$%! '3! 6>(=! ,! \,R! 8)! $aD)6$! '86! :(='PP! 9,6$! 8)! 8=$! 3$A,8';$!

6>&P,($! ,3%! '86! {H')3)3$! &$A')3! 8)! 8=$!2)&$! D)6'8';$! 6>&P,($V! _=$! 6,2$! ,&&,3A$2$38! '6! P)>3%! P)&!

:b<.! =*$FD! ,3%! 8=$! 9,8=)<=! '38$&2$%',8$! $;$3! 'P! 9,8=)<=! P$,8>&$6! ,! %'68)&8$%! ,++H./,$(#

(=&)2)D=)&$V!X3!8=$6$!6'8>,8')36!,3!$a8&,!3$A,8';$!(=,&A$!D+,($%!)3!8=$!)>8$&!6>&P,($!8)A$8=$&!\'8=!

,!D)6'8';$!(=,&A$!D+,($%!)3!8=$!'33$&!6>&P,($!\)>+%!68,9'+'G$!8=$!:[!,3%!%$68,9'+'G$!8=$!:"!68,8$.!8=>6!

&$6>+8'3A!'38)!,!s^:"H:[!;,+>$!'3(&$,6$V!_=$&$P)&$!8=$!()2D>8$%!(,V!W!B(,+j2)+!'3(&$,6$!)P!8=$!s^:"H:[!

;,+>$6!'6!()36'68$38!\'8=!8=$!(&$,8')3!)P!,3!$+$(8&)68,8'(!P'$+%!9R!8=$!()>38$&')3!D+,($2$38!6(=$2$!

k6$$!)D$3!('&(+$6!'3!#'AV!ZQl!\'8=!&$6D$(8!8)!8=$!&$P$&$3($!K:1!D+,($2$38V!

!
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W"

()*+,%! I #$,8>&$6! ,PP$(8'3A! 8=$! ;$&8'(,+! $a('8,8')3!$3$&AR '3! 8=$!<=!2)%$+V! k5l O'PP$&$38!$a8$&3,+! ()>38$&')3!
%'68&'9>8')3V! <$%! 6D=$&$6! ,3%! 9+>$! 6D=$&$6! ()&&$6D)3%! 8)! 1+

H
,3%! K,

z
')36! &$6D$(8';$+RV! _=$! <=! 2)%$+6!

()&&$6D)3%!8)!8=$!68,3%,&% 5<*!2)%$+!>6'3A!8=$!K:1!6(=$2$ k($38$&l!,3%!8)!8\)!,+8$&3,8';$ 2)%$+!\=$&$!
8=$!6>&P,($! 8)8,+!(=,&A$! '6! '3(&$,6$%!)&!%$(&$,6$%!)P!,!)3$!>3'8V! kQl!7,&',8')36! '3!,;$&,A$!s^:"H:[ ;,+>$6!,6!,!
P>3(8')3!)P!$a($66!6>&P,($!(=,&A$6V!k1l!F&'$38,8')3!)P!8=$!$+$(8&)68,8'(!P'$+%!'2D)6$%!9R!8=$!&$P$&$3($!$a8$&3,+!
()>38$&')3! %'68&'9>8')3 '3! <= k+$P8l! ,3%! 5:<5_ k&'A=8lV S)6'8';$+R! (=,&A$%! 6'%$H(=,'36! ,&$! A';$3! '3! 9+>$! \='+$!
3$A,8';$+R!(=,&A$%!6'%$H(=,'36!,&$!A';$3! '3!&$%V!_=$!(=,&A$!6R29)+6!,8 8=$!8)D!,3%!9)88)2!)P!8=$!6(=$2,8'(!
""H*'( ,3%! ,++H./,$( (=&)2)D=)&$6 '3%'(,8$! 8=$! %'&$(8')3! )P! 8=$! D&)8$'3! P'$+%! '3 8=$! (,6$! )P! 8=$! &$P$&$3($!
()>38$&')3!%'68&'9>8')3!,3% 3)8!8=$!D)6'8')3!)P!6D$('P'(!D)'38!(=,&A$6V

_=$! 6,2$! &$,6)3'3A! $aD+,'36 8=$! )DD)6'8$! $PP$(8! )P 5:<5_V! 56! 6=)\3! '3! #'AV! Y1 '3 5:<5_ 8=$!

(=&)2)D=)&$!'6!D+,($%!(+)6$&!8)!8=$!3$A,8';$!D&)8$'3!6>&P,($!,3%!)&'$38$%!'3!6>(=!,!\,R!8)!$aD)6$!

'86!{H')3)3$!&$A')3!8)!8=$!3$A,8';$!(=,&A$V!_=$!()36$b>$3($!\)>+%!9$!,!%$(&$,6$!)P!8=$!s^:"H:[ ;,+>$!

k68,9'+'G,8')3!)P!8=$!:" 68,8$!\'8=!&$6D$(8!8)!8=$!:[ 68,8$l.!\='(=!$aD+,'36!\=R!8=$!;,+>$!)P!s^:"H:[ P)&!

9)8=! 5:<! P)&26! %$(&$,6$6! >D)3! (&$,8')3 )P! ,3 $+$(8&)68,8'(! P'$+%! 9R! D+,('3A! ,3! $a8&, 3$A,8';$!

()>38$&')3 '3! 8=$! )>8$&! 6>&P,($! ,3%! ,! D)6'8';$! ()>38$&')3! '3! 8=$! '33$&! 6>&P,($V _=$6$ b>,+'8,8';$!

$aD+,3,8')36 )P!8=$!9$=,;')>&!&$D)&8$%!'3!#'AV!YQ!)3!8=$!9,6'6!)P!8=$!(=,&A$!8&,36+)(,8')3!$PP$(8!k6$$!

:(=$2$! "l ,3%! (=&)2)D=)&$! )&'$38,8')3! k6$$! #'AV! Y1l ,&$! 6>DD)&8$%! 9R! $+$(8&)68,8'(! D)8$38',+!

(,+(>+,8')36!\=)6$!&$6>+86 ,&$!A';$3!'3!:$(8')3!"[!)P!8=$!:XV

8).!/$,.'&!#,(('@$;!$.(#%3 '%$'0,.'%$#(.,.!(A#=:#,$1#-=

56! &$D)&8$%! '3! _,9+$! " ,3% #'AV! Z5! 8=$! $PP$(8! )P! 8=$! ')3'G,8')3! )3! 8=$! ,;$&,A$! s^:"H:[ ;,+>$! P)&!

&=)%)D6'3 '6! +,&A$V :>(=!;,+>$! '3(&$,6$6 )P!(,V!d B(,+j2)+ +$,%'3A! 8)!,!68&)3A n,2,a 9+>$H6='P8!\=$3!

A

C

++

--

++

--

0

0 -1

+1-1

+1

ASRAT

outer

inner

!"#$" %#% $"#!"

&'"("

&'

)*&)+

&'

&'

B

Outer/Inner total charge

Lys296

Lys210
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WW

A)'3A! P&)2 8=$! <=!2)%$+! P$,8>&'3A! ,! D&)8)3,8$%! ^"g"! &$6'%>$. 8)! 8=$! %$D&)8)3,8$%! <="g" 2)%$+!

P$,8>&'3A!,!3$A,8';$+R!(=,&A$ ^"g" &$6'%>$V!_=$!<="g" 2)%$+!R'$+%6 ,!9+>$H6='P8$%!s^:"H:[ ;,+>$!\'8=!

&$6D$(8!8)!8=$!$aD$&'2$38,+!%,8, ,3%.!'3!()38&,68!8)!8=$!<=!2)%$+.!,DD$,&6!'3!+'3$!\'8=!8=$!8RD$!)P!

D)6'8';$ %$;',8')3!)96$&;$%!P)&!8=$!)8=$&!5<*!2)%$+6V

()*+,%!O #$,8>&$6!,PP$(8'3A!8=$!;$&8'(,+!$a('8,8')3!$3$&AR!'3!;$&8$9&,8$ ,3%!,&(=,$, &=)%)D6'3 5<*!2)%$+6V!k5l
X)3'G,8')3!68,8$!$PP$(86!)P!^"g"V!_=$!8\)!68&>(8>&$6!'++>68&,8$!8=$!2)68!P&$b>$38!MQK!,3%!\,8$&!)&'$38,8')3!'3!
8=$!<=!k^"g"!D&)8)3,8$%l!,3%!<="g" k^"g"!%$D&)8)3,8$%l 2)%$+6V kQl X)3'G,8')3!68,8$!$PP$(86!)P!OgYV!_=$!8\)!
68&>(8>&$6! '++>68&,8$!8=$!2)68!P&$b>$38!MQK!,3%!\,8$&!)&'$38,8')3!'3!9<N5 kOgY!D&)8)3,8$%l!,3%!9<N5kgYl kOgY
%$D&)8)3,8$%l!2)%$+6V _=$!&$%!,&&)\6!'3%'(,8$!8=$!(=,3A$6!'3!%'D)+$!%'&$(8')3V

56! &$;$,+$%! 9R! ,! ()2D,&,8';$! ,3,+R6'6! )P! 8=$! (=&)2)D=)&$! (,;'8'$6! '3! <="g" ,3%! <=! 2)%$+6.! 8=$!

()2D>8$%!s^:"H:[ (=,3A$!&$D&$6$386!8=$!&$6D)36$!8)!8=$!+,&A$!;,&',8')3!)P!$+$(8&)68,8'(6!,3%!'3%>($%!

MQK!(=,3A$6!'3!8=$!(=&)2)D=)&$!6>&&)>3%'3A6V!*)&$!6D$('P'(,++R.!,6!6=)\3!'3!#'AV!d5.!<="g" P$,8>&$6!

,!MQK!\=$&$!,!\,8$&!2)+$(>+$! kh5_l!=,6.!\'8=! &$6D$(8! 8)!<= k6$$!#'AV!d5l. ,3!FHM!A&)>D! P+'DD$%!

,3%.!&,8=$&!)9;')>6+R.!P)&26 ,!68&)3A!=R%&)A$3!9)3%!\'8=!)3$!)P 8=$!^"g"!(,&9)aR+,8$!)aRA$3V!56!,!

()36$b>$3($! 8=$! 3$\!h5_! )&'$38,8')3! 2)%'P'$6! 8=$! +)(,+! %'D)+$! 2)2$38! %'&$(8')3! +$,%'3A! 8)! ,!

P>&8=$&! 68,9'+'G,8')3! )P! 8=$! (=&)2)D=)&$! D)6'8';$! (=,&A$! '3! '86! :[ +)(,8')3! k'V$V! )3! 8=$! 1}K! 9)3%lV!

53)8=$&!(=,3A$!&$A,&%6!8=$!P+'DD'3A!)P!8=$!FM!A&)>D!)P!8=$!@"r"!6'%$H(=,'3.!\='(=!P>&8=$&!68,9'+'G$!

8=$!@Wdg!()3P)&2,8')3!,3%!$a8$3%6 8=$!+)(,+!MQKV X3!()3(+>6')3.!\='+$!8=$!%'&$(8!68,9'+'G,8')3!)P!:[

*+&,)

-&.)

#&')
*$/)

*$/)

*$/)

/&,)

/,0)

1,.)

*+&2)

*+&')

&'()%

*(+%

#(,%

-()%

-).%

/)+%

&'(0%

&'(,%

&$-%

&$-%

&$-%

Rh Rh181

A

B

bRLA bRLA(85)

D85

T89

L93

W182

W185

W189

Y83 Y83

WAT

WAT
WAT

W189

W182

W185

T89

L93

D85
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! WZ!

%>$!8)!8=$!^"g"!3$A,8';$!(=,&A$!2,R!3)8!9$! +,&A$! '3!<=!k'V$V!6>(=!(=,&A$! '6! +)(,8$%!=,+PH\,R!,+)3A!

8=$!(=&)2)D=)&$!9,(B9)3$l.!8=$!<="g"!2)%$+!'3%'(,8$6!8=,8!8=$!6,2$!3$A,8';$!(=,&A$!(,3!68,9'+'G$!

:[! '3%'&$(8+R! 8=&)>A=!,!2)%'P'(,8')3!)P! 8=$! +)(,+!MQK!k()2D,&$! +$P8!,3%!&'A=8!68&>(8>&$6! '3!#'AV!d5lV!

_='6!'6!()3P'&2$%!9R!8=$!&$D)&8$%!MQK!&$6>+8'3A!P&)2!$a8$36';$!*O!6'2>+,8')36!)P!9);'3$!&=)%)D6'3!

2)%$+!\'8=!,!')3'G$%!^"g"!6'%$H(=,'3VWg!

53!$;$3!+,&A$&!$PP$(8!'6!)96$&;$%!P)&!8=$!9<N5kgYl!,3%!9<O5kgYl!2)%$+6!k"[!B(,+j2)+!'3(&$,6$!'3!s^:"H:[l.!

,6! 8=$! 3$A,8';$+R! (=,&A$%! OgY! &$6'%>$! \)>+%! P>&8=$&! 68,9'+'G$! 8=$! :(='PP! 9,6$.! 8)A$8=$&! \'8=! 8=$!

3$A,8';$+R!(=,&A$%!OW"W!&$6'%>$V!_=$!,%%'8')3,+!(=,&A$!(,>6$6!,!P>&8=$&!68,9'+'G,8')3!)P!8=$!:[!68,8$!

&$+,8';$! 8)! 8=$! :".! D&$%'(8'3A! ,! P>&8=$&! 9+>$H6='P8$%! ;,+>$! &$+,8';$+R! 8)! 8=$! $aD$&'2$38V! _=$!

()&&$6D)3%'3A!MQK!2)%'P'(,8')3!'6!&$D)&8$%!'3!#'AV!dQ!\=$&$!\$!()2D,&$!D,&8!)P!8=$!(=&)2)D=)&$!

(,;'8R!)P!+'A=8H,%,D8$%!9,(8$&')&=)%)D6'3!\'8=!D&)8)3,8$%!,3%!%$D&)8)3,8$%!OgY!&$6'%>$!k9<N5!,3%!

9<N5kgYl!&$6D$(8';$+RlV!X3!()38&,68.!8)!8=$!9);'3$!&=)%)D6'3!(,6$.!8=$6$!&$6>+86!'3%'(,8$!8=,8!8=$!9<N5.!

,3%! 3)8! 9<N5kgYl.! '6! 8=$!2)%$+! 9$68! ,(()22)%,8'3A! 8=$! 8&$3%! )P! s^:"H:[! ;,+>$6V! 5! 6'2'+,&! &$6>+86! '6!

)98,'3$%!P)&!9<O5V!

!!

E.,-')'.7#%3#.:!#*%;26.!1#('1!+*:,'$#*%$3%/;,.'%$(#,$1#:71/%@!$#-%$1#$!.4%/F!

_=$! 8$3! "! 36!*O! &$+,a,8')36! '3()&D)&,8$%.! P)&! $,(=! &=)%)D6'3!2)%$+.! '3! 8=$! 5<*!\)&BP+)\! k6$$!

*$8=)%6! 6$(8')3l! ,++)\! 8=$! 6,2D+'3A! )P! %'PP$&$38! (,;'8R! ()3P)&2,8')36! ,3%! MQK! ;,&',8')36V! _=$!

6$36'8';'8R!)P!8=$!&$6>+8'3A!,;$&,A$!s^:"H:[!;,+>$6!,6!,!P>3(8')3!)P!8=$!3>29$&!)P!&$D+'(,6!kK}".!K}Y.!

K}"[.! K}"Y! ,3%! K}W[l! =,6! 9$$3! %'&$(8+R! ,66$66$%! P)&! 8=$! ;$&R! %'PP$&$38! <="g".! :b<! ,3%! 5:<"Z1!

2)%$+6V!_=$!&$6>+86!&$D)&8$%!'3!#'AV!c!6=)\!8=,8!8=$!,;$&,A$!;,+>$6!9$()2$!6>968,38',++R!68,9+$.!\'8=!

;,&',8')36! +$66! 8=,8! "! B(,+j2)+! 9$R)3%! 8$3! &$D+'(,6V! K}"[! '6! 8=$&$P)&$! ,66>2$%! 8)! 9$! ,! 6>'8,9+$!

%$P,>+8!;,+>$V!

!
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W]

()*+,%! S #$,8>&$6! ,PP$(8'3A! 8=$! ,;$&,A$! ;$&8'(,+! $a('8,8')3! $3$&AR! '3! ;$&8$9&,8$.! '3;$&8$9&,8$ ,3%! 9,(8$&',+!
&=)%)D6'3!2)%$+6V!^PP$(8!)P!8=$!6,2D+'3A!;',!K!>3()&&$+,8$%!&$D+'(,6!k>6'3A!%'PP$&$38!&,3%)2!6$$%6l!"!36!*OV
_=$!)D$3!('&(+$6!,3%!P>++!('&(+$6!()&&$6D)3%!8)!8=$!;,+>$6!)P!#'AV!Z5!,3%!_,9+$!"V

X3!#'AV!g5 \$!'368$,%!,66$66!8=$!5<*!2)%$+ 68,9'+'8R!,+)3A!,!6'3A+$.!&))2H8$2D$&,8>&$!Z[!36!*O )P!

8=$!<=!2)%$+ \='(=.!%>$!8)!'86!D&)8)3,8$%!^"g"!&$6'%>$ ,3%.!8=$&$P)&$. \$,B$&!MQK. '6!2)&$!+'B$+R!

8)!>3%$&A)!()3P)&2,8')3,+!(=,3A$6 \'8=!&$6D$(8!8)!<="g"V! X8!(,3!9$!6$$3!8=,8!%>&'3A!8=$!P'&68!W[ 36!

8=$!MQK!'6!68,9+$!,3%!()36'68$38!\'8=!8=,8!)P!8=$ <= 2)%$+ k()2D,&$ #'AV!g5!+$P8!68&>(8>&$ \'8=!8=$!

<=! 68&>(8>&$! )P! #'AV! d5lV!F3! 8=$!)8=$&! =,3%.! ,8! 8'2$6! +)3A$& 8=,3! (,V! W[! 36! 8=$!MQK (=,3A$6 ,3%!

%'6D+,R6!,!P+'DD$%!@"r"!6'%$H(=,'3!,6!6=)\3!'3!8=$!&'A=8!68&>(8>&$ )P!#'AV!g5V!53!5<*!2)%$+ k<=@"r"l.

A$3$&,8$%! 9R! ,! 63,D6=)8! 8,B$3! ,8! 8=$! $3%! )P! 8=$! Z[! 36! *O! ,3% ()368&>(8$% ;',! A$)2$8&R!

)D8'2'G,8')3! D&)%>($6! ,! "VZ B(,+j2)+! +)\$& s^:"H:[ ;,+>$! 8=,3 8=$! <=! 2)%$+ k6$$! _,9+$ ZlV :>(=!

%'PP$&$3($! %)$6! 3)8! (=,3A$! 8=$! D&$%'(8$%! 8&$3%! P)& \'+%H8RD$ &=)%)D6'3 6$8.! 9>8! (,3! 9$! >6$% 8)!

,66$66! 8=$! 2)%$+! ()3P)&2,8')3,+! P+$a'9'+'8RV! X3! 8=$! <= (,6$.! 8=$! ;,&',8')3 '6! ,88&'9>8$%! 8)! ,! &$H

)&'$38,8')3!)P! 8=$!%'D)+$!2)2$38! ,66)(',8$%!\'8=! 8=$! @"r"! 8$&2'3,+!FHM!9)3%! k()2D,&$! 8=$! 8\)!

68&>(8>&$6! '3! #'AV!g5lV X3!<=@"r" 8=$!FHM! '6!=R%&)A$3!9)>3%! 8)! 8=$!@Wdg! &$6'%>$! &,8=$&! 8=,3! 8)! 8=$!

*W[c! &$6'%>$ ,3% 8=$&$P)&$! D&)t$(86 ,! D)6'8';$! &,8=$&! 8=,3! 3$A,8';$! D)8$38',+! '3! 8=$! 1}K! &$A')3!

+$,%'3A! 8)! ,! %$68,9'+'G,8')3! )P! 8=$! :[ 68,8$! \'8=! &$6D$(8! 8)! 8=$! :" 68,8$V M)\$;$&. <=@"r" =,6! ,!

D)8$38',+!$3$&AR!(,V!r B(,+j2)+ ='A=$& 8=,3!8=$!<=!2)%$+ k6$$!8=$!:XlV!Q)8=!8=$!='A=$&!68,9'+'8R!,3%!

8=$!9$88$&!n,2,a D&$%'(8')3!\)>+%!P,;)&!8=$!'3'8',+!()3P)&2,8')3.!'3!6D'8$!)P!8=$!P,(8!8=,8!8=$!)96$&;$%!

MQK! %)$6! 3)8! &$;$&8! 9,(B! %>&'3A! 8=$! +,68! 8$3 36! )P! 8=$! Z[! 36!*OV X3! P,(8.! 8='6 '6! 68'++! ,! 8))! 6=)&8!

6'2>+,8')3! 8)! ()3(+>%$! 8=,8! 8='6! '6! ,! 68,9+$ MQKV 56! %'6(>66$%! ,9);$! 8='6! )&'$38,8')3! 9$()2$6!

68,9'+'G$%!\=$3! 8=$!^"g"!6'%$H(=,'3! '6!%$D&)8)3,8$% 6>(=!,6! '3!<="g"V! _='6! '6!9$(,>6$! 8=$!3$A,8';$!

^"g"!(=,&A$!68&)3A+R!68,9'+'G$6 8=$!MQK!P)&2$%!9R!@"r".!@Wdg.!^"g".!h5_.!:"gdV 5!6'2'+,&!Z[!36!*O!

! "# "! $#

!"#$%&'(!)'*+'&%,-./01

Δ
E
2
3
42
5
''
(6
/0
-7
#
*
-) SqR

ASR13C

Rh181R

S

"
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! WY!

8$68!(,&&'$%!)>8!)3!:b<!3$;$&!%'6D+,R6!,3!MQK!(=,3A$.!P>&8=$&!D)'38'3A!8)!6R68$2H%$D$3%$38!&$6>+86!

)P! 8=$6$! 8$686V! 5! ()2D&$=$36';$! '3;$68'A,8')3! )P! 8=$! MQK! %R3,2'(6! \)>+%! &$b>'&$! +)3A$&! ,3%!

()2D>8,8')3,++R!%$2,3%'3A!*O!&$+,a,8')36!,3%!,&$!9$R)3%!8=$!6()D$!)P!8=$!D&$6$38!\)&BV!

!

/012%!.V!1)2D>8$%!;$&8'(,+!$a('8,8')3!$3$&A'$6!s^:"H:[!'3!B(,+j2)+!,3%!2,a'2>2!,96)&D8')3!\,;$+$3A8=6!n
,
2,a!

k32l!P)&!,+8$&3,8';$!5<*!2)%$+6!)P!<=!,3%!5:<V!_=$!%$;',8')3!P&)2!8=$!$aD$&'2$38,+!;,+>$!,3%!8=$!()2D>8$%!
)6('++,8)&!68&$3A8=6!PF6(!,&$!,+6)!A';$3V!!

!
802#5!∆Ε !6!!"#

! 7!

:;%,0*%!6<='>7
!

?,,@,!

:;%,0*%!

6<='>7!

A34#!

B$P'M'! YWVY!kY]]l! H]Vr! [Vr[!

:"B:/UT'>M! Y]VW!kYWcl! WV"! "V[g!

:"B'.8UT'>M! YYV[!kY"rl! "Vg! "V"Z!

!

53!'3;$68'A,8')3!)P!8=$!6'%$!(=,'3!68,9'+'8R!,3%!()3P)&2,8')3,+!$PP$(86!=,6!,+6)!9$$3!(,&&'$%!)>8!P)&!

8=$! 8\)!5:<!2)%$+6V! X36D$(8')3! )P! 8=$! ()3P)&2,8')36! )P! 6'%$! (=,'36! '3;)+;$%! '3! 8=$!MQK! )P! 9)8=!

5:<5_! ,3%! 5:<"Z1! &$;$,+6! 8=,8! 8=$6$! ,&$! 6'2'+,&! '3! 8=$! 8\)! 2)%$+6.! 6)! 8=$! MQK! $PP$(8! )3! 8=$!

()2D>8$%!s^:"H:[!;,+>$!'6!8=)>A=8!8)!9$!,DD&)a'2,8$+R!8=$!6,2$V!M)\$;$&.!,6!6=)\3!'3!#'AV!gQ.!6>(=!

()3P)&2,8')36!,&$!%'PP$&$38!P&)2!8=)6$!'3'8',++R!,66'A3$%!8)!8=$!(&R68,++)A&,D='(!68&>(8>&$!8$2D+,8$6!

k+$P8!68&>(8>&$!'3!#'AV!gQlV!X3!P,(8!,!()3P)&2,8')3,+!(=,3A$!)((>&6!,+&$,%R!%>&'3A!8=$!'3'8',+!"Y[!D6!*O!

$b>'+'9&,8')3.!\='(=!2)%'P'$6!8=$!)&'$38,8')3!)P!8=$!i"[r!6'%$H(=,'3!kR'$+%'3A!8=$!68&>(8>&$!)P!#'AV!gQ!

&'A=8lV! _)! $68'2,8$! 8=$! $PP$(8! )P! 6>(=! (=,3A$! \$! =,;$! ()368&>(8$%! 8\)! 2)%$+6! k5:<5_ji"[r! ,3%!

5:<"Z1ji"[rl! 68,&8'3A! P&)2! ,;$&,A$! *O! 68&>(8>&$6! \=$&$! 8=$! i"[r! 6'%$H(=,'3! )&'$38,8')3! \,6!

2)%'P'$%!8)!&$6$29+$!8=$!(&R68,+!68&>(8>&$!()3P)&2,8')3V!56!&$D)&8$%!'3!_,9+$!Z!,!6+'A=8+R!+,&A$&!s^:"H

:[!;,+>$!'6!)98,'3$%!P)&!8=$6$!2)%$+6!k$VAV!P)&!5:<5_ji"[r!=,6!,3!$a('8,8')3!$3$&AR![Vc!B(,+j2)+!='A=$&!

8=,3!5:<5_l.!()36'68$38+R!\'8=!8=$!(=,3A$! '3!)&'$38,8')3!)P!8=$!%'D)+$!,66)(',8$%!8)!8=$!,2'3)!,('%!

6'%$!(=,'3!k6$$!#'AV!gQl.!\='(=!68,9'+'G$6!:[!\'8=!&$6D$(8!8)!:"!,3%!'3(&$,6$6!8=$!$3$&AR!A,DV!M)\$;$&!

8=$! 5:<5_ji"[r!:[! $3$&AR! '6! (,V! "[! B(,+j2)+!='A=$&! 8=,3! 8=$! %$P,>+8! 5<*!2)%$+V! :).! $PP$(8';$+R! 8=$!

5<*!D&)8)()+!6$$26!8)!=,;$!o'2D&);$%p!)3!8=$!5:<!(&R68,+!68&>(8>&$!9R!A$3$&,8'3A!,!2)&$!68,9+$!

68&>(8>&$V!K$;$&8=$+$66.!8=$6$!&$6>+86!6=)\!,A,'3!8=$! '2D)&8,3($!)P!6'%$!(=,'3!)&'$38,8')3!,3%!8=$!

D)8$38',++R!+,&A$!$PP$(8!8=$R!(,3!=,;$!)3!8=$!()2D>8$%!;$&8'(,+!$a('8,8')3!$3$&ARV!!
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Wd

()*+,%!C 1=,3A$6!'3!8=$!6'%$H(=,'3!()3P)&2,8')3!,3%!&$+,8$%!MQKV!k5l 1=,3A$ '3%>($%!'3!8=$!&$P$&$3($!5<*!
<=!2)%$+!\=$3 ,!Z[ 36! &))2H8$2D$&,8>&$!*O &>3 '6!$2D+)R$% P)&! 8=$! &=)%)D6'3! (,;'8R! 6,2D+'3AV! _=$! &$%!
,&&)\ '++>68&,8$6 8=$! (=,3A$! '3 )&'$38,8')3! )P! 8=$! %'D)+$! 2)2$38! )P 8=$! @"r"! &$6'%>$ (=,&,(8$&'G'3A! 8=$!
()3P)&2,8')3,+! (=,3A$ )((>&&'3A! ,P8$&! W[! 36! *O ,6! 6=)\3! '3! 8=$! <*:O! ;6! 8'2$! D+)8V _=$! 5<*! 2)%$+!
A$3$&,8$%! 68,&8'3A! P&)2! 8=$!Z[!36! 63,D6=)8! '6! (,++$%!<=@"r" ,3%!=,6! ,!%'PP$&$38!MQK!\'8=! &$6D$(8! 8)!<=V kQl!
1=,3A$! '3! 8=$!MQK )((>&&'3A!%>&'3A! 8=$!D&)8)()+ "!36!*O!&>3!)P 5:<V!_=$! +$P8!68&>(8>&$!()&&$6D)3%6 8)!8=$!
)&'A'3,+!,66'A3$%!?H&,R!(&R68,+!68&>(8>&$!,3%!'8!'6!)98,'3$%!9R!A$)2$8&R!)D8'2'G,8')3!)P!8=$!'3'8',+!63,D6=)8V _=$!
&'A=8! 68&>(8>&$! '6! 8=$! )3$! )P! 8=$! P'3,+! 5<*! 2)%$+V! <*:O! ;6! 8'2$! D+)8! P)&! 8=$! *O! &>36! 6=)\'3A! 8=$!
()&&$6D)3%'3A!()3P)&2,8')3,+!(=,3A$6!)P 5:<5_ ,3%!5:<"Z1 i"[r!6'%$H(=,'3V

5+*'3-#.+*#(&*,(6-$3++7

5((>&,8$!i*j**!2)%$+6 )P! &=)%)D6'36! &$b>'&$!,! &$,+'68'(! 8&$,82$38!)P! 8=$!D&)8$'3!$3;'&)32$38V

_='6 '3(+>%$6 ,!2$29&,3$! D,8(=! =)68'3A! 8=$! D&)8$'3q! '33$&! ,3%! )>8$&!2$29&,3$!\,8$&!2)+$(>+$!

+,R$&6!\'8=! (=+)&'%$!,3%! 6)%'>2! ')36! k'V$V! 8=$!$a8$&3,+! ()>38$&')36l! 8)! ()>38$&9,+,3($! 8=$! 6)+;$38!

$aD)6$%! ')3'G$%!,2'3)!,('%6!,3%!)98,'3!,!A+)9,++R!3$>8&,+!2)%$+q!,3%!8=$!&'A=8!3>29$&!)P!D&)8$'3!

2)3)2$&6! ,(()&%'3A! 8)! $aD$&'2$38,+! %,8,V! 5 6$8! )P! 2)%$+6! )P! 8='6! 8RD$.! 8,&A$8'3A! ,((>&,8$!

6D$(8&)6()D'(!68>%'$6.Wg.Z[HZW \$&$!'3%$$%!&$D)&8$%!'3(+>%'3A ,3!=R%&,8$%!9'+,R$&!D&$D,&,8')3.!&$+,a$%!

,3%! $b>'+'9&,8$%! \'8=! 6$;$&,+! 3,3)6$()3%6! )P! 2)+$(>+,&! %R3,2'(6! k*Ol.! P)++)\$%! 9R! 2>+8'D+$!

i*j**!8&$,82$386! P)&! P>&8=$&! 6,2D+'3A! 8=$!D&)8$'3! '38$&')&!,3%!(=&)2)D=)&$!9$P)&$!()2D>8'3A!

8=$! n,2,a ;,+>$6V! ^;$3! 2)&$! &$6)>&($H'38$36';$! 2$8=)%)+)A'$6! \$&$! ,DD+'$%! 8)! ,&8'P'(',+! 6)+>9+$!

&$8'3,+!D&)8$'36VZ[ :>(=!()2D>8,8')3,++R!%$2,3%'3A!2$8=)%)+)A'$6!,&$.!D&$6$38+R.!3)8!,%$b>,8$!P)&!

H-O

A

B

* *

O-H

ASRAT and ASR13C

Rh

!"#

$"%

$
$ !& '$

()*+,-./0

1
2
3
4

!"#$"%&'"()*+,"-.+-/./01)#"

5!6!,17

$ $"& !

()*+,-./0

$

$"%

!"#

1
2
3
4

8!$6,931!':

8!$6,9319(

!"#$"%&'"()*+,"-.+-/./01)#"
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! Wc!

,!P,68!'$#(')'*%!6(&$$3'3A!9$(,>6$!8=$R!,&$!8'2$H()36>2'3A!,3%!8=$'&!()2D+$a!2)%$+!9>'+%'3A!2,B$6!

8=$! \)&BP+)\! ()38&)+! %'PP'(>+8! 8)! ,>8)2,8$V! X3! )&%$&! 8)! );$&()2$! 6>(=! %'PP'(>+8'$6.! \$! =,;$!

%$;$+)D$%! ,3%! 9$3(=2,&B$%! 5<*! ,6! ,! D&)8)8RD$! D&)8)()+! P)&! ='A=! 8=&)>A=D>8! ()2D>8,8')3,+!

6(&$$3'3A! )P! D=)8)&$($D8)&6! ,3%! ,! &$P$&$3($! P)&! P>&8=$&! 2)%$+! '2D&);$2$38V! 5(()&%'3A+R.! 5<*!

A$3$&,8$6! ,DD&)a'2,8$%! &=)%)D6'3!2)%$+6! >6$P>+! P)&! b>'(B+R! 6(&$$3'3A! $aD$&'2$38,+! )&! ()2D>8$&!

A$3$&,8$%! 6$b>$3($6! \'8=! 8=$! 8,&A$8! )P! 8&,(B'3A! 8&$3%6! '3! 6D$(8&,+! )&! &$,(8';'8R! D&)D$&8'$6V! :>(=!

,3,+R6'6! \)>+%! D&);'%$! (,3%'%,8$6! \)&8=! )P! 2)&$! %$2,3%'3A! ,3%! ,((>&,8$! 2)%$+'3A! )&! %'&$(8!

$aD$&'2$38,+!,66$662$38V!_=>6.!D)66'9+$!5<*!,DD+'(,8')36!\)>+%!9$!8=$!6(&$$3'3A!)P!8=$!6$b>$3($6!

,66)(',8$%! 8)! ,3! $;)+>8')3,&R! 8&$$! P)&! 8&,(B'3A! ,! 6D$('P'(! ,3($68)&! )&! A$3$&,8$%! ;',! '$# (')'*%!

2>8,A$3$6'6!+))B'3A!P)&!6$b>$3($6!\=$&$!,!($&8,'3!D&)D$&8R!'6!)D8'2'G$%V!

h$!=,;$!6=)\3!8=,8!8=$!'3P)&2,8')3!&$b>'&$%!P)&!8=$!()368&>(8')3!)P!$,(=!5<*!2)%$+!'6!$66$38',++R!

,!(&R68,++)A&,D='(!68&>(8>&$!)&!,!()2D,&,8';$!2)%$+!D&);'%$%!'3!,!SOQ!P'+$!P)&2,8V!M)\$;$&.! '3!8=$!

(>&&$38! ;$&6')3! )P! 5<*! 6>(=! D&'2,&R! '3D>8! 3$$%6! 8)! 9$! ()2D+$8$%! 9R! ,66'A3'3A! 8=$! 68,8$! )P! ,++!

')3'G,9+$! 6'%$H(=,'36! ,3%! 8=$! +'68! )P! 8=$! 8,&A$8! ,2'3)! ,('%! &$b>'&$%! P)&! ()>38$&')3! D+,($2$38V! X3!

()38&,68.! P$,8>&$6! 6>(=! ,6! 8=$!MQK! 68&>(8>&$! k'3(+>%'3A! 8=$! '38$&3,+!\,8$&!2)+$(>+$! D)6'8')3l.! 8=$!

K,z! ,3%! 1+H! ()>38$&')3! D)6'8')3! ,3%! 8=$! 6'%$H(=,'3! ()3P)&2,8')3! )P! 8=$! ,2'3)! ,('%! P)&2'3A! 8=$!

(=&)2)D=)&$! (,;'8R! ,&$! A$3$&,8$%! ,>8)2,8'(,++RV! _=>6.! D&$6$38+R.! 5<*! 2)%$+6! \)>+%! 9$! 2)&$!

()&&$(8+R!%$P'3$%!,6!6$2'H,>8)2,8'(,++R!A$3$&,8$%!2)%$+6V!

_=$! 5<*! 2)%$+6! k6$$! 8=$! :X! P)&! 8=$! ()&&$6D)3%'3A! SOQ! P'+$6l! A$3$&,8$%! P)&! d! %'PP$&$38! 6$36)&R!

&=)%)D6'36.!Z!D&)8)3HD>2D'3A!&=)%)D6'36!,3%!)3$!')3!(=,33$+!6=)\!8=,8!'8!'6!D)66'9+$!8)!&$D&)%>($!

8=$!)96$&;$%!A$3$&,+!8&$3%6!'3!;$&8'(,+!$a('8,8')3!$3$&A'$6!\'8=!9+>$H6='P8$%!;,+>$6!3)8!6'A3'P'(,38+R!

%'6D+,($%! P&)2! 8=$! )96$&;$%! %,8,V! _='6! '6! $3()>&,A'3A! \=$3! ()36'%$&'3A! 8=,8! 8=$! 9$3(=2,&B$%!

&=)%)D6'36! ()2$! P&)2! $;)+>8')3,&'+R! %'68,38! )&A,3'626! \'8=! %'PP$&$38! D=R6')+)A'(,+! P>3(8')36V!

<$2,&B,9+R.!,!6'2'+,&! +$;$+!)P!,((>&,(R!'6!D&$6$&;$%!\=$3!D&$%'(8'3A!8=$!2)&$!(=,++$3A'3A!8&$3%!)P!

"c!9,(8$&',+!,3%!;$&8$9&,8$! &=)%)D6'3!2>8,386V!h='+$!\$!=,;$!6=)\3!8=,8!%'PP$&$38! P,(8)&6!,PP$(8!

8=$!()2D>8$%!s^:"H:[!;,+>$.!8=$!(=,3A$6!%>$!8)!%'PP$&$38!$a8$&3,+!()>38$&')3!%'68&'9>8')36!,3%!6'%$H

(=,'3!()3P)&2,8')36!,&$!>6>,++R!62,++!k$VAV!(,V!ZHW!B(,+!2)+H"lV!N,&A$&!(=,3A$6!=,;$!9$$3!6=)\3!8)!9$!

,66)(',8$%!\'8=!%'PP$&$38!')3'G,8')3!68,8$!,66'A32$386!)P!8=$!'38$&3,+!&$6'%>$6!8=,8!\)>+%!,+6)!,PP$(8!

8=$!68,9'+'8R!)P!8=$!MQKV!#)&!(,6$6!\=$3!8=$6$!6'8>,8')36!)((>&!%>&'3A!8=$!D&$+'2'3,&R!*O!&>3.!)>&!

&$6>+86! 6>AA$68! 8=,8! %'68'3(8! 2)%$+6! )P! 8=$! 6,2$! &=)%)D6'3! \'8=! %'PP$&$38! ')3'G,8')3! 68,8$!

,66'A32$386!6=)>+%!9$! '3(+>%$%! '3! 8=$!6$8! '3!)&%$&! 8)!$a,2'3$!8=$!D)66'9+$!;,&',8')36! '3!D&$%'(8$%!

8&$3%6V!!
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! Wg!

#>8>&$!\)&B!\'++!,%%&$66!8=$!D&$6$38!>3($&8,'38'$6.!9R! '38&)%>('3A!,!2)&$!,((>&,8$!D+,($2$38!,3%!

)D8'2'G,8')3!)P!,++!=R%&)A$3!,8)26.!,!9$88$&! 8&$,82$38!)P! 8=$!$a8$&3,+!$3;'&)32$38.! ,3! '2D&);$%!

8&$,82$38!)P!8=$!(=&)2)D=)&$!(,;'8RV!#>&8=$&2)&$.! '3!8=$!(,6$!)P!=*$FD.!\$!>6$%!,!()2D,&,8';$!

2)%$+!,6!68,&8'3A!68&>(8>&$!k8=$&$!'6!3)!?H&,R!(&R68,+!68&>(8>&$!P)&!8='6!D&)8$'3l!%$&';$%!,(()&%'3A!8)!,!

D&)($%>&$! %'6(>66$%! '3! &$PV! r! ,3%! 8,B'3A! ,6! ,! 8$2D+,8$! :b<! k6$$! 8=$! :>DD)&8'3A! X3P)&2,8')3lV! _=$!

6$36'8';'8R! )P! 8=$! D&$%'(8$%! s^:"H:[! ;,+>$6! 8)! 8=$! 6D$('P'(! D&)($%>&$! >6$%! 8)! A$3$&,8$! 8=$! 68,&8'3A!

=*$FD!2)%$+!,3%!'86!'2D,(8!)3!8=$!$&&)&!&$+,8';$!8)!:b<!&$2,'3!8)!9$!'3;$68'A,8$%V!

X3!()3(+>6')3.!5<*!()368'8>8$6!8=$!P'&68!68$D!8)\,&%6!,!P,68!,3%!(=$,D!()2D>8,8')3,+!8))+!P'++'3A!8=$!

A,D! 9$8\$$3! 6+)\! $aD$&'2$38,+! 68&>(8>&$! %$8$&2'3,8')3! ,3%! P,68! D&)8$'3! $aD&$66')3! ,3%!

(=,&,(8$&'G,8')3! ,(='$;$%! 9R! A$3$8'(! $3A'3$$&'3A! 8$(=3'b>$6V! X8! ,+6)! &$D&$6$386! ,3! ,88$2D8! 8)!

D&);'%$! ,! 9,6'6! P)&! 8=$! 68,3%,&%'G,8')3! ,3%! &$D&)%>('9'+'8R! )P! &=)%)D6'3! i*j**!2)%$+6V! XP! 6>(=!

&$6$,&(=! +'3$!\'++! 9$! D&);$3! 8)! 9$! P&>'8P>+.! )>&! >+8'2,8$! A),+!\)>+%! 9$! 8=$! $a8$36')3! )P! 8=$! 6,2$!

2$8=)%)+)A'$6! 8)!)8=$&!D=)8)&$6D)36';$!D&)8$'3! P,2'+'$6.! 6)! 8=,8!5<*!()>+%!$;$38>,++R!9$()2$!,!

A$3$&,+!8))+!'3!()2D>8,8')3,+!D=)8)9')+)ARV!

AS S OC IAT E D  C O N T E N T   

:>DD)&8'3A! 8$a8! ,3%! ())&%'3,8$6! )P! 8=$! '3D>8! \'+%H8RD$! 68&>(8>&$6! k""!2)%$+6l! ,3%! )D8'2'G$%! kWg!

2)%$+6l!9$3(=2,&B!\'+%H8RD$!,3%!2>8,38!2)%$+6! '3!SOQ! P)&2,8V!_='6!2,8$&',+! '6! ,;,'+,9+$! P&$$!)P!

(=,&A$!;',!8=$!X38$&3$8!,8!=88DmjjD>96V,(6V)&AV!

A CK N OWL E D G E M E N T  

_='6!\)&B!\,6!6>DD)&8$%!9R!8=$!K,8')3,+!:('$3($!#)>3%,8')3!>3%$&!A&,38!3)V!1M^H""YW[c[!,3%!1M^H

"YY"]"d!,3%!8=$!M>2,3!#&)38'$&!:('$3($!S&)A&,2!F&A,3'G,8')3!>3%$&!A&,38!<IS[[]rjW["W1M^[rH

YdccdV!*VFV!'6!A&,8$P>+!8)!8=$!1$38$&!P)&!S=)8)(=$2'(,+!:('$3($6!,3%!:(=))+!)P!5&86!,3%!:('$3($6!)P!

8=$! Q)\+'3A! I&$$3! :8,8$! T3';$&6'8RV! _=$! ,>8=)&6! ,&$! '3%$98$%! 8)! K:#H?:^O^! ,3%! F=')!

:>D$&()2D>8$&!1$38$&!P)&!A&,38$%!()2D>8$&!8'2$V!*VFV!,3%!@VFV!,&$!A&,8$P>+!8)!8=$!#)>3%,8')3!)P!

8=$!T3';$&6'8R!)P!:8&,69)>&A!P)&!,3!T:X5:!P$++)\6='D!6>DD)&8'3A!,!;'6'8'3A!D&)P$66)&6='D!,8!8=$!XS1*:V!

*V:V!,3%!KV#V!8=,3B!8=$!#&$3(=!5A$3($!K,8')3,+$!%$!+,!<$(=$&(=$!P)&!P>3%$%!D&)t$(8!#^*_FH5:<.!3�!

5K<H"]H1^ZYH[["YH[WV!

B%A%,%9#%4!!

k"l!C'&(=$&.!*Vq!C$+6).!`V!H'%I((,7(#->'>D#JKD#YW]HYZdV!

kWl! O)R+$.! :Vq! C)$=3.! `Vq! M>38.! XV! '3# L'@:# M:/%6@:26.# ?/%.!'$# I"2/!(('%$# ,$1# ?6/'3'*,.'%$N#M>2,3,!

S&$66m!_)8)\,.!K`.!W[[rq!]rg.!DD!"H"gV!

kZl! Q$&&R.! :V! *Vq! N>.! @V! S&)8$'3! :8&>(8>&$! O$6'A3! ,3%! ^3A'3$$&'3A! '3# !OEN# `)=3!h'+$R! �! :)36.! N8%m!

D>9+'6=$%!)3H+'3$.!W[["V!

k]l!h,&6=$+.!5Vq!N$;'88.!*V!PG#>%)G#H'%)G#'MSOD#QRJD#WWcHW]rV!

Page 28 of 34

ACS Paragon Plus Environment

Journal of Chemical Theory and Computation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



! Wr!

kYl!5+8)�.!SVq!1$29&,3.!5Vq!F+';>(('.!*Vq!I,&,;$++'.!*V!?/%*G#S,.)G#8*,1G#E*'G#TG#EG#8G#->'>D#QRUD#W["cWH

W["ccV!

kdl!53%&>3')\.!_Vq!#$&&L.!KVq!F+';>(('.!*V!?/%*G#S,.)G#8*,1G#E*'G#TG#EG#8G#->>ND#QRQD#"cr[gH"cr"ZV!

kcl!1)8).!SV!QVq! :8&,29'.!5Vq! #$&&L.!KVq!F+';>(('.!*V!?/%*G#S,.)G#8*,1G# E*'G#TG# EG#8G#->>OD# QRJD#"c"Y]H

"c"YrV!

kgl! :8&,29'.!5Vq!O>&9$'t.!QVq! #$&&L.!KVq!F+';>(('.!*V!?/%*G#S,.)G#8*,1G# E*'G#TG# EG#8G#->'>D# QRUD#W"ZWWH

W"ZWdV!

krl!<'3,+%'.!:Vq!*$+,((').!#Vq!I)G$2.!:Vq!#,3$++'.!#Vq!F+';>(('.!*V!?/%*G#S,.)G#8*,1G#E*'G#TG#EG#8G#->'ND#QQQD#

"c"]H"c"rV!

k"[l!M>38&$66.!*V!*Vq!I)G$2.!:Vq!*,++$R.!CV!<Vq!`,'+,>9$B);.!5V!^Vq!7,6'+$')>.!1Vq!7$3A&'6.!*Vq!I$'A$&.!`V!

MVq!Q)&=,3.!QVq!:(=,D'&).!XVq!N,&6$3.!OV!:Vq!F+';>(('.!*V!PG#?:7(G#9:!;G#HG#->'.D#QQUD#"[[YZH"[[c[V!

k""l!:(=&$'9$&.!*Vq!:>A'=,&,.!*Vq!FB,%,.!_Vq!Q>66.!7V!8$@!4G#9:!;G#V$.G#I1G#->>OD#WXD#]Wc]H]WccV!

k"Wl! _)2,6$++).! IVq! F+,6)HI)3GU+$G.! IVq! 5+8)�.! SVq! :8$38,.! *Vq! :$&&,3)H53%&L6.! NVq! *$&(=U3.! *Vq!

F&+,3%'.!IVq!Q)88)3'.!5Vq!I,&,;$++'.!*V!PG#8;G#9:!;G#E%*G#->>MD#QJQD#Y"cWHY"gdV!

k"Zl!5+8>3.!5Vq!@)B)R,2,.!:Vq!*)&)B>2,.!CV!PG#?:7(G#9:!;G#HG#->>CD#QQKD#"dggZH"dgr[V!

k"]l!5+8>3.!5Vq!@)B)R,2,.!:Vq!*)&)B>2,.!CV!PG#?:7(G#9:!;G#HG#->>CD#QQKD#dg"]HdgWcV!

k"Yl! ^&368.!FV! SVq! N)%)\6B'.!OV! _Vq! ^+683$&.!*Vq!M$A$2,33.! SVq! Q&)\3.! NV! :Vq! C,3%)&'.!MV!9:!;G#=!&G#

->'ND#QQWD#"WdH"dZV!

k"dl!:D>%'(=.!`V!NVq!@,3A.!1V!:Vq!`>3A.!CV!MVq!:D>%'(=.!^V!KV!8$$6G#=!&G#9!))G#Y!&G#H'G#->>>D#QZD#ZdYHZrWV!

k"cl!I)&)68'G,.!SVq!X6,()PP.!^V!@V!E*'!$*!#->>CD#JKKD#ZrYHZrrV!

k"gl! Q)R%$3.! ^V! :Vq! v=,3A.! #Vq! Q,29$&A.! ^Vq! K,A$+.! IVq! O$'66$&)8=.! CV!S,.G# S!6/%(*'G#->>ID# [D#"WdZH

"WdgV!

k"rl!M,3.!?Vq!Q)R%$3.!^V!:V!?O%E#<$!#->>SD#KD#$WrrV!

kW[l!:(=)$3$39$&A$&.!SVq!I$&)6,.!OVq!F$&83$&.!_V!IV!?O%E#<$!#->>MD#WD#$g"gYV!

kW"l!O$'66$&)8=.!CV!S,.G#>!.:%1(G#->''D#[D#WdHWrV!

kWWl!:$B=,&,3.!:Vq!:>A'=,&,.!*Vq!Q>66.!7V!8$@!4G#9:!;G#V$.G#I1G#->>SD#WZD#WdrHWc"V!

Page 29 of 34

ACS Paragon Plus Environment

Journal of Chemical Theory and Computation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



! Z[!

kWZl!Q&,;,R,.!CVq!Q)(=$3B);,.!5Vq!I&,3);6BR.!5Vq!K$2>B='3.!5V!PG#8;G#9:!;G#E%*G#->>SD#QK\D#"Z[ZYH

"Z[]WV!

kW]l!#>t'2)8).!CVq!M,R,6='.!:Vq!M,6$A,\,.!`Vq!K,B,86>t'.!MV!PG#9:!;G#M:!%/7#9%;26.G#->>SD#JD#d[YHd"gV!

kWYl! :(=,D'&).! XVq! <R,G,386$;.! *V! KVq! O'3A.! hV! `Vq! M>38&$66.! *V! *Vq! *$+,((').! #Vq! 53%&>3')\.! _Vq!

F+';>(('.!*V!86(.G#PG#9:!;G#->'>D#ZJD#]"ZH]WrV!

kWdl!^+HC=)>&R.!SV!vVq!:(=,D'&).!XVq!M>38&$66.!*V!*Vq!*$+,((').!#Vq!I)G$2.!:Vq!#&>8)6.!NV!*Vq!F+';>(('.!*V!

'3#9=9#L,$1-%%F#%3#</@,$'*#?:%.%*:!;'(./7#,$1#?:%.%-'%)%@7N#I&'$69$(B.!5V.!F$+A$2�++$&.!*V.!,3%!

I=$88'.!#V.!^%6Vq!1<1!S&$66m!Q)(,!<,8)3.!#N.!W["Wq!"[WrH"[YdV!

kWcl!:'3A=.!TV!1Vq!C)++2,3.!SV!5V!PG#9%;26.G#9:!;G#'MCOD#UD#c"gHcZ[V!

kWgl!7,+66)3.!FVq!1,2D)2,3$6.!SVq!_,;$&3$++'.!XVq!<)8=+'69$&A$&.!TVq!#'+'DD'.!1V!PG#9:!;G#M:!%/7#9%;26.G#

->'.D#\D#W]]"HW]Y]V!

kWrl!1,2D)2,3$6.!SVq!K$&'.!*Vq!M)&8,.!QV!5V!1Vq!<�=&'A.!TV!#Vq!7,33'.!:Vq!_,;$&3$++'.!XVq!<)8=+'69$&A$&.!TV!

PG#8;G#9:!;G#E%*G#->'ND#QJZD#Zg]WHZgY"V!

kZ[l!1=$3A.!1Vq!C,2'R,.!*Vq!T(='%,.!@Vq!M,R,6='.!:V!PG#8;G#9:!;G#E%*G#->'ID#QJUD#"ZZdWH"ZZc[V!

kZ"l! C,8).! MV! ^Vq! C,2'R,.! *Vq! :>A).! :Vq! X8).! `Vq! _,3'A>(='.! <Vq! F&'8).! 5Vq! M'&,8,.! CVq! X3>86>B,.! 5Vq!

@,2,3,B,.!5Vq!*,8>&,3,.!5V!OVq!X6='8,3'.!<Vq!:>%).!@Vq!M,R,6='.!:Vq!K>&$B'.!FV!S,.G#9%;;6$G#->'ID#ZD#

c"ccV!

kZWl! I>).! @Vq! Q$R+$.! #V! ^Vq! Q)+%.! QV! *Vq! h,8,3,9$.! MV! 1Vq! C)6+)\6B'.! 5Vq! _='$+.! hVq! M$A$2,33.! SVq!

*,&,GG'.!*Vq!^+683$&.!*V!9:!;G#E*'G#->'OD#UD#ZgcrHZgr"V!

kZZl!`>3A.!CV!MVq!_&';$%'.!7V!OVq!:D>%'(=.!`V!NV!>%)G#>'*/%-'%)G#->>.D#WUD#"Y"ZH"YWWV!

kZ]l!7)A$+$R.!NVq!:'3$6=(=$B);.!FV!5Vq!_&';$%'.!7V!OVq!:,6,B'.!`Vq!:D>%'(=.!`V!NVq!N>$(B$.!MV!E*'!$*!#->>ND#

JRZD#"Zr[H"ZrZV!

kZYl!FB,%,.!_Vq! :>A'=,&,.!*Vq!Q)3%,&.!5V! HKVq!^+683$&.!*Vq!^38$+.!SVq!Q>66.!7V! PG#>%)G#H'%)G#->>ND#JWKD#

Yc"HYgZV!

kZdl!*>&,B,2'.!*Vq!C)>R,2,.!_V!S,.6/!#->>CD#WXJD#ZdZHZdcV!

kZcl!S&);$3(').!XVq!`',3A.!IVq!O$!I&'D.!hV!`Vq!M,R$6.!hV!SVq!<)++,A.!*V!OV!?/%*G#S,.)G#8*,1G#E*'G#TG#EG#8G#

'MMCD#\XD#Z][HZ]YV!
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! Z"!

kZgl!N>$(B$.!MVq!:(=)9$&8.!QVq!<'(=8$&.!MV!H_Vq!1,&8,'++$&.!`V!HSVq!N,3R'.!`V!CV!PG#>%)G#H'%)G#'MMMD#K\QD#grrH

r""V!

kZrl!K'6='B,\,.!_Vq!*>&,B,2'.!*Vq!C)>R,2,.!_V!PG#>%)G#H'%)G#->>ID#JXKD#Z"rHZWgV!

k][l!<,3.!_'3A8'3Aq!FG)&)\6B'.!I,9&'$+q!I,).!@,3R,3q!:'3$6=(=$B);.!F+$A!5Vq!h,3A.!h$'\>q!:D>%'(=.!

`)=3!NVq!N>$(B$.!M,&82>8!8*.,#9/7(.,))%@/G#Y#->'.D#Z\D#"rdYH"rg[V!

k]"l!@)6='G,\,.!_Vq!h,+%.!IV!S,.6/!#'MO.D#Q\UD#"WcrH"WgdV!

k]Wl!K,B,2'(='.!MVq!FB,%,.!_V!8$@!4G#9:!;G#V$.G#I1G#->>OD#WXD#]Wc[H]WcZV!

k]Zl!*,8='$6.!<Vq!:8&R$&.!NV!?/%*G#S,.)G#8*,1G#E*'G#TG#EG#8G#'MSOD#UJD#W"drHW"cZV!

k]]l!Q)3,('(HC)>8$(BR.!7Vq!C�=+$&.!CVq!*'(=+.!`V!9:!;G#?:7(G#O!..G#'MCND#QRWD#]][H]]ZV!

k]Yl!<))6.!QV!FV! '3#8-G# '$'.'%G#>!.:%1(G# '$G#]6,$.6;G#9:!;'(./7GN#N,\+$R.!CV!SV.!^%Vh'+$Rm!K$\!@)&B.!

"rgcq!DD!ZrrH]]dV!

k]dl!53%$&66)3.!CVq!*,+2b;'68.!SV!Hq!<))6.!QV!FVq!:,%+$t.!5V!`Vq!h)+'36B'.!CV!`V!PG#?:7(G#9:!;G#'MM>D#\WD#

Y]gZHY]ggV!

k]cl!1)8).!SV!QVq!*,&80.!:Vq!F+';,.!*Vq!F+';>(('.!*Vq!*$&(=�3.!*Vq!53%&L6.!`V!PG#?:7(G#9:!;G#H#->>CD#QQKD#

c"YZHc"YdV!

!"#$%&'()*+,-%./0%1)2-%3/%H!"#$%&''()$*"#$+,-.)$/"$H@Vq!#,3A.!hV!HMVq!N'3%=.!<V!PG#8;G#9:!;G#E%*G#->>MD#QJKD#

c[dHc"WV!

k]rl!5+8)�.!SVq!1+'2$38.!_Vq!O$!#>6().!IV!1Vq!:8$38,.!*Vq!Q)88)3'.!5Vq!:$&&,3)H53%&�6.!NVq!*$&(=U3.!*Vq!

F&+,3%'.!IVq!I,&,;$++'.!*V!PG#?:7(G#9:!;G#H#->>MD#QQJD#"Y[dcH"Y[cZV!

kY[l!#$&&L.!KVq!F+';>(('.!*V!PG#8;G#9:!;G#E%*G#->>.D#QKXD#dgdgHdgdrV!

kY"l!:(=,D'&).!XVq!<R,G,386$;.!*V!KVq!#&>8)6.!NV!*Vq!#$&&L.!KVq!N'3%=.!<Vq!F+';>(('.!*V!PG#8;G#9:!;G#E%*G#

->''D#QJJD#ZZY]HZZd]V!

kYWl!S)++'.!OVq!5+8)$.!SVq!h$'3A,&8.!FVq!:D'++,3$.!CV!*Vq!*,3G)3'.!1Vq!Q&'%,.!OVq!_)2,6$++).!IVq!F&+,3%'.!

IVq!C>B>&,.!SVq!*,8='$6.!<V!5Vq!I,&,;$++'.!*Vq!1$&>++).!IV!S,.6/!#->'>D#WZUD#]][H]]ZV!

kYZl! #&>8)6.! NV!*Vq!53%&>3')\.! _Vq! :,38)&).! #Vq! #$&&L.!KVq!F+';>(('.!*V!?/%*G#S,.)G#8*,1G# E*'G#TG# EG#8G#

->>SD#QRWD#ccd]HccdrV!
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! ZW!

kY]l!I)G$2.!:Vq!*$+,((').!#Vq!N'3%=.!<Vq!C&R+);.!5V!XVq!I&,3);6BR.!5V!5Vq!53A$+'.!1Vq!F+';>(('.!*V!PG#9:!;G#

M:!%/7#9%;26.G#->'.D#\D#]]rYH]Y[dV!

kYYl!:$B=,&,3.!:Vq!5+8>3.!5Vq!*)&)B>2,.!CV!9:!;+I6/G#PG#->'>D#QZD#"c]]H"c]rV!

kYdl!:$B=,&,3.!:Vq!h$'.!`V!KVq!Q,8'68,.!7V!:V!PG#8;G#9:!;G#E%*G#->'-D#QJWD#"rYZdH"rYZrV!

kYcl!M>2D=&$R.!hVq!O,+B$.!5Vq!:(=>+8$3.!CV!PG#>%)G#^/,2:'*(#'MMOD#QWD#ZZHZgV!

kYgl!1)&3$++.!hV!OVq!1'$D+,B.!SVq!Q,R+R.!1V!XVq!I)>+%.!XV!<Vq!*$&G.!CV!*Vq!#$&A>6)3.!OV!*Vq!:D$++2$R$&.!OV!

1Vq!#)a.!_Vq!1,+%\$++.!`V!hVq!C)++2,3.!SV!5V!PG#8;G#9:!;G#E%*G#'MMID#QQUD#Y"crHY"rcV!

kYrl!v=,3A.!NVq!M$&2,36.!`V!?/%.!'$(#'MMOD#KWD#]ZZH]ZgV!

kd[l!S)3%$&.!`V!hVq!<'(=,&%6.!#V!*V!PG#9%;26.G#9:!;G#'MCSD#[D#"["dH"[W]V!

kd"l!:8&,29'.!5Vq!1)8).!SV!QVq!#&>8)6.!NV!*Vq!#$&&L.!KVq!F+';>(('.!*V!PG#8;G#9:!;G#E%*G#->>SD#QJRD#ZZgWH

ZZggV!

kdWl!`,&%�3H7,+,%$G.!^Vq!Q)3%,&.!5V!HKVq!_)9',6.!OV!`V!H'%2:7(G#PG#->>MD#\ZD#WYcWHWYcdV!

kdZl!`,&%�3H7,+,%$G.!^Vq!Q)3%,&.!5V!HKVq!_)9',6.!OV!`V!H'%2:7(G#PG#->'>D#\\D#WW[[HWW[cV!

kd]l!O>3%,6.!`Vq!F>R,3A.!vVq!_6$3A.!`Vq!Q'3B)\6B'.!5Vq!_>&D,G.!@Vq!N',3A.!`V!S6*)!'*G#8*'1(G#=!(G#->>OD#JWD#

h""dHh""gV!

kdYl!S&)3B.!:Vq!S��++.!:Vq!:(=>+G.!<Vq!N,&66)3.!SVq!Qt$+B2,&.!SVq!5D)68)+);.!<Vq!:='&86.!*V!<Vq!:2'8=.!`V!1Vq!

C,66)3.!SV!*Vq!;,3!%$&!:D)$+.!OVq!M$66.!QVq!N'3%,=+.!^V!H'%'$3%/;,.'*(#->'.D#K\D#g]YHgY]V!

kddl!#$&&L.!KVq!1$29&,3.!5Vq!I,&,;$++'.!*Vq!F+';>(('.!*V!M:!%/G#9:!;G#8**G#->>ND#QQKD#ZZYHZ]"V!

kdcl!5b>'+,38$.!#Vq!O$!7'().!NVq!#$&&L.!KVq!I='A).!IVq!*,+2b;'68.!SV!5Vq!K$)A&,%R.!SVq!S$%$&6$3.!_V!QVq!

S'8)3,B.!*Vq!<$'=$&.!*Vq!<))6.!QV!FVq!:$&&,3)H53%&$6.!NVq!T&9,3.!*Vq!7$&R,G);.!7Vq!N'3%=.!<V!PG#9%;26.G#

9:!;G#->'>D#JQD#WW]HW]cV!

kdgl!:'3A=.!TV!1Vq!C)++2,3.!SV!5V!PG#9%;26.G#9:!;G#'MCOD#UD#c"gHcZ[V!

kdrl!M>29$+.!:Vq!:'$9$&.!:Vq!*)&)B>2,.!CV!PG#9:!;G#?:7(G#'MMOD#QRXD#"rYrH"rdcV!

kc[l!:8�+&'3A.!`Vq!Q$&3=,&%66)3.!5Vq!N'3%=.!<V!>%)G#?:7(G#->>'D#\\D#"[ZH""]V!

kc"l!#$&&L.!KVq!53AR,3.!`V!IV!9:!;G#?:7(G#O!..G#->>-D#JXZD#ZZ"HZZrV!

kcWl!C&';);.!IV!IVq!:=,D);,+);.!*V!7Vq!O>39&,(B.!<V!NV!?/%.!'$(#->>MD#UUD#ccgHcrYV!
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! ZZ!

kcZl!*$+,((').!#Vq!F+';>(('.!*Vq!N'3%=.!<Vq!#$&&L.!KV!V$.G#PG#]6,$.G#9:!;G#->''D#QQQD#ZZZrHZZ]dV!

kc]l! C,8).! MV! ^Vq! v=,3A.! #Vq! @'G=,&.! FVq! <,2,B&'6=3,3.! 1Vq! K'6='G,\,.! _Vq! M'&,8,.! CVq! X8).! `Vq! 5'8,.! @Vq!

_6>B,G,B'.!_Vq!M,R,6='.!:V!S,.6/!#->'-D#W[KD#ZdrHZc]V!

kcYl!F+66)3.!*V! MV!*Vq! :)3%$&A,,&%.! 1V! <Vq! <)68B)\6B'.!*Vq! `$36$3.! `V! MV! PG# 9:!;G# M:!%/7# 9%;26.G#

->''D#UD#YWYHYZcV!

kcdl!#&�2(B$.!`V!:Vq!h,3B).!*Vq!S=,8,B.!SVq!*&)A'36B'.!*V!5Vq!^+683$&.!*V!PG#?:7(G#9:!;G#HG#->'>D#QQWD#

""ZZgH""ZYWV!

kccl!:,3%9$&A.!*V!KVq!52)&,.!_V!NVq!<,2)6.!NV!:Vq!1=$3.!*V!HMVq!C3)a.!QV!^Vq!Q'&A$.!<V!<V!PG#8;G#9:!;G#

E%*G#->''D#QJJD#Wg[gHWg""V!

kcgl!M,++.!CV!#Vq!7&$;$3.!_Vq!#&'6(=.!*V!`Vq!Q$,&D,&B.!*V!`V!PG#>%)G#H'%)G#->>CD#J[JD#"[dH"W"V!

kcrl!N,3R'.!`V!CV!HH8+H'%!$!/@!.'*(#->>OD#QUXUD#"["WH"["gV!

kg[l!C,3%)&'.!MVq!:='2)3).!CVq!:>%).!@Vq! X\,2)8).!*Vq!:='(='%,.!@Vq!C,2).!KV!H'%*:!;'(./7#->>'D#WRD#

rWZgHrW]dV!

kg"l!#>&>8,3'.!@Vq!C,\,3,9$.!5Vq!`>3A.!CV!MVq!C,3%)&'.!MV!H'%*:!;'(./7#->>ID#WWD#"WWgcH"WWrdV!

kgWl!C,\,3,9$.!5Vq!#>&>8,3'.!@Vq!`>3A.!CV!MVq!C,3%)&'.!MV!H'%*:!;'(./7#->>OD#WXD#]ZdWH]Zc[V!

kgZl!:8$'3.!1V!`Vq!<$'=$&.!*V!PG#9:!;G#M:!%/7#9%;26.G#->'OD#QKD#"cd[H"cc"V!

kg]l!*,86>R,2,.!_Vq!@,2,6='8,.!_Vq!X2,2)8).!@Vq!:='(='%,.!@V!H'%*:!;'(./7#->'-D#XQD#Y]Y]HY]dWV!

kgYl!Q,'+$6.!MV!`Vq!N>(,6.!<V!`V!?G#=%7G#E%*G#H+H'%)G#E*'G#->'.D#K[RD#W["WWrgcV!

kgdl!I&,3);6BR.!5V!5V!PG#9:!;G#?:7(G#->''D#QJWD#W"]""ZHW"]"WcV!

kgcl!I)G$2.!:Vq!M>38&$66.!*Vq!:(=,D'&).!XVq!N'3%=.!<Vq!I&,3);6BR.!5V!5Vq!53A$+'.!1Vq!F+';>(('.!*V!PG#9:!;G#

M:!%/7#9%;26.G#->'-D#[D#][drH][g[V!

kggl!*$+,((').!#Vq!#$&&L.!KVq!F+';>(('.!*V!?:7(G#9:!;G#9:!;G#?:7(G#->'-D#QWD#"W]gYH"W]rYV!

! !

Page 33 of 34

ACS Paragon Plus Environment

Journal of Chemical Theory and Computation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Z]

_F1

Page 34 of 34

ACS Paragon Plus Environment

Journal of Chemical Theory and Computation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60


