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

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



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

)* + ,-./*01 + 1-23245 + 2 + 6.0.7484. + 9*/ + 8:0/*45/ + *1 + 9*/ + *08:;-2<*=*01/ + 9>;0 + <-209 + 0:=6-* + 9*

,*-/:00*/+2;?@;*55*/+A*+/:;B241*+*?,-4=*-+=2+<-2141;9*C

%5+2+.1.+-.254/.+2;+/*40+9; +!.,2-1*=*01+9*/ +"21.-42;? +#-<204@;*/+9*+5>$0/141;1+9* +%BD/4@;*+*1+

&B4=4*+9*/ +"21.-42;?+9* +'1-2/6:;-<C+E*+3:;9-24/+*?,-4=*-+1:;1*+=2+-*8:0024//208*+2;?+94-*8F

1*;-/+/;88*//47/+9;+G#HI+G204*5+J;455:0+*1+E*20F):;4/+J255204I+,:;-+=>23:4-+288;*4554+920/+5*;-+

526:-21:4-*C+E*+=*/;-*+,5*40*=*01+52+8B208*+9>23:4-+,;+1-232455*-+920/+9*/+8:09414:0/+2;//4+723:F

-265*/C

E*+14*0/+1:;1+9>26:-9+K+29-*//*-+=*/+,5;/+347/+-*=*-84*=*01/+K+)2;-*01+G:;8*+9:01+52+94-*814:0+

234/.*+=>2+,*-=4/+9*+-.254/*-+8*11*+1BL/*C+%5+/>*/1+=:01-.+;0+94-*81*;-+211*0147I+/:;84*;?+9;+64*0F

M1-*+9*+/*/+.1;94201/C+'-232455*-+/:;/+/2+/;,*-34/4:0+*1+920/+/:0+*01:;-2<*+2+.1.+;0+,524/4-C

'B:=2/+NC+"66*/*0I+O09-*2/+'2;6*-1+*1+E28@;*/+O09-455*;+=>:01+7241+5>B:00*;-+9>288*,1*-+9*+

A;<*-+8*+1-23245+9*+1BL/*C+P;>45/+1-:;3*01+484+5>*?,-*//4:0+9*+=2+<-2141;9*C

E*+/:;B241*+2;//4+-*=*-84*-+8B25*;-*;/*=*01+Q*0:R1+S*40-48B+,:;-+5*/+1B*-=:<-2==*/+G($I+5*/+

.1;9*/ + 9* +=./:,B2/*/ + 2;? + -2D:0/ + TI + *1 + ,5;/ + 52-<*=*01 + ,:;- + /2 + 94/,:0464541. + *1 + ,:;- + 5*/

94/8;//4:0/+*0-48B4//201*/+@;*+0:;/+23:0/+*;*/C

E*+0*+/2;-24/+:;654*-+5*+1*=,/+@;*+E28@;*/+U2*-6*-+2+8:0/28-.+K+=2+7:-=214:0+2;+#48-:/8:,*+

"5*81-:04@;*+K+Q252D2<*C+E*+14*0/+1:;1+/,.8425*=*01+K+5*+-*=*-84*-+9>23:4-+=4/+K+,-:741+/*/+8:=,.F

1*08*/+,:;-+,-*09-*+5*/+8548B./+9*+0:/+,-*=4L-*/+.5*81-:9.,:/414:0/C

':;1*+=2+/408L-*+-*8:0024//208*+32+K+N45542=+G:66/+,:;-+52+/D01BL/*+9*/+4=492V:54;=/+948D2F

0:2;-21*+*1+948D20:2-<*0121*C

!



E*+-*=*-84*+*08:-*+W:+(B4=4V;+*1+W2/;:+#4D2X*+,:;-+5*/+=*/;-*/+9*+=:64541.+9*/+,:-1*;-/+9*+

8B2-<*/I+(1.,B20*+Q*55*=40+*1+O540*+#24//*+U-20Y:4/+,:;-+52+82125D/*I+!48B2-9+N*51*-+,:;-+5*/+

/1-;81;-*/+2;?+-2D:0/+T+/;-+=:0:8-4/125C+O+*;?+1:;/+32+=2+,5;/+,-:7:09*+<-2141;9*C

#*/+-*=*-84*=*01/+/>29-*//*01+1:;1+2;//4+021;-*55*=*01+K+0:/+9*;?+"=454*I+$:;V4<0.+*1+Z:4-40I+

,:;-+5*;-+249*+,-.84*;/*+*1+5*;-+94/,:0464541.C+)*;-+<*01455*//*+2+.1.+;0+/:;14*0+8:0/1201+2;+8:;-/+

9*+8*/+1-:4/+200.*/C

E>24=*-24/+.<25*=*01+-*=*-84*-+5*/+1B./2-9/I+,:/1F9:8/I+/12<424-*/+,2//./+*1+,-./*01/+9*+5>%[$#(+*1+

1:;/ + 5*/ +,*-=20*01/ +9; +G#H+ \ +O5*?209-*I +O54I +Q*0A2=40I +Q*-1-209I +Q-48*I +$D-45I +G*5,B40*I+

"==20;*5I +"V*9940*I +U4-=40I +U-.9.-48I +J456*-1:I +J;4552;=*I +J;4/*,,*I +S*--29*I +S409I +E*20F

Q2,14/1*I+E.-]=*I+E;54*0I+^:/;X*I+)2;-*08*I+#:-<20I+&21B20I+&48:52/I+[21-48XI+[.,41:I+!:=240I+

(1.,B20*I+Z4-<404*I+W3*/C+_+1:;/+=*-84C

O<0L/+Q:;*1I+!:/*F#2-4*+N*55*-I+E:/.+!29=28B*-I+Q.21-48*+#2//:0+:01+/;+2,,:-1*-+;0*+-.,:0/*+

-2,49* +*1 + 8:=,5L1* +K + 1:;1*/ +=*/ +@;*/14:0/ +29=404/1-2143*/ +*1 + A;-494@;*/ + ` +@;>45/ + *0 + /:4*01 + 484

-*=*-84./C

#*-84+K+O004*+*1+&:.=4*+,:;-+5*;-+-*5*81;-*+=40;14*;/*I+K+Q*0:R1+,:;-+/*/+8:0/*45/+A;9484*;?+/;-+

5*+8:01*0;+/84*01474@;*+9*+52+,-*=4L-*+,2-14*+9;+=20;/8-41C

#2+72=455*+2+.<25*=*01+8:01-46;.+K+52+-.254/214:0+9*+8*11*+1BL/*+\+O004*I+[21-48XI+H54342I+)45420*I+

=*-84+,:;-+3:1-*+2=:;-+*1+3:1-*+/:;14*0C

a



)%('"+G"(+(W#QH)"(+"'+OQ!bZ%O'%H&(+

G$# G48B5:-:=.1B20*

'SU '.1-2BD9-:7;-20*

G#U+ G4=.1BD57:-=2=49*

H17 '-47521*

!91+ !*09*=*01

G($+ $25:-4=.1-4*+9477.-*014*55*+K+6252D2<*+cG477*-*01425+(820040<+$25:-4=*1-Dd

$$# $B-:=21:<-2,B4*+/;-+$:;8B*+#408*

%!+ %07-2-:;<*

eZ+ e51-234:5*1

!#&+ !./:0208*+#2<0.14@;*+&;85.24-*

!T+ !2D:0/+T

T!G G477-2814:0+9*+-2D:0/+T+cTF-2D+9477-2814:0d

O'J O025D/*+1B*-=:<-234=.1-4@;*

f+ $:*77484*01+9>*?140814:0+=:524-*

g=2?+ ):0<;*;-+9>:09*+=2?4=25*+9>26/:-,14:0

$258CI+$2589C+ $258;5.

eC+OC+ e041./+2-641-24-*/

,,=+ [2-14*/+,2-+=4554:0

h+ G.,528*=*01+8B4=4@;*

/I+9I+99I+1I+@I+=+ (40<;5*1I+9:;65*1I+9:;65*1+9.9:;65.I+1-4,5*1I+@;29-;,5*1I+=;514,5*1i=2//47

'7 + '*=,.-21;-*+9*+7;/4:0

!'+ '*=,.-21;-*+2=64201*+c-::=+1*=,*-21;-*d

"



()*+,-.,/-0)1234,/

&56%$(78- -$- -&#9&8%($#9- !:67&5$(8&(;78'- $#9$<;8'- ';%76"#=>&;=6$78'- 6;?-%7#%7$>(>'-

%5@'$&#A&5$"$<;8'-6B;'(6C=8'CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjk

[O!'%"+%++\++)"(+$!%('OeT+)%Pe%G"(

$--$9(7#!;&($#9CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjl

%Cj++)>.121+8-4/125+54@;49*+\+;0*+=./:,B2/*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC jm

%Cn++b=*-<*08*+9*/+,-:,-4.1./+=./:=:-,B*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjo

%Ck++O-8B41*81;-*+/;,-2=:5.8;524-*+9*/+=./:,B2/*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC jo

%Ca++(1-;81;-*+9*/+=:5.8;5*/+8-4/125+54@;49*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC np

%CaCj++)*/+=./:<L0*/+8252=414@;*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC nj

%CaCjCj++O//:84214:0+9*+,2-14*/+-4<49*/+*1+75*?465*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC nn

%CaCjCn++#:5.8;5*/+O=,B4,B45*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC nk

%CaCjCk++)*+82/+,2-148;54*-+9*/+,B:/,B:54,49*/+*1+<5D8:54,49*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC nq

%CaCn++)*/+=:5.8;5*/+94/8:14@;*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCnl

$$--&=6''$D$&6($#9-!8'-&7$'(6;?-=$<;$!8'-(587"#(7#%8'CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCno

%%Cj++)*/+=./:,B2/*/+/20/+:-9-*+9*+,:/414:0+K+5:0<;*+94/1208*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCkp

%%CjCj++)2+=./:,B2/*+0.=214@;*+8252=414@;*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCkp

%%CjCn++)2+=./:,B2/*+0.=214@;*+94/8:14@;*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCkj

%%CjCk++)*/+=./:,B2/*/+8B:5*/1.-4@;*+*1+&GrCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCkn

%%Cn++O--20<*=*01/+52=*5524-*/+\+5*/+=./:,B2/*/+/=*814@;*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC ka

%%CnCj++)2+=./:,B2/*+/=*814@;*+OCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCkq

%%CnCn++)*/+=./:,B2/*/+/=*814@;*/+QB+*1+Q1CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC kq

%%CnCk++)2+=./:,B2/*+/=*814@;*+$CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCkl

%%CnCa++)2+=./:,B2/*+/=*814@;*+GCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC km

%%CnCs++)*/+=./:,B2/*/+/=*814@;*/+UI+%+*1+JI+ECCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC km

%%CnCq++)*/+=./:,B2/*/+/=*814@;*/+"I+S+*1+^CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCko

%%Ck++)*/+=./:,B2/*/+/=*814@;*/+8B4-25*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCko

%%Ca++)*/+=./:,B2/*/+/=*814@;*/+t+7-;/1-.*/+u+'JQOr+*1+'JQ$rCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCap

%%Cs++)*/+2--20<*=*01/+*0+8:5:00*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCan

%%Cq++)*/+=./:,B2/*/+8:5:0024-*/+8B4-25*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCak

%%Cl++)*/+=./:,B2/*/+8;64@;*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC aa

#



$$$--&676&(>7$'6($#9-!8'-">'#%56'8'CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCaq

%%%Cj++)2+=48-:/8:,4*+K+5;=4L-*+,:52-4/.*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCal

%%%Cn++)2+825:-4=.1-4*+9477.-*014*55*+K+6252D2<*+cG($dCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC am

%%%Ck++G477-2814:0+9*+-2D:0/+T+cT!GdCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC sp

%%%Ca+++$:085;/4:0CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCsn

[O!'%"+%%++\++)"(+)%Pe%G"(+%H&%Pe"(

$--$9(7#!;&($#9CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCss

%Cj++$:=,:/414:0+9*/+54@;49*/+4:04@;*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC sl

%Cn++G*/+/:53201/+3*-/2145*/+-.;1454/265*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCsm

%Ck+++(D01BL/*+9*+9.-43./+4=492V:54;=+=./:=:-,B*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCso

%Ca++$:=,:-1*=*01+*0+/:5;14:0CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCqj

$$--=:>=8&(7#!>%#'$($#9-!8-">(6;?-!69'-=8'-=$<;$!8'-$#9$<;8'CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCqn

%%Cj++b5*81-:9.,:/414:0+*0+/:5;14:0+2@;*;/*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCqn

%%Cn++b5*81-:9.,:/414:0+*0+/:5;14:0+:-<204@;*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCqn

%%Ck++b5*81-:9.,:/414:0+920/+5*/+75;49*/+4:04@;*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCqk

$$$-->=8&(7#&7$'(6==$'6($#9-!8-969#"6(>7$6;?-!69'-=8'-=$<;$!8'-$#9$<;8'CCCCCCCCCCCCCCCCCCCCCCCCCCCCqa

$E--&#9&=;'$#9CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCqs

[O!'%"+%%%+\++)"(+$!%('OeT+)%Pe%G"(+%H&%Pe"(

$--$9(7#!;&($#9CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCqo

$$--%7#%7$>(>'-&7$'(6=-=$<;$!8-$#9$<;8'-89-78=6($#9-6E8&-&8((8-(5F'8CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCqo

%%Cj++$:09;814341.+=:0:94=*0/4:00*55*+*1+6494=*0/4:00*55*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC qo

%%Cn+++"77*1+9*+5>204/:1-:,4*+9;+=454*;+/;-+52+8-:4//208*+9*+,2-148;5*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCClj

$$$--&#9&=;'$#9CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCClk

&56%$(78-$$ - - - '@9(5F'8- !8- !>7$E>'- $"$!6G#=$;"- ">'#"#7%58'H -&676&(>7$'6($#9- !8'-

%7#%7$>(>'-%5@'$&#A&5$"$<;8'CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCls

$--&#9&8%($#9-!8-!>7$E>'-$"$!6G#=$;"-">'#"#7%58'CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCll

%Cj++G*/4<0+=:5.8;524-*I+-*8B*-8B*+9*+,-:,-4.1./+/;,-2=:5.8;524-*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC ll

%Cn++(D01BL/*+9*/+9.-43./+4=492V:54;=+=./:=:-,B*/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC lm

$$--&676&(>7$'6($#9'-%5@'$&#A&5$"$<;8'-!8'-&#"%#'>'-$0ICCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCClo

%%Cj++$2-281.-4/214:0+9*/+,-:9;41/+,2-+!#&+jS+*1+jk$CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCClo

%%Cn++(1-;81;-*+,2-+9477-2814:0+9*+-2D:0/+T+/;-+=:0:8-4/125CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC mp

%%Ck++b1;9*+*0+=48-:/8:,4*+K+5;=4L-*+,:52-4/.*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC mk

m



%%Ca++b1;9*+,2-+825:-4=.1-4*+9477.-*014*55*+K+6252D2<*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC ma

%%Cs++G477-2814:0+9*+-2D:0/+T+*0+,B2/*+8-4/125+54@;49*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCms

%%Cq++G4/8;//4:0+9*/+-./;5121/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC ml

$$$--6&($E$(>-&6(6=@($<;8-!;-&#"%=8?8-!8-%6==6!$;"CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCmo

%%%Cj++(D01BL/*+9;+8:=,5*?*+9*+,255294;=CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCmo

%%%Cn++(1-;81;-*+9;+82125D/*;-CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCop

%%%Ck++$:=,:-1*=*01+82125D14@;*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCon

$E--"#C$=$(>-!8'-%#7(8;7'-!8-&567J8CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCok

E--&#9&=;'$#9CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCoa

&56%$(78-$$$---8=8&(7#!>%#'$($#9-!8-969#%67($&;=8'-!:#7-8(-!:67J89(CCCCCCCCCCCCCCCCCCCCCCCCCCCos

[O!'%"+%++\++(W&'Sv("+G"(+Gb!%Zb(+%#%GOwH)%e#+[!b$e!("e!(

$--'@9(5F'8-8(-&676&(>7$'6($#9-!8'-%7>&;7'8;7'-$"$!6G#=$;"CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCoo

%Cj++(D01BL/*+9*+9.-43./+6-:=;-*/+9;+=.1BD54=492V:54;=CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC oo

%Cn++$2-281.-4/214:0/+9;+8:=,:/.+NGjnCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjpp

%Ck++(1-;81;-*+K+5>.121+/:549*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjpj

$KL--&)4)M1N42/)12OI-.,/-P4OP42N1N/-0N/O0O4PQ,/CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjpk

%CaCj++H6/*-3214:0+,2-+=48-:/8:,4*+K+5;=4L-*+,:52-4/.*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC jpk

%CaCn++O025D/*+1B*-=:<-234=.1-4@;*+cO'JdCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjpa

%CaCk++b1;9*/+*0+825:-4=.1-4*+9477.-*014*55*+K+6252D2<*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjps

%CaCa++G477-2814:0+9*+-2D:0/+T+*0+,B2/*+8-4/125+54@;49*CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjpq

$KR--'SI1Q3/,-,1-M)4)M1N42/)12OI-.,/-/,+/-.:O4-,1-.:)4T,I1CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjpq

$KU--&OIM+V/2OI+CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjpo

[O!'%"+%%++\++b)"$'!H!bGe$'%H&+G"+#b'OeT+"&+

#%)%"e+)%Pe%G"+%H&%Pe"+(e[!O#H)b$e)O%!"

$--$9(7#!;&($#9CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjjk

$$--=8-"$=$8;-&7$'(6=-=$<;$!8-$#9$<;8-%7>&;7'8;7CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjja

$$$-->=8&(7#!>%#'$($#9-89-"$=$8;-$'#(7#%8-8(-69$'#(7#%8CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCjjs

%%%Cj++$2B4*-+9*/+8B2-<*/+*1+94/,:/4147 +*?,.-4=*0125CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC jjs
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94-* + @;>K + ,2-14- + 9>;0 + 0ã;9 + 9:00.I + ,2-1*01 +!+ 54<0*/ + :; + 6-208B*/C + G20/ + ;0 + 8-4/125 + 54@;49*

0.=214@;*I+!#*/1+;0+=;514,5*+9*+n+12094/+@;*+52+/1-;81;-*+9*+52+=./:,B2/*+/=*814@;*+$+4=,:/*+;0+

0:=6-*+9*+6-208B*/+!+=;514,5*+9*+aC
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$$K^KL =)-0N/OPQ)/,-/0,M12\V,-!

%5+/>2<41+*0+-.2541.+9>;0*+=./:,B2/*+8;64@;*+9.8-41*+2;+,:401+ZZ/g+9*+8*+8B2,41-*C

$$K^KR =,/-0N/OPQ)/,/-/0,M12\V,/-DH-$-,1-JH-B

+ _+,2-14- +9*+ 52 +=./:,B2/* +0#(.6&=1("j"5(<$6&=1(I +:0+,*;1+9.-43*-+9*;?+=:9*/+9>2;1:F

:-<204/214:0+2025:<;*/+\+5*/+=./:,B2/*/+0#(.6&=1("Z+*1+0#(.6&=1("H+920/+5*/@;*55*/+5*/+=:5.8;5*/+/:01+
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=M=*+:,.-214:0+/;-+5*/+=./:,B2/*/+(=Q1+,-:9;41+-*/,*8143*=*01+5*/+=./:,B2/*/+(=J+*1+(=%C

G*+=M=*+@;>45+*/1+,://465*+9*+9.8-4-*+;0*+=./:,B2/*+0#(.6&=1("D+8:==*+;0*+=./:,B2/*+

0#(.6&=1("A+ 408540.*I +:0+,*;1+8:0/49.-*-+@;*+ 5*/ +=./:,B2/*/ +0#(.6&=1("H+ *1 +0#(.6&=1("Z+ /:01+ 5*/

3*-/4:0/ +6&'6,(0+ 9* + 52 +=./:,B2/* + (=QBI + 5* + -./*2; + B*?2<:025 + ,*-=*11201 + 9* + 94/140<;*- + 9*;?

94-*814:0/+,-4084,25*/+920/+5>40854024/:0C

)*/ +=./:,B2/*/ +0#(.6&=1( "R+ *1 +0#(.6&=1( " Z+ /:01I + /*5:0 + 8* +,:401 +9* +3;*I + 5*/ + 3*-/4:0/

408540.*/+9*+52+=./:,B2/*+0#(.6&=1("j+63&;&#(-0&+--(''(C
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H&913("J["K"L(23,0(-6$6&+-"0.5,#$6&=1(";("'@&-.'&-$&0+-";1"3,0($1 "
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$52//4748214:0+9*/+8-4/12;?+54@;49*/+1B*-=:1-:,*/

$$K^KU =,/-0N/OPQ)/,/-/0,M12\V,/-8H-5-,1-k

)2+=./:,B2/*+0#(.6&=1("i+*/1+;0*+=./:,B2/*+2025:<;*+K+52+=./:,B2/*+0#(.6&=1("jI+=24/+

23*8 + ;0 + 2--20<*=*01 + -*8120<;524-* + @;* + 5>:0 +,*;1 + 8:=,2-*- + K +;0 +B*?2<:0* + .14-. + /*5:0 +;0* +

94-*814:0+c%&913("YJ".&4;(00+10dC

+ O+,2-14- +9*+8*11*+2-8B41*81;-*I + 45 +*/1 +,://465*+9*+9.-43*-+9*;?+=./:,B2/*/+ 408540.*/I

/4=4524-*/+2;?+=./:,B2/*/+/=*814@;*/+U+*1+%I+@;*+5>:0+0:==*+-*/,*8143*=*01+S+*1+^C

$$Kd =,/-0N/OPQ)/,/-/0,M12\V,/-MQ24)+,/

O + 5>40/12- + 9*/ +=./:,B2/*/ + 0.=214@;*/I + 52 + 8B4-2541. + 920/ + 5*/ +=./:,B2/*/ + /=*814@;*/+

1-:;3*+/:0+:-4<40*+920/+52+/1-;81;-*+2/D=.1-4@;*+9*/+=:5.8;5*/+@;4+52+8:=,:/*01I+*1+/*+=2047*/1*+
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9*+-:1214:0+9*+5>B.548*+*/1+9.1*-=40.+,2-+5*+1D,*+9>.02014:=L-*+c!+:;+(dC

':;1*/ + 5*/ +=./:,B2/*/ + ,-./*01.*/ + 920/ + 8* + 8B2,41-* + ,://L9*01 + ;0* + 32-4201* + 8B4-25*I

-*,.-.*+,2-+5*+/D=6:5*+t+r+uI+.8-41+4==.9421*=*01+2,-L/+5*;-+0:=+26-.<.C+)2+=./:,B2/*+(=$r+*/1+
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52=*5524-*/+8B4-25*/C+H0+D+-*1-:;3*+5>2--20<*=*01+852//4@;*+9>;0 +0#(.6&=1("DI +K+/23:4-+;0+=454*;+

52=*5524-*I+/20/+:-9-*+,:/414:00*5+2;+/*40+9*/+8:;8B*/+*1+920/+5*@;*5+5>2?*+=:5.8;524-*+,-4084,25+*/1+

408540.+9>;0+20<5*+!I+9.,*09201+9*+52+1*=,.-21;-*I+,2-+-2,,:-1+K+52+0:-=25*+2;?+8:;8B*/+c%&913("Jh"

2$9( "]gdC+):-/@;>;0*+1*55*+,B2/*+*/1+8:=,:/.*+9*+=:5.8;5*/+8B4-25*/I+:0+:6/*-3*+;0*+32-4214:0+

8:0/1201*+9*+52+94-*814:0+9>40854024/:0+9*/+=:5.8;5*/+9>;0*+8:;8B*+K+5>2;1-*I+/20/+8B20<*=*01+9*+

5>20<5*+9>40854024/:0+!C+$:==*+920/+5*+82/+9>;0*+=./:,B2/*+0.=214@;*+8B4-25*I+5*+2$0+9*+5>B.548*+

*/1+9.,*09201+9*+52+1*=,.-21;-*+\+5:-/@;*+52+1*=,.-21;-*+2;<=*01*I+5>20<5*+9>40854024/:0+!+94=4F

0;*I+52+=:5.8;5*+/*+-*9-*//*+*1+5* +2$0+9*+5>B.548*+2;<=*01*C+%03*-/*=*01I+5:-/@;*+52+1*=,.-21;-*+

94=40;*I+5>20<5*+9>40854024/:0+9*/+=:5.8;5*/+2;<=*01*+*1+5>B.548*+/*+-*//*--*C

$$KL =,/-0N/OPQ)/,/-/0,M12\V,/-l-g4V/14N,/-m-(JC6j-,1-(JC&j

H0+941+9>;0*+=./:,B2/*+@;>*55*+*/1+t+7-;/1-.*+u+5:-/@;*+5*/+=:5.8;5*/+@;4+52+8:=,:/*01+

1*09*01 + K + />2;1:F2//*=65*- +9>;0* + 8*-1240* + 72Y:0I +=24/ + @;* + 52 + /1-;81;-* +0* +,*;1FM1-* + 29:,1.*
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$52//4748214:0+9*/+8-4/12;?+54@;49*/+1B*-=:1-:,*/

<.0.-25+/;-+;0*+,52<*+9*+@;*5@;*/+9*<-./+23201+ 5*+,2//2<*+K+5>4/:1-:,*+c8>*/1FKF94-*+5:-/@;*+5*/+

7:-8*/ + @;4 + 4=,:/*01 + 52 + /1-;81;-* + 52=*5524-* + 9*34*00*01 + /;774/2==*01 + 72465*/ + ,:;-

,*-=*11-*+K+8*11*+7-;/1-214:0+9*+/>*?,-4=*-dC
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0#(.6&=1("D|dC +%5 +D+2+25:-/+8:=,.1414:0+*01-*+ 5>2--20<*=*01+/=*814@;*I+@;4+1*09+K+=2401*04-+;0+
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5>*0/*=65*+9*+52+,B2/*C+%5+*0+-./;51*+;0*+/.-4*+9*+65:8/ +0#(.6&=1("A+ :; +0#(.6&=1("DI+/*5:0+5*+82/I+

/.,2-./+,2-+9*/+94/5:8214:0/+,.-4:94@;*/I+2;+1-23*-/+9*/@;*55*/+5*+94-*81*;-+8B20<*+26-;,1*=*01+9*+

94-*814:0C + $* + /8B.=2 + /* + -.,L1* + 920/ + 1:;1* + 52 + ,B2/* + *1 + 5>*0/*=65* + 9*/ + 65:8/ + 9.8-41 + ;0*

/1-;81;-*+B.548:ì925*C

Ç+%84I+52+,B2/*+'JQ$r+-*,-./*01*+/4=,5*=*01+;0*+3*-/4:0+408540.*+9*+52+=./:,B2/*+'JQOrI+1:;1+8:==*+52+=./:F
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)2 + ,5;,2-1 + 9*/ + .1;9*/ + />288:-9*01 + K + 94-* + @;* + 5*/ + 8*01-*/ + 9*/ + 94/5:8214:0/ + /:01 + 9*

/1-;81;-* + 0.=214@;*I + 12094/ + @;* + 5*;- + A:0814:0 + 23*8 + 5*/ + 65:8/ + /=*814@;*/ + /*-241 + 9* + /1-;81;-*

0#(.6&=1("DI+=M=*+920/+5*+82/+9>;0*+=./:,B2/*+'JQOrC+

$$KR =,/-)44)IT,0,I1/-,I-MO+OII,/

%5 + *?4/1* + ,5;/4*;-/ + 1D,*/ + 9* + =./:,B2/*/ + 8:5:0024-*/ + @;4 + /:01 + 94/140<;./ + /*5:0 + 5*/
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54@;49*+8:5:0024-*/+*/1+/*=65265*I+64*0+@;*+=:40/+-48B*I+K+8*5;4+:6/*-3.+/;-+5*/+8:=,:/./+/=*8F

14@;*/C +'-:4/ + <-:;,*/ + 9* + /D=.1-4* + /:01 + <.0.-25*=*01 + -*8:00;/ + \ +Q*?2<:025I +4*8120<;524-* + *1+

O*54@;*+240/4+@;*+9*;?+=:9*/+9>2--20<*=*01/+2;+/*40+9*/+8:5:00*/+\+O-9:00.+:;+../:-9:00.I+@;4+

9:00*01+024//208*+2;?+=./:,B2/*/+GB:I+GB9I+G-:I+G-9I+G:6C:+*1+G:6C9C

_ + 5>:-4<40* + 9* + 52 +=./:,B2/* + 8:5:0024-* + /* + 1-:;3*I + 5* + ,5;/ + /:;3*01I + ;0* +=:5.8;5*

94/8:14@;*+2;+8ã;-+-4<49*I+K+ 52+,.-4,B.-4*+75*?465*+*1+9*+8:=,:/414:0+1*55* +@;*+5*/+ 401*-2814:0/

3*-14825*/ + *01-* + =:5.8;5*/ + 3:4/40*/ + /:01 + /;774/2==*01 + 7:-1*/ + ,:;- + /1-;81;-*- + 5* + =454*; + *1

,*-=*11-*+52+-.1*014:0+9*+5>254<0*=*01+=:5.8;524-*+8-4/125540+2,-L/+7;/4:0C

G20/+;0+0:=6-*+9*+82/+-*/1-*401/I+=24/+8-:4//201/I+52+=:5.8;5*+9*+8-4/125+54@;49*+8:5:0F

024-*+,*;1+.<25*=*01+23:4-+;0*+/1-;81;-*+*0+7:-=*+9*+t+,2-1+9*+82=*=6*-1+uC+[5;/4*;-/+;041./

/>2;1:F2//*=65*01+25:-/+,:;-+7:-=*-+9*/+94/@;*/+@;4+/>*=,45*01+*0+8:5:00*/C+)2+=:5.8;5*+9*+6-:F
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G20/+8*+82/+,-.84/I+52+8:B.-*08*+9*+5>2//*=652<*+*/1+:61*0;*+,-4084,25*=*01+2;+=:D*0+

9>401*-2814:0/ + 4:04@;*/ + \ + 5* +8ã;- +9*/ +8:5:00*/ +*/1 +8:=,:/. +9>204:0/ +6-:=;-*/ +*1 +9* +8214:0/

4=492V:54;=I+12094/+@;*+5>*/,28*+*01-*+5*/+8:5:00*/+*/1+8:=65.+,2-+5*/+8B2R0*/+,2-277404@;*/C+G20/+

5*/+8:5:0024-*/+,5;/+852//4@;*/I+8>*/1+5*+-*8:;3-*=*01+9>:-64125*/ +++ *01-*+8ã;-/+2-:=214@;*/+@;4+

2//;-*+;0*+6:00*+2;1:F:-<204/214:0+9*/+.5.=*01/+9*+52+/1-;81;-*C+

$$KU =,/-0N/OPQ)/,/-MO+OII)24,/-MQ24)+,/

O + 5>40/12- + 9* + 1:;1*/ + 5*/ + =./:,B2/*/ + ,-./*01.*/ + A;/@;>K + ,-./*01I + 45 + *?4/1* + ,5;/4*;-/

32-4214:0/ + 8B4-25*/ + 9*/ + ,B2/*/ + 8-4/125 + 54@;49* + 8:5:0024-*/C +$*55*/F84 + /:01 + :61*0;*/ + K + ,2-14- + 9*

=./:<L0*/+@;4+8:=,:-1*01+9*/+.5.=*01/+2/D=.1-4@;*/+920/+5*/+,2-14*/+254,B214@;*/C+G*+=M=*+@;*+

,:;-+5*/+=:5.8;5*/+8252=414@;*/I+45+*/1+4=,:-1201+@;*+5>.5.=*01+8B4-25+0*+/:41+,2/+/41;.+1-:,+5:40+/;-+

5*/+,2-14*/+75*?465*/I+=24/+-*/1*+K+,-:?4=41.+9;+8ã;-+-4<49*C+O;1-*=*01I+5>*77*1+9*+52+8B4-2541.+*/1+

0:D. + 920/ + 5* + 9./:-9-* + 9*/ + 8B2R0*/ + ,2-277404@;*/I + /20/ + ,://464541. + 9* + /* + -.,*-8;1*- + /;- + 52

=28-:F/1-;81;-*+9*+52+=./:,B2/*C

G20/+5*+=:9L5*+8:==;0.=*01+29=4/I+:0+:6/*-3*+;0*+1:-/4:0+B.548:ì925*+5*+5:0<+9*+

5>2?* +9*/+8:5:00*/I +,-:6265*=*01 +*0+-24/:0+9*+8:01-2401*/+/1.-4@;*/+,-:3*0201 +9*+ 52 +8B4-2541.+

=:5.8;524-*C+e0+1*5+2--20<*=*01+*/1+/;/8*,1465*+9*+<.0.-*-+;0*+,:52-41.+=28-:/8:,4@;*+@;4+0*+

,:;--241+M1-*+8:=,*0/.*+@;*+920/+5*+82/+9>;0+2--20<*=*01+-*8120<;524-*+2014,2-255L5*C

O40/4I + ;0* + =./:,B2/* + $:5BI + @;4 + ,://L9* + 0.8*//24-*=*01 + ;0* + 7:-=* + B.548:ì925*

9:=40201*I+9:41+1B.:-4@;*=*01+M1-*+7*--:.5*81-4@;*C+e0*+2;1-*+8;-4:/41.+-./49*+920/+5*+7241+@;*+
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Abstract—The preparation of 1,3-bis-(4-dodecyloxy-phenyl)-3H-imidazol-1-ium trifluoro-methanesulfonate is described from the 4-
dodecyloxy phenylamine derivative. This new imidazolium salt exhibits a lamellar liquid crystal mesophase between 119 and 172 !C.
The Smectic A phase has been characterised by polarising optical microscopy, differential scanning calorimetry and X-ray diffrac-
tion. In addition the lamellar crystallographic structure obtained on single crystal is reported and corroborated the self-assembly of
molecules in the mesomorphic state.
" 2005 Elsevier Ltd. All rights reserved.

Convergence of the two distinct fields of ionic liquid and
liquid crystal chemistry could lead to a vast new range of
materials for research and industry. Interest in this has
been driven in large part by the views that ionic liquids
have potential, especially as green solvents for organic
reactions1 and that liquid crystals are systems, which
provide self-organised orientational ordering at the
nanometric level.2 The association of order and mobility
opens the door to investigations, for example, of reac-
tions in ordered solvents in the hope of obtaining better
selectivity and of improved performance in electronic
devices based on the transport of ions3 or electrons.4

Recently, solvents based on imidazolium salt have been
used with success in dye-sensitised solar cells5 and
light-emitting electrochemical cells,6 and to prepare gold
nanoparticules or nanorods.7 Despite growing interest in
the properties of ionic liquids, which are frequently based
on imidazolium compounds, very little is known of sys-
tems in which such liquids also form liquid crystals.8

Herein, we wish to report that the introduction of alkyl
chains on aryl substituents can cause imidazolium pre-
cursors of N-heterocyclic carbenes (NHCs) to exhibit

liquid crystal properties. N-heterocyclic carbenes as
ligands in coordination chemistry have recently received
growing interest because of their electronic properties
comparable to phosphine ligands.9 In contrast, imidazo-
lium precursors of NHCs have received less attention
but these cationic molecules are potentially useful in
the search of liquid crystalline ionic liquids.

Compound A10 was obtained in a two-step procedure
from aniline derivative (Scheme 1). Condensation with
glyoxal followed by treatment with chloromethyl piva-
late in the presence of one equivalent of silver triflate
gave the corresponding imidazolium salt A in 60%
yield.11 The triflate salt is air stable and could be purified
by column chromatography on silica. The CH (imidazo-
lium) proton appears in the 1H NMR spectrum at
9.64 ppm as a triplet with a 4JHH = 1.65 Hz. Single crys-
tals of A12 suitable for X-ray diffraction were obtained
by slow diffusion of hexane into a CH2Cl2 solution.
The molecular structure is shown in Figure 1a/b. The
solid state array is formed by interdigitation of the ex-
tended but smightly curved, approximatively 29 Å long
molecules. The most interesting feature of this array is
its lamellar structure, in which the layers are separated
by d1 = 29.2 Å. Another repeating distance, d2 = 9.0 Å,
is due to the packing of the imidazolium entities. The ri-
gid rings as well as the anions are fully segregated from
the flexible chains. Clearly, the observed arrangements
favour liquid crystalline properties.
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The mesomorphic behaviour and phase transition tem-
peratureswere characterised by polarising opticalmicros-
copy (POM), differential scanning calorimetry (DSC) and
powder X-ray diffractometry (XRD). The DSC thermo-

grams of compound, recorded from 50 to 190 !C, show
two sharp peaks. One, at 119 !C (DH = 53.75 kJ/mol),
corresponds to the melting of the crystal into a liquid
crystalline phase, whereas the other, at 177 !C
(DH = 2.71 kJ/mol), can be attributed to clearing of the li-
quid crystal into an isotropic melt. The reverse transi-
tions, induced by cooling, take place at 172 !C
(DH = 2.80 kJ/mol) and, with a hysteresis of !20 !C, at
96 !C (DH = 54.75 kJ/mol). The high stability of the com-
pound was demonstrated by the absence of significant
perturbation of the DSC patterns following several heat-
ing–cooling cycles. The optical textures observed during
slow cooling from the isotropic melt showed the emer-
gence of a Smectic A phase (appearance of Bâtonnet rods,
turning into wide, fan-like, focal-conic textures) (Fig. 2).

The Smectic structure of the liquid crystal phase was
confirmed by XRD studies. The X-ray pattern (Fig.
3a) of the Smectic A form recorded at 119 !C contains
a diffuse band at 4.6 Å (wide angle), which shows that
the alkyl chains have a liquid-like structure and are
segregated from the aromatic cores. However, the pres-
ence of two sharp reflections at 30.89 and 15.26 Å (small
angle) in a ratio of 1:2 indicates unambiguously the
presence of layers.

Figure 2. (Left) Corresponding when the Smectic A emerges as
batônnet from the isotropic liquid. (Right) Typical texture of Smectic
A phase with fan-like, focal-conic and positive units.

Figure 1. (a) ORTEP drawing of imidazolium compound A (50%
thermal ellipsolids). (b) Packing of molecules A in the crystal. We
observe a segregation between the rigid part and the alkyls tails. The
alkyl tails connect the layers by their interdigitation.

Scheme 1. Reagents and conditions: (i) glyoxal, ethanol reflux; (ii) AgOTf, chloromethyl pivalate; CH2Cl2 48 h under inert atmosphere.
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Additionally, we have investigated the temperature
dependence of the layer thickness of the Smectic A phase
as a function of the temperature (Fig 3b). The spacing of
the layer found in the liquid crystal state (around 31
Å) compares well with that (29.2 Å) in the X-ray struc-
ture of the crystal recorded at 173 K.

In conclusion, we report a fully characterised new meso-
morphic compound based on an imidazolium unit. We
are now investigating the ability of this compound to
form thermotropic complexes with, for example, palla-
dium(II). We are also attempting to introduce different
tails and anions in order to obtain room-temperature
ionic liquid crystals.
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solvent was evaporated and the crude product was purified
by silica gel column chromatography first with CH2Cl2 as
eluent and then CH2Cl2–MeOH (20:1). The compound
was subsequently crystallised from dichlomethane by
addition of hexane. The imidazolium triflate deposited as
colorless crystals (0.600 g, 8.12 mmol, 61%). Anal. Calcd
for C40H61F3N2O5S (Mr = 738.98): C 65.01, H 8.32, N
3.79, S 4.34. Found: C 64.78, H 8.58, N 3.56, S 4.25. 1H
NMR (300 MHz, CDCl3, 20 !C): d 9.59 (t, N–CH–N
imidazolium, 4J = 1.65 Hz), 7.67 (d, 2H, N–CH–CH–N
imidazolium, 4J = 1.6 Hz), 7.64 (m, 2H, aromatic, AA 0

system, 3J = 9.0 Hz), 7.01 (m, 2H, aromatic, BB 0 system,
3J = 9.0 Hz), 3.95 (t, 2H, CH2–O, 3J = 6.6 Hz), 1.79 (m,
2H, CH2–CH2–O), 1.43 (m, 2H, CH2–CH2–CH2–O), 1.28
(s broad, 32H, aliphatic), 0.89 (t, 3H, CH3,

3J = 7.0 Hz).
13C NMR (75 MHz, CDCl3, 20 !C) d 14.10 ppm (–CH3),
22.69, 25.97, 29.10, 29.36, 29.41, 29.60, 29.63, 29.65, 29.68,
31.92, 68.65 (O–CH2), 115.95, 122.02, 122.81, 123.44,
126.86, 132.40, 160.64.

11. Glorius, F.; Altenhoff, G.; Goddard, R.; Lehmann, C.
Chem. Commun. 2002, 2704–2705.

12. Crystal data for A: C40H61F3N2O5S,Mw = 738.98 g, mono-
clinic; a = 8.860(1) Å, b = 17.452(3) Å, c = 25.969(5)
Å, b = 90.54(5)!, V = 4015.3 Å3, T = 173 K, C, space group
P21/a (no. 14), Z = 4, Dc = 1.222 g cm!3, l(Mo Ka) =
0.138 mm!1, a total of 27,812 reflections, 1.41! <
h < 29.97!, 11,644 independent reflections with 5887
having I > 2r(I), 460 parameters, final results: R1 = 0.09;
Rw2 = 0.19, Goof = 1.078, maximum residual electronic
density = 0.281 e! Å!3. CCDC reference number 249105.

Figure 3. (a) Powder X-ray diffraction pattern of compound A in the
liquid crystal state (T = 119 !C). For clarity, the intensity at Bragg
angles 2h > 3! is multiplied 15-fold. (b) Temperature dependence of the
layer thickness of the Smectic A.
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Electrodeposition of Silver Particles and Gold
Nanoparticles from Ionic Liquid-Crystal
Precursors**

William Dobbs, Jean-Mo!se Suisse, Laurent Douce,*
and Richard Welter

Dedicated to St"phane Bellemin-Laponnaz

The convergence of two distinct fields of ionic liquid
chemistry, those of imidazolium salts and liquid crystals,
could lead to a vast range of new materials.[1] Uniting the
properties of imidazolium derivatives, which have lowmelting
points, low volatility, nonflammability, high chemical and
radiochemical stability, tunable conductivity, and wide elec-
trochemical windows, with those of liquid crystals, which have
many forms of labile macroscopic ordering, raises fascinating
prospects.[1,2] A particular challenge is the synthesis of
nanoparticles of controllable form for applications in elec-
tronics, catalysis, and materials science.[3] Solvents based on
imidazolium and pyridinium salts have been successfully used
to prepare and stabilize gold nanoparticles or nanorods, for
example, but the literature concerning mesomorphic pyridi-
nium and imidazolium salts incorporating metalloanions is
very limited.[4–8] A significant recent report is the use of an
ionic liquid crystal, N-dodecylpyridinium tetrachloro-
cuprate(II), mixed with the hydrophobic reducing agent
6-O-palmitoyl ascorbic acid, as a template to synthesize
copper(I) chloride nanoplatelets.[9]

We now present a strategy for a more versatile exploita-
tion of liquid-crystal template effects, which is illustrated by
the electrolysis of imidazolium liquid crystals containing
dicyanoargentate(I) and dicyanoaurate(I) anions to produce
silver and gold nanoparticles. The key to this approach is the
coupling of the self-organization of the imidazoliummetallate

to the use of electrochemical reduction, the latter providing
the means to control the particle size and form of the
electrodeposited metals by variation of parameters such as
the potential and the current density.

Many mesomorphic imidazolium salts can be readily
prepared by simple metathesis reactions involving precipita-
tion from aqueous solutions containing the appropriate
anions. In investigating this chemistry, we sought to use
anions incorporating transition metals to endow the products
with properties such as redox activity and variable conduc-
tivity. Thus, we have synthesized dicyanoargentate(I) (1) and
dicyanoaurate(I) (2) derivatives of 3-(4-dodecyloxybenzyl)-1-
methyl-1H-imidazolium in good yield (over 80%) from the
bromide starting material (Scheme 1).[10] Both complex salts
are highly insoluble in water and are isolated in pure form by
simply washing the reaction precipitates with water.

Compounds 1 and 2 were characterized by 1H NMR,
13C{1H} NMR, and FT-IR spectroscopy, and elemental anal-
ysis. Distinctive signals assigned to the CH group at the 2-
position of the imidazolium ring appear in the 1H NMR
spectra of 1 and 2 at d= 9.05 and 8.77 ppm, and in their
13C{1H} NMR spectra at d= 136.14 and 135.50 ppm, respec-
tively. The IR spectra of 1 and 2 show typical cyanometallate
vibrations at ñ(CN)= 2131 and 2140 cm!1, respectively.[11]

Single crystals of 1 and 2 were obtained by the slow
diffusion of ether into dichloromethane solutions, and the
structures of the compounds were determined by X-ray
diffraction (see Supporting Information). As the crystal
structures of 1 and 2 are isotypic, we only describe that of 2,
which is shown in Figure 1. In the cation, the n-alkyl chains
and the phenyl groups are approximately orthogonal (87(1)8)
to the plane of the imidazolium ring.

Scheme 1. Precipitation of 1 and 2 from water.

Figure 1. ORTEP representation of part of the crystal structure of 2.
Dashed lines indicate nonclassical hydrogen bonds. Thermal ellipsoids
enclose 50% of the electron density.
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The packing in the crystal structure can be described as a
pseudo-lamellar system with a stacking direction along the
c axis (Figure 2). Nonclassical hydrogen bonds (N4···H2!C2,
N3···H1!C1, and N3···H11!C11) associate the [Au(CN)2]

!

anion with the rigid imidazolium and phenyl rings of the
cation (Figure 1). Moreover, a C!H···p interaction occurs
between C12!H12B and the phenyl ring (the distance
between H12B and the centroid of the ring is 2.76!). The
rigid phenyl and imidazolium rings form a unit of approx-
imately 7! in length. These units, together with the
[Au(CN)2]! anions, comprise layers that are completely
segregated by the flexible chains of approximately 15! in
length. The layers are stacked along the c axis at a repeat
distance of approximately 27 ! (Figure 2).

The formation of true crystals of 1 and 2 at ambient
temperatures is not unexpected, since the balance of factors
influencing crystallinity and mesomorphism is subtle. The
amphiphilic character of these materials leads, however, to
the expectation that mesomorphism should be exhibited at
higher temperatures.

The mesomorphic behavior and phase-transition temper-
atures of 1 and 2 were characterized by polarizing optical
microscopy (POM), differential scanning calorimetry (DSC),
and powder X-ray diffraction (XRD). The DSC thermograms
registered upon heating and cooling reveal for both 1 and 2
the presence of two sharp peaks indicative of reversible first-
order phase transitions. The first peak (at low temperature
with a large enthalpy change) is related to the appearance of a
liquid-crystal phase, while the second peak is due to its
melting into an isotropic liquid. These observations can be
summarized by Equations (1) and (2), in which the phase-
transition temperatures and enthalpy changes are indicated.

1 CrystalG
61 "C ð42:95 kJmol!1Þ

partial crystallization
HSmectic AG

157 "C ð0:54 kJmol!1Þ

158 "C ð0:55 kJmol!1Þ
HLiquid ð1Þ

2 CrystalG
66 "C ð54:23 kJmol!1Þ

partial crystallization
HSmectic AG

112 "C ð0:50 kJmol!1Þ

112 "C ð0:49 kJmol!1Þ
HLiquid ð2Þ

The optical textures observed upon slow cooling from the
isotropic melt show the emergence of a typical smectic-A
phase: initially b"tonnets (rods) appear, and these turn into
focal conic structures (Figure 3).

The lamellar arrangement of the liquid-crystal phase was
also established by XRD. Because of the high X-ray mass
attenuation coefficients of gold and silver atoms, we prepared
thin films of 1 and 2 between two mica slides with a 100-mm
separation. The smectic-A structures produced diffraction
patterns containing one sharp reflection in the small-angle
region, which arises from the regular arrangement of the
molecules in layers with separations of d= 37.0 and 36.0 ! at
100 8C for 1 and 2, respectively. A broad band at d= 4.6! in
the wide-angle region of the patterns is related to the
disordered (liquid-like) conformation of the alkyl chains.
The diffraction patterns are consistent with a head-to-tail
molecular arrangement of the cations within the layers, as
observed for imidazolium salts containing PF6

! , BF4
! , Br! ,

and SCN! anions, in which the lamellar spacings are
approximately 37 !.[10]

To investigate the possibility of forming nanoparticles
from 1 and 2 by electrodeposition, we sandwiched the
compounds between two indium tin oxide (ITO) coated
glass slides separated by a 100-mm spacer. The electrodepo-
sition was conducted at constant potential for 15 minutes. In
Figure 4, scanning electron micrographs (SEM) of the gold
particles obtained by electrodeposition of 2 from the isotropic
liquid state at 117 8C (top) and from the liquid-crystal state at
111 8C (bottom) are shown. The particles formed by electro-
deposition from the isotropic liquid are nanodots (20–30 nm)
aggregated into spheres or multiglobular shapes (100 nm). In
contrast, the morphology of the nanoparticles deposited from
the liquid crystal at 111 8C is completely different, consisting
of leaflike forms interlocked in rosettes.

Application of the same electrodeposition procedure to
the isotropic liquid of the silver derivative 1 led to essentially
polydisperse silver spheres at 170 8C (Figure 5, top). Electro-
deposition at 152 8C from the mesomorphic phase of 1 led to
hexagonal platelets in an amorphous silver gangue (Figure 5,

Figure 2. Two views of the crystal structure of 2. Dashed lines indicate
nonclassical hydrogen bonds. Au spheres; C, H, N, O rods.

Figure 3. Polarizing optical microscope images of the smectic-A phase
of 2. Upon formation of the liquid-crystal phase, rods (left) initially
appear, followed by focal conic structures (right).
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bottom). These platelets are remarkably similar to the CuCl
platelets obtained from a lamellar ionic liquid-crystal pre-
cursor.[9]

In summary, we report the full characterization of the first
mesomorphic compounds based on imidazolium cyanometal-
lates. The structures of their crystalline phases have also been
determined. Work is in progress on the modification of the

structures to provide ambient-temperature mesophases and
other forms of self-organization. Of particular significance is
the demonstration herein that the supramolecular structure of
the liquid-crystal phase can be used to influence the
morphology of metal nanoparticles deposited by electro-
chemical reduction.

Experimental Section
1: Compound 1 was obtained by anion metathesis in water. An
aqueous solution (25 mL) of potassium dicyanoargentate (467 mg,
2.35 mmol) was added to 3-(4-dodecyloxybenzyl)-1-methyl-1H-imi-
dazolium bromide (1.03 g, 2.35 mmol) dissolved in water (50 mL). A
precipitate of 1 formed immediately, and was collected by filtration
and washed with water. Recrystallization by slow diffusion of ether
into a dichloromethane solution led to a white crystalline solid, yield:
1.22 g, 92%. 1H NMR (300 MHz, CDCl3): d= 0.89 (t, 3J(H,H)=
6.6 Hz, 3H, CH3 aliphatic chain), 1.27 (br s, 16H, CH2 aliphatic
chain), 1.39–1.47 (m, 2H, CH2 aliphatic chain), 1.76 (q, 3J(H,H)=
6.8 Hz, 2H, OCH2CH2), 3.98 (t,

3J(H,H)= 6.6 Hz, 2H, OCH2), 4.03 (s,
3H, CH3N), 5.31 (s, 2H, NCH2Ph), 6.97 (d, 3J(H,H)= 8.6 Hz, 2H, CH
phenyl), 7.24–7.26 (m, 2H, NCH imidazolium), 7.35 (d, 3J (H,H)=
8.6 Hz, 2H, CH phenyl), 9.05 ppm (s, 1H, NCHN imidazolium);
13C NMR (75 MHz, CDCl3): d= 14.09 (CH3 aliphatic chain), 22.65,
25.99, 29.13, 29.31, 29.37, 29.54, 29.57, 29.60, 29.63, 31.88 (CH2

aliphatic chain), 36.95 (NCH3), 53.52 (NCH2Ph), 67.26 (OCH2),
115.57 (CH phenyl), 122.08, 123.38 (NCH imidazolium), 123.42 (C
phenyl), 123.65 (NCH imidazolium), 130.60 (CH phenyl), 136.14
(NCHN imidazolium), 144.74 (CN), 160.37 ppm (C phenyl); IR: ñ=
3154, 2915, 2846, 2131, 1515, 1255, 1248 cm!1. Elemental analysis (%)
calcd for C25H37AgN4O: C 58.0, H 7.2, N 10.8; found: C 58.0, H 7.4, N
10.0.

2 : The same experimental procedure was used as for 1, with
potassium dicyanoaurate (164 mg, 0.57 mmol) and 3-(4-dodecyloxy-
benzyl)-1-methyl-1H-imidazolium bromide (250 mg, 0.57 mmol).
White solid, yield: 275 mg, 80%. 1H NMR (300 MHz, CDCl3): d=
0.89 (t, 3J(H,H)= 6.6 Hz, 3H, CH3 aliphatic chain), 1.27 (br s, 16H,
CH2 aliphatic chain), 1.39–1.47 (m, 2H, CH2 aliphatic chain), 1.80 (q,
3J(H,H)= 6.8, 2H, OCH2CH2), 3.98 (t, 3J(H,H)= 6.6, 2H, OCH2),
4.03 (s, 3H, CH3N), 5.31 (s, 2H, NCH2Ph), 6.97 (d, 3J(H,H)= 8.6 Hz,
2H, CH phenyl), 7.24–7.26 (m, 2H, NCH imidazolium), 7.35 (d,
3J(H,H)= 8.6 Hz, 2H, CH phenyl), 8.77 ppm (s, 1H, NCHN imida-
zolium); 13C NMR (75 MHz, CDCl3): d= 14.11 (CH3 aliphatic chain),
22.67, 26.00, 29.14, 29.33, 29.38, 29.56, 29.59, 29.62, 29.65, 31.90 (CH2

aliphatic chain), 37.05 (NCH3), 53.70 (NCH2Ph), 68.29 (OCH2),
115.65 (CH phenyl), 122.26, 122.99 (NCH imidazolium), 123.74 (C
phenyl), 130.82 (CH phenyl), 135.50 (NCHN imidazolium), 151.17
(CN), 160.47 ppm (C phenyl); IR: ñ= 3101, 2916, 2846, 2140, 1515,
1256, 1249 cm!1. Elemental analysis (%) calcd for C25H37AuN4O: C
49.5, H 6.15, N 9.2; found: C 49.1, H 6.3, N 8.9.

DSC: Perkin Elmer Q1000, heating/cooling rate of 2 8Cmin!1.
Polarizing optical microscope: Leitz Orthoplan, Mettler FP82 hot
stage. Powder XRD: CuKa1 radiation, powder samples in Lindemann
capillaries, INSTEC hot stage, image plate. SEM: JEOL JMS 6700F
with a Noran Vantage energy-dispersive X-ray spectrometer.

Single-crystal XRD: The selected crystals were mounted on a
Nonius KappaCCD area-detector diffractometer (MoKa, l=
0.71073!). Cell parameters were determined from reflections
recorded in ten frames (1.08 in f, 20 s). The structures were solved
using direct methods (SHELXS97) and refined against F 2

(SHELXL97). All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were generated according to stereochemistry and
refined using a riding model. Further details of the data collections
(Denzo) and structure refinements are given in the Supporting
Information. 1: colorless crystal, 0.11" 0.10" 0.09 mm3,
C25H37AgN4O, Mr= 517.46 gmol!1, triclinic, space group P1̄, a=

Figure 4. SEMs of spherical gold nanoparticles electrodeposited
(E=1.78 V) from the isotropic liquid phase of 2 (top), and of leaflike
gold forms electrodeposited (E=2.27 V) from the lamellar liquid-
crystal phase of 2 (bottom). White scale bars: 100 nm.

Figure 5. SEMs of spherical silver nanoparticles electrodeposited
(E=1.21 V) from the isotropic liquid phase of 1 (top), and of
hexagonal silver platelets electrodeposited (E=1.70 V) from the
lamellar liquid-crystal phase of 1 (bottom). White scale bars: 1 mm.
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4.6840(10), b= 10.238(2), c= 27.212(5)!, a= 98.83(5), b= 90.90(5),
g= 102.64(5)8, V= 1256.7(5)!3, Z= 2, 1calcd= 1.367 gcm!3, m-
(MoKa)= 0.825 mm!1, 7341 reflections, 1.52<q< 30.058, 7341 inde-
pendent, 4275 with I> 2s(I), 280 parameters, R1= 0.0607, wR2=
0.1821, S= 1.072, max. residual electron density= 1.235 e!!3. 2 :
colorless crystal, 0.10" 0.10" 0.10 mm3, C25H37AuN4O, Mr=
606.55 gmol!1, triclinic, space group P1̄, a= 4.68600(10), b=
10.1620(2), c= 27.2730(5)!, a= 99.1470(7), b= 91.5350(8), g=
100.1550(10)8, V= 1260.11(4)!3, Z= 2, 1calcd= 1.599 gcm!3, m-
(MoKa)= 5.860 mm!1, 11179 reflections, 1.51<q< 30.058, 7317 inde-
pendent, 5999 with I> 2s(I), 280 parameters, R1= 0.0304, wR2=
0.0661, S= 1.052, max. residual electron density= 1.470 e!!3.
CCDC-600951 (1) and CCDC-600952 (2) contain the supplementary
crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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1,3-Bis(4-alkyloxyphenyl)-3H-imidazol-1-ium trifluorometh-
anesulfonates, alkyl = CH3(CH2)n–1, n = 8, 10, 12, 14 and 16,
can be derived from the analogous 4-alkyloxyphenylamines.
These imidazolium salts exhibit a lamellar liquid-crystal me-
sophase between 99 °C and 191 °C. The smectic-A phase
was fully characterised by polarising optical microscopy,
differential scanning calorimetry and X-ray diffraction. We

Introduction

Extensive studies of ionic liquids have revealed their
many useful properties such as their extremely low volatil-
ity, high thermal stability, nonflammability, high chemical
stability, high ionic conductivity and wide electrochemical
window.[1] Such salts are extremely versatile in that changes
in both the cation and its counteranion can be used to tune
their properties, which for imidazolium salts in particular
includes their mesomorphism.[2] The merging of imid-
azolium ionic liquids and liquid-crystal chemistry has in-
deed begun to lead to a new range of materials[1d,3] with
applications in, for example, dye-sensitised solar cells,[4]

electron transport systems[3b] and nanoparticle electrosyn-
thesis.[5] Variation of the imidazolium N-substituents is a
facile means of creating this range. Of additional interest is
the fact that the salts can be readily deprotonated to give,
formally, N-heterocyclic carbenes that are excellent ligands
for transition-metal-based catalysts.[6]
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report also the synthesis, lamellar crystal structure and cata-
lytic activity of the PdII complex of the (deprotonated) car-
bene form of one of these salts. In addition, we measured the
charged carrier mobilities in the mesophase.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Herein, we wish to report the synthesis of imidazolium
liquid crystals as well as the synthesis and catalytic activity
of a PdII carbene complex derived from a mesomorphic
imidazolium species.

Results and Discussion

Synthesis

Compounds 1a–e were obtained ! as described pre-
viously for 1c[7] ! in a two-step procedure from aniline de-
rivatives (Scheme 1). Condensation of the aniline deriva-
tives with glyoxal followed by treatment with chloromethyl
pivalate in the presence of 1 equiv. of silver triflate gave cor-
responding imidazolium salts 1a–e in good yields, all of
which were unequivocally characterised by 1H and 13C{1H}
NMR, UV and FTIR spectroscopy, as well as elemental
analysis.

Scheme 1. Reagents and conditions: (i) hydrazine/C; (ii) glyoxal,
ethanol, reflux; (iii) AgOTf, chloromethyl pivalate, CH2Cl2, 48 h
reflux under inert atmosphere.
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Mesomorphic Properties

The mesomorphic behaviour and phase-transition tem-
peratures were characterised by polarising optical micro-
scopy (POM), differential scanning calorimetry (DSC) and
X-ray diffractometry (XRD). The phase-transition tem-
peratures and their corresponding enthalpy changes for
compounds 1a–e are compiled in Table 1, whereas typical
results are displayed in Figure 1.

Table 1. Phase-transition temperatures (°C) and corresponding en-
thalpies ∆H (J/mmol) were determined from the first heating; ab-
breviations: Cr = crystalline phase, LC = smectic-A phase, I = iso-
tropic phase.

Compound T [°C] Cr ! LC T [°C] LC ! I

1a 120.0 (48.51) 126.0 (3.09)
1b 116.0 (57.55) 158.0 (3.78)
1c 117.0 (80.03) 175.7 (4.60)
1d 118.3 (71.91) 183.9 (3.87)
1e 113.4 (108.44) 191.1 (3.46)

Figure 1. Phase diagram of compounds 1a–e (I: isotropic liquid;
SA: smectic-A phase; Cr: crystalline phase).

The high stability of the compounds was demonstrated
by the absence of significant perturbation of the DSC pat-
terns following several heating–cooling cycles. The peak oc-
curring at the lowest temperature (see Table 1 and Figure 1)
corresponds to the melting of the crystal into a smectic-
A phase. Determined by random motions of the paraffinic
moiety, this peak involves an important enthalpy change
that increases linearly with the number of carbon atoms of
the tails (see Figure 2, !).

The corresponding slope (7.2!0.9) KJ/mol gives a value
of the melting enthalpy of the methylene groups of
(258!32) J/g, comparable to that found for the complete
melting of linear paraffins (289 J/g)[8] or for the transition
of crystalline mesogens into a smectic phase (272[9a] and
238[9b] J/g).
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Figure 2. Phase transition enthalpies as a function of the number
of carbon atoms in the alkyl chains; !, Cr–SA; ", SA–I.

The peak corresponding to the transition from the smec-
tic-A phase to the isotropic liquid, related to the disorder-
ing of the aromatic cores of the molecules, involves an en-
thalpy that is independent of the length of the molecules,
as expected and observed (see Figure 2, ").

The liquid-crystalline phase was also confirmed by op-
tical microscopy. The optical textures observed during slow
cooling from isotropic melt showed the emergence of a
smectic-A phase (see Figure 3a–b, initial appearance of rods
turning into wide, fan-like, focal-conic textures).

Figure 3. a) Polarising optical microscope image observed upon
slow cooling of the isotropic melt clearly show the emergence of
Batônnets with positive units. b) Typical smectic-A phase obtained
from 1c between 117 and 175 °C.
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Figure 4. X-ray diffraction pattern of the smectic-A phase of 1c at different temperatures. For clarity the intensities of the peak 002 and
the broad band at Bragg angles 2θ!5° have been magnified.

The smectic-A arrangement is definitively established by
the presence of two sharp, equidistant reflections (ratio 1:2)
in the small angle region, related to smectic layering, and a
broad band in the wide angle region, related both to the
disordered conformation of the alkyl chains and the liquid-
like lateral correlations of the aromatic core within the lay-
ers (Figure 4).

This mesophase was also evident in the XRD patterns,
allowing determination of the d-spacing values for the
smectic-A phase as shown in Figure 5. It is important to
note that the smectic period increases in a linear manner
with the molecular size.

Figure 5. Variation of the smectic period of 1a–e in the smectic-A
state as a function of the number of carbon atoms in the alkyl
chains and at different temperatures.

Palladium(II) Carbene Complex

Transformation of imidazolium salts 1a–e into N-hetero-
cyclic carbene complexes was of interest in regard to pos-
sible applications in catalysis. Thus, palladium(II) complex
2 was obtain by deprotonation of imidazolium 1b in the
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presence of the palladium salt precursor Pd(OAc)2, KOtBu
(1 equiv.) and NaI (4 equiv.) (Scheme 2).[10] The formula-
tion of complex 2 was confirmed by elemental analysis. The
presence of a carbene centre was established by the observa-
tion of a signal at δ = 167.0 ppm in the 13C NMR spectra,
which was assigned to the 2C-imidazol-2-ylidene carbon
nucleus, and by the absence of the resonance for the 2H-
imidazolium proton in the 1H NMR spectra. The details of
the molecular structure of palladium carbene complex 2 in
the solid state were established by a single-crystal X-ray dif-
fraction study. The molecular unit present in the crystal is
shown in Figure 6.

Scheme 2. Conditions: 12 h at room temp.

As shown in Figure 6, the PdII centre is bound to two
carbene ligands with a cis coordination geometry. The
metal has a square-planar coordination sphere [C1–Pd–
C36, 89.8(1)°; I–Pd–I, 92.42(4)°], with the heterocyclic rings
near-perpendicular to the coordination plane and to one
another.

The Pd–I [2.6788(3) and 2.6620(8) Å] and Pd–C bond
lengths [2.009(3) and 2.000(4) Å] are similar to those in re-
lated complexes.[11] The cis geometry is probably favoured
by a combination of steric and electronic factors involving
the Pd centre as well as π–π interactions between the phenyl
groups of the two heterocyclic ligands[12] [centroid distances
of 3.54(2) and 3.66(2) Å for C20–C25/C55–C60 and C4–
C9/C39–C44, respectively, labelled x in Figure 7). This in-
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Figure 6. ORTEP view of the crystal structure asymmetric unit of
complex 2 with partial labelling scheme. Thermal ellipsoids enclose
50% of the electronic density. Dashed lines indicate the intramolec-
ular phenyl–phenyl π–π interactions.

teraction may also account for the orientation of the phenyl
rings towards the heterocyclic carbene. The length of the
rigid part of the molecule is around 13.1 Å, whereas the
length of the alkoxy chain is around 12.6 Å (see Figure 6).

No classical hydrogen bonds were detected in this crystal
structure. Nevertheless, careful analysis of the intermo-
lecular approaches provided evidence for three nonclassical
hydrogen bonds involving the iodine and carbon atoms of
both the phenyl and heterocyclic rings.

These presumably weak hydrogen contacts[13] are listed
in Table 2. The crystal packing can be interpreted in terms
of a combination of CH–π and π–π interactions.[13] The
intermolecular π–π interactions (labelled y in Figure 7) oc-
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Figure 7. Solid-state packing diagram of complex 2 in projection
on the (b,c) plane. The π–π and CH–π interactions are labelled with
x (intramolecular π–π), y (intermolecular π–π) and z (intermo-
lecular CH–π).

curring between the heterocycles force them to be strictly
parallel. Another π–π weak interaction is detected between
both C36–N3–C37–C38–N4 rings of two adjacent mole-
cules along the b axis [with a centroid distance of
3.90(2) Å].

Table 2. Weak hydrogen interactions with iodine atoms.

dH–I [Å] dC–I [Å] C–H–I angleC–H···I dC–H [Å] [°]

C25–H25···I1 0.95 2.99 3.8954 159
C37–H37···I2 0.95 3.02 3.8384 146
C60–H60···I2 0.95 2.93 3.8223 156

Finally, the CH–π interactions (C10–H10B···phenyl
group and C11–H11A···phenyl group; labelled z in Fig-
ure 7) probably explain the form of the array along the crys-
tallographic b axis.

Catalysis Behaviour

Cross-coupling reactions represent an extremely versatile
tool in organic synthesis. In order to explore the potential
of our imidazolium salts as a source of N-heterocyclic car-
bene ligands for palladium-catalysed cross-coupling reac-
tions, we decided to investigate the Suzuki–Miyaura reac-
tion with imidazolium 1b (Scheme 3).[14] Optimised condi-
tions were used for the Suzuki–Miyaura cross-coupling:
Pd(OAc)2/imidazolium salt (2 equiv.), Cs2CO3 as base and
dioxane as solvent (80 °C).[15]

Scheme 3. Suzuki–Miyaura reaction.
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The coupling of bromobenzene and phenylboronic acid

proceeds quite rapidly in high yields with a catalyst loading
of 1.0 mol-% (96% GC yield after 1 h). However, we were
not able to observe catalysis for the coupling of chloroben-
zene and phenylboronic acid even with a higher catalyst
loading (2.5 mol-%). Similar results were obtained by using
palladium complex 2. It is known that steric factors dictate
the catalytic activity since bulky N-substituents in the imid-
azolium salt are required to get good catalytic activity. The
presence of the alkoxy chain in the para position of the N-
aryl imidazolylidene does not change the efficiency of the
ligand in the cross-coupling. Therefore, imidazolium 1b
with two C10H21 alkyl tails acts as a ligand with the same
reactivity as 1,3-bis(4-methylphenyl)imidazolylidene.[15]

Mobility of Charged Carriers in the Mesophase

The carrier mobility measurements were carried out for
the smectic-A phase of 1b by using the time-of-flight (TOF)
technique (Figure 8). As preliminary data, the mobility for
the positive electrode illumination was estimated to be in
the order of 10–4 cm2/Vs, which is comparable to those of
nematic liquid crystals (10–4–10–6 cm2/Vs)[16] and the lower
ordered smectic liquid crystals.[17–19]

Figure 8. Typical decay curve of the transient photocurrent ob-
served in the TOF measurements (bias: 10000 V/cm). The meso-
phase is smectic-A phase (131 °C) and the compound was not uni-
formly aligned in the cell gap (2.56 µm-thick).

This mobility is in a region where both electronic and
ionic transports of charged carriers should be considered.
It might indicate that both ionic transport and electronic
hopping could be realised in the liquid-crystalline phase of
this compound, though the reality of carriers is unknown
for this mobility.

Conclusions

We report the full characterisation of new mesomorphic
compounds based on an imidazolium unit with different
alkyls tails. We investigated the ability of the conjugate base
of the cation to form carbene complexes with palladium(II).
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Preliminary measurements of the charged carrier mobility
in the mesophase suggest electronic as well as ionic trans-
ports. To evaluate the influence of the supramolecular
architecture on catalysis or palladium-catalysed reactions,
we are now investigating the ability of this palladium(II)
carbene complex to be dissolved in an ionic liquid crystal.

Experimental Section
Synthesis: All commercially available chemicals were used without
further purification. Dichloromethane (DCM) was carefully dried
and distilled prior to use. Full details of the salt and PdII complex
syntheses will be given elsewhere, though all bisimines were ob-
tained as indicated in Figure 1.[7] The new compounds were charac-
terised by NMR spectroscopy and elemental analyses. With appro-
priate variations of the alkoxyphenyl diimine starting material (Fig-
ure 1), all imidazolium triflates were prepared by the method de-
scribed below for octyloxy species 1a.

1,3-Bis(4-octyloxyphenyl)-3H-imidazol-1-ium Trifluoromethanesul-
fonate (1a): To a mixture of the octyloxy bisimine (0.521 g,
1.12 mmol) and AgOTf (0.317 g, 1.23 mmol) was added dry
CH2Cl2 (25 mL) and then chloromethyl pivalate (305 µL,
2.103 mmol). The mixture was stirred in the dark at 50 °C, under
an argon atmosphere, for 20 h. The solution was cooled to room
temp., the mixture was filtered through Celite, the solvent was evap-
orated and the crude product was purified by silica gel column
chromatography (CH2Cl2 then CH2Cl2/MeOH, 95:5). The com-
pound was subsequently crystallised from dichloromethane by the
addition of hexane. The imidazolium triflate deposited as colour-
less crystals. (0.413 g, 59%). 1H NMR (300 MHz, CDCl3, 20 °C):
δ = 9.64 (t, 4J = 1.23 Hz, N–CH–N imidazolium), 7.67 (d, 4J =
1.60 Hz, 2 H, N–CH–CH–N imidazolium), 7.65 (m, 3J = 9.0 Hz,
2 H, aromatic, AA! system), 7.04 (m, 3J = 9.0 Hz, 2 H, aromatic,
BB! system), 3.90 (t, 3J = 6.60 Hz, 2 H, CH2–O), 1.80 (m, 2 H,
CH2–CH2–O), 1.44 (m, 2 H, CH2–CH2–CH2–O), 1.32 (br. s, 16 H,
aliphatic), 0.90 (t, 3J = 7.0 Hz, 3 H, CH3) ppm. 13C NMR
(75 MHz, CDCl3, 20 °C): δ = 14.04 (–CH3), 22.61, 25.91, 29.03
29.17, 29.29, 31.76, 68.59 (O–CH2), 115.90, 120.63 (q, J = 320 Hz,
CF3) 121.98, 123.39, 124.82, 126.88, 132.35, 160.58 ppm. IR (KBr
pellet): ν̃ = 3141 and 3102 (C–H aromatic), 2918 and 2852 (C–H
aliphatic), 1555 and 1513 (C=N imidazolium), 1266 (OTf–) cm–1. λ
(ε) = 277 (16375) nm. C32H45F3N2O5S (626.77): calcd. C 61.32, H
7.24, N 4.47; found C 61.36, H 7.25, N 4.44.

1,3-Bis(4-decyloxyphenyl)-3H-imidazol-1-ium Trifluoromethanesul-
fonate (1b): Yield crystalline solid (4.39 g; 82%) 1H NMR
(300 MHz, CDCl3, 20 °C): δ = 9.64 (t, 4J = 1.56 Hz, N–CH–N
imidazolium), 7.66 (d, 4J = 1.74 Hz, 2 H, N–CH–CH–N imid-
azolium), 7.65 (m, 3J = 6.78 Hz, 2 H, aromatic, AA! system), 7.03
(m, 3J = 6.78 Hz, 2 H, aromatic, BB! system), 3.97 (t, 3J = 6.36 Hz,
2 H, CH2–O), 1.80 (m, 2 H, CH2–CH2–O), 1.43 (m, 2 H, CH2–
CH2–CH2–O), 1.29 (br. s, 24 H, aliphatic), 0.89 (t, 3J = 6.97 Hz, 3
H, CH3) ppm. 13C NMR (75 MHz, CDCl3, 20 °C): δ = 14.05
(–CH3), 22.62, 22.85, 25.90, 26.11, 29.04, 29.27, 29.35, 29.52, 31.84,
68.55 (O–CH2), 115.84, 120.65 (q, J = 320 Hz, CF3), 122.09,
123.30, 126.87, 132.02, 160.49 ppm. IR (KBr pellet): ν̃ = 3143 and
3102 (C–H aromatic), 2917 and 2851 (C–H aliphatic), 1555 and
1513 (C=N imidazolium), 1265 (OTf–) cm–1. λ (ε) = 277 (21977)
nm. C36H53F3N2O5S (682.88): calcd. C 63.32, H 7.82, N 4.10, S
4.70; found C 63.10, H 7.97, N 3.89, S 4.75.

1,3-Bis(4-dodecyloxyphenyl)-3H-imidazol-1-ium Trifluoromethane-
sulfonate (1c): Yield crystalline solid (0.600 g, 61%). 1H NMR
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(300 MHz, CDCl3, 20 °C): δ = 9.59 (t, 4J = 1.65 Hz, N–CH–N
imidazolium), 7.67 (d, 4J = 1.60 Hz, 2 H, N–CH–CH–N imid-
azolium), 7.64 (m, 3J = 9.0 Hz, 2 H, aromatic, AA! system), 7.01
(m, 3J = 9.0 Hz, 2 H, aromatic, BB! system), 3.95 (t, 3J = 6.6 Hz,
2 H, CH2–O), 1.79 (m, 2 H, CH2–CH2–O), 1.43 (m, 2 H, CH2–
CH2–CH2–O), 1.28 (br. s, 32 H, aliphatic), 0.89 (t, 3J = 7.0 Hz, 3
H, CH3) ppm. 13C NMR (75 MHz, CDCl3, 20 °C): δ = 14.10
(–CH3), 22.69, 25.97, 29.10, 29.36, 29.41, 29.60, 29.63, 29.65, 29.68,
31.92, 68.65 (O–CH2), 120.68 (q, J = 320 Hz, CF3), 122.02, 123.44,
126.86, 132.40, 160.64 ppm. IR (KBr pellet): ν̃ = 3141 and 3102
(C–H aromatic), 2917 and 2852 (C–H aliphatic), 1555 and 1513
(C=N imidazolium), 1266 (OTf–) cm–1. λ (ε) = 276 (18400) nm.
C40H61F3N2O5S (738.98): calcd. C 65.01, H 8.32, N 3.79, S 4.34;
found C 64.78, H 8.58, N 4.25, S 3.56.

1,3-Bis(4-tetradecyloxyphenyl)-3H-imidazol-1-ium Trifluorometh-
anesulfonate (1d): Yield crystalline solid (0.479 g; 58%). 1H NMR
(300 MHz, CDCl3, 20 °C): δ = 9.64 (t, 4J = 1.74 Hz, N–CH–N
imidazolium), 7.66 (d, 4J = 1.70 Hz, 2 H, N–CH–CH–N imid-
azolium), 7.64 (m, 3J = 7.02 Hz, 2 H, aromatic, AA! system), 7.03
(m, 3J = 6.99 Hz, 2 H, aromatic, BB! system), 3.97 (t, 3J = 6.57 Hz,
2 H, CH2–O), 1.80 (m, 2 H, CH2–CH2–O), 1.43 (m, 2 H, CH2–
CH2–CH2–O), 1.27 (br. s, 40 H, aliphatic), 0.88 (t, 3J = 7.02 Hz, 3
H, CH3) ppm. IR (KBr pellet): ν̃ = 3143 and 3101 (C–H aromatic),
2917 and 2850 (C–H aliphatic), 1555 and 1513 (C=N imidazolium),
1265 (OTf–) cm–1. λ (ε) = 277 (27047) nm. C44H69F3N2O5S
(795.09): calcd. C 66.47, H 8.75, N 3.52, S 4.03; found C 66.35, H
8.77, N 3.48, S 4.17.

1,3-Bis(4-hexadecyloxyphenyl)-3H-imidazol-1-ium Trifluorometh-
anesulfonate (1e): Yield crystalline solid (0.376 g; 34%). 1H NMR
(300 MHz, CDCl3, 20 °C): δ = 9.72 (t, 4J = 1.53 Hz, N–CH–N
imidazolium), 7.65 (d, 4J = 1.53 Hz, 2 H, N–CH–CH–N imid-
azolium), 7.67 (m, 3J = 7.03 Hz, 2 H, aromatic, AA! system), 7.03
(m, 3J = 7.0 Hz, 2 H, aromatic, BB! system), 3.99 (t, 3J = 6.57 Hz,
2 H, CH2–O), 1.81 (m, 2 H, CH2–CH2–O), 1.41 (m, 2 H, CH2–
CH2–CH2–O), 1.27 (br. s, 40 H, aliphatic), 0.89 (t, 3J = 7.0 Hz, 3
H, CH3) ppm. 13C NMR (75 MHz, CDCl3, 20 °C): δ = 14.06
(–CH3), 22.64, 25.91, 29.02, 29.31 29.53, 29.60, 29.57, 29.66, 31.87,
68.65 (O–CH2), 116.05, 121.82, 123, 126.78, 132.26, 160.80 ppm.
IR (KBr pellet): ν̃ = 3141 and 3102 (C–H aromatic), 2918 and 2852
(C–H aliphatic), 1555 and 1513 (C=N imidazolium), 1266 (OTf–)
cm–1. λ (ε) = 277 (18438) nm. C48H77F3N2O5S (851.20): calcd. C
67.73, H 9.12, N 3.29; found: C 67.75, H 8.98, N 3.39.

Palladium–Carbene Complex 2: Compound 1b (250.0 mg,
0.367 mmol), Pd(OAc)2 (41.2 mg, 0.183 mmol) and NaI (55.0 mg,
0.367 mmol) were suspended in THF (15 mL). tBuOK (41.1 mg,
0.367 mmol) was added to the suspension under an atmosphere of
nitrogen. The resulting solution was stirred for 1.5 d at 40 °C. After
evaporation of the solvent, the residue was extracted with dichloro-
methane/water. After drying the DCM layer over Na2SO4 and
evaporating it to dryness, the orange solid was purified by flash
column chromatography (SiO2, CH2Cl2/pentane). Yield: 116 mg,
44%. 1H NMR (300 MHz, CDCl3): δ = 7.51 (d, J = 8.9 Hz, 4 H),
6.96 (s, 2 H), 6.75 (d, J = 8.9 Hz, 4 H), 4.05 (t, J = 6.6 Hz, 4 H),
1.86 (m, 4 H), 1.53–1.26 (m, 28 H), 0.89 (t, J = 6.7 Hz, 6 H) ppm.
13C NMR (75 MHz, CDCl3): δ = 167.0 (Ccarbene), 158.5 (Cq), 133.0
(Cq), 127.8 (CH), 123.8 (CH), 114.5 (CH), 68.2, 31.9, 29.7, 29.6,
29.5, 29.4, 29.3, 26.2, 22.7, 14.1 (CH3) ppm. C71H105I2N3O4Pd
(1424.84): calcd. C 59.0, H 7.3, N 3.9; found C 58.95, H 7.45, N
3.80.

General Procedure for the Suzuki-Type Coupling Reactions: Palla-
dium acetate (1–2.5 mol-%), imidazolium salt (2–5 mol-%), Cs2CO3

(652 mg, 2 mmol) and phenylboronic acid (183 mg, 1.5 mmol) were
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added to a small Schlenk tube under an atmosphere of nitrogen.
Dioxane (3 mL) and the aryl halide (1 mmol) were then added, and
the mixture was heated in an oil bath at 80 °C. At the conclusion
of the reaction, the reaction mixture was cooled and analysed by
GC–MS.

Carrier Mobility Measurements: The charge carrier mobility in the
mesophase was measured by TOF (time-of-flight) measurement ap-
paratus equipped with a polarising microscope and a hot stage.
The light source was a pulsed nitrogen gas laser (Nippon Laser, λ
= 337 nm, 0.8 ns). The cells consisting of ITO- and TiO2-coated
glasses for an asymmetric structure of sandwich-type cells were
mounted on the hot stage and electric bias was applied by a stabi-
lised DC power supply. The resulting photocurrent was detected
with a digital oscilloscope with a homemade preamplifier.

X-ray Crystallography: The selected crystal was mounted on a
Nonius Kappa-CCD area detector diffractometer (Mo-Kα, λ =
0.71073 Å). The complete conditions of data collection (Denzo
software) and structure refinements are given below. The cell pa-
rameters were determined from reflections taken from one set of
ten frames (1.0° steps in phi angle), each at 20 s exposure. The
structures were solved by direct methods (SHELXS97) and refined
against F2 using the SHELXL97 software. All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were generated ac-
cording to stereochemistry and refined by using a riding model in
SHELXL97.[20] CCDC-628899 contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. Colourless single crystal;
crystal dimension: 0.10"0.08"0.05 mm3. C70H104I2N4O4Pd, M =
1425.77 g/mol; Triclinic; space group P1̄; a = 10.7060(1) Å; b =
15.8080(2) Å; c = 21.6950(3) Å; Z = 2; Dcalcd. = 1.354 g/cm; µ (Mo-
Kα) = 1.195 mm–1; a total of 20389 reflections; 1.34 °#θ #30.06°,
1842 independent reflections with 12376 having I $2σ(I); 730 pa-
rameters; Final results: R1 = 0.0460; wR2 = 0.1287, Goof = 0.996,
maximum residual electronic density = 1.887 e/Å3.
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